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Elongate coexistence curve and its curvilinear diameter as factors of global fluid
asymmetry

Some inconsistencies of the conventional predictive methodologies applied in the region of
vapor-liquid VLE-coexistence and its criticality are considered. As a rule, they are related to
the semi-empirical concept of ‘“rectilinear diameter” accepted in the temperature-density
plane. The often curved, in practice, "rectilinear diameter” of coexistence curve (CXC) is dis-
cussable in both alternative descriptions of criticality: 1) by the Ising-based (Ib-) complete
scaling phenomenology and 2) by the classical van der Waals-Maxwell-Gibbs-based (Wb-)
phenomenology of VLE-transition. The latter has been essentially modified by the model of
Sfluctuational thermodynamics (FT). The new transformation of CXC-representation based on
the measurable equilibrium data obtained far away from criticality is proposed in the present
work. It leads to the well-established location of critical point (CP) which corresponds to the
intersection between the elongate CXC depicted in the compressibility factor-density plane
and its strongly curvilinear here diameter. The universality of global fluid asymmetry (GFA)-
principle introduced earlier by FT-model becomes apparent in the whole temperature range
of VLE-transition. The developed predictive CP-methodology can be especially useful for the
set of substances in which the direct experiment on criticality is hardly realizable.

Introduction. Two types of recent works on criticality and their rather contro-
versial results make the object of this article to be stimulated and, simultaneously,
challenging. The discussion [1]of the complete scaling phenomenology [2,3] per-
formed in terms of a discrete continuum (formed by the decorated lattice of a locally-
compressible cell-gas-model) poses the important question of the non-universal pecu-
liarities arising in the conventional asymptotic Ib-criticality. Since the known Yang-
Yang's ratio [4] is incorporated in this methodology, it has been revealed [1] that the
certain interrelation between the fluctuating primary and secondary cell-volumes can
leads, in principle, to the negative magnitude of above ratio. Its rather unwonted con-
sequence is the asymptotic shift of the extrapolated to CP CXC-diameter from the
rectilinear extension to the side of higher liquid-like densities of [-branch

p, =p,(T)/p,. This trend is opposite to the typical asymptotic behavior of CXC-

diameter originated by the revised scaling phenomenology [5].In accordance with it
the half-sum of saturated densities must curve up just to lower densities of g-branch

p, =p,(T)/p, due to the dominance of (1—o)-singularity [3]. The most unusual
feature 1s here the same trend observable for real fluids. It was revealed that the de-
8
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scribed "asymptotic bifurcation of curvature" in CXC-diameter is also observed [1] in
the real, quite similar from the thermodynamic viewpoint [6, 7], even with the equal
molecular weight (M = 44 g/mol) fluids such as carbon dioxide CO, and propane
C3Hg. As a result, it is naturally to suppose that just the non-universal pressure mixing
of the complete scaling procedure leads to the so subtle changes in the underlying
molecular structure of compounds. The main claimed here consequences are the do-

minance of 2p3-singularity [1-3] over its concurrent (1 —oc) -type (following from the
similar decorated lattices [5]) and, at the same time, the invariable symmetric Ib-
shape adopted for the heterophase order parameter: p; = p; = ZBOZ_" P (T =1-T/ Tc) by
all variants of scaling EOS.

The predictive description of an entire CXC-shape in the (7,p)-plane and, even,

the prediction of its actual topmost part i.e. CP-parameters in terms of the reduced
k

critical Boyle's variables: p.,=p./p,, T.p=T./Tp; Z.p=P./(ppkpTs)=

% *

= Z.p.pI.p are supposedby the widely discussable long ago and recently phenome-

nology of Zeno-line [6-10]. It is a combination of two conditions. The first is the
Boyle's condition adopted at the negligible densities Z; =1 (where the second virial

coefficient tends to zero: B(T3 )= 0).It is applied to the original vdW-EOS with only
two constant coefficients a,, b, and one T-dependent B,y (T')-coefficient:
b, p a,p
T 1 —bp kT M
The second is the Cailletet-Matthias' approximate rule of rectilinear diameter:
p,—1=DT )
which is fulfilled in the mf (mean-field)-CP (T",p{,P’;Z! =3/8)but not, a priori, in
the actual CP(T,,p,,P;Z,).Indeed, the former condition leads to the known Bat-
schinski's rule of a straight vdW-line existing in the (7, p)-plane:

1 bk, T T
_ ]— 208 = 1— 3
Pza _bo[ . j pB( TBJ 3)

while the latter condition provides, only presumably, its intersection with the rectili-
near diameter p ,(7)just at the asymptotic Boyle's point 7, (p,_, — 0).

The adepts of Zeno-line have assumed additionally [6-10] that the oppositeasy-
mptotic point of "cold" density p,(7 — 0) and its respective excluded vdW-volume:

b, =1/p, from Eq.(3) can be also expressed in terms of the virial coefficients. In ac-
cordance with [6] they should be calculated at the “hot” Boyle's point:
T, | dB(T) T
B(T,)=0 a L =—2 1-— b 4
A A s GG
Such assumption is not in accordance with the vdW-EOS (1) and with its direct
consequence Eq.(3) where the third virial coefficient C,;; cannot be 7-dependent.

Besides, Eq.(4b) is apparently unverifiable, in practice, for real fluids. One should
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know for this aim the explicit EOS of the virtual Lennard-Jones' (LJ-) fluid, for ex-
ample.Simultaneously, its theoretical virial coefficients B(7), C(T) determined for the
infinite-range pair potential ¢; ; (r — 9;0¢,€q ) should be known with the substance-

dependent molecular parameters. Authors [8] have used (to construct Zeno-line) the
empirical unified LJ-EOS [11] developed for the Helmholtz's free energy (so-called,
fundamental EOS). It accumulates the massive volume of simulated LJ-data includ-
ing those [12] obtained in the range of VLE-transition. The standard extrapolation
treatment of the respective LJ-CXC simulated far away from the asymptotic criticali-
ty in terms of reduced variables: p,, =poy; T,, =k, T /¢,; P, =Po, /¢, poses the
general task of CP-uncertainty. Thus, one needs the self-consistent determination of
the LJ-CP's location.

Despite widespread belief of the contrary its solution by the long-range extra-
polation (proposed on the ad hoc basis [13] in the framework of empirical "scaling-

type" T, L* s -functions chosen arbitrarily and separatelyfor pj; (T L*J), pj(TL*J) and

P (T " J) [12]) cannot be considered as the convincing sign, namely, of the universal
Ib-type of LJ-criticality. This widespread but questionable conclusion is contrary to
such its typical features of mf-behavior as the infinite-range potential ¢, (r;0,.¢,),
its two scales of distance and energy (similarly to those b(,a( used in the simplest

vdW-phenomenology of PCS (principle of corresponding states) [7]) and, at last, the
accepted in [11] methodology of unified (i.e. common for both coexisting phases) LJ-

EOS. As a result, the "best" estimates of LJ-critical parameters 7, =1.31;
p.,,=0314; P,,=0.126; Z,, =0.3063 [12] describe, at best, the LJ-model itself
but not the real fluids with their individual critical PCS-factors of compressibility
Zc :Pc /(pckBTc)‘

It is straightforwardly to demonstrate that the usually postulated“medley” of
the /b-type's power law for the order parameter(B ~ 0.326) with the mf's-rule of a rec-
tilinear diameter of the type that from Eq.(2):

* * 1/[3 * * * *
(pi=p,) =C-DT,, (@  (p;+p,)/2=A4+BT,, (b) (5)
leads not only to the sought — after critical LJ-parameters of the most popular now
GEMC (Gibbs ensemble Monte-Carlo)-simulated CXC [14]:

I,=C/D (a3 Py =A+BT,,  (b). (6)
One obtains also the determination of the standardcritical amplitudes [3, 15]:
B, = o /ZPZLJ (@) D, =-B T;J / szJ (b) (7)

expressed in terms of the purely adjustable coefficients (4,B8,C,D) and/or CP-
parameters (?).

Just the similar, supposedly predictive linear correlations of the type that in-
Eq.6(b) have been proposed in two different "geometric" variants [9,10] of Zeno-line
construction:

Pa=SPB)-T, (2 Ps=1/2-T,/2  (b) (8)

10
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where S;;(0.326)~0.67 and S, ;7 (1/2)~0.63. The noticable respectivedistinc-

tion in the slopes of suchstraight lines makes the empirical predictive Zeno-procedure
to be rather inconclusive from our viewpoint. Another undesirable feature of it(shared
by the above-discussed treatment of LJ-CXC) is the uncertainty adopted by many au-

thors [6, 7, 9, 10, 14] at the usage either Ib-exponent (B ~ 0.326) [15] or the mf-
one:f, =1/2 in the description of the heterophase order parameterp, — p;.

The complete scaling leads to the system of asymmetric equations (for the sim-
plicity, considered below without the non-analytic Wegner's correction) for the more
appropriate homophase order parameters [3] p, , = p; . L

P, =B, T"+p, -1 (a) p,—1=D, T *+DT+D,T*" (b) 9)
CXC-asymmetry corresponds presumably to the supposed divergences of pz (7_" ) [2,
5]. One must conclude, some paradoxically, that no asymptotic divergence of the iso-

choric heat capacity C, (revealed commonly for all Ib-systems [4]) can be observa-

ble for the real fluids (ethane C,H,, for example) with the strictly rectilinear experi-
mental [16] CXC-diameter (see below). Two formal reasons of such inconsistency
with the asymptotic experiment performed for C (7,p,) of CoH, [17] are obvious.

These can be either the coincident compensation of (1 — oc) - and 2fB-contributions in
the CXC-diameter [3] or, even, the reality of mf-exponents: o, =0, 3,=1/2. Both

are, of course, highly modelistic. The non-classical exponent B~1/3 leads to the

PCS-type of CXC-description developed and tested, mainly, by Guggenheim and
Riedel only for /-branch:

p,=BT"” +(B-1NT. (10)
It was, then, expanded symmetrically but unfoundedly on the g-branch [7]:
P, =BT"+(B-1)T. (11)

In other words, two main stimuli (experimental and theoretical) of modern /b-
pheno-menology [4] leading to the non-classical exponents $~0.326 and o ~0.11
are in the certain disagreement due to the "unendorsed" role of rectilinear CXC-
diameter.

FT-model develops the alternative approach to the aforementioned problems
[18-21] leading to the concept of curvilinear but not singular CXC-diameter. It is
based on the crucial assumption of GFA-principle and the resulting rejection from the
conventional usage of any unified £OSs at the description and/or prediction of CXC.
At the same time, the application of FT-model to the global asymmetric description
of real fluids has provided the certain reconciliation between the antagonistic, at first
sight, results of the Ib- and Wb-phenomenologies in the region of VLE-coexistence
and its criticality.One may consider the FT-model described in full detail in [18-21]
as an attempt to develop the mesoscopic molecular-based phenomenology for the
measurable (not theoretically-idealized) VLE-transition. The alternative definition of
equilibria between two finite-volume inhomogeneous and, even, non-gaussian (i.e.
locally-heterophase) hases becomes possible in the region of criticality. So only its

11
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main and relevant to the problem of measurable CXC-diameter results are discussed
below (Sec.IIl). They demonstrate, in particular (see TABLEs LII), the surprising
consistency of some FT-predictions with the Ib-results of complete scaling [2,3].
However, any nonuniversal distinctions implied in the underlying molecular struc-
tures of CO, and C;Hj;, for example, discussed in [1] have not been revealed by FT-
model. The obvious reason of such discrepancy between two phenomenologies of
criticality is the indeed rectilinear, in practice, diameter obtained by the reliable direct
experiment [22] for CO, and/or C,Hg [16] (the latter substance is very similar on the
molecular level just to C3Hg).

I. Thermodynamic nature and molecular-based reasons of asymptotic sin-
gularities in real fluids. It was shown unambiguously by FT-model that the exact
parametric WMG-solution [18] proposed by Gibbs for the van der Waals-Maxwell's
mf-model of VLE-transition leads to the specific WMG-type of critical nonanalyticity,
which has not been considered by /b-phenomenology. The most striking feature of it
is represented by Fig. 1 and was revealed by introduction of the mf-scaled (super-

: 0 : .y
script zero) latent heat x° = (s i s,) / 2k, instead of the usual temperature-deviation

T =1-T" from CP-position. It was termed [19-21] the heterophase mf-disorder pa-
rameter determined for entropy per particle. Its usage as the field variable instead of
standard temperature leads to the discontinuous change (or "jump") of the asymptotic

constant slope x'=dx/dp . For comparison, the slope dT /dp tends to zero in the
asymmetric /b-variants of the scaling £OS. The real heterophase disorder parameter

is changeable from its positive value along x( p; ) -branch to the symmetric constant
negative value along x(pj)-branch. Such replacement corroborates but in the quite

different (x, p*)—plane (1), the underlying asymptotic symmetry of the lattice gas. The

latter 1s usually discussable only in the (7, p)-plane. Its known specific consequence
follows from Eq.9(a) as the highly-modelistic vertical 7T -independent diameter
p, =1 namely in the plane (T , p*).

It is important to note that the discussed here asymptotic linearity of both
branches x( p;) and x(p;) exists for the actual (i.e. measurable by direct experiment)

parameter of disorder x = (sg —s,)/ 2k, too. The constraint of equal chemical poten-

tial He =1y leads to its coupling with the latent heat. This is evident from FIG.1 not

only for mf-model but also for real fluids. Hence, the introduced here constant
+dx / dp -slope plays apparently the role similar to that of +B,-amplitude from

Eq.(9a). Just its elimination was used by Widom long ago for the definition of the
original scaling variable. Simultaneously, GFA-principle [20, 21] points out the poss-
ible discontinuity (see below) in the Riedel's PCS-parameter of critical slope:
A =(T./P)(dP,/dT) revealed unambiguously by FT-model. Thusthe normalized

entropy disorder parameter may be used, in principle, as an alternative asymmetric

12
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Disorder parameter x = (sg-s)/Zk_.,.

0.5 1 1.5 2 2.5
Reduced density p,/p., pg/pc

[VS]

Fig. 1. Asymptotic universal WMG-symmetry [18, 20] of discontinuity in the mf-
CXC-slopes: x" =p, (sg —s,)o/ 2kyp,, compared with its actual counterpart

x'=p, (sg —s,)/ZkBng for real fluids: Ar — triangles [23], C,Hg — squares [16], CO, —

diamonds [24], H,O — circles [26]. The inset illustrates the principal Wb-distinction
from the smooth CXC-transition in the /b-models.The latter is observable between two
coexisting branches in the plane entropy (S)-magnetization (M) supposed by the basic

Ising (or lattice-gas) model [4] of /b-universality. Curvilinear diameter p, (p 1) is only
asymptotically tangent to the critical isochorep, from the side of the liquid-
like(p, > p,) densities (See also Figs.2-4).

scaling variable instead of original one (T /5”‘3) introduced, originally, by Ib-

phenomenology [4]. One may recognize now that the value of Fig. 1 is, in total and
most likely, comparable with the well-known plot of experimental CXC-

datarepresented long ago by Guggenheim in the (T *,p*)-plane. It was an obvious

sign of non-classical exponent B~1/3 (needed instead of mf~one B, =1/2) for real
fluids [4]. From what has been said above, it follows that ' 7-model [18-21] provides
due to its GFA-principle and the respective FT-EOS developed separately for both
fluid (f)-phases the exactly soluble Wb-phenomenological model of VLE-transition
and of its asymmetric criticality. It goes far beyond the framework of mf-model. The
non-classical BF Y 3, in particular, can be exactly determined without any ap-

peals to the Ib-models.One of the essential features of F7-model is the proposed solu-
tion for the long-standing problem on the explicit hypothetical connection between

the thermodynamic PCS-criteria Z_, A, of similarity [6,7], from one hand, and their
molecular-based effective PCS-scales €,,0, from another. The latter shave been ex-

pressed by FT-equations in terms of the reported in Table I new effective F7/LJ-
parameters €,6. These parameters are recommended in the present work for the

13
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common approach to the consistent simulation of the realistic coexisting phases. In-

deed, the F'T-correlation are based exclusively on the respective substance-dependent
(i.e. actual) critical data:

gg,lszTc(l_Zc):kBTc_Pc/pc’ (12)

o, =3(4-2)/[4n(4-1)p,] (@ o (4 =4)=1/2mp, (). (13)

The some unusual split of the predicted effective diameter oy onto the very

close but still distinctive values o, > o, is related in Eq.(13) to the revealed by FT-

model [20, 21] asymptotic difference between the above-mentioned Ac(pg - pc)—

and Ag (p; = p, )-trends of slopes. The recommended LJ-parameters for the genera-
lized short-range F'7/LJ-potential (PUC(I”;S,G,I”C)With the third, a priori unspecified

para-meter of cutoff radius 7. are represented in Table I, II for the actual CPs of sev-

eral substances.
One may see that the conventional constant values ¢, /k, =119.8K,

o, =0.3405nm of Ar, for example, obtained from the second-virial B(T)-data atsmall

densities [6] seem to be significantly overestimated in comparison with the FT-
model’s estimates. Besides, in spite of the widespread use of scaling-type Egs.(5a,b)

in the (T ", p*)-plane [14], another (P*,T *)-plane remains purely classical in this
extrapolative procedure [13]. The magnitude of critical pressure :L ; and the asymp-

totic slope of vapor pressure Pv* (T )are described, as a rule, by the typical mean-field

Eq.(14).One may conclude in this context that the behavior of simulated Pv* ( T, L* J)-

function and its presumable value P:L ; could be significantly distorted by the de-
scribed analysis of the only (T ", p*)-plane. Indeed, the most usable concomitant

form of approximation is here the simplified low-temperature variant of the Clausius-
Clapeyron’s equation [32]:

Pv*:exp[A—B/(T*+C)] (14)

Table 1. The novel set of LJ-parameters predicted from the CP-data by Eqgs.(12,13)
Substances T.,K  P.,MPa p moldm’ &,,/kz,K o,,nm o,/0

Ar 23] 150.66 4.860 13.29 106.68 0.2877 1.062
C,Hg [16]  305.33 4.872 6.870 220.04 0.3610 1.069
CO, [24] 304.14 7.373 10.62 220.65 0.3147 1.078
SF¢ [25] 318.71 3.718 5.155 230.98 0.4012 1.080
H,O [26] 647.14 22.06 17.89 498.80 0.2667 1.087
Rb [27] 2017 12.45 3.416 1578.7 0.4715 1.106
Cs [27] 1924 9.25 2.852 1533.9 0.5010 1.107
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Table II. The set of reduced LJ/CP-parameters recommended at any MD- or MC-
simulations of criticality by the short-range F7/LJ [l, n/m]-potential. Its advantage is the

possibility of iterative calibration determinationof the I’: -value just by simulations in the
actual CP. It becomes the well-established third PCS-parameter.

Substances Z, A, Ty F.y Pery £0 (Cfo+ )

LJ [12] 0.3073 5.531 1.31 0.1264 0.314

Ar [23] 0.2919 5.943 1.412 0.0785 0.1905 0.1775 [33]
02293 [3]

C,H¢ [16] 0.2793 6.400 1.388 0.0754 0.1946 0.1808 [33]

CO, [24] 0.2745 7.044 1.378 0.0753 0.1993 0.1832 [33]
0.1576 [3]

SF¢ [25] 0.2722 7.210 1.370 0.0747 0.2004 0.1628 [33]

H,O [26] 0.2292 7.860 1.297 0.0607 0.2043 0.1861 [3]

Rb [27] 0.2173 11.27 1.278 0.0598 0.2155

Cs [27] 0.2028 11.39 1.254 0.0549 0.2159

with the adjustable coefficients A4,B,C. At higher subcritical temperatures the dew
non-ideal-gas’ density p; as well as the respective vapor pressure Pj may be alrea-

dywell outside the region of validity supposed by Eq.(14). To our mind, the appear-
ance of many additional constants is the undesirable feature of any approximation.
For example, authors [14] have used four additional adjustable constants in Eqgs.(5-7)
instead of two relevant amplitudes B,, D, to argue that PCS may supposedly fail in

the associating fluids and liquid metals [30,34].As a result of such questionable long-
range extrapolations, the above value T:L ; can be located well below than the ex-
pected actual one in the simulated finite N-systems. Valleau [28] has supposed that
for the popular GEMC-methodology [29] such depression of T:L s 1s an artificial phe-
nomenon occasioned, in particular, by the very different numbers N, and N; in the

simulated phases. Another known anomalous consequence of the standard GEMC-
approach to simulation of criticality is the three-peaked behavior of the overall re-
duced density distributions. They are steadily observable by GEMC at the near-
critical reduced temperatures. Smit et al. [13] have taken into account that GEMC ig-
nores the surface tension y(7) between g- and /-phases. This factor explains an ap-

pearance of a third peak by thesharp decrease y; ; (T *) near T, ,. At the same time,

Smit [30], Mon and Binder [31], Johnson et al. [11] have examined the strong influ-
ence of the arbitrarily chosen cutoff radius 7. =7, /G, on the near-critical shape of
CXC as well as on the location of T, ; exclusively in the (T*,p*)—plane. The hypo-

thetical F'7/LJ-methodology of simulations proposes the alternative choice of reduced
r: -parameter by the iterative set of calibrationsimulations performed just at the fixed

critical pressure PC*L ; (taken from Table II). Its possible f-dependence is inessential,
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of course, in terms of dimensionless LJ-variables due to the coherent change in pZL J-
density.

The GFA-phenomenology developed in the present work provides, in prin-
ciple, the possibility of independent test for all above suppositions by thethermody-
namic-cally-consistent computer simulations. It is obviously from Table II that two

sets of substances with 7,, >1.31 and T, <1.31 are revealed by the proposed ap-

proach. It is equally interesting to note, that the substances of latter subset (H,0, Rb,
Cs) belong, unquestionably [27] to the type of Ib-systems with the singular CXC-
diameter. The careful analysis of this problem performed by Wang and Anisimov in
terms of the complete-scaling EOS [3] provides (at the given CP-parameters) the re-
liable estimate of the non-universal cubic “normalized interaction volume” (2 &(})3 for

the very different substances:

p,=(28,) p. (a) g=g, T (b) (15)

were £ 1s the standard amplitude of a correlation length i( T> Tc) The promising-
comparison of the p, -values taken from [3] (0.2293 for C,H,, 0.1861 for H,O,

0.1576 for SFs) with the similar pz -values of F7T-model is represented in Table II.
The found trends of their change from substance to substance are, however, opposite
( p:= 0.1946 for C,H,, 0.2004 for SFg, 0.2043 for H,0) in the FT-model. The close

values of p, and the similar trend of their change were also independently observed

by the two-scale analysis of universality reported in [33].

The discussed relatively small distinction between p, and p. becomes, howev-
er, noticeable for SF¢ which is the known origin of experimental contradictions. One
group of experimentalists [25, 35] have observed the singular CXC-diameter.They
estimated the rather low critical density as p, =5.012 mol/dm’ used, then, by authors
[3] in Eq.15(a). Another group [36, 37] has not confirmed this observation and found
the rectilinear diameter for SF¢ with the respective strong shift of critical density to
the upper value: p, =6.87 mol/dm’. The compromising combination of critical SF-

parameters [25] and those (anAc) from the PCS-reference [7] is used in Tables I, II.

It follows that the further estimate of the cubic volumes’ ratio: p. /p, =(2§,)’ /o’

may provide the important insight of the short-range near-critical simulated interac-
tions. It is also a serious challenge to model the highly-directional and short-range at-

tractive interactions in H,O (it belongs to the subset with T:L 7 <131) arising due to

the hydrogen bond by the effective short-range spherically-symmetric F7/LJ [[,n/m]-
potential. It seems promising, for example, to explain also the impressive near-critical
dimerization in the gaseous Rb and Cs by the simulation based on the proposed F7/LJ
[/, n/m]-potential with the given ¢, 6, /o, -parameters taken from Table I. Hensel

[34] has supposed that the presumable different nature of the net inter-particle inte-
ractions in g- and /-phases leads to the strongly asymmetric shape of CXC. From
what has been said above, it follows that the same reason may be crucial for the ex-
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planation of the observed CXC-asymmetry in the whole set of real fluids. However,
one must take into account (at the performance of simulations) that in the liquid met-
als, for example, the universal [/,n/m]-part of LJ-potential is changeablein the manner

of PCS-description. Hoover et al. [38] have simulated long ago at T " =1 the re-
stricted class of purely repulsive pair potentials [/ =1, /(m = 0)]:

op/e=7r" (16)
and found the value n = wo for the singular hard-sphere-system and n ranging from
about 6 for metals to about 12 for rare gases including 4r.

The preliminary conclusions are here worthwhile. The correlation of complete
scaling [3] connecting the amplitude-radius &, from Eq.15(b) with the thermodynam-

ic amplitude of the isochoric heat capacity C,(T<T.)4,: (2&,) ~2.62k, / (AO’ pc)
can be reliably represented in terms of F7-Eqs.13(a, b) due to the above-discussed
similarity of cubic volumes: (2&.0)3 ~ GZ(A ,PC) or ~o, (ACO, pc). Such usage based

c

also on the FT-model’s approximate correspondence: B, ~ A"” [19] provides the ap-
parently testable possibility for an additional estimate 4; for C, (T >T,) by the other
accepted correlation in the complete scaling: 4, =0.523 4, [3].

II. Curvilinear diameter cannot be tangent to the elongate cxc in both (x, p)-
and (z, p)- planes. It was earlier shown [19] that in the physically informative (x, p)-
plane (see Fig. 1) any Wb-diameter (mf-one or that for real fluids) demonstrates two
essential features:
(a) —it is asymptotically tangent to the critical isochorep_;
(b) — it crosses symmetrically at x =0 the both CXC-branches discontinuous at CP.

The natural question may be now formulated. Are these geometric properties
invariant at the transformation of a field-type variable x to any other field: (x — yor
x — T ) while the role of density remains unchangeable? The negative answer to this
question follows immediately from the description of singular Ib-diameter implied by
Eq.(9b). It becomes asymptotically tangent [39, 40] to the itself CXC (see insertion to
FIG.2a) and, hence, cannot cross it at the origin of specific transformation: x — T .
Obviously, that the experimental and, even, theoretical determination of critical den-
sity p, 1s the hardly realizable procedure in the (7, p)-plane under the circumstances
of a fluctuation CXC-flattening [15,17].

To elucidate the choice of independent variable Z_(p) in the proposed below
transformation, one may start from the identity between two scaled by Z_ — value
dimensional pseudo-densities:

Zp=P/k,T (17)
determined along the implied CXC near its actual CP. The isothermal and isobaric
derivatives should give the straight linesasymptotically tangent to CXC in the Z(p)-
plane.

17
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This feature arises due to the fluctuation divergence of the isothermal critical
compressibility :(1/ p)(@p/ GP)T and the isobaric critical expansivity

a,=—(1/p)(dp/oT),:

(526/6p)Tcp+ZC=(Xg/XT)C (a) (azc/ap)ﬂmzcz(ag/ap)c (b). (18)

The finite pseudo-ideal-gas’ quantities at CP itself (Z, # 1) are normalized here
by the Z_.-value scaled by the critical fields of pressure and temperature:

Xr=V(pkT)=2Z./F (@ op=2/T. () (19)
Thus, the asymptotic behavior on approaching CP-position along the critical
field-iso-lines P. and T, has to be accurately determined by the symmetrical equali-
ties:
1 Z 1 Z

— . o =—- o b 20
Az P Z +(0Z/dp),p @ * T, Z,+(0Z/dp),p ® ¢

Both quantities (Z_,p) shouldtend to their critical values (Z,,p,) simultaneous-

ly but asymmetrically in accordance to the GFA-principle [19, 20] from the gaslike
( Py — pc) and liquidlike (p; — p,.) ranges of near-critical states.

The accurate experimental CXC-data are represented in Figs. 2-4 for the selec-
ted illustrative examples of C,Hy (rectilinear diameter), H,O (curvilinear diameter),
[Cymim][BF,] (diameter with the non-specified asymptotic curvature). The elucida-

tive denotations explain in each case the physical and geometric features of the pro-
posed transformation. The above properties (a) and (b) are, in total, fulfilled in the (Z,

p)-plane though the possible asymptotic discontinuity between Zg(pg Spc)— and

Z; (p ;2P c)-branches is here the featurehardly testable by experiment. This restric-
tion is also typical for all measurements directed to determine either p_ at the fixed
fields P.,T,. orits consequence Z,. calculated from Eq.(17) written for CP. The simi-

lar situation is observable at the prediction of mf-critical point (Z (.),PS) too if one uses

C

preliminarily the more reliable estimates of actual fields P.,7,. to calculate the con-
stantcoefficients a,b. In accordance with PCS-phenomenology [6, 7] one should
substitute, on the ad hoc basis, the actual third parameter Z,. instead of univer-sal but

unrealistic Zg -value 3/8 to obtain the correct estimate of p_ . Such procedure de-

stroys unavoidably the WMG-equality (82P/ sz) =0 for second derivative at the

T
critical point. The chosen in Figs. 2-4 system of coordinates provides the unique pos-
sibility to estimate the both rather elusive critical parameters Z_, p. in any compli-
cated situation.
The discussion of mf-model arising as a combination of the rectilinear CXC-
diameter approximated by Eq.(2) with the oversimplified WMG-concept of binodal:

18
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p,~3/2-T /2  (a) B =pp, 7" (b (21)
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Fig. 2(a) — CXC of ethane [16] as an example of the (coincidently) rectilinear diameter.
The shown formal application of Zeno-line's methodology leads at low temperatures in the
(7, p)-projection to the visible anomaly of compressibi-lity factor. Inset demonstrates
schematically the singular diameter of /b-phenomenology.

2(b) — The elongate CXC and its curvilinear diameter in the (Z, p)-projection of GFA-
transformation as the“inversion” counterparts of CXC-diameter and CXC itself, respective-
ly.The rectilinear part of /-branch shown by thin tangent line crosses the curvilinear diame-
ter of C,Hg, practically, in the actual critical point (black square).

has been proposed in [9] “to derive” the purely empirical Timmermans’ and Riedel’s
equations [7]:

p.~Z.  (a) nP =A4+B/T +CInT +DT" (b) (22)
Authors of this approach started from the use of Eq.(17) written as the identity be-
tween two functionals of vapor pressure Pc[p (T )} = R,[p,(T )]. They have applied

to its analysis the rather inaccurate interpretation of Eq.(21b).Ithas been admitted that
all three critical parameters P,p_,T. of reduced variables can be simultaneously taken
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as the actual ones in the description of mf-binodal. To revise this obvious inconsis-
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0 - O
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£, mol/dm?
1.2
b)
. Z
0.8 P
0.6 Pyl anomalous
N range of Z
0.4
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0 :
0 10 20 30 40 50 60
£, mol/dm?

Fig.3(a) — CXC of water [26] as an example of the strongly curvilinear diameter. The for-
mal application of Zeno-line's methodology may lead, in principle, to the serious errors at

the prediction of critical parameters p, (TC,PC) .

3(b) — The elongate CXC and its curvilinear diameter provide the exact location of critical
point although the rectilinear part of /-branch shown by thin line (see for comparison
Fig.2(b) ) is located for H,0 significantly lower than the actual critical point (black square).

tency one should fix p_,7, -parameters from Eq.(21a), but assume the mf-value PCO in
the resulting approximate equalities:

P . P° P . P°
g = < :p]Zc < (a) Zl = < :ngc < (b) (23)
pksT P pkyT P

Thus, the empirical Timmermans’ equation [7] leads in the framework of above
assumptions [9] to the 7-dependent ratios of CXC-parameters.They can be approxi-
mated by the constant only as the rather rough assumption:
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Fig. 4(a). Two variants of curvilinear (non-divergent) diameter and CXC of ionic liquid
[Cymim][BF,] predicted a) in [41] (small and large triangles) by GEMC-simulation of the
high-temperature region 7 > 850 K with the predicted data from [42] (lines with large
squares) obtained by F7-EOS in which only the low-temperature input experimental data of

liquid at atmospheric pressure p,(F,,7) [43] (small diamonds) have been used for predic-

tion.
4(b) The elongate CXC and its curvilinear diameter are shown only for F7-EOS [42].

. _p(D) B _p, () P
¢ z(T) P Z(T) P,

The “derivation” of Riedel’s Eq. (22b) based on the same approximate Eq.(21a)
and (21b) gives [9] the typical mf-result for the reduced slope 4_(T):

40 =1+3/7" =41’ =1). (25)
The respectiveClapeyron’s-type equation similar to that in Eq.(14):

(24)
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InP =In7T"+3(1-1/T") (26)

is applicable, at best, at low temperatures.
FT-model claims [19-21] that the role of critical slope A, (Riedel’s parameter)
1s quite essential and different (Sec.Il) from that of Z_. in opposite to the convention-

al PCS-viewpoint [6,7].In particular, two GFA-equations for CXC can be used for the
predictive aims with two f-dependent sets of also 7-dependent F7T-EOS’ coefficients:

Z,(T.p, <p.)= P,/ pksT =[a(T)p(T)/ kyT|[1-2b(T)p,(T)], (27)

Z,(T.p,2p,)= P,/ pkyT =[a"(T)p, (T)/ kyT |[1-26°(T)p,(T)].  (28)

The aim 1s here (see, for comparison Eq.(24)) to take into account the difference

of 4(T)- and Ag (T)-slopes which may represent the same measurable CXC-
branches separately in terms of the CXC-diameter (the locus of midpoints) p,(7') and
the density of another coexisting phase p, , . At the critical point two different asymp-

totic slopes 4, and A’ =4 arise due to the described GFA-distinction:

ap = P.(4,-1)/p?, be=(4.-2)/[2p.(4.-1)], (29)
c,=1-Z.41[2(4.-1)], (30)

ag =3P./p;, b =1/3p,., (31)
c=1-217Z=1-8Z,/3. (32)

Thus, two universal criteria of the simplest vdW-variant of PCS [6, 7] Z°, A° are
used here together with the actual (i.e. measured) critical parameters p_,P;Z , A4, . It

is remarkable that at theplausible asymptotic assumption p, =1—p, << B /2=1 ac-

cepted for the critical isobar 130 =1—P" =0 (it forms the /-branch of CXC in the (7,

p)-plane), FT-model [18-21] predicts accurately the set of non-classical /-exponents:
e =1/6,B,,=1/3,v,,=7/6,8,,=9/2. Moreover, any mf-exponent never ap-

pears in F'7T-model (!) due to the GFA-principle, which rejects theconcept of CXC-
analyticity and hence the concept of a unified £OS.
At low subcritical temperatures, the dew densities p (T') are about ideal-gas-

ones. They tend to zero p, — 0simultaneously with the vapor pressures P, — 0

while their ratio becomes about unit (Z . > 1). Simultaneously at low temperatures

of /-branch the Boyle’s-locus Zz = 1coincides, practically, in the (T ,p)-plane with
the CXC-locus Z; ~ 0 (see Figs 2(a)-4(a)) arising due to the respective negligibleva-
lues P, ~ 0. As a result of such “collapse” the symmetric quadratic functions of Ze-
no-line for pressure expressed in terms either reduced temperature or reduced density
with the same Boyle’s constants pp and Tj:

_ _T _ _P
b= BPBT[l TJ (a) b kBTBP[l PBJ (b) (33
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become 1napplicable alongside the isolines p, and 7p of a low-temperature
CXC.The revealed by FT-model asymptotic discontinuities of the disorder parameter
x:(sg—s,)/2kB and the reduced slope A, =(T/P,)dP,/dT are also intercom-

nected at each point of VLE-transition by the thermodynamic Clausius-Clapeyron’s
equation:

x=4,2,-2,)/2 (34)
The asymptotic behavior of compressibility factor Z, ; is presumably (see Figs 2(b)-

4(b)) smooth, at least, for its first derivative (6Z / 8pg) :(8Z / 8p,) taken at CP

T T,
along the critical 7. -1sotherm. In this case the critical jump-like discontinuity of x 1s
determined completely by the critical discontinuity of 4_(p) changeable from the

non-universal value 4. (p g™ pc)to the universal one Ag (p; = p.)=4.The Clau-
stus-Clapeyron’s Eq.(35) is reducedat low temperatures to the quite simple approx-
imate form termed theClapeyron’sequation (7}, 1s the normal boiling point):
A (T <T,))=2x. (35)
Thus thecritical isochore p, 1s asymptotically tangent to theCXC-diameter. This
is similarly to that observable in the (x,p)-plane of Fig. 1. Since the critical isotherm
T. 1s supposedly tangent to CXC [39, 40] in both (T , p)— and (Z, p) -planes one may
admit the only crossing between CXC and its diameter but not the divergence of lat-
ter. However, the role of critical isobar P, in the (T , p) -plane is crucial, in accor-
dance with FT-EOS [20, 21], to explain the singular CP-nature. Indeed, in the (T ,p) -
plane P, -curve is asymptotically tangent to CXC only at p, <p,_ but for the higher
densities p, >p, it coincides with the l-branch p,(7) of CXC. Analogously, in the
(P, p) -plane T, -curve is asymptotically tangent to CXC only at p, > p_ but for the
lower densitiesp, < p, it coincides with the g-branchp, (P) of CXC.

The existence of a low-temperature anomalous range of compressibility detec-
ted by Figs. 2-4 makes the widespread now linear Zeno-methodology of predictions
[6-10] to be rather questionablein this region. As a consequence, the supposed direc-
tion of the tangent Boyle’s Zpz = 1-line to the /-branch of CXC p,(T) can be deter-

mined only visually. This procedure can lead to the similar uncertainties (see Figs
3(a), 4(a)). The curvilinear shape of CXC diameter provides also the similar uncer-
tainties in the (7, p)-plane. The situation can be essentially revised, from our view-
point, by the long-range linear extrapolation to zero temperature only the reliable ex-
perimental data p (7 <7,;F,) measured at atmospheric pressure P;. The aim of

such assumption is, first of all, the reliable estimate of a physically plausible value of
the excluded volume b (similar to that from Eq.(3)) without any appeals to the fic-

tive Boyle’s density p, introduced by Eq.(4) in the context of Zeno-methodology.
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Table 3. GFA-variants of the Boyle’s temperature predicted by Egs.(36a,b).

Fluid Z. 4 T./Tg  T./Tg Tc/Tgll
Argon 0.2919 5.833 0.281 0.381 0.38
Krypton 0.2911 5.787 0.284 0.382 0.38
Xenon 0.2900 5.818 0.284 0.383 0.38
Methane 0.2895 5.900 0.281 0.384 0.38
Nitrogen 0.2895 6.072 0.273 0.387 0.39
Ethylene 0.2812 6.354 0.270 0.395 0.40
Ethane 0.2793 6.390 0.270 0.398 0.40
Propane 0.2790 6.520 0.266 0.398 0.40
Nitrous Oxide 0.2760 6.590 0.266 0.403
Acetylene 0.2750 6.810 0.259 0.404
Carbon Dioxide 0.2745 6.838 0.259 0.405 0.41
Sulfur Hexafluoride 0.2739 6.960 0.255 0.406
Ammonia 0.2433 7.269 0.276 0.457
Water 0.2292 7.860 0.272 0.485
Methanol 0.2209 8.438 0.263 0.503
Ethanol 0.2411 8.295 0.245 0.461

It is interesting to note that the restrictions of the basic lattice-gas model im-
plied by the Ib-scaling £OS at the description of real fluids in any range of subcritical
temperatures become understandable for some adepts of Zeno-line’s methodology
too. In particular, authors [44] have concluded that the accuracy of empirical projec-
tive map proposed in [10] for the transformation of actual CXC into the lattice-gas’
symmetric (7,p)-locus may be significantly improved “by using as input, in place of
the lattice gas, the original vdW EOS or (it is our cursive) simulation results for the
LJ-potential” (see, however, Sec. I).Such alternative possibility is emphasized in [44]
by the illustrative drawing of two combinations of Zeno-line with rectilinear diame-
terfor the vdW- and LJ-fluids in the (T ,p) -plane (see also [6]. For both straight lines,
the intersection at the supposed Boyle’s point can be realized (in opposite to Zeno-
methodology [8-10]) only at the meaningless negative densities. Such discrepancy
was also discussed [45] in terms of the alternative empirical straight line described by
Eq.(8a). The presumable resulting correlation Z, (o — the Pitzer’s acentric factor)
[10, 41] is, of course, the known and typical PCS-property [6, 7].

FT-model provides two independent GFA-variants of analytic prediction for
the ratio 7, =T / T, by the exact equations:

o422 9 Lo A2 L 1) @

T, 27,(4.-1) T, 2z,(4°-1) 9%

This result obtained without any geometric constructions is reported in Table 3.
The excellent predictive ability of F'7-model (see the last column) corresponds just to

the asymptotic universal 4’ =4 slope measurable along /-branch. Namely it provides
also the FT-model’s prediction of non-classical critical exponents for liquid:
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1.2 +

3 3
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' Ar 2197 || Ar 1581
_ Co, 25.80 Co, 19.18
A C,H, 36.84 || C,H, 28.06
C,H, 4066 || C,H, 31.09
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0.2 4
HO0
0 T . L — L
0 10 20 30 40 50 60
2, mol/dm?

Fig. 5. Elongate forms of CXC for the different molecular compounds represented: a) — to
confirm the universal and, simultaneously, quite distinct shapes of g-branch Z, (p)and [-
branch Z(p) in accordance to GFA-concept [20]; b) — to demonstrate the existence of im-
pressively rectilinear segment of [-branchlocated between the near-critical and low-
temperature regions; c) — to emphasize the presence of singular (marginal) segments of
Z4(p)-behavior belonging to both axes of (Z,p)-plane (see text); d) — to point out the ap-
proximate lower boundary Z/p, of anomalous liquid state (see insertion).

e =1/6,B,,=1/3,v,,=7/6,38,, =9/2 following from the exact WMG-model.

The average accuracy of graphic predictive Zeno-methodology in Fig. 2(a) for C,H;
and Fig. 3(a) for H,O can be now estimated by comparison with the analytic F'7/PCS-
prediction of Table 3: 8., =11.4%, 8, , =4.8%. The second predicted by Eq. (36a)

value T, /Ty based on two actual nonuniversal PCS-criteria Z., 4. for an asymptot-
ic g-phase determines the upper boundary of predicted T -value which indicates the

overall uncertainty T, —7, >0 of its thermodynamic definition (see the recent work
[46].

ITI. Conclusion. The “Procrustean bed” of binodal (with its restrictivemf criti-
cality) and theem-pirical rectilinear (only coincidentally) CXC-diameter are main ob-
stacles to wake to the understanding GFA-concept and to the respective discussed
here F7/LJ-simula-tion. The measurable CXC of real fluids and its curvilinear
(slightly or strongly) locus of midpoints can be very approximately represented in
terms of mf-concepts (binodal and rectilinear diameter). They are, most likely, the
thermodynamically more complex objects in comparison with the discrete models of
ordinary or even decorated lattices. Nevertheless, the additional involvement of the
universal GFA-behavior accepted for the vapor pressure is desirable. It reveals the
fundamental interrelation between the /b-phenomenology of local criticality and the
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Wh-phenomenology of an entire (or global) VLE-transition. To our mind, this revi-
sion is the necessary step to reconcile the traditional PCS-methodology with the dif-
ferent variants of the scaling universality without the crossover concept [15]. Fig. 5
and its illustrative meaning can be considered as the striking confirmation of GFA-
principle formulated as the modified F7-model’s variant for Wbh-phenomenology.
The universal and similar shapes of the elongate g- and /-branches are evident as well
as a further necessity to investigate the GFA-concept and Wh-phenomenology mod-
ified by FT-model.Recently, the set of discussed here results and observations has
been used to formulate the novel predictive GFA-methodology termed the congruent
vapor-liquid (CVL) diagram [46]. 1t is applicable to the real fluids in the whole f-
range of temperatures (0,7 |. Hence, the traditional VLE-diagram corresponds only

to the certain fragment of a more general CVL-diagram. The performed numerical es-
timates of CP- and CXC-prediction are quite promising for the hardly measurable in
the region of criticality fluids.
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Pozankoe O. B. mn., Mazyp B. A., Kaqunuax B. B., Cepzeesa A. E.,
Jlesuenko B. U., Illeey M. B., Pozankoe B. b.

BoiTsiHyTasi KpuBas COCYILIECTBOBAHMS M €€ KPUBOJIMHENHBIN THAMETP KAK
(akTopsbI 1710021bHOI PIIOUIHON ACHMMETPHH

AHHOTALIUA

Paccmompenvt psio necoenacoeannocmeti 8 NpuHAMbIX MEMOOONO2UAX NPEOCKA3AHUSA, UC-
NOIb3YEMbIX 8 PAliOHe NAP-HCUOKOCMHO20 COCYWEeCMmB06anus U Kpumuieckou mouxu. Kax
Npasusio, OHU BO3HUKAIOM 8 CEA3U C PASHLIMU MOJIKOBAHUAMU KOHYENYUU «NPAMOTUHEUHO20
ouamempay 6 nioCKocmu memnepamypa-niomuocms. OH 4acmo UCKpusien Ha npaKkmuke u
MOXHCEM PACX0OUmMbCsl 8 08YX AlbMEPHAMUBHBIX ONUCAHUAX KpumuyHocmu. 1) ocnosanHou Ha
mooenu M3unea penomenonocuu noIHO20 CKetiuHea u 2) Kiaccuveckol (heHoMeHorocuu ne-
pexooa nap-scudkocms, pazpabomanHot eau-oep-Baanvcom-Makceennom-1Iubbcom. Bmopas
U3 HUX CYWeCmBeHHO MOOUDUYUPOBAHA 8 MOOeaU (BLYKMYayuoHHOU mepmoounamuxu. Hosoe
npeobpaszosanue 0Jisl NOIHOU KPUBOL COCYUeCMBOBANHUSL OCHOBAHO HA UBMEPAEMbIX PABHOBEC-
HbIX OAHHLLX, NOJYYEHHbIX 80AIU Om Kpumuueckou oonacmu. [Ipednodcentnoe 6 nacmosiwel
pabome, OHO NO360JAeMm C NPUEMAEMOU MOYHOCMbIO ONPedeUmb NONOHCEHUE KPUMUUECKOU
MOUKU, KOMOPOE COOMBEMCMEYeN NepeceueHur0 Mexicoy SblMAHYMOU KPUBOU COCYWecmeo-
8aHUS 8 NIOCKOCMU (DAKMOP CHCUMAEMOCMU-NIOMHOCIb U €€ 8bIPANCEHHO-KPUBOIUHEIHBIM
30ecb ouamempom. YHueepcaibHocmv NpuHyuna 2n00anbHOU GIOUOHOU acuMmempull,
chopmynuposannozo parnee 8 Mooenu ayKmyayuoHHoU mepmooOuHamuKu, 00Ka3ana ojis ce-
20 memMnepamypHo20 UHmMepeala nepexooa nap-s’cudkocms. Pazeumas npeockaszamenbHas
Memo0oioeus onpeodeienuusi KpUmu4eckou moyku Moxcem 0vimb 0COOEHHO NONe3HOU OISl Psi-
0a geujecms, 8 KOMOpPvIX €€ npsamoe usMepeHue Kpaine 3ampyoHeHO UlU HeBO3MOICHO.

Pozankoe O. B. mona., Mazyp B. O., Kaninuak B. B., Cepzeesa O. €.,
Jlesuenko B. L, Illgéeuv M. B., Pozankoe B. b.

BurtsArnyra KpuBa cuiBiCHyBaHHA i 1l KpUMBOJiHIHHUM AiaMeTp SIK (paKTOpPH IJ10-
0aJbHOI (IIIIHOI acuMeTpil

Anorarisg

Poszenanymo pso neyseodoicenocmetl 8 NputiHAMUX Memoo0o02inx nepeddaueH s, GUKOPU-
CMOBYBAHUX 8 PAUOHI NAPA-PIOUHHO20 CRIBICHY8AHHS | KpUMUYHOI moyKkuy. K npasuio, 6oHU
BUHUKAIOMb Y 38 S3KY 3 PIZHUMU MIYMAYEHHAMU KOHYenyii «NpAMONIHIUHO20 diamempay 8
NIOWUHI memnepamypa-eycmuna. Bin uacmo euxpuenenuil Ha npaxmuyi i Modsce po3xoou-
Mucs 8 080X AlbMEPHAMUBHUX ONUCAX KpumuyHocmi: 1) 3acnoeanoi na mooeni Izinea ¢emno-
MEHON02I] N08HO2O cKelllinea 1 2) KN1acuyHoi (heHoMeHOoN02li nepexody napa-piouna, po3poo-
JeHoi san-oep-Baanvcom-Maxkceennom-1i6ocom. [pyea 3 Hux cymmeso moougikosana 6 mo-
oeni pnyxmyayiunoi mepmoournamixu. Hose nepemeopenns 0Jisi NOBHOI KpUBoi CnisicHy8aHHsA
3ACHOBAHE HA BUMIPIOBAHUX PIBHOBANCHUX OAHUX, 00EPHCAHUX BOANUHI 810 KpUumuuHoi obaa-
cmi. 3anponoHogare 6 yiu pobomi, 60HO 00360JIA€ 3 NPULIHAMHOK MOYHICIIO 8USHAYUMU NO-
JIOJICEHHSL KPUMUYHOT MOYKU, sIKe BION0BIOAE NEPEemuUH) MIdC BUMASHYMOK KPUBOK CNIiBICH)-
8AHHS 8 NJIOWUHI haKmMop CMUCIUBOCMI-2YCIMUHA § iT BUPANCEHO-KPUBOLIHIUHUM mym Oiame-
mpom. YuisepcanvHicmv npunyuny 2nobanvHoi ¢aroionoi acumempii, cqhopmynbosanoco pa-
Hiwe 8 Mooeli (ryKmyayitiHoi mepmooOuHamixy, 008edeHa 0s 8Cb020 MeMNEPAMmypPHO20 iH-
mepesany nepexody napa-piouna. Pozsunyma nepedbauysanbHa mMemooono2is GUHAYEHHS
KpUMU4HOi mouxu modice 6ymu 0cooiu8o KOpUCcHoo 05 psidy peuoB8UH, 6 AKUX il npsamy uMi-
PIO8aHHS 8Kpall ympyoHeHe abo HeMOodcuge.
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AHaJIi3 peJIakCaAlliIfHUX XaPAKTEPUCTUK CHCTeMH NMeHTamaacT — Agl

Y oaniti pobomi nposedeno ananiz mynemuniemnoi sanexcnocmi dCy/dT komnosumie cucme-
mu neumanaacm — Agl 6 memnepamypuomy inmepsaii CKy8aHHs, ¢opma AKoi cnpudunena npu-
CYMHICIIO CIMPYKMYPHO-AKMUBHUX YACMUHOK UO0O0UOY Cpibia ma U3HAYEHO KOMNWIEKC iX penax-
cayiunux xapakmepucmux. lloxazano, wjo KanopumempudHuil mMemoo aumanizy peraKcayitiHux
npoyecie modice Oymu 3acmoco8anull i 00 NONIMEPHUX KOMUOZUYIHUX Mamepianié 00 CKIady
SKUX 8X005Mb NOJIMEPU 30aMHI 00 KPUCMANI3ayii, a came 8UCOKOMONEKYIAPHI noaieipu ma ou-
CNEpCHI HanoBHIV8AaUL.

AHai3 3MiHH TETUIOEMHOCTI B 3aJICKHOCTI Bijl BMICTy HamoBHIOBava (@; %, 00.)
Ja€ 3MOTY OTpUMAaTH 1H(GOPMAIIIIO PO TEIUIOBUI PYX MOJEKYN Ta MIKMOJEKYISAPHY
B3aemoit0. HalG1ap1 nmpocTo 3a pes3yiabTaTaMd BUMIPIOBaHb TEIUIOEMHOCTI BU3HA-
YarThCsl TEMIEpaTypa IUIABJICHHS, MUTOMa TEIUIOTa IUIABJIEHHS Ta TEMIIEparypa
CKJIyBaHHS, TOOTO HpOHeCI/I B SIKUX OJHOYACHO IpHUIMae ydyacTh BEIMKa KIJIbKICTh
MaKpOMOJIEKYJI 1 sIK1 TIOB’513aH1 3 KOONIEPAaTUBHUM PyXOM MOJIEKYJ nojimepy. Busna-
YEeHHsI TEMIIEPATYPHOI 3aJIEKHOCTI TEIVIOEMHOCTI J103BOJIsIE BUBYATH TAKOX 1 IpoLe-
CH, TIPH SIKUX 3MIHM XapakTepy MOJEKYJISIPHOTO PyXy He NOB’s3aHl 3 (a30BUMU Iie-
pexoaaMy, HapUKIIaA MU MEPEX0/1l MOJIEKYJIM Ha BUILUN (HUKYMNA) €HEPreTUYHUMI
PiBEHb BiIOYBA€THCS MOTIWHAHHSA (BUIIJICHHS) KIJTBKOCTI TETUIOTH, IO JIETKO (iKCy-
€ThCSI EKCTIEpUMEHTANIbHO. [IpuKiazoM Takux mpoieciB Moxe O0yTH, 30Kpema mepexia
13 O/1HI€T KpUCTAIIYHOT MOAUDIKAIIi B 1HIILY.

BusnauenHio mapaMeTpiB Mpoliecy CKIyBaHHS MOJIMEPHUX MaTepialliB i3 BUMi-
PIOBaHb TEMJIOEMHOCTI MPUCBSIUEHO Al poOiIT [1, 2], B AKMX IETaNbHO PO3TISHYTO
CYKYIHICTh (DaKTOPiB, AKI BU3HAYAIOTh BIUIMB CTPYKTYPH Ta XIMIYHOTO CKJaay Ha
napaMeTpy CKJIyBaHHsS IMOJIMEpHUX MarepianiB. Heposikamu mux poOIT € Hecmpo-
MOJKHICTB JI€TaJIbHOT'O ONMCY BIUIMBY JMCIIEPCHUX HAIOBHIOBAulB Ha MOJIIMEPHY Ma-
TPUIIO KOMITIO3HUIIT Y CKJIaJll TOJIMEPHUX KOMIIO3UIIIMHUX MarepiajiB, 1o HaOyBa-
I0Th BCE IIHPIIOrO 3aCTOCYBaHHS.

[Tononatn BUILE3rafiaHi yTpyJIHEHHS € MOXJIMBHUM 3 YpaXyBaHHSAM MIKpOreTe-
POTEHHOCTI MOJIIMEPHOI MaTPHIIl B CKJIal MOJIMEPHOI KOMIO3HIIli, TOOTO HasIBHOCTI
100113y TBEPOI MOBEPXHI YaCTUHOK JUCIEPCHOTO HAIIOBHIOBAaYa IMOBEPXHEBUX IIa-
piB ModiMepy, 0 T03BOJIAE SIKICHO MOSICHUTH XapakTep 3MiHU a0COJIIOTHUX 3HAYEHb
TEIUIOEMHOCTI Ta CTPUOKA TETJIOEMHOCTI MPHU TEMIIEpaTypl CKIyBaHHS KOMIIO3UTIB.

He3Bakarouu Ha A€o0 HIKYY TOUHICTh BU3HAUYEHHS MapaMeTpiB MPOLEeCy CKIy-
BaHHS 3 TEIUIOPI3UYHUX JOCTIKEHb Y TOPIBHAHHI 3 IHIIMMH METOJIaMH, TaKl BUMi-
PIOBAaHHS BUT1THO BIAPI3HSIOTHCS THUM, 110 OKPIM TEPMOJMHAMIYHHUX aCIEKTIB J103BO-
JSIOTh AHATI3YBAaTH TAKOX 1 peNaKCAMHUN XapakTep MOJICKYJSPHUX IPOIIECIB.
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OcranHil (GakT 103BOJIsI€E BU3HAYATH KOMILUIEKC pellaKCalliiHUX XapaKTepUCTUK TO-
JIMEpPHUX MaTrepiajiB, a TAKOK KOMIIO3UTIB HA X OCHOBI 32 JJAaHUMH TEIIO(PI3UUHUX
JOCIIKEHb 0€3 MPOBEICHHS J0JIaTKOBUX BUMIPIOBaHb METOJAMU MEXaHIYHO1, Jie-
JEKTPUYHOI, SJIEPHOI MarHITHOI peflakcalii Tomlo.

He nuBnauuck Ha SIBHI IepeBaru METONy, KUIbKICTh POOIT, IPUCBAYECHUX BU3HA-
YEHHIO KOMIUIEKCY peJlaKCallliHUX XapaKTEPUCTUK - €HEPTii aKTUBAIlll O-TMpOoIecy
penakcauii U,, nepe1eKCIOHEHI1aTbHOTO MHOYKHUKA B, TeMnepaTypu CKiyBaHHs Ty,
HaIIBIIMPUHU TEMIIEPATypPHOIO 1HTEpBaLy pernakcauiiftHoro nepexoay Cy, piBHS KOO-
MIEPaTUBHOCTI MPOLIECY CKIyBaHHs W, eHepris akTUBAllil 0-IPOLIECy perakcallii Koo-
nepatuBy cerMeHTIB U, .o, HE3HAUHA.

AHai3 jgitepaTypHux aaHux [1, 2] mokasye, 1110 Ha ChOTOIHIIIHIN AEHb MPaAKTH-
YHO B1JICYTH1 poOOTH, MPHUCBAYCHI BU3HAUYEHHIO KOMIUJIEKCY peJlaKCalliiHUX XapaKTe-
PUCTHUK TIOIIMEpIB, SIKI 37aTHI JI0 KpUCTai3alii 1, 30KpeMa, BUCOKOMOJICKYJIIPHHUX
nomiedipiB TerodizuuHUMU MeTogaMu. Tomy NMpoBeneHHS TEII0o(I3UYHUX TOCHTI-
JOKEHDb MOJIIMEPHUX KOMITO3HUIIIMHUX MaTepiaiaiB Ha OCHOBI MEHTAIUIACTy € aKTyaslb-
HUM.

HaBeneni Buie MipkyBaHHsI 3aCTOCOBHI Il aMOp(HHUX TOJIIMEPIB, IO HE MicC-
TSATh HAMIOBHIOBAUl, MIACTH(IKATOPH, OTBEPIXKyBaul Toulo. [Ipu HasBHOCTI MOA1I6HO-
ro POy JOMIIIOK MPOIIEC CKITyBaHHS HaOyBae OUTBIN CKJIQJTHOTO XapaKTepy 1 Teopis
BHU3HAUCHHS KOMIUIEKCY pelTaKCalllfHUX XapaKTEepUCTUK 3a pe3yJbTaTaMH aHaTi3y
TEMIEPATYPHUX 3aJEKHOCTEH MUTOMOI TEIJIOEMHOCTI BUMAra€ yTOYHEHb Ta JOTMOB-
HEHb.

Tak, mpy HaOBHEHHI MOJIIMEPIB TUCTIEPCHUMHU YaCTUHKAMU MPOIIEC CKITYBAHHS
MO>K€ PO3IUIATUCH Ha JIEKIJIbKa OKPEMUX IMPOIIECiB, MMOB’I3aHUX, HANPUKIIAJ, 3 HU3b-
KOTEMIIEpaTypHUM 1 BUCOKOTEMIIEPATypPHHUM IPOIIECAaMH CKIIyBaHHS, MOsIBA SIKUX BH-
KJIMKaHa Pi13HOIO €10 MOJU(DIKATOPIB HA MOJICKYJIAPHY PYXJIMBICTh PI3HUX KIHETHY-
HUX OJWHUIIb MoJIIMEpHOi MaTpuill [3, 4]. YV yucTtomy mosimMepi BIUIMB oOiacTel 13
PI3HOIO CErMEHTANBHOIO PYXJIMBICTIO MOKE 1 HE BUKIMKATH MOMITHOI MYJIbTUILIET-
HOCTI peJlakcalliiHuX MaKCUMYMIB Ha €KCIIEPUMEHTAIbHUX 3aJEKHOCTIX 1HTCHCHB-
HOCTI 3MiHM MTOMOI TermnoeMHocTi dC,/dT, ToAl Ak npu MOAU(iIKyBaHHI IOJIIMEPY
17 BILTABOM CTPYKTYpPHO aKTUBHHUX JOMIIIOK MOOIU3Y MOBEPXHI PO3ALTY HOJIMEp —
MoaudikaTop y 0araTb0X BUIMAIKAX CIIOCTEPITAETHCS PO3ABOECHHS MIKIB BIAMOBITHUX
MEPExXO/liB K PEe3yNbTaT, HAIIPUKIA/, 3MIHU IHTEHCUBHOCTI MOJIEKYJISIPHOI PYXJIUBO-
CTi KIHETHYHUX OJIMHUIIb.

Taxuit migxia g03Bojsie Gi3MUHO OOTPYHTOBAHO BUKOHATH PO3AUIECHHS MPOIIECY
CKJTyBaHHS Ha JIBa OKPEMHX MPOIIECH, 110 BUHUKJIM BHACIIJOK HAITOBHEHHS MoJiiMepa
JTUCIIEPCHUMH YaCTHUHKAMHU, 1 J1a€ MOMJIUBICTh TAKOX OKPEMO BU3HAUMUTU KOMILIEKC
iX penakcaliiHUX XapakTepUCTHK. /ISl HbOTO JOCTaTHIM € BUKOPUCTAHHS TOJIBIMHO-
ro Habopy (QITIHT - TapaMeTpiB, 10 € THAUBIIYATLHUMH JJISI KOYKHOTO KOMIIO3HUIIIM-
HOTO MaTepially Ta BiJIMOBIAHUX KIHETUYHUX OJUHULIB [5, 6].

3alie’KHICTh MapaMeTpiB CKIyBaHHS, a caMe TeMIepaTypu Nmodyatky 71;; Ta TeM-
nepatypu 7;, KiHIA HU3BKOTEMIIEPaTypHOi, Ta TEMIIepaTyp mo4yatky 75; Ta KiHus 15,
BHCOKOTEMITEPATypPHOI CKJIQJOBUX MPOIIECY CKIIYBaHHS BiJ KOHIICHTpAIlii JHUCIIEpC-
HOTO HAITOBHIOBAYa SICKPABO CBITYUTH MPO CYTTEBUH BIUIUB MPUCYTHOCTI HAIOBHIO-
Baya Ha CTPYKTYpPY MOJIMEPHOI MaTPHIII.
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Puc.1. KoHueHTpariiiiHi 3aJIe;KHOCTI TeMIieparyp noyarky 77, Ta Ki-
HI T}, HU3BKOTEMIIEPATYpHOI 1 OYaTKy 75; Ta KIHI 15, BUCOKOTEMIIE-

paTypHo'l' CKJIIaJOBUX IIPOLECY CKIIYBaHH: KOMIIO3HUTIB CHCTEMH IICHTAIl-
HaCT—AgI: 1 - T“; 2 - le; 3—- T21; 4 — T22

AHani3 KOHUEHTpAI[IHHUX 3aJIEKHOCTEN TeMIiepaTyp MOYaTKy Ta KiHIIS HU3bKO-
TEMIIEpaTypHOI CKJIaI0OBO1 MPOIIECY CKIYyBaHHS Y CHUCTEMI TIEHTAIIacT — HOauI cpiod-
JIa TOKa3ye, 10 3a XapaKTepoM 3MiHHA TeMIIepaTyp KOHIICHTPAIIHHY 00JacTh MOXKHA
YMOBHO TOJIIJTUTH HAa YOTUPHU JUISTHKH [7].

[lepmia, odmexkeHa koHeHTpauiaMu ¢ Big 0 1o 8 %, mpu 30UIbIIEHHI BMICTY
aucnepcHoro Agl, XapaKTepu3yeThCs NESKUM TMOHWKCHHSIM TEMIIepaTypu MOYATKy
mporiecy ckiayBaHHs. Taka moBemidka 7;, Ha HaIly AYMKY, BUKJIMKaHA CTPYKTYPHOIO
AKTUBHICTIO HAITIOBHIOBAYA.

Ax mokaszanu peHtreHorpadiuHi AOCIIPKEHHS B i 00JIacTi KOHIICHTpaIlii
CIIOCTEpITAEThCS TMOHWKEHHS 3arajbHOr0 CTYINEHS KPHUCTAIIYHOCTI KOMITO3HUTIB,
SIK€ BEJIC JI0 IMIJABUIIEHHS PYXJHUBOCTI KIHETUUHHUX OJMHUIIb MOJIIMEPHUX JIAHITIOTIB 1
CIIpHSE iX OIBII IHTEHCUBHOMY TETUIOBOMY PYXY.

Ha npyri#t ninsaumi, npu 30inbiieHH] KoHIeHTpalii 10 36 %, HamoBHIOBauY Agl,
BUCTYIIAIOYH Y POJIi 3aPOJIKIB CTPYKTYPOYTBOPEHHS, 0OMEXKY€E PYXJIUBICTH CETMEHTIB
MaKpOMOJIEKYJT TTO0JIM3Y MOBEPXHI HAMOBHIOBAaYa a, OTXKE, 1 ntHmye Temneparypy
MOYATKy MPOIECY CKIIYBaHHSI, OCKUIbKU TIOHIKCHHS pyXJ’II/IBOCTl CErMEHTIB, SIKi
MpPUIAMAIOTh ydYacTh Yy pelakcariifHoMy MpOIIeCi, BeJe IO MiABUIIICHHS HOTO CHep-
rii aKTUBaIIii.

Tperst obnacte xkoHuEeHTpaliil — 36 < ¢ < 58 % xapaktepHa nepeOyBaHHSIM IO-
JiMEpy y CTaHl rpaHUYHUX 1IapiB. 3MEHIIECHHS pajiajJbHUX HAIpPYr Ha MEXI1 MOALTY
NeHTamIacT — Hoaun cpibna, NPUBOJIUTh 10 HE3HAYHOTO MIJABUIIECHHS CTYIEHS KpHUC-
TaJIYHOCTI MEHTAIUIacTy B CTaHl TPaHUYHHUX IIapiB, 5Ki, OYEBUIHO, MAIOTh OLIbII
BIIOPSIJIKOBAHY 1O BITHOIICHHIO JI0 TIOJIIMEPY B 00’ €M1, CTPYKTYPY.

VY yerBepTit obOnacti mpu ¢ > 69 %, BHACHIAOK HECTayl IOJIMEPHOTO
3B’SI3yl0YOTr0 BUHMKAIOTh PO3PUBU MPUCTIHHOIO LIAPY MOJIMEPY, L0 BEJE A0 4YacT-
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KOBOi aMopdizailii MoJIMEPHUX 3aJHIIKIB Ta 3yMOBIIO€ MIJBUIIEHHS 1HTEHCUBHOCTI
TEIUIOBOTO PYXY CETMEHTIB MaKpOMOJIEKYJI 1, sIK HACI110K, TOHM>KEHHS TeMIIEpaTypu
T;.

XapakTep KOHLUEHTpPAIIHOI 3aJ€KHOCTI TeMIiepaTypy KiHIA 7, HU3bKOTEMIIE-
paTypHOi CKJIaJOBO1 MPOIIECY CKIYBAHHS € MPAKTUYHO AHAJOTTYHUM J0 BIJIMOBIIHOI
3aJIeKHOCTI 7;; 3 OJIHIEIO BIAMIHHICTIO, 11O MOJISITA€ Y HE3HAYHOMY 3MIILIEHHI TEMIIe-
paTypHOro MiHIMyMy y OIK BUIIMX KOHIICHTpAIlill 1 MOXke OyTH MOSCHEHE 3pOCTaH-
HSM CETMEHTAJIbHOI PYXJIUBOCTI, a TAaKOX IOCTYMOBHUM 3pPOCTaHHSM YacTKU O-
Mo U (Dikailii NeHTaIIaCTy BHACIIIOK MiABUILIECHHS TEMIIEPATypH.

Posrnsgatoun BHCOKOTEMIEpATypHY CKIAJO0BY CKIIyBAaHHS CIIiJ] 3BEPHYTH yBary
Ha OUIBIY, IO BIJHOIIECHHIO O HU3bKOTEMIIEPaTypHOI, YyTIUBICTh IMOJIMEPHOI MaT-
pHIIl 0 BIUIUBY JUCIEPCHOTO HAMOBHIOBaYa — HOAUIY Cpibia.

Jlst ObI TIIMOOKOTO PO3yMiHHS MOJU(DIKYIOUOTO BIUIMBY AUCIIEPCHOTO HAIlO-
BHIOBaYa Ha MOJIIMEp, 30KpeMa Ha IMOBEMIHKY TEeMIIepaTypHOI 3aJ€KHOCTI TUTOMOI
TEIJIOEMHOCTI B 00JIaCTi CKJIyBaHHS, HEOOXIIHUM € PO3PaxXyHOK KOMILIEKCY pellaK-
CaIllMHUX XapaKTEPUCTHUK JIJIsi KOMITO3UTIB CUCTEMH MeHTariact — Agl.

AHaIi3 3HaUeHb epeNeKCIoneHTH B, = 5-107'% ¢ 103BOIsE BICBHUTHCH Y MOXK-
JMBOCTI 3aCTOCYBAaHHS METOJMKM BHU3HAUCHHSI KOMIUIEKCY peJlaKCallifHuX XapakTe-
PUCTHK 13 KaJIOPUMETPUYHUX TOCIIHKEHb AJI1 HEHAIOBHEHUX 1 HAallOBHEHUX BHCO-
KOMOJIEKYJISIPHUX TOTiedipiB, a caMe MEeHTAIIacTy Ta KOMIIO3UTIB Ha HOTO OCHOBI.

ExcniepumenTanpHi AaHi CBiAYaTh, 110 3BY)KCHHSI HAIMIBIIMPUHHU 1HTEPBANy HU-
3bKOTEMIIEpPATYPHOI CKJIa0BO1 mporiecy ckiyBaHHs Cy MpH 301IbIIEHHI KOHIIEHTpa-
il TUCTIepCHOTO HamoBHIOBadYa A0 27 % CBIAYATH HAWOUIBIIT IMOBIPHO MPO 3MEH-
[ICHHS ITUPUHUA PO3MOUTY KIHETUYHUX OJUHUIL 32 PO3MIpaMH, 1110 OEpyTh y4acTh y
penakcarifHoMy TpoIieci.

[Topanbma cramicts napamerpy Co; mipu 27 < ¢ < 69 % BKa3ye Ha OYEBUIHY TO-
MOTE€HHICTh TIOJIIMEPY, 110 TIepedyBae y cTaHl rpaHUYHUX mapiB. OCTaHHE TAKOXK IIi-
JOTBEP/KYETHCS MPAKTUYHOIO CTAIICTIO BEJIMUMHU €HEPT1i aKTUBAallli MPOIIECY.

Jlesike 3poCTaHHS HaIMIBIIMPUHU IHTEPBATy BHCOKOTEMIIEPATYpHOI CKJIaOBOI
ckiyBaHHsa Cp; CYKyIHO 13 pocToM eHeprii aktuBaii nmpu 20 < ¢ < 42 % moxe CBif-
YUTH PO ICHYBAHHS 3HAYHOTO PO3MOLTY 32 PO3MIpaMU CTPYKTYPHHUX €JIEMEHTIB, SKi
YTBOPWJIMCSI BHACIIOK MEXaHIYHOTO AMCIIEPTYBAHHS, TAKUX SIK KiHI[I 00ipBaHUX Jia-
HI[IOTIB, JIAHLIOTH 3 OJHUM BUIBHUM KIHIEM TOIIO. YHCIOBI 3HAUYEHHS Mapamerpy
KOOTIEpAaTUBHOCTI W; Ta W, BKa3ylOTh Ha CYKYIIHY y4acTh y pelaKcalliiiHiX mporecax
BIJIMOBIAHO I’ATH Ta MIECTU KIHETUYHUX OAMHMIb I HU3bKOTEMIIEPATypHOI Ta BU-
COKOTEMIIEPATYPHOI CKJIaIOBUX, BIATOBIIHO.

TakuMm YMHOM AOCTIIXKEHHS TEMIEPATYPHOI 3a€KHOCTI TEMIOEMHOCTI KOMIIO-
3UTIB CUCTEMH B 00JIACTI CKIyBaHHS MOJIIMEPHOT MaTPHIIl MEHTAIIACTY BUSBUIU MY-
JABTUIUVIETHUM XapakTep MPOIECY CKIYBAaHHA Ta J03BOJUIU (PI3UUHO OOIPYHTOBAHO
BUKOHATU PO3UICHHS CIOCTEPEKYBAHOTO M1/l Yac CKIYBaHHS TEIUIOBOTO €(heKTy Ha
JIBa OKPEMHUX IPOILIECH, 1110 BUKIMKaHI HATIOBHEHHSAM IMOJIMEPY IUCIIEPCHUMHU YaCTH-
HKaMH, Ta OKPEMO BU3HAYUTH KOMIUJIEKC iX pejlakcallliHuX XapaKTepUCTHK.
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AHHOTALIUA
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PenaKkcayuoHHux xapakmepucmux. [lokazano, umo karopumempuyeckuil Memoo aHau3a peiax-
CAYUOHHBIX NPOYECCO8 MOdcen OblMb NPUMEHEH U K NOTUMEPHBIM KOMNOZUYUOHHBIM Mamepuad-
Jlam, 8 coCmag KOMopbvix 6X005m NOAUMEPDL, CNOCOOHbBIE K KPUCMALIUZAYUL, d UMEHHO 8bICOKO-
MOJeKYIApHbLE NOIUIPUPDL U OUCHEPCHbLE HANOIHUMEU.
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Analysis of relaxation characteristics of penton - Agl

SUMMARY
In this study the composites dC,/dT multiplet dependence has been analyzed in glass tran-
sition temperature, the relaxation characteristics have been determined. The form of this de-
pendence is due to the presence of structure-active silver iodide particles. It is shown that ca-
lorimetric method of relaxation processes analysis can be used also to polymer composite
materials which contain crystallizable polymers, namely, high-molecular polyesters and dis-
perse fillers.
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Equilibrium parameters of a structured n-hexadecane layer

The temperature dependences of the structural characteristics of the quasi-liquid-
crystalline n-hexadecane layers — their equilibrium thickness and the degree of orientational
order were determined by such optical methods as measurements of admixture dichroism and
the anisotropy of heterophase interlayers. The values of these epitropic liquid-crystalline
layer parameters were compared with those established earlier in rheological experiments.

Introduction. It is well known that the solid surface is able to alter significantly
wetting layer properties and may induce the spatially restricted state in some organic
liquid in close vicinity of the substrate. This state 1s characterized by some peculiari-
ties of physical-chemical characteristics which are sufficiently different from the bulk
liquid ones. These peculiarities are caused by the fact of orientational ordering in the
wall adjacent layer, which is much similar to classical mesophase. That is why this
state was referred to as a special boundary phase of liquid or epitropic liquid crystal-
line (ELC) state [1]. The investigation of this quasi liquid crystalline phase structure
1s important and actual not only in fundamental aspect, but also is of undoubted inter-
est from the application point of view. It is due to correlation between ELC properties
of some alkanes (the main component of modern engine oils) and tribological charac-
teristics of liquid interlayers in mechanisms, which in turn determine the conditions
of accident-free operation and the minimum wear of friction mechanisms. In particu-
lar, it refers to the investigation of n-hexadecane, which is a homologue of alkane hy-
drocarbons row. Experimental studies and molecular dynamics simulations of n-
hexadecane thin interlayers proved the presence of special properties of these objects
[2-5].

Rheological investigations [6, 7] of thin symmetrical heterophase liquid inter-
layers (including ELC layers) (between metal substrates) made it possible to study the
peculiarities of their transport phenomena and to establish the effect of shear flow on
the temperature dependences of viscosity and stationary thickness of such ECL lay-
ers.

The obtained results were interpreted within the framework of the structural-
rheological model [7, 8], according to which in a heterophase interlayer each of the
substrates induces an ELC layer with the thickness d. This layer should be consi-

dered as a two-component mixture of a high-viscosity component and a low viscosity
component of an isotropic liquid (the corresponding values of their viscosities and
relative parts are n_, s and n,,, 1-s). These values determined the magnitude of ex-

perimentally measured ELC layer viscosity 1. From the other side this value may be

vol ?
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calculated as the viscosity of the two liquids mixture.. This calculation may be based

on different model relationships [9 —11] (e.g. cubic root equation of Kendall- Mo-

nroe, double logarithmic equation of Valter - Refutas, the formulae connected with

additivity of fluidities and etc.). In the first approximation the value of the layer vis-

cosity M is determined by the linear superposition of viscosities of mixture compo-
nents:

N=n, -5+ M (=)=, =My) 5+ M- (1)

Heating leads to the process of orientational melting of the [12] layer that is why

the thickness of the layer d; and the relative part s of the ordered phase in it decrease

(as, indeed, the values of n, and v, ). Therefore, the stationary (in steady-state

flow) thickness of the structured layer d, (y) decreases with increasing of the shear de-
formation rate y (¢), taking the maximum equilibrium value d,, =d, (y — O) in the

absence of the flow (y = 0). Also, the shear flow, deforming the ELC layer, shifts the
direction of the orientation of the vector of the director.

To explain the nature and mechanism of the formation of the ELC layer, its sta-
tistical model was proposed [13]. In this work, the highly viscous structured compo-
nent of the layer is regarded as the "pile" of molecular associates which is adsorbed at
the substrate. Within the framework of such a model, a theoretical calculation was
made of the temperature dependence of the equilibrium thickness of the ELC layer
dy, (AT =T -T,), where T,, is the melting point of its crystal.

A comparatively good agreement between the experimental results and the theo-
retical prediction for such polar aromatic hydrocarbon liquid as nitrobenzene
achieved in the framework of the model showed the perspective of using such a mod-
el.

The model allows further development in order to describe the ELC state of non-
mesogenic liquids of a different nature, consisting of non-polar but anisometric mole-
cules. Experimental data that are necessary for comparison with the theoretical de-
pendence d,, (AT) may be obtained both in rheological and in optical experiments. It

should be noted that this dependence is the most important tribological characteristic
of the lubricant interlayer.

In rheological experiments carried out at isothermal conditions (with interlayers
of different thicknesses), the value of the ELC layer "equilibrium" thickness d,, was

determined from the measured dependence d (y) by extrapolation to its value in the

absence of the flow (y —0). However, the extrapolation procedure always gives a
considerable error, since measurements at extremely low values of the shear rate are
rather difficult.

Therefore, one important research task of our investigation was to measure the
temperature dependence of the equilibrium thickness by independent optical me-
thods, in order to establish the reliability of the same functional dependence obtained
by processing rheological experiments. Correlation of these dependences allows one
to form a holistic view about the nature of the ELC state. Besides it is principally im-
possible to determine the value of the structural parameter s in rheological experi-
ments. It, in turn, makes impossible the estimation of isotropic and high-viscosity
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Fig 1. Structural formulae of n-hexadecane (a) and its Stuart-Briegleb model, which
takes into account Van der Waals radii of atoms (b)

components contributions to the total viscosity of the layer (1) and its temperature
dependence. However, since the parameter s is an analogue of the orientational order
parameter ¢' of liquid crystals [14], the measurement (by optical methods) of the de-
gree of ordering g(AT) makes it possible to make a reliable estimation of temperature
dependence of these contributions.

The subject of our study was the ELC wall-adjacent n-hexadecane layers® con-
tained in interlayers symmetrically bounded by metallic substrates in the absence of
their flow, 1.e. in the so called "static" friction triads. The elongated molecular form is
a peculiarity of alkane structural characteristics. In the normal trans-isomeric state of
aliphatic hydrocarbons the atoms in molecules are linked by single bonds, molecules
have a filamentary (nematic) shape, and their hydrocarbon chains have the same po-
lyethylene structure CH3-(CH,),-CHs [15]. n-Hexadecane molecules (n = 16, melting
temperature T, = 291.2 K) look like "rods"(Fig. 1) with the length / ~ 21.9 A [15].

A character feature of the methods of investigation was using the classical
techniques developed for analysis of the structure of thermotropic LC [14], but spe-
cially modified for the case of ELC layer. Dichroism and optical anisotropy-
birefringence (BR) [16] in heterophase interlayers were measured. Such methods,
non-destructive for the ELC layer, allow us to establish exactly the values of its equi-
librium thickness and order degree parameter in the absence of the flow. Earlier [16],
the procedure of determination of the structural characteristics of the ELC layers of
organic compounds by dichroism measurements was carried out in their interlayers,
bounded by transparent dielectric substrates (quartz, sapphire, glass). To compare the
results of measurements of the structural parameters of the n-hexadecane ELC layer
obtained by the dichroism method with the results obtained in the described rheologi-

! This parameter also varies within the range from ¢ =1 (maximally structured layer) to ¢ =0 (disordered isotropic
liquid).
2 NZSP production, chemically pure qualification.
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Fig.2. Structural formulae of dyes — “red sudan” (a) and “black sudan” (b)

cal experiments in a metallic rotational pair, it was necessary that the physical charac-
teristics of the substrates (which bounded the liquid interlayer) were similar, i.e. the
substrates in optical experiments should be also metallic.

On the other hand, in the method of measuring dichroism, the ray-of-light geo-
metry of the experiment [17] assumes the transparency of the substrates. This contra-
diction was eliminated by vacuum thermal deposition of a thin semitransparent metal-
lic layer (nichrome) on a substrate surface (optically polished quartz glasses’). As the
serial equipment of spectral analysis did not allow us to study the absorption bands of
the investigated aliphatic hydrocarbons located in the vacuum ultraviolet region

(v >50000sm "), we used the admixtured absorption method of the guest-host type.

The reliability of the information obtained by this method is determined by the
degree of isomorphism of the matrix and impurity molecules, so that the structural
characteristics of the impurity molecules should be comparable with the correspond-
ing parameters of the solvent matrix. At the same time, the dyes used must have a
high extinction in the region of atmospheric ultraviolet and good solubility in the stu-
died liquids also. The latter requirement led to the use of popular dyes — “sudan red”
(maximum absorption band A, ~ 0.472 mcm) and ‘“sudan black” (maximum ab-
sorption band A, ~ 0.606 mcm).

Fig. 2 shows the structural formulae of these compounds. From this figure one
can see that the “black sudan” molecules are more extended in comparison with the
“red sudan” ones (quantum chemical evaluations of their lengths give /=2.05 nm
and /=~1.05 nm). Hence the “black sudan” molecules have the higher degree of iso-
morphism i.e. they are better compared in length and form with the "rods" of n-
hexadecane. Nevertheless we usually used “red sudan” as guest impurity. This is due
to its higher solubility and greater light extinction value which makes it possible to
provide the reliable results of structure parameter investigation of thin interlayers
(d~ 0.2+5 mcm) of solutions of such a low concentration (1+3 weight %) in which
the presence of an impurity practically has no influence on the structure of the studied
hydrocarbon liquid matrix.

Beforehand, a wedge-like gap was formed by controlled (by interference colors)
compression of the metallized quartz windows of the cell. Its profile was determined
by the analysis of an interferogram, which was obtained by scanning this gap with a
narrow monochromatic light probe [16]. Then the gap was filled in with the studied

? Sizes (@ =15mm, h =3 mm), average value of asperities ~ 20 nm.
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Fig. 3. The sequence of frames "captured" by the program for finding the minimum
intensity (interval 15 s)

liquid, and the thickness dependence of the interlayer optical density D = f(d) was
measured.

The deviation of this dependence from the linear Booger form indicates the hete-
rophase state of the interlayer. For the homeotropic orientation of molecules in the
wall-adjacent ELC layers this dependence looks like a concave broken line, which
may be approximated by such two linear dependences that minimize the total va-
riance of experimental results. One of them in the region of small values of d corres-
ponds to the absorption of the ELC layer, the other one — to the bulk isotropic n-
hexadecane state.

The value of ELC layer BR was measured with the help of a special micro-
polarimeter setup, with a laser (A = 0.65 mcm) used as a light source. The investi-
gated sample was a liquid interlayer bounded by steel substrates (gaging rods*),
oriented in such a direction that the light beam was parallel to the surface of the
bounding substrates (the geometry of the experiment called "the sample in the gap"
[17]). The sample was placed between crossed Nicol prizms, and the magnitude of
the phase shift was determined with the help of the Senarmon compensator (a plate of
1/4 L), which was set to a position corresponding to the minimum of the transmitted
light intensity".

In order to automate the experimental procedure and to increase the reliability of
the data obtained, the second eyepiece of the binocular microscope was interfaced
with a web camera that allowed us to digitize the variation of the field of view illu-
mination with the rotation (by step motor) of the compensator in a real-time mode.
The camera recorded a frame-by-frame video file of the sequence of alterations in
transmitted (through the interlayer of a known thickness d) light intensity for each
step of an angle of rotation (~ 0.01 rad).

Fig.3 illustrates the photographs of the video recorded frames of the light-guide
output gap. One can see the alterations in the intensity of light transmitted through the
interlayer of the sample (d = 50 mem, 7'= 300 K), under the compensator rotation. At
each photo the program displays the corresponding time from the beginning of the
scanning procedure. From the video file, a frame with a minimum intensity was
found programmatically and, accordingly, the azimuth of the extinguishing angle as-
sociated with the phase difference & between the components E, and E; of elliptically

* Steel Toganson tablets (4 x 10 mm) with a high degree of metal surfaces smoothness (12 grade of finish, average devi-
ation of the profile R, = 0,02 — 0,04 mcm).
> The experimental procedure with an analysis of the method errors was described in detail in [15].
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Fig.4. The thickness dependence of the optical density D of admixture absorption
of the n-hexadecane interlayer AT = 2.5 K)

polarized light was determined. A thickness dependence S(d ) of a structurally inho-

mogeneous interlayer allows one [17] to establish the equilibrium thickness dy, of the
ELC layer and the value of its optical anisotropy.

Results and discussion. Measurement of the admixture dichroism of the dye as
a “guest” in the wedge-like interlayers of n-hexadecane at various temperatures AT
allowed us to determine the optical density D(d, AT) dependences on their thickness.
From the analysis of each series of such experiments, the temperature dependences of
the structural parameters do(AT) and g(AT) of the n-hexadecane ELC layer on the
metallized substrate were established. One of these dependences, measured at the
temperature A7 =293.7-291.2 = 2.5 K, is shown in Fig. 4.
The abscissa of the intersection point of these lines corresponds to the twice
thickness of the wall-adjacent layer, and the values of their slope coefficients
(pg and ;) allowed us to calculate the value of the order parameter of the impurity

molecules (¢ =1—p,/p, ). To eliminate the effect of interference oscillations (signif-

icant due to the increasing of the light reflection coefficient from a semi-transparent
metalized surface), the experimental curve was preliminary smoothed by a moving
average method (on the basis of 5 points). Experimental graph in fig.4 demonstrates
that at a temperature of 2.5 K above the n-hexadecane melting point the equilibrium
thickness of its ELC layer is dos = 3.87 /2 ~ 1.9 mcm, the linear absorption coeffi-
cients of the admixture absorption of the ELC layer and of the isotropic "bulk" liquid
are, respectively, p ~4.3-107 mem™' and p, ~5.5-10° mem™'. These values, in
turn, determine the value of the order parameter g of the impurity molecules in the
ELC layer ¢(2.5) ~ 0.22. The same temperature dependence of the equilibrium
thickness do(AT) of the n-hexadecane ELC layer was also determined in measure-
ments of the optical anisotropy of its liquid interlayers.

The results of the determination of the temperature dependence of the n-
hexadecane ELC layer equilibrium thickness dy(AT) by these two independent opti-
cal methods are shown in Fig. 5.
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Fig. 5. Temperature dependence of the Fig. 6. Temperature dependence of the
equilibrium thickness of the n-hexadecane equilibrium value of the orientational or-
ELC layer from the data of optical mea- der parameter ¢ of the n-hexadecane ELC
surements. ® — obtained by measuring of layer obtained by measurements of ad-
the admixture dichroism, 0 — obtained by mixture dichroism

BR measurements, solid line — approxima-

tion of rheological measurements [18].

In addition, for comparison the line of the exponential trend dy(AT) is plotted
on Fig.5. The equation of the trend was obtained by approximating the results of
rheological measurements of the effective viscosity in the shear flow of the same he-
terophase interlayers of n-hexadecane. A sufficiently high degree of correlation of
optical and rheological experimental results indicates their reliability and adequacy of
the suggested structural-rheological model of the heterophase interlayers.

Fig. 6 illustrates the experimental results of g(AT) found by the dichroism me-
thod and shows the line of the approximating exponential dependence. The value
found for the orientation order parameter of the guest molecules makes it possible to
estimate the order parameter of the ordered n-hexadecane ELC matrix in which the
molecules of the “red sudan” impurity are dissolved (solution concentration C ~2.37
weight percent). Obviously, the order degree of the matrix molecules will not be low-
er than that of the impurity ones, which correlates with the values of the orientational
order parameter of aromatic ELC found earlier (by the intrinsic absorption dichroism
method) [16].

By using the approximation found for the parameter g(AT) and its analogy with
the parameter s(AT), the temperature dependences of the viscosity of the ELC of the
n-hexadecane interlayer and its components were calculated, basing on equation (1).
These contributions were calculated taking into account the rheological measure-
ments of the effective viscosity and the values of the equilibrium structural parame-
ters found in optical measurements. The results of calculated temperature depen-
dences are presented in Fig. 7.

In the same figure, the temperature dependence of the sample “bulk™ viscosity
1s shown for comparison. As can be seen from the figure, while heating, the graphs of
the isotropic and bulk viscosity components approach, due to an increase in the con-
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Fig.7. Temperature dependences of viscosity coefficients:

1 — ELC layer, 2 — "isotropic" component of the layer n  -(1-s)= f(AT), 3 —
"high-viscosity" layer component n_-s= £, (AT), (X) — viscosity of n-hexadecane
in the bulk n , (AT)

tribution from the isotropic component (a decrease of the order parameter in the ELC
layer).

Conclusions. Optical measurements of the dichroism and birefringence of he-
terophase n-hexadecane interlayers symmetrically bounded by metallic substrates
made it possible to establish the nature of the temperature dependence of the equili-
brium thickness of the ELC layer. This dependence satisfactorily correlates with the
"limiting" (in the absence of flow) dependence dy(AT) obtained in rheological expe-
riments. This fact indicates the reliability of obtained results, the adequacy of the in-
tegrated approach in the ELC state research, and gives a possibility of using the ob-
tained results for subsequent comparison with theoretical values calculated from the
molecular-statistical model of the ELC layer.

We have to note that experimental data on the temperature dependence of the
orientational order parameter of the n-hexadecane molecules in its ELC layer ob-
tained from dichroism measurements are also significant, so the obtained form of the
dependence g(AT) makes it possible to estimate the temperature dependences of the
viscosity of the structured and isotropic components of the ELC layer.
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Anmous b. A., Ilonoeckuii A. IO., Bymenko A. @.
PaBHOBeCHBIE MapaMeTPbl CTPYKTYPHUPOBAHHOTO IPUCTEHHOTO CJIOSI
H-TeKcajJeKaHa

AHHOTALIUA
Onmuyeckumu memooamu (UsmepeHusiMu NPUMEeCH020 OUXPOUSMA U AHU3OMPONUU 2emepo-
Gaznvix npocioex) onpeoenenvl memnepamypHbvle 3a8UCUMOCMU CIPYKMYPHBIX Xapakmepu-
CMUK NPUCMEHHBIX KBAZUNCUOKOKPUCMALIUYECKUX CIl0e8 H-2eKCAOeKaHa — UX PABHOBECHOU
MOMWUHbL U cmeneHu ynopsioouennocmu. llpoeedeno cpasnenue 3nawenuii Smux napament-
P08 INUMPONHO20 HCUOKOKPUCMALIUYECKO20 ClIOL C YCIMAHOBIEHHbIMU paHee 8 peojocuie-
CKUX IKCNepUMEeHmax.

Anmoiz b. A., Ilonoecvkuit O. 0., Bymenxko O. @.

PiBHOBaHiI mapaMeTpH CTPYKTYPOBAHOI0 PUCTIHHOIO MIAPY
H-TeKCaleKaHy

AHOTAIA
Onmuunumu memooamu (BUMIPHOBAHHAMU OOMIUKOB020 OUXPOI3ZMY Ma AHI3OMpONii ceme-
poghasHux npowapkie) 6usHa4eHO MeMNepamypHi 3a1eHCHOCMI CMPYKMYPHUX napamempis
NPUCMIHHUX KB8AZIPIOKOKPUCMATIYHUX WAPI68 H-2eKCAOEKAHY — iX PIBHOBANCHOI MOBUWUHU MA
cmyneHi 6nopaokoeanocmi. Haeeoeno nopieHAHHA 3HAYEHb YUX NAPAMEMPI8 3 MUMU, o Oyiu
6CMAHOB/IEH] paHille Y Peoo2IYHUX eKCNEPUMEHNAX.
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Tennogiznuni Ta peakcaniiiHi XapakTepuCcTHKH ABO(a3HNX CHCTEM Ha OCHOBI
MeTaJT0HANIOBHEHHUX EMOKCUAHMX MOJdiMepiB

Ha ocrnosi nposedents 00cniodcenHss numomoi menjioEMHOCMI i3 3aCMOCYBAHHAM Meopil
penakcayiiunoi cnekmpomempii enoKCUOHUX KOMROZUYIN HANOBHEHUX BUCOKOOUCHEPCHUMU
nopowKamu Mioi, HiKearo ma 3aniza 3p00J1eHO UCHOBKU NPO CMAH 83AEMOOII MidC noaimep-
HOIO Mampuyero ma N06epxXHer0 Hano6HI6aya.

Beryn. BeenieHHs B eIOKCHIHUE NOJIIMEP METAJIEBUX HAIIOBHIOBAUIB JI03BOJISE
3HAYHO TOKPAIIUTH TaKi BaXKJIMBI BJIACTHBOCTI KOMITO3HIIIN SIK TEIJIOMPOBIIHICTS,
€JIEKTPOTPOBIAHICTH, MILIHICTH TOMIO. e mocsraeTscst HE TIMTBKU 32 PaXyHOK Oe3mo-
CEpeIHBOr0 aTUTUBHOTO BKJIAJy METAJIEBOrO HANOBHIOBAYa, aje 1 3a PaxyHOK 3MiH,
10 BigOYyBalOThCS B MOMIMEpHIA €MOKCHIHIA MaTpHUIll MiJ BIUIMBOM HAarOBHIOBAYa
[1]. 3miHu B mOJIMEpHIA MATPHUIl TPATUIIHHO BUBYAIOTHCS KAJOPUMETPHUYHUM Me-
TOJIOM, SIKUI € HAaHOUTBII YyTIUBUM 0 3MIH CTPYKTYpU KOMITO3UIIH [2].

O06’ekTH Ta MeTOAU I0CJiIKeHHA. B Hamriit poOOTI BUBYAIMCH KOMITO3HIII1
Ha OCHOBI €MOKCHUJHUX cMoJi-enokcuaHoi aianoBoi E/[-20 (EC) 1 emokcuypiTaHOBO1
(EYCQ), 3atBepmxenux nosieTwieHnomaminoM //EIIA. B ssikocTi HallOBHIOBaYiB OyJIH
BUKOPHCTaH1 AuctiepcHi Metayu: (Ni) — kapOOHUIBHUI HIKEJIb 3 PO3MIPOM YaCTHHOK
8-12 mxmMm; (Cul) — enexktposiTiyHa ApiOHOAMCTIEPCHA MIJIb 3 PO3MIPOM YaCTHHOK 5-8
MKM; (Cu2) — eleKTpoiTHIHA KPYITHOIMCIIEPCHA MiJIb 3 PO3MIpoM yacTUHOK 90-120
MKM; (Fel) — npibHoaucIiepcHe KapOOHIJIBHE 31130 3 PO3MIPOM YaCTHHOK 2-5 MKM;
(Fe2) — xpynmHOUCIIEpCHE 3ami30 3 po3MipoM dacTuHOK 90-120 mxm. [[ns Bigdopy
YaCTMHOK HEOOX1THUX PO3MIpiB, KPYMHOAUCIEPCHI 31130 1 Miib (PpakiiOHyBaJIu Ha
CUTax 3 BIJIMOBIAHUM PO3MIPOM OTBOPIB.

OO0rosopenHst orpuManux pe3yabrariB. Ha puc. 1 npeacrasneno remnepary-
PHI 3aJ€KHOCTI TUTOMOI TetuioeMHOCTI kommosutliit EC, EC+Cu2, EC+Ni, EC+Fel.
Ha nmx kpuBUX coocTepiraroTbCsi AUISIHKH, IO BIJAMOBIIAIOTH CKIJIOMOAI0HOMY
(~320+360K) Ta BucokoenactuaHomy (~390+450K) cranam enokcuaHOi MaTpHIll J10-
CIIPKYBaHUX KOMITO3UIIIH, a TAKOX KJIACUUYHUM CTpUOOK TeroeMHoCTi (~360+390K)
U CKIYBaHHI 3 YITKO BUPAKEHUMHU TEMIIEpAaTypaMH MOYaTKy Ta 3aKIHYEHHS] OCHOB-
HOTO peJakcaliifHOro Mpoliecy CKIyBaHHS. BiamoBigHI 3HAYEHHS TeMIEpaTypHUX
napameTpiB NPOLECY CKIYBAHHS MpPeICTaBIeHO B TabmuIl 1.

AHani3 nux pe3ynbTaTiB MOKa3zye, M0 IIMPUHA TEMIEPATypHOrO IHTEPBATY
CKJIyBaHHS CYTT€BO 3MIHIOETHCS B KOMITO3UIIli JO KOMITO3UIil, TOOTO € YyTJIHUBOIO
710 TUITY HanoBHIOBada. KpiM TOTO, OUEBHIHUM € 3pOCTaHHS TEMIIEPATYPH CKIyBaH-
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Puc. 1. TemnepaTypHi 3a71€XHOCTI MUTOMOI TETNIOEMHOCTI
KOMITO3HIII/ Ha OCHOBI €MOKCHIHOT CMOJIN

Taoanna 1

TemnepatypHi mapamMeTpH MpoIeCy CKIyBaHHS KOMITO3HIIIH HA OCHOBI €MTOKCHJIHOI J1aHOBOT Ta

€IIOKCUYPETAHOBO1 CMOJI

Haitmenypaiiis T, K o, K AT, K T, K
KOMITO3HII11

EC 355 380 25 367
EC-Cu2 356 387 31 371
EC-Ni 378 400 22 389
EC-Fel 370 387 17 379
EVC 351 392 41 373
EVC-Cu2 347 373 26 360
EVC-Ni 374 404 30 389
EVC-Fel 367 398 31 383

s B pany EC, EC-Cu2, EC-Fel, EC—Ni. 3nanHs TeMnepaTypHUX MMapaMeTpiB JI0-
3BOJIMJIO 32 METOJAMKOIO [3] BU3HAUUTU PO3PAXYHKOBI 3HAUEHHS "M’SIKO1", FOJOBHOI
Ta ">KOPCTKO1" CKJIaJI0BUX CKIIYBaHHS BKa3aHUX KOMIIO3UIIIH, K1 TIO/1aHl B TaOIUIII 2,
ne AT, — po3paxyHKOBUW TeMIEpaTypHUH 1HTEpBaAI CKIIyBaHHS HU3bKOTEMIIEpaATyp-
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Tadoauus 2
Po3paxyHkoBi TepMOAMHAMIYHI XapaKTEPUCTUKH KOMIIOHEHT CKITYBaHHS KOMITO3HIIIH
Ha OCHOBI €MIOKCHJIHOT Ta EMOKCUYPETAHOBOT CMOJI

Hi‘gﬁz};ﬁf” AT K AT, K To K Ty K
EC 233 23,4 366 368
EC-Cu2 23,4 23,8 367 375
EC-Ni 24,8 24,8 390 390
EC-Fel 24,3 24,3 382 382
EVC 23,0 24,1 362 379
EVC-Cu2 22,8 23,0 358 362
EVC-Ni 24,5 24,8 386 391
EVC-Fel 24,1 24,5 379 385

HOT ("M’s1KO1") KOMIIOHEHTHU CKITyBaHHs, AT, — pO3paxyHKOBHM TeMIIEpaTypHUI 1HTE-
pBaJl BUCOKOTEMITEpaTypHOT KOMITOHEHTH CKITyBaHHSA, 1, — TEMIIepaTypa CKIyBaHHS
"M’sIKO1" KOMIIOHEHTH, 1, — TEMIIEpaTypa CKIyBaHHS "KOPCTKOI" KOMIIOHEHTH.

AHaui3 nanux Tabnumii 2 nokasye, mo nepexia B £C O0au3bKuil 10 130J50BaHO-
ro, T00To "M’sKa" Ta "KOpCTKA" KOMIIOHEHTH 30Iral0ThCs, a OTXKE, CKJIaJ CETMECHTIB
CITKH OJIM3BKHM 10 TOMOT€HHOTO, 110 MIATBEPHKYE BUCHOBOK JUHAMIYHUX MEXaHI4-
HUX JTOCHIKEHb PO OJM3BKICTh €MOKCUIHOI MATPHIIl 10 TIOBHOTO TBEPAHEHHS TPH
70 °C. Taxka curyartis 36epiraetscs st kommnosunid EC—Fel ta EC—Ni. [amoro BoHa
€ mia cuctemu EC-Cu2, ne mae Micie MOMITHE PO3IMIAPyBaHHS CErMEHTaIbHOTO
CKJIJly 3 CYTTEBO Pi3HUMH TeMITepaTypaMu cKiryBaHHs Big 367 mo 375 K.

Sk mokasano B [3], 11 aHANI3Y eKCIIEPUMEHTAIBHUX PE3yJIbTaTiB, OJEep:KaHUX
TEIIOQI3MYHUMU 1 MEXaHIYHUMH MeToJaMH, e(DEeKTHBHUM € rpadiuHuil MeTon
pO3B’s13Ky piBHSAHHS bonbiiMana-Appeniyca:

U;
T, =Be "
B koopauHarax lgt = f(1/7), abo 1/T = f(lgt), e 3aneKHOCTI IPEACTABISIOTHCA SIK:
Uu 1
lgt=1gB +— - — 1
gr=leB+o5; T (1)

l=£1 G 2’3}{1 v, . (2)
I U, "2nB U,
KoncranTa C; ns npiOHOMAcIITAOHUX 1 BEIMKOMACIITAOHUX MPOIECIB BiAMOBI-
1HO cTaHOBUTH 1 1 10 1 3B’sA3y€e yac penakcariii t; 3 HUKIIYHOI YaCTOTOIO ;, ;T=C].
AHanii3 TeMmIepaTypHO-4aCTOTHHX Ta TEMIIEpaTypHO-4aCOBUX 3aJIeKHOCTEH,
0 XapakTEepPU3yIOTh pPeaKcalliiHi MPOIeCH TOoKaszye, mo npu 71—, abo mpu
1/T,—0 3ajIe’)kHOCTI MarOTh MOJIIOC, TOOTO CXOIATHCSA B OJHIA TOUIll Ha ocsx Igv i
lgt. ITo3naunBmm nomtocu nipu 1/7 = 0 K v;o Ta B;, 0JEPKUMO CIIPOIIECHI BUPA3HU IS
BU3HAYEHHSI €HEPTii aKTUBAIIli I-IPOIECIB:
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U =2,3kT Ig| ~22 3)
Vi
U,=2,3kT; Ig % @)

i

ExcniepuMeHTanbH1 faHi [4] BKa3ylOTh Ha KOPEJSILIIO MK MPOLIECAaMU MEXaH1-
YHOT Ta CTPYKTYPHOI penakcallii, ToOTo MAEeThCsA MPO 1IEHTUYHICTh KIHETUUHUX OJIU-
HUIIb, IO BIJMOBIIAIOThH 3@ OJHAKOBI peslaKcalliiiHl MPOIEeCcH MPU CTPYKTYPHIM Ta Me-
XaHIYHIA penakcailii. Buxoasau 3 11boro Ta 3MICTy 4acy peiakcailii, MokHa BBaXkKaTH,
IO CepelHsl TeMmIeparypa pellakcalliiHoro nepexoay 7; BIAMOBiAa€E MaKCUMyMy Ha
3QJIEKHOCTI:

dC/dT = f(T)

Orxe, axuio 7 1 T, TemrepaTypHi CTaHH CUCTEMH, 1110 BiAMOBIIAIOTH PIBHOBAXK-
HUM CTaHaM IPH peaKkcalifHOMy EpPexXo/ii, TO MOKHA 3alucaTH:

TZ—T]:2,TI'()(1). (5)
7€ (O — MBHUJIKICTh HarpiBy CUCTEMU MPH AOCIIIHKEHH] TEMIIOEMHOCT] B TUHAMIYHOMY
pexumi. [3 ciBBigHOIIEHS (4) 1 (5) 0IepKUMO:

— 2Q)l;ivi()
AT
7€ Vjp — CKBIBAJICHTHA JUHAMIYHUM TIPOIleCaM YacTOTa, IO BiJMOBIJA€ IIBUIKOCTI
Harpisy ®. BUKOpUCTOBYIOUH II€ CITIBBIJHOIICHHS 3aIlAIIEMO 3aJIeXkKHICTh (4) y BU-
IS

b

U =2,3kT g AT
208,

3HaYCHHS EKCIIEPUMEHTAIbHUX Ta PO3PAXyHKOBHX MapaMeTpiB JI03BOJIMIIO B
MOJAIBIIIOMY BU3HAUUTH PEJIAKCAIlIMHI XapaKTePUCTUKU CKIYyBaHHS B MOr0 CKJIAJIO-
BUX, SK1 MMojaHi B Tabnuiix 1.4 ta 1.5, ae Byy; By, Byy — BUIMOBIIHO MEPioan KOJU-
BaHb CETMEHTIB "M’ sK0i", TOJOBHOI Ta ">KOpCTKOi" CkiamoBux ckiyBaHHS, Uy, U,
U,, — BIAMOBIAHO €HEprii akTuBarllii CKJIyBaHHs "M’ sKOi'", TOJOBHOI Ta ">KOPCTKOi"
CKJIQZIOBUX, Vi, V, V, — PIBEHb KOONIEPOBAHOCTI BiJIMOBITHUX KOMIOHEHT CKIIyBaHHSI,
TOOTO KUIBKICTh KIHETMUYHHMX OJMHHIIb, SIKI YTBOPIOKOTH OMMKHIN MOPANOK; Uyixoon;
U sxoons Uolxoon — CHEPTiT aKTUBAITIT CKITyBaHHS BiJIIMTOBITHUX KOOTIEPATHBIB CETMEHTIB.

3 aHami3zy JgaHux Tabimil 3 ciuiaye, 1Mo po3naa OJu3bKOro 10 TOMOTEHHOTO
ckiany cermeHTiB EC Ha CyTT€BO Pi3HI ckianoBi jisi EC—Cu2 tipu Temmeparypi
CKJIyBaHHSI "M’AKO1" KOMIIOHEHTH, OJIM3BKOI JO XapaKTEPUCTUK BHUXIAHOI MATpHII
EC, cBiquuts nipo Te, 1o B3aeMoito EC <> Cu2 cnin BBaxkatu cinabkoro. Lle miarse-
PIKY€ETHCA, TUM IO XapaKTEPUCTHKHU ">KOPCTKOi" KoMHOoHEeHTH EC—Cu2 HuXK4l HIXK
s EC-Fel ta EC—Ni. HaBniaku, BUpOJKEHHSI TPhOX KOMIIOHEHT CKJIYBaHHSI B OJIHY
st Fel Ta Ni CBITUUTH MPO TOMOTEHI3allll0 CETMEHTAJIBHOTO CKJaay cucremMu EC—
Fel ta EC-Ni 3a paxyHOK TOTO, 1110 TIpu JaHoMy piBHI B3aemonii EC <> Fel ta EC
<> Ni BIAMOBIAHI HAMOBHIOBAaYl CBOEI0 B3aEMOJIEI0 3 MaTpPULEI0 3a0€3MEUyI0Th
3B’SI3yBaHHA BCIX KIHETMYHMX OJMHUIIL MaTpulli. [Ipu 1iboMy aOCOIOTHE 3HAYCHHS
eHeprii akTuBallii, Iepioy KoJWBaHb KIHETUYHUX OJMHUIIb Ta PIBHS KOOIEPOBAHOCTI
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Taoaunsa 3
TepmoauHaMivHi Ta KIHETUYHI XapaKTEPUCTHKHU CKITYBaHHS KOMITO3HUIIii
Ha OCHOBI €MOKCHJIHOI Ta €OKCHYPITAHOBOI CMOJI

HaitmenyBanHs Ua, Uas, U.,
KOMITO3HIIi1 Ba, € Bax, € B, C k/Jx/Monb | kIx/mMonb | K [/MoITb
EC 59102 | 59.10"2 | 5.9:10" | 96:10° | 96-10° 96-10°
EC-Cu2 59.1012 | 6,1.10" | 6,010™ | 96:10° | 98:10° | 97.1¢03
EC-Ni 621012 | 62-1012 | 62:10™ | 102:10° | 102:10° | 102.103
EC-Fel 611072 | 6,1.10"% | 6,1-10™ | 100-10° | 101-10° | 100,5.10°
EVC 5810"2 | 611072 | 5910 | 9510° | 100-10° | 97.1¢°
EVC-Cu2 | 5710™ | 58102 | 5810 | 9410° | 9510° | 95.1¢°
EYC-Ni 621072 | 63.1012 | 631017 | 101-10° | 102:10° | 102.10°
EVC-Fel 621012 | 62.107 | 62:10™ | 99-10° | 101-10° | 100.10°

Taoauus 4
TepmoarHaMivHI Ta KIHETUYHI XapaKTEePUCTUKHU TPOIECY CKIyBaHHS
KOMITO3UI[iH Ha OCHOBI €MTOKCUIHOI Ta eMOKCHYPITAHOBOT CMOJT

HaI‘;IMeH}]BaHH;I UOLI KOOII. U(Xz KOOII. U(l KOOII.
KOMITO3HUIII T M v M k/x/monp | k/Dx/monb | k/[x/Monb
EC 8.66 8,71 8,69 831-10° 839-10° 835-10°
EC-Cu2 8,70 8,90 8,80 835-10° | 869-10° | g50.10°
EC-Ni 9,20 9,20 920 | 942:10° | 942:10° | 942.1¢’
EC-Fel 9,03 9,03 9,03 | 902:10° | 903-10° | 903.10°
EVC 8,60 9,00 8,80 95-10° 100-10° | 97.1¢°
EVC-Cu2 8,50 8,50 8,50 94.10° 95-10° 95.10°
EVC-Ni 9.10 9.20 9,20 101-10° 102-10° 102-10°
EVC-Fel 9,00 9.10 9,10 99.10° 101-10° 100-10°

CBIJUUTH TMPO T€, IO CTYIIHb B3aEMOIl MaTpULd — HAMOBHIOBAY 3pOCTAa€ B PAILY
Cu2—Fel—Ni.

BucHoBku:
TakuM 4YMHOM, aHali3 pejaKCallliHUX XapaKTePUCTHUK CKJIAJOBUX MPOIECY
CKJIYBaHHS €MTOKCHJIHUX KOMITO3UIIIN JJO3BOJISIE€ 3pOOUTH CI1yI0UYH BUCHOBKH:
— CKJIyBaHHS BUXigHO1 MaTpuill £C 61M3bKe 10 TOMOT€HHOTO, 1110 CBIAYUTH PO
JOCSITHEHHS KOHBEPCIi, OJIM3bKO1 1O MOBHOT;
— po3lIapyBaHHs Mpolecy ckiyBaHHs cucteMu EC—Cu2 cBiAYUTH PO CIAOKICTh
B3aemoii EC <> Cu2 Ta HEMOXXJIMBICTh MOIIUPEHHS BIUIMBY 111€1 B3a€MO/Iii, pH Ja-
Hili KOHIICHTpAIlli HallOBHIOBA4Ya, HA BECh 00 €M MOJIMEPHOT MaTpHIli. MOXIUBO 11€
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MOB’5I3aHO 3 BEJIMKUM POo3MipoM 4acTUHOK Mifl (Cu2 mae po3mip 61au3bko 100 Mkm),
TOOTO 3 MaJIOI0 TUTOMOIO MIOBEPXHEIO0 HAIIOBHIOBAYA;

— TOMOT'€HHICTh cerMeHTajapHoro ckiagay cucteM EC—Fel ta EC-Ni cBiguuTh

PO JAOCATHEHHS ONTHUMaJIbHUX KOoHIeHTpawiil Fel ta Ni, npu sikux B3aeMois Haro-
BHIOBaya 3 MaTpUIEIO NEpEKpUBAE BeCh 00’ eM nosmMepy. Lle € HacmiakoM K BUCOKO-
ro piBHsA B3aeMoii EC 3 moBepxHero 3aji3a Ta HIKENI, TaK 1 BACOKOI MUTOMOI MOBe-
PXHI IUX HAIIOBHIOBAYIB.

— 3pPOCTaHHS AKTUBALIMHUX Ta KOOMEPATUBHUX XAPAKTEPUCTUK J03BOJIAE MOOY-

OyBaTH psiJ HanmoBHIOBauiB Cu2—Fel—Ni, B aKOMy 3pOCTa€ aKTHUBHICTb BIJIOBIIHOTO
HaIlOBHIOBAYa.

3.

4.
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AHHOTANIUSA
Ha ocnose uccnedosanusi yoenbHotl menioémKocmu ¢ npuMeHeHuemM meopuu peraxcayu-
OHHOU CHEeKMPOMempUU 3NOKCUOHBIX KOMNO3UYUL, HANOTHEHHbIX 8bICOKOOUCNEPCHbIMU NO-
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NOJUMEPHOU Mampuyell U NOBEPXHOCMbIO HANOIHUME]IL.

Sichkar T. G., Vasylenko S. V., Tulzthenkova O. S.

Thermophysical and relaxation characteristics of two-phase systems based on
metal-filled epoxy polymers

SUMMARY
Using the theory of relaxation spectrometry, the specific heat of epoxy compositions filled
with highly disperse powders of copper, nickel, and iron was investigated. The analysis of the
results obtained led to the conclusions on the interaction between the polymer matrix and the

filler surface.
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Thermodynamic properties of epitropic liquid crystals

In this paper we used developed theoretical model earlier (called “two-component”) for
numerical calculation of temperature dependencies of equilibrium ELC layer thickness hy(T),

its specific heat C,(T) and latent molar heat of phase transition ELC-bulk liquid q(T) with fur-
ther comparison with experiment. This model postulates the existence of both monomers and
dimers in the wall-adjacent layer, and the appearance of ELC layer is caused by the orienta-
tional interaction between these liquid particles and the solid substrate. The calculations
were compared with results of experimental investigation of thin nitrobenzene interlayer
symmetrically bounded by quartz substrates.

Introduction. Earlier [1-4] we conditionally classified organic liquids into three

classes, according to their degree of mesogenity:
1) thermotropic liquid crystals with high degree of molecular mesogenity (molecular
shape — anisometric sphere-cylinders or flat discs);
2) common isotropic liquids; which don’t form mesophase under any conditions due
to low degree of molecular homogenity;
3) liquids, which don’t form mesophase in the bulk, but are able to form orientation-
ally ordered wall adjacent layer under the action of solid substrate surface forces.

This layer is similar to thermotropic liquid crystal and usually called epitropic
liquid crystal (ELC).

Results and discussion. In the framework of earlier developed theoretical mod-
el we numerically calculated the temperature dependencies of equilibrium ELC layer
thickness h,(T), its specific heat C,(T) and latent molar heat of phase transition

ELC-bulk liquid ¢(T) with further comparison with experiment.

1. Temperature dependence of elc layer thickness.Numerical calculation was
based on the so called two-componential model [1-3]. In the framework of this
model we assumed the coexistence of monomers (M) and dimers (D) — liquid par-
ticles— in the wall-adjacent layer, which are in dynamical equilibrium. The formation
of ELC orientational structure is conditioned by interaction between liquid particles
and solid substrate.

Developed model takes into account following types of molecular interactions [6—
9]: dipole-dipole between M—M; dispersional interactions between pairs “M—M”,
“M—-D” and “D—D”; orientational interaction between M and D with solid substrate.

General physical considerations determine the decreasing of equilibrium thick-
ness with heating because of lowering of interaction forces [6-7].
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Fig. 2 Series of thickness dependencies
S (h) near interface ELC — bulk liquid

plotted for different values of C, parame-
ter (C, €[-0.8,0])

The self-consistent systems of equations for determination of M and D order pa-
rameters S, , (index 1 — corresponds to M and 2 — to D) as well as relative concentra-

tion of monomers p (its value is near to unit in isotropic liquid) was written

+1
5= po pats + 5L avs, o (1185 [ o)
k -1

_ Py
P= ]2 Ed
po+(1_po)' ]l'exp kT

here py — is M-concentration in bulk liquid ( p, = 0), is the bond energy E, of dimer.
To obtain the system of equations (1) the effective dispersion interaction poten-
tials between liquid particles (4, (x)) and between liquid particles and solid substrate

1
(k=1,2) .

C,(h,x,T) were written in the form in Legendre polynomials:
A (x)=4 + AS,P(x);

i
B (h,x,T)=[C,+C,SP(x)+..]W/(h).

Only anisotropic part of potential (C, — coefficient) of orientational interaction
between liquid particle and substrate determines the effect of formation of ELC layer.
Note that the C, value decreases with temperature C, = G, / kT, that in turn causes

decreasing of ELC layer thickness.
Fig.1 illustrates thickness dependencies of order parameters S,, and relative M-

)

concentration. One can see that temperature lowering \Cz\ (increasing) leads to in-

creasing of equilibrium ELC thickness (it corresponds to the condition S} = 0).
Fig.2 illustrates series of thickness dependencies S, (/) near interface ELC —

bulk liquid plotted for different values of C, parameter. In case |C,|=0.02 the ELC
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layer is practically destroyed (curve 2) and the value C, =0 corresponds to the condi-

tion of complete melting (curve 3).
This set of curves allowed us to determine the dependence /(C,) and after recal-

culation in reverse scale 11(1/C,) to determine the temperature dependence h(T),

and further compare it with experimental results for nitrobenzene ELC phase near
lyophilic quartz substrate [8]. Fig. 3 illustrates relatively good agreement of experi-
mental results and theoretically calculated dependence.

2. Temperature dependence of elc molar heat capacity. Using DSC method for
disperse systems with developed surface (quartz powder — nitrobenzene) the thick-
ness and temperature dependencies of heat capacity in confined systems were meas-
ured [8]. Experimental data are presented in fig.5. The lowering of C, value near the
solid surface may be explained because of the existence of orientational nematic-like
ordering in wall-adjacent layers. Such ordering is equivalent to the effect of freezing

out of some degrees of freedom. The curve jump of C, (T ) dependence is connected

with latent heat of the first order phase transition (orientational melting and dimers
destruction) in ELC layer. Finally for large distances the C, value coincides with the
bulk one.
After the solution of equations (1) we may write the expression for system free
energy F(S,,S,,T) indimensionless form [4]:
2 _ 2
Fy(8:8,0p) =~ — =L 4]+ A1} )| L | (4 4 7S +
NKT 2 20 2 3)
1—
+p(Tp)(A$2 + A4S, S, ) —HT‘D +C; C=const.
Finally the free energy of infinitely thin layer disposed at the distance # to the
solid surface is determined as:
F =mTF, (4)
here m is dimension factor.
Taking into account the relation between free and internal energy:
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U=F-T(3F/0T) (5)
we obtained:
U=-ml’— or —mTzi(aF"j@. (6)
oT oh\ oT )oT
For the whole liquid layer we may rewrite this equation as:
U=-ml Iah(aF )gl"ah -
oh Oh 7
2 2
1 SR (7)) = 7 A (7))
o oU :
Then taking into account C, = (ﬁj we then obtain:
OF (h(T
C, =aF,(h(T))+ B‘)(T()) +7, (®)

here a, B, y — are thickness independent fitting constants. Their values were chosen in
order to achieve the best agreement with experimental results. For example, in case of
nitrobenzene near quartz substrate, it was found a=0.01, =291, y=14. Fig. 4 illu-

strates the relatively good agreement of theoretical calculation with experimental re-
sults [8].

3. Temperature dependence of latent molar heat of phase transition. The
calculated in accordance with (3) dependence F;(h(T)) is illustrated in fig. 5. One
can see that for the thickness ranges of ELC phase (h < 2arb.units) and of bulk liquid
(h > 6arb.units) its value is almost constant. Contrary the transitional layer is de-

scribed by monotonous function with the inflexion point in the centre of the layer.
So there exist 2 principally different types of solutions: one of them describes 1so-

tropic bulk liquid (S1 =0,5,=0,p =1) and and the second one — orientationally or-
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dered ELC phase (Sl =0, 5, =0, p=0). These states are characterized by following

values of dimensionless free energy Fj:

FO(O,O,I):%A;1 -1+C, in case of bulk liquid

1

E)(SDSZ’p): 22 22 @2 1 .
FO(Sl,Sz,O)zg(AO + A Sz)—5+C, in case of ELC ’

here C is some constant. Phase transition takes place if F,(S,,S,,0)< F,(0,0,1).

Schematically, assuming the absence of transition layer, the structure of studied
system is described by step-like Heaviside functions as it is presented in fig. 6.
It allows us to use the following expression for internal energy of liquid layer:
U=U(S,S,,0)+U(0,0,1) (9)
here:

( 2h 2h o oh
U(SI,SZ,O)=mT.([FO(S1,S2,O)dz —mT'([%(TFO(SI,Sz,O))ﬁ dz

—

2h 2h 8 811
U(0,0,1)=mT l F,(0,0.1)dz -mT ! = (TF,(5,,5,,0)) = dz

1220
U(0,0,1)=2mThF,(0,0,1)
Kirchhoff equation was used to calculate heat transition value g:

dq
—=C -C 10

here Cy and C, are molar heat capacities of the bulk isotropic liquid and ELC phase.
It’s obvious that:

{U(SI,SZ,O) = 2mThE,(S,,S,,0)
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C, =C(0,0,1):%
C“' - C(SUSz»O): aU(zl}SZ’O)

Consequently Kirchhoff equation may be rewritten in form:
dg 8U(0,0,1) 8U(S1,S2,O)

dT oT oT
After integration we obtain:
q(T)=U(0,0,1)-U(S,.S,,0)+C, (11)

here C is integration constant which is determined by the condition C=¢(T,)=g,

(T, 1s crystallization point). Then:
q=AF (T =T,)h+q,, (12)
here AF =m| F,(0,0,1) - F,(S,,S,,0)] is fitting factor.

Fig. 7 illustrates coincidence of experimental results and theoretical calculation of
q(T) dependence for nitrobenzene near quartz substrate.

Monotonic increase of this dependence may be explained by the fact that wall ad-
jacent liquid layer is in inhomogeneous van der Waals field and interaction energy of
dimers with the substrate increases near solid surface. That is why their destruction
and further disordering need more energy.
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Muxaininenko B. U., Ilonoeckuii A. 10.
TepMoannamMuyecKue CBOCTBA IMUTPONHBIX )KUAKUX KPUCTALIOB

AHHOTAIIIA

IIposeden pacuém memnepamypHoul 3a8UCUMOCIU MOJWUHBL U MENIOMbl Pa3068020 nepe-
xo00a uz KK 6 uzomponuyto #uokocms, a maxice 3a6UCUMOCMU MOIAPHOU MeNI0EMKOCMU
OMm MOIWUHBL NPUCMEHHO20 CNO0SI HA NpumMepe MOHKOU NPOCIOUKU HUMPODeH301a 01U3U NO-
8EPXHOCU K8APYeBOU NOON0XHCKU. /[ pacuéma ucnonb308anach maxk HA3vbleaemds «08yX-
KOMNOHEHMHASL MOOEIbY, 8 KOMOPOU NOCMYIUPYEmCcsi CYUecmeo8anue 6 NPUCMeHHOM Cloe
KaK MOHOMepO8, max u oumepos, a eo3uuxkHosenue IKK-crnos obycrosneno opuenmayuon-
HbIM 83AUMOOCUCTNEUEM MENCOY YACMUYAMU HCUOKOCIU MeHcdY coOOU U MBEPOOU NOONONC-
KOU

Muxainnenko B. 1., I[lonosecoxkuii O. IO.
TepmoauHaMivyHi BJACTUBOCTI €MITPONHUX PIAKUX KPUCTAJIIB

AHOTAILA

IIposedeno po3paxynku memnepamypHoi 3aiedcHOCmi moswjuHu i meniomu ¢hazo6020
nepexooy 3 EPK & izomponny piouny, a maxoic 3an1eiHCHOCMi MOJSAPHOT MeNnI0EMHOCTMI 810
MOBUWUHU NPUCMIHHO20 WAPY HA NPUKIAOL MOHKO20 NPOUAPKY HIMPOOEH30y nobau3y nose-
PXHI K8apyoeoi nioknaoku. /[ns po3paxyHKie UKOPUCMOBYBANACA MAK 36AHA «080KOMNOHEH-
MHA MOOeNby, Y AKIl NOCMYNIOEMbCS ICHY8AHHS 8 NPUCMIHHOM WApi AK MOHOMeEpPI8, mak i
oumepos, a sunukuenns EPK-wapy 06ymoeneno opienmayitinoio 83aEMO0IEN0 MIdiC YACMKAMU
piounu midic cob010 i meepooio NIOKAAOKOI.
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BricokoTeMnepaTypHblIii TENJIOMAacCOOOMEH B ABYX(P)PAKLIMOHHOM ra30B3BecH
YIJIePOAHBIX YACTHIL

B pabome usyuaromcs xapakmepucmuxu 60CNIAMEHEHUS, 20PeHUsl U NOMYXaAHus O08yX-
GpakyuoHHOU 836ecu Y2lepoOHbIX Yacmuy 6 8030yxe Npu pasiuyHvlx memnepamypax. llpoge-
0eHO (hu3uKo-mamemamuieckoe MOOeIUposanue 6biCOKOMeMnepamypHo20 meniomaccooo-
MeHA U KUHEeMUKU XUMUYEeCKUX npespaujeHuti 08yX@hpakyuoHHoU 2a30836ecu ¢ ouamempamu
yacmuy meakou gparyuu 60 mrm, kpynnou paxyuu 120 MKM U paBHLIMU MACCOBLIMU KOH-
yenmpayuamu @pakyui. Iloxazano, umo npu HU3KUX MmeMnepamypax 2asd paHviie 80Cnia-
MEHAMCs yacmuysvl KpynHou @paxkyuu. Hatioenvl memnepamypuol u epemena copenus uac-
muy Kaxcoou u3 ppaxkyuii, napamempul UX NOMYXaAHUSI.

AKTyaqbHOCTh HWCCJIEIOBaHHMMN OOYCIIOBIIEHa HEOOXOIUMOCTBIO CO3MaHHs d-
(eKTHUBHBIX METO/IOB CXKMTaHHs YTJIEPOAHBIX TOIUIUB B razoaucnepcHoM Buzue [1, 2].
TornnmBo, UCTIONb3yeMOE B SHEPIETUUECKUX YCTPOMCTBAX, COACPKHUT YaCTHIIBI pas-
HOro pa3mepa. JByX(paklnOHHAs ra30B3BECh — YACTHBIN Cilydail TOMJIMBA MOJIHIUC-
HEPCHOTO COCTaBa.

Lesabio paboThl SBIIETCSA U3yUEHHE XapaKTEPUCTHK BOCIITIAMEHEHUS M TOPEHUS
IBYX(paKIMOHHOM B3BECH YTJIEPOIHBIX YACTHIl B BO3AYXE MPHU PA3IMUHBIX TEMIIepa-
Typax.

Du3NKO-MaTeMaTHYECKOe MOJEJIHPOBAHNE BBICOKOTEMIIEPATYPHOTO TEILIO-
MaccooOMeHa Ta30B3BECH YIIIEPOAHBIX YaCTHUI] BKIItOUaeT AuddepeHnnanbHbie ypas-
HEHUS TEIIOBOTO M MAacCOBOTO OallaHCOB JAJISl YaCTHIl KXo U3 (pakiuil U coOT-
BETCTBEHHbBIE YPaBHEHUS I Ia30BOIM cMeCH, coAeprKaled okucaurens [3, 4]. Uzy-
YUM BBICOKOTEMIIEPATYPHBIM TEINIOMACCOOOMEH M KHMHETHUKY XHMHYECKOTO IpeBpa-
HIeHUsT TBYX(PAKIIMOHHON Ta30B3BECH YIIIEPOJAHBIX YACTHI[ C JUAMETPAMHU YaCTHII,
OTJIMYAIOIIMMUCS B HECKOJIBKO pa3 U PaBHBIMH MAacCOBBIMU KOHILIEHTpAIUsAMH (hpax-
LM

IHocranoBka 3axaun. PaccMoTpuM HeCTallMOHAPHBIN TETJIOMAacCOOOMEH MOJIu-
JTUCIIEPCHON Ta30B3BECU YTJIEPOJHBIX YACTHI[ B BO3/AYyXE, HA TOBEPXHOCTH KOTOPBIX
MPOTEKAIOT JBE NMapauieabHble Xxumuieckue peakuun: C + O, = CO, (1) u 2C + O, =
2CO (1II).

VYpaBHeHue TEIOBOTO OajaHca YacTHUIlI 1-TOW (PpaKIHMK ¢ YIETOM €€ TeI1000-
MEHA C Ta30M M CTCHKaMU PEaKIIMOHHOW YCTAHOBKH 3aIUIIIEM B BUJIE:
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cpd. OT,
—l_l:qc“'_q i Y T;'(t:O):za (1)
6 6t 7 a b
rJie ¢ — yJelIbHas TeIJI0eMKOCTh YacTulibl, J[x/kr K; p; — MI0THOCTh YaCTHIIBI, Kr/M;
d,' — AUaMETpP YaCTHUIIbI I-TOU (bpaK]_II/II/I, M; Ti, Tbi_ TCKyllasA U HaYaJIbHasA TCMIICpaTy-

PbI 4aCTHUIIbI, K; ! — Bpewms, C; qd.,;, — CyMMapHa:da INDIOTHOCTb XUMHUYECKOT'O TCIIJIOBbI-

JIeNIeHHs] Ha TIOBEPXHOCTH M B IOPaxX YacTHIbL, BT/M’; q,; — MIOTHOCTb TEILUIOBOTO
MOTOKA y MOBEPXHOCTH YaCTHIbI, BT/M>; q,; — NIOTHOCTb TEIJIOBOI'O IOTOKA U3Iy-
YEHHMEM OT YACTHIIBI K CTEHKaM PeaKIMOHHO# ycTaHOBKH, BT/M’.

CyMMapHy10 IJIOTHOCTh XMMHUYECKOTO TEIJIOBBIACIECHUS, 3a CUET NMPOTEKAHUSA

XUMHAYECKUX PEAKINA HA BHEIIHEHW W BHYTPEHHEN NMOBEPXHOCTIX YACTHIIBI, UCIIOJb-

3y4 |5, 6], HaliIeM U3 BBIPAXKEHUS:
kvi
qchi :(kliql + k2iq2)pgn02,si (1 +Ki) , K, = ko +k, ) (2)

rne k,;, k,, — kKoHCTaHTBI ckopocTel xumndeckux peakuuit (I) 1 (II), m/c; ¢,, g, — Ten-

1i>
noBbie 3¢ dexThl xumudeckux peaknuit (I) u (II), paccuntanHble Ha IUHUITY MACChI
kucioposa, Ix/xr Oy; p, — IUIOTHOCTb rasa, Kr/M3; Ny, 5~ OTHOCHTEIIbHAS MacCoBast
KOHIICHTpAIUsI KUCJIOPOJa Ha TMOBEPXHOCTH YIIICPOAMCTON YacTHIBI; K;— OTHOIIE-
HUE KOHCTaHT BHYTPEHHETO M MOBEPXHOCTHOTO pearupoBaHus, k,; — dhdexTuBHAs

KOHCTAaHTAa BHYTPCHHCTO pCarupOBaHUs].
3anumem BBIPAKCHUC JII KOHLCHTPAIMKU KHCJIOPOJa Ha IOBCPXHOCTHU HaACTHU-
bI;
n, . = B n
0,,s; 0,8 ?
B +(k, +hy +Pp)-(1+K,)

Psﬁ — CKOpPOCTD IICPCMCIICHUA F33006p33HBIX KOMIIOHCHT CTe(baHOBCKI/IM TCUCHUCM B

3)

KMHETHYECKOU 00JIaCTH MPOTEKaHUSI XUMUYECKUX peakiuii [7].
TernooOMeH Kax 01 YaCTHIII C TA30M OINPEAEIISIETCs INIOTHOCThIO TETIOBOTO
MIOTOKA Ha TIOBEPXHOCTHU YACTHULIBI ¢, ;, BKIIIOUAs! MOJIEKYJISIPHO-KOHBEKTUBHBIN Me-

XaHU3M IIepeHoca Tellla ¢,; M ePEHOC Teruia CTepaHOBCKUM TedeHueM ¢, [7]:

usf
Gu =0+ a0 G=4T-T), =0y (T-T,)+=H(T+T,) ©
Nu k., 5)
o, =—=5,
1 d

)

e o; — kodhdHIHeHT TeroobMena dacTuusl, Br/(M°K); Ay — K02 OUIMEHT TeIIo-
npoBoaHocTH rasa, Br/(m'K), T,— Temneparypa rasa, K.
Hcnonwiys 3akonsl Credana - bonsimana n Kupxroda, 3anumieM BeIpakeHHE
JUTSI TETIOBOTO TTOTOKA M3ITyYCHUEM C CIMHHIIBI TTOBEPXHOCTH YACTHUIIHI TA30B3BECH
K CTEHKaM PEaKIIMOHHOW YCTAaHOBKH:

q,,=eo(I'=T)), (6)
rae € — KodQGUIMEHT YePHOTHI yriepoaa; 7, — Temneparypa CTeHOK peaKIMOHHON
ycTaHoBKH, K; 6 = 5.67 Br/M°K* — mocrosiHHas Credana-bonbnmana.

59



®dizuka aepoaucnepcHux cucreM. —2017. — Ne 54, — C.58-65

[Ipu ropeHMM ra30B3BECH YMEHBIIAIOTCS CO BPEMEHEM JMAMETP W IUIOTHOCTh
YaCTHI] BCJICJICTBUE MPOTEKAHUSI XUMUUECKUX PEAKIIMN Ha UX HAPYKHOW U BHYTPEH-
Hel moBepxHocTH (BHYyTpH Top). Huddepenmansubie ypaBHEHHS MAacCOBOTO OaaH-
ca Ui [uaMeTpa  MIIOTHOCTH YaCTHUIII YTIIEpOo/ia i-TOM (PpaKIuy 3aMuIlleM B BHJIE:

1 old, M
_Epi(é—t):m[’ W, :M—Ocz(kli +2k2i)n02’sl_pg, di(t:O):dbi, (7)
1 8(p.)
——d —>=W K, (t=0)=p, . 8
6 i 5t K pz(t ) pbl. ()

rac db — HaydaJlbHbIN AUaAMETp 49acTullbl, M; P, — Ha4dajlbHas INIOTHOCTb YaCTHUIIbI,

Kr/M.
BaxkupiM mapaMeTpoMm Ta30B3BECH SIBISIETCSI €ro MaccoBasi KoHueHTparus C,,
KOTOpasi 3aBUCHUT OT JUaMETpa YACTUI] U UX YUCIEHHOU KoHIeHTpanuu Cy;:

n 1 .
Cm:ZCm,-a Cmi:gn.df.pi'CNi’ CN':_l ’ (9)
i=1

3 N
rae C, — MaccoBas KoHIEeHTpauus (Kr/M”), a C,, — 4icIeHHas KOHIeHTpauus (M) i-

ToM (ppakumu TBepIOi (Pa3sl ra3oB3BECH; N, — YUCIIO YACTHUI] B i- i PpaKiuy.
Takum o0Opa3zom, B mpolecce TIOpPeHHs MaccoBas KOHIEHTpALUs TOIUIMBA
YMEHBIIIAETCS, TAK KaK YMEHBUIAIOTCA JAUAMETP W IUIOTHOCTh YACTHII, & YUCIICHHAS
KOHIICHTPALUS SIBJISAETCS HEM3MEHHOW 10 MOMEHTA MOJTHOTO BBITOPAHHUSL.
C ydeTroM BHENIHETO TEIJIO- U MacCOOOMEHa M3MEHEHHE TEeMIIEpaTyphl raza u
KOHIIEHTPALUU OKUCIIUTEINS C TEYCHHEM BPEMEHH OIMUCHIBACTCS YPAaBHEHUSIMHU:

or, &
¢sPs =2 SOxdas+ 0 F(T, =T, T(=0)=T,,, (10)
Nu, A S
a’g =& 8 , Fg —_8 R
d, v,

on

- aO;g :Z CNi Si nOz,Si(kli +k2,~ +kv,~)_Fg Bg(nOz’oo _nOZg), nOZg (t:()):noz’oo, (11)
i=1

g

B = Sh, D, D - A
g d ’ & ¢ >
g gpg
L 2
rzie S; — IWIoIa/b NOBEPXHOCTH YACTHIIbI i~TOH (BPAKIUU, M™; ¢, — Y/EIbHAS TEILIO-
emkocth rasa, Jux/kr K; T, — Temreparypa ra3oBOil cpejbl, OKpYXarollei raszo-
B3BeCh, K; o, — KO3QdUUMEHT TemnooOMeHa ra3oB3BECH ¢ OKPYKAIOLICH cpenoi,
2 ~ ~
Bt/M'K; Nu, — xputepnii Hyccenbra, 3a1aroumii TeriI000MeH ra30B3BeCH C OKpY-
9 9 -1
Karowien cpentoid; F, — ynenbHas HOBEPXHOCTh Ia30B3BECH, M ; S, — IOBEPXHOCTbH
2 .
rasoB3BecH, M, B, — Ko3hduIHEHT MaccooOMEHa ra3oB3BECH ¢ OKpYKaroLien cpe-
JIOH, M/C; n, , — OTHOCHTEIbHAs] MACCOBAs KOHIICHTPALMS KHCIOPOJA B CPEJE, OK-

pyKarolen ra3oB3BECH.
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Puc. 1. 3aBucumoctu T, T g dT /dt ot BpeMeHH M JBYX(PaKIIMOHHOW Ta30B3BECH IPHU
Tyw =T, = 1450 K. 1 — d} =60 MKm™, 2 — d =120 mMKM, 3 — Temneparypa rasa T, . C,,=0.016

3
KI/M".

Takum oOGpazom, dusuko-mMarematudeckas moaeinsb (1) - (11) onuceiBaeT HecTa-
[IUOHAPHBIA BBICOKOTEMIIEPATYPHBIA TEIIOMAaCCOOOMEH M KHHETHUKY XUMHUYECKOTO
npeBpanieHusi MoJu(PaKIIMOHHON Ta30B3BECH YIIICPOJHBIX YacTull. PacueTsl mpe-
CTaBJICHHBIX ypaBHEHUH MO3BOJISIOT ONPEACIUTh OCHOBHBIC XapaKTEPUCTUKH TOpe-
HUS Ta30B3BECHU: TEPUOJ MHIYKIIMH, BPEMS M TEMIIEPATypy TOPCHHS, KPUTHUCCKHUE
napameTphl BOCIUIAMEHEHUS U TIOTYXaHMUS.

AHanu3 pe3yabraroB. Ha puc.l npeacraBineHsl BpeMEHHbBIE 3aBUCUMOCTH TEM-
neparyp 4acTHUll Kaxa0u U3 Qpakiiuii, TeMrepaTypsl ra3a, BpeMEHHBIX MPOU3BOIHBIX
TEMIEPaTyp YaCTHII 10 BpEMEHH NPU TOPEHUH ABYX(PPaKIIMOHHOM (i = 2) ra30B3BeCH
IIPYU pa3iIu4HbIX TeMIlepaTypax rasa. HadanbHas MaccoBas KOHLEHTpauus yIJepoa-

3
HOTO TOILIMBA B razos3Becu coctasmwia C,, = 0.016 kr/M” , MacCOBbIe KOHIIEHTPALUX
w w 3 “
kaxaoi u3 ¢paxuuii pasuel: C , =C, , = 0.008 kr/m". ['a30B3BeCh C yKa3aHHON Mac-

m

COBOM KOHIIEHTpAaIMell xapakTepu3yercs: KodpPuimeHToM n30bITKa KUCIOPOaa, paB-
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Puc. 2 3asucumocru T', T,, dT'/dt or BpeMeHH JUIs IBYX(PaKUHOHHON ra30B3BECH HPH
Tgy =T,=1350 K. 1 — dp; =60 Mrm, 2 — djp =120 Mxm™, 3 — Temneparypa rasa 7, .C,,=0.016

3
KI/M".

HeM 1.5 [1, 2]. CiienoBaresibHO, KHUCJIOPOAA OCTATOYHO JJIsl OJIHOTO CTOPAaHUSs TO-
IJIMBA. DKCTPEMYMbI Ha 3aBUCUMOCTAX dT/dt(t) TO3BOJIAIOT OMPEACIUTh MOMEHTHI

BociiameHenus (T. 1) u noryxanus (1. E) yactui u HailTU, COOTBETCTBEHHO, BPEMS
3aJIepKKA BOCIIJIAMEHEHUST U BPEMS TOPEHUSI.

AHanu3 TeMnepaTypHBIX KPUBBIX MOKA3bIBAET, YTO MPHU BBHICOKON TeMIIEpaType
ra3za cHavaJja MPOUCXOIUT BOCIUIAMEHEHHE U BBITOPAHUE METKON (pakiuu (puc. 1a-
r). YacTumpl KpynmHOW (PaKIIUK BOCIUIAMEHSIOTCS HE3a0JITO 0 MOMEHTA TMOTyXaHHUS
MEJIKUX YacCTHUIl. 3a BpeMs BHITOPAHHS MEITKOW (PpaKIMy KOHIICHTPAIUS KHUCIOpOoAa
CYILLIECTBEHHO YMEHBIIIAETCS, TI0O3TOMY BO3TOpaHHUE U IMOCIENYIolee TOpeHUe KpyIi-
HOM (paKIuy MPOUCXOIUT MPU HUZKUX €€ 3HAUCHUSIX

[Ipu Gonee HU3KOM Temmeparype rasa (puc. 2a-r ) paHbllie BOCILIAMEHSIOTCS
KpynHble yacTuilbl (KpuBbie 2). CormacHo (5) MeaKue 4acTHUIlbl UMEIOT OOJIBIINMA KO-
s¢unrenT temnootaauu. [losTromy yBennueHre BpeMEHM BOCILJIAMEHEHUS MEJIKOU
dpakuuy Mo CpaBHEHUIO C KPYIMHOU OOBACHAETCS POCTOM TEIJIOBOTO MOTOKA OT Yac-
THUI] MaJIBIX Pa3MEPOB MPHU MOHKEHUH TeMIIepaTypsl ra3a (dhopmyna (4)).
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Puc.3. 3aBucUMOCTH BpeMEHH 3aJIePKKH BOCIIAMEHEHHUS (), BpeMeHu ropeHus (0), Makcu-
MaJIbHOHM TeMIIepaTyphl TOPEeHUs (B) U JUaMeTpa YacTHUIl MPU MOTyXaHUH (T) ABYyX(DpaKIImOHHOM

ra3oB3BECH OT Temrepatypsl raza 1 — dp =60 Mkm, 2 — dpr =120 mMxMm, C,,=0.016 Kr/MC.

Kak BugHO 13 puc.1B u 2B BpeMs 3aJlepKKU BOCIUIAMEHEHMS f;,y  (AJIHATENB-
HOCTh IpOrpeBa OT Hayaja nporpeBa 10 T [) COCTOMT M3 IBYX 4acTell: BPEMEHH
MHEPTHOTO MPOTrPeBa YaCTHUIIBI 10 TEMIIEpaTyphl, OJIM3KOI K TeMiiepaType ras3a (1o T.

* [
') ¥ BpEMEHH XHMHUYECKOTO pa3orpeBa, 0OYyCIOBICHHTO aKTHBU3AIMEH YIMOMSHY-

THIX XUMHYECKUX peakimii (0T I” 10 T. 1). IIpu yMeHbIIEHHH TeMIIepaTyphl OKpY-
KAIOIIEro rasa JUid MEJIKMX YacTHI] YBEJIMYMBACTCS BPEMS XUMHUYECKOW CTauu
(puc.2, B), 3a KOTOpO€E TeMIepaTypa raza B 00beMe ra3oB3BECH JJOCTUraeT 0oJjiee Bbl-
COKOTO 3HAa4YeHHs, HEOOXOIMMOTO ISl BociiameHeHus (puc.2a). Takum obpas3oM, B
00JacT BBICOKHUX TEMIIEPATyp BpeMsl 3aJIep>KKH BOCIUIaMEHEHUS BYX(PpaKIMOHHON
ra30B3BECU ONPENEIAETCA BPEMEHEM 3a/I€PKKH MEJIKUX YACTHIL, a B 00JIaCTH HUZKUX
TEMIEPATyp — BpEMEHEM 3aJePXKKU YaCTULl KPYITHON ppakiuu (puc.2a).

IIpu HexoTopol KpuTHdeckod temmeparype raza T (puc. 3a) ra3oB3Bech HE
BocIuiaMeHnsiercs. Kputuueckas Temmeparypa BOCIUIAMEHEHHS IBYX(PPAKIIMOHHOM
ra30B3BECH 3HAUUTENIBHO HW)KE TEMIIEpaTypbl BOCIUIAMEHEHUS OJMHOYHBIX YACTHIL
TOTO *e auamerpa. [IpuueM, kpuTuueckre TeMneparypbl BOCIUIAMEHEHUS AJI OJU-
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HOYHBIX KPYNHBIX M MEJIKHX YAaCTHUI] CYIIECTBEHHO PAa3JIMYAKOTCA, 4 B YCIOBHUAX
ABYX(paKLMOHHOMN Ta30B3BECH MPAKTUYECKU COBIAIAIOT.

[Tpoananu3upyem XapakTEepUCTUKU TOPEHHs ABYX(paKIMOHHOM ra3oB3Becu. Ha
puc.36-T IpeCTaBIEHbl 3aBUCUMOCTH BPEMEHHU FOPEHUsI U KPUTHUUECKOTO AMAMETpa
MOTYXaHHS OT TEMIIEPATypPhl ra3a JIsl YaCTUIl KPYITHON U MEJKOM (pakiimii B COCTaBe
nByx(pakimoHHoi razos3Becu. M3 puc. 30 BUIHO, YTO BpEMEHA TOPEHHS HACTHII
MEJIKOM U KpynmHOU dpakiiuii ra30B3BecH cl1ado 3aBUCST OT TeMIiepaTypbl. Bpems ro-
peHust KpyIHOH (ppaKiuu MpakTUYECKH B 4 pa3a NpeBbILIAET BpeMs TOPEHHS METKON
(pakuuy NpU OTHOIIEHUH X HAYaJIbHBIX THAMETPOB PABHBIX 2.

Temnepatypa ropeHust 4acTUL MEJIKON (pakuuu B 00JACTH HUZKUX TEMIEPATYP
ra3a MeHblIe, YeM KpYIHbIX (puc.3, 0) no npuurHe OOJBUIMX TEIJIONOTEPH K razy u
HEJIOCTaTKa OKHUCIIUTEI Ha CTaUK TOopeHns. KOHIEeHTpays OKUCIUTENSI K MOMEHTY
TOPEHMSI MEJKMX YaCTHUIl CYHIECTBEHHO YMEHBIIAETCA B PE3yJIbTATE PEarupOBaHUs C
KpYIHBIMHU YacTuiiamu (puc.lr, puc.2r).

BoiBoabl. YcTaHOBIEHO, YTO IIpU Temiieparypax rasza Beime 1400 K Bpems 3a-
JEpKKU BOCIUIAMEHEHHUS JIBYX(PaKIMOHHOW Ta30B3BECH OIPENEISETCS] BPEMEHEM
BOCIJIAMEHEHUS! MEJIKOM (paKLUH, HUKE 3TOTO 3HAUYECHUS — BPEMEHEM BOCIIJIaMEHe-
HUs KpynHou ¢pakuuu. Hampumep, mist temnepatypsl raza 1500K nepuon nHayk-
Uy Menkux yactull (ppakaus 60 MKkM) B 2 pa3za MEHbIIE NEPUOJa UHIYKIUU KPYTI-
HbIX yactul (¢ppakuusa 120 mxm). Ilpu tremnepatypax menpiue raza mMenbie 1400K
MepUOJl MHAYKIIMN MEIKOM (pakuuu O0bllIe, YeM KPYIHOW U MPU MOHUKEHUU TEM-
IepaTypsl ra3a 3Ta pa3HULA YBEIUYUBAETCS. JTO CBA3AHO C YBEJIMYEHUEM TEIIONO-
TE€Pb MOJIEKYJIIPHO-KOHBEKTUBHBIM IIyTEM B OKPYKAIOIIYIO Ta30BYIO CpPENY JJISI MEJI-
kol (pakuuu. HaiineHsl TemnepaTypbl BOCIUIAMEHEHHs JIBYX(PAKLIHMOHHBIX ra3o-
B3Becer. Kpurnueckas temrieparypa BOCIUIAMEHEHHNs YaCTHUIl Ta30B3BECH 3HAYUTEIIb-
HO HMJKE, YEM JUUI OAMHOYHBIX YaCTHI] TOTO ke AuameTpa. [IoHmxkenue temneparypsl
BOCIUIAMEHEHUS Ta30B3BECU MTPOMCXOAUT BCIEACTBUE PA30TpPEBa rasza 3a CYET TeIula
XUMUYECKUX PEAKIUi NPU OKUCICHUM COBOKYIHOCTH 4actull. [Ipuuem, mis kpymn-
HBIX U MEJIKUX OJUHOYHBIX YACTHI] YIJIEpOAa KPUTUUECKHUE TEMIIEPATyphl ra3a cylie-
CTBEHHO Pa3HATCA, a B yCIOBUAX ABYX(PAKIIMOHHOMN Ia30B3BECHU - IPAKTUUYECKH COB-
nagatoT. OnpeneseH MHTEpBaJl TEMIIEPATYP OKPYXKAIOLIEro ra3a U CTEHOK PEaKIMOH-
HOW YCTaHOBKH, Ul KOTOPOro TemIlepaTypa TIOpPEHHs 4acTHUIl MEJKOW (pakuuu
MEHbIIIE, YEM YacTUL KPYMHOW (ppakuuu razop3Becu. Tak Juisl TeMreparyp raza Bbl-
mre 1250 K ropenne menkon ¢ppakiuu IpOUCXOAUT Mpu Oosiee BBICOKUX TEMIEpaTy-
pax. Ilomyueno, yro mns temmneparypsl raza 1500K temneparypa ropeHuss Menkux
yactull 6omnee, yeM Ha 200 rpaaycoB MpeBBIIIAET TEMIEPATYpPy TOPEHUS KPYIHBIX
YaCTHUIl ra30B3BECU. B oTiIMUME OT ONMHOYHBIX YACTHL], IOTyXaHUE Ia30B3BECU MPO-
TEKAaeT B BBIPOKJICHHOM PEKHUME, TaK KaK Pa3HOCTb TEMIIEPATYpP YaCTHUIl U ra3a Maja.
IIpy 3TOM NPOUCXOIUT JOOKHUCICHHE YaCTHUI Fa30B3BECU B KMHETUYECKOM PEXUME,
YTO AA€T BO3MOXKHOCTb OLIEHUTh BPEMsI ITOJIHOTO X IIPE0Opa3oBaHus.
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Orlovskaya S. G., Kalinchak V. V., Zuj O. N., Liseanskaia M. V.
Burning of Two-Fraction Coal-Air Suspension

SUMMARY

Two fraction dust-air mixture is a simplest case of polydisperse suspension. So the purpose
of this work is to study the characteristics of ignition and combustion of a two-fraction sus-
pension of carbon particles in air at different temperatures. The main characteristics of fuels
combustion are the ignition delay, the burning temperature and time, critical parameters
(temperature, the particles diameters and mass concentrations), corresponding to fuel igni-
tion and extinction. The high temperature heat and mass transfer and chemical kinetics are
modeled for two-fraction gas suspension (diameter of fine particles 60 um and that of coarse
particles 120 um).

Opnoecvka C. I'., Kaninuak B. B., 3y O. M., /lucaucoka M. B.
I'opinng nBoPpaKkuiiHOrO ra3o3aBucy ByrjeneBUX YaCTHHOK

AHOTALIA

B pobomi susuaromuvca xapakmepucmuky 3aUManHs, 2opiHHs i NOMYXAHHA 080pakyiiHol
cycneHsii gyeneyesux YacmuHoK 8 nosimpi npu pisHux memnepamypax. Ilposedeno ¢hizuxo -
Mamemamuyne MOOEN0B8AHHS UCOKOMEMNEPAMYPHO20 MENIOMACO0OMINY ma KiHemuKu Xi-
MIYHUX nepemeopensb 080PPAKYiliHOI eazocycnensii 3 diamempamu 4acmuHoK OpioHoi pax-
yii 60 mxm, senukoi paxyii 120 mxm i pienumu macosumu KoHyenmpayiamu gpaxyii. Iloxa-
3aHO, WO NPU HU3LKUX MeMNepamypax 2dasy pauiuie Cnaiaxyroms 4acmku 8eIuKoi paxyii.
3uaiioeno memnepamypu i 4acu 20pinHa YACMUHOK KOXCHOI 3 (ppakryill, napamempu ix nomy-
XAaHH3L.
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Solar desiccant-evaporative cooling systems with ceramic packing
(microporous multichannel structures)

In this paper, a method for the determination of the efficiency and limitations of the eva-
porative cooling process is presented. Ceramic is employed as a packing material in the eva-
porative equipment. It is shown that the experimental efficiency of the ceramic packing is 10-
20% higher as compared to packings made of aluminum foil and multichannel polycarbonate
plates because of the absence of common liquid film on the packing surface, and due to the
absolute wettability of the ceramic packing. Heat and mass transfer equipment for desiccant-
evaporative cooling systems (direct and indirect evaporative coolers, cooling tower) utilizing
ceramic structures has been developed.

Nomenclature:

A Air

w water

ABR Absorber

DBR desorber-regenerator

CTW cooling tower

CPM ceramic porous material

CS cooling space

DECg direct evaporative cooler

IECg (IEC-Rg) indirect evaporative cooler

HEX heat exchanger

HMTE heat and mass transfer equipment
E Efficiency

F Area (m?)

G mass flow rate (kg s™)

H enthalpy (kg kJ™)

Cw constant pressure specific heat (kJ kg™ K™
L relative flow rate (-)

P pressure (bar)

0 heat flow rate (W m™)

0 water sprinkling density (m> m~>h™)
SCS Solar cooling systems

SACS Solar air conditioning systems
SCw water solar collector

SCg-1 (R) solar collector-regenerator (gas-liquid solar collector)
Tt temperature (C)

V velocity (m s™)

W water
X moisture content (g kg™)
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Greek letters

o heat-transfer coefficient (Wm?K™")
A Increment

B mass transfer coefficient (kgm™s™)
A characteristic number )

() relative humidity (%)

Subscripts

A Air

1d ideal

P Primary

S Secondary

Wb wet bulb

ult Ultimate

w water

1 Entrance

2 Exit

Introduction. Evaporative cooling is efficient for dry and hot climate conditions
(when the humidity ratio of the ambient air x,<12...14 g kg™). The development of
the indirect evaporative coolers is of particular interest because the air flow is cooled
without contact with water, meaning that the humidity ratio of the handled air is un-
changed. The application of a heat-driven absorption cycle, which consists of the pre-
liminary dehumidification of the air followed by its further use for evaporative cool-
ing, is the basis for the development of alternative solar refrigeration and air condi-
tioning systems (RACS).

The wide practical application of desiccant-evaporative cooling methods in
modern solar cooling and heating systems requires solutions of the following prob-
lems: selection of working fluids (desiccants) that provide high absorption capacity
and show minimum adverse effect on structural materials; elaboration of effective
heating circuits for desiccant regeneration, which is essential to the development of
high quality solar collectors, which can provide the required temperature level for re-
generation; the decrease of the energy inputs for transport of the working fluids
(flows of air, water, and desiccant). The development of desiccant-evaporative sys-
tems can remove climatic limitations for the application of evaporative methods of
cooling and significantly enhance energy and ecology characteristics of alternative
RACS:s.

The number of studies investigating the capabilities of the open-cycle absorption
as applied to cooling and air conditioning increases because such systems are easy to
design and to use, with high reliability and durability (Doroshenko and Glauberman,
2012; Xie et al., 2012 [4]).

One of the most important considerations for such systems is the process of
coupled heat and mass transfer in the packing of the appropriate device: absorber, de-
sorber (for the systems with desiccant regeneration in desorber), direct evaporative
cooler (DEC), indirect evaporative cooler (IEC), and cooling tower (CTW). As Zhao
et al. (2008 [17]) stated, the packing can vary in structure (structured and random)
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and material (metal, plastic, paper, cotton, ceramics, etc.). The problem of film distri-
bution on the packing surface (the problem of maximum wettability) is of great im-
portance because the dry part of the packing is eliminated from the heat and mass ex-
change process, resulting in a decrease of device efficiency. Nozzles and other devic-
es can be used to ensure uniform distribution of liquid and total wetting of the pack-
ing.

To avoid these problems, porous materials (ceramics) were proposed as mate-
rials for packing elements for evaporative cooling. Recently, a number of theoretical
and experimental investigations have been performed to study the application of por-
ous materials for cooling (Gomez et al., 2005 [7]; He and Hoyano, 2010 [8]; Ibrahim
et al. [9], 2003; Martinez et al. [11], 2011; Pires et al. [12], 2011; Riffat and Zhu, [13]
2004).

The main objective of this research is the development of constituent devices,
based on ceramic modules, for innovative, high-performance solar-driven desiccant-
evaporative systems with direct desiccant regeneration in the solar collector-
regenerator. Such systems are intended for commercial application in different do-
mestic and industrial cooling, refrigeration, and air conditioning systems.

1.Experimental study of the heat and mass transfer processes in evapora-
tive coolers. A test rig was built for experimental investigations of the evaporative
coolers’ operational characteristics. A schematic diagram and photograph of the test
rig are shown in Fig 1. The test rig provides the opportunity of studying the working
processes in CTW and DEC, as well as in IEC. The ambient air after heat and humid-
ity handling (heating in the air heater 1 and moistening through the bypass line 7 by
the air flow leaving the evaporative cooler) through ventilator 2 enters the working
chamber 3, where the evaporative cooler module is installed. The variable speed mo-
tor of the ventilator allows for regulation of the air flow rate in the device. The tem-
perature of the air is regulated in the channel electric heating coil 1, where it can
reach 70 °C. The main part of the test rig, where the evaporative cooler module is lo-
cated, is made with an inspection window (detachable cap) fabricated from thick-
walled transparent plexiglass. Dimensions of the chamber are 460x400x180mm,;
throughput performance of the full air flow is up to 3500 m’ h™'. Air flow meter 6 and
air flow regulators 8 and 9 are installed in the air line.

The water pump 13 with regulated flow rate provides water circulation through
the evaporative cooler module. The water flow rate is measured by RS-type flow me-
ter 10. The water through the discharge line enters distribution chamber 4, from
which it comes for packing sprinkling. The constructive embodiment of all HMTE is
unified (CTW, DEC, IEC). They all are constructed as cross-flow devices in which
vertical multichannel plates from ceramic porous material (CPM) are utilized as a
main element of the packing. Water chamber 11 consists of five pockets. This pro-
vides differential measurement of water flow rate and the latching of its lengthwise
surging by air flow. All pipelines are thermally isolated. Temperature and relative
humidity of the air are measured before and after the working chamber (mercurial
thermometers and RTD sensors - 17 and 18). K-type thermocouples are used for tem-
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perature measurement during the cycle, along with a multichannel measuring conver-
ter.

The test rig provides the experimental investigations of designed evaporative
coolers with the packing built of equidistantly located CPM plates with ribbing,
which create multichannel regular packing. Previously, the experimental research of
evaporative cooling in lengthways-corrugated elements made of aluminum foil paper
and multichannel polymeric structures was fulfilled at the Odessa State Academy of
Refrigeration (OSAR) (Doroshenko, 1992 [2]; Doroshenko and Gorin, 2005 [5]). The
value of the equivalent diameter of the channels was varied in the range of 15...20
mm; the area of the packing constructive specific surface was varied in the range of
170...200 m* m™. Obtained recommendations along with the results of the studies of
Doroshenko (1992) [2] and Doroshenko et al. (2005) [3], were used in the manufac-
turing of the evaporative cooler modules made of CPM. The working range of air ve-
locity in the channels of the packing was varied in the range of 1.0...7.0 m s™. The
value of the ratio of air and water was [/ = G,/ G,, = 1.0 for the evaporative coolers of
water, and the water sprinkling density was ¢,,=5...18 m’>m™~h™.

Measurement accuracy of the main data is determined by the accuracy of the de-
vices, and it was calculated for each experiment (for the heat balance the accuracy
was about 12%). The following results were obtained experimentally. The increase of
water flow rate G,, from “dry” regime to the value of the water sprinkling density ¢,
=10 m’m~h™' did not result in an appreciable increase of pressure drop as air passes
through the “wet” part of the IEC packing (Fig. 2).

It was explained by a practical absence of liquid film on the surface of the pack-
ing. The common phenomenon of flooding (evacuation of liquid from the packing of
the device by air flow and the decreasing of the device capacity up to zero) for the
cross-flow scheme is fully absent up to the value of v, < 8-10 m s'; phenomenon of
lengthways drifting of liquid, resulting in its unfavorable distribution in the volume of
the packing and removal from the layer, is also fully absent — which can be explained
by absence of liquid film on the surface of the packing as well. The transition to a
cross-flow scheme provides the decrease of Ap, and consequently the decrease of
rated power inputs compared to counter-flow mode, and also provides the possibility
of further increase of the capacity. Besides, when several devices are located in one
cooling unit, the cross-flow linear mode is an optimal solution for the arrangement of
the devices.

The liquid retardation in the layer of the packing substantively provides high
value of the heat and mass transfer surface, and thus it results in acceptable efficiency
of the evaporative cooling process. The accumulation of the liquid in the volume of
the ceramic packing takes place practically instantly and in such a way that the total
surface for heat and mass transfer is formed. A circulating method was used in the
study to determine the liquid retardation in the layer of the packing, based on the
principle of conservation of the liquid mass in a closed circuit (Doroshenko and
Glauberman, 2012 [4]).

The liquid is pumped to the device from the calibrated tank (12-20) and it drains
into it. The difference between the levels of the liquid before activation of the de-
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Fig. 1. Schematic diagram and
photograph of the test rig to study
the cross-flow heat and mass
transfer devices for direct and in-
direct evaporative cooling of wa-
ter and air. 1 — electric heater; 2 —
ventilator; 3 — working chamber;
4 — liquid distributor; 5 -
spray separator; 6 — air flow me-
ter; 7 — return line; 8, 9 — air flow
regulator; 10 — water flow meters;
11 — sectional meter of liquid flow
rate; 12 — water tank; 13 — water
pump; 14 — filter; 15 — water hea-
ter; 16 — water temperature regu-
lator; 17, 18 — mercury thermome-
ter and RTD sensor; 19 — pressure
gauge; 20 — tank for the mea-
surement of liquid retention; 21 —
scale bar; 22 — control box.
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Fig. 2. Pressure drop in the “wet” channels of the ceramic IECg.
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Fig.3. The influence of humidity ratio (A) and air temperature (B)
on the efficiency of the IECg for the primary air flow.

vice and when the device is operated is proportional to the retention of the packing
layer. During the operation, the level of the liquid was changed due to liquid evacua-
tion and evaporation. Developed methodology allowed these ingredients to be taken
into account to determine full liquid retardation.

For IEC during the experiment, the ratio of the primary and secondary air flows
was l;zc = Gp/Gs= 1.0. Thermal efficiency of the IEC for primary and secondary air
flows is determined from:

t -t
E:P P, ESZS s, (1)
"o -t t—1°
here ¢° is the air wet bulb temperature at the entrance of the device similar to DEC,
but it is 1.5...2.0 °C higher because of thermal conductivity of the dividing wall and
inner heat flux from primary to secondary air flow.

On average, the value of E, is in the range of 0.6...0.9, which is substantially
higher than the values of the process efficiency for the film-type packing composed
from multichannel polycarbonate plates £, = 0.55-0.75 (Doroshenko and Glauber-
man, 2012 [4]). This is determined by the value of liquid retardation. According to
Fig. 3A, the efficiency of the process E, decreases as the moisture content of the am-
bient air increases. The efficiency of the primary air flow process improves when the
temperature of the air at the entrance of the device is increased (Fig. 3B). Thermal ef-
ficiency of the /EC for secondary air flow is 10-15% higher on average as compared

-1
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Fig. 4. Efficiency of the water cooling process in CTW.

to the efficiency for the primary air flow. Consequently, the working range of the
value of [z can be increased.

The results of water cooling during the evaporative process in CTW are shown
in Fig. 4 — the efficiency of the process (the water cooling degree) versus the charac-
teristic number A =1/ [, where [ = G,/ G,, (the value of /;; corresponds to the ideal
design of the water cooler and is determined by ¢, and 7. ,).

The value of the flow ratio was / = 1.0; the density of sprinkling was ¢,, = 5...18
m’m~h™". It can be seen from Fig. 6 that the efficiency of packing made of CPM is
10-20% higher compared to previously received experimental results for packing
constructed of aluminum foil and multichannel polycarbonate plates.

2. Design and development of the evaporative equipment for solar desiccant
cooling systems. The main components of the cooling part of solar RACS with direct
desiccant regeneration in a solar collector-regenerator are DEC or IEC, CTW, and an
absorber. The application of CPM in the equipment of RACS cooling units is dis-
cussed in the present study.

The general requirements for heat and mass transfer equipment (HMTE) for so-
lar desiccant systems are as follows: high efficiency of the running processes; low
aerodynamic resistance for working fluid transportation (air and liquid flows); the
wide range of operating loads for air and liquid, when the operation of the HMTE is
reliable; the absence of working surface contaminations, or their destruction under
long-term operation.

On the basis of many years experience accumulated in OSAR in development,
production, and service of multifarious HMTE, particularly for evaporative cooling
(Doroshenko et al., 2005 [3]; Lavrenchenko and Doroshenko, 1988 [10]), the authors
have chosen film apparatus as the main universal construction of all HMTE, which
provides separate motion of the gas and liquid at low aerodynamic resistance; and
transversal-type for flows interaction, as it is the most acceptable when it is necessary
to combine several HMTE and heat exchangers into one unit.
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Before, the problems of flow stability of the gas-liquid system, liquid drops re-
moval by gas flow and other problems were thoroughly studied in OSAR (Doroshen-
ko and Glauberman, 2012 [4]). The main challenge in the practical application of a
packing structure is the wettability of the packing element surfaces and the stability
of the liquid film movement when the film directly interacts with gas flow. In a study
conducted by Gomes et al. (2005), the authors employed porous ceramic structures as
the main elements for IEC construction. The application of ceramic blocks with mul-
tichannel porous structures of the surface allowed to increase rated gas and liquid ca-
pacity, as well as the area of the wetted surface of the packing (Gomes et al., 2005

[7D.

A number of the HMTE developed for cooling units is shown in Figs. 5-7 (DEC
of air and water, CTW, and IEC). The packing of the film transverse flow HMTE is
made of the units, based on lamellate multichannel structures of CPM, which are
filled with water; the air flows are moved between them. The plates are mounted ver-
tically or horizontally, equidistantly from each other.

The device of DEC is shown in Fig. 5. The liquid penetrates into the air flow
through the pores of the dividing wall (Fig. 5C.) The outer surface of the plate is wet-
ted by the liquid, and the process of heat and mass exchange is realized in the partly
deepened liquid of the wall channel. This allows for the avoidance of partial liquid
distribution on the surface of the packing that is typical in traditional film HMTE
when part of the unwetted surface is eliminated from the heat and mass transfer
process. In the same manner, this excludes liquid drops removal by the air flow. Ac-
cording to the similar scheme, the evaporative cooler of water CTW with outside heat
load can be created (Fig. 6).

Schematic diagrams for flow movements and directions of heat and mass trans-
fer in the proposed cooler systems are shown in Figs. 5B, 6B, and 7B. O, and O are
the heat flows rejected from the liquid surface by convection and evaporation (W); o
?nd B are coefficients of heat and mass transfer, respectively, (W m~K™"' and kg m™s’

).

The schematic diagram of the IEC is shown in Fig. 7. At the entrance of the de-
vice, the ambient air flow is divided into primary P and secondary S air flows. Sec-
ondary air flow comes in direct contact with liquid, which penetrates through micro-
pores in the ceramic plate (Fig. 7C) to the “wet” channels, where the process of eva-
porative cooling of the liquid, located in the cavities of the “wet” part of the cooler,
takes place; in the “dry” channels, which alternate with “wet” channels, the primary
air flow is in motion — it is cooled at a constant humidity ratio. “Dry” channels of the
[EC are built of thin-walled metal plates (multichannel plates). Optimal values of the
density of the ceramic packing layer (the distance between sheets in cells of packing
and between cells in the packing layer, and overall dimension of the packing) for
DEC and IEC of all modifications were determined previously, according to theoreti-
cal and experimental study of the heat and mass transfer in HMTE of the film type
(Doroshenko and Glauberman, 2012 [4]). The values of equivalent diameters of the
packing channels are 15...20mm. The equivalent diameters values of multichannel
plates and interchannel space (channel between cells of packing, where the process of
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heat and mass transfer takes place) for /EC are equal, but they can differ from against
assumed proportions of the contacting flows.

An absorber (air dryer) can be made in one of three variants: with technologi-
cal cooling tower (CTWt) and outside heat exchanger for the cooling of desiccant en-
tering the absorber; with CTWt and inbuilt heat exchanger in the body structure of
the absorber; with inner evaporative cooling of the absorber. The latter solution re-
sults in an increase in density of the whole solar system unit, as well as an increase in
isothermality of the absorption process of up to 20-25%, and therefore the increase of
absorption process efficiency (Doroshenko and Glauberman, 2012 [4]). Inner evapor-
ative cooling of the absorber eliminates the additional CTW.

3. The perspectives of solar liquid desiccant cooling systems. Analysis of
the results. The ASHRAE Standard (2005) [1] for comfort conditions in the summer
period specifies temperature of 25°C with a 10g@kg” humidity ratio. Comfort zone
(CZ) around recommended data is considered in this study according to State
Standard 12.1.005-88 and State Standard 30494 for the summer period.

On the basis of obtained results on the efficiency of solar collector-regenerator
(SC-R), and considering previously received data about efficiency of the absorber
and /EC (Doroshenko and Glauberman, 2012 [4]), the analysis of the perspectives of
solar desiccant-evaporative air conditioning systems is made. The formula for the
system is ABR-IEC, with desiccant regeneration in SC-R. The working fluid used as
the desiccant is a water solution of LiBr, which has become the most popular for such
systems (Xie et al., 2012 [16]); however, its application is limited by its corrosion ac-
tivity to metals and other materials and its relatively high cost. The problem was con-
sidered for several initial parameters of the ambient air: three variants of absolute
humidity of 10, 15, and 20 g kg™ (at temperature 35°C), and three variants of temper-
ature of 30, 35, and 40°C (at absolute humidity of 15 g kg'). Solar desiccant-
evaporative cooling systems can provide comfort parameters for CZ according to Fig.
8-9. The processes in Fig. 8 and Fig. 8B are as follows: 1-2 — the process of dehumi-
dification in the absorber; 2-4 — the process of primary flow cooling in IEC; 2-5 —
secondary air flow in IEC; 2-3 — the process of evaporative cooling in DEC. The heat
exchanger (HEX) in Fig. 8C provides the cooling of ABR from technological CTW.
When the humidity of the ambient air is not very high, the degree of dehumidification
in the absorber can be lowered by changing the flow rate and concentration of the de-
siccant, or by increasing the processed air flow rate. This provides for the mainten-
ance of comfort parameters in the cooling space and offers additional energy econo-
my. Such a solar air conditioning system ensures energy economy up to 30-35%
compared to traditional vapor compression systems. If the temperature and humidity
of inlet air is higher (climate is hot and humid), the solution of this problem lies in the
incorporation of additional heat exchangers.

The choice between evaporative cooling of direct (DEC, process 2-3) or indirect
(IEC, process 2-4) coolers turns to DEC because it increases the generation of prod-
uct air flow, which enters the cooling space after thermal and humid conditioning.
Primary air flow cooling in IEC has a considerable advantage when the moisture con-
tent is constant, and therefore the application of IEC is preferable in such cases;
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Fig. 5. Direct evaporative cooler of air DECg on the basis of plate ceramic micro-
porous multichannel structures.

A — layout of air direct evaporated cooler DECg component, B — processes of
coupled heat and mass transfer during evaporative cooling, C — contacting pattern
of air and water flows, D — general diagram of DEC
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Designations are according to Figs. 7 and 8. Additional: 1 — “wet” channels; 2 —
“dry” channels; 10 — secondary air flow; 11 — separation chamber; 12 — withdrawing
chamber for exhaust secondary air flow with moisture separator.
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for example, for deep cooling in solar refrigeration systems. In many cases it is op-
timal to use the potential of the recirculating air flow that leaves the cooling space.

The secondary air flow is cold (19-26 °C) and humid (90%) while leaving the
[EC. It 1s possible to use it for cooling air after the absorber; this will enhance the
overall performance of the system. Simultaneously, this will complicate the system
and increase the power consumption for working fluids motion. Such a solution looks
promising from the point of view of the recondensation risk and essential drop of the
efficiency, and this risk is higher when the level of the cooling is lower (Doroshenko
et al., 1998 [6]; Doroshenko et al., 2005 [3]).

Conclusions. The application of ceramics as a material for packing in evapora-
tive coolers is discussed in the present study. Several evaporative cooling devices are
designed on the basis of ceramic elements (cooling tower, direct and indirect eva-
porative coolers). It is shown experimentally that the efficiency of such equipment is
10-20% higher due to the complete wettability of the ceramic packing. Designed coo-
lers can be easily incorporated into solar liquid desiccant systems intended for air
conditioning.

On the basis of theoretical and experimental results, preliminary analysis of the
perspectives of alternative solar liquid desiccant systems showed the potential for the
use of such systems in refrigeration and air conditioning applications (irrespective of
climatic conditions). Compared to traditional vapor compression systems, these new
solutions facilitate the reducing power consumption by up to 30-35%, and signifi-
cantly lessen negative impact on the environment.
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I'nayoepman M., /lopowenko A., Illecmonanos K., /Iroonuykuii K.,
Kyk K., Llanywens A.

CoJiHeYHBbIE 0CYIINTENIbHO-NCIIAPUTEIbHbIC X0J0AWIbHbIE CHCTEMBI C
TEIIOMACCOOOMEHHOM annmaparypo Ha OCHOBE KepaMU4eCKOl HACAAKH
(MHUKpONOpPHUCTbIe MHOTOKAHAJIbHBIE CTPYKTYPbI)

AHHOTAIIUA

B cmamuve npeonoscen memoo onpedenenus s¢hghexmusnocmu npoyecco8 coemecmuo2o
MenIoMaccooOMeHa NPUMEHUMENbHO K annapamam npsamoz0 U Henpamozo UCnapumenbHo20
OXNadNCOeHUsl cped (2308 U dHCUOKOCmell) ¢ KOHKpemuzayuel npeoeiod UCNapumeibHo20 0X-
naxcoenus. B xawecmee HacadouHvix nosepxHocme meniomaccooOMeHHbIX annapamos uc-
NOIb3YIOMC MHO2OKAHAbHbLE CIMPYKMYPbl U3 KEPAMUYECKUX DTIeMEHMO8, YMO CYUWeCMEEHHO
yeenuyugaem NOBEPXHOCMb KOHMAKMA MeXHCOY 83aUMOOeUCmEYIouuUMU NOMOKAMU 2a3d U
AHCUOKOCMU, NOBbLULAEN YCIMOUYUBOCHb CUCIEM U CHUJICAem NOmepu JHCUOKOCMU 8 CE53U C
Kkanaeynocom. Pazpabomansi, Ha ocHoge HO08020 NOKONEHUS UCNAPUMENbHBIX OXlaoumerell,
CONIHeUHble MeNIOUCNONb3YIWUe AOCOPOYUOHHBLE CUCMEMbL OXAANCOCHUS U KOHOUYUOHUPO-
8aHUsL 6030YXA U BbINOIHEH, HA OCHOBE NOJYYEHHBIX IKCNEPUMEHMATbHBIX OAHHBIX N0 I heK-
MUBHOCMU NPOYECCO8 8 ANNAPAMAX OCYWUMETbHO20 U OXIAOUMENbHO20 KOHMYPO8 CONIHEY-
HbIX CUCMEM, CPABHUMENbHbIU AHAIU3 B03MONCHOCEL MAKUX CUCEM C YUemoM KIUMAamu-
YeCKUX YCO0BULL U PENHCUMHBIX NAPAMEMPOS.

I'nayoepman M., /lopowmenko A., Illecmonanos K., /lloonuuykuii K.,
Kyk K., Ilanywens A.

COHAYHI OCYWIYBAJIbBHO-BUITAPHI XOJIOAWJIBHI CUCTEMM 3

TEINIJIOMACOOBMIHHOIO AITAPATYPOIO HA OCHOBI KEPAMIYHOI HACAJIKU

82

(MIKPOITIOPUCTI BATATOKAHAJIBHI CTPYKTYPH)

AHOTANIA

B cmammi 3anpononoganuti memoo 8usHaueHHs ephekmusHocmi npoyecié CnilbHO20 men-
JI0-MAcO0OMIHY CIOCOBHO anapamis NPAMOo20 i HeNPAMO20 BUNAPHO20 OXOJLOONHCEHHSL cepedo-
suwy (2a3ie i piouH) 3 KOHKPEMu3ayicio Mexlc BUNAPHO20 0XOJ00NCeHHs. K nosepxni meno-
MAcOOOMIHHUX anapamie GUKOPUCMOBYIOMbCA 0A2amoKAHAIbHI CMPYKMYPU 3 KepamiyHux
eleMeHmis, Wo iCMomHo 30L1bULYE NOBEPXHIO KOHMAKMY MIJNC 83AEMOOII0UUMU NOMOKAMU 2a-
3y I piounu, ni0BUWYE CMIUKICMb CUCMEM | 3HUINCYE BMPAmu PIOUHU y 36'43KY 3 KpANJieyHO-
com. Po3pobneni, Ha 0cHO8I HO8020 NOKONLIHHA BUNAPHUX 0XOL00HCYBAYIB8, COHAUHI abCOpOYii-
HI cucmemu 0X0N00NCEeHHS | KOHOUYIOHYBAHHS NOGIMPSL | BUKOHAHULL, HA OCHOBL OMPUMAHUX
eKCNepUMEHMANbHUX OAHUX N0 ePeKmUSHOCMI Npoyecié 8 anapamax OCyuty8aibHO20 i 0X0-
JI00AHCYBATILHO2O KOHMYPI@ COHAYHUX CUCMEM, NOPIGHANbHUL AHANI3 MOJMCIUBOCHEU MAKUX
cucmem 3 ypaxy8aHHAM KIIMAMUYHUX YMOE | PEHCUMHUX NAPAMEMPIS.
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FopeHne OANHOYHbBIX YaCTHII unﬁopm{a THUHTAHaA

IKCnepumMeHmanbHo MemoooM mpeKos U3yueHo 20peHue 4acmuy oubopuoa mumana 6 8ol-
COKOMEMNepamypHoM 2a3060M NOMOKE NIOCKO-NJIAMEHHOU KUCIOPOO-NPONAHOBOU 20PelKU
(24%0; + 43%H,0 + 33%C0;). Boisignen 08yXcmaoutiHblli Xxapakmep 20penusl. nepeas Oiu-
menbHas cmaoust 00YCl061eHA 8bl2opaHuem bopa, a emopas mumana. J{anHvle conocmasie-
Hbl ¢ NPeOCMAasieHHbIMU 8 Tumepamype OAHHbBIMU N0 20peHulo OOpa U MUmaHa 6 KUCiopoo-
cooepaicawell cpede

Beenenue. [{lubopun turana 7iB,, Hapsay ¢ OopuaamMu, KapOUAaMHu U TUApHIA-
MU JPYTUX METAJIOB, OTHOCHTCS K KJIACCY TMOPUIIHBIX CUCTEM, COAEpPKALUX B CBO-
€M COCTaB€ pas3JIM4HbIE rOprOYMe KOMIOHEHTHI. [Ipn mcciemoBannu npouneccoB BOC-
MJJAMEHEHUsI U TOPEHUs HEOOXOJUMO MCXOAUTh U3 MPEANOI0KEHHS, YTO KUHETHYE-
CKasl CXeMa MX pearupoBaHUs C OKUCIHUTENIEM MOJKET BKJIIOYATh LENbIA P CTaAHM
(mpoTeKaromMX Kak NapajulebHO, TaK M MOCIEAO0BATEIbHO), KaK 3TO UMEET MECTO
1d ra3odasHbIX rHOpUHBIX cucteM [1]. 3HaHMe BeayUIMX CTaaul KpailHE Ba)KHO
IUIsI MAaTEMaTHYECKOT0 MOJEIMPOBAHUS COOTBETCTBYIOIIMX IIPOLIECCOB I'OPEHUs Ta-
KHX coeuHeHuil. Kpome Toro, 3Tv UCClIeI0BaHNs UMEIOT U CAMOCTOSTEIbHBIA UHTE-
pec, MOCKOJIbKY OOpHJIbI [0 CPAaBHEHUIO C MEXaHMUYECKON CMEChI0 KOMIIOHEHTOB 00-
JaJlal0T MOBBIIIEHHON TEMIOTBOPHOM CIIOCOOHOCTBIO, YTO MO3BOJISIET paccMaTpHUBAaTh
UX KaK SHEPrOeMKHE COCTUHEHHs, MEPCIEKTUBHBIE B Ka4eCTBE 100ABOK K TBEPIbIM
pakeTHbiM ToruBaM [2, 3, 4]. IlockonbKy momoOHBIE HCCIEAOBAHUSA HE MPOBOJIU-
JIUCh, B IaHHOU pabOTe 3KCHEPUMEHTAIBHO UCCIEAYIOTCS 3aKOHOMEPHOCTU TOPEHUS
OJIMHOYHBIX YacTur 1iB;.

Marepuajbl 1 METOAUKH HCCIAeq0BaHMsA. ONbITHl MPOBOJUIUCH MPHU aTMO-
chepHOM MaBJICHUHM B BBICOKOTEMIIEPATYPHOM Ta30BOM IOTOKE, CO3aBAEMOM TMIPH
MOMOIIM TJIOCKO-TNIAMEHHOM MPOIMAaH-KUCIOPOIHON Topenku. [TonmbiTku Bocmiame-
HUTH YacTulpl 7iB, HAa TPEKOBON yCTaHOBKE [5] mpu Temmeparype MOToKa BO3ayXa
T,~ 1400 K He yBeHuanuch ycrexom. [lo-Bunumomy, ypoBeHb TEMIIEpATYp BOCILIA-
MeHeHus yactull 7iB, npessbimaet 1400 K.

JIist n3ydeHusi KUHETUKU MPEAIIAMEHHOTO OKUCIEHUS MOPOIIKOOOpa3HbIX Ma-
TEpPHUAJIOB B HACTOAILIEH paboTe UCIIONB3YETCs IKCIIEPUMEHTAIbHAsl YCTAHOBKA, CXemMa
KOTOpPOl mpuBe/ieHa Ha puc. 1.
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Puc. 1. Cxema 3KCriepuMEeHTabHON YCTaHOBKH:
1 — perynupoBOYHbIE KpaHbI, 2 — pOTaMETpPhl, 3 — MAaHOMETPHI, 4 — TOpelika, 5 — CTeK-
nsHHAS TpyOa, 6 — hoToperucTpaTop, 7 — CMECHUTEINb TOPENIKH, 8§ — TPyOKa Mo/1auu 4acTuil, 9
— BuOpatop, 10 — 3BykoBO# renepartop, 11 — axkekTop

OCHOBHBIM 3JIEMEHTOM YCTAaHOBKH SIBJISIETCS TOpEJIKa C pa3lelIbHOW mmojadei
OKHCIIUTENA U roprodero. Pacxossl ra3oB, MOCTYMAlOMIUX B TOPEIIKY, PETYIUPYIOTCS
WUTOJIbYATBIMH KpaHaAaMU W HW3MEPSIOTCS C MOMOIIBI0 poTaMeTpoB. Bo u3bexanue
MoJICOCa BO3AyXa M3 OKPYXKAIOIMIEH cpefbl (haken 3anfuiiaeTcss Tpyoou U3 TepMo-
CTOMKOTO cTekia. HeoObxoammMoe KOTMYECTBO KUCIOPOaa B OKUCIISIFOIIEM Ta3e TOCTH-
raeTcs Mpu Mmojadye €ro B KOJIMYECTBAX, MPEBBIIIAOIINX CTEXUOMETPUUECKOE OTHO-
HIEHUE KUCIIOpoJia U roproyero. M30bITouHOE 1aBiieHUE HA BXO/I€ TOPEIIKU U3MEPSET-
csi 00pa3moBeIMU MaHOMeTpamMu. KOHCTPYKIIHS TOPENIKH MpeTycMaTpUBAET BO3MOXK-
HOCTb pa30aBJICHUS TIJITAaMEHH HHEPTHBIM T'a30M.

JIns mojauu 4acTHI] COOCHO TUIAMEHU TOPEJIKKM MCIOJIb3yeTCs KOMOMHUPOBAH-
HBII MUTaTEh, COCTOSAIIUNA U3 BUOpATOpa M KEKTOpa. YacTHUIlbl MOPOIIKA IPH BUO-
pauuu MeMOpaHbl 00pa3yroT 00J1aK0, U3 KOTOPOTO uepe3 TPyOKYy M OCEBOM KaHaj B
KOPITyCE CMECHUTEJI TOPEIKH PKEKTUPYIOTCSA B Iiams ropenku. KomuuecTBo moja-
BAa€MbIX YACTHI] PEryJIUPYETCS YaCTOTOM M aMIUIUTYI0M KojebaHui MeMOpaHsbl, pac-
XOJIOM a30Ta Yepe3 IKEKTOP U BBICOTOM HIXKHETO cpe3a TpyOKM Haj MeMOpaHOM.
Pacxonm azoTa He npeBbIIAET 5 cm’/c.
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Puc. 2. TemnepatypHbIit TpodrIb ra30BOro MOTOKA

BpemeHHbIE XapaKTEpUCTUKU MPOLECCOB BOCIUIAMEHEHUS M TOPEHHUS YACTHI]
onpenenstorcs 1no GororpadusM TPeKOB — YCTAHOBKA MOKET OBITh 000pyA0OBaHa BbI-
COKOCKOPOCTHBIM  (poTOperucTpatopoM wid  (oroanmaparoM ¢  JIUCKOM-
oOTIOpatopoM. Bpems 3ayiepKKu BOCILUITAMEHEHHUS OIpPEAEIsieTCsl 0 PacCTOSHUIO OT
MeCTa BBOJA YacTHIIbl B MuiaMsl (Cpe3a rOpesikh) A0 TOYKH, B KOTOPOM MOSBISETCA
MHTEHCUBHOE CBEUCHUE YACTHUIIbI, & BPEMS TOPEHUS — IO JIJTMHE TpeKa Ha (POTOIICH-
K€ ¥ CKOPOCTH €€ MPOTSITUBAHUS WM 110 KOJUYECTBY METOK Ha TPEKE.

N3ydenne npornecca ropeHust 4acTul NpoBOIWIOCH B cpene 24% O, +43% H,O
+ 33% CO,. CoctaB NpoAyKTOB CropaHus ra3oB, MOJABAEMbIX B FOPENKY, ONpeae-
JISJICSA MO JJAHHBIM TEPMOJAMHAMUYECKOTO pacuera. CKOpOoCTh ra30BOro MOTOKA Ompe-
Jensiach METOJIOM KMHOPETUCTPALUM TPEKOB MHEPTHBIX YacTUll. B cOOTBETCTBUU C
peKOMeHaIMAME [6] NCITOIB30BATIMCH YACTUIIBI OKMCH ITUHKA AUaMeTpoM d<30 MKM,
KOTOPBIE TOJHOCTBIO YBJIEKAJIUCh TOTOKOM. JIjisi BRIOpAaHHOTO cOCTaBa ra3oBOM cpe-
JIbI 3Ta CKOPOCTh cocTaBisiia V,,,, = (260 = 17) cm/c. U3mepenune TemnepaTypbl ra3o-
BOT'O IMOTOKA B BHICOKOTEMIIEPATYPHOIl 30HE BOJIM3HM Cpe3a rOpesiKh OCYIIECTBISIOCH
IpU IOMOLIU APKOCTHOTO ontuyeckoro nupomerpa J0OII-66 u miIaTHHOBOTO IIapuKa
nuametrpoM 0.81 mm. [Ipu mepecuere ApKOCTHOW TeMmepaTypbl Ha AEHCTBUTEIbHYIO
UCIOJIb30BAIOCh ~ 3HaueHWe  KoddduIMeHTa  H3Iy4yaTelIbHOM  CIOCOOHOCTU
€1=0,65 mn—0-35 [7]. Pacnpenenenue temneparypsl raza B 00jee X0JI0JHON YacTu pe-
aKIIMOHHON TPyOBl OMPENEsIOCh € TOMOIIBI0 TUDPEpEeHITMATBEHON XPOMETh-
amomesieBoi Tepmonapsl (quametp cnas ~350 Mkm). IlorpenHocTh U3MEPEHUS TEM-
neparypsl He npessimana 20°. B Toukax, riae MEHsIICA METOI U3MEPEHUS TEMIIEPATY-
pBI, pa3nmuuue B pe3yibTaTax He mpeBbimano 40°. Pe3yabTaThl m3MepeHus: mpoQuiis
TEMIIEPATyPhbl IPUBEEHBI Ha PUC. 2.

B pabote ncnonb3o0Baiuch NOPOIIKH MOIUOOpUIA TUTAHA BYX MOJUMUKAIUH,
OTJIMYAIOLIUXCS TeXHOJIOTUe nosydyenus: a) 7iB,-1 co cpenHUM pa3MepoM YacTHII
dr;=66 MKM U d,;=82 MKM; 0) TiB,-2 cO CpeIHUM pa3MepoM YacTull dy=7/4 MKM U
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dr=101 mxm. ITopomok 7iB,-1 mony4eH METOJIOM CaMOPACIIPOCTPAHSIIOIIETOCs BbI-
COKOTEMIIepaTypHOro cuHte3a usz MgB,u Ti, a TiB,-2 u3 B u Ti. Ilopomku nomiyya-
JIUCH MyTEM pa3MoJjia UCXOTHBIX 00pa3I0OB U MOCIEAYIONIET0 CUTOBOTO pacceBa. Yac-
THUIBI UMEJIA HETIPaBUIIbHYIO (OPMY C Pa3BUTON MOBEPXHOCTHIO. BhIOOp B KadecTBe
00BbEKTa UCCIEeI0OBAaHUS UMEHHO TakKuX (Ppakiuil ObUI MPOAMKTOBAH PSIOM COOOpa-
KEHUH. Bo-1epBhIX, UCMOIB3YEMBIN ISl PETUCTPALMA TPEKOB KMHOMATEpHUaJl UMEI
paspemarnyo cnocooHocth 70 TUHUNE/MM, YTO B MEpPECUYETe HA COOTBETCTBYIOIINI
pasMmep yacTul coctaBisier d~15 mxm. CrenoBaTenbHO, IS MEJIKOIUCHEPCHBIX
dpakuuii cneayer 0XKuaaTh OONBIION MOTPEUIHOCTH B ONPEACICHUH BPEMEHHU TOpe-
Huda. Kpome Toro, /st MeJIKOAMCIIEPCHBIX (paklUid HE UCKIIIOUEHA BEPOSITHOCTD ar-
JIOMEpalMy YacTUll MPU MPOXOKIECHUU UX Yepe3 CUcTeMy nojauu. Bo-BTopsix, pac-
X0J Hecymiero rasa (a3ora) cocrasiser (20 + 1) cm’/c. TIpu 5TOM st KPYIHOIMC-
nepcHbIX ¢pakiuuit ¢ d,>150 MKkM He oOecreunBaeTCs MOJHOE YBJICUCHUE YACTHUIL
IOTOKOM HecyIllero rasza. B aTom ciyuyae Hen3OexHbI OMUOKH B ONpEEICHUN Bpe-
MEHU TOpeHus 3a cueT MoAuduKauy GyHKIUNA pacipeiesieHus YacTHI TI0 pa3Mepam
B XOJI€ CAMOTO OTbITa. Y BETUYCHHE Pacxo/ia a30Ta HeleJIecoo0pa3Ho, MOCKOIbKY ATO
IPUBOIUT K «3aXOJIAKUBAHUIO» OKUCIUTEIBHON Cpedbl, NMPU 3TOM YacTh YaCTHII
MoTJia He BocmuiaMeHsThes. [Ipouecc ropenust yactun 7iB, ¢ukcupoBaics ¢ MoMo-
mpbio horoontuyeckoro peructparopa ®OP-2 ¢ nonepedyHoi, OTHOCUTEIHHO TpPEKa,
OPOTSHKKOM ~ 35-MUIMMETPOBOM  KUHOIUIEHKH. (CKOpOCTh  MPOTSKKU — IJIEHKH
(Vipor=150-250 cm/c) mogOupanace TakuM 00pa3om, 9TOOBI 0OECIIEYUTH JOCTATOYHOE
BPEMEHHOE pa3pelleHrue TPekoB. B kadecTBe cueTyMka BPEMEHH HCIIOJIb30Balach
JNBYXIIOJIYIIEpUOHAsI HEOHOBAs 1amnodka Ha gacrore 50 ['m.

AHanu3 KMHOIpaMM TPEKOB MOKa3all, YTO OHU COCTOSIT U3 JBYX 30H, CYLIECT-
BEHHO Pa3IMYaIOUXCs KAK JUIMTEIbHOCTBIO, TAK U MHTEHCUBHOCTBIO cBeueHus. Pas-
JIEJICHBI 3TU 30HBl «TEMHBIM» MPOMEKYTKOM, T.€. MPOMEXKYTKOM, KOTJla UHTCHCHUB-
HOCTb CBEYEHHUSI YaCTUIIBI PE3KO yMEHbIIaeTcs. Bropas craaus XxapakTepusyercs
PAKTUYECKA MTHOBEHHBIM YBEJIIMYEHHEM HMHTEHCHUBHOCTH CBEUYECHHSI M HEOOJBIION
mutenbHOCThI0. [Ipu 00paboTke KUHOTpamMM 3a BpeMsl NEPBOM CTalUU TOPEHUS
NPUHUMAIIA IPOMEKYTOK BPEMEHHU OT IMOSABJIEHUS BUAMMOIO CBEUEHHMS, 1O BTOPUY-
HOTO YBEJIMUEHHUSI SIPKOCTU TPEKa, a 32 BPEMsI TOPEHHUS YaCTULBI — CYMMY IEPBOU U
BTOpPOM cTaauu rpoiiecca (T.= T;+ Tyy). TUIHUYHBIE TPEKU FOPEHUs MoIudbopuaa TUTa-
Ha B MPOAYKTaX CrOPaHUs MPOIMAH-KUCIOPOJHOTO IJIAMEHH MPEACTaBIEHbI Ha pHC.3.

Kak mokazanu pe3yiabTaTbl 00paOOTKH TPEKOB (IIsI Ka)KIOTO MOPOIIKA YUCIIO
oOpabotaHHbIX TpeKOB cocTaBisio 400-450), MO OTHOMICHHWIO K MOJTHOMY BPEMEHH
TOpEHUs NMPOJOLKUTEIBHOCTh BTOPOU CTaluK FTOPEHUsSI COCTaBIIAET B cpenHeM 11.5%
st ppakuun TiBy-1 ¢ dyy=66 mxm, 13.5% TiB)-1 ¢ d»=82 mxwm, 14.4% nns TiB,-2 ¢
d>=74 MxMm u 15% st TiB,-2 ¢ dy=101 mxm. Pa3zopoc Bemuuunsb! T1/1,=5-30%.

BOoJBIIMHCTBO TPEKOB MMEJIO YETKO OYEPUCHHBIE TPAHUILIBI, YTO MO3BOJISIET BbI-
CKa3aTh NPEANOJI0KEHUE O TOBEPXHOCTHOM Xapakrepe ropeHust. OJTHaKo B psle Cly-
4aeB, KOr/ia Mpolecc HAUMHAJCSA Ha HEOOJBIINX PACCTOSHUAX OT cpesa ropenku (/<
10 cM), T.e. B BBICOKOTEMIIEpATypPHOM 30HE PEAKIIMOHHOMN TPyObl, TPEKHU Ha Hayallb-
HOM YYacTKe HMMEIH BEPETEHOOOpa3Hyl0 (OopMy C OTYETIMBO MPOCMATPUBAEMBIM
anpoM. Ilociie BbIXo/1a 4aCTUIIBI U3 BBICOKOTEMIIEPATYPHOM 30HBI OPEOJ BOKPYT Tpe-
Ka ucue3an. Ha kuHOrpammax 3TO COOTBETCTBOBaJO OOIIEMY OCIA0JIEHUIO TpeKa,
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Puc. 3. TunnyHble TPEKU rOPEHMS YaCTULL JUOOpUIA TUTAHA

IpUYEeM BEJIMYMHA MPOMEXKYTKA MEXKIY 30HaMU HanboJiee IPKOro CBEUEHUST YACTHUIIBI
IIpU TaKUX YCIOBUSX 3aMETHO Bo3pacraja, nHorna a0 50% ot BpeMeHu nepBoy cTa-
Uy TopeHus (puc.3a, HKHAKM TPeK).

OTMedeHHBIC BHINIE KAaYeCTBEHHBIE OCOOCHHOCTH Pa3BUTHS MPOIECCa TOPCHUS
ONMHOYHBIX YACTHI[ TMOJIMOOpPHAA THTaHa B TMPOAYKTaX CrOpaHUs MPOTMAaH-
KHCIOPOAHOTO (akena SBISIOTCS OOMIMMHU IS TOPOIIKOB OO0EHMX MOAM(PHUKAIHIA.
OpnHako, Kak MOKa3aj aHaJIu3 KMHOTPaMM, MEXJy HUMHU €CTh U CYIIECTBEHHOE pas3-
nu4ue — npu ropeHuu 1iB,-2 B psne cioydaeB HaOmoganack ¢gparmMentamnus (apoodiie-
HUE) YaCTHII, PUYEM C POCTOM HUX HAYAIBHOTO pa3Mepa YUCIIO PACHICTUBITUXCS TIPH
TOPEHHUH YacTHI] Bo3pactaeT. Tak, mist ¢ppakuuu 7iB,-2 dyy=74 MKM 1O OTHOIIIECHHUIO K
00IlIeMy YHUCIy PAacCCMOTPEHHBIX TPEKOB JJI TPEKOB, € UMEIO MECTO ApOoOiieHHe
ropsmux 4actuil coctaBuiio 21%, a nnsa dpakuuu, TiB)-2 ¢ dyy=101 MkM aHamoruy-
Hasi BenuuyuHa Bo3pocia 10 31.3%. B pesynbrare ApoOGieHHsS MPOUCXOIUIIO Kak
MpPaKTHUYECKH MoJHOoe (puc. 4a,b), Tak u yactuuHoe (puc.4c) paspylieHue yacTuilsl. B
psiZie Cy4aeB MpH MOJHOM pa3pyLICHUH YAaCTHUIIBl XapaKTep TOPEHHs] OCKOJIKOB HU-
YeM HE OTJIMYAeTCs OT OMMCAHHOIO BBIIIE XapakTepa TOpeHusl coeauHeHus 1iB,-2
(puc. 4a). IIpu oOpaboTKe KMHOTpaMM Ha BpeMeHa TOpeHHs MOJOOHBIE TPEKU HE
YYHUTHIBAITUCH.

87



®dizuka aepoaucnepcHux cucrem. — 2017. — No 54. — C.83-94

Puc. 4. ®parmenrarus ropsmux yactun 7iB,

OtMeTuM, 4TO (PparMeHTaIusl TOPSIIUX YaCTUIl B IJIAMEHU Ta30BBIX TOPEIOK
HaOIr0amach B psaae paboT i APYTrUxX BEIIECTB, HApUMeEp, s amtoMuHus [8, 9,
10]. ABTopsl onHoM U3 padot [10] siBIEeHUE pacHICTUICHUS YacTHUI] B XOJi€ TOPECHHS
CBSI3QJIM C YCJIOBUAMU MPOBEJCHUS SKCIIEPUMEHTa, @ UMEHHO C TEM, 4TO MPOIECC Io-
PEHUS IIPOTEKAET B Ia30BBIX CTPYAX C MEPEMEHHOM IO JJIMHE TeMIlepaTypou. B ombl-
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Puc. 5. nTerpanbpHbie pacnpeeieHus YaCTUI] IO pa3MepaM U BpEMEHAM F'OPEHUS:
1- F(d), 2 — F(ty). a) TiB, — 1, dyg = 66 MM; b) TiB, — 1, dyg = 82 MKM;
c) TiB, — 2, dyo = 74 mxm; d) TiB, — 2, dyo = 101 MxMm.

Tax, TJ€ BAOJb PEAKIIMOHHOW KaMepbl TeMIepaTypa MEHSJIach HE3HAYUTENbHO,
dbparMeHTanms 9acTUI] HaOIIOaNach KpaliHe penko. B HameMm ciydae, Takoe 00bsic-
HEHUE SIBJICHUS APOOJICHUS HENb3s MPU3HATh €IUHCTBEHHO BO3MOXKHBIM, IMMOCKOJIBKY
MPOBEICHHBINA MPU MPOYHMX PABHBIX YCIOBHSIX IKCIEPUMEHT C MOTUOOPUIOM THUTAHA
B Moaudukanuu | mokazana oTcyTcTBHE MOA00HOTO 3d¢eKTa IS YacTUIl TeX XKe
pa3MepoB (HAaIlOMHUM, YTO 10 JUCIIEPCHOMY COCTaBY MOPOWIKH 1iB,-1 ¢ dyy=66 MKM
u TiB,-2 ¢ dyy=74 MxM 01M3KH MEXaTy co00i). DTO MO3BOJISICT HaM BBICKa3aTh Mpe/l-
[IOJIO’)KEHUE O Pa3IMYMM B MEXaHMW3MaxX pearupoBaHUs YACTHI] MOJIMOOpHA TUTaHA,
[OJIy4YEHHOTO 10 Pa3HON TEXHOJOTHUHU.

DKclepuMEHTANIbHbIE PE3YyJIbTaThl MCCIEA0BAaHUS MPOLEcca TOPEHUsS OJUHOY-
HBIX yacTull /7B, npeacTaBieHbl HA pUC. 5 B BUJE MHTErPaJbHbIX (PYHKIMN pacipe-
JIeJIEHUs] BPEMEH FOPEHUs U YacTHl] [0 pa3MepaM, U Ha puc. 6 B BUJE 3aBUCUMOCTEN
BpEMEHHM TOpEHHsS OT pa3Mepa yacTuibl. [lockonbKy cTatuctudeckuit meroa olpa-
00TKH HHPOPMAIIMN UMEET MAKCUMaJIbHYIO OIIMOKY Ha KPAeBbIX y4acTKaX (PYHKIIMHA
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Puc. 6. 3aBUCUMOCTh BpEMEHH TOPEHUS OJMHOYHBIX yacTull TiB, ot
WX HA4aJIbHOTO pa3Mepa

pacmpenenieHus, pu COMOCTABICHUH MHTETPAIbHBIX KPUBBIX MPUBEIECHHBIX HA PUC.
5, paccmatpuBaiu ydactok 0.1 < F<0.91.

[Ipexxne yem mepelT K 0OCYX ACHHUIO MPEICTAaBICHHBIX HA pHUC. 6 3aBUCHUMO-
cteit 1.(dy) 00BACHUM, MMOYEMY HA 3TOM PHUCYHKE OIBITHBIE JTaHHBIE JJIA MOPOIIKA
TiB,-1 He pa3neneHsl 0 ABYM UccieAoBaHHBIM dpakuusaM. Kak mokaszanu pe3yibra-
Thl 00pa0OTKU MHTETpaNbHBIX (DYHKIMI pacmpenesieHus, B 00JacTu pa3MepoB yac-
tun 50 < dy < 65 MKM, T.e. B obsacTu o0ImuX Jjis 00enx (ppaxuuii moporka 7iB,-1
pasMepoB, pa3nuyue BO BpeMeHax ropenusi menbliie 2%. [TogoOHas Bocrpon3Boau-
MOCTb PE€3YyJIbTaTOB, BO-TIEPBBIX, MOJTBEPUIIA MPABHUIBHOCTh MPOBEACHHON CTaTH-
CTUYECKON 00pabOTKM IKCIEPUMEHTAJIBLHOIO MaTepuaia, U, BO-BTOPbIX, O3BOIMIIA
«CIIHUTHY» OMBITHBIC IaHHBIE O 00eUM (paKIUsIM B OAHY KPUBYIO 3aBUCUMOCTH T(d)
— kpuBas 2. lns nopomka 7iB,-2 3Ha4yeHHs] BPEMEH TOPEHUs Il PAaBHOPA3MEPHBIX
yacTul (ppakuuii ¢ dr=74 MKM U dp=101 MKM, 3aMETHO OTJIMYAOTCS APYT OT JApYyra.
[ToaTomy Ha rpaduke st nmopomika 7iB,-2 mpencTaBlIeHbl pe3yJabTaThl s KaK0M
U3 UCCJIeIOBaHHbIX (hpaklMii B OTAENbHOCTU. bosiee Toro, 1aHHbIe, MOTYYEHHBIE IS
dpakuuu ¢ d=101 MKM, OKa3ajaoch TpyAHEE YJIOXKUTb HA MOHOTOHHYIO KPHUBYIO.
ITosTomy Ha pucynke mist mopomka 7iB,-2 ¢ d,g=101 MKM NIpUBEICHBI OIMIOPHBIE TOY-
KU U, JUIsl HArJISITHOCTH, MEKy HUMH MpPOBEJIEHa allpoMaKCUMallMOHHAas KpUBasi —
kpuBas 3. [lo-BuMMOMy, HECKOJIBKO OOJIBIIUN pa30poCc AAaHHBIX JJIsl 3TOW (DpaKiuu
CBS3aH C OTMEUYECHHOM MPU KaU€CTBEHHOM OMUCAHWU KUHOTPaMM TPEKOB UHTEHCU]U-
Karuei sBiieHus (parMeHTAIN TOPSAIMX 9acTull 7iB)-2 ¢ pOCTOM HUX HadajJbHOTO
pasmepa. XOTS TPU CTAaTUCTUYECKOH 0O0pabOTKE KMHOTpAMM IMOAOOHBIE TPEKH HE
YYHUTHIBAJINCH, TEM HE MEHEE, ONTNOKA B OMPE/ICICHUN BPEMEH TOPECHHUSI 3/1eCh MOXKET
OBITH OOJIBIIIE 32 CUET CIydYaeB, KOTJa MMEJI0 MECTO YaCTHYHOE pa3pylICHUE YaCTUIIbI
B X0 npouecca ropenus. Horna, kak Hanpumep, Ha puc. 4B, 4aCTUYHOE pa3pyLie-
HUE OTYETJIMBO MpocMarpuBaiock. Ho ecau mpu ropeHur MpPOUCXOIUT BbIACICHUE
TOHKOJMCIEPCHBIX OCKOJIKOB, UyBCTBUTEIBLHOCTh KMHOMATEpHUAJia HE TMO3BOJIAET UX
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peructpupoBaTb. Kpome Toro, nHorna HabM0Aa10Ch HEOKUIAHHOE PE3KOE M3MEHE-
HUE TpPEKa, BO3MOXXHOW MPUYMHONW KOTOPOTO TaK >K€ MOTJIO CIYKHTh YaCTUYHOE
pacuieruienne yactuilbl. He uckimtoueHno, 4To MMEHHO 3THM 00CTOSTEIHLCTBOM U 00b-
SACHsIETCSl 0oJiee HU3KUM YPOBEHb BpEeMEH TopeHus nopoimka 7iB,-2 ¢ dy=101 Mkm
10 cpaBHEHHUIO C TiB,-2 ¢ dyy=74 MKM.

Kak BuIHO M3 MpencTaBIeHHBIX Ha pUC. 6 ONMBITHBIX JAHHBIX, JUIS BCEX HCCIIe-
JIOBAHHBIX TIOPOIIKOB IMOJUOOpHIa TUTAHA UMEET MECTO MPAKTHUECKU JTUHEHHAs 3a-
BUCUMOCTh BPEMEHH TOPEHUsI OJMHOYHBIX YACTHUI[ OT UX HAa4YaJdbHOTO pa3mepa. [lei-
CTBUTEJIbHO, BEJIMUYMHA OTHOIICHUS T,/dy COXpaHSET MPAKTUUYECKHU MOCTOSIHHOE 3Ha-
genne 1,/dy=10" ¢/M u mnst kpuBoit 1, mensercst B amanasone (0.93-1)-10° ¢/m mis
kpuBoii 2, u B auanazone (0.88-0.97)-10° ¢/M IS IPOBEACHHBIX HA PUCYHKE OIOD-
HbIX ToueKk ppakuuu TiB,-2 ¢ dy=101 Mxkm. B TO e BpeMsi, BeIMurMHA OTHOCUTEIb-

HOTO BPEMEHU TOPEHHS OJMHOYHBIX YacTHil (T, / dg) C POCTOM HAYaJbHOTO JUAMET-

pa yMeHbIIIaeTcsl B JBa pasza Jist KpuBbiX 1 u 2, u B 1.6 paza nnsa TiB,-2 ¢ dy=101
MKM.

[Ipu TakoM xapakTepe 3aBUCHUMOCTH BPEMEHU TOpPEHUS OT HAYAJIILHOTO JIUAMET-
pa yacTuilbl OOBIYHO JENAOT BBIBOJ O TOM, YTO MPOIIECC MPOTEKAET B KUHETUUYECKOM
pEeXKUME pearnpoBaHus, T.€. B peKUME, KOTJa CKOPOCTh TOPEHUS YaCTULbI OTIPEIeIIs-
€TCsA KUHETUKOW XUMUYECKHX peakuuii. OqHAaKO BBI3BIBAET HEKOTOPOE YAUBIICHHUE TO
00CTOSITENBCTBO, UTO B HAIIEM CiIy4yae MOJOOHBIA MEXaHW3M pearupoBaHUs HAOIIIO-
JAeTCs ISl IOCTATOUYHO KPYIHBIX YacTull — dy > 45 MxM. J{isi cpaBHEHUs mpUBeneM
aHaJOrMYHbIE JaHHbIE AJis1 Oopa. Kak mokasanu pe3ynabTaThl TEOPETUUECKOTO aHAJH-
3a Mpolecca ropeHus OJIMHOYHBIX YacTHIl OOpa, MPOBEICHHOIO0 Ha OCHOBE MO/IEIH,
YUYUTHIBAIONICH OJJHOBPEMEHHOE BJIMSIHUE HA CKOPOCTh CropaHusi Kak aud@dy3uoHHO-
ro, Tak U KHHETHYECKOTO COMPOTUBIICHUS] PEAKIIUU NIPU aTMOC(HEPHOM JaBIICHUH U B
0oJiee «OKECTKUX» M0 BHEWIHEW cpene yenoBusx (m, = 0.21, 7,=300 K) wactuusl ¢

do> 50 mxMm ropsat B nud@y3nonnom pexume [11, 12].

OO01mre 3aKOHOMEPHOCTU IpPOLIEcCa TOPEHUs OJAMHOYHBIX YacTHI] MOJUOOpuaa
TUTaHa BBISIBICHHBbIE MPU aHAJIN3€ KMHOIPAMM — JBYXCTaAMMHOCTh TPEKOB M 0OJIb-
Ias JJIMTEIBHOCTh NEPBOM CTaJuM, NO3BOJIMIM HaM BBIIBUHYTh, B KauecTBe pado-
4el, CIEAYIOIYI0 THIOTE3y O XapakTepe pearnpoBaHus 7iB, B KUCIOPOJCOAEpXkKa-
IIMX CPellax — MOCJIEI0BATEIbHOE BEITOPAaHUE KOMIIOHEHTOB cIulaBa. I1ockonbKy i
0opa, B CpaBHEHUHU C TUTAHOM, XapaKT€pPHbl HEBBICOKHE CKOPOCTU T'OPEHMsI, €CTECT-
BEHHO NPEIIOJIO0KUTh, YTO OTBETCTBEHHBIM 3a IEPBYIO CcTaauto ropenus 1iB, (1 ~
0.85 t,) sBusieTcst OOp, BBITOpaHME TUTaHAa OOYCIIaBIMBAET HAJIMYHE BTOPOH 30HBI
cBeueHus Tpeka. C 1elblo MPOBEPKU BBICKA3aHHOM TMIIOTE3bl OBLJIO MPOBEIEHO CO-
MOCTaBJICHUE TOJYYEHHBIX B HacTosIeld paboTe 3aBUCHMOCTEW BpEMEH MEepBOW U
BTOPOU CTaauu ropeHus yactul 1iB,-1 oT ux pa3mepa ¢ UMEIOLIUMUCS B JINTEPATYPE
JAHHBIMU TI0 TopeHuto O6opa [13, 14] u Tutana [15] B Kuciopoacoaep almux cpeaax
— puc. 7. OT™MeTuM, 4TO IJIsl YAOOCTBa COMOCTABJICHUS PE3YJIbTaTOB IKCIEPHUMEH-
TaJbHbIE 3HaYEHUS T, A1 B 1 Ti OTHECEHBI HE K UX COOCTBEHHOMY HAayaJIbHOMY pa3-
MepY, a K pazMepy yactuubl 7iB,, coaepKalen Takyro e MacCy COOTBETCTBYIOIErO
KOMIIOHEHTA (BOCCTAaHOBUTh UCTHHHBIN pa3Mep yacTull B u 77 HETpyAHO 1O GopMy-
naM R, ~0.843R;,, u R, ~0.884R

TiB, *
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Puc. 7. ConocraBieHne dKCIEPUMEHTAIBHBIX JJAHHBIX JIJIs1 OOpa, TUTaHa,
U 110opua TUTAHA:
o — 6op, akcniepuMeHT [16], cpena — Bo3nyx, 7-=300 K;
x — 6op, skciepumeHT [17], cpena — 0.230,+0.3C0O,+0.45N,,
T =2280K, V;:=265 cM/c;
B — TUTaH, SKCIIEPUMEHT [5], cpeaa — Bo3nyX, 1.=940-1200 K;
A — 60p, sxcriepumenT [17], cpena — 0.190,+0.16 H,0+0.11CO,+0.5N,,
T =2280 K, V=920 c™m/c;

Kpussie: 1 — 60p, pacuer o nuddy3noHHOo-kuHETHYecKoH Mmoaenu [ 18], 7.=300 K;
2- TI( dTiBz ); 3- TH( dTiBz )

Kak BuHO U3 puc. 7, 1eHCTBUTEIBHO HMEET MECTO KOPPETSALUS MEXKIY BpeMe-
HaMU{ TFOPEHHUs YacTUL TUTaHA U JJIMTEIbHOCTBIO BTOPOW CTaguu MpoLecca BbIropa-
HuA yactul 7iB, nu MeXJly BpEMEHaMH TopeHust 00pa U JUIMTENIbHOCTHIO IEPBO CTa-
nuu ropenus 7iB,. OnHako HEOOXOUMO OTMETHUTh, YTO COMOCTABISEMbIE ONBITHBIE
JaHHble 1711 O0pa, TUTaHa W ciuiaBa [iB, ObUIM MOJYYEHBl HPHU Pa3HBIX YCIOBHSX
MIPOBE/ICHMS 3KcIepuMeHTa. B 3ToM miaHe oco0o cieayeT BbIAEIUTH cnenupuy-
HOCTbh METO/1a U3YUYEHHMS IIPOLIECCOB TOPEHMS] MHANBUIYABHBIX YaCTUILL IPU TOMOIIH
ra30BbIX TOPENIOK, TEHEPUPYIOLINX BECbMa Pa3HOOOpa3HbIE IO CBOEMY XMMHUECKOMY
COCTaBy Cpefbl, BKJIIOYAOIINE, KPOME KHUCIOPOAA, APYTrUe OKHUCIUTENIbHbIE KOMIIO-
HEHTBI, Hanpumep, H,0.
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IHlleguyk B. I'., Himuu. O. B.

I'opiHHSA OIMHOYHUX YACTOK Ai0OpiAa TUTAHY

Awnoranis
Excnepumenmanvno memooom mpekie 00CHiONCEHO 2OPIHHA YACMUHOK OUOOPUOY MUMana
Y BUCOKOWBUOKICHOMY NOMOYI  NIOCKO-HONYM SAHO20 — KUCEHb-NPONAHOB020  NANbHUKA
(24%0, + 43%H,0 + 33%CQ0,). Busasneno 0eocmaditinuil xapakmep 20piHHA — nepuia 006-
2ONNUHHA CMAOisl 3yMOBNEHA USOPAHHAM DOpY, a Opyea mumana. /lani 3icmaeneno 3 onyoni-
KOBAHUMU 8 limepamypi OaHUMU NO 2OPIHHIO 6OPA | MUMAHA 8 KUCHEBMICHOMY cepedo8ULyi.

Bulanin Ph. K., Sidorov A. E., Poletaev N. 1., Kiro S. A.,
Shevchuk V. G., Nimich A. V.

Combustion of titanium diboride single particles

Summary
The combustion of titanium diboride particles in the high-temperature gas flow of a flat-
flame oxygen-propane burner (24% O2 + 43% H20 + 33% CQO2) is studied experimentally
by the track method. The two-stage character of combustion is established — the first long
stage corresponds to boron burnout and the second one — to titanium burnout. The data ob-

tained are compared with the published data on combustion of boron and titanium in an oxy-
gen-containing medium.
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3aKOHOMepHOCTH Trope€Hus 30JIbHbIX YIOJIBHBIX YaCTHUI IIPH
CaMOBOCILNIAMECHCHHH B HAIPETOM BO3YX€

IIpu ouamempax uacmuy, O6onbULe KPUMUYECKO20 OuaMempa 80CNIAMeHeHUs 8 8030yxe, C
V4emom 301bHOCMU UCCIe008AHO GIUAHUE HAYATLHO20 Ouamempa u HAOMHOCMU NOPUCTNbLX
VellepoOHbIX YaACMUY HA 3aKOHOMEPHOCMU CMAOULl 8PeMEHHbIX 3A8UCUMOCMell memMnepamy-
pbl, ouamempa u nIOMHOCMU 4acmuy. CMaouu camoycKOpeHus, K8a3ucmayuoHapHo20 2ope-
HUS U CaMONnpoussoIvbHo2o nocacauus. Ilokasano, umo Ha cmaouu 20penus, KOMopas Hauu-
Haemcsi nocie cmaouu CAMOYCKOPEHUs U 3aKAHYUBAEMCs NpUu OOCMUNCEHUU ouamempa U
NJIOMHOCMU NO2ACAHUSA, CKOPOCMb YMEHbUIeHUs NPOU3Be0eHUs NJIOMHOCMU HA Keaopam
ouamempa 30J1bHOU YACMUYbL ONPeOensemcs peakyuoHHOU CHOCOOHOCbIO Yacmuy Y20abHOU
NuLIU U He 3a8UCUm Om HAYalbHblX yciosutl. Ilonyueno evipasiceHue 0l 8pemMeHU 20peHus
NOPUCMOU KOKCOBOTU Yacmuybl U 66e0eHA HOBASl KOHCMAHMA 20PeHUsl, KOmopas onpeoensem-
¢ ceolicmeamu U CmpyKmypou yena (IHepeus akmueayuu, noOpuUcmocms).

BBeaenue. [lockonbKy pasHble MapKH yTJis OTJIMYAKOTCA MO cBoucTBam [1, 2],
TO JJIsl ONpPEJEICHUS BPEMEHH IMOJTHOTO €ro CropaHusi HEOOXOJAUMO YUYHUTHIBATh €0
OCOOCHHOCTH CTPYKTYphl U CBOMCTB. B pesynbrare ropeHusi yrojibHbIX YacTHUIl U
YMEHBIIICHUS UX IMaMeTpa U MJIOTHOCTH JO KPUTHUYECKUX 3HAUCHUIN MPOUCXOAUT UX
caMOIpou3BoJiIbHOE noracanue. [Ipu pacuere BpeMeHU CropaHusi YroJbHBIX YaCTHI]
HEOOXOJMMO 3HATh: TEMIIEpaTypy TOPEHUs] M KPUTHUECKHUE TUAMETPhl BOCIIaMEHE-
HUS, KPUTUUECKUE TUAMETPhl U TUIOTHOCTHU, MPU KOTOPHIX MPOUCXOIUT CaAMOTIPOU3-
BOJIbHOE TIOTacaHue; 00J1aCTH TOPEHUS YaCTHII.

N3BectHa skcniepumenTanbHas GopMmyna [2] aia pacdyera BpEMEHH BBITOPAHHS
KOKCOBBIX YaCTHI] YrOJIbHOM MBI, MOJyYEeHHass MpU 00pabOTKe IKCIEPUMEHTAb-
HBIX JAHHBIX B MHTEPBAJIC OTHOCUTEIIBHBIX MACCOBBIX KOHLIEHTpauii oT 23 10 98% u
pa3zMepoB vactuil ot 100 mxm g0 10 Mm:

pc,bdlf
f(Tg)YOZ,oo ’

0.9
rae ¢yskumst f(7,)=T7,” y4uTHIBACT BIHAHKE TEMIICPATYPHI Ta30BOTO IOTOKA Ha

touo =2.31-10°k, (1- X ,) (1)

BpeMs ropenus. Yucnennsiit ko3pduiment B Gopmyne (1) Ob11 momyden ¢ omnpese-
NeHHo# ommbKkoit B penenax (1.4 = 3.1) - 10°. DxcnepuMeHTaNbHbINH KO3(QQHUIHEHT
k, U1 pa3IUuYHBIX YIJed ompenessuicss OTHOCUTEIbHO YCIOBHO BBIOPAHHOIO 3Ta-

JIOHHOTO yris (Ui anTpauuta k, = 1). IloaTOMy 3KCIIEpMMEHTaIBHOE ONpECIICHHIE
k,, AJI1 KOHKPETHO HUCHOJb3yEMBIX YIJIEH MPOAOIKAETCA M B HACTOSIIEE BpeMsl, Ha-
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npuMep B [5], Iie peaklMOHHYI0 CIIOCOOHOCTD YIUISI ONPEISTUIN KaK BEITUYUHY 00-
paTtHyro K03 puuueHTy k,, . EcTeCTBEHHO, UTO BEJIMYMHA PEAKLIMOHHOMN CIIOCOOHO-

CTH yIJI AOJDKHA ONPENENsAThCd KUHETUUYECKUMHU CBOWCTBAMM YTJIS, a TAK)KE YUUTHI-
BaTh NapajuleJ]bHOE 00pa30BaHUE OKCHJOB YINIEPOJA, IMOPUCTOCTh YIUIA, HAJIWYHUE
cTe()aHOBCKOT0 MOTOKA.

Heabro nanHOi padoThl ObLT aHATN3 BPEMEHHBIX 3aBUCUMOCTEN TEMIIEPaTyphl,
JUaMeTpa U IJIOTHOCTU MOPHUCTOW YIJIEPOJHOM YaCTUUBI JJI ONpPEAEIICHHUs 3aKOHO-
MepHOCTeN ee ropeHust B AU (Py3MOHHOM peKUMeE, ONpPEAEIICHHEe KOHCTAaHThI rope-
HUSl YTOJIbHOM 4YacTUIlbl, ONpPEIEICHUE BPEMEHU TOPEHMsI OT MapaMeTpOB Ia30BOU
Cpelbl U YaCTHULIbI, aHAIU3 KO3(PPUIMEHTa PEAKIIMOHHOM CIOCOOHOCTH.

ITocTanoBKa 3agaun. DKCIEPUMEHTAIBHO J0KAa3aHO M TEOPETHYECKH 00OCHO-
BaHO [4] HEM30TEPMUUECKOE U HEOOpATUMOE MPOTEKAHNE MapaJlJIeIbHBIX K30TePMHU-
YECKUX pPEeaKlUi MepBOro MOPsAKA MO KUCIOPOAY PEaKIuil yriIepOaHON YaCTHUIII C

razamu, cozepxaimmu kuciopoa: C+0,——CO, (1), AH, = — 395 xJIx/Monb 1
2C+0,—%252C0 (1), AH, = — 209 x/lx/Monb. B pa6ote [5] ycTaHOBIEHO, UTO
CKOPOCTH MOsABJIeHUs MpoayKkToB peakumii CO,u CO B npouecce ropeHust KOKCOBBIX

YaCTHUI] COU3MEPHUMBI.
CyMMapHas CKOPOCTb XUMUUYECKHUX PEAKLUN M0 YIIIepOoAy:

12 omy) __ Me (k +2k,) L N ¥, .
nd® ot M, (k +k,) )& o

rae m, —Macca yriiepoa B 4aCTule, Kr.

CKOpOCTH XMMHYECKHX PEaKIUil U CyMMapHash CKOPOCTh XMMHUYECKOI'O TEILIO-
BBIJICJICHHS YBEJIMUHUBAIOTCS C POCTOM TEMIIEPATYphI 10 3aKOHY AppeHuyca U orpe-
JCIISIOTCS TEPBBIM MOPSIKOM [0 KOHIIEHTpauu Kuciopona. Mccienosanus [1] mo-
Ka3bIBAIOT Ha CBS3b DHEPTUH aKTHBAMK E M TIEPEIIKCIIOHCHIIMATBLHBIX MHOKHTEIICH
ko peaxmuii (k, =100 m/c, T,= 2600 K):

E. E.
k =k, exp| ——= |, k,, =k, exp| — |, E,/E, =1.1,
RT RT,
rne T — rtemmeparypa dactunbl, K; R — yHHBepcanbHas ra3oBasi TNOCTOSHHas,
JIx/(monb-K).
CKOpOCTh XMMHUYECKOTO TETUIOBBIICIICHUS:

k
e :(Qlkl +Q2k2)(1_XA) 1+levkz pngOz,S’
=Y L Se—i(k +hy,+k, +U)
O,,s 02,001+Se’ _DNM 1 2 v s0) >

rae Oy, O, — remnoBelie 3QdhexThl xumuueckux peakuuit (1) u (II), paccuuranubie Ha
enuHuILy Macchl kucinopona, JLk/krO,; k,, k, — KOHCTaHTBI CKOPOCTEN XUMHUYECKUX

peaxuuii (I) — (II); ¥, . - oTHOCHTenbHAs MaccoBas HOJSL KMCIOPOJA B rase y Io-

BCPXHOCTH YaCTHUIBI; pgs — INIOTHOCTB OKPYKAarOmICTro ra3a y moBCPpXHOCTHU YACTHUIIBI,

96



®dizuka aepoaucnepcHux cucrem. —2017. — Ne 54. — C.95-104

Kr/M’; Se — o6muit kpuTepuit CeMeHOBa, KOTOPBIH MOKA3bIBACT PO KMHETHKH pe-
aKUM{ Ha MOBEPXHOCTU M BHYTPHU YIJIIEPOJHON YacTUIbl, cT€()aHOBCKOIO TEUEHHUs
OTHOCHUTEJIBHO MaCCONEPEHOCA OKUCIIUTENA B rase.

Hannuune 301161 B yrie yMEHbIIaeT MACCOBYIO JOJIIO YIJIEPOJA, BCTYIIAIOLIETO B
peaKknuo. YMEHBIICHHE MAcChl Yriepoaa m, CBA3aHO 4Yepe3 CKOPOCTbh U3MEHEHUS
Macchl BCeH yacTHllbl (IIpeoiaras, 4YTo 0 MEpe BHITOPAHUS YACTHUIIbI 30J1a OTCIIau-
BacTCAd OT €€ MOBEPXHOCTH [1]), KOTOpas ompenensieTcss CKOPOCTSIMH YMEHbBIICHHUS
JUaMEeTpa U INIOTHOCTH YaCTHULIBIL:

a(m,) o(m,) ,70(p,) ,0(d)
1 x VA™) _ - x Va c(1-x )% d
o~ X)) == (=X )d = )2 Pl 5
e P, — IIOTHOCTh YTOJIBHOM YaCTHIIBI, KI/M; d — IMaMeTp YacTHIBI, M; X; — Mac-

b

COBast 10JIsl 30JTbI.
YMeHbIIeHrne AuamMeTpa U MIIOTHOCTH YaCTHIIBI CO BPEMEHEM OOYCIIOBIIEHO XH-
muueckumu peakiusami (1) u (1) Ha ee BHeNIHEH MOBEPXHOCTH U B 00beMe[S]:

_%_2(1 X, MC (k, +2/’€)pgs o d=0)=d,, (2
0, P.

op, 6 M

——c=—(1- S k+2k ) , t=0 , 3

ot d( 4 MOZ(1 )(k k)pgs 0,50 P(E=0)=p.,, (3)

rae M., M, — MOJIIpHBIC MacChl yIiepoaa i KUCI0pOza, KI/MOJTb.

PearupoBanue BHYTpH MOp YacCTHUIlBI ompenenseTcs 3PPEeKTUBHON KOHCTAHTOM
BHYTPEHHETO pEarupoBaHMs k,, KOTOpas ONpPEAEsAeTCS MOPO3HOCTHIO YaCTULBI ) U
YAEIBbHOU MOBEPXHOCTHIO 1op Fy [1, 5].

Kuneruka TeninomaccooOMeHa M XUMUYECKUX PEAKIUIl YIIepOIHON YaCTHUIIbI C
ra3aMy pacCcMaTpHUBAETCsl C Y4eTOM CTe(haHOBCKOTO T€UEHUs, MaccolepeHoca 1 pea-
TUPOBAHMS BHYTPU YACTHUIIbI HA TOBEPXHOCTH Top. B paboTe [5] mokazaHo, 4To 3aBu-
CUMOCTh OT BPEMEHH CpeJlHEH M0 BceMy 00beMy TeMIlepaTypbl OPUCTOM yriaepoa-
HOM YacTULIbI HAXOAUTCS U3 pelieHus TudPpepeHInanibHOro ypaBHEHU:

or 6

ot T epd derr G =dan =i TC=0=T, )
A, Nu 1 L

9is = g (T_ng)‘l‘UsopgngT;1+Se+SG(T —Tw),

rae ¢,— ynenbHas TeruioeMkoctb wactuusl, [Dx/(xrK); T, T,, T, — TeMiepaTypsl

MMOBEPXHOCTH YACTHUIIbI, OKPYKAIOIIETO Ta3a U OKpyxatomux tei, K; € — koadduru-
214

€HT YEepHOTHI 4YacTuIlpl; ¢ — mnocrosiHHas Credana-bonasiimana, BT/(MK"); Uy —

MaccoBasi CKOPOCTh CTe(aHOBCKOTO TeUeHHMsI, M/C [5].

AHam3 pe3yJbTaToB. PaccMOTpuM IMHAMUKY U3MEHEHUS TEMIIEPATYpPHI, Jra-
METpa, INIOTHOCTH MOPUCTOM YIIIepOoIHON YacTulibl U U ()y3nOHHO-KUHETUIECKOTO
oTHoWEeHUs (puc. 1) Wi IByX HayalbHBIX THAMETPOB YACTHII, IPEBBIIIAOIINX AHa-
METp BOCIUIAMEHEHUS d; MPH 33JaHHBIX 3HAYEHUSIX TEMIIEPATyphl BO3AyXa U TEMIIe-
paType CTEHOK PEaKIMOHHON yCTaHOBKH (d), d3 > d;, d| < d;). YMeHbIlIeHHE TuaMeTpa
U TUIOTHOCTH YacTHUIIBI B MpPOILIECCE TOPEHUsI MPUBOJUT K MEIJIECHHOMY POCTY KBa-
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et L K m a + Se b
2000
16001
12004

300
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Puc. 1. BpeMeHHbBIC 3aBUCMMOCTH TEeMITEpaTypbl dacTHilpl, yncia CeMeHoBa, 3Pdek-
TUBHON CKOPOCTH TETUIOBBIICIICHUS U TIPOU3BEICHUS INIOTHOCTU Ha KBaJpaT IuaMeTpa
MIOPUCTOH YTIIepoaHON YacTuibl (KpuBast 1 — HavanbHbld quametrp 40 MKM (MEHBIIIE
JraMeTpa camoBoctuiamMeHeHus d; = 45 Mxm); 2 — 100 mxMm, 3 — 150 mxm. Pacuer mo (1)
— (3). Hapamerpsr: E; = 140 xJlx/Mons; T,=1400K, T,=1400 K, F,o=2-10* m™"; 3 = 0.1;
Y, =0.23, T, = 300K, X, = 4.6%.

3UCTAIIMOHAPHON TeMmepaTrypbl TOpPEHHUs. 3a CYeT TEIUIONOTeph H3JIYYEHUEM C
YMEHBIIIEHHEM JHaMeTpa YacTULIbl O0IIUE TEIUIONOTEPH YBEIMUNBAIOTCS HE TaK Obl-
CTPO, KaK TEIJIOBBIAEICHUE 33 CUET YBEIUYEHHUS] MacCONEPEHOca KUCIOpoJa K eau-
HULIE TOBEPXHOCTH YacTUlbl. [Ipu onpeneneHHOM pa3mepe 4acTULbl U JOCTHKEHHUH
MaKCUMaJbHOW TeMIIepaTypbl TOPeHUs (T. m) 3TH CKOPOCTU CpaBHUBAIOTCS. Jlaib-
HelIIee MOHWKEHUE TEMIIEPATYPbl TOPEHUS CBSI3AHO C OTHOCUTEIBHBIM POCTOM TeEI-
JONOTEPH HaJ TEIUIOBBIIECIEHUEM IO MEPE YMEHBUIEHUS JUAMETPA YACTULIBI.

[Ipu 1OCTMXKEHUM KPUTHUECKUX 3HAYEHUU d. YMEHBIIAETCS TeMmIleparypa yac-
THUIIbI, YTO MPUBOJUT K PE3KOMY CHUKEHUIO CKOPOCTH pearupoBaHUs MOPUCTOMN yr-
nepoaHoi uvactuibl. [Ipm camMonpou3BOIBLHOM TMOTACAHMM IUIOTHOCTH YaCTHUIIBI
YMEHBIIAETCS] C POCTOM €€ Ha4YallbHOTO TUaMeTpa, a €€ JUaMeTp MPAKTUYECKU HE U3-
MeHnsieTcs (Tabm.1).

U3 puc. 1 BugHO, YTO ISl MOPUCTBIX YACTUIL, KOT/Ia MIIOTHOCTh B MpOIEcce To-
pEHUsl CYIIECTBEHHO CHUXAETCS, JIMHEWHO W3MEHSIETCS CO BPEMEHEM HE KBaJpar
araMeTpa, Kak 0ObIYHO MMeET MecTO MpH Iup(y3MOHHOM peKUME TOpPEeHHs, a Mpo-
U3BEJCHUE KBAJpaTa JHAMETPA YACTHULIBI HA €€ IJIOTHOCTh. B 3TOM ciydyae HakJIOH
KpuBbIX (puc. 1d) HE 3aBUCUT OT HAYAIBHBIX 3HAYCHHI TuaMeTpa u TioTHOCTH. [lo-
3TOMY MUMEET CMBICJI BBECTH HOBYIO KOHCTaHTY F'OPEHHUS YACTHULIBI.
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Tabauua. 1. BausiHue HaganpHOro pa3mepa yacTuisl (p., = 1440 Kr/M,
Fu=210"M", y=0.1, X, = 4.6%.) Ha napamMeTpbI IOracaHus B HATPETOM
Bosnyxe (T, = 1400K, T,,= 1400 K; Y, = 0.23).

dy, MKM 50 100 150 200
Poc, KI/M 1280 1140 1040 960
d., MKM 21.6 21.6 21.7 21.8
p..d?, MEM KT/’ 6.00-10° | 5.32:10° | 4.91-10° 4.55-10°
T..K 1807 1812 1844 1846

[logoOue ropeHusi 4acTUL pa3IMYHBIX Pa3MEPOB BHUJIHO IMPHU HMCIOJIb30BAHUU
6e3pa3mepHbIX BennyuH (puc. 2). Tak B KauecTBE peNepHON TeMmepaTypsl AJs yrie-
poma BeIOpana Temmeparypa nomtoca 7, = 2600 K. XapakrepHsiMm macmTabom Bpe-

MCHU BBI6paHa BCJIIMYNHA
2
t — MOZ pod
a
M, 8D,p,,Y,,
HCHCCOO6p33HOCTB KOTOpOﬁ 6YII€T BHUAHA ITOCJIC ITOJYYCHHA BBIPpAKCHHA OJIA MOIOU-
(bUIMPOBAHHOW KOHCTAHTHI TOPEHUS TIOPUCTON YTOJIbHOW YaCTHUIIBI.
B kauectBe MaciiTaba Js1 OCH OpAvHAT Ha pPHUC. 2C B3sATa BEJIMUMHA «MaKCH-

MaJbHONW» CKOPOCTH 3()(PEKTUBHOTO TEIUIOBBIAETICHHUS B AUQPPY3HOHHON 001acTH,
PaCCUNTAHHOW Ul HadaJbHOIro nuamerpa u temneparypsl 7, = 2600 K mpu npore-

b

KaHuu ToJIbKO peakuuu (11):
B D,p,Sh

it max = Ya2lo, 7
b

Kak BugHO 13 puc.2, yem Oanxke Ha4aJIbHbIA JHAMETP YaCTHULBI K KPUTUYECKO-
My AMaMETPy CaMOBOCILJIAMEHEHHS, TeM OOJIbIIe OTKIOHEHHS OT XapaKTepHOTO X0/1a
KpUBBIX. B BBIOpaHHBIX KOOpAMHATAX MEPUOJ MHIAYKIMU sBIsieTCs QyHKUUEH Aua-
MeTpa YacTHIlbl B OTJIIMYME OT BPEMEHU TOPEHHs, KOTOPOE OMpeeNsieTcs JUIIb yI-
JIOM HaKJIOHA KPUBBIX WM MOJU(UIIUPOBAHHON KOHCTAHTOW FOPEHUS.

J171s1 BBIOpaHHBIX pa3MEepOB YaCTHI] MOXKHO CUMTAaTh, YTO PEAKIMU TOPEHUS Yac-
TULIBI TIPOTEKAIOT B U dy3nonHoi obnactu (puc. 1b), T.e. Se >>1. B saTtom ciyuae

cymmupys 06a ypasHenus (2) u (3), ¥ yMHOXMB, COOTBETCTBEHHO, UX Ha 2dp, u d’,
IIOJTy9UM B pe3yJibTare OOIIHil 3aKOH M3MEHEHHs BEIMYHHbBI p d° CO BpeMEHEM
2
0ed)_ x Y'asnMeppy, —Br2k) 13 A
ot Mo 27k +hy+k,+Ug) 2k +k,

B npenmnonoxeHun HE3aBUCUMOCTH OT BPEMEHM MPaBOW YaCTH, UHTETPUPOBA-
Hue (5) B npenenax BpEeMEHH FOpEeHHs] MPUBOJUT K BPEMEHHOMY 3aKOHY M3MEHEHMUS

KOMIIJICKCA de HpI/I FOpCHI/H/I HaCTHUIbI KOKCaA yl“JI}I:
2 2 2
pcd = pc,bdb - Kbur (t - tind ) b pd

rae t,; — Iepuoa HHAYKIIMHA U BpeMs HadaJla TOPCHUS YaCTHULIbI.

=Pepdy (6)

=tinq
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Puc. 2. be3pa3smepHble BpEMEHHBIE 3aBUCUMOCTH TeMIEpaTypsl yacTuupsl, yncia Ce-
MEHOBA, 3((HEKTUBHON CKOPOCTH TEIUIOBBIJAEICHHUS U MPOU3BEACHHS IJIOTHOCTH Ha
KBaJIpaT JMaMeTpa MOPUCTON yriepoJHON JacTHIlbl (KpuBasi 1 — HauaabHBIA qUaMeETp
200 MM, 2 — 150 mxm, 3 — 100 mxMm, 4 — 50 mxMm. Pacuer o (2) — (4).

B nauane mporiecca ropeHuss pasMep W TUNIOTHOCTh YACTHIIBI OJM3KU K Havallb-
HBIM 3HAYEHHUSIM, a B KOHIIE TOPEHUS — K JUAMETPY U IUIOTHOCTH MOracaHus, IS KO-

2 2
TOpBIX, Kak BUIHO u3 puc. 1d, cnpasemmso p . d; >>p..d; . [loaTomy Teopernue-

ckas ¢dopmyna I BPEMEHHM TOPEHHUS IPU HCIOJIB30BAaHUU MOAUMUIIMPOBAHHOMN
KOHCTaHTBI TOPEHHUs K, UMEET CIEIYIOIINN BU:

Pide 1 M
bur B %, Kbur = (1 - XA) 4Sh . Dgpg)fozOO ' KV ? (7)
bur 0,

K = (k, +2k,) 1+§ k,
(ki +hky+k, +U, )\ 2k +k,
B 6e3pazmepnbIx nepeMeHHbIX (popMyia (7) BRITISAUT CIEAYIOMUM 00pa3oMm:
l :pc,bdlegOPgO I_XA

bur

t, Py Sh Dp, \ K

a r

Koncranta Kj, 10ocTaToyHO ci1ab0 3aBUCUT OT TEMIIEpaTypbl ra3a COIJIACHO
CTETIEHHOHN 3aBUCUMOCTHU Mpou3BeaeHus koddduurenta nuddys3uu Kuciopoja B ra-
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g0 der. MEM
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a
0 5 10 15 0 5 10 15

a b
Puc.3. a) 3aBUCUMOCTh OTHOCHUTEIIBHOTO BPEMEHU TOPEHUSI KOKCOBOW YACTHIIBI 15, / 1, B
HarpetoM Bozayxe (1400 K) ot coaepsxanus 30561 X,. HauanbHbIi 1ramMeTp 4acTHIBI d):
1) 100, 2) 150, 3) 200, 4) 250 MKxM.
0) 3aBUCUMOCTbh KPUTUUECKOTO JUaMeTpa roracaHus (€) u caMoBOCIIaMeHEeHUS (1)
OT coziep KaHus 30J1bI X 4.

n-1
3¢ M IUNIOTHOCTH ra3a OT TeMueparypsl B Buae D,p, =D, p go((ﬂé + T*) / 275) . Kon-

CTaHTa TOPCHHUS OMPEISAETCS TEIIOMU3NICCKUMU CBOMCTBAMHU rasza (BO3ayxa) W
KMHETUYECKUMHU CBOMCTBAMH YIJISI M HE 3aBUCUT OT JABJICHUS ra30BOM CMECH.

Pacuersr mo gopmynam (1) u (7) garot cormacyromiuecs: 3HadeHus. Hampumep,
BpeMeHa TropeHust dacTuiel anTpanura 200 MKM Ipu TeMmnepaTrype IMOBEPXHOCTH
2200 K B Harperom Bo3nyxe 1400 K paBHbl £, = 584 Mc U t5,,0 = 813 mc. Bpems ro-
PEHHUSI IO HECTAIMOHAPHON MOJIENI cOCTaBIIsIeET 733 Mc.

®opmyina (1) BeIoNHAETCS MPU BBICOKUX TeMIIEpaTypax razoBoil cMecH, Koraa
POUCXOJIUT CaMOBOCIIaMEeHEeHUEe YacTulibl. OiHaKoO, Mpu 0oJiee HU3KUX TeMIIepaTy-
pax, Korja eile BO3MOYKHO 3a)KUTaHUE 4YacTull [S] U TeMIieparypsl ra3a U ropsilen
YaCTHI[bl 3HAUUTEIbHO OTIUYAIOTCS, HEOOXOAUMO UCIO0JIb30BaTh BhIpaxkeHue (7).

Bausinue 30ibHO0CTH yrisg. Kputnyeckuil 1naMeTp CaMOBOCIUIAMEHEHUS yTJe-
POAHOM YaCTUIIBI d;, KOTOPBII COTJIACHO KJIACCUYECKUM IPEACTaBICHUIM [6] 0OpaTHO
MPONOPLUOHANIEH IUIOTHOCTA XMMHYECKOTO TEIUIOBBIACICHUS NIPH TEMIEPATYPE OK-
pyKarollen cpenpl, a Takxke BearuunHe (1-X,), T.e. BO3pacTaeT ¢ poCTOM COJEp KaHUs
30J1bI B yIJIE.

[Ipn HavanbHBIX pazMepax KOKCOBOW YACTHIIbI, IPEBBIIIAIOIIUX JUAMETP CaMO-
BOCIVIAMEHEHUS COrIacHO (7), aHaJUTUYECKHU YAAETCS YCTAHOBUTBH CBA3b BPEMEHHU
rOpEHMsI KOKCOBOM YaCTULbI OT COJAEPKAaHUS B HEHM 30JIbl, HAYAJIBHBIX pPa3MEpPOB Yac-
THUILbI U CBOMCTB yTJIsl.

B nenom HabmonaeTcs MHelHas yObIBaroIias 3aBUCUMOCTb BPEMEHHM TOPEHUS
OT MacCOBOW J10JIM 30i1bl B yrie (puc. 3a). Jluamerp yacTHLbl IPU CaMOIPOU3BOJIb-
HOM IIOTaCaHUM MPAKTUYECKU HE 3aBUCUT OT HAYaJIbHOTO pa3Mepa YacTHUllbl, €0 3a-
BHUCHMOCTb OT 30JIbBHOCTH 4acTulbl (puc. 3b) KauecTBO CXOJHA C 3aBUCUMOCTBIO d;

(X4).
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Puc. 4. 3aBucumMocTh TeMnepaTypbl TOPEHHUs YII€pOAHOM YaCTUIBI OT €€ HAa4aJIbHOIO
muamerpa jist a) T, = 1400 K, ¥, =0.23,b) 7, = 1600 K, ¥, =0.23.

1) dopmymna (8); 2) 3aBucumocts (9), X, = 0%; 3) 3aBucumocts (9), X, = 4.6%.

Touku 0 — nanueie MiBanoBoii, babus [1], ® — nanusie badwus [2].

Temneparypa ropeHusi KOKCOBOM YaCTHIIbI TPAKTUYECKH JIMHEHHO YMEHbBIIIACTCS
C POCTOM 30JIbHOCTH 4YacTHIlbl. Tak mpu ropeHur B HarpetoM Bosayxe (1400 K) mpu
YBEJIMYEHUH MacCOBOM J10JIM 30416l Ha 5% MOHMKEHHE cocTaisieT okoso 60 K.

TemnepaTtypa ropenusi. B pabote [2] mpoBeAeHbI SKCIIEPUMEHTAIBHBIE HCCIIe-
NOBAaHUsI TEMIIEPATYPBI TOPSAIIMX YACTUL aHTpauuTa pasmepom ot 150 mxm go 800
MKM. MaccoBasi 10J1s1 KUCJIOpO/ia B COCTaBE ra3a BapbUpoBajcs B mpeaenax 5-23%,
TeMreparypa raza usmensuiach ot 1200 no 1600 K, mpuuem temnepaTypa CTEHOK pe-
aKIIMOHHOW KaMephbl OTJIMYajgach OT TeMIepaTyphl ra3za He 6osee yem Ha 10-30 K. B
pe3yibTaTe dKCINEePUMEHTAIbHbIE JIAHHbIE OBLIM OMHMCAHbl €UHBIM YPAaBHEHHEM, OT-
paXKaIUM 3aBUCUMOCTb IEepenaaa TeMIEpPaTypbl MEXIAY TOpSIIEH YroJbHOM 4ac-
THLIEH U ra3oM OT pasMepa 4acTHLbl d (B M), Temneparypsl raza I, (B K) u otHOCH-
TeJIbHOHM MAacCOBOH KOHLEHTPAILMK KUCIOpoaa Y, B HeM:

1,

T =621-(1900-T.) " d"y,

bur — Lg = O- ( - g) 0, " (8)
3aBepilieHUE MEepPHOAa WHAYKIIMUA XapaKTepU3yeTcs TOCTHIKCHUEM TEeMIIepaTy-

pBl, OnmM3KOi K TemmepaType ropeHus. Hambomnee mpocThiM CrocOoOOM OLIEHKH ee

3HAYCHUsS SIBISICTCS HWCIOJB30BAHHE YCIOBHS CTAIlMOHAPHOCTH TEMIIEPATYPHI TPH

MPOTEKaHUM peakiui B 11 y3noHHOM 00IaCTH:

Ok +0,k
lkl +k2 2 (I_XA)prYOz :(Bcgpg +486T83~€-/7)(];’”’ _Tg)'
1 2
Oy, 1
OTKyﬂa ];mr ~ Tg +(1_XA) . 4 T3 ’
€ 14 "%%a 4
D, Nucp,
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0. = Ok + Ok, T T _ SG(T; — ij)
T k+k, T a+deoT)

9TO OOBSICHSIET YMEHbIIIEHUE 1}, C POCTOM JUaMETpa YaCTHUIIBI.

B 0Oonee oOmem ciayyae 3aBUCMMOCTh JUaMETpa YacTHLbl yTiepoja OT €€ CTa-
LHOHAPHOM TEMIIEPATYPHI, ONMKUCHIBAIOLIYI0 KPUTUUECKAE U YCTOMUYUBBIC PEKUMBI TeE-
MJI0MaccooOMeHa, MOXKHO MPEACTaBUTh B BUE [S]:

A, Nu (r-1,) E
d= ¢ : - exr{—lj )
Q1k01(1_XA) 1+Q2k2 1+ k, Pgs (B+ VBZ_AgAW) KE
Qlkl k1+k2 ¢
k +U
k +k )| 14+ —2——sk
oenlron) W) e
£ 1-X, k, ) k, ’
(Q1k1+Q2k2) 1+k1+k2 (Qlkl+Q2k2)(1_XA) 1+k1+kz Pgs
M, c,T. (k+2k,) 1
= , B=—{(1-4,)Y, —A —A4 ).
v MOz 1_‘XA (Q1k1+sz2) 2(( Sf) o ¢ W)

Ha puc. 4 nmoka3zaHo CpaBHEHHE 3HAYEHUN TEMIIEPATYP TOPEHUS, MOJTYYEHHBIX
YUCJIEHHBIM MTyTEM C UCTOJb30BAHUEM IMIUPUUYECKON popMyIibl (8) U cTallMOHAPHON
3aBUCUMOCTBIO (9). Pe3ynbrarsl KauecTBeHHO coriacyrorcs. CorinacHo 3aBUCUMOCTH
(9) Temmeparypa TOpEHMs] YaCTUIBI YOBIBAET C JIMAMETPOM MPONOPLUHUOHATHHO

T, ~d """ CymecTBeHHOE NpEBBINIEHUE PACYETHBIX 3HAYECHUM TEMIIEPATYpPhI

bur

TOpPEeHMsI HaJl SKCIIEPUMEHTAJIbHBIMU JaHHBIMU (puc. 4b) Mpu BBICOKUX TeMIEpaTypax
OKPYAIOILEro ra3za 00yCJIOBIEHO HE YYETOM IHAOTEPMUUYECKOIN ITe€TEPOreHHON peak-
unn C + CO, = 2CO [6], BKIag KOTOPOU CYIIECTBEHHBINA IIPU TEMIIEpATypax 4acTH-
bl Beime 2000 K.

OMnupuyeckas 3aBUCUMOCTD (8) HE WIUTFOCTPUPYET BIMSIHUE 30JIbHOCTH YIJIA,
YTO SIBJSIETCS €€ HEIOCTAaTKOM. B Toe BpeMs 3aBUCUMOCTH (9) MO3BOJISET € MOMpaB-
KO Ha 9HJOTEPMUYECKYIO PEAKIMIO ONUCHIBATh YMEHBIIEHUE TEMIIEPATYPhI TOPEHUS
YaCTHUI[bl KOKCA IPU HAJMYUK B HEH 30JIBI.

BoeiBoabl. B pesynbrare aHainu3a BPEMEHHBIX 3aBUCUMOCTEH TEMIIEpaTypHI,
JIMaMeTpa M IUIOTHOCTH YacTHUIbl KOKCAa YyAaJoCh YCTAaHOBUTH aHAJUTUYECKHUE 3aBU-
CHMOCTH BPEMEHHU U TEMIIEPATYPhl TOPEHUS B 3aBUCUMOCTU OT HAaYAJIbHBIX Pa3MEpPOB
YaCTUIIbl, KHHETUYECKUX CBOMCTB YIJISI U MACCOBOM JI0OJIM 30J1bl. Y CTAHOBJIEHO, YTO B
MPOIECCE TOPEHUS YAaCTHIL JJIs Clydasi €€ CaMOBOCILUIAMEHEHUSI B HAarPETOM BO3/YyXe
HEOOXOJIMMO IT0JIB30BaThCI MOIU(PUIIMPOBAHHOW KOHCTAHTON TOpPEHHUs, KOTOpas OII-
peleIsaeT IMHEMHOE YMEHBIIECHUE CO BPEMEHEM MPOU3BEACHNUS TNIOTHOCTH U KBaJpa-
Ta IMaMETpa MOPUCTOM YACTHIIBI.
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Chernenko A. S., Kalinchak V. V., Korchagina M. N., Kuzemko R. D.,
Shevchuk V. G.

Regularities in combustion of ash containing coal particles
during ignition in heated air

Summary

The effect of porous carbon particles initial diameter and density on the regularities of
their temperature, diameter and density histories ¢pme the self-acceleration, quasi-stationary
combustion and spontaneous extinction stages is studied at particles sizes exceeding the criti-
cal value of diameter, corresponding to the particle ignition in air. It is shown that at the
burning stage, which begins after the self-acceleration stage and ends, when the diameter and
density of particles extinction are reached, the descent rate of the product of the particle den-
sity and the diameter squared depends on the reactivity of the coal dust particles and does not
depend on the initial conditions. An expression for the burning time of a porous coke particle
is obtained and a new burning constant is introduced, which is determined by the properties
and structure of the coal (activation energy, porosity).

Yepuenxo O. C., Kaninuak B. B., Kopuazina M. M., Ky3zemxo P. /1.,
Illeguyk B. I.

3aKOHOMIPHOCTI rOPiHHA 30JIbHUX BYTiIbHUX YACTHHOK MPH
caMo3aliMaHHIi B HATPiTOMY MOBITPi

AmHoraris

Ilpu diamempax wacmurnox, Oinbule KpUMUYHO20 diamempa 3aUMaHHs 8 NOGIMPI, 3 Ypaxy-
BAHHAM 301bHOCMI OOCTIONCEHO BNIUE NOYAMKOBO20 Olamempa i 2yCMuUHU NOPYBAMUX 8yeile-
Yesux YacmuHOK HaA 3AKOHOMIpHOCMI Ccmaodill 4acosux 3anedcHocmeti memnepamypu,
diamempa i 2ycCmuHu 4aACMUHOK. CMAOil CAMONPUCKOPEHHS, KBA3ICMAYIOHAPHO20 2OPIHHS |
camoginbroeo seacanus. Ilokazamo, wo Ha cmaodii 2OpiHHA, AKA NOYUHAEMbCA NICS CMAOil
CAMONPUCKOPEHHsL | 3aKIHYYEMbC NpU  OOCSACHeHHI Oiamempa [ 2yCMUHU 320ACAHHA,
WBUOKICMb  3MeHUleHHs: 00OYMKY Z2YyCmMuHu Ha Keaopam oiamempa 30]1bHOI YACMUHKU
BUZHAYAEMBCSL PeaKYIUHOI0 30AMHICII0 YACMUHOK BV2IIbHO20 NULY | He 3anedcums 8i0 no-
uamkogux ymos. Ompumano eupaz 011 Yacy 20piHHA NOPYBAMOI KOKCOB0I 4acmuHKu i 86ede-
Ha HOBG KOHCMAHMA 2OPIHHA, AKA BUHAYAEMbCA GIACMUBOCMAMU | CIMPYKMYPOI 6Y2IA
(enepein akmusayii, nopyeamicms).
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Combustion of low melting point alkane particles under dc electric field

Combustion of low melting point alkanes (n-Octadecane, n-Docosane) is studied experi-
mentally under dc electric field (EF). Nearly two-fold rise of ignition delay time is observed
as a result of melting retardation under EF strength E > 60 kV/m. A burning rate constant in-
creases within the range 1020 % depending on a droplet initial diameter under. E> 82
kV/m. Droplet combustion intensification is explained by an increase of heat flux from flame
luminous zone to the droplet surface as a result of flame deformation. In so way the ignition
delay time of alkane particles increases and burning time decreases under dc EF.

Introduction. The electric field (EF) influence on gaseous fuels combustion has
been studied extensively for a long time. It is well known that hydrocarbons flames
are characterized by high degree of ionization in reaction zone due to formation of
radical ions CH;' , H;0" , C3H;' , CHO" and electrons, so the application of EF can
strongly influence the flame front behavior and combustion characteristics [1].

A pronounced effect of dc EF on the burning characteristics of gaseous alkanes
was confirmed by many experiments. To get an idea about the state of the art one can
read a comprehensive review by Tretyakov et al. [2]. It is established that under EF
the flammability limits of fuel-air mixtures expanded, the burning rate changed,
flame stabilization shifted toward lean mixtures.

At the same time combustion behavior of solid and liquid fuels under EF is stu-
died quite insufficiently. In particular, there are very few data on low melting point
solid fuels (higher alkanes, paraffin wax) combustion under dc EF. The application of
the mechanisms elaborated for combustion of gaseous mixtures does not explain the
peculiarities of condensed fuel burning under dc EF, because combustion behavior
depends appreciably on kinetics of phase transitions (melting and gasification) and
soot formation during the combustion. So the influence of EF on alkanes melting and
evaporation is to be clarified in view of the new promising space applications of al-
kanes melting and combustion: environment friendly hybrid paraffin propellants, mi-
cro-combustors and micro-actuators.

First of all we are to mention the most interesting results of other researchers.
Ilchenko and Shevchuk used the stationary droplet method [3] to study the influence
of EF (0.5 + 2 kV/cm) on combustion rate of methanol, hexane and benzene in rela-
tion to their sooting tendencies. They found that dc EF affected significantly on
smoky flames, so the mass burning rate of benzene increased linearly with rising field
strength (the total gain reaches 15%). EF effect on hexane burning was relatively
weak and the burning rate of methanol didn’t change visibly. In all cases the flame
was deflected towards the negatively charged plate of the capacitor. The deviation
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value increased with EF strength rising, and was more pronounced for luminous
flames. The methanol flame was bent in the case of incomplete combustion (the ap-
pearance of a yellow glow). The authors considered the EF influence on the burning
processes and concluded that the ion wind through charged soot particles was domi-
nant.

The investigations of liquid hydrocarbons (decane, undecane, dodecane, tride-
cane, tetradecane) combustion under electrostatic field £=10+60 kV/m [4] indicated a
sharp increase of the fuel burning rate as a result of explosive boiling. The flame
height increased by 5+10 times. The pulsations and oscillations of flame were ob-
served in the vertical and horizontal directions.

A comprehensive review of studies on liquid hydrocarbons combustion under
EF is presented in [5]. The authors marked the effect of EF on physical properties of
fuel and phase change characteristics. They showed that EF application usually in-
creased burning rate,

So, as a rule, application of dc EF led to a significant increase in hydrocarbons
burning rate. The effect is more pronounced in diffusion flames, whose propagation
velocities are much lower than those of premixed flames. But there are some excep-
tions. Authors of [6] studied the EF effect on the combustion behavior of solid pro-
pellants. They observed that application of external EF result to extinguishment of
paraffin strands burning in opposed flow of oxygen over a broad range of operating
conditions. In addition, the combustion behavior of two composite propellants was
studied under external EF. Both propellants were based on HTPB/AP combinations,
with one propellant containing aluminum and the other being non-aluminized. Appli-
cation of an EF to the composite solid rocket propellant strands demonstrated de-
creases in propellant burning rate under all operating conditions for both propellants
including changes in polarity.

It should be marked some attempts to use plasma for fuel ignition and effective
burning. For example, the using of non-equilibrium low temperature plasma for pa-
raffin ignition and combustion stabilization is proposed by professor V.Ya. Chernyak
[7]. The plasma assisted combustion of paraffin and stearin was studied experimen-
tally under transverse and rotational gliding arc. The voltage-current characteristics of
discharge were measured at the different operating conditions. The flame temperature
profiles were calculated.

The present study is aimed at detailed investigation of the dc electric field effect
on the burning characteristics of n-Octadecane and n-Docosane.

Experiment. To study combustion of Octadecane and Docosane droplets under
EF we equipped our experimental setup with flat capacitor (two copper plates 17cm
x10 cm located vertically at the distance 6 cm). The plates are connected to a high
voltage source BC-23 (Fig.1). As these alkanes are solid at room temperature, at first
a sample is to be melted in a water bath, then a droplet is formed with a syringe
needle and suspended on a tungsten filament loop (=114 mcm). Solidified droplet on
suspension is inserted into heated air, and the its heating and burning history is rec-
orded by camera through microscope objective (x32). After the droplet ignition its
flame is recorded by another camera. The movies obtained are split into separate

106



®dizuka aepoaucnepcHux cucrem. —2017. — Ne 54. — C. 105-109

£

—

B

1

©
4

4

2

9
—-
3

5

Ol

T B

]

Fig.1. The scheme of the experimental setup: 1 — a droplet; 2 — tungsten filament;
3 — the heating element; 4, 6 —video-cameras; 5 — microscope objective; 8 —computer,
9- the plane capacitor.

frames and processed by Image Processing Toolbox of MatLab. The droplet equiva-
lent diameter values at successive instants of time are determined by specially elabo-
rated correct method. At first we find a semi-perimeter of the droplet projection. Then
the droplet surface area is calculated by formula for surface of revolution of corres-
ponding function, and determine the value of the droplet equivalent diameter as a di-
ameter of circle with equal area. Then we plot the graph of droplet diameter squared

versus time d jq (¢). A burning rate constant is defined as a slope of linear part of the

curve.

It 1s found that the burning rate constant significantly increases under dc electric
field (Fig.2). For octadecane droplet burning rate rises by 10+20% depending on the
droplet initial diameter. It is also observed that the flame deflects to the negatively
charged plate and its height diminishes. The intensification of the droplet combustion
1s explained by significant increase of heat flux from the luminous flame zone to the
droplet surface due to flame shape deformation. As a result the evaporation process
accelerates, and the burning rate increases accordingly. It should be noted that the
electric field effect on burning rate is noticeable starting with £ = 33 kV/m.

The pre-ignition stage of solid alkane particle includes its heating and melting.
The substances under consideration have low melting points: n-Octadecane 28.1°C
and n-Docosane (44°C), so the droplets begin to melt almost immediately after
putting into hot air.

The droplet size histories are analyzed and compared with the characteristics of
solid-liquid phase transition in alkanes. It is found that the droplet equivalent diame-
ter increases significantly due to thermal expansion and melting, and after ignition it
decreases rapidly. So we can easily determine droplet ignition delay time as its di-
ameter rise duration.
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Fig. 2. The effect of dc electric field on Fig. 3. Octadecane droplet size history:
burning rate of Octadecane droplet: 1-2. d,=1.64 mm, 1. E=0; 2. E=82 kV/m,

d,=1.96 mm, E=0 (1), E=82kV/m (2);  7,=720K
3-4. d,=1.64 mm, E = 0 (3), E =82 kV/m

(4).

The melting of Octadecane and Docosane droplets is studied under dc electric
field in the range from 33 =117 kV/m. It is found that melting rate decreases dis-
tinctly starting with EF strength £~ 80 kV/m (Fig.3). The effect of EF is more pro-
nounced at high gas temperatures, when the melting time is about a few seconds. Al-
so the Quincke effect was observed, namely a solid residue rotation inside melt under
electric field.

Conclusions. Combustion of low melting point alkane particles has been studied
experimentally under dc electric field in the range £ =33 117 kV/m. It 1s found that
melting time rises nearly two-fold starting with £ ~ 60 kV/m. It is found that burning
rate constants increase by 10+20 % under dc electric field £ >80 kV/m. This fact is
explained by significant rise of radiation heat flow from the flame luminous zone to
the droplet surface due to flame deformation. So if an alkane droplet is solid initially
(the melting point exceeds ambient gas temperature) its pre-ignition time increases
almost two-fold as a result of melting retardation by electric field. This fact should be
taken into account when developing devices of electric field assisted combustion.
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Opnoeckaa C. I., llIkoponaoo M. C., Kapumosa @.®D., Kanunuax B. B.
T'opeHue YacTHI JIETKOMIABKUX AJKAHOB B 3JIEKTPUYECKOM MOJIe

AHHOTANUA

DKCnepumMeHmanbHo U3y4eHo 20penue 4acmuy 1ecKONIA8KUX aIKaHo8 (OKmaoeKkaH, 00Ko-
3aH) 8 NOCMOAHHOM I1eKMPUUECKOM Nnone. YCmaHo81eHo, Ymo Npu HANPA#CeHHOCMU NOJiA
gviute 60 kB/m 8pems 3a0epicKku 60CniaMeHeHUs CyujeCmeeHHo eo3pacmaem (NpumepHo
6060e) 3a cuem 3ameodneHus npoyecca niasnerus. Koncmanma ckopocmu copenus xanenv
yeenuuusaemcs Ha 10+20% 6 3asucumocmu om HAYaIbHO20 OUaMempa NPuU HANPANCEHHOCMU
noas E > 82 kB/m. Unmencugukayus 2openusi kKaneib aiKaHo8 NPU HALONCEHUU dNeKmpuye-
CK020 nosisa 00yclo6leHa 803pacmaHnuem menjio8o20 NOMoOKA U3 peaKyuoHHOU 30Hbl NIAMeHU
K no8epxHoCmu Kaniu eciedcmeaue degpopmayuu niamenu. B pesynemame 6o3pacmaem nepu-
00 UHOYKYUU BOCHIAMEHEHU YACMUY Ne2KONIABKUX ANKAHO8, 3aM0 YMEHbUAemCcs 8pemMs 20-
PeHUsl 8 NOCMOAHHOM 2JIEKMPUYECKOM NoJie.

Opnoecvka C. I., llIkoponado M. C., Kapimosa ®. @., Kaninuak B. B.
I'opiHHSI YaCTHHOK JIETKOIJIABKUX AJIKAHIB B €JIEKTPUYHOMY IOJIi

Anomauin

TopinHa yacmuHoK 1e2KoniaséKkux aikamié (OKmaoexkaw, OOKO03aH) 8 NOCMIUHOMY eJleK-
MPUYHOMY NOJI GUBYEHO eKCNEpUMEHMANbHO. Becmanoeneno, wo uac s3ampumku 3auMaHHs
3pocmae matidice 808i4i npu Hanpyxicenocmi nojs euuje 60 kB/m enacnioox eanvmyeanus npo-
yecy nnasnenus. Koncmanma weuoxkocmi eopinns kpanenv 30invuyemscs na 10-20% 3a-
JIEACHO 810 NOUAMK08020 diamempy npu Hanpyxicenocmi noas E > 82 kB/m. Inmencugixayis
20DIHHA Kpaneib alKaHi6 6 eneKmpuiHOMY Noai 00YMOGIeHO 30iIbUEeHHAM MEeni108020 NOMO-
Ky i3 peakyiiHoi 30HU NOAYM' 00 NnoeepxHi Kpanii YHACMiOOK Oegpopmayii ¢axena. B
pe3yibmami 8 NOCMIUHOMY eleKMPUYHOMY NOJIL 3pOCmaAe nepiod IHOYKYIL 3alMaHHs Yacmu-
HOK J1e2KONJIABKUX AJIKAHIB, 3ame 3MEeHULYEMbCS Yac SOPIHHAL.
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Numerical simulation of droplets deformation and breakup in shearing flows

A mathematical model is presented that describes the deformation of a single drop sus-
pended in another immiscible liquid under shear flow. The deformed droplet is assumed to be
in the form of prolate ellipsoid of revolution. The drop deformation is regarded as motion of
the centers mass of the half-drops, symmetrical with respect to the drop center. The effects of
viscid and capillary forces on the drop deformation accounted for in modeling with the aid of
the mechanical Voight’s model. A simple criterion for destruction of droplets in shear flows
has been obtained. The results of numerical calculations for droplet deformation in shear
flows are presented in comparison with experimental data of other authors. It is shown that
the model allows the prediction of behavior of deformed drops in shear flows over a wide
range of flow regimes and physical parameters of the both liquid phases.

Introduction. The problem of drop deformation and breakup in shear and
extensional flow is of academic and practical interest and was attracted close
attention over the intervening decades. Drop breakup is important for a wide range of
engineering, and biomedical applications including production and processing of
emulsions, aerosols, and drug delivery systems. In addition to many of the practical
concerns, the study of drop deformation remains a classical example of a free-
boundary problem in fluid mechanics. From the theoretical point of view, the
problem of deformation of drops is extremely complicated. The equations of motion
must be solved for flow inside and outside the drop with boundary conditions on their
surfaces, the form of which is a priori unknown, but is defined as part of the solution.

Since Taylor’s pioneer work in the 1930s [1], there have many valuable results
on the deformation and breakup of single Newtonian drops in well-defined flow
fields, Reviews [2-4] give useful summaries on both deformation and breakup stu-
dies.

Novel useful results presented in resent works on this topic [5-9] are devoted to
the modeling and optimization of the emulsification processes in relation to
increasing the production efficiency of monodisperse emulsions.

The physical problem is determined by three dimensionless numbers: the drop

Reynolds number Re=p GR’ / u,, the capillary number Ca=p GR/c, and the
viscosity ratio A=, /p, . Here, R is the undeformed drop radius, G is the shear rate,
p, 1s density of the continuous phase, p, and p_ are the dynamic viscosities of
dispersed and continuous phases, and ¢ is the interfacial tension between the liquids.
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The criteria for the droplet breakup in shear flows are usually associated with a
critical capillary number Ca_ [1-10]. At subcritical capillary numbers (Ca < Ca,, )

the drop is stabilized in the final shape of prolate ellipsoid. At supercritical capillary
numbers (Ca >Ca, ) the drop irreversibly stretches and rapidly breaks, forming

daughter droplets and smallest fragments. It is known that Ca_ is a complex function
of A=p,/p, . Both experimental and theoretical studies have focused mainly on the

determination of criteria for drop breakup under creeping shear flow conditions
(Ca,=f (X)) and size-distribution of drop fragments resulting from breakup at the

supercritical flow regime [1, 3-7, 10]. One of the main conclusions from the studies is
that the drop breakup becomes difficult when A <<1 and impossible in laminar shear
flow when A >4

Numerical simulations of the problem are generally based on a boundary integral
method, by which the creeping flow equations inside and outside the drop are trans-
formed into a form that only involves quantities at the drop surface [3, 4, 6, 8]. Drop-
let breakup was also studied with numerical simulations using a free energy lattice
Boltzmann method [9]. In spite of the major accomplishments of numerous studies on
the drop deformation and break up in shear flows, however, many important qualita-
tive questions so far remain to be answered. In particular, what are the mechanisms
for breakup and how do they depend on the system parameters including the degree
of deformation of the drop?

Formulation of the problem. One objective of the given study is to examine in
detail the time-dependent deformation of a single liquid droplet in shear flows with
numerical simulations of the process. The study focuses on a deeper analysis of the
critical conditions for the irreversible deformation of droplets, leading to their subse-
quent destruction. Below, we consider the principles of constructing a mathematical
model, which describes the evolution of an initially spherical droplet in shear flow of
another liquid over a wide range of flow regimes and physical parameters of the both
liquid phases

This model is based on the main points of the previously developed mathemati-
cal model [11], which adequately describes the deformation of droplets in non-
stationary accelerated liquid and gaseous flows. The basic position of that model is
the assumption that at all stages of deformation the drop takes the form of an ellipsoid
of revolution. In the model [11], deformation of a droplet was considered as the dis-
placement of the centers of mass of the half-drops, separated by a plane, passing
through the center of the drop and orthogonal to the flow velocity direction x. When
the centers of the half-drops move along the coordinate x in the direction of the cen-
ter of the drop, the spherical drop deforms into an oblate ellipsoid, otherwise, into a
prolate ellipsoid. These main principles are used in the development of the model of a
drop behavior in shear flows,

Let us consider a stationary shear flow of fluid with density p. and viscosity p, .

The velocity vector of the stream v is directed along the coordinate x, where as the
velocity change occurs in the direction y, and the velocity gradient
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G =dv, /dy = const. Components of the flow velocity vector: v, =G -y and vy, =0.
A drop, immersed in the liquid, moves with the flow in the direction x with a veloci-
ty equal to flow velocity v,.(yvg), where yq is the y - coordinate of the drop center.
Combining the origin of the Cartesian coordinates with drop center (xg =0, y5 =0),

one can consider the motion of the flow only relative to the drop, regarding it as
quiescent. For a shear flow the flow velocity field relative to the drop
w,(y=y,)=v.(»)—v,(y,) is symmetrical with respect to the drop center, and is in-

dependent of the position of the drop in the stream.

The stream, flowing around the droplet, causes the total dynamic action on the
drop of both inertial and viscous friction forces. Obviously, the distribution of pres-
sure along the drop surface must be symmetrical with respect to the origin (xg,yq).

The forces Fr that act on each half-drop are equal in magnitude but opposite in di-
rection.

The change in the drop shape, caused by the forces Fr action, is counteracted
by the capillary force F_, which tends to return the drop to its initial spherical shape,
and also by the dissipative forces of the viscosity of the drop itself F,, which are pro-
portional to the rate of deformation. An analogue of this physical model, which takes
into account the role of all these factors, is the mechanical Voigt’s model, describing

the behavior of a visco-elastic body. This model, schematically shown in Fig.1,
represents recurrent capillary forces F; by action of an elastic spring, and dissipative

viscous ones £, by a damping element, when both the elements work in parallel. The

half-drop mass m =2/3nR’p, is assumed to be concentrated in the geometrical center
of the half-drop. The droplet deformation is regarded as the motion of the half-drops
in the x direction. Figure 2 shows the main parameters of our model.

The deformed drop is considered as an ellipsoid of revolution with major semi-
axis a and minor semi-axes b=+ R> / a (Fig.2). As in the base model [11], the de-
gree of drop deformation is determined by the parameter a/R, which is often used in

analyzing droplet deformation in shear flows [2,6,7,9]. In some cases it is more con-
venient to use the conventional definition D =(a —b)/(a + b) which was the proposed

by Taylor [1].

When the droplet is stretched in the direction x the y - coordinate of the center of
the half-drop is y, = y,o =const. The distance of the center of mass of each half-
drop from the geometrical center of the drop itself is determined by the equation

r(t)=yx2(t)+ v, =3a/8. (1)

The parameter 7,(t) defines the current position of the center of each half-drop.
It is not difficult to calculate that ; is connected with the length of the semi-axis a
by the relation r; =3a/8. For undeformed drop (a = R), the position of the center of
mass of hemi-sphere is determined by relation .y =3R/8.
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Fig.1. Schematic drawing of the droplet Fig.2. Schematic representation of
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of the Voight’s mechanical model for a visc-  half-drop r and the change in the
ous- elastic body. orientation angle o during the drop

shear deformation.

As follows from Eq. (1), the direction 7 never coincide with the flow direction
x. The orientation of droplets is usually defined by the angle a between the direc-
tion of the vector 7 and the positive direction of the axis y [1-3, 5, 10]. The angle

o, shown in Fig.2, is important parameter of the model, because the effectiveness of
the particular shear flow in deforming a drop is strongly dependent on drop orienta-
tion in the flow.

Both experiment and modeling show [1-4, 6, 7, 9] that infinitesimal deformation
of an spherical drop in a simple shear flow occurs in the direction of 45° relative to
the flow direction v,. Hence, the initial coordinates of the center of mass of half-
drops x,, =7, -sin45" = 3\/§R/16 and y,,=r, cos45’ = 3\/§R/16 . As drop elon-
gated, its principal axis a rotates towards the flow direction x. In accordance with
Fig.2, the orientation angle o o is related to the degree of drop deformation a/R

and the position of 7; by the expressions:
o =arctg(x,/y,,) = arccos(\/z(a/R)_l) = (3\/§R/8rs) :

As noted above, the process of drop deformation is determined by the combined
effect of three forces. This are the hydrodynamic force £, the capillary force F and
the viscous force F,. Below we consider the influence of each of these forces on the

process of deformation of a drop.
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Hydrodynamic force action. The force F, that stretches the drop in the direc-

tion x is proportional to the drag of the half-drop to the stream, flowing around the
droplet, and is determined by the relation F; :z-ﬁxSyZ. Here, C 1is the drag coeffi-

cient averaged over the drop surface, p, is the hydrodynamic pressure averaged over
the surface S, and §,, is the area of the drop projection onto the plane, passing

through the center of the drop, and orthogonal to the direction x. This projection is
an ellipse with a minor axis b and a major axis y,,, which is described by equation

z=b-41—- y2 / ygv . Parameter y,, is the distance from the axis x to the plane XZ
that contacts the surface of this ellipsoid (Fig.2). At each point of the drop surface the

local pressure p, (y)=pw (y)/2=p.(G- y)2/2. Then the force F, is defined as fol-

lows

2 .G Cp.b-(y,)' G
F=[%.(S,)-ds, =52 oy (y)-dy = )G
S, 2 9 8
where y =a ((R/ 01)3 sin’ . + cos” oc). The coefficient C is valued by the equation
c=§‘(£+ = +0,6)' S 3)
2 \Re Re” L, +H,

Reynolds number for shear flows is defined as Re = p GR’ / . .

Viscous force action. The effect of viscosity forces on the deformation of drop-
lets streamlined by liquid flow has been analyzed in detail in [11], using the tensor
equation for energy dissipation in unit volume of a viscous fluid. An equation had
been obtained, which describes the rate of viscous energy dissipation dE, / dt as a

function of viscosity p,, droplet radius R, and velocity gradient Vv. With reference
to the problem at issue, the viscosity force is calculated by the equation
P dE, _dE, dr, _ 4R, .
Yoodr,  dtodt r drt

N

4)

Here p,, =p, +0.6p, is the effective viscosity, which takes into account the con-

tribution of the attached mass of the continuous phase, adjacent to the drop surface,
into the viscous force actions [11].

Capillary force action. The capillary force F, is considered as the ratio of the
surface energy increment dE, =c-dS caused by drop deformation, to the displace-
ment of the center of mass of the half- drop dry. (F, =dE/dr,=c-dS/dr,). The

analysis, carried out in [11], shows that when the spherical droplet is deformed into
the shape of an oblate or elongated ellipsoid, the capillary force F, is determined

from equations:
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capillary force F; during the droplet trans-  deformation and break-up in shear flow at

formation into oblate (left branch) and into ~ subcritical (a) and supercritical capillary

prolate (right branch) ellipsoid. numbers (b), according to the data of [7].
3 3
1-0,25-(a/R
ot (1) _Luzstan] ey 1s]
dr, 3 a e l-e) e

for oblate ellipsoid, and

3 [ 0.5-(R/a i 1—-4-(R/a)’)-arcsin e
o _ 45 _16tR's| 05 (Rfa) (1-4-(Rla)) Y .
e

2
° dr,  3a e’

for prolate ellipsoid, where e = \/ 1-b? / a’ = \/ 1-R? / a’ is eccentricity of an ellipse
with half-axes a and b.

Criteria for droplet destruction. In the investigations of droplet behavior in
shear flows the most difficult and least developed question is the justification of crite-
rion for the transition from the subcritical deformation mode, when the drop stabilizes
in the finite form of prolate ellipsoid, to the supercritical mode, when an irreversible
elongation of the droplet occurs, resulting in its destruction. As has been specified
above, this transition is customary associated with the critical capillary number Ca

cr?

which is a very complex and analytically not described function of viscosity ratio A
and Reynolds number.

Within the framework of this model, a simple criterion for the destruction of
droplets in shear flows has been obtained.

The dependence of the capillary force on the degree of drop deformation a/R,
which has been calculated from the equations (5a) and (5b), is shown in Fig.3.

The data presented reveal an important, previously unknown feature of the capil-
lary force influence on the drop deformation, when a/R > 1. From Fig.3 it can be ob-
served that, irrespective of the physical properties of both liquids, dependence
F=f (a/ R) for elongated drops has a maximum at the strictly determined value

(a/ R)cr = 2,2, which can be considered as a physical constant. Exceeding this critical

value must necessarily lead to irreversible deformation and the subsequent destruc-
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tion of the excessively elongated drop even after stopping the dynamic action of the
flow [3].

The obtained result convincingly explains the mechanism of the so-called "burst",
which denotes the flow conditions, corresponding to the onset of rapid continuous
elongation of a droplet. This effect was first observed in the Taylor experiments [1]
and was subsequently recorded by other researchers [2-4, 7, 10]. It should be noted
that the critical value of the above Taylor deformation parameter D corresponds to
D, =0.53.

As an illustration, Fig.4 shows photographs of dimethicone droplets during their
successive expansion in the shear creeping flow of castor oil in the subcritical
(Ca=0.98Ca,) (a) and the supercritical (Ca=1.01Ca,_ ) flow regime (b), according

to the data of [7]. It can be seen from the photos in Fig.4a that the shape of the stabi-
lized drop corresponds to a/R ~2.2. It should be noted that the analyses of other

photographs and graphical data on droplet deformation, given in works of various re-
searcher, also indicates that the shape of droplets, stabilized in the supercritical mode
at Ca close to Ca,,, corresponds to a/R=2.0+2.3 [2,6,7,9] or D=0.5+0.55 [3-

5, 10].

Drop deformation equations. The current shape of a drop during it stretching
depends both on the elongation parameter 7 (r) and orientation angle oc(r). There-

fore, the problem of drop evolution is expedient to solve in the polar coordinate sys-
tem (7,o ). The deformation of a drop in shear flows is determined by the displace-

ment of r; under the combined action of the above forces. The equation of motion of

the center of mass of the half-drop has the form

d’r, dr,
= =F +F +F :C“.dr

The values C,,C,, and C,, are defined, respectively, from equations (4), (5) and

m .

+Cy 1, +C. (6)

(2), taking into account that, in accordance with Eq. (1), 7,(t)=3a(t)/8. The equa-
tion (6) is solved with the following initial conditions: r,(0)=3R/8, (dr,/dt) _ =0.
The change of the orientation angle o = f(t) is determined by the equation

o :arccos((\/i-a/R)_lj=(3\/§R/8rs), (7)

which is solved jointly with equation (6) with the initial condition a(0)= 45°C.

Egs. (6) and (7) are the basic equations for the mathematical model considered
here. Unlike the most existing models, this rather simple model allows the prediction
of behavior of deformed drops both in creeping (Re,<<1) and inertial

(Re, =0,01+100) shear flows with no adjustable parameters and additional assump-

tions. This study is limited to modeling the droplets deformation in the region (A <1).
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Fig.5. Dependences of drop deformation D (a) and orientation angle o (b) on the
capillary number Ca (at A =0,08), as well as dependence Ca,, = f (7») for low viscosity

ratios (A <1). Quantitative comparison of the simulation results (solid curve) with expe-
rimental data of Torza at al. [10] (points) for R =0.3 mm, ¢ =4.1 mN/m.

Results and analysis. Below, we discuss the results of numerical calculations for
various regimes of flow around a liquid drop. A comparison is made with the known
experimental data of other authors on the deformation of droplets in shear flows.

To verify the reliability of the above model a computational experiment was car-
ried out that reproduced the conditions of the experiments, performed by Torca et. al.
[10]. In those experiments, deformation of castor oil drops (R=0.15+0.8 mm) in
creeping shear flows (Re < 0.001, G=0.1+5 s™) of organic liquids was investigated.
During each experiment, a change in the shape of the drop was recorded on the film,
and its deformation degree was represented by the parameter D =(a —b)/(a +b). The

orientation angles o were also determined. When comparing those experimental re-
gimes were picked, for which the viscosity ratio values A <1 have been used.

Figs 5a,b show a comparison of the experimental and theoretical dependencies
D=f (Ca) uno=f (Ca) for one of the regimes. It seen that the experimental points
lie reasonably close to the theoretical lines. The model with good accuracy predicts
the changes both in the deformation degree D and the orientation angle o with in-
creasing the capillary number Ca in the indicated range of its variation. This range
(Ca<0.4) refers to the subcritical flow regime (Ca < Ca,, ), and so the values D,

shown in Fig 5a, below the deformation critical value D, =0.53.

Those studies had focused primarily on relating the critical capillary number Ca_,
and viscosity ratio A. There was found that for all the systems studied the depen-
dence Ca, = f (1) has a minimum in the region 0.3+0.9 [10]. In their experiments
the critical number Ca, was evaluated as the arithmetic average of a highest subcrit-

ical Ca, when the drop does not still break and attains a steady state, and a lowest
supercritical Ca, for which the drop breaks into fragments. In our model, the critical
capillary number Ca, =p .G, R/c is calculated from Eq.(6) for given values of R,

K. and o, as a some value Ca = f(G), for which the condition a/R=(a/R),, =2,2
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1s satisfied at a certainG = G, . Figure 5S¢ shows the experimental [10] and calculated
dependences Ca_ = f (k) The results calculated, using the model, are in good

agreement with experiment in the range of values A, for which the accepted assump-
tions A <1 are valid.

The paper [10] does not give quantitative data on the time of stabilization of the
deformed drop shape or the onset of the "drop burst" moment. It was previously es-

tablished that in carrying out this type of research, a value G~ should be used as the
base temporal scale [2-4, 10]. For the interval of shear rates G, used in [10] (where
0.1+5 s, this corresponds exactly to the time scale of seconds.

To assess the ability of this model to describe shear deformation in the wider
range of shear rates G, special numerical investigations were performed. The objec-
tives of these investigations were to compare the droplet behavior in the creeping and
inertial shear flow regimes, as well as to verify the validity of the assumption that the
parameter G~' can be used as a base temporal scale not only for the Stokes flows
around the droplet, but also for the inertial ones.

The choice of model systems was determined by the possibility of varying, to a
certain extent, the physical parameters of both the phases (p,, p,, 1, 1., o) with

keeping the condition that A <1. The following systems were investigated:

1. Water drops in motor oil (pd=103 kg/m’, P, =0.8'10° kg/m’, n.=1 mPas,
1, =200 mPa's, 6=29'10" N/m, A=0,005, R =1 mm).

2. Toluen drop in water (pd=0.8'103 kg/m’, pc=103 kg/m’, u,=0.6 mPas, u =1
mPa's, 6=35107 N/m, L=0.6, R =1 mm).

For both the systems, drop deformations were considered with a gradual increas-
ing the shear rate G, up to an irreversible “burst” extension of the droplet, leading to
its destruction. The kinetics of deformation of a drop was determined by the depen-
dences a/R= f(t) and o = f(1).

The results of the calculation, in the form of kinetic dependencies a/R = f/(t)
and o= f (r), are presented in Figs. 6a,b (system 1) and Figs.7a,b (system 2).

In all cases, an increase in the shear rate G necessarily leads to the burst elonga-
tion of the drop. The results of the modeling show that this is indeed a “burst” effect,
since an insignificant increase in G (of the order of 0.01%) drastically changes the
droplet deformation regime (Fig. 6a).

The peculiarity of drop deformation depends qualitatively on the value of Rey-
nolds number. In Fig. 6a,b, where the continuous phase is high viscous motor oil, the
hydrodynamic action of the flow on the drop surface is not the inertial, but rather
viscous effect (Re <0.4). The stretching of droplets at low shear rates (G<G,,)

proceeds monotonically, so does their irreversible elongation at G > G,

In Figures 7a,b, where continuous phase is low-viscous water, the strictly iner-
tial flow regime (700) is realized. This mode is characterized by the presence of
damped oscillations of the droplet shape as it stabilizes. Simultaneously with the os-
cillations of the shape, the oscillations of the drop orientation also occur.
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Obviously, the physical nature of oscillations in the shape and orientation of low-
viscosity liquid droplets in inertial shear flows requires special discussion.

Ii will be noted that up to present neither experiments nor simulations have been
reported for the case of the time-depended drop deformation in inertial shear flows.

According to some researchers, inertia can change the initial stages of droplet de-
formation [9]. Besides, in the inertial regime, drop deformation occurs under the ac-
tion of pressure fluctuations, created by the irregular velocity of the fluid [2, 3, 6, §].

Consideration of the dynamic transition between the initial and final stages of
droplet destruction in supercritical shear flows is not included in the tasks of this
study.

Conclusion. The results of the analysis confirm the reliability of the model and
the validity of the physical provisions used in its development. The model is able to
predict the character of droplet deformation and the conditions of their destruction in
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shear flows with known regime parameters with a greater degree of accuracy than ex-
isting empirical relationships. The results of the present study can find industrial ap-
plications, such as in creation and processing of emulsions and liquid-liquid disper-
sions. Knowledge of the conditions, when this breakup mechanism occurs, may im-
prove the efficiency of production of monodisperse emulsion.

10.

11.
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Heanuykuu I'. K.

YucsieHHOEe MOAeJIUpOBaHue qeopMannu 1 Apo0JIeHus Kamneilb
B C/ABUI'OBBIX TEYCHUAX

AHHOTALIMA

Paccmompenvt npunyunvt nocmpoenus mooenu, onucvisaoujell oegpopmayuio Kaneiwv 6
COBU20BbIX NOMOKAX, 8 UHEPYUOHHOM U 8 CIOKCOBCKOM PeNCUMAX MedeHUsl, 8 UUPOKOM UH-
mepeane peicuUMHbIX napamempos npoyecca. Mooenv 6azupyemcs Ha 0onyujenuu, ymo oOe-
Gdopmupyemas xanisa umeem Gopmy 6bImMAHYMO2o danruncouda epauerus. Qocyircoaemcs
POJIb OCHOBHBIX (hAKMOPO8, ONPeOeIOUUX IBONIOYUIO KANIU 8 NOMOKe NOO 0elcmeuem cO8u-
208bIX HANPAJICEHUL. YCmaHosien Kpumepuii Hauyaia nepexooa K Heoopamumomy YOJIUHEHUO
Kaniu, npueooaujeMy K ee paspyuienuio. llpusedeHnvl pe3ynrbmamsl YUCIEHHBIX PACUENO8
CO8U2060U Oehopmayuu Kaniu npu paziuyHulX QU3UYECKUX U DPENCUMHbIX NaApamempax 8
CPaBHeHUU C IKCNEPUMEHMATbHBIMU OAHHBIMU OPY2UX ABIMOPOS.

leanuywvkuu I'. K.

YucenbHe MoeTl0BaHHA Aedopmanii i pyiiHyBaHHSA KpalJIuH
B 3CYBHHX Te4ifiX

AHOTAIIA

Posenanymo mamemamuuny mooens, wo onucye oeghopmayito Kpaneiov 8 3Cy8HUX NOMOKAX )
WuUpoKomy 0ianaszoHi 3MiHU pedcumie meuii ma Qizuunux napamempis 006ox piokux ¢asz. Mo-
oeltb 6a3yemMvbCsi Ha NPUNYULeHHE, Wo 0eOPMOBAHA KPANIUHA MAE HOPMY BUMASHYMO20 elin-
coioa obepmanns. Jlegpopmayis Kpanii po3ensioacmuscs K nepemiujeHts Yyenmpie Macu Hanie-
Kpaneiv, CUMEMPUUHUX NO 8IOHOWEHHIO 00 YeHmpy Kpanii. Bniue 6'saskux i kaniiapuux cun Ha
oeghopmayito Kpanii po3easHymo i3 3acmocy8anuim mooeii Douxma 015 8 ’a3K0 NPYICHUX Ce-
peoosuwy. Ompumano npocmutl Kpumepii NOYamKy PYUHYSBAHHS KPANJIUHU Y 3CYEHUX MeEYisX.
Haseodeno pesynomamu uucenbHux po3paxyHkie 3cy8Hoi degopmayii kpanii npu pisHux ¢izuu-
HUX T PENCUMHUX NAPAMEMPAX 8 NOPIGHAHHI 3 eKCNEePUMEHMATbHUMU OAHUMU THUUX A8MOPI6.
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O HOBBIX BO3MOKHOCTSIX ANEKTPOCTATUIECCKOTO yIaB/INBaAHUA TBepI[Oﬁ
COCTaBJIsSIIONIEN CBapoOvYHOIro a’po30Js

Paccmompeno snekmpocmamuueckoe ocasicoeHue 3apsidiCeHHbIX dacmuy meepooll co-
cmaeadioweli C8apoyHo20 a3po30is HA Cem4amom 31eKmpooe, pacnoIOHNCeHHOM NnepneHou-
KVIAPHO NOMOKY 2a308030yuwiHou cmecu. I[Ipodemoncmpuposano gopmuposanue asmo-
Gurbmpyrowe2o ci1os Ha cemuamom d1eKmpooe U GIUsAHUEe HANPAGIeHUs HABEOEHHO20 IleK-
MPULECKo20 NOJisl HA adpPOOUHAMUYECKOe CONPOMUBIEHUE CTIOA.

BBenenmne. 3anmTa cBapIiIMKoB, pabOUMX CMEKHBIX TPOPECCUl U OKpYKaIOIIEH
cpedbl OT BO3JACUCTBUS TBEPJOiM cocTapisitomei cBapoyHoro a’pozonst (TCCA) —
TOKCHUYHBIX CYOMHKPOHHBIX (d <(0.5MKM ) aspoauCIepCHBIX YaCTHII, SBISETCS BaXK-

HOM COLIMAIIbHO-3KOHOMHMYECKOM 3ajjayell CBapOYHOro MPOM3BOACTBA. B mocnenHue
20 — 25 ;ert ye BO MHOTHX CTpPaHax, B TOM 4HUCJI€ YKpauHe, Ui YIy4dlIeHUus yCJo-
BUI TpyAa B COOPOYHO-CBAPOYHBIX I[€XaX MCIOJIB3YIOT IEPEABIKHBIC U TIEPEHOCHBIC
MajorabapuTHbIC (PIIBTPOBEHTUIISIIMOHHBIC YCTAHOBKH, MPHUHIIMI JCHUCTBUS KOTO-
PBIX OCHOBAaH Ha MEXaHMYECKOW (DUIBTpAIIUU WIN DJIEKTPOCTATHIECKOM YIIaBJIMBA-
HUY TIPEABAPUTEIHHO 3apsDKeHHBIX yacTwil [ 1, 2]. Mexannyeckas GuiabTpamusi - 10C-
taTo4HO 3 dexTuBHbIN (1N =99%) Meron ounctku Bo3ayxa oT TCCA. Hemocratku
GuIbTpalMK — BHICOKOE a’pOAMHAMUYECKOE COMPOTUBIIEHUE U OBICTPOE 3a0MBaHUE
bunerpytromiero Mmarepuasnia TCCA [1]. DaekTpocTaTiueckoe yJIaBIMBaHUE adpPOJIHC-
NEPCHBIX YacTUll MeHee A ()EKTUBHBIN MpoIlecC: MaTOTadapuTHBIE ABY30HHBIE DJICK-
TPOPUIBTPHI MPU HE3HAYUTEIHHOM a’POJUHAMUYECKOM COMPOTUBJICHUU YJaBIHBa-
10T ~99% wgactur pasmepom d >1+2mMkM 1 n<80=14 B ciiydae CyOMHKPOHHBIX
yactull [3-5].

Kak moxazano [6], yBenuueHue 3(p(HEKTUBHOCTH OCAXKICHUS CYOMHKPOHHBIX
YaCTHUI] MOKET OBbITh JTOCTUTHYTO, €CJIM B JIBYX30HHOM 3JIEKTPODUIBTPE OCAAUTEIb-
HbIE DJIEKTPOJIbI, PACIOJOKEHHBIE MNapaJJIEIbHO MOTOKY Ta30BO3AYIIHOW CMeECH
(I'BC), 3ameHuTh Ha iepGopUpOBaHHBIE OCAAUTENIbHbBIE SJIEKTPOIbl, YCTAHOBJICHHbBIE
nepneHauKysipHo notoky I'BC. bnaronaps 3Tomy 3apsKeHHbIE YACTULBI CAMH ITPU-
OJIKAIOTCST K OCAJIUTEIBHBIM AJIEKTPOJaM, a HE JABUXKYTCS NapaJljieIbHO U BEPOSIT-
HOCTb MX 3JIEKTPOCTATUYECKOTO YJIaBIMBAHUS YBEJIWYMBACTCSA. AHAJIOTUYHBIN Bapu-
aHT JIBY30HHOTO AJIEKTPO(HIBTPA, B KOTOPOM MPUMEHSIOTCSI CETYATHIE OCATUTEIh-
HBIE 3JIEKTPObI, PACION0KEHHbIE IepIeHIuKYIsIpHO oToky ['BC, npeioxen B [7].
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JIAC-II

Puc. 1. Cxema 3KcriepuMEHTAIbHON YCTaHOBKHU: 1 - mepQOpUPOBAHHBIN SJEKTPOI; 2 —
CeTYaThIN JIEKTPOJL

VYBenunuenue 3pdextuBHocTy ynaBnuBanus TCCA 1 =96% pocruraercs B pesyib-
TaTe (UIBTPAIMH CYOMHKPOHHBIX YacTHIl Yepe3 CJION ocaaka, oOpa3yromuiics Ha
CETYaTOM BJIEKTPOJE.

Hacrosimass paGota mocBsimena (GpopMuUpoBaHUIO aBTO(UIBTPYIOMIETO CIIOS
TCCA Ha ceTyaTtoM 3JIEKTPOJE, PACIOI0KEHHOM nepneHauKkysipHo notoky I'BC, a
TaK)Ke BIMSIHUIO HAMPABICHHS HABEAEHHOTO JEKTPHUUECKOrO MOJIs Ha a’poJMHaAMU-
YECKOE COTPOTHBIICHUE CJIOSI.

JKcnepUMeHTa/IbHAs ycTaHOBKa. Ha pwuc.l mokasana mNpUHIHMMHATLHAS
cXeMa IKCTIepUMEHTAIbHON ycTaHOBKH. CBapKa AJIEKTPOJAaMU THAMETPOM 3MM C Py-
THIOBBIM TOKpbITHEM (AHO-4) mpoBoauiack B CBApOYHON Kamepe MOCTOSTHHBIM TO-
koM oOpatHo¥ momnspHoctd ([ =140A, U =33V). I'BC, comepxalas YacTHIIbI

TCCA, ¢ 06beMHBIM pacxooM 18 mM’/dac mocTymaa U3 cBapodHOil KaMephl CHaYalIa
B YCTPOMCTBO YHUIIOJISIPHOM 3apsiiKy, T MPOUCXOAMIA 3apsA/iKa YacTUL B IOJIE IO0-
JIOKUTEJIBHOTO KOPOHHOTO paspsiia (TOK KOpoHHOro paspsna I, =400MKA , noTeH-
[I1ajl KOpOHUpYoLEro aekrpoaa U, =+5.8kB), a 3aTeM B MakeT 0caguTeIbHON 30-
HBI AneKTpoduiibTpa. B makere nepnenaukynsapHo notoky ['BC pasmemanucs 3miek-
Tpoasl miomaaeio S =0.03m" : nepdopuposanusiii (I1D) ¢ AUaAMETPOM OTBEPCTHIA 5
MM, XKUBbIM ceueHreMm 46.3% u cetyatsiii (CD) U3 HepxKaBeIoLIEH CTalu C KBapar-
HBIMU siueiikamu. g uccnenoBanus mpouecca GopMupoBaHus aBTOQUIBTPYIOIIETO
cnosa TCCA uncnonb30Baauch ceTyaThlie 3JIEKTPoAbI ¢ pazmepoM siueek 50 u 140 mxm
(mnameTp mpoBoJiok 36 u 90 MM, xuBoe ceueHnue 34 u 37%, COOTBETCTBEHHO).
Koaddumument mpockoka (K) yactuir yepe3 CO onpeaensiii ¢ MTOMOIIBIO Jia-
3epHOro a’posojibHoro crnekrpomerpa JIAC-II [8], obecneunB m3mepeHrue CUETHOM
koHueHTparuu gactur, TCCA pasmepom 6osee 0.15 mxM Ha Bxone (Ny) U BBIXOAC
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Puc. 2. 3aBucumocTs 3apsna (B siaemMeHTapHbIX 3apsanax) yactuibl TCCA  nuametpom
0.24 MxM or koHmeHrpauumum uwactun B I[BC: [, =400mMxm, U =+5.8kB,

O =18m"/4ac.

(N) makera ocaguTeabHOM 30HBI AekTpopmnbTpa — K = N/ N,. N30kuHeTnyeckuii

ot6op nmpo6 I'BC npoBoauics 3a3eMIeHHBIMUA TPOOOOTOOPHBIMU TPYOKaMH € pacxo-
oM ln/mMuH. MakcuMaibHasi OTHOCUTENIbHAS TIOTPEITHOCTh MPU OMpPEIEICHUH pa3-
Mepa JacTHI] M X CUCTHON KOHIIEHTpaIuu He mpesbimaet 5% u 10%, cooTBEeTCTBEH-

HO, NIPH MX KOHIEHTpamuy B pode <2-10°cm ™. Tunuunble 3Hauenus N, B mpobax

~2-10°cm ™. Tlo3TOMY, UCTIOIB30BANKCH a3PO30JIbHBIE Pa30aBUTENH C KOI(PDHIHMEH-
ToM pazbasieHust 150 Ha Bxoge u 50 Ha BBIXOJI€ MaKeTa OCaAUTEIBLHON 30HBI AJEK-
TpodunbTpa (puc.l). B pa3daBurtensix mpuMeHsIIUCh a3p030JibHbIE (DUIBTPHI, CHAPSI-
xeHHble TKaHblo [letpsnoBa (PIIII) ¢ 3¢ ¢heKTUBHOCTHIO yIaBIMBAHUS HE MEHeEe
99.97% nns vactun auametpoM 0.15-0.2MKM. A3poauMHAMUYECKOE CONPOTHBIICHHE
(AP.,) m3mepsamun U-00pa3HBIM MaHOMETPOM, @ YOENbHYIO 3albUIeHHOCTh CO

G, =Am/S (rne, Am — macca ocagka TCCA) - nmyrem B3BemuBanus CO Ha diek-

TpOHHBIX aHanmuTHYecKux Becax WPA-120C (TouHOCTH 107 r).

JInst mpeaoTBpalieHusl 3JIEKTPOCTATUYECKOTO OCAXACHUS IOJIOKUTEIBHO 3a-
psoxkeHHbix uvactuy TCCA wHa [ID mnopaBancs MOJOKHUTEIBHBIM IMOTEHUIUANT
U, =+4xB (xo3d¢unment npockoka gactur depes I10 mpessiman 0.99). Ha CO
NOJABANCS OTpULATeNbHbl noreHuuan U, =—8kB. CpenHsas HanpsyKeHHOCTb
AIIEKTPUUYECKOTO TOJISI B MEXKDIEKTPOJIHOM IMPOCTpaHCTBE cocraBisuia E =5kB/cwm,
YTO COOTBETCTBYET TUIIMUYHOMY 3HAYEHMIO HANPSIKEHHOCTHU MOJISI B 30HE OCAXKIACHMUS
MajorabapuTHBIX IBY30HHBIX 3JEKTPO(UIBTPOB.

KoHncrpykuust ycrpoiictBa yHunosasipHon 3apsaaku yactuy TCCA, n mertonuka
OTIpENeICHUST 3apsIOB YaCTUIl TOAPOOHO paccMOTpeHbl B [9]. Ammpoxcumanuei
naHHbIX M3MepeHuit 3apsnoB yacTul TCCA ObUIM MOJNYYEHBI CIEIYIOIINE SMITUPH-
YECKHUE YPABHEHUS:
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Puc. 3. 3aBucumocts ko3 Puimenta npockoka (K) ot yaenbHou 3ansuieHHOCTH CO
(Gey):in, =2x10°cm™, E =5kB/em, U, =+5.8kB, I, =400MkA, O =18Mm°/uac.

1.35-10"1,

n.
" U, -1.2450%

nn,

rze: n; — CpeaHss KOHIEHTPAIKs HOHOB (1/em); 1 . — TOK KOPOHHOTO pa3psizia (MKA);
U, — noTeHIman KOpOHUPYIOUIETo 1ekTpoaa (kB); z — uncino aneMeHTapHbIX 3apsi-

K

0B, prodperaemblx dactuienn TCCA; d — nnamerp 4acTuip! (MKM); 7, — CICTHAS

koumenTparms yactuu B 'BC (1/cm’); O — o6wemusiii pacxox IBC (em’/c).

Ha puc. 2 npencraBieHa 3aBUCUMOCTb BEJTMUMHBI 3apsiia z (B dJIE€MEHTapHbIX
3apsanax), npuodperaemoro vactumed d = 0.24 MxM (CpeaHHil auUaMETP YaCTHII
TCCA [10]) B ycTpoiCTBE YHUIIOJSIPHOM 3apsiAku [9], OT KOHUEHTpALMK YacTHI] B
I'BC.

JKCIEePUMEHTAJNIbHbIC Pe3yJbTaThl U MX 00cyxaenue. Cyqd 1o MpeaAcTaB-
JICHHBIM Ha puUC.3 JAHHBIM, KOA(PQUIUEHT MPOCKOKA MOJOKUTEIBHO 3apsKEHHBIX
yactull TCCA uepe3 CD CylIeCTBEHHO 3aBUCUT OT €r0 YIEIbHOM 3albUICHHOCTH
G . 3a CUET MUKPOBBICTYIIOB, 00Pa3yIOIIUXCS U3 IEPBOHAYAIBHO OCEBILUX YAaCTHII,

YBEJIMYHMBAETCS OOIasi MOBEPXHOCTh ocaxaeHus u kKodhdumuent nmpockoka TCCA
ymeHbInaeTcs. [lepBoHaYabHO 3JEKTPOCTATHYECKOE OCAKICHUE YACTHUI[ MPOUCXO-
muT Ha mpoBosiokax CO BHyTpH stueek. [Ipu sTom GopMupyercst peixiias IeHAPUTO-

2
oOpa3Hasi CTpyKTypa ocaJka Tak, 4yTo npu G, <8r/M” 3aBucuMOCTb K OT pa3zmepa
sueek ciabasi, 9To 00yCIOBIEHO MPAKTHYECKH OAMHAKOBBIM KUBBIM cedueHreMm CD ¢
KBaJPaTHBIMU STYCHUKAMU.
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Puc. 4. Bun cmos TCCA, obOpasyromerocs Ha CD ¢ pazmepoMm stueiikn SOMKM (a)
140mkmM (6)

ITo mepe 3anonuenus sueek G, > 10r/M> Ha dpoHTanbHOI moBepxHOCTH CD

¢ pazmepoM siueek 50 MM dopmupyetcst apTopuibTpytonuit cioit TCCA ¢ addek-
TUBHOCTBIO ynaBnuBaHus 6omnee 99.5% (puc.3). Ha ¢ororpaduu aBropunsTpyroiie-
ro CJ0sl OTYETIIMBO BUIHBI HEOJHOPOJHOCTH M BETBUCTHIE OOpa30BaHUs THUIIA JICH/I-
putoB (puc.4a). Ha pponrtanbHoii moBepxHocTu CO ¢ sueiikon 140 MKkM aBTODUIIBT-
pyrouuii cioir TCCA He o0OpasyeTcsl, 1 IPOCKOK 4acTull ciado 3aBUCUT 0T G, . Ad-

pOIMHAMHYECKAs CHUJIA, EHCTBYIONAS HA YaCTHUIILI/ ICHIPUTHI B IICHTPE SIYCUKU TIpe-
BOCXOJIUT CHJIYy ayTOTE3WH, XapaKTePU3YIONIyI0 B3aMMOICHCTBUE YaCTHUIl/ ICHIPUTOB
Mexay coOOH, Kak CJIEJCTBHUE, B CIIOE€ OCaJKa 00pa3yloTcs MpsIMbIe KaHAbl JUAMET-
POM B JIECSITKH MUKPOH (puc. 40)

AspoanHamuueckoe comnpoTtuBieHne CO ¢ suelikoil 50 MKM 3aBHCUT OT
yIeNbHON 3albICHHOCTH U MOPUCTOCTH aBTO(DUIBTPYIOMIETO cliosi ocaaka (puc. 5)
[Tpu mpuOamkeHnn K Ciok0 3JeKTpoctatudeckas (Fy =ezE) U adpoauHaMUyUecKast

(F,~ Vricd *) cuibl, AeHCTBYIONIME HA YacTUIY HampasiIeHbl K CD, HOITOMY IO Mepe
YBEJIMYEHUSI TOJIIUHBI CIOSI MPOMCXOIUT €ro YIUIOTHEHUE, YMEHBIIAECTCsS MOpHC-
TOCTb U HAOIIOAAETCS CTENEHHAs allpPOKCUMALUOHHASA 3aBUCUMOCTb AP, ~ GC34.
Aspoaunamuueckoe conpotusieHue CO ¢ pazmepom sueek 140 MKM puOIU3UTEND-
HO B TPH pa3a MEHbIIE, C1a00 3aBUCUT OT YOEIbHOM 3albIIEHHOCTH - APy ~ /Gy U

OTIpeNIeIISIETCS. YUCIOM M IMaMETPOM KaHalloB, oOpa3zytomuxcs B cioe TCCA.
[Tocne obOpazoBanus aBTOodUIBTpYIOMEro ciioss Ha CO ¢ pasmepom stueek S0
MKM AP, MOXHO PEryJMpoBaTh IIyTEM U3MEHEHUS HalpaBJIEHUs U HAIIPSKEHHOCTH

3IIEKTPUYECKOTO MOJ B MEKIIEKTPOIHOM IpocTpaHcTBe. Hanpumep, npu uzmene-
HUM TOJAPHOCTH IOTEHLHUANOB JJIeKTponoB Ha U, =—4kB, U, =+8kB, cuna
F, neiicTBylolmas Ha IOJIOKHUTENBHO 3apsHKEHHBbIE YacTULBI, OyAeT HalpaBieHa

IPOTUBOIOIOKHO ckopocTu ['BC (Topmo3siiee anekTpuyeckoe nojie). B pesynbrare
YMEHBIIIAETCS CKOPOCTh ABUKEHHS YACTHUL B MEKIIEKTPOJHOM MPOCTPAHCTBE, TIIy-
OMHa WX BHEJIPEHUS B CJIOM, B MPOLIECCE MHEPIIMOHHOIO OCAXKJCHUS YaCTULIbI UCIIbI-
TBIBAIOT OTTAJIIKUBAIONIEE JEUCTBUE YXKE HAXOIAIINXCS HA CJIOE YAaCTHII, KaK CJIECT-
BHE, YMEHBIIAETCA YHCIIO U IUIOLIAAb KOHTAKTOB YacTHUIl IPYT C JAPYIOM B OCAaJIKE.
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Puc. 5. 3aBUCHMOCTH adpoauHaMuueckoro conpotusienus CD (APc5) OT yaenbHOH 3a-
nbuieHHOCTH Gy (11, = 2:10°cm™>, U, =+5.8xB, I, =400MKA , O =18m*/uac):

1) E=5xB/em, 2) E=-5xB/cm, 3) E =5kB/cM; kpuBble — anmpoKCUMAaIMOHHEIE 3a-
BHCHMOCTH

[Ipu 3TOM TPOUCXOAUT YBEIWYEHUE MOPHUCTOCTU CIIOS U HAOIIOaeTcs JIMHEWHas
anmnpoKCUMAaIMOHHAs 3aBUCUMOCTD - AP, ~ G, (puc.5). Cienyer Takke OTMETUTD,

yto pbIxyblid cioil TCCA nerko ypansercda u oOecrieuuBaer pereHepanuo CO 1o
HAYaJIbHOTO a3pPOJUHAMHYECKOTO COPOTUBIICHUSI.

3akiouenue. [lomydeHHbie pe3yabTaThl MOKA3BIBAIOT, YTO MajorabapUTHBIE
JIBY30HHBIC JJICKTPOQUIBTPHI C CETYATHIM OCATUTEIBHBIM 3JIEKTPOJOM, PaCIOJIO-
KEHHOM TMepreHauKysipHo notoky ['BC, moryT obecrnieunTs BbICOKYIO (1= 99.5%)
¢ dexTuBHOCTh ynaBnuBaHUs CyOMUKpOHHBIX yacTull TCCA mnpu CpaBHUTEIHHO
HU3KOM a’poJinHamMudeckoM comportuBieHue (AP <1-+1.5klla). Ha aToit ocHoBe OT-

KpBIBA€TCSI BO3MOXHOCTh Pa3pabOTKH HOBOTO MOKOJIEHHS BHICOKOI(DPEKTUBHBIX Ma-
J0Ta0apUTHBIX JBY30HHBIX AJIEKTPOPHUIBTPOB OYUCTKM BO3JIyXa OT CBAPOYHOTO ad-
PO30JIsI, COUETAIOMIUX SJIEMEHTHl TEXHOJOTHUH MeXaHW4YeCKOW (UIbTpalMu U dJIeK-
TPOCTATUYECKOTO YJIaBIUBAHUSL.
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Ennan A. A., Onpa M. B., Kipo C. A., Bumnsakoe B. 1.

IIpo HOBiI MOKJIMBOCTI €JIEKTPOCTATUYHOIO YJIOBJIKBAHHSA TBEPAOl
CKJIAI0BOI 3BapPIOBAJILHOIO aeP030.J10

AHOTAIIA
Posenanymo enexmpocmamuune ocaddiceHHs 3apA0HCEHUX 4ACMUHOK MBepOoi CKIA0080i
38apPI0BANLHO20 AEPO30JI0 HA CIMYACmoMy eneKmpooi, po3maulo8aHoOMy NepneHoOUKyIApHO
nomoky 2a3onosimpanoi cymiwi. IIpodemoncmposano gopmysanus asmoinempyrouozo wa-
Py Ha cimuacmomy enekmpooi i 6NiU8 HANPAMKY HABEOEHO20 eleKMPUUHO20 NOISA HA AepoOuU-
HAMIYHUU ONIp wapy.

Ennan A. A., Oprya M. V., Kiro S. A., Vishnyakov V. L

On new possibilities of the welding fume electrostatic trapping

SUMMARY
Charged welding fume particles electrostatic precipitation on the mesh electrode, which is
located perpendicular to the gas-air mixture flow, is studied. The formation of the welding
fume particles auto-filtering layer on the mesh electrode and the influence of the induced
electric field direction on the layer pressure drop are demonstrated.
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Bausinue 3alUTHOIO ra3a Ha pacnpeacJaeHue 4acTuu CBapoviHoro a’po3ojis
Imo pasmMepam.

Paccmompeno enusnue memnepamypol u pacxooa 3auumHo20 2aza HA OUCNEPCHbIU CO-
CmMas yacmuy c8apoyHO20 A3PO30Js, 00PA3VIOUUXC Npu 0Y2080l C8APKe MEmAllos 8 3d-
wumuom 2ase. Iloxkazanvl 3a6ucumMocmu OUMOOANIbLHO20 PACAPEOENeHUs YaACMUY NO PA3MEDY
om memnepamypsl 8 ouanazore om 300 oo 600K u pacxooa 3awumnoeo eaza (CO;) 6 ouana-
30He om 6 00 12 i/mun. Yeenuuenue memnepamypul 3auumnHo2o 2a3a npusooum K nepepac-
npeoeneHut0 KOHOEHCUPOBAHHO20 8eUeCmB8a MedcOy MOOAMU pacnpedeieHus U YKpPYNHeHU
UH2ATIAYUOHHBIX YACMUY C8APOUHO20 AIPO30JIA

BBenenue. J[yroBas cBapka B 3alIUTHOM ra3e IJIABAIIUMCS JIEKTPOAOM LIUPO-
KO HCIIOJb3YETCS HE TOJBKO MPU MEXAHW3HPOBAHHOM, HO M NPU aBTOMATHYECKOW M
pOOOTU3UPOBAHHON CBapKe METAJLIOB M CIJITABOB BO MHOTHX OTPACIIAX MPOMBIILICH-
HOCTH. B mporecce cBapku BBICOKOTEMIIEpATYpPHBIE MApPbl METAJUIOB 00pa3yroTCs B
pe3ynbTaTe UCIApEHHs PACIUIaBICHHOIO METAJlJIa Ha TOPLIE CBAPOYHOM MPOBOJIOKH, C
MTOBEPXHOCTU Kalleslb, KOTOpPbIE MEPEHOCATCS B CBAPOYHYIO BaHHY, U MOBEPXHOCTH
camoii CBapOYHO! BaHHBI. YacTh MapoB BHIHOCUTCS KOHBEKIMEH U3 00IacT AYTH U
OBICTPO OXJIAXKIAETCS B MPOLECCE CMEUIECHUSI C 3allUTHBIM Ta30M U OKPYXKaIOIIKUM
BO3JlyXOM M o0OpasyeT maporazoBylo cMechb. HaHowacTuisl MeTaimuia oOpa3yroTcsi B
pe3ynbTaTe KOHJEHCAllMU MapoBOi (a3bl, pocTa U KOAIECICHIIMN 3apOAbIlIeH, OHU
OKHUCJISIIOTCS, OTBEPICBAIOT U (POPMUPYIOT HAHOPA3MEPHBIE MEPBUYHbIE YaCTULIBI [ 1-
3]. BnocneacTBuuM nepBUYHBIE YACTULIBI KOATYJIUPYIOT U 00pa3yloT TOKCUUHBIE UHTa-
JSIUOHHBIE YACTHUIBI cBapOyHOTO a’po3ois (CA) pazmMepoMm 10 MUKpOMETpa, Mpe/l-
CTaBJIAIONIME ONMACHOCTh JIJIsl 3J0POBbsI CBAPUIMKOB U OKpYy:katouen cpensl [4]. Pas-
Mep vactul] CA ompeaensieT uX BICOKYH MPOHUKAIONIYIO CIIOCOOHOCTh B JbIXATEIb-
HYIO CHUCTEMY - OCAKIAIOTCSl MPEUMYIIECTBEHHO B aJbBEOJISIPHON 00JACTH, TIe Me-
XaHU3MBI OBICTPO OUMCTKH HE 3 PexTuBHHI [5, 6]. [loaTOMy, HccnenoBaHus, TO3BO-
JSIOIIKE MPOCIEINTh B3aUMOCBS3b paclpeiesieHus HHraassuuoHHbIX yactul CA 1o
pa3MepaM U MmapaMeTpoB peXHMa JYTOBOM CBapKH B 3allUTHOM rase, UMEIOT 0OJib-
I0€ MPUKJIAJHOE 3HaYCHHE U HANPAaBIICHBI Ha CO3/1aHKEe 0€30MacHbBIX YCIOBHM Tpyaa
B CBaPOYHOM ITPOU3BOJICTBE.

[Ipenpiaymuye uccienoBaHusl JyroBOKW CBapKU B 3alIMTHOM ra3e MOKa3aJid, YTO
IIPOLIECC CBApKM 3aBUCUT OT CBOWCTB 3allMTHOrO rasa [7-9]; B wacTtHOcTH, ycCTa-
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Puc. 1. Cxema 3KCIIepUMEHTAIbHOW YCTAaHOBKM: 1 — cBapouHasl kaMepa; 2 — CBapo4Has
ropesika; 3 — Bpallaloluics TUCK AJI1 HaIlUIaBKU MeTajuia; 4 — 1iesneBoi Bo3ayxo3adop-
HUK; 5 — BEpTUKAJIBHO PAacIoOJOKEeHHas TpyOa; 6 - HAKOHEUHUK TPOOOOTOOPHOU TpyOKH
JUTSE N30KMHETUYECKOTro 0TOopa mpod; 7 — a’po30JIbHBIN pa30aBUTENb; 8 - Ja3epHbINA a3-
PO30JIbHBIN criekTpoMeTp; 9 — mydenbHas snexTporneys. Puc.la. Cxema cBapouyHoOii ro-
penku: 1 — 3y1eKTpoAHAas NPOBOJIOKA; 2 — KOHTAKTHBIM HAKOHEYHUK; 3 — ra3oBO€ COILIO
CBapOYHOI Topesiku (BHYTPEHHHU quameTp 15 MM) ¢ Terousonsiuei; 4 — Tepmoriapa;
5 - Bpamarouuiics 1uck aisa HamaBku Metauia; CTWD — paccTosiHre MEeX1y KOHTAKT-
HBIM HaKOHEUYHHUKOM U AUCKOM (9 mMm); CTS — 3a30p Mexk 1y KOHTAKTHBIM HAKOHEYHUKOM
Y CpPE30M Ira30BOro cora (4 Mm)

HOBJICHA 3aBUCHMOCTh paclpeesieHus] MHTISIIMOHHBIX dacTul] CA mo pa3mepam oT
pacxoja 3amuTtHoro raza [10-11].

Hacrosimmas paboTa mocBsieHa MCCIEIOBAHUIO BIHUSHHS TEMIIEPATyphl M pac-
xona 3anuTtHoro rasa (CO,) Ha ITUCTEPCHBIM COCTAB MHTAISIMOHHBIX yactull CA,
00pa3yromuxcst Py TyTOBOM CBApKE B 3aIlIUTHOM Ta3e.

JKcnepruMeHTaAIbHAsA ycTaHoBKA. Ha puc.] nmokasana npuHIunuaibHas cxema
AKCIEPUMEHTAILHOW YCTaHOBKH, KOTOPasi UCIIOIb30BANACh MIPU W3MEPEHUU pachpe-
JIEJICHUS MHTAJISIUOHHBIX YacTUl] o pazmepam. CA modyyanu B CBApOYHOUM Kamepe
B TIPOIIECCe HAIUIABKK MeTayia Ha Bpamaromuiics (106/mMun) nuck (muametp 180mm,
TonmuHa 12mMm) u3 HU3KOoyriaepoaucToi ctanu CT3 mojiyaBTOMaTOM MHBEPTOPHOTO
tuna «llaton I[ICU-250P DC MMA/MIG/MAG». IlapameTpsl pexxuma HarjaBKH
anekTpoaHoil npoBosiokoil CBOSI2C nuamerpom 0.8MM peKOMEHJOBAaHbBI €€ MPOU3-
BOJIUTEJIEM: TIOCTOSIHHBIN TOK OOpAaTHOMW MOJSIPHOCTH (IJIEKTPOHAS POBOJIOKA SIBJIS-
€TCS MOJIOKUTEIBHBIM, 8 HAIUIABJISIEMbINA JUCK — OTPULATEIBHBIM MOJIFOCAMH) B JAMa-
na3oHe ot 85 g0 100A u Hanpspkenue B auanazone ot 18.5 go 21.5 B. Cpennee 3Ha-
YEHUS! CBAPOYHOT'O TOKA B OMbBITAX U3MEPSIUCH C TOMOUIBIO IIIYHTA, MOAKIOYEHHOTO
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Puc. 2. Tnnnunbie pacnipefenetus YMCIA  pye 3. 3apHCHMOCTH CPEHHUX PA3MEPOB MO
uactui, N (HOPMUPOBAHbI Ha WMPHHY KA~ yyrangiyonmeix yactui CA oT TeMIepaTyphl

npokcuManuu o gopmysne (1).

K BoJIbTMETPY. CKOpPOCTh MOJAYM AJIEKTPOJHON MPOBOJIOKH B IMPOIECCE HAIJIaBKU
onpeaensiach U3MEPEHUEM JJIMHBI MMPOBOJIOKU, BBIXOSIIECH U3 KOHTAKTHOTO HAKO-
HEYHHMKA 32 3aJlaHHOe BpeMsi. Bo Bcex OmbITax MOJJIEPKUBAIUA MOCTOSIHHBIMU pac-
CTOSIHUE MEXAY KOHTAKTHBIM HAKOHEYHUKOM U HAIUIABIAEMBIM THUCKOM (9 MM) H
yrod (90°), u3MEepeHHBIN MEXKy TUCKOM U OChIO TPOBOJIOKU. Pacxo/ 3auTHOrO ra-
3a (CO,) B mpouecce HAIUIABKKA U3MEPSIIN ¢ MOMOUIBIO poTaMeTpa B MarucTpajiu Io-
Jla4yy rasa, a TeMIeparypy - ¢ nomoupsro tepmonapsl NMTXL-IM100-300 B razoBom
COILIE CBapOYHOM ropesnku. s HarpeBa 3alIMTHOTO raza MCHOJIb30Bajach MyQeib-
Has 3JIEKTPOIeYb B ra30BOM MarucTpasu.

CA ynaBnuBaiy ¢ MOMOIIBIO HIEJIEBOTO BO31YX03a00pHUKA, YCTAHOBJICHHOTO B
CBApOYHOM Kamepe Ha paccTosHuH 20 ¢M Haja Ayrou, ¢ pacXoaoM yAaIseMOro BO3-
nyxa 1,7 M°/MHH 1 HampaBIsuId B BEPTHKAIBHYIO TPYOy IS H30KHHETHYECKOTO OT-
6opa nmpo6 ¢ pacxoaom 1 a/muH [12]. ducnepcHsiit coctaB CA u3Mepsiv ¢ MOMOIIBIO
JazepHoro a’posojibHoro crnekrpomerpa JIAC-II ¢ xkanamamu (Mxm): 0.15-0.2; 0.2-
0.25; 0.25-0.3; 0.3-0.4; 0.4-0.5; 0.5-0.7; 0.7-1.0; 1.0-1.5; >1.5 [13]. MakcumanbHas
OTHOCHUTEJIbHAS MOTPEITHOCTh P ONPEEICHUN pa3Mepa YacTHI] U UX CUYETHOU KOH-
neHTpanuu He npesbimaeT 5% u 10%, COOTBETCTBEHHO, MPU MX KOHIIEHTPALIUU B
npobe 10 2-10°cMm™. TuUNMUYHBIC 3HAYEHUS CUCTHOMN KoHieHTparusi yactul] CA B

npobax ~2-10°cm ™. ITo3TOMY, HCHIONIB30BANICA a3PO30JIbHBIA pa3baBUTENb ¢ KOd(-
dbunmrenTom paszodasienus 150 miusg pacxoaa nmoroka npoOsl 1 1/mun (puc.1). B paszoa-
BUTEJIC MPUMEHSUITMCH a’3pO30JbHBIC (QHIBTPHI, CHApsDKEHHBIE TKaHbiO [leTpsitHOBa
(®IIIT) ¢ »ddexTuBHOCTHIO yiaBiuBaHUs HE MeHee 99,97% nis yacTuil JuaMeTpom
0.15-0.2MKMm.

CA, oOpasyromuiicsi mpu 3JIEKTPOAYTOBOM CBapKe IJIABICHUEM, UMEET TpPeX-
MOJIAJIbHOE paclpeiesieHHe YacThll no pasmepam [14], rae nepBbie AB€ MOJbI MPE/I-
CTaBJISIIOT COOOM arjiomMeparbl MEPBUYHBIX YACTHUIl Pa3HOW MOPQOJIOTHH PazMepoM
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MeHee |MKM, a TpeThsi MOJA — YacCTHUIbl JE3MHTETPALMU IEKTPOJHOU IPOBOJIOKH
pasmepom Oosiee 1+2mkM. [losTOMy, NaHHBIE MU3MEPEHUIN CUETHOW KOHIIEHTpAIUU
gactul] CA B nmepBbix cemu kaHanax JIAC-II oOGpabareiBanuch B JBYX-MOJAIbHOM
MPUOJIMKEHUU.

Haunydmmm npubmmkeHueM isi U3BMEPEHUN CYETHON KOHILEHTPAIMKU YaCTHI]
CA B nuanazone ot 0.15 10 1 MKM siBiIieTcs TMHEHAs KOMOUHALMS ABYX JIorapud-
MHYECKUX PACTIPEIEIICHUMN:

f(daxadmlvcpdmzacz) :X‘ﬁ(d,dm1,61)+(I—X)'fz(d,dmz,Gz), (1)
I —(Ind-Ind Y’
(d,d, . o,)= ex =
/i ) d~2nIngo, P o G,

rae d, — MenuaHa pacrpeseneHus; d — CpeIHUH pa3Mep YacTHIl; G — CTaHJapTHOE

OTKJIOHEHUE (JUCTiepCus).
Jlns kasxnoro J xanana LAS-P 3anuchiBaeTcs ypaBHEHHeE:
Nj:NT'Adj'f(dcjaxadmvcladmzaﬁz)a (2)
rae N - 9UCII0 YaCTULl, U3MEPCHHBIX B j KaHane; Ny - HeU3BECTHOE MOJIHOE YHCIIO
qacThIl B 00beMe MpoObI, KOTOPOE BKIIFOYAET YACTHUIBI ¢ nuaMeTpoM d < 0.15MkM ;
Ad ; - mnpuna xanana; d; - CpefHee 3HaYCHUE pa3Mepa KaHana j .
Pemenne cucrtembl ypaBHeHuit (2) mis nepBbix cemu kaHanoB JIAC-II mo3Bo-
JISIeT ONpeNeNuTh nmapaMerpsl pacnpeaenenus yactui CA no pasmepam (1) u Beiuuc-
JTUTP CPEIHUI auameTp d = d_exp(In’G/2) ¥ CYETHYIO KOHIIEHTPALIMIO YACTUIL] KaK-
IO0W MOABI 1, = XNy, N, =(l—x)n,, rne n, — obmas cuyeTHass KOHIEHTPAIHS YJIOB-

JICHHBIX 4YaCTHII. TunuuHbie pacnpeaciacHuss N3AMCPCHHOI'O B IICPBBIX CCMHU KaHaAJIax
qnCiia 4aCTUuIl 110 pa3MepaM IpCaACTABJICHBI HA pI/ICZ C aHHpOKCHMaHHCﬁ YPaBHCHUCM

(1).

JKCHepUMeHTANIbHbIE Pe3yJbTAThl H MX 00CYy:KIeHHe. 3aBUCUMOCTH CPEJ-
HEro pa3Mepa nepBbixX AByX Moj dactuil CA oT TemmepaTypsl 3alllUTHOTO Ta3a Mpe/-
ctaBieHbl Ha puc.3. Ha puc.4 m puc.5 mpeiacraBieHbl aHAJIOTMYHBIE 3aBUCUMOCTH
CUYETHOM KOHIEHTpAllUM U MacCOBOM CKopocTu oOpaszoBanus moa CA (0e3 yuera
BKJIaJ]a YaCTHII AE3UHTETpallK), COOTBETCTBEHHO. VCIonp30BaiNCh Clenyroue na-
paMeTphl pexxuMa cBapku: Tok [ =95+ 5A; Hanpsokenue U =20+2V; ckopocThb

npoBojioku  v=710.5cm/c; oObeMHBII pacxon 3amutHOro raza (CO,)
0=10£0.50/muH.

[ToBbIlIeHHE TeMMepaTypbl 3aIIUTHOTO ra3a MPUBOAUT YKPYIHEHUIO O0enx
Mo MHTaAIMOHHbIX yacTull CA. I1pu 3ToM cueTHasi KOHIIEHTpalUs YacTHUI] BTOPOU
MO/Ibl MPAKTUYECKU HE U3MEHSETCS, B TO BpEeMsl, KaK KOHIICHTpAIUsl YacCTHUIl MepBOH
MO/Ibl 3aMETHO YMEHBIIIAETCS C POCTOM TeMIepaTyphl. BelcokoTemMmnepaTypHbIe mapbl
ANEKTPOJHOTO METa/lJla HAYMHAIOT CMEILIMBAIOTCS C 3alIMTHBIM Ta30M YX€ BHYTpHU
COIlIa CBAPOYHOM IOpeNKH (CpeHssl TeMIEepaTypa Mapora3oBoil CMECH y Cpe3a COoIlIa
coctaBysier 1 =2500K [15]). D10 o3HavaeT, uTo GopMUPOBAHUE TIEPBUIHBIX TACTHII

CA IIpOUCXOJUT B CMECHU IIap — 3aIUTHBIN raz, 10 nMoAMCIINBAHUA OKPYKaIOIICTO

132



®dizuka aepoaucnepcHux cucrem. —2017. — Ne 54. — C. 129-136

2.5:10°

2.0-10°

1.5-10°

_\
Q
A
IS)
%

o
o
N
[S)

2
N

CkopocTb 06pasoBaHust (Mr/MUH)

KoHueHTpauums yactuu (cm®)

o

300 350 400 450 500 550 600 300 350 400 450 500 550 600
Temneparypa (K) Temnepartypa (K)

Puc. 4. 3aBHCHMMOCTH CYETHOW KOHIIEH- Puc .5. 3aBUcCMMOCTH MaccoBOil CKOPOCTH 00-

TpaWy MOJI WHTISAIMHOHHBIX dacTul] CA  pa3oBaHMs MOJ MHIaIALIMOHHBIX yactun CA

OT TCMIICPATYPhI 3alIUTHOI'O I'a3a. OT TCMIICPATYPhI 3allIUTHOI'O I'a3a.

BO3/lyXa. YBEIMUECHHUE TEMIIEPATYPhl 3alIUTHOTO ra3a MPUBOJUT K YMEHBIIIEHUE CKO-
pPOCTH OXJIaXKJeHus mapora3oBoii cmecH [16]. [ToaTomy, cpeaHuit pazmep nepBUUHBIX
4acTHll, 00pa3yroNIMXcs B Mpolecce KOHASHCAIMOHHOTO pOCTa M KOAJECIICHIINH 3a-
pobIlIel OyJeT yBeIMYMUBATHCS, @ UX CUETHAs KOHIICHTPALMsS YMEHbIAThCS. JTa
TEH/ICHLIUA COXPAHUTCA W AJI1 MHTAIAUMOHHBIX yacTul CA, oOpasyrommxcs B pe-
3yJbTaTe KOATYJISIIINH IEPBUYHBIX YACTHIL.

B Toxe Bpems MaccoBasi CKOPOCTh 00Opa30BaHUs MHIaIsUUMOHHBIX yacThl CA
ciabo 3aBUCHUT OT TeMIIepaTyphl 3alMTHOTO rasa. [lpu yBennueHum TemmepaTypsl
3alIUTHOTO Ta3a MPOUCXOIUT TOJBKO TMepepachpe/ieieHne KOHIACHCHPOBAHHOTO Be-
[IeCTBa MEXAYy MOJaMH: MaccoBasi CKOPOCTb OOpa30BaHUS YACTHI[ MEPBOU MOJIBI
YMEHBILIAETCS, @ BTOPOU — YBEIUYUBACTCSI.

3aBUCMMOCTH CpeJIHEero pasmepa mepBbiXx AByx moja yactuil CA oT pacxojna
3alIUTHOTO ra3a MpeicTaBlieH Ha pUc.6. AHAIIOTMYHBIE 3aBUCUMOCTH CUETHOM KOH-
nentpauu Mo yactul CA mpencraBieHsl Ha puc./. Mcnonp30Balivch CleayolIne
napaMeTphl pexxuma cBapku: Tok [ =90+ 5 A ; nanpsokenne U =20+2V ; ckopocTh

npoBosiokn v =8+ 0.5¢cm/c; temneparypa 3ammrHoro raza (CO,) 7 =300K. Kak

ClIelyeT U3 NPEJCTaBICHHBIX pPe3yIbTaTOB, BIUSIHHUE PACcX0/a 3alUTHOTO raza Haxo-
IUTCS B IIpefiesax MOrPelIHOCTH U3MEPEHHUM. DTH pe3ysbTaThl OTJIMYAKOTCS OT Mpe-
ctaBiieHHBIX B [10], roe pacxon 3amuTHOTO ra3a (cmech 75% Ar u 25% CO2) cuinbHO
BJIMSIET HAa pa3Mepbl U CUETHYIO KoHUeHTpauuto yactul CA. OaHako, cieayer oTMme-
TUTb, YTO B onbITax [10] pacxon 3ammTHOTO ra3a U3MeHsuics B Auamnasone ot 20 1o
30 n/muH, TOTIa KaKk B pacCMaTpUBAaEMOM ciiydae - oT 6 10 12 i/muH. B Toe Bpems
1o AaHHbIM [11] MaccoBast KOHLIEHTpaUUs UHTASIUUOHHBIX yacTull CA MpakTHUYECKH
HE 3aBHCUT OT pacxoja 3alllUTHOro raza B auamaszoHe ot 10 go 25 a/mun, a mnpu
Q > 2571/MUH BO3pAcTaeT ¢ yBEIMYCHHEM pacxoa. MOKHO TPEIIOI0KHUTh, YTO TIPU

OO0IBIINX pacxoaax 3allMTHOIO ra3a nNporucCxXoJUT U3MCHCHNEC MCXaHU3Ma CMCIICHUA
IMapoB CBApPOYHLIX MAaTCpUAJIOB, 3allTUTHOI'O I'a3a U OKPYKAIOIICIO BO3AyXa.
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Puc. 6. 3aBUCHMOCTH CPEIHHX Pa3MEPOB Puc. 7. 3aBucuMoOCTH CYCTHOM KOHIICH-
MOJI UHTISIIIMOHHBIX yacTul, CA oT pac- TPaLUU MOJ MHTalsAIMOHHBIX yacTul CA
X0J1a 3alIUTHOIO ra3a OT pacxoja 3alUTHOI'O ra3a

3akiarouyenne. Pacxoa 3aliMTHOrO raza B Auama3oHe oT 6 mo 12 jg/MuH He

BJIMSET HA JUCIEPCHBINA cocTaB yactull CA, B OTJIMUKE OT TEMIEPATypbl 3ALIUTHOTO
ra3za B auanaszone oT 300 no 600K. YBennueHune teMneparypsl 3allIMTHOTO ras3a Mpu-
BOAUT K YKPYITHEHHUIO U YMEHBIIICHUIO CYETHON KOHIIEHTPAIMK UHTAISIIUOHHBIX Yac-
tull CA, KoTopbie 00pa3yroTcs B MpoIecce KoaryJsiuy MepBUYHBIX YaCTHII.

MaccoBas CKOpPOCTb 06p3.30BaHI/ISI HHIaJIAIUOHHBIX YaCTHUIL CA cnabo 3aBuCUT

OT TEMIIEPATYpbl 3aIIUTHOIrO raza. OQHaKO, U3MEHEHHUE TEMIIEpaTypbl CONPOBOXKAA-
€TCS WMHTEHCUBHBIM II€PEpaCIpPEICICHUEM KOHACHCUPOBAHHOIO BELIECTBA MEXKIY
MOJAaMH: MaccoBas CKOPOCTb OOpa30BaHMs YaCTHIl MEPBOM MOJABI YMEHBLIAETCS, a
BTOPOM — YBEJINYNBAETCHI.
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Buwinaxoe B. L., Kipo C. A., Onpa M. B., Ennan A. A.

BB 3aXMCHOI0 rasy Ha po3MnoJAlJICeHHs] YaCTHHOK 3BaPIOBAJILHOI0 2€P030.110
3a po3MipaMu

AHOTALIA

Posenauymo ennue memnepamypu i gumpamu 3axXucHo20 2a3y Ha OUCNEPCHUU CKIA0 Yacmu-
HOK 36apI08ATIbHO20 Aepo30li0, WO YMEOPIIMbCA NPU 0Y2080MY 36apOGAHHI Memalie 8 3a-
xucunomy easi. Iloxazani 3anexcnocmi 6iMo0aIbHO20 PO3NOOLIEHHS YACMUHOK 3A PO3MIDAMU
810 memnepamypu 6 dianazoni 6i0 300 0o 600K i sumpamu 3axucrnoeo 2azy (CO,) 6 dianazoni
8i0 6 0o 12 n/xs. 30inbuiennss memnepamypu 3axXucHo20 2asy npu3eo0ums 00 nepepo3nooiny
KOHOEHCOBAHOI peyo8UHU MIdHC MOOAMU PO3NOOINEHHSA | YKPYNHEHHIO THeANAYIUHUX YACTIUHOK
36apr08AILHO20 AEPO3OIO.

Vishnyakov V. L, Kiro S. A., Oprya M. V., Ennan A. A.

Influence of the shielding gas on the welding fume particle size distribution

SUMMARY
The disperse composition of welding fume from gas metal arc welding with various shiel-
ding gas temperatures and flow rates is studied. The dependencies of bimodal particle size
distribution on the shielding gas temperature in the range from 300 to 600 K and flow rate in
the range from 6 to 12 Lpm are demonstrated. It is shown that the shielding gas temperature
rise leads to redistribution of condensed material between modes and to total integration of
inhalable particles.
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IPABWJIA JUIS1 ABTOPIB CTATEN

1. V naykoBoMmy 30ipHHUKY TyOIIKYIOTbCS CTATTl 3 OPUTIHAIIBHUMH Pe3yJibTaTaMU HAayKO-
BUX JIOCJIIJIKEHb 3 TEMATHKU:

— BUIIAPOBYBAHHSI, KOHJEHCAIis, KOATYJIALIs 1 €JeKTpUYHA 3apsKa aepo30IiB, Mexa-
HI3MH iX YTBOPEHHS 1 IEPEHOCY;

— TOPIHHS aePOJUCTIEPCHUX CUCTEM;

— TEMJIOMAacOOOMIH 1 ra30/IMHAaMIYHI SBHIIA B JUCHEPCHUX CUCTEMax Mpu (pa3oBuX 1
XIMIYHMX E€PETBOPEHHSX;

— HU3BKOTEMIIepaTypHa IJ1a3Ma 3 KOHJEHCOBAHO TUCIIEPCHOI0 (Pa3olo.

2. CrarTi 3 pe3ynbTaTamMH JOCIII)KeHb, BAKOHAHUMHU B OpraHi3allisix, MoJalThCs 3 J0-
3BOJIOM II1€1 oprasizauii Ha MyOiKalioo 1 CynpoBIIHUM JIUCTOM. Pykonuc mianucyerbes aB-
Topamu (aBTOpoM). Ha okpeMomMy JUCTI HEOOX1AHO BKa3aTH Mpi3BHUILE, IM's, IO OATHKOBI,
Mmiciie poboTH, Tocaay, KOHTaKTHI TeaedOoHH 1 aapecH (eIeKTPOHHHUM 1 MOMITOBUI).

3. TekcT cTaTeil MpeACTaBISETHCA B IBOX €K3EMIUIApax Ha yKpaiHChKid, pOCIMChKii abo
aHTIIICHKIN MOBI 3 JBOMa aHOTAI[IIMHU Ha JIBOX (3 TPhOX BKa3aHMX) MOBAaX, BIIMIHHHUX BiJ
MOBHU OpHUTIHAIY CTaTTi 1 €JICKTpOHHUM (ailjloM Ha E€IeKTPOHHY aapecy pepakiii. daiin
cTBOproeThes B Word 1 MOBHHEH MICTUTH TEKCT CTATTi, aHOTaIlito 1 pucyHku. HasBa dainy
YTBOPIOETHCA BiJI MPI3BUILA MIEPILIOTO aBTOPA.

4. CraTTi NIpOXOASTh HAYKOBE PELIEH3YBaHHA. Y pa3l HEraTUBHOI PEleH31i CTaTTs NPUCH-
JIAETHCS HA TOOTPAIIOBAHHS a00 BIAXUIISETHCS.

Odopmienns crarri
Marepian cTaTTi TOBUHEH OyTH BUKJIaJICHUM B TaKii MOCIIJOBHOCTI:

1) nHomep V/IK;

2) 1HIL1aIy 1 Ipi3BUILIA aBTOPIB;

3) Ha3Ba opranizauii (i), Mo npeacTasisie (FOTh) CTATTIO (SKIIO OpraHi3aiiil OuIbIie,
HIXK OJ[HA, TICIIS MPi3BUILA KO)KHOTO aBTOpa CTaBUThCSA 3HAK BUHOCKH (1, 2 1 T. 11.), @ HUXKYE
YKa3yIOTbhCsI BC1 OpraHi3allii, Ha3BU MICT, €IEKTPOHHA IMONITa OJJHOTO 3 aBTOPIB;

4) Ha3Ba CTaTTI;

5) anoTartis;

6) TeKCT CTaTTi;

7) nitepatypa;

8) aHoTamii Ha 2-X 3raJlaHUX BUIINE MOBaX, BIIMIHHUX BiJl MOBH OpHTiHATy CTaTTi, 3
MPI3BUINAMH 1 iHII1aJIAMH aBTOPIB 1 HA3BOKO CTATTI.

O06'eM cTatTi, BKIIIOYAIOYH PUCYHKH, JITEpaTypy, aHOTAIlii, He TTOBUHEH NEPEBUIITYBATH
10 cTopiHOK TEKCTy, HAAPYKOBAHOTO Ha KOMIT I0Tepi uepe3 1 inTepBan (3 po3mipom Oyks 14
pt). [Tomst: miBe — 20 mm, mipaBe 20 MM, BBepxy 20 MM, BHU3Y 20 MMm. Hazpa ctaTTi, mipi3Bu-
II1a aBTOPIB 1 Ha3Ba opraxizaiiil IpyKyrThcs OyKBaMH, po3MipoMm 14 pt 3 MIKPSIKOBOIO Bi-
ncraraio Mixk Y/IK, Ha3Boro cTarTi i mpi3BHUmaMu aBTopiB 1.5 iHTEpBamy.

®opmyau: Habupatorsest mpudrom posmipy 14 myHkriB. Po3mipu ¢opmyn ogHakoBi
o BcboMy TekcTy. Ciifi yHMKaTH 1HACKCIB y 1HIEKCIB 1 CTYIEHIB y CTYNEHIB. 3aCTOCOBY-
€ThCsl CKpizHa HyMepartlis Gopmyn: (1), (2) i tak mami. ['pertbki OykBY Ta MO3HAYSHHS XiMid-
HUX (popmyn 3aBxau npsami. Bektopu i MaTpumi HaOMpaTH HAMIBXUPHUM MPSMHUM IIPHQ-
TOM (CTpLJIKa HaJl BEKTOPOM HE BUKOPUCTOBYEThCS). [HACKCH (TaTHHCHKI OYKBHU) y hopmy-
JaX HaOWpPaIThCS KYPCHBOM, 32 BHHSATKOM CKOpPOYEHB CIIB THUIy min, max, eff, a Takox
HYJS, iKi HabupaeTbes nmpsmuM mpudrom. [psmum mpudrom HabUparOTHCS TaKOX (yHK-
1ii, HampuKIIaz sin 2x, COs 7 1 TaK Jali.
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Tab6uaunui. Tabnuii HyMepyrOTh TIIBKA B TOMY BUIAJKY, SKIIO iX Oiabiie oaHiel. Binc-
Tyn 10 Tabauili 1 micas Hel — 2 iHnTepBanu. [Ipu HeoOXigHOCTI TaOIUIll MOKYTh MaTH 3aro-
JIOBOK 1 PUMITKY.

Limroctpauii. [mrocTpaiiii BAKOHYIOTBCS 110 X0y BUKJIAJEHHS TEKCTY CTATTI MO Mipi iX
3TraJIki B TEKCTi B pcX (opmarti abo iHmomy nomuperomy gopmari. I1ig pucynkom npyky-
€ThCsI BIAMOBIMHUHN mianuc. Hamucu, mo ycKkIaHIOTh CIPUNHATTS pPUCYHKY, 3aMIHIOBATH
uuppoBUMH 200 OYKBEHUMH MMO3HAYEHHSIMU 1 IEPEHOCUTH B TEKCT CTATTI ab0 B MIANHUC Mij
pucyHkoM. Bci mo3HaueHHs Ha pUCYHKY IOBHHHI BIJIMOBIaTH MO3HAYCHHIM B TekcTi. Hy-
Mepallilo KpUBUX HA PUCYHKY BECTH 3BEpXY BHM3, 371iBa HarpaBo. Po3mip pucyHKa MOBUHEH
O0ytu He meHie 50x50 mm 1 He Oubiie 100x100 mm.

JlirepaTtypa. Ilicig TekcTy cTaTTi yepe3 2 IHTEepBaJIU JAPYKYEThCS CIMCOK JITEPATYp-
HUX JKepesl, BAKOPUCTOBYBAaHUX B CTATTI, HA MOB1 OpPHUTiHATY 3a 3pa3KOM:

Kuurm:

1. babuiu B.U., Kysaes FO.®. I'opeHue yroiabHON MBUIM U pacyeT MbUICYTOJBHOTO (a-
kena. — M.: DHeproaromusaart, 1986. — 206c¢.

2. OCHOBBI MTPAKTUYECKON TEOpUU TopeHus: yueObHoe nocobue ans By30B // B.B, Ilome-
panyes, K.M. Apegwves, /|.b. Axmemos u op. // noxn pen. Illomepanyesa. — J1.: DHep-
roaromusaar, 1986. — 312c.

CrarTi:

a. Acnanos C.K., Konetixa I1.M. O0 0cOOEHHOCTAX MOJENEH IETOHAIIMOHHOIO CIIMHA B
pa3IUYHbBIX roprounx cpenax. / dusuka aspoaucnepcHsix cucrem. — 1971. — Beim. 5.
—C.92-100.

b. @aopro A.B., 3onomxo A.H., Kamuncrxas H.B., [llesuyx B.I. CiekTpajabHbIE HCCIIC-
JIOBaHMs TopeHusl yacTulpl Maruus // dusuka ropeHus u B3pbiBa. — 1982, — T.18,
Nel. - C.17-22.

c. Kanunuax B.B. TennomaccooOMeH W KMHETHMKAa XUMHUYECKHX PEaKIMi YTrIepoaHOM
yacTuIlel ¢ Tazamu // Bicauk Onechbk. nepx. yH-Ty. Cep.: ¢i3.-mar. Hayku. — 1999. —
T.4, Bun..4. — C.12-16.

d. Zatovsky A.V., Zvelindovsky A.V. Hydrodynamic fluctuations of a liquid with aniso-
tropic molecules // Physica A. —2001. — V.298. — P. 237-254.

Te3n:

1. Cmpyuaes A.U., Cmpyuaee H.U. OueHka cpeHEro pa3mMepa >KUPOBBIX IIAPUKOB TO-
MOTEHU3UPOBAHHOTO MoJioKa // JlucnepcHble cucteMbl. XX Hay4yHash KOoH(epeHIus
ctpan CHI', 23-27 cent. 2002 r., Onecca, Ykpauna / Te3. gokn. — Onmecca: AcTpo-
npuHT, 2002. — C.252-253.

2. Suslov A.V., Semenov K.I. Interaction of high-temperature monodispersed metal par-
ticles with gases / Abstr. Of 14™ Annual meeting of the American Association for
aerosol research. — Pittsburgh, USA. — 1995. — P.37.

AHoOTaIlis, Iepeayroda TeKCTy CTaTTi, MUIIEThCSA Ha MOBI CTAaTTI OJHUM a03aIioMm, po-
3mipoM OykB 12 pt, 06’emom 6—10 psakiB. AHOTAIIIl HA THITUX MOBAaxX JI0 TEKCTY CTaTTI Ha-
JArOThCS MICHs CIHCKY JITeparypu. AHOTAIisIM NepeAyloTh NMpPi3BUINA 1 1HIIaIH aBTOPIB 1
Ha3Ba ctatTi. [licna cnoBa “AHOTAIIIA” a6o “SUMMARY™ 3 aG3ana ApyKyeTbCsl TEKCT
a”oTarii.
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