International Symposium COMODIA 90: 359-364(1990)

359

Study on Optical Combustion Sensor for Spark Ignition Engine

Y.Ohyama, H.Kuroiwa* and M.Ohsuga

Hitach Research Laboratory
2520 Takaba
Katsuta 312

Japan

* Sawa Works
Hitachi, Ltd.

ABSTRACT

An optical combustion sensor that combines
fiber optics with a conventional spark plug, was
investigated. This high-tech, compact in-cylinder
combustion sensors consist of a 1l-mm diameter
quartz glass optical fiber cable inserted through
the center of a spark plug. The tip of the fiber
is machined into a convex shape to provide a 120-
degree view of the inside of the combustion
chamber.

Light emitted by the combustion flames in the
cylinder is transmitted by optical cable to an
opto-electric transducer. As a result, combustion
rate, spark energy level and air-fuel ratio can be
monitored. Its sensor would give more accurate
readings of spark energy and air-fuel ratio than
sensors designed to measure pressure inside the
cylinder. Because it is integrated with a spark
plug, the sensor is easily installed to multi-
valve engines. Availability of the following
sensings, such as knock, firing timing, misfire,
maximum torque timing, flame temperature, spark
intensity, air-fuel ratio, combustion pattern
(diffused flame or premixed flame) is investigated
using 4 cycle 4 cylinder, 1.8l spark ignition
engines.

INTRODUCTION

The study of emissions from flames forms an
important facet of combustion analysis, with
implications for future engine control strateg-
ies. m~e Much works has been reported regard-
ing luminous emission from spark ignition engines.
Each combustion process in the engine consists of
a propagating flame and luminous emission. The
emission spectra from engine flames, the radiation
at the end of each flame, the crank angle of a
peak in radiant emission for air-fuel ratio and
spark advance, and the air-fuel ratio can all be
determined. The ability td avoid misfire in each
cylinder by feedback air-fuel ratio control to
minimize hydrocarbon emissions and cyclic vari-
ability, the ability to control during transient
operation, and the ability to make spark timing
adjustment to minimize nitrogen oxides emissions
or knock has been proposed using an optical combus-
tion sensor. A spark plug integrated optical
combustion sensor, which can provide more versat-
ility than provided by more conventional pressure

sensors, is described. It can be used for the
purpose of combustion analysis and feedback engine
control.

EXPERIMENTAL ASPECTS

Optical Combustion Sensor

An optical combustion sensor that combines
fiber optics with a conventional spark plug, was
investigated. This high-tech, compact in-cylinder
combustion sensors consists of a l-mm diameter
quartz glass optical fiber cable (core, 0.9 mm)
inserted through the center of a spark plug, as
shown in Fig. 1. The tip of the fiber is machined
into a convex shape to provide a 120-degree view
of the inside of the combustion chamber. The
sensor is designed to stay free of deposits from
combustion products and cracked lubricant. During

tests, loss in sensitivity due to deposits was 5%
and no problem of durability was encountered with
ultrasonic cleaning.

Fig. 1 Spark plug integrated optical combustion
sensor
(1) Outer electrode
(2) Center electrode
(3) Quartz glass fiber
(4) Glass seal

The tips used are shown in Figs. 2(a) and (b).
One is a projected type and the other is embedded
into the center electrode. Fig. 2(c) shows
another electrode configuration with a gap of 0.8
mm. The view fields of the sensor measured with a
standard light source are shown in Fig. 3. The
sensor is installed in the cylinder head where the
combustion process can be viewed.
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(a) Projected type (b) Embedded type (c) Electrodes

Fig. 2 Tips and electrodes of the sensor
(1) Pt tip
(2) OQuartz glass fiber
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Fig. 3 View fields of the sensor
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Measuring System

The design of the measuring system is shown
in Fig. 4. The engine used is a conventional 4-
cylinder, 4-cycle 1.8L spark-ignition unit. As
shown in Fig. 4, light and flame luminosity are
passed from the combustion chamber through the
sensor and along the fiber optical cable into a
monochrometer or a photo transistor, which
converts the optical signal to an electronic one.

Fig. 5 shows the transmission loss of the
optical bundle, together with the quartz glass
fiber used. The slit dimensions of the monochro-
meter are 10 pm x 3 mm x 1200, with wavelength
accuracy of 0.1 nm. A photomultipler with a peak
response at 450 nm is used, and the sensitivity
range is from 200 to 1400 nm. The sensitivity
range of the NPN planar silicon phototransistors
used is 450 - 1150 nm. The peak response is at
800 nm. The output voltage to luminosity ratio is
10v/ (60mW/cm2) . The time constant for the step
response is 300 - 350 ns. Although the optic cable
transmission losses are high, the total light
transmission loss is still dominated by that due
to carbon build-up on the sensor tip. Satisfactory
operation is demonstrated at low idle, which is the
weakest signal source.

The system included a 12-bit A/D converter
for cylinder pressure and luminosity data
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(1) Pressure sensor integrated spark
plug, (intake side)

(6) (2) Charge amplifier

(3) Combustion sensor (exhaust side)

(4) Optical fiber cable

(5) Monochrometer

(6) Photomultiplier

(7) Filter

¢ (8) Recorder
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Fig. 4 Experimental equipment
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Fig. 5 Optical transmission losses

(1) Glass optical bundle
(2) Quartz glass fiber

aquistion. It is capable of sampling 8 channels
of data every 0.25 degrees of a crank rotation for
a total of 350 consecutive engine cycles. It has
8 Mbyte of memory available for storage.

Engine Tests

n order to evaluate the performance of the

sensors, engine tests were run to compare the
signal with combustion pressure sensors.
Key engine parameters are:

- Compression ratio 8.8
Bore, mm 83
Stroke, mm 83.6
- Displacement, L 0.452 x 4 cylinders



361

Exhaust concentrations of carbon monoxide, Engine speed 1000rpm

pressure on the sensor tip is statically changed Intake pressure 28kPa

in the range of 0 - 5.7 MPa. The gap between the
light guide of the light source and the tip of the
sensors is 2 - 10 mm. The increase in the output
is small because the angle of the light emitted
from the guide decreases slightly from 20 to 19.72° 0
due to the change in refraction by the increase in
pressure. There is no change in the signal against Operation time (h)
the stepwise change in pressure from O to 5.1 MPa.

CO 8%

unburned hydrocarbons, nitric oxide, carbon 160 Intake pressure 685.8kPa
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Fig. 7 Transmission efficiency during idling

Drifts and Degradation of Sensor

As show in Fig. 6, the zero point drift apt
to increase as the spark timing increases, because
of the temperature rise of the sensor tip deposits.
The drift is similar to the output of the tip when
the tip temperature is 800 - 900°C. Periodically
the engine was stopped, the sensor was removed and
its attenuation and transmission efficiency were
measured. A key feature for satisfactory sensor
operation is the opacity of the tip at the
combustion face. In order to avoid excessive
carbon build-up, the minimum operating temperature
should be maintained above the temperature for
electrode self cleaning. Above this temperature
the carbon becomes friable and can be removed by Fig. 8 Transmission efficiency at partial load
gas flow across the tip. The transmission
efficiencies during idling decrease rapidly when
the mixture is rich, as shown in Fig. 7. In going 90}
to lean mixture operation at partial load after
extended idling as shown in Fig. 7, the sensor can
burn off excess :carbon build-up in a matter of
minutes. Self cleaning of the sensor tip maintains
a low optical attenuation at partial and full
loads.
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Fig. 6 Zero point drifts at h of 6.5 mm.
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Fig. 10 Power meter output before and after
ultrasonic cleaning

Fig. 10 shows the power meter output of the
sensors before and after ultrasonic cleaning.
Cleaning in acetone, cutting and cleaning in
engine cleaning solvent were investigated. The
transmission efficiencies are recovered to above
92% in most cases.

Effect of Location of Sensor

As shown in Fig. 4, the sensor can be fitted
to the intake side and exhaust side of the
cylinder head. The signal traces of installed
sensors are shown in Fig. 11, when the exhaust
side installed spark plug was ignited. The output
of the intake side is delayed compared with the
exhaust side, due to flame propagation. The delay
time is about 1.2 m/s, so the velocity of the pro-
pagation is 33 m/s, for the distance of 40 mm.
Another tests shows ignition delay time is 1.5 ms
for the intake side and 2.0 ms for the exhaust
side, for the engine speed of 2000 rpm, the air-
fuel ratio of 14.7, the spark timing of 35°BTDC
and the intake pressure of 85 kPa. The flame
kernel formation of the exhaust side is delayed
slightly compared with the intake side. But flame
propagation of the exhaust side is faster. Then
the crank angle for peak signal is the same as the
intake side. The flame kernel formation of the
exhaust side is faster for the engine speed of
2000 rpm, the intake pressure of 72 kPa, and the
same for wide-open throttle conditions.

Engine speed 2000rpm, Spark timing 25°BTDC
Air-fuel ratio 13, intake pressure 72kPa

Z Exhaust side
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Fig. 11 Traces of the sensor signal

OVERALIL EMISSIONS

Start of Combustion

The crank angles from the start of spark to
the start of combustion for engine speeds of 1000,
2000, 3000 rpm and the air-fuel ratio of 14.7 are
shown in Fig. 12. The start point of combustion
is the same as that of the combustion pressure
sensor; sensor lag to the true point is negligible.
By optically sensing the start of combustion, a
closed loop system based upon the final event can
be achieved. The start of combustion is found to
fluctuate from cycle-to-cycle by % 5 crank angle
engine degrees during steady state running. The
timing was averaged over several readings to
provide an accurate target.
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Fig. 12 The crank angle from the start of spark
to the start of combustion

Overall Emissions

Overall emissions measured by the sensor and
cylinder pressure for the engine speed of 2000 rpm,
the air-fuel ratio of 17, and the spark timing of
22°BTDC are shown in Fig. 13. The signal at wave-
length of 450 nm lags the pressure sensor signal
by 4t;= 0.1 ms. The signal at 750 nm lags the
pressure sensor signal by 4t;= 0.4 ms. These
imply that the sensor is sensing some of the black
body radiation resulting from the heating effect
of the premixed burning. In some cases, the
radiation resulting from diffusion burning becomes
dominant late in the cycle. The relation between
the output of the combustion pressure sensor P and
that of the optical combustion sensor F is F=kp?.




The wavelength band of 450 nm is not strongly
influenced by black-body emissions from the
combustion chamber walls. The emission is
probably due to thermal emission of H;0, a produc-
tion of combustion, and radicals of C and CH. The
fact that emission persists after heat release

is also attributed to the fact that hot H,O and
particules continue to be emitted in the burned-
gas region. The emission signal is zero during
the compression process, unlike the cylinder
pressure signal. For this condition, a weak
luminosity emission is evident at the spark
location, followed by negligible emission.

Fig. 14 shows the CH radical signal output at
431.5 nm wavelength for the engine speed of 2000
rpm, the air-fuel ratio of 15 and the intake
pressure of 72 kPa. These are typical traces
taken at partial load. The premixed radical re-
action (1) and burning modes (2) are indicated on
the traces. The emission by the CH radical at the
spark location is evident in the initial stage.
Then the signal output decreases slightly and
recovers by thermal emissions.

The time lags, 4t,, 4t. are shown in Fig.
15. As 4dts is shown, the peak signal of 750 nm
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Fig. 13 Traces of combustion pressure and
optical combustion sensor

0.2 7

08 A =431.5nm
> 0.6 m ! | €))
+ e [,

3 W1} /
3 WL X
©
j oy
oo
%)

Time (ms)
Fig. 14 Reproducibility of signals after averaging
(Sample number : 100)

(1) Chemi-luminescence by CH radical
(2) Flame by thermal emission
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wavelength lags behind the pressure sensor signal
as the air-fuel ratio increases. There is no lag
in the pressure sensor signal for the peak signal
of 450 nm. Fig. 16 shows the crank angle at the
start of combustion @ and that of the peak of

the signal, 4,,, . As shown, 6 and 4,,,
increase as the spark timing advances. The engine
torque is a maximum when g is ~10 to -15°BTDC.

SENSING AND CONTROL

Sensing

One possible use of the optical combustion
sensor is for combustion analysis. The study of
flame emission is an important part of combustion
analysis. The sensing items are summarized in
Table 1.
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Table 1 Sensing items

Sensing i .
items Detecting methods
Knock detecting the signal fluctuation
‘g detecting the intensity cycle by cycle
Misfire at idling
Temperature detecting the ratio of two wavelength signals
Start of . .
combustion detecting the trace of signals

Spark discharge| detecting the signal at spark discharge

Air-fuel ratio detecting the ratio of two wavelength signals

Diffusion flame | detecting the signai trace during cycle

Crank angle of| detecting crank angles of 13—15°ATDC
peak in signal | for maximum torque

Control

Another possible use of the sensor is as one
of the components used in future real time
electronic engine control as shown in Fig. 17.

For spark-ignition engines, a feedback system has
been suggested using an optical sensor for control
of cyclic fluctuation due to misfire (1),(2). The
value of light emission for feedback engine
control has yet to be demonstrated.

Closed-loop control offers the promise of
tuning individual cylinders for optimum performance
and emissions, better control of transient
conditions, control over a wider range of air-fuel
ratios, control of knock, and detection of misfire
and diffusion burns. An alternative to pressure
transducers or icnization probes is the optical
sensor. Recently, optical sensors have been
proposed to control the start of combustion in
diesel engines. One possible use of the optical
sensor described here is for achieving better
cylinder-to-cylinder balance in conventional engine
control systems. Control of individual cylinder
torque by detecting the crank angle of the peak in
signals, and then making adjustments to spark
timing and fuel flow rate would lead to increased
cyclic efficiency as well as a smoother running
and quieter engine operations. By detecting the
start of combustion and the crank angle of peak in
signals, spark timing can be adjusted to maximize
combustion efficiency at a given air-fuel ratio
by operating each cylinder at near-MBT (minimum
spark advance for best torque) timing. Adjustment
of spark timing to minimize NO emissions or knock
may be possible by detecting parameters as shown
in Table 1.

More sophisticated control strategies may also
be feasible. Control during cold start transient
operation may be achieved by using the sensor from
a small number of each cycle. During warming-up,
control of individual cylinders may be required
because operation occurs very close to the lean
misfire limit, The ability to avoid misfire in
each cylinder by feedback air-fuel ratio control
should help to minimize hydrocarbon emission and
cyclic variability. The conventional optimizer
takes 80 s for optimum spark timing. But the
optical sensor takes only two or three cycles for
it. When the exhaust gas recycle rate increases,
and the swirl ratio decreases, the peak crank angle
is delayed. Then, these can be controlled by

detecting the angle. The peak is the signal about
temperature, so the exhaust gas recycle rate can
be controlled.

Combustion sensor

Air-fuel ratio
Ignition timing

Knock
Ignition timing

Cylinder Optic-elactronic

Converter

Air-fuel ratio Controller
Combustion | (CPW
Pressure
Combustion
temperature

(Heat durable plastic fiber)

Fig. 17 Concept of engine control system using
optical combustion sensor

SUMMARY

An optical combustion sensor that combines
fiber optics with a conventional spark plug has
been developed. Results obtained over a wide range
of engine operating conditions show the following:
(1) The start of combustion, the crank angle of

the peak in the emission signal can be

directly detected from measurements. The
other related information, such as knock can
be predicted.

(2) In addition to combustion analysis, the
ability to relate measured signals to knock,
misfire, temperature, start of combustion,
spark discharge, air-fuel ratio, diffusion
flame, and crank angle of peak in luminosity
signal suggested that an optical sensor of
this type could be used in a feedback engine
control strategy to improve fuel economy and
lower exhaust emissions.
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