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Abstract. The presented paper describes processes of absorption and chemisorption during microbubbling in
mobile liquid phase are studied. Mass transfer coefficients are identified, specific interphase surfaces and interphase
flows in microbubbling device during absorption of carbon dioxide from its mixtures with methane and water
suspension of CaO are identified. The adequacy of model is proved by experiments of the authors and comparisons
with reference experimental data. It is demonstrated, that value specific interphase surface during microbubbling is
8-30 times higher, than in the normal bubbling, which leads to a significant reduction in working volume of a device
with the same efficiency.

All presented conclusions are based on the provisions of film model of substance's transfer. However,
penetration model can also be used for a description of membrane microbubbling method. Therefore, a comparison
of relationships obtained by film and penetrations model is of big interest. Existing theories regarding chemisorption,
even though they cannot be considered complete, provide sufficiently reliable results for a case of fast nonreversible
reactions of first and pseudo-first order. At the same time, in fact, all models of mass transfer are demonstrating
similar values for mass transfer coefficient for chemisorption. On the basis of the obtained data it will possible to
calculate values of mass transfer coefficient in liquid phase during physical absorption k.. In addition the study
physical absorption of carbon dioxide may allow a verification of a satisfaction of the condition. As a result of the
study optimal process parameters are defined, key factors affecting mass transfer characteristics of membrane
microbubling method are also established. Efficiency of membrane microbubling equipment from the point of view
of interphase mass transfer is assessed.

Introduction

Use of well-known methods of gas separation [1-4] in that case is ineffective and requires a
development of new methods of purification. An alternative way of solving that problem is a combination
of membrane and absorptive processes.

Recently, scientific community of developed countries of the West [5-7] produced a number of
publications, reporting that during a dispersion of a gas through porous membranes microbubbles are
formed [8-11] with dimensions of 0.5-150 um. As a result of such small sizes, microbubbles have a
number of unique properties, such as increased contact surface of interacting phases, they can be widely
applied in chemical [12,13], food and pharmaceutical [14] industries, as well as in biotechnology,
medicine and unconventional energy production.

Mathematical simulation of dispersion mechanics of gas components in the developed technology of
separation and a definition of a relationship of main mass transfer parameters, i.e. specific interphase
surface, interphase flow of absorbed substances (CO,, H,S, NH; etc.), mass transfer coefficients, and
speed of fluid and concentration of active part of absorbent in microbubling processes are not established
so far, which makes it a topical problem.




ISSN 22245227 Ne 6. 2015

Theoretical analysis and results studies

Analysis of features of mass transfer processes in microbubling equipment allows to conclude, that in
a case of a design of an equipment by a type of shell-and-tube module, average time of presence of
microbubles in apparatus is quite small. In that case, considering that the flow's structure in an equipment
is close to perfect displacement model (PDM), average time of presence can be calculated as follows:

or T 3
time of presence is 0.1-0.4 s, the time limit might be not enough for effective physical absorption.
However, in a case of chemisorption, time of gas-liquid reaction is of 0.01 s magnitude [15]. Thus, from a
point of view of effectiveness of mass transfer processes in membrane module, the most prospective are
chemisorption processes in a case of comparatively fast chemical reaction. Moreover, membrane
microbubling equipment can be used not only as absorbers, but also as chemical reactors. Thus, from a
point of view of study of interphase mass transfer in microbubling contactor, it is necessary to discuss
main existing chemisorption theories.

Two directions in a development of chemisorption theory can be marked out, they are based on two
models of mass transfer. The first direction is based on film theory of Uitmen and is developed in works
of Hatta[16] and Van Krevelen[17]. The second direction is based on a penetration theory, it discuses
non-stationary process of absorption during continuous renovation of interphase surface. That direction is
mainly developed in works of Danckwerts|18]. It's worth mentioning, that all existing models cannot be
considered complete and posses a number of disadvantages and number of studies, which would allow to
select one of the directions, is insufficient. At the same time, in some practical cases, results, obtained by
means of different models, are virtually the same [19].

So far there is no data on studies of interphase mass transfer during membrane dispersion of gas. That
data would allow to compare effectiveness of mass transfer equipment. Hence, the presented study is
dedicated to experimental study of mass transfer in membrane microbubling contactor on an example of
CO; absorption by CaO suspension. CaO content in the suspension is 10-20% (mass).

Study of interphase mass transfer in the presented study was carried out on an example of
chemisorption of carbon dioxide by alkali solutions of various concentrations, in order to do that the
method, proposed by Danckwerts and Sharma was used [20].

The process comprises two consecutive reactions:

t.,.= T Considering standard length of ceramic membranes of 0.8 m and fluids’ speeds of 1-3 m/s,

CO,+OH=HCO; D
HCO5+OH=CO;"+H,0 2)
Thus, total reaction is occurring according to the formula:
CO,+20H=CO0;"+H,0. (3)

In a case of sufficient excess of alkali, the second reaction is occuring almost momentarily, that's the
process is limited by the first reaction, which is speed is defined by means of the expression:

Ng =k, [CO,][OH ]. C))

Thus, in a case of excess of OH ions, the reaction can be considered as a reaction of pseudo-first
order [20]. According to the main mass transfer equation, molar flow of CO, from phase to phase can be
defined as follows:

M = ky (CO,G - Ci,G )F = k)/c (Cz',L - CO,L )F > (5)

where &, , k;';— coefficients of mass transfer in gas and liquid phases respectively, Cye — CO,
concentration in a volume of gas phase, C; - — CO, concentration in gas phase in interphase border, Cp; —
CO, concentration in a volume of liquid phase, C;;— CO, concentration in liquid phase in interphase
border, /' — interphase surface area. If chemical reaction is fast enough, it can be accepted that Cyp = 0,
considering that concentrations in interphase surface are related by equilibrium — C; . = mC; ;. the
following can be obtained from expression (5):
M = o (6)

[—+)
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In the following, let's discuss the solution, leading to expression for mass transfer coefficient for
chemisorption. The discussed reaction is very fast nonreversible chemical reaction in liquid phase of the
following type [16]:

A+ v, B v, D (7

At the same time, it's considered that reaction zone starts directly in a vicinity interphase surface and,
depending on speed of reaction and concentration of components, is extended on a different depth. The
process is considered stationary. The solution can be applied to reaction of first (of A — v4D type) and
pseudo-first type.

In a case of nonreversible reaction of first order » by substance A, equation of convective diffusion
will take the following form [21]:

ac
Dy d}.:‘ = kpCy ®)

where reaction speed constant kp is defined according to expression kp = k,.,,Cg', in which
k.. m— reaction speed constant of order of 7+m. Boundary conditions:

y = 0 CA: CAi

y = C, =0

By means of specifying dd% = g, expression (8) can be presented in the following form:
Ay

dag k _
(e ﬁ Cy =0, 9)
Integration of that expression considering boundary conditions leads to the expression:
&) _ 2 ke mit
( dy n+1 Dy Ca (19
Because S-4is negative:
-
f+1
acg) _ _ |2 ke
gy /] 4|ntiy]Dy A {10
ntlyDa
Thus, interphase chemisorption speed can be defined as follows:
ll—ru--_
e o 2y — (ZkpDg A2
N, = —D,( = ]FD T ELes, (12)

In a case chemical reaction of first (or pseudo-first) order is not fast enough, C,;—0, and from
expression (12) it follows, that chemisorption speed can be calculated as follows:

Ny = /kpCy;Dy. (13)

Then, considering, that in a case of fast enough reaction C,4~=0, the following expressing for

coefficient of mass transfer for absorption, which is accompanied by reaction of pseudo-first order (also,
considering that the reaction has the first order by substance B):

o )
r o Ny = ol =y
In all relationships presented above it is presumed, that substance B is in excess and Cp = const. In
, o . . e [k, Cp Dy
the study [17] an investigation into influence of concentration of C on ration of values k—“and %

(as Cp an average value is used). The studies were carried out using carbon dioxide — sodium hydroxide,
results are presented in figure 1.

—— 84 ——
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Analysis of the diagram shows that even in a case of slow reaction, independently of concentration B,
[

iy . . .
value of o R 1 and process are close to physical absorption. Increase of reaction speed leads to that value

i

Kk . kzCp Da
of = becomes approximately equal to ———

, which demonstrates a possibility of application of

expression (14) for calculation of mass transfer coefficient. Infthat area the process is limited by speed of

. . . . ky . . g
chemical reaction. With a further increase of speed value of Py becomes constant, which is close to - tf'
x ' Ca

>

at the that, the process is limited by mass transfer B to reaction zone.
According to aforementioned points, expression (5) can be used with acceptable accuracy in the
following range:
c o« Y*aC8Ds { 3 } (15)
K vp LA
wherek..— mass transfer coefficient for physical absorption. Substitution of expression (14) in
expression (6), considering that /' = aV,,, produces the following:

M= Co,02Vivark . (16)

i, )
\ ¥ lkaCpDeo., |
\ | Z

Expression (16) can be transformed in the following form:

CD,I."rI:"':l‘l”l:l."?{ — 1 ™ (17)
M Ky a.‘__-'.‘a-::r_’B.Dcﬂ:
. Co.c Vuword m . . . .
In coordinates v = %, X = === cxpression (17) describes line with angle of
: Jk2Cp Do,

e 1 . . . . .1 .

inclination tangent - and crossing with coordinate axis in point = Thus, by means of experimental study
}-E

of relationship of y from x specific interphase surface area in equipment can be defined, as well as mass

transfer coefficient in gas phase, which allows to define effectiveness of interphase mass transfer in
membrane microbubling equipment.

Following conclusion can be made on a basis of analysis of mass transfer with chemical reaction:
existing theories regarding chemisorption, event though they cannot be considered complete, provide
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sufficiently reliable results for a case of fast nonreversible reactions of first and pseudo-first order. At the
same time, in fact, all models of mass transfer are demonstrating similar values for mass transfer
coefficient for chemisorption. However, because an implementation of expression (4) requires conforming
with condition (15), it is necessary to carry out additional experimental studies in order to define value of
k... For conditions, specified by inequality (15), coefficient of mass transfer may be calculated according

to expression k. = y/kpD, = /k,C5D,,, which is conforming both with film and penetration theorics.
The expression shows, that in a case of fast chemical reaction, mass transfer coefficient doesn't depend on
hydrodynamic conditions in flow core, but it is defined by speed of reaction and speed of diffusion of
absorbed component.

Methodology

For the study of interphase mass transfer during chemisorption of carbon dioxide by CaOH solution
in membrane contactor, the method proposed by Sharma and Danckwerts was selected [20].

Molar flow of absorbed COin that study was experimentally defined by means of a change of
concentration of alkali in solution, the following expression was used for calculations:

r H K:
—cg ¥y
M= EEM 1""3 L (18)
‘b

whereCY and CF - initial and final alkali concentration, ¥, — consumption of solution, V5 —
stoichiometric coefficient in overall equation, which is equal to 2.

Reaction speed constant of second order & can be calculated using the following expression [22]:

lg( i )= 0.2211 — 0.01612. (19)

ks
Value of speed constant in infinitely diluted solution is defined as follows:
lg(ky..) = 11.895 — == (20
Expression (20) can be used in temperature range 290-314 K. Ionic force is calculated according to
the following expression [23]:

1 2
[ =2X0 GZ] (21)
whereC; — concentration of Ca', HCO;~, OH, CO;” ions, Z~valence of those ions. At the same

time, it is noted [24] that, because of HCO;~ and COs* ions' concentration are quite small, their values
can be neglected. Thus, value of 7 becomes equal to concentration of alkali in a solution.
Diffusion coefficient CO, in alkali solution is defined according to the following equation [25]:

.85
— nog (&
Dcoz =D £, [:TT} ’ 2)

wheret ;. — viscosity of water, [, — viscosity of alkali solution (was defined according to the data
ag y Y

[25], CO, diffusion coefficient in clear water is defined as follows [26]:

D =235-10"%exp(—Z2) (23)

Distribution coefficient m was defined on a basis of experimental data on solubility of carbon dioxide
in solutions of CaOH, presented in [24]. In experiments on membrane with average pore diameter of 0.5
um, in a case of alkali concentrations of 0.030-0.070 kmole/m’, value of m=10.3 was used, in experiments
on membrane with average pore diameter of 2.6 um, in a case of alkali concentrations of 0.014-0.030
kmole/m’, value of m=9.9 was used,

Analysis of adequacy of the obtained data

Analysis of main mechanisms of mass transfer with chemical reaction allows to conclude, that during
chemisorption mass transfer coefficient in liquid phase both in plate type and membrane type membrane
microbubbling device can be calculated using expression (14), thus, values of k.. will be comparable.

Mass transfer coefficients in plate-type device, calculated on a condition of equal k. and value k, =
1:10° m/s are 4.6:10” — 7.5-10° m/s and 2.9:10° — 5.1-10” m/s respectively. Therefore, mass transfer
coefficients in plate-type device in the discussed conditions will be 1.1-2.9 times higher than in membrane
contactor.

From expression (17) with known values of @ and £, interphase flow can be described as follows:

—— 86 ——
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=1
— (% m___ e
M= (k}. + ) CocVoors e
Transformation of expression (24) gives the following:
y =1
1 m = _ =
M= (E ik 'vm) aCD,GIfwork - k}'acﬂtﬁ ijarkﬂ (25)

it can be concluded, that because value of k:,. membrane device is in average 1.5 times smaller and

specific interphase surface is in 8-30 times higher, than in a case of the same working volumes amount of
absorbed substances will increase in 5-20 times. It allows to conclude that in order to reach the desired level of
absorption, membrane microbubbling device must have 5-20 smaller working volume than plate type device.
At that, the following recommendations can be given. Mass transfer coefficient obtained during experiments
with both membranes are quite close, but in the same time values of specific interphase surface for a membrane
with d=0.5 pm are in 2-2.5 times bigger. Thus, it can be presumed, that implementation of microfiltering
membranes with pores less than 1 um will give more significant effect in decreasing sizes of a devices and,
consequently, will reduce capital spendings. At that, the most optimal range of speeds of liquid, both from
point of view of mass transfer coefficients and specific interphase surface is a range 1.5-2.5 m/s. At the same
time, in a case of use of membrane with 0.5 um pores necessary gas pressure is three times higher, as
compared to a membrane with 2.6 pm pores. It can lead to significant energy expenses for gas blow off,
especially with their expenses. Thus, for design of membrane device for a specific process technical and
economic analysis should be carried out in order to find a compromise decision between a selection of type of
membranes with smaller pores to reduce sizes of device from one side, and a selection of membranes with
bigger pore to reduce necessary pressure from another side.

Calculations of mass-transfer coefficient, which were carried out on a basis of experimental data,
shows, that for conditions, studied in the presented paper, mass-transfer coefficient in membrane
contactor (calculated for gas phase) has values of 1.6:10° — 4.5:10” m/s for a membrane with 0.5 pm
pores and 2-3 ~ — 4.5-10” for a membrane with 2.6 pm pores.

Conclusion

Processes of absorption and chemisorption during microbubbling in mobile liquid phase are studied. Mass
transfer coefficients are identified, specific interphase surfaces and interphase flows in microbubbling device
during absorption of carbon dioxide from its mixtures with methane and water suspension of CaO are
identified. The adequacy of model is proved by experiments of the authors and comparisons with reference
experimental data. It is demonstrated, that value specific interphase surface during microbubbling is 8-30 times
higher, than in the normal bubbling, which leads to a significant reduction in working volume of a device with
the same efficiency. A comparison with membrane hollow fiber contactors shows that using of ceramic
membranes allows to substantially increase value specific interphase flow in the microbubbling device and it is
comparable or higher than in a case of hollow fiber contactor.

As it was noted, all presented conclusions are based on the provisions of film model of substance's
transfer. However, penetration model also can be used for a description of membrane microbubbling
method. Therefore, a comparison of relationships obtained by film and penetrations model is of big
interest. Existing theories regarding chemisorption, even though they can't be considered complete,
provide sufficiently reliable results for a case of fast nonreversible reactions of first and pseudo-first
order. At the same time, in fact, all models of mass transfer are demonstrating similar values for mass
transfer coefficient for chemisorption. For the verification of the conditions on pseudo-first order reaction
(condition 15) it is planned to conduct experiments on physical absorption of pure CO, by water, on the
same¢ membranes and in the same speed range of liquid and gas consumptions as in experiments on
chemisorption. On the basis of the obtained data it will possible to calculate values of mass transfer
coefficient in liquid phase during physical absorptionk, .In addition the study physical absorption of
carbon dioxide may allow a verification of a satisfaction of the condition (15).
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MogemmpoBanue 09HCTKH MHOTOKOMIIOHEHTHBIX Ta30B B MAKPOGapGoTaKHOM allliapaTe MPH XeMocopomun
INOKCHIA Yriaepoaa

B.M.KamibiGacsa', A.E.Xycanos', E.A. Imurpues?, JI.C.Cabbipxanos’
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KiroueBble ciioBa: MukpoOapOOTaXHBIM armiapar, KepaMmuyeckue MeMOpaHbI, BBICOKOKOHIIEHTPUPOBAHHBIH METaH,
HETPaIUIIHOHHAS SHEPTeTHKa, MaTeMaTIHIECKUE MO/IETIMPOBAHIE, MacCOOOMEH, KUIKOCTh, Ta3, MUKpoOapOoTax

AnHoTammsl. B JlaHHOH cTaThe oIMcaHbI Iporiecchl a0CopOIMU U XeMOCOPOIMU IIpH MUKPOoOapboTake B IIOJBUKHYIO
FUKyIo daszy. OnpeneneHsl k03GOUIMEHTH MAacCOOT/a M, YAEIbHBIE TIOBEPXHOCTH KOHTakTa (a3 u MexdasHble IIOTOKU B
MHKpoOapOOTa)KHOM aIliapate IIpU IOTTIONIEHUH JHOKCH/a YITIepo/ia U3 ero cMecell ¢ MeTaHOM M BoJHOM cycriensueit CaO.
AJIeKBaTHOCTH MOJIENHU JIOKa3aHa COOCTBEHHBIMU SKCIIEPUMEHTaMHU M CPaBHEHHMEM C JUTEPATYPHBIMU SKCIICPHMEHTAIBHBIMU
JaHHbME. [lokaszaHo, UTo BelMUMHA YIeNbHOM OBEPXHOCTH KOHTaKkTa (a3 mpu MukpobapGoTake B 8-30 pa3 Gombllie, YeM Ipu
o0bruHOM OapOoTaxke, YTO IIPUBOJUT K CYIIECTBEHHOMY YMEHBIICHMIO pabouero oO0bema armiapara IIpU  OJMHAKOBON




Joxnaovr Hayuonanvroti axademuu Hayx Pecnyonuxu Kasaxcman

3¢ PEKTUBHOCTH.

Bce mpejicTaBIeHHbIE BEIBOIH OCHOBAHEI Ha ITOJIOKEHISIX INIEHOYHOM MoJIeNH epeHoca BemntecTBa. OHAKO IS OTIMCAHYS
MaccooOMeHa TIpU MeMOPaHHOM MHKpoGapOoTake MOKET IOJXOJUTh W TIEHETPAIMOHHAI MOJeb. [103ToMy TIpeicTaBiseT
GONBINON MHTEpeC CpaBHEHWE JAHHBIX 3aBUCHMOCTEN ¢ 3aBUCHMOCTSIMH, IOTYyUSHHBIMH Ha OCHOBE ITEHETPAITMOHHON MOJIEIH.
CYINECTBYIONHE TEOPHU XeMOCOPOIMH, XOTS W He SBIIOTCS JOCTATOYHO IIONMHBIMH, HO JAIOT JIOCTATOYHO HaJleKHBIE
PEe3yIBTaThl IS ciydast OBICTPHIX HeoOpaTUMBIX PEaKITHil IIepBOro M IICEBIO-TIEPBOTO Mopsika. [Ipu 3ToM (akTHUecKdu Bce
MOJIETH TIepeHoca TPeICKa3bIBAIOT CXOIHbIE 3HAUSHUSI I KodQOUIMeHTa MacCOOTIaur IIPH XeMocopOrmy. OJHAKO B CHITY

F
HEAOCTAaTKOB, CBOMCTBCHHLIX CYIICCTBYIOIUM MOJCIIIM II€pEHOCA, I TOUHOI'O IIPEJICKa3aHusd k.‘:’ H606XOZ[I/IMO HUMETDH

SKCIIEPUMEHTAIbHBIE JIaHHBIE ok . B pe3ylbTaTe UcCleJOBaHUs OIIpe/IeNIeHbl OIITUMAIIBHBIE ITapaMeTpPhI IIPOIIecca, BBISIBICHBI
OCHOBHBIE (aKTOPBI, BIMSIONIME Ha MacCOOOMEHHbIE XapaKTepHCTHUKM MeMOpaHHoro MukpoOapOortaxa. [laHa orieHka
3¢ PeKTUBHOCTH MEMOPAHHBIX MUKPOOapOOTaKHBIX aIlllapaToB ¢ TOUKH 3pEHUSI MEK(a3HOTO MaccoOOMeHa.

MuxpoGapdoTaxkabl anmapaTTa KeMipTeri THOKCHAiHIH XeMocopOIUsITaHy Ke3iHjge KeIKOMITOHETTi Ta3aapabl
Ta3ajaayabl MOTeIbAeY

B.M. KannbiGaesa®, A.E. Xycanos', E.A. Imupues’, JI.C. Cabbipxanos’
husanov@inbox.ru

M. OyesoB atsmarel OHTYCTIK Kazakctan MemiekeTTik yauBepenteti, J1IbmvkenT K., Kazakctan
2 J1. MeHnpieneeB aTeHmars! Peceli XuMuUsI-TEXHOTOTHSUTHIK YHUBEpCcHTeTi, Mackey K., Peceit

Tyiiin ce3mep: MHUKpoGapGOTaXIpl anmapar, TYTIKIIET KepaMUKATHIK MeMOpaHa, KOFaphIKOHIIEHTPAITSITEI METaH,
JI9CTYPIIL €Mec SHEpreTHKa, MaTeMaTUKAIBIK, MOJIET/Iey, MaccaaIMacy, CYHbIK, ra3, MUKpoGapooTax.

AnHotamus. byn wmakamama wMuxpoGapOoTak KesiHae Ko3ranMamsl (azagarsl  abGcopOImst JKoHe  XeMocopOIms
IIPOLIECTEPIHIH YDyl cHUITIaTTaIFaH. MUKpoGapOoTaKIb! arliapaTTarbl KeMipKBITIKBUI Ia3bIHBIH MeTaHMeH KocranapbiHga CaO
CYMEH CYCIICH3USCHIHBIH CIHIPUTY1 Ke3iH/e Maccammacy kodduimenti, gazamapaplH MEHIIKTI KaHacy GeTTepi jkoHe dazanap
apajiplK arblHJapbl AHBIKTAIIBL AJIBIHFAH MOJICNBACPAIH AaHBIKTBUIBIFBI TOXKIpHOENK MAIiMeTTep JKoHe ojebuerTeri
aKrapaTTapMeH CalbICTBIPBUIBII JIdNeNieHreH. MukpoGapSoTax KesiHje (azanapiblH MEHIIKTI aHacy OeTTepi KapalaibiM
GapboTax ke3iHzerifieH 8-30 ece Kol eKeH I KOPCeTUreH, ol Oipet THIMIUTIK Ke31H/Ie almapaTThH KYMBIC KoJIeMIHIH eTeymi
TOMEHJIEYiHEe MYMKIHITILTIK Gepetl.

bapiblK  YCBHIHBUTFAH KOPBITBIHJBUIAD 3aT alMacyAblH KaOBIPIIAKTBl MOJENHE Heri3leNreH. bipak, MeMmOpaHabl
MHKpoOapboTakia MaccaMIMacy /bl CUIMIATTay YIIH ITEHTePalMsUIbK MOJEb JIe JAYPhIC Kelyl MyMKiH. COHJIBIKTaH, ajbIHFaH
MAIMETTep Il IIEHTEPAIUSUIBIK MOJIENb HET131HIe albIHFaH MaJIiIMETTEpP apKbUIbI Jia CalbICTHIPY KBI3BEYIIBUIBIK TYIbIpapl. OCkI
KYHI'e JediHri Genrimi XemocopOIms Teopwusuiaphl TOIBIK Goiamaca jga, GIpIHI JKoHe KanraH-GipiHIi peTTi eTe KbUIIaM
KalTBIMCBI3 peakIusiap YIIH ceHIMAl HoTwxenep Oepeli. by xaraafiia 3aT anMacyblH Oapiblk MOJIEIbIEPl XeMOCOPOIHS
Ke3iHje MaccaanMacy kospQuIeHTTepi YIIH yKcac Hatmke Gepemi. bipak 3aT 3aT anmacyblH GapiblK MoJIelbAepine TaH
KeMIIIKTepiHe OailaHBICTBl k, NI aHBIKTay YIIH j OOMBIHINA TIKIPUOENK MATIMETTEp KakeT. 3epTrey OaphICHIHIA
TIPOTIECTIH, THIMJI TapaMerpiepi, MeMmOpaHaIbl MHKpPOGapGOTaXKIBIH KOPCETKIMTepiHe acep eTymi Herisri daxTtopmap
aHbIKTaIIBL Pazanap apablK MaccaMIMacy TYPFBICBIHAH MUKPoOapOoTak bl allliapaTTap/IbH THIMALTIriHe Gara GepiireH.
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