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Abstract

Experimental and numerical studies were conducted to reveal the flow and heat transfer characteristics of liquid laminar flow in
microtubes. Both the smooth fused silica and rough stainless steel microtubes were used with the hydraulic diameters of 50–100 lm
and 373–1570 lm, respectively. For the stainless steel tubes, the corresponding surface relative roughness was 2.4%, 1.4%, 0.95%. The
experiment was conducted with deionized water at the Reynolds number from 20 to 2400. The experimental data revealed that the fric-
tion factor was well predicted with conventional theory for the smooth fused silica tubes. For the rough stainless steel tubes, the friction
factor was higher than the prediction of the conventional theory, and increased as the surface relative roughness increased. The results
also confirmed that the conventional friction prediction was valid for water flow through microtube with a relative surface roughness less
than about 1.5%. The experimental results of local Nusselt number distribution along the axial direction of the stainless steel tubes do not
accord with the conventional results when Reynolds number is low and the relative thickness of the tube wall is high. The numerical
study reveals that the large ratio of wall thickness over tube diameter in low Reynolds number region causes significant axial heat con-
duction in the tube wall, leading to a non-linear distribution of the fluid temperature along the axial direction. The axial heat conduction
effect is gradually weakened with the increase of Reynolds number and the decrease of the relative tube wall thickness and thus the local
Nusselt number approaches the conventional theory prediction.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The characteristics of flow and heat transfer in micro-
channels have attracted much attention of researchers
because of the rapid developments of microelectromechan-
ical systems (MEMS, [1,2]) and micrototal analysis system
(l-TAS) [3]. These developments have great impacts on the
micro electronic cooling techniques [4], the microheat
exchanger, bioengineering, human genome project [5,6],
medicine engineering, etc. It is evident that the understand-
ing of the microscale phenomena is very important for
designing efficient microdevices. To explore the fundamen-
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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tal physical mechanisms of fluid flow and heat transfer in
microchannels, many effects, including the size effect, rare-
faction effect, surface roughness, viscous effect, electrostatic
force effect, axial heat conduction in the channel wall,
surface geometry, the measurement errors, etc. should be
taken into account. Both experimental and numerical sim-
ulation methods have been performed to study the hydro-
dynamic and heat transfer characteristics of compressible
and incompressible fluids in microchannels, and a large
number of papers have been published. Divergences of
views still exist in quite a few fundamental understandings.
In the following only those recent studies related to the
liquid flow and or heat transfer in microchannels are
reviewed in order of their publication time.

Based on their test results Peng and Peterson [7] pro-
posed two correlations in order to consider the effect of
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Nomenclature

A area of the test tube (m2)
cp specific heat of water (J/(kg K))
D diameter of test tube (lm)
Dh hydraulic diameter of test tube (lm)
f friction factor
f ðx1; . . . ; xnÞ uncertainty function
h heat transfer coefficient (W/(m2 K))
i; j grid node
I electric current (A)
k thermal conductivity (W/(m K))
L total length of test tube (mm)
Lh heated length of test tube (mm)
m mass flow rate of water (kg/s)
M ‘‘axial conduction” number
Nu Nusselt number
p pressure (Pa)
pd total pressure loss for various factors (Pa)
Dp pressure drop along test tube (Pa)
Po Poiseuille number (Po = f � Re)
q heat flux (W/m2)
Q heat transfer rate (W)
r radial coordinate (m)
Re Reynolds number
R radius of test tube (lm)
T temperature (K)
Twx wall temperature along x-direction (K)
DT x bulk temperature difference along x-direction

(K)
u water velocity along x-direction (m/s)
v water velocity along radial direction (m/s)
um mean velocity of water (m/s)

U voltage supply (V)
x axial coordinate (m)
x1, . . . ,xn function variables

Greek symbols

e absolute roughness of tube inside surface (lm)
m kinetic viscosity (m2/s)
q water density (kg/m3)
g dynamic viscosity (Pa s)
U power supply offered by the electrical DC power

(W)
_U heat source in wall (W/m3)

Subscripts

ave average
b bulk temperature
c cross-section
cond conduction heat transfer
conv convective heat transfer
exp experimentally determined value
i inner of test tube
in inlet
int linear interpolation of numerical results
l liquid
num numerically determined value
o outer of test tube
out outlet
s solid
w wall surface
1; . . . ; 5 natural number of thermocouple
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the aspect ratio on the flow and heat transfer in microchan-
nels. In both the laminar and in turbulent regime, the Nus-
selt number was found to be dependent on the Reynolds
number, the Prandtl number, the microchannel aspect ratio
and the ratio between the hydraulic diameter and the
microchannel width. The authors considered that the geo-
metric configuration of the microchannel had a critical
effect on the single-phase convective heat transfer.

Mala and Li [8] performed experiment of water flow in
circular microtubes of fused silica and stainless steel with
the hydraulic diameter ranging from 50 to 254 lm. The
mean surface roughness of the tubes was ±1.75 lm and
the relative roughness (e=Dh) was from 1.36% to 1.70%
for the tubes with Dh ¼ 254 lm and Dh ¼ 50 lm, respec-
tively. They observed a nonlinear trend between pressure
drop and flow rate for low Reynolds number, and the fric-
tion factors were consistently higher than those predicted
by conventional correlations. The transition Reynolds
number from laminar to turbulent flow was in the range
of 300–1500. They attributed it to the effect of the surface
roughness of the microtubes.
Qu et al. [9] conducted experiments to investigate flow
characteristics of water through trapezoidal silicon micro-
channels with Dh ¼ 51–169 lm and e=Dh ¼ 3:5–5:7%. The
experimental results indicated that flow friction factor
was 8–38% higher than those given by the conventional
theory. The authors considered that surface roughness
effect led to the higher pressure gradient and flow friction.
A roughness-viscosity model was proposed in particular to
interpret the experimental data.

The role of the surface roughness not only affected the
flow characteristics but also broke the velocity boundary
layer and led to higher Nusselt numbers. Rahman [10] con-
ducted experimental measurements for pressure drop and
convective heat transfer in silicon microchannel heat sinks
with water as coolant. The hydraulic diameter was in the
range of 299–491 lm. The friction factor of the experimen-
tal result was in the same order compared with the conven-
tional prediction. The results of Nusselt numbers showed
that the measured values of the average Nusselt number
were usually larger than those predicted by the conven-
tional correlations.
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To investigate the role of the surface relative roughness
effect on pressure drop and heat transfer characteristics in
microtubes, Kandlikar et al. [11] performed experiments
of water flow in two tubes with different diameters (1067
and 620 lm). The results showed that for the 1067 lm
diameter tube, the effects of the relative roughness from
0.178% to 0.3% on pressure drop were insignificant and
the tube could be considered smooth. For the 620 lm
diameter tube, the same relative roughness value increased
the pressure drop; that is to say, the tube of 620 lm with a
relative roughness 0.3% cannot be considered as smooth.
Furthermore, the experimental results of the heat transfer
increased with higher relative roughness especially for the
620 lm tube. For smooth microtubes the local Nusselt
numbers were in good agreement with the theoretical cor-
relation in the thermal entry region of fully developed flow.

Using molecular tagging velocimetry technique Maynes
and Webb [12] obtained the velocity distribution in a cross-
section of the tube with Dh ¼ 705 lm. The profiles for
Re = 550, 700, 1240, 1600 showed excellent agreement with
conventional laminar flow theory. When Reynolds number
was greater than 2100, the transition occurred. The Po
number is equal to 64 for Re = 550–2100.

Celata et al. [13] performed an experimental study of the
friction factor in a capillary tube with Dh ¼ 130 lm by
using R114 as the test fluid. The tube relative surface
roughness was 2.65%. Experiments indicated that fRe in
laminar flow was in good agreement with the conventional
theory. The critical Reynolds number ranged from 1880 to
2480. The authors observed that the high relative rough-
ness played an important role on the transition. The exper-
imental Nusselt numbers were lower than the results from
the correlation of Hausen for laminar flow and the correla-
tions of Dittus–Boelter, Gnielinski and Adams–Gnielinski
for turbulent flow.

Qu and Mudawar [14] experimentally studied the pres-
sure drop of water flowing in a single-phase microchannel
heat sink with Dh ¼ 349 lm. The pressure drop was in
good agreement with that of the conventional theory pre-
diction. The early transition from laminar to turbulent
regime was in the range of Re = 139–1672. Good agree-
ment was achieved between the experimental heat transfer
result and the numerical simulation of three-dimensional
conjugate heat transfer computation.

Various fluids including air, water, and liquid refrigerant
R-134a were used by Yang et al. [15] to study the flow
friction characteristics in smooth microtubes with
Dh ¼ 173–4010 lm. The test friction factors agreed very
well with Poiseuille equation for laminar regime. The lam-
inar-turbulent transition Reynolds number varied from
1200 to 3800 and increased with decreasing tube diameter.

Both smooth microtubes such as glass, silicon and rough
stainless steel microtube with e=Dh ¼ 3–4% were applied by
Li et al. [16] to experimentally study the flow characteristics
with deionized water. The diameters of glass, silicon and
stainless steel tubes were 79.9–166.3 lm, 100.25–205.3 lm
and 129.76–179.8 lm, respectively. For the glass and sili-
con microtubes with the Reynolds number ranging from
350 to 2300, the results showed that the Poiseuille number
remained approximately 64 and the transition Reynolds
number was in the range of 2000–2300; for the stainless
steel microtubes, the Poiseuille number exceeded 64 corre-
sponding to conventional theory by 37% and 15% for tubes
with Dh ¼ 128:76 lm, 171.8 lm, respectively, and the tran-
sition occurred at Re = 1700–1900. The authors high-
lighted that this conclusion was in contradiction with the
conventional theory in which the effect of internal wall rel-
ative roughness on laminar flow characteristics were
ignored for relative roughness lower than 5%.

Wu and Cheng [17] experimentally studied the deionized
water flow characteristics in silicon microchannel with tri-
angular and trapezoid cross-sections. The channels surfaces
were smooth. The Reynolds number ranged from 1500 to
2000, and the hydraulic diameter is from 25.9 to
291.0 lm. The experimental results confirmed that the
Navier–Stokes equations are still valid for the laminar flow
of deionized water in smooth microchannel.

In Ref. [18], Wu and Cheng investigated experimentally
13 different trapezoidal silicon microchannels (Dh ¼
25:1–291 lm). They found that the laminar Nusselt num-
ber and apparent friction constant increased with the
increase of surface roughness and surface hydrophilic.
The Nusselt number increased almost linearly with the
Reynolds number at low Reynolds number region (Re <
100).

Herwig and Hausner [19] also performed the numerical
simulation with experiment conditions of [20] and the
result of Nusselt number approached 4.36. Guo et al. [21]
have reported that the 1-D model for the thermal resistance
based on the assumption of no axial heat conduction in the
channel wall causes the experiments results for Nusselt
number to be less than the standard value. The transition
from laminar to turbulent was experimentally studied by
Sharp and Adrian [22] for liquids of different polarities of
deionized water, 1-propanol and 20% weight of glycerol
solution in glass microtubes with the diameter range of
50–247 lm. Applying micro-PIV to measure the velocity
fluctuations, the results showed that the transition to
turbulence was the same with the macroflow i.e. Rec ¼
1800–2300.

Lelea et al. [23] investigated experimentally fluid flow of
distilled water in stainless steel microtubes with diameters
of 100, 300 and 500 lm at Re = 50–800. Both the Po num-
ber and the local Nusselt number of the experimental
results were in good agreement with conventional theories
including the entrance region. The experimental results
confirmed the validity of using the conventional or classical
theories to predict water flow and heat transfer character-
istics in microchannels including the entrance effects.

Li et al. [24] emphasized that the thermophysical proper-
ties of the liquid can significantly influence both the flow
and heat transfer in the microchannel heat sink. The
authors used the numerical simulation to investigate
the forced convection heat transfer in silicon-based
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microchannel (10 mm � 57 lm � 180 lm) heat sink. The
bulk liquid temperature varied in a quasi-linear form along
the flow direction for high fluid flow rates.

Furthermore, Koo and Kleinstreuer [25] applied the
computer simulation to study the viscous dissipation effects
with three different working fluids in microtubes and
microchannels. The results showed that for microconduits,
viscous dissipation was a strong function of the channel
aspect ratio, Reynolds number, Eckert number, Prandtl
number and conduit hydraulic diameter. Specially, for
water flow in a tube with Dh < 50 lm, viscous dissipation
became significant and should be considered. Tiselj et al.
[26] used the CFD to explain the axial heat conduction
phenomenon and good agreement between the experimen-
tal results and the numerical results was achieved. Conse-
quently, the authors confirmed the validity of using the
conventional theory to describe the liquid heat transfer in
microchannels.

More recently, Kandlikar et al. [27] studied the rough-
ness effects in a more detailed manner. Specific experiments
were conducted for air and water in rectangular ducts with
width of 10.03 mm and variable gap between the two prin-
ciple walls, resulting Dh ¼ 325–1819 lm and Re = 200–
7200 for air and 200–5700 for water. The surfaces of the
two principle walls were roughened by sawtooth ridge ele-
ments. The experimental results show that the laminar fric-
tion factor results are valid for the relative roughness
values up to 14%, while for turbulent flow the effect of sur-
face roughness needs to be further studied. The laminar to
turbulent transition is also seen to occur at lower Reynolds
numbers for increased relative roughness.

Fakheri and Al-Bakhit [28] numerically solved the three
dimensional equations in both solid and fluid to investigate
the heat conduction in the wall in microchannel heat
exchangers. The results indicated that the wall conduction
was significant in the convective heat transfer phenomena
in microchannels. Therefore, it can be concluded that the
axial heat conduction effect should not be neglected for
microchannels because the wall thickness can be of the
same order of channel diameter.

Lately, the local and average Nusselt numbers in the lam-
inar flow of a Newtonian fluid through rectangular micro-
channels were numerically investigated by Lee and
Garimella [29]. Both the local and average Nusselt number
correlations in the thermal entrance region were proposed.
Predictions from these correlations were compared very
favorably with previous computational and experimental
results for conventional channels, as well as with experimen-
tal results for microchannel heat sinks. Recently, based on
their own test data and a comprehensive review of experi-
mental results provided with surface roughness information,
Tang et al. [30] summarized that the surface roughness
would cause significant effect on the gas flow characteristics
even if the relative roughness is larger than 1%.

From the above review and comparison, it can be found
that for liquid flow in smooth microchannels, the friction
factor may be considered in agreement with the conven-
tional prediction. For liquid flow in rough microchannnels,
most of the literature presenting the surface relative rough-
ness data reports that the friction factor is higher than that
of the macroscale channels, and the surface roughness also
leads to the earlier transition from laminar to turbulent.
However, in this regard, one issue is still open to discuss
as what is the relative roughness limitation below or
beyond which the channel can be regarded as smooth or
rough. For example, in Ref. [11], the authors emphasized
that for the tube of Dh ¼ 1067 lm, the effects of the relative
roughness from 0.178% to 0.3% on the pressure drop were
insignificant and the tube could be considered smooth.
Therefore, it is worthwhile to investigate under what condi-
tion the surface relative roughness effect can be ignored
when studying the liquid flow characteristics in microchan-
nel. As for the laminar convective heat transfer in a relative
long microctube, following three issues need to be further
clarified. First, when the conventional data deduction
method is used to reduce the test data for the local heat
transfer coefficients, can we still obtain the results which
are similar to the ones of conventional-size tube? If not
then what is the reason? And at what conditions can we
still obtain the results consistent with the conventional-size
situation.

This paper is devoted to both experimental and num-
erical simulation investigations of liquid flow and heat
transfer in microchannels to further clarify the above argu-
ments. The experiment was performed for laminar flow
with deionized water flowing in microtubes with the inner
diameters Dh ¼ 300–1570 lm at Re = 80–2400. Then,
numerical simulations for heat transfer matching the exper-
iment conditions were conducted. The experimental fric-
tion factors were compared with the conventional theory,
and the experimental local Nusselt numbers were com-
pared with the numerical simulation results. Finally, the
effects of surface roughness and the wall heat conduction
on microchannel flow and heat transfer were discussed in
detail.

2. Experimental setup

Fig. 1 shows the experimental facility. The working fluid
was the deionized water contained in the high-pressure tank
driven by compressed nitrogen gas. At the two ends of the
tested microtube, two sumps were fabricated to connect
the tube. Between the high-pressure tank and the beginning
sump, a 0.5 lm filter was placed to prevent particles from
entering the test tube. The fused silica tubes and stainless
steel (1Cr18Ni9Ti) tubes were used, and the dimensions,
surface roughness were listed in Tables 1 and 2. A typical
cross-section and the tube inside surface photos by a scan-
ning electron microscope (SEM) are shown in Figs. 2 and
3a–c, respectively. By using a light-section microscope, we
measured the surface relative roughness. For the flow fric-
tion study both the fused silica and stainless steel tubes were
used, and only stainless steel tubes were used for the heat
transfer study. There were seven T-type thermocouples with



Fig. 1. Schematic diagram of experimental setup.

Table 1
The fused silica test tubes dimensions

Tube Di (lm) L (mm) eave (lm)

No. 1 100 30 �0
No. 2 75 30 �0
No. 3 50 30 �0
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the diameter of 50 lm installed at the outside of the tube
wall, two placed in the two sumps to measure the inlet
and outlet water temperature in the whole experimental
process, and the other five were placed on the outside of
the tube wall surface along the flow direction to measure
the wall temperature in the heat transfer experiment pro-
cess. A Keithley2700 instrument was used as the data collec-
tor in the measurement system.

The heating on the tube wall was offered by an electrical
DC power supply (SKD-30V-100A) and a data acquisition
logger (HAOO 3D2) was used to measure the input current
and voltage. Water flowed through a valve regulator, test
section and then was collected by a container. The water
container was covered with a glass envelope to avoid evap-
oration. The water mass flow rate was measured by the
water mass collected per unit time on the balance (Sarto-
rius Toploading balance, A-11218-23). The mass flow rate
of water was regulated through the gas valve. The pressure
drop was measured with the pressure transducer
(DP6E22M1B1D) and its outlet was kept at the atmo-
spheric pressure. In the measurement facility, the tube
was surrounded with an adiabatic layer composed of mica
strap and thermal insulation sponge.

After the test section was assembled, the valve of the
pressure tank was opened to drive water into the loop.
Table 2
The stainless steel test tubes dimensions

Tube Di=Do (lm) L (mm) Lh (mm) Do�Di

2Di

No. 4 1570/1810 300 270 7.6
No. 5 624.4/1000 300 270 30
No. 6 373/670 300 270 40
To ensure single-phase flow in the system, we first boiled
the test water to release dissolved gas and then cooled it
to the room temperature. Then, the dissolved gas in the
whole system was exhausted to the ambient. When the flow
rate was stabilized, the DC power supply was turned on to
offer the heat source. In general, to reach a steady state
needs almost 45 min. All tests were performed under
steady-state condition. The thermodynamic properties of
deionized water were considered constants by using the
mean temperature as the reference temperature. In order
to make the figure presentation clear and neat, the arrange-
ments for boiling and cooling the test water to delete gas
are not showed in Fig. 1.

3. Experimental data reduction and measurement

uncertainty analysis

3.1. Friction factor

The fully developed pressure drop across the microchan-
nels, Dp is obtained [31] by

Dp ¼ Dpin;out � pd ð1Þ

pd ¼ 1:18qu2
ave ð2Þ

uave ¼
m

qAc;i

¼ 4m

qpD2
i

ð3Þ

Re ¼ uave � Di

m
¼ 4m

qpDim
ð4Þ

f ¼ Dp � Di

L
� 2

qu2
ave

ð5Þ
eave (lm) eave=Dh (%) k W/(m K) Q (W)

15 0.95 16.3 12
9 1.4 9
9 2.4 9



Fig. 2. The SEM images of cross-section and inner surface of typical fused
silica test tube with Dh ¼ 50 lm.
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3.2. Heat transfer

The power supply added to the tube wall can be
obtained from Eqs. (6)–(8):

U ¼ U � I ð6Þ
Q ¼ mcpðT out � T inÞ ð7Þ

q ¼ Q
Aw

¼ mcpðT out � T inÞ
pDiL

ð8Þ

The local heat transfer coefficient hx and Nusselt number
Nux are calculated by the following equations:

hx ¼
qLx=L
DT x

ð9Þ

Nux ¼
hx � Dh

kl

¼ q � Lx=L � Dh

DT xkl

¼ mcpðT out � T inÞDh � Lx=L
AwDT xkl

ð10Þ
DT x ¼ T wx � T b;x;int ð11Þ

T b;x;int ¼ T in þ
Q � Lx=L

mcp

ð12Þ

In Eq. (11), the inside wall temperature Twx can be ob-
tained from the 1-D heat conduction equation [23].
Although the tube wall temperature distribution is a 2-D
function, however, the second derivative of temperature
in the axial direction is much less than that in the radial
direction, and based on this understanding 1-D heat con-
duction equation can be used.

As can be seen from Eqs. (10) and (11), to calculate the
local heat transfer coefficient and Nusselt number, we must
get water bulk temperature T b;x;int distribution along axial
direction. It is difficult to measure the fluid bulk tempera-
ture directly in the experiment process. For the conven-
tional-size tube, a linear interpolation of the fluid bulk
temperature shown by Eq. (12) was adopted, and in this
paper we also take the same practice. Special discussion
will be given to this practice.

It should be noted here that the heat balance between
power supply U and the fluid heat transfer rate Q was
maintained within 5%.
3.3. Uncertainty analysis

For the experimental study of flow and heat transfer
characteristics in microchannel, measurement accuracy is
of crucial importance to ensure the validity of the test data.
An uncertainty analysis must be performed in order to give
some quantitative description of the validity of the test
data, even though the analysis results are something uncer-
tain. The uncertainty in determining the friction factor con-
sists of the uncertainties from Dp;Di; v;M ; L of Eq. (5). The
uncertainty analysis of Nusselt number consists of the
uncertainties from M ; cp; ðT out � T inÞ;Dh; L;DT x; kl of Eq.
(10). The analysis of the measurement uncertainty is con-
ducted along the line depicted in [32]. The maximum uncer-
tainties in friction factor and Nusselt number are estimated
about 6.6% and 5.5%, respectively. The details of the
related parameters uncertainties and the resulted uncertain-
ties in friction factor and Nusselt number are listed in
Table 3.
3.4. Numerical simulation

The 2-D Navier–Stokes and energy equations were used
to describe the flow and heat transfer in the whole region.
Fig. 4 presents the computational domain. The thermal
properties were assumed to be constants in the whole
region. The following assumptions are adopted: (1) the
fluid is incompressible and the fluid flow is in steady state;
(2) the flow is laminar; (3) the radiation heat transfer is
neglected; (4) the body force is neglected; (5) the electro-
static force is neglected [33,34]; (6) the thermal properties
of solid and water are assumed to be constants.

In the axisymmetrical coordinates the governing equa-
tions are as follows.

Continuity

ql

ou
ox
þ ql

1

r
oðr � vÞ

or
¼ 0 ð13Þ



Fig. 3. The SEM images of cross-section and inner surface of three typical stainless steel tested tubes.
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Momentum
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o
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o
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ov
or

� �

�gl
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r2

� �
ð15Þ

Energy

o

ox
ðqlcp;luT Þ þ 1

r
o

or
ðrqlcp;lvT Þ

¼ o

ox
kl

oT
ox

� �
þ 1

r
o

or
rkl

oT
or

� �
þ _U ð16Þ

where _U is the internal heat source caused by the electri-
cally heating through the tube wall.

The boundary conditions are described as follows.
Because the length of unheated portion of tube is less

than 3 mm which is so short compared with the heated
potion that can be ignored, and only the heated portion
was used in the numerical simulation. At the inlet position,
the inlet temperature of liquid is given, and at the domain
outlet the flow and heat transfer are assumed to be fully
developed:

x ¼ 0; u ¼ uin; v ¼ 0; T ¼ T w ¼ T in

x ¼ L;
ou
ox
¼ 0;

oT
ox
¼ 0

At the central line

0 < x < L; r ¼ 0;
ou
or
¼ 0;

oT
or
¼ 0; v ¼ 0

_U ¼ U

Lh � pðR2
o � R2

i Þ

At outside of the tube wall with insulation:

0 < x < L; r ¼ Ro; ks

oT
or
¼ 0

In numerical simulation, the local water bulk temperature
Tb was defined as follows:

T b;ave;numðiÞ ¼
P

jql � uði; jÞ � cp � T ði; jÞ � RðjÞ � DrP
jql � uði; jÞ � RðjÞ � Dr � cp

ð17Þ

To numerically determine the local convective heat transfer
coefficient, both Fourier’s law of heat conduction in the



Fig. 3 (continued)

Table 3
Measurement uncertainties

Parameters Maximum
uncertainty (%)

Parameters Maximum
uncertainty (%)

Di 0.6 MT x 3.12
L 0.3 cp 0.2
Ac,i 1.2 q 0.26
Aw 1.06 m 2
I 0.2 kl 3
U 0.2 Re 2.43
m 0.2 f 6.56
uave 0.68 h 4.47
Dp 0.25 Nu 5.48
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vicinity of tube inner wall and Newton’s law of cooling are
used and following equation is adopted:

hx ¼ �
k

T w;x � T b;ave;num

oT
or

����
r¼Ri

ð18Þ

where Twx is the local inner wall surface temperature which
can be obtained from numerical computation. For the
Fig. 4. The computationa
comparison purpose, the local fluid bulk temperature
obtained from linear interpolation of inlet and out fluid
temperatures in numerical simulation is also used to
numerically determine the local heat transfer coefficient.

A special code was developed for the numerical simula-
tion. The finite-volume-method (FVM) [35,36] was used to
discretize the governing equations and the SIMPLER algo-
rithm was adopted to deal with the linkage between veloc-
ity and pressure. The grid system applied in this paper was
152 (x-direction) � 32 (r-direction). If the relative mass
unbalance in the entire domain was less than 10�6, the iter-
ation was terminated. The entire region (include the solid
wall) is treated as the computational domain, hence the
computation is of conjugated type. The numerical method
for such conjugated computation is well documented in
Ref. [36], and will not be re-stated here.
4. Results and discussion

4.1. Flow characteristics

According to Eqs. (1)–(5), the experimental friction fac-
tors in laminar flow were calculated. As indicated above,
the water temperatures at the inlet and the outlet were mea-
sured for all experiments and the averaged one was taken
as the reference temperature for determining the thermal
properties from [37]. For the fused silica tubes experiments
were conducted for flow characteristics only and the water
l domain of test tube.
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temperature variation was less than 1 �C. The experimental
friction factors of the fused silica tubes flow are shown in
Fig. 5, and the deviations between the experimental and
the conventional results are evaluated and presented in
Fig. 6. From Figs. 5 and 6, it can be observed that the
experimental friction factors for smooth fused silica test
tubes are in good agreement with the prediction of the con-
ventional theory, with almost all the deviations being in the
range of ±10%. Furthermore, since the predicted results
can be obtained from the Navier–Stokes equations, the
results may be regarded as a confirmation that the
Navier–Stokes equations are applicable for the water flow
in smooth microchannel when the diameter is not less than
50 lm. It should be noted that the ratio of l=d of our test
tube is large enough that the effect of the entrance region
can be neglected, and the measured pressure drop of the
entire tube length can be adopted to obtain the friction fac-
tor of the fully developed flow region.

Figs. 7 and 8 show the friction factor and the deviations
from the conventional predictions for stainless steel tubes.
As seen from Fig. 7, the experimental results of #4 and #5
agree with the conventional theoretical values very well.
For conventional-size channels, usually the wall roughness
100 1000
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Re

 f=64/Re
 Dh=50 μm

 Dh=75 μm

 Dh=100 μm

Fig. 5. Measured friction factors for fused silica tubes.

Fig. 6. Deviations between the experimental and the conven
effects on flow characteristics can be neglected if the inter-
nal relative roughness is less than 5% [38]. However, for
microchannel flow, Tang et al. [30] reported that the sur-
face roughness would cause significant effect on the gas
flow characteristics if the relative roughness is larger than
1%. From Fig. 3a–c, it is obvious that with the tube diam-
eter decrease the relative roughness increases. In Table 2,
the absolute roughness and the relative roughness are
offered, and it can be seen that tube No. 6 has the largest
relative roughness. Thus, the larger friction factor of #6
can be attributed to the larger relative roughness and the
denser roughness distribution of tube inside. From Fig. 8,
it can be observed that when the relative roughness is larger
than 1.5%, the friction factor departs from the conven-
tional value and increases gradually, with the deviations
being larger than 10%. The results also indicated that the
roughness effect can be neglected if the surface relative
roughness is less than 1.5% for the deionized water flow
in rough microchannel.

From the above results, it can be concluded that for the
diameter range, tube material, and working fluid imple-
mented in this study, there exists no non-Stokes phenom-
enan. The deviation of the measured friction factor from
tional prediction of friction factor for fused silica tubes.
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the convectional prediction is caused by the geometric
ingredients.
4.2. Heat transfer characteristics

The experimental results and numerical simulation pre-
dictions of Nusselt number are presented in Fig. 9a–c. In
each figure, there are three curves. They are the numerical
simulation result with actual T b;ave;num obtained from Eq.
(17) (triangles), numerical simulation result with T b;int;num

obtained from linear interpolation between inlet and outlet
temperature (circles), and the experimental result with
T b;int;exp linearly interpolated from inlet and outlet fluid
temperatures of experimental results (closed squares).

Generally speaking, the difference in the determination
of Tb leads to different Nusselt number distribution. The
ratios of wall thickness to hydrodynamic diameter of tubes
#4, #5 and #6 are 0.076, 0.3, and 0.4, respectively. From
Fig. 9a–c for test tube #4, it can be seen that the local heat
transfer coefficient variation curves do not differ too much,
with case of Re = 80 being the most. Even for this case the
discrepancy between different bulk temperature definitions
gradually become smaller and smaller and in the down-
stream part, three curves coincide with each other quite
well. This may imply that the axial heat conduction of
tubes #4 does not make significant impact on the convec-
tive heat transfer characteristics for the cases studied.

The three curves in Fig. 10a–c of test tube #5 differ from
each other more significantly compared with Fig. 9a–c of
tube #4. However, the variation trends of these curves also
exhibit such a common tendency: the higher the Reynolds
number, the smaller the difference, and the local Nusselt
number gradually approaches the constant value of 4.36
in the downstream part of the test tube. Such variation ten-
dency can be observed more evidently from Fig. 11a–c of
tube #6, which has the largest ratio of tube wall thickness
over tube inner diameter.

From above observation of experimental results we may
obtain following intuitive conclusions: the larger the tube
wall thickness over the tube inner diameter the more signif-
icant the tube wall heat conduction; the larger the fluid
Reynolds number the weaker the effect of tube wall axial
heat conduction and the longer the distance from the tube
inlet the smaller the difference of the local Nusselt number
from the constant 4.36. This gives us an indication that the
effect of the axial heat conduction in the tube wall depends
on the relative importance of heat conduction through the
tube wall and the convective heat transfer at the tube
surface.

To evaluate the heat conduction effect in wall the so-
called axial heat conduction number M was introduced in
[39], which says

M ¼
/cond==

/conv

ð19Þ

where /cond== is a nominal axial heat conduction with the
tube length as its transfer distance and the tube cross-sec-
tion area as its conduction area, and /con is the convective
heat transfer rate determined from enthalpy difference be-
tween fluid inlet and outlet. In reference [39] the same tem-
perature difference was used for both tube wall conduction
and fluid convection, which is seemingly not physically cor-
rect. In this paper the temperature difference in tube wall
and in fluids are adopted individually from our numerical
simulation results and following calculation equation was
used:

M ¼
/cond==

/conv

¼ Ac;o � ks � DT s=Lh

Ac;i � qcp � uave � DT l

ð20Þ

where

Ac;i ¼ pR2
i and Ac;o ¼ pðR2

o � R2
i Þ ð21Þ

DT l ¼ T b;ave;num � T in and DT s ¼ T s;out;num � T in ð22Þ

The above-defined non-dimensional number M was used to
express the relative importance of the axial heat conduction
in the tube wall over the convective heat transfer of the
flowing fluid in the tube.

To have a deeper understanding of the effect of tube wall
axial heat conduction, special figures of the streamwise var-
iation of the fluid bulk temperature at different Re and M
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Fig. 9. Local distribution of Nu number of tube #4 at different Re.
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Fig. 10. Local distribution of Nu number of tube #5 at different Re.
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are drawn and shown in Figs. 12–14, where the bulk
temperature distributions of numerical simulation for
the three stainless steel tubes with the Reynolds number
ranging from 80 to 200 are provided. In these figures, the
continued lines are the fluid bulk temperature from the
linear interpolations, while those symbols are numerically
obtained values by Eq. (17). For tube #4 (shown in
Fig. 12), the water bulk temperature T b;ave;num distributions
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Fig. 11. Local distribution of Nu number of tube #6 at different Re.
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with different Reynolds numbers are in good agreement
with the linear interpolation result T b;int;num, which indicates
that the tube wall axial heat conduction can be neglected
and the local Nusselt number can be well predicted by
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the conventional method. For tubes #5 and #6 (shown in
Figs. 13 and 14, respectively), it can be seen that for the
cases of Re < 200 the numerically predicted T b;ave;num distri-
bution departs from T b;int;num appreciably, and the lower
the Reynolds number, the larger the departure. This can
partly account for what makes the experimental results of
the local Nusselt number determined by Eqs. (10) and
(11) being different from the conventional theory
predictions.

By carefully inspecting Figs. 9–14, it can be observed
that for all the cases studied, when the non-dimensional
number of M is in the order of 10�5, the interpolated fluid
bulk temperature coincides with the one determined by Eq.
(17) quite well and the related local Nusselt numbers are in
good agreement. This indicates that the tube wall axial heat
conduction can be neglected and the conventional data
reduction method will lead to expected results. As for the
test results, when M is in the order of 10�5 (Figs. 10a–c,
10c and 11c) the measured local Nusselt numbers still exhi-
bit some bumpiness around a smooth curve. The present
authors believe that this is mainly caused by some inevita-
ble measurement errors of local wall temperatures.

From our numerical practices the present authors real-
ized that whether the tube wall axial heat conduction plays
a role depends on quite a few factors, and the value of non-
dimensional number M is not the only criterion. From its
present definition shown by Eq. (20), it can be found that
the denominator is only a nominal axial heat conduction
rate, not the actual one. Only when the top and bottom
surfaces of the tube wall are adiabatic, the denominator
reflects the actual heat conduction in the axial direction.
This is one of the reasons why M is not the only criterion
for judging whether the axial heat conduction can be
neglected. Further study is now underway in the authors’
research group and the final results will be reported
elsewhere.

In addition, our numerical simulation results show that
the major reason that the local heat transfer coefficient
deviates from the convectional results comes from two fac-
tors: (1) the local heat flux is not equal to the nominal heat
flux, and (2) the local fluid bulk temperature is not equal to
the linearly interpolated fluid temperature. Both of the two
factors are caused by the axial heat conduction in the tube
wall. From the authors’ knowledge, such detailed analysis
has not been presented in the previous literature.
5. Conclusions

In this paper in order to clarify the feasibility of conven-
tional theory to predict the flow and heat transfer charac-
teristics of incompressible fluid flow in microtubes, both
experiments and numerical simulation were conducted.
The surface roughness effect and the axial heat conduction
were the study hot topics. From the results and analysis of
the experiment and numerical simulation, the following
conclusions are obtained:
(1) The behavior of the deionized water flow in the
smooth fused silica microtubes, at least down to
Dh ¼ 50 lm, shows no differences from macroscale
flow. For deionized water flowing through stainless
steel microtubes with a relative surface roughness less
than about 1.5%, the friction factors also agree well
with the conventional theory prediction. When the rel-
ative surface roughness is larger than 1.5%, the exper-
imental friction factor of the microtube flow shows an
appreciable deviation from the conventional theory.

(2) The experimental local heat transfer results reduced
by conventional method in the downstream of tube
#5 and #6 show some bias from the conventional
results, especially when Reynolds number is low
and the relative tube wall thickness is high. The
increase of the wall thickness over hydrodynamic
diameter ratio leads to a larger discrepancy of heat
transfer results between the experimental results
reduced by conventional method (or numerical simu-
lation with linear interpolation of the fluid bulk tem-
perature) and conventional result. However, the effect
becomes milder with the increase of Reynolds num-
ber. After Re > 100, with the increase of Reynolds
number both the experimental and numerical results
gradually approach the conventional heat transfer
character. Further research is required in order to
clarify under what conditions the tube wall axial heat
conduction can be neglected in a general sense.
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