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Heat Transfer in Homogeneous Systems*
Franz Trachsel and Philipp Rudolf von Rohr

9.1
Introduction

Heat transfer in microchannels plays an important role in microreactor systems in
terms of heating the reacting fluids or the dissipation of the heat of reaction. This
chapter discusses heat transfer from the wall to the fluid in microchannels with
diameters d;, <1mm. In laminar flow, the heat transfer coefficient is inversely
proportional to the channel width, which makes microchannels favorable for high-
performance heat exchange systems. Standard compact heat exchangers reach a
surface-to-volume ratio larger than 800 m? m > with a typical feature size of less than
5mm (A/V=4/d). Micro heat exchangers have specific surface areas in the order of
10000 m®m > (d =400 um). Tuckerman and Pease [1] reported efficient heat re-
moval in a water-cooled silicon substrate up to a power density of 7900 kW m™* by
downscaling the channel dimensions of the heat sink in the range of 50 um. The
increased surface-to-volume ratio makes microscale devices more appropriate for
efficient heat transfer compared with conventional devices.

The fundamental mechanism behind heat exchange in microchannels does not
differ from the well-established equations in macroscale applications. However,
effects which are negligible and assumptions made in larger systems have to be re-
evaluated and carefully considered on a smaller scale. A main concern with heat
transfer in microchannel centers on the question of whether the conventional
assumptions and theory can be applied.

This chapter gives an overview of recent literature concerning homogeneous
heat transfer in microchannels (d, <1mm). The influences of different effects on
heat transfer which are more pronounced in microchannels compared with macro-
scale systems are discussed. Criteria are given when these different effects have to be
considered. Conventional approaches to solve heat transfer problems in macroscale

*A List of Symbols and Abbreviations can be
found at the end of this chapter.

Micro Process Engineering, Vol.1: Fundamentals, Operations and Catalysts
Edited by V. Hessel, A. Renken, J.C. Schouten, and J.-I. Yoshida
Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31550-5

255



256

9 Heat Transfer in Homogeneous Systems

applications are briefly summarized and their applicability to the microscale is
discussed.

In the current literature on heat transfer in microchannels in homogeneous
systems, large deviations between the different correlations and measurements can
be seen. So far, no general conclusion can be drawn and the available heat transfer
coefficient correlations are often restricted to the experimental setup and device used
in a particular study. Therefore, there is still a need for precise experimental and
numerical work in heat transfer analysis in microchannels to gain a better
understanding.

Generally, it can be stated that as long as the continuum assumption holds, the
classical heat transfer theory can be applied in microchannels assuming a linear
relationship between heat flux and temperature and no jump of temperature at the
fluid—solid boundary. The reason for the large discrepancies on comparing standard
macroscale heat transfer correlations with microscale results is in the pronunciation of
fluid effects and thermal effects which cannot be neglected at small scales. The
influence of these effects on microscale heat transfer is multifaceted and many aspects
contribute to a total analysis of such systems. In this chapter, we focus on the most
important reasons for deviations of microchannel heat transfer from classical theory,
such as axial heat conduction, surface roughness, viscous dissipation, thermophysical
property variation, electric double layer and entrance region effects. Especially the
experimental techniques and the accuracy of evaluated data have to be considered in
the interpretation of microscale heat transfer measurements. The criteria included in
this chapter support the reader’s decision regarding how to adapt the assumptions and
boundary conditions of standard heat transfer theory for specific microchannel
geometries, fluids and flow situations. It is further recommended to conduct
numerical simulations and experimental validation of the specific microreactor device
for an optimized heat transfer within the microchannel. For characteristic channel
dimensions of >1 mm, the conventional correlation summarized in Section 9.5 can be
used, considering the assumed boundary conditions.

This chapter focuses on single-phase flow heat transfer in microchannels. For heat
transfer of boiling and condensation in microchannels, the interested reader is
referred to reviews by Kandlikar [2] and Thomé [3].

9.2
Continuum Assumption

The continuum model assumes continuous and indefinitely divisible matter. For
gases the continuum model is valid when the mean free pathlength of the molecules
A is much smaller than the characteristic length of the flow L. The mean free path,
depending on pressure and temperature of a gas molecule modeled as a rigid sphere,
is

1 kT
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9.2 Continuum Assumption

where n is the number of molecules per unit volume, 6 the molecule diameter and k
the Boltzmann constant.

The Knudsen number, Kn, defines the ratio between the mean free path and the
characteristic length:

A
Kn=7 (9.2)

In the continuum model (Kn<0.001), the following assumptions can be made:
(1) a linear relation between stress and strain, (2) no-slip boundary condition at
the fluid—solid interface, (3) linear relation between heat flux and temperature and
(4) no-jump condition of temperature at the fluid-solid interface. If the mean free
path is not much smaller than the characteristic length, the flow is not near
equilibrium and the above assumptions are no longer valid.

Continuum models (i.e. Navier—Stokes equation) should be used as long as
possible in the applicable range. The mathematical handling is easier compared
with molecular models, which have to be used in the non-continuum region.

9.2.1
Gases

In general, the continuum assumption is valid when Kn<0.001. Empirically differ-
ent Knudsen regimes have been determined, as shown in Figure 9.1.

Figure 9.2 shows the effective limits for approximations made for air with an
“average air” molecule diameter of 6 = 4.15 x 10" m. The mean molecular spacing
under standard conditions is 8y =3.3 x 10 °m. The mean molecular spacing is
defined as

=\ 1/3
\%1
O~ | — 9.3
(%) 93)
where V; is the molar volume and N, is Avogadro’s number.

9.2.2
Liquids

Since for liquids the concept of mean free path is not very useful, there is no accurate
information on the conditions under which the basic assumptions for continuous

Kn= ML
0.0001 0.001 0.01 01 1 10 100
< } : : i : : I >
Continuum flow Slip-flow regime Transition regime Free-molecule flow

Figure 9.1 Knudsen number regimes. After Gad-el-Hak [4].
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Figure 9.2 Limits of different approximations. Adapted from [5].

matter fail. The situation is more complex than in gases and experimental data show
conflicting results. However, in general the incompressible Navier—Stokes equations
describe the liquid flow in most microfluidic applications. An approximation of the
beginning of non-Newtonian fluid behavior is given when the shear rate y exceeds
twice the molecular frequency scale [4]:

L
Y*ay_

mGZ 1/2
e
€

where T is the molecular time scale, m the molecular mass, ¢ the molecular
length scale and € the molecular energy scale. For common fluids, the time scale
in Equation (9.5) is extremely small; for water under standard conditions it is
7=8.31 x 10~ 5. This results in high shear rates at which the continuum approach
would fail. Therefore, in small devices at extremely high speed or for a polymer with
high molecular weight, non-Newtonian behavior of the liquid has to be considered.

Kleinstreuer [6] discusses alternative Knudsen numbers for liquid and gas-liquid
systems, where the mean free path is replaced by the intermolecular length. The
continuum approach then is valid for Kn<0.1. For water under standard conditions,
the Navier—Stokes equation holds in microchannels down to a feature size of 0.1 pm.

(9.4)
with

(9.5)
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The global Kn for liquids is defined as
A
Kn="2 (9.6)
L
where Apy is the intermolecular length of the molecules (for water Ay =3 A) and L
the characteristic length of the microfluidic system.
9.3
Heat Transfer in Homogeneous Microfluidic Systems
There is a large amount of literature concerning heat transfer in homogeneous
microfluidic systems, with several recent reviews [7-12].
Figure 9.3 shows a summary of Nusselt number (Nu) correlations against Reynolds
number (Re) in microchannels with dj, < 1 mm available from the literature up to the
present date. The correlations are derived from either experiments and numerical or
analytical considerations; however, for comparison, standard correlations for macro-
scale tubes are additionally shown: the Hausen correlation [Equation (9.33)] for the
laminar regime, the Gnielinski correlation [Equation (9.41)] for the transition region
and the Dittus—Boelter correlation [Equation (9.39)] for the turbulent regime. To reach
a sufficient residence time in chemical reactions, in most microreactor applications
the small scale of the channels implies a laminar flow regime. As there is little
agreement about the transition point from laminar to turbulent flow in microchan-
nels, both laminar and turbulent correlations are included in the same graph.
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Figure 9.3 Nu number predictions from the literature for
microchannels and macrochannels. The Reynolds number range
covers laminar and turbulent flows.

Renksizbulut 2006b [32]
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In general, Nu increases with Re. A steeper increase of Nu with Re is observed in
microchannel correlations, indicating a stronger dependence on Re. However, itis seen
that little agreement exists between the different reports. In the low Re region, only
sparse literature exists, since maximum heat transfer for heat exchangers is usually the
goal of moststudies. Athigher Re, the different microchannel correlations both under-
and overpredict the standard theory. In the laminar regime a Redependence is seen and
the Nusselt numbers are generally smaller than conventional ones. High Nusselt
numbers with maximum deviations from conventional correlations were reported by
Yuetal.[20]and Nguyen et al. [22]. Yu et al. [20] experimentally determined heat transfer
coefficients of nitrogen and water flow in silica microtubes. The higher Nu values are
explained by the eddy bursting phenomenon from the laminar sublayer in the
turbulent core. Nguyen et al. [22] approximated the experimental data of water in
trapezoidal Si—glass microchannels by a function dependent only on Re.

Higher heat transfer rates in turbulent microchannels than predicted by traditional
large-scale correlations were observed by Adams et al. [23]. Based on the work of
Gnielinski, a generalized correlation for turbulent single-phase flow in microchan-
nels is derived:

Nu = Nugp(1+F) (9.7)

where F is given by

(5)

From the fitting of experimental data, the coefficients were calculated to be
C=7.6x 107" and Dy = 1.164 mm. This indicates that an enhancement of the heat
transfer rate can be achieved with diameters smaller than 1.164 mm. The range of
validity is 2.6 x 10° < Re < 2.3 x 10*,1.53 < Pr< 6.43and 0.012mm < d < 1.09 mm.

In contrast, low Nusselt numbers were described by Choi et al. [17], Peng and
Peterson [21], Wu and Cheng [26] and Rathnasamy et al. [30]. Choi et al. [17] suggested
the suppression of eddy motion in the radial direction for small Nu and a dependence
on Re. Peng and Peterson [21] examined heat transfer in parallel microchannels. They
stated that geometric parameters such as the center-to-center distance of parallel
microchannels have a significant influence on heat transfer. Wu and Cheng [26] also
concluded that channel geometry has a great effect on Nu. Rathnasamy et al. [30]
suggested a strong role of internal fluid thermal resistance and conjugated heat
transfer effects on Nu.

Ameel et al. [33] studied hydrodynamically fully developed laminar flow in circular
channels when slip flow occurs. An Nu correlation in the slip flow regime was
derived:

F=CRe (9.8)

48(2p—1)°

2 24x(B—1)(2B—1)°
(24p"—~16B +3) [1 + (2432—16B+3)(K+1)Pr}

Nu =

(9.9)



9.4 Pronounced Effects in Microchannel Heat Transfer

where B=1 + 4Kn and « is the ratio of the specific heats. It was seen that Nu
decreases with increasing Kn. At Kn = 0, the expression gives the well-known value of
Nu=4.3636. The thermal entry length could be described as

Iy, = 0.0828 +0.14Kn"® (9.10)

Figure 9.3 clearly shows that different applications measure different heat transfer
coefficients and no general correlation for single-phase heat transfer in microchan-
nels can be derived so far.

The complete expressions of the Nu correlations in Figure 9.3 are shown in
Table 9.1. Additionally, the experimental or numerical conditions are listed.

9.4
Pronounced Effects in Microchannel Heat Transfer

The heat transfer in microchannels is expected to agree with conventional theory
provided that the discussed continuum assumptions can be made. For example,
under fully developed laminar flow conditions at low Re, Nu is constant. However,
many experimental data show large deviations between each other and inconsistency
with classical theory exists. There is an increase in Nu with increasing Re measured.
According to Herwig and Hausner [37], a common theoretical basis on forced
convection for macro- and microchannels can be used to describe forced convection
of liquids in the laminar regime. However, there are effects which are more
pronounced and which are of more importance on the microscale, such as surface
tension, viscous forces and electrostatic forces [38]. These effects are called “scaling
effects” with respect to standard macroscale analysis.

There have been several approaches to identify these scaling effects of flow in
microchannels, which lead to a discrepancy between classical theory and heat
transfer in microchannels below 1 mm [39]. The deviations may be explained by
general effects which are neglected in macroscale calculations but are of increasing
importance as the characteristic size decreases.

A lower limit for hydraulic diameter of 1.2 mm was proposed by Adams et al. [23]
for the applicability of standard turbulent single-phase Nusselt correlations.

In the following sections, the main deviations from classical theory for the calcula-
tion of heat transfer in microchannels are discussed. This discussion includes axial
heat conduction in the fluid, conjugate heat transfer, surface roughness, viscous
dissipation, thermophysical property variations, electric double layers, entrance region
and measurementaccuracy. Whenever possible, the reader is referred to design criteria
and Nu correlations when the different aspects have to be taken into account.

9.4.1
Axial Heat Conduction in the Fluid

Axial conduction in the fluid leads to an increased temperature difference between
the wall and the fluid. Therefore, Nu decreases in the entrance region. Axial
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9.4 Pronounced Effects in Microchannel Heat Transfer

conduction does not affect a Nu at constant heat flux in fully developed flow [40]. At a
constant wall temperature, axial conduction within the fluid can be neglected for
Pe>10 [41], where Pe is the Péclet number, Pe = RePr. Axial conduction in the fluid
should be considered in the length x, where

X Pe<20 (9.11)
d

which is valid for the entrance region of a microchannel, for small Re and/or Pr[12].
This may be the case for liquid metals and gases at low Re. For most liquid
applications, axial conduction within the fluid is insignificant and can be neglected.

9.4.2
Conjugate Heat Transfer

The contribution of the axial heat conduction in the channel walls to the total heat
transfer depends on the ratio of the conductivities of the wall and the fluid, on the
ratio of the wall thickness and channel diameter and on the Péclet number. As the
wall thickness in macroscale applications is of small size compared with the channel
diameter, axial conduction in the channel walls is neglected [41].

At low Re and when conjugate effects have to be considered, the temperature
distribution along the microchannel is not linear. Under constant heat flux
boundary conditions, Nu decreases with decreasing ratio of outer to inner channel
diameter, approaching the constant temperature solution. A decrease in Nu is also
seen with increasing wall conductivity. For constant temperature boundary con-
ditions, Nu will increase approaching the constant heat flux solution with axial heat
conduction in the wall. The values for local Nusselt number for the conjugated
problem lie between the values for the two boundary conditions constant heat flux
and constant temperature.

A criterion for the indication of axial heat transfer in the channel walls of heat
exchangers has been proposed by Chiou [42], introducing a conduction parameter
that represents the influence of axial heat conduction in the channel wall on the
performance of the heat exchanger:

CAJAC 1 D
©= L/dy RePri

(9.12)

where A, A, A and A are the cross-sectional area and thermal conductivity for the
channel wall (s) and the fluid (f), L is the channel length and dj, the hydraulic
diameter. If the conductance number c is smaller than 0.005, the axial heat transfer
through conduction in the channel wall can be neglected.

In microchannels, conjugate heat transfer leads to a complex three-dimensional
heat flow pattern and Poiseuille flow may no longer be accurate [43]. Numerical
simulations show that axial conduction in the channel wall does lower the Nusselt
number but it is still in the range of conventional values [38]. The work of Gamrat
et al. [44], in contrast, could not explain the lower Nusselt number by the axial
conduction in the channel walls by numerical simulations.
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Maranzana et al. [45] assumed a uniform heat transfer coefficient between a
parallel plate microchannel. A dimensionless number M is introduced, which
compares the conductive and convective heat flux in the walls and in the fluid,
respectively:

INT
M=" = (9.13)
where
NTU = (9.14)
pepdsu
hd
Bi = : (9.15)

ris the ratio of the wall thickness to the channel length, NTU the number of transfer
units, h the convective heat transfer coefficient, L the channel length, drthe channel
height, u the mean fluid velocity, dy the wall thickness and As the wall conductivity. If
M is smaller than 0.01, the axial conduction in the channel walls can be neglected.

Experimental and numerical studies of conjugated heat transfer at low Re were
presented by Tiselj et al. [46]. A non-linear behavior of the temperature distribution
was observed, caused by high values of axial heat flux in the channel wall. Neverthe-
less, the heat transfer is described by Navier—Stokes and energy equations.

If a conjugated problem has to be considered, the energy balance is extended to the
whole fluid—solid system, in contrast to only fluid boundary conditions.

9.4.3
Surface Roughness

Roughness effects do not play an important role in laminar flow through pipes if the
relative surface roughness is less than 5% [47]. The role of the surface roughness on
Nu in microchannels in the laminar regime has not been explored thoroughly.
However, the wall roughness influences the critical Reynolds number which defines
the transition between laminar and turbulent flow. Qu et al. [35] observed significant
differences between simulated and experimentally determined Nusselt numbers in
trapezoidal microchannels with a relative surface roughness of 2.4-3.5%. They
attributed the difference to surface roughness effects. The Nusselt number can be
predicted by applying a roughness-viscosity model. As the roughness viscosity
reduces the velocity gradient at the wall, the temperature gradient is also reduced,
hence the convective heat transfer is lowered. This situation can be expressed by

MRm

Rmw

Nu = Nugheory (9.16)

where Nueory is the theoretical Nusselt number from smooth microchannel and
Urm and Urpmy the average roughness viscosity over the cross-section and along the
channel walls, respectively.
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Wu and Cheng [26] derived a Nu correlation based on experimental results in
trapezoidal Si microchannels. The surface roughness k is taken into account, in
addition to geometric aspects:

W\ 3547 /g7 N\ 3577 7\ 0041 /g N 1369
— C, Re"946 pyoass [ WD W -~ %h 1
Nu = C1Re Y W, i i i (9.17)

for 10< Re< 100, and 4.05 < Pr<5.79, 0 < W,/ W, < 0.934, 0.038 < H/ W, < 0.648,
326 x 107 * <k/D, < 1.09 x 102 and 191.77 < I/ Dy, < 453.79, and

W 0.908 W 1.001 k 0.033 d 0.798
Nu = C,RL18p 0163 (1 b —t - -h (9.18)
W, H dn L

for 100 < Re< 1500, and 4.44 < Pr<6.05,0 < W},/ W, < 0.934, 0.038 < H/ W, < 0.648,
3.26 x 10 * <k/D, <1.09 x 10 *and 191.77 < L/ Dy, < 453.79, where C; = 6.7, C, =
47.8, W is the width of the channel at the bottom (b) and top (t), H is the channel
height and L is the channel length.

Croce and D’Agaro [48] numerically investigated surface roughness effects on heat
transfer in microtubes. In a plane channel, an increase in Nu with increasing surface
roughness was reported, whereas Nu decreased in a circular tube with increasing
roughness. The influence was dependent on the geometry of both the roughness
elements and the channel and often in the range of experimental uncertainty.

9.4.4
Viscous Dissipation

The viscous dissipation is defined as mechanical energy which is irreversibly
converted to thermal energy due to viscous effects in the fluid. The viscous dissipa-
tion is often taken into account by the Brinkman number, Br, which is the ratio of
dissipation and heat diffusion:
L W Re?

Br=rt PP _ BT
"4, AT pldlaaAT

(9.19)

where p is the dynamic viscosity, u the average fluid velocity, g, the heat flux at the
wall, A the thermal conductivity, p the fluid density and AT the representative
temperature difference. The effect of viscous dissipation increases with decreasing
channel size. In laminar flow, the viscous dissipation becomes important due to the
large gradients in velocity and therefore large temperature gradients. With increasing
Re, the importance of Bris reduced due to smaller gradients. In macroscale channels,
the viscous dissipation can be neglected. Velocity gradients are too small in the
laminar flow regime for the viscous dissipation to have a significant influence on the
temperature in the fluid. An axial variation of Br due to viscosity changes influences
the heat transfer in microchannels. Additionally, viscous dissipation is strongly
dependent on the hydraulic diameter and the aspect ratio. From a dimension

267



268

9 Heat Transfer in Homogeneous Systems

analysis, Tso and Mahulikar [49] proposed a modified general form for Nu in the
laminar regime in microchannels containing an empirical constant A’ and a
geometric function f depending on the critical microchannel dimension § and the
hydraulic diameter d;,:

U= e “Pr ,dy)Br .
Nu = A'Re*2 P13 (8, dy,) Br* 9.20

The exponent d of Br is positive when the fluid in the microchannel is heated and
negative when it is cooled.

Morini and Spiga [36, 50] demonstrated analytically the link between the average
Nu and Br. A general relationship for circular and noncircular channels is

Nuo

Ny=—"2_
" T 1ioBr

(9.21)

where Nuy is the value of Nu at Br = 0 and ¢ is a parameter dependent on the channel
geometry and the boundary conditions. Comparing the temperature increase by
viscous dissipation and the increase by heat flux at the wall indicates the influence on
the dissipation term in the energy balance. The ratio of the two contributions can be
expressed by

A6,
A6,

= zm%f Re (9.22)
dh

where A is the cross-sectional area of the microchannel and fthe friction factor. To
neglect the influence of viscous dissipation, the value of Equation (9.22) should not
exceed 5%.

Koo and Kleinstreuer [51] showed for water that for channel sizes below 100 um the
viscous dissipation in the energy equation cannot be neglected.

9.4.5
Variation of Thermophysical Properties

Atthe microscale it is very important to take the variation of thermal properties of the
fluid into consideration, especially at low Re [52].

The fluid viscosity and thermal conductivity experience the largest variation with
temperature. Compared with the density and the specific heat variation, their
influence on heat transfer is significantly higher, e.g. in the case of water. Therefore,
density and thermal conductivity can in most cases be considered to be constant.
The fluid property variation becomes more important with decreasing diameter,
where the axial variation is more pronounced than the variation over the cross-section
of the channel. In contrast to the viscous dissipation, the significance of property
variations increases with decreasing Br [53].

Additionally, pressure-dependent properties in long microchannels have to be
considered, since the pressure drop is significantly increased in small channels.
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Morini [39] suggested that for gases constant properties can be assumed if the
following conditions are fulfilled:

Ma =u/c<0.2

9.23
% <0.05 ( )

Pin

where Ma is the average Mach number between the inlet and the outlet, u the average
velocity of the fluid, c the acoustic velocity, Ap the pressure drop in the microchannel
and p;, the initial static pressure.

For liquids and gases, it is proposed to adjust the properties of the fluid due to the
temperature variations in the channel, where the viscosity of the liquid shows the
most pronounced effect [40]:

Nu _ <&> for liquids

Nug — \t (9.24)
Nu _ & ' for gases |
Nucp N Tb &

where cp denotes a constant property value and w and b indicate values at the wall and
in the bulk, respectively. For liquids at laminar flow n = —0.14 and at turbulent flow
n=—0.11 (heating) and n= —0.25 (cooling). For gases at laminar flow n=0 and at
turbulent flow n=—0.5 (heating) and n =0 (cooling).

9.4.6
Electric Double Layer

Mala et al. [54] suggested that Nusselt numbers may be well overestimated if the effect
of an electric double layer (EDL) at the fluid-solid interface in liquid flow is not
considered. An EDLis formed when non-conducting channel materials are used. The
layer modifies the velocity profile, which decreases the heat transfer. For channels
sizes larger than 40 um, the effect of the EDL can be neglected and therefore has no
influence on the heat transfer [55].

9.4.7
Entrance Region

In general, the thermal entry region is described by the Hausen equation [Equa-
tion (9.33)]. For water flow in rectangular silicon microchannels, the coefficients of
the Hausen equation were adapted by Li et al. [27]:

0.14(dy, /L) RePr

Nu =41+ 273
14 0.05[(dy/L)RePr]

(9.25)
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The thermal entry length ly, for laminar flow can be calculated by [40]

" _ .05 Re Pr (9.26)
dn
In turbulent flow, the entrance region is insignificant, since the turbulent thermal
boundary layer develops very quickly.
Local Nusselt numbers were measured by Harms et al. [56] in deep silicon
channels. The results agreed reasonably well with classical theory [41]. The small
deviations were ascribed to the manifold geometry.

9.4.8
Measurement Accuracy

Standard temperature measurement in heat transfer experiments is still done using
thermocouples. Thermocouple wires have diameters down to 12.7 um. For shielded
thermocouples, the smallest diameters available are in the region of 100 um. The
drawbacks are conduction losses through the thermocouple wire and flow distur-
bance. These errors are obviously more pronounced in microfluidic flows.

An example of an error analysis is shown in Equation (9.27). Usually Nu is
calculated by measuring the temperature difference AT between the wall and the
fluid and the heat input Q. The wall temperature is commonly measured by placing a
thermocouple as close as possible to the wall and then applying simple heat
conduction theory to estimate the actual temperature at the wall. The relative
uncertainty of Nu, uy,/Nu, can be expressed by

 hd,  Qdy
Nu=="=2ATh
. uQ 2+ udy 2+ % 2+ ﬂ 2+ @ 271/2 (9.27)
Nu |\ Q dy A AT A

Qu et al. [35] reported an uncertainty of 8.5% for the Nu calculation and Tso and
Mahulikar [57] stated a typical uncertainty of 9.2%. To estimate a correct value of Nu,
the measurement of the geometric dimensions of the microchannel and the
measurement of the wall temperature are very critical.

Non-intrusive temperature measurement techniques are liquid crystal thermom-
etry [58], infrared thermometry and two color laser-induced fluorescence.

Thermal microscopy, reflectance thermometry and scanning optical thermometry
measurement methods in micro- and nanodevices have been reviewed by Cahill
et al. [59].

9.5
Conventional Heat Transfer Correlations for Macroscale Tubes and Channels

For the calculation of heat transfer coefficients in channels, conventional correlations
in terms of macroscopic tubes and channels are listed in this section. For a critical
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dimension for the validity of these correlations, a characteristic length of >1 mm is
suggested [23, 39]. Nevertheless, a careful evaluation of the assumptions has to be
carried out and, if necessary, adapted to include the above-discussed scaling effects.

9.5.1
Developing Hydrodynamic Regions of Laminar Flow

The hydrodynamic entry region }, for laminar flow can be calculated by [60]

b 0.05Re (9.28)
dn

9.5.2
Developing Thermal Flow

The thermal entry region for laminar flow can be calculated by [40]

b _ 0.05 Re Pr (9.29)

dn

9.5.3
Fully Developed Laminar Flow

We consider steady-state laminar and fully developed thermal and hydrodynamic
single-phase flow.

9.5.3.1 Constant Wall Temperature
At constant wall temperature, the asymptotes from theory are predicted as follows:

d;
Nitp 1 = 3.657 +0.0499 Re Pr (9.30)

for Re Pr d;/L <33.3 and
A\ 13
Nuy 12 = 1.615 (RePrf) (9.31)

for values of Re Pr d;/L>33.3.
For the whole range of 0< Re Pr d;/L <o, the equation [61]

1/3
N1 = {Nufnm +0.7° + (Num,T,2—047)3} (9.32)

can be used.
With the Hausen correlation [13], Nusselt numbers in the thermal entry length can

be calculated:

0.0668(dy, /L) Re Pr

Nu = 3.66 + T
1-+0.04[(dy /L) Re Pr]

(9.33)
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For a combined entry length, the Sieder-Tate [62] correlation is suitable:

_ 1/3 0.14
Nu = 1.86 (%) (%) (9.34)

for Re<2200, 0.48 < Pr< 16700 and 0.0044 < L1/l <9.75.

9.5.3.2 Constant Heat Flux
At constant heat flux, from theory the Nusselt numbers are predicted as
follows [41]:

di
Nity 111 = 4.36+0.0722Re Pr- (9.35)

for Re Prd;/L<33.3 and
N3
Nupy 2 = 1.953<Re Prf) (9.36)

for Re Prd;/L>33.3.
For the whole range of 0< Re Pr d;/L <o, the equation [41]

Ny = [Nu), ;1 +0.6% + (Nt 112—0.6)*]"/? (9.37)

can be used.

For asymptotic values of Re Pr d;/L, the mean Nu and friction factors are listed in
Table 9.2, summarized from [41, 63], for constant wall temperature (T) and constant
heat flux (H) atall four channel walls. Solutions for different boundary conditions can
be found in [41].

9.54
Turbulent Flow

In turbulent flow, the boundary conditions “constant wall temperature” and
“constant heat flux” lead to approximately the same mean Nusselt numbers.
Correlations in the far turbulent regime (Re>10*) are noted here. The hydrodynamic
entry length is approximately independent of Re, so that an approximation for fully
turbulent flow after length x can be made for

* 210 (9.38)
dy

This expression can also be used for the thermal entrance region [40].
Awidely used correlation in turbulent regime is the Dittus—Boelter correlation [15]:

Nu = 0.023Re*/> Pr" (9.39)
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Table 9.2 Nusselt numbers and friction factors for different
channel shapes in fully developed laminar flow.

Duct shape Nuy Nur fRe
Circular Q 4.364 3.657 16
1 3.608 2.976 14.23
pspect ratio /a 2 4123 3.391 15.55
3 4.795 3.956 17.09
Rectangular é 4 5.331 4.439 18.23
—— 6 6.050 5.137 19.70
8 6.490 5.597 20.58
00 8.235 7.541 24.00
Parallel plate 8.235 7.541 24.00
Hexagon <:> 4.002 3.34 15.05
Isosceles triangle e 10° 2.446 1.61 12.47
30° 2.910 2.26 13.07
60° 3.111 2.47 13.33
70° 3.095 2.45 13.31
90° 2.982 2.34 13.15
120° 2.680 2.00 12.74
major/minor axis a/b= 1 4-364 3.658 16.00
1.5 4.438 - 16.31
Ellipse b 2 4.558 3.742 16.82
— 4 4.880 3.792 18.24
8 5.085 3.725 19.15
16 5.176 3.647 19.54

with n= 0.4 for heating and n = 0.3 for cooling, for 0.7 < Pr< 160, Re>10000 and
L/D>10. This correlation is useful for small temperature changes. If larger
temperature variations are expected, the correlation of Sieder and Tate [62] should

be used:
Nu = 0.027Ré*/5 prl/3 (i> (9.40)

W

for 0.7 < Pr<16 700, Re>10000 and L/D>10.
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9.5.4.1 Transition Regime 2300 < Re <10*
A more complex but also more accurate correlation for the convective heat transfer in
the transition regime is the Gnielinski correlation [14]:

_ (f/8)(Re—1000)Pr d 2/3 Pr 011
" 1127 (F/8) (PP -1) {1 + <L) } (Prw) (9.41)

with the friction factor ffrom [64]:
f = (1.82log Re—1.64)* (9.42)

The area of validity is 0.6 < Pr< 10° and 2300 < Re< 10°.

The use of turbulent Nu correlations in the transition regime from laminar to
turbulent flow must to be treated with caution. Heat transfer coefficient values will be
overpredicted. An equation to calculate heat transfer rates in the transition region was
proposed by Gnielinski [65]:

Nu = (1—) Nui 300 + Y Nthy 3¢ (9.43)

y= 71}3;_2233%%, <y<1 (9.44)
where Nu; 5300 and Nu, ;+ are the laminar and turbulent Nusselt numbers, respec-
tively, at the corresponding Reynolds numbers from the Nu correlation for thermal
and hydrodynamic entry regions.

The transition from laminar to turbulent flow in macroscale channels occurs at the
critical Reynolds number of about Re=2300. For flow in microchannels, an earlier
transition to turbulent flow was indicated in earlier publications. However, recent
studies show that in fluid flow at the microscale the critical Reynolds number is in the
range of the macroscopic value.

The standard Nu correlations for different flow regimes are summarized in Table 9.3.

9.6
Conclusion

In this chapter, heat transfer from or to a fluid in microchannels with diameters of
less than 1 mm was discussed. It was seen from the literature that correlations for
Nusselt numbers in microchannels show little agreement whether heat transfer is
enhanced or decreased at the microscale. The findings were often restricted to the
individual setup used in a particular study. This leads to the conclusion that so far,
no general correlation for heat transfer coefficients in microchannels can be
suggested. The comparison with heat transfer analysis in macroscopic systems
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showed that several effects — which were neglected in larger systems — have to be
considered at the microscale. These so-called “scaling effects” discussed in this
chapter were axial heat conduction, surface roughness, viscous dissipation, ther-
mophysical property variation, electric double layer and entrance region effects.
The influence of scaling effects on heat transfer was explained, and criteria of
applicability and recommendations for heat transfer calculations in microchannels

were given.

List of Symbols and Abbreviations

Symbol Units Definition

A m? Cross-sectional area
A - Constant

n - number

k JK ! Boltzmann constant
Ll m Length

u ms™! Average fluid velocity
u Uncertainty

m kg Mass

X, )z m Coordinates

F - Factor

D,d m Diameter

r - Ratio

C - Constant

h Wm 2K Convective heat transfer coefficient
M - Number

Cp Jmol 'K, Jkg ' K! Specific heat capacity
w m Width

H m Height

k m Surface roughness

q Wm 2, Wm™ Heat flux

T K Temperature

f - Friction factor

c ms " Acoustic velocity

p Pa Pressure

Qo \\% Heat

Vv m? Volume

Na mol Avogadro’s number
Greek Letters

A m Mean free path

A WmK? Thermal conductivity
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0 Pas
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A

Subscripts and Superscripts

IM

’_‘m""ﬁg 13',_8 oo < o3 EEPHMOU'Q

Abbreviations

EDL
NTU

Molecule diameter
Parameter

Mean molecular spacing
Critical dimension
Shear rate

Molecular time scale
Molecular energy scale
Factor

Ratio of specific heats
Density

Dynamic viscosity
Temperature
Difference

Intermolecular
Gnielinski
Hydraulic
Standard

Solid

Fluid

Initial

Thermal

Wall

Bottom

Top

Viscous dissipation
Heat flux

Bulk

Constant property
Hydrodynamic
Mean

Constant wall temperature
Inner

Constant heat flux
Laminar
Turbulent

Electric double layer
Number of transfer units
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