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a b s t r a c t

The present work deals with the compressible flow of nitrogen gas inside microtubes ranging from 30 to
500 lm and with different values of the surface roughness (<1%), for different flow regimes. The first part
of the work is devoted to a benchmark of friction factor data obtained at DIENCA (University of Bologna)
and the ENEA laboratories, using fused silica pipes of 50 and 100 lm. Data overlapping is excellent thus
evidencing how the agreement of the experimental data with the classic theory is independent of the
measurement system. The second part of the work demonstrates that classic correlations can predict fric-
tion factor in laminar flow without revealing any evident influence of the surface roughness. The laminar-
to-turbulent transition starts for Reynolds number not lower than 2000 for smooth pipes, while tending
to larger values (3200–4500) for rough pipes. Anyway, contrarily to other available results, no depen-
dence of the critical Reynolds number on the L/D has been observed. Changes in the flow regime have
been found of the sharp and smooth type, like for larger pipes; smooth transition looks typical of smooth
pipes while the sharp transition in the flow pattern is associated with rough pipes. In the fully developed
turbulent regime, obtained for both smooth and rough pipes, an agreement between experimental data
and the Blasius correlation has been verified for smooth pipes, while for rough pipes the agreement with
predictions given by the Colebrook equation is rather modest.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

A number of studies on liquid and gas fluid flow have been car-
ried out over the last years. Experimental results are more and
more in agreement with the predictions provided by classical the-
ories. This can be explained with the improvement in the micro-
manufacturing techniques which have allowed a better control of
surface roughness and of the geometric characteristics of conduits.
Nonetheless, we still believe systematic studies are necessary both
to provide a coherent treatment of the matter, and to have a better
insight in some fluid dynamics aspects, such as the laminar-to-tur-
bulent transition. Validity of conventional correlations for the
incipient and completely developed turbulent flow has to be ascer-
tained as this matter is still debated. Even the independence of the
friction factors on roughness in the laminar regime has been re-
cently questioned by Tang et al. (2007) and Vijayalakshmi et al.
(2009) found results in discrepancy with the classical correlations
in the turbulent regime, so more data are needed to contribute to
either theory.
ll rights reserved.

x: +39 06 3048 3026.
Laminar-to-turbulent transition has been analysed by Morini
(2004a, 2004b) and Hetsroni et al. (2005). The transition, in
microgeometries, would seem to occur at critical Reynolds number
ranging from 70 (Peng and Peterson, 1996) up to 10,000 (Stanley
et al., 1997). This wide range of the critical Reynolds number has
spinned further works. Wu and Little (1983) were the first to mea-
sure the friction factor in rectangular and trapezoidal glass and sil-
ica microchannels with different gases (N2, H2, Ar); measured
friction factors are higher (10–30%) than those predicted by the
classical theory. Authors have argued about the role of the relative
surface roughness in the transition, found to occur for Reynolds
number between 100 and 3000. Acosta et al. (1985) have presented
an analysis of friction factors for isothermal gas flow in rectangular
microchannels having a quite low aspect ratio. Experimental tests
have shown a critical Reynolds number of 2770, as reported by
Obot (2002), i.e., similar to those typical of the conventional geom-
etries. Choi et al. (1991) have determined the friction factor for the
fully developed laminar flow of nitrogen in microtubes with diam-
eter of 3, 7, 10, 53 and 81 lm, for Reynolds number varying be-
tween 30 and 20,000. These data exhibit a reduction of the
critical Reynolds number with the hydraulic diameter; in particu-
lar, the transition takes place at Re = 2000 for a circular micropipe
with a hydraulic diameter of 53 lm, and at Re = 500 for a tube of
9.7 lm diameter. Yu et al. (1995) have analysed nitrogen and water
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Nomenclature

A cross section, m2

D diameter, m
f friction factor (Darcy-Weisbach), –
FS full scale, –
L length, m
C mass flow-rate, kg s�1

Ma Mach number, –
p pressure, Pa
Po Poiseuille number, –
R gas constant, J kg�1 K�1

Re Reynolds number, –
Re* Friction Reynolds number, –
T temperature, �C

Greek letters
D difference, –
e roughness, m
l Dynamic viscosity, Pa s
q density, Kg m�3

Subscripts
c critical
h hydraulic
ex exit
i inlet
n net
no nominal
o outlet
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flows along silica microtubes with diameters of 52, 102 and
191 lm for Reynolds numbers ranging from 250 to 20,000. They
found that transition takes place for Reynolds number between
1700 and 6000, i.e., accordingly to predictions obtained from the
theory of continuum. Stanley et al. (1997) have carried out exper-
iments on liquid and gas flows in rectangular microchannels with
hydraulic diameters between 56 and 260 lm. For nitrogen flow the
transition has been detected for Reynolds numbers between 1500
and 2000 when the hydraulic diameter of the tube is larger than
150 lm. Li et al. (1999), testing gas flow in microtubes reported
a critical Reynolds number of 2300 up to 3000. In a later work, Li
et al. (2000), they found transition to occur at Reynolds numbers
ranging between 1700 and 2000. Yang et al. (2000), testing air,
water and R-134a flow in microtubes have found transition to oc-
cur at Reynolds numbers between 1200 and 3800. The range of the
critical Reynolds number increases as the pipe diameter decreases,
the functional dependence on the diameter being more pro-
nounced for water than for air. Faghri and Turner (2003) have stud-
ied the effect of the relative roughness in microchannels obtained
from h100i (which generates a trapezoidal cross section) and
h101i (which produces rectangular cross sections) silicon wafer.
They have tested nitrogen and helium flows for different relative
roughness values, verifying that the friction factor is independent
of the relative roughness as long as the latter is lower than 6%,
these results being completely in accordance with the classical the-
ory. Tang and He (2004) measured the friction factor for nitrogen
flows in fused silica pipes and square duct microchannels with
diameter ranging between 50 and 201 lm. Although the authors
found the good agreement between experimental data and classi-
cal theory predictions, for the smallest pipe diameter compressibil-
ity, roughness and rarefactions effects could not be neglected any
longer. Laminar-to-turbulent transition has been detected for
Re = 1900–2500. Kohl et al. (2005) have carried out experiments
of water and air flows in rectangular microchannels with hydraulic
diameters ranging between 24.9 and 99.8 lm, finding again a good
agreement between their laminar flow data and the conventional
theory and no anticipated transition. However, they reported that
when compressibility effects become significant the critical Rey-
nolds number can be affected by the L/D ratio. For air they found
critical Reynolds numbers ranging between 2300 and 6000, the va-
lue being dependent on L/D. This behaviour has been explained
taking into account the relevant acceleration inside the microtube,
as theoretically predicted by Kurokawa and Morikawa (1986), and
by Schwartz (1987).

Tang et al. (2007) investigated among others the effect of
roughness on friction factor in rough steel microtubes of circular
shape and diameter of 300, 260, 172, and 119 lm, concluding that
for these the high roughness (fro, 2.3% up to 5.9%) bring about an
increase in the friction factor in the laminar regime even for low
Reynolds numbers, contrary to what they find in fused silica tubes
of circular and square cross-section, where roughness is well below
1%. They do not give precise data for the values of the critical Rey-
nolds number, but the plots show values around 2000–2400, so the
data conform to classical predictions.

Recently, Vijayalakshmi et al. (2009) investigated transition to
turbulence in smooth (roughness less than 0.1%) trapezoidal chan-
nels with hydraulic diameters between 60.5 and 211 lm and nitro-
gen and water flows, in an attempt to separate deviations from the
Poiseuille curve due compressibility effects (where applicable)
from actual transition to turbulence and finding that the latter oc-
curs in the range of Reynolds numbers between 1600 and 2300.
Their data for the transitional regime, however fall significantly be-
low the classical predictions.

From the above analysis of the literature, which is summarised
in Table 1, we can conclude that the flow behaviour in the transi-
tion region is still an open question for microchannels. Because of
the highest velocities and the corresponding Reynolds numbers,
this matter is more relevant for microchannel gas flow. Likewise,
the friction factor in laminar and turbulent flow calls for further
experimental testing to ascertain whether classical correlations
can provide accurate predictions or not. In this respect, it is also
advisable that different research groups perform experiments on
the same microtubes using different measurement techniques
and fluids, in order to verify the coherence of data obtained in
the respective laboratories. With this aim, the first part of the work
is dedicated to the comparison of data carried out at the laborato-
ries of the Institute of Thermal Fluid Dynamics of ENEA (Rome,
Italy) and at the microthermofluidics laboratory of the University
of Bologna, Italy (DIENCA). In the two experiments the same fused
silica micropipes have been tested in laminar gas flow, using two
different facilities and different gases. In the second part of the
work different tubes of different material have been tested in order
to analyse the behaviour in the transition and in the turbulent flow
region, comparing the results with predictions obtained using clas-
sical correlations.

2. The experimental facilities

Experimental facilities used in the benchmark have been sche-
matically drawn in Fig. 1. The ENEA facility (Fig. 1a) is made of a
pressurized tank of helium the pressure of which is reduced to
about 20 bar before the fluid is filtered (0.5 lm filter): a micro



Table 1
Works on laminar-to-turbulent transition for gas flows in microchannels.

Authors Dh (lm) Section and fluid e/Dh (%) L/Dh Recr

Wu and Little (1983) 55.8–83.1 b,cN2,H2,Ar 20–30 100–720 1000–3000
Acosta et al. (1985) 953 bN2 0.13–5.2 – 2770
Choi et al. (1991) 3.0–81.2 aN2 0.02–1.16 640–8100 2000–2300
Yu et al. (1995) 19–102 aN2 <0.03 – 1700–6000
Stanley et al. (1997) 56–260 bN2 n/a – 1500–2000
Li et al. (1999) 79.9–166.3 aN2 0.1–3.9 145–715 2300–3000
Li et al. (2000) 79.9–179.8 aN2 0.1–3.9 690–3984 1700–2000
Yang et al. (2000) 173–4010 aAir NA 690–3984 1200–3800
Faghri and Turner (2003) 9.7–46.6 b,cN2, He 0.1–6 263–5717 2000–2500
Tang and He (2004) 50–201 a,bN2 0.1–5 498–995 1900–2500
Kohl et al. (2005) 24.9–99.8 bAir 0.29–1.3 220–533 2300–6000
Kandlikar et al. (2005) 684–953 bAir 7.35–11 104–146 800
Morini et al. (2006) 133–751 aN2 1–5 575–3750 1800–2900
Morini et al. (2007) 100–300 aN2 �0 166–5000 2100–6000
Tang et al. (2007) 50–300 a,bN2, He 0.1–5 333–3000 1800–2700
Vijayalakshmi K. (2009) 60.5–211 cN2 >0.1 246–860 1600–2300
Hrnjak and Tu (2007) 69.5–304.7 bR134a(v) 0.45–1.25 315–691 1500–2500

a Circular cross-section.
b Rectangular cross-section.
c Trapezoidal cross-section.

Fig. 1. Sketches of ENEA (a) and DIENCA (1b) facilities.

Table 2
Main geometrical characteristics of the tested pipes.

Pipe name Dno (lm) D (lm) L (cm) L/D e/D (%) Re

FS1 20 29.9 5.05 1689 �0 70–1050
FS2 50 51.4 4.90 953 �0 50–2760
FS3 100 100.0 10.00 1000 �0 20–4050
PS1 25 26.1 5.00 1916 �0 90–750
PS2 50 52.2 5.00 958 �0 30–3034
SS1 250 275.0 20.00 727 1.0 400–9500
SS2 500 508.0 30.00 591 0.8 1800–14,500
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valve regulator adjusts the pressure to the value chosen for the
test. The pressure measurements are taken just upstream and
downstream of the test section using an absolute pressure trans-
ducer (Druck PTX100/IS, 0–35 bar) and a differential one
(Rosemount 1151DP, 0–6.85 bar). Temperatures are measured
using K-type thermocouples. For the measurement of the gas
flow-rate two methods are used. For gas flow-rate higher than
0.5 mg/min a calibrated pipette is used: a drop of water and soap
solution is placed inside the pipette in order to create a meniscus
the position of which can be detected by a high-speed camera.
From the pipette diameter and the meniscus velocity it is possible
to evaluate the volumetric gas flow rate. The gas is then directly
vented to the atmosphere. For smaller gas flow-rates a flow-rate
transducer is used (Bronkhorst EL-Flow, 0–5 nml/min).

The schematic of the facility used at the University of Bologna is
plotted in Fig. 1b. Nitrogen is stored inside two different tanks,
with exit pressure at 20 and 10 bar, respectively (1a–1b). Two
7 lm-filters (2, Ham-let) are placed on each line before the flow-
meters to prevent possible obstruction of the test section with
impurities. Ball-valves (3) are used to select the appropriate gas
line and flow-meter, as three Bronkhorst EL-Flow E7000 are used,
operating in the following ranges: 0–5000 nml/min (4a), 0–
500 nml/min (4b) and 0–50 nml/min (4c). Flow-meters can also
impose the mass flow-rate via a PC controlled needle valve, thus
allowing an indirect pressure regulation at the microtube inlet.
Gas flow enters the test section (5), upstream of which the pressure
tap is located. Test section up to 100 cm long can be accommo-
dated in the facility, with a maximum external diameter of
1/16 in. At the microtube exit the gas is vented to the atmosphere.
A differential pressure transducer (6, Validyne DP15) is used to
measure the pressure drop across the test section. The pressure
transducer has an interchangeable sensor in order to ensure accu-
rate measurements in the whole range of pressures. The tempera-
ture upstream and downstream the test section is measured using
K-type thermocouples (7): from gas temperature and pressure
measurements it is possible to evaluate the gas density upstream
and downstream the test section.

Seven commercial (Upchurch Inc.) microtubes have been
tested: three fused silica micropipes (FS), two PEEK covered fused
silica micropipes (PS), and two stainless steel micropipes (SS). The
main geometric characteristics of the test sections are summarized
in Table 2. The inner diameter of each micropipe (at the front cross
section) has been verified using a SEM (JEOL JSM 5200). Typical



Fig. 2. SEM images of pipe cross section for fused silica (FS2, a) and stainless steel (SS1, b) pipes.
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images of a fused silica pipe (FS1) and a stainless steel pipe (SS1)
are shown in Fig. 2. Pictures confirm that fused silica pipes can
be assumed to be smooth. Conversely, stainless steel pipes are
characterized by a strongly irregular contour. SEM images of each
tube have been used to verify the inner diameter and the average
height of the asperities.

A large difference between the nominal diameter (Dno) and the
actual one (D), which is up to about 50% (FS1), has been measured.
Actual diameters determined from the analysis of SEM images of
pipes are shown in Table 2. Measurements of the diameter were
only taken at one cross-section per tube; as the diameters yield re-
sults which agree quite well with the theoretical predictions for
laminar flows using those diameters, it can be assumed with rea-
sonable confidence that the deviation along the axis of the diame-
ter from the measured value is modest and the latter is
representative of the actual geometry. The average roughness (e)
for stainless steel pipes is 3–4 lm, while the relative roughness
(e/D) ranges between 0.8% and 1%.
3. Experimental uncertainty and data analysis

For channels with L� D the flow can be considered as isother-
mal, owing to the large surface available to heat transfer. As cur-
rent test sections are characterized by L/D > 600 this
approximation can be considered as valid. An equation for the cal-
culation of the friction factor for a non-compressible isothermal
flow in a duct is proposed by Shapiro (1953):

f ¼ D
L
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The net pressure drop is deduced from the differential pressure
measurement, as explained in other works (Morini et al., 2006,
2007). For compressible viscous flow the Reynolds number could
vary along the test pipe if the volumetric flow was imposed. In
the present work we refer to the Reynolds number defined as:



Fig. 3. Friction factor for microtubes FS2 (a) and FS3(b) obtained at ENEA (helium)
and at DIENCA (nitrogen).
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R ¼ CD
Al

ð2Þ

For an isothermal flow the Reynolds number defined in Eq. (2) is
constant along the microtube.

In order to evaluate the accuracy of the measurements the
uncertainty associated with instruments used at DIENCA are re-
ported in Table 3. For ENEA measurements this piece of informa-
tion can be found in Celata et al. (2006).

The uncertainty in the evaluation of f and Re can be estimated
after Moffat (1988), starting from the uncertainty associated with
the measurement of the single parameters involved in the calcula-
tion of f and Re, i.e., p, D, L,, etc. This procedure is thoroughly
described by the authors in Lorenzini et al. (2007), which the read-
er is referred to. The uncertainty associated with the measurement
of the tube diameter has the largest weight in the total uncertainty.
In the present works the uncertainty in the tube diameter, mea-
sured with a SEM, is a maximum of ±2%, while that associated with
the pipe length is less than ±0.8%.

4. Results and discussion

As already stated the first part of this work is related to the
benchmark carried out at ENEA and at DIENCA to verify measure-
ments performed with the same test sections in different facilities.
Further tests have been carried out at DIENCA to ascertain the pos-
sibility for laminar and turbulent gas flows to be predicted using
conventional pipe laws. To this purpose experimental data are
plotted using the Moody diagram, where the Poiseuille law is
drawn (f = 64/Re, Re < 2000, circular pipe) and the Blasius law
(f = 0.316/Re0.25, smooth pipe, turbulent flow) are plotted. The
Poiseuille law is drawn with a continuous line, while the Blasius
law is represented by a dot-dashed line

4.1. Laminar regime

Experimental results obtained at ENEA (using helium) and at
DIENCA (using nitrogen) for microtubes FS2 and FS3 are plotted
in Fig. 3, where for readability error bars are omitted (however
uncertainties are within ±10%). The two series of experimental re-
sults are quite in a good agreement for the laminar regime. Fig. 3a
shows a slight scatter (DIENCA data) for Re < 50, which is due to
tests performed at the lower end the flow meter working range.
All in all, the agreement of the data with the Poiseuille law looks
excellent. If possible, Fig. 3b shows even a better agreement in
the laminar region, while in the turbulent regime tests carried
out at DIENCA are closer to the predictions of Blasius. The transi-
tion mode for the FS3 pipe has been found smooth and bounded
by critical Reynolds numbers between 2200 and 2500. In a previ-
ous work (Morini et al. (2007)) the Poiseuille number was plotted
as a function of the average Mach number, and it was shown that
at some value corresponding to a change in the flow regime the
Poiseuille number starts to increase steeply without any apprecia-
Table 3
Instrumentation and accuracy at DIENCA.

Reference Sensor

(4a) Flow meter
(4b) Flow meter
(4c) Flow meter
(6) Differential pressure transducer

(7) Thermocouple
ble increase in the Mach number. The corresponding value of the
Reynolds number is taken as critical value.

Fig. 4 shows the friction factor obtained for the fused silica pipe
FS1 using the nominal diameter provided by the manufacturer, i.e.,
20 lm. We can observe how the friction factor would be largely
overestimated by the Poiseuille law (laminar regime). Conversely,
using the pipe diameter obtained from SEM images, i.e.,
D = 29.2 lm, the friction factor is in excellent agreement with the
theoretical prediction. This further testifies the importance to
accomplish accurate measurements of the pipe diameter in the
Field Uncertainty

0–5000 (nml/min) ±0.6% FS
0–500 (nml/min) ±0.5% FS
0–50 (nml/min) ±0.45% FS
0–35 (kPa) ±0.5% FS
0–86 (kPa)
0–220 (kPa)
0–860 (kPa)
0–1440 (kPa)
0–200 (�C) ±0.25% FS



Fig. 4. Friction factor for micropipe FS1 using the nominal and the actual diameter.
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tests involving micropipes. In the following figure the friction fac-
tor is always evaluated using the pipe diameter measured from
SEM images, and reported in Table 2.

Friction factors (always evaluated according to the Darcy-Weis-
bach definition) obtained for smooth and rough micropipes in lam-
inar regime and plotted in Fig. 4 on the Moody diagram are
compared with the Poiseuille law, showing a good agreement.
Nonetheless, the bi-logarithmic diagram tends to minimize differ-
ences between data and predictions. That is why we have calcu-
lated the following parameter, C*, as:

C� ¼ fRe
64

ð3Þ

i.e., the ratio between the Poiseuille number (fRe) and the theoret-
ical value of the Poiseuille number for non-compressible laminar
flow, equal to 64. The parameter C* is plotted in Fig. 5 as a function
of the Reynolds number. For a better reading only the error bars of
the FS2 microtube have been plotted: for this pipe the uncertainty
in the Poiseuille number ranges from ±9% (Re > 500) to ±59%
(Re = 30). The uncertainty is higher for the lower Reynolds number
due to the largest error associated with the gas flow rate measure-
ment, thus explaining the general data scatter for Re < 90. In the
range 90 < Re < 1300 the agreement between experimental data
0.8

0.9

1

1.1

1.2

0 500 1000 1500 2000 2500

Re

C*

FS1 PS1 FS2

PS2 FS3 SS1

SS2

Fig. 5. The coefficient C* defined in Eq. (3) as a function of the Reynolds number.
and predictions is well within the experimental uncertainty. On
the contrary, for Re > 1300–1500, especially for the smallest micro-
pipes, the experimental values show and increase of the Poiseuille
number with the Reynolds number. This tendency is not related
to an earlier laminar-to-turbulent transition, but to the compress-
ibility of the fluid; in fact, the friction factor continues to decrease
with the Reynolds number in this range, but with a smaller slope
than for the Poiseuille law, and the minimum value it reaches be-
fore starting to increase is chosen as its critical limit. When the Rey-
nolds number increases the average fluid velocity increases too, as
well as the Mach number. The fluid is accelerated by the fluid den-
sity decrease along the flow direction. The velocity gradient at the
wall increases and thus the friction factor increases as well. As the-
oretically demonstrated by Asako et al. (2005) and by Li et al.
(1999), the Poiseuille number in the laminar regime tends to in-
crease with the pipe average Mach number when the latter be-
comes higher than 0.3. In the case of small diameter micropipes
the Mach number can easily be higher than 0.3 for relatively small
values of the Reynolds number, making compressibility effects evi-
dent, as indicated in Fig. 5.

Fig. 5 shows that for rough micropipes (SS1 and SS2) the in-
crease of the Poiseuille number with the Reynolds number is less
evident than for smooth micropipes. Needless to say that rough
micropipes (stainless steel) have a larger diameter than smooth
pipes; therefore, for a fixed Reynolds number rough tubes will ex-
hibit a smaller Mach number. Consequently, in the laminar regime
(0 < Re < 2000), compressibility effects are less important for
microtubes with an inner diameter larger than 200 lm.

The data plotted in Fig. 5 show that the agreement with the
classical theory is good even for rough microtubes. This would lead
to conclude that friction factor in laminar flow can be considered
independent of the micropipe relative roughness, up to e/D < 1%.
All this is quite in agreement also with theoretical findings by
Gamrat et al. (2008) and by Croce et al. (2007).

4.2. Laminar-to-turbulent transition

Experimental data of the friction factor in the transition region
(1500 < Re < 6500) are plotted in Fig. 6 (Moody diagram) and com-
pared with the Poiseuille law (smooth pipe, laminar regime) and
the Blasius equation (smooth pipe, turbulent regime). The fluid
dynamics characteristics of the DIENCA facility has allowed to
run tests in the transition region only for micropipes FS2, PS2,
FS3, SS1 and SS2.
0.01

0.1

1000 10000
Re

f

Poiseuille
Blasius
FS2
PS2
FS3
SS1
SS2

Fig. 6. Friction factor as a function of the Reynolds number in the transition region.



Fig. 7. Critical Reynolds number as a function of L/D: influence of roughness (a) and
transition type (b).
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Colebrook (1939) published a work on the formula for friction
factor in the transitional zone between laminar and fully turbulent
flow (where the pressure drop would be proportional to the mean
velocity squared), an account and discussion of which is given in
Morini et al., 2008. The correlation which was proposed was not
experimental in nature, but resulted from physico-mathematical
reasoning and recognition that the friction factor could be ex-
pressed in the transitional region by a linear combination of their
expressions in the turbulent and laminar regimes. Data from clas-
ses of pipes (from 2 in., i.e., 50.8 mm, up) were then considered to
obtain the corresponding value of e, which is not a roughness as
normally understood in mechanical engineering, but rather the
average of the values of a quantity of physical significance (the dis-
placement from the actual pipe diameter inwards, which corre-
sponds to the effect of roughness in conventional pipes), which
was used to correlate data on a (k)�0.5 – Re* plot. Thus, ranges of
values for e were given within each class of tested pipes (by exper-
iments of several researchers), which also explains why this
parameter could effectively be employed in the design phase with-
out any need to physically measure the surface morphology of the
pipes actually employed.

As outlined in Morini et al. (2007) we can expect two different
type of transition in microscale:

� Smooth laminar-to-turbulent transition (ST), where the transi-
tion occurs progressively.

� Abrupt laminar-to-turbulent transition (AT), where the transi-
tion occurs in a sharp way.

As far as the first type of transition, ST, it is possible to associate
the end of the laminar region and the beginning of the fully devel-
oped turbulent flow with the minimum and the maximum of the
friction factor, respectively, when the fluid is subjected to the grad-
ual passage from one flow regime to another. Conversely, for the
case of abrupt transition, the zone of variation appears very narrow
in the Moody diagram, and the Reynolds number at which the fric-
tion factor reaches its minimum is again chosen as the critical
value.

It was Schiller (1922, quoted in e.g., Richter,1971) who reported
the presence of these two different modes of transition depending
on the entrance length and on the shape of the entrance (in sum-
mary: the longer the entry length the sharper the transition, which
was also influenced by the kind of disturbances that the entry sec-
tion introduces, the higher the disturbance the earlier the transi-
tion). A point of difference is that experiments in the case of
microchannels were conducted keeping the mass flow rate con-
stant, whereas in the case of Schiller and of the works contempo-
rary to it, it was the pressure difference between inlet and outlet
which was kept constant. In the case of an intrinsically unsteady
phenomenon as flow transition, the two modes are not equivalent,
but in this case they produce similar results. An experimental cam-
paign is planned to test different forms of the inlet section to ascer-
tain a possible influence on transition. Experimental data plotted in
Fig. 6 show that the laminar-to-turbulent transition occurs at
Re > 2100 for all micropipes. This result is in good agreement with
previous data of the authors (Morini et al., 2006, 2007) and with
observations for conventional pipes. As to the latter point, Richter
(1971) gives an account of the critical Reynolds numbers achieved
in conventional pipes, which can be considerably higher depending
on how careful experimental conditions are in avoiding distur-
bances, but never fall below 2000, which is the value which should
be taken as lower bond for conventional pipes.

Concerning the different types of transition, it can be further
said that smooth micropipes (FS2, PS2 e FS3) exhibited a smooth
transition, with a continuous increase in the friction factor at the
increase of the Reynolds number. The critical Reynolds numbers
for these pipes are 2270 (FS2), 2290 (PS2) and 2160 (FS3). As
shown in Fig. 6, the behaviour of the three pipes during transition
is quite similar.

As one can expect, stainless steel micropipes have shown a sud-
den transition occurring at higher values of the Reynolds number,
namely 4430 for SS1 and 3050 for SS2. These results would seem to
be in disagreement with the observation that in rough pipes the
transition is usually anticipated because the roughness makes
the detachment of the boundary layer at the wall easier. It is how-
ever necessary to say that in this case microtube relative roughness
is limited (<1%) and that an abrupt transition has been also ob-
served in smooth microchannels (Morini et al., 2006).

Critical Reynolds numbers obtained in previous works with
rough (Morini et al., 2007) and smooth pipes (Morini et al.,
2006) are plotted in Fig. 7 along with current results as a function
of L/D. All rough microtubes are characterized by a relative rough-
ness smaller than 5%, with an inner diameter from 100 to 750 lm;
Reynolds number values range from 2100 to 4432. Looking at
Fig. 7a we can see how rough microtubes have critical Reynolds
numbers that are always smaller than smooth micropipes, where
they are always higher than 2000. Fig. 7b shows how the abrupt
transition (AT) tends to occur when the critical Reynolds number
is large (Rec > 2400). On the contrary, when the transition is char-
acterized by comparatively small values of the critical Reynolds
number, it tends to be gradual (ST). Besides, when L/D decreases
both for smooth pipe and rough pipes, a large scatter in the data
is present.
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Schiller (1922) supplied for conventional pipes a curve giving
the critical Reynolds number as a decreasing function of the L/D ra-
tio: only for L/D > 1300 is the critical value of the Reynolds number
2320, at e.g., L/D = 150 a value of 9000 was obtained. In this re-
spect, the measurements by Kohl et al. (2005) are in line with
the former findings (which were fiercely opposed by Prandtl and
Tietjens (1934), who denied any dependence of the critical Rey-
nolds number on L/D). In the paper by Kohl compressibility was
not defined as such, but equations for friction factor for compress-
ible flow were used for the experiments in air; as a consequence
the dependence of Rec on L/D cannot be related to compressibility.

4.3. Turbulent regime

The DIENCA facility has allowed to test a fully developed turbu-
lent regime only for FS3, SS1 e SS2 microtubes.

The Poiseuille number for microtube FS3 is plotted in Fig. 8, as a
function of the Reynolds number, showing a good agreement with
the Blasius law.

Friction factor obtained for tubes SS1 and SS2 for Re > 4500 are
plotted in Fig. 9 as a function of the Reynolds number. The agree-
ment with the Colebrook correlation, valid for commercial, rough
pipes of larger diameter, see Colebrook (1939), is not good, and
the friction factor seems to be independent of the Reynolds num-
ber. Experimental data are lower than the corresponding Cole-
brook curves and show a very weak dependence on the Reynolds
number. This discrepancy can be explained considering that the
resistance law is not only affected by the size of the asperities
but also by their shape. The surface morphology of tested micro-
tubes is shown in Fig. 10, where SEM images are typical of all test
sections used in the present study.

The distribution of the peaks around the perimeter is random,
with cavities developing mainly in the longitudinal direction. This
type of roughness is not typical of conventional size pipes, where
cavities and peaks are randomly distributed along the axial direc-
tion. Such a distribution justified the simulation of roughness con-
structed by Nikuradse using sand grains. Besides, as observed by
Kandlikar et al. (2005), the Colebrook correlation has been ob-
tained from experiments carried out with sixteen tubes, the diam-
eter of which was ranging from 101.6 mm up to 1524 mm, with an
average roughness between 0.043 mm and 0.254 mm. Because of
this it could be reasonable that the Colebrook correlation may be
inadequate in describing the friction factor behaviour in turbulent
flow in microtubes, and might be necessary to modify it for a better
prediction.
Fig. 10. Details of surface roughness of stainless steel commercial microtubes.
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Fig. 8. Poiseuille number as a function of the Reynolds number for FS3 micropipe.
It is well known that surface irregularities characterised by a re-
duced wavelength and relatively high amplitude, which is the case
of micropipes, gives rise to a friction factor in turbulent flow which
is almost independent of the Reynolds number though very sensi-
tive to the relative roughness (e/D), just as experimental data
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plotted in Fig. 9 would seem to confirm. This means that, for rough
commercial micropipes the flow resistance in turbulent flow tends
to become proportional to the average fluid velocity squared.
5. Conclusions

The present work reports on an experimental research on com-
pressible fluid flow in rough and smooth micropipes with inner
diameter from 29 to 508 lm. The main conclusions can be summa-
rized as follows:

� the benchmark between two different facilities in two different
laboratories has provided a good similarity of data and a good
agreement with classical correlations;

� in laminar flow the agreement with the conventional theory (for
large pipes) is excellent both for smooth and rough microtubes
(e/D < 1%);

� for the smallest diameter micropipes (D < 100 lm) when
Re > 1300 the friction factor tends to deviate from the Poiseuille
law; this is caused by the acceleration associated with com-
pressibility effect;

� there is no evidence of an early transition, with respect to con-
ventional size pipes; the critical Reynolds number for the transi-
tion ranges from 2160 to 4430;

� both smooth (ST) and abrupt transitions (AT) have been experi-
enced, the latter being the one the prevailing when the critical
Reynolds number is larger than 2400;

� no demonstrable dependence of the critical Reynolds number on
L/D has been detected;

� in developing turbulent flow the flow resistance appears to be
proportional to the average fluid velocity squared and therefore
in disagreement with available correlations for rough pipes
(Colebrook); this could be explained considering the difference
in shape and distribution of roughness in microtubes with
respect to large pipes.
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