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Abstract

The experimental and numerical research on microchannel heat transfer and fluid flow was presented in the paper.

Diameters of the microtubes were 0.1, 0.3 and 0.5 mm and the flow regime was laminar with Re-number range up to

800. The working fluid was distilled water and the tube material was stainless steel. The experimental setup was de-

signed in such a way that the investigation of the average friction factor and developing heat transfer was possible. Due

to the large scattering in the reported experimental results, the scope of this research was to make the accurate mea-

surements and to compare the experimental heat transfer and fluid flow characteristics with numerical and theoretical

results for the conventional tubes.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The term ‘‘micro-channel’’ comes to be used in some

engineering fields but its definition is dependent on

researchers. As is well known, the conventional heat

transfer theory predicts that heat transfer coefficient of

fully developed laminar flow in a channel increases if the

cross-section of the channel decreases [1]. Tubes or

channels of smaller size are therefore chosen to attain a

high heat transfer coefficient. For example, such tubes or

channels are used to manage the power dissipation in

LSI chips. On the other hand, l-TAS (Micro Total

Chemical Analyzing System) [2], MEMS (Micro Elec-

trical–Mechanical Systems) and bio-chips [3] consist of

the network of channels of small cross-sectional size

manufactured with microprocessing techniques. To de-

velop such systems, we have to obtain a good under-

standing of flow and diffusion characteristics. In the

present report, the tubes or channels utilized in such
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fields are called ‘‘microchannels’’. In the past decade, a

large number of research reports considering micro-

channel heat transfer, have been presented. Since the

topic of the present research was water flow and heat

transfer, only reports on liquid as the working fluid will

be reviewed.

Celata et al. [4], investigated experimentally single-

phase heat transfer of R 114 in a stainless steel tube of

the diameter D ¼ 0:130 mm. They have found that

friction factor is in good agreement with the Hagen–

Poiseuille theory [5] as far as the Re-number is below

583. For heat transfer characteristics, they have found

that Nu is not constant but depends on Re.
Mala et al. [6], experimentally investigated the flow

characteristics of water through microtubes of Di ¼
50–254 lm. Two types of microtubes are used, and they

are silica fused and stainless steel tubes. It is observed

that for low values of Re the experimental data of fRe
agree well with a theory. On the other hand with

increasing Re significant deviation from the conventional

theory comes to be observed. Also, this deviation in-

creases as the tube diameter decreases. They reported

also an early transition from the laminar to turbulent

flow.
ed.
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Nomenclature

Af frontal cross-section, m2

Ac core cross-section, m2

cp specific heat capacity, J/kgK

Dh hydraulic diameter of a microtube, m

Di inner diameter of a microtube, m

Do outer diameter of a microtube, m

D1 inner diameter of the tube before microtube,

m

D2 inner diameter of the tube after microtube,

m

f friction factor, –

fRe friction constant, –

G mass velocity inside the microtube, kg/m2s

h heat transfer coefficient, W/m2 K

kf thermal conductivity of the water, W/mK

ks thermal conductivity of SUS 304, W/mK

Kc, Ke contraction and expansion coefficients,

respectively

Ltot total length of the microtube, m

Lh heating length of the microtube, m

Ln distance between thermocouples, m

L1 length of the inlet portion of the tube before

microtube, m

L2 length of the outlet portion of the tube after

microtube, m

M mass flow rate, kg/s

Nu local Nusselt number, –

Pr Prandtl number, –

Dp total pressure drop, Pa

Dpf pressure drop due to the friction inside a

tube, Pa

Dpa pressure drop due to the acceleration of the

fluid, Pa

Dpc pressure drop due to the contraction of the

cross-section area, Pa

Dpe pressure drop due to the expansion of the

cross-section area, Pa

Dp1 pressure drop due to the friction inside the

tube before microtube, Pa

Dp2 pressure drop due to the friction inside the

tube after the microtube, Pa

Q, Qin heat transfer rate generated by the electrical

power, W

Qout heat transfer rate removed by water, W

q heat flux, W/m2

r radial coordinate, m

Re Reynolds number, –

Sc internal heat source, W/m3

Twn, T 0
wn wall temperature at different axial locations

inside and outside the tube respectively, K

Tbn water bulk temperature at the axial posi-

tions of the thermocouple measurements, K

Tin, Tout inlet and outlet water temperature respec-

tively, K

u, v velocity components, m/s

um water average velocity, m/s

z axial coordinate, m

Greek symbols

d width of the microtube wall, m

e heat balance of the experimental setup, –

q density, kg/m3

r cross-section ratio, Ac=Af , –

l viscosity, Pa s

Subscripts

f.d. fully developed

in inlet

i inner

out outlet

o outer
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Judy et al. [7], examined experimentally the flow

characteristics of water, hexane and isopropanol, in

fused silica microtubes with Di ¼ 20–150 lm for

Re ¼ 20–2000. Their results indicated that the values

of fRe agree well with the conventional Stokes flow

theory [5] for Di ¼ 100 and 150 lm. For D6 75 lm,

the experimental results deviates from the conven-

tional value of fRe ¼ 64 towards lower values, although

it preserved a constant value over the tested range of

Re.
Li et al. [8], investigated experimentally the flow

characteristics of deionized water in the glass

(Dh ¼ 79:9–166:3 lm), silicon (Dh ¼ 100:25–205:3 lm)

and stainless steel tubes (Dh ¼ 128:76–179:8 lm). The

length of the tubes was long enough to ensure that the
flow is fully developed. They have found that there is no

difference from the conventional and the value of fRe is

almost 64 for the smooth tubes made of glass or silicon,

and 15–37% higher than 64 for the stainless steel tubes.

The transition from laminar to turbulent flow is ob-

served in the range Re ¼ 1700–2000.

Yang et al. [9], examined experimentally the flow

characteristics of water, R-134a and air in small tubes of

Dh ¼ 0:171–4:01 mm for the laminar and turbulent flow

regimes. The laminar-turbulent transition was observed

in the range of Re ¼ 1200–3800 and it is increasing with

decreasing the tube diameter. The friction factor, in the

case of liquids, agrees well with conventional Blausius

and Poiseuille equations in the turbulent and laminar

regime, respectively.
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Peng and Peterson [10], investigated the heat transfer

and flow characteristics of methanol and water. Micro-

channels of four different sizes are used, with a channel

width ranging from 0.31 to 0.75 mm. The transition

from the laminar flow occurs at Re ¼ 300, and to the

fully turbulent flow at Re ¼ 1000.

Qu et al. [11], investigated the heat transfer of water

flows through trapezoidal silicon microchannels. They

have found that Nu number is much lower than con-

ventional theoretical values.

Peng and Peterson [12], investigated experimentally

heat transfer through rectangular microchannels with

binary mixtures of water and methanol as a working

fluid. They have analyzed both the influence of mixture

concentration and channel geometry on heat transfer

coefficient. They also found early transition from the

laminar to turbulent regime, and the critical Re-number

decreases as the hydraulic diameter of the channel de-

creases.

Peng and Peterson [13], investigated experimentally

both the laminar and turbulent heat transfer and fluid

flow characteristics of water through microchannels with

Dh ¼ 0:133–0:367. They have found a strong depen-

dence of heat transfer and hydrodynamic characteristics

on the channel size.

Gao et al. [14], investigated experimentally the heat

transfer and flow characteristics of demineralized water

flows through microchannels with Dh ¼ 0:1–1 mm. The

friction factor was in good agreement with conventional

theoretical results for channels but the experimental data

of Nu are much lower than the conventional theoretical

results for smaller values of Dh.

Agostini et al. [15], investigated experimentally the

heat transfer and flow characteristics of R134a through

a multichannel configuration with Dh ¼ 0:77 and 1.17

mm. In the case of the friction factor results there is a

reasonable agreement with conventional theoretical re-
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Fig. 1. Schematic representation
sults, both in the laminar and the turbulent regime.

However, the experimental results of Nu are dependent

on Re for both laminar and turbulent regimes.

Considering the available results about experimental

research on microchannel heat transfer and fluid flow

characteristics, one can conclude that there is a large

scattering in the obtained results. This is especially

serious in the case of the heat transfer results. For

example, there is an optimum size of channels in the

so-called microchannel heat sink and the result of opti-

mization depends strongly on the heat transfer charac-

teristics in microchannels. So, this was the reason for

making the research on single-phase microtube heat

transfer.
2. Description of the experimental setup

The experimental setup, used in the present study,

was designed in the way that it allows the analysis of a

developing heat transfer and fluid flow. The schematic

view of the experimental apparatus is presented in

Fig. 1.

Distilled water is the working fluid that is driven in a

microtube with a micropump (NS type NP–KX–110) for

volume flow rates 0.01–10 ml/min. A microchannel is

placed inside a vacuum chamber to eliminate heat loss to

ambient. The temperature of water, at the inlet of the

microtube was kept at a prescribed value by using a

counter-flow heat exchanger, placed before the micro-

channel. Water was circulated between the heat ex-

changer and a constant temperature bath to maintain

the inlet temperature. Filters of 2 lm were set both be-

fore the microchannel and before the pump, for sup-

pressing particles to enter inside the test tube.

The microtube was heated by Joule heating with an

electrical power supply (Yokogawa 2558) and the input
Electric power
supply

Vacuum
pump

Microchannel

Vacuum chamber

Digital power
meter

Water

Digital balance

Experimental box

of the experimental setup.
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Fig. 2. The position of the thermocouples.

Table 1

Tube geometry description

Tube no. Di=Do [lm] Heating length Lh [mm] Total length Ltot [mm] Heat input Q [W] Heat rate qo [W/m2]

1 500/700 250 600 0 and 2 3640

2 300/500 95 123 0, 1 and 2 6705 and 13 409

3 125.4/300 53 70 0, 0.5 and 0.75 10 015 and 15 022
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heat was measured by a digital power meter (Yokogawa

WT 200). The electrodes connected to the microtubes

have a diameter of d ¼ 250 lm. In the present experi-

ments, the exit of the tube was kept at the atmospheric

pressure. So, the pressure drop through the microtube

was determined by measuring the pressure at the inlet of

the test section with a pressure transducer (Kyowa PGM

2 KC and PGM 5 KC). The mass flow rate was deter-

mined by measuring the weight of water flowing out

from the tube with a digital balance.

The mean temperature of water was measured at

both the entrance and the exit cross-section of the

experimental setup using K-type thermocouples. The

same type thermocouples were used for measuring outer

wall temperatures of the microtube. The diameter of all

thermocouples was 50 lm and the thermocouple loca-

tions are presented in the Fig. 2.

The tubes were made of stainless steel SUS 304 and

the experimental conditions are listed in Table 1. The

tubes were heated electrically dissipating the heat in the

range Q ¼ 0:5–2 W.
3. Data reduction

The friction factor is calculated by Eq. (1) based on

the experimental data of mass flow rate and the pressure

drop due to the friction inside the microtube Dpf ,
f ¼ Ltot

Di

Dpf
q�u2m
2

ð1Þ

On the other hand, in the present experiment the

total pressure drop along the test section is measured.

The total pressure drop includes the pressure drop at the

inlet and outlet portion of the experimental setup,

pressure drop due to the contraction and expansion of

the cross-sectional area, pressure drop required for

acceleration of the fluid and frictional pressure drop. So,

the total pressure drop Dp, can be expressed with the

following equation:

Dp ¼ Dpc þ Dp1 þ Dpcore � Dpe þ Dp2 ð2Þ

The pressure drop through the tube, Dpcore is expressed
by the following equation:

Dpcore ¼ Dpf þ Dpa ð3Þ

Here, Dpa, is the pressure drop due to acceleration of the

fluid and given by,

Dpa ¼
G2

qin

qin

qout

�
� 1

�
ð4Þ

Pressure drop due to the contraction is calculated by

Dpc ¼
G2

2 � qin

1
�

� r2 þ Kc

�
ð5Þ
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Pressure drop due to the expansion is calculated by the

following equation

Dpe ¼
G2

2 � qout

1
�

� r2 � Ke

�
ð6Þ

The coefficients Kc and Ke respectively, depends on r and

Re and can be obtained from [5].

Pressure drop at the inlet portion of the experimental

setup is defined as

Dp1 ¼
128 �M � L1 � min

qin � p � D4
1

ð7Þ

Pressure drop at the outlet portion of the experimental

setup is defined as

Dp2 ¼
128 �M � L2 � mout

qout � p � D4
2

ð8Þ

The local value of Nu is calculated by the following

equation:

Nu ¼ h � Di

kf
ð9Þ

where h is the local heat transfer coefficient defined by

the following equation:

h ¼ q
Twn � Tbn

ð10Þ

where Tbn is the local bulk temperature of water at each

point of the wall temperature measurement and it is

calculated from the heat balance equation:

Tbn ¼ Tin þ
p � Di � Ln � q

M � cp
ð11Þ

Twn is the local wall temperature at the inside of the tube

and it is obtained from the one-dimensional heat con-

duction equation using the measured wall temperature

at the outside of the microtube:

d2T
dr2

þ 1

r
dT
dr

þ Sc
ks

¼ 1

r
d

dr
r
dT
dr

� �
þ Sc

ks
¼ 0 ð12Þ

where Sc is the internal heat source generated inside the

microtube wall by the electric power defined as:
Table 2

The experimental uncertainties

Parameter Uncertainty [%]

Di ¼ 125:4 lm

Inner diameter, Di 5.6

Mass flow rate, M 0.04

Re-number 5.3

Friction factor f 18.7

Local temperature difference, DTloc 5.9

Local heat transfer coefficient, h 8.9
Sc ¼
Q

Lh � p � ðR2
o � R2

i Þ
ð13Þ

After integration the general solution of the Eq. (12) is

obtained:

T ¼ � r2

4

Sc
ks

þ C1 ln r þ C2 ð14Þ

Constants C1 and C2 can be obtained by the following

boundary conditions:

r ¼ Ro T ¼ T 0
wn

r ¼ Ri ks
dT
dr

¼ qi ¼
Q

2RipLh

¼ Sc
2

R2
o � R2

i

Ri

Finally, the local temperature at the inside portion of

the microtube wall is obtained by the following equation:

Twn ¼ T 0
wn �

Sc
4ks

R2
o ln

Ro

Ri

� �2
"

� ðR2
o � R2

i Þ
#

ð15Þ

It should be noted that the fluid properties were

estimated at the average temperature of water and they

were obtained from Computer package PROPATH v.

10.2.

Finally, Re is calculated by the following equation:

Re ¼ q � um � Di

l
ð16Þ
4. Experimental uncertainties

The uncertainty of experimental results have been

estimated following the recommendations and method

described by Moffat [16,17]. Analyzing the particular

uncertainty results that the main problem is the accu-

racy of the friction constant results as the outcome of

difficulties on determining the inner diameter of the

microtube. We can measure the inner diameter of the

tubes tested, using the following two methods. One of

them was to measure the inner diameter at both ends of

microtubes by a high-precision microscope. A disad-

vantage of this method is the lack of the information on

diameter distribution along the tube axes. The other
Di ¼ 300 lm Di ¼ 500 lm

0.98 0.4

0.04 0.04

0.98 0.4

3.9 1.5

2.8 7.9

3.6 8.9
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method was to obtain the average inner diameter of the

microtube by measuring the mean outer diameter,

length and weight of the tube, and the mean inner

diameter was determined by using the density of tube

material. In this case the accuracy is affected by the

accuracy of the three additional parameters stated

above. In the present research the later method was

used and the uncertainties of some particular parame-

ters, affected by the uncertainty of the inner diameter,

are presented in Table 2.
5. Numerical details

In order to discuss experimental results obtained in

the present experiments, the velocity and temperature

distributions were numerically solved taking account of

the temperature variation of fluid properties.

As mentioned already, in the experimental setup,

there were two electrodes at both ends of the test tube.

So, as shown in Fig. 3, the respective insulated parts

were included in the numerical domain. The following

set of partial differential equations is used to describe the

phenomena:

Continuity equation:

ou
oz

þ 1

r
oðr � vÞ
or

¼ 0 ð17Þ

Momentum equation:

q � v
ou
or

�
þ u

ou
oz

�
¼ � dp

dz
þ 1

r
o

or
lðT Þr ou

or

� �
ð18Þ

Energy equation:

q � cp � v
oT
or

�
þ u

oT
oz

�
¼ k � 1

r
o

or
r
oT
or

� ��
þ o2T

oz2

�
ð19Þ

At the inlet of the tube, the uniform velocity and

temperature field is considered, while at the exit the

temperature gradient is equal to zero.
dQ=0 Q=const.

water
flow

r

z

inlet

z = 0

Ltot

hL

Fig. 3. Schematic presenta
The boundary conditions are:

z ¼ 0; 0 < r < Ro: u ¼ u0; T ¼ Tw ¼ T0

0 < z < Ltot: r ¼ 0;
ou
or

¼ 0;
oT
or

¼ 0; v ¼ 0

r ¼ Ri; u ¼ v ¼ 0

The Joule heating of the tube wall can be expressed

either by the uniform heat generation through the tube

wall or by the uniform heat flux imposed on the outer

surface of the wall. For the latter case, the boundary

condition is defined as,

r ¼ Ro: qo ¼ ks
oT
or

ðfor the heated portion of the tubeÞ

ks
oT
or

¼ 0 ðfor the insulated portion of the tubeÞ

where qo is the heat flux based on the outer heat transfer

area of the tube wall (Table 1).

z ¼ Ltot; 0 < r < Ro:
oT
oz

¼ 0

The partial differential equations (17)–(19) together

with boundary conditions, are solved using the finite

volume method described in [18].

First, the parabolic flow field condition is considered

and the velocity field is solved. The temperature field, as

a conjugate heat transfer problem, was then solved using

the obtained velocity field. The fluid flow regime is

considered to be a steady-state laminar flow with con-

stant fluid properties except for the fluid viscosity that is

calculated with following equation:

l ¼ l0 � ebðT�T0Þ ð20Þ

In order to test the grid sensitivity, two grids have

been used. The coarser one with 250 cells in radial

direction and 400 cells in axial direction and finer grid

with 500 and 800 cells in z- and r-direction respectively.

Differences in the results of fRe or Nu were smaller than
dQ=0

outlet

z = L tot

r = Ri r = Ro

tion of the test tube.
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0.1%, so the coarser grid has been used for further cal-

culations.
6. Results and discussion

6.1. Hydrodynamic results

6.1.1. Hydrodynamic results for no-heating fluid flow

The pressure drop from the inlet of the tube up to

some axial location can be expressed with the following

equation:

DpðzÞ
ðq � u2mÞ=2

¼ DpðzÞf:d:
ðq � u2mÞ=2

þ KðzÞ ð21Þ

where Dpzf :d: is the pressure drop in the case of the fully

developed flow and KðzÞ is the incremental pressure

drop due to the entrance region effects. Eq. (21) can also

be written in the following form:
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DpðzÞ
ðq � u2mÞ=2

¼ fRef:d:
z

Di � Re

� �
þ KðzÞ ð22Þ

For a very long tubes (as in the present experiments),

the incremental pressured drop for a laminar flow inside

the tubes has the following value [19]:

Kð1Þ ¼ 1:25

Finally the fully developed value of the fRef :d: can be

obtained from the Eq. (22).

The numerical and experimental results of fRef:d: for
Di ¼ 300 and 125.4 lm are plotted to Re in Figs. 4 and 5

respectively. In these figures, the no-heating fluid flows

are considered.

As seen from Figs. 4 and 5, the obtained results for

fRef :d: are in good agreement with the conventional

theoretical value of fRe ¼ 64. There is a difference be-

tween the experimental and numerical results but this

difference is much lower than the experimental uncer-

tainty of the measurements.
600 800 1000

Q = 0 W (exp.)
Q = 0 W (num.)

e

f Re = 64

00 µm

r no-heating fluid flow in tube of Di ¼ 300 lm.

400 500 600 700

Q = 0 W (num.)
Q = 0 W (exp.)

e

4 µm

f Re = 64

no-heating fluid flow in tube of Di ¼ 125:4 lm.
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In short, the present results indicate that the con-

ventional relation of fRe ¼ 64 is valid and there is also

no evidence on an early transition from laminar to tur-

bulent regime, at least for Di > 100 lm and the Re range
covered in the experiment.

6.1.2. Hydrodynamic results for different input power

levels

The numerical and experimental results of fRe under
heated conditions for Di ¼ 300 and 500 lm are pre-

sented in Figs. 6 and 7 respectively. In the case of the

tube with Di ¼ 300 lm, regardless of the input power

level, the value of fRe is almost constant both for the

numerical and experimental results. It should be noted

here that, as shown in Table 1, the heated portion of this

tube was almost the same as the total length of the tube.
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Fig. 6. Experimental and numerical results of fRe for
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Contrary, in the case of the tube with Di ¼ 500 lm,

the experimental value of fRe is decreasing with

decreasing Re especially in the case of the lower Re where
a larger temperature differences between the inlet and

outlet of the tube are expected. This behavior of fRe is

also confirmed by the present numerical results plotted

in the figures. It should be noted here that, as shown in

Table 1, the heated portion of this tube is significantly

shorter than the total length and the fluid viscosity is

evaluated at the arithmetic mean temperature between

the inlet and outlet.

From Eqs. (1) and (15), the fRe can be defined as

follows:

fRe ¼ 2 � Dp � D2
i

Ltot � um � l ð23Þ
600 800

Q = 1 W (exp.)
Q = 2 W (exp.)
Q = 1 W (num.)
Q = 2 W (num.)

e

i = 300 µm

different input powers in tube of Di ¼ 300 lm.

300 400 500

Q = 1 W (exp.)
Q = 2 W (exp.)
Q = 2 W (num.)
Q = 1 W (num.)

e

f Re = 64

Di  = 500 µm

different input powers in tube of Di ¼ 500 lm.
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In the case of the no-heating fluid flow, the rela-

tionship between the pressure drop and the mean fluid

velocity is linear, so the ratio Dp=um has a constant

value. In the case of the fluid flow under heated condi-

tions, due to the lower wall shear stress, the pressure

drop and the ratio Dp=um is not constant but decreases

exponentially. When the heated portion of the tube is

almost the same as the total length of the tube, the ratio

Dp=um decreases almost at the same rate as the fluid

viscosity, with decreasing the mean fluid velocity. Con-

trary, if the heated portion of the tube is significantly

shorter than the total length of the tube, the ratio Dp=um
decreases faster with decreasing the mean fluid velocity,

than a fluid viscosity. For the present experimental

conditions, the changes in fluid density are negligible.

Taking this into account, the value of fRe will be

constant only for the case when the total length of the

tube is heated. In the case of the partial heating, the

value of the fRe will be lower than the conventional

relation fRe ¼ 64.

6.2. Thermal results

To keep the experimental uncertainty within an

allowable level for thermal results in a microtube, special

care should be taken of the reduction of heat loss. In the

present experiment, the followings were carried out to

reduce the heat loss from the microtube. The room

temperature was kept at the inlet temperature of water

(about 20 �C) with an air-conditioning unit. As shown in

Fig. 1, the microtube was placed in the vacuum cham-

ber. The remaining way of heat transfer to the ambient

was heat conduction through the electrodes connected

to the tube wall as well as through the power wires

connected to the digital power meter. This problem was

especially serious in the case of the microtubes, and K-

type thermocouples of 50 lm in diameter were chosen to
-10
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-2
0
2
4
6
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100 200 300 400

 [%
]

R

ε

Fig. 8. Heat balance for t
minimize the amount of heat loss through five thermo-

couples placed on the tube wall.

The following value of e was used as a measure of

thermal uncertainty in the present experiment:

e ¼ Qout � Qin

Qin

� 100 ð24Þ

where Qin is the electrical input power, Qout is the

amount of heat transferred to water and this is given by,

Qout ¼ M � cp � ðTout � TinÞ ð25Þ

In Figs. 8 and 9, experimental results of e were pre-

sented for microtubes Di ¼ 125:4 and 300 lm. From

both figures it is clear that, as Re decreases, the absolute
value of e increases. The reason may be explained as

follows: the outlet temperature of water increases for

smaller Re. This results in an increase of the temperature

of the electrode placed at the outlet and also results in an

increase of heat conduction through it to the ambient.

If the heat input is very large, the heat losses are

larger than an acceptable value. Contrary if the heat

input is very low, the temperature difference between the

tube wall and water is much lower than an acceptable

level. Anyway, the results shown in Figs. 8 and 9, the

value of e is of ±5% and about ±10% for Di ¼ 300 and

125.4 lm respectively.

In Figs. 10–14, the experimental results of the local

value of Nu are plotted to the axial location for the

respective experimental conditions. The experimental

data in Figs. 10–14 indicate that, as predicted by con-

ventional heat transfer theories, the local Nu number

defined by Eq. (9) decreases and approaches to the con-

stant value of 4.36 with increasing z. In Figs. 15–20, they

are plotted to the non-dimensional axial distance to-

gether with the present numerical result and the theoret-

ical values of Shah and London [19]. As seen from Figs.

15–20, the present experimental data are in reasonable
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agreement with both the numerical and the theoretical

results. In short, it can be concluded that, at least for the

present experimental conditions, the local value of Nu is

in good agreement with conventional theories including

the entrance region.
7. Concluding remarks

A developing microchannel heat transfer and fluid

flow has been analyzed experimentally on tubes of

Di ¼ 0:1, 0.3 and 0.5 mm, having water as a working

fluid. The experimental results have been compared both

with theoretical predictions from literature and results

obtained by numerical modeling of the present experi-

ment. The experimental results of microchannel flow

and heat transfer characteristics obtained in the present

experiments confirms that, including the entrance effects,

the conventional or classical theories are applicable for

water flow through microchannel of above sizes.

This conclusion does not provide any new aspect, but

this is meaningful considering the large scattering in the

existing results.
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