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ABSTRACT

The effect of flame instabilities onset in the counter-diffusion twin flame configuration is investigated numerically.
The onset of instabilities in rich hydrogen/air combustion system is reported and properties of pulsating solutions
are studied. Effects of mixture composition and strain rate as well as pressure are considered. Same as in the freely
propagating rich hydrogen/air flames the onset of pulsations is promoted by pressure increase. The increased strain
rate as expected stabilizes the flame for high values of the strain but found to promote the onset of instabilities
for moderate values. Because the onset of oscillating flame behavior is extremely sensitive to molecular diffusion
and chemical kinetics the outcome of the study can be directly checked in the experiments. The results of the
parametric study near the boundary and the properties of both pulsating and steady solutions can be used for

additional combustion models validation.
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1. Motivation and introduction

The onset of diffusive-thermal instabilities
and flame pulsations are an interesting nonlinear
dynamical phenomena by themselves, typically one
observes this type of behavior shortly before the
onset of flame extinction [1, 2]. This is because it is
observed when the flame temperature is reduced
due to heat losses, e.g. to the burner surface. As
in a scenario with burner stabilized flames, which
is reported in numerous asymptotic and numerical
stability analyses performed in [3—-14]. The other
mechanisms is due to fuel dilution and decreasing
of the adiabatic flame temperature. The onset of
diffusive-thermal instabilities may result not only
in extinction, but in generation of pulsating flames,
reported and studied theoretically and numerically
in a number of works 3, 10, 13] and are investigated
and realized experimentally in [12, 14], were also
determined and described in [15-18]. All these
studies were performed for freely propagating
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and burner stabilized flames. In these papers, the
term diffusive-thermal pulsation instability was
introduced and employed to denote this type of
instability.

It has to be noted in freely propagating flames the
onset of the pulsating diffusivethermal instability
is also possible but only happen for large Lewis
number, Le > 1. For instance, it cannot be observed in
methane-air flames characterized by Le = 1. Though,
as it has been shown analytically and numerically and
demonstrated in [5, 10] within the thermal-diffusive
models the heat losses to the surface of the burner
enhances the onset of pulsating instabilities, which
may occur even for Lewis number less or equal to
one. In [19-22] the dynamical flame regimes having
different and multi-dimensional oscillating behavior
in space have been investigated and reported for
both low and normal pressure conditions. These
include pulsating axial, radial, drumhead modes,
target and spiral waves.

The possibility to use these regimes as a tool for
the verification of the detailed reaction mechanisms
was proposed and investigated in a number of
studies, for instance, this approach was successfully
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applied to methane-air [15-17] and methane-
hydrogenair [18] flames at normal pressure.
There experimentally measured and numerically
calculated characteristics of the pulsating flame
were compared and it was shown that quantitative
comparison is possible keeping the flow close to 1D
spacial structure.

The way to enrich the experimental data
with controlled flow conditions in the transient
combustion scenario is of primary importance
because the validation of reaction mechanisms and
reaction rate parameters’ estimation is an example
of an ill-posed mathematical problem. There is
always a lack of available experimental data that
can be used to estimate these parameters. The
data with well controlled uncertainty delivering
observables with high accuracy in sensitive scenario
as pulsating flames and onset of oscillations are
highly demanded. Then it might lead to posing and
improving the situation with the inverse problem of
finding reaction rate constants.

Because the rich mixtures exhibit instabilities
it can be worthwhile to consider strained flames
configuration as one of most important standard
academic configurations to study both premixed
and non-premixed flames as the counter-flow
flame. There are a lot of studies available in the
literature concerning experimental, analytical
and numerical investigations of the effect of both
stretch and curvature on the flame characteristics
[23, 24]. The fact that in this configuration the
one-dimensional formulation is possible makes it
additionally important and counter-flow planar,
spherical and cylindrical flames can be taken into
account. This has already been demonstrated in
[25, 26], where the tubular flame configuration is
formulated by using only a single spatial dimension
whing the Lagrangian coordinates. This can be used
to simplify the numerical analysis considerably.
In this way experimental data with tubular
flames considered in [27-29] show that stretch
rates comparable to those of a flat counter-flow
configuration can be achieved. Though the case
with spherical and cylindrical symmetries may be
employed to single out and separate the stretch
and curvature phenomena. In this study, however,
the focus is made on the pure counter-flow planar
configuration.

The combined effect of strain, composition and
pressure on the onset of pulsating diffusive-thermal
instabilities and flame structure in the oscillating
regimes is investigated similar to [14, 30]. The
counter-flow configuration is in the focus of this

pure computational study and follows the main
steps of the case of a tubular flame configuration
investigated in details in [31]. In order to set-up
such an analysis a test case of rich mixtures near
the stability boundary is considered and used for
the twin flame configuration. The flame dynamics is
studied under varying pressure, composition of the
mixture on the one of opposed nozzles and strain
rates. Characteristics and critical parameters for
the onset of flame oscillations are determined and
discussed for rich premixed hydrogen-air flames. The
outline of the study is following. The mathematical
model with main physical assumptions made to
address the phenomenon. Then the numerical
approach and computational procedure to integrate
the system in the considered configuration is
outlined. In the results section, three different
parametric studies are described and discussed
showing the characteristics of pulsating solutions,
their emergence and and twin flame stabilization
once the parameter fall below the critical values.

2. Mathematical model

The opposed axial-symmetric nozzle configuration
is considered to be infinite along the direction of
symmetry (z-axis vertical) in cylindrical coordinates
(see Fig. 1). The mathematical model and numerical
algorithm for solving the system of the governing
equations employed in the current work are based
on a formulation of the governing equation system
described in [32].

A system of conservation equations with detailed
chemical reaction mechanisms and detailed
transport models is considered. Then the system of
governing equations can be written as
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Fig. 1. Schematic illustration of the counter flow premixed
twin flame configuration.
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The detailed molecular transport is based on
the Curtiss-Hirschfelder approximation [33, 34] for
mixture averaged diffusion coefficients D in Eq. (4)
including thermal diffusion (Soret effect - D/) (see
e.g. [35]) thus defining the mass flux density in Egs.
(1) and (5) by
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In the equations above t and r are the time
and distance in cylindrical coordinates, T is the
temperature, w; is the mass fraction and x; the mole
fraction of species i; p, cp, and A are the density, the
constant pressure specific heat capacity, and the
heat conductivity of the mixture, respectively; c,,
M, w; h; and j; are the constant pressure specific
heat capacity, the molar mass, the chemical rate of
production, the specific enthalpy, and the diffusion
flux density of species i. M is the mean molar mass,
DP the diffusion coefficient for species i, and D, is
the thermal diffusion coefficient.

2.1. Physical assumptions

Starting with the governing equations for a two-
dimensional axial symmetry configuration and using
the assumptions in [32], namely,

- species mass fractions and temperature - w;, T
are functions only of the coordinate normal to the
flame, i.e. in r-direction;

- v, normal to the flame velocity is only a function
of r;

-tangential velocity gradientis v,=z G(r) providing

with G(r):% the only function of r;

- the solutions considered on the symmetry
axes r, where z = 0. Note here unusual coordinates
notation are used along the symmetry axes - r and z
in radial direction of the diverging flow of products
-(r, 2);

- constant pressure due to low Mach number
approximation;

- the axial / tangential pressure gradient is
assumed to obey (1/z)0p/0z = J = const. (see [32]);

- the ideal gas law P = pRT/M is valid.

Under the assumptions made there is no need to
solve for the radial velocity component, because J
is constant and the assumption close the system of
equations Eq. (1-6). Now, only boundary conditions
need to be specified to enable the numerical
integration of the system.

2.2. Boundary and initial conditions

The burner nozzles have a large thermal inertia
and thickness. Thus, it is assumed that the porous
medium of the burner surfaces remain at constant
temperature T, i.e. the burner surface might be
thermally stabilized in the experiments to yield the
boundary conditions below when the nozzles are
getting close one to the other.

T=T,
T=T0,

pv=(pv) r=R,
pv=(pv), r=R,

Wi =W,
W; = w;, (8)
where w/" denotes the mass fraction of species i
on the left and right nozzles at r = R;, positions in
the space, which is fed into the burner and p,,v,, is
the density and velocity of inflowing mixtures at the
nozzle. The surface of the burner is cold (T, = 298 K)
and flames considered are typically far away from the
burner surface. Remark that because the quantity
of tangential pressure gradient J = (1/z)0P/0z that
defines the strain of the flow is constant - a = (-J/
p)¥? 1/s, one can specify the strain rate and only one
boundary condition for velocity, say on the left side
such that the stagnation point remains in the center
of computational domain, and thus the other inflow
conditions on the right hand side will be defined
automatically.

In the study the Warnatz’s mechanism [32, 35],
which includes 38 elementary reactions taking
place between nine species (H,, H, H,0, H,0,, OH,,
N,, O, O,, OH) is used. Note that this mechanism is
considered as a representative example only and
the outcome of the study should not be qualitatively
affected by the usage of a particular mechanism.
Though as it is shown below the phenomenon is very
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sensitive to system parameters and models used,
which is actually the reason to consider and use the
onset and pulsating characteristics for additional
combustion model validation. It is demonstrated
that both the onset of pulsating regimes and their
characteristics are very sensitive to the chemical and
diffusion properties of the mixture.

3. Numerical method

The numerical treatment of the 1D configuration
is based on method of lines [35]. Spatial
discretizations of the partial differential equation
system, which is defined on a non-equidistant grid
using finite differences (central differences for the
transport terms and upwind differences for the
convective terms) results in a large differential /
algebraic equation system, which is solved by the
linearly implicit extrapolation method LIMEX [36, 37]
with error, order, and step size control. The spatial
grid is statically adapted based on the magnitude of
the local gradients and curvature of the dependent
variables (see [35] for details). This altogether allows
to integrate the system very accurately both in time
and in space, which is very crucial for transient flame
propagation regimes considered in the study.
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In the numerical integration the temperature of
the inflow gasisin all cases T, =298 K, while pressure
- P, mass flux of the fresh mixture at nozzles kept
constant with both inflow mass flux density - pv and
the equivalence ratio - ¢ are varied in the parametric
study. The governing system of equations Eqgs. (1-5)
is integrated numerically for the given parameters
until the solution converges either to a steady
combustion front or to a periodically pulsating
solution. In the latter case, the time integration is
stopped, once the periodic solution is found, i.e.
when the amplitude of oscillations is not changing
and e.g. x(x,t) = x;(x,t + T) is satisfied, where t defines
a period of flame oscillations and x; is species mole
fraction.

The initial solution profile is taken in the
parameter space - (P, v, ¢). The loss of stability of the
steady combustion fronts is analyzed numerically
similar as described in [14, 30, 38].

4. Results and discussion

In the parameter space the control parameters
(P, v and ¢) are fixed except for one, which will be
varied near the onset of instabilities and formation
of the periodically oscillating flames. Typically, the
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Fig. 2. The structure of the twin flame for ¢ =5, ¢ = 4 and P = 4.0,4.2,4.4 bar. Solid lines - steady solution profiles of
species mole fractions for the inflow mass flux density - pv = 2.5 kg/m?s.
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solutions are integrated from the case of steady
flame and the parameter of interest is gradually
increased/decreased until flame pulsations emerge.
The amplitude of the oscillationsis traced by choosing
an observable variable, e.g. temperature or xq
mole fractions etc., to monitor the time history and
distinguish periodic behavior. The local maximum of
Xon distribution can be an example of such observable.
The neutral stability boundary, when the pulsations
onset, in the space of parameters can be identified
by repeating this procedure for different values of a
control parameter.

4.1. Pressure variation

The numerical analysis of freely propagating
flame, i.e. no strain, preformed in [39, 40] reveals
that the phenomenon is extremely sensitive to the
combustion models used to describe the onset.
Moreover, the critical value for the onset of pulsation
for rich hydrogen / air flame for ¢p = 5 was estimated
to be about P =5 bar (see [39], Fig. 2). Accordingly
the following set-up is suggested to be used to
study the strained premixed flame near the stability
boundary, namely, ¢ =5 on the left boundary, while
keeping the lower value for stoichiometry on the
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right - ¢ = 4, keep the strain constant at moderate
values pv = 2.5kg/m?s such that the flame fronts
remain relatively far away from the boundary but
still separated from each other. Then the pressure
is varied from P =4 to P =5 bar in steps of 0.2 bar.

Fig. 2 shows the temperature, pressure, H,0O
and OH mole fractions profiles of the steady twin
flame fronts. One can see the pressure remains
constant along the computational domain, while
temperature, vapor distribution shows similar
behavior and demonstrates strong gradient within
the flame front standing at a distance to each other
as well as to the boundaries. A local maximum of
OH radicals is observed at these locations. The
differences in maxima and in asymmetric profile are
due to various compositions provided at the right
and left boundaries. Because the pressure variation
is not that significant all the profiles are close to one
another and look very similar.

In the Fig. 3 in contrast to Fig. 2 for pressure P
> 4.6, which is close to the critical one, the steady
solution ceases to exist and oscillations emerge. The
twin flame profile slightly shifts in space reflecting
the pulsating solution shown in Fig. 3(a) by different
color - black, blue and cyan for P = 4.6, 4.8, 5.0 bar
correspondingly. The local maximum of OH shifts
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Fig. 3. The structure of the twin pulsating flame for ¢ =5, ¢ =4 and P=4.6,4.8,5.0 bar. Solid lines pulsating solution profiles
for some instances of time along the period of oscillations of species mole fractions for the inflow mass flux density -

pv = 2.5 kg/m?s.
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and oscillates also in the amplitude showing the
influence of the pulsations onto the flame structure.
This can also be seen in, e.g. Fig. 3(b), where instead
of pressure H, mole fraction profiles for pulsating
solutions are shown. One can observe increasing
amplitudes of both oscillations in space and for
amplitudes of profiles once the pressure increases
similarly as in the freely propagating flame.

It is interesting that the critical values for
pressure at the onset of oscillations shift towards
lower values of the pressure P'= ~4.5 instead of P'=
5.2 shown for freely propagating flame. This is not
strange and can be explained by the effect of the
strain that generally pushes the systems state on the
solution profile further away from the equilibrium.
Thus, the system solution gets more vulnerable to
perturbations leading the lower pressures although
the interactions between the flames are there, it
does not succeed to stabilize the flame. The strain
yetis not strong enough. The pure effect of the strain
is addressed in the next subsection. The purpose is
to find out parameter range to separate the profiles
in space near the critical value, study and show the
effect of the strained flow onto the structure of the
twin flame.

4.2. Strain variation

In order to see distinguished profiles near the
stability limit the mixture composition is taken
constant ¢ = 5 on the left and ¢ = 4 on the right
for pressure exceeding the stability limit P = 5.5 >
P* = 4.6 with moderate strain rate defined by the
inflow mass flux density - pv = 2.5 kg/m?s shown in
Fig. 3, then the strain rate is varied. The inflow mass
flux density first increased to pv = 14.0 kg/m?s, then
three different values are taken to reduce the strain
rate, accordingly pv = 10.0, 8.0, 4.0 kg/m?s, to find
out how the reduced strain influences the onset and
properties of oscillations.

It turns out the critical value is attained between
pv =10.0 kg/m?s and pv = 8.0 kg/m?s and the flames
start oscillating with the increase of amplitudes
towards smaller values of pv. As far as a critical
condition is met the flame becomes unstable and
oscillations emerge near the richer side while
the structure of the leaner part of the twin flame
remains almost unperturbed for relatively high strain
rate and only oscillates in the space due to onset of
pulsating solutions on the left/richer side. There the
oscillations become pronounced and observed for
almost all dependent systems state variables (see
Figs. 4(a)-(d)).

The steady flame fronts for two inflow rates show
differences for OH radical on the richer and leaner
sides. Fig. 4(d) shows the maxima on the rich side
is observed but almost vanities on the richer side
(on the left), while for leaner side ¢ = 4 max of OH
can be seen and becomes slightly increased when
the oscillations onset. The other Figs. 4(a)-(c) clearly
show by differences between magenta and blue lines
that with the decrease of the strain the amplitudes
of the pulsations on the leaner case with respect
to the position of the flame front (see the max of
gradients on the left). It signifies that the onset is
triggered on the richer side and the populations are
propagate and influence the flame structure on the
leaner side and the balance within the flame front
of the right flame is slightly perturbed such that the
flame front shifts in space in attempt to find out
stable position given the oscillating velocity field due
to onset of oscillations coming form the left.

Because the gas mixture composition on both
sides remains the same the structure for the
reduced strain rates (blue and magenta lines on
Figs. 4(a)-(d)) remains very similar both for educt
and products except spacial distribution and flame
front amplitudes in space. In order to study and to
show how the composition is changing the system
solution properties in both steady and pulsating
regimes the flow conditions and pressure is fixed
next while mixture composition is varied the
following subsection.

4.3. Mixture composition variation

Now, pressure is fixed to P = 5.0 bar, which is
also beyond the critical value for moderate strain
rate attained with pv = 7.5 kg/m?s, that is kept
fixed as well, while the mixture composition on
the right boundary is varied with ¢ = 4.0, 4.5, 5.0,
correspondingly.

Fig. 5 show the three typical solution profiles
near the stability limit. As before the black lines
correspond to the steady solution profiles for lower/
leaner mixtures before the oscillations onset - ¢ =
4.0, 4.5. The case of ¢ = 4.0 is evident since in this
case the twin flames are symmetric (see Fig. 5(a)
for temperature) because the same composition is
streaming from both sides. Then the composition
becomes richer and the temperature of the first (on
the left) flame is reduced the flow conditions are
kept the same. The mixture becomes less reacting in
this case and hence the flames move closer together
that can be seen in the reduced distance between
the flame fronts. At the same time the symmetry
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Fig. 4. The structure of the twin steady and pulsating flame for ¢ =5, ¢ = 4 and P = 5.5 bar. Solid black lines are steady
solution profiles for pv = 14.0,10.0 kg/m?s while magenta and blues lines signify pulsating solution profiles of species mole
fractions for some instances of time along the period of oscillations for the inflow mass flux density - pv = 8.0,4.0 kg/m?s.
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is lost, shown by Fig. 5(b), where the tangential
velocity gradient (G = 9,/0,) starting from being
perfectly symmetric changes the form, such that the
gradients towards reacher side steadily increase.
Once the oscillations onset shown by blue profiles
in Figs. 5 a typical pattern of pulsating behavior is
observed similarly as before with both hanging
flame structure on the left and shifting the relatively
stable flame front for leaner mixture on the right.
This can be seen by looking at the HO, radical
profiles shown on Fig. 5(d), which illustrates slight
reduction in the maximum value for ¢ = 4.5 and then
when pulsations emerge (re-emerge again at ¢ = 5)
the maximum over the period reaches almost the
same value as attained for the case of ¢ = 4.0. The
maximum of HO, mole fraction presented on the
right figure illustrates additionally periodic character
of the pulsating regime. The loss of symmetry as well
as oscillation on space of the leaner side flame front
can also be seen on Fig. 5(c) shown for another main
reactant - O, of the combustion systems considered.

4.4. Summary and outlook

Three cases of computational studies of
independent parameter variation for the onset
and pulsating solutions in the premixed counter-
flow formulation show very similar behavior near
the neutral stability boundary. Table 1 summarizes
the parameters for all three cases. The parameters
are chosen to be close to those observed in the
freely propagating flame of the hydrogen air rich
combustion systems. Remark that the tangential
pressure gradients J are provided to ensure
the flames are positioned in the center of the
computational domain. It is kept constant for
pressure and composition variations (Cases | and
[l1), but when the inflow condition on the left side
is changed (Case 1) it has to be corrected / tuned
to ensure the balance of the inflow conditions and
keep position of the flames in the middle.

In the considered range of the equivalence ratio
depending on the pressure and strain rate one of
the twin flames losses the stability and oscillating
flame front behavior is emerged. Same as freely
propagating flame pressure increase promotes
the onset as well as the mixture composition. The
strain however first stabilizes the flame, but being
reduced might even promote the onset of pulsations
if compared to the freely propagating flames. This is
important for experimental observations since the
freely propagating flames are difficult to arrange in
the experiments, while counter-flow configuration
can be arranged and studied much easily. The study
is an evidence that such experiments can also be
used to trace the onset of instabilities and to use
these experiments to additionally verify combustion
models. Hence when both experiments can be
performed with well controlled conditions to make
sure close to 1D flame behavior and computations
can be carried out to yield and to reproduce the
transient solution properly. The results obtained
can be considered as a proof of the concept and
the only first step to achieve the goal of extending
the data for reliable validation. This might be crucial
for validation of combustion model to describe the
flame behavior near the extinction and flammability
limits. The latter can be extremely important to
develop efficient combustion facilities with well
controlled combustion processes.

5. Conclusions

The very rich hydrogen-air premixed counter-
flow twin flames are considered in the study for
just a limited set of systems parameters, namely,
different inflow conditions, ambient pressures and
equivalence ratio. The parameters were chosen to
be close to those of freely propagating flame near
the onset of thermal-diffusion instabilities.

Table 1. Parameters of three cases considered; Cases I-1ll are pressure, mass flux density and mixture composition
variations. The only constant conditions are equivalence ratio on the right boundary - ¢ = 4.

Case | Case Il Case lll
P ¢ pv J pv P ¢ J ¢ P pv J

40 50 225 -45x10* 140 55 50 -15x10° 40 50 75 -95x10*
42 50 225 -45x10* 100 55 50 -15x10° 45 50 75 -9.5x10*
44 50 225 -45x10* 80 55 50 -15x10° 50 50 7.5 -95x10*
46 50 225 -45x10* 40 55 50 -15x10°

48 50 225 -45x10*

50 50 225 -45x10*
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The onset of pulsations was investigated when
in the parameter space either pressure, strain or
composition reaches a critical value. This indeed
was observed to be close to the one for freely
propagation - ¢ = 5.0, P* = 5.2 bar. It was shown
that the pressure and richer compositions promote
the onset of instantiates as in freely propagating
flames. At the same time it was demo started that
the moderate strain in a combination with leaner
mixture of the second twin flame has also promoted
the onset of pulsations with critical pressure
reduction to P* = 4.6 bar. However, in the case the
strain was increased the flame stabilizes and the
instabilities get suppressed by the inflow conditions.

The study has shown that the suggested
configuration can be used to elaborate interplay
between strain, pressure and mixture composition
to ensure well controllable and well observable
onset of oscillation and pulsation characteristics of
the flames. It can be used as an additional generic
set-up, which is very interesting and promising
to further verify detailed chemical kinetics and
diffusion models for hydrogen combustion processes
in transient regimes.
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Bo3HUMKHOBeHUe Tepmoanddy3MoHHOW HeyCcTon-
UMBOCTM BO BCTPEUHbIX MOTOKaX ABOMHbLIX NpenBa-
pUTeNbHO nepemMelaHHbIX BO34YLWHO-BOAOPOA-
HbIX 6oraTbiX NAameH

B. BbiKkoB!" u B. l'y6epHoB?

TexHONOrMYecknin UHCTUTYT Kapacpys, VHCTUTYT TeXHU-
yeckom TepmoguHaMNKK, IHrenbbepT-ApHonba-LTpacce
4, kopnyc 10.91 D-76131 Kapncpys, lepmaHuna
2dusnyecknin MHCTUTYT um. MN.H. Jlebegesa Poccuitckoi
Akagemun Hayk, NleHuHckmit np., 53, 119991, MockBa,
Poccuitckaa ®epepauns

AHHOTALUMA

ddpdeKT BO3HUKHOBEHWUA HEYCTOMYMBOCTWM nAa-
MEHU B KOHUrypauum BcTpeyHoro anddysmoH-
HOro [ABOMHOrO MNJaMeHW UccnefoBaH YUCAEHHO.
CoobuiaeTca 0 BO3HMKHOBEHUU HEYCTOMYMBOCTU B
cucTeme npwu ropaHumn 6oraToro Boaopoaa/Bosayxa
M M3y4yaloTCcAa CBOMCTBA NY/IbCUPYIOWMNX PEXMMOB.
PaccmaTtpumBatotcsa adpdeKTbl cocTaBa CMeCH M pacTsa-
KEHUsA, a TaKKe gasneHus. NMoKaszaHO YTO Kak M B
CcBOOOAHO pacnpocTpaHALWeMcA naameHn boratoi
BOAOPOABO3AYLWHOMW CMEecH, BOSHUKHOBEHMWE My/b-
CauMi CTUMYAMPYETCA MOBbIWEHWEM [ABAEHUS.
YBeNnYeHne pacTaKeHusa naaMeHn Ha NpPoTMBOMO-
TOKe, KaK M 0¥nAanocb, CTabunnsmpyeT naams npu
BbICOKMX 3HAaYEHUAX PACTAXKEHWUN, HO, KaK bBblno 06-
Hapy*KeHo, cnocobcTBYEeT BOSHUKHOBEHUIO HEYCTOM-
YMBOCTU NPU €e YMEPEHHbIX 3HaYeHMAX. [TOCKObKY
BO3HMKHOBEHME KONEeHIoLWEerocs na1ameHu Ypessbi-
YaMHO YYBCTBUTEJIbHO K MOEKYAsipHON anddysum
M XMMUYECKOW KMHETUKe, pesy/abTaTbl Mccneno.a-
HWUSA MOXKHO HaMnpsMylo NMPOBEPUTb B IKCMEPUMEH-
Tax. Pe3ynbTaTbl NapaMeTpPUYECKOro uccaeaoBaHus
BOAIM3N FpaHULbl M CBOMCTBA KaK My/IbCUPYIOLLNX,
TaK U CTALMOHAPHbBIX PEXMMOB MOMKHO WMCMO/b30-
BaTb KaK UCTOYHUK A/1A AOMNONHUTENBHOM NPOBEPKU
Mmozaenen ropeHums.

KnioueBble cnoBa: NpoTMBOTOYHOE NAamsA BOAO-
poaa, TepmoandPysnoHHaa HeyCcTOMYMBOCTb, BO3-
HWKHOBEHWE NyNbCaLMN, BaAULALUA MOLENN.
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BypblH Kapcbl TOK perMMmiHA4e apanacKaH cyTeri
MeH ayameH 6aibITbINIFAaH KOC XaJblHAa Tepmo-
Anddy3nanbik TypaKcbI3ablKTbiH, Nanga 6onybl

B. BbiKOB'® }aHe B. Ny6epHOB?

'Kapncpys TEXHONOTUANBIK MHCTUTYTbI, TEXHUKANbIK Tep-
MOAMHAMMKA MHCTUTYTbI, IHrenbbepT-ApHonba-LUTpacce
4, kopnyc 10.91 D-76131 Kapncpys, FlepmaHuma
2OuU3nKanblK MHCTUTYTbI Pecelt FbibiM AKageMUACBIHbIH,
MN.H. Nebepnesa, fleHnH panfFbinbl, 53, 119991, Mackey,
Peceit depepaumacel

AHOATNA

Kapcbl andodysmnanbik KOC *KafblH KOHUrypa-
uMsacbiHaa 6acTanfaH »KanblH TYPaAKCbI3AbIKTaPbl-
HblH 9cepi caHAablK Typae 3eptreneai. bain cyteri/
aya ’KaHy KylheciHae TypaKCbI3AblKTbiH, naiga 6o-
Nybl Typanbl xabapnaHagbl KaHe MyAbCUPAEHTEH
epiTiHginepain, Kacuettepi 3eptreneqi. KocnaHbiH,
Kypambl MeH agedopmauma  KblNL4AMAbIFbIHbIH,
COHAAMN-aK KbICbIMHbIH, acepi KapacTbipblnagbl. Ep-
KiH TapanaTtbiH 6ait cyTeri/aya »anblHAapbl CUAKTbI
ny/bCcaunsaHblH 6acTanybl KbICbIMHbIH, }KOFapbl/iaybl-
Ha biknan etedi. KyTtinetiHael »orfapbinaraH gedop-
MauMA XKblNAAaMAbIFbl LUTAMMHbIH, XOfapbl MaHAEPI
YWIiH XanblHAbl TypaKTaHAblpaabl, 6ipaK KanbinTbl
MaHZAEp YLWiH TYPAKCbI3AbIKTbIH, 6acTanyblHa biKnan
eTeTiHi aHbIKTanabl. Tepbenmeni XanblH apeKeTiHiH
b6actanybl Mosiekynanbik auddysnsaFa KoHe Xu-
MUANbIK KMHETUKaFa eTe cesimTan bosFaHAbIKTaH,
3epTTey HOTUMKECIH IKCNEPUMEHTTEPAE TiKenen Tek-
cepyre 6onagbl. LLlekapa maHblHAaFbl MapameTpaik
3epTTey HaTMKenepiH KaHe MNy/IbCUPAEHTEH XKaHe
TYPaKTbl epiTiHginepAaiH, KacueTtTepiH KOCbIMLUIA
YKaHy YArinepiH Tekcepy yWwiH naganaHyra 6onaabl.

TyiiiHgi ce3pep: cyTeKTiH, Kapama-Kapcbl Kabl-
Hbl, TepmoanddysnAnbIK TYPaKCbI3AblK, TOJKbIH-
AapAblH naga 60nybl, MoAenbAiH Baanaaumnacel.
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