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Abstract

A novel, simple sensor principle for determination of the ratio of fluids in a mixture is investigated. It
makes use of the different thermal properties of the components in the mixture like thermal
conductivity and heat capacity. Through their determination the ratio of components of binary mixtures
can be measured if the components are known. When applying a heat pulse the temperature rise after
a given time is used to determine the mixture ratio. Using microfabricated structures the sensor is
capable of measuring the mixture ratio with an accuracy of approximately 2% in single shot
experiments in less than a second. In Direct Methanol Fuel Cells the sensor can be used in a closed
loop control of the methanol amount in deionized water to ensure the optimum working point.
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Introduction

The analysis of fluid mixtures with regard to
their composition over a wide concentration
range is still a major challenge. Such sensors
are required, for example, for Direct Methanol
Fuel Cells (DMFC). Here, methanol from the
storage tank is dosed into a water flow and
consumed in the DMFC. To achieve the
optimum efficiency of the cell the methanol
amount has to be kept constant at a molar
concentration of approx. 0.3M to 1M,
depending on the type of the DMFC [1-5],
corresponding to a volume concentration of
approx. 1.2 vol% to 4.1 vol%. Since the metha-
nol is only partially consumed in the DMFC, the
remaining mixture can be used again to feed
the cell if the optimum methanol concentration
is restored. For this purpose a sensor is
required that allows a closed loop control
keeping the methanol concentration at the
optimum working point to achieve highest
efficiency and long lifetime [5, 6], see Fig. 1. A
measurement resolution of 0.1% of the
methanol concentration would be ideal;
however, as there are currently no sensors
available for this application, even a resolution
of 1% would be a major improvement. In
addition to accurate and stable measurement,
low cost and low power consumption of the
sensor are required to address applications
such as DMFC power supplies for laptops and
similar equipment. Other possible applications
include urea-water-mixtures used in Selective
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Catalytic Reduction (SCR) systems for NOy
reduction of exhaust gases, water content in oil
for condition monitoring of e.g. hydraulic
systems and also the detection of food
contaminations.

The sensor principle under investigation is
sensitive to the thermal properties of binary
mixtures such as thermal conductivity and heat
capacity and allows determination of their ratio
based on the knowledge of the components in
the mixture. Because of the simple construction
of the microstructured sensor, and the uncom-
plicated signal analysis, the sensor principle is
well-suited for low-cost applications. At the
same time, it offers better long-term stability
than chemical sensors by making use of
physical properties of the measured liquid.

Fig. 1. Schematic of a DMFC-system with closed
loop control of the methanol concentration.

546



Measurement principle

For methanol in water, Fig.2 shows the
resulting thermal properties of the mixture at
20°C, depending on the volume concentration
of methanol. The thermal conductivity A
decreases almost linearly from 0.59 W/(m-K) for
pure water to 0.21 W/(m-K) for methanol [7]. On
the other hand, the specific heat capacity ¢, of
the mixture shows a nonlinear behavior with a
non-unique relation in the range up to 20 vol%,
resulting in a maximum at approx. 12 vol% [8].
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Fig. 2. Thermal conductivity and specific heat
capacity of methanol/water-mixtures at 20°C [7,8].

By measuring one or both of these properties
the mixture ratio of methanol in water can be
determined. The measurement principle under
investigation is based on the spatial and
temporal spreading of an applied heat pulse,
which is affected by both thermal properties of
the mixture covering the sensor. The tempera-
ture increase of the heater itself but also of up
to four temperature sensors arranged around
the central heater as shown in Fig. 3 is
measured. Varying distances between the tem-
perature sensors and the heater and different
heater diameters are tested as well as
symmetric and asymmetric layouts to improve
measurement accuracy and resolution. The
active area of the sensor is currently approx.

Fig. 3. Top view of the microstructured sensor
layout with enlarged view of the central heater
(approx. area 0.2-0.8 mm? and the four surrounding
temperature sensors.
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24 mm?, but can be reduced further in the
future.

The resistance of the heater is measured with a
four-terminal setup for accurate temperature
determination. By evaluating the measured
temperature increase the ratio of the compo-
nents in the binary mixture can be determined.
For a more robust evaluation of the sensor
signal fitting of exponential curves to the
temperature increase is also investigated. By
determining the pre-exponential factor as well
as the time constant which reflect both the
thermal conductivity and the heat capacity it
would be possible to also address the
measurement of ternary mixtures. To take
different contributions into account, the fit-
functions contain two exponential terms as
shown in eq. (1).

T(t)=c—a-exp(—rij—b~exp£—rij (1)
1 2

Here, 7(¢) is the mean temperature of the
central heater after the heating time ¢, 7; and 1,
are the time constants of the temperature
increase with 7;<1 a and b are the pre-
exponential factors and the constant ¢ is the
steady state value of the heater temperature
that would be reached with a given constant
heating power after infinite time.

Measurement setup

The sensor chip is integrated in a fluid chamber
(Fig. 4) in which the heater and temperature
sensors are contacted using contact pins. The
inside chamber width can be changed using a
screw and is set to 1 mm. In higher chambers
natural convection was observed in simulations
of the measurement principle using Comsol
Multiphysics (Comsol AB). Kapton HN (DuPont)

Fig. 4. Cross section of the measurement chamber
with sensor chip (3) and arrows indicating the flow
direction. The inside chamber width can be changed
using the screw (1); the chip is contacted with
contact pins (2).

547



a polyimide foil with a thickness of 125 um, is
used as substrate for the sensor because of its
very low thermal conductivity of 0.12 W/m-K [9],
ensuring that the heat is dissipated from the
heater mainly into the fluid under test. The
coefficient of thermal expansion in the
temperature range of 30°C to 100°C is approx.
17 ppm/K and can induce stress if the material
of the microstructured heater and sensors is not
adapted. Aluminum thin films lithographically
structured are used because of the high
temperature coefficient of resistance (see
Tab. 1). To increase the adhesion on the foil a
20 nm Titanium layer will be tested as adhesion
promoter, whereat the possible stress in the
layer due to the different thermal expansion
coefficients has to be considered. Alternatively,
the use of nickel with a higher temperature
coefficient would lead to a better resolution and
sensitivity of the sensor.

Tab. 1: Comparison of possible materials for heater
and temperature sensors [10]

Temp. Coefficient
coeff. of Electrical | of thermal
resistance | resistivity at| expansion
at 20°C/ 20°C at 25°C
Metal 1/K / Ohm-m / ppm/K
Al 45103 2.4-10® 23.1
cr | 2.310° 11.8-10® 4.9
Ni 5.6-10° 6.9-10°® 13.4
Pt | 4.1-10° 10.5-10°® 8.8
Ti 2.8:10°™M 1 39.0-10%®@ 8.6

) measured value [11]; ® at 0°C

Measurement results

Fig. 5 shows the raw data of a series of
measurements for varying amounts of methanol
in deionized water in the range of 0vol% to
20 vol%. With increasing methanol concen-
tration the power dissipated in the heater leads
to a larger temperature increase as the thermal
conductivity A of the mixture decreases. Three
measurements for each concentration are
shown indicating satisfactory repeatability.
Determination of the mixture is possible based
on the temperature increase of the heater after
a given time, i.e. 0.5 s, with an accuracy of
approximately 2% in single shot experiments
and higher for repeated temperature pulses.
The applied heating power is approx. 60 mW
for a heater with a diameter of 1 mm. By using
a smaller heater the heating power can be
reduced without a loss of sensitivity. Fig. 6
shows the corresponding temperature increase
after a certain measurement time.
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Fig. 5. Series of measurements of varying
concentrations of methanol in deionized water.

The increase of the heater temperature shows
a nearly linear dependence on the methanol
concentration in the range typically used for
Direct Methanol Fuel Cells. The used heating
power results in temperature differences of
0.12, 0.14 and 0.15 K/vol% after 0.5, 1 and 2
seconds, respectively. Therefore, to reduce the
heating power the duration of the heat pulse
can be shortened without a significant loss of
accuracy.
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Fig. 6. Temperature increase after a certain
measurement time for measurements of different
methanol concentrations in deionized water.

Increasing heating power also almost linearly
increases the temperature difference and the
resolution of the measurements, but the boiling
point of methanol/water-solutions is reduced
with increasing methanol amount reaching a
value of only 88.3°C for a concentration of
20 vol% [12]. It also has to be considered that
the measured heater temperature is the
averaged value while in the middle of the heater
the temperature is higher. This difference can
reach values of up to 20°C according to finite
element simulations. To prevent the mixture
from boiling, the heating power is reduced
limiting the maximum average temperature to
50°C.
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In addition to the measurements shown in
Fig. 5, the sensor was tested over a larger
concentration range up to 80 vol% methanol in
water. The results of three measurements at
each concentration were fitted with eq. (1) using
MATLAB (The MathWorks, Inc.), the resulting
parameters are shown in Figs. 7 and 8.
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Fig. 7. Time constant t, of the fitted temperature
increase of the heater for three heat pulses showing
typical variations in the measurement.

100

80

60}

407

201

Value or time constant T !/ ms

% 10 20 30 40 50 60 70 80
Methanol concentration / vol%

Fig. 8. Time constant t,, pre-exponential factors a
and b and constant ¢ of the fitted temperature
increase of the heater.

Both time constants show a similar trend
reflecting the change of the mixture properties.
Especially 7, shows a dependence very similar
to the heat capacity of the mixture (cf. Fig. 2).

If the system could be modeled with only a
single time constant 7 (i.e. as a thermal RC
circuit) this would be determined by the thermal
properties according to eq. (2).

c
T=a- = 2
) ()

Here, a contains the geometrical dimensions of
the spreading heat pulse above the heater. As
a first approximation the geometry can be
assumed as independent of the methanol
concentration. Since the thermal conductivity of
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the methanol/water-mixture decreases by
approx. 65% from pure water to pure methanol
while the specific heat capacity only changes by
approx. 40% and the excess heat capacity —
the difference between the actual heat capacity
of the mixture and the idealized linear
interpolation between the pure components [13]
— is rather small with less than 8.3% [8] it was
expected that the resulting time constant would
show a linear dependence on the methanol
concentration. However, the fit results show
that the influenced region above the heater
changes considerably with the methanol con-
centration resulting in a significant change of a.
Thus, a more complex mathematical model is
necessary to describe the sensor principle.

The pre-exponential factors a and b show that
the influence of the smaller time constant t;
decreases while that of the larger time constant
T, increases with increasing methanol concen-
tration. The constant ¢ which reflects the
theoretical steady state temperature of the
heater shows a nearly linear dependence over
a wide methanol concentration range with a low
noise compared to the other parameters and
can thus be used to determine the mixture ratio
if the ambient temperature is not changed. The
measured sensitivity using the constant c¢ is
approx. 0.15 K/vol% with a precision of better
than £0.2 K determined from the variation of the
recorded temperature deviations from the linear
correlation for all measurements. This results in
an achievable accuracy of about +1.3 vol%.
This is slightly better than determining the con-
centration from the heater temperature increase
after up to 2 seconds as shown in Fig. 6.

Conclusion

Microthermal sensors made of microstructured
aluminum on a polyimide film with a very low
thermal conductivity have been realized.
Measurements have shown that mixtures of
methanol and deionized water can be
determined with an accuracy of about 2% within
less than a second. In the range typically used
for Direct Methanol Fuel Cells the increase of
the heater temperature is almost linearly
dependent on the mixture ratio.

Curve fitting seems to be an appropriate
method for improving the determination of the
methanol concentration, but also in achieving a
better understanding of the sensor function
principle. Here, the time constants seem to be
depending strongly on the specific heat
capacity of the methanol/water-mixture.
However, the calculated time constants show a
higher variation or noise requiring more heat
pulses to determine the mixture ratio with

sufficient accuracy. Only the fitted constant ¢
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(eq. 1) has low noise and can be used to
determine the mixture ratio. The accuracy
achieved with this measurement principle is
approx. 2.5%, both for the fitted constant as
when evaluating the temperature increase after
2 seconds. However, the influence of the
ambient temperature on both measurement
principles has to be evaluated and the
computer performance required for fitting the
measurement data must not be neglected,
especially for low cost systems.

The developed sensor is also capable of
detecting if the methanol/water-mixture is
frozen (at below -6°C for 10 wt% of methanol
[14]) or if there is air in the sensor chamber
which would both lead to malfunction in Direct
Methanol Fuel Cells. That is due to the fact that
the thermal conductivity of ice is much higher
than that of the mixture which in turn is much
higher than that of air, see Tab. 2.

Tab. 2: Comparison of thermal conductivity of ice,
methanol/water-mixtures and air [7]

Thermal conductivity at
Substance 20°C /W/m-K
Ice 21
Water 0.59
5 vol% methanol 0.57
10 vol% methanol 0.55
Methanol 0.21
Air 0.026 @

M at 0°C [10]; @ at 27°C [10]

On the other hand, a major drawback of
aluminum is its chemical instability. Long-term
measurements have shown a continuous
increase in the heater resistance because of
corrosion. Therefore, a thin polyimide layer
deposited via spin coating is currently being
tested as a passivation layer on top of the
sensor to encapsulate the aluminum structures.
For this purpose Durimide 32A, a pre-imidized
polyamide-imide (Fujifilm), was used to realize
a coating thickness of approx. 2 ym [15].

Outlook

Using an asymmetric sensor layout as shown in
Fig. 2 allows making use of the varying
distances of the temperature sensors from the
heater to achieve multiple information and thus
a more robust sensor principle. On the realized
sensor chips the distances between the
temperature sensors and the heater are varied
between 0.25 mm and 2 mm with symmetric
and asymmetric layouts. It will be tested
weather a time-of-flight measurement of the
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spreading heat pulse can also be used to
determine the mixture ratio.

Furthermore, measurements are currently done
in stopped-flow mode. In the future, we will
investigate the potential to simultaneously
measure the flow rate with the sensor. For this
purpose, the use of the temperature sensors
arranged around the heater as a hot- or pulsed-
wire anemometer will be tested. This
information could be used to compensate the
concentration measurements in flow and also to
further improve the control scheme of the
DMFC system.
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