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Fig. 3 Unstable branch of «; contours for a damped bending plate;
branch-cut singularity occurs.
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Fig. 4 Unstable branch of «; contours for a damped bending plate;
cusp point moves toward origin as spring stiffness is increased.

by Yeo et al.% in the potential flow over a single-layer viscoelastic
wall.

On the other hand, no cusp points have been found at the ¢;
contours for an undamped plate (d = 0). All of the o; # 0 contours
are discontinuousin upper-half plane; @ roots jump to the opposite
side of the real axis before the contours form cusps. It, therefore,
indicates that a potential flow over an infinitely long undamped
bending plate does not admit absolute instability.

A similar situation can also be seen for a membrane (7 #0,
D =0). A potential flow over an undamped membrane admits static
temporal instability, whereas a flow over damped membrane admits
only an absolute instability mode.

Conclusions

The instability of a uniform potential flow over a plate-spring
system is investigated from the time-asymptotic spatio-temporal
perspective. The study indicates that uniform potential flow over
damped plate-springsystemadmits only absoluteinstability modes.
Absolute instability sets in as the flow becomes unstable according
to normal-mode temporal theory, and the onset of instability for a
damped plate (or membrane) is unaffected by the damping level.
A potential flow over an undamped plate-spring system does not
admit absolute instability.
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Introduction

T is well known that the addition of radicals to a combustible

mixture drastically decreases the ignition delay time and extends
the flame holding limit.! Therefore, many practical applications, for
example, a plasma torch igniter for a scramjet engine? or ignition
and flame holding by a laser, and enhancement of combustion by
a continuous electric discharge,’ have been developed to enhance
ignition and flame stability. Although the effect of the addition of
radicals on ignition delay time has been extensively investigated,
little attention has been focused on its effect on burning velocity
except for the case of flame propagationwith oscillationin a closed
chamber.* From the viewpointof flame holding,a change in burning
velocity by the addition of radicals may possibly play an important
role. In this study, the effect of the addition of radicals on burning
velocity was investigated using a one-dimensional flame code.

Numerical Method

Burning velocities with the addition of radicals were calculated
using the one-dimensional flame code developed by Smooke et al.’
A reaction model constituted from 15 (O,, H,, H,0, H, HO,, O,
OH, H,0,, N,, N, NO, NO,, N,0, NH, and HNO) species and 45
elementary reactions®=® was used in the calculations. The code and
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the reactionmodel wereinspectedby Qinetal.,’ and good agreement
with their experimental data of H,/air flame was obtained for a
wide range of equivalenceratios at 0.1 MPa. Radicals were added
by force at the inflow boundary, and then their reactions gradually
progressed toward the flame surface. Therefore, radicals different
from the ones added at the boundary were produced in the preheat
zone as secondary products.

Results and Discussion

Figure 1 shows changes in burning velocities with the addition
of O radicals to a stoichiometric H,/air mixture for differentinflow
temperatures 7. Basically, an increase in temperature of a mixture
causes the burning velocity to increase. When the temperature of
the mixture is low, the burning velocity does not change with the
addition of O radicals, even with the addition of a volume of 0.1%.
This resultis in contrast with change in ignition delay time with the
addition of radicals. Ignition delay time was reduced by a factor of
2 or more by the addition of a volume of only 0.0001% O radicals?
When the temperature of the mixture becomes high, in particular,
more than 750 K, the burning velocityincreasesmore than thatin the
case of no radical addition. Moreover, the increment of the burning
velocity depends on the concentrations of radicals. A comparison
between the O radicals and H radicals is also shown in Fig. 1. The
effect of the addition of H radicals is smaller than that of O radicals
for the same ratio of the addition.

Recombinationreactionsofradicalsin the preheatzone of a flame
were considered as dominant phenomena to determine the burning
velocity with the forced addition of radicals. Therefore, changes
in concentrations of radicals in the preheat zone of the flame were
investigated for the same three conditionsin cases of the addition of
O radicalsshownin Fig. 1. Figures 2a and 2b show mole fractions of
O radicals and H radicals in the preheat zone and the flame region,
respectively. The H radicals are produced mainly by the reaction;
O+ H; — H+ OH. The O radicals added to an unburned mixture
rapidly decrease toward the flame surface, even in the case that
the temperature of the mixture is 800 K. The mole fraction of the
O radicals ahead of the flame surface in the case of Cy =0.1% and
Ty = 500K, is almost the same order as in the case of Cy =0.1% and
T, =800 K, which results in a considerableincrease in the burning
velocity; however, the burning velocity in the case of Co=0.1%
and T, =500 K does not change with the addition of O radicals
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Fig.1 Changes in burning velocities by addition of radicals O and H
for different initial temperature of stoichiometric H,/air mixture.
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Fig. 2 Changes in mole fractions of radicals in preheat zone of flame
for different initial concentration of radicals and temperature.

as shown in Fig. 1. Thus, the concentration of O radicals ahead
of the flame surface is not a decisive factor in determination of
the burning velocity. On the other hand, the concentrationof the H
radicalsproducedby reactionsof O radicalsin the case of Co = 0.1%
and T, =800 K is much higher than that in other conditions. In
addition, the behaviors of the H radicals, which increase toward the
flame surface in the cases of 7, =800 K, are different from that
of the O radicals. Therefore, this result suggests that the dominant
factor in determination of the burning velocity is the concentration
of H radicals in the preheat zone. However, as shown in Fig. 1,
change in the burning velocity resulting from the direct addition of
H radical was smaller than that for the addition of O radicals. The
totalamountofradicals (H, O, OH) or their balancein reactionsmust
be important. The total amount of radicals produced by reactionsin
the preheat zone in the case of the addition of O radicals is about
two times that in the case of the addition of H radicals.

Figure 3 shows a comparison between the addition of N and O
radicals for the increase of burning velocity. There is little difference
betweenthe N and the O radicals. The reason for this is consideredto
be that the N radicalsreact with O, and are convertedto O radicalsin
the early stage. In the regionof low radical concentration(lower than
0.15%), burning velocities gradually increase with the addition of
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Fig.3 Dependence of burning velocities on concentration of radicals;
Ty=800K and Py =0.1 MPa.
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Fig.4 Dependence of ignition delay time on concentration of radicals
for different initial temperature.

radicals. When radical concentrationexceeds0.15%, burning veloc-
ities increase steeply with the addition of radicals, and the ratios of
this increase are proportionalto the radical concentration. This ten-
dency agrees with the experimentsof Ohisa et al.> They showed that
the addition of radicals using a continuouscoronaelectric discharge
resulted in an increase of burning velocity and that the increment
was proportional to the electric power input that mainly determined
the radical concentration. Figure 4 shows the effect of the addition
of N radicals on ignition delay of a stoichiometric H,/air mixture.
Note that the ignition limit disappears with the addition of almost
the same amount of radicals as the threshhold concentration (about
0.1%) as shown in Fig. 3.

Figure 5 shows the dependence of the burning velocity on the
equivalence ratio of the mixture. Burning velocities in the cases of
the addition of N radicals increase by almost the same ratio for the
wholerangeof the equivalenceratio as that for the addition of O radi-
cals.InFig. 5, the predominantradicalchangesat near stoichiometry
of the H,/air mixture, though its difference is slight. Moreover, the
equivalenceratio where the maximum burning velocity is observed
shifts to the rich side only for the case of O radicals. These differ-
ences between the N and O radicals are caused by reactions of NO
produced by the reaction N + O, — O + NO.
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Fig.5 Dependence of burning velocities on equivalence ratio of H,/air
mixture; 79 =800 K and Py =0.1 MPa.

Conclusions

Anincreasein burning velocity due to the addition of radicals oc-
curred only under conditionsof high temperature (more than 750 K)
andhighradical concentration(more thanabout0.1%), which agrees
with the concentrationfor radical run away in nondimensional anal-
ysis. The ratio of the increase in the burning velocity by the ad-
dition of radicals was proportional to the radical concentration. In
addition, the effect of the addition of N radicals on the burning ve-
locity was almost the same as that of the addition of O radicals.
This tendency agreed with the previous analysis® on ignition delay
time.
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