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Preface

The Voevodsky Institute of Chemical Kinetics and Combustion SB RAS, together
with the Khristianovich Institute of Theoretical and Applied Mechanics SB RAS, the
Kutateladze Institute of Thermophysics SB RAS, the Lavrentyev Institute of
Hydrodynamics SB RAS, the Boreskov Institute of Catalysis SB RAS and the Novosibirsk
State University organized the 10" International Seminar on Flame Structure in
Novosibirsk, held under the aegis of the Russian Section of the Combustion Institute. The
Seminar is considered as continuation of 9 preceding workshops on flame structure: All-
Union Workshop on Structure of Gaseous Flames, Novosibirsk, 1983; International
Workshop on Structure of Gaseous Flames, Novosibirsk, 1986; Third International
Seminar on Flame Structure, Alma-Ata, 1989; Fourth International Seminar on Flame
Structure, Novosibirsk, 1992, Fifth International Seminar on Flame Structure, Novosibirsk,
2005, Sixth International Seminar on Flame Structure m Brussels, 2008, Seventh
International Seminar on Flame Structure, Novosibirsk, 2011, Eight International Seminar
on Flame Structure, Berlin, 2014, Ninth International Seminar on Flame Structure,
Novosibirsk, 2017.

The objective of the Seminar is to provide an international forum for discussing the
state-of-the-art achievements and perspectives in the experimental and computational study
of the flame structure of both gaseous and condensed systems, the flammability limits and
the applied aspects of combustion research, as well as to enhance international cooperation
in these areas. The topics of the Seminar are: laminar and turbulent, premixed and diffusive
flames of gaseous systems, flames of homogeneous and heterogeneous condensed systems,
flame of polymers, composite materials, reduction of their combustibility, inhibition and
suppression of flames and fires, electric-field assisted combustion and ion chemistry,
chemical kinetics in combustion, self-propagating high temperature synthesis, catalysis of
combustion, filtration combustion and microcombustion.

The 10th ISFS Organizing Committee has received over 90 excellent abstracts from
Russia, China, France, Germany, Israel, Italy, India Kazakhstan, Sweden, and the United
States, covering the entire domain of combustion from fundamental to technical aspects.
The Scientific Program of 10th ISFS includes 16 plenary lectures, over 75 oral and poster
presentations. We are grateful to all the authors who have contributed to the 10th ISFS.

We extend special thanks to the researchers from the laboratory of kinetics of
combustion, the Voevodsky Institute of Chemical Kinetics and Combustion SB RAS, who
have made invaluable contribution to the preparation and organization of the Seminar. We
are grateful to the sponsors of the Seminar: the Voevodsky Institute of Chemical Kinetics
and Combustion SB RAS, the Khristianovich Institute of Theoretical and Applied
Mechanics SB RAS, the Kutateladze Institute of Thermophysics SB RAS, the Lavrentyev
Institute of Hydrodynamics SB RAS, the Boreskov Institute of Catalysis SB RAS, the
Novosibirsk State University, LLC «ZIO-Energy», SIBALUX LLC, Joint Stock Company
"Eberspacher Climate Control Systems RUS", Scientific Equipment Group of Companies.
It was with their support that organization of the Seminar became possible.

Prof. Oleg Korobeinichev

Chairman of the 10" ISFS Organizing Committee

Proceedings of the 10™ International Seminar on Flame Structure



Acknowledgments:

The Organizing Committee is grateful to:

Siberian Branch of the Russian Academy of Sciences

The Voevodsky Institute of Chemical Kinetics and Combustion SB RAS
The Khristianovich Institute of Theoretical and Applied Mechanics SB RAS
The Kutateladze Institute of Thermophysics SB RAS

The Lavrentyev Institute of Hydrodynamics SB RAS

LLC «ZIO-ENERGY»

SIBALUX LLC

Joint Stock Company "Eberspacher Climate Control Systems RUS"
Scientific Equipment Group of Companies

for their financial support.

-

= . HAYYHOE
#* Eberspdcher OBOPYLOBAHME

FPYNMNA KOMNAHUA

ZIOENERGY c SIBALUX

S N” %P

Proceedings of the 10™ International Seminar on Flame Structure



o o

10.

11.

12.

13.

14.

15.

Contents

Abbasi M., Slavinskaya N., Development of a 4-Component
Surrogate Model for Combustion of Gasoil, including
investigation of PAH Formation ........................
babyk B.A., Kyknud O.W., HapbpkHbin C.HO., Husses AA.,
PeuenTtypHble aktopbl X  3aKOHOMEPHOCTU  TFOpeHUs
NACTOOBOPABHBIX TOMMMB. .« . v v vt e ettt e e e e e e e e e a s
KuckmH A.B., 3apko B.E., lasudukauua napadpuHa npu
BbICOKOCKOPOCTHOM 00yBe ropsiyMm BO3OYXOM. . . . . . ... ...
KoxeBnH [.@., [llonyyeHne «KOPOHHOro» nnamMeHun npwu
FOPEHUN TOPHOYNX KNOKOCTEM. .« . o o v i et e e e e e iee e e aa s
Kosnos B.B., Pexumbl ropeHns MMKpOCTpyn Bogopoaa. . . . . .
Kosnos A.B., 3amawmkoe B.B., KopxasuH A.A.,
Andpdy3noHHoe ropeHne XuUAKoro TornmBa B 3aKPbITbIX
OO BEMAX. . . ottt
Konbinos C.H., Konbinos n.c., TeTepuH nN.A.,
OKCnepuMeHTanbHO Habngaemas ABOMHAA KPUTUYHOCTb
NpU rOPEHUN NepeMELLAHHbIX ra3oBbIX CMECER. . . . ... ... ..
KosnoB A.B., KopxasuH A.A.,, TennoobmeH npwu
pacnpocTpaHeEHUN NfIaMEHN B NOPUCTOM cpeae. . ... .......
Kumar V., Prescilla P.T and Kumar A., Gupta A., Sharma P.,
Experimental study of flame spread over multiple thin fuel
configurations. . . ...... ... .. ... . .
ApbysoB B.A., Apbysos E.B., lybHuweB KO.H., 3onoTtyxmHa
O.C., Jlemanos B.B., Jlykawos B.B., TynukmH A.B., Llapos
K.A., WccrneooBaHne 9rnekTPOXMMUYECKUX XapaKTEPUCTUK
anddoyanmoHHoro nnameHn CHy/Hy. oo oo oo
Lukin A. and Gulseren O., Enhanced energy release in
nanoenergetic materials through self-synchronized collective
atomic vibrations in low-dimensional nanocarbon transition
interfaces. . . ... ...
Manxoc E.B., KopxasuH A.A., WHMUuMpoBaHWE BOJHbI
PUNbTPALMNOHHOIO rOpeHNS ra3a OTKPbITbIM MNIAMEHEM. . . . . .
[MoHomapee A.A., MynnagkaHos P.A., [OynuH B.M.,
UncneHHoe wuccnenoBaHMe CTPYKTYpbl MaMeHn ras3oBou
CMeCUu 1 rasokanesibHou B3BecU Mpu OOUHAKOBOW CKOPOCTU
pacnpocTpaHeHna nNnameHn B boratblx pexumax. . . ..... ...
Wang H., Wang G., Haidn O., Slavinskaya N., Abbasi M.,
Development of a Genetic Algorithm Tool for the Optimization
of Chemical Kinetic Model for the Methanol Oxidation. . . . . ..
Toncrtorysos P.B., JlaBpoHos K.[., Wapa6bopuH O.K., OynuH
B.M., OkcnepumeHTanbHoe uccrnegoBaHne BnNusiHUA crnaboro

Proceedings of the 10™ International Seminar on Flame Structure

. 39

. 55

. 64

. 78

. 86

.99

. 110

. 125

. 135

. 144

. 163

173

179



16.

17.

18.

19.

20.

21.

22.

23.

NOCTOSIHHONO 3MEKTPMYECKOro MNons Ha pacnpeneneHune
Temnepatypbl BflameHn byHseHa. . . .......... ... L.,
Fu X.,, Wen H., Xie Q. and Wang B., Research on
Characteristics of Thermoacoustic Instabilities in Air-Methane-
Ammonia Premixed Swirl-Stabilized Combustors. .. ........
lebeko A.HO., Wlebeko KO.H., 3ybanb A.B., lonos H.B.,
NccnegoBaHMe TOpPEHUs OKOMOCTEXMOMETPUYECKMX CMECEWN
roproyee — OKUCNUTeNbHaa cpefa — (TOPUPOBAHHLIN
yrneeogopoq B  3aMKHYTOM cOocyde nMpu  pasfinydHbIX
COOEPKAHMAX KUCTIOPOOA. « « « o v v vt e e e e e et e e e e

Cheng J., Cao J., Ye Y., Shen R., Microwave-controlled
ignition, combustion and associated characteristics of ADN-
based energetic ionic liquid propellant. . . .................
Yu X., Gao H., Yu H. and Shen R., Permeate combustion of
3D printed polymer grain for hybrid rocket engine. . .. .. ... ..
LUkoga O.A., Jlanwwun O.B., NaxHytoBa H.B., 3enenyrun A.C.,
N3yyeHne 3BonouMM MOPOLLKOBOM CMECKM TUTaHa U HUKENs
NOCNE MEXaHUYECKOM aKTUBALIMWN. . . . . . oot e e e e e e

LUkoga O.A., Jlanwwun O.B., NaxHytoBa H.B., 3enenyrun A.C.,
OKcnepuMeHTanbHoe wuccrnegoBaHne 3akOHOMEPHOCTEN CB-
cCuHTEe3a HMKenuaa TUTaHa n3 npeaBapuUTenbHO
MeXaHOaKTUBUPOBAHHOW NMOPOLLUKOBON CMECU. . . . . ... ... ...
Zang X., Wang H., Wu F., Pan X., Hua M., Jiang J., Shen R.,
Effect of temperatures on flame propagation of diethyl ether
spray explosion. . ... ... ..

CnactHaa [.A., Xpebtos M.FO., MynnagpxaHos P.W., OynuH
B.M., YucneHHoe wuccrnenoBaHue CTPYKTYpbl FlaMWUHAPHOro
npeaBapuTenbHO nepemMeLlaHHoro MEeTaHOBO34YyLUHOro
NfamMeHn, HanpaBfiEHHOr0 Ha MSIOCKYD  OXMaXXOEHHYHo

MPEIPAMY. « o v ettt e e e e e e e

Proceedings of the 10™ International Seminar on Flame Structure

. 185

. 197

.214

. 227

. 237

. 245

. 250

. 257

. 285



DOI: 10.53954/9785605098669_9

Development of a 4-Component Surrogate Model for Combustion of Gasoil, including
investigation of PAH Formation
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Abstract— The Gasoil (also known as Diesel) fuel is widely used in the power plant industry
worldwide, particularly in the gas turbine system. Due its importance, the specific focus of
this research is on development of a Surrogate Model for Gasoil. Despite its particular
importance, the number of existing multi-component surrogate models, remained limited. The
development of surrogate model follows through an iterative trial-error style procedure, which
start from a basis reference model and an initial input formula, continues with several
correction steps in input formula and kinetic model, and eventually stops after converging on
the final composition. To this aim, three surrogate formulas with four components including:
n-dodecane, iso-octane, toluene and cyclohexane with various fractions were introduced. The
selection of hydrocarbon classes was based on the average composition of standard
conventional diesel blends and the modeling capacities of the reference model. The
simulation results compared with the experimental data, namely: ignition delay time (IDT)
and laminar flame speed (LFS) in different operational conditions. Specific attention has been
paid to low temperature ignition and ability of the model in prediction of specific features,
such as Negative Temperature Coefficients (NTC), and the early ignition. In addition, the
effective paths towards the formation of poly-aromatic hydrocarbons (PAHs) in different
operational conditions are investigated. This let us to conclude that, in lower temperatures the
formation of the PAHs is mainly controlled by cascading dehydrogenations of cyclohexane,
meanwhile in higher temperatures it is dominated by C(-Cs reactions.

Keywords: Gasoil Combustion, Diesel Surrogate Model, Model Uncertainties, PAH
Formation

Abbreviations and notation: DCN, Derived Cetane Number, IDT, Ignition Delay Time;
LFS, Laminar Flame Speed; PAH, Poly-Aromatic Hydrocarbons; NTC, Negative
Temperature Coefficients; SRG, Surrogate Fuel; ST, Shock-tube; RCM, Rapid Compression
Machine; Spe, Species Concentration Profiles; CF, Counter Flow Reactor; DFS, Diesel Fuel
Surrogate; JFS, Jet Fuel Surrogate; DSM, Developed Surrogate Model; ROPAD, Rate of
Production Analysis; ULSD, Ultra Low Sulfur Diesel; PME, Palm Methyl Esters; JP-8, Jet
Propellant No.8; F-76, primary naval fuel, HRD-76, Algae-based diesel fuel; FD9A ,FACE
Diesel No.9; Stage V-VI ,European Stage V-VI Non-Road Emission Standards; NIOC,
National Iranian Oil Company; CHX, Cyclohexane; A1, Benzene; BAPYR, Benzo(a)Pyrene.



INTRODUCTION

Among the conventional fuels used in the gas turbine, and combined cycles, beside the
natural gas, gasoil (diesel) fuel has a great importance. This is mainly due to the several
factors such as, high heating value and the reactive character of the fuels, the synthetic
procedure of the production, the final market price and ease of access worldwide compared
with other energy carriers, which make diesel an attractive choice. Besides that, diesel is more
preferred over the other liquid fuels, due to its lower contamination and corrosion level, and
therefore, less maintenance costs [1]. It is not to mention that, most of the worldwide famous
brands of turbines, such as the Siemens SGT-Heavy Duty series, are particularly designed
with the ability to combust conventional gasoil (diesel) and bio-diesel fuels, besides the
natural gas [2].

So far, many researches have been done in order to increase the efficiency and decrease
the pollution caused by this fuel. However, diesel generators still need extensive studies to
increase efficiency and further reduce emissions to reach their ideal limit. To this purpose,
controlling and optimizing the combustion process occurring in the power generator unit, both
in macro- and microscale are of the special importance. The microscale optimization is more
dealing with the chemistry and kinetics of combustion, which now adays requires
development of a well-established kinetic model.

Conventional fuels, such as diesel and jet blends are usually composed of hundreds of
different hydrocarbons, each producing different intermediate species during the combustion.
A modeling concept, known as the Surrogate Model, are commonly used in the past decade,
in order to model different blends. Despite of their conceptual simplicity, the surrogate
modeling has many hidden aspects, which increases the complexity and therefore the final
model uncertainties. The first challenge in this way is that the conventional diesel blends have
different compositions, and therefore thermo-chemical properties. Therefore, setting the
desired target fuel properties would be the first step. There are several worldwide famous
diesel blends, such as ULSD No.2 and Stage V-VII blends, with known thermo-chemical
properties and hydrocarbon distribution, but also there are some gasoil mixtures which might
still need to go through fuel standardization and experimental characterization procedure.

The next challenge is in regard with setting the proper and adequate number of
hydrocarbon classes of the surrogate formula, and their corresponding mixture fraction, which
should reflect the physical, as well as the chemical properties of the real fuel. Nevertheless,
the selection of the components, and their fractions should consider the modeling capacities
and limitations as well. The next issue applies to the up-to-now established diesel surrogate
models, where despite of the widely industrial usage of the fuel, the number of the surrogate
models are still limited. Besides that, there is a matter of discrepancies and uncertainties
between the outcomes of the models, as well as the model validation procedures. which will
be objectively discussed in following sections. This became the main motivation of this
research to introduce a surrogate model with input composition for gasoil (diesel) fuel, based
on an extensive investigation and consideration of theoretical and experimental data in
literatures.

Summary of the published diesel surrogates models

In early studies, n-heptane C;H;¢s was often considered as average surrogate
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composition for diesel [3]. This selection was mainly due to their close cetane number from
one side, and the ease of implementation of n-heptane reaction mechanism in CFD
simulations by the other side. However, the mechanism of n-heptane cannot accurately
describe the combustion process of all the hydrocarbon groups present in the actual
composition of diesel, namely: alkanes, cycloalkanes and aromatics, which in return led to
significant uncertainty in prediction of heat release [4, 5, 6, 7]. Additionally, the pollutants,
resulting by n-heptane combustion procedure is fundamentally different from diesel,
particularly in the case of soot formation and its precursors, which is very important in the
case of studying diesel combustion [8]. These issues were addressed later by introducing bi-
and later multi-components surrogate formulas. According to Pitz and Mueller [9] a surrogate
composition of different fuel blends must include the necessary hydrocarbon classes namely:
n-alkanes, iso-alkanes, cyclo-alkane, and aromatics, in order to be able to deliver a consistent
results. Therefore, several studies have been conducted focusing on multi-components (3-5
components) surrogate modeling in recent years. Most of these studies mainly deals with
experimental works [10-16] while, only a few of them were engaged with development of
surrogate models. Table 1 summarizes them, alongside with the input formula, general
information about their kinetic model and the mean of validation. It is observed that, most of
the listed models contain reduced kinetic reaction mechanisms, which might be well suited for
CFD studies of engine combustion for instance, but the usual question in these cases is about
the model uncertainty. It is usual in the case of strongly reduced models that, the response of
the models are only well consistent with their selected target data, and they might deviate
strongly form experimental datasets.

Table 1. A review over the main published surrogate models for diesel blends in literature.

Reference Surrogate Formula Kinetic Mechanism Validation Medium
Naik et al. 2010 [17] 4 components DM: 3800/ 15000 (sp/ react) JSR (SpC) [10]
TDCN/ DCN/ HMN/ AMN  RM: 436 species
Ra & Reitz 2010 [18] 4 components RM: MultiChem ST (IDT) [19]
TDCN/ TLN/ CHX/ HPN Engine Exp. [20]
Chang et al. 2015 4 components RM: 70/ 220 (sp/ react) ST (IDT) [22, 23]
[54] DCN/IOCT/ MCHX/ TLN JSR (SpC) [10, 16]
CF (LFS) [24]
Yu et al. 5 components RM: 74/ 189 (sp/ react) ST (IDT) [26, 27]
2018 [25] DDN/ HMN/ IOCT/ TLN/ JSR (SpC) [10]
DCL CF (LFS) [24]
Bai et al. 2020 [28] 3 components RM: 74/ 189 (sp/ react) RCM (IDT) [34, 35, 41]
HXN/ HMN/ AMN ST (IDT) [26, 32, 33]

JSR (SpC) [10, 16]
CF (LFS) [24, 34]

TDCN: n-Tetradecane; DCN: n-Decane; HMN: Hepta-methyl-nonane; AMN: Methyl-naphthalene; HPN: n-
Heptane; TLN: Toluene; CHX: cyclohexane; IOCT: iso-Octane; MCHX: Mehthy-cyclohexane; DDN:
Dodecane; DCL: Decalin; HXN: n-Hexadecane, n-Cetane; (iso-cetane);

RM: Reduced Mechanism; DM: Detailed Mechanism;

JSR: Jet-Stirred Reactor; ST: Shock-Tube; RCM: Rapid Compression Machine; CF: Counter-Flow Reactor;
IDT: Ignition Delay Time; SpC: Species Concentration; LFS: Laminar Flame Speed;
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Moreover, the published models, even the recent ones, were not enhanced with the
newly published sub-mechanisms, such as naphthenes, Cy-Cs; chemistry, and PAH sub-
models, which are undeniably important to have a precise prediction of ignition behavior,
flame specifications, and formation of PAHs as the main precursors for soot. Although many
of mentioned models proposed an aromatic component in their surrogate formula, the matter
of PAH formation is rarely neither experimentally nor theoretically studied.

Due to the depicted perspective, the main motivation for this research is to develop a
multi-component surrogate model for gasoil (diesel) based on a semi-detailed kinetic model
with low- and high temperature oxidation features, associated with a surrogate formula,
composed by the essential hydrocarbon classes, i.e.: n- and iso-paraffins, naphthanes, and
aromatics. As already mentioned, the model benefits from the updated sub-models for Cy-Cs,
cycloalkanes, and PAH chemistries, which provide us with higher modeling capacities.

DEVELOPMENT OF SURROGATE MODEL

Development of Kinetic Model

The main point in fuel modeling is the ability to reproduce the chemical and physical
properties of the real blends. This is done through several iterative loops in the proposed
"Surrogate Optimization Loop (SOL)" [35]. Fig. 1 explains the principle of this concept. The
beginning loop consists of several steps:

The first step is about the determination of an Input Formula of Surrogate (IFS) [36].
This proceeds through setting an initial surrogate composition. The next step is about to
generate the reaction mechanism. Due to the skeletal structure of the surrogate model, the
construction of the reaction model proceeds through addition of each corresponding sub-

Physical & Chemical Properties

mm ! Heat release, Ignition Delay Times, Laminar Flame
Distillation C ; speed, Concentration Profile, TSI, ...

‘ IFSo Initial Values I—)" <€
Determination of Fuel Composition
n-Alkane % i-Alkane % Cycloalkane % Aromatics %

Generation of Reaction Mechanism

Detailed Sub-Model |  Detailed Sub-Model Il  Detailed Sub-Model Il ... Deﬁgg‘és"b'

v ,,

Validation for each Hydrocarbon,

Mixture and Practical Fuel

Input Formula of
Surrogate (IFS)

Fig. 1. The principle scheme for design of the practical fuel reaction model [37].



model. At this stage, minor modification and simplifications might be required. It should be
note that, each corresponding sub-model are previously well studied and they deliver a
consistent performance versus related experimental data. At the final stage, the target
chemical properties of the real fuel, including the target IDT, LFS and SpC data are simulated.
The simulation results are compared with experimental values. If the convergence criteria, i.e.
desirable discrepancies between simulation results and target properties are achieved, the
iterative process breaks out here. Otherwise, it enters the correction loops, which may begin
with changing the model parameters, and the input composition.

From what explained, this procedure is a time-consuming trial-error method with
certain risks of interruption; for example, a common risk factor would be in regards with
reaction mechanism development. Depending on the type of the selected hydrocarbons for
input formula, the model development, both in the case of the intermediates and reactions,
may face certain complexities, such as the lack of adequate and reliable kinetic data in the
literature. This requires then extra effort to investigate and try different oxidation scenarios.
This can occur specifically in the case of large molecules, branched and cyclic hydrocarbons,
which are normally less investigated. In order to secure such risk, a reference model is
implemented in order to accelerate the overall modeling procedure. It is clear that, the
selected fuel suppose to have analogic with the target fuel, i.e. diesel, so that the reference
surrogate model requires minor changes. Due to the observations, the JP-8 jet fuel (Jet
Propellant) which was previously used in military jet engines, has become more popular in
diesel generators and ground vehicles during the recent decade [38]. The reason for this
substitution can be found in the similar composition of hydrocarbon groups, and their close
auto ignition (cetane number) and soot emission indexes (Table 2).

Table 2. Properties comparison between the jet fuel JP-8 and Diesel fuel

US-2 blends.

Properties JP-8 Diesel US#2
DCN 50.1 [41] 50.4 [42]
H/C ratio 1.93 [41] 1.87 [42]
Lower Heating Value LHV (MJ/kg) 43.3 [41] 42.97 [42]
Molecular Weight (g/mol) 160.9 [41] 194 [43]
Threshold Soot Index (TSI) 22.96 [41] 28 [44]

Based on this assumption, the Jet Fuel Surrogate (JFS) model can be also assumed as
the reference model for the Diesel Fuel Surrogate (DFS). To this aim, the JFS model
developed by Slavinskaya et al. [39, 40] is considered as the reference model, which showed
an eminent performance over wide range of experimental data. As already mentioned, the
update sub-model of Cy-C3 chemistry [45] and the PAH sub-mechanism species up to the size
of 5 aromatic rings [46, 47] are substituted in this model. In addition, since the cycloalkanes
(naphthenes) are normally one of the main hydrocarbon components of DFS, it is important to
have a reliable sub-model for this component. In addition, another aspect of cycloalkanes is
their significant influence on overall ignition behavior, as well the prediction of PAHs
formation [48, 36].

Finally yet importantly, the required the thermochemical and transport properties for
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species and intermediates are mostly taken from literature data. For species with inadequate or
uncertain data, these properties were determined with semi-empirical rules. Detail information
about the tools and the implemented methods are available in [48, 36]. The final data for
surrogate model of this research are available in Supplement]-3.

Surrogate Composition

As briefly mentioned, the conventional fuels such as kerosene, gasoline, diesel, and
some other biofuels, are complex mixtures of several types of hydrocarbons. The primarily
classes of the hydrocarbon groups include paraffins, naphthenes (cycloparaffins), and
aromatics. Table 3 summarizes the hydrocarbons used in different chemical models for diesel
blends [49].

Table 3. Hydrocarbon groups used in the surrogate fuel models of Diesel.

Type of fuel Primary reference fuel components
ethyl-/ propyl-/ butylcyclohexane n-decane
ethyl-/ propyl-/ butylbenzene n-dodecane
Diesel toluene tetradecane
Methylcyclohexane n-decylbenzene
n-heptane iso- cetane

A successful surrogate model should reflect the physical, as well as the chemical
properties of the target blends, particularly the ignition and flame structural aspects. Physical
properties, such as thermal conductivity, heating values, density, viscosity and critical
properties of the fuel also correlate with chemical targets, since they are the prerequisites for
them. In addition, there are certain chemical criteria, which should be considered for surrogate
mixtures such as C/H ratio, molecular weight and molecular size.

Different fuel blends, depending on the origin and production procedure, have
different properties from each other. Tables 4, 5 provide a comparison between the properties
of various well-known diesel (Gasoil) blends, including their cetane number and component
fractions. As can be seen, despite of the similarities in physical properties, such as viscosity
and density, in the case of chemical composition, cetane number, and sulfur content, they vary
strongly from each other. Therefore, in order to keep the final surrogate mixture consistent
with all mentioned blends, it is tried to keep the target properties balanced between these
values.

Table 4. Comparison of cetane number and compositions of different diesel blends [50].

. F-76 HRD-76 ULSD#2 FD9A Stage-V Stage-VI

Property/Composition [26] [26] [29] [29] [17] [17]
DCN 48.8 78.5 43.7 44.2 54.9 52.8
Saturates (weight%) 79 99 69.85 62.6 83.8 84.2
n —Alkanes 54 48 16.38 10.26 49.2 40.4
Iso-Alkanes 19 51 18.44 234 - -
Cycloalkanes 6 ~0 35.3 28.94 34.6 43.8
Aromatics (weight%) 16 ~0 30.05 36.43 16.2 15.8

DCN: Derived Cetane Number, by ASTM D6890; F-76: primary naval fuel, also known as Fuel, Naval
Distillate; HRD-76: Algae-based diesel fuel; ULSD#2: Ultra-low-sulfur diesel; FD9A: FACE Diesel #9;
Stage V-VI : European Stage V-Vi Non-Road Emission Standars
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TableS. Comparison of certain physical and chemical properties for different diesel
blends.

Gazprom

F-76 HRD-76 Stage-V Euro-V ULSD-2 NIOC
Property 26]  [26]  [55,50]  [55] [54] Neft[' ;531;1590 [52]
Density 15 °

ensity 15°C 855 776 830 845 861.8 820-845  820-860

(Kg/m”)
Flash Point (°C) 7 78 55 55 56 55 54
Viscosity 40 °C 28 28 3080 2.0-45 2045 2.0-4.5 2.0-5.5
(mm/s)
Sulfur (ppm) 1000 <1000 10 10 10 10 10* max
Carbon Residue

0.18  0.04 - - 0.3 0.3 0.1
(Mass %)
Cetane Index (min) 44 78 52.8 - 46 40 49

F-76: HRD-76: Stage V: EUROPEAN STAGE V NON-ROAD EMISSION STANDARS; ULSD-2:
Ultra Low Sulfur Diesel No.2; NIOC: National Iranian Oil Company

Regarding the selected hydrocarbon groups by various surrogate models (see Table 1),
most of them introduced 4-component surrogates, including all necessary hydrocarbon
classes. Among them tetra-decane with a large C;4 chain s as n-alkane, hepta-methyl nonane
(or isoacetane) C;¢Hs4 as iso-alkanes, methylnaphthalene with two benzene rings as aromatic
content, and cyclohexane as naphthene component were the mostly used components.

With the exception of cyclohexane, the rest of them have a complex structure and large
molecular size. These selections might be helpful in order to meet the general formula of real
diesel blends, but increase the kinetic model uncertainty significantly. Besides that, due to the
mentioned complexity, some of these species are neither experimentally nor theoretically well
studied, which arises the interruption risk, mentioned in previous section. Therefore, the
modeling capacities should be noticed while setting the surrogate formulas.

Based on what already explained, three surrogate formulas are introduced, Table 6.
These mixtures were so adjusted to meet the target thermos chemical criteria, however with
different component fractions. As it is seen, SRG2 has the highest fraction of n-paraffins and
at the same time lowest share of aromatic and naphthenes. On the other side is SRG3, which
owns higher percentage of benzene and cyclohexane, and simultaneously the lower amount of
n- and iso- alkanes. SRGI is set between these two, however more closed to SRG2. The logic
behind of such adjustment is to investigate and compare these three scenarios with each other
and with the real blends in the case of auto-ignition features and flame data.

Table 6. Three introduced surrogate formulas for diesel in this research
and their compositions

. Mole Fraction (%)
Diesel Surrogate -
C;Hyg cyCeH, CpHye iCgH ;g
SRG1 15 20 50 15
SRG2 10 15 60 15

SRG3 20 30 45 5




Table 7. Experimental data used for model validation.

Experiment and Reactors

Reference
ST RCM CK
Haylett et al. ]I)?;le(y 02/ A
A r
2009 [32] P=5-7 bar, ¢= 0.3-0.7
T=900-1300 K

IDT
Gowdagiri et DF/Air
al. 2014 [26] p=10, 20 bar, ¢=0.5, 1

T=700-1250 K
IDT
Kukkadapu et DF/ Air dilution in N,
al. 2016 [29] p=10, 15, 20 bar, ¢=0.5-1
T=670-950 K
Yu et al. 2018 T
[31] DF/ Air dilution in N,
p=10, 15, 20 bar, ¢= 0.37-1
T=700-900 K
Yu et al. 2019 bt
[56] DF/ Air dilution in N,
p=10, 15, 20 bar, = 0.37-1.25
T=700-900 K
Wang et al ]I)]?JA dilution in N
2019 [33 1r dilution 1n N,
[33] p=6, 10, 20 bar, o= 0.5-1
T=900-1400 K
LFS
;:(1)1;)111%3 46]“ al. DF (ULSD-2,PME) / Air
o= 0.75-1.5, po= 1 atm, T,=470 K
RESULTS AND DISCUSSION

Experimental Data Used for Model Validation

The performance of the developed surrogate model DSM alongside with the SRG1-
SRG3 formulas are evaluated by simulation of IDT experiment in T= 670-1400 K, ¢=0.3-
1.25, and p=5-20 bar from ST and RCM, and LFS measurements T,=470 K, ¢= 0.75-1.5, in
atmospheric pressure, see Table 7. It is tried to cover almost all of the experiments, formerly
used by other published surrogate models (Table 1). This clear to see that, despite of relatively
extensive experimental studies on auto-ignition, the flame specification data for diesel,

particularly regarding PAH formation is very limited.

All data sets of above mentioned experimental data were simulated with the aid of
ANSYS CHEMKIN-PRO V.2017 [57] using the Calorimetric Bomb Reactor in constant
volume and ideal condition of zero heat loss for IDT, and premixed flame reactor for LFS
data. In the following a benchmark selection of the simulations are presented, which are

representative for all operational conditions.

Simulation Results of Ignition Delay Time Data

There are two different regimes of temperature are recognizable for IDT data namely:
low- and high temperature ranges, which refers to two different oxidation reaction schemes in

these temperature ranges.

Fig. 2 illustrates the simulation data versus the measurement data from ST apparatus

[32, 33] T=900-1400 K, at of p=5-7, 20 bar. The model responses are in excellent accordance
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Fig. 2. IDT experimental data from ST measurements versus the simulation results with DSM and

SRG1 (black solid line), SRG2 (black dash line), SRG3 (gray dash-dot) in:
a) DF-2/ 21%0,/Ar p=5-7 bar, ¢=0.3 [32] , b) DF/ Air p=20 bar, ¢=0.37 [33]

with experimental data within the determined uncertainty intervals. All three DSFs have
resulted in similar way, however compared to SRG1, SRG2, the SRG3 (with higher aromatic
and naphthene content) shows a negligible difference in lower temperatures (1000/T >1).

Fig. 3 shows the ignition behavior of DF/ air mixture, diluted in N, at stoichiometric
ratio =1.0 in p=6, 10 bar. Similar to previous datasets, the output of the model is consistent
with measured values in both lower and higher pressures. Similar explanation for three SRG
mixtures could be repeated here. The successful performance over high temperature IDT is an
evidence for high accuracy of the implemented H-Abstraction and cascading dehydrogenation
schemes in the model for all four components of DFS, where for CHX sub-model these
pathways continues until appearance of A1 (Benzene) [48].

T T T T T T
DF(Stage-6) 0.473% / 10.45% O,/ 83.077% N, DF(Stage-6) 0.473% / 10.45% O,/ 83.077% N,
$=1.0, P=6 bar, N,/O,: 8.52 J 1E+04 | 4=1.0, P=20 bar, N,/O,: 8.52 E
1E+04 -
i m
2
[11]
E
S 1E+03 F 4
==
1E+03 b 4 &
1]
o
c
2
O Wang et al 2019 T T | O Wang etal 2019 1
—SRG1 1 2 Q : ——SRG1
- = SRG2 1E+02 | - - SRG2 4
1E+02 | —-—5RG3 "E - —-—5RG3
I 1 L ] . 1 N 1 N 1
0,7 08 09 1,0 1.1 07 08 09 1.0 1,1
1000K/T 1000K/T
(b)

Fig. 3. IDT experimental data from ST measurements [33] versus the simulation results with DSM
and SRGI1 (black solid line), SRG2 (black dash line), SRG3 (gray dash-dot) for DF/Air diluted
mixture, in stoichiometric ratio ¢=1.0 and : a) p= 6 bar, b) p=20 bar

Fig. 4 presents the simulation of low temperature IDT data from RCM experiment
[29], in lean (Fig. 4 a,b) and stoichiometric (Fig 4 c,d) conditions, for p=10, 15, 20 bar. There
were two different diesel blends tested here, where differences among their IDT data are
noticed. A clear NTC region is discovered by the model, which matches the trend of IDT data
of the literature. The simulated results show a consistent prediction in the case of point-to-
point precision with experimental data. However, the predictions provided by SRGI1 and
SRG2 have more pronounced NTC region than SRG3, where lower ignition time is shown.
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Fig. 4. IDT experimental data from RCM measurements [29] for diluted DF (FD9A and ULSD-2)/ air
versus the simulation results with DSM and SRG1 (black solid line), SRG2 (black dash line), SRG3
(gray dash-dot), at ¢=0.7: a) ¢=0.7, p=10 bar , b) ¢=0.7 p=15 bar, c¢) ¢=1.0, p=15 bar, d) ¢=1.0, p=20
bar.
This is explained by the composition difference between them, and the lower content
of paraffin, as well as higher aromatic and naphthene in SRG3, see Table 6. According to [36,
48] cyclohexane has a region of gradual change RGC in reactivity instead a wave-shape NTC
region.
Fig. 5 shows the corresponding OH concentration profiles over residence time of the
temperature point of Fig 4b (RCM experiment [29]) at ¢=0.7, p=15 bar, which includes 14
simulation points: T=678-833 K. The final ignition time is recognizable, by the sharp increase
of OH concentration at the end of each run. The NTC region can be also observed from run#5,
T=723 K, until run#9, T=804 K, where despite of the temperature rise, the IDT increases.
Another low temperature phenomenon observed in Fig. 5 is primary (early) ignition,
occurring before the final ignition, which is associated with a local peak temperature, pressure
and OH concentration. This is known as one of the feautures of diesel blends in low
temperature zones, which is also well discovered by the surrogate model. The primary (also
early) ignition can be seen here on the diagram from the first run point run#1 (T=678 K) until
run point#10 (T=833 K). By increase in initial temperature, the possibility of formation of
primary ignition sinks down.
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Fig. 5. Simulated OH concentration profiles of IDT experimental data [29] at ¢=0.7, p=15 bar,
T=678-833 K, (14 points of Fig. 4b) with the developed DSM and SRG1.

For certain run points: run#l-run#8 (T=678-785K), there are even two local peaks
before the final ignition time, where the first one marks the so called cool flame phenomena.
This is a very important concept regarding the experimental measurement of IDT, which can
be highly affected; particularly in RCMs, where the apparatus has normally smaller physical
dimensions compared to ST. Once discussing the experiment uncertainties, we should bear in
mind that, the RCM data, due to the several non-linear phenomenon occurring in the machine
are normally associated with very high uncertainty level [58, 48], since they affect the
homogeneity of the fuel-oxidizer mixture and create a condition, where primary ignition time
is mistaken instead the final one.

Fig. 6a shows the simulation results of RCM data of Yu et al., 2019 [30, 56] at lightly
fuel rich mixture of Stage-6 and air (diluted in N;). As it is seen in this case, as well as other
sample point from [30], the simulations with SRG1, SRG2 deliver stronger NTC effects than
the experiments. In the case of the IDT values they are slightly over estimated, except for
SRG3, which is in general more reactive than other two, and it is in a better accordance with
the measured values.

In Fig. 6b, the ST data of [26] in lower temperature range compared with simulation
results. In this case, almost all of the surrogates are able to provide a good prediction of the
NTC trend, however with a light overestimation. In both cases, the second peak of OH
concentration (i.e. primary ignition points) simulated with SRG3 are included (star symbols),
where they are in a good consistence with measured values, particularly in the case of RCM
data. This happened as well for all the run points of this series of data within T=700-900 K,
p=10, 15, 20 bar, ¢=0.37-1.25.
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Fig. 6. IDT experimental data from RCM [56] and ST [26] measurements versus the simulation results
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This strengthens the possibility of the above-mentioned uncertainty in measuring
primary ignition times instead the final one, however, not in a concrete way, since the
investigated diesel fuels in each pair of experiments were different. Nevertheless, what can be
certainly said is that, there is a remarkable uncertainty among the experimental values, even
under similar operational conditions.

In Fig 7. we see two examples, where the IDT measured data from different RCM and
ST sets in similar operational conditions are gathered. The predictions with the DSM and
SRG1 formula, and with the other published surrogate models in literatures [38, 28] are
included. The discrepancies between experimental values are significant, which is highlighted
by light-gray area. As mentioned, once can conclude that these differences are only due to the
different chemical properties of diesel blends, particularly fuel compositions and DCN (see
Table 4, 5), but also due to primary ignition in the measurement apparatus, as above

explained.
1E+05 v T v T T T T T T |_ ] 1E+05 T T T T
$=0.5, P=10 bar R 1
; - 25 ! $=1.0, P=20 bar = ]
DF/ O,/ N, { N,:0, =[3.76) A0 ] e B
: T 1= 6 54 I DF/ O,/ N, (N?.O,—8.52-8_71)[ o P
i ] il B @ N N
1§ = 9 TRk )\
= T w 3
Sl i 1 Rt 8
. \‘DT - g 1E+04 | -
1E+04 |- v 4 =
1 =
L = ] B
¥ | 1 [
. e - Experimental Data Simulation
= Experimental Uala
Experimental Data Simulation =l Kukkadapu et al. 2016 ——5SRG1
Kukkadapu el al 2016 7SRG1 DSM = O Diesel China FD9A
O Diesel China FDSA : 5 : Bai et al.2020
: Yu et al 2018 o B Diesel ULSD-2
M Diesel ULSD-2 1 1E+03 L & Vi ot i 2538 Singe s o
Y 1 i 4 Yuetal age-
D@ Hestel 010 M08 & Yuetal 2019 Stage-6
1E+03 L L L L " L I L I 1 L 1 L 1 i 1
1.0 11 12 1.3 14 1,5 1,0 11 1.2 1,3 1,4 1.5
1000K/T 1000K/T
(b)

Fig. 7. Collective IDT experimental data from RCM [29, 38, 56] measurements versus the simulation
results with DSM and SRGI (black solid line), DSM of [28, 38] (gray dash line) at:
a) 0=0.5, p=10 bar, DF/air , b) ¢=1.0, p=20 bar DF/air diluted in Nj.

About the modeling aspects, this is obvious to see that, the model results in a
consistent way with the collective experimental data, with ability to predict the NTC region
with a high precision, which shows to have better prediction ability compared with recent
published models.
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Simulation Results of Laminar Flame Speed

The LFS experiment of Chong et al. [34] at T,=473 K and atmospheric pressure is
subjected to the simulation with the developed DSM and SRG1-SRG3, Fig. 8. The examined
mixtures are the ULSD-2 diesel, and the PME biodiesel, mixed with synthetic air within
¢=0.75-1.5. The simulation results with all 3 introduced surrogate fuels reveal a bell-shape
curve, with an average underestimation around 10 cm/s on both lean and rich sides. The peak
position of the curve is located at ¢=1.2, which is compared with experimental data (¢=1.15)
is slightly shifted. There prediction of the model of Bai et al. [28] is also shown on the
diagram, which has predicted the experimental points in a higher level than, although still
slightly underestimated than the measurement. The maximum point of LFS is determined at
¢=1.1, but the precision of the model falls down on the fuel-rich ratios from ¢=1.25 onward.
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Fig. 8. LFS experimental data [34] versus the simulation results
with DSM and SRG1 (black solid line), SRG2 (black dash line),
SRG3 (gray dash-dot), and Surrogate of Bai et al. 2020 [28].

Post Processing and PAH Formation

The post-processing includes the ROPAD for Benzene (A1), as the simplest aromatic
molecule. All analyzes are carried with the help of The ANSYS CHEMKIN-PRO tools [57].
Two regimes of temperature T<1000 K and T>1000 K are assumed. The first case is selected
from RCM experiment at T=678 K, p=15 bar, ¢=1.0. The ROPAD results based on the
simulated results with DSM and SRG1 are illustrated on Fig. 9 for all four components (a-d).
It is observed that, the cascading dehydrogenation of cyclohexane plays an important role in
the way of Al formation, even more that the Cy-C3 chemistry. The formation path starts from
decomposition of all other fuel components into cyclohexane, and then this is the CHX high
temperature chemistry, which is mainly working here. To mention that since we have low
temperature condition and the mixture is at stoichiometric ratio, we have very negligible
fractions of large PAH molecules, there for the ROPAD Analysis is only limited to Al
production.

The next selected ROPAD point is for high temperature, and from ST experiment of
[33] T=1321 K, p=10 bar, ¢=1.0, Fig. 10. It is shown that, unlike the low-temperature
condition, we have significant fractions of large PAH molecules, such as BAPYR (CyoHi,)
from all fuel components. The formation of PAH proceeds direct decomposition of fuel into
smaller species, and it is ruled by acetylene related sub-model reactions, through interaction
among species such as C,Hs, C,H,, HCCO.
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Fig. 9. ROPAD of A1 for ignition of DF/O2 at T=678 K, p=15 bar, ¢=1.0, starting from each components of

SRGI.



N-C12H26

(a) (b)

(©) (d)
Fig. 10. ROPAD of PAH for ignition of DF/air at T=1321 K, p=10 bar, ¢=1.0, starting from fuel
components of SRGI.

CONCLUSIONS

(1) A new surrogate model for gasoil (diesel) was developed. The development of the
surrogate kinetic model proceeded through a trial-error based iterative procedure. This loop
start from setting an initial IFS, followed by adding the corresponding kinetic model of each
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component, and correction of the IFS and kinetic model in each iteration, Fig. 1. The requisite
for breaking the iteration loop is to achieve the desired model tolerance, which is the
difference between the target physical and chemical fuel properties, and the predicted values.
As it is shown, different diesel blends varied in physical and particularly chemical properties,
and composition (see Tables 4,5). This rises the uncertainties associated with experimental
and modeling procedures. Therefore, it is important to find an average for important target
properties, so that the final surrogate remain matched with various blends.

(2) In order to reduce the risk and cost of surrogate modeling, a reference kinetic model
was implemented, which is in this case the JFS model developed by Slavinskaya et al. [39,
40]. This model is updated by adding the new acetylene Cy-C; chemistry of Slavisnkaya et al.
[45], PAH sub-model of [46, 47] with ability of formation of large PAH such as BAPYR, and
new cyclohexane semi-detailed kinetic model of Abbasi et al. [48, 36]. The selection of JFS as
the reference is due to the analogical similarity of JP-8 and diesel, in the sense of hydrocarbon
groups, DCN and certain chemical properties, Table 2. The final surrogate fuels are 4-
component mixtures SRG1-SRG3 with different distribution of basis hydrocarbons, namely:
n-dodecane n-C,H,g, iso-octane i-CgH s, toluene C;Hg, and cyclohexane cyCgH», Table 6.

(3) The selected IDT and LFS data were subjected to simulation with developed DSM and
SRG1-3 formulas. The IDT data covered T=670-1400 K, ¢=0.3-1.25, and p=5-20 bar, from
ST and RCM apparatuses, see Table 7. The performances of the model with SRG1-SRG3
were well consistent with measured values, Fig. 2,3. This is interpreted as a sign of accurate
high temperature scheme of the model, which includes cascading H-abstraction scheme,
beside decomposition and beta-scission reaction. However, the simulation results of LFS data
by all SRGs were in average underestimated than the measurements, Fig. 8. This shows that,
the high temperature chemistry despite of its accuracy, requires further development, in the
case of the some intermediate (secondary species), such as C¢H;, chemistry.

(4) Similar to the high temperature case, the IDT data in low temperatures, from ST and
RCM experiments were also simulated with the developed DSM and SRG1-SRG3. The
surrogate model was able to successfully project the NTC zone of the real diesel blends under
various operational conditions, Fig. 4, 6. The simulated OH profile over residence time in the
reactor showed several peaks before the final ignition, which correspond to the primary
ignition (early ignition) and cool flame phenomena within T=600-900K for the investigated
pressures and equivalence ratio, see Fig. 5. In addition, the NTC could be also recognized on
the OH profiles, by increase in ignition time from the run#5, T=723 K until run#9, T=804 K.

(5) High level of data uncertainties were observed among the IDT data of several RCM and
ST experimental data [26, 29, 30, 56] under similar operational conditions Fig. 7. This is from
one side related to difference in behavior of various diesel blends studied, but at the other
side, it can be interpreted as measurement uncertainty, especially the risk of detection of
primary ignition instead the final one. Particularly in RCMs, where the physical
circumstances can cause several non-linearities. This hypothesis is strengthened, as the second
peaks of simulated OH-concentration profiles well matched measured IDT, Fig. 6. In total, the
prediction provided by the current surrogate model resulted within the declared uncertainty
margins, however more closer to the RCM of [29], and shows more consistent response than
the previously developed models by Bai et al. [28] and Yu et al. [38], Fig. 7.

(6) ROPAD analysis for PAH formation was carried on two selective IDT experimental
points: in low- and high temperatures ranges: a) T=678 K, p=15 bar, ¢=1.0 from RCM [29],
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b) T=1321 K, p=10 bar, ¢=1.0 from ST [33]. It was found that, the formation of benzene (A1)
in low temperature zone from all four components of the fuel, is mainly controlled by
cascading H-abstraction reaction of cyclohexane. This highlights the important role of CHX
and necessity of implementation of a reliable sub-model for this component. In high
temperature ranges, the PAHs grow until large molecules, such as BAPYR (with 5 aromatic
rings). This is mostly controlled by direct dissociation of the fuels into smaller species, and
the Co-Cj reactions, where throughout species such as vinyl and ketenyl radicals.
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Supplement-1: Surrogate Reaction Mechanism.
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CH+OH=HCO+H 3.000E+13 0.00 0.0
CO2+CH=HCO+CO 3430412 0.00 aosz
HCO*M=H+CO*M  4750E+11 0.66

H212.5/ CO/1.87/ CO213.75/ H20116.25 ARI.87/ HE/O 8

HCO+HO2=COZ+OH+H  3.000E+13 0.00 0.0
20+CO  1.020E+14 0.00 0.0

3010E+13 0.00 00

HCO+0=CO+OH 3.010E+13 000 0.0

HCO+H=CO+H2 9.000E+13 0.00

H+CO2  0.200E+10 068 -236.0

02+CO  2.500E+10 068 -236.0
CH2

CH2+0=CO+H2 4.800E+13 000 0.0
CH2+0=CO*2H 7.200E+13 000 0.0

3010E+13 0.00 0.0
1.810E+13 0,00 0.0
HCO+H(+M)=CH20(+M)  1.000E+12 0.48 -130.0
LOW/1.3506+024 -2.570 712.51
TROE/ 7.824E-001 2.710E+002 2.755E+003 6.570E+003/

H212.00/ H20/6.00/AR/0.70/ CO/1.50/C02/2.00/CHA/2.00/C2HB/3.00/HEI0. 70/

CO+H2(+M)=CH2O(+M)  4.300E+07 1.50
LOW/5.070E+027 -3.420 42174.0/
TROE/ 9.320E-001 1.970E+002 1.540E+003 1.080E+004/

H212.00/ H20/6.00/AR/0.70/CO/1.50/CO212.00/CH4/2.00/C2H6/3.00/HE/0.70/

CH20+HO2=H202+HCO  3.010E+12 0.00
3430E+00 118 2249
4160E+11 057 13904
9.640E+13 0.00 -259.8
1.260E+08 162 1089.7
2.350E+10 0.00 0.0
4200E+12 0,00 7505
6.020E+13 0.00 20460.7

CH3+H=CH2+H2  7.000E+13 0.00 7500.0
CH3+M=CH2+HM  2.010E+16 0.00 456026
‘CHA13/ C2HB/3/ 0210.4/ H20/6.5/ CO/0.75/ CO211.51 ARI0 4/
7.230E+13 0.00 14000
4.230E+13 000 00
1.810E+13 0.00 0.0
1.210E+12 0,00 70948
H2+CH2(S)=CH3+H  7.230E+13 0.00 00
CH3o

HI+CO2  1570E+13 0.00 59400
CH3O+HO2=CH20+H202  3.010E+11 000 0.0
CH3O+H=CH2(S)*H20  2.620E+14 -0.20 535.0
CH2O+H(- 1.080E+11 050 1300.0
H212/CH412) C2HBI3/H20/6/CON.5/C0212/
TROE /7.580E-01 9.400E+01 1.555E+03 42006403/
LOW /2.200E+30 -4.800 2780/
CH3*OH=CH3O*H  5700E+12 0.23 69000
CH3+02=CH30+0  2.100E+13 0.00 16340.0
OHICHIO=CH20+H20  1.810E+13 000 00
O+CH30=CH20+0H  1.810E+12 000 0.0
CH3+HO2=CH3O+OH  1.800E+13 000 00
1810E+13 0.00 0.0
2.170E+10 000 880.4
20H

CH20H+HCO=2CH20  1.800E+14 0.00 0.0

{20H(+M) 5.400E+11 0.50 1800.0
H212/CH4/2/C2HEI3/H20/6/CON.5/CO212/
TROE /7.187E-01 1.030E+02 1.291E+03 4.160E+03/
LOW /1.270E+32 -4.820
OH+CH20H=CH20+H20  2.410E+13 0.00 0.0
20+OH  9.030E+13 0.00 0.0
H20+H2  1.580E+13 0.00 0.0
H3+OH  1.020E+13 0.00 0.0
oz»cnzou cuzo»noz 1.570E+15 1.00 0.0

CH30+CH3=CH20+CH4  2.410E+13 0.00 0.0
CH2OH+CH3=CH20+CH4  1.400E+13 0.00 0.0
CH4+HO2=CH3+H202 ~ 4.480E+12 000 12615.0
H+CH3(+M)=CH4(+M)  1.000E+16 -0.50 263.0
CH4/3/C2HB/3/02/0.41H20/6.5/COI0.75/C0211 SIARI0 2/
TROE /7.830E-01 7.400E+01 2.041E+03 6.964E+03 /
LOW /1.700E+33 -4.760 1220/
HA+CO  1.200E+14 0.00
CH20+CH3=CH4+HCO  7.830E-08 6.10 9899
1.570E+07 1.83  1400.0
7.230E408 156 42699
CH4+CH2(S)=2CH3  7.000E+13 0.00 0.0
CHA+CH2=2CH3  4.300E+12 0.00 50517
6.600E+08 1.60 5420.0
5.000E+13 0.00 12085.6
3.970E+13 000 286312
30H

CH3OH+02=CH20H+HO2  2.050E+13 0.00 22542.0
CH3OH+O=CH30+OH  1.000E+13 0.00 2356.4
CH3OH+O=CH20H+OH ~ 3.880E+05 2.50 1551.7
CH3OH+M=CH2(S)+H20+M 7.000E+15 0.00 334379
CH20H+CH30=CH3OH+CH20 2.400E+13 0.00 0.0
CH20H+CH20=CH3OH+HCO 5.500E+03 2.80 2950.0
CH20H+HCO=CH3OH+CO  1.200E+14 0.00 0.0
2CH20H=CH3OH+CH20  4.800E+12 0.00
CH30+CH20=CH3OH+HCO  1.100E+11 0.00 1500.0
2CH30=CH3OH+CH20  6.000E+13 0.00 0.0
CH30+HCO=CH3OH+CO  1.100E+11 0.00 1500.0

CH3OH+CH3=CH30+CH4  1.000E+01 345 40200
CH3OH+CH3=CH20H+CH4  2.000E+01 3.45 4020.0
CH3OH+CH2=CH30+CH3  1.440E+01 310 3450.0

CH3OH+CH2=CH20H+CH3 3.190E+01 320 3600.0

CH3OH+CH2(S)=CH20H+CH3 1.200E+12 000 0.0

CH3OH+OH=CH30+H20 1100406 192 -144.0

CH3OH+OH=CH20H+H20  5.100E+06 1.92 -144.0

CH3OH+H=CH3O+H2  1.700E+09 1.24 22600

CH3OH 20H+H2  1.700E+09 124 22600

CH3O+H(+M)=CH3OH(+M) 2430E+12 0.50 25.0

H212/CH4/2/C2HEI3/H20/6/CO.5/CO212/

TROE /7.000E-01 1.000E+02 9.000E+04 1.000E+04 /

LOW /4.660E+41 -7.440 14080./

CH2OH+H(+M)=CH3OH(+M) 1.060E+12 050 43.0

H212/CH4/2/C2HEI3/H20/6ICON 5/CO212/

TROE /6.100E-01 1.000E+02 9.000E+04 1.000E+04 /

LOW /4.380E+31 -4.650

CH3+OH(+M)=CH3OH(+M) 6.000E+13 0.00 0.0

H212/CH4/2/C2HEI3/H20/6/CON.5/C0212/

TROE /8.200E-01 2.000E+02 1.438E+03 /

LOW /1.595E+44 -8.200

CH3OH+CH302= CH30 +CH302H  1.810E+120.00 0.671E+04
CH302

CH3+02(+M)<=>CH302(+M)  7.812E409 0900 0.0
LOW/6.850E+024 -3.000

TROE/6.000E-001 1.000E4003 7.000E4001 1.700E+003/
CH302+CH3 = CH30 +CH30  7.500E+12 0.00 -0.500E+03
CH302+CH302 = CH20+CH3OH+02  3.110E+14 -1.61 -0.551E403
CH302+CH302 = 02+CH30 +CH30  1.400E+16 -1.61 0.980E+03
CH302+H 9.600E+13 000 0.000E+00
CH302+0 = CH30 +02 3.600E+13 0.00 0.000E+00
CH302+0H = CH30H+02 6.000E+13 0.00 0.000E+00
CH302+CH20=CH3O+OH+HCO  2.000E+12 0.00 5.873E+03

H

CoH+H=C2+H2 1.000E+12 0.00 0.0
C2H+OH=CH2+CO 1.810E+13 0,00 0.0
C2H+0=CH+CO 1.000E+13 0.00 0.0
C+CH2=C2H+H 5.000E+13 0.00 0.0
02+C2H=CO2+CH 9.050E+12 0.00 00

02+C2H=CO+HCO 2.450E+12 0.00 0.0
HCCO

C2H+OH=HCCO+H 2.000E+13 0.00 0.0
CH2+HCCO=C2H+CH20 1.000E+13 0.00 10067
H+HCCO=CH2+CO 0420E414 000 0.0

02+C2H:
coscy
HCCO+0=H+2CO
HCCO+OH=( cuzo»co 1.000E+13 0,00 0.0
HCCO+OH
HCCO+0:

4.780E412 0,142 575.0

2.180E+02 2692 1770.0

HCCO+02=2C0+OH 1.910E+11 0,020 511.0
CaH2

I H2C G
C2H+H(+M)= C2H2(+M) 5.000E+17 -1.00 00.00
TROE /0.6464E+00 1.320E+02 13156403 5.566E+03/

51
CH42/C2HBI3IH212.0/H20/6.0/CONM.5/CO212.0/ARIO.7/
4.600E+15 -0.54 22514.0
20006407 15 15050.0
7.530E+06 1.55 1060.00
1.230E409 073 1298.0
2.600E+06 2.4 8586.0
1.750E+8 1400 1110.0
1.600E+9 1400 11100
4.630E+19 -1.410 14485.0
4.800E+13 000 0.0
1.200E+12 000 0.0

CH3OH+CZH=CH20H+C2H2  B.000E+12 0.00 0.0
C2H2+HO2=>CH2+CO+OH 6.090E+09 0.00 3974.0
2HCCO=C2H2+2CO 1.000E+13 000 0.0
2CH2=C2H2+2H 1.080E+14 0.00 400.5
2CH2=C2H2+H2 1.200E+13 0.00 400.5
CH+HCCO=C2H2+CO 5.000E+13 0.00 0.0
CHeCH2=C2H2+H 4.000E+13 0.00 00
C+CHa=C2H2+H 5.000E+13 0.00 0.0

6.000E+13 0.00 64999
3370E+07 200 7045.0
3010E+13 0,00 253
3.010E+13 000 253
3.010E+13 0.00 253

2001E+10 164 152500

C2H2+02=C2H+HO: 1200E+13 0.00 37527.1

CH4+C2H=CH3+C2H2 1.810E+12 0.00 0.0
CH2co

CH2CO+02=CH20+C02 1.000E+08 0.00

CH2CO+M=CH2+CO+M 6.570E+15 0.00 289909

CH4/3/C2HE/3/02/0.4/H20/6.5/COI0.75/CO2/1.5IARI0.2/
H20H 4.680E+12 000 0.0

2520E+12 000 0.0

2520E+11 0.00 6796
2520E+11 0.00 6796
4.580E+11 0.00 6796
1.330E+12 0.00 6796
1.810E+13 0.00 16995
4.010E+13 143 1322.0
2010E+12 161 30455

CH2OH+C2H2=CH20+C2H3  7.200E+11 0.00 4500.0
C2H3+CH3=C2H2+CH4 3.920E+13 0.00
C2H3+HO2=>CH3+CO+OH 3.000E+13 0.00 00
H20+HCO 9.000E+16 -1.39 510.0
2H2+HO2 1120E414 0.83 1278.6
C2H3+OH=C2H2+H20 5.000E+12 0.00 00
C2H3+0=CO+CH3 3000E+13 000 00
C2H+C2H3=2C2H2 1.900E+13 0.00 0.0
CH2+HCCO=C2H3+CO 3.000E+13 0,00 0.0
CH2+C2H3=C2H2+CH3 1.810E+13 0.00 0.0
CH#C2H3=CH2+C2H2 5.000E+13 0.00 0.0
CH#+CH3=C2H3+H 3.000E+13 0.00 0.0
HeC2H3=C2H2+H2 1.200E+413 0,00 00
C2H2+H(+M)=C2H3(+M) 8430E+12 0.00 13002

CH4/3/C2HB/3/02/0.41H20/6.5/COI0.75/CO211 SIAR/0.35/
TROE /1.000E+00 1.000E+00 1.000E+00 1.231E+03 /
LOW /3430E+18 000 740

CH2HCO
C2H3+02=CH2HCO+O 7.000E+13 -061 26315
CHZHCO+CH=C2H3+HCO 1.000E+14 0.00 0.0
CH2HCO+OH=CH20H+HCO 1.000E+13 0,00 0.0
CHZHCO+OH=CH2CO+H20 2.000E+13 000 0.0
CH2HCO+0=CH20+HCO 5.000E+13 0,00 0.0
CHZHCO+H=CH3+HCO 1.000E+14 0.00 0.0

CH2HCO+02=CH20+OH+CO  2.200E+11 0.00 750.0
COM 2.000E+16 0.00 21000.0
H2/2/H20/5/COI2/CO213!

CHaco

CHZHCO+H=CH3CO+H 3.000E+13 0.00 0.0
CH2HCO=CH3CO 1.000E+16 0.00 221434
CH3CO(+M)=CH3+CO(+M) ~ 2.800E+12 0.00 8550.0
H2/2/H20/5/CO/2/CO213!
TROE /5.000E-01 1.000E-30 1.000E+30 /
LOW /2.100E+14 000 7000./
1.200E+13 000 0.0

1.440E+01 310 3450.0
3.190E+01 320 3600.0

2.300E+05 253 1115.0
6.200E+12 0.00 29000
6.200E+12 0.00 29000
000E+02 363 5670.0
4200E+13 0,00 28800.0
2.000E+08 1.50 185000
2.500E+13 0.00

1210E+10 0.00 -297.0
54206403 281 29310

2C2H3=C2H2+C2H4 1.500E+13 0.00
CH2HCO+CH2=C2H4+HCO 5.000E413 000 0.0
CH2+CH3=C2Ha+H 4.220E+13 0.00
C2H4+M=C2H3+HIM 7.400E+17 0.00 486036
CH4/3/C2HE/3/02/0.4/H20/6.5/COI0.75/CO2/1.5/ARI0.2/
C2HA+M=C2H2+H2+M 9.970E+16 000 360019
CH4/3/C2HE/3/02/0.4/H20/6.5/COI0.75/CO2/1.5/AR/0.35/
C2H4+0=CH2CO+H2 6.800E+05 1.88 902
C2H4+0=CH3+HCO 8.130E+06 1.88 902

29



4.740E+06 188 902
6.000E+07 1.56 83700

3.010E+13 0,00 -199.7
HO

CH3CHO(+M)<=>CH3+HCO(+M)  2.450E+022 -1.740 43460.0
LOW/1.030E+059 -11.300 48270.0/
TROE/2.490E-003 7.181E+002 6.089E+000 3.780E+003/
CH3CHO(+M)<=>CH4+CO(+M)  2.720E+021 -1.740 43460.0
LOW/1.144E+058 -11.300 48270.0/
TROE/2.490E-003 7.181E4002 6.089E+000 3.780E+003/
3.000E+13 0.00 195000
2.320E411 0.40 74987
3.010E+12 0.00 60000
CH3CHO+CH3=CHZHCO+CH4  2450E+01 315 2883.7
CH3CHO+CH3=CH4+CH3CO  0.410E-06 560 1230.0
CH3CHO+H=CHZHCO*H2 2100E+09 116 12100
2.100E+09 1.16 12100
2.900E+12 000 900.0
2.900E+12 0,00 900.0
2.700E+08 135 -729
3.000E408 135 729

CH4+CH3=C2H5+H2 1.020E+13 0.00 116010
CH20H+C2H5=CH3OH+C2H4  2.400E+12 000 0.0
CHZHCO+CH3=C2H5+HCO 1.000E+14 0.00 0.0
120+CH3 6.620E413 0,00 0.0
2CH3=C2H5+H 6.010E+13 0.00
02+C2H5=C2HA+HO2 1.020E410 0.00 -1100.5
C2HA+H(+M] 09 128

2H5(+M)
CH4/3/C2HB/3/02/0.41H20/6.5/COI0.75/CO21 SIAR/0.35/
TROE /7.600E-01 4.000E+01 1.025E+03 /

LOW /1.350E+19 000

C2He
CH30+C2H5=CH20+C2H6 2410E+13 0.00 0.0
CH2OH+C2H5=CH20+C2H6  2.400E+12 0.00 0.0
C2H+C2HB=C2H2+C2HS5 4.060E+12 028 620
CH4+CH3=C2HB+H 4.000E+14 0.00 20086.0
C2H6+C2H3=C2HA+C2HS 1.500E+13 0.00 5000.0
H; 6.500E+12 0.00 3855.0
HO2 6.000E+13 0.00 25500.0
2CH3(+M)=C2HB(+M) 4.500E+13 0.00 0.0

7

TROE /6.200E-01 7.300E+01 1.180E+03/

LOW /1.200E+41-7.000 1380/
C2HB+HO2=H202+C2HS5 1.320E+13 0.00 102095
C2HB+OH=C2H5+H20 7.2306406 2.00 4354
+OH 1.000E+09 150 2920.4
C2HB+CH: 1.510E-07 6.00 3043.1
C2HB+CH2(S)=CH3+C2H5  2.400E+14 0.00 0.0
1.080E+14 0.00 -132.3
2H5+H2 14506409 150 3729.8

c:

H6+CH=C2H4+CH3.

C2Hee

2H50:

CoH5+O2(+M)=C2HSO2(+M)  2.000E+11 0.98 -315
TROE /0.103E-01 6.010E+02 1.000E+30 1.000E+30/

LOW /1.50E+06 -4.20 110.0/
C2H502(+M)= C2H4+HO2(+M)  7.140E+04 232 14000.0
TROE /0.000E-00 1.060E+02 1.000E+30 1.000E+30/

LOW /830E+21 -0.651 11445.0/
C2H502=CH2CH202H 7.940E406 179 17900.0
13206409 1.37 207900
2.980E+15 0.09 30800.0
1.280E+11 052 8075.0
C2H502+C2H502=CH3CH20+CHICH20+02 3230E+10 0.00
C2H502+C2H50:

HACHO+C2HS0H+02  1.640E+10 0.00 1240

C2H502+HO2=C2H502H+02 1.620E+10 0.00 -994.0
CH2CH20H

C2H4+OH=CH2CH20H 1.260E+36 -7.752 3473.1

CH3CHOH=CH2CH; on 5.820E+44 -10.34 27648.0

CH2CH20H+O: HAOH  0.500E+12 0.00 0.0

CH2CH20H+02=¢ cznsou.noz 0.500E+12 0.00 0.0

CH2CH20H+02=2CH20+OH  4.000E+12 0.00

02C2H40H=C2H3OH+HO2 2.820E408 1361 150006
CH3CH20

CH3CH20+OH=CH3CHO+H20  1.000E+13 0.00 0.0

CH3CH20 3.000E+13 0.00 0.0
CH3CH20+H=CH3+CH20H 3.000E+13 0.00 0.0
CH3CH20+CO=C2H5+CO2 4.680E+02 320 27076
CH3CH20+02=CH3CHO+HO2  4.000E+10 0.00 5536
CH3CH20+M=CH3+CH20+M  1.350E+38 .96 11900.8
CH3CH20+M=CH3CHO+H+M  1.160E+35 -5.89 12637.8
C2H5+HO2=CH3CH20+OH 4.000E+13 0.00

CH3CHOH

HICHO+HeM  1.000E+14 0.00 125818
H2/2/CH4/2/H20/6/COI 5/CO2I2IARI0.7/
CH3CHOH+OH=CH3CHOH20  5.000E+12 0.00 0.0
CH3CHOH+HO2=CH3CHO+20H  4.000E+13 0.00 0.0

CH3CHOH+H=CH3+CH20H 3.000E+13 0.00 0.0
CH3CHOH+H=C2H4+H20 3.000E+13 0.00 0.0
CH3CHOH+ CHO+OH 1.000E+14 0,00 0.0
CH3CHOH+02=CH3CHO+HO2  5.280E+17 -1.64 4195

CH3CHOH+02=C2H3OH+HO2  7.620E+02 245 -1485
4.05E+13 031 -118.0
2.82E+08 1.361 15000.0

1.810E+55 -13.31 26600.0

C2H3OH+02<=>CHZHCO+HO2  5.310E+11 0210 1.983E+04

9.810E402 3370 1.737E403

C2H3OH+CH3<=>CHZHCO+CH4  2.030E-08 5,900 0.552E+03

C2H3OH+HO2
C2H4020H

CH3CHO+HO2  1.490E+05 1.670 mso
HO+HO2 8.940E+31 -6.81 800

C2H3OH+CH302<=>CH2HCO+CH3O2H 3400E+03 2. suu 4.992E403

C2H502H=CH3CH20+OH 2.500E+13 000 18800.0
C2H502+CH4=C2H502H+CH3 6.030E+12 0.00 193800
C2H502+C2HB=C2HS02H+C2HS  6.030E+12 0.00 19380.0

C2H502+C2HE0H=C2H5E02H+CH2CH20H  6.030E+12 000 19380.0
C2H50H

IIH-Abstaction I
C2H50H+O=CHACHOH+OH 1.450E+05 2470 441.0
C2H50H+O=CH2CH20H+OH  9.690E+02 3230 23440
C2H50H+O=CHACH20+OH 1.460E-03 4730 869.0
C2H50H+H=CH3CHOH+H2 5.000E404 2680 1467.0
COHSOH+H=CH2CH20H+H2  B.000E+04 2810 3772.0
C2H50H+H=CH3CH20+H2 9.450E402 3140 43790
C2H5OH+OH=CH3CHOH+H20  7.160E+04 2.54 -772
C2H50H+OH=CH2CH20H+H20  5.700E+00 3380 -1205
C2H50H+O} H20+H20  5.810E-03 4.280 -1792

C2H50H+HO2=CH3CHOH+H202  B.200E+03 250 54353
C2H5OH+HO2=CH2CH20H+H202  2.430E+04 250 79517
3.800E+12 0.00 120785
C2H5OH+CH3=CH3CHOH+CH4  1.993E+01 3.370 3842.0

C2H5OH+CH3=CH2CH20H+CH4  0.700E+02 3.300 6185.0
C2H5OH+CH3=CH3CH20+CH4  2.035E+00 3.570 3886.0

C2H5OH+CH3

C2H5OH+CH3

HACH20+CH3OH  3.230E-07 530 5238.1

C2HSOH(+M)=C2H5+OH(+M)  6.170E+51 -10.30 55330.7
H2/2/H20/5/COI2/CO213!

TROE /5.000E-01 1.000E+30 1.000E+30 /

LOW /8.100E+046 -11.300 55890.4/
C2HSOH(+M)=C2H4+H20(+M)  8.000E+13 0.00 32680.6
H2/2/H20/6/CO/1.5/C02/2ICHAI2IARIO.TIHEIO.7]

TROE /5.000E-01 1.000E+30 1.000E+30 /

LOW /1.000E+17 00.000 27147.]
C2HSOH(+M)=CH3+CH20H(+M)  5.000E+15 0.00 412316
H2/2/H20/6/CO/1.5/C02/2ICHAI2IARIO.TIHEIO. 7]

TROE /5.000E-01 1.000E+30 1.000E+30 /

LOW /3.000E+16 00.000 29155.6/
C2HSOH(+M)=CH3CHO+H2(+M)  2.470E+13 000 433706
H2/2/H20/6/CO/1.5/C02/2ICHA/2IARIO.TIHEIO. 7]

TROE /5.000E-01 1.000E+30 1.000E+30 /

HACHOH+CHIOH  1.220E-05 526 3737.5
C2H50H+CH30=CH2CH20H+CHIOH  1.990E-02 430 7667.5

LOW /1.820E+41 -13.08 33790.6/
C3H2

C3H2+OH=C2H2+CO+H 5.000E+13 0.00 00
6.800E+13 0.00 0.0
2000E+12 0.00 00

2
02+C3H2=HCO+HCCO 1.000E+13 0.00 0.0
H2CCCH

H2CCCH+OH=HCO+C2H3 ~ 4.00E+13 0.00 0.0
H2CCCH+H=CaH2+H2 5.00E+12 0.00 0.0
H2CCCH+0=CH20+C2H 1.40E+14 000 0.0
H2CCCH+02=CO+CH3CO  3.01E+10 0.00 14430
H2CCCH+02=C02¢C2H3  301E+10 0.00 14430

2C2H3=H2CCCH+CH3 1.80E+13 000 0.0
1.00E+11 0.00 15000
1.20E+13 000 3310.0
2.41E+13 000 00
200E+13 0.00 0.0
1.39E+14 000 0.0
301E+10 000 14433
1T5E+14 000 0.0

C3H4+C2H5=H2CCCH+C2HE  2.20E+00 350 3300.0
C3H4+C2H3=HRCCCH+C2HA  2.20E+00 350 2350.0

C3H4+C2H=H2CCCH+C2H2  1.00E+13 0.00 0.0

C3H4+CH3=H2CCCH+CHA  1.80E+12 0.00 3850.0

H2CCCH#H20  3.10E+06 200 50.0

H2CO+CH3 4.30E+11 0.00 -400.0

C3H4+H=H2CCCH+H2 5.10E+05 250 1250.0

C3H4+HO2=H2CCCH+H202  9.60E+03 260 6800.0
34C:

C3H4+02=H2CCCH-

H2CCCH+H(+M)=C3H4(+M)  3.00E+13 000 0.0

TROE /5.000E-01 1.000E+30 1.00E+30/

LOW /9.000E+15 1.000

C2H4+CH=C3Ha+H 1.320E+14 0.00 1732

C2H2+CH2=C3H4 1.200E+13 0.00 33305
C3H5

C3H5+C2H5=C3H4+C2HE  9.64E+11 000 -66.2
C3H5+C2H3=C3HA+C2HE  241E+12 0.00 0.0
C3H5+HO2=>C2H3+CH204OH  6.25E+12 0.00 0.0
C3H5+HO2=OH+HCO+C2H4  5.00E+12 000 0.0

C3H5+OH=C3H4+H20 6.02E+12 0.00 0.0
C3H5+OH=CH20+C2H4 1.50E+13 000 0.0
C3H5+H=C3H4+H2 1.80E+13 000 0.0
CHascauCHHH 1.50E+24 -2.83 9369.9
C3H5+0=>C2H4+COMH 1.81E+14 000 0.0
H2CO+CH3 1.80E+14 0.00 0.0
C3H5+02=CaH4+HO2 100E+12 0.00 11400.0

C3H5o02=CDoCH20oCH3 4.30E+12 0.00 94500
C3H4+H(+M)=C3H5(+M)  4.00E+13 0.00 0.0
TROE /8.000E m 1 oaogqs maoaan/
LOW /3.000E+24 -2.000
C2H2+CH3=C3H5 2 3005»30 5.98 67104
COH3+C2H5=C3H5+CH3  3.900E+32 -522 9857.0

C3He

C3HB+C2H5=C3H5+C2HE  1.00E+11 000 4940.0

C3HB+C2H3=C3H5+C2H4  3.02E+12 0.00 73100
C3HB+C2H=C3H4+C2H3  1.20E+13 000 0.0
C3HB+CH2=C3H5+CH3 7.00E+11 000 3100.0
C3HB+CH3=C3H5+CH4 221E+00 350 2859.0
C3HB+HO2=C3H5+H202  9.64E+03 260 7003.0
C3HB+OH=C2H5+CH20 1.00E+12 000 0.0
C3HB+OH=CaH5+H20 3126406 200 1510

800E+21 239 5540.0
646E+12 0.00 22230
6.76E404 256 5700
6.76E+04 256 -570.0
1.80E+11 070 29502

CaH5+H(+M)=CaHB(+M)  167E+14 0.00
H212/CHA/2/C2HBI3IH20/6ICON 5/CO212/ARI0.7/
TROE /2.000E-02 1.097E+03 1.097E+03 6.860E+03 /
LOW /1.330E+60 -12.000 3003/
CH3+C2H3(+M)=C3HB(+M)  2.500E+13 0.00 0.0
H212/CHA/2/C2HEI3IH20/6ICON 5/CO212/ARI0.7/
TROE /1.750E-01 1.341E+03 6.000E+04 1.014E+04 /
LOW /4270458 -11.940 4917/
C3H5+C2H3=CHG+C2H2  480E+12 0.00 0.0
C3H5+CH20=C3HG+HCO  7.20E407 180 91550
2C3H5=C3H4+C3HE 843E410 000 -1320
C3H5+C3H4=H2CCCH+C3HB  1.00E+12 0.00 3850.0
C3H5+C2H5=C2H4+C3H6  260E+12 0.00 -66.0
C2H4+CH2=C3HB 6.60E+12 0.00 0.0
C2H4+CH2(8)=C3HB 964E+13 0.00 00

nCaH

C3HBH(+M)=nC3HT(+M)  1330E+13 000 1641.0
H212/CHA/2/C2HE/31H20/6/CO/ 5ICO2I2IARI0.T!
TROE /1.000E+00 1.000E+03 1.310E+03 4.810E+04 /
LOW/SZGOE»SS 6660 3523/

RC3H7+02=CaHB+HO2 9.000E+10 0.00 00

nC3H7= czm»cna 1.260E+13 0,00 15000.0

IC3H7+CH3=CH4+C3H6 220414 -0.68 0.0
C3HB+H(+M)=IC3HT(+M)  1.33E+13 000 785.0
H212/ CH412/ C2HB/3/ H20/6/ CO/1.5/ CO212/ ARIO.TI
TROE /1.000E+00 1.000E+03 6.454E402 6.844E+03 /
LOW /8.700E+42 -7.500
IC3HT+02=C3H6+HO2 1.30E+11 0,00 0.0
CaHg.

IC3HT+H = CaHg, 1.66E+13 0.2200 0.00
2IC3H7=C3H6+C3H8. 240E+12 0.00
C3HBHICIHT=nCHT+C3HB  B.4OE-03 4.20 4366.1
C3HB+C3HG=ICIHT+C3HG  2.00E+11 0.00 8140.0
C3HB+C3HS=NCBHT+C3HE  7.94E+11 0.00 104000
C3HB+02=IC3HT+HO2 398E+13 0.00 24000.0
C3HB+02=nCaHT+HO2 398E+13 000 24000.0
C3HB+CH3=ICIHT+CHA  1.10E+15 0.00 12700.0
C3HB+CH3=NC3HT+CH4 1.10E+15 000 12700.0
9.64E+03 260 6955.0
112E+13 000 9810.0
479E+08 140 430.0
575E408 140 4300
476E+04 271 10585
1.90E+04 268 21170

C3HB=NC3HT+H 1.58E+16 000 49074.0
C3HB(+M)=CH3+C2H5(+M)  1.10E+17 0.00 42450.0

H2/2.5/ H20/12/COI1.9/CO2/3.8/AR/0.75HE/0.75/

‘TROE /5.000E-01 1.000E+15 1.000E+30 /

LOW /7.830E+18 000 32716./
C3HB+C2H502=IC3HT+C2H502H 1.990E+12 0.00 17050.0
C3HB+C2H502=NCaHT+C2H502H 6.030E+12 0.00 19380.0

CaH2

C4H2+OH=C3H2+HCO 0.40E+13 0.00 000.0
CaH2+OH 4.00E+12 0.000 0.0
o+ 7.89E+12 0.00 6784
C2H2+C2H=CaH2+H 5.00E+12 000 0.0
CaH2+M=CaH+HM 350E+17 0.0 402030
DUPLICATE
CaH2= 2C2H 1.00E+16 0.00 73000.0
H2CCCCH
H2CCCCH+C2H3=2H2CCCH  4.00E+12 0.00 0.0

H2CCCCH+CH2=C3H4+C2H  2.00E+13 0.00 0.0
H2CCCCH#H2=C2H2+C2H3  5.01E+10 0.00 100000

H2CCCCH+O: 392E+16 18 -1.200
H2CCCCH+OF 4.00E412 0.00
H2CCCCH+O: 200E+13 0.00 0.0
H2CCCCH#H=CaH2+H2 5.00E+12 0.00 0.0
C3H2+CH2=H2CCCCH+H  B.00E+13 0.00 0.0
C2H2+C2H=H2CCCCH 700+13 000 0.00
H2CCCH+CH=H2CCCCH+H  7.00E+13 000 234087
2C2H2=H2CCCCH+H 110E+14 000 332020

C4H2+H(+M)=H2CCCCH(+M) ~ 4.30E+10 1.158 8765
TROE /0.000E-01 1.000E+15 1.000E+30 /
LOW /3830421 -8.095 12535/

C4H4+C2H3=H2CCCCH+C2H4  5.00E+11 0.00 8150.0
C4H4+C2H=H2CCCCH+C2H2  4.00E+13 000 0.0

CAH4+C2H=CAH2+C2H3  1.00E+13 000 0.0
C4H4+OH=H2CCCCH#H20  7.50E406 200 25259
CaHa+ 4+CO 6.00E+13 0.00 9200
C2H3+C2H2=H+CaH4 200E+11 000 2500.0

4.00E+13 000 0.0
5.01E+06 2.00 3000.0
320E+08 144 2765

CaH 1.10E420 0.00 496388
‘nzccccum CaH4 500E+14 0.00 4050
C4H4=2C2H2 1.15E+15 0.00 43541.0
C3H2+CH3=CAHA+H 1.00E+12 0.00 0.0
C2H4+C2H=CaHa+H 1.20E+13 0.00 0.0

CaH5

4.00E+12 0.00 0.0
200E+07 2.00 5028
200E+13 0.00 1000.0

7506415 137 59935
TH0E+I 021 71434
1.00E+14 0.00 250012

-CAH5+M=C2H3+C2H2+M  1.000E+15 070 21290.0
H3: 000E+13 0.00 0.0

CaHp

CAMBHICCOHALCASCaH _ 10E13 00 SE30
4H6+C2H3=-CAHS+C2H4  5.00E+14 0.00 99800
CAHB+CH3=LCAHS+CHA  7.00E+13 0.00 7810.0
CAHB+OH=CH3CHO+C2H3  2.80E+12 000 -400.0
1.00E+12 000 0.0
310406 2.00 2020
6.60E+05 253 46365
2506413 0.00 10420
6.00E+08 1.45 440.0
711E+08 155 23455

CAHB+O2=I-CAH5+HO2  4.00E+13 0.00 284000
C4HB=C2H2+C2H4 1.00E+14 000 37000.0
C4HB=CAHA+H2 2.50E+15 0.00 47000.0

C4HB = FCAHS5 + H 570E+36 627 561765
H2CCCH+CH3(+M) = C4HB(+M) 150E+12 00 0.0
LOW /2.60E+57-11.94  4885.9/
TROE 10.175 1340.6 60000.0 9769.8 /

C2H4+C2H3=CAHB+H 5.00E+11 0.00 36800
2C2H3=C4H6. 4.94E413 000 00

RCAHT+C3HS=CAHB+C3HE  1.40E+12 0.00 0.0
NCAHT+C2H5=CAHG+C2HE  3.98E+12 000 0.0
RCAHT+C2H3=CAHG+C2HA  3.98E+12 0.00 0.0
NCAHT+CH3=CAHG+CH4  1.00E+13 000 0.0

NCAHT+C2HS=CAHB+C2HA  5.01E+11 0.00 0.0
C4HB=NCAHT+H 1.26E+15 000 414963

=CaHs+CH3 1.00E+16 0.00 36685.3
C2H3+C2H5=>C4H8 9.00E+12 0.00 0.0
C4HB+C3H5=NCAHT+C3HE  B.OOE+10 000 65223
C4HB+H=nCAHT+H2 200E+14 000 1900.0

CAHB+HO2=NCAHT+H202  3.00E+11 0.00 85000
CAHB+C2H5=NCAHT+C2HE  4.00E+11 0.00 40257

CAHB+CH3=NCAHT+CH4  2.00E+12 0.00 4400.0
40 7+H20 1.00E+13 000 600.0
\CAHT+OH 1.00E+05 256 -650.0

H204nC3H7  300E+12 0.00 0.0
H3CHO+C2HS  2.00E+11 0.00 0.0
C4HB+O=CHICHO+C2H4 1.00E+12 000 0.0
CAHB+O=>C2H5+CH3+CO  260E+13 0.00 40.0
3H6+CH20 2.00E+12 0.00
C4HB+OH=>C2H6+CH3+CO  4.00E+10 0.00 0.0
C4HB+O=nCHT+HCO 1.00E+06 2.34 -500.0
1CAH

|COH9~DZHMC2H5 450E+13 000 15000.0
(C4H+O: HO2 1.00E+12 0.00 2400.0
iC4H8.

u:meoM csns»cm»m 4.00E418 0.00 37000.0

ic: H7+HeM 200E+17 0.00 430000
u:meoH icat 72 200E+13 000 1900.0
IC4H8*+O=ICAHT+OH 1.00E+05 256 -550.0
ICAH8+OH=ICAH7+H20  1.00E+12 000 650.0
IC4H8+O=IC3HT+HCO 1.00E+06 234 -500.0

1.00E+12 000 0.0
1.00E+12 0.00 4400.0
ICAH 2.00E+18 -1.00 48000.0
ICAHB+C2H5=ICAHT+C2HE ~ 2.00E+11 0.00 40257

IC4HB+HOR=ICAHT+H202  2.00E+11 0.00 85000

iCAH8=CaH6+H2 300E+15 000 32500.0
IC4H8+O=CHICHO+C2H4  1.00E+12 000 0.0
iCAH8+OH=CHICHO+C2H5  1.00E+11 000 0.0

ICAH7+C2H5=ICAHB+C2H4  5.01E+11 0.00 0.0
ICAHT+iCAH7=CAH6+iC4H8  3.16E+12 0.00 0.0

ICAHT+M=C3H4+CH3+M  2.00E+13 0.00 163000
20E+14 0.00 248000
1.00E+11 0.00 186000
(C4HT+0; 1.00E+11 000 0.0
ICAHT+H=C4H6+H2 316E413 0.00 00
IC4HT7+C2H3=C4HB+C2H4  3.98E+12 0.00 0.0
ICAHT+C2H5=C4H6+C2H6 ~ 3.98E+12 0.00 0.0

IC4H7+CH3=C4HB+CH4  1.00E+13 0.00 0.0
ICAHT+C3H5=C4H6+C3HG  1.40E+12 0.00 0.0
nCaH9
CaHB+H=>nC4HO. 2501E+11 051 13180
NC4HE=CH3+C3HE 2.300E+14 000 165000
NC4HE+02=CAHB+HO2 2000E+12 0.00 24000
NC4HE=C2H4+C2H5 9.000E+13 000 150000
sCaHg
C4HB+H=>5C4HY 2501E+11 051 13180
SC4HI=CH3+C3HE 2.300E+14 0.00 165000
SC4H9+02=C4HB+HO2 2.000E412 000 2400.0
SC4H9=C2H4+C2H5 Q.000E+13 0.00 15000.0
nC4H10

NC4H10+CH30=sCAH+CHIOH  6.000E+11 0.00 3500.0
ACAH10+CH30=NCAHO+CH3OH  3.000E+11 000 3500.0
NCAH10+C3H5=5CAH9+CaHE  3.162E+11 0.00 8200.0
CAH10+C3HE=NCAHO+CaHE  7.943E+11 0.00 10250.0
NCAH10+C2H5=5C4H9+C2HE  1.000E+11 0.00 5200.0
RCAH10+C2H5=NCAHO+C2HE  1.000E+11 0.00 6700.0
NCAH10+C2H3=sCAH9+C2HA  7.943E+11 0.00 8400.0
RCAH10+C2H3=NCAHO+*C2H4  1.000E+12 0.00 9000.0
NCAH10+CH3=SCAH9+CHA  2.189E+11 0.00 4800.0
RCAH10+CH3=NCAHO+CH4  2.189E+11 0.00 5700.0
NCAH10+HO2=5CAHO+H202  4.000E+12 0.00 9750.0
NCAH10+HO2=nCAH+H202  1700E+13 0.00 102300

NCAH10+OH=sCAHOHH20  7.234E+07 164 -123.0
NCAH10+OH=NCAHI+H20  4.140E+07 173 3765
RC4H10+0=5C4HO+OH 4.280E+05 260 12915
NC4H10+0=nCAHI+OH 4.890E406 240 27525
RCAH10+H=SCAHO+H2 4TTTEY06 250 36845
NC4H10+H=nCAHO+H2 5630E+407 2.00 38500
CAH10+02=5CAHO+HO2  3.981E+13 0.00 428000

C4H9+HO2  2.512E+13 0.00 44500.0

CaHgrH 1.000E+16 0,00 42500.0

\CaHg+H 1.580E+16 0.00  49000.0

IC3HT+CH3. 1.000E+17 0.00 42700.0

\C3HT+CH3 1.000E+17 0,00 427000

2H5+C2H5 2.000E+16 0.00 406500
OW TEME

22005419 250 0.0
2.200E+19 -250 0.0
C4HBOO<=>C4HBOOH 3.000E+12 000 11050.0
C4H9OO=>OH4C3HE+CH20  1.000E+12 0.00 11250.0

41
C4HBOOH+02=C4HBOOO2H  2.200E+19 250 0.0
OH+C3HB+CH20  5.500E+12 0.00 8000.0
>OH+C4HBO  B.00DE+12 0.00 62500
C4HBOOH<=>HO2+C4H8  2.500E+12 0.00 8000.0

C4H8O0OZH
C4HBOOOZH=>OH+C4HBO3  5.000E+09 0.00 3750.0
C4HIOOH

OH#nC3HT+CH20  7.00E+14 0.00 210000
cmsocn >0H+C2H5+CH3CHO  7.00E+14 000 21000.0
C4HBOO+NCAH10=C4HIOOH+SCAHY  1.20E+01 349 6500.0
C4HIOO+NCAH10=CAHIOOH+NCAHI  2.40E+01 370 8000.0

C4HBO3=>OH+HCO+C2HA+CH20  7.00E+16 0.00 21000.0
C4HB03=>CH3CHO+CHZHCO+OH  7.00E416 0.00 21000.0

C4HBO3=>CH20+C2H5+CO+OH  1.50E+16 0.00 21000.0
C4HBO3=>CHACHO+CH3CO+OH  1.50E+16 0.00 21000.0

CH3+CH2HCOHCOOH  7.00E+16 0.00 210000

C4HBO
RC3HT+HCO=CAHBO 5.21E+13 0.00 0.0

CaH= CasH 200E+14 000 58000.0
CAH+H#M=CaH2+M  300E+13 0.00 0.00
DUPLICATE

C5HB+OH=CH3CHO+C3H5  2.00E+12 0.00 0.0
CsH

DSHS»CSH%DSHB»C&HS 4.00E+12 000 0.0
210E+10 000 00

C5H9O=: >zczm»nco 2.90E+16 121 135000

C5H10+OH=t CSHQ»HzO 6.80E+13 0.00 1540.0

C3HB+C2H3*OH  1.00E+13 0.00 3520.0
C3H5+C2H4+OH  2.00E+13 000 3520.0
\C3HT+CHZHCO

2006409 1.20 62.1
C5H10+0=C4HB+CH20 200E+13 0.00 0.0
C5H10+ 1.00E+13 000 0.0
CsH1D+ 2.80E+13 000 2010.0

csH1
C5H11402=C5H10+HO2 1.00E+12 0,00 2100.0

C5H11=CaHB+C2H5 1.01E+12 0.00 14800.0
C5H11=C4HB+CH3 800E+12 0.00 16000.0
C5H11=nCaHT+C2H4 320E+13 0.00 14300.0
icsH11

ICSH11=IC3H7+C2H4 320E+13 0.00 14300.0
IC5H1=IC4HB+CH3 4.00E+12 0.00 160000
IC5H11=C5H10+H 390E+13 0.00 20400.0

IC5H11=C3HE+C2HS 1.01E+12 0,00 148000

IC5H11+02=C5H10+HO2  1.00E+12 0.00 2100.0
iC4Hg.

ICAHO=ICAHB+H 1.00E+15 0.00 17000.0
ICAHO+02=ICAHB+HO2  1.00E+12 000 25000

30



6H1
aCBH12+0H=CH114CH20  1.00E+11 0.00

a 1.00E+07 2.00 0
aC6H12=2C3H6. 5.00E413 0.00 28400.0

iceH
IC6H13=aCeH12+H 200E+13 0.00 20000.0

1.00E+10 0.00 130000

1.00E+13 000 14000.0

ICBH13={CAHO+C2H4 2506413 0.00 15000.0

IC6H13+02=aC6H12+4HO2  2.00E+12 0.00 1000.0

iC6H13=iC4H8+C2HS. 200E+12 0.00 11000.0
CBH13

CBH13=C5H10+CH3 1.00E+10 108 14790.0
1.00E+13 000 200000
6.00E+10 084 140010
04E+13 004 143400
C6H13+02=aC6H12+HO2  1.00E+12 0.00 2300.0
6H1

(C4HO+C2H2=CEH 7.23E+10 0.00 43200
iC6H12+H=iCEH11+H2  1.00E+12 000 1950.0
IC6H12+OH=IC6H11+H20  1.00E+11 0.00 615.0
iC6H1240=IC6H11+0H  1.00E+12 0.00 20000
IC6H12+CH3=ICEH11+CHa  2.00E+11 0.00 3650.0

IC8H12=C2H3+C4HS. 250E+16 0.00 35000.0
IC6H12=IC3HT+C3HS. 2.50E+16 0.00 35000.0
iCBH12=iC8H11+H 800E+17 0.00 50000.0
(CAHO+C2H2=ICEH 11 7.23E+10 0.00 43200
iC6H11= C3H6+C3HS. 4.50E+24 3.00 2256404
iceH

SHB+CH3  450E+24 -3.00 2.25E+04
CeHi1

CBH11= C2HS+CAHE  4.50E+23 -2.99 270000
CBH11 = C3HG + C3H5  4.50E424 2.99 270000
CBH11=C5HB + CH3  4.50E+24 -299 27000.0
C4HB+C2H3=CBH11  7.23E+10 0.00 4320.00

CBH1D = C2H3NCAHT  4.500E+23 -2.99 27000.0

C6H10 = C3HS + C3H5  5.000E+22 2.06 311850
CGH1D = C2H4+CAHE  1.000E+12 00 12100.0
END
CYCLO HEXANE
REACTIONS
CYCOH12=cyCBHTI+H  3.00E+16 0.00 950000 R1)2]
cyCoH12=aCH 501E+16 000 882300 I(R2)3]

4.00E+12 0.0 574000 |(R3)3]
4.00E+12 0.0 574000 |(R4)3]
COHA+C2HA+C2HA  B22E+17 0.00 87225 I(RS)4]

CYCBH12+02=cyCEH114HO2  0.60E+13 0.00 501501 I(R6)5'0.5
CYCOH12+0=cyCBHTI+OH  434E+09 133 34275 I(RT)REAC_UQ
CYCOH12+H=cyCOHT1+H2  2.70E+8 200 5000 I(RB)E]
©YCBH1240H=cyCBHIT+H20  1.3E409 160 -400.5 I(RO)7I
yCBH12+HOR=cyCBHIT+HZO2  D.4d4e+14 0.00 17690 IR10)5]2
YCBH12+4HCO=CYCEHT1+CH20  1.35E+12 0.00 9540  IR11)2]
CYCBH12+CH30=CyCBH1+CHAOH 4.32E+11 000 4473  I(R12)2]
YCBH124CH3 =oyCBHT1+CHA  1.35E+12 000 9540  I(R13)4]
cyCBH12+C2H3=cyCBH11+C2H4 1.35E+12 0.00 9540 I(R14)[2]
©YCBH124C2H5=cyCoH11+C2H6  1.35E+12 0.00 9540  I(R15)2]
YCBH12+C3HE=CyCBH114C3HE  1.05E+12 000 9540 I(R16)2]

. H11 isomerization &

CYCOH1T=cyCOH10+ H  BITE*11 0834 36340 I(R17)8]

CYCBH11 = CEH11 300e+12 0624 30810 I(R18)8]

YCBH10= cyCBHO +H  1.20E+15 000 83200 I(R19)2]
CYCEH10 = CBH10 5.00E+13 0,00 74000 1(R20)Anlg R2
YCBH10= CAHB+C2H4  4.00E+14 000 63400 I(R21)4]'1.6
' of cyCol
CYCBH11+02=cyCBHIOHO2  1.17E+13 0.00 74797 I(R22)EM
CYCOH11+0=cyCOH10*OH  131E+13 000 00  I(R23)EM
205E+13 000 0.0  I(R24)EM
1266413 000 0.0  I(R25)EM
CYCBH11+HO2=c)CEH10+H202  1.00E+12 000 20000 1(R26)2]
YCBHT1+HCO=cyCEH10+CH20  1.25E+13 0.00 0.0  {(R27)EM
CYCBH11+CHIO=CyCBH10+CHAOH 1.25E+13 0.00 0.0  |(R2BJEM
CYCOH11+CH3 =cyCBHI0+CHA  1.71E+13 0.00 0.0 |(R29)EM
CYCBH11+C2H3=cyCEH10+C2HA  1.43E+13 000 00  I(R3ONEM
CYCOH11+C2H5=CyCEH10+C2HE  970E+12 000 00  I(R3NIEM
CYCOH11+CaH5=CyCEH10+C3HE  7.17E+12 000 00  I(R3ZIEM
cyceH
CYCOH10+02=cyCBHO+HO2  7.71E+12 0.00 38119 I(RII)EM
€YCEH10+0: 129E+13 000 69305 I(R34)EM
oyCEH10+H=cyCoHI+H2  B.00E+12 000 4445 I(R35)[4)
CYCBH10+OH=cyCOHO+H20  2.42E+13 000 29345 I(R3GIEM
CYCOH10+HO2=cyCOHO+H202  4.50E+10 060 15828 I(R37IREAC_UQ
CYCBHIOHHCO=CYCOHO+CH20  6.17E+12 0.00 10602 I(RIEVEM
©YCBHI0+CH3O=CYCEHI+CHIOH  1.23E+13 0.00 66287 !(RIOIEM
YCBH10+CH3=yCBHO+CH4  B.39E+12 0.00 6385  I(R40JEM
CYCOH10+C2H3=CYCBH+C2HA  7.07E+12 000 4827 I(R41)IEM
yCBHI0+CoHB=CyCOHO+C2HE  7.17E+12 0.00 7512  I(R4Z)IEM
CYCOH10+C3HS=CYCBH+C3HE  1.42E+13 000 110595 |(RA3)IEM

YCBH9 = cyCoHB+ H  1.20E+14 000 493000 I(R44)[4]

€yCBHO+02=CyCBHBHO2  6.43E+12 0.00 14237.5 I(R4SVEM
8.56E+12 0.00 00  I(RAG)EM
CyCEHO+H=CyCOHB+H2  265E+13 000 00  I(R47)EM
©yC6HO+OH=cyCBHB+H20  8.0BE+12 0.00 0.0  I(R4B)IEM

5.62E+12 0.00 2642.0 !(RSO)EM
123E+13 000 00 IRST)EM
1.12E+13 0.00 00 Y(R52)EM
CYCBHO+C2Ha=cyCOHB+C2H4  O3E+12 000 00  I(RSIIEM
CyCBHO+C2H5=cyCEH8+C2HE ~ 9.58E+12 0.00 0.0  !(RS4)EM
CYCBHO+CaHE=cyCOHB+CIHG  7.09E+12 000 3099.0 I(RSS)EM

©yCBHB = cyCBH7 +H  5.01E+15 0.00 725080 !(RS6)i4]
cyCeH8 = H2 + A1 236E+19 14 67530.0 (RS7)[10]

6H
CYCOHB+O2=CyCBH7+HO2  7.60E+12 000 256120 I(RSBIEM
cyCHe 7+OH  1.64E+12 000 27805 IRS9EM

q CyCBHT+H2  5.05E+13 000 24155 IREOJEM
GYCBHBHOH=CYCBHT+H20  210E+13 0.00 00  {RGTJEM
CYCBHBHOR=CYCBHT+H202  147E+13 0.00 65405 I(R62IEM
CYCEHB+HC H7+CH2O  1.46E+13 000 64335 I(R63)IEM
CYCBHBHCH30=CyCBHT+CHIOH  1.56E+13 000 2450.7 I(R64)EM
CYCOHBHCH3=CyCOHT+CHA  25E+13 0.00 22160 I(RES)EM
CYCBHBHC2H5=CyCEHT+C2HE  1.84E+13 0.00 33430 I(REGJEM
CYCOHB+C2H3=GyCBHT+C2HA  1.81E+13 0.00 658.0 I(R67)IEM
CYCBHBHCaH5=CyCEHT+CIHE  1.82E+13 0.00 68905 I(RGBJEM
+ YCSH

CyCBHT=H+AT 480E+25 -35 33480.0 I(REQ)10]
C2H2+i-C4H5=CyCBHT 3.16E+11 0.00 60000 !(R70)(11]
€YCBHT+0=C5HB+HC E+3 000 00 IRTHIEM
©yCBHT+HO2=>CEHB+HCOROH  1.47E+13 0,00 0.0  I(R72)EM

CcyC6H7+02=A1+HO2 7B1E+12 0.00 5244.7 \(R73)EM
cyC6H7+0=A1+OH 1.27E+13 0.00 00 !(R74)EM
CYCOHT +H=AT+H2 389E413 0.00 00 IRTSIEM
©cyC6H7+OH=A1+H20 1.23E+13 0.00 00 !(R76)EM

H202  BG9E+12 0.00 00 URTTIEM
CYCOHT+HCO=AT+CH20  B.12E+12 000 0.0  IR7B)EM
yCBHT+CH3O=AT+CH3OH  9.356+12 0.00 0.0 I(R79)EM
110E+13 0.00 0.0  !(RBOJEM
945E+12 000 00 I(RBTNEM
YCBHT4C2H3=A1sC2H  931E+12 000 00  !(RE2IEM
yCBHT+CaH5=A1+C3HG  182E+13 000 00 I(REIIEM
OW TEMPERATL

CBH11 with O

CYCOH11+02=cyC6H1100  B.OOE+18 25 00  I(R84)[1211.33
¢yCBH1100-
©yCBH1100=cyCBHT000H  2.00E+12 0.00 240450 !(R8S)[13)'2/3
H

HO2+cyC6H10=cyC6H1000H  8.00E+10 0.0 60000 (R8B)(11]

cyCBH1000H=CH3CO+NCAHT+OH  3.00E+16 0.00 22500.0 (R87)[14]C8
€yC6H1000H=CH20+C5H8+OH  2.20E+16 0.00 22500.0 !(R88)[14] C8
. oyclic ether &

€yC6H1000H=OH+cyCBH100a  9.13E+09 0.60 8437.08 |(RBO)Reac-UQ

cyCBH1000H=OH#+cyC6H100b  1.25E+10 0.80 216622 !(R90)Reac-UQ
o H+cyCoH100c  1.08E+12 0.60 236923 |(R91)Reac-UQ
cyCBH1000H=OH#+cyC6H100d  1.50E+09 0.00 750000 !(R92)[15]

OOH with

cyCBH1000H+02=cyOOCEH1000H 8.00E+18 250 0.0 (R93)Anig(Re4)
& formation of keton

cyOOCEH1000H=CyOOHCEHIOOH  3.00E+12 0.00 24045.0 |(R94)Anig(R8S)

xanone:
CYCEH100a+OH=cyCEHIOHH20  371E+12 020 11335 (R97)Reac-UQ
yCBH100a+HO2=CyCBHIO#H202 1.72E+11 0.50 16376.0 I(R98)IReac-UQ
YCBH100a+H=cyCEHIOHZ  1.01E+13 030 52100 (R99)IReac-UQ

CYCEH100a+ CH3=cyCBHIO+CHA  2.51E+10 053 75240 I(R100)Reac-UQ

CYCEH100b+OH=cyCEHAO#H20  3.71E+12 020 11335 I(R101)}Ang(RY7)
YCBH100b+HO2=CyCEHIO+H202 3.68E+11 050 16704.0 I(R102)Reac-UQ
GYCH100b+H=cyCBHIOH2  1.01E+13 030 5210.0 |(R103)Anlg(R99)

CYCBH100b+CH3=CYCBHOOCHA  251E+10 0.53 75240 I(R104)Ang(R100)

€yCEH100c+OH=cyCBHIOH20  3.63E+12 020 2040.0 I(R105)ReacUQ
cyC8H100c+HO2=cyCBHIO+H202 1.23E+11 0,50 16368.0 1(R106)Reac-UQ
€yC6H100c+H=cyCEHIOH2  9.53E+12 0.30 7010.0 (R107)Reac-UQ
yC8H100c+CH3=cyCEHIOHCHA  3.43E+409 0.766 7534.0 I(R108)Reac-UQ

cyC6H1000+O0H =cyCEHIO#H20 1.22E+13 0.00 53047 I(R109)EM
€yC6H1000+HO2=cyCBHIO+H202 1.14E+13 0.00 162797 |(R110)EM

€yCEH1000+H=cyCBHOO*H2  4.08E+13 0.00 8954.7 |(R111NEM
€yC6H1000+CH3=cyCBHIO*CHA  1.70E+13 0.00 87552 I(R11Z)EM
- yCBH

€/CBHO0=C2H4+C2Ha+HCCO  7.00E+12 0.00 21900.0 (RH)1E]
cyCBHIO=C2H3+C2H4+CH2CO  7.00E+12 0.00 21900.0 !(R114)(16]
I.C4H5+CHACHO=cyCBHO0  1.00E+11 0.00 119000 (RMS)(1L_Type1s
| OcyCBHIOOH

CYOCEHIOOH=>CHICH20+CH2CHO+CHZCO 1.50E+16 0.00 420000 IR116)(15]
b -Formation of cy(

CYCBH1100+CHIO2=cyCEHTIOCHI0H02  1.40e+16 -1.6 1860 IR1IT)(1]
©cyC6H1100+cyC6H1100=>cyC6H110+cyC6H110+02 1.40e+16 -1.6 1860 !(R118)[1]
HO2+YCBH11=cyCBH110+OH 7.006+12 0.00 -1000 (RHO)1]

C2H4+CH2CHO+C2H4 200E+13 000 257000 I(R120)(9]
C2H3+C2H4+CH3CHO 2.00E+13 0.00 27700.0 (R121)[9]
C5HO+CH20=CyCBHI1O  1.00E+11 0.00 119000 I(R122)(1]

L -Pyrolyse of

cyCBHI+02=cyC6HI00 B.00E+18 -25 0.0  !(R123)_Anig(R84)
yCBHI00=cCOHBOOH  3.00E+12 0.00 24045.0 (R124)_Anig(R85)
HO2+cyC6H8=cyCBHBOOH 8.00E+10 0.00 6000.0 !(R125)_Anlg(R86)
ICCO+nCAHT+OH  3.00E+16 0.00 22500.0 1(R126)_Anig(R87)
H20+C5HB+OH  2.20E+16 0.00 22500.0 !(R127)_Anig(R88)

* CTH16

!

C7H16 <=>nC3HT + nC4H9. 8.500E416 0,000 81590.00
C7H16 + HCO <=> CTH15 + CH20 2.200E+13 0,000 17114.00
C7H16 + 02 <=> CTH15 + HO2 2.500E+14 0,000 49750.00

5.000E+12 0,000 11343.00
2.5006+13 0,000 17042.40
2.680E+08 1610 -33.83

C7H16 + 0 <=> CTH15 + OH 23006406 2.400 156215
CTH16 + H <=> CTH15 + H2 35506407 2,000 4975.00
C7H1B <=> C8H11 + C2H5 8500E+16 0.000 81590.00
C7H16 + CH3 <=> CTH15 + CH4 2.200E+13 0,000 9452.50
C7H16 + CH3O <=> C7H15 + CH3OH 5.500E+12 0,000 4975.00
! Low

C7H15 + 02 <=> CTH1502 1.000E+19 2500  0.00
C7H15 + C7H1502 <=> 2CTH150 1.900E+09 0,000 -1194.00

C7H150 <=> CH3CHO + CH11 1.000E+12 0.000 14925.00
5.900E+10 0,000 2198950
C7HI50 +C7H15+OH  3000E+14 0.000 17711.00
1.000E+12 0,000 2238750
1.000E+12 0.000 22387.50

C7H1500 <=> aCTH14 + HO2 1.000E+12 0,000 2238750
C7H1500 => aC6H12 + CH20 + OH 1.000E+12 0.000 22367.50
C7H1500 + 02 <=> C7H1504 1.000E+19 2500  0.00
C7H1504 <=> OH + CTH1403 1.000E+12 0,000 24835.20
C7H1403 => OH + CH3CHO + C5HIO 3.000E416 0000 41790.00
!

-
'

4.350E+11 0,440 2935250

H8 + nC3H7 2.060E+11 0,430 26660.00
C7H15 + 02 <=> aCTH14 + HO2 5.000E+11 0,000 4179.00
C7HI5 0+ C2Hs. 7.870E+10 0.680 26660.00
C7H15 <=> C5H11 + C2H4 1680E+10 0,610 26562.40

!

!

aCTH14 + 02 <=> CTH13 + HO2 8.000E+12 0,000 39999.00
aCTH14 + C2HS <=> CTH13 + C2HG 1.700E+11 0.000 7960.00
aC7H14 + HO2 <=> CTH13 + H202 1.000E+11 0,000 16915.00
aCTH14 <=> C2HS5 + C5HO. 3600E+15 0,000 70645.00
aCTH14 + OH => C5H10 + C2H3 + H20 1.000E+08 1.250 696.50

1.000E+09 1.250 696.50
1.000E+10 1.050 1791.00
1.800E+13 0,000 5174.00
1.800E+13 0,000 5174.00
1.000E+14 0.000 7800.80

6.000E+13 0000 328350

aC7H14 + 0 <=> CTH13 + OH 1.000E+06 2,560 -995.00
aCTH14 + H <=> CTH13 + H2 1.000E+13 0,000 3980.00
aC7H14 <=> C3H5 + nCAH9. 3.500E+16 0,000 70645.00

4.500E+24 2990 53730.00
4.500E423 -2.990 53730.00
4.500E424 2990 53730.00

8000E+12 0,000 39999.00
1.700E+11 0.000 7960.00

CCTH14 + HOZ <=> CTH13 + H202 1.000E+11 0,000 16915.00
€C7H14 <=> C2HS + C5HY 3600E+15 0.000 70645.00
CC7H14 + OH => C5H10 + C2H3 + H20 1.000E+09 1250 69650
€C7H14 + OH => C4HB + C3H5 + H20 1.000E+08 1250 69650
CC7H14 + OH => C5H + C2H4 + H20 1.000E+10 1.050 1791.00
€C7H14 + 0 => C4H8 + C3HS5 + OH 2.800E+13 0000 5174.00
CC7H14 + 0 => C5HY + C2H4 + OH 1.000E+14 0,000 7800.80
€C7H14 + OH <=> CTH13 + H20 1.000E+14 0.000 3283.50
€C7H14 + OH <=> C5H11 + CHICHO 1.000E+11 0.000 000
€C7H14 + 0 <=> CTH13 + OH 1.000E+06 2560 -995.00
CCTH14 + H<=> CTHI3 + H2 1.000E+14 0,000 3980.00
6C7H14 + HO2 <=> CTH15 + 02 4308E+14 0,300 24012.30

!

!

IC8H18 <=> (C4H9 +IC4HO. 6.000E+16 0,000 77610.00
ICBH18 <=> IC5H11 + IC3HT 5.000E+16 0.000 77610.00
IC8H18 <=> (CTH1S + CH3 7.000E+17 0,000 87560.00
ICBH18 + H <=> aC8H17 + H2 4.000E+08  2.770 8109.25

iC8H18 + H <=> dC8H17 + H2 1.700E+406  2.490 4113.33
ICBH18 + O <=> aC8H17 + OH 130000.000 3050 3106.39
IC8H18 + O <=> dCBH17 + OH 140000.000 2710 2096.46
ICBH18 + OH <=> H20 + aCBH17 4.000E+08 1.800 27661
iC8H18 + OH <=> H20 + dCBH17 2.700E+06  2.000-1114.40
ICBH18 + 02 <=> aCBH17 + HO2 4200E+13 0,000 50506.20
ICBH18 + 02 <=> dCBH1T + HO2 3200E+13 0,000 47968.90
ICBH18 + HOR <=> aCBH1T + H202 1.900E+14 0,000 20463.20
ICBH18 + HOR <=> dCBH17 + H202 1.700E+13 0,000 17597.60
ICBH18 + CH3 <=> aC8H17 + CH4 6.400E-13 8,060 4133.23
IC8H18 + CH3 <=> dCBH17 + CH4. 40000.000 2260 6256.56

7400E+12 0,000 6965.00

3.300E+11 0,000 4975.00

8.540E+13 0,000 19038.30

2.540E+13 0,000 19038.30
2.250E+12 0,000 15323.00
1.500E+11 0.000 10348.00
2.250E+13 0,000 17910.00
1.500E+12 0,000 16716.00
4.000E+14 0000

4CBH17 +H 1.000E+14 0,000 0.00
'

| besessains qUEH7 shevsressssmsskrrbessst IS EerR s BIHITSS RS SESSY

aC8H17 <=> aC7H14 + CH3. 3.000E413 0000 25870.00
aCBH17 <=> C4H8 + IC4HY 4000E+13 0,000 20850.00
aCBH17 <=> iCBH16 + H 6.000E+13 0,000 37810.00
2CBH17 + 02 <=> ICBH16 + HO2 6.000E+10 0,000 9950.00
aCBH17 + M <=> dCBH17 + M 2020E+16 0,000 14129.00
!
A (OB M
!
GC8H17 <=> cC7H14 + CH3 3.000E+13 0,000 32636.00
> C3HG +IC5H11 3.000E+13  0.000 28855.00
> IC4HB + (C4HO. 3.000E+13 0,000 28855.00
> IC8H16+ H 2.000E+13 0,000 35820.00

ACBH17 + 02 <=> (CBH16 + HO2 2.000E+100.000 9950.00
!

| Seseseeiss (GGG Sessreeeessoressesssessmssssosmsssssssssasasssnssissssss

3.000E+16 0,000 70645.00
3.000E+16 0,000 70645.00
ICBH16 <=> CH3 + CTH13 8.000E+16 0.000 70645.00
ICBH16 + OH => (CAHB + iCAH7 + H20  1.000E+09 1.250 597.00
1.000E+11 0000 0.00
1.000E+11 0.000 0.0

+ 1.000E+12 0,000 3681.50
ICBH16 + O <=> (C8HI5 + OH 1.000E+12 0,000 3980.00
ICBH16 + CH3 <=> ICBH15 + CH4. 2.000E+11 0.000 7263.50

iC8H16 + HO2 <
ICBH16 + C2H5.

2.000E+11 0000 17014.50
1.000E+11 0000 7960.00

iC8H16 + 02 <=> (C8H15 + HO2 4.000E+12 0,000 39999.00
' Low
aC8H17 + 02 <=> cCBH1702 7.500E+18 2500 0.00

CBHIT + 02 <=> cCBH1702 1.500E+18 2500 0.00
C8H1702 <=> CBH1700 3690E+11 0000 2430130
DUPLICATE
€CBH1702 <=> cCBH1700 2690E+10 0000 18905.00
DUPLICATE
CCBH1700 <=> aCTH14 + CH20 + OH 4.000E+13 0,000 22387.50
CCBH1700 <=> cCTH14 + CH20 + OH 2.000E413 0,000 22387.50
€GBH1700 <=> CBH16 + HO2 1.000E+13 0,000 2238750
CCBH1700 + 02 <=> CCBH1704 35006418 2500 000
CCBH1704 <=> CBH1603 + OH 8.000E+11 00002483520
C8H1603 => CH20 + OH + CH12CHO 3300E+16 0000 41790.00
CEH12CHO => 3C2H4 + HCO 2.000E+16 0,000 27860.00
h
'
! H1
'

nCA4H + nCAH7 3.000E+16 0.000 70645.00

G3HS + CBH11 3000E+16 0000 70645.00

CBH1B <=> CH3 + CTH13 B.000E+16 0.000 70645.00
CBH16 + OH <=> CTH15 + CH20 1.000E+11 0.000 0.00
C8H16 + OH <=>nC8H15 + H20 1.000E+11 0.000 122385
CBH16 + H <=> nC8H15 + H2 1.000E+12 0,000 3681.50
C8H16 + O <=>nC8H15 + OH 1.000E+12 0,000 3980.00
CBH16 + CH3 <=> nCBH15 + CH4 2.000E+11 0,000 7263.50
C8H16 + HO2 <=> nC8H15 + H202 2.000E+11 0,000 17014.50
CBH16 + 02 <=> nCBH15 + HO2 4.000E+12 0.000 39999.00
C8H16 <=> C2H3 + CH13 2.500E+16 0,000 69650.00
CBH1B <=>nC3HT + C5HO. 2.500E+16 0.000 69650.00

CBH1B <=>nC8H15 + H 8.000E+17 0,000 99500.00
!

ICBH15 <=> ICAHT + iCAH8 1.000E+13 0,000 30049.00
ICBH15 <=> C4H8 + IC4HY 2.520E+13 0,000 30049.00
iC8H15 <=> iC4H8 + nCAHT 45006424 -2.990 53730.00

1.000E+13 0,000 30049.00
2.520E+13 0.000 30049.00

T——
'

ICTH15 <=> IC5H11 + C2H4 1.680E+10 0610 26562.40
iC7H15 <=> C5H10 + C2H5 7.870E+10 0,680 26660.00
ICTH15 + 02 <=> aCTH14 + HO2 5.000E+11 0.000 4179.00
ICTH15 + 02 <=> cCTH14 + HO2 5.000E+11 0,000 4179.00
ICTH15 <=> IC4H8 + IC3HT 4.080E+11 0.430 26660.00
ICTH15 <=> aCTH14 + H 1.000E+13 0,000 39800.00
ICTH15 <=> 1C4HO + C3HG 2.640E+11 0.430 26660.00
ICTH15 <=> cCTH14 + H 1.000E+13 0,000 39800.00

ICTH15 <=> aC6H12 + CH3 4.350E+11 0.4 29352.50
'

| besessains Ny CADHZZ soveriasareetesssririsestssisssaresessssiimseerssissanmritess

N-C10H22 32006416 0,000 99699.00
N-C10H22 3.200E+16 0000 99699.00
N-C10H22 3.200E+16 0,000 81590.00
N-C10H22 <=> nC3HT + CTH15 4.000E+16 0.000 81590.00

nC4HO + aCBH12 + H 1.200E+16 0,000 81590.00
NC4H9 + CSH10 + CH3. 1.200E+16 0,000 81590.00

' Atom Abstraction

N-C10H22 + 02 <=> aC10H21 + HO2 2500E414 0000 48755.00
bC10H21 + HO2 1.600E+14 0,000 47322.20

N-C10H22 + OH <=> aC10H21 + H20 2500E410 0970 1500.46

N-C10H22 + OH <=> bC10H21 + H20 9.000E+07 1610 -33.83

N-C10H22 + HO2 <=> aC10H21 + H202 6.200E412 0000 19303.00
N-C10H22 + HO2 <=> bC10H21 + H202 3.000E+13  0.000 16915.00
N-C10H22 + CH3 <=> aC10H21 + CH4. 6.000E+11 0000 11542.00
N-C10H22 + CH3 <=> bC10H21 + CHa 3200E+12 0.000 9452.50

N-C10H22 + H <=> aC10H21 + H2 4.500E+07 2.000 7661.50
N-C10H22 + H <=> bC10H21 + H2 5.500E+07 2.000 4975.00
N-C10H22 + O <=> aC10H21 + OH 4.250E+06 2400 5024.75
N-C10H22 + O <=> bC10H21 + OH 32506406 2.500 2218.85

N-C10H22 + CH30 <=>aC10H21 + CH3OH  4.300E+12 0.000 6965.00
>bC10H21 + CHIOH  3.200E+12 0,000 4975.00

aC10H21+CH3OZH  4.540E+13 0000 19038.30

bC10H21+ CHI0ZH  9.540E+13 0,000 19038.30

5.000E+18 2500  0.00
2.500E+19 2500  0.00
2.000E+11 0,000 16915.00
2.700E+13 0,000 25661.00
1.000E+11 0.000 22387.50
3.000E+19 2500 0.00
6.000E+11 0,000 24835.20

OC10H2000H => CTH1500 + CO + C2H5 7.000E+15 0,000 41690.50
Alkyl_radical_ \_beta-
aC10H21 <=> CTH15 + C3H6. 1.640E+11 0430 26660.00
aC10H21 <=> C10H20 + H 1.000E+13 0,000 39800.00
aC10H21 <=> CBH17 + C2H4 1.680E+10 0,610 26582.40
bC10H21 <=> aCBH12 + nCAHY 5.000E+10 0.430 26660.00
aC10H21 <=> bC10H21 2.000E+11 0,000 18920.90
bC10H21 <=> C4H8 + C5H10 + CH3 2.350E+11 0.440 29352.50
bC10H21 <=> C10H20 + H 3.000E+13 0,000 39800.00
bC10H21 <=> C7H15 + C3HB. 2.350E+11 0440 29352.50
bC10H21 <=> C8H16 + C2HS5. 7.870E+10 0,680 26660.00
bC10H21 <=> C4H8 + C6H13 1.060E+11 0.430 26660.00
bC10H21 <=> C5H10 + C5H11 1350411 0.440 29352.50
bC10H21 <=> aC7H14 + nC3HT 2.060E+11 0.430 26660.00
yI Radical + 02 o p + HO? dir
aC10H21 + 02 <=> C10H20 + HO2 B.000E+10 0,000 4179.00
bC10H21 + 02 <=> C10H20 + HO2 3.000E+11 0.000 4179.00
produced Olefins
C10H20 <=> 2C5H10 3500E+16 0000 70645.00
C10H20 <=> C4H8 + aC6H12 3.500E+16 0,000 70645.00
C10H20 <=> ICBH16 + C2H4. 3.500E+16  0.000 70645.00
C10H20 <=> CTH15 + C3H5. 3.500E+16 0,000 70645.00

-7
High temperature Oxidation’
Unimalecular Fuel '

=> CH3 +COH19 1.700E+17 0,000 80197.00
IC3H7 +ICTH15. 2.300E+16 0,000 71441.00
iCAHO + iCBH13 3500E+16  0.000 75162.30
3.500E+16 0,000 67660.00
2IC10H21 + H <=> IC10H22 5.000E+13 0,000 0.00
biC10H21 + H <=>iC10H22 5.000E413 0000 0,00

€IC10H21 + H<=> IC10H22 5.000E+13 0,000 0.00
!

BB00E+06 2770 8106.27
4600E+06  2.490 4103.38
1.200E+406 2400 2390.99
6.000E+08 1.800 276.61
1.400E+07  2.000-1127.34
3.400E+06 1.900-1443.75
96300.000 3050 3107.38
IC10H22 + O <=> biC10H21 + OH 486000.000 2.710 209547
IC10H22 + O <=> GC10H21 + OH 763000.000 2410 888535
IC10H22 + CH3 <=> a-C10H21 + CH4 7100E-15 8.060 4133.23
iC10H22 + CH3 <=>biC10H21 + CH4  260000.000 2260 7250.56
IC10H22 + CH3 <=> cC10H21 + CH4 19600.000 2.330 6116.27
iC10H22 + HO2
IC10H22 + HO2

2IC10H21 + CHIOH  6.644E+12 0.000 6965.00
bIC10H21 + CH3OH  1.750E+12 0.000 4975.00
GHC10H21 + CH3OH  3.800E+10 0,000 2786.00

iC10H22 + CH30

IC10H22 + 02 <=> &iC10H21 + HO2 3.480E+13 0,000 50506.20
IC10H22 + 02 <=> b-iC10H21 + HO2 1.000E+13 0,000 47968.90
IC10H22 + 02 <=> cIC10H21 + HO2 7.000E+12 0,000 45820.70
' Ikyl_radical_ beta-

ICOH18 + CH3 3.310E+13 -0.590 30638.00
aiC10H20 + H 2.000E+13 0,000 39800.00
C3HB +ICTH15 1.500E+14 -0.560 31406.20
=> ICOH18 + CH3 3310E+13 0.110 30588.30
IC5H10 + IC5H11 3310E+13 0110 30588.30
iC10H20 + H 2.000E+13 0,000 37810.00
ICTH14 + IC3HT 1.740E+13 0.160 25000.40
bHC10H21 <=> ICBH12 + IC4HO 1580E413 0,070 27165.50
2.000E+13 0.000 37810.00
2.000E+13 0,000 35820.00
2.000E+13 0,000 35820.00
3.000E+13  0.310 26650.10
2000E+13 0,000 37810.00
9.330E+12 0.498 27840.10
7410E412 0,851 23860.10
4370E+12 0.51127322.70
H19 < 4.880E+12 0000 21123.90
L wesssssesmessssssvply Radical + O2 to produce Olefin + HO2 difectly™**ssssresses
aiC10H21 + 02 <=>2iC10H20 + HO2  5.000E+11 0000 5026.74

biIC10H21 +02 <=> C10H20 +HO2 ~ 1.000E+11 0.000 5026.74
bHC10H21 + 02 <=> biC10H20 + HO2 1.000E+11 0000 5026.74
€IC10H21 + 02 <=> ¢IC10H20 + HO2  1.000E+11 0.000 5026.74
CIC10H21 + 02 <=>aiC10H20 4 HO2  1.000E+11 0.000 5026.74
ICOH19 + 02 <=> ICOH18 + HO2 7.000E+11 0,000 5026.74

' Ikyl Radical Isomerization’

ciC10H21 5.000E+08 2,620 13643.40
biC10H21 5.000E408 2,620 13643 40
biC10H21 9.000E+08  2.780 15484.20
| sesssssssssnsss s Docomposition of [so- and nOlefins  producedseessersssesssesses

2C10H20 <=> CH3 + ICOH17 2.500E+16  0.000 69650.00
aiC10H20 <=> C3H5 +iCTH15 2500E416 0,000 69650.00
2C10H20 <=> IC4HT + IC6H13 2.500E+16 0.000 69650.00
2HC10H20 <=> IC5HO + iC5H1 2.500E+16 0,000 69650.00
2IC10H20 <=> CEH11 + IC4HO 2.500E+16 0.000 68650.00
aiC10H20 <=> iCTH13 + iIC3HT 2500E+16 0,000 69650.00
CC10H20 <=> CH3 + ICOH1T 1.000E+17 0000 69650.00
€IC10H20 <=> IC4HT +ICBH13 2.500E+16 0,000 69650.00
CC10H20 <=> IC5H + IC5H11 2.500E+16 0,000 69650.00
€IC10H20 <=> ICBH11 +IC4HY 2.500E+16 0.000 69650.00
CIC10H20 <=> IC7H13 +IC3HT 2.5006+16 0,000 69650.00
biC10H20 <=> CH3 + ICOH17 1.000E+17 0,000 69650.00
b-C10H20 <=> ICTH13 + IC3HT 25006416 0,000 69650.00
bAC10H20 <=> IC5HO + IC5H 11 2.500E+16 0.000 69650.00
bAC10H20 <=> iCEH11 + IC4H9 2.500E+16 0,000 69650.00
ICOH18 <=> C2H3 +ICTH15 2.500E+16 0.000 69650.00
ICOH18 <=> nC4HT + ICSH11 2.500E+16 0,000 69650.00
iC9H18 <=> C5HO +iCAH 2.500E+16 0,000 69650.00
ICOH18 <=> CEH11 +IC3HT 2.500E+16 0.000 69650.00
iCOH18 <=> nC8H15 + CH3 1.700E+17 0,000 69650.00

3 +ICBH15 2.500E+16 0,000 69650.00
* H abstraction from olefin *+++++ssisswwsssssess

(COHIB <=>
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a+C10H20 + H <
2IC10H20 + OH

2C10H19 + H2 2.000E412 0,000 3880.50
2.000E+11 0,000 1223.85
2000E+12 0,000 3980.00
2IC10H20 + CH3 <=> a 4.000E+11 0,000 7263.50
a 2.000E412 0,000 388050
1.000E+11 0000 1223.85
2000E+12 0,000 3980.00

bC10H20 + CH3 <=> & 4.000E+11 0,000 7263.50
C10H20 + H < 2000E+12 0,000 3880.50
€IC10H20 + OH <= 2000E+11 0,000 1223.85

a 2000E+12 0,000 3980.00
€IC10H20 + CH3 <=> a-IC10H19+ CH4  4.000E+11 0.000 7263.50
ICOH18 + H <=> ICOH17 + H2 2.000E+12 0,000 3880.50
ICOH18 + OH <=> ICOH17 + H20 2.000E+11 0,000 1223.85
2.000E+12 0,000 3980.00
4.000E+11 0,000 7263.50

3200E413 0000 44576.00
3200E+13 0,000 44576.00
3200413 0,000 44576.00
3200E+13 0.000 44576.00
3200E413 0,000 44576.00
3.200E+13 0000 44576.00

GC10H19 <=> (C5HS + IC5HID 3.200E+13 0000 44576.00
€IC10H19 <=> ICBH11 +CaH8 3.200E+13 0.000 44576.00
> C3H6 + ICTH13 3200413 0,000 44576.00
bAC10H19 <=> C3H8 +ICTH13 3.200E+13 0,000 44576.00
bAC10H19 <=> iC5HO + IC5H10 3200413 0,000 44576.00
> (CBH11 + ICAHS 3.200E+13 0.000 44576.00
C2H3 +iCTH14 3200413 0,000 44576.00
RCAHT +C5H1D 3200E+13 0,000 44576.00
=> C3HS +ICEH12 3200E+13 0,000 44576.00
C5HE +C4HB 3200E+13 0,000 44576.00
CBH11 + C3HB 3200E+13 0,000 44576.00
LOW TEMPERATURE
aiC10H21 + 02 <=> aiC10H2102 2.000E+19 2500 0.00
€IC10H21 + 02 <=> bC10H2102 5.000E+18 2500 0.00
biC10H21 + 02 <=> biC10H2102 2500E+19 2,500 0.00
2IC10H2102 <=> a-IC10H2000H 4.000E+11 0,000 23979.50
DUPLICATE
2IC10H2102 <=> a-IC10H2000H 1.500E+11 0,000 24278.00
DUPLICATE
IC10H2102 <=> a-IC10H2000H 1.000E+11 0000 20745.80
DUPLICATE
IC10H2102 <=> a-IC10H2000H 1.250E+10 0,000 18954.80
DUPLICATE
IC10H2102 <=> aIC10H2000H 1.660E+09 0,000 21939.80
DUPLICATE
b-C10H2102 <=> b-iC10H2000H 1.500E+12 0,000 26715.80
JPLICATE
b-C10H2102 <=> b-iC10H2000H 22006411 0.000 23979.50
JPLICATE
bC10H2102 <=> b-iC10H2000H 22006411 0.000 20745.80
UPLICATE
b-C10H2102 <=> b-iC10H2000H 1.800E+11 0,000 24278.00
JPLICATE
b-C10H2102 <=> b-iC10H2000H 2.800E+10 0,000 18954.80
JPLICATE
b-C10H2102 <=> b-iC10H2000H 2.0006+10 0,000 22238.30
UPLICATE
bC10H2102 <=> b-iC10H2000H 7.5006+09 0,000 18954.80
UPLICATE
b-C10H2102 <=> b-iC10H2000H 2.5006409 0,000 16964.80
DUPLICATE
bC10H2102 <=> b-IC10H2000H 2.500E+00 0,000 25422.30
DUPLICATE
bC10H2102 <=> b-IC10H2000H 3.500E+08  0.000 19949.80
DUPLICATE
2C10H2000H <=> aC10H20 + HO2 1.210E+13 -0.590 30638.00
b-C10H2000H <=> biC10H20 + HO2 1.410E+13 0.110 30588.30
! =
2C10H2000H => iC9H18 + CH20 + OH 1.200E+15 0,000 2238750
bC10H2000H => IC6H12 + IC4HBO + OH  1.310E+13 0,110 30588.30

bC10H2000H => iC5H10 + iC5H100 + OH  1.310E+13 0.110 30588.30
I swemessssssemssssssAdgition of O2 1o hydio peroxyl alkyl radical eesereessssess

2IC10H2000H + 02 <=> a00C10H2000H  1.700E+19 -2500 0.0
bC10H2000H + 02 <=> b-iO0C10H2000H  1.700E+19 -2.500
| rerssmssmsssssssssstiydro. peroxyl alkyl perory. radical decomposiion *+errssesssesses

2100C10H2000H <=> 2-I0C10H1900H + OH  B.000E+11 0000 25273.00
DUPLICATE

2100C10H2000H <=> 2-I0C10H1900H + OH  1.200E+11 0.000 20934.80
DUPLICATE

2100C10H2000H <=> 2-I0C10H1900H + OH  1.240E+10 0.000 19283.10
DUPLICATE

2100C10H2000H <=> 2-I0C10H1900H + OH  1.560E+09  0.000 24327.80
DUPLICATE

b0OC10H2000H <=> b-iOC10H1900H + OH  1.000E+12  0.000 23730.80
DUPLICATE

b0OC10H2000H <=> b-iOC10H1900H + OH  2.000E+11 0000 17760.80
DUPLICATE

b0OC10H2000H <=> b-iOC10H1900H + OH  2.000E+10 0.000 15969.80
DUPLICATE

b00C10H2000H <=> b-iOC10H1900H + OH  1.500E+09  0.000 18954.80
DUPLICATE

!

210C10H1900H => IC4H70 + IC6H120 + OH  7.500E+16 0,000 41193.00
2H0C10H1900H => iC5HIO + {CSH100 + OH  7.500E+16 0,000 41193.00
bOC10H1900H => IC4H70 +IC6H120 + OH  7.500E+16 0,000 41193.00
bHOC10H1900H => iC5HIO + {CSH100 + OH  7.500E+16 0,000 41193.00
| st Oxygenated radial decomposilion as alkyl betarscisson st
IC4H7O <=> CH3 + CHICHCO 1700E+12 0,675 24616.30
1.000E+13 0,498 27840.10

1.000E+13  0.498 27840.10

< 1.700E+13 0675 24616.30

CH3CHCO <=> CH3 + HCCO 3.000E+13 0,000 22387.50
ICO <=> CaH50 210E+13 0.000
et Oxygenated molecul decomposition as fuel decomposition *++++++++++++++

iC6H120 <=> CH2HCO + iC4HY 2.300E416 0,000 71441.00
2.300E+16 0.000 71441.00
2.300E+16 0.000 71441.00

2.400E413 0000 48755.00
2.000E+14 0000 47324.20
1.500E+10 0,970 150046
1.300E+08 1610 -33.83
6.200E412 0000 19303.00
4.000E+13 0.000 16915.00
1.200E+12 0,000 11542.00

N-C12H26 + CH3 <=> bC12H25 + CHa 4.000E+12 0.000 9452.50
N-C12H26 + H <=> aC12H25 + H2 5.400E+07 2,000 7661.50
N-C12H26 + H <=> bC12H25 + H2 4.800E+07 2.000 4975.00
N-C12H26 + O < 4.250E406 2400 5024.75
N-C12H26 + O <=> bC12H25 + OH 4.650E406 2500 2218.85

N-C12H26 + CH30 3100E+11 0.000 6965.00
1.800E+13 0,000 4975.00
N-C12H26 + CH302 2.480E+13 0,000 20298.00
N-C12H26 + CH302 <=> bC12H25+ CH302H  4.040E+13 0000 17611.50
sl radical ¢ recsraria

aC12H25 <=> C12H24 + H 1.000E+13 0,000 39800.00
aC12H25 <=> aC10H21 + C2H4 1.680E+10 0,610 26562.40
bC12H25 <=> C12H24 + H 3.000E+13 0,000 39800.00
bC12H25 <=> aC10H21 + C2H4 2.350E+11 0440 29352.50
bC12H25 => C8H16 + CH3 + C3H6 4350E+11 0,440 29352.50
bC12H25 <=> C4H8 + CBH17 1.060E+11 0.430 26660.00
bC12H25 <=> C10H20 + C2H5 7.870E+10 0,680 26660.00
bC12H 5H10 + CTH15 1.350E+11 0440 20352.50
bC12H25 => aC7H14 + nC3HT + C2H4 2.060E+11 0430 26660.00

1.350E+11 0440 20362.50

5.000E+10 0.430 26660.00

1.640E+11 0430 26660.00
1.350E+11 0.440 20362.50
1350E+11 0,440 29352.50

aC12H25 + 02 <=> C12H24 + HO2 5.000E+11 0.000 4179.00
bC12H25 + 02 <=> C12H24 + HO2 5.000E+110.000 4179.00
C12H24 <=> nC4HT + CBH17 1.070E+23 -2.030 74583.20
C12H24 <=> C6H11 + CBH13 1.070E+23 -2.030 74583.20
C12H24 <=> C5HO + CTH15. 1.070E+23 -2.030 74583.20
C12H24 <=> C2H3 + aC10H21 1.070E+23 -2.030 74583.20
C12H24 <=> CBH16 + C4HB. 7.080E+06  1.650 53483.20
C12H24 <=> aCTH14 + C5H10 7.080E+06 1,650 53483.20
C12H24 <=> C10H20 + C2H4 7.080E+06 1.650 53483.20

! H abstraction from olef

C12H24 + H <=> C12H23 + H2 1.000E+12 0,000 3880.50
C12H24 + CH3 <=> C12H23 + CH4 2.000E+11 0,000 7263.50
C12H24 + C2HS <=> C12H23 + C2HG 1.000E+11 0.000 7960.00

1.000E+12 0000 3980.00
2000E+11 0,000 1223.85
2.000E+11 0,000 1701450
4.000E+12 0,000 39999.00

4.000E+13 0,000 44775.00

C8HI7 + CaHB. 4.000E+13 0000 44775.00
C12H23 <=> CTH15 + C5HB. 4.000E+13 0.000 44775.00
!

' Low

'

!

aC12H25 + 02 <=> C12H2502 5.000E+18 2500 0.00
bC12H25 + 02 <=> C12H2502 2700E+19 2500 0.00

C12H2502 <=> C12H2400H 6.300E+11 0,000 2299050

DUPLICATE
C12H2502 <=> C12H2400H 20006412 0,000 24227.90
DUPLICATE

C12H2400H <=> C12H24 + HO2 1.210E+13 -0.590 30638.00
DUPLICATE

C12H2400H <=> C12H24 + HO2 2.000E413 0,110 30588.30
DUPLICATE

C12H2400H => aC10H21 + CH2HCO + OH  1.000E+10 0.000 32835.00
C12H2400H => C7H15 + C5HIO + OH 1.000E+10 0,000 21890.00

C12H2400H => C2HACHO + C2H4 + CTH15+ OH  1.000E+10 0.000 65670.00
C12H2400H => CTH150 + C5HO + OH 1.000E+10 0,000 45770.00
3.000E+13 0,000 25372.50
5.000E+13 0.000 25372.50
C12H2400H => C8H16 + C4HBO + OH 5.000E+13 0.000 25372.50
C12H2400H => aCBH12 + CH20 + C5H10+ OH  3.000E+13 0,000 2537250
C12H2400H => C10H20 + CH20 + CH20H  5.000E+13 0,000 25372.50
C12H2400H + 02 <=> 02C12H2400H 3200419 2500 0.00

02C12H2400H <=> HO2C12H2300H 1.500E+12 0000 24227.90
HO2C12H2300H <=> OC12H2302H + OH 6.700E+11 0,000 23939.30
DUPLICATE
HO2C12H2300H <=> OC12H2302H + OH 22008412 0000 21660.80
DUPLICATE
!
OC12H2302H <=> OC12H230 + OH 1.000E+11 0,000 24835.20
0C12H230 => C6H13 + CH2CO + C4H8O 1.700E+13 0,675 24616.30
OC12H230 => CH20 + bC10H21 + CO 1700E+13 0,675 24616.30
0C12H230 => C4H8O + CTH15 + CO 1700E+13 0,675 24616.30
C3H5 +CH20 1700E+13 0,675 24616.30
> C3H6 + HCO 4T50E+11 0460 51768.50
> CH2CO + C2HS Q.000E+10 1.110 79316.00
C2H3CHO + CH3 3.580E+19 0,000 25911.80
H7 + CO 1.580E+13 0,000 28829.10
C2HACHO <=> CO + C2H5 1.580E+13 0,000 28829.10
C4HTO + C3HB 1.700E+13 0,675 24616.30
CBH11 + CH20 1700E+13 0,675 24616.30
aC6H12 + HCO 4750E+11 0.460 51768.50
> CBH13 + CO 1.580E+13 0,000 28829.10
C5H9O <=> C2HACHO + C2H4. 4.000E+13 0,000 61741.70
!
' PAH

!
REACTIONS MOLES KELVINS

H2CCCH+C2H3 = CSHS+H  9.600E+40 -7.80 14410.00
C5H5 = H2CCCH + C2H2  5.00E+13 0.0 168E+04
CH2CO+C2H2+HCO 2.500E+19 -2.48 5480.00
C5HE+02 = C5H5+HO2  6.000E+13 0.00 12600.00
C5H5+0 = LCAHS+CO  1.000E+14 0.00

C5HG+H= CSHS+H2  5.600E+13 0.00 1137.00
CsHB+H = C3H5+C2H2  3.200E+14 0.00 620000
CsH5+H 0E+14 000

CsHB+ 30E+09 118 -225.00
C5HB+HO2 = C5H5+H202  2.000E+12 0.00 5867.00
CsH+ 6.000E+12 0.00 0.
C6H50. 7.400E+11 0,00 22100.00
CBHs 5.600E+13 0.00 0.0
CBHEOH 3.000E+13 0.00 0.00

H5( 2.500E+14 0.00 0.00

C6H50H = C5HE+CO  1.000E+12 000 30600.00
CBH50H+O = CBHSO*OH  2.800E+13 0.00 3600.00
C6HSOH+H = C6HSO+H2  1.580E413 0.00 300000
CBH5OH+OH = CGHSO+H20  6.000E+10 0.00 0.00
C6H5OH+C2H3 = C6H50+C2H4 6.000E+12 0.00 0.0
2H2CCCH = At 1.000E+36 718 4234.00
2H2CCCH = At-+H 3.000E+35 718 4234.00
H2CCCCH+C2H3 = A1 3.000E+13 000 0.00
H2CCCCH+C2H3 = A1-+H  6.000E+12 0.00 0.00
H2CCCH+C3H4 = AT+H  1.400E+12 0.00 5000.00
C2H3+CAH4 = At+H  1.900E+12 000 1250.00
H2CCCCH+C2H2 = AT- 5.000E+13 0.00 7450.00
1.000E+09 0.00 15000.00
1.664E+23 330 12509.0
1.800E-13 7.07 -1800.00
1.000E+13 0.0
6.000E+12 0.00 0.00
1.000E+18 000 30000.00
C5HB+C2H3 = A1+CH3  2.120E+67 -16.08 21320.00

Al= Al+H 2.000E417 0,00 55357.00
A1+02 = A1-+HO2 6.000E+13 0.00 31500.00
A 2.000E+13 0.00 7400.00
2.200E+13 0.00 2280.00
CEHSO+H 22008413 0.00 2280.00
2510E414 0.00 8060.00
CBHSOH+H  0.650E+13 0.00 5280.00
A1+OH = A1-+H20 1.450E+13 0,00 2260.00
CH50+0  2.600E+12 000 3050.00
C5H5+CO. 1.000E+14 000 0.00
A1+OH= C8HS0+H  5.000E+13 0.00 0.00

= C6H50+A1  4.910E+12 0.00 2200.00
C7HB*H  2.000E+12 0.00 185000
= CTH7+H 300E+12 0.00 0.0000

A1+CH2 = CTHE 1.700E+13 0.00 4370.00
A1+CH2(S)= C7TH8  4.000E+13 0.00 4370.00
C7HB = A1-+CH3 1.400E+16 0.00 49900.00

i-CAH5+H2CCCH = C7HB  3.000E+12 0.00 0.00000
7H8+02 = CTHT+HO2  1.000E+14 0.00 20700.00
6.300E+11 000 0.00

1.200E+13 000 2550.00
6.000E+13 0.00 4100.00

5.180E409 1.00 440,000
4.000E+11 0.00 7480.00
3160E+12 000 5590.00

= CTH7+C2H4  4.000E+12 0.00 4080.00

C7H8+H2CCCH = C7HT+C3H4 1.600E+12 0.00 7580.00

C7HB+C3H: H7+C3HG  5.000E+12 0.00 748000

C7HB+CSH5 = CTHT7+CSH6  1.600E+12 000 5580.00

HB+AT-= CTHT+AT  7.040E+13 0.00

NI Corrections to toluene combustion 18.10.20 131N

C7HB#+CBHS0 = CTH7+CEHSOH  5.431E+12 0.00 10410.00

C7HB+HCO = CTH7+CH20  3771E+13 0.00 1189400

C7HB#CAH5 = CTHT+C4HE  4.000E+12 0.00 3850.00

C7H7+H2CCCH = C7HB+C3H2  1.000E+12 0.00 0.00

C7H7+HO2 = A1-+CH20+OH  1.170E+14 0.00 0.00

C7HT+02 =A1-4HCO*OH  6.310E+12 0.00 2150000

C7H7+HO2 =A1+HCO+OH  1.300E+13 0.00 550.00

1.200E+13 0.00 2574.00

5.000E+13 0.00 0.00

C7HT = C4H4+H2CCCH  2.000E+15 0.00 42002.00

C7H

C5H5+C2H2 2.000E+10 0.00 22371.00
CTHT+0 = AT+HCO 3.500E+13 0.00 0.00
C7H7+0= A1-+CH20  3500E+13 0.00 0.00
CTHT+H = CTHEB 2.600E+14 0.00 0.00

C7H7+H+OH = A1+CH20H  1.200E+13 0.00 2592.00
I-C4H5+CAH2 = AIC2H+H  3.160E+11 0.00 900.00
AIC2H-+H(+M) = ATC2H(+M) 1.000E+14 0.00 0.00
H2/2/H20/6/CHA/2/COI.5/CORI2IC2HBI3/
LOW /6.600E+75-16.30 7000.00 /
TROE /1.0000E+00 1.0000E-01 5.8490E+02 6.1130E+03 /
H2CCCCH+CAH2 = AIC2H-  9.600E+70 -17.77 16660.00
2.000E+13 000 11000.00
7.900E+12 0.00 3200.00
3200E+11 0.00 68036
000E+12 0.00 0.00
5.240E+14 -0.50 300.00
1.100E+13 0,00 4100.00
2.100E407 200 950,00
2.200E+13 0.00 2260.00
2700E+13 000 4882.00

AC2H+H= A1-+C2H2  2.000E+14 000 4882.00
AMC2H+H = nCBH7 3000E+43 922 7612.00
AIC2HYOH = A1C2H-+H20  2.100E+13 0.00 2300.00
AMC2H+OH = A1-4CH2CO  2.180E-04 450 -500.00
AC2HYOH = A1+HCCO  2.440E+03 3.02 5574.00
AC2H+C2H = AC2H+C2H2  2.000E+13 0.00 0.00

2C4H4 = A1C2H3 1.800E+20 -1.90 20230.00
I-CAH5+CAH4 = AIC2H3#H  3.160E+11 0.00 30000
C5H5+H2CCCH = ATC2H3™+H  3.000E+35 -7.18 4234.00

7.900E+11 0.00 3200.00
1.060E+26 4.00 2650.00

2510E+12 000 3095.00

4.000E413 000 10000.00

3200E+11 000 95754

24006414 0,00 0.00
6.850E+06 2.53 6120.00
3030E+02 330 2870.00
3.000E+08 145 450.00
1.920E+407 1.83 11000
2.200E+13 0.00 2265.00

7.550E+406 1.91 1880.00

3.100E+08 2,00 1715.00
C6HSO+C2H4  1.300E+13 0,00 5300.00
AIC2H3+OH = AIC2HI"+H20  1.630E+08 1.2 732.77
1400E+12 0.00 0.00
CBHSO+CH2HCO  1.880E+11 0.00 3758.70
A1C2H3*+02 50+CH2CO  1.880E+12 0.00 3758.70
AC2H3*+H(+M) = A1C2H3(+M) 1.000E+14 0.00 0.00

H2/2/H20/6/CHA/2/COI.5/COI2IC2HBI3/

LOW /6.600E+75-16.30 7000.00 /

TROE /1.0000E+00 1.0000E-01 5.8490E+02 6.1130E+03 /
C5H5+H2CCCH = nCBHT+H  1.500E+35 -7.18 4234.00
AT+C2H = n-CBHT 7.000E+38 -8.02 8200.00
A1-+C2H2 = n-CBH7 4.000E413 000 5878.00
A1+C2H3= nCBH7+H  9.400E+00 4.14 11617.00
n-CBHT+H = AIC2H3 5400E+12 0,00 1210.00
-CBHT+ CoH+H2  1.000E+13 0.00 0.00
n-CBH7+OH = AIC2H+H20  1.000E+13 0.00 0.00
C5H5+CAH4 = INDENE*H  0.600E+12 0.00 5030.00
A1-+H2CCCH= INDENE  3.860E+11 000 685047
C4HG +A1-= INDENE+CH3  1.420E+13 0.00 14000.0

I-C4H5 + AT = INDENE+CH3  1.420E+13 000 14000.0
1.000E+16 0.00 16600.00
23E413 028 -37.00
2000E+13 0.00 42500.00
238413 028 370
238413 028 370
2.000E413 0.00 0.00
238413 028 -37.0
1510E4+14 0.00 28000.00

1.510E+13 0.00 21000.00

CoHeHM 1.140E+17 0,00 680000
AR/0.35/02/0.4/C0/0.75/C0O21.5/H20/6.5/CHA/3/C2HBI3/
CBH2+H = COH+H2 7.700E414 0.00 20000.00
CBH2+OH = CEH+H20 6.000E+13 0.00 7499.88
C6H2¢C2H = C4H+C4H2  1.000E+13 000 000
CBH2+M = CBH+HM 1.140E+17 000
ARI0.35/02/0.4/COI0.75/CO2/1 5/H20/6.5/CHA/3/C2HEI3/
C8H2+H = CBH+H2 7.700E414 0.00
CBH2+OH = C8H+H20 6.000E+13 0.00 6499.88
AT+CH3 = Al-+CH4 2000E+12 0.00 753000
AT+C2H = A1-+C2H2 2.000E+13 0.00 0.00
AT+CAH = Al-+CaH2 2.000E413 0.00 0.00
AT+CBH = A1-+C6H2 3.000E+13 000 0.00
A1+CBH = A1-+C8H2 3.000E413 0.00 0.00
W I,

INDENE+ 02 = INDENYL+HO2  2.00E+13 000 12500.00
INDENE+ HO2 = INDENYL+H202 ~ 200E+12 0.00 562935

INDENE = INDENYL+H 1.100E+15 0,00 3880000
INDENE+O = INDENYL+OH  5.000E+13 0.00 0.00

INDENE+O = C7H7+HCCO 2000E+13 0,00 200000
INDENE+H = INDENYL+H2 ~ 5.000E+13 0.00 0.00

C7H7+C2H2 = INDENE+H 0.600E+12 000 5030.00
INDENE+H = A1C2H+CH3 4.000E+14 0.00 2300000
INDENE+H = A1+H2CCCH 2000E+14 0.00 2450000

INDENE+OH = C7H7+CH2CO  1.000E+13 0.00 5000.00
INDENE+OH = INDENYL+H20 ~ 5.000E+13 0.00 0.00
INDENE+CH3 = INDENYL+CH4  1.000E+13 000 7000.00
INDENE+H2CCCH = INDENYL+C3H4  7.800E+10 000 277015
INDENE+A1-= INDENYL+A1  5.000E+11 000 3000.00
INDENE+C7H7 = INDENYL+C7H8  1.000E+11 0.00 350000
C5H5+C4H2 = INDENYL 1.200E+12 0,00 5030.00
INDENYL => C2H2+C4H2+H2CCCH  1.000E+14 0.00 37500.00
n-CBH7+CO  1.000E+14 000 0.00
INDENYL+O = A1C2H3*+CO  1.000E+14 000 0.00
INDENYL+HO2 => n-CBHT+CO+OH  1.000E+13 0.00 0.00
INDENYL+HO2 => AIC2H+COH20  1.000E+13 0.00 0.00
of 0E+13 0,00 0.00
N W I s,
= P2+H 1.100E423 -2.92
000E+11 000 7000.00
S50E+14 000 25912.24
P2 20008419 205 1450.00
P2+H 2300E.01 462 14500.00
P2-+H 1.100E+19 272 57300.00
INDENE+C3H2 ~ 2.500E+14 0.00 55000.00
= A2+HCO+CO

= A2+H 00
CTHT+H2CCCH => A2+2H 2.000E412 000 7000.00
AMC2H-+C2H2 = A2 4.000E+13 000 5100.00
2+H 1.600E+16 -1.33 3300.00
nCBHT+C2H2 = A2+H 1.600E+16 -1.33 270000
3.000E+18 0.00 36500.00
20006+13 0,00 437000
4.000E+13 000 4370.00

INDENE+CH2(S)

A2 = CH2CO+ATC2H  2.200E+13 000 2265.00
A2+0 INDENYL+CO+H  3.600E+14 0.00  22093.00
A2+0 n-CBH7+HCCO  2.000E+13 0.00  21000.00
A2+0 AICZH3'*HCCO  2.000E+13 0.00  21000.00
A2+0 = A240H  2000E+13 0.00 740000
A2H 2-+H2  2500E+14 0.00 8000.00
A2+OH A2+H20  2.100E+13 0.00 2300.00
A2+OH AMC2H+CH2CO+H 1.300E+13 0.00  5300.00
A2+CH3 A2-4CH4  2.000E+12 0.00 7530.00
A2+C2H A2+C2H2  5.000E+13 0.00  8000.00
A2+C2H A2C2HHH  5.000E+13 0.00 0.00

A2+402  =>AIC2H*HCO+CO  2.000E+13 0.00 3700.00
INDENYL+CO  1.000E+14 000 0.00
7.800E+13 0.0
> INDENYL+CO+OH  1.000E+13 0.00 0.00
A24C2H2 = A2C2HeH  1.300E+24 -3.06  11300.00
A2C2H**H2  2500E+14 0.00 8000.00
A24CH2CO  2.180E-04 450 -500.00
AC2HYOH = A2C2H"+H20  2.100E+13 000 2300.00
INDENYL+H2CCCH => A2C2H+2H  6.000E+11 0.00 0.00
A2CH

A24CH = 3.050E+52-11.80  8830.00
A2+CH2 A2CH3 2.200E+13 0.00 368000
A2+CH2(S) = A2CH3 4.400E+13 0.00  3680.00
ACH24H 1.000E+14 000 000
A2-+CH3 1.700E+36 590 17315.00
A2CH3+02 1.000E+14 0.00  20674.00
A2CH3+O 5.000E+08 150  4000.00
ACH3H 3980E+02 344 1560.00
ACH3H 8.670E+13 0.00 4045.00
A2CH3+OH 1270E+12 0.00 1291.50
A2CH3+HO2 4.000E+11 0.00 7037.00
A2CH3+CH3 1.580E+12 0.00 5549.70
ACH3+A2- 2400E+12 000 2200.10
A2CH2+CH2 2CoH+HZPH  2.400E+14 0.00 0.00
A2CH2+H2CCCH 4.000E+11 000  7000.00
AIC2H-+C4H4 1.600E+16 -1.33 3300.00
AC2H3*+CaH2 1.600E+16 -133  2700.00

AZRS-+H(sM) = AZR 1.000E+14 000 0.00
0210.41 COID.75/ CO2/1.5/ H20/6.5/ CHA/3] C2HBI3] ARI0.2/
LOW / 6.600E+75-16.30
TROE/ 1.0000E400 1.0000E-01 5.8500E+402 6.1130E+03 /

AR5 = AICZHYC4H2  5.000E+16 0.00 58000.00
ARS+O = AZRS+OH  2000E+13 000 7400.00
A2R5+0 A2+HCCO  2.000E+13 0.00 7400.00
AZRS+H 2500E+14 0,00 8000.00
A2RS+OH 1600E+08 142 725.00
A2R5+OH 1.000E+13 0,00 500000
AC2HYAL- 1.100E+23 202 8010.00
AIC2H-+AT 1.100E+23 292 8010.00
A2-+CaHa 3300E+33 570 1275000
A2-+CaH2 3.300E+33 570 12750.00
P2-+C2H2 4.640E+06 1.97 3630.00

AC2H'+C2H2 = A3- 1.100E+62 -14.56 16550.00
AR5-+C2H2 7.000E+37 -8.02 8200.00
AZRS+C2H2 4.000E+04 245 1463582

A2+CaH2 765E404 245 1463582
A3+0 2.200E+13 000 2765.00
A3+0 2.000E413 000 7400.00

A3+0 >HCCO+P2-  2.000E+13 000 21000.00
AIWH = A3+H2 2.500E+14 000 8000.00

A3+OH AB+H20 1700E+12 142 753.00
A3+OH A2C2H+CH2COPH  1.300E413 000 5000.00
A3+OH CH2CO+P2-  4.000E+13 000 16000.00
A31CH3 = A3+CH4 2000E+12 0,00 753000
A3+C2H = A3C2H+H 5.000E+13 0.00 0.00
AC2HH = A3C2H'sH2  3030E+02 330 2870.00

AC2HYOH = AZ+CH2CO  2.180E-04 450 -500.00
A3+02  =>CO+HCO+AZRS  2000E+12 0.00 370000

A3 1.000E+14 0.00
AIC2HHH 1.200E426 -3.44 1510000
A3CH3 22008413 0.00
3CH3 4.200E413 000 3596.00
A3+CH3 1.000E+16 0.00 48800.00
HrH 2810E+15 0.00 44700.00
= AJCH2+HOZ ~ 3.000E+14 0.00 20808.00
+OH  1.200E+13 0.00 642.50
3+CH20  1.650E+14 0.00 0.
ASCH2¢H2  1.200E+14 000 4200.00
A3+CH3 1.200E+13 0,00 255000
ACH2¢H20  1.260E+13 0.00 1275.00
A3CH2+H202  4.000E+11 0.00 7000.00
A3CH2+CH4 5B0E+12 0.00 5500.00
>A3-+CH20+OH  B.000E+13 0.00 000
i2+H 2400E+14 000
24106402 223 -569.17
AdeH 1.100E+24 292 8010.00
AdeH2eH 1.100E+24 2.92 801000
AMC2HI*+ATC2H => Ad+H2+H 1.100E+24 292 8010.00

INDENYL+CTH? => Ad+2H2 4300E+37 -6.30 22530.00
2NDENYL ~ =>A4+C2H2+H2  4.300E+36 -630 2253000
7.000E+37 -8.02 8200.00
1.000E+11 0.00 2500.00
1.000E+12 0.00 2500.00
4.300E437 630 22530.00
7.000E+37 802 8200.00
3.300E433 -570 12750.00

ARSA4CAH2 => Ad- 7.000E+37 -8.02 8200,
A2R5-+H2CCCCH = A4 6.400E423 320 2130.00
A3+C2H2 = AdtH 6.600E+24 336 8900.00
ACZHH = AdeH 9.000E+38 739 10400.00
A4+O = A3+HCCO  2.000E+13 000 21000.00
Ad+H Ad-+H2 2.500E+14 000 8000.00
Ad+OH A4-+H20 1700E+08 142 732.77
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A4+OH = A34CH2CO  2000E+13 000 21000.00
3030E+02 330 2870.00
2000E+12 0,00 3700.00

1.200E426 -3.44 1510000
2.500E+14 0.00 8000.00
4.600E+37 -7.03 11550.00
5.000E+13 0.00 000

7.000E+37 802 8200.00

1100E+24 292 8010.00
1.100E+24 292 8010.00
1.100E+25 292 8010.00
A3C2H'+CAH4 = BAPYR+H  3.300E+33 570 12750.00
A4-+C4H4 = BAPYR*H  3300E+33 -570 1275000
AC2H'+C2H2 = BAPYR'S  7.000E+37 -8.02 820000
BAPYR'S#H = BAP 1.000E+14 0.00
P2+AIC2H- BAPYR+H2+H  1.100E+24 -2.92 8010.00
P24+ATC2H3* =>BAPYR#2H2  8300E+38 -630 22530.00
P2n-C8H7 =>BAPYR+2H2  B.300E+38 630 22530.00

A2RS-+A1C2H- 8.300E+38 630 22530.00
A2RS+ATC2H- 2.100E+25 292 8010.00
A2RS-+ATC2H 2.100E425 292 8010.00
C18H11+02 2.000E+13 0,00 3700.00
Cl8HIT+H 1.000E+14 0.00
C18H11+C2H 5.240E+14 0.50 350.00

BAPYR
C18H11+C2H2 = BAPYR+H  2.100E+24 -3.36 8900.00

C18H12¢0 = C18H11+OH  2.000E+13 0.00 7400.00
Cl8H12+H C18H1I+H2  3.030E+02 330 2870.00
C18H12¢0H = C18H11+H20  1700E408 142 73277
BGHIF+O = HCCO+Ad-  2000E+13 0.00 740000
BGHIF+Ol CH2CO+A4-  1.300E+13 000 5300.00
BAPYR'S+02 => HCO+CO+BGHIF  2.000E+13 0.00 3700.00
CaH2+Ad BAPYR 7.000E+02 223 -569.17
BAPYR+O HCCO+C18H11  2.000E+13 0.00 21000.00
BAPYR4O| CH2CO+C18HT1  1.300E+13 0.00 5300.00
2C5H5 = A2¢2H 3.000E+16 000 23625.00
DUPLICATE

sH5  =>A2+2H 4.530E+05 183 18041.00
DUPLICATE
C5H5+H2CCCH = A1C2H3 1.000E+13 0,00 4174.00
C5H5+H2CCCCH = INDENE 1.000E+13 0.00 417400

= INDENYL+CH3 ~ 2.500E+12 0.00 4811.00
1.000E01 4.00

9630E+13 163 29972.00
3.000E+17 0.00 23625.00
3000E417 000 23625.00
B.000E+17 0.00 23625.00
6.000E+17 000 23625.00

5+ =>A2¢HCCO  1.760E+02 325 279520
AC2H3'+CH3 = INDENE*H2  3000E+18 000 36500.00
CTHT+CH3 = AIC2H3#H2  1.060E+26 -4.00 2650.00
END
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Supplement-2:

THERMO ALL
300 000 1000, uoo sooo 000
o

Species

0G 20000 600000100000 1
2 1 70E07 7. E-11-4.60749780E-15 2
K 5.87182210E+003, 3
2 E-0-1.40879540F 4

AR AR1 0 0 0G 300.00 500000100000 1

2 2
Ed 2 3

0

NE REF ELEMENT L10/90NE 100 0 0 0G 200.000 6000.000 1000.

025000000 01 0.00000000E 00 0.00000000E 00 0,00000000E 00 0.00000000E 00 2

-0.74537500E 03 0.33553227E 01 0.25000000 01 000000000 00 0.00000000E 00 3

0.00000000E 00-0.74537498E 03 0.33553227E 01 0.00000000 00 0.00000000E+00 4
HE 0 0G 20000 6000.001000.00 1

2 2
Bl 9. E-01 2 3
0 4
oz o 2 0 0 0G 20000 euuoumooouu 1
29013248615 2
4 215977255‘03 4 E06 3
4
o 01 0 0 0G 20000 600000100000 1
2 2
2 3 10E- 73 1884E E06 3
- 11265971E-12 4
H H 10 0 0G 20000 eumaowooouu 1
2 2
2 4 E-01 2 3
0 4 E. 4
HO2 H 10 2 0 0G 20000 6000.001000.00 1
41 1 E-03-3.46277286E-07 1 49E. E16 2
3 4 211582905605 3
4 4E089: 71666220E400
OH H 10 1 0 0G 20000 6000.001000.00 1
2 1.10741289E- " 07 4, E-11-24 E15 2
3 3
E-09 1. 1.03998477E-01 4
H2 H2 0 0 0G 20000 6000.001000.00
2 8 E-04-1.46400570E-07 1.54 E-11. E-16 2
ES 2 7. 94779170E:05 3
2 E. E E. 4
H202 H 20 2 0 0G 20000 6000.001000.00 1

4.57977305E400 4.05326003€-03- T 29844730E-06 1.98211400E-10- 1 13968792E-14 2
-1.80071775E+04 6.

2 4
H20 H 20 1 0 0G 20000 6000 oowooouo 1
2
4 40170E-03 6.52034160E.
177 4
c C 10 0 0G 20000 6000.001000.00 1
2 1 2
8541174206404 4. 21537720604 7. E07 3
. 8. 4 4
coz 0 2C 1 0 0G 20000 6000.001000.00 1
4.63651110E+00 2. 1 2
2 12990E-03-7.1 E06 3
2.45730080E-09-1.42885480E-13-4.83719710E+04 9.90090350E+00 4
co 1C 1 0 0G 20000 sooooumouoo 1

2
4 42661170E+04 e 01709770E400 3, 579533505‘0073 10353690E-04 1.01681430E-06 3
E. 4424490F. 4

CcH H 1C 1 0 0G 200.00 600000100000 1
2 1 E- 476600E: E-11-3.34745010E-15 2
7 7. 3, 3
3 E-09-1.4 E127. 2 4

HCO H 10 1C 1 0G 20000 6000001000.00 1

3 2 E-03-6.71004164E-07 1 HE15 2
3 3 4. 1 3
,1 4 E-08 4.37416208E-12 3, 3 4

20000 6000.00 1000.00
: usawesssouu 3.03671259-03-9.96474439E-07 1.50483580E-10-8.573355156-15 2
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Suplement-3: Species Transport Properties

AR 0136500 3330 0000 0000 0.000 HNCO 2 232400 3828 0000 0000 100010IS
PYRENE 2 7762 7407 0000 0000 1000!HR from trandat dr6+MIT2b
c 0 71400 3298 0000 0000 0.000!* HNNO 2 232400 3828 0000 0000 10001°
AscoH 2 879600 7561 0000 0000 0000 I asAJCH fom
c2 197530 3621 0000 1760 4.000 HNO 2 116700 3492 0000 0000 10001* randat_dir6+MIT2b
c20 1232400 3828 0000 0000 10001° HNOH 2 116700 3492 0000 0000 1.0001JAM CigH12 2 879600 7561 0000 0000 0000 ! C18H10 from
trandal_dir6+MIT20
oN2 1232400 3828 0000 0000 1.00010IS Ho2 2 107400 3458 0000 0000 10001°
18411 2 879600 7561 0000 0000 0000 ! CIBH1O from
c2H 1209000 4100 0000 0000 2500 N 0 71400 3298 0000 0000 0.000!* randat_dir6+MIT2b
coH2 1209000 4100 0000 0000 2500 N2 197530 3621 0000 1760 4.000 BAPYR 2 833062 8087 0000 0000 1000!HR from trandat dir6+MIT20
GaHz0H 2 22700 4162 0000 0000 10001" N2H2 2 71400 3798 0000 0000 10001° BAPYR'S 2 833062 8087 0000 0000 10001° from
randat_dir6+MIT2b
caH3 2 209000 4100 0000 0000 10001" N2H3 2 200000 3900 0000 0000 10001°
8707 7559 0000 0000  10001bghl  fom
caHa 2 280800 3971 0000 0000 1500 N2Ha 2 205000 4230 0000 4260 1500 trandat_dir6+MIT2D
cars 2 252300 4302 0000 0000 1500 N20 1 232400 3828 0000 0000 1.0001° GHHCO 2 43000 3970 0000 0000 20001 RAJ fom
randat_dir6+MIT2b
c2He 2 252300 4302 0000 0000 1500 NCN 1232400 3828 0000 0000 1.00010IS
2 7762 7407 0000 0000 1000 !'PYRYNEP from
caN 1232400 3828 0000 0000 1.00010IS NCo 1232400 3828 0000 0000 1.00010IS trandal_dir6+MIT20
canz 1349000 4351 0000 0000 1.00010IS NH 1 80000 2650 0000 0000 4.000 AdCaH" 2 7762 7407 0000 0000 1.0001" PYRYNEP'S fom
randat_dir6+MIT2b
canz 2 209000 4100 0000 0000 10001" NH2 2 80000 2650 0000 2260 4.000
NE 0 136500 3330 0000 0000 0.000
a4 1252000 4760 0000 0000 1.000 NH3 2 481000 2920 1470 0000 10.000
caras 2 367200 4933 0000 0000 1000
a6 2 266800 4982 0000 0000 1000 NNH 2 71400 3798 0000 0000 1.0001*
caH 1357000 5180 0000 0000 1.000 ICBH
caH7 2 266800 4982 0000 0000 1000 No 197530 3621 0000 1760 4000
cerz 1 357000 5180 0000 0000 1.000 ICEH2
Care 2 357000 5180 0000 0000 1000 NCNO 2 232400 3828 0000 0000 100010IS
crHr 2 4600 543 00 00 00 ITAN
ICaHT 2 266800 4962 0000 0.000 1000 No2 2 200000 3500 0000 0000 10001°
cTHg 2 4953 568 043 123 00 IWANGFREN
INC3HT 2 266800 4982 0000 0000 1000 o 0 80000 2750 0000 0000 0.000
n-CBHT 2 536200 5693 0000 0000 0.000 ICBH7+
InC3HT 2 266800 4982 0000 0000 1000 02 1107400 3458 0000 1600 3800
A3 2 837500 7275 0000 0000 0000
carg 2 266800 4982 0000 0000 1000 OH 180000 2750 0000 0.000 0000
cHaco 2 435000 3970 0000 0000 2000 !as C2HIO
can 1357000 5180 0000 0000 1.000 1Siav 2003
CH3CHO 2 435000 3970 0000 0000 2000!RAJ
carz 1 357000 5180 0000 0000 1.000 cCoHa 2 4648 520 000 1032 1.000!
C3H60 2 357.000 5180 0000 0000 1.0001JAMas H2C4O
CarzoH 2 224700 4162 0000 0000 10001" At 2 4648 529 000 1032 1000 ! benze
ca 2 357000 5180 0000 0000 1000 !asfor C4H
Carg 2 357000 5176 0000 0000 1000 AL 2 4648 520 000 1032 1.0001
H2CN 1569000 3630 0000 0000 1.000!osim
Carg 2 357000 5176 0000 0000 1000 cceH7 2 4648 520 000 1032 1.000!
H2NO 2 116700 3492 0000 0000 1.0001JAM
rcaHe 2 357000 5176 0000 0000 1000
HC2N2 1349000 4361 0000 0000 1.00010IS
csH2 1 357000 5180 0000 0000 1.000 AtCH3 2 4953 568 043 1230 1.000 ! Toluene
HCCHCCH 2 357000 5180 0000 0000 1000!JAM
3 1 357000 5180 0000 0000 1.000
Heco 2 150000 2500 0000 0000 10001"
cet2 1357000 5180 0000 0000 1.000 A1C2H 25356 572 077 1200 1.000 ! pheny
HONN 2 150000 2500 0000 0000 1.0001"
Cets 2 412300 5349 0000 0000 10001 JAM ATC2H* 2 5356 572 077 1200 1000 !
HCCoH 2 435000 3970 0000 0.000 2000
CeHs0 2 450000 5500 0000 0000 1.0001JAM ATC2H- 2 5356 572 077 1200 1.000 |
can 1357000 5180 0000 0000 1.000
C5H50H 2 450000 5500 0000 0000 1000!JAM
carz 1 357000 5180 0000 0000 1.000
Cete 2 412300 5349 0000 0000 1000!SVE ATC2H3 25462 600 013 1500 1000 ! styre
H2C40 2 357000 5180 0000 0000 1.000!JAM
ceH7 2 412300 5349 0000 0000 10001 JAM AIC2H3 2 5462 600 013 1500 1000 !
CarzoH 2 22700 4162 0000 0000 10001"
cH 180000 2750 0000 0000 0.000 nAIC2H2 2 5462 600 013 1500 1000 !
iCaHa 2 357000 5180 0000 0000 1.000!JAM
cHz 1144000 3800 0000 0000 0.000 PAICZH2 2 5462 600 043 1500 1000 !
n-CaHg 2 357000 5180 0000 0000 1.000!JAM
cH2(s) 1144000 3800 0000 0000 0.000
H2CCCCH 2 357000 5180 0000 0000 1000!analog
cHz® 1144000 3800 0000 0000 0000 naphthyne 2 630.4 618 000 1650 1.000 !
Caria 2 357000 5180 0000 0000 1000!JAM
CH2CHCGH 2 357.000 5.180 0000 0000 1.0001JAM a2 2 6304 618 000 1650 1000 ! naphthalene
iCaH5 2 357000 5180 0000 0000 1000!JAM
CH2CHCCH2 2 357.000 5180 0000 0000 1.0001JAM - 2 6304 618 000 1650 10001
n-CaHS 2 357000 5180 0000 0000 1000!JAM
CH2CHCH2 2 260000 4850 0000 0000 1.0001JAM A2t 2 604 618 000 1650 1000 !
Care 2 357000 5180 0000 0000 1000
CHZCHCHCH 2 357.000 5180 0000 0000 1.0001JAM A22 2 604 618 000 1650 1000 !
Car612 2 357000 5180 0000 0000 1000
CH2CHCHCH2 2 357000 5180 0000 0.000 1.0001JAM AICZHCZH2 2 6304 618 000 1650 10001
cHaco 2 435000 3970 0000 0000 2000 AIC2HR 2 6304 618 000 1650 1.000 !
csh2 1357000 5180 0000 0000 1.000
cH20 2 498000 3500 0000 0000 2000
3 1 357000 5180 0000 0000 1.000
CH20H 2 417000 3690 1700 0000 2000 A2RS 2 6931 647 000 1800 1000 ! acona
csHs 1 357000 5180 0000 0000 1.000
cH3 1144000 3800 0000 0000 0.000 AZRS- 26931 647 000 1800 1.0001
csHe 1 357000 5180 0000 0000 1.000
cHace 2 252000 4760 0000 0000 1.000!JAM AZRSC2H' 2 772800 6937 0000 0000 0.000
CH3CCCH2 2 357.000 5180 0000 0000 1.0001JAM ARSCZH 2 772800 6937 0000 0000 0000
ceH 1357000 5180 0000 0000 1.000
CH3CCCH3 2 357.000 5180 0000 0000 1.0001JAM A2C2H 26931 647 000 1800 1.000 !
cerHz 1 357000 5180 0000 0000 1.000
CH3CCH2 2 260000 4850 0000 0000 1.000!JAM A2C2H2 2 6931 647 000 1800 1000 !
ceHa 2 357000 5180 0000 0000 10001
CH3CHCH 2 260000 4850 0000 0000 1.000!JAM A2C2H! 2 6931 647 000 1800 1000 !
1C8Ha 2 412300 5349 0000 0000 1.000 I(JAM)
CH3CH2CCH 2 357.000 5180 0000 0000 1.0001JAM A2C2HA 2 6931 647 000 1800 1000 !
n-CBHS 2 412300 5349 0000 0000 1.000 IUAM)
GHacHO 2 435000 3970 0000 0000 2000 A2C2HA® 2 6931 647 000 1800 1.000 !
iCoH5 2 412300 5349 0000 0000 1000 (JAM)
GHacHO 2 435000 3970 0000 0000 2000 A2c2HB 2 6931 647 000 1800 1.000 !
1C6HE 2 412300 5349 0000 0000 1000 !(SVE)
cHaco 2 435000 3970 0000 0000 2000 A2C2HB® 2 6931 647 000 1800 1.000 !
n-CBHT 2 412300 5349 0000 0000 1000 [UAM)
cHIo 2 417000 3690 1700 0000 2000
iCoH7 2 412300 5349 0000 0000 1000 (JAM)
GH3OH 2 481800 3626 0000 0000 1.000!SVE A3 2 7720 69 000 3880 1.000 ! phenanthrene
cerg 2 412300 5349 0000 0000 1000 (JAM)
cHa 2 141400 3746 0000 2600 13.000 ASRS 2 837.500 7275 0000 0000 0.000
Ccats 2 260000 4850 0000 0000 1000!JAM
cHao 2 417000 3690 1700 0000 2000 Azt 2 7720 69 000 3880 1.000!
CH2HCO 2 435000 3970 2760 0000 2000 ! analog ldipl Karbonyl
oN 1 75000 3856 0000 0000 1.00010IS As4 2 7720 69 000 3880 1000 ! GruppetParsa 04,0,2014
oNe 1232400 3828 0000 0000 1000101 A3RS- 2 837500 7.275 0000 0000 0000 nCaH7 2 357.000 518 0000 0000 1.000!RAJ
NN 1232400 3828 0000 0000 1.00010IS AC2H2 2 7720 696 000 3880 1000 ! cari 2 357000 5176 0000 0000 1000
co 198100 3650 0000 1950 1800 ASRSAC 2 879600 7.561 0000 0000 0000 carg 2 266800 4982 0000 0000 1000
coz 1244000 3763 0000 2650 2.100 cHaco 2 435000 3970 0000 0.000 2000
H 0 145000 2050 0000 0000 0000 A4 26349 724 000 4500 1000 ! pyrene C1oH 1357000 5180 0000 0000 1000 IC6H
H2c40 2 357.000 518 0000 0000 1.0001JAM A4RS 2 879600 7561 0000 0000 0.000 C10H2 1 357.000 5180 0000 0000 1.000 IC6H2
H2 138000 2920 0000 0790 280000 A 28349 724 000 4500 1.000 ! pyrene c12H 1357000 5180 0000 0000 1000 IC6H
H2CCCCH 2 357000 5180 0000 0000 1.000!JAM AdRS- 2 879600 7561 0000 0000 0000 C12H2 1 357.000 5180 0000 0000 1.000 IC6H2
H2CCCCH2 2 357.000 5180 0000 0000 1.0001JAM A3C2H 28349 724 000 4500 10001 A2CH3 2 658602 6335 0000 0000 0.000 ! from Marina, from Pitsch
HacCeH 2 252000 4760 0000 0000 1.000!JAM AsczHz 2849 724 000 4500 1000 ! AzcH2 2 655890 6320 0000 0.000 0000 ! from Marina, from Pitsch
HaCN 1560000 3630 0000 0000 1.000!0sjm A3CH3 2 879600 7561 0000 0000 0000 ltrandat d6+MIT2b
H2NO 2 116700 3492 0000 0000 1.0001JAM P2 2 6765 631 000 2000 1000 ! biphe ACH2 2 879600 7561 0000 0000 0000 ! as A3C2H from
randat_dir6+MIT2b
H20 2 572400 2605 1844 0000 4.000 P2H 2 6765 631 000 2000 1.000 !
Az 2 7720 69 000 3880 1.000 ! phenanthrene
H202 2 107400 3456 0000 0000 3800 P2 2 6765 631 000 2000 1.0001
Az 2 7720 69 000 3880 1000 ! phenanthrene
He2N2 1349000 4361 0000 0000 1.00010IS
C2H50 2 435000 3970 0000 0000 2000 !asfor CHICHO
HOCHCCH 2 357000 5180 0000 0000 1000!JAM c5HaO 2 4648 520 000 1032 0000 ! benze
C2H502 2 435000 3970 0000 0000 2000 !asfor CHICHO
Heco 2 150000 2500 0000 0000 10001" csH50 2 4648 529 000 1032 0.000 ! benze
GaHs02H 2 436000 3970 0000 0000 2000 !asfor CHICHO
HONN 2 150000 2500 0000 0000 10001° C5H40H 2 4648 529 000 1032 0000 ! benze
GaHs0H 2 436000 3970 0000 0000 2000 !asfor CHICHO
HCCOH 2 436000 3970 0000 0000 2000 CeHs0 2 4648 529 000 1032 0000 ! benze
cCaH2 2 209000 4100 0000 0000 10001"
HON 1569000 3630 0000 0000 1.00010IS CeH50H 2 4648 529 000 1032 0000 ! benze
caH 2 200000 4100 0000 0000 10001"
HCO 2 498000 3590 0000 0.000 0000
cana 2 357000 518 0000 0000 1000!ansiog H2CCCCH
HE 0 10200 2576 0000 0000 0000!* INDENYL 2 4029 6744 0000 0000 1000 ! cp braun from
trandal_dir6+MIT20 cana 2 252000 4760 0000 0000 10001JAM  H2CCCH
HCNO 2 232400 3828 0000 0000 10001JAM
INDENE 2 4029 6744 0000 0000 1.0001A2(HR) randat_di6+MIT2b Cars 2 357000 5180 0000 0000 10001JAM
HOON 2 232400 3828 0000 0000 1000!JAM

A3C2H 2 879600 7561 0000 0000 0.000 !trandal dIrG+MIT2b canr 2 357000 5180 0000 0000 1000!RAJ
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CHao2 2 481800 3626 0000 0.000 1.000!wjp
CH302H 2 481800 3626 0.000 0.000 1.000!wjp

C3HEO 2 4036 4968 20 00 10 ! wp

C2H502 2 470600 4410 0000 0000 15001wip

nC4H902 2 496000 5200 0000 0000 1.000!wjp as for pedhdo2
C2H502H 2 470600 4410 0000 0000 1.500!wjp

C3H502 2 4270 517 20 00 10! TePe chichocho
C3H502H 2 4270 5117 20 00 10! TePc chichocho
C3H50 2 411000 4820 0000 0.000 1.000!nmm

CH3CO3 2 435000 3970 0000 0000 2000!wip

CH3CO3H 2 436000 3970 0000 0000 2.000!wjp

nC3H702 2 4815 4997 17 00 10! wp

AC3HTOZH 2 4815 4997 17 00 10! wip

C2H50 2 470600 4410 0000 0000 1.500!nmm

SC4HIO 2 496000 5200 0000 0.000 1.000!nmm

c2HO 1232400 3828 0000 0000 1.00017 asfor C20
nCaHT 2 303400 4.810 0000 0000 1.000!nmm

AC3HTO 2 4815 4997 17 00 10! wip

CH3CHO 2 435000 3970 0.000 0000 2000

CH302CH3 2 357100 4720 0000 0000 1.000!nmm as fOr cH3occH3
AC3HTO 2 4815 4997 1700101 wip

nC3H702 2 4815 4997 1700101 wip

NC3HTOZH 2 4815 4.997 1700101 wip
iC3HTO 2 4595 5036 1700101 wip
iCaH702 2 4595 5036 1700101 wip

iC3HTO2H 2 4595 5036 1700101 wip

icaH10 2 3367 5208 0.10.010! wjp

nCaHg 2 352000 5240 0000 0.000 1.000!nmm

sCaHo 2 352000 5240 0000 0000 1.000!nmm
C4HIO 2 496000 5200 0000 0000 1.000!nmm pC4HIO
icaHT 2 355000 4650 0000 0.000 1.000!nmm
nC4HEO2 2 496000 5200 0000 0000 1.000!wjp
5C4H902 2 496000 5200 0000 0.000 1.000!wjp
AC4HOOZH 2 496.000 5200 0000 0.000 1.000!wjp
SC4HOOZH 2 496.000 5200 0.000 0000 1.000!wjp

CaH10 2 3509 5206 00 00 10! wp

iC3HT 2 303400 4810 0000 0.000 1.000!nmm

tCaH9 2 352000 5240 0000 0000 1.000!nmm

icaH9 2 352000 5240 0000 0.000 1.000!nmm

icaHg 2 3445 5089 05 00 10! wp

CaHgo 2 444197 5063 0000 0000 0.000 Ifamemaster
C7HIB 2 4596 6253 0000101 TCPC

iCTH1S 2 4596 6253 0.00.010! wjp

iCTH4 2 4596 6253 0000101 wjp

aCTH14 2 4578 6173 03 00 10! TCPC

cCTHI4 2 4578 6473 03 00 10! TCPC

icTH13 2 4578 6173 0300101 wjp

C7H1502 2 5610 6317 1700101 wjp

C7H1500 2 5610 6317 1700101 wp

CTH1504 2 6006 7.229 1.80.01.0! nC10H220 wjp C7H1400H1-202
ICTH140 2 5610 6317 1700101 wip

C7H1403 2 5115 6297 0.00.01.0! CBHIB-1-5wjp CTH1d03-4
aCeH12 24301 5833 00 00 10! wip

iCeH13 2 4225 5870 00 00 10! wp

iceH12 2 4225 5870 00 00 10! wipasfor

CeHit1 2 482473 5307 0000 0000 0000 !fiamemaster
iceH1t 2 482473 5307 0000 0000 0000 !
C6H12CHO 2 501585 5960 0000 0000 0000 Iflamemaster as for
CBH1302H-1

IC7H130 2 501585 5960 0000 0000 0000 Ilamemaster as for
C6H1302H-1

C7H130 2 591585 5960 0000 0000 0000 Iflamemaster as for
C6H1302H-1

C7H150 2 591585 5960 0000 0000 0000 !

CeH10 2 426300 5510 0000 0.000 1.000!nmm
nCeH14 2 4274 5946 0000101 wip

CsH10 2 3862 5489 0400101 wip

icsH1t 2 440735 5041 0000 0000 0000 !famemaster
icsH10 2 440735 5041 0000 0000 0.000 lasiC5H10
C5HO 2 5232 5664 1700101 1C5H11oH wip

iCsHIO 2 5232 5664 1700100 1CsH1ToHwjp

iC5H100 2 5232 56684 170.01.0! 1CsH1ToHwjp

nCsH12 2 3917 5591 0000101 wip

CsHo 2 3968 5458 0000101 wip

icsHe 2 3968 5458 0000101 wjp

csHg 2 408000 5200 0000 0000 1.000!nmm

1 Curran, H. J., Gaffuri, P, Pitz, W. J., and Westbrook, C. K.
1*A Comprehensive Modeling Study of isc-Octane Oxidation”

1 Combustion and Flame 129:263-280 (2002).
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'

18127/03:wjp, added transport estimates for new species in c3_30.mech from Henry Curran
1 LLNL transport data estimates

! Many of the transport data are taken from

1 Kee, R.J., Dixon-Lews, G., Wamatz, J., Coltrin, M.E., and Miller, JA,
1A Fortran Computer Code Package for the Evaluation of Gas-Phase Mulicomponent

! Transport Properties, SANDIA Report SAND86-8246, 1986

1 Estimators are labeled by:

1 nmnis Nick M. Marinov.

1wipis William J. Piz

!jam is James A. Miler

I'sve is Svehla, NASA Tech. Report R-132, Lewis Research Center, Cleveland, Ohio, 1962.
1ois is Owen I. Smith ?

1 Aspecies listed affer 1" sign means that it was assumed that the transport data

1 for the current species is the same as species after "

1TePe means the transport coefficients were estimated from the

Ieritical pressure and temperature. The TePc data is from Appendix A of Reid, R. C,

1 Prausnitz, J. M. and Poling, B.E., "The Properties of Liquids and

1 Gases", ath Ed., 1987., unless otherwise noted. The acentric factor,

1 dipole moment are also from the same reference.

1 Epsilon/kb and sigma are calculated using Tee, Gotoh and Stewart equations

1which are a fen of Te, Pe and a
1 Wang and Frenklach, Comb. and Flame, 96, 163-170 (1994).
13125/03 WJP: Added species that are in nc7_2_tran.dat but not in

1i08_tran.dat Also estimated transport for species in the low temperature

! part of the pe for species

1 previously estimated using Flamemaster.

icaH18 2 4585 6414 0000101 wip

aC8H17 2 4585 6414 0000101 wip

bCBHI7 2 4585 6414 0000101 wpp

€CBH17 2 4585 6414 0000101 wjp

acaH17 2 4585 6414 0000101 wjp

iCaH17 2 4585 6414 0000101 wip

icaH16 2 4856 6440 0300101 wip

caHiB 2 4856 6.440 0300101 as foriCBH16

icaH15 2 4856 6440 0300101 wip

nCBH15 2 4856 6440 0.30.01.0! as foriC8H16

aC8H1702 2 5813 6506 2000101 WJP, c8H170H-1

bC8H1702 2 5813 6506 2000101 WJP, c8H170H-1

€C8H1702 2 5813 6506 2000101 WJP, c8H170H-1

4C8H1702 2 5813 6506 2000101 WJP, c8H170H-1

aC8H1700 2 5813 6506 2000101 WJP,cBH170H-1

bC8H1700 2 5813 6506 2000101 WJP, cBH170H-1

€C8H1700 2 5813 6506 2000101 WJP c8H17oH-1

aC8H1704 2 5813 6506 2000101 WJP, c8H170H-1

bC8H1704 2 5813 6506 2000101 WJP, c8H170H-1

€CBH1704 2 5813 6506 2.00.01.0! WJP, c8H170H-1

C8H1603 2 5613 6506 2000101 WJP, cBhi7oh-1

CH2CH20H 2 435000 3970 0000 0000 2000 !asfor CHICHO
CH3CH20 2 435000 3970 0000 0000 2000 !asfor CHICHO
CH3CHOH 2 435000 3970 0000 0000 2000 !asfor CHICHO

1 addition for ¢12 mechanism by Zizin A. 18.05.2009 from HiWang JetSurf

N-C12H26 2 789980 7047 0000 0000 1.000 ! n-dodecane
Cl2H25 2 780980 7047 0000 0000 1.000 !

aC12H25 2 789980 7047 0000 0000 1.000 !

bC12H25 2 789980 7047 0000 0000 1.000 !

C12H24 2 775294 7090 0000 0000 1.000 ! 1-dodecene
C12H23 2 775294 7090 0000 0000 1.000 !

C12H2502 2 805031 7.102 0000 0000 1000

C12H2400H 2 805031 7.102 0.000 0000 1000

02C12H2400H 2 877.052 7.457 0000 0000 1.000
OOC12H2400H 2 877.052 7457 0000 0.000 1.000

HO2C12H2300H 2 877.052 7457 0000 0000 1.000

0C12H2300H 2 877052 7.457 0000 0.000 1.000
0C12H2302H 2 877.052 7.457 0000 0000 1000
0C12H230 2 805031 7402 0000 0000 1.000
cliH2s 2 750460 6834 0000 0000 1.000 !
cliHz2 2 763817 6688 0000 0000 1.000 ! f-undecene
C10H20 2 698122 6578 0000 0.000 1.000 ! i-decene
CoH1g 2 660032 6.467 0000 0000 1000 !
CoH18 2 655390 6331 0000 0.000 1.000 ! t-nonene
c8H17 2 613427 6250 0000 0.000 1.000 !
CeH13 2 4225 5870 00 00 10! wip
cyCeH12 2 4677 [ 26 ! Cyclohexan:
Dpm=Yaws;alpha=HCP.crit_P=nist zrot_grob
eyCeH11 2 477 5601 061 11 26 I Cyclohexyl radical:
crit_P:Dpmialpha von Cyclohexan zrot_grob
055 107 27 ! Cyclohexen

cyC6H10 2 468.7 21
Dpm=Yaws:alpha=HCP,crit_P=ristzrol_grob

©yCEHI000H 2 6077 5588 055 107 14 | crit_PDpmialpha von
Cyclohexen.zrot_grob.

eyCaHY 02 915 27 I Cyclohexenyl radical
crit_P:Dpmialpha von Cyclohexen,zrot_grob

cyCsHe 2 4402 5235 09 915 29 ! Cyclopentene: ialpha von
Cyclohexen, crit_P=nist,Dpm=pgl,zrot_grob

eyCsHT 2 52385 02 915 29 ! Cyclopentenyl radical
crit_P:alpha von Cyclohexen;Dpm von Cyclopentene

cyC6H8 2 4695 5441 044 915 27 I Cyclohexadiene: alpha von
Cyclopentane zrot_grob

eyt 5441 044 915 27  lcitP; Dpm;von
Cyclohexadiene; alpha von Cyclopentane,zrot_grob.

CaHa0 4804 267 566 11 ! Cyclopropanone,
alpha=Yaws von Cyclopropane, dpm=yaws, crit_p=nist,zrot_grob

cyCBHTOO 2 5577 5678 29 107 19 ! Cycohexenylradical, crit_p
von Cyclohexanone, dpm=Yaws, alpha= Cyclohexene,zrot_grob.

©CEHI00H 2 & 56 308 107 24  leitp;dpmvon
Cyclohexanone, alpha von cyclohexen zrot_grob

cyC8H100 2 577 5678 308 107 27 ! Cydohexanone,
Polarisierbarkeit von cyclohexen zrot_grob

cyOOCGH1000H 2 857.7

78 308 107 18 lcritp;Dpmvon
Cyclohexanone; alpha von cyclohexen zrot_grob

©C6H1003 2 5577 5678 29 107 18 ! cril_pvon Cyclohexanone;
alpha von cyclohexen; dpm von cyc6h1100,2r0t_grob

CSHOCHO 1 4930 5845 083 109 44 ! Hexynol dpm=yaws von
Hexyne, alpha=yaws von Hexyne zrot_grob

iCEHTO 2 4930 5845 083 109 44 |

iC6H120 2 4930 5845 083 109 44 |

C2H3CHO 4116 4921 272 629 26 !Propanal it temp=nist;
Dpm=HCP; apha=HCP

caHaco 1 ane 21 272 620 25 ! Propanal radical
crit_temp=nist; Dpm=HCP apha=Propanal;

C4H50 1 438 531 278 820 28 !Butenal radical,
crit 2 3

C3H30 1 4me 4921 272 626 24 ! Propenal radical

crit_temp=Propanal radical; Dpm=Propanal;
C2HI0 1 4425 4T 275 620 0.5 !Acetyldehyde, crit_temp=nist,
dpm=HCP, alpha=Propanal, zrot=grob.

1 3896 4721 272 629 10 1 Acetyl
radical crit_temp=Acetyl=nist, Dpm=Propenal, apha=Propanal

C2H200H 2539 4005 144 333 06 !Dipolmoment=HCP C2H20,
alpha=HCP C2H2, Po=Nist C2H2

CAH6OOH 1 3668 4953 078 741 64 !Dipolmonet=HCP CAH6;
alpha=HCP C4HS, Po= Nist C4HG

cyCBHTO 2 44795 5475 061 11 26 ! Gleichwie cyCEH1lekb &
Sigm. Parsa

CYCGHSOOH 2 6077 5588 055 107 1.4 !Gleichwie cyCBHI000H
cyCOHIOOe 2 55773 5680 308 107 27 IWiecyOSH100
UYOSHIOOH 2 6577 5678 29 107 19 IWiecyOSH1I00
oCEHIO 2 4695 54 04 92 27 IGleichwie cyOBH100
CYOCBHOOOH 2 6077 56 06 107 14 IGichwie cyCGHI000H
CyOCBHS0 2 4695 54 04 92 27 1GleichwiecyOBH100

©/C6H100a 2 46252 5432 174 107 2.7 IWie cyCBH100!elkb & Sigm.
Parsaldipl. Furan Gruppe

©)CEH100b 2 46252 5432 174 107 2.7 IWie cyCBH100!elkb & Sigm.
Parsa ldipl. Furan Gruppe
cyC8H100c 2 46252 5432 174 107 27 IWiecyC6H100!lekb & Sigm.

Parsaldipl. Furan Gruppe

©C6H100d 2 51520 5627 276 107 2.7 IWie cyCBH100!elkb & Sigm.
Parsa ldipl. Karbonyl Gruppe

cyCOH18 2 65539 6.331 0.000 0.000 1.000 ! 1-nonene
cyCOHI7B 2 655390 6331 0000 0000 1.000 ! f-nonene
CyCOHI7E 2 655390 6331 0000 0000 1.000 ! f-nonene
©yC8H1S 2 65539 6.331 0.000 0.000 1.000 ! 1-nonene
©yC8H14 2 65539 6.331 0.000 0.000 1.000 ! 1-nonene
©C7H13 2 65539 6.331 0.000 0.000 1.000 ! 1-nonene
©C7H12 2 65539 6331 0.000 0.000 1.000 ! 1-nonene
IN-C16H34 2 780980 7.047 0000 0.000 1.000 ! n-dodecane
N-C16H34 2 661.920 8494 0.000 0000 1000 !

IC16H33 2 661920 8.494 0000 0000 1.000 ! n-dodecane
C16H33 2 667.466 8631 0000 0000 1.000 ! n-dodecane
aC16H33 2 667.466 8631 0000 0000 1.000 ! ndodecane
bC16H33 2 667.466 8631 0000 0000 1.000 ! n-dodecane
[C16H32 2 661920 8494 0000 0000 1000 ! ndodecane
C16H32 2 671333 8640 0000 0000 1.000 ! n-dodecane
C16H31 2 673373 8567 0000 0000 1.000 ! n-dodecane
/C16H3302 2 805031 7.102 0.000 0000 1000
IC16H3200H 2 805031 7.102 0000 0000 1.000
JOOC16H3200H 2 877.052 7.457 0000 0000 1000
C16H3302 2 724821 8797 0000 0000 1.000
C16H3200H 2 830.913 8763 0.000 0.000 1.000
OOC16H3200H 2 889.479 8934 0.000 0.000 1.000
JHOOC16H3100H 2 877.052 7.457 0000 0.000 1.000
HOOC16H3100H 2 994233 8921 0000 0000 1000
JOC16H3200H 2 877.052 7.457 0000 0.000 1.000
IOCIEH310 2 877.052 7.457 0.000 0.000 1.000

OC16H310 2 801400 8773 0000 0000 1.000
JOCIEH3100H 2 877.052 7.457 0000 0.000 1.000
OC16H3100H 2 904192 8879 0000 0000 1000
0C12H230 2 805031 7.102 0000 0000 1.000

C10H2102 2 48849 7.11 183 2001 1.00!Meghdad
C10H2000H 2 48808 7.8 183 2018 1.00!Meghdad
02C10H2000H 2 51847 692 200 2103 1.00!Meghdad
OC10H2000H 2 53195 7.10 200 2035 1.0 Meghdad
NC10H22 2 5236 687 00 00 10 IMeghdad

C10H20 2 48280 628 000 000 1.0 Meghdad
aC10H21 2 5236 687 00 00 1.0 IMeghdad

bC10H21 2 5236 687 00 00 1.0 IMeghdad

OC12H2300H 2 87705 7.457 000 0000 1.00!Meghdad

CsHit 2 440735 5041 0000 0000 0000 lAdded??
C7HI3 2 4578 6173 03 00 10 IMeghdad (analogy to c7h12- wjp)
C7HI5S 2 4506 6253 00 00 10 IMeghdad (analogy to c7hi4 - wjp)

ACH20H 2 658602 6335 0000 0000 0000 IDworkin/Slavinakaya - analogy

to A2CH3
A2CHO 2 658602 6335 0000 0.000 0.000 !Dworkin/Slavinakaya - analogy
to A2CH3

A2C0 2 658602 6335 0000 0.000 0.000 IDworkin/Slavinakaya - analogy to
A2CH3

A20H 2 658602 6.335 0000 0.000 0.000 IDworkiniSiavinakaya - analogy to
A2CH3

A20 2 658602 6335 0000 0000 0.000 IDworkin/Slavinakaya - analog

1Saiser, H., Pitsch, H., Seshadri, K. Pitz, W.J., and Curran, H. J.,

VExtinction n-Heptane o g
IProceedings of the Combustion Institute, Volume 28, p. 2029-2037, 2000.
1 UCRL-WEB-204236

1 Review and release date: May 19, 2004.

cHsoz 2 481800 3626 0000 0000 1.0001wip
CHIOZH 2 481800 3626 0000 0.000 1000!wjp
caHeo 2 4036 498 20 00 101 wp
C2HIHCO 2 411000 4820 0000 0000 10001 G3HSO

CH3CHCO 2 411.000 4820 0000 0000 1.000! C3HSO

C2H502 2 470600 4410 0000 0000 1.500!wjp

37



CBH100 2 48320 5804 27 1159 1.0 IParsa ldipl Karbonyl Gruppe

nC4HEO2 2 496000 5200 0000 0000 1.000!wjp asforpcdndo2

CSHIOCHO 2 48673 5817 27 1176 1.0 IParsa ldipl Karbonyl Gruppe
C2H502H 2 470600 4.410 0.000 0000 1500!wjp

C3HECHO 2 43860 5238 27 8060 10 IParsaldipl Karbonyl Gruppe
CaH502 2 4270 5117 20 00 10! TePe chachocho

C3H5CHO 2 43560 5223 27 7890 10 IParsaldipl Karbonyl Gruppe
CaH502H 2 4270 517 20 00 10! TePe chachocho

C2H4CHO 2 41468 4943 27 6210 10 IParsaldipl Karbonyl Gruppe
CaH50 2 411000 4820 0000 0.000 1.000!nmm

2 46381 5352 04 1142 1.0 IParsa ldipl Karbonyl

CHacoa 2 435000 3970 0000 0000 2.000!wjp Gruppe IDipolemoment from: cyC6HO0:0.4
CH3CO3H 2 435000 3970 0.000 0000 2000!wjp ©yCBHIOb 2 46381 5352 04 1142 1.0 IParsaldipl Karbonyl Gruppe
AC3H702 2 4815 4997 17 00 10! wp ©yC6HIOC 2 46381 5352 04 1142 1.0 IParsa ldipl Karbonyl Gruppe

NC3HTOZH 2 4815 4997 17 00 10! wip

cyCBHIOA 2 46381 5352 04 1142 10 IParsaldipl Karbonyl Gruppe

C2H50 2 470600 4410 0000 0000 1.500!nmm CH2CH20H 2 470600 4410 0000 0000 1500

5C4H90 2 496000 5200 0000 0000 1.000!nmm CH3CH20 2 470600 4410 0000 0000 1.500

C2HO 1 232400 3828 0000 0000 1.000!* asfor C20 CH3CHOH 2 470600 4410 0000 0000 1.500

nC3HT 2 303400 4810 0000 0.000 1.000!nmm C2H30H 2 470600 4410 0000 0000 1500

AC3HTO 2 4815 4997 17 00 10! wp 02C2H4OH 2 523200 5664 1700 0000 1.000

CH3CHO 2 435000 3970 0000 0000 2000 C2H4020H 2 523200 5664 1700 0000 1.000

CH302CH3 2 357.100 4720 0000 0000 1.000!nmm as fOr cH3ccoH3 CH2CH202H 2 523200 5664 1700 0000 1000

AC3HTO 2 4815 4997 1700101 wip eyCBH1100H 2 567.839 5562 0550
1.400 1Parsa_Dipole&rot_wie_cyC6H1000H

nC3H702 2 4815 4997 1700101 wip
©yC6HI0O 2 490382 5555 2900

AC3HTOZH 2 4815 4.997 170.010! wip 1.900 1Parsa_Dipole&rot_wie_cyCBH1100

IC3HTO 2 4595 5036 1700101 wjp €yCBHBOOH 2 586370 5441 0550
1400 1Parsa_Dipole&rot_wie_cyC6H1000H

iCaH702 2 4595 5036 1700101 wp
©yOOHCEHIOOH 2 747995 5536 3.080

IC3HTOZH 2 4505 5036 1700100 wip 1.800 1Parsa_Dipole&rol_wie_cyOOCEH1000H

icaH10 2 3357 5208 0100101 wjp CH2CHOO 2 428800 4958 2900 0000 1000

nCaHg 2 352000 5240 0000 0.000 1.000!nmm 11-15: Species name

sCaHo 2 352000 5240 0000 0000 1.000!nmm 116-80: Molecular parameters

nC4HIO 2 496000 5200 0000 0.000 1.000!nmm pC4HEO 1 molecule index: 0 = atom, 1= linear molec.

icaHT 2 355000 4650 0000 0.000 1.000!nmm ' 2= nonlinear molec.

nC4H902 2 496000 5200 0000 0000 1.000!wip 1 L-J potential well depth, ekb (K)

5C4H902 2 496000 5200 0000 0000 1.000!wjp 1 LJcolision diameter; s,

NC4HGOZH 2 496.000 5200 0000 0000 1.000!wjp

SC4H9OZH 2 496.000 5200 0000 0000 1.000!wjp

nC4H10 23509 5206 00 00 10! wip

C4HIOO 2 496000 5200 0000 0000 1.000!wip
C4HIOOH 2 496000 5200 0000 0000 1.000!wjp
C4HBOOH 2 496000 5200 0000 0000 1.000!wjp

C4HBOOOZH 2 496000 5200 0.000 0.000 1.000!wjp

Dipole moment, f, Debye

Polarizabiliy, ", 2

Rotational relaxation number, Zrot at 298K

! Comments

CaH7O 2 444197 5063 0000 0000 0000 !analagywith CAHEO
IC4HTO 2 444197 5063 0000 0000 0000 !analagywith CAHEO
C4HBO3 2 496000 5200 0000 0000 1.000!wjp

iCaHT 2 303400 4810 0000 0.000 1.000!nmm

tcaHe 2 352000 5240 0000 0000 1.000!nmm

icaH9 2 352000 5240 0000 0.000 1.000!nmm

icaHg 2 3445 5089 05 00 10! wp

CaHgo 2 444197 5063 0000 0000 0.000 fiamemaster

iC10H22 2 51736 703 00 1916 1.0 IParsa

aiC10H19 2 51676 687 00 1865 1.0 IParsa
aiC10H20 2 51534 695 00 1882 1.0 IParsa
aiC10H2000H 2 677.90 703 069 2001 1.0 IParsa
aiCl0H21 2 51879 695 00 1899 1.0 IParsa
aiC10H2102 2 57404 7.11 069 2001 1.0 Passa
aiOC10H1900H 2 74726 7.06 089 2035 1.0 IParsa
aI0OC10H2000H 2 740.37 747 140 2103 10 WParsa
bICI0H19 2 52603 689 00 1865 1.0 Parsa
biC10H20 2 52460 697 00 1882 1.0 Parsa
bICI0H2000H 2 676.14 703 069 2001 1.0 Parsa
biC10H21 2 51879 695 00 1899 1.0 Parsa
bICI0H2102 2 57344 7.11 069 2001 1.0 Passa
iCoH18 2 50119 668 00 1697 1.0 IParsa
biOC10HI90OH 2 75146 7.2 089 2035 10 IParsa
biOOC10H2000H 2 73832 746 140 2103 10 IParsa
CiC10H19 2 52629 690 00 1865 10 IParsa
CiC10H20 2 52485 697 00 1882 10 IParsa
CIC10H2000H 2 67170 7.03 069 2001 10 IParsa
CiC10H21 2 51879 695 00 1899 10 IParsa
CiC10H2102 2 56977 742 069 2001 10 IParsa

cIOOC10H2000H 2 73350 747 140 2103 1.0 IParsa

iC6H120 2 48527 589 02 1193 1.0 Pasa

icoH1e 2 49516 666 00 1714 1.0 IParsa

iCoH17 2 49201 658 00 1680 1.0 IParsa

ICTH140 2 50924 618 02 1378 10 IParsa
ICOH170 2 56497 674 02 1731 10 IParsa

iCoH180 2 56327 681 02 1748 10 IParsa

iCaHs 2 35056 483 00 570 10 WParsa

C3H5 2 35056 483 00 570 10 IParsa

iC4HTO 2 43702 536 02 806 10 IParsa

iCsH100 2 46147 561 02 1008 10 IParsa

icsHIO 2 46282 553 02 991 10 IParsa

iCeH110 2 48670 582 02 1176 1.0 IParsa

iCTH4 2 44444 608 00 1327 10 IParsa

iCTHI3 2 44563 601 00 1310 10 IParsa

nC8H15 2 47892 632 00 1495 10 IParsa
ic8H1s 2 469.20 630 00 1495 10 IParsa
IC3H50 1 41468 494 02

621 10 IPasa

iC4H8o 2 4378 532 02 823 10 IParsa

C2H3HCO

41191 493 02 587 10 IParsa

catso 24171 501 02 621 10 IPasa
e 251676 617 02 1361 10 Pama
cHacHco 13505 477 02 604 10 iPama
cateo 2 4050 509 02 638 10 IPasa

1244

11.93

1193

1329
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Annoranusi. [IpoBefeHO 3KCHEPUMEHTAIBHOE HCCIEIOBAaHUE IMPOliecca TOPEHHUS
nacToo0pa3HbIX TOIUIMB MPU BapbUPOBAHUU pelenTypHbIX (hakTopoB. MccnenoBanue
BKJIFOHAJIO ONPEJEICHUE MapaMEeTPOB 3aKOHA CKOPOCTH T'OPEHUS U XapaKTEPUCTHUK
nporecca ariaomepanuu. OnpeneneHbl peUenTypHbIE pelieHus, 00ecrneynBaronme
YIPABJICHHE 3aKOHOM CKOPOCTH TOpPEHHsA. YCTAaHOBJIEHA CYILIECTBEHHAas pOJb B
Ipolecce TOpPEeHHs pPACCMATPUBAEMBIX TOIUIMB IMPOMEXKYTOUYHOM CTPYKTYpbl —
KapKacHOTo CJIO4. CdopmynupoBaHbl 3aKOHOMEPHOCTH peanuzanuu
arJIoMEpalMoOHHOrO Mpoliecca.

Kuarwuesbie caosa: [TACTOOBPA3HOE TOIUIMBO, PELEIITYPHbLIE
PEILIEHUS, KAPKACHBIM CJION, AI'JIOMEPAT, CKOPOCThH T'OPEHWA,
3AKOH CKOPOCTHU I'OPEHUAI.

Cnucok NpUHATHIX 0003HAYEHU I

Jsp - YAETBHBIA UMITYJILC TATH;

Z," — MaccoBasi 10JIsl ICXOHOTO MeTaljla TOIUIMBA, YYaCTBYIOIIEro B JOPMUPOBAHUH
arJioMepaToB;

1 — MaccoBas J10Jis1 OKCHJIa B COCTaBe ariioMepaTos;
fm(D) —MaccoBast yHKIHMSI IITIOTHOCTH PACpe/IeNICHUs arJIOMEPaTOB M0 pa3MepaM;
D3 — cpeTHEMACCOBBIN pa3Mep arjaioMepaToB, MKM;

¥, — CKOPOCTb TOPEHUsI, MM/C;

V- IOKa3aTelb B 3aKOHE CKOPOCTH FOPEHMS;

P - naBieHue B KaMepe CropaHus;

U - CKOPOCTb TOPEHUS TOTUIUBA MPU ETUHUYHOM JIaBJICHUU;

Z, - MaccoBas J0Jsd «KapMaHOB» B KOMIIO3UIMH CBA3YIOIIEE — METAITIMYECKOE
roproyee;

Dy, - CpEIHEMAcCCOBBIM pasMEp «KapMaHOB» B KOMIIO3MLMHM CBA3YIOIIEE —
METaJUINYECKOE FOPIOYEE;

1, - CKOPOCTb TOPEHUS IEPBOrO YCIOBHOI'O TOILIUBA;

1, - CKOPOCTb TOPEHHUSI BTOPOT'O YCIOBHOTO TOILIMBA;
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AH, - 3aTpaThl TeIUla B €JUHHIy BPEMEHU Ha ra3u(pUKaAlMI0 KOHIEHCHPOBAHHOI
dba3br;

& - TOTIs MOBEPXHOCTH «KapMaHay, Ha KOTOPOH HAaXOIUTCsl KapKaCcHBIN CIIOM;

q)s - MHTEHCUBHOCTD MOJIBOJIA TETLIA OT IIAMEHH,

q;lf, q;;f - BeJIMYMHA ¢, IpU Hamauu 1 otcyTcTBrn KC;

q 4 - BEIMYMHA TEIJIOBOTO MOTOKA OT AU (Y3MOHHOTO IUIAMEHH;
q,, - THTEHCUBHOCTb IIOABO/IA TEIlIa OT TOPALIETO METaLIa;

7, 7> — 00bEMHBIE J10JIM TIEPBOI'O U BTOPOT'O YCIOBHBIX TOILIUB.

Beenenne

OgHuM W3 BO3MOXKHBIX HANpPAaBJICHUN COBEPIICHCTBOBAHUS XHMHUYECKUX
JBUTATEJICH SIBJISETCS WCIOJIb30BAHUE JABUTaTelled Ha MacTooOpa3HOM TOIUIMBE
(AIIT) [1]. TIlomoOHble nBUTATEIXM MMEIOT MEHBIIME MacCOBO-rabapUTHBIC
XapaKTEPUCTHKU W 00Jiee BHICOKHIA YPOBEHb HAJSKHOCTH TMpHU OJIM3KUX 3aTpaTax B
CpPaBHEHUU C KUJIKOCTHBIMU JBUTATENbHBIME ycTaHOBKaMu (JK/[Y) u 6onee BrIcOKwHiA
HSHEPreTUYECKU MOTEHIMal B CPAaBHEHUU C TBEPAOTOIUIMBHBIMU JIBUTATEIbHBIMU
yctanoBkamu ([ITT).

Ucnonb3oBanue [AIIT BO3MOXXKHO B YAaCTHOCTH B KadyeCcTBE MajorabapUTHBIX
JBUTATEE KOCMHYECKOr0 Ha3HAayeHUsl (JABUTATeNM pPa3rOHHBIX OJOKOB MajblX
KOCMUYECKHX amnmnapaToB, TOPMO3HbIE ABUTATeNd, ABUTATENM yBoJa W T.1.) [2].
OTmeTuM, YTO OYEHb YacTO B KAa4eCTBE MOJOOHBIX JBUTATEICH HCIIOIB3YIOTCS
MMEHHO XUMHYECKHUE ABUraTeu [3].

KauecTBo jnBurareneii BO MHOTOM OINpPEAEISETCS KauyeCTBOM TOIUIMBA —
nactoobpaznoro TtormBa (IIT). Paccmorpum TpeGoBanusi, npeabsBiIseMble K
tormBam JIIT.

Kak um ko Bcem H3AenHsIM, HCHOJIb3yEMBIM B KOCMOCE, K A3TUM JIBUTATEISAM
NPEABIBISIIOTCS BBHICOKHME TpeOOBaHUS MO MAacCCOBO-TAa0APUTHBIM XapaKTEPUCTHUKAM.
Bcenencteue 3TOoro BO3HMKAaEeT HEOOXOJIUMOCTH OOECIEUEHHS GblCOKO20 3HAUEHUS.
yoenvro2o umnynvca mau (Jsp).

[IpuMeHUTENBHO K paccMaTpUBaEMbIM JIBUTATEIISIM HanOoIee
11€JIECO00Pa3HBIM KOHCTPYKTHBHBIM PEIIEHUEM SBIISICTCS pa3MeEIeHUEe TOIUIMBA B
KaMepe CropaHusl MpHU KCIOJIb30BAHMM TOPLEBOM MOBEPXHOCTH ropeHus. JlaHHoe
00CTOSITEILCTBO MPUBOAUT K HEOOXOJIUMOCTHU Y@enudeHusi CKOpocmu 20peHusi sl
obOecrieueHns MOTpeOHOro mpuxoda MPOAYKTOB cropanus. Kpome Toro,
NPUMEHUTENBHO K paccMaTpUBAEMOMY THIly JBHUTaTelied BO3HUKAET TpeOOBaHHE
CHUMICEHUS 3A8UCUMOCTIU CKOPOCMU 20PEHUsI O OABIeHUSL.

Hanuuue TopueBoil MOBEPXHOCTU TOPEHUSI MPUBOJUT K POCTY 3HAYMMOCTH
npobJsieMbl 1IaKooOpa3oBanusi B kamepe cropanus [4]. Ilockombky 3Ta mpoGiema
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CBSI3aHa C IPOLIECCOM arjoMepanuu, TO BO3HUKAEeT HEOOXOAMMOCTb OOEeCreueHHs
VMEPEHHO20 YPOBHS A2TIOMEPAYULL.

BaxnpiM  TpeOoBaHMeM  SBISETCA ~ OOECHEUEHUE  XUMUYECKOU U
ceoumenmayuoHnol cmaburvnocmy TomMBa. Kpome Toro, kpaiiHe KelaTesbHa
00CMYNHOCHMb KOMNOHEHMOE TOILINBA.

OcHOBHbIE TpeOOBaHMS, MPEAbABISIEMbIE K MAacTOOOpPA3HBIM TOIUIMBAM,
CBsI3aHBl C peanu3auuii nmpouecca ropeHus. B HacTosiee BpeMst KOIUYeCTBO padoT,
IOCBSIIEHHBIX M3y4YeHHUIo npouecca ropenuns IIT, sBusgercs kpailHe OrpaHUYEHHBIM
[5].

B paborax [6-7] onpeneneHbl HEKOTOPbIE 3aKOHOMEPHOCTH MPOLIECCa TOPEHUS
YHUTapHbIX BbICOKOOHepreTudeckux 1T, cBsA3aHHbBIE ¢ 3aKOHOM CKOPOCTH I'OPEHUS U
npoueccoM arsmomepauuu. [IpencraBisieT CylmIEeCTBEHHBIM HMHTEPEC ONPEACICHUE
PELENTYPHBIX PELICHUM, KOTOPBIE M3MEHSAIOT 3aKOHOMEPHOCTHM IpOLEcCa TOpPEHus,
HE OKa3bIBasl 3HAYMTEJBHOTO BIMSHUSA HA 3HEPreTUUECKUI MOTEHIMA TOIUIMBA. DTH
pelieHusi Tpu3BaHbl O0ECIEYUTh ONpPEEICHUE YCIOBUM IJIsl MPAKTUYECKOTO
UCIIOJIBb30BAaHUsl MACTOOOpa3HbIX TOIUIMB. JlaHHOW mnpobiemMe U MOCBALICHA
HacToslas paboTa, B KOTOPOM OCYIIECTBISIETCS MCCIEAOBAHUE IIpOLEcca TOPEeHUs
IIT npu BapbUpOBaHNU XapPAKTEPUCTUK COCTABA.

1. Meroanka nuccieqoBaHus

HccnenoBaHue  BKIIOYANO  AKCIIEPUMEHTAJIBHOE  ONpPEACIIEHHE  3aKOHa
CKOPOCTH, XapaKTEpPUCTUK MpOLECccCa arjoMepalud JUisl psga  TOIUIMBHBIX
KOMITO3UIIMIA, KOTOpbIE SBISUIMCh MOAU(UKAIMsIMU 0a30BOr0 TOIUIMBA. MeToauka
UCCJIEIOBAHMSI AHAJIOTMYHA METOJMKE, ONUCaHHOM B paborte [7]. Omnpenenum
KOJIMYECTBEHHBIE XapaKTEPUCTUKHU IMPOIlecca TOPEeHHUs, ONpeieiieMble B HACTOSIIEM
UCCJIEIOBAHUU:

» 7, — MaccoBas IO HMCXOIHOTO MeTaula  TOIUIMBA,
Y4acTBYIOIIETO B (JOPMUPOBAHUU arjIOMEpaToB;

» 1 — MaccoBasi JI0JIsl OKCHJIa B COCTaBE arJioMepaToB;

» f.(D) — wMaccoBas (GQyHKIHMS IUIOTHOCTH  pacipeaeiieHUs
arJioMepaToB 10 pa3Mepam;

» D43 — cpeHEMAacCOBBI pa3Mep arjoMepaToB, MKM;

» 7', — CKOPOCTb TOPEHHS, MM/C.

KonnuecTBo 3KCnEepUMEHTOB MpH (UKCHPOBAHHBIX YCJIOBMSX, KaK MPaBHIIO,
coctaBisuio  5-6. [l yTOYHEHMS] HEKOTOPBIX 3aBUCHMOCTEH 3TO 3HAYECHHE
YBEIMYHUBAIOCH 10 8-9. BennunHa AOBEPUTETBHON BEPOSITHOCTH IPU ONPEIAECICHUU
I'PaHULl TOBEPUTEbHBIX UHTEPBAJIOB MPUHUMAaNach paBHou 0.95.

B kayecTBe 6a30BOro cocraBa BBICTYNAJO paHee pa3pabOTaHHOE TOIUIMBO [6-
7], OCHOBHBIMU KOMITOHEHTAMHU SIBJISFOTCSI:
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o nepxJopar MOJIMATUJICHIIOJINAMIHA, TIACTU(UITUPOBAHHBIN
stutuieHrnukosneM, (XITEITA-229);

° nepxsopat ammonus (I1XA);
° oktoreH (HMX);
° AJIIOMHHUMN.

CopepkaHre 3TUX KOMIIOHEHTOB OIpPEAEISIOCh, UCXOAS M3 HEOOXOAUMOCTU
obecrieyeHns: MAaKCUMaJIbHOTO 3HAUeHHs Jgp.

JlucriepcOHHbBIE XapaKTePUCTUKU OKHUCHuTeNs cienyromue: [IXA Bkitodaet
nse ¢pakuuu - menee 50 mxm u 110-180 Mkm, pasmep yactun HMX Haxomutcs B
unrepBaiie 160-315 MxM.

B pabGore [7] mokazano, uyto moaudukanus XIIEITA-22D mnocpenctBom
UCIIOJIb30BaHUsI MeTaIoprannyeckoro geppoueHcoaepxamiero coequuenus (MOC)
MO3BOJISIET CYLIECTBEHHO YBEJIMUYUTH a0COIIOTHOE 3HAUEHUE CKOPOCTH TOPEHHUS.

PenientypHbie  penieHus, yNOMSHYTble paHee W  HUCIHOJb3yEMble IPHU
MPOBEJICHUN HACTOSIIIETO UCCIEIOBAHNS CBOJSTCS K CIEAYIOIINM.

1. BBenenne n106aBOK, M3MEHSIOIIUX 3aKOHOMEPHOCTH (HOPMHUPOBAHUS

kapkacHoro cinos (KC) [7-8].
Kocennbie nmanHbie psga padoT [9-12] mo3BoiuiIM MPEeasioKUTh B KadyecTBE
NoJ00HBIX A00ABOK OKCHJIbI MEAM U Keje3a, a TaKKe CAKy M aKTUBUPOBAHHBIM
yroib. BeiOOp KOHKpETHOM 10OABKM OCYILECTBIISIICS MO pe3ybTaTaM UCCIEeI0BAHUS.

2. M3MeHeHrne COOTHOILIEHUS MEXKIYy MEJIKOW W KpPYMHOM (pakuusMu

[TXA.

B Ttabnume mnpuBeneHBI XapaKTEPUCTUKH  HCCIEAYEMBIX  TOIUIMBHBIX

KOMITO3UIMHA.

Ta6. 1. XapakTepucTUKHU HCCIEeTyeMbIX TOITUBHBIX Kommo3uiui. (XITEITA-220 —
ucxoaHoe cpssyromiee, XIIEITA-220* — moauduiupoBannoe ceszytomiee, XITEITA-
229**— monupuuMpOBaHHOE CBs3yIOIIee + 100aBKa)

No O6o3HaveHME Caszyroniee CooTHoOIIEHNE MEJIKOW U
n/m KpynHo# ¢paxiuii [IXA
1 Bas 0 XIIEITA-227 35/65
2 Bas 1 XITEIA-22D" 35/65
3 Bas 2 XIEIIA-223" 35/65
4 Bas 3 XIIEIA-222" 100/0
5 Bas 4 XIEIIA-223" 0/100
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2. 3aKOHOMEPHOCTH IpoLiecca TOPEHHUS

Ha puc.1 npencraBieHsl 3aBUCUMOCTH CKOPOCTH TOPEHHUS OT JABJICHUS IS
psana Mmoaudukamnuii 6a30BOro cocrana.

Kak Obu1o mOKa3aHO paHee, POCT CKOPOCTHM TOpeHHs cocraBa Bas 1 B
cpaBHeHMU ¢ cocTtaBoM Bas 0 compoBoOXIaeTcss U YyBEIMYEHUEM 3aBUCUMOCTHU
CKopocTu TopeHusi oT naBiieHus [7]. [lokazarenb v B 3aKOHE CKOPOCTH TOPEHHS
(ro=u;-P") cocraBuser Benmuumny ~ 0.7.  CpaBHUTEIBHO BBICOKOE 3HAUYEHHE
napaMeTpa V sIBIsIeTCS] MPU3HAKOM HEJIOCTaTOYHO BBICOKOTO KauecTBa ToruivBa. (s
peleHusi 3TOM MpoOJeMbl TPOBEJAEH IOUCK J00aBOK, KOTOPbIE OOECIeuUBaIOT
WHTEHCU(UKAIIUIO 00pa3oBaHUsl KapKaCHOTO CJIOS, CJEACTBUEM 4YEero sBISIETCS
CHIKEHHE 3aBUCUMOCTH CKOPOCTU FOPEHHUS OT J1aBieHus [8].

70 T T T T T T T

e
r, mMm/s
b

60 -

40

30 |

7 8
P, MPa

Puc. 1. 3aBucumoctn CKOPOCTH T'OPCHUS OT AABJICHUA 1JIS1 UCCIICAOBAHHBIX COCTABOB

B Hacrosmee BpeMs MOXHO KOHCTaTUPOBAaTh OTCYTCTBUE aJE€KBATHOIO
ONMCaHMUS NPEBPALLCHUN B IOBEPXHOCTHOM CJIO€, M, KaK CJIEACTBHUE, IUIs IOMCKA
no0aBok, u3meHsoumx xapakrepuctuku KC, a, ciegoBareiabHO, U 3aKOHAa CKOPOCTH
rOpeHHsl OBl MCIOJIB30BaH SMIIMPUUYECKUN METOJ. BbUIM mporecTupoBaHbl paHee
ompezneneHHsie no0aBku.  CyMMapHOe cojaepkaHue J00aBOK B TOIUIUBE HE
npesbimano 2%. Jlo6aBku BBOAMIUCH 3a CUET OKUCIUTENA U cBs3ytomero. g Bcex
COCTaBOB C  pa3IMYHBIMM  COYETAaHMSIMH  JOOABOK M  HMX  COACpKAHUS
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DKCIIEPUMEHTAJIbHO  ONPENENsICS 3aKOH CKOpOCTH TropeHusi. B kadectse
ONTHUMAJbHOTO BBIOMpAJICA COCTaB, KOTOPBIA 0O€cClneunuBall C OJHOM CTOPOHBI
JIOCTATOYHO BBICOKHM YpPOBEHb CKOPOCTH TOPEHHUSA, a C JPYrOd — CPaBHUTEIIBHO
HU3KOe 3HaueHue napamerpa V. [lomoOHBIM cOcTaBOM OKa3alicsi COCTaB, B KOTOPOM
0.5% IIXA 3amMelieHbl aKTUBUPOBAaHHBIM yriieM (coctaB Bas 2, puc. 1). lns atoro
cocTaBa nokaszaresib v paBeH 0.52. Takum oOpa3oM, B KayecTBE 100aBKH B COCTaBax
Bas 2, Bas 3, Bas_4 ucnonb3yercsi akTHBUPOBaHHBIN yroJib B kosimyecTBe 0.5%.

M3MeHeHne COOTHONICHUST MEXAy MENKOM W KpymHo ¢pakuusmu [1XA
IPUBOJNUT KaK K M3MEHEHHUIO a0COJIIOTHOTO 3HAYEHMs] CKOPOCTH TOPEHHUs, TaK U €€
3aBUCUMOCTH OT JaBiieHus. Ecin cpaBHMBaTh coctaBbl Bas 2 u Bas 3, To 3ameHa
kpynHoit ¢pakuuu [IXA Ha MeNKyl0 HMEET CJEeICTBUEM YBEIUYEHHE CKOPOCTH
TOPEHUsI U POCT 3aBUCUMOCTH CKOPOCTH ropeHus oT AaBieHus. g cocraBa Bas 3
nokazareinb v paBeH ~ (0.64. Hcnosb3oBaHue ToJbko KpymHO# ¢pakiun [IXA
IPUBOJNUT K CHUKEHUIO CKOPOCTU TOPEHHSI U POCTY €€ 3aBUCHMOCTU OT JABJICHMUSL.
Jlnst coctaBa Bas 4 mokazatens v paBeH ~ 0.7. ObOpamniaer Ha ceOsi BHUMaHHE TIPU
cpaBHeHHM cocTaBoB Bas 3 u Bas 4, uto npu cHmkenuu aucrnepcHoctu [IXA nmeer
MECTO pOCT MOKa3aTens V.

2.3. XapaKTEepUCTUKH MPOLECCA arjJOMEPALIMH
Ha puc. 2-4 npusenensl 3aBucumoctd Z,°'(P), n(P), Ds(P) mis Bcex
UCCJIeIOBAHHBIX COCTaBOB. [IpoaHanu3upyeM nonyyeHHbIe pe3yabTaThl.

03 =

045

R b

0 1 2 3 4 5 6 7
P, MPa

Puc. 2. 3aBucumoctu Z,"(P) ucciae1oBaHHbIX COCTABOB
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Puc. 4. 3aBucumoctu Dy;(P) uccnenoBaHHBIX COCTaBOB

[Tpu yBenuueHWM AaBICHHS AJISI BCEX COCTABOB MMEET MECTO YMEHBIICHHE
napametpa Z,, (puc. 2). Hanbomee 3Ha4MMO 3TO SBJIICHHE MPOSIBISICTCS TSI COCTaBa
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Bas 1. B aumamaszone manmenuit 2.0 MITa — 7.0 MIla 3uadenust Z, s COCTaBOB
Bas 0 u Bas_1 coBmamaror B nmpefenax noJiyd€HHbIX JOBEPUTENbHBIX HHTEPBAIOB. B
TOXe BpeMsl i1 coctaBa Bas 2 sty 3Hadenus B 1.5 — 2.0 paza 6osbie. CHUXEHUE
mucniepcHocTd ITIXA (coctaB Bas 4) nmpuBOAMT K YBEIMYEHUIO 3HAYEHUS Z,," HA ~
20%. B Toxxe Bpems rcmonb30BaHue TOJbKO Menkol (pakiuu [IXA (coctaB Bas 3)
MMEET CJIEICTBHEM MaJIeHHE 3TOT0 napameTpa B ~ 1.5 pa3sa.

CnenyeT OTMETUTb, YTO TOJYYEHHBIH pE3ynbTaT, 3aKIIOYAIONIUICA B
NMOAABJIEHUU TIpollecca arjioMepaldd C POCTOM JaBJEHUS, HAXOJIUTCS B
COOTBETCTBUHM C 3aKOHOMEPHOCTSMM TOPEHHs TBEPIbIX TOIUIMB Ha 0a3e aKTUBHOTO
ceszyromiero [13]. OnHako, ecny g TBEPABIX TOIUIMB IPH IEpexoie B 00JacTh
BBICOKMX [ABJICHHMI HMMEET MECTO IPAaKTHYECKH IIOJHOE MOJABJICHUE IIpolecca
arJIoMepaIyu, TO JJI1 MacTOOOPa3HBIX TOIIMB MPOUCXOANUT TOJBKO B TOW MU WHOU
Mepe YMEHbIIIEHUE UHTEHCUBHOCTH 3TOr0 mpoiiecca. OTMETUM, YTO UCIIOIb30BaHUE
Tonbko KpynHou (pakuuu [IXA (coctaB Bas 4), a, cnenoBarenbHO, U yBEIUYEHUE
pa3Mepa «KapMaHOB» MPHUBOAUT K 3HAYUTEILHOMY YMEHBUICHUIO MaJeHUs
MHTEHCUBHOCTH MPOLECCA arjJOMEPALIMU C POCTOM JIaBJICHMUS.

NuTencudukanus oOpa3oBaHusi KapKacHOTO cios s coctaBa Bas 2 B
CpaBHEHMM ¢ cocraBoM Bas | wumeer cienctBueM H pOCT BOBJIEYEHHOCTH
METAJJTMYECKOTO TOPIOYETO B arjlOMEPaIlMOHHBIN mpouecc. ban3ocTth XapakTepucTuk
npolecca araomepauuu s coctaBoB Bas 0 m Bas 1, koropble CyliecTBEHHO
OTJIMYAIOTCS YPOBHEM CKOPOCTU TOPEHUS, MTO3BOJISIOT MOJIaraTh, 4T0 (HOPMUPOBAHHE
KC omnpenensieTcsi TONbKO CTPYKTYpOH TOIIMBA M HAJIWYUEM 100aBOK. 3MeHeHwme
apamMeTpoB CTPYKTYpbl TOIUIMBA BCIeACTBUE TpaHchopmanuu aucnepcHoctu [1XA
(coctaBbl Bas 3 u Bas 4) mnpuBOAMT K H3MEHEHHUIO KOJMYECTBA CTPYKTYPHBIX
o0Opa3oBaHMil («KapMaHOBY), B IIpe/iesiax KOTOpbIX uMeeT Mmecto oopazoBanue KC, a,
CJIE0BATEIBHO, U arjIoMepaToB.

CopepxaHue OKCHIA B COCTaBe arjioMepaToB SIBJISIETCS CPABHUTEIBHO
BBICOKMM U UMEET TEHICHIMIO YBEIMUEHHs C pocTOM naBienus (puc. 3). [lapamerp 7
JUI BCEX COCTaBOB MMeeT Onm3koe 3HaueHue. (PUKCHUpYEeTCsl MmepecedyeHre TpaHHuIl
JIOBEPUTENIbHBIX MHTEPBAJIOB.) JTOT napametp npu AasieHun 1.0 Mlla cocraBnsier
BesmuuHy ~0.35, a npu gasienuun 6.0 MIIa — ~0.55.

JIucriepcHOCTh ~ arjioMEpaToB € POCTOM  [JABJIICHHS HMMEET TEHIACHLIHIO
YBEJIMYEHHMSI, CPEIHEMACCOBBI pa3Mep HECKOJbKO yMeHbluaercs (puc. 4). Cnenyet
OTMETUTH, 4TO JUisi cocTaBoB Bas 0 u Bas 1 3ToT pazmep armomepaToB OJIM30K BO
BCEM JIMala30HE HCCIIeIOBaHHBIX naBieHuil (puc. 4). Jlns coctaBa Bas 2 pasmep
arJloMepaToB B O0JaCTH HU3KWX [aBIICHUN HMMEET MEHbIee 3HaueHue (puc. 4).
N3menenne mucnepcHoctu I1XA (coctaBel Bas 3 u Bas 4) umeer ciencrBueMm u
U3MEHEeHHe pasMmepa aryiomeparoB (puc. 4). OyHkuuu fi,(D) nias Bcex COCTaBOB
UMEIOT OJHOMOJIAJIbHBIN Xapakrep (puc. 5).
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Mopdonornueckue CBOWCTBAa arjioMeparoB omucansl B pabote [7].
OTIUYUTENFHON OCOOEHHOCTBIO arjJoMepaToB MPH TOPEHUHU JAHHOTO THIA TOIUIMB
BJIsIeTCS 00pPa30BaHUE KIIPOMEKYTOUHBIX» arloOMepaToB.

3. duznyeckast KapTHHA MPOIECCa TOPEHUS

PaccmoTpum o0miue npeactaBieHust O ABICHUSIX, UMEIOIIMX MECTO B 00JIacTH
TOPEHUS UCCIEAYEMBIX TOILIUB.

OcoOeHHOCTPIO 3THUX TOIUIMB SIBISIETCS TO, YTO OCHOBHBIE KOMIIOHEHTHI
CIIOCOOHBI K CaMOCTOSTEIBLHOMY TOpeHHI0. B 3TO#l CBSI3M MX MOXHO NPEICTABHUTH
COCTOAILIMMH U3 TpeX yCI0BHBIX Tomus (YT):

— TOIUIMBO, COCTOSILEE M3 CBA3YIOIIETO, METAJUIMYECKOTO TOPIHOYEro H

Menkoi gpakuuu [IXA (roMmoreHHo€e TOIIUBO);

— TOIUTUBO, COCTOAIIEE M3 TOMOTEHHOTO TOIUIMBAa M KPYIMHOHN (pakuuu

[TXA (rereporeHHO€ TOIUIMBO);

— TOIUIMBO, B KAUECTBE KOTOPOTO BHICTYIAE€T OKTOT€H (MOHOTOILIIUBO).

ConeprxkaHue 3TUX TOIUIMB B COCTaBE MACTOOOPA3HOrO TOIUIMBA ONpPEIEsIeTCs
ero CTpyKTypoil. Jlns ee omucanuss MOTYT ObITh MCIOJB30BAaHbI TAKUE MOHATHS Kak
«KapMaH» M «MexkapMaHHbIi MocTuk» (MKM) [14]. Hcxoms wu3 oOmmx
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MIPEICTABICHU 00 ITHX CTPYKTYPHBIX 00pa30BaHUSAX, MOKHO T0JIaraTh, YTO MEPBOEC
VT Bxoaut B cocraB MKM, a BTOpoe — B cocTaB «kapmaHoB». Eciu 115t nepBoro YT
ONPENEISIIOIMM ISl Tpoliecca TOpPeHUsl SBIISIETCS TOMOTE€HHOE IulaMs, TO JJIs
BTOpOoro YT yMecTHO rOBOPUTH O BIUSIHUM KaK TOMOTE€HHOTO, TaK U TU()Py3nOHHOTO
mwiameHd. CyIiecTBEHHON OCOOEHHOCThIO BTOporo YT sBiseTcss BO3MOXKHOCTD
o0Opa3oBaHHsl KapKacHOTO CJOs, a, CleqoBaTeNnbHO, U arjoMmepatoB. CpoiictBa KC
ONPENEISAIOT XAPAKTEPUCTUKU IIpOLecca arjoMepalry W OKa3bIBAIOT BIIMSHHUE Ha
ckopocTh ropenus [8]. Takum 006pa3zom, 0COOCHHOCTH TOPEHUS YCIOBHBIX TOTUIUB H
MacCOBBIE JI0JM ATUX TOIUIMB OMNPENEIAIOT KAaK 3aKOH CKOPOCTH TOPEHUs, TaK M
peanu3anuio nporecca arjJioMepalnH.

[Ipy wWcnonp30BaHMKM  ANTOPUTMHUYECKUX W IPOTPAMMHBIX  CPEACTB,
pa3paboTaHHbIX paHee [14], mns BceX WCCIENIOBAHHBIX COCTABOB TIPOBEICHO
ONPENCICHUE MACCOBOM JOJM «KAPMAaHOB» B KOMIIO3WUIIMM CBS3YIOIIEE —
METaNIMYECKOE TOprodee (Z,) M CPEIHEMACCOBOrO pa3Mepa 3TUX CTPYKTYPHBIX
obpasoBanuii  (Di3,) (1abn. 2). (Ilpy npoBeneHMM pPacyeToB CYMTAOCh, B
bopMUPOBAHUM «KAPMaHOBY» y4acTBYIOT YacTulibl Kak [1XA, Tak 1 HMX.)

Tabnuua 2. XapakTepUCTUKU CTPYKTYPhI TOTUIHUB

Ne CocraB Z, D3, MKM
/11

| Bas 0,Bas 1,Bas 2 0.7 104

2 Bas 3 0.57 90

3 Bas 4 0.56 146

3.1. 3aK0H CKOPOCTHU TOPEHUS

Pe3ynbTaThl 3KCIIEPUMEHTOB CBUAETEIBCTBYIOT O CYIIECTBEHHOM BIIMSHUHU
CBOWCTB CBS3YIONIETO HAa TOPEHHE MMAacTOOOpa3HBIX TOMIMB. JlelcTBUTENBHO,
MoaudUKaIMs CBA3YHOMEro nocperactBoM BBeneHus MOPC 1mo3BOJSET yBEIHYUTH
CKOpPOCTb TOpEHHs NOoYTH B Tpu pasza [7]! B sroli cBA3M Mg oyenxku BIVSHUS
pa3IuyHBIX (PAKTOPOB HAa CKOPOCTh TOPEHHUS YMECTHO pacCMaTpUBaTh IEpBbLIE JBa
VYT. CxemaTuyHO 00J1aCTh TOPEHHUS STUX TOIUIMB MTOKa3aHa Ha puc. 6.

[lepBoe TOMIMBO — TFOMOTEHHOE TOIUIMBO, JJISi OLIEHKA CKOPOCTH TOPEHUS
KOTOporo (7,,) MOryT OBITb MHCIIOJB30BaHbl TPAAULMOHHbIE moaxonsl [15]. B

COOTBETCTBUM C HUMH CKOPOCTb TOPEHHUSI ONMPEAEISIETCS MHTEHCUBHOCTBHIO MOJBOJA
Temna OT IUIAMEHH (g, ) ¥ 3aTpaTaMH TeIUIa B €IMHHUILY BPEMEHH Ha rasuQuKaiuio

KOH/ICHCUPOBaHHOW ~ (Gasbl  (4r,). BennumHa ¢, 3aBHCHT OT XapaKTEPHCTHK

FOMOI'CHHOI'O IINIAaMCHH, KOTOPBLIC OIPCACIIAIOTCA COCTABOM TOILIMBA. IIo MEpe
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yBeNIUYEHUS coaepxkanus Menkor ¢ppakuun [1XA Bo3pacraer u temmnepaTypa B 30HE
miamend. O4YeBUIHA 3aBUCUMOCTD ¢, OT JABJCHHUs, KOTOpas BO3pPAacTacT Mo Mepe

YBEIMYCHHUSI TTOPSIIKA XUMUYECKUX PEaKIuid B ra30Bou (paze. DTO UMEET CIeICTBHEM
POCT 3aBUCUMOCTH CKOPOCTH TOpeHuUsi oT aamieHus (r,(P)). MoxHO 0XHUaaTh, 4TO

MOI[I/I(i)I/IKaL[I/IH CBA3YIOLICTO IIPUBOJUT K YMCHBIIICHUIO BCJIMYUHBI AH , .

Arnomepupyloimas yactuna HAuddysnonnoe niams

Kapkacubiii cioi . ["omorenHoe nams

| "MeskkapMaHHbI MOCTHK"

Puc. 6. Cxema obnactu ropeHus

OTnuyuTeNnbHOM O0COOEHHOCTHIO TopeHus BToporo YT sBiseTcs MOSIBICHUE
JIOTIOJTHUTEIbHBIX MCTOYHUKOB TEILIOBBIZCICHUS M MU3MEHEHHUE CIIOCOOOB MOJBOJIA
TeIIa K KOHJEHCUpOBaHHOM (aze. K OCHOBHBIM HCTOYHMKAM MOXHO OTHECTH
i ¢y3noHHoe 1uiaMsa U ropeHue Meramia B npenenax KC. BenuunHa TermioBoro
MOTOKA OT OSTOr0 IUIAMEHH (¢, ) NPAKTHYECKH HE 3aBUCUT OT JABJICHHS U B

CYILIECTBEHHOW Mepe OmpeesieTcs: pa3Mepom vyacTuil okuciautens. B nepenenax KC
rOpeHue MeTajula OCYIIECTBISIETCS B IreTeporeHHoM pexxkume [8]. B arom pexume
cropaer 3HauuTelbHas JA0ds Merawia. (MaccoBas 0 OKCHZa B COCTaBe
arJioMepaToB SIBIISECTCS 3HAUUTEIbHOM.) DTO TOPEHUE B OCHOBHOM OCYIIECTBIISIETCS B
NPUCYTCTBUM JKHJIKOTO OKCHJQa UM CKOPOCTh TOpPEHHUS, a, CIEI0BaTelbHO, U
MHTEHCUBHOCTh MozBOAAa Temna (gq,,) B HECYLIECTBEHHONM Mepe 3aBUCUT OT

naBjeHus [16].
Bocnons3zyemcss  upeonorueii BDP mMogenn (Moaenn KOHKYPUPYIOIIHX
maMén) [ 17] aist olleHKH CKOpocTH ropeHust BToporo YT.

rbllN(l_ég)'%f“'f'(qmb+th)+qdf (D
I'ne:
& - 101151 TOBEPXHOCTU «KAPMaHa», Ha KOTOPOM HAXOMUTCS KapKaCHBIN CIION;
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q;lf, q;’f - BEJIMYMHA ¢, IPU HAIMYHU M OTCYTCTBHH KC.

OtMetuMm, uTo B ciaydae npucyTctBust KC Metaminyeckoe roprouee y4acTByeT
B (popMHpOBaHUY arJIOMEpPATOB U HE OKa3bIBACT BIUSHUS HaA ¢ iy s T-€. q;f > q',;f.

CkopocTh TOPEHUSI COBOKYIHOCTH JIBYX YCJIOBHBIX TOIUJIUB MOKHO OLIEHHUTH C
MOMOIIIBIO CJICIYIOIIET0 COOTHOIIEHUS [9].

1
v, ~
71/7271 +7/2/rb11

I'ne:

)

7, J» — 00bEeMHBIE 0T NIEpBOro u BToporo YT.

Bocrnonb3yemcsi mpruBeIeHHBIMU BBIILIE PACCYKICHUSIMU ISl aHATN3a BIUSIHUS
pELENTYpPHBIX pEelIeHU Ha 3aKOH CKOPOCTH TOPEHHUS.

Moaudukanusi cBs3yromero mnocpeactsoM BBelaeHus MOPC npuBoauT K
YBEIMYCHHUIO CKOPOCTH TOPEHUS W HEKOTOPOMY POCTy TOKasarens V (CpaBHUM
coctaBel Bas 0 m Bas 1). CxopocTh ropenmsi Bo3pacTaeT Oojiee yeM B 2 pasa,
nokaszarenb v usMmensiercs ot ~0.59 no ~0.7 (puc. 1). Jns cocraBo Bas 0 u Bas 1
napamMeTpbl CTPYKTYPbl OCTAIOTCS HEW3MEHHBIMH. YUUTBHIBAs XapaKTEPUCTUKH
mpoiiecca arjomepanuu (puc. 2), MOXKHO CUUTATh OJM3KUMH U 3aBUcUMOCTH &(P).

Takum 00pa3oM, MOXKHO ToOJIaraTh, 4TO (PUKCHUPYEMblEe 3aKOHOMEPHOCTH CBSI3aHBI C
YMEHBIIECHUEM ITAPAMETPA AH, .

BBenenne no0aBku, oOecrneunBaromeidl MHTEHCH(UKanuioo obpazoBanus KC
(cpaBHuM coctaBel Bas 1 m Bas 2), npuBoautr k Bo3pactanuto poau KC npu
(OpMUPOBAHNUN CKOPOCTU TOPEHMSI B YCIOBHSIX ITOCTOSIHCTBA IAPAMETPOB CTPYKTYPBI
(umeet mecto poct mapametpa ¢). Biausaue KC cBf3aHO co cropanuem meraiia B
npenenax 3toro  ciod.  Kpome  TOro, MOXKHO IPEANONIONKUTh  HAIU4HE
katagutuyeckoro 3ddexra snementoB KC s razodasHbIX peakiuii BBICOKOTO
nopsiika. YKa3aHHbIC SIBICHHS TNPUBOAAT K TMAJECHUIO 3aBUCUMOCTH CKOPOCTHU
TOPEHHS OT JABJICHUSI.

M3MeHeHrne COOTHOIICHUS MEXIy MeNKOoW u KpynmHoi ¢pakmusmu [1XA
(cpaBHUM coctaBbl Bas 2 u Bas 3 - Bas 4) umeer cieacTBueM M HU3MEHEHHE
CTpYKTypbl TomiauBa (Tabdn. 2). CBoeoOpa3ue CUTyallUu 3aKIHOYAETCS B TOM, UTO
IOpU HCIIOJIB30BAaHUM TOJIBKO KpynHOW ¢pakuun IIXA umeer MmecTo naaeHue
MacCOBOHM JI0JIU «KapMaHOB». [/laHHO€ OOCTOSTENBbCTBO CBSI3aHO C HMCYE3HOBEHHEM
MENKOW (pakiuu JTHX CTPYKTYPHBIX 0Opa3oBaHUil, KOTOpBIE OO0pa3yroTCs
cpaBHUTENBHO MenkuMHU 4dacthuamu [IXA. BcenenctBue 3Toro ¢ OJHONW CTOPOHBI
IPOUCXOAUT YMEHBIIEHUE KOJMYECTBA OOBEKTOB, TOPEHHE KOTOPHIX CBA3aHHO C
peanuzanuenn 1pdy3HOHHBIX d((PEKTOB, a ¢ APYroi — K MaJACHHUIO 3HAYCHUS (.
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Takum obOpazom, camxkenue aucnepcHoctu [IXA (coctaB Bas 4) npuBoaut K pocty
MOKAa3aTelsl V U NaJ€HUI0 CKOPOCTH TOPEHUS.

3.2. Ilpouecc arnmomeparuu

3aKOHOMEPHOCTH TIpoIlecca arjioMepariii  CBs3aHbl C  OCOOCHHOCTSIMU
KapKacHOTo ciiod. Hanuune wim OTCyTCTBUE 3TOM CTPYKTYPBI, a TAK)KE €€ CBOMCTBA
ONPENENSAI0T KOJTUYECTBO arjiOMEPaTOB U UX XapaKTEpUCTHKH [18].

Ucnons3yemoe caszyromiee (XIIDITA-223) oTHOCUTCS K KJIAcCy aKTHUBHBIX
cBs3yrolMX. PaHee ObLJIO MOKAa3aHO MPUMEHUTENBHO K TBEPABIM TOIIMBAM, YTO MIPH
UCIIOJIb30BAaHUU TMOJIOOHBIX CBS3YIOUIUMX IPU YBEJIWYEHUU [ABJICHUS] MPOUCXOAUT
nojaBJjieHHe oOpa3oBaHUs YIJIEPOJMCTOrO Kapkaca, a, ciemoBarenbHo, u KC [13].
Jlnst paccmMaTpHBaeMbIX TOIUIMB JaHHAs CHUTyalusl TAaKXKe pEeaau3yeTcs, OJHAKO
SBJISIETCS] CYLLIECTBEHHO MEHEE BBIPAKEHHOM. BbIIO BBICKAa3aHO MPEANOI0KEHHUE, YTO
3TO OOCTOSATEIBCTBO SIBISIETCS CIEACTBUEM MEHBIICH aKTUBHOCTH CBS3yIOLIEro [7].
Kpome Toro ObLIO MOKa3aHO, YTO Ha BO3MOXXHOCTh oOpazoBanus KC oka3zpiBaer
BIUSIHUE W pa3Mep TaKUX CTPYKTYpPHBIX OoOpa3oBaHuil Kak «kapMman». Ilo mepe
YMEHBIIEHUS 3TOr0 pa3Mepa MOXKHO TOBOPUTh O CHIKEHHUU BEPOSTHOCTH
obpaszoBanus KC. B 3T0i ¢BsI3M XapakTepeH BHI 3aBHCUMOCTH Z,'(p) UI1 cOoCTaBa
Bas 4 (puc. 2). Jlns nmaHHOro cocTaBa JHCIEPCHOCTb «KAPMAaHOBY» SIBISIETCS
Hanbosiee HU3KO# (Tabm. 2), W, Kak CIeACTBHE, mapameTp Z, B HCCICIOBAHHOM
JMana3oHe JaBJIECHUN U3MEHSETCS] HE3HAYUTENBHO.

B 1nenom mnosyyeHHble pe3yJbTaThl MMO3BOJISIIOT TOBOPUTH O pealu3aluu
«KapMaHHOT0» MEXaHHW3Ma arjioMepalnuu, T.e. MeXaHHW3Ma B COOTBETCTBUU C
KOTOpPbIM B TMpeJeNnax KaxXIoro «KapMmMaHa» oO0pa3yeTcsi oOuH aziomepam.
OcHoBaHuEM JJ1s1 TOIOOHOTO YTBEPKIAEHUS SIBIISIETCs cienytoiee. Bo-nepBbix, 3T0 —
OTHOMOJAJIbHBIA BHJ (YHKIWH TUIOTHOCTH pACHpEACNICHUs arjoMepaTroB II0
pa3mepam (puc. 4). Bo-BTOpbIX, CBS3b IUCIIEPCHOCTH arjioMepaToB C IUCHEPCHOCTHIO
«KapMaHOB» (10 MEpe YBEJIUYCHHSI pa3Mepa «KapMaHOB» YBEIUYUBACT U pa3Mep
armomeparoB (puc. 4, T1ab6n. 2)). OmHako 3TOT MEXaHW3M OTIUYAETCS OT
COOTBETCTBYIOIIETO MEXaHU3Ma, MCIOJIb30BABIIETOCs JUIsl OMHCAHUS Ipoliecca
arioMepaly TpU TOPEHUU TBEPAbIX TOIUIMB (CKIACCUYECKOTO KapMaHHOTOY
Mexanu3Mma) [19]. CBoeobOpa3ue, kak yKa3bIBaJIOCh BBIIIE, 3aKIOYAECTCS B TOM, YTO HE
BCsI IOBEPXHOCTh «KapMaHay» ydacTByeT B (popmupoBanuu KC, a, cienoBatenbHo, U
arnmomepaTtoB. (CrencTBueM 3TOro OOCTOSITENLCTBA U SIBISIETCA OOpa3oBaHME
«IPOMEXKYTOUYHBIX» arJIOMEpAaTOB MPHU TOPEHUU TOILIMB HMCCIEAOBaHHOTO Tuma [7].
Jlonsa «xapmaHOBY, BOBJIeUYeHHBIX B (hopmupoBanue KC, koTopass Koppenupyercst c
BEITMYMHON mapamerpa & B cOOTHOMICHHH (1), 3aBUCUT OT WX pa3Mepa U BEIINYUHBI
naBneHusi. OHa BO3pacTaeT 1Mo Mepe YMEHbIIEHHUS JaBJICHUSl U YBEJIMYEHUsl pa3Mepa
TUX CTPYKTYpHBIX oOOpazoBaHuii. Kpome TOro, Ha 5Ty BEJIMYMHY OKa3bIBaIOT
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BIMsIHME J00aBKH, crocoOcTByomue obOpazoBanuto KC. IlpumenutensHo
MCCJIeIOBAHHBIM COCTaBaM MOJA00HOM T0OABKOM SIBISIETCA aKTUBUPOBAHHBIN YTOJIb.
3HAYUTEIBHOE COJIEPKAHUE OKCHAA B COCTaBE arjioMeEpPaTOB IaeT OCHOBAHUE
MPEANOJIOKUTh, 4TO cBOMcTBA KC COOTBETCTBYIOT CBOMCTBAM TOILUIMBaM Kjlacca A,
T.6 TEMIIepaTypa BOCIUIAMEHEHHUS MeETajula HIKE TEMIEpPaTypbl pPa3loKEeHHS
yIraepoaucThiX 31eMeHTOB [18]. IIpuMeHHTENbHO K 3THM TOIUIMBAM 3HAYMTEJIbHAS
noJig Metajuia cropaeT B npenenax KC B reTeporeHHoM pexume, 4TO MPUBOAUT K
HacellieHnro KC  KuaKMMH — METajiioM M OKCHIOM, POCTY CHJI  aAre3ud,
YAECPKUBAIOIINX arjIOMEpUpYyIOIIMe 4YacTUl] Ha BepxHell mnoBepxHoctu KC wu, B
KOHEYHOM HUTOTE, K peaju3aliy ONMMCAHHOIO BBIIIE MEXAaHU3Ma arjIOMEpalni.

3akioueHue

B pesynbrare BBINOJIHEHHOTO HCCIAEAOBAHHUS MOJYYEHBl  CIEAYIOIIHE
OCHOBHBIE PE3YJIBTATHI.

1. JIns BBICOKOPHEPreTHUECKOTrO MacTOOOpPa3HOro TOIUIMBA MOJy4YeH Habop
HKCIIEPUMEHTAJIBHBIX JIaHHBIX [0 BIUSHUIO PEUENTYpPHBIX pEIICHUH Ha 3aKOH
CKOPOCTHU FOPEHHUA U XapaKTEPUCTUKHU MPOLIecca arJioMepaliu.

2. OmnpeneneHsl crnocoObl PEUENTYPHOrO YIPABICHUS 3aKOHOM CKOPOCTH
FOpEHUsT 3TOr0 TOIUIMBA, HE M3MEHSAIONIME B CYLIECTBEHHOM Mepe €ro
HHEPreTUYECKUE XapaKTePUCTUKH. IJTHU CHOCOObI 00ECTeuuBalOT 3HAYUTEIHHOE
U3MEHEHHE CKOPOCTH TOpEHHUsl MO a0COJIIOTHON BEIMYMHE M MO3BOJSIOT W3MEHATH
3aBUCUMOCTbh CKOPOCTH FOPEHHMsI OT JABJICHHS B IIMPOKUX npeaenax. [lokazaHo, 4To
ompeneNsaionee BIUSHUE HA CKOPOCTh TOPEHHUS TOIUIMBA OKAa3bIBAE€T TOPEHHE
CBS3YIOIIETO.

3. Onpenenensl 3akoHOMepHOCTH (popmupoBanusi kapkacHoro cios (KC) npu
TOPEHUHU MacTOOOPa3HOr0 TOIUIMBA, OKA3bIBAIOIIME CYIIECTBEHHOE BIUSHUE KaK Ha
CKOpPOCTb TOpEHHus, Tak M Impouecc arioMepauuu. IlokazaHo, dYTO 3TH
3aKOHOMEPHOCTH B CYIIECTBEHHOW MeEpE€ OIpPENEIAIOTCA CTPYKTypoH Torusa. Ilo
MEpe YBEIMYEHHUS pa3Mepa TaKuX CTPYKTYPHBIX OOpa30BaHHMM KaK «KapMaH» H
YMEHBIICHUSI JAaBJIEHUs BO3pacTaeT BepoATHOCTh oOpazoBanHusi KC. Kpome Toro,
BBejicHHE 100aBOK crnocoOHO uHTeHcuuiuponats dopmupoBanue KC. CpoiicTBa
KC cooTBeTcTBYIOT cUTyalluu, IPU KOTOPOM TeMIiepaTypa BOCIIAaMEHEHHUsI MeTasuia
MEHbIIIE TEMIIEPATYPhl PA3NOKEHHUS YTIECPOJIUCTHIX dJEMEHTOB. i 3TON cUTyaluu
XapaKTEPHO CYLIECTBEHHOE cropanue metama B mnpeaenax KC B rereporeHHOM
pexume, HacbimeHue KC )KUIKMMU METANIOM U OKCHIOM.

4. YcTaHOBIIEHBI 3aKOHOMEPHOCTH MPOLECCa arjioMepauuyl NPUMEHUTENBHO K
nactooOpa3HbiM ToruMBaM. OrmpeeNneHbl XapakTepUCTUKKA 3TOro Mpolecca B
3aBUCUMOCTH OT BBOJUMBIX J100aBOK U JaBiieHus. [loka3aHo sl STUX TOIUIUB UMEET
MECTO peaju3aiusi CBOCOOpa3HOro «KapMaHHOI0» MeEXaHu3Mma arjiomepanuu. Ero
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XapaKTepHOW OCOOEHHOCTBIO SABIAETCA TO, YTO B (HOPMHUPOBAHMM arjoMepaToB
Yy4acTBYET TOJIBKO 4acTh «KapMaHa», B pejiesiax uMeeT mecto oopazoBanue KC.

[TosryueHHble pe3yabTaThl OTIMYAKOTCSI HOBU3HOM M MOTYT CIIYy’KUTh OCHOBOM
VI CO37JaHMsI BBICOKO3((PEKTUBHBIX ABUTaTEIEH Ha NACTOOOPA3HOM TOIUIMBE.
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YK 544.45
l'azupukauus napaduHa Npu BLICOKOCKOPOCTHOM 001yBe rOpsiYuM BO31yX0OM

A.b. Kuckun, B.E. 3apko

'MHcTHTyT XMMHYeCKOi KHHeTHKH 1 roperns uM. B.B. Boeogckoro COPAH, HoBocubupck, Pocenst

AHHoTanus. HTepec Kk THOpUIHBIM U MIPSIMOTOYHBIM PEAKTHUBHBIM JBUTATENSAM TPeOyeT
MPUMEHEHUS COOTBETCTBYIOIUX BBICOKOIHEPTETHUECKUX CHUCTEM/KOMIIOHEHTOB: B ycioBusx
BBICOKOCKOPOCTHOTO  00JyBa  CTaHAApTHBIE KOMIIOHEHTHl PAKETHBIX TOIUIMB HMEIOT
OTHOCHUTEIIFHO HU3KYI0 CKOpOCTh rasupukanuu. B KkadecTBe ambTEpHATUBHI Mpeaiiaraercs
UCIIOJIb30BaTh MapauHbl U KOMIIO3UIIMK HAa UX OCHOBE. [lapaduHbl - BEICOKOIHEPTETHUECKUE
YIJEBOIOPOAbl MMEIOIINE HU3KYI0 TeMIepaTypy IUIaBJI€HHS BEIYIIYI0O K BBICOKOW CKOpPOCTH
razupukaliii B YCIIOBUSIX  BBICOKOCKOpPOCTHOTO  o0ayBa. IlpuBomsitcss  pe3ynbTaThl
9KCIIEPUMEHTAIILHOTO HCCJIEOBaHUSI CKOPOCTHBIX XapaKTEepUCTUK cMeceill mapapuHa
pPa3IUYHBIMU JO00AaBKAMU B YCIOBUSIX MHTEHCUBHOIO 00/yBa TOpPSYUM BO3YXOM IpPU JaBICHUU
1 MIla. B kauectBe 10% m006aBKHM HCIIOIB30BAIUCh CTECAPUHOBAS KHCJIOTA, HAHOATIOMUHUN
"Anekc", ruapun amomuHus AlHs;, B u mexanoaktuBupoBaHHBIN Oopun amomunus AlB,.
HccnenoBanue mpoBOAMIOCH Ha 00pa3iax MWIMHAPHIECKON (GOPMBI ¢ IICHTPATBHBIM KaHAJIOM.
C nomompro CBY paTuMka OpUTMHANIBbHOM KOHCTPYKLIMH B JKCIEPUMEHTAaX HU3Mepsulach
TEeKYIIMA auaMeTp o0pas3la B peallbHOM BPEMEHH C MOCIEAYIOIIUM pPacu€ToM JIMHEHHOM
ckopoctu razudukanuu. Taxke MPOBOAMWINCH H3MEPEHHs IMAapaMeTpoB Tra3oBOr0 IMOTOKAa U
TeMriepatypHoro mpodwisi B K-paze. Ha ocCHOBe mNONMydeHHBIX JaHHBIX CGHOPMYIMPOBaHA
bu3MKO-MaTeMaTHYECKass MOJICNb Ta3uUKauy mapauHOBOTO TOIUIMBA MPU 00yBE TOPSIUYUM
BO3/[yXOM.

KuroueBble cjioBa: napadus, TOIIMBO, ra3uuKaiys, yHOC, MUKPOBOJIHBI

BBenenue

B Hacrosmee BpeMs WIMPUTCS HMHTEPEC K TMOPUAHBIM M HPSIMOTOYHBIM PEAKTUBHBIM
JIBUTATENIsIM, YTO, B CBOIO OYEpeAb, NMPUBEIO K IMOUCKY COOTBETCTBYIOIIMX ATUM 3aJayaM
BBICOKOHEPreTUYECKMX KOMIOHEHTOB. (CTaHAapTHble KOMIIOHEHThl pAaKeTHBIX TOIUIUB B
YCIOBHAX BBICOKOCKOPOCTHOTO 00JyBa MMEIOT HEJAOCTATOUHYIO CKOPOCTh razuduxanuu. OnHO
U3 HalpaBJICHUH MOMCKa 3aKJII0YaeTCsl B HMCIOJIb30BAaHUHM MapauHOB W KOMIIO3UIMHA Ha HUX
ocHoBe. [lapauHbl - BBICOKOPHEPreTUUECKUE YIIIEBOJAOPOABI C TeMIepaTypoil miasnenus 50 -
80°C. DTO CBOHCTBO CIOCOGCTBYET MOBBIICHHOM CKOPOCTH TasHMUKAIMH B yCIOBHSX
BBICOKOCKOPOCTHOTO 00/1yBa.

Kak npaBuiio, SKCEpUMEHTHI MO0 U3MEPEHUI0 CKOPOCTH Ta3u(UKalMU MPOBOIATCS Ha
o0pa3uax ¢ LHEeHTPaJIbHBIM IMJIMHAPUYECKUM KaHAJIOM B KOTOPBIM MOJAETcs MOTOK OKHCIUTEIS.
CkopocTh rasu(puKalMy ONpeNeNsaoT IO HW3MEHEHHI0 Macchl o0pasua WM JuaMerpa
[EHTPAIBHOTO KaHajia 3a Bpems ropeHus [1]. [lomydeHHas TakuMm cocoOOM XapaKTEepUCTHKA
SBIISIETCS BecbMa yecpeqHEHHOM. [1py n3MepeHnn Macchl SKCIIEPUMEHT pa30UBAIOT HA HHTEPBAJIBI
JUIsL B3BEIIMBAHMS 110CJI€ IPUHYAUTEIBHOTO TallleHUs, OAHAKO COKpPAILEHUE BPEMEHH NPOITYBKU
OKHUCJIUTEJIEM TPUBOAUT K YBEIWYEHHUIO BIMSHUS TaKUX HECTAlMOHAPHBIX CTaAMi Kak
3QKATaHUEe U II0racaHue, 4YTO BIUSAET HAa TOYHOCTh H3MEpEHus ckopocTtu. Meronuka
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BHIeOperucTpaunu [2,3] HEeHTpaIbHOrO0 KaHajda KaMepoll MO HEHTPY ONTUYECKOHM OCH UMEET
Jy4liee pa3peuieHue no BpeMEeHHU ¢ MPUCYIIUMU METOY ChEMKH Ha IIPOCBET OTPaHUUYCHUSIMU U
HEBBICOKOH 4acTOTON olu(POBKH.

JKCNePUMEHTAJIbLHASl YCTAHOBKA

B nannoit pabote mpeacTaBieHbl pe3yNbTaThl HAYaJbHBIX MCCIEAOBAaHUM razudukaiyuu
napaUHOBBIX KOMITO3UIIMKM TIpH AaBieHUU 10 aTM ¢ moMoIpio npuHIMIHAIRHO HoBoro CBY
JaTyuka peszoHaTopHoro tuma [4,5]. M3mepurenbHas 30HA JaTYMKa MPEACTABISIET COOOM
UWJIMHAPUYECKUN KaHal auaMeTrpoM 20 MM 1 1irHoi 20 MM, Te CO3TaETCSl OCECUMMETPUYHOE
AJIEKTPOMArHUTHOE T0JI€ OJAHOPOJHOE B MPOJAOJIHLHOM HampaBieHUH. V3MeHeHune B 3TOW 30HE
MacChl AMAIIEKTPUKA, KAKOBBIM SIBIISIETCS HMCCIEAyeMbIi 0oO0pasen, MPUBOIUT K H3MEHEHUIO
pe3oHaHCHOU yacToThl. Mccaenyembie nmapaduHoBbIe 00pa3iibl uMenu GopMy HUIUHAPA JITUHON
40 mMm u aguameTrpoM 14 MM ¢ LEHTpalbHBIM KaHasioM 6 MM. Ilepen ycTaHOBKOH B JaTUMK OHU
MOMEIIAINCHh B TUIACTUKOBYIO TPYOKY BHEIIHUM nuamMeTpoM 20 MM W BHYTpeHHUM 14 MM.
KanubpoBka naTumka TMokaszajia, 4YTO B JHUana3oHe JUaMETPOB LEHTPAJbHOTO KaHala
napaduHOBOro obpasna 6 - 14 MM M3MEHEHHE YPOBHs CHUTHaja Ha BHIOPAHHOHN CIEIHATBHBIM
00pa3oM (QUKCHPOBAHHOI YaCTOTE JIMHEWHO CBSI3aHO C JUaMETPOM KaHasa.
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Puc. 1. Kanubposounas 3aBucumocth curiaina CBY pgatumka ot quamerpa D KaHama s

napaduna mapku [12.

Ha puc. 2 npencrasien pa3pe3 HEHTPaIbHON YaCTH SKCIEPUMEHTAIBHON YCTAHOBKU COCTOSIIICH
n3 CBY natunka M cucTeMbl IIOJIa4M ropsAvyero Bo3ayxa ¢ temmeparypoi go 200 - 240 °c pu
nagienun 10 atm. IlapadguHoBbli oOOpasen IUIOTHO TMpHJIEraeT K CTEHKaM OXPaHHOM
TUTACTUKOBOM TPYOKH M3 ¢1abo MOTJIOMIAIOIET0 AUAJICKTPUUECKOTO BelecTBa. TpyOKka sBisieTcst
CTCHKaMU KaMephl MOBBIIMIEHHOTO JaBieHus. Ha BBIXOJAHOM TopIie TPYOKH YKPEIUIEH COIUIOBOM
0siok. MaccoBbIii pacxoa ra3za 3a1aéTcs YCTaHOBKOW COIUIa COOTBETCTBYIOIIETO JgHAMETpA.
Hcnonp3oBanuck Tpu coruia auaMmerpamu 3, 4 u 5 MM, 4TO 00€CIEYrBaAIO MAaCCOBBIM pacxoj
Bo3nyxa cootBercTBeHHO ~ 10, 21 u 33 1/c. B mpencomnioBom 00béMe yCTaHOBIICHBI TAaTYMKU
JaBJICHUsI U TeMIiepaTypbl. [Ipon3BoanUTCS OJHOBpPEMEHHAsI PETMCTpalUsl CUTHAJIOB JIaBJICHUS,
TEMIEPaTyphl HA BIYCKE, MO IIEHTPY I'a30BOr0 MOTOKA BOJM3M COIUIA M CUTHAJIa PE30HATOPHOIO
natunka CBY. Ilpu mnocnenyromeit oOpabotke curnan CBY partumka npeoOpasyeTcs B
COOTBETCTBUU C TpaAyupoBKod (puc. 1) B 3aBUCUMOCTh JAMAaMeTpa KaHalla OT BPEMEHH.
HuddepeHunpys NOIYyYSHHYIO 3aBUCHMOCTD, IMOJy4aeM JHMHEHHYIO CKOPOCTh Tra3u(UKaIuu.
N3mepenus curnana gatunka CBY mpoumsBomsarcs ¢ TouHocthto 0.01 nbm u BpemeHHBIM
pazpemienueM He xyxe 0.2 mc.
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Puc. 2. O0muii Bua ra30JMHaMAYECKON YCTAaHOBKH JUTsl POAYBKH 00pasia u peructpamuun CBY
CHUTHAJIA.

AMIUIATYa COOCTBEHHBIX (RJIEKTPUYECKHX) IIyMOB B peructpupytomiem CBY  Ttpakte
coctaBisier ~ 0.0035 nb. IlomHast ammianTyaa M3MEHEHHUS CUTHAlIAa MO Mepe Tasudukanuu
obpasma ~ 8 nabm. OmbIT paGoOTHl TOKa3aj, YTO KAdyeCTBO PE3yJbTAaTOB 3aBHCHT, TJIABHBIM
o0pa3oM, OT KauecTBa 00pasIoB, UX OAHOPOJIHOCTH MO OOBEMY U OT TOTO, HACKOJIBKO OJHM3KO K
HWIMHIPUYECKON T€OMETPUU BBIIEPKUBAETCS KOHPUTYpallis BHYTPEHHEr0 KaHaja B Ipolecce
razudukamuu. OTMETHM, YTO BO BpeMs dKCIIepUMeHTa oOpaszel 23p(HEKTUBHO 3aIUIIACT CTEHKH
oxpanHoi TpyOku 1 CBY gaT4ymk OT HarpeBa BILIOTH J0 MOCIETHETO MOMEHTA.

Oopa3ubl

OmnbITHl TPOBOAMIIKCEH Ha oOpa3nax yucroro napaduna I12 ('OCT 23683-89, maccoBas
nonst macna He Oomee 1.8%) m oOpasmax I12 ¢ moGaBkamu 10% cCTeapuHOBOWM KHUCIIOTHI,
HaHOYAaCTHI] amoMuHus (Anekc), amopdroro 6opa, AlH; m mexaHoakTmBUpoBaHHOTO AlB,.
Mexannuyeckyro aktuBanuio (MA) cMecn amoMuHHS W OOpa TPOBOAWIM B IUIAHETAPHOU
mapoBoi MenpHUIE AI'O — 2 ¢ BoasHbIM oxyaxaeHueM. OO0beM KaKI0TO M3 JBYX CTaJbHBIX
GapabaHoB MebHHUIE! 160 cv’. Jlnamerp mapoB 8 MM, Macca IapoB B Kax oM 6apabare 200 T,
macca oGpasia 10 r. LlenrpoGexnoe yekoperne mapos 400 m/c” (40 g). Ui IpenoTBpaleHus
OoKHucyeHus1 BO BpeMsi MA Gapabanbl ¢ oOpasimamu 3anoiHsuikch apronoM. [locie MA o6pasis
BBITPYXKaJHCh U3 6apabaHOB B OOKCe, 3alIOTHEHHOM aproHoM. Bpems akTUBaIuu COCTaBIsIO 5
MuH. OOpa3ipl ¢ Jgo00aBKaMH CTEAPUHOBOW KHUCIOTHI JIMOO THIPHIA AaTIOMUHUS WMENN
temmneparypy miasiaenus 50 + 50.5 °C, ocranbHbIe o0pasiibl, B TOM 4Yucie YucThid 112 nmenu
Temneparypy mmasnenus 51.5 + 52.5 °C.
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Puc. 3. IIpumep 3anucu curnana CBY Puc. 4. JIuneiinasi ckopocTb razuQuxauu
natuyuka. [Ipogyska o6pasma [12. [luamerp obpasua I12. Tuamerp comna 4 MM.
cormia 4 MM.

IKCNepUMEHTBbI

Ha puc. 3 npezacraBieH mpuMep perucTpaluyl mpouecca ra3uuKaniy Mpu MpoayBKe
obpasua I12. IIpomyBka ocymiecTBIIsIaCh TOPSYUM BO3LyXOM IPHU JHUAMETPE BBITYCKHOTO COIUIA
4 mMm. JlaBnenue B kamepe 10 at™, pacxon raza 21 r/c. I[locne nuddepenimpoBanus morydaeMm
rpaduk ckopoctu razupuxanuu/ynoca (puc. 4). HaganbHblil yqacTok rpaduka ¢ MOBBIIICHHOM
CKOpPOCTBIO YHOCA COOTBETCTBYET CTAaJUM YCTAHOBJIEHUS JMHAMHMKHM BO3YIIHOTO MOTOKa. B
KOHIIE KCIIEPUMEHTA 10 Mepe YMEHBLICHUs CJI0s TapaduHa MOXKET IMPOUCXOIUTh PE3KHH CpPBIB
OCTaTKOB BEILECTBA MOTOKOM ra3a, YTO MPOSIBIAETCS CKauKOOOPa3HbIM U3MEHEHHEM CKOPOCTHU
yHoca. Iy ganpHeiero aHaiaus3a nepexoHble Mpolecchl B Hayajle U B KOHIE 3KCIIEPUMEHTa
HE Y4UThIBAJIMCh. BpIOMpanack cTagus yCTaHOBHMBILEIOCS peKUMa MPOLYBKH, HaOIH0Aar0MasICs
IIPY U3MEHEHUH AUMETpa KaHaia oT 8 - 9 mm o 12 - 13 mm. [IpumMep BeanunH temneparyp rasa
[I0JITaBaeMOT0 M BOJIM3M COIUIA NIPEJCTABIICH HA PUC. 5. Pe3yabTaThl YUCIEHHOTO MOJICTUPOBAHMS
MOKa3bIBAIOT, YTO 3a TEMIIEPaTypy rasa IO LEHTPY MOTOKa B KaHajie oOpasla MOXHO OpaTb
MOJIyCYMMY BBIIIIEHA3BAHHBIX TEMIIEPATYP.

%0

0o 1,0 20 1.0 40 50 &0 o o a0
t(s]
Puc. 5. T}, - TemriepaTypsbl ra3a Ha BXoJie B Kamepy u T, - BOIU3H corLa.
Ha puc. 6 a5 pa3ianuHbIX JUaMETPOB BBIIYCKHOI'O COIIA IIPEICTaBIEHA 3aBUCUMOCTb CKOPOCTHU

rasuuKany MO0 Mepe YyBEIUYEHHUs BHYTPEHHEro KaHaja, a Ha pHC.7 3aBHCHUMOCTb OT
MHTEHCHUBHOCTH ITOTOKA 00YBaIOIIETo rasa.
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Puc. 6. Jluneiinas ckopocts Trazupuxanumu Puc. 7. Cxopocts razugukanum obpasmna [12 B
oOpasua II2 B 3aBHCHMMOCTHM OT pajadyca 3aBUCMMOCTH OT IUIOTHOCTH IOTOKa BO3yXa
KaHaja npu nasieHud 10 aT™M M pa3nuuHbIX Tpu JaBjieHuW 10 aT™M U pa3auyHbBIX COIUIAX.
TaMeTpax CoIuiax.

[IpaBblii Kpail Ha KPUBBIX PHUC. 7 COOTBETCTBYET HAYally OmbITa. B mpoliecce NpoayBKu TUAMETP
KaHajla yBEJIMYMBAETCS M CKOPOCTh IIOTOKAa CHIDKaerca. B swureparype mOpHHSATO
anmnpOKCUMUPOBATh IaHHbIE 3aBUCUMOCTH CKOPOCTHU razuuKaIii OT MacCOBOTO MOTOKA B BHUJIE
CTEneHHoi 3aBucumoctd dr/dt ~ (pv)". T'nagkue KpuBblE Ha PHUCYHKE - OTO PE3yJIbTaT
anmnpOKCUMAIIMU SKCIIEPUMEHTANBHBIX JaHHBIX TaKOW 3aBUCHMOCTHIO. BennunHbl nmapamerpa n
npuBeqeHbl Ha puc. 7 W B Tabmuie 1. Kak mpaBwimo oHm oTiauwvHbsl OT 3HaudeHus 0.8 -
TEOPETUYECKOro Ui IMpoliecca TOPEHHUs IMOJMMEPOB B OKUCIMTEIBHOM Ta30BOM IIOTOKE.
3nauenue n = (.8 peanuszyercss TpU CaMOMOIJECPKUBAIOIIEMCS TOPEHUH MPOAYyBAEMbIX
KHCJIOPOJIOM mapauHOBBIX 00pasnoB. B maHHOM uccienoBanuu ropeHue rnapaduHOBBIX MapoB
¥ a3p030JIs1 He TIPOMCXOJMT B CBSI3U C HU3KOH TeMIIepaTypoil BO3IyIIHOTO NMOToKa. B tabmuie 1
NPUBE/ICHbI 3HAUCHHS 71 JUI BCE BAPHAHTOB JI00ABOK.
Tab6auua 1. [Tapametp n 3aBucumocty dr/dt ~ (pv)" 17t BceX TUIIOB 00pa3ioB.

Diozate 3 mm 4 mm 5 mm
Type

2 0.24 0.44 0.3

2 +cC - 0.24 0.29
I12 + AlH; 0.39 0.49 0.2
12 + Alex 0.43 0.43 0.23
2 +B 0.57 0.45 0.71
I12 + AlB, 0.73 0.93 091

HoBbIM (pakTOM B MONIy4EHHBIX pe3yabTaTax sBISETCS HECOBIAJICHUE CKOPOCTeH yHoca dr/dt B
OIBITaX C Pa3HbIMH JTUAMETPAMHU COILIA TMPH OJJMHAKOBBIX YPOBHSX OV, YTO BUJIHO Ha PHC. 7 U B

Tabimue 2.
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TaoJ. 2. BennurHa CKOPOCTH yHOCA B , MM/C TIPH JIByX 3HAYEHUAX MacCCOBOM MJIOTHOCTH
MOTOKA ra3a pv MpH pa3INuHbIX Juamerpax D corma.

D[mm] 3 4 5 4 5

,DV[KF/MZC] 200 200 200 500 500

I12, mm/c 0.5 0.85 - - 1.15

I12 + C, mMm/c 0.55 0.75 1 0.85 1.15

I12 + AlH;, 0.65 0.9 1.2 1.0 1.45
MM/C

I12 + Alex, 0.45 0.6 1.1 0.75 1.15
MM/C

I12 + B, MmM/c 04 0.45 1.1 0.5 1.5

I12 + AIB,, 0.55 0.85 1.5 0.9 2.1
MM/C

OTO CBS3aHO C TeM, YTO JAHHBIC MO CKOPOCTSIM Tra3su(UKAlMd NPU OJUHAKOBBIX YPOBHAX OV
COOTBCTCTBYIOT pPa3HbIM JUAMCTpaM BHYTPCHHCTO KaHAJId, a 3HAYUT, U PA3HBIM YCJIOBUAM
TCHHOOGMCH@. Ha TIOBCPXHOCTH. Yuciaennoe MOZACIIMPOBAHUC TIO0KA3bIBACT, YTO YBCIUYCHHC
pammyca kaHala TpH (UKCUPOBAHHOH WHTEHCUBHOCTH Ta30BOTO IOTOKAa pv BEIET K
CYIIECTBEHHOMY YBEIWYEHHUIO TEIUIOBOTO IOTOKa B K-hazy (puc. 8), MOCKOJBKY pacTér
CYMMAapHBIN PacxoJ1 TOpsYero rasa.

160000 | 1
pV =310 krim%c

150000 | 1
140000 | o 1

130000 - B

q, Br/m%*c

120000 - B

110000 | § B

100000 L L L L L
3.0 3.5 4.0 4.5 5.0 55 6.0

r, MM

Puc. 8. TennoBoii moTok u3 rasza npu pukcupoBaHHoMm pv =310 kr/m’c. JlaBnenue 10 arm.

OtnenbHo (0e3 CBY perucrpanuu) HpoBeIeHBbl TeMIIEpaTypHble H3MEPEHHS C TEepMOMapon
U3HAYaIbHO PACHOJIOKEHHOM B K-(pa3e ¢ MoCcIeayIOMM BbIX010M B ra3. Ha puc. 9 npexacrasien
npuMep TepMonapHoii 3anmucu B oopasie 12 ¢ nobaskoii 10% creapunoBoit kucnotsl (I12 + C)
npu 00JyBe Ta30BBIM IMOTOKOM Temmeparypord ~210 °C. Ha rpaduke TemMmepaTrypbl 3aMETHO
pe3KO€ U3MEHEHNE HAKJIOHA B pallOHE 3HAYEHUS 82 °C, COOTBETCTBYIOIIEE BBIXOY TEPMONIAPHI B
ra3oBblii MOTOK. B 3TOM ombITe Tepmomapa w3HadaibHO ObLTa 3arimyOsneHa Ha ~ 0.3 MM mopg
NOBepXHOCThI0O o0Opasma. C BBIXOAOM TepMoIlapbl B Tra3 BO3pacTaloT KojedareiabHbIe
BO3MYILIEHUS, UYTO 00YCIOBIIEHO TYpOYJIE€HTHBIM XapaKT€POM TECUCHHUS.

60



120 3 [y
110 o
100 4
90
80

70 4

Tl

60 4
50 4
40 3

30 4

00 05 10 15 2,0

t [s]

Puc. 9. Ilpumep 3anucu Temneparypsi B oopasie [12 + C.
Temnepatypa Bo3ayxa =~210 °C, P=10 arm, comno 3 M.

N3mepenus temmepatypHbix mpoduiieit Ha obOpasmax [12 + C mokazamu, 4TO Temmeparypa
nosepxHoctu 715 He mpeBocxoaut 100 °C. ITockonbKy mpouecc ucnapeHus: COCTaBIIAIOLINX
napauH yrieBolopoI0oB HaunHaeTca mpu ~ 170 °C, 10 ero me YUUTHIBAEM B JAJIbHEUIIEM
paccmotpenuu. B pabore [6] paccMaTpuBaeTcs mepeHoC paciiaBa TE€YEHHEM IO MOBEPXHOCTH,
oxHako mpu pv > 100 kg/m’s 9TOT (aKTOp CTAHOBUTBHCS HECyLIECTBEHHBIM. TakiM 06pasoM,
paboTaeT a’poruApoOMeXaHnYecKuil MEXaHU3M J1eCTaOMIN3alUK TOBEPXHOCTH PACILIaBJICHHOTO
CJIOSl, COMPOBOKIAIONIMICS €ro pas3pylleHHEM M KaleldbHbIM YHOCOM. BszkocTe mapaduna
IagaeT ¢ poCTOM TeMmueparypbl. YeM MeHblIE BSI3KOCTh, TEM MHTEHCUBHEE IPOLIECC YHOCA NpU
3ajaHHOM pv. Jlng (QUKCHPOBAHHOTO 3HAYEHHSI PV CKOPOCTh YHOCAa BBIIIE MPU OOJbIIEM
auameTrpe KaHana 3a cyéT 0ojiee MHTEHCHMBHOTO HAarpeBa, 4YTO peaju3yeTcsl MpHu OOJblIeM
nuamerpe coruia. IMEHHO 3Ty 3aBUCHUMOCTh JEMOHCTPUPYIOT JaHHbIe B Tabnuie 2. BuaHo, uto
C yBeJIMUYEHUEM KanuOpa coIjia CKOPOCTh yHOCAa pacTéT NpU OJMHAKOBOM HHTEHCHUBHOCTU
MOTOKA raza. YHOC TakK€ YCWJIMBAETCS ¢ POCTOM MHTEHCUBHOCTH moToka raza ¢ 200 mo 500
kr/m’c. Kak mpaBmiio 106aBKH MOPOIIKA YBETHUHBAIOT BA3KOCTH CMECH, UTO JOJDKHO MPHBOJIHTH
K CHIDKEHHIO CKOPOCTH yHOca. Ilpum ManbpIX MHTEHCHBHOCTSX OO0IyBa M CPEIHUX TEIUIOBBIX
MOTOKaX MMEHHO Tak BexyT ceOs I12 + Alex u 12 + B, HO He 12 + AlH; u 112 + AlB,. Ilpu
MaKCHUMaJIbHO MOIIIHOM BO3JIEHCTBHU CKOPOCTh YHOCA y BCeX 00pa3IoB ¢ J00aBKaMHU MOPOLIKOB
(TIpakTUYECKW WHEPTHBIX NMPU ITHX TeMIlepaTypax) BbIle yeM y mapaduHa W mapaduHa co
CTeapuHOM, JIUIIb A00aBKa Alex HHKaK He moBnusuia. llpu nuamerpe comia 5 MM HauOONbIIYIO
CKOPOCTh YHOCA UMEIOT 00pa3iisl I12 + AlB,. [l meTtaabHOTO aHaM3a pe3yIbTaTOB H3MEPEHUH
HE00XO0IMMO TMOIYYUTh JaHHBIE TIO BSI3KOCTH MapauHOBBIX KOMITO3ULIUH.

Onenka Tenjaoo0MeHa

B ycnoBusix npoBeAEHHBIX DKCIIEPUMEHTOB MHTEHCHBHOCTH IIPOLECCAa YHOCA paclliaBa
TOPSTYMM BO3IYIIHBIM IMOTOKOM OIPENIEISICTCS B IEPBYIO OYEPE/b BA3KOCTHIO JKUIKOCTH U pv. B
MEHBIIICH CTENEeHNW BIHUSACT IOBEPXHOCTHOE HaTshDKeHHME. Kak BSA3KOCTh, TaK W BEJIUYHHA
MMOBEPXHOCTHOTO HATSHKCHUS OINPEICIISIOTCS TEMIIEpATypOi IIOBEPXHOCTHOTO ciios Ty. JlaBieHue

ar
B HAllleM cllyyae IOCTOSHHO, TakuUM o0Opa3oM s f(pV,Ts). Onenum OanaHc Temja Ha

00lyBaeMoOil TMOBEPXHOCTH B MPEINOJIOKEHUN KBAa3HCTALMOHAPHOCTH PEeXHMMa Ta3HU(pUKALUU.
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CunraeMm mporecc mporpeBa K-¢assl OJHOMEPHBIM, ITOCKOJIBKY TOJIIMHA MPOTPETOrO CIOS
MHOT'O MEHbIIIe pajnyca BHYTPEHHETo KaHana. Torma st IByXKOMIIOHEHTHOro cocrtasa [1 + C
3anuuieM OajaHc Teryia Ha TOBEPXHOCTH ra3u(uKaum:

SppcttCep(Tnp = To) + Qup + Cmp(Ts = Tonp) |

+ (1 - 5p)pcu[ccst(Tmst - TO) + Qmst + Cmst(Ts - Tmst) +] = h(Tg - Ts)/2
_dr _ _ PpPst
= pcU = const, Pec = 5ppst " (1 — 5p),0p

rae h - xoddduireHT TypOyJeHTHOro TEIIOOOMEHa, ¢ - TEIIIOEMKOCTh §, - MaccoBas A0

Ts > Tinst > Tinp, u

napaduna. Unaekcsl: ¢ - k-¢a3a TBEpAaAst, m - paciias, g - ra3, S - IOBEPXHOCTb, () - HaUaNbHBIH,
p - napaduH, st - creaput. M3 ypaBHeHus OanaHca Halli€M TeMIiepaTypy MOBEpXHOCTH:

Ts = {0.5hT; — 8,pcu|CmpTmp — Ccp(Trp — To) — Qup] + @
(1 - 5p)pcu[cmstTmst - Ccst(Tmst - TO) - Qmst]}/{o-Sth + pcu[5pcmp + (1 - ap)cmst]};

h = AgNuD‘l. (2)
3mech Ay - TEIIONPOBOAHOCTL Taza, D - jguameTp KaHana. B mHamem cioydae 0OBIMHO
UCTIOJIb3yeMOe TpU TYpOYJICHTHOM TEIJIOOOMEHE OXJIaKIaroIllerocsi raza cootHouienne Nu =
0.023Re®%8Pr%3 He momxomMT, MOCKOJBKY 3TO BHIPaKEHHME CHPABEIMBO IS OOIACTH
yoanéHHOW oOT Hauyama TpyOel Ha paccrosaue 50 xanmuOpoB u Oomee. B pabore [7]
AKCIEPUMEHTAIBHO IOJy4YeHa 3aBUCUMOCTh uucia HyccenbTa OT paccTosiHMS X OT BXOAHOM
YacTH TPYOBI

Nu = 0.05607Re®73 3)

Ha puc. 10 mpexacraBnen mpumep pacuéra mo cootHomeHusM (1) - (3) BapuaHTa TPOIyBKH
obpazua I12+C ¢ pasnuuneiMu comnamu. B xadectBe Temmeparypsl I, BbIOpaHa TeMieparypa
T v TA30BOTO TIOTOKA BOMM3H coria. Pacuér mpoBoamiics sl CpelHel TOUKH 10 JIJTHHE KaHasa.

_ -0.167
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T, °C
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Puc. 10. Pacuér 7 nmpu npoayBke oopasina [12+C B onbITax ¢ pa3HBIMH COTUIAMH.

3akJ/l0ueHue.

HpeﬂCTaBHGHBI PE3YyJIbTAThI OKCIICPUMCHTAJIBHOTO HUCCIICO0BaHUA T a3I/I(I)I/IKaL[I/II/I
napaUHOBBIX COCTaBOB MpH AaBieHUU ~10 aTM BBICOKOCKOPOCTHBIM Ta30BbIM IIOTOKOM C
temnepatypou 200 - 240 oC. N3MepeHnsi CKOpPOCTHM YHOCAa MPOBOJUIUCH € IOMOUIBIO
opurnHaigbHoro CBY gaTymka OCyHIECTBIISIIONIETO PETUCTPAIMI0O HECTALIMOHAPHOTO MpoIecca ¢
yactoto 5 kI 1. [lomyueHHbIC 3HAaUCHHS TTOKA3aTeIs /#1 alMPOKCUMHUPYIOIIEH 3aBUCUMOCTH dr/dt
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~ (pv)" M3YYEHHBIX COCTABOB HAXOAATCA B IIMPOKOM jauana3zone BenuuuH ot 0.2 mo 0.93.
[IpoBenénuble TepMonapHble HU3MepeHUs B K-¢a3e Ha cocraBe napaduu ¢ 10% creapruHOBOI
KHUCJIOTBI YKa3bIBalOT HAa OTHOCUTEIBHO HEBBICOKHE TeMIieparypbl nmoBepxHoctu 80 - 100 oC.
Ob6napyxeHo, uro nob6aska B napadun 10% AlH; , B win AlB, npu BBICOKON MHTEHCHUBHOCTHU
0o0yBa TNPUBOAUT K CYIIECTBEHHOMY TIIOBBIIIEHHUIO CKOPOCTH YHOCAa IO CpPaBHEHHUIO C
napaduHOM M TMapaUHOM B CMECH C CTEapMHOBOW KuCIOTOU. Ilpennosken OallaHCHBIA METO.
OTIpe/ieNIeHUs] TEMIIEPATyphl MOBEPXHOCTH Taszudukanuu. [IpoBenéHHbIe pacyEThl MOKA3aIHU, YTO
MOJTydyaeMble 3HAUCHUS TeMIIepaTyp HAXOATCS B 00JIACTH SKCIIEPUMEHTAIEHO PETUCTPUPYEMBIX
3HAUEHUH TeMIiepaTypbl TOBEPXHOCTH YHOCA.

Pabota BemonHeHa npu noanaepxke rpanra OOU 16-29-01029.

ABTOpBI BbIpaxaroT npusHaTeabHoCTh Jl. I'. HanuBaitueHnko 3a momoiib B TPOBEACHUHN
JKCIIEPUMEHTOB.

Jlutepartypa

[1] A. Weinstein, A. Gany." Investigation of paraffin-based fuels in hybrid combustors", International
Journal of Energetic Materials and Chemical Propulsion,10(4), January 2011, pp. 277-296.

[2] Fanton L., Paravan C., De Luca L. Testing and Modeling Fuel CxopocTs razudukanuu in a
Miniature Hybrid Burner // International Journal of Aerospace Engineering. Volume 2012.

[3] C. Paravan, A. Reina, A. Sossi, M. Manzoni, G. Massini, G. Rambaldi, E. Duranti, A. Adami, E.
Seletti, and L.T. DeLuca. "Time-resolved ckopocts razudukamnuu of innovative hybrid solid fuel
formulations", Progress in Propulsion Physics, 4 (2013), pp. 75 - 98.

[4] Perov V.V., Zarko V.E. Microwave resonator method of dynamic measurement of mass of the
samples of gasifying solid fuel. MATEC Web Conf. V. 92 (2017) 01004 P. 1 — 5. Thermophysical
Basis of Energy Technologies (TBET-2016).

[5] Zarko V., Perov V., Kiskin A., Nalivaichenko D. Microwave resonator method for measuring
transient mass gasification rate of condensed systems // 7th European Conference for Aeronautics
and Space Sciences (EUCASS 2017). Milan, Italy, 3 - 6 July 2017.

[6] Weinstein, A. and Gany, A., “Testing and Modeling Liquefying Fuel Combustion in Hybrid
Propulsion”, Progress in Propulsion Physics, Vol. 4, 2012, pp. 63-76.

[7] H. W. Apramonos, 1O. 1. lanunos, I'. A. Ipeinep, O. K. Kanunus, JxcriepuMeHTanbsHOE
HCCIIEIOBAHUE MECTHOM TEIUIOOTAAYM M THAPABIMYECKOIO CONPOTHUBJIEHUS MPHU
oxJaxaeHuu raza B Tpyoe, TBT, 1970, Tom 8, Beimyck 6, 1228—1234.

[8] Yin Wang, Song-qi Hu, Xue-li Liu, Yan Zhang, Lin-lin Liu, Droplet entrainment and its
role in the combustion of HTPB/paraffin fuels, Acta Astronautica, Vol. 204, March 2023,
pp. 107-115. DOI: http://dx.doi.org/10.1016/j.actaastro.2022.12.042

63



DOI: 10.53954/9785605098669 64
VJIK 614.845.1

MMOJYYEHHUE «<KOPOHHOI' O» IIJTAMEHHY ITPU TOPEHUHA
T'OPIOUUX KNJIKOCTEHN

1. @. KoxeBun'
'Cankr-TleTepOyprekuii YHUBEPCHTET IOCYJAPCTBEHHON MPOTHBOIOXAPHOI
ciyx0b1 MUC Poccun, 196105, Cankr-IletepOypr
e-mail: Yagmort KDF@mail.ru

AHHOTALIUA
[Ipu umccnemoBaHWM 3aBUCUMOCTH BBICOTHI (pakesia TUTAMEHH, OT TUIOMIAIH

3epKajia )KUJIKOCTH, MOJIy4EHbI pe3yJIbTaThl O CTA0MIIN3ALMU BBICOTHI INIAMEHU IIPU
KPUTHYECKUX 3HAYECHUAX OTHOLICHMS KBaJpaTa IMATOHAINA K IPOU3BEICHUIO
IIEpUMETPA Ha JUIMHY €MKOCTH C KUAKOCTBIO. [IoiydeHHbIE pe3yIbTaThl 1103BOJIAT
CKOPPEKTUPOBATh CYIIECTBYIOIIME METOJUKH 10 ONPEAEIICHUIO BBICOTHI IIJITAMEHH,
B TOM YHCJIE U IIPY aBapUHHBIX CUTyalUsaX. B pe3ynprare uccienoBanus yCiaoBUn
o0Opa3oBaHMs CTAalMOHAPHOI'O IJIAMEHH, NOJYYWIM IUlaMs B BHJE€ KOPOHBI, IpU
KOTOPOM Yy IUIAMEHU OTCYTCTBYET KYIIOJI, & TOPEHUE NPOTEKAET TOJIBKO B TOHKOU
noJjiocke (poHTa muameHu. JKUIKoCTh MpU ATOM CropaeT J0 MPOIYKTOB MOJIHOIO
TOpPEHUSL.

KiroueBble ciioBa: «KOpPOHHOE» IUIaMs, BBICOTA TUIAMEHH, IKUIKOCTD,
cTabwmim3anus, TOpeHue.

BBenenue
B pamkax npoBeieHus uccieq0BaHrs MOIIHOCTH TEIUIOBBIJICIICHUS U3 OYara

nokapa [1], Bo3HUKIIa HEOOXOJUMOCTh B TIOJYYCHHH IUIOCKOTO CTAI[MOHAPHOTO
MJJaMEHH MUHUMAJIbHBIX pa3MepoB. AHaM3 onyOJIMKOBAaHHBIX AaHHBIX [2], [3], [4]
[5], mokazan, 4To BhICOTa hakena IJIaMEHM 3aBHUCUT OT BHAA KHUIKOCTU (Uepes
pa3liMuHbIE MapaMeTpbl: MaccoBasi CKOPOCTh BBITOpAHUSl, WHTEHCUBHOCTD
TEIUIOBBIZICJICHUSA) W OT IUIOIIQJAX TOBEPXHOCTH TOPEHUs (s >KUAKOCTEH H
TBEPIBIX TOPIOYHMX MATEPUAJIOB WJIM IIOMIAJBI0 COTUIA NI rasza), B Tadmmie |

IPUBEICHbI TUTIOBBIE (DOPMYJIBI AJIsl ONIPEACICHUS BBICOTHI (hakesa MiiaMeHHu.
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Tabnuua 1 — @opMyiibl onpeiesIeHus: BEICOTHI (akela rmiaMeHu

h=f£(Q,S V)
Q — remtora cropanus, KJxK/Kr;
S — nJIomAbL 0Yara noKapa, M’;
Vim — MaccoBasi CKOPOCTh BHIFOPAHUS, KI/c M

[3] 2] [4] [5]

0.61
2
o Y5 4-S

L E— 0,23.|—%_| _102. |22
7 /4-5 vV .S T
Pu'\/; L "

42.

OcHoBHAasI YacTh
[Ipu mpoBeneHNH OMBITOB MO TOPEHHUIO JKUJIKOCTH B KIOBETE PUCYHOK 1 a,
MOJyYWJIM C TEPBOrO B3MISLAA MAPANOKCAIBHBIM PE3YJbTAT - C YBEIMYEHUEM
IUIOIAIM 3€pKaja >KUAKOCTA BBICOTA I[UJJAMEHUM Hayajla YMEHbILIATHCS, ITOTOM
CTaOMIM3UPOBAIIACH U 1AJIe€ C YBEIIMUCHUEM ITUIOIIAIA HE U3MEHSLIACK.

Pucynok 1 — I'opeHue aiieToHa B KIOBETE

a - KIOBETa JJISl OTPE/ICJICHUS T€OMETPUYECKIX TTapaMeTPOB IUITAMEHH; BBICOTA TUIAMEHHU
alleTOHA B KIOBETE IIUPUHON 7 MM mipu aiuHe: 4 cM (0), 6 cm (B), 8 cM (1), 10 cm (1), 12 cm (e).
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Jns Bepudukamuu pe3ynbTaToB OBbUIA IMOCTPOCHBI Mojenu B Pyrosim
(mporpaMMHBIH ~ KOMIUIEKC, peanu3yromuii pemeHue auddepeHmanbHbIX
YpaBHEHHUI COXpaHEHHUs HMIyjbca, 3Heprum u maccbl HaBre— CTOKCa), A€
MOJIyYNJIUCh AHAJIOTUYHBIE PE3YIbTAThI (PUCYHOK 2).

A
Pucynoxk 2 - ['openue arieToHa B KtoBeTe (MojieiupoBanue B Pyrosim)
BBICOTA [UIAMEHH alleToHa B KtoBeTe mmpuHoi 10 MM npu anune: 1 cm (a), 2 eM (6), 3 cm (B), 4
cM (1), 5 oM ().

YacTUyHO [laHHBIE TI0 WCHOBITAHUSIM JUISI KIOBET pa3HbIX pPa3MeEpoB
npuBeaeHbl B Ta0nuie Oumuodka! UCTOYHUK CCHIIIKM He Hali/IeH..

[To nanupiM TaOauibl Ommoka! McTouHMK CCHUIKU He HAMIEeH. CIeayeT,
YTO HAYMHAs OT ONpPEACICHHBIX pa3MepPOB 3epKajia KUJIKOCTH, BHICOTA TUIAMEHHU HE
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U3MEHSETCH, CJIEIOBATEIILHO, HEO0XO0MMO OIPEJEHUTD KpUTEpUH,
XapaKTEepU3YyIOIIMHA CTa0MIN3aLMIO BBICOTHI IUTAMEHU.

Tabnuua 2 — Pe3ynbTaTbl UCNBITAHUN MO ONPENEICHUI0 T€OMETPUYECKUX
[apaMeTPOB IJIJAMEHU IPU TOPEHHUH aLlETOHA

OTtHomeHnue Bricora
Hnmuna, | Ilmomans, | Ilepumerp,
[lIupuna, a JUTMHEBI K IUIAMEHH,
b a*b 2*(atb)
mupuHe, b/a h

0,7 | 0,7 3.4 1,43 2

0,7 5 3,5 11,4 7,14 3,2
0,7 7 4.9 15,4 10,00 4,5
0,7 11 1,7 23,4 15,71 4

0,7 13 9,1 274 18,57 3.9
0,7 15 10,5 314 21,43 4,2
0,7 19 13,3 394 27,14 4

1,2 1 1,2 4.4 0,83 3.8
1,2 3 3,6 8,4 2,50 5

1,2 5 6 12,4 4,17 8

1,2 9 10,8 20,4 7,50 7

1,2 11 13,2 244 9,17 6,5
1,2 13 15,6 28,4 10,83 7

1,2 17 20,4 36,4 14,17 6

1,7 | 1,7 5,4 0,59 8,5
1,7 5 8,5 13,4 2,94 9

1,7 7 11,9 17,4 4,12 10

1,7 9 15,3 214 5,29 9

1,7 11 18,7 254 6,47 7

1,7 13 22,1 29,4 7,65 9

Metoaom aHaliv3a pa3MEPHOCTH [6] U3 BETUYUH r€OMETPUUECKUX Pa3MEpPOB
eMKocTel (mepuMeTp, IJMHA, IIUPUHA, HWaroHallb, IUIONIAJb) OblIa MOIy4YeHa
rpynna Oe3pa3MepHbIX KOMIUIEKCOB, M3 KOTOPBIX METOJOM IMoabopa ObLIo
OMpeeIeHO, YTO UMEHHO /JIsi OTHOILIEHHUS KBaJpaTa AUAroHajau K MpOU3BEIACHUIO
nepuMeTpa Ha JJIMHY €eMKOCTH (m,), cTabuiu3anusi IUIaMEHH JUIsl KIOBET
Pa3JIMYHBIX Pa3MEPOB MPOUCXOAUT MPU OTHOCUTEIHHO (B paMKax MOTPEIIHOCTH)
OJM3KUX 3HAYCHUSX.

: (1)




I'me d — nuaronans pesepByapa, M; P — mepumerp pesepByapa, M; b — minHa
pe3epByapa, M.

[locne mnpoBeneHUss CEpUHM ONBITOB B KIOBETE WU MPU MOJEIUPOBAHUU
ropeHuss B mporpamMme Pyrosim TmosydeHbl [daHHbIE O TOM, YTO IUIaMs

CTaOMIN3UPYETCS U HE YBEJIMYUBACTCS B BBICOTY IIPH 3HAUCHUH 71, Oosee 47.
7w, >47

JlaHHBIE TIO 3aBUCHMOCTHU BBICOTHI (hakela IIaMeH! MPY TOPEHUH arleTOHA B
KIOBETE OT 7, CTPYIIIUPOBAaHbI U MPUBEACHBI Ha pucyHkax Omuoka! McTouHuk
CCHLLIKHU He HalaeH.-Omuoka! UcTOYHHK CCHIIIKHM He Hal/IeH..

h.
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Pucynok 3 - CraOunuzaius miaMeHu alleToHa B KIOBETE MIMPUHON 7 MM
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Pucynok 4 - Crabunu3zanus 1iaMeHu alleToHa B KIOBETE MUPUHON 12 MM
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Pucynok 5 - Crabunu3zanus riaMeHu aleToHa B KIoBeTe mupruHon 20 MM

[IppueM 1pu roOpeHHMM TEX K€ KUAKOCTEM B EMKOCTIAX KpYyIJIoro u
KBaJIPATHOTO CEYEHHs TOM e MIIOIIAIN, YTO U B KIOBETE BBHICOTA IJIAMEHHU ObLIa
3HAYUTENIbHO OOJIbIIIe, YTO MPOMILTIOCTpUpOoBaHO B Tabnuie Ommuodka! Uctounmnk
CCBLJIKH He Hal/IeH..

Tabnuna 3- CpaBHuTeNbHasi Tabiuila ¢ BbICOTaMHM (akesia MUIAMEHHU IO
Pa3JIMYHBIM METOJIUKAM U SKCIIEPUMEHTaM

PacueTHas Bricora B  KioBeTe
IInmomans, | BeicoTa IUIaMEHU B .
S onf KpYTIIOM THITIE, CM BbICOTA MO [3], | LIMNPUHOM, CM

CM 0,70 1,20 | 2,00
4,20 8,00 21,5 4,30 5,10 | 9,50
7,70 15,00 26,5 4,00 7,75 | 8,25
12,60 16,00 31,5 4,00 6,75 | 10,80
19,20 18,00 36,5 4,00 6,00 | 7,00
28,90 25,00 42,0 4,00 6,00 | 7,00

[Ipy4rHBl 3TOMY MOHSTHBI: MPU YBEITUYEHUM OJIHOM M3 CTOPOH KIOBETHI
OKHCJIUTENb TMOMAJaeT K TOPIOYEeMy MPEUMYIIECTBEHHO € 2 MPOAOIbHBIX CTOPOH,
no3TOMY IUIOIIAAb (akena yxke He yBenuuuBaercsa. Ha pucynke Ommodka!
HcTroyHuK cChUIKM He HaiileH. TMpeacTaBlieHa MPUHIUNHAIbHAS CXEeMa
MOCTYIUICHUSI OKUCIUTENs K (PPOHTY IUIaMEHH, TOJYObIMU CTpeJNKamMu 0003HA4YeH
BEKTOP MOCTYIUICHUS! OKUCITUTEIS.

N3 pucynka Omudka! UCTOYHUK CCHIJIKM He HAMJAeH. U pUCyHKa 1 T, 1, €
BUJIHO, YTO IJIaMs IO KpasiM BBIIIE, YEM B LIEHTPE KIOBETHI, 3TO MPOUCXOIUT U3-3a
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TOTO, YTO K LEHTPY KIOBETbl OKHUCIUTENb IOCTYIAET, TOJBKO C 2-X MPOJOJIBHBIX
CTOPOH, a C KParo KIOBETHI C TPEX CTOPOH.

AHanoruuHas cuTyanus HaOJIIOAaeTCs MPU TOPEHUH JKUIKOCTEH B eMKOCTSIX
C COM3MEPUMBIMU TE€OMETPUUYECKUMHU pazMepamH OoJbIINX pa3mepoB. BriayOn
3epKajia KHUJIKOCTU OKHUCIUTENb IIOCTYNAeT, TOJBKO 3a CcYeT TypOyau3auuu
MOTOKOB, YTO CTAa0MWJIM3UPYET IIJIaMs 110 BBICOTE.

B

Pucynox 6 — [IpuHiunuansHas cxema MocTyIIICHUsI OKUCIUTENS K QPOHTY
IJIaMEHU B KIOBETE

[Ipn auddy3noHHOM TOpPEHHH CMEIICHHE TOpPIoYero U  OKHUCIUTEINA
MPOUCXOAUT BO BpeMsi ropeHus, 3a cueT audpdy3un Kuciopoaa K 30HE TOPEHHUS.
Hubdysuss xucmopoga K  30HE TOPEHHS  MPOIMOPIIMOHATBHA  PA3HOCTH
KOHLIEHTpAllMU KUCJI0poJa B Bo3yxe (21%) M KOHIIEHTpallUU KUCIOPOAa B 30HE
ropenus (0%). Cxema audpdyHAMpOBaHMS KHUCIOPOJa BO3AyXa K 30HE TOpEHHUs
npuBeieHbl Ha pucyHkax Ommoka! UCTOYHUK CCHUIKHU He HalijieH. U § .
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Pucynoxk 7 — Cxema nudGyHaupoBaHust KUCIOPOa BO3yXa K 30HE TOPEHUS

Pucynok 8 - Cxema muddynmaupoBanus KUCIOpPOAa BO3AyXa K 30HE TOPEHUS B
THUTJIC

Tak KaK CKOPOCTh MOCTYIUICHHS KUCJIOPOJa K 30HE TOPEHHS MOCTOSHHA |
OTIPEIEISAETCS TOJNLKO PA3HOCTHIO KOHIICHTpAIMH KHCIOpOJa B BO3AyXe M B
IUTAMEHH, TO peIIaroliee 3HAYCHHE NJIsl OTPECIICHUs BBICOTHI TUIAMEHH WIPAeT
CKOPOCTh TIOCTYIUIEHUSI Toprodero. Ho Bo3pacTaeT cKOpOCTh MOCTYIUICHHS TTapOB
He 0ECKOHEYHO, a JI0 MAKCUMAJIbHBIX 3HAYCHHI NIpH Temneparype kuneHus. Ecium
Ha Ttiams (mamuHapHOoe, Iu(Py3nOHHOE) TOCMOTPETh CBEPXYy U YCIOBHO
pa3enuTh Ha KOJbIA (AHAJOTUYHO TOJ0BBIM KOJIBIIAM Ha JIEpEBE) TO BUIHO, UYTO K
BHEIIHEMY KOJIbI[y TMapOB KHUCIOPOA TMOJAXOAUT TIEPBOMY — HJIET TMPOIECcC
OKHCJICHHUS, K CIEAYIONIEMYy Ha 5TOM YPOBHE KHCIIOPOJ HE MPOXOIHUT, TIOITOMY

Kucnopog
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OKHUCJIEHUE CIIEYIOIIEro CJosl, IMOCIEAYIOIIEer0 eIle BhIlie, Mo3ToMy (opma
IaMeHu prodpeTaeT popmMy KoJIOKoIa.

DTO HE MO3BOJSET MOTYYUTh HEOOXOAMMOE JJISI MCCICAOBAHMS MOITHOCTH
TEIUIOBBIJICJICHUS U3 ouara nmoxkapa [1] miockoe miamsi Ipu TOPEHUU KUJKOCTH B
€MKOCTH, HaX€ €CIM MPUHYIUTEIbHO I0JaBaTh OKHUCIHTENb, COOCHO I0Ja4ye
apoB.

Jns ycTpaHeHus: «IJIaMEHHOTO KOJIOKOJIa» KUAKOCTh JOJDKHA HCHAPSATHCS
TOJBKO C HEOOJBIION KOJblieoOpa3Hou miomanu. [Ipuuém BaXKHYIO pPOJib UTPAET
BHJI )KHJIKOCTH (CKOPOCTh €€ MCIapeHue) CKOPOCTh MOJAaYu OKHUCIIUTEIIS, a TaKKe
IO L/ TIEPUMETP JKUIKOCTH W TUIOIIAIb/TIEPUMETP COIUIA TIOJIAYM OKUCTUTEIS,
TO €CTb KPUTEPUH 7).

M3 aHamnM3a MOJYyYEHHBIX PE3YJNbTAaTOB OTKPBIBAIOTCS JBa HAyYHBIX
HaIpaBJICHUS:

e KoppekTHpoBKa METOJWKH OINPEAECIECHUS BBICOTHI IUIAMEHW IS
MOKapHO-TEXHUYECKUX PAcyeTOB, B TOM YHUCJIE pacdeTa MOKapHOTrO
pucka

o [lonyuenue miaamMeHu KOIbIIe0Opa3HOH (HOPMBI.

[locne cepuu ucTBITAHUN OBUTM ONpENENICHbl YHUCIECHHBIE MapameTphbl IS
MOJIyYeHHs] yCTaHOBUBLIErocs miaMeHu. l[lomydyeHHoe miaMs ObLJIO Ha3BaHO
«KOpoHHBIM» Ha YCTaHOBKY NOJIy4deH NAaTEHT (maTeHT Ha wu3o0pereHue Ne
2782077). Cxema yCTaHOBKH NMPUBEAECHA HA PUCYHKE 9.

a §)
Pucynok 9 — CxemMa yctaHoBKU 1151 ToaydeHUs « KOpoHHOTO miaMeHn»
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1 — DnekTpoaBurarenb, 2 — BEHTWIATOP Ui MOJayu Bo3Ayxa, 3 — HapyxHbeiii koxyx, 4 —
€MKOCTb JUISl )KUJKOCTH, 5 — paccekaTesb IJIaMeHU, 6 — pacCTOSHHE OT paccekarels A0 Kpas
€MKOCTHU, 7 — PACCTOSIHUE OT EMKOCTHU JI0 HAPYKHOTO KOXKyXa, 8§ — CoKUraeMasl KUIKOCTh

O030p pa3IUMYHBIX JUTEPATYPHBIX UCTOYHUKOB MOKAa3all, YTO IUIaMsi TaKOM
KOH(UTYpally1 HEe YIIOMUHAETCS] HA B OTHOM U3 HUX.

Hayke u3BeCTHBI U IJIOCKOE — CTalMoHapHoe miams [7] [8] u HOBbBINA BUI
IUIAMEHU — TroJTy00il BUXPh - 3TO MaJeHbKOE, CTAa0MIIbHOE, Bpalllarolieecs roiayooe
miamsi, KOTOpO€ CIIOHTAaHHO BO3HUKIIO B HEJABHUX J1a0OPaTOPHBIX SKCIEPUMEHTAX
OpyU M3Y4YEHUH TYpOYJIEHTHBIX, OTHEHHbIX BHUXped. OH 4YHCTO CXKUTraeT psj
Pa3IMYHBIX JKUJKUX YIJIEBOJOPOAHBIX TOIUIUB 0O€3 00pa3oBaHUsl CaXKH, YTO
npeacTaBiser coOOM paHee HEU3BECTHBIA MOTEHIMAJIBHBIA CIOCOO CHKUTAHUS C
HU3KHM YPOBHEM BBIOPOCOB. 371€Ch MBI HCIIOJIb3YE€M YHCIEHHOE MOJECIUPOBAHUE,
YTOOBI MPEACTABUTh CTPYKTYPY IJIAMEHH M MOTOKa cuHero Buxps [9]. B manHoii
paboTe MmoydeH MPUHIMIHAIBHO HOBBIN BUJ TiameHu - «KoponHoe miamsy». B
«KOPOHHOM» TUIAMEHH CMECh CTOpaeT TOJIbKO B HEOOJBIION 30HE MO MEPUMETPY
ouyara ropeHusi, Ipyu STOM 3aMbIKaHUs [JIAMEHU B 00bEM HE MPOUCXOUT.

JlanHoe miiaMsi BO3MOXXHO TMOJYYUTh NpPU CrOpaHUM JIIOOOW KUIKOCTH,
npudem (opma rjaaMeHu Bcerna OyJeT OAMHAKOBOM, CropaHue TOIJIMBA MPU 3TOM
OyJeT NpOUCXOIUTh 0 MPOAYKTOB ITOJTHOTO CTOPAHHMSL.

[IpoBenena cepusi UCHBITAHUN YCTAHOBKM Ha PAa3IMYHBIX KUAKOCTAX:
HOHaH, TIEKCaH, alleTOH, 3TaHOJ, KEpOCHH. Pe3yibTar uisl BCEX KHIKOCTEU
OJINHAKOB — 00pa3oBaHKe «KOpOHHOTO» miaMenu (Tabm. 4, Puc 10-11).

CylnHOCTh YCTAaHOBKHM 3aKJIIOYAETCs B MPUHYJUTEIBHON Mojade BO3AyXa B
30Hy peaklMH, TOpU 3TOM NPH PA3IUUYHBIX CKOPOCTSIX TMOJayd BO3/AyXa BH]
IIaMeHu MeHsieTcsl. Busyanuzanus 1efcTBUsI YCTAHOBKH MPU C)KUTAHUU HOHAHA U
3TaHOJIA C PA3NUYHBIMU CKOPOCTSIMH MOJa41 BO3/ayXa cBeAeHbI B Tabmuiy 4. Ilon
KPUTUYECKOM CKOPOCTBbEO MOHUMAETCS CKOPOCTh IMOJAYM BO3/yXa, NMPU KOTOPOU
obpasyercs «KopoHHOE)» TTams.

Tabnuua 4 — Bua ninaMeHu B TOPEIKU MPHU Pa3IMUHbIX CKOPOCTSIX

Haumenosanue CxopocTb DoTO0 nIIaMEHU
KUIKOCTH NPUHYAUTEIBLHON NOAAYH
BO3/yXa
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k.

Haumenosanue CxopocTb DoTO0 nIIaMEHU
KUJIKOCTH NPUHYAUTEIBLHON OAAYH
BO3/yXa
<0,9 Kputnueckas
Kputnueckas
Honan

>1,1 Kputnuueckas
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Haumenosanue CxopocTb
KUIKOCTH NPUHYIUTEIBLHON MOJauu
BO3JlyXa
OTtaHon <0,9 Kpurnueckas

Kputnueckas

>1,1 Kputnueckas

doTo ramenun
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Pucynox 100 - KopoHHoe miiaMs pu CKUTaHUH alleTOHA

Pucynok 11 - KopoHHoe mamMst mpu CKUTaHUM TE€KCaHa

BriBoanl
DKCIEPUMEHTHI MTOKA3bIBAIOT, YTO «KOpoHHOE» IMIaMsi BO3MOKHO MOJIYYUTh
B OTHOCHUTEIILHO HEOOJBIIIOM JMANa3OHE CKOPOCTEH MOoMayu BO37yXa, M TOYHO
ONPEAECICHHOM 3HAYEHUH 3€pKajia )KUAKOCTH, KOTOPas Il Pa3JIMYHbBIX KUJIKOCTEU
VHAWBUYyaJlbHA Y TOJBKO B JTOM CIIy4yae IIPOMCXOIUT CTOpPaHUE CMECHU [0
MPOJIYKTOB TOJHOTO TOPEHUs - IjlaMs MMeeT rojyOod IBEeT W He SBIACTCS HU
mudPy3uOHHBIM, HU KHUHETHYECKMM B IIOJHOM TIOHUMaHHMHM STHUX TEPMHUHOB.
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«KopoHHOE» TIiamsi SBISETCS CHMOMO30M BHWJIOB IUIAMEH, aHAJOTHYHBIM (HO
NPUHIUITHATIBHO JAPYTUM) «TOJTyOOMY BHXPIOY.

JanbHeiimee uccienoBanne «KOpoOHHOT0» MJIaMEHH OTKPBIBACT HECKOJIBKO
HAYYHBIX HalPaBJICHUN:

- OTpEJCIICHNE XapaKTEPUCTUK TOPCHHS BEIISCTB B PEKUME «KOPOHHOTOY»
TUTAMCHU;

- ONpEe/ICIICHHE MOIIHOCTH TEIIOBOTO TIOTOKA TPU TOPSHHUH KUIKOCTEH;

- pa3paboTKa HOBOTO CIOCO0A YTHIIM3AIIUU TOPIOYUX JKUJIKOCTEH ¢ HU3KUM
YPOBHEM BBIOPOCOB.
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PEKMMBbI TOPEHUSI MUKPOCTPYH BOJIOPO/JIA

B.B. Ko310B

HNHCcTUTYT TeopeTrnueckor u npukiaaaoi Mmexannku uM. C. A. Xpuctuanosuda CO PAH,
Hosocubupck, Poccus

AHHoTaums. llens maHHONM paboOTBl coOCTOsUIa B OKCIEPUMEHTAIBHOM HCCIEIOBaHUU
TG Gy3MOHHOTO TOPEHHUS IUIOCKOW MHKPOCTPYH BOJOPOZA, HWCTEKAIOMIeW W3 IIEJIEeBOTO
MHUKpOCOIUIa Ha JO0- M CBEPX3BYKOBOM CKOpocTH. B pesynbrare 3SKCIEpUMEHTAIBHBIX
UCCIICIOBAaHHI TTOJTyYEHBI CIICAYIONINE Pe3yabTaThl. BriepBbie MpeaCcTaBIeHO YEThIPE CIICHAPHUS
TU(QQPY3MOHHOTO TOpPEHHsI IUIOCKOH MHKPOCTPYH BOAOPOJAA, BKJIIOYAs TOPEHUE IPH
CBEPX3BYKOBOM HCTCUEHHH CTPYH BOJIOpOJAa (HAJIUYUU CBEPX3BYKOBBIX CTPYKTYp - SUECK).
YCTaHOBIIEHO, YTO CTAOMIM3AIMs JO3BYKOBOI'O TOPEHHS MHUKPOCTPYH BOJOpOJA CBS3aHA C
HAJIMYMEeM «OOJIACTH TEPETSHKKH IUIAMEHH», a TPU CBEPX3BYKOBOM HMCTEUEHHUH CTPYH — C
HaAJIMYMEM CBEPX3BYKOBBIX siueek. OOHapyxeH rucrepesuc mnpouecca audQy3noHHOT0 ropeHus
MJIOCKOW MHKPOCTPYH BOJOPOJA B 3aBUCUMOCTH OT CIOC0O0a MOHKUTaHKS MUKPOCTPYH (BOIM3H
WIM BIAJM OT Cpe3a COIUIa) M HANpaBJICHUS W3MEHCHHUs CKOPOCTH €€ MCTeUeHHs (pocTa WIiH
YMEHBIIICHUS).

1. BBeaenmue

Bogoponnas sHepretuka — 3TO HE TOJBKO HA3PEBIIMIA MEPEXO]l K OCBOCHHUIO HOBOTO
9KOJIOTHYECKH TMPUEMJIEMOr0 HCTOYHMKA DHEPrHMHM, HO W CTUMYJ K JOCTH)KEHHIO Ooree
3¢ (}eKTUBHOrO  UCMOJB30BAaHUS  TPAAULMOHHBIX BHUIOB TomiauBa, moBbimeHus  KITJI
UCTIONBb3YeMBbIX JABHraTenei u oOecrneyeHus Ooyiee BBICOKOM CTENEHH HKOJIOTHUECKOM
6e3onacHoctu npeanpustiii TOK u tpancnopra. OnHON W3 OCHOBHBIX HAEH B COBPEMEHHOU
TOHKE OKOJOTMYECKH TMPHEMJIEMbIX DJHEPreTHYECKUX TEXHOJOIMi CTajo CTpeMJICHHE K
nanbHeWmel nexkapOoHM3auuu aTMOC(HEPHOTro BO3AyXa (CHHKEHUIO IO <«ITaPHUKOBBIX)
BBIOPOCOB YTJIGKHCIIOTO Ta3a). B 3THX MensaX OCYyIIECTBISIETCS COKpaIleHHE MOTpeOaeHuUs
MasyTa, HepTH U yrias. [Ipogomxkaercs MX 3aMeHa SKOJIOTHMYECKU MPUEMIIEMBIM MPUPOAHBIM
ra3oM. YKpeIUISIOTCS TO3WIUM aTOMHOM SHEPreTUKM W aKTUBHO HAapallUBAIOTCS OO0BEMBI
UCIIOJIb30BaHUsI BO30OHOBIISIEMBIX HCTOYHUKOB OSHepruu. B mepcnexktuBe Oopnba 3a
3 PEeKTUBHBIE HICTOYHUKHI SHEPTUH U IPOTPECCUBHYIO EKapOOHU3ALUIO aTMOC(epbl HEU30EKHO
OyZIeT MpoJIoJKEHa B Mpoliecce aKTUBHOTO Pa3BUTHS BOJOPOJAHON SHEPTETUKH.

[TonydeHHble pe3yabTaThl HO3BOJIAT NMPEATIOKUTH HOBbIE TEXHOJIOTUYECKUE PELICHUS JUIS
CXKUTaHHUS TOIUMBAa (Ta3000pa3HOTO BOJOPOJA) TPH JO3BYKOBBIX CKOPOCTSAX HCTCUEHUS
MHUKPOCTPYH (BIUIOTH O TPAHC3BYKOBBIX CKOPOCTEW) MpH HX IU(P(Y3HOHHOM TOPEHHH, IS
YCTOMYUBOTO U 0O€30MAaCHOTO CXKUTaHUS Ta3000pa3HOTO BOJOPOJA B OKpPYKAIOIIEH MHEPTHOM
cpele, HampuUMep Ha BXOJI€ B MApOBYI TYpOWHY, IJis TOBBLIIMICHUS NABICHHUS W TOJHATHE
TeMIiepaTypsl padodero napa. [loaTroMmy uccienoBanne ropeHusi CTpYHHBIX TE€UEHUH BOJIOPOA,
BO3HUKAIOIIUX TPU KCIOJNB30BAaHUM PA3IMYHOTO poja (GOpPCYHOK, TOPENOK M  COmel
npeAcTaBsieT WHTEpec. B Hacrosmielr paboTe paccMaTpHBAIOTCS Pe3yJbTaThl HCCICIOBAHUN

78



TOpeHUs] MUKpOCTpYyH Bojopona. [lox MUKpOCTpysSIMU MMOHMMAIOTCS TEUEHHUS 3a CPE30M COILIa,
UMEIOLIETO MIOCKOE MO0 KPYTJIoe MONePeyHOe CEYeHHE U MOTIEPEUHbIN pa3Mep MEHee 3 MM.

OKclepUMEeHTaNIbHbIE UCCIIEeJ0BaHUS TU(PHY3MOHHOTO TOPEHHs KPYIJIOH MUKPOCTPYH BOAOPOAA
[1-5] noka3zanu HaJM4YKEe PAa3IUYHBIX CLIEHAPHEB MPOTEKAHUS JAHHOTO MPOIEcca B 3aBUCUMOCTH
OT HapacTaHus CKOPOCTH MCTEUEHUS MHMKPOCTPYHM B JHAala3OHE IUAMETPOB BBIXOAHOIO
orBepctust ot 0,25 no 1 MM. OOHapyxeHBI cienyoume cueHapuu Au(@y3noHHOTO ropeHus
KPYyTJI0il MUKPOCTPYHU BOAOPOAA.

1. TopeHne 4YMCTO NAaMHUHAPHONW MHKPOCTPYH C HAJMYUEM JIAMUHAPHOTO IUIAMEHH OOJIbIION

nanpHOoO0KHOCTH (U0 < 150 M/c).

2. Bo3HukHOBeHHE c(hepudeckoi «o0NacTH TMEpeTsHKKU IJIAMEHW» C HaJludyueM B Hel
JaMUHAPHOM MUKPOCTPYH U JJAMHHAPHOTO IIAMEHU C TypOynu3auueil MUKpOCTPYH U ITUIaMEHH
IpY NIPEOAOJICHUH JJaMUHAPHOW MUKPOCTpYel y3Kkoi o0iacTu rpaauenTa miotHoctu rasza (U0 >
150 m/c).

3. OtpsIB TypOyJIEHTHOTO IIaMeHU 0T obnacTH nepersikku miamenu (U0 > 200 m/c).

4. TlpekpaimieHue TopeHHs TYpOYJICHTHOTO y4acTKa MHUKPOCTPYH IPH COXPAaHEHUHM TOPEHUS B
001acTH TMepeTsDKKU IIaMeHu. [IpuueM B JaHHOHM CUTyallud TOpEeHHE B OOJACTH MEPETSHKKU
IUIAMEHH COXPAHSETCS BIUIOTH 10 TPAHC3BYKOBBIX CKOPOCTEH €€ HWCTCUCHHS, OJHAKO IPH
HaJIMYHMH TAKOTO SBJICHUS, KaK «3anupanue cormiay [5; 6] (U0 > 330 m/c).

5. Ilpexpamenue roperust Mukpoctpyu (U0 = 330 m/c). AHaornyHbIe CIICHAPUH TOPEHUS ObUTH
oOHapyxeHbl U TIpu AU GY3MOHHOM TOPEHUU TIIIOCKOW MHUKpPOCTpyH Bomopona [2; 7]. Cnenyer
3aMETUTh, YTO 3alHMpaHUe COIUIa MPOUCXOAWIO TMPHU JOCTHKEHUU CKOPOCTH HCTEUEHUS
MHUKPOCTPYH BOAOpoAa Onm3Koi K ckopocTH 3Byka B Bozayxe (U0 = 330 m/c). Crabunuzanus
TOPEHUsI KaK KpPYIJIOH, Tak W IUIOCKOH MHKpOCTpyHM oOecredyuBajach B JaHHOW CHUTYaIlUH
HaJIM4reM 00JIaCTH MEePEeTsHKKU IIaMEHH M CYILIECTBOBAHUEM B HEll ropeHus. Tem He MeHee HaM
HE yJaJIOCh BBIMTH Ha CBEPX3BYKOBOE UCTEUEHHE MUKPOCTPYH BOJIOPOAA MO MPUUYNHE 3alHpaHus
comia oOJacThI0 MEpPEeTSHKKU IUIaMEHH, KOTopas MPUBOAWIA K HArpeBy MHKpOCOIUla U
MpeaoTBpaliaga OTpeIB IIaMeHu OT ero cpe3a. OMHOW M3 XapaKTEPUCTUK TOPEHUs CTPYWHOTO
TEUYEHUS] TPU CBEPX3BYKOBOM HCTCUEHHH, HApsIy C pSAOM JApPYruX, SBISETCS Halu4yue
CBEPX3BYKOBBIX CTPYKTYp Kak B CTpye, TaK U B IUIAMEHH, HO B CUTYyalldUH OTpPbIBA IJIAMEHU OT
cpesa coruia. OTO JIeTalbHO MPOAEMOHCTPUPOBAHO B paboTax [6; 8] mpH MoHKUraHUK KPYTIIon
MUKpPOCTPYH BOJIOPOJA BIAJIM OT cpe3a coruvla. B maHHO#M cuTyalnum MOXHO ObUIO HAOMIOAATH
HaJIMYUe CBEPX3BYKOBBIX SU€EK KaK B CTPYE, TAK U B OTOPBABLIEMCS OT Cpe3a COIUIa IIaMEHH.

[ens HacTosIICH pabOTHI COCTOUT B AKCIIEPUMEHTAIILHBIX HUCCIICIOBAHUSIX OCOOEHHOCTEH
TP QPY3MOHHOTO TOPEHHUS IUIOCKOW MHKPOCTPYH BOJOPOZA, WCTEKAIOMICH W3 IIEJIEBOTO
mukpocoruia (puc.l). Ocoboe BHUMaHWE OyIeT yHIEICHO HWCCICJOBAHUIO XapaKTEPUCTHUK
pa3BUTHS JAaHHOW MHUKPOCTPYH Ha CBEpPX3BYKOBOH (oTHOcHTenbHO Bo3ayxa UO = 331 m/c u
Bosopona U0 = 1284 wm/c) cKOpOCTH ee MCTEUYEHHS U NMPU HAIWYMUA CBEPX3BYKOBBIX SUEEK.
(puc.1) c ucnonp3oBanuem Teriepa MAB-451(cm. puc.2.).
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Puc. 1. Cxema 3xcriepuMeHTa: a — COIJIOBOM anmapar; b — 010K yrpaBieHUs dJIEKTPOMarHUTHBIM
KJIAITAaHOM pacxojiomepa; ¢ — 6ayuoH cxatoro Bogopoaa (100 atm.); d — penykrop. CorutoBoi
ammapat (a) coctout u3 dopkamepsl (1), Habopa aeTypOyIU3UPYIOMUX CETOK (2), XOHEeHKoMOa
(3) m mukporpyOku mmuHOM 200 MM c meneBbIM MHUKpocoruioM. C momoripio ugpoBon
BUJICOKAMEPhI WIH TETUIOBU30pa (4) (GUKCUPOBAIUCH TEHEBBIE KAPTHUHBI CBEPX3BYKOBBIX SUEEK
(5) wu Tomonorus miameHu (6).
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Puc. 2. Cxemarnueckoe n3o0paxeHnue TeHeBOro ycrpoictna Temnepa MAB-451 u TeHeBast
KapTHHA TOPEHUS BOJOPOAA B INIOCKOW MUKPOCTpYE.
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2. :‘)KCHepI/lMeHTaﬂbHLIe JaHHbIC

B pesynbrare SKCHEpUMEHTAJIbHBIX MCCIEAOBAHUN IIOJY4YEHBI YETHIPE CLEHApHUs
T y3MOHHOTO TOPEHMs IUIOCKOH MHUKPOCTPYHM BOJOpOJA, BKJIOYAs TOpEHHE MNpPU HATHYUH
CBEpPX3BYKOBBIX S4€€K, KaK 10 BO3IYyXY, TaK U 10 Bogopoy (puc.3.).

Puc. 3. Yetsipe cuenapus nuddpy3uoHHOTO TOPEHUs TUIOCKOH BOIOPOIHON MHUKPOCTPYH MPH
m3meHenuu ee ckopoctu: U0 < 150 m/c (a), U0 = 150 m/c (b), U0 =330 m/c (c) m U0 = 1280 m/c

(d); 1 — mukpocorio, 2 — «y3Kas 00JacTh TUIAMEHH», 3 — JJaMUHApHas MHKPOCTpys, 4 —
TypOyJIeHTHAsI MEKPOCTPYS, 5 — miamsi, 6 — MOHATOE IIaMs, 7 — CBEPX3BYKOBBIC STUCHKHU.
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Puc.4. T'paduk (rucrepe3nc) 3aBUCHMOCTH TUIAMEHHM DPa3BUTHE BOJOPOIHOM MHKPOCTPYH B
3aBHCUMOCTH OT €€ CKOPOCTh MCTEYEHHUS M CIOCcO0 BOCIUIAMEHEHHUs (BOJMM3W/BIAU OT cpe3a
COTUIAa, TUATIA30H CKOPOCTEH (A) NCUE3HOBEHHS CY)KEHHUsI TUIAMEHH 00J1aCTh M HAYaJIO OTIICJICHUS
mwiamenn U BHemrHuA BUA (B) oOmactu cyxenus miameHu. CTpeNKH yKa3bIBAIOT HAIPaBJICHUE
W3MEHEHUN B MUKPOCTpYE.
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Jiis (a1 5TOTO pasMepa Coria) MpU CKOPOCTSAX MCTEYeHHs Boxopoaa MeHee 150 m/c mepBoro
pexuma (CIeHapusl) HCTEUEHUsS BoJopoAa ObUIO JOMOJHUTEIBHO HAWIEHO BIIMSHHUE
AKyCTHYECKOTO IO Ha CTPYKTYPY IUIOCKOM cTpyu. M3mMepeHus B 3TOM ciydae OBLIH
MIPOBEJICHBI C UCTIOIB30BAHUEM TEIIOBH30Pa, TTOKA3BIBAIOIIIETO TOMOJIOTHIO TuiaMeHu. (Puc.5).

a). 0)

Puc.5. Biusiane akyctiudeckoro mojst Ha (pOopMy IUIaMEHHU NP CKOPOCTSIX MCTEUCHUS BOAOPOIA
meHee 150 wm/c (a) 6e3 akycrtmueckoro mnois, (0) C HaJOXKEHHBIM AaKyCTHUECKUM IIOJEeM
(ammumaryna 95 dB, £=5500 Hz) (Bun Ha y3Kyro rpaHs).

Jlyist cpaBHEHUsI, B paMKaX 3TOTO MCCIEI0BaHUs, ObUT paCCMOTPEH CIy4ail MUKPOCOILIA C
pasmepamu B miecth paza MmeHbmuMHu (0.400 mHa 0.07 mm2). Ha puc.6 npuBeaeHbl CHUMKH
MOJIyYEHHBIE C UCTOIb30BaHUE TEIUIOBU30PA, IJIAMEHH TaKoW CTpyH (B Ha Y3Kyl0 TpaHb). Kak
MOKa3aJM WCCleNoBaHusS B Jauamna3one ckopocred 320 - 370 m/s, Takke HabOmomaercs
TUCTEPE3UC B 3aBHCHUMOCTH OT CIIOC00a MOHKUTaHUsI MUKPOCTPYH (BOJIM3M WU BAAIM OT cpe3a
COIJIa) ¥ HAIIPABIICHUSI U3MEHEHUSI CKOPOCTH €€ UCTeUSHUS (POCTa WM YMEHBIIICHHUS ).

OTtmerum, uyTO creHapuH Au(p(GY3HOHHOTO TOPEHUS UIs ITOrO cilydyasi, ObUTM HpPaKTHYECKU
JAPYTUMH M TIOBTOPSUIM CLIEHApUU Il Kpyryioro Mukpocoruia pasHoe 30 mukpon (CMm. paboty

[4]).

Koncratupyem, 4To mpH HalIO)KEHHUH aKyCTHYecKoro mojisi, 3¢(deKT pacuierieHus

WIN BIMSHHS OTCYTCTBOBAJ BO BCEM JMAra30HE MCTCUYCHHUS ( aKyCTHUYECKOE IMOJie B JHAINa30He
ot 10 I'm mo 20 Krix.).
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65 m/s 90 m/s 220 m/s 280 m/s
320 m/s 350 m/s 370 m/s 390 m/s

Puc. 6. Buzyanuzauus ropenust Bogopoja ¢ nomounisto teriosuzopa CEM DT-9897H nns
Pa3IMYHBIX CKOPOCTEH MOTOKA BOJOPO/A.
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Pe3ynbrarsl cpaBHEHHs MOKA3bIBAIOT C OJHOM CTOPOHBI HA BO3MOKHOCTh IPUMEHUMOCTH
TEIUIOBHU30pa (MBI BUIUMM HAarperoe COIUI0 M TONOJOTHIO IUIAMEHHM) C JAPYro CTOPOHBI Ha
HE00XO0UMOCTb, B JaJIbHEHIIEM, TOJIPOOHBIX UCCIETOBAaHUN ITUX CIy4aeB.

3. 3akaiouenue.

[ToxBoas UTOT, ATOM YacTHU MPOBEIECHHBIX MCCIEAOBAHUN, HEOOXOAMMO KOHCTATUPOBATH
TOT (haKT, YTO PKCIEPUMEHTAIHLHO OOHAPYKEHO HOBOE (DU3UUYECKOE SIBJICHHE MHUKPOCTPYWHOTO
TG Py3MOHHOTO TOPEHHUs BOJOpPOJA C HArpeBOM COIUIA, OOECIECUYMBAIONINE CTAOMIU3ALHIIO
TOpeHUs BIUIOTH J0 TPAHC3BYKOBBIX CKOPOCTEH HMcTedeHHs Boaoponaa. OOHapyKEHHBIN pexuM,
MOYET OBITh HCIIOJIb30BaH, JUISl PA3MUYHBIX TEXHOJOTHYECKUX IIeNiel, TaKUX KaK OpraHu3alus
3 PEKTUBHOTO NMEPEMEIINBAHUS PA3TUYHBIX TOTOKOB M MX MOJIOrpeB. B TakoM pexxume cropaer
TOJILKO HEeOOJbIIasi 4acTh BOAOPOAA, a OCTajbHAs CMEIIMBAETCA C MPOJIYKTaMH TOPEHUS U
BO3JYXOM, B pE3yJbTaTe YEro TeMIepaTypa TaKOll CMECH MOXKET BapbHpOBATHCS (IyTeM
nmoadopa CKOPOCTH TOTOKA M JUaMeTpa CoIlia) OT OJM3KOW K HadaJdbHOM JI0 TeMIEepaTyphl
caMoBOCIIJIaMEeHEHHs Bojiopoaa. Kpome Toro, Takas cucreMa MOXXET CIYXHUTh CBOCOOpPa3HBIM
peaKkTopoM Uil OCYIIECTBIICHHS, HampUMep, B MSITKUX U KOHTPOJHPYEMBIX YCIOBUSX
pa3IMYHBIX TEPMOJIUTHUECKHX PEAKIUH, TaKUX KaK CHHTE3 HAHOYACTHUI] METAJUIOB M OKCHJIOB
METAJIJIOB U3 JIETYUYHX METAJUICOAEepKAIIUX MPEeKypcopoB, 00paboTKa yriaeBOIOPOIHOTO ChIPhS U
np. Taxke Takue CHUCTEMbl MOTYT OBITh HCHOJB30BAaHBI JUIs OpraHu3auud 3(PQeKTHBHOTO
CMEIIIEHUs TOIUIMBA C BO3AYXOM U IMOJOTPEBA TaKOW CMecH Jis JeTaTeIbHbIX ammapaToB U Jp.
TOPEJIOYHBIX YCTPOUCTB.

HccnenoBanue BBITIOJIHEHO 3a cueT rpaHta Poccmiickoro HayyHoro donma No 22-19-
00151, https://rscf.ru/22-19- 00151/.
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Annoramusi. B pabGore wuccnefoBasicss HWKHHM TIpelesl TOPEHUsS CMECH
HE(TAHBIX MAPOB C KUCIOPOJOM B 3aKPBHITOM COCYJE B MPUCYTCTBUHU KUAKON (pa3bl.
bb110 Moka3aHo, 4TO HUKHUM TMIpejiesl TOPEHUs CMECH NapOB JKUJKHUX YIIJIEBOJOPOIOB
C BO3JIyXOM HE COBIMAJAeT C MPEIE]IOM TOpPEHHUs JJIsi MapOo-KUCIOPOJHOM CMECH.
[IpyurHBl  HECOBMAJEHUS TMPEACTIOB O0YCIOBICHBI TU(DPY3HOHHBIM TOPEHHUEM
AKHUJKOTO TOIUIMBA, KOTOPOE BOCIJIAMEHSIETCS B MPUCYTCTBUU KHCIOpOaa B cocyne. B
paboTe MoKa3aHo, YTO MAaKCHUMAaJbHOE JAaBICHHE TOPEHUS B 3aKPBITOM COCYHAE MpPH
TOPEHUU MAPO-KUCIOPOJHOM CMECH MPEBOCXOAUT MaKCUMAJIbHOE JaBJICHHE
ra3oda3Hol CMeCH KHUCJIOpOJa M MponaHa Ha OeAHOM IMpejerne MNpU TeX Ke
HAYaJIbHBIX YCIOBUSIX. ITO OOBACHSIETCS TEM, YTO HA OETHOM Mpezelie KUCIOPO, He
BBITOPEBIIMI B Ta3oBoil ¢asze, BbhIropaer 3a cyeT UG Y3MOHHOTO TOpPEHHUS
AKHUJKOCTH, YTO JaeT OONBIIMN MPUPOCT JIABICHHS, YeM MOT Obl MOJYYUTHCS MpPH
BBITOPAHUU TOJIBKO Ta30BOH (pa3bl.

KiroueBble ¢jioBa: TOpeHHE, KHUJIKOE TOIUIMBO, TOPEHHE B 3aMKHYTOM COCY/IE,
KOHLIEHTPAIMOHHBIN MIPE/Iel TOPEHUsl, TEMIIEPATYPHBIN MPeea ropeHus

Bsenenmne.

B TexHosmornueckux mpoueccax, MNPOTEKAIOIUX B 3aMKHYTHIX OObeMax,
BO3MOXKHO oOOpa3oBaHHE ToOprouMx cMeceil. CuMTaeTrcsi ONacHbIM HajJu4ue
TOMOT€HHOW Ta30- WM IapOBO3AYIIHOM roproyer cmecu. i mpenorBpaineHus
paspylieHusi cocyla B pe3yJbTaTe CropaHus OOpa30BaBIIMXCS TOPIOYUX CMeEcei
MOKHO HCIIOJIb30BaTh JIBa MOAXO0Ma: JHOO MPEeayCMOTPETh TaKue MPOYHOCTHBIC
XapaKTepUCTUKU COCYAa, YTOObI COCyA HE pPa3pyIIMJICS MPH CTOPAHWU TOpIOYEi
cMecH, JIMOO OpraHM30BaTh MpPOLIECC TakK, YTOObI MO TOPHOYEl cMecH HE MOrJia
pacnmpocTpaHsTbCs BOJHA ropeHusd. Paborarh ¢ 3ampenesibHOM CMEChI0 4acTo
OKa3bIBAaeTCs MPOLIE, YEM CO37aBaTh YCJIOBHS JUIsi HEBO3ZMOXHOCTH BOCIUIAMEHEHHE
CMECH U HE BCerja SKOHOMHUYECKHU LeJIeco00pa3HO JAeNaTh MPOYHBIE COCYIbl WIH
yCTaHaBIMBATh 3alIUTHbIE yCTpoWcTBa. llpu KOHUEHTpaluu TOIUIMBA B CMECH
Oonbllle  BEPXHEr0  KOHIEHTPALMOHHOIO  TMpeAeNa  IulaMs  HECIOCOOHO
pacmpocTpaHsAThCs MO Takod cmecu. OAHAKO MpHU HAIMYUHU yTeueK B aTMmocdepy
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MOKeT oOpa3oBaThcsi roprouas cmecb. C yderom 3Toro ¢akropa OezomacHei
paboTath ¢ 3anpeneabHbIMU CMECSIMU HU)Ke 0€THOTO KOHUEHTPAIMOHHOIO IMpeena.
Oxkazanoch, 4TO MNpU HAIUM4YMK O€JHOM 3ampeNebHOM Mapo-ra3oBOM CMECH Mpu
pacnpoCTpaHEHUHU IJIaMEHU B 3aKPHITOM COCYZI€ BO3MOXKHO JOCTH)KEHHE OYEHb
BBICOKMX  JaBJCHMH, JaXXe BbIIE, YeM TMpd TOPEHHMH TOMOTECHHBIX
CTEXMOMETPUYECKUX CMECEU.

[TpencraBuM KpaTKyro MHGOPMALMIO IO OCHOBHBIM METOAAM 3alllUThl COCY/IOB
BBICOKOTO JIaBJIEHUS, KOTOpbIE MOTYT OBITh HCIIOJIB30BaHbBl B Pa3HOOOpPA3HBIX
MPUKIAAHBIX TEXHOJIOTHYECKUX 3aa4ax.

Cy1iecTByeT HECKOJIBKO CIIOCOO0B 3alIUThI 3aKPBITHIX COCY/IOB OT pa3pyllICHHUS,
Takhe KaK pa3pblBHbIE MEMOpaHbl, KJIallaHbl M CaMbl€ TMPOCThIE U HAJIEKHbIE —
nopuctbie cpenapl. OCOOCHHOCTM TPUMEHEHHS MEMOpaH 3aKIIYaroTCs B HX
IPAKTHYECKON OE3MHEPLMOHHOCTH MPH NPEBBINICHUM JaBiieHUs B cucrteme. [lpu
pa3pbriBe MEMOpPaHBI Cpeia BRIXOAUT HAPYKY B KAKOW-THOO0 3aIUIIIEHHBIN 00BEM HITH
B OKpY’Karollee MPOCTPAHCTBO, TEM CaMbIM MpPENOTBpalas pa3pylieHue 00O0JOUYKU
cocyna. Toxe kacaeTcss M KJIamaHOB, HO TOJIBKO BpeMsl cpabaThiBaHHUs KjamaHa BO
MHOTO pa3 MpPEBBIIAET BpeMs pa3pbiBa MeMOpaHbl, YTO MOXKET KPUTHUYECKU
CKa3aThCAd Ha LEJOCTHOCTM cocyna. Oba Tuma 3alIUTHBIX YCTPOMCTB OMHUCAaHBI B
['OCT P 59374.6-2021.

OcHoBHbIE pabOTHl O TEMATHKE MOPHUCTHIX CPel — MCCIEAOBaHUsA B 00IacTu
($u3NYECKUX OCHOB MO0XAPOB3PHIBOOE30MACHOCTH, KaCAIOLIUXCS PACIpPOCTPAHECHUS
BOJIH TOPEHHUS B MOPUCTHIX cpenax. B pabore [1] mokazaHO, YTO MOPUCTHIE CPEIIBI
3G ()EKTUBHO CHMXKAIOT MAaKCUMAaJbHOE JaBJICHUE B CUCTEME MPU PACHPOCTPAHCHUU
BOJIH ropeHus B cocyle, MOJIOKUTEIIBHO CKa3bIBasICh Ha
M0’KapOB3PHIBOOE30MACHOCTH COCYIOB pabOTAIOMIMX MO AaBieHueM. [IpencrapieHsl
OCHOBHbIE TTapaMETPUUECKHE 3aBUCUMOCTH, MO3BOJIAIONINE MOA00paTh Ty WJIH UHYIO
MOPUCTYIO Cpedy MOJ KOHKpPETHYI0 3afady. B paboTax naHbl XapaKTE€pUCTUKH
TOpPEHHs Ta30B B COCYJIaX, YACTUYHO 3aIOJIHEHHBIX MOPUCTHIMU cpenamu. B pabote
[2] mnpencraBiieHbl CHOCOOBI MPUMEHEHUs MOPUCTBIX CpelJ B KOHKPETHBIX
TEXHUYECKHUX 3aa4ax.

He Bcerma BO3MOXXHO MO TEXHOJOTMYECKUM WM HHXKEHEPHBIM MPUYMHAM
pa3MelaTh MOPUCTYIO CPEy B COCYAE WM B EMKOCTH, B CHITY CIIOKHOCTH MEPEHCIKU
CylllecTByIOIIero  obopynoBaHus. Hcnonb3oBaHue K€  MPEIOXPAHUTENbHBIX
yCTPOMCTB, OMHCAHHBIX BBIIIE, HECYT B ceOe PHCKU BbIOpOCa, HampuMmep, KUAKUX
YIJI€BOJOPOAOB TMPH BBICOKUX [JaBICHHUSIX U TeMIepaTypax B OKpyXkaroliee
IPOCTPAHCTBO, YTO MOXKET MPUBECTU K MOKapy. MOXHO 100aBUTh, YTO TOPEHHUE B
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MOPUCTHIX CpellaX >KUJIKUX TOIUIUB B COCyAaX TMOCTOSHHOTO JaBJCHUS el He 0
KOHIIa UCCJIE0BAHO U TPpeOyeT AabHEHUIITUX UCCIAEIOBAHUN B 3TON 00JIacTH.

C Jnpyroifi CTOpPOHBI, COBPEMEHHBIE TEXHOJIOTMYECKUE 3aJayd  MOTYT
noTpeboBaTh pabOTy CO CMECAMH KUJIKHX YIJICBOAOPOJAOB U  OKHCIUTENS
HEIMOCPEJICTBEHHO B COCY/IaX BBICOKOTO JABJICHUS MPU TEXHOJIOTUISCKUX OMEPAITUIX
[3]. C1OKHOCTh TaKHUX CHCTEM OOBSICHSETCS TEM, YTO KOHEYHOE JABJICHUE B COCYIE
3aBUCUT HE TOJBKO OT JABJICHUS OKHCIIMTENS, HO U OT MapIUAIbLHOTO JaBJICHUS
MapOB KUJKUX YTJIEBOJIOPOIOB, KOTOPHIE B CBOIO OUEPEIb, 3aBUCST OT TEMIIEPATYPHI.
OTH 3a7a4yd MOTYT OBITh peaJM30BaHbl OE30IMMacHO, eciu paboTa €O CMeCsIMU
MIPOUCXOJIUT Ha 3aIpeeIbHbIX KOHIIEHTPAIIUIX Fa30B/TIAPOB C OKUCIUTEIIEM.

B mnacrosimielt pabote mnpeacTaBieHbl Pe3yJbTaThl HCCIECIOBAHUS HUKHETO
TEMITEPaTypHOTO ¥ KOHIICHTPAIIMOHHOTO TMpeJieia TOpeHus cMeceld He(TSIHBIX MapoB
C BO3yXOM U KHCIOPOAOM B 3aKPBITOM COCYJZI€ B MPUCYTCTBUU KUAKON HEPTH U
ra3oBoii (pa3bl B OTHOM COCY/I€ TOCTOSIHHOTO 00BEMA.

JKCIePUMEHT.

OKCHEpUMEHTbl 1O  ONPEIENIICHHWI0O  HWKHUX  TEMIEpPaTypHbIX U
KOHIICHTPALMOHHBIX IPENEJIOB TOPEHUs CcMecell napoB HEPTH C OKHUCIUTEIEM
OPOBOAMIUCH B 3aKPBITOM COCYyJl€ TIOCTOSSHHOTO 00BEMa C HarpeBarteneM,
MO3BOJIAIOIIMM KOHTPOJIMPOBATh TeMIepaTypy kuakoi HedTtu. B skcmepumente
yCTaHaBIMBAJINCh JIBA HAYaJbHBIX YCIOBUS: py— CyMMAapHOE JaBICHUE CMECH MapoB
u okucnutens B cocyne, MIla u temnepartypa Hedtu nepea 3axxuranuem 1y, °C.

OCHOBHBIM PE3yJIbTaTOM AKCIEPUMEHTA SIBJISIACh 3aBUCUMOCTb JIaBJICHUS OT
BPEMEHHM, C OMOIIbIO KOTOPOU OLIEHMBAJIACh CKOPOCTh M MaKCHUMAaJIbHOE JIaBJICHUE,
JOCTUTa€MOE B DKCIEPUMEHTE, Puq, MIla U P,y =pua/Po, — OTHOCUTEIBHOE
MaKCHMaJIbHOE JJaBJICHUE B3PbIBA.

B kauectBe cocyma ucmoib3oBaiach OoM0a TMOCTOSHHOTO  00BEMA,
paccunTaHHas Ha napieHus nopsiaka S0 MIla. O6bém 60MOBI cocTaBisin 3 AuTpa.
BuyTtpennuii nuametp OomObl mopsiaka 178 mm. bomba oOmateiBasiach THOKHM
HarpeBaTeneM, KOTOPbIM 3aKphIBAJICA TEIUIOM3OJSLMOHHBIM  MaTepuajlioM U
nojkioyancs Kk - perynstopy temmeparypel  REX-C1000, perynupoBaBuiero
Temnepatypy ¢ Tounoctsio =1 °C. HedyTh (B najbHeIEM TOIINBO) M ra3bl MOJABAIN
BHYTpb OOMOBI yepe3 pasienbHble JIMHUU U natpyOku. [lepen momaueil sxuakocTu
O0oMba OTKayMBaiach, 3aTEM OTKPBIBAJICS BEHTHJIb U JKUJKOE TOIUIMBO MEPETEKaso
BHYTpb MOJI JCHCTBUEM pa3HOCTU MAaBieHUN. COOTHOILIEHHE MEXKIYy Ta30BOM U
KUAkol ¢azoil Obui0 mpuOmusurensHo 1:1 mpu 3axkuranum cnupaibio. [lpu
3a)KUTaHUU UCKPOM YpOBEHB KHUAKOTO TOIUIMBA HE AOXOJWII J10 OJOBUHBI OOMOBI Ha
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10-15 MM U COOTHOIIIEHHE KUAKON U ra30i pa3bl ObIIIO HECKOJIBKO MEHbIIe yeM 1:1.
3aTteM OCyIIECTBIIACH [10/1aYa KUCIOpoJa WM BO3/lyXa B COCY A0 HEOOXOAUMOTO
CYMMapHOI0 JaBJIEHUs Hapbl + OKUCIUTENb. B cocyle ycTaHaBIMBaIOCh 1aBJICHUE B
COOTBETCTBUM C JABJICHHEM HACBILICHHBIX NAapOB HEPTH U JABICHHUEM OKHCIIUTEIS
npu JaHHOW Temmeparype. B 6omOe mpemycMoTpeHsl aBa (iaHIla — BEPXHUM H
OO0KOBOI1, Uepe3 KOTOPbIE BBOJAMINCH TEPMOTAPHI B Ta30BYI0 U KUAKYIO (a3bl. Uepes
BEpXHUH (piaHell BBOAWIIM TEpPMOIapy B razoByio (pa3y. Jrta Tepmomnapa mnomorana
OTIpEeEeIUTh MOMEHT BOCIUIAMEHEHHUS KUAKOW MJIEHKHU TOIUIMBA Ha 3JIEKTPOAAX MpH
OTCYTCTBUM BOCIUIAMEHEHHUsI B razoBoil (aze. Tepmonapy, BBOAUMYIO B JKHUIKOCTb,
norpyxaid Ha rnyouHy 15mm. C momouipto 3TOM  TepMmomapsl, MOTPYKEHHOU B
KHUJIKOCTb, pEryjaMpoBajics HarpeB OoMObl 10 HEOOXOJUMBIX 3HAYEHUH.
TemnepaTypsl NpOBEACHUS OSKCIEPUMEHTa MO 3QKUTaHUI HEPTAHBIX MapoB
BapsupoBanch oT 20 1o 80 °C. Bpems HarpeBa 10 pabouux TeMmepaTyp COCTaBIISLIIO
1.5-2 gaca. IIpu kOMHaATHBIX TemrepaTypax, 0oM0a Takke BbIACPKUBAIACh HE MEHEE
1.5-2 yacoB. 3akuraHue OCYIIECTBISUIOCH MCKPOH C MOMOIIbIO BOJB(PPAMOBBIX
3JIEKTPOJIOB TONIIMHON 1.5 MM, pacnosio’KEHHBIX COOCHO B LIEHTpe OOMOBI. YPOBEHb
TOIUIMBA HM)KE€ YPOBHS AJIEKTPOJOB MO3BOJSUIO 3aXWUraThb Tra3oByr a3y 0Oe3
HEIOCPEICTBEHHOTO BO3JEUCTBUS HMCKpBl Ha XuAKylo (asy. IlpenBapurenbHble
HKCIIEPUMEHTHI TIOKa3aJM, YTO €CJIM YPOBEHb TOIUIMBA ObLT HUXKE SMM OTHOCHUTEIHHO
3JIEKTPOJIOB, BOCIUIAMEHEHHUE >KHJIKOW (Pa3bl TONBKO 3a CYET pa3orpeBa TOIUIMBA
VCKPOU HE IPOU30UJIET.

b mpoBeneHbl Tak)Ke SKCHEPUMEHTHl IO CXKUTAHWIO TapoB HePTH B
3aKpBITOM COCYZE€ B CMECH C KHUCJIOPOJIOM, Pa30AaBIEHHOM a30TOM B COOTHOILIEHUU
50/50. B 3THX 3KCIIEpUMEHTax B Kau€CTBE 3aKUTaHUs UCIOJIb30BajIach MPOBOJIOYHAs
COUpajb, KOTOpas YacTUYHO MOIpykKajachk B JKHUIKOCTb. B 3TOM ciydae
BOCIUIAMEHEHHUE JKUAKOM (a3pl JOMHKHO ObUIO OBITh OrPAaHUYEHHO TOJIBKO
JOCTHKEHHEeM Tmpeaena s auddysnonHoro ropenusi. Pazmep u compoTuBieHUE
CIUpa TOJOUPAIMCh TAaK, YTOOBI TOCIE BKJIIOUEHUS CIHPab Meperopaia. ITo
rapaHTHpPOBAJIO, YTO OJHEPrus, MepelaHHas Ha IMPOBOJOKY JOCTaTOYHA IS
3aKUTaHMUs TOIUIMBHOM CMeCH, T.K. TEMIEpaTypa pa3pyLIeHUs CHHpaId BbILIE
TeMIIepaTyphl 3AKUTaHUs IApoB, T.€. nopsaaka 1200 °C.

Hasnenue B 6omOe usmepsiioch garuukom J1J110, curnan ¢ natumka mojaaBajics
Ha ycunurtens U 3ateM Ha ALl [lo okoHYaHMM 3KCIIEpUMEHTa TOIUIMBO CIUBAETCA
N0/ TABJIEHUEM M3 COCY/1a, YCTAHOBKA OYMILAETCS U OTKa4YMuBaeTcs. B kaxaqom HOBOM
HKCIIEPUMEHTE HCMOJIb30Balach HOBas MOPIHS HE(PTU U3 ONHON U TOW Ke MapTHH
(KaHUCTPBHI).
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PesyabTarsl.
I'openue mapo-Bo3ayIHON CMeCH.

JInst BBISIBJACHUS HW)KHMX KOHLIGHTPALMOHHBIX W TEMIEPATYPHBIX MpPEnesioB
ropeHuss mnapoB HePTH ¢ KHUCIOPOJOM T[E€pPBOHAYAIBHO OBUIM MPOBEJIECHBI
DKCIIEPUMEHTHl HA MEHEE arpecCHBHOM CMECH MapoB € BO3AYyXOM. J[eHCTBHUTEINBHO,
UCXOJs W3 MPUPOJBI HIXKHETO mpenena [4], U COpaBOYHBIX JAHHBIX [5,0] HMKHHE
Ipenesibl TOPeHHs] CMECEH YIIeBOAOPOJIOB € BO3JYyXOM COBIAJAIOT C MPEAEIaMU
TOPEHUsI CMECEW YIJIeBOJAOPOJOB ¢ KuciopogoMm. Iloatomy nnsi BbIABICHHS
IpEeIBAPUTENbHBIX TPAHUI] TIPEIETIOB ObLI MPOBEJIEH SKCIEPUMEHT CMECH TOILITUBHBIX
MapoOB C BO3JIYXOM.

DKCNEPUMEHTHI MOKa3ail, YTO HUKHUM TEMIIEPATypPHBIM MPEAesioM Uil mapo-
BO3JYLIHOW CMECH, HI)KE€ KOTOPOTO TOPEHHE B COCyJe OTCYTCTBOBAJO, OBLIO
3HaueHue temnepatyp nopsaaka 40 °C. [ns temmepaTyp BbIII€ 3TOTO 3HAYEHUS U
naenenud nopsiaka 0.1-0.45 MlIla ropenune npoucxomuno. [lpu  yBenunueHuu
TEMIIepaTypbl, HOPOT MO KOHUEHTPALMAM (IABICHHUSIM OKUCIUTEISA) TAK)KE CIBUIaJIC]
B 0OJIbIIIME 3HAYCHUS.

Ha pucynke 1 mnpeacraBiensl pesynbTatel it 7=58 °C. Ilpenen 1o

HayaJpHOMY JaBJIECHUIO cMecHu HaxoauTcs Bomu3u 0.3 MIla.
12

10 *

0 0,1 0,2 0,3 0,4
Py MIla

Puc.1 3aBuCUMOCTb OTHOCUTENIBHOTO MAaKCUMAJIBHOTO AABJICHUSI OT HAYaJIbHOTO
JABJIEHUS NTapO-BO3AYIIHON cMecH. CMeCh mapoB TOIUIMBA C BO3AyxoM, 1= 58 °C.

Heo0xonuMocTh MCHOIB30BaHUSI OTHOCUTENBHBIX MaKCHMANbHBIX JIaBJICHUN
P10 OOBSCHSIETCS T€M, UTO STOT MapaMeTp XapaKTepu3yeT, HACKOJIbKO TOIUIMBHAS
cMech OnM3Ka K CTEXMOMETpHM WM K mpeneny. KoHeuHoe naBieHue B3pbiBa B
cocyne cnabo 3aBUCHT OT THIIA YIJIEBOAOPOAA, MOATOMY BO3MOXKHO CpaBHEHHE
JaBJICHUN, JOCTHUTaeMbIX B OOMOe MpH TropeHue cMmecH He(QTAHBIX MapoB C
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OKHUCJIUTEJIEM U PACUETHBIMU 3HAYEHUSIMU JUISI CMECH MPOMAHA ¢ COOTBETCTBYIOIIUM
OKUCIIUTENIeM, cAenaHHeiMu B mporpamme Equil w3 makera ChemKin [7,8].
Hanpumep, u3 puc. 1 cienyer, 4To Wil HA4aIbHOTO JIaBjieHUs cMecH nopsiaka 0.29
MllIa, MmakcuManbHOE OTHOCHUTENIbHOE AaBieHHE B3pbIBa P, < 5.7. OT0 3HaUeHUE
OJMM3KO K MaKCUMaJIbHOMY OTHOCUTEIBHOMY naBiieHuto P,,=5.7 npenensHont 2%
CMECHM IpOonaHa M BO3AyXa, B3ATOM NPH TOM XK€ TEeMIEpaType M HadaJbHOM
napiennu p;=0.3 Mlla, 4To 1eMOHCTpUpPYET OJIM30CTh HUKHETO IIPEea.

VYBenuueHue TemnepaTypbl cOCy/ia MPUBOAUT K YBEIUUYEHUIO JTABJICHUS MapOB
TOIUIMBA, COOTBETCTBEHHO JOJDKHO BO3pacTaTb M IMpEAeNbHOE MaplUaIbHOE
napjieHue okuciaurtens. Hanpumep, mis temneparypsl TomumBa mopsiaka 80 °C
JABJIEHUE CMECH, COOTBETCTBYIOLIEE KOHIICHTPALIUOHHOMY TMpEeNeay CMEIIaeTcs
BIIPABO U JlocTUraet 3HaueHui nopsiaka 0.4 Mlla (puc.2).

§ 4
s
o3
2
1 L] L
0
0 0,2 0,4 0,6 0,8 1 1,2
Py Mlla

Puc. 2. 3aBUCHMOCTh OTHOCHTEIIFHOTO MAKCUMAJILHOTO JABJICHUS OT HAYAIBHOTO
JaBJICHUS TTapo-Bo3AyIIHON cMecu. Cmech mapoB Hetr ¢ Bozmyxom, 7;=80 °C.

Ha pucynke 3 naHa 3aBUCUMOCTH MPENEIbHOIO HAYaJbHOTO AAaBJICHUS OT
TEeMIIepaTyphbl CMECH JIJIsI TPEX IKCIEPUMEHTOB.

OOnacth, HaxojsUasCs BbIIIE MPSAMOM JIMHUM, MPOBEIAEHHOW uepes
IKCIIEPUMEHTAJIbHbIE TOYKH, SBISETCS OOJIACTBIO PACIPOCTPAHEHHS TIUIAMEHH.
OKCHEepUMEHTBI MOKa3aJId, YTO CMECh MAapoB TOIUIMBa ¢ Bo3ayxoMm Hike 40 °C He
roput. Ha puc. 3 3T0ii TemmepaType COOTBETCTBYET HayalbHOE JABJICHHE CMECH
nopsiaka 0.19 MlTa.
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Puc.3 3aBucumMoCTb IaBJIEHUS CMECH Ha TMpefelie OT TEMIEePATypPbl KUAKOU
¢da3bl A1 Mapo-BO3AYLIHON CMECH.

I'openne mapo-KucJIopoaHON CMECH.

JlanpHenmye HKCHEPUMEHTHI MNPOBOMWIMCH B Kuciaopozxe. Ilepseie xe
AKCHEPUMEHTHl Ha KHCJIOPOJHOW CMECH MOKa3ajiu, YTO TOPEHHE HE MOJIUYMHSIETCS
OOBIYHBIM 3aKOHOMEPHOCTSM, XapaKTePHBIM I TOPECHHs B Ta30BOM (haze mpu
NOCTOSIHHOM 00bEéMe. J[MHamMuKa NaBiieHHWs NpuUoOpeTaeT MHOW BHUJA B OTIMYUE OT
CKUTAHUs TApO-BO3AYIIHBIX M Ta30-BO3AYWIHbIX cMeceil. Ha puc. 4 pnana
3aBUCUMOCTh JABJICHHUS B COCyJE€ OT BPEMEHHU [JIs JIBYX THUIIOB CMECEU IMpHU
napinenusx 0.29 Mlla (Bo3nyx, kpuBas 1) u 0.31 MIla (xucnopon, kpuBas 2),
temnepatypsl xkujakoctd 60 °C. Kak BuaHO, A apo-Bo3ayIIHON cMecH (KpuBas 1)
JMHAMUKA JTaBJICHUS SIBJISIETCS TUIIMYHOM JJIsl TOPEHUSI B 3aKPBITOM cocye [6].

Cpazy nocne 3aKUranusi HAUMHAETCS POCT JABJICHUS. 3aTeM, MOCIE BHITOPAHUS
BCEll CMecH B ra3oBoM (asze, B COCyl€ JOCTUTAETCS MaKCHUMAaJbHOE JABJIEHUE Ha
MoMeHT BpemeHn 0.6 cek. Ilo oOkoHuaHuMM mpomecca TOpPEeHUS HAYWHAECTCS
MIOCTENIEHHOE OXJIAXKICHUE NPOIYKTOB TOPEHUS, COMPOBOXKIAKOUIEECS IMAJICHUEM
JABJICHMS.

JlnHaMuKa aBiaeHUs Uil KUCIOPOAHBIX cMecer mMmeeT nHou Buia. Ha mnepBom
stane (7o 0.25 cek.) CKOPOCTh pOCTa JIaBJICHUSI 3aMETHO HUXE, YeM B CIydae mapo-
Bo3ayIHOM cMecu. C momenTa (.25 cek. TOpeHHe YCKOPSETCs U CTAHOBUTCS ObICTpee
ropenust 1t kpuBod 1. Haumnas ¢ 0.5 cek. HacTymaer menjeHHast (a3a ropeHus,
COMPOBOXKAIONIASCS 3aMETHBIMU KoJIeOAHUSMHM JaBieHus. B pe3ynbrare 3TOro
JIOCTUTA€TC MaKCUMaJIbHOE JaBiieHue nopsiaka 2.5 MIla, 1.e. P, = 8.
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Puc.4 3aBucUMOCTb TaBJI€HUS OT BPEMEHH.
1- B BO3OyX€E, 2 - B KUCIOPOJE.
2-

CpaBHUM 3KCIIEpUMEHTAIbHBIE JAHHBIE C PACUETHBIMU 10 MponaHy. HauanbHoe
JlaBJIeHUE Napo-Bo3aAylHOM cMmecu py=0.29 MIla npu Temnepatype Tomuba 7=58 °C
SABJISIETCS. TNPEAECIbHBIMM M JUI 3TUX YCJIOBHMM MAaKCHMaJlbHOE OTHOCHUTEJIBHOE
nasnenue  P,,=5.1 (puc. 4, xpusas 1). Kak u3BectHo, npu 3aMeHe BO3ayxa Ha
YUCTBIM KHUCJIOPOJ I YTJIEBOAOPOAOB KOHILIEHTPAUMOHHBIM MpEAeN HE AO0JDKEH
CYIIIECTBEHHO MEHSTHCS [4-6], 3TO KacaeTcsi U MAKCUMAJIBHOTO AaBJIEHUS, KOTOPOE Ha
HUKHEM KOHIIEHTPALIMOHHOM TIpenesie sl yriaeBoaopoaoB Oyaer P,,,<6. Iloatomy
0KHJIaJIOCh, YTO M HAa KUCJIOPOJI€ HEe OyIET CYIIECTBEHHOr O MO IbEMa MaKCUMaIbHOTO
JABJICHUS, a TIPU yBEIMYEHMHM HadayibHOro AamieHus cBbiie 0.3 Mlla oxupancs
BBIXO/J] 32 MpeJen W MpekpaileHue ropeHus. Jns o00CHOBaHMS 3TUX YTBEPKACHHIM
npuBenEéM pacueT MaKCUMallbHBIX AaBieHui B nporpamme Equil u3 makera ChemKin
[7,8]. B kauecTBe nmpumepa, pacCcyUTAEM 3HAYEHUS MAKCUMAIbHBIX OTHOCUTEIbHBIX
NABJIEHUM MpeAenbHOM cMmecu 2% mponaHa ¢ BO3AYXOM M KHCIOPOJAOM IIpH
HadaibHOM JaBieHun 0.1 MIla u nawansHoU Temmepatype 20 °C. PaccuuTanHOe
JABJICHUE B3pbIBA MPU TAKUX YCIOBUAX JJI BO3IYIIHOW CMeCH — p,,,,=0.62 Mlla , a
st 2% cMecu MporaHa ¢ KHUCIOPOJOM IMpHU TeX KEe 3HAYCHUSX TeMIepaTypbl U
JNaBJICHUS — Pp,,=0.60 MIla. Kak BugHO M3 mpumepa, TOPEHHUE KHUCIOPOJHBIX H
BO3/YILIHBIX CMECEl Mpomnana Ha OeAHOM Tpejiesie He JAaeT CYUIECTBEHHON pa3HUIIbI B
MaKCUMAaJIbHBIX [JAaBJIEHUAX, YTO YKAa3bIBAET HA COBMAJCHHE TI'PAaHULIBI HHXKHETO
KOHUEHTPAILMOHHOTO IIpeIeNia Il BO3YIIHOW CMECH U KUCIopoaHou. Ho B ciryuae ¢
JAHHBIMU W3 puc.4, KpuBasg 2 MAaKCHUMAaJbHOE [ABJICHWE MPEBBIIIAET PACUETHOE.
HaubGonee BeposiTHO BiMsHUE XUIKOW (a3pl Ha ropeHue. BBuay Toro, 4to ropeHue
IPOUCXOJUT Ha OEeAHOM Mpejese, MOoclie BBIrOpaHus NapoBod (asbl B cocyie
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HaOmogaeTcsl M30BITOK KHCIOPOJAa, CIOCOOHOTO MOANEPKATh TOPEHHUE KHUIKOTO
TOIIMBA B 1M (DY3MOHHOM pPEeXUME.

Jl5is cpaBHEHUS OBLT MPOBEICH SKCIIEPUMEHT I10 CYKMTAHUIO B COCYJIE C HEPTHIO
oemHoit cmecu 4% mpomnana ¢ kuciaopogaom (puc.S). Temmeparypa TOIJIMBA U CTEHOK
cocyna 23.4 °C, navanbHoe paaBieHue p,=0.29 Mlla, cooTHoOIlIEHHE Ta30BOW U
Kuakon (as3sl mpuban3uTensHo 1:1.
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Puc. 5. 3aBucuMocCTb JaBieHus: OT BpeMEeHH, cMech 4% MponaHa ¢ KUCIOPOIOM.

3aBUCUMOCTh [IaBJICHHUSI OT BPEMEHHM MOJ00HAa TOPEHUIO MapO-KUCIOPOIHOM
cMecu Ha mipeaene (puc.4, kpuBas 2), 3a UCKIIOUYEHUEM CKOPOCTU TOPEHHsI, KOTOpast
JUISL CTEXMOMETPUYECKONM CMECH MpOoIaHa € KUCIOPOJOM OKaszajiach Ha MOPSIOK
BhIlIE. Takxke Kak u Ha puc.4, 3nech, HauuHas ¢ 0.06 cek., IPUCYTCTBYET MEAJICHHAs
daza ropenus, cBsazanHas ¢ AU y3nOHHBIM roperreM. OTHOCUTENBHOE JaBICHUE B
cocyne Ha MoMeHT 0.06 cekynanl P;=8.4, pacueTHOE€ OTHOCUTEIHLHOE MAKCUMAIIbHOE
JaBjeHue g gaHHoM cmecu P,,=8.5. B TOoXe Bpems, MaKCHUMaJbHOE
otHOocHuTeabHOe naBiaenue P,,,—10 nHa wMomeHT 0.1-0.15 cex. B gaHHOM
HKCIIEPUMEHTE TMPEBBIIIAET PACUETHOE. JTO YKa3blBAET Ha pearupoBaHUE MapOB
He(DTH, T.K. U30BITOYHOE KOJIMYECTBO KHCJIOPOJA, OCTABIIEECS IOCIE BBITOPAHHS
CMECH B Ta30oBOM (aze CIOCOOHO TMOAAEPKAThb TOPEHUE KHUAKOTO TOIUIMBA.
OKCIEpUMEHThl C YHUCTBIM KHUCJIOPOJOM I[OKa3alid, 4YTO BO BCEM JUAla30HE
HavanbHbIX gaBieHuit ot 0.03 MIla no 0.5 MIla u Temneparyp B nquamnazone 27 °C —
80 °C mpoucxoawio ropeHue. TakuM oOpa3omM, TeMIIEpaTypHBIM TIpeaesa I CMECH
napoB HE(TU C YUCTHIM KUCIOPOAOM paBeH 27 °C, Tak Kak MpU TeMIlepaTypax HIXe
27 °C ropeHus He ObLIO, a MpeJena Mo Ha4aJbHOMY JIaBJIICHUIO KHCIIOPOJa BBISIBIIEHO
HE OBLIO.

Jns  mapo-KUCIOpOJHOM  Cpelbl  YBEJIMUYECHHE MapIUaIbHOIO  JIABJICHUS
KHUCJIOpOJa B COCYAE€ HE MPUBOAWIIO K YMEHBIICHHIO MAKCUMAaJbHBIX JIaBJICHUH, U
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TallleHWI0, a TOJbKO YBEIMYHMBAJIO KOHEYHOE aBiieHue. M dem BbIle OBLIO
HAYaJbHOE JaBlieHUE, TeM Oobie ObUT0 KOHEeuHoe. Takas mpupona TOpeHHUs B
KHUCTIOPOJIe PE3KO OTJIMYAETCSl OT TOPEHHUs MapO-BO3MYIIHBIX CMECeH, B KOTOPBIX
MaKCHMaJbHOE JAaBJICHWE YMEHBIIAeTCs MPH YBEJIMYCHUU MaplUajIbHOTO JaBJICHUS
BO3lyXa B COCY/i€ (€CTECTBEHHO, HA CTOPOHE O€THOW BETBU TOILTUBO/OKUCIIUTEh ).

Ha puc. 6 nana 3aBUCMMOCTb TPHUPOCTA a0OCOTIOTHOTO JAABJICHUSI OT HAYAIBHOTO
TABJICHUS JJI1 SKCTIEPUMEHTOB TIPH Pa3HBIX Temreparypax. TeHIeHIHs MOKa3bIBaeT,
YTO BHE 3aBUCHMOCTH OT TEMIEpPaTypbl JKUIKOTO TOIUIMBA, HAOIIOdaeTCs
yBEJIMYEHNE MAaKCUMAJIBHOTO JIaBJICHUSI OT HAYAJILHOTO JIABJICHUS CMECH.

14
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Puc. 6. 3aBUCMMOCTh MAaKCUMAIHHOTO MPUPOCTA JIABJICHUS OT HAYAJIHLHOTO
aOCOJIOTHOTO JABJICHUSI CMECH TTapoB HEPTH ¢ KuciaopoaoMm. Temmneparypa HedTH B
nuana3zone 30-80 °C. (kpyxkku 30 °C, tpeyronsuuku 60 °C, kBaapar 80 °C,
3Be3aouka 40 °C).

OcTaercs OTKPBITBIM BOMPOC O 3)KUTAHUU AJIEKTPOJAMHU KHUAKOCTH (OMUCaHUE
YCTAaHOBKH M METOJIOB 3)KUTAHUS JJAHO BHIIIE BO BBEACHHUH). 371€Ch MOXKET OBITh JBa
BapuaHTa 3a)KUTaHUS W pacrnpocTpaHeHus. [lepBbii — BOCIUIaMEHEHUE >KHIIKOTO
TOTUTMBA OT TOPSYUX MPOAYKTOB TOPEHUS Ta30BOM (ha3bl U JOKUTAHUE OCTATOYHOTO
kuciopona B auddy3uoHHBIX ¢GpoHTax. BTOpoil BapmaHT — BOCIIAaMEHEHHE H
pacmpocTpaHEeHUE TIUIaMEHU TI0 TUICHKE JKUIKOCTH, KOTOpas TOSBISETCS Ha
DIIEKTPOJIaX M CTEHKaX COCyJa TOCJe HEKOTOPOW BBIACPKKU TEpel 3aKUTaHHEeM
(mopsinka omHoro uaca). Ilepemaua peakuuu TIO TUIGHKE SBIISIETCS Haumboee
BEPOATHON B cilyyae, Korja COOJIOAAIOTCS Mpeaes pacnpoCTpaHEHHs IO ra30BOM
daze. [l moATBEpIKICHUS PACHPOCTpPAHEHUS OBLT MPOBEAEH JKCIEPUMEHT TpU
MOCTOSTHHOM JIaBJIGHUW B CTEKJISTHHOW TpyO€ C OTKPBITBIM TOpIOM. B TpyOy
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MOMECTUJIM TOJUIOKKY M3 MEIU C TMPEABAPUTEIHHO HAHECEHHBIM TOHKHUM CIIOEM
HepTu. B TpyOy mopaBaics KUCIOpPOJA, KOTOPBIM BBITECHSJI OCTABILMMICS BO3AYX.
[Tocne mnpoucxomuno 3axuranve. Ilpum Temmeparypax mnopsaka 25-30 °C
Ha0JII01aJ10Ch U BOCIIJIAMEHEHHE U PACIIPOCTPaHEHHE TUIAMEHH 10 MJICHKE.

Takum oOpa3om, Ha OemHON CTOpoHE B ra3oBoil (hase Bcerna MpUCYTCTBYET
U30BITOK KUCIOpoAa. Ecau peakius nepenaercs OT ra30Boi (pas3bl )KUIAKOCTH 3a CUET
rOpSYMX NPOAYKTOB, OCTATOK OKHCIUTENS TMOIAECPKUT TOPEHUE JKUIKOCTH B
g y3noHHoM pexume. Unn ke, ecau ycloBus HIDKE Tpenena i ra3oBo ¢asbl,
BO3MOXXHO pAacHpOCTpPaHEHUWE MO IUIEHKE TOIUJIMBA, YTO IOJITBEPXKIEHO B
HE3aBHCHMOM 3KCIIEPUMEHTE.

JKCIEPUMEHTHI ¢ pa3daB/ieHHeM CMeCH a30TOM.

[ToMuMO YHCTOM KHCIOPOAHOM Cpedbl HCIOJb30BAIOCH  pa3daBieHHE
KHCTI0poia a30ToM B cooTHomeHuu 50/50.

OKCIEpUMEHTHI AJIsi 3TON TPYIbI MPOBOJMINCH C 3aKUTAHUEM MPOBOJIOUHOM
cnupanbto. Croupajip YacTUYHO TMOTPYKaJlach B JKUJIKOCTb, YTO IO3BOJISIIO
n30aBUTHCS OT BIMSAHUS HA 3aKUTAHUE TOIUIMBHOW IIJIEHKM HA BJIEKTPOJaX.
Oco0eHHOCTh TOPEeHHMsI TUICHKU 3aKJIF0YaeTCa B TOM, YTO CKOPOCTH PaCIpOCTPaHEHHUs
3aBUCAT OT [apaMEeTpPOB IUIEHKHM M TMOJUIOKKH, Ha KOTOpPOM 3Ta IUIEHKA
KOHJIeHcUpyeTcs [9], HO TONIMHA MJIEHKU B SKCIEPUMEHTAaX HE KOHTPOJIUPOBAIACh.

Ha puc. 7 nana 3aBUCUMOCTb OTHOCHUTEJIbHBIX MAKCUMAJIbHBIX JaBJIEHUIN B3pbIBa
B COCYJI€ OT HAYaJIbHOTO AABJICHUS CMECH.

W3 pucyHka MOXHO BBIJEIUTH JIBE 00JIACTU TOpEHUsi — 00yiacTh ra3oda3Horo
pacnpocTpaHEHHUs BOJHBI TOPEHUS IO COCYIy, HANMpUMep, HUCXOASIas BETBb IS
26 °C ot 0.05MIIa no 0.1 MIIa u o6nacts auddysuonnoro roperus (ot 0.1 mo 0.5
MIIa).

Jns temneparyp TormumBa Huke 30 °C M HHM3KMX HAYaJIbHBIX JABJICHUSX
nopsinka 0.1 MIla, oTHOCUTEIIbHBIC MAKCUMAITBHBIC JaBJICHUS MOTYT OBITh P, < 4 —
3TO MEHBILE YEM B CIIy4ae TOPEHHs NPENEIbHON KHCIOPOAHOW CMECH IMpONaHa.
BeposiTHO, Tpu TakuX TemIeparypax TOpeHHe MPOUCXOAUT TOJIBKO MO MOBEPXHOCTH
KUJKOTO TOIJIMBA U KUCJIOPO]I MOJIHOCTHIO HE BHITOPAET.

[Ipu yBenuueHun TemriepaTypbl TOIUIMBA, HAUMHAET BO3pAcTaTh KOHIICHTPALIMS
napoB ToIUIMBa B cocyne. Kak BUIHO HA pUC.7 3TO MPUBOAUT K CMEIICHUIO BIPABO U
BBEpX MHHHMMYyMa JaBJICHHUS M CTaHOBUTCS Bbimie 5. [Ipu BhICOKMX TemmepaTypax
3TOT MUHUMYM BBIPOXKIa€TCSl.
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Puc. 7. 3aBHCHMOCTH OTHONICHUS MaKCUMAIBHOTO [aBJICHUS K HaYaJIbHOMY
JABJIICHUIO OT HAYallbHOTO JABICHHS MJIS Pa3IUYHBIX TEeMIepaTyp. 3a)KUraHue
IPOBOJIOYKOM, cMech Kuciopoza/azot 50/50.

BbIiBOABI

ITpoBeneHbl HKCIEPUMEHTHI 110 TOPEHUIO MApOB HE(PTU B CMECH KHCIOpOAa U
BO3/1yXa B 3aKPBITOM COCY/IE.

[loka3zaHO, 4TO I KUCJIOPOIHBIX CMECEH TEMIEPATYPHBIM IIPEAEn MOpslKa
27°C. Ilpenen aiist mapo-Bo3aymHoi cmecu nopsiaka 40°C.

HwxHui KOHIEHTpauMOHHBIN NIPEAEN M YUCTOU NapO-KUCIOPOJHON CMECH HE
COOTBETCTBYET KOHUEHTPALMOHHOMY IIpEAeNy JUlsl Iapo-BO3AYIIHOM CMECH BHE
3aBUCUMOCTH OT TEMIIEpaTyphbl TOIUIMBA W JJI1 HadaiabHbIX naBiaeHud cmecu 0.05-
0.45 MIla »e HaiifeH.

[IpyurHOM MOBBIIIEHUSI NABJICHHS B 3aKPBITOM COCYJI€ B YCIOBHSX HHUXKE
OeTHOTO KOHIIEHTPALMOHHOTO TMpefesia B MapO-KUCIOPOJHON CMECH SIBISETCS
¢ Gy3nOHHOE TOPEHHE TOIUTUBA, 32KUTAOIIETOCs OT TOPSYUX MPOAYKTOB CTOPaHMUS
ra3oBoi (aspl, 10O MOHKUTaHUS MEPBOHAYAIBHO CKOHJIEHCHUPOBABIIECHCS IUICHKH
TOIUIMBA Ha JJIEKTPOJAX M AAJBHEWIIEro paclpOCTPAHEHHs IUIAMEHHM IO IUICHKE
HEIOCPEICTBEHHO HA IIOBEPXHOCTH KUJIKOTO TOILIUBA.

Jia cmecu kuciaopoga ¢ a3oroM B cooTHomeHun 50/50 3aBUCHMMOCTB
OTHOCHUTEJIBHOTO MaKCUMaJIbHOTO JIaBJICHUS UMEET MUHUMYM IIPAKTUYECKH I BCEX
TeMmneparyp TomiMBa. Ilpum yBenumdyeHunm TeMmmepaTrypbl TOIUIMBA IPOMCXOIUT
CMEIlIeHHEe MUHMUMYMa JaBJICHHS B CTOPOHY 0oJiee BBICOKMX HAauaJbHBIX ABICHHIA
cmecu. B 3Tux skcmepuMeHTax B 00JIaCTM MHUHHMYyMa MOJy4€Hbl OTHOCHTEIbHBIC
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nasiaenus P,, <4. DT0O 3HAYUTENBbHO HIKE, 4YeM i ra30(a3HOTO TOPEHHS
yIJI€BOJIOPOAOB B BO3IyX€ Ha HUYKHEM IpEJIEIe.
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AHHoTauuss. Ha oOCHOBaHMM M3BECTHBIX M  BHOBb  IMOJIYYECHHBIX
DKCIIEPUMEHTAIIBHBIX ~ JAHHBIX [IOKA3aHO CYIIECTBOBAHWE JIBYX Pa3JIM4YHBIX
KHHETHYECKNX PEKUMOB TOPECHHS Ta30BBIX CMECEW Mpu aTMoc(epHOM HadaIbHOM
JABJICHUM, TIPEJCKA3aHHBIX TEOpPHUEH IIEMHO-TEIUIOBOTO B3pbiBa. OOCYyXIaeTcss HX
MPOSIBJIEHNE B CTPYKType InamMeHu. C MO3uLUi NMpeICcTaBICHUN O JOMUHUPYIOLIEH
PO KOHKYPEHIIMU Pa3BETBJICHUS U OOphIBA IIENel pacCMaTpUBAETCS BIUSHHE Ha
KOHIICHTPAIMOHHBIC TPEAEIbl PAaCOPOCTPAHEHUS IUIAMEHM METaHOBO3IYIIHBIX
cMecel 100aBOK 0oJ1ee TSHKEIBIX aJKaHOB.

KuarwueBble c¢jioBa: CTpyKTypa IUIaMEHU, TOPEHHUE, LEMHO-TEINIOBOM B3PBbIB,
KMHETUYECKUI PEXXUM TOPEHUSI, HHTUOUPOBAHHUE.
CnMcok NpUHATHIX 0003HAYEHMIA:
1. IITB — uenHo-TenioBoOi B3phIB
2. KIIP — KOHUEHTpaLMOHHBIE MPEIEIbl PACIPOCTPAHEHHUS TUIAMEHU
3. BKIIP — BepXHUI1 KOHIIEHTPAIMOHHBINA MPEAEs paCIPOCTPAHECHUS TIJIAMEHU
4. HKIIP — HW>KHUI KOHIEHTPAIMOHHBIN MPEIeN pacIpOCTPaHEHUS TIJIaMEHU

BBEJIEHUE
CornacHo Teopun uenHo-temwioBoro B3peiBa (L[TB), mpemnoxennoir B.B.
A3zatgHoM B cTatbe [1] ¥ pa3BUTOM B €ro AambHEHIINUX MyOIUKaUIX (CM., HAIPUMED,

[2-4]), roprovas ra3oBas CMECh CHadajla BOCILNIAMCHSCTCS ITPH BBINOJHCHUH YCIOBHA
0,5
f>g-2(wek)™, (1)

riae f - CKopoCcTh pa3sMHOKEHUSI aKTUBHBIX MTPOMEKYTOUHBIX YaCTHI, g -CKOPOCTh UX
rubenu, w, - CKOPOCTh 3apoKIeHus uemner, k - KOHCTaHTa CKOPOCTH pEeaKIUH
HEJIMHEHHOro pa3BeTBiieHus Lenei. [1o Mepe pa3BuUTHs LIEMHON JTaBUHBI YCUIIMBAETCS
caMopa3orpeB (BBIMOJIHSAETCS YCIOBUE
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. Z . (2)

TA€ + - CKOPOCTh TEIUIONPUXO/IA, . - CKOPOCTh TEIUIOOTBOAA, | — TeMiieparypa), u

P BBINIOJIHEHUH yciaoBui (2) u (3)

dq./dT > dq/dT, (3)
MPOUCXOIUT TEIJIOBOM B3PHIB.

Otcroaa clielyeT HAIMYKUE JBYX PA3IMUYHBIX KHHETUYECKUX PEKUMOB LIEMTHOTO
ra3o(asHOr0 TOPEHHs, pa3AENIeMbIX CKAYKOOOpa3HBIM TIEPEXOJOM: TIEPBBIH,
BO3HUKAIOUIMKA TMpHU OJHOBPEMEHHOM BbIMOJHEHMH ycioBuit (1) u  (2), c
OTHOCUTEIHHO HEBBICOKUM pOCTOM AaBiieHUs! AP, pa3BUBa€MOro npu ropeHuu, u
BTOPO#, UMEIOIIMA MECTO TpHU OJHOBpeMeHHOM BeInosiHeHuu (1), (2), (3), korma
AP, 3HAUUTENBHO OOJIBIIIE, a MPOLIECC MPOTEKAET MHTEHCHUBHEE.

[IpenckazaHHbie pa3NUYHbIE KUHETHYECKUE PEKUMBI HAOMIOAAINCH KAaK TMPHU
HU3KUX HAYaJIbHBIX JTABJICHHUSIX TOPIOYMX Ta30BBIX CMECed, TaK M TPH HAYaIbHBIX
JaBJICHUSAX, OMuM3Kkux K atmochepHomy [2,5,6]. Ilpu ropeHun HMHrHOMPOBAHHBIX
cMeceit (pucyHnok 11.XI [2]) mepexon Mexay peXKUMaMH BBITJISIUT KaK M3JI0M Ha
3aBUCUMOCTH AP, OT KOHIEHTpalMy HWHTUOWTOpa TpU (PUKCHPOBAaHHOM
COJIEpKaHUU TOPIOYETro ra3a. AHAJIOTUYHYIO KapTUHY MOXKHO IMOJIY4YuTh, 00paboTaB
IPUBEJEHHBIE B [S] AKCIIEpUMEHTAJIbHBIE TaHHbIE 110 U3MEHEHUIO AP, Ipy TopeHuu
CMeCH BOAOpoa - TeTpadropaubpomdTan — Bo3ayx. [Ipu armMocdepHom naBieHUH
JBa  PA3MYHBIX KUHETHYECKUX pEeXUMa IEMHOro ra3o(asHoro TOpeHHUs
HaOmoauch M B HeMHruOupoBaHHbIX cMmecsix H, m CHy ¢ Bo3gyxom, mpuuem
KPUTUYECKU  TEpexoJi COBMAJaeT C  KOHIIEHTPAUMOHHBIMH  TpeJeiIamMu
JIETOHAITMOHHOCIIOCOOHBIX cMeceit [6].

OTMeTuM, 4TO B YHNOMSHYTHIX BBIINIE pabOTax HAIWYWE ABYX Pa3IUIHBIX
KHHETHYECKNX PEKUMOB Ta30()a3zHOTO IEMHOTO TOPEHHS OMPEIesUIOCh TMPEKIC
Bcero no BeauuuHe AP, ..

ABTopsl noknana [7] na MexaynapogHnom Cummnosuyme no ropenuto 1991 r.
MOKa3aJId MyTEeM CpPaBHEHUS! 3KCIEPUMEHTAIbHBIX W PACUETHBIX JAHHBIX, YTO JIs
HIMPOKOIO CIIEKTPA TOPIOYMX cUCTEM (MeTaHa, 3TaHa, MpornaHa, 3TUJICHA U aleTUIeHa
¢ Bo3nyxoM, Bogopoaa u cmecu H,/CHy ¢ O,/N,, B TOM uucie B NPUCYTCTBUU
unaruoutopa (CH;Br)) kak Bepxumit (BKIIP), tak w wmmwxuuii (HKIIP) npenemnst
pacrpoCcTpaHEeHUs IJIAMEHH ONPEAEAIOTCS KOHKYPEHIIMEH peakiuid pa3BeTBICHUS U
00pbIBa PEAKITMOHHBIX IETEH, 32 UCKITIOYCHUEM CITydasi OYeHb IMUPOKUX TUIAMEH, IS
KOTOPBIX KOHILIEHTPALIMOHHBIE MPEAEbl KOJWYECTBEHHO OMPEIEISAIOTCS TOJBKO C
Y4E€TOM PaJAHAIMOHHBIX TEIIONOTEPh, YTO MOATBEPKIAET CIPABEAJIMBOCTh TEOPHHU
LTB. Hdanee B ucciuenoBanuu [7] mokaszano, yto peakuuss H + O, — OH + O
SBIISIETCSI TOMUHUPYIOIIEH peakiueld pa3BeTBICHUS s BCeX OEIHBIX M OoraTbix
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cMmeceil, peakuus obpeiBa neneit H + O, + M — HO, + M gomunupyer B GeAHbBIX
CMecsX, a B OOraTblX OCHOBHAsI peakilusi oOpbIBa MOXKET ObITb MHOM B 3aBUCUMOCTH
OT cocTaBa roproyeil cucrteMbl. Ha OCHOBaHMM OIpENENAIOIIEN POJIM KOHKYPEHIIUU
pa3BEeTBJICHUSI M OOpbIBA PEAKIHOHHBIX Iiened B [7] MHTEpNPETUPOBAHO BIUSHUE
JABJICHUS HA BEPXHHUM TMpelieNl pacOpOCTPAHEHHUS IUIAMEHHM U CYIIECTBOBAHUE
penenbHON TemmepaTypsl roperusi. CraenaHHbie B [7] BEIBOABI ObLUTH MTOATBEPKICHBI
B [8,9] mpumenutensHo kK HKIIP roprounx ra3oBsix cpea npu atMochepHoM u Oomee
BBICOKHX JIABJICHUSIX.

B mnocnennee Bpemsi MOSBHIOCH OONBIIOE KOJUYECTBO PACUETHBIX padoT, B
KOTOPBIX JeNaeTcsi BbIBOA 00 ompeenstonleil npoiecc razoha3sHoro ropeHus poiu
LEMHOr0 MEXaHW3Ma pEaKUUH T[PpU HA4YaJbHBIX JABJICHUSAX, PAaBHBIX, WU
npeBbImanmmx atMmocdeproe. B cratbe [10] BbIMOMHEH pacdyeT BpeMEHH 3aJCPKKH
BOCIUIAMEHEHUSI M HOPMAaJbHOM CKOPOCTH PAacCHpOCTPAHECHUS IJIAMEHU, OLCHKA
npeaeoB Nepexo/la B JACTOHAIMIO JIS MPUPOAHOTO ra3a M METaHa C MOMOIIbIO
nporpammel CHEMKIN. B [11] mpoBeaeHO MonaenupoBaHUE TOPEHHsS METaHA B
KHCJIOpOJIE B JAWamna3oHe HadalbHbIX AaBiaeHuid oT 0,1 go 10 MIla, PabGora [12]
MOCBSIIIEHA PACUETy HOPMAJIbHOW CKOPOCTH PACIPOCTPAHEHUS CTEXMOMETPUYECKOTO
1 Oe/IHBIX IJIAMEH CMECH METaHa ¢ KUCIOPOIOM IpH aTMoc(epHOM U OoJiee BHICOKUX
napienusix. B [13] u3ydyeHo BiusiHME BOASHOIO Mapa Ha TOPEHUE METaHa C
UCIIOJIb30BaHUEM 9 HaOOpOB AJIEMEHTAPHBIX PEaKIWid JUIsl pacyeTa HOPMaIbHOU
CKOpPOCTH paclpOCTpaHEHHUs] IUJIAMEHHM, BPEMEHHM 3aJICP’KKU BOCIUIAMEHEHHUS U
koHneHTpaiuii CO u NO. B [14] yucieHHbIME METOJAMU HMCCJIEAOBAHO BIIUSIHUE
HEOOJIbIINX 100aBOK BOJOpOAA K JIETKMM ajKaHaM M MOKa3aHO, 4YTO MPHUCYTCTBHE
BOJOpPOJla B CHUCTEME IPOMOTHUPYET TOPEHHE OCHOBHOTO TOPHOYEr0 3a CYET
yBenmueHus koHueHtpauun H m OH. Haxonen, B [15] aBTOpBI BO3BpalarTcs K
WU3YYECHHI0 TOpPEHHSI  OKOJIONPEAEIbHBIX  METAHOBO3AYLIHBIX  CMECEd  IIpHU
MOBBINICHHBIX JABJICHUSX W HAYAJIBHBIX TEMIIEpaTypax, XapaKTEPHBIX Il OypeHHUs
ra3oBbIX  CKBaXWH. HeoOXoguMOCTh  ydeTra  IEMHO-TEIUIOBOM  MPUPOJBI
pacrpoCTpaHEHUs IUIAMEHU B CMECSAX aJKaHOB C BO3JIyXOM MpPH OLICHKE 3HAYEHUU
KOHIICHTPAIMOHHBIX TIpezeioB pacnpoctpaneHus miameHu (KIIP) ormeuena B [16,
17].

HecMoTpst Ha TO, 4TO aBTOpPHI LIMTHUPOBAHHBIX PACUETHBIX PaOOT MPU3HAIOT
JTOMUHUPYIOILYIO POJb IIEMHOT0 MEXaHW3Ma B IMpollecce razo(azHoro ropeHws, mo
OTpeNeNIBIIUMCS B 3THX paboTax mapameTpaMm (HOPMadbHOM  CKOPOCTH
pacrpoCTpaHEHUs IUIAMEHU, BPEMEHU 3a/Iep’KKHM BOCIUIAMEHEHHS) CIIEIyIolasl W3
teopun L[TB paBOMHAas KpUTUYHOCTH HE mpociexuBaerca. M3 pesynpraTtoB
BBIIIOJTHEHHBIX PAcyeTOB HE BHUJHO TaKXKE, HACKOJIBKO JSKCIEPUMEHTAIbHBIE U
pacuetHbie 3HaueHusi KIIP otnuuarorcs ot pesynpratroB pacueta BKIIP u HKIIP
COIJIaCHO KJ1accuueckol temioBoit Teopuu ropenusa H.H. Cemenona [18,19].
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B mnactosiieit paGotre mpoBeaeHO MOAPOOHOE HUCCIIEIOBAHUE OCOOEHHOCTEU
KPUTHUYECKOTO Iepexoa MEXAy JABYMS KHUHETUYECKUMU PEXKUMAMHU TOPEHUSs
ra30BO3IYLIHBIX CMECEH, PEArNPYIOLIMX 10 LIEMHOMY MEXaHU3MY, Ha IPUMEPE CMECH
MpomaH — TPUPTOPMETaH — BO3AYX. TakKe BBIMIOJHEHO HKCIEPUMEHTAIHLHOE
UCCIIEOBAHNE KOHUEHTPAUUOHHBIX MpEAENoB pacnpoctpanenus mamenn CHy ¢ 50
% wmacc. C3Hg/ 50 % macc. C4H; o 1 BO31yX0OM U POBEACHO CPaBHEHHUE MOTYUYESHHBIX
3HaueHuil KIIP ¢ pe3ynbpTaramu pacuera Ha OCHOBE TEILJIOBOW TEOPUU TOPEHMUSI.

IKCIIEPUMEHTAJIBHOE OBOPYJIOBAHUE U
METOAUKA DKCIIEPUMEHTA
OKCIepUMEHTHl MPOBOAMIUCH, TPU aTMOC(HEPHOM HAYaJbHOM JaBJICHUMU U
KOMHAaTHOM HayajlbHOW TeMrepaType Ha ycTaHoBKe 'BapumaHT", cxema KOTOpoOi
npenacraBieHa Ha pucyHke 1. JlaHHas ycTaHOBKa NpeaHa3HAu€Ha IS U3MEpPEeHHS
KOHIEHTPAIMOHHBIX ~ MPENeNIOB  PacHpoCTpaHEHUs IJIaMEHH, MaKCHUMalbHOIrO
NAaBJIEHUS, pa3BUBAeMOro mnpu TropeHuH (AP..c), M MaKCHUMaJbHOH CKOpPOCTH

HapacTaHus aamieHus npu ropernn (dP/dt),.x B AuamasoHe Ha4YaldbHBIX JTABICHHMA
0,1-4,0 MITa.

TR | AR RReE

-~

Pucynok 1. Cxema sKcniepuMeHTaIbHOM ycTaHOBKM '"Bapuwant": 1 - kpan; 2 -
naporeHeparop; 3 — JAaT4MK JaBlieHUs; 4 — peaKIMOHHbIA coCcyl; 5- TepMmocTat; 6 —
YCTPOMCTBO 3aKUraHus; 7 — KOHTPOJbHAs MaHelNb; 8 - ocuwiorpad; 9 - repMmonapa;
10 — BakyymHsbIii Hacoc; 11 — cucrema BBoa ra3os; 12 - BaKyyMMeTp.
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PeakiMoHHBIN cOCY/] yCTAHOBKU M3 HEPXKABEIOIIEH CTalIM MPEACTaBIseT CO00M
chepy nuamerpom 20 cm (00beM 4,2 11). YCTaHOBKAa UMEET CUCTEMY ITPUTOTOBJICHUS
ra3oBbIX CMECEH MO MaplualbHbIM JABICHUSIM W CHCTEMY BaKyyMHPOBaHUSI.
TpeOyemass razoBas cmech (opMupyercss MO MaplUUAIbHBIM JaBJICHUSM B
PEaKIIMOHHOM COCYJle, MpeaBapuTesibHO BakyymupoBaHHoM 10 0,5 klla. I'azoBbie
CMECH 3XUTAJIMCh NPH MOMOIIM HMCKPOBOTO HCTOYHHMKA 3aXKUTAHHUS C SHEPIrHeu
2 ]Ik, pacmojoXeHHOTO B IEHTPE peakUMOHHOro cocynaa. Peructpanus
pacnpocTpaHeHusl IUIAMEHH MPOU3BOJAMIACh MPU IOMOIIM JaT4yWKa JaBJICHUS

"Cangup-22" ¢ NOCTOAHHONW BPEMEHHM OKOJIO 3-107°C ¢ 3amuchio Ha LU(POBOM
ociuiorpade. IlpuHumanock, 4To pacnpocTpaHeHHUE IMJIaMEHU MUMEET MECTO, €CIH
poct naeneHus mnpesbimaer 30 klla. OTHOcUTENbHAsT MOrPEMIHOCTh ONPEAEICHUS
KOHIICHTPALIMOHHBIX TPEACNIOB BIUSHHUS J00aBOK Ha PACIPOCTPAHEHUE IJIAMEHH,
MaKCHMAaJIbHOTO JAaBJICHHSI B3pbIBA U MAaKCUMAJIbHOM CKOPOCTU HapacTaHUs JaBJICHUS
B3pbIBa HE npeBbiana 10 %.

B oskcnepumeHTax HCMonb30Bajach CMECHM TMIpPOMaHa U BO3AyXa, Kak
coaepxkamue uaruoutop (CF;H), Tak u 6e3 Hero. [IponanoBo3ayiiHas cMech Oblia
BbIOpaHa U3-3a OTHOCHUTEJILHO HEBBICOKOW HOpMalibHOM ckopocTu ropenus (0,39 m/c
[20]), yTOo mOMKHO OOJierdyaTh BHU3YyaJH3alMIO0 Mepexoaa razo(asHoro ropeHus: B
PEXKUM LIEMTHO-TEIIOBOTO B3PhIBA.

Taxoxe ObLII0 POBEJICHO HKCIIEPUMEHTAJILHOE oTpesiesieHue
KOHLIEHTPALMOHHBIX MPEETOB pacnpocTpaneHus miamenu cmeceid CH, ¢ 50 % macc.
Cs;Hg/ 50 % macc. C4H( ¢ Bo3myxom.

TpeOyembie Ta30BbIe CMECU COCTABISUIMCH HEMOCPEICTBEHHO B PEAKIIMOHHOM
cocyne. Ha nmepememmuBanune cmecu otBoauiioch 30 munyT. Ilepen mposeneHunem
OTbITA [0 BAKYYMMETPY KOHTPOJIMPOBAIOCH COOTBETCTBUE JIaBJICHUS B PEAKIIMOHHOM
cocyzae armochepHoMy napieHuto. [Ipu naBneHNN B peakMOHHOM COCYZ€, PaBHOM
aTMoc(epHOMY, OCYIIECTBISUIOCh 3aXUTaHWe cMecd. B xome »sKcmepuMeHTa
(GuKCHpPOBAIOCH MAaKCHUMAaJIbHOE JIaBJICHHME B3pbIBA W MaKCHMajbHash CKOpPOCTb
HapacTaHHWs JaBJCHHS B3pbIBA B PEaKIMOHHOM cocyne. s Kaxmoil cocraBa
MCXOJIHOM CMECH OIBIT MOBTOPSJICS HE MEHee S5 pas.

PE3YJIBTATHI DOKCIIEPUMEHTOB
Kak cnenyer U3 npeacTaBieHHBIX Ha pUCYHKe 2 NaHHBIX, npu 1o0aBke CF;H B
OoraTyr0 CMeCh IpOIlaHa C BO3JYXOM KpHBas W3MEHEHMs JaBJICHHS OT BPEMEHHU
UMEET JIBE KapAuHAIbHO paznuunbie oomacTtu: | - S — oOpaszHas kpuBasi, BHIXOSIIAS
Ha IJIaTO U XapakTepusylolascs HeOonbuM pocToM aaBienus (no 16 klla) u
obnacte Il co 3HaunTEenbHO OOJIee MHTEHCUBHBIM TOPEHUEM, JaBJICHUS B KOTOPOW B
2,6 — 26,9 pa3a npeBbIIAIOT JABJIICHUS HA HAYAJIbHOM y4YacTKe.
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Pucynox 2. Ilepexon B IITB mpu ropernn cmecu 8 % (06.) C3Hg — CF;H —
Bo3ayx. [CF;H] =2 % (06.) (a), 4 % (00.) (6), 6 %
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[Ipu ¢duxcupoBanHoi koHUEeHTpanuu mpomnana (8 % (00.)) U OJHOM U TOM
conepxannu CF;H B cmecu (2 % (00.) cmydaitHoe W3MEHEHHE HAYaIbHOTO COCTaBa
CUCTEMBI B Tipezenax skcnepuMeHTanbHon omuoku (0,1 % (00.)) mpUBOIUT K POCTY
AP ax B 3,44 paza (pucyHok 2a). Takasi kKapTUHA, IPUHIIMITHATIBLHO HE OMHUChIBaeMasi ¢
NO3ULMKA  KJIACCHUYECKOW TEIUIOBOM TEOPUM TOPEHMs, SBISETCA  HArJsIHOU
BU3yaIM3alreil nmepexoja mnemHoro ropenus B pesxkum L{TB: o6macts I cooTBeTcTBYET
COMPOBOXK/IAIOIIEMYCSI  CaMOPA30TPEBOM  LIEMTHOMY  Mpoleccy (OJHOBPEMEHHOE
BeimoyiHeHHe ycnoBud (1) wm (2)); obmacte Il — menmHO-TEeIOBOMY B3pBIBY
(omHOBpemenHoe BhinosiHeHue ycnoBuit (1), (2) u (3)). Pe3kunii nepexoma ot o6nactu
I x ob6mactu Il cBumerenbCTBYeT Takke O CYIIECTBOBAHUU KPUTHUYECKOM
TeMIepaTypbl Mepexojia B LEMHO-TEIUIOBOM B3PhIB, UTO MOJHOCTbIO COOTBETCTBYET
U3JIOKEHHOM B [ 1-3] KOHIIENIMKY LETTHO-TEMIOBOIO B3pPhIBA.

[IpencraBiieHHbIE HA PUCYHKE 2 JAHHBIE HE SIBIIAETCS YEM-TO YHUKAJIbHBIM,
OPUCYIIMM TOJBKO TOPEHHIO CMECH MPOIAaHAa C BO3AYyXOM. AHAJOTMYHAS KapTUHA
HaOIIoaeTcs, HarpuMep, W Npu TropeHuu cmecu 1,1-mudropatana ¢ XJopoMm B
npucyrctBun O, (pucyHok 3).
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Pucynox 3. I3meHnenune TeMriepaTypbl BO BPEMEHH B IIEHTPE PEAKIIMOHHOTO COCya
npu npotekannu Goroxumuaeckoit peakruu B cmecu 0,25 CF,HCH; + 0,75 Cl, n
[02] =2,0 (1); 3,0 (2); 4,0 (3); 5,0 (4); 10,0 (5); 20,0 (6) % (06.) [21].

ITpu akkypaTHOW (uUKcaMM SKCIEPUMEHTAIBHBIX PE3yJbTaTOB MOJ00Has
XapaKTepHasi 3aBHCHUMOCTh JaBJICHHUS OT BPEMEHU HaAONIONAaeTcs U MPU TOPEHHUH
OBICTPOTOPSIIKX cMecel (Harpumep, BOJOPOIOBO3AYIIHBIX) IPU BBICOKHX (MOPSIKA
aTMoc(hepHOro) HayalbHBIX NABJICHHUSX. B YacTHOCTH, MpPU MPOBEIEHHOM HaMHU
aHaJlM3e JTUTePAaTypPHBIX JAHHBIX Takas 3aBHCHUMOCThH Oblia oOHapy»XeHa Ha PUCYHKE
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10.XI xaurm [2] (cMm. pucyHOoK 4): HayaJdbHBIM Y4YacTOK 3aBHCUMOCTH
Pa3BUBAIOILIETOCS ITPU TOPEHUH JaBJIEHUS OT BpeMeHu Ha untepsaie 0 — 10 mc umeer
XapakTepHyIo S-00pa3Hyto (opMy c BbIX00M Ha maaTo 0,25 aT™M; 3aTeM MPOUCXOIUT
nepexon B L[TB, xapakrepu3yromuics pe3KuM poCTOM JIaBJICHHUS.
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Pucynok 4. Ocuuuiorpammel XeMuttoMuHecueHnnu (1) u gapnenus (2) npu
nepexone ropenusi cmecu 30 % H, ¢ Bozgyxom B LITB (pucynox 10.XI [2]).

Ha pucynke 5 mnpencraBiaeHbl  3KCIIEPUMEHTAIBHO  ONPEIEIICHHBIC
KOHIEHTPAIMOHHbIE ~ TIPeleNibl  pacnupoCTpaHEHUs:  IUIAMEHH Il CMECH
MeTaH/Iporan/0yTaH/Bo3ayX NpU COOTHOILIEHHH mporaHa u O6yrana 50:50. BuaHo,
YTO Ha BEpXHEM MpeJiesie Npu OO0JIbIIOM COJEPKaHUHM METaHa B CMECU OTKJIIOHEHHUS OT
nuHun no npaBuny Jle IllaTense HeET, OJAHAKO NPHU YBEJIMYEHUU MPOLEHTHOTO
cozepkaHus mponaH-OyraHa mpoucxoaut 3ametHoe cHkeHne BKIIP. [Tony4uennsie
pe3yabTaThl KOPPEIUPYIOT C JaHHBIMU CTaTbu [22], B KOTOPOH YyKa3bIBaJlOCh Ha
HenmHenHOCTh KITP cMeceli roprounx raszos, a Takxke [6], T1e mogoO0HOe OTKIOHEHHE
ObLJI0O YCTAaHOBJIGHO /JI CMEceld MeTaHa C MpOMaHOM W OyTaHOM, COJIEpKalluX
n00aBKy MpONUIeHa.
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Pucynoxk 5. KIIP cmecu Metan/mponan/0yTaH/Bo3ayx

IIpy 3TOM Mexnay NaHHBIMM PUCYHKA S5 W aucceprauuu [6] cyliecTByeT
pasiuyue: Ipv HAJMYUU TPOIUJIEHA B CMECH CY>KEHHE 00JIaCTH pachpoCTpaHEHUs
miamenu B obiactu BKIIP skcnepumenTanbHO HAOMIOJAETCS HE TOJIBKO B 00JACTH
OeIHBIX TIO METaHy CMeceil, HO Takke B 00JIaCTH CTEXHOMETPHUUECKOM M OOraThixX
cmeceil. JlaHHOe pacx0oKIeHHEe MOXHO OOBSICHUTH, TPOAHAIN3UPOBAB KHHETHUECKHE
napamMeTpbl  peakluid, OTBETCTBEHHbIX 3a CAMOMHTMOMPOBAHHE  TOPEHMUS
YTJIEBOJIOPOIOB B IiamMeHHU. Mcmonb3yst gaHHble padot [23-25], nerko yoeauThbes,
YTO JJIS pEaKIU

H+CH4—>CH3+H2, (1)
H + C3H8 g C3H7 + Hz, (2)
H + C;Hg — G3H; (3)

3HAUCHUS TMPEIIKCIIOHEHIIMATFHOTO MHOXXHTENS B BBIPAKECHUU 11 KOHCTAHTHI
CKOPOCTH pEaKIUH OuYeHb OJM3KH, a 3HAYCHHWS OJHEPIHid AaKTUBAIlMU pPaBHBI
cootBeTcTBeHHO E=57,65 x/[x/Mons [23], E,=44,82 xJlx/monb [24], E;=5,15
kJ[>x/monb [25]. Kpome Toro, peakius (3) HE MPUBOAUT K BHIOPOCY MOJICKYJISIPHOTO
BOJIOpOJIa B PEAarupyrollyr0 CUCTEMY, MOATOMY J00aBKa MPOMHIEHA B CMECh JaeT
Oomnee cIIbHOE MHTHOUPOBAHUE TOPEHUS METaHa 10 CPABHEHUIO C MPOIMAHOM, YTO H
HAOJFOTACTCS B DKCIIEPUMEHTE.
BbIBO/bI

[IpoBeaeHo wuccienqoBanue OCOOCHHOCTEH KPUTHYECKOTO TIEpPexo/ia MEXITy
JIBYMsI KHHETUYECKUMU PEKUMaMH TOPEHHUS Ta30BO3AYITHBIX CMECeH, pearupyrommx
o IEeMHOMY MeXaHu3My. Ha mnpuMepe TOpeHHS NPOTAHOBO3IYIIHBIX CMeECEH,
COJIepIKalX MHTHOUTOp, B TOJHOM COTJIACHM C TPEICKA3aHUSIMU TEOPHUU IICTTHO-
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TEIUIOBOTO B3pbIBa OBLIO AKCIEPUMEHTAJIbHO TMOATBEPKACHO HaIU4Me JIBYX
KapJUHAIBHO PA3IMYHBIX PEKUMOB TOPEHUS.

Ha ocHoBaHuM aHanu3a »HKCIEPUMEHTAJbHBIX JAHHBIX JPYruxX padot
MOKAa3aHO, YTO SKCIEPUMEHTAJIbHO HaOJI0/aBIIAsICs B HACTOSIIEH paboTe KapTHUHA
XapakTepHa Kak Uid MEAJEHHOTOPSIIMX, TaKk M g OBICTPOTOPSAIIMX Ta30BbIX
cMecel.

HaGmronaBuimecss Ha KpUBOM M3MEHEHHsI IaBJICHUSI OT BPEMEHHU MPH TOPEHUU
ra3oBBIX CMECEH JIBeé YETKO BBIPAKEHHbIE M KapAWHAIBHO pa3iIWyHbIe O0JIACTH
SIBJISIFOTCS IPOSIBJIEHUEM OOIIMX 3aKOHOMEPHOCTEN, KOTOPBIM B IIMPOKOM JHANa30He
naByieHui (0T HU3Koro (mopsaka 20 Topp) 10 BBICOKOTO (Mopsiaka aTMOC(hepHOro))
MOJIYMHSIOTCS pearupyrolire 1no HenHoMYy MEXaHU3My FOpIOUHe ra30BbIE CMECH.

C mno3umuil TOpeACTaBICHH O JIOMUHUPYIOIIEHM pOJAM  KOHKYPEHUUU
pa3BeTBICHUS U OOpBIBa LN pacCMaTPUBAETCS BIHMSHHE HAa KOHIICHTPAI[MOHHBIE
npenesbl pachHpoCTpaHEHHs! ITUIAMEHM METaHOBO3AYIIHBIX CMecei 100aBok Oosee
TSKEJBIX aJTKAHOB.
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AHHOTAIUA

PaGoTa mocBsmeHa 0OCOOEHHOCTSIM TMporiecca TEeMIoO0OMEHa MEXITy Ta3oM |
TBEpAOH (ha3ol MOPUCTOM Cpeiibl, BHISIBICHHBIX MPU U3MEPEHUM TeMIIepaTyphl rasa c
MOMOIIIbI0 TEPMOIAPbI, B TMPOILECCE TOPEHHUS CMECH Ta30B B 3aKPBITOM COCYJE.
[IpoBeneHbl M3MEpPEHUsT TEMIIEpATyphl Ta3a U MOPUCTOM Cpelibl C MOMOIIBIO TOHKOU
TEpMONaphl B ABYX IMPOLECCAX: CKATUE ra3a U OXJIAXKJICHUE ra3a B JAaHHOM MOpE MOCIie
NpoXOoXAeHus mamMeHu. llokazaHo, 4TO B mpouecce cxkarthsi ra3a C MNOCTOSTHHOU
CKOpPOCTBIO TE€pPMOIIApa MO3BOJSIET M3MEPUTh YCTAHOBHUBIIYIOCS TEMIIEPATYpPy Trasa,
IIPA 3TOM 3amna3/blBAHWE YCTAHOBUBILIETOCS 3HAYCHUS 3aBUCUT OT JHaMeTpa
tepmonapsl. [lokazaHo, 4TO B MpoleCCE€ OXJIAXKICHUS MTHOBEHHO HArpeToro rasa
pe3yJabTaThl U3MEPEHMs] TEeMIIepaTyphl Ta3a ¢ IOMOIIBI TepMoOmapel OyIyT
CYIIECTBEHHO 3aHWKEHBI U3-3a BBICOKOW TETJIOEMKOCTH TEPMOMAPHI MO CPABHEHUIO C
TEIUIOEMKOCTBIO Ta3za B Iope. YKazaHHble J(G(EKThl SABISIOTCS NPUYUHON
CYIIECTBEHHBIX  OMIMOOK WM3MEpPEHHWs TEeMIepaTrypbl, a Takke OIHMOKH B
MPOCTPAHCTBEHHOW KoopamHaTe. [lokazaHo, dYTo wWHTEHCHUdUKANMS Tpolecca
OXJIQXKICHMSI Ta3a MPU KOJCOAHMIX TABJICHUS SBIISICTCS PUYUHON TraleHus TiaMeHu B
MOPHUCTOM Cpejie Ha CTaauu Mepexoja M3 CBOOOJHOIO MPOCTPAHCTBA B IOPHUCTYIO
cpeny, KoTopas MPOUCXOIUT Ha pOHE CUIIBHBIX KOJICOaHUI TaBICHNS.

KiroueBble cjioBa: ropeHue, MopucTas cpela, FOpeHHe B 3aMKHYTOM COCYIE,
pacrpocTpaHeHue MJIaMEeHH, TETUI000OMEH

BBenenue

Kak wu3BecTHO, mpouecc pacnpoCTpaHEHHUs IUIAMEHM B 3aKpbhITOM cocyae 0e3
nopuctoit cpenbl (IIC) ocymiecTBasieTcss ¢ MOCTOSHHBIM CXKAaTUEM CBEXKEW CMecH 3a
cyeT paboThl pacUIMpeHHs] MPOAYKTOB ropeHusa. Kaxapiii mocnenyromuii o0bEM
CBEJKEr0 rasa Cropaer Impu HOBBIX TEPMOAMHAMHYECKHUX YCJIOBUAX MO AABICHUIO U
temneparype. Poct naBneHus 1mo cocyny M pocT TEMIIEPATYPhl CBEXKENW CMECU B COCYAE
0€3 MOPUCTOM Cpelnbl OCYIIECTBIAECTCS B COOTBETCTBHH C 3aKOHOM aaua0aTHIECKOTO
cxkatusa [l1, 2]. PacmpocTpaHeHue IUIaMEHH B COCYJle, YAaCTHUYHO 3alOJHEHHOM
MOPUCTOM Cpe/lo¥, MPUBOJUT K MOPKATUIO cMecH, Haxoxsueiicsa kak B [IC, Tak u B
cBOOOHOM TmpocTpaHcTBe. Ilpomecc cxkatusi raza B CBOOOZHOM MPOCTPAHCTRBE,
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MPUBOANUT K YBEIMYEHUIO TEMIIEPATypbl CBEXEro raza U MPOAYKTOB CrOpaHHs, 4YTO
TaK)Xe MPUBOAUT K POCTY TEIJIOOTBOAA B CTEHKY. Kak CHMIBHO B cilydyae peaJbHOIrO
TEIUI00TBOJA Oy/IeT OTJINYAThCS JaBJICHUE M TEMIEPATypbl CMECU OT aauadaTHYeCKUX
3HaYEHUI 3aBUCUT OT TOrO, KaK MPOMCXOJIUT MPOLECC CKATUS M pacIIMpEeHHUe rasa.
Pacuer cpenHeill TemnepaTypsl ra3a B YCJIOBUAX CBOOOJHOTO 00beMa M B MOPHUCTOM
cpene mpoBoAwIIcs B padote [3], HO HE OBUIO COMOCTABICHHS C SKCIIEPUMEHTAITBHBIMU
JAHHBIMU 10 TEMIIEpPATYPE.

B nanno#t paboTre craBUTCS 1I€Nb OMUCATh IMPOLECC TEMI00OMEHAa B OTACNIBHOM
Iope WU  CPaBHUTb C  DKCHEPUMEHTAJIBHO  M3MEPEHHOW  TEMIEPATypOM.
PaccmatpuBarotcst 1Ba npouecca. [lepBelil mpouecc — 3T0 U3MEHEHUs] TeMIIEpaTypbl
CBEXEW CMecH MpHU pocTe AABJIECHUS MO XOAY PacCIpOCTPAHEHHUs IUIAMEHHU, a BTOPOIl
IPOLIECC — HATPEB M OXJIAXKICHHE T'a3a B IPOLIECCE PACTIPOCTPAHEHMS IJIAMEHH.

JKCIIePUMEHT

OKCIepUMEHTANIBHBIM ~ COCyl  MPEACTaBIsUI  COOOM  BEPTHKAIbHYIO  TpYOy
kBagpaTHoro ceueHus 48x48mm mmmuoit 0.96 M. TpyOa yacTHUHO 3amoONHSIACH
nopuctoii cpenoit (0.3 M OT HI)KHEr0 KOHLIA TPyObl) M MOCIE BaKyyMMHPOBaHUS
3allOJIHAJIaCh TOpPIOYEH CMEChI0 IMpOINlaHa C BO3AYXOM. JaXUTaHUE HMCKPOH
OPOU3BOAWIOCH B BepxHeW uyactu TpyObl. Ilocne 3axuranus mjams cHadajiga
pacnpoCTpaHsIOCh B BEpXHEH, CBOOOAHON OT NOPUCTON Cpeabl, YacTU TPYyOBbI, a 3aTeM
oHO J1n60 racno npu Bxoae B IIC, n1nbo nporomkano pacipocTpaHIThCsl B IOPUCTOM
cpele, B 3aBUCUMOCTH OT COCTaBa CMECH.

B xauecTtBe MOpUCTON Cpeabl UCIIOIB30BAINCH KOJbla Pamura, npeacTaBisionme
co0O0il ToJble HUIUHAPHI AMUHOW L=7.5 MM, BHEmIHUM auametrpom D=6.5 MM u
AMAMETPOM BHYTPEHHEro MWIMHAPUYECKOr0 KaHala d=2 MM. XapakTepHas
[OPUCTOCTh IPH 3aCHIIIKE TAKMMM LIMJIUHAPAMUC YYETOM BHYTPEHHEH moyiocTH £~0.5
[4].

JUis ONpeNeIeHHOCTH MTOCTAHOBKYM IPAHUYHBIX YCJIOBUH TEMIEpaTypa U3Mepsiach
B KaHaJe LUJIUHApPA, IO €r0 OCH CUMMETpUU. JlJIg M3MEpeHHs] TeMIEpaTyphl raza B
MOpUCTON cpefe, Ha TiIyomHe 12 CcM OT TpaHUIBI pasaena «CBOOOIHBIN
o0BbéM /mopuctast cpega» (L=18 cm oT KoHHma TpyOBl) pa3Memaics IaT4uK
TeMrepaTypbl Ha ocHOBe V- oOpa3Hoii Boib(pam penueBoit Tepmorapbl W/Re (5/25).
JlnameTp HUTEN TEPMOIIAPhl COCTABIII1S MKM, yroia Mexay HuTsSMu okoio 30°. Hutu
TEpMOIIapbl HE 3alUINAIUCh KAaKUM-JIMOO TOKpbITUEM. Takas KOHCTPYKLUS
TE€pMOIIapbl HETOYHO COOTBETCTBOBAJIA TEOPETHUUECKOM IMOCTAHOBKE 3aJauu O HarpeBe
TepMoIapbl, HO o0ecreurBaia MpUEeMIIEMYI0 (UKCALMIO Cras TepMOMaphl Ha OCHU
CUMMETPHUH LIWJIMHIPUIECKOTO KaHAJIA.

BBenéuublii BOBHYTph TpyOBl JAATUMK 3aTeM 3achlajncs MOpUCTOM cpemoit. [lpu
3TOM OCh CHMMETPHUM KaHaja JaTyuka ObUla MEPHEeHIUKYISIPHA OCH CHUMMETpPUU
TpyObl. Ilpenmomarasioce, 4YTO Takoe TMOJOKEHHE KaHaja OyJIeT MaKCHMalbHO
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COOTBCTCTBOBATH HPCAITIOJIOKCHUIO 00 OTCYTCTBHUM JABWIKCHHUA Ta3a 4YCpPC3 KaHAl B
IMpOoHCCCe CKATHA ras3a.

JKCIepUMeHTAIbHbIE Pe3yJbTAThI

Ha puc. 1 mnpencraBieHa 3KCHEpUMEHTAbHASI 3aBUCUMOCTh OTHOCUTEIBHOTO
JABJICHHUSI W IPUPOCTa TeMmepaTrypbl raza /-7 B IOPUCTOU Cpele OT BPEMEHH, T
P=p/p,— Texymee 6e3pazMepHOE JaBICHHUE, Py — HAYAILHOE AaBJieHUE, 1 — TEKyIIas
n3MepeHHas temmeparypa raza B I[IC (moka3zaHus Tepmomapbl B COOTBETCTBHE C
rpaxyupoBKOii), Ty — HavaabHasl TEMIEpaTypa ra3oBoi U TBepAou (as.

PaccMmoTpuM quHaMUKy TeMIlepaTyphl ra3a B Ope MpH PaCIpOCTPAHCHUH TUIAMEHH
B cBoOOgHOM o00beme cocyna st 3% (OegHOM) mMpOIaHO-BO3AYIIHOM CMECH,
npencTaBieHHONM Ha puc. 1. ['opeHHre 3TOM cMecH MCHONb3YyeTCs MJisi OpraHu3aluu
mporecca CKaTusi Ta3a ¢ OTHOCHUTENBHO HHU3KOW HHTCHCHUBHOCTHIO M HM3MEPEHUS
TeMIlepaTyphl raza B mope. B MmomeHT BpeMenn =0 MpOUCXOIUT BOCIUIAMEHEHHE Ta3a
M HAYMHAETCS pACHpOCTpaHEHUE BOJHBI TOPEHHUS B CBOOOTHOM 0OBEME C
OJTHOBPEMEHHBIM TIOBBIIIIEHUEM JaBJieHUS 1o cocyny. ClemyeT OTMETHUTh, 4TO
IpolLecC paclpoCTpaHEHUs IUIAMEHM OT MOMEHTa 3aKUTaHMsl BCerja cHavala
HecTalMoHapHbld. B Teyenun nepBbix 50 MC Temmeparypa CBEXEro rasa B mope 3a
cyeT cxkaTtus Bo3pactaeT Ha 3.8 K (puc. 1).
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Puc. 1. Jlunamuka 1aBiaeHUs ¥ IPUPOCTa TEMIIEPATYPHI ra3aB MOpUcToil cpeae:3% mpomnaHo-
BO3/YIIHAs cMech, pp=0.13 MIIa. 1 — u3mMeHnenue remnepaTypsl, 2 U3SMEHEHHUE AABICHUS, fo,— BpEMS
BX0J1a BOJHBI Topenus B [1C.

Hauunas ¢ MoMeHnTa BpemeHu =50 MC pOCT IaBJI€HUSI HAUMHAET 3aMEJIAThCS, YTO
IPUBOJIUT K majgeHuto Temmepatypsl raza B [1C. A ¢ ¢ > 150mc dn/dt cHoBa Bo3pacTaer,
TeMIiepaTypa ra3a Takxke Jaaer HeOoJsiblioi mnpupoct. B panbHeiiiiem mpoiiecce
pacnpocTpaHeHusl TJIaMEHU Mo cocyny mpu ¢ > 350Mc TemriepaTypa CBEXEro rasza B
NOPUCTON cpelle HenmpepbhiBHO CcHIKaercd. B MomeHT =500 Mc miamsi BXOIUT B
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NPUTPAHUYHBIE CJIOM TOPUCTOM Cpeabl. 3aTeM HAYMHACTCS TallleHUE OTAEIbHBIX
ouaroB mamenu B IIC. [nsa 3% cmecu pocturaercss mpeaesl pacnpoCTpaHEHUs
IUIAMEHU B MOPUCTOM cpelie, U BoJIHA ropeHus racHer. Ilocrne raimieHus riameH, 3a
CUET OXJIAXJCHHS MPOAYKTOB CrOpaHUsi CTEHKaMU cocyla B CBOOOJHOM OOBEME,
OPOUCXOIUT TOHWKEHUE JaBJICHUS B COCyl€ U, KaK CJIEJACTBUE, MPOUCXOJIUT
pacCIIMpEeHNE CBEXEro Ta3a W3 TMOPHUCTON cpelbl B CBOOOAHBIM 0o0beM. M3 puc. 1
ClieIyeT, YTO 3a CUeT Mpollecca paclldpeHHsl TemiepaTypa cBexkero raza B [IC
HEMPEPHIBHO MajaeT u B Touke (~700 MC CTAaHOBUTCS HIKE HadaJIbHOW TeMIIEpaTyphl.
Bpemsi, B TeueHHMH KOTOPOTO MPOUCXOJUT BOCCTAHOBICHHE JO HayalbHON
TeMIIepaTypbl ~ 4 CEKyHIbI.

WNuas curyauus nabmonaerca s 4%-oil (crexuomeTpuyeckoi) cMmecu (puc. 2).
CHauana, Tak ke, Kak M B I[EpPBOM Ciy4yae, TeMmIleparypa raza B IMOpPHUCTOM cpele
BO3pacTaeT A0 3HaueHHs 0kojo 4 C B COOTBETCTBHH C POCTOM JIABJICHHS B COCY/IE.
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Puc. 2. Jlunamuka 1aBaeHUs U TEMIIEPATyphl ra3a B IOPUCTOU cpenie:
4% nponaHo-Bo3ayIIHAs cMech, p=0.11 MIIa. 1 — oTHOCUTENBHOE NaBlEeHUE,
2 — remnepatypa, K.

Kak BugHO Ha puc. 2a naBiaeHUE ¢ MOMEHTa 3a)KuraHus npu =0 HauMHAET Pe3KO
pactu, a 3areM HauuHas ¢ ~30 mMc TeMm pocTa naBieHus naaaer. Jlanee npoucxoaut
MIPAaKTUYECKH JIMHEWHBIA POCT JaBlieHUs, U Temreparypa rasa B [IC npakTtuyecku He
U3MEHSETCSl. 3aTeM, B HEKOTOPbI MOMEHT BPEMEHHU, MNPEAIICCTBYIOIIUNA MOMEHTY
JOCTHXKEHUS MaKCUMaJlbHOTO naBieHust npu ~180 mc, mimams Bxoaut B IIC. Kak
MpaBWIO, MPU BXOJAE IUIAMEHHM B TMOPUCTYIO Cpely IPOUCXOAUT XapaKTEPHBIN
HeOOJIBIIION CKAYOK JaBJICHHS [5], a 3aTeM JajibHeIIee pacnpoCcTpaHEeHUU TIJIaMEeHU B
MOPUCTOM CpeJie CONMPOBOXKIAETCA MajJeHUEM naBieHus. IloaToMy TemmepaTypa rasza
MaJaeT a0 MOJXO0Aa BOJIHBI TOPEHUS K TepMmorape. B MOMEHT noaxoaa IUIAaMEHU K
TepMoIiape, Temreparypa HauMHaeT ObICTPO Bo3pactath (mpu >220Mc), a AaBiIeHUE
MpojloJDKaeT manath. [lajgenne maBiaeHUs OOYCIOBICHO NBYMsI mpuumHamu. [lepBas
NpUYMHA — OXJIAXKJEHHUE MPOJYKTOB CrOpaHUs B CBOOOJHOM MpOCTpaHCTBe. BTopas
IpUYMHA — OYEHb UHTEHCUBHOE OXJIAXJCHUE MPOJYKTOB CrOpaHUsl B IOPUCTOU CpeJie
70 TEMIIEpPATypbl HEMHOT'O BBIIIE HAYAJIBHOM, YTO MPUBOAUT K KOHJICHCALIMU BOJbI U3
MPOAYKTOB CrOpaHus, TO €CTh K YMEHBIICHUIO €€ NaplUUaAIbHOTO IABJICHUS U MaJCHUIO
obmero gamieHus [6, 7]. Ha puc. 2b mpencraBieHbl T€ *e 3aBUCHMOCTU TEKYIIETO
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JaBJICHUS U TeMIIEpaTypbl OT BPEMEHH, YTO W Ha pPHUC. 2a, HO B PYroM Maciitade 1mo
TEeMIIepaType.

N3 puc.2, 3, cienyet, BO-NepBbIX, 4TO 1A 4% cMmecu, TEMIIepaTypa rasa B CBEXKel
cmecu B IIC Boime uem mia 3% cmecu. Bo-Bropsix, ropenne 4% cMecu B MOPUCTOU
cpene MmpH MoJaXojie K TepMoIape MPOUCXOAUT MPHU MaJCHUH JABIEHUS B COCYJE, YTO
BBI3BIBAET PE3KOE MaJCHHE TeMIlepaTyphl raza B nope. HarpeB TepMonapsl B KaHale
MOPUCTON CpeJlbl MPOUCXOIUT C OAHOBPEMEHHBIM MHTCHCUBHBIM MaJICHUEM JIaBIICHUS
B IIOPHUCTOM Cpelie B KOHIIE IMpoliecca cropanus rasa [12]. JlanpHelmee oxiaxieHue,
KakK ¥ Ha puc. 2 o0yCIIOBJICHO NMaJeHUEM JIaBJICHUS B COCYJE, BCIEICTBUE OXJIAKICHUS
POJYKTOB cropanus B HezanonaHeHHo [1C yactu cocyna.

Tpetbe paznuune MpoleccoB CropaHus 3aKitoyaeTcs B TOM, 4To s 3% cMecu 1o
OKOHYAHMHM IpOliecca paciupoCcTpaHEeHUs IiaMeHu, TemriepaTtypa raza B [IC cHauana
najiaet 0 TeMIIepaTypbl HUKE HaYaIbHOU (puc. 2, t~750Mc) 1 3aTemM Bo3BpallaeTcs K
HauvanbHOM Temmeparype Ty (puc. 3, +~5 c). A nis 4% cmecu, ocie MPOXOKICHUS
miameHu, temneparypa raza B IIC mamaer He 10 HayaJbHOM, a O PaBHOBECHOMU
TEMIIEpaTypbl Ta3/MopucTas cpeaa, OOYCIOBIEHHOW MPOTPEBOM MOPUCTONW Cpeibl
OpOJAyKTaMu TOpeHus npu Tekymem gasieHuu (=4 K). U 3arem, mo mpouiecTBuw,
J0OCTAaTOYHO OOJIBIIOTO BpeMEeHU (MUHYTHI), TOPUCTASI Cpella OCTHIBAET, U TEMIIEpATypa
ra3a yMeHbIIaeTcs 10 Ha4aJIbHOW TEMIIEpaTyphl.

Teopernueckue OLEeHKH

YToObl OLIEHUTh, YEMY COOTBETCTBYIOT IMPOBEIECHHBIE M3MEPEHUS TEeMIIepaTyphl,
paccMOTpUM 3aJiayy O JMHAMHUKE TeMmepaTypbl raza W HHUTH TEPMOIapbl B
WIMHAPUYECKOM KaHaJle ¢ U30TEPMUUYECKUMU CTEHKAMM.

Pemaercs 3agadya 00 M3MEHEHHHM TEMIEPATyphl ra3a B LUIUHAPUYECKOM KaHaje
paanyca R, 0€CKOHEUHON TEIJIOEMKOCTH MpPU BapHUallMM JIaBJICHUS ra3a U U3MEHEHUU
TEeMIIepaTypbl HUTH TEPMOMAphbl pajauyca ry, HAXOIAIIEHCS HA OCH ATOr0 LMWIMUHJpA,
JUIMHA KOTOPOTO0 MHOTO OOJbIlIe €ro pajauyca. Takas MOCTaHOBKA HE COOTBETCTBYET
KOHCTPYKIUMHU TEPMOIIaApbl, HO, TCM HC MCHCC, NACT OPUCHTHUPHBI I10 XaAPAKTCPHBIM
BpEMCHAM M BCIIMYHMHAM TCMIICPATYPBI B IPOHCCCAX HAI'PCBa M OXJIAKJICHHA ra3a U
Tepmonapel. bynem cuurath, 4TO CBOHCTBA HHUTH (C;, A py —TEIIOEMKOCTb,
TEIUIONPOBOJHOCTD, IIJIOTHOCTB) U rasa (c,, 4,) HE 3aBHCAT OT TEMIEpaTypbl U HHUTh
UMEET JOCTATOYHO BBICOKYIO TEIUJIONMPOBOAHOCTh, a €€ JUaMEeTp MHOr0 MEHbIIE
auaMeTpa KaHalla, YTO COOTBETCTBYET YCIOBUAM OJKcrnepuMeHTta. OIleHKU
MOKA3bIBAIOT, YTO XapaKTepHOE BpeMsl MpOrpeBa TepMomnapbl Ha 4 MOpsAKAa MEHbIIE
XapakTepHOIO BPEMEHM BBIPABHUBAHMA TEMIlEparypel B 1nope. To  ecTb
pacnpesiesieHueM TEeMIEpaTypbl MO paguycy TepMonapbl MOXKHO IpPEHEOpeYb H
YUYUTBIBATH TOJIBKO €€ TCIINIOCMKOCTD.
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Pemarorcs nBe 3amaum ¢ COOTBETCTBYIOIIMMHU T'DAHUYHBIMU YCIOBUSIMH O
HAaxXOXJCHUU IO TeMmmeparypbl. B mepBoM 3amgadye 3amaH 3aKOH W3MEHEHMs
JABJICHUS, B YaCTHOCTH IIOCTOSIHHAsi CKOPOCTh POCTa JABJICHMs, a TAKXKE 3aJaHHas
TAa0JINYHO 3aBUCUMOCTb JaBJIEHUS OT BpeMeHHM. HeoO0Xoaumo HalTu 3aBUCUMOCTh
[I0JI1 TEMIIEPATYPBI OT BPEMEHU IPU HAJIMYUHU U OTCYTCTBUM HUTH HA OCU CUMMETPHHU.
CpaBHHUTH C 3KCIEPUMEHTAILHBIMU JAHHBIMH.

Bropas 3agaua 06 oxnaxaenun raza. HallTu 3aBUCHUMOCTB MOJII TeMIIEpaTypbl OT
BPEMEHU MpPHU HAIWYMM M OTCYTCTBMM HHUTHM HAa OCH CUMMETPHUH B YCIOBHAX
IIOCTOSIHHOT'O M ITOHWKAIOIIETOCS aBJICHUS, NPU 3aJaHHOM NEPBOHAYAIBHO BBICOKOM
TeMIIepaType rasa.

VYpaBHeHHe, ONUCBHIBAIOILIEE TEIUIONEpenadyy B MWIMHIPUYECKA CUMMETPHUYHON
CUCTEME UMEET BU:

2
¢ plf dp_ 0T 10T (1)
or dt ox~ Xx Ox
[Ipennonaraercsi, 4To MAaBJ€HUE Tra3a HE 3aBUCUT OT KOOpPJAMHATHL. BpIpazum
IJIOTHOCTh Ta3a 4epe3 JaBJICHHE W TeMIlepaTypy p = %, [t — MOJIEKYJIIpHasi Macca u
_ A Cc P
BBEJIEM OOO3HAYCHMS a = 4 , R _r-1 , a, = I r=ro/Ry, PN _ C,, rue y
CoPo  CpH v CrPy ¢,PoR,
OTHOIIIEHHE MOJIbHBIX TEIJIOEMKOCTEH Ta3a Mpy MOCTOSHHOM JaBJIEHUU U MTOCTOSSHHOM
obbeme. CrenaeM 3aMeHy TIEpEMEHHBIX r=Xx/R, 0 = z, T= a—i p=2r
T, R, Po
VYpaBHeHrEe TPUHUMAET BU/T
2
o _90 Lf+l%+udi . )
or Pl\or~ ror y dr

DTO ypaBHEHHE CBA3BIBAET TEKYLIEE IABICHHUE U PACIPEACIICHUE TEMIEpaTyphl B
HUIMHAPUYECKOM KaHajle. YPaBHEHHE PEIIAjoCch YMCICHHO 3aMEHOM IMPOM3BOJHBIX
KOHEYHBIMH Pa3HOCTSAMH.

HavanpHble ¥ rpaHUYHbIE YCIOBUS sl IEPBOI 3a/1a4u CIIEAYIOIHUE:

r<r<l; =0; 6=1; P=1 (3)
3TO YCJIOBHME PaBCHCTBA HAYAJIbHBIX TEMIIEpaTyp ra3a u TBepAou (a3sbl.
r=1; ©>0; 6=1 (4)

3TO YCJIOBHE H30TEPMHYHOCTH BJEMEHTa IOPUCTON Cpeapl, OHO OOecleynBaeTCs
BBICOKOW TEIIOEMKOCTBIO TBEpAON (pa3wl B enuHHUIle 00bEMa MO OTHOIIECHHUIO K Tasy.
Bomnpoc o nHarpeBe TBepmoil (pa3pl MOPUCTON CpeAbl B MPOLECCE CXKATHUS MOXKHO
OLICHUTHh B MPUOJIMKEHUU MEJJICHHOTO CKaThs, KOTOPBIA omucaH B paborax [6, 7].
CornacHO 3TOW OIIEHKM MpHU JAaHHBIX mapamerpax raza u [IC pazorpeB mopucroi
cpenbl (paBHOBECHAsI TEMIIEpaTypa rasa v MopucTOi cpeibl) MpH cxkatuu B 3.25 pasza
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6bu1 661 4107 K. C Takoif TOYHOCTBIO BBINOIHSAETCS ycioBHe (4) B mporecce
MOBBIIICHUS TABJICHUS B CBEXXEH CMECH.
I'pannyHOE ycinoBUE Ha TepMonape (HUTM Ha OCH LWIMHApA) OpU 7'=Fy B

0e3pa3mMepHOM BUjIe OyaeT
dé 2 do
r=r; >0, —=——, ®)
dr  C, dr
Tak xak =0 ocobas Touka ypaBHEHHs (2), TO BBIYHCIICHUS TEMIIEpaTyphl rasa
BOJIM3H OCH LIWJIMHJIPA IIPH OTCYTCTBUHM HUTHU IPOU3BOJMINCH JI0 PAJANYCOB 7/~3 MKM H

7.5 MKM, IpUYEM Ha 3THX paJuycax CTaBHJIOCh aInadaTHUECKOE YCIOBHE

00
r=rg >0; —=0, 6
i o (6)

Ha puc. 3 ab mnpencraBieHo 4HMCIEHHOE pELIEHUE 3TOrO0 YpaBHEHUS NIPH

AOINOJITHUTCIIbHOM YCJIOBHHU

dap _ const , (7)

YTO MPUOJHU3UTEIHHO COOTBETCTBYET JKCIECPUMEHTAIBHBIM YCIOBUSM puC. 2, 3 mpu
-1 -1
3HaueHunu const=1.5c¢” m 12 ¢, COOTBETCTBEHHO.

20
e e P S L)
e e e

- [ 4
P 2 RN
—3 : R
2 3

T
40 60 80 100 120
t, Mmc

40 60 80 100 120 0 20

t, Mmc

Puc. 3. 3aBucumocTs Temieparypsl raza (1, 2) B ieHTpe KaHajia B OTCYTCTBUE HUTHU
U TeMIiepatypsl HUTel Tepmonap (3-5) ot Bpemenu. Jluamerp Hutu 15 mxm (3), 20
MKM (4), 50 mxmM (5). dP/dt=1.5 (a);dP/dt=12 (b).

PacuéTHble KPHMBBIE C TPAHUYHBIM YCIOBHEM (6) AU OTHX JIBYX PaJnyCOB 7y JAKOT
MPAKTUYECKHU COBMAJAIOIINE 3aBUCUMOCTH TeMIIEpaTyp OT BpeMeHU (KpuBsie 1, 2), 3T0
yKa3blBa€T Ha TO, YTO OHU OJM3KHU K Temreparype rasa 0e3 HUTH Ha OCU LMJIUHApPA.
Kpuseie (3-5) — pacuetHble TemmepaTypbl HuTed aumamerpom 15, 20, 50 wmkwm,
cooTBeTcTBeHHO. M3 puc. 3a BUIHO, YTO MPU MOCTOSTHHOM CKOPOCTH POCTa JaBICHUS
OPUPOCT TEMIEPATYPhl HUTU TUAMETPOM 15 MKM BBIXOAMT HA MPUPOCT PABHOBECHOM
temrnepatypbl Taza (1.9 K) c¢ npuemneMoll TOYHOCTBIO ToibKO uepe3 100 mc,
NpUMEPHO B JBa pa3a JO0JbLIE, YeM TeMIlepaTypa ra3a. BuaHo, yTo Tepmonapa
TONIMMHOMN 20 MKM Tak)Ke BBIXOJHT Ha 3TO K€ 3HAUCHHUE TEMIIepaTyphbl, HO mo3aHee. B
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AKCIIEPUMEHTE TIOJIy4YeHBI OJIM3KME 3HaueHus mpupocTa Ttemrepatypsl =2 K. BugHo,
9TO HHUTHh TOJIIMHOW 50 MKM BOOOIIE HEMPUTOIHA [JII W3MEPECHHS TeMIEepaTyphl
TaKMX HE OYCHb OBICTPOINPOTECKAIOIMIUX IIPOIIECCOB B YCIOBHSAX OrPAHHUYCHHOIO
o0BeMa.

dP -1
IIpu Goliee BBICOKOM TEMIIE POCTa JABJICHHUS —-=12 ¢ puc. 3b Bpems BBIXOJa Ha
t

ACUMITOTHUKY CJIETKa YMEHBIIAeTCs, a MPUPOCT YCTaHOBUBIIEHCS Temrepatypbl (7-
Ty=13 K) Bo3pacTaeT. YMEHbLUIEHUE BPEMEHHU BBIX0/Ia HA aCUMIITOTHYECKOE 3HAUCHHUE,
MO-BUJIMMOMY, OOYCIIOBJIEHO Oo0jee HM3KMM HadallbHbIM JaBlieHHEM B ciydae 4%
cmecu (0.11 MIla) no cpaBuenuto ¢ 3% cmecwio (0.13 MIla) U, cCOOTBETCTBEHHO,
0oJiee BBICOKOM TEMIEPATypONpPOBOJAHOCTHIO Ta3za. B  askcnmepumeHTe MpUpocT
temneparypbl okojio 4 K, a ve 13 K, kak B pacuere. TO HECOOTBETCTBHUE MOKET
YKa3bIBaTh Ha TO, YTO MEXaHU3M TEINIOOOMEHA 3aBUCUT OT CKOPOCTH POCTa AABJICHUS.

Ha puc. 4 npeacrasieH pacyer pacrnpeiesieHus] TeEMIIEpaTypsl ra3a Mo paguycy B
MWIMHIPUYECKOM KaHalle B pa3IUYHble MOMEHTBHl BPEMEHH TMpU HAIUYUH U
OTCYTCTBHH HUTH B KaHaJe.
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Puc 4. Pacuer 3aBuUCMMOCTH TeMIlepaTypbl ra3a B LMJIMHIPUYECKOM KaHale OT
panuyca B otcytctBue (1, 3) u npu Hamuuuu HUTHU (2, 4, 5) TepMonapsl B pa3InyHbIE
MOMEHTBI BpeMEHM (CHM3Yy-BBepX KpuBble 1, 2 — 4mc, 3, 4 — 40mc, 5 — 100 mc) ot
Havasa pocta gapieHus. CKopocTh pocTa naBieHus dP/dr=1.5 ¢

Bunno, 9yTo HanmMuue TepMonaphl 3HAYUTEILHO CHUKAET TeMITepaTypy ra3a BOIU3H
Hee. Takxke pPUCYHOK JEMOHCTPUPYET 3ama3/bIBAHUE TOKAa3aHUW TEepMOMapbl OT
TeMIlepaTypbl ra3a B IeHTpe KaHana. [lpuyeM WHEPIMOHHOCTH (3ama3blBaHue
MOKAa3aHW TepMmorapbl) OOYCIOBIEHO HE €€ HWHEPLHOHHOCTHIO, a €€ BBICOKON
TEMJIOEMKOCTBIO IO OTHOIIEHHIO K razy. BOmu3um Hee TemmepaTypa rasa HH3Kas,
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MIO3TOMY, HECMOTPS Ha TO, YTO T'PaJMEHTHl TEMIEPATYPbl OTHOCUTEIBHO BBICOKHE,
CKOPOCTb HarpeBa TEPMOIIAPbl JUMUTHUPYETCS HU3KOM TEIIONPOBOIHOCTHIO ra3a.

Ecnu U3 sxcriepuMenTa u3BecTHa 3aBUCUMOCTb TEKYILIETrO JaBJIEHUSI OT BPEMEHH, TO
N0 ypaBHEHMIO (2) MOXKHO paccUUTaTh paclpeiereHre TeMIepaTypbl B KaHajle B
0001 MOMEHT BPEMEHM NpOLecca, a TAKKE 3aBUCUMOCTh TEMIIEpaTyphbl B IIEHTPE
KaHajia OT BPEMEHHU C HUTHIO TEpPMOIAphI U Oe3 Hee.

T-TO (K)

T T T 1
0 200 400 600 800 0 50 100 150 200
t (ms) t, ms

Puc. 5. 3aBUCUMOCTBH TeMIlEpaTypbl OT BPEMEHHM IPU H3MEHEHHH AABJICHUS B
cocyle. OKCIEpUMEHT - 1; pacyeT NO YypaBHEHUIO Yepe3 TEKyIlee JaBJIIEHHE B
AKCIIEPUMEHTE MOKa3aHUil TepMonapsl - 2 U TEMIEPATYpPHI I'a3a B UEHTPE KaHaia — 3.
(a), (b) — skciepuMeHT U3 puc. 1, 2 COOTBETCTBEHHO.

Ha puc. 5a mnpeacraBieHa SKCIEpUMEHTAIbHAs 3aBUCUMOCTb HM3MEPEHHOM
temneparypsl 1e,—1p (1), pacdeTHas 3aBUCHMOCTb TEMIIEPATYPBl HUTH HA OCU KaHala
(2) m TemnepaTrypa rasa B LIEHTE KaHaja B OTCYTCTBME HMUTU (3) BBIYMCIEHHBIE I10
3aBUCHUMOCTH TEKYIIEro JaBJ€HUs OT BpeMmeHHu (puc.2) mo ypaBHeHuwo (2). Bugno,
YTO pacyeTHas TEMIEpATypa ra3a BbIIIE PaCYETHON TEMIEPATypbl HUTU U HECKOJBKO
onepexaer ee, KpuBble 3 U 2. OAHAKO 3KCHEPUMEHTAIBHBIE JAHHBIE M0 U3MEPEHHIO
TEMIIEPATYPHI C TOMOILBIO TEPMONAPBI, XOTS U KOPPETUPYIOT C PACUETHBIMU JaHHBIMU
10 TEMIIEpAType HUTHU BCE K€ 3HAUUTENILHO OTKJIOHAIOTCA OT Hee. KpuBble pacueTHOI
3aBUCHUMOCTH JUIs1 TepMonapsl (2) u ais rasa (3) 3HauuTeNbHO JIyYIlIE COOTBETCTBYIOT
ApYT APYTY, YEM Ul DKCIIEPUMEHTAIbHOW KPUBOM, UTO YKa3bIBa€T HA TO, YTO IPHU HE
OUYEHb PE3KUX U3MEHEHMSX JIaBJICHHUS TepMOIlapa yCIIeBAET OTCIEKUBATH TEMIIEPATYPY
ra3a, 4ro BHJAHO Mg BpemeH Beimie 20 mc. OpHako s BpeMeH MeHblie 20 Mc
pacyeTHbIE 3HAUEHUS] TEMIIEPATyphl I'a3a BBILIE, YEM PACUETHAS U SKCIEPUMEHTAIIbHAS
TEeMIIepaTypa TepMomapbl. JTO yKa3blBa€T HAa TO, YTO B AKCHEPUMEHTE Ipu Ooiee
PE3KUX M3MEHEHMSIX JABJICHUS TEIIOOOMEH MEXAy ra3oM, TEpMOIAapod M CTEHKaMHU
KaHajga IpPOMCXOAUT OO0Jee MHTEHCUBHO, Y€M B MEXaHU3ME, OIMCHIBAEMOM
ypaBHEHUEM (2), Ha YTO yKa3bIBAJIOCH BBILIE MPU ONMHUCAHUU PUC. 4.

Ha puc. 5b mnpeacraBnensl naHHble 00paboTku puc. 2. Buano, uyto mpu
3HAYUTEIBHO 00JIee BBICOKOM CKOPOCTH M3MEHEHUS JTaBJICHUS TEPMOIIapa HE YCIIEBAET
OTCJIEKUBATh a3, U OTKIOHEHUE OT IKCIEPUMEHTAIbHBIX 3HAUYECHHUW TEMIEpPaTypbl
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3HAYUTEIBHOE. DTO YKa3bIBAE€T HA TO, YTO CKOPOCTh TEIUIOOOMEHA PACTET C POCTOM
CKOPOCTU W3MEHEHUS AABJICHUS, UYTO HE YUUTHIBAETCS B ypaBHEHUH (2).

Taxum oOpa3oM, Tepmomnapa Hajylexalleld KOHCTPYKIUU U C JOCTaTOYHO TOHKOM
HUTBIO, II0-BUUMOMY, OYZET OTCIIEKNBATh U3MEHEHUE TEMIIEPATYPbI, 00YCIOBIEHHOE
M3MEHEHUEM JlaBieHUs. B cilydae mOCTOSHHONW WM cl1ad0 MEHSIOUIENCs] CKOPOCTH
pOCTa IaBIEHUH MOYHO C JOCTaTOYHOW TOYHOCTBIO M3MEPUTH TEMIIEpATypy U Ooiiee
TOJICTOM TEpMOIApoid, 4eM B AaHHOW pabote. PacxoxneHne Mexay TemuepaTypou
ra3a M paCue€THbIM 3HaYE€HUEM TEMIIEPATYpPhl TEPMONApbl HE BEJIUKO.

Bropas 3agaua. PaccMaTtpuBaroTCs MpOLECCHl OXJIAXKIEHUS Ta3a U HarpeBa HUTH
TEpMOIIapbl B TOM JK€ KaHajle B YCJIOBHUAX IOCTOSIHHOTO JaBJEHUS m=const U B
YCIOBUSIX Cllaja JaBJICHUS, KaKk Ha puc. 2. B ycioBusix cmajga AaBieHUs pellaeTcs
ypaBHEHUE (2) IpHU 3aJaHHOM SKCIIEPUMEHTAJIBHO 3aKOHE M3MEHEHUs JaBJIECHUS, WIN
pu P=const.

HavanbHble yCIOBHS U1l TOTO YPaBHEHHUS COTJIACHO PHC. 2 CIIEIYIOLIHE:

r<r<l1; =0; 6=0,; P=P,=2.66 9)

r=rs; r=1; =0; 6=1 (10)

3J1€Ch MPUHATO, YTO TpaHuydHOe ycioBue (10) ciBUHYTO MO PU3NYECKOMY BPEMEHU Ha
225 Mc.

I'pannuHOE ycioBue Ha Tepmomnape (HUTH) coxpaHsercs (5), ¢ TeM pa3IudueM, 4To
B KOHCTaHTe C; 00bEeMHas TEIIIOEMKOCTD I'a3a Cqp, NPUHATA CPEIHEN B JHANA30HE OT

Q

Ty no Ty, c,p, =—L—=49-10° JIx/(M’K) BBILIIe, YeM IIPH HAYAIbHOM AABICHHH, YTO
b 0

oOycioBiieHO ©OoJiee BBICOKOW IUIOTHOCTBIO Ta3a W 0ojee BBICOKOW YACIbHOU
TEIUIOEMKOCTBIO Ta3a MpPU BBICOKOW TeMIiepatype. 3AecCh QpZQpO/path0=9.8-106
Jx/M, Py=2.66 — OTHOCHTEIbHOE AABICHHE, NMPH KOTOPOM MPOHM3OLIIO CrOPAHHE
cvect 0=3.37-10° [x/M’ TEIUIOBBIACICHHE MPU TOPEHHH | M° CTEXHOMETPUUYECKOIT
CMecH TNpU HadalbHOM JaBieHuM 1 atmocdepa u temmeparype 295 K. CormacHo
pacuetam [8, 9] mpu HmaBACHUU PyPumTo=2.9 atm u T;=295K, T,=2292 K,
O0,=Ty/'To=17.77.

N3BecTHO, UTO roproyasi CMECh B MOPHUCTOM cpefie cropaeT He mojHocThio [10],
MOJIHOTA CropaHus XapaKTepu3yeTcs ko3 pureHTOM n=1-Pe,/Pe,

BBIpQKAIOIIUMCS 4Yepe3 JBa uyuciaa Pe, oAHO U3 KOTOphIX Pe. Ha3pIBaeTcs
KPUTUYECKUM U XapaKTEpPU3YeT Mpe/ieJbHbIE YCIOBUS PacCHpOCTpPAHEHUs TUIAMEHU B
Y3KOM KaHajle, OHO MpuHATO, corynacHo [13], paBHeIM 65. Btopoe uyucio
XapaKTepu3yeT YCIOBUS JAHHOrO OJKcrepuMmeHTa Pe=S,d./a;~166 cocraBieHo H3
HOpPMAaJIbHOM CKOPOCTH miiaMeHu S,=34 cM/C B KOHKPETHBIX HAYaJIbHBIX YCIOBHUSAX IO
temneparype 295 K u gasinenuio p=2.9 10° ITa, xapakTepHOro pasmepa KaHaja
nopuctoi cpenel d,~0.35 cM M TeMIepaTypONpOBOIHOCTH a,=0.07 cM’/c Ta30Boit
CMECH B ITHX YCJIOBUAX. J[aHHbIE TIO HOPMaJIbHOW CKOPOCTH MPOIMAHO-BO3TYIIHON
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cMmecH B3sAThl U3 pabotel [11]. dns d, #=0.61, a nns uMaMHAPUYECKOTO KaHaja, Tae
Haxoautcs Tepmonapa d=0.2 cm, Pe=96, #=0.32. OueHky KOHeUHOU TeMmneparypsl 7,
C/IEeJIaeM B IPEATNOJIOKEHUH, YTO CBEXKas CMECh, HAXOJAIIAsICS B MOpax, CropaeT He
HOJIHOCTBIO.

C yueToM HEIOJIHOTHI CTOPAHUs CBEKEN CMECH B IIOPUCTOM cpesie

T -T, = Qemyn ~39K.
cgloggﬂ-o + cspv (1 - 6‘)

31ech NPUHATO, Q:pgm_,.AH:3.7-10"Il\fI>3K, rae pg~1.33 KI/M® TUIOTHOCTH CBEXKEH
s

cMecH mpH HayanbHOM aasnenud 1.1-10° Ila, m/~0.059 —maccoBas 1015 TOIIMBA B
cBexkeil cmecu, 1~0.044 Kr/Monap — MonekylsipHas Macca TOIUIMBA, AH=2.044-10°
JIx/Mob TeroTa cropanus nporaxa [14].

['pannvHOE yCI0BHE HA CTEHKE KaHaja pu x=R, cTaBuTcs 160 (4) mubdo

r=1; ©=>0; 6=T./T,, (11)

rne 1. KOHEUHas paBHOBECHAas TeMIlepaTypa Tra3a u TBepAod ¢a3el Majo
ornnyaroniasics ot 7y. PacueTsl moka3pIBalOT, YTO M MaKCUMallbHasi HEPABHOBECHAs
TeMIlepaTypa Ha TpaHUIlE TBEPAOoH (as3bl TAKKE MaJIO OTIMYAIOTCS OT PaBHOBECHOU T,
10 ectb 1,- Ty MHOro meHble 7,-7j. JluHamMuka OXJIQXKICHHUS ra3a U TEPMOIAphbl B
HaYyaJbHbIN MEPUOJ MPOLECCA OXJAXKACHUS OJUHAKOBBI JIJISl 3TUX BUIOB I'PAHUYHOIO
yciosus (4), (11).

1500 | (@)

1000 +

T-TO (K)

500—'

Puc. 6. Pacuer 3aBUCHMMOCTH OT BPEMEHHM TEMIIEpaTyphl TEpMOIapbl M ra3a B
KaHaJIe MOCJe NPOXO0KAEHUS IUIAMEHHU. | — oKa3aHMs TEPMOIIAphl B IKCIIEPUMEHTE, 2-
5 — pacuer. PacueTHble noka3zaHusl TepMmonapsl npu p=const, #=1 nunuga (2). Pacuer
npu p(t) U3 IKCIEepUMEHTA: TMokazaHus Tepmonapsl npu #=1 (3), npu #=0.32 (4),
TeMIiepaTypa rasa npu 7=1 mo ocu KkaHajia B OTCyTCTBHE TepMonapsl (5).
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B pacuerax ctaBuimch ciefyrolnue HadaabHbIe yciaoBus. B mpenmonoxenun 7=1
TEeMIepaTypa ra3a B HauaJbHBIH MOMEHT BPEMEHH BO BCEM KaHaje paBHa 1j, TO €CTh
HE YYHMThIBAJIACh MOJHOTA CTOPaHUs T'a3a B JAHHOM KaHalle, MAKCUMaJibHasi pacyeTHas
TemIeparypa tepmonapsl pu 3ToM Ha 1033 K Bblllle HauanbHOW MPU OXJIAXKICHUU B
YCIIOBUSAX MOCTOSIHHOTO JaBiieHus. [Ipu oxJia>keHuu B yCIOBUSX MAJCHUS J1aBJICHUS,
KAaK B KCIEPUMEHTE MAaKCUMaJbHBIN pasorpeB 783 K, a npu 7 =0.32 ¥ 0pu NaJeHUU
naBJjeHus pazorpes Tepmonapsl 657 K.

Ha puc. 6 npeacraBiaeHbl 3aBUCUMOCTH HarpeBa TepMOIapbl OT BPEMEHU B
skcniepumenTe (1), B pacdyeTe mpu MOCTOSIHHOM HayajabHOM JaBiieHuu (2, #=1) u npu
U3MEHEHUM JaBJICHUS W3 dKCIEpUMEHTalbHOU 3aBucumoctu: (3, #=1), (4, n=0.32), a
(5, n=1) nmpexncraBisieT pacueT TeMIlepaTyphl rasa Mo ocu KaHaia. BumHo, 4to ras,
HAXOJSIIMICA B MOpPE, HE yCIEeBAaeT HarpeTh TEPMOIMapy A0 TEMIEpaTypbl IJIaMEHU
naxe npu p=const, 7=1, (kpuBas 2).

Crnenyer oOpaTUTh BHUMaHHE Ha TO, YTO M3MEpPEHHAs MHUKOBas TeMIeparypa
BHyTpu KaHaia (pasorpeB 1028 K) Omm3ka K TeopeTHuUeckol, naxe Oe3 yuera
HEJIOTOpaHUsT CMECH BOJM3M CTEHKM KaHaua, TO €CTb Nnpu 7=l U B YCIOBHUSX
NOCTOSIHHOTO ~ JIaBJieHUsl. JTO OOYyCIOBJIEHO TE€M, 4YTO HUTU TEpMOMaphl B
HKCIIEPUMEHTE MOTJIM MONAacTh BO ()POHT MJIAMEHHU U B 00JIACTh MPOAYKTOB CrOpaHUs
70 TOJXOJa IJIaMEHH K CMai TepMomapbl. A Tak KaK TEeMIIepaTypOIpOBOJHOCTH
HuTel Tepmomnapsl (0.5 cM*/c) modTH Ha MOPAMOK BbIuIe, ueM rasa (0.07 cm’/c), To
CIlayd TEpPMOIIApPbl ¥ MPUJIETAIOIINN a3 MOJy4aceT AOMOJHUTEIbHBINA MPOrPEB eule 10
noaxoja (ppoHTa MIaMEHH 3a CueT OTOOopa Termsia U3 MPOAYKTOB cropanus. Kpome
TOTO, MPU HAJUMYMM TOTOKA Ta3a uyepe3 KaHall, 4TO BO3MOKHO MPU H3MEHEHUU
JaBJCHUS,  NPOUCXOJAT  MPOILECCHl  AHAJIOTHYHBbIE  MPOUCXOMASIIUM  TPHU
(GuUIBTpPAllMOHHOM TOpeHHMU Tra3oB [15] B mMOpuCTOM cpele B peKUME HUBKUX
CKOPOCTE. DTHU MPOLECChl MOTIM OKa3aTh 3aMETHOE BIMSHHME KaK Ha TUHAMHUKY
Harpesa crasi TEpMoInapbl, Tak ¥ Ha BEIMYMHY MaKCUMyMa TeMIepaTypbl TEPMOIIAPHI.
B Teopernueckoii MoCTaHOBKE 3TH HIOAHCHI HE YUTEHBI.

Bonpoc nquHamuku HarpeBa TepMoIiapbl B MPOIECCE PACPOCTPAHECHUS IJIAMEHH He
paccMaTpUBaeTCs BBUJY OYEBHJIHOIO HECOOTBETCTBUSI CHUTHAJ[a TepMoNapbl U
TEeMIlIepaTypbl Ta3a B YCIOBHUSIX (pPOHTA IUIAMEHH. OJTO Kacaercs IOCTaHOBKU
AKCIIEPUMEHTA U TEOPETUUECKON MOCTAHOBKH 3a/1auu. [ aleKBaTHOU TeOpEeTHUECKON
MOCTAaHOBKHM HEOOXOUMO pacrnojiaratb HUTh TEPMOIAphl MapauiebHO U30TEPMaM BO
¢ponte miamenu. IlmamMs B KaHajge pacmpoCTpaHsAeTCs B BHUAE MEHHCKa
CUMMETPUYHOTO OTHOCHUTEIBHO OCH KaHaia. B JaHHON TeopeTHdecKoW MOCTaHOBKE
HUTh PACIOJNIOKEHA TMEPHeHIUKYISIPHO H30TepMaM, a B AKCHEPUMEHTAIbHOMN
NOCTAHOBKE IOJ YIJOM, M HUTh HUIPAET pPoOJb TEIUIOMPOBOJIAIIETO 3JIEMEHTa,
UCKaxkaromero ¢GpoHT razodasHoro miamMeHud. BuJHO, 4TO HarpeB TepMollaphbl B
skcniepuMenTe (1) mpoMCXOauT MEJICHHEe, YeM B pacueTHOM kpuBoil (2). Bmecto
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HayanbHOro pasorpeBa raza 71,-7;=1997 K, umeeM MakcHUMalbHBI pPa3orpes
tepmomnapsl 1028 K.

Ecnu B kauecTBe IpaHMYHOTO YCJIOBHS Ha CTEHKE KaHasa BMecTo (12) mocTaBUTH
aanabaTuyecKkoe ycloBUE, TO MU B ATOM CiIy4yae TepMomapa Mokaszaia Obl pa3orpeB
1942 K, Bmecto 1997, To ecth ommbKy okojso 3%. B atom ciaywae sTa Temmeparypa
OTHOCHJIACh OBl K CpeIHEN TemMmepaType BCcero oobema.

Takum 00pa3oM, NPUMEHUTEIBHO K TEPMOIMAPHON METOAUKE W3MEPCHUS
TEeMITepaTypbl, MOXXHO CJIIeJIaTh BBIBOJI O TOM, YTO C €€ TOMOIIBI0 MOXKHO HU3MEPATH
TEMIIepaTypy Tras3a TOJIbKO B OTHOCHUTEIBHO MEIJICHHBIX mporeccax. Ho MoxHO
U3MEPATh PABHOBECHYIO TEMIIEpaTypy Ta3a W MOPUCTOM cpenbl B cllydasX, KOTja
TEMJIOEMKOCTh TepMONapbl MHOTO MEHbIIIE TEIJIOEMKOCTH OKpY’Kalolllel ee TBepAou
(a3bl, KaK B JAaHHOM CIy4ae.

Temnepatypy miamMeHu B YCJIOBHUSIX Y3KHMX KaHAJIOB MOPUCTON CpEIbl 3aMEPUTH
HEBO3MOXHO, 3@ BpeMsl MOKa MPOrpeBaeTcsl TepMoliapa ra3 ycrneBaeT oxXJaauThes. B
JAHHOM DJKCIEPUMEHTE ommrOka m3mepeHus oombine 50% U OTHOCHTCS M3MEpeHHas
TeMmIrepaTypa He K KOHKPETHOM KOOpJIMHATE, a K CPEeIHEN TeMIlepaType OTHOCUTEIBLHO
00JBIIOr0 00BbEeMa ra3a BOJIU3U 3TOM KOOPIUHATHI.

BrpiBOALI

[IpoBeneHbl M3MepeHUsl TEMIIEPATypbl ra3a U PaBHOBECHOM TEMIIEpaTyphl rasa u
MIOPUCTOM Cpeabl C NOMOLIBKD TEpMOMappl € JAUMAMETPOM HUTH 15 MKM B
IAJIMHJPUYECKON TTOpe TUaMeTpoM 2 MM B JIBYyX mpoieccax. [lepBblit mporiecc — 310
cxarhe rasza. BTtopod mpomecc —3TO OXJNaXAEHHWE Ta3a B JAHHOM IIOpE IOCIe
IPOXOXKIECHUS ILIAMEHHU.

[TokazaHo, 4TO B MpOLIECCE CXKATUS ra3a C MOCTOSHHOW CKOPOCTBIO TepMoIapa
NO3BOJIIET HM3MEpPUTh YCTAHOBHMBLIYIOCA TemmepaTrypy rasa. Ho mnpu BeIxoae Ha
YCTAaHOBUBIIEECS 3HAaY€HUWE OHAa OyaeT 3ama3fpiBaTh TeM OoJblie, 4em OoJblie
JTMAMETP HUTH.

[Toka3zaHo, 4TO B MpollecCe OXJIAXKICHHWSI MTHOBEHHO HArpeToro rasa MoKa3aHWs
M3MEpPEHUs TeMIepaTypbl Ta3a C TMOMOIIbI TepMonapsl OyAYT CYHIECTBEHHO
3aHIKEHBl. JTO OOYCJIOBJIEHO BBICOKOM TEIMJIOEMKOCTBIO HUTH TEPMOIMAphl, IO
CPaBHEHMIO C TEIUIOEMKOCTBIO rasa B MOpe. 3a BpeMs NpOorpeBa TEepMONaphl ras
YCIEBAET OXJIAAUTCS B CTEHKHU MOPBI.

[lonmxeHue (MOBBIIIEHUE) TEMIEpPAaTypbl Ta3a BCIEACTBUE OXJIAXKIAIOIIETO
(HarpeBaroIlero) BIAUSHUSI TEPMOIMApbl HE TOJIBKO HE MO3BOJISIET 3HATh TEMIIEPATYPY
raza B JAHHOM MECTE, HO TaKK€ U HE T03BOJISIET TOYHO YCTAHOBUTHh KOOPJAUHATY 3TOTO
MecTa, TaK Kak HarpeB (OXJIaXIEHHUE) TepMOIapbl MPOUCXOAUT BCIIEICTBHE
B3aUMOJICCTBUSI C OTHOCHUTEIHHO OONBIUM OOBEMOM Ta3a, Ha PACCTOSHUSAX Ha 2
nopsjika OoJbllie JuaMeTpa TepMOMapsbl.
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NuTencudukanus mporecca OXJIaXIACHUS Ta3a MpU  KOJEOAHUSX JTaBJICHUS
SABJISIETCS NPUYMHON TallleHHs MJIaMEHH B MOPUCTON CpeJie Ha CTaJAuM TNEepexojia u3
CBOOOJHOTO TMPOCTPAHCTBA B TOPHUCTYHD Cpeay, KOTOpas IPOUCXOIUT Ha (oHe
CUJIBHBIX KOJIcOaHUM maBieHHs [5].
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Abstract:

In the present study opposed flow flame spread over multiple fuel configurations with thin
cellulosic fuels are investigated experimentally in normal gravity and microgravity
environments. The thin cellulose fuel (Kim wipes) is configured in different shapes as planar
fuel, hollow cylindrical fuel, C- channel fuel, L channel fuel with the help of fuel sample holders
and flame spread phenomena is observed over each configuration in normal gravity and
microgravity environments at ambient oxygen concentration and 1 atm. pressure. The
microgravity experiments are conducted using 2.5s drop tower available at the National Centre
for Combustion Research and Development (NCCRD), IIT Madras, India.

Over the effective opposed flow speed range of 10 cm/s to 40 cm/s, it is observed that C channel
configuration has the highest spread rate compared with other configurations in similar
experimental conditions. Further each configuration shows a non-monotonic increasing-

decreasing flame spread rate with respect to opposed flow speed.

Keywords: Flame Spread, Opposed Flow, Microgravity, Thin fuels, Interacting flames
1. Introduction

The propagation of flame over combustible solids, such as cellulose paper, polymers, woods and
textiles, constitutes a fundamental problem in the field of fire research and holds important
significance in fire safety. To have a sustained flame spread, sufficient heat from the burning
zone to the unburnt zone of solid fuel, has to be transferred which heats and vaporizes the solid
combustible. Several researchers[1-4] have reviewed the flame spread phenomena over the solid
combustible. The flame spread rate over solid fuels mostly depend on heat transfer rate over the

unburnt solid fuels and this rate of heat transfer is dependent on property of solid, burning
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environments and flame size and its configuration. Most of the studies in the past have considered
the flame spread phenomena over a single solid fuel[5, 6]. However, practical fire accidents
involve interaction of discrete burning surfaces. Considering the interaction of the flames
researchers [5-8] have studied the effect of spacing between parallel solid fuels and found a non-
monotonic trend in flame spread rate with respect to the spacing between the two fuel sheets.
Shih et al.[10] have experimentally investigated flame spread over six different configuration
thin fuels in upward flame spread arrangement, and concluded a non-monotonic increasing
decreasing trend in flame spread with separation distance between fuels due to radiative
interaction and channeling effect . Also, they found enclosed type fuel have highest flame spread
followed by C type, four parallel solid fuel, two parallel solid fuel, L shape and then single sheet.
In addition researchers [11] have studied the effect of fuel diameter in case of hollow cylindrical
fuel in normal gravity also Olson [12] and Fujita et al [13] have studied the flame spread over
thin planar and cylindrical wire respectively in microgravity environments.

In the present study an opposed flow flame spread over multiple thin fuels which are arranged in
different configurations such as planar, L-channel, C channel and circular duct, are studied
experimentally in normal gravity and microgravity environments. The purpose of this study is to

understand the flame interactions and flow channeling effect on flame spread rate.
2. Experimental Apparatus and procedures

All experiments are conducted using 2.5 s drop tower available at National Centre for
Combustion Research and Development (NCCRD), IIT Madras campus, India. The details of
drop tower experimental set-up facility is available in the previous work of [14]. Here only in
brief description of the experimental set up is shown in Fig. 1. The experimental set-up consists
of a rectangular duct of 12x12 cm inner cross section. A small DC fan is placed at the bottom of
duct to give opposed flow in the duct. Honeycomb and fine mesh are placed in-between fuel
holder and fan to obtain a uniform opposed flow in the test section, as shown in Fig. 1 (a). The
top section of duct is made of transparent acrylic to observe the combustion phenomena. The
fuel sample is held at center of the rectangular duct with the help of different fuel holders for
holding thin fuels in Planar, L channel, C channel and in circular duct shape as shown in Fig.
1(b). The dimension of each side of fuels are around 20 mm like width of planar fuel is 20 mm,
all sides in L-section and C-section are 20 mm and dimeter of circular duct is 19 mm. (Due to
standard size tubes used for wrapping paper around it)

The experiments are done at atmospheric oxygen concentration of 21% and pressure 1 atm. The
fuel used in the experiments is 76-pum thick cellulose (Kim-wipes) papers. The combustion duct

is enclosed inside a 40 liters capacity polycarbonate enclosure (Fig.1(c)). The purpose of
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enclosure is to maintain the desired ambient condition, and also to support the two digital camera

for recording the flame spread data.

Ignition Coil ( b)

Fuel

Fine mesh

Honeycomb

DCFan

Base Plate Planar L-channel C-channel Circular duct

(d)

_ Provision to fix
Go-pro camera

Digital Camera

Acquisition
system

Combustion duct enclosed inside Power
40 L Polycarbonate chamber Supply Unit

Fig.1. Experimental Set up (a) Cross sectional view of combustion duct (b) different fuel

sample holders (c) Combustion duct with polycarbonate enclosure (d)

Fig. 1 (d) shows the complete setup over the inner capsule (housing) used for drop purpose,
assembled with power unit and data acquisition. In all the experiments, fuel is ignited in normal
gravity environments and then dropped the assembly for 2.5 s to observe the combustion
phenomena in microgravity environment. A white LED is used to illuminate the background in
experiments so that the pyrolysis front at the upstream of the flame can be observed. A MATLAB
code is used to find position of pyrolysis front with respect to time. The slope of position vs time

plot gives the average flame spread rate over the fuels.
3. Results and Discussion

Experiments were carried out both in normal gravity and microgravity at 21 % O2 and 1 atm
pressure for all configuration fuel samples. The opposed flow speed was varied from 10 cm/s to
40 cm/s using a 12 V D.C. fan. In the normal gravity environments flow is always present due
to buoyancy. So, in order to evaluate effective opposed flow experienced by flame is estimated

using properties given in table.1.
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Properties Values

A, gas thermal conductivity 25.79x10” (W/cm-
K)

T¢, adiabatic flame temperature | 2822 K

Ts, ambient temperature 298 K
p, gas density 1.19x107 (g/cm3)
Cp, gas heat capacity. 10.05x10*" (W/g-K)

Table 1. Property values used in calculations.[15]

As mentioned before, in the experiments low convective opposed flow speed ranging from 10
cm/s to 30 cm/s is imposed using a small DC fan inside duct both in normal gravity and
microgravity environments. In the normal gravity environment, the buoyancy induced flow is
already present. Therefore, to account for the effect of both forced flow and induced buoyant

flow an overall effective opposed flow speed, V. is defined as

Vep = JVE+17 )

Here, V,, and Vare the induced buoyant flow speed and the forced flow speed provided by the
fan respectively. The induced buoyant flow speed in Eq. (1) can be obtained by comparing inertia
term in axial momentum equation to the body force term for thermal length scale. The details

can be found in work of Frey and T’ien [15]. The following expression is thus obtained

gl(Tf_Too) 1/3

v, = [ )
here, g is the acceleration due to gravity, A is the thermal conductivity of air, T is the adiabatic
flame temperature,T,, is the ambient temperature, p is the density of air and ¢, is the heat
capacity of gas. Using the properties from Table 1 the buoyant speed is obtained using Eq. (2),
which vyields an induced buoyant flow speed of about 26.2 cm/s in the normal gravity

environment at 21 % Oa.

The effect of opposed flow velocity on flame spread rate is shown in Figs 2, 3, 4, 5 and 6. In
these figures the flame spread rate is plotted for various inflow speeds expressed in terms of

effective flow speeds explained earlier.
3.1. Flame spread over planar fuel

Flame spread over planar fuel having 20 mm width is tested first to demonstrate flame
appearance and flame spread rate in microgravity and normal gravity environments. Fig. 2(a)

shows instantaneous images of flame spreading over planar fuel. The microgravity snapshot is
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taken after 2.4 s after the drop at 20 cm/s flow speed. From Fig. 2(a) it can be noted that the size
of the flame slightly increases in case of microgravity compared to normal gravity due to absence
of buoyancy and slow diffusion process. It can also be seen that the intensity of the flame reduces
in microgravity as compared to normal gravity. The reduction in intensity of the flame in
microgravity is also reported by Olson et al.[16] and shows found that this is due to reduction in

temperature of the flame.
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Fig.2. Flame spread over planar fuel (a) Instantaneous flames in normal gravity and
microgravity at 20 cm/s flow (b) Flame spread rate at different effective flow speed over
planar fuel
Fig 2(b) show the variation of flame spread rate with respect to effective opposed flow speed and
data shows a non-monotonic increasing decreasing trend of flame spread rate. The maximum
flame spread rate lies in microgravity regime at around 25 cm/s and the start decreasing in normal
gravity regime. This non monotonic trend with respect to opposed flow speed is also found by
researchers[17] and found that at small opposed flow speed in microgravity where the flame
spread rate increases with increase in the opposed flow speed is referred to as the oxygen
transport control regime. Here low convective flow helps in the transport of oxidizer in reaction
zone and results in increase in the flame spread rate. As the opposed flow speed increases over a
limit, due to limitation of residence time for chemical reaction the flame spread rate starts to

decrease with further increase in flow speed.
3.2.  Flame spread over L-channel

Flame spread over L-channel fuel having 20 mm width of two strips are configured at 90 degrees
to each other and tested to demonstrate flame appearance and flame spread rate in microgravity
and normal gravity environments. Fig. 3(a) shows instantaneous images of flame spreading over
L-channel fuel. The microgravity snapshot is taken after 2.4 s after the drop at 20 cm/s flow

speed. Similar to planar fuel from Fig. 3(a) it can be noted that the size of the flame increases in
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case of microgravity compared to normal gravity and due to larger size of flame both the flames

over the surface interacts. However, in this case also the intensity of the flame decreases.

14 Microgravity Normal-gravity
w
E 12 1
: Y Q
m
I‘ 5 109 _/Q, ..... N
© 7 ~.
0 o 0
& 8 o O\‘\
£ ,Q)‘/ 0 £y
:_E B - O,’
4 U T T T T .
10 20 30 40
1g Ug Effective opposed-flow velocity [cm/s]

Fig.2. Flame spread over L-channel fuel (a) Instantaneous flames in normal gravity and
microgravity at 20 cm/s flow (b) Flame spread rate at different effective flow speed over L-
channel fuel.
Fig 3(b) show the variation of flame spread rate with respect to effective opposed flow speed and
data shows a non-monotonic increasing decreasing trend of flame spread rate. Unlike planar fuel
the maximum flame spread rate lies in normal gravity regime at around 30 cm/s and then starts
decreasing further with effective opposed flow speed. It can also be noted that the flame spread
rate in microgravity is much lower as compared to normal gravity this may be due to reduced
radiation interaction and temperature drops in microgravity and flame standoff distance increases

in downstream.
3.3. Flame spread over C- channel

Flame spread over C-channel fuel having 20 mm width of three strips are configured form of
open channel and tested to demonstrate flame appearance and flame spread rate in microgravity
and normal gravity environments. Fig. 4(a) shows instantaneous images of flame spreading over
C-channel fuel from tap and front sides. The microgravity snapshot is taken after 2.4 s after the
drop at 20 cm/s flow speed. Similar to planar fuel from Fig. 4(a) it can be noted that the size of
the flame increases in case of microgravity compared to normal gravity and also it is noted from
the top view that at the joining point of the flame, the intensity of flame is very less which
represents very weak flames at the corner points in microgravity as compared to normal gravity.
This may be due to heat loss in metallic sample holder at the joining points.

Fig. 4(b) shows the flame spread rate over C-channel fuel with respect to opposed flow speed.
Likewise in case of L-channel the peak of flame spread rate appears in normal gravity regime

and overall trend is non monotonic increasing-decreasing.
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Fig.3. Flame spread over C-channel fuel (a) Instantaneous flames in normal gravity and

microgravity at 20 cm/s flow (b) Flame spread rate at different effective flow speed over C-

3.4. Flame spread over circular duct

channel fuel

Flame spread over circular duct fuel having 19 mm diameter is also tested to demonstrate flame

appearance and flame spread rate in microgravity and normal gravity environments. Fig. 5(a)

shows instantaneous images of flame spreading over circular duct in normal gravity and

microgravity environments. The microgravity snapshot is taken after 2.4 s after the drop at 20

cm/s flow speed. Similar to other fuel configurations fuel, from Fig. 5(a) it can be noted that the

size of the flame increases in case of microgravity compared to normal gravity however the

intensity of flame is much lesser in microgravity as compared to normal gravity. It can also be

noted that due to reduction of temperature the char is not completely oxidized and prominent in

case of microgravity environment.
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Fig.4. Flame spread over circular duct fuel (a) Instantaneous flames in normal gravity and

microgravity at 20 cm/s flow (b) Flame spread rate at different effective flow speed over

circular duct
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Fig 5(b) show the variation of flame spread rate with respect to effective opposed flow speed.
Like other fuel configurations, here also the spread rate shows a non-monotonic trend and

maximum value of flame spread rate appears in normal gravity regime.
3.5.  Comparison between different configurations

Fig. 6 shows a comparative plot of flame spread rate with respect to opposed flow speed for
different fuel configurations. The fuel configurations of circular duct, Planar fuel, C-channel fuel
and L-channel fuels are compared together in one plot and found that C-channel fuel
configuration have highest flame spread rate both in microgravity and normal gravity
environments in this study. In general, the flame spread rate of C-channel is highest followed by
circular duct, L- channel and planar fuel with least flame spread rate. However, there is some
discrepancy in values like at 15 and 20 cm/s opposed flow speed, planar fuel have higher spread

rate compared to L-channel in microgravity regime.
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Fig. 6. Comparison of flame spread rate with respect to opposed flow speed over different
fuel configurations

The higher flame spread rate in case of C-channel is may be due more radiation heat interaction
as well as sufficient availability of oxidizer at inner and outer region of fuel however circular
duct have more radiation interaction compared to C-channel but at the inner surface of the fuel
oxidizer may be insufficient. In case of L- channel and planar fuel configurations the oxidizer is
sufficient but the radiation heat interaction over unburnt solid fuel is less. In case of higher
diameter circular duct or enclosed fuel the flame spread rate would be higher as compared to C-

channel fuels.
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4. Conclusions

Flame spread over different solid configurations is studied experimentally. The tests are done
with thin cellulose paper (Kim wipes) in atmospheric air condition and temperature in normal

gravity and microgravity environments.

Study of flame appearance, flame interactions and flame spread rates are compared between
different configurations. Four types of configurations including planar fuel, L-channel, C-
channel and circular duct are considered for study. The key findings of the study are summarized

as follows.

It is clear from the instantaneous images of flames shown above that the flame length (i.e., size
along the flame spread direction) is increased in microgravity compared to the normal gravity
flame for all configuration fuels. This is likely due to reduced convection in absence of buoyancy
in microgravity. The transport of fuel and oxidizer are more affected by slow diffusion process
and hence longer flame. The flame intensity is also seen to decrease in microgravity compared

to normal gravity flames. This may be due to reduced temperature in microgravity environment.

An effective flow speed is defined which accounts forced flow speed along with induced buoyant
flow speed. This effective flow speed facilitates plotting both microgravity and normal gravity
flame spread rate data on a single plot. In this combined plot flame spread rate always exhibited
a non-monotonic trend with the effective opposed flow speed in all the fuel configurations and
highest spread rate appears to much higher effective flow regime (Normal gravity regime)

The measured flame spread rate is highest for C-channel followed by circular duct fuels, L-
channel then planar fuels. The higher spread rate in C-channel would be due to more radiation
interactions over the solid surface as well as sufficient availability of oxidizer (Here compared
with circular duct), however circular duct have more radiation interaction but at inner core region

oxidizer may be insufficient.
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AHHOTAHSA

B nanHO# paboTe mpeacTaBieHBI pPE3yNbTAaThl M3YyUEHHWS BIWSHUSA pa30aBICHUs MeETaHa BOJOPOJIOM Ha
(U3UKO-XMMUYECKHE M JJIEKTPUUYECKHE XapPaKTEPUCTUKU IUIaMeHH Au(p(y3HOHHOW CTpyn
CH4/H,. beuto o6Hapyx)eHO, YTO Il CMEcel C MOJISIpHOU noneit meraHa Boiie 40% BennunHa
MPOTEKAIOIET0 TOKA JIMHEWHO 3aBUCHUT OT cOocTaBa. Pa3baBiieHHe BOJOPOIOM IMPH MOJSPHOU
noie metaHa B cmecu MeHee 40% npUBOAUT K TOMY, YTO 3aBUCUMOCTh TOKa OT COCTaBa
CTAaHOBUTCSA HEIMHEHHOW. B 3TOM ciydae rpaHmiia nepexoga OT JIMHEHHOW 3aBHCUMOCTH K
HEJIMHEHHON HE 3aBHCUT OT CKOPOCTU MOTOKa M (OPMBI 3JEKTpoja. Pe3ynbTaThl M3MepeHHn
XEMOJIOMUHUCIEHITNHN pafukana CH* BBISIBIIM COBEpIIEHHO AaHANOTUYHYIO 3aBUCHUMOCTH
cBeueHUsI OT O0O0BEMHON momu Bomopona. IlomydeHHbIE pe3ynbTaThl YKa3blBalOT —Ha
CYLIECTBOBAaHME JIByX PpEXHMOB, B KOTOPBIX BO3MOXKHO CYUIECTBEHHOE pa3jiMuue B
KHHETHYECKUX Mexanu3Mmax nuddysnonnoro ropenus cmecu CHa/Hj.

KiioueBbie cJioBa: CH4/H+, nudGy3noHHBIN dbakenn, AIIEKTPOXUMHSI,
xemomoMmuauciennua CH

BBenenue

[TorpeOHOCTH B 3HEPrUM pPACTyT MpPU YMEHBIIEHHMH MHPOBBIX 3aIlaCOB €CTECTBEHHBIX
SHEpProHocuTene (mpupoAaHbIi Ta3, HedTh), Ha TMEpBBIH IUIAaH BBIXOIUT HpobIeMa
sHeprodddexTuBHOCTU. KpOM TOTO, K TEXHOJIOTHYECKUM YCTAHOBKAM IMOBHIIIAIOTCS TPEOOBAHUS
[0 SKOJOTMYEeCKOM O0e30MmacHOCTH. B CBf3M ¢ 3THMM HMHTEpHAMOHAIBHOE 3HEPreTHYECKOe
areHTcTBO (International Energy Agency), B coctaB kotoporo Bxomsat CIIA, crpaner EDC,
ABcTtpanus, SInonus u aAp., noctaBmio 3aaady Kk 2050r. («Ilapmwkckoe cornamenuey, 12 nekadps
2015 r.) ucnonwp3oBaTh B KadecTBe 3HeproHocurens 10 80% B0300HOBIEMblE HUCTOYHUKU
SHEPruu U BJIBOE COKpaTuTh BbIOpoc B atmochepy CO,, Kak mokaszaTesss SMUCCUU BPEIHBIX
BemiecTB. Xota Poccust He parudunmponana «llapmkckoe cornamenue», B ceHtsiope 2021 r.
ObL1a yTBepxkaeHa «CTpaTerus ConnaaIbHO-9KOHOMUYECKOTO pa3Butus Poccuiickoit denepanun
C HHU3KMM YpOBHEM BHIODOCOB MapHUKOBBIX Ta3oB g0 2050 roma» (pacmopshkeHue
[IpaBurensctBa Poccuiickoit @eneparun ot 29 oktadps 2021 r. Ne 3052-p). B cBs3u ¢ aTuM
CTAHOBHUTCS aKTyaJIbHOW pa3paboTKa ra30TypOMHHBIX CHCTEM CIIOCOOHBIX A((HEKTHBHO paboTaTh
Ha CMECAX YTIIIE€BOJOPOIHOTO roproyero ¢ BogopoaoMm [1] B nnanazone konueHtpauui 0...100%
BOJIOpOJia B TOIUIMBHOI cMecH. B HacTosee Bpemst UcclieJOBaHNs TOPEHUs TOIUIMBHBIX cMecei
H,/CH4 naxonsarcst B pokyce BHUMaHUS. BiusHHE BOAOPOJHOTO TOIUIMBA HA IKCEPTETUUCCKUC
XapaKTEePUCTHKH TypOOpEaKTUBHOIO JIBUraTessl, MCIOJIb3yeMOr0 B BOCHHOM y4eOHO-
TPEHUPOBOYHOM caMoJjieTe HccienoBaHo B pabore [2]. Caydail 00OTameHHOTo BOJIOPOJIOM
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MpeBapUTENbHO NIEPEMEIIAaHHOTO KHCIOPOAHO-METAHOBOTO TUIAMEHHU NPU OPraHU3aIMH 0Jauu
TOpIOYeil CMecH 4Yepe3 HECKOJIbKO OTBEpCTUH OBLT paccMoTpeH B [3], rae ObLIO mMoKa3aHa
ycroiunBas paboTa moJo0HOM CXeMbI CKUTaHUS METaHa ¢ MUHHUMAIIbHBIMU BRIOPOCOM BPEIHBIX
BellecTB. TpuanaTte maTh JeT Hazan (B anpene 1988 r.) mogHscs B HEOO IKCIIEPUMEHTATBHBIN
camonér Ty-155, sBistomuiicss IepBbIM B MUPE CaMOJIETOM, JBUTATENIb KOTOPOro paboTasl Ha
Bozopojae. OcoOeHHOCTH PabOThI Ta30TYPOMHHOM YCTAHOBKH HA CMECH BOJIOPOJIA U MIPUPOTHOTO
raza m3yyarorcs B Cankr-IlerepOyprckom mosmrexHuueckoM yHuBepcutere Ilerpa Bemmkoro
(https://eaf.etu.ru/assets/files/eaf2 1/papers/53-57.pdf). UccnenoBanus sddexTuBHOCTH pabOTHI
JIBUTATEJIE Ha CMECSIX BOAOPOJa C MIPUPOJAHBIM Ta30M C UCKPOBBIM 3a)KUTaHUEM [4,5] mokaszanu
BO3MOXXHOCTh moBbImeHus: KIIJ[ aBurareneil mpu MCHOIB30BAaHUM CMECH BOJOPOJ/METaH II0
CPaBHEHUIO C YUCTHIM BOJOPOJIOM.

Pe3ynbrarhl  SKCHEPUMEHTAIBLHOTO M YHMCIEHHOIO  MCCIEIOBAHUS  CTPYKTYPHI
i dy3noHHOTO (akena CMecH METaH/BOAOPOA TpeiacTaBieHbl B [6]. MakcumanbHoe
comepkanue panukana OH HabmiomaeTcss HENMOCPEACTBEHHO 3a TMpeaeiaMu  30HBl  C
MaKCHMaJbHOW TeMIepaTypoil, 4TO yKa3blBaeT Ha €ro 0O0pa30BaHHE CO CTOPOHBI OKUCIUTES.
Konnenrpaumn OH u H;O pgeMOHCTpUpYIOT TEHAEHIHUIO MOHOTOHHOTO BO3pacTaHUs C
YBEJIIMUECHUEM COJZIEpKaHUS BOAOPOJA B TOIIMBHOM cmecu. KommnoneHTsl ToruBa kak CHy, Tak
u H, pacxomyroTcst TmaBHBIM 00pa3oM B pe3ysibTaTe MX AJIEMEHTAPHBIX PEaKIUi C paJuKalaMu
O, H u OH. Uudopmarusi 0 CcyMMapHBIX CKOPOCTSIX JIEMEHTAPHBIX PEaKIUid ¢ y4acTHEM METaHa
WIK BOJOPOJAa C OTUMHU paJuKalaMyd HeoOxomuma A Ooljiee IIMPOKOTO MPEICTABICHUS O
mpoleccax B 00JIaCTH TOPEeHHsL. Y BeTUYCHHE 00bEMHOT0 cojiepkanHus H, B TOMIMBE IPUBOIUT K
TOMY, YTO YHCTask MOJISIPHAs CKOPOCTh PEakIuu ¢ Jo0bM u3 Tpex pamukaioB O, H umu OH ¢
yuactuem CHy yMensbiaercs, a ¢ yuactuem H, yBenuuuaercs.

[ToaTomy ¢ pocToM coaep)kaHHs BOAOPOJA B TOILTMBE MECTOMNOJIOKEHHE MaKCHUMAallbHOM
CYMMAapHOM CKOPOCTH BCEX 3JIEMEHTApHBIX PEAKIMil ¢ yJacTMeM MeTaHa U MEePEeYUCIICHHBIX
paaMKanoB CMeIlaeTcss B CTOpOHY mnepudepun Qaxena, a peakuuil ¢ ydyacTHEM BOAOpOJA U
paaAMKaNIoOB IO HANPABIEHUIO K OCH. TakuM 00pa3oM, pacxoll METaHa CBSI3aH B3aHMMOJICHCTBHEM
monekyn ¢ paaukagamu H, OH u O B mopsiike yObIBaHHSI CyMMapHBIX CKOPOCTEH peakIuH.
MakcumManbHyI0 CKOPOCTH IO CPAaBHEHHUIO C PEAKLUIMU C IPYTUMHU paguKallaMd UMEET peaklus
CH4+tH, wuMmeromas TMOJIOKEHUS MaKCUMyMa KOHIEHTpanuid Onmxke K ocu ¢akena. Ilpu
noTpeOJIeHuu BojJopoAa HamOoJiee 3HaumMon siBisiercss peaknus H,+OH<«—H,O+H, xotopas
MPEACTABISIET COO0M MEMHYI0 peakIuio pacrnpocTpaneHus. CyMMapHasi CKOPOCTb dTOM PEeakIuu
HEJIMHEHHO BO3pacTaeT ¢ aobOamieHreM Bomopona. OdeBuaHo, uTo Bo3zzaciicTBue OH nHa H;
MPOUCXOIUT ropasno ObicTpee, yeM peakuuu ¢ CHy, ocobeHHO Koraa copep:kaHue BOAOPOIA B
TOIJTMBHOM CMECH TIpeBBIIIACT OOBEMHYIO J0JI0 OKoJo 60%. D10 OOBSICHAET NPUUUHY
YBEJIMUEHUSI CYMMapHOW CKOPOCTH peakluuu Tpu Ao0aBieHHH Boaopona. [Ipum 3ToM MOXKHO
3aMeTuTh, 4to pagukan O pearupyer ¢ H, 6omnee snepruuno, yem ¢ CHy, OCKONBKY peakius,
Bimovatomass O u Hp, — 310 pasBerBienue uenu, a peakius ¢ ydactuem O u CHy —
pacnpocTpaHEHUE IeTH.

Hamuuue B ToruiuBe CH4 nenaer ¢aken 4yBCTBUTEIbHBIM K BHEIIHEMY 3JIEKTPUUYECKOMY
noJifo. IlepBbIM MpPOAEMOHCTPUPOBANT HATMYHE AJIEKTPUUYECKUX CBOMCTB y IMJIaMEHH Y UIIbIM
['unGept (xonern 16-oro Beka). Kak okazanoch, «3JIEKTpUUECKHE CBOMCTBA» TUIAMEHH CHJIHBHO
3aBUCAT OT poOJia TOIUIMBA, HAMOOJIEEe UYBCTBUTEIBHBIMU K JJCKTPHUUECKOMY IOJIO SBISIOTCS
VIJIEBOJOPOAHBIE. DTO CBS3aHO C HAJUYMEM pEaKIMi XEMOMOHU3alMM, TPUBOISIINM K
CBEPXpPABHOBECHBIM KOHIEHTpauusiM 3apsfgoB. CorinacHo [7] Mojaenb MPOCTOM peakiuu
XeMonoHM3anuu BeITIAIUT kak: CH+O — CHO'+e, rme nocratouno Geictpo mon CHO'
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BCTymaer B mpojoikenue muenodek: CHO'+X — HX'+CO (manpumep, CHO'+H,0 —
H;0"+CO). CymecTByeT MHOXKECTBO Pa3IMYHBIX lIeNeil peakIiu ¢ 06pa30BaHUEM HOHOB, B TOM
YHCIIe ¥ OTPUIATENBHBIX [8—9] (B yriieBogOpoIHBIX miIaMéHax uaeHTUuUupoBano mopsaka 50
TUIIOB Pa3IMYHbIX HOHOB). U x0Ts aBTOpHI [10] cunTaror, 4To ABMKEHUE OTPULIATEIILHBIX HOHOB
UTPAET BAXHYIO POJb, B a0COMIOTHOM OOJBIIMHCTBE WCCIEAOBAHUN OTPUIIATEIBHBIA 3apsi
MEPEHOCUTCS] B 3HAUUTENBHON CTENEHU 3JIEKTPOHAMHU, a MOJIOKUTEIbHBIH HOHAMU (B OCHOBHOM
H;0"). Y1 ocHOBHO# 3(dEKT BHOCUT pa3iIHyKe B TOABMXHOCTH HOCHTENEH 3apsiia, KOTOPOe TIPH
HAJIO)KEHUM DJIEKTPUUYECKOTO TOJIs CO3AaeT TUAPOJMHAMUYECKHI aucOalaHc, BeAyIIMH K
M3MEHEHUIO (POPMBI M YCIIOBUH CTAOMIIM3AINY TUTAMCHH.

[IpumeHenne OECKOHTAKTHBIX MeTonoB, Takux kak PIV (Particle Image Velocimetry),
PLIF (Planar Laser Induced Fluorescence) u crekTpo30HaIbHOI ChbEMKU Ha JJIUHE M3JIy4CHHS
pagukanoB OH*, CH* u C,* B pabore [11] mo3Bommio chopMylIupoBaTh TUIOTE3Y O
JOKQJIM3AaIMA BO3JIEHCTBUSL DJICKTPUYECKOTO TONs Ha obOmactu ropeHus. CBUIETENHCTBA B
MOJIb3Y TAaKOTO YTBEP:KICHUS, OCHOBAHHBIE HAa PE3yNbTaTax 3KCHEPUMEHTAIbHBIX M PAaCUETHBIX
ucciaenoBannii, mnpencraBieHsl B [12, 13]. Takum 00pa3oM, TMOJIOKUTEIbHBIE HWOHBI
MPUCYTCTBYIOT HCKIIIOUUTEIBHO BO ()pOHTE IJIaMeHM (B 30HE peakluil), a UX KOHUEHTpalus
omnpezeNnseTcss peakuusMH XeMOWOHO3alMH, CTApTYIOIIMMU C PeaKlMy BKJIOYAIONIeH paauKai
CH. CornacHo pe3ynbTatam paboTsl [14] Hamu4re BHEUTHETO JEKTPUYECKOTO TOJS HE BIUSET
Ha KMHETUKY PEAKIMH, XOTsS KOHLEHTPAILMH 3apsDKEHHBIX YacTUT U HEUTPaJoB MEXIy COOOM
MMEIOT OJHO3HAYHYIO CBs3b. DBHeIIHee JJIEKTpUYECKOE TI0JIE HE TOJBKO BIMSIET Ha
TUAPOIMHAMUYECKHE U TETIO(PU3NIECKIE MPOLIECCHI IPU TOPEHUU, HO U OJTHOBPEMEHHO MOXKET
CIIY’>KHTh UHCTPYMEHTOM JUIsl U3yUEeHHUs TJIaMEHH.

Hpyrum (mociie XeMOMOHHU3ALMU) UHTEPECHBIM ACTIEKTOM TOPEHHS TOILIUB, COJAEPKAIINX
YIJIEBONOPOAbI, SIBISIETCS  XEMOJIOMUHUCIEHCHS, Ha OCHOBE KOTOpPOM  pa3BUBAIOTCSA
CIIEKTPO30HANIbHbIE MeTObI quarHocTuku. CpaBHeHue PLIF u ciekTpo3oHanbHON peructpanuu
npoBeZieHo B [15]. OTu ABa ONTHYECKUX METOAA MPHU HMCCIEAOBAHUU TOPEHUS CTATIKUBAIOTCS C
TPYIHOCTSIMU KOJIMYECTBEHHOM OLICHKH, IMOCKOJIbKY KHHETHYECKHE M CIEKTPOCKOMHUYECKHE
JeTalld, KOTOphIE CBS3BIBAIOT AaOCONIOTHBIE KOHIICHTPAIIMM YaCcTUI[ C CHUJIOM CHTrHaia
XEMOJIOMUHECIEHITNN U (DIIYOPECIICHTHOTO U3TY4YEHHs, 3aBUCAT KaK OT ONTHYECKUX CBOWCTB
CHCTEMBI, TaK U OT uccieayemoil cpensl. Hanbonee passura meroauka PLIF na paguxane OH,
T.K. CIeKTpockomuueckas goctynHocTh OH (a:mekTponHbie iepexoasl Bo3oyxaeHuss OH moryt
OBITh AKTHUBUPOBAHBI C TOMOIIBIO JOCTYMHBIX JIa3€pHBIX HCTOYHHUKOB) SIBISIETCSA OJHOM U3
MPUYHMH, IO KOTOPOH OH CTajJ JOMUHHUPYIOIIEM NpH IuarHocthke ropenus. Taxxe OH npusznan
OIHUM M3 HauOoJjiee BaXKHBIX PpAJUKAIOB TPU CKUTAHUM YIJIEBOJOPOJOB, IMOCKOJIBKY OH
y4acTBYeT B IIpOLIECCaX TOPEHHs, PEaKLIMH Pa3BETBICHUS KPUTHUYECKOM LENu, KOTOphIE
NOJIEPXKUBAIOT Tams. VIMEHHO mosToMmy XemmimtoMmuHecteHuss Ha OH*, nexxuT B OCHOBE
METOJIOB OTIPEIeIICHUsI 00JIACTEl TOPEHUS U MOJIOKEeHHs (PPOHTOB IIaMeHH. VI3BeCcTHO, UTO Tpu
ropeHur O€THBIX CMeced YIJIEeBOJOPOIOB M3 OTHOIICHHS HWHTCHCHBHOCTEH COOCTBEHHOTO
cBeueHus TwiameHu Ha pamukanax CH*m OH* (Icpy+/lopg+) MoxkHO ompenenuTs K03 UIIMEHT
n30bITKa TOTTMBA [16]. OMHAKO COOTHOIICHHE HHTCHCUBHOCTH M3JTydeHHs Ha pagaukanax CH* u
OH* umeeT CWIBHYIO 3aBUCHMOCTH OT JABJCHUS M TEeMIeEparypbl. XOTS MPU aTMOCHEPHOM
JaBlieHun cooTHoteHue Icy+/Iog+ MOHOTOHHO YBETMUMBAETCS ¢ POCTOM KOA(h(PHUIIEHT N30bITKA
TOTUIMBA, TIPH BBICOKUX MABICHUSIX MOXHO HaOmonath cHuxkeHue lcp+/log+ mpu yBemmdeHun
cojiepaHusl TOIJIMBA B roproueit cmecu. U Bce ke, B HOPMAJIbHBIX YCIIOBUSIX 3TO COOTHOILICHUE
MOJKET OKa3aThCs MOJIC3HBIM JIJIsl AMATHOCTUKH TOpeHus MeTaHa. [loaToMy oHOM U3 3a1a4 OBLIO
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OIpeJIeJIEHUe 3aBUCUMOCTH WHTCHCUBHOCTH CBEUEHUS IJIaMeHHU Ha paaukanax CH* u OH* npu
n3MeHeHun cocraBa cMecu Ho/CHa.

[lenpto maHHOTO MCCIIEOBAaHUN OBLIO OMpeeeHUE BIUSHHS COCTaBa TOITMBHOW CMECH
Ha XEMITFOMHUHECIICHIIUIO U AJICKTPUYECKYIO MPOBOAUMOCTh U y3nonHoro dakena. A Takxke
BBISIBIICHUS CBSI3M MEXIy KOHIeHTparuen paaukaioB CH* u crenenpto noHuszanuu Bo GpoHTE
IIaMCHU.

‘o

Puc.1. Cxema skcniepuMeHTa.

Onucanue 3KCHepI/IMeHTaJI]>H0ﬁ METOJAUKH.

Cxema skcrniepuMeHTa mnpejcrtaBieHa Ha puc.l. JAuddysnonnsiii daken hopmupoBancs
MIPU UCTEYCHUH JTAMUHAPHOW CTPYH TOILTMBA U3 KBapIIEBOM TPYOKH BHYTPECHHHM TUAMETPOM 3
MM. Ha BeicoTe 10 MM OT Kpas TpyOKM CHMMETPHYHO OTHOCHTEIHHO OCH CTPYH pa3MelIaliiCh
IBa 37eKTpoa. PacctosiHne Mex Iy 3JIeKTpoJaMu coCTaBisuio 11 Mm. DeKTpoabl IPeACTaABISIINA
co00¥ HUIMHIAPBI AUAMETPOM 5 MM, TOpEI] KOTOPhIX ObLT JTUOO KOHHUYECKHUM C YIJIOM pacTBopa
45° nubo momychepuuecKuM, W pacroyiarajnuch 3a MpeaeaaMd 30HbI peakiuid. VcTouHuk
nutanus (U=1.5 kB) pabotan B UMITYJIbCHO-TIEPUOJUYCCKOM pexuMe ¢ dactotod =2 I'm u
IIUTEeNbHOCThIO A7~13-15 mc. Ilpu nogaue HampsiK€HHsT Ha CXEMYy IUIaMsi OTKJIOHSIJIOCH B
cTopoHy Kkaroma. Ilporekarommii dYepe3 IuIamMs TOK PETHCTPUPOBAICS Ha ocuuuiorpad.
CrtpyKTypa MOTOKa BH3yalU3UPOBANIACH C MPUMEHEHHEM METO/Ia THIhOePT-AHArHOCTUKH TOJIEH
¢dazoBoil onmtuueckoil wiotHocTu [17]. B Hamelt paboTe MCHONB30BajCs AMATHOCTUYECKUUN
KOMIUICKC, pEallM30BaHHBII Ha 0a3e onTudeckoro TeHeBoro mpubopa HAB-463M ¢
MOAUGUIIMPOBAHHBIMHU y371aMHu (OPMHUPOBAHKS 30HAUPYIOMIETO MO U THIbOEPT-UIbTPALIH.
VYcraHoBKa BKJIIOYAET MOIYJb MOJCBETKH, COCTOSIINI M3 UCTOYHUKA CBeTa 1, KOJUIMMATOPHOM
JTUH3BI 2 U TIeNeBor nquadparmsel 3, pa3MEIIeHHON B TIepeaHeil Gpyphe-TIoCKOCTH 00BhEKTHBA 4,
oOpasytome 30HAUpYIomee moje. Dypbe-crekTp (Ha30BbIX BO3MYIICHUA, HHAYIIUPOBAHHBIX B
30HAMPYIONIEM I0JI€ TUIAMEHEM 5, JIOKaIM3yeTCs B YAaCTOTHOW IJIOCKOCTH JIMH3BI 6, TIe
pasMeIlleH KBaJPaHTHBIM TuabOepT-GuiabTp 7, OpHEHTalMs KOTOPOrO COIJIacOBaHA C
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nnadparmoii 3. O0bekTHB U (DPOBOI BUICOKAMEPHI 8 OCYIIECTBIIsIET 00OpaTHOE IpeodpazoBaHue
®dypre GUIBTPOBAHHOTO ONTHUYECKOTO curHana. dukcupyemple KaMepoil MOJs ONTHUYECKON
(ha30BOI TWIOTHOCTH 00pabaThIBalOTCS KOMITbIOTEpOM 9. CocTaB cMecH Ta30B, MOCTYMAOIINX U3
OasmmoHoB  13—-15 B TOopenky S5 3amaBaics C TOMOIIBIO  ITUGPOBBIX  PETYISATOPOB.
[IpeobpaszoBanue ['nnpbepra o6nagaeT cBOMCTBaMHU NepepacnpeesieHuss YHEPIrUi ONTHYECKOTO
CUTHaJIa U3 O0JIACTM HM3KHX IMPOCTPAHCTBEHHBIX YAacTOT B BBICOKOYACTOTHYIO oOnacth. Ilpum
peructpanuu (HOTOMATPHUIICH pe3yabTaTa THILOEPT-QUIBTPALUU MPOUCXOAUT BUYATU3AIUS
($a30BOif ONTHYECKOW IUIOTHOCTH B BHJE KBA3UMEPUOJUUECKUX CTPYKTYp (THIBOEpPT-TOIIOC),
KOTOpBIE cozepkaT HHGOpManuio 00 SKCTpeMyMax M TpaaueHTax (a30BOH ONTHUECKOM
IUIOTHOCTU HccaeayeMoit cpebl. [Ipy u3MepeHnu MHTEHCUBHOCTEH COOCTBEHHOTO CBEUYEHHMSI B
mamenu pagukanoB CH* m OH* ucnonp3oBanack 37aeKTpOHHO-ONTHYECKas UpoBas Kamepa
HAHOI'EWT- 24/3. Jns BeImeneHuss HEOOXOAMMOTO Wara3oHa JUIMH BOJH H3Jy4eHUs
paaukana ObUIM MCMOJb30BaHbl HHTEphEepeHUUOHHbIe (GMIBTPEL. ONbITH MPOBOIWINCH MPU
yucnax PeiiHonpaca Re=2000, BI3KOCTh TOIUIMBHON CMecH OIleHHUBajachk cornacHo [18]. JnunHa
TpyOku coctaBisiza 200 kamuOpoB, 4To ofecrmeunBano B TpyOKe TeUEHHE ITya3elsst C
COOTBETCTBYIOILINM paclpe/ie]ICeHUEM CKOPOCTH. pacipeesieHHe CKOpOCTU. B omnbITax n3y4anaoch
noBefeHne AUPPY3MOHHOTO (pakena B JAMHHAPHOM PEXHUME TOPEHHUS C MPUCOCTUHEHHUEM Ha
KPOMKY KBapIieBON TPyOKH.

PesyabTaThl U 00CyXKIeHHE.

CkopoctHast (¢ yactoroil 2 k1) BHIEOCHEMKA IMO3BOJMIA TMPOBECTH BU3YAIHU3AIHIO
(dakena TpU UMIYJIBCHOM BO3JICHCTBHM DSJIEKTPUYECKOTO Toyis. Ha pwuc.2 mpencraBiieHBI:
dbotorpadus nuddysnonHoro dakena metana (a) ¥ THIIBOSPT-U300pAKEHUS MEPE]T BKIIOYCHUEM
noJtst (0), BO BpeMs 3JIEKTPUUYECKOT0 UMITyJIbca (B) M TIOciie OTKItoueHus nojs (T). Tepmudeckue
BO3MYILIEHUSI COXPAHSAIOTCS TOCJE CHATHUS HAIPsDKEHUS Ha AJIEKTPOJaX B T€UEHHE HEKOTOPOTo
BpeMeHH. Pa30aBiieHne MeTaHa BOJOPOJIOM BEAET K YMEHBIICHHIO Y (deKkTa BO3IeHCTBUS MO
HA TUIaMsl.

a o 8 2
Puc.2. Iuddy3nonnslii ¢aken MeTaHa: a- BHEIIHUN BUJ 3JICKTPOIOB; O, 6 U & —
THIL0EPT BU3yaIM3alis MIaMEHHU.
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AHanu3 CMeIICHHS B pPaJualIbHOM HANPABICHUU TIOJNOXKEHHUS THILOEPT- TOJOC IO3BOJSET
OXapakTepu30BaTh (PPOHTA MJIAMEHU U BEJIMYMHY PACTSXKEHUS TUIaMEHU:

_1dS 1dR

—_—— A ——

K_Sdr R dt

[TonyyeHHbIE OIIEHKM TOKAa3bIBAIOT, YTO INPH HMITYJILCHOM BO3JICUCTBHUM Ha nudQy3noHHOE
mIaMst dJeKTpudecKkoro mois juisi TormmBHOM cmecn CH4/H, ¢ 00BEMHBIM copeprkaHueM
Bostopona 25% senmunHa K<50 1/c.

Ha puc.3 npuBeneHs! ¢popma perucTpupyeMoro UMIyibca U BeJIMYUHA CPETHETO TOKA B

I1-1,,

oe3pazmepHoM Buae/ = (bynknus Toka), rae Iy, CcpenHee 3HAUYEHHWE TOKa,

CH4 -1 H2

MIPOTEKAIOIEr0 MPU FOPEHMS YUCTOTO BOJOPOA, a [cry B Cilydae TOpeHUsl YnucToro Merana. [lpu
OCpPEHEHUH HCKIIIOYAINCh O0JIACTH MEpPEeXOAHBIX MPOILIECCOB BKIIIOUEHUS/BBIKIIOUEHHs. 3
MOJIYYEHHBIX JAHHBIX CJIEAYET, YTO JJIs CMEecel ¢ MOJIbHOM Jlosieit MeraHa Bbie 40% BenuynHa
MPOTEKAIOIIEro TOKa JMHEHHO 3aBUCHT OT COCTaBa. JDTO MOXET OBITh CBA3aHO C M3MEHEHHEM
CKOpOCTEH peakiuii XeMOMOHHM3AUU NpU A00aBIeHHH BoAopoaa. OTMETUM, YTO MPHU FOPEHUU
YIJIEBOAOPOAOB KOHIIEHTpALUsl 3apsJ0B IIPEBBINIAET pPaBHOBECHYH Ha 3-4 mopsjka.
PazbaBnenue BogopomoM ¢ MONBHOW moieil metaHa B cMmecu MeHee 40% Bemer K TOMY, 4TO
3aBUCUMOCTh TOKa OT COCTaBa CTAHOBHUTCS HeJHMHEHHOW. B pabore [19] Opu10 mONy4eHO, YTO
no0aBjeHHe BOAOPOJAa HAMPOTUB MPUBOJUT K YBEJIWYEHHIO TOKA B IUIAMEHHU 3a CUET pocTa
TeMIeparypsl NpoAykToB ropenus. [logo6HOro He HabMIOIANOCH HU B OJHOM U3 ONBITOB. [Ipu
9TOM IpaHulla Iepexofa OT JMHEHHOM 3aBUCHUMOCTH K HEJIIMHEWHOW HE 3aBUCUT OT CKOPOCTH
notoka M ¢Gopmbl ekTpoaa. [lomyueHHbIE pe3ylbTaThl CBUAETENBCTBYIOT O CYIIECTBOBaHUE
JBYX PEXHMOB, B KOTOPBIX BO3MOKHO CYIIECTBEHHOE pa3liMuMe KUHETUYECKHMX MEXaHU3MOB
muddyznonnoro ropenust cmecu CHy/H,.
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Puc.4. Xemomomunucuenius paaukaga CH* B namuHapHoM 1u¢¢y3HOHHOM IUIaMEHH
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Puc.5. Xemomomunucuennus pamukana OH* B mamuHapHoM mud@y3MOHHOM IUIaMEHH
tormBHOM cmecu CH4/H,.

[Ipu perucTpanyy MHTEHCHUBHOCTH cBeueHHs paaukanoB OH* m CH* xoneunoe m3oOpakeHue
co3naBanoch nmyTéM cymmupoBanus 200 kampoB. U3 momydeHHOTO HM300pa)K€HUE BBIYMTAJICS
¢on. I[Ipumepsl ModydyeHHBIX ISl YHCTOIO METaHa paclpelesieHUd NpuBeIeHbl Ha puc.4a u
puc.5a. Kak u3BeCTHO, pErHCTPUPYEMOE H300paKEHUE SIBISICTCS TPOCKITUEH OCECUMMETPUIHOTO
00BeKTa Ha IUIOCKOCTh (oTO- MpuEMHOM Matpuibl. sl aHanm3a WHTETpaidbHOTO d(ddekTa
pa30aBIeHU METaHa BOJIOPOIOM MOYKHO MCIIOJIb30BAaTh JIBa TOJX0/1a.

(fOLICHdZ)X
= HHTECT HHTCHCHUBHOCTHU XEMOJIOMUHCCIOCHIINU BI0OJIb U CT ,
Acy T CHA erpaj MHTEHCUBHOCTH XEMOJTFOMUHECTIC 0JIb OCH C
(IO ICHdZ) _
XcH4=1
(f ICHdS)XCH4
CH = HHTErpaJjl HMHTEHCHBHOCTHM XEMOJIOMHHECHEHIIUU II0 BCEMY
(f ICHdS)X _
CH4=1

M300pa)KkeH10, HOpPMUPOBAHHBINA HAa COOTBETCTBYIOLIYIO BEJWYMHY JJI1 YUCTOrO MeTaHa.
Kak BUAHO M3 NpUBeAEHHBbIX Ha pUC.56 JaHHBIX, MOCJAeJHUN CIIOCOO aHa/IM3a CBeYeHUs
JlaéT dpu3nvecKku 0O00CHOBAHHbIE 3aKOHOMEPHOCTH: Jl060aBJeHHEe BOJOPO/ia B TOMJIUBHYIO
CMecb 0XHJJaeMO NPUBOAUT K MOHOTOHHOMY pocTy cBeTuMocTu OH*. [lna ananusa
xeMoJsitoMuHecueHiuu CH* BbiGop cmocoba OLeHKH HWHTErpajbHbIX XapaKTEePUCTHUK
OKa3blBaeTCsl He TaK 3aMeTeH. BakHO OTMeTHUTb, YTO HOPMHUPOBAHHAs HWHTerpasbHas
3aBUCUMOCTb cBeyeHHs: CH* oT cocTaBa TONMJIMBHOW CMecH NPAKTUYECKU MOJHOCTHIO
NOBTOpPsIeT 3aBUCMMOCTb 6€3pa3MepHOro TOKa OT COCTaBa Ha pHuc. 3.6.

3akao4yeHue
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Kak moka3zanu npoBenéHHbIE M3MEPEHUs, IPU UMIYJIbCHOM BO3AEHCTBUM Ha AU y3HOHHOE
iaMsi 3JEKTpUYecKoro mois it TorumBHOM cmecu CHa/H, mo mepe pazbaBieHus MetaHa
BOJIOPOJIOM BEJIMYMHA TOKA JUHEMHO cHUXkaeTca. CHM)KEHHE MOJIBHOM J0JIM METaHa B CMECH 10
40% u MeHee BEAET K TOMY, UYTO 3aBHCHUMOCTb 3JIEKTPUYECKOIO TOKA OT COCTaBa CTAHOBUTCS
HenuHenHou. Ilpu sToM rpaHuma nepexoja OT JMHEHHOM 3aBUCUMOCTH K HEIUHEHHON He
3aBUCUT OT CKOPOCTM IOTOKa M (GopMbl  3jeKkTpoja. PesynbraTel  H3MepeHHH
XEMOJIIOMUHUCIIEHIMN paaukana CH* BBIIBWIM COBEPIIEHHO AHAJIOTMYHYIO 3aBUCHMOCTb
cBeUeHUs: OT O00bEMHOH Jonu Bojpopona. IlomydeHHble [aHHBIE CBUAETENBCTBYIOT O
CYIIECTBOBAHHUE JBYX PEXUMOB, B KOTOPBIX BO3MOXKHO CYIIECTBCHHOE pa3In4he KMHETUYECKUX
MexaHu3MOB quddy3noHHoro ropenust cmecu CHy/H,.

PaGora BbImonHeHa npu mojaepxkke MHUHHCTEPCTBA HAyKH U BBICIIETO OOpa30BaHMS
Poccuiickoit ®eneparyu, rpant Ne 075-15-2020-806.
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ENHANCED ENERGY RELEASE IN NANOENERGETIC MATERIALS
THROUGH SELF-SYNCHRONIZED COLLECTIVE ATOMIC
VIBRATIONS IN LOW-DIMENSIONAL NANOCARBON
TRANSITION INTERFACES

Alexander Lukin' and Oguz Giilseren’

" Integrated Carbon Nano-Systems Lab, Western-Caucasus Research
Center, Tuapse, Russian Federation
? Department of Physics, Bilkent University, Ankara, Turkey

e-mail: lukin@wcrc.ru, gulseren@fen.bilkent.edu.tr

Abstract. This research paper introduces an innovative approach to unlocking
enhanced energy release in nanoenergetic materials by harnessing
self-synchronized collective atomic vibrations within the multilayer transition
domains of coatings. Our approach involves integrating finely-tuned 2D-ordered
linear-chain carbon-based multilayer nano-enhanced interfaces as programmable
nanodevices into the transition domains of nanoenergetic material components
using a technologically advanced multistage process. We employ a combination of
techniques to activate and fine-tune the synergistic effects in the nano-enhanced
interfaces. In addition, we incorporate a data-driven inverse design strategy based
on the carbon nanomaterial genome approach, derived from multifactorial neural
network-based predictive models. By leveraging these models we uncover the
hidden structure-property relationships that govern the growth and properties of
the nano-enhanced interfaces to maximize energy release efficiency.

Keywords: nanoenergetic materials, self-synchronized collective atomic
vibrations, multi-layered nano-interfaces, data-driven inverse design, energy
release efficiency

Introduction. High-end nanoenergetic materials (nEMs) have recently
garnered significant attention due to their unique properties and promising
applications in areas such as energy storage, the development of new functional
materials and high-energy additives, actuation in lab-on-a-chip devices, future
energy generation and storage devices, autonomous micro-robotic systems,
miniaturized thruster systems, and nano-electrokinetic thrusters. These nEMs are
crucial for solid fuel propulsion systems as they offer lighter weight, greater
energy yields, and minimal environmental impact compared to current solid fuel
systems.

The main objective of nEMs is to efficiently release energy through
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combustion and other processes on the nano-scale. Compared to their larger
counterparts and conventional energetic materials, nEMs exhibit superior reaction
rates and energy yields. Recent advancements in understanding the physical and
chemical properties of nanomaterials have led to improved energy yields and
potential applications in miniature systems. Furthermore, by adjusting the
composition at the nanoscale, it may be possible to achieve an unprecedented level
of control over the energy release rate.

The development of nEMs has garnered significant attention from researchers
aiming to enhance safety, energy release, ignition, and mechanical properties.
Thanks to technological innovations in nanoscience and nanotechnology over the
past two decades, substantial progress has been made in the development of new
nEMs, [1]. The distinguishing feature of nEMs is the significant increase in
specific surface area and the critical decrease in distances between nano-sized
components. This leads to a drastic increase in chemical reaction rates, reduced
ignition delay, and enhanced safety.

To unlock the additional energy potential of nEMs, it is crucial to convert all
components into the same nano-sized state and ensure their uniform distribution
throughout the system volume, [2-4]. One effective method for achieving efficient
mixing is the use of a relatively new contactless technique called resonant acoustic
mixing (RAM), which utilizes low-frequency and high-intensity acoustic energy to
blend highly viscous materials. This technique not only facilitates effective mixing
but also enhances process safety, allowing for a higher proportion of
high-energy-density materials in the composition of nEMs, [5, 6]. The blended
nano-energetic composition can be utilized for vibration-assisted 3D printing
(high-precision additive manufacturing) of high-end nEMs elements with the
desired geometrical shapes, [7]. Various additive manufacturing technologies can
be employed to produce energy materials with a controlled nanostructure and
evenly distributed ingredients, [8]. The ability to adjust the energy release without
altering the default formulation of the traditional method is also of great interest.
Currently, there is a research trend focused on incorporating various
nano-additives, such as nano-catalysts, into nEMs formulations to tailor their
properties, enhance performance, promote safety, and fully utilize their potential
features, [1].

In recent years, nanomaterials made from carbon have had a profound impact
on the field of nanomaterials science, particularly those with low-dimensional
allotropes. These low-dimensional carbon-based nanomaterials are highly versatile
and can be used as fundamental building blocks to create a new generation of
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nanomaterials for various practical applications. Recent experiments have shown
that incorporating nano-additives made from carbon allotropes into nEMs with
enhanced properties has significant effects on their thermal decomposition,
ignition, combustion, mechanical properties, thermal stability, combustion
characteristics, and environmental safety, [9]. In some cases, these functionalized
nano-additives made from carbon allotropes can also act as self-assembly-directing
agents for the nano-components within the reaction zones of the nEMs. According
to experimental studies, the addition of graphene-based nano-additives to nEMs
compositions increases the burning rate by approximately 8-10 times, [10].

Among the carbon-based catalytic additives that have shown promise in enhancing
performance are functionalized graphene-based fibers (FGFs), [9, 10] and
modified thermally expandable graphite-based fibers, [11]. When FGFs are added
to nEMs compositions, the orientation of the fiber array can be utilized to improve
thermal conductivity in reaction zones and enhance mechanical properties.

With our innovative approach, we aim to unleash the complete potential of
nEMs and lay the foundation for groundbreaking advancements in this field.
Through the skillful manipulation of nano-interfaces, it becomes possible to
elevate both the combustion capabilities and mechanical characteristics of nEMs,
all while preserving the fundamental constituents that define their composition.

Carbyne-enriched nanostructures: a promising approach for
nanoenergetic materials. Acknowledged as the ultimate objective of
low-dimensional carbon allotropes, carbyne stands as an authentic
one-dimensional chain comprised solely of carbon atoms. This elongated linear
arrangement of carbon atoms, with sp' hybridization [12], presents itself in two
distinct forms: the a-phase, known as polyyne [chemical structure (—C=C),],
characterized by alternating single and triple bonds, and the B-phase, referred to as
cumulene [chemical structure (=C=C)n], which exclusively consists of double
bonds. In a linear chain carbon, the electronic structure encompasses two types of
bonds: the (o)-bond, contributing to mechanical stability, and the (mw)-bond,
responsible for its electrical properties through the delocalization of (m)-electrons
along the entire chain of atoms. Nevertheless, the growth of macroscopic carbyne
crystals encounters inherent instability and high reactivity, limiting their practical
utilization. An innovative approach has recently emerged to combat the reactive
nature of carbyne chains. This method involves employing ion-assisted
pulse-plasma deposition to encapsulate aligned linear carbon atom chains, often
denoted as monatomic carbon filaments, within an amorphous carbon matrix, [13].
The resulting nano-matrix is aptly named, "2D-ordered linear-chain carbon" due to
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its achieved spatial topology, [13].

The structural arrangement of a 2D-ordered linear-chain carbon nano-matrix
can be described as a hexagonal array distributed across two dimensions. This
array comprises parallel carbon chains interconnected by van der Waals forces, all
oriented perpendicular to the substrate surface, [13, 14]. The interaction between
individual carbon atom wires within this nano-matrix is weak, primarily due to the
influence of van der Waals forces. Consequently, the properties of these
nano-matrix structures are predominantly dictated by the characteristics of the
individual carbon atom wires. Fig. 1 provides a visual representation of the
geometric features of a segment within the structure of a 2D-ordered linear-chain
carbon. Additionally, the structure showcases a vacant functional nanocavity,
enabling the potential incorporation of heteroatoms. The carbon chains, with their
sp-hybridization, exhibit oscillatory behavior comparable to flexible guitar strings.
Similar to tuning a guitar string, their vibrational characteristics depend on factors
like length and tension. Fig. 1 demonstrates the lateral and longitudinal oscillations
of the carbon chains, with red arrows depicting the bond length alternation mode
(chain stretching) and blue arrows representing the chain bending mode.

Interestingly, due to the significant interchain distance (5 A), the frequencies of
these vibrations within the carbon chains are approximately four times lower than
those involving stretching at the C-C bond scale (1.3 A). The nano-matrix
composed of 2D-ordered linear-chain carbon boasts a multi-cavity structure with
currently unoccupied functional nanocavities.

-------- Vacant
Functional
Nanocavity

Fig. 1. The diagram illustrates a visual representation of a fragment within a
carbon structure, arranged in a linear chain formation in a two-dimensional pattern.
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These nanocavities offer the opportunity to incorporate atom clusters
comprising diverse chemical elements, as well as catalytic agents. To
quantitatively characterize the proportion of sp-hybridized carbon within the
amorphous carbon thin film matrix, we utilize the intensity ratio of specific Raman
peaks. In particular, we measure the ratio of the peak intensity associated with
sp-hybridized carbon chains (at 2040 cm—1) to the peak intensity corresponding to
the presence of graphite bonds in the structure (known as the G-line at 1520 cm—1)
in the Raman spectra. This ratio, referred to as Isp/IG, provides us with a reliable
means of assessing the relative abundance of sp-hybridized carbon within the
overall amorphous carbon thin film matrix. By utilizing this methodology, we can
gauge the degree of sp-hybridization and assess the quality and composition of the
synthesized linear carbon chains in our research.

Phonon wave excitation in multilayered nano-interfaces: exploring
phenomena and unveiling implications. We have encountered the ultimate
thresholds of energy release achievable through conventional chemical
formulations that exclusively capitalize on the potent energy locked within the
chemical bonds of CHNO (carbon, hydrogen, nitrogen, oxygen) compounds. This
has been observed in the realms of propellant and pyrotechnic developments. The
atomic level is where the source of physicochemical properties, nano-topology,
and functionality lies for energetic materials. In recent years, nanoscale objects
have emerged as a distinct form of matter with unique structural, physicochemical,
and functional properties, offering numerous promising applications. The
advancements in scanning transmission electron microscopy have opened up new
possibilities for imaging individual phonon modes and specific vibrational
characteristics of impurities and dopants at the nanoscale. Visualizing individual
phonon modes, low-energy phonon and plasmon excitations with high spatial
resolution through vibrational spectroscopy provides fresh insights into the
interaction between plasmons and molecular vibrations. It also offers valuable
knowledge about interfacial thermal and electrical transfer phenomena, [15, 16]. A
recent significant discovery, based on atomic-resolution imaging, has confirmed
the existence of collective atomic vibrations in nanoscale systems known as
"phonon waves", [17]. Specifically, "phonon waves" dictate the processes of
charge and heat transfer in nanomaterials. The ability to control these waves
through structural and vibrational coherence presents new opportunities for
advanced materials exploration. There are two types of observed excitations:
collective and local. Collective excitation refers to the collective vibration of atoms
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in nanolayers, while local excitation occurs when an individual atom in nanolayers
vibrates locally. Phonons, which represent the vibrations of atoms in solids, play a
crucial role in shaping the physical properties of nanomaterials. According to this
discovery, phonons can generate a wave capable of transferring across subsequent
materials, known as a coherent effect. This explains why nanoscale interfaces
exhibit unique properties different from their neighboring nanomaterials. Phonons,
their interactions with each other, as well as their interactions with electrons or
photons, contribute to the energy increase, loss, and transfer in nanomaterials. The
atomic structure and chemical state of the nano-interface between two materials
have a significant impact on the vibration of atoms, [18]. In multilayer
nanomaterials, the phonon waves present in transition domains of multilayer
nanostructures can induce collective vibrational interactions with related materials
at the nanoscale, [17], [19]. In other words, desired nanomaterial properties can be
achieved by adjusting the coupling between different layers or components, the
number of interacting layers, and their thicknesses, [19]. For nanolayers smaller
than 10-20 nm, the vibrations of the outermost atomic layers are relatively large
and play a significant role in shaping their properties.

Manipulating the properties of nano-interfaces can enhance the combustion
performances and mechanical properties of nEMs without altering their basic
components. The ability to control collective atomic vibrations provides
opportunities for predictive programming of the physicochemical properties of the
transition interfaces in nEMs components. The phenomenon of phonon waves
uncovers new potential for controlling vibrational interactions and energy
exchange within nanoscale reaction zones of these materials.

Increasing the interfacial contact area and reducing the diffusion distance
between reactants are key factors that can significantly enhance heterogeneous
reactions. To achieve this, recent research has demonstrated the use of layered
nano-interfaces, comprising densely packed nano-components, [20-22]. This
innovative approach has proven to be more effective in accelerating flame
propagation compared to uniformly distributed nano-components. The underlying
mechanism involves exciting the inhomogeneity of localized micro-combustion
waves.

The synergy achieved by incorporating nano-enhanced interfaces in
multi-layered nano-systems presents exciting possibilities for manipulating the
distribution of internal space charges. It also offers the opportunity to precisely
control the energy distribution within these interfaces, thereby facilitating
enhanced heat transfer into the energy release zones of nEMs. The exceptional
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properties exhibited by these nano-enhanced interfaces, especially when
connecting nanocomponents with different properties, unlock unprecedented and
improved multifunctional capabilities.

Central to our concept is the utilization of multilayer 2D-ordered linear-chain
carbon-based nano-interfaces, which play a vital role in programming collective
atomic vibrations at the interfaces of nEMs nano-components. By employing these
2D-ordered linear-chain carbons, we can initiate and precisely control atomic
vibrations. This capability enables us to program synergistic effects across
nano-interfaces, thus unlocking substantial enhancements in the performance of
nEMs. By incorporating the vibrational properties of 2D-ordered linear-chain
carbon-based nano-enhanced interfaces into the nanocomponents of nEMs at the
nanoscale, modifications in the vibrational interactions and energy transfer within
the reaction zones of the nEMs can be achieved.

The precise adjustment of the collective atomic vibrations, nanoarchitecture,
and functionality of the 2D-ordered linear-chain carbon-based nano-enhanced
interfaces enables the extraction of additional energy from the nEMs systems and
consequently enhances their performance. Various carbon-based allotropes like
FGFs, multi-walled carbon nanotubes, or modified thermally expandable
graphite-based fibers, which act as catalytic nano-additives, can be employed in
the composition of the nEMs.

Enhancing energy extraction from nanoenergetic materials: a multistage
technological process. In order to achieve precise and predictive control over the
excitation and adjustment of transition interfaces and synergistic effects arising
from collective atomic vibrations, we propose the incorporation of 2D-ordered
linear-chain carbon-based multilayer nano-enhanced interfaces into the transition
domains of nEMs nanocomponents. This integration will be performed through a
carefully designed multistage technological process. These multilayer
nano-enhanced interfaces will serve as nanocarriers, allowing for heteroatom
doping and facilitating the generation of collective atomic vibrations. Moreover,
they will act as transmission nano-links, enabling efficient vibrational interaction,
energy transfer, and mass exchange between nEMs nanocomponents, while also
enhancing the transfer of heat waves.

The devised multistage technological sequence incorporates the downsizing of
all components to the nanoscale, leveraging ion-assisted pulse-plasma-driven
techniques for functionalization and assembly of diverse carbon-based
nanocomponents and catalytic nano-additives featuring multilayer nano-enhanced

150



interfaces. Furthermore, the resonant acoustic mixing method facilitates the
homogenous integration of all nanocomponents, while the production of top-tier
nEMs elements 1s achieved through selective high-precision additive
manufacturing techniques.

The development of high-precision additive manufacturing techniques for
multiple materials has unlocked vast opportunities for the deliberate design of
artificially structured multi-layered nano-systems. These techniques enable the
creation of intricate geometries and allow for the integration of various materials
with arbitrary distributions within those geometries. Consequently, this enables the
realization of unique combinations of physicochemical properties, [7], [23].
Notably, additive manufacturing facilitates the synthesis of components with
multiple materials, leading to enhanced functionality and novel material
compositions. The properties and synergy effects induced by incorporating
nano-enhanced interfaces will have significant implications for the functionalities
and characteristics of engineered multi-layered nano-systems. These interfaces will
act as amplifiers of vibrational interactions, energy and electrical transfer, carriers
for incorporating heteroatom doping in additives, delicate connections to external
electromagnetic fields, and will empower nano-systems to monitor their structural
health. By considering the approaches mentioned above, a schematic
representation of the suggested technological sequence for harnessing additional
energy from nEMs is presented in Fig. 2. This process involves the predictive
manipulation of vibrational interactions and energy exchange within the
nano-scale reaction zones.

Tailoring Processing
Collective || nEMs
Atomic __Components by
Vibrations ) Resonant
Acoustic Mixing

Plasma-Driven " Selective High-
Assembling by PR Precision Vibration-
Multi-Layer } Assisted Additive
Nano-Enhanced Nano-Sized EM Manufacturing
Interfaces

Performance
nhancement

Data-Driven
Inverse
Design

Approach

Fig. 2. A multi-stage technological sequence for extracting excess energy from
nEMs.
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Precise tuning of multilayer nano-interface characteristics. The design of
interfaces, particularly on a nanoscale level, plays a crucial role in driving the
advancement of sophisticated functional nanomaterials and devices. These
advancements aim to harness and convert chemical energy into various other
forms such as mechanical energy and kinetic energy flow. Additionally, they
enable precise control over the movement of matter and energy, allowing for
programmable manipulation, [24].

We consider a collection of interacting nano-enhanced interfaces to be
programmable nanodevices that function as intelligent gateways and amplifiers for
weak signals. These nanodevices facilitate communication and enhance signal
strength among the nanocomponents in nEMs through the precise excitation and
self-synchronization of collective atomic vibrations, as well as the controlled
propagation of phonon waves.

The advantage offered by 2D-ordered linear-chain carbon-based multilayer
nano-enhanced interfaces lies in their capacity to incorporate neighboring layers of
nanomaterials within their composition, as well as clusters comprising atoms from
diverse chemical elements. This integration enables the creation of complex
multifunctional architectures, facilitating synergistic interactions and enhanced
performance across the nanomaterial system, encompassing enhancements in
mechanical strength, electronic conductivity, and catalytic activity.

An essential role of 2D-ordered linear-chain carbon-based multilayer
nano-enhanced interfaces is to strategically regulate the collective atomic vibrations
occurring at the transition domains of the nEMs nanocomponents. By doing so,
these interfaces can successfully program the energy exchange and properties
exhibited by the nanocomponents within the transition domains.

By considering a range of distinct characteristics exhibited by the 2D-ordered
linear-chain carbon-based multilayer nano-enhanced interfaces, we have
successfully devised a collection of tools that enable predictive manipulation of
their collective atomic vibrations. These tools have been instrumental in enhancing
the performance capabilities of nEMs and unlocking novel functionalities
previously unexplored. Specifically, the developed toolkit encompasses the
following components:

- Energy-driven initiation of nano-pattern formation and allotropic phase
transformations. Our research has demonstrated that the application of
energy-driven excitation can lead to the development of intricate nano-scale
patterns within reaction zones of energetic materials. These patterns form
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interconnected networks that exhibit oscillatory behavior, generating acoustic
waves and electromagnetic radiation. By programmably exciting nano-scale
patterns, it becomes possible to control the architecture and energy exchange
within these reaction zones, allowing for the release of additional energy at the
nano-level. To accomplish the intentional integration of diverse hybridized
nanocarbons into a cohesive substance, we implement an energy-driven approach
to initiate allotropic phase transformations. This involves the simultaneous use of
electron beam and ion irradiation on the nanocarbons. The underlying mechanism
responsible for this phenomenon is attributed to the interplay between the
formation and breakage of carbon bonds with varying hybridizations. Specifically,
ion irradiation primarily encourages the formation of sp' bonds, while concurrent
electron irradiation enhances the prevalence of sp’ bonds within the material.
Moreover, our combination of electron beam and ion irradiation techniques serves
as a controlled method for initiating the formation of nano-patterns at interfaces on
the nano-scale.

- Enhancing nano-manipulation through multi-functional piezoelectric surface
acoustic wave engineering. Planar nano-interfaces act as a foundational structure
that can be customized or converted into 3D-shaped nano-interfaces. By
employing techniques based on surface acoustic waves (SAW), the predictive
transformation of flat nano-enhanced interfaces into intricate geometric 3D-shaped
nano-interfaces becomes achievable. The conversion of flat nano-enhanced
interfaces into 3D-shaped nano-interfaces introduces entirely novel possibilities for
programming interactions within nEMs reaction zones. The utilization of
piezoelectric SAW effectively induces standing waves, which stimulate collective
atomic vibrations in thin film systems with multiple layers, while simultaneously
initiating self-synchronization of these vibrations. By exciting SAW within the
ultrasonic range, the penetration process of atom clusters from adjoining
nanomaterials into the structure of 2D-ordered linear-chain carbon-based
nano-interfaces can be activated. In particular, our approach involves growing
2D-ordered linear-chain carbon-based multilayer nano-enhanced interfaces on
substrates that are piezoelectric-based and acoustically stimulated.

- Enhancing directed self-assembly through electromagnetic fields. The
utilization of high-frequency external electromagnetic fields presents a promising
opportunity to amplify the vibrational interactions and energy exchange that occur
during the formation of multilayer nano-enhanced interfaces. Recent experimental
research conducted at Rice University has uncovered a fascinating phenomenon,
offering valuable insights into a potential pathway for achieving direct
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self-assembly of low-dimensional nanocarbon allotropes, [25]. This significant
breakthrough demonstrates that not only nanocarbon allotropes but also various
other nanomaterials possess the remarkable capability to undergo self-assembly,
even over significant distances. In particular, a revolutionary discovery known as
Teslaforesis fundamentally transforms the physical mechanism responsible for the
growth of elongated carbon chains within the matrix of 2D-ordered linear-chain
carbon-based nanomaterials.

- Incorporation of piezoelectric nanomaterial clusters. Incorporating clusters
of piezoelectric nanomaterials enables the transformation of the arrangement of
2D-ordered linear-chain carbon-based multilayer nano-enhanced interfaces into
efficient piezoelectric nanogenerators. These nanogenerators offer precise control
over the distribution of electric charges within the nanostructures' growing zone.
For example, piezoelectric nanomaterials such as lithium atoms or zinc oxide (ZnO)
nanoclusters can be utilized for this purpose. It is worth noting that this effect can
be reversed as well - applying an electric field to a piezoelectric nanogenerator will
cause it to deform or change shape.

The aforementioned key methods are employed to promote
self-synchronization of collective atomic vibrations within nano-enhanced
interfaces with the aim of optimizing energy exchange between the components of
nEMs. By adjusting the number of layers, layer thicknesses, and interlayer
coupling, the vibrational modes can be suitably modified.

Harnessing big data and AI for predictive nanomaterial design. The
emergence of a new era in nanomaterials research and design has been facilitated
by the availability of vast amounts of big data generated through advanced
experimental and computational techniques. This has paved the way for a
data-driven approach that utilizes artificial intelligence (Al) and machine learning,
leading to a paradigm shift in the exploration and design of nanomaterials, [26].
One prominent feature of 2D-ordered linear-chain carbon-based multilayer
nano-enhanced interfaces is their ability to precisely adjust and optimize their
nanoarchitectures and physicochemical properties. However, achieving such
fine-tuning through conventional trial and error methods is exceedingly difficult
without the use of advanced materials informatics techniques, [27]. To achieve
predictive enhancement of energy release in the multistage technological chain
(Fig. 2), we leverage the unique structural and physicochemical properties of
2D-ordered linear-chain carbon-based multilayer nano-enhanced interfaces. This
cutting-edge nanoscale approach, known as data-driven-based inverse design,
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relies on the analysis of nanomaterials datasets using data and deep materials
informatics to guide the design process. Experimental data serves as a valuable
resource for extracting new knowledge within this research field, [28]. The
predictive approach employed to enhance energy release involves incorporating
comprehensive experimental data and making precise adjustments to the collective
atomic vibrations, nanoarchitecture, and properties of the 2D-ordered linear-chain
carbon-based multilayer nano-enhanced interfaces integrated into the transition
domains of the nEMs nanocomponents. The foundation of the data-driven inverse
design strategy for 2D-ordered linear-chain carbon-based multilayer
nano-enhanced interfaces, with the goal of enhancing energy release properties,
lies in the implementation of the data-driven carbon nanomaterials genome
approach. This approach utilizes predictive models based on neural networks that
incorporate various factors. These models are developed using extensive
experimental data that capture key fingerprints, also known as "descriptors,"
reflecting the fundamental physical and chemical laws. These models formalize
the relationships between structure and properties, governing the growth and
properties of the nano-enhanced interfaces, which are crucial for maximizing
energy release efficiency.

Unleashing the power of data: carbon nanomaterials genome approach.
The idea of harnessing the power of data through the carbon nanomaterials
genome approach is intricately linked to the inception of the "Materials Genome"
concept, originally introduced in the United States in 2011 as part of the Materials
Genome Initiative (MGI), [29]. Building on this foundation, a group of scientists
from Canada and the United States took the initiative in 2015 to establish the
Nanomaterials Genome Initiative (NMGI), [30]. The concept of materials genome
technology represents a highly innovative approach to materials research, far
surpassing the traditional trial-and-error method. This approach leverages
state-of-the-art experimental techniques alongside efficient data management and
computational tools. Through the utilization of these tools, the collected data is
thoroughly analyzed, enabling the identification of potential relationships between
material parameters and material properties. Consequently, this advanced
methodology expedites the discovery of the most efficient and optimal materials.
The carbon nanomaterials genome encompasses a comprehensive compilation of
intrinsic  physical, chemical, and structural attributes and their intricate
interdependencies. These factors collectively ascertain the distinctive traits and
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capabilities exhibited by carbon nanomaterials. Any modification, no matter how
minor, of these parameters can induce significant changes in the diverse properties
and functionalities exhibited by carbon nanomaterials.

In order to formally elucidate the comprehensive range of physical, chemical,
and structural properties of carbon nanomaterials, as well as their intricate
interdependencies, we employ an advanced system of multi-factor neural network
predictive models. These sophisticated models allow for the systematic analysis,
processing, and generalization of large datasets encompassing both experimental
and computational information. By encompassing various parameters, we are able
to discern the intricate connections and interactions between these parameters and
the ultimate properties exhibited by carbon nanomaterials. Our primary goal is to
reveal the latent potential inherent in carbon nanomaterials by unearthing new
associations between growth mechanisms and target properties. Through this
approach, we seek to activate and explore the uncharted genetic code of carbon
nanomaterials, ultimately unlocking their hidden capabilities.

In the concept of the carbon nanomaterials genome, each carbon nanomaterial
possesses a unique signature comprising distinct properties and characteristics that
are interconnected. This notion of the carbon nanomaterials genome acts as a
catalyst for the development of new modifications of multifunctional carbon
nanomaterials, offering a distinct combination of properties. The spatial shaping
processes involved in the growth of carbon nanostructures from high-temperature
carbon plasma adhere to universal templates. The geometric forms of these
nanostructures are influenced by the vibrational state of carbon plasma molecules,
making the spectra of molecular vibrations a crucial parameter for characterizing
their properties. Raman vibrational spectroscopy are utilized to measure these
spectra, providing essential and universally applicable information about each
specific carbon nanomaterial.

Revealing hidden structure-property links through data mining. By
employing a data-driven approach to inverse design, we establish links between
essential modes, technological variables, and the growth of 2D-ordered
linear-chain carbon-based multilayer nano-enhanced interfaces using ion-assisted
pulse-plasma techniques. This innovative methodology empowers us to pinpoint
the i1deal combinations of nanoarchitecture and physicochemical properties,
granting us meticulous command over the distinctive attributes of the
nanostructures. To establish connections between various factors, a set of
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multifactorial neural network-based predictive models is utilized. These models
are meticulously created by utilizing extensive experimental data and are tailored
to capture vital attributes referred to as '"descriptors". These descriptors
encapsulate the fundamental principles governing the nano-system at a physical
and chemical level. In light of this, we have devised strategies to carefully select
pivotal descriptors that accurately portray the connections between different modes,
ion-assisted pulse-plasma growth parameters, and the resulting structural and
physicochemical properties of synthesized carbon nanostructures. These strategies
play a critical role in the successful implementation of the carbon nanomaterials
genome concept.

Developing the concept of the carbon nanomaterials genome entails a crucial
element of accurately selecting descriptors or features for modeling. These
descriptors play a significant role in characterizing the investigated nanomaterials
while demonstrating established correlations between target properties and other
material properties. There are two distinct categories of descriptors that hold
importance: numerical and categorical. The identification and characterization of
key descriptors call for a comprehensive analysis of experimental data. This
analysis takes into account various factors that impact the growth process of
2D-ordered linear-chain carbon-based nano-enhanced interfaces. Descriptors
function as an informative resource, allowing for predictive capabilities, [31]. The
accuracy and quality of predicted outcomes heavily depend on the number and
quality of the identified descriptors.

The exploration of novel linkages between grows methods and sought-after
attributes of carbon nanomaterials opens up avenues to unlock the untapped
potential encoded within their inherent properties, steering the development of
more productive and sophisticated nanomaterials. The activation of the genome of
carbon nanomaterials becomes possible by introducing changes to the conditions
and variables governing their growth process, encompassing factors like duration,
temperature, pressure, and the proportions of reactive gases. By deviating from
conventional protocols, fresh connections can arise among atoms and structures,
instigating consequential modifications in vital targeted characteristics of carbon
nanomaterials. These characteristics encompass the capacity for -electrical
conductivity, optical qualities, and catalytic efficiency.

In our pursuit of unlocking the untapped capabilities of carbon nanomaterials,
we utilize innovative technological methods that can be seen as a way to activate
their genome. This involves employing a range of approaches to precisely
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stimulate and fine-tune the effects and interactions at the nano-interface level. Our
objective is to uncover the hidden potential by exploring phenomena such as
collective atomic vibrations, propagation of phonon waves, and energy exchange
within the complex 3D-shaped nano-enhanced interfaces. To gain a deeper
understanding of the vibrational characteristics involved, we have ingeniously
combined multiple methodologies into a cohesive fusion.

We have devised a unique approach that combines various techniques to achieve
our objectives. These methods comprise using energy of electron beam and ion
irradiation for allotropic phase changes, nano-manipulation with the help of SAW
while utilizing ion-assisted pulse-plasma functionalization, incorporating foreign
atoms to modify the characteristics of the material, inducing controlled
self-assembly through the use of high-frequency electromagnetic fields, and
employing data-driven reverse engineering techniques. To further support our
research, we have created a comprehensive collection of multifactorial neural
network predictive models. These models utilize advanced data mining techniques,
including feed-forward neural networks, deep learning neural networks, and
multiple adaptive regression splines.

The key steps in using the data-driven carbon nanomaterials genome approach
and multifactorial neural network predictive models for the inverse design of
2D-ordered linear-chain carbon nano-enhanced interfaces include: (i)
comprehensive data collection encompassing growth parameters, modes, and
resulting nanostructure properties; (ii) extensive data analysis to identify numerical
and categorical descriptors serving as informative predictors; (ii1) development of
predictive models via neural networks that capture descriptor-property connections;
(iv) continuous model refinement based on new insights; (v) inverse mapping from
target properties to required descriptors and growth conditions; (vi) experimental
validation by synthesizing predicted nanostructures; and (vii) iterative model
enhancement incorporating new validation data. The iterative cycling between
modeling, experiments, and refinement facilitates incremental improvements in the
predictive capabilities and inverse design precision. This iterative, data-driven
approach facilitates the revelation of concealed growth-property linkages, thus
enabling the precise tuning of 2D-ordered linear-chain carbon nano-enhanced
interfaces to exhibit desired structural and functional characteristics. The process of
observing and modifying key descriptors and connections, which we then
incorporate into our data-driven inverse design nanoscale approach, is illustrated in
Fig. 3.
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Fig. 3. A data-driven inverse design strategy for fine-tuning the properties of
3D-shaped nano-enhanced interfaces.

Conclusions.

This study proposes a novel nanotechnology-based approach to enhance
energy release from nEMs. The core innovation lies in incorporating specially
engineered nano-enhanced interfaces made of 2D-ordered linear-chain carbon into
the transition domains of nanoenergetic components. These nano-interfaces can
initiate and precisely control collective atomic vibrations, enabling the
programming of synergistic effects within the materials.

A multistage technological process is proposed to integrate the nano-interfaces
using nanoscale processing, assembly, mixing, and additive manufacturing
techniques. A combination of external energy sources and fields is applied to
activate and fine-tune the collective atomic vibrations within the nano-interfaces.
This allows amplifying vibrational interactions and energy transfer between
components.

Additionally, a data-driven inverse design strategy based on predictive models
reveals hidden structure-property relationships in the nano-interfaces. This
facilitates the optimization of interface architecture and properties to maximize
energy release efficiency.

This study puts forth an exciting forward-looking approach to unlock the full
potential of nEMs. It provides a pathway to customize energy output without
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altering the material composition itself. If validated experimentally, this could lead
to transformative enhancements in the performance and applicability of
nanoenergetic systems across a range of critical domains.
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AnHoTamusi. PaccmarpuBaercs OJAMH U3 TPOIECCOB  (PUIBTPALUOHHOTO
ropeHuss — (QUIbTPALMOHHOE TOpeHue Ta3oB. [IpoBeneHO 3KCHEpUMEHTATbHOE
WCCJICIOBAHNE TOPEHUS Ta3a B YCIOBUAX (QUIBTPAINH, T.€. IPH IBIKCHUH Ta30BON
CMECH Yepe3 MHEPTHYIO MOPUCTYIO Cpedy. Y CTAHOBIICHBI (PaKTOPHI, BIUSIOIINE HA
npoiecc (GOpMHUPOBAaHUS BOJHBI (UIBTPANMOHHOTO TOPEHHs Ta3a. BwIsBICHO
BJIMSIHUE Ha MPOILIECC 3aKUTaHUS U JIBXKEHUS BOJIHBI (DMIIBTPALIMOHHOTO TOPEHUs
raza CKOpOCTH IOJIa4d Ia30BOM CMECH, TEIIONOTEPh OT MOPUCTOM Cpebl, pa3Mepa
3epHa NOPUCTON CPEBI.

KawoueBble ciaoBa:  (QWIbTpallMOHHOE TOpPEHHE, TOpPEHUE  rasa,
(dbopMupOBaHHE BOJIHBI TOPEHHsSI, YUCIECHHOE HCCIEIOBAHHUE, IKCIEPUMEHTAIbHOE

HCCIICAOBAHUC.

Beenenne. dwibtpanmonnoe ropenue raza (OIT) —  mpomecc
pacnpocTpaHeHus 30HBI Ta30(a3HOW JK30TEPMHUYECKON peakiuu B WHEPTHOU
MOPUCTON cpefie MpH (PUIBTPAIIMIOHHOM MOJBOJIE Ta3000pa3HbIX PETeHTOB K 30HE
xuMudeckoro mnpeBpamieHus [1]. B nHacrosmee Bpems ®OI'T  sBasercs
chopMUpPOBABIIMMCST pa3[ejOM HayKd O TOPEHUH, M3Yy4alollMM TOpEeHHE ras3a B
YCJIOBUSIX TEIUIOBOTO M THAPOAMHAMUYECKOTO B3aUMOJACHCTBUS ¢ TBEpOoil (ha3oii
[2]. M3y4yeHBl 3aKOHOMEPHOCTH CTallMOHApHBIX mporeccoB PIT: mocTpoeHsl
MOJIEJIH, TTO3BOJISIONINE OOBSICHUTH SKCIIEPUMEHTAILHO HAOII01aeMble SIBJICHUS U
3akoHoMepHocTu [3, 4, 5]. IIpoBenena knaccudukarus pexumor OIT [1, 4].
YCTaHOBIIEHBI TPEAENbl  PAcCpOCTPAHEHUS BOJH TropeHus [2, 4] u  wux
napamMeTpuueckue 3aBUCUMOCTU. lccrnenoBaHbl OCOOEHHOCTH — MPOTEKAHUS
XUMUYECKUX NpeBpalleHuid B nporeccax OI'T [6].

OIT sBiAeTCS BAaXXHOM YaCTBhIO PA3JMYHBIX TEXHOJIOTMYECKHUX ITPOLIECCOB U

MOXXET UMETh IIUPOKUN CHEKTP MPaKTUYECKUX MPUMEHEHHH: (PUIbTpalmoHHbIE
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paJualnoOHHbBIE HArpeBaTeId IMCKOBOTO THIIA, OYUCTKA IIOPUCTOM Cpenbl OT
OpPraHMYECKUX MPUMECEH METOJOM BCTPEYHBIX BOJH (PUIBTPALIMOHHOTO T'OPEHUS,
TEPMOXMMHUYECKAsT KOHBEPCHsI yINIEBOJOPOAOB B CHUHTE3-ra3 B PEKHUME
(GuUIBTPAIIMOHHOTO TOpeHus [6].

Opna u3 cymectBytomux npodseMm @I'T — 310 HE0OXO0IUMOCTh BBHIICHEHHS U
YTOYHEHMsI (PAKTOPOB, BIMSIOIMIMX HA HECTALIMOHAPHBIN Impolecc (GOpMUPOBAHUSA
BOoHbI OIT.

Takass  mpoGnema  BO3HMKAeT  NpPU  HCIHOJB30BAHUU  IOPHUCTBIX
OTHENpPEerpaauTeNed Mpu (QUIBTPAllMM uYepe3 HUX TOpIoYEero rasza, Hampumep,
COpPOCHBIX Ta30B yroyibHbIX maxT [7]. B aToM ciydae ¢popmupoBanue BoaHbsl OI'T
IPU CIy4aliHOM BOCIUIAMEHEHHH TIa3a MOXET IIPUBECTH K IPOrOpPaHUIO
OTHENPErpaguTeNs M PacHpoCTPAHEHUM IUIAMEHM B 3allMIaeMblii 00bem. B
ropesikax Tura pesepc-nporecca popmupoBanue BosiHbl PIT sBiseTcs MWITaTHBIM
pexxuMoM paboTel ropenku [8]. B cBs3u ¢ 3TUM HEOOXOOUMO HCCIIEOBAHHE
nponecca ¢opmupoBanus BosH PIT u 3HaHWE yNpaBISIOUMX MapaMETPOB U
IapaMeTpPUUECKUX 3aBUCUMOCTEHN 3TOrO Ipolecca.

Y1006HEIM ¥ HH(OPMATUBHBIM METOAOM MCCIEAOBAHUS MEXAHHU3MOB U
3aKOHOMEPHOCTEN HecTallMOHapHBIX npoueccoB OI'T, Mo3BOIAIOMMM ONIEPATUBHO
OTCJIEKMBATh M3MEHEHHE XAPAKTEPUCTUK M CTPYKTYphl BOoiHbl PIT, ABnsgercs
METOJ] YUCJIEHHOTO MOJEIUpoBaHus [2, 9].

UucneHHOEe MOAEINPOBAaHUE HAXOAMUT LIMPOKOE NPUMEHEHHE, HO HE BCEraa
ONpaBIbIBAECT O0KHMJAEMble MPOrHO3bl. CrepkKuBarOIIUM (PAKTOPOM  SBIIAETCA
CJIOHOCTB IOJIHOTO OMMCAHUS MPOLIECCOB TOPEHMsI, HEOOXOAUMOCTh BBEJICHUS B
pacueTsl OOJIBIIOTO KOJMYECTBA MapaMeTPOB, JOCTOBEPHOE OIMpPEIeTICHHE KOTOPhIX
BO3MOKHO, KaK IIPaBWJIO, B IPOLECCE HATYPHBIX KCIIEPUMEHTOB.

Takum 00pa3oM, U3 UMEIOLIUXCS METOJO0B MCCIEJOBAaHUN, OYEBUAHO, YTO B
HACTOSAILIEE BPEMs HU OJUH U3 HUX IO OTAEIBHOCTU HE 00JIaJJa€T BO3ZMOXKHOCTBIO
YEeTKOro TMPEJACKa3aHus YKa3aHHBIX sBJIeHUN. bonee uHpopmMaTUBHBIM OyAeT,
€CTECTBEHHO, OOBEIMHEHUE PEe3ylbTaTOB BCEX METOAOB. B 3TOM oOTHOIIEHUHU
7a00paTOpHbIE HWCIBITAHUA HE TEPSIOT CBOEM 3HAYUMOCTH M OKa3bIBAIOTCS

HauoOoee y,ZIO6HI>IMI/I JIIA 6I>ICTpOFO BBISIBJICHUS HanOoJIee 3HAUMMBIX IMPUYNH.

JxcnepuMeHT OMBITHI NPOBOJAWINCH Ha YCTAaHOBKE, CXeMa KOTOPOH
npuBeJeHa Ha puc. 1.
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Puc. 1. Cxema 3kcniepuMeHTaNbHON YCTAHOBKHU:

1 — kBapueBas TpyOa; 2 — 30Ha ropeHust; 3 — mopucTas cpeaa; 4 —
OTHEIperpaauTeib; S — nudposas poTokamepa; 6 — KOMIbIOTEP; 7 — IMHENKA; 8§,
9 — maHomeTpbI BO3yxa U roprouero rasza; 10, 11 — pacxomomepsl roprouero rasa
1 Bo3ayxa; 12, 13 — BXOJIbI BO3/lyXa U TOPIOYETO Tasa.

VYceranoBka muis uccinenoBanuss @PI'T COCTOMT M3 TOPEIKM MU CUCTEMBI
pEerucTpalud XapaKTepUCTUK BOJIHBI TropeHus. ['openka mnpeacTaBisieT coOoit
BEPTUKAJIbHYIO KBapleByl0 TpyOy mnuHoil 500 MM C TOJIIMHOW CTEHKA 2 MM U
BHEIIHUM JuameTpoM 50 mm. TpyOa 3amoHsiach HIOPUCTONU Cpeor — 3epPHUCTHIM
ANEKTPOKOPYHAOM. VCIIonp30BanncCh 3aChIIKA CO CPENHUM pa3sMEPOM IUaMETpa
3epeH 5 U 4 MM, TEIIOPU3NYECKUE XAPAKTEPUCTHUKU KOTOPHIX MPHUBEACHBI B

Tabnwue 1.

Tabnuna 1. Tennodusnueckre cBONCTBA TOPUCTON CPEIBI

CaolicTBa [Topucras cpena
(2JIEKTPOKOPYH/T)

TI10THOCTB TPAHYI, KI/M 3900
Temnoemkocts, J[x/(kr-K) 1000 [10]
TennonposoaHocts, BT/(M-K) 3,02 [10]
Cpennuii pazMep 3epHa, MM 4,08; 5,11
[Topucrocth 0,56; 0,54
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['oproune cmecu COCTaBISUIMCH IO PAacXOJaM TOPIOYEro rasa M BO3JayXa.
Pacxoapl n3mepsiinch 00pa3lioBbIMU poTaMeTpaMu. ['a3 ¢ BO3AyXOM CMeELIMBAJICA
710 BXOJla B TOPEIIKY B MECTE€ COCAUHEHUS IIOJBOIOB Ira3a U BO3yXa U I0JaBajCs B
TpyOy cHu3y. ['oprodast cmech 3aKurajgach B BEpXHEH 4acTu TPyObl OTKPBITHIM
wiameneM. [lnamst nmporpeBaio BepXHUHN CIOW MOPUCTOM cpenbl, GOpMUPYS BOIHY
TOpEHUsL.

BusyanbHO BONHa ropeHus HabOmoJanach Kak IUIOCKas, SIPKO CBETALIASICS
30Ha, IEPEMEIIAOIIASCS 110 IOPUCTON CPENIE, YTO MTOKA3aHO HA PUC. 2.

Puc. 2 /IBuxenue BojaHbl OI

Cranuu npoluiecca ABUkKeHUs BOJIHbI DI

1 — 3axxuranus BoaHbl OIT;

2 — Hauano cranmonapHoro asukeHust BOJaHbl OI'T;
3 — CranmonapHoe aBuxeHue BoJHbl OIT.

PacnipocTpaneHnuie BOJIHBI TOPEHUSI PETUCTPUPOBAIN C MOMOIUIBIO ITU(GPOBOIA
dborokamepsl. l'openka ¢ pacnpocTpaHsmOIIEHCs B HEW BOJHOM TropeHus
aBTOMaTtHdecku ¢oTorpadupoBaiack 4epe3 paBHble TpoMexxyTku BpemeHu (10 ¢)
C COXpaHEHHEM Hu300pakeHWil B MaMsiITH Komibiotepa. llodydeHHBIE CHUMKHU
oOpabaThlBaIUCh B MPUKIAJHON MpOTpaMMe, TO3BOJISIFOIICH  OMpenessiTh
KOOpJMHATHI O0BEKTOB Ha M300pakeHWsX. (s ompeneneHuss KOOpAUHAT BOJHBI
rOpEHUss psIOM C TOpPENKOW YyCTaHaBlMBaJach MaciuTabHas JuHelka. B
pesynbTate OOpadOTKM MOJIYy4aJIUCh 3aBUCUMOCTH HM3MEHEHUS KOOPIUHATHI
(poHTAa BOJHBI TOPEHUS OT BPEMEHHU.
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B kadecTBe roprodero rasza HMCIIOJIB30BAJICS MPUPOJHBIN Tra3, COIEpKaIHi
96% wmertana, 1,5% stana, 0,7% nponana, 0,3% Oyrana, 0,04% yriekucioro rasa
u 1,0% azora ['oproume cMecu COCTaBISUTMCH MO pacxoJaM TOPIOYETo Tra3a u
Bo31yxa. VMCrmomp30Bamuch CTEXHOMETPUYECKUE CMECH TOPIOYEro ra3a W BO3/IyXa,
HauOosiee OJIM3KKUE K JJaHHBIM pacyeToB [2].

Paznuunbie 3Ha4YeHHMS KOA(DPHUIIMESHTOB BHEIIHEH TEIUIOOTAAYN JTOCTUTAIHUCH
UCIIOJIb30BAaHUEM TEIIOBOM M3OJSIUU  (KAOJTMHOBOW BaThl) BOKPYT TPYOBI
YCTaHOBKH.

Pe3yabTaThl 3KCIIEPUMEHTOB

Hcxonnoit nHpOpManuen 1 IKCIIEPUMEHTATLHOTO UCCIEIOBAHUS SIBIISUIACH
3aBUCHUMOCTh BpEMEHU 3axxuranus BoiaHbl PI'T OT CKOpOCTM mMojayu ra3oBOM
CMECH K MOpUCTOMY OJIOKY, MOKa3aHHasi Ha puc 3. JlaHHas 3aBUCHMOCTH Obliia
NOJIy4YE€Ha B pe3yJbTaT€ YHUCICHHOTO MOJEIUPOBAHUS CHUCTEMBl YpPaBHEHUU,
yKa3aHHBIX B paboTax [2, 9]. PacueTsl npoBoAMINCH AJA a1Ma0aTUYECKOTO Ciydas
TOpeHHs raza, TO eCTh 0e3 yuera TermIoo0MeHa C OKpYXKarolleil cpeaoi.

500

400 - T

0 ————
000 005 010 015 020 025 030

v, W

Puc. 3. 3aBucumocts BpeMeHU 3akuranus BoJHbl OIT (ti,,)
OT CKOPOCTH MOJ1auu Tra30Boi cMmecH (v, M/C).
Annabatrueckuii ciydait. JluameTp 3epHa mopucToit cpenbl 4,7 MM.
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[Ipumep ompeneneHus XapaKTEPUCTUK TIpollecca TOPeHHS BO BpeMs
NPOBEICHUST OKCIIEpUMEHTa TOKa3aH Ha puc. 4. Bumum, dro Ha Tpaduke
CYIIECTBYET H3JIOM TMPSIMBIX, AlMPOKCUMHUPYIOMIUX 3aBUCHMOCTA KOOPIAMHATHI
(bpoHTa TIIaMeHN OT BpEMEHH TOPEHUSI.

bbuto mpuHATO cyMTaTh BpeMEHEM BxoJa (pOHTA IJIAMEHH B IOPUCTYIO
Cpedy BpeMsi, OTKIAJbIBAEMOE JI0 MEePEeCeUeHHs alMpOKCHMHUPYIONINX MPSIMBIX, a
CKOPOCTBIO TepeMenieHuss (GpoHTa TUTAMEHH — HAKJIOH BTOpOW mpsiMoid. Takum
oOpa3om, Ha rpaduke TOYKaMHU B BHJE TPEYTOJbHUKOB IMOKa3aHbl KOOPIWHATHI
(bpoHTa MIaMeHu MPU BXOJIE B MMOPUCTYIO Cpelly U GOPMHUPOBAHUE BOJIHBI TOPEHUS
@IT, KpyrJIbIMH TOYKaMH — KOOPAMHATHI (PpOHTA MIaMEHU B cpopMHUpOBaBIIEHCS

BOJIHC TOPCHUA.

190
185 -
180:
1751
170
165:
160 -

155

KoopguHaTta (Mm)

150 S
145

140 +

Bpems (MuH)

Puc. 4. Ilpumep onpeneneHus: XapakTepUCTUK MPOIecca TOPEHHUS.
Bpewms 3axxuranus — 21 muH,;

CKOpOCTh BOJIHBI ropeHus — (168,2-156,2)/(40-30)=1,2 mm/MuH,;
cKopocTh nogauu cmecu — 0,41 m/c
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[Tocne 06pabOTKM NaHHBIX SKCIIEPUMEHTOB, COTJIACHO MPHUBEACHHOMY BBIIIE

npuMepy U o0pabOTKH pe3yslbTaTOB OBbLIM IMOJIYyYEHbI 3aBUCUMOCTH, TTOKa3aHHbIE

Ha puc. J.
] [

. P - 20

4y 15
® | E
= A0 ® ¢ 410 3
= e °® ] =
£ 20- e los =
= Sz
T CropocTe Nogayu cMeck (Mic) | @
E 0 | | T J T Y y 40,0 E
2 ] 0.2 0.4 0.6 0.8 =
E 20- - n 105 &
= ] G
= m o
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S 40+ = [ | &
(| - ; 9
[ ] 1-1.5 &
- . = ] 5

<.2.0

Puc. 5. 3aBucuMOCTH BpEMEHU 3aKUTAHUS U CKOPOCTH BOJHBI OI'T
OT CKOPOCTH MOJIa4y Fa30BOM CMECH.

* - BpeMs 3aKHUTaHUs cMecH (MUH); B — CKOpocTh BOJHBI OI'T (MM/MuH)

Toukamu CO CTpelIKaMmu MOKa3aHbl 3HAYCHUSI BPEMEHU 3aXKUTaHUsA, KOTOpPbIE
HE yJAJIOCh YCTAHOBUTH TOYHO, MOCKOJIBKY BXOJa BOJIHBI FOPEHHS B MOPUCTYIO
Cpelly HE MPOU30ILIO0 U SKCIIEPUMEHT MO MpoiecTBUH 70 MUHYT ObLIT OCTaHOBJICH.
JlaHHbIe 3HAYEHUS! B ATUX JIKCIEPUMEHTAX MOTYT ObITh MHTEPHPETUPOBAHBI KaK
npeaenbl 3aKUTraHus BOJIHBI TOPEHHsI MO CKOPOCTH ras3a JJisg TaHHOTO COCTaBa
CMECH U pa3Mepa 3€peH NOPUCTON CPELBI.

I'paduk 3aBucuMocTH Bpemenu 3axuranus BojdHbsl OI'T oT ckopoctu nmogauu
MCXOJHOM Ta30BOM CMECH JJisl TOPUCTON Cpelibl CO CPEHUM IUAMETPOM 3epeH 4

MM IIOKa3aH Ha pHucC. 6.
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Puc. 6 3aBucumocTth BpeMeHM 3axkuranusi BoiHbl OI' oT ckopocTu mojaauu
ra3oBOM CMECH MUISI TOPUCTOM CPEAbl CO CPEIHUM JUAMETPOM 3€peH 4 MM.

PacueTHbic n OKCIICPUMCHTAJIbHBIC JaHHBIC.

o BT
1 — koo punmenT BHEIHEN TemIo0TAaYH X= 0 ——;
M4K

BT

2 — k03 HUIMEHT BHEIIHEH TeriooTaauyn X= 250 o
M

3 - 9KCIICPUMCHTAJIbHBIC JIaHHBIC.

Ha puc. 7 noka3aH aHanoru4HbIi rpauK 3aBUCUMOCTH BPEMEHH 3aKUTaHUS
BoJHBI DI'T OT CKOpoCTH TMOAayuM ra3oBOM CMECH I HOPUCTOM Cpeabl CO
CpPEHUM AUAMETPOM 3€PEH S5 MM.

[Tomy4yeHHBIE 3aBUCUMOCTH TIOKA3bIBAIOT BIMSHUE KOX(D(DHUIMEHTa BHEITHEH
TEIUIOOTAYld Ha BpeMms 3axuranus BoiaHbl @PIT, a Takke COOTBETCTBHUE
TEOPETUYECKON MOJENU TMpolecca 3axkuranus BoJHbl PIT skcneprmeHTanbHO

HaOmogaemomy mporeccy OIT.
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Puc. 7. 3aBucUMOCTh BpeMeHHU 3akuranusi BosiHbl DI' oT ckopocTu mojayuu
ra3oBOM CMeCH MJISI MOPUCTOM CpPEAbl CO CPEIHUM JUAMETPOM 3E€PEH S5 MM.
PacueTHble U 3KCNIEpUMEHTAIbHbBIC TAHHBIE.

o BT
1 — koo punmenT BHEIHEN TemI00TAaYH X= 0 ——;
M4K

o Bt
2 — koahurnmenT BHenTHe#H TemooTnaun X= 380 — %
M

3 — 3KCHepI/IMeHTaHBHBIe JAHHBIC HpI/I HCIIOJIB30BAHUHU TCHHOBOﬁ U301,
Br
M2K’

5-— 9KCIICPUMCHTAJIbHBIC JITaHHBIC 0e3 MCHoNIL30BaHus TEIIOBOM U301 H1H.

4 — koadurmenT BHeNTHEHN TemooTnaun X= 480

BriBOABI

OKCIEpUMEHTAIbHO TOATBEPKAEHBI COMOCTABJIECHHBIE C TEOPETUUYECKUMU
npeaensl pacnpoctpaHeHuss BoJH @PI'T B 3aBUCMMOCTHM OT CKOPOCTH IOJa4u
ra3oBOM CMECH - BEPXHUUW M HIKHHUM TIPEAEIbl MO CKOPOCTH IIOJa4M Ta30BOU
CMECH.

3aBUCUMOCTH BpPEMEHM BXOJla IUIAMEHHM OT pacxoja Ta30BOM cMmecH, a,
CJIEIOBATEILHO, M CKOPOCTH IMMOJa4M Tra30Boi cMecu nMeroT U- oOpasHyto ¢opmy,

4TO Ka4CCTBCHHO COOTBCTCTBYCT PACUCTHBIM JAHHBIM.
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YcTaHOBICHO KAUY€CTBEHHOE COOTBETCTBHE TGOpGTH‘ICCKOfI MOJICTIN TOPCHUA

raza B MOPUCTOUN cpelie MPAKTUUYECKOMY MPOIECCY 3aKUTaHUS U TOPEHUSI BOJHBI
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AnHoTanusi. B nanHO# paboTe YHCIEHHBIMU METOJAaMH BBITIOJIHEHO WCCIIEIOBaHUE
CTPYKTYpHI IJIaMeH ra3oBoi (¢ = 1.2) u razokanenbHo ( @ = 1.47) B3BecH 3TaHOJIA B
BO3/IyX€ TMpPH OJUHAKOBOW HOPMAIBHOW CKOPOCTH pacmpocTpaHeHus (poHTa
miameHn 43 cwm/c. [loka3aHbl 3HAYHWTENbHBIE OTIWYHS B CTPYKType IUIaAMEH,
HaOJIOMatoNIMeCs] B KOHIIEHTPALMSAX OCHOBHBIX M MPOMEKYTOUHBIX KOMIIOHEHTOB
cMecH, a TaKXe TEMIIEPATYPE 3a bpoHTOM IIJIAMEHH.
KuarwudeBbie cjioOBa— JaMHHAapHOE KOHYCHOE IUIaMs, TIa30KalelbHOE TOpEHHE,
3TaHOJI, METOJI KOHEYHBIX 00beMOB, OpenFOAM.

BBenenue

B mnacrosimiee Bpemst B JuTEpaType HMMEETCS MHOXKECTBO SKCIEPUMEHTAIbHBIX
paboT, MOCBSIICHHBIX MCCIEJOBAHUIO CTPYKTYPHI IJIAMEHU MPU MHKEKIUHU SKUJIKOTO
tonwirBa. B mepBeiX pabotax B 3T0Ml obnacth [1-5] 3aA0KyMEHTHpPOBaHBI
JI0KA3aTeNIbCTBA BIMSHUS METOJAa WHXKEKIMU TOIJIMBA HAa OCHOBHBIE MapaMeTphbl
IUIAMEHH, TaKhe KaK HOopMajbHas CKOPOCTh pacmpocTpaHeHus (ponrta. Bapbupys
NOJIHBI KO3((UIIMEHT HU30bITKAa TOIUIMBA, pa3Mep U KOJIMYECTBO Karelb aBTOPHI
HAONIOIaTM YBEJIMYEHUE CKOPOCTH PACIPOCTPAHEHHUS IUIAMEH IO CPaBHEHUIO CO
CKOPOCTBHIO TOPEHHUSI YUCTO Ta30BOM CMECH C AHAJIOTMYHBIM MAacCOBBIM PacXOioM
toruBa. Hanpumep, B padote Bourgoyne u Cohen [1] omuchiBaioch yBeTu4YeHHE
CKOPOCTH PacHpOCTPaHEHUs] KOHUYECKOTO TIUIAMEHM TeTpajiMHa B  YCJIOBHSX
aTMocdepsl ¢ AuamMeTpoM Karnelb 6osee 40 MKM.

B pab6ore Hayashi [6] u ap. ObuIO TIpeUIOKEHO OAHO M3 OOBSICHEHUM TaHHOMY
ahdexTy, CyTb KOTOPOTO 3aKiioudajach B TOM, YTO TOPEHHE MPOUCXOAHUT TPH
HEKOTOPOM 3G (HEeKTUBHOM KO3(PPUIIMEHTE U30bITKA TOIUIUBA (efr. 1aKUM 00pa3oMm
TOPEHHE MPOUCXOTUT OJIKEe K CTEXUOMETPUHU, YTO MPHUBOJUT K YBEIHMUEHHUIO
CKOPOCTU PACHIPOCTpAaHEHMs IJaMeHU. B naHHON paboTe NpOBENEHO YMCIEHHOE
UCCJIeIOBAHUE CTPYKTYphl IUIAMEHHM Tra30KarelibHOM B3BECH 3ITAHOJA B PEXKHUME C

173



MHXEKIHMEH Kareab pazMepoM 14 MKM ¢ MOJHBIM KO3()PUIIMEHTOM U30bITKA TOTUIUBA
¢ = 1.47, a Takke IIaMEHU TOJIBKO Ta3000pa3Horo staHona ¢ @ = 1.2. CkopocTh
pacnpocTpaHEHusl MJIaMEHU B JIAHHBIX pexxuMax coctaBmia 43 cm/c. Takxke ObUIO
MIPOBEICHO CPABHEHME UMCIEHHBIX JAHHBIX MO CTPYKTYpE IJIaMEH yKa3aHHBIX JBYX
PEKUMOB.

MaremaTn4yeckasi MoJeJib

Pacuer mnposoawics B 3D mocTraHOBKe [jIsi KOHYCHOTO IUIAMEHHM 3TaHOJA,
CTaOMJIM3UPOBAHHOTO Ha KpOMKe corvia ¢ npoduiem Burommunckoro. [loapooHoe
ONMKMCaHWE TMPUMEHSAEMbIX B pacuere MaTeMaTHYEeCKUX MOJENe Temio- u
MaccolepeHoca, CETOYHOro pa3pelieHHs, TeOMETpUU CcoIla W [apaMeTpoB
WHXEKIIMA MOYKHO HAWTH B MPEbIAYyIIeH paboTe aBTOpoB [7].

PesyabTaThl

B pexume ropeHHs Tra3okaneabHOW CMECH 3aJaBajiCd pPacxol Kameiab Hu
razoo0OpasHoro cmupra 0,5 r/mun (¢ = 0, 35) u 1,6 r/mun (pg = 1, 12),
COOTBETCTBEHHO. Pa3mep kamenb 3amaBajics MOHOAUCIIEPCHBIM PACIPEACICHUEM CO
3HaueHueM 14 MkM. B pexume ropeHusi Tra3oBOM CMECH 3aJaBajici MaCCOBBIN
pacxoll, COOTBETCTBYIOIIMN Ko3(puiuenty u3z0ObiTka TormuBa @ = 1.2. CKopocCTb
pacnpocTpaHeHus IIaMeHu B 000MX pexuMax coctaBuiia 43 cm/c.
Ha Puc 1 npencraBnens! nosis remmepatyp. Ciesa - mojie TeMnepaTypbl B pexuMe ¢
WHXKeKIen kamnenb (¢ = 1.47), cpaa - moJjie TeMneparypsl 6e3 uHxekiuu (¢ = 1.2).

T
10.0°15.0

22.0
x10?

[MMm]

Puc. 1. [Tons MmrHoBeHHOM TemnepaTypbl. CieBa — pexuM ¢ HHKEKIMen Kanesb (@ =
1.47), cnpaBa — ropenue razoBoro miamenu ( @ = 1.2).
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Ha Puc 2 u Puc 3 mnpencraBieHsl MpoQuiINM KOHIIEHTpAIUA MPOMEXKYTOUYHBIX
KOMIIOHEHTOB CMECH, OKa3bIBaIOIIMX HauOoJblliee BIUSHUE HA CKOPOCTb
pacripocTpaHeHus 1uiameHd. HecmoTpss Ha TO, 4YTO HOpMallbHasi CKOpPOCTh
pacrpoOCTpaHEHUs IUIAMEHHU OKa3bIBA€TCS OJWHAKOBOM, caMa CTPYKTypa IUIaMEHHU
JIOBOJIBHO CYLIECTBEHHO oTinyaercs. Hampumep, koHueHrpamusa aromoB H B ciyuae
C MHXKEKLHEH TonbKo raza (¢ = 1.2) oka3piBaeTcs B J1Ba pa3a BBIIIE, YEM B PEKUME C

WHXKEKIMen raza u kamneinb (¢ = 1.47).

0.005F - - —TI
C -= HCO-100
0.004F = G150
< 0.003F
I
2 0.002
S r
= 0.001F
0000: I|-:-” S |'|' |--| --I -l- |
0 1 9

Puc. 2. Konnenrpanus npoMexXxyTOUHbIX KOMIOHEHTOB U ITPOYKTOB PEAKLIUU CMECH
nornepek (poHTa TUIAMEHH AJIs PeKUMa ¢ MHXKeKIuen kanens (¢=1.47).

C - H
0.010F —— HCO - 100
i —- CH,0
~ 0.008F
= 0.006]
< L
= L
2 0.004
= - ¢
= - \
0.002F i
i l ‘\
OOOO_TT S o i .|.-|.‘r.| ! klt T T T i |
0 1 %, 3 4 5 6

MM
Puc. 3. Konnenrpanus mpomMeXKyTOYHBIX KOMITIOHEHTOB M MPOAYKTOB PEAKITHH CMECH
nonepek ppoHTa IMIaMeHH ISl pekuMa razoBoro ropenus ( @ = 1.2).

Taxke cCymecTBeHHOE OTIMYME HAOTIOJAETCS B KOHIICHTPAIMSIX OCHOBHBIX
KOMITOHEHTOB M TIPOJYKTOB pPEaKIuH, MpOo(UIu KOTOPHIX MpeAcTaBieHbl Ha Puc 4
(mHxekius kanenb, ¢ = 1.47) u 5 (razoBoe miams, ¢ = 1.2).
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nornepek GpoHTa MIIAMEHU IS peKUMa ¢ MHKeKIuen kanemib (¢ = 1.47).
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Puc. 5. KOHHeHTpaHI/I}I OCHOBHBIX KOMIIOHEHTOB H IIPOAYKTOB pCaKIUHU CMCCHU

nonepek ppoHTa IMIaMEeHH ISl pekuMa razoBoro ropenus ( @ = 1.2).

Otnnune OOBACHSIETCS Pa3lIWYHBIM IOJIHBIM MacCOBBIM pPacXoJlOM ToIUIhBa. B
peXUME C TOpPEHHEM TOJIbKO Ta3oBoM (a3el koHmeHtparms CO2 okxa3bIBaeTCs
3HAYUTEIIFHO BBIIIE, YEM B PEKUME C MHXKEKITMEH Kamneiab. HampoTtus, B pexume 6e3
WHXEKIMA Kanenb, KoHmeHtpanus CO 3HAYUTENBHO HUXKE, YeM B PEXHME C
WHXEKIMEH. ITO CBA3AHO C TEM, YTO PEKHUM TOJIBKO Ta30BOTO TUIAMEHHU OKa3bIBACTCS
OnMmKe K CTEeXHOMETPHH. JTO, B CBOIO OU€pe/b TaKXKe BIMAET Ha TeMIEpaTypy 3a
¢bpontom mamenu (Puc. 6). Temnepatypa B pexume 6e3 urwxekuuu (2000 K) taxoxe

OKa3bIBAETCS CYIIECTBEHHO BHIIIIE, UeM B pexkume ¢ uHxkekiuei (2160 K).
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Puc. 6: [Ipodunu TemnepaTypsl U IUIOTHOCTH HONEPEK GPOHTA TIIAMEHHU.
Nupeke ¢ = 1.2 — mnams ra3oBoil cmecH, @ = 1.47 — miams ra30KareabHOM B3BECH.

BriBoabI

B nannoit paboTe ObUIO MPOBENEHO UCCIEIOBAHUE CTPYKTYPHI IMJIAMEHU ra30BOM
CMECH JTaHOJNA C BO3AYXOM C Kod(pduumeHToM H30bITKa TomumBa @ = 1.2 u
ra3oKamnesIbHOM B3BECH ATaHOJA B BO3AYXE C IOJIHBIM KO3()PUIMEHTOM H30BITKA
TormBa @ = 1.47 npu OQMHAKOBOW HOPMAaJIbHOM CKOPOCTH pPaclpOCTpaHEHMsI
IUIaMEHHU, paBHOM 43 cm/c. Pe3ynbTaThl pacueToB MOKAa3bIBAIOT, YTO, HECMOTPS Ha
COBMAJICHUE CKOPOCTU PacCHpOCTpaHEHHUs B 000MX pexXHMax OJMHAKOBBIC, CTPYKTYpa
IUIAMEH CYIIECTBEHHO OTJIMYAeTCS M B KOHILIEHTPAIlMd OCHOBHBIX KOMIIOHEHTOB U
OPOAYKTOB CMECH, M B KOHIIGHTpPAIlMM TPOMEXKYTOYHBIX KOMIIOHEHTOB, U B
Temmneparype 3a GppoHTOM IiameHu. Takum 00pa3oM, CTaBUTCS MOJ COMHEHHE UAEs
ONHCAHUS PEKUMOB F'OPEHUS T'a30KaMEIbHbIX CMECEH C MOMOIIBIO TEPMUHA Pcfr, TAK
KaK MpU COBMAJEHUH CKOPOCTU PACIPOCTPAHEHMsI, OCTAJIbHBIE MapaMeTphl IIAMEH
MOTYT CYIIECTBEHHO OTJINYAThCS.

baaronapHocTu

Uccnenosanne BbimonHeHO npu mnojaepxkke PH® (rpant No 22-19-00803).
Hcnonp3oBanne WHEOPACTPYKTYPHI TMPEIOCTABICHO B paMKax TOCYAapCTBEHHOTO
samanusa UT CO PAH.
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ABSTRACT

This work presents an automatic optimization tool using a genetic algorithm for the chemical kinetic model
of methanol (CH30OH) oxidation. 54 parameters of 40 important reactions and selected species of the
reaction model have been optimized. Ignition delay times measured in shock tubes and concentration
profiles measured in plug flow reactors were used for the model validation. Homogeneous modeling of the
methanol oxidation was conducted with the open-source tool Cantera.

1. Introduction

Methanol has historically been considered a potential replacement for traditional oil-based fuels and is
currently a highly promising clean fuel as a bio-based alternative. In recent years, it becomes one of the
most attractive topic for the studies of chemical kinetic models. With continuously improved measurement
accuracy, a large amount of combustion experimental data has been published in the past decades.

The genetic algorithm (GA) is a population-based algorithm inspired by biological evolution and aims
to minimize an objective function to obtain the best resulting population (solution) [1]. The analogy to
biology is kept in the terminology of GA: a subset of all the possible (encoded) solutions is a population. A
chromosome is one such solution to the given problem encoded as a string of different types. One element
position of a chromosome is a gene. After the randomly initialized population of candidate solutions and
implementation of the objective function, the population undergoes an evolutionary process in the space of
solutions. The procedures, or GA operators, which define the problem-oriented evolution process are
selection, crossover, and mutation. Currently, there are a wide variety of numerical realizations of these
operators. Selection defines the choice of the “parents” and rules for the construction of the next generation,
i.e., the selection of candidates for the new population. The crossover operator defines rules for the
“children” production, i.e., type of the information change between parents. The mutation operator ensures
the diversity of the population.

GA has been proven to be effectrive for handling non-linear optimization problems in multi-
dimensional search spaces and has been widely used for optimizing chemical kinetic models [2]. In this
work, a detailed chemical kinetic model for CH3;0H oxidation was developed and optimized using GA
within the following framework:

(1) Experimental data of ignition delay times and concentration profiles with uncertainty quantification for
the oxidation of CH;0H;

(2) The detailed chemical kinetic model for CH;OH pyrolysis and oxidation developed based on the
authors’ previous work [3] with the newest update [4-7];

(3) The literature review and uncertainty analysis of the reaction rate constants (RRCs) involved in the
CH;O0H oxidation;

(4) Monte Carlo simulations and the polynomial regression for construction of the high-dimensional
response function;

(5) GA algorithm and statistical analysis of the correlated parameters.

2. Experimental data and simulation

The published experimental results of the ignition delay times (IDTs) [8-11] and concentration profiles
measured in the jet-stirred reactor (JSR) [12] and the plug flow reactors (PFR) [13] were collected and
applied to the optimization in this work. The experimental targets were collected with their uncertainties, u,
determined following the data sources, or evaluation.

In the shock tube experiment [8], after the incident shock wave reaching the end of the driven section,
the shock wave is reflected from the wall and propagates back towards the driver section, stagnating and
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further compressing and heating the test gas to the pre-ignition temperature (T5) and pressure (p5). The
ideal model assumes that a homogeneous uniform zone of test gas can be produced behind the shock wave,
which can be treated as a 0-dimensional (perfectly homogeneous) adiabatic, isochoric, or isobaric uniform
reactor with constant internal energy or enthalpy, without any hydrodynamic processes, so that the IDT
would be controlled only by chemistry. In this study, the solver of ‘Ideal-Gas-Reactor’ of Cantera [14] was
applied to the simulation of IDTs measured in shock tubes. The gas content is modeled as a mixture of ideal
gas, and the reactor is simplified as a constant volume reactor, which has no mass and heat transfer with the
environment.

Table 1 Collected experimental data of ignition delay times and concentration profiles for the CH;0H
oxidation.

Shock tube Ts/ K ps/ atm
Noorani2010 [1] 1075 - 1763 2-12
Burke2016 [2] 900 - 1425 1.96 - 50.95
Pinzon2019 [3] 940 - 1540 1.3-134
112021 [4] 1210 - 1540 247
Jet-stirred reactor T/K p/atm
Dayma2007 [5] 720 - 1050 10
Plug flow reactor T/K p/atm
Aranda2013 [6] 600 - 900 20-100

In the PSR experiment [12], perfect mixing (homogeneity) is achieved inside the control volume and
the process in this volume is controlled by chemical reaction rates but not mixing processes. The
temperature in the PSR is monitored by thermocouples and the heater is controlled to achieve a constant
temperature condition in the reaction zone. In the PFR experiment [13], the reactions take place in a tubular
reactor with electric resistance heating tapes. The reactor temperature is monitored by thermocouples and
the heating tape is controlled to achieve a nearly constant temperature condition in the reaction zone. In this
study, the solver of ’Ideal-Gas-Const-Pressure-Reactor’ of Cantera [14] was applied to the simulation of
concentration profiles measured in the PSR and PFR. The temperature and pressure are kept as constants
and the concentration profiles within the residence time are simulated.

3. Reaction parameter and uncertainty analysis

The statistical method of nonlinear regression established in the authors’ previous works [4, 5] has been
applied to calculate the uncertainties of the Arrhenius expression parameters logl1 0(A), n, and Ea:

k(T) = 10081077 exp (- 22) (1)

The lower and upper uncertainty boundaries of the RRC can be calculated:
Kiow (T) = 100810 -0 (logio(A) Tn-c(n) (—Ea++(Ea)) ()
kup (T) = 100810+ (logio(A) Trta(n) (_Ea%(Ea)) (3)

where o(log 10 (A)), o(n), and c(Ea) are the standard deviations of log 10 (A), n, and Ea determined
by the covariation matrix of an applied statistical method of nonlinear regression. The uncertainty factor for
the RRC is defined as follows:

f(T) =logy, (kL(T)) =logio ( £olT) ) 4)

ko(T) krow(T)

The RRCs recommended by references for the reaction of CH30H and OH are shown in Figure 1. The
uncertainty bounds are calculated based on the statistical analysis and presented by the dashed lines. The
initial model was developed based on the fitted RRCs, as shown by the solid black line in Figure 1.

In the optimization work, the RRCs of the key reactions are limited within the evaluated uncertainty
bounds. The RRC parameters are normalized to space [0, 1] as follow:
f1it+l ap-1 Ao,i
x; = LoD olind) og,(4,) € [10g1o(Ao,) = fis 10810(Aos) + fui] ®)
in which log, (Ao,i) is the fitted average value and f; and f,; (fi; = fy;) are the lower and upper bounds,
Eq. (4).
RRC parameters of 40 important channels were selected for the optimization of CH;OH oxidation
model. The reduced uncertainty bounds for the RRCs of the H,, syngas, and CH,; sub-models in our
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previous works are inherited as the initial bounds in this study. The RRCs for the reactions of C; species
recommended by experimental measurements, theoretical calculations, and the review works of Baulch et
al. [7] were collected with specific temperature ranges. The uncertainty bounds for the third body factors of
N, and Ar are set as [1.25, 2] and [0.5, 0.8] respectively following the collected recommended RRCs and
the review work of Baulch et al. [7].

CH,OH + OH = CH,OH + H,0
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Figure 1. The recommended reaction rate constants and the calculated uncertainty parameters for the
reaction of CH;0OH and OH.

4. Definition of the discrepancy measure

To evaluate the predictive ability of a model depending on X, the discrepancy measure is defined as:

_1yM 1N ymod
V= ﬁZi=1N_i j=1 Vij (6)
in which M is the number of the experimental data series and N; is the point number in the /™ data series.

The Wi‘}"’d for the j™ target in the i data series is defined as follows:

d__exp 2
ymod _ (Y )
7o)

where y;* is the experimentally measured data and ymod

ij
uncertainty, u(ySXp), is adopted from the reference or evaluated based on the uncertainty analysis of
experiments. The predictive ability of a model depending on X can be evaluated by ¥ (X). The main aim of
this study is to obtain the chemical kinetic model with low ¥ by reducing the uncertainties of the RRC
parameters.

is the modeling result. The experimental

5. Genetic Algorithm

The method of GA is applied to search combinations of RRC parameters for the development of low-¥
models. The flow chart of the GA optimization is presented in Figure 2. A population with chromosomes X,
Eq. (5), presents the chemical kinetic model based on X. At the beginning of the optimization, the
population is randomly initialized with chromosomes of (X;, X3, ..., Xyp,), where Np is the size of the
population. The discrepancy measure, ¥ (X), is defined as the fitness function. Np groups including Ns (Ns
= 3 in this study) number of chromosomes are created by random selection of the initial population and the
chromosomes with lowest ¥(X) in each groups are identified by the tournament selection [8]. In this way,
the chromosomes compete with each other in groups and the high-¥ chromosomes are eliminated, resulting
in the population of fittest (X’l, X5, .. ,X;\,p).

The structure of the developed python code of the GA optimization tool and the Cantera solver is
presented in Figure 2. The kinetic model for CH;OH oxidation is initialized based on the model developed
in the previous works at Technical University of Munich (TUM) and the uncertainty analysis for the key
reactions in CH3OH oxidation, as shown by the interaction part in Figure 2.The generated population of the
kinetic model and the collected experimental data are solved with the Cantera and the discrepancy measures
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are calculated for the IDTs and concentration profiles, as shown by the Cantera part in Figure 2. In this
way, the input-output characteristics of the reaction rate parameters and discrepancy measure in the CH;OH
oxidation simulation system can be developed. Then the ranking, selection, crossover, and mutation are
carried out to generate the new population of the kinetic model, as shown by the genetic algorithm part in
Figure 2, until the optimized model is obtained.

I —— - Genetic
Algorithm

|

ra g ¥
i Cantera Result
I Ranking
1

I \
1 Discrepancy !
1 measure I 1
| i !
1 I
| !

Ignition delay Concentration
\ time profile

= Cantera ideal Selection
Cantera ideal
Sk reaatar constant-p Crossgver
g reactor (PSR Mutation

(shock tube)

and PFR

i
f
i
= l Kinetic model
i
i
i

- @ Generation of
k- generation the population
Experimental Initial kinetic model Input parameters
\ data 7 RRC uncertainty of GA
~ ”

Figure 2 Strategy and data flow of the optimization in this study.

The selected fittest population is employed to create the new generation by crossover and mutation.
The decimal parameters X; (x; 1, X; 5,"**, X ,) of the fittest chromosomes are represented as binary genes, as
shown in. Double crossover points are randomly determined for pairs from the population, and the
chromosomes between the points are swapped. After the crossover, mutation is operated on the randomly

selected locus of the chromosomes, the number of which depends on the mutation probability:
Nm

= (8)
where N, is the number of mutated genes and N is thg total number of genes. Finally, the population of
offspring (X7, X3 ,*, Xvp) are produced.

The discrepancy measure of the offspring, ¥ (X'"), are calculated and the chromosome with the lowest
¥ is determined as the best one of this iteration, X°®st. The population is updated by the offspring and
produce the next generation by selection, crossover, and mutation until the max iteration (100 in this study)
is achieved or the ¥ (X®'°) stabilizes after 10 iterations.

6. Optimization results
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Figure 3. (a) History of discrepancy measure of all the chromosomes in each generation. (b) Comparison of
the discrepancy measure of the initial and optimized models.

182



The training set of the optimization includes 13 conditions for IDTs and 5 conditions for concentration
profiles in PFR. The temperature range for the ignition delay times is from 988 to 1608 K and the pressure
range is from 1.3 to 50 atm. The experiments of PFRs focus on lower temperatures (800 - 1070 K) and
higher pressures (10 - 100 atm).

The mutation can maintain the diversity of population by introducing randomness. The history of the
Y are presented in Figure 3a. The discrepancy measures decrease sharply within the initial 10 generation
and the lowest discrepancy measure gradually stabilizes after the 20" generation. However, not all the
mutations are beneficial, as shown by the high-¥ points after the 10th generation in Figure 3a.

The discrepancy measures of 50 targets calculated with the initial and optimized models are compared,
as shown in Figure 3b. The red bars show the simulation results with the initial model, and the blue bars
represent the optimized results. The average discrepancy measures are indicated by the dashed lines. By
applying the algorithm of GA, the discrepancy measure was largely reduced and the prediction ability of
the model was improved.

7. Ignition delay time

Mixture 1: 6.54% CH,OH + 19.52% O, + 73.84% N,, ¢ = 0.5

Pinzn2019, 6.525% CH,0OH + 19.644% O, + 73.831% Ar, ¢ = 0.5

: Mixture 2: 12.28% CH,OH + 18.43% O, + 69.29% N,, ¢ = 1.0
Mixture 3: 21.88% CH,OH + 16.41% O, + 61.71% N,, ¢ = 2.0
o g2 ] w Burke2016 &
£ o B3 p,=50atm 1
= E
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Figure 4. Comparison of the measured ignition delay times (a) Pinzon2019 [3] (b) Burke2016 [2] with
the initial (Ini.) and the optimized results (Opt.).

The IDTs of Pinzon et al. [3] and the results simulated with the initial and the optimized models are
compared, as shown in Figure 4a. The dashed lines show the results of the initial model, which overpredict
the IDTs of the CH;0H/Oy/Ar mixture. With the optimized model, the discrepancy measure of the model
was reduced, and lower IDTs were predicted. The results of the optimized model show good agreement
with the IDTs at both low (1.3 atm) and high (13.4 atm) pressures.

The IDTs of CH3;0H/O,/N, mixtures at 50 atm measured by Burke et al. [2] are illustrated in Figure 4b.

The IDTs of mixtures with variable equivalence ratios (¢) are presented in different colours. The optimized
model can precisely predict the IDTs of the 3 groups.

8. Jet stirred reactor and plug flow reactor

Dayma2007, 8000 ppm CH,OH + 20000 ppm O, + 800 ppm H,O + N, Aranda2013, CH,OH + O, + N,
JExp. Ini. Opt 40004 Exp. Ini. Opt p(bar) @ Exp. Ini. Opt p(bar) @ -
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Figure 5. Comparison of the JSR experimental results (a) Dayma2007 [S] (b) Aranda2013 [6] with
the initial (Ini.) and the optimized results (Opt.).
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Dayma et al. [5] measured the concentration profiles of the reactants, productions, and the
intermediate of CH;OH oxidation in the JSR. The experiment operated at 10 atm over the temperature
range of 700 - 1100 K. The symbols in Figure 5a present the concentration profiles of CH;0H, CH,0, CO,
CO,, and H,O measured in the JSR with the residence time of 1000 ms. As the reactant temperature
increases, the oxidation of the CH;OH/O,/N, mixture starts around 780 K, however, the initial model
predicts a lower ignition temperature of the mixture around 725 K, as shown by the dashed lines in Figure
5a. In the optimization work, the concentration profiles of the mixtures at the end of reaction time
(residence time) were compared with the measured data, and the RRCs of the model were optimized for
lower discrepancy measure. As shown by the solid lines in Figure 5a, the optimized model can accurately
predict the ignition temperature of the mixture and the concentration profiles within the unstable state (800
—900 K).

Aranda et al. [6] measured the the concentration profiles of CH;OH, O,, CO, and CO, measured in the
PSR with residence times depending on the reaction temperature and pressure. In the experiment, fuel-rich
conditions were conducted at pressures of 20, 50 and 100 bar. The mixtures of stoichiometric ratio and
fuel-lean conditions were investigated at 100 bar. As shown by the concentration profiles of CH;0H in
Figure 5b, by the GA optimization of the initial model, the optimized results show good agreement with the
data measured at variable pressure and different equivalence ratios.

9. Conclusions

This work focuses on the development of an optimization tool based on genetic algorithm and the
open-source software Cantera for the chemical kinetic model. The chemical kinetic model of 72 species and
610 reactions developed at Technical University of Munich has been optimized for the CH;OH oxidation.
Uncertainty analysis and modification have been carried out for 54 parameters including reaction rate
constants and third body efficiencies for 40 key reactions.

Experimental data of ignition delay times measured in shock tubes and concentration profiles
measured in jet-stirred reactor and plug flow reactor were collected for the model validation. The 0-
dimensional reactor models of ‘Ideal Gas Reactor’ and ‘Constant Pressure Ideal Gas Reactor’ were used for
the simulations of ignition delay times and concentration profiles.

54 reaction rate constant parameters of the initial model are modified by the genetic algorithm. The
prediction ability of the model has been improved for the simulation of ignition delay times and
concentration profiles of CH;OH oxidation. The developed genetic algorithm tool and optimization strategy
was proved to be useful and efficient for the optimization of the detailed chemical kinetic models.
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AHHOTAIUA

B pabote npeacraBieHbl pe3yJabTaThl 3KCHEPUMEHTAIBHOIO UCCIEI0BAHMS
BJIMSHUSL CJIa0Or0 TOCTOSIHHOTO JJIGKTPUYECKOTO TMOJsl Ha pachpelereHue
TEMIEpaTyppl B JIaMUHapHOM IulaMeHu byH3zeHa. C mnomompr  MeToAa
IUIOCKOCTHOM  J1a3€pHO-MHIAYLIMPOBAHHOM  (JIyOpECIHEHIIMU TOJYy4YeHO TIoJie
TEeMIIepaTyphbl B IJIAMEHU NpPEIBAPUTEIHHO IMEepEeMEUIaHHBIX OEIHBIX METaHO- U
IIPONAaHO-BO3AYIIHBIX CMECEH B YCIOBHUAX HAJIWYWs BHELIHErO JJIEKTPUYECKOIO
oJjisi W B €ro OTCyTCTBHE. Pe3ynprarsl Bu3yanu3auMd W OLEHKH IOJIA
TEMIIEPATYPBl CBUAETEIBCTBYIOT O TOM, 4YTO HAJIMYUE OJJIEKTPUYECKOTO IOJIA
OPUBOIUT K U3MEHEHHIO (OpMbI ()POHTA MJIAMEHHM M €r0 OTKJIOHEHHIO K KaTOMy,
HO HE MPUBOAUT K CYILIECTBEHHBIM U3MEHEHHUSM B PACHPENCICHUN TEMIIEPATYPHI B
UCCIIEyEMOM IIJITAMEHH.

KiurwueBble cjoBa: 1uiaMs, yIOpaBJICHUE TOPEHUEM, OJJIEKTPUUECKOE IIOJIE,
onrnyeckue meronsl, JIM®, nmose temneparypsi.

1. BBengenue

Obecrieuenne crTabuaM3aluy IJIAMEHM B TOPEJOYHBIX  YCTPOMCTBax
SBJACTCS AKTyaJlbHOM 3a/Jadel, pelmaeMol, Kak IpaBWwIO, C OpPraHu3aluei
JOKQJIBHBIX 30H PEUUPKYJISLIUU (MIM 3aCTOMHBIX 30H). OJIHAKO B TaKUX YCIIOBUSIX
MOJKET BO3HMKaTh JIOKAJBHBIM MEPErpeB 3JEMEHTOB TOPEJOYHOrO YCTPOWCTBA.
Taxxke BO3ZHMKHOBEHHE OONBIIMX 30H PELUPKYISALUN MPUBOIUT K MOBBIILIEHHBIM
TUJIpaBIMYECKUM HOTEPsIM B TpaKTe rOpejoyHoro ycrpoiicrsa. bonee Toro, mpu
C)KMUTaHUU CMECeM CO 3HAYUTENbHBIM M30BITKOM BO3/AyXa, SBIAIOIIMUMCS B
HACTOSAIIEE BpeMsl OCHOBHOM TEXHOJIOTHEW CHIKEHUS BpeAHbIX BeIOpocoB (NOX,
Cak) B KaMepax CropaHus, ciieayeT n30erarb OOJIBIINX 30H PELUPKYISIHH, T€
OPOAYKTHI TOPEHUS UMEIOT 00JjblIoe BpeMs MpeObiBaHus. [loaToMy akTyanbHOU
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3aJjaueil SBISETCS Pa3BUTHE aJbTEPHATUBHBIX METOJOB CTAOMIM3AINU TJIAMEHU B
KaMmepax cropaHusg. Takue MeTOoAbl CTaOWIM3alMu IJIaMEHH B TOPEIOYHBIX
YCTPOMCTBAX, M B 0OIIEeM, METOAbl YIpPaBIEHUS MpPOLIECCAMH TOpPEHUS B
TEXHUYECKUX TPUIIOKEHUSIX, PEAM3YIOTCS Ha OCHOBE NMPUMEHEHUS Pa3IHYHbIX
TUIIOB BHEUIHETO BO3/ACHCTBUS, HANPUMEpP AKyCTHUYECKUX BOJIH, MarHUTHBIX H
IEKTPUYECKUX TNOJiel. BnusHuME BHEIIHHUX 3JIEKTPUUYECKUX MOJEH Ha 00JacTh
ropenus Obuto oTMmedeHo eme B 20-30-x romax mpomwioro Beka [1-3], yto
NOCIIY>KWJIO BO3HUKHOBEHHMIO HCCIEA0BATEILCKOTO MHTEpPEca K MPUYMHAM 3TOrO
BIUSIHUS HAa TOPEHME M METOJaM YIpaBJICHUsS [JIAMEHEM C T[OMOUIBIO
UCIIOJIb30BAHUSI BHEIIHUX DJEKTPUYECKUX TMoyie. B wacTHocTH, Opranuzanus
TOpPEHUsl B JJIEKTPUYECKOM I0J€ MOXKET OBbITh HCIOJIb30BaHA ISl TMOBBILICHUS
YCTOMYMBOCTH IJ1aMenu [4, 5].

Boeigensitor pasnudnabie GU3NYECKHE M XUMHUYECKHE MEXaHW3MBI BIIASHUS
ANEKTpUYECKoro mnoJiss Ha miams [6]. Ilpu HanoXKeHUU HIEKTPUUYECKOro TMOJIs
0O0JBIION HAMPSHKEHHOCTH C Majod CHJIOW TOKa HpU aTMOC(HEPHOM AaBICHUU
(3HaueHME HANPSHKEHHOCTH OOJIbIlle OO OJIM3KO K TICHIIEMY pa3psay, Ooiee =
1500 kB/M) snekTpuyeckuii TOK MNPOTEKAET HEMOCPEACTBEHHO dYepe3 Iuiams,
KOTOpO€ HMMEET KOHEYHOE COIpOTHUBJICHHE. B pe3ynbrare MOXKHO O0XKHIATh
YBEIMYECHHE TEMIEPATyphl IUIAMEHH 33 CYET CONPOTHBIICHHS TOKY, a TaKKe
YBEJIMYEHHE CKOPOCTH TOpEeHMs. JJOCTaTOYHO CHIIBHBIE AJIEKTpUUYECKHE MoJs (OT
150 kB/Mm mo 1500 xB/M mpu atmocdepHOM aBICHHH) BIMSIOT Ha KUHETUKY
XUMHUYECKOIO PEArupoBaHUsl, YCKOPSS DJIJIEKTPOHBI JO DHEPruid, CIOCOOHBIX
BO30YX/1aTh, JUCCOLMUPOBATh WM HOHU3UPOBATH HEUTpaNbHbIE YaCTHUIIbl MpU
crosikHoBeHUH [5]. [lonsi, KOTOpbIE CIAMIIKOM CJa0bl, YTOOBI HEMOCPEICTBEHHO
BIUATH Ha ropeHue (no 150 kB/M npu atMochepHOM JaBIEHHUH ), MOTYT BbI3bIBATh
3HAUYUTENbHBIE THAPOAMHAMUYECKHE MOTOKM — TaK Ha3bIBa€MbI MOHHBIN BETEp
[7] — 3a cueT nmepegayu UMITYJIbCa OT YCKOPEHHBIX 3apsyKEHHBIX 4acTHUI] (MOHOB)
HEWTpalbHOMY Ta3y [8].

Eciu B OonpmvHCTBE pabOT aBTOPBI CXOASATCS BO MHEHUHM, YTO
AIIEKTPUUECKOE II0JI€ 3HAYMUTEJIbHO BIMSIET HAa CKOPOCTh pacCIpOCTpaHEHUS
IUIaMEHU, TO JAHHBIX 00 U3MEHEHUHU pacHpelleNICHUs] TEMIIEpaTyphl B JIUTEPATYPE
MPAKTUYECKU OTCYTCTBYIOT. BaxHbIM (hakTOpoM sIBISIETCS CMOCOO HAJIOKEHUS
AIEKTPUUECKOr0 Mojsi Ha oOnacTe ropeHus. Hampumep, s opranuzaunuu
OJTHOPOJHOTO 3JEKTPUYECKOTO MOJIA BAOJL MOTOKA Ia30B HCIOJIB3YIOT IJIOCKUN
ANEKTPOJ, PpACIOJOXKEHHBI HajJ IUJIAMEHEM, C BO3MOXHOCTBIO IOAAYU
HaIpsDKeHUs Ha ropenky. JUId HajdoKeHHs NONEPEYHOTO 3JEKTPUYECKOIO MOJIs
UCIIOJIB3YIOT JIBa IUIOCKUX MapajuleNIbHbIX d3JIEKTpoJa C Pa3HOMMEHHBIMU
3aps/laMy, paclojOKEeHHbIE BAOJIb MOTOKA, TEM CaMbIM 00pa3ysi KoHaeHcatop [9].
[Ipun wuccrnenoBaHUM BIUSHHUS COOCTBEHHOTO IMOJS IUIAMEHH Ha OJHOPOJHOCTH
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BHEIITHETO DJIEKTPUYECKOTO TIOJIs, CO3/aBaeéMOT0 JJICKTPOJAMU B Pa3IMYHBIX
KOH(pUrypanusix, ObUT CHENaH BBIBOJ O TOM, 4YTO Napajie/ibHble IJIACTUHBI
CO3/Ial0T HauOosiee oHOpojaHOE Tmoje B oOmactu ropenus [10]. IlomspHocTb
MOJAKJIIOYEHHS DJIEKTPOJOB BIIMAET HA HalpaBJeHHE JBUKEHUS HMOHOB (B cliydae
HU3KUX HAMPSHKEHUN), TEM CaMbIM PACTITHUBAs, C)KUMasl WX OTKJIOHSS IUIaMs B
CTOPOHY KaTOJia, YTO IMO3BOJISIET CTAOMIM3UPOBATh MM, HA00OPOT, CIIOCOOCTBYET
YHOCY/TIOTacaHUIO TIJIaMEHH.

Hampumep, mpu HaJOXEHHH MPOJOJBHOTO  AJIEKTPUYECKOTO IO
MPOUCXOJAT HW3MEHEeHMs B BbIcOTe W (¢opme IMmameHu dtanona [11]. Ilpu
YBEJIMUYECHUHM HAIpPSOKEHUST Ha KaTroJe HaOJI0JaeTCsi CYXEHUE TMOBEPXHOCTH
XUMUYECKUX PpEeaKIMil, YTO MPUBOJUT K YMEHBIICHUIO pa3Mepa IUIAMEHH U
OpUJIAHUI0 €My C(hepruecKor, OKpYyriod (GopMbl. AHAJIOTMYHO HCCIIEIO0BAHO
BIIMSIHUE HAIMPABIICHUS CUJIOBBIX JMHHUI MPOJOJIBHOTO BHEIIHETO JIEKTPUUECKOTO
MOJII HAa YCTOWYMBOCTh TOPEHMS TUIaMEHH. bbUTo OOHApy»XeHO, YTO YCIOBUS
cTabmibHOCTH (OPMBI (PPOHTA TUIAMEHU 3aBHUCSAT HE OT HANPABJICHHUS CHIIOBBIX
JMHUM, a OT 3HAYEHMS HANPSHKEHHOCTH dJekTpuueckoro moia [12, 13]. Ilpu
HaJoXeHuu anekrpudeckoro mnoss a0 300 kB/cM, He3aBucMMO OT HampaBlieHUA
CWJIOBBIX JIMHUK, (QPOHT TIUJIaMEHU TPUOOpEeTaeT yCTOWYUBYIO  (GopMmy,
YBEIMYMBACTCS €ro CBeTUMOCTh. OMHAaKO, C JaJTbHEUIINM TOBBINICHUEM
HAIMPSHKEHHOCTH  DJICKTPUUYECKOTO TIOJIsI BO3HHKAIOT MEpPIaHUs, CBSI3aHHBIE C
nedopmarmeit ¢pponrta tiamenn. Kpome toro, B pabore [14] ormewaercs, 4Tto
AIIEKTPUYECKOE I0JIE€ OKA3bIBAET CHIIPHOE BIMAHHE HAa O0Opa3oBaHHE M SMUCCHIO
caxu. Ilom neiicTBMEM TMOCTOSIHHOTO MPOAOJBHOIO TMOJS  JAMUHAPHOE
i y3MoHHOE T1aMs STUIIEHA CTAHOBUTCS paiMajibHO MIMPE U KOpoye, 0ObeMHas
JI0JI Ca)KW yMEHbBIIAeTCs, a JUaMEeTp YacTUll HECKOJIbKO yBenumuuBaetcs. [lpu
pa3MelIeHUH JIAMUHAPHOTO IUIAMEHU B OJHOPOJHOM IMONEPEYHOM II0JIE TAKXKE
HaOmomaeTcs nedopmarus pponta ruramenn. Ha ocHoBe 3TOro Habm0AeHNs ObLUTH
CIEJTaHbl BEIBOBI O TOM, YTO BIIMSIHHUE YJICKTPUIECKOTO TOJIS JIOKAJTU30BaHO B 30HE
MpoTeKaHus XuMHUYeckux peaknmii [15]. B o03opHoit cratbe [16] ObLI0
YCTAaHOBJICHO, YTO OCHOBHBIM 3((})EKTOM IMpPU TOPEHUU B DIIEKTPUUECKOM I1OJIE
SBIISIIOTCSL  DJIGKTPOXMMHUYECKUE peakiuu BO (POHTE IUIaMEHH, KOTOpbIE
CIOCOOCTBYET MOBBIIICHUIO MPEAEIIOB CTA0OMIBHOTO TOPEHUS U CKOPOCTH (pPOHTA
mwiameHu. Taxke ObUIO YCTaHOBIIEHO, YTO SJEKTPUYECKOE T0JIe MOCTOSHHOIO
HAIMpSHDKEHUST OKa3bIBA€T MEHBINIEE BIMSHUE Ha TOPEHHE, IO CPAaBHCHHUIO C
AIEKTPUUECKUM TI0JIEM TIEPEMEHHOTO HATIPSHKCHHUS.

B paborax [17-19] mpeactaBneHbl pe3ylbTaThl HCCIEAOBAHUS BIMSHUA
MOCTOSIHHOTO ¥ TEPEMEHHOTO JJEKTPUYECKOro TMOoJs Ha o00JacTh TOpEeHUs
JAMUHAPHOTO TIUJIAMEHU C IIeJIbI0 YTOYHEHMsS] MOJEIM HOHHOTO BETpa, TIJIe
IPEACTABICHbl OCHOBHBIE XHMHMYECKHE PEaKIMH, MPOUCXOMSIINE B IIpolecce
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XUMHOHHU3AMKA BO (POHTE IUIAMEHU C yYE€TOM KOHLIEHTpalHUd 00pa30BaBLIMXCA
MOHOB, OKa3bIBAIOIIMX HauOoJblliee BIMSHUE Ha Jgedopmanuio GpoHTa IMIaMEHH.
B apyrux pabGorax [20, 21] wu3y4anuch MEXaHM3Mbl CTAOWUIIM3AIUU
OCECUMMETPHUUYHBIX IIJJaMEH TMpeBAPUTEIbHO-TIEPEMEIIAHHBIX CMeced  TOJ
JNEHUCTBUEM MEPEMEHHOro 1Mojs B Juamna3oHe yactor 60-1000 Tm. B
UCCJIEIOBAHMSX CHIEJIaH BBIBOJ, YTO CKOPOCTb MEXKMOJIEKYJIIPHBIX CTOJIKHOBEHUN
MEXIy YCKOPEHHBIMH II0JIeM HOHAaMH U HEWTpPaJbHBIMH HOHAMH SIBIIAETCS
(dakTopoM, OTPaHUYUBAIOLIUM BpEMS Pa3BUTUS MOHHOTO BeTpa. TakuM oOpasom,
ObLIT OOHAPYXKEH PEXHUM YacTOTHOro mnepexona B paiioHe 40-50 I'u, mpu KoTopom
YacTOThl BbILIE JAHHBIX 3HAYEHUH OYyIyT MEHSATh MOJIAPHOCTh Ha D3JIEKTPOAax
pex/ie, YeM BIMSHUE HOHHOTO BETPa CTAaHET 3HAYUTEIbHBIM.

B psge paOoT, MOCBSIIEHHBIX HCCIECJOBAHUIO BIUSHUS 3JIEKTPUUYECKOTO
NOJIL Ha IUIaMsi, UCHOJIb3YIOTCSI COBPEMEHHBIE ONTHUYECKHE METOJbl M3MEPEHHUI,
TaKkhe KaK METOJ aHEeMOMETPUHU MO M300paxkeHusM yactull (auri.: Particle Image
Velocimetry, PIV), meton nasepno-ungyuupoBanHo# ¢ayopecuenuuu (JIND)
[11-19] m ppyrme. C wucnons3oBanueM wetona PIV pa3HbiMM Hay4YHBIMH
rpynnamMu ObLIM MOJYYEHBI MOJIS CKOPOCTH B MJIAMEHAX M B OTAEJBbHBIX 00JIACTSIX
TOPEHUsl, YTO TMO3BOJWJIO CJeJaTh BBIBOJBI 00 HW3MEHEHUH CKOPOCTH U
HAIpaBJICHUU JBW)KCHHMS YYaCTKOB IUIAMEHHM TPU  HAJIWYUM  BHEIIHETO
anekTpuueckoro nosd. OxHako nmpumeHeHue merona JIM® orpaHnyeHo JHIIb
JaHHBIMA W3MEPEHHUI MOl TeMIlepaTypbl B IUIAMEHH B KoH(Urypamusx 0e3
MCIIOJIB30BaHUs 3JIEKTPUUECKOro moiist [22, 23] U JaHHBIMH U3MEPEHUM CHUrHala
bayopecleHIIMM OTAEIbHBIX MOJIEKYJ MPU HAJUYMH BHEUIHErO 3JIEKTPUUYECKOTO
noist (OH, NO u np.) [12]. Takum oOpaszom, ucciaeaoBaHus 00JaCTH TOPEHUS BO
BHEILIHEM DJIEKTPUUECKOM I0JI€ C UCIOJIb30BAHUEM JaHHBIX ONTUYECKUX METOJ/IOB
UM, B YAaCTHOCTH, TIOJIyYCHHE KOJIMYECTBEHHOM OLICHKM HW3MEHEHUs TOJiA
TEMIIepaTypbl O] JEHCTBUEM JIEKTPUUECKOTO OIS, MPAKTHYECKH OTCYTCTBYIOT B
JUTEPATYPE U SIBIAIOTCSA aKTYaJIbHOU 3a7a4eHl.

Lenp naHHOW pabOTHI 3aKiIOYaIach B AKCIEPUMEHTAILHOM HCCIIEIOBAHUU
BIUSIHUA  TOCTOSIHHOTO  DJIEKTPUYECKOro TMOJIsi Ha  JaMUHApHOE  IUiams
NpeIBapUTENIbHO TEpPEMENIaHHOW cMecu B ¢GopMe KOHyca. AKIEHT B padote
CZeJIaH Ha KOJIMYECTBEHHOU OLIEHKE paclpeiesieHHs] TeMIepaTyphl 0e3 Hal0KEeHUs
IIEKTPUYECKOTO MOJIS U PU €r0 HAJTMYHH.

2. JKCIIepUMEHTAJIbHAS YCTAHOBKA

OKCHEpUMEHTANIBHBIM ~ CTE€HJ BKIOYal B C€0sl  OCECUMMETPUYHOE
npoUIMPOBAHHOE COILIO (C BHYTpeHHUM aAuameTpoM d =15 MM), 4acTb KOTOPOTO
OblJa  BBINOJIHEHA M3  JUAJIEKTPUYECKOro  Marepuana (KampoJioH) s
TraJIbBAHUYECKOM  pa3BA3KM  COIUIO-3€MJISl.  DJEKTPUYECKoe Moje  ObLIo
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OpPraHM30BaHO  JIByMSl  MapajUIeIbHBIMU  METAUIMYECKUMU  [UIACTUHAMH,
YCTAaHOBJICHHBIMU BOJIU3M COIUIA TaKUM 0Opa3oM, 4TOOBI JIMHUU HANPSHKEHHOCTU
AIEKTPUUECKOTO0 TOoJig ObUIM NEPHEeHAMKYJSPHO HAMpaBieHbl OCHU CHUMMETPUU
comla, BJIOJIb KOTOPOM HCTeKaeT MoTok rasa. Ilnomanp mimactud (120x120 Mm)
OblJIa JIOCTAaTOYHOM JUisi OpraHu3alil OJHOPOJAHOM HANpPSHKEHHOCTH BO BCEM
obbeme KoHyca TutameHu. PaccrosHue wexay mnactuHamu (D) wmormo
BapbupoBathcs oT 40 mm 10 70 mm. [Tpy moMomM BEICOKOBOJIBTHOIO MCTOYHHKA
NMUTAaHUS Ha IUIACTUHBI-3JIEKTPOABI MojaBanioch Hampstkenue U = 2.5 kB, urto
COOTBETCTBYET HAMpsKEHHOCTU HAnekTpuueckoro mnoist E = 62.5 kB/M (npu
paccrossHuu 40 MM MeXIy OSJIEKTpoJaMu) B MNPUOIMKEHUH  IJIOCKOTO
KoHJieHcaTopa. B como udepes TpyOy-cmecutens JMHOW 70 ¢M IpPOU3BOAUIIACH
nojaya MpeIBAPUTEIILHO-TIEPEMENIaHHON CMECH TOprouYero raza (MeTaHa WIH
npornaHa) u Bo3ayxa. Yucno PeliHonbica 1 BceX U3MEPEHHI cocTaBisuio Re =
1000 m ompenensuiock MO CPEAHEPACXOTHOM CKOPOCTH M BSI3KOCTH BO3JAyXa IpHU
KoMHaTHOU Temmeparype. Koaddumument nzopitka Torumsa (D) m1s merana ObuT
paBeH @ = 095 u @ = 0.85 gna nponaHa. KoHTpoab pacxo10B KOMIIOHEHTOB
CMECH peryiarpoBalcs MaccoBbIMU pacxonomepoB Bronkhorst El-Flow.
Hcnonb3yempiii B paboTe MeTOA ISl OLIGHKH TeMIeparypbl 3a (ppoHTOM
mwiamenn «Two-line» OH IIJIM® ocHOBaH Ha perucTpanuy HHTEHCUBHOCTEU
curHayioB ¢uryopecueHmy Moekysn OH, monmydeHHBIX mpu BO3OYXIACHUU TBYMS
BCOBIIIKAMU Jla3epa, C JIJIMHAMHU BOJIH, COOTBETCTBYyromUX mepexoaam Q;(5) u
Qi(14), B omgHO BO30OYXIEHHOE DOJIEKTPOHHOE cocrosHue. OTHOIIEHUE
MHTEHCUBHOCTU curHainoB (uyopecuenuuu (I;, I;) cooTHOCHTCS ¢ Temmneparypoii
(T) B COOTBETCTBMM C HACEJIEHHOCTHIO DSHEPreTMUECKHMX YpOBHEH 10

pacnpenenenuto bonbimana [24]:

I, Bilpaser,(2J1+1) E|-Ep

—= exp (- ) 1
L, Bolaser, @1, 1) kT M

B ypaBuenun (1) I; u I, — curnanel duyopecueHMu mpu BO30YXKACHUU
IIEPBOTO M BTOPOTO MEPEXOJOB, Ijasgr — PHEPrus Ja3epHOrO MMMyJsbca, B —
ko3 uIMeHT mormomennss ODWHINTEWHAa OCHOBHOTO coctosiHus, (2J+1) —
BBIPOXKJIEHUE YPOBHsI, Iae J — BpallaTeJbHOE KBAHTOBOE uuclo, E — sHeprus
YPOBHEH, U3 KOTOPBIX MPOUCXOIUT BO30YkaAeHue, k — nocrosiHHasa bonsimana, T —
TeMIeparypa. 3HaueHHUs] SJHEPTUU ypPOBHEN B OCHOBHOM cocTosiHuu E; u E, Obun
B3SITHI U3 pabOThI [25].

B kauecTBe MCTOYHMKA W3JIyYEHHs MPU PEATU3ALMH METOJA IIOCKOCTHOM
Ja3€pHO-UHAYIIUPOBAHHOW  (PIIyOpecleHIMM  HKCIOJb30Bajlach  CHCTEMa U3
umnynscHoro  sazepa Hakauku Nd:YAG QuantaRay (532 ©vM) wu
nepecTpanBacMoro MMIYJIbCHOTO Jiazepa Ha kpacutene Sirah Precision Scan, ¢
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MOMOIIbI0 KOTOPOM MPOU3BOAMIOCH BO30YyxaeHue (uyopecuenuun moiekyin OH
Ha JauHe BoaHbl nepexogoB Qi(5) m Qi(14) (282.66 um u 286.37 HM,
cooTBeTcTBeHHO) monochl (1-0) smextponHoii cuctemsr A°Y —X’I1. CormacHo
pesynpTaTaM paboThl [26], wucmosb3yeMas B OKCIEPUMEHTE TMapa JUHHMA
BO30Yy>KJIeHUs 00J1alaeT HauOOJbIIEH YyBCTBUTEILHOCTHIO K TEMIIEPAType, UMEET
XOpOIIIEE COOTBETCTBUE C TEOPETUUECKON 3aBUCUMOCTHIO B Auarnazone 1200-2100
K u ¢ u3mepeHusiMu Ha OCHOBE CIIOHTAaHHOTO KOMOWHAIIMOHHOTO paccesHus [27].
C nomoripio KouTMMUpYoIeld ontukyd LaVision J1azepHbIil dyd, BBIXOIAIIANA U3
Jla3epa Ha KpacuTese, pa3BOpavyruBajICid B KOJUIMMUPOBAHBIN JA3€PHBIA «HOX» U
OCBeEIAJl IEHTPAJIIbHOE CEYEHUE MOTOKA, MPOXO/I CKBO3b OTBEPCTHUS B IMIACTUHAX-
ANEKTpOAax. DHEPrus KaKJI0ro Jia3epHOro ummylibca coctabisuia 10 mJx go
KOJUIMMUpYIolel onTuku. Cxema 3KCIEepUMEHTaIbHOM YCTAHOBKM MpE/ICTaBlIeHA
Ha pUcyHke 1.

Jlazep Ha kpacurene

Jlazep Hakauku

i [JIN® Kamepa
h 200

KBapriieBblit 00beKTHB ¥ GUIBTPHI

Krosera
Komnumarop

DJIEKTPOIbI JloBymKa s
Cormio JIA3€PHOr0 U3JIy4YECHHUs

Pucynok 1. Cxema 3kCiepuMEHTaIbHONW YCTAHOBKH.

Perucrtpanus curnana ¢iayopecueHuuy JUHUN KoieOaTeIbHbIX MEePEX00B
(1-1) m (0-0) (B mumamazone 300-320 ©HM) mnOpou3BOAWIACHE C TIOMOIIBIO
nnteHcupunmpoanHoit KMOIT kamepsr LaVision Imager sCMOS. Kamepa Obuta
OoCHaleHa 3JeKTpoHHO-onTudeckuM ycwiurtenem (LaVision IRO), kBapiieBbiM
OOBEKTHBOM, CHOCOOHOM TIPOIMYCKAaTh W3JIy4ye€HHWE B  yIbTpadUOIETOBOM
Arana3oHe, ¥ MoJ0COBbIM onTHueckuM (pumbtpom (310 £ 10 HM), MO3BONSIOIIUM
UCKIIIOYUTHh BJIHMSHUE W3IY4YEHUs Ha [JIMHE BOJIHBI Jia3epa U BBIACIUTH
HEOOXOAMMBIA NHAIa30H JIJIMH BOJH B criekTpe (uyopecniennuu pagukana OH.
Peructpanus curnana Quyopecuenuun wmosiekyn OH s kaxnmod JMHUUK
Bo3Oyxaenus (Qi(5) u Qi(14)) npousBoawiack MO OTAeAbHOCTU. Jlanmee
MOJIyYeHHbIE CUTHAIbl OBLIM TOJEJEHbl JpPYr Ha Jpyra s OnpenesieHus
TeMmmeparypsl, kak onrcano Beime. KMOII kamepa Taxke Oblia HCTIONb30BaHA JJIs
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yueTa HEpaBHOMEPHOCTH pacIipeesieHUs SHEPIUH B JJa3epPHOM HOXKE, PETUCTPUPYS
CUTHaJ (IIyOpeCHEHIIMM B KBaplEBOW MPSIMOYTOJbHONW MPO3pavyHONl KIOBETE,
HAIMOJHEHHOW pacTBOpoM pojaamuHa 6G. Perucrpamusi pacmpesneneHus CUrHaia
bayopecueHIIUM B Ja3epHOM «HOXE» BHYTPU KIOBEThl MPOM3BOAMIIACH IOCIHE
CbEMKHU KaXIoro wuccieayemoro pexuma ropenuss (500 kanpoB) myTem
NEPEeMENICHUEM KOOPJIMHATHBIM MEXaHU3UPOBAHHBIM YCTPOMCTBOM KIOBETHI Ha
MECTO COILjIa, PY ATOM HE MEHSISI pesKUM paboThI Jlazepa.

[lepen mnpoBegeHHMEM H3MEpPEHUN TOJIA TEMIlepaTypbl Obula MpOBEACHA
npoBepKa JUHEHHOro pexuma QuyopecueHuun. [Ins 3toro Oblaa mHpoBeAcHA
perucTtpanus curtana ¢iayopecueHuu Mojaekyn OH npu Bo3OyxaeHNH Ha JUTHHAX
BostH sinHMM Q(5) u Q;(14) B ucciaexyeMom IiaMeHu Py BapbUPOBAHUM SHEPTUU
Ja3epHOTO UMITyJbca. [10 MoaydyeHHbIM 3aBUCUMOCTSIM CUTHaIA (HOPMUPOBAHHOTO
HA MAaKCHMAaJIbHOE 3aperuCTPUPOBAHHOE 3HAYEHUE) OT DHEPrUM JIA3epHOTO
U3NydyeHus Oblla ycTaHOBJieHa pabouas sHeprus nazepa 10 = 0.3 m/Ix nms o6oux
ra3oB, KOTOpas MO3BOJSET MPOU3BOAUTh M3MEPEHHS HHTEHCUBHOCTH CHUTHAJIa
bayopecueHIuN MpU MaKCUMAIbHO JOMYCTUMOM 3HAYEHUHU CUTHAJIA, IIPU 3TOM HE
J0XOJIsl 10 PEKMMa HACBIIICHUS, TTO3BOJISAS IPOU3BOIUTH U3MEPEHHSI B TUHEHHOM
pexume JIND.

OcpenHenue curxasia GryopecieHIny Iporu3Boauiochk 1o S00 MrHOBEHHBIM
U300pKEHUSAM NIl KOKIOTO pekuMa ropeHus. K MrHOBEHHBIM pacmpeiesieHUusIM
curHaiga ¢ayopecueHiud ObUla MOpuUMeHEeHa o0paboTka  M300paKeHUM,
BKJIOUaromiass B ce0si BbIYET (OHA, YUYET HEPABHOMEPHOCTH paclpeieieHus
MHTEHCUBHOCTU B JIA3€PHOM HOXE, Y4YET HHEPruM Ja3epHOr0 H3IY4YEHHUS OT
BCIIBIIIKK K BCHOBIIIKE W MPOCTPAHCTBEHHYIO KaJIMOpPOBKY C HCIIOJIb30BAaHUEM
miockoi kanmmopoBoyHoi mumienn Edmund optics.

4. Pe3yabTaThl

35.7 xB/m, 41.7 xB/m, 50 xB/m, 62.5 xB/m,

bes on. o 70 MM 60 MM 50 MM 40 Mm

A A A AN

Pucynox 2. Pe3ynbTaThl BU3yaiu3aluy IJIAMEHU METAHO-BO3IYIIIHOW CMECH MpHU
HAJUYUU/OTCYTCTBUM BHEIIHEro 3JieKTpuueckoro mojs it Re = 1000 u @ =
0.95. B BepxHeil cTpoKe yka3aHa HaIpsHKEHHOCTh 3jekTpuueckoro nois (E) u
paccrosinre Mexay miactuHamu (D).
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Peructpanuu >¢pexra BAMSHUS JIEKTPUIECKOro MoJisi Ha GopMy TIaMeHH
MPOU3BOAMIIACH C TIOMOIIBIO BU3yaIM3aliuu (PUCYHOK 2) IJisi TulaMeHu B Gopme
KOHYCa, TJIe B Ka4eCTBE TOIUIMBA ObLT Mctosib3oBaH MeTaH (Re = 1000, @ = 0.95).
Busyanmzamuss  mpoBoamiiack ¢ momombio  1udpoBoro  (oroammapara,
YCTaHABIIMBAEMOI'0 HAMPOTHB IUIaMeHH (y TMOJYYCHHBIX CHHUMKOB IIBET OBLI
WHBEPTHPOBaH). Pe3ynbTaThl BU3yalM3alMd CBUIETEIBCTBYIOT O TOM, YTO O]
BO3JICHICTBHEM BHEIITHETO 3JIEKTPHUUECKOTO MOJs (PPOHT IIaMeHH BOJIM3HM BEpXHEH
4acTH KOHYCa PacTATHBAETCA, a 3aTeM, NMPHU YBEITWYCHHH HAIPSHKCHHOCTH TIOJIS,
SIBHO OTKJIOHSIETCSA B CTOPOHY OJTHOTO U3 AJIEKTPOJOB (KaToAa).

40% 2000
1900
30 1800
1700
20 1600
1500
101 1400
-1300

0L __bes on. momst MM oL ' Clan. momeM MM
15 210 5 0 5 10 15 415 <10 5 0 5 10 15 — 1200

Pucynok 3. Ilose Temnepatypbsl METAHO-BO3IYIITHOM CMECH B 3aBUCUMOCTHU OT
HaJIMYUs/OTCYTCTBHS BHEIIHETO 1. moJist nmpu Re = 1000 u ®@ = 0.95.

Hcnonp3ys monydeHHOE OTHOIICHHE CUTHAJOB (hJIyOpEeCIEHIMU NP JIBYX
Pa3NUYHBIX JMHUSX BO30YXKIEHUS, a TAKXKE H3BECTHYIO 3aBUCUMOCTb MEXKIY
OTHOIIIEHHEM CUTHAJIOB U TemrmepaTypoil [24, 25] 6110 MOMy4YeHO MoJsie CpeaHen
TEMIIEPATypPhI ISl TUIAMEHU METaHO-BO3AYIIHON cMecu 0e3 HaJI0)KeHHS BHEIIHETO
AIEKTPUYECKOTO TIOJIT M C €r0 HanumdueM (PUCYHOK 3). AHAJIOTHYHBIM CIIOCOOOM
OBLJIO TIOJTYYEHO TOJIE TEMITepaTyphl (PUCYHOK 4) B TJIaMEHU MPOTaHO-BO3TYIITHON
cMecu. HampsiKeHHOCTh JJIEKTPUYECKOTO TMOoJsi B 00oMX ciyyasx Obuia
MakcuManbHOM U paBHOM E = 62.5 kB/M. Otobpakenue yepHo-0enoil rpagauuu

MOJIsl TEMIIepaTypbl (Kak U IBETOBOM IIKaJbl) MPEACTABICHO C IUCKPETU3alUEl B
50 K.
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2000
1900
1800
1700
1600
1500

1400
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Pucynox 4. Ilone Temneparypsl MpONaHO-BO3IYIIHON CMECH B 3aBUCHMOCTH OT
HAJIUYUS/OTCYTCTBHS BHEIIHETO 3eKTpruyeckoro moss npu Re = 1000 u @ = 0.85.

Ha pucynke 5 mpencraBienbl mpoduin TemrepaTrypbl B IUIAMEHU IS
HCCIIETyEMBIX IJIAMEH, MOJYYEHHBIX U3 MOJIs CPEJHEN TEMIIEpAaTyphbl B CEUCHUU Y
= 15 MM Hag cpe3om cormia. Pa3peiB mpoduiieit TemmepaTypbl MO CEpeiMHE
(OTCyTCTBME CUTHAJA HAJl COTUIOM) CBSA3aH C TEM, UTO TEMIEpaTypa BHYTPpU KOHycCa
U 3a TpejellaMd TopsAYuX MPOAYKTOB TOPEHUsS HE OmpejiesieHa BBUJY HHU3KOIO
curana [TJIN® u3-3a manoro komudectBa mojiekyn OH B ganubix obnactsax. U3
MOJTYYCHHBIX JaHHBIX BUIHO, YTO 3HAYCHUS TEMIIEPATyphl B BRIOPAHHOM CEUYCHUU
JUISL METaHO-BO3AYIIIHOTO TUIAMEHU HE W3MEHSIOTCS B 3aBUCUMOCTH OT HAJIUYUSA
BHEILIHETO 3JIEKTPUYECKOI0 Mojs. B ciiyyae mnponaHo-BO3AYIIHOTO ILJIAMEHU
HaOmroaeTcss HesHauuTenbHOe (mopsaka 50 K) ymeHbleHue TemIiiepatypbl B
BBHIOPAHHOM CE€UYEHUU B CIIydae HAIMYHWS BHEIIHETO JIEKTPUIECKOTO TIOJIA.

1800 TIK] 1650 TIK]
1750 Metan 1600 1 IIpomnan )gi‘xxx
@ X C&}X
1700{ & % ) ﬁ 550 §Po % XS
16501 © % ox X 0 x o  x
e K S 1500 1 i % o
1600{ X % o o
Q la]
1450 1
15504 X o % X
1400 1
1500 - x Be3 o % bes momns
1450 - o C monem 1350 1 o C nonem @
MM 1300 MM
MO 5 o6 35 10 15 -5 40 5 0 5 10 15

Pucynoxk 5. [Ipodunu cpenneit Temnepatrypsl Ha BbICOTE 15 MM HaJl cpe3om coria
JUISL METAHO-BO3AYIIIHOTO W MPOMNaHO-BO3AYIIHOTO ILIAMEH.
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5. 3akarouenue

B pabGore mnpencraBineHa OlEHKa TMOJsI TEMIepaTypbl B  IUIAMEHH
IpeIBapUTENIbHO-IIEPEMEIIaHHON MeTaHo-Bo3aymHo (D = 0.95) u nponaHo-
Bo3aymHOM (@ = 0.85) cmecell moja NEWCTBUEM MOCTOSIHHOTO 3JIEKTPUYECKOIO
nonsi u Oe3 Hero mpu Re = 1000. Pesynbprarel mpoBeAeHHON BHU3yalu3alud
CBHJIETEJILCTBYIOT 00 M3MeHEeHHH (POpMBbI PpOHTA IJIaMEHH (OTKJIOHEHUU BEpXHEH
4acTH KOHyCa B CTOPOHY KaTo/1a) MO BO3/I€UCTBUEM HOHHOTO BETPA, BHI3BAHHOIO
HAJMYMEM BHEIIHEro ciaaboro snekTpuueckoro mnojs. [lomyuyeHHble OaHHBIE C
nomoIeio Meroaa «Two-line» TIJNIM®D, a uMeHHO cpenHee ToJie TeMIepaTypsl (a
Tak)Ke MOCTPOEHHBIE MO MO0 MPOQPUIN TeMIepaTyphl B CEYeHUH y = 15 MM Haj
CpPEe30M COIIa), CBUICTEIHCTBYIOT O CJ1a00M BIUSHUUA HAJIOXCHUS BHEITHETO
AIIEKTPUYECKOTO TOJISI Ha paclpeiesieHue TeMIEepaTrypbl B MPOIYKTaX TOPEHUS.
[lonydyeHHsle JaHHBIE MOTYT OBITh HCIOJB30BaHbl B JallbHEWIIEM JJis
BEepU(PHUKALUU METOJOB YUCICHHOTO MOJICIUPOBAHHS.
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Abstract

As an excellent hydrogen carrier, ammonia is a very good clean energy source.
However, due to the poor combustion performance of ammonia, other fuels can be
blended to improve the combustion performance. In this paper, the combustion
characteristics of ammonia/methane composite fuel and analyzed, and the ability of
ammonia/methane ratio to alleviate the thermoacoustic instabilities of burners is
discussed, which is of great significance for the development of low-emission and
high-reliability combustors.

In this study, the pressure and heat release rate oscillation characteristics in the
combustion chamber, and the evolution of the flame surface driven by velocity
perturbation are investigated. The flow shape and instantaneous OH profile are
measured with high-speed camera and OH-PLIF technique, respectively. Analysis
shows that its vibration pattern and frequency are similar to the axial first-order
acoustic mode; both the heat release rate and the pressure fluctuate at the same
frequency. The inlet velocity perturbation leads to the reciprocating retraction and
expansion of the flame front as well as the further change of the flame wrinkle. The
spatiotemporal varying in the flame surface area are the key mechanism for driving the
fluctuation of the heat release rate. When the swirling flame interacts with the
combustor wall, the flame surface will be broken out, and the flame surface area will be
extended to the maximum.

In addition, the stoichiometric ratio and ammonia/methane mixing ratio have a great
influence on the thermoacoustic instability of premixed swirl combustion. As the
equivalence ratio changes from the lean to the rich, the burner undergoes a transition
process: from the stable combustion, quasiperiodic oscillation, limit cycle oscillation,
quasi-periodical oscillation, until the stable combustion. Blending ratio mainly change
the flame heat release power, flame shape, flame propagation velocity and the
interaction between the flame and the combustor wall. As the ratio of ammonia gas
increases, the burner changes from limit cycle oscillation to the stable combustion,
and the flame heat release power also decreases.

Therefore, blending ammonia in methane is a good attempt to alleviate
thermoacoustic coupling, and optimizing the overall airflow velocity, equivalence
ratio and blending ratio is the key to get the best performance.

Keyword: thermoacoustic instability; Ammonia/methane; premixed combustion;
combustion characteristic; flame structure
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1 Introduction

In order to meet the requirements of low pollutant emissions, a variety of low
emission combustion technologies including lean premixed combustion, staged
combustion and catalytic combustion have been proposed for ground gas turbines, aero
engines and other industrial burners!'. Among them, lean premixed combustion can
reduce flame temperature, thereby significantly reducing nitrogen oxide emissions. Dry
lean premixed combustion technology has also become the main way for industrial gas
turbines to reduce NOx and other pollutant emissions. Ammonia is a carbon-free
energy source, because of its high hydrogen content, it is very suitable for the low
pollution emissions proposed today. Therefore, it is very important to study the
combustion characteristics of ammonia in lean premixed combustion.

Compared with the diffusion flame, the premixed flame itself is more sensitive to
the disturbance of the flow field. Especially under lean combustion conditions, changes
in inlet pressure, temperature, velocity and equivalence ratio can easily cause changes
in the heat release rate of combustion. When the fluctuation of the heat release rate is
coupled with the acoustic field of the combustion chamber, it may cause large pressure
oscillation. With the development of combustion mode from non-premixed to premixed,
the combustion chamber structure is also changing, as shown in Fig. 1. In the
combustion chamber with non-premixed combustion mode, the air is divided into
multiple streams from the head and side walls into the combustion chamber. These
mixed airflows and inlet holes play the role of acoustic damping. Compared with the
traditional gas turbine combustor, the lean premixed combustor is more compact and
has less mixed airflow, so the acoustic damping of the combustor is often smaller. In
addition, the flame reaction zone of premixed combustion is smaller and the flame is
more compact.

blended air  diluent air diluent air
iy

p— o g = 60%air
30%air = e fuel T—
= 2 ..1I .......
fuel

(a) (b)

Fig. 1. Comparison between traditional gas turbine combustor (a) and lean premixed

combustor (b)

The significant feature of thermoacoustic instability is the generation of large-scale
pressure oscillations. According to the pressure mode, it can be divided into axial mode,
circumferential mode and radial mode, as well as these three combined modes. For the
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single-cylinder combustion chamber, the axial vibration mode is usually generated, and
for the annular combustion chamber, the circumferential vibration mode is also more
likely to be generated. Low frequency combustion instability is generally dominated by
system instability, and it is difficult to be effectively suppressed by general sound
absorption methods.

The influencing factors of thermoacoustic instability characteristics are very
complex, which can be divided into inlet conditions and configuration sizes. Among
them, the intake conditions mainly include the degree of premixingm, fuel type[4],
equivalence ratio””), and the velocity, temperature'®, pressure!”! of the mixture. These
factors mainly affect the thermoacoustic instability by changing the ignition,
propagation, heat release and other characteristics of the flame itself. Shih et al.!®!
studied the effect of fuel / air mixing uniformity on thermoacoustic instability by
changing the fuel nozzle position. The results showed that incomplete mixing
significantly reduced the flame stability range. The results of Venkataraman et al."”!
showed that the intensity of thermoacoustic oscillation increased with the decrease of
premixing degree from 100 % to 50 %. In terms of fuel type, the combustion instability
problem using clean and renewable fuels has received more attention in recent years.
Based on the research background of lean premixed combustion, most researchers
focus on the problem of thermoacoustic instability under lean combustion conditions.
In fact, the research of Choi et al' and Sun et al."! shows that under certain
conditions, rich combustion will also produce thermoacoustic instability.

Flame structure is an important angle to study flame characteristics. Wang et al.l'*!
analyzed the flame structure of the annular combustor. The results show that the OH
radical presents a ring structure, and the flame has the common characteristics of
turbulent and laminar premixed structures. When the concentration of carbon dioxide
increases, the flame cone structure will be stretched, thereby reducing the overall
reaction area. Kedia et al."*'*! studied the anchoring mechanism of laminar premixed
flame near the bluff body through numerical simulation, there is a shear layer stable
flame downstream of the thermally conductive bluff body, and the combustion product
forms a recirculation zone, the flame is anchored downstream of the bluff body because
it has a sufficiently high temperature, and the energy convection between the product
and the reactant causes the flame to move upstream. Wan et al.'*! studied the anchoring
mechanism of the flame root and the flame tip in a methane premixed swirl burner. It
was found that the anchoring position of the flame root was related to the conjugate heat
exchange, and the preferential diffusion effect significantly affected the local
equivalence ratio near the flame root, thereby promoting the root anchoring.

In view of the combustion characteristics of hydrogen-ammonia composite fuel,
domestic and foreign scholars have carried out experimental research on its basic
characteristics such as combustion limit and ignition delay. Choi et al.'®
experimentally measured the extinction limit, flame temperature and flame shape of
non-premixed ammonia-hydrogen-air flames at high temperature and atmospheric
pressure. It was found that hydrogen as an additive can improve the reactivity and
ignition performance of non-premixed ammonia-air flames and increase the blow-off

199



limit of flames. Rocha et all'” studied the chemical kinetic model of

ammonia-hydrogen-air premixed gas ignition, premixed flame propagation and NOy
emission. The results show that pure ammonia flame has higher ignition delay time and
lower flame speed. After hydrogen is added to the ammonia flame, the flame speed
increases exponentially and the NO, emission increases significantly. Lee et al.'™
carried out experimental research and calculation on the flame propagation, surface
cellular flame stability, NOy and N,O emissions of spark-ignited spherical laminar
premixed ammonia-hydrogen-air flames. It was found that in hydrogen-air flames,
ammonia substitutes can significantly reduce laminar combustion speed and
significantly reduce NOy emissions. In the impeller swirl burner, Zhou!'”! explored the
influence of experimental parameters such as flow rate, swirl blade number and swirl
number on the stability and combustion limit of ammonia premixed swirl combustion
flame. The research shows that the ammonia flame will be tempered and oscillated due
to unstable combustion at a certain equivalence ratio, and the combustion limit of the
ammonia flame will be affected by the total fuel flow.

Because of the poor combustion performance of ammonia, it can be mixed with
other fuels to improve the combustion performance, such as hydrogen, methane, carbon
dioxide and so on. In a non-premixed burner, Colson et al.*”! explored the effect of
ammonia injection on the flame structure in a methane flame. Studies have shown that
the evolution of the flame position is related to the jet velocity, the position of ammonia
addition, and the mixing ratio of the fuel.

This paper analyzes the combustion characteristics of ammonia/methane
composite fuel. Firstly, we discussed the flame surface evolution characteristics of
methane combustion on the premixed swirl combustion test bench. On this basis, we
studied the effects of equivalence ratio and ammonia blending ratio in
ammonia/methane composite fuel on the thermoacoustic oscillation and flame dynamic
characteristics of the flame.

2 Experimental Setup

Fig. 2 is the schematic diagram of the premixed swirl combustion test bench used
in this experimental study. The experimental system is divided into swirl burner, gas
supply system, measurement and control system, cooling system, acoustic excitation
system. Among them, the swirl burner is the core part of the experimental platform,
which is used to generate swirl flame and can realize the visualization of flame. The gas
supply system supplies air and fuel for the burner, and realizes premixing and
adjustment of flow rate and equivalence ratio. The measurement and control system is
used for high-frequency synchronous measurement of physical quantities such as sound
pressure, temperature, and heat release rate fluctuations, and is also used for timing
control.
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Fig. 2. Schematic diagram of premixed swirl combustion test bench

In order to study the pressure oscillation characteristics under thermoacoustic
instability, typical experimental conditions are selected for analysis. The specific
parameters are shown in condition 1 of table 3.1. Among them, the equivalence ratio
ER is 0.8, the swirl number Sn is 0.73, the air flow Vy; is 180 slpm, the corresponding
average inlet velocity is 10 m/s.

Table 1 Typical experimental conditions for unstable and stable combustion

) Inlet length combustor length
Number ER So Vair (slpm)
L, (m) L. (m)
Mode 1 0.8 0.73 180 0.45 0.72
Mode 2 0.8 0.73 180 0.45 0.42

In order to study the flame structure characteristics of ammonia-methane
composite fuel under thermoacoustic instability, the typical experimental conditions
were selected for analysis. Among them, the ammonia-methane compound equivalent
ratio is 0.8 and 0.9. At each equivalence ratio, the volume ratio of ammonia in the
composite fuel is 0 ~ 70 %. Other working conditions are the same as Model. The
specific parameters are shown in Table 3.2.

Table 2 Typical experimental conditions of ammonia-methane compound combustion

Number ER S, Vpir (slpm)  Ammonia / fuel volume ratio
Mode 1 0.8 0.73 180 10%-70%
Mode 2 0.9 0.73 180 10%-70%
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3 Results and Discussion

3.1 Analysis of flame surface evolution characteristics

When thermoacoustic instability occurs, the spatial distribution of flame heat
release rate shows periodic pulsation, and the heat release intensity and main
distribution area at different times (or phases) in a cycle change. In order to analyze the
reasons for the temporal and spatial variation of heat release rate, this section analyzes
the evolution characteristics of flame surface. The combustion intermediate product
OH radicals exist in the combustion reaction zone, so the position of the flame front can
be characterized according to the concentration distribution of OH. In this section,
OH-PLIF will be used to measure the OH concentration distribution on the central
plane of the swirl flame.

3.1.1 Planar distribution of OH radicals and evolution of flame surface

Fig. 3 shows the typical OH-based transient distribution when thermoacoustic
oscillation occurs and stable combustion occurs. It can be seen that the flame is lifted
when thermoacoustic instability occurs, the reaction zone is more dispersed, a large
number of folds are generated on the flame surface, and many ' island ' reaction zones
are formed. When the combustion is stable, the flame front is anchored on both sides of
the nozzle center column, and the flame surface is wrinkled under the action of
turbulent pulsation and vortex, but the reaction zone is basically connected together.
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Fig. 3. Transient OH radical distribution during thermoacoustic oscillation (a) and stable

combustion (b)

In order to obtain the time-averaged results of OH group distribution, 100 transient
images were used for average processing (when the number of images exceeded 50, the
time-averaged results were in good agreement). Fig. 4 shows the time-average distribution of

OH groups. It can be seen that when thermoacoustic instability occurs, the reaction zone
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presents a 'M'-shape, the distribution of OH groups is more extensive, and there are also more
OH groups near the wall of the combustion chamber and in the central recirculation zone. In
the case of stable combustion, the time-averaged flame presents a 'V' -shaped structure
downstream of the nozzle. The flame reaction zone is mainly located in the inner shear layer
of the swirl jet, that is, the middle of the two sides of the 'V' word. There is almost no
distribution of OH groups in the central recirculation zone, indicating that the fresh gas
participates in the chemical reaction quickly after entering the combustion chamber, and the
reaction has basically ended when it reaches the wall of the combustion chamber.

\ 1
120
0.8 100 0.8
80
0.6 0.6
60
0.4 ; 0.4
40 "
0.2 20 0.2
50 0 50

0 0 0

120

100

80 1

¥ {mm)
v (mm)

60 1

40 4

20

-50 ] 50
X (mm) X (mm)

(a) (b)
Fig. 4. Time-averaged OH radical distribution during thermoacoustic oscillation (a) and stable

combustion (b)

The pressure and heat release rate pulsations have good periodicity when the limit cycle
oscillation occurs. Therefore, the phase points can be defined in each period, and the
evolution process of the flame surface can be analyzed by the images of the same phase points
in different periods. According to the position of the image shooting time in one cycle of the
pressure signal, eight phase points are defined. The phases corresponding to these eight phase
points are 0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°, respectively. Fig. 5 shows the
transient concentration distribution and concentration gradient distribution of OH groups at
these eight phase points. The OH concentration distribution characterizes the reaction zone,
and the concentration gradient can characterize the position of the flame front. Since the
pressure signal is almost the same as the overall heat release rate signal, the peak and trough

of the pressure signal mean the peak and trough of the heat release rate, respectively.
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It can be seen from Fig. 6 that the reaction zone at time a (phase 0°) is mainly distributed
in the area of 30-90 mm downstream of the nozzle, especially near the wall and the central
recirculation zone. The flame produces more wrinkles, and the reaction zone is divided into
many areas of different sizes, which increases the area of the flame front. This can be seen
more intuitively from the OH concentration gradient map on the right side. The large area of
the flame front means a larger heat release rate, so the heat release rate reaches a maximum at
0°. From 0° phase to 90° phase (from a to ¢), the flame front moves in the direction of the
nozzle as a whole, indicating that the combustion velocity is greater than the flow velocity. It
is worth noting that the OH group does not represent the size of the heat release rate.
Although the OH group is more widely distributed from a to ¢, the area of the flame front is
decreasing, which leads to a decrease in the heat release rate of the process.

From d to f, the downstream movement of the flame front can be seen, indicating that the
flow rate is greater than the combustion rate. At the same time, the flame rollover caused by
the wake vortex can be observed. Under the action of centrifugal force, the flame front also
moves to the combustion chamber walls on both sides. After reaches f, the flame front is
basically in the region near 60 mm downstream of the nozzle. From f to h, the flame front
continues to advance to the downstream and both sides of the wall, and the flame front
produces more wrinkles. Vortex breaking forms many ' isolated islands ' in the reaction zone,
local heat release is strengthened, and local combustion pressure is increased. On the whole,

from e to h, the flame propagates downstream and on both sides of the wall, and the area of
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the flame front increases. Therefore, the heat release rate of this process increases, and the
interaction process with the wall surface promotes the rapid increase of the overall heat

release rate.
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Fig. 6. Transient OH radical distribution in different phases (color image) and concentration

gradient distribution (black and white image)

3.1.2 Relationship between flame surface evolution and nozzle velocity

fluctuation

From the analysis results of the previous section, the flame surface changes with the
change of the flow field in each cycle. This section further analyzes the relationship between
the flame surface evolution and the velocity fluctuation of the nozzle (combustion chamber
inlet). Firstly, according to the pressure signals measured by microphones P1 and P2 in the

intake section, TMM can be used to reconstruct the velocity fluctuation at the nozzle position.
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The data analysis at different times shows that the phase difference between the pressure
signal (P2) and the velocity pulsation signal is maintained at about 110°, and the phase
relationship between the two can be intuitively represented by Fig. 7. In order to analyze the
general characteristics of the evolution of the flame in a period, the OH-PLIF results can be
processed by phase averaging to obtain the statistical average results of the OH concentration
distribution in each phase. The phase averaging method used here is to divide the time of a
period into 30 segments. In each small period of time, the middle time of the period is used as
the phase value in the period. The phase value defined in this way has an error of less than
1.67 % (relative to 2m). In this way, 3000 transient photos will always fall on one of the phase
intervals, and about 100 photos on each phase are used for average processing. In order to
distinguish it from the phase defined in the previous section based on the pressure signal, the

number 1~8 is used to represent different phase points.

Fig. 7. The phase relationship between nozzle velocity and sound pressure signal (P2) when

thermoacoustic oscillation occurs.

Fig. 8 shows the phase-averaged OH group distribution based on the nozzle velocity
fluctuation, and the change diagram of the flame front is given. The flame front here refers to
the interface between the reaction zone and the unburned gas. The nozzle velocity fluctuation
corresponding to phase 1 is 0, the reaction zone is mainly located near the wall on both sides
of the downstream, and the flame front presents a 'V' shape. From 1 to 3, the flow field
velocity of the nozzle increases, and the flow velocity is greater than the flame propagation
velocity, so the flame front is blown downstream. From 3 to 5, the velocity of the nozzle
decreases, but the pulsation is still positive, and the flame front continues to advance

downstream and gradually becomes 'M' shape. From 5 to 7, the velocity of the nozzle
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continues to decrease, and the pulsation is negative, indicating that the instantaneous velocity
of the intake air is lower than the average velocity, and the flame front begins to shrink with
the internal and external recirculation zone, which is accompanied by the increase of the heat
release rate. From phase 7, the pulsation is still negative, and the flame front continues to
retract to the nozzle direction and returns to phase 1. Under the experimental conditions, the
movement of the flame front is determined by the local flow field velocity and the flame
propagation velocity, and the latter is almost constant. The former is closely related to the
velocity fluctuation at the inlet of the combustion chamber, that is, the inlet velocity
fluctuation at the nozzle is transported to the reaction zone by convection, causing the local
flow field fluctuation in the reaction zone. Therefore, in Fig. 8, with the periodic fluctuation
of the velocity at the inlet of the combustion chamber, the flame front generally contracts and

expands.

100

|
’j

{mm)
-
"'y
4
P
1<
¥ (mm)
a8 B8

2
=

—
—

Lh

—

v {mm)

v (mm)
£z
'I
-

(2) (6)

¥ (mm)
v (mm)

: -0 i s M : .50 0 50 ] lg
¥ {mm) x {mm) %
(3 i ( I

¥ {mm)
v {mm)

Fig. 8. OH concentration distribution (cloud picture) and flame front diagram based on the

average of velocity pulse action phase

207



3.2 Flame structure of ammonia / methane composite fuel

Adding ammonia to the fuel will reduce the flame propagation speed and heat
release rate. According to the analysis in the previous section, we know that the flame
structure is closely related to the occurrence of thermoacoustic instability. This section
will specifically analyze the flame structure and thermoacoustic instability of
ammonia-methane composite fuel.

3.2.1 Mixing ratio on the evolution of thermoacoustic oscillation

Fig. 9 shows the RMS values of thermoacoustic oscillations recorded by the
microphone under several typical equivalence ratios. It can be seen that under different
equivalence ratios, as the mixing ratio increases, the pressure amplitude decreases.
When the equivalence ratio is 0.8, the thermoacoustic oscillation is more intense when
the mixing ratio is 0 and 10 %, and the limit cycle oscillation is generated. Continue to
increase the mixing ratio, the thermoacoustic oscillation phenomenon disappears.
When the equivalence ratio is 0.9 and 1.0, the pressure oscillation in the combustion
chamber is strong and the amplitude is stable when the mixing ratio is between 0 and
40 %.

The pressure amplitude decreases with the increase of the mixing ratio. This is
because as the ammonia ratio increases, although the equivalence ratio does not change,
the energy of complete combustion is lower, and the incomplete combustion of
ammonia further reduces the heat release rate. It is also observed that the pressure
amplitude of ER0.9 is larger than that of ER1.0.
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Fig. 9. The maximum amplitude under different working conditions
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By reconstructing the phase space of the pressure signal of the combustion
chamber, the intensity change of the thermoacoustic oscillation can be clearly seen. It
can be seen that for the same mixing ratio, increasing the equivalence ratio will increase
the stability of the pressure amplitude, indicating that increasing the equivalence ratio
will promote the generation of thermoacoustic oscillations. For the same equivalence
ratio, increasing the mixing ratio will make the pressure amplitude unstable, and the
thermoacoustic oscillation in the combustion chamber will also change, showing limit
cycle oscillation-quasi-periodic oscillation-stable combustion.
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Fig. 10. Phase space reconstruction diagram of pressure curve under different working

conditions

3.2.2 Effect of blending ratio on flame dynamic characteristics

This section will analyze the distribution characteristics of flame heat release rate
in Table 2. Although there is no thermoacoustic oscillation when the equivalence ratio
is too low or too high, the flame surface is wrinkled due to the vortices of different
scales in the swirl flow field, which also causes the spatial variation of the heat release
rate.

Fig. 11 shows the time-averaged distribution of CH at 0.8 and 0.9 equivalence
ratios with different ammonia ratio coefficients. It can be seen that when the
equivalence ratio is 0.8, the structure of the flame changes with the increase of the
mixing ratio. The flame transitions from the initial lift to the anchored flame. When the
mixing ratio increases again, the flame returns to the lift state. When the equivalence
ratio is 0.9, the anchored flame also appears when the mixing ratio is 50 %.
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Fig. 11. The time-averaged CH distribution under different conditions ( left : ER = 0.8 right:
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Fig. 12 compares the transient distribution of CH * at each phase point under low mixing
ratio conditions. During the limit cycle oscillation (ab), the fluorescence intensity of CH
changes greatly in a cycle.

(a)

Fig. 12. The instantaneous distribution of CH chemical fluorescence in one cycle a) ER=0.8,

MR=10% b) ER=0.9, MR=10% c) ER=0.9, MR=50%
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When the equivalence ratio is higher, the flame exothermic area and heat release
intensity are higher. Comparing different mixing ratio conditions (bc), it can be found that the
lower the mixing ratio, the larger the heat release area, but the lower the heat release intensity.
When the mixing ratio is 50%, the thermoacoustic oscillation is weak, and the overall heat
release rate changes little in one cycle, but the flame surface changes greatly with time. From
the phase of 135°, it can be clearly observed that the flame rolls when the flame moves
downstream.As shown in Fig. 13, the results of CH fluorescence distribution and its Abel
inverse transformation under the condition of equivalence ratio of 0.8, mixing ratio of 70 %
and equivalence ratio of 0.9, mixing ratio of 70 %. Both flames are in the lifting state, and the
heat release is mainly located in the area near the wall downstream of the nozzle. This is
mainly because the mixing ratio is too high, the flame propagation speed is relatively low, and
the flame without thermoacoustic oscillation cannot be anchored at the nozzle. The flow
velocity decreases under the action of swirl and wall, so the reaction heat is mainly released in

this area.

(a):ER=0.8 MR=70% (b):ER=0.9MR=70"%

Fig. 13. CH chemical fluorescence time-average distribution map a) ER=0.8, MR=70% b)
ER=0.9, MR=70%

4 Conclusion

When thermoacoustic instability occurs, the flame surface rolls over to produce a
large number of folds, wrapping a random and frequent reaction zone ' island '. In a
single cycle of the combustion chamber inlet velocity fluctuation, the flame surface
first shrinks from the downstream to the vicinity of the nozzle. As the inlet velocity at
the nozzle gradually increases, the flame front is blown downstream and wrinkles are
generated. The area of the flame surface gradually increases, and the action with the
wall surface intensifies the flame surface. Breakage accelerates flame heat release, and
the heat release rate reaches a peak, and at the same time induces local combustion
pressure fluctuations. Therefore, in the premixed swirl burner in this paper, the change
of flame front contraction and expansion and flame surface wrinkle caused by the
oscillation of nozzle velocity leads to the fluctuation of the overall flame surface area
with time, which is the main driving mechanism for the fluctuation of heat release rate.
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In this paper, the flame structure and thermoacoustic oscillation of
ammonia-methane composite fuels with equivalence ratios of 0.8 and 0.9 were
measured in the premixed burner. With the increase of ammonia/fuel volume ratio, the
flame structure shows a lift-anchor-lift transformation, which is due to the continuous
decrease of the combustion speed of the composite fuel, resulting in insufficient
combustion. As the proportion of ammonia further increases, the flame heat release rate
decreases and returns to the lifting state. This phenomenon also occurs when the
equivalence ratio increases. As the blending ratio increases from 0 to 70%, the
combustion process undergoes ' limit cycle oscillation-quasi-periodic oscillation-stable
combustion ' in turn. When the combustion is stable, the pressure fluctuation mainly
comes from turbulent noise and combustion noise. Due to the low flame propagation
speed, the heat release mainly occurs in the downstream area near the wall. When the
limit cycle oscillation occurs, the amplitude of the pressure oscillation is stable, and the
pulsation of the heat release rate is strongly coupled with the pressure oscillation, and
the phase difference is almost 0. When quasi-periodic oscillation occurs, the amplitude
of pressure oscillation is unstable.

Therefore, mixing ammonia in methane is an effective method to slow down the
thermoacoustic oscillation, and optimizing the overall gas flow velocity, equivalence
ratio and mixing ratio is an effective way to reduce the thermoacoustic oscillation.
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AHHOTAIMS.

[IpoBeAeHO HSKCHEPUMEHTAIBHOE WCCIICOBAHUE BIUSHUS COJEPKAHUS
KHCIIOPOJIa B OKUCIIUTEIILHON Cpeie, MpeAcTaBisitonieii codoit cmech O, u Ny, Ha
XapaKTEPUCTHKU TOPEHUST OKOJIOCTEXUOMETPUUECKIX CMECEH BHUIa TOPIOYHIA Ta3
(Bomopoa, MeTaH) — OKHCIWTENIbHAs cpena — (PTOPUPOBAHHBIA YTIIEBOJIOPO
(tpudpTopmeran  CHF;, mnentadpropstan C,HFs, mnepdtopOyran C4F).
KoHueHTpausa KuciaopojJa B OKHUCIUTENIbHOW cpeae cocraBisina 15, 20,6
(Bo3ayx) u 25 % (006.). OnpeneneHbl 3aBUCUMOCTH MaKCUMAJILHOTO JIaBJICHUS
B3pbiBa AP,,, MaKCUMaJbHOM CKOPOCTH HapacTaHWs JaBICHUS B3pbIBA
(dP/dt),.. W HOPMANbHOM CKOPOCTH TOpeHHs S,; OT COACpKaAHUS
(bTOpUPOBAHHBIX YTIEBOJAOPOJIOB MPU PA3TMYHBIX KOHIIEHTPAIUIX KUCIOPOa B
OKUCTUTENbHOU cpeme. [lokazaHo, YTO TIPW OTHOCUTEIHHO HEOOJBIINX
comepxanusix (QuermatuzaropoB C; 1o 30-50 % or MuUHUMAaILHOM
baermaTu3upyrome KOHIEHTpAK (TOPUPOBAHHBIX YIIIEBOJIOPOIOB, T.€. 30-
50 % ot coxepkaHus (PTOPUPOBAHHBIX YIIIEBOJOPOJOB B «IHUKOBOW» TOUKE
KpUBOH (piierMatusaiuu, MakCUMaabHOE JAaBJICHHE B3PbIBA U3MEHSIETCS CIado C
poctrom C, Haiineno, 4to dYeM KpymHee MoJieKyna (HTOPUPOBAHHOTO
YTAEBOAOPOAa, TEM BBINIE €ro (QuIerMaTU3UpyIomas CIOCOOHOCTh  TI0
OTHOIIIEHUIO K TaKWM mapamerpam, Kak (dP/dt),.. v S,. JlaHa kadecTBeHHas
MHTEpHpEeTalys MOJIyYeHHBIX pe3yJbTaTOB, OCHOBAaHHAs Ha MPEACTABICHUSIX O
JOTIOJTHUTEIbHOM ~ TETUIOBBIJICNICHMH NPU  XMMHYECKHX  MPEBpALICHUSX
(GTOpUPOBAHHBIX YTIIEBOJOPOAOB BO (DPOHTE IJIAMEHH.

KiaroueBble c10Ba: OKOJOCTEXMOMETPHUYECKHE CMECH, (PTOpHUpPOBAHHBIN
YTJIEBOAOPO/, XapAKTEPUCTUKN TOPEHUS.

BBEAEHHUE
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B mnacrosimee Bpems (TOpHpoBaHHBIE YIIEBOIOPOABI, OE30MACHBIE C
TOYKU 3pEHUS Pa3pyILIEHUS O30HOBOTO CJIOSI 3€MHOM aTrMoc(depsl, IIMPOKO
MCIMOJIB3YIOTCS B ra30BoM noxapotyiieHud [1-10]. Hauunaercs ucnonap3oBanue
(GTOpUPOBAHHBIX YTIEBOAOPOAOB M IS LEJel B3pBIBONPEAYNPEKIACHUS, UTO
O0COOCHHO aKTyaJlbHO JJIsl B3PBHIBOMOKAPOOMACHBIX MOMEIICHUHN, A KOTOPBIX
HEBO3MOKHO WJIM 3aTPYJHUTEIBHO NPUMEHEHHE TaKOro IIUPOKO H3BECTHOIO
CpeICTBa  B3PHIBONOJABJICHMS, Kak JIerKocOpachlBaeéMble  KOHCTPYKLUHU
(Hampumep, a1 MOpcKuX HedrerazonoopiBaronx miargopm). B padorax [11-
21] ompeneneHbl KOHLUEHTPAMOHHBbIE OOJACTHM PACHPOCTPAHEHMS IJIAMEHHU B
cMecsax BuJa roprovee (BOJOpOJ], METaH) — OKUCIUTENbHAS cpefia (CMeCh a30Ta
U KHUCIIOpOJa, 3aKUCh a30Ta) — (TOpPUPOBAHHBIN yrieBoaopoa. OmnpeneneHsl
XapaKTEPUCTUKU B3pbIBa YKa3aHHBIX CMECEH OKOJIONPEAEIIBHOIO COCTaBa B
3aMKHYTOM cocyze. DBbisiBieHa [BOWCTBEHHass poJib  (PTOPUPOBAHHBIX
YIJIEBOJIOPOAOB KakK (JIerMaTU3aTOPOB U MPOMOTOPOB T'OPEHHUS Ta30BBIX CMECEH,
3aKJIF0YAONIascs B MPOSIBJIEHUU UMH CBOMCTB JIONOJHUTEIBLHOTO TOPIOYEro WU
OKHUCJIUTENSI B 3aBUCUMOCTH OT BHJA TOprOYero U cocraBa cMecu. OmHako
XapaKTEePUCTUKHU ropeHus cmecei yKa3aHHOTO BBIIIIE BUJA
OKOJIOCTEXMOMETPUYECKOI'O COCTaBa N3YUYEHbI 3HAUUTENILHO ciadee.

B  paGorax [19,20] oSKcmepuMEHTaNbHO  HW3Y4YEHO  BIUSHUE
(dbTOpUPOBAHHBIX YTIIEBOIOPOJOB Ha neduarpamronnoe ropenue cmeceit CHy —
Bo3ayx B TpyOe. MccnemoBanbl Takue arentsl kak CHF; C,HFs, CHF,CI,
C,H,F,, CHF,Cl, C;H,Fs, CsHF,, C4Fy, u nmpyrue. Ilpm mampix mobaBkax
HEKOTOPBIX M3 MEPEUHCICHHBIX (PTOPUPOBAHHBIX YTIIEBOJOPOJOB UMEIO MECTO
MPOMOTHPOBaHUE TOpeHUsl OemHbIX (KOdPEGUIIMEHT H30bITKA TOPHOYEro ¢ =
0,75) ATUIEHOBO3AYIIHBIX CMECEH, MPOSBUBIIMECS B MOBBIIICHUU ABJICHUS B
yIapHOH BOJIHE MOYTH B 2 paza. [Ipum 3TOM areHThl ¢ HAJIUYUEM BOJOPOIAHBIX
aToMOB 0Oojee >(PQPEeKTUBHBI B MOBBIIICHUM JABICHUS B yIapHOW BOJHE, YEM
NOJHOCThIO  (TOpUpPOBaHHBIE  yrieBojgoponbl. B paborax  [22-24]
IKCIIEPUMEHTAIBHO HCCIeoBaHa (rermMaTtu3anus Ta30BO3AYIIHBIX CcMecei
(GTOpUPOBAHHBIMU YTIEBOAOPOJAMH, a TaKXKe CIOCOOHOCTh JSTUX AareHTOB
pacnpoCTpaHsTh IIaMsi 6€3 HaJIMYUSl B CMECH KaKUX-TM00 MHBIX TOPIOYUX T'a30B
Y TIapOB.

HeobxoaumMo OTMETUTh TaKKe BBINOJIHEHHbIE B MOCIEAHUE TOAbI
UCCIIEIOBaHMSI BIAMSIHUS (PTOPUPOBAHHBIX YIJIEBOJOPOAOB Ha ImiameHa [25-28].
B pabGote [25] BBIMOTHEHBI UCCIETOBAHUS TI0 OIIEHKE BO3MOKHOCTU PACUETHOM
OIICHKM OTHEeTYyIame crnocodHoctu (GropupoBaHHbIX yriaeBogopoaoB (HFC).
BrisgBneno, uyto xumuueckoe BiausHue HFC Ha miameHa HeBenuKo 10
cpaBHEHHIO C¢ OpomxmamoHamu, a misi CFy Xxumudeckoe BIUSIHUE BOOOIIE
oTCyTCcTBYeT. B pabote [26] uzyueHo uHrubupyromee Biausiaue C;H,F;Br (2-
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BTP) na mnamena CH; — BO3ayX 1O CpaBHEHHIO C (PTOpPUPOBAHHBIMU
yraeBogopoaamu. B paborte [27] npoBeAeHO HCCIEIOBAHUE BIMSHUS JOOABOK
NapoB BOAbl HA TOPEHUE YTIEBOJOPOJOB B MPUCYTCTBUU (PTOPUPOBAHHBIX
n06aBok. BeimosHeHo uncienHoe moaenupoBanue ropeans CHy, C,Hy u CsHg B
npucyrctBun C,HFs. [lokazano, uto Hebompime 106aBku mapoB Boabl (10 4 %
(06.)) yBenmuuuBaroT Temrepatypy ropeanst Ha 100-150 K u konnentpanuto HF
B mpoaykrax ropenus. B pabGote [28] skcreprMeHTaIbHO M3YyYEHO BIUSHUE
(bTOpUPOBAHHBIX YTIEBOJAOPONOB HA TOPEHHE MAPOB JAMMETHIIOBOTO 3dupa B

BO3JIyXeE.
B cBA3M ¢ BBHINIEU3IIOKEHHBIM HAcTosIIas paboTa MOCBsIIEHA
AKCTIIEPUMEHTAILHOMY HCCJIEIOBAHUIO XapaKTePUCTHUK TOPEHUS

OKOJIOCTEXMOMETPUYECKUX CMECEHM BOJOPOJAa MW METAaHA B OKHUCIUTEIBHBIX
cpenax, MPeICTaBIAIOLNIMX cO00M cMecH KUCIOpoAa M a30Ta C Pa3IudyHbIM
conepxxkanueM O,, B IPUCYTCTBUH (PTOPUPOBAHHBIX YTIIEBOJAOPOIOB.

METO/IUKA 3KCIIEPUMEHTA

OnbIThl IPOBOJIWIIA HA YCTaHOBKE «BapuaHTt», onucanHou panee [29, 30].
OCHOBY €€ COCTaBIsieT pPEaKUMOHHBIA cocyl cdepuyeckoil (¢GopMbl U3
HEp)KABEIOIIEH CTalmM BMECTHMOCTBIO 4,2 1M°. VCTaHOBKA BKJIIOYAET B ceOs
TaK)K€ CHCTEMY Ta30MpPUTOTOBICHHS, O0O0ECIEYMBAIONIYI0 BaKyyMHUpPOBaHHE
PEaKIMOHHOTO COCyJa M MOJady B HEro OTAEIbHBIX KOMIIOHEHTOB TI'a30BOM
cMecH. 3aKMTaHHE Ta30BBIX CMECEH OCYIIECTBISUIM B LIEHTPE PEAKIMOHHOTO
cocyla MEpeXUraHueM HUXPOMOBOM MpoBOJOYKM auamerpom 0,3 MM
AIIEKTPUYECKUM TOKOM IpU Mojade HampspkeHus 42 B. DT1o mo3Bomsio
CYLIECTBEHHO CHHM3UThb YPOBEHb HABOJOK II0 CPaBHEHUIO CO CIy4yaeMm
BBICOKOBOJIbTHOTO paspsiia IpH HCIHOJIb30BAHUHU 3JIEKTPUUYECKON HCKphl. B
KayecTBE TOPIOYEro Tas3a MHCIOJNb30BAIM BOJOPOA U METaH, B KauecTBe
¢nermatuzatopoB — mnentadropatan C,HFs, tpudropmeran CHF; u
nepdpropOyran CyFio. CMecu TOTOBHIM HEMOCPEICTBEHHO B PEAKTOPE IO
napuyagbHbIM JABJICHUSIM CIEAYIOIUM o00pa3oM. B BakyyMupoBaHHBIN 110
ocTaToyHoro namieHus He Bbime 0,5 klla peakuoOHHBIN cocya HamycKaiu
TpeOyemble KOJMYECTBA TOprodero rasa u (uermarusartopa. llpu usyuenum
TOpPEHMsSI B BO3yX€E Jajee MOoJaBajil BO3IYyX, JOBOJS /JAaBJICHUE B PEAKIUOHHOM
cocyzie 10 aTMOc(hepHOTO.

3axuraHve OCYLIECTBIISLUIM IO MPOIIECTBUM HE MEHEEe 5 MHH I0Cie
3aBEpIICHUsS] HAIyCKa KOMIIOHEHTOB, 4YTO SBIIIETCA JOCTATOYHBIM TSt
YIOBJIETBOPUTENILHOTO NepeMelInBaHus. JlaBieHue B peaklMOHHOM COCYZE B
IPOLECCE PACIPOCTPAHEHUs IUIAMEHU PETUCTPUPOBAIM IbE30AATYUKOM C

216



TOCTOSIHHO# BpeMeHH He Gonee 10 ¢c. CHrHai ¢ 1aTdKa MOJABAJIM HA AHAJIOTO-
1 poBoi MpeodpazoBarenb U ganee Ha KOMIbIOTep. ONBITH MPOBOIWINA TPU
KOMHATHOW  Temmeparype ©  atMocepHom  maBrneHuu.  Omnpenemnsiiu
MaKCUMaJbHOE JaBjieHHe B3pbiBa AP, MAaKCUMaJIbHYIO CKOPOCTh HapacTaHUs
naBieHust B3pwiBa (dP/dt),.., HOpMaIBLHYIO CKOPOCTh TOpeHus S,; MeTtomuka
onpeneneHust 3HadeHuit S,;, AP, u (dP/dt),,.. vn3noxeHna B cranmapte [31].
HopmanbHyto CKOpOCTh TOpeHHUs ompefesuii oOpadOTKOW TOyYCHHBIX
3aBUCUMOCTEH «JIaBiecHWEe — BpeMs» NPH CTOPAaHWHM Ta30BBIX CMeced B
PEaKIMOHHOM cocyzie. MeToAuKa ompeeNeHus S, 3aKI09YaeTCs B YHCICHHOM
MOJICTTUPOBAHUM CTOpPAHUS Ta30BOM CMECH B 3aMKHYTOM COCY/I€ U CPaBHEHUU
pe3yNbTaTOB ~ pacueTa  3aBUCHMOCTH  <«JIaBIeHHE  —  BpeMs» ¢
IKCIIEPUMEHTAILHBIMU JAHHBIMU W TIOMCKE ONTUMAJbHBIX 3HAYEHUU S,;, TpH
KOTOPBIX CpEIHEeKBaPATHIECKOE OTKJIOHEHUE pacUYeTHBIX u
AKCIIEPUMEHTATBHBIX JAaHHBIX MUHUMAJIBHO. JTa METOAUKA MOAPOOHO omucaHa
u obocHOoBaHa B pabore [32], Tme MOKa3aHO, YTO KPUTHYECKOE 3HAUYCHHE
HOPMaJbHOMH CKOPOCTH TOPEHHS C TOUYKH 3PCHHUS BBIOJHEHHUS YCIOBUS
NPUMEHUMOCTH JaHHON METOJIWKH MO uncity Dpyaa cocTaBiseT sl yCTaHOBOK
nabopatopHoro Mmaciitada (o0bem chepudeckoit kamepsl 20 1) 7 cm/c. biauzkuit
pe3yNbTaT MoJy4YeH B HeaBHel padbore [33].

OTHOcCHTENBbHAS OIPEIIHOCTh onpeaesneHust AP, He npesbimaer 10 %,
a (dP/dt) e 1 S, — 20 %.

CocTtaB cmeceil, I KOTOPBHIX OINPEACISIIN XapaKTePUCTUKUA TOPEHHS,
HaXOAWIW  cledyromuMm  oOpasom. Ilpm  3amaHHOM ~ KOHIEHTpALUU
¢nermatuzatopa C; COOTBETCTBYIOIIYIO BEIMYUHY COJICPKAHUS TOPIOYETO
(Bomopona nnu metana) Cy Haxonum 1o (Gopmyie

c ZIOO—Cd, 0
' 1+@,B
C

0,

rae C, — KOHLCHTpALWsl KUCIOpOIa B OKUCIUTENBHOI cpene, % (00); f -

CTEXHMOMETPUYCCKUN KOI(PPHUIMEHT KHCIIOpoa B PEaKIMi CrOPaHUs TOPIOYEro
komrioHeHTa 10 CO, u H,O, cumras ¢uermMatuzaTtop HWHEPTHBIM BEIICCTBOM
(B = n¢tny/4, toe ne u ng —aucio aromoB C u H B Mosiekyne roprouero).

OxucnurenpHas cpefa MpeacTaBisiia co00il cMech KUCIOpoJa M a3oTa ¢
conepxanueMm O, 15, 20,6 (Bozayx) u 25 % (00.).

PE3YJIBTATBI DKCIIEPUMEHTOB 1 UX OBCYKIEHHUE

Ha puc. 1, 2 npexncraBieHbl TUIUYHBIE MOJYyYEHHbIE B HKCIIEPUMEHTE
3aBUCMMOCTH MaKCHUMaJIbHOIO JiaBiieHust B3pbiBa AP, OT colepx aHUs

217



¢nermatuzatopoB C,; UII OKOJOCTEXHMOMETPUYECKUX CMECEH BOIOpOAa H
MeTaHa IpU TFOPEHUU B OKHUCIUTENBHBIX CPENaX C Pa3iIMYHbIM COJAEP)KaHUEM
KHCIIOpOJIa.

C, % (06.)

Puc. 1. Tunu4Hble 3aBUCHMOCTH MaKCUMAaJIbHOTO JaBJACHHS B3pbiBa AP,
BOJIOpOa OT coaepkanus ¢uermatuzatopa C, IpH KOHIIEHTPALIMK KUCIOPOa B
okucauTeNnbHOU cpeae 15 % (00.).

BunHo, 9TO TIpy OTHOCUTENHHO MAaJIbIX KOHIICHTpAIUAX (hIerMaTu3aTopa
(mo 30-50% OT KOHIIEHTpalMK B TOYKE (IerMaTH3alil — «IUKOBOI» TOUKE
KpUBOH (uiermatuszanuu) sennyuna AP, nocratoyHo ciabo 3aBucur ot Cy, 3a
uckimoueHueMm ciydas nepdropoyrana Cy4Fo. Xon xpuBbix AP, - C,; mis
pa3MyHBIX (DJIErMaTU3aTOPOB M KOHIEHTPALMM KUCIOpOAa B OKUCIUTEIbHON
cpele KadyecTBEHHO OJM30K I pa3iM4YHbIX ciiydaeB. B HaumOosee cuibHOM
CTEIEHW BIUAHUE HA MAaKCHUMaJbHOE JaBJIEHHE B3pbIBA  OKa3bIBAECT
nepdropOyran, B HauMeHbIeH creneHu — Tpudropmerad. [lpu 3Tom moxer
UMETh MecTo Hebompmoi poct AP,, ¢ YBEIWYECHHEM KOHIICHTPAINH
(bTOpUPOBAHHOTO yTIEBOAOPOAa. bBUTM TIPOBENEHBI TEPMOJUHAMHYECKHE
pacuetbl AP, niusa ciaydas no6aBok CHF; s ycnoBuid, ykazaHHBIX Ha puc.l.
3HaueHUs MaKCUMaJIbLHOTO JIaBjeHus B3pbiBa coctabwiu 0,74, 0,79, 0,80, 0,81u
0,81 MIla ngns xonuentpaumii tpudropmerana 0, 3, 6, 9 u 12 %(006.)
COOTBETCTBEHHO. HecMoTpsi Ha 3aMeTHbIE€ KOJMYECTBEHHBIE OTIUYUS OT
ADKCIEPUMEHTANIbHBIX  JIaHHBIX,  BBI3BAHHBIX  TEIUIONOTEPSMHU,  BHUAHA
BO3MOXXHOCTh YBEJIMUYEHUS] MAKCUMAJIbHOTO JIaBJICHUS B3pbIBA C POCTOM
comepxaHus 700aBKu (TOPUPOBAHHOTO yTIEBOAOPOIA.
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Puc. 2. TunuyHbple 3aBUCUMOCTH MaKCUMaIbHOTO JaBJICHUS B3pbIBA AP,
MeTaHa OT cojiepkanus (uiermatuszaropa C, mpu KOHIIEHTPAIUAX KACIOpOaa B
okucauTenbHou cpeae 15 (a) u 25 (0) % (00.).

Bo3Hukaer BOnmpoc, KaKMMH k€ XUMUYECKUMU PEAKIUSIMU BBI3BAH POCT
AP, TpU OTHOCUTEIHLHO HEOOJNBIINX KOHIIEHTpAIUIX (TOPUPOBAHHBIX
areHToB. OTBET Ha ATOT BONPOC BO MHOTOM JaH B pabotax [14, 21], rae
MOKa3aHO, 4YTO OpyTTO-peakuur  (HTOPUPOBAHHBIX  YIJIEBOJOPOJIOB  C
KHCJIOPOJOM,  BOJAOPOJAOM U METAaHOM  MPOTEKAlT C  3aMETHBIM
TEIUIOBBIICIICHUEM:
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CHF; + 0,50, = 0,5CF,+ 0,5CO, + HF + 240 kJlx, )

C,HF;5 + O, = CF, + CO, + HF + 478 ]I, (1I)
C4Fo + 1,50, = 2,5CF, + 1,5CO, + 739 xJlx, (111
H, + 2CHF; = 0,5CF, + 4HF + 1,5C + 166 xJl, (IV)
H, + 2C,HF; = 1,5CF, + 4HF + 2,5C + 247 ]I, (V)
H, + C,F,o = 2CF, + 2HF + 2C + 228 xJlx, (VI)
CH, + 2CHF; = 6HF + 3C + 172 k]I, (VI
CH, + 2C,HF; = CF, + 6HF + 4C + 252 xJIx, (VIID)
CH, + 2C,F,, = 4CF, + 4HF + 5C + 228 1]l (IX)

Heob6xoaumMo OTMETUTH, YTO MOBBIIMIEHHE MaKCUMAJIbHOTO JaBJICHUS
B3pbIBA AP, C POCTOM COJEpKaHUs (PTOPUPOBAHHOIO YIIEBOAOPOA B ClIydae
O€IHBIX OKOJIOTMPEACTbHBIX CMECEH MPOUCXOAUT B 3HAYUTENbHO OoJblIei
CTEMEeHH, YeM I OKOJOCTEXHOMETPUUECKHUX (HacTosmas padoTa) U GoraThix
okosionpenenbHbIx cmeced [14, 15, 21]. IlockonbKy ABONCTBEHHAas pOJb
(TOPUPOBAHHBIX  YIJIEBOJOPOJIOB KAk  JOMOJHUTEIBHBIX TOPIOYETO |
OKHUCIUTENSI B O€THBIX M OOraThIX OKOJIOMPENETbHBIX CMECEl OTMEUYeHa paHee
[14, 15], naHHBIN SKCIIEPUMEHTAIBHBIN (PAKT CBUIETEILCTBYET O TOM, YTO POJIb
rOpIOYEro MNpH MpeBpalieHUsIX (TOPUPOBAHHBIX YIIIEBOJOPOAOB BO (DpPOHTE
IUIAMEHU peajn3yercs B OOJBIICH CTENEeHH, YeM POJib OKUCIUTENs B OOraThIxX
cmecsix. KadectBeHHO Onu3kuii  pe3yiapTaT O MpeoOnajaroleil  poiu
(TOpUPOBAHHBIX YITIEBOJAOPOAOB KaK JOMOJHUTEIBHOTO TOPIOYETro B OETHBIX
cMecsax moiydeH B pabotax [34, 35]. B atux paborax mokazaHo, 4TO CMECH
(GTOpUPOBAHHBIX YTJIEBOJAOPOJOB C 3aKUCHIO a30Ta CHOCOOHBI PACIPOCTPAHSTH
wiamsi pu Hanuuuu HeOonbmux (~ 1 % (00.)) 106aBOK BOJOPOACOAEPKAIIUX
npumecedt  (Bomopona, MetaH). Takum oOpa3oM, TEIUIOBBIACICHUE TIPU
NpeBpalIeHUsIX (PTOPUPOBAHHBIX YIJIEBOJOPOJOB B CMECSX C OKUCIUTEIEM
UTPAeT CYIIECTBEHHYIO pOJb NPH PACHpPOCTPAHEHUU IUIAMEHH JaXke TMpHU
He6obmuX (~ 1 % (00.)) nob6aBkax BOJOPOACOACPKAIIUX TOPIOYUX (HAIIPUMED,
BOJIOPO/I, METaH).

Ha puc. 3, 4 mpencraBieHbl 3aBUCHMOCTH MaKCHMaJbHOW CKOPOCTH
HapacTaHusl JIaBJIeHUs B3pbiBa (dP/dt),,.. OT KoHlLeHTpauuu Quermaruzaropa C,
B oraumume ot 3aBucumoctu AP, ot C, (puc. 1, 2) BenmuunHa (dP/dt),...
J0CTaTOYHO OBICTPO (MPUYEM MOHOTOHHO) YMEHBINAETCSI C POCTOM COJEPIKaAHUS
dbaermaru3aTopa, HECMOTPS Ha TO, YTO MAaKCUMAaJbHOE JIABJICHWE B3pPbIBA IPH
Maibix C,; u3MmensieTcst cinabo. Yka3aHHash 3aBUCMMOCTh BO3MOXKHA JIMIIL TIPH
YMEHBIIICHUN HOPMAJbHOM CKOPOCTH TOPEHHS C POCTOM KOHIICHTpAIluU
dbnermaruzaTopa, 4To M HaOmojmaercs B skcnepuMmeHte (puc. 5). Ilpu atom
NIPOSIBIISIETCSI HHTUOMPYIOMIAsi CIIOCOOHOCTh (YTOPUPOBAHHBIX YTIIEBOIOPOIOB.
Takum 06pa3zom, BBIBOJ O TOM, 00JIa/1aeT JIM TaHHOE BEIIECTBO HHTHOWPYIOLTUM
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WM TIPOMOTPYIOIINM JIEHCTBUEM, 3aBUCHUT, B TOM YHCJIC, M OT BHJA MapaMeTpa,
110 KOTOPOMY OIIEHHMBAETCA 3TO jAeiicTBUe. NHrMOUpoBaHUe MOXKET TPOSBISATHCS
10 OJHUM TlapameTpaM (B HaiieMm ciyuae - (dP/dt),... u S,;), a IpOMOTHPOBAHKE
— 10 ApyruM (B HameM ciydae - AP,,,).

700
600 '
500

400 4

, MITa/c

300

max

200

(dP/dt)

100

04

C , % o0.
d’

Puc. 3. TunuuHbie 3aBUCIMOCTH MaKCUMAIBHON CKOPOCTH HapacTaHUS
naBJieHus B3pbIBa (dP/dt),,.. Bogopoa oT coaepkanus daermaruzatopa C, npu
KOHIEHTPALMU KUCIOPOJa B OKHCIUTENbHOI cpeae 25 % (00.).

(dP/df), MITa/c

C, % (06.)

Puc. 4. TunuyHble 3aBUCUMOCTH MAaKCUMaJbHOMU CKOPOCTH HapacTaHUs
naBlieHus B3pbiBa (dP/dt),.. MeTtaHa ot coaepxanus Quermatusaropa C,; mpu
KOHLIEHTpaluu Kuciopoza B okucaurenbHoi cpene 20,6 % (00.).
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Su. m/c

o+ 77—

C , % (06.)

Puc. 5. TunuuHble 3aBUCUMOCTH HOPMAJIbHOW CKOPOCTU FOPEHUS S,; METaHa OT
conepxanus paermaruzaropa C, Mpu KOHIEHTPALIMKM KUCIOPO/ia B
OKHUCHUTENbHOM cpene 25 % (00.).

Kak crnemyer u3 TpeAcCTaBIEHHBIX pe3yJbTaTOB, PAaCCMOTPEHHBIE
dbTOopuUpOBaHHbIE YTIJEBOJAOPOJAbI O00JAMAl0T HWHTHOMPYIOIMIMM  JICHCTBHUEM.
MexaHu3M 3TOr0 BO3JICUCTBUSA XapaKTEPU3YETCS MHOKECTBOM dSJIEMEHTapPHBIX
peakiui. Jlaxxe st mpocTenIero u3 pacCMOTPEHHBIX (PTOPUPOBAHHBIX areHTOB
— CHF; — mexanu3m ero BiausHus Ha miaMmsi CH4 — BO3yX JOCTATOYHO CJIOKEH

[36]:

CHF;+M=CF,+HF+M,

CF,+0,=CF,0+0,

CF,+HO,=CF,0+0OH,

CF,+HO,=CHF,+0O,,

CHF;+M=CF;s+H,

CHF;+OH=CF;+H,0,

CF5;+CH;=CH,CF,+HF,

CF;+H=CF,+HF,

CF;+OH=CF,O+HF,

CF,+H=CF+HF,

CF+0O,=CFO+O0,

CF+H,0=CHFO-+H.

Hna C,HFs u C4Fy aTOoT MexaHusMm, O€3yCIOBHO, ropasio CIOKHEE,
OJTHAKO MOJKHO CJIeJIaTh KAa4ECTBEHHBIN BBIBOJ, YTO 4YeM OOJbBIIEe MOJEKyia
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(TOpUPOBAHHOTO YTJIEBOJOPO/Ia, TEM CHIIbHEE €ro XMMHUECKOe BO3/ICHCTBIE Ha
miamMs. OTo OTMEUEHO paHee B pabore [37], B KOTOpoM mpoBeaeHO 0000I1IeHH e
CYIIECTBYIOIIUX KHUHETHYECKUX JaHHBIX MO XWMUYECKUM MPEBPAIIEHUSM B
iaMeHu (PTOPUPOBAHHBIX YTIEBOJAOPOAOB. bBbUIO HaiJIeHO, YTO MPOLECCHI
npeBpameHust (HTop3aMenIeHHbIX YTICBOJAOPOIOB B 3HAYUTEIIBHONW CTETICHU
cxoaubl. [Ipy 3TOM oTMeUeHBI cienyroImue 0COOEHHOCTH:

- UCXOHBIA MHTHOUTOP pacxoayercs B ocHOBHOM B peakiusix ¢ H,O u OH,
3p(GEeKTUBHOCT,  MHTUOMPOBAHMS  3aBUCUT OT  COOTHOIIEHHUS  MEXIY
KOMIIOHEHTAaMH TOpIOYel CMeCH, MpU 3TOM Jierdye MHTHOUpYIOTCS Oorartbie
CMECH MO0 CPABHEHUIO C OCTHBIMU U CTEXUOMETPUUYECKUMU CMECSMHU;

- UCXO/IHBI UHTUOUTOP HE pEereHepUpyeTCs;

-IPOAYKTHI TIpEeBpaIICHUS HCXOTHOTO UHTHOUTOpA aKTUBHO
B3aUMOJIEHCTBYIOT ¢ paaukasamu H,O u OH, B 3HauuTeNnbHOW CTENEeHH
ompenensis  dpdexTuBHOCT,  MHTHOWpoBaHua. Jlng  OoraTeix  cMmeceit
¢dTop3aMelIeHHbIE YTIIEBOAOPOIbI pearupyoT B OCHOBHOM ¢ atomamu H, s
CTEXHMOMETpPUYECKUX U OeHbIX cMeceil — ¢ pagukanamu OH u O;

- MPOILECCHl XUMUYECKOTO MpeBpanieHus: (TOPUPOBAHHBIX YIIIEBOJOPOIOB
IPUBOAST K 00pa30BaHUIO 00JBIIOTO KOJUYeCTBa (PTOPUCTOTrO BOJOPOA.

Ha ocHOBaHWM BBINIEU3IOKEHHOTO MOXKHO CJENIaTh BBIBOJA, YTO TMPHU
OTCYTCTBHUH pere’epanuu MHTHOUTOpA BBICOKAs 3¢ (HEeKTUBHOCTH
(bTOp3aMeIEHHBIX YTJIEBOJOPOIOB 00YCIOBIEHA HE TOJIBKO PEAKLUUSIMU CAMUX
(GTOpUPOBAHHBIX areHTOB C AKTHBHBIMH IICHTPAMH, HO W IPOMEKYTOUHBIX
POJYKTOB, 00PA30BABIIMXCS B PE3yJIbTaTe€ PEAKIMil yKa3aHHbIX areHToB. Uem
KpymHee MoJjiekyjJa (TOPUPOBAHHOTO HWHTHOMTOpa, TeM OoJibllle HaOop
(GTOpUPOBAHHBIX pPaJAMKAIOB, KOTOpPbIE, B CBOIO OYEpEllb, PEArUpPYyIOT C
AKTUBHBIMHU LICHTPAMH. ITO MPUBOIUT K MaeHUIO (dP/dt),.. u S,; .

Kak ormeueno Beiie, (QTOpUpOBaHHBIE YIJIEBOAOPOIBI 00JaTAIOT
IPOMOTHUPYIOIIUM JEUCTBUEM, €CIH €ro OLEHUBaTh MO mapameTpy AP,..
Opnako otoT »ddexT cymecTBeHHO ciabee, dem I O€IHBIX
oKoJIonpeneNbHbIX cMmecel [14, 15, 21], u 00yciioBiieH 11 OeIHBIX CMEecei, 1o
HameMmy wmHeHuto, peakmusamu () — (III), B koTopwix ¢TOpHpOBaHHBIC
yIIAEBOAOPOABl ~ WUrPAlOT  poOJib  JIOMNOJIHUTEIBHOTO  roprouero.  Jus
OKOJIOCTEXMOMETPUYECKUX CMECeH, M3YUEHHBIX B HACTOSIIEH paboTe, HAIMYUE
JIOTIOJIHUTEIBHOTO TOPIOYEro B BUAEC (GTOPHUPOBAHHOTO YTJIEBOAOPO/IAa HE UTPAET
CYLIECTBEHHOW pOJIM H3-3a COANaHCUPOBAHHOCTU JAHHBIX COCTABOB IIO
roproueMmy u okuciuteno. OOpamaeT Ha cebs BHUMaHUE TOT (PakKT, YTO MPHU
TOPEHUU METaHA C YMEHBIIEHUEM KOHLEHTPAIMU KUCIOpOAa B OKUCIUTEIbHOM
cpene ¢ 25 no 15 % (00.) addexr Bo3pactanus AP, wucuezaer (puc.2a, 20).
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Buano, uro Ha puc.26 HabmomaeTcs MoHOTOHHOE cHUXkeHue AP, ¢ poctom C,.
DTO TaKkKe CBUJIETENLCTBYET 0 BakHOCTH peakuuid (1) — (III).

BbBIBOJbI

Takum oOpa3zoMm, B HacToslileld paboTe MPOBEIECHO SKCIEPUMEHTAILHOE
UCCIICIOBAHUE BIUSIHUSI COJICPXKAHUSI KUCIOPOJla B OKHUCIUTEIBLHOM Cpee,
npenacrapisitonier coboit cmecb O, u N,, Ha XapaKTePUCTUKH TOPEHUS
OKOJIOCTEXMOMETPUUECKUX CMECEl BHAAa Troprouuid ra3 (Bogopod, METaH) —
OKHCTUTENbHAS cpena — propupoBannsie yrieBomopoasl (CHF;, C,HFs, C4F )
B 3aMKHYTOM cocyjae. OrmnpejeneHbl Takue XapaKTEPUCTHKU TOPEHUs, Kak
MaKCUMaJlbHOE JaBJICHUE B3pbIBa, MaKCUMajbHasi CKOPOCTb HapacTaHMS
NABJICHUSI B3pbIBA M HOpMajbHasi CKOpOCTh TropeHus. Haiineno, uro
(dbTOpUpOBaHHBIE YTIIEBOJOPOABI MPU MAJIBIX KOHIICHTPAIUSIX MOTYT BBI3HIBATH
HEOOJIBIIIOE TOBBINICHHE MAaKCUMAJIBHOTO JAaBJICHHUS B3phIBA, B TO BPEMS Kak
MaKCHMaJIbHasi CKOPOCTb HapacTaHWsl JABJIICHUS B3pbIBA UM HOpMaJbHas
CKOPOCTb TOpPEHHMSI MOHOTOHHO YMEHBIIAIOTCS C POCTOM  COJAEPKAHUS
(GTOpPUPOBAHHOTO YIJIEBOAOPOJAa TPU BCEX COACPNKAHUAX KHUCIOpOAA B
OKUCIUTENbHOU cpene. JlaHa kadecTBeHHass HMHTEpIIpETalusl MOJYYEHHBIX
pe3yibTaTOB, OCHOBAaHHAs HAa TMPEACTABICHUSIX O KOHKYPEHIIMH peaKIui
(bTOpUPOBAHHBIX YTIEBOJAOPOIOB BO (DPOHTE IJIAMEHU C JOMOJHUTEIHHBIM K
OCHOBHOM PEaKIIMK TOPESHUS TeTUIOBBIICICHUEM U PeaKIneld MHrHOMPOBaHMUS.

ABTOpBI BBIPAXKAIOT MCKPEHHIOIO MPU3HATENBHOCTh
K.(p.-m.H. KupuioBy 1. A. 3a momortis B paboTe 1 TIOJIE3HBIC COBETHI.
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Abstract
At present, ADN-based ionic liquid propellant is the most promising unit propellant to replace
hydrazine, due to high specific impulse, low toxicity and low cost. To overcome the problem of catalyst
failure in heating process, the attention is turned to microwave, which could interact with the material
holistically. Ionic liquids are natural microwave receptors on account of high polarity. In this work, the
microwave controlled ignition and combustion of ADN-based propellant was first realized and
systematically studied. ADN and [AMIM][DCA] were used as fuel and oxidant of liquid propellant
respectively. The heat release and gas production of samples was greatly improved after mixing. The
sample (ADN/[AMIM][DCA] 10%) was successfully ignited by microwaves, and the ignition delay
time decreased rapidly with the increase of power and finally stabilized within a certain range. The
extinguishment of sample was highly consistent with the input stop of microwave. This work further
expands the application of ADN-based liquid propellant in space fuel and provide a new direction for

the reform of liquid engines.
Keywords: ADN, ionic liquid, microwave ignition, controlled combustion

1. Introduction

With the increasing concern on environment and human safety, hydrazine has gradually failed to
meet the requirements of green propellant due to its low specific thrust, high toxicity, inflammability
and explosive [1-3]. Therefore, researchers have been trying to find and develop green liquid
propellants with excellent performance that can replace hydrazine. lonic liquid (IL) is a kind of salt,
which usually in liquid form at low temperatures (below 373 K). At present, IL is the most promising
unit propellant to replace hydrazine. Among them, ADN-based IL propellants have attracted wide
attention for its specific impulse, low toxicity and low cost [4,5].

The continuous progress of space exploration also puts forward higher requirements for propellant
ignition methods. Currently, catalytic combustion is mostly used in ADN-based liquid space engines
[6,7]. To overcome the problem of catalyst failure in heating process, the attention is turned to
microwave. Microwave ignition has received much attention in recent years. Microwaves could interact

with the material as a whole, which allows non-contact, selective and energy adjustable activation. To
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date, the possibility of microwave ignition of liquid energetic materials has not been explored. Liquid
materials are natural microwave receptors on account of excellent polarity, which could rotate hundreds
of millions of times per second at typical microwave frequency (2.45 GHz) [8.9]. Many studies have
been carried out on the synthesis of organic compounds or nanomaterials by microwave assisted in ILs
[10,11]. The produced heat is transferred from inside to outside, so the material could be heated quickly
and evenly during microwave radiation, and the safety is also greatly improved.

In this work, two kinds of ionic liquids: ADN and 1-allyl-3-methylimidazolium dicyandiamide
([AMIM][DCA]) are used as fuel and oxidant of liquid propellant respectively. The microwave ignition
possibility and performance of ADN-based propellants was investigated for the first time by varying
the ratio between fuel and oxidizer in a customized single mode resonator. The ADN-based propellant
was prepared by one-step ultrasonic dispersion. The thermal performance of samples was characterized
by thermogravimetry-differential scanning calorimetry (TG-DSC). The ignition, combustion and
extinguishment process of ADN-based propellants was analyzed by photodetectors and high-speed

camera.

2. Experimental Section
2.1. Chemical precursors

Ammonium dinitramide (ADN; 74 wt%) solution was provided by Liming Research Institute of
Chemical Industry. The ionic liquid ([AMIM][DCA]) was purchased from Shanghai Dibai
Biotechnology Co., Ltd. All the materials were used as received.
2.2. Preparation of ADN-based IL propellant

ADN-based liquid propellant consists of ADN, [AMIM][DCA], and solvent (H,O), where ADN
acts as the oxidant and [AMIM][DCA] acts as the fuel in the liquid propellant. The volume ratio of
[AMIM][DCA] in solution was changed to 0%, 10%, and 20% respectively. For a typical
ADN/[AMIM][DCA] 10% (2 mL) preparation process, 1.8 mL ADN solution and 0.2 mL
[AMIM][DCA] solution was mixed via pipette. Then, the mixed solution was sonicated for 0.5 h to get
the targeted ADN-based liquid propellant.
2.3. Characterization methods

The TG-DSC was carried out for ADN, [AMIM][DCA], ADN/[AMIM][DCA] 10% and
ADN/[AMIM][DCA] 20%. The TG-DSC apparatus consisted of aSTA 449F3 Regulus
Thermogravimetric Analyzer (Netsch Instruments), and an OMNISTAR (PFEIFFER, Germany) mass
spectrometer, which could simultaneously detect the thermal behavior of ADN-based liquid propellant
and identify the gases evolved upon heating.

The thermal analyses were conducted in a temperature range of 30 - 600°C, at a heating rate of
20 °C.min ', under a flow of argon (20 mL.min ). In these trials, samples of approximately 5 mg were
placed in aluminum crucible with a pin hole. After each measurement, the measured sample was

replaced with a new one.
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2.4. Microwave controlled ignition studies

The microwave ignition system consists of a high power solid microwave generator (continuous
microwaves, ranging from 1-1500 W), a circulating water isolator, a dual directional coupler, a three
stub tuner, a custom single mode resonator and a sliding short circuit, as shown in Fig.1. The entire
ignition device is closed to microwaves, which will not leak into the air. The microwave is propagated
in a TE ;o resonant mode in the resonator [12].

Before the experiment, the sample was put on the substrate and the power meter was connected to
the dual directional coupler to view the output and reflected power in real time on it. By controlling the
height of the stubs on the three stub tuner, the electromagnetic field in the resonator can reach the
maximum impedance match with the sample. The single mode resonator was converted from a WR340
waveguide and windows were reserved on the side for photographing, lighting and detecting optical
signals.

For each experiment, the sample was squeezed into a quartz tube, which was put on a ceramic
substrate. The ignition and subsequent combustion process of samples was recorded by a high-speed
camera (Mini UX50, Fastcam) operated at 5,000 frames per second (fps). The optical signal emitted
from ignition and combustion was collected by a photoelectric sensor (DETO8CFC/M, Thorlabs),
which could convert the optical signal to voltage signal. Combining the voltage signal output
monitored by an oscilloscope (44Xs, LeCroy) while the microwave generator energized, the ignition
delay time (ID) of the sample could be obtained.

Solid State Microwave Source

Three Stub Tuner (a)

Sliding Short Circuit

Circulatory Isolator

._

(b)

WIMWTTH
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y 26143613
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25308 Ty
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| 144500271
10038 1381
nmBsax
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Figure 1. (a) diagram of single mode resonator ignition device; (b) the placement of sample in the
ignition cavity (c) the simulation results of electric field in resonator via Ansys HFSS

Visual Window Ceramics Substrate
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3. Results and Discussion
3.1. FTIR and Thermal decomposition process

The ionic structural formulas of ADN and [AMIM][DCA] are shown in the Fig.2a-b. To further
characterize the functional groups existing in the two ionic liquid, FTIR was utilized to testify, and the
result is shown in Fig. 2c-e. As for pure ADN (Fig. 2¢), the peaks at 3150 cm™, is attributed to the
broad N-H stretch in NH4"[13,14]. The peaks at 1400 cm™ demonstrate the presence of the NO, group,
which is consistent with previous work [15, 16]. The vy C=N, v¢ N-C + v, N-C, and v, C=EN were
observed at 2234, 2190 and 2125 cm™ in the FTIR curve of [AMIM][DCA], which also verified in
previous work (Fig. 2d) [17]. Besides, the FTIR curve of ADN/[AMIM][DCA] 10% didn’t show
significant changes compared with two raw materials, indicating that the mixed solution was stable
(Fig. 2e).
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Figure 2. (a) the ionic structure formula of ADN; (b) the ionic structure formula of [AMIM][DCA]; (¢)
FTIR pattern of ADN; (d) FTIR pattern of [AMIM][DCA]; (d) FTIR pattern of ADN/[AMIM][DCA]
10%

The TG-DSC curves of the four samples are shown in Fig.3 and Table.1. The exothermic peak of
ADN decomposition is earlier than that of [AMIM][DCA]. For [AMIM][DCA] solution, there was one
exothermic peak appeared ranged from 250°C to 320°C, with a peak temperature of 294.93°C and the
observed energy release was 92.50 J-g'. Meanwhile, there was a mass loss of 43.79% in the
corresponding TG curve. As for ADN solution, an endothermic peak with a 9.79% mass loss was first
observed, which was also due to the slow gasification of water. There was a subsequent exothermic
peak ranged from 154.2 to 235.2°C, which associated with a 60.63 mass loss. The peak temperature of
the exothermic peak was 187.04 °C and the energy release was 187.04 J-g"'. Based on a large number
of previous studies, the main pyrolysis process of ADN can be divided into two steps. The first reaction

in the pyrolysis process is the decomposition of ADN into NH4NOj5 and the release of N,O. The second
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reaction is that NH4NO3 releases N,O and H,O through thermal interpretation at high temperature
[18,19]. The second reaction corresponds to the 266°C peak in the DCS curve, which is more obvious
in the MS curve.

When ADN and [AMIM][DCA] are mixed, the main exothermic peak is only a few degrees
behind the ADN. However, the heat release has been greatly improved. For ADN/[AMIM][DCA] 10 %,
there was only one large exothermic peak was observed between 150.8°C and 226.7°C, with a peak
temperature of 294.93°C. The observed heat release was 501.26 J-g"' and almost twice the heat released
by ADN. Meanwhile, there was a mass loss of 89.88 % in the corresponding TG curve indicating that
the reaction was relatively thorough. The peak temperature was 197.21 °C when the addition of
[AMIM][DCA] was 20%, which was later than that of 10%. The associated mass loss was reduced to

73.40%, meaning the reduction of reaction degree.
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Figure 3. (a) the DSC thermograms of four samples ((AMIM][DCA], ADN, ADN/[AMIM][DCA] 10%

and ADN/[AMIM][DCA] 20%); (b) the corresponding TG curve of four samples

Based on the slight shift of the exothermic peak, it can be inferred that the reaction process after
mixing ADN and [AMIM][DCA] is: with the increase of environment temperature, the pyrolysis
reaction first occurs in ADN. The decomposition reaction will release a lot of heat at the same time,
which will be transferred to the surrounding environment and quickly reach the decomposition
temperature of [AMIM][DCA] [20]. Then, [AMIM][DCA] begins to decompose into gas, and the heat
released will in turn promote the continued decomposition of ADN. As the reaction proceeds, a large
number of gas decomposition products will gather above the sample. This mutual promotion reaction
process improves the reaction rate and lays the foundation for the subsequent microwave ignition

experiment.
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Table 1. Decomposition characteristics of samples

Material Heat release (J/g)  Peak temperature (°C) Mass loss of main peak (%)
[AMIM][DCA] 92.50 295.13 55.61

ADN 273.05 188.44 60.63
ADN/[AMIM][DCA] 501.26 192.09 89.88

10%

ADN/[AMIM][DCA]  423.15 197.21 73.40

20%

3.2. Microwave ignition and combustion characteristics

To evaluate the feasibility of microwave ignition of ionic liquids, samples (0.02 mL) were placed
on the ceramic substrate for microwave irradiation within the power range of 200 - 900 W. The results
show that only ADN/[AMIM][DCA] 10% could be ignited by microwave. The ignition and combustion
conditions of samples were not the same under different power. As shown in Fig.6, it can be roughly
divided into three cases, taking 200 W, 400 W and 600 W for examples. At low power (200 W),
although the sample was ignited by microwaves, the input energy cannot propagate the flame to form a
stable combustion (Fig 4a). Therefore, there was only one spike in the curve corresponding to the
optical signal.

When the power rose to 400 W, it changes to a stable combustion after the sample is ignited by
microwave, and the intensity of the light signal drops rapidly and forms a steady horizontal line (Fig
4b). As for power at 600 W, the system will heat up and boil violently, with many small droplets being
sprayed out (Fig 4c). These droplets will also be ignited under microwave radiation, resulting in many
small peaks on the curve at the combustion stage. Meanwhile, this phenomenon will intensify with the
increase of power, and the combustion stage will become more unstable.

The relationship between ignition delay time of ADN/[AMIM][DCA] 10% and the power was
explored, and the step size was set 100 W for each trial (Fig.4b and table 2). It can be seen that the

ignition delay time decreased rapidly with the increase of power and finally stabilized in a certain range.

When the power was 200 W, the average ignition delay time was 840 ms. When the power was

increased to 900 W, the ID was reduced to 203.3 ms.
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Figure 4. (a-c) the representative ignition delay diagram of ADN/[AMIM][DCA] 10% at different
power (200, 400 W, 600W); (b) the ignition delay time at different power

Table 2. the ignition delay time of ADN/[AMIM][DCA] 10% at different power (0.02 mL)

Material 200W 300W  400W 500W 600W 700 W 800W 900 W
ADN/[AMIM][DCA] 840.0+ 546.67+ 496.67+ 433.33+ 366.67+ 290.0+= 236.67+ 203.33+
10% 34.64 23.09 30.55 15.27 15.27 10.0 5.77 11.55

To further study the ignition mechanism, the ignition process of ADN/[AMIM][DCA] 10% under
different power was photographed by high speed camera, and the result is shown in Fig.5 (a-c) (600,
700 and 800 W). It can be seen that the ignition delay time decreased from 396.0 ms (600 W) to 229.2
ms (800 W), which was consistent with the waveform recorded by the oscilloscope. Due to high
frequency vibration of ions and water molecules, and resistance heating, the sample heated up rapidly
and bubbles were generated continuously in the solution, forming a liquid-gas layer. This layer is also
called the “foam layer” by many previous research [21]. It could be observed white fine powder
particles near the flame area, which was caused by rapid evaporation, decomposition, degradation and
recombination of ADN and [AMIM][DCA] decomposition products. The heating process of sample

was accelerated as the power increased. Ignition occurs when the concentration of oxidizing and
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reducing gases accumulated to a certain degree, which is the same ignition mechanism as the composite
propellants. The whole combustion process is like “mushroom cloud”. The foam layer below
continuously generates gas and a lot of heat under the microwave radiation. Ignition and combustion of
ADN-based propellant can no longer be maintained, when microwave input is stopped. The sample

begins to extinguish and the flame moves upward gradually.

600 W

Y Y
‘\] - 3 - B L. : -ﬂ_‘

0 ms 65.6 ms 232.4 ms 306.8 ms 395.8 ms 396.0 ms 396.2 ms 396.4 ms

700 W

R
(B) ~

Ignition

182.4 ms 241.0 ms 241.2 ms 2414 ms

s -

0 ms 42.4 ms 158.6 ms

800 W

241.6 ms

(C)
N

229.6 ms

142.8 ms 229.0 ms 229.4 ms

Figure S. (a-c) the ignition process of ADN/[AMIM][DCA] 10% at different power (600, 700, 800 W)

38.6 ms 175.8 ms 229.2 ms

4. Conclusions

In this work, the microwave controlled ignition and combustion of ADN-based IL propellant was
first realized and systematically studied. ADN and [AMIM][DCA] were used as fuel and oxidant of
liquid propellant respectively. The thermal performance of the samples was greatly improved, after
mixing ADN and [AMIM][DCA]. The sample (ADN/[AMIM][DCA] 10%) was successfully ignited by
microwaves, and the ignition delay time decreased rapidly with the increase of power and finally
stabilized within a certain range. The results of high speed camera show that the sample vaporized and
decomposed rapidly under microwave radiation, and a foam layer was formed above the solution in the
process. In summary, the successful realization of microwave controlled ignition, combustion and
extinguishment of ADN-based ionic liquid propellant will further expand the application of ADN based

propellant in space fuel and provide a new direction for the reform of liquid engines.
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Abstract

The concept of penetrative combustion is an innovative idea to increase the regression
rate of hybrid propulsion fuel. However, a fracture phenomenon occurs when the fuel
grains with low infill density are burned. In order to solve this problem, four kinds of
fuel grains with different infill density gradients were designed and prepared. The
combustion test results show that the T252550, T333333 and T334520 fuel grains do
not fracture and that they all show a different increase in regression rate, where the
regression rate of T333333 increased by 103.4% at G,, = 120 kg/(m?-s),
compared with the ABS fuel grains with 100% infill density.

Keywords: combustion, hybrid rocket engine, polymer grain, 3D printing technology

1. Introduction

In recent years, the growing interest in space exploration has led to a greater
demand for rocket development and higher requirements [1-3]. Hybrid rocket motors
have good potential for aerospace applications due to their high safety, low cost, low
pollution and adjustable on/off capability [4-6]. 3D printing technology does not need
to take into account the structural complexity of the model and allows the freedom to
design the desired structure, making it an ideal alternative to traditional manufacturing
methods [7-10].

In a previous study, a series of fuel grains were prepared by 3D printing and
tested for combustion, and penetrative combustion was found that could increase the
regression rate of fuel [11]. The concept of penetrative combustion is inspired by the
inherent characteristics of 3D printing. During printing, some small pores are
inevitably created, and these pores allow a large influx of oxidant into the fuel grains,
allowing combustion to occur from the inside of the fuel grains, increasing the
combustion surface area and enhancing the regression rate. However, in our research,

we found that when the infill density of the fuel grain is low to a certain extent, the
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fuel grain will be fractured, which we do not want to see. In order to solve this
problem, we prepared several fuel grains with different infill density gradients and

found a charge structure suitable for fuel combustion without fracture.

2. Experimental set

Compressive strength tests were determined by UTM5105GD at Imm/min. All
fuel grains were manufactured by 3D Raise Pro2 as cylinders with a hole in the center
(outer diameter:16 mm, inner diameter: 4.5 mm, length: 30 mm). Specific data are
shown in Table 1. The fuel grains are shown in Figure 1. The combustion
experimental setup, as shown in Figure 2, is a 2D radial combustion test setup, which
is similar to the one at SPLab, Politecnico di Milano. Gaseous oxygen (Gox) is
injected as an oxidizing agent into the combustion chamber via an upper-end injector
at a flow rate of 3 g/s. Gaseous nitrogen (GN,) provides pressure to the chamber and
terminates the combustion of the fuel grain. The pressure in the combustion chamber
is controlled at 1 MPa by means of a pressure controller and four solenoid valves.
Laser radiation ignition is used in this experiment. A Nd*:YAG solid-state pulsed
laser with a wavelength of 1064 nm was used as the radiation source to ignite the
B/KNOs; ignition composition at the center hole of the fuel grain, thus igniting the
inner surface of the fuel grain. Images of the fuel burning were captured by a

high-speed camera at 500fps/s.

Table 1. Density gradient for each sample (Radius length ratio).

Samples Infill density 60%  Infill density 80% Infill density 100%
(%) (%) (%)
1252252 25.2 22.6 52.2
T333333 339 33.0 33.0
T512424 51.3 243 243
T334520 339 45.2 20.9
T100 0 0 100

Figure 1. Fuel grains with different infill density gradients. From left to right: T100,
T252252, T333333, T512424, T334520.
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The relationship between the end diameter change D(t) — D(t,) and time (t —t;)
during fuel combustion meets the power function:
D() — D(t) = ap(t —to)"™  (t > to)

The regression rate of the fuel, 77 can be obtained by differentiating the time by the
change in diameter of the regression end face of the fuel:

1d(D(t)-D(tg) 1 _

17 (t) = 5% = Zapnp(t —to)"P (> to)

The mass flow rate G,, per unit time and per unit area on the burning end face of the
fuel can also be obtained from equation (2) as:

G — mox — mox
OX  mD2(t)/4 mD(to+ap(t—ty)"™D)2/4

(t>to)

3. Results and discussion
3.1 Mechanical property

In a typical hybrid rocket motor, the mechanical properties of the fuel are one of
the important parameters. For example, paraffin wax has a high regression rate, but its
mechanical properties are poor, resulting in droplet entrapment and fuel grain collapse
during combustion. Therefore, the control of the mechanical properties of fuel grains
is particularly important. In this study, the mechanical properties of fuel grains were
changed by varying the infill density gradient of the fuel grain. The compressive
strength of the fuel grains of each formulation was tested at 25°C. The experimental
procedure is shown in Figure 3.

(1

(2)

(3)
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(a)Precompression (b)After compression

Figure 3. Compression test.

Table 2 demonstrates the mechanical properties of fuel grains with different infill density
gradients, where Young's modulus (E) and yield point (0, and €,) are reported. The
mechanical behavior (stress-strain curves) of the five ABS-based fuel grains is shown in
Figure 4. All of the samples experienced nearly constant plateau stresses after the yield point,
with T100 having the largest yield point. The other four samples resulted in a decrease in
yield strength because they were printed at lower densities, which created more pores. Among
the four samples with different infill density gradients, T333333 has the highest yield stress,
closest to T100, due to the fact that it has the most uniform density distribution, allowing for a
more uniform force. The order of yield stress for the remaining three samples is T252552 >
T334520 > T512424, which is because only a quarter of the T252552 has a 60% infill density
and more than half of the T252552 has a 100% infill density, whereas the T512424 has more

than half of T252552 has a 60% infill density and just under a quarter of the portion has a 100%

infill density. These changes are consistent with the effect of relative density on the
mechanical properties of the structure in the law of proportions [12]. The change in structure
has the same effect on Young's modulus as it does on yield stress. The experimental results
suggest that a uniformly distributed infill density is a good choice for maintaining higher yield
strength and toughness.

Table 2. Mechanical properties at compression of different infill density gradients.

Samples Yield stress, Yield strain, Young modulus
o,/MPa €,/% E/MPa
T252252 34.81 5.47 947
T333333 38.61 5.28 1016
T512424 28.42 4.45 864
T334520 31.71 5.81 893
T100 42.09 6.45 1066
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Figure 4. Stress-Strain curves at compression of the fuel grains.

3.2 Combustion performance

In order to ensure the accuracy of the experimental results, 3-5 combustion
experiments were carried out for each group of samples. As shown in Figure 5 is a
diagram of the regression process of the burning end face of the T333333 fuel grains.
From the figure, it can be seen that in the initial combustion stage of the fuel there is a
large amount of gas influx from the pores, the combustion flame is relatively bright.
With the passage of time, the penetrative combustion phenomenon has always existed,
but the brightness of the flame is slightly weakened, which is due to the continuous
accumulation of heat in the interior of the fuel grain so that the fuel grains are
subjected to heat gasification. Since the center layer has an infill density of 60%, after
the burning starts, the burning occurs from inside the pores, causing the fuel grain to
start contracting to the inside, forming an irregularly shaped burn. When the portion
with 60% infill density burns out, the portion with 80% infill density begins to burn,
and the column also shrinks, but not significantly, and overall regresses uniformly
outward in a circular pattern. Finally, the part with 100% infill density burns

uniformly outward in a diffuse combustion manner.
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Figure 5. The combustion progress of T333333.

The combustion images of the experimentally measured fuel grains with
different infill density gradients were analyzed according to the data processing
method introduced in Section 2, and the variation of the fuel regression rate with the
oxygen mass flux was obtained as shown in Figure 6. From the figure, it can be seen
that the regression rate of the fuels shows a gradually increasing trend, and it is more
obvious at high oxygen mass flux. Due to the high oxygen mass flux under the airflow
on the combustion surface, the blowing effect is greater so that the combustion
surface area of the fuels is larger, which can greatly increase the fuel in the unit time
of the mass transport to increase the regression rate. T252252 and T334520 uniformly
enhance the regression rate due to the presence of penetrative combustion, and
T333333 exhibits a higher regression rate at high oxygen mass flux. Since T252252
has the thinnest infill density of 60% and 80%, it shows a high regression rate at the
beginning of combustion and a gradually decreasing regression rate at the end of
combustion. Since T333333 has the most uniform distribution of infill density, the
magnitude of change in regression rate is more uniform and not as large as the
magnitude of change in regression rate for T252252. When conducting combustion
experiments it was found that the T512424 fuel grains still fractured, so its regression
rate was not listed when processing the experimental data, because overfilling the 60%
density portion would allow combustion to occur from the inside of the fuel, causing
the grains to fracture and preventing an accurate record of combustion. The T334520
fuel grain is the largest proportion of the parts with 60% and 80% infill density in the



groups of samples, accounting for 78%-80% of the grains. At G,, = 120 kg/(m? -
s), the regression rate of T252252, T333333 and T334520 fuel grains were increased
by 79.9%, 103.4% and 26.6%, respectively, compared with the T100 fuel grains. The
trend is consistent with the results of the mechanical property tests in Section 2,
indicating that this structure contributes significantly to the fuel regression rate. The

regression rate and oxygen mass flux for several samples were fitted according to the
equation (r7(t) = a, Gy (t)), where a, is the regression rate coefficient and n, is

the oxygen mass flux exponent. The results are displayed in Table 3.
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Figure 6. Regression rate vs oxygen mass flux for tested fuel grains.

Table 3. Fitting results of regression rate vs oxygen mass flux.

Sample a, n, R?
T100 0.02442.6 X 1073 0.571+0.0224 0.874
T252252 0.01742.1 x 1073 0.777+0.0267 0.908
T333333 0.001+1.7 x 1074 1.258 £0.0214 0.978
T334520 0.07743.0 x 1073 0.371740.0084 0.936

4. Conclusion

In order to find a fuel grain with excellent mechanical properties and regression
rate, fuel grains with different infill density gradients are investigated in this paper.
The decrease in infill density implies an increase in the internal pores of the fuel
grains, which leads to a decrease in the mechanical properties to different degrees.
However, due to the presence of penetrative combustion, the regression rate of several
fuel grains increases. At G,, = 120 kg/(m?-s), the regression rate of T252252,
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T333333 and T334520 fuel grains were increased by 79.9%, 103.4% and 26.6%,
respectively, compared with the T100. On balance, the T252252 and T333333

structures would be good choices.
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AHHOTALUA

B pabote nccnenoBana AuHaMuKa MOP(POIOTUUECKUX U3MEHEHUH TTOPOIIKOBOI
CMECH TUTAH — HUKEJb MOCIIE PAa3INYHOTO BPEMEHU MEXaHUYECKOM akTuBaumu (MA).
W3ydeHa BHEIIHSS U BHYTPEHHSISI CTPYKTYpa CJIOMCTBIX arjIoMEPaToB. Y CTAHOBJICHBI
3aBUCUMOCTH Pa3MEpPOB YaCTUL], pa3MEPOB BHYTPEHHHUX CJIOEB TUTAHA U HUKEJIS B
armomeparax otT BpeMeHu MA.

KJiroueBble ¢jI0Ba: MOPOIIOK, TUTAH, HUKEh, MOP(OJIOTHS, CTPYKTYpa,
MeXaHU4ecKas aKTHBAIUsl, CJIOMCTHIN arjoMmepar.

BBenenue

Hukemun thTana oOJjiagaeT MHOTMMH IOJE3HBIMH CBOHMCTBAMH M HAXOIHUT
OPUMEHEHWE B  Pa3IWYHBIX  OOJACTAX  HAYyYHO-TEXHUYECKOW  chepbl
NpOMBINUIEHHOCTH. CIUIaBbl U KOMIIO3UIIMOHHBIE MaTe€puajbl HA OCHOBE CUCTEMBI
Ti—Ni mpuUMEHSIOTCS B JBUTATECICCTPOCHHHM, B KAYECTBE TEPMOUYYBCTBHUTEIHHBIX
AJIEMEHTOB, TEPMOMEXAHUYECKUX MPUBOJOB U T.1. [1 — 3].

Jlns monydeHuss HUKeNuZa TUTaHa METOJIOM CamMOpacHpOCTPAHSIOIIETOCs
BbicokoTemneparyproro cunresa (CBC) coctaa Ti — 55,06 Bec% Ni, B cuily HU3KOM
ero 3K30TepPMUYHOCTH, HEOOXOAMMO MPEIBAPUTEIHLHO HArpeTh CMECh HCXOJHBIX
pearentoB Ti u Ni 1o temmeparypst 150 — 200 °C. OmHHM M3 anbTepHATHBHBIX
crocoboB oOecriedenust cropaHust B cucremMe Ti—Ni siBIsieTcsl mpeaBapuTeIbHasI
BBICOKOJHEpreTHYeckass MeXaHudeckas oOpaOoTka wucxoaHod cmecu [4 — 6].
MexaHooOpaOoTKka TMO3BOJIIET CHU3UTHh AaKTUBAIIMOHHBIA Oaphep XHUMHYECKOM
peakiuy M MPOU3BECTH MHUIIMUPOBAHUE TOPEHUs] B XOJIOAHOM oOpasue. [loatomy
M3YUYEHHE 3aKOHOMEPHOCTEH MpeaBapuTesibHOM MA HMCXOAHOW peaklMOHHOW CMECHU
TUTAHA C HUKEJIEM SIBJISIETCS] BAXKHBIM JUIsl IOHUMAHUSI U PETYJIUPOBAHUS MPOIECCOB
nocnenyromiero CBC.
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MeToanka IKCepUMeHTa

MexaHU4ecKyl0 aKTUBAIIMI0 CMECH HMCXOJHBIX MOPOIIKOB TUTAHA W HUKEJS
(ITH>-1, TITX-4-1) B crexuomerpuyeckoM cootHomenun Ti — 55,06 Bec% Ni
MIPOBOJIMIIN B TUTaHETapHOU MenbHUIE (60g, BOASIHOE OXJIAXKICHUE, CTAIBHBIE IIAPhI
5 Mm), cooTHoTIeHHe Macchl mopomrka (MIT) k macce mapos (MIII) - 1:10, cpena MA

— 6ensuH, Bpemss MA 0,5 — 30 mun. Mopdosoruto moponkoBoi cMecu u3yJaad Ha
JEOLSM-84, Axiovert 200.

Pe3yabraTnl

Ha puc. 1 nokasaHa uccieayemasi OpPOLIKOBAsi CMECh THUTaHA M HUKENS 10 U
nocie pa3nuyHoro BpemMeHH MA. W300pakeHHs 3IEKTPOJUTHUYECKOTO MOPOIIKa
Hukens (mapku [THD 1 cpennmii pasmep 32 Mxwm, He Oosee 71 MKM) 1€MOHCTPUPYIOT
MOXO0KYI0 Ha KOpPaJUIbl IEHAPUTHYIO CTPYKTYPY CPOCLIMXCS YaCTUL OPOILKa (a).

Puc. 1. MukpodoTo nopomkoBoi cMeCH TUTaHa U HUKEJIS: @ — UCXOHAsI CMECh,
0 - mocie 1 mua MA, B —mocie 10 mua MA, T — nocne 30 mua MA.
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[Tocne HawanpHBIX BpeMeH MA 4dacTHIBI THTaHa HAYMHAIOT TMPUOOPETATh
OKpYIJIbIE OYEPTAHMSI, & MEJIKME YACTULBI HUKEIII PABHOMEPHEE PACIPEIEISIIOTCS 10
NOpPOIIKOBOM cmecu (0). 3aTeM B MOPOIIKOBOM CMECH MOSBISIOTCS arjoMepartsl,
KOTOpPbIE COCTOSIT M3 CILEIUIEHHBIX MEXAy co0oil paszHopoaHbix yacTtull (B). C
POJICHUEM MEXaHOAKTUBALIUU, ONIPEACIIAIONICH YepeoBaHUE IUKIIOB U3MEIbUCHHUS
U arJIoMEpUpPOBAHUS YACTHIL], arJIOMEPAThl MEHSIOT CBOIO (JOpMY U pa3mepsl (T).

Ha puc. 2 moka3zaHa 3aBUCUMOCTh CPEJIHErO pa3Mepa arjioMepaToB OT BPEMCHH
MA. BuiHO, 9TO NpH YBEIUYCHUH BPEMEHU MEXaHOOOPaOOTKH CHavajia MPOUCXOIMT
HEKOTOPOE YMCHBIIICHHE, a 3aTeM YKPYIHCHHE pa3Mepa 4JacTull ¢ 15 MkM mocnie 5
MuH MA 1o 55 mxMm nocie 30 muan MA.

60
50 4
40 4 /_..
| =
£
= 304
o
.E
7 20-.
-I.'H.""-.-/.
10 -
— T 7 T T T T T T T
0 5 10 15 20 Z3 30

MA time, min

Puc.2. 3aBucuMOCTb CpeAHUX Pa3MEpPOB arjioMepaToB OT BpemeHu MA

Ha puc. 3, a moka3zaHo m3o0pakeHue cedeHHs ariomepara nocie 1 mua MA
(omTHueckast MUKPOCKOTHS ). Buzyanu3upyroTcst arioMmepaTsl pa3IudHbIX pa3MepOB U
dbopm, HA KPYITHOM CEYCHUH MOXXHO YBUIETh YYACTKH THUTAaHA (TEMHBIC) M HUKEJS
(cBetbie).

B oTmenpHBIX yacTMIlaX MEHBIIEr0 pa3Mepa Kakue-nubo Cciaou  He
npocmaTpuBaroTcs. C nanpHeHIMUM npojyieHneM MA cTpyKTypa BHYTpH arjioMepara
HAYMHAET MPOSABIATHCSA OoJiee 0TYeTINBO, U nocie 30 mua MA B armomepaTe MOXKHO
YBUAETh YE€TKO C(HOPMHUPOBAHHBIE CJIOW THUTaHA (TEMHBIM) M HUKENS (CBETJIBIN).
(puc.3, 0).
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Puc.3. MukpodoTtorpadun ceueHuii arimomeparos nocie: a — 1, 6 — 30 mun MA.

Ha puc. 4 nokazana quHaMuKa pa3MepoB BHYTPEHHUX CJIOE€B TUTAHA U HUKETS B
arioMeparax IMOpPOIIKOBOM cMecu OT BpemeHM MA. 3ameTHa oO0Imas TEHACHIUS K
YMEHBIICHUIO pa3MEpOB TONIIMH Kak ISl CIOEB TUTAaHA, TaK U JJISl CJIIOEB HUKEIS,
IpU 3TOM KOJUYECTBO CJIOEB YyBEJIMUYMBAETCS. TakKe MPOCIEKHBAETCS JIOKaJbHAs
HEMOHOTOHHOCTbH B U3MEHEHUU JAHHBIX Pa3MepOB.

size, pm

0 5 10 15 20 25 30
MA time, min

Puc. 4 UsMeHeHus pa3MepoB BHYTPEHHUX CJIOEB TUTaHA U HUKEIS B
arJioMeparax MmopoIlKoBON CMECH TUTaHA U HUKEJS OT BpemMeHu MA

AHamu3upyss puc. 2 U 4 MOXHO NPEANoJOXKUTh, YTO MPU YMEHBIICHUH
pa3MepoB BHYTPEHHUX CJIOEB arjoMeparoB C OJHOBPEMEHHBIM YBEIUYECHUEM
pa3MepoB YacTHUIl OyJeT MPOUCXOAUTh POCT CYMMapHOM IJIOIIAAM KOHTAKTa MEXIY
HUKEJIEM U TUTAHOM, YTO, IO BCEl BEPOATHOCTH, OKAXKET MOJOKUTEIHHOE BIIUSIHUE
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Ha  MOCJHENyIOIIMA  CUHTE3  HHUKEIMJa  TUTaHa U3 NPEIBAPUTEIIBHO
MEXaHOAKTUBUPOBAHHOU CMECH.

BbIiBOABI

B npouecce MA mnopomkoB THTaHa W HUKEIS OOpa3yrOTCs Pa3HOPOJIHBIE
arJoMepaThl, CpeJHHE pa3Mepbl KOTOPBIX BO3PACTAIOT MPHU YBEIMUYEHUU BPEMEHU
MA. Buytpu arnmomeparta (OpMUPYETCSI CIOUCTasi CTPYKTypa C HEPAaBHOMEPHBIM
YepeOBAaHUEM CJIO€B TUTAaHA U HUKEJS. Pa3Mepsl TONMIIMH BHYTPEHHUX CJIOEB TUTaHA
U HUKENId UMEIOT TEeHJSHIMI0 K YMEHBIICHHIO MpH YBEIMYEHUU BpemeHn MA.
[Tocneqnee OyaeT crnocoOCTBOBAaTh (POPMHUPOBAHUIO  pa3BUTOM  Mexda3zHOU
IIOBEPXHOCTH B MEXaHOAKTUBUPOBAHHOW MOPOILIKOBON CMECH.

PaboTa mpoBoamiace ¢ mpuMeHeHneM 000py1oBaHust TOMCKOTO PErHOHATLHOTO
IIEHTpa KOJJIEKTUBHOTO MOJIb30BaHusl. PaboTa BeImoHEeHa TTpu UHAHCOBOM
noanepxke Poccuiickoro Hayanoro ¢onga (rpant Ne22-23-00106).
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AHHOTAIUA

B pa60Te HCCIICA0BAIUCH 3aKOHOMCPHOCTHU CaMOopPacCIIpOCTPaAHAIOIICTCA
BBICOKOTCMIICPATYPHOTO CHHTC3a HHUKEINAA TUTaHa C HCITIOJIb30BAHHEM
HpC,HBapHTCHBHOﬁ MEXaHMYECKOU AKTHUBaAllNH HOpOHIKOBOfI CMCCH.
HpoaHaHI/IBI/IpOBaHBI PECKUMBI MEXAaHMYECKOW aKTHUBAllUd B Pa3IMYHBIX CpCaax.
HOJ’IY‘IGHBI 3aBUCUMOCTH XapaKTCPHUCTUK IIOCJIOMHOTO ropeausa ot YCJIOBI/IfI
HpC,HBapHTCHBHOﬁ MEXaHMYECKOM aKTHUBAIMH.

KuiroueBble cJioBa: MOPOILIOK, TUTAH, HUKEIb, MEXaHUUECKasl AKTUBAIUS, CIOUCTHIM
arjioMepar, CaMOpaclpOCTPAHSAIOIIMICSA BBICOKOTEMIIEPATYPHBIN CUHTES.

BBenenue

Mexanunyeckas aktubaius (MA) UCXOHBIX KOMIIOHEHTOB HalpaBiieHa Ha CO3/aHKE
B HUX 3amaca JIONOJIHUTENIbHON SHepruu, Onarogaps KOTOPOMY CTaHOBUTCS
BO3MO>KHBIM OCYIIECTBJICHHE peakuuu caMopacIpOCTPaHSIOIIETCs
BbeicOKOoTemnepaTtypHoro cunre3a (CBC). Ilpu 3TOM NOpOUCXOAUT CHHKEHUE
TeMIEepaTypbl Hayajla B3aUMOJCHCTBHS KOMIIOHEHTOB, YBEJIMYMBAETCS KOJUYECTBO
BBIJICIISIEMOTO TEIUIa U OOECIeYMBAETCS 3aJlaHHBIA (DA30BBIM COCTaB B KOHEYHOM
npoxaykre [1-4].

Marepuanel, nosydyeHHsle ¢ npuMeHeHuemM MA wu nocnegyromero CBC,
UMEIOT MpaKTUYecKoe 3HaueHue [5, 6]. B 4yacTHOCTH, HMKENUIbl TUTAHA IIUPOKO
WCITIOJIB3YIOTCSI B PA3TMYHBIX OMOMEAUITMHCKAX M MEXaHUYECKHUX MPUIOKEHUSIX, TaK
Kak oOmamaror d¢dekToM mamATH  (POpPMBI, CBEPXYNPYTOCTHIO, XOPOIICH
MJIACTUYHOCTBIO0, OMOCOBMECTUMOCTHIO U KOPPO3UOHHOM CTOMKOCTBIO B arpeCCUBHBIX
cpenax, UMET HU3KYIO IIIOTHOCTh U BBICOKOE Y/AEIIbHOE CONPOTUBIEHUE [7-9].

250



Opnako cuHre3 B cucreMe Ti—Ni B OOBIYHBIX YCIOBHUSIX 3aTPyIAHEH HU3-3a
HEJ0CTATOYHOT'O 3K30TEPMUYECKOTO 3PPEKTa, KOTOPBIA peanu3yercsi B 3TOM Ciydae.
OnHUM U3 BO3MOXHBIX CIOCOOOB oOecrnieueHus: cropanus B cucreme Ti—Ni sBisercs
npeaBapUTeNbHAs  BBICOKODHEpPreTHYeCKass MexXaHudyeckas oOpaboTka cmecu
MCXOJHBIX peareHToB [10-18].

MeToauka IKCepUMeEHTAa

MexaHu4ecKyo aKTUBAIIMI0 CMECH MCXOAHBIX MOPOIIKOB HUKend U Thutana ([THO-1,
[ITX-4-1) B CTEXHOMETPUYECKOM COOTHOIICHHH TIPOBOJAWIM B IIJIaHETApHOU
MenbHuile (60g, BOASHOE OXJaXAEHUE, CTallbHble MIapbl 5 MM). Bapbupyembie
napaMeTpbl: COOTHOIIEHHWE Macchl MOpPOIIKAa K Macce mapoB ot 1:5 mo 1:20, cpena
akTuBUpoBaHus (OeH3uH, Bo3ayx), Bpems MA (ot 30 ¢ mo 10 muHn). I[Tocne MA
crpeccoBaHHble 00pa3ipl auameTpoM 20 MM M HOPUCTOCTHIO 45% mnomeniaiud B
YCTAHOBKY TNOCTOSIHHOro namieHuss u ocywectsisuin CBC ¢ u3smepeHuem
TEeMIEPATYPbl U CKOPOCTH TOPEHUS.

PesyabTarthsl

[lony4yeHHBIE DKCIEPUMEHTANBHBIE pE3yJbTaThbl IOKa3amu, 4ro npu MA B
BO3QYLIHOW W  aproHOBOM cpeJax MPOUCXOJUT CHIBHOE  IPHUKAThIBAHHE
(camodyTepoBKka) MaTepuaia, yero He HabmomaetTcs npu MA B 6eH3uHe. BoisiBiieHo,
YTO CIPECCOBAHHbBIE U3 MEXAHOAKTUBUPOBAHHBIX CMECEH TUTaHa U HUKeJs 00pa3Lbl
TOpsT HE MPH BceX BbIOpaHHBIX pexknumax MA (tabnuua 1).

3HadeHus B TaOIUIE IPEICTABIICHBI KaK cpeaHeapru(hMeTHIECKHe OT 5 — 8 OTBITOB.
[Ipu cootHomennn Mm:Mur = 1:5 nmocneayromui CHHTE3 HUKENUAA TUTaHa
MPOUCXOIUT TOJBKO Mocie 5 MuH MA B cpene 6ensuna. Ecou Mm:Mm = 1:10, To B
ATOM CJIy4ae TOpEeHHE BO3MOXKHO mocie 2, 3 u 5 mud MA. IIpu cooTHOLIEHNH
Mm:Min = 1:20 cMech ropuT Tosibko nociie 2 u 3 mud MA. Takum o6pazom,
CYILIECTBYIOT NPEIEIIbHBIC 3HAUEHUS IPEABApUTENbHON MA NOpOIIKOBOW CMECH, IIPH
KOTOpBIX BO3MOkeH CBC Hukenunaa turana.

[IpuBenennpie B Tabnuue paanHble P@DA-aHanMza MNOpPOAYKTOB TOpPEHUS
MOKa3aju, 4TO B MPOIIECCe CUHTE3a HUKeIuaa TutaHa oopasyrores ¢asel TiNi, TiNis,
Ti;Ni B pa3auyHOM COOTHOIIEHWHM MX JOJIeH, 3aBUCAIIEM OT YCJIOBHUH
npenBapuresbHoi MA.

bonee nHarnmsgHo mnpuBeneHHbIE B TAOMUIE pPE3yJabTaThl JEMOHCTPUPYIOT
rpaduyueckue 3aBUCMMOCTH MAaKCUMAaJIbHOW TEMIEPATypbl U CKOPOCTU TOPEHHS OT
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BpeMeHH MA, KoTopble M300pakeHbl Ha puc. 1 u 2. 31ech cpela aKTUBAIUU —
oen3uH. ['paduku MoCTpoeHbI A pa3IUYHbIX COOTHOLIEHMH Mm:Mi ¢ ykazaHueM
Ha0boOpa CUHTE3UPOBAHHBIX (Pa3 B KOHEUHOM MPOAYKTE pPEaKIIUHU.

BunHo, uyro mnpu yBeauueHUHM BpeMEeHM MA NOpOUCXOAUT CHUKEHUE
MaKCUMAaJIbHOW TeMrnepatypbl ropeHusi. OCOOCHHO OTYETIMBO JaHHAs 3aBUCUMOCTh
nposiBisieTcs Ayt cooTHomeHuss Mm:Mun = 1:10, mpu KOTOpoM Temneparypa ropeHus
YMEHbIIIAETCS NPaKTUYEeCKH B JBa pa3za. M3 MOJy4EeHHBIX SKCIEPUMEHTAIBHBIX
JAHHBIX CJEAyeT, 4YTO C YMEHbIIEHHeM 3HaueHuss MM MakcumanbHas
TeMIlepaTypa  TOpEHus Takxke cHwxkaerca. B umenom, mm1 Mm:Mm = 1:10
3aBUCHUMOCTH CKOPOCTU TOpPEeHHUsI OT BpeMeHU MA HOCSIT HEMOHOTOHHBIN XapakTep.
3nech npu yBeiaudeHur oT 2 10 3 muH MA HaOmogaeTcss Bo3pacTaHUE 3HAYCHUH
CKOPOCTH TOPEHHMSI, 3aTEM OHM YMEHBIIAIOTCS B UHTEpBaJE OT 3 10 5 MuH MA, a

AaJI€C IPOCIICIKHUBACTCA UX HESHAUYUTCIIbHOC YBCIMUYCHNUE B MHTCPBAJIC OT 5 1o 7 muH
MA.

Ta6nuna 1 — Bimusaue ycnopust MA Ha CBC cucteMbl TUTaH- HUKEIb

Mmn:Mu | Cpena | Bpemsa | BosamoxknocTs | Tmakc, | V rop, PesynbTar
MA MA, |CBC °C Cum\c, POA
MUH
1:5 benzun | 2 He roput Ti, N1
1:5 benzun | 3 He roput Ti, N1
1:5 bensun | 4 He roput Ti, N1
1:5 bensun | 5 I'opur 960 0,46 TiNi,
TiNi3, Ti,Ni
1:5 benzun | 7 He roput Ti, N1
1:5 benzun | 10 He roput Ti, N1
1:10 ben3un | 2 I'opur 1025 0,37 TiNi,
TiNi3, Ti,Ni
1:10 ben3un | 3 I'opur 930 0,51 TiNi,
TiNi13,Ti,Ni
1:10 bensun | 5 I'opur 775 0,29 TiNi1, T1,N1
1:10 bensun | 7 I'opur 550 0,31 TiNi1, T1,N1
CITUHOBOE
1:10 bensun | 10 He roput Ti, Ni
1:10 Boznyx | 1 He roput Ti, N1
1:10 Boznyx | 2 He roput Ti, N1
1:20 Boznyx | 3 He roput Ti, N1
1:20 bensun | 0,5 He roput Ti, Ni
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1:20 bensun | 1 He ropur Ti, N1
1:20 bensun | 2 lNopur 800 0,23 TiNi,
TiNi13,Ti,Ni
1:20 bensun | 3 l'opur 650 0,36 TiNi,
FOpI/IT T1N13,T12N1
BCIIBITITKAMU
1:20 bensun | 5 He roput Ti, Ni
1:20 Apron | 0,25 He roput Ti, N1
1:20 Apron | 0,5 He roput Ti, N1
1:20 Apron |2 He roput 960 0,48 TiNi,
TiNi;,Ti,Ni
1:20 Apron |3 He roput 670 0,24 TiNi,
CIIMHOBOE TiNi1;, T1,N1
1:20 Apron |5 He roput Ti, N1
—&— Mp :Muw=1:10
1100 - @ Mn :Mw=1:5
1 —&— Mn :Mw=1:20
1000
O 900
g
E 800
g ]
g 700 -
@ ]
600
500 : : T —

6 7

BI)EMH MeXaHHYeCKOH AKTHBAallHH, MHH

Puc. 1 — 3aBucMMOCTH MaKCUMAaJIbHOM TEMIIEPATypbl TOPEHUs OT BpeMeHn MA B

OeH3MHE JUTsl pa3IMYHBIX COOTHOIIEHU Mm : M ¢ oOpazoBanuem Habopa
cunte3upoBanHbix ¢az: 1 - TiNi, TiNis, Ti,Ni; 2 - TiNi, Ti,Ni1
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0,55 - I —— Mn :Muw=1:10 !
1 -@— Mn: Mw=1:5
:Mw=1:20 |

CkopocThb ropenus, cm\c

BpeMﬂ MeXaHHYeCKOH AKTHBALMH, MHH

Puc. 2 — 3aBucumocTy CKOPOCTH ropeHusi oT BpeMeHn MA B GeH3uHe aiis
pa3IMYHBIX COOTHOLEHU Mt : M1 ¢ oOpa3oBaHHeM pa3IHuHbIX HAOOPOB
cunTesnpoBanHbiX (a3: 1 - TiNi, TiNiz, Ti,Ni, 2 - TiNi, Ti,Ni1

JlnanazoH MakCUMaJIbHOW TEMIIEPATypbl CHHTE3a IPOAYKTa U3 MPEABAPUTEIHHO

. 0 0
MEXaHOAKTUBUPOBaHHOU cmecu coctasisieT oT 550 "C no 1025 °C, a BennunHa
CKOpOCTH TopeHust HaxoauTes B mpeaenax 0.23 — 0.51cm/cexk.

BriBOABI

BrisiBiieHo, uto ycnoBusi MA 0Ka3bIBalOT CYIIECTBEHHYIO pPOJb HAa BO3MOXKHOCTH
ocymectienus nocuenyromero CBC B cucteme Ti — Ni. MA nopomikoBoit cMecu
TUTaHa C HUKEJEM B cpeje OCH3MHA M MPU COOTHOIICHWH MAacChl MOPOIIKA K Macce
mapoB 1:10 sBasieTcs onTUMaNbHBIM JJIs1 TOCJIEAYIOIIETO CUHTE3a HUKEIUAa TUTAHA.
[Ipu »TOM ropeHue cMecu peanu3yeTcs B 0oJiee MHPOKOM BPEMEHHOM HWHTEPBAC
npeaBapuTeabHo MA, HaxoagmmMcest B ripejiesiax oT 2 10 7 MUH.

CuHTEe3upyeMbIi MPOAYKT COACPKUT NpeumyniectBeHHO ¢a3y TiNi ¢ qobaBkamu
(1)33 T1N13, T12N1

PaboTa npoBoauiiach ¢ mpuMeHeHrneM 000py10BaHus TOMCKOTo
PErMOHAIILHOTO LIEHTPA KOJJIEKTUBHOTO MOJIb30BAHMUS.

Pa6ora BeinosHeHa npu puHAHCOBOM MOAEp)KKe Poccuiickoro Hay4yHOTo
donnaa (rpant Ne22-23-00106).
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Abstract: The study aims to identify the flame propagation characteristics
in the diethyl ether (DEE) spray explosion. Different ambient and
material temperatures' effect on flame propagation and structure was
investigated in a 20-L explosion vessel. Greyscale histograms are
obtained from the high-speed images to distinguish the combustion and
explosion zones. With the ambient temperature increased, the combustion
duration showed a trend of first decreasing, then increasing, and then

decreasing again. The combustion zone first increased and then decreased.

The explosion duration showed an overall decreasing trend. The
explosion duration was longer than the combustion duration, ranging
from 152.75 to 307 ms. When the ambient temperature was 308.15 K, the
combustion duration reached its minimum value of 13.25 ms, and the
equivalent radius of the combustion zone reached its maximum value of
52.89 mm. With the increase in material temperature, both the
combustion and explosion durations showed a trend of first decreasing
and then increasing, with combustion durations ranging from 12.42 to
16.25 ms and explosion durations ranging from 106 to 117.5 ms,
respectively. The difference in the equivalent radius of the combustion
zone under different material temperatures was slight, and the influence
of material temperature on the development of the combustion zone was
relatively small. When the material temperature was 308.15 K, the
combustion zone expansion rate reached its maximum value of 10.20 m/s,
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and the explosion zone expansion rate reached its maximum value of
13.36 m/s. The flame instability and flame propagation velocity in the
explosion zone were both greater than in the combustion zone.

Keywords: diethyl ether; Initial temperature; Pre-mixed spray; Flame

propagation; Image processing

1 Introduction

In process safety, scholars worldwide have conducted experimental
and theoretical studies on the risks of combustion and explosion
associated with gases, dust, and mixtures of gases and dust [1-7].
Currently, the liquid flammability rating is mainly based on its flash point,
which suggests that a flammable liquid will not cause combustion or
explosion accidents when the temperature is below its flash point [8, 9].
However, in real-life situations, the explosion of flammable liquid spray
can occur below the flash point of the volatile liquid [8, 9]. Moreover, the
current procedures and methods for evaluating the explosion
characteristics of flammable droplets have yet to be standardized and
unified, in contrast to the explosion characteristic tests of gases and dust
[9-11]. Recently, Yuan et al. [8] and Ji et al. [12] tried to identify liquid
aerosol flammability by machine learning methods. The optimized
machine learning models can be used to predict flammability-leading
properties for aerosols [8, 12].

Like dust, the mixture of droplets and air differs from the gaseous
mixtures and belongs to a non-homogeneous system [13]. Moreover, due
to the significant physical and chemical differences among other droplets,
the combustion and explosion processes are pretty complex. Currently,
experimental and theoretical research on spray explosions primarily aims
to investigate the characteristics and laws of spray explosions from a
macroscopic perspective [14]. For instance, Zang et al. [15, 16], Wu et al.
[17-19], Mitu et al. [20], Grabarczyk et al. [21], Beeckmann et al. [22],
and Saeed [23] studied the explosion characteristics of methanol - air
mixture in a constant volume vessel at different temperatures, pressures
and equivalence ratios. Mitu et al. [24, 25] studied the explosion
characteristics of ethanol/air mixtures with varying ethanol concentrations.
Sun et al. [10, 26] studied the explosion characteristics of the ethanol and
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isopropyl nitrate aerosols in a 20 L cylindrical vessel. The results [10, 26]
showed that the explosion pressure-time history of the ethanol and
isopropyl nitrate aerosols under high-temperature ignition has a "double
pea
Chinese RP-3 kerosene droplet was studied by Zhang et al. [27] using

"

structure. The ignition, puffing, and sooting characteristics of

high-speed camera, OH* chemiluminescence and soot thermal radiation
imaging. OH* chemiluminescence images showed a spherical flame and
a longer flame standoff distance under a lower pressure [27]. The above
research results have laid a solid foundation for standardizing spray
explosion test methods and risk assessment.

DEE is a flammable liquid with a lower boiling point and flash point
than substances with higher ones, such as methanol [28, 29]. DEE is
commonly used in medical anesthesia and has many applications in the
chemical industry. However, unlike high-boiling flammable liquids, DEE
leaks even at higher ambient temperatures and may create a vapor-liquid
spray with higher explosion sensitivity. Bai et al. [30, 31] studied the
effects of ambient pressures, temperatures, DEE concentration, and
particle size on the explosion pressure, the explosion temperature, and the
lower and upper flammability limits. Zhang et al. [32] investigated the
influence of liquid fuel on nitromethane-DEE-aluminum's dispersion and
explosion characteristics with a particle size analyzer and a 20 L
explosion vessel. Zhang et al. [32] found that the increase in spray
pressure alleviates fuel agglomeration. The smaller the fuel particle size,
the higher the explosion overpressure (Py.c) and the maximum rate of
pressure rise (dp/dt) max [32]. Yao et al. [33] investigated the explosion
characteristics of DEE-Al mixtures under different ambient pressure,
temperature, and relative humidity in a 20 L explosion vessel. Wang et al.
[34] presented a detailed investigation of the explosion characteristics and
combustion properties of DEE/air mixtures under different pre-ignition
quasi-isotropic turbulence velocities. The results [34] showed that P,
increased nonlinearly with increasing pre-ignition turbulence velocity.

To our best knowledge, the majority of current research on spray
explosion has focused on determining the droplet explosion sensitivity
(minimum ignition energy, upper and lower explosion limits, and limiting
oxygen concentration) and the destructive effects of explosion (maximum
explosion pressure, maximum rate of pressure rise, explosion or
deflagration index). However, there is still a lack of research on deeper
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issues related to droplet explosion, such as flame propagation in a cloud
of droplets. Flame propagation is a complex phenomenon [35, 36]. The
physical and chemical processes of visible light or other physical
manifestations appearing during the rapid transformation of combustible
substances and air into combustion products, known as flames, are the
essential features of spray explosion [35]. Through a study of limits of
inflammability, nitrogen dilution limits, and burning velocities, Burgoyne
et al. [36] found that the mechanism of flame propagation was completely
transformed within the droplet-size range 7 to 55u. A practical
consequence of this transformation was that the lower concentration limit
of inflammability was reduced, and the rate of burning increased for the
larger droplets [36]. Herein, we used the high-speed camera to study the
explosion and the flame propagation of DEE spray at different material
and ambient temperatures in a 20-L explosion vessel. The flame structure
and propagation during the spray explosion process were analyzed
through mathematical analysis based on flame images to deepen the
understanding of the micro-processes of spray explosions. The
knowledge of flame propagation in DEE /air mixtures would be essential
for accident prevention and improving the design, decision-making, and
risk management strategies.

2 Experimental setup and method

2.1 Material
Diethyl ether (CsHi00, 99.5%, AR) was provided by Yonghua
Chemical Co., Ltd. The properties of DEE are shown in Table 1. The data
in Table 1 is provided by Yonghua Chemical (Jiangsu) Co., Ltd.
Table 1 The property of the DEE

Property DEE
Boiling point (K) 307.75
Flash point (K) 228.15
Density (g/cm?, 293.15 K) 0.713-0.715
Saturation vapor pressure (kPa, 293.15 K) 58.93
Explosion limit (%, V/V) 1.9-36.0
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2.2 Experimental device

T 3

=g

Note: 1. Air bottle; 2. Operating deck; 3. Particle size analyzer; 4. Spherical explosion vessel; 5.
Control panel; 6. Vacuum pump; 7. High-speed camera

Fig.1 Experimental setup of spray explosion

Fig. 1 shows the experimental setup of the spray explosion and its
key components, including a 20-L spherical explosion vessel, an
automatic gas distribution system, a liquid atomization system, and a
computer control panel. The details of the spherical explosion vessel are

shown in Fig. 2, which provides further information about the vessel's
specifications.

Note: 1. Ignition electrode; 2. Sealing cover; 3. Observation window; 4. Sample bin; 5.
Multi-fin disperser.

Fig.2 Spherical explosion vessel

In Fig. 2, the symmetrical window distribution in the vessel could be
used for the optical instruments measurement. Temperature and pressure
sensors (HY029K-P and PMC131, respectively) were equipped in the
spherical vessel chamber and sample bin, and they had a signal sampling
frequency of five times per millisecond. The length of the sensor in the
spherical vessel was 67 mm, with a distance from the center of 95 mm.
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The experiments utilized high-voltage pulse ignition. The sphere cover
was equipped with two ignition electrode poles, with two tungsten poles
installed at the end with a distance of 3-6 mm, and the ignition energy
ranged from 1 J to 40 J. The liquid in the sample bin was atomized fully
by a nozzle and disperser, with high-pressure air driving the process.

A temperature control unit that regulates the material temperature
in the sample bin, and the controllable material temperature range is 25 to
50°C. A heating jacket was utilized to control the ambient temperatures of
the droplets in the 20-L explosion vessel. The heating jacket has an
internal dry-burn heater, which is used to quickly and evenly control the
internal temperature of the explosion vessel through conductive oil and
the heater. The temperature control unit in the vessel chamber allows the
simulation of different ambient temperatures, with a controllable
temperature range of 25 to 200°C.

2.3 Experimental procedure

The experimental procedure of the spray explosion mainly consisted
of three stages: experiment preparation, atomization process, and
explosion process. In the experiment preparation stage, a certain amount
of DEE was first measured and injected into the sample bin. In this study,
the selected volume range of DEE was 3-11 mL, corresponding to
different mass concentrations in the explosion vessel ranging from 107.1
to 392.7 g/m’, as shown in Table 2.

Table 2 Mass concentration of DEE in 20-L explosion spherical vessel

volume/ml concentration/(g/m’)
3 107.1
5 178.5
7 249.9
9 321.3
11 392.7

After DEE was injected into the sample bin, the sample bin and vessel
chamber were heated to reach the setting material and ambient
temperatures. After heating, the pressure inside the explosion ball was
adjusted using a vacuum pump to maintain a negative pressure state.
Compressed air from the air bottle was used to pressurize the sample bin
to 21 bar, providing the driving force for the atomization of DEE in the
vessel chamber.

According to calculations, the pressure inside the vessel chamber was
atmospheric before the explosion started when the driving air filled the
negative pressure environment after the injection. After receiving the
signal, the solenoid valve opened, and DEE was fully atomized through
the nozzle under the driving force of high-pressure air. Our previous
studies [15-19] showed that if the atomization time was too short, the
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atomization would be incomplete, and the particle size distribution of the
droplets would be uneven. If the atomization time were too long, settling
would occur. Therefore, after multiple experiments, it was determined
that the optimal atomization time was 120ms, which was conducive to the
occurrence of the explosion. Once atomization was complete, the spark
ignition electrode discharged 10 J of ignition energy, igniting the DEE
spray. After the experiment, the explosion vessel was vented and purged
to remove exhaust gas and soot.

In this study, the DEE spray explosion experiment was conducted
under normal pressure, i.e., the ambient pressure was 1.00 bar during the
explosion. We mainly investigate the effect of different ambient and
material temperatures on flame propagation of DEE spray explosion. The
mass concentration ranged from 107.1-392.7 g/m’, and the ambient
temperature was set based on the typical outdoor temperature, ranging
from 298.15-323.15K. The material temperature refers to the temperature
of DEE in real-life situations, ranging from 298.15-323.15K.

3 Results and discussion

3.1 Explosion development of DEE spray

The ignition process occurs exclusively at small scales and
represents the interaction of evaporation, turbulent mixing, and
combustion [37]. After ignition by the 10 J energy, a few DEE droplets
ignited, and more droplets began to burn. As the burning of DEE droplets
continued, a DEE spray deflagration or explosion ultimately occurred, as
shown in Fig. 3.

(b) Explosion zone
ey
- j-

L Ignition 1. Combustion III. Further combustion IV. Explosion

(c) Development process of DEE spray explosion

Fig.3 Combustion and explosion zones of DEE spray

The time from ignition to just before the explosion was defined as

263



the combustion duration (¢;), and the period continued in Fig. 3(¢)-1V as
the explosion duration (#). During the initial stage of the spray
explosion, combustion occurred slowly, exhibiting a slow increase in
pressure, defined as the combustion process. As shown in Fig. 3(c)-II,
the zone enclosed by the red border represented the combustion zone of
the DEE spray. As sufficient gaseous DEE was generated via droplet
evaporation, the combustion became more intense and developed into a
spray deflagration or explosion. As shown in Fig. 3(c)-III, the explosion
zone was characterized by a bright white light in the high-speed camera
images, and enclosed by the red border in Fig. 3(c)-IIl was the white
area.

The flame propagation speed depends on the upstream fuel-to-air
ratio and the vapor fuel-to-liquid fuel ratio [38]. In this study, the
combustion and explosion zones were identified by processing the
gray-level histogram of the images. We then converted the zones into
equivalent radii to quantify the evolution of the combustion and
explosion process. The zones of the combustion and explosion were
converted into equivalent radii using equation (1), where R is the ratio of
the area of the combustion or explosion zone to the total size of the
image.

S=RXA
r=(RXA+m)°> (1)

Among them, r is the equivalent radius; A is the actual area of the
image; S is the combustion and explosion areas. The typical combustion
development process of a DEE spray explosion is shown in Fig. 4.

The ignition time was defined as the starting point, i.e., Oms. After
ignition, the ignition energy first ignited the gas-phase DEE around the
ignition center, and the combustion then spread irregularly to the
surroundings. After 20 ms, the DEE spray combustion has fully
developed, igniting the entire DEE spray in the vessel chamber. In the
combustion zone, many burning liquid droplets still appeared as multiple
bright spots in images.

As shown in Fig. 4(b), the evolution of the equivalent radius of the
combustion zone could be divided into three stages. In the first stage,
after ignition, the ignition energy quickly ignited the surrounding DEE
spray and further promoted the propagation of the combustion reaction.
The combustion velocity was 2.34 m/s during this stage. As the ignition
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energy gradually transformed into combustion and evaporation heat,
combustion entered the second stage, namely the development stage. In
this stage, when most droplets in the vessel chamber have already
transformed into tiny droplets or gaseous DEE, the energy required for
evaporation was reduced, and the combustion heat was mainly used for
the combustion development. Therefore, the combustion zone expanded
rapidly, and the combustion velocity was 3.02 m/s. When combustion was
fully developed and the combustion zone approached 100%, the
expansion of the combustion zone slowed down, and the combustion
velocity was 1.26 m/s.

20ms

i j
1 X%

(a) The combustion development process recorded by the high-speed camera

60

50 -

40 -

‘—0— I, Equivalent radiusI

1 N 1 N 1 N 1 N 1 N
0 5 10 15 20 25

Time (ms)

(b) Equivalent radius of the combustion zone

Fig.4 Combustion zone of spray explosion

In the final stage of the combustion, due to the high concentration of
gaseous DEE, the combustion reaction was very intense, inevitably
leading to the transition from combustion to an explosion, forming an
explosion zone. The typical development process of the explosion zone is
shown in Fig. 5.
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(b) Equivalent radius in the explosion process

Fig. 5 Explosion zone of spray explosion

As shown in Fig. 5(a), the full development of the explosion zone
from its appearance only takes 6ms, significantly faster than the
development speed of the combustion zone. During the development
process of the explosion zone, it mainly exhibited the rapid extension of
the burning flame. Unlike gas explosions, the explosion vessel chamber
had strong turbulence due to instantaneous atomization. The uneven
distribution of DEE spray concentration led to the irregular shape of the
combustion and explosion zones during DEE spray explosion
development.

The development of an equivalent radius in the explosion process is
shown in Fig. 5(b). The explosion zone rapidly expanded with time, and
the development rate of the explosion zone was 9.78 m/s during this
process. After the explosion zone fully developed, the amplitude of its
equivalent radius change decreased, and the development rate dropped to
2.82 m/s. The development process of the explosion zone was also a rapid
accumulation of explosion pressure, and the maximum rate of the
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pressure rise in DEE spray explosion also occurred during this stage.
However, since the maximum explosion pressure required an inevitable
pressure accumulation, it often happened in the late stage of the full
development of the explosion zone.

3.2 Effect of ambient temperature on the flame propagation of DEE
spray
When investigating the effect of ambient temperature on flame

propagation of DEE spray explosion, the DEE concentration was 249.9

g/m’, the material temperature was 298.15 K, and the injection pressure
was 21 bar. The effect of ambient temperature on DEE spray explosions'
combustion and explosion duration is shown in Fig. 6.

32 320
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- 300
320 -
- 280
300 -
- 260

280 |-
- 240

260 |-

%240*
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— 200
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(a) Duration of combustion and explosion (b) Overall duration of combustion and explosion

Fig.6 Effect of ambient temperature on the combustion and explosion duration of spray explosion

As shown in Fig. 6(a), the combustion duration decreased initially,
followed by an increase, and then a decrease with increasing ambient
temperature. In contrast, the explosion duration exhibited a downward
trend overall. The minimum value of the combustion duration occurred at
308.15K. The results indicated that the elevated ambient temperature
promoted the liquid DEE's phase transition. The combustion duration
rapidly decreased when the ambient temperature increased from 298.15K
to 308.15K. When the ambient temperature exceeded the boiling point of
DEE, the positive effect of ambient temperature on the atomization and
evaporation of DEE became more evident, generating a large amount of
gaseous DEE before ignition. Restricted by the amount of oxygen in the
vessel chamber, incomplete combustion occurred, significantly increasing
the duration. When the ambient temperature rose to 313.15K, the higher
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temperature provided energy for the combustion reaction to proceed.
Although the inhibitory effect of incomplete combustion still existed, the
combustion duration of the DEE spray explosion showed a slight
downward trend.

The effect of ambient temperature on the combustion and overall
duration of the explosion of DEE spray is illustrated in Fig. 6(b). The
trend of its variation was consistent with the explosion duration, mainly
due to the rapid development of the DEE spray explosion. The
combustion reaction and phase transition were completed in only
13.25-26ms, resulting in a short combustion duration. Thus, the overall
time of the combustion and explosion process was mainly determined by
the explosion duration. The effect of ambient temperature on the
combustion process of DEE spray explosion is presented in Fig. 7.

In Fig. 7(a), the high-speed camera images were selected and
compared every 5 ms under the same ambient temperature. As shown in
Fig. 7(a), unlike gas explosions, the flame front of DEE spray explosions
was highly irregular. The phenomenon was mainly due to the strong
turbulence caused by the transient atomization of DEE spray in the vessel
chamber. In addition, the uneven distribution of DEE droplets produced a
varying concentration of gaseous DEE, resulting in variable brightness in
the combustion zone. Similarly, the methanol/air flame morphology at
373-423K showed that the methanol/air flames suffered from cellular
instability, especially at 5-10 bar [39]. Both experimental results and
stability analysis indicated cellular instability monotonically increased
with increasing temperature [39].

In Fig. 7(a), when the time was 5 ms, as the ambient temperature
rose, the areas of the combustion zone first increased and then decreased,
reaching a peak at 308.15K, consistent with the analysis of combustion
duration in the previous section. When the ambient temperature was
308.15K, the flame of DEE combustion was in the center of the vessel
chamber and spread uniformly to the surrounding zone. Hence, the
development of the combustion zone was more rapid at this ambient
temperature. Kourmatzis et al. [40] found that the reaction zones
generally surround the central spray core in the regions close to the exit
nozzle. After ignition, the gaseous DEE was rapidly ignited and then
spread to the surrounding zone. Therefore, when the ambient temperature
rose from 298.15K to 308.15K, the area of the combustion zone at 5 ms
expanded, and the image's brightness increased accordingly. At 5 ms,
when the ambient temperature was between 313.15K and 323.15K,
excessive gaseous DEE led to incomplete combustion.

Time/ms 5 10 15 20
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(a) Images of combustion zone development under different ambient temperatures
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(b) The variation characteristics of the equivalent radius of the combustion zone over time

Fig.7 Effect of ambient temperature on the combustion process of spray explosion
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At lower ambient temperatures and higher ambient temperatures
than 308.15K, due to the scarcity of gaseous DEE or oxygen, the flame of
DEE combustion cannot spread rapidly after ignition. Under turbulence,
the combustion zone deviated from the ignition center, resulting in a
slower development speed of the combustion zone. Especially at high
ambient temperatures, the effect of turbulence on the combustion zone is
more significant. Similarly, Jiang et al. [5] have studied the impact of
turbulence intensity on flame propagation characteristics and extinction
limits of methane/coal dust explosions. The acceleration of flame
propagation velocity is due to the increased release of volatile matter and
the flame-folded regions caused by turbulence [5]. When the ambient
temperature is between 318.15K and 323.15K, the brightness of the
combustion zone of DEE spray was low, the size of the bright spots in the
combustion zone was relatively consistent, and the zone was small. The
phenomenon was because the atomization and evaporation of DEE were
more effective at high ambient temperatures, forming a uniform and
small-particle-size spray system.

The change of the equivalent radius in the combustion zone of the
DEE spray explosion is shown in Fig. 7(b). After ignition, the equivalent
radius of the combustion zone increased with time. When the equivalent
radius of the combustion zone of the DEE spray explosion reached 52.89
mm, the DEE droplets in the chamber began to burn in an entirely burned
zone. At lower ambient temperatures, the change in the equivalent radius
of the combustion zone of the DEE spray explosion exhibited a linear
trend overall. When the ambient temperature rose to 318.15K, the change
in the equivalent radius of the combustion zone became extremely
unstable, and even a decreasing phenomenon appeared with time. The
flame was unsteady during incomplete combustion, and the increasing
ambient temperature may lead to extinction.

Previous studies [41-45] indicate that two mechanisms drive the
propagation of the reaction front (including cool flame). One is based on
diffusive/conductive transport, and the other mechanism is that the
ignition front propagates as a spontaneous front due to the gradient of
ignition delay time [41]. By linearly fitting the equivalent radius of the
combustion zone, the development speed of the combustion zone was
calculated at different ambient temperatures. The fitting parameters for
the change in the equivalent radius of the combustion zone are shown in
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Table 3.

Table 3 The fitting parameters for the variation of the equivalent radius of the combustion zone

case parameters
Fitting equation y=a+b*x
Ambient 298.15 303.15 308.15 313.15 318.15  323.15
temperature/K
slope/(m/s) 2.67 3.00 5.32 2.65 2.16 1.90
R’ 0.9828 0.9972 09762 0.9405 0.9696  0.9493

As shown in Table 3, the expansion rates of the combustion zone
with increasing ambient temperatures from 298.15K to 323.15K were
2.67m/s, 3.00m/s, 5.32m/s, 2.65m/s, 2.16m/s, and 1.90m/s, respectively.
The expansion rate of the combustion zone at an ambient temperature of
298.15K was only 2.67m/s. When the initial temperature increased to
308.15K, the expansion rate increased to 5.32m/s. However, when the
initial temperature was higher than 308.15K, the expansion rate of the
combustion zone began to decrease. When the ambient temperature rose
to 323.15K, the expansion rate fell to 1.90m/s. The phenomenon
indicated that the incomplete combustion caused by the rise in ambient
temperature significantly affected the expansion rate of the equivalent
radius of the combustion zone. Sun et al. [46] studied flame propagation
of premixed methanol-gasoline blends. In the upward and downward
propagation phases, the average propagation velocity of the flame in the
spherical glass container was close to each other, about 0.31 m/s [46].

Under different ambient temperatures, the typical high-speed camera
images of the explosion zone development are shown in Fig. 8.

As shown in Fig. 8(a), the explosion zone resulted from the combustion
zone developing into an intense stage, with only bright flames and no zones
of varying brightness. The phenomenon was mainly due to the continuous
evaporation during the combustion process. The DEE droplets have wholly
evaporated and converted into gaseous DEE. The development of the
explosion zone was consistent with that of the combustion zone, both
expanding irregularly toward the surroundings. It could be observed that there
were significant differences between the explosion and combustion zones at
lower ambient temperatures. As the ambient temperature increased, the
explosion region gradually approached the combustion region. It can also be
noted that due to the continuous expansion of the combustion region, a wide
range of droplet combustion regions was formed. Thus, the explosion region
started to develop from multiple combustion zones. For instance, at an
ambient temperature of 298.15K, two explosion regions were observed in the
images captured at 18ms.
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Fig.8 Effect of ambient temperature on the explosion process of spray explosion
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According to Fig. 8(b), the explosion zones of DEE spray at
different ambient temperatures developed entirely and quickly. As the
ambient temperature increased, the time for the explosion zone to appear
showed a trend of first decreasing and then rising, with the explosion
zone occurring only 9 ms after ignition at 308.15 K and forming a large
explosion zone. The explosion zones at different ambient temperatures
developed fully within 2-7 ms, with an equivalent radius of 52.89 mm. At
lower ambient temperatures (298.15-308.15 K), the full development of
the equivalent radius required 5-7 ms, while at higher ambient
temperatures (313.15-323.15 K), the full development of the equivalent
radius only requires 2-3 ms. In addition, as the ambient temperature
increased from 298.15 K to 323.15 K, the expansion rates of the
explosion zone were 9.78 m/s, 7.58 m/s, 8.07 m/s, 8.01 m/s, 12.78 m/s,
and 26.19 m/s respectively. Table 4 shows the fitting parameters of the
equivalent radius change of the explosion zone.

Table 4 The fitting parameters for the variation of the equivalent radius of the explosion zone

case parameter
Fitting y=a+b*x
equation

Ambient 298.15 303.15 308.15 313.15 31815  323.15

temperature/K
slope/(m/s) 9.78 7.58 8.07 8.01 12.78 26.19
R’ 0.9799 0.9914 0.9340

Table 4 excluded the data that corresponded to the full explosion
radius. The remaining data were linearly fitted to obtain the expansion
rate of the explosion zone. The explosion zone of the DEE spray
explosion developed rapidly at higher temperatures. The phenomenon
was mainly due to incomplete combustion reactions, which made the
combustion process of DEE spray longer and accumulated a large amount
of combustion heat, promoting the rapid development of the explosion
zone. On the other hand, the high expansion rate of the explosion zone at
an ambient temperature of 298.15K was due to the inadequate gas-phase
DEE, which led to a phase transition during the combustion process and
prolonged the development time of the combustion zone.
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3.3 Effect of material temperature on the flame propagation of DEE
spray

The effect of material temperature on DEE spray's combustion and
explosion duration was investigated with a fixed DEE spray
concentration of 249.9 g/m’ when the ambient temperature and the
injection pressure was 303.15K and 21 bar, respectively. Fig. 9 shows the
effect of material temperature on DEE spray's combustion and explosion
duration.

20 125

t, (ms)

¢, (Combustion duration)

A\ t, (Explosion duration) 1

1 M P R [ M ! 100
295 300 305 310 315 320 325
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Fig.9 Effect of material temperature on the combustion and explosion duration of spray explosion

As shown in Fig. 9, the combustion duration ranged from
12.42-16.25ms, and the explosion duration ranged from 106-117.5ms.
With an increase in material temperature from 298.15K to 303.15K, the
material temperature of DEE was lower than the ambient temperature
inside the vessel chamber. The high-temperature environment heated the
DEE droplets entering the vessel chamber. At the same time, the elevated
material temperature increased the overheating degree of the DEE spray,
and the two-phase vapor-liquid phase transition was shortened, which
created a superior spray system with a higher content of gaseous DEE.

When the material temperature was 308.15K, the overheating effect
promoted the atomization and evaporation of the DEE spray, creating a
spray system with a smaller particle size and more gaseous DEE. After
ignition, the combustion reaction developed rapidly, and the combustion
duration decreased. When the material temperature exceeded 308.15K,
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the difference between the material and environment temperatures
(303.15K) became more significant, and the heat loss during the
atomization process increased. The combustion duration increased
with the increase in material temperature. When the material
temperature rose to 313.15K, the DEE spray was close to the flashing
point, producing too much gaseous DEE during the atomization
process, which led to insufficient oxygen. When combustion
occurred, limited by the lack of oxygen and the heat loss increase,
the combustion reaction's transmission slowed, and the combustion
duration increased.

As shown in Fig. 9, the duration of the DEE spray explosion
was closely related to the explosion duration. The explosion duration
was shorter when the combustion lasted longer because some DEE
was consumed. When the amount of gaseous DEE was excessive, the
existence of incomplete combustion dramatically increased the
combustion and explosion durations. Therefore, the reasons for the
change in the combustion and explosion durations were complex. As
a result, under lower and higher material temperatures than 308.15K,
the explosion duration was relatively stable as the material
temperature increased. When approaching the boiling point of DEE,
the combustion and explosion durations were small, indicating that
thermal dynamics and atomization characteristics effectively
promoted the rapid development of combustion and explosion
processes under this condition. The combustion process of DEE
spray explosion at different material temperatures is shown in Fig.
10.

According to Fig. 10(a), when the time was 5 ms, the
combustion zones of DEE spray explosions at different material
temperatures were relatively large, the images were brighter, and
they were located at the ignition center, which was less affected by
turbulence. Therefore, at 15 ms, the combustion zones have fully
developed. It can be observed that with the increase in material
temperature, the combustion zones at 5 ms first increased and then
decreased. The combustion development speed could be analyzed
from the area of the combustion zone, which developed more rapidly
at material temperatures between 308.15 and 313.15K.
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Fig.10 Effects of material temperature on the combustion process of spray explosion
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In Fig. 10(b), the combustion zone of the DEE spray explosion
continuously increased with a time delay after ignition. The development
was slow during the initial and final stages of combustion, and the
maximum expansion rate occurred in the middle stage of combustion.
When the equivalent radius of the combustion zone reached 61.23 mm,
the combustion had fully developed, and all the DEE droplets inside the
explosion sphere were ignited. Additionally, as shown in Fig. 10(b), the
development of the equivalent radius of the combustion zone at different
material temperatures was consistent, and the difference was negligible.
Thus, the variation of material temperature had little effect on the
development of the combustion zone.

To better understand the effect of material temperature on the
combustion zone, the equivalent radius was differentiated with respect to
time to calculate the maximum expansion rate of the combustion zone.
Fig. 10(c) shows the expansion rate of the material temperature of
298.15K at different times. Subsequently, the maximum expansion rate
and the time were calculated. Table 5 presents the maximum expansion
rates of the combustion zone for different material temperatures.

Table 5 The maximum expansion rate of the combustion zone at different material temperatures

case parameter

Material 298.15 303.15 306.15 308.15 313.15 318.15  323.15

temperature/K

arrival time/ms 11 8 8 6 5 8 8

Expansionrate ~ 7.27 9.65 8.64 10.20 9.15 6.96 8.83
/(m/s)

Table 5 shows that when the material temperature increased from
298.15K to 323.15K, the maximum expansion rates of the combustion
zone were 7.27m/s, 9.65m/s, 8.64m/s, 10.20m/s, 9.15m/s, 6.96m/s, and
8.83m/s, with the maximum value appearing at 308.15K. The high
brightness of the combustion zone and its circular shape at this
temperature promoted even expansion to the surroundings. The expansion
rate was suppressed at lower or higher material temperatures due to
insufficient DEE or incomplete combustion. It was also found that when
the characteristic time of the turbulence disturbance becomes shorter than
that of the chemical reactions, the heat sink effect of turbulence will

277



dominate the combustion process [5]. The maximum expansion rate again
increased when the material temperature rose to 323.15K, possibly due to
the increased energy provided by the higher temperature DEE droplets,
thereby promoting the development of the combustion zone. However,
the corresponding arrival time at this temperature was 8 ms, indicating
that incomplete combustion still had an effect. The changes in the
explosion process of DEE spray at different material temperatures are
illustrated in Fig. 11.

Based on the results shown in Fig. 11, during the development of
combustion, an explosion zone appeared in the combustion center, which
was different from the location of the explosion zone when affected by
the ambient temperature. The phenomenon was mainly due to the more
uniform distribution of the DEE spray in this state. After ignition, it
steadily developed from the ignition center towards the surroundings. The
heat generated by the combustion further heated the liquid droplets in the
central region, causing them to completely evaporate into DEE vapor,
thereby rendering the explosion zone.

The variation of the equivalent explosion radius at different material
temperatures is presented in Fig. 11(b). The DEE spray at 308.15K and
313.15K exhibited the earliest appearance of the explosion zone. Still, the
DEE spray at 313.15K showed a larger explosion zone, resulting in its
rapid development and the earliest formation of a fully exploded region,
with an equivalent radius of 61.23mm. The maximum expansion rate of
the explosion region at different material temperatures is listed in Table 6.

As shown in Table 6, When the material temperature was increased
from 298.15K to 323.15K, the maximum expansion rate of the explosion
zone was 9.69m/s, 12.67m/s, 12.10m/s, 13.36m/s, 11.91m/s, 11.11m/s,
and 7.75m/s, respectively. Overall, it showed an increasing trend followed
by a decrease, and its maximum value coincides with the combustion
zone at 308.15K. The phenomenon indicated that the rapid development
of the combustion zone provided sufficient gaseous DEE and combustion
heat for the formation and development of the explosion zone. However,
the maximum expansion rate of the explosion zone of the DEE spray at
313.15K did not reach its peak due to the larger initial explosion zone.
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Table 6 The maximum expansion rate of the explosion zone at different material temperatures

case parameter

Material 298.15 303.15 306.15 308.15 313.15 318.15  323.15

temperature/K

Arrival time/ms 14 12 13 11 10 12 13

Expansionrate ~ 9.69 12.67 12.10 13.36 11.91 11.11 7.75
/(m/s)

The explosion zone's expansion rate was relatively low and
restricted by the ball's constant volume. In contrast to the combustion
zone, incomplete combustion significantly impacted the expansion rate of
the explosion zone, which showed a decreasing trend when the material
temperature increased from 318.15K to 323.15K, and the time to reach
the maximum value was also prolonged.

4 Conclusions

In this work, the effects of ambient pressure and material temperature on
flame propagation characteristics of DEE spray explosion were
investigated through mathematical analysis. The following conclusions
could be drawn from this study:

(1) Based on the gray histogram, the identification of the combustion
zone and explosion zone of the DEE spray was carried out. Compared to
the development of the combustion zone, the explosion zone appeared
and developed quicker from the initial appearance, indicating a rapid
expansion of the explosion zone.

(2) With the increase in ambient temperature, the combustion duration
showed a trend of decreasing first, then increasing, and then decreasing
again. At the same time, the explosion duration showed a trend of overall
decrease. The size of the combustion zone increased first and then
decreased. The explosion duration was longer than the combustion
duration, ranging from 152.75 to 307 ms. The trend of the overall
duration of combustion and explosion of DEE spray explosion was
consistent with that of the explosion duration. When the ambient
temperature was 308.15 K, the combustion duration reached its minimum
value of 13.25 ms, and the equivalent radius of the combustion zone
reached its maximum value of 52.89 mm.

(3) As the material temperature increased, the combustion and explosion
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durations decreased first and then increased. The combustion duration
ranged from 12.42 to 16.25 ms, while the explosion duration was between
106 and 117.5 ms. The differences in the equivalent radius of the
combustion zone at different material temperatures were minor, indicating
that the effect of material temperature on the development of the
combustion zone was minor. When the material temperature was 308.15K,
the maximum expansion rate of the combustion zone was 10.20 m/s, and
the maximum expansion rate of the explosion zone was 13.36 m/s. The
flame instability and flame propagation velocity in the explosion area
were both greater than in the combustion area.

Acknowledgements

This work was supported by the National Key Research and Development Program
(No. 2017YFC0804700 and 2016YFC0800100), Jiangsu Province Key Research and
Development Program (No. BE2020729), and Ningxia Autonomous Region Key
Research and Development Program (No. 2022BEE02001).

References

[1] Wang T, Luo Z, Wen H, Cheng F, Liu L, Su Y, et al. The explosion enhancement
of methane-air mixtures by ethylene in a confined chamber. Energy 2021;214.

[2] Torrado D, Buitrago V, Glaude P-A, Dufaud O. Explosions of
methane/air/nanoparticles mixtures: Comparison between carbon black and inert
particles. Process Safety and Environmental Protection 2017;110:77-88.

[3] Song B, Jiao W, Cen K, Tian X, Zhang H, Lu W. Quantitative risk assessment of
gas leakage and explosion accident consequences inside residential buildings.
Engineering Failure Analysis 2021;122.

[4] Mittal M. Explosion pressure measurement of methane-air mixtures in different
sizes of confinement. Journal of Loss Prevention in the Process Industries
2017;46:200-8.

[5] Jiang H, Bi M, Gao Z, Zhang Z, Gao W. Effect of turbulence intensity on flame
propagation and extinction limits of methane/coal dust explosions. Energy
2022;239.

[6] Ji W, Wang Y, Yang J, He J, Wen X, Wang Y. Methods to predict variations of
lower explosion limit associated with hybrid mixtures of flammable gas and dust.
Fuel 2022;310.

281



[7] Jiao F, Zhang H, Li W, Zhao Y, Guo J, Zhang X, et al. Experimental and
numerical study of the influence of initial temperature on explosion limits and
explosion process of syngas-air mixtures. Int J Hydrog Energy
2022;47(52):22261-72.

[8] Yuan S, Zhang Z, Sun Y, Kwon JS, Mashuga CV. Liquid flammability ratings
predicted by machine learning considering aerosolization. J Hazard Mater
2020;386:121640.

[9] Yuan S, Ji C, Han H, Sun Y, Mashuga CV. A review of aerosol flammability and
explosion related incidents, standards, studies, and risk analysis. Process Safety
and Environmental Protection 2021;146:499-514.

[10]Sun K, Zhang Q. Experimental study of the explosion characteristics of isopropyl
nitrate aerosol under high-temperature ignition source. J Hazard Mater
2021;415:125634.

[11]Cashdollar KL, Hertzberg M. 20 - | explosibility test chamber for dusts and gases.
Review of Scientific Instruments 1985;56(4):596-602.

[12]Ji C, Yuan S, Jiao Z, Huffman M, El-Halwagi MM, Wang Q. Predicting
flammability-leading properties for liquid aerosol safety via machine learning.
Process Safety and Environmental Protection 2021;148:1357-66.

[13]Myers GD, Lefebvre AH. FLAME PROPAGATION IN HETEROGENEOUS
MIXTURES OF FUEL DROPS AND AIR. Combustion and Flame
1986;66(2):193-210.

[14]Wan H, Wen Q, Zhang Q. Detonation process of high-speed flowing multiphase
energetic mixture under high temperature and high pressure. Combustion and
Flame 2022;246.

[15]Zang X, Yu H, Lyu Q, Pan X, Jiang J. Formation and explosion characteristics of
methanol spray droplets in confined space. Explosion and Shock Waves
2020;40(3).

[16]Lyu Q, Zang X, Pan X, Ma P, Yu H, Jiang J. Effects of temperature and
concentration on characteristic parameters of methanol explosion. Explosion and
Shock Waves 2019;39(9).

[17]Wu F, Yu H, Pan XH, Zang XW, Hua M, Wang H, et al. Experimental study of
methanol atomization and spray explosion characteristic under negative pressure.
Process Safety and Environmental Protection 2022;161:162-74.

[18]Wu F, Wang H, Yu H, Zang XW, Pan XH, Hua M, et al. Experimental study on
the lower explosion limit and mechanism of methanol pre-mixed spray under
negative pressure. Fuel 2022;321:11.

[19]Wu F, Pan XH, Wang H, Hua M, Yu H, Zang XW, et al. Experimental study on

282



the explosion characteristic and flame propagation of methanol spray at different
injection pressures. Fuel 2022;325:16.

[20]Mitu M, Brandes E. Explosion parameters of methanol-air mixtures. Fuel
2015;158:217-23.

[21] Grabarczyk M, Teodorczyk A, Di Sarli V, Di Benedetto A. Effect of initial
temperature on the explosion pressure of various liquid fuels and their blends.
Journal of Loss Prevention in the Process Industries 2016;44:775-9.

[22]Beeckmann J, Cai L, Pitsch H. Experimental investigation of the laminar burning
velocities of methanol, ethanol, n-propanol, and n-butanol at high pressure. Fuel
2014;117:340-50.

[23]Saeed K. Determination of the explosion characteristics of methanol — Air
mixture in a constant volume vessel. Fuel 2017;210:729-37.

[24]Mitu M, Brandes E, Hirsch W. Mitigation effects on the explosion safety
characteristic data of ethanol/air mixtures in closed vessel. Process Safety and
Environmental Protection 2018;117:190-9.

[25]Mitu M, Brandes E. Influence of pressure, temperature and vessel volume on
explosion characteristics of ethanol/air mixtures in closed spherical vessels. Fuel
2017;203:460-8.

[26]Sun K, Zhang Q, Wang W, Niu S. Experimental study on explosion parameters of
ethanol aerosol under high-temperature source ignition. Fuel 2022;311.

[27]Zhang H, Wang Z, He Y, Xia J, Zhang J, Zhao H, et al. Ignition, puffing and
sooting characteristics of kerosene droplet combustion under sub-atmospheric
pressure. Fuel 2021;285.

[28]Matzen M, Demirel Y. Methanol and dimethyl ether from renewable hydrogen
and carbon dioxide: Alternative fuels production and life-cycle assessment.
Journal of Cleaner Production 2016;139:1068-77.

[29] Astbury GR. A review of the properties and hazards of some alternative fuels.
Process Safety and Environmental Protection 2008;86(6):397-414.

[30]Bai C, Wang Y. Study of the explosion parameters of vapor—liquid diethyl
ether/air mixtures. Journal of Loss Prevention in the Process Industries
2015;38:139-47.

[31]Bai C, Liu W, Yao J, Zhao X, Sun B. Explosion characteristics of liquid fuels at
low initial ambient pressures and temperatures. Fuel 2020;265.

[32]Zhang C, Bai C, Yao J. Liquid component effect on the dispersion and explosion
characteristics of solid-liquid mixed fuel. Fuel 2022;319.

[33] Yao J, Zhang C, Liu W, Bai C, Zhao X, Sun B, et al. The explosion characteristics

of diethyl ether-Al mixtures under different ambient conditions. Combustion and

283



Flame 2021;227:162-71.

[34]Wang Y, Li W, Chang Q, Cheng J. Measurements of explosion parameters for
diethyl ether/air mixtures at pre-ignition quasi-isotropic turbulence. Fuel
2021;292.

[35] Van den Schoor F, Verplaetsen F. The upper explosion limit of lower alkanes and
alkenes in air at elevated pressures and temperatures. J Hazard Mater
2006;128(1):1-9.

[36] The effect of drop size on flame propagation in liquid aerosols. Proceedings of
the Royal Society of London Series A Mathematical and Physical Sciences
1997;225(1162):375-92.

[37]Heye C, Raman V, Masri AR. Influence of spray/combustion interactions on
auto-ignition of methanol spray flames. Proceedings of the Combustion Institute
2015;35(2):1639-48.

[38]Krishna K, Rogers WJ, Mannan MS. The use of aerosol formation, flammability,
and explosion information for heat-transfer fluid selection. J Hazard Mater
2003;104(1-3):215-26.

[39]Wang G, Li Y, Li L, Qi F. Experimental and theoretical investigation on cellular
instability of methanol/air flames. Fuel 2018;225:95-103.

[40]Kourmatzis A, Pham PX, Masri AR. Characterization of atomization and
combustion in moderately dense turbulent spray flames. Combustion and Flame
2015;162(4):978-96.

[41]Zhang X, Yuan C, Zhou L, Zhao W, Liu Z, Wei H. Effects of initial temperature
on ignition and flame propagation of dual-fuel mixture in mixing layer.
Combustion and Flame 2021;225:468-84.

[42]Mukhopadhyay S, Abraham J. Influence of compositional stratification on
autoignition  in  n-heptane/air  mixtures. = Combustion and  Flame
2011;158(6):1064-75.

[43]Lipatnikov AN, Chomiak J. Effects of premixed flames on turbulence and
turbulent scalar transport. Progress in Energy and Combustion Science
2010;36(1):1-102.

[44]Wang Z, Liu H, Reitz RD. Knocking combustion in spark-ignition engines.
Progress in Energy and Combustion Science 2017;61:78-112.

[45]Krisman A, Hawkes ER, Chen JH. The structure and propagation of laminar
flames under autoignitive conditions. Combustion and Flame 2018;188:399-411.

[46]Sun Y, Qian X, Yuan M, Zhang Q, Li Z. Investigation on the explosion limits and
flame propagation characteristics of premixed methanol-gasoline blends. Case

Studies in Thermal Engineering 2021;26.

284



DOI: 10.53954/9785605098669_285
YK 536.46
YuciieHHOe HCC/IeI0BaHUE CTPYKTYPbI JIJAMUHAPHOIO NPeIBAPUTEIbHO
nepeMenIaHHOT0 METAHOBO3AYIIHOIO IJIAMEHH, HANIPABJEHHOI0 HA MJI0CKYI0
OXJIaK/IaeMYI0 Nperpauy

Cnactas JI.A', Xpe6ros M.10."?, Mymnsmxanos P, Nynus B.M."?

" Mucruryr Temmodusuku nm. C.C. Kyrarenamse CO PAH, HosocuGupck, Pocenst
? HoBocuGHpcKuii rocyaapcTBeHHbIH yruBepentet, HoBocnGupek, Poccust
e-mail: da.slastnaya@gmail.com

AHHOTALMSA

B pabore mpeacraBineHbl pe3ynbTaThl  YMCIEHHOTO  MCCIEAOBAHUSA
CTPYKTYpPBI NPEIBAPUTEIBLHO NEPEMEIIAHHOIO METAHOBO3AYLIHOTO IJIaMEHU (¢ =
0.92, Re = 1000), HanpaBJIEHHOrO0 HA IJIOCKYIO0 OXJAXIAEMYIO Mperpany, s
Pa3IMYHBIX PACCTOSHUM MEXIy CTEHKOM M KpPOMKOW coruia. BeruncieHus
IIPOBEICHBl METOJOM IPSAMOIO YHMCIEHHOIO MOJEIUPOBAHUSA C JCTAJIBHBIM
kuHeTndeckuM mexanusMoM GRI-MECH 3.0. PaccunTtanHble moJisi TeMIEpaTyphl
COOTBETCTBYIOT paHee IIOJIYYEHHBIM JKCIEPUMEHTAIBHBIM JIaHHBIM IIPU TEX K€
YCIOBHAX. AHanu3 HHTEHCHBHOCTH TEIUIOBOIO IOTOKA HA CTEHKE, a TaKkKe
pacnpeneneHui TeMIIepaTypbl U paIuaIbHON KOMIIOHEHTHI CKOPOCTH Ha YAAJICHUH
OT OCH CHMMETpPHUH, NOKa3aJl, 4YTO PEIICHHs [JIs IUIaMEHHW, HAIpPaBJICHHOIO Ha
nperpaay, UMEEeT aBTOMOJETbHBIA BHI. Kpome 3Toro, ObUIO ompeieneHo, yTo
MaKCHMaJbHOE KOJIMYECTBO JUOKCHJIA a30Ta BbIAEISAETCS B KOH(UTypaluu, Koraa
BEpLIMHA KOHYCA TOJIBKO COIIPUKACAETCS C MOBEPXHOCTBHIO MPErpaIbl.

KnaoueBble cjoBa: npsMoe YHCICHHOE MOJICIMPOBAaHUE, JIAMUHAPHOE IUIams,
HamNpaBJI€HHOE HA  Mperpamy, JACTalbHbIi  KUHETUYECKUH  MEXaHH3M,
laminarSMOKE, OpenFoam, GRI-MECH 3.0.

BBenenue

B NpOMBINIUIEHHOCTH TOPEHHE Yalle BCETO pealu3yeTcs B 3aKPBITHIX
KaMepax CrOpaHwus, IJe HAIMYUE CTEHOK MPUBOAMT K CYIIECTBEHHBIM M3MEHEHHSIM
XapaKTEePUCTHK TUIAMEHH U KUHETUKU XUMHYECKOTO pearnpoBaHus. B pesynbrare
B3aUMOJICHCTBUS TNIAMEHU M IOTPAHHYHOTO CJIOSI MEHSFOTCSI CTPYKTYPa U CKOPOCTh
pactpoCTpaHeHUs] IUIAMEHH, IIOMHUMO JTOTO BO3HUKAIOT TPYIHOCTH  CO
crabunm3anued mporecca ropeHus. Hanwmuue Teruionepenadyu OT IUTAMEHU K
XOJIOAHON IMOBEPXHOCTH NPUBOIUT K CHIDKCHHUIO TEMIIEPATypbl B IPUCTCHHOM
o0nacTd, YTO CHOCOOCTBYET 3aMEJICHHI0 MHOTHX pEaKlIHMid OKHUCIICHUS.
BcnencTBue 3T0T0, MPOMCXOAUT HEMOJTHOE CrOpaHUE TOIUIMBA M KAaK PE3YJbTaT —
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oOpa3oBaHHe 00JIaCTEll C TMOBBIIMICHHBIM COACPKAHHEM 3arpsA3HSIONINX BEIIECTB
[1]. Kpome 3TOro, HepaBHOMEpPHBIM TEIUIOBOM MOTOK OT IUJIAMEHU BBI3BIBAET
JIOKaJNbHbIE HEOJHOPOJHOCTH TEMIEpaTyphl Ha TMOBEPXHOCTU CTEHKH, YTO
OPUBOJUT K TMOSBICHUIO 0O0JacTeil JIOKaJbHOTO MeperpeBa, TEPMUUYECKHUX
HaNpsDKEHUM M TOBBIIIEHHOMY HM3HOCY Mmarepuana creHkd [2]. Takum oOpazom,
JeTalbHOE TIOHMMAaHHE TMPOLECCOB B3aMMOACUCTBUS IUIAMEHH M CTEHKH,
UCCJIEJIOBaHUE TEIIOOOMEHa M OCOOCHHOCTEH XUMHUYECKOTO pEearupoBaHUs B
NPUCTEHHOW O0NacTu, BaKHBI ISl MPOEKTUPOBAHUSA M MOJCPHU3ALMU Kamep
CropaHusi ¢ MOBBIIIEHHON 3((HEKTUBHOCTBIO U PECYPCOM, a TAKKE JJI CHUXKEHUS
YPOBHSI BLIOPOCOB 3arpsi3HSIOIIMX BELIECTB B aTMOCdepy.

B nuteparypHbIX HCTOYHHMKAX MPHUBOAATCS JaHHbIE 00 HCCIIEIOBAHUAX
pearupyromux cMeceil, HaTeKalluX Ha Mperpaay, Npu pa3ndyHbIX MapameTpax
ropenok, yncnax PeiiHonbraca, ko3p@uireHTax M30bITKa TOIUIMBA, PACCTOSHUSIX
MEX/y COILJIOM U MPErpajon, H3y4aeTcs MHTEHCUBHOCTD TEIJIO0OMEHa, CTPYKTypa
IJIAMEHU, a TaK)KE€ BO3HUKHOBEHHE aBTOKoJeOaHwii. B paborax [3-4] mpoBeneHO
KOMOMHUPOBAaHHOE  SKCHEPUMEHTAJIbHOE W YHCIEHHOE  MCCIE/I0BaHue
TErI000MeHa B JaMUHAPHOM IpeIBapUTEIHHO nepeMeIaHHOM
METaHOBO3YIIHOM IUIAMEHU, CTAJIIKMBAIOIIMMCS C IJIOCKOW MOBEPXHOCTHIO, MpPHU
pa3nuuHbIX uyHciaax PeiHonbaca W AMaMeTrpax TOpenkH. OKCIEPUMEHTAIbHO
YCTaHOBJICHO, YTO MUK TEIIOBOTO MOTOKA 3aBUCUT OT PACCTOSIHUS MEKIAY KPOMKOM
COILIa U MPEerpaioil, KpoMe TOro, Ajst OOJBIIUX Pa3MEPOB FOPENIKH MUK TEIJIOBOTO
NOTOKa CMEUIeH OT ocu cuMmerpuu. [lnsg Oosiee moapoOHOTO HCCIEIOBAHUA
BIUSIHUA HAJIM4YMsl Tperpajgsl Ha IuiaMs ObUIO  TMPOBEAEHO YHUCIEHHOE
UCCJeIoBaHNe, TJie ObLIO MOKa3aHO, YTO PACIOJIOKEHHE MUKA TEIUIOBOIO MOTOKA
CBSI3aHO C MUKOM MPOGUIIS 0CEBOM CKOPOCTH.

W3yyenue kak mpeaBapuUTENbHO MEepPEMENIaHHOro, Tak U  IudPy3noHHOTrO
METaHOBO3JYIIHOTO TUJIAMEHHU, HATEKAIOIIeT0 Ha OXJaXJAeMYI0 IUIaCTHHY, B
3aBUCUMOCTH OT Kod(duimenta wu30bITKa TOIUIMBA, uYuciaa PeiliHombaca u
PACCTOSIHHSI MEXK]Ty COTUIOM M TIPErpajoi mposeaeHo B padore [S]. [Ipu meHbImX
paccTosiHUSIX HaOJI0/1anach yCTOWYMBAsl OCECUMMETpPUYHAsi CTPYKTypa IUIaMEHH.
[Ipn yBenuyeHUM paCCTOSHUS MEXKAY COIUIOM M Mperpagol HeyCTOMYHUBOCTb,
BbI3BaHHAs CUJIAMU TJIABYYECTH, MPUBOJIMIIA K 3aMETHBIM KOJIeOaHUSIM TilaMeHu. B
3aBUCUMOCTHM OT 4Hciia PeliHosb/ica, pacCTOSTHUSL MEXK/Yy COIUIOM M Mperpajon u
kodhdurmmenToMm w30BITKA TOIIMBA IUIAMS WMEJIO0  Pa3IMYHYK CTPYKTYPY.
W3mepenus: JTOKaIbHOTO TEIUIOBOTO MOTOKA HA TUIACTHMHE BBISBUIN 3aBUCHUMOCTD
TEIUIOBOTO TMOTOKa OT CTPYKTypel IutlameHu. B pabore [6] momyyeHO
aHAJIMTUYECKOE BBIPAXKEHUE JUIsl TEIUIOBOrO TOTOKAa JIAMUHAPHOTO IJIAMEHH,
HATEKAIOIer0 Ha TUIOCKYIO IUIACTHHY. Term1ooOMeH B 3TOM BBIPAXKEHUU 3aBUCUT
OT PpAacCTOSHUSI MEXAY COIJIOM U CTeHKOW. J[Jii mpoBepkd MOTYy4EHHOTO
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AHAJIMTHUYECKOTO BBIPAKEHUS MPOBEIEHBI YHCIEHHBIE PACUYEThl, KOTOPHIE XOPOIIO
COTJIACYIOTCS C pe3yJIbTaTaMH aHAJIUTUYECKOTO BBIBOJA.

B pabore [7] nmpencraBieH aHaiu3 — TEIJIONEpPENayd  OT  IUIAMEHHU
IIPEABAPUTEIIBHO TEPEMEIIAHHON METAaHOBO3AYIIHOM CMECH, MOCTyHAarolend u3
Kpymjioro coma, K nperpage. HMccinepmoBano BimsiHue uwmcna PeuHosbaca,
Kod(pdunueHTa u30bITKa TOIUIMBA M PACCTOSHUSA OT COIUIa IO Mperpaasl Ha
XapaKTepUCTHKU TemmooOmMeHa. B OegHBIX M CTEXMOMETPUYECKHX CMeECsX
BBIJIETISIETCS MAKCUMAaJIbHOE KOJMYECTBO TEIJIOBOM sHepruu. OpgHako B OeqHOM
IUIAMEHU YaCTh BBIACISIEMOM DHEPIMM PACXOMyeTCsl Ha MOBBILIEHUE TEMIEPATYPBI
n30pITKa BO3Ayxa. B OoraroM TOIIMBOM IUIAMEHHM CrOpPaHUE MPOUCXOAUT
HEINOJHOCTBIO, HO 3a cyeT Oojblleld BBICOTH IUIAMEHU JOCTUTraeTcs Oolee
UHTCHCUBHBIH  TeruiooOMeH.  ONTUMalbHbIE  TEIUIOBBIE  XapaKTEPUCTUKU
HAOMIOJAIOTCsA, KOrJa CMech OyiM3Ka K CTEXHOMETPHYECKOM, a Topelka
pacnoJio)keHa Ha TAaKOM pAaCCTOSIHUM OT MOBEPXHOCTUM MHILEHU, YTO BEPILKHA
KOHYCa IJIAMEHH TOJBKO KacaeTcs MOBEPXHOCTH.

HccnenoBannio HEYCTOMYMBOTO TOPEHUS TOCBSIIEHBI padboTsl [8-9]. B pabote
[8] mpoBEAEHO COBMECTHOE HKCIIEPUMEHTAJIBbHOE U AHAIMTUYECKOE H3Yy4YCHHE
JJAMUHAPHOTO IPEABAPUTENIBHO IEPEMEIIAHHOIO IIJJAMEHH, HAaTEKaroIIero Ha
nperpagy ¢ KOHTPOJUPYEMOM TEMIIEpaTypod, ¢ aKIEHTOM Ha aHajau3
NEPUOANYECKUX OCHMIUISALUN B IOTOKE. bbl10 00HAPYKEHO 1IECTh TUIIOB CTPYKTYP
IUIAMEHU B 3aBHCUMOCTH OT pAacCTOSIHUS OT coIula A0 MPEerpajbl, CKOPOCTH
UCTeUeHUs1 CTpyn U Kodd¢uuumenta wu30biTKa TOmIMBa. HecranmonapHoe
NOBEJCHUE IUIAMEH MOJEIHUPOBAIOCh MATEMAaTHYECKOM CXEMOH, B KOTOPOHU
ropelKa paccMaTpuBajlach Kak pe3oHarop [enpmrosnbua, TIeHEpUPYOLIUN
IyJIbCALIMM JABJICHUS, 3aBUCAILIME OT CKOPOCTH NOTOKA. B 3KcnepumeHTanbHOU
pabore [9], mnpum wucCcCIenOBaHMM HEYCTOWYMBOILO TOPEHHUS JIAMHUHAPHOTO
IpeIBaAPUTEIHbHO IEPEMENIAaHHOTO METAaHOBO3AYIIIHOTO TJIAMEHH, OBLIIO BBISBIICHO,
YTO IPH ONPEJEIEHHBIX YCIOBHUSX B CUCTEME BO3HUKAET HEYCTOMYMBBIN PEXHM,
nomo0HbI pe3onancy ['empmronbiia. [lokasaHo, 4TO HEYCTOWYMBOCTH MOKHO
KOHTPOJIUPOBAaTh M JaXe MOJaBIsATh, HM3MEHAS TOJBKO TemImeparypy o0ona
TOPEJIKU.

OKCIEPUMEHTAIBHOE  HMCCJIENOBAHME  CTPYKTYpPbl  IIOTOKA  KOHYCHOTO
IIPEABAPUTEIIBHO IIEPEMEIIAHHOIO ITPONaHOBO3AYIHOTO IUIAMEHH, HAIIPABJIEHHOT O
NEPIEHIUKYISIPHO Ha IJIOCKYIO OXJIaXIEHHYIO IMperpaay, MpOoBEeIeHO B paboTe
[10]. MeromoM aHEMOMETPHUH MO HU300paXEHUSIM YaCTUI[ TOJYYEHBI IOJI
CKOpPOCTH ISl PAa3IMYHBIX PACCTOSIHUM MEXIy KPOMKOW COIUIa M IIPErpagou.
OOHapyxeHO 00pa3zoBaHHE PELUPKYJISALMOHHON 30HBI B IMOTOKE MEXIY KOHYCOM
IUIAMEHU U MOBEPXHOCTBIO, YTO OOBSACHSAET CHUKEHHME TEIJIOBOI'O MOTOKA Ha OCH
CUMMETpHUHM BONM3U Tiperpaapl. B mocnenyromeit padore [11] ObuiM MOTydeHBI
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MOJISI TEMITEPATyphl JUII METAaHOBO3IYITHOTO IJIAMEHU B TOHW XK€ KOH(UTYypaIuu
METOJIOM JIa3epHO-UHAYLUUPOBaHHON (dioopecieHiuu. [lonmydyeHHble aaHHbBIE
NOATBEPKIAIOT MPUCYTCTBUE 3aCTOMHON 30HBI BOJNM3M (DPOHTAIBHOW TOYKH, B
KOTOPOM MMEET MECTO LUUPKYJISALNS OXJIAXKAECHHBIX MPOIYKTOB CTOPAHUS.

[enbto gaHHOW pabOTHI SBISETCS YUCIEHHOE MCCIIEIOBAHUE CTPYKTYPhI MOTOKA
U TemiooOMeHa JUid JIAMHUHAPHOTO KOHYCHOTO IUIAMEHH, HAamnpaBIECHHOTO
NEPHEHAMKYJIIIPHO  Ha  IUIOCKYKO  XOJOIHYK  mperpany.  M3ydarorcs
XapaKTEPUCTUKN [OIPAHUYHOIO CJIOS: 3aBHUCHMOCTh OCEBOM CKOPOCTH H
TEMIIEPATYPhI OT PACCTOSIHUSA IO IPETPAJIbl, @ TAKIKE MPEICTABICHBI PACCUNTAHHBIE
npo(uiiv KOHLIEHTPAMi MOHOOKCH/IA U JJUOKCHUA a30Ta B IOTPAaHUYHOM CJIOE.

OcHoBHBIE YPABHEHUS U TIapaMeTPbl MOIETHPOBAHUS

MonenupoBanue pearupyronieii CTpyd C HUCHOJB30BaHUEM JETabHBIX
KUHETUYECKUX MEXaHU3MOB OCYIIECTBIIACTCS MyTeM pEeUIeHHUs Cleayromen
CHUCTEMBbl YpaBHEHMI: ypaBHeHHUE Hepa3pblBHOCTH (1), ypaBHeHue OajnaHca
uMITysbca (2), 3aKOH COXPaHEHHsI MacChl OTAEJIbHBIX KOMIIOHEHT cMmecH Yy (3) u
ypaBHeHHe OanaHca 3Hepruu (4) [12]:

d
6_/: + V(pu) =0, (1)
d
=7 (pw) + V(puu) = ~Vp + V7 + pg, (2)
0
—(pY, V(pY,u) = =V(pY,V, )
ot (pYx) + V(pYu) (oYVi) + wy (3)
k=1,..,N
N N
oT
pC, e + pCpuVT = —Vq — pVT Z Co o) YieVie — Z hywy, (4)
k=1 k=1
a 8 8

rme t — BpEMH, V= — IIIOTHOCTb CMCCH, OIlpcaciicMas M3

ox’ 3y’ g), p
YPaBHEHUs COCTOSIHUS UIE€AJIBHOIO rasa:

N Yk
p=p /RTZ X, 5)
k=1 k

Ile p — JAaBJI€HUE cMecH, R — yHHMBepcanbHass razoBas NOCTOsiHHas, T —
TeMmneparypa cmec, M, — MoJsipHasi Macca k-ro KOMIIOHEHTa CMeCH, U — CKOPOCTh

288



cMecH, T — TeH30p BA3KUX HaNpsuKeHHi, Yj, — MaccoBas J0Js, OpuueM Yn—, Yy =
1. Vi — cropocts muddysun k-ro xumudeckoro coeauHenus. [Ipeamomnaraercs,
yT0 U (GY3UOHHBIH MEPEHOC MAacChl OCYUIECTBIAETCA 3a CUET TIpaJHeHTa
KoHIeHTpauuu (3akoH dDuka), a TakkKe 3a CuUeT IpaJueHTa TeMIepaTyphl —
tepmonupdysus  (3bdexr Cope), u3 3toro ckopoctb audpdy3un uMeeT
CIEIYIOLINI BU:

Dy 0O 1
Xk T

VT, (6)

rne Dy, 0y, X — ycpennensbelii kodpduuumeHt audpdysun, kodpPUIHEHT
TepMoauPpy3un U MOJIbHAsA 07 k-TO KOMIIOHEHTa CMECH, COOTBETCTBEHHO. q —
BEKTOP TEIUIOBOTO MOTOKA, MPEICTABIEHHBIN B CIEAYIOIEM BUJIE:

q= —AVT + qrqq (7)

A — K03 GUIIUEHT TETIOTMPOBOIHOCTH, TEIIOBOM MOTOK 3a CUET MBIYYCHHS (rqq
OTIPENEISIETCS] C TIOMOIIBI0 ONMTHYECKOW MOJEIN U3ITyYCHHUsI, TIIe TIPEANoIaraeTcs,
YTO OCHOBHOM BKJaJ B m3iydeHue BHocAT moinekynsl H,O, CO, CO,, CHy. hy, —
SHTANIBINS 00pa30BaHMsI k-T0 KOMIIOHEHTA CMECH.

CkopocTh 00pa3oBaHusi k-TO KOMIIOHEHTa CMECH SIBJISIETCSI CYMMOM CKOPOCTEH
W} j TIO BCEM PEAKLUSM:

M M
e = ) =M ) vy0;, ®)
j=1 j=1

TIe Vgj — pasHuLAa CTEXMOMETPUYECKUX KOd(PuuMeHToB, ©; — CKOpPOCTh
NPOTEKaHMS j-OM pPEeaKIMH, KOTOpas OMpEAeNsieTcss 4epe3 CKOPOCTh MPSIMOW H
obOpartHoii peakmuu. CKOPOCTh TPSMON PEAKIIUU OMPEILSISIETCS C TTOMOIIBIO
AMITUPUYECKOTO 3aKOHa AppeHuyca:

. T¢j
Kpj = ApiTPiexp(=-19), ©)

rae As; — NPEAdKCIOHEHIIMAIbHAS TOCTOSHHAS, 5 — TEMIIEPATYPHBIA MOKA3aTENb,
T¢j — Temnepatypa akTuBanuu. CKOPOCTh OOpaTHON PEAKIMH BBIYUCIIAETCS Y€PE3
CKOPOCTb MPSIMOM PEAKLIMU U KOHCTAHThl PABHOBECHS.

B pabote UCCIIEAYETCS  pEearupyrommi MOTOK, 00pa3oBaHHbBIN
OCECHMMETPHUYHBIM CY>KAIOIIUMCSI COIUIOM C BBIXOJHBIM AuaMeTpoM D = 15 MM
(commo ¢ mpoduinem ButommHckoro). Ha Bbixojne u3 corsia npeaBapUTENIbHO
nepeMeniaHHas METaHOBO3AYIIHAs CMeCh C KO3(PQPUIHUEHTOM H30BbITKA TOIIUBA
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¢ =0.92 umeer ymapuplii npodwib ¢ unuciom PeliHonbaca paBasiM Re = 1000
(mapameTpbsl COOTBETCTBYIOT aHaJIOTHYHOMY dkcriepuMeHty [11]). Ilperpamoi
ABJISICTCSL TUIOCKAsi TOBEPXHOCTh IMOCTOSIHHOW TeMmepatypbl Ty = 371 K,
paccTostHUE [0 KOTOpPOM OT KPOMKU COIUIa BapbupoBasiock: A/D=1,2, 3.
PacueTHas 001acTh IPEACTABIIET COOON CEKTOP HMUJIMHAPA C YIJIOM pacTtBopa 5°.
BhlunciuTe bHAS CeTKAa COCTOMT 13 2 X 10° HpU3MATHYECKHX SdeeK, CO
crymenueM Ha (poHTe miameHu g0 5 Mkm. [lpu sTom, Ha TommuHy ¢poHTa
MJIaMEHH MPUXOAUTCA NMOpsAaKa 15 y3710B ceTKH.

Brprunciiennss mpoBOOATCS HAa OCHOBE OTKPBITOTO BBIYMCIHMTENBHOTO KOJA
OpenFOAM, rae s paspelieHus TUAPOJAUHAMUKH HCMOJB3YETCS METO[
KOHEYHBIX 00BEMOB B CHKMMAaeMOU MocTaHOBKe. MojeanpoBaHue pearupyromen
CTPYH OCYIIECTBISECTCS MYTEM PEIICHUS] CUCTEMbl YPAaBHEHUM: HEPa3pbIBHOCTH,
OamaHca WMIyJbca, OaJaHCca MacChl OTACIBHBIX KOMIIOHEHT cMecu u OanaHca
sHEprur. XuMHUUYecKasi KUHETUKA OINpPENEseTCs ¢ MOMOIIbI0 PACUE€THOIO IMaKeTa
laminarSMOKE [13-14], m03BOJSIONMIET0 YYWUTHIBATH JETAIbHBIE MEXaHU3MBbI
peakuuil. JlaHHble 00 3JE€MEHTApHBIX PEAKIMIX 3aJal0TCsl OTAETbHBIM (pailiom B
dbopmare CHEMKIN [15]. Mcrionb3yeMblii KHHETUUECKUI MEXaHU3M BKIIFOHAeT 53
komrnioHeHTa cmecu u 324 peakunuu (GRI-MECH 3.0). 3amaua pemaercs B
OCECUMMETPUYHOU HECTAIMOHAPHON MOCTAHOBKE C YYETOM CHUJI TIaBY4YECTH.

PesyabTaTthsl

B xome uwncneHHOTO MOAEMMpPOBaHWS OBLIM TOJYYEHBI TIONS CKOPOCTH,
TEeMIEPaTypbl U MACCOBBIX J0JIEW OTAEIbHBIN KOMIOHEHT cMecH (53 coeauHeHus,
Bxoasanme B KuHetmuecku MexanusMm GRI-MECH.3.0). [ns Bamupanuu
MOJIYYEHHBIX JaHHBIX OBLJIO MPOBEJEHO CpPaBHEHHE TMOJeH TeMmmepaTypsl ¢
HKCIIEPUMEHTAJIBHBIMU  JA@HHBIMH,  [OJYYEHHBIMH  METOJOM  Ja3epHO-
UHIYLIUPOBAHHON (DIIOOPECIEHIIMN NIPU aHAJIOTMYHBIX T'€OMETPUM M HadaJIbHbIX
ycinoBusix [11]. CpaBHEHUE YHCIEHHBIX U SKCIEPUMEHTAIBHBIX JAHHBIX JJISI TPEX
KOHUTypaluii pacrnonoxeHus nperpaasl A/D =1, 2, 3 npenctaBieHo Ha PUCYHKE
1. Buano, 4YTO pacyeT XOpOIIO BOCHPOU3BOJIUT CTPYKTYpY IUIAMEHH,
HAOJNIOaeMyI0 B DJKCIEPUMEHTE, HO HaOMIofaroTcs HeOOoJblue OTJIhYas B
MaKCUMAaJIbHBIX 3HAYEHUSIX TEMIIepaTyphl (B pacuere MaKCUMyM TeMIepaTyphl ~
200 K 6ombmie). Taxke Ha pucyHke 1 n300pa’keHbl U30TEPMBI: YepHast JuHUs — T
= 1700 K, 6enas muaus — T = 2000 K. [dns remnepatypsl T = 1700 K uzorepmsi,
MOJIYYCHHBIC B DKCIIEPUMEHTE M YUCICHHOM MOJCIUPOBAHUHU, UMEIOT T0I00HbBIC
dopmbl. [l G6onee Bwicokoir Temmeparypsl T = 2000 K naGmromarorcs Oolee
CYIIECTBCHHBIC DPA3NNYMs: YUCIECHHBIC TAaHHBIE NMAIOT OoJiee TIAIKuid Tpaduk,
cxoxuid ¢ nzorepmoit T = 1700 K.
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15

10-
h/D=1 ¥; main

—_— 2078

— 1500

h/D=2
— 1000

500

T, K
2078

— 1500

h/D=3 y, mm
— 1000

500

25 20 15 10 5 0 5 10 15 20 25
r, mm

Pucynok 1. CpaBHeHue mosieil TeMrnepaTypsl IJIaMEHH, HAIIPABJIEHHOTO Ha
IUIOCKYIO OXJIAKIAEMYIO IIPErpaay, MOIYYEHHBIX B X01€ IKCIIEPUMEHTA (CIIEBA) U
YHICIIEHHOTO MOJEIMPOBaHNUs (CpaBa), s TpeX KOH(Urypaiuii pacrnoioKeHus

nperpansl #/D =1, 2, 3 (cBepXy BHU3); JIMHUAMHU MPEICTABICHBI H30TEPMBI:

yepHas auausg — u3orepma T = 1700 K, 6enas nunus — uzorepma T = 2000 K
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Jlniss Gornee NMETanbHOrO MOHMMAHHUS MPOIECCOB, MPOUCXOAINIMX B TUTAMEHH,
HAIPABJICHHOM Ha IUIOCKYIO OXJIaXTAeMYI0 Mperpanay, ObUTM MOCTPOCHBI JTHMHUU
TOKa W BEKTOPHBIC TOJIA cKopoctu st h/D =1, 2,3 (pucyHok 2). 3amMeTuM, 49TO
MaKCUMyM CKOPOCTH JOCTUTAeTCs Ha (POHTE IUIAMEHH, YTO COOTBETCTBYET
TEOPETUIECKUM TpeacTaBieHusaM. st konpurypamuu 4/D = 3 BHU3 110 TTOTOKY 32
COlmioM  HaOmOgaeTcsi 30HAa  PEIUPKYISAIUH, (HOPMHUPOBAHHE  KOTOPOU

00CYXK1a7I0Ch B MPEBIAYIINUX paboTax.
U, m/s

=

h/D=1

h/D=2

h/D=3

AL ] (Y7 001
0 5 10 15 20 25 30 35
r, mm
PricyHOK 2. JIMHUU TOKA W BEKTOPHBIE MOJII CKOPOCTH IS IIJIAMEHH,
HAIIPABIEHHOTO Ha ILIOCKYIO OXJIAXKIAEMYIO IPErpay, A TPEX KOH(pUrypamui

pacronoxxeHus rperpaasl A/D = 1, 2, 3 (cBepxy BHHU3)
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I1110THOCTE TEIUIOBOrO MOTOKA HA MPErpangy CO CTOPOHBI r'a3a pacCUUTHIBAIACH
oT o
Kak: q = —A P Pacnipenenenne naHHOW BEIWYMHBI JUIS TPEX PACCMOTPEHHBIX
y

KoHurypauuit 4#/D =1, 2,3 npeicTaBieHo Ha PUCYHKE 3. 3aMETUM, YTO IMOCIe
JOCTIDKCHHST  OMPEACNIEHHOTO PAaCCTOSIHUSL OT oOcu  cummerpun (/D = 2)
pacnpeniesieHue UMEIOT OJUHAKOBbINA BUJ. JJig aHanmu3a MOIyYEeHHOTO pe3yJibTara
OBLJIO MPOBEACHO CPaBHEHUE PAIUATILHON KOMIIOHEHTBl CKOPOCTH U TEMIIEPATYPbI
npu » = 2D B HaIlpaBJI€HUU HOPMAJIU ¥ * K MOBEPXHOCTHU MPErpajibl pUCYHKH 4 1 5,
cooTBeTCTBeHHO. Jljii Tpex paccmaTpuBaembix KoHburypauud h/D=1,2,3
pacrpeqiefieHus paJidalibHOM KOMIIOHEHThI CKOPOCTH W TEMIEpPaTypbl HMEIOT
nogoOHeie (popmbel. B pesynpTaTe uWero MOXKHO caenaTh BBIBOJ, UYTO TPHU
paccTostHUSX 0oJiee ABYX KaTMOPOB OT OCH CUMMETPHUH pEIIeHUE NSl TUIAMEHH,
HaIpaBJICHHOM Ha IUIOCKYIO OXJIAXAAEMYI0 Iperpaay, Mpu TpeX KOH(GUTypalusx
pacrojioxkeHus perpaasl /D =1, 2, 3 UMEIOT aBTOMO/ISTLHBIN BU/I.

--------- h/D=1 =---h/D=2 =---h/D=3
125
100 °
g7
g
5 50
25 T - -‘?Ialhh""--nm
- -t ”Mmm“m""""g—_
0 Lo WORET e R ) -
0 20 40 60
I, mm

Pucynox 3. PangnanbHoe pacnpenenenue miIoTHOCTH TEIIOBOTO MOTOKA ISt
pa3nuuHbIX KoHGurypauwmii: /D =1,2,3

-------- h/D=1 ---h/D=2 -.-h/D=3

0,0 f
y*, mm
Pucynox 4. Pacnipeenenue paauanbHONH KOMIIOHEHTHI CKOPOCTH B TUIAMEHH,
HampaBJIEHHOTO Ha Mperpany, npu » = 2D 1o HOpMaJIi K TIOBEPXHOCTH MPETPaIbI
JUTS pa3iuyHbIX KoHGurypaumii: /D=1, 2, 3
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« 1000 7
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Pucynok 5. Pacnipenenenue temneparypsl B IJIJaMEHHU, HAIIPABJICHHOTO HA
nperpany, npu » = 2D 1o HOpMaIH K HOBEPXHOCTH MPErpaibl sl Pa3aIudyHbIX
KoHburypauwmii: //D=1,2,3

JUtst aHanu3a BBIACNICHUS 3arps3HSIONIMX BELIECTB B IUIAMEHH, HAIPABJIEHHOM
Ha IIperpaay pacCMOTPEHBI PACIIPEAEICHUS MACCOBBIX J0JEH MOHOOKCHAA a30Ta U
JUOKCHA a30Ta B MIOrPAHUYHOM CJIO€ HA PACCTOSHHUU 7 = 2D OT OCH CUMMETPUHU
[0 HOPMAJIA K TIOBEPXHOCTH Hperpaisl PUCYHOK 6 MW 7, COOTBETCTBEHHO.
Pacnipenenenust uig Bcex Tpex KOH(UIrypanuil pacnojoKEHHUs Mperpaabl UMEIOT
cxoxuil Bu. MakcumanbHoe kosimdecTBO NO, dopMupyercss BOTU3U Mperpajsbl,
JanbHEeIlIee YMEHbIIEHUE KOJIMYECTBA AUOKCHAA a30Ta CBA3aHO C IMOBBIILIEHUEM
TeMIepaTypsl (pUCYHOK 5 Ha uHTepBasie oT 0 10 2 MM MO HOPMaJIM K MpErpaje):
NO, 6picTpo nepexoauT B NO, 4TO AeMOHCTPHUPYIOT pUcyHKH 6 u 7. Ha untepBane
OT 2 10 4 MM TpagueHT TEMIIEPaTypbl CTAHOBUTCS MEHBIIE, B PE3YyJIbTATE YETO
KOHLIEHTpalusl JTHOKCHJIA a30Ta IEepecTaeT MEHATbCA, a MOHOOKCHUJ, BCTylas B
JApYrHe LEIMHbIE PEaKkUHH NPOJOJDKAET pacxojoBaThcs. [lanbpHeiiiee 3aMeTHOE
YMEHBIICHUE TEMIIEPATYPBI HA UHTEpBAJIE OT 4 10 6 MM NPUBOJUT K YCKOPEHUIO
nporieccoB opmupoBanus NO, U yBEIUUEHUIO €r0 KOHIIEHTPAIMH. 3aMETHM, YTO
MaKCHMaJbHOE KOJIMYECTBO JAMOKCHIA a30Ta HaOmromaercs i KOHQUIypaluw,
KOIJa Iperpaja pacrojiokeHa TakuM oOpa3oM, YTO BEpIIMHA KOHYCa TOJIBKO

KacaeTcsl IOBEPXHOCTH MPErpabl.
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Pucynok 6. Pactipenenenne MaccoBoi 1011 MOHOOKcH1a a30ta NO B IJlaMeHH,

HaIpaBJICHHOTO HA Mperpaay, npu » = 2D 1o HOpMaJu K MOBEPXHOCTHU IIPErpabl

JUTS pa3iauyuHbIX KoHGurypaumii: /D=1, 2, 3

---h/D=2 =---h/D=3

6
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Pucynok 7. Pacnipenenenue MaccoBou 101U quokcuaa azota NO, B IJIaMeHHU,
HaMpaBJIEHHOTO Ha Mperpaay, npu » = 2D 1o HOpMalu K TOBEPXHOCTH IPErpabl

JUTS pa3iauyuHbIX KoHGurypaumii: /D=1, 2, 3
BriBoab!

B pesynpTaTe 4yMCIEHHOTO MOAEIMPOBaHUA B pacueTHOM kojae laminarSMOKE
JaMUHAPHOTO TMPEABAPUTEIBHO MEPEMEIIaHHOTO0 METAaHOBO3IYIIHOTO IJIAMEHH,

HAMpaBJICHHOTO Ha IUIOCKYI0 OXJIAXAAeMyl0 IMperpaiuy,
pacnpesiesieHuss CKOPOCTH,

OBLTM  TOJIyYCHBI

TEMIIEpaTypbl W KOHUEHTpAMK 53 KOMIIOHEHT,
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Bxomanmmx B kuHetuuecku MexanusM GRI-MECH 3.0. UccienoBaHo u3MeHeHHE
CTPYKTYpbI IUIAMEHH IPU PA3IMYHBIX PACCTOSHUSAX OT KPOMKH COIUIA O CTEHKHU
(omuH, nBa W Tpu KanuOpa). PaccunTaHHble MOJsl TeMIlepaTypbl CPAaBHUBAIIUCH C
pe3yJibTaTaMu  3KCIEPUMEHTAIBHOTO HCCIEA0OBAaHUSA, IPOBEAECHHOIO METOAO0M
Ja3epHO-UHYITUPOBaHHOU (iroopectieHuu. [lomydyeHHass B X0/I€ YHCJICHHOTO
MOJIETUPOBAHUsSL CTPYKTypa IJIAMEHHU, HANPaBJIEHHOIO Ha Mperpanay, MOBTOpsia
DKCIIEpUMEHTabHbIe HaOmoaeHus. Kpome 3Toro, pacmpeneneHus TeMmIepaTypbl
IJJAMEHH COIJIACYIOTCS C SKCIEPUMEHTAIbHBIMU JAHHBIMU i1 TEMIIEPATYPhI
Hwke 1900 K, ans Oosnee BBICOKMX TeMIIepaTyp HaOMIOAal0TCs HEOOJbIINe
pas3nuyus.

N3ydeHO pacnpenesieHue IIOTHOCTH TEIUIOBOrO IIOTOKAa Ha Mperpagy co
CTOPOHBI TUTAMEHU ISl TPEX PACCMOTPEHHBIX KOH(UTrypanuid. beuio oTrmedeHo,
YTO TIPU PACCTOSHUAX OT OCH CHMMETpHH 0oJiee JBYX KaJIMOPOB IUIOTHOCTH
TEIUIOBOTO TOTOKAa MMEET TMPAKTUYECKH OJIMHAKOBOE pacHpeicsieHUe BHE
3aBUCUMOCTH OT PACIoJIOKeHUs mperpaasl. CpaBHEHHE TPOPUIICH TEMIIEpaTyphl U
paguanbHOW KOMIIOHEHTBHl CKOPOCTHM Ha pAacCTOSHUU JIBYX KaJlIMOpPOB OT OCH
CUMMETPUM TI0 HOpPMalli K TMOBEPXHOCTH TMperpagpl IMOKAa3aJlo CXOXKHE
3aBUCUMOCTH. OTO SBIIIETCS OCHOBAaHHMEM IpEAIojaraTb aBTOMOJEIBHOCTD
pelieHrs Ha YJAJ€HUW OT OCHU CHUMMETPUM [JIi OCHOBHBIX XapaKTEPUCTHUK
MJIaMEHH, HAMPABJIECHHOTO Ha nperpaay (BHE 3aBUCMMOCTU OT PACCTOSTHUS MEXIY
KPOMKOW comiia U CcTeHKkoM). Mcnonb3oBaHue AeTadbHONW KHUHETHUKH MO3BOJIUIIO
MOJIYYUTh PacCIpeaeIeHUsI MacCOBBIX J0JE€ MOHOOKCH/IA a30Ta U JAUOKCHJIA a30Ta
B pacueTHOU obsactu. bplio moka3aHo, 4TO MaKCUMaIbHOE KOJIMYECTBO TUOKCH]IA
azota (¢GopmupyeTcss B KOH(UIypaluu, KOIrJia BEpIIMHA KOHYCa TOJIbKO
CONPUKACAETCS C MTOBEPXHOCTHIO MPETPALBI.

HCCHe,Z[OBaHI/Ie BBIIIOJIHEHO B paMKaX roCcyaapCTBECHHOI'O 3a{aHH .

Boruncnurenshbie MoniHocTy cynepkommbiotepa «Kackagy UT CO PAH / HI'Y
IIPEIOCTABIEHbI B PAMKaX FOCY/IapCTBEHHOT'O 3aaHUSI.
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