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a  b  s  t  r  a  c  t

This  study  demonstrated  the  application  of a  tungsten  oxide  electrode  to the  measurement  of  ultralow
liquid  flow  velocity  based  on  streaming  potential,  using  a pH  glass  electrode  and  temperature  sensor  to
compensate  for changes  in  open  circuit  potential  induced  by pH and  temperature,  respectively.  A change
in  flow  velocity  on the  surface  of  the  tungsten  oxide  electrode  caused  the  expected  shift  in  its open  circuit
potential.  Experimental  results  showed  that  the open  circuit  potential  was linear  relative  to  the  logarith-
mic  flow  velocity,  and  the  flow sensor  exhibited  excellent  reproducibility  and  a large  dynamic  range,
with  the  ratio between  measurable  maximum  and  minimum  flow  velocity  surpassing  60:1.  Moreover,  a
higher  sensitivity  was  observed  in the  alkaline  solution  relative  to  the  acidic  solution,  indicating  that  the
alkaline  solution  is  more  suitable  for this  type  of measurement.  In conclusion,  the tungsten  oxide  flow
sensor  provides  a cheap,  simple,  adaptable,  and energy-saving  solution  for the  measurement  of  ultralow
liquid flow  velocity.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Flow measurement is an important issue in industrial and agri-
cultural production, national defense, trade, and various aspects of
people’s livelihood. Currently, electromagnetic [1], ultrasonic [2],
differential pressure [3], vortex [4,5], turbine [6], and thermal [7]
flowmeters are the main sensing instruments adopted for the flow
measurement.

The flow velocities of liquids used in the semiconductor industry
and chemical analyses are usually very small. However, conven-
tional flowmeters listed above usually cannot measure low flow
velocity because of inadequate sensitivity, and they also do not have
sufficient long-term stability. Therefore, there is a strong demand
for a new sensor that can measure low flow velocities of liquids.

Many sensors have been developed in order to measure very low
flow velocity because of demand in the semiconductor, medical,
and chemical industries. Takamoto et al. improved the ultrasonic
flowmeter so that it could reliably measure a flow rate of less than
1 mL/min with a standard deviation of approximately 0.01 mL/min
in a glass tube with diameter of 0.5 mm  [8]. Some thermal flow
velocimeters, which comprise heater elements and temperature
sensors, have demonstrated a capability for measuring low liq-
uid flow velocities. For instance, Dinh et al. used a hotwire to
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measure a low flow rate of 0.05 mL/min; in this flow channel, the
flow velocity was lower than 3 mm/s  [9]. A flow velocity measure-
ment method using the photothermal effect has been developed to
realize a small, noninvasive microflow velocimeter, with a dynamic
range of 25–300 �L/min in a microchannel; the minimum flow
velocity that could be measured was ∼3 cm/s [10]. There are other
types of microflow measurement methods, including microparticle
imaging velocimetry, in which flow velocities are obtained from the
motion of tracers dispersed in the fluid; a bulk velocity of approx-
imately 50 �m/s  could be measured [11]. However, the tracer
particles must be introduced into the solution for the flow measure-
ment and they can be a disturbance to chemical reactions. Another
technology uses an integrated micro-opto-fluidic flow-sensor, in
which a fiber cantilever transduces flow rate into optical trans-
mission that could measure a minimum flow rate of ∼7 �L/min
[12]. An ultrathin curved-up microcantilever flow sensor has been
developed and calibrated for measurement of small flow velocities
based on the changes in electrical parameters induced by pressure;
experimental results showed that the microcantilever could mea-
sure flow velocities in the range of 0–23 cm/s [13]. Laser systems
using fiber Bragg gratings and doped fibers have been developed
for use as sensors capable of measuring flow rates in a linear range
from 0 to 200 mL/s, with a resolution of approximately 8 mL/s in a
pipe with diameter of 15 mm [14].

Although these methods meet the requirement of measuring
low flow velocities, ultralow flow velocities could not be mea-
sured reliably, and most of these methods require complex systems
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and data processing. Meanwhile, efficient, stable measurement of
ultralow flow velocity in open channels remains a challenge.

Park and Choa [15] have reported measurement of liquid flow
rate by self-generated electrokinetic potential on the microchannel
surface of a solid. In this paper, we propose the use of a tungsten
oxide electrode as an indicator electrode and an Ag/AgCl electrode
as a reference electrode to sensor ultralow liquid flow velocities
based on streaming potential. As the core of flow sensor, the tung-
sten oxide electrode has a bilayer structure consisting of a compact
inner layer of WO3 and a loosely bound outer hydrated layer of
WO3·xH2O. Lillard et al. has reported a corresponding decrease in
the thickness of the surface layer under hydrodynamic effect [16].
In addition, our previous work demonstrated a dramatic change in
the open circuit potential of the tungsten oxide electrode under the
hydrodynamic effect. The new open circuit potential of the tung-
sten oxide electrode could remain stable under the fixed rotation
speed of a magnetic rotor, gradually recovering when the mag-
netic stirrer was turned off. Repeated cycles revealed that tungsten
oxide could maintain its stability under hydrodynamic conditions
where oxide dissolution had altered the potential signals [17]. Thus,
the tungsten oxide electrode could be used to measure liquid flow
velocity. The responses of open circuit potentials to flow veloci-
ties were studied in solutions of different pH. Therefore, to obtain
accurate flow velocity, a pH glass electrode and a temperature sen-
sor were used to compensate for changes in open circuit potential
induced by pH and temperature.

2. Materials and methods

2.1. Chemicals and reagents

In this study, 0.05 M potassium acid phthalate (pH 4), 0.025 M
mixed phosphate (pH 6.86), 0.01 M borax (pH 9.18) and dilute
hydrochloric acid were used as measuring solutions. All solutions
were prepared by using deionized water (electric resistance of 18.2
MX)  supplied by a MilliQ water purification system (Millipore, Bil-
lerica, MA).

2.2. Electrode preparation

A Teflon-coated tungsten electrode with a diameter of 2 mm
(purity >99.99%) was purchased from Tianjin Aidahengsheng Tech-
nology Corporation (China). Then, the tungsten electrode was
abraded with grinding paper, finely polished with 0.5-�m alu-
minum oxide particles, and finally rinsed with distilled water. For
producing the tungsten oxide electrode, we electrochemically oxi-
dized the tungsten electrode in a 0.1 M H2SO4 solution by cycling
the potential between 1 and 2 V vs. a saturated calomel electrode
for 20 cycles at a scan rate of 20 mv/s. Subsequently, the electrode
was immersed in the same solution for 12 h, washed with distilled
water, and dipped in a buffer solution of pH 6.86 [17,18].

2.3. Experimental setup and signal acquisition

The sensor section of the system consisted of a tungsten oxide
electrode, a pH glass electrode, an Ag/AgCl electrode, and a tem-
perature sensor (PT1000). As seen in Fig. 1, the temperature sensor,
pH glass electrode, and Ag/AgCl electrode were placed in the stor-
age tank. The tungsten oxide electrode was immersed and fixed in
a flow cell with an inner diameter of 10 mm.  The solution in the
storage tank was pumped to the flow cell by a peristaltic pump
(BT50S, Baoding LeadFluid Technology, China), and then flowed
back to the storage tank. The adjustable range of average flow
velocity in the flow cell was 0.08 to 40 mm/s  with a resolution of
0.08 mm/s. The PT1000 senor was the temperature sensor used to
continuously monitor the temperature of solution. The tungsten

Fig. 1. Experimental setup.

oxide electrode and pH glass electrode were used as an indicator
electrode separately, and the Ag/AgCl electrode was used as a ref-
erence electrode, the open circuit potentials between the indicator
and reference electrodes were measured. The potentiometric mea-
surements were performed on an electrochemical station (CHI760,
CH Instruments, USA). All the data presented below have been
compensated according to the temperature characteristics of the
tungsten oxide electrode.

3. Results and discussion

3.1. Mechanism and characteristics of flow sensor based on the
tungsten oxide electrode

The tungsten oxide electrode has a bilayer structure consist-
ing of a compact inner layer of WO3 and a loosely bound outer
hydrated layer of WO3·xH2O. Lillard et al. [16] has reported a cor-
responding decrease in the thickness of the surface layer under
the hydrodynamic effect, our previous work also demonstrated a
dramatic and positive change in the open circuit potential of the
tungsten oxide electrode under the hydrodynamic effect [17].

In order to investigate the mechanism of flow sensor, the change
of potentials were measured for the flow velocity of 1.6 mm/s in
solutions of different pH which contain the point of zero charge
(pzc). The experimental result is seen in Fig. 2. When the tungsten
oxide electrode was immersed in the solution of pH above the point

Fig. 2. The change of potentials for the flow velocity of 1.6 mm/s in solutions of
different pHs.
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