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Abstract

The size effects on microscale single-phase fluid flow and heat transfer are reviewed and discussed. The physical mechanisms for

the size effects on the microchannel flow and heat transfer were divided into two classifications: (a) The gas rarefaction effect occurs

when the continuum assumption breaks down as the characteristic length of the flow becomes comparable to the mean free path of

the molecules; (b) Variations of the predominant factors influence the relative importance of various phenomena on the flow and

heat transfer as the characteristic length decreases, even if the continuum assumption is still valid. Due to the larger surface to

volume ratio for microchannels, factors related to surface area have more impact to the microscale flow and heat transfer. Among

them are: The surface friction induced flow compressibility in microchannels makes the fluid velocity profiles flatter and leads to

higher friction factors and Nusselt numbers; The surface roughness of the microchannel is likely responsible for the early transition

from laminar to turbulent flow and the increased friction factor and Nusselt number; The importance of viscous force in natural

convection modifies the correlation between Nu and Ra for natural convection in a microenclosure and, other effects, such as the

axial heat conduction in the channel wall, the channel surface geometry, and measurement errors as well, could lead to different flow

and heat transfer behaviors from that at conventional scales.
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1. Introduction

Nowadays microelectromechanical systems (MEMS)

and micrototal analysis systems (l-TAS) are having an

important impact in medicine and bioengineering, in-

formation technologies and other industries, so their

research is wide spread, especially basic and applied

research on fluid flow and heat transfer at microscales.

Some analytical and experimental results for the flow
and heat transfer characteristics in microchannels are

remarkably different from those for conventional-size

channels, such as the variation of the friction factor, the

heat transfer coefficient and the early transition from

laminar to turbulent flow. Large differences exist in the

reported friction factor (0:5 < f =fconv < 3:5) and the

heat transfer coefficients (0:21 < Nu=Nuconv < 16) for
single-phase flow through channels with hydraulic di-

ameters ranging from 0.96 lm to 2.6 mm and in the

reported Reynolds numbers (300 < Rec < 2300) for

transition from laminar to turbulent flow in microscale

channels. For example, Wu and Little (1983) measured

the friction factors for gas flow in very fine channels

used for refrigerators. In their experiments, nitrogen,

argon and hydrogen were used as working fluids with
hydraulic diameters ranging from 45.46 to 83.08 lm,

and Re varying from 100 to 15,000. The product of the

friction factor and the Reynolds number (fRe) was as

large as 118, which is much larger than the value of 64

for the laminar flow in conventional channels. Pfahler

et al. (1990a, 1991) conducted a series of experimental

studies with gases (N2, He) and liquids (isopropyl and

silicone oil) measuring the friction factor in micro-
channels with hydraulic diameters of 0.98–39.7 lm and

Re ranging from 0.01 to 80. The measured friction fac-

tors were consistently lower than the theoretical pre-

dictions. Furthermore, the friction factor decreased with
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decreasing Reynolds number for laminar flows when

Reynolds number is small. Choi et al. (1991) measured

the friction factors for nitrogen gas flow in microtubes

for both the laminar and turbulent regimes. For Rey-

nolds numbers smaller than about 400, the friction

factor correlation had a value for the constant
C ¼ fRe ¼ 53, instead of 64. Papautsky et al. (1999a,b)

conducted experiments for water flow with hydraulic

diameters ranging from 28.57 to 57.14 lm and Re
ranging from 0.001 to 20. The normalized friction co-

efficient C for the experimental data was found to be

approximately 1.12 for large Re and 1.2 for small Re.
They concluded that the effect of the micropolar fluid,

microscale effects at low aspect ratios, and the low Re
were responsible for the high friction coefficients al-

though it was not clear which was the dominant factor.

Wang and Peng (1994) reported single-phase heat

transfer coefficients in six rectangular channels having

0:31 < Dh < 0:75 mm for water and methanol. Their

Nusselt numbers were only 35% of those predicted by

the Dittus–Boetler equation. However, Webb and

Zhang (1998) found that their experimental results were

adequately predicted by the commonly accepted corre-

lations for single-phase flow in multiple tubes having

hydraulic diameters between 0.96 and 2.1 mm. Johan

et al. (2001) conducted measurements of the flow rate

through silicon microchannels with a height of less than

0.9 lm and showed that standard macroscopic as-
sumptions are still valid for laminar Newtonian fluids

(silicon oil, ethanol) at flow rates as low as 0.2 nl/s.

However, experiments with aqueous solution indicated

anomalies in the form of low flow rates and time de-

pendent variation. Wu and Little (1984) measured the

flow and heat transfer characteristics for the flow of

nitrogen gas in heat exchangers. Their Nusselt numbers

for laminar flow (Re < 600) were lower than those pre-
dicted by standard correlations. For 600 < Re < 1000

Nu was higher than the standard values. The laminar to

turbulent heat transfer transition zone occurred at Re
ranging from 1000 to 3000. Mala and Li (1999) mea-

sured the pressure drop and the flow rate for the flow of

deionized water through microscale channels with dia-

meters ranging from 50 to 254 lm. The measured

pressure gradient was much higher than the standard

Nomenclature

a thermal diffusivity (m2/s)

Bi Biot number

cp specific heat (J/kgK)

C friction constant

D, d tube diameter (m)

Dh hydraulic diameter (m)

Ec Eckert number

f friction factor
g gravitational acceleration (m/s2)

Gr Grashof number

h heat transfer coefficient (W/m2 K)

k ratio of specific heat

kf thermal conductivity of the fluid (W/mK)

ks thermal conductivity of the channel wall (W/

mK)

Kn Knudsen number
l length (m)

L tube length (m)

M Mach number

Mloc local Mach number

M0 inlet Mach number

Nu Nusselt number

p Pressure (Pa)

pb back pressure (Pa)
p0 entrance pressure (Pa)

P � dimensionless pressure

Pr Prandtl number

r radial coordinate (m)

R radius (m)

Re Reynolds number

T temperature (K)

T1 entrance temperature (K)

T2 outlet temperature (K)

Ts surface temperature (K)

u axial velocity (m/s)
�uu velocity component related to incompressible

flow (m/s)

ûu velocity component resulted from compress-

ibility effect (m/s)

um mean velocity (m/s)

u� dimensionless axial velocity

U overall heat transfer coefficient (W/m2 K)

x axial coordinate (m)

X dimensionless axial coordinate

Greeks

l dynamic viscosity (kg/m s)

m kinetic viscosity (m2/s)

e ratio of inertial force to viscous force

es characteristic time ratio of diffusion and ac-

celeration
q density (kg/m3)

q� dimensionless density

h dimensionless temperature

sa characteristic time of gas acceleration (s)

sl characteristic time of diffusion (s)
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values. They correlated the measured pressure gradient

as a function of Re and found that the transition flow

regime started at Re ¼ 650.

2. Size effect mechanism

New questions have arisen in microscale flow and

heat transfer. For example, the causes for the large

differences existing in the reported friction factors and

heat transfer coefficients and their physical mechanisms

are still unexplained. These problems have been dis-
cussed in several review papers by Gad-ed-Hak (1999),

Mehendale et al. (1999), Drain et al. (1995) and Palm

(2001). It is commonly recognized that gas rarefaction

leads to lower friction factors and Nusselt numbers for

microscale gas flows. The review by Gad-ed-Hak (1999)

focused on the physics related to the breakdown of the

N–S equations. Besides the rarefaction effect, Mehen-

dale et al. (1999) noted that differences in the channel
surface roughness could explain the disparities in the

friction factors and the heat transfer data in some

studies. They also thought that since the heat transfer

coefficients were based on the inlet and/or outlet fluid

temperatures, not the bulk temperature in almost all

studies, comparison of conventional correlations is

problematic. For the early transition from laminar to

turbulent flow in microscale tubes, they pointed out that
the thermophysical properties of the liquid change

markedly as the fluid flows along the channel so that Re
at the channel exit could be twice that at the inlet.

Therefore, the early transition to turbulence might be

partially attributed to the variation in Re. Drain et al.

(1995) noted several effects that are improperly neglected

when considering macroscale flow. For example, mi-

croscale phenomena may include two- or three-dimen-
sional transport effects. Another observed microscale

effect is the temperature dependent variations of the

transport fluid properties along a microchannel which

may invalidate the often used assumption of constant

properties. They also suggested that improved mea-

surement accuracies are required to provide conclusive

evidence of microscale effects. Palm (2001) also sug-

gested several possible explanations for the variations of
microscale single-phase flow and heat transfer from

conventional theory, including surface roughness effects,

entrance effects, electric double-layer effects, non-

constant fluid properties, two- and three-dimensional

transport effects and the measurement accuracies. Guo

(2000) classified the various mechanisms for the depar-

ture of flow and heat transfer correlations for flow in

microchannels from the standard ones into two groups.
First, if the characteristic length of the flow is on the

same order of the magnitude as the molecular mean free

path, the Navier–Stokes equations and the Fourier heat

conduction equation break down and, consequently, the

flow and heat transfer behaviors change considerably.

This is the so-called rarefaction effect which can be

represented by the Knudsen number, Kn (defined as the

ratio of the molecular mean free path and the charac-
teristic length of the flow). Secondly, the size effect on

the flow and heat transfer correlations is attributed

to the variation of the dominant factors or phenomena

in the flow and heat transfer as the scale decreases even

though the continuum assumption is still applicable.

There may be various factors (for instance, boundary

conditions or forces exerted on the fluid etc.) which af-

fect the flow and heat transfer whose effect on the
convection changes at different scales. Some phenomena

(for instance, axial heat conduction in the tube wall),

which are commonly neglected for normal-sized devices,

may become important at microscale. As a result, mi-

croscale flow and heat transfer correlations must differ

from those for normal-size devices. Karniadakis and

Beskok (2002) addressed microflows with some empha-

ses on the gas flow, where the main difference between
fluid mechanics at microscales and in the macro domain

can be broadly classified into four areas: non-continuum

effects, low Reynolds number effects, surface-dominated

effects, and multi-scales and multi-physics effects.

The assumption that the flow is a continuum is usu-

ally applicable for flow in MEMS with hydraulic di-

ameters more than 1 lm (Kn � 0:01) to less than 1 mm

(Kn � 0:0001). This is because even for the slip flow
regime (0:001 < Kn < 0:1) the Navier–Stokes equation

is still applicable as long as the slip boundary conditions

are introduced to replace the non-slip boundary condi-

tions. Therefore, gas rarefaction can be neglected and

the macroscopic transport equations based on the con-

tinuum assumption are still valid. Therefore, the present

discussion will focus on the size effect induced by the

variation of dominant factors and phenomena in the
flow and heat transfer as the device scale decreases, that

is, the discussion will be limited to low Kn number.

Since the size effect due to the variation of dominant

factors on the flow and heat transfer can be largely at-

tributed to a very large surface to volume ratio for the

microdevices, factors related to surface area will become

more important as the device size decreases. Some rel-

evant phenomena are the surface friction induced com-
pressibility, the surface roughness, the predominant

viscous forces and the surface geometry etc.

2.1. Surface friction induced flow compressibility

Gas flow in normal-sized tubes is usually assumed to

be incompressible when the Mach number of flow in the

channel is much less than unity, so the gas density can be
regarded as constant along the channel. As the

well-known fact, the flow in channels becomes fully

developed and the product of the friction factor and

Reynolds number is equal to a constant if the tube
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length to diameter ratio is very large. For flow in micro-

tubes, there are only several theoretical studies dealing

with the effect of the compressibility on the gas flow and

the heat transfer. Van der Berg et al. (1993a,b) solved
the isothermal, compressible Navier–Stokes equations

for laminar flow in a circular tube. For low Reynolds

number and Mach number flows, they obtained a local

‘‘self-similar’’ velocity profile with the product fRe still

equal to 64. Beskok et al. (1996) numerically modeled

the competing effects of compressibility and rarefaction

in internal flows in long channels. For shear-driven

flows, the rarefaction dominated the momentum and
energy transport, and the compressibility was negligible.

Harley et al. (1995) conducted an experimental and

theoretical investigation of subsonic, compressible flow

in microsize, long conduits. They developed a one-

dimensional model to evaluate the friction factor based

on the locally fully developed approximation. Then,

they solved the two-dimensional Navier–Stokes and

energy equations for compressible flow of a gas between
two isothermal, parallel plates for comparison. They

concluded that the locally fully developed approxima-

tion could be used to interpret the experimental data for

low and moderate Mach number flow. However, Guo

and Wu (1997, 1998) found that the gas density varia-

tion along the microscale channel may be very large as

the surface friction induced pressure drop per channel

length is much larger than that for conventional-size
channels. Numerical solution of the governing equations

for compressible flow in a circular tube gave the pressure

and density variations along the tube for isothermal flow

at different inlet Mach numbers shown in Fig. 1

(pb=p0 ¼ qb=q0 for the isothermal flow). The pressure

variations may be large even for an inlet Mach number

of 0.087 because the compressibility-induced gas accel-

eration and the increased momentum also contributed
to the pressure decrease in addition to the friction. For

compressible tube flow, the gas acceleration leads to the

velocity profile changes not only in magnitude, but also

in shape as shown in Fig. 2 (Guo and Wu, 1998). This is

because the velocity profile is dependent on two factors

for compressible channel flows: the axial gas accelera-

tion and radial viscous diffusion of momentum, which

can be characterized by their characteristic times

sa ¼
1
dum
dx

and sl ¼ d2=m ð1Þ

where um is the mean cross-sectional velocity of the gas

flow. For a polytropic process, the ratio of the charac-

teristic times of diffusion and acceleration, es, can be

approximated as

es ¼ sl=sa ¼ 8kM2ðxÞ ð2Þ
which represents the relative importance of diffusion and

acceleration. Eq. (2) shows that the time ratio is a

function of Mach number only. When MðxÞ � 1,

es � 1, that is the viscous diffusion process is much

faster than the acceleration process, then the velocity

profile remains parabolic as for incompressible flow in

a circular tube. sl � sa implies that the acceleration

process dominates as long as the Mach number of
the subsonic flow is not far from unity. As a result, the

velocity profiles become flatter as the gas flow down-

stream, much flatter than a parabolic distribution, as

shown in Fig. 2. Thus, in microscale channels, fully

developed or locally fully developed gas flow impossibly

occur even for channels with very large length to dia-

meter ratio. The magnitude increments produce addi-

tional pressure drop, while the shape changes alter the
friction factor correlation from its conventional corre-

lation. The numerical results for the compressibility

effect on the friction coefficients are illustrated in Fig. 3

(Guo and Wu, 1998).Fig. 1. Pressure and density variations along the flow direction.
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Fig. 2. Compressibility effect on the velocity profile.
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Li et al. (1999) analytically studied the compressibil-

ity effect on gas flow in microtubes. Assuming that the

Mach number is not close to unity, the velocity, u, can
then be divided into two parts, u ¼ �uuþ ûu, where �uu is

parabolic and ûu is the velocity component resulting from
the flow compressibility. Their non-dimensional mo-

mentum equations were solved analytically to give the

approximate correlations for the velocity and friction

factor

u� ¼ M	2=ðnþ1Þ
0 M2=ðnþ1Þ 2 1

�"
	 r�

2
�

þ 2

nþ 1
M	1Mx�

r�
2

2

 
	 r�

4

2
þ r�

6

9
	 1

9

!#
ð3Þ

f ¼ 64

Re
þ 64

Re
M2

1:5	 0:66M 	 1:14M2
ð4Þ

The result in Eq. (3) shows that the deviation of the

velocity profile of gas flow in a microtube from para-
bolic depends on the Mach number. Eq. (4) clearly in-

dicates that the friction factor is not only a function of

Re, but is also a function of the Mach number.

The numerical results of Guo and Wu (1998) also

showed that the product of the local friction factor, f ,
and Re was not a constant, but was a function of the

local Mach number, as shown in Fig. 4. Therefore, ne-

glecting the effect of the flow compressibility on the
friction factor and the Nusselt number may be one

major reason for the discrepancies between experimental

and analytical results for gas flow and heat transfer in

microtubes reported by different investigators.

Li et al. (2000a) employed a tube-cutting method to

measure the local pressures and local Mach numbers

along a microtube. The experimental data and numeri-

cal results are shown in Figs. 1 and 5. The results again
show that for flow in microtubes, the pressure variations

are significant along the tube, and the local Mach

number of the gas flow increases with increasing di-

mensionless distance from the inlet, and may become

very large even for the small inlet Mach numbers. This

phenomenon is critical for the design of microsystems

since choking (M ¼ 1 at channel outlet) may occur in

channel flows even for cases where the inlet Mach
number is much smaller than unity. The characteristics

of flow in microdevices was found to change from a

cubic dependence to a linear dependence on the channel

diameter for sonic flow in the channel, as mentioned by

Jerman�s work dealing with micromachined diaphragm

valves (Jerman, 1990).

Fig. 4. Friction factor variation for various local Mach numbers (Guo

and Wu, 1998).

Fig. 5. Local Mach number variation along a microtube (Li et al.,

2000a,b).

Fig. 3. Dependence of fRe on location for various inlet Mach numbers.
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The radial temperature profiles in the fluid are

strongly dependent on the radial velocity profiles for

tube flows. As above-mentioned, the gas flow in mi-

croscale channels is impossibly fully developed or locally
fully developed. Therefore, no fully developed temper-

ature profiles will occur as long as the flow is developing.

In addition, numerical results presented by Du (2000)

showed that the local Eckert numbers, like the friction

factors, increase along the flow direction. Furthermore,

in view of the compressibility induced increase of Mach

number, the Eckert number of the downstream flow

may be rather large, even though the inlet Eckert
number is small, as shown in Fig. 6. As a consequence,

the viscous dissipation and the work due to expansion

can not be neglected in these cases. The work due to

expansion leads to a gas temperature decrease in the

channel interior, while the viscous dissipation results in

a gas temperature rise in the near-wall region, shown in

Fig. 7. The fluid temperature profiles are quite different

with and without the Ec effects. The temperature rise in
the near-wall region leads to increased heat transfer. It
should be noted that the conventionally defined Nusselt

number may even be negative, as shown in Fig. 8, if the

Mach number and the resulting consequent temperature

decrease in the channel interior are large enough. A

negative Nusselt number is physically meaningless,

which can be attributed to the inappropriate definition

of the characteristic temperature difference. The adia-

batic temperature difference, instead of the difference
between the wall temperature and the bulk fluid tem-

perature, should be taken as the characteristic temper-

ature difference to describe the channel heat transfer in

the high speed flow.

2.2. Surface roughness

Only a few studies have considered the effect of
roughness on laminar flow since Nikuradse (1933) and

Moody (1944) concluded more than half a century ago

that if internal relative wall roughness is less than 5%,

the roughness effect on the laminar flow characteristics

can be ignored. Numerous studies between 1932 and

1944 (Drew et al., 1932; Kemler, 1933; Pigott, 1933) on

laminar flow in circular tubes showed that the theoret-

ical estimate of the magnitude of the maximum rough-
ness size, which will not alter the velocity profile in

pipes, was still quite small relative to pipe sizes available

at that time. Nevertheless, some experimental and

computational results for laminar flows have also con-

tradicted the Moody�s well-known conclusion. Nikur-

adse�s conclusion still pervades today because the flow in

conventional-sized coarse tubes is usually turbulent, so

laminar flows are of less practical importance. However,
flows in microchannels are often laminar, so the study of

laminar flow in rough microchannels has become im-

portant.

The study of the roughness effect on the flow char-

acteristics in microchannels is very difficult, because

Fig. 6. Variation of Eckert number along the tube (Du, 2000).

Fig. 7. Temperature profiles with and without Ec effect: –– with Ec
effect; - - - without Ec effect.

Fig. 8. Variation of Nusselt number along the tube.
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there are a large number of parameters describing the

various roughness geometries. The equivalent sand

roughness defined by Nikuradse has been used success-

fully in practical designs. However, no similar works
have been found dealing with the effect of roughness on

laminar incompressible fluid flow in channels.

The effect of channel size on the flow behavior was

studied experimentally using water flow in smooth glass

and silicon microchannels with diameters ranging from

80 to 166 lm (Guo, 2000). The results given in Fig. 9

show that the flow behavior is very similar to that for

normal-sized channels, with the product of the Darcy
friction factor and the Reynolds number, fRe, approxi-
mately a constant of 64 and the transition from laminar

to turbulent flow beginning at around Re ¼ 2100–2300.

Experimental data for the friction factor for gas flow

in smooth microchannels are shown in Fig. 10. Again,

the friction factors are close to the standard value as

long as the Mach number is less than 0.3, beyond that

the increase in friction factor is caused by the surface

friction induced flow compressibility.

Celata et al. (2000) measured the friction factor for

R114 flowing in a channel 130 lm in diameter. The
Reynolds number varied from 100 to 8000 and the

relative channel surface roughness was 2.65%. Their

experimental results show that for laminar flow the

friction factor was in good agreement with Hagen–

Poiseuille theory for Re less than 583. For higher values

of Re, the experimental data was higher than Hagen–

Poiseuille theory. The transition from laminar to tur-

bulent occurred for Re in the range of 1881 to 2479,
which coincides approximately with the standard value.

Wu and Little (1983) estimated the friction factors for

gas flow in trapezoidal microchannels with hydraulic

diameters ranging from 30 to 60 lm and relative surface

roughness between 0.05 and 0.30. Their studies revealed

that even for laminar flow the friction factor was influ-

enced by the channel roughness. The experimental val-

ues for the friction factor normalized with respect to the
theoretical values were found to vary from 1.3 to 3.5.

The authors felt that their higher fraction factors were

due to the variation of the flow cross-section caused by

the large roughness. In addition, the inaccurate mea-

surement of the inner diameter of the tubes may be re-

sponsible for such phenomena. Mala and Li (1999)

measured the pressure drop and flow rate for the flow of

deionized water through tubes with diameters ranging
from 50 to 254 lm using stainless steel and fused silicon

tubes with mean surface roughnesses between 0.007 and

0.035. Their results indicated significant departure of the

flow characteristics for microtubes from the predictions

of conventional theory. The theoretical curves for

Poiseuille flow fall below the experimental values. As the

Re increased, the measured pressure gradient was sig-

nificantly higher than that predicted for Poiseuille flow.
The variation of the friction factor, f , with Re for mi-

crotubes from the data of Mala and Li (1999) is shown

in Fig. 11. The variation of f with Re for the various

kinds of microtubes are similar. As seen from Fig. 11,

these curves exhibit three distinct regions. For small Re,
the friction factor decreases linearly with Re on the semi-

log plot. For large Re, the slope of the curve decreases

and approaches zero. Between these two regions, the
friction factor follows the transitional curve. The au-

thors accounted for the measured roughness induced

momentum transfer by introducing a roughness-viscos-

ity analog to the concept of eddy viscosity in turbulent

flow. Mala and Li (1999) concluded that the measured

friction was due to an early transition from laminar to

turbulent flow and the increased surface roughness effect

in microtubes.
Li et al. (2000b) conducted experiments to measure

the pressure drop and the flow rate for laminar flow of

deionized water through stainless steel microtubes with

diameters of 128.8, 136.5 and 179.8 lm and relative

Fig. 9. Friction factor for water flow in smooth microtubes (Guo,

2000).

Fig. 10. Frictional factor for gas flow in smooth microtubes (Guo,

2000).
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surface roughness between 0.03 and 0.043. As shown in

Fig. 12, the friction factors for these three cases were

10% to 25% higher than the theoretical values for Re
between 500 and 2000. The transition from laminar to

turbulent flow started at Re around 1800.

According to traditional theory, the surface rough-

ness has negligible impact on the friction for laminar

flow unless the relative surface roughness is greater than
5%. However, experimental results from Li et al.

(2000b), like the results from Mala and Li (1999), indi-

cated that the flow friction in microchannels was higher

than the standard value even when the relative rough-

ness was less than 5%.

Du (2000) numerical simulated laminar flow in rough

microtubes to study the mechanism for the roughness

effect. Based on a scanning electronic microscope (SEM)

photo of the inner surface of a stainless steel microtube,

regular three-dimensional roughness elements were used

to simulate the surface roughness. The numerical results

shown in Fig. 13 were slightly lower than the experi-
mental data. The numerical simulations show that the

form drag resulting from the roughness elements is one

of the reasons leading to the increased friction factor.

Another factor, which may affect the flow in micro-

channels, is the roughness-generated flow disturbances.

For a given relative roughness, the number of roughness

elements per unit channel length is much larger for mi-

crochannels which would generate more frequent dis-
turbances of the channel flow resulting in an increased

friction factor. Finally, such disturbances may cause an

early transition from laminar to turbulent flow when Re
is large enough. In addition, since the turbulence is

partly due to the roughness induced disturbances, rather

than flow instabilities, the transition from laminar to

turbulent might be continuous and smooth.

2.3. Variation of predominate forces

Various kinds of forces simultaneously act on a fluid

flowing in a channel. For some flow and heat transfer

problems, certain forces are important, while others may

be neglected. Since different forces have different length

dependences, as listed in Table 1, forces related to sur-

faces area which are proportional to the length with a
lower exponent (for example, the surface tension, the

Fig. 11. Friction factor variation for microtubes (Mala and Li, 1999).

Fig. 12. Friction factor for rough microtubes (Li et al., 2000b).

Fig. 13. Comparison of numerical and experimental friction factor

results.

Table 1

Size effects of forces

Electromagnetic force �L4 Inertial force �L2

Centrifugal force �L4 Viscous force �L1

Gravitational force �L3 Surface tension �L1

Buoyancy �L3 Electrostatic force �L	2
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viscous force or the electrostatic force) become more

important and even dominant as the scale is reduced.

Recently, Dao et al. (1996) developed a novel accel-

erometer for various applications. The accelerometer is
based on the free convection of a tiny hot air bubble in

an enclosed chamber and does not require a solid proof

mass, so it is compact, lightweight, and inexpensive to

manufacture. Leung et al. (1997) produced the device by

bulk-silicon fabrication, and tests with natural gravity

demonstrated that its sensitivity could reach 0.6 mg.

Milanovic et al. (2000) fabricated two kinds of convec-

tive accelerometers, thermopile and thermistor types
using standard IC technology. Compared with those

proposed by Dao et al. (1996) and by Leung et al.

(1997), Milanovic et al. (2000) felt that their accelero-

meters exhibited some significant advantages, such as

low cost, miniaturization, integration and good fre-

quency response. Luo et al. (2001a,b) designed a mi-

cromachined convective accelerometer with a structure

for a bulk-silicon fabrication based on the performance
optimization.

The experimental data showed that the optimized

device has better linearity, higher sensitivity and a

preferable frequency response than other reported con-

vective accelerometers.

The structure of the micromachined convective ac-

celerometer proposed by Luo et al. (2001a,b) is shown in

Fig. 14. It includes a cavity containing air as a working
fluid, a heater about 80–100 lm in width and two tem-

perature sensors. Air moves across the sensors by virtue

of free convection. The device is packaged in a sealed

chamber to prevent outside disturbances. When the

electric heater is on, a free convection flow occurs in the

cavity.

The temperature profile is symmetrical in the cavity

when the accelerometer is not accelerating. There is no
temperature difference between the two sensors if they

are symmetric relative to the heater and the cavity, and

if there is no convection in the axial direction due to

acceleration. The acceleration modifies the free convec-

tion flow resulting in a skewed temperature field as

shown in Fig. 15. The sensor can measure the acceler-

ation since the temperature difference between the two

sensors is directly related to the acceleration. For nat-
ural convection around conventional-sized object, the

buoyancy is largely balanced by the inertial force due to

the small contribution of the viscous force. Since the

inertial force is of the same order of magnitude as the

buoyancy force, then

jU � rU j � jgbDT j and U � ðgbDT Þ1=2 ð5Þ

Heater 

Bonding pads

Cavity

Silicon substrate

Temperature sensor 1

Temperature sensor 2

Fig. 14. Micromachined convective accelerometer (Luo et al., 2001a,b).

T

Without acceleration

With acceleration

Acceleration

δΤ

Fig. 15. Temperature distributions in the cavity with/without acceleration.
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Therefore, the ratio of the convection to conduction

heat transfer is then

jU � rT j=jar2T j � Ul=a � Gr1=2Pr ð6Þ
which leads to the well-known heat transfer correlation,

Nu � Gr1=4.
As the object size decreases, the viscous force domi-

nates the inertial force at small Grashof numbers, the

viscous force largely balances the buoyancy force,

jmr2U j � jgbDT j and U � gbDTl3=m ð7Þ
Therefore, the ratio of the convection to conduction

heat transfer is then proportional to Gr as follows:

jU � rT j=jar2T j � Ul=a � GrPr ð8Þ
As a result, the heat transfer correlation must differ from

that for natural convection on at large scale. The nu-

merical results for natural convection on a two-dimen-

sional vertical plate with Gr ranging from 100 to 108 are

given in Fig. 16. It can be found that he buoyancy

is mainly balanced by the inertial force for Gr from 106

to 108, while the inertial force can be neglected for Gr
from 101 to 104. This is why Nu � Gr1=4 for Gr from 106

to 108, while, there must be a different correlation be-

tween Nu and Gr for Gr from 101 to 104.

Luo et al. (2001a,b) numerically studied the relative

importance of the various forces for natural convection

in a square cavity as shown in Fig. 17. The top and the

bottom surfaces were adiabatic. The left and right sur-

face temperatures were 303 and 293 K. The numerical
simulation used a laminar flow model due to the small

Rayleigh number. The numerical results on the relative

contribution of the various forces in the region near the

hot wall, x=L ¼ 0:02, are shown in Fig. 17 for Rayleigh

number ranging from 102 to 109, where e is defined as

the ratio of the inertial force to the viscous force.

The contribution of the inertial force to the natural

convection is much less than that of the viscous force for

Rayleigh numbers less than 106. The variation of the

dominant forces for the different Rayleigh number re-

gimes will result in different relationships between the

Nusselt number and the Rayleigh number as plotted

in Fig. 18. The heat transfer due to natural convection

can be divided into three regions. For Ra > 106, it is well

known that Nu � Ra0:33. For natural convection in a

microenclosure with Ra ranging from 103 to 106, the
inertial force is negligible, so Nu � Ra0:284. If Ra < 103,

the natural convection decrease towards zero so the heat

transfer is only due to heat conduction as both the vis-

cous and inertial forces can be neglected. It is worthy

noting that the heat transfer may be underestimated if

conventional heat transfer correlations are used for

microscale natural convection, as indicated in Fig. 18

(see the dash line).

2.4. Axial heat conduction in the channel wall

Mori et al. (1974) and Shah and London (1978)

studied the effect of axial heat conduction in the wall on
Fig. 16. Relative importance of inertial and viscous forces for natural

convection on a two-dimensional vertical plate (Guo, 2000).
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Fig. 17. Ratio of the inertial to viscous forces for flow in a square
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cavity (Luo et al., 2001a,b).
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the convection heat transfer and found that the Nusselt

number must fall in between 4.36 and 3.66, which cor-

respond to Nusselt numbers for constant heat flux and

constant temperature boundary conditions respectively.
In order to quantitatively describe the effect of the axial

heat conduction in the wall on convection heat transfer

a conductance number was given by Chiou (1980)

cond ¼ ksAs

L _mmfcp;f
¼ As=Af

L=D
1

RePr
ks
kf

ð9Þ

where ks, As, kf , Af are the thermal conductivity and

cross-sectional area for tube wall and fluid, L, tube

length, D, tube diameter, _mmf , the fluid mass flow rate,

and cp;f , the specific heat of the fluid. He indicated that

the effect of axial heat conduction in the channel wall on

the convective heat transfer can be ignored, if the con-

ductance number is less than 0.005. It is obvious that the
effect of the axial heat conduction depends on the ratio

of the wall to fluid thermal conductivity and the ratio of

channel wall thickness to diameter, as well as Peclet

number. The ratio of the channel wall thickness to di-

ameter for a fixed wall thickness, which corresponds the

surface to volume ratio, increases with reducing the

channel diameter. Hence, the axial heat conduction in

the channel wall for conventional-size channels can
usually be neglected because the wall thickness is very

small compared to the channel diameter, while for flow

in microchannels, the wall thickness can be of the same

order or larger than the channel diameter, which will

affect the flow and heat transfer in the microchannels.

Some existing experimental results for heat transfer in

microchannels differ significantly from that for conven-

tional-size channels. For example, Choi et al. (1991)
reported that the average Nusselt numbers in micro-

channels with hydraulic diameters from 9.7 to 81.2 lm
were much lower than that for standard channels and

increased with increasing Reynolds number as shown in

Fig. 19. Takano (2001) obtained similar results for heat

transfer in a circular microtube with an inner diameter

of 52.9 lm and an outer diameter of 144.7 lm, as also

shown in Fig. 19, although his experimental results in
friction factor coincide with classical value. Both they

applied one-dimensional assumption to estimate the

overall thermal resistance from the fluid outside to the

fluid inside the channel as follows:

1

U
¼ 1

hi2pri
þ 1

2pks
ln

ro
ri

� �
þ 1

ho2pro
ð10aÞ

U ¼ 	 qcpumpr2i
L

ln
T2 	 T0;1
T1 	 T0;1

� �
ð10bÞ

Nu ¼ 	 k�RePr ln h2

2L�k� þ RePr ln h2 lnD� þ 1
Bio

� � ð10cÞ

where hi, ho are the inner and outer heat transfer coef-

ficients, U , the overall heat transfer coefficient, ri, ro, the

inner and outer radius, ks, the thermal conductivity of

the tube wall, q, fluid density, cp, heat capacity of the

fluid, um, the mean fluid velocity, T1, T2, the fluid tem-
peratures at inlet and outlet, and the non-dimensional

parameters are defined as, k� ¼ ks=kf , L� ¼ L=Di, D� ¼
Do=Di, h2 ¼ ðT2 	 T0;1Þ=ðT1 	 T0;1Þ.

We try to know the reason why for the fully devel-

oped smooth tube flow the Nusselt numbers obtained by

Choi et al. (1991) and Takano (2001) in terms of ex-

periment are dependent on Reynolds number and much

lower than the standard value. To exam whether the
axial heat conduction should be responsible for such an

unusual phenomenon, numerical solution of the gov-

erning equations of the conjugated heat transfer prob-

lems with third kind of boundary condition (as shown in

Fig. 20) was carried out to investigate the effect of the

axial heat conduction on Nusselt number. Some of nu-

merical results are demonstrated in Figs. 21 and 22. It

can be found in Fig. 21 that the larger conductivity ratio
(higher wall conductivity) leads to the lower Nusselt

number, whose value approaches to that for the tube

flow with constant wall temperature boundary condi-

tion. On the contrary, Nusselt number is close to that

for the tube flow with constant heat flux boundary

condition, if the wall conductivity is very low (very small

conductivity ratio) and the axial heat conduction in the

wall may be neglected in this case. The wall thickness
effect is given in Fig. 22. The Nusselt number for the

fully developed channel flow decreases with decreasing

the diameter ratio. These results show that the axial heat

conduction in the tube wall will affect the value of

Nusselt number, but will not make Nusselt number

much lower than their standard values.

Fig. 19. Nusselt number variation for microchannels (Takano, 2001).
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Therefore, it is necessary to exam the applicability of

one-dimensional model of thermal resistance which is

usually adopted in the data processing because 1-D
model is based on the assumption of no axial heat

conduction in the wall. For this purpose Nusselt number

has been calculated in terms of Eq. (10), where T1, T2
and T0;1, ks, D, Re are regarded as known parameters

because they are measurable in experiments. Calculated

results in Nusselt number are given in Figs. 23 and 24,

Fig. 20. Schematic of the tube flow.

Fig. 21. Effect of thermal conductivity ratio on Nusselt number.

Fig. 22. Effect of diameter ratio on the Nusselt number.

Fig. 23. Nusselt number versus Reynolds number with diameter ratio

(1-D model) as parameter.

Fig. 24. Nusselt number versus Reynolds number with conductivity

ratio (1-D model) as parameter.
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which have similar trend with the experimental results

reported by Choi et al. (1991) and Takano (2001), that

is, Nusselt numbers are lower than the conventional one

and decrease with decreasing Reynolds numbers. This
indicates that the deviation of Nusselt numbers is caused

by use of the one-dimensional thermal resistance model

based on the assumption without axial heat conduction

in the channel wall. Furthermore, such a deviation in-

duced by the axial heat conduction increases with de-

creasing the Reynolds numbers and increasing the

diameter ratio or thermal conductivity ratio.

3. Variation of other predominant factors

3.1. Effect of surface geometry

The hydraulic diameter is commonly used to char-

acterize the flow and heat transfer in non-circular con-

ventional-sized tubes. For liquid flow in microchannels,
dissolved gases in the liquid or gases absorbed on the

surface may have considerable impact on the flow and

heat transfer characteristics. As such gases collect in the

corners of non-circular channels, the wetted perimeter

will be reduced and the fluid velocity will increase as the

actual flow cross-section is reduced. The smaller pe-

rimeter reduces the friction while the large velocity in-

creases the friction. Square and equilateral triangle
channels were analyzed numerically as examples.

The geometry and size of gas bubbles in the channel

corners are dependent on the liquid surface tension and

contact angle. The results for square and triangular

microchannels are given in Fig. 25, where a is the length

of the microchannel side and h and r describe the gas

volume as shown. The numerical results describe the

variation of the wetted perimeter and the mean velocity
with the angle, h, which is related to the gas bubble size,

where u0 and p0 represent the mean velocity and the

wetted perimeter. The results in Fig. 25 show that

the wetted perimeter is more strongly dependent on the

bubble size than the mean velocity. Therefore, the fric-
tion decrease due to the reduced wetted perimeter will be

larger than the friction increase due to the increased

mean velocity. The dependence of the normalized fric-

tion factor on the ratio of r=Dh is illustrated for mi-

crochannels with square and equilateral triangle cross-

sections in Fig. 26, where r and Dh are the arc radius and

channel hydraulic diameter. This dependence will differ

for channels with different surface geometries. In ex-
periments, the gases on the surface or dissolved gases

come out of solution will reduce the measured friction

factor relative to standard values. The larger the ratio of

the channel surface area to volume is, the larger the

discrepancies is between experimental results and stan-

dard values for the friction factor. It means that the

smaller or non-circular channel will then have larger

discrepancies between experimental results and the
conventional ones. Hence, the use of the hydraulic di-

ameter is problematic for comparing correlations for

liquid flow in microchannels with different geometries

and for the same geometry with different sizes.

3.2. Effect of measurement accuracy

In the experiments of flow and heat transfer in mi-
crochannels, some parameters, such as the flow rate and

channel dimensions are difficult to measure accurately

because they are very small. For example, the relative

error of the measured channel height reported by

Pfahler et al. (1990b) was up to 20%.

In our experiments measuring the flow resistance in a

circular glass microtube, we initially measured the dia-

meter as 84.7 lm using a 40� microscope. The data
Fig. 25. Variations of mean velocity and wetted perimeter with contact

angle for a square channel.

Fig. 26. Friction factors for liquid flows in square and equilateral tri-

angle channels.
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reduction with this measured diameter showed that the

friction factors were larger than that predicted by con-

ventional theory. The average value of the diameter

measured using a 400� microscope and a SEM for the
same microtube was only 80.0 lm. With this more ac-

curate value of the diameter, the frictional factors ob-

tained from the experimental data were in good

agreement with the conventional values.

For single-phase flow in microchannels, Palm (2001)

suggested that some of the deviations in the experi-

mental results may be caused by the difficulties in ac-

curately determining the hydraulic diameters. Du et al.
(2000) carried out an uncertainty analysis of the Darcy

equation for incompressible flow in circular channel

flows. The uncertainty of fRe is

dðfReÞ
ðfReÞ ¼ dðDpÞ

Dp

� �2
(

þ 4
dd
d

� �2

þ
�
	 dl

l

�2

þ
�
	 dm

m

�2
)1=2

ð11Þ

where m, Dp, d, l are the mass flow rate, pressure drop,

tube diameter and tube length. Eq. (11) shows that the
tube diameter measurement error may play a very im-

portant part in the uncertainty of the friction factor,

fRe. The discrepancies among different friction factor

and heat transfer correlations proposed by various in-

vestigators may be, at least in part, attributed to the

uncertainties of the experimental data.

4. Concluding remarks

(1) The physical mechanisms for the size effect on the

microchannel flow and heat transfer can be divided
into two classifications: (a) The gas rarefaction effect

occurs when the continuum assumption breaks

down as the characteristic length of the flow be-

comes comparable to the mean free path of the mol-

ecules. (b) Variations of the predominant factors

influence the relative importance of various phe-

nomena on the flow and heat transfer as the charac-

teristic length decreases, even if the continuum
assumption is still valid.

(2) Since the characteristic lengths of flows in MEMS

are from 1 lm (Kn � 0:1) to fractions of 1 mm

(Kn � 0:0001), in most cases the assumption of flow

continuum is usually valid. Hence, the size effect on

the flow and heat transfer should be largely attrib-

uted to the variation of the predominant factors or

phenomena in the flow and heat transfer processes.
(3) The large surface area to volume ratio should be re-

sponsible for the size effects on flow and heat trans-

fer in microchannel with diameter larger than

one micrometer (Kn < 0:1); As the surface to vol-

ume ratio is very large for microchannel flow, fac-

tors which are related to the surface area become

more important and even dominant over factors re-

lated to the volume effect. Among these are: (a) sur-
face friction induced flow compressibility, which

makes the fluid velocity profiles flatter and leads to

higher friction factors and Nusselt numbers; (b) sur-

face roughness, which is likely responsible for the

early transition from laminar to turbulent flow and

the increased friction factor and Nusselt number;

(c) the importance of surface related viscous force

in natural convection, which modifies the correla-
tion between Nu and Ra for natural convection in

a microenclosure; and (d) other surface related ef-

fects, which include the axial heat conduction in

the channel wall channel and the surface geometry.

All these factors may cause the flow and heat trans-

fer behavior in microchannels differ from that at

conventional scales.

(4) Discrepancies between experimental results for the
friction factor and the Nusselt number and their

standard values due to the measurement errors or

entrance region effects might be misunderstood as

being caused by novel phenomena at microscales.

For instance, there is no reason for the early transi-

tion from laminar to turbulent flow in the absence of

any special effects.
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