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Experimental investigation on flow characteristics of 
deionized water in microtubes 

XU ShaoLiang†, YUE XiangAn & HOU JiRui 

Enhanced Oil Recovery Research Center, China University of Petroleum, Beijing 102249, China 

The flow characteristics of deionized water in microtubes with diameters ranging from 2 to 30 μm are 
investigated. The experimental results show that the flow characteristics in microtubes with diameters 
of 16 μm and larger ones are in agreement with the classical theory. However, as the diameters are de-
creased to 5 and 2 μm, the nonlinear flow characteristics prevail and the results indicate significant 
departure of flow characteristics from the predictions of the conventional theory, and the smaller the 
diameters, the larger the departure. As the Reynolds number increases, the degree of nonlinear flow 
characteristics decrease gradually and the experimental results are approximately equal to the theo-
retical expectation. The minimum Reynolds number in this study is only 2.46×10−5. 
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Over the past years, significant attention has been given to 
liquid flow on the microscale due to the incessant devel-
opment of micro-electro-mechanical systems (MEMS). 
As the characteristic lengths are reduced to the same or-
der of magnitude as the hydrodynamic boundary layer 
thickness, the equations from the conventional theory 
are not applicable any longer. Several effects such as the 
size effect and surface effect, which are normally ne-
glected on the macroscale, become more and more im-
portant, and even become the dominant influencing fac-
tors. The experiments on microscale flow of gases are 
very reproducible and consistent with the theoretical 
explanation. However, the microscale flow characteris-
tics of liquids are much more complicated[1] because the 
liquid is incompressible and the resistance caused by 
viscosity is obvious. In addition, a number of influenc-
ing factors such as the intense momentum exchange, the 
molecular attraction and intermolecular interaction, and 
the liquid-solid interaction and adhesion also play im-
portant roles in the microscale flow of liquids. 

C
H

E
M

IC
A

L 
E

N
G

IN
E

E
R

IN
G

 

Many researchers have conducted experiments on the 
flow of single-phase fluid in microchannels. The ex-
periments involved different test fluids and microchan-
nels with different cross-sectional shapes. The current  

available experimental results are broken into two major 
groups: one is in agreement with conventional theory 
and the other deviates from it. Some experimental re-
sults which are in agreement with classical theory are 
shown as follows: Jiang et al.[2] studied the variation of 
the Darcy friction factor with Reynolds number in mi-
crotubes with diameters ranging from 8 to 42 μm. The 
experimental results were in general agreement with the 
predictions from conventional equations with range of 
Reynolds number being 0.032―26.1. Li et al.[3] studied 
experimentally the flow characteristics of water and 
several organic liquids in microtube which was about 25 
μm in diameter. They reported that the flow approxi-
mately followed the Hagen-Poiseuille theory and the 
Reynolds number was less than 8. Bucci et al.[4] investi-
gated the flow characteristics of water in microtubes 
with diameters ranging from 172 to 520 μm. Gan et al.[5] 

studied the flow of water and methanol in microchannel 
with hydraulic diameter of 155.3 μm. Celata et al.[6] 
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studied the flow characteristics of water in microtubes 
with diameters of 30―326 μm. All these experimental 
results were in rough agreement with the conventional 
theory. 

Some experimental results that deviate from the con-
ventional theory are shown as follows: Pfahler et al.[7] 
conducted experimental studies on isopropanol in rec-
tangular microchannels which were approximately 100 
μm wide with depth less than 40 μm, finding the viscos-
ity of liquid decrease. Mala and Li[8] investigated water 
flow in microtubes made of fused silica and stainless 
steel, with the maximum Reynolds number reaching 
2500 and their results indicated that the relationship be-
tween Reynolds number and pressure gradient deviated 
from predictions of conventional theory when the di-
ameter was less than 150 μm. Hao et al.[9] investigated 
water flow in trapezoidal silicon microchannel with a 
hydraulic diameter of 237 μm, with the relationship be-
tween Reynolds number and pressure gradient deviating 
from the linear behavior and the deviation depending on 
the Reynolds number. 

As can be seen from the experimental results men-
tioned above, the conclusions are inconsistent under dif-
ferent experimental conditions. The size of micro-
channles and the Reynolds numbers in previous publica-
tions are large, because the researchers mainly focused 
on the early transition from laminar flow to turbulent 
flow, and on the different critical Reynolds numbers on 
the microscale from that on the macroscale. But in the  

microflow at low velocity, the liquid-solid interaction is 
much stronger, which maybe enhances the microscale 
effect. In this study, we carried out an experiment on the 
flow characteristics of deionized water in quartz micro-
tubes with minimum diameter as small as 2 μm. The 
minimum Reynolds number in this study was only 
2.46×10−5, which enriches the experimental results. The 
microscale flow effects are obtained and some new 
findings have been achieved. 

1  Experimental apparatus and method 

1.1  Materials  

The microtubes used in this study are naturally fused 
quartz microtubes (Polymicro Technology Company, 
USA) with internal diameters of 30, 20, 16, 5 and 2 μm, 
respectively. The working fluid is deionized water. 

1.2  Experimental apparatus 

The experimental apparatus is shown in Figure 1. The 
apparatus consists of three parts: the power system, the 
filter system and the measurement system. N2 from the 
compressed nitrogen gas tank flows through the flow 
control valve and enters the pressure-buffering reservoir 
where it drives the deionized water to pass through the 
three-way pipe to the microtube. The measuring pipe is 
connected to the test microtube on the other end. 

1.3  Experimental method 

1.3.1  Pressure measurement.  The inlet pressure is 

 
Figure 1  Experimental apparatus. 1, Compressed nitrogen gas tank; 2, flow control valve; 3, pressure gauge; 4, pressure-buffering reservoir; 5, gas filter; 
6, liquid reservoir; 7, liquid filter; 8, three-way pipe; 9, pressure and temperature sensor; 10, microtube; 11, measuring pipe; 12, microscope; 13, real-time 
image acquisition system; 14, computer.  
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measured by the pressure sensor with a precision of 0.01 
kPa, and is recorded via PC data acquisition system. The 
flow control valve is turned on slowly to ensure that the 
pressure rises gradually. For each measurement, it is 
considered that the flow has reached a steady state when 
the pressure value does not change any further. 

1.3.2  Flow rate measurement.  Flow rate is measured 
by the displacement method. A PC image acquisition 
system is employed to transmit the interfacial image into 
a computer to record the displacement. The experimental 
flow rate is calculated using the displacement and the 
time. Given the small flow rate, and the effect of liquid 
evaporation, the end of measuring pipe is sealed with 
unvolatile white oil to keep the interface away from the 
atmosphere. 

1.3.3  Viscosity measurement.  As a function of tem-
perature, viscosity changes with temperature. In this 
study, the viscosity of deionized water under standard 
temperature is obtained from the Handbook of Chemis-
try. The viscosities under other temperatures are meas-
ured by a HAAKE-RS600 rheometer. 
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2  Error analysis 

2.1  Error of viscosity due to temperature and pres-
sure 

Due to the high specific area of the microtube and abil-
ity of heat exchange, viscosity is highly sensitive to 
temperature variation. The integrated temperature con-
trolling method is adopted to reduce the error caused by 
local temperature controlling. The viscosity variation is 
±2.4% as the temperature varies by ±1℃ at 25℃. Dur-
ing the course of the experiment, the temperature varia-
tion is ±0.5℃. Thus, the uncertainty of viscosity caused 
by temperature variation is about ±1.2%. 

Under atmospheric pressure, the viscosity of water 
increases by about 0.1%―0.3% as pressure increases by 
every 0.1 MPa. The measuring pressure range in this 
study is 0―1 MPa, which results in 1%―3% increase in 

viscosity. 
2.2  Error of flow rate 
The measuring displacement in this study is longer than 
1 mm with a precision of 1 μm, so the error is 0.1%. The 
measuring time is longer than 1 minute with a precision 
of 0.01 s, so the error is about 0.167%. The length of 
microtubes is measured by a vernier caliper with a pre-
cision of 0.02 mm, and the microtubes used in this study 
are 20―40 mm in length, so the error is 0.05%―0.1%. 

2.3  Error due to capillary pressure 
The calculation of microscale flow rate is influenced by 
the self-adsorption phenomena, which is caused by the 
capillary pressure in tubes. The capillary pressure is 
given by 
 c 2 cos / ,P rσ θΔ =  (1) 
where σ  is surface tension, θ   contact angle be-
tween microtube wall and liquid, and r is the radius of 
microtube. 

is

It is assumed that the contact angle between micro-
tube wall and liquid is zero. The surface tension of white 
oil is 36.7×10−2 mN/m. The capillary pressure is calcu-
lated to be about 0.459 kPa with eq. (1). The lowest 
pressure in this study is 4 kPa, which leads the uncer-
tainty of pressure to be up to 11%. Thus, the error 
caused by capillary pressure cannot be neglected. The 
error is minimized in the process of data analysis. 
2.4  Error due to inlet and outlet losses 
Figure 2 shows schematic diagram of pipe junction with 
different diameters from the pressure and temperature 
sensor to the test microtube and the measuring pipe. It 
can be seen that the pipeline diameter varies from the 
pressure and temperature sensor to the measuring pipe. 
Therefore, the inlet and outlet losses possibly influence 
the flow rate. In order to account for the error due to 
inlet and outlet losses, the experiments are conducted by 
using the tubes which are the same in diameter (16 μm) 
but different in length (20, 40, 60 mm). 

On the macroscale, the frictional pressure drop in 
 

 
Figure 2  The schematic diagram of pipe junction with different diameters. 
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laminar tube flow is expressed as   
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The error due to inlet loss, outlet loss and pipe junc-
tion pressure drop is   

 1 2 4 1 2 3

3

P P P P P P
Error

P
+ + + Δ + Δ + Δ

= ×100%. (5) 

Based on the experimental data, the maximum error 
due to inlet and outlet losses calculated by eq. (5) is 
0.12%. It implies that the error caused by inlet and outlet 
losses can be neglected. 

3  Results and discussion 

The flow characteristics of deionized water in micro-
tubes (30, 20, 16, 5, 2 μm) are investigated, and the re-
sults are shown as follows. 

Figure 3 shows the variation of pressure gradient with 
Reynolds number for deionized water in different mi-
crotubes (30, 20, 16 μm). The spots represent experi-
mental data and the lines are theoretical values calcu-
lated by the Poiseuille equation. Obviously, the experi-
mental results are consistent with theoretical values. It 
shows that the flow characteristics in microtubes with 
diameters of 16 μm and larger ones are still in agree-
ment with the conventional theory. 

 

 
Figure 3  Variation of pressure gradient with Re (30, 20, 16 μm). 

 
Figures 4 and 5 show the variation of pressure gradi-

ent with Reynolds number for deionized water in mi-
crotubes with diameters of 5 and 2 μm, respectively. As 
shown in these two figures, the experimental data devi-
ate from the theoretical expectation. Furthermore, the 
deviation in the microtube with a diameter of 2 μm is 
larger than that of 5 μm. The variation of pressure gra-
dient with Reynolds number shows apparent non-linear 
flow characteristics, and the flow characteristics deviate 
from that of the conventional theory. In addition, for the 
microtube with a diameter of 5 μm, the experimental 
results are close to the theoretical curve as Reynolds 
number increases. But when the diameter is decreased to 
2 μm, the experimental results deviate from theoretical 
values as Reynolds number reaches 0.0245. It implies 
that the smaller the diameter, the stronger the microscale 
effect. 

Due to the microscale effect, the Darcy friction factor 
 

 
Figure 4  Variation of pressure gradient with Re (5 μm). 

 

 
Figure 5  Variation of pressure gradient with Re (2 μm). 
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in microflow deviates from that of conventional theory 
when single-phase fluid flows in microchannels. In or-
der to account for this discrepancy, the friction factor 
ratio C* is defined as  

 exp
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,

 

 (6) 

where fexp is the friction factor obtained from experi-
mental data, and fH-P is the friction factor calculated by 
the Hagen-Poiseuille equation. 

As is evident in Figures 6 and 7, the friction factor ra-
tio C* for all the data is greater than 1, and the value of 
C* changes as Reynolds number increases. This indi-
cates that the friction is higher than that predicted by 
macroscale theory. The maximum C* in the microtube 
with a diameter of 2 μm is about 4.21 while the maxi-
mum C* in the microtube with a diameter of 5 μm is 
merely 1.93. As the pressure gradient increases, the C* 
values in the microtube with a diameter of 5 μm begin to 
accord with the conventional theory, whereas the C* 
values in the microtube with a diameter of 2 μm are still 

 
Figure 6  Variation of C* with Re (5 μm). 

 

 
Figure 7  Variation of C* with Re (2 μm). 

20% higher than the theoretical expectation. 
In conclusion, the flow characteristics in microtubes 

with diameters of 16 μm or larger are in agreement with 
the classical theory. As the diameters decrease to 5 and 2 
μm, the experimental results show significant departure 
from the predictions of conventional theory. Moreover, it 
implies that the smaller the diameter, the stronger the 
microscale effect. As Reynolds number increases, the 
friction factor ration C* decreases, and is approximately 
equal to the theoretical expectation. 

The microflow is affected by a number of factors, 
such as the surface roughness, the electronic double 
layer effect and the micropolar effect of fluid molecules. 
According to laminar fluid theory, the flow 
charactertistics on the macrosacle are independent of 
wall surface roughness which only affects the transition 
from laminar flow to turbulent flow. However, studies 
from Mala et al.[8] and Li et al.[10] showed that the early 
transition from laminar flow to turbulent flow resulted 
from wall surface roughness. Thus, it remains unclear 
whether the laminar flow characteristics are affected by 
tube wall surface roughness. In addition, as the thickness 
of electronic double layer reaches the same order of 
magnitude as characteristic length of the microflow, the 
ions and potential distribution also influence liquid 
microflow. Besides, the solid surface property, liquid 
property and their interaction also contribute to such a 
process because they largely determine the ions and 
potential distribution. Ye et al.[11] obtained velocity 
profiles and micro-rotation gyrations in microchannels by 
a procedure based on numerical method. The results 
showed that there was an obvious decrease in the flow 
rate when the coupling between velocity vector and 
micro-rotation gyration vector was strengthened. As 
concluded above, the electronic double layer effect and 
micropolar effect of fluid molecules are the factors that 
influence microflow. 

When liquid flows in a microtube, due to such influ-
encing factors as the electronic double layer effect and 
the micropolar effect of fluid molecules, intensive inter-
actions occur between the liquid and tube wall. There-
fore, evident property difference is shown between the 
liquid layer adjacent to the solid wall and body fluid. 
Alexander et al.[12] proved theoretically that water den-
sity profiles existed in interfacial water layer near to 
cylinder solid surface, and that the closer to the wall, the 
higher the density. Liu et al.[13] found that the thickness 
of adsorbed water layer near to solid surface was not a 
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constant, but a function of the driving pressure gradient. 
Moreover, it became thinner as pressure gradient in-
creased. Rene et al.[14] investigated the meniscus 
thickness of pure water on fused quartz surface by using 
an image analyzing interferometer. The results showed 
that the thickness was larger than 0.1 μm. All these 
studies clearly showed that the boundary layer fluid 
pl

the result that the variation of pressure gradient with  
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6 

7 Pfahler J, Harley J, Bau H. Gas and liquid flow in small channels. 

10 

11 

12 

13 

14 tting films on fused quartz. J Coll 
Interf Sci, 1999, 214(2): 156―169 

 

ayed an important role in the microflow.  
Since there is a difference between the boundary layer 

fluid and the body fluid, a small portion of the boundary 
layer fluid cannot be regarded as the body fluid. Con-
sidering the influence of the boundary layer fluid, when 
the liquids flow in microchannels, the effective flow 
radius diminishes while the flow resistance increases, 
which gives rise to the microscale effect and the 
non-linear flow characteristics. As pressure gradient and 
wall shear stress increase, the electric double layer effect 
and the micropolar effect of fluid molecules become 
weaker. More boundary layer fluid graduates into body 
fluid and the boundary layer becomes thinner. The ef-
fective flow radius increases and the degree of 
non-linear flow characteristics decreases, which leads to 

Reynolds number is approximately equal to the theo-
retical expectation.  

4  Conclusions 

(i) The flow characteristics of deionized water in 
microtubes with diameters of 16 μm or larger are in 
agreement with the conventional theory. 

(ii) As the diameters are decreased to 5 and 2 μm, the 
nonlinear flow characteristics prevail and the results 
indicate significant departure of flow characteristics 
from the predictions of conventional theory. The friction 
factor ratio C* for the flow in microtubes with diameters 
of 5 and 2 μm is greater than 1, and the maximum val-
ues are 1.93 and 4.21, respectively. 

(iii) The values of C* for the flow in the microtube 
with diameter of 2 μm are larger than that of 5 μm at the 
same Reynolds number. As Reynolds number increases, 
the degree of nonlinear flow characteristics and the fric-
tion factor ratio C* decrease. Moreover, the experimen-
tal values are approximately equal to the theoretical ex-
pectation. 
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