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MexpyHaponHasa KOHpepeHIuA
«HeusorepmMuyeckue ABI€HUA U IPOLLECCHI»

27 Hos6p# - 1 mexabpa 2006 r., EpeBan, Apmenus

C27-ro Hos16psa mo 1-oe mexabpsa B EpeBane mpoBosumace MexzgyHapomHas
koH(epennusa «Hewmszorepmmyeckue sABIeHMA U IIPOLECCH», IIPUypOdYeHHAA K 75-
neruro akagemuka PAH wu wmnocrpanHoro wiema HAH Pecny6nuku Apmenus
Anexcanzpa I'puropseBuua Mepxxanosa. OpraHusaTtopsl KoHbepeHIuu: MHCTUTYT
xumudeckoit ¢pusuku HanmownansHoit Axagzemuu Hayk Apmenuwn, Axagemus Hayk
Poccuiickoit  ®emepanuu, MunucrepctBo OG6pasoBanus u Hayku Apmenun,
Muposas Axagemus Kepamuxku.

Ha xoHdepeHIMH pacCMaTpHBaINCh HEU30TEPMUYECKHE IBIEHUA U IPOLECCHI,
IIPOTeKalol[ye IIPeNMYLIeCTBeHHO B XMMHYECKH pearupyloluxX cpejax IIOf,
BIMAHUEM BHYTPEHHUX HCTOUYHMKOB TeIIa H/MIM TOJ BO3ZEHCTBHEM BHEIIHUX
TEIIOBBIX ITOJIEH.

O6cy>xganuch cirenyouye Mpo6IeMbl:

U HensoTepMuYecKast KITHETHKA;

0 camopacpoCTpaHsIIOMKHCH BBICOKOTEMIIEPATYPHBII CHHTE3;

U HemsoTepMuUeCKye SBIEHHUS U IIPOLECCH B QH3MKe U MEXaHUKE;

0 remnoBOil B3pHIB, 3aXWraHWe U PAaCIPOCTPAaHEHWE IUIAMEHM B Trasudu-
LIUPYIOUIUXCI Cpesax;

0 camopasorpes, caMOBO3TOpaHWE M CrOpaHHe TOPIOYMX BEIECTB B OKHC-
JINTEJIBHOU cpege.

Ha xoHbepeHIINY NIPUCYTCTBOBAIN U BBICTYIIMJIA C YCTHBIMHU WJIN CTEHJOBBIMU
JokmazaMu okoso 120 yueHBIX, COTPYJHUKM H3BECTHBIX B MHpe HayJIHBIX LIEHTPOB
u yHuBepcuteToB u3 Poccun (40 ywactHuxos), Apmenuu (50 ywactHuxos), CIIA
(6 yuactHukoB), Beruko6puranuu (5 yuactuukos), Micmanuu (4 yuactHuka), I'pysun
(4 yuactuuka), Kwuras (2 yuacrumka), MWrammm (2 yyactauxka), M3spawmis
(2 yuacruuka), @pamunmm (1 yuacrawk), Ilomsmum (1 ywacruuk), Kasaxcrana
(1 yuactHuk). llepemoHMM OTKpBITHA U 3aKpbITua KoHpepeHmuu mnpoxozuiu
B3ganuu [lpesmpuyma HAH Apwmenun, a ocHOBHBIe 3acefaHHS — B JBYX 3alax
roctuaunsl Auu Ilnasa. Ha mepeMOHMM OTKpBITHA C IPHUBETCTBEHHBIMM pedaMU
BeicTynmnu  npesugent HAH Apmenun P. M. MaprupocsH, 3aM.MHHHUCTpa
obpazoBanua u Hayku A. C. ABerncaH u gpyrue. Kpome moszpaBieHUI U TEILIBIX
CJIOB B azpec I0OMIApa, OLEHKU ero GOJBLIOTO BKJIAZa B HayKy Poccum u Mupa,
OTMeYaJINCh TAKKe ero GOJIBIIMe 3aCIyTH B Jiejle Pa3sBUTUA HAyKU, OOpasOBaHHUAL U
npomsinteHHOocTH  Apmenuu. [Ipesupenr HAH Apmenuu P. M. Maprupocan
B TOP>KECTBEHHBIX yCI0BUAX Bpyura A. I'. Mep:kaHOBY ZUILIOM MHOCTPAHHOTO 4IeHa
Axamemuu Hayx Apwmenun, asam.munHucTpa A. C. ABeTHCSIH — 30JI0TyI0 MeZasb
MHHHCTEPCTBA  OOpasoBaHMA M HAyKM  ApMeHHH.  3a4WTHIBAINCh  TaKXKe
TIO3/ipaBUTeIbHbIE TeJeTPaMMBI, ITocTynuBmue or npesugenta Poccun B.B. IlyTtuHa,
ITpesugnyma AH PO 1 MHOrMX M3BECTHBIX YYE€HBIX U3 PA3IHYHBIX HAYYIHBIX LIEHTPOB
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P®. Beuepom 27-ro HOSOps ObLI OpPraHM30BAaH TOPXKECTBEHHBINH YXKUH, I7e
A.T.MepxaHoBa IIO3ZpaBIAIM U BpPyYaad [OJAPKH U IO3ApaBUTENbHbIE azpeca
IIpe[iCTaBUTEIM MHOTUX HAay4YHBIX LIEHTPOB M3 pasHbIX cTpaH. Ocoboe HpasgHUYHOE
HaCTpOeHHe Ha Bedepe IOJIEPKUBANIOCH (OJIBKIOPHBIM aHCAMOIeM «AKyHK»
TocynmapctBerHOro pazuo ApMeHMM, C BBICOKMM MAaCT€pPCTBOM —HCIIOIHUBIINM
apMSHCKYE HAallMOHAJIbHbIE TeCHU U TaHIIbI.

Ha paGouux 3acemaHuax KoH(epeHIUH 1o mpuriameHuio OprkomMurera
C MIeHapHBIMM [JOKJIaZaMy BhICTymmin wu3BecTHhle yuensre: Jhx K. [bxonc
(Benuko6putauwus), /. Mlextman (M3pawuns), IO. I. Tperssakos (Poccus), H. Taganu
(CHIA), A.C.Irein6epr (CHIA), P.Ilammyx (Iloxsma), T.HsmeBa (Poccus),
A. A. Manraurss (Apmenus), C. I1. lasras (Apmenus).

beutn mpezcraBieHsl Takxke 45 ycrHsix u 35 cTeHZOBBIX AokaazoB. Cpexu
JOKJIaJINKOB OBUIO MHOTO MOJOABIX crenuannctoB. OcobOblii MHTEpeC BBI3BATH U
aKTUBHO obcyxpanuchk nokaaznsl akagemuka AH PO [0./.Tperssikosa, mpodeccopos
. Mlextmana, H. Taganu, A. Xeiixepcra, O. Ozasapsi, T. I1. Misresoii, A. E. CerueBa
u 1p., B KOTOPBIX 06CY>KIaIuCh HOBefinIMe Hay4YHBIE JOCTYDKEHHUA
B COOTBETCTBYIOLIEH 0GIaCTH.

B pesysnbraTe 3aMHTEPECOBAHHBIX OOCYXXZEHWI BBIABUTATINCH IIPeIOKEHUS
0 HOBBIX BO3MOXXHOCTAX COTPYJHUYECTBA MEXAY Pa3IUYHBIMU HAyYHBIMU IIeHTPAMHU.

s rocreit KoHbepeHIWN, IIOMHMO HAyYHOH, ObIIa OpraHM30BaHA TaKXKe
coZiep>kaTenbHas KyJIbTypHas IIpOrpaMMa. B uacTHOCTHM, OBLIM OpPraHU30BaHBI
9KCKypPCHUU B XpaHUJIHIIE APeBHUX pykomuceir MarenazapaH, Kadexmpaapuslit co6op
cB. DumMuaz3uHa, EpeBaHCKuil KOHBIYHBINA 3aBOj, s3bI9eckuili xpam [apHu,
MoHacTsIps ['erapg, I'ocyzmapcrBennbril AkageMmudeckuii Tearp uM. A. CleHAMapsIHa
(omepa «AHyu») 1 T.Z.

Koudepenuus, HecOMHEHHO, G6JarONPUATCTBOBAIA YCTAaHOBIEHHUIO HOBBIX
CBsA3el MeX/y HayYHBIMU IIeHTPaMH CTPAH-yYaCTHUIL U Pa3BUTHUIO MEXIYHAPOAHOTO
HAy4YHOTO COTPYAHUYECTBA.

VcmeuwrHoMy — mpoBefeHHIO — KOHGEpeHIIMM  BO MHOTOM  CIIOCOOCTBOBaja
¢buHaHCOBasA MHOAJAEPXKKA MUHUCTEPCTBA 0Opa3oBaHUA M Hayku ApMeHHH, QGOHIA
«TexHomornueckoe ropeHre U MaTepuanoBesenue» u HamuornansHOro QoHIA HAyKH
u nepefoBsix TexHomoruit (NFSAT).
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2U8UUSULP ZULMUMESNEREBUL 2PSNRE3NRLLED
U2aU3hL UUUNEUPU

HAITMOHAJIBHASA AKAZIEMHWA HAVYK PECITYBJIMKH
APMEHUA

Zuywunwih phthwluwh hwinbu 60, Ne2, 2007 Xumudeckuii xypHax ApMeHUH

REFLECTIONS ON COMBUSTION PRINCIPLESASTHEY RELATE
TO A MISCELLANY OF PRACTICAL FUELS

J.C.JONES

University of Aberdeen, Scotland
1. Introduction.
| recently visited one of the island communitieghe north of Scotland in order to give
advice on a project whereby waste cardboard is madefuel briquettes. | thought it
preferable if at all possible to conduct a comlmustest on the briquettes during the few
days that | was there. We therefore borrowed a gfaihermocouples and a multimeter
from the local power station. We took those and fofuthe cardboard briquettes to the
home of one of the local participants in the projetere we placed the four briquettes
in a domestic stove and ignited them. We placedtbaemocouple in the assembly of
briquettes and the other in ice contained in a bealich as one might serve tea or coffee
in. We wrote down the e.m.f. displayed at the rmudtier, at first every 30 seconds and
later less frequently.

Experimental work does not come any cruder that, et we were able to glean a
considerable amount of semi-quantitative infornmatioom the results, sufficient to
answer relevant questions on the part of a poteptichaser of the briquettes. These
results will be discussed later in the paper. Ve abnsider the following and examine
them according to combustion principles includifg thow very important one of
possible carbon neutrality.

Solid biomass fuels
Tyre-derived fuels
Fuels for Sl engines other than gasoline
Fuels for ClI engines other than diesel

Also:
Liquid explosives, in relation to the recent teisbthreat at Heathrow Airport.
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2. Solid biomass fuels.

2.1. Preamble.

Wood has of course also found fuel use for a vengltime: it was not until the 1890s
that coal usage exceeded wood usage in the UStidnpaper however we consider
wood and other cellulosic fuels in the modern semse‘biofuels’, ‘renewables’ and
‘carbon neutral’ fuels. The last of these termd bé explained in full as it is the ‘selling
point’ of biomass fuels in the modern world.

2.2. Carbon neutrality.

A fuel is said to be carbon neutral if its combaoistimakes no net contribution to the
carbon dioxide content of the atmosphere. The aliénin carbon neutrality is of course
hydrogen fuel: the fuel itself contains no carbad ao obviously cannot produce carbon
dioxide. That is why at some scenes of naturalpgaduction, including the Miller Field
in the North Sea, natural gas is reformed to hyeinofpr subsequent use in power
generation. When biomass fuels are consideredeaim tarbon neutrality has to be
thought about more carefully. A related calculatiofiows.

Suppose it is required to produce heat at 10 MWy IHauch carbon dioxide per hour
will this produce:

(a) If the fuel is bituminous coal of carbon cont85% and calorific value
30 MJ kg*?

(b) If the fuel is wood waste of carbon content 5884 calorific value 17 MJ Kt
Solution:

(a) Rate of requirement of fuel = (1Ds%30 x 10° J kg*) x 3600 s hout
=1200 kg houf = 1020 kg hout of carbon burnt 3740 kg CQ

(b) Rate of requirement of fuel = (10§17 x 1¢° J kg*) x 3600 s hout
= 2117 kg hout = 1164 kg hout of carbon burnt> 4270 kg CQ

It is clear then that the carbon neutral fuel pasdusignificantly more carbon dioxide
than the conventional fuel per unit heat produddtwe above calculation uses arbitrary
though typical values for the quantities involveohd that wood fuel produces more
carbon dioxide than the coal other things beingaktpin fact a general result. Why then
is the wood fuel to be preferred on carbon dioxédassion terms? Simply that unlike
the carbon in coal the carbon in wood fuel washim tecent past carbon dioxide in the
atmosphere, so when the wood is burnt it is singling put back where it came from.
To burn coal (or a petroleum based fuel) is toodtrce carbon dioxide into the
atmosphere. To burn wood is to put carbon dioxidekbinto the atmosphere after its
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uptake by the wood in growth. A fully grown treesalbs about 25 kg per year from the
atmosphere which is returned there when the dead vgoburnt.

In order that non-renewables obligations are mietnbss and coal might be co-fired.
Imagine that in our above example where the totalt melease rate is 10 MW that the
coal-derived C® has to be reduced by 5% to comply with local nemewables
requirements. The calculation is in the box below.

Coal-derived C@to be reduced from 3740 kg per hour to 3553 kghper.
Carbon burnt to be reduced from 1020 to 969 kdhper.
Coal burnt reduced from 1200 to 1140 kg per hour.

Heat to be provided by the biomass per hour =x@&D MJ = 1800 MJ requiring
1800/17 = 106 kg biomass releasing (206.55x 44/12) kg CQ= 214 kg CQ.

Total CG release per hour = (3553 + 214) kg = 3766 kg

There is therefore a slight increase (0.7 of 1%ptdl CQ due to partial substitution of
the biomass for coal but a reduction as require8%fof the CQ@ from coal which of
course is not carbon neutral.

In relation to the above calculation we should revper that the wood will contain a
significant amount of oxygen in its organic struetuand the coal will contain some,
perhaps 2-3% for the coal in the example. The cadioxide produced will therefore
not arise solely from combustion: part of it wilk brom devolatilisation and in such
carbon dioxide the oxygen atoms come not from thexdant but from the oxygen
content of the fuel. The most helpful way to vidvistis that the fuel is already, before
combustion, partly oxidised. This makes no diffeeerto the calculation of carbon
dioxide emissions: it doemake a difference when the air requirement to laufael is
being calculated and the oxygen content of the fiuest be deducted from the oxygen
theoretically required to oxidise the carbon cohterd the hydrogen content of the fuel.
This is standard practice in fuel technology, eig.boiler operation. Devolatilisation
products of solid fuels include methane and othgt Ihydrocarbons, CO, tars and oils
which are of course flammable. In a biomass fuel dombustible devolatilisation
products, a.k.a. ‘volatiles’, will account for wallver half of the heat value. That not
accounted for by the volatiles is of course in thgidual char. This is considered more
fully in the next section.

2.3. Devolatilisation.
As stated in the previous paragraph, flammabletiesaare tars/oils, light hydrocarbons
such as methane, ethylene and ethane, and carbaoxite. Non-flammable volatiles,
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much less abundantly yielded than the flammables,oaee carbon dioxide and water.
When a high-volatile fuel is burnt devolatilisationcurs concurrently with combustion;
heat from the burning of the flammable volatileed®e back to the remaining solid to
promote further devolatilisation. The extent of dkilisation as a function of
temperature can be represented by suitable Arreeparameters. Devolatilisation
involves many reactions within the solid fuel sture including methyl group removal,
decarboxylation and cleavage of parts of the oatiucture. The overall heat effect is
the resultant of the individual heat effects ofslth reactions occurring and might be
net positive (endothermic) or net negative (exatiiey. It will however, regardless of its
sign in the thermodynamic sense, be small in coisparwith the heat of subsequent
combustionof volatiles so released. Whether carbon is bamf volatile, e.g., a tar
fragment, or as part of the residual solid is afirse irrelevant to the matter of carbon
neutrality. Biomass is always higher than coalsvafatile matter; even so, low-rank
coals such as the brown coals of the Latrobe Vatiedustralia and the similar ones in
the deposit which straddles North Dakota USA ansk&@hewan Canada lose 50% or
more of their weight by devolatilisation at temgaras in the neighbourhood of 16Q0
The extent of devolatilisation has a moderate dégeece on the heating rate as has the
distribution of products, e.g., of oxygen in thelfbetween CO and G the volatiles.

2.4. Control of burning of a high-volatile fuel bgntilation.

We return here to the highly primitive test on ttembustion of cardboard briquettes
referred to in the introduction. These were bumaidomestic stove where ideally one
would require slow, flameless burning. Flamelesesnimg normally occurs only with
fuels already denuded of volatiles such as cokeddadcoal. In our tests however the
cardboard briquettes diourn flamelessly and the four briquettes, each sy about
180g, were still burning when temperature measun¢énceased after an hour. The
reason clearly was under-ventilation resulting Soape of the volatiles with the smoke
instead of their combustion in the gas phase. Thgpened by chance in our test but
indicates that a high-volatile fuel which with fuintilation would burn with a vigorous
flame can be made to burn like charcoal if veritlais controlled. Of course, escape of
flammable volatiles represents wastage of energyaanenterprise using such fuel on a
large scale, e.g., for steam raising (as is prapémethe cardboard fuel which was being
examined) would need to avoid this. It is howewveulatful whether such ‘uneconomic’
burning would matter on the scale of a domestie, fisithough one might want to
consider the release of unburnt hydrocarbons imoatmosphere which such burning
would result in.

There were considerable temperature variationdiénbiurning assembly of briquettes.
About half way through the test the measuring tlemople was reading just over
500°C and was moved to a part of the fuel bed glowadywhereupon the reading rose
to 800C. Further deliberations on this point form Appentliof the paper.
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2.5. Some examples of biomass fuels.

Examples of these are given briefly below withestst one country of usage in brackets
in each case. Biomass fuels include: sugar candueega.k.a. bagasse, Australia and
Fiji); citrus peel (Florida USA); coconut waste @tPhilippines); coffee waste (El
Salvador); waste from maize, rice and mustard ctilely called crop waste (India);
forest thinnings, obtained from removal of wood nfrotrees to reduce the fire
susceptibility of the forest of which they are artp@Colorado USA); Mangrove, a
tropical shrub (Malaysia and other far East coeslistraw (Ely, UK and also Croatia)
and Teak waste (Thailand). The points made abowatadwlid biomass fuels generally,
including the very important one of carbon neutyakapply to all of these.

3. Tyre-derived fuel (TDF).

3.1. Preamble.

There are huge amounts of used tyres requiringod@pat any one time. As a rule of
thumb in ‘developed’ countries the number of neresysold each year is roughly equal
to the population, and of course one new tyre bbugbans one old tyre needing
disposal. Fuel use of tyres is fairly widely praetl and has been the subject of a recent
critique which will be discussed below. The calarifalue of the rubber component of
tyres is much higher than that of biomass, up wuaB0 MJ kg This is higher than the
calorific values of even higher rank, low-ash coatsch very seldom if ever exceed 35
MJ kg™.

3.2. Summary of a recent critique of fuel use o$t@dyres [2].
The salient points are as follows.

(a) Tyre waste fuel can reasonably be viewed abocaneutral in that rubber is a
vegetable material.

(b) The alternative to fuel uses of tyre wastetau@ simple incineration and landfill. In
the former case there is carbon dioxide releashowitany return on the heat. In the
second decomposition over time will lead to theask of methane, which is a much
more powerful greenhouse gas than carbon dioxigkch of these points also applies to
biomass fuels such as wood which were consider#teiprevious part of the paper.)

(c) Tyres tend to burn smokily and the combustlmréfore needs to be over-ventilated
to minimise smoke. This reduces the combustion &satpre.

3.3. Selected scenes of significant usage of tystevas fuel.

These include two US electricity utilities: Bay Rtp Wisconsin and Marmora NJ.

Currently the only plant in Europe which uses wagtes as a fuel for the generation of
electricity is EIm Energy and Recycling in the UlKhas the capacity to burn 100000
tonne of tyres per year and significant power fide go the grid is possible. A ‘back-of-

an-envelope’ calculation of the performance of fadlity forms Appendix 2.
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4. Fuels for Sl engines other than gasoline.

4.1. Introduction.

‘Gasoline’ can mean mineral gasoline, obtained &fning crude oil or previously
retorted shale oil, or manufactured gasoline okthiftom coal or other feedstock via
synthesis gas or by hydrogenation. The benchmatkolegrbon against which gasolines
are compared in performance terms is of courseodtanre, @H,s. Natural gas,
predominantly methane, is widely used in one of farans, to be more fully described
below, in engines which would otherwise have usadofine, as is the oxygenated
compound methanol.

4.2. Carburetion in S| engines and engine knock.

The working substance in such an engine is of eoaiis and carburetion takes place in
order to provide chemical heat release at the statiee cycle where it is heeded. In a SI
engine, ignition is required at a precise stagsitimn ahead of that causes knock, and
fuels for Sl engines are assessed on the basissitance to knock expressed as the
octane number. Fuels for S| engines need to batyjaahtrolled at the refining stage for
octane rating. Gasoline is the first liquid to cooer in refining. If too wide a cut in
temperature terms is taken so that the distilléde takes in some of the higher boiling
fraction called naphtha it will have too low anam rating, that is, too low a resistance
to knock. This is entirely consistent with the giple that longer hydrocarbon chain
lengths signify higher reactivity. Of course, théseno precise upper limit on the
fractionation temperature range required to obgaigasoline of good octane rating or
threshold temperature marking the cessation of lg@soproduction and the
commencement of napththa production. Such matepsrt on the composition of the
crude oil undergoing distillation, and with someaes a gasoline fraction obtained even
across quite a narrow cut will need to be blendél additives, notably aromatics and
branched-chain alkanes, to bring the octane nutobtie required value.

4.3. Methane as a motor fuel.

Currently unleaded gasoline of research octane purffdON) 95 is widely sold on the
forecourts of the world, and one pays extra foootias of RON 98. Methane has a RON
of 120, significantly better than even the moreemgive gasoline. The high resistance to
knock of methane is due to its low reactivity; liei@ it is the least reactive alkane and
it is this property which makes it suitable for usevehicles with Sl engines. Spark
ignition engines which run on methane are wellldisthed, there being many makes and
models of car designed to run on compressed naga®l This of course is simply
methane gas a long way above its critical temperastored under pressure in the
vehicle for supply to the engine. As an alternatibe gas can be carried as liquefied
natural gas (LNG) and evaporated on its way toehgine. The fuel tank in such a
vehicle comprises two membranes with an evacugtadesbetween them.

Whenever a new fuel for motor transport is intraglithe confidence not only of the
consumer but also of the forecourt operators, witcoflective influence is considerable,
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has to be won. The author’s view is that both LR@ aethanol as fuels for vehicles
were at least initially adversely affected by ladksuch confidence. Consequently much
R&D went into making refuelling facilities for veties powered by LNG not only user-
friendly but familiar so that ‘filling with LNG’ is to the motorist, no different from
filling with petrol’.

4.4. Methanol as a motor fuel.

It very often happens that when an oxygenated loathmn is formed from a simple
hydrocarbon the former is more reactive than tttedaAccordingly, methanol is more
reactive than methane and in engine use has a logtane rating than methane. The
RON of methanol is actually about 108, better ttiat of regular gasolines. Of course,
methanol and gasoline can be blended to give attarjane number.

Natural gas is not of course carbon neutral, angertizan petrol from crude oil or from
shale is. Whether methanol is carbon neutral depapdn its origin. If it is made from
coal or natural gas via synthesis gas it is noba@ameutral. However methanol (one
synonym for which is ‘wood alcohol’) made from tlecomposition of wood is carbon
neutral if subsequently used as a fuel. Perhaps mgrortantly, it is also carbon neutral
if it is made from synthesis gas produced from l@esn(any of the examples given in
Section 2.5, and there are many more!) insteadowfi ftoal or natural gas. The carbon
neutrality of methanol is therefore ambiguous, hgva dependence on the method of
manufacture.

4.5. Ethanol as motor fuel.

We fasten on just one example: E85, a blend ofmelh@5%) and gasoline (15%). It is

routinely available in certain US states includiighois and has a research octane
number of 105. Table 1 below summarises what has baid about fuels for SI engines
in terms of octane number and makes some additcmmments.

Table 1. Octaneratings of fuelsfor S| engines.

Fuel RON Comments
Gasoline as sold 95 or 98, the latter | Adjustment of the octane rating by control of
at most retalil more expensive. the temperature range of the ‘cut’ and by
outlets. inclusion of octane enhancers.

Gasoline is obtainable from shale and tar
sands as well as from crude oil.

.. .cont.
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Natural gas. 120 Higher octane number by reasdoweadr
intrinsic reactivity and therefore lower
propensity to knock. Sold in compressed foym
and (at the present time less widely)

in liquefied form.

Methanol. 108 Ambiguous in carbon neutrality terms.

E85. 105 A Flexible-fuel vehicle (FFV) can run arya
blend of fuel in the composition range from
pure gasoline to E85. Most of the
manufacturers which supply cars to the U
make FFV versions of at least some of their

models available.

(92

5. Fuels for compression ignition (Cl) engines othan diesel.

5.1. Introduction.

A fuel for use in such an engine has to be capablgnition without a spark, the very
event which must be avoided in Sl engines. Thetroéa particular fuel for a Cl engine
is assessed by its resistance to ignition delay tlam benchmark hydrocarbon is n-cetane
CieHss which by definition has a cetane number of 100cdntrast to octane numbers
for commercial gasolines, which are close to 1@@ame numbers for routinely available
diesel fuels will be in the neighbourhood of 50. &#as low reactivity favours a good
octane rating high reactivity favours a good ceteateng. This point will be enlarged
upon when biodiesels are discussed below.

5.2 Biodiesel fuels.

These are plant oils used as substitutes for diasebmpression-ignition engines and
obtained from the crushing of seeds. Initial depetent in this topic was in India in the
1980s where ‘Honne oil’ was investigated as a dlissbstitute with promising results.
Currently, widely used plant oils for fuel purpodeslude Soybean oil and Rapeseed.
Being obtained directly from plants, biodiesels @freourse carbon neutral.

Equivalence in reactivity terms of biodiesel andnemal diesel requires that the
oxygenated organics in the biodiesel, in particulae esters, have a combustion
reactivity comparable to that of unsubstituted lopdrbons up to about the, Gn the
mineral diesel. The plant oil without any form abpessing is sometimes suitable for
use as a biodiesel otherwise its properties, ndt tire chemical reactivity but also
certain physical properties including viscosityndse modified by esterification of the
carboxylic acids present in the oil with methanbhe extent of esterification can be
matched to a desired cetane number. Alternativhéy plant oils can simply be blended
with esters such as methyl oleate, methyl steaaatt methyl palmitate (the methyl
esters of three of the acids likely to be presintexample, in Soybean oil) to adjust the
cetane number whereupon a correlation as simple as:
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cetane number = (cetane number of the unprocess8dtf Z x (% esters)

where Z is a constant, applies.

Table 2 below identifies some sources of biodiesel gives brief descriptions of them.
It is important to realise that plant oils are ffote chemicals’ of precise composition

and that even oils from the same plant vary in progs. Just as when a distillate in the
diesel boiling range is obtained its cetane numiméght have to be adjusted by

incorporation of a cetane enhancer such as isoprifpgte, so when a plant-derived oil

is obtained its cetane number might have to besgetjuby raising its ester content as
previously described. Such processing will alseafthe viscosity. Viscosity alone can
be adjusted by incorporation of small amounts @fahfat (tallow).

Table 2. Sour ces of biodiesd!.

Source. Description.

Hemp. Oil from hemp a possible biodiesel. Becadgmssible misuse

of hemp to make a narcotic drug its cultivationuiegs a

licence in many parts of the world including the EU
and the US.

Jatropha tree. ‘Beans’ from the Jatropha tree, lwbarurs in a number of
African countries, produce oil at 40% yield whicddndoe made
into biodiesel. The Jatropha tree can grow undée guoor

conditions of irrigation and nutriment supply.

Oil palm. Palm oil currently being widely producitiernationally as a
component of biodiesel. The world’s major produaiepresent
is Malaysia where= 9 million tonne of the material are being
produced each year. Fluctuations in the demangédbmn oil
are due largely to the competition from soybean oil

Rapeseed. A major source of biodiesel, 10 million tonnes groannually
in the EU.
Soybean. Soybean oil is currently the most expensive oflitiigds used

as a basis for biodiesel but has some advantagestsv
competitors one being that Soybean-derived biotlisse
particularly suitable for use in colder regions.

Straight vegetable oil| Vegetable oil sold for culinary purposes requinm@stringent
(SVO). viscosity specification. Vehicles can be adapteditoon this
sort of oil in unused or in waste form, thoughhe tatter case
filtration is necessary. The adaptations to ma#esel vehicle
run reliably on SVO are fairly major.

Vehicular use of SVO purchased for kitchen uséddgal in
many countries including the UK.
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5.3. Simple alcohols in Cl engines.

The cetane numbers of pure methanol and ethanalangt 3 and 8 respectively and this
clearly precludes their use in Cl engines. Theechawever blends of diesel and alcohol
which can be used.;@Gnd G compounds even when oxygenated would be expeated t
be less reactive than thegCingredients of diesel and therefore to blend aalievith
methanol or ethanol is to lower its cetane numbéwwever, to use ethanol as a
blendstock is to make the fuel ‘greener’ as thanpgonent of it, unlike the diesel to
which it is added, is carbon neutral. Experienca imumber of countries is that ethanol
at up to 15% by weight blended with mineral dies#l not cause the cetane number to
move outside the range of values suitable for tiemes and commercials and it will, as
noted, have greenhouse benefits.

6. Liguid explosives with special reference to tégorist scare in August 2006.

6.1. Introduction.

In August 2006 a plot to blow up an airliner irgfit by means of a liquid explosive was
foiled. In the days that followed there was muchdimealiscussion of ‘liquid explosives’
to which the writer of this article contributed. ld&so wrote for one of the professional
periodicals the following piece [3]:

The author responded to many media enquiries coiregthe ‘liquid bomb’ threat at
Heathrow in August 2006 and broadcast on the topi¢JK and Australian radio. He
has had some feedback from someone professionatijved in explosives and would
like to put his responses to that in the public donby means of this note. Some
commercial explosives are of course liquids, prdpate best known being
nitroglycerine a.k.a. ‘blasting oil’. However, thierm liquid explosive can be extended
to a _pairof liquids which:

(@) will react together exothermically, and
(b) in so doing will create an overpressure.

Clearly in such a two-component explosive one diguill be the fuel and one the
oxidiser. The former might for example be minengbéntine, the latter peroxide or
bleach. Development work would establish what amkshape of vessel containing the
mixed liquids would lead to an explosion with ovegsure.

It is also relevant to note that detonation is essential for there to be an overpressure.
In detonation, of course, speeds are supersoniwvéder, a deflagration, in which
speeds are sub-sonic, can have sufficient overprege cause death or injury to

persons as well as damage to structures (e.g.eaopgane fuselage). Hydrocarbon
accidents in the refining and processing industietact lead to deflagration, not to
detonation

6.2. The inevitability of explosion under adiabaiicclose-to-adiabatic conditions.
We should note in addition to what is in italicsoaé that any exothermic reaction has
the potential to ignite: it is certaio ignite if it takes place under adiabatic coiodis.
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This brings us to the distinction between ‘explosiand ‘ignition’, if indeed there be a
non-arbitrary distinction between them. For thepmses of this debate we can equate
the two, as any ignition of interest will involveag release with pressure effects. The
only ignition known to the author which does notdlve product gases is that of certain
pyrotechnics, which are said to be ‘gasless’, &ieda are such an obscure example that
maybe the exception proves the rule!

7. Concluding remarks.

The author is now at a stage where, to coin a eugne, he seems to be older than the
majority of his colleagues. He has had tens of g/@dirteaching, research, writing and
consultancy in fuels and combustion and has fotnadl the fundamental principles of
thermal sciences have become not less but mordéuhelpd appealing to him. When
confronted with a new problem he invokes such pies with more confidence than he
might have done at a much earlier career stagenofbentally by-passing more
advanced approaches which he has encounteredpdpés in a sense invokes a ‘return
to simplicity’ in the approach to particular issu@sfuels and combustion including
those discussed in the text.
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9. Appendices.

Appendix 1.

Semi-guantitative calculations apropos of the redvapbserved
in the combustion test.

Using Wien’s displacement law [1]:
(AT)max= 2897.8um K

(AT)max being the product of the wavelength and tempesatiorresponding to the
maximum emissive power. Now for combustion at ®J1073 K) the calculated
wavelength is 2.7im which is outside the visible range and at the Veawvelength end
of the infra-red range. Red light, at the high wamgth end of the visible range, has a
wavelength of 0.7fum. Light of this sort of wavelength is emitted orlya rate of the
order of 10 W: this can be reliably inferred fronetvery dim illumination of the stove
interior caused by the glow, less than that whictiomestic light bulb of say 40 W
would have provided. The glow would have been a wnall proportion of the total
radiation from the fuel bed, most of which was avelengths higher than those of the
visible range. Where the bed was at ®D(q773 K) the value ofA from Wien's
displacement law is 3j4m, also in the infra-red range.
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Appendix 2.

Electrical power from the combustion of tyre waat¢he EIm Energy and Recycling
plant.

100000 tonne = Fkg
Taking the calorific value to be about 35 MJ'kg
Heat released in a year = 3.5 XD
x 1 W of heat

Taking the generation using a Rankine cycle todzrit30% efficient, electricity is
produced at 33 MW
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ABSTRACT

Among the various aspects of the deflagration ofiposite solid rocket propellants, one deserving
further attention is the dependence of the propeltegression rate on its mechanical state,
properties and applied loads during deflagratiogsi@e structural-ballistic interaction phenomena
occurring on a motor level, i.e. affecting the whaprain or large portions of it, the structural
properties of a propellant and the mechanical lcaxtgng during deflagration can significantly
alter its combustion behavior on a microscopic escidading to what can be considered as an
“intrinsic” coupling mechanism. This can affect therformance of a solid rocket motor even
without the presence of macroscopic cracks or ekeegyrain deformation, and has been the
subject of several experimental and theoreticakstigations performed at the SPLab (Space
Propulsion Laboratory) of Politecnico di Milano ohP-HTPB based composite propellant
formulations. The same mechanism could also alterIi properties of an energetic material
which has been subjected to mechanical damagehemdical aging.

Nomenclature

a thermal diffusivity or crack length
a’ rate of crack propagation

E Stiffness

E(t) relaxation modulus in tension

G Cross flow in the bore



a® Strain softening function — Swanson & Christers&hi.VE model
H/C Hydrocarbon

k thermal conductivity
LVE Linear viscoelastic material model
IM Insensitive Munition (here mainly slow and fasbkoff)

NLVE  Non-linear viscoelastic material model
PBX Plastic bonded explosive

q thermal energy flux

Iy burning rate

Temperature

Time

Final flame temperature

surface temperature

soak temperature

strain rate

Strain

Average size of the largest particles in a propdlla
density

Stress

qb&mmo\“ﬁm"*ﬂ

Introduction

Global structural-ballistic interactions on a motewel are those which alter significantly the
expected burning behavior of the grain either thloexcessive deformation of its geometry or
through crack propagation in the grain and the@ated generation of additional burning surface.
They have detrimental effects on the thrust andquee histories of the complete motor and may
cause catastrophic failure of the system.

Another kind of structural-ballistic interactionghich can be denoted as “intrinsic”, are those
influencing the speed of deflagration of the prépelitself. Their effect is on a microscopic scale
without any occurrence of structural collapse @& ¢nain by crack generation and propagation or
excessive deformation. Their triggering cause ishaaical damage, particularly the presence of
porosity, kept open by a tensile stress/strairdfi@hd generated by mechanical damage on a
microscopic scale, i.e. adhesive fracture betwéensblid particles and the binder or cohesive
fracture in the binder itself. This mechanism, knoas dewetting, can increase the apparent
burning rate of the material.

Intrinsic structural-ballistic interactions arefiifilt to investigate on a laboratory scale becafse
the need to keep burning material samples undesnatant mechanical load. The amount of
burning rate increase caused by mechanical daneagassto be pressure dependent on a sample
level; mechanical damage will therefore alter tppaaent ballistic exponent of a propellant on a
laboratory scale.
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The intrinsic interaction effect inside a motor lvgénerally be different: the presence of damage-
induced porosity enhances the feedback of thermaigy in depth into the material not only by
conduction, but also by radiation and convectibig;ibfluence of the two latter mechanism will be
dominant inside a grain but seems difficult to oeluce using small propellant samples. For a
motor, even neglecting convection, the mere higlara energy flux emanating from the bore can
produce subsurface ignition of smaller oxidizer tiphes [1], accelerating bulk deflagration.
Finally, the coupling of damage-induced porositd ather burning rate enhancing effects such as
erosive burning will also contribute to change tfsion a motor level.

IM properties of the grain, like its sensitivity tast and slow cook-off aggressions, might also be
altered, changing its overall response to aggrassafter cumulative mechanical damage evolved
in open porosity.

Activities on the intrinsic interaction effect inwved the investigation of the rate of regression of
damaged AP-AI-HTPB propellant under mechanicaistaad the modeling of the experiments.

So far, the following results have been obtained:
— For materials containing a bonding agent, theasgion rate is significantly altered if the apglie

level of tensile strain exceeds the onset of démgetbetween AP particles and the binder. The
variation of burning rate is then a “fingerprint’the state of damage of the material.

— Since the material is not homogeneous, any irdistrain field will produce a non homogeneous
distribution of damage and load on a microscalds Tiplies that a bit of material will have a
non-homogeneous distribution of burning rate. Expents on damaged propellant slabs under
strain showed indeed an enhanced generation otitpron a microscopic level, particularly at
spots where the damage distribution was highly imbhgeneous. This means that the “combustion
noise” is greatly enhanced in material portiondhwdamage level gradients.

— If the material does not contain an effective ding agent (e.g. formulations based on
nitramines and binder, new formulations for spaeethers, PBX, etc.), a progressive increase of
the burning rate with the applied strain is to Bpeeted [2]. In this case, the variation of burning
rate would be a “fingerprint” of the superposedistifield and will be influenced by the original,
specific microscopic structure of the material &gdhe nature of its constituents.

— The increased mass burning rate is caused byaeaised burning surface on a microscopic
level. For the samples, debonded AP particles egbi¢low the “reference” burning surface
through conduction in the gas phase between thendieglol particles and the binder matrix. This
effect would be enhanced and virtually indepenaenpressure in a motor because of the intense
convective and radiant thermal energy exchange.

Part 1 of this work describes the experiments paréal on damaged propellants with and without
load application. Part 2 [30] describes some sinmpdgleling activities performed to confirm the
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physical explanations proposed after observingetygeriments and to help understanding the
phenomena involved. A correlation between the amaoechanical damage and burning rate
augmentation is also suggested.

Literature Survey

Failures caused by global structural-ballistic iat¢éions have been investigated in the past, with
much effort occurring in the US after the Titan BRMU prequalification test failure on thé& af
April 1991. Material focusing on global collapseusad by excessive deformation and a review of
previous work published on the subject in the USAffered in [3]; a similar, full-scale failure
occurred during a Castor Il motor firing had beewvestigated and modeled by Glick, Caveny and
Thurman in 1967 [4].

Another valid survey has been published in [5]. @ations including excessive deformation and
the spontaneous initiation and propagation of akcnaside a motor have been recently published
by one of the workgroups of the CSAR program atUhéeversity of lllinois (e.g., [6]). Previously,

a considerable amount of work on failure causeatagk initiation and propagation was carried
out by Smirnov and Dimitrienko [7] in the former\et Union, and after that in the USA at the
Pennsylvania State University by Kumar, Kuo, Lu atiters (e.g., [8] and [9]) in the 80s and 90s
and by Liu at the Edwards AFB laboratory [10].

Some early material on the intrinsic effect of l@adl damage on the ballistic properties of a solid
propellant was found in [2]. Two of the studies tpabhere could not be found, but report intrinsic
structural-ballistic interaction as a function betstrain. The authors’ comment stresses that the
cause of the burning rate acceleration under simunclear but suspects dewetting to be the
triggering mechanism.

Useful modeling activities or experimental studas scattered in literature ([5] and [10], for
instance), but no dedicated study was found so far.

Material

The composite propellant used in this study beldongthe most employed family used for solid
rocket propulsion applications in the western cdaat It is a heavily filled elastomer, containing
a distribution of rigid AP particles as oxidizerdametal particles as fuel. They make up about
90% of the mass. The binder works as a fuel amdpglyurethane elastomer, using HTPB as base
polymer, networked through a polyfunctional isocsten Further additives play a fundamental role
in determining the mechanical properties of the poamd: the plasticizer is an organic oil
depositing itself between the binder chain segmefdsilitating mutual shearing through
weakening of the van-der-Waals bonds existing betwdifferent atoms of the chain segments,
and the bonding agent is a “hybrid” molecule, comitey functional groups capable to react both
with the rigid, inorganic AP particles and the kendthereby establishing strong bonds between
the rigid inclusions and the binder itself.
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The organic molecules of the binder decompose durambustion and react with the oxidising
gases generated by the primary AP flame [11-12dpeing a diffusion flame and releasing
further thermal energy to sustain stable flame agapion into the solid.

The following formulations were investigated:

— A formulation having a ratio of AP:Aluminum:bindef about 68:18:14, a bimodal AP grain
size distribution with peaks at 20n and 20Qum and an average Aluminum grain size of\.30.
Ferric oxide was used as a burning rate modifiéis propellant comes from an industrial batch
and the indications are approximate. It containeéféective bonding agent and will be referred to
asformulation 1.

— A very similar formulation, using a finer AP poerd less Aluminum, a different burning rate
modifier and a higher bonding agent and plastictzettent, giving better strain capability, a later
onset of dewetting and an excellent toughness. Ehenpoint of view of this study it is similar to
formulation 1. Both are typical of good qualitydirstrial grade propellants.

— A self-produced fuel-rich formulation, havingatio of AP:binder:Aluminum of about 60:20:20,
a bimodal AP grain size distribution with peaks8@tum and 20Qum, the Aluminum having an
average grain size of 7@m. The saturation degree of the binder was 100%, pitopellant
contained no bonding agent and less plasticizen Hizove. As a result, the material was very
brittle, exhibiting a very early onset of dewettimagd will be referred to dermulation 2.

Experiments

A number of different experiments was designed eadied out to investigate the effect of
mechanical damage and load on the burning rateeoémergetic material.

Burning rate measurements were performed on undagnamd damaged material, using
conventional Crawford samples cut out of dogborexispens used for uniaxial tensile testing and
panels previously loaded under biaxial tensilesstfd@3]. Obviously, no tensile load was applied
to the strand burners during combustion.

Further burning rate measurements were performeld sgecial panel samples loaded in plane
stress during burning-he material of these samples belonged to fornaudat and was cut out of
subscale ballistic simulation motors; it was sutgddo controlled mechanical damage before the
burning rate experiments.

Mechanical characterisation of propellant formualatl was performed a priori following the LVE
and the Swanson model in order to provide datattferstructural analysis of the burning rate
specimens and on the onset and amount of microstalicddamage in the material.

Irreversible damage in a composite propellant
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With damage onset we mean the strain at which tregyersible damage occurs in the propellant.
Other forms of changes in the material’s microgtne; like the Mullin’s effect, have relevant
consequences on its mechanical properties and ghadlenges to constitutive modeling [14, 25-
28], but do not seem to be completely ,irreversible

Leaving out the Mullins effect and other long-temmechanisms altering the material, like
oxidative cross-linking caused by chemical aging, just consider fully irreversible damage, i.e.
modifications in the propellant caused by mechdlyiégaduced destruction of stronger bonds in
the binder or at the particles’ interface, sucldesmchment of bonding agent molecules from the
oxidizer particles and/or the binder producing “éévng” [13 and 29].

The damage patterns observed in the heterogenaeuge¢ic material are related to the size of the
oxidizer particles and can be grouped into threedyfor the purpose of this study:

— Diffused microcracks/dewetting(Fig. 1), a state of damage where many small fracturesroccu
on a microscopic scale. They are as large as thhedtasolid particles or particle agglomerates in
the propellant, in our case a few hundred micr@epending on the temperature, the strain rate of
the applied load, and the bonding agent effectisgnthe fracture can proceed near the particles
[10;15-17] at stress concentration spots, or divexttthe particle-binder interface. In the pregenc
of a significant amount of metallic fuel particlere order of magnitude smaller than the larger
oxidizer inclusions, we have dewetting of metafliel particles from the binder at even lower
strains, i.e. a smaller fracture scale of a fewstehmicrons concentrated at the metal pockets
between the larger oxidizer particles [18]. Inadkes, the presence of plasticizer means that the
particles which lost contact to the binder ardeast initially, partially or completely wetted Wit
volatile organic liquid.

— Small Bridged Cracks (Fig. 2). Coalescence and propagation of the above micrkerat
favourable spots to form a larger crack of the sit®-3 large oxidizer particles (e.g. near an
agglomerate of small metallic particles, or at atspith a local enrichment of larger oxidizer
particles with surface irregularities). Under lodade crack is still bridged by oriented binder
filaments. The crack surface is punctuated by rietalel particles, large oxidizer grains and a
number of small oxidizer particles, depending oa $pecific formulation of the propellant; all
particles are, at least initially, wetted by pleizter.

— Small open CrackgFig. 3). Coalescence of the above structures and propagaitithe bridged
crack patterns described above to form a true cratich can or cannot be considered to be
“microscopic” depending on the scale of observatiaod on the available diagnostic technique; it
might be “microscopic” or undetectable on a moeel if it is smaller than the resolution of an x-
ray image, but it will be larger than a few of thigger oxidizer grain particles. If loaded, theakra

is not bridged by binder filaments for a signific@ortion of its length. Bridging will occur at the
crack tips, within a so-called process zone [19].

A characteristic scale to define the damage paftetthe average length of the larger oxidizer
particles or the largest agglomerates in the ptapgh. For the formulations tested in this study, a
damage pattern of the first kind has microcracks wi< A. A damage pattern of the second kind
has bridged microcracks with= 2-3, and a damage pattern of the third kind has 3-4A and
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up to 1-2 mm. If no tensile load is applied, the cracks close amntinuity in the material is re-
established. Initially disconnected surface bits beld together by weak bonds (van der Waals
forces) which collapse as soon as very small tehsilds are applied. The damaged material is not
able to transmit the same amount of stress iniamegf damage pattern 1 since porosity decreased
the bulk stiffness causing softening.

Fig. 1
(left)

Damage pattern 1: diffused oxidizer particle dewmettFig. 2 (centre)Damage pattern 2: bridged
crack propagated by a few AP particles. The largerticles are embedded in the bulk, so that in
the gaps there is effectively a higher local comtion of small particlesFig. 3 (right) A crack
shows all the previously described damage regiartsue crack, ending in a process zone (shown
in the picture) beginning with a type 2 regioh~ 2-3 large oxidizer particles) and ending in a
type 1 region (dewettingl,= 1 large oxidizer particle).

In a region like in Fig. 2, the amount of stresmémitted is even more limited, and due to the
mere binder filaments bridging the crack surfacea Iregion of damage pattern 3 (true crack), no
stress at all is transmitted except at the tipghan process zone. The process zone itself has a
variable size, depending on temperature and loaditg [19-20]. The initial portion (crack
bridged by crazing filaments) is effectively a patt 2 damage zone, and the final part (microcrack
region) is a pattern 1 zone, with dewetting. A fuae in the propellant allows the observation of
all three types of damage.

Burning rate measurements on damaged material without load application

To check whether a modification of the burning mteurred in a damaged material, a preliminary
investigation was performed using strand burnetsriging to formulations 1 and 2. The strand
burners were taken from damaged material samptetcised at 25°C and low strain rate (5
mm/min) to 30% and 5% true strain respectively &pgt strained for at least one hour. Both
strain levels cause irreversible damage in the mahtd-ormulation 1 material was also loaded
using a biaxial plate specimen [13] stretched t&63Bue strain in the centre. At centre of the
biaxial specimen, an almost equibiaxial state dafsign damages the material producing
microcracks in the direction of straining and at’ @06 it because of incompressibility (the

material’'s contraction is inhibited).

The material strands measured 5x5x30 mm and wetedt@t atmospheric pressure without load
application. Ignition was produced using a hot wiaed the burning rate was measured using
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video recordings of the tests through a digital gmgrocessing methodology described in [21].
The results obtained were compared to similar nreasents performed on undamaged material
tested at the same temperature and pressure. Resisummarized in Table 1.

- Table 1:
Formulation State of_ the Loadl_ng Ib, Max. rp, cov Remark .
material condition | mm/s mm/s bummg
2 undamaged | unloaded | 1.24 1.27 3.39% Brittle
2 damaged | unloaded | 1.44 1.60 15.8% strained uniaxially” rates at
1 undamaged | unloaded | 1.16 1.19 1.82%/| Taken from subscale analogs | 1 atm
damaged using
(g = 0.375), o, | Taken from subscale analogs,
! St || CHEEEER | IS | RS B strained uniaxially* mechani
strain
damaged Ca”y
1 (@=0.375), | \nioaded | 1.19 126 |3.34% Taken from subscale damage
30% true analogs,strained biaxially? d
strain
samples.

The samples were unloaded during burning.

A significant increase of the burning rate occunsg damaged brittle formulation without bonding
agent even if it is unloaded, in accordance witlawit reported in [2].

No effect is recorded using an AP/HTPB formulatieith good mechanical properties if the
material is damaged through a tensile load produsignificant dewetting in the direction of
flame propagation (i.e. inducing microcracks pa&faib the burning surface) and unloaded during
burning, but there seems to be a slight increasbdraverage burning rate and the measurement
dispersion if there is some amount of damage/mieaks produced at 90° to the burning surface,
i.e. parallel to the direction of propagation. Tiherease in burning rate appears more clearly if
one focuses on the maximum recorded values. A tlgtrexamination of the test video recordings
showed occasional subsurface ignition phenomenmg 4ffito be the reason for the average burning
rate increase.

Fig. 4 Left: burning surface of undamaged, formulation 1 sasple
Right: burning surface of samples taken from biaxial lenspecimens, showing accelerated
deflagration through ignition below the main surac

! Microcracks parallel to the burning surface
2 Microcracks parellel and perpendicular to the burning surface
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Even if the propellant is unloaded during burnititere seems to be thermal energy exchange
below the main burning surface leading to subserfgnition.
Burning rate measurements on damaged material under load

Propellant samples under load are more represeatatithe real conditions of the material in the
inner part of a motor, at and near the bore surfd8 22-23]: beside a state of hydrostatic
compression generated by the gas pressure in teethe part of the grain at the bore is subjected
to a tensile load because of the compliance ofcdse itself, which expands under the internal
pressure generated by motor operation. If enhafiesmde propagation was occurring through
flame spreading into_opemicrocracks, then keeping the material loadedngudombustion was
supposed to produce some burning rate acceleratiect.

To keep a propellant sample under a reasonablytaairsverage tensile load during combustion, a
2D specimen and a special fixture were designednaadufactured. The sample is a propellant
slab of 100x20 mm, 3-4 mm thick. It is held in gimsi and strained using movable clamps with
edge screws (see Fig. 5). The movement of the damachieved through a frame made by 4 M3
screws and nuts. The clamps are pushed apart bgtedj the position of the screws and impose a
stretching displacement to the propellant sampbeneéSwhite spots were drawn of the sample to
measure the local tensile displacement under teosgope, and be sure that no slipping occurred
at the frame. The average true strain imposedetortéiterial is equal to

Exx = In{1+ AWJ (1)
W0

W, is the initial width of the sample between theuie andAW is the displacement imposed to
the frame. The distribution of strain is shownhe FEA described in the modelling section in part
2. Microcracks develop following the intrinsic hetgeneity of the material and propagate at spots
with a higher concentration of large solid particl&/hen a crack forms, the material nearby is
unloaded except at the two tips of the crack. Théans that damage will tend to “nucleate” at
spots with a higher concentration of larger oxidigarticles and its distribution won't be uniform
Since the specimens had been previously strairedylseyond the onset of dewetting, the true
tensile stress and strain distribution dependshendamage pattern generated during the strain
cycling and is not reproducible even if the impoagdrage strain was the same for all specimens.
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Fig. 5 Fixture and 2D propellant samples to measure thmibpg rate under load
While loaded, the samples were ignited by a hoewiaced on a stripe of black powder on the
upper edge. All samples were burned in nitrogenvegie inhibited at the outer surface.

Fig. 6 Ignition of the sample through a hot wire on thp &ind burning surface advancement from
top to bottom during the experiment. The arrow shtive local propagation direction

The burning rate of the material was measured tiraligital image analysis of thecal burning
front position via the software of the camera ugefilm the experiments.

A 2D burning rate field was obtained: the positafrthe local burning surface could be associated
at discrete spots on the samples (see A,B, and-i)ir6).

B_ A
- _ Y " ¥ _ -
'oa-B TB (A =Ty 2

the average burning rate between spot B and spot #he sample was obtained with eq. 2, i.e. by
dividing the length between the two points by thmet needed by the front to reach point B
starting from point A. This average burning velgaitas then associated to point C, placed at the
middle.

The distance between two measurement spots wasrckmsninimize the error to about 2.5%.

A whole distribution of burning rates was obtairfed the loaded samples. It was found out that
the burning rate was the same as with the unloatieshd burners at spotsithout apparent
dewetting, and greatly enhanced at zones with tmifoewetting damage. An even higher
apparent increase was recorded at spots with dapatgns 2 and 3.

A continuous 2D map of the burning rate was geerdrlay correlating the, values obtained at the
measurement points. A typical distribution of burate can be observed in Fig. 8. The sample
from which it was obtained is shown in Fig. 7. Tdistribution of burning rates is a fingerprint of
the damage distribution on the material samplé, ljke the material stiffness distribution would
be. The region of damage pattern 2 (white circld-mn 7) is embedded in a region with diffused
dewetting. To confirm the results, undamaged 2[xispens were tested under a mechanical load
below the threshold of dewetting; the burning ga@ved to be the same as the one obtained from
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conventional strand burners of undamaged matdRiedults are shown in Table 2, reporting the
average, minimum, and maximum burning rates obthatespots with “type 1” damage (diffused
dewetting). The same data for type 2/3 damage zameeported in the last line of the table.

Fig. 7 One of the 2D specimens showing a “type 2" damaaftepn zone (bridged crack) at the
centre left. Further portions of the samples havfused dewetting (type 1), others are
undamaged

Table 2
Average min. re max. r Burning
. - Ib + b

Specimen type ?antnage 3 mm/s  mm/s rates at
actor g(g) 1 atm

Strand b d d I 1 1.16 2 1.13 1.19 obtaine
trand burners, undamaged propellant . . . d using
2D specimens, undamaged 1 1.15 - - - samples
) ) (10) of

2D specimens, damaged to 30% true strain; 1.47 .
type 1 damage patterns - dewetting 0.375 (+28%) 14.7 118 232 meChﬁ-n'
cally
2D specimens, damaged to 3_0% true strain; 0.375 _ _ 243 42/9 damage
type 2/3 damage patterns - microcracks d

propellant under load.

Formulation 1 propellant: burning rate distribution in mm/s on a damaged specimen

% see part Il
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Fig. 8 Typical burning rate distribution for the damagedngples under load. The, for the
specimen of Fig. 8 was at 55 points. A correlatieas performed with Matlab, obtaining a 2D
map of the burning rate of the material. The nursbamnd colors on the contour plot display the
local burning rate in mm/s

Final comments

The increase in burning rate for the material zowéh a “type 1" damage (diffused particle
dewetting) is remarkable and amounts to at&®% of the burning rate value for the undamaged
material. In zones with damage patterns 2 and Barm@mt burning rates of up to 8 times the
undamaged values were found. These values arerutburning rates but flame spreading
phenomena into small, merely observable crackss&leeacks would be undetected with normal
motor diagnostics but their presence might be mafkin future systems with embedded sensors
[24 and 25]. Analyzing the videos, a clear disiimttcan be made between damage pattern 1
material portions and damage pattern 2 and 3 nahf@witions:

— In the first case, only the examination made uridle microscope carried out before the test
reveals that the material has diffused particle etémg (Fig.1).During combustion, the flame
front proceeds straight and normal, without blugriand a mere (but remarkable) increase of the
rate of propagation of the burning front in the en&t is recorded.

— In the second case, a small crack is merely vhbky in the video, and almost as soon as the
burning surface reaches the upper crack tip, thedl propagates inside the crack by its entire
length. A very high apparent burning rate (4 mnalimut 0.5 s) can be associated to this “forward
jump” of the burning surface if the length of theaak is divided by the time elapsed from the
moment the burning surface reaches the upper tiaekd the bottom of the crack is ignited. It is
pointed out that if this time is shorter than theerse of the frame rate of the camera, this vialue
not real but a function of the frame rate. Whetther burning rate values associated to propellant
with type 2 and type 3 damage patterns can be as@dmaterial property for simulation purposes
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using an Eulerian grid fixed on an unflawed graiegérdless of whether bulk mechanical
deformation is simulated or not by coupling FEApeeds on the resolution of the grid.

If a single grid cell is larger than the lengthaotiype 2 or type 3 flaw and the material is treated
homogeneous, the burning rate assigned as a nhaj@mgerty to the cell should be
correspondingly high. If the small crack is detdcend the model takes it into account by
including a small crack between two neighborinds;e¢hen the neighboring cells should have the
same burning rate as undamaged material or a @mlawith a pattern 1 damage assigned as a
material property.
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ABSTRACT

The structural properties of a propellant and trecmanical loads acting on it during deflagration
can significantly alter its combustion behavior anmicroscopic scale, leading to what can be
considered as an “intrinsic” coupling mechanismisTdan affect the performance of a solid rocket
motor, and has been the subject of a study perfibah¢he SPLab (Space Propulsion Laboratory) of
Politecnico di Milano on AP-HTPB based compositegailant formulations. Part Il of this study
builds up from the results and experiments preseint®art . Modeling activities were performed to
understand and explain the coupling effect obseiwethe experiments and extrapolate them to
motor’'s conditions. A correlation between the ageratate of damage of the propellant and the
burning rate is suggested.

Nomenclature

a thermal diffusivity or crack length

ar Time-temperature superposition factor

c,/c,  Constant pressure/constant volume specific heat

E Stiffness

E(t) relaxation modulus in tension

G Cross flow in the bore of a solid rocket motor

g Strain softening function - Swanson & Christens@i’E model
a(e Strain softening function — Swanson & Christens®&i¥E model

H/C Hydrocarbon
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k thermal conductivity

LVE Linear viscoelastic material model
IM Insensitive Munition

NLVE  Non-linear viscoelastic material model
q thermal energy flux

M burning rate

Shapery’s damage parameter
Temperature

Time

Final flame temperature

surface temperature

soak temperature

strain rate

Strain

Thermal conductivity

Density

Stress

QELMMQ\|U>\|_>|”—|I§/)

Introduction

“Intrinsic” structural-ballistic interactions ardadse influencing the speed of deflagration of the
propellant itself. Their effect is on a microscop@ale, without any occurrence of structural caléap

of the grain by crack generation and propagatioaxasessiveleformation. Their triggering cause is
mechanical damage: the experiments illustratedaim Ipshowed that the root cause for burning rate
augmentation is the presence of porosity, kept dpea tensile stress/strain field and generated by
mechanical damage on a microscopic scale, i.e.sagh&acture between the solid particles and the
binder or cohesive fracture in the binder itseHisTmechanism, known as dewetting, alters therefore
the apparent burning rate of the material, increpsi, as it was suggested by Summerfield and
Parker in [1]. Part Il of this study describes sosmaple modelling activities performed to help
understanding the physical phenomena involved imibg rate augmentation. A correlation
between the amount mechanical damage and burnitegarsymentation is also suggested. This
information is useful to set a fundamental matepiaperty such as the burning rate for damaged
portions of the grain within the scope of rockettonsimulations [2].

Preliminary comments on the burning r ate experiments

Following results were obtained for damaged matsemples of an AP-HTPB based propellant
under load [3]:
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Focusing on the burning rate measurements of rahtarbjected to dewetting (1.47 mm/s vs. 1.15
mm/s), a few simple calculations give us more insiinto the phenomena involved in the
combustion of the propellant and explain the ldigening rate dispersion measured as well as the
maximum recorded values.

sl A

Fig. 1 Left: Evolution of one of the larger oxidizer particlés an undamaged propellant (Taken
from [4]). Right: the evolution of the same particle in a propetlaith dewetting.

Let us consider the evolution of one of the lamgddizer particles when it is reached by the bugnin
surface in an_undamagetbrtion of propellant (Fig. 1, left). Assuming théne thermal energy
feedback from the flame is constant and the ra#&PRotlecomposition ") is also constant, then the
mass flow generated by the particle is proportidadhe instantaneous surface exposed to the flame
(the top surface of a truncated sphere) and amaonts

h
o AP — AP_I 2 2
M= pPpp Iy A(t) = Paply ﬂerP - (rAP - h) J 1)
h is the consumed segmeniy the particle radius, a to be a sphere (®mesketch). The
averagemass flow generated by the particle until compéetesumption is therefore:
e 2
m= EpAP o 77T 4 @)

Let's now suppose that the particle belongs to matged portion of propellant, and _is completely
detached from the binder (full dewetting: Fig. ight). The initial burning surface is equal to the
surface of the sphere, and the mass flow amounts to

o AP A (1) = AP 4 g— AP 3

M=Ppp Ty A(t) = Pap Ty ATTTpp" = TTD"pppty, (3)
The_ averagenass flow generated by the dewetted particle ootitiplete consumption is then:

_ 4
m= 3 Pap o TTT o 4)

since the size of the two particles is the same, aberage burning rate of the material having
complete dewetting [3] is predicted to be aboutévthe rate of the undamaged material.
I'b, undamaged = 1.15 MMV/S; Iy uil dewetting = 2.3 mm/s. (cf. Table 2, third line) (5)

The estimate above would hold for pure AP, but:
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— In any propellant formulation, the HTPB-IPDI bardsystem and the metal fuel are much less than
the amount of AP (generally at least 70% in maas}l the fuel sublimation is controlled by the
thermal power feedback from the flame.

— The flame itself is controlled by the primary ABme at low to intermediate pressures [5], and
even at higher pressures, and the diffusion flameldvbe driven by the amount of available oxygen
and other oxidising species released by AP decoitipras

As a matter of fact, the predicted value Qffi dewetiing= 2 I, undamaged 2.3 Mm/s fits rather well with
the_maximunobserved values in propellant stretched to demge{.32 mm/s). Higher burning rates
were found only in association with damage pateamd 3 [3], i.e. observable cracks.

The reason why the average burning rate of the dadhmaterial is smaller than twice the rate of the
undamaged material (5) might depend on the follgwin

— An implicit assumption contained in the estimiat¢hat ignition occurs instantaneously around a
completely detached particle. Even in propellanttipns stretched to severe dewetting, not all
particles are completely disconnected from the dir{§B3] Fig. 2). Most will be partially bonded to
the binder, or wetted by binder and plasticizeidugeds. Therefore, not 100% of the AP particle will
ignite immediately: latent times for cracking antdkmation of the H/C might be longer than the
time needed to normally consume the AP patrticle [7]

— Another assumption made is that just one parisctietached from the binder. If several successive
neighboring particles are detached in depth belbes burning surface, then the burning rate
increases asy = k 2 ng,, with nyg, equal to the number of dewetted particles igniteith@ same time

as the first one and k<1 a proportionality const@iking into account the actual free, readily
ignitable surface with respect to the total surfatthe particle.

This two features generate a lot of scatter inbilming rate measurements, and the average burning
rate is expected to be between the undamaged satli¢he one corresponding with full dewetting.
In absence of convection, the average burning fiatea 2D sample under load in a layer with
dewetting should be inversely proportional to puess

I'b, damaged ~ Z(k/p)r b, undamaged (6)

since the thermal diffusivity is inversely proponal to p:a ~ 1/p. This effect would change the
overall pressure sensitivity of a propellant testéithout convection by accelerating the burningrat
at lower pressure. This holds in absence of meshansuch as those described in [8]. On the other
hand,_at motor conditionshermal power transmission will occur through wection and radiation,
so that the dewetted particle will ignite rapidiytlze free surface at any pressure.

Let's now consider a detached particle near anatherwhich is completely or almost completely
bonded to the binder (Fig. 1), as it is the caserata zone with diffused dewetting lays beside
another one which is mostly undamaged. Lookinghatrhass flow generated by such a pair, we
observe that the first particle generates a mughehriflow (see Fig. 2). This mass flow difference
generates vorticity. Vorticity generation produaida microscopic scale is therefore considerably
higher than for an undamaged propellant. In an onadged propellant [4], the maximum difference
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in normalized mass flow generated by two adjacartigles is equal ta; in a damaged propellant it

is 4 times higher. In the case of larger cracks,gioduction of vorticity is visible in the tegideo
recordings ([3] Fig. 7). Neighboring portions ofaterials with different damage levels burn at
different rates and the burning surface loosesapign Larger vortexes are generated at the surface
with an increase in combustion noise.

Normalized average mass flow generated by AP particles

i I
1.2 14 16 18
multiples of an AP particle radius

Fig. 2 Normalized mass flow generated by a detached (lalné)an undetached, large AP particle
(black). Assuming a constant AP decomposition thteabscissa can be expressed in time without
changing the shape of the curve: the burning tioneh undetached particle is twice the time
needed by a completely detached patrticle.

Modeling

Modeling activities on the 2D burning rate expenmseinvolved structural analysis and transient
thermal analysis.

Structural Analysis of unflawed and flawed samples
To investigate the stress, strain and damage lisivn for the 2D burning rate samples under load
with and without the presence of small cracksualitptive structural analysis was performed using

Merlin, a FE program developed at the universityCoflorado in Boulder for fracture mechanics
problems [9].
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The sample was modeled using a 2D geometry ane girass quadratic elements with a Poisson’s
ratio of 0.495. The propellant was considered tdirarly elastic with a reference modulus chosen
following Shapery’s principle of correspondence, l1:
At*
1

— | E(t*-71)dr (7)
]

R=

with At* the time needed to reach the final strajg, applied at constant rate for this particular case;
t* is a reduced time which takes the temperatut@ account. Results for the unflawed sample show
a non-uniform distribution of strain and stresgy(A, left). This generates a non-uniform amount of
damage in the material. What happens when dewedtintyes into a small local crack? Results for a
model reproducing the 2D sample shown above (FHg§) indicate that a crack produces a high
perturbation of the

Fig. 3 Left: FEA of the undamaged, loaded sample shown in Figf7[3]: strain (&) distribution
(magnified displacementdRight: FEA of the damaged, loaded sample shown in Figef7,[3]:
strain (&) distribution (magnified displacements). Notice thffect of the crack: it takes up the
applied displacement and reduces the strain atctireesponding specimen ordinate (red zone), but
magnifies the load at the tips (blue, butterfly mha

strain, stress and displacement field. Locally, matthe stress is not transmitted, but at thesstre
concentration spots in the process zone regioheatipps the material is more loaded than without a
crack. Cracks do not necessarily appear at thes sgitht the highest strain level, but rather whéue t
local load overcomes the local material capabilityxing and casting effects or the very nature of
the materials used in a propellant cause concenirajradients of constituents, like a local
accumulation of oxidizer or metal fuel particleslire form of agglomerates of complex shapes, or a
local enrichment of one phase with respect to ttheerg, such as near the bore or the thermal
protection, where the mere presence of a boundagupes an enrichment in terms of binder, fine
oxidizer and fine metal fuel particles [22]. Thietérogeneity varies from formulation to
formulation. It has a different influence when newredients, like metal nanopowders, partially
replace older constituents, and when particlesvuich no really effective bonding agent exists are
used (like metal fuel, some explosive crystals,)etthe consequence of this are high failure
properties gradients if the scale of observatisniall enough.
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Mechanical damage

Since mechanical damage and tensile load are lemtbseary to alter the burning rate, and both are
not uniform and not perfectly reproducible, therbng rate on a sample, being the fingerprint of
damage andbad, will be distributed in different ways on féifent specimens. This does not fit with
the idea of having a function correlating the loksd (applied displacement/strain) and damage
with the local burning rate, like in [1], where dies are quoted in which it is suggested that for a
particular level of applied strain, the burningeraicreases by a precise factor.

A practical way to proceed in order to obtain action correlating burning rate enhancement with
mechanical damage for the purpose of ballistic ktrans could be calculating a surface average of
the burning rate for the damaged sample and assignthe material layers for which structural
analysis predicts a similar averagfate of damage, i.e. obtain a function of thrsifo

I'b, damaged = T (I'b undamaged, d@Mage par ameter) at constant pressure (8)

Tensile load is a pre-requisite for burning ratgraantation effects to occur. Bearing this idea in
mind, we considered the non-linear, viscoelastitstitutive model of Swanson and Christensen [12]
and chose the scalar strain softening functi@) to be a good parameter to express the average stat
of damage for a continuum element of the mateA#tler this model, the convolution integral of
linear viscoelasticity [10,11,13] is corrected akdws for a one-dimensional state of stress:

t
_ )%
oft)= g(e)l Bt - 7)ed7) 7 (9)
or, in general:
R JE; 10
S, (t)= 9(5)_([ Gy (t - T)(/’(T)? dr (10)

with SI'j = Sj - (Skk /3)| the deviatoric part of the Piola-Kirchhoff stress.

@ is a function correcting the basic LVE convolutimtegral for changing temperature-corrected
strain ratesg(g) is in general a function of the strain invariantdtee deviatoric part of the Green
strain tensor, which is valid for large strains

. E
E; = Ej -(?':k |] and E; :1/2(Fji R - I) (11)

For a uniaxial state of stress (like in a uniat@&isile test at constant strain ratg(g) is a scalar
function expressing the ratio of the Cauchy stessseasured during the test to the one that would
be obtained applying the LVE constitutive model.

g(E,E'aT) - G'test(E,E'aT) (12)

O vel(€ €'ar)

Therefore,g(g) takes the softening generated by dewetting intmowat: g< 1 fore > 0. In a
propellant like formulation 1, with an effectivefing agent, g decreases progressively only when

the onset of damage is reached (Fig. 4). Othervgs#dgcreases progressively as soon as a tensile
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load is applied. Ref. [12] does not prescribe aaytipular form for the function g as long as
experimental data is fitted well. In [14] followirfg was taken to fit uniaxial stress-strain data &
formulation 1 propellant:

9=G +GX+GY+Gxy+(G +GX+GYy+GXy) arctan(g +GoX+ Gy +GoXy+ CpX’ +014XZY)With X =
maximum principal tensile strain, y = Igg(¢’a;) the temperature reduced strain ratewes
determined via least-square fitting of uniaxialsiémdata. In a thermoviscoelastic material botb ra
and temperature control the amount of availablegyntr microcrack generation and propagation.
The use of the damage factor g allows a good @iioel between uniaxial tensile tests and theory
(9) with respect to what is obtained applying therenLVE model (Fig. 4).For the 2D samples of
this study (formulation 1), following average daradgctor was computed:

g(e) = 0.375. The stress is therefore 37,5% of what would be ige¢eé in the undamaged material
without load.
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Fig. 4 LVE prediction, Swanson model prediction with alralted ( ¢) and uniaxial test data, taken
from [14]
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Thermal ssimulations

Focusing on (micro)cracks, since the burning raeasarements show faster decomposition rates
and subsurface ignition in absence of significanvection, following propagation mechanism for
the samples was suggested (Fig. 5) and confirmedidnicated visualization experiments not
reported here:
1. A conduction-induced decomposition of binder andaérAP particles producing a high
concentration of reactive gases in the crack, fzdid by:
2. Local ignition near an AP particle producing a gdtgases having E T;. The gas jet
impinges the opposite crack surface and ignitdsriglly:
3. Hot reaction gases fill the crack; thermal enegygelivered to the rest of the crack surface
and the whole crack ignites.

Fig. 5

Preheated zone in the crack is deeper Sketch

Local Flow dlrectlon for the
Crack tp thermal
” energy
and
Flame, T=T, Flame, T =T

Preheated zone in the solid is thin flame

\
Localised ignition prop:_;lga
tion

scenario
into open micro-crackwithout convection and radiation

Thermal simulations were performed to check whetihés scenario is possible, and in which
pressure range it is expected to accelerate theingurate. If a microcrack is open under the
combined action of a previous mechanical damagetemslle load, subsurface ignition is likely to
occur in depth if thermal energy can propagate tinéocrack faster than in the solid phase. Thermal
diffusivity, a = kfc,, will therefore play a fundamental role in conliraj the energy diffusion
through conduction for such a transient diffusioagess. Following conditions must be met for the
above burning rate augmentation mechanism to hold:

— Thermal energy must propagate faster in the ctiagk in the solid (the rate of thermal energy
propagation in the solid is the burning rate at tmessure and soak temperature under
consideration).

— The propagation of thermal energy in the gapoisnsich faster that the solid heats up to
decomposition temperature and ignition occurs enghs phase before the main burning surface has
reached the bottom of the crack.

Considering the thermal diffusivity of the propeliawe have:

Apropaiant = 0.46 +/- 5.6% W/MK; ayopaiam=2.7 10° cm?s. (measurement with the hot disk
technique on formulation 1).

For the gases in the cragkdepends on pressure (inverse proportionality)uthinats dependence on
p[15]. Pressure will therefore play a fundamental rolealise it decreaséise thermal diffusivity of
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the gas in the crack and at the same time it isesthe burning rate, so that the deflagration wave
in the solid moves ahead faster.

For air, the thermal conductivity is one order afgnitude less then for the propellak;(at 20°C is
about 2,6 18 W/mK) but at 1 atm the density is 3 orders of niagte less, so thataat 1 atm is
about: g, = 0.188 cIfis VS. 3openan=2.7 10° cnf/s. At higher pressure, the situation changes,and
about 80 atm the diffusivities match (at a tempeeabf 20°C).

Considering a moving reference centered on theageftion wave, we write the energy equation

neglecting chemical reactions ahead of the bursiméace or in the gas phase of the crack:
oT

cppE—D[ﬂp ucT-A0T)=0 (13)

Chemical reactions would increase the local tentpezaso the estimate is conservative.

An assumption made for the non-stationary simutati@s to neglect the fact that the deflagration
wave moves forward. This way, we have a fixed frasheeference and can neglect the convective
energy term in equation 13, obtaining Fourier'satgun. We can partially compensate it through the
boundary conditions assuming stationary thermdilpsoduring the time required to decompose one
of the larger AP particles at the sides of the lcrdcat (x,y,t) =(L,.,0) can then be chosen to lhe t
average of the thermal profile in the gas phaséwdsn the surface and;.LThe final flame
temperature is calculated at various pressures Riéh [23] and T is taken from [24]. For the
formulation investigated we have=T3050 K at 1 bar and:¥ 3500 K at 60 bar. In our case the
boundary condition would be approximately T=199@tkL bar and 2250 K at 60 bar. Following the
logic above, we take a characteristic timg,f3to be the time needed by the deflagration wave to
move ahead by the average size of one larger [gartfgae = Dap/ Iy in our case: {f.e = 0.1739 s
atp =1 bar and §%..= 34 ms at 60 bar.

Propagation was computed for this time interval 402D geometry. At the interface, there is no
continuity of physical properties, and the assuampteading to Fourier’s equation:

a(kaT] to k(asz does not hold. The domains were therefore sephiate gas phase and
0x 0x ax2

condensed phase, where Fourier's equation holdsgcalculations were iterated until the fluxes at
the interface matched, i.e. applying following bdary condition:

kOT [ =kOT [
_olid .
Results at 1 bar and 60 bar qualitatively confilm previous estimates (Figs.7-8). At about 60 bar,
the temperature at 200-3@@n depth in the crack is just above 620 K, the valuerhich, according

to [16], fast and complete decomposition of AP @sciVhich further reaction will then produce a
localized ignition and ignite the rest of the craeklls by impingement/convection depends on
pressure. For a premixed flame a temperature dfitadioleast 830 K is necessary (formation of a
liquid layer on an AP crystal) [7]: at pressureswab20 bar [6], ammonia and perchloric acid lead to
an explosive reaction (the AP premixed monopropelflame) and localized ignition would occur
through this mechanism. At pressures below 20 Wwarknow that the AP monopropellant flame
generated by HClQand NH does not occur. In this case, HGI@ould attack the hydrocarbon

at the interface between gas phase and condehasd p
AS
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molecules coming from some volatilized (and fragtedhbinder or plasticizer and produce ignition,
i.e. generating the same kind of diffusion flaméstmxg during normal propellant combustion.

Gas temperature in the center of the crack Gas temperature in the centre of the crack
oo Pressure: 1 bar - Time: 174 ms Crack width: 4 mm
PP Semi-infinite gas medium: exact solution J o— Pressure: 1 bar - Time: 174 ms
~—— Semi-infinite gas medium: numerical simulation S y — Pressure: 60 bar - Time: 34 ms
+— Gas inside 2D crack: width 2 mm g
»—= Gasinside 2D crack: width 3 mm o
~— Gas inside 2D crack: width 4 mm pd
v 1500 v
P & 1500
1 d £~
E e E
21000 +” =)
g £ 1000
= o =
¥ -« )
. o
S00] Seeeeet 500
-0,5 -04 -03 -0,2 -0,1 0 0,5 -04 -0,3 -0,2 -0,1 0
Depth, cm Depth, cm

Fig. 7 Left: Temperature profile at the centre of the crack ¢gsaof different width) at 1 bar after
t=t*; Right: Temperature profile at the centre of the crackraft¢* for a crack of 4 mm width at 1
(dotted line) and 60 bar (continuous)
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Fig. 8 Contour plot of the temperature distribution insi@erack after t = t* at 1 bar, showing
thermal energy penetration in the crack. Right: f&d for the simulation

This flame would stabilize the HClGnd NH reaction at explosive rates. Notice that according
[16], HCIO, enhances the volatilization of the binder by fragtimey the molecules at the surface.
The source of H/C could be the binder but enoughcgald be generated by the plasticizer, which is
definitely more prone to evaporation.
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At 60 bar, conduction in the gas phase can produssf-sustained decomposition of AP by a depth
equal to the size of a larger AP particle. At mastthis pressure, no subsurface ignition in an
observable crack will occur. The situation in a anotvould be different, because thermal energy
exchange by convection of the combustion produrctee bore will quickly ignite any small crack.

Correlation of average damage factor and average burning rate

For our samples, we suggest that in the presendarafge caused by dewetting and the action of
tensile load, the burning rate is:

k(i 1
I’b,damaged = 5 (g(&‘)} I’b,undamaged (14)

the average gj was determined to be 0.375. At 1 bar the ratawafmentation was 1.28; k is
therefore 0,48. This formula should be validatethwnore experiments at different damage levels
and pressures, since pressure dependence mightotee aomplex. The constants are material-
specific would need to be determined by least-sgjuar

In a motor, the thermal energy exchange in miciads radically different; convection and hot
particles impingement during the ignition transiantd normal burning would ignite any microcrack
exposed to the burning surface, with significafé@&s on motor performance [2, 17]. Even radiation
alone would produce ignition [18]. An empirical peaty relationship for damaged material layers
for a motor would therefore be:

(K
I’b, damaged ™ (g(a)

Coupling effects with erosive burning mechanisms possible: if the propellant zone near the
surface of the bore or at other highly stressedsai® damaged and is kept under tension because of
the compliance of a lightweight case [10,11,13hated thermal energy transfer induced by a high
cross-flow might be affected by the different nataf the propellant surface. Widely used semi-
empirical models, like Lenoir and Robillard’s, has@nstants which are fitted to match the pressure
traces from development motors [19]; these constawatuld turn out to be different for a damaged
lightweight motor if the surface porosity affedietthermal energy exchange in boundary layer.

J I’b, undamaged (15)

Effects on motor level

Applying structural analysis [11, 13] to a flightight motor we observe that under internal pressure
the inner region of the grain at the bore is subj@¢to tensile strain because of the case comgianc
A mechanically aged grain would satisfy the cowdisi investigated in this study if some

microcrack-induced softening occurred before ignitiit would have layers of propellant with

microcracks kept open by a tensile load duringfitis¢ phase of burning. Depending on the motor’s
geometry and load history a quick estimate inddtat the inner portion of the grain could be
affected by dewetting and microcracks if the mdias been subjected to thermal cycling and is
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designed to achieve a good performance (high watiidn). Notice that chemical aging affects the
same zone of the grain making it more brittle tigtowxidative cross-linking [20]. An excellent
structural simulation of a large motor showing ditribution of porosity in the grain at the bownc
be found in reference [21]. An average 1.5-foldé@ase of the burning rate in the inner 10% of the
web would produce a 5 % decrease in the total bgrtime, with consequences on the overall
performance of the system.

Conclusions

The coupled effect of mechanical damage and loady WsP:HTPB propellant samples has been
modeled, with following results:

For the samples described in Ref. [3], thermal g@nepropagates quickly into cracks and
microcracks at low pressures. Cracks will igniertitg from hot spots. On the other hand, material
previously subjected to dewetting but without csabkirns faster (up to twice as fast).

Mechanical damage coupled with a tensile load cbsitlge burning rate: a correlation between the
burning rate increase and the average state ofglamsing the definitions provided by Swanson and
Christensen’s NLVE material model was obtained.

If a propellant has an optimal degree of saturatibthe binder and an effective bonding agent, the
onset of mechanical damage is delayed and nothapgdns at strain levels below the threshold of
damage. This confirms Summerfield’s suggestionscatdd in ref. [1]. On the other hand, if for
some reason the mechanical properties of the rahtme poor (e.g. if effective bonding agents for
new oxidizer crystals do not exist), then augmeriiathing rate is expected already at very low
strains, since microcracks are generated contitysterting from very low strains.

While the thermal energy exchange into micro- ocmaracks for the samples of this study is
driven by conduction, on a system level, thermahergy exchange into a layer of damaged
propellant at the bore would be heavily intensifieg radiation and convection; a burning rate
increase would occur at all pressures, with paibotinsequences on a system level.
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Abstract

Sal'nikov’s reaction: P» A - B involves a precursor, P, in two consecutivestfarder
chemical reactions, yielding a final productvB an intermediate A. Partly as an academic exercise,
but partly because of its relationship with coalnfles, the situation is considered where the second
step is faster than the first one, which is takebd thermoneutral without an activation energye Th
second step is assumed to have a significant #ictivanergy, although it is exothermic. The reactio
proceeds batchwise inside a spherical reactor, evin@dls are held at a constant temperature, but do
not participate chemically. Natural convection bmes important, once the temperature is high
enough for the Rayleigh numbeRd) to reach ~ 1 The subsequent behaviour of the system
depends on the interaction between convectionyglgh of heat and mass, and chemical kinetics. By
examining the governing equations, we develop aatlate scales for the characteristic velocity, the
concentration of the intermediate A and the tentpeearise during the progress of the reaction, for
the two extreme cases when transport is domindtedurn, by diffusion and then by natural
convection. These scales depend on the charaitdisescales for the interacting phenomena of
chemical reaction, diffusion and natural convectidiypically, the characteristic velocity in a
relatively small reactor of radius 0.27 m is agéaas 0.3 ms when the temperature rise<isl00 K
near the centre of the vessel. These theoretiedigions from scaling are verified by full numexiic
simulations. Oscillations of both the temperatund ghe concentration of the intermediate, A, can
occur and the conditions for their appearance deatified. Any accompanying flow field proves to
be toroidal, with the fluid ascending close to thactor’s axis, but descending adjacent to itsswall
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In addition, the effects of variables, such as ithidal temperature of the batch reactor and its
contents, the pressure and also the size of tlutoreare all assessed, together with a considerafio
what happens when the reaction proceeds in théligliase. In this case, because of the different
physical properties of a liquid and a gas, natcoalvection is more intense than in the gas-phage an
is quite likely to lead to turbulence and good mixi

NOMENCLATURE
a concentration of intermediate A
a' dimensionless concentration of &,=a/ ag
Qg scale for concentration of A
Cp specific heat at constant pressure
Cv specific heat at constant volume
Da diffusion coefficient of species A
E activation energy of stepof Sal'nikov’s reaction (1)
g acceleration due to gravity
ki rate constant of stamf the reaction
Ko.0 rate constant of step 2 evaluated atT,
L characteristic length of the reactor
Le Lewis number « / Da
p concentration of precursor P
p' dimensionless concentration off®=p/ po
Po initial concentration of P
g pressure in the reactor
P’ dimensionless pressure, = (2— @) / o U?
Py initial pressure
Pr Prandtl NumberPr=v/ «
of exothermicity of step of the reaction
R universal gas constant
Ra Rayleigh numbeiRa= Bg AT L/ (kv)
t time
t dimensionless time,=U t/L
T temperature
T dimensionless temperatur®,= (T —Ty) / AT
To constant wall temperature
u velocity vector
u' dimensionless velocity vectar,=u/U
U scale for velocity
X spatial coordinates
X dimensionless spatial coordinatgss x / L
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Z, pre-exponential factor in Arrhenius expressionkfor

B coefficient of thermal expansiofi=1/T

1% ratio of specific heats €,/ C,

AT scale for temperature increase

AT.q adiabatic temperature increaddqq= 0, / Cy
K thermal diffusivity

v kinematic viscosity

Yo, density

o density afl =T,

Teonvection timescale for convection

Tgiffusion A timescale for diffusion of species A
Tiffusion H timescale for diffusion of heat

Tstep i timescale for stepof reaction (I)

1. Introduction

During any exothermic reaction in a batch reacspatial temperature gradients develop. If these
gradients are sufficiently large, natural conveattaxcurs. The intensity of the flow resulting from
natural convection is determined by the Rayleigmber, Ra= Sg L* AT / xv. In general, the
overall behaviour of the system will be determitgdthe interaction of three of its basic properties
chemical reaction, diffusion (of both heat and emtnd natural convection. Several exothermic
reactions exhibit oscillations in both the locahfgerature and concentration of intermediates (Gray
& Scott, 1990). One example is a ‘cool flame’, &pthyed by a mixture of a paraffin and oxygen, in
which the temperature and concentration of an nméeliate display sustained oscillations.

Fig. 1. Cool flame of butane + oxygen in (a) micrand (b) terrestrial gravity. From
http://www.grc.nasa.gov/IWWW/RT1999/6000/6711wu.html

Figure 1(a) shows the development of a real c@whd in a mixture of butane and oxygen without
natural convection, as achieved under micrograVfthis is compared with Fig. 1(b), which shows
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the equivalent cool flame under full gravity, wencsee that natural convection removes the spherical
symmetry. Instead, a horizontal ‘flat’ flame movesrtically downwards through the mixture of
reactants. This is seen below to depend on theaictten of chemical kinetics, diffusion of both hea
and matter, and also natural convection. Theseaictiens have attracted the attention of Professor
Merzhanov (Merzhanov & Shtessel, 1973). This cbation is offered as a tribute to Merzhanov, as
well as to celebrate his ?hirthday and wish him “Many Happy Returns”.

2. Sal'nikov’s Reaction

Interestingly, Sal'nikov’s reaction (1949) is prdihathe simplest way of modelling the chemical
reactions in a cool flame (Bardwell & Hinshelwod®51). Of course, it fails to describe all the
complexities (Griffiths & Barnard, 1995), but itcititates an exploration of the interaction between
chemical reaction, diffusion (of both heat and e1dtand natural convection. The reaction consists o
two, consecutive first-order steps:

PM'_ A?-B ()

This scheme is the simplest to display thermokinesicillations and so is investigated here in some
detail. The first step of the reaction is assumee to be thermoneutrald. E andq;, the activation
energy and exothermicity of the reaction are battox Step 2 is exothermic with, and g, > 0.
Oscillations occur due to the nonlinear thermaldBsek arising from the Arrhenius temperature
dependence of the rate of step 2.

3. Governing Equations

We consider, initially pure, gaseous P undergoiatngkov’s reaction in a closed spherical vessel of
radiusL, whose wall is held at a constant temperafligeT he equation foa, the concentration of the
active intermediate A, is
da
a—+g.Da = D,0%a+k,p, exp(- kt) - k,a, 1)

t
wherepy is the initial concentration of P. It is assumedhis equation that the concentration of P in
the reactor is initially uniform, and that it remaiso, equal tpy exp (—k; t), throughout the course of
the reaction. This assumption dependskpheing independent of temperature (becdtise 0) and
holds only for relatively small increases in tengiare. The conservation of energy is:

oT k
&—+9.DT = k02T + 252 5 )
Cp Ot PoCp
where g, is the density at the initial temperatufg The Navier-Stokes equations describe the

conservation of momentum in:

ou 1 -
;+9.Dg:—_m(q>—@0)+m2g+ug, (3)
ot Po Po
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where @, is the initial pressure in the reactor. The cotiosmal Boussinesq approximation is

adopted,.e. it is assumed that the density only varies in llbeyancy term of the Navier-Stokes
equations. In this term the density variesgas o[l — f (T — To)], wherep is the coefficient of
thermal expansion. The final equation requiredhie tontinuity equation. The adoption of the
Boussinesq approximation allows the continuity digueto be written in its incompressible forine.
Ou=0 (4)

Initially the gas is pure P at a temperatlige and is motionless. The wall of the reaction vesse
held atT, throughout, and the usual no-slip condition appliehere is also assumed to be no flux of
any species at the wall, where no heterogeneousiora occur. However, there is of course heat
transfer to the wall.

4. Scaling Analysis

In order to make equations (1) — (4) dimensionlgssfollowing seven dimensionless variables
can be defined:
a=2ip=Ppoll U, @_@2 x =2 andr =2, 5a-g)

a, Py AT U PV L L
where a, is a characteristic value of the concentrationspécies A,AT is the characteristic
temperature rise and is the characteristic velocity. At this stage,sthehree scales are unknown,
whereasy, andL (the radius of the reactor) are defined for a igiggstem. It is also useful at this
stage to define five characteristic timescales:

1 1 L? L? L
stepl = k7’ Z-step2 = K v TdiffusionH = 7’ T giffusionA — D and T convection = 7 (6 a- e)
1 2,0 A

for the various interacting phenomena in the systeamely the two steps of reaction (1), diffusidn o
both heat and the intermediate A and finally cotieec Herek;, is k, evaluated at the wall's
temperatureT,. The relative values of these timescales will detee the behaviour of the system.
For a gasT gusiona = difiusionn - 1 NiS implies thak = D, or the Lewis numbelre = « / D4 is unity.

T

This leaves four characteristic timescales. In,faatan be shown (Campbell et al., 2005a,b) that i
the initial temperaturely, is fixed, together with the variablesS;, C,, Da, 4, v, andg,, the behaviour
of the system is totally defined by the three disienless groups:

Tstepfz o kl p . Tstepz _ K . Tstepz _ U

(7)

Tste;l k2,0 pO ’ Tdiffusion k2,0 L2 ’ Tconvection k2,OL
Thus it turns out that in general the behaviouthef system is determined by the position of a point
on Fig. 2, the regime diagram. This plots ratioshef above four time constants, as indicated by Eq.
(7). On Fig. 2 a straight line is drawn in the icat plane defined by the axesl gy, / T giysion@Nd

T T,

step2 ! Toonvection- 1NiS line passes through the origin of Fig. 2 aad be shown to have a slope of

1/(RaPp*2. The line is accordingly the locus of constRat
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Ts:epz/ Tpiffusion

Diffusion

and reaction Tstep 2/ TConvection

Convecttiion and
reaction
(TStep2/ rStepl)p '

Fig. 2. The general 3-D regime diagram describing theesystwhen both natural convection and
diffusion are important. The axes represent ragfdbe characteristic timescales for the two chainic
steps, as well as of diffusion and convection.n® lof constant Rayleigh numbé&td) is shown.

Figure 3 is a plot derived from Fig. 2 for consté@mip 4 7sep ) P’ - It Shows the available space
divided by the lines foRa= 10’ and 16. Thus for Ra << 10no natural convection is expected, for
10° < Ra< 1@ natural convection will be laminar, but will behulent forRa> 1¢.

!

/) Ra=1C®
/
/
Weak or Ng’
Motion /
/
5 J Laminar
4 / Convection
S /
~ /
= )
g /
~ /
/
/ 6
/ Ra =1(
/
, -
/ _ ___—---7"7""7""Turbulent
/ - .
- Convection

Tswpzl Tconvection

Fig. 3. Simplified 2-D regime diagram, showing (for a fike g, /7y P') two lines of constant

Ra, and the nature of the flow in each region.

Of course, transport can be controlled by eithéiusion or convection, and the form of the
unknown scalesag, AT, U) will depend on which mechanism dominates. We eémamach case, in
turn, in order to determine the most appropriatdescin that case. It is important to note thaEim
3, a straight line through the origin has a slof®aPn*? with Pr ~ 1 for a gas, buPr = 6.6 for

liquid water at 22C.
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4.1 Transport Controlled by Diffusion

For Rayleigh numbers less than a threshold valfie (@) (Tyler, 1966; Turner, 1979), natural
convection will be unimportant, so that diffusioilliee the dominant mechanism for the transfer of
mass. Likewise, heat transfer is by thermal coridoci.e. the diffusion of heat. When diffusion
dominates transport, the temperature and concemtrdields are approximately spherically
symmetric, with the maximum temperature occurrifgge to the centre of the reactor. In this case,
the characteristic velocity), is given byD / L, whereD is either the thermal or the molecular
diffusivity. We firstly assume that Eq. (1) for sppes A is dominated by the kinetic terms. Thisgsel
a scale for the characteristic concentration otigseA:
Po (8)

k T
- 1 _ " step2
aO pO -

kz,o T stepn

i.e. the steady state hypothesis. If we similarly assuhmt the diffusion and generation terms
dominate in the dimensionless version of the enbejgnce (2), we can derive a scalefdras:

2
AT ~ g,k,L _ AT,y TiftusionH ' ©)

CPK 4 Tstepl
whereAT,q is the adiabatic temperature increase{# C,) andy is the ratio of specific heat&{ /
Cy). This scaling assumes thRbnvection™> Tiftusion >> Tstep a I-€. the working point in Fig. 3 is to be

found in the region of loRa

4.2 Transport Controlled by Convection

When the Rayleigh number becomes sufficiently langgural convection becomes the dominant
transport mechanism. Thus for*10 Ra < 16, the convective flow is expected (Turner, 1979b¢o
laminar. Natural convection distorts the spherisginmetry observed when diffusion dominates
transport; it also leads to the formation of a hate above the centre of the reactor (Cardxsal,
20044, b). If we assume that the convective angdmay terms dominate in the Navier-Stokes Egs.
(3), we can define an appropriate scale for theaaiteristic velocity as

2
U ~[poL(aT)]*>. (10)
Similarly, if we assume that the chemical kinedentis dominate Eq. (1) (as in the previous section)

and that convection and the generation of heat dat@ithe thermal balance (2), we can define a
scale forAT as:

23 y3
AT ~ (i} (klzLJ - ATad Tconvection. (11)
Cp IBg 4 Tstepl

This scaling forAT assumes thatgitusion >> Teonvecion >> Tsiep 2 INtErestingly, by assuming that
convection and the generation of A in step 1 doteii. (1) one obtains:
0 klpOL — Tconvection pO' (12)
u Tste[i
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This is for the working point being located on R3gn a region of mediurRa In the next section we
compare these scales to the results of a full nigalesolution of all the governing equations, fbet
two separate cases where either diffusion or nlatoravection is the dominant mode of transport.

5. Numerical Solution

Equations (1) — (4) were solved numerically forphesical batch reactor with a fixed wall
temperatureT,, containing initially pure gas P, which then undergdsal’nikov’s reaction. The
equations were solved usim@stflo (Fastflo Tutorial Guide, 2000), which is a PDEwsuwl utilising
the finite element method. The algorithm used wes ¢ame as that outlined by Cardasoal.
(2004b).

For the purpose of the numerical simulations, vke fahysical and chemical data for the thermal
decomposition of di-butyl peroxide in a spherical reactor. This reattivas chosen, because it can
be shown to behave like Sal'nikov’s reaction undertain conditions (Griffiths et al., 1988; Gray
and Griffiths, 1989); thus experimental studiesi\gsa semi-batch reactor with the slow admission of
reactant mimics the effect of step 1 in Sal'nikov&action. Such an arrangement is suitable for
investigating Sal'nikov’s reaction in the well-mikdimit; however, it is not suitable for cases whic
are not spatially uniform. Sal’nikov’s reaction Haesen studied numerically by Fairlie and Griffiths
(2002) in both the well-mixed and zero-gravity exties, as well as by Cardoso et al. (2004a, b)
when natural convection is important. The followicmnstants were chosen to match those used by
Cardoscet al. (20044, b). The temperature of the wall of thieesjzal reactorT,, was held constant
at 500 K and the physicochemical properties usedkas follows: the initial molar densigy =
8.2 mol m? (corresponding to a pressure of 0.34 bar at 50GH€) heat capacity at constant volume
Cv = 190 J mot* K™, and the exothermicity of step @ = 400 kJ mol*. We define the base case
chemistry such that the rate constnt 0.025 §', corresponding t0sep 1= 40 S, and; = Z, exp (-
E,/R T) with Z, = 2 x 16° s* andE, / R= 18280 K. These values gike,= 0.265 §', and hence
Tsep 2= 3.77 s, Which is thus approximately an order efmitude faster than step 1. Furthermore, the
simplifying assumption that the Lewis and Prandtibers are unity was made. Computations were
done for reactors of different sizes at severaleslofRa, both in the region where diffusion controls
transport and when convection dominates. To furtheify the scales developed, the kinetic rate
constants were also varied. Given that the twoesclrAT (Egs. (9) and (11)) depend &nonly, a
range of values fok; was considered. The pre-exponential factdiiwas hypothetically halved to
confirm thatAT is indeed independent kf.

6. NUMERICAL RESULTS
6.1 Diffusive Regime

We begin by exploring all the cases when diffugiontrols transport by considering in detail the
casesRa= 0 andRa~ 600. This means that as far as Fig. 3 is condenwe are only considering
systems on, or very near, the vertical axisg(so0),
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Fig. 4. Plots of the temperaturd)(and concentratiora) of the intermediate A at the centre of the
reactor against time, when diffusion controls tporsfor: (a) Zyirusion= 1 S;L = 10 mm (b)zyitrusion = 4
s;L = 20 mm (C)Zuirusion = 9 S;L = 30 mm, all for the base-case chemistry with 0 m & and =

1x10% n? st

where only diffusion and reaction occur. Anotheamyple ofRabeing low is a gaseous system at a
low pressure; in this context it is noted belowttRa is proportional to the square of the pressure.
Nevertheless, it turns out that there are threentifilgble regions, where the system behaves
differently, as shown more clearly in Fig. 4(a —~The temporal development of the temperature and
the concentration of A at the centre of the reafdotthree different values afjusion are plotted. In
the three cases presented, the chemistry is tithediase caseg. fep1= 40 S andiep 2= 3.77 S at
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500 K, andrymusion has been varied by changing the radiysf the reactor (in this case the graphs
represent. = 10, 20 and 30 mm, respectively). For a smakt@al. < 0.01 m), the working point is
on the vertical axis of Fig. 3, far away from thégm. For this case, Fig. 4(a) shows slow growths
and decays of both the temperature and the comtmmtrof A with time. In addition, there is only a
relatively small increase in temperature (of ~ 8t&}he maximum at the centre of the reactor, so th
system behaves almost isothermally. For these caitbsa small Zyfusion We Would expect the
temperature and concentration fields to be in effgatially uniform, with the exception of the
thermal and concentration boundary layers at the Wais approximate spatial uniformity decreases
the magnitude of the convective and diffusive teimgq. (1) relative to that of the reaction terms.
Therefore, we expedT to have the form of Eq. (9).e. there is a dependence &y but notk,.
Indeed, the concentration and temperature fieldaiodd numerically were virtually uniform in these
cases. The temperature and concentration only ehbgpg~ 1%, on moving from the wall to the
centre of the reactor. This small variation in tenmgure and concentration leads us to describiag th
system as approximately spatially uniform. Addiaiiy our numerical results show that the decay in
temperature and concentration (as shown by Fig) 4¢aproportional to expk; t), thus lending
support to the hypothesis thatis the dominant kinetic parameter in this systémall three cases
plotted in Fig. 4(a-c), the fields of temperatunel @f the concentration of the intermediate A wiare
fact spherically symmetric.

When we increase the size of the reactor, we mat@ & region of instability, where the
temperature and the concentration of A exhibit teraposcillations, as shown in Fig. 4(b) for the
centre of the reactor. In fact, the concentratib@ @scillates in anti-phase with the temperata®,
has been shown previously (Cardesal. 20044a, b). It was found that oscillations only wrted for
values of the reactor’s radiuk, in a narrow band, whose location depended orpthesical and
kinetic parameters used. It seems that (see belawgn diffusion is the dominant transport
mechanism, the range bf over which oscillatory behaviour is observed,responds to the region
where the characteristic timescales for diffusiod aeaction in step 2 are of similar magnitude,
Tdiffusion ™~ Tstep 2

ForL > 0.03 m, the working point moves along the vaitiaxis of Fig. 3 closer to the origin.
Now the temporal evolutions of temperature anddtwcentration of A at the centre of the reactor
are shown by Fig. 4(c). Instead of the oscillatiadhgre is now an initial peak in the concentration
curve, which then rapidly decays to almost zerce Tdmperature now rises by ~ 100 K, because of
heat removal from a larger vessel being slower. pglbe in Fig. 4(c) shows an initially fast rise in
temperature and then there is a distinct ‘kinkthe curve (at ~ 2 s), when the concentration of the
intermediate reaches a steady value, close to Zdve. ‘kink’ in the temperature curve can be
explained by examining Eq. (2) for the conservatidrenergy. When the concentration of A falls
rapidly to virtually zero, the heat generation temmEq. (2) effectively disappears. It is this dwif
change in the form of the governing equation thatises the observed change in the temporal
development of the temperature.

The plot in Fig. 5 checks Eg. (9) by showing thenpated values of (AT / AT,g) plotted against
(Tuittusion / Tstep 9 fOr when diffusion is the dominant transport mewism. The temperature rise was

225



taken to be that at the centre of the reactor, usecthis is wherAT is at its maximum value, due to
the spherical symmetry. Figure 5 evidently revélalee regimes. There is linearity for high and very
low (Zgirusion ! Tsiep 9; the region between them is where oscillationsuocEquation (9) suggests that
there should be a linear plot in Fig. 5. Therefove scale, Eq. (9), foAAT is of the correct form.
When Tyitusion ! Tstep 1> 0.1, Eq. (13) can be modified by adding a camsfactor, which can be found
from Fig. 5 by the least squares method. Thus llagacteristic temperature rise is given by:

AT T gifrusi T gifrusi
y — (0.14].i 0002) difffusion , difffusion < 004 (13)
A ad Tstem. Tstem.
AT 7 gifffusi T ditfrusi
and y—— = (0100+ 0003~ 4 (0030+ 0002), | —T= > 01 |. (14)
A ad Tstepl Tstepl

In the narrow region between these two linear regimvhere oscillations occur, the ‘error bars’
in Fig. 5 show the range of the oscillations, meadufrom the first peak to the first trough.
Oscillations were only observed in this narrow bamlere ryysion ~ Tsep 2 8S NOted above.

0.18

0.16 -

0.14 -

y (ATIATaq)

0 0.1 02 03 04 05 06 07 08 09 1 11 12 13 14
Tdiffusion/ Tstep 1

Fig. 5. Plot of y (AT/ AT.q) againstriusion/ Zsiep 11N the diffusive regime. The line shown correspond
to Eq. (14). ® k; = 0.025 &, ky o= 0.265 &, Ra= Ol k; = 0.0125 8, k, o= 0.265 &, Ra= 0; A k;
=0.0375 %, k0= 0.265 8, Ra= 0; ® k; = 0.025 &, ky o= 0.132 &, Ra= 0; xk; = 0.025 &, kyo =
0.265 &, Ra~ 600).

6.2 Oscillations in Microgravity

A region of oscillations was identified by perforrgi very many simulations for when diffusion
is the only transport mechanism, as in microgra\biyt for differentzyep { Zeep 2 Figure 6 shows the
approximate regions defined through simulationsgfer 0 and differentrep { 7step 2 The axes of the
regime diagram in Fig. 6 are the reciprocal of éhas Fig. 2. This is to ensure that the region of
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oscillations is closed. Alsop’ has been omitted from the abscissa, becausaaifisction of the

two quantities being plotted in Fig. 6, when theqursor P is uniformly distributed throughout the
reactor. Regions of sustained and damped oscilaticere found. These areas in Fig. 6 are an order
of magnitude larger than the region of oscillatialedined analytically for a pseudo-1-D system by
Gray and Scott (1990). An example of a sustainaillatsion was seen in Fig. 4(a). Interestingly,
these sustained oscillations disappear wRar 10° and the oscillations become noticeably damped.
The dotted lines shown in Fig. 6 correspond tosarelaere the numerical scheme broke down. As an
aside, one of our initial assumptions was thap »< Zep s Which partly explains the dotted lines in
Fig. 6. The oscillations occur in the region defirmproximately by 0.04ep 1< Zittusion < 0.2 Tstep 3
subject to the constraint thag,sion < 4 Tsep 2 Before, forRa< 10 it was decided thatysion ~ Tstep 2

for oscillations to occur. Figure 6 fdRa = 0 broadens that criterion by also considering th
importance of7yep 47sep 3+ IN addition to the region of oscillations, twostinct types of non-
oscillatory behaviour are shown in Fig. 6. Theseaspond to a slow reaction with a low temperature
rise, and a rapid reaction with a large temperatisee This situation is very similar to the coimatits

for the occurrence of cool flames, which on antigni diagram are found to lie between those for a
rapid thermal explosion and a very slow reaction.

6

non-oscillatory, high temperature rise

damped oscillations

Tdiffusion / z'step 2
w

non-oscillatory, low temperature rise

0 10 20 30 40 50 60 70
z'step 1/ Tstep 2

Fig. 6. A 2-D regime diagram showing the approximate regdb oscillations for zero-gravity, as

identified after many simulations. The dashed liass extrapolations of the boundaries into regions

where the numerical scheme and model broke down.

6.3 Convective Regime

The behaviour of the system when convection is nmoportant than diffusional transport was
investigated by again examining full numerical $iolus, but forRa ~ 5000 and 21500. The
convective flow in both these cases should be lamiithe flow-field is such that the gas rises
vertically along the axis of symmetry and falls dovards close to the cooler walls, thus forming a
toroidal vortex. Figure 7(a) plots the streamlineemputed for the flow induced by natural
convection. In outline, the system behaves asv@ldrhe walls of the reactor are held at a constant
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temperature. Whilst reaction proceeds, heat isaselé and consequently the temperature of the gas
rises. Because the gas becomes hotter than the, Wwaklt is removed from the system at the walls.
This coupling of heat generation and loss caude® @aone to form at the centre of the reactor. This
in turn results in a gravitationally unstable d@nslistribution in the top section of the reactadao
leads to the development of the familiar Rayleigim@rd convection (Turner, 1979). Figure 7(b)
plots the temperature and density along the vérixia of the reactor. The hot gas near the ceoftre
the reactor rises quickly initially and moves irttee hottest part of the reactor (in the top half).
However, it slows as it passes through the hot zdue to the decreased density difference. The hot
gas then contacts the relatively cold walls, whemols and descends relatively rapidly due to the
large density differential. In the lower half oktheactor the density distribution is intrinsicadbable,
with the flow being induced by the descending, eogjas at the wall. This downward flow of cool
gas results in a relatively slow upward flow (arduhe centreline of the reactor) of gas displaced
from the bottom of the reactor. Whilst this ga®sisit heats up and hence accelerates. The situatio
in Fig. 7 refers not just to Sal'nikov’'s mechanisbut to any exothermic reaction proceeding in a
similar vessel.

Vertical Coordinate

Temperature, Density
(a) (b)

Fig. 7. (a) Streamlines of the flow due to natural coniecin a vertical cross section through the
axis of the reactor. The toroidal vortex typifyitige flow (upwards near the axis, downwards near the
wall) is shown. (b) Temperature and density prefigdong the vertical axis of the reactor, showing
the unstable density distribution in the top hdiftloe reactor, which drives flow, and the stable
density distribution in the bottom half of the rem¢ where flow is driven by conditions in the
boundary layers.

As mentioned previously, the spherical symmetrythaf temperature and concentration fields
seen in the diffusive regime is disrupted by thevextive flow. Because of the ‘hot zone’ above the
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centre of the reactor (Cardosbal, 2004a, b), we examine below, the temperatueg &, at a point

L / 2 above the centre of the reactiog.@ point three quarters of the way up the vertdd), instead
of at the centre, to give a better indication o tmaximum value ofAT within the reactor.
Oscillations were observed over a much wider ramigealues than in the diffusive regime, and in
fact, virtually every case studied when convecti@s significant exhibited oscillations.

Figure 8 shows a plot of the computed maximum eaktvelocity at the centre of the reactor
against ¢ L% which arises from substituting Eq. (11) into (1Dhe ‘error bars’ show the range of
the observed oscillations in the velocity. The dinéorm of this plot indicates that our scale, Bd),
is of the correct form. It is interesting to nobat for a 10 cm diameter vessel undergoing a i@acti
in terrestrial conditionsi.e. g = 9.81 m %), velocities of ~ 10 cmswere observed. Velocities of up
to 30 cm & were computed for similarly sized vessels for dargalues ofg (= 30 m &). The
characteristic velocity), can therefore be expressed as:

U = (031+ 002)[ gL (aT)]**. (15)

This equation containAT. To check its magnitude, Fig. 9 show§AT / AT,y plotted against
Teonvection! Tstep 3 @S predicted by Eq. (11), there is a clear limekationship. In fact, the characteristic
temperature rise when convection dominates trahsporbe expressed as:

AT T .
y—— = (4004 008)—convection (16)
ATad Tstepl

Thus our numerical simulations have confirmed thenf of the scales developed above, when
diffusion and convection are, respectively, the oh@mt transport mechanism. These scales allow the
general behaviour of any given system to be predidt should be noted, however, that these scales
were developed for a system whetg, ;is the dominant kinetic timescale. Thus, the ba&havmay
well change iffyep 1and Zyep 2are of similar magnitude.
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Fig. 8. Plot of the maximum vertical velocity of the gastize centre of the reactor, versgsLf)*”.

The line shown corresponds to Eq (18~ 21500. ® g = 9.81 m &, k; = 0.025 &, k, o= 0.265 §;
Ag=49m& k =0.0258,k,0=0.2655;Mg=30m &, k; = 0.025 &, k o= 0.265 8).
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Toonvection / Tstep1

Fig. 9. Plot of y (AT/ AT.g) VersuSTeonveciion! Tstep 11N the laminar convection regime. The line shown
corresponds to Eq. (16). ‘Error bars’ showing taege of oscillations have been suppressed fortylari
(@ g=981m¢g k =0.025 8, kyo= 0.265 &, Ra~ 21500;A g = 4.9 m &, k; = 0.025 &, ky =
0.265 &, Ra~ 215008 g = 30 m &, k; = 0.025 &, ko= 0.265 &, Ra~ 21500; >3 = 9.81 m &, k; =
0.0125 &, k, = 0.265 §, Ra~ 21500, g = 9.81 m &, ky = 0.01875 S, ky o = 0.265 8, Ra~ 21500;
Og=9.81m§g k, =0.0375 &, kyo = 0.265 &, Ra~ 21500;A g = 9.81 m &, k; = 0.025 &, ky =
0.132 §, Ra~ 21500,0 g = 9.81 m &, k; = 0.025 &, k, o= 0.265 §, Ra~ 5000).

7. Oscillations

The oscillations ofr andT in the above systems result from the interactietwben chemical
kinetics and heat transfer. This truth is not jresttricted to Sal'nikov’s reaction (Gray and Scott,
1990), but consideration of Sal'nikov’'s system gales how more complex mechanisms might
behave. Previous work in the well-mixed region (eGray and Scott, 1990) has shown that
oscillations in the temperature and the concentnadf the intermediate A occur in anti-phase. The
observed oscillations are sustained, but in faet fightly damped (as in Fig. 4(a)), because the
precursor, P, is continually consumed during thare® of the reaction, so the production of A
follows an exponential decay arising from the kicebf step 1. This oscillatory behaviour is due to
the interaction of the highly non-linear thermaledback, due to the Arrhenius temperature
dependence of step 2, the timescales of steps 2 afideaction (I) and the nature of heat transfer
from the reactor. Interestingly, oscillations withand a in phase can occur; they are discussed
elsewhere by Campbaedk al. (2005b). The entire region of Fig. 3 where ostidlas occur has been
found by performing very many simulations and iswsh approximately in Fig. 10. There are two
distinct parts to the oscillatory region. lRa< 10°, the boundaries between the oscillatory and non-
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oscillatory zones are approximately constant, aadrary similar to those seen in the purely diffesi
case. FoiRa> 10°, natural convection dominates over diffusion ofithend mass. Oscillations are
observed over a much wider range of parameters wiadural convection is important. ARa

increases, the oscillatory region also widens.

3 _— |
Ra=10" / |
cases | |
: .'II [ increasing the size of the reactar
|
|
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Y 4 | gas pressure /
ks 'a'r |I
Ll ‘ III
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Fig. 10. Regime diagram showing the effect (on the positiérthe working point in Fig. 3) of
increasing the gas pressure, increasing the rémaiae, and the effect of performing the reaciion
the liquid-phase. The area in grey denotes appateiy where the concentration of the intermediate

and the temperature oscillate.

8. The Effect of Varying Parameters
Examination of the form of the scales developedtha previous sections, along with the

expression for the Rayleigh number allows us taigtéhow the system will respond to variations in
certain parameters. In particular, it is importEnteveal the effects of pressure, the size ofehetor
and the phase of the systene.(gas or liquid) on the intensity of convectiontie reactor. Let us
first consider the effect of increasing the pressaora gas-phase reaction. The kinetic theory séga
indicates thatv and «, the momentum and thermal diffusivities, are biotrersely proportional to
pressure. This means that the Rayleigh numberagoptional to#. Thus, increasing the pressure
increases the Rayleigh number and therefore thensity of the convective flow. A system
represented by a point on the regime diagram of Fdgactually moves vertically downwards, when
the pressure is increased, because the terms mb#wssa are independent of pressure. The system
could accordingly move from a situation of negligittonvection at low pressure, through one of
laminar flow, to eventually turbulent convectiorhen the pressure is increased.
The effect of increasing the reactor’s size is sidwy the solid curved line in Fig. 100.b.

Tstepz/rdiﬁusion 0 YL? ;Tstepz/rcom,ection O ]/L]/3). It is clear from this plot that making the

reactor smaller significantly reduces the Raylaigimber, thereby making diffusive processes more
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significant. Figure 10 shows that when small rectoe considered, even relatively small increases
in their size can significantly alter the Rayleiglumber, whichex hypothesihas an explicit
dependence ob®. There is also a dependence\dfonL via Eq. (9) or (11).

As for the effect of temperature &#, for a purely gaseous system in the convectivanmegRa

turns out to be inversely proportional'l'tém, according to the simplest version of the kinétieory

of gases. Otherwise, the main effect of temperataréhe location of the working point in Fig. 10 is
via the exponential in the Arrhenius function flr. Consequently any increase in temperature
reducesrye, ;and so moves the working point towards the oridirFig. 10, whose abscissa and
ordinate are both proportional Qe ».

The final effect highlighted on Fig. 10 is the effef moving from a reaction in the gas-phase to
one in the liquid-phase. Comparing the relative mitages of the terms in the Rayleigh number for
typical gases and liquids indicates that Rayleigminers will be at least an order of magnitude
higher for liquid-phase systems, for similar inges®AT, in temperature and identical valuesLof
Thus comparindRa for reactions with the sansT, g andL in water and air at normal temperature
and pressure indicates tHaa with water is some 240 timé®a with air. In fact, AT for a reaction in
the liquid-phase is likely to be only ~ 10% largjean for a reaction with the same kinetic paranseter
(0, ki, ko,...) in the gas-phase. The overall result is thategas and liquid systems occupy quite
different areas of Fig. 10. In a liquid-phase reaxtnatural convection is therefore likely to berm
vigorous and important than in a gas-phase reaetiinsimilar kinetic parameters. Certainly Fig. 10
indicates that natural convection is likely to b@smimportant i(e. turbulent) in reactors on an
industrial scale, because of the dependence®oWhenever natural convection is stronger, Fig. 10
makes it clear that there is a greater likelihobaszillations in the reactor. This is becausehsf t
quite different portions of the two axes (of Fi§) bccupied by the region wherein oscillations @ccu
Thus on the vertical axis, the region for oscitlaé roughly extends over 0.5Tsp 2/ Taittusion < 2,
whereas along the horizontal axis, oscillationsuo@ver approximately 5 Fep 2/ Tconvecion< 90, i.€.

a change by a factor of 18. No attempt has beere maihvestigate what happens wha> 1¢ and
turbulence occurs.

9. Conclusions

Scales have been developed for the characteristicentration of intermediate A, temperature
rise and velocity when Sal’'nikov’s reaction occimsa closed spherical vessel, both for the case
where diffusion is the dominant transport mechanana when convection dominates. In both cases
the characteristic concentration of the intermediatwas determined purely by the kinetics and the
temperature rise was shown to be proportional ¢éor#tio of the characteristic timescales for the
dominant transport mechanism and the rate-comigplitep of the reaction. It should be noted that
this behaviour may differ if the relative magnitsds the kinetic parameters are significantly aiter
Using these scales, along with order of magnituderaents, predictions have been made as to how
the system will respond to changes in parametarcd) as gas pressure, the size of reactor and if the
reaction is conducted in the liquid-phase. It hasrbshown that natural convection is favoured by a
high pressure in gas-phase reactions, and by arlaegctor. Because liquids have different physical
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properties, reactions in the liquid-phase develaperintense convection than gas-phase reactions
with similar kinetic parameters. The above analysigals when oscillations are possible.

References

[1] Bardwell, J, Hinshelwood, C.J. (1951) “The coohfla of methyl ethyl ketone.” Proc. Roy. Soc.
A. 205, 375 - 390.

[2] Campbell, A.N., Cardoso, S.S.S., Hayhurst, A.N.O&9), “A scaling analysis of Sal'nikov’s
reaction, P» A - B, in the presence of natural convection and tifasion of heat and
matter.”Proc. Roy. Soc. A61: 1999 — 2020.

[3] Campbell, A.N., Cardoso, S.S.S., Hayhurst, A.NOBtf), “The influence of natural convection
on the temporal development of the temperature emmacentration fields for Sal'nikov’s
reaction, P-. A - B, occurring batchwise in the gas phase in a desssel."Chem. Eng. Sgi
60: 5705 - 5717.

[4] Cardoso, S.S.S., Kan, P.C., Savjani, K.K., HayhussN., Griffiths, J.F. (2004a), “The
computation of the velocity, concentration and teragure fields during a gas-phase oscillatory
reaction in a closed vessel with natural convecti@ombustion and Flamd 36: 241 — 245.

[5] Cardoso, S.S.S., Kan, P.C., Savjani, K.K., Hayh#&d\., Griffiths, J.F. (2004b), “The effect of
natural convection on the gas-phase Sal'nikov i@adh a closed vesselPhysical Chemistry
Chemical Physics$: 1687 — 1696.

[6] Fairlie, R., Griffiths, J.F. (2001), “A numericatusly of spatial structure during oscillatory
combustion in closed vessels in microgravifydraday Discussionsl20: 147 — 164.

[7] Fairlie, R., Griffiths, J.F. (2002), “Oscillatorypmbustion in closed vessels under microgravity.”
Mathematical and Computer Modelling6: 245 — 257.

[8] Gray, P., Griffiths, J.F. (1989), “Thermokinetic mbustion oscillations as an alternative to
thermal explosion.Combust. Flame78, 87 — 98.

[9] Gray, P., Scott, S.K. (1990a)Chemical Oscillations and Instabiliti€s Clarendon Press,
Oxford, ch. 4, pp. 83 — 111.

[10]Gray, P., Scott, S.K. (1990b)Chemical Oscillations and Instabilitis Clarendon Press,
Oxford, ch. 10, pp. 264 — 291.

[11] Griffiths, J.F., Barnard, J.A. (1995) “Flame andrtmustion,” 3 edn, Blackie, Glasgow, pp. 181
— 205.

[12]Griffiths, J.F., Kaye, S.R., Scott, S.K. (1988) tiatory combustion in closed vessels:
theoretical foundations and their experimental fieiion.” 22" Symp. (Int.) on Combustipn
The Combustion Institute, Pittsburgh, p. 1597 —7160

[13]Merzhanov, A.G., Shtessel (1973) “Free convectioth thermal explosion in reactive systems,”
Astronaut. Acta, 18, 191 — 199.

[14]Sal'nikov, LLE. (1949), “Contribution to the theowyf the periodic homogeneous chemical
reactions.”Zhurnal Fizicheskoi Khimji23: 258 — 272.

233



[15] Turner, J.S. (1979),Buoyancy Effects in FluidsCambridge University Press, Cambridge, ch.
7, pp. 207 — 250.

[16]Tyler, B.J. (1966), “An experimental investigatioh conductive and convective heat transfer
during exothermic gas-phase reactiof@ymbust. Flamel0, 90 — 91.

ACKNOWLEDGEMENTS

The financial support of the Engineering and PhgkiSciences Research Council is gratefully
acknowledged.

234



2U8UUSULP ZULIUMESNREBUL 2PSNRE3NRULLECD
UQaushuL UUUEURU

HAIITMOHAJIBHAAL AKAJIEMUWA HAVK PECITYBJIMKHA
APMEHUA

Zupuunwith phthwljub hwtnku 60, Ne2, 2007 Xumiraeckuii ;xypHan ApMeHHH

NOVEL NANOCARBON MATERIALSFOR DIFFERENT APPLICATIONS

Z. MANSUROV

Al- Farabi Kazakh National University, 96A Tole Bé&, 050012, Almaty, Kazakhstan

E-mail: Mansurov@kazsu.kz

This paper reviews recent results in the field @fel nanocarbon materials research obtained in
the Combustion Problem Institute and their pratapglications. They are:

- sorption of gold and ion of heavy metals by carbediapricot stones;

- mechanochemical encapsulation of quartz partidesdtal carbon films;

- novel carbon materials for battery application;

- multifunctional catalysts of oil hydrofining;

- carbon containing refractories;

- fullerens and nanotubes formation during hydrocastmmbustion

Introduction

Carbon formation and growth during pyrolysis of amg substances on the surface of metal
oxides and salts have been attracting the atteotfiapecialistists dealing with the study of carbon
materials for many years. It is found that the nefdctive catalyst of carbon formation is Fe, 8
and alloys of these metal particles [1]. As a resflcatalytic reaction there are formed carbon
sediments on disperse metal particles. These satinave specific forms and properties which
allow considering them as perspective ultradispsystems. The part of carbon, which forms coke,
has extended in fibers tubular morphology durirecking of carbon on metal catalysts and catalyst
particle proportional to fiber diameter is discaein the head of tube.

There are conducted works on obtaining carbonizattmals based on local clays and wastes of
metal mining industry: chromite and bauxite sludgegicultural wastes (rice husk, grape and apricot
stones) and using them in different applicationbtaimed absorption-catalytic systems are applied
for purifying metals and radioactive elements, nleg water from ions of heavy metals and
radioactive elements and obtaining improved tyfesactory materials, as carriers of catalysts of
conversion reactions of hydrocarbons [2-4].

During production of composition systems the sgegiention is paid to carbon and silida
this respect mechanochemical treatment is oneeokffective methods of creating material of new

235



quality as a result of profound structural changeduding the changes of nanoscale level.

Production of powder materials with nanocompositistnucture of particles, especially quartz

particles, capsulated as a result of mechanochémnéstment into the shell of carbon containing

compounds with purposeful structural organizatiérsurface and formation of certain complex of

physico-chemical and functional properties of matdyeing synthesized is connected with necessity
to determine mechanism of mechanochemical syntliésssirface structures of nanosized scale [5,
6].

Novel carbon materialsfor lithium batteries.

Electrode materials are of great interest both frudeavpoint of progress in the field of lithium-
ion accumulators and in connection with developighnological use of carbon nanotubes [7, 8].
From the presented on the market products, lithmmbatteries are the most perspective. Lithiated
carbon (LiG) developed by the Japanese investigators is useth anode material in these devices
[9]. Although many types of carbon were studiednzeterials of anodes for lithium batteries, in
practice, natural or synthetical graphite is usasl,this material has sufficient capacity of 372
m.A.h/g, good recharging ability and flat profiled charge. Electrolytes based on propylene
carbonate (PC), are attractive because of fineciononductivity at the environmental temperature.
However, graphite has bad compatibility with eleltes, based on (PC) due to interlayer
incorporation of solvent leading to destroying &lede structure. Search of novel materials with
improved characteristics of recycling and good catilyility with solvents of electrolytes is the most
perspective. Below there are given experimentah aat preparation and characteristics, obtained
during electrochemical testing of carbon from apiritone as an anode for ion batteries.

Anode material was obtained using carbonizationthef shell of apricot stones. Samples
obtained at 1023 K were used for creating anodsr afashing them with isopropane and drying at
383 K during 12 hours in vacuum cabinet. Testsleéteochemical half-elements were carried out
with using different electrolytes at room temperatu

Figure 1 shows characteristics of recycling forfdeéédments at various numbers of cycles and
with different electrolytes. One can see that caitexd apricot stone has fine stability as an arinode
used electrolytes with different salts and solvetsigh values of recycling.
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Figure 1 - Cycling performances of cell Li/1 moldlD, in EC:DEC=1:1/CAS, 1C (a) and of
cell Li/AM LiClO4in PC/CAS at 1C rate (b)

During the initial cycle, it shows higher initiatréversibility which is related to protective
filmformation on the electrode surface. Howevhe system shows high reversibility closer to 100%
cycling efficiency during the subsequent cycles aihiextended up to 200 cycles. In order to
investigate the CAS electrode compatibility witle tRC electrolyte, the system was tested using 1M
solution of LiCIQ, in PC as electrolyte.

Electrochemical tests of the material obtained fiaarbonized apricot stones as an anode were
carried out in cells CR2032 of coin type using roeltlof galvanostatic recycling. It was shown that
carbonized apricot stone has fine stability as moda in used electrolytes with different salts and
solvents at high values of recycling.

Multifunctional catalysts of il hydrofining.

Multifunctional catalysts of hydrofining were dewpked using modification of aluminium-
cobalt-molybdenym catalyst by decationated zeol#gsCatalysts were prepared using traditional
method of soaking. After formation catalysts weried at 393-420 K (4 h) and pierced at 823 K for
5 hours. Prepared in this way catalysts were stégjeto the process of carbonization in order to
obtain active forms of carbon as a carrier. Actovabf catalysts was carried out under conditiohs o
reaction using sulphurization of free sulfur, astfiat 393-423 K, at hydrogen pressure of 0.7-1FaM
for 3 hours, and then sulphurization was carriedabA73 K, at hydrogen pressure of 2.5 MPa for
2.5-3 hours.

Activity of catalysts was tested in laboratory fiog installation in the process of hydrofining of
gasoline and diesel fractions of oil at pressurg.8f— 4.5 MPa, at temperature of 593 — 673 K and a
volume rate of raw materials supply of 1-4 hourTo compare catalytical activity characteristiés o
'O — 70 industrial catalyst were determined underilaimconditions. Also the degree of
hydrodesulphurization was studied on modelcompouBudtyl —-mercaptan and thiophen diluted in n-
decane were used as a model compound. Isomerizgityawas tested in cracking reactions of
hexane and decane. Developed catalysts showeearhigtiexes thad’O-70 industrial catalyst.
Degree of hydrodesulphurozation increases from #%.33.2 %, degree of isomerization increases
from 18.3 to 41.7 % with increase in temperatu@mr593 to 673 K. According to the data of
detailed hydrocarbon analysis calculated octanebeurimcreased from 70 to 83.5 (table 1).
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Table 1 - Activity of carbonized industrial,&, — catalyst (CC) on characteristics of straight-run
gasoline, carbon concentration — 10 %

Octane Boiling Concentration (mass %)
number | temperature
Paraffins | Naphthenes Sulphur-
containing
compounds
Initial 70.8 88.1 21.4 12.9 0.12
straight-
run
gasoline
(SRG)
SRG after| 83.5 36.06 12.5 16.0 0.001
tests on
CC

Investigation of surface and porosity of catalyatsording to the BET method has showed
increase in specific surface of catalyst from 8@46 nf/g. Catalysts mainly have pores with sizes of
less than 50 nm. Electron-microscopic investigatias showed that carbon used catalysts are highly
dispersed. Size of the metal particles ranges wBi40 nm.

Carbonization of vegetable raw materials.

Raw materials based on reprocessing of agriculfin@ducts refer to rapidly renewable sources
and they are cleaner in ecological respect [10}irgucarbonization (pyrolysis in inert medium) of
the samples of apricot stones (AS), grape ston&} &ad rice husk main lost of mass occurs in the
temperature range of 473-773 K. Nearly 50 % of nm&sst at 773 K for an hour.

Specific surface which reaches to 838/gn has been determined using method of thermal
desorption of argon. Change of morphology and &irecof carbon-containing sorbents depending
on temperature, carbonisation time was showed dxtrein-microscopic method. There is a presence
of complex morphological formations (figure 2), lray nanoscale structure, and defining, as
consequence, a high specific surface of the méteria

Distinctive feature of the carbon material obtainydthe carbonization of the wheat bran is
formation of poorly discernible pounded particlés7ra3 K on the surface where unique nanotubes
with a "bulb" are formed at the basis at 923 K 46@3 K. The processes, occurring in the sample
lead to growth inhibition of the "bulbous" nanotsbend their formation is not observed at the
carbonization temperatures 1073 K and above, at all

Influence of various factors (process temperatsoeption time, nature of activating agent, and
pH point) on sorption properties of the synthesimadocarbon materials for the caesium-137§),
strontium-90 {°Sr), lead-210 #%b) and ions of toxic metals (Sn, Ni, Cd, Cr, Zny)Awas
investigated.

238



0 1

a b c

Figure 2 - The electron microscopy images of WBboaized at: a) 723 K (nucleuses position); b)
650 (the beginning of the "bulbous" nanotubes growitasample);
¢) 1023 K (mature nanotubes on the edge of WB sampl

It was noted, that all investigated elements am@nttatively sorbed by activated sorbent for the
first 5 minutes and sorption degree doesn’t depemmighe carbonization temperature under the
present experimental conditions.

Table 2 shows dependence of the sorption degreghenpH of solution at the various
carbonization temperatures for sorbent, activatedvater stream, but, displaying, nevertheless, the
general character of dependences for the sorbacdtivated by the hydrogen peroxidd,(,) and
ammonia (NH).

Table 2 - Dependence of the sorption degree obaadive isotopes on the pH and
arbonization temperature of WB, activated by wasarption time - 30 min

PH Carboni;
Ele-{15] 3] 4] 6] 7] 8] 9] 10] 11] 115 zation
ment temperar

1 0,
Sorption degree, % ture, K

Sr | 37.0{40.1| 48.0| 56.7| 55.2 66.7 69.7 69.4 702 705

Cd | 18.8/81.1| 83.2| 92.6| 92.6 98.7 99.5 100{0 993 100.0773
Cs | 16.1]739| 73.6| 73.6] 742 74.0 74.2 74.0 741 740

Pb | 12.8/81.0| 93.4| 99.3] 99.2| 100. 1000 1000 100.0 1Q0.0
Sr | 35.8/48.0/ 51.6| 57.5| 604 59.7 64.9 65.p 657 1
Cs | 17.0/765| 76.4| 75.9]| 74.8 76.4 76.7 76.5 7648 i 873
Pb | 13.1/84.4| 90.9| 97.7] 99.2| 100. 1000 1000 100.0 -
Sr | 37.5{44.6| 49.0| 634 61.9 63.4 75.3 76.8 766 741
Cs | 19.8/79.0| 78.8| 79.1| 78.4 78.8 79.0 78.5 783 788973
Pb | 22.8/92.0| 93.2| 98.6] 99.0| 100. 1000 1000 100.0 1qQ0.0
Sr | 36.7/43.0/ 50.5| 64.7| 66.4 69.2 72.( 72.0 - -
Cs | 15.0{754| 78.3| 79.4| 793 80.8 80.0 80.0 -
Pb | 12.0/83.0] 95.1| 98.8] 100.0 100.0 1000 100.0 -

1073
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Mechanism of sorption of ions of heavy metals bsboaized sorbents was found by physico-
chemical methods of analysis. Carbonized sorbept® fiound to be effective during absorption of
ions of heavy metals and radioactive elements &wdgnld separation from alkaline solutions.

Fusicoccine extraction on novel carbon-mineral sorbent.

In nanocarbon materials laboratory of CombustionbRm Institute carbon-mineral sorbent
(sorbent carbonized from vegetable raw materials based on carbonised raw materials, which
contain carbon and silicon oxide and also has naedsnorphology, has been synthesized [11]. This
material has specific and unusual properties dugrésence of these components. If carbon is
hydrophobic material and silicon oxide is hydrofghilone absolutely new combination of
hydrophobic-hydrophilic properties emerges. Thegesual properties allow offering the given
material as a unique nanostructurized sorbentdpamting bioorganic compounds.

Sorbent carbonized from vegetable raw materialswa® synthesized by carbonisation of
vegetable raw materials in rotating steel reagtdahé temperature range of 573-1073 K for 5-60 min
in inert medium. It was found that specific surfatesamples increases with increase in temperature
reaching maximum at 923 K (92Cfy) and then decreases.

To separate fusicoccine the technique developeMl.iy. Aitkhozhin Institute of Molecular
Biology and Biochemistry was used [12]. Taking indccount tough climatic conditions of
Kazakhstan it was very interesting to study actiémiostimulator on stress resistance of the most
important grain crops of Kazakhstan. So we studietion of purified fusicoccine on germinating
capacity of seeds of wheat Hadezhda sort by adding 2 % of NaCl, that creates conditiorstodng
chloride salinization. Experimental results aresprged in table 3. As follows from the table 3,
fusicoccine increases germinating capacity of semuter by 19 % conditions of salinization. Also
fusicoccine increases root system of a plant.

Table 3 - Action of fusicoccine on of the seefidladezhda sort wheat

Variants % of germination
2.2% NaCl 67
2. 2% NaClMIT 86

The experiment carried out in the Scientific-indiadtcenter of agriculture and plant growing of
the Republic of Kazakhstan in 2004-2005 has shaWwadapplication of biostimulator for increasing
winter resistance of winter wheat is very promising

The carried out experiments have showed that egifgit of biostimulator increases mass of
1000 grains by 15 % and productivity by 10%. In twairse of further test there were carried out
field trials of fusicoccine. The wheat treated bgdtimulator was noted to ripen 15 days earlientha
the wheat without treating with biostimulator (gnesprouts).

One can say with great confidence that applicatigpreparation will allow:

1. accelerating the ripening of wheat, i.e. to starvhsting two weeks earlier;

2. increasing yield in average by 15 %.
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Sorption of gold by carbonized apricot stones (CAS) and rice husk (RH).

Carbonization of apricot stones (CA8hd rice husk (RH) was carried out by method [3].
Synthesis of sorbents by carbonization of thisadfiral raw materials in the temperature range of
673 — 1073 K in a nitrogen atmosphere for 30 mis Wweestigated. Carbonized sorbents based on
apricot stones have a code: CAS-1; CAS-2; CAS-3cambonized sorbents based on rice theske a
code: RH-1, RH-2, RH-3. Sorption of gold (lll) wadudied by electrochemical method on
potentiostate P-5848 by the means of recordinguhtes at constant potential corresponding to
extreme current of gold electroreduction (lII).

Carbonized sorbents based on vegetative raw miageriaurrently possess ion-exchanging and
reducing properties. Stationary potentials of CA&avmeasured to reveal their reducing properties.
The sorbents of CAS series have relatively low atiia-reducing potential that in dependence on
CAS mark change in range from 0.20 V to 0.25 V.

Measured stationary (real) potentiahv[CL[] muriatic medium is 0.76 V. Difference of
potentials between gold-oxidant and sorbent-reduaigent is 0.51-0.56 V. Difference of potentials
of 0.24 V is required for practically complete pagsof any oxidative - reducing reaction. As follew
from these data there is a real opportunity foucsng of gold (lIl) to metallic state. This oppanity
is proved by magnitudes of CAS sorbent potentitiés sorption of gold (1) on it.

The results on sorption of gold (l11) with RH sortte in 0.25 N HCI solution using a common

method [13] As it is seen (figure3), RH-1 exhibits the bes0 26 sorption capacity with respect to
gold (11).

%, Au (sorbtion)
100

t
©

To

s 10 5 0 28 E 3% 4o s % EL
t, min

Figure 3 - Kinetic curves of sorption of gold Jltin different sorbents in 0.25 N HCI solution. Mas
of the sorbent is 0.2 g, the amount of gold (41Pi6 mg, the volume of the solution is 25 ml.
Sorbent: 1 — RH-1; 2 — RH-2; 3 — RH-3

The sorbent RH-2 absorbs about 60 % of gold (IUjiry 1 hour, and the sorbent RH-3 only
absorbs 20 % of gold (Ill) during the same periddime. In the case of sorbent RH-1, a complete,
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practically 100 % sorption is observed within 4 oigs. The shape of the kinetic curves also shows
the decrease in the rate of gold (lIl) sorptioricdiews: RH-1> RH-2 > RH-3.

During sorption of gold (lll) the grains of RH-1rbent are covered by a film of yellow color
which is a metallic gold according to electron-rogropic pictures (figure 4, 5).

£

Figure 4 - Microphoto of sorbent Figure 5 - Microphoto of sorbent
RH-1+Au (111 CA3AuU (Il

The reducing ability of RH sorbents was verified the measurements of the values of
stationary potentials of these materials, whicheagarried out with the help of electrode of special
construction. This electrode is a fluoroplasticiegsvith the diameter of 20 mm with a thread at the
end face, where platinum electrode with the diametd9 mm is fixed. A platinum current collector
is brought out from the platinum electrode throubl center of the casing. The platinum disk is
compressed by a fluoroplastic clutch with a petfedaface. When measuring the potential, an ash-
free filter is placed on the perforated face, thebent that being studied is poured onto the filter
Then the clutch with the sorbent is applied by wigdon the fluoroplastic casing, thereby providing
an intimate contact of the substance being studiiid the platinum electrode. The results of the
measurements showed that the sorbents of RH dexiesa quite low redox potential. The sorbents
RH have reducing properties, which are likely todoaditioned by the presence of the carbonized
sorbents of reducing carbon groups: aldehyde, ketalcohol groups on the surface. Besides, carbon
itself may possess reducing properties, the marassit is in the form of nhanocarbon tubes [13, 14]

The best sorbent is RH-1. The complete (99-100@aetion of gold (Ill) on this sorbent takes
place during 3.5-4 min regardless of the initiaitemt of gold (IIl) in solution. The sorption tinod
the half of the initial content of gold (l1)ty, is 1.1 min irrespective of its initial concentmatj the
sorption rate obeys the first order kinetics laablé 4). This order of the reaction is characterfstrr
the electrochemical process limited by the substéam¢he surface of the electron donor.
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Table 4 - Kinetics of gold (l11) sorption on RH-brbent in 0.25 N HCI solution

No Concentration of Au W, mg/cg (of T1/2, Ks
(111), mg/l the sorbent) min s'g?!

1 5.97 0.5410? 1.18 7.35107

2 11.95 1.0802 1.10 7.1510°

3 23.90 2.26.0° 1.12 7.45107

The dynamic sorption capacity of RH-1 sorbent watednined, i.e. the capacity before passing
of gold (lll) ions through the adsorption columnhel passage rate of gold (lll) solution with the
concentration of 23.9 mg/l was 2.5 ml/min, the amtoof the sorbent taken was 0.5 g. The
experiments showed that passing of gold (lll) itmsk place after passing of 220 ml of gold (lll)
solution that corresponds to the sorption capafithis sorbent — 10.5 mg of gold / 1 g of sorbémt.
the case of sorbents RH-2 and RH-3, when passefirtt portion of gold (1) solution of 25 ml, ¢h
passing of 60-70% of the initial amount of goldi)(lis observed. The sorption capacity of these
sorbents is lower by two orders of magnitude timat of the sorbent RH-1 [15-17].

The dynamic sorption capacity of sorbent RH-1 wigspect to gold (lll) is 10.5 mg/g of the
sorbent. The capacity of sorbents RH-2 and RHi/isvo orders of magnitude lower. Theesence
of excessive amounts of Ni (1), Co (II), Cd (1Bn (1), Cu (lII), Fe (1), Pt (IV), Hg (1), As (V does
not interfere with the sorption of gold (lll). Eattion of metallic gold occurs non-uniformly on a
whole surface of CAS particles, and in separatasasghere the growth of gold crystals occurs.
Hence, the process of metallic gold extraction aswtbent reducing groups oxidation is
electrochemical, i.e. there are cathode and arer@ias. Cathode areas are formed in initial moment
of sorption where further the reducing of gold)(Btcurs.

The increase of gold (lll) sorption velocity occunspresence of copper salt (1) and iron (l11)
that is connected to catalytic effect of gold (Hducing. Complete sorption of gold (I1l) occues &
minutes in the case of presence of copper (Il),i@msl in the case of iron (lll) - for 1.5 minutes,
when in absence of these admixture - for 8 minutes. dynamic sorption capacity of sorbent RH-1
with respect to gold (Ill) is 10.5 mg/g of the senb. The capacity of sorbents RH-2 and RH-3 is by
two orders of magnitude lower.

M echanochemical encapsulation of quartz particlesin metal carbon films.

Mechanochemical synthesis has great advantagesatedhfo other methods in the production
of highly disperse nanostructural materials basedilicon containing materials. As it was shown
[5, 6], by mechanochemical synthesis it is posdiblebtain quartz-based highly disperse materials
which exhibit simultaneously magnetic, dielectriddeelectric properties depending on the regimes
of treatment and the conditions of subsequent egipdin.

It is found that there is a certain regularity lie tstructural transformations taking place on the
surface of a quartz particle with the carbon ofamig additives during the treatment of the material
in a mechanical reactor: from thin dense films viith introduced ultradisperse particles of iron to
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porous multiplayer structures with the formatiorigiifferent configurations grafted to the surface
of particles.

Complex investigations of changing structure, statel properties of quartz depending on
regimes of mechanochemical treatment without gpeton and in presence of modifiers have
showed that change of the structure of quartz @estiin the process of dispersion is of periodical
character [ 5-7] that reflects in the change ofrtbbaracteristics both macro-, micro- and nandieve
including change of defective structure of theirface layers and size of crystallites (blocks of
coherent scattering). It is found that time of thest considerable structural changes is 20 andid5 m
under the conditions of the experiments being edrout simultaneously at all considered levels.
Result of structural changes during mechanochemieatment is the change of energy substance
state.

It is found that during mechanochemical treatmesgt of organic additives intensifies effect of
modification of quartz particles. It is shown ircieasing specific surface, specific volume of pores
and decreasing density of powder material, i.esigmificant structural changes of surface layers of
quartz particles being dispersed (table 5). Calmraof modification degree of quartz powder has
showed that butanol, acrylic acid and polystyrene effective modifiers providing change of
structure of from 30 to 70 % and more of volumev&lanorphological structures are synthesized on
the surface of quartz particles, which plays thke af matrix for creating composition powder
systems.

Table 5- Specific surface (g, specific volume of pores ¢y, density f) and degree
of modification (,) of quartz powder

_ i I p, glen? 3

Material Sp NT/g | Vp CNT/g (ronc) o) %
Sio, 5,20 0,11 2,55 2,65 -
SiO+5%C,HsOH 5,24 0,18 2,03 2,06 17,1
SiO+5%C,4H,OH 6,50 0,32 1,67 1,69 32,4
SiO+5%C,H4(OH), 10,50 0,24 1,59 1,70 25,8
SiO+5%C3Hs(OH);3 15,20 0,29 1,46 1,69 18,5
SiO+ 5%C* 77,60 0,72 0,88 0,91 72,7
SiO+5%AC** 56,6 0,23 0,82 0,94 74,0
SiO+5%PS*** 41,0 0,30 0,65 0,67 72,5
SiO+ 10%PS 46,7 0,36 0,58 0,62 73,0
SiO+5%PS+1%NaCl 54,3 0,47 0,73 0,77 74,0
*C — activated coal, **AA — acrylic acid, **PS — pgdtyrene
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Electron-microscopic analysis has shown that quaatzicles in initial state are dense crystals
with clearly shown edges (figure 6a). After mecharamical treatment particles modified by butanol
have nondensdaminated carbon saturated structure of 10-4Cthiokness where are dense ultra-
disperse inclusions of iron and its compounds (Bgéb). Modification of quartz particles with both
polyatomic and acrylic acid in the process of macichemical treatment results in formation of
dense sufficiently homogeneous organic film on theface and presence of highly disperse
crystallites in surface polymeric layer. Microddftion pattern from surface layer of particles
indicates that it belongs to carbonaceous substavitte three dimensionally ordered structure.
During variation of modification conditions eleatraliffraction picture show the presence of metal-
silicon-carbon compounds or weakly crystallize@tsih-carbon substance.

die
diodni

diioin

dooa
dm-ﬂw
dnoan

Reflexes from crystalline
substance

Figure 6 -Electron-microscopic images and electron microddfion of quartz particles in initial
state (a) and modified in the presence of butanglacrylic acid (c,d) and polystyrene (e-h)
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When using polystyrene as a modifier dependingrauat of modifier being used (from 3 % to
10 %), time of treatment and also during variatidrforce conditions of action there are formed
structurized or tracery films cross-linked with aricle surface or rolled up in the form of tubdsao
different configuration the size of which reache®&7 nm (figure 6 f-g). Increase in time of
treatment finally leads to coagulation of disperpadicles with modified surface layer and formatio
of dendrite-like formations (figure 6h). Main eleménvolving in building nanostructurized objects
during mechanochemical treatment is carbon. Digtiadeature of carbon nanostructures on quartz
surface subjected to mechanochemical treatmertterptesence of polystyrene is the presence of
texture i.e., favourable orientation of carbonaseparticles inside film formations (figure 6 c, d).
Maximal amount of fixed carbon — 2.6 % on the stefaf quartz particles was discovered in the
samples modified by polystyrene which showed thstrdoversity of structural forms.

IR-spectra showed decrease in intensity of low deegy both valence and deformation
fluctuations and increase in high frequency fluttures. Dehydration of the surface of particles and
shift of all spectra to the region of high frequiescare observed. This data testifies about thanglu
quartz grinding there are accumulation and redistion of defects. It results in intensifying
disordering of lattice, increasing quantity of goswith weak bonds.

After modifying treatment of quartz with organicditives changes of quartz matrix spectrum
affects all absorption bands: polystyrene preseeselts in decrease of intensity and butanol on the
contrary to their considerable increase. Transftiomaof spectrum kind affects only region of
frequencies of valence fluctuations (999-1186'kriThere is degeneration of bands of 1162' @nd
1062 cnt and shift of middle band to lower frequencies (@9 cnit). Absorption bands of higher
than 1400 cil which are caused by the presence of carbonatecanmbxylic groups of different
isotope composition on the surface of Si-O-Si drgpecial interest.

Directivity of chemical conversion of quartz palgicurface during mechanochemical treatment
is determined by emerging the whole complex of ieaccenters with nonsaturated valency bonds.
These are sililinesSi, =Si’, silanone=SiO and peroxide centesSiOO and also silanol centers
=SiOH and deformed siloxane groups=S[-O-SE]qr Final products of destruction
(mechanocracking) of all additives — modifiers lgeirsed in the work are radical groupsCH H,C,

‘OH and also H and C during interaction of whichhaatctive centers of quartz surface in a complex
capsulation with preservation of surface defectstiafcture is possible.

Change of structure being grinded by quartz partatl all hierarchical levels (from particle
volume to distortions within crystal lattice) istdemined by the kind and degree of kinetic energy
dissipation transferred to the particle at the matnwé the shock with a ball and fixed in it in the
form of elastic energy of deformed crystal. Theisture of the quartz particle surface layer after a
mechanochemical treatment may be interpreted asnastructural formation containing carbon,
silicon, iron and having a complex structure enalgisg a particle. Finally, a composition
material is formed consisting of carbon surfacestayith introduced inclusions of iron, transition
amorphized layer on the basis of silicon and atalyse quartz base.

Such structural rearrangements of the surface dagérthe quartz particles being dispersed
result in the change of physical properties ofitieerial. The measurements of specific resistance
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of quartz powder after a mechanochemical treatraleotved its decrease by more then an order of
magnitude. The modified quartz powder after a meobhaemical treatment also exhibits magnetic
properties (table 6).

Table 6 - The change of specific resistance anchetagpermeability of quartz powder depending on
the time of weathering. Grinding was carried ouiry5 minutes

Material specific resistance, magnetic permeability Both
p x1P, Q xm ot
The time of weathering the time of weathering, electric
ty, 24 hours ty 24 hours and
0 30 0 30 magnetic
OQuart: 1.1 6 2.C 2.0 characteri
Quartz A 6.C 15.C 4.C 3.2 stics  of
QOuartz 1 2.5 3.5 29.0 27.0 mechanoc

hemically treated quartz change with time, the material "ages". However, if such "aged" materi
is placed into an electromagnetic field of definitgensity, its ferromagnetism and conducting
characteristics are recovered, it being the resuliteraction of a piezoelectric quartz nucleud an
carbon nanostructural film containing ultradispersgusions of iron.

Carbon-containing refractory materials.

Carbon-containing refractory materials are obtainsthg various methodd$ncorporation of
chromite sludge increases density and mechanicathgth in comparison with refractory material
“Furnon — XII" insignificantly rising refractory property. Impvement of physico-chemical
refractory materials based on clay and carbide ethis is explained by formation of fibrous carbon
and carbides of metals [4]. Obtained refractoryemals have high sludge resistance, that makes
prediction of their use in metallurgical processgproduction of precious metals possible.

Composition refractory materials obtained by selffagating high temperature synthesis (SHS)
have a number of advantages due to their physieatitfal and operational properties as well as
power consumption in comparison with conventiomahposition systems [18,19]. The quality of the
material depends on the conditions of synthesisparsdibility to control the process and, finally, o
its structure and properties. One of the effecthethods of influencing SH-synthesis is the use of
preliminary mechanochemical activation which change chemical activity of reagents,
thermodynamics and kinetics of subsequent thermategsses [20]. Treatment of quartz with
different organic additives provided modificatioh the surface of particles. The difference in the
morphology of the surface of modified material (qa@pdepending on the modifying additives being
used was found [5, 6, 21]. In case of using alcehiol particular butanol, under the conditions of
mechanochemical treatment, the surface of partidesarbonized. The degree of carbonization
increases with the use of more complex organic @am@s. The form and degree of structural
organization of carbon containing formations dependmany factors, including the time of the
mechanochemical process. Nanosized formationgegrab the surface and containing carbon
compounds are formed on the surface of particlgarg 6).
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HpI/I HUCIIOJIb30BAHHUM B Ka4€CTBEC MOL[I/I(i)I/IKaTOPOB APYyTux COGL[HHGHHﬁ, B 4YaCTHOCTHU
asorcogepkammx; ammonia(NHOH) and acetamide (CJEONH,) — the structure of modified
particles has a number of peculiaritidhere are observed filmy, platy, platy-veil andrdibs-veil
structures containing nitrogen in modified quagmgles during mechanical treatment with nitrogen-
containing compounds ( figure 7).

0, Tk

Figure7 - Electron —microscopic pictures of quarticles after mechanochemical treatment in
the presence of 10% GEONH, (a) and NHOH (b)

The peculiarities of the structure of modified dmaare responsible for specificity of the
following processes of interaction of quartz padetcwith aluminium under the conditions of SH-
synthesis. A definite role in these processesagqa by carbon which saturates the surface layer in
the process of mechanochemical modification. Forarigu which was not subjected to
mechanochemical treatment, the amount of carb@08 %. After treatment, the content of carbon
in the sample makes up from 1.14 to 2.96 % depgnaimthe modifying additive being introduced.
Temperature of combustion of modified quartz withun@inium reaches 2473 K [22]. High
combustion temperature form may be accounted fer fétt that Si@ is reduced not only by
aluminium, but also by H, C, CO. These reducingnégeare decomposition products of compounds
on the surface of quartz particles obtained wheatitng them with organic additives. It is knownttha
carbide formation reactions give high temperatiregombustion processes. Besides SiC, small
amounts of AIC and FeC were registered. The presehadon compounds in the phase composition
of sample being synthesized is due to the uptakéti@disperse iron particles into the quartz pawde
from the walls of milling vessels and balls in gr@cess of grinding.

Size variations of synthesized samples on the lmdiglse system (Sip+ 37.5%Al) with quartz
modified by mechanochemical treatment in the preserf different organic compounds showed that
scale factor is an effective way of influencing tbeurse and final results of SHS-process. The
diameter of samples varied from 15 to 59 mm, theirme — from 3 to 98 cfnIn SHS-systems of
samples with activated quartz, the size factor texérfluence not only upon the combustion
temperature, but also upon the final result of lsgsis, i.e. reaction products. On samples of greate
volume there takes place maximum reduction of $i fonmation of sialon (it being of two types:
SibAI;O;N and SiAl;0sNs) in synthesis of which nitrogen of air takes p#able 7). The content of
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sialon in coarse-grain samples is 18 %. This fadfigreat importance, for it indicates the chaimge
combustion kinetics, diffusion rate and the sangbtacture depending on the volume of the sample.
Gaseous phase reactions play a significant rolthénformation of phases and structure of such
samples. The final results of the peculiaritiescombustion of volume samples are the changes in
their density and strength. The density valuesesesa with the time of activation, but the preseice

a modified layer on the surface of quartz particlestributes to considerable increase in densiy (b
20 — 25 %) and strength of the synthesized matébial50—-80 %). Material containing nitrite
compounds has also higher indexes of thermal-piieéecharacteristics.

Table 7 - The phase composition of synthesis prisddepending on the conditions of pretreatment
of quartz at 1173 K

Ne |t,,m| d/'h, | SIO, | Si, %| Al,O3 3AI,0; | FeSp| SiC | AIN |SibAIZO/N|XAP**
in. iImm/mm % % 2Si0, % % % % %
%

O| 0| 20/20| 35| 21.0 2240 4,0 1.0 - 48.5
I | 10| 20/20| 2.2| 23.8 27.5 8.6 2.4 g - 355
I |20| 20/20| 5.0 30.0 220 17.0 3,b - 225
I | 10| 50/50 - 24.6) 18.7 10.5 1.9 - 211 12.0 30.2
I 110 | 20/20| 3.4| 17. 60.5 - 6.5 - 3.0 - 9.0
Il |10 | 50/50 - 20.0) 535 1.4 7.G - 0.b 7.0 10.6
Il |10 | 20/20| 7.8| 20.5 30.0 5.7 3.2 58 50 - 22.0
{20 | 20/20 | 3.4| 29.0 31.0 3.6 2.q 10 210 - 19.0
Il |10 | 50/50 | 5.7| 21.2l 38.5 3.0 1. 50 03 9.3 16.0
IV | 10| 20/20| 1.6 20.0 504 4.5 79 61 50 - 4(5
IV | 10 | 50/50 - 25.00 38.1 - 6.5 5Y 20 15.7 7(0
IV | 20| 50/50 - 30.0 37.0 - 3.0 5.0 - 18.0 70

0- (Si02+37.5%Al) Il - [SEPPS*Jact. +37.5%Al

I-  [SiO,]act. +37.5%Al IV -[SiQ +37.5%Al+PS*hct.

Il - [SiO,+37.5%Al]act. PS* - polystyrene

XAP** — X-ray amorphous phase

Thus, the process of mechanochemical treatmenkitideof a modifying additive and the size
factor is an active instrument in creation of thatenial of the necessary quality. Sialon containing
ceramics of the necessary composition may be addtdy SH-synthesis in the usual atmosphere of
air using preliminary activated and modified qudriz varying the conditions of treatment and the
sizes of the sample being synthesized as a refsatitive interaction of aluminium with nitrogen of
air, similar to the prosses studied in [23, 24]uing loading SHS — the mixture of quartz modified
by nitrogen-containing compounds: ammonia and atié® — amount of nitride phases in
combustion products increases to 40 % and more.
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Fullerensformation in hydrocarbon flamesunder electric field.

Influence of the direct electric current of diffatepolarity on flame forms, soot vyield,
parameters of soot samples microcrystals (L and doo2) and soot particles sizes in intensitgea
from 0.5 to 20 kV at electrode systems «needlegpiaat combustion of benzene-oxygen mixture at
the ratio C/O=1.0 with addition of 10 % volume ofjan at pressure 40 Torr was investigated [25]. It
was found that at positive polarity action of efecfield rises to such a degree that at U>10 kV it
leads to flame extinction. It is shown that maximdetrease in soot yield is observed at negative
polarity. It was found that intensity range of etecfield in which soot yield was 10 % more soot
yield without applying electric field. It was showimat parameters of soot micro crystals on average
remain constant irrespective of intensity and ptylaFullerenesC6o, C70 and PAHs were identified
in the extracts of soot samples by the method edp&ctroscopy.

Soot obtained under various conditions was extdabie the method of cold extraction in the
medium of benzeneC¢Hg) during 72 hours. For extraction of soot was freoot tank. The extract
had sated dark red color. A solution of obtainettaet was investigated by using IR-spectrometer.
Figure 8 presents spectra of soot extracts thairedd at various type of electric field discharge.
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Figure 8 - IR-spectra of dry extracts: 1- standshple of fullerene€go andCo; 2 - dark
discharge, U=0.5 kV, I=810" A; 3 — glow discharge, U=10 kV, |=x20°A; 4- glow discharge
applied directly on flame front , 57 kV, 1=4x10°A; 5- abnormal glow discharge applied directly
on flame front, U=7 kV, I=7x10° A; 6 - without applying electric field
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It is experimentally found that yield of fullerensgnificantly starts to gromae13%) in the
area of the abnormal glow discharge at values saftdirge current 1=10° A (figure 8, curve 5), at
direct applying electric field on flame front . &lanalysis of absorption spectrum (figure 8, cliyve
shows, that the lengths of waves correspondinglterénesCs (A- 528, 577, 1183, 1429, sm-1) and
Cso (A - 458, 535, 565, 578, 642, 674, 795, 1134, 14880, 1460, sm-1) are all shown, without
exception, except for fullerenes in extract therasva mix of polycyclic aromatic hydrocarbons
(PAH). Such connections as pyrene, fluorantheneoneme, anthracene 1.12- bensperylene have
been identified.

Identification of fullerenes § and G, has been conducted by radiographic method during
analysis of dry extract thin layer. For this purposbtained extract of fullerene containing sootrfr
soot tank, was evaporated on a quartz support fanthed dry residue was investigated by using
diffractometer. The analysis of X-patterns of seamples of dry extracts has shown presence of
peaks on reflection angle, peculiar to fullerengs d&hd G, Peaks, according to card file ASTM,
correspond to following crystal fullerenes phaseghorombic, cubic and hexagonal ;¢Conly
hexagonal). Herein, intension ratio is not obsenthdt is peculiar to amorphous state of fullerene
containing dry extract formed as a result of presein the extract of polycyclic aromatic
hydrocarbons.
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Abstract

The evolution of carbonic material thermochemiaahwersion and the associative conjugating
model are presented by the example of pitch cadationh to see the development of the complex
system on the whole. Methodological approach iggested to simplify the kinetics of complicated
processes during heating and to calculate appaetitation energies of the product formation
processes at various temperatures. The diagnadtioBch thermochemical conversion is carried out
from the point of view of evolutional conjugatedipaay of the complex system development.

1. Introduction

Processes of thermochemical conversion underliebigevolume raw material processing,
resulting with production of coke, oils, electrodies aluminum or steel industry, carbon fibres,
carbon-carbon composites, activated carbons andlet@]. At the same time it is one of the basic
sources of pollution of the natural environmenttbyic carcinogenic substances [3, 4]. Moreover,
growing necessity of the carbonic products produrctieads to exhaustion of natural resources
(petroleum, coal, wood and etc.) and abruptly makase the ecological balanco, issue of the day
is to bring to light a nature of interaction of ttmkan-caused processes and ecosystem degradation tha
in turn, requires grouping of general and specKitowledge as well as a creation of a new
methodologies and models for study of the evolutiboomplex system as a whole. In addition, it can
give a chance to establish a connection betweeistste conversion of living and lifeless carbonic
matter.

It is not surprising that there has been continuegearch on many aspects of carbonic material
thermoconversion such as the dependence of prodeicls on carbonic material type and reaction
conditions, kinetics of processes and etc.. Howdherheterogeneous nature of carbonic raw material
and complexity of the carbonization process whitdiuides a multitude of single reactions proceeding
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simultaneously have made its very difficult to jpeni unambiguous experiments to determine the rates
and mechanisms in carbonic material conversio®{d]. The resulting lack of agreement on the rates
and mechanisms in carbonic material thermoconverkes hindered the development of predictive
methods. Recent years have provided a number of exgerimental and theoretical approaches
considering the recent progress on kinetics, thedtion of volatile products, network models, cross
linking, rank effects, ‘two-component’ model of ¢atructure and others
[7-11] which, unfortunately, don'’t give universaingple methodology of thermodynamic consideration
of complex carbonic system as evolutionary progegeneral.

The aim of this paper is to present methodologiapproach and model considering
thermoconversion of carbonic materials as evolatipprocess of complex system on the whole by the
example of pitch thermochemical conversion.

2. Nonisothermal kinetic approach of thermochemicatonversion of carbonic substance

Nonisothermal process at constant heating rateglisspmechanistic and kinetic data on the
decomposition of carbonic substances, but a latgaber of various rates complicates a calculation
and analysis of complex process kinetics. To siiypfiie kinetics of complex processes during heating
to calculate apparent activation energies of thedpet formation processes and to consider the
temperature-time evolution of a system on one sdahkere is suggested to use the heating rate of
1°C'min™. The constant heating rate of 1A@n™
(dT-dt* =1) allows writing the kinetic equation of the pess vs time and temperature by one
dependence, using simple transformations:

V = -dCdt'= k"

dCdt'= dCdt“dT-dT* = dCGdT"dT-dt* = dCGdT"q,

wherea = dT-dt* = const = 1

By substituting a rate constant from Arrhenius digua we receive

V =-dCdT a = Ae¥RD.C",

where n — the order of reaction; A — the pre-exptiaé factor; E - activation energy; R -
universal gas constant; T - temperature; C - canaton of a reagent; t - time.

This equation can be used to calculate the appaentation energy of product formation
process under following assumptions:

* The pre-exponential factor practically doesn’t depen temperature (A = const).

e The first order reaction (n = 1). It is quite catrebecause the first order reaction is usually
considered for description of kinetic of coal, pitbiomass and other hydrocarbon raw pyrolysis.

« Concentration of reagent is assumed to be a cdn&@aconst) if the system is in stationary
or quasi-stationary state.

Computational exercise of apparent activation geer of gas formation process for
carbonization of coal-tar pitch is presented below.

The integral dependences of formation rates of @as@roducts{H,, H,, C,Hgs, CO) during
carbonization of pitch at heating rate of Ifth™ vs temperature were taken from [12] and transformed
to the differential dependences which are showrrigure 1 [13]. On the basis of these data the
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apparent activation energies ©fl,, H,, C;Hg, CO formation processes are calculated. In Figuig/
- T* dependences afH,, H,, C,Hg and CO evolution in the temperature interval 00-BO0T are
presented. Linear segments are found in two termperaanges (390-460°C and 580-680°C), for
which apparent activation energies ©fl4, H,, C;Heg and CO formation process are calculated and

listed in Table.
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Figure 1. Evolution rates bl CH,, C;Hsand CO as a function of temperature for coal tarhpi

(Vheating:locmqin_l)-

Table.
Apparent activation energies of gas formation psedgdmol™?) during the heating of coal tar
pitch.
gas E; E,
H, 226£13 3Gt14
CH, 199+10 67431
C,Hg 20720 —
CO 1927 13241

E;— activation energy determined in the temperatange of 390-460°C
E, — activation energy determined in the temperatange of 580-680°C
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Figure 2. Logarithmic dependence of evolution rates ¢f 8H,;, C;Hg and CO on reciprocal
temperature for coal tar pitch.

Thus, using the only heating rate (1%h?), the apparent activation energies of product
formation process can be calculated in differemperatures (or times) and its changes can be exleal
both at the individual stage and at the all system.

3. Principle of carbonic substance evolution modeig and associative conjugating model of pitch
thermochemical conversion

It is known that many carbonic materials, includpitch, have paramagnetic properties due to
existence of stable radical centers and formatfguotyconjugated system during heating [1, 5, 1B, 1
15]. So, we can consider the system in stationarguasi- stationary state during passing of radical
processes; it makes the kinetic calculations easier

We suppose that the principle of energetic conjogatinderlies the modeling of complex
carbonic system evolution; the term “conjugationéans driving mechanism of physic-chemical
conversion caused by availability of high-energscelon-migratory intermediates. It is also suggeste
the principle of ‘all conjugation’ including conjagon of bonds, reactions, processes, phases and
structures in this system.

With regard to the foregoing and also to the datacerning pitch carbonization, we suggest the
associative conjugating model of pitch thermocosieer presented in Figure 3 in the form of
elementary aryl intermediate — phenyl; here carbtoms are associatively substituted by specific



products (pitch — mesophase — semicoke — semictorddcoke — tar) formed at the different stages of
pitch conversion.
semicoke ¥ semiconductor

mesophas

phase transition

pitch A tar

Figure 3. Associative or conjugation model of thermoconwarf pitch (L - liquid phase, S - solid
phase, G - gas phase).

Thermoconversion of pitch is considered as contisumultiplex heterogeneous conjugated
process in liquid, solid and gas phases, wheréaiois of all processes are aromaticadicals.
Moreover, phase transfers are accompanied by appte@hysic-chemical changes of the system. The
description of pitch thermoconversion gives belasbjsct to the conjugating model and the kinetic
approach.

4. Diagnostic of pitch thermochemical conversion

Under heating up to 200-400°C pitch undergoes ftiggid-phase process of thermo-
polymerization that is initiated by the stable cadlicenters existing in pitch. Propagation of this
process leads to accumulation of high-moleculamati& molecules in pitch and their ordering with
formation of anisotropic structurenésophasg

Apparent activation energies of gas formation psec€00-230 kinol™) in low-temperature
area (Table) are in close agreement with activatioergy of mesophase formation (170-260nkJ?)
[1, 6, 16, 17]. Hence, two-phase states (condest®d - mesophase and gaseous state - gas) in this
system are simultaneously formed from the sam@imigagents. It characterizes the passing ofdiqui
phase conjugated processes of polymerization, irgcland polycondensation by the radical
mechanism.

The most probable reactions of cracking initiattam be shown in the following way:
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Ph c c Ph —= Ph— Ce + C—pn (I

CH CH ®
< ch, -~ (I1)
\ /CH2

CH Son— CH,CH, ®

Methylenephenyl (or methilenearyl) radicals (reamtl) interaction with the main components
of pitch easily proceeds with formation of high-mallar-weight and gaseous products:

Ph-CHe + Ar (2H) — Ph-Are + CH, ()
Ph-CH * + Ar (2H) — Ph-CH-Ar » + H, (V)

Hydrogen elimination from biradical (reaction llarc leads to diene bond formation and to
formation and growth of an aromatic molecule.

Significant thermochemical conversions of pitch phdse change in the system are occurred at
heating up to 500°C. Intensive gas evolution (Big.formation of condensed products, endothermic
effects, growth of paramagnetic centers, exchange-spin interaction between-radicals with
oriented ordering in short and long ranges are rebgefor semicokeformation (about 500°C) [1, 13,
15]. One can say that conjugated transition ofcadprocesses from liquid-phase to solid-phase
medium takes place.

At temperatures above 500°C hydrogen evolution With constant rate is discovered (Fig. 1), which
creates the constant hydrogen pressure in systeimgdiurther heating due to dehydrocondensation
process of aromatic fragments of pitch:

* _’ O:O

-2He

% 9
OOO @



Consequently, reducing medium is produced by sy#teeti at temperatures above 500°C.

The next stage of thermoconversion of pitch (al8f8°C) is characterized by appearance of
paramagnetic propertiesof the solid product (Fig. 3). Transformation franicrodomain structure,
where single domains are isolated, to monolithie takes place; maximization of paramagnetic center
concentration is observed [15] and migration of roggén becomes a motive force of structure
formation to minimize free energy. At this stageolation of tar is occurred also [13, 18]. In other
words, “defect structures” that are disconnecteth wiasic carbon matrix are accumulated in solid
residue and evolved in gas phase. Thus, it is peghthat at this stage, solid-phase conjugatedaidi
processes of microstructural ordering and macrostral changes start to proceed.

It is our opinion that calculated apparent actmatenergies of gas formation process in high-
temperature area (Table) characterize the pyrolgsd linking processes passing in the condensed
phase. One can suppose that low apparent activatiergies of the hydrogen formation process in this
temperature range are connected with diffusionfotlable process (recombination) — a relay-race
migration of hydrogen in condensed phase. Highdueg of apparent activation energy of CO
formation process than for other gases (Table) marncaused by relay-race effect of long range
ordering of oxygen.

At the stage ofcoke formation (about 700°C), as well agmicoke formation, the phase
transition is observed accompanied by appreciabysipal and chemical changes in the system, such
as conversion of the carbon residue to single awsete phase, intensive evolution of the gas products
desorption of tar and exothermic effects [13, 18].

According to the presented associative model (Biggas-phase processes occur at this stage.
Really, at temperatures of 600-1000°C a vapor-plmselysis of aromatic hydrocarbons proceeds
forming phenyl(aryl)radicals, which undergo strdighuclear condensation [1]. Thereforar,
including polycyclic aromatic compounds, is subgecto vapor-phase pyrolysis at these temperatures.
At the same time, at temperatures above 8Qfignificant conversion of solid residue doesn’turc-
ordering structure of carbon residue is only obsémyith hydrogen evolution.

Thus, a reducing medium is created in the systexnfttilitated passing of solid-phase radical
processes and it is a “bridge” for realization obqess transfer from liquid to solid and then te ga
phase. Evolution of this system is an uninterruptedjugated transfer from processes of synthesis to
processes of degradation in each phase. Simultalyetiuese processes promote a conjugated transfer
of one phase in another as well as conjugated mioracrostructure changes.

To return to stating point of our modelpitch (Fig. 3) the system must give up the thermal
energy to the surrounding environment, approxilpaseich amount that have expended on external
influence (heating), except the energy required fooceeding polymerization. Consequently,
thermoconversion of pitch as evolution system casspwith insignificant total energy consumption.

Finally, presentation of evolution of this systeastshown up elements of self-organization and
self-reproduction, which living matter has; so, eoom features for living and lifeless carbonic matte
are found.
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5. Conclusion

Nonisothermic process at constant heating rate@fmin™ have been allowed to calculate the
apparent activation energies of gas formation m®cduring pitch carbonization. It has been
established that the apparent activation enerdiga®formation process during of pitch carbonamati
in low-temperature range are in good agreement adgtivation energies of mesophase formation.

Suggested associative conjugating model has beéncamsidered the pitch thermochemical
conversion as complex system on a whole and red@afenewal of this system requiring insignificant
total energy consumption.

Analysis of experimental and theoretical data camiog thermochemical processes of pitch has
been visualized consecutive conjugated transfem frprocesses of synthesis to processes of
degradation in liquid, solid, gas media.

It have been revealed that reducing medium is prediby system itself at temperatures above
500°C which facilitate passing high-temperaturecpeses. We suggest that hydrogen is a “bridge”
supporting uninterrupted conjugated transfer frova to other state of system.
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Theoretical study of the semitransparent heat-insulating coatings used for the combustion
chamber (CC) of reciprocating engines is made. These coatings will provide the thermal regime at
generation in combustion chamber until 50% radiant component heat flow.

Model of the samples of porous ceramic materials, were offered as heat-insulating coatings.
They are based on powders of zirconium, silicon, aluminum oxide which have transparent bands over
the range of radiation wavelengths of the inflamed gas mixture in the combustion chamber of high-
speed diesel engines. The radiant - conductive theory of subsurface heat of semitransparent coatings
combustion chamber walls under the action of intensive radiant and convection heat flow is
discussed. Results of simulation have shown that there is a subsurface temperature maximum inside
ceramics under intensive visual and short-range infrared radiation. This allows providing an
optimum temperature mode in the CC. This will limit the formation of toxic gases and may increase
the efficiency of the internal combustion engine.

Introduction

Object of research are heat-insulating covers agpl the combustion chambers of diesel
engines. This cover provides regulation of the rif@rregime due to selective absorption radiant
components of the thermal flow by the gas mixturenloustion during the operation of the internal
combustion engine. The theory of radiant-conducsiubsurface heating of the combustion chamber
wall is presented at the influence of intensivaaaticomponent heating. It is the new point of viguw
radiant heat transfer processes in heat-insulatimgers as light-scattering and faintly absorption
medium. It has been shown as a functional commtioitdetween albedo of the ceramic layer and its
scattering and absorption indexes. It has allowedffer simple optical models for thick ceramicglan
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directly to calculate the absorbed radiant enengyction depending on absorption and scattering
indexes. It has been used real thermal physicahctexistics of the ceramics on the basis silickide

At the analysis of optical properties, the absomptindexes for porous ceramics are presented by
known experimentally measured of monolithic powdant scattering indexes values of various kinds

of a porous ceramics have been considered as mgdeli

Analysis of the thermal radiation effects in seanigparent ceramics as heat-insulating or thermal
barrier coatings is made

Ceramic parts and coatings are needed to withstagtdtemperatures and to reduce an external heat
reject in the advanced high-speed diesel engines.

In hot environments, such as in the combustion d¢eam of these engines, infrared and visible
radiation can penetrate into some ceramics andtheat internally.

From numerical simulations follows that the inteesshort-wave radiation flux is able to create the
subsurface temperature maximum even under smaltreatttemperatures including temperatures under
zero [3,9]. That is why the temperature in the atefincreases its value more slowly than the heated
inner layers. It leads to formation of subsurfssmperature maximum and may be subsurface fusion
and sublimation.

The internal temperatures depend of the radiatffects combined with heat conduction, and of the
convection and radiation in the boundary zone efrtfaterial.

Since inflamed gas mixture temperatures are higth 1800-2000 K, its radiant emission can be large
from them and this radiation can penetrate intoisansparent parts and coating/sSCC. This must be
included in the heat transfer analysis of the costibn chambers walls.

Transient and steady-state behaviors are both tamorDuring a transient stage, radiant penetration
provides more rapid internal heating than conductitone. The temperature distributions are usually
considerably different than for steady-state caodg; this can produce transient thermal stresses.

Therefore in the given research was studied thértgeap of the ceramic as a heat-insulating coating
and have been considered models as thin layersieahdhodels as thick layers with thickness equals
to 1 mm.

Modern analytical and numerical methods allow pridg transient temperatures and heat flows in
translucent materials.

A transient processes analysis was done for plineanhd thick layers from:
1) a traditional opaque materials [1, 2]: iromaterials of combustion chamber wall, and its heat-
insulating coatings from the industrial ceramiocg #ample on the basis of chemically no rectified

powder, for example oxide zirconium,
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2) an advanced semitransparent and scattering iadatgt-6, 8 - 9] from the ceramic sample on the
basis of chemically rectified typical powder: ZrQpartial stabilized zircon with yttrium), SO Al,Os

M odel description

As have shown researches of last 10-15 years @amtégsfraction of radiant components up to 50%
takes place in chambers of combustion of high-spleskl engines [1, 2, 10].

It was caused by local combustion of soot partieleemperatures 15B0- 250K with characteristic
wave length of radiation equal to 1-3 pm.

In general, the generation of a short-wave radiatiow g, can occur in visible and near infra red-
ranges of wavelengtil = 0.3-5 pm.

Thus, it is necessary to examine radiating heaha@axge between the combustion chamber walls and
the heat insulating coating.

Then takes place two types of thermal fluxes: radéad convective (fig.1).

This flux on the wall of the combustion chamberide$ superficial and volumetric radiating heating
of the insulating heat coverings and walls.

The equations of heat conductivity and radiationrevsolved in common in one-dimensional
approximation [5]. Optical parameters were intraetlin two-flux optical model [5, 9]. The profile$ o
temperature and the temperatures on frontal arkl faafaces, and also the maximum temperature sub-
surface volume for semitransparent materials @ahave been calculated.

In known researches [2] of diesel engines for aahigent of high efficiency heat insulating coatings
are used in the combustion chambers.

With rare exception [4, 7], but materials of thes®serings it was not considered as translucent.
Besides process plasma deposition for the healatisy covers leads to essential pollution of a
ceramic layer by absorbing particles of metal @ctbdes. Therefore considered industrial ceramic
heat insulating covers are opaque on the opticgleaties in a short-wave range.

That is why in experimental development heat insujacoatings absorbed all thermal flux on the
surface. It considerably reduced a heat-conducetyjegtion, the temperature of the internal surfage

to 900 K. But there was not raise of efficiencyd dnwas slightly. At the same time the raise afaus
oxides was higher. In consequence in 1990 the reseamd development the combustion chambers of
diesel engines has been stopped practically.

In the articles used by authors [4, 9] the matheraband theoretical models will allow to give the
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forecast of development of new types of heat inggacoatings. In these coverings the profile of
temperature can be changed due to displacemeln¢ ahaximum of the temperature in the sub surface-
area (fig. 2, tab. 2).

The specified thermal regimen could be reachedofoous ceramics while exist scattering with the
short-wave radiation. While the part of thediant componengy is higher, the temperature of the
subsurface heating it is also higher (fig. 3). Titeximal temperature changes from 830 K to 1300 K in
the rise of & from 21 % up to 50 % with increase in depth of thdiant volumetric heating about 3
mm up to 6 mm.

For thick translucent samples displacement of #raperature profile can reach centimeters. It is
determined by a ratio of parameters, these ar@rptisn and scattering. As have shown technological
development [3, 5], as a rule, value of absorpisoa constant value conditioned by initial indueltri
raw material. Therefore only dispersion can be gedndue to modeling structural structure of
ceramics (the size of the porous), and also theraate fractional structure of inorganic powders
(fig.4). On the graphic clearly that the maximumtemperature changes from 1300 K up to 1800 K
with reduction of scattering in 10 times with rizledepth about 5 mm up to 10 mm.

Thus, application of translucent coverings promassential reduction of superficial temperature of
the heat insulating covers, and also in the boyndane with the metal wall of the combustion
chamber (tab 2, fig 2). The uncovered metal wathwhickness of 1 cm for the period of heating 1
hour changes the correspondent temperatures wihtatl4 K up to 694 K. Its shelter of opaque
ceramics (traditionally used industrial sample&)vas keeping the back side of the metal wall afahi
reference temperature 500 K for theoretically ugeck layer of ceramics. For practical applications
with a millimetric layer the gain will be 77 degeealready on the frontal surface of the metal wall.

In case of deposition of the translucent coveriiadp.(2, 3-rd line) on the basis of rectified zirizon
oxide the superficial and volumetric temperaturerdases on 200 degrees. These results correspond to
thick heat-shielding coverings which can be usetthénspace industry.

For creation of real and practical heat insulatiogerings we shall consider a layer of 1 mm and a
combustion time of its heating in a hot phase @f Wolume in the combustion chamber in time 1

millisecond [2]. From tab. 2 follows, that applicat of a translucent covering gives a gain in

comparison with opaque up to 10 degrees. Theseatlatagreed with estimations [8] which have been
received at creation of heat-shielding coveringséses of flying object.

At operation of diesel engines it is important stimate the regimen of temperature of the walhia t

combustion chamber at the cyclic heating during (omillisecond) and cold (3 millisecond) phases
(figs 6 and 7). The variant for the period of thew@ment of the piston in the combustion chamber for
4 milliseconds of millimetric thickness without heajection has been calculated. Upon termination o
one cycle excess of temperature in the surfacenafpaque covering in comparison with translucent
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will make 8 degrees after a hot phase. The absoebhedyy in both cases approximately is identical,
since on small thickness processes of heat comityctire essential. But depth of heating in the
scattering material also is more than at opaquerangs (it was obviously observed on big thicknafss
modeling samples, figs. 2, tab. 2). After the efid oold phase the difference in temperature makés
less than 2 degrees.

This depth of heating up is a modeling parametestepends on the optical parameters determined by
the nature of initial substance and its structuramposition. Then value of the maximum of
temperature and its coordinate can be predicted,tlh@ demanded structure of a covering can be
provided corresponding to the technologies of ismuofacturing.

Conclusions

Distinctive feature developed of the new translickeat insulating coverings is their ability to
accumulate radiant heat flux from the full therrfiak in the CC. Even with a high part of a radiatin
flux the temperature on the surface can remainiléjaue to raise of the penetrating radiatiors, it
subsequent sub-surface absorption and if it isgsecg its reject:

1. Out of the external border of the combustion chamblyeconductivity.

2. Back to the internal CC volume , in the regime afodd phase by development of engines
with regenerative effect (one among of developnurgctions of Low-Heat- Rejection
Diesel Engines).

For first time was possible to estimate a non-aiatiy temperature profile in a ceramic covers as th
semitransparent medium at modeling external camthitof "a hot phase" of high-speed diesel engines
at convective -radiant heating.

At use of a semitransparent ceramic layer 1 mekttass with a absorption indexes in an interval of
1- 5 m* and a scattering indexes in an interval of 10-400 subsurface temperature may be exceed
the temperature on the surface wall of the combasthamber 100-400 degrees at the depth up to 1
cm.

Thus, the picked up thermal regimen of the heatlat®mg coverings will provide necessary

temperatures of the internal surface wall and tilame of air fuel mixture and therefore can inflaen
in the rice of the efficiency and in the concentmnaiof formed toxic gases.
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Fig.1. Physical model of the balance of energyhim tolume (1) and in the boundary wall (II) of the
combustion chamber (CC) in the high speed diesghes

1. Radiant flux of local volumes of an inflammalgles mixture and its interaction with the thermal
insulating coatings of the walls in the combustitiamber:

gr — the reflected flux from irradiated border (Fre3nel

O, 9, » 9. — the reflected, absorbed and penetrated heat flofeshort-wave radiation
conditioned with the possible dispersion of thetlesulating covers (tab. 1);

2. Radiant long-wavel(> 5um) heat fluxeg,, , ds, where:

a.. — heat flux of own radiation of hot gases (air foekture) at temperaturg, > 800,

gs. — heat flux of own radiation of a heated up waltlef combustion chamber;

3. Convective thermal fluxieon, from hot gases with a heat transfer coefficient P to 3000
Br/v®.

4. Conductive thermal flugiong,

Then the full heat flux will bei, = g, +94: + Geonw.

This flux on the wall of the combustion chamberines superficial and volumetric radiating
heating of the insulating heat coverings and walls.

267



26¢

T, K 1400 T T T T T

100 - .
£y
/ 5
! Y -
1200 / \
| y
- | \\ .
f !
™ ookt \\ .
T2 .I. 3,
1l \ _

| I | | |
40
i} K

Fig. 2. Distribution of temperature in a flat thitkyer of the combustion chamber in the diesel
engines at the influence of convective and radiafinxes gy, = 1,9 MBr/m? with a radiant
componentz = 50 %. Time of heating 1 hour. (without heakotion on back border) for the
following materials:
- T1 - metal wall (Fe) without covering with bounddagtor of reflection FresnelR
=0.9,
-T2 - thick layer of a heat-insulating coating fropague ceramics with boundary factor of
reflection Fresn& =0.4 (industrial sample on the basis of chemicatyrectified powder of
stabilized oxide zirconium),
- T3 - a thick layer a thermal barrier coating froamslucent ceramics (the model
of the sample on the basis of chemically rectifyvder stabilized oxide zirconium with a
parameter of absorption =&l ni‘and a parameter of scattering: 100 m'
ans0eno A= 87 %).
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Fig. 3. Distributions of temperature in a flat thimyer of a heat-insulating coating of the
combustion chamber in the diesel engine at theeénfte of a heat flug, = 1.9MB1/m? with
different radiating components during 1hour heat{mgthout a heat rejection on back border)
for curves:

T1-& =50 %,T2 -&g =32 %,T3 -&g = 21 %.

269



27C

T,k 1800

1600

1400

B0

£00

I 1 | 1
a0
1] . .

Fig. 4. Distribution of temperature in a flat thitkyer of a translucent heat-insulating
coating in the walls of the combustion chambehmhigh speed diesel engines at influence of
a thermal fluxg;, = 1,9MBt/M* with a  radiating componeniz = 50 %. Time of heating: 1
hour. With a heat rejection on back borggr= 0 for materials with an identical parameter of
absorption & = 1 Tand following values of indexes of scattering afttedo:

« Tl- 0 =100 m', A=86%,

e T2- ¢ = 25m" , A=75 %,

e T3- ¢ = 10m, A=64%,
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Fig. 5. Distribution of temperature in a flat thiayer (1 mm) in a heat-insulating coating in the
combustion chamber walls in the high speed diesgihes at influence of a  thermal flug, = 1,9
MB1/iM?, &k = 50 %. Time of heating 1 hour, with a heat régetion back borden,, = 30 % for
following materials:

* T1l1-metal (Fe),

* T2 -opaque ceramics with boundary Fresnel factoefbéction,

* R=0.4 the industrial sample of the heat-insulatingtity is on the basis of no
chemically rectified powder of stabilized oxidecinium,
* T3 -translucent ceramic with a parmme of absorption @ 1 mi* and a

index of scattering = 100 m", ams6eno 87 % (the model of the sample on the basis
of chemically rectified powder stabilized oxideczinium).
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(curveT1, time 0.001s withg;, = 1,9 MB1/M?, & = 50 %,no = 0) and cold (curvd2, time
0.003s) phases for translucent ceramics on the basthemically rectified powder of stabilized
oxide zirconium (tab.2).
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Fig. 7. Distribution of temperature in a flat thitzyer in a heat-insulating coating in the walithe
combustion chamber during hot and cold phasesaidiata on fig. 6)
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Table 1
Thermophysical and optical ** characteristics of tieat insulating coatings of combustion chambers

Ne| Thermal barrierr  Fresnel Albedo Emissivity | Density| Specific| Thermal
coating Reflectance Kg/m| heat |conductivity,
Material 2=0.3-6Mxm Length wavepm capacity] W /m-K

0.3-{1-5|5- |0.3-|1- |10 J/KgK
1.0 10 {1.0 |5.0

1 | Opaque 40-90% 0O |0 | 0.6f0.6-|0.6- 7870 440 76.2
material 0.8|0.1 0.1
Iron.

2 | Opaque heat |10-40% 0O | 0 | 0.80.9-/>0.9/0.9 | 6030 450 2.7
insulating 0.9 (0.6
coating (the
industrial
sample on the
basis of
chemically no
clean powder of
stabilized oxide
zirconium).

3 | SemitransparentZrO,| 0.1 | 0.8 | 0.8t0.8-{0.2 | 0.1 | 0.8 6030 450 |2.7
heat insulating 0.9 (0.9
coating from |SiO2 | 0.04{0.9-{0.1 | 0.2| 0.1| 0.980.88(2200 700 1.4-2
translucent 0.08 10.99
ceramics (the |Al,O;| 0.1 |0.9-{0.7-{0.8-/0,1 | 0.3-{0.2-|3984 | 755 33
model of the 0.96/0.8 (0.9 0.2 |0.1
sample on the
basis of
chemically
clean powder).

* *As PSZ (partial stabilized zircon with yttrium)

e * Novitski L. A. Optical properties of materialsrilow temperaturesMashinostroyenye.
1980. Pag. 243.
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Table 2.
Calculated temperatures (T, K) of combustion d@mwalls of the high-speed diesel engines
with
various heat-insulating coatings (HIQ) = 1.9MBTt / M%, &r = 50 %,.7, = 80K, 7, = 50(K.

Materials of the wall Internal Tnax | External| External
surface | /z,(m) | surface | surface
CC HIC CC wall
1z,(m)
Metallics walls without heat —insulating coating.| hii 714 714 - 694/
layer 0.01
with out
heat
reject
t=1h
Opagque heat-insulating coatings from the Thick 991 |991/q 500 <500
industrial ceramic sample (Item 2, tabl. 1) layer
with out
heat
reject
t=1h
*Thin 800 800/ 577 <577
layer 0
1mm,t=S
1h
*Thin 519 519/ 580 <500
layer 0
1 mm, t
=0.001s
Semitransparent heat insulating coating from | Thick 819 1307 500. 500
translucent porous ceramics (the model of the |layer 0.05
sample on the basis of chemically clean powdefwith out
stabilized oxide zirconium), semitransparent negneat
and in the visual ranges of the waves lengths. |reject
t=lyac
*Thin 602 602/ 381 <500
layer 0
1mm,t=S
1h
*Thin 511 511/ 492 <500
layer 0
1 mm, t
=0.001s

* Heat rejection in the external surfagg; - 30 % from the full thermal flux in the combustio
chamber.
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Abstract. The simulation CSTR has been carried out, in whleh exothermal autocatalytic
reaction proceeds. As distinct from a simple fostler kinetics, in case of autocatalytic process in
dimensionless coordinates “conversion — temperatareather diverse picture of possible types of
thermal isoclinic line, including isola, is obsedvét is established, that on the unstable brariciino
isoclinic line only one steady state can exist. Hmalysis of oscillatory modes has shown that at
change of governing parametgrdepending on other parameters, both smooth aitidagay of limit
cycle is possible. The adiabatic CSTR is steadwgbyvand oscillatory modes in it are impossible.

The exothermal reactions in CSTR (continuouslyredtirtank reactor) are a significant object of
macrokinetics [1]. In this field the bridge is tho over the theory of thermal ignition and kinetafs
chemical reactions in open systems.

For the first time, CSTR in which exothermal reastproceeds has been analyzed by Zeldovich
[2, 3]. In his papers, as well as in number subsetjpublications, the simplest kinetic law, i.ee flrst
order reaction, was considered. It was found, tdapending on the values of parameters, the
considered system can have one or three steadg.stat

Further development of the considered area has teadimed in work of Salnikov and Volter [4].
These authors have confirmed the existence of orikree steady states in an exothermal first order
reaction in CSTR and, besides, have consideredtdgmn of stability of steady states.

Vaganov, Samoilenko and Abramov [5] have analyzed stability of steady states. They have
determined also the main types of phase portiaitgas shown that even in such simple procesgsis fi
order reaction an extremely diverse picture arighere are possible at least 35 different phase
portraits.
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Already in the first Zeldovich’'s works the fundan@nanalogy between exothermal processes in
CSTR and phenomena of ignition and combustion wasewed. Later Abramov and Merzhanov have
analyzed in detail the conditions of thermal igmitin reactors of a similar kind [6].

In overwhelming number of the works dealing witto#rermal reactions in CSTR, the simplest
kinetic law, i.e. first order equation was used.tli¢ same time a non-solved problem remains: how
will be the behavior of such reactors in case ofranoomplex kinetic law. Here we consider
autocatalytic reactions. Note, that the conditiohthermal ignition in CSTR for a case of autocgtial
reactions have been reviewed earlier [7].

Further we follow the methodologies used in citbdve papers (see, for example, [5]).

Let's accept following designations:(cal/cnf-sideg) — heat-transfer coefficier®;(cnf) — surface
area of reacto/ (cnt) — volume of reaction mixture in reactdt(K) — temperature of reaction system
in reactor; Ty (K) — ambient temperaturd,,, (K) — temperature of reaction mixture entered into
reactor; Tiia (K) — initial temperature in reacto€) (cal/cn?) - heat effect of reactiorp (g/cn?) —
density of reaction system (on input and outpupsspd identical);, (cal/gdeg) — thermal capacity of
reaction system (supposed a constagtfcnt/s) — volume rate of a mixture flow at input and at
output); » — conversion (dimensionless) — conversion in reaction system on input into t@ac¢ (s) —
time; E (kcal/mol) — activation energ¥ (s*) — preexponential factor.

The system behavior in reactor, in which autocétalyeaction proceeds, is described by the
following equations:

GP(dT/dlt) = kQexp(E/RTY(L = 1)( 70+ 1) = aA(SV)(T-To)= G (AT i)~ (1)
dnldt = keexp(E/RT)(1 —=n)( 70+ 1) — @V) 7 (2)

The equation (1) is an equation of heat balansdeft-hand part is the rate of heat accumulation i
a reaction system, first member of the right-harait ps the rate of heat accumulation due to
exothermal autocatalytic reaction, second membéhdsrate of heat loss through reactor walls into
environment, and third member is the rate of heasemption for heating of an influent. The equation
(2) is an equation of chemical kinetics. Its ledtad part represents the rate of change of reactant
concentration in the reactor, first member of tightrhand part is the rate of concentration chaagea
result of a chemical reaction, and second membaer rigte of reactant concentration change in the
reactor due to output of a flow from reactor.

Initial conditions:t = 0, 7 = Minpus T = Tinitial-

Let's introduce some new designations. et (aSTy + copdTinpu)/(aS + Cy00). The valuel™ has
the sense of scale temperature, ag at0 we havel* = T, and atq — we haveT* = T Let's
accept the following notation for two last membieran equation (1):4S/'V) + c,o0/V

= (aSV)*.

Then after simple transformations the equation(ll)take the form:

co(dT/dt) = kQexp (E/RT)L — (10 + 1) — (@SV)*(T-T*), that is formally equivalent to
Semenov equation for thermal explosion [8].

Let's proceed now to dimensionless variables. #ettkexp(£/RT*), 8= E(T — T*/RT*? y =
(RTYE)(pc, T*/Q), f = RT*E, Da = (VIQ)keexp(£/RT*), Se = (E/RT*Z)[QV/(pcpq + a9)]keexp(-
E/RT*). Here 7is dimensionless timef is dimensionless temperatui®a is Damkdhler parameter,
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describing a dimensionless mean time of the presefica matter in reactoSe is dimensionless
parameter being analogue of Semenov parameteeamttof thermal explosion.

With introduced notations, the equations (1) afccéh be written to a dimensionless kind:
Kdadr) = (1 -n)(70 + mexpld(1+86)] - ASe=F(1.6) 3
dn/dr= (1 -n)(170 + mexpld(1+B6)] - n/Da=G(1,6) 4)

Initial conditions:7= 0, 77 = Pnpu, €= E(Tinitial — T*)/RT %,

Steady states of the system under consideratiorbeaobtained by equating derivatives in the
above-stated equations to zero. In outcome we have:

(A -n)(no + n)exp@/(1+46) —0/Se = 0 ()
(A -n)(no + m)exp@/(1+46) — n/Da =0 (6)
Term by term subtraction of (5) from (6) results in
8= 2,7 7)
Da

In the system of three equations (5) — (7) only awe linearly independent, and we can use any
pair of these equations.

As the equations (5) and (6) correspond to congtaarb) values of derivatives, graphically they
are described by the respective isoclinic linese Kimd of these isoclinic lines in co-ordinates- @
depends on parameters of the process, first obaltheSe value. The isoclinic line depicted by the
equation (5) corresponds to a steady state on tatupe. Hereinafter we shall call it as thermal
isoclinic line.

To obtain a full picture of the types of thermaldknic line, we shall address to the equation If5).

is quadratic equation relativerolts solution is:
g

:1_’70 _,_\/(1""70)2 0 o 10

e =5 % 4 S ®)

Let's introduce following notations:

£(6) = &a_nﬁa
9(7) = Se—(1+Z°)

It is evident that the sign of the subduplicat¢8h (and, therefore, the number of solutions oé thi
equation) depends on the ratio betwd@) and g(n). It is suitable to observe the indicated ratio
graphically showing the functiori€f) andg(s) with fas abscissa. Thé(d) will be described by curve
1 on Fig. 1 andgy(#), as it does not depend frofhwill be represented by horizontal lines 2 — 6.Fiap
1 such relations for the cage 0.2 are shown, and the valugg) for horizontal lines (bottom-up) are
equal accordingly 0.3; 0.35; 0.4; 0.48 and 0.5.
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Figure 1. Functions @) (1) and gf) (2 — 6) atp, = 0.01,5= 0.2. For 2 — e values are equal 1.176;
1.377; 1.568; 1.880 and 1.961 consequently.

We see, that, depending on the ratio betwié@nandg(n), five different situations are possible
(for horizontal lines bottom-up): one interceptiath the left-hand branch, one interception and one
contact, three interceptions, one contact and ieedeption with a right-hand branch, one intericept
with a right-hand branch.

Let's look now, as these different situations Wwél exhibited on a phase plane in co-ordinates
6. For this purpose, supposimg = 0.01, we select valu&e so that the functiog(s) being equal to
mentioned above values 0.3, 0.35, 0.4, 0.48 andTh& correspondin@e values are equal 1.176;
1.377; 1.568; 1.880 and 1.961 respectively.

For the solution of this problem we shall use theation (5).

The casese = 1.176. The thermal isoclinic line for this caseshown on Fig. 2. It represents a
curve with maximum.

The case&e = 1.377. The thermal isoclinic line is shown og.R. It represents a curve and a point
arranged from above.

The casese = 1.568. The thermal isoclinic line presented @ B consists of two parts, lower
branch and isolated upper branch, which is isoktwBen them a “forbidden region” exists. This
region covers the temperature range, which is esgible in steady conditions at selected values of
parameters irrespective of the initial conditioBach nature of isoclinic line has merely kinetituna
and is a consequence of non-linear kinetics. “Fiutdn region” exists because we decided a quadratic
equation (5), not having the solutions at negatiaieie of the subduplicate in (8). Nothing similar i
observed in simple first order kinetics [5].
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The casese = 1.88. The thermal isoclinic line is shown on.Fég Here there is a coalescence of
the lower branch of isoclinic line with isola. Thealescence occurs, when the contact of a curvel1 a
straight line 5 in Fig. 1 takes place. For thisecag have [7]:

s h_An

%:4—952@ W% where, = 1-26+ 21 45

(@+17,) 2p

The caseése = 1.961. The thermal isoclinic line is shown og.F.

The reviewed examples cover all diversity of kimdsa thermal isoclinic line, which can arise in
the studied autocatalytic reaction. The Figs. 2 denonstrate, as the evolution of isoclinic line
proceeds atse value increasing. At smalbe values the isoclinic line represents a curve with a
maximum (Fig. 2). At subseque®t value increasing some value is reached, when &idas (Fig. 3).

It exists in some range & values (Fig. 4), and then disappears at s@mealues, joining with the
lower branch of isoclinic line (Fig. 5). In the asa of further increasin§e values, the branches of
isoclinic line diverge to the right and to the Jefhd isoclinic line takes the form shown on Figltés
interesting to note, that the right-hand branclso€linic line presented on Fig. 6 rather resemhbles
isoclinic line for the case of a simple first ordeaction [5]. In other words, the transition fram
simple kinetics to an autocatalytic reaction auugio“adds” the left-hand branch of isoclinic line o
Fig. 6. As a whole it is possible to draw a conidosthat the transition from a simple kinetics to
complex one (on an example of autocatalysis) resunlta large diversification of kinds of thermal
isoclinic line.
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Figure 2. Dependences (7) and (8)/at= 0.01,=0.2,S¢=1.176.

The steady states of investigated system can belfby solution of a system of equations (5) and
(7). The thermal isoclinic lines corresponding tpation (5) are shown in Fig. 2 - 6, and equation (
is presented with straight lines coming from thénpof origin. As an example such straight lines ar
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shown on Fig. 2 and 6. Comparing the indicatedgitdines with thermal isoclinic lines on Fig. B;
it is easy to see that the considered system camdther one, or three steady states.

14
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O+ T
00 01 02 03 04 05 06 07 08 09 10

n
Figure 3. Dependences (7) and (8)/at= 0.01,=0.2,S=1.377.
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Figure 4. Dependences (7) and (8)/at= 0.01,8=0.2,Se = 1.568.
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Figure 6. Dependences (7) and (8)/at= 0.01,5=0.2,S=1.961.

The main problem in research of processes procgédiaopen systems is the problem of stability
of steady states. The approaches to the stabildjysis of dynamic systems are well-known [1, ]. |
frame of these approaches, it is possible to déterthe types of stability of steady states atedéht
values of parameters. On Fig. 7, on the basisehtialysis of equations (5) and (7) in co-ordin&es
— Da, the areas of existence of one (top of a figure) three (bottom) steady states are divided. On
Fig. 8 the result of analysis resulting in deteraion of the type of steady state stability is sho#s
it was just marked, the bottom of a figure corresjsoto the area of three steady states; the syabili
region only of one of them (high temperature) isehgresented. The similar analysis has shown, that
the low temperature steady state is stable (stahwfi the “stable node” type), and the steady state
corresponding to medium temperatures, is absolutetyable (instability such as “saddle”).
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Figure 7. Theregions of steady state stability/at 0.02,y= 0.02,17, = 0.01.

At the research of stability of steady states, ohenain problems is that of the mechanism of
stability change. From equations (3) and (5) itdiek, that parametey does not influence on the
position of steady state. On the other hand, #cf on the type of its stability undoubtedly. &et'
consider a part of right-hand branch of a thermsatlinic line of Fig. 6 between points 1 and 2. Sée
points correspond to extremes on the dependengeoafd for a right-hand branch. The given part is
selected because at very small valug ¢ limit at y— 0), i.e. at very large heat effects of reaction, a
limit cycle takes place, i.e. the system is in ahkt oscillatory state (for reaction of first ordbrs
problem is reviewed in [5]). Therefore hereinaftex shall call the branch between points 1 and 2 as
unstable branch.

Figure 8. The regions of steady state stabilitysat 0.02,) = 0.02,7;, = 0.01.
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1 — stable node, 2 — stable focus, 3 — unstablesfat — stable node, 5 — stable focus, 6 — unstable
focus, 7 — unstable node.

On Fig. 6 straight line coming from point of origimtercepts a thermal isoclinic line in three
points, i.e. for a system three steady states @gsilgle. At that two interceptions take place anl#it-
hand branch and only one — on right hand one. Tiseag@roblem: whether always it so? Whether there
is a situation, when all three interceptions takac® on right-hand branch? Let's show, that it is
impossible.

In point of intersections of thermal isoclinic limgth straight line coming from point of origin,e&h
equations (7) and (8) are simultaneously valid. wes are interested with the right-hand branch of
thermal isoclinic line only, we shall take from tbguation (8) only a solution signed plus. Plading

into (8) and having entered notation= Se/Da, after simple transformations we receive
__on

son _ D
e 1A —f(mr/o)(l—r/) ©)

The right member of this equation as functionroifs described by monotonically decreasing curve
without inflection points. The left-hand part of uadion at positive values of parameters is also
described by monotonically decreasing curve withiaflection points. Therefore, for these curves
three and more interception is impossible. Tworg#ptions are also impossible, because in this case
reactor would have an even number of steady sth#tss invalid. This implies that at positive vasu

of parameters the equation (9) can have not mae dhe solution, quod erat demonstrandum. Thus, at
the given values of parameters on unstable brah¢heomal isoclinic line the only unstable steady
state and the only oscillatory regime are possible.

We already noted that at very small valuegafimit cycle takes place. Wris increased, the limit
cycle step-by-step changes, and at some vatug, it depletes. The value ¢f; can be found from the
relationship [SIOF/06+ ydG/on = 0.

Two mechanisms of limit cycle decay, smooth anddrigire possible [10]. In the first case
increasing the value gfis accompanied by monotonic decreasing the ogoiflamplitude. Finally, at
y= Vo the amplitude becomes equal to zero, i.e. thdlaons cease and limit cycle contracts into the
point. In the second case gt )4 steady state becomes stable, generating an unstafileycle. At
further growth ofy this cycle joins with a stable limit cycle, forngirsemi-stable limit cycle, which
then depletes.

It is possible to judge on character of stabilifyigtion by value of the third focal factor [9, 10]
it is negative, there is a smooth decay of limitleyand if it is positive, rigid decay takes place

We calculated the third focal factor using a metiody described in [11] (we don’t show the
expression for the third focal factor in view o ihconvenience). The results presented in Fignodvs
that both types of stability change are possiblesrAaller values of the mechanism of smooth decay
of a limit cycle will be realized, and at the largmlues offrigid decay takes place. Note, that the kind
of dependence presented in Fig. 9, in many resjiecistermined byvalue. Therefore at othgf the
character of this dependence can be different.
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In conclusion it is useful to consider a speciadecaf adiabatic reactor, when the heat loss from
reactor is absent. In this case 0, and using given above expressionsSpiDa and yin dimensional
guantities, we obtain

Da/Se = y(10)

Subtracting term by term (3) and (4), we shall hexe

do _dp_n _ 8

dr dr Da Se
or in other kind
dyé-n)__ 1
B Da(y9 n)

Integration to an arbitrary constant gives
T

yo-n=e o

This means that at tendency b infinity the following relation takes place:

1
g = n
4
400~
200+ Rigid decay of
limit cycle
0
Smooth decay of
o limit cycle
S 200 Y
-400 1
-600 1
T T T T T T 1
2 4 6 8 10 12 14
n

Figure 9. Dependence of third focal factor froftat 77, = 0.01,5=0.2,Se = 2.

Thus, the phase trajectory approaches at a strighdlepicted by equation (7), not intercepting it
(we remind, that the case is considered, when diuat®n (10) is fulfilled). It is evident, that atich
behavior of phase trajectory the oscillation regimémpossible, and, therefore, adiabatic reacfor i
always steady. Let's remark, that this conclusembtained without use of a kind of the reaction
kinetic law, so that it is correct for any procéskowing to mass action low. It, in turn, meansth
origin of instability in CSTR is largely connectadth the process of a heat loss.
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It was firstly investigated YFeTiO5 - YFeSp@ulti component system by x -rays methods.

Samples of YFeTi,SnOs (0 < x < 1,0,Ax = 0,1) ware synthesized from oxides of appropriat
metals in hydrogen - oxygen flames low temperaplasma [1] and classical ceramic technology. All
synthesized samples were roasted at 117X during four hours. The X-ray diffractions of saepl
with equal composition synthesized by different svaye identical. Comparison powder difractograms
of samples have shown structural uniformity of eystYFeTiQ - YFeSnQ, representing continuous
number of firm solutions with which reach on allncentration intervals. The formed firm solutions
crystallize in rhombic system of pseudo-brookiteictiure. The parameters of an elementary cell are
determined. The results were provided in table 1.

Table 1. The parameters of an elementary cells of
YFeTi.,SnOs hard solutions
Compound a, A | b, A ‘ c, A d, g/sth
+ 0,005 X-ray Picn..
YFeTiOs 10,746 9,922 3,849 4,412 4,35
YFeTiySn.10s 10,746 9,922 3,852 4,454 4,41
YFeTipSn.10s 10,746 9,922 3,852 4,454 4,41
YFeTip:Sn.:0s 10,744 9,923 3,858 4,660 4,58
YFeTipSn.«Os 10,744 9,923 3,863 4,771 4,72
YFeTip S :Os 10,743 9,923 3,865 4,905 4,87
YFeTip 4Sn,eOs 10,744 9,923 3,866 5,004 4,91
YFeTip:Sn0s 10,743 9,923 3,868 5,113 5,02
YFeTiy ;SnyOs 10,742 9,924 3,871 5,189 513
YFeTip1Sn.cOs 10,742 9,925 3,874 5,333 5,30
YFeSnQ 10,742 9,925 3,878 5,516 5,42
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The replacement of titanium atoms on atoms ofnirtannection YFeTi@does not result in
essential changes of a crystal lattice. The paemnetf an elementary cell vary unsignificantly amd
in rectilinear dependence on structure. Densityamfiples most considerably vary, which meanings too
have rectilinear dependence on composition (fidgdr&Some increase of the sizes of an elementaty cel
at transition from YFeTi@ up to YFeSn@ is conditioned different ionic radius tin andatitum
(effective ionic radius of Shis 0,690 A and effective ionic radius of Tis 0,605 A [2]).

ab.c, A d,_rlcm3
5,40
r5,30
r5,20
5,10
5,00
r4,90
4,80
£4,70

F4.40

YFeTiq ,5n,05

T
o
. @
o

0,004
0,10+
0,20+
0,30-
040-
0.50
0,60+
0,70+

o 0904,
1,00

Figure 1. The dependency of parameters of elememrls and
Sn.O5 from tin contents.

ensity of hard solutions YFgTi

The received results give the basis to assume aimdtion distribution in firm solutions of
structures YFeTi @YFeSnQ with those in pseudo-brookite (HéOs) structure [3]. The atoms of tin,
replacing atoms titanium in octahedral interstme;upy the same positions. Hence, in the formex fir
solutions of structures YFeTi&YFeSnQ@ atoms titanium and tin have identical octahedral
coordination, while atoms yttrium, as well as ttat replaced atoms of iron have characteristic for
pseudo-brookite "unusual coordination” [3], whi@nde considered or as deformed octahedron, or as
deformed tetrahedron.

Table 2.The conductivity(), dielectric permeabilityej and
widths of the forbidden zone ( E) of hard soluioffFeTi.,SnOs

o, omLem?t € AE P a
YFeTiOs 3,969.1F 26 0,875 55,177 2,188
YFeTiyeSm.10s 3,963.1F 27 0,885 58,614 2,325
YFeTiyeSm 05 3,062.1F 27 0,892 60,001 2,380
YFeTiy:Sn.:0s 2,100.1F 29 0,915 58,559 2,322
YFeTioeSmn.40s 1,503.1F 30 0,940 58,465 2,319
YFeTipeSmOs 7,261.10 31 0,975 58,091 2,304
YFeTiy.SmOs 3,622.10 32 0,985 58,251 2,310
YFeTiy:Sn 05 1,791.10 33 1,005 58,169 2,307
YFeTiy S ¢Os 9,204.1F 35 1,040 58,448 2,318
YFeTi1Sm.<Os 4,887.10° 35 1,045 58,093 3,304
YFeSnQ 2,23.10° 35 1,074 57,215 2,269
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The research of physical properties of the syntieeisfirm solutions (table 2.) shows, that all of
them are dielectric, with semi-conductor charaetectro conductivity replacement of atomgana by
atoms tin results to natural (practically rectitng change of these parameters. The complete
replacement Ti— Sn results in decrease specific electro condugtofi samples up to two orders, as
result of increase of energy of activation (widftihe forbidden zone).

IgGo -
7,60
7,801
-8,00-
8,20 -
-8,40]
-8,60-
-8,80
-9,00 -
-9,20
-9,401
9,60  YFeTiy,Sn, 0

0 01020304 050607 080910

Figure 2. Dependency of conductivity ), dielectric permeabilitye(and widths of the forbidden zone (
E) of hard solutions YFeTiSnOs from tin contents.

The dependence of the logarithm specific electradoetivity from structure rejects from
straightforwardness a little. The replacement upd@o % titanium results less than three-multiple
reduction specific electro conductivity (from 3,96@-8 up to 1,503.10-8m™.cm™). The further
introduction of tin results in its faster decrease.this area of concentration the diagram the
dependence of the logarithm specific electro cotiditie from structure has rectilinear character
(figure 2).
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It was installed that at700 °C the system CaTiSi§)- CaSnSi@ is single-phase [1]. In the
persisting message are brought results x-rays, tuéRes of the multi-components system CaTiSiO
CaSnSiQ at 1173 K and electro physical characteristicdoofned hard solutions. Samples of CaTi
SnSios (0 < x < 1,0; Ax = 0,05) ware synthesized from oxides of appropriattals in hydrogen -
oxygen flames low temperature plasma [2] and aassieramic technology.

The X-ray data identification, which was realizetthmuse parameters, provided in work [3],
shows, the CaTiSiQ(x = 0) crystallizes in monoclinic structure. TBaf* lons are located inwardly
polyhedral emptiness formed by seven oxygen atéonsjed by oxygen atoms of the octahedral ¢liO
and tetrahedral Si©

In structure of titanite crystallize as well asrfad hard solutions composition CaJ$nSiOs.
Partial or full change 1 ion by SA* ion in titanite lattice at the temperature 1K78oes not bring
phase conversions. Entering*Sions occupy the inwardly octahedral emptinessxyfjen packing, ear
earlier occupied T ions. The parameters of an elementary cell arerohted. The results were

provided in table 1.
Table 1. The parameters of an elementary cells of
CaTi_SnSiOs hard solutions
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Cocras a b c B,°

CaTiSiQ 7,061+0,004| 8,710+0,005 6,568+0,005 113,86 + 0|04
CaTipeSn1Si0s | 7,06+ 0,01 8,72+ 0,01| 6,57+0,01 113,84+ 0,05
CaTipgSn 2Si0s | 7,06+ 0,01 8,74+ 0,01| 6,57+0,01 113,83+ 0,05
CaTip7Sn sSi0s | 7,06+0,01 8,76+ 0,01| 6,57+0,01 113,83+ 0,05
CaTipeSn4Si0s | 7,07+ 0,01 8,78+ 0,01| 6,57+ 0,01 113,72+ 0,05
CaTipsSny sSi0s 7,07+ 0,01 8,80+ 0,01| 6,57+ 0,01 113,82+ 0,05
CaTip,4Sny 6Si0s 7,07+ 0,01 8,82+0,01| 6,57+ 0,01 113,82+ 0,05
CaTip S, SiOs 7,07+0,01 8,84+0,01 | 6,57+0,01 113,80+ 0,05
CaTip S gSi0s 7,08+ 0,01 8,85+ 0,01| 6,58+ 0,01 113,78+ 0,05
CaTip,1Sny oSi0s 7,08+0,01 8,86+ 0,01| 6,58+0,01 113,78+ 0,05

CaSnSiQ 708+0,01| 888+001 658+00L 113,77+0,05




Herewith exists the linear growing a parameter elatiary cell, given big, than beside changed
titanium ion, radius tin ion. The parameters of elamentary cell vary unsignificantly and are in
rectilinear dependence on structure (figure 1).

Using offered author [4, 5] acceptance to got bypasameter brings about conclusion that in
synthesized us sample possible to expect thatrasut silicon - a deficit in tetrahedral positiare
found ~ 4 % atoms of titanium. However result af themical analysis synthesized us sample [SAO -
(28,8 0,3)%, TiQ- (40,2 0,3)%, Si@- (30,6 0,4)%, [SAQ] : [Tig : [SIO,] = (0,977+ 0,007) : (1,00&
0,004) : (0,985 0,004)] point to not more than 1,5% silicon défici

There are bands of the absorption IR spectrumyalthesized composition with maximum at
frequency 465 - 470 cfand 495 - 500 cih referred fluctuations of Si@etrahedron. The maximum in
the field of 555 - 565 cthwere referred to oscillatory absorption of $rébd TiQ octahedrons. On
measure of the increase the contents tin on URtspe@ppears clearly denominated maximum under
565 cnt', referred oscillatory absorptiomiSg octahedron, which already under x = 0,4 masks lyeak
denominated maximum (565 &) belong to TiQ octahedron. they was determined factors of the
refraction hard solutions
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8,82 -
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po W
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X
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Figure 1. The dependency of parameters of elemeaédis of CaTj,Sn.SiOs hard solutions
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Figure 2. Infra-red spectra of (1) CaSn$i@) CaTj ;S 3SiOs and (3) CaTiSiQ
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Parameters of refractions of the hard solutionsvilestalled. The results were provided in table

Table 2. Parameters of refractions of the GaSnSiOs

hard solutions

CocraB Ng N,
CaTiSiQ ~1,876
CaTbeSny;SiOs 1,862 ~2,37
CaTiSn 4SiOs 1,855 ~2,37
CaTi4Sny,eSi0s 1,862 ~2,37
CaTip ;S ¢SiOs <1,890 1,869
CasSnSiQ 2,08 <2,68

Table 2. Specific electro-conductivitg), dielectric permeabilitys], width of the
forbidden zone (energy of activatiorE) molar polarization (P) and molecular
polarizability @) of hard solutions CaTiSnSiOs

o (omt.em™) e | AE (ev) P a.10?

CaTiSiQ 3,802.10 39 0,973 51,62 2,0472
CaTi,¢Sr.1SiOs 2,884. 10° 43 0,970 52,09 2,0659
CaTi8SnSiOs 2,239.107 43 0,983 52,27 2,073
CaTi,;Sn,:SiOs 1,905.10% 48 1,005 52,65 2,088
CaTi,Sn.SiOs 1,489.10% 53 1,028 53,30 2,114
CaTi:Sn,SiOs 1,318.10% 56 1,055 53,53 2,123
CaTi,,Sn 6Si0; 1,000.10% 62 1,073 54,00 2,142
CaTi:Sn,;7Si0; 7,244.10° 65 1,097 54,19 2,149
CaTi, ;Sny,SiOs 4,721.10° 70 1,118 54,30 2,154
CaTi1Sn,SiOs 2,884.10° 75 1,144 54,63 2,1667

CaSnSiQ 2,366.10° 79 1,165 54,91 2,178




All of synthesized solid solutions are dielectriadth semiconductor nature of conduction.
Change ion Ti on SH* brings the small reduction the specific condutyivi

lgc
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-11,40- 120
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E 1,05
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; € E095
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12,20 3 60
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X
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Figure 2. The specific conductivity, width of therlbidden zone (energy of activation) and dielectric
permeability of the CaTiSnSiOs hard solutions.

Under full change ion i on ions Sf" conduction sample decreases on one order. Herewith
exists small increase the width of the forbiddemezodialectical permeability and molecular
polarization.
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The main founders of the theory of inflaminatiordaombustion in Russia are considered to be
academician N.N. Semenov, academician Ya. B. Zéttipyprofessor O.M. Todes, the corresponding
member of the Academy of Science of the USSR D.rané&Kamenetsky. Further this theory was
developed by a group of the specialists under Isaife of academician Russian Academy of Sciences
A.G. Merzhanov. Elaborate experimental investigatiovere carried out. Solid-phase mathematical
model was developed. A number of one-dimensiondl tarm-dimensional problems of the theory of
inflammation and combustion of the solid rocketi$ugas solved. Method of numerical solution of the
critical conditions of ignition and boundary condiits of combustion spread was also developed and
the methods of a numerical determination of théicali conditions of combustion and the limiting
conditions of the combustion spread were also d@esl. Self-spreading high temperature synthesis
has been opened [1 - 7].

In Tomsk State University since 1976 experimenial theoretical investigations of the forest fire
initiation and spread have been carried out usiegrtethods developed in the theory of combustion by
academician A.G. Merzhanov with his co-workers. Beatural experiments of investigating the forest
fires were carried out. General physical and ma#imal model of the forest fires was developed. New
methods of a numerical solution of the problemthefforest fire theory were developed.

Unlike Merzhanov’s models mentioned above the foness considered to be a multiphase blown
through reactive medium.

As a result of physical experiments, analytical agnerical investigations a new determinate-
probability model of the forest fire initiation waeveloped< and boundary conditions of their spread
were found out. On this basis new methods anditiasilfor localizing and suppressing forest fires
were proposed.

The science of forest fires - forest pyrology had h descriptive nature, and up to 1981 it has been
founded on particular semiempiric models [8—10]thwa the limits of which it was impossible to
predict limiting conditions for forest fire spreadd their ecological impacts.
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Based on the results of investigations carriediouhe Tomsk State University, for twenty last
years principal concepts of the mathematical thewfryorest fires are formulated [11-14], general
physical and mathematical models of forest fires discussed [11-15], the structure of the fire tfron
and limiting conditions for its spread are consi&dkrmethods of the direct and inverse problem are
enumerated [16-19].

In conclusion, perspectives of a general mathemlaticodel usage for solving problems of
aerospace monitoring and prediction of ecologicgdacts of forest fires are discussed.

Key words mathematical and physical model of forest firkgest fuel, multiphase reactive
medium, normal speed of spread, of pyrolysis ohorg mass, mathematical and physical modeling.

Short review. Substantial review of papers published before 1889mathematical simulating
problem of Forest Fires Spreading is presented in [20]. As anyaimlshows, all theofest fire
mathematical models can be divided ifdaer groups:

1. Models 6r Prediction of forest fire propagation rate;

2. Models for prediction of forest fire contours;

3. Models for prediction of characteristics of floleat and mass transport inds front and it's
Zone;

4. General mathematical models, in the frames ofclwithere can & predicted all the
characteristics (speed of spreading, forest faefgours, temperature's field, specier concentratand
speeds) in forest fire front and the zone [12-15].

Of the most interest theege two scientific investigations. They were not calesied in [20] since
they were competed only in 1997. In [2de used in multi-phase reacting media together with
method of particles in pockets, which was developgdhis scientific supervisor prof. F .Harlow. In
this work physical and rnathematical modelwbtilent flows in forest fires is presented. On theibas
of this model two-dimensional tasks of fuel bedegirfires were solved and there were obtained the
fields of velocities, temperatures and species eomations in vertical spatial cxf z and known effect
of acceleration of forest fire' s propagatinthe slope was numerically corroborated.

To main defectsne can classify:

1. the lack of accurate physical model of forest fisa set of reason-consequences connections,
influencing wildfire behavior;

2. neglecting of the fact that physical and chehpcacesses in forest fire zone are finite;

3. a lot of various empirical constant temperaturegwdiporation, ignition, oxidation afarbon,
burning of hydrocarbons. Indeed they are not comshaut functions of time and coordinates;

4. neglecting of effect of air-elasticity of forastgetation.

In [22] they use multi-phase reacting media theand well known SIMPLE algorythm for
numerical solving of convective transport equatiafisPatancar—Spalding. With use of mentioned
above methods in [22] alsa problemon propagation of wildfire in fuel bed, located inclined plane,
was resolved numerically.

As a defect of the model we ap consideran assumption about spherical shape of forest vegeta
elements, short number of species in gase phasepiasubstantial mad of turbulence and neglecting
of effect of air-elasticy of forest vegetation.

Below the most principle experimental and theogdtiesults are discussed, which were obtained
when working for general mathematical models offilst [11, 12] and of the second generations [13—
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15].

Besides, in the paper a determinate-probability ehofl predicting the forest fire danger is given
[23].

Principal concepts of the mathematical theory o f forest fires. Forest fires spread as a result of
burning forest fuels. Forest fuels (FF) are caligdrocarbon fuels to which belong thin twigs, nesd|
or leaves in the tree crowns and leaves fallerhergtound, as well as the ground cover (grass,dsish
moss, lichen), marshy plants, peat.

Burning forest fuels result in the formation of dln combustion products - ash and
undercombustion - combination of not burnt forestl$ of back and greyish-brown colours and which
are enriched (processed) with carbon. A conveatimomn - jet (flow) heated products of complete
and non-complete FF burning (particles of black asHl in the form of smoke) arises over the forest
fire spot. The greater the amount of heat reledsgihg burning, the higher is a convection column,
since the main moving force of combustion produdisoyance force.

Forest fire is a phenomenon of uncontrolled muatstcombustion in the open space on the forest
covered area within which interrelated processesoofrection and radiation energy transfer, heating,
drying and pyrolysis of forest fuels take placed &uirning of gaseous FF pyrolysis products burning
down of condensed FF pyrolysis products occurs.

Forest fires are subdivided into surface, top crowmderground (fires in peat layers) and mass
forest fires. During surface forest fires, falleR Hallen twigs, needles and needles), ground cover
(grass, moss, lichen) and bushes burned.

During mass crown fires, FF mentioned above andnRRe forest cover which is the totality of
tree crowns, burn simultaneously (see Fig. 1).

Fig. 1. Photograph of general crown fire front sgplieg through a forest strip of young pines.
Width of strip — 3 m; length — 10 m; height of pistand — 3.5 m; ground cover — layer of
Cladonialichen 0.1 m thick [12—-14]

During crown fires, only FF in the forest cover bur

Underground forest fires are the ones in peat taydren a spot of burning occurs in the peat bed
layer.
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Except the types of forest fires which are initiatey point sources of ignition (lighting camp fire
not extinguished, cigarette-butt, etc.), on the anlying surface in exceptional cases (air nuclear
explosion, “collision” catastrophe, etc.) as a hesfia powerful radiation source in the atmosphéie
ignition occurs on huge thousands of ha).

At any instant, on the territory covered with fdreme may separate quite a large controlled
volume of medium - a fire zone within which paraerstof the medium state as a result of physico-
chemical transformations, caused by forest firéerdfrom undistrubed values defined by weather
conditions and vegetation type figures 1a,b gidéagram of forest fire.

The greatest change of the medium state paramitezs place in a particular forest fire zone
called a fire front which spreads at a speed oratka covered with forest. A forest fire front \a#y
is observed in the form of a radiant (shining) sbrfire spot zone.

The surface 1 (Fig. 2a,b) separating the front fram-burnt FF is called an external edge of forest
fire front. Its projection into the underlying sack is called a forest fire contour. A fire conttength
increases with the time increase for usual for@ssf When mass forest fires occur, a powerful
convection column arises, and a strong “peculigaivq”) wind directed to the fire spot centre which
prevents from flaming up a fire spot, and therefinee mass forest fire contour doesn’t almost change
with the time increase. The external edge whicleaps in the wind direction is called a leading edge
and opposite the wind - a trailing edge of the $ofe front.

The diagram of forest fire zone (see Figures 2) ahbwsI" - boundary of the forest fire zone, 1-
forest fire contour (Fig. 2a) and forest fire frautge (Fig. 2b), 2 - inner edge of the fire frdfig( 2 b)
and protection of its edge onto the horizontal ulyitey surface (Fig. 2a); horizontal arrows (Fidp) 2
an undisturbed wind velocity for different heightmd vertical velocitiesv of blowing of gas and
dispersion combustible products of burning fromfthefront into the atmospheric ground layer.

Spreading speed of the forest fire is directed @abtmthe forest fire contour, therefore it is edll
a normal speed of spread and is defined accordittgetformula:

_ ... An
Wy, —Ilma @)

whereAn is the distance between the two points of cousttenoments t and &t calculated normal to
the forest fire contour at the moment t.
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Fig. 2 a,b. The diagrams of forest fire zone (togwla) and view in the vertical plane. The
darkest colour shows a fire front

Surface 2 (see Fig. 2a,b) separating the fronffiiimm burnt FF is called internal edge of the fores
fire. It may move both in the wind direction andpopite the wind. In the latter case it spreads at a
lower speed than the leading external edge whickasis in the wind direction. As a result the front
width for various fires may change depending ontittne, wind velocity and FF capacity which differs
not greatly from undisturbed values.

The boundary of forest fire zone is called the aeef” -on which state parameters do not differ
almost from state parameters of undisturbed med{t@mperature, wind velocity, component
concentration).

Principal sections of the mathematical theory of forest fires. The basis for creating a
mathematical theory of forest fires were basic -satfle experimental data which enabled to create a
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general physical model of forest fire totality @fstial-consequencial relation, which correspondisiso
phenomenon. These data are given below.

1. The structure of surface and crown forest fiomts has an intricate nature, and includes zones
of warm-up, drying and pyrolysis of forest fuels well as zones of diffusion burning of gaseous
pyrolysis products and burning down condensed pgi®lproducts and burning down condensed
pyrolysis products [11-13], (see Fig. 3).

2. Temperature profiles of gaseous and condensed phases in the crown forest fire
front have a kind of Gauss curve, and the temperature of condensed phase is lower than
that of gaseous phase, maximum difference being 200 —300 K [12, 13].

3. The crown forest fire arises as a result of tre@avn ignition from the surface forest fire torch.
Relatively steady spread of crown forest fire agetcrowns is observed if the wind velocity in the
forest cover exceeds 2.5 m/s [12, 13].

4. The gas flow in the forest fire front and cori@t column over a fire spot is turbulent, which
results in fluctuations of temperature and gas @lehsracteristics [12], (see Fig. 3). The tempeeaitu
a convection column drops quickly with the heigitrease [11, 12].

T,K

17004

700

30?4

Fig. 3. Profiles of average (solid curve) and teaiperature (dash curve) in the crown forest firgdung pine
growth and fire front structure. Numbers.mean tiloWwing: 1- the zone of warm-up; 2 - the zone ofidg FF; 3
- the zone of FF pyrolysis; 4, 5 - the zones ohing gaseous pyrolysis products and burning dowdlensed
pyrolysis products

Besides, many laboratory experiments of registefiRgmass decrease as a result of drying and
pyrolysis, which enabled to determine thermokinetinstants of these processes [11, 12].

On the basis of generalizing experimental and #tezal data in the work [11], physical (see Fig.
4) and mathematical models of the first generafioast fires were offered within which the foresisv
modelled with the porous-dispertion medium, andsksleton was considered to be a non-deformed
solid body.

As a significant constituent part of the foresgfineory is a physical model of the phenomenon. A
set of reason-resulting connections obtained orbésés of both experimental data and laws of nature
explaining investigated phenomenon is called playsiwdel (fig 4)
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The main components of the theory is the mathealatiodel - totality (set) of mathematical
equations, limiting and initial conditions which lmief coded mathematical symbols on the numerical
level reflect main casual-consequencial relatidngrimcipal physico-chemical phenomena which arise
at forest fire spreading.

Condensation of O

Coagulation of parpcles

liall Rising to the surface of Sediriﬂ'oh
combustion products

heated gaseous and dispersed products

a)
The heat in the zone of » | Heating of o_rganic mass|
burning The transfer of energy by portion
conduction convection and
radiation
\ 4
Burning of volatile |4 Pyrolisis of organic [« The drying organic
and solid products mass mass
of pyrolisis
b)

Fig. 4. Scheme of physicochemical processes astférent @) and in near-ground atmospheric layer

(b)

General models of forest fires of the first and$heond generation are described in detail in books
[11] and [14]. Time and spatial coordinates of ploént inside a fire area are taken as known vailues
the model, while temperature, gas dispersed andettmed phases, pressure, a velocity of a flow of a
gas dispersed phase, a density of the flow of ggeetsed phase, concentration of the componeras in
gas dispersed medium, @nd volume fractions of phas@sare taken as values sought (required).

The basic system of equations. The last (refined) version of the general matherahtnodel of
the forest fires was published in [15] and is pnésé below

0p apvj . 8

—+—1=Q, =123 ¢6=>0,; 2)

ot 0x Q ¢ ;(I)
dy; op 01, 013, . \2
—L=—p——+pF +—L-Qv, -pCyS v, |V|+= > |v; —Vi | cosa; +
022 0o+ 00 -pC,{ [+ 1 21 v

—
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vi %Y

N,
RUARUER R s 0xj  0Xi

j j ,1=123 =123 (11)

Here tis the time; r is the radius vectorafy point; x are the Cartesian coordinates; & and &
are the integral coefficients of absorption for thas, dispersed particles, and condensed phase,
respectively;B is the Planck function; fJis the integral—rr:“ati:“ density;iCG7 and g are the
specific heats of individual phases, water vapod, gaseous pyrolysis products at constant presgure;
and V| are the components and magnitude of the averafgeity of the gas and the dispersed

part=..s; V' andV'S are the pulsation cor=,.onentz Jf the flow velocitd af the bending oscillations
of the FF componentg is the true density of the i-th phasR és_) and Réi) are the mass rates of
water-vapor condensation and free-water evaporatidhe gasdispersed phasgys,( o5, and (g

are the heats of pyrolysis, evaporation of bountewand combustion of coke bree£§; is the heat
of evaporation (condensation) of free wagers the gas pressurd';i(jl) and Tigz) are the laminar and

turbulent components of the tangential-stress tersg is the mass concentration of the a-component

in the gas dispersed mediuMjs the number of components in the gas-dispersetiume Ra is the

mass rate of formation of the a-component in ths-djspersed medium due to pyrolysis of FF,

evaporation of water, and heterogeneous and hormeoegsnchemical reactionsRéS) ’R§s) and

Rés) are the mass rates of formation of smoke partidlesck-carbon particles, and water droplets;
P=Pshs+Pghst PP+ Pgdh gis the density of the gas-dispersed mixtul8;; and
DT are the coefficients of molecular and turbulenfugiion; A and )‘T are the coefficients of
molecular and turbulent heat conduction of the ghase; p and [l are the coefficients of
molecular and turbulent viscositied) _ 5 of » DN—Lef and D ¢ effective coefficients of

diffusion of smoke particles, whei¢ - 2 corresponds to carbon black particles, N-1dio articles,
andN to water droplets; D.=D_ +D, is the effective diffusion coefficient of the-component;a,,

is the coefficient of internal heat exchang]@;iS are the mass rates of formation (diminution) of the
condensed-phase; and TS are the temperatures the gas and condensed phhgesis the heat
conductivity of the porous ‘condensed phe(a%, f] r are the density vectors of the thermal radiation
flux in the gas-dispersed phase and porous medl_ﬁr'pand q o are the components of the vectors
f] & and q gg COSOL=V / v are the direction cosines of the average-vlo@ctor of the gas-dispersed

phase;() are the heats of chemical reactions (k= 1,2, aneh@re | corresponds to pyrolysis, 2 to the
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mass rate of evaporation of bound water, and Hhéoheterogeneous-combustion velocity of coke
breeze),d ., is the coking values of the FR;is the molar gas constarlvl c and M 1 are the atomic

and molecular masses of carbon and oxdeha is the molecular mass of tHé -component of the

gas phase; g is the acceleration of gra\/@; is the angular velocity of rotation of the Earkfgi;: A+
)\T and H,=H+p are the effective thermal conductivity and vistasof gas; C g4 is the vegetation

resistance coefficientt,=sas is the coefficient of the volume heat exchangaevbeha FF component
and the medium, s is the specific surface aresh@fRF ina given forest, stratumy is the heat-
exchange coefficientFj are the components of the vectomafd the subscript s corresponds to the

reactions involving condensed material and supiptscs corresponds to the dispersed-phase
characteristics.
In Eq. (5), the total derivative for the gas-phesmponents all =1 2,...N-3 has the form

dy _
o= 4
dt ot

dg _ 0 v d d . )y O
aX]_ 6x2 0X3

Here V5, = 189 91 / p((f)dﬁ is the Stokes velocity of sedimentation of dispdrparticlesu

is the molecular dynamic viscosity of the gas phgsds the free-fall acceleration; arﬁl((xs) and dczx

are the density and diameter of dispersed patrticles

Thus, in accordance with [14], the medium is com®d to be two-velocity. This allows to take
into account the sedimentation of particles dugravity.

Equation (2) is the law of conservation of masstifier gas-dispersed phase. Equations (3) express
the laws of conservation of momentum for the gapelised phase in terms of components along the
Cartesian axes. The latter equations contain ténatsare due to the force interaction between e g
dispersed flow and the skeleton of the porous-dsgze medium. Equation (4) represents the law of
conservation of energy in the gas-dispersed floth wailowance for the energy transfer due to both
convection and radiation and also with allowanaetlie release and absorption of thermal energy due
to various physical and chemical processes. Equal) is the law of conservation of mass for
individual components in the gas-dispersed flovhvailowance for convection and diffusion processes
and also physicochemical transformations. Equatnis the law of conservation of energy in the
condensed phase. Equation (7) describes the lsnetipyrolysis and drying of the FF. Equations (8)
describe the balance of mass for coke breszénfermediate condensed product of FF pyrolysis) a
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ash (the final condensed product of combustion).

The first and second relations in (9) are algebraic integral of the basic system of equatio
while the third is the equation of state for the ghase.

Relation (10) defines the rate of generation of gas and dispersed phases by evaporation and
chemical reactions.

Relations (11) specify the tangential componentthefstress tensor in terms of derivatives of the
velocity components of the averaged flow.

The turbulence models. Different types of flows are observed in the vigmnof different forest
fires. In particular, if FF burn near the underlyisurface, that is, the ground cover burns (forest
surface fire), then the flow is aftransient (mixed) type. Attachment conditions hioftnediately on
the underlying surface (at z == 0), and the flowaisiinar within the FF layer, while laminar-to-
turbulent flow transition occurs above the FF laykrdeveloped turbulent flow is realized in the
convection column above the forest-fire site.

Equations (2)—(10) are the Navier-Stokes equatfona multiphase reactive medium, averaged
after Reynolds. We assume here that the chardatdiiee of turbulent pulsations €< t, where fis

the characteristic time of process, (duration efttrest fire). When the flow velocities are smal>
Mo A >> )\T v Do >> Dy, and Egs. (2)-(10) become Navier-Stokes equations faulticomponent

reacting medium. When the flow velocities (or Rdgsonumbers) are large, the flow is turbulent. In
this case,l >>|, )\T >> A, Dy ,>> Da, and Egs. (1)-(10) become Reynolds equationsafor
multicomponent reacting medium. Similar equatioaseh been obtained previously for chemically
reacting multicomponent gas flows [12-14].

Unlike in [12—14], in deriving Eqgs. (2)—(11), wesasned that the averaging procedure influenced
neither the form of the equation of stateaahulticomponent gas nor the expression for the ¢tem
reaction rates. Sometimes, instead of the Reynwmidhod, initial equations are averaged by the,
Favre procedure [12-14], in which the averagedorgl@omponents are determined by the formula:

Vi(x)=pv (x)/P(%) =123 (12)

Here the tilde indicates averaging with respechéss, the bar refers to averaging with respect to
time, andp and y are the instantaneous values of the density alwtitye components. We refer to
[15-17] for the expressions relating quantitiesraged by the Reynolds and Favre methods.

Using the Favre transformation, it is easy to abtasystem of equations which is essentially
equivalent to system (2)—(11) but is written forasi@average flow parameters (velocity, temperature,
etc.) except for pressurd. disadvantage of the Favre averaging procedureaisthose terms in the
Navier-Stokes equation that characterize moleduwansfer, including the stress-tensor components
i, takea more complex form. Moreover, to determine experitally the thermodynamic parameters
averaged by the Favre method, one needs to knoimgtentaneous densityand its average value.

This is not required for experimental determinatairthe quantities averagdgy the Reynolds
method. For this reason, we used the latter mdthddriving Egs. (2)—(11)
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In [12—-14] for unidirectional turbulent flows in aeground atmospheric layers, the van Driest
formulas were used

I

f(ue - u) d% Yi :[ 1+ 5%911 : (14)

Heret ,, is the friction stresat z = 0;v = W/p, v,= W/p are the laminar and turbulent kinematic
viscosities;U = V1 is the xcomponent of velocity (the direction of the axis coincides with the wind

. A= 2@,(“) ’ : (13)
p

v = 00168y,

velocity); 0 is the thickness of the boundary layer.
Formula (13) was used to calculate flow characteristic¢hm interior of the boundary layer and

formula (14) was used for the exterior. In accoodawith [14-17], the effective kinematic viscosity
was determined by the formula

Vgt =V + V1. (15)

As calculations have shown [12-14], formulas (1B¥(enableone to find the velocity and
temperature fields ahead of the forest-fire framtunidirectional flow.

In calculation of developed turbulent flows, compnts of both the tangential-stress
tensor and the components gf the density vectors of thermal turbulent flowdaalso the
densities of the diffusion flow for the a-compongnt are determined from the formulas [12-14]

- o _ av, 0V, L2 —_ ' 16
T _pvivj_HT[[BX;+ax:}_6”dm/]_3pK6”’ i,j=123 (16)
oT Mt Cp Hr G
T =-pC VT = —, I = , Pr; = ,1=123 @17
it ==PG Vi T ax. T pr, TN,

— ac V1 HTCp .
=-pVic, =, —* T =—+T gc_ =—Pj=123., (18)
Qm( P i~a a aXi a SCTa Ta p)\T l
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o, (au avj2 (aw auj2 (aw avj2
M =199Kgl| —+—| +|—+—| +|—+—
oy 0X 0X O0X oy 0z
2 2 27Y2 1/2
fo[ U] L[OV) L[9W +K2
0x oy 0z

, (19)
JK=HT = 0.4z . 1=04z - (20)
pc, 1+25z2c, S/ h

g ao

00z

Here x = %,y = %, Z = % and zx; are the Cartesian coordina-tésjs the thickness of
vegetation;l is the characteristic length (that is, the disphaeet, which was calculated from the
second formula in (19) for the vegeta-tion layed &éom the third formula outside the vegetationeigy

I
Cu
number for turbulent flows; $¢ = v,/ D, 4 is the Schmidt number for turbulent flows; and O, are

the turbulent thermal conductivity and diffusivitkq = 0.2, k,=0.2 for 00/0z<0 or

is the constant introduced by Rodi [12—-1H]js kinetic energy of turbulence; Fs the Prandtl

006/0z>0, respectively; = Toe(loOO/ Pe)y_yy is the potential temperatur®&,, undisturbed

temperature at z = 0,5 the pressure of the undisturbed mediym;c,/ ¢, ,. is the ratio of specific
heats of air outside the forest-fire zone; andréis¢ of the notation was given above.

To estimate the error due to theassunption of equilibium between dissipation and generation of
the kinetic energy of turbulence, thamperature and flow-velocity field fomn axisymmetric surface
fire were obtained in [20]sbusing the full K - €) model of turbulence. Theasne model is used in [21].

In [12-15], turbulence ouels for a pure gas were used, although the near-graimdspheric
layer contains soke and black-carbon particles. Little is known abthg influence of condensed
particles suspended émd gas flowon turbulence characteristics. The influence dieavyadmixture
in the form of equal-sized spherical particles be turbulent structure of jet has ben studied
theoretically [22]. The turbulent transfer andlisnentation of aerosolsn the tube walls haveebn
studied bothexperimentally and theoretically [23]. As was shown in these 8oiik the wlume and
mass fractions of particles are sin(~ 10%), their influenceon the turbulence is negligible. This
condition holds in forest fires. It seepmising to use the athods for solving inverseroblems of
the nechanics of reacting redia [24] to cetermine the turbulent heat conductivity and diffusivity.

Radiation model for forest fires. Within the famework of the first-generation model, the
assunption of a "gray" nmedium was introduced [11]. Thisssunption does not hold in real situation,
since in the near-infrared range (740-1200 nm) ERecumponents (green leaves and coniferous
needles) reflech considerably greater portion of radiation tharthe visible range. Therefore, it is
expedient to use the group diffusiordal for energy transfer yoradiation. Equations for the energy
transfer ly radiation with allowance for the spectral propestof the FF and dispersed-phase particles
have the dérm [14, 15]
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divig,s * K5 € URy = Qg N=12,. 15 (21)

_ 1V c, gradJ Vns 22
anZ =§ _[ %dva anCnURn = J-kavURv dV, ( )
Vn vz Vi

Vn+1

QRn = J.QRVd‘) ’QRV =41 [(ey + QSV(S))BV (M)+ 2y By (TY 1, (23)

where ﬁan is the group approximation of the total spectraliation flux in multphase porous

dispersed rdium; Uy, is the radiation density in the myltiase medium; ¢, andc, are the spectral
velocity of light and its grouppproximation; =5 is the groupmpproximation for the total absorption
coefficient of mdium; k;z is spectral coefficient of radiation attenuation; iB the spectral Planck
function for radiation equilibriumz,, =,, =,z are the spectral absorption coefficients for tas, g
dispersed particles, and condensed phase. resggrivis the radiation frequency; arjd is the total
number of wavelength groups.

On closing the main system of equations. It should be noted thatpun deriving the main system
of equations it was assumed that the particlesirpfsaot, smoke and little drops of water occuring
above the fire area in the atmosphere, have the smeed. This allowed to use the so-calbed
pressure model to determine velocity fields, tratsiderably simplified the main system of equations
At the same time it makes necessary to obtain iaddit equations for determining

(|)5,(|)6,(|)7,(|)8, since in the main system of equations only fagymagions (7), (8) are given to
determine volume sharébl, (I) 2, (|)3 ) ¢4.

It is apparent, that to determir¢5,¢6,¢7,¢8 it is necessary to write down additional
relationships. Let mass concentratiogg, (O =1,2,3,4,5,6,7,8,9,10) for oxygeearbon monoxide,

hydrogen, carbone dioxide, nytrogen, watepour, soot, particles of smoke and drops of water
known. Then, using determinations of these values

8
Cq =Pq /P 0 =12K10p= 3 pady: (24)

a=5
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! P
pr=PZCa'pr=77C (29)
a=1 RTZ a
G=1Ma

anda relationship (9) of the main system of equatidnis possible to obtain additional equations to

determine¢5,¢6,¢7,¢8.

Actually, determining . [rot the last equations seven first relationships (843 from 1 to 7,

we have

pg:)% =CgP. (26)

By definition of the partial densities of the palgis of soot, smoke and drops of water we have the
equations

PP, =cop, (27)
pz(aw)(l)s =C10P- (28)

Here péc) ) p§s) ) péw) — actual densities of the particles of soot, snasidedrops of water.

It should be noted, that mass velocities of iniiat(disappearance) of socRs,Rg — for

©)
7

particles of smoke aano — for drops of water should coincide with expreesiRéS) , R and

Ré). Otherwisea total balance of mass i unit of the medium volume in the firgea will be

disturbed, that is intolerable. In other wordserailummarizing left and right parts of the equat®n
overall N a result of summarizing should be zero both in ihlet and in the left parts.

Thus, if C, are known, then to determir¢5 ) (I) 6 (I) 75 (|)8 we have equations (25)—(28).

Theboundary and initial conditions. To solve the problem of initiation and spread of &biferes,
it is necessary to have not only equations but &bsmdary and initial conditions. In the generaéth

dimensional case, the fire zoneaiparallelepiped. Let the facd§1 and FZ of the parallelepiped be
perpendicular to the axis which is directed along the wind velocity ahd; the lower 4dce FO and

the wpper face F3 be perpendicular to the z axis which is directpdiard, and the side facd§4 and
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F5 be perpendicular to theaxis. The origin of the, y, z system is located at the point of the

temperature maximum of the initial tire site. Insticase, the state parameters of the medium at the
boundariesl '1,I'3,1"4, andI'5 coincide with the undisturbed values:

Vi, = ve,T‘ r= T, T

r = Tser (29)

C(Xlri:C(Xe ’¢i|’i=¢ie 7|:1’3’4’5’ (30)

where the subscriptcorresponds to the undisturbed parameters of the medium.
The so-called mild boundary conditions must be &dte boundar)rz:

0Tg| 0T
0X

Ocg| 0 ov
r 0X

:O’

= =0. (31)
0X r 0X
2

) )

On the underlying surface, the boundary conditiom the form

aT

T _, 0Ts
0z

ITs|  _g%a
r, oz

:O’

=0,v =0,pu =fp. (32
M 0z 1‘ro P 3‘ro 0- (2

Mo

where z = % U1 =Uy,U0 = Uy, U3 =Ug,, and B is the mass velocity of combustion of

the ground cover. For the spectral radiation dgnie following boundary conditions are used:

_cU,
o 2 |

& B, (Tru), MeGr’
IB_ EVBV(RL I\/C[EC}I'

qum
i=1,3,45. (33)

qun,-

HereM is any point in the fire zone; @is the region of spacerresponding to thecombuston
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site; €, is the spectral coefficient of radiation; and téscript Yrefers to tk parameters of the

medium at the fire 'site.” The first relation in6§2s the condition of the edium's transparency, and
the second characterizes the radiation of the ceifiee site.
If the forest fire propagates froarfire site of finite size, the initial conditiongte the form

B [Ty mpm MDG,—, Cory Ipp M OG-, (34)
To=Tleo={ Ca o=
e Ipu MUOG; Cqe pu M UG ;
o | by mpu MOG, Vo= Vo opu MOG,., (35)
=0~ die mpu MUOG,; t=0 Ve mpu MOG,

In as muwh as boundary conditions must reflect the geonstaad physicochernical features of
problems of the theory of forest fires, they arecsjed for eachproblem separately. Forest, asule,
is a multistratum systenHence, it is reasonable to use conjugate boundary comdif14, 15] at the
boundaries of individual strata, whigte discontinuities in the structure of forest phytooses:

OW) -0 = OW) g+ (SR ) 2o @)
(“acpgu (Haq, j ;
“le=nro 02| =0 37)
(“Mb g\; ( _F zj ;
2= 0 z=h-0 (38)
(“wgvzv - (“acpgvzv ;
z=h+o z=h-0 (39)

(S) =0Qrzs; (40

(oo 5a
0z z=h-0

oc
+Row :(pDaaTM a;j

z=h-0

z=h+0

3 -1
Raw :_Zsi Riscias‘z=h;
=1 (41)
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oT, 3
A s + + S'R =
s aZ e quz 2=h+0 Iz_l:qls Rs
:)\saTS +quz ’
az B z=h-0
z=h-0 (42)

ORrzs = (1‘¢)QR221(3IR2‘ J=heQ qu‘ 2=h-0"

(43)
T oo = Tl mh-0" Cal y=nso = Cal g Y R‘ z=n0=U | z=n-0, (44)
U reo = U g0 Yl mnvo = Yl smneor Wl mneo = W) z=h-0" (45)

Here h is the elevation of the structural discontinuity;w and ware the velocitycomponents;
JRrzs is the z-component of the total density of therriad radiation flux; 1L, A " ? Da 5 €

effective values of the dynamic viscosity, thermahductivity, and diffusivity of the gas-dispersed
phase;( S% and J rzg are the vector z-components of the total dendithermal radiation flux in
the gas-dispersed and condensed phd3gg: = Via M o /v isM is are the emission coefficients

for the a-component in the i-th reactiol,;g and Via are the stoichiometric coefficients of the

starting condensed material and gas-dispesseainponent in the ith reactionand Mg and M, are the
molecular nasses of the starting condensed material and the gagzedied a-component.

Boundaryconditions (36)—(45) relate the state parameterkg¢artagnitude of fluxesn both sides
of the structural discontinuity. Therefore, theseaditionscan be called conjugate boundary conditions.
They generalize the well-known boundary conditi@fighe fourth kind which were introduced by
academicianA.V. Lykov for the solution of conjugate problems bkat transfer theory for
homogeneous inertgdia.

Using the conjugate conditions and some additic@isiderationsone can obtain various
boundary conditions. For instance, assuming thatemperature of the ground covenisurface fire
does not depend amand the spectral absorption coefficient as fordofeel is known, we obtain

(c/3) OURy _1

(40T*f -cUg,) . (48)
0z NE RV z=h,-0

z=h,+0

where f=1-exp (es, hox/é),ae\,, xg are the spectral attenuation. coefficients forrtteglium above,
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he surface fire site and in the ground cover, respay; ho is the ground-cover height; ands the
vertical coordinate measured from the upper boyndlathe ground cover.

An advantage of the obtained condition over conati(83) is that it does not contain the constant
&,., which has to &determined empirically.

The Database of the General mathematical fire model and methods of numerical ssimulation
of the problems. The basic system of equations (2)-(11) and the boundial conditions contain
thermophysical coefficients, rates of drying, pysi, and combustion, andnumber of empirical
constants. Together, they enstitute-the databageeafeneral athematical model. The compuiieuts of
the database were determined from the data awailabthe literaturepn the one hand, and from
experimental data by solution of inverse problerhshe mechanics of reacting medin the other
hand [16].All components of the database must be consistent withanother. This was achieved by
varying the components within their accuracy raagé choosing them in suahway as to achieve the
best correlation between the corresponding expetimheand theoretical data. It is important that
solutions of direct and inverse problems of thahematical theory of forest fires be determined with
controllable accuracy. This iscomplicated mathematical problem, inasech as the basic system of
equations (2)—(11) is nonlinear. In [11-16], prohdeof the mathematical theory of forest fires were
solved by the iterative-interpolation method depeld at the Tomsk State University [17] and by
special methods of numerical simulation [18] which basedn the Patankar-Spaulding method [18].

Object and the main problems of the forest fire theory. The main object of the forest fire theory
is prediction of limiting conditions of forest fiee beginning and spread and also their ecological
results.

All the problems of the forest fire theory are dieil into direct and inverse ones. A direct problem
is formulated in this way: givena controlled volume of the medium (sphere ofcefpmg solution of
the main set of equations), external forces, chalnrieaction rate, thermal-physical coefficents and
transfer constants, as well as fields of soughtfforctions (velocity, pressure, phase temperature,
density, component concentration of gas-disperdebgy volumetric fractions of phases) and their
values at the boundaries of the controlled volulimit{ng values)._Requiredfield of functions in the
controlled volume which is called a forest fire eoat any instant. In other words, a direct problem
enables to predict main characteristics of forassf(contour, fields of sought-for values in the f
area, spreading speed and others); if initial datagiven. According to the nature of dependence of
sought-for functions on space variables, directbfgnms are classified into one-, two-, three-
dimensional. Due to great computafional difficyloslly a few one-, two- metric problems of the &ire
fire theory published mainly in monographs [11-h&}ye been solved.

An inverse problem cannot be formulated in the amlty, since its setting up and solution depend
essentially on a type and precision (accuracy)xpieamental data used for its decision. Probably,
when solving inverse problems one should accounndéd only experimental data but the totality of
casual-sequencial relations (a physical model @&npmenon) and a general mathematical model of
forest fires, which reflect in a strict numericalrih laws of mass conservation, conservation of
momentum and energy. According to Adamar, invergeblpms are incorrect problems of
mathematical physics, and to solve them one shapfiy either a trial-and-error method (solution-
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fitting) which is mainly reduced to multiple soloti of a related direct problem, or the method of
regularization of academician A.l. Tikhonov [16].

The most important inverse problem of the forest theory is detection of forest fires and
identification of a fire type discovered by usingbarne sensing devices aboard aircraft and s@lli
These devices record the density of radiant haatdl in different spectral bands, and first of all et
infrared one. Therefore the principal problem e@§pace monitoring of forest fires is formulatedhie
following way:

given: value g in the function of time and coordinates at the arppoundary of the forest fire;
required:to detect a forest fire, its type and ecologiogpacts.

Some of the results of mathematical and physical modelling. 1. A large forest fire is a
fundamentally unsteady and three-dimensional aerotbchemical process in which the Coriolis force
plays a significant part [11].

2. Comprehensive physical modeling of forest firrdmpossible without complete agreement
between full-scale model fire characteristics atit].[

3. Types of forest fires can be identified by meahsmportant similarity criteria such as the
Strouhal, Froude, Coriolis, and Reynolds numbers aro values of the dimensionless injection and
dimensionless temperature at the fire front [11-14]

The results of the numerical simulation of plane-tlimensional problems of the aerodynamics of
forest fires lead to the conclusion that the irdtBom of wind with the combustion products injected
from the | fire front results in two limiting flowypes: a unidirectional flow (a jet-like boundagyér)
and a convection column (a tilled jet of hot gaspérsed combustion products). In the latter case, a
large toroidal vortex forms | ahead of the forast-front. As a result, the flow velocity has diiéat
directions near the underlying surface and in teariground atmospheric layer, the wind velocity
increasing near the fire front in the near-groutmdaspheric layer [11-14] (see Fig. 5).
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5. The calculations show that ahead of the firatfthe friction stress drops abruptly and the sign
of the thermal flux changes. This indicates thahew the wind velocity is considerable, the
unidirectional flow and heat transfer in the neestgpd atmospheric layer in the vicinity of the fire
front have the characteristics of a heat screerthig case, the free convection of hot combustion
products affects only slightly the magnitude of wective heat flux ahead of the fire front [11-14¢¢

Fig.6,7).
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coordinate his height of the forest.

6. The propagation of burning particles ahead efftte front was studied. The particles’ flight
range increases with an increase in wind veloeaitgle of departure, and particle temperature, ind i
decreases as the patrticle size and density incfg2s&5].

7 The numerical simulation of the problem of aermatyics of an axisymmetric forest fire shows
that a large toroidal vortex forms in the vicindf/the fire. The vortex ensures heat and mass eggha
between the combustion zone and the surroundingumed o describe steady turbulent flows, one can
use the equilibriumK - €)-model of turbulence or the modified Prandtl modkar unsteady flows, use
of a simplified model leads to significant erromsdietermining the temperature and velocity fieltd{
15].
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8. It is shown within the framework of the theoffytloermics that the path of the center of mass of
the thermic originating during a forest fire isrsifgcantly influenced by the Coriolis force [11-15]

9. A consistent mathematical model of crown foffests is proposed that, with in the framework
of the laws of conservation of mass, momentum,eretgy, takes into account accurately the heat and
mass exchange between the near-ground atmosphgac and the canopy during forest fires. The
numerical simulation of the problem of origin amgresad of a crown fire yielded a front structure
identical to that obtained in experiments. Furthaen it was established that combustion at the fire
front is of a diffusion character, i.e., the comtbus is limited by the indraft of oxidizer and gasis
combustible products of pyrolysis into the comburstzone. Most of the energy in this zone is rel@ase
in combustion of the gaseous pyrolysis productsl8p

Y,m
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73 35 45 57 7733”7
Y,m b
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2
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Fig.9.Isotherms at the crown forest fire front:aug = 2 m/s;W=0.6(1 —t =7 sgg = 1.3 m/s,
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@ = 0.7m/s; 2, 3 —= 30 and 50, respectivelyy = 1.5 m/s,a&, =0.1 m/s); b —, =5 m/sW=0.4
(1—t=8s,4=3.6 m/s,a&, =0.5m/s; 2 — 20 s, 3.6 m/s, 0.5 m/s; 3 — 50.5,M/s, 0.5 m/s) Here
ok anda&, are projections of the normal speed of spread sxiX-and Y -axis [12—-15]

10. Stability of the contour of a forest fire walowance for the complex structure of the firenfro
was studied theoretically (by the method of smattyrbations) and numerically. The forest-fire
contour is absolutely unstable against small pedtions. For large forest fires, in which the linea
dimensions of the fire site exceed a certain vathe, contour loses its initial shape and becomes
concave-convex. This result agrees well with fofiestobservations [12—15] (See Fig.9).

11. It was established numerically and by the nmatb®é small disturbances that the limiting
conditions of spread of forest fires depend ondfeee of FF and its moisture content, wind velqcity
and rate of heat and mass exchange [12-15] (SeB) Fig

12. The mathematical and physical modeling of thathand mass-transfer processes in forest
phytocenoses during a forest fire shows that, im ¢cown fires that propagate in drafty forest
phytocenoses, most of the energy from the firetfisntransferred to the phytocenoses mainly by
forced convection (by wind), where as the energpdfer by radiation plays the key role in surface
fires and large-scale crown fires [12-15].

13. Simplifying assumptions made it possible toaobtapproximate analytical formulas for the
propagation velocity of forest surface and crowedj density of the total thermal flux, and width o
the forest-fire front. The formulas agree well wiitle results of numerical simulations of [12-14].

14. 1t is established numerically and analytic#igt forest-fire screen are more effective from the
viewpoint of fire suppression than forest firebrefk?, 14].

15. The mathematical modeling of transition of agef fire into crown fire shows that-for the pine
forest this phenomenon occurs when the lower bayndacrowns ish; — ho= 0.7 m above the
ground cover, provided that the specific thermabiitee to the canopy is more than 2600 KJTinis
agrees with the experimental data of [ ]. The rdoliacoefficient is a function of time and depends
parametrically on the pyrogenous properties of sheface fire and forest phytocenoses. Canopy
ignition is of a gas-phase character, and negletieotwo-temperature character of the medium @ th
canopy leads to a 40-50% decrease in the crit@ighi of the forest canopy [15].

It was found theoretically [12—15] and experimelgtfl1, 12, 14] that blast waves are amplified in
the interaction with the pyrolysis zone at the &ifire front. This effect can be explained by egibn
of a mixture of air and gaseous pyrolysis produttt@pens up 25 new possibilities for forest-fire
fighting.
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The Problem of the Forest Fire Initiation. In the book [23] a critical analysis of existing
methods of predicting the forest fire danger isegivit is stated that the forest fire initiationsha
probability character and depends not only on éwell of the anthropogenic load, the wind velocity,
moisture content of the forest fuels and reactapability of these materials. According to [23]réhe
exist stationary and dynamic models of the for@st danger. In the framework of the first ones a
prediction for the whole forest fire season is givim the framework of the second one the predicigo
given for every day of the current season. A diaged the forest fire initiation is presented in.fig.

The effect of precipitations (1) a drying the farkeeel (FF) layer as a result of the
action of radiation from the Sun and convectiverductive heat exchange with the
ground layer of the atmosphere (2)

\4

) Developing such a state of FF, .
The action of dry under which the layer moisture Anthropogenic

thunderstorms content w is getting less than a [4] load
critical value w

A 4

\ 4
Inflammation of the layer of the forest fuels andiation of the surface forest fire

Fig. 10. Physical model of the forest fire danger

Using the theory of probabilities and physical d¢destions we get the following formula (a
dynamic model) for estimating the probability oétforest fire initiation [23]:

P, :% [R (AR (1T 1 AY+ Ry (M )Ry (11T I M )[Ry (C),F :ilri ,
i=1 i=1

0

R (C)= EexF{_ (Nﬁij )2] Ad;; _ P25 ~ 92 ;jq)zu ' (47)

Here Pj is a probability of the forest fire initiation dhe controlled forest territory; F is the area

of the forest territory of a particular forestryea or region;FI is the area of the forest territory

covered with the forest of the i-th type (conifesar deciduous species and etc); N is a total nuwibe
the forest types on the area A'i is the weight multiplier characterizing the pafttioe forest fires
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caused by anthropogenic |0aEPij (A) is the probability of anthropogenic load suffidiéor ignition
of the FF; Pij (ZP/ A) is the probability of the fire initiation causeg anthropogenic load on the

area Fi; B(M) is the weight multiplier characterizing theart of the forest fires caused by
thunderstorms;Pij (M) is the probability of initiating dry thunderstorom the areaFI for them are

given in [24];
Pij (ZP/A) is the probability of the forest fire initiatioraased by thunderstorm under the

condition, that dry thunderstorms can take placmerareaFi [24]; index j corresponds to the day of
the fire danger seasorF,’ij (C) is the probability of the fact, that at 3 p.m.tbé local time moisture
content of the FF layer will be less than critioak (the probability of the fire initiation accondito
meteorological conditions)(l)Zij and q)gij are the current and critical meaning of the moéstu

content for the forest fuel for the ji-th time intal of the fire danger season on the i-th arethef
territory covered with the forest.

Formula (47) has a probability character, thatvedlao use it for refining currently existing
probability criterion of the atomic, enterpriseetgf in the framework of which an action of thedsir
fires on these dangerous enterprises is not talteraccount.
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ON THE MECHANISM ACTIVATION OF HYDROGEN AND HYDROCARBONS ON
THE CARBIDESAND HYDRADES OBTAINED
BY NON-ISOTERMAL CONDITIONS

P. S. GUKASYAN

Institute of Chemical Physical of NAS of Armenia,rgean
P.Sevak str. 5/2, Yerevan, RA.

Activation of ZrNiH; hydride and Ti¢ carbides obtained by Self-propagating-High
Temperature Synthesis (SHS) method, as well astfal clinoptilolite was investigated by
hydrogen and hydrocarbon in non-isotherm conditiétasitive influence of small quantities
of oxygen was observed on activation process. # b@en shown that after preliminary
activation of carbides and the zeolite surface firdliby CrO5; can be used as substrate in
CO hydration process carried out by spillover mdthosoft conditions. The modified zeolite
or activated carbide combined with hydrogen aativjain our case ZrNiklhydride, can be
efficiently used for rendering harmless the CO ¢m@s ejecting into atmosphere, particularly
turning it into useful hydrocarbons. The mechanirhydride and carbide activation, and CO
hydration by Spillover method had been discussed.

Introduction

Hazardous carbon monoxide resulting from chemicalcgsses is ejected into environment. The
abolition and utilization of even small quantitie this gas is a serious ecological problem. CO is
usually oxidized and utilized due to expensive lgtitasystems based on noble metals — Pt, Pd, etc.
Highly oxidative substances, such agOsl are also used for CO oxidation. Along with théke
development of new methods and approaches is aethah could be more efficient for the utilization
of this compound. Especially actual are those déhatbased on the use of less expensive catalydts an
are able to carry on the utilization process as lesnperatures. It is of great importance for the
utilization of this gas to have it converted intaluable compounds — into hydrocarbon and other
organic compounds. From this viewpoint the hydraid CO by hydrogen spillover method could be
of interest [1,2], which is the main objective ofepent investigation. By this method, activated
hydrogen is formed on solid material surface, whistih surface spillover is taken to corresponding
adsorbent and is used as a reaction componenhidrcase it is necessary to have efficient of CO
adsorbents. According to literature data@thas a quality of this kind. It is precipitated om#genian
natural zeolite, which has a big surface, and todified zeolite is used as heterogeneous catadyst f
CO + H, reaction. TiG@sactivated carbide was used as an inert carriesrimesexperiments.
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Experimental

Investigations have been carried out in a readtspecial construction, made for that very purpdise,
scheme of which is shown in Fig 1.

The hydrogen participating in hydration is actiehti@ | reaction zone, then it is transferred to Il
reaction zone, via surface, where it reacts with &B8orbed on carrier substrate. This is a unique
means of bifunctional catalysis, the advantage litiwover other catalytic methods is that in trase
only one of reagents, the relatively pure one, acistwith catalyst, the other reagents (in our €3¢
and the products formed by them do not contact htirogen activator, which excludes the toxication
of the latter in reactional environment.

As we have already mentioned, the obtaining ofvadtiydrogen should be carried out in the first stag
of the process. As hydrogen activator, in our ca8®&iH; hydride obtained by method of self-
propagating high temperature synthesis (SHS) attutes of Chemical Physics NAS Armenia, was
used [3].

Results and Discussion

Activation of hydride

The construction of reactor allows obtaining actiyelrogen from hydride without pausing the process
— in dynamic conditions. Here is how it is realizadglass-net, on which 1cm thick hydride layer was
put, was installed in horizontal section in a 2 penimeter Pyrex tube put vertically. The tube-react
containing hydride was installed in electric stove.

é Thermocouple

Electric stove

—Blocos00 00
N 0
£ - oo(é 90¥3d
= ool P Cr,04/ zeoli
< L o .03/ zeolite
§ T BXXX] [xxX
g X x| [x X% ZrNiH;

XXX | 1% %X
| BX XX (XXX

T Glass-net

H, He + CO
Fig.1. Reactor scheme.
A hydrogen flow of atmospheric pressure was reléase 12 cni minconstant speed through hydride

layer and the stove temperature was slowly risaf) @egrees.mif). Up to 300°C no hydrogen flow
change has been encountered. At temperatures highethat H flow rate self-increase was observed.

323



If the hydride temperature is kept constant in ¢hosnditions, than in ~20 minutes the flow increase
reaches the highest value and again decreaseschimgahe previous value. After that no more
changes are being encountered. Such hydrogen #tavchange occurs in case of every temperature
increase. Increasing and decreasing the hydridpdeture many times, it, the hydride, is not only
brought to active state, but its activation thrddltemperature decrease is observed.

350
o 300+
o —Aa—1
% 250 =2
‘= 200+
i)
2 150-
<
100 ‘ ‘ ‘ ‘
0 10 20 30 40
Number of experiments

Fig. 2. ZrNiH; activation threshold temperature dependence frone humber of activating
experiments: 1 — by pure hydrogen; 2 — 1% oxygendsled to hydrogen.

In our experiments we have succeeded in decreésiogn 300°C up to 15FC (see Fig. 2, Curve 1).
Hydride properties, activated in that way, are rmaned for a long time. This way of hydrogen
activation provides a process with stable regimeerefore - reproducible results. Obtained
experimental data can be explained in the followiraty: the activated hydride is in direct and regers
heterogeneous-homogeneous reactions with moledwdrogen. The balance established among
hydrogen amounts having been separated from thedeydnd those again joining it are carried out by
means of the following reactions:

1. ZrNiH; < ZI’NiH(g_X) + X Hags,
2. X Hags. |dgas —>
3. ZrNiH(3_x) +H, & ZrNng,

where X is the hydrogen amount having been semhfaisn one mol of hydride.

Considering the fact, that the presence of thelsstadmount of molecular oxygen very often resilts
heterogeneous catalyst surface state variatiom ithaas of interest to find out such influence of
oxygen on hydride activation process. Experimehtsvgd that if we add only 1%,Q0 hydrogen
flow, the activation threshold temperature is ehbd in fewer cases of experiments (see Fig.2,
Curve 2). Most probably in the presence of oxydem decrease in number of activation threshold
experiments is conditioned by hydrogen oxidaticactens taking place on the surface. Perhaps & thi

324



case such reactions result in the increase of tingbar of active centers present on the surfacet Tha
process can be presented as follows:

4. ZrNiH; +O; = ZrNiHg) + HO; ggs.
5. HO, agst Ha ags= OH a4+ H,O
6. OHygs. + Ho= H0 + Hygs.

According to reactions mentioned above, in the gares of oxygen, besides H atoms, OH and, HO
radicals are also formed on the surface, whichigeomnore efficient course of oxygen activation,ntha
is in case of only molecular hydrogen (see Fig.2).

Hydride Surface Microstructure

Considering the fact, that during heterogeneousytat processes surface state as well as suréges |
morphological changes take place, Zrhiiditial and activated states surfaces’ microstites have
been thoroughly studied (see Fig.3).

a T b
Fig. 3. Not activated (a) and activated (b) ZrNithydride surface microstructure.

Investigations have been realized by “BS-300" etadit microscope connected to the computer
Pentium Ill. Fig. 3a and Fig. 3b comparison shatlvat in activated state the surface becomes rough,
acquires fine porous structure, and covers witte fgrind particle formations. Data evaluations
presented in figures show, that diameter of pagickaches 3-5 pm. Investigations have shown that
microstructures of samples surfaces activated by pydrogen and those by hydrogen-oxygen mixture
are the same. These morphological changes of tifi@ceuresult in surface area increase, which,sin it
turn, results in reaction rate increase, and ieesl in experiment.

Activation of carbide

The TiC, TiGg and TiGg carbides obtained by the method SHS [4]. Activatibis carbides by
hydrogen and hydrocarbon with presence of smalhtifies of oxygen was also implemented by
hydride activation method. It has been shown, i@, carbide is most effectively subjected to
activation. X-ray phase analysis of the latter $laswn, that activated sample contains not only, §iC
but TikO;7 phases as well [5].
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The summary activation mechanism of JiCarbide by hydrogen and hydrocarbon may by exptess
by reaction

7. TiGoe+ Hy + Oy — TiCogTigOs7 + H0
7. TiC0_5 + RH + Q — TiCo_GTiQOU + H20+COZ

Activation and modification of clinoptilolite

In the second stage of the process CO hydratiomégns of active hydrogen is realized on carrier-
substrate. As carrier-substrate, in our case, théNBvemberyan region clinoptilolite zeolite modiie
by CrO; oxide, was used. The choise of clinopteloit isditoned by the fact, that with its natural

supplies, its purity and qualitative properties)as productive importance.

T

3 a
@ il z
2 i 2
= | 3]
al M £,
o SV | ”‘ ) | |
- W “\-w J‘ ‘/.\ S S T— L S|
£ WY 300 500 T 700
. “"“ bl W L ,
‘ IL An 'H L \/fv-\' e LLMW, P, A
- |
Il \J\" \ ,
A \'-’ 'a‘l\ L‘“""}\J\k P :\\
M P S A N S
| " I‘»»::‘"‘.‘ An,
‘ a Y N AN )
‘ , . \ . N
20 40 60 20

Fig.4. a) XRD spectra of the clinoptelolite activet at different conditions 1-300K, P=760 Torr; 2-
300K, P=1F Torr. b) A-P=760 Torr and;e-P=107 at different temperatures.

After preliminary cleaning the natural zeolite wggeund and fractionated. A 0.02-0.03 cm fractiors wa
used, which, according to literature data [1],desidered optimal for such cases. The X-ray phaslysis
has shown, that the raw zeolite used by us corggaiits a big amount of water. That is why it walsjscted

to thermal treatment undefl0? Torr pressure. X-ray phase analysis was carriethypmeans of Dron-2D
diffractometer. Experiments have shown, that deppgnoin treatment conditions, the intensity of thairm
components’ crystalline states existing in the @onof zeolite, passes through maximum (see Fig.4).

As we see the crystalline state’s quantity of SiDthe range of 250-30%C is the biggest. Surface
microstructure investigation [6,7] has also beemied out in this range, which showibatthe surface
acquires fine porous structure (~142n). The clinoptilolite having been subjected talstreatment
was used as a carrier-substrate, on which th@®4Cwas precipitated. The choice of the latter is
conditioned by the fact, that compared to CO it high adsorption properties, which has significant
importance in heterogeneous hydration processearbbn monoxide. Control experiments have been
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carried out for being convinced of it. For that pase, “Ch. ¢” marked @D; was ground by vibration
mill for 4 hours, particles having ~1 um size, wergtained. Then the clinoptilolite surface was
covered by suspension of that powder. After dryimg zeolite, a thin layer of oxide was left on its
surface.

Zeolite particles, having been subjected to suehtinent, by a 1cm layer were put on the hydride
present in the reactor. The hydrogen being filtedhedugh activated hydride provides stable yieldHof
atoms. The latter get transferred to zeolite serfac means of the spillover, where they react @ith
given by a separate tube.

Carbon Monoxide Hydration

Experiments were realized as follows: the molechlairogen with the rate of 12émin™, has been
given through the lower part of reactor (Fig.1)d &0 mixed with He in 5:1 ratio, with the rate of 2
cnmin™ has been given to clinoptilolite modified by,Og, 0.3 cm above hydride layer. Hydration is
observed starting from 18C. Temperature increase results in hydration psors increase.

1004 70
\
N
o 1
2
t, min
20 30

Fig. 5. CO hydration kinetics by spillo-ver methotl:— CO waste, 2 — methane accumulation1,2 — The
inert carrier is activated and modified clinoptilie. 1', 2' — The inert carrier is TiGe.

Fig. 5 shows the waste of CO and accumulation ahame for two conditions. The results of CO
hydration experiments at 23C. In these conditions about 60% of CO turns tohamet. In the case
when the carrier substance is the activated, Jt8e CO waste enhanced 62%. The main products of
the reaction are CHand HO. High hydrocarbons appear in tiny amounts.

Oxygen additions have interesting effect on hydratprocess. If oxygen, to extent of CO quantities,
together with His given to | zone (Fig.1), than it does not hagsential effect on hydration process.
But if O, is given to Il zone together with He + CO mixtuos zeolite surface modified by £
(Fig-1), than CO hydration decrease is observeds Eha result of the fact, that active hydrogens,
which get transferred from | zone to Il zone, realsb with Q, which results in the decrease of their
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concentration and therefore in the decrease of @®Warsion rate. It can be presented by competing
reactions 7 and 8.

8. CQus t Hags ——> CHs+ HO
9. Qoags+ Hads —> H,O

It is natural, that in case of,@bsence the rate of reaction 8 will increase. dfoee, in hydration
process CO should be in advance cleaned from oxygjespecial experiments it has been shown, that
by using not activated hydride and not modifiedchatitilolite, no CO hydration is observed in
conditions mentioned above.

K MEXAHU3MY AKTUBALIMU BOAOPOJA U YIVIEBOJOPOJA
HA TUAPUIAX U KAPBUIAX, IIOJTYYEHHBIX
B HEU3OTEPMHUYECKHX YCJIOBUAX

II. C. TYKACSH

Usyuen nponecc aktuBanuu rugpuaa ZrNiHs, kapounos TiCy BOJOpOIOM U YriaeBoaOpOJOM, a
TaKXKe KIMHONTHJIOINTA B HCU30TEPMUYCCKHUX YCIOBHsAX. HaOnronanoch mpoMOTHpYIOIIEE IeHCTBUE
crenoB  kucimopoga Ha mporecc aktmBanuu. ZrNiHz u  TiC, CHHTE3UpOBaHBI METOIOM
BBICOKOTEMIICPATYPHOTO CaMOPACIPOCTPAHSIONIETOCS] CHHTe3a. [lOKa3aHO, YTO AaKTUBUPOBAHHEIM
THIPUJ] WU KapOuJl, KOMOMHHPOBAHHBIN ¢ MOAUGMUIIUPOBAHHBIM KIHHONTHIOIHUTOM, MOXKHO YCIICIITHO
ucnonb3oBath s rugpupoBanus CO B MATKUX YCIOBHSX. PacCMOTpeH MEXaHHM3M aKTHBAILUH
THIpUJIA U KapOuJa BOJOPOJIOM ¥ YIIIEBOJIOPOJIOM, a Takke runpupoBanue CO METOIOM CIHILIOBEpa
BOJIOPOJIA.

N2 PNEEMU NMUSUULLEMNRU USUSYUD 2P HYP B9 YUMLPYLE D 40U QL UO LR
G4 UONULNUOPLLEP UUSPIUSU UL UGULPQUE UUURL

1. U. \.NhuUUsUL

Zhwmwgnuyb) b pupdpobipdwunhdwbughtt hupptwnwpwsdwt uhinkqh (RPU) dkpngny
unnwugwé ZrNiHs hhnphnh U TiCGx Jupphnubph, htyybu twb phwub Yihtinywnhinihnh
opwsuny b wdpwepwduny wluhjugnudp ny hqnpbpd wyuydwbbbpnud: Ljwwndl] k
prYwsdih htwptph npujut wqptkgnipniup wjunhjugdwt gnpsptpwugh Ypu: 8niyg L wnplbty
np  wiunhjugnulhg htwn hhgphgp b Jupphnubpp  qoiquijgking - wnhjugjus b
Unnhdhugjws ghnjhph htwn, EbEinhy YEpuyny hpwljwbwgunid Eu CO-h hhnppnud dbnd

wuydwtitbpnid: Lutwpldt] £ hhgphnh b Yupphnh Jpu 9opwsth wljnhjugdwt & CO-h
hhnppuiwb dudwbwl wshwepwusuh wnwewgdwu Ukjpwtthqup:
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2U8UUSULP ZULMUMESNREBUL 2PSNRE3NRLLED
UQaushu UUUEURU

HAITMOHAJIBHAA AKAJIEMUA HAVK PECITYBJIMKHA
APMEHUA

Zuywunwh phthwluwh hwinku 60, Ne2, 2007 Xummirdeckuii )ypHanx ApMeHHN

YIK 536.46:546.28:546.621

3AKOHOMEPHOCTY I'OPEHUSA CUCTEMBI SiO2-Al-N2 1 CB CUHTE3
MOHOCHAJIOHA 1 KOMITO3UTOB HA OCHOBE HUTPUJIA KPEMHHWA

JI. C. ABOBSAH u C. JI. XAPATAH

WucruryT xummdeckoit dusuku um. A.B. Hanbangana
HAH Pecny6uku Apmenus, Epepan

EpeBanckuii rocyjapcTBeHHBIN YHUBEPCUTET

WccnepoBana BosmokHOCTs CB cuuTesa kommosura SisN4/Al2O3 u oznHodasHOro cmasoHa (MOHOCHAIOHA) IIPU
OTHOCHTENIbHO HUBKHX naBiaeHusx asora (0,1-6,0 AM/la) ¢ wucmonp3oBaHHEM [HOKCHA KpeMHHs (KBapLeBOrO IecKa) B
KauecTBe KPeMHUEBOTO ChIpbs. BLsABIeHbI OCHOBHBIE (DAKTOPHI, BIHAIOLIE Ha 3aKOHOMEPHOCTH ropeHus cucremst SiO2-Al-
N2, IOJIHOTYy a30THPOBAHM KPeMHMs, a TaKXKe MHUKPOCTPYKTYPy M COCTaB KOHEUHBIX IPOAYKTOB. IlokasaHo, d4TO
asotuposanue cmeceit Si02-Al u SiO2-Al-SisN4(Al203) B pexxriMe ropeHus BCersa COIPOBOXAAETCS 06pa3oOBAHNEM CHAIOHOB
(SiAION). ITpu 5TOM B 3aBUCHMOCTH OT KOIMdecTBa 1 mpupozsl pasdasuress (SisN4, Al203) monyyarorcs kommosutst SisNa-
Al203-SiAION c pasnu4HBIM COmepKaHHeM KOMIIOHEHTOB M CBOGOZHOTO KpeMHus. COCTaB M MUKPOCTPYKTYPY KOMIIO3UTOB
MOXXHO KOHTPOJIMPOBATh H3MEHEHHeM COOTHOLIEHUS COCTAaBJIAIONIUX B MCXOZHOM CMeCH U [IABIE€HHS Ta30BOH Cpezbl
YcranosneHo, uyto npu roperun cmeceir SiO2-Al-SisN4 mpy HU3KUX [aBIeHMAX a30Ta MOXKHO CHHTE3MPOBATh MOHOCHAJIOH

SisA13O3Ns u kommosuT SisN4/SisA1303Ns ¢ pasjIHYHbIM COZep)KaHNeM HUTPHAA KPEMHUA.

Puc. 8, 6u6. ccputok 8.

Tlopenmne cuctemsr SiO2-Al-N» mpezcraBiser WHTepeC C LeAbI0 OJHOCTAAMHAHOTO CHHTE3a
HUTPUAHOM KepaMHUKH M MOHOCHAJOHAa MJIM KOMIIO3MTA Ha €ro OCHOBe. B oToii cucreme mporecc
TOpeHMsA COIPOBOXJAETCA PA3IMYHBIMH XUMUYECKUMH ¥ (U3NYECKUMM IIPEBpAlleHUAMH U B
3aBHCHMOCTH OT YCJIOBHE IIpoliecca BO3MOXHO oOpa3oBaHue OZHO(MASHBIX MJIM MHOTO(Aa3HBIX
mponykroB. IIpenmonaraercs TaxKe, 4TO IpH obeclieueHUH HEOOXOAMMBIX YCIOBUM TOpEHUI
cucremst SiO2-Al-N2 MOXXHO CHHTe3HpOBaTh OAHO(MASHBII CHATOH U KOMIIO3UT Ha OCHOBE HUTPUZA
KpeMHHA.

Kax moxkasaso B pa6orax [1-4], asoTupoBaHue KpeMHUS U/UIK €T0 COeJUHEHU IPH BRICOKHX
nasienwsx asota (30-200 M7la) obecnieunBaeT He TONBKO MOMydYeHUe TYTOIIABKUX COeAMHEHUH U
IPaKTUYeCKH OeCIOPHUCTHIX MAaTE€PHUATIOB C BBICOKUM COJEp>KaHMEM a30Ta U KOHTPOIUPYeMOIl
MHUKPOCTPYKTYPO#, HO W H3feNuii M3 HUTPUAA KPeMHUA M KOMIIO3UTOB Ha ero ocHose. [Ipu
BBICOKUX [JaBJIEHUAX IIOJyYeHbI TaK)Ke OLHO(a3HbIe CHaIOHBI M KOMIIO3UTHI HA UX OCHOBE.
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OGpasoBaHre CHAIOHOBOM KepaMHUKM (CHaJOH KW KOMIO3uThl Ha ero ocHoBe: SiAION-SIiC,
SiAION-BN, SiAION-SiC-BN, SiAlON-TiN) B pexxume CBC mpu Bsicoxux paBrenusx asora (150
MTIa) 06BIYHO TIPeLCTAaBIAETCS B BUE PEAKI[UIL:

(6-1,52)Si + zAl + 0,52Si02 + (4-0,5z)N2 — $-Si6-»Al:OzN@s-2),

rzie KoapdUIINEHT Z MeHAeTCs B ITpefenax 1-5.

[l ONITUMU3AIUH yCIOBH CHHTe3a B COCTAaB UCXOAHBIX KOMIIOHEHTOB BBOJATCA pasbaBUTEIN
(B-Sie-2Alz0:N@-», SiC, TiB2 u fp.) u perynATOpHl CIeKaHUA — HUTPUA 60pa MIU dJIeMeHTapHBIH
6o0p, obecmeynBatonie o6pa3oBaHue HUTpHUAA Gopa B Ipolece ropenus [1-4].

Kepamuueckue marepuaisl Ha OCHOBe HUTpHZA KpeMHus (Hampumep, SisN4-Y20s3, SisN+-MgO,
SisN4-BN,  SisN4-Al2Os, SisN4-B4C) 0O6BIYHO M3rOTaBIMBAIOTCA IO TEXHOJIOTHMU TOPSIYEro
IIPeCCOBAHUA MJIM CIIEKaHUA CMeceif, BKIIOYAIONINX OTAENbHO CHHTE3MPOBAHHBIE KOMIIOHEHTHL.
Vcnonp3oBanue pasnuyHbix HanonHurened cuekanus (Al2Os, Y203, MgO) oGecneunBaer Goiee
BBICOKME XapaKTePUCTHKM KepaMHYeCKUX MATepUaJoB IIPU  M3TOTOBJIEHUU  PEXYIIUX
MHCTPYMEHTOB WJIX UX PaGOTHI B arPECCHUBHBIX XUMHYECKHUX CpeflaX B COCTaBe KOHCTPYKI[MOHHBIX
MaTepuanoB. Kepamuueckue MaTepuaspl Ha OCHOBE CHaJOHa, B TOM 4HCIe [AByxdasHbIe
KOMIIO3UTHI, aHAJIOTUYHO HUTPUIHON KepaMUKe, IPUMEHAIOTCA TaKXKe B COCTaBe WHCTPYMEHTaIb-
HOM ¥ KOHCTPYKUMOHHON Kepamuku [1-4]. Psax cuamonoB (B-SisAl202Ns, B-Si2AlsOsNs u p-
SisAl303Ns) monmyuator u3 numpoduaura (Al0O3-4Si02-H20) u xaommma (Al203-25i02:2H20) ¢
HCIOJIb30BaHUEM METOJa KapOOTepMUIECKOTO BOCCTAHOBJIEHUS U a30TUPOBaHU [5].

B pa6orax [6-8] HamMu mcCiIefOBaHbI 3aKOHOMEPHOCTH TOpeHHUsS MOAenIbHO# cucteMsl 35i0:2-
4Al-3C c menpi0 BBIACHEHWS BO3MOXXHOCTH WCIIONB30BAaHUA KBAapLEBOTO IIECKA B KadecTBe
KPEeMHUEeBOTO CBIPbS [JisI OJHOCTajguiiHoro cuHTeda kommosuta SiC/AlO3 u ompepenenms
ONITHMAaJIBHBIX YCJIOBHI IIPOBeE€HU IIpoIiecca.

Ilens HacTosmeit paboTHI: a) MCCIeLOBaHNe 3aKOHOMepHOCTeH roperus cucremsl 3Si02-nAl-
N2 mpy HU3KUX JaBJI€HUAX a30Ta C HCIIOIB30BAHUEM KBAapIEBOTO IIeCKa B KAUeCTBE CBHIPhA KPEMHUIL
BMECTO IIOJyIPOBOZHUKOBOTO KPEMHUS WK €r0 CMECH C AUOKCHIOM KPeMHU, IPUMEHIEMBIX B
uccrefoBaHuax [1-4]; 6) m3ydeHme BO3MOXKHOCTH moxydeHms kKommosura SisNs/AlQOs, a Takxe
0nHO(}A3HOTO CHAJIOHA U €r0 KOMIIO3UTOB B peXXHMMe TOpeHus asoTupoBaHueM cMmeceir 35i02-nAl
Ipyu Hanuduu paszbaBuTeneil (OKCHA aTIOMHHMA WIM HUTPHUJ KpPeMHHUA); B) OIpeleleHUe
ONITHMAJBHBIX YCIOBUM CHHTe3a KOMIIO3UTOB Ha OCHOBE HUTPHJAA KPEMHUS M MOHOCHAJIOHA
HY>XHOTO COCTaBa.

OKCIIepHMeHTAIbHEIE Pe3yIbTaTHl U UX 00CyXAeHNe

Meroznra sxcrmepumerTa. DKCIePUMEHTHI IPOBOLUINCE B 60MOe IOCTOSHHOTO JABJIEHUS B
cpezie ras’oobpasHOro asota. Jljis IIPUTOTOBNIEHHUS MCXOAHBIX CMeCeH HCIIOIB30BAJIUCh:
M3MeJIbYEHHBIM KBAapLEBbIH IecoK, moaukpucraindeckuii kpemHuil Kp-1 u CBC-Hurpuz
KpeMHUs, IOpOIIKooOpasuerit amomuuuit mapku ACJ-4, oxcup amoMuHMA Mapku “4.m.a.” C
pasmepom d4acrun, mMeHee 50 mrm. VI3 HMCXOZHBIX CMeCedl H3TOTaBIMBAIKCH LMIMHIPUYECKUE
obpasupr guamerpom 30 mm u BbicoTod 35-55 mm (cBoGOAHAs 3achIIKa B CTaKaHe U3
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MeTaJIN4eCKOI CeTKU) U CXKUTAIKUCH B aTMOC(hepe a30Ta IIyTeM WHUIIMHPOBAHUA BOJTHBI TOPEHUA C
IIOMOIIBIO0 HATPETOH 3IEKTPUIECKUM TOKOM BOJIb(GPaMOBOM crupanu (C BEPXHETO TOpIia 06pasia).
OtHocurenpHas mIoTHOCTE (A) o6pasmos cocrtaBnsia 0,4-0,5, a fpaBneHne asoTa MEHATIOCH B
unrepBasre ot 0,1 mo 6,0 M7la. Jna usmepenus Temmepatryps (Ir) u ckopoctu (Ur) roperus
HCIIO/B30BAINCh BOJIb(QpaM-peHueBsle Tepmomapsl nuamerpom 0,2 amy. YipaBieHue sKCIlepu-
MEHTOM M 3aIIMCh CUTHAJIOB TEPMOIIAP OCYLIECTBJIIACH C TOMOIIBIO MOAKIIOYEHHOTO K YCTAHOBKE
IIEPCOHAJBHOTO KOMIIBIOTEPA.

CropeBuirie 06pasisl MOABEPraauch peHTreHodasosomy (Ha pudpaxromerpe “JPOH-3,07) u
XUMUYecKoMy (OIpefendnoch COZep)KaHWe asoTa U CBOOOJHOTO KPEeMHH) aHaIH3aM.
MUKPOCTPYKTYpBl M3IOMOB O0OpasLiOB H3YYaJIHUCh C IIOMOLIBIO PACTPOBOTO 3JIEKTPOHHOTO
mukpockomna “BS-300”.

SaxoromeprOcTH roperns cucremsl 3Si0O2-nAI-Nz. Ilpu ropenmu cmeceir 3SiO2-nAl mpu
HU3KHUX JaBJIeHHUIX a30Ta IIPOIeCC a30THPOBAHUA OCYIIECTBIAETCA B PeXuMe (PUIBTPALlHOHHOTO
TOpeHUs aHAJIOTUYHO CIy4alo TOpeHMA IOPUCTHIX METAIMYECKUX U HEMeTaUIMIeCKUX 06pasiioB.
ITpu sTOM CymlecTBeHHOe BIHAHHE Ha 3aKOHOMEPHOCTH TOPEHMA M Ha KOHEYHBIH COCTaB
IIPOAYKTOB OKa3bIBAIOT COCTAB MCXOAHOI CMeCH, AaBjleHUe a30Ta, IIOTHOCTh U JUAaMeTp 00pasloB,
Ha/jn4Ke pas6baBUTeNIel B UCXOMHOM CMECH H T.T,.

B pamMkax IpoBeZEeHHBIX SKCIIEPUMEHTOB M3Y4aaHCh 3aKOHOMEPHOCTU TOPEHUA CHCTEMBI
3Si02-nAl-N2 (rze n=2-6) B 3aBUCHMOCTH OT CJEAYIOLUIVX IIapaMeTPOB: COCTABA MCXOAHOH IIMXTHI,
IaBlIeHUsA Tasa, KOJWYeCcTBA aTIOMHUHUs], pas3baBUTeNs M IIOJUKPHUCTA/UINYECKOTO KPeMHHUS B
HCXOIHOM CMECH.

11 HaxoXIeHWsd  ONTHMAIbHBIX PEXHMOB pealM3alluy  IIpollecca  IIPOBOZMIICA
IpefBapUTENIbHBIM  TePMOJUHAMHUYECKMI  aHAJM3 HCCIEAyeMBIX CHCTeM. DBO3MOXXHOCTB
ocymectBienus peaknuu SiO2-Al-N2 B pexxuMme ropeHMs IS CT€XHOMETPUYECKOH U
HECTeXMOMETPUYEKUX CMeceil TP HaJIUYMU U OTCYTCTBUU pa3baBuTesel McCienoBanach Mo Ipor-
pamme "THERMO", paspaGoraruoit 8 ICMAH P®. Bsitu paccumrTaHbl paBHOBECHBIH COCTaB
IPOJYKTOB CTOpaHuA U afuabatudeckas Temmneparypa ropeHus (Tax).

CormacHo TepMozuHamMuyecKuM pacderaM, B cucrteMe 35i02-4A1-2N2 mpu Hanuuuu
HeoOXOZUMOTO KOJIHYecTBa (MIM M30BITKA) ra3o00pasHOrO as3oTa U OTCYTCTBUM pasbaBUTeIT
obpasyiorcs MHorodasusie npomykTel: SisN4(ts.), AlOs(1B., x.), AIN(TB.), Si(x.), SiO(r.).
WsmeHeHue maBieHus ra3oBoi cpensr HauwHadA C 4,5 N//]a He OKa3bIBaeT CYIIeCTBEHHOTO BIMAHUA
Ha cofepKaHKe XUAKOTO KPeMHUA B KOHEYHOM ITPOAYKTe. YMeHblIeHre KOIUYeCTBa WU IOJTHOe
ncuesHoBeHMe Si(K.) B IPOAYKTaX CropaHUsA HAGIIOJAeTCA JUUIb TIPH pa3baBIeHUM HCXOILHOI
CMeCH OKCHZOM QTIOMUHUA UM HUTPUJOM KPEMHUA.

OKCIlepUMeHTaIbHble HCClefoBaHus ropeHus cucrteMbl 35i02-4Al-N2 mpu  pasauuHBIX
IaBJIe€HUAX a30Ta IIOKAa3alM, YTO B pe3yJbTaTe a30THPOBAHMSA, BMECTO OXXUAAEMBIX TPOMHBIX
xoMno3uToB SisN4-AlO3-AIN ¢ pasHEIM cofepXaHHEeM CBOOOZHOTO KPEMHHUA, IIOMYdYalOTCI
MHorodasHble IPOAYKTHL C Pa3IHYHBIM COZep)KaHueM KOMIoHeHTOB: Si, SisAl1303Ns, SisAlsO12N2, a-
AlOs, cremsr P-SisNs (TOSTBEP)KIEHO XMMUYECKUM K peHTreHoGhasoBsIM aHamuszamu). [Ipu stom
yBeIU4YeHNe JaBJIeHUA a30Ta IPUBOIUT K pocTy Ur U He3HAYUTEIBHOMY yMEHbIIEHUIO Tr, a Takxe
K TIOBBIUIEHUIO KOJIUYECTBA CBOOOJHOTO KPEMHUS (IMSi(csos)) U YMEHBUICHUIO COJEP)KaHUI
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CBA3aHHOTO a3oTa (mMN) B IpOAyKTax cropaHui (puc.l). AHamua TepMOrpaMM TOPeHHUS IIpU
Pa3NIUYHBIX JaBIEHUAX a30Ta IPUBOSUT K BBIBOAY, UTO yKasaHHOe sABJIeHHe (pe3Koe yMeHbIIeHMe
MN) MOXXeT OBITh OGYC/IOBIEHO 3HAYUTETBHBIM yBeIHMYEHHEM CKOPOCTH POCTa TEMIIEPATypHI IO
Mepe IOBBIIEHUS JaBJI€HUA, IPHUBOAAIETO K OBICTPOMY 3aKyIOPHBaHHUIO IIOp B oOpasle B
pesyJbTaTe ILIaBIeHHs peareHTOB. IlocienHee, B CBOIO odepenp, MPUBOAUT K (DUIBTPAIIOHHBIM
3aTPyAHEHMAM IIOCTYyILUIEHHS Ta3000pasHOTO peareHTa B 30HY PpeaKIMM U YMEHBIIEHUIO
IJINTEIBHOCTH 30HBI JOTOPAHHA B BOJIHE TOPEHHA, UTO B KOHEYHOM HTOTe CHIDKAeT CTelleHb
a30THPOBAHUSI PeareHTOB.

PesynbraThl, IpefcTaBlIeHHbIE HA PUC.2, MOIy4eHS! IpKU (QUIBTPAIIOHHOM TOPEHHH cMecei
3Si02-nAl B cpeze asora (Pne=5,0 M/la) mpu BapsupoBaHMU KoaudecTBa amoMuHua (n(Al)) B
nucxofHOM cMmecu. M3 pucyHKa BHAHO, ITO C POCTOM BeIMYMHBI IIapaMeTpa N TeMIIEpaTypa U
ckopocts ropenus cucteMsl 3S5i02-nAl-N2 yBemmuwmBatorcsa. [Ipu sToM, Kak U B TpensIAylieM
crydae (puc.l), pasBuBaeMas B BOJHE TOPEHHSA TeMIIEpAaTypa IIpPeBHIIAeT 3HAUEHUE TeMIEepaTyp
IIaBIEHUS ATIOMUHNA, KpeMHUA U SiO2, 4TO MOXeT BHI3BIBATH QUIBTPALIMOHHbIE 3aTPYJHEHUS A1
IIOZIBOJA a30Ta B PeaKIMOHHYIO 30HY. K ToMy ke, CHIDKEHMIO CTelleHH a30THPOBAaHUA KPeMHHUS U
YBEJIMYEHUIO €TO COTEeP:KaHUA B CBOOOJHOM BHZie B KOHEYHBIX IIPOAYKTaX CIIOCOOCTBYET YaCTHYHAL
Iucconyanusa obpasosasurerocs SisN4, yCHIMBaOWAACS C TMOBBIIIEHNEM COIEPXKaHUA aJIOMUHUSI B
HCXOIHOM CMECH.

Ilo pmamHBIM peHTreHO(})A30BOTO M XMMHYECKOTO AHAIU30B, B HCCIEJOBAHHOM HHTEpBae
nsmeHeHus n(Al) morydaroTcs MHOrOdasHbIe TPOAYKTHI C PAa3IUIHBIM COflepXKaHueM a3oTa (oT 7 1o
10%, ¢ MuHMManbHBIM 3HaYeHMEM N NPH N=5) u cBoGozHoro Kpemuus (or 1 mo 10%, c
MaKCHMaIBHBIM 3HAUeHHEM MsSi(free) IPYU N=4). B 3aBuCHMOCTH OT 3HaUeHNUA ITapaMeTpa N IPOLYKTHI
TOpeHMs UMEIOT Clefyouuii GpasoBblil cocTas:

a) SiOz, SisAl6O12N2, SisAlsOsNs (pu HemocTaTKe BOCCTAHOBUTEIL: N=2),

6) Si, SisAléO12N2, SizsAl303Ns, a-Al2O3 (mpu crexuomerpun: n=4),

B) Si, Si3Al303Ns, y-Al20s3, e-Al2O3 (11pu 136bITKe BOCCTAHOBUTEILA: N=0).
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T,,°C{ = Te o | o
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1 Msj(ceo6.) 1
800 . . ; . —0! o
0 2 4 6
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Puc. 1. 3aBucumocru remmnepatypsr (Tr) u ckopoctu (Ur) ropenus, copep:xaHus a3oTa (mN) U CBOGOZHOTO KPeMHHS
(msi(cros.)) B KOHEYHOM IIPOAYKTE OT JaBaeHus a3ora aia cmecu 3Si02+4AL
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Puc. 2. 3aBucumocru temmepatypsr (Tr) u ckopoctu (Ur) ropenus, comep:xanus a3oTa (mn) U CBOGOZHOTO KPeMHIS
(mSi(cso6)) B KOHEYHOM IIPOAYKTE OT KOJIMIECTBA AMIOMUHUA B ucxomuoi cmecu 3SiO2+nAl mpu ee ropenuu B aszore
(Pn2=5,0 MI1a).

B Imponecce TOpeHHsd, KpoMeé BOCCTAHOBJIIEHHNA SiOZ, a30THPOBAHMA ATIOMUHHUA H
BOCCTAHOBJIEHHOT'O KPE€MHH:, BO3MOXHO TaKXe O6PaBOBaHI/Ie OKCHMHHUTPHAOB, B TOM YHCIE€ U

CHAJIOHOB, IIO CIeAYIOIMUM PEaKIUAM:

A|203+ Si3N4+ AIN - Si3A|303N5
SiOg+ S|3N4(A|N) + A|203 — Si3A|6012N2.

C mesbio yIydIIeHus yCIOBUN a30THPOBAHUS KPEMHHUS U MOJABIeHus gucconuanuu SisNs, a
TaKXKe yMEeHBIIEHU 4uciIa obpasyromuxcs (as B KOHEUHOM IIPOAYKTe GBUI NMPUMEHEH CIO0Cco6
pasbaBieHHs UCXOJHOM IINXTHI KOHEUYHBIMH IIPOAYKTaMuU. B kauecTBe pazbaBuTesneil Ipu ropeHUN
cuctembl 3Si02-nAl-N2 ucIr0/1630BaIuCh OKCUZ, ATIOMUHUS UIH HUTPUJ, KpeMHUA. Takoi mofgxoz,
Ha Hall B3TJIAZ, MOXET IIPUBECTH K IIONYYEHHIO MOHOCHATIOHOB M KoMmo3uToB Al20s/SisNs,
A1>03/Si3A1303Ns mu SisN4/SizAlsOsNs.

CoracHO pesysibraTaM IIPOBeJeHHBIX HCCIENOBAHUM, BBe/leHNe Pa3IMIHBIX pazbaBuTeseil B
HCXOAHYIO MuXTy Hpu ropernn cucreMsl 3Si02-4A1-N2 mpuBogut k cHmwxeHuo Tr u Ur, msisos) 1
IOBBIIEHWIO IMN B KOHeYHOM mpozykre (puc. 4). Ilpm 5ToM, OZHAKO, HPOZYKTHI OCTAIOTCSI
muorogdasusiMu. Tak, mpu pa30aBIeHUM HCXOLHOM IIUXTHI OKCHAOM QIOMUHUS KOHEYHBIN
IIPOAYKT uMeeT cienyromuii dasossrii cocras: SisAlsOsNs, a-Al20s, SisAléO12N2 u censr f-SisNs, a
IpYM HUCIIONB30BAaHMU HUTPUZA KPEMHHUS B KadyecTBe pa30aBHUTeNs IOTy4aeTcs MHOTO(asHBII
mponykr, copepxamuii [1-SisN4, SisAl303Ns, SisAleO12N2.

DIIeKTPOHHO-MUKPOCKOIIMYECKHe HCCIEeZOBAaHNUA IIPOAYKTOB CTOPAaHUSA CBUAETEIBCTBYIOT
(puc.3, a-e), YTO MHUKPOCTPYKTYPhl KOHEYHBIX IIPOAYKTOB BO MHOTOM OIIPEJENIAIOTCI COCTABOM
ncxopHo# cmecu. HaGmomaercs cylmecTBeHHOe pasindue B MUKPOCTPYKTYPax IIPH OTCYTCTBUHU
(puc.3, a-B) u Hanmuuu (puc.3, r-e) pazbaBuTesel B HICXOLHOMN CMeCH.

Vicxonsa M3 IONyYeHHBIX Pe3yIbTATOB OBLIM IIPOBeJEHBI JalbHeHIIne HCCIeZOBAHUA IIO
roperuto cucteMs! 35i02-nAl-N2 119 onTHMHU3AIUK UCXOLHOM CMECH II0 CIeLyIOMUM IapaMeTpaM:
a) xomudectBo amiomuHui n(Al) mpu ozuHakoBoM KosnndecTBe pas6aBurens AlOs B mcxopHoit
cmecy; 6) xKonudectBo pasbaButess k(SisN4) ¥ B) KOJIMUECTBO IOIMKPHUCTAIMIECKOTO KPEMHUI
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f(Si) mpu omHOM ¥ TOM Xe COZepKaHHH ATIOMUHUA. Heo6X0ZUMOCTb NpPOBeZeHUs MOILOOHBIX
HCCIeJOBAaHUI YaCTUYHO OGYCIOBIEHA UCIIONIB30BaHMEM B KaUueCTBe BOCCTaHOBHUTeNA Merana (Al),
CIIOCOGHOTO B3aMMOJENCTBOBATH C a30TOM B IIpOIlecCe TOpeHMsA. B KOHeYHOM HTOTe BCE 3TU
WCCIeOBaHUs OBUIM HAIIPAaBIEHbl HA: a) yBeJIMYEHHe CTelleHW a30THPOBAHUS KPEMHUS WU
QTOMUHNA M YMEHBIIEHWIO COJEpXKaHWs CBOOGOJHOTO KPEMHHS B KOHEYHOM IPOAYKTe; 6)
HCKJIIOUEHNEe BO3MOXHOCTH 00pa3oBaHUA CIOXHOTO okcumHuUTprza SisAlsO12N2, a Takxe IPOCTHIX
OKCHHUTPHZOB B KOHEUHBIX IPOLYKTaX; B) obOecIedeHMe CHHTe3a MoHocuanoHa Si3AlsOsNs u
xommosuuuii Ha ocHoBe SisNs miam (SisAlsOsNs); r) BsIfCHEHMEe BO3MOXXHOCTH OOpPa3OBAHUIL
MoHocuanoHa (Hanpumep, Si4Al20:2Ns), oTnmgaromerocs mo cocrasy oT SisAlsOsNs.

BiusiHue comepxaHWS ATIOMMHUAS B HCXOJHOM CMeCH HAa 3aKOHOMEPHOCTH TOpPEHHS WU
tdasoobpasoBanusa wusydanock Ha cucteMe 3S5i02-nAl-1,5A1203-N2. Biusnue sxe KoiaudecTsa
HUTPUZA KPEeMHUA U IIOJUKPHUCTA/UIMYECKOTO KpPeMHHUsA Ha IIapaMeTpsl TOPeHHS U COCTaB
IponsykToB wmccaesoBanoch Ha cucremax 3Si02-6A1-kSisNs-N2 u  SiO2-6Al1-fSi-(3-£/3)SisN4-N2.
PesynbTaThl 3TUX HCCIeTOBaHUI IIpeACTaBIeHbI HA puC.4-6.

(r) (m) (e)

Puc. 3. MUKPOCTPYKTyphl KOHEYHBIX IIPDOAYKTOB, IIOMy4eHHBIX IpH Topenumu cmeceii: SiO2-nAl (a, 6, B),
SiO2+6A1+kSisNs (r, 1) u SiO2+6Al+1,5A1:03 (e) mpu pasnuyHbIX 3HaYeHUAX N, k: (a) - n=2; (6) - n=4; (B) - n=6; (r) -
n=6, k=1; (n) - n=6, k=2.

AHanu3 BIWAHUA KOJIMYECTBA aJIOMUHHS B MCXOZHON CMeCH Ha 3aKOHOMEPHOCTU TOPEHUT
cmecu 3Si02+nAl+1,5A103 cBuzerenscTByer 0 ToM, 4To Tr u Ur yBeIWYHBAIOTCSA ¢ POCTOM IIapa-
Mmetpa n. [Ipu sToM HabIIOKAaeTCA TaKkoKe YBeIUYeHIE MSi(cso6) X MN B IPOAYKTaX cropaHus (puc.4).

Crepmyer orMeruts, uto npuMeneHue Al2Os3 B kauecTBe pazbaBuTes TAaKKe He CIIOCOOGCTBYeT
06pa3oBaHUIO ABYX(ha3HIX IpoayKToB: KoMro3utoB Al20s/SisNs mmu AloOs/SisAlsOsNs. IIpu stom,
KaK U B OTCYTCTBHe pasbaBUTesd, TakxKe (HOPMHUPYIOTCA MHOrodasHble IPOAYKTHL. B YacTHOCTH,
TOJIBKO IIpY N=6 Ha6ofaock GOpMUPOBaHIe IIPOCTOr0 OKCUHUTpua amoMunus (AlzOsN), a mpu
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n=4 B IpOAyKTax He OOHApy>XUBaJICA CBOOOIHBIN KpeMHUH. BosamoxxHOCTh 06paszoBanusa AlsOsN B
pexuMe TOpeHMs IIPH a30THPOBAHHM AaMIOMUHUA B IpUCyTCTBUM paszbaBurens AlOs 6siia
IOATBEp)KAEeHA HAaMH TaKXKe pe3yIbTaTaMU KOHTPOJBHBIX SKCIIEPUMEHTOB: IIPU TOPEHUM CMeCH
2Al1+1,5A1203 B cpene a3oTta moay4eH AByx¢asHbIil IPoayKT, comepxamuii AlzOsN u AIN.

2300 A 241 0,24
T,.°C] m, | Ur
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1700 - T
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1400 { g ———— |
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800 . : . : —0l o
3,5

) 5, 6,5
n(Al), monb

Puc. 4. 3aBucumoctu temnepatyps! (Tr) u ckopoctu (Ur) ropenus, comepxaHus asora (my) ¥ CBOGOLHOTO KPeMHUA
(mSi(cnos)) B KOHEYHOM IIPOJYKTE OT KOJIMIECTBa AIIOMUHUs pu ropeHnn cMecu 35102+nAl+1,5A1:03 (Pr2=5,0 MITa).

Pas6aBrenueM mcxomHOM cMecu HUTpuAoM KpeMmuus (roperue cucteMsl 3S102-6Al-kSisNs-
N2), ¢ ogmHO# CTOPOHBI, YJNY4YUIAIOTCS YCJAOBHS Aa30THPOBAHMSA KpPeMHHUS, a C ZOPYroi,
obecreunBalOTCA HeOOXOZMMbIE YCJIOBHUA AJIA IOTyYeHHA MOHOCHAJIOHA MM KOMIIO3HTA Ha €ro
ocHoBe. B pesyibrate monyuens! omHodasHbli (SisAlsOsNs) mnu nByxdasusiit (SisN4/SisAlsOsNs)
IIPOAYKTHI, C COLEpXKaHMeM HUTpuia KpemHus B mociesHeM or 10 mo 33%. Ilpu sTtom Taxke
YCTaHOBJIEHO, YTO yBeJIHYeHHe IapaMerpa k mpuBoaur K yMeHbureHHWi0 Tr u Ur, CHIDKEHHIO
COZlep’KaHUsA CBOOOSHOTO KPEMHMsS X IIOBBIIIEHHMIO KOJNMYECTBA a30Ta B KOHEYHOM IIPOAYKTE

(puc.5).

336



2200
T, °C
1800

1400

1000

600

1 ) 2
k(SisN,), monb

Puc. 5. 3aBucumoctu temnepatypst (Tr) u cxopoctu (Ur) ropenus, comep:xaHus a3oTa (IN) X CBOGOJHOrO KpeMHUA
(msi(cros)) B KOHEYHOM IIPOZYKTe OT KOJIMYECTBA HUTpUAA KpemHusA npu ropeHun cmecu 3Si02+6Al+kSisNs B asore
(Pn2=5,0 MI1a).

Crenmyer Taxke OTMETHTh, YTO, AHAJIOTMYHO ciy4ailo mpuMmeHeHua AlOs3 B kadecTBe
pas6aBurena mpu roperun cucremsl 35i02-nAl-N2, He mpuBezurero x 06pa3oBaHUIO ABYyX(Pa3HOTO
mpogykra (xommosutoB AlQOs3/SisN4, SisN4/SisAlsOsNs, AlO3/SisAl3O3Ns), ropenue cmecu
3Si02+6A1+3SisN+ Tarke He IpUBOZUT K oOpasopaHmio MoHocuamoHa SisAl2O2Ns xoTs cocras
CMeCH COOTBETCTBYeET HOTYYeHHIO JAHHOTO CHAJIOHA.

BeimeykasaHHBIN CHaJIOH He obOpasyeTcs Takxe B pesysnbTaTe ropeHus cucreMms: 3SiO2-6Al-
3SisNs-N2, B KOTOpOil YacTh HUTPUZAA KPEMHUSI 3aMEHAETCS IIOIUKPUCTAIINYECKUM KPEeMHUEM.
VzyueHue BIMAHUA KOJIMYECTBA IOJIHKpHUCTaIIHdeckoro kpemuus f(Si) B mcxomHoil cmecu Ha
3aKOHOMEPHOCTY T'OPEHUS ¥ COCTaB KOHEYHBIX IPOLYKTOB st cucteMsl 3Si02-6A1-£Si-(3-£/3)SisN4-
N2 cBugerenscTByeT O TOM, YTO IpM PasJIMYHBIX 3HAYeHHAX mapaMmerpa f momyuaiorcs
MHOrodasHble NMPOAZYKTHI — B HCCJIENOBAaHHBIX YCJIOBHAX OOpasoBaHME OZHOGMA3HOTO IIPOAYKTa
SisAl202Ne He wumeer Mecro. B saBucumoctu or Bemmuuusl f HabmrozaeTcs o6pasoBaHME
Tpex(ha3HOTO UIN YeTHIPex(asHOTO KOHEUHBIX IPOLyKTOB: B-SisN4, SisAl3OsNs u ciaearr SiO: (mpu
£=0); SisAlsOsNs, B-SisNs, SiseoAl13013Neeo (mpu £=2,25); SisAl3O3Ns, Si,f-SisN4 (mpu £=4,5); SisAlsOsNs,
Si,B-SisNs u Sise9Al13013Nees (mpu £=6). M3 mpoBesennsIx omeiToB crenyetT (puc.6), uto ¢ pocrom f
mapaMeTpsl Tr 1 Ur IpOABIAIOT TEHAEHIIUIO K HACBHIEHUIO, @ TAKKe MMEeT MECTO yBeJIHdYeHUe
KOJINYeCTBa CBOOOJHOTO KPEMHUA U YMEHBIIEHUE COePXKAaHUA a30Ta B KOHEYHOM IIPOAYKTe.
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Puc.6. 3aBucumoctu temuepatypst (Tr) u ckopoctu (Ur) roperus, comep:xanus a3ora (Mn) ¥ CBOGOZHOTO KPeMHUSL
(mSi(sos)) B KOHEYHOM IIPOAYKTE OT KOJIM4YeCTBa KpeMHus Ipu ropenuu cmecu 3SiO2+6Al+{Si+(3-f/3)SisN4 B asore
(Pn2=5,0 MI1a).

Taxum 06pasoM, IpH CONOCTAaBIEHWU IIOMYYE€HHBIX PE3YJIbTATOB IJIA PA3IMIHBIX CHCTEM,
MOXXHO KOHCTaTHpPOBaTh, 4YTO TOJNBKO mpu roperuu cucteMsr 3Si02-6A1-kSisNs-N2 mpu
OTHOCHTeJIFHO HU3KHUX JaBJIeHUAX ra3za MOKHO ocymectBuTh CB curTe3 MoHOCHanoHa SizAlsOsNs u
ero xommo3uta SisN4/SisAl3O3Ns ¢ pa3Tu4HBIM COZep>KaHHEeM HHUTPHAA KpeMHHI. B ocTaapHBIX
clydyasx IOJIydaloTcs MHorodasHble MHpoAykTel. Ha puc.7 mpuBefeHBl peHTITEHOTPAMMBI
ozHo(dasHoro mposykra — MoHocuamoHa SisAlzOsNs (a) m gByxdasHOro NIpoAyKTa — KOMIIO3HTA
SisN4/Si3Al1303Ns (6), moryduennsix npu ropennu cMmecu 3SiO2+6Al B cpeze asoTa B IPUCYTCTBHU
pasb6aBuress SisN4. 3mech xKe I CpaBHEHUS IIPUBeleHa PeHTTeHOrpaMMa MHOT0(asHOTO IPOAYKTa
Si, SisAlsOsNs, y-AlOs, e-Al2O3 (B), moTyYeHHOTO B OTCYTCTBHE Pa30aBUTEA.

338



(@) 1 1-Si; 2-y,eA,0;;
3-SigAl;03N5; 4 - B-SigN,

26 (Cuk,)

Puc.7. PeHTreHOrpaMMBI KOHEUHBIX IIPOAYKTOB, IIOIy4eHHbIe IIpu ropeHuu cMeceit 3Si02+6Al (a), 3SiO2+6A1+SisNa
(6) u 3SiO2+6A1+2Si3N4 (B) B cpepne asora (Pne=5,0 MIla).

B cucremax 3SiO2-nAl-N2, 3SiO2-nAl-1,5A1203-N2, 3Si02-6A1-kSisN+-N2 u 3Si02-6A1-£Si-(3-
1/3)SisN4-N2 BapsupoBarue mapameTpoB n, k u f cymecTBeHHO BiMseT He TOJIBKO HA I1apaMeTPHI
TOpeHUs, XUMUIeCKUil 1 (asoBBIA COCTaBbI, HO M Ha (OPMUPOBAHKE MUKPOCTPYKTYP KOHEUTHBIX
IPOAYKTOB. MUKpPOCTPYKTYypSl KOHEYHBIX IIPOALYKTOB, IIONY4EHHBIX I[P TOPEHHH CMeCed C
Pa3IMYHBIM COZePXKaHUeM IIOIMKPUCTAIMYECKOT0 KPEMHUS B MCXOZHOM CMeCH, IpUBeJeHbl Ha
puc.8. 13 cpaBHeHHs C [JaHHBIMH, NIPeACTABIEHHBIMH Ha PHUC.3, CIELyeT, 4TO CYI[eCTBEHHOE
pasiu4ve B MHKPOCTPYKTYpax HaGIOZaeTcs KaK IpHU OTCYTCTBUM (pHC.3, a-B) M HAIUYUU
pas6aBures (puc.3, T-e), TaK U IIPU UCIOIB30BAHUY OIUKPUCTALINIECKOTO KpeMHUA (puc.8, a-B).
OTH MUKPOCTPYKTYDHL OIIPENENSIOTCS TakkKe 3HaYeHHMIMH mapamerpoB n, k u f. Ilpu stom B
KOHEYHBIX IIPOAYKTAaX 3aperiuCTPUPOBAHO (GOPMUPOBAHUE HUTEBHAHBIX KPUCTAJUIOB M 3€PHHUCTOM
CTPYKTYPBI, COOTHOLIEHNE KOTOPBIX 3aBHCUT OT YCJIOBUI IIPOBE/IEHHUS IIpoLecca. B ompeseneHHbIX
yciaoBuax, Hampumep, mpu roperuu cmeceit 3Si02-6Al-kSisNs (mpm k=2) u 3SiO2+6Al+Si+(3-
1/3)SisN4 (pu £=2,25), bopmupyercs ToIbKO 3epHUCTas CTPYKTypa (puc.3, A u puc.8, a), 4To TaKkxe
MOXKET IIPe/ICTABISATh OIPE/IeIEHHBI WMHTepeC C TOYKMA 3peHMs IOJIyYeHUsS MAaTepHUaIoB C

peryiupyemMoil MUKPOCTPYKTYPOM.

(@) (©6) (®)
Puc. 8. MUKpOCTPYKTYyphI KOHEUHBIX IIPOAYKTOB, IOXyYeHHbIX Ipu ropernu cMecu 3SiO+6Al+Si+(3-f/3)SisN4 mpu
pasnuuHsix 3HaveHusx £ (a) - n=6, {=2.25; (6) - n=6, f=4.5; (8) - n=6, £=6.
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BriBogsl

1. BsigBreHb! OCHOBHBIE (DAKTOPHI, BAMAION[ME HA 3aKOHOMEPHOCTH ropeHus cucremsl SiO2-Al-
N2, mOMHOTY a30THPOBAaHUA KpeMHHS, a TaKKe MHUKPOCTPYKTYpPy M COCTaB KOHEYHBIX
npozxykroB. [loxasaHo, uto asorupoBanue cMmeceil SiO2-Al u cunTe3 xommosura SisN4/Al:Os
COIIPOBOXJAIOTCA 0Opa30BaHMEM CHATOHOB U €r0 KOMIIO3UTOB C PaslIMYHBIM COZep:KaHueM
KOMIIOHEHTOB U CBOGOZHOTO KPEMHIUA.

2. YcTaHOBJIEHO, YTO COCTaB U MUKPOCTPYKTYPY KOHEUHBIX IIPOJLYKTOB MOXXHO KOHTPOJIHMPOBATh
U3MeHeHHeM COOTHOIIEHUs COCTaBIAIONINX B MCXOZHOI CMeCH U [JaBJIeHUs TasoBOH Cpensl
KoneuHsble IPOAYKTHI IOTYYAIOTCA B BUJle HUTEBUITHBIX KPUCTA/LJIOB MIH 3€peH, COOTHOLIEHUE
KOTOPBIX MEHAETCS B 3aBUCHMOCTH OT YCJIOBUI IIPOBeeHIs IIPOLIeCca.

3. Ilokasano, uro mpu roperuu cmeceit SiO2-Al-SisNs mpu HHU3KMX IaBIeHMUIX a30Ta MOXKHO
CHHTe3UpOBaTh ofHO(a3HbIi cuanoH SizAlsOsNs u xommosuTsl SisNs/SizAlsOsNs ¢ pasaumaHbIM
cofiepXaHUeM HUTPHUA KPEMHUA.

SiO2-Al-N: ZUUUY U SR USLUUL OCPLUUONRESNRLLENL
G4 UBLPSPNRUD LPSCHYP ZBU UL 40U UNUNNLRPSLErh
Nk UNuNUPULAOLE UPLEERL

L. U. URNY3UL b U.L. UFUS3UL

Nuunudbwuhpdl] B dhwdwq vhwnh (Untinuhwnth) b SisN4/AlOs Yndwynqhwnh £b
uhtptqh htwpwynpnuipniip wgqnunh hwdbdwwnwpup gusp Lupndutph (0,1-6,0 UNw)
ntuypnid, npytu uhjhghnith hndp oquuugnpsdtny Ygupguhtt wuqp: Fugwhwyngby tu
Si02-Al-N2  hwdwljupgh wypdwt  ophtwswthnipniuubph, upjhghnidh  wgnunugdwi
wunhfwih, husybu twb Jbppwiynipbipnh pununpnipjut nt vhipnjunnigusph dpu
wqnnn  hhdtwlwt gnpéntubpp: 8nyg E wpdk], np SiO2-Al b SiO2-Al-SisN4(ALO3)
huwuntunipputph wgnuugnidt wpdwt pkdhunid dhpn nintlgynid E uvhuwynuubph (SiAION)
wnwewgniuny: Cun npnud, Jwjujwé tnupwugnighsh pwbwlhg b punyphg (SisNs, AlOs)
unwugynid bt pununphstiph nt wquu upjhghnidh mwppbp wupnibwnipjudp SisNs-
AlO3-SiIAION UnuUuynghwnubkp: Yndynghwbbph pununpnipmniut nt Jplpnjunnigduspp
Jupbh E Jupquinpl] Eught jpwntinipnmd  pununphsibph  hwpwpbpulgnmpui b
dhowduyph dupdwl thnthnjumipjudp: 8nyg b wipyk), np SiO2-Al-SisNs fawnunipnubtph
wypnuip wqnunh gusdp Lupnidubph nwly hpwjwbwgubihu Jupbh t uhtpbqb] SisAlzOsNs
Untinuhwnt b nupplp pwbwlnipjudp uhjhghnith thunphn wwpnitwlnng SisNe/SizsAlzOsNs
yndwnqhwnubp:
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COMBUSTION LAWSIN THE SIO,-Al-N, SYSTEM AND SYNTHESIS
OF MONOSIALON AND SILICON NITRIDE-BASED COMPOSITES

L.S. ABOVYAN and S.L. KHARATYAN

The possibility on SH synthesis of SizN4#/Al,O; composite and single-phase sialon (monosialon) at
relatively low nitrogen pressures (0.1-6.0 MPa) has been studied using silicon dioxide (silica sand) asa
silicon precursor. The main factors unfluencing on the combustion laws of the SiO,-Al-N, system,
completeness of silicon nitriding, as well as on the microstructure and composition of end-products
were revealed. It was shown that nitriding the SiO,-Al and SiO,-Al-SisN4(Al,O3) mixtures under the
combustion mode was always accopmanied by formation of sialons (SIAION). Depending on amount
and the type of the diluent SizN4-Al,O3-SIAION composites with various contents of components and
free silicon were obtained. The composition and microstructure of composites may be controlled by
changing the ratio of components in the initial charge and the pressure of gas atmosphere. It was
established that at low nitrogen pressures combustion of SiO,-Al-SisN; mixtures may result in
Si3Al303N5 monosialon and SisN4/SizAl;O3Ns composite with different contents of silicon nitride.
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2U8UUSULP ZULMUMESNREBUL 2PSNRE3NRLLED
UQaushu UUUEURU

HAITMOHAJIBHAA AKAJIEMUA HAVK PECITYBJIMKHA
APMEHUA

Zuywunwh phthwluwh hwinku 60, Ne2, 2007 Xummirdeckuii )ypHanx ApMeHHN

VK 541.44:546.821:546.8:539.12

B3AMMO/IEMICTBUE Sc, Gd, Nd 11 Pr C BOZJOPOJIOM
B PEXXMME F'OPEHVA U B ITYYKE YCKOPEHHBIX 3JIEKTPOHOB

A.T. AJIEKCAHAH, C. K. JOJIYXAHAH 1 A.T. AKOILTH

WucruryT xummdeckoit dusuku um. A.B. Hanbangana
HAH Pecny6uku Apmenus, Epepan

B pabore mnpescTaBieHBI pe3yJabTaTHl MCCAEZOBAaHMI pPafMallMOHHO-TEPMUYECKUX IIPOIIECCOB, IPOTEKAIOIUX B
cucremax Me-H2 (Me — Sc, Gd, Pr u Nd) moz my4koM yCKOpeHHBIX 9JIeKTPOHOB U B IIPOLieCCE CAMOPACIIPOCTPAHSIIONIETOCsT
BBICOKOTEMITEPATYPHOTO CHHTE3a.

IlokasaHo, 4YTO Ipu OOIy4YeHHH OOpasLOB IYyYKOM SJIEKTPOHOB B IIPHCYTCTBUM BOZOPOZA WHHULUUPYETCST
sk3oTepMudeckas peakuus Me+Hz, mpuBoasmas x cunTesy ruzspuzos. IlpessapurensHo 00IydeHHbIE B BAKyyMe 0OpasIibl
MeTaJUIOB CIIOCOOHBI HayaTh B3AUMOZEMCTBHE C BOJZOPOZOM IIPH OTHOCHUTENBHO HUBKMX TeMmepaTypax (60°C u Himke) ¢
obpazoBaHueM rugpuza. IlokasaHo, YTO B peXXMMe TOPEHMA MOXKHO HOJNydYaTh JU- M TPUTMIPHUABI METAa/UIOB TpeThbei

TPYIIIbL.

Puc. 2, tabs. 7, 6u6. cchLIoK 8.

Cnoco6uocts P3M MeTasIOB CBA3BIBATH 3HAUHUTEIbHBIE KOJIUYECTBA BOJOPOJA, CPABHUTEIHHO
OonbplIvie CeYeHMs 3aXBaTa TEIIOBBIX HeHTpoHOB (Tabi.l) [1] u OTHOCHTENBHO BBICOKHE
TEMIIEPAaTyphl PAa3IOKeHUS THUAPULOB AEIA0T WX IPUBJIEKATENBHBIMA MaTepUAJaM{ Kak JJIt
3QIIMTHL OT TEIUIOBBIX HEMTPOHOB, TAK M B KadeCTBE MATEPUANIOB [ PETyJIUPOBAHUS SJePHBIX
IIPOLIECCOB B peakTopax. PejKo3eMesbHBIE METAJUIBI M MX COEAVHEHUS NPEeACTABIAIT WHTEpeC
TaK)Ke KaK MaTepHasbl IJI COBPEMEHHBIX 3JIEKTPOHHBIX M ONTUYECKUX YCTPOMCTB, Garapeii,
KaTaJIu3aTopsl, abpasuBel U Ip. B CBA3M ¢ 3TUM IMOMCK JIydIINX METOAOB CHHTe3a ruzpunos P3M
SIBJISIETCS AKTyaIbHBIM.

s pemenvist aTux npobieM ObUIN M3yYeHBI BOSMOXKHOCTU OOPasOBaHUA THAPULOB METOZOM
caMopacIIpocTpaHAmoleroca BelcokoTeMneparypHoro cuHTesa (CBC) [2,3] u moz BozzeiicTBueM
YCKOpeHHBIX 271eKTpoHOB [4] B cuctemax Sc u P3M (Gd, Nd, Pr) — Ho.
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Tabuwna 1

CeueHns 3axBaTa TEILIOBBIX HeHTPOHOB Ays P3M

DJIeMeHT oa, bapH DJIeMeHT oa, 6apH
La 8.9 Gd 46000
Ce 0.70 Tb 44
Pr 11.2 Dy 1100
Nd 46 Ho 64
Pm 60 Er 166
Sm 5500 Tm 36
Eu 4600 Lu 108

Meranasl TpeTheil TPYIIBI M JAHTAHOMUIBI 00pasyioT ruzApuzasl coctaBa or MeH: mo MeHs.
WcxmoueHne COCTaBIAIOT CKAaHAWK M eBpPONMIH, KOTOphle TUAPUPYIOTCA A0 cocraBa MeHo.
Kpucrammudeckas CTPyKTypa 3THX MeTaJUIOB, KaK IIpaBWIO (B OOJIBIIMHCTBE CIIydaeB, KpoMe
camapus), rekcaroHansHas (I'T1Y), a y ruzmpunos — rpanenentpuposanHas xy6udeckas (I'IIK, co
cTpyKTypoii tuma ¢uooputa). [Ina merkux P3M (La, Ce, Pr, Nd) npu mepexoze oT ZUTHApPUIOB
MeH: x tpuruapuzam MeHszx HabmomaeTca HmOCTeIleHHOE 3allOMHEHUE OKTadIPUYECKHX ITyCTOT
penreTky (IIOOpPUTA aTOMAMK BOZOPOJA. ODTO COIPOBOXKIAETCA CXKATHeM pelleTKH THApPHAA —
yMmenbimaercsa mapamerp I'LIK pemrerku. B mopolnrkoBoil MeTayTypruyu TPaSUIMOHHBIM METOLOM
MIOJy4YeHUI TULPUIOB Sc 1 P3 MeTanIoB AB/IfeTCA CHHTE3 B BAKYYMHOM YCTaHOBKE THIIA YCTAHOBKH
Cuseprca [1,6]. 3apatee OUMIEHHBIH MeTa/IT IOMELIAIOT B PEAKTOP U AerasupyioT B Bakyyme 105
my pr cr ipu 800°C B TeueHMe HECKOJIBKUX YacOB. B cucTeMy BITyCKaioT BOZOPOZ IO AaBieHus 1
4TM ¥ BBIAEPXKUBAIOT MeTAT 5-8 ¥ IO IHOJTHOrO IOTJIOMEHUA, O 4YeM CYAAT II0 HU3MEHEeHHIO
JaBJIeHHA B CHCTeMe. DTUM JOCTaTOYHO JJIMTeIBHBIM METOLOM IoXydaloT zurunpunst P3M, a g
MOJy4YeHUI TPUTHAPHUAOB TpeOyIoTca GoJiee >KeCTKHMe yCIOBUA: TaK, AJA HMONydYeHHUsS TPUTHIPHUIA
TaJiOJIMHUA HY>XHBI JJTUTeIbHEIe BhIIepKKHU A0 40 w.

B mocnemHue mecATHIeTHA B MaTepHAJIOBeleHUH NIPH3HAH M YCIIEITHO Pa3BUBaeTCA IIPOIecc
€aMOPaCIPOCTPAHAIOMETOCS BBICOKOTEMIIEPATYPHOTO CHHTe3a, KOTOPhIMl OCHOBAH Ha IIPOBeJEeHHU
9K30TepMUYECKOH peakIUH MeXJy XHMHUYeCKUMU peareHTaMU B peXxuMme ropeHus. B ciyuae,
KOTZa OJMH U3 peareHTOB Tra3 (a3oT, BOZOPO), B3aUMOAeiCTBME B 30HE XMMUYECKOM peaKI[uu
IIPOUCXOAUT ITyTeM QHIIBTPAIINK aKTHBHOTO Ta3a U3 BHemrHell cpexsl. [Ipu sToM mocie JI0KaapHOTO
WHUIMMPOBAHUA Ipomecca (QopMupyercs TemnaoBasg BOJIHA, KOTOpasg CaMOIIPOM3BOJIBHO
pacIpocTpaHAeTCA 110 UCXOZHOMY BellleCTBY, IPUBO/A K IIONYYeHHIO IleHHBIX KOHIeHCHPOBAHHBIX
TIPOAYKTOB PeaKI .

ITpencraBnsgeTr WHTepec TakXe HWHHUIMHPOBAHHOE BO3ZEHCTBHEM YCKOPDEHHBIX 3JIEKTPOHOB
IOTJIONeHNe BOZOpoZa MeraulaMu u ciraBamu [4,5]. Ilpu BoszeficTBuuM Ha TBepAble Tena
HMOHU3UPYIOIIETO O0IydeHUA, B TOM YHCJIe U IyYKa YCKOPEHHBIX DJIeKTPOHOB, YaCcTO HabIomaeTcs
HapylIeHHe HUX CTPYKTyphl U oOpasoBaHue medekToB. BcirefcTBue HAaKOIIEHMS pPafHallOHHBIX
IedeKToB BO3MOXHO H3MeHeHHe MeXIIOCKOCTHBIX PAacCTOSHMI B KPHCTaJJINYeCKOH pelleTke,
mosABJeHNe JeeKTOB yIaKOBKHU (BbIpaXkaroueecs B U3MEHEHUH YepeOBaHUA IIJIOTHOCTU YIIAKOBKHU
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AQTOMHBIX CJIO€B KPHUCTAJJIMYECKOH PpelleTKX M BO3MOXHOIO OTCTYIUIEHHSA OT TOTO IIOPAZKA,
xoropsiit cBoictBeneH ITIY u I'IIK crpyxrypam). Bosmukaromue pazpua-iuonHble gedeKTHI
OKa3bIBAIOT 3HAUHTEeIbHOE BIMAHME Ha (QUIMKO-XMMHYECKHe CBOMCTBA MCXOZHOTO MaTepHaia, B
YacTHOCTH Ha WX Au(y3HOHHBIe CBOMCTBA, PEAKIMOHHOCIOCOGHOCTh M T.A. [Ipu msydeHumn
BO3ZIeHICTBHA IIyYKa yCKOPEeHHEIX 3JIeKTPOHOB Ha mponieccel Me+H2 65110 ycTaHOBIEHO JiBa peXxmMa
TIOTJIOWIeHHA BOJOPOJA MeTajUlaMH M CIIJIaBaMM 4YeTBEPTOM M IIATOM TPyNII — pafHallHOHHO-
tepmudeckuii cunres (PTC) u «xomozusiii cuntes» (XC) [4].

DKcIleprMeHTaJIbHasA JacTh

TexHuka okcmepumeHTa. lccrenoBaHus IO CHHTe3y THUIPHUIOB B PEXHUMEe TOPEHUA
mpoBoguinch 1Mo usBectHOM Merozuke CBC [2] B 6ombe mocrosHHOrO fAaBiaeHus. B mpoiecce
paboThI MPUMEHAIN ra3000pasHbIi BOJOPOJ, 5I€KTPOIU3HOM YMCTOTH IpH AaBieHusx 1-60 aras.
TeMmmepaTypsl ¥ CKOPOCTH IIPOLIECCa U3MEPSIUCH BOIb(ppaM-peHHEeBO TepMOIapoOi.

VccnemoBaHus pafualioHHO-TEPMHYECKUX TIPOIECCOB MTPOBOSUINCEH HA THHEHHOM YCKOPHT-
ene anexTpoHoB “JIVD-5” Epepanckoro ¢pu3nyecKoro MHCTUTYTa C dHeprueil nmyuka 4 MsB npu
cue Toka 7o 150 (A B cmenuansHO#M KaMepe, o6ecIeYnBaloNleli 371€KTPOHHO-Ty4eByI0 06paboTKy
MaTepHajoB B BAKyyMe U B Bojopoge npu 1-2 arm. Ob61ydeHue o6pasiioB MPOBOSUIOCH B MHTEPBa-
ne momuocreit moser 0,025-1,3 Mpag/c. VisMepeHue TeMieparyp IpOTEKaIOUIUX MPOILECCOB IIPU
06 Iy4eHUH 06PasiioB OCYyLIeCTBIAIOCH IIATHHA-TIATUHOPOAEBOIl TePMOIIapoii.

B skxcrepuMeHTax MCIIOMB30BAINUCH CKaHAUMHU Sc-2, ragonunuuii [IM-1 (99, 90%), mpaseozum
IIpM-1 (99,3%) 1 Heomum HM-1 (99,91%). Merantmueckas CTPy’KKa, IOTyIeHHAS MEXaHIHIECKUM
usMenbyeHneM Kyckosoro Merawna (0,3-0,5 mu), mpeccoBanack B UMJIMHIpUYECKUE OOPasIIbI fua-
merpom 20 u BbIcOTOM 5 M ¢ orHOCcHTenbHOM ImoTHOCTRIO 0,3-0,4. Ilocme obiydyenus ruppu-
pOBaHHBIE O0pasIfsl IIpaseosuMa U HEOAMMa TPAHCIIOPTHPOBATIHCH B CIELHMATBHBIX IIJIACTUKOBBIX
KOHTelHepax BO Hu30e)kaHUe IJINTEJBHOTO KOHTAaKTa C BHEIIHeil cpemoil. B ciydae ckauaua u
raZloJINHUSA TAKOH HeOOXOAUMOCTH He 6BITI0, IOCKOIBKY UX TUAPHUABI YCTOMIUBEL.

ATTecTanus IOJyYEeHHBIX MaTePHUaJOB IIPOBOAMIACH METOJAMU XMMMYECKOTO aHanIu3a Ha
CoZiepskaHue BOZOPOZA IIHPOIU30M, peHTrenodasosoro ananusa (“/IPOH-0,5") u zuddepenuans-
HO-TepMuyeckoro ananusa (“Q-15007).

CBC mpoueccsr B cucremax Me™H2. [Ipu ucciemoBaHny IpoLeccoB TOpeHUs cKaHzus u P3
MeTaJ/IOB B BOZOpOZe OBLIO YCTaHOBIEHO, 4To Temmeparypsl CBC mpomecca ruzpupoBaHHUSL
JIAHTAaHOUZOB IO CPAaBHEHUIO C TeMIIEpaTypaMU TOpPeHUsA MeTayutoB IV Tpynmbl HEeCKONBKO BBIIIE.
JlucnepcHOCTS, IUIOTHOCTh M TeOMETpPHUsA 0OpaslioB, KaK U B cIydae MeTaswioB IV u V rpymm, He
OKa3bIBaJIU CyILIECTBEHHOTO BIMAHUA Ha TeMmeparypsl u ckopoctu CBC. CkopocTH U TeMIIepaTypsl
ropeHUA pAZa METAJIOB, U3MePeHHBbIe IPH AaBIeHUU BOJOPOJa 3 ari, PUBeEHsI B Ta0I. 2.
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Tabiuna 2
Xapakrepucruka mporeccoB CBC B cuctemax P3M-H2

Metann Cropocrs Temneparypa Trnx meTanma, °C
TOpeHUs, CM/C ropenus, C
Pr 8,31 1265 935
Nd 8,25 1240 1024
Sm 10,27 1250 1072
Dy 9,69 1340 1407
Ho 6,25 1460 1461
Gd 12,4 1315 1312
Sc 8,7 1500 1541

Kakx BupHO u3 IpUBeJeHHBIX [AaHHBIX, TEMIEPATypPhl TOPEHMS JIETKMX JIAHTAaHOUZOB
(mpaseoguMa M HeoJuMa) BBIIIE TEMIIEPATYP IUIABJIEHUA COOTBETCTBYIOIIUX METAJIOB, OLHAKO 3TO
He SBIAEeTCS INPeNATCTBUEM IIPY BHEJPEHUU aTOMOB BOZOPOZA B KPUCTAIIHYECKYIO PeLIeTKy
Merala. B mpomecce o6pasoBaHus ¥ (DOPMHPOBAaHUSA KOHEUHBIX IIPOAYKTOB OOpasupl He
IedOpMUPYIOTCH, XOTA Ha U37I0Me 00pa3lioB HEKOTOPBIX TuApuAoB P3M mMeloTcsa pacniaBieHHBIE
yuactku. Mcxopusie o6pasupl MMenu cepeGpHCTHI OlecK MeTasua, IOCIE THUAPUPOBAHUA
IIPOJYKTHI IOTYYalUuCh C XapaKTePHBIMU JAJIA KaXKJOTO THAPHU/A OTTEHKAaMHU (TeMHO-CHHHUM, TEMHO-
(UOIETOBBIM U AP).

B ornnune or merasutos IV rpynmsr, npu roperuu P3M usmeHeHue faBieHUs CUIBHO BIUSET
Ha xuMmudeckuit u (asoBsit cocraBel ruzApuzoB (tabn. 3). Komeunsimu mpoxzykramu CBC-
TMPUPOBAaHUSA IIPa3eOAMMa U HeOJMMa IIPU JaBIeHHUIX BOJOPOJA <3 arM SBISAIOTCA TUTHUAPHUEL,
IpU [JaBlIeHUAX 5 ary u Bbille GopMupylorca Tpuruapususie ¢daser Pr u Nd ¢ HemonHoit
crexuomerpueii (H/Me = 2,20-2,98). Y ragonunus dasa gurugpuzga ragonunus c ['TIK crpykrypoit
dbopmupyercs npu AaBreHUAX Bogopoza mo 10 arm. [lanpHelinee yBerudeHue JaBIeHUA IPUBOLUT
K TOSABIEHHIO Hapazy C Kybudeckoil ¢asoil Auruipuiia TPUTHAPUIHON (ashl TafOMUHUA C
reKcaroHaiabpHOM IToTHON ymakoBkoit (I'TIY), a mpu 60 arm Bomoponsa B pesyiabTaTe TOpeHHSI
dopmupyercs ogrodasusrit GdHass ¢ I'TIY cTpykTypOii.
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Tabarma 3

Xapakrepucruku cuHTesupoBaHHbx CBC-ruppuzos
Merann P, Con. H2B Kpucran. ITapameTp ®opmyma
arm IIPOAYKTeE, pelreTka peuterku, A° | ruppuza
macc. %
Sc 10 4.25 I'oK a=4,7828 ScHzo
Pr 3 1,41 oK a=5512 PrH2o
60 2,08 Ik a=5,491 PrHos
Nd 3 1,43 oK a=>5,459 NdH2.
60 1,78 I'IK a=5,446 NdH26
5 1,26 'K a=5,513 GdH2o
Gd 60 1,79 Iy a=3,373; GdHa2s
c=6,710

PapyranyonHO-TepMudeckuii curTe3 runpuzos Metawos 111 rpynmsr. PTC B cucreme Sc—Hz. B
XOZie 9KCIepuMeHTOB Obio moxaszaHo, uyrto PTC B cucreme Sc—H2 peammsyercs mpu BBICOKHX
MoOIHOCTAX Jo3bl 1-1,5 Mpaz/c. AHanoruuHo MeTajlaM 4YeTBEepTOH Ipymmsl [4] 3mecs mocie
HarpeBa CKaHIUA II0[ HY‘IKOM chOpeHHLIX QﬂeKTPOHOB HpOI/ICXO,Z[I/IT TeIJIOBOM BSPBIB.
Temneparypy Hauasa B3auMOZeiCTBHA BOJOPOZA C OGpPasIOM 4eTKO He YZaaoch 3a(pUKCHpOBATSH,
ogHako Ha6mojaeTcs pe3kuii ckadok Temmeparyper go 1010-1130°C. B pesymeraTe PTC
coZiep>kaHUE BOZOpPOJA B IPOAyKTe mocTurio 3,3-3,4 macc.% Hamo oTMeTHTH, YTO HCXOAHBII
ckaHguit cogepxan fo 15% oxucHoit ¢aser Sc203. ITo maHHEIM peHTreHO(})a30BOrO aHAIK3A, IOJY-
uyen puruzapug, ckauzusa ¢ 'K kpucramnmyeckoii peuterkoit. K coxanenuio, okucHas daza Sc203 B
nporecce PTC ocranacs HensMeHHO# (Ta6it. 4).

Tabarna 4

Pagnanuonno-repMudeckuii cuutes B cucreme Sc—Ha

MoizoCTh Conm. H2 B
ZO3BI Aosa, | T, Tpeas, HpPOAyKTe ®azoBbrii cocTas
Mpag/c Mpaz c ¢ macc. %
0,2-0,5 200 | 190-385 - 0,57-0,86 Sc + Sc20s.
1,0-1,5 100 | 300-560 | 900-1140 3,0-3,40 ScHx+ Sc203(715%)

PTC rugprgos P3M. DxcriepyMeHTHI 110 PaJUallMOHHO-TEPMUYECKOMY CHHTe3y B CHCTEMax
P3M-H: nposogunuce B guamnasone momuocreit 103 0,3-1,0 Mpag/c npu masrenun Bomopoga 1
arm. Ilpu Bo3meiicTBuM Gosiee CIaGBIX ITyYKOB DJIEKTPOHOB peaKLMsd TUAPUPOBAHUA He HaAOIIO-
namack. HauanpHble TeMIepaTypsl paguallMOHHOTO pasorpesa B Bogopoze pocruraior 200-300°C, a
TeMIIepaTyphl peakiuu BaumogericTsus P3M c BomopooM mog, IyYKOM YCKOPEHHBIX 3JIEKTPOHOB
— OZHU M3 CaMBIX BBICOKUX Cpefu rccienoBanubix cucteM Me-Ha — 800-1000°C (puc. 1).
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Puc. 1. PaguanroHHO-TepMUUeCKUe IPOIeCCHl B CUCTEMe HeOAMM—BOZOPO/, IIPH 06IydeHUH dJIeKTPOHHBIM ITydKOM
¢ momHOCTHIO K036 0,5 Mpazg/c (cTpenkoit 0603HAYEH MOMEHT BHIKIIOUEHUS IIy9Ka).

Penrreno¢asoBerit ¥ XUMHMYECKMl aHAINU3BL NPOAYKTOB PAaJUAI[MOHHOTO BO3ZAEMCTBHS Ha
HEOJ UM U IIpa3eofuM IToKas3ajy, uro B pesyisrare PTC mpu 1 ara Bomopona dbopmupyiorcs cpasy
tpuruapuausie ¢asst MeHsx, gero He 65110 Ipu moxydeHuu stux rugpunos Merogom CBC. 3xecs,
BEPOATHO, UTPAET POJIb PAAHALMOHHBIN (aKTOp TeHepally aKTUBHBIX IIeHTPOB (Tabir. 5).

«XorozHsr# curTes» rugpuzos P3M. B panHUX paboTax IIpU HCCIeJOBAHUAX PaJUaIlIOHHO-
TepMuYecKkux mpoueccoB B cucreMax Me!V-Hz, Me-C(N)-Hz2, Me-Me!-H2 u np. o6HapyXeHHO HOBOe
sBJIEHVE — IIOCT-PaAMAIIOHHOE B3aUMO/EeMCTBYE META//IOB U HEKOTOPBIX HECTEXHOMETPUIECKHUX
COeAVHEHUH C BOJOPOAOM WJIX TaK Ha3bIBAe€MbIH «XOMOLHBIN cuHTe3» [4]. CyIHOCTS €ro COCTOUT B
TOM, YTO IIOCJIE IIPeJBAPUTENHHOIO OOIyYeHUS META/UIOB B BAKYyMe IIOCJE BBIKITIOYEHUS ITydKa
9JIEKTPOHOB U IIOHIDKEHMA TeMIIepaTypsl oOpasuoB no 25-60°C B peakIMOHHYIO 30HY (KaMepy)
IofaeTcsi BOZOPOJ, ¥ Uepe3 HECKONIBKO CeKYHJ, TepMOollapa peTHCTPUPYeT Pe3KUil CKadoK
TEMIIEpPATYPbL, YTO CBUETEIbCTBYET O IPOTEKAHIH SK30TePMUIECKON PeaKIuy JAHHOTO MeTaJUIN-
yecKoro o6pasiia ¢ BogopozoMm (puc. 2).
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PTC B cucremax P3M - H

« Kownr-us
s MoursocTs
3 Ho3a, Thax, Thaxe., BOZIOPOZa B
2 AAO3EL, Mpazx °C °C HpPOAyKTe H/Me
= >
M,
v pan/e macc. %
< 0,3 55 220 890 1,68 2,41
+ 0,4 76 220 925 1,70 2,50
a 0,5 94 278 900 1,79 2,57
- 0,3 100 300 800 1,75 2,58
+ 0,5 100 305 935 1,76 2,60
ie)
=z 0,7 100 305 860 1, 84 2,71
= 0,4 60 305 925 1,14 1,82
_; 0,6 45 305 960 0,97 1,55
o 1,0 110 305 1005 1,09 1,74
o

< 900 -

S 800 -

£ 700 |

S 600

Y 500 -

E 400 - /

ﬁ 300 - H,

200 -
100 - 4 |
0 ; ; ; ; ; — ‘
0 250 500 750 1000 1250 1500 1750 2000
Bpewms, cek.

Tabarma 5

Puc. 2. «XomozHbIii CHHTE3» B CHCTEME IPa3eoiuM—Bogopoz, (MouHocTs 1035l 0,2 Mpaz/c). (cTpenkamu 0603HaYEHBI
MOMEHTHI BRIKJIIOUEHHs IIy9Ka U MOJAYU BOZOPOZA B KAMEPY).

PeHTI‘eHO(baSOBLIfI U XUMWYECKUU aHaJU3bI IIOJITy9Y€HHBIX TIPOAYKTOB BBaHMOﬂeﬁCTBHH

IIOKA3aJIM, YTO B pe3yJsIbTaTe 3TOH peakiuu o6pasyrorcsa rugpuzasl. Hazo oTMeTuTs, YTO y KaXXg0ro

MeTaIyla €CTb CBON YCJOBHA IIPOTEKAHHUA IIOCTPAAHATMIOHHOIO BSaHMOﬂeﬁCTBHH C BOZOPOAOM U

OGPaSOBaHI/IH TUApHuAa B pEXHME «XOJOAHOTO CHHTE3a». OnrumanbHbIe ycioBusd, IPHU KOTOPBIX

peayusyeTcs 9TOT IIpoliecc, 1A 06pastos P3M npusenens B Tabr. 6.
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Tabrrna 6

T'nppuposanue o6pasnos P3M B pexxume "X0JI0AHOTO CHHTe3d"

« Hpe,uBapI:I— Temm-pa Konm-us
s MomsocTs TeJIbHBIH
% TIO3BI, Hosa, pazuaIoH. ToAaTH Txe, °C POAOPOAa B H/Me
= Mpaw/e Mpazxg asorpes, BOZIOPOAA, IIPOAYyKTe,
© P P °C'P C macc. %
0.025 100 140 30 Her peaknumu
0.05 100 240 30 610 1,56 2,31
0.05 100 295 60 650 1,71 2,52
«~ 0,1 100 355 60 680 1,60 2,35
T 0.2 100 365 60 840 1,72 2,54
T 03 100 585 60 825 163 | 240
A 0,3 100 555 30 715 1,63 2,40
0,3 100 420 30 725 1,65 2,42
0,5 100 600 60 Her peaxknuu
0.7 100 955 60 Het peaknumn
0,05 50 185 60 Her peaxknuu
0,1 52 330 60 775 1.85 2,66
T 0.1 60 460 60 850 1.70 2,50
+ 0,2 120 425 60 790 1,73 2,50
= 0.3 120 560 60 855 1,68 2,41
0,4 60 610 60 Het peaknum
0,5 88 600 60 Her peaknuu
T 0.1 Her peaknuu
% 0,2 100 420 60 755 1,28 2,07
(@) 0,4 60 Her peaknuu

* Imozava BOJOPOZa IPou3BeieHa CIIyCTs 45 MHH.

OTMeTI/IM, 9To HpI/I 06JIY‘IEHI/II/I 60J1ee MOIIHBIMHK Hy‘IKaMH BJIeKTpOHOB BO3HUKIIVE B MeTaJljie
IedeKTsl ncye3aroT (OTKUT AedeKTOoB), a Ipy CI1a0bIX MOLIHOCTIX 03 B IIPOLIECCe OXIKIAEHUSI OHI
HCYe3aloT B pe3yJbTaTe peKoMOuHamuu [7, 8].

VHTepecHO OTMETHUTH, YTO B pe3yJIbTaTe B3aUMOJEICTBIA 0OPa3IoB IIpa3eojuMa U HeOZuMa C
BOJOPOZOM TIIpH [JaBJ€HWM Traza l1arm B PpeXHUMe <«XOJIOZHOTO CHHTe3a» (HOpMHUPYIOTCI
TpurngpusHsie ¢Gassl, T. €. B3aUMOZEHCTBHe IIpa3eofrMa M HeoZuMa C BOZOPOJOM IIOf, BO3Zeii-
CTBHEM pajualiuy BCera MPUBOLUT K 00pa3oBaHUIO THAPHUIOB C cooTHomeHreM H/Me(2.

VY 06pasuoB rajonuHus npu obrydeHun Toi xe nposoit 0,2 Mpag/c B BOmopome peaxius
pafMalOHHO-TEPMUYECKOTO CHHTe3a He Ha0momaerca. OpfHaKO TNpu IIpeABapUTETHHOM
o6JIy4eHUHM MeTajula B BaKyyMe gzaxke Ipu Huskux MomHocTax fo3 (0,2 Mpag/c) B obpasue
CO3ZAI0TCA SOCTATOYHO BBICOKVE KOHIEHTPAIIUY PaAMAllOHHBIX Ae(dEeKTOB U HPOUCXOLUT HAKOI-
jleHye M30BITOYHOM dHepruu. Ilocie BRIKIIOUEHNS IIyYKa 3JIEKTPOHOB 3a BpeMs OCThIBaHUA 10 60-
30°C B oOpasue COXpaHseTCs B3HAYUTEIbHOE IIpeBHINIEHNE KOHIEHTPALUM PafHaliMOHHBIX
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InedekToB, OOpas3yIOUUXCS B pe3yJIbTaTe BO3LEMCTBMSA IIyYKAa OJIEKTPOHOB HAJ, PABHOBECHBIM
ypoBHeM. TakuMm 06pasoM, IpH pafUAlHOHHO-TEPMUYECKUX YCIOBHIAX CHHTE3a IIPOMUCXOLUT
cuatue ubQdy3HMOHHBIX CONPOTHBIEHUIN, M CHHTe3 THUIPUIOB IlepeXofHbsIXx u P3 MeranioB
IIPOTEKAaeT B peXUMe YCKOPeHHOH muddysuu, 4TO IpU OOGIyYeHHH CBA3aHO C H3OBITOUHOI
KOHIIEHTpauueil pafMalMOHHBIX TOYEYHBIX U IPOTDKEHHBIX HedeKToB U ¢  HM3OBITKOM
HAKOIJIEHHOM SHEPruu B obpasiax. DTUM OIpesesieTCs IOBbIIIEHHAs aKTUBHOCTH HEKOTOPHIX
MeTajI/IOB ¥ OOYC/IaBIMBAETCS WX B3aUMOJEICTBHE C BOJOPOZOM IIPU HEOOBIYHO HU3KHUX TeMIe-
patypax, a Taxke TOT GaKT, YTO IIPH JaBJIeHUHU BOLOPOJA yKe 1 arm B pe3yJspraTe B3auMOJeliCTBHe
BOZOPOJA M METajIa Cpady OOpasylOTCs BBICIIME THIPULBI MOYTH CTEXHOMETPUYIECKOrO COCTABa,
yero He 651710 B ycoBuax CBC.

Xonmoxusiit cunTre3 B cucteme Sc — H2 He ymamock peann3oBaTh HH IIPH KaKHX yCJIOBHAX B
nuarnasone MouHocrei 035l 0,2-0,5 Mpaz/ c c obueit mosoit o6ayuenus go 200 Mpaz.

Huxe nmpuBomATCA XapaKTePUCTHKU CHHTE3HMPOBAaHHBIX ruapuzoB P3M u ruzpuza ckaHpus
(Tabm. 7).

Tabarumga 7
XapaKTepHCTHKY CHHTe3HPOBAHHBIX THAPUIOB
Mertann Meroz H/Me Kpucrasn. pemerka ITapametpsr, E
CHHTe3a

CBC 2,00 I'gK 5,512

Pr CBC* 2,80 I'gK 5,468
PTC 2,33 - 2,56 I'gK 5,467-5,479
XC 2,57-2,72 I'gK 5,440-5,482
CBC 2,1 I'gK 5,459

Nd CBC* 2,26 I'gK 5,439
PTC 2,52-2,70 I'gK 5,402-5,443
XC 2,40-2,60 I'gK 5,417-5,449
CBC 1,82-2,0 I'mK 5,266 - 5,274

cd CBC~ 2,88 Iy a=3,373; c=6,71
PTC 1,82 I'mK 5,274
XC 2,07 I'mK 5,270

Se CBC 2,0 I'mK 4,7828
PTC 2,0 I'mK 4,772

* — IIpU BEICOKUX JJaBJIEHUIX BOJOPOZA

CpaBuenue /[TA gns ruapumos, monydenHsix pasHbiMu Merogamu (PTC, CBC, XC),
ITOKA3bIBaeT YTO XapaKTep UX Pa3IOXKeHUS He 3aBUCUT OT METOAA IOIyYeHHUS STUX TUAPUAOB.

P360Ta BBIIIOJIHEHA HPI/I (bPIHaHCOBOI;'I HOI[ZI;GP)KKG MEX(I[YHHPO,ZI;HOI‘O Hay‘-IHO—TeXHI/I‘-IeCKOI'O ueHTpa
(MHTII- Tpant A-192).
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Sc, Gd, Nd &4, Pr-b &NULTESNRE3NRULE QLUOUP 26S USMUUL NEdhUNRU BY
Uruqusquo ELEUSNULUSHL OLRED
U2NME3NkrE3UL SUY

U. . ULGRUUL3UY, U. 4. YNLARLUL3UL b 2. @. 2UUNF3UL

Lkpuyugynn woluwwnwbpnid  phpjws Bt wypdwt wpngbubbph®  pwpdpobpdwu-
nhdwtwhtt hipttwwnwpwéyny uhptqh (FPU) b wpwqugdus bbywupnuutph tugh
wqpbtgnipjutt mwl] pupwgnn nwunhwghntu-phipdhl] ypnghutbph ntunidbwuhpnipniuttph
wipryniupubpp Me™- opwusht (Me - Sc, Gd, Pr b Nd) hwdwljupgbpnid:

Nuumudbwuhpyl)] B APU b nunhwghnt-phpdhy tnuuwlubpny hhnphnubph dbwdnp-
dwb  quuynp  ophtwswthnipniibpp: 8nyg b wpyws, np hwqugmniunn  hnnuyght
dbnwnutph wpnuip (FPU) opwsumd ptpwinid b wpwbjuwbu pwpdp ebpdwuinp-
Swubbkpnid b yEpptwghtt hhgphpttph dbwnpdw Jpu wggnid E opwsth Lupnudp: Ujpdw
nkdhunud uhuptqyt] Gu Sc-h Epyhhnphn, U Jbpbnd ygws hwqugninn  hnnuyht
Ubkwnwnubph Epihhgphpttp b tnhhnpphyubp (H/Me = 2,20-2,98):

Nunhwghnu-phpdhly uhtpbqp nunidbwuhpbijhu oguuwgnpdyty £ “LAE-5" gduyhl
L Ejupntuwghtt wpuqugnighsh' 4 MeV wpuqugyus, dnlntuugdus EEjupnuutnh thntig:
Uunugqwsé bkt nunhwghnu-ptpdhl] ypngbutbph qijuwynp ophtiwswthnipyniuubpp: 8nyg k
npjws, np hwqugnin hnpuyhtt dbnwnubph fwnwquyypnudp gpwsth  dhowquypnid
phipnud E tpwig hhgphnubph uhtipbqht: Zuwunwndws k, np funwquypdwut pgnqugh wép
phipnud £ tdnioh ghpumunh&with wght dhuish 200-300(C, nphtt widhpwuybu htnbnd L
obipwunhdwth prhspwdl wd: Puunnpkt mbnh E nitkunud Me+H: nhwljghwut otipduyht
wuypUdwt nbdhumud: 8nyg L wpdws twl, np Juinumuh dbky hwqugmnin hnpuyht
dbnwnubph  dwpwquypdwt  pnqujh gwép  hgopnipmipjut ghypnd twhiwlub
Swnwqujpnithg htnn bdnpubpnmd wpwewinmd tu Ukd pyny nwnhwghnt nkdklunukp,
htsh htnmbwipny tnionid Yninulymd E wydbjgnijuyht tubpghw: Eikjupnuwght thueh
wipwwnnidhg b tuniph umntgnidhg htinnn dhislh 60°C (b wykjh gudpn) Yhnmuyght nhbblnubph
Ynugkunpughwb dunud £ hwdbdwnws hwjuuwpwlondus duljupguljh htn qquijhnpku
wyl: Upwinyg E wuydwtwynpjws wdnigh pupdp wjnhynipniup b gusp okpuwunhgwi-
ukpnud® 25-60°C ntkwlunnp ubkpwplynn opwsth htwn thnpuwuqpbgnipyui hwbqudwpttpp
(uwnp uhlphq): Uwunp uhtiphqp phpnud E NdHz226-28, PrH2.43273, and GdHz07 pununpnipjudp
hhnpputph dbwynpdwiin:

THE INTERACTION OF Sc, Gd, Nd, AND Pr WITH HYDROGEN IN THE MODE OF
COMBUSTION AND IN THE ACCELERATED ELECTRONS BEAM

A.G. ALEKSANYAN, S. K. DOLUKHANYAN and H. G. HAKOBYAN

In the present work, the results of investigatidncombustion (SHS) and thermal-radiation
processes (TRS) in the systems"Meydrogen (Me: Sc, Gd, Pr and Nd) under actionasfeterated
electrons’ beam (AEB) are demonstrated. The majnlagities of hydrides creation in SHS and TRS
modes are studied. We have shown that SHS of REbSepds at rather high temperature, and the
hydrogen pressure also influences the formatiofinal hydride. In the combustion regime, hydride
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and dihydride of Sc and dihydrides and three-hydridf above mentioned REMs are synthesized
(H/Me = 2.20 — 2.98).

The high-current 4 MeV LAE-5 with a focused accated electron beam has been used in
investigation of TRS. The main peculiarities of thermal-radiation processes have been obtained. It
was shown, that at irradiation of the metals inrbgén environ, the thermal-radiation synthesis of
their hydrides took place. It was established, #ighe increasing of irradiation dose, the tenipeea
of sample increases up to 200-300after which, sharp temperature jump was obserietlially, the
reaction Me+H proceeds in a thermal explosion regime. It wasmshalso that after preliminary
irradiation of REMs in vacuum even at low dose r@e& Mrad/sec), the radiation defects of high
concentration were created, and the energy exsegsumulated in the sample. After switching o th
electron beam, and cooling down t®6@and lower), the point defects concentration & stgnificant
excess relative to the equilibrium level remainedhe sample. Those determine the high activity of
sample, and condition its interaction with suppliedhe reactor hydrogen at as low temperatureas 2
60°C (Cold Synthesis, CS). CS results in the formatdrhydrides of compositions: Ngkk.o.g9

PrH, 43.2.73 and GdH 7.
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2U8UUSULP ZULMUMESNREBUL 2PSNRE3NRLLED
UQaushu UUUEURU

HAITMOHAJIBHAA AKAJIEMUA HAVK PECITYBJIMKHA
APMEHUA

Zuywunwh phthwluwh hwinku 60, Ne2, 2007 Xummirdeckuii )ypHanx ApMeHHN

VK 546.161

B3AVIMOJIEMICTBUE B TPOMHOM CUCTEME
RbsE:Fs-RbsP:Fs-Rb3YFs

P.X. AIAMAH, M. T. APYTIOHAH, I. T. BABAAIH u C. K. TPUTOPAH

Epesanckuit rocy 1apCcTBeHHEBIN YHUBEPCUTET

MerogaMu  TepMOTpaHUYeCcKOro, pPeHTITeHOrpagUyYecKoro, KpPUCTALIOONTHYECKOTO aHAJIU30B U
oIlpefie/leHNEM YAEeIbHOM DIeKTPOIPOBOAHOCTH UCCIefoBaHsl GuHapHsle cucreMsl RbsE:Fe-RbsP:Fs, RbsE:Fs-
Rb3YFs u tpoiinas cucrema RbsErFs-RbsPrFe-RbsYFs ¢ mocTpoenuem muarpammsl mwiaBkocTH. IlokasaHo, 4To B
GUMHAPHBIX CHCTeMaX 06pasyeTcs HeIIPepPHIBHBIN P TBEPABIX pacTBOPOB I Tuma mo kiraccuduxanuu PoseGoma,

aB TPOfIHOfI cucremMe — HerePBIBHLIfI PpAL TBEPABIX PACTBOPOB KdK B JKUJAKOM, TaK 1 B TBEpAOM COCTOSHHH.

Puc. 5, 6ub. cchLIoOK 6.

Heopranuueckue ¢ropuznsl, ocobeHHO (GTOPHUIBI PEeLKO3EMENbHBIX 3JI€MEHTOB, HAXOMAT
IUPOKOe IPUMEHEeHHEe BO MHOTUX OOJACTAX COBPEMEHHOH TEeXHUKH, TaKHUX, KaK MHUKDPO3JIEKT-
POHUKa, JIa3epHasd TEXHUKA, IOIYIPOBOAHUKOBbIE U TIOMIHOPOPHBIE MAaTEPHUATIBI U T.J.

JanpHedmuii mporpecc B MCIIONB30BAaHUM (PTOPUAHBIX MAaTEPHUAIOB 3aBUCHUT OT BBLIBIEHUS
3aKOHOMEPHOCTEH B3aMMOJEHCTBUA MEXIY Pa3IHYHBIMU KJIACCAaMU HEOPraHMYeCKUX (HTOPHUIOB.
WccnepoBanusa B3aumogeiictsusa Mexny ¢ropuzmamu Me’Me”Fs (M — menounoit metami, M —
anements: III rpymmsi), mpoBemeHHble MeToZaMH (U3UKO-XMMHUYECKOTO aHaaW3a, BBISBUIN
obpa3oBaHye Psifia CIOXKHBIX COeJUHEHHI IMOCTOSIHHOTO U IlepeMeHHOoro cocrasos [1-2]. Opguako B
JUTEepaType MajJo CBEIEeHHIl O CHCTEeMaX, B COCTAB KOTOPHIX BXOAAT KOMILIEKCHBbIe (PTOPIPOHATSL,
¢drop-npaseogumarsl 1 GTOPUTTPATHl pPeSKUX LIETOYHBIX MeTaIIOB. biarogaps 0COGEHHOCTAM
CTPOEHHUS IIeJOYHBIX KATHOHOB UX KOMILIEKCHBIE COeAMHEHNs 001aal0T GOIBIION CKIOHHOCTHIO K
06pa3oBaHMIO HOBBIX (a3 IepeMeHHOr0 COCTaBa, 001aaouuX GU3NKO-XUMUIECKUMI CBOYCTBAMY,
IIpeICTaBAAIOIUMY [IPAaKTUIECKUI HHTepeC. B cBA3M C M3/I0)KeHHBIM HUCC/IeZOBaHUE XUMUIECKOTO
B3aMMOJEHCTBUA MEXIY STUMHU COeIMHEHHIMH MOXXET IPUBECTH K OOHApy>XEHHUIO HOBBIX ¢a3 u
JaTh CBeJieHUs 00 MX CBOMCTBaX.

OCHOBHO# 1IeNBI0 ZAaHHOH PabOTHI ABIIETCS CHCTEMATHYECKOe HCCIeZOBAHUE XUMHYECKOTO
B3auMogeicTBus B ABOMHBIX crucremax RbsErFs-RbsPrFs, RbsErFs-RbsYFs u Tpoiinoit cucreme
Rb3ErFs-RbsPrFs-RbsYFs ¢ rpadumyeckuM DOCTpOeHHMEM HX JAMarpaMM IUIaBKOCTH, a TaKxke
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BBEIABJIEHHE O6H.LI/IX BaKOHOMepHOCTefI 06p330BaHI/IH TBEPABIX (1)33 B HCCIeAyeMbBIX CHCTEeMaX U
BBIICHEHME BO3MOXHOCTEHN UX IIPaKTUIECKOTO ITPMMEHEHM .

BKCHEPHMCHTaJIBHa}I 4aCTh

[ns mocTpoeHms pguarpaMMmsl IUIaBKOCTH TpoiHOM cucteMsl RbsErFs-RbsPrFs-RbsYFs
IepBOHAYaNbHO OBIIH wuccaenoBaHbl OuHapusie cucTeMsl RbsErFe-RbsPrFs u RbsErFs-RbsYFs,
cocraBAomye cTopoHsl TpeyronbHukKa RbsErFs-RbsP2Fs-RbsYFs, a mamnusie o cucreme RbsPrFs-
RbsYFs 6butn B3aTsr u3 nutepaTypst [3]. IlociesoBaTteIbHOMY M3ydYeHUIO IIO/BEPTaluCh TPOUHBIE
CILIAaBBI, KOTOpBle OBLIM B3ATBI Ha paspesax, ucxogamux us yriaa RbsErFs, ¢ mocrosanHBIMEU
MacCOBBIMHM OTHOIIEHUAMH rekcadTopapbuara K rekcapropurrpary, pasusivu 9:1, 7:3, 1:1, 3:7 u
1:9. CuHTe3 HCXOZHBIX KOMIIOHEHTOB OCYILIECTBJIAJCA CIUIAaBI€HHEM IIPOCTHIX GTOPHUZOB MapKu
“x.4.” B IUIATMHOBBIX TUTJIIX Ipu Temmeparypax, Ha 20-30°C mpeBbINIAIONINX TeMIEpaTypsl
IIaBJIeHUs CHUHTe3MPOBAaHHOrO coefuHeHusd [4-5]. HMHAUBUAYalTbHOCTH CHUHTE3UPOBAHHBIX
coemuHeHMH OblIa JOKa3aHa METOJAaMU (QU3UKO-XUMUIECKOTO aHaIHu3a.

VuureiBag TOT (aKT, YTO MCXOZHBIE KOMIIOHEHTHI OKHCJIAIOTCA, BCE MCCIefOBaHUA
IIPOBOAMIINCH B MHEPTHOI cpefie ¢ mofadeil GTOPUPYIOIIETro areHTa.

Ha ocHoBaHuu coriacyomuxcs MexAy co6oil TaHHBIX XUMHYECKOTO, TepMOTrpaduiecKoro,
peHTreHo(a3oBoro, KPHCTa/UIOOTITUIECKOTO aHaTH30B U U3MepeHueM  yAeIbHOU
3JIEKTPOIPOBOAUMOCTH OBLIM IIOCTPOEHBI AMArpaMMBbI ILIABKOCTH OuHapHbIX cucrteM RbsErFs-
RbsP:Fs, RbsErFs-RbsYFs u Tpoiiroit cucremsr RbsErFs-RbsPrFe-RbsYFe .

Ilo TepmorpamMmaM ObLIM OIpefeIeHBl TeMIIepaTypsl ()a30BBIX IIpPeBpallleHUuil B CHUCTEMaX
RbsErFs-RbsPrFs u RbsErFs-RbsYFe. [lnst mopTBep)KZeHus AaHHBIX TEPMHYECKOrO aHajau3a OBIIN
IIpOBeZieHBI PEHTTeHO(Aa30Bble M KPUCTAIIOONTUYECKHE HCCIeIOBaHNA HEKOTOPHIX TBEPABIX (as.
Jna sTolt 1menu o6pasipl GBUIM IIPUTOTOBIEHBI METOZOM TBepAO(}A3HOTO CHHTEe3a. XOPOIIO
pacTepThle B araToBOi CTyIKe 0Opa3libl, HAXOAAIMECS B GOKCe, BBICHINAIKCH B IJIATUHOBBIE TUTJIX
U BBIJEP>KHUBAJIUCH B COCYaX U3 onTudeckoro keapiua npu 650°C B Bakyyme 103 ma pr ¢ B TedeHUE
10-15 ¥, 3aTeM 3aKalIMBAINCh B YETHIPEXJIOPUCTOM yriepofe. Ha ocHoBaHMM 5THX aHAIM30B GBLIN
IIOCTPOEHBI AUarpaMMsl ILIaBKocTH O6uHapHBIX cucteM RbsErFs-RbsPrFs (puc. 1) u RbsErFs-RbsYFs
(puc. 2) [6].

JaHHBIe TUKBULYCa OBLIN MOATBEPXKI,EHbI U3MEPEeHNEM 3JIeKTPOIIPOBOZHOCTH PACIIIaBOB.
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Puc. 1. Juarpamma naBkoctu 6GunapHoi cucreMbl RbsErFs-RbsPrFs
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Puc. 2. luarpamma maBKocty 6uHapHoit cuctemsl RbsErFe-RbsYFe

B BhIlIeyKa3aHHBIX OMHAPHBIX CUCTEMaX 00pasyeTcs HeIpepBIBHBIH PAJ, TBEPABIX pacTBOPOB I
tina no xnaccudurauuyu PozeGoma. OGpasoBaHiie HEIPEPHIBHOTO Psfd TBEPABIX PaCTBOPOB
MO/ TBEPXKAAeTCs IUIAaBHBIM M3MeHeHNeM II0Ka3aTesel mpeoMIeHus 06pasmos (puc. 3 u 4).

1,43

1,42

1,41

1,40 F -
1 2 1 2 1 2 1

0 20 40 60 80 100
Rb_ErF, Rb_PrF,

Puc. 3. Uamenenue nokasateneit npesomiaenus B cucreme RbsErFe-RbsPrFes
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Puc. 4 Viamenenue noxasareseii mperomeHus B cucreme RbsErFs-RbsYFs

M30CTpyKTypHOCTP HCXOLHBIX KOMIIOHEHTOB (BCe OHM KPHCTA/UIM3YIOTCS B KyOMdYeCKOi
cunrouuu c napamerpamu a=9,4E nna RbsE:Fo, a=9,401E mns RbsP:Fs u a=9,3A mna RbsYFs) Tarkke
OATBep)KZaeT oOpasoBaHue TBepAbIX pacrtBopoB. (OO6pa3zoBaBminecs TBEpABIE  PACTBOPHI
KPHCTA/UIM3YIOTCS B KyOWYeCKOH CHHTOHHE, IIPUYeM I[AapaMeTPhl HX 3JIEMEHTAPHBIX SYeeK
3aKOHOMEPHO BO3PACTAIOT C yBEIUYEHNEM KOHIEHTPALUY IIPa3e0IMATOB ¥ 3pOUATOB pyOusus.

Vicxops u3 nmuTepaTypHBIX JAHHBIX ¥ HA OCHOBAHWUY PE3YJIBTATOB, IOIyYEHHBIX IIPH U3y YeHHH
IOBYX YKA3aHHbBIX BBINIE ABOMHBIX CHCTEM M ILITH IOJIWTEPMUYECKUX Pa3pes3oB, IMIOCTPOEHA
IHarpaMMa IUIaBKOCTH TPEXKOMIIOHEHTHOM CHCTeMbI, COCTOsuIEei u3 rexcadropapbuara pyouzpus,
rekcadropmpaseogumara pyouzus, rekcadropurrpata pybuzms (puc. 5), IpencTaBieHHON
HEOTPAaHWYEHHOM B3aMMHON PaCTBOPMMOCTBIO MCXOLHBIX KOMIIOHEHTOB KaK B JKMIKOM, TaK U B

TBEPAOM COCTOSHHH.
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Puc. 5. Juarpamma 1raBkocTu TpoiiHoit cuctemsr RbsErFs-RbsPrFs-RbsYFs
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ONUTIESNPESNPUL RbaErFs-RbsPrFs-RbaYFs
BAUNUMNNLELS 2UUUYU eNRU

. v. UMUUSUL, U. &. 2UrNEkESNRLBUYL, Z. @. RULUSUL L U. 4. arraNr3UL

Fhpdngpudhly, nkuwngbkungpudhly, pmipknwownhl wbwjhqubph Enwbwlubkpng L
wnbuwjupup fEjupuhwnnppuljuinipjut npnydwt dhongny ntunidbwuhpyby G RbsErFs-
RbsPrFs, RbsErFs-RbsYFs phtiup U RbsErFs-RbsPrFs-RrbsYFs Enlnuwntutun hwdwlwupgbpp:
Zwnypuyhtt ghwgpuuh  juomgdwdp gnyg L wpdb, np phttwp  hwdwluwpgbpnod
wnwowinud E [knqbpniuh npuuulupquudp I mhyh whtny (msnypubph wipunhwwn swpp,
hul] tnlndynubun hwdwlwupgnid® whny pusnypubph wipunhwwn wpp® huswybu htnniy,
wjybu k) whn Jhdwlynud:

THE INTERACTION IN THE Rb3ErFe-RbsPrFe-RbsY Fs TERNARY SYSTEM

R. Kh. ADAMYAN, M. G. HAROUTYUNYAN, H. G. BABAYAN and S. K. GRIGORYAN

Fluorides of rare-earth elements and their binary salts with fluorides of akaline and alkaline-earth
metals serve as matrix for high-effective antistokes luminophors. In this connection studying the
interaction in the RbsErFs-RbsPriFe-RbsY Fg system and graphical construction of fusibility diagrams, as
well as revealing general laws on solid phase formation in this system are of significant practical and
theoretical interest.

Interaction in the ternary RbsErFg-RbsPrig-RbsYFs system has been studied by thermo-
gravimetric, XRD, crystallooptics analysis and by measuring specific electroconductivity of melts.
Binary RbsErFe-RbsYFs, RbsErFs RbsYFg systems have been studied for designing the fusibility
diagram of RbsErFe-RbsPrFs-RbsY Fg ternary system (data of RbgYFg -RbsYFg has been taken in
literature).

Ternary aloys which have been taken on cuts starting from a corner RbsErFg with constant mass
relation (9:1; 7:3; 1:1; 3:7 and 1:9) of rubidium hexafluorine proseodiumate to rubidium hexafluorine
yttriumate were subjected to consecutive research.

Above-mentioned investigation methods showed that in binary RbsErFs-RbsY Fg systems and
RbsErFs - RbsPrig continuous row of solid solutions (by Rosebome classification) are formed.

In the RbsY Fs- RbsPri system solid solutions are formed with rupture of homogeneity in the
range 12-25 mol% of RbsY Fs.

Resulting from the data obtained the fusibility diagram of the ternary RbsErFs-RbsPrFs-RbsY Fg
system has been constructed which was presented by unlimited mutual solubility of initial components
both liquid and solid states.
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ITPABUJIA JJII ABTOPOB

1. "Xumuveckuii xypHan ApMeHuH' IyOIUKyeT Ha PYCCKOM, apMIHCKOM H
QHTIUICKOM fA3BIKaX OPUTMHAJIBHBIE CTAThH, IIChMA B PeJIaKIIMIO, a TaKXKe 0O30PHbIe
CTaThy IIO CIIEIIMaJbHOMY 3aKasy peJakuuu. B ’KypHame IyOIHKYIOTCS CTaThH,
MOCBAIeHHBIE BOIpocaM o6ulei, Gu3MIecKoil, HeOPraHMYeCKOH, OpraHUYecKoii,
AQHAIUTUYECKOM XUMHM, XUMHM DJIE€MEHTOOPTaHUYECKHUX, BBICOKOMOJIEKYJLIPHBIX,
IPUPOAHBIX, GMOJOTMYECKH aKTUBHBIX COeJUHEHU, a TAaK)Ke XUMHUECKOH TeXHOJIO-
THH.

2. O6beM OpUTMHAJIBHOM CTAaThH, KaK IPAaBUJIO, He JOJDKeH IpeBsimars 10-12
CTpaHull, 0630pHOI — 25 CTpaHUI, MAIIMHOIIMCHOTO TEKCTA.

3. [Incema B pefaKkIIUIO JOJDKHBL COZEPXKATh CYLIECTBEHHO HOBbBIE Pe3YJIBTATHI,
Tpebylomue 3aKpelienre npuopurera. O6beM He JODKEH IPEBBIIIAT 2-X CTPAHMUII.

HeobocHoBaHHOe pasfieseHre MaTepHaja IO OFHOMY BOIPOCY Ha HECKOIBKO
cTaTeil He peKOMeHZyeTcA. Pemakiiua coxpaHsAeT 3a co60i IpaBO IPUHUMATH pelle-
HUeE O COKpallleHUU U 00BbeJUHeHUN MaTepUaJIOB.

4. Texcr cTaThy JOJDKEH OBITH HalleyaTaH uepe3 2 MHTepBaja, 3aTOJIOBKH He
moguepkuatorcss. Qopmysst u OykBeHHbIe 0OO3HAYEHMS CIeLyeT YeTKO BIIMCHIBATH
YepHBIMU YepPHUIAMHU.

5. ABTOpHI JODKHBI CHAa0XaTh CTATBU WHAEKCOM YHUBEpPCaTbHON AeCATUIHOMN
xnaccudpukanuu (Y IK).

6. B cTaThaX ZDOKHO OBITH NPHHATO B OCHOBHOM CJIeAyIOllee PacCIOJIOXKeHUe
MaTepHaJa:

a) 3arjaBue CTaTbY, MHULIMAIB U (PAMUINHU aBTOPOB, IIOJTHOE Ha3BaHUE YUPEXK-
IeHHUI ¥ TOpOoJa.

6) Kparkoe pesiome (500-600 3HakoB), cozmeprkallee H3TOXKEHHE OCHOBHBIX
Pe3yIbTaToB UCCIef0oBaHUA. VcIop3oBaHue COKpallleHUH U yCIOBHBIX 0603HAYeHUH
B pe3ioMe HeJomycTuMO. K cTaThaM, HalMCaHHBIM Ha PYCCKOM A3BIKE, JOIIOTHHUTEIh-
HO CJIef[yeT MPeACTaBUTh pe3foMe Ha apMAHCKOM U aHTJIHHCKOM A3bIKaX. AHTJIMHCKOe
pesioMe pPeKOMEHIyeTCA IpeJCTaBUTh OOBEMOM B OZHY IOJIHYIO CTPaHHLY B
TIIATEIBHO OTPeJAaKTHPOBAaHHOM Bufe. K cTaThaM, HamMCaHHBIM HAa aHIJIMHCKOM
A3bIKe, CIeZyeT IIPeCTaBUTh Pe3foMe Ha PyCCKOM M apMIHCKOM S3BIKAX.

B) BBomHas wacTs, comepamias KpaTKOe KPUTHYECKOe PacCMOTpeHHe paHee
oIryOJIMKOBaHHBIX PabOT B JAHHOI 06IaCTH U IIeJIb pabOTHL.

r) ITocte BBOZHO# wacTu cienyior paszensl: 1) "Mertozuka sxcrmepumeHnTa'; 2)
"Pesynpratsl skcmepumenTos'; 3) "O6cyxmeHue pesynbratoB'; 4) "BriBomsl’ (mpu
Heob6xomumocTu). Ilo ycMOTpeHHMIO aBTOpPOB pasfiensl 2 U 3 MOXHO OOBbeIMHUTDH B
paszen "PesynbraTel u ux obcyxpgenue"’. CobiiofeHue JAHHOU CTPYKTYpHI CTaTbU
IpecyIesyeT Lielb YeTKO BBIAEIUTH B pasfese "'MeTomuKa SKCIepUMeHTa' METOABI U
TeXHUKY SKCIIEPUMEHTA, MCIIOJIb30BAaHHbIE PeareHTHl U allllapaTypy, YCIOBHUA IIPOBe-
IeHUs SKCIepHMeHTa (COCTaB pearHpyIollei CHCTeMSBI, AaBjleHHe, KOHLEHTPAIud,
IUAalla30H TeMIIepaTyp U T.IL.). B pasgesne "Pe3ysnbTaTsl oKcIepuMeHTa" IPUBOATCA
OCHOBHBIe DKCIIepUMeHTAIbHEIEe JaHHBIe, BKI0Yad Tabauist, rpadpuku. O6CcyKmeHue
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pe3yJIBTaTOB CO,ZLep}I(I/IT I/IHTepHpeTaHI/II/I 3KCHepI/IMeHTaJIBHBIX 3aBUCHUMOCTEH U
(baxToB, BBIABIEHME HOBBIX XapaKTEPUCTUK K 3aKOHOMEPHOCTEH HAa UX OCHOBE, a
TaK)Xe 00001IeHe U BEIBOIBL.

I) B xoHIle cTaThu IPUBOSUTCA CIIMCOK LIUTUPOBAHHOI JIUTEPATYPHL.

ITpumepHsbie 06pa3ubl 6u6GIHOrpadUIECKUX ONMCAHUIH

Kuuru, monorpabuu
[1] Nuronsy K., Pobeptc B. Peaxiinu cBobomHOpazukansHoro 3ameienus. M., Mup,
1974, c.255.

CraThH M3 XypHAIOB
[1] I'puropsu I'.O., Mypazsu A.B., I'puropsu K.I', I'puropsu O.B. //Xuwm. x. Apme-
HEH, 1996, T.49, Nel, c.35.

ABTOpCKMe CBUZETENIBCTBA U MATEHTHI

[1] JIyxesauosa P.C., [Tanacesuu-Konsaga B.U., A.c. 371220 (1972) //B.W. 1973, 111.
[2] [Tar. 2309747 (1973). ®PI'//C.A. 1973, vol.79, 1126622.

Asropedeparts! guccepranyii

[1] Kymeuros B.I. Aproped. mucc. "....." xauz. xum. Hayk. M., MI'Y, 1979.

7. Bce BHOBB IOJTyueHHble COeJUHEHNA JODKHBI ObITh HasBaHbL [l HasBaHUI
cyIenyeT MOJIb30BaThCA HOMeHKIaTypoii, pekomenposanHoi WIOITAK (cm. HomeHk-
narypusie npasuia MIOITAK no xumuu. M., 1979).

8. 1 KpaTKOCTH M HATJAJZHOCTH COeIWHEHUs PEeKOMeHAyeTCs HyMepOBaTh,
HCIOJIB3ys PUMCKHe IHU(PHI; IPU MHOTOKPATHOM YIIOMUHAHUU COeJUHEHUN JaeTcs
cCchIIKa Ha ux HoMep. [l pacHpocTpaHeHHBIX peareHTOB, PacTBOPHUTeNeil JoIryc-
KaeTcs HCIIOIb30BaHME OYKBeHHBIX cokpamenwuii (xamp., TI'®, IMCO u T.11.). B
OCTAJIBHBIX CIY4asdX COKpalleHHI He ZOIYCKAIOTCA.

9. Pucynku BBIIOJNHSAIOTCA Ha Oesnoit Gymare dopmarom A4 miu A5 uerko,
YepHBIMK UYepHIJIAMU WJIM TYIIBIO M IPUJIATAlOTCA K CTaThe. Pasmep pucyHKa He
nomxeH mpepbrmath 150-200 mm. KpuBble Ha puCcyHKax HyMepyOTCA apaGCKUMHU
nubpamMu, pacmindpoBaHHBIMM B IHOATHCAX K PHUCYHKAaM, KOTOPBIE CHAIOTCA HA
OTZIeIbHBIX JTHCTax OyMaru. B TekcTe craThu yKassiBaeTcs MecTo prucyHka. Ha o6opo-
Te PUCYHKOB KapaHZAIlIOM yKa3bIBAalOTCA (paMIIMM aBTOPOB, Ha3BaHUE CTATbU, HOMEP
pucynka. He momyckaercs ny6iaupoBaHue MaTepuasa B Tabiniax, Ha PUCYHKaxX U B
TEKCTe.

10. PasmMepHOCTS eAMHMUIL ZaeTCA B COOTBETCTBHH ¢ MeXAyHapogHON CHCTeMOH
epunuun CH.

11. Pykomucs mpefcTaBIfeTCsa B TPeX 9K3eMILIApPaX, MOJIIMCAHHBIX BCEMU aBTO-
pamu. CiemyeT Tarke IPHJIOXUTH TEKCT CTaThbM, HAOpDaHHBINI Ha JUCKeTe B
nporpamme Microsoft Word.

12. B cryyae BO3BpalleHHs CTaThH aBTOPY AJIA AOPAGOTKU II€PBOHAYATBHBIN
TEKCT 00s3aTeJIbHO BO3BpaliaeTcsi B Pefakiuio BMeCTe C HCIIPaBIEHHBIM TEKCTOM.
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IIpu 3azepxkke craTbu aBTOpoM Ooiee ueM Ha 1 Mecsl 6Ge3 yBaXKMTEIbHBIX IPUYUH
IIepBOHAYAIBHAL JaTa IOCTYILUIEHNA He COXPaHAETCS.

13. B aBTOpCKOIf KOPPeKType AOILyCKAIOTCS JIMIIb MCIIPaBIeHHA OIUOOK, LOITy-
IIeHHBIX IpU Habope.

14. Pyxomuch CTaThu IPEACTABIAETCI B PEJAKIUIO C IPUIOKEHHEM OOBIYHOMN
JOKyMeHTalluy (HalpaBieHHe, aKT KCIIePTU3bI), TOUYHOTO ajpeca U TeaedoHa aBTO-
Pa, C KOTOPBIM CJIeyeT BeCTU IePEeIHCKY.

15. CoxkpaieHus Ha3BaHUI KypHAJIOB IIPOBOJUTH B COOTBETCTBUH C IIPUHATHIMU

« ”»
B “PedeparuBHOM xypHare”.
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