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Ignition Characteristics of Plasma Torch
for Hydrogen Jet in an Airstream
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Tohoku University, Sendai 980-8579, Japan

and

Katsura Ohwakil
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The ignition characteristics of a plasma torch for a hydrogen jet injected parallel to a subsonic airflow were
experimentally studied. The region of the injector position where ignition occurred became gradually narrow with
an increase in the distance between the fuel injector and the plasma torch and steeply narrow with an increase in
the airflow velocity. This suggests that the ignition limit strongly depends on the penetration height of the plasma
torch, which is in inverse proportion to airflow velocity. Nitrogen and oxygen were compared as feed stocks.
Results obtained showed no difference in the behavior of the plasma jet itself, the ignition limit, and the flame
shape. Calculations of ignition delay time for an H,/air mixture with the addition of N and O radicals showed the
same effectiveness and were found to be superior to the H and the OH radicals. However, the degree of deterioration
of an anode nozzle made of copper was more severe for oxygen plasma than for nitrogen.

Nomenclature
A = emitting area, m?
C = constantin Eq. (1)
c = mole fraction
d; = diameter of fuel injector, mm
d; = diameter of plasma torch nozzle, mm
H = penetration height, mm
M = Mach number
m = constantin Eq. (1)
U = airflow velocity, m/s
X, Y, Z = Cartesian coordinates
p = density, kg/m*
¢ = equivalenceratio
Subscripts
air = airflow
f = fuel injection
i = injection point
PJ = plasma jet

r = distance between the fuel injector and gas

sampling probe

Introduction

UTOIGNITION of a fuel injected into a scramjet combustor

does not occur at low flight Mach numbers. A plasma torch is
considered to be one of most promising igniters for use in such con-
ditions. Thus, it has been investigated and has been used in practice,
for instance, in the testing of a subscale scramjet engine model.! ™
In previous studies of the plasma torch for use as an igniter in

a scramjet combustor,*”® various kinds of feed stocks for the torch
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(H,, Ny, Ar, Ar/H,, O,, and air) were examined from the viewpoints
of arc formation, torch stability, requirement for onboard resources,
and effectiveness. From the viewpoint of the engine performance,
changes in the lowest total temperature of airflow required for ig-
nition in a supersonic flow for different flow rates of feed stock®
or different numbers of fuel injectors”’ have been the main focus.
These experiments showed that the ignition characteristicsstrongly
depend on the location of the plasma torch in relation to the fuel
injectors*>7 Therefore, detailed flame structure, flame shape es-
tablished by the plasma jet, and the relation between the location
of a flame and the shape of the plasma jet itself must be clarified to
establish the igniter design for supersonic combustors. A few stud-
ies have examined the location of the fuel injectors,*3° but only the
streamwise location of the injector was changed (either upstream
or downstream of the plasma torch) in those studies. Also, in past
research on ignition by a plasma torch, fuel was usually injected
perpendicular to the main flow, and parallel injection was scarcely
tested. Such injection has some merit, for example, for avoidance
of total pressure loss by shock generation or for utilization of the
momentum of a fuel flow for the thrust.

In this paper, the ignition characteristics of a plasma torch were
investigated by changing the location of the fuel injector in three
directions (X, Y, and Z) and by injecting fuel parallel to the main
airflow. As a first step for understandingthe detailed characteristics
of a flame held by a plasma jet in a scramjet combustor, flame
shapes, OH emission, temperature, and fuel concentrations around
the plasma jet were measured in a subsonic airflow. In addition, the
effects of the type of feed stock were investigated experimentally
and numerically.

Experimental Apparatus

The test section of the experimentalequipmentis shownin Fig. 1.
It had a 60 X 60 mm square cross section and was 350 mm long.
The side walls of the test section were made of Pyrex® glass for op-
tical observation. Subsonic airflow up to 80 m/s (M,;, =0.24, unit
Reynolds number =5.3 X 10° 1/m, and the accuracy of the measure-
ment was *+0.2%) was supplied by a turboblower. The pressure and
temperature of the airflow were those of the room condition. The
boundary-layerthickness of the airflow was about 10 mm at the exit
of the test section. Hydrogen was injected parallel to the airflow from
astainless-steelcirculartube supportedby a strut, the inner diameter
d; of which was 1.45 mm; the flow rate was fixed at 10 1/min (the
accuracy of the measurement was £2%), and the injection velocity
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Fig. 1 Schematic of test section.

was about 100 m/s for the experimental conditions. The location
of the injector could be moved in the three directions (X, Y, and
Z), where X, Y, and Z were the streamwise, lateral, and transverse
coordinates, respectively.

The plasma torch used was one slightly improved from that used
by Masuya et al.! The cathode was made of hafnium to prevent
oxidization and deterioration? and the anode was a copper nozzle,
the throat diameter d; of which was 1.5 mm. The diameter of the
nozzle at exit was 4 mm, with the opening angle of 60 deg. The
throat part was unintegratedfrom the torch nozzle holder to be easily
replaceable when it was damaged. Three kind of gases (N,, O,, and
air) were used for feed stock. The torch was cooled by the same gas
as the feed stock. Electric power for the plasma torch, supplied by a
dc power unit, was 1.2 kW for most of the experiments and 1.6 kW
for measuring temperature distributions in the Y-Z plane. A high-
frequency circuitwas attached to the power unit to initiate the plasma
arc. The flow rates of the feed stock and coolant were set at 15 1/min
and 40 /min at 288.15K and 1 atm, respectively. The mass flux ratio
of the plasma jet to the airflow changed from 7.9 (U, =20 m/s) to
2.0 (Uy;; =80 m/s) for the oxygen plasma and from 6.9 to 1.7 for
the nitrogen plasma. Other plasma jet exit conditions were difficult
to measure directly because of the high temperature of the plasma,
and the main purpose of the study was to investigate the relation
between the plasma jet and the flow conditions of the fuel flow and
the airflow. Therefore, the injection parameters of the plasma jet
were not changed in the experiments.

The torch was installed on the centerline of the bottom wall of the
test section, and the plasma jet was injected transversely to the air-
flow. The ignition of hydrogen fuel was confirmed by the detection
of OH emissionfromhydrogenflame, by the use of a charge-coupled
device (CCD) camera with auv-bandpassfilter (central wave length,
303.9 nm; half-value bandwidth, 19.5 nm) and an image intensifier.
When OH emission was measured, a rectangular section (40 mm
high and 75 mm wide) of a side wall was cut out to detect the emis-
sion directly. In addition to OH emission, the sound of combustion
could be perceived, which facilitated judgment as to whether igni-
tion occurred or not.

The ignition limit of the fuel injector location was measured for
various airflow velocities U,;. Intervals of change in the injector
location were 20 mm in the X direction, I mm in the Y direction,
and 5 mm in the Z direction. Moreover, measurements of temper-
ature at the position 30 mm downstream of the plasma torch with
a chromel-alumel thermocouple, visualization of the flowfield by
schlielen photograph, and gas composition analysis by gas chro-
matography with a Molecular Sieve SA column were conducted to
enable detailed understanding of the ignition phenomena.

Results and Discussion

Behavior of a Plasma Jet for Different Airflow Velocities

The behavior of a plasma jet without fuel injection was investi-
gated. Oxygen was chosen as the feed stock. The emission from the
plasmajet was recordedby the CCD videocamera with the OH band-
pass filter. Figure 2 shows the shapes of the plasma jet for different
airflow velocities. In Fig. 2, the penetration height of the plasma jet
decreases,and the jet approachesthe wall concomitantwith increas-
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Fig. 2 Shapes of uv emission images of plasma jet for different air
velocities (no fuel injection).
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Fig. 3 Temperature rise caused by plasma jet for different airflow
velocities at X/d; = 20 downstream of plasma torch.

ing airflow velocity. Figure 3 shows the increasein temperatureover
the room temperature at 30 mm downstream of the plasma torch.
Temperature was not too high due to the mixing of the plasma jetand
the airflow at the measurement point. The height of the maximum
temperature decreased, and the maximum temperature increased,
with increasing airflow velocity. In addition, measurement of tem-
perature in the Y-Z plane showed that the spread of the plasma jet
inthe Y and Z directions narrowed with the airflow velocity as same
as the penetration height. These results indicate that the mixing of
the plasma jet and airflow becomes lower as the airflow velocity
becomes larger. Two reasons for this suppressionof the mixing can
be considered. One is the suppression of the mixing in the shear
layer between the plasma jet and the airflow by the decrease in the
velocity difference. The other reason is that the mixing near the wall
was suppressed when the plasma jet was inclined to the wall by the
increase in the dynamic pressure of the airflow.

Change of Combustion Region with the Fuel Injector Location

The effects of the location of the fuel injector on ignition and
on the flame established by the plasma jet were investigated. First,
the effect of the height of the fuel injector, Y;, with constant X;
(X;/d; = 30.0), constant Z; (Z;/d; =0.0), and constant airflow
velocity (U, = 20 m/s) were measured.

Figures 4a-4d show the temperature distributions in the Y-Z
plane 30 mm downstream of the plasma torch for the case with-
out fuel injection and three cases with fuel injection from differ-
ent injector heights. The combustion regions are clearly shown in
Figs. 4a-4d, though the temperature of combustion gas was de-
creased by the mixing with the airflow at the measurementlocation.
In Fig. 4a, for the case of no fuel injection, the area of tempera-
ture increase was formed only by the plasma jet, and its maximum
temperature was about 100 K lower than that of the combustion gas
for the case of fuel injection. When a fuel was injected from a low
positionnear the wall (Fig. 4b, Y;/d; = 3.3), the combustionregion
separatedinto two parts, namely, the region near the wall and the up-
per partthatexistedin therange of 15 <Y;/d; <30. The combustion
region near the wall indicated combustion in the boundary layer of
the airflow; the flame sometimes propagated upstreamor oscillated,
showing the characteristicsof a premixed flame. The combustionre-
gionin the upperpart was producedby combustionof hydrogencon-
vected by the momentum of the plasma jet. These phenomenacould
also be explained by pictures of OH emission from the hydrogen
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20 m/s, X;/d; =-30.
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Fig. 5 Temperature contours in the Y-Z plane at X/d; =20 for U, =
20 m/s, X;/d; =-"10.

flame. In Fig. 4c for Y;/d; =10.0, the combustion region in the
boundary layer became weaker than that in Fig. 4b, and the com-
bustionregion of the upper part was enlarged with an increasein the
height of the fuel injector. In Fig. 4d for the case of ¥;/d; =16.7,
the combustionregionin the boundary layer disappeared. When the
height of the fuelinjector became higherthan Y;/d; =16.7, astable
flame was no longer detected; whereas the intermediate area of the
flame detection, where OH and sound emissions were intermittently
recognized,appeared for the fuel injection just above and below the
height (Y;/d; =16.7).

Figures 5a-5c show temperature distributionsat the same heights
as in Figs. 4b-4d for a different location of the fuel injector
(X;/d; =70.0). The features of the flame just mentioned were seen
fordifferentstreamwise locations X;, althoughthe degree of temper-
ature increase decreased with the increase of the distance between
the plasma torch and the fuel injector. However, the dependence of
the flame behavioron airflow velocity was apparent. The separation
of the combustion region was not observed for high-speed airflow
(more than 60 m/s).
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Fig. 6 Change in area ratio of uv emission images with and without
fuel injection at different distances between the fuel injector and the
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Fig. 7 Ignition limit of the location of the fuel injector (X;, Y;) for
different airflow velocities.

For the change in the streamwise position of the fuel injector,
the image of the uv emission was changed not only in shape but
also in area. Therefore, the area of uv emission was analyzed from
the video images. First, the emitted region in the X-Y plane was
recordedon videotape for the cases with and without fuelinjectionat
the same location of the fuel injector and the same airflow velocity.
Next, analog video image data were converted into 8-bit (0-255)
gray-scale digital image data and then were two-toned at various
threshold values of the gray scale by using software (Photoshop,
Adobe Systems). It was confirmed that the ratio of A s/ A, did not
depend on the value of the threshold for the range between 210
and 250. Figure 6 shows the change of A ;/ A, with the streamwise
injector location X;. Each datum in Fig. 6 is an average for 10
pictures taken under the same conditions; the standard deviation is
about 3%. The flame area gradually became small with the increase
in distance from the fuel injector. This was due to the progress of the
diffusion of hydrogen. The same tendency of decreasing flame area
for transverse injection was obtained by Kimura et al.* They also
reportedthatcombustiondid notoccurdueto insufficient mixing of a
fuel when the fuel injector was located very close to the plasma torch
(the distance was 5 mm). In the experiments reported herein, such
a phenomenon was not observed because the minimum distance of
the fuel injector from the plasma torch was 16.7d; (25 mm) due to
limitations of the experimental apparatus, where mixing of fuel and
airflow was sufficient for ignition.

Ignition Limit for the Location of the Fuel Injector

The ignition limit for the location of the fuel injector (X;, Y;)
where a stable flame could be established was measured for differ-
ent airflow velocities. In the test section shown in Fig. 1, the flame
established by the plasma jet was extinguishedif the plasma jet was
turned off, which indicated that the ignition limit overlapped the
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Fig. 8 Contours of equivalence ratio at different distances from the
fuel injector (Y;/d; = 3.3).
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Fig. 9 Contours of equivalence ratio at different distances from the
fuel injector (Y;/d; =10.0).

limit of flame holding. Figure 7 shows the ignition limit, not includ-
ing unstable or discontinuouscases, for different airflow velocities
and different locations in the X direction. When the height of the
fuel injector became higher than the line of the ignition limit, com-
bustion no longer occurred. As seen in Fig. 7, the height of the fuel
injector at the ignition limit was gradually reduced, concurrent with
an increase in the distance between the fuel injector and the plasma
torch, and steeply reduced with an increase in the airflow velocity.
When the distance between the fuel injector and the plasma torch
became large, the fuel gradually mixed with the airflow.

To investigate the fuel concentration, gas sampling for the cold
flow was conductedin the Y-Z plane. Figure 8 shows distributions
of the fuel equivalence ratio at three different distances X,, when
a fuel was injected near the wall (Yi/dj =3.3). Figure 9 shows the
case where fuel was injected from the mediate height(Yi/dj =10.0).
The fuel mixture became leaneras X, increased,but the equivalence
ratio at the center of the fuel flow changed little and was greater
than that for the flammable limit of the H,/air mixture, even at
—X,/d; =70.This was the reasonfor there being little changein the
ignition limit when the fuel injector moved in streamwise direction
X. Comparison between Figs. 8 and 9 revealed that the progress in
mixing along the X direction was suppressed for the fuel injection
near the wall.
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Fig. 10 Dependence of the fuel injector height at ignition limit and
penetration height of the plasma jet on airflow velocity.

In contrast to the influence of the streamwise location of the
injector, the steep change in the ignition limit was observed with
increasing airflow velocity. This result was due to the change in
the penetration height of the plasma torch. In Fig. 10, the height
of the fuel injector at the ignition limit for three cases of X;/d;
and the height of the maximum temperature at 30 mm downstream
of the plasma torch without fuel injection were plotted for different
airflow velocities. Both the heightatignitionlimit and of the plasma
jet decreased linearly with the airflow velocity, and the slope was
almost the same on the log scale; thus, it was obvious from this
result that the ignition limit depended strongly on the penetration
height of the plasma jet.

The penetrationheight of a jet injected into a subsonic crossflow
isrelated to the dynamic pressureratio of a jet and an airflow, and the
penetration height Hpy was correlated by the following equation'':

m (1=m)/2
Her _ C- X\ . pPJ_UIEJ 1)
d; d; Phair Uazir

In Eq. (1), the velocity and the density of the plasma jet are assumed
to be constant for the flow rate and input power of a feed stock, and
the Mach number of the airflow is low. Thus, the following relation
was obtained:

Hpy o< (1/ Uyp)' ™" 2)

This relation agreed with Fig. 10, although the exponent factor
(1 —m) obtained from Fig. 10 was about 0.85, which was a little
larger than that suggested in Ref. 11, namely, 0.72.

Figure 11 shows schlieren photographs for three cases: in the
ignition region (¥;/d; =10.0) (Fig. 11a), near the ignition limit
(Y;/d; =20.0) (Fig. 11b),and outof theignitionlimit (Y;/d; =26.7)
(Fig. 11c). When a fuel was injected from a position higher than that
of the ignition limit, the area of interaction between the fuel flow
and the plasma jet was very small, as shown in Fig. 11c. It is clear
from the comparison of these photographs that high-temperature
regions were enlarged by combustion of hydrogen at the upper part
of the plasma jet and that ignition occurred when fuel flow collided
with a plasma jet. This observationexplained the dependenceof the
ignition limit on penetration height of the plasma jet, as did Fig. 10.

The effect of the location of the fuel injector in the Z direction
on the ignition limit is shown in Fig. 12. When Z;/d; =6.7, ig-
nition could not occur, even though the ignition limit for the case
of Z;/d; =3.3 changed little from that for the case of Z;/d; =0.0.
These results support the hypothesis obtained from examination of
the schlielen photographsin Fig. 11, which show that ignition oc-
curred when the fuel flow collided with the plasma jet.

Dependence of Ignition Characteristics on the Kind of Feed Stock

Sato et al.® pointed out that oxygen would be better as a feed stock
for a plasma torch than argon or an argon/hydrogenmixture fromthe
viewpoint of the total system design of the scramjet engine and the
vehicle because oxygen bombs are usually carried in the vehicle,

a) In the ignition region (Y;/d; = 10)

b) Near the ignition limit (Y;/d; = 20)

¢) Out of the ignition limit (Y;/d; =27)

Fig. 11 Schlieren photographs for different fuel injector heights
(Uair =20 m/s).

whereas argon is not carried. Nitrogen might also be carried as
the pneumatic control gas. Therefore, nitrogen as a feed stock was
compared with oxygen at the same electric power input and flow
ratesof feed stock and coolant. The shape, penetrationheight,anduv
emission fromaN; plasmajet withoutinjectionof hydrogenshowed
no differences from those with O, plasma. Moreover, the ignition
limit of the fuel injector height for N, plasma almost coincided with
that for O, plasma, as seenin Fig. 13. However, the torchnozzle was
remarkably less eroded by the N, plasma than by the O, plasma. In
addition, the stability of the N, plasma jet was better than that of
the O, plasma jet. Air plasma showed intermediate results between
0O, and N, plasmas.

Calculation of Ignition Delay Time in the Case of the Addition
of Radicals

To enable better insight into the preceding results, ignition delay
time for an H,/air mixture with the addition of a small amount
of radicals was computed using a perfectly stirred reactor model.
Mitani'? analytically demonstrated that the addition of O radicals
was more effective in reducing ignition delay time than addition of
OH and H radicals of the same mole fraction, but he did not consider
Nradicalsnor N, chemistry.In the calculations, 15 chemical species
(H,, 02, N,, H, O, N, OH, H,0, HO,, H,0,, NO, NO, ,N,O, NH,
and HNO) and 41 elementaryreactions,includingreactionsof NO, a
recombinationreaction of N atoms, etc., constituted from the tables
in Refs.13 and 14 were used. Figure 14 shows the ignition delay
time for the addition of the same mole fraction of O, N, H, OH, and
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Fig. 14 Computed ignition delay time of the H,/air mixture with the
addition of various radicals: O, N, H, OH, and NO.

NO radicals. It is obvious from Fig. 14 that the N and O radicals
showed the same effectiveness in reducing the ignition delay time
and were superior to H and OH radicals. Moreover, the NO radicals
had a weak effecton reducingignitiondelay time in this temperature
range. The agreementof the effectivenessbetween N and O is mainly
due to the following rapid reaction:

N+ O, - O+NO 3)

NO producedby this rapid reaction has little effect onignition delay
as already mentioned. As a result, N and O radicals show the same
effect.

‘no radical 1000K —u— 0 1000K
—eo— 0 1100K
u} —A— 0 1200K
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Fig. 15 Effect of radical concentration on reducing ignition delay time.

Figure 15 shows the dependence of the ignition delay time on
the mole fractions of the radicals added to the H,/air mixture. The
increase in the mole fraction of radicals shortened the ignition delay
time and extended the ignition limit, but there was little difference
between N and O. Also, the effect of the equivalence ratio of the
H,/air mixture on ignition delay time was very small and showed
little difference between the addition of the O and N radicals.

However, the dissociationrate of O, plasma is much larger than
that of N, plasma for the same electric power if the plasma jet is
assumed to be of uniform composition and in equilibrium.!> Also,
the lifetime of N radicalsin a low-temperatureatmosphereis shorter
than that of O radicals. Therefore, a mole fraction of the N radicals
must have been different from that of the O radicals in the exper-
iment. In practice, the effect of the difference in dissociation rate
between N, and O, did not appear in the experimental results, in-
dicating that the N, plasma jet was as effective as the O, plasma
jet. A necessary condition for ignition was that a combustible mix-
ture of H, and air collided with the plasma jet. The formation of a
high-temperatureregion where radical concentration was also high
was a main factor for the ignition process of the plasma jet. In other
words, the roles of high temperature and high radical concentration
could not be separated. This characteristicmay be applied when the
plasma jet is located downstream of the fuel injector;in such a case,
a flame sticks to the plasma jet. If the plasma torch is located up-
stream of the fuel injector, the composition of the feed stocks must
affect the ignition limit, because, in such a case, the lifetime of the
radicals becomes important.

Conclusions

The ignition characteristics of a plasma torch for different loca-
tions of the fuel injector, different airflow velocities, and different
kinds of a feed stock were investigated experimentally and analyti-
cally. The following results were obtained.

1) The ignitionlimitofthe fuelinjectorheight gradually decreased
with an increase in the distance between the fuel injector and the
plasma torch and steeply decreased with an increase in the airflow
velocity. These results suggest that the penetrationheight of plasma
jet strongly influences the ignition limit.

2) The N, plasma torch showed the same effectivenessin igniting
a hydrogen jet as the O, plasma torch in the present experiments,
except for much less deterioration of the copper nozzle. As a result,
the formation of a high-temperatureregion played an importantrole
for the plasma jet for the ignition process in the experiment.

3) The effectiveness of a small addition of N radicals and of a
small addition of O radicals to the H,/air mixture in reducing the
ignitiondelay time was almost the same, althoughthey were superior
to the addition of H and OH radicals.

4) When fuel was injected near the wall, the combustion regions
stabilizedby a plasmajet appearedin two parts: One was combustion
inthe boundarylayeroftheairflow, which showed the characteristics
of a pre-mixed flame, and the other was combustion in the upper
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part of the plasma jet, where fuel was convected by the momentum
of the plasma jet.
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