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Ignition of gaseous combustible mixtures on catalytically active hot solid surfaces has numerous applications
in many industrial processes and is a complex process that involves close interaction between surface processes
and transfer processes in the gas mixture. In this paper, stable and critical states catalytic oxidation of hydrogen
impurities in air on a platinum filament are considered. It is shown that filament temperature and its resistance
depending on the mixture temperature and hydrogen concentration are of the hysteresis features. Within this
hysteresis region, it is possible to achieve the catalytic combustion mode of hydrogen as a result preheating the
catalyst filament above a certain critical value. The dependence of the limiting hydrogen's concentration on
catalyst filament's diameter, above which is observed in the cold gas mixture self-sustaining catalytic combustion

without electric current.
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Introduction

The use of wire meshes, which is coated with a thin
layer of platinum or metal oxide [1-3], has an advantage
over powder catalysts primarily due to the ease of
removing them from the reaction zone and the need for
filtration. They are convenient to use in the
heterogeneous catalysis's oxidation reactions of various
gaseous substances. In this case, to intensify the catalytic
process, the mesh is heated.

To study the heterogeneous oxidation of combustible
gas on a single catalyst wire, it is heated by electric
current [4-5]. With the correct catalyst choice, the
catalytic ignition of the combustible gas impurity is
possible when the heating current force or the gas
mixture's temperature increases to values exceeding the
critical values.

Thin metallic catalyst filament is normally applied as
an initial sensor of thermochemical gas detector
indicating presence of combustible gases in air/gas
mixtures. Its operation is based on application of upper
high-temperature regime of hysteretic (binary) relation
between catalyst metallic filament temperature and
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combustible gas admixture concentration in air gas
mixture with steady heating by electric current and
air/gas flow temperature [6]. The upper steady mode is
described by linear relation of flameless combustion
temperature and combustible gas admixture content for
thin filament, where heat losses with radiation may be
ignored [7]. It is also possible to use the linear
dependence of the flameless combustion temperature on
the heating current's square or the gas stream's
temperature at a constant impurity concentration [8, 9].

Works [7-9] are focused on hysteretic nature of
relation between filament temperature and system’s
ambient parameters. It is caused by non-linear relation
chemical heat emission intensity and temperature.
Studies of thermal hysteresis parameters allowing to
identify chemical reactions’ parameters is an important
aspect of heterogeneous catalysis [10]. Another well-
known example is temperature hysteresis in the catalytic
oxidation of carbon monoxide and propane [11].

In [7] it was experimentally shown that if the
combustible gas impurity concentration is higher than
some critical value, then after switching off the electric
current the catalytic combustion of hydrogen or ammonia
in a cold gas mixture on a thin platinum wire becomes
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self-supporting. In [12], the limit values of hydrogen
impurity concentration and catalyst temperature are
analytically found, above which the catalytic flameless
self-supporting stable combustion of gas-air mixtures of
room temperature on platinum wire is observed.

Admixture content may establish linear relation with
metallic catalyst filament resistance or potentials drop at
the ends of the wire filament. It is possible with minor
thermal losses with radiation, combustible gas first order
catalyst reaction and its running in diffusion mode.

Specific feature of hysteretic relation between
filament temperature and, for example, gaseous mixture
temperature [9] consists in possible gas catalytic
combustion in cold mixtures due to catalyst preheating.
Such a process is known as compelled gas ignition,
which is so far insufficiently studied.

Aim of work consists in analytic description of
relation between electric resistance of metallic filament
and combustible gas concentration and air/gas mixture
temperature. Subject of research consists in modes of
catalyst oxidation of hydrogen in air/hydrogen mixture
(volumetric content below 10%) on thin platinum
filament (d =0.1 mm, L =108 mm)

(H,+0.50, —2—H,0) introduced into electric circuit
with stabilized intensity of electric current.

I. Forced catalytic ignition

Time dependence of temperature on metallic catalyst
resistance is defined from hysteretic non-stationery heat
balance equation [8]:
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with gen— specific rate of chemical heat release, W/m?;
g; — specific power of Joule heat release, W/m?; qq is the
heat flux density in the gas mixture, W/m?; Q,— reaction
heat effect, J/kg; Tqo — air/gas mixture temperature, K;
Yas, Ya— combustible gas relative mass ratio near filament
surface and in air/gas mixture, Se — diffusion/kinetic

relation (relation between diffusion and Kkinetic
resistance), £ — activation energy, J/mole; R — absolute
gas constant, J/(mole'K); WY; - thermal diffusion

correction, L — catalyst filament length, n — filament
specific resistance; Le = Da/ag—the Lewis number.
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The increase in the time derivative temperature of
the catalyst filament is due to the thermal effect of the
chemical reaction and electric current in a conductor with
non-zero resistance, and the decrease is determined by
the rate of heat loss by heat exchange with cold gas air
flow. Radiant heat loss can be neglected.

As done in [7, 9], to consider critical and stable
stationary regimes, we introduce an effective ambient
temperature. This is the temperature of the inert wire
heated by the Joule heat:
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Using (2), from the condition of stationary

temperature (1) we express the gas temperature as a
function of the stationary catalyst temperature at a
constant combustible gas's concentration in the air:
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Here, the second term in the denominator determines
the role of thermal diffusion of the light combustible
component.

The resistance of the platinum thread I is
determined by the linear dependence of its temperature:

R ) R e O
whereL is catalyst filament length, n is the filament
resistivity.

Calculations have been performed applying

parameters, as follows, E = 55 kJ/mole, ko = 0.8 - 10°
m/s, Qa= 120.9 MJ/kgH3, Dao = 0.6 -10* m?/s, m = 0.33,

n = 1.82,5h= 0.51 (U = 015 mfs), Tp = 273 K, Py =
1.293 kg/m?, C, =1005 J/(kg-K), @ =39.3 104 K™, mp =

9.81 - 10 %0hm'm.

Fig. la represents a parametrical relation (2), (4)
between air/gas mixture efficient temperature and
platinum filament relative resistance for two values of
hydrogen admixture concentration with r, /r, , =T /T,.

Obviously, two ways differing in quality may enable to
achieve an air/gas mixture catalytic combustion mode on
catalyst filament:

1. Gaseous mixture efficient temperature may be
increased either by means of direct heating, or by means
of electric current to exceed critical ignition point Tg>Tg;.
In this case the catalyst filament temperature increases
spontaneously. At an ignition temperature Tgi. Chemical
reaction takes place in Kkinetic zone Se <1 [7, 9]. Under
such a condition the Tg value slightly depends on the
filament diameter [6]. Therefore, as illustrated by (3) the
current intensity value for catalytic ignition takes a linear
dependence on filament diameter as it is heated by
electric current

2. Catalyst filament direct preheating with initial
filament temperature exceeding ignition point — a certain
critical value (Fig. 2). IT is possible providing the
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gaseous mixture falls within an interval Tge<Ty<Tg;.
Critical values of initial temperature of catalyst filament
(point i) are within self-ignition point (condition point i)
and extinction point (point e) (Fig. la, extended dash
line) and obey the equation (3).

Catalytic combustion ceases with catalytic
combustion temperature decrease to fade point (Fig. la,
condition point e, curve 1) or as a result of gaseous
mixture temperature drop (Tg<Tg), or combustible gas
ratio drop (Fig. 1b). Steady catalytic combustion may be
maintained at high combustible gas ratio even with
mixture temperature drop to indoor temperature value
which may be considered identical to switching off the
electric current supplied to the filament (Fig. la, curve
2).

The dependence of combustible gas's concentration
on the catalyst's stationary temperature is determined
from the condition of stationary temperature (1) and is
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presented in the form;
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Fig. 1b illustrates that admixture critical ratio Y,

provoking catalytic self-ignition of gaseous admixture
depends on efficient temperature value of gaseous
mixture. For instance, its increase to 20 K only results to
double decrease of admixture ratio required for self-
ignition. Therefore, only catalytic ignition is applicable
for wide range of efficient temperature of gaseous
mixtures.

Fig. 1 illustrates that the filament resistance (and,
consequently, temperature) in catalytic combustion mode
experiences a linear magnification with increase of
hydrogen admixture ratio and air gas mixture efficient
temperature.

0.307 Y % |4 b
1
|
0241
1
| \
018 2]y
\
b
012f| [; VN.E
“Woe
\
0.06] 3
Y
4 rei/tel0
1 2 3 4

Fig. 1a. Relation of abstract air/hydrogen mixture temperature and platinum filament stationery resistance.
Hydrogen ratio Ya: 1) 0.09 %, 2) 0.19 %. Filament diameter 100 um, Sh = 0.51.
Calculations completed applying (3) and (4).

Fig. 1b. Hydrogen admixture ratio dependence on catalyst wire stationery resistance. Air/gas mixture
temperatureTq: 1) 293 K, 2) 360 K, 3) 380 K, 4) 410 K. Calculations completed applying (4) and (5).
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Fig. 2.Time dependences a) catalyst wire filament temperature with time b) relative resistance of 100 um diameter
wire in gaseous mixture with 293K temperature with hydrogen admixtures: 1) Y,=0.19 %, 2) Ya=0.15 %,
3) Ya=0.19 % and 0.15%. Initial filament temperature: Tp1 = Tp2 = 470 K, Tpz = 440 K.

Characteristic time: t, = ¢,p.d /(4BCpgpg Le’l“”) :
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The implementation of forced catalytic ignition is
illustrated in Fig. 2. Catalytic combustion is possible
when the initial temperature of the filament is higher than
the critical value. Please note that increasing the
combustible gas's concentration several times has little
effect on the critical value of the filament's initial
temperature and resistance (Fig. 2). This is due to the fact
that the catalytic ignition takes place mainly in the
kinetic mode of the catalytic reaction, according to which
the critical ignition temperature is a weak function of the
concentration of the combustible gas impurity.

Preheating of a filament to achieve required
temperature is possible applying impulse, induced or
laser preheating techniques.

Il. Self-sustaining catalytic combustion

In Fig.1, curve 2 corresponds to the case self-

sustaining catalytic combustion of hydrogen impurities.
Thus, for a cold mixture with a temperature of
Ty =293 K and a given hydrogen concentration, there is
a stable state of catalytic combustion.

The lowest concentration of combustible gas Yae, at
which self-sustaining catalytic combustion will still be
observed, corresponds to equality of gas mixture
temperature and the extrema's temperature Tg On a
function Ty¢(T). This temperature corresponds to the
minimum temperature of self-supporting catalytic
combustion.

The critical values of the concentration Y, ,and gas-

air mixture's temperature T ; .can be obtained [8, 9]

from the condition of extrema on the dependences Ty(T)
(at constants d, Ya, Sh) or Ya(T) (at constants d, Tg, Sh)
and present in parametric form:
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where B, = Ve T thermal diffusion correction.
I+wy, T
The required critical point's parameters of catalytic
extinction are mainly characterized by the condition Se>
1. From equation (6b) we find the critical values of the
diffusion-kinetic ratio and the diameter of the wire:
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Substituting (7) into expression (6a), we have the

equation for obtaining the critical extinction

concentration Y, (T) :
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Fig. 3. Dependence a) critical quenching concentration Yae(a), b) relative resistance and critical extinction
temperature, more than which there is a stable flameless combustion when the electric heating is switched off, on
the platinum wire's diameter in cold hydrogen-air mixture (293 K), | — the absence of self-supporting catalytic
combustion, 1l — the area of stable flameless catalytic combustion.
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(T-T,)EY
o, RT? RT? 1

* QLeTE (T-T,)E )
TR -(1-8)

Equations (8) and (9) constitute a system of
parametric equations (parameter - catalyst temperature).
For a given gas-air mixture temperature with an
hydrogen admixture (Tg = 293 K and Sh = 0.51), the its
system's solution is presented in Fig. 3. System's solution
of parametric equations (4) and (8) is presented in
Fig. 3b.

The obtained dependences are divided into two
regions: the region of self-supporting catalytic
combustion of gases (I1) and its absence () in a cold gas-
air mixture.

It is seen that the increase in the platinum wire's
diameter in a practically important range of values leads
to a significant decrease Y,, and, as a consequence, the

catalytic combustion's limiting temperature T, and the

catalyst wire's resistance (Fig. 3b). Thus, for the platinum
wire d = 0.1 mm we have the value of hydrogen

concentration Y,, = 0.104 %, which corresponds to the
volume part of hydrogen 1.51 %.

)

Conclusions

These analytic relations between stationery
resistance of a catalyst platinum filament and air/gas

[1]

mixture temperature and hydrogen admixture ratio
representing hysteretic nature are obtained for the first
time. They may be applied in experimental researches of
thermal and kinetic characteristics of catalytic
combustion of air/hydrogen mixtures.

The dependence of combustible gas concentration on
the catalyst wire's size is proposed, which allows to
predict the lower limit of self-sustaining catalytic
combustion in the cold gas-air mixture. It is shown that
the realization this mode is possible as a result of
catalytic forced ignition by pulse preheating of wire
above the ignition temperature. The advantage is the low
heat consumption for heating the catalyst at the initial
stage.

Similar results with platinum group filaments (fines)
application may be achieved reviewing results of
oxidation and catalytic combustion of carbon monoxide,
hydrocarbons (methane, benzene, propane, butane) with
correctly selected macro kinetic conditions.
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B.B. Kaninuak, O.C. Yepnenko, A.B. ®exopeHko

I'icTepe3nc eJIeKTPUYHOT0 ONOPY IVIATHHOBOI HUTKH B XOJIOJHUX
BO/JHEBO-NOBITPAHMX CyMillIax

O0ecvkuil HayioHanbruil yHigepcumem imeri 11 Meunuxosa, Odeca, YVipaina, teplophys@onu.edu.ua

3aiiMaHHs Ta30MOAI0HUX TOPIOYMX CyMilleld Ha KaTaJiTWYHO aKTHBHHX TapsduX TBEPAMX IOBEPXHAX Mae
YHCIJICHH] 3aCTOCYBaHHS B 0ararboX IPOMHUCIIOBHX IIpOIlecax i sSBIsie cO00I0 CKIIAIHUH MpoIec, M0 Mae Ha yBasi
TiCHY B3a€MOJII0 MK TIOBEPXHEBUMH INPOIECaMH 1 IpoLiecaMyl IEpPEeHEeCeHHs B Ta30Biil cymimi. Y naHiit poOoTi
PO3IIIANAIOTECS CTilKiI 1 KpUTHYHI CTAHU KaTaTiTHYHOTO OKHCIECHHS JOMIIIKMA BOJHIO B MOBITPI HA IJIATHHOBIH
Hutui. [lokaszaHo, mo Temmneparypa HUTKM Ta ii omip B 3aJIeKHOCTI Bi TeMIepaTypH HABKOJHIIHBOI CyMimIi i
KOHIIGHTpalii BOJHIO MAlOTh TICTEPE3MCHUH XapakTep. YcepenuHi HaHOi TiCTepe3UCHOi 00NacTi MOXKIIHMBE
JNOCSTHEHHS PEXHMY KaTaliTHYHOTO TOPIHHS BOJHIO B pE3yJibTaTi IIONEPeIHbOTO HArpiBaHHS HHUTKH
KaTaizaTopa BHIIE IEBHOTO KPUTHYHOTO 3HaYeHHs. OTprMaHa 3aJIe)HICTh TPAaHNYHOI KOHIIGHTpaLlil BOIHIO Bij
JiaMeTpa HHUTKHM KaTaji3aTopa, BHINE SIKOI CIIOCTEPIraeThbesl B XOJOMHIM Tra3oBilf CyMilli CaMOIATPUMYETHCS
KaTaJliTHYHE TOPIHHS 0€3 MPOTIKAHHS €JICKTPUIHOTO CTPYMY.

KiouoBi cioBa: rictepesnc, IUIATHHOBA [pIT, KaTaji3aTop, BUMYIIEHE 3aiiMaHHI, CaMOIiATPHMYHOYE
TOPiHHS, XOJIOIHA BOJICHB-TIOBITPSIHA CYMIIIL.
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