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INTERCONNECTION OF HEAT AND MECHANICAL ENERGY
IN THE DESTRUCTION OF MATERIALS

Abstract. The destruction of solid materials is possible only due to heat expsure at the melting temperature.
However, at low temperatures, the destruction may be achieved by mechanical energy impact which is supplemented
to the thermal energy of the mill charge. The latter is described by the Boltzmann distribution, which may be applied
to a solid state. In the framework of this distribution we can determine the probability of overcoming any energy
barrier, taking into account thermal energy of the chaotic motion of particles.

On this basis, a formula to calculate the probability of destruction of matter by the summing action of thermal
and mechanical energy was obtained. This ensures the relative decrease in the £, activation barrier.

Keywords: thermal energy, mechanical energy, interconnection, destruction, Boltzmann distribution,
probability theory, activation factor, grinding.

Introduction

It is known, that the destruction of solid materials is possible without mechanical interaction only due
to thermal energy at the melting temperature. The same effect can be achieved by supplementing the
existing heat energy material by mechanical impact at lower temperatures. This can be proved by means
of Boltzmann distribution (energy spectrum) on the kinetic energy of the random motion of particles, and
it is applicable to the solid state, as shown in the book of M.A. Leontovich [1].

Equal distribution of particles on kinetic energy of chaotic (thermal) motion depending on the
temperature was established by Boltzmann in the following form [2]

P =N, /N =exp(—¢; /kT) iexp(—ei/kT), (1)
i=1

where P; and N; — fraction and number of particles with energy, &; N — total number of particles; k —
Boltzmann's constant (named by Max Planck [2]); m — the number of considering energy levels.
Magnitude P; can be interpreted as probability detection of energy particles &;.

One of the properties of this distribution is the inhibition on the greater population of the future level
of energy in comparison with the previous condition on

P;.; < P;. Another feature is to increase the levels of uneven settlement with increasing temperature.
Thus, during 0 K, the first level is full, and during 7 — oo full settlement of all levels of uniformity can be
reached P; = 1/m u m = N [3-5]. Such distribution for two arbitrary temperatures is given on Figure 1.

It has non-increasing character, in other words, the following condition is preserved P, < P;. With
the rise of the temperature, distribution becomes more even (at 7 — o distribution becomes almost
horizontal and coincides with the x axis). In all cases, the following condition is preserved

m<N

SP =1 @)
i=1

— 4) ——
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P, — fraction of particles, which have energy ¢; + Ae/2, J; Ae — variability interval g;
(in this case Ae = 107" J); &; — average energy of particle on i energy level, J. Solid line for temperature 1000 K,

dotted line for 2000 K. g, — potential barrier

Figure 1 — Boltzmann distribution (energy spectrum)

In turn, the restriction m < N is determined by the number of considering energy levels cannot exceed
the number of holders of this feature of their distinctiveness, in other words, the number of particles [5].

In order to determine the fraction of particles which have energy more or less than potential barriere,,
it is necessary to sum the distribution of probabilities P; which is higher that barrier &,

P, = iexp(— 3l-/kT)/ZT: exp(—&; /kT), ((3)

where a — the number of energy levels corresponding to the activation energy. In order to provide
certainty of number a, a whole-number value based on the following ratio should be set

Ae=¢,/ a, “4)
where Ae— regular energy interval — variation step ¢&; .
For a more exact expression P, , we have to switch from the discrete energy distribution to

continuous one, or, to switch from summation to integration. First of all, the numerator and denominator
of the fraction (3) are multiplied by A¢ and this factor is put under the summation sign:

P, = iAg exp(— &, /kT) iAgexp(— &; /kT). (5)
a 1

when m — o0 and Ae — d¢, the transition into integral form is provided
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I exp(— &/kT)d Iexp (- &/kT)de (6)
Ea

This expression reveals the geometric meaning of the function P, (see Fig. 1): it is equal to the area
under the curve P = f (¢) (this area is the integral of this function) on the right side from ¢, to the area
under the whole curve. It is obvious from Fig. 1 that with the rise of temperature, the area under the curve
on the right side from &, increases, on the left side decreases, that is why the fraction of over barrier
particles must increase.

From mathematical point of view, this result is obtained after taking integrals. Thus, primitive
function for indefinite integral fexp[—g/(kT)]dg is following

F =—kT exp|[- &/(kT)]+ const . (7)

When taking improper integrals in (6) the integration constant is reduced, so integral in the
numerator is

o0

Iexp &/(kT)lde =|- kT exp[- 5/(kT)] = kT exp[- &, /(kT)). ®)

a

Kl

The integral in the denominator is

Texp[— g/(kT))de =|- kT exp[- 8/(kT)]: =kT. ©)

0

In general, desired expression is

P, =exp[-¢,/(kT)). (10)

resulting the need to increase the fraction of over barrier particles with increasing temperature.

This expression is used as a constituent of a constant velocity even in the Arrhenius equation
approximation, and then in terms of more stringent expressions of formal kinetics [6]. No less important is
the integral (9), because it makes sense for average integral thermal energy of the particle at a temperature
T, with directly comparison of energy barrier &, in formula (10). In terms of moles, this formula has the
form of

P, =exp[- E, /(RT)], (11)

of which RT acquires a meaning of average integral heat energy mole of a substance at a temperature 7.

Generally, according to the theorem of the average value of function, its actual, mathematically strict
value can be determined as the average integral [7]. Therefore, we will call the RT value as average
thermal energy.

Detailed consideration of the energy behavior of individual particles in the framework of the
Boltzmann distribution can be understood as the microscopic approach; taking into account the average
thermal energy as a macroscopic one. Apparently, in this connection of the two extremes, lies enduring
value of such representation of complex systems and the possibility to solve specific problems [8], which
comprise the issue of adequate displaying the impact of mechanical energy to the destruction of materials.

Interpretation of collapsibility of materials under the summing action of thermal and
mechanical energy

— 44 ——
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In our opinion, the main reason for failure of solution for this problem, considered in this paper [9], is
excessive direct comparison of mechanical energy E,.. with bound energy of particles E,, which consists
of the subtraction of the first from the second one, for various options for activation destruction

E, — FE
P, =exp| — —2—_—mec | (12)

RT

Here, during increasing of mechanical energy, the probability of destruction of structure increases,
however E,,.. > Ej,, which in real terms of destruction may be the norm, but values might be senseless P,>.
In addition, during such expression of activation factor, thermal and mechanical energy are opposed to
each other.

Apparently, considering way of expression of activation energy is taken from the molecular kinetics,
which aim is the reduction of activation energy through the use of catalysts.

Meanwhile, during impact of mechanical energy on substance, it is added to the system of thermal
energy rather than subtracted from the energy of the particles which may be due to overall impact of
thermal and mechanical energy to the substance.

In terms of non-equilibrium addition of mechanical energy, this can be represented as a shift of all
energy distribution to the same value for all particles of mechanical energy due to the elastic properties of
crystal (Fig. 2).

1.0 -

Emec

0 SN S R S E—
0 10 30 50 70 90 110

130 150 170

E; — energy of particles; £, — vauier energy, equal to energy of destruction activation E,;
E,... — mechanical energy; P; — fraction of particles with E; energy before impact (1)
with energy E; + E,,..in moment of mechanical impact (2).

Figure 2 — Shift of particles energy by Boltzmann distribution during
mechanical impact (per mole). The arrows indicate an instantaneous increase in arbitrary particle energy

We cannot exclude a partial relaxation of the system, accompanied by raise of temperature. The
probability to destruct some energy barrier £, will increase not by absolute, but by relative lowering of the

45 ==
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barrier due to the increase of the total energy of all the particles, resulting over barrier particles (indicated
by the arrows movement).

Thus, according to physical reasons, the destruction probability should be expressed as counteracting
result of heat and mechanical energy amount to activation barrier energy of substance destruction:

E
P, =exp ————%—|. (13)
RT+E,,.

Here, unlike (12), the appearance of senseless results is excluded for any RT and E,.. , and the
provision is guaranteed 0 < P, < 1, while E,,.. >> RT the role of thermal energy becomes insignificant.

Since the dimension R7, like E,, is expressed by specific molar value (J/mol), it is necessary to bring
the dimensions and mechanical energy. It's enough to take into account the number of moles in depleting
substance and include the value of the mechanical energy to this number:

E
P =exp| ———+ |, (14)
“ E M
RT + =mec™

m

where m — mass of depleting substance, kg; M — its molar mass, kg/mol; E — applying mechanical energy,
J.

In fact, all the calculations are valid for any type of influencing energy — sound, radiant (especially,
laser), but the most common is the blow energy. We show this in the example of the application of the
formula (14) in the new theory of ore reduction, more adequately reflects the probabilistic nature of the
process [10-16].

The role of the activation factor in the probabilistic theory of reduction

In this theory, the reduction speed is considered as a production of the probabilities of successive
events of joint presence of grinding and grinded bodies in the extent of their randomized mixture
(concentration factor, P.oyc), their spatial compatibility — contact (steric factor, Py), the direct impact of the
grinding bodies in the mill material (activation factor P,) at periodic sustainability of these events
(frequency factor, Z, ¢™):

V=Z-Piony Pem P (15)
All factors are revealed through specifications on mills, physical constants and operational

parameters of grinding process, and also through the blow energy of ball hitting the grain. Thus, the
disclosure activation factor (14) leads to the formula

Ea
RT +MeD(yy /730w /d ;P |

Pa =exp| — (16)

where E - activation energy, adopted for model calculations in equal heat of quartz fusion (the main

rock-forming mineral ore) 9170 J/mole; R — universal gas constant, equal to 8,31441 J/(mole'K); T —
absolute temperature, equal to room temperature, 298 K; M — molecular weight of quartz, 0,0601
kg/mole; g — gravitation acceleration, 9,807 m/sec’; 1D — bottom diameter of mill, for model calculations

taken from industrial mill characteristics equal to 3,36 m; ), and y,- density of material and ore,

— 4 ——
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accordingly 7874 and 2650 kg/m’; d, — ball diameter, equal to 0,06 m in average; d; — size of grains of j
fraction.

The impact energy is taken into account through the equivalent to its potential energy of the ball,
weight m,,, during fall from a height # = D [14] by the formula

Epec =mygh 17)

Therefore, it follows from the formula (16) that with decreasing of grain size and increasing of the
ball diameter, the destructibility of grains sharply rises. However, this counteracts by the steric (shield
factor), which according to geometric ratio of the ball and the grain gets expression

| 2
P =4—L—|L| | (18)

Here, in contrast, the magnitude of this factor of balls is reduced during the same change in the grain
size. Their combined effect is illustrated in Figure 3.

P, P

Pw Pstn
PaPst

PoPcr

L Il ') 1 1 0
6 5 4 3 2 lgdm -l

Figure 3 — The dependence of activation and steric factors and their joint effect in each cycle of collisions from
the grain size

The findings prove the dominance of the steric factor in the total destruction of all insignificant small
classes ranging from 10 to 10 with all the destructive power of the direct impact of the ball to the grain.
A significant increase in degradability by unfastening of steric factor begins only with 10® m, but the
weakening and activation leads to the formation of degradability on the level of 13.3% for the grain size
of 3 mm. Outside this zone, the energy of ball falling spent literally wasted either due to misses in the fine
grains from the "dead" (screened) area, or because of a lack of power hitting to break the larger grains.

For the first time in the framework of probability of grinding theory, the extremely low energy
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efficiency of the process that requires a minimum 90% of the costs of mining and metallurgical cycle is
explained. The result can be considered as further evidence of the enduring value of the statistical
distribution (energy spectrum) of Boltzmann, still preserving its topicality for various fields of science and
practice [10].

Conclusion

Boltzmann distribution enables to determine the probability of overcoming any energy barrier by the
thermal energy of chaotic motion of particles. This effect can be supplemented by taking into account the
applied mechanical energy through summing it to heat. In this case the resulting formula is a probability
of a substance destruction at a total impact of heat (R7) and mechanical (£,,.) energy

Ea

P =exp —— 4
“ P RT+E,,.

and provides a relative decrease in the activation barrier E£,. This activation factor is used in the
probabilistic theory of materials grinding, and the reason of low energy efficiency of this high input
process is revealed.
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B.I1. Manabnues, 10.C. 3yopuna, A.M. MakauieBa
K. ©6inieB aTbiHAarpl XUMHS-METaIUTyprust HHCTUTYTHI, Kaparanns! K., Kazakcran PecryGnukacst

MATEPUAJITAPABIH BYJIIHYI KE3IHJAEI'T MEXAHUKAJIBIK
JKOHE KbL1YJIBIK SHEPTUSTHBIH O3APA BAMJIAHBICHI

Annotanusi. Tex epy TeMrepaTypachiHIarbl JKbUTy dcepi ece0iHeH KaTThl MaTepHaiapAblH OYJIiHyl MYMKiH.
Aunaiiia TeMeH TemrepaTypajaa OyJiHy MeXaHHMKaJbIK e3apa 0aliaHbIC HEPrHsSCHIHBIH KOMETIMEH KeTyl MYMKIH,
JKOHEC A€ OJI YCaKTaJlFaH MaTCpUalibIH KbUTYJIbIK OHEPIrUsCbIHA TOJBIKTBIPbLIAABI. Ka’I‘TbI KYﬁFe KoJijaHnyra GOHaTbIH
BosnpliMaHHBIH Tapatybl €H COHFbI 00JIbIN Ka3buiaabl. Ochl 0eIy/iH aschiHIa OOIEKTepIiH PETCi3 KO3FalybIlHarbl
JKBUTYJIBIK SHEPTHSHBI €CKePE OTBIPHIN, Ke3 KEIreH 3HEPreTHKANBIK KEICPTiIcH OTy BIKTUMAIIBIFBIH aHBIKTayFa
Oonaisl.

Ocsl Herize 3aTTeKTepiH OYIiHY BIKTUMAIABUIBIFBIH €CENTeY YIIH (OopMylia IIBIFApBUIFaH, OJ KBLTYIBIK
JKOHE MEXAaHWKAJBIK SHEPIHSHBIH JKANIBl dcep eTyiH ecKepenmi, ocpulaiima F, aKTUBalMi KeIepTiCiHiH
CaITBICTHIPMAITBI TOMEH/ICYiH KAMTaMachl3 €Te/Ii.

TyiiiH ce3/1ep: KbUTYJIBIK SHEPTHs, MEXaHUKAJIBIK JHEPrHs, ©3apa OailinaHbic, OyiHy, BOIbIIMAaHHBIH TapaTysbl,
BIKTUMAJIJIBIK TEOPHSI, aKTHBALMSUIBIK (pakTop, ycaKTay.

YK 622.8
B.I1. Maabmues, F0.C. 3yopuna, A.M. MakauieBa

XuMuKo-MeTautyprudeckuit nHetutyt umenu JK. Aduiesa, Kaparanna, Kazaxcran

B3AMMOCBSI3b TEILJIOBOM U MEXAHUYECKOM SHEPTUU
ITPAU PAPYHIEHUU MATEPUAJIOB

AHHoTanus. Pa3pylieHue TBepABIX MaTepUaloB BO3MOXKHO 3a CYET TOJBKO TEIUIOBOTO BO3ACHCTBHA IPH
TeMieparype IiaBieHus. Ho mpu HU3KUX TeMIepaTypax paspylLIeHHE MOXET OBITh JOCTHIHYTO C IIOMOLIBIO
SHEPruM MEXaHWYECKOTO BO3JICHCTBHS, KOTOpPOE JOIMOJHIETCS K TEIUIOBOW SHEPrUHM W3MENbuaeMOro Marepuaia.
[MocnenHsisi omuchiBaeTcs pacnpezaeneHreM boibliMaHa, KOTOpOE BIOJHE MOXKHO IPUMEHUTh K TBEPIOMY
COCTOSHMIO. B paMkax 3TOro pacmpefesieHuss MOXKHO OIpPEIENUTh BEPOSTHOCTh IPEOAOIECHHUS JII0OOro
SHEPreTUYEcKOoro Oaphepa, yUUTHIBas TEIJIOBYIO SHEPTHIO XAOTHYECKOTO ABHKEHUS YaCTHLI.

Ha »T0i#f ocHOBe BbIBeneHa (opMmyna Juiss pacuera BEpPOSITHOCTH pPa3pyIIEHHs BELIeCTBA MO CyMMapHOMY
BO3/ICHCTBUIO TEIUIOBOM M MEXaHMYECKOW SHepruu. TeM camblM OOECIeunMBacTCS OTHOCHTENILHOE ITOHM)KEHHE
Oaprepa akTuBanuu E,.

KnroueBble cji0Ba: TeIUIoBas HEPIUs, MEXaHUUYECKasl SHEPTUs, B3aUMOCBS3b, pa3pyILeHUE, PaclpeiesiCHUe
bosnpmaHa, BEpoSITHOCTHAS TEOPHs, aKTHBAILIMOHHBIN (pakTop, H3MENbUYCHHUE.
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