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The proposed work shows analytical way to find a build-up time (induction period) for a mode of steady
flameless catalytic combustion on metallic wire for cool air-gas mixtures with combustible gaseous admixtures
using as an example flameless combustion of air-gas mixtures with hydrogen admixture of a platinum wire.
Steady flameless combustion is observable after an induction period due to increase of initid catalyst temperature
exceeding critical point of ignition which depends on particle diameter and combustible gaseous admixture
content. Total time of build-up time is split into two stages, being the time of catalytic reaction proceeding in
transgent and diffusion stages, respectively. Effects of combustible gas ratio, catalyst wire diameter and excess of
initia temperature compared with point of ignition upon particular stages duration and induction period are

illustrated.
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Catalysts in disperse form play an exclusive role not
only in nature, but also in the industry, where platinum
metal platinum was widdy used [1]. Catalytic
combustion of gases proceeds directly on the solid
catalystss surface without open flames in the gas
mixture. The work of the thermocatalytic gas analyzer
[2] is based on the measurement of the amount of heat
released in the non-flame burning mode. At the same
time, it is necessary to know the time (induction period),
through which the gas analyzer will enter the operating
mode.

The work [3] experimentally demonstrates, that
catalytic combustion of air-gas mixture with hydrogen or
ammonium content on a surface of thin platinum wire
becomes sdlf-sustaining in steady stationery mode after
electric current soppagein awire or after air-gas mixture
temperature is reduced to any low temperature, provided
the combustible gas admixture ratio exceeds a certain
critical value of fading concentration at a specified
temperature of cool air-gas mixture [4]. Under such
conditions high-temperature catal ytic oxidation of air-gas
mixtures containing combustible gas is possible with
initial temperature of catalyst wire exceeding a certain
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critical value (catalytic ignition). Initial catalyst
temperature critical value lies in an interval between
catalytic sdf-ignition point and fade point of a specific
air-gaseous mixture for a gpecified cataydst:
T <T,; <T.[4].

The proposed work has its am to identify time of
delay for catalytic ignition of air-gas mixtures containing
combustible gas with reaction on metallic wire (particle)
proceeding as the first-order reaction.

. Problem Statement

Catalyst metallic wire (particle) placed in stationery
air-gas mixture containing combustible gas
thermodynamic equation solutions should be reviewed.
Here the assumptions, as bel ow should be used,

1. Therma resistance of the catalyst metallic wire
(particle) is substantially less than that of air-gas mixture
(the Biot number is substantially less than 1). It enables
to ignore temperature distribution along the catalyst.

2. Thermal and concentration fields in gaseous phase
are quasi-stationery, since the heat transfer factor for air-
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gas mixture substantially exceeds that of metalic
catalyst.

3. Thermal losses for radiation may be ignored due
to minor size of the catalyst.

4. Heat and mass transfer between the catalyst
particle and air-gas mixture is described by means of the
Lewis analogy and Newton/Richmann principle (heat
transfer by molecular and convective mechanismsa, ).

5. Chemical heat emission velocity rate ¢, and

heterogenous reaction velocity at the catalyst particle
surface depends on the first-order kinetics in view of
admixture ratio and increase with the increase of
temperature subject to the Arrhenius Principle.

In view of the above assumption the catalyst particle
differential equation as an open system for a stationery
air-gas flow will take aform, asfollows,

Ve T _ _
Creg gr % et “%n %
T(t=0)=T,), (L)

8001

6001

000

2

....................... -1, ¢

0 055 1 ll‘
 Qeff - B1/m? c

o
W/m?
%10} 1

m’ T.c
) d;—? S U 15

=QW, =Qgkr y g————+
Gen = QalVa = Qakr g,s—
e Eo T-Tg
k =k, expe: — =, =(2-n Le™,
kO 8 RT g YT ( )
n
k> *6 T+Ty»
e=Te D& o o & O T=_ 9
b g d 0§T05 2

with Ty— air-gas mixture temperature, K; Y, —massratio
of combustible gas admixture; 7 — wire temperature, K;
0., Q, — heat emission and heat extraction velocities,
respectively, Wt/m?, E — activation energy, Jmole; R —
universal gaseous congtant, J(mole-K); Se — diffusion
and kineticratio; y ; —thermd diffusion correction; Q, —

reaction heat effect, Jkga; V, /S — catalyst volume to
surface area ratio, m; T,. = 380 K — typical gaseous
mixture temperature, ¢, — catalyst specific heat capacity,
Jkg K;r_ — catalyst density, kg/m®. n — degree in the
temperature dependence of the combustible gass
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Fig. 1. Time characteristics of: @) platinum wire temperature, b) diffusion and kinetic correlation,
c) efficient heat emission power, d) reaction speed for active combustible component in gaseous
mixture with temperature T, = 293K with hydrogen content Y, = 0.19 %. Initial wire temperature:
Tor =470 K, Ty = 440 K. Initial temperature critical values: Ty, = 448 K. Wire diameter 0.1 mm,
Sherwood number Sh = 0.5. Specified diameter 0.2 mm. Ignition delay time (timeas m' point is
reached): tig, = 0.906 sec, o — experimental [3, P. 416]. Curves 1, 2 — solution (1), curve 3 —solution
(9), curve 4 — solution (10).
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diffusion coefficient, m — degree in dependence of the
number of Sherwood on Schmidt number Sh ~ Sc™[3, C.
406].

Fig. 1a illustrates time function for catalyst wire
temperature with different initial temperature values in
air-gas mixtures of ambient temperature. Graphs 1
correspond to catalyst ignition and Graphs 2 to its
absence. Boundary initial temperature T;«, beyond which
ignition occurs is identified as catalytic ignition
temperature. Itsvalues are found solving a non-stationery
problem and are specified in notes to Fig. 1. Its value
increases steadily as the combustible gas admixture ratio
reduces. Time of ignition depends on difference between
initial temperature and ignition temperature, the less is
the difference the more is ignition time Similarly,
combustible gas admixture ratio decrease leads to
increase in ignition delay time. Entire build-up period

t,;, to m¢ point (point m¢ correspond to the end of

non-stationery combustion stage) to high-temperature
catalytic oxidation mode may be split into two stages
with the i’ point (flex point on time curve of the catalyst
temperature, T_,=0.99T ). In this case, the diffusion-

kinetic ratio (the Semenov's number Se) is greater than
one (Fig. 1b), and the chemical reaction's rate doesn't
reach the steady-state value.

Parameters with following values have been applied
for calculations of a case of hydrogen -catalytic
combustion [5]: platinum wire diameter 100 mcm, E =
55 kJmole, ky = 0.8 x10° m/sec, Q, = 120.9 MJkgH,,
Do = 0.6 -10° m¥sec, m = 0.33, n = 1.82, Sh = 0.51
(U =015 m/se0), Tp = 298 K, | ,, = 0.024 Wt/(m-K),

r g = 1.203kg/,m?’, Cyo = 1005 J(kg-K),
131 J(kg-K), r , = 21460 kg/m".

Cc =

[I. Ignition point calculation

Review 0y (T,Y,)is made for three specified

platinum wire diameters to illustrate ignition conditions
for air-gas mixture with hydrogen content (Fig. 2). Power
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Applying this equation mass exchange factor and
specified diameters may be identified as a function of

stationery temperature T,
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)
d/Shvalueis aswmed asa specn‘lc diameter. Catadyst in
the form of a sphere (particle) and a cylinder (wire) with
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of chemical heat extraction in diffusion area has been
used as areference point.

Oy =Qbr Y, =Q, thDr oYa

Obvioudy, that initial catalyst temperature T(0) =T,
should exceed critical initial ignition point T, (point i.
Graph 2 Fig. 2) with admixture ratio Y, meetlng the
breach of the stationery stability conditions.

Point i, : Gy =0, T, /97|, >0.

Combustion temperature T (Fig. 2, point m) meets
the stationery conditions stability requirements:

Point m: G =0, fla /17| <O.

Initial catalyst temperature at the stage of ignition
(ignition point) should exceed the sdf-ignition
temperature and less than fade point, see beow
Ti <Tb,i <Te'

These limiting values meet the conditions of self-
ignition and fading (pointsi and €):

Gy =0, Ty /1T] =0, TPq, /TT°| <0,

Ty /TT%| >0 .
and may be evaluated as
T»T +RT’/EiT,=T, - RT2/E,
Q.Y,

C

ne T, =Ty+T,, T,=

(1+y)Le,

m

2 )ael . o
yT » -n - m = €
g T, +QY,Le""/c, 5

Ignition point as a stationery temperature is obtained
from the equation, as below

é & U
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identical specific diameter possess equal ignition point
characteristics as, well as other parameters.

Fig. 3 a, b represents obtained functions (2) in semi-
logarithmic coordinates. They enable to obtain catalytic
ignition temperature values for pre-given conditions.
Point of ignition may change in broad range depending
on mass exchange factor (catalyst diameter). In this case
appropriate Semenov number values aren’t small.

Semenov number is less than 1 Sg,; <1 for a

substantial range of ignition points adjacent to T. paint.
For ignition points range adjacent to T, point Semenov
number value exceeds 1. Sg,; >1.
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Ignition point represented with formula below
correspondsto Sg,; =1

exchange factor B = 0.785) ignition point critica value
subject to (2) amounts to 448 K whereas, referring to (3a)

correlation, itis476 K.

T,=T +E i Approximated relation, as below, may be applied to
v 2 estimate ignition point within an area adjacent to fade
Limiting temperature's value is T,, = 575 K for point:
these parameters and the mass concentration of hydrogen : ( i ) b- be
Y, = 0.0019. It corresponds to the given wire's diameter Tb,i > T TQ/Z T b (3, b)

Q2" Pe

Possibility to apply approximate formulae (3a) and
(3b) may be observed using Figs. 2b and 2d, with Q/2
being aflex point.

d/Sh = 20.5 mxMm.
With T, <T,; <T, and Sg,; <1 relation (2) is

practically exponential Inb aT +b (Fig. 3b), whereas
with Ty, <T,; <T, and Sg,; >1 relation (2) is close to
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x10°F 2 g L b
210°F
1x10°F
o . ;
O .' 1 1 L >

200 400 600 800 1000
Fig. 2. Relation between &) heat emission and hesat extraction velocities, b) efficient thermal emission power on
platinum catalyst temperature in gaseous mixture at atemperature Ty = 293K with hydrogen ratio Y, = 0.0019.
Platinum catalyst specified diametersare: 1) 7.3 mm, 2) 0.2 mm, 3) 11 mkm. @) Solid curveisthe chemical heat's
rate g, (T) , dashed curve - hest transfer velocity q, (T) , specific diameter 0.2 mwm; b) Efficient thermal emission

power q (T)/ 0y , platinum catalyst's specific diameter: 1) 7.3 mm, 2) 0.2 MM, 3) 11 Mrm.

linear b a,T+b, (Fig. 3d).

So, approximated relation may be applied to estimate
andytically ignition point in an area adjacent to sdlf-
ignition temperature.

[11. Thefirst stage of ignition period

The problem (1) seems convenient to be reviewed in

T owT 4T '”(b/bi) (3. 2) non-dimensional form. To begin with, heat exchange
bi > i Q2" i inlb— /b ' ' factor, expressed via stationery temperature, is placed
M\°qr2""i into (1):

So, for platinum wire of 100 mkm diameter (mass

Ve 1T _ Ya(1+y 1) Ya(“yT)YT'Tg
Ccrcgﬁ_Qakrg’SW'Qakb,irg’s 1+S . T -Tg

 TO=Ty, (4)

Values, applied by Frank-Kamenetskiy [3] are convenient to be chosen as non-dimensioned indicators of
temperature and time. Here application of ignition point instead of the gaseous mixture temperature as characterigtic
temperature construes a specific feature:

_ ' Tb,i E _ Tg - Tb,i E
q Rszl , qg RTb2| .
> (0]
Cer VeRTy & i & ky ® g 0O
: ’ 1+ exp6- -
b g RTb,i 5
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The resulting transformation represents a problem
(4) in non-dimensional form:

the catalyst cools.
Then the induction period takes the following
format:

&2 1+ . 6
db 91+Seb|equ_ g‘qg‘ ; ind @ 1+ O aeq 5
cC 7 e q- +1—
a(t=0)=qy. ) g+ S &Pa \qg\
& 1+ 0 (; q 0 With 6 < 1 the function @, may be expanded into
¢c bl - ex = +1‘ in's seri
Yh = (L+ S, e exXpa, G, = ‘Qg‘ Maclaurin’s series
€ @& 1+Sg), expq » 1+ 1 q+ 1- S, =
) ~q.
with Sg, -ﬁexpg E 2 — Semenov number at g1+Seo equg 1+, 2(1+Seo,i)
Rl g So, the (6) takes the form (7), asfollows,

stationery temperature (point of ignition).
Obvioudly, catalytic ignition occurs with T > Ty; or
g > O (increasing catalyst temperature). On the contrary,
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Fig. 3. Relations between a) specified diameter, b) stationery mass exchange coefficient, ¢c) Semenov value and
d) stationery heat exchange coefficient, and platinum catalyst stationery temperature in gaseous mixture at
Ty = 293K with hydrogen ratio Y, = 0.0019. Dashed curve: Fig.3b—(3a), Fig.3d —(3b).

_— ) s ) s Y
- ﬁq r2q L 12 (‘qQ‘ (1+Seb)) E qb‘qg‘(l ,.) p
(1+Seb,|)2 §1+SEO| ‘qg‘g
The dimensional form of the above formulaeis, as follows,
= (1+Se°’i)‘qg‘ Uqg‘ 1 ,'))(hseb,lg
tind1 = teh Uqg‘- (1+ o, ))Inél+ ‘qg‘qb(l ,|) ; (8)
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For minor Semenov values Sg,; <<1

Table 1
Catalyst ignition delay stages duration for gaseous mixture with hydrogen admixture on platinum wire
(To = 470 K, d/Sh = 200 mkm, Ty = 293 K)
Combustible gas admixture ratio effect

Ya Thi, K Tm K O 0g Sy T/ Ty, SIS Tol Tow), IS Tind/ Tinga1), SIS
0.0019 448 862 0.73 -5.1 0.4 0.16/0.20 0.76/0.71 0.93/0.91
0.0015 467 730 0.09 -5.28 0.72 0.56/0.47 0.69/0.68 1.24/1.16

Table?2

Catalyst ignition delay stages duration for gaseous mixture with hydrogen admixture on platinum wire
(T,=470K, Y,=0.0019, Ty=293K, Sh =0.5)

Catalyst diameter effect
d/g'l, mkm Tb,iy K Tm K Gb Gg Seb,i 171/ T1(1), gs ‘Cg/ T 2(1) g/s Tind/Tind(l)y gs
200 448 862 0.73 -5.1 0.4 0.16/0.20 0.76/0.71 0.93/0.91
400 384 863 211 | -469 | 0.262 | 0.39/0.44 3.44/3.04 3.83/3.48
1000 381 864 4.06 -4.01 0.158 2.31/1.35 21.48/19.62 23.79/20.97
¥ @ 2(q.l-106 aze 2 g6 o
P — "] |q|g|1| cl+ (|q|| |), ,=_vetele dcq. Thi " FTpi B2+
X & 1 0 Q- Oy || & | gLe™ Sh T, zdx
q q2+2q§ . : g b|Me| @ S: gg m & ;a, (11)
o one o Tables 1 and 2 compare duration of the 1% (8) and 2™
It is evident that one of the necessary conditions is (11) stages and time of catalytic ignition in general with
|qg| >1. changes in combustible gas ratio and catalyst diameter,

Dependence of the catalyst temperature with time on
the first stage can be approximated:

respectively. Satisfactory coordination is observed. Thus,
point of ignition is the essentia value to be identified at
the earliest preliminary stage. While the duration of the

(T =t (T'TS)F/ R1 2dq ©) 2" stage is practically independent on it, the duration of
“ch OZ =y P P the 1% stage is determined by difference between initial

ol 5 q2 +2q¢ 1 1. temperature and ignition point. Asit is obvious from (7)

(1+ i ) & |Qg| 5 and (8), the duration of the 1% stage changes rapidly with

The obtained formula (7) may be applied with Sg,; <
1, meeting awide range of the catalyst size.

V. The second stage of ignition period

The second stage may be characterized as the
reaction’s passage into deeper diffusion area and
approximation with pregiven (eg. 1%) catalyst
temperature margin & (mampukiaax 1%) to stationery
catalytic combustion point T, =T, +T; [6].

Equation to define duration of this stage may be
written, as follows,

Ve im _ 1
gccrcﬂ—Qa(hyT)krngage- a(T-Tg). (20

Duration of this stageis calculable as an integral
‘ _Ver, R 1§
’ T +T,-T'

Sa

The lower border of the integral may be assigned to

initial catalyst temperature without substantial error

T, =T,, +RT2 / E. The resulting duration of this stage
may be defined, as follows:

the increase of difference T, - T, .

Conclusion

This is to propose an analytical method to
determine gaseous mixtures catalytic ignition time on
metallic catalysts with combustible gaseous admixtures
based on preliminary calculation of ignition temperature.
The method is based on the preliminary finding of the
critical ignition temperature. The total ignition delay time
is split into two stages. catalyst preheating in transient
and diffusion areas. Anaytical formulae are developed
for each stage duration, enabling to evaluate initial
catalyst  temperature,  concentration  admixture's
combustible gas and particle (wire) diameter effects. The
ignition of the catalytic reaction on the catalyst surfacein
cold gas mixtures by pre-heating only the catalyst is
energetically advantageous than constant heating of the
gas mixture in order to realize catalytic self-ignition.
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3 JOMIIIKAMHU FOPI0YOro rasy Ha IJIaTHHOBI yacTHHII (HHTII)
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VY poboTi aHaNITHYHO 3HAXOMUTHCS NEPioA IHIYKLII 1 TeMIeparypa KaTaliTHYHOrO TOPiHHA Ha MeETaleBii
YacTHHII( HHTII )XOJOOHHMX Ta3ONOBITPAHUX CyMilledl 3 JOMIIIKAMHM TOPIOYMX Ta3iB Ha MPUKIami
0e3royM’ SIHOTO TOPIiHHS Ta30MOBITPSHHUX CyMilled 3 JOMINIKaMH BOXHIO Ha IuiaThHOBOI HuUtLi. Crilike
Oe3nonyM’'siHE TOPIHHS CIIOCTEpIraeTbcs 4Yepe3 Iepiof I1HAyKUii B pe3ynbraTi IMiJBUIIEHHS I10YaTKOBOI
TEMIIepaTypd YaCTUHKM  KaTajli3aTopa BHINE KPUTHYHOI TEMIIEpaTypu 3alallOBaHHSA, sKa 3aJeXKUTb BiJ
IPUBE/ICHOTO JiaMeTpy YaCTHHKHU 1 KOHLEHTpalil ZOMIIIKK roproyoro rasy. Bech yac Buxoiy nozineHo Ha Ji
YaCTHHU: NP NPOTIKAHHI KaTaJiTHYHOI peakuii B mepexinnii i nudysiitniilt obnmactax. [TokasaHo, sk BIUIMBaE
KOHLICHTpALlisl JIOMIIIKKA TOPIOYOro Tra3y, NpUBEICHHUI [iaMeTp Karali3aTopa Ta IEPEeBHUIIEHHS I[10YaTKOBOI
TEMIIepaTypy HaJl TEMIIEPaTypOIO 3allalOBaHHS Ha TPUBATICTh OKPEMHX CTaJlii Ta nepiox iHayKIii.

KirouoBi cioBa: MeraneBi KaranizaTOpH OKHCJICHHS, IUIATHHOBA HHTKA, BOAEHb, IEpiof I1HIYKII,
3alaIIOBaHHS , CAMO3aifiMaHHs, IIOracaHHs, oBepXHeBe (0e3omyM’ siHe) TOpiHHSL
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