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ABSTRACT
A fiber optic system linked to the optical sensor installed in the spark plug, in which light can pass
through the combustion chamber, was developed to determine the fuel concentration near the spark-plug
successively using an infrared absorption method. A He-Ne laser with a wavelength of 3.39 µm that
coincides with the absorption line of hydrocarbons was used as a light source. By exchanging an ordinary
spark plug into this spark plug with the optical sensor, successive measurement of fuel concentration
before the spark timing near the spark-plug was performed in a test engine. Figure 1 shows a schematic
diagram of experimental apparatus and optical arrangement. This optical sensor shown in Fig.2 has a pair
of sapphire rod whose tip is cut at an angle of π/4 radian to pass a laser light through the combustion
chamber in an engine. A light from the 3.39µm laser is introduced into a fiber and passes through a
sapphire rod. After being reflected at the corner, the light passes through the measurement region in the
cylinder of the engine and enters another sapphire rod again. The light goes back to another fiber and is
determined with an IR-detector. It was found that the concentration just before the spark timing near the
spark plug showed almost correct value.

Fig.1 Optical arrangement and experimental apparatus
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Fig.2 Optical sensor in spark plug

1. INTRODUCTION
It is well known that the emission line of 3.392 µm He-Ne laser is very close to the line of IR-ν3 band of
methane, which has a relation to C-H stretching bands of aliphatic hydrocarbons. Therefore, this infrared
laser is often applied to determine hydrocarbon concentration. Fundamental studies on absorption lines of
methane have been done by many researchers (eg. Edwards and Burch, 1965, Hubbert et al., 1969,
Mcmahon et al., 1972, Varanasi et al., 1974, Heffington et al., 1976, Mallard and Gardiner, 1978, Perrin
and Hartmann, 1989, Tsuboi et al., 1985, 1990).
There are some applications of this laser to thermal fluid phenomena. For example, hydrocarbon vapor
measurements were performed in fuel sprays or jets (eg. Emmerman, 1980, Chraplyvy, 1981, Adachi et al.,
1990, Winklhofer and Plimon, 1991, Drallmeier and Peters, 1991, Drallmeier, 1994(1)(2)). Local fuel
concentration was determined near the outlet of a burner with the help of infrared fibers and the
inhomogeneity forced the NOx emissions to increase in lean mixture of overall equivalence ratio of 0.6.
(Mongia et al., 1996(1), (2))
Recently, improving thermal efficiency and reducing exhaust emissions have been very crucial for internal
combustion engines. It is very important to grasp the fuel concentration in the vicinity of the spark plug
near the spark timing because initial stage of combustion affects the following main stage of combustion in
spark-ignition engines. Gas sampling method is one of the most popular methods to investigate the fuel
concentration in the actual engine (eg. Matsui et al., 1979, Collings, 1988, Galliot et al., 1990). However,
some time delay occurs because the sampling tube has some length. Although laser diagnostics, such as
laser induced fluorescence (LIF), Rayleigh scattering, and Raman scattering (eg. Eckbreth, 1996), can
provide two-dimensional information of the fuel concentration, optical windows are needed. They can not
be settled in actual engines so that LIF measurement is limited to apply to the test engine in which
combustion chamber is sometimes different from actual engines. These methods for investigating mixture
formation are summarized in the recent literature (eg. Zhao and Ladommatos, 2001). With regard to an
in-situ optical method for obtaining fuel concentration near the spark plug, fluctuations in air/fuel ratio
(A/F) were determined with an optical probe in a spark plug by detecting CH and C2 radicals in the burned
gas (eg. Ohyama et al., 1990), and both temperature and A/F were measured with a special optical probe
(eg. Sohma et al., 1991). An optical sensor with fibers was developed to investigate the flame kernel and
the rate of flame growth with the direction of flame propagation (eg. Witze et al., 1988). And optical fibers
have often been used for detecting flame and chemiluminescence (eg. Spicher et al., 1988, Shoji et al.,
1995).
Some efforts have been made to utilize absorption method as in-situ measurement for determining
hydrocarbon concentration near the spark plug. Absorption of ultraviolet light was tested (eg. Morishita
and Asai, 1992). The concentration measurements were performed near the spark plug in a test engine (eg.
Yoshiyama et al., 1995), near the spark plug in a gasoline engine without combustion (eg. Kawamura et al.,
1998) and with combustion (eg. Iiyama et al., 1998). The infrared lamp filtered near 3.4 µm instead of
3.392 µm laser was also used to determine the concentration of hydrocarbons (eg. Hall and Koenig, 1996,
Koenig and Hall, 1997 and 1998, Koenig et al., 1997, Alger et al., 1999). Air/fuel ratio was tried to
measure the stratification using a spark plug type sensor in a constant volume vessel (eg. Tor et al., 1997).
In this study, a fiber optic system linked to the optical sensor installed in the spark plug, in which light can
pass through the combustion chamber, was developed to determine the fuel concentration near the spark
plug successively using in-situ infrared absorption method. The 3.392 µm He-Ne laser was used as an
incident light. By exchanging one of ordinary spark plugs in four cylinders in an engine for this special
spark plug, successive measurement of fuel concentration before the spark timing near the spark plug was
performed. Methane was homogeneously mixed with air with a static mixer under the conditions of
motoring and firing. Isooctane was injected into the intake port in firing. Absorption coefficient of the fuel
was also measured for high pressure and temperature in advance.
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2. PRINCIPLE OF MEASUREMENT
Assuming that the intensity of a light with a certain wavelength, I, decays to I0 when the light passes
through a gas with concentration, C, along measurement length, L, the transmissivity, I/I0 is expressed from
Lambert-Beer's law as follows:
log(I/I0)= - εCL,

(1)

where ε denotes molar absorption coefficient. When the measurement length, L, is constant, the
concentration can be determined form measuring the transmissivity. Absorption bands of methane are
presented in Fig.3, which is calculated with HITRAN database (eg. Rothman et al., 1996). According to
this result, methane absorbs the light in four ranges of wavelength, (7.6, 3.4, 2.3 and 1.6 µm), especially
strong around 3.4µm. Each wavelength coincides well with one of the absorption line of methane. This is
in conjunction with the C-H stretching bands in the molecule structure of the hydrocarbon. Therefore all
hydrocarbons have similar absorption characteristics because they have many C-H bonds. When the local
concentration of the fuel in spark-ignition engines is measured, it is desirable that the absorption coefficient
is stronger because of the limitation of the measurement length.

Fig.3 Absorption lines of methane calculated with HITRAN database.
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Fig.4 Absorbance lines for methane calculated from HITRAN database
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The absorbance for methane was calculated from HITRAN database as shown in Fig.2. When the pressure
and temperature are 100 kPa and 300 K, respectively, shown in Fig.4(a), the absorption lines are sharp.
However, as pressure and temperature increases 2000 kPa and 600 K, respectively, like in an engine near
the spark timing, the absorption lines gathers with each other and shows broad spectrum due to Doppler
broadening as shown in Fig.4(b). The value of absorbance depends on the concentration of methane.
The absorption coefficient depends on pressure and temperature. However, the absorption coefficient of a
fuel, such as gasoline, is not known. Therefore, in general, the absorption coefficient of the fuel was
measured with changing ambient pressure and temperature up to the conditions in engines in advance.
3. MOLAR ABSORPTION COEFFICIENT
3.1 Experimental apparatus
The value of the molar absorption coefficient depends on the pressure and temperature of the gas. However,
there is almost no data for isooctane. Therefore, in this study, the value of the molar absorption coefficient
was determined using a constant-volume vessel. Figure 5 shows a schematic diagram of the experimental
apparatus. A He-Ne laser with a wavelength of 3.392 µm was used as an incident light. A convex lens and
a chopper make the light thin and intermittent, respectively. The intensity of the light was adjusted with an
ND filter. The waisted light chopped as 250 Hz frequency and passed through an optical window into a test
region (L=64.0 mm) in the vessel. The light was absorbed by hydrocarbon in the vessel under the condition
of a certain pressure and temperature. The light passes through another window again to an IR detector
(PbSe) of which temperature is controlled to be constant. A band-pass-filter (full width at half maximum,
FWHM=127nm) was set in front of the IR detector. After nitrogen is supplied to the vessel up to
atmospheric pressure, isooctane that was used as fuel was aspirated with a syringe. Nitrogen was added to a
certain pressure and temperature was controlled with heaters on the side and bottom of the vessel.
Isooctane was vaporized and mixed very well with nitrogen by a special magnetic stirrer with a blade.
When molar absorption of methane was investigated, methane was introduced into the vessel and mixed
with nitrogen with a stirrer. The initial temperature in the vessel was measured with a thermocouple. The
experimental condition of temperature was between 300 and 600 K while pressure in isooctane and
methane were set between 100 and 2000 kPa and between 30 and 2000 kPa, independently.

Fig. 5 Schematic diagram of the experimental apparatus for determining molar absorption coefficient
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3.2 Molar Absorption Coefficient
The molar absorption coefficient of methane was determined from Eq.(1), which increases with increasing
temperature and decreases with increasing pressure as shown in Fig.6(a). In low pressure under
atmospheric pressure, the molar absorption coefficient increases very much. The dependence of
temperature shows negative over atmospheric pressure and the value dose not change monotonously in low
pressure. The molar absorption coefficient of isooctane increases with increasing temperature and
decreases with increasing pressure as shown in Fig.6(b). The degrees of increase and decrease are less in
higher pressure and temperature. For isooctane, there is little data except Tsuboi et al. indicated with
double-circle (eg. Tsuboi et al., 1985). They measured the absorption coefficient from 300 K to 1200 K
using a shock tube, however, the number of the data is very less and their data fluctuated very much from
1.8 to 2.8x105 cm2/mol as shown in Fig.6. On the contrary, the standard deviation of each data obtained in
this study is about 2%. The result certificates the reliability of our method.

(a) Methane
(b) Isooctane
Fig.6 Molar absorption coefficient of hydrocarbons
4. FUEL CONCENTRATION NEAR THE SPARK PLUG IN A SPARK-IGNITION ENGINE
4.1 Optical arrangement and experimental apparatus
Figure 1 presents the optical arrangement and schematic diagram of the experimental apparatus for the
spark-ignition engine. The light source with wavelength of 3.392µm was introduced into an optical fiber
that infrared light can pass through. The light was guided to a spark plug through a connector. The spark
plug had a pair of sapphire rods 5mm apart from each other and the edges were cut at an angle of π/4
radian so that the light passed through one of the rods and went back to the other rod as shown in Figure 2.
The first generation of this sensor, which is almost the same configuration, was used for trial measurement
of gasoline concentration (eg. Iiyama et al., 1998). However, the accuracy was not enough because of short
measurement length of 3mm. The laser light was detected with an InSb detector through a band-pass-filter.
The IR detector and TDC signals are recorded at every crank angle. According to Lambert-Beer's law
presented in Eq.(1), the fuel concentration near the spark plug was determined when the transmittance
signal was measured. In this study, the data was obtained successively during one experiment about 10
seconds. The light was cut off before and after the data instead of a chopper. The signals before and after
the data were almost the same, so that this method is useful as far as some emission lights is not added to
the signal during the experiment. This effect was confirmed not to occur in this experimental range.
A four-stroke cycle spark-ignition engine with four cylinders in line was prepared to investigate the
measurement method of this technique. The bore and stroke are 89 and 96 mm, respectively. One of the
spark plugs was exchanged for the special spark plug with optical arrangement. Two kinds of fuels, that is,
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homogeneously mixed gaseous fuel and liquid fuel injected into the intake port, were used.
4.2 Experiment in a spark-ignition engine inducted with homogeneously mixed methane-air
Methane was supplied from the intake pipe that is connected to the intake manifold and mixed
homogeneously with air using a static mixer equipped to the intake pipe. Two laminar flow meters were
also installed to determine the flow rates of methane and air, individually. The engine speed was 800rpm
controlled with a DC electric dynamometer and the boost pressure was –52kPa with preset air/fuel ratio
(A/F) of 17.5. Figure 7 shows the results averaged over 50 cycles. Solid lines illustrate the averaged values
and dashed ones the standard deviations. The transmissivity of 3.392 µm laser light, I/I0, decreased near the
compression TDC as shown in Fig.7(a), because the piston moved toward the compression TDC (crank
angle, θ=0 °BTDC) and the molarity, C, increased gradually due to increase in density. The molarity was
determined from Eq.(1) in consideration for the dependence of molar absorption coefficient on pressure
and temperature shown in Fig.6(a). In this case, the tranmissivity did not return to unity as shown in
Fig.7(a) because the engine operated without firing and methane-air mixture remained in the combustion
chamber all the time. The air/fuel ratio (A/F) keeps almost constant of 17.5, which coincides with the
preset value. The fluctuation of the averaged air/fuel ratio and its standard deviation were within air/fuel
ratio of 1.0

(a) Trasmissivity of 3.392µm laser light

(b) Molar concentration history of methane

(c) Air/fuel ratio (Preset value = 17.5)
Fig.7 Results without combustion (Homogeneously mixed methane-air)
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Next, the engine operated in firing with engine speed of 1000rpm, boost pressure of –72kPa and preset
air/fuel ratio (A/F) of 17.5. The ignition timing was advanced at 28 °BTDC to achieve stable combustion.
As shown in Fig.8(a), the transmissivity of the laser light returned 1.0 in the exhaust stroke when the gas is
almost constructed of burned gas. When a flame touches the laser light and unburned gas changes into
burned gas, the transmissivity returns to unity rapidly while the averaged data of transmissivity in Fig.8
returns to unity gradually. This phenomenon informs us of the timing of the flame arrival to the laser beam.
The molarity was determined from Eq.(1) as shown in Fig.8(b). The standard deviation becomes very large
after the spark because cycle-to-cycle fluctuation in the formation of initial flame occurs. Figure 8(c)
presents the air/fuel ratio, which coincides with the preset value between 60 °BTDC and the spark timing.
Before the crank angle of 60 °BTDC, the air/fuel ratio (A/F) is somewhat apart from the preset value. The
accuracy decreases gradually when the molarity is smaller because the relative error in molarity becomes to
affect air/fuel ratio very much.

(a) Trasmissivity of 3.392µm laser light

(b) Molar concentration history of methane

(c) Air/fuel ratio (Preset value = 17.5)
Fig.8 Results with combustion (Homogeneously mixed methane-air)
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This study focuses on the concentration measurement before the ignition timing so that the information
after the ignition timing is not discussed here. The information of fuel concentration near the spark plug at
spark timing is very useful to design the engine performance. After a flame front passes through the
measurement region, fuel concentration cannot be determined. However, the signal might imply a lot of
information for a future work.
4.3 Experiment in a spark-ignition engine fueled with isooctane injected into intake port
Isooctane was injected into the intake port in the same spark-ignition engine. Isooctane is liquid fuel so that
it may be considered that isooctane does not vaporize enough and liquid droplets remains in the
combustion chamber. Assuming that liquid droplets exist in the gas, the light with 3.39µm wavelength
detected with a sensor decreases due to the scattering of the droplets. The light is not only absorbed but
scattered under such condition. When the light with another wavelength that is not absorbed by
hydrocarbons is used, only the effect of scattering can be extracted. Figure 9 shows the transmissivity of
the light through an interference filter from a visible He-Ne laser of which the wavelength is 0.6328 µm
instead of the 3.392 µm laser. The throttle was almost closed near idling operation at engine speed of 840
rpm. In this case, no existence of the liquid droplets could be observed because the signal showed almost
the same level. The HITRAN database also indicates that the wavelength of 0.6328 µm has no absorption
line of hydrocarbons.

Fig.9 Transmissivity with 0.6328nm He-Ne laser that does not have absorption line for hydrocarbons
The engine operated at 850 rpm under near idling condition with preset air/fuel ratio of 16 and ignition
timing of 14 °BTDC. When both pressure and temperature increase, the molar absorption coefficient
estimated from Fig.6(b) presents almost constant for isooctane.
Figure 10 shows the result of the air/fuel ratio (A/F) from 50 till 10 35 °BTDC. Here, the mass flow of air
was determined with the averaged data for four cylinders from an air flow meter. The concentration just
before the spark timing near the spark plug almost agrees with the mean value that is obtained from the
measurement of the flow rate with a buret. At the crank angle from 50 to 35 °BTDC, a solid line of the
air/fuel ratio shows much larger than the preset value of 16. It may be considered that the fuel cloud moves
with the gas flow and the air/fuel ratio near the spark plug shows that air is richer before 35 °BTDC. As the
piston moves up toward the cylinder head, the fuel is mixed homogeneously. However, this reason of air
rich before 35 °BTDC does not have certainty in the present stage because the molar density is small and
the standard deviation of A/F drawn in dashed lines shows very large, as described in the previous section.
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Fig.10 Air/fuel ratio with combustion fueled with isooctane injected into intake port
5. SUMMARY
A special optical sensor in a spark plug was developed for a spark-ignition engine. Fuel concentration
history near the spark plug was obtained in a spark-ignition engine. Two kinds of fuel and methods were
performed. Methane was homogeneously mixed with air in the intake pipe while isooctane was injected
into the intake port.
The effects of pressure and temperature on the molar absorption coefficient of methane and isooctane were
independently determined with a constant-volume vessel in advance. The molar absorption coefficient of
methane shows higher in lower pressure and decreases with increasing temperature and pressure over
atmospheric pressure. The molar absorption coefficient of isooctane shows almost the same value in
compression stroke. The effects of temperature and pressure are offset with each other because the effect of
temperature is positive and that of pressure is negative. When this optical sensor was used, the air/fuel ratio
near the spark plug before the ignition timing agreed with the value obtained from other stationary methods
in three cases, that is, motoring and firing with methane, and firing with isooctane. Laminar flow meters
were used for methane and air, individually while buret and air flow meter were used for isooctane and air.
As a result, it was found that this optical sensor is a strong tool for determining fuel concentration history
in a spark-ignition engine.
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