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KOHOEHCALUMANAHFAH KYNUOIH ®U3UKACDI
OU3SUNKA KOHOEHCUPOBAHHOI'O COCTOAHUA
PHYSICS OF THE CONDENSED MATTER

DOI: 10.31489/2019Ph4/8-14

UDC 53.012+52.336

A. Meirambay, K.K. Yerzhanov

L.N. Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan
(E-mail: aidana2909@mail.ru)

Solution of the deformed Schwarzschild metric by the Yang-Baxter equation

In this article, an open-closed string map formulated by Seiberg & Whitten was used to solve problems of
generalized supergravity, including the deformed Schwarzschild metric. For this task, found analytical
supergravity solution (deformed metric and NSNS (Neveu — Schwarz) two-form B,,-field). The solution was
obtained from antisymmetric bivector constructed from antisymmetric products of Killing vectors used as
components of the equation of motion. In the problem under consideration, the equations of motion are the
CYBE (classical Yang-Baxter equation), whose general solution can be obtained using the r-matrix. As a re-
sult, for the deformed metric, the Hamilton — Jacobi equation is obtained, the particle motion on the plane is
studied, with 6 = /2. So, we obtained several analytical solutions for the function #(¢), (7). Since these re-
sults are very voluminous for representations, we present the schedule the test particle from the function (¢),
which shows the centrally- symmetric motion of the particle in the Schwarchild field. As a continuation of
this work, it is possible to obtain a numerical solution for a function 7(¢), that has a complex integral for the
analytical solution of this problem. The theoretical meaning of the work is that CYBE derives from the equa-
tion of motion of the theory of gravity, thereby reducing the problem of determining the r-matrix, which is a
CYBE solution for generalized supergravity.

Keywords: Classical Yang-Baxter equation, Hamilton-Jacobi equation, open-closed string map, supergravity,
Killing vectors, B-field, NS sector, TsT transform, antisymmetric bivector.

Introduction

Yang-Baxter string sigma — models provide a systematic approach of deforming the geometry of coset
classes, like AdS,xS” while maintaining the integrability of the G-model. It was demonstrated that the

Yang-Baxter deformation in the target space for any geometry can be considered as an open-closed map of
the string. Considering the geometry as a bivector and an isometry group, which is determined by the linear
combination of antisymmetric products of Killing vectors, is possible to get the equations of motion general-
ized supergravity, which is equivalent to the classical Yang-Baxter equation (CYBE) [1].

Integrable deformations of G -models [2, 3] is possible to apply to string ¢ -model and AdS/CFT geom-
etries [4, 5]. So were investigated noncommutative [6—8] and marginal deformations [9, 10] of AdS/CFT

geometries: as a part of a larger family of integrable deformations of AdS,xS” geometries in which the
deformation is specified using the r-matrix for solving the CYBE.
In this work, we will try using the open-closed string map [11] as a simple, effective method for solution.
Let's take «open string data», which produced «closed string data» as a new metric g and B-field after
inverting single matrix. Dilaton is determined by 7-duality invariant and Killing vector / is a the divergence

of antisymmetric bivector @ [12]:
V0" =1
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Building the open-closed string map of Seiberg & Witten [13], which were write as:
(g+B), =(G" +6")™".
Here (g,B),(G,0) are respectively closed string and open string fields. The metrics g,G are symmet-
ric and B,© are antisymmetric counterparts.
Connection of the deformed solution ( g,,,,B,,,9) with the original solution (G,,,0",®) of NS sector
has the form [14]:
2, =(G'-0:-G-0);

B, = —(G"'-0)"-0-(G'+e); €]

o= —%m(det(l +G-0)).

In the above - denotes matrix multiplication and G and © are to be viewed as two matrices. The indi-
ces on © are lowered and raised by the metric G .
r-matrix solutions to the CYBE take the form [14]

r=%r”]} AT,

where 7, are elements of the Lie algebra, 7, € g . Here the bi-Killing structure of © is the 7 -matrix written

in the basis of Killing vectors.
For the object of the study we take the Schwarzschild black hole metric

2
ds* = —(1 ——2’"}1# 4= 2 (dg? +sin’gd6?),
r 1_2ﬂ

r

1t is convenient to write the metric in matrix in the form
-a 0 0 0

0 1/a O 0
o 0 0
0 0 0 K
We choose © to an antisymmetric product of Killing vectors:
O =—ecosO+Asin6;
0" =§+cotd(esin@+Acos0);
0 = 0.cos®—Pcotd+ysin6;

rewrite in matrix form

0 0 -D &+Z-M

0 0 0 0
Q=

D 0 0 N

-0-Z-M 0 -N 0
Made such replacements to simplify the calculation

a=1—2—m;
r

K =sino;

D=ec-cosO—A-sinb; )
Z =cotQ;

M =e-sinf+A-cosb;

N=o-cosO—[B-cot@+y-sin6.
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Using formula (1) we find the supergravity solutions (deformed metric, B-field)
ds® = LQ[(KzNzrzta2 +a’)dt +dr’ + <K2M222a2r4 +2K*MZa*r +

a
+K2a*8r — rzar)d(p2 +(D*K*a’r* —=r*K*a)dy’ —(K*MNZa*r* + K> Na*8r*)(dtd ¢ + d odt) — 3)
—Dr*Na’K* (dtd®+dedt) + (DK*MZa’r* + DK*a*&r*)(dpd 0 + dedq))],
the components of the metric tensor is more convenient to write as a matrix
a(K’N*r* +1) 0 _a(MZ+J3)K*r'N _ Dr'NaK®
Q Q Q
0 1/a 0 0
8=\ a(MZ+3)K’r'N (K*M*Z*ar® +2K*MZadr* + K*ad*r* —=1)r*  r*Da(MZ +8)K?|» (4)
Q Q Q
_ Dr*NaK’® 0 r*Da(MZ + §)K? (D*ar’ -1)r'K’
Q Q Q
where
Q=K’M*Z’ar’ +2K’MZadr* — K’ N°r* + K*a&r* + D’ar’ —1. 5)
2 4 -2 2 2
BWJ‘IDthd(pHKNd<pAde+MdeAdt; (6)
Q
0 0 r*aD 3 r*aK*(MZ +8)
Q Q
0 0 0 0
B = 2 4 -2
_raD 0 0 r'K°N
Q Q
r*aK*(MZ +9) KN
Q Q
To determine the trajectory of a particle, use the Hamilton-Jacobi equation [15]
ax ds ds 2 2
————mc" =0. 7
dx' dx" @
With the metric tensor (4), eq. (7) takes the following form
2 2 2 2
(42 (] 3]
dt dr do do ®)
b0 B AS A5 dS | edSdS o dSdS e ds ds e dSdS 0o
dt do do dt dt do doe dt do do dodo
where g =g g% = g% g% = g%
By the general rules, the solution of the Hamilton-Jacobi equation s is sought in the form [16]
s=—et+Mo+s.(r), )
where € — energy and M — angular momentum are constant.
Substituting eq. (9) into eq. (8) we found
m2c? —(E)zg” +%gt(p _MZg(p(p
d(s,(r) _ c c
= (10)
dr g"
Lowering the indices of the components of the metric tensor, the eq. (10) is written
2 2
sr(r)=j m’c’ — f +2MS—M— g,.dr, (11)
C8: CE€u Eyp
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81‘
there we use the formula lowering and raising the indices of the metric tensor g, = —’; :
1 1 1 1
gn—?,gt‘p—g,gw—ﬁ,gw— o (12)
Using expression j—ﬁ; = const , from eq. (9) we can obtain AQ
d(s,(r))
AQ = const —————=, 13
0 y; 13)
substituting eq. (11) to (13) we will result in the following eq.
€ M | —
- T grr
( Cg(pt g(p(p ]
AQ = const — I dr. (14)

2. € 2Me M’
mce ———+ -
€8 8o 8yo
Since the integral in equation (14) is difficult to solve we take the derivative with respect to » from
both sides of the eq.

- =0 (15)
dr e & 2Me M®
czgll cg(pt g(p(p
that numerator of equation (15) can be reduced to zero
M
B g, =0. (16)

To simplify the problem, we consider the case when the motion occurs in one plane, that is, we can take
. T . . . . .
it 0= > since the field is central, then the replacements in eq. (2) will take this form

a=1—2—m;
r

K =sing;
D=-\; (17)
Z = cotq;
M =¢;
N=-B-coto+Y.
Substituting these expressions (17) into components g, g, &, » getting two equations (18), (19)
¢ +
c(1=2m/ r)(r*sin’p(y—Pcot )’ +1)
+ M -~
(e’ sin’Pcot’ (1 —2m / r) +2edr sin’pcot (1 —2m / )+ &1 sin’p(1—2m / ) — 1)r’
from this eq. (18) we get: #(¢) have 2 solutions, @(7) have 5 solutions.

0, (18)

) _ 2_ 4
1+sin"@(y—Pcote) r -0, (19)

g, Q= 7”262 sinz(pcotz(p + 2665in2(p cot (pV2 + 82 sinz(p?'2 + 7\,27'2 -
(1-2m/r)

from this eq. (19) we get: #(¢) have 5 solutions, @(7) have 8 solutions.

So we got some non-zero solutions that are complex and lengthy to write. We can demonstrate one of
the result graphically in Figure.

Cepusa «dusmka». Ne 4(96)/2019 11



A. Meirambay, K.K. Yerzhanov

Figure. Movement of test particle in deformed Schwarzschild field,
when o,B,7,0,A,e,m,e,M,c=1. The graph is built from a function (@)

Conclusion

Let us review what has been achieved. We consider AdS,xS> and Schwarzschild spacetimes and

found supergravity solutions for it, using an open-closed string map formulated by Seiberg & Whitten.The
solution is determined by a bivector, constructed from antisymmetric products of Killing vectors used as
components of the equation of motion. The main point of the work is that CYBE emerges from the equations
of motions of a gravity theory, thereby simplifying the problem of determining the r-matrix solution to the
CYBE.

As a result, for the deformed metric, the Hamilton — Jacobi equation is obtained, the particle motion on

the plane is studied, with 6 =§. We obtained some analytic exact solutions for the functions 7(¢) and ¢(r),

which are very long to write, therefore, we will provide only a graph of one of the solution. From the graph
of a test particle of function (@) is concluded: particle moving in a centrally symmetric Schwarzschild field
are obtained. It is also easy to yet a solution 7(¢), which contains an integral, difficult for an analytical solu-
tion.

Originally integrability was finded in string models on A4dS,xS? (which described are [3-defor-

mation). There are also integrable string theories that known as m,A -deformations, which are considered
models on AdS,xS”. In the case of n,A -deformations, the CFT (conformal field theories) construction

gives the NS-NS fields. For deformation our model wording for NS-sector, respectively. Following CFT we
must construction classical R -matrix for the selected model. The R -matrix is classical solution of CYBE.
Our work is based on the consideration of the integrability of model deformation (in our case, Schwarz-

schild black hole) geometry AdS, xS>, where the deformation is expressed through the solutions of the

R -matrix CYBE. When the model is deformed, symmetries are preserved, which is typical for CYBE.
The Hamilton—Jacobi solutions obtained from deformed metric (3) generated through the open-closed

string map give us the particle trajectory in the Schwarzschild black hole in geometry A4dS, xS>.

As the form of the particle trajectory is symmetrically different from the results of calculations of the
standard Schwarzschild metric. It can be seen from figure 1 that the particle trajectory obtained from the de-
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formed metric will look like a folding ellipsoid spiral, while the standard Schwarzschild metric gives the cir-
cle spiral.

For our case, it is deformed (squeezed) more than twice. The diameter perpendicular to it is com-
pressed, approaching the shape of the circle with time.

The work was carried out with the financial support of the Ministry of Education and Science of the Re-
public of Kazakhstan, Grant No. 0118RK00935.
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A. Meiipamb6aii, K.K. Ep>xanos

SIur-bakcrep TeHaeyiHiH daicTepi ApKbLJIbI aJIbIHFAH
HIBapummiba AeGopMallUAIAHFAH METPUKACBIHBIH HIeIIiMaepi

Makanaza OKaumbUIaHFAH — CyleprpaBUTauldsl — ecemTepi  ymrH, coHelH  imiage  [IBapumumbn
nedopmarusianFan Metpukacel yurin CeifHOepr jkoHe YHUTTOHMEH jKacalFaH alliblK-KaObIK IMIEKTIK KapTa
naiinananeliabl. byt ecen yIiH aHaIUTHKAIBIK CYNEPrpaBUTALMSIIBIK ILIEIIIM albIHAbI (HedopMalysiaHFal
MmeTpuka xkoHe NSNS (Neveu-Schwarz) exidpopmansl B,,-opic). Kosranbic TeHIeyiHiH KOMIOHEHTTEpi
peringe KoimaHeUIFaH, KWUIMHT BEKTOPIAPHIHBIH AHTHCHMMETPHSUIBIK KOOCHTIHHICIHEH KYpacTBHIPBUIFaH
AQHTHCUMMETPHSUIBIK OMBEKTOp MalfasIaHbIIIBL. KapacThIpbUTBIT OTBIpFaH ecenTe KO3FalIbIC TeH IeYIHIH jKall-
IIBI IIENIiMi #-MaTpUIbl apKbUIEl AJIBIHATHIH KIaccukanslK SIHr-bakcrep terneyi (KSABT) Gonsm tabbuiazsl.
KopbIThinbLTail Kenrenzae, AehopMansiianFal MeTprka yiuin ['amuibToH-SIko6u Tenaeyi ansiaran, 0 = 1/2
JKa3BIKTRIFBIHAA O6JIeK Ko3ranbickl 3eprrenreH. ConbiMeH Katap 7(¢), ¢(r) GyHKIMsIapabH OipHere
QHAJIMTUKANBIK 1enimaepi Oepiired. bys manimertep ote kenemai Oonranabikra, LBapimmiba epicinae
OOIIIEKTIH OPTaIBIK-CUMMETPHSUIBI  KO3FAIBICBIH KOpceTeTiH 7(¢) (GYHKIMACHIHAH alblHFAaH CBIHAK
OemmekTiH rpaduri faHa kepceTiani. OCbl JKYMBICTBIH JKaJIFaChl PETIHIEC €CEeNTi aHAIUTHKAJBIK IICIIYIiH
KYpJZeli MHTerpaibiHa nue #(¢) GYHKIUSICH YIIH CAaHJBIK IIemIiMl amyra Oomaasl. JKYMBICTBIH TEOPHSIBIK
MOHI KJacCHKalbIK SIHr-BakcTep TeHAEyl I'paBHTALMS TEOPHSCHIHBIH KO3Fasblc TeHaeyiHeH wmibiFbin, KSIBT
OICNIMI YIIH SKaINbUIAHFAH CYIEPrpaBUTALUsl OOJBIT TaOBUIATHIH, 7-MAaTPUIAHBI AHBIKTAY MiHACTIH
a3alTaTBIHBIHAA.
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Kinm co30ep: xnaccukanblk SHr-bakcrep tenaeyi, ['aMunbroH-SAko0u TeHaeyi, alllbIK-TYHBIK 1IIEKTIK KapTa,
cyneprpaBuranus, KwumHr Bextopaapsl, B-epici, NS-cextop, TsT typrenaipy, aHTHCUMMETPUSIIBIK
OMBEKTOP.

A Meiipamb6aii, K.K. Ep>xanos

Pemenune nepopmupoBannoii merpuku lIBapumuiabaa
MeToaamMu ypaBHenus fSura-bakcrepa

B craree mns pemeHust 3amad 0o0OOLIEHHON CyNeprpaBUTAIMU, B TOM YHCIE Ie(GOPMHPOBAHHON METPHKH
[IBaprmmibaa OblIa HCIOJIB30BaHA OTKPBITAs-3aKpbITas CTPYHHAs KapTa, copMyiaupoBanHas CeitHOeprom
u YurroHoMm. J{71s 3Toii 3amauu ObIIO MOTYYEHO aHATUTHYECKOE CYNEeprpaBUTALOHHOE pelieHue (aehopmu-
poBanHas Merpuka 1 NSNS (Neveu-Schwarz) nByxpopmuoe B,,-10JI€) C HCHOJb30BAHUEM AHTHCHMMET-
PHYHOTO OMBEKTOpA, TOCTPOSHHOTO M3 aHTUCUMMETPHUUHBIX NPOU3BEACHUN BekTOpoB KuitiHra, Hcmomib3o-
BaHHBIX KaK KOMIIOHEHTHI ypaBHEHHMs ABIKEHNUS. B paccMarpruBaeMoli 3aiaue ypaBHEHHE JIBIDKCHUS SIBIISICT-
csl KaccuueckuM ypaBHeHHeM SHra-bakcrepa (KYSIB), ube oflee pemenne MOXKHO IOIYIUTh ¢ MOMOIIBIO
r-Matpunsl. B urore, m1s neopmMupoBaHHONW METPUKH MOTYy4eHO ypaBHeHHe [ ammibTona—Skoown, ucciemno-
BaHO IBI)KEHHE YAaCTHIIBI Ha IUTOCKOCTH 1pH O = /2. KpoMe TOro, HaHbl HECKOJBKO aHATUTHIECKUX pelle-
Huid it Gyskumit 7(9), ¢(r). Tak kak 3TH JaHHBIE OYeHb 0OBEMHBI IS MPECTaBICHHH, TPOIEMOHCTPUPO-
BaH TOJBKO rpaduK NpOOHOU 4acTUIBI OT GYHKUUH 7((), KOTOPBIi MOKA3bIBACT LIEHTPAIbHO-CHMMETPUYHOE
JBIDKEHHE 4YacTHLBl B IIBApIIIMIBIOBCKOM mone. Kak mpomomkeHne 3Toil paboThl BO3MOXKHO TMOTYYHTh
YHCJIEHHOE pelleHne Mt QyHKIHUU 7(f), KOTOpOe UMEET CIIOMKHBIN MHTETpall JUIsl aHATUTHIECKOTO PELICHHS
3agaun. TeopeTHueckuii CMBICT pabOTHI 3aKJIIOYAETCS B TOM, YTO KlacCHUecKoe ypaBHeHHe Slnra-bakcrepa
BBITEKACT U3 YPaBHEHMs ABIDKCHHS TEOPHU TPAaBHTAlUH, TEM CaMbIM yMEHBINAs 3a1ady ONpeIeeHHs /-
MaTpHUIIbl, KoTopas seisiercs pemennem KY b mist 00001eHHO# cyneprpaBuTaiyy.

Kniouesvie cnosa: kmaccuueckoe ypasHeHue SHra-Bakcrepa, ypaBHenme ['ammibrona-SIko0OH, OTKpbITas-
3aKpbITasg CTpPyHHas KapTa, cyneprpaButauusi, BekTopsl Kwimuara, B-mome, NS-cextop, TsT-
npeoOpa3oBaHus, aHTUCUMMETPUYHBII OMBEKTOP.
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Ill/IHaMI/IKa ABYX J1a3€po0B, CBA3AHHBIX B3aUMHOM Moz[y.]muneﬁ I[OﬁpOTHOCTI/l

B npubmmxeHnn CKOPOCTHBIX YPaBHEHHUH IMOCTPOEHAa MaTeMaTHYeCcKasi MOAENb CHHXPOHHU3AIMU JIBYX OJIHO-
MOJIOBBIX MOJYIPOBOJHUKOBBIX J1a3epoB. MoJenb mpeacTaBisieT coOoi cucTeMy HeNMHEHHBIX OOBIKHOBEH-
HbIX T depeHInaIbHbIX YpaBHEHHMIT U1 KOHIIEHTPALHMI 3JIEKTPOHOB M IIOTHOCTEH (OTOHOB B 000UX Jaze-
pax. OcoOGeHHOCTh MOJENH COCTOUT B XapaKTepe CBA3M MEXIy Ja3epaMH — OHa YCTPOEHa TaK, YTO yAENb-
HbIe MOTEpU KaXIOro Jiazepa MPONOPLHOHAIbHB MHTCHCUBHOCTH M3lydeHus apyroro. Ilomumo Toro, B
YPaBHCHUSX YUUTHIBAIOTCSl HEJIMHEIHbIC (KBaJpaTHUHbIC) ITOTepU H3aydeHus. CucreMa HccleoBaHa METO-
JaMu Teopuu Oudypkanuii 1 MHOruX Macmrados. IToka3aHo, 4YTO MOJEb NMPOSIBISIET PA3INIHOE TTOBEICHHE
IpHU CHJIBHOM U ci1aboi cBsI3M Mexy Jaepamu. [Ipn CHIBHOHU CBS3M B cHCTEMe HET KOJleOaHMid, U B TO ke
BpeMsl BO3MOXKHBI OMCTaOMIBHOCTB U rucTepesuc. [Ipu cnaboit cBsi3u B cUCTEME BO3MOXHO BO3HHKHOBEHHUE
MpEIENbHOTO IMKNA M MUYKOBBIX PENaKCAI[MOHHBIX KojeOaHWi. BEIABIEHO, YTO CHHXPOHHBIE KOJIEOAHUS
IJIOTHOCTH (DOTOHOB B JIa3epax MPOHUCXOAAT B aHTH(a3e. CaenaH BbIBOJ O BO3MOXKHOCTH IIPUMEHEHUS Ipe]-
JI0)KEHHOM CXEMbI CHHXPOHU3AIUH IS TOTydeHHs ATMHHONIEPHOANYECKUX OCIIMIIIAIHN.

Knrouegvie cnosa: cBsi3zaHHbIE J1a3€pbl, CKOPOCTHBIC YpaBHEHHS, CUHXPOHH3allWsA, ONTUYCCKas OHCTaOMITb-
HOCTb, PCIIaKCAllUOHHBIE KoJieOaHusl.

Bseoenue

B mocnennue roapl UCCIEAOBAHUS 110 CHHXPOHM3AIMU MOIYIPOBOIHUKOBBIX JIA3€POB MPHUBJICKAIOT K
ceOe OoblIoe BHUMaHKE KaK M3-3a yI00CTBAa MCIOJIB30BAHMS Jla3epa B Ka4eCTBE MOJAEIBHON HEIMHEHHOM
KoJsie0aTeNbHON CUCTEMBI, TaK U U3-32 NOTCHIMATBHBIX TEXHUYECKUX MPHUII0KEHHH SIBIICHUS] CHHXPOHHU3AINH
B TEJICKOMMYHHKALUSX, YICKTPOHUKE M BBIYACIUTENBHON TeXHHKe [ 1—4].

B OonpIIMHCTBE CXeM CHHXPOHH3AIMH MPUMEHSETCS IEPEKPECTHAsE ONTOIEKTPOHHAS CBS3b [S5], b0
B3aMMHasl CBSI3b TOPIIOM K Topiry [6]. B mepBoii cxeme u3mydeHHne Kaxa0ro jasepa npeodpasyercst GpoTome-
TEKTOPOM B DIICKTPHUYECKUI CUTHAIT U TIOCIIE YCHIICHHS UCTIONB3YEeTCs ISl MOIYJISIAHM TOKAa HaKauKd JIpyro-
ro stazepa. Bo BTopoii cxeme M3IydeHHe KaXKA0ro jia3epa mocjie JODKHOTO OCIa0sieHHs BBOIUTCS B APYTOi
naszep. IIpu u3yueHnn oOOMX THIIOB CBSI3M B OIPEAENEHHBIX YCIOBHAX, CPEIH KOTOPBHIX Hanboiee BaXKHA
BpeMEHHasl 3aJIepKKa, OblII OOHAPYIKEH TIETBIN PsiJT HHTEPECHBIX HEMMHEWHBIX 3(h(EKTOB, TAKMX Kak Koyeda-
HUS B BHJC PETYJISIPHBIX MYJIBCALNIA, KBA3UIIEPHOANIECKOE IBIKCHUE U Xa0C.

B Toxe BpeMs HEIOCTaTOYHO BHUMAHUS YAEISIETCS IPYyroMy BO3MOXKHOMY MEXaHU3MY CBSI3H, OCHO-
BaHHOT'O HA B3aMMHON MOJIYJAILMU AOOPOTHOCTH. TE€XHHYECKH TaKylO CBSI3b MOXHO OCYIIECTBHTH C ITOMO-
IBI0 BHYTPHPE30HATOPHOTO MOJYIISATOPA JOOPOTHOCTH, YIPABIISEMOTO JIEKTPUUSCKUME, MArHUTHBIMU WITH
aKyCTHYeCKUMH HMIylbcaMu. Hampumep, B [7] TeopeTHYeCKH MOKa3aHO BO3HHKHOBEHHE KOJeOAaTEIBHOM
HEYCTOWYHMBOCTH CTAllMOHAPHOTO COCTOSIHUSA ABYX JazepoB Pabpu—Ilepo, CBsAI3aHHBIX yKa3aHHBIM 00pa3oM.
[pencraBmusiercs, 4To pa3paboTka METOJIOB CHHXPOHHU3ALUH Ha OCHOBE B3aMMHOTO PETYJIMPOBAHUS T00POT-
HOCTH MOKET OKa3aThCsl IIEPCICKTUBHBIM HAIIPABICHHEM UCCIICIOBAHUIA.

B npennaraemoii paboTe TeOpeTHYECKH U3Y4aeTcsl CHCTEMa U3 JBYX OJMHAKOBBIX J1a3€POB, CBA3aHHBIX
TaK, YTO TOTEPH B PE30HATOPE KAKAOro MPpHOOpa MPONOPIHOHATIBHEl HHTEHCUBHOCTH M3JIy4eHHs APYTOTO.
PaccMoTpeHne BenmeTcsi acCMMITOTHYECKAM METOAOM MHOTMX MacITaboB B paMKax armapara CKOPOCTHBIX
YpPaBHEHMH U KOHLIIEHTPAIMK 3JICKTPOHOB U IJIOTHOCTH (poToHOB. IIpu 3TOM, HE OrpaHNYNBAsICh TPaaUIIU-
OHHBIM KBa3UT'apMOHHYECKUM MpUOIIMKeHueM BOM3u Oudypkanyu AnnpoHoBa—Xorda, HaM ygaercst 1o-
CTPOMTH TPECTbHBINA MK CBI3aHHOW CHCTEMBI JTAJICKO 32 MOPOTOM CaMOBO30YXIICHHUS, B PEKUME Pa3BU-
THIX HEJIMHEHHBIX KOJIeOaHuil OOBIION aMILTUTY/IbL.

Mooenv

B kadecTBe OoTHpaBHOH TOYKM OepyTcsl yYpaBHEHHsI OJHOMOJIOBOTO Jlazepa kiacca B (Hampumep,
[8; 231]), AonONHEHHBIE YWICHAMH, OTBETCTBEHHBIMH 33 CaMO- U B3aMHOE HACHIILICHHE:
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n=J,/(qd)—g(n,—ny)p,—n /1,
n,=J,/(qd)—g(n,—n,)p,—n,/7,;

pl=(g(n1_no)_l/rp_Dpl_hZPZ)pl; )
p, =(g(n, _no)_l/rp —Dp, —hp))p,.
3mech n, U p, — COOTBETCTBEHHO KOHIEHTPAIMS SJIEKTPOHOB U ILIOTHOCTH (POTOHOB B PE3OHATOPE i -TO
nasepa (i =1,2); J, — IIOTHOCTH TOKA HAKAYKH [ -TO Jla3epa; d — LIMPUHA aKTUBHON 00JIACTH Pe30HATO-

pa; g — DIEMEHTApHBIA 3apsl; 7, — KOHLEHTPALU IEKTPOHOB IIPU IIPOCBETICHUH; T, — BpPEMs XKH3HU
HOCHTEJIEH 3apsiaa B 30HE MPOBOJAMMOCTHU 10 CIIOHTAHHOM PEKOMOMHAIMM; T, — BPEMs JKU3HU (HOTOHOB
BHYTpHU pe3oHaTopa; D — KodpGUUMEHT KBaAPATUYHBIX MOTEPh; /; — KOIDOHUIUMEHT B3aUMHON MOIyJIs-
MM J0OPOTHOCTH, XapAKTEPU3YIOIIMHA «yTHETAIOIIEE» BIMSHUE j -0 Jasepa Ha i-i (j#i);, g=Tac/n,,
rne ' — ¢akrop ontuyeckoro orpaHudeHus (JOJISI MHTCHCUBHOCTH W3IYUYCHHS, TIPUXOIAIIAsICSI HA 00bheM
aKTUBHOM 00JAaCcTH); ¢ — CKOPOCTb CBETA B BaKyyMme; 71, — IPYIIOBON MOKA3aTellb NPEIOMICHUS; d —

KOX(QQUIIMEHT YCUIICHHS MaTepraia; TOUYKH CBEPXY O03Ha4aroT audhepeHIMpoBaHIe 0 BpEMEHH 7.

B ypaBuenusx (1), npeacTaBasiomux coboi MoJeb ¢ COCPEIOTOUCHHBIMU TTapaMeTPaMH, MPOCTPAHCT-
BEHHBIC HEOJHOPOJTHOCTH HE YUMTHIBAIOTCS: KOHIICHTPAIMH 3JICKTPOHOB M TUIOTHOCTH (DOTOHOB YCPEIHEHBI
10 JUTMHE PEe30HATOPA.

TUnuYHbIC 3HAYCHUS MAPAMETPOB JUIS IMOJYMPOBOJHUKOBOTO Jasepa, coriacHo [8; 238], TakoBbI:

J=5-10" Alew’,  d=2-10"cm, T=03, n,=4, a=2510"cw’, ¢g=5625-10" cm'/c,
n,=110" cm >, 1,=2,2-107 ¢, 1, =1,6-10" c.

VYder HemUHEHHBIX (KBaJpaTHYHbIX) TIOTEPh BO BTOPOM Mape ypaBHeHuH (1) obecrneunBacT KOHEUHOCTh
MIOTHOCTH ()OTOHOB JIAXKE MPU OYCHb MEIJICHHOW OTHOCUTEIBHON TUHAMUKE UHBEPCHOM 3aceNeHHOCTH (T.¢.
NpPHU TPAKTUYECKH TOCTOSIHHBIX My, 1y). TEXHUUECKH KBAJIPAaTHYHBIC MOTEPU MOTYT OBbITh peaar30BaHbI MO-
MEIIICHUEM B PE30HATOpP (HApsoy ¢ MOIYJSITOPOM JOOPOTHOCTH) HEIMHEWHOro 3yeMeHTa. B kauectBe mo-
CJICJIHETO MOXET BBICTYNATh MOJYIPOBOJAHUKOBBIN KPUCTAT € JABYX()OTOHHBIM MOTJIOIMICHUEM HA YacTOTE
n3naydeHus. Takke MOXKHO MCIOJIB30BaTh U METOJ| BHYTPUPE30HATOPHON FeHepaldy BTOPOH FApMOHUKH Ha
HenMHEeHOM KpucTasuie. [Ipu 3ToM BTOpasi rapMOHHKa (KBaIpaTUYHO 3aBUCSINAs OT IOJIi OCHOBHOTO HM3ITy-
YEeHHUs) CBOOOJHO BBIXOIUT U3 PE30HATOPA, & OCHOBHOE M3JIyueHHE OCTaeTcs B HeM. Kak Mbl BHIMM, KOH-
KpPETHOE 3Ha4YeHHEe KOA(D(UIMEHTa KBAIPATHUHBIX MOTEPh HUKAK HE BIMSCT HA BBIBOABI MOJICTH, U BaXKCH
nuiib (akT, 4TO OH OTIIMYEH OT HyJisl. TeopeTndeckas oreHka D gaeTcst HuKe.

Koaddunumentsi csasu h,, h, — cBoOOAHBIE TAPAMETPHI.

[lepexons k OGe3pasMEpHBIM TEPEMEHHBIM W Tapamerpam 1o (dopmynam u, =gt (n,—ny)—1,
v, =gt.p,1=t/t,, v, =g7,(J1,/(qgd)-n) -1, 6=D1,/(gt,),x,=hT,/(gT,) e=1,/T,, cucremy (1)
MO>KHO NIEpencaTh B BUJIE
u, =7, —(u +Dv, —u;
, =Y, —(u, + v, —u,; 2
eV, = (u, — v, — K,v,)v;;
ev, = (u, —0v, — K, )v,.
HyxXHO 3aMeTHTb, YTO MEepeMeHHas v, , OyIydH HPOMOPLHOHAIBHOH CBOEMY Pa3MEPHOMY IPOTOTHUITY
D, » HETIOCPEACTBEHHO TPEACTaBIACT HOPMUPOBAHHYIO IUIOTHOCTH (OTOHOB. [lepemMeHHas ke u, B MPSAMOM

CMBICJIC HEC €CTbhb OTHOCUTCIIbHAA KOHUICHTpAIUs HOCHUTEJICH. OHa, o CyHmeCTBY, SABJIACTCA 3(1)(1)I/IHHI>IM mnpe-
06pa30BaHI/IeM n,, BBCACHHBIM B ICIAAX MATCMATHYCCKOI'O y):[O6CTBa. Tem He MeHee B ):[aJ'IBHeﬁH.IGM JJIA

KPaTKOCTH MbI OyJIeM Ha3blBaTh u, KOHLEHTpALUEH 3JIeKTPOHOB.

Pesynomamoi

HpI/I K, K, = 0 JIa3C¢Pbl HC3aBUCHUMBI APYT OT Apyra. B KaXXZ1I0M YCTaHaBJIMBACTCA CAUHCTBCHHO BO3-
MOJKHO€ YCTOI‘/'I‘II/IBOG CTallMOHApPHOC COCTOAHUC
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= (1+8(4y+2+8))>=1-8)/2=v8+0(8");
V=((1+8(4y+2+8))* =1-8)/(28) =y—y(y+1)8+0(8)

1/2

3)

C HEHYJIEBOM MHTEHCUBHOCTBIO M3nyuenus. [pu d=o0(e'") cranuonapHoe cocrosuue (3) — Qokyc, a npu

00NbIIMX & — y3ell.

Co BpeMeH TMOSIBJIICHUS MEPBBIX JIa3€POB U3BECTHO, YTO CTAIMOHAPHBINA PEXKUM IeHepalluu B pubopax
Kiacca B ycTanaBnuBaeTcs dyepe3 3aTyxarolie MHYKOBbIe Kolebanus. Takke CpaBHUTENBHO JaBHO 3aMede-
HO, YTO BHYTPHPE30HATOPHBIE HETWHEHHBIE MOTIOTHTEIH, IIOTEPHU B KOTOPHIX PACTYT C YBEJIWYCHHEM HH-
TEHCUBHOCTH U3IYYCHHS, CIOCOOCTBYIOT CTIQKWBAHUIO WIH YCTPAHCHHIO MEPEXOIHBIX MUYKOBBIX KoieOa-
Huii [9, 10]. B Tepmunax ypaBHeHwmid (2) 3T0 03HAYaCT MEPEXO CTAIIMOHAPHOTO COCTOSHUS OT (OKyca K y3-

Jy TP yBEIMYEHHH O OT HyJsd 70 HEKOTOPOro KPUTHYECKOro 3HadeHus. Ilockompky €=0.73-107, To
-2
MOKHO 03KHJIATh, YTO 3aTyXaIOIKE KOJeOaH!s MHTEHCMBHOCTH MOTYT HaOmoaaThes mist O <2.7-107, u s1o

o -5
COOTBETCTBYET Pa3MEpHOil BeTHumHe Kod(QHIEeHTa KBagpaTHuHeX noteps D <0.77-107 cm’/c. B namb-

HEHIIeM JUTsl ONPE/ISIICHHOCTH MBI OyJIeM Mpenoiarath, 4YT0 IpyU OTCYTCTBHH CBSI3U YCTOMYMBOE CTaIlO-
HApHOE COCTOSHHE KaXKIOTO U3 JIa3ePOB UMEET THIT (JOKYCa, XOTS, TOBTOPHM, 3TO HEIPHHITUITHAIBHO.
Hccnenyemas moaens MposBIseT KAYECTBEHHO Pa3IMYHOE TMOBEJICHUE IPH CUIIBHOH ( K,,K, > 1) u cia-

ooit (x,,x, <1) cBasu. Cucrema (2) nomycKaeT yeTbipe PU3NUECKH BO3ZMOXKHBIX CTALIMOHAPHBIX COCTOSHMS.
B HyneBom mopsiike mo & umeeM

Foou=vy,u,=7,v=0,v,=0

F:ou=0u,=v,v=7,=0

Fooow=v,u,=0,v,=0,v, =7,
F,: u=(xY,-KY,-KK,+1+R)/(2(x, -1)); 4)

u, = (=K, + K, 7, — KK, + 1 R) / (2(k, = 1));
Vi=u, X, V, =, [ Ky
R=((xy, — K, — KK, +1)* + 41, (x, = D)(x,y, = ¥,))".

B ¢opmynax (4) HemoABWKHbBIE TOUKH 0003HAYAIOTCSI CUMBOIOM F,, = (i4,,U,,V,,V,) , TA€ KaXKIbIi UH-

neKc mpu F yKa3pIBaeT Ha COOTBETCTBYIOIIWH Jiazep B pexume reHeparuu. OTCYyTCTBHE KaKOTrO-THOO WH-
JeKca O3HaJaeT, 9TO JAHHBIN ja3ep He m3nydaeT. CTarmoHapHOE COCcTOsSHUE F Bcerma HeycroitumBo. He-
CUMMETPUYHBIE CTALIMOHAPHBIE COCTOAHUSA [, W F, COOTBETCTBEHHO YCTOWYMBBI NIpU Y, /Y, <K, H

Y,/ Y, <X,. Ilpu CUIBLHON CBA3M CMMMETPMYHOE COCTOAHME Fj, cymecTByeT i 1/K,<vy,/7Y, <K, HO

Bcerga Heycroiuuso. [Ipu cnaboif ca3u F), cymecTByeT ais X, <Y, /7Y, <1/K, U COXpaHSeT ycToH4u-

172

BOCTB, €CiIM K,K, =0(€"). BBuIy Majocti € mocieaHee yCIOBUE MPAKTHYESCKH BCETAa HAPYILICHO B IIIH-

POKOM MHTEpBaJe HE CIUIIKOM MabIX ((PU3NIECKH pa3yMHBIX) KO3(DPHUIIMESHTOB CBS3U.
IIpu cuimbHOM CBSI3W B MCCIEAYEeMOI CHCTEME BO3MOMKHBI OMCTaOMIBHOCTH M THcTepesuc. [lycTs mis

OIIPEACIICHHOCTHU HAaKavKa 7Y, Ja3epa 2 noAACPKMBACTCA HA HCKOTOPOM IMOCTOSIHHOM YPOBHE 'Y; , 4 HAKa4YKa

Y, nmazepa 1 MOHOTOHHO YBENTMYHMBAETCS OT KAKOW-TO BENWYMHBI, MEHBUIEH Y, /K,. BHauane ycroitumso
TOJILKO CTallMOHApPHOE COCTOAHUE F,, B KOTOPOM Jlazep 2 U3IydaeT, a tasep 1 He uznaydaet. [lo nocTmxenun

NapamMeTpoM 7y, BEIMYHHBI Y, /K, Hapsmy ¢ F, IPHOOPETAET YCTOWUMBOCTH COCTOsHKE F), HO OHO TIOKA HE
peanusyemo. BUCTaGHIBHOCTE COXpaHsETCs BCIOAY B UHTepBane Y, /K, <7, <XK,Y,. Hakowneu, korma 7,

CTaHOBHUTCS 6OJbLIE K,Y,, CTAIMOHAPHOE COCTOAHHUE F, TEPSET YCTOMYMBOCTD, U CHCTEMA CKAYKOM Iepe-
XOJMT K CTaluOHApHOMY pexxuMy F|. Jlaszep 2 racHer, a sazep 1 3axuraercd. Eciiu Teneps yMeHbIIATh Ha-
Ka4Ky I1E€pBOro J1a3epa, TO CHCTeMa OyJIeT OCTaBaThCsl B CTALIMOHAPHOM COCTOSIHUU F|, TIOKyZa Y, HE CTaHEeT

MEHBIIE HUKHETO KPUTHIECKOTO YPOBHS Y, / K, , 32 KOTOPBIM CYIIECTBYET TOJILKO CTALMOHAPHOE COCTOSHUE
F, . VIHpIMU cIIOBaMH, IIEPEKIIIOUCHUE OT J1aszepa 2 K jazepy | ¥ 0OpaTHO MPOUCXOIUT IIPU PA3HBIX BEIHYH-
Hax IapameTpa Hakauku 7Y, . ['mcrepesuc oOycnoBiaeH OMCTaOMIBHOCTBI0 HECHMMETPHYHBIX CTAllMOHAPHBIX
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COCTOSIHUM F‘l’ sz n HCyCTOfI‘-IHBOCTBIO CUMMCTPHUYIHOTO COCTOSAHUA Ez B napaMeTqueCKoﬁ obmactu

VoK <Y <K,

[Ipu ucuesaromie caboii cBsi3u B cucteMe (2) yCTOMYUBO JIUITH CAMMETPHUYHOE CTAIlHOHAPHOE COCTOS-
Hue F,,. Ilo goctmxeHun CUIOH CBA3UM HEKOTOPOrO KPUTHYECKOTO 3HAUCHUS CIIEKTP COOCTBEHHBIX YUCEN
F,, COCTOUT U3 JIByX UHUCTO MHHUMBIX U JBYX KOMIUIEKCHO-CONPSKEHHBIX BEJIUUUH C OTPULIATEILHON JeHCT-
BUTENBHOM 4YacThio. Takum 00pa3oM, NpHU [ajdbHEHIIEM YBEIMYEHUH CBA3HM YCTOMYMBOCTH F|, HapylIaeTcs
M0 TUIy PacTyIIUX KojeOaHuil; mpoucxoauT Oudypkanus AHIpoHOBa—Xomda ¢ POXKICHUEM MPEACTHHOTO
mukia. [loka «,,K, OCTaloTcs mopsuka €'°, NUKI Majl 1Mo aMIUIMTYIE H OTBEYAeT KBA3MTApMOHHYECKUM
kosieOanusaM. C MpakTUYeCKOW TOYKW 3PCHHUS, AMANAa30H TaKUX CIa0BbIX CBSI3CH Y30K M MEHEE MHTEPECCH B
CpaBHEHMU C ropasjo Ooiiee 3aMETHOM 00IaCThIO HE CIMIIKOM MalbIX K,,K, MOPsSAKA €IUHUIIBI, COOTBETCT-
BYIOIIIEH XOPOIIIO pa3BUTHIM HEJTMHEHHBIM KOJICOAHMSM.

®dakrT, uT0 € K1 gemaer cucTeMy (2) CHHTYJIIPHO BO3MYIIEHHOH. MeUICHHBIMI TIEPEMCHHBIMU SIBJIS-
I0TCS KOHLIEHTPALUU 3IEKTPOHOB U, , U, , OBICTPBIMH — IIJIOTHOCTH (POTOHOB v, , v, . CTaHJapTHON NpaKTHU-
KOHM HCCIIeIOBAHUS MOAOOHBIX CHCTEM CITYKUAT afradaTHUecKoe UCKITI0YeHHE OBICTPHIX MMEPEMEHHBIX M0 Me-
TOAy MHOTHX MaciitaboB (Hanmpumep, [11]). s pacmieruieHus: modHONW cucTeMbl (2) Ha OBICTPYIO B Me/I-
JICHHYIO MOJCHCTEMBI BBEIEM «OBICTpOe» BpeMsi 0 =T /€. 3ameHuB B (2) T Ha O¢ u monoxuB € =0, moiy-
qaem

u =u, =0,

vl, =(u, — 6vl — 1V, (5)

v, = (1, =8, =KV,
rJe WTPUXHU 03Ha4aroT quddepeHnnpoBanue mo 0. 1o ObicTpas MoAcUCTEMA, B KOTOPOH u, U u, 3aMEHe-
Hbl WX HAYaJIbHBIMHM 3HAYCHHUSIMH U PacCMaTPUBAIOTCS Kak napaMerpbl. OHa JaeT BHYTPEHHEE pEIICHHE,
npurogHoe st T= 0(€) .

ITonaras B (2) € = 0, moaydaeM MEUICHHYIO ITOACUCTEMY

w, =Y, —(u, +Dv, —u;

, =Y, —(u, +1)v, —u,; ©)

0=(u,—0v, —K,v,)v;

0=(u,—dv, —KW)v,,
KOTOpasi MOPOXKAaeT BHEIIHEE pelieHue, koppektHoe aiust T= O(1) . B cunrynspaom npenene € — 0 neppas
napa ypaBHEHHUI cucTeMbl (6) onpenenseT MeIJICHHBIN MOTOK Ha TOBEPXHOCTH (MEIJICHHOM MHOTOO0Pa3uH),
3a/1aBacMOil BTOpPOM Tmapoi ypaBHeHHH (6), sBisIonmxcs anreOpamdeckumu. [lo Teopeme DeHuxens-
Tuxonosa [11; 53], BHeIIHee pellICHUE CIPABEIINBO Ul T€X #, U U, , IPU KOTOPBIX KBAa3UCTAllMOHAPHBIE
COCTOSIHHSI OBICTPOH TOACHCTEMBI (5) YCTOWYHUBHI.

MpEb1 npeamonaracM, 94To AWHAMHKA IOJHON CHCTEMBI (2) B YETBIpEXMEPHOM (Pa30BOM IMPOCTPAHCTBE
(u,,u,,v,,v,) COCTOUT U3 JIByX THIIOB IBMKEHHI: OBICTPOH MOCAJKU HA MEIJICHHOE MHOrooOpasue U MeJ-
JICHHOTO CKOJIBKEHUS M0 HEMY J0 TOYKH CphiBa (TJIe BHEITHEE PEIICHHE TEpseT CrpaBeaauBocTh). Ilocie
ATOr0 U300paXkaromas TOYKa MOXKET CKauKOM IMEPEUTH Ha APYTyH YCTOHYHMBYIO BETBh MEICHHOTO MHOTO-
00pa3us 1 MPOJOIHKUATH TI0 HeH TBMIKECHHE.

Takum o0pa3om, clieayeT HaTH BCE KBa3HUCTAIIMOHAPHBIC COCTOSIHHS OBICTPON MOACHCTEMEHI (5), 0TO-
Opa3uTh IpaHULBl UX YCTOHYMBOCTU HAa MeATEHHOU (ha30BOHl MIOCKOCTH (u,,u,) U HCCIEIOBATh AUHAMHKY
cucteMsl (6) C TOMOILBIO KyCOYHO-HENPEPHIBHBIX (DYHKLIUH.

bricTpas moacuctema (5) uMeeT deThIpe KBa3UCTAMOHAPHBIX COCTOSIHUS — TPUBHAIBHOE, JIBA HECHM-
METPHUYHBIX U OJIHO CHMMETPUYHOE (MEJICHHBIE IEPEMEHHBIE U, ,U, CYUTAFOTCS 3aMOPOKEHHBIMH):

0: v=0,v,=0;
O: Vy=u/dv,=0;
0,: ¥=0,%=u,/9

O, v =(u, —du)/(xx, —8), ¥, = (Ku, —du,)/ (KK, — ).

(M
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CymecTBoBaHHE M YCTOMYMBOCTH KBa3UCTALIMOHAPHBIX COCTOAHHWE (7) ompenensieTcs MOJI0KEHUEM
n300pakarolel TOUKY Ha IJIOCKOCTU MEJUIEHHBIX MEPEMEHHBIX (u,,u,) , 1300paxEHHOM Ha pucyHke 1. [lns

HArJSITHOCTH OCH KOOPJIHMHAT PHCYHKA MOABEPTHYTHI MacIiiTabHOMY npeobpaszoBaHuio u, — arcsh(u, /y,0) .
O, O, u O, CymecTBYIOT IIpH MIOOBIX u,,u,>0. 0 — Bceraa HeyCTOMUMBbIN y3en; O, U O, — yCTOWYH-
BBIC Y3JIbl COOTBETCTBEHHO MPU du, < K,u, U du, < K,u, , B IPOTHBHOM ClIy4ae 3To ceyia. s He CIMIIKOM
cmaGoii cBA3M KK, > 8 KBasHCTAalMOHAPHOE COCTOSHHE Q,, CYIIECTBYET M HEYCTOMYHMBO IO THILy CEAJIa
IJIsl BCEX u, U u, yJOBIETBOPSIOIIUX YCIOBUIO Ou, / K, < u, <u,X,/d, T.e. BHyTpH pacTBopa yria, oopaso-
BaHHOTO JMHMAMHU Ou, = K,u, ¥ Ku, = Ou,. Hke BepxHell IITPUXOBOH JMHUU Ku, = Ou, HAXOJUTCA 00-
JaCTh M3JIy4CHUS Ja3epa 1, BbIIC HIDKHEH IITPUXOBOM IMHUY K,u, = Ou, — 1a3zepa 2. O6iacTh coKpalaer-
cs1 IO Mepe ocalbIeHNs CHITBI CBSI3U.

Yol
RELZNS

I

]

Uy

e LY
v

0 %d T2RaT

ITapameTpst pacuera: €=0.73-107; v,=12;7v,=1; x,=05; x,=0.8; d=0.01

Pucynok 1. ®a3oBas M10CKOCTh MEATIEHHBIX IEPEMEHHBIX U, U, IPH CIa00H CBA3M U IPOEKIHU
Ha He€ MpeaenbHOro nmukia cuctemsl (2). CTpenkoi yka3zaHo HampaBleHUE MBIKEHUS N300pakaromeld TOuKn

ITycTe BHavane Q, ycroitunBo, a O, — HeT. M3nmyuaer Tonabko nasep 1. DT0 COOTBETCTBYET MOJIOKE-
HHIO TOYKU HA TJIOCKOCTH MEJJICHHBIX IEPEMEHHBIX (u,,u,) TIE-TO HIKE JIMHUU Ou, = K,u, . [loka u, > 7,5,
JTUHAMHKA KOHIIEHTPAIUH 3IEKTPOHOB (paccMaTpUBaEMBIX KaK OM(YpKaIMOHHBIC TTApaMETPhI IS TLIOTHO-
cTeil (pOTOHOB) OMHCHIBACTCA ABYMS HE3aBUCUMBIMU yPaBHEHHUSAMHU

u, =%, —((u, +1)/ 8+ Du;
Uy =", — Uy,

KOTOpBIE MPEICTABISIOT COO0H BEpPCHIO MEIEHHON moacucTeMs! (6) wist v, =u, /& u v, =0. Cuctema (8)

®)

UMeeT YCTOHYMBOE CTAllMOHAPHOE COCTOSTHHE
4" =((1+ 4y, +2+8)8)"* -1-8)/2=v,8+O0(8);

A _
U,” =",

KOTOPOC JIC)KUT HpI/I6J'II/IBI/ITeJ'IBHO Ha IEPpEeCCUCHUU IIPAMBIX U, = ’Y16 uu,=Y,. HaHpaBHSISICL K HCMY, TpacK-

€

TOpUS NIepEeCeKaeT IMHUIO Ou, = K,u, U BXOAUT B 001acTs OuctadbmnpHocTH O, u Q,. ONHAKO U3IIydaeT 1o-

MIpeKHEMY TOJIBKO J1azep 1.
BBumy manoctn O mepemeHHas u, MeHseTCs ObIcTpee, 4eM u,. [loaTomy m300pakaromas To4ka Io-

o o A(1 o
AOUACT K BCEPTUKAIBHOU JIMHUU U, zuf):y@ HaMHOI'0 paHbII€, YE€M K TOPU3OHTAJIBHOW JIMHUU

_ 0 _
U, =u," =7%,.
A~

3amerum, 4To, corsacHo Gopmynam (3), u, — 3TO CTalMOHApHAs MHBEPCHAsl 3aCEIEHHOCTb B CBO-
0oxaHoM jasepe 1. B HemocpencTBeHHON 0aM30CTH K (OKAIBHON TOYKE Pa3/eieHHE MEPEMEHHBIX Ha MEJ-
JIEHHBIE U OBICTpBIC TS J1a3epa | TepseT CMBICT, U B CHJIY 3TOTO TIEpBOE YpaBHEHUE CUCTEMHI (8) ¢ agmabda-
THYECKH HCKITIOYEHHON MEPEMEHHOM v, HOIble HeaJeKBaTHO. BMeCTO Hero creiyeT HammucaTh HepemayLu-
POBaHHYIO CUCTEMY YPaBHEHHUU CBOOOHOIO Jiazepa 1, OMUCHIBAOIIYIO 3aTyXaloie KoJieOaHus BOJIU3HU yC-
TOHYMBOTO (hpOKyca:
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w =%~ + v, —u; (10)
ev, = (u, — v, )v,.

Ha ¢a30Boil m10cKOCTH MeIEHHBIX IEPEMEHHBIX %, U 4, ITU KOJIeOaHUs MPOUCXOAAT B TOPU3OHTANIb-
HOM HANpaBJICHUHM W HAJOXCHBI Ha HE3aBUCHUMOE BEPTHUKAIBHOE JBHKCHHUE M300PaXKAIONICH TOYKH BJIOJIb
HYJIb-U30KJIUHBI 17, =0 (ypaBHEHHE KOTOPOW CyTbh U, = ﬁfl) =~7,0) MeUIeHHO# mojicucTeMbl (6) MO Harpas-
JICHUIO K TOYKe (9).

Ha nmytn x cranmoHapHOMy cocTosHHIO (9) TpaeKTopHs MOJDKHA Iepecedb JIMHUIO Ku, = Ou,. Kak
TOJBKO 3TO CIy4YHUTCs, y3en (), OblcTpoi moacuctemsl (5) Oyner moryonieH ceanoM Q,,. EnnHcTBEHHBIM
YCTOMYMBBIM KBa3UCTALIMOHAPHBIM COCTOSIHHEM ocTaHeTcst Q, . Jlazep 1 moracHeT, a BMECTO HEro HauHET
M3ITy4aTh Jasep 2.

Teneps, B3B 3a HaualIbHBIC YCIOBUS u, =Y,0 U U, = Y,K, , MbI JJOJDKHBI CHOBA BEPHYTHCSI K MEJICHHOM

roacucteme (6), TBIKCHHE KOTOPOHW OyAET IMPOUCXOAUTH YK€ IO IPYrod YCTOWYHWBON BETBH MEIJICHHOTO
MHOT000pa3us. Ha Toii BeTBU Bce COOBITHS pa3BUBAIOTCS COBEPIICHHO aHAJIOTHYHO YK€ OMHMCAHHBIM BBIIIE.
[TepemMeHHast u, CHayajga CPaBHHUTENBHO OBICTPO MOHOTOHHO YMEHBIIACTCSl CO CKOPOCTBIO mopsiaka 1/9,

~(2 2
cTpemsch K 3HaueHwo iy’ =7Y,8+0(8), a motoM coBepmaeT oKoIo Y,0 3aryxatomue konebanus. [lepe-

A2
MCHHAas u#, OTHOCHUTCIbHO MCIJICHHO YBCIMYHUBACTCs IIO HAIIPABJICHHUIO K I/ll( ) ='Yl, IIOKa HC AOOCTHUIHECT

YPOBHSA 7Y,K,. Tam nma3epsl 1 u 2 BHOBb MOMEHSIOTCS POJISIMU U HAYHETCS HOBBIM IMKI HE3aTyXaroOMIUX KO-
JIe0aHui.

Obcyarcoenue

Takum o0pazom, cucTteMa ypaBHEHUH (2), MOIETUPYIOMIAsl CBSI3aHHBIC Ja3ePhl, IIPH HE CIUIIKOM Clia-
001 CBsI3M COBepIIAET pellaKCcallMOHHbIE aBTOKoyeOanus. KoneOaHusi MHTEHCHBHOCTH HM3ITYYCHHUS Ja3epoB
MPOUCXOST cTporo B mpotuBogase. Ha pucyHke 2 moka3aHbl BpeMEHHEIC Pa3BEPTKHU TUIOTHOCTH (POTOHOB H
KOHIICHTPAIMH 3JICKTPOHOB U 000MX NasepoB. KoneOaHusi MHBEPCHON 3aCENICHHOCTH UMEIOT MUI000pas-
Hy10 Gopmy. VX pazmax octaeTcsi KOHEYHBIM M, YTO BaXKHO, HE 3aBHCHUT OT mapamerpa O .

102} ]

———— laser
——+— laser

Pucynox 2. Autndasnsie konebaHus MIOTHOCTH (HOTOHOB (BEpXHHH TpaduK)
W KOHIIEHTPALUH JICKTPOHOB (HWKHUH TpaduK) IBYX CBSI3aHHBIX Ja3epOB

BpeMmena nBmxeHHs MO KaXJ0W U3 JBYX BETBEH MEUICHHOTO MHOT000pa3ws, 3aJaBacMOro mapoi an-
reOpanuecKkux ypaBHEHHI CHUCTEMBI (6), BHOCAT OCHOBHOW BKJaJ B Iepuoj KoneOaHuit 7 . DTH BpeMeHa
OIPEACIISIOTCS ANHAMUKOM MEJICHHBIX NIEPEMEHHBIX u,, 4, U B HYJICBOM IOPSIKE 0 € U O MOryT OBITH
HalJeHbl HHTETPUPOBAHUEM MEJUICHHBIX YpaBHEHHUH ABIKEHUS (6) C COOTBETCTBYIOIINMH IPaHUYHBIMH yC-
nosuamu (0,7,%,) u (0,7,x,). Tem cambiM 1 iepro1a KosieOaHUM MOTy4aeTcs IPOCTast OLEHKA:
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T'=In(x,y, /7, =D +In(xy, /v, = 1). (I
HuTtepecHo, uto, cormacHo (11), meproa 3aBHCHT TOJIBKO OT OTHOIICHUS HaKa4YeK, HO HE OT KaXKIOW U3

HHX I10 OT/ICILHOCTH, U COBCEM HE 3aBUCHT OT KOHKPETHOM BEITUUMHBI O .
ITnotHOCTH (HOTOHOB Vv, U Vv, NEPUOAUYECKH M3MEHSIOTCS MEXKIY MPAKTHYECKU MOIHBIM OTCYTCTBHEM

U3JIy4eHUs] U NOCTOSIHHBIMM YPOBHAMM Y, U Y,. Ilepennuil GppoHT KaxI0ro mpsMOYrOJILHOIO UMITYJIbCa

CBETa COCTOUT M3 BBIPAKCHHOTO MUK, 32 KOTOPBIM CIIEIYIOT OBICTPO3aTyXaroIie BEICOKOYACTOTHBIC KOJIe-
0aHUs, COOTBETCTBYIOIINE COOCTBEHHBIM MEPEXOTHBIM KOJICOAHHSIM M3ITydeHUs] CBOOOTHOTO Jla3epa. BricoTta
muuka, coriaacuo ¢popmynam (7) mpu 6 — 0 craHOBHUTCH GECKOHEUHOM.

B npenenax omHOro nepuoaa KoeOaHuii HHTCHCUBHOCTH CBETA BBIJCIISIOTCS CIICAYIONUE (a3bl:

1) v, ucuesaromie Maso, B TO BpeMsl KaK v, IPUMEPHO PaBHO CTAl[HOHAPHOMY 3HAYEHMIO Y, UL CBO-

60,Z[H01"0 Ja3epa. u, yBCIMYHUBACTCIA 6J1aroL[ap$[ HaKa4Ke, IIOKa HE 6y,I[YT KOMIICHCUPOBAHLI MOTEPU B PE30-

HaTtope jasepa 1;

2) 0 TOCTHXEHUH JTOCTATOYHOW MHBEPCHOM 3aCEICHHOCTH CO3JA0TCS YCIIOBUS JUIS U3IYYCHUS Ja3e-
pa 1. BBuay ObicTpoii fuHAMHUKH ()OTOHOB BO3ZHHKAET SIPKasi KOPOTKas BCHBINKA. Pe3ko BO3pocIias HHTSH-
CHBHOCTB CBeTa B nazepe 1 hopMuUpyeT yIpaBisiFOIUi CUTHAN JUIS TPOTIOPIHOHANLHOTO CHIKEHHUS J0OPOT-
HOCTHU Pe30HATOpa Jia3epa 2, KOTOPBIA B OTBET FaCHET;

3) myTeMm 3aTyXaroluX KoJaeOaHU v, U u, CPaBHUTEIBHO OBICTPO JOCTUIAIOT MOCTOSIHHBIX 3HAYEHHH,

XapaKTepHbIX A1 cBOOOAHOrO sasepa 1. [Ipu 3ToM v, MpakTUUECKH PaBHO HYIIIO, @ U, MEIJIEHHO yBEJIUYU-
BaeTcs Noo0Ho u, B (ase 1;
4) u, nocTUraeT HeOOXOAMMOIO YPOBHs IJIs MOSIBICHUS M3IydeHHs B nasepe 2. Pesonarop nasepa 1

moJry4acT yr[paBJ'ISIIOH_II/Iﬁ CHUTHaJI O COOTBCTCTBCHHOM YMCHBLIIICHUN ,I[06pOTHOCTI/I, n3-3a 4Cro MU3JIy4YCHUC B
Jla3epe 1 mnmpomnagact. B Jla3epe 2 HUACT YCTAaHOBJICHUC IMOCTOSIHHBIX ypOBHeﬁ v, U u, 4epes3 6I>ICTpO3aTy—

xarorue konebanus. [locnenoBaTenbHOCT TOBTOPSIETCSI.

MO’KHO 3aMETHTh, YTO B JTFO0OH MOMEHT BPEMEHHU B CBSI3aHHON CHUCTEME OJIMH U3 JIa3€POB HAXOIUTCS B
MOTYXIIIEM COCTOSIHHH, a JIPYTOi IpH 3TOM BeeT ce0s Kak cBoOomHbINH, Crieayromnias 0COOCHHOCTh TUHAMHU-
KU BBIpa)KaeTcsl B TOM, KaK HHBEPCHBIE 3aCEIICHHOCTH YIPABJISIOT BKIIOYCHHEM U BBIKITIOUEHNEM TeHEpaInu
10 3aKkoHy: «Bcé€ unm Huuero». Korna u,, Hanmpumep, OJHUMAETCS BBIIIE HEKOTOPOIO IIOPOTOBOIO YPOBHS

(onpexnemnsieMoro BeIMYMHOM MOTEPD B asepe 1), nazep | HaunHaeT U3IIy4yaTh, 3aCTaBIs J1a3ep 2 MOracHyTh.
[TosTOMYy MOMEHTBI TOSIBJICHUS M HCUC3HOBEHMS H3IYUCHUs ONPEACISIOTCA LUKIMIECKUM THCTEPE3UCOM
KOHIIEHTpaIi 3JIEKTPOHOB.

Kak yxe ynoMuHanoch, HaJdW4Yue 3ama3AbIBaHUS B TPAAWIIMOHHBIX CXEMaX CHHXPOHH3AIWHU JIa3epOB
SABIISIETCS. HEOOXOOUMBIM YCIOBHEM MosBIeHUs Konebanuil. [IpoTuBodasHbie KonebaHus B HaIeH MOJCIH
He TpeOyIOT TaKoW 3aJIep>KKH, XOTS BBEJIEHHE ee, HECOMHEHHO, MOKET OBITh MPEIMETOM OTAEIHHOTO UCCIIe-
JOBaHUSI.

Haubonee unnTpuryromeii 0coOeHHOCTBIO PACCMOTPEHHON MOJENH CBSI3aHHBIX JIa3€pOB SIBISIETCS TO,
YTO KaXKIBIH U3 Ja3epOB, B3ATHIA B OTIEIBHOCTH, pabOTaeT B HEMPEPHIBHOM PEKUME MOCTOSIHHOW MHTEH-
CUBHOCTH, 0e3 mynbcammii. OTHAKO BO B3aMMOCWCTBUU, TOCIIE HAIOXKEHUS MEPEKPECTHOW CBI3H MEXIY
nazepamM B QopMe OWIMHEHHBIX MOTEpPh, pe3yJIbTUPYIOIIAs CHUCTEMa JIEMOHCTPHPYET aBTOKojeOaHusa. B
3TOM OTHOILEHHH Halla MOJENb NpeAcTaBisieT olOmedusniueckuil natepec. Jleno B TOM, 4TO KiaccHUecKas
TEOpHUs CHHXPOHU3AINH MPEIOoaraeT, YTo Jake B HECBA3aHHOM COCTOSTHHUH Ka)/1as OTJeNIbHas MOACHCTE-
Ma COBEpIIaeT Hesaryxaronue konebanus. OHaKo BO3MOKHBI CITydau, KOTJa JIOKaJbHast CBSI3b MEXKIY dJIe-
MEHTaMHU CHCTEMbI HE TPOCTO MEHSIET XapakTep KoyieOaHuil, ycTaHaBIMBast OOIIYI0 YaCTOTY HJIM TOCTOSH-
HYIO0 pa3HOCTh (ha3, HO M CIY)KHUT TPUYHNHOHN TOSBICHUS KOJEOaHWH B CHCTEME M3 WHIMBHYATBHO MOKOS-
IIUXCs 3JIeMeHTOB. Takue KojeOaHus MOIydrId Ha3BaHUe «IIPo0YyKACHHbBIX» (awakened) [12].

BriepBbie Ha BO3MOXHOCTB «IIpOOYKACHHBIX» aBToKojieOanuid ykazan C. Cmeiin [13], moctpous adert-
PaKTHYIO MOJENb B3aUMOJCHUCTBHS JBYX OMOJOTMYECKUX KIETOK, KaXIas U3 KOTOPBIX COAEPKUT HAbOp U3
YeThIPeX MEeTabOMTOB, PEarupyloNMX IO 3aKOHAM XHMUYEeCKOW KWHETHKH. OTHeIbHO B3ATas KIIETKa
«MEpTBa» B TOM CMBICTIE, YTO KOHLEHTPALUU META00INTOB MPEOBIBAIOT B CTAIMOHAPHOM cocTossHUH. OnHa-
KO TIOCJIE BKJIIOUEHHS IMHEHHON OOMEHHOH CBSI3U CHCTEMa «0KHUBAET», MIPOSIBIISAS aBTOKOIE0aTeNbHOE MOBE-
nenue. [lox BnusHUEeM THOHEpPCKOW paboTel CMmelna B mambHEHIeM ObUIH TPEIOKEHBl PeATUCTUICCKUC
MOJIEJI BO3HUKHOBEHHSI CHHXPOHHBIX KOJICOAHUI B CHCTEMAax CBSI3aHHBIX HEOCHMJUTHUPYIONIUX JJIEKTpUYe-
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CKH-aKTUBHBIX KJeTok [14, 15]. Hama mozaens npeactaBnsier co0oi U3NUECKYIO0 CUCTEMY C aHaJIOTHYHBIM
dheHoMeHOM.

KommenTupyst cBoit mpumep, CMeiin 3aMeThII, YTO «TPyJHEE YMEHBIIUTH YUCIIO BEIIECTB B 337a4e 110
JIBYX WK Jaxe 10 Tpex» [13; 26]. B omuune ot Moaenu Cmeiina, CBsI3b MEXIY 3aTyXaOMIUMU OCLIMIUISTO-
paMH B Hallel CUCTEMe HEIMHEHHA, ¥ 3TO JIENIaeT «IPO0YKICHHBIC» CHHXPOHHBIC KOJICOAHUS BO3MOKHBIMHU
yKe JIIs IBYX (Pa30BBIX MMEPEMEHHBIX.

Baxnouenue

B gopmannszme ckopoCTHBIX ypaBHEHUH HAMU MOCTPOCHA MOJEIB ABYX MOTYIPOBOJHUKOBBIX JIa3€pOB,
MEPEKPECTHO CBA3aHHBIX TaK, YTO KAKIBIH U3 HUX MOXKET PEryJlupoBaTh OTepU B pe3oHarope npyroro. Ilo-
Ka3aHO, YTO IPH YMEPEHHO caboil CBA3M B CHCTEME yCTaHABIMBACTCS CHHXPOHHBIM aBTOKOJICOATEIbHBIH
PEXUM, B KOTOPOM JIa3ephl M3JIy4aroT MOoMepeMeHHo, B mpotuBo(dase. Ilepuon cMHXpOHHBIX KoneOaHuil He
3aBHUCHUT OT CHJIBI CBSI3M, & OIPEEIIeTCs HaKauKaMH U MOXET ObITh cIeslaH IPOU3BOJILHO OousbuiuM. [lpu
CHJIBHOM CBSI3U MEXY Jla3epaMH cucTeMa OucTabuiibHa, U B HEH MOXKET HaOJII0JaThCsl TUCTEPE3HUC.
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A. Mycradun

Monyasinusi canaJbIFbIHA 0ANJIAHBICTHI €Ki JIa3epaiH JUHHAMHKACHI

JKeu1mamMIeIK TEHICYIEPiH KaKbIHIATKAHAA €Ki OipMOJaibl jKapThUIaldl OTKI3TIlI Ja3epli CHHXPOHIAYIBIH
MaTeMaTHKalbIK MoOJeNi KypsUrraH. Mogens exi Jlasepiene 9SJEKTPOHAAp KOHIEHTPAIMACH MEH
(hOTOHAp/ABIH THIFBI3/ABIFEIHA aPHAIFAH CHI3BIKTHI €MeC KapamaibiM auddepeHnnanislk TeRaeyIep xyiieci
Gounbin TaObUTAABI. By MopmenbaiH epekiuemniri jasepiep apachlHAarbl OaiiaHbIc cHIATBIHAA — OJ 9pOip
Ja3epiH MEHIUIKTI MIBIFBIHBI eKIHIIICIHIH CoyJeneHy KapKbIHIbUIBIFBIHA MPOMOPLHUOHAT OOJaThIHIAAN eTil
kacanraH. byan 6acka, TeHaeynepae cayseneHyAiH ChI3bIKTHIK eMec (KBaApaTTHIK) IIBIFBIHAAPEI €CKEPiTe/i.
Kyite Oudypkamuss Teopuschl KOHE KemTereH MaciurabTap omictepimeH 3eprrenai. Monenb Jiasepiiep
apachIH/IaFEl KYIITI KeHE oJci3 Oaifmanbic ke3iHpe opTypii cumarra. Kymri GaimaHeic kesiHzme kyHene
TepOericTep JKOK, COHBIMEH KaTap THCTEpe3HC IIeH OucTabmibainik 60irysl MyMKiH. JXKyiieHiH onci3 GaitiaHbl-
CBI Ke3iH/le MIEKTI IUKJI XOHE pelaKcalsuIbIK TepoernicTep maiina 6osrysl MyMkiH. Jlasepriepaeri ¢poToHmap
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TBIFBI3JBIFBIHBIH CHHXPOH/IBI TepOernicTepi anTH(a3zana OpbiH anajasl. Y 3bIH MEPHOAUKAIIBIK OCHMILIISALHSIAP-
bl ally YIIiH YCHIHBUIFAaH CHHXPOH/IAY CYJI0aChIH KOJIIaHy MYMKIHJITI Typabl KOPBITBIH/IBI KacaJIbL.

Kinm co30ep: GaiinaHbICThI Ja3epiep, KbUIIAMIbIK TEHICYNIepi, CHHXPOHAAY, ONTHKAIBIK OMCTaOMUIbALTIK,
peaKcanusuIbIK TepoernicTep.

A. Mustafin

Dynamics of two lasers coupled via mutual cavity-loss modulation

A mathematical model for synchronization of two single-mode semiconductor lasers is built within the
framework of the rate equations approximation. The model has the form of a system of nonlinear ordinary
differential equations for electron concentrations and photon densities in both lasers. The lasers are coupled in
such a way that the cavity losses of each device are proportional to the light intensity emitted by the other.
Besides, the equations take into account the nonlinear (quadratic) losses. The system is analyzed by the meth-
ods of bifurcation theory and multiple scale techniques. It is shown that the model exhibits different behavior
at strong and weak coupling between the lasers. At strong coupling, there is no oscillation in the system,
though the phenomena of bistability and hysteresis are possible. At weak coupling, a stable limit cycle and
spiky relaxation oscillations may emerge. It is found that synchronous oscillations of the photon density in la-
sers occur in antiphase. The proposed synchronization scheme could be useful in obtaining long-period pulsa-
tions.

Keywords: coupled lasers, rate equations, synchronization, optical bistability, relaxation oscillations.
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Synthesis, the study of the structure of YAG
and YAGG phosphors in the radiation field

In the present work, an attempt is made to synthesize a phosphor using powerful hard radiation fluxes. The
surface, elemental composition, structure, and luminescent characteristics of the obtained YAG:Ce ceramics
were studied. Ceramics have a heterogeneous structure. The main phase of the obtained ceramics is YAG,
which ranges from 72 to 91 % of the total volume of samples. The remaining volume of the samples consists
of the ALL,O; and CeO, phases. The synthesized ceramics has the characteristic properties of YAG:Ce,
YAGG:Ce phosphors. The surface condition and elemental surface composition of the synthesized ceramic
sample were studied using a scanning electron microscope. The images showed that there are particles with a
well-defined faceting, which indicates the formation of microcrystals. X-ray diffraction analysis of the syn-
thesized ceramic samples was carried out on a diffractometer. X-ray diffraction analysis showed that the re-
sulting ceramic has a high degree of crystallinity. The quantitative phase dependence was determined in the
TOPAS-4.2 program. The results of measuring the luminescence spectra measured upon excitation of the
specimen split surface are presented. The maximum luminescence of Y AG:Ce ceramics accounts for 555 nm,
the half-width of the band is 0.45 eV. In YAGG:Ce ceramics, the luminescence maximum at 555 nm, the
half-width of the band is 0.48 eV.

Keywords: white LEDs, yttrium-aluminum garnet, phosphor, ceramics, synthesis in the radiation field.

1 Introduction

White light-emitting diodes (LEDs) are considered a good lighting devices due to their unsurpassed
qualities, such as energy saving and long service life [1, 2]. In the most common LEDs, the blue radiation of
the chip is converted into yellow by the phosphor. The combination of blue chip radiation and yellow
phosphor gives white light. As phosphors, microcrystalline powders of yttrium-aluminum garnet (YAG:Ce),
activated with cerium, are most often used [2—4].

YAG:Ce®" phosphor emits in the range of 500-700 nm, the luminescence maximum is 550 nm [5]. The
quantum efficiency of YAG:Ce®* phosphor radiation can reach 85 % [6].

YAG:Ce phosphor is most often synthesized from metal oxides under extreme conditions: thorough
mixing of the initial powders, high temperatures during sintering, crushing to the desired size, annealing at
high temperatures. The reproducibility of the synthesis with this technology is clearly insufficient. Therefore,
other methods are being developed: sol-gel method [7], combustion method [8], coprecipitation [9] and
others. But all the methods of synthesis still end with high-temperature annealing. In the practice of
industrial synthesis is dominated the method of solid-state reaction as the cheapest.

In recent years, radiation methods for modifying, synthesizing films and even ceramics have been
developed [10, 11]. In this paper, it was attempted phosphor synthesis using powerful hard radiation fluxes.
The surface, elemental composition, structure and luminescent characteristics of obtained YAG:Ce ceramics
were studied.

2 Objects and research methods

YAG:Ce and YAGG:Ce ceramics samples were synthesized in the radiation field. For the synthesis, a
mixture from a powders mixture of Al,O;, Y,0s, Gd,0s, and Ce,0; oxides brands ch.c was prepared. The
ratio of oxides in the charge was equal to stoichiometric. With cerium dopping for activation and gadolinium
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for modification, the ratio of the initial compositions was adjusted. It was supposed that the activator and
modifier ions enter the lattice by replacing yttrium ions. The oxide powders had particles form of irregular
shape with dimensions of about 1 micron and less. In a liquid medium, the particles are trying to combine
into complexes. The charge was poured into a copper melting pot with a layer 5 mm. A flux of electrons with
an energy of 1.4 MeV from the ELV-6 accelerator with an average power of 23 kW/cm® was directed to the
melting pot with the charge. The beam section of a Gaussian shape at half-height was 0.7 cm”. The beam
scanned on the surface of the melting pot at a speed of 1 cm/s. All surface processing of the melting pot was
25 s. As a result of processing, ceramic samples were formed in the melting pot in the form of droplets with
sizes up to 0.5%1.0x2.0 cm. The samples had a high hardness close to sapphire. The split plane had a charac-
teristic for ceramics form with a rough surface. YAG:Ce ceramics samples had a light yellow color like a
YAG:Ce and dark yellow-YAGG:Ce.

The state of the surface and the elemental composition of synthesized ceramics samples surface were
studied using Hitachi TM-scanning electron microscope (SEM) 3030 with the Bruker XFlash MIN SVE en-
ergy dispersive analysis system at an accelerating voltage of 15 kV. X-ray diffraction analysis of synthesized
ceramic samples was performed on a D§ ADVANCE ECO diffractometer with an X-ray tube with a copper
anode and a graphite monochromator. Diffraction patterns were recorded in the range of angles (20—110°)
20 with a step of 0.02 20. Quantitative phase dependence was determined in the TOPAS-4.2 program. The
half-width of the measured reflections was used to determine the sizes of crystallites and microstresses in the
sample. The ratio of the integral intensity of reflections to the total intensity of x-rays was used to evaluate
the degree of crystallinity of the sample.

3 SEM images and elemental analysis of phosphors

The morphology, elemental composition, structure ofobtained samples were investigated. In the chips
SEM images it can be seen that the ceramic samples are soldered to each other particles with sizes of
~5...50 microns (Fig. 1). Most particles have a melt appearance. There are particles with a well-defined cut,
which indicates about microcrystals formation.

HFW |
mm | 149 ym

a—YAG:Ce; b — YAGG:Ce
Figure 1. The morphology of synthesized ceramics in a radiation field

The elemental composition of obtained YAG:Ce, YAGG: Ce samples differ from initial composition in
charge. The proportion of aluminum ions exceeded the charge during the charge formation relative to Y, Ce,
Gd. Therefore, the resulting ceramics has a non-stoichiometric composition (Tables 1, 2).
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Table 1

The elemental composition of the surface of obtained samples of ceramics

AlLO; (56,8 %) + ALO: (59,5 %) + ALO; (56,8 %) + ALO; (59,5 %) +
Atom Y,0; (34,1 %) + Y203 (35 ; %) + Y505 (22,7 %) + Y505 (23,8 %) +
(at.%) Ce,05(9,1 %) Co 02( 438 0/’) (22 KB1) Gd,05 (11,4 %) + Gd,05 (11,9 %) +
(22 KBT) 20 70 Ce,05(9,1 %) (22 KBr) | Ce,05 (4,8 %) (25 KB1)
0 65.84 62.74 69.58 57.51
Al 26.16 33.02 28.72 36.36
Y 723 3.66 0.93 4.15
Ce 0.77 0.53 0.63 0.71
Gd — 0.06 0.15 1.26
Table 2
The elemental composition of the crushed phosphor
0 o,
Atom | ALO; (56,8 %) + Y05 (34,1 %) + %2(106(5(61’18 4@ ;’fé?(gzgl/;’/); ALOs (56,8 %) + Y05 (34.1 %) +
(at.%) Ce,05 (9,1 %) (22 KBT) 2B (2; KBT)2 300 Ce,05(9,1 %) (25 KBT)
0 57.39 52.81 66.32
Al 33.26 37.76 25.65
Y 7.55 7.29 7.49
Ce 1.8 1.35 0.54
Gd — 0.8 —

X-ray structural analysis showed that the resulting ceramics has a high degree of crystallinity, about 80 %
(Fig. 2). The basis of YAG ceramics is made up of crystals with a size of 47 nm, YAGG — 81 nm. The exist-
ence of a separate phase of corundum was found in ceramics. The lattice parameters of YAG, YAGG, and
Al,O; are close to those known for crystals: a, b, =<12.023 in YAG, 12.055 in YAGG, 4.75 in Al,O; (Table 3).
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a— ALO; (59,5 %) + Y,05(35,7 %) + Ce, 05 (4,8 %);

b— ALO; (56,8 %) + Y105 (22,7 %) + Gd,0; (11,4 %) + Ce;05 (9,1 %)

Figure 2. Diffractograms of the investigated samples
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Results of X-ray diffraction analysis of synthesized ceramics

Table 3

Initialcomposition Pha Lattice Crystallite size, | Crystalline | Phase contain,
cOmpOsto s¢ parameters, A nm degree, % %
A1203 (59,5 %) + A12Y3012 — Cubic _
V0,057 %) + 11-34(230) a=11.98300 64.5 oo 71.7
Ce,05 (4,8 %) Al,O; — Rhombo.H.axes — | a=4.74657, 615 ’ 283
(22 KB, 12.04.2018) R-3¢(167) c=13.01621 ' :
ALO; (56,8 %) + ALY301, — Cubic a=11.96366 483 82.4
Y05 (34.1 %) + 1a-3d(230)
23 Al,O; — Rhombo.H.axes — | a = 4.80604, 91.1
Ce,05 (9,1 %) - 44.7 14.9
(22 KBr, 11.04.2018) R-3¢(167) c=13.04118
L CeO, — Cubic Fm-3m(225) | a = 5.53065 51.7 2.6
A1203 (59,5 %) + A12Y3012 — Cubic _
Y10.(23.8 %)+ 12-34(230) a=11.95920 28.7 83.0
o,
GO; (11.9%) = | \1 6, Rhombo.Haxes— | a=4.72784, 88.1
Ce,0; (4,8 %) R-3(167) 5 03ans 42.9 17.0
(25 KBr, 11.04.2018) ¢ €= e
Aleg (56,8 %) + A12Y3012 — Cubic _
Y.0: A1 %)+ 1-34(230) a=12.01313 46.1 o 91.2
Cey05 (9,1 %) Al,O; — Rhombo.H.axes — | a =4.76400, 44.4 ’ 38
(22 KBr, 11.04.2018) R-3¢(167) c=12.99785 ' '
ALO; (56,8 %) + A123§3()31(212—3 gub“’ a=11.94255 47.4 82.3
Y,05 (34,1 %) + a-3d(230)
NGO Al,O; — Rhombo.H.axes — | a =4.79379, 92.4
Ce,05 (9,1 %) - 44.7 2.0
(22 KBr, 12.04.2018) R-3¢(167) c=13.11022
’ Ce0, — Cubic Fm-3m(225) | a = 5.52306 50.6 15.7
ALO; (56,8 %) + ALY;0,, — Cubic _
Y0, 027 %)+ 11-34(230) a=11.96328 71.5 73.6
Gd,0;(11,4%) + [ALO; — Rhombo.H.axes —| a = 4.79285, 082 89.8 7
Ce,05 (9,1 %) R-3¢(167) c=13.07166 ' '
(22 KB, 11.04.2018) | CeO, — Cubic Fm-3m(225) | a = 5.50465 81.7 24.6
ALO; (56,8 %) +
Y,05 (22,7 %) + e
GdyOs (11,4 %) + Alz\;;glém Oc)“blc a=11.91594 48.5 86.3 100
Ce,0; (9,1 %)
(22KBr, 12.04.2018)

Thus, obtained ceramics is a system of small crystallites, which can be combined into microcrystals up
to 50 um, has a dominant YAG (or YAGG) phase, the composition is close to the corresponding this phase,
but non-stoichiometric.

4 Photoluminescence when excited by a blue LED

The synthesized YAG ceramics samples intensively luminesce when excited by radiation of a chip at
460 nm in the range of 500—700 nm, like a YAG:Ce and YAGG:Ce phosphors [9, 12—-14].

Figure 3 (a, b) shows the results of measuring the luminescence spectra measured when excited the
sample splitting surface. The whole area of split well luminesces, however, the brightness distribution over
the surface is non-uniform. The luminescence maximum of YAG:Ce ceramics falls on 555 nm, the band
half-width is 0.45 eV. In YAGG:Ce ceramics, the luminescence maximum at 555 nm, the band half-width is
0.48 eV. The shift of the band in YAGG:Ce ceramics relative to the strip in YAG:Ce is a characteristic
feature of phosphors containing Gd** ions as modifiers. The half-widths of the luminescence bands in the
synthesized ceramic samples are within the limits of the corresponding phosphors and ceramics [15] based
on YAG:Ce, measured in [13, 16].
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Figure 3. Luminescence spectra of ceramics when excited at 460 nm

5 Discussion

YAG:Ce ceramics first synthesized in the field of powerful flux of radiation. Ceramics has a heteroge-
neous structure. The main phase of obtained ceramics is YAG, which makes up from 72 to 91 % of the total
volume of the samples. The remaining volume of samples consists of phases Al,O; and CeO,. Synthesized
ceramics has characteristics like a YAG:Ce, YAGG:Cephosphors.

Thus, the synthesis of luminescent YAG:Ce, YAGG:Ce ceramics in a radiation field is possible. The
advantages of this method are obvious. The synthesis time is 1 second. The efficiency of synthesis compared
to the commonly used thermal is determined by ionization processes, but not by thermal ones. With used ir-
radiation modes, during the exposure to the radiation flux, the charge absorbs 6.10” eV/cm’® in the charge,
~ 6...10” cm™ electronic excitations (ions, excitons, electron-hole pairs) are creating. Consequently, the
formation of structural phases occurs from a set of charge elements with a high degree of ionization, that is,
from a state close to the plasma state. This provides good mixing of the elements of the composition, can be
obtained ceramics with a composition close to stoichiometric. The radiation field, the distribution of the ab-
sorbed energy in the charge can be well controlled. Consequently, synthesis in the radiation field can provide
high reproducibility of obtained materials.
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Pamnanus epicingeri UAI :xone UAI'T mromuno¢opiapbIHbIH
KYPBLIBIMBIH 3€PTTeY KJHE CHHTe3/1ey

Maxkanaza KaTThl paJMalUsHbIH KYIITI aFbIHIAPbIH IaiJanaHbll, JIOMHHO(GOPABI CHHTE3/EYTe OpEKeT
sacanasl. AnbiaFaH Y AG:Ce kepaMuKaHblH O€TKi KYPbUIBIMBI, JIEMEHTTTIK KYpaMbl JKOHE JIFOMUHECLIEHTTIK
KacuerTtepi 3eprrenni. Kepamuka reTeporenzi KypbpuibiMFa ue. AJbIHFaH KepaMHUKaHbIH Herisri ¢a3acsl YAG
6ol TaOBLTAABI, OJ1 YITUIEPAiH *Kanmbl KedeMminiy 72-91 % kypaiiasl. Yirizepain kanrad kememi Al,O;
xoHe CeO, dazanapeiHan Typanpl. CunresmenreH kepamuka YAG:Ce, YAGG:Ce noMuHODOPIAPHIHBIH
curnarramanapbiHa ToH. CKaHepl AJIeKTPOHABI MUKPOCKONTHIH KOMETIMEH CHHTE3/IeNITeH KepaMuKa OeTi MeH
OeTiHiH KYHi 3eprTenmi. 3epTTey HOTIXKECIHAE MUKPOKPHCTAIJApAbIH Taiifia OOIyBIH KOPCETETIH HaKTHI
aHBIKTaJFaH OemmrekTep Oap exeHairi kepcerinai. CHHTe3IeNreH KepaMHKAJBIK YIATUICpAIH PEHTIEHIIK
tanpaysl gu¢ppakromerpae okyprizinmi. TOITAC-4.2 ©OarmapnamacslHga caHIBIK  (asa  ToyemuIiri
aHBIKTANABL. YIrinepain OerTik OeiiHy Ke3iHZEri JIIOMHUHECHEHTTIK CHEKTpJICPIHIH elliey HOTHKenepi
kentipinren. YAG:Ce KepaMHUKachbIHbIH MaKCHMAJIIbl JIOMHHECUEHLHACH: 555 HM Kypailabl, jKOJaKThIH
xaptel eHi — 0,45 3B. YAGG:Ce kepamuKkacbiHIa JIOMHHECUCHLHMSHBIH MaKCHUMaJabl MoHI 555 HM,
JKOJIAKTHIH >kapThl eni — 0,48 3B.

Kinm ce30ep: ax apblK AWOATAphl, WUTTPUI-aIIOMUHMI TpaHaT, JIOMHHOG(Op, KepaMuKa, pajuarfis
epiciHyeri cuures.

K. Kapumnb6aes, [I. Mycaxanos, B. Jlucuneig, I'. AnmbicoBa,
M. T'onkoBckwuii, JI. Jlucuipina, A. TynerenoBa, A. AKbUIOEKOB,
A. laynet6exoBa, K. baimabekos, A. Ko3nosckuii, A. YcenHoB

Cunre3, ucciaenoBanue crpykryposl UAT' u UAI'T momunogoposn
B M0JIe paquanuu

B crarbe mpeanpuHsATa MONBITKA CHHTE3a JIOMHUHO(Opa C UCIONB30BAaHIEM MOIIHBIX TOTOKOB JKECTKOH pa-
Jquanyu. I[IpoBeneHs! MccienoBaHNUs MOBEPXHOCTH, 3IEMEHTHOTO COCTaBa, CTPYKTYPBI U JTIOMHHECHEHTHBIE
xapakTepucTiky nonydeHHod YAG:Ce kepamuku. Kepamuka nmeeT reTeporeHHyo cTpykTypy. OCHOBHOM
(azoii nonyuenHoi kepamuku asinserca AL, kotopas cocrasiser oT 72 10 91 % ot Bcero oobema obpas-
1oB. OcTanpHOit 06beM 00pa3ioB coctaBisiioT (a3l Al,O3 u CeO,. CHHTE3UpOBaHHAS KepaMUKa UMEET Xa-
paxtepubie a1 MAI:Ce, MAI'T:Ce momunopopoB cBoiicTBa. COCTOSHHE NOBEPXHOCTU M JIEMEHTHBIH co-
CTaB IIOBEPXHOCTH 00pa3lia CHHTE3NPOBAaHHOH KePaMUKH ObUIH H3y4YEHBI C HCIOJIb30BAaHUEM CKAaHHPYIOIIETO
JIEKTPOHHOTO MUKpocKkoma. CHUMKH ITOKa3aly, 9YTO BCTPEUAIOTCS YACTUIIBI C XOPOIIO BBIPAKEHHOH OTpaH-
KO, 3TO CBU/ICTENBCTBYET O (JOPMHUPOBAHUN MHUKPOKPUCTAIUIOB. PEHTIeHOCTPYKTYPHBII aHAJIN3 CHHTE3UPO-
BaHHBIX 00pa3I0B KEPaMHUKH IPOBOIWIN Ha IU(ppaKkTOMeTpe. PeHTreHOCTpYKTYpHBIH aHaIHM3 MOKa3all, 4To
MoNTy4YeHHas: KepaMUKa MMEET BBICOKYIO CTENeHb KpUcTautnuyHoCcTH. KonmmyecTBeHHas a3oBasi 3aBUCUMOCTh
onpenensace B nporpamme TOPAS-4.2. TIpuBeneHs! pe3ynbTaTbl U3MEPEHUS CIEKTPOB JIIOMUHECLICHLIUH,
M3MEPEHHBIX TpU BO30YXKAEHUU NMOBEPXHOCTH packosia 00pas3noB. Makcumym momunecueHimu MAT:Ce ke-
paMuKu mpUXoAuTCcs Ha 555 HM, momymmpuHa nosockl paBHa 0,45 3B. B MAIT:Ce kepamMuke Makcumym
JIOMMHECLIEHIIMY Ha 555 HM, noymupuHa noaocs! pasHa 0,48 3B.

Knrouesvie crosa: Genble CB€TOAUOIHI, HTTprI-aIIIOMPIHPICBbeI I'paHart, IIIOMI/IHO(i)Op, KE€pamMuka, CHHTC3 B I10-
JIC paauanuu.
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Modified models of a free boson string and their solutions

In this paper we consider the modified models of a free boson string and examine their dynamics. Modified
models of the boson string are investigated from the point of view of the second order formalism (the
Polyakov action). The motion of the free string propagates in Minkowski space-time. The internal geometry
of the free boson string is described by the metric /2,4 having the signature of Minkowski. The classical string
trajectory is described by the function X*. The introduction of the function K and the potential V(X*) into the
action of the boson string allows us to find new approaches to solving the problem of the boson string dynam-
ics. For these modified models of the boson string the equations of motion are found. The equations of mo-
tion are obtained by varying the action with respect to X*. The energy-momentum tensor for considered mod-
els of the free boson string is calculated. Constraint conditions are obtained for all types of modified boson
string models. It is proved that constraint conditions are satisfied for each considered modified model of the
boson string. Solutions of the equations of motion for each modified boson string model are also considered
and obtained. String’s world sheet has been built for these solutions. It is shown that all solutions for these
models satisfy the equations of motion and the constraint conditions.

Keywords: bozon string, action, equation of motion, energy-momentum tenzor, constraint conditions.

1 Introduction

Despite its successes, the Standard model of elementary particles must be built into a broader theory
that would include gravity as well as strong and electroweak interactions. Currently, there is only one likely
candidate for such a theory: string theory, which emerged in the 1960s as a not-so-successful model of had-
rons and only later emerged as a possible theory of all interactions [1].

String theory touches on the deepest questions of the universe and is the most developed modern at-
tempt to answer questions about the nature of fundamental interactions.

String models appeared in physics in the sixties and seventies of the XX century in attempts to describe
the mechanism of strong interactions [2]. Strings are one-dimensional extended objects with a length of the
order of 10™° m, which is not a subject to observation at present. Their dynamics is considered on a two-
dimensional surface — a world sheet — in the background manifold (n-dimensional space-time) and de-
scribed geometrically. Bosonic models have meaning of twenty-six dimensions and their fluctuations are
bosons, and fermion and superstring — in ten dimensions [3].

The boson string theory is a fundamental theory and most important concepts of string theory can be
explained within this theory. Boson string models are considered and studied in [4, 5]. Generalized models of
boson strings with potential and non-canonical kinetic term were considered in [6, 7].

Despite the numerous studies available in the field of boson string theory, this theory is not fully studied
and requires further development. The need to study different models of boson strings is motivated by the
study of the unification of all the interactions in nature. The study of bosonic string theory can be considered
equivalent to the study of two-dimensional gravity associated with scalars.

The article described the bosonic string model and equations of motion; calculated tensor of energy-
momentum for these models; the solution for the bosonic string. Conclusions are drawn.

2. Models of bosonic string

The action for the freely moving string can be constructed similarly to the action of a point particle. In
the simplest case, the action is described by its d-dimensional Minkowski coordinates X*(o,t). The parame-

ters 0 and T set the points on the world sheet that the string sweeps when it moves; O is the coordinate
along the space-like direction and T is along the time-like direction [8].

Let's introduce the metric /,, and the inverse metric h*® (o, =0,1) on the world sheet. The action has

the form
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= —%jdtjdcﬂK, (1)
where h =det(h,,), T is the constant factor equal to string tension, K is the some function of its arguments.
Consider several models for different K .

2.1. Model K=F(Y)
K=F(),
Y =h®9,X*0, X, =h"[0,X"0, X, ]+h"[9,X"0, X, 1= h"X** +n' X** )

where the dot means the derivative with respect to T and the prime — derivative with respect to G .
Components of metric taken the form

(e (10 ;
P th h11 0 -1) ( )
S=—§ [axfdo=hF (). ©)

In order to obtain the equations of motion of the boson string, we find the variation of action (4) with
respect to X"

We rewrite the action (1) as

55 = —% [at[dov=nsr ()= %Idrfdcﬂﬂ [A X"+ R XM I8X,

Applying (3) we write down the equation of motion

F, (X" -X"™)=0. (5)
The energy-momentum tensor of two-dimensional field theory is written as
2 1 &S
T,=——————=0. 6
@ J=h 5k ©)

In order to find the energy-momentum tensor, we vary action (4) with respect to 4“*. We find the ener-
gy-momentum tensor for the considered model

88 ., = —%T [[ardo] SV=hF(¥)+=h8F(Y)]. 7
The following formulas are useful for varying the action
Oh = —hhmﬁﬁho‘B , (8)

it follows that

SNk = — - “hh 54" )

2
and

OF = F,8Y = FY ,;8h. (10)
Therefore (7) will take the form
1 1 op

8, == T [[drdo=h {—EhaBF+FyYh aB}Bh . (11)

Substituting (11) into (6) we obtain the energy-momentum tensor

1 1
Ty = FyY, o =S haF = FO XX, = —hy .

Since the metric on the world sheet has been calibrated, the vanishing of the energy-momentum tensor,

ie. T,z =0, based on the equation of motion of the world sheet metric, should be introduced as additional

constraint conditions

1
Ty = F0 XX, =~ hyyl = 0. (12)
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Taking into account (2) and (3) we write constraint conditions (12)

T,=FX’ —%F =0;

T,=FX"? +%F =0;

TszloszXX’:O‘
From (13)—(15) follow that constraint conditions
X +Xx*=0;
XX =0.

(13)

(14)
(15)

In relativistic string theory, these conditions are called orthonormal calibration.
Equation of motion (5) can have several solutions. Let's consider some models of these solutions.

2.1.1. Model X* = 4, cos(T+0).

X% = —4sin(t+0);
X+ = — A, cos(T+0)=—-X"
X" = — 4, sin(T+0);
X" = —4.cos(1+0)=—-X"

Constraint conditions for this model
1) X+ X% =24%in’(T1+0) = 0;
4, #0=5in’(t+0)=0;
T+0=T7n,ne 2.
X-X' =4 sin’(1+0)=0;
T+06=Tmn,ne ~£.

Substitute the solutions into the equations of motion (5)
Fy[-4, cos(t+0)+ 4, cos(T+0)]=

2)

2.1.2. Model X* = 4, cos(T—0).

X+ o= - A, sin(T-0);
X o= — A, cos(t—0)=-X".
X" = A4 ;sin(t-o);
X" = —4.cos(1-0)=-X"
We write constraint conditions for this model
1) X?+ X% =242sin’(1—0)=0;

4, #0=5in’(t—0)=0;
T—0=T7n,ne 2.
XX =—A:sin’(T-0)=0;
T—6=Tn,ne 2.

This model satisfies the equation of motion (5)

2)

0.

F,[-4, cos(t1—0) + 4, cos(1—0)]=0.

2.1.3. Model X* = 4, cos[B,(t1—0)].
Xu
Xu

—A,B,sin[B,(T-0)];
— 4,B; cos[B,(T1-0)].
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X" = AB sin[B (1-0)];

XM = —4,B;cos[B,(1-0)].
Constraint conditions for the model 2.1.3 take a form
1) X*+X?=24Bsin"[B,(1-0)]=0;

sin’[B,(1-0)]=0;

t—czﬂ,ne Z.
Bu
XX =-4;Bsin’[B,(1-0)]=0;

2
) T—GZE,HE Z.
B

n
We substitute this model also into the equation of motion (5)

F,[-4,B; cos(1—G) + 4 B; cos(1—0)]=0.

From the three examples, it can be seen that all considered models are solutions of the equation of mo-
tion (5).

2.2. Model K = F(Y)-V(X").
We write the action (1) as
S= —gjdrjdcﬂF(Y).V(X“). (16)

To obtain the equations of motion of the boson string, we find the variation of action (16) with respect
to X*

55:% [ax[ao=hd(F¥)-v(x)) =

T . .
- _Efdfjdcﬂ[_zg V(X + "X +EV 18X

Applying (3) we write down the equation of motion

.. w1
EV(X*-X “)—EFVXH =0. (17)
We find the variation of action by 4%
38 . = —%T [ IdtdoV(X“)[Sx/—hF(Y) + \/—hSF(Y)] . (18)
Using (8)—(10) write the action
1 1 o
8, == T [[drdov (x*W-h [—EhuBF +FZ o }Sh P, (19)

Substituting (19) into (6) we obtain the energy-momentum tensor

1 1
TuB = V[FyZhuB _EhuBF] = V[FyauX“aBXH _EhO‘BF]'

The equation of motion (17) must be supplemented by the constraint conditions 7., =0.

1
T =VI[F,0,X"9X, _EhaBF] =0. (20)
Taking into account (2) and (3) we write the constraint conditions (20)
Ty, =V(FYX2—%F)=0; Q1)
T, =V(FX"? +%F) =0; (22)
T, =T, =FVXX =0. (23)

From (21)-(23) follow constraint conditions
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X4 X7 =0,
XX'=0.
We consider some solution models of the equation of motion (17).

2.2.1. Model X* = A4, cos(1+0).

X% = —4sin(t+0);
X = — A, cos(T+0)=—-X".
xr o= - 4, sin(t+0);
X" o= — 4, cos(t+0)=-X".
The constraint conditions for the given model are
1) X+ X7 =24 sin’(1+0) =0;

4, #0=sin’(t+0)=0;
T+06=mnn,ne ~Z.
X-X =4 sin’(1+0)=0;
T+o0=mn,ne Z.

Substitute given model in the equation of motion (17)

1
Fy,V[-A4, cos(t+0)+ 4, cos(T+0)] _EFVxH =0;

2)

FV =0.
xM
F#0,V =0,V =const.
o

In space, the string can move as you like and in its motion in space-time sweeps the surface, called the
world sheet of the string, which is a two-dimensional surface with spatial ¢ and temporal T coordinates.
Moving in d-dimensional space-time, the string oscillates. In order for these oscillations not to contradict
quantum mechanics and special relativity theory, the number of space-time dimensions for the boson string

must be 26.
Figure 1 shows the distribution of the boson string world sheet in coordinates T and ¢ for model 2.2.1.

Figure 1. The world sheet of a modified bosonic strings for the solution X* = 4, cos(t+0) at 4, =4

If the string is closed, then among other oscillations in the spectrum of its motion will be a particle with
zero mass and spin 2, the so-called graviton — which is the carrier of the gravitational interaction.

In curved spacetime, a closed string experiences curvature as it moves. In this case, in order not to vio-
late the laws of quantum theory, curved spacetime must be a solution to Einstein's equations.
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2.2.2. Model X* = 4, cos(1-0).

Xt = - 4, sin(tT—0);
X = — A, cos(t—0)=-X".
X o= 4, sin(t-o0);
X" o= — A, cos(t-0)=-X".
Constraint conditions for the model 2.2.2 can be written as
1) X?+X?=245in’(1—0) =0;

4, #0=5in’(t1—0)=0;
T—0=T7n,ne 2.
X-X =-Asin*(1-0)=0;
T—O0=Tn,ne ~£.
Substitute this model in the equation of motion (17)

2)

1
FyV[-A4,cos(t—0)+ 4, cos(T—0)]— EFVX” =0;
F VXu =0.
F#0,V =0,V =const.
xM

Figure 2 shows the distribution of the boson string world sheet in coordinates T and ¢ for model 2.2.2.

Figure 2. The world sheet of a modified bosonic strings for the solution X* = 4, cos(1—-0c) at 4, =4

2.2.3. Model X* = 4, cos[B,(1—0)].

X" = —AB,sin[B,(1-0)]
X* = —4.B;cos[B,(1-0)]
X" = 4B sin[B,(1-0)];
X" = —A4,B;cos[B,(1-0)].
The constraint conditions for this model
1) X*+X?=24Bsin’[B,(1-0]=0;

sin’[B,(1—6)]=0;

n
T—-0=—,ne’”.
Bu
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XX =-4Bsin’[B,(1-0)]=0;
2
) T—0= E,n YA
B 0
Substitute solutions in the equation of motion (17)

1
F,V [ ~A,B; cos[B, (1~ 0)]+ 4,B] cos[ B, (1—0)] | - SFV =0
FV =0
F#0,V § = 0,V = const.

X

Figure 3 shows the distribution of the boson string world sheet in coordinates T and ¢ for model 2.2.3.

Figure 3. The world sheet of a modified bosonic strings for the solution X* = 4, cos[B,(t—0)] at Au =5B, = 3

All considered models are solutions of the equation of motion (20).
3. Conclusion

In the article the dynamics of the bosonic string for various modified string models was studied. Con-
sidered actions for given bosonic models of strings and the equations of motion are obtained by varying the
action with respect to X*; calculated tensor of energy-momentum for these models, obtained the constrait
conductions; solutions obtained for the modified models of bosonic strings. Built world sheets of bosonic
strings for some solutions. It is checked that the constrait conditions for all considered models are satisfied.

The same classical string theory may have different quantum versions of their models. Some of them
may have a non-physical dimension of space-time and tachyon states. Others may be formulated in ordinary
four-dimensional spacetime and have no tachyon states. Theoretical physicists are interested in both groups
of quantum string models. The appearance of relativistic strings in four-dimensional space-time is currently
considered in cosmology as the most likely candidate for explaining the process of appearance of
inhomogeneities in the distribution of matter in the early universe, which caused the appearance of galaxies.
Therefore, the study of various models describing the dynamics of the boson string, will make a choice in
favor of the most adequate models.

The work was financially supported by the scientific and technical program (F. 0811,
MNe 0118RK00935) MES RK.
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3.K. llanuna, O.B. Pasuna

Epkin 0030HABIK ieKTiH MOAUPUKANUSATAHFAH MOIeJIbepi
JKOHE OJIapAbIH IIemimMaepi

Makanaia epkiH OO30HIBIK INIEKTiH MOMU(UKANUSIIAHFAH MOJENBICPI KapacTHIPBUIABI JKOHE OJIapIIbIH
JMHAMHUKACHI 3epTTeNAl. BO30OHABIK iIeKTiH MoauduKauusiIaHFaH MOJENbIAEpl eKiHII PeTTIK (opMaan3M
(TTonsikoB) TypFBICBIHAH 3epTTEdreH. EpKiH 1LMIEKTIH KO3FajbIichl MUHKOBCKHI KEHiCTIK-yaKbITBIHIA
Tapananel. EpkiH 6030HIBIK iMIEKTiH iIIKi reoMeTpusckl MUHKOBCKHI CHTHATYpachlHa He /i,y METPUKaMeH
cHmaTTangbl. [IEeKTiH KIacCHKaIbIK TPAeKTOPHSICH X" (yHKUHSIMEH YCHIHBUFaH. BO30OHIBIK iMIEKTiH acepiHe
K dyaxuusicsr meH V(X") moTeHIHANIBI eHTi3y GO30H/IBIK ilIeK THHAMUKACHIHBIH MOCENeIEPiH STy e XKaHa
Tociingep Tabyra MYMKIHIIK Oepeni. Bo3oHIBIK imekTiH GepiireH MoAM(HKALMSUIAaHFAaH MOJEIbAep] YIIH
KO3FaIBIC TeHAEYNepi TaObUIIBL, ofap X" ocepiHe KaTBICTHI Bapualusuiay omici OOMbIHIIA aibiHabl. Epkin
0030HIBIK iLIEKTiH KapacThIPbUIATBIH MOJEBACPI YIIIH SHEPTHS-MUMITYJIbC TEH30pbI ecenTeni. Bo30HIbIK
iIIeK MOJEIBACPiHIH OapibIK TYpIiepi YiIiH OaiylaHbIC MAPTTApPhI ANBIHIBL. OpOip KapacThIPbUIATHIH MOJEIb
ylrin OaiilaHplC LIapTTApbIHBIH OPBIHAANATHIHABIFEl AdnenaeHai. COHbIMEH Karap, OO30HMABIK IIIEKTiH
Moan(HUKaIMsIIaHFaH MOJISIIbIeP] YILiH KO3FAJIBIC TeHACYICPiHIH LIeiMIepi KapaCThIPBUIIBI )KOHE allbIH/IbI.
Bepinren wemriMaep yimiH iIEKTiH oNeMIIK Maparbl KypbUIgbl. bepiaren Monenbaep YImiH OapJibik
nIenriMaep Ko3rajbiC TeHACYIEPiH xKoHe OailllaHbIC MapTTapblH KaHAFaTTaHABIPATHIH/IBIFB KOPCETLII.

Kinm co30ep: 6030HIBIK iIIeK, acep, KO3FAIBIC TCHIEYI, SHEPTHsI-UMITYJILC TEH30PbI, OaliIaHbIC IapTTapHI.

3.K. llanuna, O.B. Pasuna

MoaupuuupoBaHHbIe MOAEJU CBOOOTHOI 0030HHOM CTPYHBI M UX PelIeHUs

B crartbe paccMOTpeHBI MOAN(DHUIPOBAHHEIE MO CBOOOIHOM O030HHON CTPYHBI U HCCIEAOBAaHA UX JH-
HamuKa. MoauduIpoBaHHbIe MOJenn O030HHOW CTPYHBI M3y4eHBI C TOUKH 3pEHUs (opManu3mMa BTOPOro
nopsika (neiictsue IlomskoBa). J[BmkeHre CBOOOIHOM CTPYHBI pacpOCTPaHsAETCsl B IIPOCTPAHCTBE-BPEMEHU
MuHKOBCKOro. BHYTpeHHSAs reoMeTpHs cBOOOAHONH GO30HHOH CTPYHBI ONHCBHIBAETCS METPHUKOH /45, UMEIO-
el curaatypy MunkoBckoro. Kiiaccnueckast TpaeKTopHs CTPYHBI TIpejicTaBieHa GpyHkiuei X*. BeeneHue B
neiictBre 6030HHO#M cTpyHbI GyHKIHK K U moTeHnuana V(X") mo3BoJisieT HalTH HOBBIC TIOIXO/bI K PELICHUIO
npoOsieMbl AUHAMHUKU 0030HHOW CTpyHBI. st JaHHBIX MOAU(MHUIMPOBAHHBIX Moeieil 6030HHOI CTPYHBI
HafICHBl YPABHCHUS ABIKCHMS, KOTOPBIC MOIYyYEHBl METOAOM BapbHPOBAHHS ICHCTBHS OTHOCHTENBHO X'
Brrunciien TeH30p SHEpPrUU-UMITyJIbCa ISl pacCMaTPHBAEMBIX MOAENEH cBOOOIHOM 6030HHOM cTpyHBI. [lo-
JIy4eHBI YCJIOBUS CBSI3eH JUIS BCEX BHIOB MOIM(MHUIMPOBAHHBIX MojeNed 0030HHOU cTpyHBI. J[okazaHO, 4TO
YCIIOBHSL CBSI3€H BBINOJHSIOTCSA M KaXJ0 paccMaTpuBacMOH MOAMU(DHIIMPOBAHHOM Mojenn 0030HHOH
cTpyHbL Tarke M3ydeHbI HOJydICHHBIE PEIICHHS YPAaBHEHHH IBIKEHHS UL KaXJOH MOAN(HIMPOBAHHOI
Mozen 0030HHOH cTpyHBI. IlocTpoeH MUPOBOM JIHMCT CTPYHBI A1l AaHHBIX pemeHuil. [lokasaHno, 4yTo Bce pe-
MIEHUS JUIS TAHHBIX MOJIeIel yIOBIETBOPSIIOT YPaBHEHUAM JBHKEHUS M YCIOBHUSIM CBSI3EH.

Kniouesvie cnosa: 6030HHAs CTpyHa, JEUCTBHUE, YpaBHEHUE IBIDKCHHS, TEH30P SHEPTUU-UMITYJIbCA, YCIOBHSA
CBs3EH.
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Gravitational waves in Newton’s gravitation and criticism of gravitational waves
resulting from the General Theory of Relativity (LIGO)

The most important conclusion from this article is that from the General Theory of Relativity do not result
any gravitational waves, but just ordinary modulation of the gravitational field intensities caused by rotating
of bodies. If the LIGO team has measured anything, it is only this modulation, rather than the gravitational
wave understood as the carrier of gravity. This discussion shows that using too complicated mathematics in
physics leads to erroneous interpretation of results (in this case, perhaps the tensor analysis is guilty). Formal-
ly, various things can be calculated, but without knowing what such analysis means, they can be attributed
misinterpreted. Since the modulation of gravitational field intensities has been called a gravitational wave in
contemporary physics, we have also done so, although it is misleading. In the article it was shown, that from
the Newton’s law of gravitation resulted an existence of gravitational waves very similar to these, which re-
sult from the General Theory of Relativity (GTR). The article shows differences between the course of gravi-
tational waves that result from Newton’s gravitation, and the course of gravitational waves that result from
the General Theory of Relativity, which measurement was announced by the LIGO (Laser Interferometer
Gravitational-Wave Observatory) [1-3]. According to both theories, gravitational waves are cyclical changes
of the gravitational field intensities. The article proposes a method of testing a laser interferometer for gravi-
tational wave measurement used in the LIGO Observatory. Criticism of results published by the LIGO team
was also presented.

Keywords: gravitational wave, Newton’s gravitation, LIGO interferometer.

1 Introduction

In classical mechanics, bodies that move relatively to the observer are the source of gravitational field
of variable intensity. If the motion of bodies is cyclic, then they are the source of cyclic changes of the gravi-
tational field intensities, which we will call the gravitational wave. The changes of gravitational field intensi-
ties are caused by changing distance of bodies in relation to the observer. In chapters 3 and 4 examples of
gravitational waves that result from the Newton’s law of gravitation are shown.

In General Theory of Relativity, bodies circulating the shared centre of mass are also sources of gravita-
tional wave, which appears as propagating vibrations of gravitational field (wrinkles of space-time) [4].

Chapter 5 presents the results announced by the Laser Interferometer Gravitational-Wave Observatory
(LIGO) on the detection of gravitational wave predicted by the General Theory of Relativity.

The gravitational wave resulting from the Newton’s law of gravitation has a different course than the
gravitational wave registered by the LIGO team. It follows that one of these theories incorrectly describes
this phenomenon, or that too many simplifications of complex model were used to study the gravitational
wave within the General Theory of Relativity.

The calculations presented in this article do not take into account the time shift resulting from the finite
velocity of propagation of the gravitational interactions. If the body moves away from the observer, then the
time of reaching gravitational field variables to this observer becomes longer. When the body moves closer,
then the time of reaching gravitational field variables is shorter. However, if the velocity of body is low in
relation to the velocity of propagation of the gravitational interactions, then this effect is negligible.

In considered cases not only the gravitational field intensity changes, but also the direction of gravity
effect. In the article we deal mainly with intensity. Deliberations will concern only such situations, in which
the observer is in a plane of rotating bodies.

According to the Newton’s law of gravitation, two homogeneous spheres of mass m and M, located at a
distance of R, attract each other with force

F:G”;Af. (1)
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Due to Newton’s second law of motion, the acceleration which a body of mass m gives to a body of
mass M is expressed by the following formula

F m
= =G—. 2
CuTTR @
In our calculations, we assume that the gravitational constant has a value of
2
G =6.67408(31)-10™"" [%} . 3)
g

2 Gravitational wave generated by a system of two rotating bodies

We consider the two bodies circulating the shared centre of mass as shown in Figure 1. The bodies are
homogeneous spheres of mass m; and m,. Circles where the bodies circulate in the shared centre of mass
have rays of 7, and r,. At any given moment the bodies are always on opposite sides of the shared centre of
mass. In order for the bodies to be related by gravity in a natural way, we will assume in simulations that

nm, =rm, =1. “)
For presented system the following applies
R*=(D-x)*+y" )
B=xt 4y (6)
X =1, cos(r); @)
v = r,sin(mt); ®)
o=2mn/T. )
On this basis, we obtain the following
R*=D’+x’+y" =2xD =D’ + 17 —2Dr; cos(0t) . (10)
Based on (2), the gravity field intensity from mass m;has at the detector point the value of
a,=G2L F:E}. (11)
R s kg

1
|
|
7/ |
|
A |
\ . , tector
me | - , detecto
AN T _ |
\ \\\\‘————’/// D ___—___:
0=2n/T I~~~ ~"~"77

Figure 1. Two bodies of m; and m, mass rotating in a circle of | and r, radius

After taking into account (10), the following results are obtained
m

a,=G . 12
' D?+r? —2Dr cos(wr) (12)
The components of gravitational field intensity, as shown in Figure 1, have the following values
alX:alcosB:alD_x; (13)
R
— g sinB=ag 2 14
aly—alsmB—alR. (14)
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On the basis of (7), (8), (10) and (12) we obtain the following
m, D — 7, cos(r)

a, =G > (15)

' D? +r? —2Drcos(ot) \/Dz +717 —2Dr, cos(wt)

m 7 sin( ot

a, =G ——s 1 2 ; o ' (16)

D" +1" =2Drcos(mt) \/D + 1~ —2Dr, cos(ot)

On this basis, we obtain the following
a,, =Gm,— lz_ ricos() 372 0 a7
(D" +1" =2Dr, cos(mt))

a, = Gml h Sln(O)t) (18)

(D* + 17 —2Dr cos(wt))**

In case of body with m, mass, the above formulae differ only in an angle, which is not wz, but w¢+m.
For the body m,, the relation (12), (17), (18) are in a form of
m, m,

a,=G—5—— =G—5—— ; (19)
D” +r, —2Dr, cos(0t + 1) D” +7r, +2Dr, cos(ot)
D —r,cos(ot +T) D +r,cos(mt)
aZX = Gm2 2 2 : 3/2 = Gm2 2 2 : 32 2 (20)
(D" +1r, =2Dr, cos(mt + 1)) (D" +1, +2Dr, cos(mt))
4y, = Gy —— r, sin( @t + ) = Gmy— 2—r2 sin( ) . @)
! (D* +r, —2Dr, cos(ot + 1)) (D” +r, +2Dr, cos(ot))
The components of gravitational field intensity from two bodies are
m, (D —r, cos(wr)) m, (D +r, cos(wt)) ]
a,=a,+a, =G 2 : 2 : T : 2 - 32 |° (22)
(D +1 —=2Dr, cos(mt)) (D" +r, +2Dr, cos(mt))
nm rm
a,=a,, +a, =Gsin(w L - 22 ) 23
oo ( )[(DZ +717 =2Dr; cos(wt))’?  (D*+7r} +2Dr, cos(or))*? } 3)

The gravitational field intensity from two bodies is

a=Jiral. @49

% 3k ok

In some cases we will assume that the distance of circulating bodies may change. Then their distance
will decrease linearly in time, according to the relation

t
T
1
o8| A
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04 i - T ~ . ., :
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Figure 2. Trajectory of body movement assumed in some simulations, for 71(0) =,(0) = 1 m
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In this case, the bodies are not naturally related by gravity and their movement is artificially forced. In
this case, the bodies fall over each other in a spiral during 37 (Fig. 2).

2.1 Two bodies of equal mass

We assume that two rotating bodies have identical mass m; = m, = m.
Figure 3 shows the gravitational field intensity (24) in a distance of D = 1.5 m from rotating bodies. As
can be seen from the figure for D = r, the variations in intensity are not sinusoidal.

0 ¢ [-107 m/s?]

2.5
\ a(0) = 2.776418582626263 - 107

2.0

15\ il

ol !
NIVAVVA N

0 5000 10000 15000

Figure 3. The gravitational field intensity for D = 1.5 m, #(0) = 1 m, m; =m, =1 000 kg, 7 =5 000

Figure 4 shows the gravitational field intensity (24) in a distance of D = 100 000 m, which bodies are a
source with mass of m = 10 000 kg. For D >> r the intensity changes are similar to sinusoidal.

a[-10% m/s?]
13348166.7

13348166.6 \
\ a(0) = 1.334816666307126 - 10°'°
13348166.5 \ //\\

I RAWI
RLTRVIAVAY

VoY
13348166.1

13348166.00

t
5000 10000 15000

Figure 4. The gravitational field intensity for D = 100 000 m, (0) = 10 m, m; = m, = 10 000 kg, 7 =5 000

The presented analysis shows that when two bodies rotate around each other, they are a source of gravi-
tational field of variable intensity. If the bodies get closer to each other by the spiral, then the amplitude of
changes decreases. Local maxima occur twice in one full body rotation.

2.2 Two bodies of different mass

We assume that two rotating bodies have different mass m, > m,. Figure 5 shows the gravitational field
intensity (24) in a distance of D =20 m from, which bodies are a source with mass of m; = 350 kg and
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m, = 250 kg. This time the distance of rotating bodies is constant, i.e. 7(f) = constans = 10 m. After taking
into account (4) we receive r,(f) = constans = 14 m.

Figure 5 shows two local maxima at full body rotation. The smaller one occurs when a body of higher
mass is closer to the detector than a body of lower mass. The larger one occurs when a body of lower mass is
closer to the detector than a body of higher mass. This is because the smaller body circulates around a larger
orbit, so it comes closer to the detector (formula (4) applies).

4.5
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3.0

25

|
|
|

|
|
|
|

I
=24dh&mm8m7ﬁ
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Figure 5. The gravitational field intensity for D = 20 m, »|(¢) = constans = 10 m, ry(f) = constans = 14 m,
my =350kg, my =250kg, T =5 000

When the detector is more distant from the rotating bodies, then the difference between maxima disap-
pears. For example, for the same system of bodies as in Figure 5, the gravitational field intensity seen from a
distance of D =450 m has two, almost identical, maxima at full rotation of bodies (Fig. 6).
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5000
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Figure 6. The gravitational field intensity for D = 450 m, () = constans = 10 m, ry(t) = constans = 14 m,
my =350 kg, m, =250 kg, T =5 000

2.3 Gravitational wave caused by four moons of Jupiter

In order to determine the gravitational field intensity from the four Galileo moons of Jupiter, we have
carried out a numerical simulation (for the data from Table 1). On its basis, the intensity of gravitational field
seen from Earth was determined, the source of which are four Galileo moons of Jupiter.
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For reasons of simplification, it has been assumed that the orbits of these four moons are in the same
plane as the Earth. It was also assumed that at initial moment ¢ = 0, the Jupiter and all moons of Jupiter are in
conjunction with the Earth, i.e. lie on a section connecting the centre of Earth with the centre of Jupiter.
Since the mass of Jupiter is much greater than the mass of moons, for simplicity it was assumed that Jupiter
is motionless in relation to the Earth. For this reason, Jupiter does not influence the gravitational field inten-
sity changes from his moons and has not been taken into account in simulation.

Table 1
Sizes accepted in calculations for Jupiter and its four moons

Distance of Jupiter from the Earth D=63-10"m
Mass Io m; = 8,9-107 kg
Orbit radius o 1 =4.210m

Rotation velocity lo

o =2n/T;=2n/(1,510°s)=2,1-10" 1/s

Europe mass

mg =4,8-10% kg

Orbit radius of Europe

rg=6,7-10°m

Rotation velocity of Europe

0z =21/ Ty =2n/(3,110°5)=2,0-10" 1/s

Ganymede mass

mg = 1,510 kg

Orbit radius of Ganymede

re=1,1-100m

Rotation velocity of Ganymede

0 =2n/Tg=2m/(62-10°s)=1,010" 1/s

Callista mass

myg = 1,1-10% kg

Orbit radius of Callista

rg=19-10°m

Rotation velocity of Callista

g =21/ Ty =2m/(1,410°s) =4,4-10° 1/s

Results of simulation were presented in Figure 7.

6.660
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Figure 7. The gravitational field intensity of four Jupiter moons, seen from the Earth (Table 1).
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The gravitational field intensity from Jupiter is not taken into account

3 Gravitational wave as seen by the rotating observer

We consider the rotating observer as shown in Figure 8. The observer is gravitated by a homogeneous

sphere with a mass of m. For presented system, the following occurs

R =(d-x)"+)"; (26)
rr=x"+y%; (27)

x =rcos(ox); (28)

y =rsin(o); (29)
o=27n/T. (30)
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On this basis, we obtain the following
R*=D*+x"+y*—2xD =D’ +r* —2Drcos(ot). (31)

Figure 8. Rotating observer in a circle with a radius of »

After placing to (11) we obtain a gravitational field intensity dependency identical to (12), i.e.
m
D* +r* —2Drcos(wt)

The case in which the observer rotates is qualitatively different from the case shown in Chapter 2,
where the two bodies rotate around each other. In this case, the gravitational wave does not propagate in a
space where the source of gravity is motionless. Changes of the gravitational field intensity occur only for a
moving observer. But formula (32) will also apply in a symmetrical situation when the observer is motion-
less and the source of wave circulates along a suitable trajectory. Formula (32) will also apply if the body
and observer change places.

(32)

a=G

3.1 Gravitational wave from the Moon

The situation shown in Figure 8 may be a model of the Earth-Moon system. The observer is located on
the surface of Earth in a plane of the Moon orbit. The source of gravity is the Moon. In the Moon system, the
observer rotates around the center of ¢ Earth. We assume the values shown in Table 2. The observer’s rota-
tion period is slightly longer than 24 hours due to the Moon’s movement around the Earth.

Table 2
Sizes accepted in calculations for the Moon
Average radius of Earth r=6371,0 km=6.4-10°m
Average radius of Moon orbit D = 384404 km = 3,8-10° m
Moon mass m=773-10" kg
Rotation velocity of the observer 0=2n/T=2n/(24,84h)=2n/ (89428 s) =7,02-10° 1/s

The diagram of gravitational wave from the Moon calculated on the basis of (32) is shown in Figure 9.
This gravitational wave is the cause of tides and outflows.

The gravitational wave amplitude of the Moon is
- . —_— . -6
"Kfmax2 % min _ a4 (0) ;K(T/z) - 2'27423 7 s = 1.1372-10°mss". (33)
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Figure 9. The gravitational field intensity from the Moon (Table 2)

3.2 Gravitational wave from the Sun

The situation shown in Figure 8 may also be a model of the Earth-Sun system. The observer is located
on the surface of Earth. The source of gravity is the Sun. In the solar system, the observer rotates around the
centre of Earth. We assume the values shown in Table 3.

Table 3

Sizes accepted in calculations for the Sun

Average radius of Earth

r=6371,0 km=6,4-10°m

Average radius of Earth orbit

D=149,6-10°km=1,5-10""m

Sun mass

m=20-10"kg

Rotation velocity of the observer

w=2n/T=2n/(24h)=2r /(86400 s)=7,27-10" l/s

The diagram of gravitational wave from the Sun calculated on the basis of (32) is shown in Figure 10.
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Figure 10. The gravitational field intensity from the Sun (Table 3)

The amplitude of the gravitational wave from the Sun is

aSimax _asimin _ aS(O)—

ay(T/2) 1.0125-10°

2

46

2

m/s

2 =0.5063-10°m/s’. (34)
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The gravitational waves from the Moon and Sun cause tides on the Earth. This means that the phenom-
enon of gravitational waves is known and observed on the Earth from always. From these observations it
appears that the gravitational wave deforms the shape of bodies.

The intensity of the gravitational field ax from the Moon (Fig. 9) is several hundred times smaller than
the intensity of gravitational field ag originating from the Sun (Fig. 10). However, the Moon is much closer
to Earth, and therefore the maximum change of gravitational field intensity from the Moon (33) is 2.25 times
greater than the maximum change of gravitational field intensity from the Sun (34). For this reason, the sea
tides and outflows caused by the Moon are greater than those caused by the Sun.

4 Absolute changes of the gravitational field intensity (amplitude)

According to the General Theory of Relativity mass influences the geometry of space-time. According
to the creators of LIGO detector, this decoder can measure relative changes in the length of two arms of this
interferometer [1]. On this basis, changes in gravitational field intensity can be measured indirectly. The
LIGO Interferometer cannot measure the absolute value of gravitational field intensity. Its task is to indirect-
ly measure changes in gravitational field intensity.

Such a measurement is not affected by how large the gravitational field is, but by the changes in its val-
ue (absolute changes). Therefore, in the following subsections we are going to determine absolute changes of
the gravitational field intensity for two previously considered cases.

4.1 Gravitational wave amplitude caused by two rotating bodies

Now we will determine the absolute changes of gravity field intensity for the case discussed in
Chapter 0, two bodies related by gravity.
4.1.1 Component y of the gravitational wave

First we will determine the component changes y. On the basis of (23), taking into account condition
(4), the following are obtained

a,= Gésin(mt){ I m } : (35)
n n v v
1+ =2 cos(or))*?  (1+-2 +2-2cos(mr))?
( D (wr))™ ( 2% (o))
D>>(r+n) = ayzGrg?sin(cot){ ! ! } (36)

r B T
1-2"Lcos(ax))”*  (1+22cos(mr))?
( D (o)™ ( D (o))

Based on developing into the Taylor series, it is possible to show that

x=0 = ;3/2:1*'3)6 A ;3/2:1—3)& (37)
(1-2x) (1+2x)
On this basis, formula (36), it is possible to write in approximated form
D>>(r+1) = a,~G T Lsin(er)| (1+3-=cos(ar))— (1-3-2cos(a)) |; (38)
! D D D
D>>(r+1) = a, = 3G%sin(mt)cos(mt). (39)
On the basis of the designation adopted in (4) and the trigonometric formula we obtain the following
D>>(r+1) = a, = %G%sm(zmz). (40)
It results that the amplitude of component y of the gravitational field intensity is
D>>(r+r) = A),:%G“”D—*jfz). (41)
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4.1.2 Component x of the gravitational wave
Now we will determine the changes in component x. On the basis of (22) we obtain the following

1- "1 cos(ar)) 1+ 2 cos(ar))
. =G—2[ D emy— D } )
r r v r
1+ -2 cos(wr))”? 1+-2-+2-2cos(ot))”?
(DZD()) (DZD())
- cos(mt)) 1+2 2 cos(r))
D>>(r+1n) = asz—{ m—2L +m,—D } (43)
1-2"Lcos(wt))*? 1+2 2 cos(mr))’”
( D (o)) ( D (o))
Based on developing into the Taylor series, it is possible to show that
x=0 = X g2 A Y g2 (44)
(1-2x) 2 (1+2x) 2
On this basis, formula (43), it is possible to write in approximated form
1 7 9 5 )
D>>(n+n) = a = GF[ m,[1 +251005(0)t)+5§cos ()] +
(45)
+m,[1- 2icos(u)t) + 27—22 cos’(0t)]
D 2D’ '
On the basis of (4) we obtain
D>>(r+5) = a =G—=| m+m Q2mm (mt)+9r2 2 cos? (o) (46)
b oop 2D 2 D’
D>>(rn+r) = a, zGé{ m1+m2+§%cos2(mt) } 47)
On the basis of the trigonometric formula
cos’(ot) = %(005(20”) +1) (48)
we obtain the following
D>>(r+1) = a. :G% zGl(”—W(cos(zmz)ﬂ) (49)
On the basis of (4), it is possible to show that
m,+m 91(r+n)
D >> \/r- = 12> L2 50
et e 1D (50)
Le. the formula (49), it is possible to write in approximated form
D>>(r+rn) = a =G ”11;'2’"2 Z ](Vl + VZ) cos(2mr). (51)
Intensity a, (51) consists of a constant part in time with a value of
D>>(r+rn) = EX:Gé(ml+m2) (52)
and parts of variable in the time with value of
D>>(r+r) = Aa, zGM 0s(20). (53)
It results that the amplitude of x component of the gravitational field intensity is
D>>(r+n) = A = zGl(Vl—”z). (54)

D4
4.1.3 Law for the gravitational wave amplitude

The simplified formulae (40), (41) and (52), (53), (54) have been numerically verified and in a satisfac-
tory way are in line with the exact formulae (23) and (22).
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According to (52), when two bodies rotate, the resultant gravitational field intensity is inversely propor-
tional to D” and proportional to the sum of mass.

Formulas (41) and (54) express changes in components of the gravitational field intensity (amplitudes).
They show that the amplitude of gravitational wave generated by two bodies related by gravity is inversely
proportional to D*, proportional to the distance of 7+r, between rotating bodies and proportional to the mo-
ment of inertia / (4).

Figure 11 shows components of the gravitational field intensity: time constant component (52), two time
variable components (40) and (53). For the observer, component y causes changes of the direction of gravita-
tional field intensity vector. Component x causes changes of the value of gravitational field intensity vector.

Figure 11. Components of the gravitational field intensity caused two rotating each other bodies
related by gravity, when D >>r| + 1,

Formulas (40) and (53) indicate that the frequency of gravitational wave is twice as high as the frequen-
cy with which bodies rotate.

On the basis of above deductions we can formulate the law for gravitational wave amplitude coming
from two bodies related by gravity. If the parameters of two rotating each other bodies are determined with
the index u and the parameters of two other rotating each other bodies are determined with the index n, then
the following occurs
) ~ Iu(rul + }/}'12) Dy >> 1y +iys

D4 D: Dy >> 1+, An = A“ ’

(35)

4.2 Gravitational wave amplitude as seen by the rotating observer

Now we will determine the absolute changes of gravity field intensity for the case discussed in Chap-
ter 3. According to the formula (32) we obtain

m
H=G——F——; 56
O (1) D*+r*=2Dr (56)
m
() =G——— . 57
amm( ) D2 +I"2+2D}" ( )
Half of the absolute change (amplitude) is
Taking into account (56) and (57), the following are obtained
G m G m
Aa = - ; 59
2 D*+r*=2Dr 2 D*+r*+2Dr (>9)
2, .2 P22
Aa=£m(D +r +22Dr2)2(D -I-zr2 2Dr); (60)
2 (D°+r°) —4D°r
G 4Dr Dr
Aa=—m =2Gm ; 61
2 D*+2D* +rt—4D% D* 2D +r* 1)
D>r
Ag=2G Dmr mr 1 mr : (62)

——=2G————— > 2G—
(D’ =1y D’ (1-(r/ D)’y D’
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D>>r =  Aa=262-TL (63)
D

I

a — seen by rotating observer; b— caused by a single body rotating around a distant point
Figure 12. Components of gravity field intensity (D >> r)

In this case the amplitude of gravitational wave is inversely proportional to the third power of distance
between the observer and source, i.e. D’ (Fig. 12). If D >> r, then different bodies will be the source of gravi-
tational wave of a similar amplitude, if the value of ms/D’ is similar for these bodies.

From both analyzed cases it appears that changes in gravitational field intensity from heavy objects lo-
cated at large distances from the observer will be similar to changes in gravitational field intensity from light
objects located at smaller distances from the observer.

5 LIGO experiment

In 2016, the research team at the Laser Interferometer Gravitational-Wave Observatory (LIGO) [1] an-
nounced that it had indirectly measured the gravitational wave as predicted by GTR. Measurements were
carried out simultaneously at two sites in Hanford and Livingston. Both measured signals were consistent
with the course of gravitational wave resulting from GTR. The wave that was measured was to come from
two black holes rotating around each other and falling on each other. The mass of black holes were estimated
at 36 mass of the Sun (= 7,2-10°' kg) and 29 mass of the Sun (= 5,8-10°' kg). When they collided, they were
distant of 410 Mpc = 1 337 260 000 light years (= 1,27-10 m). Black holes falling down the spiral were,
according to predictions of GTR, the source of gravitational wave understood as cyclical changes of the
gravitational field intensity.

The LIGO experiment consists in searching for correlations between the signals measured at two Han-
ford and Livingston centers and the theoretical signal resulting from the GTR model. If these three signals
are correlated, then it is concluded that a real signal was measured in the LIGO. Since the gravitational wave
propagates at a finite speed of light, the two measured signals can be shifted in time.

Figure 13 shows the first indirect measurement of gravitational wave announced by the LIGO
(GW150914). This wave has amplitude, which grows in the last phase of bodies moving close each other.
The Figure shows that when black holes come close each other, the amplitude of the gravitational wave in-
creases. The amplitude of gravitational wave disappears only after the collision of bodies.

Figure 14 shows the second measurement of gravitational wave announced by the LIGO (GW151226).
As you can see in figure, the signals measured in the LIGO have values below the noise level. Searched
gravitational wave had to be recovered with a use of filters made in the form of computer analysis. In this
case, there is always a risk that the signal found is a result of used filters and not of actual measurement. In
addition, in the noise it is possible to find the correlation with any pre-set signal. The study was conducted by
Granger Clive, who discovered the phenomenon of coincidence in macroeconomic time series [5], for which
he received the Nobel Prize in Economics in 2003. Therefore, if some stochastic signals were measured in
Hanford and Livingston, it is almost certain that in a sufficiently long period of observation two very short
signals will be observed, corresponding to searched signal. The correlation of such signals may be entirely
incidental and not due to a common cause. With the LIGO, the risk is extremely high, as each collision of
black holes is one-off. As a result of collision, the system of rotating black holes is destroyed and the meas-
urement can never be repeated.
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Figure 14. The signal measured in LIGO is at the noise level (GW151226). The diagrams show the signal
after filtering with the best fitted course resulting from the model. Source [2]

The above doubts are confirmed by the research published in paper [6]. The authors analyzed the noise
available by the LIGO team. They detected that noise from both centers, although it should be independent,
is often correlated. In addition, there is a correlation between the noise measured in Hanford and Livingston
for the time shift between these noise levels, similar to that between the recorded signals that were supposed
to come from black holes.

It is possible to verify whether the phenomenon of coincidence occurs during the measurement of gravi-
tational wave. Check how often the required gravitational wave signal is present in only one interferometer.
If the desired signal appears in one interferometer, but at the same time (with acceptable time shift) it does
not appear in other, then it is not a gravitational wave measurement, but a random correlation (coincidence).
Such situations will indicate that there are random correlations with the desired signal. If random correlations
occur in one interferometer, they are of course less frequent in two interferometers at the same time. Such a
situation is going to be interpreted incorrectly as a measurement of real gravitational wave. However, if cor-
relations between measured noises with searched signal occur only simultaneously in both interferometers,
then correlations are not incidental, but have a common cause. Since the LIGO interferometers conduct di-
rectional measurements (the wave from some directions can be measured and from others not), it would be
beneficial to have two different interferometers parallel to each other in order to investigate whether there is
a phenomenon of coincidence. Then each real wave would be measured in the same way by both interferom-
eters. Unfortunately, the interferometers in Hanford and Livingston are built in such a way that their arms are
inclined towards each other. In this case, one can measure the signal and the other cannot, if it is from the
correct direction. Such an uneven setting of interferometers cause that it is difficult to demonstrate the com-
patibility of conducted measurements there with the model is incidental.

The course of gravitational wave presented by the LIGO team differs significantly from the course that
results from the Newton’s law of gravitation. The comparison refers to two rotating bodies. According to the
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LIGO, the amplitude of gravitational wave increases when bodies come close to each other (Fig. 13 and 14).
The amplitude of Newton’s gravitational wave decreases in proportion to the bodies coming close to each
other (Fig. 4).

From the above it results that gravitational wave predicted by GTR has a different cause than the New-
ton’s gravitational wave. The Newton wave is a result of variable, geometric layout of bodies in space. If the
wave resulting from GTR had the same cause, it should follow a similar course. It is necessary to remem-
bered that Newton’s law of gravitation is one of the most experimentally verified physical laws. Of course, it
was experimentally verified for bodies of relatively small mass. The LIGO measurements relate to bodies of
much larger mass. If the course of gravitational wave is to be as published by the LIGO team, then for large
circulating mass a completely new phenomenon must appear that does not appear in the Newton’s law of
gravitation. It is very interesting that such a new phenomenon has only been detected on the basis of GTR
equations that have been proposed without any prior awareness of the existence of such a phenomenon.

Based on GTR, it was concluded that black holes lost a large part of their weight during the whole pro-
cess of falling. Their mass was to radiate in a form of gravitational field [1]. After the collision, a black hole
was created with a mass of about 63 mass of the Sun, i.e. 3 mass of the Sun less than the total mass of black
holes colliding with each other. According to the Newton’s law of gravitation, the gravitational force does
not consume the body weight that generates it. This seems to be in line with the state of knowledge on the
structure of matter. If the bodies lost weight due to generated gravity, then at least some atoms of matter
would have to be disintegrated as a result of this process (or ageing consisting in reduction of their weight).
Such a phenomenon is in no way investigated or confirmed under laboratory conditions.

According to simulations presented by the LIGO, the black holes that were the source of gravitational
wave fell down on each other on a circular spiral in just a fraction of second. It is worth mentioning that such
a way of their rotation is different from that which was observed directly in case of dual system PSR
B1913+16 consisting of a pulsar and neutron star [7]. This system has been observed for several years. It was
estimated that pulsar and neutron star, which rotate around each other at an average distance of about 2.65
rays of the Sun, would fall on each other after only 300 million years.

According to the LIGO, in both announced cases, black holes fell on each other in the spiral. In case of
Newton’s law of gravitation, two bodies related by gravity do not fall over each other in a spiral. Bodies
could fall on each other in a spiral when they lose momentum for some reason, for example when they are
moving in a dense medium. We have confirmed this with numerous simulations.

6 Proposal for testing the LIGO Interferometer

Every technical measuring device requires calibration or adjustment, because otherwise it is unknown
what it measures. Neither calibration nor adjustment was applied in case of LIGO due to the lack of a con-
trollable source of gravitational wave with known parameters that could be used as a standard. It will only be
possible to check what the LIGO actually measures, if such a reference source of gravity wave is available.

The analysis presented in this article shows that it is possible to generate a model gravitational wave,
which can be used for adjustment the LIGO. It is possible for that purpose to use e.g. body system as shown
in Figure 1. The black holes in GW150914 formed this system before the collision. Figure 13 shows that
when black holes had a velocity of v = 0.35¢, they carried a full turn during ¢# = 0.05 s. On this basis it can be
assumed that 7, = 850 km. On the basis of (54), taking into account equation (4), the following are obtained
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4Ax ~ I(rl +I"2) — mz . (64)
9G D* D* ’
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According to (52), the average gravitational field intensity from black holes of GW150914 was as fol-
lows

j =4,6-107. (65)
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If for the system in Figure 1 we will accept that m; = 10 kg, m, = 10 kg, r, = 10 m, D = 10 000 km, then

10
” 10~10(10+10j
4, _1itn) 10 50107 5546107 (67)
9G D (10-10)
According to (52), the average gravitational field intensity from considered light bodies is as follows
=M™ _g67.10m 010 302554107 (68)
D (10-10%)

Based on the law (55) for the gravitational wave amplitude, or directly from (65) and (67), it results that
the gravitational wave amplitude generated by two light bodies under consideration is more than 10°° orders
of magnitude greater than the gravitational wave amplitude generated by black holes GW150914, when
r1 =850 km. Even if there are some relativistic effects resulting from GTR that are not predicted by New-
ton’s law of gravitation when the black holes come to each other, the difference in these amplitudes is so
great that the LIGO system should be able to detect the wave from these light bodies.

The source of artificial gravitational wave shall be sufficiently distant from the LIGO for the wave
reaching the LIGO to be virtually flat. The arms of LIGO interferometer are 4 km long, and therefore it
seems that the distance of wave source by D =10 000 km should be sufficient. In order to avoid fraud, a
completely different team of people should produce an artificial gravitational wave, accelerating the rotating
bodies. The LIGO team shall be able to detect when these bodies are rotating.

The only technical problem in production of artificial gravitational waves is the rotation of bodies with
sufficiently high frequency. According to the LIGO data, this system can only measure waves of a frequency
greater than 40—150 Hz (in Figure 13 the gravity wave frequency is 40 Hz). This limitation makes it impos-
sible to rotate of any large bodies, but it is possible to rotate bodies of, let say, 1 kg on a radius of » =1 m.

7 Conclusions

Results announced by the LIGO team are presented as an experimental confirmation of the correctness
of the General Theory of Relativity. However, in order for measurements taken by the LIGO to be unques-
tionable, it is necessary to make adjustments to this device. Only then will it be known whether the LIGO is
able to detect gravitational waves and what it actually measures. For this purpose, it is possible to use circu-
lating bodies, even of small mass, discussed in Chapter 6.

The existence of gravity waves results from the Newton’s law of gravitation.

According to the Newton’s law of gravitation, if the observer moves away from the source of gravity
wave, then the gravitational field intensity decreases slower than the gravitational wave amplitude. If the
source of wave is a system of two bodies related by gravity, as shown in Figure 1, then the amplitude de-
creases as D*. If the source of wave is one body, as shown in Figure 8, then the amplitude decreases as D’.
Cyclical vibrations of the gravitational field intensity occur both in classical mechanics and in the General
Theory of Relativity. However, they have different properties. The differences are as follows:

1. According to classical mechanics, when bodies come to each other, the gravitational field amplitude
decreases (Figures 3 and 4). According to the General Theory of Relativity, when bodies come to each other,
the amplitude of gravitational wave increases (Fig. 13 and 14).

This difference in the course of gravitational wave indicates that, according to GTR, the circulating
large mass are accompanied by the phenomenon not occurring in Newton’s law of gravitation, which is one
of the best verified experimental physical laws. It is very interesting that such a new phenomenon has only
been detected on the basis of GTR equations that have been proposed without any prior awareness of the ex-
istence of such a phenomenon.

2. In classical mechanics the gravitational interaction is not related to the loss of energy by the body
that emits this interaction. According to the General Theory of Relativity, objects emitting gravitational
waves lose their mass, carried in a form of gravitational waves [1].

3. According to classical mechanics, bodies cannot fall on each other in the spiral, if they do not lose
momentum. They can fall on each other in a spiral, if they move in a dense medium and lose their momen-
tum. Therefore, trajectories similar to the one shown in Figure 2 (wave in Fig. 3 and 4) do not apply to bod-
ies naturally related by gravity in an empty space. According to the results announced by the LIGO, as a part
of GTR, bodies can fall on each other in the spiral, because they lose energy when they generate a gravita-
tional wave.
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4. Modulation of the gravitational field intensity causes changes in the dimension of bodies. Such a
phenomenon is deformation of the shape of Earth during tides and outflows. According to GTR, such a phe-
nomenon should be interpreted as a deformation of the space curve. According to classical mechanics, this is
a simple deformation of the dimension of bodies caused by stress.

Measurements conducted in LIGO are on the noise level. This device is to measure relative changes of
two lengths, four-kilometer arms at the level of one atom. Meanwhile the entire matter is filled up with vari-
ous kinds of vibrations. The problem when measuring noise is the phenomenon of coincidence. It turns out
that very often there are random correlations in rows of not connected with causality relations. Granger
Clive’s discovery of this phenomenon was honored with the Nobel Prize for Economics in 2003. The phe-
nomenon of coincidence seriously undermines the credibility of measurements announced by the LIGO
team.

It is possible to verify whether the phenomenon of coincidence occurs when measuring the gravitational
wave (Chapter 5). You should check how often the searched signal, resulting from the model of GTR field, is
present in only one interferometer. If it happens that such a signal occurs only in one interferometer, but at
the same time (with acceptable time shift) it does not occur in other interferometer, then the detection of
searched signal does not mean discovery of the gravitational wave. If interferometers actually measure the
gravitational wave, then it should be recorded simultaneously by all the interferometers (taking into account
their angles of inclination). The presence of a signal in only one interferometer will prove that the desired
signals are present in measurements at random (random noise) or have a local cause.

Presented analysis shows that «gravitational wave», calculated on the basis of GTR, is not in fact a
wave understood as a carrier of gravity. This is a normal modulation (i.e. cyclic change) of the gravitational
field intensity caused by the motion of two rotating bodies. This is evidenced by the fact that frequency of
the «gravitational wave» resulting from GTR is closely related to the frequency of rotating bodies (for two
bodies the frequency of «gravitational wave» is twice as high as the frequency of rotating bodies). In this
article we showed that according to the Newton’s law of gravitation, rotating bodies also causes modulation
of gravity field intensity with a frequency two times the frequency of spinning of bodies (i.e., the same way
as in the framework of GTR).

If two light sources (e.g. light bulbs as shown in Figure 15) rotate, they shall also produce modulated in-
tensity lighting. In this case also the frequency of modulation of the light intensity will be closely related to
the frequency of rotating bulbs. This modulation of light intensity has nothing to do with the photon’s prop-
erties. It has nothing to do with the frequency (its color) of light produced by these light bulbs. The frequen-
cy that can be assigned to photons (i.e. frequency of light produced by the bulbs) is something completely
different and independent of the frequency of modulation of the light intensity, caused by rotating bulbs.

\\ //
~o N,
\\\‘ :\ i
/2
frequency of frequency frequency of
sources rotation of signal modulation intensity

Figure 15. Frequency of light intensity modulation is something else than the frequency of light signal

It is the same as in case of the gravitational field intensity modulated by rotating bodies. Modulation of
gravitational field intensity has no connection with the properties of hypothetical graviton. Because the mod-
el of field on which GTR is based is mathematically complex, the normal modulation of gravitational field
intensity, caused by rotating bodies, was wrongly interpreted as a gravitational wave, understood as a carrier
of gravity [1-3].

54 BecTHuk KaparaHgmHckoro yHusepcurteTa



Gravitational waves in Newton’s gravitation ...

In this article we called the normal modulation of gravitational field intensity as a gravitational wave,
because this was done in case of «gravitational wavesy resulting from GTR.
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P. ocTak, I1. I'ypanscku, K. Hloctak

HbI0TOHHBIH rPAaBUTALMSACHI MEH KAJIIbI CAJIBICTHIPMAJIBUIBIK TEOPUSICHIHAH
TYBIHAAUTHIH TPABUTANUSIBIK TOJKbIHAAP (LIGO) ke3ingeri rpaBuTaums TOJKbIHBI

Ochbl MaKaJaHbIH €H MaHbI3/IbI TY)KBIPHIMBI MBbIHA/IA: JKAJIIIbl CANIBICTBIPMAIBUIBIK TEOPHSCHIHAH KaH/ail 1a Oip
IPaBUTALMSIBIK TOJIKBIHAAD TYbIHAAMaWabl, JCHENepliH alHaIyblHaH OOJIFaH TPaBHTALMSUIBIK OPICTIiH
KepHEYIITiHiH Kapamaiibiv Moxysnusicel TysiHaaiasl. Erep LIGO (Laser Interferometer Gravitational-Wave
Observatory) ToObl Oip Hopce esmiece, oHIA OYJ TpaBHTAlMs TachIMalJAayIlbl PETiHAE KaObUIIaHATHIH
rpaBUTALMSIIBIK TOJKBIH €MeC, MOyJIsLus OosFaH eni. By Tankpuiay ¢u3ukana ThIM KypJesi MateMaTHKa-
HBl TAanaHy HOTIKENCPAIH OYphIC TYCIHIIpUIMEyiHe OKell COKTHIPAaTHIHBIH Kepcerenmi (Oyi karmaiina
TEH30PJIBIK ecenTey KiHami 00ysl MyMKiH). DopManbabl TYpe, SpTypii 3aTTapbl ecenteyre 6onaasl, Oipak
MyH[Iail ecenTeyiepiH HeHi OinaiperiHin Oinmeid, onapra Kare TyciHik 6epyre Oonanpl. Kasipri ¢usukanars
IPaBUTALMSIBIK OpIC KEPHEYJIriHiH MOLYJISLHMACH I'PABUTALIMSIIBIK TOJIKBIH JICT aTajfaHIbIKTaH, 0i3 OHBI
TOJIKBIH el aTaiMbI3, OipaKk MyHIail TepMHHOJOTHWS aaacTeipaibl. Makaigana HbIOTOHHBIH TapThUIBIC
3aHbIHAH TPaBUTALMSIIBIK TOJKBIHAAP/BIH OOYbl KOPCETUINCH KOHE 0JIap JKAJIbI CABICTHIPMAIIBUIBIK TEO-
pHSCBIHAH IIBIFATBIHIAPFa ©TE yKcac. ABTOpiap HBIOTOHHBIH aybIpJblK KYIIi MEH IpaBUTALUSIBIK
TOJIKBIHJAPABIH TapalybIHbIH JKaJIbl CaJbICTHIPMAJIBUIBIK TEOPUSCHIHAH TYBIHAAWTHIH TI'PABUTALMUSIIBIK
TOJIKBIHIAPbIH TapalybIHbIH apachlHIarbl albIpMaIIbUIBIKTEL Kepcereni, enmeyai LIGO ToObl xapusiiajisl.
Maxkanaga LIGO o6cepBaTopusiChiHa KOJNIAAHBUIATBIH TPAaBHUTALMSUIBIK TOJIKBIHABL  YINIH JIa3epiik
uHTepdepomeTpai Tectiiey omici yceiHbuapl. CoHpaii-ak, Makamama LIGO komaHmachl jkapusiiaraH
HOTIDKEJIeP ChIHBI OepiireH.

Kinm ce30ep: rpaBuTaniusuIbIK TONKbIH, HptoToH rpaBuTanuscel, LIGO untepdepomerpi

P. llocTak, I1. I'ypanbcku, K. [loctak

I'paBuTanuoHHbIe BOJHBI B rpaBuTaAlMd HbI0TOHA M KPUTHKA rPABUTALMOHHBIX
BOJIH, BHITEKAIOIIMX U3 0011eil Teopuu oTHOcUTeabHocTH (LIGO)

CaMblii BaKHBII BBIBOJ TOM CTaThbH COCTOUT B TOM, YTO M3 OOLIEi TEOPHH OTHOCHTEILHOCTH HE BHITCKAIOT
KaKHe-1M00 IpaBUTALHOHHBIC BOJHBI, 8 OOBIYHAS MOIYJLILHS HANPSDKEHHOCTH TPABUTAL[MOHHOTO IMOJISL, BBI-
3BanHHas BpauieHneM Ten. Ecin komanga LIGO (Laser Interferometer Gravitational-Wave Observatory) uro-
TO W3MEPHJIA, TO ITO ObLIa MOXYILILHS, @ HE IPABUTALMOHHAS BOJHA, IOHHMaeMasi KaKk HOCHTEJb FPaBHTa-
mH. OT0 00CYKICHHE ITOKA3bIBACT, YTO MCIONB30BAHIE CIMIIKOM CIOKHOI MaTeMaTHKH B (HH3UKE HPHUBO-
JIMT K HEMPaBUIIBHON MHTEPIIPETALMH PE3yJIbTaTOB (B 3TOM Clly4ae, BO3MOYKHO, BHHOBATO TCH30PHOE MCUHC-
aeHue). ©opManbHO, MOXKHO BBIYUCIIATH PA3JIMYHBIC BELIH, HO, HE 3Hasl, YTO O3HAYAIOT TAaKHE PACUCTHI, MOXK-
HO Ha3HAYUTh UM OLIMOOYHYIO MHTeprpeTanuio. [T0CKOIbKY MOAYJIALMS HAIPSHKEHHOCTH TPAaBUTAIIMOHHOTO
OJIsl B COBPEMEHHO# (pu3uKe Oblila Ha3BaHA TPABUTALIMOHHOI BOJIHOM, TO MBI TAK)KE HAa3bIBACM €€ BOJIHOHM,
XOTsI Takasi TSPMHUHOJIOTHs BBOAWT B 3a0IyXaeHHe. B craThe mokasaHo, 4TO U3 3aKoHA TAroteHus: Herotona

Cepusi «®dunsuka». Ne 4(96)/2019 55



R. Szostek, P. Goralski, K. Szostek

CllelyeT CYIIEeCTBOBAaHHME IPABUTALMOHHBIX BOJH, OYCHb MOXO0XKHX Ha TE€, KOTOPbIE CIEAYIOT U3 O0IIeH Teo-
PUM OTHOCUTEIBHOCTH. ABTOpPaMHU IOKAa3aHBI Pa3In4Msi MEXIY PaclpOCTpaHEHHUEM I'PaBHTALMOHHBIX BOJH,
CIIEAYIOIUX U3 TpaBUTaUUU HbIOTOHA, M I'paBUTAIMOHHBIX BOJIH, BBITEKAIOUIMX U3 OOIIEH TEOPUH OTHOCH-
TEJNFHOCTH, U3MEPEHHE KOTOPBIX OBUIO 00BsiBiIeHO KoMaHAoi LIGO. IIpemioxkeH MeTO] TeCTHPOBAHHMS Ja-
3epHOro UHTepdepoMeTpa Uil U3MEPEHHUS IPABUTAIIMOHHON BOJIHBI, UCTIONIL3yeMoro B ooceparopru LIGO.
Kpowme Toro, npeacraBieHa KpUTHKA Pe3yIbTaTOB, OIyOIMKOBaHHBIX KoMaHol LIGO.

Kniouesvie crosa: TpaBuTallMOHHAS BOJHA, TpaBuTanus HetotoHa, uarepdepomerp LIGO.
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Measuring the iron oxide in Shubarkol deposit coal

Comprehensive development of mineral resources is one of the main objectives of a state. An important role
for its solution is the import substitution of expensive colombian coals used in the production of industrial sil-
icon, with shubarkol coals having similar characteristics. One of the main geological tasks is to study the dis-
tribution of iron oxide in coals, which affects to the technology of ore-thermal production of silicon. Re-
searches have shown that expensive chemical analyzes of iron oxide, with high accuracy, do not allow them
to be used promptly when forming a batch of coal at the enterprise. To solve the urgent task of an express as-
sessment of the content of iron oxide in coal we have been developed a method and device that implements
the induction principle of measuring the magnetic characteristics of coal. The method is based on the transi-
tion of the oxide of two-valence iron into a complex oxide of trivalent during ashing. The discrepancy be-
tween the measurement results according to the Kazakhstan state standard GOST 10538-87 and the developed
method is within the permissible range of this standard. The device is being used at Shubarkol Komir JSC
Company. It received certificate of metrological certification No. 9912 and is authorized as a measurement
instrument in the Republic of Kazakhstan.

Keywords: coal, ash, iron oxides, magnetization, induction coils, concentration measurement.

Introduction

Shubarkol Komir JSC company would be interested in supplying its products to RusAl and Tau-Ken
Temir LLP as a substitute for Colombian coal for silicon production. To assess this possibility,
Centrgeolanalit LLP conducted a study to check the ash content of coal benches and the iron oxide content in
coal ash. The findings suggest that:

1. The ash content of coal benches varies from 1.5 % to 4.0 %, and its iron oxide content varies from
0.9 to 1.5 kg/t, which enables to use Shubarkol coal as a substitute for Colombian coal;

2. Seam extension in areas where the iron oxide content is within the required limits is about 500 m in
the Western Area, which is 40 % of the extension of mining, whereas in the Central Area it is about
1100 mm, which is 20 %;

3. Since mining is carried out according to the annual plan, mining in areas with low iron oxide content
may not coincide with the time of coal shipment to RusAl.

4. Few samples does not give certainty about the iron oxide content over the entire seam extension as
this indicator is variable both along strike and at depth.

In this regard, it is difficult to forecast the average iron oxide content in coal during mining and to
quickly monitor its grade during production and shipping to consumer, which is associated with high cost of
chemical analyzes and their duration. It was concluded that meeting technological requirements for the iron
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oxide content in coal within the established limits (up to 1.5 kg/t) for shipment to RusAl and Tau-Ken Temir
enterprises is costly and difficult.

Sources of iron oxide in coal

The main minerals in the coals of Shubarkol deposit are vitrinized matter, and to a lesser extent semi-
vitrinized and fusainized matter. The reflection index of vitrinite is 0.50-0.62 %. As per Kazakhstan state
standard GOST-25543, they relate to stone type, grade D (long flame), subgroup DV (long flame, vitrinite).
According to ST RK ISO 11760, coals are subbituminous of low grade A, high vitrinite grade.

As per GOST 11022-95, there had been checked the ash content of coals which varies in individual
seams within 4.2-20.1 % with extreme values for individual seams of 1.7-31.0 %. The ash content and min-
eral composition of raw coal is determined by occurrence of rock interlayers in the seams and is dependent
on its impurity degree. The average ash content in the Upper Level coals varies from 8.7 to 8.9 % (Western
area), 11.9-12.7 % (Central area) and 10.9-12.1 % (Eastern area).

One of the iron sources in coal are interlayers and lenses of siderite (FeCOs) 62.1 % FeO and 37.99 %
CO,, which are developed mostly in the central part of the overburden rock section.

As an iron oxide carbonate, siderite is formed in reduction conditions, i.e. in conditions of oxygen defi-
ciency and decomposition of organic residues with the formation of carbon dioxide and hydrogen sulfide due
to protein substances. The source of ferruginization of weathering crust sandstones and hematite-goethite
nodules in the deposit is ferric oxide (Fe,0;), which is formed during the siderite oxidation and forms «iron
caps» (outliers), consisting of goethite (60-80 %), hematite (20-35 %) with the following chemical composi-
tion (%): Fe,0; — 87-88 %, FeO < 0.25; MnO — 0.4-0.6; SiO, — 3.4; Al,O; — 0.7; TiO, — 0.03; P,0Os —
0.2; Siota — 0.2.

The coal seams of the Upper and Lower Levels are characterized by interlayers of coal saturated with
siderite spherolith, resulting in coals acquiring a granular structure [1].

Quite often, iron pyrite disulfide (II) (FeS,) is found in the coals of the deposit, filling cracks and pre-
sent in the form of oolites confined to gelified matter.

The Upper Horizon seams are characterized by an unusual mineral association, oolites in the form of
loose formations consisting of a pelitomorphic mixture of pyrite, quartz and an amorphous organic matter
represented by a gelified substance.

The average content of iron sulfides in raw coals of the Upper Level is 0.14 %, and 0.2 % in the Lower
Level.

In total (excluding hydroxides), there are four natural iron oxides 2-Fe,O; (hematite), Fe;O4 (magnet-
ite), y-Fe,O; (maghemite), Fe;_ O (wustite).

Hematite is an antiferromagnet and has weak ferromagnetism below the Néel point (948 K). In magnet-
ite, all bivalent iron ions are in an octahedral environment, and trivalent ions are divided in half between the
octahedral and tetrahedral environment (Fe*")[Fe*” Fe*"]O,. The ratio Fe*"/Fe’'= 0.5.

The values of magnetic moments are dependent on the number of uncompensated electrons in the
3d-electron shell of iron ions, which explains ferromagnetic properties of magnetite. It acquires paramagnetic
properties above the Curie temperature 7= 850 K. With a decrease in temperature in a constant magnetic
field, magnetite acquires induced and thermo-remanent magnetization, which occurs during coal ashing
(1150 K). Maghemite contains only trivalent iron cations. At temperatures below 7= 840-986 K, it is a
ferromagnet. Hematite, magnetite, maghemite and wustite are practically not found in coal, but magnetite is
of interest as a newly formed mineral appearing during the ashing and transition of bivalent iron to trivalent
iron.

The carbonaceous type of siderite (FeCOs) can have calcium, cobalt, zinc and manganite minerals. Iron
oxide (II) (Fe,O3) 86—89 %, water (H,O) 10—14 % are quickly eroded with transition to limonite. Oxidizing,
it transfers to brown iron ore nFe,0; + nH,O [1].

Goethite produces pseudomorphs in pyrite, marcasite and other sulfides, in siderite, magnetite, hematite
and ferruginous silicates.

The oxygen content in coals of the deposit varies from 3 to 5 %, which indicates that they belong to the
demethanization zone and the oxidation zone of iron-containing minerals (silicates, sulfides, iron minerals)
which is characterized by active water-gas exchange, creating conditions for the release and transfer of oxi-
dation products to coal seams. This is also evidenced by high nitrogen content. According to the hermetic
glasses data, at a depth of 40—115 m they exceed 90 %, rising to 95-97 %, and according to core samples in
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the depth interval 43-200 m it varies from 38-55 % to 95-97 %. The average methane content is 2.5 %,
which confirms the conclusion about coal demethanization accross the entire deposit.

The carbon dioxide content in the Upper Level seams at depths from 40 to 100 m is 60—30 %, whereas
to the basin center it decreases to 20—10 %. The hydrogen content at depths of up to 100 m does not exceed
1 %.

The average value of the moisture mass fraction (GOST 8858-76), which was estimated by the maxi-
mum moisture capacity (Wp.%), for the Upper seam is 15.3 with extreme values of 8.0-28.4, while it does
not depend on the ash content of coal.

Under such conditions, there occurs oxidation of Fe*” coming into the coal seam from overlying rocks
as products of decomposition of iron-containing minerals up to Fe*" by reaction exemplified by iron oxide
(II) both with moisture and without it:

4FeO + 2nH20 + 02 — 2(F6203 nH20)
and at temperatures above 300—500° C (ashing)
6FecO + Oz — FC304

Measurement of the mass fraction of iron oxide in coal ash samples according to GOST 10538-87 is
done by photogrammetry with orthofentrolin, whereas measurement of iron content is carried out in ash
samples after coal ashing according to GOST 11022-95 at a temperature of (815+10) °C in an air atmosphere
with active interaction with oxygen.

Magnetite (Fe;0,) is formed in coals and their ashes, which is a complex oxide that simultaneously con-
tains II and III valence iron. In the presence of constant magnetic field of the Earth, conditions are created for
the acquisition of induced magnetization by this oxide, and during thermostatic magnetization ashing the
magnetic moment arises, which is determined by the mass fraction of Fe;0,.

All this provides the basis for using the induction method for assessing iron oxide in coal.

There are chemical and physical methods (X-ray fluorescence, atomic emission) for determining chem-
ical composition of coal, ash, including iron oxides (III) regulated by GOST: 10538-87, P 55879-2013,
P 54237-2010 (ASTMD 6349-2008) [1].

These methods are characterized by long-term measurement process, which is unacceptable when pre-
paring coal as a carbon reducing agent for transportation to the consumer.

Induction method in coal iron oxide test

In this regard, we have developed a device for rapid analysis of the iron oxide (III) concentration in coal
by its magnetic susceptibility. Pieces of works [1, 2] on achievements in induction method for measuring the
magnetic susceptibility of samples in feed-through coil by changing the introduced complex resistance ena-
bled us to elaborate on the subject and create the device.

To measure extreme low values of magnetic susceptibility with high accuracy, it was necessary to con-
sider many influences. A sample to be magnetically measured is placed to an inductor, while the winding
inductance changes in proportion to the magnetic susceptibility of the sample [1, 2].

To measure little changes in inductance, we used a bridge method which uses two identical inductors,
with the sample placed into one of them. Identical secondary coils are wound on the coils, with their wind-
ings connected in series and in opposite phases for mutual compensation of the signal induced to them in the
absence of the measured sample. An equivalent chart of the measuring unit is shown in Figure 1.

R1
1
S

o

G1 V1

O
:

Figure 1. An equivalent chart of the measuring unit

oo

L4
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In this circuit, generator G1 excites an alternating sinusoidal electric current in the circuit G1, R1, L1,
L2, and resistor R1 displays the total active resistance of the winding wire L1 (measuring) and L2 (compen-
sation).

As per the Kirchhoff's second law:

U =IR1+ [joLl1+ [j®oL2, )
where ® is angular frequency of alternating current, [ is current in the circuit of primary windings. Second-
ary voltages:

Uy =ljolk; U, =ljoLk, (2)
where £ is transformation ratio.

As aresult, a useful error signal will be:

AU = [joLk — [joL,k = [jok(L, —L,) . (3)

From formula (3) it follows that the error voltage depends on the difference of inductance of the meas-
uring and compensation (reference) coils, but does not depend on active resistance of the winding, which
helps to avoid problems associated with temperature dependence of the coil.

Due to extremely small size of the relative magnitude of the change in coils inductance when introduc-
ing the sample, measurement of the useful error signal appears to be a difficult task. Additional difficulty is
impossibility of full compensation of the secondary voltage due to misalignment of the voltages both in am-
plitude and in phase due to influence of inter-turn and inter-winding capacitance. To solve this problem, it
was decided to abandon exact compensation of voltages and the use of a zero indicator. Instead, the error
signal is digitized using a high-precision analog-to-digital converter. The chart of the error signal processing
unit is shown in Figure 2.

Reference  Switch

signal

:I\ A/D CPU
Input converter
signal

Figure 2. Error signal processing unit

Analysis of tracer amounts of heavy metals using traditional physicochemical methods (atomic absorp-
tion, polarography, photometry, etc.) requires preliminary preparation of the sample because metals in most
objects are in a bound state. They form fairly strong organic complexes that hinder to accurately reproduce
and determine their content. Therefore, it is necessary to deconstruct the organic component of the coal sam-
ple in order to identify the target elements in the form of stable inorganic compounds convenient for subse-
quent analysis [2].

Destruction of organic components is performed by ashing, i.e. burning a sample in a muftle furnace,
and wet ashing, which is heating with acid oxidizing agents. Preparation for heavy metal analysis in samples
of complex composition by these methods sometimes takes 8—10 hours and about 80-90 % of the total test-
ing time. In most cases, errors of the experimental results are made at this stage [2].

To reduce the time of sample preparation, we used partial ashing process which includes:

— weighing by 10 g of coal and placing in a crucible with a lid;

— crucibles are quickly placed to the zone of stable temperature of the furnace heated to (900+5) °C,
kept for 10 minutes (the temperature that fell when the crucibles were placed to the furnace should
again reach (900+5) °C in no more than 4 min.);

— a support with the crucibles is taken away from the furnace, cooled on a metal or asbestos plate to
room temperature;

— the test sample is transferred from the crucible to a sealed polyethylene container, which is placed to a
flask for putting into the measuring coil of the device and analyzed in accordance with the developed
procedure.

The developed PIKOZ-1 device and the method of induction-based measurement of the iron oxide con-

tent in coal are introduced in a coal mine of Shubarkol Komir JSC.
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The results of measurements of the iron oxide content in coal according to GOST 10538-87 and using
induction-based method are presented in the Table which suggests that the observed discrepancy in results is
within acceptable limits (GOST 10538-87). The time of one measurement as per GOST 10538-87 (using
chemical method) was 14 hours, and the induction method took 0.5 hours, which reduces the time of coal test
for iron oxide content by 48 times. This is a crucial factor when preparing coal before shipment.

Table
Results of measuring iron oxide in coal by analytical and induction methods
Certificate # Content of Fe;0y4, (kg/t) Mass fraction of Fe;Oy4, (%) Discrepancy
GOST 10538-87 Induction method GOST 10538-87 Induction method (%) abs.

1453 2.08 1.78 0.208 0.178 0.03
1024 0.77 2.05 0.077 0.205 0.13
1021 1.02 2.66 0.102 0.266 0.16
1598 2.33 2.71 0.233 0.271 0.04
1239 4.36 4.23 0.436 0.423 0.01
1539 1.50 1.32 0.150 0.132 0.02
1201 2.33 2.28 0.233 0.288 0.06
1221 2.67 2.70 0.267 0.270 0.01
1454 1.63 1.74 0.163 0.174 0.01
1271 10.77 11.09 1.077 1.109 0.03
1342 8.73 8.64 0.873 0.864 0.01
191 1.47 1.48 0.147 0.148 0.001

The error of analytical measurement according to GOST 1053857 for iron oxide from 5 to 10 %
should be 0.4 % absolute or 7.7 % relative. For a mean iron oxide content of 3.35 % the resulting error is
0.2 % absolute found by analytical and induction methods.

Conclusion

For rapid measuring of the concentration of iron oxide in coal, the PIKOZH-1 method and device have
been developed. The device was introduced at Shubarkol Komir JSC, Certificate No. 9912 on metrological
certification as a measuring instrument with the right to be used in the Republic of Kazakhstan was received
for it. It can be offered to organizations working on supplies of unique coal of the Shubarkol type in order to
use it as a carbon reducing agent in the production of silicon and aluminum.

The resulting error in the measurement of iron oxide in coals meets the requirements of the Kazakhstan
state standard GOST 10538-57 and is 0.2 % abs.

The work was carried out under the program of the Ministry of Education and Science of Kazakhstan,
Grants # 0118PK000063 and No. @.0781.
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IIIy0apkeJ1 KeH OpHbI KOMipJepiHaeri TeMip OKCHAIH aHBIKTAY

[Maiimanel Ka3bamapiaspl KeIMICHAI WUrepy MEMIICKeTTiH 0acTbl MiHAeTTepiHiH Oipi Gonbin Tabbutaabl. OHBI
IICIIYA€ MAaHBI3bl POJ OHEPKACINTIK KPEMHUI OHIIpICIHAEC KOJIAHBUIATHIH KbIMOAT KOJYMOHSIIBIK
KeMIipJIepiH UMIOPTHIH yKcac cunarramanapsl Oap IllybGapken kemipiepiHe aaMacTbipy OOJBIT TaObUIAIBI.
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Heri3ri reoforusuiblK MiHACTTEPAIH Oipi — KPEeMHHIIIH KSH TEPMHUSUIBIK OHAIPY TEXHOJIOTHSCBIHA dcep
eTeTiH KeMipjeri Temip OKCHIiHIH TapainyblH 3epTrey. JKyprizinren 3eprreyiep KepCeTKeHAeH, Temip
OKCHIIHIH KbIMOAT XMMMSUIBIK TalliayJiapbl )KOFapbl JIQJAIKIEH, OJapAbl KOCIIOPBIHAA KOMip MapTHACHIH
KaJIBINTACTEIPY Ke3iHAe JKelel KOoJaHyFa MYMKIHIIK Oepmeiini. ©O3eKTi MoceleHi HIemly YIIiH KeMipaeri
TeMip OKCHAIHIH KYpaMbIH Xe#en Oaramaynbl YIIH KOMIpHiH MarHUTTIK CHIIATTaMalapblH eJIIeYyHiH
HMHITYKIWSIIBIK TIPUHINITH JKY3€Te achIpaThlH 9JiC IeH ammapar jkacajabsl. By ozmic exi BaJeHTTI TeMipaiH
OKCHJIIH ycakTay Ke3iHJAe KypJeni YIIBaleHTTI TOTHIFbIHA aiHanmelpyra Herizgenaren. [OCT 10538-87
OoiibIHIIA Oy HOTHIXKENIepi MEH O3IpJICHIeH OMIC apachlHIArbl COMKECCI3K pyKcaT eTiNreH aeHreiire
coiikec keneni. Kypoutrbl «llly6apken Kemip» AK kocimopubinza xosinansuiaasl. Kasakcran Pecny0mmka-
CBIHJAFbI OJIIIeY Kypaubl peTinae Merposiorusubik Ceprudukarray Typanst Ne 9912 kyanik Gepinai.

Kinm ce30ep.: xeMip, Kyi, TeMip OKCHJI, MarHUTTEHI€HIIK, WHAYKIHUAIBIK KaTyLIKajiap, KOHLEHTPALUSIHbI
enmiey.

A.Jl. Mayceimbaena, S.0K. baiicaros, B.C. IlopTHOB,
B.M. IOpos, C.A. I'yuenko, A. AMaHTeIABIKbI3bI

Omnpenenenne okcuaa xkejuesa B yriasix Mecropoxaenus llly6apkoan

KoMmekcHOe 0CBOEHHE MHHEPAIBHBIX PECYPCOB SIBISIETCS OAHOM M3 INIAaBHBIX 3a[a4 rocyaapcTsa. BakHyro
ponb ISl €€ PelleHUs] UMEEeT MMIIOPTO3aMeIlEHHE JOPOTOCTOSIMIMX KOTyMOMHCKHX YrieHd, HMCHONb3yeMbIX
TIPU TOJIy9€HUN TEXHUYECKOTO KPEMHHS, ITy0apKOIbCKIMH YTIISIMH, UMEIOIINMU CXOIHBIC XapaKTEePUCTHKH.
OpHOM W3 IIaBHBIX IEOJIOTMYECKHMX 3alad SBJIACTCA H3Y4YCHUE DPACIpelesiecHHs B YIVIAX OKCUAA JKelle3a,
KOTOpPBII OKa3bIBA€T BIMSHUE HAa TEXHOJIOTHUIO PYAHOTEPMHUYECKOrO IMONIydeHUs KpeMmHus. IIpoBencHHbIE
HCCIICIOBAHUS IIOKa3ald, 4TO JOPOrOCTOAIIME XMMHYECKME aHalU3bl HA OKCHJ >Kele3a, IPU BBICOKOH
TOYHOCTH, HE MO3BOJIIOT ONEPATHUBHO UCIIOIB30BATh MX MPH (GOPMUPOBAHUH ITAPTUH YIJIS HA MPEATPUSITHH.
Jnis perieHns akTyaJbHOH 3a/1a4i — 3KCIPECCHOM OLICHKU COAEpKaHUi OKCHUIa JKese3a B yrie pa3paboTaHbl
crnoco0 1 mpubop, peanu3yromue HHIYKIHOHHBIN MPUHLUI U3MEPEHHsS MArHUTHBIX XapaKTEPUCTUK YTJeH.
Crnoco6 OCHOBaH Ha IEpeXojie OKCHJA IBYXBAJIEHTHOTO JKENie3a B CIOXKHBIM OKCHJl TPEXBaJEHTHOTO IPHU
o3oseHun. Pacxoxnenue pesynbratoB m3mepenuit mo 'OCTy 10538—87 u pa3paboTaHHOM METOIUKE JISKUT
B Ipesenax pomyctuMoctd. [IpuGop ucnonssyercs nHa npennpusituu AO «lllybapkons Komupy. IMomyden
Cepruduxar Ne 9912 0 METpOIOrHIeCcKoi aTTecTalluy Kak CpecTBO n3Mepenus B Pecrryommke Kasaxcran.

Knrouegvie cnosa: yriig, 30JbHOCTb, OKCHUJbI 3K€JI€3a, HAMAarHUW4Y€HHOCTb, WHAYKIIMOHHBIC KaTYIIKH,
U3MEPECHUC KOHHCHTpaHHfI.
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Calculation of coal-water fuel combustion technology
based on mathematical modeling

Calculation of technology of burning of coal-water fuel (CWF) on the basis of mathematical modeling is pre-
sented. Numerical simulation of the process of burning coal-water fuel was carried out in the software pack-
age ANSYS Fluent. It is based on the laws of conservation of mass, energy and momentum in a multicompo-
nent medium and the solution of the Navier-Stokes equations, continuity and heat transfer. A mathematical
model of the combustion of CWF consists of three phases. For modeling the combustion of pulverized coal-
water fuel, using the model of breakup of eddies (Eddy-Dissipation Model) and the parameters of injection of
droplets into the furnace were set using the «Discrete Phase Model» function. In ANSYS Fluent, a three-
dimensional formulation of the problem is given and the Navier-Stokes and Reynolds-averaged energy equa-
tions are solved. To account for turbulence, a two-parameter model «k-e»is chosen.In the course of numerical
simulation, the distribution field patterns of velocity vectors were obtained. When conducting a thorough
analysis of the furnace temperature regime, we realized that the optimal combustion temperature of CWF is
700-1200 °C. The relation of the particle residence time in the combustion chamber of the furnace on its di-
ameter is obtained.

Keywords: hydrocarbon fuel, numerical simulation, ANSYS Fluent, the Navier-Stokes equations, the process
of burning.

Introduction

The process of fuel combustion in technical devices is a difficult and expensive process, which involves
high cost of each experiment and equipment, this is a very complicated process of pre-mathematical studies.
To facilitate the process of preliminary research, numerical modeling is currently used [1].

The numerical simulation of the process of burning coal-water fuel was carried out in the software
package ANSYS Fluent. It is based on the laws of conservation of mass, energy and momentum in a multi-
component medium and the solution of the Navier-Stokes equations, continuity and heat transfer. The com-
bustion mixture depends on the speed of the reaction and can occur in laminar flow and turbulent flow. The
process of burning CWF is the turbulent combustion regime. Chemical reactions and turbulence have a mu-
tual influence, in consequence of which the flame can increase turbulence by accelerating the flow and
changing the viscosity, and turbulence in turn changes the structure of the flame intensifying mixing and re-
action rates

The process of burning CWF is the combustion of a mixture that consists of water-carbon droplets and
coal particles [2]. To describe the combustion of this mixture takes the approach of Euler and Lagrange. Ac-
cording to this approach, the Eulerian component is responsible for the equations of motion, heat transfer and
combustion in the gas medium, and the Lagrange approach is responsible for the description of the motion
and heat and mass transfer of a single particle. A two-parameter turbulence model «k-e» is used to account
for gas turbulence, which also takes into account the influence of individual particles.

A mathematical model of the combustion of CWF consists of three phases. The first phase is the gas
phase, it is described by the following equations:

1. The equation of continuity

P, AwU) _
ot ox, o

1

2. Mass balance equation of gas components:

apCy, +8pCN2Ul. 9 [H, E)CNZJ

+ Jvap + "]Char . (1)

2

ot ox, _a_x[ Sc, ox,
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3. Equations of mass change of gas components:

dpC,,  IpC U, 9 U aC,, .

EI 2 = | = b | J _ J J , : 3
Jt ox; ox, \ Sc, ox, Broi ot =Beo co = (3)
ap Cvol ap vol i h acml iy J B J ) (4)

or a‘xi ox, | Sc, ox, vap* vap ¥ vol 2
9pCeo , PCU; _ 9 [ 1, 9Cq co
ot * a_xi ax_ SC ax_ + char co ( )
pCy N pCuoUi 3 (1, 3Cpp L B
ot axl. ax[ SC, ax[ evap

4. The equation of motion
opU, dpUU, op d oU, dU,| 2 U,
t——F=———+pg, +F,+—| (L+ —+—L |-=9, | phk+(u+ 1, 7
By ™ o PE 5 (n+py) o o ) 30 (m uf)axk @)
where j=1,2,3.
5. The equation of energy

rad
L, . l_CT %[[%+ el } gf j+Qw,Jw, +Ocod e a;’—;‘le@- ®)
6. The equation of state
p= a , ©)
ROTLSIOZ + ;NZ + AC/;V”’ + AC/;CO + Aicoz + AC/;HZO }
0, N, vol co co, H,0

where U, — components of the velocity vector of gas; 7,p — the temperature and pressure of the gas;
p,o. — reduced density and volume fraction of gas; J,,,,,J,,,,/ 4, — the rate of evaporation of the vola-
tiles and combustion of coke oven sludge; u,u, — molecular and turbulent viscosity of gas; F;,© — com-

ponents of the force and heat exchange of interfacial interaction; J, ,,J,,0,,,,0- — the intensity and the

thermal effect of gas-phase combustion of volatiles and carbon monoxide.

The second is the disperse phase. It describes the movements of particles. According to the Lagrangian
approach, the entire spectrum of CWF particles can be divided into different fractions, the nature of which
motion is determined by a single marker particle and transferred to all such fraction particles. The nature of
the particle motion is described by the following equations:

1. Equations of motion of a particle of the 1-st group

i -=v,(U,-U})+g,. (10)
dt !
e W —w' 24 0.687
¢ p —(1+0.15Re!™") Re, <1000
where j=1,2,3, v, = oo and ¢, =4 Re, R ’ 1000;
. : e, >
P 0.44 :
ol -7 4,
Re,=————, (11)
1)
U ; — components of the velocity of particles; p, — density of particles; d, — diameter of particles of
i-groups.
2. Equations of heat and mass transfer and combustion particles
d;;’l Mcvap Mivap _ Mic'har' : (12)
t
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dT, “r char rva ‘revq,
micpjlf: c'harMih +nd12 I:a’canv (T_];)—i_gp (H_467;4>:|_QvapMi g _LvapMi i s (13)
where m;, — mass of a single particle; ¢, — heat capacity of a particle; O, — calorific value of coke;

0,,, — the heat required for the release of volatile; L, — latent heat of vaporization; €, — the degree of

blackness of the particles; o, — the coefficient of convective heat transfer of a single particle.

conv

Mass rate of vaporization of the drop: M =Ttd,.2kc[(pCH20)' , —(pCHzo )}, where

c

DH o 0.5 0.33 : : : :
k =72(2+0.6Rel' Sc™ ) — mass transfer coefficient; D, , — the diffusion coefficient of vapor,

i

( pC HZO) . density and concentration of vapor on the surface of a drop or particle.

Surj

The mass rate of flow of volatiles (Law of Arrhenius): M, = Ky exp(— EV%TJ' Sy -m,; , Where
0"i

m,, — the initial mass of dry particle; f,, — mass fraction of volatiles in dry coal; E,,, — energy of acti-
vation.
The burning rate of the coke residue is described by the following equation:
M = 7d3pC, AL (14)
'K, +K,

Kk = kchar eXp (_ ECh%OT) H (15)

where K, is described by the following dependency

D
K, =="(2.0+0.16Re/*"). (16)
dp;

And the final phase is the effect of the dispersed phase on the gas phase. The control volume method is
used to account for the influence of particles on the gas phase. To do this, the entire computational domain is
divided into a finite number of elements within which the values of the desired functions can be considered

homogeneous. And for each such element the proper values are calculated J,,,,,J s 0> £ ©.-

evap>* vap>* char>
To calculate the parameters of the CWF in the ANSYS Fluent package complex, the first step is to build
a vortex furnace model by means of CAD programs. Then, using the Gambit package, which is a Fluent pre-
processor, a finite difference grid is constructed based on the resulting model (Fig. 1). This model includes:
nozzle (1), outlet (2), lower blast system (3), boiler furnace (4). The finite-difference grid is constructed on
the basis of tetrahedral elements with uniform distribution throughout the volume, the number of which is
equal to 300000 cells.

3

1 — nozzle; 2 — outlet; 3 — lower blast system; 4 — boiler furnace
Figure 1. Finite difference grid
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In ANSYS Fluent, a three-dimensional formulation of the problem is given and the Navier-Stokes and
Reynolds-averaged energy equations are solved [3—5]. To account for turbulence, a two-parameter model
«k—e» is chosen. The equations are solved taking into account the implicit scheme of the 2nd order of accu-
racy in space for the convective terms of the equations. Thermo-physical properties of air are calculated by
polynomial dependence on temperature. For modeling the combustion of pulverized coal-water fuel, using
the model of breakup of eddies (Eddy-Dissipation Model) and the parameters of injection of drops in the fur-
nace was set using «Discrete Phase Model».

To initialize the numerical simulation, the following parameters were specified:

1) Source data — heat output of the furnace — 0.3 Gcal/h; the flow rate of the CWF through the atom-
izer — 200-300 kg/h; mass fraction of solid phase — 42—58 %; ash content of coal in CWF — 7 %; the par-
ticle size— 0—100 pum; velocity of the fuel particles is 30-60 m/s; air pressure — 0.2—0.5 MPa; the pressure of
combustion air — 0.001-0.002 MPa; the excess air ratio is 1.1 to 1.4.

2) Boundary conditions on the air supply through the nozzle: velocity of gas — 50 m/s; temperature —
300 K; turbulent energy — 0.1 k; energy dissipation rate — 0.1 E.

3) Boundary conditions for the supply of air through the lower blast system-hole width — 3mm; gas ve-
locity — 30 m/s; temperature — 300 K; turbulent energy — 0.1 K; energy dissipation rate — 0.1 E.

In the course of numerical simulation, the distribution field patterns of velocity vectors were obtained
(Fig. 2).
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Velocity Vectors Colored By Velocity Magnitude (mvs)

Figure 2. Distribution field of velocity vector

In Figure 2 it is seen that in the upper region of the furnace and on the left border of the nozzle are
formed areas of high speeds. It can also be observed that when the fuel is fed through the nozzle, it is picked
up by the air flow coming through the lower ducting system, and twists, as a result of which the speed in-
creases to reach the upper boundary of the furnace.

Figure 3 shows the dependence of the particle residence time in the combustion chamber of the furnace
on its diameter. It can be seen that the larger the diameter, the longer the particles will burn, also from the
previous figures it can be concluded that the particles entering the combustion chamber will move along a
spiral trajectory.

y=0,0149x+0,4745

R*=0,9905..-" L] ® 5

Bpems,c

LuameTp vactuu, MKm

Figure 3. The residence time of the droplets of particles in the boiler furnace
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The data of the numerical experiment are well approximated by the linear dependence:
t=0.0149d +0.4745.

Due to the device of the vortex furnace, it helps to increase the retention time of burning particles in the
furnace space, which has a beneficial effect on the reduction of ash residue and volatiles. When conducting a
thorough analysis of the temperature regime of the furnace, we realized that the optimal combustion tem-
perature of CWF is 700-1200 °C.

We observed that after prolonged fuel flow in the vortex furnace, the temperature levels off and reach
1143 °C, which provides isothermality, the stability of combustion andsmall under burning of fuel.

This work was financially supported by the RFBR project Mol nr 19—38-50058.
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H.K. Tanamesa, JI.JI. MunskoB, A.K. Tneyoeprenosa, K.K. CagenoBa

MareMaTHKAJBIK MO/eJIb/Iey Heri3iHae CyIbI-KOMipJli OTBIHHBIH
JKAFy TEXHOJIOTUSICHIH ecenTey

MaremaTukanblK Mojenbaey Herisinge cyibl-keMipii oTeiHabl (CKO) jkary TEXHOJIOTHSICHIH ecenTey
ycoHbpUFalH. Cynbl-KeMipill OTBIHHBEIH JKaHy yAepiciH caHmblK Mozensaey ANSYS Fluent Garmapramanap
nmakeTiHge >Kyprisinmi. On kem KOMIOHEHTTI OpTaja MacCaHbl, JSHEPTUSHBI JXOHE MMITYJIbCTI Cakray
3apapeiHa koHe HaBbe-CTokc TeHZIEyNepiH IIemryre, SKbUIIBIH Y3iIMeyiHe KoHe TachIMallaHybIHA
Herizgenred. CKO »xaHy cumarraMachbHBIH MaTeMaTHKaJIBIK Mojemi yimn ¢asagaH Typaxasl. llambpanks!
CYJBI-KOMIpJIi OTBIHHBIH KaHYBIH MOJEINbJCY YLIIH KyHbIHHBIH biasipay Mozeni (Eddy-Dissipation Model)
nailanaHplUIIbl, ajl OTTHIKKA TaMIIbl HMHKEKIMACHIHBIH napamerpiepi «Discrete Phase Model» dyHkiuscoin
naiinanany apkpuiel KoWbsuIAel. ANSYS Fluent-te ecentiH ym enmemzIi TYKBIPHIMBIH aHBIKTAHAbI JKOHE
HaBbe-CTokc TeHzaeysepi xoHe PeiiHonbac OoiibiHINa opTalmananFan sHeprus wenrineni. TypOyaeHTTinikTi
€celnKe aly YIIiH eki mapamerpiik «k-e» yirici Tagmanael. CaHIBIK MOJENbJey OapbICHIHIA KBUIIaMIBIK
BEKTOpJIapBIH Geiry epiciHiH cyperrepi anbiHABL OTTHIKTBIH TEeMIEPaTyPaIbIK PEeXHMIHE MYKHAIT Tajgay
xyprizy kesinge CKO sxamysHbIH oHTaitnsl Temmeparypacsl 700-1200 °C exenin ponenpenii. CoHbIMEH
KaTap OTTBIKTHI JXaFy KaMepachIHIarbl OeJmeKTepHiH OO0y YaKbITBIHBIH OHBIH JUAaMETpiHe TyeNIUIiri
QIBIH]IBL.

Kinm ce30ep: cynbl-keMipii OTBIH, caHAblK Mozenbaey, ANSYS Fluent Garmapnamacsl, Haswe-CtTokc
TeHJeyJIepi, )KaHy MPOLIECi.

H.K. Tanamesa, JI.JI. MunbkoB, A.)K. Tneybeprenora, K.K. CaxernoBa

Pacyer TEXHOJIOrHH CXKUTAHUA BOAOYI'OJIbHOIO TOILINBA HA OCHOBE
MAaTEMATHICCKOT0 MOJAC/IUPOBAHUSA

IIpencraBiien pacueT TEXHOJOTHH CXKHTAHMS BomoyroipHoro tommBa (BYT) Ha ocHOBe MareMaTH4eckoro
MoJenupoBaHusl. YncieHHOe MOJEIMPOBaHKE MIPpOoLecca CKUTAHUS BOJOYTOJIBHOTO TOILTHBA IIPOBOAMIIOCH B
nakere nporpaMmm ANSYS Fluent. OHo ocHOBaHO Ha 3aKOHaX COXPAaHEHHUs MAcChl, SHEPTHU M UMITyJbCa B
MHOTOKOMIIOHEHTHOH cpefie U peieHus ypaBHeHuii HaBbe-CTokca, HEpa3phIBHOCTH U IepeHoca Tera. Ma-
TeMaTHh4ecKasi MoJienb onucanus ropernst BYT cocrout u3 tpex ¢da3. st MoaeupoBaHusi TOPSHHs Paciibl-
JICHHOTO BOJIOYT'OJIFHOTO TOILUIMBA MCIOJIb30Bajach Monenb pacnana suxpeit (Eddy-DissipationModel), a ma-
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paMeTpbl MHIKEKLHH Kalelb B TONKY 3adaBaliiCh C Hcmojb3oBanueM (ynkuun «DiscretePhaseModel».
B ANSYS Fluent 3amaercs TpexmepHas MOCTaHOBKAa 3afadyd M peuraioTcs ypaBHeHus HaBbe-CTokca u
SHEpruu, ocpefHeHHble Mo PeliHompacy. [lns yuera TypOyldeHTHOCTH BBIOMpAETCsl AByXIapamMeTpuuecKas
Mogenb «k-e». B xome uncieHHOTO MOAEMMPOBaHUS OBIIN MOXYYSHBI KAPTUHBI IOJIS PACIIPEISNICHUS] BEKTO-
poB ckopoctu. [Ipy nMpoBeneHHH TIATEILHOTO aHAIM3a TeMIIePaTypHOTO PEeXXHMa TONKU JOKa3aHo, YTO OIl-
TuManbHas Temneparypa cxkuranusd BYT cocrasiser 700-1200 °C. Kpome Toro, noinydeHa 3aBUCHMOCTb
BpPEMEHU IPeOBIBaHUS YaCTUIIBI B KaMepe CXKUTAHUS TOIIKH OT €€ [HaMeTpa.

Kniouesvie cnosa: BOROYrojbHOE TOIUIMBO, YHCIEHHOE MonenaupoBanue, nporpamma ANSYS Fluent,
ypaBHeHust HaBbe-CToKca, Ipo1ece ropeHHs.
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Automatic collision avoidance system with many targets,
including maneuvering ones

The article considers the issues of automatic collision avoidance with many targets, including maneuvering
ones, which is especially important when navigating a vessel in narrownesses. Was made a brief review of
literature devoted to the problem of collision avoidance and conclusion was drown on the relevance of devel-
oping such systems. There were developed mathematical and algorithmic support of the combined collision
avoidance with many targets, including maneuvering ones. Based on the synthesized algorithms, there was
developed software in the MATLAB environment for a simulator of an onboard controller of a ship control
system, the operability and efficiency of mathematical, algorithmic and software was tested in a closed circuit
with a Navi Trainer 5000 navigation simulator for various types of ships, navigation areas and weather condi-
tions. The experiments confirmed the efficiency of the proposed method and algorithms and allow to recom-
mend them for practical use in the development of modules for automatic collision avoidance with many tar-
gets, including maneuvering ones, an onboard controller of the ship’s control system.

Keywords: collision avoidance system, automatic collision avoidance, collision avoidance with many targets,
collision avoidance with maneuvering targets, collision avoidance in narrowness, collision avoidance control
systems.

Introduction

The main international legal document regulating the safety of navigation today is the rules
COLREGS [1], adopted in 1972 and put into operation since 1977. For 47 years, they are significantly out-
dated and require the speediest revision. Thus, the COLREG provide collision avoidance only two vessels
(while the radar-tracking equipment (ARPA) installed on the vessels allows capturing and tracking up to
40 targets at a time), are verbal (and therefore are sometimes interpreted differently by boatmasters), are rec-
ommended character and don’t always give a definite answer to avoid collision in a particular situation. The
COLREG are human-oriented and don’t fit into the concept of automation of control processes, they are a
braking factor for the development of automatic systems.

At the same time, over the past 10-20 years, the intensity of shipping and the speed of ships has signifi-
cantly increased, and with them the flow of information has increased. It becomes increasingly difficult for
boatmasters to find the right management decisions, especially in critical situations (when operating in nar-
row spaces), which is the reason for the increasing number of accidents in maritime transport. Accident sta-
tistics in global shipping indicate that 75 % of all accidents occur due to the human factor.

Therefore, according to experts, a significant reduction in accidents can be achieved only by reducing
human intervention in management, namely through the creation of decision support systems (DSS) and au-
tomatic control systems (ACS). DSS control the operation of individual navigation modules and, in the event

Cepusa «dusmka». Ne 4(96)/2019 69



S. Zinchenko, P. Nosov et al.

that the operating parameters of the modules exceed the permissible limits, give warning messages or may
even give «advice» on the management of the vessel. The boatmaster should comprehend the information
received before making a decision, which also takes time [2—5].

In this regard, automatic control systems for the movement of the vessel deserve special attention when
the human factor is completely excluded from the control loop. In this case, the skipper only makes a deci-
sion to activate the automatic control mode and monitors its implementation from the side. Currently, many
ships have autopilots that implement two automatic control modes — automatic course maintenance and/or
trajectory. The decision to activate these modes is made by the skipper, however, the vessel is further con-
trolled without his participation. According to the authors of the article, such an approach to the construction
of control systems is the most rational, as it allows the skipper to be freed from routine operations to control
the vessel, while at the same time leaving him overall control over the development of the situation. A spe-
cial place is occupied by the tasks of escorting the vessel in narrow places, where there is a large traffic flow
and the constant maneuvering of ships — targets.

The object of the research in the article is the process of automatic collision avoidance with many ves-
sels — targets, including maneuvering ones.

The subject of the study is the methods and algorithms implemented in the software of the onboard con-
troller of the control system, and allowing to diverge from many targets, including maneuvering ones.

The purpose of the Article is the development of methods and algorithms for automatic collision avoid-
ance with many vessels — targets, including maneuvering ones, for the collision avoidancemodule of the
onboard controller of the ship control system.

Problem statement

A mathematical model of a controlled object (own ship) is set in the form of a system of nonlinear dif-
ferential equations

Xy _§ (X, W,U,6,9):
dt

Xn = (Vn’mrl’\Pn’Xn’K1) >
model of external disturbances from the wind W =f (t) and currents U =f (t). In the measured data of the
ship’s linear speed V, , angular rotation speed ®, , yaw angle W, , bearings F,; and distances D, to tar-

gets, measurement errors are taken into account according to the passport data of each sensor. The mathe-
matical model of targets is defined as a system of nonlinear algebraic equations f, (X, .Y, .V, K,),

g2 71" g,
j=12.., N,

course), as well as the breakpoints of the trajectory to simulate maneuvers of targets.
It is required, for given initial conditions (the initial state vector of the vessel X, (0), the initial state

that determine the parameters of the movement of targets along the trajectory (speed and

vector of the targets X, (0),j=1,2,..., N, routes, parameters of the movement of targets along the routes),

external disturbances, measurement errors of the motion parameters, to determine such telegraph 0 and rud-
der & controls that would allow to diverge with all the targets, including maneuvering ones, at a safe dis-
tance

(X, —X@.)2 +(Y, —Ytg)2 >=D, *j=12,.,N

S tg*
Literature review

The issues of automatic collision avoidance were considered in many works of domestic and foreign au-
thors. So, in [6], there was proposed a method for forming an area of unacceptable values for the course of
one of the vessels and the speed of another vessel, taking into account its inertial characteristics with external
control of the process of their collision avoidance. Depending on the parameters of the situation of dangerous
approach and the braking mode of the vessel, there were obtained analytical expressions for calculating the
boundaries of the area of unacceptable course values and speed of approaching ships. The method is based
on an analytical description of unacceptable course values, which limits its ability to diverge from only one
non-maneuvering vessel.

The article [7] describes a control system with deep Q-learning. The advantage of the system is the pos-
sibility of optimization based on information about the interaction with the environment. The disadvantages
of the system are the need to organize the storage of information in the database, its quick search and retriev-
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al, maintenance of the database. In addition, any training of the control system, including Q-training, is simp-
ly unacceptable in extreme situations, for example, when managing in narrow places, since during training
the system may not work optimally or incorrectly, which is fraught with serious consequences.

The article [8] describes a path planning method taking into account the dynamic characteristics of the
control object and COLREGS rules to prevent possible collisions. The method takes into account the uncer-
tainty of the trajectory over time. Collision risk is calculated using the probabilistic method, and the collision
risk area is adjusted based on the predicted trajectory. Simulation results are presented that demonstrate the
feasibility of the proposed method. The proposed method allows you to assess the risk of a collision with
only one non-maneuvering targets, since the rules of COLREGS don’t consider other situations, does not
form controls to prevent collisions in the automatic mode, and can only be used in automated decision sup-
port systems.

The article [9] describes the use of AIS for tracking the movement of targets through the electronic ex-
change of navigation data between ships with airborne transceivers, ground and/or satellite base stations. The
collected data contains a large amount of information useful for maritime safety and is used to detect target
maneuvers, route estimation, collision forecasting. The use of AIS data provides great opportunities for pre-
venting collisions due to more accurate information about the parameters of their movement, however, this
method cannot be used on ships that are not equipped with AIS transponders or vessels that hide information
about the parameters of their movement.

As a result of the analysis, the authors of [10] came to the conclusion that collision avoidance algo-
rithms developed over the past decades allow diverging from only one or two non-maneuvering targets, us-
ing the simplified dynamics of the ship and targets. The collision avoidance algorithms proposed by the au-
thors of the article make it possible to visualize dangerous heading and speed of the vessel, which can lead to
a collision. The system may also offer optimal solutions for discrepancies in accordance with the rules of
COLREGS. However, the described system belongs to DSS and cannot solve the problems of collision
avoidance in the automatic mode.

In [11] there was proposed a collision avoidance method using predictive models. Mathematical model-
ing in the on-board controller allows predicting the trajectory of the ship and the target using the currently
measured parameters of the ship and the calculated parameters of the target. This forecast, taking into ac-
count the rules of COLREG, is used to determine the optimal control strategy for the collision avoidance.
The disadvantage of this method is the difficulty in realizing multiple forecasts in the on-board controller of
the vessel in real time, as well as the inability to diverge from several targets.

In [12, 13] the authors proposed a method of collision avoidance with many vessels — targets, includ-
ing maneuvering ones. The method involves measuring, with the processing of information in the on-board
controller, the true speed of the vessel and the relative speeds of the vessel and the targets, estimating the true
speeds of the targets, building the area of acceptable controls for the collision avoidance with all targets,
choosing the optimal parameters of the collision avoidance from the constructed area, forming controls for
implementing selected options. The disadvantage of this method is the computational cost of constructing
area of acceptable controls.

Material and method

Figure 1 shows a diagram of collision avoidance with two vessels. The results obtained are also valid
for discrepancies with a large number of vessels. The vessel (control object) is located at point O. Around the
vessel, an area of safe collision avoidance is drawn. When manually operated, the recommended area of safe
collision avoidance in open waters should be at least 2 nautical miles (nm), and in cramped waters at least
0.7 nm.

The recommendations cited took into account the human factor, namely the delays associated with as-
sessing the situation and making a decision by the skipper. With automatic control, the area of safe collision
avoidance can be reduced. Thus, the standard deviation of the radar measurement, according to IMO re-
quirements, should not exceed 1 % of the measured distance, i.e. for a measurement range of 10 nm, the
standard deviation will be 0.1 nm, or, with a probability of 99.7 %, 36 = 0.3 nm. Therefore, D__ = 0.3 nm is
sufficient for safe automatic collision avoidance.

The smaller size of the area allows to reduce the distance of departure from the original course in case
of collision avoidance, reduce time and fuel consumption. Figure 1 also shows the measured vector of the
true speed of the vessel V, and the circle of maneuvering capabilities outlined by this vector. The positions
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of the target echoes j = 1,2 are plotted on the measurement steps n—2,n—1,n through which the line of rela-
tive motion RML, is drawn.
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Figure 1. Diagram of collision avoidance with two vessels

The lead point L, is moved forward along RML, for a time sufficient to change the motion parameters
of the vessel, taking into account its inertial characteristics. From the point L, the expected relative motion
lines ERML’, ERML, are drawn, tangent to the area of safe collision avoidance. Sector of dangerous courses
SDC; — the angle between ERML;,ERML;. When the relative speed vector AV, enters in sector of dan-

gerous courses, the target echo will necessarily cross the area of safe collision avoidance. ERML', ERML;

are the lines of optimal collision avoidance, since the movement of the target echo along given trajectories
satisfies both the conditions of safe collision avoidance and the conditions of minimal flipping from the orig-

inal trajectory. ERML; corresponds to collision avoidance by turning to the right, and ERML; corresponds
to collision avoidance by turning to the left. Since the variants of the collision avoidance along ERML’ and
ERML; are constructed in a similar way, we will further consider the construction of only one of them, for
example, the variant of the collision avoidance by ERML_J; . Figure 1 shows the speed triangles

V,+AV, =V, . where V_ is the instantaneous speed vector of the j-target, estimated from the results of

radar observations. These speed triangles correspond to the positions of the vectors before maneuvering. To
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direct the vector of the relative speed of collision avoidance along ERML; it is necessary to reduce the ves-
sel's speed vector to a point 4, . In this case, the collision avoidance will be provided only by changing the

speed, without changing the course, this maneuver is most applicable in narrownesses and is optimal in terms
of fuel consumption. However, the collision avoidance speed cannot be less than the minimum V_ , at
which controllability is still maintained. In Figure 1, the collision avoidance vector for the first target turned
out to be less than the minimum speed. Therefore, it is not always possible to conduct a clean speed maneu-

ver. In this case, the collision avoidance speed vector must be turned to the point of intersection the line
ERML, drawn through the point », with the circle V,,, . The resulting speed vector will correspond to a

combined maneuver of course and speed with a minimum turn from the original course.
Define the positions of the target echoes in the Cartesian coordinate system for measurement 7 .

X,;(n)=D,;(n)sin B, (n);

mj
Y, (n)=D, (n)cosF, (n),j=1.N,,.
Using a series of consecutive measurements n,n—1,n—2, ..., using the least squares method, find the
equations of the line of relative motion RML,
7 RML RML . _
Y=k;"X+b ", j=1.N,.
In order to remove noise, for the last two measurements X
Y, (n),Y,.(n—1) using the obtained equation RML,
_ 7.RML RML ,
Y, (m) = k[ X, () + b

Y, (n=1)=k"X (n=-1)+b", j=1.N,.

mj

(n), X,,(n—=1), specify the coordinates

mj

We estimate the vector of relative vessel speeds and targets using RML;
AV, =(AV,,AV);
_ Xm/(n) —ij(l’l _1)

AV = ;
v AT
Y (n)-Y, (n-1) .
AV, = I = LN,

where AT is the radar update tact.
Determine the lead point L, at a distance AT from the last measurement 7 .

L, =X,(n)+AV,AT.
Determine the unit vectors defining the basic directions fromp. L :
—ort E,; is the direction to the vessel (to the p. O);
—ort E, is the direction along RML ;
—ort E is the direction along ERML’;
—ort E; is the direction along ERML, .

Fo :(|ij %)E/ = (ﬁ%’%ﬂ]);
’ ! J J
£ = EO/ei@j ok, = Eofeiie/ 9, = % = arcsin(E—S”").
j
Determine the vector of the collision avoidance speed by ERML; )
V|, =V, -[aV;[E?, o
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where ‘V:‘ is the modulus of the collision avoidance speed vector; E, . =(sinK,,cos K, ) is the unit vector

mj? mj

is module of the relative speed vec-

of collision avoidance speed; K,:j 1s collision avoidance course; AVj+

tor.
The modulus of the relative speed vector ‘AV;‘ is determined by the solution of the vector equation (1)

—(V Ej)é\/(V,g/,Ejf il -v,2. )

1gj,

NG

Vj+

Equation (2) can have one solution when the radical expression is zero, two solutions when the radical
expression is greater than zero and have no solutions when the radical expression is less than zero. In Fig-

ure 1, ERML, drawn through p. n, doesn’t intersect the circle of maneuvering capabilities and the vector

equation (2) in the case of collision avoidance along the line ERML, has no solutions. First of all, we are
interested in one solution of equation (2), which corresponds to a maneuver of speed. Equating the radical

f

is the minimum speed at which the ship maintains controllability, then we solve equation (2) again for
v
J

<V..» Where V.

expression to zero, we determine the modulus of collision avoidance speed ‘Vf

=V, - Find the collision avoidance speed vector V; =V, —AV.

Among the vectors Vj*, J=1..N,, we find the limiting collision avoidance speed vector having the larg-

est deviation in angle from the initial speed vector V,

(V,,V')= min(V,, V),
Jj=1..Ntg
where () — scalar multiplication; V" =V"(cosK",sinK") — the limiting vector of the collision avoid-

ance speed.

In Figure 1 it will be a vector V| . Similarly, determine the limiting vector of the collision avoidance
speed when turning to the left V- =V"(cos K ,sinK ). Of the two limiting vectors, choose the smaller one
Vi><V V' >).

The collision avoidance speed vector V' =F"(cosK,sinK ") is implemented by the PID controller

S=ky(K, —K")+k,o + ki [(K, —K"dt;

_nV
2V 7

max

by the angle of the turn V' =max(< V

md

wherek,, , k,, kj are the gains of the PID controller for the mismatch angle, the angular velocity and the
integral of the mismatch angle; K, , ®, — measured course and angular velocity of rotation of the vessel.

Experiments

The operability of the collision avoidance algorithm was tested on the navigation simulator of the Kher-
son State Maritime Academy [14—17]. The block diagram of the simulator is shown in Figure 2. In the com-
puter network of the simulator, additional system units 14—16 were connected, with which information ex-
change was organized. Blocks 14—16 contain control system modules, which provide collision avoidance
according to the above algorithm. A task was created in the Navi Trainer Instructor program of the Instruc-
tor's workplace (block 6 of the structural diagram of the simulator), a screenshot is shown in Figure 3.

As you can see from the screenshot above, at the time of the beginning of the collision avoidance, our
SS1 vessel is surrounded by dangerous targets that also maneuver (the trajectories of the targets have kinks).
Vessel and targets trends are also shown.

Figure 4 shows a screenshot of the radar at the time the collision avoidance began.

Figure 5 shows a screenshot of the Navi Trainer Instructor after 10 minutes of collision avoidance.

Figure 6 shows a screenshot of the radar after 10 minutes of collision avoidance.
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Figure 2. Block diagram of the simulator

Figure 3. Screenshot of the Navi Trainer Instructor
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Figure 4. A screenshot of the radar at the time the collision avoidance began
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Figure 5. Screenshot of the Navi Trainer Instructor after 10 minutes of collision avoidance

Figure 6. Screenshot of the radar after 10 minutes collision avoidance

As can be seen from the results, the control system has almost completed the collision avoidance from
dangerous maneuvering targets.

Conclusions

There are proposed a method and algorithms for automatic collision avoidance with many targets, in-
cluding maneuvering ones.

The scientific novelty of the results obtained is the possibility of collision avoidance with many targets,
including maneuvering ones, in a fully automatic mode, which is especially useful in extreme situations, for
example, when the vessel avoid collision in narrownesses. This is achieved through periodic, with the on-
board controller operation, measuring the true speed of the vessel and the relative speeds of the vessel and
the targets, averaging the measured information in order to remove noise, estimating the true speeds of the
targets, determining for the left and right maneuvers the speed vector discrepancies for each target separate-
ly, definitions for the left and right maneuvers of the limiting collision avoidance speed vector, selection
from the limiting collision avoidance vectors of the left and right maneuvers of the required collision avoid-
ance vector using the criterion of a smaller angle of rotation, the implementation of the required vector of the
collision avoidance speed in the control system.

The practical value of the obtained results lies in the fact that the developed method and algorithms are
implemented in software and investigated by solving the problem of automatic collision avoidance with sev-
eral targets, including maneuvering ones, in a closed loop with the Navi Trainer 5000 simulator for various
types of ships, targets, navigation areas and weather conditions. The experiments confirmed the efficiency of
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the proposed method and algorithms and allow to recommend them for practical use in the development of
modules for automatic collision avoidance with many targets, including maneuvering ones, an onboard con-
troller of the ship’s control system.

Further research may consist in the development of methods and algorithms for processing radar infor-
mation that allow to consider small and nearby objects, for example, small fishing vessels, as one impassable
cluster and solve the problem of collision avoidance not with each such object, but with a whole cluster,
which will significantly increase speed and reliability solutions.
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C. 3unuenko, I1. Hocos, B. Mareiiuyk, I1. Mamenko, 1. [Tonosuy, O. ['pomeBa

KenTeren makcarrapbsl 6ap aBTOMATTBI AlbIPbLIY KYHeCiH CHHTe3/1eYy,
COHBIH ilIiHJe MaHeBpJIap

Makanazna 6acka KeMelepieH albIpbITy Ke3iH/e KeMEeHIH KO3FalIbICBIH aBTOMATTHI TYpJie OacKapy Macesnelnepi
KapacThIPbUIFAaH — HBICAHJAP, OHBIH IIIiHIE MaHEeBpiap, OyJl KeMesiepli Tap >KOJJapAa HaBUralusiay
Ke3iHze eTe MaHbI3Abl. Kemenepain aiblpblly MocesneciHe apHaiFaH oieOueTTepre KbICKalla ooy, OChIHAaN
Kyitenepai a3ipiaeyaiH ©3eKTUIr Typaibl KOPbITBIHIBI jkacangpl. KeMeHiH Oypbuty Ke3iHje, COHBIH illiHae
MaHEBPMEH YHJICCKeH ailbIpMalIbUIBIKTHI MaTEMAaTHKAJIBIK XKOHE aITrOPHTMIIK KaMTaMachkl3 €Ty d3ipieH[i.
CuHTE3[IeNTeH  aNTOpUTMACPAIH HeriziHge KeMmeHi Oackapy KyieciHiH OOpTTBIK KOHTPOJUIEpiH
Monymsmusutay ymiH MATLAB sxyieciH OarmapiamMaiblK KaMTaMachl3 €Ty JKacalibl, MaTeMaTHKAIIBIK,
AITOPUTMIIIK XKOHE OarapiiaMaliblk KaMTaMachl3 eTYAIH KYMbIC KaOureTtiniri MeH TaiMziniri Navi Trainer
5000 HaBHUTAIMSUIBIK TPEHAXKEPHI KOMETIMEH TYPJI KeMelepre, HaBUralMsUIBIK alilMaKTapra jkoHe aya-paifblHa
OallaHBICTEl JKAOBIK CXEeMaJa CHIHALABL OKCIHEPUMEHTTep YCBHIHBUIFAH oOAIC IEH alrOpPUTMICPAIH
JKAapaMIBUIBIFBIH PAcTalbl JKOHE KOINTEreH MaKcaTTapra, COHBIH IlIiHAE MaHEBpIiK, KeMeHi Oackapy
JKyieciHiH OOPTTHIK KOHTPOJUIEpiHE apHaIFaH aBTOMATThI COMKecCi3/Iik MOIYIACPIH xKacay Ke3iHae oapsl
NpaKTUKAJIBIK Mai[anaHyFa YChIHyFa MyMKIiH/IIK Oepeni.

Kinm ce30ep: COKTBIFBICYZBI OONIBIPMAy, aBTOMATThl ailbIpbUTY, KOINTETeH MakKcaTTapbl Oap albIpbuIy,
MaHEBPJIIK MaKcaTTapIarbl allbIPBLTY, TapIIBUIBIKTAFE aBIPBLTY, alBIPBUTYABI OacKapy XKyienepi.

C. 3unuenko, I1. Hocos, B. Mareiiuyk, I1. Mamenko, 1. [Tonosuy, O. ['pomieBa

CuHTEe3 CHCTEMBI aBTOMAaTHY€CKOI0 PACXO0KACHUA CO MHOTMMH LICJIAMMU,
BRJIAKOYasi MaHEBPUPYIOLIHNE

B cratbe paccMOTpeHBI BONPOCHI aBTOMAaTHYECKOTO YIIPABJICHUS JBIXKEHHEM Cy[IHA MPHU PACX0XKICHHU C
JPYTUMH CyJaMu — LEJSIMH, BKJIIOYasi MAHEBPHUPYIOIIHE, YTO OCOOEHHO aKTyallbHO MPHU MPOBOJKE CyAHA B
y3kocTsax. IIpoBeneH kpaTkuii 0030p IMTEPATYPHBIX MCTOUHHMKOB, TOCBSILEHHBIX MPOOIEMe PacXoKACHUS
CYZOB, ClieJlaH BBIBOA 00 aKTyaJIbHOCTH pa3pabOTKH Takux cucTeM. Pa3spaboraHo mMareMaTndeckoe W ajro-
pUTMHYECKOe OOecreueHne KOMOWHHPOBAHHOTO PACXOXJCHUS CO MHOTHMH ILEJISIMH, BKJIIOYAsh MaHEBPH-
pytomue. [Io cHHTE3UpOBaHHBIM AITOPUTMAaM CO3JIAHO TporpamMMHoe obecrieueHue B cpene MATLAB mns
uMHTaTopa OOPTOBOTO KOHTPOIUIEPA CUCTEMBI YIIPABICHUS CYIHOM, pabOTOCIIOCOOHOCTD U 3 ()EKTHBHOCTH
MaTeMaTH4eCKOT0, alrOPUTMHYECKOTO U IPOrpaMMHOT0 0OecTieueHus IPOBEPEHBI B 3aMKHYTOI CXeMe C Ha-
BUTAIIMOHHBIM TpeHaxkepoM Navi Trainer 5000 1 pa3nuyHBIX THIIOB CYIOB, PallOHOB IUIABAaHMS U IOTOA-
HBIX YCJIOBUH. DKCIEPUMEHTHI OATBEPAMIN pab0oTOCIOCOOHOCTh MPEUIOKEHHOTO crtoco0a 1 anropuTMOB U
MO3BOJISIIOT PEKOMEH/I0BATh UX AT MPAKTUUECKOTO MCHONIB30BAaHUS NPU pa3paboTKe MOMyseil aBToMaTHde-
CKOTO PACXOXJICHUS] CO MHOTUMHU LIENISIMU, BKJIIOYash MaHEBPUPYIOIUE, OOPTOBOTO KOHTPOJLIEpA CHCTEMBI
YIIPaBJICHUS CYJHOM.

Karouesvie cnosa: cucteMbl pacxoKIEHHs, aBTOMATUYECKOE PACXOKICHHE, PACXOXKICHUE CO MHOTUMH LIEJIsi-
MH, PACXOXJIEHUE C MAHEBPUPYIOIIMMHU LEISIMU, PACXOXKICHUE B Y3KOCTSAX, CUCTEMBI YIPaBICHUSI PACXOXK-
JICHUEM.
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Coal pulverization by electric pulse method for water-coal fuel

In the article describes the electrohydraulic method as a source of high energy concentration for the disinte-
gration of the components of water-coal fuel in an aqueous medium under the action of pulsed discharges.
The proposed method of grinding coal is based on the use of pulsed shock wave energy resulting from a spark
electric discharge in a liquid. The essence and distinctive feature of the proposed technology is that the pro-
cessing of the material using the energy of the shock wave released with electrohydraulic action allows to ob-
tain a quickly crushed product of a given size. The degree of grinding of the material on the dependence of
the electrical and geometric parameters of the installation is determined. The optimal parameters of the capac-
itance of capacitor banks, voltage of pulse discharges, number of pulse discharges and forming gap distance
are proposed. The presented results of laboratory tests at different temperature mode, which proves that the
grinding of coal by electric discharge method does not require additional cooling, since the processing pro-
cess is carried out in a liquid medium. The main working element in the electric pulse processing is a spark
discharge, the resulting product is not contaminated with the materials of grinding bodies, characteristic of the
traditional mechanical method.

Keywords: coal, grinding, spark discharge, discharge voltage, electric pulse method.

Introduction

Among alternative fuels, the so-called water-coal fuel has good prospects. Water-coal fuel is a dis-
persed fuel system consisting of finely ground (40-500) microns) coal (55-70 % of the composition), water
of any quality, including mine water and industrial effluent water (3045 % of the composition) and reagent-
plasticizer. The presence of water in the composition of coal fuel provides a reduction of harmful emissions
into the atmosphere and turns coal into an explosion-proof material. The use of water-coal fuel has a number
of environmental, technological and economic advantages. Also one of the main advantages are safety at all
stages of production, reduction of harmful impurities in the atmosphere, the possibility of using it like liquid
fuel and full mechanization and automation of the process, the possibility of using coal of any brands and
reducing the cost by 2 or more times. The energy efficiency of such fuel depends on the initial preparation of
coal, namely its grinding. In this regard, it is necessary to improve the quality of coal grinding [1, 2].

Grinding coal for water-coal fuel is the basic task that must be solved in the production process.
Rheological properties and stability of the combustion process in direct proportion depends on the stability of
the grinding process of the coal with the specified parameters and strict adherence to the concentrations of
excipients. For grinding coal, used mechanical crushers and mills of various types. Until recently, the water-
coal fuel is received with the use of these grinders. Mechanical mills can grind coal to a pulverized state, but
have disadvantages in the form of bulkiness and complexity of equipment, significant specific power
consumption, as well as insufficient efficiency in the processing of high-strength items. There are also
difficulties in grinding wet ash coals, which merge and are compressed under the grinding organs, which
leads to a deterioration of the grinding [3-5].

In this regard, the grinding of coal under the influence of pulsed discharges in a liquid medium to obtain
the necessary product of water-coal fuel was studied.

The essence of the electrohydraulic method consists in the fact that when a specially formed pulsed
electric (spark, brush and other forms) discharge is carried out inside a volume of liquid located in an open or
closed vessel, super-high hydraulic pressures arise around the zone of its formation, capable of performing
useful mechanical work and accompanied by a complex of physical and chemical phenomena [6, 7].

The technological scheme of coal grinding includes a power source, a capacitor Bank as a storage of
electric energy, forming a spark gap, a working cell. The initial diameter of the coal particles in the tests av-
eraged dy= 1 mm, 5 mm, 10 mm, the diameter of the resulting product d = 70 pm.
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Results and its discussion

Laboratory work on coal crushing is performed depending on the basic electrical and geometric pa-
rameters of the electrohydraulic installation:

— capacitor bank capacity — 0.25 UF+1 UF (Fig. 1);

— pulse discharge voltage — 20 kV+32 kV (Fig. 2);

— number of pulse discharges — 300-2000;

— the distance of the forming gap is 7 mm+11 mm.
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Figure 1. The dependence of the degree of grinding of coal on the capacity of the capacitor bank

The results of the dependence of the degree of coal grinding on the capacitance of the capacitor Bank
are obtained at constant values of the discharge voltage and the number of discharges (U =24 kV, N = 600),
and with an increase in the forming interval of the electrohydraulic installation from 7 mm to 11 mm.

Grinding of coal depending on the discharge voltage was carried out at the value of the capacitance of
the capacitor Bank C=0.5 uF and at different values of the number of discharges of the number of
discharges (N =300+600). From the results obtained, it can be seen that with increasing electrical and
geometric parameters, the degree of grinding of coal increases. The following values are selected as effective
parameters of the installation: U= 2428 kV, C=0.5 uF, /=9 mm, N = 600.

The following studies were devoted to the study of changes in the temperature of the medium in the
process of grinding coal during the passage of a pulse discharge in a liquid medium.

This is due to the fact that in traditional methods before grinding coal is dried to a temperature of 70—
85 °C. In mechanical mills, as a result of friction between the crushing parts and the mill wall, heat is
generated, which causes the temperature of the dried untreated coal to rise by 20 °C. Thus, the temperature of
the pre-cooled untreated coal again reaches the permissible level of about 60 °C. To cool the crushed
particles to a temperature below 60 °C, cooling air is passed through an air-flow grinding mill at a
temperature below the temperature of dried unprocessed coal [8].
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Figure 2. The dependence of the degree of grinding of coal from the voltage discharge

The number of pulsed discharges increased from 400 to 2000 when the temperature of the raw material
changed during coal crushing by electrohydraulic method (Fig. 3). According to the obtained results it was
observed that increasing the number of impulse discharges from 400 to 2000 maximum temperature limit
hydrocarbon fuel was 55 °C. This suggests that grinding of coal electrohydraulic method does not require
additional cooling, as the process takes place in a liquid medium.
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Figure 3. The dependence of the temperature of wet coal in the working cell on the number of pulse discharge

Conclusion

The use of electrohydraulic method to obtain the necessary product for water-coal fuel shows the effec-
tiveness of the method. The efficiency depends on the capacitance of the capacitor Bank, the pulse discharge
voltage and the number of pulse discharge. The results of processing coal pulsed discharges in a liquid medi-
um, shows the rationality of the electrohydraulic method for obtaining water-coal fuel.
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b.P. Hycinbekos, A.K. Xacenos, /[.JK. KapaGekona,
¥Y.b. Hycin6ekos, M. CroeB, M.M. bonar6exoBa

CybI-KeMipJii OTBIH YIIiH KOMip/i 3JIeKTPUMITYJIBCTI d/liciMeH ycaKkray

Maxanaza MMIYJIbCTIK pa3psATapiblH OCEPIMEH CyJbl OpTaja CYJbI-KOMIpJli OTHIHHBIH KOMIIOHEHTTEPiH
Je3UHTErpalysiiayra apHaJFaH SHEPrUSHbIH JKOFapbhl KOHLEHTPALMSCHIHBIH KO3l peTiHae 3J1eKTPOrupaB-
JMKaJbIK omic cumarraiFaH. Kemipii ycakray[blH YCHIHBUIFAH TOCUI CYHBIKTBIKTA YIIKBIHABI 3JIEKTp
Pa3psIBIHEIH HOTIDKECIHE Maiaa O0NaThIH UMITYJIECTIK COKKBI TOJIKBIHHBIH SHEPIHACHIH MaliIanaHyra Heris-
JenreH. ¥ CHIHBUFAH TEXHOJIOTHSHBIH MOHI MEH €peKIIelNTi — 3JIeKTPOTHIPaBIMKAIBIK ocep €Ty Ke3iHue
COKKBI TOJIKBIHHBIH JHEPTUSCHIH IaiifajaHy apKbUIBI MaTepHaIsl eHAeyne Oenrir Oip Mmenmmepne Tes
yCaKTalFaH OHIMJAI alyra MYMKIHIIK Oepeai. KOHIBIPFBIHBIH AJIEKTPIIK >KOHE T'€OMETPHSUIBIK IapaMeTp-
JepiHiH TOYeNAUIINiHeH MaTephalbl ycakray [aopekeci aHblKranabl. KoHzmeHcatopiblk OaTapesuiap
ChIMBIMIBUIBIFBIHBIH ~ OHTaM/IBl  TapaMerpiepi, HUMIYJbCTIK — pa3psATapiblH  KepHEYl, HMITYJIbCTIK
pa3pAATApIbIH CaHbl JKOHE KAJIBINTACTBIPYIIBI APAJIBIKTBIH apaKaIIBIKTBIFbl KOPCETUINeH. 3epTXaHalblK
3epTTeYJIepIiH HOTHKENIEPi opTYPIli TeMIlepaTypa PexKUMICPiHAC YCHIHBUIFAH, OYJI KOMIpPAi AMEKTPIIK pa3ps
ONiCIMEH YHTaKTay KOCHIMINA CaJKBIHIATYABI KaXeT ermeiai, cebebi eHmey mporeci CYHBIK oprazxa
OpBIHIATANBL. DJEKTPUMITYJIBCTI OHAEY Ke3iHIe HETi3rl JKYMBIC JIEMEHTI YIIKBIHIBIK pa3psm OoJibn
TaOBUIA/BI, ANBIHFAH OHIM  JOCTYpJi MEXaHHKAIBIK oJicTepre TOH YHTAKTalFaH JCHENepIiH
MaTepuaIIapbIMeH JacTaHOal bl

Kinm ce30ep: xeMip, YHTaKTay, YIIKbIHIbI pa3psill, Pa3psi] KEpHEYl, 3IEeKTPOUMITYIIBCTIK oJIic.

B.P. Hycyn6exos, A.K. Xacenos, [I.2K. KapaGekona,
V.b. Hycyn6ekos, M. CtoeB, M.M. bonar6exkoBa

N3menbuenue yris 3JeKTPOUMIYJILCHBIM CIIOCO00M
JJIS1 BOAOYT0JIbHOTO TOIJIMBA

B craTthe ommcaH 3MEKTPOrHAPABINYECKUI CMOCOO KaK MCTOYHUK BBICOKOI KOHLEHTPAIMH SHEPTUH IS
JE3UHTErpalii KOMIIOHEHTOB BOAOYTOJBHOTO TOIUIMBA B BOJHOW cpefe MO JIEHCTBUEM HMITYIbCHBIX
paspsinoB. IIpenmaraemelit crioco6 n3MenbyeHHs YISl OCHOBAaH HAa MCIOJIb30BAaHUHM IHEPTMU HMMITYIbCHOMN
yZAapHO BOJHBI, BO3HUKAIOIIEH B pe3yIbTaTe UCKPOBOI'O IEKTPUYIECKOro pa3psaaa B KUAKocTU. CyIHOCTb U
OTJIMYUTENBHAS OCOOCHHOCTh IIpe[JlaraeéMoil TEXHOJIOTMM B TOM, dTo oOpaboTka MaTepHaia cC
KCIOJIb30BaHUEM JHEPrUM YAAPHOH BOJHBI, BBLACIAEMONH IpH BIEKTPOrMIPABINYECKOM BO3JCHCTBUU,
MO3BOJISIET TOJIYYHTHh OBICTPO M3MENBUCHHBIH IPOXYKT 3aJaHHOil kpynHoctH. OlpezneneHa CTeNeHb
HU3MENbYCHUsT MaTepuala B 3aBUCHUMOCTU OT JJIEKTPUYECKUX U IFEOMETPUUYECKUX MapaMETPOB YCTAHOBKU.
IIpemioxeHsl ONTUMANBHBIE MapaMeTPbl €MKOCTH KOHAEHCATOPHOH Oarapen, HampsHKEHHs HMITYJIBCHBIX
pa3ps10B, KOJIMYECTBO UMITYNIBCHBIX Pa3psaioB U paccTossHUE (HOPMUPYIOIIETO MpoMexyTKa. IIpeacraBieHsl
pe3yabTaThl 1aOOPaTOPHBIX MCMBITAHUM MPH PA3IMYHBIX TEMIEPATYPHBIX PEKUMaX, KOTOPbIE J0Ka3bIBAIOT,
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YTO M3MEJIBYCHUE YIJIS JIEKTPOPA3PSAAHBIM CHOCOOOM He TPeOyeT JOIOJHUTEIBHOTO OXJIAXKICHHs, TaK Kak
nporecc 00pabOTKM ocymiecTBISeTCs B OKUAKOH cperde. OCHOBHBIM pabouuM  3JIEMEHTOM TP
UEKTPOUMITYJIbCHOH 00pabOTKe SBIISETCA HCKPOBOM pa3psl, IOJY4YEHHBIH INPOIAYKT HE 3arpsA3HAeTCs
MaTepHaJaMH METIOMINX TeJl, CBONCTBEHHBIX TPAJUIIOHHBIM MEXaHIIECKUM METOHaM.

Knrouegvle crosa: yrojb, U3MEJIbYCHUEC, HCKpOBOﬁ pa3pdaa, HapsKCHUE paspsjia, 3JICKTpOI/IMHy.HBCHI)H71 ME-
TOA.
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Production of coal briquettes using the original binder

In this paper the authors consider a new genuine binder that makes it possible to produce coal briquets with
desired consumer properties, i.e. reduced bitumen consumption, low production process temperatures and
high moisture resistance. To make coal briquets, a batch mixture was prepared (coal fines, slack, riddlings)
and then mixed in a mixer with a genuine emulsified bitum in a ratio of 20 to 1 by weight, after which the
mixture was fed into molds and taken to a pressing machine. The resulting briquets were dried at a
temperature of 30-40°C for 12 hours. The results of their tests displayed a compressiion strength of
60-70 kg/cm?; when dropped from a height of one meter, the residue on the sieve +25 mm after sieving was
96-98 % (high strength). In addition, the briquets showed good resistance to moisture (low moisture capacity
not more than 2—-3 %) — water sprinkling did not loose the briquettes; there was no destruction even when
doused into water. In the process of burning the briquets did not disintegrate, the flame was uniform in all
directions. Calorific capacity tests of the produced briquets were made. Due to the improved commercial
quality offered by briquees, after scoping calculations the saving of coal fuel was presupposed.

Keywords: coal briquettes, coal fines, mixture, slack, bitumen, moisture resistance, binder, calorific capacity.

The strategic objectives of the development of coal chemistry are reliable and effective satisfaction of
domestic demand for high-quality solid fuel and its products, ensuring the competitiveness of coal products
in the conditions of saturation of domestic and foreign markets with interchangeable energy resources and
alternative suppliers, improving the safety of coal processing and reducing their impact on the environment.

As a result of the activities of enterprises for the extraction and beneficiation of coal, there is a need to
recycle the inevitable waste (coal fines, riddling and milling slime, etc.), which are practically not used.

One of the methods of such processing is briquetting. Briquetting is the process of processing fine coal
and slack into pieces of a geometrically regular and uniform shape, and of equal mass — briquettes. Coal
briquettes are very easy to use due to simple placing, high flammability, and constant caloricity even during
long-term storage, ease of accounting and control in use. Every year production of briquettes develops more
and more, as during transportation the briquettes are not destroyed due to the strength obtained in the manu-
facturing process. Usually coal is transported in bulk in open wagons, and with one loading (unloading), the
volume of coal in the car decreases by 10 %, and if we take into account the number of coal transfer upon
delivery to the consumer, the volume decreases by 15-25 %. Ordinary coal does not burn completely in fur-
naces and fire pots — fine coal is spilt through fire bars into an ash pan, and this is about 10 % of the total
weight of the poured coal; when burning, pieces of coal break up, releasing coal dust that flies out in fly ash,
so losses can reach 25-35 %. Unlike coal, briquettes burn completely, there is no refuse burnout and only ash
remains after combustion [1].

The need to process waste (coal fines) arising from the activities of enterprises for the extraction and
enrichment of coal, to obtain liquid products, the sale of which will allow a more complete use of mineral
reserves, to save products and improve the productivity of the coal industry requires the development of new
briquetting technologies. Briquetting is the process of processing coal fines into pieces geometrically correct
and uniform shape, the same mass-briquettes.

The influence of briquetted charge humidity on the strength characteristics of fuel briquettes and the op-
timal humidity value equal to 4.9 % was established.

We can assume the following stages of the process of coal briquetting with binders:

— adsorption of binder by briquetted material and formation of thin binder film on particle surface,

— pressing processes, during which, under the influence of pressure, hardening processes occur at the in-

terface of the binder phases with the surface of coal,

— formation of a structuring polycyclic complex or polymer layers around a granular carbon-containing

component that determine the strength and other technical characteristics of fuel briquettes.

— formation of own structure of briquettes and hardening, accompanied by dehydration and drying pro-

cesses [2].
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The imported coal has in its volume a certain amount of rock and debris, which are added to the loading
and unloading stations. During the production of briquettes, coal raw materials are cleaned of rock and other
impurities by sieving.

Currently, the main reasons inhibiting the development of briquetting of stone, brown coal and coal
sludge is the lack of affordable and cheap binder. For this reason, constantly underway the search for differ-
ent variants of individual or combined binders for obtaining fuel briquettes.

Currently, the development of briquetting binders has been divided into three categories: organic, inor-
ganic and composite binders. However, the development of complex substances continues, in which the
binder can take full advantage of all kinds of binder, fill the shortage of one binder, reduce the amount of
inorganic binder, reduce the cost of briquettes, improve the quality of briquettes and greatly improve the
strength. Given the development of modern research, the search for organic and organic-inorganic composi-
tion of binders has become a center of research and development. In particular, the composite binder consist-
ing of industrial and agricultural waste mixed with other binders can reduce environmental pollution and im-
prove the quality of the briquette, and have certain economic and environmental benefits at the same time. So
in recent years, composite binder has become the main direction of development of briquette binder [3].

Selection of binders that simultaneously meet all the necessary requirements: availability, low cost, the
ability to increase the heat of combustion of the obtained pieces of fuel and its moisture resistance, the ability
to give the briquette high mechanical strength, etc.

In the modern technology of briquetting of coal fines with the addition of bitumen binder, the strength
of the briquette after pressing is determined by technological regimes, in particular the pressing temperature,
and depends on the structure and properties of bitumen [4].

The purpose of the proposed work is to expand the existing range of binders that allow creating a fuel
coal briquette with the necessary consumer properties, which imply a reduction in bitumen consumption,
lower process temperatures and moisture resistance.

Bituminous emulsion (composite material) was used to bind fine coal, which showed good adhesive
qualities and was operated for three years during the pretreatment of the roadbed for asphalt laying. The re-
sulting emulsion has plasticity, fluidity, relatively good adhesion (stickiness), hydrophobic, short preparation
times and good combustibility. Due to the content of the polymer (cross-linked) composition, the proposed
water-emulsion mixture binds coal fines well and has increased strength characteristics [5].

The main advantages of using the proposed emulsion in comparison with other binders are the availability of
a ready production plant, relatively low energy consumption, the use of local raw materials and low-cost reagents.

e The batch mixture (coal fines, slack, riddling) intended for
briquetting heated to the temperature of 60—70 °C was mixed in a
mixer with emulsified bitumen prepared at a temperature of
90 °C in a ratio of 20 to 1 by weight, after which the mixture was
loaded into molds and fed into pressing machine with a working
pressure of 100—200 MPa. The resulting briquettes were dried at
a temperature of 30—40 °C for 8 hours.

As a result of mixing, the binder covered coal particles in
thin layers (film) with hydrophobic properties, and provided the
necessary adhesion of particles, and then during dehydration,
polymerization took place; the latter process cemented the coal
particles in briquette mass.

Briquettes were tested according to GOST 21289-75-
21289-91 «Briquettes coal. Methods of physical tests» (see Fig.).

Obtained fuel briquettes according to the test results:

— have a compressive strength of 65-70 kg/cm’;

—when dropped from a height of 1 m, the residue on the
sieve +25 mm after sieving was 96-98 % (high strength);

—have good resistance to moisture (low moisture capacity
of not more than 2—-3 %) — irrigation spraying did not loosen the
briquettes;

—no destruction when immersed in water;

— in the combustion process, the flame was uniform in all di-
rections and the briquettes disintegrated.

Figure. Photo of obtained coal briquettes
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The performed tests on the calorific value are GOST 147-95 «Solid mineral fuel. Determination of the
highest heat of combustion and calculation of the lowest heat of combustion» showed improvement of prop-
erties of briquetted coal in comparison with the initial raw materials taken from different coal enterprises
(see Table).

Table
Test results of small fractions and obtained briquettes
Results
Name and measurement units Small fract10n. Briquette
from coal enterprises
1 2 3 1 2 3
Mass fraction of total moisture in operating condi- 57 75 54 36 56 29
tion of fuel, %
Ash content, % 34.5 39.9 323 34.4 36.3 324
Mass fraction of total sulfur 0.50 0.6 0.5 0.45 0.55 0.5
The lower heating value, based on the operating
condition of the fuel, keal/ke 4885 4560 4090 5100 4650 5154
Higher heating value calculated for dry ash-free 7860 6960 7210 8220 6990 8381
fuel, kcal/kg

Notes: 1 — sludge from the «Saburkhanskaya» central processing plant; 2 — coal fines from the Borly deposit; 3 — coal fines
from the «Kuu Chekinsky» surface coal mine.

Due to the improved commercial qualities of the proposed briquettes, after preliminary calculations, the
following saving of coal fuel was presupposed:

—up to 10 % during transportation and overloading due to high mechanical strength (M35>80 %);

—up to 10 % during transportation and overloading due to high mechanical strength;

—up to 14 % during combustion due to avoiding carrying away of coal fines by flue gases and spillage

of the fuel through the grate;

—up to 11 % due to elimination of under-burns due to high reactivity and thermal stability.

The main advantages of the proposed method of coal briquetting are the following:

— the briquette has high strength and moisture resistance (it can be stored in open areas);

— it turns out to be smoother and cleaner than conventional coal and other briquettes;

— bitumen consumption decreases by 75-85 %;

—reduced energy consumption, due to lowered operational temperature of the production process —

60-80 °C;

—losses during loading and unloading operations are reduced due to the high strength and cylindrical

shape of briquettes;

— small production costs, due to the low cost of the emulsion (binder).

As a result of the tests, it was noted that the produced briquettes meet the standards, have increased
moisture resistance, are resistant to mechanical stress and have a higher calorific value compared to the orig-
inal raw material. Coal briquettes made using the genuine binder are easy-to-use due to the simplicity of their
storage, fairly high flammability, the invariance of their calorific value during storage, moisture resistance
and ease of control during consumption. Coal briquettes produced with the original binder are easy to handle
due to the simplicity of laying, fairly easy flammability, and immutability of their calorific value during stor-
age, moisture resistance and ease of control during consumption.
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Bacranksl 0ailJIaHBICTHIPYIIBI 32TTHI KOJ/IAHA OTHIPHII, KOMIpP KeceKTepiH aaxy

Makanaza KaXeTTi TYTBIHYMIBUIBIK KacueTrTepi Oap kemip OpHUKETTepiH jkacayFa MYMKIHIIK OepeTiH jkaHa
Oacrarnkbl OaiIaHBICTBIPYIIBI 33T KapacTBIPbUIFaH, SIFHH, OMTYMHBIH LIBIFBIHBIH a3aHTy, TE€XHOJOTHSJIBIK
HpOLECC TEeMIIEPaTypachiHbIH TOMEHACYI JKOHE bUIFaFa TO3IMIAUNIriH. Bpukerrey yurH mumxTtansl (Kemip
KaJIABIKTapBI, II1aM, OeikTep) malblHIAlN, cogaH KeWiH KocmaHbl maccachl OoitbiHina 20:1 KaTelHacBIHIA
TYHHYCKAJIBI OUTYM SMYJIbCHSACHIMEH apallacThIP/bl, COJaH KeiliH Kocma mpecc KalblTapFa THelin, facnakka
Oepinmi. Anpiaran Opuxerrep 3040 °C Temmepartypanma 12 carar Goifel kentipinmi. CelHay HoTHDKenepi
60—70 Kr/cm® KpicyFa GepikTirin kepcerTi, 6ip MeTp GHIKTIKTEH TaKTHIPY Ke3iH/e, ellereHHeH KeiliH CHTaiaFhl
+25 MM Kanmelk 96-98 % (xorapsl Oepikriri) kypangsl. CoHBIMEH Karap, OpHKETTep BUIFaFa KaKChI
TO3IMIUIIH KepceTTi (bUIFal ChIABIMABLIBIFE 2—3 %-1aH acnalThiH TOMEH) — OYPKy apKbUIbl OpHUKeTTepAi
KOIICHITHAAbl, KUPaFaH XXOHE Cyra OaTKaH Ke3ne OOoNFaH >KOK. OpT KesiHAe OpUKeTTep Kyjall KajaMagbl,
JKaJIbIH Oapiblk OarbiTTap OoiibiHIIA OipKenki Oonabl. AJBIHFAH OpPUKETTEPre JKbULY [MIBIFAPFBILITHIFBI
GoiibIHIIA CHIHAY XKYPTi3iigi. AJIBIH ana ecenTeyneH KelliH, OpUKETTep YChIHFaH KaKCapThUIFAaH TayapJbIK
KacueTTep eceGiHeH KoMip OTHIHBIH YHEMJIEY OOIKaMIbL.

Kinm ces3dep: xeMip OpuKeTrTepi, KeMip KaIIBIKTaphl, INUXTa, [UIaM, OHTYM, BUIFalFa TO3IMILIIK,
0allIaHBICTRIPYIIBI 3aTTAP, JKbUTY IIBIFAPFBIIITHIK.
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Ilosry4yeHue yroibHbIX OPUKETOB ¢ IPMMeHEHHeM OPUTHHAJIBLHOT 0
CBSI3YIOLIEr0 BellecTBa

B crartbe paccMOTpeHO HOBOE OPHTHHAIBHOE CBS3YIOIIEE BEIIECTBO, KOTOPOE MO3BOJISIET CO3/ATh YrOJIbHBIE
OpHKETHI ¢ HY)KHBIMH IOTPEONTEIILCKUMH CBOHCTBaMH, T.€. yMEHBIIICHHE pacxoja OHTyMa, OHIKEHHE TeM-
MepaTyp TEXHOJIOTMYECKOTo MPOLECca U BIaroCTONKOCTh. Jlisi OpUKETHPOBAHUS TOTOBUIIH IIUXTY (YroJibHast
MEJIoub, IIIaM, OTCEB) U 3aTEM CMENIMBAIU B CMECUTENE C OPUTHHAIBHOW OMTYMHOH 3My/nbCHEll B COOTHO-
mennu 20 k 1 mo macce, mocine 4ero cMech 3arpy’aiachk B pecc-popMbl U nofasanack B npecc. [lomyden-
Hble OpukeTs! cymmiuch npu Temmneparype 30—40 °C B Teuenue 12 4. Pe3ynpTaThl HCIBITAaHUH MOKa3aau
IPOYHOCTh Ha cxkaTHe 60—70 Kr/cM?, IpH cOPACHIBAHUH C BBICOTHI OJHOTO METPA OCTATOK HA CHTE +25 MM
TocJte TIpoceuBaHus cocTaBui 96-98 % (BeIcokas mpoyHocTh). Kpome Toro, OpHKeTH MOKa3ain XOPOIIyIo
YCTOHYMBOCTH K Biare (HHM3Kasi BIArOEMKOCTH He Ooiee 2—3 %) — OpoIIeHUe ONPBICKMBAHUEM HE Pa3phIX-
JSI0 OpUKETHI, OTCYTCTBOBAJIM PAa3pyIICHUs U NPH IOTPYXEHUH B BOXy. B mpomnecce ropennst GpuUKeTs He
pacmaganuch, miaMs ObUIO paBHOMEPHOE IO BCEM HampaBieHHUSIM. [IpoBeJeHBI HUCHBITAaHHS MOITYyYEHHBIX
OpHKETOB MO TEMJIOTBOPHOCTH. 3a CUET YNYYIIEHHBIX TOBAPHBIX KAueCTB IpeAnaraeMblXx OpHKETOB MOCIE
MpeBapUTENbHBIX PACUETOB OblIa MPETNOI0KEHA SKOHOMHS YTOJIBHOTO TOIIINBA.

Kniouesvie cnosa: YroOJIbHbIE 6p141<eT1>1, yrojibHag Me€JI0Yb, IIUXTa, MHUIAM, 6I/ITyM, BHaFOCTOﬁKOCTL,
CBA3YIOIIEE BEIICCTBO, TCINIOTBOPHOCTD.
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Binim O0epy Mmekemeiepi yiiiH aKknapaTTbIK-0L1iM 0epy opTachbiH
Google Apps cepBHC NaKeTiHiH Heri3iHIe KYpacTbIpy

Makanazna >eJiIK cepBUCTep KypalnapbIMeH OipbIHFall aKIapaTTHIK-OUTIM Oepy OpTachiH KYpy CypakTapsl
KapacTelppiFalH. bimim Oepy ymin Google Apps cepBuc HakeTiHiH KOMETIMEH aKIapaTTHIK-OuTiM Oepy
OPTAacCHIH KYPY OKBITYIIBIIAp MEH OUTIM alynIsuIap/AbIH HOTHXKENI OipiKKeH iC-0peKeTTUIrH YIHBIMaIacTEIpyFa
MyMKiHzIik Oepenai. Google Apps cepBHCTEpi MEH OJapiblH MYMKIHAIKTEepi, OYITTHIK KbI3METTEpAiH MoH,
COHBIMEH KaTap OiniM 6epy MeKeMeciHiH aKmapaTThIK-011iM Oepy KeHICTIriHAeri AUIaKTHKAIBIK TOTCHIIHAIbI
3eprrenred. bimim Oepy ymin Google Apps cepBuc makeri HerisiHie akmaparThIK-OiliM Gepy opTracklH
KYPYZABIH apTHIKIIBUIBIKTAphl KepcerinreH. Apropiaap Google Apps cepBHc makeTiHae KypbuiraH «Quantum
mechanics» noHi OOHBIHIIA OKY KypChIH CHITATTafbl. By moH OOMBIHINA CTYAEHTTEpIIH ©3/IK )KYMBICTApBIH
YUBIMIACTHIPY YIIIH aTajlFaH CEPBUCTIH MYMKIHIIKTEpi 3epTTEI L.

Kinm cesoep: 6inim Oepy MekeMmenepi, aknapaTThIK-0i1iM Oepy opTachl, aKImapaTThIK-OUTiM Oepy KeHICTiri,
oimim Gepyni 6ackapy, Google Apps cepBHC HaKeTi.

binim Gepy MekeMelnepiHJe akmapaTThIK — OiTiM Oepy OpTachlH KYPYABIH €H THIMAI KYpajJapbIHbIH
0ipi — Google koMIaHUSCBIMEH YCHIHBUIFaH OuTiM Oepy kyiieciHe apHanran Google Apps cepBHC MmakeTi
00JIbII TaOBLIA/IBI.

Google Apps — Oimim Oepy TporieciHiH OYKiT KaThICYNIBUIAPBIHBIH THIMII ©3apa dpeKeTTecyiH
yiBIMAAcTBIpyFa, OipiKKEeH KYMBICTHI JKOCTIapIIayFa, pecypcTapAbl cayaTThl YAECTIpyre KoHe Ke3 KeJIT'eH OKY
MocenieNiepiH MIeITyAiH KaKeTTi KypajJapblH KaMchI3JaHAbpyFa MYMKiHAIK Oepeni (l-cyp.). EH Genrimi
JKOHE THiMII cepBucTepli OipikTtipe oTwipbil, Google Apps TEeXHHKaNbIK JaiiblH €Mec MYFaliMHIiH ©3iHe
THIMJI, Kayilici3 )KoHE €H MaHbBI3IBICH TeTiH OepineTiH Kypanaapasl Oepeni. Google Apps cepBHC MaKeTiH
OyriHri kyHzae OyKis aseM OOHMBIHINIA OHAAaFaH MUJUTMOH OKYIIbLIAp MEH CTyASHTTep KojnaHaasl [1].

Google Apps for Education — Oyn .edu momeninme pykcar erinreH (Google KOMITaHUSICBIHBIH
cepBucTep kublHBL. OFaH momTaislK cepBuc Gmail (BeO-momTa), Drive 6yinTTeI KoiimMacsl, Google Calendar
(xyHTi30e), Google Video (BuneodaitngapMen Kayirci3 koHe KYIHSUIBI anMmacy), KecTenepi, KyKaTTapabl,
MPe3eHTALMSIIap bl XKOHE CalTTapAbl KypacTelpy OolbiHIa cepBuctep (Sheets, Docs, Slides u Sites) xone
1.0. kipeni (1-cyp.).

Google Apps cepBUC MAKETiHIH apTHIKIIBUILIKTAPBIH KAPACThIPANBIK

1. Terin.

— 0apIBIK 0a3aITBIK MYMKIHJIIKTEP KO KETIMII;

— KOJIJJaHy Ke3eHiHe HIeKTeyJiep KOWbUIMaraH.

2. bip akkayHT — OYKiJI cepBHCTED.

— TipKeIy yIIiH Oip peT KaHa >KeTKiTIKTi;

— KQXETTUTIK TyFaH/1a )kaHa CEPBUCTEP/Ii KOCYFa 0OIaIbL.
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3. TaHbIC, MHTYUTHBTI )KOHE TYCiHIKTI HHTEp(EHicC.

— uHTepdeiic cranaapTThl OUCTIK OaFaapiIaMaiapra Colikec Keei;
— CePBHUCTEPIIH TYTaCThIFbl — MHTEP(EHUCTEPIIH TYTaCThIFbI.

4. MomnimeTTep/iH OY/IT KOWMaChIH/Ia CAKTATYbI.

— MOJIIMETTeP/Ii KOFANTy MyMKIH eMec;

— TiKeJleH cinremMenep apKblIbl BIHFANIIBI Kipy;

— JKeJNire KOChbUIFaH Ke3 KeJITeH KOMITBIOTEP/ICH Kipy MEH peakiusiiay MyMKiHIITI.
5. Kipy pyKcaTTBUIBIFBI YIIIiH a3 TajamnTap.

— KOCBhIMIIIa OaFnapiaMaiapabl OpHATY KaXeTTiIrl JKOK;

— op Typ:i Opay3epiepi KoingaHy MyMKiHZIT1;

— MOPTaTHBTI KYPBUIFBIIAPAAH Kipy.

Manimerrepaiy cakranysi Baysic mene sugeobaiinansic
BPAY3EP BUAEO

KAPTANAP

o &) Yo
- 2% | G ‘- W Tube

P |

Sneym.

| an>3o1> ‘
\ @chrome / o

1-cypet. Google Apps for Education

6. Ky>kaTtap/i1 Oipirin KypacTeIpy.

— KYpacThIpyIIbUIApbIH Oipiryi;

— KeIIeH i KY>KaTTap sl KYpacThIPy MPOLECiH KapanaibIMabLIay;

— KyKartap/pl Oipirin Te3 KenicTipy;

— UHTEPAKTUBTIK, HAKTHI YaKbITTa ©3TepTYyJIEPAiH KOPiHYi.

7. Kipy KYKBIKTapBIHBIH aXKbIPATHII IEKTEINYI.

— 9p TYpJIi pYKcaT JeHreiepi (peaaxkusay, Kepy);

— cinTemenep MeH (peiiMaep TypiHae KipicTipy MyMKIHIITI.

8. BYKiJ eHri3iireH e3repTysepaiH TapuXbl.

— ©3TepPTYJEP/iH CTATUCTUKACHIH KYPri3y;

— QJIFAIKBI PEJAKITULIa KYKAaTThI KaJIIbIHA KEJNTIPY MYMKIHIITI;

— KYOKaTThl KypacThIpy/ia opOip KaThICYIIBIHBIH OSJICEHIUIITIH KOHE YIIeCiHe MOHUTOPUHT XKYPTi3y.

9. lNaimananympuIap KOFaMbl.

— KOJJIaHY MYMKIHIIKTepIMEH jKoHe Ko3KapacTapMeH aiMacy;

— THIMJTI MBICAJI/Iap MEH TOXipHoe.

— KYpaJIIapibl TECTiICY YIIiH KSH ayUTOPHSL.

10. MoOwThaIK pyKcart.

Kemmimiktepi:

— FajlaMTapra KOChUTy KaXKeTTiIiri;

— unTepdeiicrepre OeiiMaemy;

— (QYHKITUOHAIIBIH [IEKTEYIILITIT1.

Google Apps cepBuC makeTi SKiMIIiIEp, OKBITYIIBUIAP, OLTIM adyllplIap MEH ara-aHajap YIUiH TeTiH
Kypan Oonbin TaObuianel. by eHiM OimiM Oepy MekeMeciH KaMTHIFAHIIBIKTaH, KOPHOPATHUBTIK aKKayHT
XKayanTbl TYJFaHBIH TIpKeNyiH Tajam erefi. bys akkayHT immiHme op TYpii Kipy pYKCATTHUIBIKTapbIHA He
naiananynbUiap YIliH akkayHTTap Kypbuiaabl. MbICasbl, MEKTENTIH JUPEKTOPBI HEMece OKY ici OoMbIHIIA
JMPEKTOP OpbIHOAcaphbl TONBIK Kipy pYKcaTblHa He 0oJica, OKyNIbUIap MEH MyFailimzep OipiKkeH ic-opeKeT-
TUTIKTEp KypajlgapblHa pyKcaTka ve Oojiazbl, aj ara-aHajap MyFaliMJICpICH JKaHAJBIKTap CLITEMECIH aja
anassl [2].
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Binim 6epy mekemenepi yLwiH aKknapaTTbIK-0inim ...

Google OimiMm Oepy MeKeMeciHiH IOMEHIIK aThl YILIIH OapiblK CepBepiep KOHE CepBepIEpIiH
KBI3METTEpI KOJI JKeTiMii Oomagpl. MpbIcalbl, DIEKTPOHIBIK TMOIITAHBIH OapiblK TIpKeyJiK ka30achl
MEKEMEeHIH JIOMeH arbiHa ue Oonanbl (@myschool.org). binmim Gepy ymin Google Apps-ti Oinim OGepy
MeKeMeNepiHAe Maiifanany YIIiH KeIMOaT Oaranbl cepBepiep MeH Kypan-KaOIbIKTap, OargapiaMalibik
KaMTaMachl3 €Ty YIIIH JIMICH3WsIAp MEH JKaHapTynap Kaxker emec. Google Apps KelieHHIH OapIibik
MYMKIHJIKTepi OapiblK MEKTeNTep MEH YHHBEPCUTETTep YIiH TeriH. CoOHbIMEH Oipre KOMMYHUKAIMS MEH
OipiKKeH JKyMbICTap YIIiH KeNTereH Kypanaap oap:

LHomendi xypy. binim 6epy ymin Google Apps IOMeHiH TipKey NpoLeci KeJeci caTbuiapAaH TYpazbl:

1. EH anjpiMeH TOMEH aThIH TipKey KaxeT. TipkeyIiH eH bIHFaiIbl TOCUTI — JOMEHAEp/l TipKeyIiIeH
JIOMEH aThIH CaThII any. JJOMEH/IIK aT JIATBIHBIK OpiNTepAeH KyphUTyhl Kepek (Mbicansl: kz, org, com jkoHe
1.0.)

2. JloMeH aThlH TipKeyJeH KeliH oKy Mekemenepi ymiiH Google Apps mapakmiacklHa Kipy Kepek
https://gsuite.google.com/signup/basic/welcome xkoHe Tipkey TeTiriH Oacy kepek. TipkeyaiH OapibiK
MO3UIMSUIAPBIH TONTHIPY KeHUT. EH anabMeH 31 Typajibl aknmaparThl €HTi3y Kepek, KeiiH OKy MEKeMeCiHiH
TUIIH TaHJIay KepeK (opTalla HeMece >KOFaphl O11iM Oepy), TipKey Typasibl pacTay KelleTiH TesneoH HoMepiH
KepceTy kepek. Kerneci catbiia TipkeireH JJOMeH aThiH KepceTy kepek. Ochian Keifin OiniM Oepy Mekemeci
Typasisl aknapaTThl eHrizy. Conpiaaa Google Apps TOMEHHIH OKiMII aThIH TaHAAy KaKeT.

Bapnbik aknmapar eHri3iireHHeH KeiiH, TeCT peXMMiHIEeri JOMEH TipKenreH OO caHanmaabl. Opi
kapait Google Apps MYMKIHJIKTEepiH KOJIZIaHy YIIiH, OiiM Oepy MEKeMeCiHiH JHUIEH3UsICHIH TipKeTl, OTiHIM
xibepy kepek. Google Apps mOMeHiH Oackapy/ia OKIMIINIre KOJalIbUIBIK YIIiH OKIMIIUTIKTESHIIpY MaHeml
HeMece JJOMEHHIH KOHCOJI YChIHBUIaAbl. OHBIH KOMETIMEH apHalbl JaibIH/IBIFI )KOK aJaMHBIH 631 JJOMEHHIH
OKIMIIITIKTEH Pyl OOWBIHIIA OapibIK HETI3r OIepaysuiap/bpl KEeHUT OPBIHJAN anajibl: MaijanaHyb-
Tap7blH aKKayHTTapblH KYpy, MalalaHylibiapabl MEKeMEHIH KYPBUIBIMIBIK OeiMinenepi OOHbIHIIA
xikTey, Google Apps-TiH HETi3ri kKoHE KOCBHIMINIA KBI3METTEPiH KOCy, MaliJalaHyllblIapFa JIOMEH imIiHae
cepBucTepre pykcat oepy. bimim 6epy yurin Google Apps ToOMeHHIH oKiMilli KOHCoJdiHe oTy yiriH Google
Apps okiMIn akkayHTbIHa pykcaT ertiareH CepBuc wmazipiHe Kipy kepek. OmaH 0Oacka, JOMEHHIH
OKIMIIITIKTeHAIpY naHeniHe admin.google.com cinteme GolbIHIIA Kipyre Oonanpl. OAeKi Kajlbll O0MbIHIIA
OKIMIIIi KOHCOJIIH/IE CETi3 TOIl PYKCaT €TUITeH, KOCHIMINA 3JIEMEHTTEP/lI KOocy YIIiH «J[00aBUTh 3IIeMEHTHI
yIpaBJIeHHs» KOCBIMIIIA TIaparbiHa OTy KakeT. binmiMm Oepy yiriH Google Apps IoMeHI akkayHTTapbl Oap
naiananynbpuiap Yl €3 CepBECTepiHiH MyMKIHIIUTIKTEPiH KAMTaMachl3 eTyre KbizmeT erei. COHIBIKTaH
JIOMEHHIH OKIMIIICIHe KeJecl maiJaJaHylbulapMeH KapamaidbiM —OIepalysuiapbl MEHrepy KaeT:
naiananymbeuiapasl Kypy, oJapisl yibiMaap OolbiHIIA Oeiy, maimanaHylmbuiap sl TONTapra OipiKTipi,
onapra Google Apps KbI3METTEepiH KOJIJJAHYBIMEH 0alilIaHbICTHl MYMKIHIILTIKTEPIi Oepy.

Google Apps nmomenzaeri Oapiplk NalijanaHywibUiap yiieiMaap OoifpiHIIa OeniHreH. ¥ibIM Oy
JIOMEHHIH KYPBUTBIMJIBIK O6JiMITeci, 0J OFaH KipeTiH MaliJalaHyIIbIIapIbIH OPTAKTHIK Oenrici OoWbIHIIA
KypbUIael. MbIcajibl, MEKTEN JTOMEHHIH IIIHIE YHBIM MBICAIBI PETIHAC «MYFaIIMICP, «KIMIILIIKY», «ara-
aHanap» koHe T.0. 001ybl MyMKiH. JloMeHieri YIbIM UepapXusuIbIK PUHIIHIT OOWBIHINA KYPHUTYbl MYMKIH.
SFHM NOMEHHIH iIIiHAE op TYpJi YHWbIMIAApAbl KOca OTBIPBIN, JAOMEHHIH KYPBUIBIMBIH KypyFa OoJaspl.
YUBIMHBIH KYPBUIBIMBI €H ajIbIMEH OamnTaynap[belH uimiMai Oackapy YIIiH KaxeT. KypbUIBIMIBI KYpy
IJIBIH/IA Op TYPIi NMakIaaHyIIbUIap/IbIH KYKBIKTApPbIHIa aHbIPMAIIBUTBIKTHl aHBIKTAY KaxeT [3].

YHBIMHBIH KYPBUIBIMBIH KYpFaHHAH KeiiH, NTOMEHHIH MNaiJaJaHylIIbUIapblH TipKeyre KeIlly Kepek.
Google Apps-Ta akkayHTap[bpl MalJaaHYIIBIIAPIBIH ©37epi eMec, all JOMEHHIH OKIMIIIIr arrajpl.
AXKayHTBI Kypy YIIIiH MMai1ananyIibIHBIH aThl )KOHI, JJIEKTPOHIBIK MOIITACH KAXKET.

Google Apps JOMEHHIH HETri3r1 )kKoHe KOCBIMIIIA CEPBUCTEPiH KapacThIpailbik [4].

1. Gmail snexmponObl nowmacsvl. DNEKTPOHABIK MOMITa — 3aMaHayd MYFaTIMHIH KIITTIK JKeJiIiK
KypaimapeiHbIH Oipi. Herisri KpI3MeTi — DIIEKTPOHJBIK XaTTap/bl Jie3le MEeKeH-Kail ueciHe kibepy koHe
xarrapapl anmy. OmaH Oacka Ja KemnTereH (QYHKIUsUIapra He. ODIEKTPOHIBIK TOMITAHBIH MEKEeH-)Kaibl
KOMETIMEH KONTEereH >KENTK pecypcTap MEH CEpBHCTEpAE TipKey Xypriziieni. O3iHIH 3JIeKTPOHIBIK
MOINTACKIHA KAHAJBIKTAp alyFa O0Ja/bl; TOMITANBIK TONTHl KYPBIM, OpiNTECTEPIMEH HEMECE OKYIIBLIapbIH
op TYpJi cumaTTarbl xobanmapMeH adHambicyFa Oonansl. Google Apps momeninge Gmail 371eKTpOHABIK
MoIITaMeH KoNJaHyAaH OypbIH, OyJ1 JOMEHHIH TipKey KbI3METIHAE Ci3/1iH JOMEHIHi3A1 TipKey Kepek.

2. Google ouckici. byn 6inmim 6epy ymin Google Apps cepBUCTep MakeTiHE KipeTiH omOedan Kypai.
Google nmuckici aknaparrap KoOWMachlHBIH (DyHKIHSIapbIMeH Karap, KyxkarrapmeH (Google kyxkarrtapsi),
MamiMeTTepai xuHaymeH (Google dhopmanapsr) xone onapapl enaeymen (Google kecrenepi), KeckiHaepai
Kypy (Google cypertepi) >koHEe mpe3eHTauMsUIapabl KypacTeipybiMeH ((Google mpe3eHTanusIapsl)
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OallaHpICTBl KYHAETIKTI €cenTepAl WIemyre MYMKIiHIIK OepeTiH Kypangap MEH CEpBHUCTED >KUBIHBI.
Conmpiven karap Google awmckicinme 0Oa3anblk cepBucTepieH ©Oacka (Google KOMIAHUSICHIHBIH
cepikTecTepiMeH YCHIHBUIFaH OHJ/IaFaH KOCBIMIIIAnapbl Kocyra 0omnajel. Google muckici cepBUCIH TaHJaFraH
KeWiH, Ke3 KenreH ¢opMaTTarbl (ailnaapasl OFaH XYKTE€Y MYMKIHZIriHe ue OO0Nachl3, SIFHU OHBI OYJITTHI
KoliMa peTiHJe Naijananyra Ooiajpl, COHbIMEH Oipre jkeke (aiinmapra HeMmece marmkanapra OipiKkeH
pykcaTTthl Oepyre Oomnanel. bimim Oepy ymia Google Apps mnaiinamnanymbeuiapbina Google OynThIHIAQ
cepBepiik KeHicTikTiH 30 I'6aiiTel TeriH ycoiHbuIaabl. Eckepry: Oy keHicTik Tek Google nuckicine ciz0eH
KYKTeNreH Qaimgapra faHa skymcanansl (¢pororpadusiiap, Buaeo-aymuomarepuanmap, PDF  kone
MYparaTThIK ¢aiinaap xkone T.0.). An Google AucKiciHIH KypalIappIMeH KYPhUTFaH KYyXKaTTap MyJIeM OpbIH
aJIMali bl

Google kyxarTapsl — (aingapapl KypyFa MyMKiHAIK OepeTiH KockiMia, onapasl Google muckicinge
caktayra Oomanel. Google Kykarrapsl — OYJITTBIK TEXHONOTHs. Byl JereHiMi3 — OHBIH KeMeriMeH
KYpPBUIFaH MaTepHalJap KOpFalfaH FaJaMTOp-KOWMAachlHAA CaKTala[bl, Ojlap/arbl IMaijanaHyIIbUIapMeH
JKacallFaH e3repTyJiepl aBTOMATThI TYPIE CaKTaslaJbl, COHIBIKTAH KY)KAaTThIH COHFBI HYCKAChIH Ke3 KeJreH
KEpIIeH alryra MYMKIHIIK O0ap. MyHaail KyKaTTapaplH KOJaWIbIFbl — OJapFa FAaJIaMTOpPFa KOCBUIFaH Ke3
KelreH KommbloTepne pykcat O6ap. Kyxkarrapmen skymbichl yiiiH Google Chrome Opaysepi yirecimmi.
Google muckiciae »aHa KYKaTTel Kypy YiIiH «Co3aaTh JOKYMEHTBD) TETIriH Oachll, allbUIaThiH Ti3iMHEH
Ka)KeT Ma3ip MYHKTICiH TaHzay Kepek. bec TunTi KykarTapabl KypyFa MYMKIHAIK Oap: MOTIHAIK, KeCTeiK,
Mpe3eHTanusuiap, cyperrep MeH Qopmanap. Omapiasl mankanap kKemeriMeH JIMCKTIH Kypaljap TaHeliH
KOJIIaHa OTBIPBII JKYHeneyre Oomapl.

KyxatTsl FanamTopa BeO-mapakiia TYpiHe *Kapusiayra 0oJajipl, OFaH TaHJaraH MaianaHymbuiapra
pykcat Oepyre Oonazpl. JlalbIH KYKaTThl ©3iHI3MIH OJIOTHIHBI3/IA HEMECe CaHTBIHBI3A OPHAIACTHIPYFa
Oonajpl, COHBIMEH Oipre KykatTel Googlet oneyMeTTik Kelijie ciiTeMe apKblIbl OpHAIAacThIpyFa 0Oiajpbl.
Kyxarrapne!l OipHeme agam Kaparn, Oip yakbITTa HeMece aCHHXPOHIBI TYPHAE ©3TepTyJiepl eHrize anajipl.
KykarrapablH JKaimbl  KOWMAchlHAA MOTIMETTEpAiH JKMHAY MEH OHJCyiHe KaTbICaThIH MEKTel
KBI3METKEpJICpiHEe JKoHE OKIMIIITIKKE pykcar Oepinyi Thic. Kykarrapra op Typii pykcar ery JeHreusepi
Oap [5]:

— KyoKat ueci (KYKbIKTapAbIH €H JKOFaphl ACHTei1, KY)KaTThl KOI0 KYKBIFbIHA JICHiH);

— penakTop (e3repTyJepi eHridy, TY3eTy KoHe T.0. MyMKIHIIKTEp);

— TYCiHIK Oepymi (peaaKuusiay KYKbIFbI )KOK, IOy MYMKIHJIIT1);

— OKbIpMaH (KYKBIKTap/AbIH €H TOMEHT1 AeHreli — OKyFa FaHa KYKBIFBI 0ap).

Google KyxaTTapabl MOTIHIIK )KOHE JayBICIIEH HIOTy Oap.

Google kecTenepi KeNTereH JIEKTPOHJBIK KECTEellep CHUSIKTHI MOIIIMETTEpJ ecenTey MEH OHJIEY
¢dbyHKuMsUIapeiHa ue, Oipak omap Google KykarTapbl cepBUCIHIH omMOeOan (yHKIMSUTAPBIHBIH apKachblHIa
Oinim Oepy MakcaTTapbl YIIiH MHHOBAUMSUIBIK KOJaHy Oouibin TaObansl. bip KykaTTa Y>KBIMABIK KYMBIC
MYMKIHJIKTepi, 63 TapakiaiapblHa Kipyre pykcar, Kipyai bIHFaijbl Oackapy »oHE JalblH KECTEeNiK
Ky)KaTTap/bl BeO-Tapakiia TypiHAE >Kapusuiay, Ke3 KelreH OCJICeHIUTKKE We OOJNaThIH KOICaH bl
KaTBICYIIBUIAPABIH KAIIBIKTHIKTaH OipiKKEeH >KYMBICHIH YHBIMIACTHIpYFa MYMKiHAIK Oepeni. CoHbIMEH Oipre
©3€KTi MAIMETTEep/Ii )KUHAI OHJICYiHE KOHEe OapIIbIK TONTAPFa OIMEPATHBTI KYPBUIBIMIIBI aKIIapaTThl YChIHYFa
MYMKIHZITI 30p.

Google dopmanapsl. Dopmanapmen >xymbic ictey Google MOTIHIIK KyKaTHEH XYMBICBIHA YKCAC.
Mynzaa Kypannap nadeni, Oip ¢gopmana aBTopiacTapMeH OIpiKKEH »KYMBICTapAbl KYPridy, 3J€MEHTTep.i
e3repTy MyMKiHmikTepi 6ap. Dopmara KOCHUIFaH Ke3 KelTeH JIEMEHTTI Ty3eTyre, )KOIFa HeMece Kollipyre
Oosanpl. bipak MoTIHIIK Ky»KaTTarbl *KYMBICTaH adTapibIKTald adbIpMallbLIbIFBl Oap: (Gopma KecTeMeH
OaitlaHbICKaH, OYJI KecTele PeCIIOHICHTTEP/IIH )KayanTaphl )KHHAJIa bl

Google mpe3eHTanMsAIapel — TMpe3eHTaUsIIapApl Kypy MeH paciMzaey Kocbimmiachl. Ci3 KajiFbi3
HeMece OipHellle aBTOpJapMEH IpPe3CHTAIlUSHBI KYpbIN, KeHiH OacKajlapra HOTIXKENIEPIl KepceTe ajlachl3.
Google mpe3eHTanVsIIapbIHIA SICTTETT MPEe3eHTAUUsUIapAa CUSAKTHI ClaiiiTap MEH OOBEKTUIEpPMEH Herisri
Kypajjiap TaHeli, aHuUManus ONuuschkl jkoHe T.0. Oap. Google mnpe3eHTanMs KOCHIMIIACKIHBIH
apTHIKIIBUTBIFRL:  OIpirin JadbIHAANFaH Tpe3eHTaIus OipHelle KAThICYIIbI apachlHIa >XYMBICTHI Oenyre
KOMEKTECIIl, OHJIaliH, CHHXPOH/IbI HEMece aCHHXPOH/BI TYPJE TiKeNeil TONTHIK KYMbICTH YHBIMIACTBIpYFa
MYMKIiHTIIK Oepei.

Google cyperrepi — rpadukanslk penaktop. Google cyperrepliiH KeMmeriMeH OJoK-cylioanapsl,
rpadukTepai koHe T.0. Kypactelpyra Oonaapl. Mynna Google muckTiH 0Oacka CepBUCTEPIHIE CHSKTHI
OipikkeH XyMbIc pexkumi Oap. Oman Oacka, aBTOpJIapMeH CypeTTep PedaKTOphIHAa Tikeneil OalnaHbICyFa
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Oonazpl, KECKiHAEP CHSIKTBI CypeTTeplli jKapusulayFa >KOHEe KOMITboTepre X ykrteyre Oomanpl. Google
CYpeTTep CEepPBHCIHIH KbI3bIKTHI MPAKTUKAIBIK KOJJJAHBICTAPBIHBIH 0ipl — OKYIIBIHBIH ©37[IK KYMBICHI YIIIiH
MyFaJliMMEH KYPbUIFaH HHTEPAKTHUBTI JKYMBIC Maparbl OOJIBII Ta0bLIa b,

3. Google kymmisbeei — >KyMbICTapIpl OpPBIHAAY TpPaQUKTEpiH >KOHE KecTelepli >Kocmapiay MeH
KypacTeipy Kypanbl. Google KyHTI30eriH KoJjjaHa OTBIPHII, Ci3 OapIlbIK OKHFalapjaH xadbapmap 0onachls,
MaHBI3/Ibl Ke3/Iecyre Kelliry ToyeKeliH KbickapTach3. Google kyHTI30eri MekTenTe — cabak MeH cabak ThIC
OKY 1C-OpEKETTUTINH YHBIMAACTBIPYIbIH TaMmallla Kypasibl, MbICAJbl aTa-aHajapra JKHHATBIC IKAUIBI
xabapiay, COHbIMEH Oipre o0a XyMbICTaphlH yHbIMAacTeipy. Google kyHTi3Oeri HerisiHge OKy
ayJMTOPUSIIApPbl MEH KYpai-KaOJBIKTaphl CHUSKTHI MEKTEN pPEecypcTapbl, CHOPT J>KOHE IapyanibUIbIK
WHBEHTapbMEH, CIOPT aNaHAapbl CUSKTHI PECypcTapbIMEH OacKapy >KoHe YIECTipydi YHBIMIAcThIpyFa
Oomazpl.

4. Google Sites — 06inim Oepy ymiH Google Apps MakeTiHiH KiITTIK cepBHCTEepiHiH Oipi OoibII
TabblIanbl. O MEKTENTIH KoCIOM CaMTTapblH KoHE MyFaliMAepAiH HOpT(OIMO calTTaphl, Killli CauT-
xobanmapapl Kypyra MYMKiHAIK Oepeni. MyHzaaii caifttapabl eHaey MeH Famamropaa xapusiiayra GipHeme
MHUHYT KaHa YakKbIT >XyMcamaabl. bynm cepBHC pemakTopiap KYKbIKTapblHa He OipHeme agaMaapabiy
YKBIMJIBIK JKYMBICBIHBIH aTKapyblHa MyMKiHIik Oepemi. Google Sites — wiki-kakpiHmayra HerizenreH
cepBUC, Oy JEreHiMi3 JKeJile pecypcThl Kypy KUBIHABIFBI KapamaidbiM MOTIHAIK KYXKaTTbl KYpy
KUBIH/IBIFBIHAH acmaiipl. CalTThl KYpacTblpyAa TpadUKTep.i, BUICONAPIbI, CLITEMeNep/Ai OpHAIACThIPy
XKoHe T.0. KeITereH MyMKiHAiIKTep Oap. byn cepBuc HeriziHne KypbutraH caiitrap Google KOMIIaHUSCHIHBIH
cepBepinze cakranaabl. Google Apps-ThIH Oip TOMEHIHJIE IEKCi3 CaH bl calTTapabl Kypyra 6omnajel. Cedebdi
OYKin JoMeH OoMbIHIIA CaUTThI KypacTeipyFa TuMuT 100 ['6aiiT Kypaiabl.

5. Google + aneymemmik oucenici. binim Oepy ymin Google Apps-ThIH KeKe aKKayHTBIHBIH iIIiHIE
Google+ oneymerTik *keliciH KoijiaHy MyMKiHairi 6ap. byn omus Google Apps 6a3asbiK KbI3METTepiHEe
KipMmeii, COHABIKTAaH OHBI KOCY YIIiH oKiMmmn koHcosinae (Google-apiH Oacka cepBUCTEpi KOMaHAajiap
ToObIHa Kipy Kepek. Google Apps nomeniHae Googlet oneyMeTTIK JKemiHI KOCy KeJeci KOCBIMIIA
MYMKIHJIKTEp/l KaMTaMachl3 €Telli: BHIeoYaT MEH BUICOTPAHCIALMUSUIAPIBI KOMIaHy, GoTorpadusiiap/isl
caKkTay MEH OJIapFa >KaJllbl pyKcat Oepy, ic-Imapanapbl xKocnapiay MeH T.0.

6. Youtube BUAEOXOCTHHTIHIH TaHbIMan cepBepi Google Apps AOMeHiHAE KOCHIMIIA PETiHAE pyKcat
erinred. Google Apps nmomeninne Google Youtube cepBHCIHIH HETI3ri apTHIKIIBUIBIFEI — MEKTENTiH
Y outube-kaHaneiH Kypy Ooubin Tabbuianel. byn Youtube kananbiHna MyFaxiMIepAiH OKY MaTepHalIaphIH,
MEKTENTIK MepeKenepae OKyIIbUIAPMEH TYCIPUIreH BHACOMaTepHaNIap, SKCKypcusuiapia, camapiapiaa
TYCipiIreH Buaeodainmapasl opHalacTeipyFa Oomnansl. Youtube-KaHaaabl KYpa OTBHIPBIN, MEKTEN ©31HIIK
WHTEpHET-TeNeBUIeHUsFa e 0onasl. OaH 0acka y3aK KbUIJap CaKTaNaThIH BUICOMYPAFaTThl KYPYIbIH 30p
MYMKIiHJIT1 Oap.

Odicmeme. bepinreH 3epTTeyAiH HbICaHbl OakajaBpuaT CTYIEHTTEPiHIH ©3[iK JKYMBICTAPbIH
YHBIMIACTBIPY 9/iCTEMECIH KYPY MEH anpodanusiiay OONbI TaObLIa kL.

DONEeKTPOHAB! OKBITYABIH Kallllbl Maceleci — aKNapaTThI-KOMITLIOTEPIIIK TEXHOJIOTHSIIAD HETi3iHJe
CTYICHTTEPIIH 630iK HCYMbICMAPbIH YUBIMAACTHIPY )KOHE KAMTaMachl3 €Ty YIIiH KaKETTi aKIapaTThIK-01TiM
Oepy opTachklH Kypy OOJIbIN TaObUIaAbl. AKNApaTTHIK-0i1iM Oepy opTackl Oys1 — OitiM Oepy mporieci xy3ere
aChIPBUIATBIH KBl aKMapaTThIK KeHICTiK. MyHJall opTaHbl Kypy YIIIH aknapartelk OimiMm  Oepy
pecypcrapsl, OarmapiamMaiblK Kypanaap, KOMMYHHUKAIUs Kypajaaapsl xkoHe T.0. KakeT. OKBITYABIH THIMII
KOMITBIOTEPIIIK KYPAIJApbIH KYpy — KYpHAETi KoHE KeIl eHOSKTI KaKEeT eTETiH >KyMbIC. JKoFapbl KoCiNTiK
OinmimM Oepyjie ipreini, apHaibl, TEXHUKAIBIK MIOHJEPAl canayibl 3aMaHayd OKY-dJIICTEMEIiK KaMTaMachl3 €Ty
MOCeJIeci epeKIle 63eKTi OOJBIT TaObLIAIbI.

O3/1iK KYMBIC JETeHiMi3 — CTYICHTTIH J>KOCHapJIlaHFaH J>KYMbICBL. CTyAEHTTep ©3[IK >KYMBICTHI
TancelpMa OOWBIHINA, COHBIMEH Oipre OKBITYIIBIHBIH OJIICTEMENIK OacIIbUIBIFBIMEH, Oipak Tikenen
KATBICYBIHCHI3 OPBIHAANABL. 3aMaHayH KY3BIPETTI MaMaHJbl JaWbIHIAYABIH KypaMbl OelikTepiHiH Oipi
peTiHAe O3MIK KYMBICTBIH MaKcaTbl — CTYACHTTEPHiH Y3IIKCi3 e3iriHeH OimiM amy, KociOu keTinmipy,
MIBIFAPMAIIIBUTBIK JKOHE 3epTTEy 1C-OpeKETTUTIKTepiHIH KabileTTepiH MEH JaFibUIapblH KaJbIITACTHIPY
00JIbII TaOBLIABI.

OKBITBUIATHIH TIOHEP OOWBIHINA CTYACHTTEPIIH O3/iK )KYMBICTapbIH YHbIMIAcThIpY YiIiH Google Apps
for Education mnardopmacel TaHmangpl. ATanFaH OWITTBI KOCHIMIIajapbelHBIH kKemeriMen 6B011000 —
«Du3nKay MaMaHIBIFBIHBIH CTYIEHTTEPI YIIiH «Quantum mechanics» NoHi OOMBIHINA OKY KYPChI 93ipIIeH]I.

KBaHTTBIK Teopus Kazipri TaHma QU3UKTEp/l JaiibIHAAyNa HETi3ri TCOPHSUIBIK MOHISPAiH Oipi O0bIT
Tabbutaapl. byn monzepnai MBIKTBI Oy — apHaibl MoHAEpAl TaObICTHI OKBII-YHPEHYIIH KaXKETTi IIAPTHI.
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KBaHTTBHIK MexaHUKa (pU3MKAHBIH €H KYpPICTi JKOFaphbl JopeKeneri TeopHusichl. KBaHTTHIK MeXaHHKa KypChl
(u3uKa MaMaHJBIFBIHBIH CTYIEHTTEPI OKUTHIH TEOPHSIIBIK (PM3MKAHBIH YIIHII OeiimMi GONBIN TaObLIA b
KBaHTTBHIK MEXaHUKa apHaibl CaJBICTHIPMAIBUIBIK TEOPHSCHIMEH JKOHE CTaTUCTHKAJIBIK (pH3MKaMeH Oipre
3aMaHayH KapaTbUIBICTAHY IbIH iPreTaChlH KYPaWTHIHIBIFBI OCITiIi.

Pecypc monHHIH opOip TakpIpbIObl OOWBIHINIA AIEKTPOHJBIK OKY MaTEepHANIAPhIH KaMTHIBI )KOHE OKY
MPOIIECIHIH 9p TYPi KypaylmibUIapblH (aKnapaT ajiy, MPaKTHKyM, OUTiMII TeKcepy) KoJjiayra OarbITTallFaH.
¥ ChIHBUTFAH OKY Kypchl Google Knacc KOCHIMIACHIHIA JKYMBIC iCTEHIi, OHBIH KYpaMbIHa JopicTep KypCHl,
JopicTepre apHaJFaH dJICKTPOHJBI TPE3CHTALMSIIAP, JOpICTep MEH MPAKTHKAIBIK KYMBICTapAbIH
JKOCTIapiIapbl, TPAKTHKAJBIK OJKYMBICTApFa apHAJIFaH TalchlpMaiap, ©3/IK JKyMbICTapfa apHaJFaH
TanpcelpMaiap, YChIHBUIFAH ojie0MeTTep Ti3iMi, KOCHIMINIA OKYy MaTepHalliapblHa CiaTeMelnep, arbIMIBIK
OaKplIay TECTUIEPi, EMTHXAH CypaKTaphl, XadapIaHasIpyiIap KoHE TyCiHIKTeMenep Kipemi (2-cyp.).

= QUANTUM MECHANICS Newra 3apamus Monsaceatenn [ e

QUANTUM MECHANICS

Kop kypea nccZns [}

BuibpaT TeMy
Barpyante daro

e

MpepcTonuue [ ]
L

Bee 3agaums
@ NMonk3osatens Zhanar Kambarova poGagwn marepuan: TEACHING METHODICAL COMPLE...

3aeTpa

Nonb3osarens Zhanar Kambarova goGaswn 3anasme: Task for independent work
3aerps

2-cypet. Google Kitacc KOCBIMIIIaCHIHBIH Tepe3eci

CryneHTTepAiH 631K KYMBICTaphI KeJleCl TYpAe YHBIMAACTHIPBUTYBI MYMKIH:

1. Teopusinblk  MaTepuaigsl OYITTBI CepBHUCTE OpHajacThlpy. OKBITY OapbICBIHAA OKBITYIIBI
CTYACHTTEpre MaTepuaabl ©3 OeTiMeH oKyra Oepeni. MbIcambl, erep TaKbIPBIITH KalTanay Kepek 0oJca,
©TKEH MaTepualira opajyra 00Jaibl.

2. TanicelpManapapl  OpbIHAAy. TamcelpManapibl OpbIHAAY OapbIChIHIA TyBIHIAFaH —CypakKTapbl
OKBITYIIBIMEH Oipre TalKbpUIay MYMKIHJIITI O0ap.

3. Cabak TakpIpblObI OOWBIHIIA TECT TANChHIPY. T€OpHs OKbUIFAHHAH KEHiH O6TKEH OKYy MaTephalibl
OOMBIHINA TECT TATICHIPY YChIHBLIAIBL. TECT HOTHKECI aBTOMATTHI TYPJIE IMEKTPOH/IBIK KECTe/Ie KOPCETie/Ii.

binim anymsimapabH yATEpiMiH aFbIMABIK OaKbplIayabl Kyprizy yuriH Google @opma KockMIIackiHIA
MoH OOWBIHIIA TECTTEPAl OHal KypacTblpyFa Oomansl. TecTrep ambIK koHe KaObIK TYpJeri TarncelpManapial
Typaabl. 3-CypeTTe KaObIK TYPJIETi TancChIpMaHbIH MbICaJbl OepifireH, OHJa *ayarl peTiHIe >K0oJl MeH OaraH
KUBUIBICBIHAAFbI TOPAAFbl HYKTE TaHaJIa/Ibl.

Check the box at the intersection of the row and column *

The solution of the The solution of the
The solution of the radial part of the angular part of the
harmonic oscillator  Schrodinger equation  Schrodinger equation
problem is expressed for a particlein a for a particle in a
through Coulomb field is Coulomb field is
expressed through expressed through:

Hermite polynomials () @ @)
Laguerre polynomials i) ) O
Legendre polynomials @) @ O
Selection rules ) @) O
Pauli's matrices O O O

3-cyper. Google ®opma KOCBIMIIACKIHIA TECT TAIICHIPMACHIHBIH (pparMeHTi
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Cabax kecTeCiH, KOHCYIbTAIUS KOHE T.0. KecTenep/Ii Kypy *oHe Kepy YIIiH bIHFaiIbl Kypan — Google
Kynmizbeci OONBIN TaObLIaABI. MBICalbl, Ke3 KeJIreH MIoH HeMece TOIl YIIIiH KenTereH KyHTi30enepi xacay
MYMKIiHJIT1 6ap (4-cyp.).

= Kl Kanenpaps ceromn < >  Anpenb 2019 QA @ @ Mecm - i e

nH BT cP ur nt >3 BC
I— Co3naTe 1anp 2 3 4 5 & 7
PPass test on the th

Anpens 2019 £ > @

8 92 10 1 12 13 14
Pass test on the th

Pass test on the th

Mowmek mogei
22 23 24 25 26 27 28

Pass test on the th
Mow kaneHnapu -~

Zhanar Kambarova
29 30 1 man 2 3 4
Cut-off date of the semester works

D TIHIA pOAEHUA
3apaun

[[] Hanomusanma

4-cypet. Google KyHTI30€CiHIH MbICaJT YATici

[Ton OKpUTFaHHAH KEHIH CTYIEHTTepre aHOHMMIIIK cayajHaMa CypakTapblHa ayar Oepy YCHIHBLIAIbI,
Oys cayaiHama Oinmim Oepy camachlH, COHBIMEH Oipre OKBITYABI YHBIMAACTBIPY OHE CTYIEHTTEPIiH IoH
OoiibIHIIa anFaH OimiMaep MEH JaFAbUlapblHA KaHAaFaTTaHYIIBUIBIFBIH Oarajayra MyMKiHAiK Oepeni. Cayai-
Hama Google ¢opma KemeriMeH TalbIHAAIFaH, OHIa PECIOHISHTTEPIIH *kayanTapbl Google 3IeKTpOHABIK
KECTECIHJIe CaKTAaJIBIII, XKayarTap KHHAFbIH JUarpamMMa jKoHe KecTe TYpiHJe aly MyMKiHiri Oap.

ConbiMen Google cepBuCTepl KOJ JKETiMJII aKMapaTThIK TEXHOJOTHS KYpaliapbl 0ojia OTHIPHII, OKY
MPOLIECIHIH AoCTYpii (hopMaliapblH KOJAayFa, COHAal-aK oNapabl )KETUIIIpyTre *oHe jkaHa menimaep tadyra
MYMKIHJIK Oepei. OprHe, BUPTYabl OiiM Oepy OpTachiH KYPY — K6OII dKOCHapJibl, eHOCKTI KAKET eTEeTiH
Ooica na, Oipak KakeTTi Tporiecc. bimiM Oepy KeHICTITiH YHBIMAACTBIPY JKeke MoHuep, kadempanap
meHOepiH/e Ky3ere achbIpbUTybl MYMKIiH/IITT KOPCETIITeH.

OneduerTep TiziMi

1 ®enoposa E.B. Hcnonb3oBanue obnaunsix Texuonoruit Google Apps Education Edition mist co3nanust camopasBuBaroreiics
nHpopmaronHoit mardopmsl Bysa / E.B. @enoposa, M.A. I'etbman, E.B. CaBenbseBa / npopmanuonnsie Texuogorun. — 2012.
—Ne 7. — C. 57-60.

2 Ilarapakun E.Jl. Ananu3 cBs3ell MeXIy COTpYAHHKaMHU LIKOJBI HA OCHOBE UX B3auMozneiicTBus B nomene Google Apps s
obpazosanus / E.JI. ITatapakun, B.b. SIpmaxos // O6pa3oBarensHbie TexHonoruu u obmectso. — 2016. — T. 19, Ne 2. — C. 585-
599.

3 Jlarumos O.O. [Ipumenenne o6nauHbIX TEXHOIOTHH B 00pa3oBarensHOM Tporecce (Ha mpumepe Google Apps for Education)
/ 0.0., Jlatunos, C.JI. Xpanos, H.C. I'padroBa, M.I". Crapuuuxut // CoBpeMeHHbIC TCHACHIUH Pa3BUTHUsI HAYKH M TEXHOJOTHHA. —
2017. — Ne 1-2. — C. 23-27.

4 Spmaxos b. Google Apps mist o6pa3zoBanusi: yue6. noc. / b. SIpmaxos, JI. Poxnecrsenckas. — CII6.: ITurep, 2015. — 224 c.
5 Cmpaska Google. [Dnexrponnsiii pecypc]. — Pexum nocryna: https://support.google.com

A.C. Kynycos, K.b. Konnbanuna, XK. T. Kambaposa, U.A. Kynycosa

Co3nanne nH(POPMALMOHHO-00pPa30BaTeIbHOM cpelbl 1JI1 00pa30BaTeIbHBIX
yupeskaeHHii Ha OCHOBe cepBrcHOro nakera Google Apps

B cratbe paccMOTpeHBI BONPOCH (POPMHUPOBaHUS €AMHON MH(POPMALMOHHO-00pa30BaTEIbHON Cpeabl 00pa-
30BaTEIBHOTO YUPEKACHUS CPEACTBAMH CETEBEIX cepBHcOoB. Co3naHue MHPOPMAIMOHHO-00pa30BaTEeIbHON
cpexsl ¢ moMolIIbio makera cepsuca Google Apps it 00pa3oBaHUs O3BOJSIET OPTaHU30BATh NPOTYKTUBHYIO
COBMECTHYIO JeSTENbHOCTh TperoaBaTeneii u yqamuxcs. V3ydens cepucel Google Apps 1 UX BO3MOXKHO-
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CTH, CYTh 00JIAUHBIX CIIY)KO, a TakKe AUIAKTUYECKUI MOTEeHIal B MH)OPMALMOHHO-00pa30BaTEILHOM MIPO-
CTpaHCTBE 00pa30BaTENIbHOrO yupexaeHus. OOOCHOBaHbI HPEUMYIIECTBA IOCTPOCHHUS HMH(OPMALMOHHO-
oOpa3oBaTenbHOU cpeabl Ha OCHOBe makera cepsuca Google Apps anst oOpa3oBaHHsA. ABTOpaMH OIMCaH
y4eOHBIH Kypc, CO3IaHHEIN B makere cepBrca Google Apps, mo mucruummae «Quantum mechanics». Mzyde-
HBI BO3MOXKHOCTH JAHHOTO CEPBHCA JUI OpPTaHU3allUH CAMOCTOSTENILHOW pabOTHI CTYIEHTOB IO yKa3aHHON
JHCIHIUTIHE.

Kniouesvie cnosa: oOpa3oBaTeNbHBIC YUPEKACHUS, MHPOPMAIHMOHHO-00pa3oBaTeNnbHas cpena, HH(OpMa-
MOHHO-00pa30BaTeNbHOE NPOCTPAHCTBO, YIIpaBieHne 00pa3oBaHueM, cepBHCHbIH makeT Google Apps.

A.S. Kudussov, K.B. Kopbalina, Zh.T. Kambarova, [.A. Kudussova

Development of the information educational environment
for educational institutions based on Google Apps services

The subject of this article is the informational and educational environment of an educational institution. In
the article issues of the formation of a unified information and educational environment of an educational in-
stitution by means of network services were considered. Creating an informational and educational environ-
ment by using Google Apps services for education allows to organize productive united activities of teachers
and students. Google Apps services and their capabilities, the essence of cloud services, as well as the di-
dactic potential in the information and educational space of an educational institution were considered. The
advantages of creating an information and educational environment based on the Google Apps services for
education were justified. The possibilities of this service for the organization of students' independent work
on this discipline were studied.

Keywords: educational institutions, information-educational environment, information-educational space, ed-
ucation management, Google Apps services.
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