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the Flow Parameters of the
Solution in Micro/Nano Fluidics Channel

QU Xiao-peng, LIU Jing
(Cryogenics Laboratory, Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing 100080, China)

Abstract: The electrical resistance detection using a hollow cylindrical electrode couple serving
as part of the flow channel was proposed to characterize the flow rate, the concention or the
temperature of the electrolytic solution flowing in a micro or even nano channel. A theoretical
equations were established to correlate the electrical resistance with these flow parameters and the
mechanisms involved were interpreted. Further, several typical conceptual experiments were per-
formed to test the effects of the temperature, the flow rate and the concentration of the solution
to the electrical resistance of a column of the flowing electrolyte in mini/micro channel, and
strongly supporting results were obtained. How to simultaneously identify multiple parameters in-
corporating this method with other measurements were discussed.
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Chip system technology ''?', the micro fluidics

1 Introduction
based techniques progress rather rapidly recently

With the development of p-TAS and Lab-on-a- and many novel devices have been developed,
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such as the PCR and drug delivery device, etc. In
these micro fluidic systems, a precise and timely
measurement of physical and chemical parameters
of the flowing electrolyte in the microchannel are
very important. For example, in a PCR chip, the
temperature development generally determine whether
a PCR process is successful or not. In other situ-
ations, such as in a micromixture chip system,
the flow rate is another important parameter, which
affects the mixing result significantly. To maintain
these chips work appropriately, quite a few new
techniques have been developed to measure these

[3]

different parameters, such as temperature >, flow

[4] 6]

rate ', mass flow and fluid density ', thermal

properties (thermal diffusivity and conductivity) 7%,
chemical concentration %, etc.

Generally, the temperature, the flow rate and
the concentration are among the most basic para-
meters in the electrolyte critically requested to be
measured, from which other parameters can pos-
sibly be deduced. While for the temperature mea-
surement, the currently available methods were
mainly based on a micro thermoresister or thermo-
couple to monitor the changing of the temperature.
Due to the highly confined geometry, these me-
thods have to adopt complicated MEMS technique
to fabricate the sophisticated micro thermal sensor,
which, however, seriously increase the cost. Be-
sides, in a micro fluidics related measurement, the
micro thermal sensor must be mounted in the mi-
crochannel to accurately measure the temperature
there, which not only improves the difficulty of the
assembly process but also strongly affects the flow
state of the electrolyte. Such drawbacks can in fact be
glimpsed from the physical picture (see Fig.1) P/ .
Therefore, it can be concluded that in some flui-
dic situations, the micro temperature sensor is not
appropriate as an ideal measurement method.

Sparks et al, have proposed a single MEMS chip

to measure several parameters of electrolyte _
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Temperature sensor

Fig.1 The temperature sensor in the microchannel
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However, in most cases, multiple sensors generally
have to be applied to simultaneously detect these
parameters. Such strategy is rather difficult to be
assembled in a microfluidic system especially nano
channel due to its extremely limited space. There-
fore, sensors which is capable of measuring anyone
of these three parameters and can easily be inte-
grated with the chip without inducing side effect to
the solution are very important in developing a
Lab-on-a-Chip and p-TAS.

Such method introduces only a couple of elec-
trodes along the channel to measure the electrical
resistance of the electrolyte between them. If the
electrode was particularly made as a hollow cylin-
drical tube, which also serves as part of the flow
channel, then it will cause no effect to the flow.
Besides, such simple configuration makes it easy
to fabricate and assemble the sensors. Therefor, it
would found significant applications in a micro or

even nano fluidics system.

2 Theoretical model

The equivalent conductance A for the elec-

trolyte can be defined as

-0
=N (1)

where, o is the specific electrical conductivity of
the electrolytic solution; v the valency of ion in
the solution; N is Avogadro’s constant. The value
of A depends only upon the ionic velocities and

the degree of ionization " .
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If an electrical potential difference was applied
on a column of electrolytic solution, according to
the basic laws of electricity, the ions within the
electrolyte will be subjected to an accelerating
force. In addition, the medium through which the
ions move will exert upon them a viscous drag, or
retarding force, whose value depends upon the size
of the ion, the velocity and the coefficient of vis-
cosity of the solvent (the temperature is one of the
most important factors that affect the viscosity of
the solvents) . Thus, the ion will accelerate until
the two opposing forces become equilibrium. After
that, it continues to travel with a steady velocity
and conductance of the electrolyte remains at a
new level constantly "?' .

Experimental observations have shown that
electrolytic conductance depends on the thermody-
namic variables such as concentrations, tempera-
ture, pressure, dielectric constant and viscosity of
electrolyte, field

solvent, valence type of the

strength and frequency used in measurement,

ete !

Bl If some of these parameters were kept un-
changeable, it is possible to determine the chang-
ing of one or more parameters by measuring the e-
quivalent conductance.

The modern theory for strong electrolyte con-
ductance was first developed by Debye and Hiick-
el '™ and then developed fully by Onsager, Fu-
oss, el al " . However, the above theories were
established mainly for analyzing the steady state
electrolyte but not the flowing one. Therefore, they
can not be directly used in the presently studied
flowing electrolyte.

When an electrolytic solution is under equili-
brium state, the central kation ion is surrounded
with anionic atmosphere; at the same time the
central anion is surrounded by cationic atmosphere.
If an electrical potential difference is applied on
the solution, the anion and kation would move to

the electrodes in opposite direction: the kation
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moves to the cathode, while the anion to the anode.

Supposed that the velocity of the kation with
charge of e, is »° under the electrostatic field (F)
while the velocity of the same kation under the
unit electrostate field is u,°. The force to drive the

kation to move can be written as

F=Ee e (2)
Further, one has
u =2 (3)
Ee,e
ie. v’=FEe,eu,’ (4)

When the electrostatic field is applied on the
electrolyte, the kation and anion move to cathode
and anode separately, so the dissymmetry comes
into being and the effect of relaxation is created.
The variation of the electrostatic field that creates
the relaxation effect is supposed to be AE, and
the electrical potential at the distance of r away

from the central ion is

_ﬁ —kr
= (5)

where, D is the dielectric constant; & is the
charge of an electron; k£ is a constant in Debye
and Hiickel’s theory.

According to reference [15] one has

Ap=—lewle . q  4p 6
3DKT 1+\/q (6)
0,70
he — ‘6182‘ . 0+l L]0 1.0
wheres ‘61‘4“6’2‘ ‘32‘l10+‘61“20’ v e

the equivalent conductance of the kation and anion
in the infinitely diluted electrolyte separately; K is
the Boltzmann’s constant.

For the electrolyte with flow rate of v, when
the electrostatic field is applied, the ion in the
electrolyte is pushed both by the relaxation force
and the electrophoretic force.

The variation of the ionic velocity under the
effect of relaxation is supposed to be v’ and can

be obtained as

Vl':(E+AE)618u10=Ee|8ulo( 1+M ):Vlo( 1+

AE
E 7)

E
(7)
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The variation of the velocity of the ion under
the electrophoretic force is supposed to be Ay,
which can be obtained as

__eek | k[ AE
=6  l+ka 5] ®)

where,  is the electrode potential; 7 is the
coefficient of viscosity; a is the mean diameter
of ions.

Therefore, under the application of the elec-
trostatic field, the variation of the fluid v, can be

obtained as

o 0_618E. k . M
U K =i rr B
9)
Then one has
v _(-_esE k) (1 AR v
p° ( 6y, 1+ka) (+ E ')+V10 (10)

The velocity of the ion is proportional to the

equivalent conductance of the fluid, i.e. L'Oz%
141 1
Besides, u,” has such relation with [,° as
0
—. 1 (11)

T TRx107
where, F is Faraday’s constant.
From equation (4) and (11), one can get

E 1 107

1"710= ‘el‘gulo_ Ngllo

(12)

From equation (10) and (12), one has

b _ 1_‘61“72)(107. k| (14AE ) FPx107
110‘( 6L, el )+NE81° g

(13)

{A0_<‘61‘+‘82‘>F2X107. k

6NV 1+ka
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which leads to
ll:(llo_‘el‘szl(y. k ).(

M)+Px107.v

6N 1+ka E NEeg
(14)
Similarly, /, can be obtained as
/ 7 \ vi
_(po_leo| PX107 |k [ AE | PxI07
b= | N Teka | e e
(15)

Because the equivalent conductance of the elec-
trolyte has such relation as

A=l+l,

A=L+ (16)
Then, we get the equivalent conductance of the
flowing non-associated diluted electrolytic solution

as

[a_(lel+le ) Px107, k.
A_[AO 6N 1+ka }

_leesle . ¢ | 2F%107

The electrical resistance equation of the electrolyte

can be defined as

21000 1, CoA (18)

c S c

where, [ is the length of the channel and s is the

cross sectional area of the channel.

The 1000
S

was defined as a tube’s constant C, which is de-
termined only by the channel shape and size.
In this way, the electrical resistance equation

of the electrolyte can be defined as

1_leesle g k)+2FQX107.V

R:C()'

From this equation, the electrical resistance
equation can be written in the symbolical form of
R=R(T,c,v), which indicates that the electrical
resistance of a column of flowing electrolyte de-
pends on its temperature, concentration and flow
rate etc. Therefore, it can be concluded that if
any two of these three parameters were known then
the third parameter can be calculated by perfor-

ming a measurement on the electrical resistance.
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3 Experiments

From the above theoretical analysis, it can be
found that the electrical resistance of the elec-
trolyte depends on its flow rate, temperature and
concentration. This relationship can in fact be easi-
ly demonstrated through several conceptual experi-
To obtain a preliminary understanding of

ments.

this physical picture, a set of equipment was de-
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signed to measure the electrical resistance of the
electrolyte changes, as schematically illustrated in

the Fig.2.

ocle Substrate

Fig.2 Experimental set up to detect electrical resistance of
solution in flow channel

2

In this system two microchannels, which were
made of polyethylene were filled with sodium chlo-
ride solution as the electrolyte. In the temperature
experiment the internal diameter of the microchan-
nel is 1.5 mm, while for the concentration and the
temperature experiments the diameter of the mi-
crochannel is 4 mm to demonstrate the effect of
changing the temperatue and the concentration on
the electrical resistance. A valve was introduced in
the microchannel to control the flow rate of the
electrolyte. A segment of the microchannel at the
up side of the valve is substituted by a metallic
pipe which can be selectively heated by an alcohol
burner to serve as the heater segment to vary the
temperature of the electrolyte runing through the
tube. At the downriver of the heater, there is a
couple of metallic hollow tubes to replace the two
segments of the plastic microchannel to serve as a
couple of electrodes. The length for each metallic
tubes serving as electrode is 1 e¢m and the distance
of the couple of electrodes is 1 cm. There is a
thermocouple near the second electrode to measure
the temperature of the electrolyte there. The tem-
perature values measured by the thermocouple are
compared to the parameters measured by the cou-
ple of electrodes. All the signals measured by the

thermocouple and electrodes are accuqusited into

2006 1

the Agilent 34970 A for later analysis.

Clearly, since the metallic tubes with concen-
tric cylindrical structure were adopted to substitute
plastic microchannel as heater and electrodes, the
influence of them on the flowing state of the elec-
trolyte were minimized and their machining process
was significantly simplified.

In the experiment, the DC electricity was im-
posed on the electrolyte during the whole measure-
ment, some side-effect on the experimental result
will be discussed later in this paper.

In testing the temperature effect, the concen-
tration of the sodium chloride solution adopted as
the electrolytic solution was 0.11 mol/L and the
flow rate was kept at constantly 0.014 m/s in the
channel when the valve opens. The temperature
pulse was created when the alcohol burner heated
the heater segment of the pipe. Electrodes and the
thermocouple then measure the electrical resistance
and the temperature respectively.

In the flow rate-electrical resistance relation
experiment, the flow rate of the electrolyte was
adjusted by the valve. In the concentration-electri-
cal resistance relation experiment, the changing of
the concentration was realized by switching the mi-
cro-channel between beakers with different elec-
trolyte concentrations.

All the experiments were done at 23.6 C.

4 Results

4.1 Effects of temperature

During the experiment, the temperature of the
electrolyte was varied by the heater segment and
the transient electrical resistance of the electrolyte
thus induced was measured by the couple of elec-
trodes. By analyzing the data acquired from the
electrodes and the thermocouple, one can approxi-
mately grasp the relationship of the temperature

with the electrical resistance of the electrolyte.

As indicated in Fig.3, when a pulse heating
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with duration time of 10s was imposed on the ex-
ternal wall of the tube (i.e. the heater segment) ,
it will raise the temperature of the solution running
through it. This in turn results in a sudden decline
for the electrical resistance curve of the solution.
Clearly, there exists a strong dependence of the

electrical resistance of the solution on the tempera-

ture.
1000
9501 160
< 900 150
850 &
N lao S
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7501 130
LA VUURIY TR [ P
700

0 100 200 300 400 500

Time/s

Fig.3 The response of the electrical resistance of the solution
to the pulse heating
3

Further, one can still observe from Fig.3 that
the response of the electrical resistance to the
change of the temperature is very quick. Howerer,
after the decline of the electrical resistance, it can
not resume to its original value even the transient
heating has been stopped. The reason can partially
be attributed to that the flow rate of the electrolyte
tend to decrease with the progress of the experi-
ment. This is because the total volume for the
tested solution was initially kept constant and its
flow was driven by gravity via elevated the contai-
ner to a fixed hight above the flow channel.
Therefore, with the running out of the solution,
the flow rate inside the channel will gradually de-
crease, it results in a gradually increased electric
resistance of the solution. The heating effect of the
electrode couple to its accurate measurement may
also possibly contribute to the above phenomenon.
But comprehensively addressing this problem still

needs future research. While in a real Lab-on-a-
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Chip and p-TAS, because the sizes of the channel
and the electrodes are extremely small, the ther-
mal capacity of the electrodes is very low. In this
case, the above lingering effect will become so
small that can be neglected totally.

In the experiment, alcohol burner was adopted
as the heating device to show the evident effect of
the temperature on the solution electrical resis-
tance. Therefore, the changing of the solution tem-
perature appears rapid with a wide fluctuating
range. Sometimes, it may lead to generation of
certain bubbles in the microchannel due to a
strong heating. In fact, this has been reflected by
the peak jump in the electrical resistance curve as
illustrated in the Fig.4. The relationship between
the peak value of the electrical resistance and the
formation of the bubbles could be used as a very
useful indicator to monitor the bubble behavior in
a micro/nano fluidic channel. This may find some

applications in developing certain sensor and actua-

bubble

tor system.
1200 —F ) ; . 40
1150{ "~ ¢ AR

Fig4 The effect of bubbles on the change of the electrical
resistance

4

4.2 Effects of flow rate
When the water flow rate was intentionally

adjusted by the valve, the changing of its electri-

cal resistance was recorded by the electrodes. The

relationship between them could be evidently ob-

served from Fig.5.

resistance of the

The electrical electrolyte
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Fig.5 The response of the electrical resistance to the flow
rate of the electrolyte

5

changed correspondingly with the variation of the
flow rate. When the flow rate increased to a higher
value, such as from A to B, the electrical resis-
tance declined to a lower value quickly in just
several seconds and then maintained at that value.
When the flow rate of the electrolyte decreased,
such as from B to C or from C to D, the electri-
cal resistance increased to a stable value with a
relatively slow speed. This result accords well with
the above analysis on the relation between the flow
rate and the electric resistance of the solution. The
response of the electrical resistance to the changing
of the flow rate is relatively slow because the size
of the channel used is still large. When diameter
the channel becomes very small such as several
microns, the response time can be significantly
shortened.

When the other parameters were fixed, the
flow rate of the solution can be deduced by mea-
suring the electrical resistance of the electrolyte.
4.3 Effects of concentration

In such experiments, when the channel was
switched to an electrolyte with different concentra-
tion, the electrical resistance of the solution run-
ning through the hollow electrode couple also sub-
jected to change quickly. This can be observed in
Fig.6 when the solution concentration was changed

from A to B and the electrical resistance varied

2006 1
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quickly in several seconds. Clearly, this method is
very sensitive even the diameter of the channel is
in several millimeters, let alone in the situation

where the diameter was diminished to microns.

3504
300
2501 |A: 0.03 mol/L
S B: 0.07 mol/L
Szoo- C: Omol/L
150
1004
50- T T T T T T v
0 50 100 150 200 250 300 350

Time/s

Fig.6 The response of the electrical resistance to the chang-
ing of the concentration

6

For a relatively large scale channel, the elec-
trical resistance of the flowing solution usually took
a longer time to reach its new stable value, due
to the process for the solution concentration to be-
come equilibrium (see B to C in Fig.6) .

From the above experiments, it can be seen
that when other parameters were fixed the flow rate
and the temperature were measured by other sen-
sors, the solution concentration can be deduced by

detecting its electrical resistance.

5 Discussion

As indicated by the equation R =R (T,c,v)
(Eq.19), any variation of T, ¢ or v would lead to
a change of R respectively. At the present stage,
the new method can still not be applied to simul-
taneously detect T, ¢ or v unless it is incorporat-
ed with other sensors to measure two of them.
However, this particular feature has made it a
very attractive technique in some important mi-
crofluidic system, where sensors for the tempera-
ture, flow rate and concentration have been mount-
ed simultaneously. In that case, the electrical re-

sistance measurement can be applied as a spare
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sensor. When anyone of these three sensors is bro-
ken, the electrical resistance sensor would serve
for its role without ceasing working of the channel,
because the parameter measured by the disabled
sensor can be deduced from the electrical resis-
tance equation with the assistantance of other two
parameters measured by the remained sensors.

In this experiment, the DC has been applied
for the electrical resistance measurement which may
lead to some side effect. For example, it can be
observed from Fig.3 and Fig.4 that the curve in-
crease gradually during the experiment. There are
two reasons to account for this phenomena. The
first reason is that the gradually reduced flow rate
would increase the electric resistance of the elec-
trolyte in the experiment, just as explained in pre-
vious section. The second one may lie in that the
DC electricity would possibly electrolyze the elec-
trolyte during the test, which in turn changed the
electrical characteristic of the electrolyte.

With the decrease of the diameter of the
channel, traditional sensors may be invalid due to
large size, disturbance to the flow and difficulty in
mounting them in an extremely small geomelry.
However, this is just the situation for the present
method to work perfectly. Therefore, although in
the above experiments, the internal diameter of the
channel is still in a macro scale, the present
method will be especially useful in the measure-
ment of micro/nano fluidics. Should be pointed out
that, to develop a practical equipment, the electric
field applied on the flowing solution should be a
kind of pulsant electric field in order to diminish
the effect of the electric field to the solution and
to accurately measure the electrical resistance.
Further, when the size of the flow channel falls
into the micro or nano scale, the electric double
layer (EDL) inside the flow may plays an impor-
tant role for the electrical resistance of the solu-

tion. For such case, the present theory still needs
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odification which should comprise the electrolyte
model and the EDL model together. This will be

studied in our later research.

6 Conclusion

In this paper, a novel method to characterize
the flow parameters of the electrolyte running in-
side the microchannel by measuring its electrical
resistance was proposed and a theoretical model
was developed to interpret the mechanisms in-
volved. This method can be possibly applied in
micro/nano channel to monitor the temperature,
concentration or flow rate of the flowing electrolyte.
The proposed hollow cylindrical structure for the
sensor would significantly simplify the integration
process of the whole system. With some improve-
ment, the electrical resistance measurement could
be a useful measurement unit in the w-TAS and
Lab-on-a-Chip device in the near future.
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