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SUMMARY 

The relation of spark-over voltage to gas density is considered 
as a basis for a possib l e gas-temperature- sensing method . The mech
anism of the electric spark with practical considerations involved in 
applying this mechanism to gas- temperature sensing and the results of 
experimental work directed toward application of the spark-over 
voltage - density relation are discussed, 

The investigation indicated that application of the spark
discharge mechanism to a gas - temperature - sensing method is feasible. 
For use with an automatic- control system, this sensing method would 
give a rapid response rate and provide a signal output that could be 
accommodated in the engine-control system . Experimental results 
indicated that gas velocity, electrode- surface finish, and a small 
static-pressure tap located on an electrode had no appreciable effect 
on reproducibility of spark-over voltage and that a small temperature
sensing probe could be used satisfactorily in a gas-turbine engine. 
An error of the order of : 2 percent was indicated in determining 
spark-over voltage. The error in the determination of gas temper
ature, however, must also include any error involved in determining 
gas pressure. 

INTRODUCTION 

Research on the effect of small variations in temperature on 
spark- over voltage was conducted as early as 1888 (reference 1) and 
1889 (reference 2). In later years, the electric spark and its rela
tion to gas density were extensively investigated and reported in 
references 3 to 17. The results of these investigations are used as 
background in the discussion of the mechanism of the electric spark 
and the practical considerations involved in applying this mechanism 
to a temperature-sensing method, 
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With the a dvent of new jet- propulsion systems, additional 
problems have arisen in gas- temperature sensing . Gas tempera tLrre 
sensing methods in current use are considered unsatisfactory in the 
temperature and gas-velocity ranges encountered in such engines . 
An investigation of various gas-temperature-sensing and contr ol 
methods is therefore being conducted at the NACA Lewis labora tory . 

The principal requirements of a temperature - sensing system are 
accuracy, rapid response, reliability, long service life, and usable 
signal output . In addition to improving current methods of tem
perature sensing with respect to these r equirements , cons i deration 
has been given to systems that shovT possibilities of meeting t hese 
requirements more fully than those avai l ab l e . Research was conducted 
on sensing systems based on those gas properties that vary in a known 
manner 1vi th the mean energy of the molecules. 

The spark-discharge phenomenon and its relation to ga s density 
as a possible temperature- sensing method and the applicat ion of t his 
phenomenon to temperature sensing and control are presented herein. 
For many years, the spark-dischar ge phenomenon ha s been used to 
measure high voltages. For the application under conS ideration, the 
spark gap can be operated in a range in which voltage may be accu
rately determined by other means . 

The preliminary experimental work reported herein includes the 
effect of gas velocity on spark- over voltage, the effects of 
electrode- su~ace finish and of a static-pressure tap in one of the 
electrodes on reproducibility of data, and the usefulness of a 
practical- size special probe in a gas-turbine engine. 

MECHANISM OF ELECTRIC SPARK 

Only in recent years has the mechanism of the electric spark 
been understood . The streamer tbeory of spar k discharge, the present 
concept, ~~s contributed by Loeb (reference 3) and Raether (refer
ence 4). They arrived at a qualitative theor y of the mechanism of 
sparking by streamer propagation from anode to cathode, the mechanism 
functioning by means of photo- ionization in the gas . 

Sequence of Events 

~le sequence of events that leads to a spark is described in 
condensed form in reference 6 . For the case of a discharge between 
t,fO parallel plates , referring to figure 1 and follmving the 
sequence A through J, Loeb states: "The upper plate is positively 
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charged; the lower plate, negatively. The field betvreen them (A) has 
a strength of 30,000 volts per centimeter. At the lower left a r an
dom photon knocks a single electron from an atom. [At (B) is illus
trated a secondary electron emitted from the cathode by a positive 
ion.] Moving to"rards the positive plate , the electron collides with 
other atoms to liberate an avalanche of electrons. In the ",ake of 
the electrons remain positively-charged atoms, or ions (C and D). 
These ions reinforce the charge of the positive plate, thus attracting 
new electrons (F) that have been libera ted by radiation (E) during 
the previous events. The electrons, in turn, ionize more atoms so 
that a heavily ionized region (G) begins to extend [see tip at (H)] 
towards the negative plate. This process continues until there is a 
bridge of ions (J), called a streamer, between the two plates. It is 
this streamer that provides the channel for a spark or for lightning." 

Photo-Ionization 

The role of photo-ionization in the preceding sequence of events 
is described more fully in reference 3 as follows: "Accompanying the 
cumUlative ionization there is produced by the electrons from four to 
ten times as many excited atoms and molecules . Some are excited to an 
energy excee.ding the ionizing potential of some of the atoms and mole
cules present, either by excitation of an inner shell , by ionization 
and excitation, or in a mixed gas like air by the excitation of mole
cules of higher ionizing potential, e.g . , N2 . These excited atoms or 
molecules emit radiations of very short wave length in / some 10-8 sec
ond. This short ultraviolet radiation is highly absorbed in the 
gas and leads to ionization of the gas . In fact, the whole gas and 
the cathode as ,.,ell are subjected to a shower of photons of all ener
gies traveling from the region of dense ionization with the velocity 
of light. Thus nearly instantaneously in the whole gap and from the 
cathode new photoelectrons are liberated which almost at once begin 
to ionize cumulatively." 

Statistical Factors 

The sparking potential is not sharply defined because it depends 
upon ionization, which is a chance phenomenon. The sparking poten
tial, however, is reproducible within : 3 percent and for certain con
di tions vli thin 1 percent according to reference 3 . A discussion of 
this chance phenomenon, including time factors involved in the spark 
mechanism, is given in reference 7. Experimental evidence of the 
actual sparking threshold is given in reference 8 . 
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Spark-Over Voltage - Density Relation 

The voltage required for spark-over for a uniform field in a gas 
is primarily a function of gap spacing and density of the gas (refer
ences 1 and 2). The following equation can be written to represent 
any particular range of the curve 

E = A + BpI 

where 

E spark-over voltage 

A,B constants 

p density of gas between electrodes 

I gap spacing 

Gas density p can be expressed as 

where 

p = L 
RT 

p absolute static gas pressure, (lb /sq ft) 

R gas constant 

T absolute temperature, OR 

(1) 

(2) 

Combining equations (1) and (2) and expressing them in terms of tem
perature ~ive the following equation: 

T = 
BpI 

R(E-A) 

Equation (1) based on Paschen's law (reference 2) is not strictly 
correct. Deviations from this re~tion are encountered both at high 
vacuums (101-1 densities) and at high pressures (high densities). For 
small gap spacings in air, such as those discussed in this paper, 
Paschen's law will be obeyed within the range of experimental accuracy 
at room temperatures over a pressure range from 1 to 150 pounds per 
square inch absolute. The limits at elevated temperatures are not 

---------------------------- - .--.---- ---
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given in any avai l able literature. Paschen ' s law states that E is 
a function of p2, the tota l number of molecules that an electron 
encounters in a linear path acr oss the gap . The spark mechanism is 
not dependent on the total number of ions formed in a l i near suc
cession of processes but is dependent on t he concentr ation of ions 
(reference 3 ). With the streamer mechanism, sparking potentials 
will follow different curves , depending upon whether p or 2 is 
var ied (reference 7). For a given temperature- sensing probe, elec
trode design and gap spacing are fixed . Equation (3 ) can be sim
plified by combining B, 2, and R into a single constant K to 
give 

T ( 4 ) 

Absolute gas temperature can thus be obta ined froID measurements of 
static pressure and of spark-over voltage. 

DISCUSSION OF FACTORS AFFECTING SPARK-DISCHARGE MECHANISM 

Types of Electrode and Effect of Humidity 

-The various electrodes used for the spark gap can be classified 
into three types as follows : 

Needle gap . - The needle gap is sensitive to humidity, subject 
to rapid deterioration of the points, presen~8 a l inement and gap
spacing maintenance problems, requires a greater time to form a 
spark than other type electrodes, and gives appreciable deviations 
in spark- over voltage (reference 9 ). Because of these undesirable 
characteristics, the needle gap is unsatisfactory for use in a 
temperature- sensing probe . 

Sphere gap . - The sphere gap, which has been widely used in 
electrical work, is insensitive to changes in humidity (references 9 
and 10). lfaintenance of a fixed gap dimension is much easier with a 
sphere gap than with a needle gap , the time of formation of a spark 
is shorter, spark-over voltages are more consistent, and burning of 
the electrode surface is reduced, giving a longer service life. 
These characteristics indicate that the sphere gap should be con
sidered for use in a temperature-sensing probe . 

Parallel plates. - Parallel-plate electrodes having well-rounded 
edges are superior to the other types of electrode discussed in that 
they provide a uniform electric field and require the least time to 
form a spark . This type of electrode is insensitive to changes in 
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humidity, and reproducibility of spark-over voltages is better than 
for other types of gap . Maintenance of a uniform gap is more diffi
cult ylith plate electrocies than with the sphere type of gap. If a 
uniform gap can be maintaineci, the parallel-plate gap is the best 
choice for a temperature-sensing probe. 

Effect of Cathode ~1aterial 

The different amounts of electron emission from various cathocie 
materials may influence the spark-over voltage. Accorciing to Loeb 
(reference 11), "for longer sparks ( > 3 mm) [ gaps greater than 
0.118 in. ] in air at atmospheric pressure it is impossible to detect 
with any certainty the effect of cathode material on Vs [spark-over 
voltage] ." This statement implies that with small gaps there is an 
effect . At pressures less than atmospheric, appreciable changes in 
the spark-over voltages occurred when cathodes having widely different 
worlc functions "'-ere used (references 12 and 13). The term work func
tion is related to the number of thermionically liberated electrons 
emitted from a material at a given tempera ture. ~1aterials having a 
low yTork function will emit a greater number of electrons at a given 
temperature than materia ls having a high work function. Low-work
function materials (barium alloys ) have been used for the electrodes 
of ignition spark plugs . . The effect of these materia ls is to reduce 
the time of formation of the spark and to improve the reproducibility 
of spark-over voltage (references 3 and 14). The choice of cathode 
material for application of the spark-discharge mechanism to tem
perature sensing must therefore be made on the basis of experimental 
results. 

Surface Roughness 

Discontinuities on the surface of electrodes give low sparking 
potentials ovTing to local discharges. In the same way, dirt, impuri
ties, moist1~e, and oil also lower the sparking potentials (refer
ence 15); consequently, most experimenters have used highly polished 
electrodes. A case, however, is cited in reference 15 where more 
consistent results were obtained when the surface contained minute 
scratches . Effects of surface condition are also greatest at low 
pressures and small gap spacings. An experimental investigation of 
the effect of surface roughness was made and is reported in a sub
sequent section of this report. 

----~~---- ... _._--------~ 
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Effect of Gas Velocity 

From a survey of literature on the effect of gas velocity on 
spark discharges, a small effect of velocity on spark-over voltage 
for 1!16-inch-diameter blunt-end electrodes was found,and no effect 
for 3/16-inch-diameter electrodes (reference 16). The effect reported 
in reference 16 may possibly be avoided by using electrodes that give 
a more uniform field, such as spheres or parallel plates with rounded 
edges. For application of the spark-discharge mechanism to gas
temperature-sensing methods, consistent results irrespective of gas 
veloc~ty would be desirable. If the time of forming a spark is suf
fiCiently short, the mechanism of spark formation should not be appre
ciably affected by change in gas velocity over the velocity range from 
zero to sonic. For example, if the time of formation of a spark 
is 10-7 second, a molecule of the gas would travel, during spark for
mat i on, only 10-4 foot in a direction normal to the gap at a gas veloc
ity of 1000 feet per second; a small spark-formation time is there
fore desirable. The results of a preliminary investigation of the 
effect of gas velocity on spark-over voltage are discussed in a sub
sequent section of this report. 

Effect of Radiant Energy 

Ionization by either alpha or gamma r ays in the volume of the 
gap is sometimes employed to improve reproducibility of sparking 
potential and to reduce spark-formation time. For spher9 gaps, satis
factory results have been obtained with small gap spacings by placing 
3 to 5 milligrams of radium inside the sphere in a hole drilled nearly 
to the surface of the sphere; the radium and the gap are separated by 
only a thin layer of metal (reference 17). Radiation obtained with 
radium improves i onizat ion without distorting the field. With radium, 
the ionization is not distri buted uniformly in time as with light; 
that is, one alpha particle will liberate only a limited number of 
ions and no more ions will be liberated until the next particle 
arrives. The effective ionization is thus dependent upon the number 
of alpha or gamma rays per second. 

The effect of the presence of photoelectric emission on a spark
gap discharge is one of reducing the time of formation of the spark 
except for very intense illumination, which serves to lower slightly 
the sparking potential. Illumination of a gap by an adjacent spark 
has been found to reduce spark-over potential 5 to 10 percent (refer
ence 18). The effect of ultraviolet light on the cathode is e;plained 
in reference 3 as follows: "Illumination of the cathode with ultra
violet light furnishes a photocurrent iO from the cathode. For 
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plane-parallel gaps under 10 centimeters in air at atmospheric pres
sure and for smaller- sphere gaps, this source of current furnishes 
the most satisfactory arrangement." Over- voltages of as much as 
50 percent were required for small gaps in air without the use of 
ultraviolet light (reference 10). These deviations as well as the 
formation time can be reduced if a photoelectric .current i~ supplied 
from the cathode by use of ultraviolet light . 

Gas Composition 

Although most of the data in the literature are for spark-over 
in air, the eff ect of gases other than air on spar k- over vol tage 
is discussed in reference 15, which states that, on the whole, the 
higher the molecular weight of a gas the higher the spark- over volt 
age. In the application of the spark- dis charge mechanism to tem
perature sensing , it would often be desirable to sense the tem
perature of a gas composed of air plus the products of combustion of 
a hydrocarbon fuel. The gas compos i tion i n this case is a function 
of f uel-air ratio and combust i on eff i c i ency. Further experimental 
study is required to determine the spark- over voltage for different 
gas compositions encountered in various exhaust gases. In general, 
the effect of varying combust i on efficiency on gas composit i on appears 
to be a serious limitat ion on the use of the spark- discharge mechanism 
for temperature sens ing. For the case of the gas- turbine engine , how
ever, the changes in gas composition are ~uite small because these 
engines operate at very low fuel-air ratios. Varia tions in the com
bustion efficiency at a fuel-air r a t i o corresponding t o the approx
imate maximum a llowab l e gas temperature would probably be insignif
i cant. 

Particles of foreign material in the gas, such as might exist 
in the products of combustion, will appreciably af f ect the spark
over voltage (references 10 and 12). The effect is one of lowering 
the spark-over vo ltage from that of the uncontaminated gas and a l so 
of causing erratic spark- over voltages. 

Effect of Thermal Expansion 

The effect of thermal expansion on a spark- gap temperature
sensing probe need be considered only when the probe is used to 
indicate rapid changes in gas temperature. Any gradual change in 
gap spacing due to thermal expansion would be accounted for in the 
probe calibr ation . For use where the gas-temperature change is 
r apid, the effect of thermal expansion must be g iven careful con
sideration in the probe design so as to have a minimum change in 
gap spacing with change in temperature. 
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Preliminary design calculations indicate that a probe with 
Inconel as the electrode mater ial designed for a 10000 F instan
taneous change in gas temperature would give an indication accurate 
to % 1000 F . The mass of metal subject to the temperature change 
would determine the time required for the metal to reach the new gas 
temperature . If a probe were so designed that the gap spacing 
increased 1vi th temperature, the effect of temperature lag of the 
metal would be to cause the gas-temperature indication to be higher 
than the a ctual gas temperature. Thus, if the temperature probe were 
used in conjunction with a temperature-limiting control, the limit 
temperature would not be exceeded. 

Miscellaneous Effects 

Such factors as polarity, the effect of a grounded electrode, 
rate of voltage increase, and any effects of alternating current 
ar e not discussed herein because these effects would be included 
in the calibration of the probe. 

Reproducibility of Spark-Over Voltage 

Consideration of the results of previous investigators with 
respect to values of spark-over voltage indicates that it should be 
possible under controlled laboratory conditions to reproduce values 
of spark- over voltage within %2 percent . The various available 
values of spark-over voltage for plane-parallel gaps and spherical 
gaps agree wi thin ± 3 percent. An accuracy of : 1.5 percent is 
claimed for the sphere spark-gap voltage data presented in refer
ence 10. These data represent average values of a number of spark
overs for anJ given condit ion . In reference 3, it is stated that 
observed values of ~parking threshold need not vary more than 1 per
cent for a wide range of values of photoelectric current or for 
considerable changes in spark- formation time. The accuracy with 
whi ch gas temperatures may be determined by measurement of spark
over voltage will be depreciated by any error in determining the 
required pressure measurement. 

EXPERIMENTAL STUDY 

An investigation was made to determine experimentally the 
effect of gas velocity on spark-over voltage, the effects of electrode
surface finish and of the presence of a static-pressure tap in one 
of the electrodes on reproducibility of data, and the usefulness of 
a special probe of a size practical for use in a gas-turbine engine. 
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Curves, _ calculated us ing an empirical equation developed in refer~ 
ence 9, served as a guide in the experimental work reported herein. 
For sphere gaps the empirical equation, which covers a limited range 
of conditions of spark-over voltage, is 

where 

g average voltage gradient between limits 

1. := O. 54",rr and 1.:= 2r; where g:= 
kilovolts . per centimeter 

1. gap spacing, centimeters 

of separation of 

27.28 (1 + 0.54 ) , 
40F 

(5) 

funct ion of l/r for one sphere grounded. 
spheres: 1/4- i nch gap (0.635 cm), fo 

For l-inch-diameter 
1.1S 

3/S-inch gap (0.9525 cm), fo := 

r radius of sphere, centimeters 

(J relative air density, p ip o 

p density, pounds per cubic foot 

Po density of 0.0739 pound per cubic foot 

1.29 

The average error for curves calculated from equation (5) for spheres 
having diameters greater than 0.7S7 inch (2 cm) should not be greater 
than 2 percent (reference 9). 

Apparatus 

A diagram of the electric circuit used is shown in figure 2, 
and a sketch of the ducting and electrode mount is shown in fig-
ure 3. Most runs were ma de using l-inch-diameter spherical elec
trodes. For part of these runs, the grounded sphere was provided 
with a 1/32-inch static-pressure tap. Thi s tap consisted of a 
drilled hole concentric with the sphere and on the axis of the gap, 
as shown in figure 3. The special temperature-sensing probe (fig. 4) 
consisted of a 1/4-inch-diameter sphere welded to the center electrode 
of a spark plug and was concentrically located within a 3/S-inch
inner-diameter tube welded to the shell of the spark plug. 
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Measurements 

Voltage was measured using a d'Arsonval type instrument and 
calibrated resistances, the combination being rated by the manu
facturer at 0.5-percent instrument accuracy at full scale. Air 
velocity was determined from manometer measurements of the total 
and static pressure. Air temperature was determined by thermo
couples, located as shown in figure 3, with a correction to static 
temperature. 

Procedure 

For static runs, density was varied by changing the pressure 
over a range from 5 to 100 inches of mercury absolute. Runs were 
made over the dens ity range for gap settings of 1/32 (0.0794 cm), 
1/16 (0.1588 cm), 1/8 (0.3176 em), 1/4 (0.6352 cm), and 
3/8 (0.9528 cm) inch with all gaps held to a tolerance of :0.001 inch. 
The voltage was slowly increased from a value of approximately 5 kilo
volts below the calculated spark-over voltage until sparking occurred. 
Several spark-overs were taken at each condition, and all runs were 
repeated as a check. Spheres having surface finishes of 4, 32, and 
64 microinches rIDS were used. The same procedure was follmved for 
the velocity runs, with the exception that data were taken only for 
spheres having a surface finish of 32 microinches rIDS and 1/32- and 
l/S-inch gap spacings. The temperature-sensing probe (fig. 4) had 
a fixed gap of 1/16 inch and a surface roughness of approximately 
32 microinches rms. Data were taken only at static conditions for 
this probe. In all the experimental work air was drawn directly from 
the atmosphere , compressed, and cooled to approximately SOO F. No 
effort ",as made to dry the air or f i lter the impurities from it. 

Results of Experimental Study 

Comparison with calculated results. - The results of the static 
runs for the l -inch-diameter spheres are compared in figure 5 with 
curves calculated from e~uation (5). The experimental results agree 
very closely with the calculated curves. Calculated curves are given 
only for 1/4- and 3/S-inch gap spacings. (See limits of separation 
given with avera"ge voltage gradient g in e~uation (5).) The scat
ter of data is attributed to momentary variations in supply voltage, 
inaccuracies in measurements, and impurities in the air. 

Effect of static- pressure tap. - Results of static runs for 
l-inch-diameter spheres with one of the spheres having a 1/32-inch 
static-pressure tap are presented in figure 6. The curves of 
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figure 5 are superimposed on the data of figure E to show the effect 
of the 1/32- inch static-pressure tap on the cathode . Three curves 
are identical and the lowering effect of the static- pressure tap on 
spark- over voltage for a gap spacing of 1/16 inch is attributed to 
flux concentration at the sharp edge of the tap . 

Surface finish . - Data taken to study the importance of sphere 
roughness are presented in figure 7. The sphere used as the cathode 
in these studies was provided ,.,ith a 1/32- inch static- pressure tap . 
The spheres having a surface finish of 32 and 64 microinches rIDS 

(fig . 7) gave approximately the same degree of scatter , whereas the 
spheres with a finish of 4 microinches rIDS (fig. 6) gave a slightly 
greater scatter of data. These results indicate that the magnitude 
of the effect of surface conditions over the range investigated is 
small, particularly for the spheres having a surface of 32 and 64 
microinches rIDS . Any differences between these two surface con
ditions were obliterated by data scatter. In order to facilitate 
comparison, the curve for spheres having a surface finish of 4 micro
inches rIDS (fig . 6) are superimposed in figure 7 . For the l/lG- inch 
gap spacing, the data for spheres having a surface finish of 32 and 
64 microinches rms are, in general, lower than for the spheres having 
a finish of 4 microinches rms . For further investigation of this 
deviation, data were taken for a spark-gap spacing of 1/32 inch 
(fig. 7(a) . The curve obtained is almost a s traight line with a 
very small scatter of data and offers no explanation for the trend 
shown for 1/16-inch spark- gap spacing. 

Temperatvre -sensing probe. - The results obtained using the 
temperature-sensing probe (fig. 4) at static conditions are shown 
in figure 8. The curve obtained is almost a straight line and the 
data are reasonably consistent, indicating the feasibility of using 
a probe of this general type and size for temperature ~ensing . 

Effect of gas velocity . - The results of the velocity runs using 
l-inch- diameter spheres are shown in figure 9. The curves sho,vn are 
from the static runs .,ith the velocity data plotted as individual 
points. The gas velocity was calculated using the static pressure 
measured at the sphere gap. The scatter of data is no greater for the 
velocity rlXGS than for the static runs, indicating that velocity has 
no appreciable effect on spark- over voltage . It is rather common 
knowledge that an arc can be di storted by a moving gas str eam and 
under certain conditions it may even be blown out. The case of a 
spark- over, however, is not tpe same . Figure 10 is a photograph of 
a spark- over taken at a velocity of 350 feet per second, using l-inch
diameter spheres ,-lith 3/S- inch gap spacing . Several sparks appear 
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due to limitations of the photographic equipment used . These and 
other photographic data obtained show that the spark travels directly 
across the gap. Further work, however, is required t o determine 
whether velocity or possibly Mach number is a limiting factor in the 
application of the spark-over principle. The type and the location 
of the static-pressure tap also requires further study with regard to 
its accuracy a t the higher Mach numbers . 

SUMMARY OF RESULTS 

The investigation of the spark-over voltage - density relation 
indicated that application of the spark-discharge mechanism to a 
gas-tempera ture-sensing method is feasible. For use with an 
automatic-control system, this sensing method should give a rapid 
response rate and provide a signal output that can be accommodated 
in the engine-control system. Experimental results indicated that 
gas veloci ty, electrode-surface finish , and a small static-pressure 
tap located on an electrode have no appreciable effect on r eproduc
ibility of spark-over voltage and that a small temperature-sensing 
probe could be used satisfactorily in a gas-turbine engine . An 
error of the order of ::!: 2 percent was indicated in determining spark
over voltage. The error in determination of gas temperature, however , 
must also i nc l ude any error involved in determining gas pressure . 

Lewis Flight Propulsion Laboratory, 
National Advisory Committee for Aeronaut ics , 

Cleveland, Ohio , September 26 , 1949 . 
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Figure 1. - Sequence of events in a spark discharge between two parallel plates. Upper plate is 
positively charged; lower plate, negatively. Field between them (A) has strength of 30,000 volts 
per centimeter. (From reference 6, pp. 24-25.) 
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