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Abstract.

This paper describes an optical fibre sensor for the Detection of NOx (NO2 and NO) in the exhaust system of a
road vehicle. The measurement is based on an a free path interaction zone which is interrogated using UV light
guiding optical fibres and collimated lenses. Results are presented of the absorption spectra of the gases in the
UV region and these demonstrate that using this method it is feasible to identify the individual NO and NO2
species as well as other gases in the exhaust system. Measurement of concentrations to the level of 10s parts per
million (ppm) have been demonstrated.
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1. Introduction and other gas sensing techniques. The increasing

stringency of EC based legislation has meant that
The requirement for detecting hazardous gases in a the latest standards (Euro IV) require that lower
wide range of everyday applications is becoming detection limits of typically tens of parts per million
increasingly important. Environmental concerns (ppm) are necessary for certain gases. The increase
mean harmful emissions from industrial sources, in the stringency of the legislation is best illustrated
vehicles, etc need to be accurately monitored. This in the graphical representation of Fig. 1

has led to much work being performed in optical
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Figure.1: Successive European Emission Standards on Gas Emissions from 1991 to date
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Optical fibre sensors are well suited to emissions
monitoring because of their robust construction and
low susceptibility to noise or interference. There are
many exhaust gases of interest for monitoring in the
automotive industry. The principal ones are Carbon
Monoxide (CO), Nitrogen Dioxide (NO,), Nitrogen
Monoxide (NO), Sulfur Dioxide (SO,),
hydrocarbons as well as particulates. These gases
are also emitted from a wide range of sources and a
multitude of optical and non optical sensors have
been developed to detect them [1-3]. This paper
concentrates on the measurement of NO, and NO
both of which have absorption lines in the
Ultraviolet Range.

Within the domain of optical sensing a number of
different approaches have been adopted in the
including luminescence [1,3] and fluorescence [2-3]
based sensors. These sensors can have long delay
times, involve coatings whose maximum
temperature is typically only 200 °C and are not
therefore well suited to applications involving hot
gases whose levels are rapidly fluctuating such as is
the case in modern exhaust systems (temperatures
can reach up to 700 °C in the upstream sections).
Intrinsic fibre sensors using the evanescent field
have also been investigated [4-5] but these sensors
are also limited as only a small portion of the light
(the evanescent field) comes into contact with the
gas and this limits the interaction length of the gas
with the sensor and thus limits its sensitivity.

Some of the most results to date have come from
extrinsic or “open-path” sensors [6-8]. In these

sensors an optical signal is transmitted through a
gas sample which is located between the ends of
two optical fibres. This offers the advantage of all
light coming into contact with the gas sample along
the full optical path between the fibres, which
results in a greater amount of optical absorption
resulting in an increase in sensitivity compared to
the evanescent field sensor. A disadvantage of this
type of sensor can be that in order to achieve
optimum sensitivity the required path length can be
long e.g. in the case of mid infra red sensors this
can be metres or tens of metres to achieve 10s of
ppm resolution. In the case of ultra violet based
sensors the greater optical absorption of the lines
for a given gas in this range (up to two orders of
magnitude) means that interaction lengths can be
reduced to the cm or 10s of cm range. A long path
length is often difficult to achieve given that many
applications require small non-intrusive sensors and
results in significant optical signal power loss.

The work of this investigation has concentrated on
the UV absorption lines of NO, and NO which are
not so far into the deep in the UV range such that
commercial optical fibres, sources and detectors
can be used (this means wavelengths between 210
nm and 400 nm). The absorption spectra for NO2
and NO are shown in Fig. 2.
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Figure 2: The absorption spectra of NO2 And NO (Source: Hitran Data base [9]
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2. Theory

The absorption of light in a homogeneous gas
medium is determined from the Beer-Lambert law:

I(AL) _ et
)i (1)

o

Where I(A,L) is the transmitted intensity, 7, is the
incident intensity, L is the optical path length, n is
the concentration and ¢(4) is the absorption co-
efficient. From this simple representation it is
possible to determine the transmitted intensity as a
fraction or percentage at a given wavelength if the
absorption characteristics of the gas are known (e.g.
absorption cross section).  These are readily
available from the Hitran database for most
molecular gases [9]. Using this the theoretical
absorption of the gases was plotted against
concentration over the range 10 to typically a few
100 ppm. The calculated NO, absorption is shown
over the range 0 to 140 ppm in Fig 3.

Fig 3 shows that over the limited range in question
the absorption is highly linear.  Although in
practice there are other complicating factors such as
scattering and temperature dependence, the
calculations show that tit is possible to measure
absorption of NO, down to concentration levels
below 20 ppm at this wavelength (380nm) and path

Percent Absorption

length (60 cm). A similar analysis has shown a
similar trend for NO. The absorption crossections
indicated in Fig 2 show that the optical absorption
magnitude of NO should be similar to that of NO2
but if the system has a reasonable spectral
resolution (better than 10s of nm) it is possible to
distinguish these two gas species. Most modern
low cost spectrometers have resolutions better than
Inm.

3. Experimental Measurement
System

The experimental set-up is shown in Figure 4. Light
was input to the transmitting fibre (Optran UVNS,
Ultra Violet Non Solarising) a Deuterium -—
Halogen Lamp (DH-2000 from Ocean Optics) and
detected at the end of the same type of optical fibre
by an Ocean Optics S200 spectrometer. UV
transmitting quartz lenses were located at the fibre
ends in order to collimated and collect the light
transmitted through the gas

Gas was input into the cell via its inlet ports.
Conventional piping was used to transport the gas
to and from the gas test cell. The concentration of
gas present was simultaneously monitored using a
quintox gas analyser from Kane-May (KM9106).
The light source has a range extending to 190 nm.
The spectrometer has a range 200 to 1700 nm and
its spectral resolution is 1 nm The Gas test cell is
shown photographically in Fig 5

Theory Vs Measured Results
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Figure 3: Theoretical plot of Absorption of NO, with concentration for a 60 cm path length
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Experimental Set-up
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Figure 4: Experimental Test Set Up for UV Measurement

Figure 5: Experimental Gas Test Cell

4. Results and Analysis

Results were recorded for individual NO and NO,
in air mixtures. The levels tested initially were up
to 5000ppm of NO. Under these conditions some
of the NO oxidizes and is converted to NO,. The
results for this mixture is shown in Fig 6.

The spectrum of figure 6 clearly shows a clearly
defined peak at a wavelength of just over 225 nm as
well as a broader peak centered on about 390 nm.
The former corresponds to NO and the latter to
NO,. Both these peaks correspond to the
theoretical absorption spectra of Fig 2.  The
spectrum of Fig 5 shows that the optical signals for
NO and NO, are clearly separable by their spectral
displacement.

The Results of Fig 6 are for relatively large
amounts of NO, (5000 ppm) which are much higher
than those experienced in the exhaust systems of
modern road vehicles and well above the limits of
detection required for the Euro IV standards
(typically 10s of ppm). In order to demonstrate that
this system is capable of detection at such low
levels a specialist test facility located at .Wismar,
Germany which allow accurate mixing of gases to
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such low concentration levels. The results of these
tests are shown in Fig 7 which comprises the
absorption measured at a wavelength of 390nm as
the NO, concentration was varied between 15 and
160 ppm.

The results of Fig. 7 clearly show that as the
concentration is reduced the absorption also
reduces. It was possible to measure absorption to
as low as 15 ppm NO, using this system.

5. Conclusion

The experimental results of this investigation have
shown that using a UV based optical fibre sensor it
is possible to detect both NO and NO,
independently and to a minimum level of 10s ppm
in gaseous mixture flows. This means that the
sensor can form the basis of a vehicle exhaust
monitoring system for these gases. Initial recent
measurements including SO, in the flow have
shown this causes little or no discernible effect on
the absorption spectra of NO,. This may prove
significant as existing electrochemical based NOy
sensors suffer from not being able to separate NO
and NO, concentrations and can give unreliable



1st International Conference on Sensing Technology

November 21-23, 2005 Palmerston North, New Zealand

output in the presence of SO, in the exhaust
systems.
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Figure 6: Measured spectra of calibration Gas NO 5000ppm
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Figure 7: Measured absorption at a wavelength of 390 nm due to varying NO, concentration
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