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Fig. 3 Sample grid
aroundNLR-7301airfoil.

Fig. 4 Comparison of two
grids generated around a cav-
ity without (X < 0:0) and with
(X >0:0) using the present
marching distance functions.

Results
To present the new method developed here, a sample grid was

generatedaround the NationalAerospaceLaboratory- (NLR-) 7301
airfoil as shown in Fig. 3. For this grid, the surface clustering was
applied by using s1 / C =0.01 and e = 0.1. The applications of the
grid control for the interior domain are also presented. In Fig. 3, the
additionally clustered lines in the g direction, the clustered lines in
the n direction above the front-half of the airfoil, and the rare� ed
lines in the n direction above the trailing edge can all be easily
observed.

In Fig. 4, two grids developedaround a cavity are compared.The
grid at the left side of the symmetry line (X =0.0) was obtained
without using the marching distance functions. For this grid, grid
lines crossed after the 19th g level. The grid at the right side of
the symmetry line was produced by using multiple controls in the
n direction. The grid line crossings were eliminated, and a con-
trolled interior point distributionwas obtained.For both grids, all of
the other parameters were exactly the same. For these cavity cases,
some local imperfections were removed by applying a simple al-
gebraic smoothing procedure after completion of the hyperbolic
grids.

Conclusions
The marching distance functions, as presented here, can be used

when there is a need for interior domain grid control, such as in
problems with shocks or in problems with cavities where the gen-
eration of grids is relatively more dif� cult. They can also be useful
for the solution adaptive grid generation procedures.
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Introduction

I GNITION mechanisms of jet-A fuel vapor are of interest for
safety reasons during storage in aircraft fuel tanks. Fuel vapor is

present in the ullage (air space above the remaining fuel) of all fuel
tanks. Fuel vapor can accumulate in fuel tanks as fuel consumption
increases the empty volume in the tank. Under certain � ight and
ground conditions, the fuel vapor mixed with the available air in the
tank is within � ammable limits. Some recent work has been done
by Shepherd et al.,1 but current data on ignitioncharacteristicsof jet
fuels are far from complete. In addition, the ignition mechanisms in
con� ned environmentswith realistic probabilityof occurrenceneed
to be identi� ed correctly and eliminated.

The necessityto obtaindataon ignitionmechanismsand so-called
minimum ignition energy of jet-A fuel vapor has recently been
reemphasizeddue to the highly publicized incident involvingTWA
� ight 800. Whereas the frequencyof such an incident is very small,
these events are unpredictable and catastrophic in nature. Also,
any measure that is taken to minimize an ignition event in aircraft
fuel tanks should be based on quantitative data on jet-A fuel vapor
� ammability, as well as on an understanding of the origin of these
ignition events.

Ignition is a much explored area in combustion science, and nu-
merous studies have been devoted to characterizingignition of gas-
and liquid-phase fuels (see Refs. 2–7 as examples). However, stud-
ies of jet-A fuel vapor for applications in fuel tank safety have been
relatively few, uncorrelated with one another, and at times with in-
suf� ciently de� ned test conditions. Only in the recent past have
more careful reports summarizing jet-A fuel vapor � ammability
been published.1,8 Both the reports by Hill8 and Shepherd et al.1 in-
clude a review of the previous historicalmeasurements9 ¡ 11 of jet-A
fuel vapor � ammability limits. Some of the factors that make the
use of the previous data on jet-A fuel vapor � ammability dif� cult
are 1) unde� ned fuel batch � ashpoint or other fuel characteristics,
2) variations in the criterion for fuel vapor ignition, 3) variations in
the electrode con� gurations and spark deposition modes (spark du-
ration, etc.), 4) differences in the test chamber scale/geometry and,
therefore, fuel thermal conditions, and 5) unde� ned fuel loading or
variations thereof.

Recent data reported by Shepherd et al.1 and Naegeli and
Childress12 offer more information on the jet-A fuel vapor ignition
limits underwell-de� ned conditions.However, because the focusof
the report by Shepherd et al.1 was on determination of the cause
of the TWA 800 accident, it did not necessarily include a coverage
of conditions generally applicable for all of the phases of a � ight.
The work by Naegeli and Childress12 mostly involves a comparison
of different jet fuels and correlation with their chemical contents.

Here, we reporton ignitionlimits of jet-A fuel vapor as a function
of the fuel loadingusing conventionalelectrical sparks. In addition,
we present a much more relevant ignitionmechanism for accidental
ignition events involving electrical contact sparks and demonstrate
its capability to ignite fuel–air mixtures at very low voltage and
power settings.

Experimental Methods
Combustion Chamber

The combustionchamberconsistedof a three-port,stainless-steel
chamber for atmospheric to vacuum operations. The chamber had
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a diameter of 100 mm, length of 270 mm, and � ange diameter of
150mm, whereasthe smallerporthada diameterof 75mm, lengthof
73 mm, and � angediameterof 120 mm. The chamberhad a pressure
rating of ultra-high vacuum (1013 torr), and the total internal vol-
ume was 2.2 liter. The chamber pressure and temperature could be
independentlycontrolled. Further details of the experimental setup
will be published elsewhere.

The electrodes were machined from stainless steel. They were
3 mm ( 1

8 in.) in diameter £ 230 mm in length, with one end threaded
for electricalconnection.The electrodeshada 15-deg taperand were
pointed at the end. The electrodeswere mounted and electricallyin-
sulatedfrom thechamberusingCONAX compression� tting (model
EGT-125-A) and accompanying Te� on® liners. The spark gap was
� xed at 4 mm for the conventionalelectrical sparks, and for electri-
cal contact sparks, one of the electrodes was kept stationary while
the other moved toward and back from the contact point.

Ignition Systems
Two different ignition mechanisms were investigated.One was a

conventionalelectrical spark ignition system involving inductance-
coil (Wells C835) and a solid-state switching relay (Wells DR100).
The electrical sparks were measured to have a spark durationof ap-
proximately 3 ms and a nominal spark energy of 39 mJ for a typical
spark. The spark characteristicswere measured with a high-voltage
probe and a current sensor, connectedto a high-speedoscillopscope
that recorded the traces for later integration. The measured spark
characteristicswere quite similar to typical sparks generated by au-
tomotive inductance-coilsystems, with a breakdown voltage peak-
ing at 3–4 kV range and then continuing at lower voltages during
the glow dischargephase.A second ignitionmechanism,potentially
much more relevant for accidental ignition, is a system in which one
of the electrodeswas allowed to traverse and come in contactwith a
stationary electrode, producing sparks at very low supply voltages
(as low as 2 V). As the electrodes moved away, the heat gener-
ated from the sparks was ef� ciently transferred to the surrounding
causing an ignition.

Test Conditions and Data Accuracy
Three parameters were considered, pressure (altitude), tempera-

ture, and fuel loading.The pressure ranged from 1 atm (0-ft altitude)
to 0.2 atm (38 kft), while the temperaturevaried from approximately
25±F below to 40±F above the � ashpoint (temperature at which a
standard mixture is observed to ignite in speci� ed test arrangement.
The current jet-A fuel batch had a measured � ashpoint of 122±F,
using American Society for Testing and Materials D56 Pensky–

Marten closed-cupmethod.The fuel loadingchangedfrom 0.7 (2 ml
in 2.2-liter chamber) to 147 kg/m3 (400 ml in 2.2-liter chamber).
The pressure variation is of course to determine the effects of alti-
tude, whereas a range of fuel loading is consideredbecause the fuel
quantity can vary in aircraft fuel tanks. Note that due to the industry
custom Farenheit temperature units have been used throughout this
paper in place of the standard SI units.

The ignition temperature measurements involved incrementing
the chamber temperature in 2.5±F increments and applying sparks
until ignition was observed. Thus, the accuracy is expected to be
within 2.5±F, but the temperature data were otherwise quite repeat-
able. The chamber temperature was uniform in the central region
within 2–3±F; however, due to unavoidableheat loss at the wall, the
temperature tended to be lower near the wall by 5–10% of the target
temperature.Because the ignition sparks were applied at the center
of the chamber,well away from the wall regions, this is not expected
to affect the accuracy of the data in any signi� cant manner.

Results and Discussion
The pressure during ignition event was monitored, and traces

showed a sharp spike with the pressure increasingby approximately
a factor of six from the initial pressure. This corresponds to a tem-
perature increase of a factor of six, consistent with the typical tem-
perature increase during hydrocarbon combustion under constant-
volume conditions. The ignition temperature was measured and
recordedwhen there is sucha full pressureincreasedue to ignitionof
the fuel vapor.Evidence of partialpressureincreasewas checkedfor

Fig. 1 Ignition limits of jet-A fuel vapor at various fuel loadings;
inductance-coil ignition circuitry is used with the fuel � ashpoint Tfp
of 122±F.

the range from ¡ 2.5 to ¡ 5±F of the observed ignition temperature;
however, no such partial ignition phenomenon was observed.

Conventional Electrical Spark Ignition
The ignition limits of jet-A fuel vapor, using conventional elec-

trical sparks, are shown in Fig. 1 for a range of fuel loading from
0.7 to 146 kg/m3. Here, the fuel loading refers to the mass of fuel
dividedby the total chamber volume. Again, note that due to indus-
try custom, Fahrenheit temperature units have been used in place of
standard SI units. The data included in Fig. 1 are the lower ignition
limits corresponding to the lean � ammability limits. The ignition
temperatureshave been shifted by the reference fuel � ashpoint.The
ignition temperature decreases with decreasing pressure (increas-
ing altitude) because the chamber is � lled initially � lled with liquid
fuel that is allowed to come to an equilibriumat given pressure and
temperature.At lower pressures, more fuel vapor relative to the air
mass is present at a given temperature to shift the equivalence ratio
closer to stoichiometry. Therefore, the traces of ignition limits has
a negative slope in Fig. 1, typical of liquid–vapor mixture ignition
behavior. Observe that there is a substantial effect of the fuel load-
ing on the ignition temperature. As the fuel loading decreases, the
ignition temperature increases.

Alternative Ignition Mechanism in Fuel Tanks
One question that arises is, how are the sparks produced in a con-

� ned environment such as fuel tanks that can cause ignition under
these conditions? Conventional studies of ignition have typically
involved sparks from electrical breakdown at high voltages (3 kV
and above) or laser sparks. For the cause of accidental ignition in
environments such as aircraft fuel tanks where the electrical power
suppliedto devicessuchas fuelquantityindicatorsand fuelpumps is
limited for safety reasons, the probability of multiple malfunctions
that can lead to an electricalpotentialof 3 kV is nearly nonexistent.
We present another possible ignition mechanism that can occur at
much lower voltages and, therefore, present a much more proba-
ble ignition threat. If two charged electrodes come in contact with
another and move away after the contact, rather intense sparks can
be generated at very low voltage and current. The motion of the
electrode away from the spark allows suf� cient heat transfer to the
surrounding for an ignition. We refer to this phenomenon as elec-
trical contact spark. During the near-contact phase of the collision
of anode and cathode, the proximity of the electrodes can allow the
electrons to jump across causing a plasmalike condition for a short
durationdue to the streamingof electrons.Also, the collisionimpact
at the electrodesurface itself can generate free electrons that stream
toward the anode. If the electrodes move away from one another,
the thermal energy released during this spark is not absorbed by
the electrodes and it gets transported to the surrounding gas phase
causing an ignition. This is a dynamic ignition mechanism, in con-
trast to the conventional sparks generated by stationary electrodes,
that has not received any research attention in the context of fuel
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a) b) c) d) e)

Fig. 2 Sequence of electrical contact sparks causing an ignition of methane–air mixture.

a) 15 V

b) 9 V

c) 5 V

d) 2 V

Fig. 3 Electrical contact sparks at various voltage settings.

vapor ignition. Indeed, Fig. 2 demonstrates the ignitabilityof fuel–
air mixture due to this spark mechanism in methane–air mixture at
equivalence ratio of 1. The mixture was at low mean velocity (less
than 0.4 m/s) and, thus, is not expected to be a factor. Figures 2a–2e
show the developmentof the � ame kernel arising from the spark in
Fig. 2a. The time interval is approximately 100 ms from one image
to the next. From Fig. 2c the � ame kernel can be observed with
subsequent propagation toward the chamber wall in Fig. 2e.

The electrodes that were used in these experiments were similar
to the one used to obtain the ignition limits in Fig. 1, with a 3-mm
diam sharpened with a 15-deg taper at the ends. The geometry of
the electrodes will have a signi� cant in� uence because the heat
conduction increases with increasing electrode diameter. In fact,
tests with a � at electrode colliding with a sharpened one yielded
no ignition events, due to increased heat loss at the � at end. If the
electrodesare smaller in diameter, it is likely that ignitioncan occur
at yet lower supplied electrical energy. A possible event, thus, is
a bare electrical wire, intermittently shorting to create sparks of
this type, even at very low electrical energy levels and causing an
ignition of the fuel vapor. The sparks themselves could be observed
at voltages as low as 2 V. Figure 3 shows these sparks at various
voltage settings starting from 15 V in Fig. 3a to 2 V in Fig. 3d. The
current setting was nominally 1 A for closed circuit.

Conclusions
Ignition behavior of jet-A fuel vapor has been determined for

the effects of fuel loading and fuel � ashpoint. Two different igni-

tion mechanismswere investigated.One is a conventionalelectrical
spark circuitry (39-mJ spark energy, 3-kV breakdown voltage). Us-
ing this spark source, the temperature at which ignition occurred
varies from ¡ 10 to +55±F of the � ashpoint, depending on the fuel
loading,anddecreaseswith decreasingpressurefor all fuel loadings.
A second ignition mechanism that has been demonstrated involves
sparks that are produced when electrodes collide with one another,
even at very low supplied voltages (as low as 2 V). Because the
conventionalelectrical sparks require a breakdown voltage of 3 kV
and above, the latter type of sparks is considered to be a much more
probable cause of accidental ignition of fuel vapor. Indeed, tests
in a methane–air mixture shows that ignition occurs with supplied
voltages of as low as 15 V, with possibilitiesexisting at even lower
spark energies, depending on the electrode geometry and electrode
collision dynamics.
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I. Introduction

S EVERAL studies on the optimization of aeroelastically con-
strained, composite wings with cantilever end conditions have

been conducted. For example, recent optimizations1,2 have exam-
ined the design of nonuniform, � at composite beams for frequency,
� utter, and divergence constraints. During these studies, variation
of the thickness of a generic layup with � xed values of ply angles
was considered, and an experimental validation was carried out.
Other related work3 ¡ 6 has investigated the in� uence that ply orien-
tation, sweep angle, wash-in, and wash-out, as well as various other
parameters,has on � utter speed.This work showed that modal inter-
change can signi� cantly alter the � utter speed of a compositewing4
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and that for � utter of an unswept composite wing, torsional rigid-
ity and coupled bending– torsional rigidity5 are the most in� uential
parameters. It was also found that, contrary to traditional thinking,
wash-out can be bene� cial from a � utter point of view.6 A recent
independentstudy7 has examined the effect of both ply angle varia-
tion and the position of lumped masses on � utter speed for uniform
thicknesswind-tunnelmodels.Here, the principal� ndingswere that
small variations in thickness can have a signi� cant effect on � utter
speed and that practical application of optimization should allow
for uncertainties in the aerodynamic and structural models.

For all of the cited studies in which ply angle has been varied,
the layup has been constructed from either unidirectional material
[0 deg] or woven [0/ 90]S material. Also, the wing structure has
previouslyconsisted of a � at compositebeam of uniform thickness.
The current paper presents results in two parts, both of which are
basedon the model that has previouslybeenoptimized1,2 and, in one
case, experimentally tested.1 The � rst part examines the effect that
varying the orientation a of a [90 + a /0 + a / +45 + a / ¡ 45 + a ]S

layuphas on the � utter and divergencespeedsof a uniformbeamthat
is both unswept and swept back, where the effect of such variation
is to alter the in� uence of each layer on the beam rigidities. In
the second part, the design optimizationof nonuniform beams with
varyingorientationof the same layup is considered.The wing model
consists of 10 uniform beam elements, where each element has a
layup of [90 + a / 0 + a / +45 + a / ¡ 45 + a ]S , a length of 0.04 m,
and a width of 0.08 m (Fig. 1). The layup orientation a , which
was previously1,2 always 0 deg, is de� ned as the angle that the 0-
deg � bers are inclined to the y axis of the beam. (Note that for
a swept wing the y axis is the centroidal axis of the beam.) The
structural beam is enclosed in a NACA 0015 airfoil of (unswept)
chord 0.195 m. The mid-chord position of this airfoil is positioned
0.04 m in front of the beam center.

Analysisandoptimizationaredescribedin detailin Ref.2. Brie� y,
the dynamic stiffness method (DSM) is used to carry out free vi-
bration analysis for the nonuniform composite beam by idealizing
it as a series of uniform beam elements with bending, torsional, and
coupled bending–torsional rigidities, E I , G J , and K , respectively,
where positive K causes the wing to twist leading edge down when
it is bent upward. The effect of shear deformation,which is ignored
in the model, is relatively small because DSM frequencies are rel-
atively close to experimental and � nite element results that allow
for shear deformation.1 The � utter speed V f is found using the V –g
method and the divergence speed Vd is obtained by considering it
as a static (zero-frequency) instability problem.

II. Results
A. Parametric Study for Uniform Thickness Beam

The analysis of a uniform thickness beam model for varying lay-
up orientation a , where each of the eight layers within the [90 +
a / 0 + a / +45 + a / ¡ 45 + a ]S layup has the same thickness, is � rst
considered. Figure 2 shows the variation of � utter and divergence
speed with varying a for an unswept wing. (Here, as in Fig. 3,
airspeed has been normalized against the � utter speed found when
a = 0 deg.) The maximum � utter speedoccursat around a =52 deg,

Fig. 1 Unswept wing model with coordinate system, where µ shows the
direction of both positive layup orientation and positive ply angle.


