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Abstract

Experiments were carried out to investigate forced convective heat transfer of deionized water flowing through quartz microtubes with inner
diameter of 242, 315 and 520 µm. The microtube was heated by directly electrifying a brass wire that was coiled evenly up around the microtube
to keep a constant heat flux, or heated by steam to keep a constant temperature. As Reynolds number varied in the range from 100 up to 5000–7000
in the experiments, the corresponding Nusselt numbers were also measured. The experimental results were compared with those of the classical
correlations for convective heat transfer in a laminar, transitional or turbulent regime for conventional tubes, and a difference was found. The
comparisons indicated that the Nusselt number tends to be agreement with those of the classical laminar correlations at a lower Reynolds number,
and increased sharply with the increasing of Reynolds number. If Reynolds number was larger than 1500, 1600 and 1900 for microtubes with inner
diameter of 242, 315 and 520 µm, respectively, the corresponding Nusselt number was higher than the predictions by the classical transitional
correlations. When Nusselt number reached the value from the classical turbulent correlations, Reynolds number was approximately equal to
4000, 4500 and 5500, respectively, for these types of microtubes.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Owing to the microfabrication technology development of
integrated circuits, smaller tubes can be made and used for in-
creasing the compactness of heat exchangers. These micro heat
exchangers are able to attain extremely high heat transfer sur-
face area per unit volume, high heat transfer coefficient, and low
thermal resistance. This has been motivated by their proposed
use in such concrete applications as micro power generation,
computer chips and chemical separations processes [1] etc. Up
to now, a number of investigators have performed many re-
searches, especially on experimental studies.

In fact, the micro-channel heat sink cooling concept was first
introduced by Tuckerman and Pease in the early 1980s [2].
Mala and Li [3] investigated experimentally the flow charac-
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teristics of water in microtubes with diameters ranging from
50 to 254 µm. For tubes with small diameters the experimen-
tal results on friction factor show a significant departure from
the conventional theory, while for tubes with large diameters
the experimental results are in good agreement with the classi-
cal theory. The authors explained this unusual phenomenon by
introducing the roughness viscosity model, which takes into ac-
count increase of the momentum transfer in the boundary layer
near the wall due to the presence of roughness. Adams et al. [4]
performed an experimental investigation of heat transfer char-
acteristics of water in microtubes ranging from 760 to 1090 µm.
They found that the experimental Nusselt number were higher
than those predicted by conventional heat transfer correlations.
The authors observed that the extent of the heat transfer en-
hancement (defined as deviation from the conventional theory)
increased as the channels diameter decreased and Reynolds
number increased. Lelea et al. [5] analyzed experimentally the
developing microchannels heat transfer and fluid flow on tubes
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Nomenclature

Cp specific heat at constant pressure . . . . . J kg−1 K−1

d inner diameter of microtube . . . . . . . . . . . . . . . . . . m
D outer diameter of microtube . . . . . . . . . . . . . . . . . . m
F area of the inner wall of microtube . . . . . . . . . . . m2

L length of microtube . . . . . . . . . . . . . . . . . . . . . . . . . m
k fluid thermal conductivity . . . . . . . . . . . W m−2 K−1

�T temperature difference between the inner wall and
the outer wall of microtube . . . . . . . . . . . . . . . . . . . K

u fluid velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . m s−1

x distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

μ dynamic viscosity . . . . . . . . . . . . . . . . . . kg m−1 s−1

Nu Nusselt number
Pr Prandtl number
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W m−2

Qt heat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
QV volumetric flow rate . . . . . . . . . . . . . . . . . . . . m3 s−1

R resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �

Re Reynolds number
�t temperature difference between the inlet and

the outlet of microtube
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Tc temperature coefficient . . . . . . . . . . . . . . . . . . . . . . K
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

ε uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . µm
η kinematical viscosity. . . . . . . . . . . . . . . . . . . . m2 s−1

Subscripts
av average
f fluid
in inner
m mean
0 surroundings
1 inlet of test section
2 outlet of test section
of Di = 0.1, 0.3 and 0.5 mm, having water as a working fluid.
The experimental result does not provide any new aspect, but
this is meaningful considering the large scattering in the exist-
ing results. Lee et al. [6] investigated the heat transfer in mi-
crochannels of different sizes (Di = 318–903 µm) over a range
of flow rates. The experimental results that the heat transfer co-
efficient increased with decreasing channel size at a given flow
rate and numerical results were found to be in good agreement
with the experimental data, suggesting that such approaches,
when coupled with carefully matched entrance and boundary
conditions, can be employed with confidence for predicting heat
transfer behavior in microchannels in the dimensional range
considered here. Celata et al. [7] investigated experimentally
the forced-convection heat transfer of refrigerant R114 flowing
through microtube with diameter of 0.130 mm. Experimental
results show that heat transfer correlations in laminar and turbu-
lent regimes developed for conventional tubes are not adequate
for calculation of heat transfer coefficient in microtubes.

In the above cited literature, there is considerable disagree-
ment about the effects of microscale on the heat transfer. Some
studies showed [2,3,5] that the Nusselt number for microscale
heat transfer is higher than those traditional correlations for mi-
croscale. Some researchers [8] attributed this enhancement to
thinning of the boundary layer in the narrow channels while
others [9] considered it was resulted from the size effects of
microscale, such as the effect of roughness, the effect of sur-
face geometry, the effect of surface electrostatic charges and
the effect of axial heat conduction in the wall of microchannel
or microtube etc. Recently, the influence of the axial heat con-
duction along the wall on the convective heat transfer has been
much studied [10,11]. Many researchers have directed great ef-
forts to investigate the influence of the axial heat conduction
along the wall on the convective heat transfer. Gamrat et al.
[10] numerically analysed the three-dimensional flow and asso-
ciated heat transfer in a rectangular microchannel heat sink. The
numerical simulation considered the coupling between convec-
tion in microchannels and conduction in the walls and in the
complete solid material. The numerical simulations show that
there is no size effect on heat transfer when the channels spac-
ing is reduced from 1 mm down to 0.1 mm. As a result, the
strong reduction in the Nusselt number observed in experi-
ments cannot be explained by conduction effects due to the
complex geometry, like axial conduction in the walls or lack
of two-dimensionality of the heat flux distribution. Further in-
vestigations are planned both from the numerical and experi-
mental points of view in order to reduce the gap between the
results of the two approaches. However, Maranzana et al. [11]
proposed the two analytical models of heat transfer in chan-
nel flow between parallel plates and allow the application of
an inverse method in order to estimate convective heat transfer
coefficients. The authors thought that the axial conduction in
walls of mini-micro-devices has to be considered because the
effect of the axial conduction along the mini-micro scale wall
can lead to very large bias in the experimental estimation of
heat transfer coefficients, especially for small Reynolds num-
bers unless the M (a new non-dimensional number) gets lower
than 10−2.

Further systematic studies are required to generate sufficient
physical knowledge of the mechanisms responsible for the vari-
ation of the heat transfer in microtubes. So more experimental
investigations about heat transfer in microtubes are conducted
in this paper based on mentioned above.

It is well known that no conventional method, e.g. thermo-
couple, can obtain the average temperature of the wall of mi-
crotube, which is very necessary for obtaining Nusselt number
in microtube. In this paper, we managed to obtain the average
temperature of the outer wall of microtube by introducing two
approaches according to heating mode. In the mode of con-
stant heat flux heating, the average temperature is associated
with the resistance change of the heating brass wire, and in the
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Fig. 1. Schematic illustration of the experimental loop.
mode of constant temperature heating, the average temperature
is assumed to be the constant condensation temperature of the
heating saturated steam.

The objective of the present study is to investigate the single-
phase heat transfer behavior of deionized water in microtubes
with inner diameters of 242 µm, 315 µm and 520 µm, respec-
tively. As the Reynolds number varies from 100 up to 5000–
7000 in the experiment and the Nusselt number is obtained
by using different heating method, that is, the constant heat
flux heating and the constant temperature heating. The influ-
ence of heating method, hydraulic diameter and flow state on
the characteristics of convective heat transfer in microtube will
be obtained. Therefore, more details about the forced convec-
tive heat transfer in microtubes can be found out, and it is very
helpful to understand better the behavior of heat transfer char-
acteristics in such microtubes.

2. Experimental setup and procedure

2.1. Experimental setup

The test rig was schematically illustrated in Fig. 1.
As shown, two apparatus were used to supply pressure, one

of which is sourced from a nitrogen bottle of 12 MPa and works
at lower pressure than 1.6 MPa, and the other comprises a recip-
rocating plunger gauge pump (JLB-2B) that is able to supply
higher pressure up to 10 MPa and wider flow rate ranged up
to 4500 ml h−1. The nitrogen pressure supply system was com-
prised of a gas storage reservoir, a precision pressure-regulating
valve, a three-layer filter, a quick-opening valve and the nitro-
gen bottle. The gas storage reservoir served as a buffer to avoid
fluctuation, the pressure-regulating valve can precisely regulate
pressure, and the filter can get rid of particle impurities. The liq-
uid storage reservoir contains the working fluid. The nitrogen
bottle, filter and liquid storage reservoir were linked by blow-
off proof polyurethane hose, which can resist 2 MPa pressure
at most. At each copper tube end of the test section, a stainless
steel pipe of 2 cm long or so was plugged into the polyurethane
hose and was agglutinated onto the copper tube, and inner di-
ameter of the stainless steel is 2 mm wide. Here, inside each
Fig. 2. The test section of constant heat flux heating.

polyurethane hose, that is to say, outside each stainless steel
pipes, a K-thermocouple was embedded to measure the inlet
and outlet temperature of the fluid flowing through the test sec-
tion. All the joints were sealed up with rigid seal. A precision
graduated cylinder was used to read the flux, when the inlet and
outlet temperatures remain constant with flow rate, the weight
of fluid flowing out of the test section will be given by read-
ing of the graduated cylinder. Other than the flux, all data can
be read from the data acquisition system. When the pressure
sources from the pump, a filter and the pump should be inserted
between the liquid storage reservoir and the test section, and the
pore size of the membrane of the filter is 1 µm around.

2.2. Test section

The experimental loop involved two kinds of test section,
that of approximately constant heat flux heating and that of
constant temperature heating, and the first one is illustrated in
Fig. 2.

This test section shown in Fig. 2 is an approximately con-
stant heat flux heating (because both fluid and microtube wall
temperatures are increased along the flow direction, leading to
the increased temperature of the heating wire that is wrapped
on the outer wall surface of the microtube. The electric resis-
tance and the heating power are strongly varied along the flow
direction). A thin brass wire, with the diameter of 80 µm, is uni-
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formly coiled around the quartz microtube by a machine, at the
same time, transcalent silica gel is wiped over the brass wire.
The silica gel will reduce the heat transfer resistance between
the brass wire and the wall of microtube; in addition, it will ce-
ment the wire and the microtube. As it was shown in Fig. 2,
both ends of the wire were coiled around brass sticks, and their
insulating coat had been wiped off. The heating power supply
(DH1716A) can supply low voltage but large current. The DC
ohmmeter (ZRC-V) can detect a minimum resistance of 1 μ�,
and the measuring error is not greater than 0.5%. In the case of
nitrogen pressure supply system, the quartz microtube with the
brass wire coiled around and the copper pipe were connected
up by high strength 914-glue (can resist high temperature of
140 ◦C). While in case of pump pressure supply system, they
were connected up by a metal turnbuckle and the 914-glue. Be-
cause the insulating coat of the brass wire cannot resist higher
temperature than 120 ◦C, so temperature of the wire must be
detected by the rapid DC ohmmeter.

The brass wire provider had offered a calculating model for
averaged temperature, Tav as a function of electric resistance of
the brass wire and the tested temperature:

Tav = Rh

R0
(Tc + T0) − Tc (1)

where, R0 is called as cold-state resistance at environmental
temperature T0,�; Rh is known as hot-state resistance after
heating, �; Tc is the temperature coefficient, varying with dif-
ferent materials, in this experiment, it is 235 ◦C.

The room temperature is measured by a thermocouple with
resolution of 0.1 ◦C and the resistance of the wire is also mea-
sured at the same time in advance. When the inlet temperature
and outlet temperature do not vary with flow rate, the hot-state
resistance is read rapidly, and the average temperature Tav can
be calculated by Eq. (1).

Because of the silica gel, the brass wire contacts closely with
wall of the microtube, so the averaged temperature approxi-
mates temperature of the wall surface very well. Whereas the
difference of temperature, �T of the inner wall and the outer
one can be expressed as:

�T = Qt ln(D
d
)

2πkL
(2)

Qt is heat flux:

Qt = CpρQV�t (3)

There is a thermal resistance resulted from the contacting
thermal resistance between the brass wire and outer wall of
microtube and the temperature �T1, resulted from the thermal
resistance, can be expressed as:

�T1 = Qt ln(2�x1 + D)

2πksL
(4)

where, �x1 is the average distance from transcalent silica gel
between the brass wires to outer wall of microtube, m. It can
be obtained by integral and its value is approximately equal to
(40–5π ) µm in present experiment.

In fact, �T1 is very small due to extremely small dimensions
and is approximately equal to 0.05–0.3 ◦C when the heating
Fig. 3. The test section of constant temperature heating.

quantity is not large. However, �T1 will apparently increase
with the increase of heating flux density and the maximal value
may reach 1 ◦C.

So the actual temperature of the inner wall of the microtube,
Tin, can be expressed as:

Tin = Tav − �T − �T1 (5)

Further, there are some other uncertainties, such as the cold
or hot state resistance measurement, the thickness of the in-
sulating coat measurement and the distributing uniformity of
transcalent silica gel, etc., which result in about 0.3 ◦C temper-
ature measuring errors according to systematical analysis.

The second test section, illustrated in Fig. 3, is of constant
temperature heating.

As same as that of constant heat flux heating, the test sec-
tion was connected to the test loop by 914-glue or a metal
turnbuckle and 914-glue. The steam evaporator (DZ-300) can
generate steam up to 24 ml per minute. The steam flows into
the galvanized pipe and heats the quartz microtube. In the ex-
periment, the moist steam outlet quick-opening valve should be
opened firstly, once steam spurts out of the outlet, close the out-
let valve. Adjusting the evaporator to a proper heating power,
the condensed water outlet valve is slightly opened, so that the
whole quartz microtube is well immersed in saturated steam.
The condensation heat transfer coefficient of outer wall should
be confirmed to be larger than the convective heat transfer coef-
ficient in microtube and thus the constant wall temperature can
be kept. Based on this reason, the experimental Nusselt number
at higher Reynolds number (for example, Re > 5000 for micro-
tube with inner 242 µm) cannot be exactly obtained. A pressure
transducer on the galvanized pipe was used to monitor the pres-
sure inside the pipe, so that temperature of the saturated steam,
also temperature of the quartz microtube’s wall surface Tm, can
be obtained directly. And the inner surface temperature Tin can
be calculated by:

Tin = Tm − �T (6)

Here, �T can be obtained from Eq. (2).

2.3. Geometric size of the microtube

This experiment involved three quartz glass microtubes.
Length of each microtube, L, was measured by a vernier
caliper, and its diameter, D, was measured by a micrometer.
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Fig. 4. SEM images of the cross-section of quartz glass microtubes with inner diameters of 242 µm, 315 µm and 520 µm.
Table 1
Geometrical size of each microtube and the measuring error

L

[mm]
ε1
[µm]

D

[µm]
ε2
[µm]

d

[µm]
ε3
[µm]

148.27 ±20 446 ±5 242 ±1.21
148.44 ±20 556 ±5 315 ±1.58
148.61 ±20 812 ±5 520 ±2.60

Table 2
Experimental uncertainties (%)

Variable Re < 1000 1000 < Re < 2500 Re > 2500

�t ±0.2 ◦C ±0.2 ◦C ±0.2 ◦C
ρ 0.6 0.5 0.2
μ 0.7 0.6 0.4
u 2.3 1 0.5
Re 5.9 5.7 5.6
Nu 16 9.8 7.8

Recurring to SEM image, inner diameter, d , was obtained, as
shown in Fig. 4.

The employed electron microscope (S-570) has a high re-
solving power of 0.1 µm. So the measuring error of the inner
diameter will be less than 0.5%, but the unsymmetricalness
of the inner diameter along axial flow will lead to an inher-
ent measuring error of 1.33% around, so that the maximum
measuring error of flux due to the unsymmetricalness will not
exceed 5.0% [7].

The geometrical size of each microtube of three was listed
in Table 1.

2.4. Experiment uncertainties

As mentioned above, the volumetric flow rate was mea-
sured using a graduated cylinder. All other data can be acquired
from the data acquisition system. All data must be measured
in steady state. If only the pressure and the temperature kept
unvarying, stable state had come. The experiment uncertainties
of all data are listed below in Table 2, and the error analysis
method comes from reference literature [13].

3. Result and discussion

The experimental setup allows experimental data to be ob-
tained for single-phase forced-convective heat transfer in mi-
crotubes. In constant heat flux heating mode, it was the electri-
fied brass wire that heated the outer wall of the microtube, and
in the constant temperature mode, it was heated by steam. In the
former heating mode, the wall heat flux of the microtube is as-
sumed constant, and the temperature is assumed constant in the
latter heating mode. Though thickness of the wall is very thin,
the difference in temperature of the outer wall and the inner
wall is not negligible due to the tremendous heat flux and the
low thermal conductivity of quartz. The exact inner wall tem-
perature can be obtained by Eqs. (1)–(6). The flow rate and the
temperature of the inlet and the outlet streams can also be mea-
sured. The Nusselt number, Nuf, therefore, can be expressed by
Eq. (7):

Nuf = CpρQVd(t2 − t1)

kfF(Tin − t1+t2
2 )

(7)

Experimental results are compared with the correlations of
Shah [14], Hausen [15] and Sieder–Tate [16] for the laminar
regime, Hausen [17] and Gnielinski [18] for the transitional
regime and Gnielinski [18] and Dittus–Boelter [19] for the tur-
bulent regime.

The Shah correlation at constant heat flux on the surface of
microtube:

Nuf =
(

4.364 + 0.0722Re Pr
d

L

)(
μf

μw

)0.14

(8)

Eq. (8) has been confirmed experimentally for the range of
conditions: Re � 2200, RefPrf

d
L

� 33.3, and if the RefPrf
d
L

�
33.3, the Shah correlation is:

Nuf = 1.953

(
RefPrf

d

L

) 1
3
(

μf

μw

)0.14

(9)

Similarly, for constant wall temperature, Hausen and Sieder–
Tate recommend two correlations of the form:

The Hausen correlation (laminar regime):

Nu = 3.66 + 0.19(RefPrf
d
L
)0.8

1 + 0.117(RefPrf
d
L
)0.467

(10)

Ref < 2200, Pr = 0.5–17000, ηf/ηw = 0.044–9.8, RefPrf < 10.
If RefPrf > 10, the Sieder–Tade correlation is proper:

Nu = 1.86

(
RefPrf

d
) 1

3
(

ηf
)0.14

(11)

L ηw
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The Hausen correlation (transitional regime) is:

Nuf = 0.116
(
Re

2
3
f − 125

)
Pr

1
3
f

[
1 +

(
d

L

) 2
3
](

μf

μw

)0.14

(12)

2200 < Re < 104, Prf > 0.6.
The Gnielinski correlation for transitional regime and turbu-

lent regime is:

Nu = (
f
2 )(Ref − 1000)Prf

1 + 12.7(
f
2 )

1
2 (Pr

2
3 − 1)

(13)

f = 1
[3.64 log(Re)−3.28]2 , 3000 < Re < 5 × 106.

The Dittus–Boelter correlation for turbulent regime is:

Nuf = 0.023Re0.8
f Pr0.4

f (14)

The variations of the experimental Nusselt number with
Reynolds number are plotted in Figs. 5–6 for different inner
diameters and for different heating modes at Re < 2500. Com-
parisons were also drawn between the experimental data and
the correlations of Shah, Hausen and Sieder–Tate.

According to Figs. 5–6, the experimental Nusselt number in-
crease with Reynolds number as expected and the dependence
is a straight line at the lower Reynolds number (laminar flow).
With the increase of Reynolds number, the experimental Nus-
selt number quickly increases.

When Reynolds number is larger than 1500, 1600 and
1900 for microtubes with inner diameters of 242 µm, 315 µm
and 520 µm, respectively, the all experimental data are larger
than the predictions of the Shah, Hausen and Sieder–Tate
correlations, which indicate the flow is no longer laminar,
but is in a transitional flow regime, even a turbulent flow
regime.

Besides, it looks as if the experimental Nusselt numbers are
less than the laminar correlations when Reynolds number is
low, shown in Figs. 5–6. However, there may be some effects
that may influence the experimental results and lead to relative
uncertainties in the present study.

It is difficult to measure the local heat flux at the inner wall
of the microtube, the definition of the heat transfer coefficient is
very important and will strongly influence the results and how
the heat transfer varies along the microtube wall. In present
work, because to date all of the experimental data utilizes the
temperature at the microtube wall and at the inlet and outlet of
the microtube, using the data reduction described in Eq. (7) may
lead to some uncertainty as may have been the case in Ref. [20].
On the one hand, the temperature rise along the microtube can
be very large at very low values of the Reynolds number when
the heat flux at the microtube walls is fixed, the thermophysi-
cal properties cannot be considered as constant; in other words,
the effects related to the variation of the thermophysical prop-
erties with temperature are in general strongly coupled with
conjugate effects in microtubes for uniform heated microtube,
so the bulk liquid temperature is demonstrated to vary in a non-
linear form along the flow direction for low fluid flow rates,
but not for high flow rates, as indicated by J. Li et al. [21],
which the experimental data will be less than the real value
at low Reynolds number by using Eq. (7). It is well known,
on the other hand, that in the region of low Reynolds num-
bers the effects of the conjugated heat transfer in microtubes
on the mean value of the Nusselt number are felt because con-
duction along the microtube walls can become a competitive
mechanism of heat transfer with respect to the internal convec-
tion, as indicated by Maranzana et al. [11] and Gamrat et al.
[8]. Heat transfer by conduction along the walls of microchan-
nels can induce a quite multidimensional pattern of temperature
distribution [6,12,21]. These works demonstrated that the ex-
perimental evaluation of the convective heat transfer coefficient
between the fluid and the walls of a microchannel requires the
use of a conduction model for the walls because local direct
measurements of temperature and wall heat flux at the interface
are very difficult. As evidenced by Maranzana et al. [11], when
the effects of conjugate heat transfer are predominant, the tem-
perature of distribution along the microchannel is not linear at
all and the wall heat flux becomes not uniform along the mi-
crochannel. For this reason, the Nusselt number calculated by
using the mean value of the fluid bulk temperature at the inlet
and outlet of the microchannel is general underestimated. This
is a reason why the experimental values of the mean Nusselt
number disagree with the theoretical one for fully developed
flow, especially at low Reynolds numbers. This disagreement
tends to decrease with the increment of Reynolds number be-
cause the effects of the conjugate heat transfer are then limited.
The dependence of the Nusselt number with the Reynolds num-
ber for low values is thus explained. However, the effect of
conjugate heat transfer would not operate in a general way un-
less some conditions (indicated by Maranzana et al. [11]) were
met. In our present work, the effect of conjugate heat transfer
may not be predominant only when the Reynolds number is
very low.

In addition, the uncertainties result from the measurements
may cause further deviation besides the reasons mentioned
above. So the experimental Nusselt number may be rough
agreement with prediction by the conventional classical corre-
lations at lower Reynolds number unless the Reynolds number
is extremely low.

With the Reynolds number further increase (1000 < Re <

7000), the experimental Nusselt number are compared with that
of the correlations of Hausen and Gnielinski for the transitional
regime and Gnielinski and Dittus–Boelter for turbulent regime
are shown in Figs. 7–8.

Although the focus of the present work is on laminar state,
the experiments extended into the turbulent range as well, to
a Reynolds number of 7000. Beyond a range of Reynolds
number of approximately 1500–1900, the experimental results
show a change in slope, reflecting a transition from laminar
flow. As seen in Figs. 7–8, the experimental Nusselt numbers
are generally higher in the transitional region than predictions
from correlations of Eqs. (12)–(13) when Reynolds number
is larger than 1500, 1600 and 1900 for microtubes of inner
diameters 242 µm, 315 µm and 520 µm, respectively. Predic-
tions from the Gnielinski and Dittus–Boelter correlations, on
the other hand, are seen to lie down the experimental data, pos-
sibly because they were proposed for fully turbulent flow when
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(a)

(b)

(c)

Fig. 5. Comparison of Nusselt numbers between experimental data and classi-
cal correlations (Re < 2500) for three microtubes at constant heat flux heating
method: (a) d = 242 µm and t1 = 21.4 ◦C; (b) d = 315 µm and t1 = 21.8 ◦C;
(c) d = 520 µm and t1 = 21.8 ◦C.

(a)

(b)

(c)

Fig. 6. Comparison of Nusselt numbers between experimental data and classical
correlations (Re < 2500) for three microtubes at constant temperature heating
method: (a) d = 242 µm and t1 = 21.4 ◦C; (b) d = 315 µm and t1 = 21.7 ◦C;
(c) d = 520 µm and t1 = 23.4 ◦C.
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(a)

(b)

(c)

Fig. 7. Comparison of Nusselt numbers between experimental data and clas-
sical correlations (1000 < Re < 7000) for three microtubes at constant heat
flux heating method: (a) d = 242 µm and t1 = 21.4 ◦C; (b) d = 315 µm and
t1 = 21.8 ◦C; (c) d = 520 µm and t1 = 21.8 ◦C.

(a)

(b)

(c)

Fig. 8. Comparison of Nusselt numbers between experimental data and classical
correlations (1000 < Re < 7000) for three microtubes at constant tempera-
ture heating method: (a) d = 242 µm and t1 = 22.6 ◦C; (b) d = 315 µm and
t1 = 21.7 ◦C; (c) d = 520 µm and t1 = 23.4 ◦C.
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Reynolds number reaches 4000, 4500 and 5500, respectively,
for corresponding three type microtubes. So the laminar-to-
turbulent transition region is indicated by two vertical dashed
lines (Reynolds number varies from 1500 to 4000) according to
the above analysis. Similarly, in Figs. 6 and 7, the transitional
region appeared respectively at Reynolds number of 1600–4500
for microtube with the inner diameter of 315 µm and 1900–
5500 for that of 520 µm.

The transitional region from laminar flow to turbulent flow is
almost consistent for different heating methods though there are
some deviations, shown in Figs. 7–8, which can be neglected
considering the experimental uncertainties. However, even
the Hausen correlation proposed for the transitional regime
(2200 < Re < 10000) or the Gnielinski correlation for the tran-
sitional and the turbulent regime (3000 < Re < 5 × 106) do not
provide satisfactory predictions. It may be noted that entrance
length effects are not accounted for in any of the turbulent flow
correlations; even though entrance length effects are less im-
portant in turbulent flow, this may be a contributing factor to
the observed discrepancies. In addition, there are not absolutely
smooth in the microtubes, which can be seen from the SEM
image of the cross-section of quartz glass microtubes, shown in
Fig. 4. The wall roughness of the microtube can be up to 5–10
microns, and this may be other reason that causes the deviation
of the experimental results from the classical correlations.

Though the experimental Nusselt numbers are larger than
those predicted by the classical correlations, the experimental
Nusselt numbers are closer to the heat transfer correlations with
the increase of the inner diameters of microtube. For exam-
ple, the experimental Nusselt numbers are very rough agree-
ment with the correlations of Sieder–Tate and Hausen (lami-
nar and transitional regime) for microtube with inner diameter
of 520 µm, moreover, the slope of variation of the Nusselt
number with the Reynolds number is approximately consis-
tent with the predicted slopes from the Dittus–Boelter and the
Gnielinski correlations. Additional results in the turbulent re-
gion are needed to address this question further, and to iden-
tify predictive correlations suitable to this regime and different
mciroscale.

Comparisons of the experimental Nusselt number of two dif-
ferent heating methods are shown in Fig. 9.

The largest deviation for different heating methods can reach
30%, as indicated in Fig. 9(a), at lowest Reynolds number and
the deviation decrease with the increase of the Reynolds num-
ber. Though there is always 15–20% deviation between the
constant heating and the temperature heating at high Reynolds
number, it is thought there is not any difference for two heating
methods when Reynolds number is enough larger if the experi-
mental uncertainties are considered.

Besides the experimental errors, the experimental Nusselt
number at constant flux boundary condition should be larger
than that at constant temperature boundary condition at lami-
nar state, which has been demonstrated by the classical theory.
The decrease of the deviation with the increase of the Reynolds
number may be occurrence of the transitional flow.

From seen in Fig. 9, when Reynolds number exceeds a cer-
tain value, the differences will be less than 20% for two heating
(a)

(b)

(c)

Fig. 9. Comparison Nusselt number between constant heat flux and constant
temperature: (a) d = 242 µm; (b) d = 315 µm; (c) d = 520 µm.
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methods. In this experiment, the critical values are 1200, 1900
and 2800, in accordance, for microtube with the inner diameter
of 242 µm, 315 µm and 520 µm, respectively.

4. Conclusion

The forced convection heat transfer behaviors of deion-
ized water flowing through microtubes with inner diameter of
242 µm, 315 µm and 520 µm were investigated experimentally.
These microtubes were heated in two heating modes, approx-
imately constant heat flux heating and constant temperature
heating. Experimental tests were carried out in wide range of
Reynolds numbers (100–7000), and the corresponding Nusselt
numbers were obtained. Comparisons between the experimen-
tal results and those of the classical correlations lead to the
following concluding remarks:

(1) The experimental Nusselt number is rough agreement with
that of the laminar correlations when flow state is laminar
unless Reynolds number is extremely low.

(2) The Reynolds numbers of the laminar-to-turbulent tran-
sition region may be about 1500–4000, 1600–4500 and
1900–5500 for microtubes with inner diameters of 242 µm,
315 µm and 520 µm, respectively;

(3) The influence of the heating method on the transitional re-
gion is small enough and may be neglected;

(4) The differences of the Nusselt numbers resulted from dif-
ferent heating methods can be neglected when Reynolds
number is larger than 1200, 1900 and 2800 for microtubes
with inner diameters of 242 µm, 315 µm and 520 µm, re-
spectively.
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