PHY SICS AND CHEMISTRY OF SOLIDSTATE
V. 18, Ne 1 (2017) P. 52-57
DOI: 10.15330/pcss.18.1.52-57

PACS: 536.4

OI3UKA I XIMIA TBEPAOI'O TUIA
T. 18, Ne 1 (2017) C. 52-57

ISSN 1729-4428

V.V. Kalinchak!, A.S. Chernenko!, A.N. Sofronkov?, A.V. Fedorenko!

I nfluence of Thermal Diffusion on the Hysteresis Area of Hydrogen
Impurities Catalytic Combustion on Platinum Wire

'Odessa I. I. Mechnikov National University, Department of Thermal Physics, vakaaka@yandex.ua
2Odessa Sate Ecol ogical University, teplophys@onu.edu.ua

A complex investigation of the hysteresis mechanisms of heat and mass exchange and catalytic flameless
combustion of hydrogen-air mixtures on platinum'’s particles and wires. Thermal diffusion of hydrogen does not
affect the critical conditions for self-ignition mixture unlike conditions extinction mixture. Method is proposed
the anaytical determination of the hysteresis areas heat and mass exchange particles (wires) catalyst. Inside the
aress there is a catdytic ignition, and outside - dtationary states of oxidation and catalytic combustion of

combustible gasin the air.

Keywords: metal oxidation cataysts, wire, hydrogen, hysteresis heat and mass exchange, self-ignition,

extinction, shdlow (flameless) burning.

Article acted received 06.02.2017; accepted for publication 05.03.2017.

The basis of thermochemica gas analyzers for small
impurities of combustible gases in the air-gas mixture is
in using dependence on the speed of chemical heat
generation or temperature of particle (wire) catalyst from
concentration of impurities [1-5]. With ther catalytic
flameless combustion catalyst temperature increase can
be linearly. We proved that thisis possible with the small
heat 10ss by radiation, the first order of catalytic reactions
in combustible gas and its flow in the thermodiffusion
mode. The criterion of radiation heat exchange from the
cold walls of reaction device as dimensionless diameter
[4], which is less temperature dependence of wire
(particle) catalyst, depends linearly on the impurity
concentration of flammable gas that is necessary for
selection of operating modes for thermochemica gas
anayzer.

The aim of this work was to study the effect of
diffusion-kinetic ratio (Semenov criterion), thermal
diffusion on hysteresis characteristics and heat and mass
exchange to the degeneration for the catalytic
combustion of hydrogen small impurities on platinum
wires (particles) according to gross
reactionsH, +0.50, = H,O. For this reaction is

typical Lewis criterion value Le = 3 and essential role
thermal diffusion [6, 7].

This reaction is first order to the concentration of
hydrogen [6]. Speed of heterogeneous-catalytic reaction
V\/a1 (kg / (m%)) for small impurities of hydrogen
proportional mass fraction (relative concentration) near
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the surface of the catalyst Y ¢
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Wo =kr gs¥a,s: k=kg expg- - a

where I' ., — density near the surface of the mixture, kg /

D)

m®, k k0 — constant of chemical reactions and pre-

eksponent, m/s, E — activation energy, Jmol; R —
universal gas congtant, J(mol-K), T catalyst
temperature, K.

To establish the surface concentration of hydrogen
let present density of hydrogen mass flow j, to unit of
catalyst surface under the Fick law with regard to thermal
diffusion in the form:

or
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Here k. =D, /D, - the ratio of thermal diffusion
coefficient Dy and concentration diffusion D,; Ty — gas
mixture temperature at a distancer from the particle; r g

- ja=-Dar

.
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— density of the gas mixture, rs— catalyst radius.
According to the present modd of film on the
surface of the wire can used the equation for c-
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coefficients of mass exchange and heat exchange

ﬂYa| Dy
D = Yoy - Y,
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Mg | gNu
and-1 4 2 =2 (Tye-Tqy ),
g ﬂl’ r=r d ( g,S gv¥)
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Here Ty, and Ya]¥ — arethe gas mixture temperature
and mass fraction of hydrogen away from the particles;
Tg’s =T - is gas mixture temperature near the particle
surface.

Sherwood and Nusselt numbers Sh and Nu for
catalyst blown by gas mixture can be determined by
empirica dependences

Nu=ARe'Pr", Sh=ARe* X",
allowing you to link them Nu = ShY{Pr/ )™ = Shxde™,
where Le= D,/a,~ Lewis criterion, Pr — Prandtl
number, Sc — Schmidt number, Re — Reynold's number.

Accordingly, between the coefficients of mass
transfer b and heat transfer o thereis a connection

=I oNu b= DaSh_
d d
Here Cp@J — air specific of the heat at congant

—_ - 1+m
a=cyr gbLe ,a

pressure, g — air thermal conductivity, d — diameter of
platinum wire.

Thus the density of mass flow of hydrogen near the
surface of the catalyst is:

ja =br 4 g1, - Ya,s)+$(T - Tyw ) XLET % )

Therma diffusion coefficient kT proportiona to the
concentration of hydrogen and can be calculated by the

approximate formula[8]:
D
G = D_T = (2 - n)

where n — isindex in the temperature dependence of the
concentration diffusion coefficient.

From equality of chemica reactions speed (1) and
the density of the mass flow (2) get surface concentration
of hydrogen including thermal diffusion

Y ’

a¥

14y,
a,s a¥ l+Se’
k> -
=— %,y =(2-n o Lem.
bor yr=( )

where Se — diffusion-kinetic relation, Y ; - amendment
to thermal diffusion.

To andyze the stationary states (lasting and critical)
for catalyst temperature can be used combustible gas
concentration dependence of dationary temperature
catayst. Using it to andyze the impact of the gas
temperature Tg and diameter dto the vaues of

concentration Y., , that lead to stable catalytic
combustion conditions and critical concentrations
ignition Y, ; and extinction Y, .. With equality between

speed of chemicad heat generation and heat
emission(temperature stationary condition of the catalyst)
[6]:

1+

YT -1+m
Qakr nga,¥ 714_ = = cpgr gbLe (T - Tg,¥ ), (3)

dependence of concentration of combustible gas
from catalyst stationary temperature (fig.1) represented
as.

Sh Dar (T- T, ,¥) E 6
' d & T-T.yv O T, RT g
§1+ A9 gl ¥
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Q g
T-T T Le” ™
y,; = g¥,AT:(2-n)—QLem,TQ:Qa ,
TQ T Cpg
Here Q, - the heat of reaction for 1 kg of N
combustible gas. b. =D & +Tgy O
Thermal properties of the gas mixture in the presence a aog oT. T
of small impurities of hydrogen almost do not differ from 0 o
the properties of air. In this work they are calculated in a +Tgy s}

the arithmetic average temperatureT, between the

temperature of the catalyst and gas mixture temperature
(410 K in the catalytic oxidation of hydrogen) [5]:

rg:r Oﬂ,rgszr 0T70,
9 T+Tg,¥ 9V T

Cpg =C +0dc———— - T~
Pg 07 9¢ 0
P9 & 2 7

Calculations were performed with the following
parameters values. plaiinum filament diameter 100
mcm, E = 55 kImol, ko = 0.8 x10° m/s, Q, = 120.9
MJIKkgH,, Dao = 0.640* m*s m=0.33, n= 175, Sh =
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0.51, To= 293K, | ,4= 0.024 W/(mK) = 1.293 kg/m?* =
1005 J(kgK).
On stationary dependence Y, (T) maximum (fig.

1) describes critical condition cataytic self-ignition
(point i), and the minimum - critical extinction condition
(point €) [3]. In low temperature oxidation mode catalyst
temperature slowly increases with the concentration of

fuel. When the temperature reaches T. happens abrupt

I
change of regime to sustainable mode of catalytic gas
combustion on the surface of the wires catalyst.
Temperature of catalytic combustion also increases with

1+ N'gs

(T - Tg,¥ )Cpgr gbLe'
o o

Thus we can obtain temperature dependence of
stationary gas mixture temperature catalyst

T,
oAt (2- n) Q¥
§ = TG

Maximum on the dependence T (T) responses to

critical condition of catalytic sdf-ignition with
combustible gas impurities on the catalyst wire (particle)
(fig. 2) and the minimum - catalytic extinction condition
[4, 5]. The curve that lies between the points i and e,

Tgy =T- (6)

m?

$lamie, % a
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increasing of Y, . Conversdy, a decrease of Y,

catalytic combustion temperature decreases and when
reaching critical values Y,, i T, occurs extinction of

catalytic chemical reaction. The curve that lies between
the pointsi and e, determines ignition temperature of the
reaction by heating the catalyst.

To anadyze the stationary states (sustainable and
critical) catalyst temperature can be used in temperature
dependence of the air-gas mixture from a stationary
temperature of wire (particle) catalyst (fig. 2). Let
present condition of stationary (1) in form:

& (T - Ty )9 9
Q3

determines the conditions of ignition catalytic reaction in
the preliminary heating of the catalyst to temperature
above the ignition.

In the diffusion area k >>b (Se>>1) of (5) or (6)
we have the equation for the wire temperature in
flamel ess burning mode

QaYayler ™

cpg (1- Arvay )
Consideration of thermal diffusion (fig. 1b) is

important in the anaysis of the catalytic combustion of
hydrogen on a platinum catalyst [6, 8]. So thermd
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Fig. 1, a. Dependence of relative mass concentration of hydrogen in the air from stationary dimensionless
temperature of platinum filament diameter 100 microns (Sh = 0.51). The temperature of the air-gas mixtureis
Tg = 350K. @, o - experiment [8]. The calculation made by the equation (4).

Fig. 1, b. Temperature dependence of the air-gas mixture with hydrogen impurities from stationary temperature of
platinum particles d = 100 mem, Y, , , = 0.09%. The calculation made by the equation (6). Curve 1 —theimpact of

thermal diffusion; curve2 -y, * 0.
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Fig. 2, a. Temperature dependence of the hydrogen-air mixture from a stationary temperature wire catalyst. Mass
fraction of hydrogen in air Y,..: 1) 0.05% 2) 0.09% 3) 0.19%. Curve 4 calculated by dependence (10a).
Fig. 2, b. Dependence of hydrogen impurity concentration in the air from stationary temperature of wire catalyst. The
temperature of the gas mixture Tg,..: 1) 410K, 2) 380K, 3) 360 K 4) 350 K. Curve 5 calculated by dependence
(10 h

diffusion hydrogen transfer increases the flameless
hydrogen burning temperature (7), including the
condition of extinction, and mostly have no effect to
condition of catalytic self-ignition.

Using extremum condition in the dependences (4)
and (6).

ﬂYa,¥ /ﬂT|i,e:O abo ﬂTg,¥ /ﬂT|i,e:O’ (8)

let define equation for spinodal (fig. 2), which
restricts area of the system parameters, which combines
the catalytic ignition conditions (hysteresis areq).

As aresult of the use of the first condition (8) to (4)
we obtain the following equality

& kIl Tgy O
(T'Tg¥) 2 =gt gl T 0¥ @
TIRT brgr- 1+y T |
g T 7]
=krgs B = Y. Tg’¥.
br 1+y, T

Obtaining of this dependence we found that
temperature dependence of the properties of flammable
gas and gas mixture are considered as weak functions.
Obtained equation is square equation relaive to the
temperature of the gas mixture, because thermal
diffuson correction value for By depends on the
temperature of the gas. However, taking to consideration
that the characteristic values n = 1.75-1.82 and Lewis
numbers Le = 3, the catalyst temperature T = 600 - 1000

K value By <0.1 and its weak dependence on the

temperature of the gas mixture at T, <450 K, it can bein
first approximation calculated at a certain characteristic
temperature of the gas mixture, asit was taken 410 K.
Thus, using (9) and (4), taking into account the mass
transfer and thermal diffusion of combustible component
we have system of two parametric equations (spinodal
equations) describing critical conditions of catalytic self-
ignition and extinction of hydrogen impurities on the
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catalyst particle:
.i.T | T RT?
i 9¥lie™ ~

(10,a)
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(T) determines the hysteresis area on appropriate

|
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Each of these rdations and

Y,

a¥ie
stationary dependences T, (T) and Y, (T). To the

left of the hysteresis area are low-temperature stationary
dtates, right - high-temperature (catalytic combustion
gases).

Analysis of (10a) and (10b) shows that the thermal
diffuson of combustible gas reduces the critical
temperature values of the gas mixture and fraction of
combustible gas for its catalytic sef-ignition and
extinction on catalyst.

By increasing the temperature of the gas mixture and
reducing the concentration of combustible gas occurs
degeneration of hysteresis loop on temperature
dependence of wire (particle) catalyst from concentration
of combustible gas impurities (point y). The temperature
value of the gas mixture at the point of critical conditions
degeneration and becomes a characteristic temperature
for estimation the parameters of the gas mixture.

With the increase in the diameter of the catayst wire
(particle) (fig. 3) decreases degeneration temperature,
and hence hysteresis heat transfer area of the catalyst.
Critical value of degeneration concentration aso
reduced. Catalytic sef-ignition takes place in the kinetic
area (Se <1) and extinction in trangition area (1 <Se <5).
When there is a degeneration of critical conditions
diffusion-kinetic ratio goes close to 1.

The analysis showed that at the point of critica
conditions degeneration for thin catalyst wires coefficient
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Fig. 3. Dependence of critical: a) the concentration of hydrogen b) diffusion-kinetic relation from temperature of
the hydrogen-air mixture for catalyst filament diameter 1) 1000 and 2) 100 mem. The solid curve istheimpact of
thermal diffusion; dotted line— y ; * 0. Curve 3 isthe curve degeneration of equations (11).

By is smal. In this case, the parameters degeneracy
point (point y), possible to obtain, usng additional
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The dependences represent the parameters
connection of critical conditions degeneration in
parametric form (parameter - temperature catalyst). For
example, for platinum wire diameter 100 mcm
corresponds concentrations of hydrogen in air, conforms
to degeneration, is about 0.052 % by weight (0.75% by
volume).

On the other side when increasing the concentration
of flammable gas may make catalytic ignition of it,
burning will keep by itself even at normal temperature
conditions. With the mass fraction of hydrogen in
mixture of more than 1% catalyst extinction temperature
isTe <293K.

Thus, we formulated areas of conditions, in which
there is hysteresis heat and mass exchange and linear
temperature dependence of wire (particle) catalyst from
concentration of combustible gas impurities and
temperature of the air-gas mixture in the one-sided and
parallel formation of similar to gas products in the
diffusion flameless combustion mode and where possible
neglect radiation heat loss.

Conclusions

A study of the peculiarities of diffusion-kinetic ratio,
Lewis criterion, thermal diffusion and reaction scheme

Ya,¥ |

Sey| =
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on characteristics of heat and mass exchange hysteresis
and flameless combustion of air-gas mixture with
impurities of combustible gases (hydrogen) on platinum
particles and wireslead to the following conclusions:

Found that therma diffusion hydrogen transfer
increases the temperature catalytic combustion of air-gas
mixture with hydrogen impurities, significantly reduces
the temperature of the gas mixture of hydrogen and a
share in it to spontaneous extinction and has ailmost no
effect on the critical condition of the catalytic sdlf-
ignition air-gas mixtures with hydrogen impurities.
Increasing of temperature in air-gas mixture leads to heat
emission decrease and therefore reduces the
concentration of ignition and extinction. The
concentration of ignition is reduced greater, due to the
occurrence of process in the kinetic area. Found and
analyzed areas of critica conditions for ignition and
extinction in air-gas mixtures with impurities of
combustible gas (hydrogen), which are setting the heat
and mass exchange hysteresis on dependences like:
particle temperature from the air-gas mixture
temperature, impurity concentration from combustible
gas and particle diameter (wire) catalyst.

It is shown diffusion-kinetic ratio increases in the
catalytic hydrogen ignition to increase in gas mixture
temperature, and reduced in the cataytic extinction, and
its importance approaches unity in the degeneration of
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Brnuiue Tepmonudy3ii Ha rpaHuni ricrepe3ucy KaTaJaiTHYHOTO rOPiHHSA
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B poboti mpezcraBieHi pe3ynbTaTi KOMIDIEKCHUX JOCHTIPKEHb MEXaHi3MIB TiCTepe3rcy TeIoMacoo0MiHy
Ta KaTaJiTUYHOro Oe3MoiyM’ SHOrO CTalliOHAPHOI'O CTIMKOro ropiHHs Ta3ONOBITPSHUX CyMilIeH 3 JOMilIKaMu
BOJIHIO Ha IUIATHHOBMX IPOTHKAX I 4AaCTHHKAX. 3 BpaxyBaHHAM TepMoAudys3ii moOynoBaHO aHaIITHYHI Mozeni
ricrepesucy TeroMacooOMiHy i KIHETHKH TOPiHHS JOMIIIOK FOPIOYMX ra3iB Ha MeTaleBiil YacTHHKU (IPOTHKY)
KaTaJ3aTopa IpH HasIBHOCTI TUIBKHM OJHI€] OJHOCTOPOHHBOI peakiii B 3aJIS)KHOCTI BiJl KOHIEHTPAIll JOMIIIKH
rOpIOYOro razy Ta TEMIIpaTypHd TIa3oHoBiTpsHOI cymimi. TepmoxmudysiiiHuii nepeHoc BOAHIO 30LIbIIye
TEMIIepaTypy KaTaJliTHYHOrO TOPiHHA ra30MOBITPSIHUX CyMillel 3 AOMIIIKaMM BOJHIO i MPAaKTHYHO HE BIUIUBAE
Ha KPUTHYHI YMOBM KAaTJIITUYHOrO 3alMaHHS CyMilll, Ha BiAMiIHY BiJi yMOB KAaTaJliTHYHOTIO IIOraCaHHI.
3anpornoHOBaHO METO/] aHATITHYHOTO OTPUMAHHS TiCTEPE3UCHHUX 00J1aCTel TeIIOMacoOOMiHY HUTOK (4aCTHHOK)
KaTanizaTtopa, BCEPEeIMHI SKUX CIIOCTEpIraeThCsi KaTaiTUYHE 3alallOBaHHSA, a 330BHI — CTAlllOHApHI CTaHU
OKHCJICHHS Ta KaTaJliTHYHOTO TOPiHHS MaJIUX JIOMilLIIOK TOPIOYOro ra3y B IOBITPI.

KorouoBi cioBa: MeTasneBi Karayi3aTopy OKHCIEHHsS, HHTKa, BOJAEHb, TiCTEPE3UC TEIIOMAcOOOMiHY,
caMo3aiiMaHHs1, IoracaHHs, oBepxHeBe (Oe30ayM’ sIHe) TOpiHHS.
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