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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—a)-singularity [3]. The most unusual
feature is 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
dominance of 2f-singularity [1-3] over its concurrent (1—(1) -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 =2BT B( =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

critical Boyle's variables: p.,=p,/p,, T;ng /Tg; Z.p=P./(ppkpTp)=

= ZcPcB T, -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(T; )= 0).1t is applied to the original vdW-EOS with only
two constant coefficients a,, b, and one T-dependent B,y (T )-coefficient:
by p 4P
szw—1=m—k3—7, )
The second is the Cailletet-Matthias' approximate rule of rectilinear diameter:
p,—1=DT ()
which is fulfilled in the mf (mean-field)-CP (T O,pc,PO Z, 0=3/ S)but not, a priori, in

the actual CP(T,p.,P;Z )Indeed, the former condition leads to the known
Batschinski's rule of a straight vdW-line existing in the (7, p)-plane:

1, bkT T
pZ_l_bO(l a4 ] (l TBJ ®

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,(T — 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:

B(TB) =0 (a) Pz = %‘:%lﬂ (1 _T_i] (b) “4)

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 — ;6,€( ) 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, /g, 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 extrap-
olation (proposed on the ad hoc basis [13] in the framework of empirical "scaling-

type" T, L* s -functions chosen arbitrarily and separatelyfor p;(TZ,), pr(T Z,) and

s

P (T L*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;5,.¢,),
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 T,,=131;
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
Z.=F, /(pckBTc)'

It is straightforwardly to demonstrate that the usually postulated“medley” of
the Ib-type's power law for the order parameter(ﬁ ~ 0.326) with the mf's-rule of a rec-

tilinear diameter of the type that from Eq.(2):
. \UB . . .
(p;-p;) =C-DT,, @  (p,+p,)/2=4+BT;, (b) )

g

cLJ

leads not only to the sought — after critical LJ-parameters of the most popular now
GEMC (Gibbs ensemble Monte-Carlo)-simulated CXC [14]:

TCL =C/D (a) p:LI =4+ B]-:LI (b). (6)
One obtains also the determination of the standardcritical amplitudes [3, 15]:
B, = cP/ ZpZLI (a) D, =-B T:L/ / pZLJ (b) @)

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

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

pu=S®-T, @  p,=1/2-T;/2 () ®)

10
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where S;;(0.326)~0.67 and S, (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:B, =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) )
CXC-asymmetry corresponds presumably to the supposed divergences of p,, (f ) [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 CV(T,pC) of C,Hg [17] are obvious.
These can be either the coincident compensation of (1 —oc) - and 2B-contributions in
the CXC-diameter [3] or, even, the reality of mf-exponents: o, =0, B, =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-1T. (10)
It was, then, expanded symmetrically but unfoundedly on the g-branch [7]:
5,,g:iBT‘3+(B—1)7_“. a1

In other words, two main stimuli (experimental and theoretical) of modern /b-
pheno-menology [4] leading to the non-classical exponents B~0.326 and a=~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 EOSs 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.Ill). 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,H, [16] (the latter substance is very similar on the
molecular level just to C3Hy).

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 . _
script zero) latent heat x° = (s i sl) / 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 EOS. 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 is usually discussable only in the (7, p)-plane. Its known specific consequence

follows from Eq.9(a) as the highly-modelistic vertical 7' -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(pj) 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 pos-
sible discontinuity (see below) in the Riedel's PCS-parameter of critical slope:
A, =(TC / Pc)(dPG /dT ) revealed unambiguously by F7-model. Thusthe normalized

c

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

12
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Disorder parameter x = (sg~s)ak,,

0 0.5 1 13 2 2.5
Reduced density p,/p,., pz,.,/,oC

[%)

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

x'= pc(sg —s,)/ZkBpg’, 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 /h-universality. Curvilinear diameter p, (p,) is only
asymptotically  tangent to the critical isochorep, from the side of the
liquidlike (p, > p, ) densities (See also Figs.2-4).

scaling variable instead of original one (]_“ /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 F'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 Wh-phenomenological model of VLE-transition
and of its asymmetric criticality. It goes far beyond the framework of mf~model. The
non-classical BF Ty 3, in particular, can be exactly determined without any ap-
peals to the Ib-models.One of the essential features of F'7-model is the proposed solu-
tion for the long-standing problem on the explicit hypothetical connection between
the thermodynamic PCS-criteria Z,, 4, 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:

e =k, T.(1-Z.)=k,T. = P,/ p,. (12)

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

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

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

model [20, 21] asymptotic difference between the above-mentioned 4. (p g™ pc)-

and Ag ( p;— pc)-trends of slopes. The recommended LJ-parameters for the general-
ized short-range F'7/LJ-potential @, (r; g, G,rc)with the third, a priori unspecified pa-
ra-meter of cutoff radius 7, are represented in Table I, II for the actual CPs of several

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

o, =0.3405nm of 4r, for example, obtained from the second-virial B(7)-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 ex-
trapolative procedure [13]. The magnitude of critical pressure PCL and the asymptot-

ic slope of vapor pressure PV’k (T )are described, as a rule, by the typical mean-field

Eq.(14).0One may conclude in this context that the behavior of simulated P: ( T, Z,)-

function and its presumable value P;J 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]:

*

P exp[A—B/(T*+C)] (14)

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

Ar [23] 150.66 4.860 13.29 106.68 0.2877 1.062
C,H¢ [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
SFe [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 r: -value just by simulations in the
actual CP. It becomes the well-established third PCS-parameter.

Substances Z, A, Ty Fpy PeLy o (fg )
LI [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]
0.2293 [3]
C,Hg [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 01628 [33]
H,O0 [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 4,B,C. At higher subcritical temperatures the dew
non-ideal-gas’ density p*g as well as the respective vapor pressure P: may be

alreadywell outside the region of validity supposed by Eq.(14). To our mind, the ap-
pearance of many additional constants is the undesirable feature of any approxima-
tion. 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 supposed-

ly fail in the associating fluids and liquid metals [30,34].As a result of such question-
able long-range extrapolations, the above value TfLJ can be located well below than
the expected actual one in the simulated finite N-systems. Valleau [28] has supposed
that for the popular GEMC-methodology [29] such depression of TCL is an artificial
phenomenon 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 over-
all reduced 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 TL*LJ 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 P:LJ (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 PZLJ -
density.

The GFA-phenomenology developed in the present work provides, in princi-
ple, the possibility of independent test for all above suppositions by
thethermodynamic-cally-consistent computer simulations. It is obviously from Table
I that two sets of substances with 7/, >1.31 and T,, <1.31 are revealed by the pro-
posed approach. 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 reliable estimate of the non-universal cubic “normalized interaction

volume”(2&,)’ for the very different substances:

* 3 = —v
p.=(28,)p. (@ c=¢&,T (b) (15)
were &, is the standard amplitude of a correlation length E_,( T ZTL,). The
promisingcomparison of the p: -values taken from [3] (0.2293 for C,H,, 0.1861 for

H,0, 0.1576 for SFs) with the similar p_ -values of F7-model is represented in Table
II. The found trends of their change from substance to substance are, however, oppo-
site (pf,= 0.1946 for C,Hs, 0.2004 for SFs, 0.2043 for H,O) in the FT-model. The

close values of p,, and the similar trend of their change were also independently ob-
served by the two-scale analysis of universality reported in [33].

The discussed relatively small distinction between p; and p. becomes, howev-
er, noticeable for SF4 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 SFs with the respective strong shift of critical density to
the upper value: p_ =6.87 mol/dm’. The compromising combination of critical SF4-

parameters [25] and those (Z_, 4. ) 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 TC*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 ¢ ,, o, / o,-parameters taken from Table 1. Hensel

[34] has supposed that the presumable different nature of the net inter-particle inter-
actions 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 explana-
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tion 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 metals,
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 restricted
class of purely repulsive pair potentials [/ =1,1/(m =0)]:
ole=r" (16)
and found the value n = for the singular hard-sphere-system and n ranging from
about 6 for metals to about 12 for rare gases including A4r.
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-Eqgs.13(a, b) due to the above-discussed
similarity of cubic volumes: (2&,) ~ o’ (4.,p,) or ~ Gf(Af, pc). Such usage based

also on the FT-model’s approximate correspondence: B = Ai/ * [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, is 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 kT (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.
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This feature arises due to the fluctuation divergence of the isothermal critical
compressibility 3, =(1/p)(dp/0P), and the isobaric critical expansivity

a,=—(1/p)(ép/oT),:
(oz,/ ap)T( p+Z, = (X(; / XT)L» (@ (oz,/ 6p)P( p+Z = (oc?u /(XP)E (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:

& =1/(pk,T)=Z. /P (@) W=Z/T (b (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
= —2°>—— (a o,=———2>——— (b 20
“=p z@zia) e O T Za@zig)e O %Y

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
(pg - 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,H, (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, > pc)—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, or its consequence Z,. calculated from Eq.(17) written for CP. The simi-

lar situation is observable at the prediction of mf=critical point (Zf,pg) too if one uses

preliminarily the more reliable estimates of actual fields P.,7,. to calculate the
constantcoefficients ag,by. 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 destroys unavoidably the WMG-equality (BZP/ apz) =0 for second de-

T,
rivative at the critical point. The chosen in Figs. 2-4 system of coordinates provides
the unique possibility to estimate the both rather elusive critical parameters Z_, p, in
any complicated 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:
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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
(T, 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) InP =A4+B/T +CiT + 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 Q[p (T )] :PU[pI(T )]. They have applied

to its analysis the rather inaccurate interpretation of Eq.(21b).Ithas been admitted that
all three critical parameters P,p,_,7, 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 incon-
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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, (7,,P.).

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,O significantly lower than the actual critical point (black square).

sistency one should fix p_,7, -parameters from Eq.(21a), but assume the mf-value Pc0
in the resulting approximate equalities:

P ., P’ P ., P’

Z - (a) Zj=—=—=p, 2, =

pkyT F,

¢

« o kT TP

c

(b  (23)
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,4] 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,,T) [43] (small diamonds) have been used for predic-

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

- _p@m P _p(M) P
¢ zZ(@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 A_(T):

A0 =1+3/7" =4lr} =1) (25)
The respectiveClapeyron’s-type equation similar to that in Eq.(14):

(24)
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P =InT"+3(1-1/7") (26)

is applicable, at best, at low temperatures.
FT-model claims [19-21] that the role of critical slope 4, (Riedel’s parameter)
is 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 F7-EOS’ coefficients:

Z(T.p, <p.)= B,/ p kT =[a(T)p,(T) / K, T][1-26(T)p (D)), (27)

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

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

of A(T)- and AJ(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:

ac:Pc(Ac_l)/pgs bc:(Ac_Z)/[ch(Ac_l)]’ (29)
¢, =1-2,4/[2(4,-1)], (30)

ag =3P./p¢, B =1/3p,.. 31)
=1-7212"=1-82/3. (32)

Thus, two universal criteria of the simplest vdW-variant of PCS [6, 7] Z., Af 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, << By /2=1 ac-
cepted for the critical isobar E =1-P" =0 (it forms the /-branch of CXC in the (T,
p)-plane), FT-model [18-21] predicts accurately the set of non-classical /-exponents:
O =1/6,B,;=1/3,v,,=7/6,8,,=9/2. Moreover, any mf-exponent never ap-
pears in FT-model (!) due to the GFA-principle, which rejects theconcept of CXC-
analyticity and hence the concept of a unified EOS.

At low subcritical temperatures, the dew densities p,(7') are about ideal-gas-

ones. They tend to zero p, — 0simultaneously with the vapor pressures P, — 0
while their ratio becomes about unit (Z P 1). Simultaneously at low temperatures

of [-branch the Boyle’s-locus Zp = lcoincides, practically, in the (T ,p)—plane with
the CXC-locus Z; ~0 (see Figs 2(a)-4(a)) arising due to the respective
negligiblevalues P, ~ 0. As a result of such “collapse” the symmetric quadratic func-

tions of Zeno-line for pressure expressed in terms either reduced temperature or re-
duced density with the same Boyle’s constants pp and Tp:

P = BpBT[l _Ti} (a) P, =kyTy p{l - ﬂj (b) (33)

B B
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become inapplicable alongside the isolines p, and T of a low-temperature
CXC.The revealed by FT-model asymptotic discontinuities of the disorder parameter
x:(sg —S,)/2kB and the reduced slope 4, =(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 Zg ; is presumably (see Figs 2(b)-

4(b)) smooth, at least, for its first derivative (8Z / 8pg) =(8Z /0p, )T taken at CP

T,
along the critical 7, -isotherm. In this case the critical jump-like discontinuity of x is
determined completely by the critical discontinuity of 4_(p) changeable from the
non-universal value 4, (pg - pc)to the universal one A (p; —p,)=4.The
Clausius-Clapeyron’s Eq.(35) is reducedat low temperatures to the quite simple ap-
proximate form termed theClapeyron’sequation (7}, is the normal boiling point):
A, (T<T,)=2x. (35)
Thus thecritical isochore p, is asymptotically tangent to theCXC-diameter. This
is similarly to that observable in the (x,p)-plane of Fig. 1. Since the critical isotherm
T. is supposedly tangent to CXC [39, 40] in both (7,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 accord-
ance with FT-EOS [20, 21], to explain the singular CP-nature. Indeed, in the (7,p)-
plane P, -curve is asymptotically tangent to CXC only at p, <p, but for the higher
densities p, >p, it coincides with the I-branch p,(T) 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, (PG) 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 Zp =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 Pj. 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,/Ty Te/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 (T ,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
diameterfor 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 discrep-
ancy was also discussed [45] in terms of the alternative empirical straight line de-

scribed 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 T, =T / T, by the exact equations:
T, 4,-2 T, 40 -2 1
ce— () = ———==5, (b) 6
T, 27.(4,-1) Ty 2z (4-1) 9Z
This result obtained without any geometric constructions is reported in Table 3.
The excellent predictive ability of F7-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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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 Il-branchlocated between the near-critical and low-
temperature regions; ¢) — to emphasize the presence of singular (marginal) segments of
Zg4(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).

O =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 F7/PCS-
prediction of Table 3: 8., =11.4%, &, , =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 Tp-value which indicates the

overall uncertainty 7, — 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 FT/LJ-simula-tion. The measurable CXC of real fluids and its curvilinear (slight-
ly or strongly) locus of midpoints can be very approximately represented in terms of
mf-concepts (binodal and rectilinear diameter). They are, most likely, the thermody-
namically 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 I/b-phenomenology of local criticality and the Wb-
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phenomenology of an entire (or global) VLE-transition. To our mind, this revision is
the necessary step to reconcile the traditional PCS-methodology with the different
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 Wh-phenomenology. The univer-
sal and similar shapes of the elongate g- and /-branches are evident as well as a fur-
ther necessity to investigate the GFA-concept and Wh-phenomenology modified 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 estimates
of CP- and CXC-prediction are quite promising for the hardly measurable in the re-
gion of criticality fluids.
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Pozankoe O. B. mn., Mazyp B. A., Kanunuaxk B. B., Cepzeesa A. E.,
Jlesuenxo B. U., Illeéeuy M. B., Pozankoe B. b.

BoITsiHyTast KpHBasi COCYlIeCTBOBAHHUS U e¢ KPUBOJIMHEIHBIH AMaMeTp KakK
¢axrops! r100aabHOM (QuIIOMIHONH ACMMMeTPUH

AHHOTAIIUS

Paccmompenvr pso Heco2nacoeaHHOCmell 6 NPUHAMbBIX MEeMOO0NI02UAX NPEeOCKA3AHUS, UC-
NOL3YEMbIX 6 patioHe Nap-HCUOKOCHIHO20 COCYWecmBosanus u Kpumuyeckou mouku. Kax
NpAsUNo, OHU BOHUKAIOM 6 CEA3U C PA3HbIMU MOJKOBAHUAMU KOHYENYUlU «NPAMOTUHEUHO20
ouamempay 6 niockocmu memnepamypa-niomuocms. OH YACMO UCKPUBTEH HA NPAKMUKE U
MOdICem PAcxoOUmuvCsi 8 08YX AlbMEPHAMUGHBIX ONUCAHUAX Kpumuurnocmu. 1) 0cHoanHoll Ha
MoOoenu HM3unea ¢heHomeHonro2uu noaHo2o cKelliunea u 2) Kiaccuueckou hpeHomeHono2uu ne-
pexoda nap-szcuokocms, pazpabomanHol ean-oep-Baanvcom-Maxcsennom-I'u6o6com. Bmopas
U3 HUX CYWecmeeHHO MOOUGUYUPOBAHA 6 MOOeaU QIyKmyayuoHHoU mepmoouramuxu. Hosoe
npeobpazosanue Oisi NOIHOU KPUGOL COCYUeCMBOBAHUSI OCHOBAHO HA USMEPAEMbIX PAGHOBEC-
HbIX OQHHBIX, NOIYYEHHBIX 80aNU OmM Kpumuyeckou obaacmu. Ilpeonoscennoe 6 Hacmoswyel
pabome, OHO NO360J5EM C NPUEMAEMOU MOYHOCTBIO ONPedenums NOI0XHCeHUe KPUMUYEeCKouU
MOUKU, KOMOPOe COOMEEMCMEyent NePeceyeHuto Mexicoy 6blMmsaHymoll KpUgoi cocyuecmso-
8aHUs 8 NIOCKOCHIU (YAKMOP COHCUMAEMOCU-NIOMHOCHIb U €€ BbIPANCEHHO-KPUSOTUHEUHbIM
30ecb OuamempoMm. YHueepcamibHOCmb NpUHYUNA 2100aNbHOU  DIIOUOHOU  acumMMempu,
copmynuposanrozo panee 8 Mooenu GayKmyayuoHHoU mepmMoOUHAMUKY, OOKA3AHA OTIsl 8Ce-
20 MeMnepamypHo20 UHMepeana nepexooa nap-jcuokocme. Pazeumas npedckazamenshas
Memooonozus onpedenenus KpUmu4eckoll mouku Moxicem Ovims 0COOEHHO NOAE3HOU O psi-
0a gewjecme, 8 KOMOPbIX €€ NPAMoe UMEPEHUE KPALIHe 3ampyOHEeHO UL HEGO3MOJICHO.

Pocankoe O. B. mon., Masyp B. O., Kaninuak B. B., Cepzcesa O. €.,
Jlesuenko B. L, Illseuv M. B., Pozankos B. b.

Bursarnyra kpuBa cniBicHyBaHH1 i il KpuBouJliHiiinuii giamerp sk dakropu rio-
O0anbHOI uroigHOT acuMeTpii

AmnoTarnis

Posenanymo pao neyseodcenocmeil 6 NPUIHAMUX MeMOOOA02IAX nepeddaueHHs, BUKOPU-
CMOBYBAHUX 8 PALIOHI NAPA-PiOUHHO20 CRIBICHY8AHHA | KpumuyHoi mouxu. Ak npasuno, 6onu
BUHUKAIOMb Y 36 513Ky 3 DISHUMU NUIYMAYEHHSIMU KOHYenyii «npsaMONIHIHO20 diamempay 6
nrowuHi memnepamypa-eycmuna. Bin uacmo euxpuenenuti Ha npaxmuyi i Modce po3xoou-
MUCb 6 080X ALMEPHAMUBHUX ONUCAX Kpumuunocmi: 1) 3acnoeanoi na modeni I3inea geno-
MeHON02ii n08H020 cKellninead i 2) kiacuunoi ghenomenonozii nepexody napa-piouna, pospoo-
nenoi san-oep-Baanscom-Maxcseennom-I'ib6com. [pyea 3 Hux cymmeeo mooupikosana 6 mo-
Oeni (prykmyayiiinoi mepmoounamixu. Hose nepemeopenns 0nisa nogHoi Kpueoi cnigicHyeanHs
3ACHOBAHE HA BUMIPIOBAHUX PIBHOBANCHUX OGAHUX, O0EPICAHUX 80ANUHI 8I0 KpumuuHoi obna-
cmi. 3anpononosane 6 yiii pob6omi, 6OHO 00360JAE 3 NPUUHAMHOIO MOYHICMIO BUSHAYUMU NO-
JIOJCEHHST KPUMUYHOT MOYKU, SIKe GION0BIOAE NEPEMUHY MIdC UMSASHYMOK KPUBOK CNIBICHY-
6AHHSL 68 NIOWUHI (PAKMOP CIMUCTUBOCII-SYCIURA T iT BUPAICEHO-KPUBONIHITHUM mym Jlame-
mpom. Yuigepcanvnicms npunyuny 2nobanvroi garoionoi acumempii, cghopmynvoearnozo pa-
Hiwe 6 Mooeni PayKkmyayiiiHoi mepmMoOUHAMiKY, 008e0eHd 05l 6CbO20 MEMNEPAmypHO20 iH-
mepeany nepexody napa-piouna. Pozeunyma nepedbauysanvHa memooonois 6U3HAYEHHs
KPUMUYHOT MOuKU Modice Oymu 0coOIUB0 KOPUCHOKW O POy PedO8UH, 8 SIKUX il npsimy umi-
prosanns 6Kpail ympyonene abo HemMoxciuge.
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AHaJi3 peJlakcaliifHNX XapaKTepHCTHK CHCTeMH neHTamIact — Agl

Y oaniti pobomi nposedeno ananiz mynomuniemnoi sanescnocmi dC,/dT komnosumis cucme-
mu nenmannacm — Agl 6 memnepamypHomy inmepeani cknyeans, popma sAKoi chpuwunena npu-
CYMHICMIO CIMPYKIMYPHO-AKMUBHUX YACIMUHOK 1I00UOY CpiOna ma 6U3HAYEHO KOMAIEKC iX penax-
cayivnux xapakmepucmux. Iloxkazano, wo KanopumempudHuil Memoo aHami3y peraxcayitimux
npoyecie modce 6ymu 3acmoco8anuti i 00 NOJIMEPHUX KOMNOUYIHUX Mamepianie 00 CKIady
SAKUX BX00AMb NOTIMEPU 30amHi 00 Kpucmanisayii, a came UCOKOMOAEKYIAPHI nonieghipu ma ou-
CNepCHi HaNOBHIOBAUI.

AHani3 3MiHH TEIUTOEMHOCTI B 3aJISKHOCTI BiJl BMICTY HamoBHioBaua (@; %, 00.)
Jla€e 3MOTY OTpHMaTH iH(OPMAILIO PO TEIUIOBHH PYX MOJIEKYJ Ta MIXXMOJEKYJISPHY
B3aeMofiro. Hal0inpir npocTo 3a pe3yibTaTaMi BUMIPIOBaHb TEIJIOEMHOCTI BU3HA-
YalOThCsl TEMIIepaTypa IUIaBJIEHHS, NMUTOMa TEIUIOTAa IUIABJICHHS Ta TEMIIepaTypa
CKJIyBaHHS, TOOTO NIPOIECH B SIKMX OJHOYACHO NMpPUIIMAae y4acThb BEJIMKAa KiJIbKICTh
MaKpOMOJIEKYJI 1 SIKi TTOB’s3aHi 3 KOOTIEPaTHBHUM PYXOM MOJIEKYJ ToniMepy. BusHa-
YeHHS TeMIIepPaTypHOl 3aJIeKHOCTI TEIUIOEMHOCTI JJO3BOJISIE BUBYATH TaKOX 1 MpoIie-
CH, TIPH SIKMX 3MIHM XapakTepy MOJISKYJIIPHOTO PyXy He MOB’si3aHi 3 (pa3oBUMH Iie-
pexo/iamMH, HaIPUKIIaJ MPU Nepexol MOJIEKYJIM Ha BUIIMI (HYKYMIT) eHepreTHuHUN
piBeHb BifOyBa€ThCs MOTTIMHAHHS (BHIUIEHHS) KiJIBKOCTI TEIIOTH, 11O JIETKO (iKCcy-
€THCS EKCIIepUMEHTaNbHO. [IpuKIIa oM Takux MpoLeciB Moxke OyTH, 30KpemMa Iepexis
i3 ofiHi€eT KpucTaniyHOl MoaNQIKaLil B iHITY.

Bu3HaueHHIO MapaMeTpiB MpoIeCy CKIYBaHHS MOJIMEPHUAX MaTepialiB i3 BUMi-
pIOBaHb TEIUIOEMHOCTI TPHUCBAYEHO Psx poditT [1, 2], B SKUX AETaIbHO PO3TIITHYTO
CYKyIHICTh (aKTOpiB, SIKI BU3HAYAIOTHh BIUIMB CTPYKTYpH Ta XIMIYHOTO CKJaay Ha
nmapaMeTpH CKIyBaHHS MOJIMEpHUX MartepianmiB. Hemonmikamu mux poOiT € Hecmpo-
MOXKHICTb JIETAJIBHOTO OITUCY BIUIMBY JIMCHEPCHUX HAIIOBHIOBAYIB Ha MOJIMEpPHY Ma-
TPHIF0 KOMIIO3UINT Y CKJIaJi MOJIMEPHUX KOMITO3MIIIHHUX MarepiatiB, MO HaOyBa-
I0Th BCE IUPIIOTrO 3aCTOCYBAHHSI.

[ogonaty BUIIE3ragaHi YTPYAHEHHS € MOXXJIMBHAM 3 YpaxyBaHHSAM MiKporeTe-
POTEHHOCTI MOJIIMEPHOT MaTpPHIIi B CKJIAIi TIOJTIMEPHOI KOMIIO3HIIii, TOOTO HAsSBHOCTI
o063y TBEPJOi MOBEPXHI YACTHHOK JAMCIIEPCHOTO HANlOBHIOBAYa MOBEPXHEBUX Ia-
piB MoTiMepYy, IO JTO3BOJISIE SIKICHO MOSICHUTH XapakTep 3MiHH aOCOIOTHUX 3HAYCHb
TEIUIOEMHOCTI Ta CTPUOKA TEMJIOEMHOCTI ITPH TEMIIEPaTypi CKIyBaHHS KOMIO3UTIB.

HesBaxkatoun Ha A€IIO HIKYY TOUHICTh BU3HAYCHHS MapaMeTpiB MPOLECY CKILy-
BaHHS 3 TEIUIO(I3UYHHUX JOCITIHKCHb Y TIOPIBHSAHHI 3 1HITUMHA METOJaMU, TaKi BUMi-
PIOBaHHS BUT1THO BiAPI3HAIOTHCS THM, IO OKPIM TEPMOJUHAMIYHUX aCIIEKTIB JI03BO-
JISIOTh aHATI3YBAaTH TaKOXK 1 peJakCalifHuN XapakTep MOJICKYJISIPHUX IPOIIECIB.
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OctanHiit pakT D03BOJIsE BU3HAYATH KOMIUIEKC PelaKCAIlifHUX XapaKTePHCTHK IO-
JIMEpHHUX MaTepiaiiB, a TAKO)XK KOMITO3UTIB Ha iX OCHOBI 3a JaHUMH TEILTO(iI3HIHIX
JIOCITiKEeHb 0e3 MPOBEACHHS JI0JIaTKOBUX BHMIpPIOBaHb METOJIAMU MEXaHIYHO1, Jie-
JIEKTPUYHOI, SIIEPHOI MarHiTHOI peaKcarii Tomlo.

He nuBistauck Ha SBHI epeBard METOAY, KUTBKICTh pOOIT, IPUCBSIYCHUX BH3HA-
YEHHIO KOMIUIEKCY peNlaKCallifHUX XapaKTepUCTHK - €Heprii akTuBawlii o-mporecy
penakcanii U,, mepeaeKCIOHEHIIaIbHOr0 MHOXKHUKA B, TeMIIepaTypu CKIIyBaHHS 1y,
HaIliBITMPUHN TEMIIEPAaTypPHOTO 1HTEpBAITy pelakcamiiHoro nepexoxy C,, piBHSI KOO-
MIEPaTHBHOCTI MPOIIECY CKIYBaHHS WV, eHepris aKTHBALIl 0-TIpoIiecy peiakcallii Koo-
nepaTuBy CerMeHTIB Ul 1oon, HE3HAYHA.

AHani3 nitepaTypHUX JaHUX [1, 2] mokasye, 010 Ha CHOTOIHINTHIN JeHb IPaKTH-
YHO BiJICYTHI pOOOTH, MIPUCBSIYCHI BU3HAYCHHIO KOMIUICKCY pelaKCaIliifHUX XapaKTe-
PHCTHK TOJIIMEpIB, SIKI 3[aTHI A0 KpHUCTami3amii i, 30KpeMa, BUCOKOMOJIEKYIISIPHUX
noniedipiB TemwmodiznuHUMU MeTogaMu. ToMy NMpoBeAeHHs TemIopi3HYHUX JOCIHi-
JOKEHB TIOJIMEpHUX KOMITO3HIIHHUX MaTepialliB Ha OCHOBI ITEHTAIUIACTY € aKTyallb-
HUM.

HaBezneni Buiie MipKyBaHHS 3aCTOCOBHI JUIsl aMOp(GHUX TIOJIIMEPIB, IO HE Mic-
TATh HAIMOBHIOBAaYi, TWIacTH(]IKaTOpH, OTBEpHKyBadi Tomio. [Ipy HasBHOCTI MomaiOHO-
TO POy IOMIIIOK TPOIeC CKIIyBaHHsS HaOyBae OLITBII CKIIQJHOTO XapakTepy i Teopis
BU3HAYEHHS KOMIUIEKCY peJaKkCallifHUX XapaKTepUCTHK 3a pe3yjbTaTaMy aHali3y
TEeMIIepaTypHUX 3JISKHOCTEH MUTOMOI TEINIOEMHOCTI BUMAarae yTOYHEHb Ta JOTIOB-
HEHb.

Tax, mpu HaITOBHEHHI TOJIIMEPIB JUCIIEPCHUMH YaCTHHKAaMH IPOIIEC CKITyBAHHSI
MOe€ PO3AUIATHCH Ha JEKIJIbKa OKPEMHUX IPOLECIB, OB SI3aHNX, HAIPUKIIA], 3 HU3b-
KOTEeMIIepaTypHUM 1 BUCOKOTEMIIEPATypHHUM IIPOIIECAaMH CKIIyBaHHS, ITOSIBA SIKMX BHU-
KITUKaHa Pi3HOIO Ji€l0 MOIU(IKATOPIB HA MOJICKYJIIPHY PYXJIUBICTh Pi3HUX KiHETHU-
HHUX OJIMHHUIIb NoniMepHOi Marpuui [3, 4]. Y uncromy nonimepi BIUIMB obiacTelt i3
PI3HOI0 CErMEHTAJIBHOIO0 PYXJIMBICTIO MOXKE 1 HE BHKIMKATH MOMITHOI MYJIBTHILIET-
HOCTI pelakcallifHuX MaKCHMYyMiB Ha EKCIIEPHMEHTAIBHUX 3aJEeKHOCTIX 1HTCHCHB-
HOCTI 3MiHH mUTOMOI TeroemHocTi dC,/dT, Toxi sk mpu MOoaUQiKyBaHHI MonimMepy
i/l BIVIMBOM CTPYKTYPHO aKTHUBHHX JOMIIIOK TOOJIN3Y MOBEPXHI PO3ily moJiiMep —
Moau(ikaTop y 6ararb0X BHUITAJKaX CIIOCTEPIraeThCsl PO3JABOEHHS TIKIB BIAIOBITHHX
MIePEeXOIiB SIK PE3yNIbTAaT, HAPUKIAM, 3MiHH IHTEHCHBHOCTI MOJICKYISIPHOI PYXJIFBO-
CTi KIHETHYHHX OJIMHHUIIb.

Taxkuit nijgxin 1o3Bossie Gi3n4HO OOIPYHTOBAHO BUKOHATH PO3JALICHHS MpoLecy
CKJITyBaHHS Ha JIBa OKPEMHUX ITPOIIECH, [0 BUHUKIIM BHACIIIOK HAIIOBHEHHS TTOTiMepa
JMCHEPCHUMHU YaCTHHKAMH, 1 JIa€ MOJIJIMBICTh TaKOXK OKPEMO BH3HAUUTH KOMILIEKC
X penakcaliiHUX XapakTepUCTHK. J{JIst bOTO TOCTATHIM € BUKOPUCTAHHS O/BiHHO-
ro Habopy QITIHT - TapaMeTpiB, IO € THAUBITYATLHUMH JUII KOYKHOTO KOMITO3HITiHi-
HOTO MaTepiajy Ta BiIMOBITHUX KIHETUYHUX OJMHUI [5, 6].

3aJeXHICTh MapaMeTpiB CKIIyBaHHsI, a caMe TeMIIepaTypH no4arky 7;; Ta TeMm-
nepatypu 7, KIHIS HU3BKOTEMIIEpATypHOI, Ta TeMIepaTyp nodatky 7,; ta KiHus 75,
BHCOKOTEMIIEPATypHOi CKIIQJOBHX IPOIECYy CKIYBaHHS BiJ KOHIICHTpAIil Iucriepc-
HOTO HallOBHIOBaya SICKPABO CBIAYHMTH MPO CYTTEBHM BIUIMB IPHCYTHOCTI HAIOBHIO-
Baya Ha CTPYKTYpPY MOJTIMEPHOI MaTpHIL.
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Puc.1. KonrentpamniiiHi 3a1eXHOCTI Temreparyp nodarky 7 Ta Ki-
HIs T, HU3BKOTEMIIEPATYPHOI 1 modatky 7»; Ta KiHI 75 BUCOKOTEMITE-
paTypHOi CKITQJIOBUX TPOIECY CKIyBaHHS KOMIIO3WTIB CHCTEMH TICHTAIl-
mact—Agl 1 —T1;2 T3 —Th;4— T

AHaJi3 KOHIIEHTPAIIHHIX 3aJeKHOCTEH TeMITepaTyp IIOYaTKy Ta KiHI HH3BKO-
TeMIlepaTypHoi CKJIaJ0BOI NPOLECy CKIIyBaHHS Y CUCTEMI IEHTAILIACT — Hoxua cpio-
Jla TIOKa3ye, 1110 3a XapaKTepOM 3MiHHM TeMIIepaTyp KOHIEHTpaliiiHy 00JacTh MOXKHA
YMOBHO TIOJIUTUTH HAa YOTHUPH JIJISTHKH [7].

[epmra, oomMexxena KoHIeHTpamisMu ¢ Big 0 10 8 %, mpu 30UIBIICHHI BMICTY
JUCTIEPCHOTO Agl, XapaKTepu3yeThCs ACSIKUM IOHIKCHHSM TEMIEpPaTypu MOYaTKy
nporiecy ckiyBanHs. Taka moBeninka 7, Ha Hally JyMKY, BUKIHKaHA CTPYKTYPHOIO
AKTHBHICTIO HallOBHIOBAYa.

Sk mokasamu peHTreHorpadiuHi OCTIHKEHHS B il OOJIACTI KOHIICHTPAIIii
CIIOCTEPIracThCs TOHWKEHHSI 3arallbHOrO CTYHEHS KPHUCTAIIYHOCTI KOMIIO3HTIB,
SKe BeJie JI0 MiJBUICHHS PYXJIHBOCTI KIHETHIHNUX OJWHHID TTOJIMEPHHUX JAHITIOTIB i
cripusie X OUTBIT IHTEHCUBHOMY TEIUIOBOMY PYXY.

Ha apyriii ainsHii, npu 301bIIeHH] KOHIEHTpAIi 10 36 %, HamoBHIOBaY Agl,
BUCTYIAIOYH Y POJIi 3apOJIKIB CTPYKTYPOYTBOPEHHSI, 0OMEXKY€E PYyXJIMBICTh CEIMEHTIB
MaKpOMOJIEKYJI TOOIHM3Y IMOBEPXHi HAIIOBHIOBAYA a, OT)KE, 1 MiJABUIILYE TEMIIEPaTypy
MOYATKy IMPOIECY CKIYBaHHS, OCKUIBKU MMOHMKCHHSI pyxm/IBocn CCTMEHTIB, SIKI
NpUIMalOTh y4acTh Y pellakcallifiHoOMY Ipoleci, Beae A0 MiABUIEHHS HOoro eHep-
Trii akTHBaii.

Tpetst o6macTs KOHIEHTpaIii — 36 < ¢ < 58 % xapaxTepHa mepeOyBaHHIM T0-
JiMepy y CTaHi TpaHMYHUX MIapiB. 3MEHIIEHHS paliajbHUX HAIPyr Ha MEXI MOy
MIeHTAIIacT — Hoauy cpibia, MPUBOIUTH 10 HE3HAYHOTO ITiABHUIIEHHS CTYTICHS KpHC-
TaJIYHOCTI MEHTAIIACTy B CTaHI T'PaHWYHUX IIapiB, sKi, OYEBHIHO, MAIOTh OiJIBII
BIOPSAKOBAHY 110 BiJJHOLIEHHIO 10 MOJIIMepY B 00’ €Mi, CTPYKTYpY.

Y d4erBepriii obsacti mpu @ > 69 %, BHACHIJOK HecCTadi IIOJIMEPHOro
3B’A3yI0YOTO0 BHHHKAIOTH PO3PHBU MPHUCTIHHOTO IIapy IMOJiMepy, IO BeIe OO0 JacT-
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KOBOi amop(i3amii MoIiMepHIX 3aJUIIKIB Ta 3yMOBIIOE ITiIBUICHHS IHTEHCHBHOCTI
TEIUIOBOTO PYXy CEIMEHTIB MaKpOMOJICKYJI i, SIK HACJII/IOK, OHKEHHS TeMIIepaTypu
7.

XapakxTep KOHIEHTPALIHHOT 3aJIeXHOCTI TeMIepaTypy KiHIs 7, HU3bKOTEMIIe-
paTypHOi CKJIaIOBOI IPOLIECY CKIIYBAHHS € NPAKTUYHO aHAJIOTIYHUM /0 BiATIOBIIHOI
3JIeKHOCTI T7; 3 OJIHIEIO BIIMIHHICTIO, 1110 TIOJISITA€ Y HE3HAYHOMY 3MiIllEHH] TeMIIe-
paTypHOro MiHIMyMy Yy OiK BHUIIUX KOHLEHTpauiif i Moxe OyTH MOSICHEHE 3pOCTaH-
HSM CETMEHTAIBHOI PYXJIMBOCTI, a TaKOXX IIOCTYHOBHM 3POCTaHHSIM YacTKH o-
Moudikamii HeHTawIacTy BHACTIIOK ITiABHIIICHHS TEMIIEPATyPH.

Po3risiatoun BUCOKOTEMIIEpAaTYpHY CKIIAJIOBY CKIIyBaHHS CIIifl 3BEPHYTH yBary
Ha OLIBIIY, MO BiTHOIIECHHIO IO HU3bKOTEMIECPATypHOI, YyTIANBICTh TOTIMEPHOI MaT-
pHI 10 BIUIMBY ANCIIEPCHOTO HANOBHIOBaYa — HOAUIY cpibia.

Jast Otk TIMOOKOTO PO3YMIHHS MOJIU(]IKYIOYOTo BIUIMBY JHCIEPCHOTO HAMo-
BHIOBaYa Ha MOJIIMEp, 30KpeMa Ha MOBENIHKY TeMIIepaTypHOi 3aJIeXKHOCTI MUTOMOT
TEIUTOEMHOCTI B 00JIacTi CKITyBaHHS, HEOOXiTHUM € PO3PaXyHOK KOMILICKCY pelak-
canifHNX XapaKTEPUCTHUK VI KOMITO3UTIB CHCTEMH NeHTamacT — Agl.

AmHaui3 3HaueHb Mepe/IeKCIIOHeHTH B, = 5:10" ¢ n03BOMISIE BIIEBHUTICH Y MOX-
JMBOCTI 3aCTOCYBaHHS METOIWKM BH3HAYEHHS KOMIUIEKCY PENaKCaliifHUX XapakTe-
PHCTHK 13 KQJIOPUMETPUYHHUX JOCTIPKCHb Il HEHAIIOBHCHUX 1 HAIIOBHEHHX BHCO-
KOMOJIEKYJISIpHUX NoiedipiB, a caMe NMEHTAIIacTy Ta KOMIIO3UTIB Ha H0ro OCHOBI.

ExcriepuMeHTaNbHI AaHI CBiAYaTh, 110 3BY)KEHHs HAIiBIIMPUHU IHTEpPBaly HU-
3bKOTEMIIEPaTypHOI CKIIaI0BOi npouecy ckiyBaHHS Cy; IpH 30UIbIICHH] KOHIIEHTpa-
il TUCTIEpCHOTO HamoBHIOBada 110 27 % CBiMYMTH HAHOLIBIN iIMOBIpHO MPO 3MEH-
IIEHHS INUPUHYU PO3MOAITY KIHETHYHUX OJMHMIb 32 PO3MipaMu, 0 O0epyTh y4acTb y
penakcariiHoMy Mporeci.

[opamema cramicts mapametpy Cy tipu 27 < ¢ < 69 % BKazye Ha OYEBHUAHY I'0O-
MOTEHHICTb MOJiMepy, 1110 NepedyBae y cTaHi rpaHUYHHX 1apiB. OCTaHHE TAKOX ITi-
JTBEP/PKYETHCS MPAKTUYHOIO CTAJIICTIO BEIMUMHU SHEPTii aKTHBALT poLecy.

Jlesike 3poCTaHHS HaIliBIIUPHHU IHTEPBAIY BHCOKOTEMIIEPATypHOI CKJIa[IOBOL
cxiryBanHs1 Cp; CYKYIHO 13 pocToM eHeprii aktusauii npu 20 < ¢ < 42 % Moxe cBil-
YHUTH IPO ICHYBaHHS 3HAYHOTO PO3IOALIY 338 PO3MipaMH CTPYKTYPHHX €JIEMEHTIB, SIKi
YTBOPWJIKCS BHACIIIOK MEXaHIYHOTO JWCIIEPTYBaHHS, TAKUX K KiHII 00ipBaHUX Jia-
HIIIOTIB, JIAHIIOTH 3 OJHUM BUIBHMM KiHIIEM Tomlo. YHCIIOBI 3Ha4YeHHsS HapameTpy
KOOIIEPAaTHUBHOCTI W; Ta W, BKa3ylOTh Ha CYKYIIHY Y4acTh Yy peJIaKCalliifHUX Ipolecax
BIATIOBIZIHO IT’SITH Ta IIECTH KIHETMYHUX OJMHHLB JUISi HU3bKOTEMIIEPATypHOI Ta BU-
COKOTEMIIEpaTypHOI CKJIaJIOBUX, BiITIOBITHO.

TakuM YMHOM JOCIIJUKEHHSI TEMIIEPaTypHOI 3aJI€KHOCTI TEIUIOEMHOCTI KOMIIO-
3UTIB CUCTEMH B 00JIaCTi CKIIyBaHHS MOJIMEPHOT MaTPUILli EHTAILUIACTY BUSIBHIN MY-
JIBTUIUIETHAN XapakTep MPOLECy CKIyBaHHSA Ta JO3BOIWIN (Di3UYHO OOTPYHTOBAHO
BUKOHATH PO3ALICHHS CIOCTEPEXKYBaHOTO IIiJ Yac CKIyBaHHS TEIUIOBOTO e(heKTy Ha
JIBa OKPEMHUX MPOLECH, 110 BUKJIMKaHI HATIOBHEHHSIM IOJIIMEPY JMCIIEPCHUMH YacTH-
HKaMH, Ta OKPEMO BH3HAUUTH KOMIUIEKC X pejakcalifHuX XapaKTepUCTHK.
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AHaJM3 peIaKCALMOHHBIX XaPAKTEePUCTHK CHCTEeMbI NeHTamiact — Agl

AHHOTALIMS

B oannou pabome nposeoen ananuz myrvmuniemuot sagucumocmu dCp/dT komnosumos cuc-
memvl nenmanaacm - Agl ¢ memnepamypHom unmepeane Cmeki08anus, hopma KOmopou Gbl36d-
HA NPUCYMCMEUeM CIMPYKIMYPHO-AKIMUGHbIX YaACmuy tioouda cepebpa, u onpeoeier KOMIIEKC Ux
penaxcayuonnbix xapakxmepucmuk. [lokazano, 4mo KalopuMempuiecKuii Memoo aHamu3a peiax-
CAYUOHHBIX NPOYECCO8 MOdicem OblNb NPUMEHEH U K NOTUMEPHBIM KOMHOSUYUOHHBIM MAMepud-
JIaM, 8 COCMAS KOMOPLIX 8X005M NOIUMEDDL, CNOCOOHbIE K KDUCTIAILIUZAYUL, (d UMEHHO 8bICOKO-
MONEKYIAAPHbLE NOTUIPUDPLL U OUCTIEPCHYIE HANOTHUMENU.

Shut M.1L, Rokytska H.V., Rozanovych V.Yu., Chelnokova S.M.,
Rokytskyi M.O.
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
calorimetric 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 lay-
er 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 is 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
is 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 consid-

ered 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 1,, 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- Mon-

roe, double logarithmic equation of Valter - Refutas, the formulac 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,85+N, =)=, —My) s+ M- (M

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 7, ). Therefore, the stationary (in steady-state

flow) thickness of the structured layer d; (y) decreases with increasing of the shear de-
formation rate y (c™), taking the maximum equilibrium value d,, =d, (y—>0) 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 - Tm) , 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 meth-
ods, 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, i.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 pol-
yethylene structure CH;-(CH,),-CHj; [15]. n-Hexadecane molecules (n = 16, melting
temperature 7,, = 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 g =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 ge-
ometry of the experiment [17] assumes the transparency of the substrates. This con-
tradiction was eliminated by vacuum thermal deposition of a thin semitransparent
metallic 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 re-

gion (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
studied liquids also. The latter requirement led to the use of popular dyes — “sudan
red” (maximum absorption band Am.x ~ 0.472 mcm) and “sudan black” (maximum
absorption 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

*Sizes (@ =15 mm, h =3 mm), average value of asperities ~ 20 nm.
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narrow monochromatic light probe [16]. Then the gap was filled in with the studied

0:00:30.000 0:00:45.000 0:01:00.000 0:01:15.000 0:01:30.000 0:01:45.000 0:02:00.000

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
heterophase 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 vari-
ance of experimental results. One of them in the region of small values of d corre-
sponds to the absorption of the ELC layer, the other one — to the bulk isotropic #-
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 investigat-
ed 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 sub-
strates (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 X),
which was set to a position corresponding to the minimum of the transmitted light in-
tensity”.

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 mcm, 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-

4 Steel Ioganson 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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sociated with the phase difference 6 between the components E, and E; of elliptically
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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 AT = 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 p,., ) 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, ~4.3-10” mem™ and p, ~35.5-10 mem™'. These values, in
turn, determine the value of the order parameter g of the impurity molecules in the
ELC layer g(2.5) ~ 0.22. The same temperature dependence of the equilibrium
thickness dos(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 dos(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 meas- der parameter ¢ of the n-hexadecane ELC
urements. ™ — obtained by measuring of layer obtained by measurements of ad-
the admixture dichroism, o — 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 rhe-
ological measurements of the effective viscosity in the shear flow of the same
heterophase 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 ¢(AT) found by the dichroism
method 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 dependenc-
es are presented in Fig. 7.

In the same figure, the temperature dependence of the sample “bulk” viscosity
is 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)= 7 (AT), 3 —
"high-viscosity" layer component n_-s= f,(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
heterophase n-hexadecane interlayers symmetrically bounded by metallic substrates
made it possible to establish the nature of the temperature dependence of the equilib-
rium thickness of the ELC layer. This dependence satisfactorily correlates with the
"limiting" (in the absence of flow) dependence dy(AT) obtained in rheological exper-
iments. This fact indicates the reliability of obtained results, the adequacy of the inte-
grated 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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TennogizuyHi Ta pesakcaniiini XapaKkTepuCTHKHU IBO(A3ZHUX CUCTEM HA OCHOBI
MeTAJTOHATIOBHEHUX eMOKCHIHNX MoJIiMepiB

Ha ocHosi npoeedenHst 00CIIONCEHHsT NUMOMOT MEeNIOEMHOCMI 13 3ACMOCY8AHHAM Meopii
penakcayitinoi cnekmpomempii enoKCUOHUX KOMNO3UYill HANOGHEHUX GUCOKOOUCHEPCHUMU
nopowkamu Mioi, HiKero ma 3aui3a 3p00JeHO BUCHOBKU NPO CMAH 83AEMOOIL Midc noiimep-
HOM0 Mampuyero ma nNo6epxHero Hano6HI6ayd.

Beryn. BeeieHHsI B €IOKCUAHUI TOJIIMEP METAIEBUX HAIIOBHIOBAYIB 103BOIISIE
3HAYHO TIOKPAIIUTH TaKi BaXKJIMBI BIACTHBOCTI KOMIIO3HIIA SK TEIIOMPOBITHICTD,
€JIEKTPOTPOBIHICTh, MIIHICTh TOIIO. Lle MocsATaeThest He TIBKH 3a paXyHOK 0Oe3mo-
CepeHbOT0 aJUTHBHOTO BKIIA[ly METAICBOTO HAMOBHIOBAYa, aje i 32 paXyHOK 3MiH,
IO BiIOYBArOTHCSA B MOJIMEPHIH CIMOKCHIHIM MATpHIli IMiJ BIUIMBOM HAIIOBHIOBAaYa
[1]. 3miHM B moJiMepHii MaTpHIl TPAAMIIHHO BUBYAIOTHCS KAJTOPUMETPHUYHUM Me-
TOJIOM, SIKMH € HaHOUIBII YyTIMBUM JI0 3MiH CTPYKTYPH KOMIO3HL# [2].

00’ekTH Ta MeTOAU AOCTiIKeHHsI. B Hamiii poOOTi BUBYAIUCH KOMITO3HUITIT
Ha OCHOBI EMOKCHIHUX cMoJI-eriokcuaHol aiaHoBoi £/{-20 (EC) i enmokcuypitaHoBOT
(EYC), 3aTBepKeHNX momieTmieH oniaminoM [/ETIA. B sikocTi HanoBHIOBaYiB Oyin
BHKOpPHCTaHi mucnepcHi Metanu: (Ni) — KapOOHUIBHUH HIKeNb 3 pO3MIpOM YaCTHHOK
8-12 mxMm; (Cul) — enextposiTHaHa JPiOHOANCIIEPCHA MiJIb 3 PO3MIPOM YaCTHHOK 5-8
MKM; (Cu2) — eleKTpoIiTHYHA KPYITHOJUCIIEpCHa Milb 3 po3MipoM yacTuHok 90-120
MKkM; (Fel) — npiOHOAMCIIEpCHE KapOOHIIBHE 3a1i30 3 PO3MIpOM YaCTHHOK 2-5 MKM;
(Fe2) — xpynHoaucnepcHe 3ai1i3o 3 po3mipoM yactuHOK 90-120 mxm. [lnst Binbopy
YaCTHHOK HEOOXIJTHUX PO3MIpIiB, KPYIHOAMCIIEPCHI 3aJ1i30 1 MiJb (paKiioHyBaIu Ha
CHUTAaX 3 BIIOBITHUM PO3MipOM OTBOPIB.

OOroBopeHHs: oTpUMaHHUX pe3yabTatiB. Ha puc. 1 npeacrasieHo temmneparty-
PHI 3aJIeKHOCTI MUTOMOT TerioeMHocTi Komnosutliin EC, EC+Cu2, EC+Ni, ECt+Fel.
Ha 1mux KpHBHX CHOCTEpIraroThCS ITUISHKH, IO BiIIOBIJAIOTh CKIOMOAIOHOMY
(~320+360K) ta Bucokoenacruanomy (~390+450K) cranam enokCcUIHOI MATPHIIi J0-
CJIJKYBAHUX KOMITO3MLIIH, a TAKOX KJIACHYHUH CTPHOOK TertoeMHocTi (~360+390K)
MIPY CKIIYBaHHI 3 YiTKO BUPaXCHUMH TEMIIEPAaTypaMHu MOYATKy Ta 3aKiHYCHHS OCHOB-
HOTO peJIaKCaIlifHOTO IMpOIeCy CKIIyBaHHS. BiqmoBimHi 3HaYCHHS TeMIIEpaTypPHHUX
napaMeTpiB NpoLecy CKJIyBaHHs MpezcTaBieHo B Tabnui 1.

AHani3 IUX pe3yNibTaTiB IOKa3ye, IO IIUPUHA TEMIIEPaTypHOTO IHTEpBaIy
CKITyBaHHSI CYTTEBO 3MIHIOETHCS BiJl KOMITO3UIT 10 KOMITO3UIIil, TOOTO € UyTIUBOIO
JIO THITy HarOBHIOBavYa. KpiM TOro, OUEBUIHIM € 3pOCTaHHS TEMIIEPaTypH CKIyBaH-
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KOMIIO3HIIiff Ha OCHOBI €TIOKCHTHOI CMOJIH

470

Ta6auus 1

TemneparypHi HapaMmeTpH Ipolecy CKIIyBaHHS KOMIO3UIIIA Ha OCHOBI €IIOKCHIHOI J1IaHOBOT Ta
EMOKCUYPETaHOBOI CMOJI

Haitmentysaiiis T, K 7, K AT, K T, K
KOMITO3HII11

EC 355 380 25 367
EC-Cu2 356 387 31 371
EC-Ni 378 400 2 389
EC-Fel 370 387 17 379
EVC 351 392 41 373
EVC-Cu2 347 373 26 360
EYC-Ni 374 404 30 389
EVC-Fel 367 398 31 383

Hi B psagy EC, EC—Cu2, EC-Fel, EC—Ni. 3HaHHS TeMIIepaTypHUX MapameTpiB J0-
3BOJIMJIO 32 METOJMKOIO [3] BU3HAYUTH PO3PAaXyHKOBI 3HaueHHS "M SIKOi", TOJIOBHOT
Ta "KOPCTKOI" CKIIAIOBUX CKIYBAaHHS BKa3aHUX KOMITO3HIIIH, SIKi TOJjaHi B TaOHII 2,
ne AT) — po3paxyHKOBHH TeMIIEpaTypHUH 1HTEPBA CKIIYBaHHS HU3BKOTEMIIEpaTyp-
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Taoauus 2
Po3paxyHKOBI TepMOIHMHAMIYHI XapaKTEPHUCTHKH KOMIOHEHT CKITyBaHHS KOMITO3HIII
Ha OCHOBI CMTOKCHIHOI Ta EMOKCHYPETAHOBOI CMOJI

EC 233 23,4 366 368
EC-Cu2 234 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
EYC-Ni 24,5 24,8 386 391
EYC-Fel 24,1 24,5 379 385

HOi ("M sIK0i") KOMIIOHEHTH CKIyBaHHA, AT, — po3paxyHKOBHI TeMIIEpaTypHUIl iHTe-
PBaJl BUCOKOTEMIIEPATypPHOT KOMIIOHEHTH CKITyBaHHsI, 1, — TeMIepaTypa CKIIyBaHHS
"M’sIKO1" KOMIIOHEHTH, T — TEMIIEpPATypa CKIyBaHHS "KOPCTKOI" KOMIIOHEHTH.

Amnariz qaanx tabnmmi 2 mokasye, mo nepexin B £C 01M3pkuii 10 1307I60BaHO-
ro, T00T0 "M’sika" Ta ">KOpCTKa" KOMIIOHEHTH 30iraroThCs, a OTXKE, CKIIAJ CETMEHTIB
CITKM OJIU3BKHI 70 TOMOT€HHOTO, IO MiATBEPIKYE BUCHOBOK JMHAMIYHUX MEXaHiy-
HUX JOCTIKEHb PO OJIU3BKICTh SMOKCHIHOI MATPHUIL JI0 MOBHOTO TBEPAHEHHS MPH
70 °C. Taka curyaiiis 30epiraetbcs st komno3utlii EC—Fel ta EC—Ni. 1o BoHa
e msa cucremn EC-Cu2, nme mae Miclle IOMITHE pO3MIapyBaHHA CETMEHTAJIHHOTO
CKJIaJIy 3 CYTTEBO PI3HUMH TeMIlepaTypaMu CKiryBaHHs Bix 367 no 375 K.

Sk mokazaHo B [3], U aHaNi3y eKCIIEpUMEHTABHUX Pe3yJIbTaTiB, OAEpKaHUX
TEIVIOQI3MYHUMHM 1 MEXaHIYHMMH MeTolamy, e()eKTHBHMM € rpadidHuii MeTon
PO3B’s13Ky piBHsIHHS BosblimaHa-AppeHniyca:

U;
T, =Be "
B koopauHatax lgt = f(1/T), abo 1/T = f{1gt), e 3a1eKHOCTI MPEACTABISIOTHCS SIK:
U 1
lgt=1gB +—— — 1
gr=leB+on T 1)
1 T C. 23k
el BN e gt Bt by PRV 2
T Uig27rB,. U8V 2)

i
Koncranra C; s apioHOMacmTabHUX 1 BEIMKOMACIITAOHUX MPOIIECiB BiAMOBI-
JHO cTaHOBHTH 1 1 10 1 3B’s3ye yac penakcaiii T; 3 IUKIIYHOI0 9acTOTOI0 @, ;T =C;.
AmHaii3 TeMmrepaTypHO-4aCTOTHHX Ta TEMIEPATYPHO-4aCOBHX 3aJICKHOCTEH,
0 XapaKTepU3YIOTh peNaKkcalliliHi TpomecH TOoKa3ye, Mo npu 7—»o0, abo Tpu
1/T,-—0 3anexkHOCTI MalOTh IOJIOC, TOOTO CXOAATHCSA B OIHIM TOUIl Ha OCsX Igv i
lgt. [o3naumBum nomtocu npu 1/7'= 0 5K Vi Ta Bj, 0JEp>KUMO CIPOILIEHI BUPa3H IS
BU3HAYEHHS CHEePTii aKTUBALIi] i-IIPOLIECiB:
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U =2,3kT 1g| Yo 3)
V[
T.

U, =2,3kT 1g E‘ 4)

i
ExcniepuMeHTanbHi JaHi [4] BKa3ylOTh Ha KOPEJAIII0 MK IIpoIiecaMy MeXaHi-
YHOI Ta CTPYKTYPHOI peJakcarlii, TOOTo HIeTbes Mpo 1ACHTHYHICTh KIHSTHIHHX OIH-
HUIIb, 110 BiIMOBITAIOTE 32 OJJHAKOBI pellaKkcalliiHi IPOLeCH PH CTPYKTYPHIH Ta Me-
XaHIYHIA penakcaril. Buxomsran 3 110ro Ta 3MICTy Yacy penakcarii, MOKHa BBaXKaTH,
IO cepenmHs TeMIlepaTypa pejakcariiiHoro mepexoay 7; BiANOBimae MakCUMyMy Ha
3aJIKHOCTI:
dC,/dT = (T)
Otxe, ko T; i T, TeMnepaTypHi cTaHH CUCTEMH, 110 BiMOBIJAIOTH PiIBHOBAXK-
HUM CTaHaM TIPH peaKCaIlifHOMY IIepeXo/li, TO MOYKHA 3aIFCaTH:
TZ—T1:2T,'0(,0. (5)
Jie ® — IIBHAKICTh HATrPiBy CUCTEMH TIPH JOCIIHKEHH] TEIUIOEMHOCTI B IMHAMIYHOMY
pesknMi. I3 criBBimHOMmEHS (4) 1 (5) ogepkuMo:
v, = 2wB,v;,
AT
JIe V;) — CKBIBaJICHTHA NWHAMIYHUAM IpOIlecaM 4YacToTa, IO BiAIMOBIJA€ IIBHIKOCTI
HarpiBy ®. BukopucToBylouHM 1ie CIiBBIIHOLICHHS 3alMIIEMO 3aJIeXKHICTh (4) y BHU-
TSI

E

U,=23kT1g AT
208,

3HAYCHHS EKCIICPUMEHTAIbHUX Ta PO3PAXyHKOBHX MMapaMeTpiB TO3BOJIMIO B
MOJANTBIIIOMY BH3HAYHTH PeNIaKcalliifHi XapaKTepUCTHKH CKIYBaHHS B HOTO CKIIamo-
BHX, SIKi TIofaHi B Tabumisx 1.4 ta 1.5, ne Byi; By, Boo — BIATOBIAHO MEPiou KOJIH-
BaHb CErMEHTIB "M’sKo01", ToJoBHOI Ta "xkopcTkoi" ckiamoBux ckiyBanus, Uy, U,
U,> — BIANOBITHO €HEpTii aKTUBAIlil CKIIyBaHHA "M sKOi", TOJIOBHOI Ta ">KOpCTKOi"
CKJIaJIOBUX, V|, V, V, — PIBEHb KOOIIEPOBAHOCTI BiINOBIAHUX KOMITIOHEHT CKJTyBaHHS,
TOOTO KUIBKICTh KIHETUUHHUX OJIUHHUIIb, SIKI YTBOPIOIOTH OMIKHIA MOPAOK; Uyixoon;
Uooons Unlxoon — CHEPTIT aKTUBAIIT CKITyBaHHSI BiIITOBITHAX KOOTIEPATHBIB CETMEHTIB.
3 anamizy maHux Tabauui 3 ciigye, Mo po3maja OJIM3BKOTO JO TOMOTEHHOTO
ckiaay cerMeHTiB EC Ha CyTTeBO pi3Hi ckianoBi st EC—Cu2 npu temmeparypi
CKITyBaHHS "M’SIKOi" KOMIIOHEHTH, OJHM3BKOI JIO XapaKTEPHUCTHK BHXIIHOI MaTpHIl
EC, cBimuuth mpo Te, mo B3aemoito EC <> Cu2 ciix BBaxkatu ciadkoro. Ile minrse-
PIUKY€ETBCS, TUM IO XapaKTepHCTHKU "kopcTkoi" komnoHeHTH EC—Cu2 HWXYl HIXK
g EC—Fel ta EC-Ni. HaBnaku, BUPOJKEHHSI TPhOX KOMIIOHEHT CKIIyBAHHS B OJHY
st Fel ta Ni CBiIUUTh PO FOMOICHI3AIII0 CErMEHTAJIBHOTO CKIaAy cuctemMu EC—
Fel ta EC-Ni 3a paxyHOK TOro, L0 IIpU JaHOMY piBHI B3aemonuii EC <> Fel ta EC
<> Ni BiJNOBIIHI HAITOBHIOBAYi CBOEI0 B3aEMOJIIEI0 3 MAaTpHUICIO 3a0e3MedyroTh
3B’3yBaHHS BCiX KIHCTHYHUX OJNUHHI MaTpull. [Ipu oMy aOCONIOTHE 3HAYCHHS
EHepTil aKTUBAIlil, Tepioay KOJIMBaHb KIHETHYHUX OJHUHUIIh Ta PIBHSI KOOTIEPOBAHOCTI
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Taoauns 3
TepMmoanHaMiuHi Ta KIHETUYHI XapaKTEPUCTUKH CKIIYBAHHS KOMITO3HILiit
Ha OCHOBI CMTOKCH/IHOI Ta SMOKCHYPITAHOBOI CMOJI

HalimenyBanHs Uqgi, Uga. Us,
KOMIIO3HITI{ B, c Bu, Ba, C kJox/Moub | kJx/Mob | kJk/MoIb
EC 59102 | 59.10™ | 59107 | 96:10° | 96-10° | 96.10°
EC-Cu2 59102 | 6,1.1012 | 6,0-10™ | 96:10° | 98:10° | 97.1¢°
EC-Ni 621012 | 62.1012 | 6.2:10™ | 102:10° | 102:10° | 102.10°
EC-Fel 6,110 | 6,1.10"2 | 6,1:10™ | 100-10° | 101:10° | 100,5.10°
EVC 5810™ | 6,1.10™ | 59107 | 9510° | 100-10° | 97.10°
EVC-Cu2 | 5710" | 5810™ | 5810" | 9410° | 9510° | 9510}
EYC-Ni 621012 | 63.10"2 | 63:10" | 101-10° | 102:10° | 10210
EVC-Fel 6,210" | 62102 | 62:10™ | 99-10° | 101-10° | 100.10°

Taoauus 4
TepmoauHaMiyHi Ta KIHETHYHI XapaKTEPUCTUKHU MPOLECY CKIyBaHHS
KOMITO3HIIii1 HA OCHOBI €IOKCH/IHOI Ta EIOKCHYPITAHOBOI CMOJ

HaﬁMeHyBaHHﬂ Ual KOOIL. Ua2 KOOI U(x KOOIL.
KOMITO3HIIIT v M M kJx/monb | kJDx/Moiub | kJIK/Moib
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° | g850.10°
EC-Ni 9,20 9,20 920 | 942:10° | 942:10° | 942.10°
EC-Fel 9,03 9,03 9,03 902:-10° 903-10° 903103
EVC 8,60 9,00 8,80 95-10° | 100-10° | 97.10}
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°

CBIIYMTH NPO T€, LIO CTYMiHb B3a€MOJII MaTpPHL — HAIOBHIOBAY 3POCTAE B PsAY
Cu2—Fel—-Ni.

BucHoBku:
TakiM YHHOM, aHAJ3 peaKkcaliiHUX XapaKTePUCTHUK CKIIAZOBHUX TPOIECY
CKITyBaHHS €MIOKCHIHIX KOMITO3HUIIIH JI03BOJISIE 3pOOHTH CITiTyI0UH BUCHOBKH:
— cKiIyBaHHs BuxinHOI Matpuii £C GIu3bKe 10 TOMOT@HHOT0, IO CBIYUTH PO
JIOCSATHEHHSI KOHBEPCii, OJIM3bKOT 10 MOBHOT;
— po3uIapyBaHHs Mpolecy cKiyBanHs cuctemu EC—Cu2 CBITYUTH TIPO CIAOKICTh
B3aeMoii EC <> Cu2 Ta HEMOXKIJIMBICTh MOIIMPEHHS BIUTUBY ITi€l B3aeMOIii, IpH Ja-
Hill KOHIIEHTpAIlil HATIOBHIOBAaYa, HA BECh 00 €M TOIMEpHOT MaTpuili. MOXKIHBO IIe
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MOB’S3aHO 3 BEJMKHUM PO3MIpOM JacTHHOK Mifi (Cu2 Mae po3mip 6mm3bko 100 MkM),
TOOTO 3 MaJIOIO IIUTOMOIO TIOBEPXHEIO HAITOBHIOBAYA;

— TOMOTEHHICTh cerMeHTanbHOTO ckianay cucreM EC-Fel ta EC—Ni cBiguuth
PO AOCSITHEHHS ONTHMalbHUX KoHIeHTpamii Fel Ta Ni, mpu Skux B3a€eMoJis Haro-
BHIOBAaYa 3 MaTPHUIICIO IIEPEKPHBAE Bech 00’ eM moliMepy. Lle € HacmiAKoM sik BHCOKO-
ro piBHs B3aeMoii EC 3 moBepxHero 3aitiza Ta HIiKel0, TaK 1 BUCOKOI MUTOMOI MTOBe-
PXHIi X HATIOBHIOBAYiB.

— 3pOCTaHHS aKTHBAIlIfHUX Ta KOOIIEPATHBHUX XaPAKTEPHCTHK JTO3BOJIIE TOOY-
IyBaTH psif HamoBHIOBauiB Cu2—Fel—Ni, B IKOMY 3pOCTa€ aKTHBHICTH BiAIIOBITHOTO
HAIOBHIOBAYA.
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HOBE MEeTATIOHATIOTHEHHBIX MOKCHIHBIX I0OJIMMEPOB

AHHOTAIIUS
Ha ocnose uccrnedosanus yoenvbHoti menioémMKocmu ¢ RPUMEHEHUeM Meopuu peiaxcayi-
OHHOUl CNeKMpOMempuu 3MOKCUOHBIX KOMNOZUYUL, HANOJIHEHHbIX 8bICOKOOUCNEPCHBIMU NO-
PpouwiKkamu meou, HUKels U ienesd, cOeanbl 8b1600bl 0 COCMOSHUU 83AUMOOEUCNBUS. MeHCOY
NOAUMEPHOU Mampuyell U NOBePXHOCMbIO HANOIHUMEIS.

Sichkar T. G., Vasylenko S. V., Tulzhenkova 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 Cy(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
orientational interaction between these liquid particles and the solid substrate. The calcula-
tions 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
orientationally 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 parti-
cles— 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. 1. Thickness dependencies of order
parameters  S,, and relative M-
concentration for 2 values of |C2| coeffi-

cient — 0.7 (1) and 0.4 (2)
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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
IP exp{[pA.z“S +—L gos, +W,(h,T)B:S J > (x )}dx

Py
p= (k=12)
1 E
p0+(1—p0)-%~exp[ %Tj

here p, — 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

C,(h,x,T) were written in the form in Legendre polynomials:
4, (x) =4y + A4S, (x)
B(hx,T)=[C,+C,SB(x)+...]W(h)

Only anisotropic part of potential (C, — coefﬁ01ent) of orlentational 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 |C2| (increasing) leads to in-

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

bulk liquid plotted for different values of C, parameter. In case |C2| =0.02 the ELC

()

@
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Fig.3 Temperature dependence h(T)

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 ly-
ophilic 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) in dimensionless form [4]:

F 2 1(1-pY
E’(Sl’sz’p):_NkT:_]; (Ag‘+A2”Sf)+E[—2p) (A022+A222S22)+
3)

(1-p)
+%(

A’ + A4S, S, ) - HTP +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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Fig. 4 Dependence C, (h) Fig. 5 Dependence Fo(h)
U=F-T(0F/0T) ©)
we obtained:
U=—m TzaF T 6(8FJ6h )
oT oh\ oT )oT
For the whole liquid layer we may rewrite this equation as:
U=-m j&h[ Jgg"h
Oh Oh @
2 2
mT? - F, (A(T))=mT*|— = o (h(T))
.. ou .
Then taking into account C, = {ﬁ) we then obtain:
OF (h(T
C, = ocFO(h(T))+B¥+ Y, ®)

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 illus-

trates 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 Fo(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 iso-

tropic bulk liquid (Sl =0,S,=0, pzl) and and the second one — orientationally or-

54



Disuka aepojucrepcHux cucreM. —2017. — Ne 54. — C. 51-57

q, kd/mol
-]

J L/

280 290 360 310 320 330

T.K

z : .
Fig. 6 Structure of studied system is de- Fig. 7 Dependencit q(Dbf(g ItlltYObenzene near
scribed by step-like Heaviside functions quartz substrate

dered ELC phase (Sl =0,S, =0, p=0). These states are characterized by following

values of dimensionless free energy F:

E(O,O,l)z%An11 -1+C, in case of bulk liquid

E)(Swsvp) = 1 1
F;(SI,SZ,O):g(AO”+A222S22)—§+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) )
here:

2h 2h a 5/1
U(s,.S,0)= mT!FO(SI,SZ,O)dz —mT.([a(TE)(SI,SZ,O))ﬁ dz

=

2h 2h a ah
U(0,0,1)=mT l F,(0,0.1)dz -mT ! S5 (TF.(5,5,,0) 57 dz

U(S,.S,0)=2mThF,(S,.S,,0)
U(0,0,1)=2mThF,(0,0,1)

Kirchhoff equation was used to calculate heat transition value g:

dq

—=C,-C, 10
ar " (0
here C; and C, are molar heat capacities of the bulk isotropic liquid and ELC phase.

It’s obvious that:
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C, = c((),o’l)zw
oT
¢, =C(s,.5,0)= L5 5:0)
oT

Consequently Kirchhoff equation may be rewritten in form:
dq oU(0,0,1) B oU(S,,S,,0)

dT or or
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=4(T,)=g,
(T, is crystallization point). Then:

q=AF -(T-T)h+gq,, (12)
here AF =m[ F,(0,0,1) - F,(S,.5,,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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Muxaiinenxo B. HU., Ilonoeckuii A. IO.
TepMoauHaMHYecKUe CBOMCTBA IMUTPONMHBIX KUIKUX KPHCTAJJIOB

AHHOTAIIII

Ilposeden pacuém memnepamypHou 3a8UCUMOCHIU MONWUHBL U MENIOMbl a308020 nepe-
x00a uz KK 6 usomponHyio scuokocme, a maxdice 3a8UCUMOCIU MOJAPHOL MENI0EMKOCTY
oMM MONWUHBL NPUCIEHHO20 CNIOA HA NpUMepe MOHKOU NPOCIOUKY HUMPOOEH301a 80.1U3U NO-
6epXHOCIU K8APYe6ol noONodCKU. [l pacuéma ucnonws308aidacs max HA3bleaemas «08yX-
KOMNOHEHMHAA MOOeNby, 6 KOMOPOU NOCMYIUPYemcs Cyuwjecmeosanue 8 NPUCIMEHHOM Cloe
KaK MOHOMEpPO8, MaK u OuMepos, a 6osHukHogenue I)KK-cros o6ycroeneno opuenmayuon-
HbIM 83AUMOOELCTNBUEM MEeNHCOY YACMUYAMU HCUOKOCTU MeXCOY cOO0U U MBEPAOL NOONOMNC-
Kol

Muxaiinenxo B. L., Ilonoécovkuii O. IO.
TepMoauHaMiuHi BJ1aCTHBOCTI eNITPONHUX PIAKUX KPUCTATIB

AHOTALA

Tlpogedeno pospaxynku memnepamyphoi 3anedCHOCmI MoswWuHYU 1l mMeniomu pazo8020
nepexody 3 EPK 6 isomponHy piouny, a makoxic 3aiexiCHOCmi MOJAPHOI MenioEMHOCHI 8i0
MOBWJUHY NPUCIIHHORO WAPY HA NPUKIAOL MOHKO20 NPOWApKy HIMpobeH301y nobausy noge-
PpxHi K6apyoeoi nioknaoku. /s po3paxyHKie 6UKOpUCHOBYBANACS MAK 36aHA «0BOKOMNOHEH-
MHA MOOeNby, Y Kl NOCMYTOEMbCS ICHYBAHHSL 8 NPUCIIHHOM Wapi K MOHOMEPI8, MAkK i
oumepos, a sunuxknenuss EPK-wapy o6ymoseneno opicHmayitinoro 63aemMo0Ii€io Midxe 4acmramu
piounu midic coboio i meepooio nioKNAOKoIo.
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TEIINIOMACOOBMIH

VK 536.46
Opaoeckan C. I'., Kanunuax B. B., 3yii O. H., J/lucanckaa M. B.

Oodecckuil HayuoHanbuvli yHusepcumem um. U.U. Meunukosa, 2. Odecca
e-mail: svetor25@gmail.com

BbicokoTemMnepaTypHbIii TeIJIOMAacc000MeH B ABYX()PAKLMOHHOI ra30B3Becu
yIJIepOIHBIX YACTHI

B pabome usyuaromes xapakmepucmuku 80CHIAMEHEHUs, 20PeHUs U NOMYXAHUS O8YX-
(paxyuonnoll 838ecu yenepooHbIX Yacmuy 6 6030yxe npu pasiudnvix memnepamypax. Ilpose-
0€HO QPUBUKO-MAMEMAMUYECKOe MOOCIUPOBAHIUE BbICOKOMEMNEPANYPHO20 MENIOMACCO00-
MEHA U KUHEMUKU XUMUYECKUX NpespaujeHuti 08yX(@pakyuoHHOU 2a30836eci ¢ OUamMempamuy
yacmuy meaxou gpaxyuu 60 mxm, KpynHou gpakyuu 120 MKM U pasHbIMU MACCOBBIMU KOH-
yenmpayusmu @paxyuil. TTokazano, umo npu HUKUX MEMNEPAMypax 2aza pamvule 60CHId-
MEHSIIOmces. yacmuysbl KpynHot gpaxyuu. Haiidenvr memnepamypol u epemena 20peHust uac-
muy Kaxcoou u3z Gpaxyuil, napamempvl ux NOMYXaHusl.

AKTyaJIbHOCTh HCCJIEAOBaHMN OOYCJIOBJIIEHa HEOOXOIMMOCTBIO CO3/1aHMsi 3¢-
(hEeKTUBHBIX METO/IOB COKUTAHHS YTIEPOIHBIX TOIUIMB B ra3ouciepcHoM Buze [1, 2].
ToImBo, UCTIONB3yeMOe B DHEPTETUIECKUX YCTPOHCTBAX, COMEPIKUT YACTHIBI pas-
HOrO pa3mepa. JIByx(dpakinoHHas Ta30B3BECh — YACTHBIN CTydail TOILUTUBA ITOJIMIKC-
HEePCHOTO COCTaBa.

Lesan10 padoThI SBISETCS H3YICHNE XapaKTEPUCTHK BOCIUIAMEHEHUS M TOPCHUS
JBYX(PaKIIMOHHOM B3BECH YTIIEPOIHBIX YaCTHUI] B BO3AYXE MIPH PA3TUIHBIX TEMIIepa-
Typax.

Du3NKo-MaTeMaTHYeCKoe MOAEJHPOBAHHE BBICOKOTEMIICPATYPHOTO TEIUIO-
MaccooOMeHa Ta30B3BECH YIIIEPOIHBIX YACTHII BKJIIOUaeT AuddepeHImanpHbe ypas-
HCHHUS TEIJIOBOTO M MaCcCOBOTO OalaHCOB JUIS YACTHIl KAXKIOW M3 (PPAKIHiA U COOT-
BETCTBEHHBIE YPaBHEHUS ISl Ta30BOM CMECH, CoAepiKallei okucnurens [3, 4]. Usy-
YUM BBICOKOTEMIEPATypPHBIN TEIUIOMAacCOOOMEH M KHHETHKY XHMHUYECKOTO MpeBpa-
MIeHUS ABYX(PaKIHOHHON T'a30B3BECH YTIICPOIHBIX YACTHIl C THAMETPAaMH YacTHII,
OTJIMYAIOIUMHUCS B HECKOJIBKO Pa3 M PaBHBIMU MACCOBBIMH KOHIICHTPALUSIMH (paK-
I,

IocranoBka 3agaun. PaccMOTpUM HeCTallMOHAPHBIN TEIJIOMACCOOOMEH MOJIH-
JTUCTICPCHOW T'a30B3BCCH YIIICPOAHBIX YACTHUI[ B BO3JyXe, HA MOBEPXHOCTH KOTOPBIX
MPOTEKAIOT JABE MapayuiesbHbie xumudeckue peakmun: C + O, = CO, 1) u 2C+ O, =
2CO (1D).

YpaBHEeHHE TEIIOBOrO OallaHca YacTHIIBI i-TOW (ppaKiuu ¢ y4eTOM ee TeIo00-
MEHaA C Ta30M U CTeHKaMH PEaKIIMOHHOW YCTaHOBKH 3allHIIIEM B BHIEC:
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cpd, OT,
616_;:qchi_qu[_qwi’ T;‘(t:O):T/Tb’ (1)
Trae ¢ — yaejibHasd TCIUIOEMKOCTh YaCTHUIIbI, ,Z[)K/KF K, p; — IUIOTHOCTb YaCTULBI, KF/M3;
d,' — AUAaMETP YaCTULbL I-TOH (I)paKHI/II/I, M; T,‘, Tb,‘— TCKyllad U HadaJlbHasA TCMIICpATy-

psl actuipl, K; ¢ — Bpems, ¢; g, , — CyMMapHasi INIOTHOCTh XUMHYECKOTO TEILIOBBI-

JIe/IeHns Ha TIOBEPXHOCTH M B TOPAX 4acTHIbI, BT/M’; ¢, — TUIOTHOCTH TEIIOBOTO
TIOTOKA y TIOBEPXHOCTH YACTHIEI, BT/M’; ¢, — TUIOTHOCT TETUIOBOTO TIOTOKA H3ITy-
YEHHUEM OT YaCTUILBI K CTCHKAM PEAKLIMOHHOU YCTaHOBKH, Br/v’.

CyMMapHyI0 IJIOTHOCTh XMMHYECKOTO TEIUIOBBIJIENICHU, 32 CUET MPOTEKaHHs
XUMHYCCKAX PEaKIiid Ha BHEITHEW W BHYTPEHHEH IMOBEPXHOCTSIX YACTHIIBI, HCTIONb-
3y4 [5, 6], HaliieM 13 BBIpaKEHUS:

L’ Q)
kli + k2i

rae k;, k,; — KOHCTaHTHI ckopocTel xumuueckux peakumii (1) i (II), M/c; g, g, — Ten-
noBeie 3 ekt xummdeckux peakiwii (I) u (II), paccuntanHble Ha STUHUIYY MacCHI
xucnopona, Jhk/kr Oy; p, — IIIOTHOCTS rasa, KI/M; 1, — OTHOCHTE/IbHAS MACCOBAsI

9 chi :(kliql + kZiQZ)pgnOz,si (1 +Ki) , K=

0,,Si
KOHIOCHTpAaus KHUCJIOpPOAda Ha INOBEPXHOCTHU yrﬂepOZIPICTOﬁ YHaCTHIIbI; Ki_ OTHOMIC-
HHE KOHCTAHT BHYTPEHHErO M MOBEPXHOCTHOTO PeardupoBaHusl, k,; — d(pQexTrHBHAas
KOHCTaHTa BHYTPEHHETO pearupOBaHusl.
3amnuiremM BBIPAXKCHUE JI1 KOHLCHTpAalUNU KUCIOPOJa Ha IMOBEPXHOCTU YaCTU-
ObI:
_ B
B Py (14K)

Py; — CKOPOCTb MEPEMENIEHHUS ra3000pA3HBIX KOMIIOHEHT CTE(AaHOBCKUM TEUEHUEM B

3)

KHHETHYECKOH 00JIACTH MPOTEKaHM XUMHUYECKUX peakimii [7].
TennooOMeH KaXXI0H YaCTHIIBI C Ta30M OTIPEAEISeTCs TNIOTHOCTRIO TETIOBOTO
MOTOKA Ha MOBEPXHOCTHU YAaCTHIBI ¢, ;, BKJIIOYAsi MOJIEKYIIPHO-KOHBEKTUBHBIA Me-

XaHM3M MIEPEHOCA TeIUIA ¢, U TIEPEHOC TeIlIa CTeaHOBCKUM TeueHueM g, [7]:

uy,
Gu =+ ds Gi=4 T =T, dui=a| (LT, )+ HT+T,) @)
Nud, 5)
o, =—",
i d

1
e o; — koddduiment TennoodMena actuibl, Br/(M°K); Ay — KO3 dHUIMEHT TerTo-
nposojaHoctH rasa, Br/(m-K), T,— Temneparypa rasa, K.
Hcmnonw3ys 3akonbl Ctedana - bonbiMana u Kupxroga, 3amuireM BbIpakeHHe
JUTS TETUTOBOTO MOTOKA M3IyYCHHUEM C €IWHHIBI TIOBEPXHOCTH YAaCTHIBI Ta30B3BECH
K CTCHKaM PEaKIIMOHHOW YCTAHOBKH:
4. =ec(l'=T)), (6)
rae € — k03(hUIMEeHT YepHOTHI yritepoaa; 7, — TeMIlepaTypa CTEHOK PEeaKIIHOHHOM
yeranoBk, K; 6 = 5.67 Br/m’K’ — nocrosnas Credamna-bosrmana.
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HpI/I TOPEHNHU T'a30B3BECH YMCHBINAIOTCA CO BPECMCHEM AUAMCTP U IUIOTHOCTH
YaCTHUIL BCJICICTBHE IPOTEKAHU XUMHYCCKUX PEaKUUid Ha MX HApPY)KHOW U BHYTpPCH-
Hell noBepxHOCTH (BHYTpH 1op). Juddepeniuansapie ypaBHEHHsT MacCOBOro OasiaH-
ca JUis AMaMeTpa U IUIOTHOCTH YaCTHUIIBI YIJIePo/ia i-T0H (paKIUK 3aMuIlieM B BUJIC:

1 o(d, M
_Epi%:W\;» W :M_;(kli"'Zkzi)noz,.gpga d, (t:O):dhp (7
1 8(p.)
——d ——“2=W K. (t=0)= . 8
6 i 8t s, i p:(t ) pb, ()

rac dh — HaYaJbHBIN AUAMETPp 4YacTulibl, M; P, — Ha4dajlbHas INIOTHOCTb YaCTHULIbBIL,

Kr/MC.
BakHBIM ITapaMeTpOM T'a30B3BECH SIBIIIETCS €ro mMaccoBas KoHueHrpaims C,,
KOTOpAasi 3aBHCUT OT AMAaMETPa YaCTHIl U UX YHCICHHON KoHIeHTpanuu Ch;:

1 1 )
szszl, C, :gn.di3.pi'CN,’ C,=—*, )
i=1

3 KNS
rae C, —MaccoBas KOHIEHTpauus (Kr/M°), a C,, — 4uiCciIeHHast KOHIEeHTpanus (M) i-

TOH (ppakiuu TBepaOH (a3sl ra30B3BECH; N; — YHCIIO YaCTUI B - i (PPaKIHH.
Takum oOpazom, B TIIpolecce TOPEHHS MaccoBas KOHICHTpPAIMs TOILUIMBA
YMEHBILIAETCsI, TAK KaK YMEHBIIAIOTCS AUAMETP M IUIOTHOCTh YacTHIl, a YMCICHHAS
KOHIICHTPAIKS SBICTCS HEM3MEHHOM O MOMEHTA MTOJTHOTO BEITOPAHUS.
C ydJeToM BHENIHETO TEIUIO- M MaccOOOMEeHa M3MEHEHHE TeMIepaTyphl rasa u
KOHIEHTPAINX OKUCIUTENS C TEYCHHEM BPEMEHU OMUCHIBAETCS YPaBHEHUSIMHU:

o, &
cgpggzzl SCydy;+o, F(T,~T,), T,(t=0)=T,, (10)
Nu, L S
o, = u, g Fg:_g’
d, e

0

n n
—%:Z Cy, g, (hyy +ky +h,) = F, B (1, . =15 ), ng (t=0)=n,, ,, (11)
i=1 ©

g

b g 2
d 4Py

g

_ShD, %

B

e S;— IIoIab TOBEPXHOCTH YACTHIIBI i-TOH (paKium, M’; cg — YZETbHAS TEIIO-
emkocts rasa, JLx/kr K; T, — Temmeparypa rasoBoi Cpezibl, OKpyKarowieH raso-
B3Bech, Kj o, — koouumeHT TemiooOMeHa ra3oB3BecH ¢ OKpYKarowiel cpeioi,
Br/mM’K; Nu . — Kpurepuii HyccenbTa, 3a/a101iuii TeIII000MeH ra3oB3BeCH € OKpPY-
KaroLled cpenoit; F, — yaeibHasi OBEPXHOCTh Ta30B3BECH, M S, — HOBEPXHOCTH
ra3’oB3BECH, M, B, — koaddument maccoobMeHa ra3oB3BecH ¢ OKpyKaloLed cpe-
HOHM, M/c; ny, , — OTHOCHTEIbHAsS MAccoBask KOHLECHTPALMs KHCIOPOJA B CPEAE, OK-

Py Karomiei Ta30B3BECH.
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Puc. 1. 3aBucumoctn T', T, dT /dt or BpeMeHu 11 NBYX(pPAKIHOHHOMW ra30B3BECH TPH
Tow =T, = 1450 K. 1 — dpp; =60 mkm, 2 — djpp =120 mkm, 3 — remneparypa rasa 7, . C,,=0.016

Kr/nC.

Takum oOpa3om, usuko-MaTemarnaeckast Mojenb (1) - (11) onmckiBaeT HecTa-
IUOHAPHBIN BBICOKOTEMIICPATYPHBIH TEIIOMACCOOOMEH M KUHETHKY XHMHYECKOTO
MpeBpalieHus NoIu(PAKIIMOHHON ra30B3BECH YIIIEPOMHBIX YacTuIl. Pacdersl mpen-
CTaBJICHHBIX YPaBHEHH MMO3BOJIIOT OMNPEICIUTh OCHOBHBIC XapaKTEPUCTHKH rope-
HUSI Ta30B3BECH: TEPHOJ MHAYKIHH, BPeMs M TEMIEpAaTypy TOPCHHUS, KPUTHUCCKUC
mapamMeTphbl BOCIIAMEHCHHUS U TIOTYXaHUSI.

Anaju3 pe3yabTaToB. Ha puc.] npencraBieHsl BpeMEHHBIE 3aBUCHMOCTH TEM-
Heparyp 4acTHL KaKI0H U3 (pakuuii, TeMIepaTypsl ra3a, BDEMEHHBIX POHU3BOJHBIX
TeMIIepaTyp YacTHI] 10 BPEMEHU IIPU TOPEHUH ABYX(PAKIHUOHHOHU (i = 2) ra3oB3Becu
IPU Pa3INYHBIX TeMIlepaTypax rasza. HavanpHas MaccoBast KOHIIGHTpALHs YTIepol-

3

HOTO TOIJIMBA B raszob3secu coctasmwia C,, = 0.016 kr/M” , MaccoBble KOHLIEHTPALUK
v v 3 o

kaxaoi u3 dpaxiwmit pasusr: C,, =C,,,= 0.008 kr/m". ['a30B3BeCh ¢ yKa3aHHOH Mac-

m

COBOI1 KOHIIEHTpaIel xapakTepusyercs ko3 duIeHToM U30bITKa KUCIOPOaa, paB-
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T,K
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tc
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Puc. 2 3asucumoctu 7T, Tg, dT /dt or Bpemenu miisi ABYX(PaKIMOHHON ra30B3BECH MPH
Tgw =T,,=1350 K. 1 — d;=60 MM, 2 — djp =120 Mxm, 3 — Temmeparypa rasa T, C,,=0.016

Kr/M>.

HbM 1.5 [1, 2]. CnenoBarenbHO, KHCIOPOJA IOCTATOYHO JJISA TIOJTHOTO CrOpPaHHs TO-
TUTHBa. DKCTPEMYMBI Ha 3aBUCHMOCTSX d1/dt(t) TIO3BOIISIOT ONPENeNTUTh MOMEHTEHI

BocmtaMeHeHus (T. I) u motyxanus (T. E) gacTun u HaliTu, COOTBETCTBEHHO, BpeMs
3aJIep KK BOCIUIAMEHEHHs U BpeMs TOpeHHUs.

AHanm3 TeMnepaTypHbIX KPUBBIX IOKa3bIBAET, YTO TPH BBICOKOW TeMIIepaType
ra3a cHavaja MPOMCXOJHUT BOCINIAMEHEHHE U BBITOpaHNe MeNKoi (pakuun (puc. la-
r). YacTupl KpynmHOH (paknuy BOCIIAMEHSIOTCS HE3310JITO 10 MOMEHTA MOTYXaHMS
MEJIKUX YacTHI. 3a BpeMs BBITOPAHUS MEJIKOW (paKIMU KOHIEHTPALMs KUCIOpoJa
CYIIECTBEHHO yMEHBIIACTCS, MTOITOMY BO3TOpPAHUE M IHOCICAYIOIIEEe TOPEHNE KpyTI-
HOM (ppakIK NPOUCXOAUT MPU HU3KHX €€ 3HAUCHUAX

IIpu Gonee HU3KOM TemmepaType rasza (puUcC. 2a-T' ) paHblIe BOCILIAMEHSIOTCS
KpYIHbIe 4acTHUIlb! (KpuBble 2). CormacHo (5) MeNIKUe YacTUIbI UMEIOT OOJIBIINH KO-
s¢dunuent Teruroornaun. IloaToMy yBENMUCHNE BPEMEHN BOCIIIAMEHEHHSI MEIKOM
(hpakmy 10 CpaBHEHUIO C KPYIMHOH 0OBACHAETCSA POCTOM TEIUIOBOTO MOTOKA OT dac-
THI] MAJIBIX pa3MepOB MPH MOHMKCHUN TeMITepaTyphl rasa (hopmyna (4)).
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Puc.3. 3aBrcuMOCTH BpeMeHH 3a/IepKKU BOCIIIIaMeHeH s (a), BpeMeHH ropeHus (0), MakcH-
MaJIbHOH TeMITepaTyphl TOPeHHsI (B) M IMaMeTpa YacTHIl PH MOTyXaHuH (T) ABYX(QpaKIMOHHOMH
ra3oB3BECH OT TeMIepaTypsl rasa 1 — dp =60 MxMm, 2 — dpp =120 mxm, C,,=0.016 Kr/M’,

Kak BumHO W3 puc.1B u 2B BpeMs 3aJ€p>KKH BOCIDIAMEHEHUS 1,y  (AIUTENb-
HOCTh TporpeBa OT Hadaja mporpeBa g0 T I) cocTouT u3 ABYX dYacTeil: BpeMeHH
HMHEPTHOTO MPOTpeBa YacTHUIIbI 10 TeMIepaTypsl, OJU3KON K TeMmeparype rasa (1o T.
") ¥ BpeMeHH XHMHYECKOTO Pa3oTpeBa, 00YCIOBIEHHTO aKTHBH3AIHMEH YIOMSHY-

THIX XMMHYECKMX peakimii (ot 1” o T. 1). IIpu yMeHbIIEHHH TeMIEpaTyphl OKpY-
JKAIOIEro0 ra3a AN MEIKHX YacTHIl yBEIHMYUBAETCS BpeMs XUMHUYECKOH CTaguu
(puc.2, B), 3a KOTOpOE TeMIIepaTypa rasa B 00beMe ra3oB3BECH JOCTHTAET OoJee BbI-
COKOT'0 3HaueHHMs, HEOOXOJMMOr0 JIsl BocIulaMeHeHus1 (puc.2a). Takum oOpazoM, B
001aCTH BBICOKUX TEMIEpaTyp BpeMs 3aJIepKKH BOCIUIAMEHEHHS JIBYyX(PpPaKIHOHHOM
Ta30B3BECH ONPEIEINAECTCSI BPEMEHEM 3aJCP)KKH MENKHX JaCTHI], a B 00JIaCTH HU3KUX
TEeMIIEpaTyp — BpEMEHEM 3aJIep>KK1 JacTHI KPYIMHOH dpakunu (puc.2a).

IIpu HexkoTOpoO# KpHTHUEcKOW Temmeparype rasa T (puc. 3a) ra3zoB3Bech HE
BocIulamensiercs. Kpurtudeckas TemrepaTypa BOCIUIAaMEHEHMs! JBYX(pPaKIHOHHOMN
ra30B3BECH 3HAYMTENBHO HHKE TEMIIEPATyphl BOCIIAMEHEHUsS! OJAMHOYHBIX YaCTHI
Toro xe auametpa. IIpudeM, kpUTHUECKHE TeMIIEpaTyphl BOCIIAMEHEHUS AT OIU-
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HOYHBIX KPYMHBIX M MEIKHX YaCTHI] CYIIECTBEHHO PAa3IMYaIOTCS, a B YCIOBHAX
JIBYX(PaKIIMOHHOH I'a30B3BECH IIPAKTHIECKH COBIAJAIOT.

IIpoananu3upyeM XxapaKTepUCTHKH TOPEHHUS IBYyX(paKIHOHHOH razos3secu. Ha
puc.36-T npeaCcTaBICHB! 3aBUCUMOCTH BPEMEHHU TOPEHHUS U KPUTHUYECKOTO THaMeTpa
MOTYXaHHS OT TEMIEPATYPhI I'a3a JUIs YaCTHUIl KPYITHOH M MENKOH (pakimii B cocTase
IBYX(pakKIIOHHOHN ra3oB3Becu. M3 puc. 30 BHIHO, YTO BpeMEHa TOPCHHUS YaCTHIL
MEJKOI 1 KpyIHOil (paxmumit ra3oB3BecH €1abo 3aBUCAT OT TeMIlepaTypsl. Bpems ro-
pEHUst KPYIHOH ()paKIMy MPaKTHUECKU B 4 pa3a NPEBbINIAET BPEMsl TOPSHUSI MEIIKOH
(hpakimy pH OTHOLIEHUN MX HAYaJIbHBIX IHAMETPOB PABHBIX 2.

TemmnepaTypa ropeHus 4acTHIl MEJIKOH (pakunu B 006JaCTH HU3KHUX TEMIIEpaTyp
ra3a MeHblIIe, YeM KpynHbIX (puc.3, 0) mo mpudrHe OOIBIINX TEIJIONOTEPh K razy U
HENOCTaTKa OKUCIUTENS HA CTaJuu ropeHus. KoHLeHTpauus oOKUCINTENs K MOMEHTY
TOPEHUS] MEJKHX YaCTHI CYIIECTBEHHO YMEHBIIAETCS B PE3ylbTaTe PEarupoBaHus C
KPYIHBIMH 9acTHLamH (puc. Ir, puc.2r).

BbiBoabI. YCTaHOBJIEHO, YTO TP TeMriepaTypax rasza Beime 1400 K Bpems 3a-
JICPKKH BOCIIJIAMEHEHHUsS! JBYX(PAKIHMOHHON Ta30B3BECH OIpPEIEAeTCS BPEMEHEM
BOCIUIaMEHEHHsI MEJIKOH (paKinK, HUKE ITOrO 3HAYEHHs] — BPEMEHEM BOCILJIaMeHe-
HUs KpymHOH ¢pakimu. Hanpumep, st Temmeparypsl raza 1500K mepuon nHmIyk-
UH MeJKuX dactull (ppakmmst 60 MKkM) B 2 pa3a MEHBIIIE IIEPHOIA HHIYKIUU KPYII-
HBIX gacTun (ppakimsa 120 mxm). IIpu Temmeparypax MeHslne rasza messire 1400K
MeproJ MHIYKIUH MEIKOW (ppakmuu Oobie, 4eM KPYIMHOU U MPH IMOHWKEHUH TEeM-
IepaTyphl ra3a 3Ta pa3HULA YBEJIUUYHUBAETCS. DTO CBA3aHO C YBEJIMYEHUEM TEILIONO-
Tepb MOJICKYISIPHO-KOHBEKTUBHBIM ITyTEM B OKPYXKAIOIIYIO Fa30BYIO CpeLy /Ul Mel-
Kol ¢pakumu. HaiineHns! Temmeparypbl BOCIUIAMEHEHMsI NBYX(PAKIMOHHBIX Ta30-
B3Becell. Kputnueckas tremmnepaTypa BOCIUIAMEHEHUS YaCTHUL] Ta30B3BECH 3HAUUTEIb-
HO HIDKE, 9eM TSI OJMHOYHBIX YacTHIl TOTO ke quaMeTpa. [ToHmkeHne TeMepaTypsl
BOCIITAMEHEHUS Ta30B3BECH MPOUCXOAUT BCIEACTBHE pa3orpeBa rasa 3a cueT Terlia
XUMHUUYECKUX PEAKLMH MpU OKHUCIEHWU COBOKYIHOCTH yacTHL. Ilpuyem, s Kpym-
HBIX U MEJIKMX OJMHOYHBIX YACTHIL] YIJIEPOAa KPUTHUECKUE TEMIIEPATYphI I'a3a Cyllie-
CTBEHHO pa3HATCH, a B YCJIOBHUAX ABYX()PAKIMOHHOMN Ta30B3BECH - MPAKTUUECKU COB-
najfatoT. OnpeaeneH HHTEPBAT TEMIEpaTyp OKPYKAIOIIEero ra3a U CTCHOK peaKI[HOH-
HOW YCTaHOBKH, JIJIsI KOTOPOTO TEMIlepaTypa TOpEHHs YacTHI] MEJKOW (paKkIuu
MEHBIIIEe, YeM YacTHIl KPYITHO# (pakuny razo3Bec. Tak Iy TeMOeparyp rasa Bbl-
mre 1250 K ropenue menkoit ppakuuy IpoUCXOAUT IpHU O6osiee BBICOKUX TeMIepaTy-
pax. Ilomyueno, uro mist Temnepatypsl raza 1500K temmepartypa ropeHust MenKux
gactul] O6onee, yeM Ha 200 rpaaycoB MpEBEIIIACT TEMIEpaTypy TOPEHHsS KPYIHBIX
9JaCTHIl Ta30B3BeCH. B oTaMYMe OT OJAMHOYHBIX YACTHILl, TOTyXaHHE ra30B3BECU IIPO-
TEKaeT B BBIPOXKAEHHOM PEKUME, TaK KaK pa3HOCTh TEMIIepaTyp YacTHUI] U Ta3a Maja.
IIpu 3TOM NPOUCXOOUT JOOKHUCIIEHUE YACTHUIl ra30B3BECH B KMHETHUECKOM PEXHUME,
9TO JaeT BO3MOXKHOCTh OLIEHHUTH BpeMsI IOJTHOTO UX MPeoOpa3oBaHusL.
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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).

Opnoecovka C. I., Kaninuak B. B., 3yit O. M., Jlucancoka M. B.
Topinns 1BoQpakuiiiHOro razo3aBucy ByrjieleBUX YaCTHHOK

AHOTAIA

B pobomi susuaromucs xapakmepucmuxu 3aiManHs, OPIHHA | NOMYXAHHA 080PPaAKYiliHOT
cycnensii gyeneyesux YacmuHoK 6 nogimpi npu pisHux memnepamypax. Ilposedeno ¢izuxo -
Mamemamuine MOOen08aAHHS BUCOKOMEMNEPAMYPHO20 MeNnIOMACOOOMIHY ma KiHemuKu Xi-
MIYHUX nepemeopeHb 080pPaKyiliHoi 2a30cycnensii 3 diamempamu Yacmunok OpioHoi (pak-
yii 60 mrm, senuxoi gpaxyii 120 mxm i pienumu macosumu konyenmpayiamu gpaxyii. [loka-
3aHO, WO NPU HU3LKUX MEMNepamypax 2a3y paHiuie cnaiaxyomes 4acmiu 6eauKoi gpaxyii.
3naiioeno memnepamypu i uacu 20piHHA YACMUHOK KOJICHOT 3 (hpakyiti, napamempu ix nomy-
XAHHA.
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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 evapo-
rative cooling process is presented. Ceramic is employed as a packing material in the evapo-
rative 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™)

Cy 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)
T t temperature (C)

Vv velocity (m s™)

w water
X moisture content (g kg™')
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Greek letters

o heat-transfer coefficient W m? K'l)
A Increment

B mass transfer coefficient (kg m?s™)
A characteristic number )

D relative humidity (%)

Subscripts

A Air

1d ideal

P Primary

S Secondary

/44 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,
desorber (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 materi-
als for packing elements for evaporative cooling. Recently, a number of theoretical
and experimental investigations have been performed to study the application of po-
rous materials for cooling (Gomez et al., 2005 [7]; He and Hoyano, 2010 [8]; [brahim
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 con-
verter.

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 g,
=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 rat-
ed 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 heat-
er; 16 — water temperature regula-
tor; 17, 18 — mercury thermometer
and RTD sensor; 19 — pressure
gauge; 20 — tank for the meas-
urement of liquid retention; 21 —
scale bar; 22 — control box.
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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 [;zc = Gp/Gs= 1.0. Thermal efficiency of the IEC for primary and secondary air
flows is determined from:

E P 127 E t; — tsz (1)
o -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
Glauberman, 2012 [4]). This is determined by the value of liquid retardation. Accord-
ing to Fig. 3A, the efficiency of the process E, decreases as the moisture content of
the ambient 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 efficiency of the /EC for secondary air flow is 10-15% higher on average as
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Fig. 4. Efficiency of the water cooling process in CTW.

compared to the efficiency for the primary air flow. Consequently, the working range
of the value of /;zc 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 = [/ [;;, where [ = G,/ G,, (the value of /;; corresponds to the ideal
design of the water cooler and is determined by ¢, and ).

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
(Doroshenko and Glauberman, 2012 [4]). The main challenge in the practical applica-
tion 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 multichannel porous structures of the surface allowed to increase rated
gas and liquid capacity, as well as the area of the wetted surface of the packing
(Gomes et al., 2005 [7]).

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 pro-
cess. In the same manner, this excludes liquid drops removal by the air flow. Accord-
ing 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. Q, and Oy 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
micropores in the ceramic plate (Fig. 7C) to the “wet” channels, where the process of
evaporative cooling of the liquid, located in the cavities of the “wet” part of the cool-
er, takes place; in the “dry” channels, which alternate with “wet” channels, the prima-
ry air flow is in motion — it is cooled at a constant humidity ratio. “Dry” channels of
the IEC 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 pack-
ing 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 evapo-
rative 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 dehumid-
ification in the absorber; 2-4 — the process of primary flow cooling in IEC; 2-5 — sec-
ondary 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
desiccant, or by increasing the processed air flow rate. This provides for the mainte-
nance of comfort parameters in the cooling space and offers additional energy econ-
omy. 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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D

Cooling Air

o

DEC

Water
Incoming Air

Direct evaporative
cooler Qu=Qs

%
tw = t'w = const ¥

Fig. 5. Direct evaporative cooler of air DECg on the basis of plate ceramic
microporous multichannel structures.

A — layout of air direct evaporated cooler DECg component, B — processes of cou-
pled heat and mass transfer during evaporative cooling, C — contacting pattern of
air and water flows, D — general diagram of DEC
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Fig. 7. Indirect evaporative cooler of air IECg on the basis of ceramic microporous
multichannel structures.

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 opti-
mal 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
IEC. It is 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
etal., 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 evapo-
rative 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
coolers 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'naybepman M., /lopowenko A., Illecmonanos K., /lioonuykuit K.,
Kyk K., Lanywens A.

CoJiHeuHbIe OCYHINTEIbHO-HCNIAPUTEIbHbIE X0J0AUIbHBIEC CHCTEMBI C
TenI0MaccO00MEHHOM aNnnapaTypoii Ha 0CHOBe KepaMHYecKoi HaCaIKH
(MHKpONOpHCTbIe MHOTOKAHAJIbHbIE CTPYKTYPbI)

AHHOTALUA

B cmamve npeonosicen memoo onpedenenusi dghphexmusHocmu npoyeccos coeMecnmHo20
MenioMaccoobMeHa NPUMEHUMENbHO K annapamam npsmo2o U Henpsmo20 UCHapumenbHO20
OXNAdNCOEHUsL CPeo (2a308 U HCUOKOCMEN) ¢ KOHKpemu3ayuell npeoeios UCHapUumeibHo20 0X-
naxcoenus. B kavecmee Hacadounvix nosepxHocmell meniomMaccoOOOMeHHbIX annapamos uc-
NOABL3VIOMC MHOZOKAHAIbHbIE CHIPYKIMYPbL U3 KEPAMUYECKUX DNEMEHMO08, YUMo CYUeCMBEHHO
yeenuuusaen NOSePXHOCMb KOHMAKMA MeXCOY 63aUMOOelCmEYIOWUMU NOMOKAMU 2A3d U
JHCUOKOCU, NOBBIUACT YCIOUMUBOCTL CUCHIEM U CHUNCAEm NOMepU JHCUOKOCIU 6 CEA3U C
xanneynocom. Paspabomanvl, Ha ocHo8e HO8020 NOKONEHUA UCNAPUMETbHBIX OXaaoumenetl,
CONHeuHble MENIOUCNONb3YIOWUe abCOPOYUOHHBIE CUCIIEMbL OXIANCOCHUS U KOHOUYUOHUPO-
6aHUs 6030YXA U GLINOJIHEH, HA OCHO8E NOYUEHHbIX IKCNEPUMEHMATbHBIX OaHHbIX N0 dPgheK-
MUBHOCIU NPOYECCO8 68 ANNAPAMAX OCYUUMENbHOZ0 U OXIAOUMENbHO20 KOHMYPOS CONHEeY~
HbIX CUCTEM, CPABHUMETbHBII AHAIU3 BO3MOICHOCINEL MAKUX CUCHIEM C Y4emoM KIuMamu-
YECKUX YCIOGULL U PENCUMHBIX NAPAMENPOB.

I'naybepman M., [lopowenxo A., Illecmonanos K., /loonuykuii K.,
Kyk K., Hanywens A.

COHAYHI OCYIYBAJIbBHO-BUIIAPHI XOJIOAWJIbHI CUCTEMM 3

TEMJIOMACOOBMIHHOIO ATTAPATYPOIO HA OCHOBI KEPAMIYHOI HACAJTKHA
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(MIKPOIIOPUCTI BATATOKAHAJIBHI CTPYKTYPH)

AHOTANLIA

B cmammi 3anpononosanuii Memoo eusHaueHHs eQeKmusHOCmi npoyecie cninbHo20 men-
JI0-MACOOOMINY CIOCOBHO anapamis NPAMo20 I HeNnPAMO20 BUNAPHO20 OXON00ICEHHSL cepe)o-
suly (2asig i piouH) 3 KOHKPEmu3ayiclo Mexc 6UNApHO20 0X0N00X4CeHHs. K nosepxui menno-
MACOOOMIHHUX anapamis UKOPUCTNOGYIOMbCA 0A2AMOKAHATLHI CIPYKMYPU 3 KepamiuHux
eleMenmie, wo iCromHo 30i1bUYE NOBEPXHIO KOHMAKNY MIdHC 83AEMOOIIOUUMU NOMOKAMU 2d-
3y i piounu, nIOGUWYE CMIUKICMb CUCIEM | 3HUIICYE 8Mpamu piOUHU Y 368'3KY 3 KpANIeyHO-
com. Po3pobaeni, na ocHOBI HO8020 NOKONIHHA BUNAPHUX OXON00HCYBAYIB, COHAUHI abCOpOYii-
HI cucmemu 0X0N00HCeHHs | KOHOUYIOHYBAHHSA NOGIMP | 6UKOHAHULL, HA OCHOBI OMPUMAHUX
eKCNepUMEHMANbHUX OaHUX NO eeKmUeHOCMI npoyecie 6 anapamax OCyuty8aibHo2o0 i 0Xo-
JI00JCYBATILHO20 KOHMYPIB COMAYHUX CUCMEM, NOPIGHANbHULL AHANI3 MOJCIUBOCMEl MAKUX
cucmem 3 ypaxyeanHAM KIIMAMUYHUX YMOE I PeJCUMHUX Napamempis.



Disuka aepoucriepcHUX cucreM. —2017. — No 54. — C.83-94

®I3UKA I'OPIHHA

VIIK 536.46

bynanun @. K., Cuoopos A. E., Ilonemaes H. H., Kupo C. A.,
Lleguyk B. I'., Humuu. A. B.

OHY umenu U.H. Meunuxoea, Hncmumym zopenus u HempaouyuoHHbIX MEeXHOI0Ul
E-mail: bulanin.ph@gmail.com

FOPEHI/IC OJUHOYHBIX YaCTHUI )mﬁopn)la THTAHA

DKCnepumMenmanbHo MemoooyM mpeKos uyueHo 2openue yacmuy oubopuoa mumanda 6 6bl-
COKOMEMNEPAMYPHOM 2A30860M NOMOKE NIOCKO-NIAMEHHOU KUCIOPOO-NPONAHOBOU 20DeiKu
(24%0; + 43%H,0 + 33%CO;). Buisigren 08yxcmaouunbvlil Xxapakmep 20peHus. nepeas Onu-
menvHas cmaoust 06yCIo6eHa gbicopanuem bopa, a emopas mumana. Jlannvie conocmasie-
Hbl ¢ NPeOCMABNIeHHLIMU 6 TUMepamype OaHHbIMU NO 20PeHUI0 60pa U MUMAHA 6 KUCI0POO-
cooepoicaweti cpede

Beenenme. [{u6opun tutana 7iB,, Hapsany ¢ Oopunamu, KapOunaMu U THAPUAA-
MU JIPYTHX METAIOB, OTHOCUTCA K KJIacCy THOPHIHBIX CHCTEM, COACPIKAIINX B CBO-
€M COCTaBe pa3jIMyHble TOPIOYME KOMIIOHEHTHI. [Ipu HccaenoBaHUM MPOLIECCOB BOC-
IUTAMEHEHUs ¥ TOPEHUsT HEOOXOAMMO UCXOJUTh U3 MPEANOI0KEHHs, YTO KUHEeTHYe-
CKasl CXeMa UX PearupoBaHMs C OKUCIUTEIEM MOXET BKJIIOUaTh LENBIH psaf cranuil
(TIpoTeKaromuX Kak MapauieldbHO, TaK M MOCIEIOBATEIbHO), KaKk 3TO UMEET MECTO
Jutst Ta30a3HbIX THOPUIHBIX cucTeM [1]. 3HaHME BEAYLIMX CTaaWil KpaifHe BakHO
JUI MaTeMaTHYECKOTO MOJEIMPOBAHUS COOTBETCTBYIOIIUX IPOILECCOB TOPEHHs Ta-
KHMX coequHeHui. KpoMe Toro, 3Tu uccnenoBaHus UMEIOT U CaMOCTOSITENbHbIN UHTe-
pec, TIOCKOIBKY OOPHIBI TT0 CPAaBHEHUIO ¢ MEXaHHIECKOW CMEChI0 KOMIIOHEHTOB 00-
JIalal0T TOBBIMIEHHOH TEIIOTBOPHOM CIIOCOOHOCTBIO, UTO TIO3BOJISIET pacCMaTPHBATh
MX KaK YHEProeMKHe COCTUHEHUs, NMepCIeKTUBHBIE B KadecTBe T00aBOK K TBEPIBIM
pakeTHbIM TOTUMBaM [2, 3, 4]. TlockonbKy TOJOOHBIE MCCICIOBAHHS HE TPOBOIH-
JIHCh, B JaHHOHM paboTe HKCHEPHUMEHTAIbHO UCCIETYIOTCS 3aKOHOMEPHOCTU TOPEHUS
OJIMHOYHBIX yacTull 7iB;.

Marepuajbl 1 MeTOAUKH Hccae10BaHUsA. OIBITH MPOBOAWINCH TPH aTMO-
chepHOM MaBIEHUH B BBICOKOTEMIIEPATYpHOM Ia30BOM MOTOKE, CO37aBaeMOM IPH
TIOMOIIH TIOCKO-TNIAMEHHOH NPOMaH-KUCIOPOAHON Topenkd. [IonbITKH BoCIDIaMe-
HUTH 4YacTulel 7iB, Ha TPEKOBOW YCTaHOBKE [5] mpu TeMrepaType MOTOKa BO3TyXa
T,~ 1400 K ne yBenuamucek ycnexoMm. Ilo-Buaumomy, ypoBeHb TeMIepaTyp BOCILIA-
MeHeHus yactull 7iB, npessimaeT 1400 K.

Jis M3y4eHusl KHHETHKH TPEAIDIaMEHHOTO OKHMCIICHHUS ITOPOIIKOOOPa3HBIX Ma-
TEpUAJIOB B HACTOSIICH PadOTe MCIONIB3YeTCs IKCIIEPUMEHTAIbHAsS YCTaHOBKA, CXeMa
KOTOpOIi MpuBesieHa Ha puc. 1.
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Puc. 1. Cxema 3KCIIepUMEHTATBHON YCTAHOBKH:
1 — perynmpoBOYHBIE KPaHbI, 2 — POTaMETpPhI, 3 — MAHOMETPHI, 4 — ropenka, 5 — cTek-
JsHHAS TpyOa, 6 — hoToperucTpaTop, 7 — CMECHTEINb TOPEIKH, 8 — TpyOKa MoJgaduy JacTHIl, 9
— BuOparop, 10 — 3BykoBoii rerepartop, 11 — 3xexTOp

OCHOBHBIM 3JIEMEHTOM YCTAHOBKU SIBJISIETCSI TOpefika C pa3fenbHON mojaueil
OKHCIHTENS U Toproyero. Pacxonpl ra30B, NOCTYHAIONUX B TOPENKY, PETyIUPYIOTCS
UTOJBYATBIMU KpaHaMH M H3MEPSAIOTCA C IOMOIIbI0 poTaMeTpoB. Bo m3bexanume
Mojicoca BO3/yXa M3 OKpyKarouiel cpenpl (akes 3amuiiaercss TpyooH U3 TepMo-
cToiikoro ctekia. Heo6xoaumMoe KOJIMUeCTBO KHCIOPOAa B OKUCIISIOIIEM Ta3e H0CTHU-
raercsi Ipy MojAade ero B KOJMYECTBAX, MPEBBINIAIONINX CTEXHOMETPUYECKOE OTHO-
IIEHWE KUCIOPOAa ¥ roprodero. M305ITouHOE JaBIeHIE HAa BXOJIE TOPEJIKN H3MepsIeT-
cs1 00pa3oBeIMU MaHOMeTpaMU. KOHCTPYKIHS TOpenky MpeaycMaTpUBaeT BO3ZMOXK-
HOCTB pa30aBJICHNS TUIAMEHH WHEPTHBIM Ta30M.

Jlnst moauy 4acTHIl COOCHO IUIAMEHM TOPEIKH HMCIOJIB3YeTCs] KOMOWHUPOBAH-
HBII MIUTaTeNb, COCTOSAIUI U3 BUOpaTOpa U xKekTopa. YacTHIbI TOPOILIKA MIPU BHO-
panuu MeMOpaHbl 00pa3yroT 00J1aKo, U3 KOTOPOTro uepe3 TpyOKy M OCeBOW KaHall B
KOPITyCE CMECUTENSI TOPENIKA 2KEKTUPYIOTCS B IaMsA ropenkd. Koaudectso mona-
BACMBIX YaCTHI] PEryJIHPYETCsl YaCTOTON M aMIUTUTYHOH KosebaHnii MemOpaHsl, pac-
XOJIOM a30Ta 4epe3 MKEKTOpP U BBICOTOM HMKHEro cpe3a TpyOKu Haj MeMOpaHOH.
Pacxon a3ora He npeBbIIaeT 5 em/e.
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Puc. 2. TemnepaTypHbIi TpoGHIL Tra30BOr0 MOTOKA

BpeMeHHBIE XapaKTepPHCTHKH IPOIECCOB BOCIUIAMEHEHHS W TOPCHHS YaCTHIL
OTIpeneIT0TCs 1Mo (hoTorpadusiM TPEKOB — YCTAHOBKA MOXKET OBITH 000pYIOBaHA BHI-
COKOCKOPOCTHEIM  ()OTOPETUCTPATOPOM  IIM  (oToammapatoM C  JTUCKOM-
obTropatopoMm. Bpems 3anep>Kku BOCIUIAMEHEHHSI ONPEENSETCs] IO PACCTOSIHUIO OT
MecCTa BBOJIa YaCTHIBI B miams (Cpe3a TOpeJKH) A0 TOYKH, B KOTOPOH MOSIBIISETCS
WHTECHCHBHOE CBEUCHHUE YACTHUIIBI, @ BPEMsI TOPEHHS — 110 JJIMHE TPpeKa Ha (OTOILICH-
K€ U CKOPOCTH €€ MPOTATUBAHUS WK TI0 KOTMYECTBY METOK Ha TPEKe.

N3yuenue nporecca ropeHus 4acTul NpoBoAuiIock B cpene 24% O, + 43% H,O
+ 33% CO,. CocTtaB IpoAyKTOB CrOpaHUs ra30B, IIOAABAEMBIX B FOpENKY, ONpeie-
JISUICS. TIO TAaHHBIM TEPMOIMHAMIYECcKOoro pacdera. CKOPOCTh ra30BOTO ITOTOKA OIIpe-
JIeJSIach METOJIOM KHHOPETHCTPAIMK TPEKOB MHEPTHBIX YacTull. B cooTBEeTCTBUM C
PEKOMEHIAIMSIMY [6] UCTIOE30BATMCh YaCTHIIBI OKHUCH IIMHKA JHAMETPOM d<30 MKM,
KOTOpBIE TIOJTHOCTHIO YBJIEKAJINCH MOTOKOM. J[JIs1 BBIOpAHHOTO COCTaBa ra3oBOM cpe-
JIBI 3T CKOPOCTh cocTaBisiia V,,, = (260 £ 17) cm/c. 3mepeHne TeMiiepaTyphl ra3o-
BOTO TTOTOKa B BEICOKOTEMITEPAaTYPHOH 30HE BOJIM3H cpe3a TOPEIKH OCYIIECTRISIIOCH
MIPU TTOMOIIU IPKOCTHOTO ontuydeckoro nmupometpa JOI1-66 u miaTHHOBOTO MapuKa
nuametpoMm 0.81 mm. [Ipu nepecuere sIpKOCTHOI TeMIiepaTypbl Ha ACHCTBUTENBHYIO
UCTIOJIb30BAJIOCh ~ 3HAYEHHE  KOA(PQHUIMCHTA  HU3NTydaTeIbHON  CIIOCOOHOCTH
€1=0,65 =035 [7]. Pacmipenenenne temmeparypsl raza B 00Jiee X0JIOJHOM JacTH pe-
AKIMOHHON TPyOBl ONPENEIUIOCh C TOMOIIBI0 JUPPEPCHIIUATBHON XPOMEIb-
aoMeneBoi TepMonapsl (quamerp cnag ~350 Mxm). IlorpentHocTs U3MepeHus TeM-
nepaTypsl He npeBbimana 20°. B Toukax, rie MEHsUICS METO U3MEPEHHS TeMITepaTy-
PHI, pa3nuume B pe3yibTaTax He mpesbimano 40°. PesyneraTtel n3aMepeHus mpoguist
TeMIepaTypsl IPUBEACHEI Ha pHC. 2.

B paboTe uCronp30BaINCh MOPONIKH MOAMOOPHIa THTaHA ABYX MOAM(DUKAINH,
OTIIMYAIONINXCS TEXHOJIOTHEH moiydeHus: a) TiB,-1 co cpemHnM pa3MepoM dJacTHIl
dr=66 MKM U dp=82 MkMm; 0) TiB,-2 co cpeqHHM pa3MepoM YacTull d,y=74 MKM U
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dr=101 mrm. TTopomok 7iB,-1 moilydeH METOJI0M CaMOpPaCIpOCTPAHSIOMIETOCS BbI-
cokoTeMIeparypHoro cunresa uz MgB, u Ti, a TiB,-2 u3 B u Ti. [lopowmku nomnyya-
JIUCh ITyTeM pa3MoJjIa UCXOTHBIX 00pa3LoB M MOCIEAYIOMIEr0 CHTOBOTO pacceBa. Hac-
THUIBI UMENTA HETIPaBWIIbHYIO (JOPMY C Pa3BUTON MOBEPXHOCTHIO. BEIOOp B KauecTBe
00bEKTa MCCICIOBAHMS MMEHHO TaKHX (pakiuid OBUT MPOAWKTOBAH PSIOM cooOpa-
JKCHHH. Bo-TIepBBIX, UCTIONB3YEMBIH I PETHCTPAIlMH TPEKOB KHMHOMATEPHAT UMEI
paspemaronyo cnocodHocts 70 TUHUN/MM, YTO B MepecueTe Ha COOTBETCTBYIOIIUN
pasMmep dYacTun coctaBisieT d~15 mim. CremoBaTenbHO, UL MEIKOAMCIEPCHBIX
(pakuuit ciuegyeT oXuaaTh OOJBIION IMOTPEITHOCTH B ONPEICIICHAN BPEMEHH Trope-
Husi. Kpome Toro, ams METKOAUCIEPCHBIX (ppakiuili HEe HCKIII0OUeHa BEPOATHOCTh ar-
JIOMEpAaIMK YacTHll P MPOXOXKIESHUHN UX Yepe3 CHCTeMy Mojaun. Bo-BTophix, pac-
X0JI Hecymero rasa (asora) cocrasmsier (20 + 1) cm’/c. IIpu 9TOM Ul KPYITHOMC-
MEepCHBIX (Ppakiuii ¢ dy>150 MKM He oOecriedmBaeTCsl MOJTHOE YBJICUCHHUE YaCTHUI]
MOTOKOM HECyIero rasza. B sTom ciydae Hen30eKHBI OIMIMOKH B ONpPENeNICHUU Bpe-
MEHH TOPEHHS 33 CUeT MOTU(PHUKAINH (QYHKINH paclpeesICHHs YacTHII II0 pa3Mepam
B XOJI€ CAMOT0 OITBITa. YBEIHMUEHHUE PacXo/a a30Ta Helenecoo0pa3Ho, TOCKOJIBKY 3TO
MPUBOJUT K «3aXOJIAXXUBAHHIO» OKHCIUTEIBHOW Cpelbl, MPH STOM YacTb YaCTHI]
Morja He BocmamensTees. [Ipouecc ropenus yactuy 7iB, GUKCHPOBAICS C IIOMO-
nipio poroonTHyeckoro perucrparopa ®OP-2 ¢ momepeyHo, OTHOCHTEIBHO TpPEKa,
MPOTSDKKOW ~ 35-MUIIMMETPOBOM  KHUHOTUIEHKH. CKOPOCTh  NPOTSIKKA — TUICHKH
(Vapor=150-250 cm/c) mombupanack TakuM 00pa3oM, YTOOEI 0OECTIEUHTh JOCTATOYHOE
BpPEMEHHOE pa3pelicHHe TPeKoB. B kadecTBe CUSTYMKAa BPEMEHH HCIIOJIB30BANIACh
JIBYXIIOJTyTIEpHOTHASI HEOHOBAs JlaMItouka Ha yactote 50 [

AHaM3 KHHOTPaMM TPEKOB IMOKa3al, YTO OHU COCTOST U3 JIByX 30H, CYILECT-
BEHHO Pa3NIMYAIONINXCS KaK JIUTEIbHOCTHIO, TAK 1 MHTEHCHBHOCTBIO CBeUeHUs. Pa3-
JICIIEHBI 3T 30HBI «TEMHBIM» MPOMEKYTKOM, T.€. TIPOMEKYTKOM, KOTJ]a MHTCHCHB-
HOCTb CBEUEHHSI YaCTHUIIBl PE3KO yMEHbIIaeTcs. BTopas cramusi XapaKTepu3yercs
MPaKTHYECKH MTHOBEHHBIM YBEIMYEHHEM WHTEHCHBHOCTH CBEYEHHS M HEOOJBIION
JUTNTENTFHOCTEIO. [Ipr 00paboTKe KHMHOTpaMM 3a BpeMs IEpPBOH CTaaWd TOPESHHUS
MPUHIMAIHA MPOMEXYTOK BPEMEHH OT TIOSBICHHS BHIMNMOTO CBEYEHUS, IO BTOPHY-
HOTO YBEJIWYEHUS SIPKOCTH TPEKa, a 3a BpeMsl TOPEHUS] YaCTHUIIBI — CYMMY NEPBOW U
BTOpOH cTaguu npouecca (T, = T;+ Ty). TUIHYHBIE TPeKHu FOpeHus noJndopuaa THTa-
Ha B MIPOJIYKTaX CrOPaHUS IPOIaH-KUCIOPOTHOTO ITAMEHH MPE/ICTaBIeHEBI Ha PHC.3.

Kak mnokasanu pe3ynbTaTsl 00pabOTKU TPEKOB (A KaXJIOro MOPOIIKA YHCIO
o0paboTtanHbIX TpekoB cocTaBiisuio 400-450), M0 OTHOIIEHHIO K MOJHOMY BPEMEHHU
TOpEHUsI IPOJOJLKUTEIBHOCTh BTOPOM CTaIuU FOpEeHUsl cocTaBisieT B cpenHeM 11.5%
st dpakmn TiBy-1 ¢ dyg=66 MM, 13.5% TiB,-1 ¢ dpy=82 MrM, 14.4% st TiB,-2 ¢
dr=T74 mMxm u 15% s TiBy-2 ¢ dp=101 mxm. Pazopoc Bemuuunsl ty/1,=5-30%.

BoAbIIMHCTBO TPEKOB MMENO YETKO OYEPUCHHBIE IPAHUIIBI, YTO MO3BOJISET BbI-
CKa3aTh MPEJIIOIIOKEHNE O IOBEPXHOCTHOM XapakTepe ropeHus. OHaKo B pse Ciry-
4aeB, KOIJa MPOIEecC HAYMHAJICS Ha HEOOJBIINX PACCTOSHUSIX OT cpes3a ropenku (/<
10 cM), T.e. B BBICOKOTEMIIEPATypHOI 30HE PEAKLMOHHON TPYObI, TPEKU HA Hayallb-
HOM YYacTKe MMEIH BEepeTeHOOOpa3HyI0 (OpPMY C OTUETIMBO INPOCMATPHBACMBIM
sapom. [locie BpIXO/Ia 9aCTHIEI U3 BEICOKOTEMIIEPATypHOH 30HBI OPEOJI BOKPYT Tpe-
Ka ucyesan. Ha kuHOrpaMMax 3TO COOTBETCTBOBANO OOIIEMYy OclabJeHHIO Tpeka,
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Puc. 3. Tunuunsie TPEKU IrOpEeHU YaCTUILL I[I/I60pI/II[a THUTaHa

IpUYEeM BEJIMUMHA IPOMEXKYTKA MEXTy 30HAMU Hanboee sIpKOro CBEUEHHS YaCTHIIBI
MPU TaKUX YCIOBHAX 3aMETHO BO3pacTaina, nHoraa 10 50% oT BpeMeHH nepBoil cTa-
JMH TopeHus (puc.3a, HIKHAN TPeK).

OTMeueHHbIE BBIIIE KaueCTBEHHbIE OCOOCHHOCTH Pa3BHUTHS IPOLECCA TOPEHUS
ONMHOYHBIX YAaCTHIl MOJNHOOpHIa THTaHAa B NPOXYKTaX CrOpaHWS MpOTaH-
KHCJIOPOJTHOTO (hakeia SBISIOTCS OOIMMHU JIJISi TIOPOIIKOB 00enX MOJH(DHUKAIINH.
OpHako, Kak MOKa3al aHaJIu3 KMHOTPaMM, MEKAY HUMH e€CTh U CyIECTBEHHOE pa3-
nyue — npu ropennu TiB,-2 B psjie ciiyyacB HaOmoaanack hparmeHnTanus (Ipodie-
HHE) YaCTHII, IIPHYEM C POCTOM HX HAYAIFHOTO pa3Mepa YHCIIO PACIICTTUBIIUXCS IPH
TOpPEHUH YacTull Bo3pacrtaeT. Tak, aist dpaxuuu TiB,-2 dyy=74 MKM 10 OTHOILICHHUIO K
o0IIeMy 4YUCIy pAaCCMOTPEHHBIX TPEKOB JUIS TPEKOB, IJIe¢ MUMEIO MECTO ApoOieHue
TOpSAIIMX YacTHIl cocTaBmiio 21%, a mis dhpakyn, 7iBy-2 ¢ dy=101 MKkM aHATOTHY-
Has BenwmdwHA Bo3pocna 1o 31.3%. B pesynbrate npoOieHHS MPOMCXOAMIO Kak
MPaKTUYECKU MOJHOE (puc. 4a,b), Tak U yacTuuHoOe (puc.4c) paspylicHHe YacTuilbl. B
psne ciaydaeB MpPU MOJHOM Pa3pyIICHUH YaCTHIBI XapakTep TOPEHUsT OCKOJIKOB HH-
4eM He OTIMYAeTCs OT OMUCAHHOTO BBINIE XapaKTepa rOpeHus coeAuHeHus 1iB,-2
(puc. 4a). Ilpu oOpaboTKEe KMHOTpaMM Ha BpEeMEHa TOpeHHs NOJOOHBIE TPEKH He
YUUTHIBAIUCH.
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Puc. 4. ®parmenranus ropamux yactun 7iB,

OTMeTuM, 9TO (parMeHTaIlsi TOPAIINX YaCTHIl B IUIAMEHH Ta30BBIX TOPEIIOK
HaOJI0Ja)Iach B psle paboT Al APYrUX BEMISCTB, HANpUMeEp, I altoMuHus 8, 9,
10]. ABTopsl oxHO# U3 paboT [10] siBNEHME pacIIEIUIEHUs] YaCTULl B XOJ€ TOPEHHS
CBS3aJIM C YCIIOBHUSAMH MPOBEJICHHSI SKCIIEPUMEHTA, @ UMEHHO C TEM, UYTO MPOLECC ro-
pPEeHUs MPOTEKAET B ra30BbIX CTPYSIX C MEPEMEHHOM 1O AJIMHE TemIeparypoi. B ombl-

88



Disuka aepoucriepcHUX cucreM. —2017. — No 54. — C.83-94

08
08
07 -
06 -
05 -
04l
03
02t

01

L L 00 =1 s L
0 0 20 30 40 S0 80 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80 80 100 110 120

o, MEM; Tr, MC d, MKM; Tr, MC

09

08+

07

08 -

05

04 f

03

T 1 1 1 1 1 1 00 - 5 1 1 1 1 1 1 1 1 1 1
20 30 40 50 60 70 80 20 100 110 120 40 50 80 70 80 90 100 110 120 130 140 150 160
d, MEM; Tr, MC d, MKM; Tr, MC

Puc. 5. HTerpanpHele pacnpeeeHus YacTUll 10 pa3MepaM U BpeMeHaM TOPEHUs:
1- F(d), 2 — F(t,). a) TiB, — 1, dyy = 66 MxM; b) TiBy — 1, dyy = 82 MKM;
C) TZBQ — 2, d20 =74 MKM, d) TZBQ — 2, d20 =101 MKMm.

TaxX, IJ¢ BIOJb PCAKIIMOHHOW KaMephl TeMIlepaTypa MEHsIach HE3HAYHUTENBHO,
(hparMeHTanMs YacTHIl HAOTIOIANACh KpaliHe peiko. B Haiem ciydae, Takoe 00bsc-
HEHHe SBIICHUS TPOOJICHUS HENb3s NPU3HATH CIMHCTBEHHO BO3MOXKHBIM, MOCKOJIBKY
MIPOBENICHHBIA MPH MPOYUX PABHBIX YCIOBHAX IKCIIEPUMEHT C TIOJIHOOPHUIOM THUTaHA
B Momudukanuu 1 mokaszan oTcyTcTBHE MOM00HOr0 3ddexra s YacTHI[ TEX XKe
pa3MepoB (HAIIOMHUM, YTO IO JUCIIEPCHOMY COCTaBy MOPOUIKH TiB)-1 ¢ dyy=66 MKM
u TiBy-2 ¢ d>,y=74 MKM OIU3KH MEXTy cOo00¥). ITO TO3BOJISAECT HAM BBICKA3aTh MPEII-
MOJIOXKEHUE O PA3IMYMK B MEXaHU3MAaX PEarnpoBaHMs YACTHIl NOJIHOOpHIA THUTAHA,
MOJYYEHHOTO 10 Pa3HO# TEXHOIOTHH.

OKCIepUMEHTAbHBIE PEe3yIbTAaThl MCCIECIOBAHMS ITIpoIlecca TOPEHUS OIHMHOY-
HBIX "YacTHIl 778, peacTaBIeHbl Ha PUC. 5 B BHIC MHTETPAJIbHBIX (DYHKIWH pacmpe-
JICIICHHsI BPEMEH TOPEHHS M YaCTHUI] 10 pa3MepaM, U Ha puc. 6 B BUJE 3aBUCUMOCTEH
BpPEMEHH TOPEHHS OT pa3Mepa dacTUIBl. II0CKONBKY CTaTHCTHYECKHH MeTox oOpa-
00TKHM MH(DOpMAMK UMEET MaKCUMAIFHYIO OIMHUOKY Ha KPAaeBBIX YUACTKaX (DYHKITHHA
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Puc. 6. 3aBHCUMOCTb BpeMEHHU FOPEHUsI OMUHOYHBIX YacThI TiB, or
UX HayaJbHOTO pa3Mepa

pacripeneneHus, IpH COMOCTABICHUN HHTETPAJIbHBIX KPUBBIX MPHUBEACHHBIX Ha PHLC.
5, paccmarpuBaiu yuactok 0.1 < F<0.91.

[Ipexxae yem mepelTH K OOCYKACHUIO TPEACTABICHHBIX Ha pUC. 6 3aBUCHMO-
cteit 1,(dy) 0OBSACHMM, IMOYEMy Ha STOM PUCYHKE OTIBITHBIC JAHHBIE JIS MOPOIIKA
TiB,-1 He pa3/eneHsl 1o IBYM HCCIICIOBaHHBIM (pakuusaM. Kak mokasamm pesynbra-
THI 00pabOTKM WHTETpANBHBIX (PYHKIHH paclpeAeicHus, B 00NacTH pa3MepoB dac-
i 50 < dy < 65 MM, T.e. B obnacTu obmux st obeux (pakuuii moporka TiB,-1
pa3MepoB, pa3Indre BO BpeMeHax ropeHus MeHbine 2%. [TomoOHas Bocmipon3BoaH-
MOCTh PE3yJIbTaTOB, BO-TIEPBHIX, MOATBEPIMIIA NPABHIBHOCTE MPOBEICHHON CTaTH-
CTHYECKON 00pabOTKH 3KCIEPUMEHTAILHOIO MaTepuaia, W, BO-BTOPBIX, IMO3BOJIIIA
«CIIUTHY OTBITHBIE JaHHBIE MO0 00eUM (HpaKUsIM B OJHY KPUBYIO 3aBUCUMOCTH 7(d)
— kpuBas 2. lyns nopouika 7iB,-2 3Ha4eHUS BPEMEH TOPEHHs JUIsl paBHOpPa3MEpPHBIX
gacThIl Qpakiuii ¢ dyy=74 MKM U dp=101 MKM, 3aMETHO OTIUYAIOTCS APYT OT JIPYyTa.
[Toatomy Ha rpaduke s mopomka 7iB,-2 MpeaCcTaBICHbI PE3YIbTAThI IS KaKIOH
W3 HWCCIICIOBAHHBIX (pakIiii B OTAeNbHOCTH. boiee Toro, naHHbIE, MOTYYEeHHBIE IS
¢pakuuu ¢ dy=101 MKM, OKa3ajoch TpyZHEE YJIOXKHTH Ha MOHOTOHHYIO KPHBYIO.
IToatomy Ha pucynke g nopomka 7iB,-2 ¢ dy=101 MKkM npHBeIeHBI OIOPHBIE TOU-
KM W, JIJIs1 HAaTJIITHOCTH, MEXy HUMHU NMPOBEACHA anmnpoMaKCUMAIMOHHAS KpHUBas —
kpuBas 3. [lo-BuAEMOMY, HECKOIBKO OOJBIINIT pa30poc AAHHBIX JJISA ATOH (pakIun
CBSI3aH C OTMEYEHHOI TP Ka4eCTBCHHOM OIIMCAaHWU KMHOTPAMM TPEKOB MHTEHCH(H-
Kaluen sSBICHUS (parMeHTAIlH TOPSIIUX YacTHIl 7iB,-2 ¢ pOCTOM HX HAa4aJbHOTO
pa3mepa. XOTs TIPH CTAaTHCTHYECKOH 00paboTKe KMHOTPaMM MOIOOHBIE TPEKH HE
YYUTHIBAINCH, TEM HE MEHEE, OITHOKa B ONPEICIICHUH BPEMEH TOPEHUS 34eCh MOXKET
OBITH OOJIBLIE 32 CYET CIIy4aeB, KOTJla MIMEJI0 MECTO YaCTUUHOE Pa3pyIIeHUE YACTHIIBI
B X0JIe mpoluecca ropeHus. MIHorna, Kak HalpuMep, Ha puc. 4B, YaCTUYHOE pa3pylie-
HHE OTYETVINBO MPOCMATpUBAIOCh. HO ecii mpu TOpeHHH NPOWCXOTHUT BBIACICHUE
TOHKOJUCIIEPCHBIX OCKOJIKOB, UYBCTBUTEIHHOCTh KMHOMATEpHaia HE MO3BOJIAET UX

90



Disuka aepoucriepcHUX cucreM. —2017. — No 54. — C.83-94

peructpupoBath. Kpome TOr0, MHOTJa HAOII0IAIOCh HEOKUTAHHOE PE3Koe M3MEHe-
HHUE TpeKa, BOSMOXKHOW NPHYMHOW KOTOPOTO TaK K€ MOTJIO CIY)KUTh YacTHIHOE
pacieruieHre 4acTuipl. He HCKITI0YeHo, 4YTO UMEHHO 3THM 00CTOSITENICTBOM M 00b-
sICHAETCSl 00Jiee HU3KUIM YPOBEHb BpeMeH ropeHus nopomka 7iB,-2 ¢ dy=101 Mxm
Mo cpaBHEHHIO € TiBy-2 ¢ dy=74 MKM.

Kak BHIHO W3 MpENCTaBICHHBIX HAa PHUC. 6 OMBITHBIX JaHHBIX, JJIS BCEX HCCIC-
JIOBAaHHBIX TIOPOIIKOB MOJMOOPH/IA TUTAaHA UMEET MECTO MPAKTUUECKU JIMHEHHAs 3a-
BHCHUMOCTh BPEMEHHU TOPEHHS OJIMHOYHBIX YACTHI[ OT X HAYaJLHOTO pasMepa. Jlei-
CTBUTEIILHO, BEIUMYMHA OTHOIICHUS T./dy COXpAHSACT MPAKTHUYSCKU MOCTOSHHOE 3HA-
genne T./dy=10" ¢/mM u mist xpuBoii 1, Mensercst B auamasone (0.93-1)-10° ¢/m s
KpUBOH 2, ¥ B IUaNa3oHe (0.88—0.97)'103 ¢/M I TIPOBEACHHBIX Ha PUCYHKE OMOP-
HBIX ToueK ¢pakiuu TiB,-2 ¢ dyy=101 MxkM. B To ke BpeMs, BEIMYMHA OTHOCHTEIIb-

2
HOTO BPEMEHH IOPEHHsI OJMHOYHBIX 9acTHIL (T, / dy) ¢ POCTOM Ha4albHOTO JHaMeT-

pa yMEHbIIIaeTcsl B JBa pasa Juisl KpuBbIX 1 ¥ 2, 1 B 1.6 paza mns TiB,-2 ¢ dy=101
MKM.

[Ipu TakoM XapakTepe 3aBUCHMOCTH BPEMEHH T'OPCHHUS OT HAYaJIHHOTO AHAMET-
pa 4acTHUIIBI OOBIYHO JENAOT BBIBOJ O TOM, YTO MPOIECC MPOTEKACT B KHHETHICCKOM
PEKUME pearupoBaHUs, T.€. B peXKUME, KOTJa CKOPOCTh TOPEHHS YaCTHIIBI OTIPEIeIIs-
eTcs KMHETHKON XUMHYeCKUX peakiuid. OfHaKO BBI3BIBAET HEKOTOPOE YIUBICHHE TO
00CTOSITENIECTBO, YTO B HAIIEM Cllydae MOJOOHBIM MEXaHHW3M pearupoBaHUS HAOIIO-
JaeTcs U JOCTAaTOYHO KPYIHBIX YACTHIl — dy > 45 MKM. [[11 cpaBHEHUS mpUBeIeM
aHAJIOTHYHEIC TaHHBIC U1 Oopa. Kak mokasamu pe3yipTaTsl TEOPETUIESCKOTO aHAIHU-
3a Tmporecca TOPSHHST OJMHOYHBIX YacTHIl OOpa, MPOBEICHHOIO HAa OCHOBE MOJICIH,
YYUTHIBAIONIEH OJJHOBPEMEHHOE BIMSHHAC HA CKOPOCTH CTOpPaHUs Kak IU(PPYy3MOHHO-
TO, TaK ¥ KHHETHYECKOTO CONPOTHUBIICHHUS PEaKINH IIPH aTMOC(HEPHOM JaBICHUH U B
Gouee «KECTKHX» MO BHemHel cpene ycnosusx (mg, = 0.21, T, =300 K) gactuusl c

do> 50 MkM TopsT B 1uddy3noHHOM pexxume [11, 12].

OOmue 3aKOHOMEPHOCTH Tpoliecca TOPEHUST OAMHOYHBIX YacTHUI] MOIHOOpHIa
TUTaHA BBIIBJICHHBIC NPU aHANINM3€ KMHOTPAMM — JABYXCTAJHHHOCTh TPEKOB U OOJNb-
mas JUIMTeIbHOCTh MEPBOM CTaauy, MO3BOJIIN HaM BBIIBHHYTh, B KauecTBe pabo-
4el, cIeqyIolylo THIIOTE3y O XapakTepe pearupoBaHusi TiB, B KHCIOPOACOIAEpIKa-
HIMX Cpelax — MOCNIEA0BaTENbHOE BEITOPAHNE KOMIIOHEHTOB criaBa. [lockonbky amst
60pa, B CpaBHEHMU C TUTAHOM, XapaKTePHbI HEBBICOKHE CKOPOCTU TOPEHMUS, €CTEeCT-
BEHHO NPEAINOJIOKHUTh, YUTO OTBETCTBEHHBIM 3a MEPBYIO cTajauio ropeHus I1iB, (1 ~
0.85 1,) sBusieTca 6op, BBITOpaHHE THUTaHa OOyCIAaBIMBAET HAIMYHE BTOPOH 30HEI
cBeueHHs Tpeka. C LeNbI0 NPOBEPKU BBICKA3aHHOM THIOTE3bI OBLIO MPOBEIEHO CO-
MOCTaBJICHUE TOIyYEHHBIX B HACTOsAMIEH paboTe 3aBUCHMOCTEH BpeMeH NepBOH U
BTOPOM CTaaMu ropeHus 4acTull 7iB>-1 OT X pa3Mepa C HMEIOLIUMHUCS B JIUTEPAType
JTAHHBIMU 110 TopeHuto 6opa [13, 14] u Tutana [15] B KHCIOpOICOaEpKAIUX Cpeaax
— puc. 7. OTMeTuM, YTO Ui ynoOCTBAa CONOCTABIICHUS PE3YJbTATOB IKCIIEPUMEH-
TaJlbHbIE 3HAUEHUA T, A1 B 1 Ti OTHECEHBI He K UX COOCTBEHHOMY Ha4aJIbHOMY pa3-
Mepy, a K pa3Mepy yacTullsl 7iB,, cofepKalieil Takyro K€ MacCy COOTBETCTBYIOILETO
KOMITOHEHTa (BOCCTAHOBHUTbH UCTHHHBIH pa3mep yactun B u Ti HETpyAHO 1o Gopmy-
nam R, ~0.843R;, u R, ~0.884R

TiB, *
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Puc. 7. ConocraBienue 3KCIepUMEHTAIbHBIX JaHHBIX U151 O0pa, THTaHa,
u nubopua TUTaHA:

o — 0op, ’akcepuMenT [ 16], cpena — Bo3ayx, 7-=300 K;
X — @op, akcnepumeHT [17], cpeaa — 0.230,+0.3C0O,+0.45N,,
T =2280 K, V=265 cm/c;
W — THTaH, SKCIEepUMeHT [5], cpena — Bo3ayx, 7.=940-1200 K;
A — 6op, sxcniepumenr [17], cpena — 0.190,+0.16 H,0+0.11CO,+0.5N,,
T =2280 K, V=920 cm/c;
Kpussie: 1 — 60p, pacuer o aud¢y3nonHo-kuHernueckoit mogenu [18], 7.=300 K;

2—1( dT:BZ ); 3- TH( dma2 )

Kak BunHO 13 puc. 7, JEHCTBUTENLHO HMEET MECTO KOPPETALNS MEXIY BpeEMe-
HaMU FOpEHUs YacTULl TUTAHA U JUIUTEIBHOCTBIO BTOPOM CTaJUM IIPOLECCA BBIIOpPa-
Hus yacTul 7iB, ¥ MeXIy BpeMeHaMu ropeHus 0opa U JUIMTeTbHOCTHIO MepBoil cTa-
qvn ropenus 7iB,. OnHako HEOOXOOUMO OTMETHTh, YTO COTIOCTABISEMBIC OITBITHBIC
JaHHBIE A7 Oopa, TUTaHA W clulaBa 7iB, OBUTH TOJIydeHBI NPU Pa3HBIX YCIOBUSX
MPOBEICHHsI DKCIeprMeHTa. B 3ToM muiane oco0o clienyeT BBIIENUTH crenuduy-
HOCTb METOJ1a U3yYEHUs IIPOLECCOB TOPEHUS UHAUBUYaIbHbIX YACTHULL IPU IIOMOLIU
ra30BBIX TOPEINOK, TEHEPUPYIOIINX BECbMa Pa3HOOOPA3HBIE TI0 CBOEMY XUMHIECKOMY
COCTaBy Cpellbl, BKIIOYAIOLIUE, KPOME KHUCIOPOJA, APYTUE OKUCIUTENBHBIE KOMIIO-
HEHTBI, Harpumep, H,0.
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bynanin @. K., Cioopos O. E., Ilonemace M. L., Kipo C. A.,
Lllesuyk B. I'., Himuu. O. B.

I'opiHHA OTMHOYHHUX YACTOK Ai00pina THTaHY

Amnorariis
Excnepumenmanbio memooom mpekie 00CnioHceHo 2OpiHHs YaCMUHOK Oubopudy mumaua
Y BUCOKOWIBUOKICHOMY ~NOMOYL  NJIOCKO-NOAYM IHO20 — KUCEHb-NPONAHOB020 — NANbHUKA
(24%0; + 43%H,0 + 33%CO;). Bussneno dsocmadiinuii xapakmep 20piHHA — nepuia 006-
2ONMUHHA CMAOIsA 3YMOGIIeHA 8U2OPAHHAM bopy, a Opyea mumana. Jlani 3icmagieno 3 onyoni-
KOBAHUMU 8 TiMepamypi OaHuMU no 20piHHI0 OOpa | MUMAaHA 8 KUCHEEMICHOMY cepedosuyi.

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% CO?2) 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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32KOHOMepHOCTI/I ropeaus 30/IbHBIX YIOJbHBIX YaCTHUIl IIPU
CaMOBOCIUIAMEHCHHUHU B HAIrpeToM BO3ayXxe

Ilpu ouamempax uacmuy, 60bULe KPUMULECKO20 OUAMEMPA 60CHIAMEHEHUs 8 8030yXe, C
VUEmoM 30bHOCIU UCCLe008AHO GNUAHUE HAUATLHO20 OUAMEmpA U NIOMHOCHIU NOPUCTIbIX
VeNlepOOHbIX Yacmuy Ha 3aKOHOMEPHOCHU CMAOUil 6DEMEHHbIX 3A8UCUMOCMell meMnepanty-
pbl, ouamempa u NIOMHOCMU YACIUY. CMAOUU CAMOYCKOPEHUSl, KEA3UCIMAYUOHAPHO2O 20pe-
HUA U CAMONPOU380IbHO20 nozacanus. Ilokasano, umo Ha cmaduu 20peHus, KOmopas Hayu-
Haemcs. nocie cmaoull CamoyCKOPeHUsl U 3aKAHYUBACMCs NpU OOCHUNCEHUU Ouamempa u
NIOMHOCMU NO2ACAHUA, CKOPOCMb YMEHbUEHUs NPou3gedeHus NIOMHOCMY Ha Keaopam
ouamempa 3016HOU YACMUYbI ONPEOENSIeMCs PeaKYUOHHOU CHOCOGHOCMbIO YACMUY Y20NbHOU
Nl U He 3A6UCUM OM HAYANbHLIX Ycnoeuil. IIonyueHo gvipadcenue Ons peMeHu 20peHus
NOPUCIOL KOKCOBOU YACUYbL U 66€0eHA HOBASL KOHCIMAHMA 20PEHUs, KOMOPAsi Onpedesem-
¢l ceolicmeamu u CmpyKmypou yeisi (IHepaus akmusayu, NOpUcmocny).

Beenenue. ITockonbKy pa3Hble MapKH yriisi OTJIMYAIOTCS MO CBOMcTBam [1, 2],
TO U OTIPENENICHHS BPEMEHH ITIOJIHOTO €ro CTOpPaHHs HEOOXOAMMO YUHTHIBATH €ro
0COOEHHOCTH CTPYKTYpPBI M CBOWCTB. B pe3ynbTare rOpeHHsl YrOJbHBIX YacTHI[ U
YMEHBIICHHS UX JHaMeTpa U IUIOTHOCTH J0 KPUTHUCCKUX 3HAUCHHUI TPOUCXOIUT HX
CaMOTIPOM3BONIEHOE TIoTacaHue. [Ipu pacuere BpeMeHH CTOpaHUs YTOJNBHBIX YacTHI]
HEOOXOAMMO 3HATh: TEMIIEPATypPy TOPEHUSI U KPUTHUECKHE TUAMETPhl BOCIIIaMEHe-
HUS; KPUTHUYECKUE AUAMETPhl U IIOTHOCTH, MPU KOTOPBIX MPOUCXOAUT CAMOIPOU3-
BOJIFHOE TIOTacaHue; 00IaCTH TOPEHHS YaCTHII.

W3BecTHa sKcriepuMeHTanbHas (opMyna [2] ais pacyera BpeMEHH BBITOPAHUS
KOKCOBBIX YAacCTHIl yTrOJILHOW MBLIM, MOJy4YeHHas Mpu oOpaboTKe SKCIEepHUMEHTAIlb-
HBIX JIaHHBIX B HHTEPBaJie OTHOCUTENIbHBIX MaCCOBBIX KOHLIEHTpaIuii oT 23 10 98% u
pa3mepoB vactuil oT 100 Mxm 110 10 mm:

pc,bdb2
f@)Y,,.

rae yHKImsa f (Tg):Tgf)'9 YYUTHIBACT BIMSHHUE TEMIEpaTyphl Ta30BOTO ITOTOKA HA

towo =2.31-10%, (1- X ) (D

BpeMs ropeHust. YnucneHHbIi kodppurnueHt B popmysae (1) ObUT OdydeH ¢ onpee-
JeHHoM omubKoii B mpenenax (1.4 + 3.1) - 10°. DxcnepumenTanbbiil K03 QuIIeHT
ky, A7 pasIMUHBIX YIieil OIpeaeisica OTHOCUTENILHO YCIOBHO BBIOPAHHOIO 3Ta-

JIOHHOTO yris (a7 aHTpauura k,, = 1). [loaToMy 3KcliepUMeHTalIbHOE OIIpeAEICHHIE
ky,, U1 KOHKPETHO HCIOJB3yEMBIX YIJIEH MPOJ0IKAeTCs M B HACTOSIIEE BpeMs, Ha-
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npumep B [5], Te peakIHoOHHYI0 CIIOCOOHOCTD YIJIS OIPENSIMIN KaK BEIUIHHY 00-
patHyto kKo3dduimenty k,, . EcTecTBeHHO, 4TO BElIUMYMHA PEAKLHOHHOH CIOCOOHO-

CTH YTJIS TOJDKHA OTPENEeNATHCS KHHETHUSCKIMH CBOMCTBAMH YTIIA, 8 TAKXKe YIUTHI-
BaTh IapajulebHOE O0pa30BaHHE OKCHIOB YIJIEpoja, MOPUCTOCTh YIS, HalMYue
cTe(paHOBCKOTO MOTOKA.

Hessio 1anHoit paGoThI OBUT aHATI3 BPEMECHHBIX 3aBUCHMOCTEH TeMIepaTyphl,
JaMeTpa M IDIOTHOCTH TOPHUCTOH YIIICpOJHOMN YacCTHIIBI JJIS OIpeAeiIeHUs 3aKOHO-
MepHOCTeH ee TopeHus B Au((y3HOHHOM peXHUME, ONpeeleHHe KOHCTAHTHI rope-
HUS YTOJILHOM YacTHIIBI, ONpEAeTICHHE BPEMEHH TOPCHHS OT IapaMeTpOB ra3oBOit
Cpebl M YaCTHIIBI, aHAIN3 KOA((PUIMEHTa PEaKIIHOHHONW CIIOCOOHOCTH.

I[ocTranoBKka 3amxa4n. DKCIIEPUMEHTANBHO JJOKAa3aHO U TEOPETHYECKH 00OCHO-
BaHO [4] HEM30TEpMHUIECKOE U HEOOpAaTHMOE MPOTEKaHUE MaPALICITBHBIX YK30TePMHU-
YECKUX PEAKLMH MEPBOro MOPsJKa IO KUCIOPOLY peakUuil YriepoAHON 4acTHULBI C
razamu, coaepxkamumu kucaopoa: C + 02¢>C02 (D, AH, = — 395 xIxx/Monb u
2C+0,—2>2C0 (1), AH, = — 209 x/Ix/Monb. B pabote [5] ycraHOBiEHO, 4TO
CKOPOCTH MOsABIEHUA NpoAyKToB peakuuii CO,u CO B npoluecce ropeHust KOKCOBBIX

YaCTHI COM3MEPHMBI.
CyMMapHast CKOpOCTb XMMUYECKUX PEaKIHi 0 YIIepoy:

L om) __Me g sopp(1e—K oy,
o M (k +h) )Peoss

0,

rze m, —Macca yriiepojia B YacTHIE, K.

CKOpOCTH XMMHUYECKUX PEaKIMil M CyMMapHasi CKOPOCTh XUMHUYECKOTO TETIIO-
BBIJICTICHHS YBEIIMIHUBAIOTCS C POCTOM TEMIIEpaTyphl M0 3aKOHYy AppeHnyca U orpe-
JICJIAIOTCS. IEPBBIM MOPAKOM TI0 KOHIIEHTpaIwu kucinopoza. MccnenoBanus [1] mo-
Ka3bIBAIOT Ha CBSA3b DHEPTHH aKTUBAIWH E U MEePeAIKCIIOHECHIINATBHBIX MHOXKUTENEH
ko peaxtuit (k, =100 m/c, T,= 2600 K):

E E,
k, =kyexp| ——= |, ky; =k, ex , E,JE =1.1,
i 0i p|: RT:| p RT; /
rae T — temmeparypa dactuiel, K; R — yHUBepcajgbHas Ta30Bas IOCTOSHHAS,
JIx/(mois-K).

CKOpOCTL XUMHYCCKOI'O TCIIOBBIACIICHUS

k
Do = (Q1k+Q2 )( XA) 1+kTvkz pgSYOQ,s>

1

1 d
Y =Y ,Se= (k +k +k +U_),
0,8 0,,0 1+Se DNu\ 1 2 v ,&0)
rae Qi, O, — temioBbie 3G derTsl xumuaeckux peakiwii (I) u (II), paccuntannbie Ha

€IMHUILy Macchl kucaopona, JLx/krOy; k,, k, — KOHCTAHTBI CKOPOCTEH XMMHYECKHX

peakumii (I) — (II); ¥, | - OTHOCHTeNBHAs MaccoBas OIS KHCIOPOJa B Tase y IO-

BEPXHOCTH YaCTHUILIbI, pgs — INIOTHOCTHh OKPYKAIOIIETO ra3a y IMMOBEPXHOCTU YaCTHUIIBI,
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kr/m’; Se — oGmmii kputepuii CeMeHOBa, KOTOpbIi TOKA3bIBACT POJIb KHHETHKH Pe-
aKIWil Ha MOBEPXHOCTH M BHYTPH YIVIEPOJHOM YacTHUIIBL, CTE(aHOBCKOTO TCUCHUS
OTHOCHUTEIIBHO MAaCCOIEPEHOCa OKUCIIUTENS B Ta3e.

Hamaue 30i161 B yrile yMEHBIIAET MACCOBYIO JIOJIO YIIIEPOAa, BCTYNAIOLIETO B
peakIuio. YMEHBIICHHE MacChl YII€posa M, CBSI3aHO 4epe3 CKOPOCTh M3MEHEHHMS
Macchl BCEeH YacTHLBI (TIperoaras, 4To 10 Mepe BHIT'OPaHUs YaCTHIIbI 30714 OTCIIan-
BaeTcd OT ee MOBepXHOCTH [l]), KoTopast ompenenseTcs CKOPOCTSIMU YMEHBIICHHS
JMaMeTpa U TIIOTHOCTH YaCTHUIIBL:

am,) o(m, ) ,7(p.) n o, 0(d)
om) - x VA )y ) EAP) - x (B 2 D)

o U X=X )d ==+ (1= X)) Jpd =
TJIe p, — TIIOTHOCTh YIOJTBHOM YaCTHITBI, KI/M'; d — IMAMETp YacTHIThI, M; X, — Mac-

>

COBasi I0JISA 307151
YMeHbIIIeHHE AraMeTpa U IUIOTHOCTH YaCTHIIBI CO BpeMEHEeM OOYCIIOBIICHO XH-
mudeckumu peakusiMi (1) u (1) Ha ee BHENTHEH MOBEPXHOCTH U B 00beMe[S]:

——6d=2(1—X)1MC (k+2k> Poy . di=0)=d,, ()
ot o, p, ¥
op. 6 aM k,
e =2 (1- < (k +2k, ) —— , p.(t=0 , 3
ot d( A) Moz( 1 )(k k)pgi 0,5 p.( )= Pep (3)

rae M., M, —MOJSIpHbIC MAacChl yIiiepoJa 1 KUCIOPO/a, KI/MOJb.

PearnpoBanue BHyTpHU IOp YacTHIBI onpexeisiercs 3G(eKTHBHOH KOHCTAHTOH
BHYTPEHHETO PearnpoBaHus k,, KOTOpas ONpeAessieTcsl IOPO3HOCTHIO YaCTHULBI ) U
yIeNnbHOM MOBEpXHOCTRIO op Fy [1, 5].

Kunernka TeriomMaccooOMeHa 1 XMMUUECKUX PEaKLUH YIIIepOIHOM 4acTHIIbI C
ra3zaMM paccMaTpHBaeTCs ¢ y4eToM cTe()aHOBCKOTO TEYCHHMs, MaccolepeHoca U pea-
THPOBaHMs BHYTPH YacTHIIbI Ha IIOBEPXHOCTH 1op. B pabore [5] nokazano, uro 3aBu-
CHMOCTh OT BPEMEHH CpeJHEH 10 BCceMy 00beMy TeMIlepaTypbl MOPUCTOH YIiIepos-
HOI{ 4aCTHIIbI HAXOJUTCS U3 pelIeHus Tu((epeHIHaTbHOTO yPaBHCHUSL:

oT 6
E - c.p.d o> Do =Y9em2 ~ Dz T(t=0)=T,, )
XgNu

Qs = (T T)+UgopggcT IS +ec(T'-T)),

1
rje c,— ylaenbHas TemoeMkocTh yacTuipl, Jx/(kr-K); T, Tg, T,, — TemMmneparypsl

MTOBEPXHOCTH YaCTHIIBI, OKPY’KAIOIIETro Ta3a U OKpykaromux tei, K; € — koappumu-
214

SHT YEpPHOTHI YacTullbl, ¢ — noctosHHas Credana-bonpumana, Bt/(MK"); Uy —

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

AHanMM3 pe3yJabTaToB. PaccMOTpUM TUHAMUKY M3MEHCHHUS TEMIICPATyphl, THa-
METpa, INIOTHOCTH MMOPHUCTOH YIIIepOJHOH YacTHIbl U AU PY3HOHHO-KHHETHIECKOTO
otHoteHus (puc. 1) 1ist JByX HadalbHBIX AUAMETPOB YaCTHII, MPEBBILIAIOIINX 1A~
METp BOCIUIAMEHCHUS d; MPH 3aJaHHBIX 3HAYCHHAX TEMIICPATYPhI BO3yXa U TEMIIC-
paType CTEHOK PEaKIMOHHOW YCTaHOBKH (ds, d; > d;, d| < d;). YMeHbIlIeHne TuameTpa
U IUIOTHOCTU YacTHIBl B MPOLECCe TOPEHHs MPUBOIUT K MEICHHOMY POCTY KBa-
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Puc. 1. BpeMeHHBIE 3aBHCUMOCTH TeMIIEpaTypbl yacTuipl, yncia CemeHOBa, d(dek-
TUBHOW CKOPOCTHU TETIOBEHIICIICHUS M MPOU3BEICHHS TUIOTHOCTH Ha KBaJpaT TUaMmeTpa
MOPUCTOH yriepoxHoi gacTumbl (KpuBasi 1 — HawanpHbI nuameTp 40 MKM (MEHbIIe
JaMeTpa caMoBocIulaMeHeHus d; = 45 Mxm); 2 — 100 mxm, 3 — 150 mrm. Pacuer mo (1)
— (3). IMapametper: E, = 140 xJx/monb; T, =1400K, 7,,=1400 K, F\y= 2-10* M'l; x=0.1;
Y,,,=0.23, T, = 300K, X, = 4.6%.

3UCTAllMOHAPHON TeMIepaTypbl TOpeHUs. 3a CYeT TeIIonoTeph H3IydYeHHEM C
YMEHBIIEHHEM JTHaMeTpa YacTHIbI OOIIHe TEIUIONIOTEPH YBEIIMINBAIOTCS HE TaK OBI-
CTpO, KaK TEIUIOBBIACIICHNE 3a CUET YBEIMUYCHHS MaccollepeHoca KHCIopoaa K eIu-
HUIIE MOBEPXHOCTH YacTUllpl. 1lpu onpeneneHHOM pa3Mepe YacTHIbI U JOCTHKEHUU
MaKCUMAaJbHON TeMIepaTypbl TOpeHust (T. m) 3TH CKOPOCTU CpaBHUBAIOTCS. [lanb-
HelIee MOHMKEHHE TeMIIepaTyphl TOPSHUS CBA3aHO C OTHOCHTEIEHBIM POCTOM TeTI-
JIOTIOTEPh HAaJ| TETUIOBBIICIICHUEM TT0 Mepe YMEHBIIICHHUS JHaMeTpa YacTHIIbL.

IIpu DOCTHKEHUM KPUTHUYECKUX 3HAYCHUU d. YMEHbBILAETCs TeMmIepaTypa dac-
THUIIBI, YTO TPUBOANT K PE3KOMY CHIDKCHHIO CKOPOCTH PEarnpoBaHHUS IIOPUCTOH yT-
nepogHoit wactumpl. [Ipwm caMONpOW3BONFHOM TOTACaHWM IUIOTHOCTH YaCTHIIBI
YMEHBIIAETCSI C POCTOM €€ Ha4allbHOTO TMaMETpa, a €€ TUaMeTp NPaKTUUECKH HE U3-
Mensietcs (taba.1).

U3 puc. 1 BUOHO, YTO I MOPUCTHIX YACTHII, KOTJA IUIOTHOCTH B TPOIECCE TO-
peHHs CYLIECTBEHHO CHIDKAETCSs, JTMHEWHO W3MEHSETCSI CO BPEMEHEM He KBajpar
JMaMeTpa, Kak OOBIYHO MMEET MECTO MpH AU((HY3HOHHOM PEeKMME TOPSHHUS, a TPO-
W3BEJCHUE KBaJpaTa AWaMeTpa JacTUIIF Ha €€ IUIOTHOCTh. B 3ToM ciydae HaKIoOH
KpHUBBIX (puc. 1d) He 3aBHCHT OT Ha4YaNbHBIX 3HAUEHUH TUaMeTpa W IUIoTHOCTH. [lo-
9TOMY UMEET CMBICI BBECTH HOBYIO KOHCTAHTY TOPEHUSI YACTHLIBL.
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Tabauna. 1. Bnusaue HavansHOro pasmepa yactuusl (pe, = 1440 K/,
Fy=2- 10* M", x=0.1, X, =4.6%.) Ha mapaMeTpbl MOracaHus B HATPETOM
Bosnyxe (T, = 1400K, 7;,= 1400 K; v, ,= 0.23).

dy, MKM 50 100 150 200
Pees KIM 1280 1140 1040 960
d., MKM 21.6 21.6 217 2138
p..d?, MKM-KT/M 6.00-10° | 5.32:10° | 4.91-10° 4.55-10°
T..K 1807 1812 1844 1846

ITogo6ue ropeHus: 4acTHI[ Pa3INYHBIX Pa3MEpPOB BHIHO IPU HCIIOJIB30BAaHUU
6e3pazMepHbIX BemnunH (puc. 2). Tak B KauecTBe penepHOl TeMIepaTypsl sl yriie-
pona BeiOpaHa Temmeparypa nomroca 7, = 2600 K. XapakrepHsiM MacmTaboM Bpe-
MCHU BbIOpaHa BeIHYHNHA

Mo, _pdy
’ M, 8Dg0pg0Y02 ’
L[eJIECO00Pa3HOCTh KOTOPOil OyAeT BHIHA IOCIE MOIy4EHHs BBIPOKEHUS AJIS MOJU-
(UIMpoBaHHOW KOHCTaHTHI TOPEHUS TIOPUCTOH yroNBbHOM YacTUIIBL.

B kagectBe MmaciTaba Uit OCH OpJMHAT Ha PHC. 2C B35Ta BEJIMYMHA «MaKCH-
MaJIbHOW» CKOpPOCTH 3(ddeKkTHBHOrO TeruioBbAeIeHus B 1uddy3noHHOI obaacTy,
paccuMTaHHOM AJIS HaualbHOTO AMaMeTrpa u TemmepaTypsl 7, = 2600 K npu mpoTte-

KaHuU ToJIbKo peaktmu (11):
D,p,Sh .
dh

Kak BuzmHO U3 puc.2, yeM OJIKe HauyalbHBINA TUAMETP YaCTUIIBI K KPUTHUECKO-
My IHaMeTpPy CaMOBOCIDIAMEHEHUS, TeM OOJIbIIe OTKIOHSHHS OT XapaKTePHOTO X0a
KpHUBBIX. B BBRIOpaHHBIX KOOpIWHATAX MEPHOA MHIYKIMH sBIseTcs (QyHKunei nna-
METpa YacTUIIbl B OTJIMYME OT BPEMEHU TOPEHHs, KOTOPOE ONpPEAENAeTCs JIUIIb yT-
JIOM HaKJIOHA KPUBBIX UIIK MOJU(PUIIMPOBAHHON KOHCTAHTOU TOPCHUS.

st BEIOpaHHBIX pa3MepoB YACTHI] MOXKHO CUHTATh, YTO PEAKIMH TOPSHHUS dac-
THIIBI IPOTEKAIOT B Mu(dy3nonHoM obnactu (puc. 1b), T.e. Se >>1. B atom ciydae

cymmupyst 06a ypaBHeHH (2) u (3), 1 yMHOXHB, COOTBETCTBCHHO, NX Ha 2dp, U d 2,

Ditmax = QquO2

TIOJIyYMM B pe3yJibTaTe 00K 3aKOH N3MCHEHHUSs BENMYMHBL p,d’ CO BpeMEHEeM
ap.d’ - M. k, +2k 3 k
W) ___x,y asnMeppy, —Erk) [y 3 K
ot M, (b, +k,+k, +U )\ 2k +k,
B npeanonoxeHuu HE3aBUCUMOCTU OT BPEMEHHU IIPABOM 4acTU, UHTEIPUPOBA-
Hue (5) B mpesenax BpeMeHH T'OpeHUs] IPUBOIAUT K BPEMEHHOMY 3aKOHY U3MEHEHUS
KOMIIJICKCa de IpU TOPCHUH YaCTHULBI KOKCA YyIJIsd:
2 2 2
pd- = pc,bdb -K,, (t ~lia ) > pd |

TO€ tiyy — NEepUOJ MHAYKLIMU U BpeMsl Hauajla TOPEHUsI YaCTULIbI.

= pc,bdlf > (6)

=ling
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Se

104

poop

=]

b dp ip

-

—04 0 02 04 0.6 0.8 1 12 14

Puc. 2. be3pasmepHble BpeMEHHbBIC 3aBHCHMOCTH TEMIIEPaTyphl dacTHIlbl, yncia Ce-
MeHOBa, 3(PPEKTUBHON CKOPOCTH TEIUIOBBIICIICHHUS W MPOU3BEICHUs IIOTHOCTH Ha
KBaJIpaT JUaMeTpa MOPUCTON YriepoaHoi yacThilpl (KpuBast | — HavYalbHbIA JUAMETP
200 mMrMm, 2 — 150 mMrm, 3 — 100 MrMm, 4 — 50 mxMm. Pacuer o (2) — (4).

B nauane mporuecca ropeHust pazMep M INIOTHOCTb YaCTHILIbI OJM3KU K Hayallb-
HBIM 3HAUEHUSIM, a B KOHIIE TOPEHUS] — K TMaMEeTPy U IUIOTHOCTHU MOracaHus, 1 Ko-
TOPBIX, KaK BUAHO W3 puc. 1d, crpaBemmBo pc,bdj >> pc’cafc2 . [loatromy Teopernye-
ckas ¢opMmyna JUIS BPEMEHH TOPEHHS MPHW HCIOJIB30BAHUK  MOJIUPUITUPOBAHHON
KOHCTaHThI ropeHus Kj,, IMeeT CIeAyOLUN BU:

_Puds
ur K >

bur

M
M,

K,

bur

1, =(1-X,) 4Sh-—<Dp ¥, ‘K., (1)

g7 0,0 r

)

_ k*2%) (3 K

"otk kUG 2k +k,

B 6e3pa3mepHbIX IepeMeHHbBIX popmyia (7) BRITTSIIUT CICAYIOIUM 00pa3oM:
tye _ Pesy 2 DyoPyo(1-X,

t, pd; Sh Dp, \ K

a r

Koncranra Kj, IOCTaTo4HO c1ab0 3aBHCHUT OT TEMIIEpaTyphl Ta3a COTJIACHO
CTETIEHHO} 3aBUCHMOCTH IpOoM3BeeHNs Koddduimenta nudpdy3un Kuciopoaa B ra-
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g0 o der. MEM
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40
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. X, %
0,7 T T 4 0 T T —

0 5 10 15 o 5 10 15
a : b
Puc.3. a) 3aBHCUMOCTh OTHOCHTEJIFHOI'O BPEMEHH TOPSHHUS] KOKCOBOW YacTULBI #y,, / 1, B
HarpetoM Bo3xayxe (1400 K) ot comeprxanus 3o0msl Xy, HauansHbli nuaMeTp 9acTHIb! d):
1) 100, 2) 150, 3) 200, 4) 250 MxM.
0) 3aBHCHMOCTb KPUTUYECKOTO TMaMeTpa rmoracanusi (€) U camoBociuiaMeneHus (1)
OT COJEpXKaHHA 3016l Xj.

n—1
3¢ M IUIOTHOCTH ra3a OT TeMIeparypsl B suae D,p, = Dgopgo((Tg +71)/2];)) . Kog-

CTaHTa TOPCHHS OIpeNeNsieTcs TeIO(QU3NIecCKUMH CBOICTBaMH rasa (Bo3myxa) H
KWHETHIECKAMH CBOWCTBAMU YTJISI U HE 3aBUCUT OT JAaBJICHUS Ta30BOI CMECH.

Pacuets! o ¢opmynam (1) u (7) marot cornacyromuecsa 3HaueHus. Hampumep,
BpeMeHa TopeHHs 4YacThIel aHTparura 200 MKM IpH TeMIepaType MOBEpXHOCTH
2200 K B Harpetom Bo3ayxe 1400 K pasusi t,,,. = 584 Mc u t,,,0 = 813 mc. Bpewms ro-
PEHHS 10 HECTALMOHAPHOM MOieNu cocTaBiseT 733 Mc.

®opmyna (1) BEIOIHAETCS TIPU BBICOKUX TEMIEpaTypax razoBOil CMecH, Korna
MIPOMCXOANT CaMOBOCIIAMEHEeHHE YacTHIEL. OHAKo, TIpH OoJiee HU3KUX TeMIlepaTy-
pax, Korza emie BO3MOXKHO 3a)KHTaHHe 4acTHIl [5] W TeMmeparypsl ra3a WU ropsIieit
YaCTHULBI 3HAYUTEIHHO OTIAMYAIOTCS, HEOOXOAMMO HCIIOIB30BaTh BeIpaxkeHue (7).

Bausinue 30abH0CTH yris. Kputndeckuii TuaMeTp caMOBOCITIAMEHEHHUS yTJie-
POIIHOM YaCcTUIIBI d;, KOTOPBIN COTJIACHO KJIACCHUYECKUM IPEACTaBICHUsM [6] 0OpaTHO
MPOMOPIIUOHANEH TUIOTHOCTH XMMHUYECKOTO TETUIOBBIACIECHHS TPU TEMIIEpaType OK-
pyXxaromiei cperpl, a Takxke BeanarHe (1-Xy), T.e. Bo3pacTaeT ¢ pOCTOM COJepKaHUL
307161 B yTIIE.

[Ipu HavaIbHBIX pa3Mepax KOKCOBOHM YacTHUIIbI, MPEBBIIIAIONINX AUAMETP CaMo-
BOCIDIAMEHEHHUs corinacHO (7), aHaIUTHYECKH yNAeTCs YCTaHOBHUTH CBSI3b BPEMEHH
TOpPEHHsI KOKCOBOW YaCTHIIBI OT COAEPKaHUSI B HEH 30JIbl, HAYAJILHBIX Pa3MEpOB Yac-
THIBI U CBOWCTB YIS

B nenoM HaOr0qaeTCs JIMHEHHAS yObIBarOIasi 3aBUCHMOCTh BPEMECHHU TOPCHUS
OT MacCOBOH JTOJH 30JIbI B yriie (puc. 3a). Jlmamerp 4acTUIBI IPH CaMOTIPOU3BOIIb-
HOM IIOTAaCaHWH MPAKTHUECKH HE 3aBUCHT OT HAYAJLHOTO pa3Mepa YacTHIBI, ero 3a-
BHUCHMOCTB OT 30JBHOCTH YacTHIIH (puc. 3b) KadecTBO CXOMHA C 3aBUCHMOCTBIO d

(X
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Tour, K a Tour, K b

22001 2206}

2100

21007

20001 20004

1900y 1000

1800

1300

2
T

. . . . . d, MEM d, MEM
o 200 100 600 800 1000 1700

20 00 60 500 1000
Puc. 4. 3aBUCHMOCTh TeMIIEpaTyphl TOPEHUS YTIIEPOJAHON YaCTHUIBI OT €€ Ha4albHOTO
muamerpa aos a) T, = 1400 K, ¥, =0.23,b) T, = 1600 K, ¥, =0.23.

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

Touku o — nannbie MiBanoBoii, babus [1], @ — nanupie babus [2].

TemnepaTypa ropeHuss KOKCOBOM 4aCTULbI IPAKTUYECKU JIMHEUHO YMEHBIIAETCS
C POCTOM 30JIBHOCTHU 4acTHIbI. Tak mpu ropeHun B HarperoM Bosayxe (1400 K) mpu
YBEJIMYEHUH MacCOBOH J10J11 30416l Ha 5% NOHMXKEHHe cocTaBiser okono 60 K.

Temmneparypa ropenns. B pabore [2] mpoBeaeHs! SKCHIEPHUMEHTAIbHbIE HCCIIe-
JIOBaHUsI TEMIIEpaTyphbl TOPSIIMX YACTHUI] aHTparuTa pazmepoM oT 150 mxm g0 800
MKM. MaccoBasi 10Js1 KUCJIOpOJia B COCTaBe Ia3a BapbuUpoBaics B Ipenenax 5-23%,
TeMmmeparypa rasa msmensnacs ot 1200 mo 1600 K, npruem Temneparypa CTCHOK pe-
aKIIMOHHOM KaMephl OTIIHYAJIach OT TeMIepaTyphl raza He 6onee yem Ha 10-30 K. B
pe3yibTaTe SKCIEePHUMEHTAIbHBIC JaHHBIC OBUIM ONMCAHBI CAWHBIM YpaBHEHHEM, OT-
pakaroIlUM 3aBUCHMOCTH Iepemnaja TeMIIepaTypbl MEXIY TOpsIield yroJpHOH 4ac-
THLEH U Ta3oM OT pasMepa dacTulpl d (B M), Temneparypsl raza I, (8 K) u otHocu-
TeIbHON MaCCOBOM KOHI[CHTPAIMH KHCI0poaa Y, B HEM:

T, ~T,=621-(1900-T7,)"" d", . 8)

3aBepliieHue MEPUO/ia MHAYKIMK XapaKTepH3YeTCsl JOCTHIKEHHEM TeMIIepaTy-
pBL, ONMM3KOW K Temreparype ropenus. Hambosiee MpoCTHIM CIIOCOOOM OIICHKH €€
3HAYCHUsI SIBIISICTCS KCIOJB30BAaHHME YCJIOBHUS CTAllMOHAPHOCTH TEMIIEPATyphl HPH
MPOTEKAHUH PeaKIwid B T Py3HOHHOH 00IaCTH:

Ok, + 0,k
lkl +k2 . (1_XA)prYOZ :(Bcgpg +486Tg3.g[f)(7;m _];r)
1 2
Y 1
Otkyna L., =T, +(1—XA) Qo Ao T’ )
¢, L4 eoTl, J
D, Nuc,p,
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0 _ Ok + 0k, T - _SG(T; _T\j)
T k+k, T f a+4eoT]
YTO OOBSICHSIET YMEHBIIEHUE T}, C POCTOM JAUAMETPa YaCTHIIBL.
B Goree obmem ciaydae 3aBUCHMOCTD JUaMETpa YacCTHUIIB! yIiIepoja OT ee CTa-
[IMOHAPHON TEMMEPaTypPhl, OMUCHIBAIONYI0 KPUTUYECKUE U YCTOMIUBBIC PEXKUMBI Te-
mIoMaccooOMeHa, MOXKHO MPEICTaBUTh B BHAE [5]:

A, Nu (7-1,) E
d= £ . £ exp(—lj 9)

0.k, k, B+\B - 44 ) RT

ky (1-X,)| 1 1+ —2— w
o} 01( A) +Q1k1 +k1+k2 Py ( ‘
k,+U
b+ k)| 14 2
e, (T-T,) (ki) 120 - eo(T" - T)

4 1—X k ’ ) k N
! (Q1k1+Q2k2) 1+/€1Tvkz (Q1k1+Q2k2)(1_XA) 1+k1 +vk2 Pgs

:& ¢, L. (kl+2k2)

v A/[()Z 1_XA (Qlkl +sz2

Ha prc. 4 mokazaHo cpaBHEHHE 3HAYEHHI TEMIEPATyp TOPEHHs, MOTyIE€HHBIX
YHCIIEHHBIM IIYTEM C MCIIOIb30BAHHEM SMIHPHYECKON (hOpMyIIHI (8) B CTAIMOHAPHOM
3aBUCUMOCTBIO (9). Pe3ynbraThl kKadecTBeHHO cornacyrorcs. CorimacHo 3aBUCUMOCTH
(9) TemmepaTypa TOpEeHHs YaCTHIBI YOBIBAET C IHAMETPOM IIPOIOPIHOHATLHO
T, ~d %% CymecTBeHHOE TNPEBBHINICHAE PACYETHBIX 3HAYCHUH TEMIEPATYPHI

bur

TOPEHHs HaJ SKCIICPUMEHTAIBHBIMHU JaHHBIMH (pHC. 4b) IpH BBICOKUX TEMIIepaTypax
OKpY’KalOIero ra3a 00yCIOBICHO HE Y4eTOM SHIO0TEPMHUYECKOI reTepOreHHOM peak-
uuu C + CO, = 2CO [6], Bk KOTOPOU CYIIECTBEHHBIN MPH TEMIIepaTypax 4acTH-
eI BeIme 2000 K.

OMmnupHueckas 3aBUCUMOCTH (8) He WILTIOCTPUPYET BIUSHHUE 301bHOCTH YL,
4TO SIBJIICTCA €€ HEeJOCTaTKOM. B Toxe BpeMs 3aBUCHMMOCTS (9) MO3BOJISET ¢ MOMpaB-
KOW Ha SHIOTEPMHUYECKYIO PEAKIMIO ONMCHIBATH YMEHBIICHUE TEMIIEPATYPHI TOPEHNUS
YaCTHIBI KOKCA PH HAJTMYIHUH B HEH 30JIBI.

1 B :%((1—/15,)1/0:% ~4,-A,).

BoiBoabl. B pesynbrare aHanm3a BpeMEHHBIX 3aBHCHUMOCTEH TeMIIepaTyphl,
JaMeTpa M IUIOTHOCTH YaCTHIBI KOKCA YIaJlOCh YCTAHOBHUTH aHAJIHTHYECKUE 3aBH-
CUMOCTH BPpEMCHU U TEMIEPATYPHI TOPEHUA B 3aBUCUMOCTU OT HaYaJIbHbIX Pa3MEPOB
YaCTHULBI, KHHETUYECKUX CBOMCTB YIJII M MacCOBOM JIOJIM 30Jbl. Y CTAHOBIIEHO, YTO B
TpoIiecce TOPEHHs YacTHI] IUIs CTydasi ée CaMOBOCIUIAMEHEHHSI B HATPETOM BO3IIyXe
HEOOXOIUMO TMOJIb30BaThCS MOAUMUIIPOBAHHON KOHCTAHTOW TOPEHHS, KOTOpask OIl-
penensieT JIMHEHHOe YMEHBIIeHHEe CO BpeMeHEeM POU3BEACHHUS IJIOTHOCTU U KBaJIpa-
Ta THaMeTpa IIOPUCTOH TaCTHIIBL.
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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).

Yepuenko O. C., Kaninuak B. B., Kopuazina M. M., Kyzemxo P. /1.,
ILleguyk B. I.

3axoHOMIpPHOCTi rOPiHHS 30JIbHUX BYTiJIbHUX YaCTUHOK NMPH
caMo3aiiMaHHi B Harpiromy nosirpi

Amnorauis

Ipu diamempax wacmunok, Oinbuie KPUMUYHO2O diamMempa 3aUMAaHHs 8 NOBIMpI, 3 ypaxy-
BAHMAM 30bHOCHI QOCTIONHCEHO BNIUE NOYAMKOB020 OlamMempa i 2yCmutu nopyeamux ayaie-
Yesux UACMUHOK HA 3AKOHOMIpHOCMI cmaodill 4aAcoeux 3anedcHocmel memnepamypu,
diamempa i 2yCmuHU YACMUHOK: CMAOii CAMONPUCKOPEHH:, K8A3ICMAayiOHapHO20 2OpiHHA i
camosinbro2o 3eacanus. Ilokazano, wo Ha cmaodii 20piHHA, AKA NOYUHAEMBCA NICA cmaoii
CAMONPUCKOPEHHST | 3aKIHYYEMbCA Npu  OO0CACHEHHI Odiamempa [ 2YCMUHU 32ACAHMA,
WBUOKICb  3MeHWeHHA 000YmKy 2ycmunu Ha Keaopam Oiamempa 3071bHOI YACMUHKU
BUBHAUAEMBCA PEeAKYIHOI0 30AMHICMIO YACTUHOK 8Y2iNbHO20 NULY I He 3anexcums 8i0 no-
uamxogux ymos. Ompumano eupaz Ons 4acy 20pinHs NOpyeamoi KOKCo6oi Yyacmunku i 66ede-
Ha HO6A KOHCMAHMA 2OPIHHA, AKA 6USHAYAEMbCA 61ACMUSOCMAMU | CMPYKMYPOIO 6Y2ilNA
(enepeia akmusayii, nopysamicms).
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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 stud-
ied 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,
tridecane, tetradecane) combustion under electrostatic field £=10+60 kV/m [4] indi-
cated 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
observed 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 par-
affin 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 nee-
dle 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
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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 corre-
sponding function, and determine the value of the droplet equivalent diameter as a
diameter of circle with equal area. Then we plot the graph of droplet diameter

squared versus time dezq (¢) . A burning rate constant is defined as a slope of linear part

of the curve.

It is 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
is 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 put-
ting 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 diam-
eter 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 =82 kV/m (2); 7,=720K

3-4. d,=1.64 mm, E =0 (3), E =82 kV/m
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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 distinct-
ly starting with EF strength £~ 80 kV/m (Fig.3). The effect of EF is more pronounced
at high gas temperatures, when the melting time is about a few seconds. Also the
Quincke effect was observed, namely a solid residue rotation inside melt under elec-
tric 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 is 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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Opnoeckan C. I., HIkoponaoo M. C., Kapumoea @.d., Karunuak B. B.
Topenne yacTuIl JIETKOMIABKHX ATKAHOB B JIEKTPHYECKOM I0JIe

AHHOTAIMSA

DKCnepumMeHmanibHO U3y4ueHo 20penue 4acmuy 1e2KOnIaeKUxX aiKaHo8 (OKMaoeKkaH, 00Ko-
3aH) 6 NOCMOSHHOM 2NEeKMPUYECKOM Nojie. YCmanosneHo, umo npu HAnpaiceHHOCmu Nois
eviue 60 kB/M epemsi 3a0epiicku 80CNIAMEHEHUs. CYUWeCmEeHHO 8o3pacmaem (NpUMepHo
6060€) 3a cuem 3ameodieHus npoyecca niasieHus. Koncmanma ckopocmu 2openusi kaneno
ysenuyusaemes na 10+20% 6 sasucumocmu om Ha¥aIbHO20 OUAMEMPA RPU HANPAHCEHHOCTU
nons E > 82 kB/m. Mumencughukayus copenusi kaneib aikaHo8 npu HAI0NCEHUU dNeKmpuye-
CK020 noJiA 00yCcno61eHa 603pacmanuem menioeo2o NOMoKdA U3 peakyuoHHOU 30Hbl NIAMEHU
K nO8epXHOCMU Kaniu éciedcmaue oeghopmayuu naameHu. B pezynomame 6o3pacmaem nepu-
00 UHOYKYUU BOCNIAMEHEHUs. YaACTUY Ne2KONAABKUX AIKAHO8, 3aM0 YMEHbUAENC sl 8peMs 20-
PEHUsL 8 NOCMOSIHHOM 3JIeKMPUYEeCKOM noJie.

Opnoscovka C. I'., LHkoponaoo M. C., Kapimoea ®. ®., Kaninuak B. B.
T'opiHHS YACTHMHOK JIETKOIUIABKHUX AJIKAHIB B €J1eKTPUYHOMY MOJIi

Anomauisn

Topinna wacmunok 1e2KOnAa8KUX aikauie (okmaoexawn, OOKO3aH) 8 NOCMIUHOMY eneK-
MPUYHOMY RO BUBYEHO eKChepUMeHmAanbho. Becmanosneno, wo yac 3ampumku 3aumanHs
3pocmae maiidice 606i4i npu Hanpysicenocmi nons euwje 60 kKB/m enaciiook canvmyearnms npo-
yecy nnagienus. Koncmanma wieuoxocmi 2opinns kpaneiv 36inouiyemocs na 10+20% 3a-
JIeICHO IO NOYAMK0B020 diamempy npu nanpysjcenocmi noas E > 82 kB/m. Inmencugixayis
2OPIHHA Kpaneib ANKAHI8 8 eleKMPUYHOMY O 0OYMOBIEHO 30INbIUEHHAM MENI08020 NOMO-
Ky i3 peakyiinoi 30Hu noaym's 0o nogepxui Kpanii yHacriook degopmayii ¢haxena. B
pe3yibmami 8 NOCMIHOMY eleKMPUYHOMY NOJE 3pOCMAE nepiod IHOYKYIl 3alMaHHs Yacmu-
HOK Ie2KONNABKUX ANKAHIB, 3ame 3MEHUWYEMbCS 4aAC 2OPIHHSL.
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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 stud-
ies.

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, /p, . Here, R is the undeformed drop radius, G is the shear rate,
p, is density of the continuous phase, n, and p, are the dynamic viscosities of

dispersed and continuous phases, and o 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 (k)) 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, §]. 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 v, =0.
A drop, immersed in the liquid, moves with the flow in the direction x with a veloci-
ty equal to flow velocity v, (y()), where y( is the y- coordinate of the drop center.
Combining the origin of the Cartesian coordinates with drop center (x5 =0, yy =0),
one can consider the motion of the flow only relative to the drop, regarding it as qui-
escent. For a shear flow the flow velocity field relative to the drop
w,(y=,)=v.(¥)—v.(»,) 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, ¥ )

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 Fi action, is counteracted
by the capillary force £, which tends to return the drop to its initial spherical shape,
and also by the dissipative forces of the viscosity of the drop itself £, 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, rep-
resents recurrent capillary forces F; by action of an elastic spring, and dissipative

viscous ones Fy 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= \IR3/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

(1) = (1) + 0 =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 r; 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 r;q =3R/8.
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Fig.1. Schematic drawing of the droplet Fig.2. Schematic representation of
deformation in shear flows in the framework  the position of center of mass of the
of the Voight’s mechanical model for a vis- half-drop 7, and the change in the ori-

cous- elastic body. entation 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 o 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.,=r,-sin45" =3v2R/16 and y , =r,-cos45’ =3v2R/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:

a=arctg(x,/y, )= arccos(\/z(a/R)fl) = (3\/§R/81’S )

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 £ :E-Z)XS_VZ. Here, ¢ is the drag coeffi-
cient averaged over the drop surface, p, is the hydrodynamic pressure averaged over
the surface S, and S, 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 » and a major axis y,,, which is described by equation
z=b-4/1 —yz/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)=p.w’(y)/2=p.(G y)2 / 2. Then the force F, is defined as fol-

lows

(7 s, PG
- J.CP"(SZ}’) d 2

2yz(y)-dy= 2T T

Sy 0

where y, =a- ((R/a)3 sin® o+ cos’ oc). The coefficient ¢ is valued by the equation
(=3 (16 2025 0’6) LSw, +p, | 3)
R R l"l'd + l"l'c
Reynolds number for shear flows is defined as Re = p,GR /p, .

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, /dr 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

3
_ dEll _ dE“ dr, _ 4nR [T ﬂ @)
Y odr,  dtodt r dt
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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Fig.3. The characteristic change in the Fig.4. The photos of sequence of droplet
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
F =8 _16mao (ﬁj 12025 (a/R) .h{“e}ﬁ (52)
dr, 3 a e l-e) e

for oblate ellipsoid, and

s | 0.5-(R/a)(1-4-(R/a)’)-arcsin e
b dS _16nR's (Rla)"(1-4-(R/a)’) IRE T .
e

° dr,  3d e

for prolate ellipsoid, where e= \/ 1-b2 / a’ = \/ 1-R3 / ais 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,,,
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), =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].

cr?

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

fore, the problem of drop evolution is expedient to solve in the polar coordinate sys-
tem (7,0 ). The deformation of a drop in shear flows is determined by the displace-

ment of 7, under the combined action of the above forces. The equation of motion of
the center of mass of the half-drop has the form

2
m~d_;5=F“+FG+FQ=Cp~ji+CG-rS+CC. 6)

The values C,,C,, and C,, are defined, respectively, from equations (4), (5) and
(2), taking into account that, in accordance with Eq. (1), r,(t)=3a(t)/8. The equa-
tion (6) is solved with the following initial conditions: ,(0)=3R/8, (dr,/dt)_, =0.
The change of the orientation angle o = f (r) is determined by the equation

oc:arccos((ﬁ-a/R)_l):(fﬁx/ER/S;;), @)

which is solved jointly with equation (6) with the initial condition oc(O): 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 (X) for low viscosity

ratios (A <1). Quantitative comparison of the simulation results (solid curve) with exper-
imental data of Torza at al. [10] (points) for R=0.3 mm, c=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+5s™) 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) n o= 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 depend-
ence Ca, = f (k) 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 subcritical

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

and o, as a some value Ca= f(G), for which the condition a/R=(a/R),, =2,2 is
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satisfied at a certainG = G, . Figure 5c shows the experimental [10] and calculated
dependences Ca, = f (X) 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 "), 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, M., ©) with

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

1. Water drops in motor oil (pd=103 kg/m’, pc=0.8‘103 kg/m’, p, =1 mPas,
1, =200 mPass, c=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’, p,=0.6 mPass, p =1
mPas, 6=3510" N/m, 1,=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 depend-
ences a/R = f(t) and o= f(1).

The results of the calculation, in the form of kinetic dependencies a/R = f/(t)
and a = f(t), 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 Reyn-
olds 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 vis-
cous effect (Re <0.4). The stretching of droplets at low shear rates (G <G,,) pro-

ceeds monotonically, so does their irreversible elongationat 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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Fig.7. Change in the deformation degree (a) and in the orientation angle o (b) during
deformation of toluene droplets in inertial shear flow of water. 1 — subcritical regime
(Ca<Ca,): G=938,0s""; 2 - supercritical regime (Ca > Ca,,): G=938.5s™'. Operation
parameters: R=1 mm. p ;= 0.810° kr/m’, p,.=10° kr/m’, py= 0.6 mPas, u.=1 mPas,
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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, 8].

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.

120

References:

. Taylor G.1. The formation of emulsions in definable fields of flow. // Proc. Royal.

Soc. London, Ser.A.—1934.-Vol.146, P.501-523.
Bentley B.J., Leal L.G. An experimental investigation of drop break-up in two-
dimension stationary flow. // J.Fluid Mech.—1986.—V.167, P.241-283.

. Stone H.A. Dynamics of drop deformation and breakup in time-dependent flows

at low Reynolds numbers. —Pasadena, California.—1988.-359 p.
de Bruijn R.A. Deformation and breakup of drops in simple shear flows. —Tech.
University of Eindhoven.—1989. 274 p.

. Wannaborworn S., Mackley M.R., Renardy Y. Experimental observation and

matching numerical simulation for the deformation and breakup of immiscible
drops in oscillatory shear. // J. Rheol.-2002.—Vo0l.46 (5), September/October.—
P.1279-1293.

Cristinia V., Guido S., Alfani A., Blawzdziewicz J., Loewenberg M. Drop breakup
and fragment size distribution in shear flow. // J. Rheol.—2003.—Vol 47(5), Sep-
tember/October.—P.1283-1298.

Lin Changzhi, Guo Liejin Experimental study of drop deformation and breakup in
simple shear flows. // Chin. Jour. Chem. Eng.—2007, Vol.1, N.5.-P.1-5.

. Tcholakova Sl., Lesov I,, Golemanov K,, Denkov N.D., Judat S., Engel R, Danner

T. Efficient emulsification of viscous oils at high drop volume fraction. // Lang-
muir.— 2011. -V.27, P.14783-14796

. Komrakova A., Shardt O., Eskin D., Derksen J. Lattice Boltzmann simulations of

drop deformation and breakup in shear flow. // Int. J. Multiphase Flow.—2014.—
Vol.59, P.24-43.

Torza S., Cox R.G., Mason S.G. Particle motions in sheared suspensions. XXVII.
Transient and steady deformation and burst of liquid drops. //J. Colloid Interface
Sci—1972.-Vol.38, P.395-411.

Hsanuyxuu I'. K. MoaenupoBaHue MPoOIeccoB MehOPMUPOBAHUS U JAPOOJICHHS
Karesiab MpH JBHKCHUU B KuAKocTd // TIpoMbllmieHHas TeruioTexHuka.—1997.—
T.19, Nel.—C.8-16.



Disuka aepoucriepcHux cucreM. —2017. — Ne 54. — C. 110-121

Heanuyxun I'. K.

YucneHHoe MoeiupoBaHme AepopManuu U ApodJieHusl Kanelb
B CIBUTOBbLIX TEYEHHAX

AHHOTALIUA

Paccmompensi npunyunsl nocmpoenus Mooenu, onucvigaioueli deopmayuro Kaneiv 8
COBLI206bIX NOMOKAX, 8 UHEPYUOHHOM U 6 CHOKCOBCKOM PEHCUMAX MeYeHUs, 8 UWUPOKOM UH-
mepeane pexicumMHbix napamempos npoyecca. Modenv 6azupyemcs Ha OONYujeHuU, 4mo oe-
Gopmupyeman xanna umeem Gopmy vimsaHymozo snnuncouda sepaujenus. Obcyxcoaemcs
POIb OCHOBHBIX (DAKMOPOE, ONPeOesLIoWUX I60IOYUIO KANIU 8 NOMOKe NOO 0ellcmeuem co8u-
206bIX HANPAX*CEHU. YCMAaHOBIeH Kpumepuil Ha4ana nepexooa K Heoopamumomy YOTUuHeHUIO
Kanau, npueodswemy K ee paspyuienuto. IIpugedenvl pe3yibmanmvl YUCIEHHbIX PACHENO8
€O8U20601 depopmayuu Kanau npu pasiuyHblX QU3UYECKUX U PENCUMHBIX NApAMempax 6
CpasHeHuU ¢ IKCNEPUMEHMATLHLIMU OAHHbIMU OPY2UX ABIMOPOS.

Ieanuuvkui I'. K.

YucesbHe MoeTIOBaHHs JedopMmallii i pyiiHyBaHHS KpamiMH
B 3CYBHMX TeUisIx

AHOTAIIA

Poszensinymo mamemamuyny mooens, wo onucye deghpopmayiio Kpanensb 8 3cyGHUX NOMOKAX Y
WUPOKOMy OlanaszoHi 3MIiHU pedcumie meyii ma Qizuunux napamempis 060x piokux ¢gasz. Mo-
denb basyemvcs HA NpunyujeHHi, wo 0eghopMosana KpaniuHa mae Gopmy umaznymozo enin-
coioa obepmanns. [lechopmayis kpanii po3ensioaemvpcs K nepemiujeHHs. YeHmpie Macu Hani-
Kpaneib, CUMEMPUYHUX RO GIOHOWIEHHIO 00 YeHmpYy Kpanii. Bnaue 6'si3xux i Kaninapnux cun na
Oepopmayiio Kpanii po3ensiHymo i3 3acmocy8anam mooeni @ouxma 0ns 8 A3KO NPYIHCHUX Ce-
pedosury. Ompumano npocmutl Kpumepiti NOYAMKY PYUHY8AHHA KPANIUHU Y 3CYGHUX MEUIsX.
Hageoerno pesynibmamu uucenvbHux po3paxyHkie 3cyeHoi oeghopmayii kpanii npu pisHux Qizuu-
HUX § PeIICUMHUX NAPAMEMPAX 6 NOPIBHAHNI 3 eKCNEPUMEHMATbHUMY OAHUMY THULUX A8MOPIE.
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O HOBBIX BO3MOKHOCTSIX 3JIEKTPOCTATHYECKOIO YIABJIMBAHUS TBEPAOii
COCTABJIAIIONIEl CBAPOYHOIO 23P030.Isi

Paccmompeno anekmpocmamuueckoe ocadcoenue 3apsidiCeHHbIX YaAcmuy meepooll Co-
cmasnsiowell c6apoyHo2o a3po30s HA CeMUAmoM deKmpooe, PACHONONCEHHOM NePpReHoU-
KYIAPHO NOMOKY 2a3068030yuHol cmecu. lIpodemoncmpuposano @opmuposanue agmo-
Qunvmpyrowjeco cios Ha cemuamom 3eKmpooe U GusHUe HANPAGIeHUsI HABCOEHHO20 IleK-
MpUYecKo20 oS Ha a3pOOUHAMUYECKOe CONPOMUBTIEHUE CIIOA.

BBenenune. 3amuTa CBapIIMKOB, PA0OOYHX CMEKHBIX IPOPECCHA U OKpY KaroIIei
Cpelbl OT BO3AEWCTBUS TBEPAOM cocTaBisitolleit cBapounoro aspososiss (TCCA) —
TOKCHUYHBIX CyOMHKPOHHBIX (d <0.5MKM ) a3pOoIUCIIEpCHBIX YACTHL], SBJISETCS BaX-

HOHM COLMalIbHO-I)KOHOMMUYECKON 3aJaueidl CBapOYHOro MPOU3BOJACTBA. B mocnenHue
20 — 25 ner yxe BO MHOTHX CTpaHaX, B TOM 4HClIe YKpauHe, I YIydIlIeHUs ycio-
BUI TpyJa B COOPOYHO-CBAPOUHBIX 1I€XaX MCIIOJB3YIOT MEPEBHKHBIC U IIEPEHOCHBIE
ManorabapuTHbIC (QUIBTPOBEHTHIIIIMOHHBIC YCTAaHOBKH, TPHHIMIT ACUCTBHA KOTO-
PBIX OCHOBaH Ha MEXaHMYECKOW (DMIBTPAIlH WM SJICKTPOCTATHYECKOM YIIaBIHBA-
HUY TPEABAPUTEITLHO 3apsDKEHHBIX YacTIl [ 1, 2]. Mexanudeckast GuibTparmys - 10c-
TaTOYHO 3 PeKTHBHBIN (1= 99%) MeTox ounctku Bo3ayxa oT TCCA. Henocratku
(unbTpalK — BBICOKOE a3pPOJAMHAMHYECKOE COIPOTHBICHHE M OBICTpOE 3a0HMBaHUE
dunpTpyromero Matepuana TCCA [1]. DiekTpocTaTudeckoe yaaBInBaHUE adpOJIHC-
MIePCHBIX YacTUIl MeHee 3(peKTHBHEIN mporiece: ManoradapuTHEIE IBY30HHBIC HJICK-
TPOGUIBTPBI MPH HE3HAYUTEIHHOM a3POJMHAMHYCCKOM COIMPOTUBIICHUH YJIaBIHMBa-
10T ~99% uactun pasmepom d >1+2MkM u n<80=14 B ciiyyae CyOMHUKPOHHBIX
yacrull [3-5].

Kak mokazaHo [6], yBenmuueHne 3(p(EKTHBHOCTH OCXKICHHS CYOMHKPOHHBIX
YaCTHI] MOXET OBITh JIOCTUTHYTO, €CJIM B JABYX30HHOM JJIEKTPOQUIBTPE 0CAJAUTEINb-
HBIE JIJIEKTPOJBI, PACHOJIOKEHHBIC ITapajUIeIbHO IOTOKY Ta30BO3IYLIHON CMecH
(I'BC), 3ameHnTh Ha IeppOpHUpOBAHHBIC OCATUTENBHBIC AIEKTPOIBI, YCTaHOBICHHEIC
nepneHAnKysipHO notoky ['BC. brarogaps satomy 3apsiKeHHbIE YaCTHIIBI CaMU TIPH-
OJIMXKAIOTCSl K OCaAUTENbHBIM 3JIEKTPOJIaM, a He JBIKYTCS MapajuleIbHO U BEPOAT-
HOCTh WX 3JIEKTPOCTATHYECKOTO YIIABIMBAHUS yBEIHIMBACTCS. AHAJIOTWYHBIA Bapu-
aHT JIBY30HHOTO 3J€KTpO(UIBTPa, B KOTOPOM NMPUMEHSIOTCS CeTYaThle O0CaJUTENb-
HBIE 3JIEKTPO/JIbI, PAcIONIOKEHHBIE MepneHaAuKysipHO notoky I'BC, npennoxeH B [7].
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Puc. 1. Cxema sKCHeprMEHTANBHON YCTAaHOBKH: 1 - epOpHpPOBAHHBIN AIEKTPOX; 2 —
CeTYaTHIN SJEKTPOJ

YBemnuenue s> dexruHocTH ynasmuBanusi TCCA 1n>96% nocturaercst B pe3yinb-
TaTe (QUIbTpAlK CYOMHKPOHHBIX YACTHIl Yepe3 CIOH ocalaka, 0Opa3yroluiics Ha
CeTYaTOM DJIEKTPOJIE.

Hacrosimas pabota mocBsmieHa (OPMHPOBAHHIO aBTOPIIBTPYIOIIETO CIOS
TCCA Ha ceTyaTOM 3JIEKTPOE, PACIOIOKEHHOM NepreHauKysipao notoky ['BC, a
TAKXKe BJIMSHHUIO HAIPABJICHHUS HABEIEHHOTO DIICKTPUUECKOTO IO Ha a3pOMHAMM-
4eCcKOe CONPOTUBJICHUE CIIOSL.

JKcnepuMeHTajlbHasi ycTaHoBka. Ha puc.l mnokasaHa mnpuHIMIHAIbHAS
CXeMa 3KCIIepUMEHTaIbHON yCTaHOBKH. CBapKa 3JIEKTpOJaMU JUaMETPOM 3MM C py-
THIOBBIM TIOKphITHeM (AHO-4) poBoaMiIack B CBapOYHON Kamepe MOCTOSTHHBIM TO-
koM oOpatHoii mosisapHocTH (I =140A, U =33V). I'BC, conepxamas 4YacTHIIbI
TCCA, ¢ 06beMHBIM pacxooM 18 M’/dac mocTynana u3 cBapoOUYHOi KaMephl CHAYAa
B YCTPOWCTBO YHUIOISAPHON 3apsiKu, TJe IPOUCXOIUIIA 3apsiIKa YacTHUIl B MOJIe MOo-
JIOXKUTEJIBHOTO KOPOHHOTO paspsifia (TOk KopoHHoro paspsaa [, =400MKA, noTeH-
IMan KOpoHHUpYromero aekrpona U, =+5.8kB), a 3aTeM B MakeT 0CaAUTEIbHOM 30-
HBI ANeKTpoduibTpa. B Makere nepnenaukyisipHo noroky I'BC paszmeruanuch amex-
Tpoas! wiomansio S =0.03m” : mephopuposanssii (IT) ¢ IMAMETPOM OTBEPCTHIL 5
MM, KUBBIM cedeHueM 46.3% u cerdatsiit (CO) u3 HepxkaBelIel cTanu ¢ KBajapar-
HBIMH stuelikamu. [{ist ncenenoBanus npouecca GopMHUPOBaHHs aBTOPHILTPYIOIIETO
cnost TCCA uncrnonb30BaJICh CeTYAThIE AMEKTPOAbI ¢ pazmepoM sueek S0 u 140 mxm
(mmametp mpoBosok 36 1 90 MiM, xuBoe ceueHne 34 1 37%, COOTBETCTBEHHO).

Koadpdumment npockoka (K) gacturl gepe3 CD ompenensuiv ¢ MOMOIIBIO Ja-
3epHOro a’posonsHOro crekrpomerpa JIAC-II [8], obecrnieunB M3MepeHUE CUCTHOM
koHueHTpauuu dactuiy TCCA pasmepom Oonee 0.15 Mxm Ha Bxoae (Ny) M BBIXOJE
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Puc. 2. 3aBucumocts 3apsna (B meMeHTapHbIX 3apsgax) yactuiel TCCA  nuamerpom
0.24 MM ot koHnentpaumum uactuy B I'BC: [, =400mxm, U, =+5.8xB,

0 =18M*/uac.

(N) makeTa ocamUTeNBbHON 30HBI ANeKTpoduibTpa — K = N/ N,,. V30knHeTHIecKuii
o160p npo6 I'BC mpoBoamics 3a3eMIeHHBIMU IPOOOOTOOPHBIMU TPYOKaMH C pacxo-
JoM 1i/MuH. MakcuMalibHasi OTHOCHUTENbHAs MMOTPEIIHOCTh IPH ONpPEICICHUN pa3-
Mepa YacTHLl U UX CYETHOM KOHLEHTpauu He npesbiaet 5% u 10%, cooTBETCTBEH-
HO, TIpU UX KOHIEHTpaluu B mpobe <2-10°cm . Tunuunsie 3nauenust N, B mpobax

~2-10°cm ™. TTo3TOMY, HCMOJIB30BANUCH a3PO30JIbHBIE pa3baBUTENH ¢ KO HIHeH-
ToM pazbasneHns 150 Ha BXome n 50 Ha BBIXOJE MakeTa OCaJUTEIHHOM 30HBI AJIEK-
TpoduibTpa (puc.l). B pazbaBuTeNnsax MPUMEHSIINCH a3pO30JbHbIE (PHUIILTPHI, CHApS-
skeHHble TKaHblo [lerpsiHoBa (DIIIT) ¢ addexTHBHOCTBIO yiaBnIuMBaHUS HE MeHee
99,97% nnst gactur guametpoM 0.15-0.2MKkM. A3poauHAMHYECKOE CONPOTHUBICHUE
(AP.,) wm3mepsmn U-00pa3sHbIM MaHOMETPOM, a YOENbHYIO 3ambuleHHOCTh CO
Gy, =Am/S (roe, Am — macca ocagka TCCA) - myrem B3BemmuBanusi CO Ha aiek-
TPOHHBIX aHANTHTHYECKHX Becax WPA-120C (tounocts 107 T).

Jlns mpenoTBpaIieHnst IeKTPOCTaTHYECKOTO OCAXKICHUS TOJOXKHTEIBHO 3a-
psoxennpix yactul, TCCA wHa IID mnopaBancs NOJOXKUTEIbHBIA MOTEHIHMAI
U, =+4xB (xoa¢ddunuent npockoka yactun depes 19 mpessiman 0.99). Ha CO
MOJAaBAJIC OTpHULATeNbHbIM nNoTeHnuan U, =-8kB. CpenHss Hanps»KeHHOCTb
JJIEKTPUYECKOTO TOJIsI B MEKIJIEKTPOIHOM IPOCTpaHCTBe cocraBisuia E =5kB/cwM,
YTO COOTBETCTBYET THIIMYHOMY 3HAUCHHUIO HANPSHKEHHOCTH TIOJISL B 30HE OCAXKICHHUS
MaJIorabapUTHBIX JABY30HHBIX JIEKTPOQHIBTPOB.

Konctpykuus yctpoiictBa ynunossipHoit 3apsiaku yactun, TCCA, u MeTonuka
oTIpesieTIiCHHsI 3apsIOB YaCTHUIl TOJAPOOHO paccMOTpeHbl B [9]. AmmpokcmManueit
nMaHHBIX m3Mepenuit 3apsnoB gactul] TCCA ObLTH TOTYYCHBI CICAYIONTUES IMITHPH-
4eCKUe YpaBHEHUS:
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Puc. 3. 3aBucumocts ko3¢ dunuenta mpockoka (K) ot yaenbHoi 3anbsuieHHOCTH CD
(Gey):m, =2x10°cm ™, E=5kB/em, U, =+58kB, I, =400MkA, Q =18m°/uac.

1.35-10"1,
"U, -1.245U0°%
2=0.6d [P th| 7.5-10d, |"Ce
n, 0
re: n; — CpelHss KOHIIEHTpalys HOHOB (/em); I — TOK KOPOHHOTO pa3psija (MKA);

U, — noreHnuan KOPOHUPYIOIIETo 31eKkTpoaa (kB); z — uncno aneMeHTapHBIX 3apsi-

K

nos, npuobperaempix yactuueid TCCA; d — quamerp yactuubl (MKM); 71, — CUCTHAs

xonuentparwst yactui B [BC (1/eM’); O — obwemusiii pacxox IBC (em’/c).

Ha puc. 2 npezacrasiena 3aBUCUMOCTb BEJIMUMHBI 3apsiaa z (B 2JEMEHTapHBIX
3apsnax), npuodperaemoro yactuued d = 0.24 MkM (cpenHuil JuamMerp 4acTHI
TCCA [10]) B ycTpoiicTBe yHHUIIOJAPHOU 3apsaku [9], OT KOHUEHTpAIMH YacTHIl B
I'BC.

JKCNepUMeHTaJlbHbIe pe3yabTaThl H UX o0cy:aenne. Cyas 1Mo mpeacTas-
JICHHBIM Ha pHUC.3 JaHHBIM, KO(QQUIMEHT HMPOCKOKA MOJIOKUTEIBHO 3apsDKEHHBIX
gactul, TCCA uepe3 CD cyliecTBEHHO 3aBHCUT OT €ro YAEIbHOW 3ambUIEHHOCTH
G5 . 3a c4eT MUKPOBBICTYIIOB, 0OPa3yIOMNXCS U3 IEPBOHAYAIBEHO OCEBIINX YACTHII,
YBEJIMYMBAETCs 0011asi NOBEPXHOCTh OcaxaeHus U ko3 duuuent npockoka TCCA
yMeHbIaeTcs. [lepBoHadanbHO AMEKTPOCTATHYECKOE OCAKACHHE YaCTHUIl MPOUCXO-
IuT Ha TipoBoyiokax CD BHyTpH stueek. [Ipu 3Ttom dopmupyeTcst peixiias ASHIPUTO-
oOpasHasi CTpyKTypa ocajka Tak, 9To Ipu G, < 8r/m” 3aBEcEMOCTh K OT pasMepa

syeek cradas, 9To 00yCIOBICHO MPAKTHYECKH OIMHAKOBBIM JKUBBIM cedeHneM CO ¢
KBaJ[PATHBIMHU SYCHKAMH.
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Puc. 4. Bug cnoss TCCA, obpasyromierocss Ha CD ¢ pazmepom sueiikun SOMkM (a) u
140mkM (0)

Io mepe 3amomHenus sueek G, >10r/M° Ha GpoHTaNTEHON MOBepxHOCTH CD
¢ pazmepom staeek 50 Mxm popmupyercst aprodmnbTpyronmin cioit TCCA ¢ ¢ dex-
TUBHOCTBIO yiaBnuBaHus 6oiee 99.5% (puc.3). Ha dororpadun aBTodmIsTpyIomie-
rO CJ0Sl OTYETJIMBO BUJHBI HEOJHOPOJHOCTH U BETBHCTHIE 00pa30BaHMUs THIIA JCH-
puros (puc.4a). Ha ¢pponransHoit moBepxuoctu CO ¢ sueiikoit 140 MkM aBTO(QMIBT-
pytomuii cnoit TCCA ne o6pa3yercs, ¥ IPOCKOK 4acTHIl c1ado0 3aBUCHUT OT G, . Ad-
pOAMHAMHUYECKas CHIIa, IEHCTBYIOMas Ha YaCTUIBI/ICHAPHUTHI B IIEHTPE sMEHKH Mpe-
BOCXOJUT CHIIy ayTOT€3UH, XapaKTEePU3YIOILYI0 B3aNMOAEHCTBHE YacTHIY/ACHIPUTOB
MeX1y coOOM, KaK CIIE/ICTBUE, B CJIOE 0CA/IKa 00pa3yIoTCs MpsMble KaHaJbl THaMeT-
POM B IECSTKH MHUKPOH (pHc. 40)

AsponuHamuueckoe comnportusieHne CO ¢ suelikoil 50 MKM 3aBHCHUT OT
YJIENbHOM 3aIbUICHHOCTH W TIOPUCTOCTH aBTO(MIBTPYIOIIETo ciost ocanka (puc. 5)
[Tpn npubmmkeHnn K ci1010 3IeKTpocTatuueckas (Fy =ezE) W adpoauHaMUUecKas

(F,~VZ2.d*) cunsl, neficTByIoMuMe Ha 4acTHILy HampasieHsl K C3, MOITOMY TI0 Mepe
YBEJIMYECHUS TONIIUHBI CJIOA MPOUCXOIUT €ro YIUIOTHEHHE, YMEHBIIAeTCsS HOpHC-
TOCTh M HAOJIIO/IAaeTCs CTENEHHAas aNlpPOKCHMAIMOHHAs 3aBUCUMOCTh AP, ~ GC94.
AbsponmHamudaeckoe corpotusieHue CO ¢ pazmepoM staeek 140 MKM MpHUOITH3UTENb-
HO B TPU pa3a MEHbIIE, CI1a00 3aBUCHT OT YOCIbHON 3aNbIIICHHOCTH - APy ~ /Gy U
OTIpeIeIIAeTCS YUCIIOM M TMaMeTPOM KaHaIoB, oOpasyromuxcs B ciioe TCCA.

ITocne obpazoBanus aBTopuIbTpyromero ciost Ha CO ¢ pasmepoM saeek 50
MKM AF,,, MOKHO PEryJIMpOBaTh IyTeM U3MEHEHHUs HAaNPaBJIeHUs U HAIIPSHKEHHOCTH
3JEKTPUYIECKOT0 MOJS B MEXKAIEKTPOJHOM MpocTpaHcTBe. Hampumep, npu uzmene-
HHMHU TIOISPHOCTH TOTEHUMANOB 3IEKTpoaoB Ha U, =—-4xB, U, =+8kB, cuna
F, neiicTByromias Ha IOJIOKHMTENIHHO 3apsDKEHHbIE YacTHUIBI, OyleT HalpasieHa
MPOTUBOMOJIOKHO ckopocTi ' BC (TopMossiiee siaekTpuueckoe nosie). B pesynbrate
YMEHBIIAETCSI CKOPOCTh IBIDKCHUS YAaCTHUI] B MEKAIIEKTPOIHOM HMPOCTPAHCTBE, TITy-
OWHa WX BHEIPEHHS B CIIOH, B IPOIECCE MHEPLIUOHHOTO OCAKACHNUS YaCTHUIIBI UCIIBI-
TBHIBAIOT OTTAJIKUBAIOIEee JefiCTBUE yKe HAXOIAIIUXCS Ha CJIOe YacTHIl, KaK CIEeCT-
BUE, YMEHBINACTCS YUCIIO U IUION[AJb KOHTAaKTOB YaCTHI[ APYT C APYIOM B OCaJKe.
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Puc. 5. 3aBucumocTs aspoanHamuueckoro conpotusieHus: CO (APc5) OT yAelIbHOU 3a-
nsuieHHoCTH G,y (1, = 2:10°em™, U, =+5.8xB, I, =400MKA, Q =18m’/4ac):

1) E=5xB/cm, 2) E=-5xB/cM, 3) E =5kxB/cM; kpuBble — anmpoKcHMaIuoHHbIE 3a-
BHUCHMOCTH

IIpn 3TOM NPOUCXOAUT yBETHYEHHE NOPUCTOCTH CIOS W HaOMIO#aeTcs JTMHEHHas
annpOKCUMALMOHHAs 3aBUCUMOCTE - AP, ~ G, (puc.5). Cienyer Takixke OTMETUTS,

gto peixibi cioii TCCA nerko ynmamsercs u obecrieduBaet perenepamnuto CO 10
HAYaIbHOTO a3POANHAMAYIECKOTO COTIPOTHBIICHUS.

3akaovenne. [lonyueHHble pe3yiabTaThl MOKa3bIBAIOT, YTO MaylorabapUTHbIE
JBY30HHBIC DJICKTPOQMIBTPHI C CETYATBIM OCAIUTEIBHBIM 3JICKTPOIOM, PacHolio-
JKeHHOM TiepHeHAuKyIsipHo noToky ['BC, MoryT obecrieunts BBICOKYIO (1> 99.5%)
3¢ peKkTUBHOCTD yiaBiuBaHus cyOMuKpoHHbIX 4dacTull TCCA mpu CpaBHUTENBHO
HHU3KOM adpoJIMHaMu4eckoM conpotusienne (AP <1-+1.5kIla). Ha sToit ocHoBe OT-

KPBIBACTCSI BOBMOXKHOCTh Pa3pabOTKK HOBOTO MOKOJCHUS BBHICOKOA(D(EKTHBHBIX Ma-
JIOTa0apUTHBIX JABY30HHBIX 3JICKTPO(MIBTPOB OYHCTKH BO3IyXa OT CBAPOYHOTO ad-
PO30JIs, COYCTAIOUINX 3JICMEHThI TEXHOJOTMH MEXaHHYECKOW (DMIIbTpAIMK U JICK-
TPOCTATHYECKOTO YJIABIUBAHMS.
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Ennan A. A., Onpa M. B., Kipo C. A., Buwunaxoe B. 1.

IIpo HOBi MOKJIMBOCTI €JIEKTPOCTATUYHOIO YJIOBJIIOBAHHS TBEPAOT
CKJIa0BO1 3BapIOBAJTBLHOT0 2€P030JII0

AHOTALA
Posenanymo erexmpocmamuune 0CAOXCEHHS 3aPAOHCEHUX YACMUHOK MEepOoi CKIA00601
36apI0BANLHO20 AEPO3ONIO HA CIMYACMOMY eNeKMpoOi, PO3MAuioO8AHOMY NEPREHOUKVIAPHO
nomoky 2azonogimpsanoi cymiwi. IIpodemoncmposano hopmyeants asmopiiempyoyuoo wa-
Py Ha cimuyacmomy enekmpooi i 6naue HANPAMKY HABeOeHO20 eleKMPUUHO20 NOJA HA aepoou-
HAMIYHULL ONIp Wapy.

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

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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BuiusiHMe 3aIIMTHOTO ra3a Ha pacnpejiejieHle YaCTUIl CBAPOYHOTO a3P030JIsi
1o pa3mepam.

Paccmompeno enuanue memnepamypsl u pacxood 3aujumHo2o 2a3a Ha OUCNEPCHbIIL CO-
CMag yacmuy ceapoyHo2o a3po30.s, 0GPAZVIOWUXCS NPU 0Y2080ll C8apKe Memallos 8 3a-
wumuom ease. Ilokazanvl 3a8ucumocmu GUMOOATLHOZO pacnpedenenus Yacmuy no pasmepy
om memnepamypul 6 ouanazone om 300 0o 600K u pacxoda 3awumnozo 2aza (CO,) é ouana-
30He om 6 0o 12 n/mun. Yeenuuenue memnepamypul 3auumHo2o 2aza NPUeoOUm K nepepac-
npeoenenu0 KOHOCHCUPOBAHHO20 BeWeCmea Mexcoy MoOamu pacnpeoenerus u YKPYnHeHuIo
UHSAIAYUOHHBIX YACTIUY CBAPOUHOLO AIPO30JISL

BBeaenue. /[yroBas cBapka B 3alUTHOM ra3€ IUIaBSILLUMCS JIEKTPOJOM LIUPO-
KO WCHOJB3YeTCsl HE TOJBKO MPU MEXaHW3WPOBAHHOW, HO U MPU aBTOMATUYECKOU U
POOOTH3UPOBAHHOI CBapKE METAJUIOB U CIUIABOB BO MHOTHX OTPACIISX MPOMBIIILICH-
HOCcTU. B mporecce cBapku BBICOKOTEMIIEpATypHBIEC Maphl METAIOB 00pa3yloTcs B
pe3yJbTaTe UCHApEHUs PACIUIaBIEHHOIO MeTalljla Ha TOpLE CBAPOYHOM MPOBOJIOKH, C
IIOBEPXHOCTH Kallejb, KOTOPbIE MEPEHOCITCS B CBApPOYHYIO BaHHY, U IOBEPXHOCTH
camoii cBapouHOU BaHHBI. YacTh MapoOB BBIHOCUTCS KOHBEKIUCH M3 00JaCTH Iyrd U
OBICTPO OXJIAXKHAeTCS B TPOIECCe CMEMICHUS C 3aIlIUTHBIM Ta30M M OKPYKArOIIUM
BO3JyXOM M 00pa3yeT maporasoByr0 cMmech. HaHodacTHIlsl MeTaiuia o0pa3yroTcs B
pe3ysbTaTe KOHACHCALUK MapoBOi (ha3bl, POCTa W KOAJICCICHIIMU 3apO/IBIIICH, OHU
OKHCIISIFOTCS, OTBEPICBAIOT M ()OPMUPYIOT HAHOPA3MEPHbBIC MIEPBUYHBIC YACTHUIIBI [ 1-
3]. BrociencTBUM NEpBUYHBIC YaCTHIIBI KOATYIHPYIOT B 00pa3yIOT TOKCHIHBIE WHTa-
JSIMOHHBIE YacCTHIIBI CBapodHOTO a’po3onsa (CA) pasMepoM A0 MHKpPOMETpa, Ipe-
CTaBIISIIOIINE OMACHOCTh JUTS 3JI0POBBSI CBAPIIMKOB M OKpYKaromiei cpezst [4]. Paz-
Mep gactur CA ompenenseT uX BRICOKYIO IIPOHUKAIOITYO0 CIIOCOOHOCTD B JIBIXATEIb-
HYIO CHCTEMY - OCKIAIOTCSA MPEUMYIIECTBEHHO B ajbBEOJISIPHOI 00JacTH, I/ie Me-
XaHU3MBI ObICTpOH 04MCTKH He dddexTrBHEI [, 6]. [ToaToMy, Hccne0BaHuUs, TO3BO-
JISIFOLIME MPOCIEINTh B3aUMOCBSI3b PACIIPEeNeHUs] HHIASIIMOHHBIX yacTul CA 1o
pa3MepaM W MapaMeTpoB peXHUMa TYroBOW CBapK{ B 3aIIMTHOM rase, UMEIT O0IIb-
o€ TPUKIIATHOE 3HAYCHUE W HATIPABJICHBI Ha CO3JJaHNe 0e30TacHBIX YCIOBUH Tpyaa
B CBapOYHOM IPOU3BOJICTBE.

[Ipenpinymue vcciaeqoBaHus yTOBOM CBapKU B 3aILUTHOM I'a3e MOKAa3ald, YTO
MpOLIECC CBAapKH 3aBHCUT OT CBOICTB 3amMTHOrO rasza [7-9]; B 4acTHOCTH, ycTa-
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Puc. 1. Cxema skcniepuMeHTaNbHON yCTaHOBKHU: 1 — cBapoyHas KaMmepa; 2 — cBapoyHas
ropenka; 3 — BpallaroLMics IUCK I HaIUIaBKK MeTaiuia; 4 — meneBol Bo3ayxo3abop-
HHK; 5 — BEPTHKAJIBHO PAcIOIOKeHHas TpyOa; 6 - HAKOHEYHHUK NMPoOOOTOOPHON TPyOKH
JUISL K30KMHETHYECKOr0 0TOOpa 1po0; 7 — a3po30JIbHbIA pa30aBUTElb; 8 - Na3epHbIH a3-
PO3OIBHBIA cHekTpoMeTp; 9 — MmydensHas snexTponeys. Puc.la. Cxema cBapo4HOH TO-
penku: 1 — anekTpogHas MPOBOJIOKA; 2 — KOHTAKTHBI HAKOHEUHHK; 3 — ra30BO€ COIJIO
CBapOYHOI TOpeNku (BHYTPEHHUI auamerp 15 MM) ¢ Teronsonsiuei; 4 — TepMomnapa;
5 - Bpamatomuiics auck i Hamasku Metamia, CTWD — paccTossHEe MKy KOHTAKT-
HBIM HaKOHEYHUKOM U JUCKOM (9 MM); CTS — 3a30p MEXIy KOHTAKTHBIM HAaKOHEYHIKOM
1 CPe30M ra3oBoro corma (4 MMm)

HOBJICHA 3aBHCHMOCTD PacIpe/IeIICHUS MHTATSAIMOHHBIX yacTul] CA 10 pa3MepamM OT
pacxoja 3amuTtHoro raza [10-11].

Hacrosimast paboTa MOCBSIIIICHA WCCIICIOBAHUIO BIHMSHUS TEMIICPATYphl U pac-
xona 3amuTtHoro raza (CO,) Ha AMCIEPCHBI COCTaB MHTAIALMOHHBIX dacTull CA,
o0Opa3yromuxcs MpH AyroBOH CBapKe B 3aIlIUTHOM Tas3e.

JKcnepuMeHTAIBHAs yeTaHOBKa. Ha puc.] nokasana npuHIMNUaIbHAs cXemMa
HKCIEPIMEHTAIBHOW YCTAaHOBKH, KOTOPask MCIIOH30BaTaCh IIPH M3MEPEHHH pacipe-
JIeNIeHHUs] MHTASIIUOHHBIX 4acTUIl 1o pa3Mepam. CA Moydanyu B CBapOUHOH Kamepe
B Ipoliecce HAIUIaBKKM MeTajlia Ha Bpamatomuiics (106/mMun) auck (quamerp 180mm,
ToJmIMHA 12MM) M3 HU3KOYyTIIepoaucToi cramu CT3 MosryaBToOMaTroM WHBEPTOPHOTO
tina «[laron TICHU-250P DC MMA/MIG/MAG». TlapameTpsl pexuMa HaIIaBKA
anexTpoaHoit npososiokoi CBOSI2C nuametpom 0.8MM PEeKOMEHIOBAHBI €€ MPOU3-
BOJIMTEJNIEM: IOCTOSIHHBIM TOK 00paTHO# MOJSIPHOCTH (JIEKTPOHAS IPOBOJIOKA SIBIISI-
€TCS TIOJIOKUTETBHBIM, a HAIUIaBIISIeMbIH TUCK — OTPHIATEIGHBIM MOJFOCaMH) B JIHa-
na3oHe ot 85 1o 100A u HanpsbkeHue B auanazoHe oT 18.5 mo 21.5 B. Cpennee 3Ha-
YEHHsI CBAPOYHOTO TOKA B OIIBITAX M3MEPSUIUCH C TIOMOIIBIO LIYHTA, MOAKIFOYEHHOTO
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npoxcumanuu mo gpopmyie (1).

K BoJbTMETpY. CKOPOCTh MOAaYU DJEKTPOAHON MPOBOJOKH B IMPOLIECCE HAILIABKU
OTIpeieNIsIach U3MEPEHHEM JIJIMHBI MPOBOJIOKH, BBHIXOASIIEH M3 KOHTAKTHOTO HAKO-
HEYHHUKA 3a 3aJaHHOE BpeMs. Bo Bcex OmbITaX MOANEp KUBANN ITOCTOSHHBIMH pPac-
CTOSTHIE MEXIYy KOHTAKTHBHIM HAaKOHEYHHKOM ¥ HAIUIABIIEMBIM IHUCKOM (9 MM) U
yrou (90°), u3MepeHHBIN MKy TUCKOM U OCBIO TIPOBOJIOKH. Pacxo 3amuTHOTO Ta-
3a (CO,) B mporecce HAIIABKH M3MEPSUTH C TIOMOIIBI0 pOTaMETpa B MarHCTPAIIH T10-
Jla4yu ra3a, a Temreparypy - ¢ nomoiipio Tepmonapsl NMTXL-IM100-300 B razoBom
CoIUIe CBapOYHO# ropenku. [[jis HarpeBa 3alIMTHOTO ra3a MCIOJb30Bajach MyQelb-
Hasl DJISKTPOIeUb B Ta30BOI MarucTpaiy.

CA ynaBiHBaJH C TIOMOIIBIO IIIEJIEBOTO BO3IYyX03a00PHUKA, YCTAHOBICHHOTO B
CBapOYHOH Kamepe Ha pacctosHuH 20 cM Haj Iyroi, ¢ pacXoaoM yHasieMOTo BO3-
nyxa 1,7 M’/MHH 1 HANPABIISUTH B BEPTHKAIBHYIO TPYOY TS H30KHHETHIECKOTO OT-
6opa mpob ¢ pacxomom 1 s/muH [12]. ducnepcublit coctaB CA U3MeEpsUIH C IIOMOIIHIO
nazepHoro a’pososibHOTO cniektpomerpa JIAC-IT ¢ kanamamu (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]. MakcumanbHast
OTHOCHUTEJIbHAsI OTPEIIHOCTD MPH OIMPEIEIIEHUH pa3Mepa YaCTHIl U UX CUETHOW KOH-
neHTpauuu He npesbimaeT 5% u 10%, COOTBETCTBEHHO, NPU MX KOHLIEHTPALUU B
npobe 110 2-10°cm™. TUNHYHBIC 3HAYCHHS CUCTHOM koHueHTpanus yactun CA B
npobax ~2-10°cm™ . [TorTOMY, HCIONB30BATCS a3PO30ILHBINA Pa30aBUTEND C KOAG-
dunmentom pazbdasnenus 150 s pacxoja motoka nmpoOsl 1 j/mMuH (puc.1). B pazda-
BUTEJIC MPUMEHSIIUCH a’pO30JIbHBIC (DUIBTPBI, CHAPSDKCHHBIC TKaHbIO IleTpsiHOBa
(PITI) ¢ adpdpexTrBHOCTHIO ynaBiauBaHus He MeHee 99,97% i yacTul AMaMeTpoM
0.15-0.2mKM™.

CA, oOpasyrommiicss Ipy 3JIEKTPOIYTOBON CBapKe IUIABICHUEM, UMEET TpeX-
MOJAJIbHOE paclpeesieHue YacTull o pasMepam [14], rue nepBbie 1B€ MOJIBI Npea-
CTaBISAIOT coOOW arjoMmepartsl MEPBUYHBIX YACTHI] pa3sHOH MOpP(HOIOTHH pa3MepoM
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MeHee |MKM, a TpeTbsl MOJa — YaCTHIBl JE3UHTETPAlUy IIECKTPOIHOIN HMPOBOJIOKU
pasmepom Oomee 1+2mrM. [TosTOMy, maHHBIC M3MEPEHHII CUCTHOW KOHIICHTpAIHH
gactuny CA B nepBeix cemu kaHanax JIAC-II oO6pabaTsiBayIUCh B IBYX-MOZAIBHOM
TPHUOITVKEHAH.
HammyuimmmM npuOmKeHHneM Ul N3MEPEHUH CYETHON KOHICHTPALUH YacTHI
CA B nnanazone ot 0.15 10 1 MkM siBisiercst JiMHe#Hass KOMOMHALUS ABYX Jiorapud-
MUYECKHUX PaCIpeCIICHUIM:
f(d,x,dml,cl,dmz,cz) :x'fl‘(d’dmpcl)'f_(l_x) 'f‘z(dadmzscz)n (1)
1 —(Ind -Ind )’
fd,d,,5)=————exp m)_
i S mi® i d 27'C lnGi 21[12 Gl-
rae d, — MeIuaHa pacupeeleHus; d — CpeHHil pa3Mep YacTHI, G — CTaHAAPTHOE
OTKJIOHCHHE (IUCTIEPCH).
Jlmst kaxxmoro j kaHaima LAS-P zammceiBaetes YpaBHEHHUE:
N,=N,-Ad;-f(d,,x,d,,0,,d,,,0,), )

rac Nj - YMCJIO YacTull, UBMCPCHHLIX B j KaHaJIc; NT - HCU3BCCTHOC IIOJTHOC YHCJIO

L

JacTHIl B 00beMe TPOOBI, KOTOPOE BKIIIOYACT YaCTHIBI ¢ auameTpoM d < 0.15MkM ;
Ad ; - mmpuHa KaHana; d,; - Cpe/iHee 3HaYEHHE Pa3Mepa KaHaa J .

Pemenne cuctems! ypaBHeHui (2) mis nepsbix cemu kaHanos JIAC-IT nmo3Bo-
JISIeT OTpeNIeNIuTh napaMeTpsl pacnpenenenus yactur; CA no pasmepam (1) u Berdmc-
JIMT CpemHumil quamerp d = d, exp(In®G/2) M CUETHYIO KOHIIEHTPAIMIO YACTHI] KaX-
noit monsl 1, =xny, n, =(1—x)n;, rae n; — odmas cyeTHass KOHICHTPALUs YJIOB-
JICHHBIX 4YacTUI. THUIHMYHBIC paclpeesiCHUs] H3MEPEHHOTO B NEPBBIX CEMHU KaHallaxX
YHCIIa YacTHI TI0 pa3MepaM MpeCTaBIeHbl Ha PHUC.2 C alllpOKCUMaIMell ypaBHEHUEM

(D).

JKCNepUMeHTaJIbHbIe Pe3y/abTaThl U UX 00cysKkIeHHe. 3aBUCUMOCTU CPe-
HETO pa3Mepa MepBbIX ABYX MoJ yacTull CA 0T TeMImepaTypsl 3aIllUTHOTO ras3a mpej-
craBieHsl Ha puc.3. Ha puc.4 u puc.5 mpeacraBieHbl aHAJIOTWYHBIC 3aBUCHMOCTH
CUETHON KOHIIGHTpALMM M MAaccoBOil ckopocTH obOpasoBanust mox CA (6e3 yuera
BKJIaJIa YaCTHIl IE€3UHTETrPallii), COOTBETCTBEHHO. VICIIONB30BaICh CIEIyIOIMe Na-
paMeTpsl pexuMa cBapku: Tok [ =95+ 5A; nanpsbkenue U =20+2V; ckopocTh

npoBojiokdu v=7%0.5cm/c; o00ObemHBIi pacxon 3ammrHOro raza  (COy)
0=10%0.51/muH.

[NoBbIIeHNEe TeMIepaTypsl 3alIUTHOTO Ta3a MPHUBOJIUT YKPYIMHEHHIO 00eHX
Mo/ uHraauoHHbIX yactull CA. [Ipu 3TOM cueTHast KOHIIEHTpAIUsl YaCTUI] BTOPOH
MOJIbI IPAKTUYECKH HE M3MEHSETCS, B TO BpeMsi, KaK KOHLEHTPALMS YacTHL[ IIEpBOi
MOJIbI 3aMETHO YMEHBIIIAETCSI C POCTOM TeMIIepaTypbl. BeicokoTeMIiepaTypHbIe Haphl
3JIEKTPOAHOTO METa/Ula HAYMHAIOT CMEIIMBAIOTCS C 3aIIUTHBIM T'a30M YK€ BHYTPH
COIUTa CBApOYHOMU TOpENKH (CpeHss TeMIepaTypa mapora3oBoii CMeCH y cpesa coruia
cocraisier 7' =2500K [15]). Oto o3Hayaert, 4To (POPMHPOBAHUE NEPBUYHBIX YACTHI]

CA MPpOUCXOAUT B CMECHU Map — 3aIUTHBIN ra3, 10 NOAMCIIMBAHUA OKPYKAOIIETro
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Puc. 4. 3aBucuMoCTH CYeTHOW KOHIEH- Puc .5. 3aBUCMMOCTH MaccoBOH CKOPOCTH 00-
TpaluK MOJ MHTalsAUOHHBIX 4yacTul CA  pa3oBaHUS MOJA HMHTaIIMOHHBIX yactun CA
OT TeMIIepaTypbl 3aLIUTHOrO rasa. OT TeMIIepaTypHl 3alIUTHOTO ra3a.

BO3/AyXa. YBEIMUCHHE TEMIIEPATyphl 3alIUTHOTO ra3a MPUBOANUT K YMEHBIICHHE CKO-
pPOCTH OXJaXKAEeHUs naporazoBoil cMmecu [16]. IloaTomy, cpeHui pazmep nepBUUHBIX
4acTUL, 00pa3yroLIUXCcsl B Mpoliecce KOHAEHCAIMOHHOTO POocTa U KOAJIeCLEeHIMH 3a-
ponplieil OyneT yBeIHMYMBATBHCS, a UX CUETHAs KOHIIGHTpAlMs yMEHbLIaTbesa. JTa
TEHIIEHINS COXPAaHUTCA M U1 MHTAIMHAOHHBIX yacTHll CA, oOpasyrommuxcs B pe-
3yJbTaTe KOATYJSIIUH MEPBUUHBIX YACTHII.

B ToXe Bpemst MaccoBasi CKOPOCTh 00pa30BaHMsl MHTAISIMOHHBIX yacThll CA
ci1abo 3aBHCHT OT TEMITEpaTyphbl 3alIUTHOTO Tra3a. [Ipn yBenmndeHWH TeMIiepaTyphl
3aIIUTHOTO Ta3a MPOHMCXOANUT TOJBKO IIepepachpeneieHie KOHICHCHPOBAHHOTO Be-
IIeCTBa MEXAYy MOJAaMHU: MaccoBas CKOPOCTb OOpa30oBaHUs YAaCTHUI[ MEPBOH MOJBI
YMEHBIIIaeTCs, a BTOPOI — yBEIUUUBAETCS.

3aBHCHUMOCTH CpeIHEro pasMepa IepBBIX ABYX Mox dactui CA oT pacxoxaa
3aIIUTHOTO Ta3a MpeACTaBlIeH Ha pHUC.6. AHATOTMYHBIE 3aBUCHMOCTU CUETHOH KOH-
neHtpanun Mo uactur, CA mpezcTaBieHs! Ha puc.’. Vcrons30Baluch CleAyrOIUe
mapameTpsl pexuma cBapku: Tok [ =90+ 5A ; Hanpspkerne U =20+2V; ckopocTs

npoBosioku v =8+ 0.5cM/c; Temmeparypa 3amurHoro raza (CO,) 7 =300K. Kak

CIIEAyeT M3 MPEACTaBICHHBIX PE3YIIbTAaTOB, BIMSHIE pPacxo/a 3allUTHOTO Ta3a HaxXo-
JUTCA B IpeJeaxX NOrPelIHOCTH U3MEpEeHUH. DTH pe3yabTaThl OTIUYAIOTCS OT Hpea-
craBieHHbIX B [10], rae pacxon 3amutHOTO rasa (cmech 75% Ar u 25% CO2) cunbHO
BIMSAET Ha pa3Mephl U CUeTHYIO KoHIeHTparuio yactur] CA. OgHako, cienyer oTMe-
TUTB, YTO B ombITax [10] pacxon 3alIUTHOTO ra3a U3MEHsUICS B AuanazoHe oT 20 a0
30 yi/MuH, TOTZIa KaK B pacCMaTpUBaeMoM citydae - oT 6 1o 12 n/mMuH. B Toxe Bpems
1o gaHHbM [11] MaccoBast KOHIIEHTpALM MHTASIIUOHHBIX YacTull CA MpakTUYECKU
HE 3aBHCUT OT pacxoja 3allMTHOTO raza B awanazoHe oT 10 mo 25 n/muH, a npu
O >2511/MHH BO3pacTaeT ¢ yBEIHMUCHUEM Pacxoa. MOXKHO HPEANOI0XKHTE, YTO IPU

OOJIBIINX pacxoJax 3aluTHOTO Ira3a MpPOUCXOoAUT U3MCHCHNUC MEXaHU3Ma CMCIICHUS
MapoB CBAPOYHBIX MAaTECPUAJIOB, 3aAlIUTHOIO Ir'a3a U OKPY’KarOIIEro Bo3ayxa.
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Puc. 6. 3aBUCUMOCTH CPEIHUX Pa3MEPOB Puc. 7. 3aBucuMOCTH CUETHOH KOHIIEH-
MOJI MHransuuoHHbX yactun CA oT pac-  TPAlMU MOJ MHTISUMOHHBIX yactu CA
XOJla 3alIUTHOTO raza OT pacxoJa 3alllMTHOro rasa

3akiarouenne. Pacxon 3amuTHOro rasa B aMamna3oHe oT 6 mo 12 a/MuH He

BIMSAET Ha JUCHEPCHBIM cocTaB yacTull CA, B OTIHYME OT TEMIEPaTyphl 3aIIUTHOTO
rasa B auana3osne ot 300 no 600K. VBenuuenue temneparypsl 3allUTHOIO ra3a Mpu-
BOJIUT K YKPYITHEHHIO 1 YMEHBIIICHUIO CICTHOH KOHIICHTPAIIH WHTAJIAIIOHHBIX Yac-
T CA, KoTOpble 00pa3yloTcs B IpOLecce KOarysiuy MepBUYHbBIX YaCTHII.

MaccoBasi ckopocTh 00pa30BaHusI HHTATSAIHMOHHBIX yacTul] CA cnabo 3aBUCHT

OT TEMIEpaTypsl 3alUTHOTO raza. OQHAKO, M3MEHEHHE TEeMIIEpaTyphl COMPOBOXKAA-
eTcsd HMHTCHCUBHBIM Ilepepaclpefe/ieHueM KOHJICHCUPOBAHHOIO BEIIECTBA MEXIY
MOJIaMH: MaccoBasi CKOPOCTb 00pa30BaHMWs YaCTHI] MEPBOM MOJbI YMEHBIIACTCS, a
BTOPOH — YBEIIMIUBACTCSL.
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Buwnsaxoe B. L, Kipo C. A., Onpa M. B., Ennan A. A.

BniiuB 3aXHCHOTO rasy Ha p03n0)1i.]1emm YaCTUHOK 3BAPHOBAJILHOI'0 a€p030.J110

3a po3Mipamu

AHOTALA

Posensinymo ennue memnepamypu i eumpamu 3axXucHo2o0 2azy Ha OUCHePCHUll CKAao0 4acmu-
HOK 38apIOBATILHO20 AepO30I0, WO YMBOPIOIOMbCS NPU 0Y2080MY 36apI0GAHHT MeMAie 8 3a-
xucHomy easi. Ilokaszani 3anexcnocmi 6iMoOOANIbHO20 PO3NOOINEHHA YACTUHOK 3 PO3MIpamu
610 memnepamypu 6 dianaszoni 6io 300 0o 600K i eumpamu 3axucnozo 2aszy (CO;) 6 dianazoui
6i0 6 0o 12 n/x8. 30inbuenHs memnepamypu 3axXucHo20 2azy npu3600Uums 00 nepepo3nooLLy
KOHOEHCOBAHOI PeHOBUHU MidIC MOOAMU PO3NOOINEHHS | YKPYNHEHHIO TH2ANAYIUHUX YACMUHOK
36apI0BATILHOZ0 AEPO3OTIIO.

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

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

136

SUMMARY
The disperse composition of welding fume from gas metal arc welding with various shield-
ing gas temperatures and flow rates is studied. The dependencies of bimodal particle size dis-
tribution on the shielding gas temperature in the range from 300 to 600 K and flow rate in the
range firom 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 inhal-
able particles.



A
Antoi3 b. A.

b

Bynanin ®. K
Bytenko O. ©.

B
Bacunenko C. JI.
Bumnskos B. 1.

r
I'may6epman M.

A

Jopormmenko A.

XK
Kyx K.

3
3yit 0. M.

I

IBanmmpkuii I'.K.

K

Kaminuak B. B.
Kapimosa ©. .
Kipo C. A.

Kopuarina M. M.

Kyzemxko P. JI.

J
Jleuenko B. I.

JIncsaacerka M. B.

JIromanukuii K.

M
Maszyp B. O.

Mixaiinenko B. 1.

H
Himua A. B.

137

ABTOPCBKHH MMOKAXKYHAK

35

83
35

45
122,129

66

66

66

59

110

8,59, 95
105
122, 129
95
95

59
66

51

83

(0]
Omnps M. B.
Opnosebka C. T,

11
IToneraer M. 1.
TTomoscrkuii O. 1O.

P

Poranxos O. B. mon
Porankos B. b.
Pozanosmu B. 10.
Poxunpka I'. B.
Poxunpkuiit M. O.

C

Cepreena O. €.
Cimopos O. E.
Ciukap T. T

T
Tynsxenxosa O.C.

1|
Hamymens A.

q
Yennokona C. M.
UYepnenko O. C.

1

IIsens M. B.
IlleBuyk B. T
IIecTomnamos K.
IIxopomnago M. C.
Tyt M. L.

C]
OnHaH A. A.

122,129
59, 105

83
35

8
8
30
30
30

8
&3
45

45

66

30
95

8
83,95
66
105
30

122,129



A
Altoiz B. A.

B
Bulznin Ph. K.
Butenko A. F.

C
Chelnokova S. M.
Chernenko A. S.

D
Doroshenko A.

E
Ennan A. A.

G

Glauberman M. A.

I
Ivanitsky G. K.

K

Kalinchak V. V.
Karimova F.F.
Kiro S. A.
Korchagina M. N.
Kuzemko R. D.,

L

Levchenko V. L.
Liseanskaia M. V.
Liudnytskyi K.

M
Mazur V. A.
Mikhailenko V. L.

N
Nimich A. V.

138

NAME INDEX

35

83
35

30
95

66

122,129

66

110

8,59, 95
105
122,129
95
95

59
66

&3

(0]
Oprya M. V.
Orlovskaya S. G.

P
Poletacv N. 1.
Popovskii A. Yu.

R

Rogankov O. V. Jr.

Rogankov V. B.
Rokytska H.V.
Rokytskyi M.O.

Rozanovych V.Yu.

S

Sergeeva A. E.
Shevchuk V. G.
Shkoropado M. S.
Shut M.I.
Shestopalov K
Shvets M. V.
Sichkar T. G.
Sidorov A. E.

T
Tsapushel A
Tulzhenkova O. S.

A%
Vasylenko S. V.
Vishnyakov V. L.

Z
Zhuk K.
Zuj O. N.

122,129
59, 105

&3
35

30
30
30

83,95
105
30
66

45
&3

66
45

45
122,129

66
59



MPABWJIA JIJISI ABTOPIB CTATEM

1. ¥V naykoBoMy 30ipHUKY ITyOJIiKyIOTECSI CTATTi 3 OPUTIHANEHIMHU Pe3yJIbTaTaMH HayKoO-
BUX JJOCITIJUKEHb 3 TEMaTHKH:

— BUMApOBYBaHHs, KOHJICHCALIisI, KOATyJISLis 1 elNeKTpUYHA 3apsaKa acpo30iIiB, Mexa-
HIi3MHU X yTBOPEHHSI 1 IEPEHOCY;

— TOpiHHS aePOUCIIEPCHUX CHCTEM;

— TerIoMacooOMiH i ra30[MHAMIYHI SBUIIA B AMCHEPCHUX CHCTeMax Impu (a3oBUX i
XIMIYHHX IEpETBOPEHHSX;

— HU3BKOTEMIIEpaTypHa Iu1a3Ma 3 KOHJEHCOBAHOIO TUCTIEPCHOIO (a3oro.

2. CraTTi 3 pe3ynabpTaTaMy JOCIHiKEHb, BUKOHAHUMH B OPTaHi3allisfiX, NOAAIOTECS 3 HO-
3BOJIOM IIi€] opraHizarii Ha myOJIiKamilo i CyImpoBiTHUM JIUCTOM. PyKkonuc miamicyeTses aB-
Topamu (aBropom). Ha okpemMoMy JIMCTi HEOOXiHO BKa3aTH Mpi3BHILE, iM'd, 10 OATHKOBI,
Micue poOOoTH, IOcay, KOHTAKTHI TenedoHH i anpecu (eJICKTPOHHUIT i HOIITOBUIA).

3. TekcT crarel MpencTaBISIEThCS B IBOX E€K3EMIULIpax Ha YKPaiHCBKiH, pociichkilt abo
aHITIHCHKIM MOBI 3 JBOMa aHOTALISIMHA Ha JIBOX (3 TPhOX BKa3aHWX) MOBAaX, BIAMIHHHX Bij
MOBHU OpHTIHAIIy CTATTi 1 eNeKTpOHHUM (ailyioM Ha ENeKTPOHHY ajpecy penakuii. daiin
cTBOpIOETHCsE B Word i MOBHHEH MICTUTH TEKCT CTaTTi, aHoTawito 1 pucyHku. Ha3pa daitry
YTBOPIOETHCS BiJl MPi3BUILA MIEPIIOTO aBTOPA.

4. CraTTi MpOXOIITh HAYKOBE PEeH3yBaHHA. Y Pa3i HEraTHBHOI pemeH3il CTaTTs NMPHCH-
JIA€THCSI Ha JIOOTPAIIOBAHHS 200 BiAXMUIISETHCA.

Odopmiaenns craTri
Marepiai cTaTTi HOBUHEH OyTH BUKIAIECHUH B TaKill IOCIIiTOBHOCTI:

1) nomep V/K;

2) iHimiany i npi3BHUIlIa aBTOPIB;

3) Ha3Ba opranizauii (i), mo npexacrtaensie (I0Th) CTATTIO (KIIO OopraHizauiid Oinblie,
HDK OIHa, MICIIs TIPI3BUILA KOXKHOTO aBTOpa CTaBUTHCS 3HAK BUHOCKH (1, 2 1 T. 11.), @ HIKYE
YKa3yloThCs BCl opraHi3ailii, Ha3BH MiCT, €JIEKTPOHHA MOIITa OJHOTO 3 aBTOPIB;

4) Ha3Ba CTaTTi;

5) aHoTAaIliS;

6) TEKCT CTaTTi;

7) nmiTeparypa;

8) aHoTaIii Ha 2-X 3rajJaHUX BHUIIC MOBaX, BiJIMIHHUX BiJi MOBU OpHTiHAIy CTaTTi, 3
MPI3BHINAMH 1 iHINiaJIaMH aBTOPIB 1 HA3BOIO CTATTI.

O6'eM cratTi, BKIIIOYAIOYH PUCYHKH, JTITEPaTypy, aHOTAIlil, He TOBUHEH IEPEBUITYBATH
10 cTOopiHOK TEKCTY, HaIPyKOBAHOTO Ha KOMI foTepi uepe3 1 inTepsai (3 po3mipom Oyks 14
pt). Ioms: miBe — 20 MM, npaBe 20 MM, BBepxy 20 MM, BHH3y 20 mM. Ha3Ba crarTi, npi3Bu-
112 aBTOPIB i Ha3Ba OpraHi3auiil APYKyIOThCs OyKBaMH, po3MipoM 14 pt 3 MKPSIIKOBOIO Bi-
ncrano Mk YK, Ha3Boro cTatTi i mpi3BUIIamMu aBTopiB 1.5 iHTEpBay.

®opmyau: Habupatorscs mpudTom po3mipy 14 mynkris. Po3mipu ¢opmyn oxHakoBi
1o BchoMy Tekcty. ClliJi yHUKaTH 1HAEKCIB y IHIEKCIB 1 CTYIEHIB y CTYIEHIB. 3aCTOCOBY-
€TbCs CKpi3Ha Hymepauis ¢popmy: (1), (2) 1 Tak mani. 'peupki OykBH Ta Mo3HaYeHHs XiMid-
HUX (GOpMyH 3aBXKaAu Npsmi. BexTopu i MaTpumi HaOupaTH HaMIBXUPHAM NPSIMUAM LIPUQ-
TOM (CTpiJiKa HaJ BEKTOPOM HE BUKOPUCTOBYETHCS). IHAEKCH (JTaTMHCBKI OYKBH) y hopmy-
Jax HaOMPAroTHCSI KypCHBOM, 32 BHHITKOM CKOPOYEHb CIiB THIy min, max, eff, a takox
HyIIs, sIKi HaOupaeTbest npsiMuM mipudTom. [psmum mpudroM HaOUPAIOTHCS TaKOX (QYHK-
1ii, HanpuKiaz sin 2x, cos of i TaK Jaji.
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Ta6auni. Tabnumi HyMepyIOTh TIIBKH B TOMY BUIAJKY, SIKIIO iX Oinbmre ogmiel. Binc-
Tyn no Tadauui i micnst Hei — 2 inrepBanu. [Ipu HEOOXiMHOCTI TaOIULI MOXKYTh MaTH 3aro-
JIOBOK 1 TIPHUMITKY.

Lmtoctpauii. ImrocTpartii BUKOHYIOTECS IO XOAY BUKJIAQAEHHS TEKCTY CTaTTi IO Mipi ixX
3rajIki B TeKCTI B pcx (opmari abo inmomy nommuperHomy dopmarti. [lix pucynkom npyxy-
€ThCs BinNOBiAHMUI mianuc. HanucH, Mo yCKIIa HIOTh COPUHHATTS PUCYHKY, 3aMiHIOBATH
uQpoBuMH 200 OYKBEHHMH MO3HAYCHHSIMH 1 IIEPEHOCUTH B TEKCT CTATTi ab0 B MiIIHC Mg
pucyHKOM. Bci mo3HaueHHs HAa pUCYHKY MOBMHHI BiANOBIZAaTH MO3HAYEHHSAM B TekcTi. Hy-
Mepallio KpHBUX HA PUCYHKY BECTH 3BEpXY BHH3, 3J1iBa HarnpaBo. Po3mip pucyHKa MOBUHEH
oytu He menure 50x50 mm i He Oibie 100x100 Mm.

Jlitepatypa. ITicis TekcTy cTaTTi yepe3 2 iHTEpBalIu APYKYEThCS CIIMCOK JIiTeparyp-
HUX JDKEpe, BAKOPUCTOBYBAaHHX B CTATTi, HA MOBI OpUTiHAIy 3a 3pa3KOM:

Knnrn:

1. Babuii B.U., Kysaes IO.®. ['opeHre yronpHOM MbUIM U PacyeT MbLUICYTOJIbHOro (a-
kena. — M.: DHeproaromusaar, 1986. —206¢.

2. OCHOBBI IPAKTUYECKON TEOPHUHU TOpeHHs: yaeOHoe mocobue amst By3oB // B.B, Ilome-
panyes, K.M. Apeghves, /I.b. Axmemos u dp. // nmon pen. Ilomepanyesa. — J1.: Juep-
roaromusnat, 1986. —312c.

CrarTi:

a. Acnanoe C.K., Konetika I1.. O6 0COOCHHOCTSAX MOZENEH IETOHALMOHHOTO CIIHA B
pa3UYHBIX TOPIOYNX cpeaax. // dusmka adpoaucnepcHbix cucreM. — 1971, — Beim. 5.
—C.92-100.

b. ®nopko A.B., 3onomxo A.H., Kamunckas H.B., lllesuyx B.I". CriekTpaibHble Uccie-
JIOBaHMsI TOpeHHs YacTUlbl Maraus // ®dusnka ropeHus u B3pbBa. — 1982. — T.18,
Nel. - C.17-22.

c. Kaaunuax B.B. TemnomaccooOMeH M KMHETHKa XMMHUYECKUX PEaKLUil yriepoJHO
gacTUIlhl ¢ Tazamu // Bicauk Onmechk. nepk. yH-Ty. Cep.: ¢i3.-mar. Hayku. — 1999. —
T.4, Bum..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.

Te3u:

1. Cmpyuaes A.1., Cmpyuaee H.H. OneHka cpeHero pasmMepa >KUpOBBIX IAPUKOB ToO-
MOTEHU3UPOBAHHOr0 MoJoka // JlucriepcHble cucteMbl. XX Hay4yHas KOH(epeHIus
crpan CHI, 23-27 cent. 2002 r., Onecca, Ykpauna / Te3. nokn. — Onecca: AcTtpo-
npuHT, 2002. — C.252-253.

2. Suslov A.V., Semenov K.I. Interaction of high-temperature monodispersed metal parti-
cles with gases // Abstr. Of 14™ Annual meeting of the American Association for
aerosol research. — Pittsburgh, USA. — 1995. — P.37.

Amnoranis, mepeayroda TeKCTy CTaTTi, MUIIEThCS Ha MOBI CTAaTTI OXHUM ab3aIiom, po-
3Mipom OykB 12 pt, 06’emom 6—10 psiakiB. AHOTANLii HA IHIIMX MOBaX JI0 TEKCTY CTaTTi Ha-
JTAIOTHCS MICHS CIIHUCKY JIiTepaTypd. AHOTALISM MEepeayroTh MPi3BHUIIA 1 iHimianu aBTOpIB 1
HazBa ctarti. [licnsa cmoBa “AHOTALISA” abo “SUMMARY” 3 a03ana ApyKyeTbCS TEKCT
a”oTarlii.
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