Physical CH

ISSN : 0974 - 7524

CMISTRY
A Tndian ournal

Volume 10 Issue 3

— Ful] Peper

PCAIJ, 10(3), 2015 [073-079)]

Acousticinstabilitiesin hydrogen-air mixturesin theclosed reactor at
thecentral spark initiation

N.M.Rubtsov, B.S.Seplyar sky, | .M .Naboko, V.I.Chernysh, G.I. Tsvetkov, Troshin K.Ya*
Instituteof Sructural Macrokineticsand Problemsof M aterials Science of the Russian Academy of
Sciences, M oscow Region, Chernogolovka, Russian Federation, (RUSSIA)
Joint I ngtitute of High Temper atur esof the Russian Academy of Sciences, M oscow, Russian Feder ation, (RUSSIA)
N.N.Semenov | nstitute of Chemical Physicsof theRussian Academy of Sciences, M oscow, Russian Feder ation, (RUSSIA)
E-mail: nmrubtss@mail.ru

ABSTRACT

It was shown that inhomogeneities detected in light emission that arise
after contact of aflame front with the walls of cylindrical reactor can be
correlated with occurrence of acoustic waves by the example of com-
bustion of hydrogen-air mixtures containing 30 and 15 % of hydrogen.
It is reveadled that flame velocities in stoichiometric hydrogen-air mix-
tures at central spark initiation do not depend on the material of inner
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reactor surface but on its shape.

INTRODUCTION

As is known a combustion process is a source
of acoustic vibrations. The sound generated by com-
bustion plays an important role when ensuring stable
functioning of engines, turbines, etc.’! because, in
particular, intensive pressure fluctuations lead to
undesirable loads of walls of a combustion device.
On the other hand, it is known!? that in fluctuating
flows there is an essential acceleration of various
heat mass exchange processes (mixing, evaporation,
heat transfer from gasto walls, heat exchangeat flow
interaction to heated bodies etc.), agglomeration of
particles and coagulation of aerosols; in addition
vibrational combustion slows down NO * content
in combustion products.
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Acoustic fluctuationsin combustion are caused
by instabilities arising at flame front propagationi®.
These instabilities are shown in various forms in
combustion processes and can be classified as fol-
lows. Thermal diffusion instability is observed in
the flames in which velocities of heat transfer and
diffusion differ markedly, i.e.if Le= 1 (LeisLewis
number = D/y, where D isdiffusivity of the compo-
nent determining the velocity of combustion, y is
heat diffusivity®™ €. Hydrodynamic instability is de-
termined with adifferencein densitiesof the burned-
down and initial gas, which is associated with ther-
mal expansion of reaction products™; this instabil-
ity in certain conditions can lead to occurrence of
cellular flamed™. Thermoacoustic instability is re-
lated to the feedback between anon-stationary mode
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of thermal emission and acoustic fluctuationsin the
reactor®. Rayleigh!® gavethe criterion of occurrence
of thisinstability. It reads that acoustic fluctuations
aresustained if the maximum quantity of heat istrans-
ferred to fluctuating gas at the time of its maximum
compression. In® this hypothesis is formulated as
following: if phase shift between fluctuations of
pressure and fluctuations of velocity of heat appli-
cation is less than ©/2 on absolute value, fluctua-
tions are sustained; if phase shift rangesfrom /2 to
7, the fluctuations are suppressed.

Pressure fluctuations at combustion in closed
vessels accompanied with sound are usially associ-
ated with thermoacoustic instability*®, however up
to now the conditions of occurrence of acoustic vi-
brations are not quite clear?. In*! acoustic fluc-
tuations in rich pentane - air mixes were detected,
however in rich benzene - air mixes acoustic fluc-
tuationswere not observed. Ini*? acoustic vibrations
in combustion of hydrogen-air mix a ¢ = 0.42 (15
% H,) were detected however in combustion of hy-
drogen - air mix (¢ = 0.60; 20 % H,) acoustic vi-
brationswere missing (¢ isthe coefficient of excess
of fuel). The possibility of spontaneous ignition in
the course of flame propagation in abomb of con-
stant volume was considered in™, High speed of
changein thermal emission at such spontaneousig-
nition or at flame accel eration!® can induce pressure
oscillations and acoustic fluctuations. The experi-
ments performed in*@ showed that at ignition of rich
isooctane-air mixes and lean hydrogen air mixes
strong pressure fluctuations occur. The origination
of acoustic fluctuations in? is related to develop-
ment of hydrodynamic instability at flame propaga-
tion. However, pressure oscillations in combustion
of stoichiometric hydrogen- air mix wasnot observed
int% though it is known that combustion of the mix
in cylindrical reactorsis accompanied by a charac-
teristic sound™*?.

The non-uniform wave equation for acoustic
pressure with athermal sourceisused for modeling
of the thermo acoustic phenomenas 4 19

1 D*P(x,y,zt) _, oly-1
—V P v Y !t =
cé Dt* (xyz) ot cg Q @)

where c_isthe speed of sound, Pispressure, y -
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the relation of thermal capacities at constant pres-
sure and constant volume, dQ/dt is the velocity of
thermal emission.

If we assume a feedback mechanism represent-
ing dQ/dt as a linear function of pressure®, it is
possible to show!*® that the equation (1) represents
an acoustic oscillator whichisexcited or isdamped
out depending on Rayleigh’s criterion.

In the work the results of experiments on fea-
tures of combustion of hydrogen - air mixesinacy-
lindrical bomb of constant volume with central ig-
nition are presented. The special attentionispaidto
influence of material and ashape of aninterna sur-
face on the velocity of flame propagation and con-
ditions of occurrence of acoustic fluctuations.

EXPERIMENTAL

Experiments were performed with stoichiomet-
ric hydrogen - air mixes at atmospheric pressure and
initial temperature T, = 298 K in horizontally lo-
cated stainless stedl cylindrical reactor of 15cmin
length and 13 cm in diameter. The reactor was sup-
plied with an optical quartz window on one of end
faces. Electrodes of spark ignition the distance be-
tween which made up 0,5 mm were placed in the
center of thereactor. To change the material and the
shape of internal surface of thereactor 0.1 mm thick
Ti foil or 0.1 mm thick Tafoil covering al internal
lateral surface of the reactor and 12x6 cm 0.3 mm
thick Pt foil were placed in the reactor in various
experiments. Inanumber of experiments0.1 mmthick
Ti foil 12 cminlength covering internal lateral sur-
face of the reactor with three longitudinal flanges
1cm high, and located at distance of 4 cm from each
other was positioned in the reactor. We will specify
that placing of Ti foil in the reactor can be consid-
ered as treatment of internal reactor surface with
titanium dioxide TiO, because titanium is aways
covered with athin oxide layer. In anumber of ex-
periments speed filming was carried out via neutral
NS-1filtersfor reduction of light intensity. With the
same purposein some experiments, theoptical glass
was covered with athin layer of talcum powder.

Experiments were performed in the following
sequence. The pumped reactor was first filled with
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CCl, (if needed), then with hydrogen to nesessary
pressure, then air was added up to the atmospheric
pressure so that H, content in mix made up 30% of
15%. The gas was maintained for 15 minin there-
actor for compl eteness of mixing and then spark ini-
tiation was carried out. Speed filming of ignition
dynamics and flamefront (FF) propagation was car-
ried out through the optical window by means of a
color high-speed digital camera Casio Exilim F1
Pro (frames frequency 60-1200 s™!). Thevideo file
was stored in computer memory and its time-lapse
processing was performed. The pressure changein
the course of combustion was recorded by means of
apiezod ectric gage synchronized with thedischarge.

Carbon tetracloride (CCl,) was added to some
mixes for visualization of hydrogen flame. Notice
that the additive is practically inert and does not
show noticeabl einhibiting action on hydrogen com-
bustion?, Before each experiment, the reactor was
pumped out with theuse of aforvacuum pump 2NVR-
5D. Pressurein thereactor was a so controlled with
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amodel vacuum gage. H,, carbontetrachloride were
chemically pure, the purity of foils made up: Ti —
99,9%, Ta—99,99%, Pt — 99,99%.

RESULTSAND DISCUSSION

It was shown that the features of luminescence
at afterburning of stoichiometric H, -air mix in con-
ditions of central spark initiation don’t depend on
the material of internal reactor surface (stainless
stedl, TiO,, Ta, Pt), but depend onits shape. Normal
velocities of hydrogen flamesal so do not depend on
surface material. Experiments showed also that
acoustic fluctuations caused by combustion are ex-
cited after achievement of pressure maximum, how-
ever in combustion of 15% H, -air mix the fluctua-
tions are excited later, than in stoichiometric 30%
H, -air mix.

Results of high speed filming of process of FF
propagation in 30% H, -air mix are presented in
Figure 1 at shots frequency 600 frames/s.

number during the shooting, T, =298 K, E = 1.5 J; a) — (H+air)

+ 3% CClI,, 300 frames/s; c) — (H,+air)

stoich’

ﬂaﬂges 7
Figure 1 : High-speed filming of process of spherical FF propagation. The figure on a shot corresponds to a shot

+ 2% CCl,, 600 framess; b) — 14.5% H, + air

stoich

the NS-1 filter, an optical window is treated with talcum powder,

surface — stainless steel, 600 frames/s; d) — (H+air) ., 2 NS-1filters, Ti foil with flanges (noted on shots 7 and 15)

is located in the lower part of the reactor, 600 frames's
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The frames of FF propagation in 30% H, -air
mix containing 5% CCI, are presented in Figure 1a.
As is seen in Figure 1a FF has a spherical shape
without perturbations. Results of filming of process
of FF propagation in 15% H, + air + 3% CCl, mix
are shown in Figure 1b. It is seen in the figure that
FF consistsof small cells; inthe course of FF propa-
gation long-wave perturbations occur. Oscillograms
of pressure change at ignition of gas mixtures and
15% H, + air + 3% CCI, are presented in Figure 2.
Asisseenin Figure 2 acoustic fluctuations in 30%
H, + air are excited after achievement of apressure
maximum, and in 15% H, + air these fluctuations
areexcited | ater thaninthe stoichiometric mix. How-
ever, inl*¥ acoustic fluctuations in the spherical re-
actor wereobserved only in lean hydrogen-air mixes
and before achievement of a pressure maximum, but
inthemixes closeto stoi chiometric oneacoustic fluc-
tuations were not observed at all (Figure 31%).

As is seen in Figure 1b, the perturbations of
spherical FF caused by thermal diffusion instabil-
ity!> ¢ in combustion of thelean mix in the cylindri-
cal reactor, develop until a contact of FF with lat-
eral walls of the reactor. However, these perturba-
tions do not lead to initiation of acoustic fluctua-
tions. However, in¥, in which the diameter of a
spherical bomb made up 38,4 cm (see Figure 319,
curve ¢=0,4) acoustic fluctuations were observed
at FF propagation. Seemingly, amplitude of pertur-
bations at the stage of spherical FF propagation in
this work isn’t sufficient for initiation of acoustic
fluctuations due to smaller diameter of the reactor
(13 cm) ascompared to the reactor used ini*9. Inthe
cylindrical reactor acoustic instabilities, asis seen
in Figure 1 ab and Figure 2, are excited after the
time of contact of FF with lateral walls of the reac-
tor. The data obtained are the argument in favor of
existence of large-scale effect at occurrence of this
typeof instability.

We have revealed™ cellular flames originating
in diluted n-pentane-air mixes after the contact of
FF with lateral walls of acylindrical reactor caused
by occurrence of gasdynamic instability. It means
that pressure fluctuations (Figure 2) can be caused
by the gasdynamic instability arising after FF con-
tact with lateral wall§™ because both gasdynamic

instability and acoustic one are experimentally ob-
served inthe sametimeinterval. Verification of this
assumption demandsfurther research.

The results of speed video filming of combus-
tion of stoichiometric H,+ air mix over timeinter-
val, corresponding to occurrence and devel opment
of pressure oscillations for various materials of re-
actor surface (stainless steel, TiO, with flanges Fig-
ure 1; Pt and Ta, Figure 3) are presented in Figure 1
¢, d and Figure 3 a, b. Asis seen in the figures after
FF contact with reactor walls the luminescence of
FF occurs not uniformly in the vertical section of
thereactor; the symmetric picture of afterburning can
thus be observed. It is seen in these figures that in
case of smooth internal reactor surface experimen-
tally observed character of afterburning (shot 8 Fig-
ure 1 ¢, shot 6 Figure 3a, shot 8 Figure 3 b) doesn’t
depend on the material of reactor surface.

Non-uniform currents of gas obtained by intro-
duction of Ti foil with threelongitudinal flangesinto
the reactor (see Experimental) were provided inthe

5 LAP atm
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Figure 2 : Oscillograms of pressure change in combus-
tion ignition of gas mixtures; 1 — signal at the initiated
ignition; 2 — comparison signal, large black points —
time interval; 3 — the stretched time interval; a,b,c —
(H,+air) .. various time intervals, d — 15% H_ +air +
3% CClI,
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Figure 3 : High-speed filming of the process of spherical FF propagation. The figure on a shot corresponds to shot

number during the shooting, T =298 K, E, = 1.5 J, 600 frames/s; a — (H,+air)

the lower part of the reactor; b — (H,+air)
(H +air)
reactor

stoich’

stoich’

following series of experiments. It was established
(Figure 1, TiO, fail with flanges) that in case of rough
internal surface of the reactor the most intensive
afterburning of gas mixture occurs over the area of
non-uniform currents of gas namely over theregion
of flanges.

Itisof interest to comparethefrequencies of the
oscillations observed directly on pressure oscillo-
grams (Figure 2) and frequencies of normal modes
of vibrations of the cylinder filled with gas. For de-
termination of norma modes of the cylindrical re-
actor, it is enough to put the right term of equation
(2) equal to zero. Assuming P (X, y, z, t) = exp (iwt)
Vv (X, Y, Z) we get the well-known wave equation*® ;

VA(x,Y, z)=ﬁv(x,y, z),

2 (2
0

wherew—the frequency of normal mode of vibration.

The solution of the problem was carried out by
means of thefinite e ements method. For calculation
of normal modes of vibration of the cylinder filled
withinert gaswith motionlesswallsand height equal
to diameter was performed by means of the soft-
ware package FlexPDE 6.08 (A Flexible Solution
Systemfor Partial Differential equations, 1996-2008
PDE Solutions inc.*¥) in which this problem ap-

1 NS-1 filter, Pt foil islocated in

stoich’

2 NS-1filters, Ta foil is located in the lower part of the reactor; ¢ —
1 NS-1 filter, optical window is treated with talcum powder, Ti foil islocated in the lower part of the

pears as an example.

As combustion takes place in conditions close
to adiabatic ones, one can estimate the temperature
in the reactor at given timepoint from a ratio

AP AT . .
2T according to pressure oscillogram. For

instance, for the timepoint t =21 msin Figure 2 AP
=4, P=1weget AT = 2734 ~ 1000 °C, for this
temperature C ~ 000 m/s*", and for the timepoint t
=27TmsAP=35P=1, weget AT =2733.5~900
°C; for this temperature ¢, ~ 900 m/s*". In Figure 4
the shot 7 of video filming shown in Figure 1c, the
shot 41 from Figure 3b, and the calculated normal
modes of vibrations of air in the cylinder: the 36"
mode and 4" mode are presented. Asisseenin Fig-
ure 4 the calculated normal modes correlate quali-
tatively well with experimentally observed features
of afterburning for stoichiometric H, - air mix.
Taking into account thelength of thecylinder (15
cm) we get for the 36" vibrational mode w = 1.11
kHz; for C, = 900 m/s (T ~ 900 °C) we obtain for
thefourth vibrational modew = 0.7 kHz. From pres-
sure oscillograms in Figure 2b over time interval
20.5 - 26.0 ms and in Figure 2d over time interval
112.5 - 116.7 ms we obtain oscillation frequency ~
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Figure 4 : Frames of video filming from Figure 3c and Figure 3b, and calculated normal modes of vibrations of air
in the cylinder, a — the 36" mode, b— the 4" mode

1.9 kHz which correlates well with the value w =
1.11 kHz, calculated from the equation (2) on the
basis of the algorithm!*¥. Asis also seen in Figure
2, a the end of the process of afterburning, on the
portions of pressure oscillograms corresponding to
the reactor cooling-down, the oscillation frequency
considerably decreases and reaches 1 kHz on the
oscillogram 3inFigure 2. Thisvalueasoisin agree-
ment with the calculation for lower vibration mode
w=0.7kHz.

Noticethat the comparison performed above has
only illustrative character and does not allow inter-
preting more complicated mode structure of acous-
ticvibrationsin combustion of 15%H, -air mix (Fig-
ure 1, shot 49).

CONCLUSIONS

It has been established that velocities of flame
propagation in stoichiometric hydrogen-air mix un-
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der central spark initiation don’t depend on the ma-
teria of internal reactor surface (Sainlesssted, TiO,,
Ta, Pt), but depend on the shape of the internal sur-
face. By the example of combustion of hydrogen-air
mixes (30 and 15% of H,) it isshown that the inho-
mogeneities of luminescence at afterburning can be
associated with occurrence of acoustic waves. Itis
reveal ed that acousti c fluctuationsin combustion of
hydrogen-air mixes at atmospheric pressure are ex-
cited in the cylindrical reactor after achievement of
pressure maximum. In 15% H, -air mix these fluc-
tuations are excited |l ater than in stoichiometric mix
unlikethe spherical reactor of the larger size, where
acoustic fluctuations were observed only in com-
bustion of lean hydrogen-air mixes and before
achievement of the pressure maximum.
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