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Abstract 

An improved system for measuring the ignition energy of liquid fuel was built to perform 
experiments on aviation kerosene (Jet A). Compared to a previously used system (Shepherd 
et al. 1998), the present vessel has a more uniform temperature which can be held constant 
for long periods of time. This ensures thermal equilibrium of the liquid fuel and the vapor 
inside the vessel. A capacitive spark discharge circuit was used to generate damped sparks 
and an arrangement of resistors and measurement probes recorded the voltage and current 
histories during the discharge. This permitted measurement of the energy dissipated in the 
spark, providing a more reliable, quantitative measure of the ignition spark strength. With this 
improved system, the ignition energy of Jet A was measured at temperatures from 35°C to 
50”C, pressures from 0.300 bar (ambient pressure at 30 ltft) to 0.986 bar (ambient pressure 
near sea level), mass-volume ratios down to 3 ltg/m’, with sparks ranging from 10 mJ to 0.3 J. 
Special fuel blends with flash points (Tip) from 29°C to 73.5”C were also tested. The statistical 
properties of the ignition threshold energy were investigated using techniques developed for 
high-explosive testing. 

Ignition energy measurements at 0.585 bar with high mass-volume ratios (also referred to as 
mass loadings) showed that the trend of the dependence of ignition energy on temperature was 
similar for tests using the stored capacitive energy and the measured spark energy. The ignition 
energy was generally lower with the measured spark energy than with the stored spark energy. 
The present ignition energy system was capable of clearly resolving the difference in ignition 
energy between low and high mass-volume ratios. The ignition energy vs. temperature curve 
for 3 ltg/m’ was shifted approximately 5°C higher than the curve for high mass-volume ratios 
of 35 ltg/m’ or 200 ltg/m’. The ignition energy was subsequently found to depend primarily on 
the fuel-air mass ratio of the mixture, although systematic effects of the vapor composition are 
also evident. As expected, the ignition energy increased when the initial pressure was raised 
from 0.585 bar to 0.986 bar, and decreased when the pressure was decreased to 0.3 bar. Finally, 
tests on special fuels having flash points different from that of commercial Jet A showed that 
the minimum ignition temperature at a spark energy of about 0.3 J and a pressure of 0.986 bar 
depends linearly on the flash point of the fuel. 
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1 

1 Introduction 
The present report describes the continuing investigation of the basic flame ignition properties 
of Jet A vapor in air. In particular, this study addresses specific issues raised in the previous 
report on Jet A ignition properties (Shepherd et al. 1998). 

In the previous work, one of the main findings was that high temperatures play an important 
role in increasing the relative hazard of a Jet A fuel vapor explosion in an airplane fuel tank. The 
ignition energy for mixtures of Jet A vapor in air was measured and found to decrease sharply 
as the temperature was increased from 35°C to 55"C, thereby increasing the risk of accidental 
ignition by electrical sparks (Shepherd et al. 1998). Several issues were subsequently raised 
concerning the details of the spark ignition method, properties of the fuel, and other factors 
influencing the ignition process. Among the outstanding questions raised were: what is the 
actual energy deposited by the spark discharge, what is the effect of airplane altitude on the 
ignition energy, what is the effect of changing the flash point of the fuel on the ignition energy, 
and what is the effect of fuel weathering on the ignition energy. 

The present document reports the results of our investigation into these issues. The main 
objectives of the present study were to repeat the previous ignition energy experiments using 
an improved spark system and well equilibrated apparatus, investigate the statistical properties 
of ignition energy data, and further investigate the issues of pressure dependence, mass-volume 
ratio dependence, and flash point dependence. 

This report describes the development and construction of an improved spark discharge 
system in which the electrical energy dissipated in the spark can be measured. Since the igni- 
tion process in the gaseous section above a layer of heated fuel can be extremely sensitive to 
experimental conditions such as temperature non-uniformities in the vessel and spark gap loca- 
tion, care was taken to eliminate these effects with the present apparatus. Using this improved 
system, ignition energy tests were done on Jet A fuel provided by ARC0 and formulated to 
have a wide range of flashpoints. 

With these more accurate spark energy measurements, it was found that reducing the mass- 
volume ratio from 35 lg/m9 or 200 lg/m9 to 3 lg/m9 causes a shift in the ignition energy curve 
of about 5°C towards higher temperatures. It was also found that with direct measurements of 
the spark energy, the ignition energy was lower than previous measurements using the stored 
capacitive energy, although the trend of the dependence of ignition energy on temperature was 
similar. As expected, the ignition energy increased when the initial pressure was raised from 
0.585 bar to 0.986 bar, and decreased when the pressure was decreased to 0.3 bar. Finally, 
tests on special fuels having flash points different from that of commercial Jet A showed that 
the minimum ignition temperature at a spark energy of about 0.3 J and a pressure of 0.986 bar 
depends linearly on the flash point of the fuel. 
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2 Description of the heated ignition energy apparatus 

The apparatus used for the present tests is essentially the 1.84 liter vessel described in the 
previous report (Shepherd et al. 1998) with several improvements made to the design. The 
main improvements were in the spark discharge circuit (see Section 3), the heating system, 
which was modified to provide more uniform and controllable temperature control, and the gas 
feed system. 

2.1 Vessel description 

The vessel is made of aluminum and has a volume of a 1.84 liter. The interior is cubic with 
a dimension of 14 cm (Fig. 1). The front and back walls of the vessel have 5.8 cm circular 
windows for visualization of the event inside and up to 460 ml of liquid fuel can be introduced 
into the vessel before the liquid level rises above the bottom of the window. The temperature 
of the vessel can be increased from room temperature to about 80°C. 

Pressure 
transducer Yl \ l b  

adjustment 1 -  

Negative 
electrode 

I terminal 

I I terminal 

Thnrrnnrn, 

Figure 1 : Schematic diagram of the ignition vessel used for ignition energy measurements of 
liquid fuels. 

The entire vessel is placed inside an insulated box in which the air can be heated and 
circulated by a fan (Fig. 2, number 11). The box is made of wood and is lined with aluminum- 
backed fiberglass insulation I inch thick. The inner dimensions ofthe box are 38.5 cm x 54 cin 
x 3 1 cm. Several 5 W/in2 heating pads are placed directly on the vessel and inside a circulation 
duct made of a 93 mm diameter PVC pipe. These heaters are controlled by solid-state heater- 
control relays connected to a CN77544 Omega temperature controller. The thermocouple used 
to provide temperature feedback to the controller measured the air temperature in the box and 
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is located in the far right hand side of the box, far from the heating pads (Fig. 2, number 10). 
Using this arrangement, the vessel and the air surrounding the vessel can be heated to the 
target temperature with an absolute accuracy of *1"C and a variation of temperature within 
the insulated box of no more than 1°C. 

Figure 2: Schematic diagram of the entire heated ignition energy vessel system. The elements 
in the schematic are: 1) and 12) heater-control relays, 2) heating pads, 3) needle valve, 4) 
bleed valve, 5) rapid venting valve, 6) MKS pressure gage, 7) electro-pneumatic valve, 8) 
vacuum valve, 9) vacuum line, 10) box air thermocouple, 11) insulated box, 13) high-voltage 
probe terminal, 14) positive terminal from discharge circuit, 15) and 22) damping resistors, 
16) ignition vessel, 17) magnetic mixer, 18) solenoid valve, 19) circulation fan, 20) circulation 
duct, 21) current transformer, 23) ground terminal from discharge circuit. 

The gas feed in and out of the vessel is controlled by an arrangement of electrically- 
activated and manual valves (Fig. 2, numbers 3, 4, 5, 7, 8, and 18). With this system, gas 
can be introduced or removed from the vessel remotely while the pressure in the gas manifold 
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is monitored by a precision MKS model# 121AA-01000A pressure transducer (Fig. 2, number 

Two electrodes protrude into the vessel to provide a spark gap approximately at the center 
of the chamber. The electrodes consist of stainless steel rods 1/8 inch in diameter. The positive 
electrode was stationary and the grounded or negative electrode was adjustable in order to vary 
the spark gap size. The gap size used in the present experiments was 5.4 mm, larger than the 
3.3 mm used in the previous experiments. Gap size and geomehy do have an effect on the 
ignition energy threshold as discussed in Section 3.4.4 of Shepherd et al. (1998). However, 
if flanges are not used on the electrodes and the gap is sufficiently greater than the quenching 
distance, then the ignition energy threshold is only wealdy dependent on the electrode spacing. 
This is the situation in the present experiments. 

The electrode arrangement is shown in Fig. 3. The electrode tips were conically tapered 
then rounded as shown in Fig. 4. 

6) .  

Positive electrode Vessel wall 

Negative electro 

Figure 3: Schematic diagram of adjustable-gap-width electrodes of the ignition energy vessel. 

Stainless steel 
e lect rodes 

4 . 5 m m  3 . 9 m m  

+ 

t f f  
1 . 5 m m  3 . 2 m m  

(1 18in.) 

Figure 4: Schematic diagram of electrode tip geomehy. 

The typical test procedure for an ignition energy measurement basically consists of inject- 
ing the fuel sample into the vessel at low pressure to avoid evacuating any fuel vapor, bleeding 
in air until the desired test pressure is reached, then triggering sparks at a certain energy while 
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raising the temperature in plateaus until ignition occurs. The standard operating procedure of 
the ignition energy vessel is given in Appendix A. 

2.2 Diagnostic measurements 
The explosion event was monitored by various diagnostic gages in the vessel (Fig. 1). The 
pressure history inside the chamber was measured using a Kulite XT-190 static pressure trans- 
ducer located at the top of the vessel. The temperature history was measured using a K-type 
thermocouple with 0.005 inch diameter wire for fast response. The pressure and temperature 
signals were amplified and recorded on a computer through a National Instruments AT-MIO- 
64E-3 digital acquisition board. The board was controlled by a LabViewT"' program which 
processed and stored the pressure and temperature data (Appendix G). 

The explosion was also filmed through the circular windows on the front and back walls of 
the vessel. Using a color-Schlieren arrangement as shown in Fig. 5, an image of the density 
gradients in the gas in the vessel can be seen, enabling the flame front to be recorded. A 
light source using a 250 W quartz-tungsten-halogen bulb was used to illuminate the event in 
the vessel, and lenses were used to provide the required parallel light beam. The image was 
captured by a CCD video camera and fed to a video recorder. Thus the progression of the 
explosion event was recorded using high-quality S-VHS video. 

INSULhTLU BOX 

Figure 5: Schematic diagram of the color-Schlieren arrangement used to record the explosion 
event in the vessel. 

2.3 
As in Shepherd et al. (1998), the ignition or failure to ignite following a spark discharge 
was observed through the pressure history and video recordings of the flame bubble inside 
the vessel. Successful ignition of a flame was accompanied with a rapid pressure increase 
within 0.5 sec to about 3 bar inside the vessel (Fig. 6a), while failure to ignite resulted in no 
measurable pressure rise after the spark. The temperature in the vapor space of the vessel was 
also observed to increase (Fig. 6b); however, the response of the thermocouple was not fast 
enough to follow the temperature rise of the flame, hence, the temperature history does not 
indicate true temperatures and only provides a confirmation of successful ignition. 

The two columns of three video images in Fig. 7 show the processes of ignition or failure in 
the chamber. The left column frames (Fig. 7a) show the successive steps in an ignition failure 
process. The toroidal bubble of hot gas generated by the spark can be seen in the top frame. 

Observation of ignition or failure 
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(a) (b) 

Figure 6: The (a) pressure and (b) temperature histories of the successful ignition of the fuel-air 
vapor at 0.585 bar for mass-volume 35 kg/m9 (80 ml) at 35.5"C (test# 197). 

As time advances, the initial bubble loses definition (middle frame) and dissipates completely 
(bottom frame). The ignition process does not seem to be highly sensitive to the shape of the 
initial hot gas bubble, as failure also occurs for irregular bubble shapes with the same spark 
energy. The right column frames (Fig. 7b) show the successive steps in a successful ignition 
process. The irregularly-shaped bubble in  tlie top frame grows and remains clearly defined i n  
tlie middle frame and develops into a spherical flame bubble i n  tlie last frame. Only the edge of 
the flame bubble is visible in the last frame because the spark gap is not centered in the window 
view. 



2.3 Observation ofignition or failure 7 

Figure 7: Video frames showing (a) the failure of ignition (test# 193), and (b) successful ig- 
nition (test# 194). The two columns of three frames progress in time from top to bottom and 
time between frames is 2 ms 
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3 Development of an improved spark discharge system 
In a flammable mixture of proper concentration and sufficient volume to support a self-propaga- 
ting flame, ignition will occur if a source is capable of imparting sufficient energy to the mix- 
ture. The main theories of ignition propose that the critical energy for ignition is related to the 
energy required to form a flame kernel of a critical size. These theories have been reviewed 
and discussed in Shepherd et al. (1998). The most convenient way to deposit energy into a 
combustible system in a manner approaching an ideal point source configuration is to use an 
electrical spark discharge. 

In the case of capacitive spark ignition, the main ignition mechanism involves a conversion 
of the stored electrical energy into heat which generates the flame kernel. This process of 
thermalization is very complex and is not fully understood though it has been the subject of 
many experimental and numerical studies (Kono et al. 1988; Borghese et al. 1988; Reinmann 
and Aluam 1997). As discussed in these works, the process of ignition by a spark-generated 
kernel is highly complex involving many stages of development, and is therefore very sensitive 
to the manner in which the electrical energy is delivered to the spark gap. 

Because the spark properties depend strongly on the electrical characteristics of the dis- 
charge circuit, the ignition energy also depends on the circuit parameters. A general review of 
the dependence of ignition energy on spark properties is found in Magison (1978). More re- 
cent studies by Kono et al. (1 976) and Parker (1985) use modem electronic components such as 
transmission line elements to store the electrical energy and thyratrons for accurate high-speed 
switching to control the spark properties and provide a more meaningful quantitative measure 
of the spark energy. These studies indeed show that the ignition energy of propane-air mixtures 
depends on the duration of the spark, the size of the gap, the geomehy of the electrodes, and 
the current and voltage histories of the spark. 

In the present study, the circuit parameters such as capacitance, inductance, resistance, 
and switching were carefully controlled to obtain relatively smooth and repeatable voltage and 
current histories for the sparks. By so doing, the spark duration could be controlled and the 
spark voltage and current could be directly measured using a 500 MHz bandwidth oscilloscope. 
Thus, a quantitative measure of the energy dissipated in the spark could be calculated, elimi- 
nating the uncertainties associated with relying on the stored energy (1/2CV2) as an estimate 
of the spark energy (Shepherd et al. 1998). 

3.1 Description of spark circuit 
3.1.1 Circuit operation 

The spark circuit of the present system is the capacitive discharge circuit shown in Fig. 8. The 
electrical energy is stored in C1 which is charged to the desired voltage through the 4.7 MQ 
resistor R1. In the present tests, either a 0.602 pF or a 0.0842 pF were used for C1. When the 
voltage across the electrodes rises to the charging voltage, the spark does not occur because the 
gap between the electrodes is large enough to prevent spontaneous breakdown across the gap. 
The breakdown voltage for the present electrodes is given for various gap sizes and different 
ambient pressures in Appendix B. In order to initiate the spark, a 30 1V pulse is generated by 
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the TM-1 1A. This pulse momentarily increases the voltage across the gap above the breakdown 
voltage and initiates the spark discharge. The diodes D1 and D2 each consist of thirty 1N4007 
rectifier diodes. D1 prevents the spark discharge current from flowing back through the TM- 
1 lA, and D2 prevents the trigger pulse from flowing back into the capacitor and power supply. 
The resistors R2 and R3 provided damping for the capacitive discharge and varied the pulse 
duration. The negative electrode has a FB-43-562 1 Amidon ferrite bead attached to its terminal. 
This ferrite bead provides a small amount of high frequency noise reduction. 

D1 

module 

Oscilloscope 

+- 
HVprobe A 

1 - 

Figure 8: Circuit diagram of the discharge circuit used in the present work. 

To obtain repeatable and reliable sparks, it was necessary to clean the electrode tips at least 
every 3 to 4 discharges. The tips were cleaned after every successful ignition of the fuel vapor. 
This was done by wiping the tips with acetone and then using ultra-fine sand paper to remove 
any remaining grit. This procedure was necessary because small amounts of deposits such 
as dirt or oxidation on the surface of the electrode tips could change their electrical properties. 
The biggest problem was the formation of a film of fuel on the tip by condensation or splashing. 
The fuel filin acted as an insulator, changing the breakdown characteristics of the electrodes 
and ultimately the spark energy. Cleaning the tips before each test and making sure that the 
fuel in the vessel was heated more slowly than the air surrounding the vessel, minimized the 
effects of foreign substances coating the tips and changing the spark properties. 

3.1.2 Voltage and current measurement 

The voltage and current were directly measured in order to compute the discharge characteris- 
tics. The spark voltage is measured at the positive electrode terminal as shown in Fig. 9 using 
a high-voltage probe. Because of the damping resistor R3, the voltage drop across the spark 
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could not be measured between points B and C since the spark current would discharge into 
the ground return of the probe, causing a large shift in the offset of the oscilloscope. Instead, 
the voltage drop between B and E is measured, which is the drop across the spark and R3 in 
series. When this voltage is later used to calculate the spark energy, the energy dissipated by 
R3 is accounted for and subtracted from the total dissipated energy across both elements. 

The voltage probe used was a Telhonics 6015A xl000 high voltage probe with an input 
resistance of 100 MQ an input capacitance of 3 pF, and a bandwidth of DC to 75 MHz (at the 
-3 dB point). The probe compensation was adjusted over a wide range of frequencies using a 
square wave generator (Appendix C). 

The spark current was measured between points C and D (Fig. 9) using an Ion Physics 
CM-1-L current monitor. This transformer has a bandwidth of 0.2 Hz to 6 MHz and a nominal 
sensitivity of 0.01 AmpNolt. 

In verification tests of the energy dissipated by R3, an additional high voltage probe was 
used to measure the voltage drop across R3 alone by measuring the voltage between points D 
and E. 

A R2 B SparkGap c 
from discharge capacitor 

Voltage signal to oscilloscope 

Current signal to oscilloscope 

to grounding bar 
- 

Figure 9: Circuit diagram showing the measurement arrangement of the voltage and current 
used in the spark energy calculation. 

3.1.3 Signal recording 

The signals from the voltage and current probes were recorded on a Telhonics TDS 640A 
digital storage oscilloscope with a bandwidth of 5OOMHz. The digitized signals were then 
transferred to a computer through the GPIB bus using a National Instruments AT-GPIB/TNT 
card for subsequent processing and analysis. 

3.1.4 Damping resistors 

As shown in Fig. 8, damping resistors were placed on the positive and negative electrodes. The 
resistors were placed as close as possible to the vessel in order to minimize the stray circuit 
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reactance seen by the spark gap. The resistors used in the present tests varied from 7.15Q 
to 95.6Q (Appendix D). The resistor values were chosen to damp the voltage and current 
histories and produce the desired pulse duration. Only carbon composition resistors having a 
solid carbon core (e.g. Allen-Bradley carbon composition type) or high power ceramic core 
resistors (e.g. Dale "-series) were found adequate for this purpose. Due to the high voltages 
involved, wire-wound or resistive film resistors were found to arc internally and could not be 
used. 

The damping resistors play several important roles in the discharge circuit. The main pur- 
pose of these resistors is to reduce high frequency oscillations in the spark current by providing 
damping during the spark discharge. In the absence of these resistors, the circuit is under- 
damped, resulting in relatively high frequency oscillations in the voltage and current flowing 
through the spark (Fig. 10). The voltage history in Fig. 10a shows the 0.602pF capacitor was 
charged to about 9 1V. The voltage suddenly drops as the capacitor spontaneously discharges 
and subsequently oscillates at a frequency of about 1 MHz. The current history in Fig. 10b 
shows that the current increases as current begins to flow through the spark and then oscillates 
at 1 MHz. For the smaller 0.0842pF, the frequency is higher. Although the 1 MHz oscillations 
shown in Fig. 10 are within the operating bandwidths of the voltage and current probes, they 
are close to the upper limit, particularly for the current transformer which has an upper limit 
of 6 MHz, and the resulting small phase shifts in the current and voltage can cause large errors 
in the amplitude of the power, rendering the spark energy calculation very inaccurate. For ex- 
ample, the ringing voltage and current of Fig. 10 resulted in a measured spark energy twice the 
stored energy which is clearly unrealistic. 

4 ,  
10 

8 
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Figure 10: The (a) voltage history and (b) current history of an underdamped spark resulting 
from the discharge of a 0.602jiF capacitor. 

With damping resistors, the damped spark discharge no longer contains high frequency 
components (Fig. 11). The voltage history in Fig. 1 l a  starts at the charging voltage of 5.5 lV, 
then increases sharply due to the trigger pulse from the TM-1 1A. When the spark discharge 
occurs, the voltage drops sharply at first, then gradually as the capacitor discharges slowly 
through the damping resistors. The current history in Fig. 1 lb  shows that the current increases 
sharply as the spark discharge begins, then decreases gradually. Since the voltage and current 
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histories are smooth and uniform, lacking high frequency components, they can be measured 
more accurately and more reliably. 

-2 -50 J 
0 100 150 50 100 150 

T,l”* /LY) T,meCs, 
50 
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Figure 11: The (a) voltage history and (b) current history of a damped spark resulting from the 
discharge of a 0.602pF capacitor with a 14.30 resistor on the positive electrode and a 7.150 
resistor on the negative electrode providing the damping (test# 197). 

Together with the discharge capacitor, the damping resistors form an RC discharge circuit 
that controls the duration of the spark discharge. The spark duration throughout the ignition 
energy tests (Appendix D) was between 20 psec and 30 psec. 

Stray reactance (capacitance and inductance) in the circuit can also cause undesirable noise 
and high frequency oscillations, especially when the connecting wires are long. The presence 
of the damping resistors can alleviate this problem if properly positioned. By placing the resis- 
tors as close as possible to the electrode terminals located outside the vessel, they effectively 
dominate the circuit impedance seen by the spark. The only sources of stray reactance seen by 
the spark are the reactance of the electrodes from the tip to the terminal, and the reactance of 
the voltage and current probes, which are minimal. Hence, the positioning of the damping re- 
sistors as close as possible to the spark gap resistively decouples the spark from the stray circuit 
reactance and reduces spurious noise and oscillations in the voltage and current histories. 

Finally, the damping resistors reduce the spark energy by dissipating part of the stored 
energy. Since the spark gap is in series with the damping resistors, the fraction of the stored 
energy dissipated by the gap depends on the ratio of the spark resistance (between points B 
and C in Fig. 9) to the total resistance (between points A and E in Fig. 9). The stored energy 
(Eilored) in the capacitor is given by: 

E.Si,>re<i = 1/2CV2; (1) 

where C is the capacitance of the discharge capacitor C1 (Fig. 8) and V is the charging voltage 
across C1. If we assume that all the stored energy is dissipated in the resistive elements from 
point A to point E (Fig. 9), then the total energy dissipated (Elc,loi) by definition is: 

t ; ( t ) i ( t )d t  EiioVeCi; (2) 
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where t:(t) is the voltage at point A during the discharge and i ( t )  is the current through the 
circuit. Since the spark energy (Eipork) is: 

where t : , 5 p o r k ( f )  is the voltage across the spark which is given by: 

Equations 2 to 4 can be combined such that: 

However, since the spark resistance varies with time and with the current, simple circuit analy- 
sis above cannot be used to determine the fraction of stored energy dissipated in the spark. Only 
direct measurement of the current and voltage histories of the spark are adequate to estimate 
the spark energy. 

3.2 Spark energy measurement 

3.2.1 Signal processing and calibration 

Once the voltage and current histories are transferred to a computer (cf. 3.1.3), they are pro- 
cessed by a program written in LabViewT"' (Appendix H) for conversion into the proper units 
and calculation of the spark power and energy. Several steps of signal processing are required 
before the signals can be analyzed. 

To convert the raw voltage signal from the oscilloscope into actual volts, the signal is mul- 
tiplied by 996, the attenuation factor measured during the probe calibration test (Appendix C). 
The raw current signal is converted into amperes by dividing it by .01016 V/A, the current 
transformer sensitivity at 50 1Hz given by the frequency curve supplied by the manufacturer. 
This frequency was chosen by considering a typical spark pulse duration of approximately 
20 ps as the period of a wave. 

Before each actual spark test, it was foundnecessary to perform a calibration test by replac- 
ing the spark gap with a mechanical switch outside the vessel. The switch provided an alternate 
discharge path to the spark gap to allow testing of the spark energy measurement system with- 
out producing a spark in the vessel. The high voltage probe was moved from point B to point 
D (Fig. 9) to measure the voltage across R3 during the discharge. In this way the system was 
calibrated by measuring the energy dissipated across R3 only. The value of the relatively small 
DC offset (typically zero to 20 V compared to the spark voltages above 1 1V) generated by the 
mutually-induced electrostatic potential difference in the cables could be measured during this 
calibration test (Appendix F) and later subtracted from the measured voltage signal during an 
actual spark measurement. 
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During an actual spark energy measurement with the voltage probe at point B (Fig. 9), 
the energy calculation program (Appendix H) would calculate the energy dissipated by the 
spark gap and R3 together, then subtract the energy dissipated by R3 alone. During the cal- 
ibration test, the voltage probe is only measuring the voltage across R3, hence the spark gap 
is bypassed and the program should calculate zero energy after subtracting the R3 energy. In 
practice the program does not calculate a value of zero due to small frequency response errors 
in the voltage and current measurements. To solve this problem, the value of R3 entered in the 
spark measurement program (Appendix H) was adjusted until the energy difference was zero. 
This preliminary calibration procedure before each test increased the accuracy of the voltage 
measurement and reduced the error in the spark energy calculation. 

A final step of signal processing is performed on the voltage and current histones before 
they are used for the spark energy calculation. A ten-point moving average is applied to the 
voltage and current waveforms in order to reduce high-frequency random noise in the signals. 

3.2.2 Spark energy calculation 

The energy dissipated by the spark is calculated by integrating the power over time. The spark 
power P( t )  was obtained by multiplying the voltage history t;(t) and the current history i ( t ) :  

then the power is integrated over time: 

A typical spark energy determination from the voltage and current histories of Fig. 11 is 
shown in Figs. 12 and 13. The power consumed by the spark and the negative terminal resistor 
R3 in series is calculated by multiplying the voltage ( t i SR3( t ) )  measured between point B and 
the ground at point E (Fig. 9) with the current ( i ( t ) )  through the spark loop. This power is: 

PSR3(f)  = t ; S R 3 ( f ) i ( f ) ;  (8) 

and is represented by the gray line in Fig. 12. The thin solid line represents the power consumed 
by the resistor R3 and was obtained using: 

The energy dissipated by the resistor R3 and spark together ( E s R ~ )  can be obtained by 
integrating the power P.yR3 over time: 

and is represented by the gray line in Fig. 13. The initial part of the energy curve from zero to 
about 45 ps increases slightly in a linear fashion. This occurs in the power calculation because 
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Figure 12: The power consumed by the spark and the resistor (R3) together (P~sR3), and the 
power consumed by R3 alone (PR3). The power histories shown are for test# 197, the discharge 
of a 0.602 pF capacitor charged to 5.5 1V with a 14.3 (2 resistor on the positive electrode and 
a 7.1 5 0 resistor on the negative electrode. 

a small positive bias in the current (Fig. I I b) is strongly amplified when multiplied by the large 
DC component (5.5 1V) in the voltage (Fig. 1 la). The energy dissipated by R3 alone (ER3) is: 

and is represented by the solid thin line in Fig. 13. The energy dissipated by the spark (Eipork) 
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Figure 13: The energy dissipated by the spark and the resistor (R3) together (ESR3), and the 
energy dissipated by R3 alone (ER3). The dissipated energies shown are for test# 197, the 
discharge of a 0.602 jLF capacitor charged to 5.5 1V with a 14.3 R resistor on the positive 
electrode and a 7.15 0 resistor on the negative electrode. 
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is thus the energy difference between E.7~3 and E R ~  correcting for the noise error (Ne??): 

EiPoric = E S R ~  ~ E R ~  ~ Ne,,. (12) 

The spark energy (Eipork) for test# 197 shown in Figs. 11, 12, and 13 is 0.023 J. 
In order to verify the previously described method of computing the spark energy, the 

energy dissipated by R3 ( E R ~ )  was calculated by an alternate method. A second compensated 
high voltage probe was placed directly on the negative electrode, directly measuring the voltage 
across R3 (between points D and E of Fig. 9). Hence the power (PA3) across R3 is given by: 

where tiR3 is the voltage across R3. The energy dissipated by R3 (Ek3) is: 

As before, the spark energy is determined using Eq. 12 but substituting E;, for E R ~ .  For 
all cases using this alternate method, the spark energy was no more than 3% from the spark 
energy computed by the previous method, hence providing some confidence in the validity of 
the energy determination method. 



17 

4 Statistical variation of ignition energy measurements 
The present ignition energy experiment constitutes a type of sensitivity test. In sensitivity 
experiments, the critical level of stimulus that produces a certain response in a test sample is 
measured. For example, typical sensitivity experiments include the measurement of the critical 
height from which a weight is dropped onto an explosive that will cause ignition, or the critical 
dose of insecticide necessary to lull a certain type of insect. 

In the present testing, the stimulus level is the measured spark discharge energy. The critical 
value of energy required for ignition is the desired result of the testing. The result of any one 
test is either a “go” (ignition) or “nogo” (no ignition). Due the statistical nature of the near- 
limit ignition process, energy levels for “go” and “nogo” results will overlap in repeat trials 
at nominally identical initial conditions. This gives the appearance of scatter in the data and 
males the critical energy for ignition ambiguous. 

Because the critical level of stimulus is not clear-cut, it is necessary to find the statistical 
properties of the response of the test sample to different levels of stimulus. These statistical 
methods are particularly useful in hazard assessments. In the common drop-weight sensitivity 
test for explosives, many statistical methods have been developed to estimate the mean value of 
the critical height where the explosive has a 50% probability of igniting, as well as the standard 
deviation of the mean value (Dixon and Massey Jr. 1983). 

Previous studies on gaseous ignition usually do not report ’ statistical data related to mea- 
surements of the critical energy level. In order to place the determination of ignition energy on 
a firmer statistical basis, we have investigated several methods of analyzing our ignition energy 
data. The statistical methods examined include the Bruceton Test, the One-Shot method, and 
the “Method of Minimum Contradictoriness” (Zukas and Walters 1998). Although the first two 
techniques were unsuccessful, the last was used to find the median value (with a 50% probabil- 
ity of “go” or “no go”) of the logarithm of the spark energy. As a practical matter, too few data 
are available in most cases for the statistical methods to provide meaningful results. For that 
reason, we have resorted to a graphical method based on using the highest “nogo” and lowest 
“go” results in order to simply characterize the data. 

4.1 Bruceton Test 
The most widely used method to calculate the statistical properties of explosive testing is the 
“Bruceton Staircase Technique” (Zultas and Walters 1998) also called the “Up and Down” 
method (Dixon and Massey Jr. 1983). This method applies to sensitivity tests where the result 
is “go” or “no go”, where “go” corresponds to a successful ignition after a certain stimulus 
and “no go” corresponds to a failure to ignite after a certain stimulus. In Bruceton testing, 
the conditions of the next test depend on the result of the previous test. First the size of the 
interval between the stimulus levels must be chosen so that the stimulus level can be increased 
or decreased incrementally. If a ”go” is obtained when testing a sample with a certain stimulus 
level, the stimulus level is decreased by one interval for the next test. If a “no go” is obtained, 

‘One notable exception is the study of Plummer (1992) which examined the statistical fluctuations in a large 
data set associated with minimum ignition energy Esting in mixtures of P - 8  and air. 
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the stimulus is increased by one interval. The test proceeds until a sufficient number of tests 
has been performed to obtain meaningful statistics. The required number of tests is typically 
large (50-100 as in Sandia National Laboratories 1990), but it has been suggested that reliable 
results can be obtained for explosive tests with only 20 tests (Zultas and Walters 1998). Special 
techniques have been developed to obtain statistical properties with as little as 10 to 15 tests 
(Dixon and Massey Jr. 1983), but they usually require prior laowledge of the approximate 
values of the statistical properties. Once an adequate number of tests has been performed, the 
results can be analyzed to obtain the median value of the stimulus level, Le., the stimulus level 
with a 50% probability of producing a “go” or a “no go”, and the standard deviation. For the 
case where the distribution of the stimulus levels is normal, the mean is equal to the median. 

For the Bruceton technique to be applicable, the data must meet certain conditions (Dixon 
and Massey Jr. 1983; Zultas and Walters 1998): 

the test variable or stimulus level should be normally distributed, 

the interval between test variable values must be fixed and smaller than twice the standard 
deviation, 

each test should be carried out on a new sample to eliminate “explosive memory effect”, 

a statistically significant number of tests needs to be conducted, 

the criteria ofjudgement between “go” and “no go” should be consistent. 

4.2 ”One-Shot” Method 

The “One-Shot’’ or “Langlie” method (Langlie 1962) has also been used successfully for ex- 
plosive tests (Sandia National Laboratories 1990). The stimulus level of the next test is deter- 
mined by the results of previous tests using a more sophisticated rule than the Bruceton test. 
This method has the advantage that the interval between the stimulus levels need not be chosen 
a priori. The test data must otherwise meet the same conditions as in the Bruceton test, in par- 
ticular, that the test variable must be normally distributed. The One-Shot test can also provide 
reliable statistics for a relatively small number of tests (10 to 15). 

The “One-Shot method” (Langlie 1962) was chosen to analyze the statistical properties of 
the ignition energy experiment. This method requires a minimal number of a priori assump- 
tions to be made regarding the statistical properties of the experiment. The minimum and 
maximum stimulus defining the limiting values within which the test stimuli are distributed 
must be chosen. The stimulus levels are determined by the test method. The stimulus level for 
a test is found by counting backwards through the previous tests until an equal number of “go” 
and “no go” results are found, then the average between the level of this test and the last test 
performed is used as the level for the next test. If an equal number of “go” and “no go” results 
cannot be found, then the average between the level of the last test and the limiting level (the 
lower limit if the last test is a “go”, and the upper limit if the last test is a “no go”) is used. The 
One-Shot method can provide meaningful statistics after 10 to 15 tests have been performed. 
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To use the One-Shot method, a test variable that is normally distributed in the experiment 
should be chosen. In the drop-weight explosive test, the logarithm of the drop height has been 
found to have a normal distribution (Sandia National Laboratories 1990). It is assumed in 
the present experiments that the ignition energy is analogous to the drop height and that the 
logarithm of the spark energy has a normal distribution in this experiment. 

4.2.1 

Tests following the One-Shot method were performed on ARC0 Jet A with a flash point of 
46.4”C (Shepherd and Nuyt 1999) at a pressure of 0.585 bar, the atmospheric pressure at an 
altitude of 14 ltft (Shepherd et al. 1997), and a mass-volume ratio of 200 ltg/m’. This mass- 
volume ratio corresponds to a quarter-full vessel (about 460 ml) where the level of the fuel is 
just below the vessel window. The spark energy was varied between 8 mJ and 150 mJ and the 
spark gap was 5.4 mm. Two successive series of tests were performed with two fresh batches 
of fuel: tests# 134 to 146, and tests# 147 to 164 (Appendix D). The two series were combined 
to form a single One-Shot test series totaling 25 tests as shown in Fig. 14. The “go” points 
represent a successful flame ignition by the spark, and the “no go” points represent a failure to 
ignite by the spark. The results of 25 tests are shown for various spark energies following the 
One-Shot procedure. 

The ignition energy test series 

-1.5 -I 1 

-4.5 1 

+ 
0 

0 0 

0 

0 0 
0 

T 
0 

0 

0 
0 

0 NOGO 

+ + 
0 

-5 
0 5 10 15 20 25 30 

Number of tests 

Figure 14: The series of ignition energy tests performed for a One-Shot series at 38°C or 39°C 
0.585 bar, for a quarter-full vessel (200 ltg/m’)). The median value of -3.12 is also shown. 

4.2.2 

The median value of the ignition energy was calculated using the ”Method of Minimum Con- 
tradictoriness” described in Zultas and Walters (1998). If we assume a certain median value 

Estimate of median value of the ignition energy 
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for the spark energy, a “no go” result for a test at a spark energy above the median is con- 
tradictory, and a “go” result at a spark energy below the median is also contradictory. The 
method searches for a median value by minimizing the number of contradictory results. This 
is achieved by seeking the minimum of the function F,: 

where z is the value of the assumed median and 2 ,  is the value of a contradictory result. The 
function F, reaches a minimum at the median value where the number of contradictory results 
is minimized. 

The function F, is shown for the logarithm of the spark energies (Fig. 14) in Fig. 15. The 
median value is -3.12 at the minimum, corresponding to an energy of 44 mJ. Hence, the median 
ignition energy for the Jet A at a pressure of 0.585 bar, 200 kg/m’, and a temperature between 
38°C and 39°C is about 44 mJ. The median value of -3.12 is also shown in Fig. 14. 

Figure 15: The “contradictoriness” function F, for the logarithm on the spark energy (Fig. 14). 

4.2.3 One-Shot analysis methodology 

The One-Shot analysis (Langlie 1962) method did not converge when applied to the test data 
shown in Fig. 14. Apparently, our ignition energy data does not satisfy the criteria for the 
analysis, but the reasons for this are not yet clear. Possible reasons are that: the chosen test 
variable, the logarithm of the spark energy, may not have a normal distribution; there was too 
much scatter and bias in the spark energies to adequately represent the statistical properties 
ofthe experiment; the amount of data tnay have been insufficient. Corrections were made for 
systematic errors in the test data such as temperature discrepancies between different tests, fuel 
weathering in the vessel, and the unequal number of “go and “no go” results, as described in 
detail in Appendix I, but convergence was not obtained. Further investigation of the statistical 
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properties of the ignition energy would likely require a larger number of data points (e.g. 50 to 
100) as in the Sandia National Laboratories (1990) study. This was not feasible for the present 
study. 
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5 Ignition energy tests 

In previous ignition energy tests reported in Shepherd et al. (1998), the fuel used was commer- 
cial Jet A purchased from Los Angeles International Airport (LAX). In this study, the ignition 
tests were performed on Jet A fuel supplied directly from ARCO (DeJovine 1998). The com- 
mercial Jet A from ARCO was called “base fuel” and had an average measured flash point 
of 46.4”C (Shepherd and Nuyt 1999). A 55 gallon drum of base fuel was manufactured and 
delivered to Caltech by ARCO in the Fall of 1998. This fuel was also used in a series of tests 
in the quarter-scale test facility in Denver, CO (Shepherd et al. 1998; Brown et al. 1999). The 
fuel vapor composition was analyzed by Woodrow and Seiber (1999), and its thermodynamic 
properties and composition are discussed in Shepherd and Nuyt (1999). Fuel from this same 
drum was used throughout the present ignition energy tests. 

5.1 Ignition energy dependence on temperature 

The ignition energy was measured for high mass-volume ratios of 35 lg/m9 (80 ml) and 
200 lg/m9 (460 ml) at a pressure of 0.585 bar between about 33°C and 40°C. For this range of 
temperatures, the ignition energy was found to decrease sharply from 300 mJ at about 35°C to 
10 mJ at about 40”C, as shown in Fig. 16. The raw data of the ignition energy measurement 
is shown with the spark energies where ignition occurred (“go”) and where failure of ignition 
occurred (“no go”). Note that the 40°C upper limit of the temperature range is due to the 
lower limit of about 10 mJ that can be measured with the ignition circuit used in the present 
experiments. Higher temperatures, up to 60°C in some locations within the center wing tank 
of a 747, are of interest but these could not be examined with present apparatus. Simple linear 
extrapolation of the trend shown in Fig. 16 indicates that the ignition energy is about 1 mJ at 
43°C. The U-shaped dependence of ignition energy on composition (see Section 4 of Shepherd 
et al. 1998), implies that that the ignition energy will be less than 1 mJ for temperatures higher 
than 43°C up to some maximum temperature associated with creating a too rich mixture. 

Tests were performed at a mass-volume ratio of 35 lg/m9 in order to shorten the fuel filling 
procedure. At this ratio, there was 80 ml of fuel forming a layer about 8 mm thick which 
is sufficient to submerge the magnetic mixing rod. Figure 16 shows that there is no apparent 
difference in the ignition energy between 35 kg/m3 and 200 kg/m3. This is consistent with Jet A 
ignition energy experiments by Lee (1999) which show that the ignition energy is only affected 
by the mass-volume ratio below about 5 kg/m9 where the ignition temperature at a fixed spark 
energy increases as the mass-volume ratio decreases. Tests at 35 kg/m9 are thus assumed to 
adequately represent the combustion properties of Jet A at high mass-volume ratios where the 
effects of depletion of lighter components is minimal (Shepherd et al. 1997). Experiments 
were henceforth conducted with this smaller, more convenient, quantity of fuel, and results at 
mass-volume ratios of 35 kg/m9 or 200 lg/m9 are grouped together and referred to as “high 
mass-volume ratio” or “high MN”. 

The raw ignition energy results (Fig. 16) can be represented more clearly by showing only 
the data points representing the highest “no go” results and the lowest “go” results as well as 
limit lines, as shown in Fig. 17. The limit lines are exponential fits to the highest ”no go” 
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Figure 16: The dependence of ignition energy on temperature for ARC0 Jet A (flash point tem- 
perature Tip =46.4”C) at 0.585 bar for mass-volume ratios ( M N )  of 35 lg/m9 and 200 kg/m9. 

results and the lowest “go” results. The equations describing these fits are: 

(16) 
I1 -0.757T 

= i n  (3  

where yv/710q,, is the spark energy (J) for the “no go” results and T is the temperature (“C), and 

(17) 
X -O.(i02T y,,(, = 5 . i n  (3  

where y,, is the spark energy (J) for the “go” results and T is the temperature (“C). The shaded 
region between these two lines can be interpreted as a band ofuncertainty separating the regions 
of a non-flaininable mixture and a flammable inixhlre (,Fig. lS), Le., the region to the left of 
the band represents non-flammable mixtures, the region to the right of the band represents 
flammable mixtures, and the region within the band represents mixtures that may or may not 
ignite at the corresponding spark energies. 

The present ignition energy results are shown together with previous measurements with 
LAX Jet A at 200 lg/m9 (Shepherd et al. 1998) in Fig. 19. The band of uncertainty for the 
present measurements with measured spark energies is shown with the ignition energy results 
previously obtained using the stored capacitor energy. The trend of rapidly decreasing ignition 
energy with increasing temperature is similar in both sets of experiments. It is apparent that the 
measured spark energies are lower than the stored capacitor energies, which is in agreement 
with spark discharge studies suggesting that only a fraction of the stored capacitor energy is 
dissipated in short-duration sparks (Grenich and Tolle 1983). Some reasons for the observed 
differences are: 1) there may be residual charge left on the capacitor; 2) a very short (ns) 
duration discharge is much less effective than a longer (20-50 ps) one; 3) the differences in 
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Figure 17: The dependence of ignition energy on temperature for ARC0 Jet 4 (flash point 
temperature Tip =46.4"C) at 0.585 bar for high M N  showing limit lines obtained from expo- 
nential fits to the highest "no go" results and the lowest "go" results. The error bars shown on 
one of the points indicate the maximum range of uncertainty as discussed in Section 5.1.1. 
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Figure 18: The dependence of ignition energy on temperature for ARC0 Jet A (flash point 
temperature Tip =46.4"C) at 0.585 bar for high M N  showing the band of uncertainty between 
the limit lines. 
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efficiency of overdamped vs underdamped discharge circuits. Although the trends are similar 
in the two data sets, only the present results with measured energy are quantitatively useful. 

The results from the two experiments cannot be compared further because of the insuf- 
ficient amount of data in previous measurements, and the important differences between the 
two apparatus and the spark generating circuits. The present experimental set up differs from 
the previous one in that the gap size is 5.4 mm rather than 3.3 mm, the electrode tip geome- 
hy is partially conical rather than rounded, damping resistors were used, completely changing 
the electrical characteristics of the spark, and a TM-1 1A trigger system was used instead of a 
mechanical switch. The most important difference in the present system is that the energy dis- 
sipated in the spark is measured directly, providing a more quantitative measure of the strength 
of the ignition source. 

1 1000.000 

100.000 

3 =-. 10.000 
P 

h 

a, 5 1.000 

= c 0.100 
c 
0 

cn 

._ 

- 
0.010 

0.001 

0 
0 + 

0 

I 
Measured energ 

20 30 40 50 60 
Temperature ("C) 

Figure 19: The band of uncertainty between the limit lines showing the present ignition energy 
measurements at 0.585 bar for high M N  shown with previous ignition energy results from 
Shepherd et al. (1998). 

5.1.1 

The absolute error in the ignition energy cannot be determined because independent measure- 
ments of the spark energy cannot be made. Miniature calorimeter measurements have been 
attempted (Reinmann and Aluam 1997), but the error in the accuracy of the instrument was 
large. Furthermore, the relationship between the measured ignition energy and the theoretical 
ignition energy developed in ignition models (Litchfield 1960; Lewis and van Elbe 1961) has 
not yet been determined. Nevertheless, the dissipated spark energy measured in this study pro- 
vides a quantitative measure of the energy deposited into the system by a spark. The present 
method is an improvement over the stored electrical energy estimate (e.g. 1/2CV2) since it 

Uncertainty of the ignition energy measurements 
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eliminates uncertainty in the results caused by random discharge effects such as shot-to-shot 
variations due to changes in the electrode tip surface, bad connections, and changes in the 
breakdown properties of the test mixture. The error in the spark energy measurements is due 
mainly to uncertainty associated with various components in the spark measurement system. 

The main sources of error in the ignition energy measurements come from: the accuracy 
of the thermocouples, the accuracy of the pressure gauge used to measure the initial pressure, 
the accuracy of the scale used to measure the quantity of fuel, the accuracy of the voltage 
and current probes, the quantization error in the oscilloscope, the quantization error in the 
processing of the signals, and the statistical scatter in measurements of the offsets used in the 
data processing programs. 

There are two sources of uncertainty and error in the temperature measurements. First, 
the temperature within the vessel may be nonuniform. Second, the thermocouples and read- 
out systems are imperfect. Substantial efforts were made to insure temperature uniformity in 
and around the test vessel. The entire apparatus was enclosed in an insulated box through 
which was circulated hot air. The test vessel was heated by electrical heaters connected to a 
control system. The liquid in the interior of the vessel was stirred constantly during the test. 
We measured the temperatures of the liquid and the vapor space in the vessel, and they were 
the same (within the meter accuracy of 0.1"C). There are three thermocouples: on the vessel 
surface (outside, on the bottom plate), in the vessel (in the vapor space), and in the insulated 
box air space (far right hand comer). We never observed a temperature difference of more than 
0.5"C between the three. The output of the thermocouple in the box fluctuated constantly by 
about *0.3"C. These fluctuations were very rapid (the reading changed 3 or 4 times a second), 
so we suspect that it was caused by noise piclcup on the thermocouple line rather than actual 
temperature variations. 

The thermocouples used in the present system have an accuracy of about * 1°C. This value 
represents the variation between different thermocouples of this type relative to an absolute 
temperature measurement. The absolute uncertainty in the temperature measurements is there- 
fore *1"C. For a single thermocouple, there can therefore be a systematic error of up to *1"C 
relative to the absolute temperature. However, the measurement uncertainty associated with a 
single thermocouple is much smaller, at approximately *O.l"C which is the meter accuracy. 
The value of * 1 "C thus represents a conservative estimate of the uncertainty in the temperature 
measurement. Errors associated to the test mixture are due to the MKS pressure gauge which 
has an accuracy of *O.l Torr, and the electronic scale used to measure the fuel which has an 
accuracy of *0.01 g. A more realistic evaluation of the error in the fuel quantity would be 
*O.l g, since small quantities of fuel can be lost during the syringe handling procedure. 

Evaluating the uncertainty in the ignition energy is more involved due to the complexity 
of the voltage and current signals and the finite bandwidth of the measurement probes, but a 
rough estimate can be made by considering each source of uncertainty. Accuracy errors from 
the voltage and current probes cause a relatively small error in the spark energy. The voltage 
probe has an accuracy of: 

25% p-p for the first 200 ns 

< 10% p-p after 200 ns 
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*5% after the first 400 ns 

DC attenuation: O.O18%/kV 

Since only about 3% of the spark energy is dissipated during the first 400 ns of the discharge 
(Fig. 13), the uncertainty in the spark energy due to the probes is mostly due to error in the 
voltage measurement after 400 ns, Le., about *5%. This value is an upper bound since the 
voltage pulse changes slowly after the first 5 ps (Fig. 1 la) so the error is probably closer to the 
DC attenuation error for the later part of the signal (less 0.1%). The single-frequency accuracy 
of the current transformer is 0.556, and does not contribute much error to the spark energy. An 
upper bound for the uncertainty in the spark energy resulting from the measurement probes can 
therefore be estimated at *5%. 

The DC offset used in the spark calculation (Appendix H) was measured in over 80 cali- 
bration tests at different circuit conditions and was found to have a standard deviation of about * 150%. This corresponds to an error in the spark energy of less than 2%. The value of R3 
used in the energy calculation program (R3 is called Rneq in the program: Appendix H) has also 
been determined through over 80 calibration tests and was found to have a standard deviation 
of *0.6%. This corresponds to an error in the spark energy of less than 3%. 

Finally, the largest source of error in the spark energy measurement comes from quantiza- 
tion errors. Since the voltage and current is recorded digitally by an oscilloscope, there is an 
uncertainty of *$ LSB (Least Significant Bit). The LSB error is about *7% for both ESR3 and 
ER3 (Fig. 13), resulting in a total uncertainty of * 14% for the spark energy. 

In summary, the above estimate for an upper bound for the total uncertainty of the ignition 
energy due to measurement errors is approximately *24%. The maximum uncertainty in the 
temperature is approximately *1”C. These maximum uncertainty values are shown as error 
bars on one of the ignition energy data points in Fig. 17. 

The instrument errors discussed above describe the uncertainty in the values of the mea- 
sured properties of the data, however the uncertainty in the ignition limit also depends on 
the inherent randomness of the ignition phenomenon. Since the ignition energy is a limit phe- 
nomenon, it is sensitive to very small experimental variations such as the sparkkernel geomehy 
or even small movements of the mixture gas and is therefore unstable. There is an uncertainty 
in the ignition energy due to the intrinsic statistical fluctuations of the ignition threshold due to 
the unstable nature of the phenomenon. Analysis of these statistical fluctuations is discussed 
in Section 4.2.3. 

The limit lines (Fig. 17) and corresponding band of uncertainty (Fig. 18) were chosen as 
a method of representing the intrinsic statistical properties of the ignition energy data. How- 
ever, this representation cannot be interpreted quantitatively, since there is insufficient data to 
accurately determine the statistical properties (see Section 4.2.3). For example, if the statistical 
properties were laown, limit lines representing a 10% probability of “go” and a 10% prob- 
ability of “no go” could be used to define the band of uncertainty. At present, the band of 
uncertainty shown in Fig. 18 represents a semi-quantitative guideline to describe the trend of 
the ignition energy curve, Le., the spark ignition limit. 
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5.2 Ignition energy dependence on mass-volume ratio 

Previous data on the ignition energy at different mass-volume ratios (Shepherd et al. 1998) was 
insufficient to determine an influence of the mass-volume ratio on the ignition energy. Due to 
the small number of data points and the wide scatter of the data, a mass-volume effect could 
not be distinguished. 

Since the base fuel at a low mass-volume ratio was found to have a different composition 
and vapor pressure than high mass-volume ratios (Shepherd et al. 1998; Shepherd and Nuyt 
1999), the ignition energy was expected to be different. Tests were performed at a low mass- 
volume ratio of 3 kg/m’ which corresponds to a nearly empty Boeing 747 center wing tank. In 
the present ignition vessel, 3 kg/m’ corresponds to about 7 ml of fuel, forming a layer about 
3 mm thick on the vessel floor. The ignition energy was measured for 3 kg/m’, and high M N  
(35  l g h ’  and 200 kg/m’) at a pressure of 0.585 bar and the raw data is shown in Fig. 20. The 
spark energies representing the highest “no go” results and the lowest “go” results are shown 
in Fig. 21 with the limit lines obtained from exponential fits to the data. The exponential fits 
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Figure 20: The dependence of ignition energy on temperature for ARC0 Jet A (flash point 
temperature Tip =46.4”C) at 0.585 bar for a low mass-volume ratio of 3 l g h ’  and high M N .  

for the high M/V case are given by Eqs. 16 and 17, and the fits for the 3 kg/in’ case are given 
by: 

(18) 13 -O.X21T Y ~ ~ ~ , ~ ~ ~ ,  = 5 . 10 (3  

where i ~ ~ ~ ~ , , ~ , ,  is the spark energy (J) for the “no go” results and T is the temperature (“C), and 

(19) g,9c, = 4 . i n  10 e -O.K+(iT 
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Figure 21: The dependence of ignition energy on temperature for ARC0 Jet 4 (flash point 
temperature Tip =46.4”C) at 0.585 bar for a low mass-volume ratio of 3 kg/m’ and high M N  
showing limit lines obtained from exponential fits to the highest “no go” results and the lowest 
“go” results. 

where y,, is the spark energy (J) for the “go” results and T is the temperature (“C). The 
corresponding bands of uncertainty separating the regions of a non-flammable mixture and 
flammable mixtures are shown in Fig. 22. 

In the present tests, the difference in ignition energy between high and low mass-volume 
ratios is clear. The rate of change of ignition energy with temperature appears to be identical 
for both cases but the curve for 3 k g h ’  is distinctly shifted along the temperature axis by about 
5°C towards higher temperatures. The shift of the ignition energy towards higher temperatures 
at low M/V may be caused by the relative decrease in the concentration of lighter fuel com- 
ponents in the Jet A or the overall reduction in the fuel concentration, or both. Although the 
ignition energy at a given temperature is higher for the lower mass loading, the magnitude of 
the ignition energy at a loading of 3 kg/m3 is extrapolated to be less than 1 mJ at a temperatures 
of 48”Cor higher. 

At low M N ,  the depletion of the more volatile fuel components causes a reduction in vapor 
pressure of the fuel and consequently a reduction in the concentration of fuel in the vapor space 
above the liquid, as discussed in Shepherd and Nuyt (1999). Using gas chromatography mea- 
surements of the ARC0 Jet A (base fuel) (Woodrow and Seiber 1999), the vapor pressure was 
calculated for mass-volume ratios of 3 kg/m3 and 400 lg/m3 and the dependence on temper- 
ature was fit using a correlation based on the Clausius-Clapeyron model (,Shepherd and Nuyt 
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Figure 22: The dependence of ignition energy on temperature for ARC0 Jet 4 (flash point 
temperature Tip =46.4”C) at 0.585 bar for a low mass-volume ratio of 3 k g h ’  and high M N  
shown by the bands of uncertainty delimited by the limit lines. 

1999). The fuel-air mass ratio (f) was then calculated using: 

where Po(T) is Clausius-Clapeyron fit of the vapor pressure as a function of temperahre, 
Wr(T) is the functional fit of the average molecular weight as a function of temperature, Po is 
the partial pressure of the air in the combustible mixture, and T!Vo is the molecular weight of 
air. 

For the ARC0 Jet A (base fuel) used in the present study, the Clausius-Clapeyron fits for 
the vapor pressure and the dependence of average molecular weight on temperature are taken 
from Shepherd and Nuyt (1999). The Clausius-Clapeyron fit for the vapor pressure at a mass 
loading of 400 kg/m’ is: 

(21) 
(i 4 2 ~ 1 3 . 3 / T  P,,,,~,~(T) = 6.465 . i n  (3  

where P,,l,l,l(T) is the vapor pressure (mbar) and T is the temperature (K). This fit is close 
to that determined from direct vapor pressure measurements of LAX Jet A in Shepherd et al. 
(1997). The discrepancy between tlie values of tlie coefficients are likely due to itiaccuracies 
caused by the small number of points used for the fit in  Eq. 21. The variation of the average 
molecular weight of the fuel with temperature at a mass loading of 400 k g h ’  is fit to a linear 
function given by: 

V V ~ ~ , ~ , ~ ( T )  = 0 . 1 7 0 ~  + 57.33 (22) 
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where Wplo0(T) is the molecular weight (g/mol) and T is the temperature (K). The Clausius- 
Clapeyron fit for the vapor pressure at a mass loading of 3 kdm’ is: 

(23) 
(i -3!152.3/T P ~ , ( T )  = 1.738. i n  (3  

where Po3(T) is the vapor pressure (mbar) and T is the temperature (K). The linear fit of the 
average molecular weight of the fuel to the temperature at a mass loading of 3 ltg/m’ is: 

W p ( T )  = n . 1 8 5 ~ +  59.95 (24) 

where W/3(T) is the molecular weight (g/mol) and T is the temperature (K). Using these 
relations, the dependence of fuel-air mass ratio (or simply mass ratio) on temperature (Eq. 20) 
is plotted for the ARCO base fuel at 14 ltft (a total mixture pressure of 0.585 bar) for mass- 
loadings of 3 ltg/m’ and 400 ltg/m’ in Fig. 23 
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Figure 23: The dependence of fuel-air mass ratio (f) on temperature for ARCO Jet A (flash 
point temperature of 46.4”C) at mass-volume ratios of 3 ltg/m’ and 400 ltg/m’ at 0.585 bar. 

The relations given by Eqs. 21-24 can be used to represent the ignition energy results at 
different mass-volume ratios (Fig. 20) in terms of the fuel-air mass ratio (f) instead of temper- 
ature. By assuming that the vapor composition of the fuel vapor at 400 ltg/m’ is representative 
of the vapor for high mass-volume ratios of 200 ltg/m’ and 35 ltg/m’, we can use Eq. 20 to 
obtain the fuel-air mass ratio for the mixtures for which ignition energy measurements were 
made. The ignition energy dependence on fuel-air mass ratio (or simply mass ratio) is shown in 
Fig. 24, and the corresponding bands of uncertainty are shown in Fig. 25. The ignition energy 
results at different mass-volume ratios appear to have similar trends but are displaced along the 
f axis by about 0.01. 
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Figure 24: The dependence of ignition energy on fuel-air mass ratio ( f )  for ARCO Jet A (flash 
point temperature Tip =46.4"C) at 0.585 bar for 3 k g / d  and high M N .  
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Figure 25:  The dependence of ignition energy on fuel-air mass ratio ( f )  for ARCO Jet A (flash 
point temperature Tip =46.4"C) at 0.585 bar for 3 k g / d  and high M/V represented by bands 
of uncertainty. 
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The most plausible explanation for the displacement between the curves in Fig. 25 is that 
there is a shift in the vapor composition, which has been observed in headspace gas chro- 
matography measurements of Woodrow and Seiber (1999). This composition shift is due to 
the depletion of low-molecular-mass components for the 3 lg/m9 case as compared to the high 
mass-volume ratio case (400 lg/m9)). Consequently, the average molar mass of the 3 lg/m9 
vapor is about 5 to 7 g/mol higher than the high mass-volume ratio cases (Fig. 38 of Shepherd 
et al. 1998). Previous work on ignition energy indicates a systematic effect of molar mass 
on minimum ignition energy for pure hydrocarbons (Figs. 1 and 2 of Shepherd et al. 1998) 
implying that a shift in ignition energy with mass loading is possible. 

We also observe that ignition energy results of Fig. 25 occur at higher fuel-air mass ratios 
than the typical rule-of-thumb lower flammability limit (LFL) given by a fuel-air mass ratio 
of 0.035. However, since experiments have only been performed with ignition energies less 
than 0.5 J, we cannot confirm that the LFL of 0.035 applies to the present ignition energy tests 
or not. Figure 19 and previous results (Shepherd et al. 1998) suggests that at higher spark 
energies, the Jet A vapor is flammable below 34°C; however, tests must be performed with the 
present system at higher spark energies (above 0.3 J) to verify this. 

5.3 Ignition energy dependence on pressure 

In the previous ignition energy report (Shepherd et al. 1998), the influence of increasing alti- 
tude on the fuel-air mixture in an airplane fuel tank was discussed. Because the tank is open 
to the atmosphere, the amount of air in the tank decreases as the altitude increases since the 
ambient pressure decreases. The amount of fuel vapor in the tank depends mainly on the vapor 
pressure of the liquid fuel at a given temperature, Le., in equilibrium, the partial pressure of 
the fuel vapor is equal to the vapor pressure. If the temperature of the liquid fuel is constant as 
the altitude increases, the partial pressure of the air decreases while the partial pressure of the 
fuel vapor remains constant, hence the composition of the mixture in the tank becomes richer. 
This change in composition with increasing altitude causes a shift in the ignition energy curve 
towards lower temperatures as discussed in Shepherd et al. (1998). 

An additional effect of increasing the altitude is that the total pressure of the fuel-air mix- 
ture in the tank is decreased since it is equal to the ambient pressure. At a constant fuel-air 
mass ratio, the ignition energy has been found to vary with the total mixture pressure for pure 
hydrocarbon fuels (Lewis and von Elbe 1961). However, this dependence of ignition energy on 
total pressure is strongest for rich mixtures (Magison 1978) and mixtures near the MIE (Lewis 
and von Elbe 1961). For lean mixtures, the ignition energy has been found to be independent of 
pressure for methane-air mixtures (Ronney 1985). For lean Jet A-air mixtures, Nestor (1967) 
showed that the limiting value (lean flammability limit) of the fuel-air mass ratio at a fixed 
ignition energy of 20 J was a weak function of initial pressure. Nestor foung a limiting value 
of f=0.03 at 1 bar, which increased with decreasing pressure to f=0.04 at 0.2 bar. We infer that 
as the altitude increases, the variation of ignition energy with temperature of Jet A vapors in 
an airplane fuel tank is dominated by the change in composition due to the decreasing partial 
pressure of the air in the mixture (Shepherd et al. 1998). 

Tests were performed with the ARC0 base fuel at ambient laboratory pressure (0.986 bar) 
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and at 30 l f t  pressure (0.300 bar) and the results are shown with the tests performed at 14 ltft 
pressure (0.585 bar) in Fig. 26. The corresponding limit lines using exponential fits to the 
highest “no go” results and the lowest “go” results are shown in Fig. 27. The exponential fits 
for 0.585 bar were previously given by Eqs. 16 and 17 and the fits for 0.986 bar are given by: 

where yv/710,0 is the spark energy (J) for the “no go” results and T is the temperature (“C), and 

where y,, is the spark energy (J) for the “go” results and T is the temperature (“C). Since there 
was insufficient data at 0.300 bar to fit a curve, a small bar was drawn by hand to indicate 
the ignition energy. A plot of the bands of uncertainty is shown in Fig. 28. The flash points 
of the Jet A fuel at the different pressures are also shown. The flash points at 0.300 bar and 
0.585 bar were estimated by extrapolating the average measured flash point of 46.4“C at sea 
level (Shepherd and Nuyt 1999) to lower ambient pressures with the rule of thumb that the 
flash point decreases linearly by 1°F for every 800 ft increase in altitude (Nestor 1967), Le., 

where 
level in “F, and h is the altitude in feet. 

is the extrapolated flash point in “F, T F ~ ~ ~ ~ ~ , ~ .  is the measured flash point at sea 
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Figure 26: The dependence of ignition energy on temperature for ARC0 Jet 4 (flash point 
temperature Tip =46.4”C) at 0.300,0.585 bar and 0.986 bar for high M N .  
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Figure 27: The dependence of ignition energy on temperature for ARC0 Jet 4 (flash point 
temperature Tip =46.4”C) at 0.300, 0.585 bar and 0.986 bar for high M/V showing limit lines 
obtained froin exponential fits to the highest ”no go” results and the lowest “go” results. 

The results in Fig. 28 show that the ignition energy curves at 0.585 bar and 0.986 bar have 
similar trends, but that the latter is displaced about 10°C higher along the temperature axis. At 
0.300 bar, the ignition energy appears shifted about 10°C lower along the temperature axis. 

Figure 28 shows that the flash point temperature at sea level (46.4”C) coincides with the 
temperature at which the Jet A vapor can be ignited with a 0.1 J to 0.3 J spark. For lower 
pressures of 0.585 bar and 0.300 bar, the eutrapolated flash point is also observed to occur at 
an ignition energy of 0.1 J to 0.3 J. Hence the rule of thumb for predicting the flash point at 
different pressures provides a good indication of the flammability of the fuel vapor at different 
altitudes. However, Fig. 28 also confiiins that the fuel vapor can be ignited at temperatures 
below the flash point if the ignition energy is high enough, Le., above 0.3 J. 

By using previous fuel vapor composition analyses (Woodrow and Seiber 1999), the igni- 
tion energy results at different pressures (Fig. 26) can be shown as a function of the fuel-air 
mass ratio (f)  instead of temperature. As in section 5.2, we assume that the fuel vapor prop- 
erties at high mass loadings (35 l g h ’  and 200 kgh’) can be approximated by fuel vapor at 
a mass loading of 400 l g h ’ .  Equations 21 and 22 can be used to estimate the vapor pressure 
and molecular weight of the fuel respectively. The relation for the fuel-air mass ratio (Eq. 20) 
provides f at various altitudes by using the appropriate partial pressure of air at total mixture 
pressures of 0.300 bar (30 ldt) and 0.986 bar (sea level). The dependence o f f  on temperature 
at different altitudes is shown in Fig. 29. 

Using the dependence o f f  on temperature (Fig. 29), the ignition energy results at different 
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Figure 2s: The dependence of ignition energy on temperature for ARC0 Jet 4 (flash point 
temperature Tip =46.4"C) at 0.300,0.585 bar and 0.986 bar for high M/V shown by the bands 
of uncertainty delimited by the limit lines. Also shown is the measured flash point of the fuel 
at sea level and the extrapolated flash points at 0.300 bar and 0.585 bar. 

pressures (Fig. 26) can be shown as a function o f f  (Fig. 30). The bands of uncertainty corre- 
sponding to the results of Fig. 30 are shown in Fig. 3 1. The ignition energy curves for 0.585 bar 
and 0.986 bar have similar trends, but are displaced from one another along the f axis by less 
than 0.005. This difference is significantly smaller than a difference of approximately 0.02 to 
0.06 (Fig. 29) which corresponds to a 10°C difference between the curves as shown in Fig. 28. 
This indicates that at these two pressures, the ignition energy depends primarily on the fuel-air 
mass ratio (f). Interpreting the observed displacement of the ignition threholds will require a 
more in-depth evaluation of the fuel vapor composition analysis (Woodrow and Seiber 1999). 

The ignition energy at 0.300 bar is shifted about 0.01 higher along the f axis than the other 
curves, indicating that at this pressure, the fuel-air mixture is more difficult to ignite. This 
suggests that although the ignition energy is still strongly dependent on f, additional effects 
must come into play at low pressures. Some of these effects have been reported by Nestor 
(1967) who was not able to ignite fuel vapors below some critical pressure. 

The present results can also be compared to predictions of the shift in the ignition energy 
i n  Shepherd et al. (1998). By assuming that the ignition energy at a fixed value o f f  is pres- 
sure independent, the shift in the ignition energy curve at different altitudes was estimated in 
Shepherd et al. (1998). In that report, an average molecular mass for the fuel was assumed 
and the measured vapor pressure of Jet A at different temperatures was used to find the partial 
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Figure 29: The dependence of fuel-air mass ratio ( f )  on temperature for mixture pressures 
of 0.300 bar (30 ltft), 0.585 bar (14 ltft), and 0.986 bar (sea level) for ARCO base fuel 
(Tip =46.4"C) at 400 ltg/m'. 
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Figure 30: The dependence of ignition energy on fuel-air mass ratio ( f )  for ARCO Jet A (flash 
point temperature Tip =46.4"C) for mixture pressures of 0.300 bar (30 ltft), 0.585 bar (14 ltft), 
and 0.986 bar (sea level) for ARCO base fuel (Tip =46.4"C) at 400 ltg/m3. 
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Figure 31: The dependence of ignition energy on f for ARC0 Jet A (flash point tempera- 
ture Tip =46.4"C) at 0.300, 0.585 bar and 0.986 bar for high M N  shown by the bands of 
uncertainty delimited by the limit lines. Also shown is the rule-of-thumb LFL of 0.035 

pressure of the fuel in the fuel-air vapor mixture. The mixture composition at different alti- 
tudes was estimated by adding the appropriate partial pressure of air. By thus obtaining the 
dependence of ignition energy on fuel-air mass ratio at different altitudes, it was then possible 
to estimate the dependence of ignition energy on temperature at different altitudes by using 
the vapor pressure dependence on temperature of the fuel. Hence the effect of altitude on ig- 
nition energy was predicted for altitudes of 30 ltft (ambient pressure of 0.3 bar) and sea level 
(ambient pressure of 1 bar) by shifting the experimentally measured ignition energy curve at 
14 ltft (ambient pressure of 0.585 bar) in Shepherd et al. (1998). The predictions indicated 
that when the ambient pressure was increased to 1 bar, the ignition energy was found to shift 
by about 10°C towards higher temperatures, and when the ambient pressure was decreased to 
0.3 bar, the ignition energy was found to shift about 10°C towards lower temperatures (Fig. 
43 in Shepherd et al. (1998)). These shifts of the ignition energy curve are in agreement with 
the present experimental results in Fig. 28, lending further support to the proposition that the 
ignition energy is primarily a function of the fuel-air mass ratio. 

5.4 Ignition energy dependence on flash point 

In the previous section, it was found that the flash point temperature (Tip) is close to the 
temperature at which the fuel vapors ignite at 0.986 bar with a 0.3 J spark (Fig. 28). This 
suggests a correlation between spark ignition energy thresholds and fuel flash point that may 
be useful in assessing fuel flammability hazards. This correlation was tested by conducting 
tests on special fuels with different flash points (Fig. 32) that were processed for Caltech at the 
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Figure 32: The flash points of special fuel mixtures processed by m C 0  reproduced from 
Shepherd and Nuyt (1999). Both the flash points measured by ARC0 and the Explosion Dy- 
namics Laboratory (EDL) at Caltech (ASTM D56 1988) are shown. 

By maintaining the pressure at 0.986 bar and spark energy at about 0.3 J, the ignition 
temperature of the fuel vapor was measured by raising the temperature of the fuel until a critical 
minimum temperature was reached and the fuel vapors ignited (Fig. 33). For ARCO base 
fuel, this temperature coincides with the flash point temperature of 46.4"C. Further tests were 
performed on three other fuels: 2.5 wt% OH (a Tip of 29.OoC), 97.5 wt% Btm (a Tip of 
54.0"C), and 85 wt% Btm (a Tip of 73.5"C). These tests supported the correlation between the 
flash point and the 0.3 J ignition temperature. 

By plotting the results in terms of the ignition temperature (Ti,q71ili071) as a function of the 
flash point temperature (Fig. 34), a linear relationship becomes apparent. Hence, an increase in 
the flash point of the fuel results in a corresponding linear increase in the miniiiium temperature 
for spark ignition at 0.986 bar with a 0.3 J spark. It is possible that this linear dependence is 
also valid for other spark energies and pressures but further tests are required to confirm this. 



40 

- 0.500 -: 
$ 0.400 -! 

0.300 -I 

7 
v 

a, 

S 

g ._ 0.200 -: 
9 0.100 -! 
S 

5 IGNITION ENERGY TESTS 

4 

I O  

0 NOGO2.5wt%OH GO2.5wt%OH 
0 NO GO 97.5wt%Btm GO 97.5wt%Btm 
0 NO GO 85wt%Btm 0 GO 85wt%Btm 
A NO GO base fuel A GO base fuel 

EDL FP 29.0C EDL FP 46.4C 
EDL FP 55.6C ~ ~ EDL FP 73.5C 

90 

80 

70 ~ 

5' 60 ~ 

5 50 ~ 

Z 40 ~ ' 30 ~ 

20 ~ 

10 ~ 

0 

.- c 0 

0 NOGO 

8 '  
'0 -F~ linear 

0 

0 
, . e '  

0.000 +-- 

A 

A 4 #' 
b A 00 

U 

0 

20 30 40 50 60 70 80 
Tern peratu re ("C) 

0 20 40 60 80 

Tflashpoint ("c) 
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6 Conclusion 

6.1 Summary of results 

A thermally-controlled vessel for performing ignition energy measurements of liquid fuel va- 
pors was constructed. Along with a newly-designed spark energy measurement circuit, the 
experimental arrangement was successfully tested for damped sparks 20 ps in duration with 
energies from 10 mJ to 300 mJ. Several methods of statistical analysis of ignition energy data 
were applied to the data. A simple method of analysis succeeded while more sophisticated 
methods did not converge. 

The ignition energy was measured for ARCO Jet A fuels at pressures of 0.300 bar, 0.585 bar, 
and 0.986 bar, at two high mass-volume ratios (35 k g h ’  and 200 kg/m’) and one low mass- 
volume ratio (3 kg/m’)), at temperatures from 26°C to 74”C, with spark energies between 10 mJ 
and 0.3 J. The following results were obtained 

1. The ignition energy decreased from about 0.3 J at 35°C to about 10 mJ at 40°C for 
ARCO base fuel (with a flash point of 46.4“C) at 0.585 bar and high mass-volume ratios 
(35 l g h ’  and 200 kg/m’). 

2. The ignition energy dependence on temperature was measured for ARCO base fuel at 
0.585 bar and high mass-volume ratios (35 k g h ’  or 200 kg/m’) with measured spark 
energies as opposed to stored spark energies. The trend of the ignition energy curve for 
measured spark energies is similar to that for LAX Jet A with stored spark energies. The 
measured spark energies were a factor of 10-50 lower than the stored spark energies for 
temperatures between 35°C and 40°C for LAX Jet A. 

3. For ARCO base fuel at a pressure of 0.585 bar, the ignition energy dependence on tem- 
perature for a low mass-volume ratio of 3 k g h ’  is shifted about 5°C higher than the 
ignition energy dependence on temperature for high mass-volume ratios (35 l g h ’  and 
200 kg/m’)). 

4. For ARCO base fuel at 0.585 bar, the ignition energy at low (3 kg/m’) andhigh (35 l g h ’  
and 200 kg/m’) mass-volume ratios depends strongly on the fuel-air mass ratio. How- 
ever, additional effects such as the change in the relative amounts of individual fuel 
components in the vapor may influence the ignition energy. 

5. For ARCO base fuel at high mass-volume ratios (35 l g h ’  and 200 lg/m’)), the ignition 
energy dependence on temperature at 0.585 bar is shifted about 10°C higher when the 
mixture pressure is increased to 0.986 bar and about 10°C lower when the pressure is 
decreased to 0.300 bar. 

6. The shift of the ignition energy at different pressures agrees with Nestor’s rule-of-thumb 
for estimating the flash point change with increasing altitude (1°F decrease in the flash 
point for every increase in altitude of 800 ft). 
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7. For ARCO base fuel at high mass volume ratios (35 lg/m' and 200 kg/m'), the ignition 
energy at mixture pressures of 0.300 bar, 0.585 bar, and 0.986 bar depends strongly on 
the fuel-air mass ratio. At 0.300 bar, low pressure effects can begin to influence the 
ignition energy. 

8. The flash point of ARCO base fuel (46.4"C) corresponds roughly to the temperature at 
which the fuel vapor ignites with a 0.3 J spark at 0.986 bar for high mass-volume ratios. 

9. The temperature at which the fuel vapor ignites with a 0.3 J spark at 0.986 bar is approx- 
imately equal to the flash point temperature for special fuels with flash points of 2YC, 
46.4"C (base fuel), 55.6"C, and 73.5"C. 

6.2 Relationship to Previous Tests 
There is a substantial literature on spark ignition for hydrocarbon fuels that was reviewed in 
Shepherd et al. (1998). There are some important points of comparisons and distinction be- 
tween those works and the present study. The most cited previous studies are those that are 
reproduced in Lewis and von Elbe (1961), which relied on stored energy and examined near- 
stoichiometric mixtures. It is from those studies that a characteristic minimum ignition energy 
of 0.2 mJ has been proposed for spark ignition for hydrocarbon fuel (including Jet A) mix- 
tures with air. The history of ignition energy estimates for Jet A is discussed in Section 2 of 
Shepherd et al. 1998. 

The present tests all involve significantly higher ignition energies, 10 to 300 mJ vs the 
.2 to 5 mJ used in the Lewis and von Elbe data. This is due to the much leaner mixtures 
that we are considering and the difficulty in measuring very low energies with the present 
experimental setup. Due to the stray capacitance in the cicuit and the effect of the measuring 
probes, we were unable to reliably measure ignition energies less than 10 mJ. This is what 
limited the maximum temperatures that were used in the ignition energy testing. The present 
data therefore only provides an upper bound on the measured minimum spark ignition energy 
for Jet A-air mixtures. 

Our data on the variation of ignition energy with fuel concentration (temperature) is reason- 
able and consistent with previous studies (Ronney 1985, Shepherd et al. 1998) on hydrocarbon 
fuels. The increase of ignition energy with deceasing fuel concentration in lean mixtures is 
well laown and ignition energies up to 3 J near the lean limit of methane-air mixtures were 
measured by Ronney (1985). Ignition energies ofup to 100 J for near-limit mixtures ofhexane 
and propane with air were measured by Shepherd et al. (1998). 

The minimum value of the spark ignition energy (MIE) has not been quantified in our study. 
However, extrapolations of our data are consistent with a MIE lower than 1 mJ. The minimum 
ignition energy measured by Ronney for methane-air was about 0.5 mJ, while Lewis and von 
Elbe found a stored value of about 0.2 mJ. In our previous study (Shepherd et al. 1998), 
ignition in Jet A-air mixtures was obtained at stored energies as low as 1 mJ at temperatures 
above 50"C, a pressure of 0.585 bar and mass loadings of both 3 and 200 kg/m'. The minimum 
ignition energy for JP-8 vapor in air was examined by Plummer (1992) using the stored energy 
technique and values between 0.4 and 0.9 mJ were obtained. 
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We conclude that the results are consistent with the laown data on simple hydrocarbon 
fuels and aviation kerosene. Although the minimum ignition energy was not quantified in this 
study, a value between 0.2 and 1 mJ is consistent with all of the available data. 

6.3 Implications for Airplane Safety 

One of the main findings from this study is that the ignition energy of a mixture of Jet A vapor 
and air can be correlated primarily with the overall fuel-air mass ratio even though the fuel is 
composed of many components. This conclusion has several implications regarding the risk of 
accidental ignition of the fuel vapor in an airplane fuel tank. 

This study confirms the earlier findings on the strong dependence of ignition energy on 
fuel temperature for both high and low mass-volume ratios (Fig. 22). This is a simple 
consequence of the strong dependence of fuel vapor pressure on temperature. 

The magnitude of the ignition energy of the fuel vapor for the conditions appropriate to 
the TWA 800 incident (a mass loading of 3 l g h ’  and pressure of 0.585 bar) is estimated 
to vary from 0.5 J at 40°C to less than 0.5 mJ at 50°C. 

The present results demonstrate that there are competing effects when considering the 
role of the mass-volume ratio (mass loading) of the fuel in airplane safety. Increasing 
the mass-volume ratio in center wing tanks that are subject to external heating, as in 
the TWA 800 incident, can decrease the fuel temperature at the time of tale off. This 
decrease in fuel temperature is simply due to the greater heat capacity of a larger mass 
of fuel. A tank containing a larger amount of fuel will heat up more slowly and therefore 
reach a lower temperature in a given amount of time. However, at a given temperature, 
the fuel vapor pressure is higher for a highly loaded tank (greater than 35 kg/m’) than for 
an almost empty one (less than 3 lg/m’)). Using ignition energy thresholds as a measure 
of flammability, we find that a decrease in fuel temperature of more than 5°C is required 
to offset the increase in fuel vapor pressure at higher mass-volume ratios at 14 lft.  Note 
that a 10°C decrease in fuel temperature is associated with a three-order-of-magnitude 
increase in ignition energy. 

Since the fraction of air in the fuel tank ullage decreases with increasing altitude, the fuel 
vapor-air mixture becomes richer and the ignition energy decreases for lean mixtures. 
Consequently, the benefits of decreasing fuel temperature are reduced by the effect of 
altitude on flammability (Fig. 28). Ultimately, low-pressure effects on spark discharges 
and cooling of the fuel by the airstream limit the decrease in ignition energy with in- 
creasing altitude. 

Preliminary experiments with different flash point fuels show that the flash point appears 
to correlate directly with the ignition temperature at a fixed energy level of 0.3 J. This 
implies that raising the flash point of the fuel in an airplane tank can raise the critical 
temperature at which spark ignition of the ullage vapor can occur for a given spark energy 
(Fig. 34). 
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A Standard Operating Procedure 
1. Clean chamber and electrodes 

2. Put chamber under vacuum 

3. Heat chamber to approximately operating temperature 

4. Clean electrodes 

5. Put chamber under vacuum 

6. Heat to operating temperature 

7. Raise pressure to 250 torr 

8. Inject fuel through septum (Fig. 1) with syringe 

9. Increase pressure to 10 torr below the target test pressure 

10. Start stirrer (Fig. 2, number 17) 

11. Allow chamber to equilibrate at target temperature 

12. Bring pressure to target test pressure 

13. Record pressure and temperature values 

14. Zero Kulite pressure gauge (Fig. 1) by checking digital acquisition system (DAS) (Ap- 
pendix E) 

15. Check video tape position and lens orientation 

16. Update acquisition program information (Appendix G) 

17. Deactivate stirrer 

18. Reattach thermocouple to DAS 

19. Activate TM-11 module 

20. Charge capacitor 

2 1. Set scope trigger 

22. Start video 

23. Start sampling program (Appendix G) 

24. Check scope ready 
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25. Fire 

26. Deactivate TM-11 and power supply 

27. Discharge capacitor (below 11V) 

28. Stop video 

29. Set temperature controller to next test temperature 

30. Reactivate stirrer 

3 1. Download scope data (Appendix H) 

32. Review video 

33. Record energy values 

34. Print copies of DAS and spark data 

35. Return to step 11 for the next shot 

36. Repeat until test is a “GO’ 

B Electrode breakdown voltage 

Table 1 shows the breakdown voltage at which a capacitor will discharge across the gap of the 
electrodes in the ignition energy vessel. The discharges were in air at 0.585 bar. Tests with a 
3 mm gap were done by mechanically switching a capacitor charged to a certain voltage onto 
the electrodes. Tests for 4 mm and 5.4 mm were done by slowly increasing the voltage across 
the electrodes until the discharge occurred. 

Fig. 35 shows the dependence of the breakdown voltage on pressure across the ignition 
energy vessel electrodes. 

I 3 I 7 I 9 I Mechanical switching I 
I I I u 

4 I 5.9 I - I Gradual voltage increase 
5.4 I 7.0 I - I Gradual voltage increase 

Table 1: The breakdown voltages for different gap sizes in the ignition energy vessel at 
0.585 bar. 
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Figure 35: The minimum breakdown voltage across the electrode gap of the ignition vessel at 
different pressures for a gap size of 5.4 mm. 
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Figure 36: Calibration of the Tektronics 6015A high voltage probe. A 50 V peal-to-peak 
square wave (a) is used for the calibration and the high voltage probe output is shown in (b). 

C High voltage probe calibration 
The attenuation factor of the high voltage probe was calculated by dividing the amplitudes of 
the square wave measured directly and the attenuated wave through the probe: 
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where n t t n  is the attenuation factor, Ana&,,, is the calibration signal measured directly, and 
A ~ q l ~ ~ ~ , ~ ~  is the attenuated signal measured through the probe: 

n t t n  = 48.671/0.04886 = 996. 

Hence, the attenuation factor of the high voltage probe is 996, which is close to the specified 
attenuation of x1000. 
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D Table of all tests 
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E Continuous acquisition program 
This appendix includes the details of the LabViewT"' program designed to continuously dis- 
play the temperature and pressure of the ignition vessel system. The pressure from the Kulite 
and the MKS gages are displayed as well as the temperature from one of the thermocouples in 
the ignition vessel set up. 

c o n n e c t o r  Pane  

I g g y O n l i n e . v i  

Cont( inuous1 Acq(uire) & Char t  ( immediate) demonstrates the  software t imed, non-buf fered technique of data 
acquisit ion. Timinq funct ions control t he  t iminq o f  the loop and in each loop A I  Sinqle Scan i s  cal led to  read a n  
immediate scan of the channels  l is ted.  Each scan i s  p lo t ted on the char t  after i t  i s  read.  This example u s e s  t he  
lower level in termediate VIS: AI  Confiq and A I  Sinqle Scan. 

See Cont Acq&Chart (easy immed) for a functional ly identical but  simpler vers ion us ing a s ing le higher level 
in termediate VI. This example i s  also similar t o  the  Cont  Acq&Chart (hw t imed) and (buffered) examples.  

A common reason t o  use untimed, immediate acquisit ion i s  that  some k ind of process inq needs to  be done for  
each data point .  You wil l  pmbab lv  want  to  add more funct ions to  the d iaqram to  customize this VI  for  your 
appl icat ion. The  acquisit ion rate YOU can achieve depends on how much process inq and d isp lay the VI  must  do .  
This VI  ca l ls  a subVl  named My Single-Scan Process ing.  Add whatever process ing you need to  th is  subVI, or 
rep lace i t  with one o f  your own.  The data process ing subVl  also demonstrates how to  use error c lusters  in your  
own subVls,  so t hev  can be included in the error data f low chain.  

Before runninq this VI, set t he  v a l u e s  of the controls on the front panel .  Select Show Help Window from the  Help 
menu to  see a descr ip t ion of each contro l .  If t he  v a l u e s  YOU select for  a l l  the controls are  v a l u e s  YOU wil l  usual lv  
use,  select Make Current Values Defaul t  f rom the  Operate menu and s a v e  t he  VI. Or, you may s a v e  ind iv idual  
control 's defaul t  v a l u e s  by popping up on the  contro l ,  select ing Data Operat ions,  then selecting Make Current 
Value Default,  and savin4 the VI. 
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F Offset measurement program 
This appendix includes the details of the LabViewT"' program designed to measure the voltage 
offsets on the high voltage probe during a calibration test. 

c o n n e c t o r  P a n e  

R e a d s  t h e  v o I t a u e s i c h l , c h 3 1  a n d  c u r r e n t i c h ? )  f r o m  t h e  T e k t r o n i c s  T D S  640A s c o p e  a n d  c a l c u l a t e s  t h e  s p a r k  p o w e l  
a n d  e n e r u v  usinu 
Vi= v o l t a u e  on pos i t i ve  e l e c t r o d e  i D C  o f f s e t  e n t e r e d  m a n u a l l v l  
V ~ =  vo l taue  on  n e u a t i v e  e l e c t r o d e  i D C  o f f s e t  e n t e r e d  m a n u a l l v l  
, = c u r r e n t  f r m  c u r r e n t  t l a n S f o l m e l  
P i  = (Vi1 " i l l  
P~ = i V ~ 1  " i l l  
E+ = i n t e u r a l  ( P i 1  
E~ = in teu ra l  i P ~ 1  
Ediff  = i E + I  ~ i E ~ l  
N B P i  a n d  P~ a r e  on  t h e  s a m e  p l o t ,  E+ a n d  E~ a r e  on t h e  s a m e  p l o t  T h e  da ta  I S  a l s o  s a v e d  i n to  a f i le  
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F OFFSET MEASUREMENT PROGRAM 
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G Pressure and temperature acquisition program 
This appendix includes the details of the LabViewT"' program designed to acquire the pressure 
and temperature histones from the ignition vessel, store them in files on the resident computer, 
and display the histories on the screen 

C o n n e c t o r  P a n e  

IggyAcq.vi  
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H Spark energy signal processing program 
This appendix includes the details of the LabViewT"' program designed to process the voltage 
and current histories of the spark and calculate the energy dissipated in the spark. 

connector Pane 

S p a r k R e a d 3 . v i  

R e a d s  the voltaue(ch1) a n d  current(ch2) from the Tektronics TOS 640A scope a n d   calculate^ the Spark power a n d  
enerw "SlrlCl 

V= voltaue on P O S I ~ I V ~  e lectrode 
I = current from current transformer 
P t  = ( V t )  f (I) 

P~ = 0) "2  * R 
E +  = inteural ( P t )  
E~ = inteural ( P ~ )  
Ediff = ( E t )  ~ E )  
N B P t  and  P~ are on the Same plot, E +  and  E~ are on the Same plot T h e  data IS also saved  into a file 
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I Corrections to the One-Shot test series 
A basic requirement of the One-Shot method is that the test variable for the experiment must 
follow a normal distribution. In the present experiment, the assumption that the logarithm of 
the spark energy is normally distributed may be false. Determining the statistical behavior of 
a test variable requires an extensive exploration of the distribution, which according to Dixon 
and Massey Jr. (1983), can involve thousands of data points. If the distribution is found to 
be not normal, another test variable in the experiment that is normally distributed must be 
identified. It was not feasible to perform such an extensive statistical study in the present 
study. The data obtained in the present experiment is insufficient to determine the normality of 
the distribution. However, if the data points are concentrated around the median, it is usually 
possible to approximate the shape of the distribution in this region as normal, unless there is 
insufficient data or a bias in the data. 

The One-Shot and Bruceton methods are designed to focus the testing levels around the 
median value of the distribution in order to determine the statistical properties with a relatively 
small number of data points. Hence, it is important that the testing levels be close to the mean 
to properly represent the statistical properties of the experiment. In the present ignition energy 
system, there is an intrinsic scatter in the energy of the spark, even when the circuit conditions 
are maintained constant. Because the spark energy cannot be accurately set in advance, cer- 
tain tests were performed at energies which may have been too far from the mean, possibly 
rendering the data unsuitable for One-Shot analysis. 

Efforts were made to correct for phenomena which may cause a systematic bias or error 
in the spark energies. Three sources of scatter and bias were corrected for: the difference in 
temperature between tests, weathering caused by tests repeated with the same fuel sample, and 
an uneven number of “go” and ”no go”points. 

There was a 1°C difference in temperature between some of the tests. One series of tests 
was conducted at 39°C (tests#134-140) while the other was conducted at 38°C (tests# 147- 
164). After the first series of tests was conducted at 39”C, it was found necessary to reduce the 
temperature by 1°C in the next series in order to ensure that all the spark energies necessary 
for the One-Shot test were within a convenient range for the spark system. This discrepancy in 
the test temperatures was compensated for by assuming that the main statistical properties of 
the ignition energy, Le., the shape of the distribution and the standard deviation, was the same 
at 39°C and 38°C and that only the mean value was shifted. 

The correction was done by shifting the spark energies of the 39°C tests up according to the 
dependence of the ignition energy on temperature. The ignition energy correlation used to shift 
the spark energies was Eq. 16. It was assumed that performing tests at a higher temperature 
is equivalent to increasing the spark energy. The logarithm of the spark energies of the tests 
performed at 39°C were thus corrected to 38°C by shifting them up using the relation: 

( i T j , q L e V n p  = I ~ E  + 0 . 7 5 7 ( ~ ~  ~ T ~ )  (27) 

where TI is the original temperature of the test series, T2 is the temperature corrected to, 
is the logarithm of the ignition energy corrected for temperature. The correction 

resulted in an increase in the logarithm of the energy of tests# 134-140 of about 20% to 40%. 
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When several tests were performed on the same batch of fuel, the fuel composition changed 
slightly each time the vapor space was evacuated. This was the case when ignition occurred and 
the combustion products had to be evacuated for the next test, effectively weathering the fuel. 
For the evacuation procedure, the vessel vapor space was evacuated down to about 10 Torr and 
immediately vented back up to the pressure required for the next test. The evacuation process 
lasted only 3 to 5 seconds, thus minimizing the removal of fuel components from the liquid. 
In spite of these precautions, a systematic change in the combustion properties was observed 
after each evacuation. 

First, the flash point was measured to observe any influences of evacuations. The aver- 
age flash point was measured to be between 46.4"C for fresh fuel and 46.3"C for fuel that 
was subjected to 5 evacuations. Hence, the change in flash point, if any, was too small to be 
measured. 

The peak combustion over-pressure, however, was found to decrease, as shown in Fig. 37. 
The peak over-pressure is seen to decrease steadily from 2.96 bar to 2.85 bar after four ig- 
nition and evacuation procedures. A fifth evacuation did not change the peak over-pressure, 
suggesting that pressure decrease is due to the depletion of a small amount of volatile (light) 
fuel components and that after 4 evacuations, the remaining fuel components were present in 
sufficient amounts so as to not be significantly affected by subsequent evacuations. 

2.96 4 

2.86 

2.84 
+ + 

0 1 2 3 4 5 6 

Number of burnslevacuation 

Figure 37: The dependence of peak combustion pressure at 39°C for a quarter-full vessel 
(200 kg/m') on the number of evacuations. 

As for the temperature discrepancy, the effect of weathering was compensated for by as- 
suming that weathering causes only a shift in the mean ignition energy and no change in the 
standard deviation and distribution shape. The One-Shot tests were corrected for weathering 
by shifting the spark energies down by an increasing amount as the number of tests on the fuel 
sample increased. 

In order to determine the magnitude of this shift, the weathering effect was related to a 
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change in the temperature of the fuel. The ignition energy for a 50 mJ spark was measured 
by slowly increasing the temperature at 0.585 bar, 200 kg/m’, until ignition occurred. For 
fresh fuel, the vapor space ignited at 38°C. For fuel subjected to 5 evacuations, the vapor space 
ignited at about 39°C. Hence, the minimum temperature for ignition was found to increase 
by about 1°C after 5 evacuations. We assume that the entire ignition energy dependence on 
temperature is shifted towards a higher temperature under the effect of weathering. By further 
assuming that the ignition energy depends linearly on the number of evacuations, we infer that 
the ignition energy increases linearly with the number of evacuations. By using the correlation 
of the ignition energy to the temperature (Eq. 16), an ignition energy curve for weathered fuel 
was formulated assuming a linear shift of 1 “C after 4 evacuations. By assuming that shifting the 
ignition energy curve towards higher temperatures is equivalent to reducing the spark energy, 
a correction to the logarithm of the spark energy was done using the following expression: 

InE ~ 0.757(44) for n 2 0 
InE ~ 0.757 for n > 4 (InE),, = { 

where n is the number of evacuations and (InE),, is the logarithm of the spark energy corrected 
for weathering. The corrections resulted in a reduction in the spark energies by up to 40%. 

The final type of correction used on the One-Shot test series was to make the number of 
“go” results and “no go” results the same. The One-Shot and Bruceton methods are designed to 
produce an equal number of each type of result so that at the end of the test series, the number 
of each should not differ by more than one. Because of the scatter of the results, there were 
more “no go” results in the test series (Fig. 14). This was corrected by eliminating the “no go” 
results that were furthest from the median value. Consequently, the results from tests# 149, 
15 1,153, 156, and 157 (Appendix D) were removed to form a reduced test series with an equal 
number of “go” and “no go” results. 

The spark energies corrected for temperature discrepancies, weathering, and an uneven 
number of “go” and “no go” results are shown in Fig. 38. The median value is calculated for 
the corrected test series using the Method of Minimum Contradictoriness and is found to be 
-3.27. Even with these corrections to the test series data, the One-Shot analysis could not solve 
for the statistical properties of the ignition energy data. 
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I CORRECTIONS TO THE ONE-SHOT TEST SERIES 
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Figure 38: The One-Shot series of ignition energy tests (Fig. 14) at 38°C or 39°C 0.585 bar, 
for a quarter-full vessel (200 kg/m’)), corrected for temperature discrepancies, weathering, and 
unequal number of “go” and “no go” results. The median value of -3.27 is also shown. 


