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ABSfRACT

Resul~s of ~heore~ical and experimen~al inves~i.ga~ions o f
f l a mma b i li ~y limi ~s and burning veloci ~y o f gaseous mt xt.ur-e-s tn~der

increased pressuresand tempera~ures are presen~ed.

Fl~mmabili~y lilm~s were inves~iga~ed a~ ~empera~ures from
20 ~o 250 C and pressures from 0.1 ~o 2.0 MPa. Gaseous mix~ures

i nc l u d e d the following con~onen~s: hydrogen, oxygen, ai r, s~eam.

ni~rogen, argon, carbon dioxide, helium.
The burning veloci t.Le-s of gaseous mf x t.ur-es , containing

hydr'ogen, ai r and s~ea~ wer'e defined experimentally a t,
~empera~ures from 20 ~o 200 C and pressures f rom 0.1 t o 6.0 MPa. The
",f fec ~ o f sign change of p ressure index n of burnir.g veloci ty Su
for values of Su much grea~er, ~han 0.5 nVc, was found. I~ means,
~hat. ~he viola~ion of Lewis-Elbe I-ule for ~he pressure index o f'
burning veloci ~y occures. NUnleI-ieal modell ing of flame propaga~ion

in s~oichiome~ric met.hane-ail" and hydrogen-ai r nu xt.ur-e-s mas executed
wi~h de~ailed chemical kine~ics under room tempera~ure and pressure
in the r a n g e 0.1-2.0 MPa. The varia~ion of rate c o ns t a n t. s . k . of
f o l l o wi n g reactions was made: \.

H + H + M -> Hz +, M, ,( 1 )

o + 0 + M -> O
2

+ M, (11)

H + 0 + M -> HO + M. (111)
2 2

Ra~e cons~an~es k .were reduced by a f'aclor K, where K was
0 .1, 1, 10, 100, 1000. The'dependence of' burning veloci~y and i~s
p ressure index on a .fac~or K was inves~iga~ed.

INTRODUCTION

The c ombus t.Lors charac ~er i s ~i cs of" hydrogen-ai r-diluent.
mt x t.trr- e-s a t, eleva~ed pressures and tempera~ures are of~en needed
for fire- and explosion safe~y in t.he process induslry. The dat.a
for n ormal pressures P and ~empera~ures T are ra~her complet.e,
but. t. he da~a for eleveled P and Tare ralher poor • . The values , of
upper f l a mmab i l i t y limit (UFL) of' hydrogen-oxygen-diluenl. ( He,
Ne, Ar , CO) at. room t.empel-ature and pressure from 0.1 to 3.0
MPa were 2 d e t. e r nrl n e d in ~. In 5-8 t.he lower f'laoonabilily linut.
(LFL) of st.oihiomet.ric hydrogen-oxygen mixt.ure in diluent.s (st.eam,
r~trogen, heliun\ etc.) were deternrlned a~ t.empera~ures f rom
20 t.o 200°C and pressures f'rom 0.1 t.o 2.0 MPa. Bu~ n~re con~lete
dat.a for combustion characleris~ics of hydrogen- cont.ained
I\U xt.ures at. elevat.ed pr-e-s s ur-e-s and t.emper.atures , a r e n'o t .
s u ff' ici ent ly presenled i n lit.eralw-e. The purpose o f' U 'ds
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work is the investigation of c o mbus t i o n processes
hydrogen-oxygen-diluent mixtures (flammability limi ts,
velocity) at pressures from 0.1 to 2.0 MPa and temperatures
to 250°C Theoretical interpretation of experimental
was made.

EXPERI MENTAL

in
burning
from , 20
results

Experiments for determination of flammability limits were
performed in closed reaction steel vessel'7_,,:hich had the cylindrical
form (diameter 300 and hight 800 mm). The mixtures were
c r e a t e d by partial pressures after vacuun\-pumping of the reaction
vessel and mixed by means of convectivie f l o ws appearing due to
slow temperature differences of reaction vessel walls. The ignition
was made in the lower part of vessel by means of nichrim wire fusion
due to electrical heating. The ignition energy was equal 10 J. Flame
regi'stration was made by means of thermocouples near the top of
vessel and pressure transducer.

' Th e burning velocity Su for hydrogen-air-steam mixtures at
high pressures and temperatures was measured , in constant volume
bomb, which had spherical form and volume of 4.2 1. The
mixture obtained by partial pressures was initiated by means of
nichrom wire fusion with the energy 1-2 J ' in the center of sphere.
The pressure in the vessel during explosion was registrated by means
of press_~e tl'ansducer "Sapphire-22" with time constant of the order
of 3-10 s. The burning velocity dependence from pressure a~d

temperature was calculat.ed according to met.hod described elewhere •
This n~thod is based on comparing of experin~ntal and calculated (by
means of c l o s e d vessel explosion n~del) dependence of pressure in the
vessel during mixture explosion. This method gave a good agreement
with the available expel'imental data for initial pressure of 0.1
MPa and room temperature.

RESULTS AND DI SCUSS! ONS

The experimental data for flamn~bility limits are shown in
Fig.1-3. From Fig.1-3 some conclusions can be m~ade, Among the

diluents investigated (CO -r H 0, N , Ar) the most efficient is the
gas with the largest molar he~t ca~acity (CO ). But the behavior
of lower flammability limits for hydrogen-~xygen-heliummixtures
i s unusual 1 the dependence of hydrogen concentration at low
flammability limit on diluent concentration is sufficiently
nonlinear. This effect is due to the bubble character of flame
propagat.ion in very lea~ ( from 4 to 8 X (val.)) hydrogen-oxygen
r e s p e c t with oxygen and other diluents investigated and high
thermoconductivit.y coefficient for helium.

Some experimental data for lower flammability limits of
hydrogen-oxygen-composite 'duluent ( helium + steam. helium + carbon
dioxide, nitrogen + carbon dioxide) are presented in Fig.4.

It is evident t.hat additive empirical rule for flammability
limit.s i n the case of composite diluent c o n t. a i n e d helium is
disturbed. This effect is caused by high thermoconductivi t.y
c o e f f ici e n t of helium and bubble character of combustion of very
lean hydrogen-air mixtures mentioned above.

The dependence of burning velocity of hydrogen-air-steam
mixture on pressure at various temperatures is shown in Fig.5. It
c a n be seen that addition of a small quantity of steam ( 5 " (vol.))
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Fig.1. 'Fl a mmab i l i t. y limits of hydrogen-oxygen-diluent. mixt.ures at.
temperat.ure 20°C and pressure 0.1 MPa.

Fig.2. Fl a mmab i l i t.y l imit.s of hydrogen-oxygen-diluent mixt.ures al
t emperat.ure 250°C and pressure 0.1 MPa.
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Fig. 3 . Flammabilit.y limit.s of hidrogen-helium-diluent mixtures at.
temperaturesT and pressures Po - P • 20 MPa, T • 20°C; () - po • 0.6 MPa, T • 20°C;

° °G - P .• 2.0 MPa, T • 250°C; • - P • 0.6 MPa, T • 250°C.
° °

Fi.g. 4.. Lower flammability limits as a function mole fractions the
f"irst d iluen component in diluent mixt.ures at. t.enqierature s
a n d pressures
(He-H 0) P = 0.6 MPa, T • 250°C

2 °
( He - CO ) P = 0 .1 MPa, T • 20°C;

2 ° ~ .s
CN -CO) P • 0.1 MPa, T • 70°C.

2 2 °
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causes change of' sign of' pressure i n d e x n i n the e x p r e s s i o n f'or
pressure dependence of' burning velocity Su '" SUoCP....p o) n. With the
i "nc r e a s e o f' st.eam ·c o n c e n t r a t i o n in the mixt.ure the value of n
becomes more negative.

In order to investigate the cause of' t.he ef'f' e ct of pressure
index sign change the numerical modelling of flame propagation t.hrow
t h e methane-air and hydrogen-air mixt.ures was e xecu t e d wi th detailed
chemical k inetics at r oom temperat.ure and pressure i n the ran ge
0.1-2.0 MPa. The kineti c s cheme and rate cOI~tant.s we r e taken f'ro m
wo rk H

• The variation of' rate constan t s' k. of fol lowing r eact.ions wa s,
made:
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Fig. 5 . The d ependence o f' burning Su f r-o m
p r e s s ure P at var ious ten~erat.Ures T a n d
concentrations of' steam C
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.. 0 ~ vol .; b ) C 2 .. 5 ~ vol. ;
H 0

1 0 ~ vol.; d ) C2
H a
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H + H + M -> H
2

+ M.

o + 0 + M - > 02 + M,

H + 0 + M -> HO + M.
2 2

Rate c o n s t a n t. s k. . were r e d uce d by
a fact.or K, where K was'0.1, 1, 10, 100,
1000. The dependence of' burning velocit.y
and its pressure index on a f'act.or K was
invest.igated. It. was f o und that the
var iat.ion o f' k. f'or the reaction (1 ) and
( 1 1 ) in pointed r a n g e had r e l a t i v e l y
s mall i nf'luence on bur ning velocity.
I n t hls c a s e the sign o f' pres sure
i ndex was not. c han g e, but. t h e change of'
rate const.ant of' reaction ( 1 1 1 )
s igni f'icantly changed the value of'
burning velocity .and its pressure
index, whlch changed its sign in some
c a s e s . For methane-air mixture the
i n c rea s e o f' f'actor K caused the increase
of p res sure i n d e x , but. t.he sign of t his
index r emained negat.ive . For hydrogen-air
mi xture the r e d uctio n of' a factor. K
caused t he c h a n g e of' the s ign o f pressure
index. Cor~equently wi t h the inc rease of'
the role o f' trimol e cular reactions t.he
value of p ressure index was reduced. This
e f' f e c t. c a n t ake place i n the case of our
e x peri ment. s wit.h indroduct.ion int.o the
i nitial gaseous . mixt.ure the st.eam
mol ecul e s, :l2whJ c h catalised recombination
reac t. i o ns •
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