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Abstract

Measurements of the ion current between two electrodes have been conducted in a
premixed propane flame and in a cone calorimeter in order to assess whether the ion
current can be used for combustion diagnostics in general and for detection of ignition in
a cone calorimeter in particular.

It was seen that the ion current responds distinctly to where it is positioned in a propane
flame and also to the fuel/air ratio of the flame. In the cone calorimeter the measured ion
current shows clearly when ignition occurs. The ignition detected by the ion current
measurement agreed with visual inspection. It was also seen that soot deposits on the
electrodes do not affect the ion current in such a way the ignition detection could be
jeopardized. However, short circuiting could occur if the electrodes were kept in a sooty
flame long enough for the soot to completely bridge the gap between the electrodes. The
latter scenario is not a problem from an ignition detection point of view since soot growth
occurs after ignition has taken place.

The general conclusion from the study is that no unforeseen obstacles with the use of ion
current measurements in combustion diagnostics were observed.
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Sammanfattning

Mitning av jonstrommen mellan tva elektroder har genomforts i en propanflamma och i
konkalorimetern. Syftet med studien var att se om jonstrommen kan anvindas for att
detektera antédndning i konkalorimetern. Detta skulle vara anvéndbart eftersom det redan
finns tva elektroder som anvénds for pilotantdndning i konkalorimetern. Den nya
metoden skulle darfor kunna implenteras relativt enkelt och kostnadseffektivt.
Anledningen till att det 4r intressant att elektroniskt detektera antindning &r att detta idag
utfors av en operatdr genom visuell inspektion. Bestimningen av nir antdndning sker blir
darfor subjektiv och operatérsberoende.

Forsta delen av métningarna gjordes i en propanflamma for att karakterisera det
elektrodpar som anvindes. Spanningen varierades mellan 50 V och 300 V. Jonstrommen
over elektrodgapet 6kade linjart med spanningen. Det observerades ocksa att
jonstrommen forédndrades da elektrodernas lage i flamman fordandrades och da
ventilationsgraden i flamman fordndrades. Detta visar att métmetoden kan ge information
om forbranningsférhéllandet.

Den andra delen av méitningarna gjordes i konkalorimetern vilket ocksé ar den tilltinkta
slutanvéndningen for metoden. Antindning detekterades med latthet d& de tva testade
bréanslena polyuretanskum och spénskiva anvéndes. Forsok genomfordes dven vid
underventilerade forhéllanden, 15-18 % O,, och detektering av antindning var fortfarande
mojlig. Signalen blev dock generellt svagare for underventilerade férhallanden.

Som slutsats fran studien framkom att métning av jonstrdm &r en lovande metod for
branddiagnostik i allménhet och for antdndningsdetektion i synnerhet. En mer optimerad
matapparat behover dock utvecklas och testas innan metoden fullt ut kan ersitta dagens
metod med visuell observation.

Mer avancerade tillimpningar av jonstromsmétning foreslogs slutligen, sdsom detektion
av pyrolys och glodbrand, och uppskattning av flamhastighet vid antdndning. Dock kravs
omfattande grundldggande studier innan denna typen av tillimpningar kan anvéndas.



Summary

The ion current between two electrodes has been measured in a propane burner and in a
cone calorimeter. The purpose was to investigate if the ion current can be used as a
detector for ignition in the cone calorimeter. This would be advantageous since there
already is an electrode pair in the cone calorimeter, used for pilot ignition. Therefore
implementation of ion current measurements as a detector for ignition would be possible
to do in a simple and cost-effective way. The reason why it is interesting to detect ignition
electronically is that this task today is done by visual inspection by the operator, and
therefore subjectively operator dependent.

The first part of the measurements were done in a propane burner in order to characterize
the electrodes. The voltage was varied between 50 V to 300 V. It was seen that the
current through the electrode gap increased linearly with applied voltage. It was also seen
that the ion current changes with position in the flame and with air/fuel mixture in a
distinct way, showing that the method is sensitive to and can give information about
combustion conditions.

The second part of the measurements was done in the cone calorimeter, which is the
intended end use for the application. Using two type of fuels, polyurethane foam and
particle board, it was found that ignition was easily detected using ion current
measurements. Experiments were also performed under vitiated conditions, with 15-18 %
0,, and ignition could still be detected, although the signal was in general weaker than for
the well ventilated case.

It was concluded that ion current measurements show great promise as a tool for fire
diagnostics in general and for ignition detection in particular. However, a more optimized
prototype needs to be designed and manufactured, and carefully tested, before it is
sufficient reliable to replace today’s detection system with visual inspection.

More advanced applications of ion current measurements were suggested, such as
detection of pyrolysis and smouldering fire, and estimation of flame speed at ignition.
Still, much basic research remains before this can eventually be accomplished.






1 Background

The purpose of this pilot study was to demonstrate a proof-of-concept for using
measurements of ion current between two electrodes as a means for flame diagnostics in
fire testing. If this concept is successful there are a plentiful of applications where
measurements of the ion current can be useful. Examples of these applications are in
increasing order of complexity: ignition detection, diagnostics of pyrolysis gases, and
diagnostics of the combustion process after ignition. In the pilot study the goal was to
show that ion current measurements is a feasible way for an objective way of detecting
ignition.

Time to ignition, that is, the time from the onset of heat transfer to an object until the time
when the object ignites, is a very important fire property. Materials with long ignition
times delay fire spread as compared to materials with shorter time to ignition. In order to
study time to ignition a cone calorimeter [1] is often used, especially for well ventilated
conditions. Using the current standard procedure for testing an operator visually
determines when ignition occur, and make a note of it. This will by necessity be a
subjective measure. Especially for flame retarded materials the flame can be indistinct
and unstable [2] and when smoke is obscuring the test object it can be very difficult to
settle when ignition occurs. According to the standard for the smoke chamber test method
[3] it is required that the inspection window, used be the operator to observe the test, is
closed when a certain smoke density is reached. This obviously makes it impossible to
detect ignition visually. Thus the detection of ignition can be a weak link in the study of
the fire properties of a material. By introducing an automatic and objective ignition
detection system more accurate knowledge would be gained for many materials

In addition the dependence of time to ignition on the irradiation level is used for
determining the ignition temperature and thermal inertia of materials [4]. These
parameters are often used in CFD-modelling (Computational Fluid Dynamics) and
therefore play an important role in fire research and construction projecting.

2 Introduction

Conductivity of flames [5] and hot air [6] has been studied for over 100 years and is an
area of ongoing research. It is easy to understand the complexity of the subject given the
fact that the chemistry of combustion, not including ions, is still far from well known for
most fuels and combustion conditions. It is out of the scope for this pilot study to discuss
possible mechanisms for the conductivity of flames.

Ion currents due to an applied voltage between two electrodes in a flame is commonly
used as a safety mechanism in burners [7]. The function is to close the gas supply to the
burner if the ion current disappears, that is, if the flame is extinguished. The objective is
to avoid a malfunctioning burner to fill up a space with a combustible or explosive gas
mixture. In recent years ion current sensors in internal combustion engines has gained
considerable interest [8, 9]. Measurement of the ion current over the gap of the spark plug
is a cost effective alternative to more expensive pressure sensors used for on board engine
diagnostics.

Using electric fields to control the combustion has been proposed by several authors for
different applications such as gas turbine control [10, 11] and for metallurgical processes
[12] for example.
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Conductivity of flames is also important when assessing risk for electrical breakdown
between power lines and earth during forest fires [13].

3 Materials and methods

3.1 Electrodes and measurement circuit

The ion current was measured in the gap between two symmetric electrodes. The
electrode pair consisted of an electrode assembly supplied by Fire Testing Technology
Limited, East Grinstead, United Kingdom, see Figure 1 below. This is the same electrode
assembly that normally is used as spark ignitor in the cone calorimeter, in order to induce
piloted ignition [1].

In Figure 8 it is clearly seen that the method is intrusive in the sense that the flame is
affected by the electrodes. This has no importance for ignition detection in the cone
calorimeter since the existence of the electrodes is imposed by the standard [1].

Figure 1 Electrode assembly used for all tests in this report.

The measurement circuit is illustrated in Figure 2. The oscilloscope records the voltage
drop over a 100 kQ resistor and the ion current over the electrode gap is derived from the
measured voltage. Typical time scales in these experiments were ~10 ms. The
oscilloscope used was a Tektronix TDS 1002B and the DC power supply an Innotech
LAB3K®6. The trigger level was set between 100 mV and 200 mV in the experiments.

For the measurements in the propane burner different voltage values were applied to the
electrode gap. For the measurements in the cone calorimeter the output voltage from the
power supply was 200V.
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Figure 2 The electric circuit used for the measurement.

3.2 Propane burner

In the first part of the experiments a well controlled 1 kW propane burner was used as
shown in Figure 3. The burner comply with the IEC 60695-11-2:2003 standard [14]. Two
combustion conditions were used: well ventilated and vitiated. For the well ventilated
combustion 650430 ml/min propane and 10+0.5 1/min air was fed to the burner,
corresponding to an equivalence ratio of 1.6, resulting in a blue flame. For the vitiated
combustion 650430 ml/min propane was mixed with 8.7+0.5 I/min air, corresponding to
an equivalence ratio of 1.9, resulting in a sooty yellow flame.

Figure 3 The propane burner used in the first part of the experiments.
33 Cone calorimeter

In the second part of the experiments the cone calorimeter [1] was used, schematically
illustrated in Figure 4. This is a test where a 0.01 m? specimen, horizontally positioned, is
subjected to irradiation from an electrically heated conical spiral above the tested
material. The irradiation level used in this study was 50 kW/m?.
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The cone calorimeter can be used to measure time to ignition, HRR (Heat Release Rate),
SPR (Smoke Production Rate), as well as mass loss of the tested object. It is also possible
to sample the exhaust gases and measure for example unburned hydrocarbons and toxic
gases such as NO, HCI, and HCN for example.

Exhaust
hood

Cone

Smoke (0, CO,CO, J A heater

optical density T,
%T:_—__::—:—_ln
e N

I b

Specimen & ﬂ( \\

Load cell ———_|

‘---..__'__/

Figure 4 Schematic picture of the cone calorimeter.

In this project the ion current characteristics in well ventilated as well as in vitiated
conditions were studied. The normal setup of the cone calorimeter, such as depicted in
Figure 4, does not allow for vitiated combustion conditions. Therefore the conical spiral
heater and the test object was placed in a box where the oxygen level could be reduced by
adding nitrogen to the box air inlet. The setup used is shown in Figure 5.
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Flgure 5 The box used to perform tests with under ventilated conditions.

Normal operation of the cone calorimeter requires pilot ignition of the pyrolysis gases.
This is achieved by a spark ignitor actually consisting of the same spark gap as that
shown in Figure 1. However, since the measurement circuit did not include an electronic
control system, the spark ignitor was not used since it would have triggered the
measurements. Therefore no pilot ignition was used in this study. This is however not a
critical problem for a future implementation of ion current measurements in the cone
calorimeter since the construction and implementation of such control system is straight-
forward.

3.3.1 Fuels used in cone calorimeter
Two fuel type were used in the tests with the cone calorimeter. These were:

—  Polyurethane foam with a density of 211 kg/m’. The area of the specimens
where 100 mm x 100 mm and the thickness about 35 mm.

—  Particle board with a density of 680+50 kg/m’. The area of the specimens where
100 mm x 100 mm and the thickness was 12 mm.

The fuels are shown in Figure 6 and Figure 7.
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Figure 6 Plyurethane foam used in the experiments. The Specimen in the picture has
dimensions 100 mm x 100 mm x 35 mm and a density of 211 kg/m’.

B . r

t -

; ' 2 * s
Figure 7 Particle board used in the experiments. The specimens have dimensions 100
mm x 100 mm x 12 mm and a density of 680+50 kg/m".
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4 Experimental results

Measurements were conducted both in a premixed propane flame and in the cone
calorimeter.

4.1 Characterization of electrodes

The first experiments consisted in investigating how the ion current over the electrode
gap responded to different applied voltage, height above the burner, and gas/air mixtures.
This measurements were conducted in a premixed propane flame. Figure 8 below shows
measurement of ion current at 53 mm and at 13 mm height above the burner. The results
are summarized in Figure 9.

Figure 8 Meésurements at 53 mm and 13 mm height above the burner with well
ventilated combustion. Notice that the electrodes glow red, and therefore are
hotter, when positioned 53 mm above the burner.
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Figure 9 Average current measured for different applied voltage and for different
heights and combustion conditions. The error bars gives an estimate of the
variation in measured average current. Average current means that the current
was averaged on the oscilloscope during 0.5 s.

4.2 Influence of soot deposits on electrodes

Next step was to see if soot deposits on the electrodes could adversely affect the
measurement of ion current. Figure 10 below shows the electrodes without and with soot
deposits.

Figure 10  Electrodes without (left) and with (right) soot deposits. The soot was deposited
using a candle.

Three typical samples of ion currents in a premixed well ventilated propane flame using
electrodes without soot is shown in Figure 11. Measurements with soot deposits on the

electrodes are presented in Figure 12. The electrodes were protected from the flame by a
promatect board between the measurements in order to avoid that the soot was oxidized.
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Protection with the promatect board was also used for the measurements without soot in
order to obtain comparable conditions.
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Figure 11  Three samples of ion current measurments using electrodes without soot. The
applied voltage was 100 V.
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Figure 12  Three samples of ion current measurements using electrodes with soot. The
applied voltage was 100 V.
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4.3 Measurements in the cone calorimeter

For each fuel (polyurethane foam and particle board) and for each operating condition
(well ventilated and vitiated) three typical examples of ion current measurements are
presented. The applied voltage was 200 V in all measurements. In the Figures below the
time scale is only relative. Whether the first pulse comes at 5 ms, 20 ms or any other time
has no importance since this is only reflects where the time origin was set on the
oscilloscope screen.

4.3.1 Ignition of polyurethane foam in well-ventilated
conditions

In these experiments the door to the box was open, see Figure 5. The first peak, trigging
the oscilloscope, always coincided with the ignition. Three examples of ion current
measurements following ignition are shown below.

3.0
2.5 Uﬂ
— 2.0 -
2
T 15 -
o
S 40 devsen \’\muﬁ J/‘M“—\

0.5 - /_/J
0.0 4
0 10 20 30 40 50

time [ms]

Figure 13  First example of ion current measurement with well ventilated ignition of
polyurethane foam. The irradiation level was 50 kW/m®”. The ion current
started simultaneously as the ignition of the specimen.

The ignition creates a clearly detectable signal. Figure 14 shows the measured signal
before any ignition has taken place. Comparing Figure 13 and Figure 14 it is clear that the
signal to noise ratio is high for the measurements.
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Figure 14  Reference graph showing the measured signal when no ignition occurs.
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Figure 15  Second example of ion current measurement with well ventilated ignition of

polyurethane foam. The irradiation level was 50 kW/m”. The ion current
started simultaneously as the ignition of the specimen.
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Figure 16  Third example of ion current measurement with well ventilated ignition of
polyurethane foam. The irradiation level was 50 kW/m?. The ion current
started simultaneously as the ignition of the specimen.
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4.3.2 Ignition of polyurethane foam in vitiated conditions

The oxygen level in the box was 18% during the test with vitiated ignition of
polyurethane foam. In order to dilute the atmosphere with N, the door in Figure 5 was
closed. Three examples of ion current measurements following ignition are shown below.
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Figure 17  First example of ion current measurement with vitiated ignition (18% O,) of
polyurethane foam. The irradiation level was 50 kW/m”. The ion current
started simultaneously as the ignition of the specimen. The negative values on
the current gives an indication of the noise and measurement uncertainty.
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Figure 18  Second example of ion current measurement with vitiated ignition (18% O,) of
polyurethane foam. The irradiation level was 50 kW/m”. The ion current
started simultaneously as the ignition of the specimen. The negative values on
the current gives an indication of the noise and measurement uncertainty.
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Figure 19  Third example of ion current measurement with vitiated ignition (18% O,) of

polyurethane foam. The irradiation level was 50 kW/m”. The ion current
started simultaneously as the ignition of the specimen.
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4.3.3 Particle board in well ventilated conditions

In these experiments the door to the box was open, see Figure 5. The first peak, trigging
the oscilloscope, always coincided with ignition. Three examples of ion current
measurements following ignition are shown below.
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Figure 20  First example of ion current measurement with well ventilated ignition of
particel board. The irradiation level was 50 kW/m’. The ion current started
simultaneously as the ignition of the specimen.
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Figure 21  Second example of ion current measurement with well ventilated ignition of
particle board. The irradiation level was 50 kW/m’. The ion current started
simultaneously as the ignition of the specimen.
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Figure 22  Third example of ion current measurement with well ventilated ignition of
particle board. The irradiation level was 50 kW/m”. The ion current started
simultaneously as the ignition of the specimen.



4.3.4 Particle board in vitiated conditions
The oxygen level in the box was 15% during the test with vitiated ignition of particle

board. In order to dilute the atmosphere with N, the door in Figure 5 was closed. Three
examples of ion current measurements following ignition are shown below.
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Figure 23  First example of ion current measurement with vitiated ignition (15% O,) of
particle board. The irradiation level was 50 kW/m’. The ion current started
simultaneously as the ignition of the specimen. The negative values on the
current gives an indication of the noise and measurement uncertainty.
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Second example of ion current measurement with vitiated ignition (15% O,) of

particle board. The irradiation level was 50 kW/m”. The ion current started
simultaneously as the ignition of the specimen. The negative values on the
current gives an indication of the noise and measurement uncertainty.

In general the ion current signal was lower and more difficult to detect using only 15%
O,. Figure 25 below shows one of the rare events with a very low ion current signal.
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Third example of ion current measurement with vitiated ignition (15% O,) of
particle board. The irradiation level was 50 kW/m’. The ion current started
simultaneously as the ignition of the specimen. The negative values on the
current gives an indication of the noise and measurement uncertainty.
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4.4 Short circuiting due to soot deposit

If the electrodes are kept in the flames during combustion soot may eventually deposit on
them depending on the combustion conditions and fuel. If the soot grows over the entire
electrode gap a short circuit will occur since soot is electrically conducting due to its
graphite like structure. Such an event is shown in Figure 26 below which shows ion
current measurement during an experiment with ignition of polyurethane foam under well
ventilated conditions. The measurement saturates at 4 pLA; thus the true short-circuit
current is not measured.
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Figure 26  Short circuiting of the electrode gap during well ventilated combustion of foam.
The ignition takes place after 4 s when a strong peak is seen. After 12-13 s the
soot starts to bridge to gap intermittently. Finally, after 18 s the gap is closed
and a short circuit is established. The measurement saturates at 4 pA; thus the
true short-circuit current is not measured.

Short circuiting is not a problem from an ignition detection point-of-view since it occurs a
certain time after ignition. However, it is important that the electrode gap is not already
short-circuited, due to soot from previous tests, before a test.

No soot depositing can be allowed during the pyrolysis phase since this could cause a
short circuit before ignition, and thereby compromising the ignition detection. No soot
depositing was observed during the pyrolysis phase.

4.5 Polarity effects

It was noticed that the soot had a tendency to deposit preferentially on the negative
electrode, see Figure 27 below. This effect was seen irrespective how the electrodes were
positioned in the flames. The phenomenon was not studied further.



28

negative electrode

/

s

s
positive electrode

)

Figure 2 The soot deposited preferentially on the negative electrode.

5 Discussion

In this chapter the results are discussed and analyzed. The discussion is held in the
context of assessing if it is worthwhile to pursue the development of this method, or not.

5.1 Characterization of electrodes in a premixed
propane flame

Figure 9 shows that the ion current obeys Ohm’s law. It is also seen that the ion current
responds distinctly to parameters such as position in the flame and fuel/air ratio of the
premixed flame. Another observation is that the ion current signal is higher for the lower
position in the flame despite the fact that the flame is cooler there.

5.1.1 Influence of soot deposits on electrodes

In order to in detail evaluate the impact of soot deposits on the electrodes it would be
necessary with a large number of measurements and a rigid statistical analysis of the ion
currents. This was not done here but the results are rather presented in a visual way in
Figure 11 and Figure 12 where it is clear that the behaviour is not significantly affected
by the soot. This means that soot, at least in moderate quantities, is not in conflict with
the use of ion current measurement as an indicator for ignition. Large amount of soot may
however cause a short circuit. This is not a problem from an ignition point-of-view since
the soot growth starts after ignition. No soot growth was observed under the pyrolysis
phase.

5.2 Measurements in the cone calorimeter

The oscilloscope always trigged at the same time as the visual observation of ignition was
determined. A few exceptions occurred when triggering occurred due to too much
electronic noise in the lab. The most important contributor to this electronic noise was the
exhaust fan of the cone calorimeter. Some actions were taken to decrease the sensitivity
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to noise but this process was by no means completed. Carefully, from an
EMC-perspective, designed measurement system will work in the noisy environment.
The fact that it was very easy to detect ignition and record the ion current means that the
pilot study was a success. This opens up many opportunities for diagnostics using the ion
current and suitable electronics.

A general trend is that the ion current signal becomes weaker in vitiated conditions. No
attempts to interpret the curves in Figure 13 to Figure 25 are made in this limited pilot
study.

5.3 Moving forward

This study has indicated that it is feasible to construct an automatic ignition detector for
the cone calorimeter. The next step would be to design and construct a prototype
measurement apparatus that is incorporated in the spark ignitor circuit used for pilot
ignition. This prototype should then be characterized for an application range as large as
possible when it comes to fuels, irradiation levels and ventilation degrees. Before such an
apparatus could come to professional use it must be showed that it is sufficiently reliable
to replace today’s detection system with visual inspection

Other interesting ways forward would be to do studies similar to the one presented here
but applied to the smoke box method [3], for example.

Reducing the sensitivity to electromagnetic noise is of high priority when it comes to
improving the performance of this measurement method and to developing a prototype.
This can be done by common EMC-practice, such as shortening and shielding connecting
cables, and enclose components in metallic boxes.

Except for ignition detection the ion current also presents possibilities for studying other
fire related phenomena. One field would be pyrolysis and smouldering fires. In this case
the ion current would be measured not in a conducting flame but in an atmosphere that
has been altered by the pyrolysis process or by the emission from the smouldering fire. It
is unclear what the magnitude of the ion current will be but it will be lower than the
currents measured here, in flames. Therefore the reduced sensitivity to electric noise is
again a prerequisite for pursuing this path. In the present study the voltage never
exceeded 300 V. Using the existing DC power supply it is however possible to increase
the voltage to 3.6 kV. This makes it reasonable to assume that the sensitivity to changes
in the atmosphere around the electrodes can be improved. However, to study pyrolysis
and smouldering fires, it might be advantageous to use AC voltage instead of DC.

Finally combustion diagnostics is an interesting field. By designing the electrodes in an
intelligent way, or by using several electrode pairs, it could be possible to indicate the
flame speed at ignition. This would give information about the conditions in the
atmosphere above the tested sample at ignition. Some additional information could
eventually be extracted from the actual shape and magnitude of the ion current signal but
much basic research is needed in order to perform such an advanced analysis
successfully.
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6 Conclusions

This pilot study has shown that measurements of ion current between two electrodes
show great promise as a tool for detecting ignition in the cone calorimeter. The method
might also be used for other test methods such as the smoke box for example.

It was seen that the ion current responds distinctly to position in relation to the flame
front and to the fuel/air ratio of a premixed propane flame. In the cone calorimeter the
measured ion current shows clearly when ignition occurs. The ignition detected by the ion
current measurement agrees with visual inspection. It was also seen that soot deposits on
the electrodes do not affect the ion in such a way that the ignition detection could be
jeopardized. However, short circuiting could occur if the electrodes were kept in a sooty
flame long enough for the soot to completely bridge the gap between the electrodes. The
latter scenario is not a problem from an ignition detection point of view since soot growth
occurs after ignition has taken place.

The general conclusion from the pilot study was that no unforeseen obstacles with the use
of ion current measurements in combustion diagnostics were observed. This makes the
method attractive for further applications such as diagnostics of pyrolysis, smouldering
fire, and flame speed at ignition for example. An important part of next step would be to
make the measurement electronics less sensitive to electronic noise. This would increase
the signal to noise ratio and therefore be advantageous for applications where the ion
current is expected to be lower than in flames.



31

References

10.

11.

12.

13.

14.

1SO 5660-1:2002 Reaction-to-fire tests - Heat release, smoke production and
mass lass rate -- Part 1: Heat release rate (cone calorimeter method). 2002.
Mohammed M. Khan and John L. de Ris. Operator Independent Ignition
Measurements. IAFSS Symposium 2005.

1SO 5659-2:2006 Plastics - Smoke generation - Part 2: Determination of optical
density by a single-chamber test. 2006.

Vytenis Babrauskas, Ignition Handbook: Principles and Application to Fire
Safety Engineering, Fire Investigation, Risk Management and Forensic Science.
2003. Fire Science Publishers.

T. M. Sugden. Elementary combustion reactions. Charged Species. in 10th
Symposium on Combustion. 1965.

Jens Prager, Georgiana Baldea, Uwe Riedel, and Jirgen Warnatz. Equilibrium
Composition and Electrical Conductivity of High-Temperature Air. in 21st
ICDERS. 2007. Poiters, France.

Honeywell. C7005A4,B Gas Pilot and Flame Rod Assemblies. [Available from:
http://www.honeywell.com.pl/pdf/automatyka domow/palniki_do_kotlow/golde
n/Palniki%?20pilotowe/C7005.pdf.]

P Mehresh, D Flowers, and R W Dibble, Experimental and numerical
investigation of effect of fuel on ion sensor signal to determine combustion timing
in homogeneous charge compression ignition engines. International Journal of
Engine Research, 2005. 6: pp. 465-474.

Axel Franke, Characterization of an Electrical Sensor for Combustion
Diagnostics, in Combustion Physics. 2002, Lund Institute of Technology, Lund.
Thomas H Dimmock and W R Kineyko, The electrical properties of ionized
flames. Part I. Study of flame ionization. 1961.

Thomas H Dimmock, G F Miller, J J Nichol, and W R Kineyko, The electrical
properties of ionized flames. Part I1. Electrostatic and magnetohydrodynamic
deflection. 1961.

B Karlowitz, Flames augmented by electrical power. Pure & Applied Chemistry,
1962. 5: pp. 557-564.

Kgakmatso Mphale and Mal Heron, Measurement of Electrical Conductivity for
a Biomass Fire. International Journal of Moleculare Sciences, 2008. 9: pp. 1416-
1423,

1EC 60695-11-2:2003, Fire hazard testing - Part 11-2: Test flames .- 1 kW
nominal pre-mixed flame - Apparatus, confirmatory test arrangement and
guidance. 1IEC.




SP Technical Research Institute of Sweden develops and transfers technology for
improving competitiveness and quality in industry, and for safety, conservation of resources
and good environment in society as a whole. With Sweden’s widest and most sophisticated
range of equipment and expertise for technical investigation, measurement, testing and
certification, we perform research and development in close liaison with universities, institutes
of technology and international partners.

SP is a EU-notified body and accredited test laboratory. Our headquarters are in Boras, in the
west part of Sweden.

SP Trétek Electronics Measurement Weights

Building Technology and Mechanics e uilding and Housing o Product Safety Technology and Measures
* Materials o Solid Mechanics * Processing and * Software * National Metrology o Verification Office
. . . Processes . . o
* Construction o Computer Simulations o Environmental o Measurement Processes, e Field Calibration

 Materials and Products

 Quality and
Testing

Durability
® EMC

o Transport Sensor Technology

o Calibration

Energy Fire
Chemistry and Materials Technology Technology Technology Certification
© Materials Analyses e Plastics and Rubber * HVAC © Fire Dynamics  Products

* Surface Protection
o Lifetime Technology
o Biotechnology

 Environmental Analyses
© Measurement
Technology

o Combustion Technology
* Building Physics
 Acoustics

o Fire Resistance © Management Systems

SIK

o Structure- and

YKI
e Structured Materials

SMP SITAC CBI

. gn?/‘;::rlnﬁilg: 0 * Formulation © Machinery Testing « Product Approvals « Concrete
P o  Surface Design * Inspection o Certification of Personnel * Aggregate
rocess Engineering * Certification © Cement

 Delivery and Release
© Dynamic Systems

* Microbiology/Biotechnology
* Sensory Science and
Flavour Chemistry

« Natural Stone

SP is organised into eight technology units and five subsidaries

SP Technical Research Institute of Sweden Fire Technology

Box 857, SE-501 15 BORAS, SWEDEN SP Report 2008:50

Telephone: +46 10 516 50 00, Telefax: +46 33 13 55 02 ISBN 91-7848-978-91-85829-67-5
E-mail: inffo@sp.se, Internet: www.sp.se ISSN 0284-5172

WWW.Sp.se





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /SVE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


