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EPR, OPTICAL AND OTHER PHYSICAL STUDIES OF Cr3*-DOPED
MgO-BaO-B,0,-TeO, GLASSES

M. Samdani’, G. Ramadevudu?, M.N. Chary3, M. Shareefuddin3

'Salalah College of Technology, Salalah, Oman;
2Vasavi College of Engineering, Hyderabad, India;
30smania University, Hyderabad, India

Physical, optical and electron paramagnetic resonance (EPR) studies of
15MgO-15Ba0-(59.8 — x)B,0,-(10.0 + x)TeO,-0.2Cr,0, (x = 0, 10, 20, 30 mole %)
glass samples have been  reported. EPR spectra exhibited some resonance
signals. The first one (g = 4.80) had a large zero field splitting parameter (D) and
E/D < 1/3, it was attributed to isolated Cr’" centers in strongly distorted octahedral
sites; the second one (g = 1.98) was assigned to Cr3* centers at axially distorted
octahedral sites. The resonance signal at g = 4.26 was assigned to Fe** ions, which
were in the glass matrix as unwanted impurities. The resonance signal at g = 1.91
indicated the Cr**-Cr** exchange coupled pairs. In the optical absorption spectra, the
two observed broad optical bands with 16025 cm™"' and 23474 cm™' were assigned to
‘A, (F) — 4T2g( F) and 4A2g( P —>4Tlg(F) transitions, respectively. The site symmetry of
Critis C, or C, . Racah parameters, crystal field (Dg) parameters and energy gap were
evaluated from the optical spectra. Various other physical parameters like density,
etc., are also reported.

Key words: borotellurite glass; electron paramagnetic resonance (EPR); optical absorption; physical
properties

Citation: M. Samdani, G. Ramadevudu, M.N. Chary, M. Shareefuddin, EPR, optical and other physical
studies of Cr**-doped MgO-BaO-B,0,-TeO, glasses, St. Petersburg Polytechnical State University Journal.
Physics and Mathematics. 10 (4) (2017) 7—20. DOI: 10.18721/JPM.10401

UCCNTIEAOBAHUA 3MNP, ONTUYECKUX U APYTUX ®PUSUYECKUX
CBOMCTB CTEKOJ1 COCTABA MgO-BaO-B,0,-TeO,,
AKTUBUPOBAHHbIX MOHAMM Cr3*

M. Campauu', I. PamapeByay?, M.H. Yapu 3, M. lWapudyaamuus

' TexHonornueckum konneaxx r. Canana, r. Canana, Omahn;
2H>)KeHepHbIM Konnea>x Bacaew, r. Xanaapabaa, MHams;

30cMaHCKMM yHuBepcuTeT, r. Xangapabas, NHaus

IIpencraBieHBl  WCCACHOBAHWS  BJICKTPOHHOTO  TapaMarHUTHOTO  Pe30-
HaHca (OIIP), onTuyeckux M Apyrux (HU3MYECKUX CBOWMCTB CTEKOJ CHUCTEMBI
15MgO-15Ba0-(59,8 — x)B,0,-(10,0 + x)TeO,-0,2Cr,0, (x = 0, 10, 20, 30 mon. %).
B cnekrpax BIIP o0HapyXXeHO HECKOJbKO pPE30HAHCHBIX curHajioB. CurHai c
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g = 4,80, BBICOKMM 3HaYe€HUEM ITapaMeTpa TOHKOTO pacllelIeHus] B HYJIEBOM Mar-
HUTHOM mojyie (D) u 3HayeHueM oTHouueHus F/D < 1/3 mpumnmcaH HM30JMpOBaH-
HbIM 1eHTpaM Cr’* B CMJIBHO MCKaXXEHHBIX OKTa3ApUYecKMX mo3uimsx. CurHai c
g= 1,98 otHeceH K nieHTpaM Cr**, JIoKaJan30BaHHBIM B aKCHAJIbHO MCKAXKEHHBIX OKTa-
SAPUUYECKUX MO3ULMSIX. Pe30HaHCHBIN cUTHAT ¢ g-(haKTOpoM, paBHBIM 4,26, WUaeH-
TudUIMpoBaH Kak nmapamaraiutHoe norjoueHne CBY nonamm Fe’t, koropeie mpu-
CYTCTBYIOT B MaTpHlie CTeKJIa KaK HeXeareabHas pruMech. Pe30HaHCHBIN CUTHAT ¢
g = 1,91 yka3plBaeT Ha MPUCYTCTBUE OOMEHHO-CBSI3aHHBIX IIap MOHOB XpoMa
Cr3"-Cr**. CrekTpbl ONTUYECKOTO TOTJIOLIEHUST XapaKTePU3YIOTCST IBYMST IITUPOKM-
MM rnojjocamMu Ha yactotax 16025 m 23474 cM™'; OHM COOTHECEHBI C ITepexoiaMu
‘A, (P — 4ng( F)n 4A2g(F) — 4T|g(F) COOTBETCTBEHHO. CUMMETpUS MO3ULIMIA MOHOB
Cr* — C, win C, . 1o onTM4YeCKNM CIEKTPaM OLIEHEHHI napaMeTphl Paka, mapameTp
KPUCTAJTMYECKOTO ToJisT  Dg 1 BeIMYMHA SHEPreTUYeCKOoTo 3a30pa. JlomoJHUTETbHO
MPUBOIATCS Apyrue GU3NYecKue mapaMeTphl CTeKIa, TaKue KakK IJIOTHOCTb U IIp.

KmoueBblie cjioBa: O0pOTEIYPUTHOE CTEKJIO; BJIEKTPOHHBIN MapamMarHuTHbIN pe3oHaHc (DITP); ontu-

YyecKoe IOIJIolIeHre; GU3NIeCKIe CBOCTBA

Ccpuika npu murupoBanun: Camaanu M., Pamanesyny I'., Yapu M.H., lapudynnun M. Uccnenosa-
Hug OIIP, onTrYecKuX ¥ IpYrux (GU3MYeCKUX CBOWCTB ctekon coctaBa MgO-BaO-B,0,-TeO,, aktuBu-
poBaHHbIX MoHamu Cr’*// Hayuno-texuuuyeckue Bemomoct CIIGITTY. dusuko-MareMaTudecKue HayKu.

2017. T. 10. Ne 4. C. 7=20. DOI: 10.18721/JPM.10401

1. Introduction

Currently, a great scientific revolution
has been carried out by means of
telecommunication, through mobile phones
or via the Internet. People are connected to
the entire world through the Internet and
the world has become a global village. The
entire high-speed telecommunication signal
transmission basically depends on the optical
fiber network. The optical fiber network
requires switches and routers. These electronic
boxes particularly cannot meet the demands
of the communication industry [1] because
their linear and nonlinear properties play an
important role in determining the features
[2, 3]. For example, linear properties like the
refractive index of transparent medium change
with the intensity of light travelling through
it [4]. Thus, the glass industry plays a crucial
role in glass fibers, whereas organic materials
show very poor mechanical and thermal
properties. Finally, an amorphous material
like glass is a very good option for high
intrinsic transparency, fast response time [5],
excellent resistance to atmospheric conditions,
mechanical and chemical durability. Hence
glass is an important material in the field
of optics [6] and optical communication
systems.

Boric acid (H,BO,) is one of the important

oxides for the glass formation. It exhibits a
variety of structural changes when combined
with different alkali and alkaline earth oxides.
Linear and nonlinear properties of borate glasses
change with the composition of oxides [7]. It is
also used as dielectric and insulating medium
as a shield against infrared radiation [8].
TeO,-based glasses are used in nonlinear devices
due to their property of forming glasses with a
higher refractive index (n > 2), good thermal
stability and low melting temperature [9]. The
desired linear and nonlinear optical susceptibility
changes can be obtained by the combination of
B,O, and TeO, in the glass matrix. Addition
of different oxides and transition-metal ions in
borotellurite glasses will tend to increase the
photoluminescence response.

Transition-metal ion chromium (Cr*") is
used in the fabrication of stainless steel and
alloys. This ion has an incomplete 34" (n < 10)
shell, so it can be used as a paramagnetic spin
probe. Several researchers [10 — 13] have
carried out studies of EPR spectral response
and optical studies of Cr3*-doped alkali and
alkaline earth oxide borate glasses. To the best
of our knowledge, until now no studies in the
properties of MgO-BaO-B,0,-TeO, glasses
have been conducted. In this context, we would
like to focus on the effect of variation of B,0O,
and TeO, concentrations on various physical,
optical and EPR properties of these glasses.
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Table 1
Composition of glass samples and their physical parameters

Glass MgO | BaO | B,O, | TeO, | Cr,O, M P, V., " y

code mole % g/mole | g/cm?® | cm?/mol "
MBBTCr-1 15 15 59.8 10 0.2 125.8 3.34 37.67 2.74 | 0.173
MBBTCr-2 15 15 49.8 20 0.2 129.4 3.70 34.98 2.77 | 0.152
MBBTCr-3 15 15 39.8 30 0.2 133.0 4.06 32.76 2.78 | 0.131
MBBTCr-4 15 15 29.8 40 0.2 136.6 4.43 30.84 2.79 1 0.110

Notations: M (£ 0.001) is the average molecular weight; p, (£ 0.001) is the theoretical density;

V,, (£ 0.01) is the molar volume; n is the refractive index; A4, is the interaction parameter.

2. Experimental procedure

The melt-quenching technique was used
to prepare the glass samples in the composi-
tion 15MgO-15Ba0-(59.8 — x)B,0,-(10.0 + x)
TeO,-0.2Cr,0, (x = 0, 10, 20, 30 mole %).
Analar grade boric acid (H,BO,), tellurium ox-
ide (TeO,), magnesium oxide (MgO), barium
oxide (BaO) were used for the preparation of
present glasses. These oxides were weighed
proportionally in mole % and then transferred
to porcelain crucibles and kept in an electri-
cally heated furnace at a temperature of around
1000°C. It took approximately an hour to melt
the mixtures congruently. The molten liquid was
poured onto a steel plate (maintained at 200 °C)
and then pressed with another steel plate. The
glasses obtained by this way were transparent
and bubble-free. To relieve mechanical stress,
the samples were annealed at around 200 °C for
2 hrs. The variations of chemical composition
in these glasses are given in Table 1. The amor-
phous nature of the samples was confirmed by
X-ray diffraction. EPR spectra were recorded
for dry and perfectly powdered glass samples at
room temperature using an EPR spectrometer
JEOL FE 1X operating at X-band frequency
(9.205 GHz) with a modulation frequency of
100 kHz. The optical absorption spectra were
recorded with a UV-VIS-NIR spectrophotome-
ter in the wavelength range of 300 — 800 nm
at room temperature.

3. Results and discussion

3.1. Density and molar volume. The follow-
ing empirical equation [14] was used to cal-
culate the theoretical densities of the prepared

glass samples
py = 0535 (M x)/[Z (V%) (1)

where x, is the mole fraction of different oxides;
M. is the molecular weight of each oxide; V is
the packing density parameter of each oxide,
calculated using the relation

V=@/3x NX-r}+Y-r), ()

where N, is the Avogadro number; r , r are
(respectively) the ionic radii of metal and
oxygen atoms for M,0, oxide .

The calculated density and molar volume
values are presented in Table 1. The density
values are reproducible to *£0.02 g/cm?, the
molar volume (V) is calculated using the
relation

Vi=M./py

where M is the total molecular weight of the
multicomponent glass, p, is the density.

Fig. 1 shows changes in the density p, and
the molar volume V,, with the TeO, content.
By substituting TeO, for B,O0, we observed
an increase in density values from 3.34 to
4.43 g/cm3, whereas the molar volume decreased
from 37.67 to 30.84 cm?/mol. The changes are
attributed to the structural rearrangement of
TeO, atoms in the borate glass network. TeO,
acts as a network modifier causing the creation
of more nonbridging oxygen atoms. Hence
packing of molecules becomes denser as the
concentration increases, and thereby there is
an increase in density [15]. A reduction in
the molar volume is due to a decrease in the
bond length or interatomic spacing between the
atoms.
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Fig. 1. Changes in the density and the molar volume
of the multicomponent glasses with TeO, content

3.2. Optical absorption. The spectra of
Cr** (3d 3) free ion are characterized by two
states, the *P, *F quartet state (Fig. 2, a) and
the 2G, *H doublet state (Fig. 2, b). The quartet
state purely depends on the crystal field,
where as the double state does not depend on
the crystal field. An octahedral crystal field
symmetry (quartet state) exhibits broad spin-
allowed absorption bands due to

A, (D) =T (),
AP — T (),
Ay (D)~ T (P)

transitions.

In a weak field, the ground state represents
the t23g orbital (Fig. 3, a). On the other hand,
the two spin-forbidden bands are due to

‘4, () —E(G),
4, () =T (6)

transitions (Fig. 3, b).

Fig. 4 shows the optical absorption spectra
of glass samples. These spectra exhibited various
broad bands. The band at a wave number of
16025 cm™" was assigned to A (F) =T, (P
spin-allowed transition. Such an assignment
argues for the site symmetry of Cr** as either
C, or C, in the glass structure. The other
band with the wave number of 23474 cm™' was
assigned to the 4A2g(F) — T, (F) spin-allowed

10

transition. A low-resolved optical absorption
band with a wave number of 28011 cm™"' may be
masked by the fundamental absorption edge; it
was assigned to the 4A2g(F) — 4Tlg(P) transition
[16]. The dip in the absorption spectra around
700 nm indicates the presence of the Fano

a) 4 7,/F)
‘ ti e - orbital
9 g
4
F Y2dP) £ - orbital
g
or ™ (3d) 1l 2t omital
29 g
Quartet state 4
P t> e° - orbital
g g
4114P)

2 0)
2 2,40
2 7,0)

27,40

Doublet state

2 gH)

27, {H
2 7,(H)
Fig. 2. Splitting scheme of energy levels for the *P,

4F quartet (@) and the 2G, >H doublet (b) states
in the crystal field of the octahedral symmetry
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a) 44 (F
Tq g( )
4F
4 a, (F)
Ground state A2g
ofCr*
471, g(P)
b)
2 g, g(G)
Ground state
ofCr®
2T g(G)

Fig. 3. Spin-allowed (a) and spin-forbidden (b)
transitions in the weak crystal field; the former
depend on the field, the latter do not

antiresonance [17 — 19].

Optical absorption spectra can be used
to obtain additional information such as the
structural and bonding nature of Cr** ions in
the boric oxide from the Racah parameters (B,
C and Dq). These parameters can be calculated
from the following relations [16]:

Dg = E(*A,,—*T,) /10; (3)
Dg/B=15(X—8) / (X2 —10X), (4)
where X = (E,— E)) / Dg;
(44, —*T,) = 10Dq + 4B + 3C; )
h=1(B,,— B/ B,/ K. (6)

where Dg is the (1/10)-th of the energy of the
4A2g(F) — 4ng(l*) transition, B, = 918 cm™,
B 1s the interelectron repulsion in the d-shell,
C is the bonding between Cr** ion and its
ligand, K_,, = 0.21 [20].

The calculated Racah parameter values are
in good agreement with Cr**-containing glasses
[21]. The value Dg / B < 2.3 corresponds to
the *4, (F) —*T,(F) spin-allowed transition.
This transition has had an impact on laser
applications and it indicates that Cr3* centers
are mostly localized in the low field sites [22].
The parameter 4 indicates the nephelauxetic
function of ligands. The /4 parameter indicated
an increase with increasing TeO, content in the
glass samples under study. This result points to
an increase of ionic-bond nature between Cr3*
and its ligands in the glass matrix.

It is known that the Dg/B value is less
than 2.3 in the weak crystal-field sites, greater
than 2.3 in the strong ones, and this value is
equal to 2.3 in the intermediate fields. In the
present work, the Dg /B value was found to be

X=20

X=10

4 4
Azg(F)% T1g(F)
(426 nm)

4 4
Azg(F)ﬁ T &P
(357 nm)

(624 nm)
‘A, g(F)~>4 T,qF)

T
300

Absorbance, a.u

T
400

T T
700 800

T
600

T
500

T T
300 400 500

T T T
600 700 800

Wave length, nm

Fig. 4. Optical absorption spectra of 15MgO-15BaO-
-(59.8 = x)B,0,-(10.0 + x)TeO, glasses doped with Cr**
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Table 2
Optical absorption spectra identification and some parameters of chromium ions
in the glass systems MBBTCr
.\ Parameter value
Transition, parameter
MBBTCr-1 MBBTCr-2 MBBTCr-3 MBBTCr-4
A, nm 357 360 357 351
4 2 >
Azg(ﬁ) - T'g(P) A, cm™! 28011 27777 28011 28490
A, nm 426 430 431 440
4 4 >
Azg(F) - T‘g(F) A, cm™! 23474 23255 23201 22757
A, nNm 624 630 633 640
4 4 >
Azg(F) - ng(F) AL oem™! 16025 15873 15797 15625
h 0.659 0.665 0.665 0.883
Dg/B, cm™'/cm™! 2.03 2.01 2.00 2.09
B, cm™! 790 787 789 747
C,cm™! 2940 2915 3018 3291
Ip 0.63 0.60 0.58 0.55

Notations: A, A7 !'are the wavelength and the wave number for the optical absorption peak positions; Dg/B,
B, C are the Racah parameters; 4 is the nephelauxetic parameter; Ip is the Cr** ionic porocity.

Notes: According to Ref. [24], the Racah parameters are the following: Dg/B = 2.65, B = 619 cm™,

C=2233 cm™

around 2.0. This indicated that Cr3* ions are in
the weak ligand field sites. Different calculated
Racah parameters are given in Table 2.

By correlating EPR and optical data, the
chemical bonding parameter o is evaluated
using the following relation [23]:

g =g — 8al/A, (7)

where g is the g-factor of a free electron
(g, = 2.0023), A is the spin-orbit coupling
constant (A = 91 cm™), A(4A2g(f) — 4T, (F))
is the energy gap between the excited and the
ground levels. The value g, = 1.98 was taken.
3.3. Energy gap, refractive index and
interaction parameters. In the ultraviolet region,
the studies of optical absorption edge from the
absorption spectra have revealed various optical
transitions such as a direct and an indirect band
transitions. It is well-known that Cr3* ions have
three unpaired electrons in the 3d-shell, hence,
in the presence of electromagnetic waves, these
unpaired electrons exchange their energies in
the valence band and shift to the conduction
band. Various anions, involved in the glass
composition system as glass-forming oxides,
influence the conduction band, even though
the significant role of cations should not be
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ignored [24].

Fig. 4 shows the optical absorption
spectra of 15MgO-15Ba0-(59.8 — x)B,O,-
-(10.0 + x)TeO,-0.2 Cr,O, glasses. The absorp-
tion edges of these glasses are not sharp as
seen from the figure. Diffuse absorption edges
are characteristic of amorphous nature. The
shifting of absorption edges towards the higher
wavelength may be due to a decrease in the
rigidity of glasses as the TeO, concentration
increases over that of B,O.,.

The relationship between the photon energy
Ao and the optical energy gap E,, is given by
the following relation [25]:

a(w) = [const/(Aw)]/(hio — E ). 8)

opt

The direct and indirect allowed transitions
are given by » = 1/2 and r = 2, respectively.

Plotting the graphs for (o/®)'/? versus 7w
yields direct band gap (Enp,) energies, while
plotting the graphs for (a%w)? versus %o yields
indirect band gap (E,) energies, known as
Tauc’s plots. Optical band gaps calculated
from Tauc’s plots are shown in Fig. 5,a. By
extrapolating the linear portion of (a/i®)'/? and
(afim)? curves at /io = 0 we obtain the direct and
indirect band gap values (in eV). The optical
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Fig. 5. The Tauc’s (a) and the absorption spectrum fitting (ASF) (b) plots of all glass samples

band gap values can also be obtained from
the absorption spectrum fitting (ASF) method
proposed by Escobar — Alarcon, et al. [26].
Energy band gap values calculated by the ASF
method are denoted as E;;fF and obtained by
extrapolating the linear portion of the (a/\)"/"
versus (1/1) curve (Fig. 5, b) at (a/2)"/" = 0.

The value of the band gap E,y" in eV can
be obtained from the parameter A, using the
expression

ASF
E opt

=1239.83 / 1. )

The direct and indirect band gap values are
given in Table 3. The optical band gap values
obtained from Tauc’s plots are in agreement
with those obtained by the ASF method (Fig.
6). The decrease in energy gaps from 1.96 to
1.86 eV for indirect band transitions and from
3.15to 3.05 eV for direct ones indicates that the
structure of the resulting glasses has become less

13
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Table 3

Optical energy gaps and some other parameters obtained from optical and EPR spectra of Cr3*-doped glasses

Glass code Ep eV Ey™s eV R A o NIO%, leo_S,’n
r=12r=2r=12]r=21] " m’(kg)
MBBTCr-1 1.96 | 3.15 | 195 | 3.13 | 21.84 | 0.490 1.35
MBBTCr-2 191 | 310 | 190 | 3.09 | 21.31 | 0.486 5.45
MBBTCr-3 1.89 | 3.08 | 1.87 | 3.07 | 20.85 | 0.480 8.95
MBBTCr-4 1.86 | 3.05 | 1.84 | 3.03 | 20.44 | 0.470 13.28

Notations: Eg, EO’;,SF are the optical energy gaps, obtained using the Tauc’s and the absorption spectrum
fitting (ASF) plots, relatively; » = 1/2 and r = 2 correspond to the direct and indirect allowed transitions,
relatively; R, is the interionic distance; o is the chemical bonding parameter; N is the spin concentration;
y is the magnetic susceptibility.

ordered. The increase in TeO, concentration
results in the breaking of regular structure of
borotellurite glasses, which leads to a decrease
in the energy gap [2]. The decrease may also be
due to an increase in disorder in the glass and a
further extension of localized states within the
gap according to Ref. [27]. It was also observed
that the indirect band gap values were larger
than the direct ones.

The relation proposed by Dimitrov and
Sakka [28] is in the form

(= 1)/(w+2) = 1= (E,,/ 20)” (10)

and used to calculate the refractive index n.
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is related to the structure of the glass given by
the Lorentz — Lorentz equation

R = @m— 1DV /(n+2), (11)
where V is the molar volume; the quantity
(m* = 1)/(n*+ 2)
represents the reflection loss.
From relation (10), it is clear that as £

opt

decreases, the refractive index # shall obviously

The molar refraction R (expressed in cm’)  [7].

1.96
1.96
—uo— Egfrom Tauc's plot | 1.094
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Fig. 6. Eg as functions of TeO, concentration obtained from
Tauc’s and ASF plots for glasses with 0.2 mol% of Cr** ions

increase. As V decreases, n shall increase.
However, as the TeO, content increases in the
glass matrix, Te — O — Te bonds break up and
nonbridging oxygen is created. Thus, the ionic
character of bonding in the glasses increases
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The theoretical interaction parameter A,
was calculated using the following relation:

A XMgOAMgO XBaOABaO
+ XB2O3 AB203 TeO2 ATeO2 (12)
+ X ACr203;

Cr203

their values along with R are presented in
Table 3.

Average oxide ion polarizability of the ion is
described by A,, and indicates the interatomic
interaction.

3.4. Electron paramagnetic resonance
(EPR). In the glass matrix, Cr** ions may exist
as isolated Cr’" ions and exchange-coupled
Cr’*-Cr’" ion pairs [24]. The ground state
of a Cr*" free ion is *F. It belongs to the 34°
electronic configuration. In the absence of a
magnetic field, spin-orbit coupling splits one
state level into the Kramer’s doublet (|£1/2>
and |+3/2>) separated by 2D energy distance,
where D is the zero field splitting parameter.
In the presence of the external magnetic field,
the spin-orbit coupling splits into various
transitions like

=3/2> o |=1/2 >, |-1/2 > & [1/2 >,
112> o 32>

at gBB — 2D, gBB, gpB + 2D, respectively. In
all the transitions the maximum separation is
4D [29].

4A is the ground state level of Cr** ion in
an octahedral crystal field. In this field *F state
splits into the *4, s1nglet ‘T, and 4T orbital
triplets [24]. A large separation in spm orbit
transition leads to two resonance signals at
g~2—5]30 — 33]. So far EPR spectra of Cr**
ion-doped borate glasses [34] and borotellurite
glasses [35, 36] were reported. Spin-Hamil-
tonian parameters of the 15MgO-15BaO-
-(39.8 — x)B,0,-(10.0 + x)TeO,-0.2Cr,0O, glass
systems under consideration were calculated by
the following relation [22]:

H = py(BgS) + (13)
D{S?— [S(S+ 1)/3]} + E(S7—S)),

where i, is the Bohr magneton; Bis the magnetic
field; D, E are the fine structure constants for
axial and rhombic fields, respectively.

EPR spectra of the glass samples doped
with chromium are shown in Fig. 7.

th?

First derivative of abssorption

T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
Magnetic field, Gs

Fig. 7. EPR spectra of 15MgO-15BaO-
-(59.8 = x)B,0,-(10.0 + x)TeO,-0.2 Cr,0O, glasses
for various x at room temperature

The resonance signal at g = 4.80 assigned
to Cr**(I) indicated isolated Cr’* centers
in strongly distorted octahedral sites. This
resonance signal exhibited a large zero field
splitting paramer D; E > g'u,B, and E/D < 1/3
[30, 31]. The resonance signal at g = 1.98
assigned to Cr3*(Il) indicated isolated Cr3*
centers in axially-distorted octahedral sites.
This resonance signal also has a large value of
D and E/D << 1/3. The resonance signal at
g = 1.91 indicates Cr**-Cr** exchange-coupled
pairs [13]. Apart from these resonance signals,
one more resonance signal at g = 4.26 was
observed and assigned to Fe** ions, which were
unwanted impurities and can be also present
in the undoped glasses [20, 37]. The values
of g obtained for the glass compositions in
the present study are in tune with other glass
systems reported in the literature [24, 38].

3.5. Number of spins and susceptibility. The
variations in the number of spins N and the
susceptibility x with TeO, content are shown
in Fig. 8 and the values are given in Table 3.
The number N of spins participating in the
resonance at g = 1.98 was obtained from the
formula given by Weil, et al. [39]:

=(A4/A,) - [(Scan )*/(Scan_)*] x

X (GW/ G)I(H,),,/ (H)]I1g,)/ ()l *
LSS+ D] ISS+ D] <
< [(P,)/(P)] - std,
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where A is the area under the absorption curve,
which can be obtained by double integrating
the first derivative of the EPR absorption curve;
Scan is the magnetic field corresponding to a
unit length of the chart; G is the gain; H is the
width of the modulation field; g is the g-factor;
S is the spin of the system in its ground state;
P is the power of the microwave source. The
subscripts x and std represent the corresponding
quantities for the glass and the standart samples
(CuSO,5H,0), respectively.

The susceptibility y of the sample can be
calculated using the formula [40]:

1= NgpJ(J + 1)/(3k,T), (15)

where N is the number of spins per m?; the
other symbols have their usual meaning.

N can be calculated from Eq. (14) while
calculating the y values; g = 1.98 was taken.
In borate glasses the addition of TeO, content
results in the increase of open network, thus
the number of nonbridging oxygens increases
in the glass network, and this effect weakens
the O?” bonds for every Cr’* ions. Hence, the
interatomic distance between Cr3*ions decreases
and so the number of spins participating in the
resonance increases.

4. Conclusions

On the basis of EPR and optical absorption
studies on 15Mg0O-15Ba0-(59.8 — x)B,0,-
-(10.0 + x)TeO,-0.2 Cr,O, the following con-
clusions can be made.

i. Optical absorption spectra showed two
broad bands (16025 and 23474 cm™) due to
spin-allowed transitions that were assigned
to ‘4, (F) —*T,(F) and to A4, (F) —*T (F)
transitions. The 4A2g(F) — 4 ng(F) transition
revealed that the site symmetry of Cr’* was
either C, or C,. The unresolved broad band
corresponding to 28011 cm™!' was assigned to
the ‘4, (F) — 4T]g(P) transition.

ii. 'The value of Dq/B around 2.0 (which
is less than 2.3) indicated that Cr3* ions were

14 4
12 4
10 4

A

Nx10% per kg

T T T T T
10 15 20 25 30 35 40

X TeO,mole%

Fig. 8. The concentration of spins N for the
resonance signal at g ~ 1.98 as a function of TeO,
concentration

in the weak-field ligand sites. The increase in
nephelauxetic (4) values indicated the increasing
ionic nature between Cr3* and its ligands in the
glass.

iii. The decrease of the energy gap from
1.96 to 1.86 eV for indirect band transitions and
from 3.15 to 3.05 eV for direct band transitions
was attributed to the structure of the resulting
glasses becoming less ordered. The increase
in TeO, concentration results in the breaking
of the regular structure of borotellurite glasses
and, hence, is responsible for the decrease in
the energy gap.

iv. The resonance signal at g = 4.80 was
attributed to isolated Cr** centers in strongly
distorted octahedral sites. The resonance signal
at g = 1.98 was assigned to Cr3* centers at
axially distorted octahedral sites.

v. In addition to this, two more resonance
signals at g = 4.26 and g = 1.91 were also
observed. The resonance signal at g = 4.26
was assigned to the presence of unwanted
impurity Fe** ions, and the resonance signal at
g = 1.91 indicated the Cr’*-Cr3* exchange-
coupled pairs.
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BUXPEPA3PELWWAIOLWEE YUNCNEHHOE MOAEJ/IUPOBAHMUE
TPEXMEPHOTIO TYPBYJIEHTHOIO TEMEHUA B KAHAJIE
C PE3KMUM NMOBOPOTOM HA 180 rPA1YCOB

A.0. NaHos, B.B. Puc, E.M. CMmupHOB

CaHkr-lNeTepbyprcknm nonmMtexHmueckmmn yHueepcurer lNetpa Benumkoro,

CaHkr-lNetep6ypr, Poccunnckas Peaepayms

Metonamu LES-WALE u IDDES ¢ npumeHenuem koma ANSYS Fluent
16.2 BbIMOJIHEHBI pacyeThl TeyeHUst B U-00pasHOM KaHajie KBaIpaTHOIO CEYEHMSI
(R../D, = 0,65). Pe3ynbTaThl CONOCTaBUTEIbHBIX PACYETOB, TPOBEAEHHBIX Ul YMCIa
Peitnonpaca Re = 40000 ykazaHHBIMM METOIZAMHU, XOPOIIIO COINIACYIOTCS MEXOY CO-
ooii. Jng BanumauroHHbIX pacyeToB rpu Re = 100000, B yca0BUSAX ILIMPOKO U3BECT-
HBIX TeCTOBBIX 9KCIIEPUMEHTOB, UCITOJIb30BaH Oosiee sKoHOMUYHBIN MeTon IDDES.
ITpoaHaM3MpPOBaHO BIUSIHWE TOJIIMHBI MTOTPAHUYHOTO CJIOSI TIEpe] BXOIOM B TIO-
BOPOT Ha ToJie TeueHusi. PacueTHoe 1oJsie OCpeAHEHHOI CKOPOCTH 0Ka3aioch B yI0-
BJIETBOPUTEJLHOM COTJIACMU C ONBITHBIMU JaHHBIMU; BbIYMCICHHBIC Y U3MEPEHHbBIC
MOTEepU IaBJICHUS MOJHOCTBIO coBMaiu. CnesaH BBIBOI O TOM, UTO OCHOBHAS IIPH-
YMHA OCTaBILMXCS PACXOXACHUM MEXIY NTaHHBIMU PacueToOB U U3MEPEHUIA MOJIST CKO-
POCTH 3aKJIIOUaeTCsl B HEBO3MOXKHOCTH JOCTUYD ITOJIHOTO COOTBETCTBUSI ITOCTAHOBKM
BBIYMCIIUTENILHOM 3a/1auu YCJIOBUSIM 3KCIIEPMMEHTa, 8 UMEHHO — T10 COIJIaCOBaHHO-
CTU YCJIOBMM HAa BXOAHOW TPaHMUIIE.

KimoueBbie cioBa: U-o0Opa3Hblii KaHaj; TypOyJeHTHOE TeueHue; 4ducieHHoe MopeaupoBanue; LES;

IDDES

Ccpuika mpu muruposannu: [Tanos [[.0., Puc B.B., CmupHoB E.M. Buxpepa3spematoiee yncieHHOe
MOJIEJIUPOBAHUE TPEXMEPHOTO TypOyJIeHTHOTO TeUEeHUsI B KaHasle ¢ pe3KUM moBopoToM Ha 180 rpaaycos //
Hayuno-texnuueckue Begomoctu CIIGITIY. dusuko-matematuueckue Hayku. 2017. T. 10 Ne 4. C. 21—33.
DOI: 10.18721/JPM.10402

EDDY RESOLVING NUMERICAL SIMULATION OF 3D TURBULENT
FLOW IN A 180-DEGREE BEND OF STRONG CURVATURE

D.O. Panov, V.V. Ris, E.M. Smirnov

Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation

The paper covers LES-WALE and IDDES data obtained with ANSYS Fluent 16.2
for turbulent flow in a strongly curved U-duct of square section (R, /D, = 0.65). Results
of comparative computations performed with two approaches for Re = 40000 are in
a good agreement. For validation study at a higher Reynolds number, Re = 100000,
performed under conditions of the well known tests (Cheah et al., 1996; lacovides
et al., 1998), the IDDES approach is used as a resource-saving one. Parametric
computations cover analysis of inlet boundary layer thickness on the flow field. The
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>

mean velocity field computed is in a satisfactory agreement with the experimental
data, and the calculated pressure losses coincide completely with the measured one.
The main cause of remaining discrepancies between the calculated and measured
velocity field data lies in impossibility to achieve a full accordance of a computational
task setting to the test conditions, namely in the part concerning accordance of inlet

conditions.

Key words: U-duct; turbulent flow; numerical simulation; LES; IDDES

Citation: Panov D.O., Ris V.V, Smirnov E.M. Eddy resolving numerical simulation of a 3D turbulent
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BBenenune

Kananer ¢ m3rmoom Ha 180°, Ha3pIBaeMBbIe
Takxe U-00pa3HbIMU, XapaKTepHbI IS CH-
CTeM KOHBEKTHBHOTO OXJIAaXIEHUS JOIIaTOK
ra3oBBIX TYpOMH M TIPOTOYHBIX 3JIEMEHTOB
TEeIUIOOOMEHHBIX ammapaToB. Becbma dacTo
BcTpeyaroTrcs: U-oOpasHble KaHalIbl C PE3KUM
MOBOPOTOM TIOTOKA, KOTJA paauyc 3aKpyrie-
HUS CTeHKM Ha BHYTPEHHEH CTOpOHE IIOBO-
poTa MEHbIIE TOIEePeYHOro pa3Mepa KaHaa.
TypOyneHTHOMY TEUECHMIO B TaKOM KaHaje
MpuUCyle 0CO00 CI0XHOE MOBEACHNE, KOTOPOE
OIIPEHEIISIETCS, C OMHOM CTOPOHBI, B3AUMOIECHi-
CTBMEM BO3HUKAIOIIETO Ha ITOBOPOTE WHTEH-
CHMBHOI'O BTOPUYHOTO (IOIIEPEYHOI0) TCUCHMS
C OOLIMPHBIM, BeChbMa IMPOTSKEHHBIM OTpPHI-
BOM, a, C APYIOil CTOPOHBI, CUJILHO HEpPaBHO-
BECHOI TypOYJIE€HTHOCTbIO, pa3BMBAIOIIEICS B
YCJIOBUSIX TaKOTO B3aMMOEHCTBUSI.

MHTerpanbHble U JIOKAJIbHBIE XapaKTe-
PUCTUKM TypOYJIEHTHOTO MOTOKa B KaHajax
¢ pe3kuM TmoBopoTtoM Ha 180° umccnemyrorcs
SKCIIEPUMEHTAJIbHO UM METOAOM YHCJICHHOTO
MOIEJMPOBaHUS B T€YEHME JOCTATOYHO IIPO-
JTOJDKUTebHOTO BpemeHU. IIpu aToM ocoboe
BHUMaHMNE YAeISIeTCS CIy4yaro KaHaia KBaapaT-
Horo ceuyeHusi. Pabora [1] comepXuUT oOLIMp-
HbIe JaHHBIE O IIOTepSX JaBJeHHUS Ha IIOBO-
pOTe MIPSIMOYTOJIbHBIX KAaHAJIOB C Pa3IMIHBIM
OTHOIIIEHMEM CTOPOH ITOIEPEYHOrO0 CEUYCHMSI.
OTU JaHHBIE HEIOCPEICTBEHHO MCIIOJIbh30Ba-
HBI B COOTBETCTBYIOIIEM pa3feie INPOKO 13-
BECTHOTO CIIPaBOYHMKA I10 THAPABINYECKUM
conpoTtuBiieHusIM [2]. JIag kaHana KBagpaTHO-
To cedyeHus B pabore [1] ucciemoBaHbl TOTEPU
JNaBJIeHUsI B Auarna3oHe 3HauyeHUi yuciaa Peii-
Hombaca Re = (5 — 30)-10* (Re = U, H/v, U, —
cpelHepacxoiHas CKopocTb, H — momepeu-
HBIA pa3Mmep, v — KMHeMaTuyecKasl BSI3KOCTh
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Cpefibl) U I OTHOCUTEIbHBIX PauyCOB F 3a-
KpYIJIEHUS] BHYTPEHHEW CTEHKW B JMAIla30HE
r/H=0,01 —1,0.

B paGore [3] npuBoagTCA JaHHBIE O TOTE-
psIX JaBJIEHUS B KaHaJle C PauyCcoOM CpeJHei
anHuK nosopora R, = 0,65H (r/H = 0,15) B
nuanazoHe Re = (2 — 6)-10%. PesynbraThl 5THX
paboT MO3BOJISIOT 3aKJIIOYUTh, YTO B Ciydae
KaHaja ¢ pe3KUM TOBOPOTOM KO3(PPULIMEHT
MoTephb AaBJICHUST MPAKTUYECKU TepecTaeT 3a-
BUCeTh OT uucia PeliHonbiaca, HayuMHas co
3HaueHus Re = 10°. Ilpu MeHbIIMX Yucaax
PeitHonbaca ko3¢ UIIMEHT NMOTeph NaBJICHUS
cJenyeT 3aBUCUMOCTHU

¢ =8, 71-Re”*,

roe (=2AP/ (psz) (AP — mnepeman cratu-
YECKOTro JABJIICHMSI MEXIY CEUCHUSIMU KaHaya
Ha MPSIMBIX Y4acTKax Iepel U 3a ITOBOPOTOM,
p — IUIOTHOCTH)[3].

B paborte [3] mpeacraBieHbl TakXKe pac-
YETHbIE 3HAUYEHUS (, TOJyYeHHbIE Ha OCHOBE
YUCJIIEHHOTO MOJEIMPOBAaHUS C TIPUMEHEHUEM
URANS- u LES-nonxonmos. Iloka3ano, 4uto B
nurana3oHe Re = (2 — 6)-10* pe3yabrathl pac-
4yeToB B ciydyae ucnosib3oBaHus LES-moaxona
¢ noxncetouHoit mopenbio WALE [4] ynoBneT-
BOPUTEIBLHO COBIANAIOT C JAHHBIMUA COOCTBEH-
HOI0 3KCITepUMMEHTa U JaHHBIMU padoThI [1].

B pabGorax [5 — 7] meraapbHO MCClemoBaHa
CTPYKTypa T€YCHMSI B HEMOJABMKHOM M Bpallia-
routemca U-obpasnom kanane (R, /H = 0,65)
KBazpaTtHoro cedeHust mpu Re = 10°. PaboTsl
[5, 6] comepXar pe3yJbTaThl 3KCIIEPUMEHTAIIh-
HOTO UCCJICIOBAHUST CTPYKTYPhI TEUCHUSI HETIO-
CPEJICTBEHHO TIEpe/l TTOBOPOTOM, B TTIOBOPOTE U
3a HUM, BKJII0Yasl OTPBIBHYIO 30HY, C IIOMOIIBIO
JIa3epHOTO JIOTJIEPOBCKOTO U3MEPUTENISI CKOPO-
ctu (JIAMC). B pabote [7], mpomoskarolieit
paboThl [5, 6], IpeaCTaBIeHbl TAKXKE DKCIEPH-
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MEHTaJbHbIE TaHHbIE O PACIPEACICHUN KO3(]-
(buiMeHTa JaBlIeHUs] BOOJb IUIOCKOH (TOpIie-
BOIT) CTEHKM KaHaJja.

Pesyabratel pabdor [5 — 7] muMpoko uc-
MOJIB3YIOTCS B KaueCTBE TECTOBBIX [JI BaJIM-
Jaly pa3IdyHbIX MOAXOIOB K UYMCICHHOMY
MOIEJIMPOBAHUIO CTPYKTYpPBI TYpOYJEHTHOTO
TeueHus: B U-00pa3HbIX KaHaax ¢ pe3KUM I10-
BopoToM mnotoka [8 — 12]. Pa6otsl [§ — 10]
W psif OPYTUX MOKa3bIBAaIOT, YTO MCIIOJIb30Ba-
Hue RANS-nonxoaa ¢ MoaeassMU U30TPOITHOMI
TypOYyJICHTHOI BSI3KOCTU HE ITO3BOJISIET MOJIY-
YUTb YAOBJAETBOPUTEIBLHOTO COIIACOBAHMS C
SKCIIEpUMEHTAJIbHBIMU TaHHBIMU [5 — 7].

B pa6orax [9, 11] mpencTaBieHBI pe3yiib-
TaThl PacYeTOB IMOJIE CKOPOCTH, ITOJTYyYCHHBIE
npu ucnonb3oBanun RANS-momxoma ¢ mome-
JIIMA  PeHHOJIBICOBBIX HampstkeHuit (Second
Moment Closure, SMC). Ilo gaHHBIM M3 3TUX
paboT MOXHO 3aKJIOUNTh, YTO CPEIr MOAEJIEH
PEMHOBACOBBIX HANPSDKEHUI HAWTYJIlne pe-
3yJbTaThl JaeT HU3KOPEUHOJbACOBas MOMAECIb
TCL SMC (Two-Component-Limit SMC) [13].
Tem He MeHee, M 3Ta MOJIIEJIb CYILIECTBEHHO He-
JIOOLIEHMBAET MPOTSKEHHOCTh OTPHIBHOM 00J1a-
CTU Ha BBIXOAE U3 IoBopoTa [11], 1o kpaliHei
Mepe, B cllyyae HEeMoJABMXKHOTO KaHaja.

JlaapHeluii mporpecc B TMOBBLILIEHUU
KayecTBa IpeJcKa3aTesibHbIX pPacueToB pac-
CMaTpUMBAEMOTO THUIIA TEUYECHUI CBI3bIBACTCS
C TIpMMEHEHHEM BMXpepa3pellarolInX II0I-
X0a0B. ABTOpbI paboThl [12] MpOBOAWIU BbI-
yuciaeHuss Ha ocHoBe (LES-WALE)-noaxona
B COYETAaHUM C METOIOM IIPUCTEHHBIX (PYHK-
Ui (BBIYUCIMTEIbHAS MOAEIb U3 CeMeicTBa
Wall-Modeling LES). B cinyyae HenmoaBUKHO-
ro KaHaJjla pe3yJbTaThl 3TUX BBIYUCICHUN JTyd-
1lI€ COIIacyrTCs C JaHHBIMM 3KCIIEPUMEHTOB
[5, 6], yeM maHHBIE pacyeToOB, BBIINOJIHEHHBIX
B pabote [11] mo momenu TCL SCM. Bwmecte
C T€M, OCTAlOTCSl CYIIECTBEHHbIE PACXOXKACHUS
pacYEeTHBIX M IKCIEPUMEHTAJIbHBIX MpoduiIeit
CKOPOCTH, OCOOEHHO B CEUYEHWM, PaCIOoJIO-
JKEHHOM HECKOJIbKO HMXE IO ITOTOKY OT OT-
PBIBHOM 00J1aCTH.

OO01Mit aHaIM3 pe3yabTaToB, MPEACTaBIECH-
HBIX B pabdotax [11, 12], npuBoOUT K 3aKII04YE-
HUIO, YTO MPUYMHAMU OCTABIIMXCS PACXOXKIE-
HUN MEXITY JAHHBIMU PACUYE€TOB U M3MEPECHMIA
MoJiI CKOPOCTM B TECTOBOW KOH(UIypaliu
[5, 6] Moryr OBITb HE TOJBKO MOTPELIHOCTHA

W3MEPEHUI, HECOBEPIIECHCTBO MOACIU Typ-
OYJIEHTHOCTM M CETOYHAsl YYBCTBUTEJIbHOCTh
YHUCJIIEHHOTO PEIIEHUsI, HO U HEIMOJHOE COOT-
BETCTBUE ITOCTAHOBKM BBIUMCIMTE/IBHON 3a1a-
YM YCJIOBUSM 3KcIlepuMeHTa. Ilpexnae Bcero,
5TO KacaeTcsl HEOIIpeAeIeHHOCTE B 3aJaHuU
YCJIOBUIA Ha BXOJIE€ B pacyeTHy1o ooaacTh. K co-
KaJIEHWIO, TaHHbIe M3MepeHuii |5, 6] misa ce-
YeHUs, PacIlOJI0XEHHOIO BBIIIE MO MOTOKY OT
MOBOPOTA U CIIYXKAILIETO BXOIHBIM CEUEHUEM B
pPacUETHBIX MOJENSX, OrPaHWYEHbBI JIUIIb Tpe-
MsI IpoWISIMU TIPOAOJIBbHOI ckopocTu. bonee
TOrO, 3T MPO(WIM HECUMMETPUYHBI, C pa3-
JIMYHOH TONIIMHON MPUCTEHHBIX MTOrPaHUYHBIX
CJIOEB Ha TIPOTUBOIIOJOXHBIX CTeHKax. Bce
5TO MNPUBOAUT K HEBO3MOXHOCTH AOCTAaTOYHO
TMOJIHOM PEKOHCTPYKLIMM BXOMHBIX YCIOBUM M
K HEKOTOPOMY IIPOM3BOJIY Jaxke B BHIOOpE Ha-
YaJIbHOM TOMIIMHBI MOrpaHuYHoOro cios. Kak
CJICICTBUE, BO3HUKAET BOIIPOC O YYBCTBUTEIb-
HOCTH pe3yJIbTaTOB UYHCJIEHHOTO MOIEIMPOBa-
HUS K 3aJaHUIO TOJIIMHBI ITIOIPAaHUYHOTO CJIOSI
Ha BXOJI€ B pacyeTHYIO 00J1acTb.

B HacTositeir paboTe 3TOT BOIPOC M3yda-
€TCsl MPUMEHMTEIBHO K YCIOBMSIM DKCIIEpU-
MEHTOB [5 — 7] mocpeacTBOM YMCJIEHHOTO
MopaeaupoBaHus Ha ocHoBe Meroga IDDES
[14, 15]. IlocnenHuii sIBAsIETCS TUOPUIHBIM
He3oHaTbHBIM RANS/LES-meTomoM, KoTO-
pbIii TIO3BOJISIET MPOBOAUTH BUXpepaspellaio-
1IMe pacyeThl TypOYJEHTHBIX TEYEHUI, orpa-
HUYEHHBIX CTEHKAMMU, TPU BBICOKMX YMCIIAX
PeiiHonbaca m Ha pecypcax C CyILIECTBEHHO
MEHbIIIei (1Mo CpaBHEHUIO ¢ «4uCTbiM» LES)
BBIYMCIUTEIBHON MPOU3BOAUTEIHLHOCTBIO.

W3znoxenuto pesynbratoB IDDES-pacueTroB
st yucna PeitHonpaca, paBHoro 10° m oTBe-
YaoIIero yCJIOBUSIM 3KCHEPUMEHTOB [5 — 7],
MNpelIeCTBYeT IPeACTaBlIeHUe NaHHBIX COIIO-
CTaBUTENILHBIX pacdyeToB Mo merogaM IDDES
u LES-WALE, BeImoJIHEHHBIX Tipu yucie Peii-
HOJIBACA, YMEHBIIEHHOM OO0 3HadeHus1 4-10%
Bce pacueTbl MpOBOIUINCH ¢ MCOb30BAHEM
MPOrpaMMHOTO TIaKeTa BBIYUCIUTEIBHON T'M-
nponuHamMuku ANSYS Fluent 16.2 [16].

ITocTranoBka 3anaumn
M BBIYUCJJIUTEJIbHbIE ACIIEKTbI

T'eomeTpuueckas monaenb U-o0pa3HOro Ka-
HaJia, 1151 KOTOPOTO 9KCIIEPUMEHTAIbHO UCCJIe-
JIoOBaHa CTPYKTypa TeueHus [5 — 7], npencras-
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p XT
Rout =57.5 mm < Inlet Y H=50 mm
/ <«
h=15 mm
X K —>
| VA Outlet

Puc. 1. 'eomerpust monenupyemoii yactu U-o0Opa3Horo kaHaja

JieHa Ha puc. 1. M3mepeHus pacripeneaeHuin
MPOAOJIbHOM KOMIIOHEHTBI CKOPOCTU B 00Ja-
CTH, JIeXaIlEil BEIIIE IO MOTOKY OT IOBOPOTA,
MPOBOAUIUCEH [5, 6] B ITOMEPEYHOM CEYEHUU
KaHaJjla, pacroJIOKeHHOM Ha paccrosHuu 3H
BBEpPX MO IOTOKY OT moBopora (Z/H = —3).
Ha puc. 1 3T0 cedyeHUe MoKa3zaHO KaK BXOJ-
HOE, TaKUM X€ OHO OBLIO MPHUHATO IPU IO-
CTAHOBKE 3a/laud YMCJIEHHOTO MOJEeIMpOBa-
Hus. BbIxomHoe cedyeHME KaHajla MOMEIIEHO
HamMu Ha pacctosiHuu 10 kaamOpoB OT MOBO-
pota (Z/H = 10), 4T0 6JIM3KO K yCJIIOBUSIM IKC-
nepuMeHTOB. OCh Z coBIagaeT ¢ OChIO KaHala
Ha TIPSMBIX y4acTKax M HampamjieHa B Ty Xe
CTOPOHY, YTO U TOTOK. 3HaueHue Z = () cooT-
BETCTBYET IIOCKOCTHU, OTHC/SIONICH IIpsIMbIe
YYacTKM KaHaja OT ydyacTKa MOBOpOTa.
BxogHast ckopocTh M XapaKTepUCTUKU
TypOYJICHTHOCT! OIIPEIeIIsUINCh B pe3yJbTaTe
BCITOMOTaTeJIbHBIX PAacyeTOB Pa3BUBAIOLLETOCS
TE€YEHUS B IUIMHHOM IPSIMOJIMHEHOM KBagpaT-
HOM KaHaJle, IpoBeJeHHbIX Ha 0cHOBe RANS-
MOIX0Ia C MOMEJIbIO TypOyIeHTHOCTH k- SST.
McxomHo 1Liesib 3TUX pacueToB 3aKjIoyajiach B
MOJyYeHUN pacrpeaesieHnii, Hanboiee CcooT-
BETCTBYIOILIIMX 3KCIIEPUMEHTAJbHBIM HaHHBIM
[5, 6] mig mepBOro M3MEPUTEILHOTO CEYCHMUS
(Z/H = —3). 3nechb, OomHAKO, BCTPETUIMCH
TPYOIHOCTH, CBSI3aHHBIE C OTMEUYEHHOM BBIIIE
HECHMMETPUYHOCTBIO  BKCIEPUMEHTAIbHBIX
npoduaeii CKOPOCTH, B TO BpeMsI KaK YMCJICH-

HOe pellieHre 00JasaeT CUMMETPUE OTHOCH-
TEJIbHO JIBYX CPEIMHHBIX ILUIOCKOCTel. B urore
ObLTM BBIOpAHBI JBa BapuMaHTa BXOAHBIX pac-
npenejieHuit, MepBbIii U3 KOTOPBIX COOTBET-
CTByeT HavanbHOU (nipu Z/H = —3) TomuHe
norpaHuyHoro ciosg 8 = 0,1H (B CpeaMHHBIX
TUIOCKOCTSIX), a BTOpoil — 3HaueHuto § = 0,2 H.
Kax Oymer mokazaHO HUXXe, IEpBOE U3 BbI-
OpaHHBIX 3HaYEHUI HAYaJIbHOUW TOJIIMHBI MMO-
TPAHUYHOTO CJIOSI COOTBETCTBYET pe3yJIbTaTaM
U3MEPEHUI TPOoMUIA CKOPOCTU Yy OMHOW U3
CTEHOK, a BTOpO€ — 3KCHepUMEHTAIbHOMY
npouIo0 y MPOTUBOMOJIOXHOW CTeHKH. Be-
JIMYMHA § OlleHMBaJach KaK pacCTOSIHUE OT
CTEHKM 10 TOYKM CO 3HAYeHUEM CKOPOCTH,
paBHbIM 0,99 OT MakCMMaJIbHOW CKOPOCTHU B
ceyeHuU. B BbIXOMHOM ceyeHMM KaHaja 3a-
JlaBajoCh MOCTOSHHOE JaBJIEHME, Ha CTeHKaX
KaHajia — ycJOBME TPUJIUTIaHUS.

W3 BOo3MOXHOCTE!, MpeaoCcTaBIsIeMbIX I1a-
ketoM ANSYS Fluent 16.2 mo Buxpepaspeiia-
IOLIEMY YMCJIEHHOMY MOJEJIMPOBAaHUIO, B Ha-
cTosIlel paboTe MpearnoyTeHrue ObUIO OTAAHO
merony LES ¢ moncerounoit monensio WALE
[4] n Tubpunnomy nonxonay IDDES (B Bepcuu
pa6oTsl [15]). s co3maHus Ha BXOMHOH Ipa-
HUIIe TYpOYJIEHTHOTO KOHTEHTa, HEOOXOAUMO-
ro npu pacuerax no merogam LES u IDDES,
Ha 3TOW IpaHuWIle TEeHEePUPOBAIUCh CTOXAaCTU-
yecKue BUXPHU, MOCPEACTBOM aKTMBallUM OI-
v “Vortex method” [16].

Taoauma 1
OCHOBHbIE XaPAKTEPUCTHKH PACYETHBIX CETOK Il BUXPEPA3PEIAIOIMX OIX0I0B
Ne cetkmn ITonxon Re N, 1076 SX*T, 8Y* YAl
1 LES-WALE 4-104 16,2 20 40
2 IDDES 4-104 6,9 50 50
3 IDDES 10° 13,8 125 125

O6Gosnauenusa: N,

A4YCEK B AAp€ IMOTOKA.
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C yyeToM mnpeacTraBleHHBIX B pabdote [3]
JAHHBIX II0 CETOYHOM YyBCTBUTEJIBHOCTU pe-
syasTaToB (LES-WALE)-pacueToB TeueHUs B
KaHaJle TOM ke TeOMEeTPUH, B HACTOsIIIIel paboTe
BBIYMCJIEHUS TTIPOBOIWINCH Ha TPEX KBA3UCTPYK-
TYPUPOBAHHBIX PACUYETHBIX CETKAX, COCTOSILIMX
W3 TeKcaspaiabHbIX 3JIeMEHTOB. OCHOBHBIE Xa-
PaKTepUCTUKM CETOK JaHbI B Ta0. 1.

3amMeTuM, 4To ceTka 1 Obula BhIOpaHa aHa-
JIOTUYHOW OJHOUW M3 CETOK, MCITOJb30BAHHbBIX
B pabote [3] (ceTka 4 B yKazaHHOM JIMTEpa-
TypHOM HucTO4YHUKe). B Tabn. 1 mis Bcex pac-
YETHBIX CETOK MPUBEIECHBI (B HOPMUPOBAHHBIX
BEJIMYMHAX) XapaKTepHbIE pa3Mephl sSTueekK, Ha-
XOIdIIUXCId B sape moToka. OTMETUM TakkKe,
YTO ISl IPUCTEHHBIX STYeEK HOPMHMPOBAHHOE
paccTosTHME OT IEHTpa SYEWKU OO0 CTEHKH
(X, wmm Y]") He NpeBBIIIAIO E€IUHULBI BO
BCEX MPEICTABISIEMBIX YUCICHHBIX PEIICHMUSIX.

B pabotax [5 — 7] aKcriepyMeHTaJIbHbIE TaH-
HbI€ TOJYYEHBI [UISI OTHOCUTEJIBHO BBICOKOTO
3HaueHus1 ynucaa PeitHonbaca (Re = 105). Tpu
5TOM 3HAYEHMU Pa3MEPHOCTb MCIOJb30BAHHBIX
CETOK (CM. TabJ1. 1) oKa3bIBaeTCsl HEIOCTATOUHOM
J71s1 KoppekTHoro npumeHeHust LES-nonxona ¢
noacetouHoir monenbio WALE, xoporiio 3ape-
KOMEHIOBaBIIIETO €051, B YACTHOCTH, MPU MPO-
BEICHUHM PAcueTOB TEUYEHUsI B KaHaje AaHHOI
TEOMETPUM TIPM MEHBIIMX 3HAYCHUSIX YMUCIa
Peitnonbaca (Re = (2 — 6)-10%) [3].

B Hacrosiieii paboTe BBIYUCICHMST TIPHU
Re = 105 BbIIOJHEHBI C HCIOJb30BAHUEM
0onee skoHOMMYHOro rubpugHoro IDDES-
nonxoma [14, 15], B KOTOpOM OTHOCUTEIHLHO
YHUBEpPCaJIbHbIE MEJKOMACIITaOHbIE BUXPEBbIE
CTPYKTYPbl, PAcCIOJOXEHHbIE B MPUCTCHHOM
obnactu, momenupymores k-o SST mopenbro
TypOYJICHTHOCTH, a KPYITHbIE BUXPEBbIE CTPYK-
TYpPbI, PACIIOJIOXEHHbIE HA YAaJCHUU OT CTEH-
Ku, paspemiaiorcas B pamkax LES-momxopa.
YToOBI HOMOIHUTEIBHO MPOBEPUTH adeKBaT-
HOCTb PE3yJbTaTOB, MOJIYYAEMbBIX 11 TEUYECHUMA
paccMaTpuBaeMOIro THIa Ha OCHOBE IMOAXOIa
IDDES, 011 BBIIIOJTHEHBI COTIOCTaBUTEIbHEIE
pacdeThl TeUSCHMS B KaHaJIe TOM K€ TeOMETPUM
pyu YMEpEeHHOM 3HayeHUM uucia PeitHoibaca
(Re = 4-10%) kak ¢ ucCnojb30BaHUEM MOAXOJa
LES-WALE, tak u IDDES-tiogxona.

M3 BO3MOXHOCTEI, IpemoCcTaBIsSIeMbIX
nmaketoM ANSYS Fluent 16.2 mo HacTpoii-
K€ BBIYMCIMTEILHOIO ajropuTMa, BbIOMpa-

JIUCh cleaytolue onuuu. JIs anmnpokcuma-
LIMM KOHBEKTHMBHBIX CjlaraeMbIX MpPUMEHEHA
LIEHTPaJIbHO-PA3HOCTHAsI CcXeMa BTOPOro II0-
psanka. Jasi anmpoKCUMAalMM ITPOU3BOIHBIX
MO0 BpeMeHU BbIOpaHa TpeXCloilHas cxema
Oiinepa. MHTEpHoasIuuy AaBAeHUS Ha I'paHb
pacueTHOU S4YEeKM MPOBOAMIACH IO OILIUU,
peanu3ylolleil B3BELIEHHYI0 CYMMY IIPOTHUBO-
MOTOYHBIX CXEM TEPBOrO U BTOPOTO MOPSIKOB.
Pacuer rpanueHTOB B LIEHTpax siueeK IIPOBO-
JIWJICS MO METOAY, OCHOBAaHHOMY Ha (opmy-
Je I'aycca — I'puHa. [Ins obecrieyeHUsT CBI3U
YpaBHEHUI1 OajaHca MacChl U MMIIYJIbCA BbI-
OpaHa HaubOoJiee ObICTpasi, IOCea0BaTeIbHAs
cxeMa pelIeHUs YpaBHEHUIA C YCIIOBHO O€3bl-
TePaLMOHHBIM IIPOABIXKCHUEM II0 BPEMEHHU,
a umeHHo — NITA-FSM. Illar mo BpemeHU
MOA0OUPAJICST U3 YCIOBUSI, CONIACHO KOTOPOMY
MaKCHMaJIbHOe 3HaueHME JIOKAJIHHOTO YHCIIa
Kypanra He goyskHo mpeBocxoautsb 0,8. s
TOJIyIEHUST OCPEIHEHHBIX XapaKTePUCTUK T10-
TOKa CTaTUCTUKA HaKaruiMBajach Ha MPOTSIKe-
Huur 150000 mraroB mo BpeMeHU; Tepea 3TUM
nenanoch 40000 1maroB ojig BbIXOJA Ha CTa-
TUCTUYECKM YCTAHOBUBIIMIACS pexuM. I[lpu
VHUIMAIU3alMNA KaXI0ro U3 pacyeToB, B Ka-
YeCTBE HA4YaJbHOIO NMPUOJIMKEHUS MCIIOJIb30-
BaJINCh JaHHbIC, IOJYYCHHBIC IIPU PELICHUU
RANS-ypaBHeHU#1, 3aMKHYTBIX II0 MOZAEIHU
TypOyaeHTHOCTH k-» SST.

OO0cyKaeHne pe3yJbTaToOB

Conocrasyienne pemenuii mo merogam LES-
WALE u IDDES. Pacuernbl TeueHUSI C ABYMSI
MoaX0AaMU K MOJAEIMPOBAHUIO TYpOYJEHTHO-
CTU IPOBOAWIMCH IIpU 3HAYCHMU uMcia Peii-
Hosbaca, cocrapistomeM 4-10% Ilpu 3Tom Ha
BXOJIE B KaHaJl 3aJaBajiCh paclpeleecHUs
CKOPOCTM M XapaKTepPUCTUK TYpOYJIEHTHOCTH,
COOTBETCTBYIOIIME HA4yaJbHOM TOJIIMHE II0-
rpaHuyHoro cyos & = 0,2H.

AHanu3 TMOJIydeHHBIX JaHHBIX IOKa3all,
YTO COMOCTaBJISIEMbIE METO/IbI BUXpepa3pela-
IOLIEr0 MOACIMPOBAHMS [IJI BCEl pacueTHOMU
00J1aCTV [al0T UAEHTUYHBIE MO CTPYKType U
O4YeHb OJIM3KKME B KOJMYECTBEHHOM OTHOILIE-
HUM MOJISI OCpeTHEeHHOM ckopocTtu. Ha puc. 2
CpaBHMBAIOTCS MPOMUIN MPOJOIBLHOI OCpe-
HEHHOM CKOPOCTHU, MOCTPOCHHBIE MO PE3YyJib-
tatam pacuetoB Mmetromamu LES-WALE u
IDDES nmng Tpex momepedyHbIX CEYeHU Ka-
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o = 180°
(Z/H = 0)

Y/H = 0,500

ZIH=1

ZIH=3

Puc. 2. TTpodunu ocpeaqHeHHON MPOAOIBLHON KOMITIOHEHTHI CKOPOCTH, pAaCCYMTaAaHHBIE METOIAMU
LES-WALE (crmomnsie aunun) u IDDES (tutpuxoBsie tunun); Re = 4-10*

Haja, pacrnoJIOXKeHHbIX B obnactu Z/H > 0.
ITpodunu naroTcs Ha TMHUSIX, 0OpPa30BAHHBIX
nepeceyeHreM MomnepeYHbIX CEYEHUM C ABYMSI
MPOJOJbHBIMU CEYECHUSIMU, MapasjieIbHbIMU
iockuM creHkam. Ceuenne Y/H = 0,875 ne-
KUT OJNIMKE K OJHON M3 IJIOCKUX CTEHOK, a
ceueHue Y/H = 0,5 coBmamaeT co cpeanHHON
MJI0CKOCThIO KaHaa. CKOAbKO-HUOYAb CyIle-
CTBEHHbIE pa3nuus B mpoduisx Habaoaa-
I0TCSA JIMIIb Ha YYacTKe 3a IIOBOPOTOM, I/
CpeaHss pa3HUllA JOKAJIbHBIX 3HAUEHU CKO-
POCTU B CXOACTBEHHBIX TOUKAX Ha MPOGUISIX
nocturaeT 5%.

Bonee monHoe mpeacraBieHHe O pasiiv-
YUSIX B pacrpeiesieHUus X TMPOAOJbHOM, HOp-
MHMPOBaHHOM Ha U,, CKOpOCTM B CEYEHUU
Z/H = 3, naBaembix metogamu LES-WALE n
IDDES, MoxHo nonyyuth u3 puc. 3. BumHo,
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yro IDDES-nonxonm maer HeckoibKo Ooiee
OIHOPOJHOE paclpeneieHue CKOPOCTU. 31ecCh
clieAyeT OTMETUTh, UTO Pe3yJIbTaThl PaCcUETOB
JUISL ydyacTKa TEYeHMs, PacCIIOJOXEHHOTO Ha
MeCTe CMBIKAHMSI OTPBIBHOW 00JlacTM M He-
CKOJILKO HMXKE 10 MOTOKY (Cloja IoIamaer u
ceuenue Z/H = 3), okasbIBaloTcs HauboJjee
YYBCTBUTEILHBIMU K BbIOOPY MaTeMaTU4YECKOM
MOJIEJIN, JIeKalllell B OCHOBE ITPOBOAUMBIX BbI-
YUCCHUI. DTO 3aKII0YEHUE OCHOBBLIBACTCS HE
TOJILKO Ha pe3yJbTaTaX HACTOSIIIMX PacyETOB,
HO M Ha oO0lleM aHalu3e pe3yJabTaToB Oosee
paHHUX pPabOT, MOCBSIIEHHBIX YMCICHHOMY
MOJECIMPOBAHUIO TYpPOYJICHTHOTO TEYCHUSI B
U-obpa3HOM KaHajie paccMaTpuBaeMoil Teo-
merpum [9, 11, 12].

ComnocTasisieMble MOAXOAbI K MOAEIUPOBA-
HUIO TYPOYJEHTHOCTU Naiu OJIM3KUE pe3yabTa-
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Puc. 3. M301MHUM OCPETHEHHON NMPONOIBHON KOMIIOHEHTHI ckopoctu U, /U, B ceuennn
Z/H = 3, paccuntanusie MmetogamMu LES-WALE (a) u IDDES (b); Re = 4-10*

Thl 1 JJISI UHTErPaIbHBIX XapaKTepUCTUK. Tak,
3HaueHUs KoaddurineHTa noTepb AaBaeHus C,
oIpele/ieHHbIe 10 pa3HUIIe CTaTUYECKUX IaB-
JleHu# B ceueHusix Z/H = —3,0 u 8,5, cocTtaBu-
qm 1,85 B ciayuae pacuera metonom IDDES u
1,87 — meronom LES-WALE.

B 1iestoM ke, pe3ysibTaThl IIPOBEASHHOIO CO-
MOCTaBUTEJLHOIO aHaju3a JOKaJIbHbIX U MHTE-
TPaJIbHBIX XapaKTePUCTUK TEUEHMSI ITO3BOJISIIOT
ciesaTh 3aKJIIOUYEHUE O XOPOIel COrjacoBaH-
HOCTHU JAaHHBIX, MOJYYEHHBIX MO IBYM BUXpE-
paspelapimM MeTogaM U O liejecoodpas-
HOCTU MCHOJIb30BaHUSI 00Jiee 3KOHOMUYHOTO
IDDES-nonxona mist MOAeIMpOBaHUS TeUSHUS
npu Re = 10°.

CpaBHeHHe JKCNEpUMEHTAJIBHBIX M pacyeT-
HbIX noJieil ckopoctu s Re = 103, Kak orme-
4yajoch BbILIE, MPU MPOBEAECHUN PACcUYeTOB IO
merony IDDES npu Re = 103, 6b11u BBIOpa-
HbI IBa BaprMaHTa BXOAHBIX paclpeiaecHuil, ¢
pa3IMYHOM HAYaJbHOM TOJIIUHOW TPUCTEH-
HBIX cjoeB. B BepxHeit yactu puc. 4 npoduau
CKOpOCTHM, 3aJaBaeMble B pacuerax IJisi BXOI-
Horo ceueHus1 Z/H = —3, comocCTaBISIIOTCS
C pe3yJibTaTaMHW WU3MEPEHMii [6] 1 TOro ke
ceyeHus. MOXHO BUAETh, YTO MOJy4YEHHOE B
SKCIIEpUMEHTE HECUMMETPUUYHOE paclipeieie-
HUE CKOPOCTH B 1I€JIOM COOTBETCTBYET TOJIILLIM-
He 8 = 0,1H okoj0 BHelIHE! (OTHOCUTEIHLHO
u3ruba) creHKu 1 3HadyeHuio & = 0,2H oko-

JI0O BHYyTpeHHel cTteHKu. OOllee mpeBbIllIeHNe
BXOOHBIX pPacyeTHBIX 3HAYEHWI CKOPOCTU B
SIpe MOTOKA Haj SKCIIePUMEHTaJIbHBIMM 3HA-
YyeHUSIMM, 0COOeHHO B ciaydae § = 0,2 H, MOX-
HO CB$I13aThb C ABYMSI (paKTOpaMu.

Bo-TmepBBIX, 3KCIIepUMEHTAIBHOE pacIipe-
JieJieHre CKOPOCTU B ceueHuu Z/H = —3 ume-
€T IBHO BBIPAXXEHHYIO CKOILIEHHOCTD.

Bo-BTOpBIX, MOIE/b ¢ U30TPOMHOM BSI3KO-
CTBIO, UCIOIb30BaHHAS IJI1 ONMCAHHBIX BBILIE
BCIIOMOraTeJIbHbIX pPacueToB, HE CIIOCOOHA
BOCIIPOM3BOIMTL YIVIOBbIE BTOPUYHBIE Teye-
HUsI, XapaKTepHbIe IS TypOYJECHTHOTO Teye-
HUS B IIPSIMOJIMHEMHBIX KaHajlaxX MPSIMOYTOIb-
Horo ceuyeHus [17 — 19], U, COOTBETCTBEHHO,
WX BBIpaBHUBAIOIIECE [EHCTBME Ha pacIipe-
JeJCHNE CKOPOCTM B IOIEPEYHOM CEUECHUU
KaHanma (cMm., Hampumep, padoty [20]). DToT
HEIOCTATOK B 3aJlaHUM BXOIHBIX pacIipeneic-
HUI, MPEeACTaBIseTCs, OJHAKO, MEHee Cyllle-
CTBEHHbIM, YeM HEOINPEIeICHHOCTU B 3aJaHUN
HAYaJIbHOM TOJIIMUHBI MOTPAHUYHOIO CJIOH,
MOCKOJIbKY TeUYeHHe B 00JIaCTM IOBOpPOTa U
HETIOCPEACTBEHHO 3a HHUM KOHTPOJUPYETCS
BTOPUYHBIMU TEYEHUSIMU LPYroro popa, MH-
TEHCUBHOCTb KOTOPBIX 3aBUCHUT, TIPEXKIE BCE-
ro, OT TOJIIMHBI BSI3KUX MOTPAHUYHBIX CJIOEB
Ha TOPLEBBLIX CTEHKAX.

Kpome BxogHbIX mpoduieii CKOpoCcTH, Ha
puc. 4 npuBeAeHbl MPOMUIN ellle B YeThIpex
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Y/H=0,875 Y/H = 0,500

ZIH=-3

Puc. 4. IIpodunu ocpegHEHHOM MPOAOJbHOI KOMIIOHEHThI CKOPOCTU B Pa3IMYHBIX CEYECHUSIX
KaHaya it Re = 10°: skcniepuMeHTaIbHbIe TaHHbIC [6] (CUMBOJIBI) U pe3yJIbTaThl PACUCTOB
no meroay IDDES nipu & = 0,1 H (1utpuxoBble JuHUM) 1 & = 0,2 H (CIUIOLIHbIC JTUHUM)
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TOCJIEAYIONINX MOTEPEYHBIX CEUYEHUSIX: B Ha-
yaje (o = 0°) u B KoHI1le nmoBopota (a = 180°),
a TakKe B CEUYCHMSX C OOJIBbLION MOJei BO3-
BpatHoro teueHus (Z/H = 1) u cpasy 3a oT-
pbIBHOIT 30HOM (Z/H = 3).

B Hauane noopora (ceueHue a = 0°) mpo-
(unu ckopocTu, moslydeHHbIE B pacuerax IS
Pa3HBIX BXOAHBIX YCJIOBUI, pa3InyaloTCsI TOIb-
KO B 30HE TOPMOXXEHUSI Y BHEILIIHE M30THYTOM
creHku. B ceueHun o = 180° 1 mociemyroimmx
CEUYCHMSIX pasinyue B PacCUMTAHHBIX Mpodu-
JISIX CTaHOBUTCS OoJjiee CylllecTBeHHbIM. Hau-
OoJiblliee pa3inuuyue HaOJ0gaeTcs B CEYSCHUU
Z/H = 3, rne nipodwib CKOPOCTU TSI Caydast
& = 0,2 H oka3bIiBaeTcs 60yiee OTJHOPOIHBIM.

CpaBHEeHME pPe3yJbTaTOB pacyeTOB C JaH-
HBIMM 3KCIIEPMMEHTA TPUBOAUT K 3aKJIIOYe-
HUIO, YTO pacueTHhie IPOPUIN CKOPOCTU B
nponosbHOM ceuennu Y/H = 0,875 ommke K
SKCIEPUMEHTAJIbHbIM JaHHBIM B CIyyae MEHb-
1Iel TOJIIMHBI BXOAHOTO IPUCTEHHOIO CJIOS
6 = 0,1H). na ceuenuss Y/H = 0,5 nabmo-
JaeTcsl oOpaTHasl KapTUHA: B Clydae YTOJIIICH-
HOTro BXOAHOTO TpucteHHoro cios (8 = 0,2H)
pacyeTHble TTPOGUIN CKOPOCTU JIydille COrJia-
CYIOTCSI C DKCIIEPUMEHTOM.

B uenom, BausHue HavyaJbHON TOIIMHBI
MOTPaHUYHOIO CJI0sI, U3BMEHSIEMOI B BBIOpaH-
HBIX Mpelaeax, Ha OTACJbHBIX yYacTKaxX Ipo-
(ueit CcyliecTBEHHO IIPEBOCXOAUT ITOrpPEIl-
HOCTM M3MEpPEHUI1, KOTopble B padortax [5, 6]
OLICHUBAIOTCA Ha YpoBHEe 2 % OT cpeaHepac-
XOIHOM CKOPOCTH.

N3meHneHne CTaTHYECKOrO W MOJIHOTO /1aBJie-
Husl BA0JIb KaHana. Ha puc. 5 noka3aHsl pacnpe-
JIeJIeHUs BOOJIb KaHajla 3HaYeHUi KoahPULIMeH-
Ta faBineHus C, U JIOKaJIbHOrO K03 duumreHTa
MOTEPH MOJHOTO AABJIEHUS &, PACCUNTAHHBIE
npu Re = 10° mist 1ByX 3HAUCHWI TOJMILMHBI
MOTPAaHMYHOTIO CJI0SI BO BXOAHOM ceueHuu. Tam
K€ TIPUBEICHBI 9KCIIEPUMEHTAIbHbIE 3HAUYCHUS
C, u3 paborsl [7]. BemunHbI ONpeneeHbl cie-
JIYIOLUM 00pa3oM:

Cr=2P, - P) /(pU),

rae P — JokanbHOE JaBJIEHUE, B3STOE Ha CPEI-
HEi JIMHUY TJIOCKOM CTeHKM; P, — cpeaHee 1o
TUIOLIAIM TABJICHUE HA BXOJE;

Eie =2(Poin)=(R) / (PU,),

e (R), <Po,m> — CpeHEMACCOBBIE BETMYUHBI
MOJIHOTO AABJICHMSI B TEKYIleM CEUYEHUU U Ha
BXOJIe, COOTBETCTBEHHO.

BeprukanbHble TyHKTUPHBIC TMHUU Ha Tpa-
(pke COOTBETCTBYIOT CEUeHMSIM KaHajla B Ha-
yaje (o = 0°) u B koH1e (oo = 180°) moBopoTa.

IIpr cpaBHeHMM pacyeTHBIX M 3KCIIEpPU-
MEHTAJIbHBIX pacripefesieHuil KoadduiuneHTa
JaBJIEHUsI MOXHO 3aKJIIOUMTh, YTO OHU Haxo-
IATCSI B XOPOILIEM COTJIacCUM, OCOOCHHO B CIIy-
qae § = 0,2H.

AHanmu3 JaHHBIX IJI8 JTJOKAJIBLHOTO KO3 du-
1IMEHTa TOTEPhb IMOJHOTO JaBJCHUS MO3BOJISI-
€T 3aMETUTh, YTO OCHOBHOI IPHUPOCT MOTEPh
MPOUCXOIUT B MOBOPOTE M HA YYACTKE B UEThI-
pe Kanubpa 3a HUM.

4 T T T !
L Cp ’E.s]oc '
| s
K h
2 !
1F 5
B '
0 s & T 1 :
Z/IH=-4 -2 a=0°90° 180° Z/IH=2 4 6 8 ZIH

Puc. 5. Pacnipenenenvisa BOOIb KaHajla JOKaNbHbBIX 3HaYeHUH Kooduumenta gasnenus C, (1)
1 Ko3(puLreHTa noTepb NOJIHOro aasnenus &, (2) wia Re = 105 nannble namepenmii [7]
(cuMBoOJIBI) M pe3yabTaThl pacueToB o mMetoay IDDES npu & = 0,1 H (1utpuxoBasi JMHUS)

u § = 0,2H (crutonrHast TUHUS)
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Tao6nuua 2

CpaBHeHne pacyeTHbIX W IKCIEPUMEHTAJIBHBIX JAHHBIX MO MOTepsM B Kanaje npu Re = 10°

TosiyHa NOrpaHUYHOrO CJI0s Ha BXOJIE, & C &

DKcnepuMeHT |[7] Ot ~0,1H mo ~0,2 H Ha pa3HBIX CTEHKaX 1,80 -
0,1H 1,77 1,80
Pacuets MmeTonom IDDES 020 1.82 1.81

O6o3HauyeHU: { U & — KOA(PDUILIMEHTHI TTOTEPh CTATUYECKOTO U MOJHOIO JAABJICHMUSI.

Kak u ciienoBano oxxuaaTth, Mo Mepe yaaie-
HUS OT IMMOBOPOTA (BHM3 IO IMOTOKY), 3HAUEHUSI
C, n §,. commxaiorcsd, IMpu 3TOM Haubosee
OBICTPO 3TO IPOMCXOAUT B Clydyae YTOJIIEH-
HOTO TOTPAaHMYHOTO CJIOSI TIepea BXOAOM B
NoBOPOT. MOXHO TakxXe BUIETb, YTO B 000-
UX pAacYETHBIX BapuaHTax 3HayeHus C, u &,
MpakTUYeCKU coBIafaiot npu Z/H > 8.

Hanee snayenuss C, mpu Z/H = 8,5 mbl
OyaeM OTOXIECTBISAThL C  KO3(PPULINESHTOM
MoTeEpPh CTATMYECKOTo MAaBjieHus (, ompeme-
JICHHBIM II0 Mepernaay AaBACHUSI Ha IIPSIMbIX
yyacTKax 10 M Tocjie mnoBopoTa. B Ttabm. 2
SKCHEpPUMEHTaJbHbIe 3HA4YeHUsT (, Mpu-
BEICHHbIE B pabote [7], COMOCTaBISIOTCS C
HallMMX pacyeTHbIMUA 3HauYeHMsIMU. B Ta-
Ooymile Takke MAAlOTCSl pacuyeTHbIe 3HAYEHMS
Koa¢huLIeHTa TOTeEPh MOJHOIO NaBICHUS &,
BBIYMCJICHHOTO T10 Mepenajy MoJHbIX AaBICHUN
B T€X X€ CeUeHUsIX, UTO U Ipu pacuere (.

O6a 3HaueHust KoapduuueHta ¢, TOIYy-
YeHHbIE B pacueTax, OTJIMYAIOTCS OT 3KCIe-
PUMEHTAJIbHOTO MeHee 4YeM Ha 2%, TIpu 3TOM
SKCIIEpUMEHTAJbHOE 3HAUYCHUE JIEKUT MEXITY
JIBYMSI pacyeTHbIMU. BbluMcieHHbIE 3Haye-
HUS U & OKazaJlUCh ¢J1ab0 3aBUCSIIUMU OT
BapualMy BXOIHBIX YciaoBWil. Tak, paznuuus
B Koa(dduimeHTax Mnorepb AaBlieHUsT (, IO-
JIYJEHHBIX JJIS1 ABYX TOJIIMH BXOAHOTO IIO-
IPAaHUYHOTO CJIOSI, COCTaBJISIIOT MeHee 3 %.
Paznuuus ke B pacueTHBIX 3HAYEHUSIX KOA(D-
(pueHTa MOTepPh MOJHOIO JABJCHUS & elle
Menblre — okoio 0,5 %.

3akmoueHue
g  oTrpaboTKM METOOUKU BUXpEpas-
pellaIIero  YMCIEHHOTO  MOACJIMPOBAHUS

TypOyJICHTHOTO TEUYEHHUsI B KaHajle C PE3KUM
noBopoToM Ha 180° TIpoBemeHBI COIMOCTaBU-
TeJIbHbIE pacyeThl C MCIIOJb30BaHUEM METOona
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MOIIeIMPOBAaHUS KPYITHBIX BUXPEil, B BApUaHTe
LES-WALE, u Mmetona IDDES u3 cemeliictBa
ruopuaHbix RANS/LES nonxonos. Ilpu Bech-
Ma CYIIECTBEHHOM pa3jJMYMM B KOJIMYECTBE
CETOYHBIX 3JIEMEHTOB (OKOJIO 16 MJIH. sTueeK B
ciyuyae LES u 7 mnH. nnsg IDDES) pesynbTaThl
pacueToB, BBHITIOJHECHHBIX ITPY 3HAYCHUU YHC-
sma Pevinonbaca Re = 4-10%, HaxomsaTcs B XO-
pollleM comTtacuy. DTO AaeT AOITOJHUTEIBbHYIO
MOTHUBALIMIO K MCIOJb30BaHUIO OTHOCUTEIHLHO
skoHoMuyHoro Metoma IDDES nmnsg mposene-
HUS pacyeToB MpuU 0osiee BHICOKMX 3HAUCHMSIX
yucia PeitHonbaca.

PacueThl BanmnmanimoHHO HAIIPaBIeHHOCTH
mo metony IDDES BbimoaHeHBI MIST YCIOBUIA
DKCMEPUMEHTOB [5 — 7], TIpOBEICHHBIX TIpU
Re = 10° u mmpoko ucnoab3yeMbIX JJIsI OLICH-
KM BO3MOXHOCTEI pasHbIX IMOAXOI0B K MOIE-
JIMPOBaHUIO TYpOyJeHTHOCTH B U-00pa3HbIX
KaHaJjlax ¢ pe3KUM ITOBOPOTOM IOTOKa.

N3ydyeHo BaMSIHME TOMIIMHBI BXOJAHOTO
MOTrPaHUYHOIO CJIOSI Ha MOJie CKOPOCTHU U IO-
TepU JaBJieHUsI B MoBopoTe. Jlnana3oH uaMe-
HEHUS 3TOT0 MmapaMmeTpa BbIOpaH C y4eTOM He-
MOJIHOM OTPEACIEHHOCTH BXOAHBIX YCIIOBUI B
SKCIIEpUMEHTAJbHOM HccClienoBaHuU. B 1ieoM
MOJIyY€HO YIOBJICTBOPUTEIHLHOE COIJIACKE pac-
YETHBIX 1 DKCIIEPUMEHTAJbHBIX MOJIEH CKOPO-
CTH, a TaKKe MPAKTUYECKHU IIOJTHOE COBMAC-
HU€ JaHHBIX MO MOTEPSIM JaBJICHUS.

YcrpaHeHUe OCTaBIIMXCS  PACXOXICHUM
MEXIy MOaHHBIMM pacyeToB U M3MEPEHUIA
MOJISI CKOPOCTHA B pacCMaTpUBa€eMOM TECTOBOM
KOH(pUrypauu IpeacTaBisieTcss IpoobJema-
TUYHBIM, TaK KaK IIPU CKYTHOCTU MH(pOpMa-
LIMM, TTOJYYEHHOU B 9KCIEPUMEHTAX IS T1OJIsI
CKOpPOCTHM Ha BXOMHOW IpaHUIIE, HEBO3MOXKHO
JIOCTUYb ITOJJHOTO COOTBETCTBUSI MOCTAHOBKM
BBIUMCJIUTEILHOM 3aJa4i YCIOBUSIM DKCIIEPU-
MEHTA.



4 MaTtematmnueckoe mogennmpoBaHme hmM3nueckKnx NpoLeccoB

CNMUUCOK JIUTEPATYPbI

1. Bepeskun H.H. ['iapaBnuueckue conpoTuB-
JICHUSI W30JIMPOBAHHBIX M COCTABHBIX KOJICH TIpSI-
MoyrojibHoro cedyeHust // B c6. «IIpowmblineHnHas
asponuHamMuka: BosgyxoBoabl». Beim. 7. M.: O60-
ponrus, 1956. C. 25—51.

2. Uneapuuk U.E. CripaBOYHUK IO THIPABIN-
YECKUM COIPOTUBJICHUSAM. M.: MammHocTpoeHue,
1975. 559 c.

3. ITanoB J1.0., IOxueB A.Jl. [Totepu maBieHus
B KaHajle ¢ pe3kuM MoBopoToM Ha 180°: pesyib-
tatbl URANS u LES pacueToB B comnocTaBlieHUU
¢ maHHbIMM u3MepeHuit // Tpymel HOoOuneiiHoit
koH(pepernunu HanmonansHOTo Komurera PAH 10
TEIJIO- U MaccOOOMHY «DyHIaMeHTaJbHbIE U IIPHU-
KJagHble TpoOJeMbl TeroMaccooOMeHa» UM XXI
IIIkobI-ceMUHapa MOJOIBIX YUYEHBIX U CIEIIAAIII-
cToB mofa pykoBoiactBoM akaa. PAH A.M. JleoH-
TheBa «[IpobaeMbl TeMI0- U MaccoOOMEHa B IHEP-
reTMYECKUX ycTaHoBKax». (22 — 26 masa 2017 r.,
CII6). B 2 t1. T. 1. M.: U3narenasckuii nom MBOU,
2017. C. 236—239.

4. Nicoud F., Ducros F. Subgrid-scale stress
modeling based on the square of the velocity gradient
tensor // Flow, Turbulence and Combustion. 1999.
Vol. 62. No. 3. Pp. 183—200.

5. Cheah S.C., Iacovides H., Jackson D.C., Ji
H., Launder B.E. LDA investigation of the flow
development through a rotating U-bend of strong
curvature // In: The Sth International Symposium
on Refined Flow Modeling and Turbulence
Measurements. Paris, 1993. Pp. 269—276.

6. Cheah S.C., Iacovides H., Jackson D.C., Ji
H., Launder B.E. LDA investigation of the flow
development through rotating U-ducts // ASME
Journal of Turbomachinery. 1996. Vol. 108. No. 3.
Pp. 590—596.

7. Iacovides H., Jackson D.C., Ji H., Kelemenis
G., Launder B.E., Nikas K.-S. LDA study of flow
development through an orthogonally rotating
U-bend of strong curvature and rib-roughened
walls // ASME Journal of Turbomachinery. 1998.
Vol. 118. No. 3. Pp. 386—391.

8. Bo T., Iacovides H., Launder B.E. Convective
discretization schemes for the turbulence transport
equations in flow predictions through sharp U-bends
// International Journal of Numerical Methods
for Heat and Fluid Flow. 1995. Vol. 5. No. 1.
Pp.33—48

9. Iacovides H., Launder B.E., Li H.Y.
The computation of flow development through
stationary and rotating U-ducts of strong curvature
// International Journal of Heat and Fluid Flow.
1996. Vol. 17. No. 1. Pp. 22—33.

10. JleBuena A.M., Jlunnunkaga C.H. Ontu-
Mu3anus (opMbl KaHaida KBaJpPaTHOTO CEYEHUS C
moBopotoM Ha 180° ¢ 1enbl0 CHUXEHUS] TOTEpPh:
YUCJIEHHOE MOJCJIMPOBaHUE TPEXMEPHOIO TypOy-
JIeHTHOro TeuyeHust // TemaoBble MpoLECChl B TeX-
Huke. 2011. Ne 12. C. 537—544.

11. Suga K. Predicting turbulence and heat
transfer in 3D curved ducts by near-wall second
moment closures // International Journal of
Heat and Mass Transfer. 2003. Vol. 46. No. 1.
Pp. 161—173.

12. Guleren K.M., Turan A. Validation of
large-eddy simulation of strongly curved stationary
and rotating U-duct flows // International Journal
of Heat and Fluid Flow. 2007. Vol. 28. No. 5.
Pp. 909—-921.

13. Craft T.J., Launder B.E. A Reynolds-
stress closure designed for complex geometries //
International Journal of Heat and Fluid Flow. 1996.
Vol. 17. No. 3. Pp. 245—254.

14. Shur M.L., Spalart P.R., Strelets M.Kh.,
and Travin A.K. A hybrid RANS-LES approach with
delayed-DES and wall-modeled LES capabilities //
International Journal of Heat and Fluid Flow. 2008.
Vol. 29. No. 6. Pp. 1638—1649.

15. Gritskevich M.S., Garbaruk A.V., Schiitze
J., Menter F. Development of DDES and IDDES
formulations for the k- shear stress transport
model // Flow, Turbulence and Combustion. 2012.
Vol. 88. No. 3. Pp. 431—449.

16. ANSYS Fluent Theory Guide. Release 16.2.
ANSYS Inc. 2015.

17. Nikuradse J. Untersuchungen tiber turbulen-
te Stromungen in nicht kreisformigen Rohren // In-
genieur-Archiv. 1930. Vol. 1. No. 3. Pp. 306—332.

18. Melling A., Whitelaw J.H. Turbulent flow in
a rectangular duct // Journal of Fluid Mechanics.
1976. Vol. 78. No. 2. Pp. 289—315.

19. Gessner F.B., Po J.K., Emery A.F.
Measurements of developing turbulent flow in a
square duct // In: Durst F., Launder B.E., Schmidt
F.W., Whitelaw J.H. (Eds.) Turbulent Shear Flows
I. Berlin, Heidelberg: Springer, 1979. Pp. 119—136.

Cmambsa nocmynuaa 6 pedakuuro 09.10.2017, npuusma k nyboauxayuu 31.10.2017.

CBEOEHUA Ob ABTOPAX
ITAHOB Ovutpmii OneroBmd — uHxceHep Kaghedpvl eudpoaspoOuHamuku, eOpeHuss u menioobmena

Cankm-Ilemepbypeckoeo
Poccuiickas Dedepayus.

NOAUMEXHUUYECKO20

YVHUBepcumema

Ilempa  Beauxoeo, Cauxkm-Ilemepbype,

195251, Poccuiickas @enepanus, r. Cankr-Ilerepoypr, IMoautexHuueckas yi., 29

dopanov@gmail.com

31



4 HayuHo-TexHMueckmne sBeaomoctu CIe6rmny. dmsmko-maremarnueckmne Hayku. 10(4) 2017

PUC Baamummup BoubaemapoBud — xaundudam mexuuveckux Hayk, oupexmop HOIL] «Komnvromephoie
mexHonoeuu 6 a’poounamuxe u mensomexuuxe» Cankm-IlemepOypeckoeo noaumexHu4eckKkoeo yHueepcumema
Ilempa Beaukoeo, Canxkm-Ilemepbype, Poccutickas Pedepayus.

195251, Poccuiickas @enepauus, r. Cankr-IlerepOypr, IloautexHuueckas yi., 29

Vvris@spbstu.ru

CMUPHOB Esrennii MuxaiiioBuu — doxmop puzuko-mamemamuueckux Hayk, 3agedyouutl kagpeopoil
euopoaspodunamuxu, eopenus u meniooomena Cankm-IlemepOypeckoeo noaumexHu4eckKo2o0 yHueepcumema
Ilempa Beaukoeo, Cankm-Ilemepbype, Poccuiickas Dedepayus.

195251, Poccuiickas @enepanus, r. Cankr-Ilerepoypr, Iloaurexnuueckas yi., 29

smirnov_em@spbstu.ru

REFERENCES

[1] N.N. Verevkin, Gidravlicheskiye
soprotivleniya izolirovannykh i sostavnykh kolen
pryamougolnogo secheniya [Hydraulic resistances
of isolated and miter bends with rectangular cross-
sections], In: Industrial Airdynamics: Air Ducts,
Iss. 7, Moscow, Oborongiz (1956) 25—51.

[2] L.E. Idelchik, Spravochnik po gidravlicheskim
soprotivleniyam [Reference book on hydraulic
resistances], Moscow, Mashinostroyeniye, 1975.

[3] D.O. Panov, A.D. Yukhnev, Poteri davleniya
v kanale s rezkim povorotom na 180°: rezultaty
URANS i LES raschetov v sopostavlenii s dannymi
izmereniy [Pressure losses in the duct turned sharply
by 180 degrees: URANS & LES computation results
as compared to the measurement data] // Trudy
Yubileynoy konferentsii Natsionalnogo komiteta
RAN po teplo- i massoobmenu «Fundamentalnyye
i prikladnyye problemy teplomassoobmena» i XXI
Shkoly-seminara molodykh uchenykh i spetsialistov
pod rukovodstvom akad. RAN A.l. Leontyeva
«Problemy teplo- i massoobmena v energeticheskikh
ustanovkakh». (May 22—26, 2017, St. Petersburg).
In 2 vols. Vol. 1, Moscow, MEI Publishers (2017)
236—239.

[4] F. Nicoud, F. Ducros, Subgrid-scale stress
modeling based on the square of the velocity gradient
tensor, Flow, Turbulence and Combustion. 62 (3)
(1999) 183—200.

[5] S.C. Cheah, H. Iacovides, D.C. Jackson,
et al., LDA investigation of the flow development
through a rotating U-bend of strong curvature, In:
The 5th International Symposium on Refined Flow
Modeling and Turbulence Measurements, Paris
(1993) 269-276.

[6] S.C. Cheah, H. Iacovides, Jackson, et al.,
LDA investigation of the flow development through
rotating U-ducts, ASME Journal of Turbomachinery.
108 (3) (1996) 590—596.

[7] H. Iacovides, D.C. Jackson, H. Ji, et
al., LDA study of flow development through an
orthogonally rotating U-bend of strong curvature
and rib-roughened walls // ASME Journal of
Turbomachinery. 118 (3) (1998) 386—391.

32

[8] Bo T., Iacovides H., Launder B.E. Convective
discretization schemes for the turbulence transport
equations in flow predictions through sharp U-bends,
International Journal of Numerical Methods for
Heat and Fluid Flow. 5 (1) (1995) 33—48.

[9] H. Iacovides, B.E. Launder, H.Y. Li,
The computation of flow development through
stationary and rotating U-ducts of strong curvature,
International Journal of Heat and Fluid Flow.
17 (1) (1996) 22—33.

[10] A.M. Levchenya, S.N. Lipnitskaya,
Optimizatsiya formy kanala kvadratnogo secheniya s
povorotom na 180° s tselyu snizheniya poter: chislen-
noye modelirovaniye trekhmernogo turbulentnogo
techeniya [Shape optimization for the duct with
rectangular cross-section and turned sharply by
180 degrees in order to enhance losses: numerical
simulation of 3D turbulent flow], Thermal Processes
in Engineering. (12) (2011) 537—544.

[11] K. Suga, Predicting turbulence and heat
transfer in 3D curved ducts by near-wall second
moment closures, International Journal of Heat
Mass Transfer. 46 (1) (2003) 161—173.

[12] K.M. Guleren, A. Turan, Validation of
large-eddy simulation of strongly curved stationary
and rotating U-duct flows, International Journal of
Heat and Fluid Flow. 28 (5) (2007) 909—921.

[13] T.J. Craft, B.E. Launder, A Reynolds-
stress closure designed for complex geometries,
International Journal of Heat and Fluid Flow.
17 (3) (1996) 245—254.

[14] M.L. Shur, P.R. Spalart, M.Kh. Strelets,
A.K. Travin, A hybrid RANS-LES approach with
delayed-DES and wall-modeled LES capabilities,
International Journal of Heat and Fluid Flow.
29 (6) (2008) 1638—1649.

[15] ML.S. Gritskevich, A.V. Garbaruk, J.
Schiitze, F. Menter, Development of DDES and
IDDES formulations for the k- shear stress transport
model, Flow, Turbulence and Combustion. 88 (3)
(2012) 431—449.

[16] ANSYS Fluent Theory Guide. Release
16.2. ANSYS Inc. 2015.



4 MaTtematnueckoe mogenupoBaHme hmM3nuecKnx NpoLeccoB

[17] J. Nikuradse, Untersuchungen iiber turbu- [19] F.B. Gessner, J.K. Po, A.F. Emery,
lente Stromungen in nicht kreisformigen Rohren, Measurements of developing turbulent flow in a
Ingenieur-Archiv. 1 (3) (1930) 306—332. square duct // In: F. Durst, B.E. Launder, F.W.

[18] A. Melling, J.H. Whitelaw, Turbulent flow  Schmidt, J.H. Whitelaw (Eds), Turbulent Shear
in a rectangular duct, Journal of Fluid Mechanics. Flows, 1., Springer, Berlin, Heidelberg (1979)
78 (2) (1976) 289—315. 119—136.

Received 09.10.2017, accepted 31.10.2017.

THE AUTHORS

PANOYV Dmiitriy O.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation
dopanov@gmail.com

RIS Vladimir V.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation
Vvris@spbstu.ru

SMIRNOY Evgeniy M.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation
smirnov_em@spbstu.ru

© CaHkT-letepbyprckui nonmtexHnueckmnim yHmuepcutert Metpa Bennkoro, 2017

33



4 HayuHo-TexHMueckmne sBeaomoctu CIe6rmny. dmsmko-maremarnueckmne Hayku. 10(4) 2017

DOI: 10.18721/JPM.10403
UDC 536.24.08

IMPACT OF NANOPARTICLE VOLUME FRACTIONS
IN THE WATER-BASED NANOFLUIDS ON THE SQUEEZED
MHD NANOFLUID’S FLOW OVER A POROUS SENSOR SURFACE
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The squeezed MHD flow of water-based metallic nanoparticles over a porous
sensor surface in the presence of a heat source has been investigated. The physical
significance of the problem is the interaction and the geometry of water-based copper
(Cu), alumina (Al,O,) and SWCNTs. The governing partial differential equations
of momentum and energy were converted into ODEs for assured groups of the
controlling parameters. The numerical and analytical solutions of the ODEs were
obtained using the fourth or the fifth order Fehlberg method with shooting technique
and OHAM and were analyzed. It was found that there was no appreciable difference
between them. It was established that, in squeezing flow phenomena, the effect of
nanoparticle volume fraction on the (SWCNTs — water) nanofluid in the presence of
magnetic field with thermal radiation energy played a dominant role on heat transfer
as compared to the other mixtures in the flow regime.
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BJIMAHUE OBbEMHbIX OOJIEN HAHOYACTUL,
B BOAHbIX HAHOXXNAKOCTAX HA XAPAKTEPUCTUKHA
CXKXUMAEMOIO Mra-noTOKA 3TUX XXMAKOCTEHU
Mo NOPUCTOMU MNOBEPXHOCTU AATYUKA

P. Kanpacamu, H.A.b.M. 3ainauu, ®.H.b.[1)x. Paruxa

MccnenoBateibCKUMM LI@HTP BbIUMCIIUTENIBHOM MaTeMaTuKum
Manansunmckoro yHmBepcuteta TyHa XycenHa OHHa, r. [Maput Pagxxa, Manansums

UccrenoBanbl cxruMaemble MarHutoruapoannamuieckue (MIJ1) mortoku HaHO-
KMIKOCTel (Boma + HAHOYACTUIIBI TPeX TUIIOB) IO MOBEPXHOCTU MOPUCTOIO UyB-
CTBUTEJILHOTO 3JIEMEHTa B NMPUCYTCTBUM TETUIOBOTO MCTOYHMKA. Dusnueckasr cyTbh
3a/1a4U COCTOUT B TMOJYYeHUU MPOoduieil OCHOBHBIX XapaKTEPUCTUK TMOTOKOB TMpHU
BO3ACHCTBUM YKAa3aHHBIX (DaKTOPOB U B aHAJIU3€ B3aUMOJECWCTBUS C BOAOW HaHO-
vactull Meau (Cu), rmHosema (AlL,O,) ¥ OXHOCTEHHBIX YITIEPOIHBIX HaHOTPYOOK
(OYHT). Ompenenstomue muddepeHINaTbHBIC YPaBHEHUS ¢ YaCTHBIMU TTPOU3BO-
JHBIMU OTHOCUTEJIbHO UMITYJIbCA U 9HEPTUU ObUIM MPEeoOpPa30BaHbl B OOBIKHOBEHHBIE
muddepennmansubie ypaBHeHUs: (O1Y) oTHOCHUTETbHO TapaHTUPOBAHHBIX TPYIIIT
VIpaBISIOIMX MMapaMeTpoB. YuciieHHble U aHanuTuyeckue pewenus OJ1Y nHaiine-
HBI ¢ IpuMeHeHneM MeTtona Menbbepra 4-ro U 5-TO MOPSIIKOB C MaTeMaTUIECKUM
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MPUCTPEJIMBAHUEM U aCUMIITOTMYECKOTO METOAa ONTUMAaIbHbBIX TOMOTOMNUIA. AHAIN3
MoKa3ajl, 4TO MEXIy YMCICHHBIMU M aHAJTUTUYECKUMM PEIICHUSMU HET 3HAaUYMMOM
pa3HULBI. YCTAaHOBJIEHO, UTO B SIBJICHMSIX CXKaTUsSI MOTOKA JOMUHMPYIOLIYIO POJIb
urpaeT oobeMHas 10 HaHouactull. Cuctema Boga — OYHT mokaszana Hauydiime
XapaKTEPUCTUKU TEIUIONEPEHOCAa B peXUME TeUeHMsl MO JeiCTBMEM MarHUTHOTO
MOJISI ¥ TeTUIOBOTO M3JTyYeHUs, TI0 CPABHEHMIO C IPYTUMM CUCTEMaMMU.
KmoueBbie cjoBa: oObeMHas J0JisI HAHOYACTUIL, CXKMUMaeMblii MOTOK; MoBepXxHOCTh gatumnka; OYHT;

QHEPIrusd TCIIOBOI0 U3JIYyYCHUA

Ccbuika npu mutupoBanun: Kangacamu P., 3aiinann H.A.B.M., ®@aruxa ®.H.b.[Ixx. Biusinue o6bem-
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Introduction

Nanofluids are conceivable thermal energy
transfer fluids with uprated thermophysical
properties and heat-transfer performance; they
can be activated in many devices for better
enforcement (i.e., energy, heat-transfer and
other performances). In nanotechnology, a
particle is defined as a small localized object
of substance that reacts as a perfect unit with
regard to its transport and resources. Particles
are limited on the sizes. Nanoparticle research is
currently an area of great scientific importance
due to an extensive cast of possible operations in
medical, optical and electrical fields. Squeezed
flow within parallel walls has attracted the
attention of more and more researchers in
the field of mechanics. The interest in this
phenomenon is due to its potential for use in
engineering, fluid metal purification, foodstuff
and chemical industries, compression and
injection shaping, etc. Inaddition to an academic
interest, squeezing nanofluid flow presents a
range of applications at the industry level such
as petroleum, biochemical technology, foodstuff
engineering and medicine manufacturing
[1 — 5]. The effect of the magnetic field
normal to the flow of thermally conducting
nanofluid on the boundary layer over a flat
wall is extensively discussed in the literature
[6 — 7]. Recently, the effects of magnetic
strength on oscillatory squeezed discharges
have been analyzed inside thin films by Khaled
and Vafai [8] where they have established that
magnetic strength can decrease a recurving
ability inside thin films correlated with immense
squeezing issues. In any case, the literature
lacks reviews about the issues of magnetic
range in flow and, correspondingly, on thermal

and diffusion transfer past a sensor wall located
within fluidic cells, with account of squeezed
flow conditions. The conventional heat transfer
nanofluids, including oil, ethylene glycol and
water have weak thermal energy conductivity
compared to solids. To increase the thermal
energy conductivity of these fluids, small
particles (nanoparticles) of the solids possessing
stronger thermal energy conductivity are
integrated within the base fluid which provides
a better heat transfer rate [9 — 19].

Nanofluid, i.e.,anadmixture of nanoparticles
and water, is a new type of energy transport
fluid. The fluids with remarkably enhanced
thermal energy conductivity have been useful
for several engineering and industrial purposes.
Cooling rate necessities may not be achieved
by the use of ordinary heat transfer fluids
since these fluids show reduced thermal energy
conductivity. Thermal conductivity and thermal
performance of ordinary heat transfer fluids may
be increased by immersing the nanoparticles.
Novel properties of nanofluids make them
potentially applicable as a distinct mechanism
of thermal energy transfer in digital electronics,
fuel cells, hybrid-powered engines, etc. It is
hoped that MHD investigation of nanofluids is
important in optical gratings, optical switches,
ink float partition, cancer therapy by piloting
active particles in the bloodstream to a tumor
with magnets. Masuda et al. [20] studied the
alterations in heat conductivities and viscosities
of liquids through the dispersion of ultrafine
particles in the base fluids. Choi [21] found
that the presence of nanoparticles in the base
fluid enhances the thermal properties of fluids.

The strengthening of heating in an industrial
process may create a decrease in energy and
growth time, increase in heat rating and
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prolong the working life of equipment. Some
processes are even affected qualitatively by the
action of increased thermal energy transfer.
The development of high-performance
thermal systems for heat transfer enrichment
has become attractive nowadays. A number
of studies have been performed to gain an
understanding of thermal energy transfer
enforcement for experimental application to
heat transfer enhancement. Thus, the advent
of high heat flow development has generated
sufficient appeal for new researches to enhance
heat transfer. Single-walled carbon nanotubes
(SWCNTs), a member of the carbon family,
are one-dimensional equivalents of zero-
dimensional decomposed molecules with
rare constitutional and electronic properties.
Single-walled nanotubes are the most likely
candidate for miniaturizing electronics beyond
the micro electro-thermal scale presently
utilized in electronics. Carbon nanotubes
(CNTs) have been the focus of much
attention because of their linear model and
notable mechanical, thermal, and electrical
properties [22 — 26]. CNTs have been used
as preservatives in liquids to enhance thermal
energy conductivity, one of the most important
issues in industry. Applications of nanofluids
in industries such as heat exchanging devices
appear promising with these properties.
Anyway, the improvement and applications of
nanofluids may be hindered by several factors
such as enhanced pushing power and pressure
drop, nanofluids’ thermal performance in
turbulent flow, lesser specific heat of nanofluids
and higher production cost of nanofluids.

The object of the present work is to analyze
the effects of nanoparticle volume fraction on
copper, aluminum and CNTs suspended in
water-based unsteady external squeezing MHD
flow over a flat permeable sensor wall in the
existence of thermal radiation energy.

The analysis is concerned with a certain
group of squeezed flows such that the
occurring flows may be solved using similarity
transformations and afterwards the problem is
analyzed by applying the fourth or fifth order
Fehlberg technique with the shooting method
and OHAM. Several aspects of the problem are
investigated and presented graphically taking
into account the physical parameters involved
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within it and the results obtained are correlated
with the applicable literature.

Mathematical analysis

In this study, an unsteady two-dimensional
MHD squeezing nanofluid flow being between
two infinite parallel plates is considered.
Natural flow composition of this problem is
given in such a way that the plate is enclosed
inside a squeezed channel so that the height
h(?) is more than the boundary layer thickness
and the squeezing in the free stream is expected
to exit from the edge of the wall (Fig. 1). A
microcantilever sensor is placed within the
walls and the upper wall is compressed while
lower plate being fixed. The working nanofluid
is assumed to be Newtonian and electrically
conducting with o as its electrical conductance
and the magnetic field with a time-dependent
strength B, is stimulated perpendicular to
the flow in the y-direction while the induced
magnetic Reynolds number is negligible. The
system of controlling equations is defined
[27, 28, 32] as

GLCY ) (1)
ox 0oy
ou ou ou
—+tU—+vV—=
ot 0x oy 2)

2 c, B’
:_L(G_ijnf(@_g]_ “an+ﬂ "
Pt ox oy P Prs

2
Uiuil 1(5_1’)__""1’30 v, 6

ot ox Puf

ox Prf
Squeezing
‘r P Flow R
y,v
h(t)
o q=q
v L

Fig. 1. Flow configuration and coordinate system
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or |, oT oT _
ot ox oy (4)
OT 1 g Q(T-T)

= —_—
Tyt (pey)y
with boundary conditions

U(x, 0) t) = Oa V(x, 07 t) = Vo(t),

oT(x,0,1) (5)

u(xa 0, t) = U(-xa t),T(x, @, t) = Tooa

where u, v are the velocity components in
the xand y directions; 7'is the temperature of the
nanofluid; 7 is the time; p is the fluid pressure;
G, O, are the electrical conductivity of the base
fluid and the nanofluid; v, is a constant; U is
the free-stream velocity; a is a constant; Q, is
the heat generation or absorption coefficient.

Physically, v, < 0 means injection, and
v, > 0 implies suction of fluid; the magnetic
Reynolds number is considered so small that
the magnetic boundary-layer thickness is ex-
tensive and the convenient magnetic field is
gradual compared with the applied magnetic
field. For particle-fluid mixtures, several theo-
retical studies have been carried out starting
with Maxwell’s classical works [29, 30]. The
Maxwell structure for thermal energy conduc-
tivity for solid — liquid combining relatively
large particles (micro-/mini- size) is good for
fine solid species. Viscosity reflects a fluid’s in-
ternal resistance to flow and, in the case of
nanofluids, depends on the nature and a size of
particles. The thermophysical properties estab-
lished in the nanofluid are defined as

(p cp)nf

ks

oy (1-Qp, +¢
0Ln =7 nf = - + s
Y ey Pt Pr 5P
Wy
W = 250
1_ >
(1-9) ©

(p cp)nf = (1 - Q)(p Cp)f + C.!(p cp)55
o,y =(1-0o, +Coy,

knf _ (ks+2kf)_2C(kf_ks)
kp | (kg +2kp) + 200k, — ko) |

where ( is the nanoparticle volume fraction; M,
is the dynamic viscosity of the basic fluid; B, B

s

are the volumetric extension coefficients of the
water and nanoparticle, respectively; P, p, are
the densities of the basic fluid and nanoparticle;
o, o, are the electric conductivities of the
basic fluid and nanoparticle; &, is the thermal
conductivity of the fluid; k is the thermal
energy dynamism of the solid fraction.

Let us employ Rosseland’s approximation

[31]:

4o, o
3k° oy

where o, is the Boltzmann constant, k™ is the

penetration coefficient.
Expanding Taylor’s series with 7* being

T* = 4T>T - 3T2,

n
Qrqa =4, =

b

we obtain
oq, _1601T£ o’T

oy 3k oy
Based on the free-stream condition, Egs.
(2), (3) become
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K, is the nonuniform permeability of the
medium; B is the externally imposed magnetic
strength in the y-direction.

The stream function can be obtained from
Eq. (1) as
oy oy

v=-t. (8)

u= >
oy ox

Based on Eq. (8) with the similarity
variables, we have

/a 1
n=y Wa Y =,/avy Xf(n),a—m,

T-T ©
0(n) = —==, q(x) = gyx,vy(t) = v;(?),

%XJV?
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where b, s are random constants; a is the
strength of squeezing flow; g, is the heat flux;
v, is the velocity on the sensor surface when
permeable walls are designed.

Taking into account the conditions given by
Eq. (9), the dynamics of the channel’s height
governs by the following conditions:

1
h(t)=hy /(s+bt) b for b>0;

h(t) = hye™ for b= 0.

The surface permeable velocity is established
to increase as the time decelerates (b >0)
because compressing velocities enhance as time
decelerates.

Egs. (4) and (7) become

f"'+A1{[f+ Jf” FRb -1+

(10)
A,
J{MXJFZJ(I f)+1j
L( ky | Pr RJG,,
Prik A, kA -

(302 (-4

with boundary conditions

£(0) = S, £(0) = 0,6/(0) =

f'(0) > 1,0(0) — 0,
A = (1= [l—mcp—S],
Pr
A2=(1—c>2*5(1—c+c3], (13)
Of

(pc,)s
A, =|1-
: ( ot g(pc),J

ky ' (12)

where Pr = (¢ ),/ k, is the Prandtl number;
__ O
(pey), U
is the heat source/sink parameter;
VX
T UK
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is the porous parameter;

w _ orBx
Up,
is the magnetic parameter;
_ 160,6},
3k, k-

is the thermal energy radiation parameter.
The physical quantities are as follows:

TW
pr2

Cf=

is the skin friction coefficient;

Nu, = .
kf (TW - Too)
is the local Nusselt number (t, and ¢, are
defined as
| " k
C/(Re,y? = L O N g0)); 1)
(-9~ Reé ky
Ux .
Re, = — is the local Reynolds number.
A%
S

Results and discussion

Computations were worked out using the
OHAM (Optimal Homotopy Asymptotic
Method) and the fourth or fifth order Fehlberg
technique with the shooting approach
(numerical mechanism) for various values of
the parameters. Eqgs. (10) and (11) subjected
to boundary conditions (12) were determined
numerically and experimentally utilizing the
Maple 18 and Mathematica 5.2 computer
software. We have completely simulated the
described processes.

Thermophysical properties of the fluid and
the nanoparticles are given in Table 1.

The Prandtl number Pr = 6.2 corresponds to
nanofluids unless otherwise specified. In order
to validate our methods, it is predicted from
Fig. 2 that the consistency with the theoretical
solution of the temperature profiles and f"(0)
for various character of ¢ are correlated with
the results presented in Fig. 4, » and Table 2
(water-based Cu and AlLO, when {=0.0) of
Ref. [32]. Excellent agreement can be observed
between them.
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Table 1
Thermophysical properties of the fluid and the nanoparticles
Substance p, kg/m? ¢, J/(kg'K) k, W/(m-K)
Pure water 997.1 4179 0.613
Copper (Cu) 8933 385 401
Aluminum (ALO,) 3970 765 40
SWCNTs 2600 425 6600

Notations: p is the density, cpis the specific heat at the constant pressure,
k is the thermal conductivity coefficient; SWCNTs are Single-Walled Carbon
NanoTubes.

8(m) 4
o]
0.8
0.6 p

044

Fig. 2. Temperature profiles for (Cu — water) nanofluid flow for various
nanoparticle volume fractions { and two M values;
¢=0.0 (curves 1, 2), 0.1 (3, 4, 0.2 (5, 6); M= 0.0 (1, 3, 5) and 1.0 (2, 4, 6).
Comparison to Fig. 4, b of Ref. [32]

Table 2
Comparison of impacts of nanoparticle volume fraction ¢ on f(0)
J"(0) Error b
Nanofluid ¢ value Numerical OHAM t\r;grm:g;vsgs
method

0.0 1.48113419 [32] | 1.48113419 [32] 0.00000000
Cu — water 0.1 1.71105504 1.71105531 2.7E — 07
0.2 1.75138728 1.75138766 3.8E — 07
0.0 1.48113419 [32] | 1.48113419 [32] 0.00000000
ALO, — water 0.1 1.43438455 1.43438501 4.6E — 07
0.2 1.33096758 1.33096794 3.6E — 07
0.0 1.48113419 [32] | 1.48113419 [32] 0.00000000
SWCNTs — water 0.1 1.45088235 1.45088232 3.0E — 08
0.2 1.35571879 1.35571877 2.0E — 08

OHAM is the Optimal Homotopy Asymptotic Method
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Fig. 3. Temperature profiles for flows of 3 nanofluid’s compositions with various nanoparticle volume

fractions ¢ and three & values, in the presence of heat source (a, ¢, e¢) and heat sink (b, d, f); there are
(Cu — water) (a, b), (AL,O, — water) (c, d) and (SWCNTs — water) (e, f) nanofluids;

C=0.01 (curves 1, 2, 2), 0.1 (3,4, 4'), 0.2 (5, 6, 6'); 5 =0.0 (1, 3, 5), 1.0 (2, 4, 6), —1.0 (2}, 4, 6")

.0.°°
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Table 3
Values of 0° (0) for various values of { and 6 obtained for different nanofluids
5 ¢ 0" (0)
Cu—water Al O,—water SWCNTs—water
0.01 0.4120137 0.4124028 0.4242504
—1.0 | 0.10 0.3393746 0.3429119 0.3391175
0.20 0.2662112 0.2729732 0.2665138
0.01 1.3756611 1.3756611 1.3844948
0.0 0.10 0.9537223 0.9981022 1.0019741
0.20 0.6317888 0.6845075 0.6872416
0.01 —0.8804759 —0.7885852 —0.73798356
1.0 0.10 0.2069197 —0.0527793 0.0342681
0.20 —0.1802860 1.4355837 —1.3426626
Fixed parameter values: Pr=6.2, §=0.5, 6=0.5 M=1.0, R=1.0.
a)
6
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404
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204 °
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Fig. 4. Temperature profiles for flows of 3 nanofluid’s compositions with various nanoparticle volume
fractions ¢ and two b values, in the presence of squeezed flow; there are (Cu — water) (a),
(ALO, — water) (b) and (SWCNTs — water) (c) nanofluids;

¢ =0.01 (curves 1, 2), 0.1 (3, 4, 0.2 (5, 6); b= 0.0 (1, 3, 5) and 1.0 (2, 4, 6)
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Fig. 5. Temperature profiles for flows of 3 nanofluid’s compositions with various nanoparticle volume
fractions ¢ and two R values, in the presence of thermal radiation; there are (Cu — water) (a),
(ALO, — water) (b) and (SWCNTs — water) (c) nanofluids;
¢=0.01 (curves 1, 2), 0.1 (3, 4, 0.2 (5, 6); R=0.0 (1, 3, 5) and 1.0 (2, 4, 6)

Table 4

Values of 0' (0) for various values of { and R obtained for different nanofluids

R ‘ 0' (0)
Cu—water A1203—water SWCNTs—water
0.01 8.2923900 8.2923900 9.1264301
—1.0 | 0.10 2.4082687 3.0094599 3.3680544
0.20 1.1025964 1.4040971 1.6065768
0.01 0.3819982 0.4199881 —0.2552729
1.0 0.10 —0.9759417 —1.5083132 0.1398253
0.20 —0.4970868 —0.0074834 0.1398253

Fixed parameter values: Pr=6.2, S=0.5,6=0.5, M= 1.0, 5 = 1.0.
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Fig. 6. Temperature profiles for flows of 3 nanofluid’s compositions with various nanoparticle volume
fractions ¢ and three S values, in the presence of suction (a, ¢, e) and injection (b, d, f); there are
(Cu — water) (a, b), (AL,O, — water) (c, d) and (SWCNTs — water) (e, f) nanofluids;
£ =0.01 (curves 7, 2, 2'), 0.1 (3,4, 4'), 0.2 (5, 6, 6'); S= 0.0 (1, 3, 5), 0.5 (2, 4, 6), —0.5 (2, 4, 6")
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Fig. 7. Velocity (a, ¢, e) and temperature (b, d, f) profiles for flows of 3 nanofluid’s compositions with
various nanoparticle volume fractions { and two M values, in the presence of suction/injection; there are
(Cu — water) (a, b), (AL,O, — water) (c, d) and (SWCNTs — water) (e, f) nanofluids;
¢ =0.01 (curves 1, 2), 0.1 (3, 4, 0.2 (5, 6); M= 0.0 (1, 3, 5), 1.0 (2, 4, 6)
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Table 5
Values of 0' (0) for various values of { and S obtained for different nanofluids
0'(0)
AY ¢
Cu—water Al O,—water SWCNTs—water
0.01 —0.58606137 —0.55027344 0.1074283
—0.5 | 0.10 62.513571 —3.91577109 —2.09399467
0.20 0.9053331 1.3937257 2.57353878
0.01 —0.09213680 —0.07197389 —0.06139028
0.0 0.10 —1.01293273 —0.71568275 —0.56854083
0.20 5.0843311 —4.96344745 —1.83299565
0.01 0.37498867 0.41074759 —1.08463332
0.5 0.10 —0.42425009 —0.30778978 —0.23271640
0.20 —1.46183727 —0.91021030 —0.66350571

Fixed parameter values: Pr = 6.2, R=0.5, 5=0.5, M=1.0, 6 = 1.0.

Table 6
Values of 0' (0) for various values of { and M obtained for different nanofluids
v 0'(0)
¢ Cu—water AlLO,—water SWCNTs—water
0.01 0.3749886 0.4107476 0.4298806
0.0 0.10 —0.4242501 —0.3077898 —0.23271640
0.20 —1.4618373 —0.9102103 —0.6635057
0.01 —0.1818800 —0.9028197 2.1186300
1.0 0.10 —1.0052609 —0.7156827 —0.7817068
0.20 —22.2641819 —5.2507555 —2.6988377

Fixed parameter values: Pr = 6.2, R=0.5,6=0.5, §=0.5, § = 1.0.

Effect of { on temperature circulation
of water-based Cu, ALO, and SWCNTs in
the presence of heat source/sink is shown in
Fig. 3. Heat source generates energy which
causes the temperature of water-based Cu,
AlLO, and SWCNTs to first increase and then
decrease in the boundary layer with increasing
nanoparticle volume fraction, whereas the
increasing nanoparticle volume fraction in the
presence of the heat source parameter d has the
tendency to increase and decrease the thermal
state in the boundary layer. The heat transfer
rate of water-based Cu and SWCNTs first
decreases and then increases with increasing
nanoparticle volume fraction in the presence
of heat source (see Table 3). It is interesting to
note that the nanoparticle volume fraction of

the water-based Cu plays a dominant role on
the temperature field (in the presence of the
heat source) compared with the other mixtures
in squeezed flow regime. It can be seen from
Fig. 4 that the temperature of water-based
ALO, and SWCNTs decreases with increasing
nanoparticle volume fraction in the presence
of squeezed flow. The temperature of water-
based Cu, ALO,and SWCNTs first decreases
and then vibrates up and down with increasing
nanoparticle volume fraction in the presence of
thermal radiation (see Fig. 5). In the presence
of thermal radiation, the heat transfer rate first
increases and then decreases with increasing
nanoparticle volume fraction (see Table 4).
In the presence of suction, the temperature of
water-based SWCNTs first increases and then
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decreases with increasing nanoparticle volume
fraction, whereas the opposite trend is observed
for injection with increasing nanoparticle
volume fraction (see Fig. 6). The nanoparticle
volume fraction in the presence of suction has
a significant effect on temperature field. In the
presence of suction, it is also observed that the
heat transfer rate of water-based SWCNTs first
decreases and then increases with increasing
nanoparticle volume fraction (see Table 5). For
all three cases, it has been found that f'(n)
and 6(n) of the nanofluids decrease with
increasing the nanoparticle volume fraction in
the presence of a magnetic field. This is due to
the combined effects of the Lorentz force with
a size and a shape of the nanoparticle volume
fraction (see Fig. 7 and Table 6), whereas the
heat transfer rate increases with increasing
the nanoparticle volume fraction when
M = 1.0. In the presence of thermal radiation,
heat generation and a magnetic field on the
squeezed flow, it is observed that the temperature
profiles for water-based SWCNTs are higher
than those of other nanofluids, which implies
that the SWCNTSs show a unique combination
of stiffness, energy, and inflexibility compared
with other base materials which usually need
one or more of these characteristics. Thermal
and electrical conductivity of SWCNTs are also
very high, and comparable to other conductive
materials. An increase in the thermal boundary
layer field due to an increase in the thermal
conductivity shows that the temperature field
increases gradually as we replace water-based
copper by aluminum and SWCNTs in the
sequence described in Figs. 3 — 7.

Conclusion

The performance of nanoparticle volume
fraction of water-based Cu, ALO, and
SWCNTs is examined between squeezing
surfaces in such a form that the top plate is
compressed. Association of temperature and
the heat transfer rate among the nanofluids with
different parameters are illustrated by figures
and tables. The following conclusions can be
drawn regarding the results obtained:

(i) In the presence of heat source/sink,
the (Cu — water) nanofluid plays a dominant
role in affecting the thermal boundary layer
thickness with increasing the nanoparticle
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volume fraction compared with other mixtures
in the squeezed flow region.
(ii) In the presence of squeezed parameter

(b = 1.0) and at the nanoparticle volume
fraction ¢ = 0.2, the temperature distribution
of the (Cu — water) nanofluid attains its

maximum, whereas the (AlL,O, — water) one
attains its minimum value in the squeezed flow
regime over a sensor surface.

(iii) In the presence of thermal radiation
energy (R = 1.0), the temperature profiles of the
(Cu — water) nanofluid increase and decrease
with increasing the nanoparticle volume
fraction as compared to the other mixtures in
the squeezed flow regime.

(iv) In the presence of suction at the wall,
the temperature distribution at the nanoparticle
volume fraction ¢ =0.01, in the presence of
the (SWCNTs — water) nanofluid, attains its
highest value compared with other mixtures in
the squeezed flow regime over a sensor surface.

(v) In the presence of a magnetic field
(M = 10.0), the (SWCNTs — water) nanofluid
plays a dominant role with increasing the
nanoparticle volume fraction due to its high
thermal conductivity.

The thermal boundary layer thickness of
the water-based SWCNTs are found to be
much higher than those of other considered
nanoparticles with the same volume fraction.

Being based on obtained results, we
evaluated the efficiency of nanofluids as coolants
in the laminar squeezed flow regimes. It was
established that the water-based SWCNTs
investigated in this paper can be beneficial in
energy systems, rheology, material processing,
lubrication and biomedical applications.

Appendix 1

List of symbols and units

B, kg's™A™!, is the magnetic flux density;

¢,,J -kg™!-K™!, is the specific heat at constant
pressure;

k', m™!, is the mass absorption coefficient;

K, m?, is the permeability of the porous
medium,;

kf, W-m-K™!, is the thermal conductivity
of the base fluid;

k., W-m™-K™', is the thermal conductivity
of the nanoparticle;
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kn/, W-m LK™ is the effective thermal
conductivity of the nanofluid;

Pr is the Prandtl number;

M is the magnetic parameter;

qr.. kgm 's73-K™! is the incident radiation
flux of intensity;

0,, kg'm™, is the rate of source/sink;

t, s, is the time;

T, K, is the temperature of the fluid;

T, K, is the temperature of the wall;

T, K, is the temperature of the fluid far
away from the wall;

R is the thermal radiation parameter;

u, v, m-s!, are the velocity components in
X, y set;

U(x), m-s™!, is the velocity of the fluid away
from the wedge;

V,, ms™, is the velocity of suction /
injection;

o, m*>s~!, is the
diffusivity;

Py kg'm3, is the base fluid density;

p,, kg'm™, is the nanoparticle density;

P> kg-m3, is the nanofluid density;

(pc,),» J -m K™, is the heat capacitance of
the nanofluid;

G Q'm™!, is the electric conductivity of
the nanofluid;

nanofluid thermal

c,, kgs™K™is the Stefan — Boltzman
constant;

v, m>s™!, is the base fluid dynamic
viscosity;

Vo m?s~!, is the nanofluid dynamic
viscosity;

5 is the heat source / sink parameter;
)\ is the porous parameter;
¢ is the nanoparticle volume fraction.

Appendix 2

I. Numerical solving

Egs. (10), (11) subjected to boundary
condition (12) are converted into the following
simultaneous system of first order differential
equations, as follows:

A =(1—z;)2’5[1—c+cp—SJ,
Py

(15)
A2=(1—C)2’5(1—c+6;;’—s}
f

Ay =1mgag P9 gy g
(pcp)f 15
knf Pr R' ( )

5 = k, A, +m,
S' (M) = u(m), uf(n) =v(n),
vi(n) = -4 ((f+b7njf”—f’2 +b(f"? -1+

(16)
A2 }" ' .
+[MZ+ZJ(1—f)+1J,
0'(n) = p(n),
iy = PT[8 LURPo
) = AS[A39+[f+2je
(17)

3]

The boundary conditions are

kf
f(0):S,u(0)=0,p(0)=—k ; (18)
nf

u(L)=1,0(L) = 0,v(0) = a, 6(0) =B,

where o, B are a priori unknowns to be
determined as a part of the solution.

This software uses a fourth-fifth order
Runge — Kutta — Fehlberg method with the
shooting technique as a default to solve the
boundary value problems numerically using
the MAPLE 18 Dsolve command. The values
of a and B are determined upon solving the
boundary conditions

w(0) = &, 6(0) = B

on a trial and error basis.

The numerical results are represented in
the form of the dimensionless velocity and
temperature in the presence of water, ethylene
glycol and engine oil-based SWCNTs, Cu and
ALO.,.

I1. Analytical solving using the optimal
homotopy asymptotic method (OHAM)

On the OHAM grounds, the nonlinear
ordinary differential equations (8) — (10) with
boundary conditions (12) can be written as

f=f+ph+DPfry =00+ p0, + p*0,;
H,(p) = pC, + chza H,(p) = pC; + P2C4,
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where pe[0,1] is the embedding parameter,
H ,is the nonzero auxiliary function, C; are
constants [27].

ITI. Approximation of the momentum boundary
layer problem

On the OHAM grounds, Eq. (10) and
boundary conditions (12) can be written as

L=f"s 1,
N=f"'+A1([f+ jf —fPHb(f? -1+
A A (19
2 o o
+(M7+Z}(l f)+1j [ =f,

where L and N are the linear and the nonlinear
operators, respectively.

After applying OHAM to Eq. (8) with
respect to Eq. (12), we have

A-pLf"+ f1=

:Hp{ [ (fJF Jf - [+
(20)

+ b(f? - 1)+( j ](1 f)+1]]
1

and the zero-order equation p° of the boundary
condition is

fo+ /=0, £,(0) =S, £,(0)=0. (21)

The solution of the zero-order equation is
fo(©) = e c(1-€° + n— ne® -

(22)
—ae® +ane®)] /(1 +n).

The first-order equation p'is

KN+h=0+h+

m) .
+c{f0 +AI&fO+7njfo_f02]+ 03

y
7?+1J(1 f0)+lﬂ

£1(0)=0, £(0)=0.
The second-order equation p?is

L+ =R+ i+
G {f v (5057 25+

+b(fo'2—1)+(

24)
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+2bf, f; —2f0'ﬂ[

iim
A A
+ C{foerAl((fo +b7njfo"_f0'2+

%+1J(l f0)+1ﬂ

1

(24)
+ b(fy —1)+[

£0)=0, £,(0)=0.

Solving Egs. (23) and (24) with the bound-
ary conditions using Eq. (22), the solution of
Eq. (10) can be determined approximately in
the following form:

f©) = £,(8) + h(©) + /1,(8). (25)

Therefore, the residual equation takes the
form

R G, G) = {f ")+ A ((f (&) + b—;j A

—fE) +B(fRE) - 1) + (26)

A,
+[M7+7](1 f(é’;))+1]]

The constants C, and C, can be optimally
identified from the conditions

ol _ ol _

(27)

where J,(C) = I:Rf(é, C)) d.
IV. Approximation of the energy boundary
layer problem

On the OHAM grounds, Eq. (9) with the
boundary condition (11) can be applied as

L=(0+9),
N=6”+E i9+(f+b—n]9'—
As | A, 2

—[f’+§]9}—(9’+9),

as before, L, N are the linear and the nonlinear
operators.

Again, applying OHAM to Eq. (9) with
respect to Eq. (11), we have
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As \ 4

o5l

The zero-order equation p° is
(8 +6,) =0, 6,(0)=1.
Therefore the solution of Eq. (29) is
0,(&) = e .
The first-order equation p' is
0, +6, =
Pr( &

=0, +0,+C;| 0y +—| — 0, +
0ot 0 3{0 As[A3O

R SEAVR
+(f0 +_”jeo —(fo +§jeoj ,6,(0)=0.
The second-order equation p_2 is
Pr 5

6'2+62:6'1+61+C{6;+75 4

+(f0 +b7nj6'1 +(f1 +§j66—

b : « Pr[ 8
_(_]{64—5]61—(fi)90+C4|:90+A—5(A—390+

(- p)[O'+6] = H, {e” +E(ie+
(28)

(29)

(30)

D)

6, +

(32)

+(f0 +%‘J6‘0 _(fo' +§j90ﬂ,92(0)=0- (32)

Solving Egs. (31) and (32) with the bound-
ary conditions with the help of Eq. (30), the
solution of Eq. (11) can be determined approx-
imately as

(&) = 64(8) + 6,(8) + 6,(8). (33)
The residual equation takes the form
R,(5G5,C) = {9"(5) + %(Ai 0(8) +

’ (34)

+ [f(&) + ”;j 0'(e) - (f’(é) + g] e(&)ﬂ .

The constants C,, C, can be optimally
derived from

ofy _ 0y _ 0 (35)
oC, ~ oC,

where J,(C,) = I:Rzz(&, G)de

The results obtained for f"(0) in this
work are compared with the solutions
obtained in Ref. [32], for validation purposes
(see Table 2).
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In this article, we have analyzed the influence of a chemical reaction and thermal
radiation on a magnetohydrodynamic (MHD) flow of (Cu — water) nanofluid past a
wedge in the occurrence of viscous and Ohmic dissipation. The nonlinearity numerical
approach called the Runge — Kutta — Fehlberg method of the 4"-5" order was used
with shooting technique to find the results of velocity, temperature and concentration
fields for several points of the parameters taken. The skin friction coefficient, the
Nusselt and the Sherwood numbers were examined in details and the results were
presented in graphic and tabular forms. An analysis of the obtained results revealed
that the concentration boundary layer thickness diminishes with an increase in the
values of the chemical reaction parameter and the velocity profiles increase with
increasing the magnetic field parameter.
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BJIMAHUE XMMUYECKOW PEAKLLUU U TENJIOBOTO U3JTYYEHUA
HA XAPAKTEPUCTUKHU NMOITPAHUYHOIO C/10A MNOTOKA
HAHOXXUOKOCTU, OBTEKAIOLLLEIO KJIUH C BA3KOW
U OMUYECKOU AUCCUNALLUAMMU

A.K. Mangu'2, M. Kymap?

"I HAMNCKNI TEXHONOTMYEeCKUM MHCTUTYT Pypku, . Pypku, MHaus;
2YHMBEpPCUTET CENbCKOTO X039MCTBA U TexHonornu um. I.b. ManTa, r. MaHTHarap, MHana

B crarthe mpoaHaNMM3MpPOBaHO BIMSHUE TEIJIOBOTO M3IIyUYCHUS U XUMUIECKON pe-
aKlLMM Ha cBoMcTBa MarHuToruapoanHamudeckoro (MIJ]) moToka HaHOXUAIKOCTU
(HaHOYACTUIIBI MEIU B BOJE), OOTEKAIOIIETO TBEPAbI KIIMH C BSI3KOM M OMUYECKOM
auccurauusiMu. st HaxoxXaeHus mpoduiieil cKopocTu, TemIepaTypbl U KOHLEH-
Tpallid HAHOYACTHII UTSI HECKOJIBKMX 3HAUYCHU 3aJaHHBIX ITapaMeTPOB MCIOJIH30Ba-
HO HeJIMHEeHOoe YMCIeHHOe MPUOIKeHue, Ha3biBaeMoe MeToaoM PyHre — Kyrra —
®Denpbepra 4-ro 1 5-ro MOPSIAKOB ¢ MAaTEMATUYECKUM IIPUCTPEIMBaHUEM. 3HAYEHUS
Koa(dduumeHTa moBepXHOCTHOTO TpeHus, uuces Hyccenbra u IllepByna netanbHO
W3y4eHBI, M PE3yJIbTAaThl MPEICTABICHBI B BUIe rpadMKOB W TaOauMil. AHaIU3 II0-
JIYYEHHBIX pacueTHBIX Pe3yJbTaTOB MPUBEJ K 3aKIIOUEHMIO, YTO TOJILIMHA KOHLIEH-
TPAlIMOHHOTO TPAHMYHOIO CJIOS ITOTOKA CHUXKACTCS C YBEJIMYCHHEM IapameTrpa
peakluu, a CKOPOCTU MOTOKA PacTyT ¢ yBEJIMUYEHUEM MapaMeTpa MarHUTHOIO IOJIS.

KmoueBble cioBa: XMUUYecKasl peakiivs; HAHOXKUIKOCTh; OMUYECKasl TUCCUTIALINS; TEIIOBOE M3JTyde-
HUE; BI3Kasl AUCCUIIALINS
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1. Introduction

Due to low thermal conductivity, conven-
tional fluids like water, ethylene glycol and oil
have a restricted cooling performance. Choi [1]
illustrated that this restricted cooling perfor-
mance can be determined by the addition of a
small amount of high-heat transfer performance
of solid nanoparticles to the traditional fluid to
form the so-called nanofluids. Typically, the
particles in such nanofluids have dimensions
ranging from 1 to 100 nm and take the form
of metals, oxides, carbides, nitrides or nonmet-
als. There are several engineering and physical
applications of heat transfer in nanofluid such
as engine cooling, refrigerators, chillers, micro-
electronics, fuel cells, etc.

Magnetic nanofluid is a magnetic colloidal
suspension of carrier liquid and magnetic nano-
particles. The assistance of magnetic nanoflu-
id is that fluid flow and heat transfer can be
managed with the aid of an external source,
which makes it pertinent to several areas such
as aerospace, electronic packing and thermal
engineering. In other words, flow behavior is
heavily affected by the intensity and orientation
of the applied magnetic field. The applied mag-
netic field influences the suspended particles
and reshuffles their concentration within the
fluid, which convincingly alters the flow char-
acteristics of heat transfer. Alternatively, the
study of magnetohydrodynamic (MHD) flow
for an electrically conducting fluid flow over
a heated wedge surface has a lot of significant
applications in engineering fields such as nu-
clear reactors cooling, MHD power generators,
studies of plasma and petroleum engineering.
Moreover, magnetohydrodynamics is also used
in metallurgical processes and boundary layer
flow. The effects of MHD flow past a wedge
surface due to nanofluid have been analyzed in
a few studies.

Ariel [2] studied the influence of the mag-
netic field on laminar flow of two-dimensional
incompressible glutinous fluid impinging nor-
mal to the plane. The author established that
with increasing values of the Hartmann num-

ber, the shear stress rate increases as well. The
effect of suction/injection on a two-dimension-
al steady nanofluid MHD flow due to a verti-
cal wedge in the existence of mixed convection
and chemical reaction was studied by Ganap-
athirao et al. [3]. Rahman et al. [4] described
the impact of heat generation/absorption on a
two-dimensional steady nanofluid flow over a
wedge with convective surface. They discov-
ered that the Nusselt number increased with
increasing values of the Biot number and slip
parameter.  Srinivasacharya et al. [5] have
proposed the effect of heat and mass transfer
rate on MHD flow over a wedge within the
nanofluid. Rahman et al. [6] investigated the
simultaneous impact of heat and mass transfer
on an unsteady MHD flow of nanofluid over
a wedge surface with thermophoresis and vari-
able electric conductivity. Yacob et al. [7] have
considered a flow of nanofluid over a stationary
or a moving wedge. The impact of viscous dis-
sipation with a slip wall on an unsteady MHD
flow over a stretching wedge for nanofluid have
been described by Nagendramma et al. [8].
Kandasamy et al. [9] considered the influence
of thermal radiation on an unsteady MHD flow
of nanofluid over a porous wedge. Recently,
we [10] have analyzed the influence of suc-
tion/injection on MHD flow of nanofluid due
to a porous wedge in the existence of viscous
dissipation and slip. We revealed that the skin
friction coefficient increases with an increase
in the Eckert number. Then we [11] have il-
lustrated the effect of natural convection and
viscous dissipation on nanofluid flow due to
a stretching cylinder with thermal radiation,
porous medium and slip boundary conditions.
Khanafer et al. [12] have examined heat trans-
fer enhancement of nanofluid due to an enclo-
sure using the single-phase model. Further, the
single-phase model was used to determine the
heat transfer rate of nanofluid due to differ-
ent geometry by Buongiorno [13], Tiwari and
Das [14]. Sheikholeslami and Abelman [15]
examined the impact of the magnetic field on
a nanofluid flow due to two coaxial cylinders
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Nanofluid

Fig. 1. Physical model of the flow over a wedge surface and the coordinate system:
U(x) is the uniform velocity, B, is the uniform magnetic field, Q is the total wedge
angle, 7 is the temperature, C is the specific heat

by applying the two-phase model. Again, the
impact of MHD flow of nanofluid over dif-
ferent surfaces has been described in several
studies [16 — 38]. We [39] have investigated
the numerical solution of nanofluid flow past a
stretching cylinder under slip conditions. Hayat
et al. [40] have examined the mixed convection
stagnation point flow of tangent hyperbolic
nanofluid towards a stretching sheet. Mustafa
et al. [41] have solved the problem of nanofluid
flow within a channel with complaint walls by
the Homotopy Analysis Method (HAM) and
the shooting method.

Several chemically reacting systems
incorporate both homogeneous and
heterogeneous reactions, with instances
happening in catalysis, combustion and
biochemical systems. The interaction between
homogeneous reactions within the bulk of the
fluid and heterogeneous reactions occurring
on some catalytic surfaces is usually extremely
complex and is relevant in the production and
consumption of reactant species at various
rates both in the fluid and surfaces of catalytic.
Stagnation-point boundary layer flow due to
homogeneous and heterogeneous reactions
was studied by Chaudhary and Merkin [42].
Similarly, several studies [43 — 50] revealed the
influence of homogeneous and heterogeneous
reactions on different types of fluid for different
geometry.

The present work deals with the influence
of viscous and Ohmic dissipation on a two-
dimensional steady nanofluid MHD flow past

56

a wedge surface in the existence of thermal
radiation and chemical reaction.

To the best of our knowledge, no recent
studies have been completed on this subject.
The numerical solution of the recent study was
acquired by applying the shooting method based
on the Runge — Kutta — Fehlberg scheme.
The influence of different pertinent parameters
on flow field, thermal field and concentration
were considered graphically and described in
details. The boundary layer flow due to a wedge
surface plays a key role in the field of crude
oil extraction, heat exchangers, ground water
pollution, geothermal systems, etc.

2. Mathematical formulation

We assume the existence of a steady flow of
two-dimensional and incompressible conven-
tional water-based nanofluid, including copper
(Cu) as nanoparticles that moves over the sur-
face of a wedge with a uniform velocity U(x),
and a variable magnetic field

(m-1)

B(x)=Byx ? ,

(B,is a magnetic field of a uniform strength);
the external flow velocity has the form

U(x) = uyx™,
where u is a constant (see Ref. [5]), whereas

B
2-p

is the power-law Falkner — Skan parameter
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0O<m<1); B=Q /1 is the pressure gradient
parameter also known as the Hartree pressure
gradient (Q is the total wedge angle assuming
two dissimilar values of the Hartree parameter
B, i.e., with the flow past a horizontal wall
B=0(Q=0° and B =1(Q2 =180°) for bound-
ary layer flow near an upright flat plate.

It is assumed that the fluid phase and the
solid particles are in a thermal equilibrium state
and that they flow with an equal local velocity.
The geometry of the present model is shown
in Fig. 1.

The conventional equations of continuity,
momentum, heat transfer and concentration
are expressed as [5]:

ou, o =0; (1
ox 0oy
ou ou
Lla‘FVa:
dvu  u u 032 @
U=+ U - u);
dx pnf ay pnf
oT  oT PT [auf
U——+V—— =0y —5 +—— | — | +
ax dy ay*  (pC,)y \ Oy
) (3)
L, oB ., 1 .
(pC )nf (pcp)nf ay ’
2
8C aC _pdcC o°C _K(C-C). (4
ax 6y oy?

The boundary conditions are as follows:
u=0,v=0,7=T7,C=C,asy—>0; 5
u=ux",T=T,C=C, aty — o, )

where (u, v) are the velocity components along
the x and y axes, respectively.

conductivity k,, of the nanofluid are defined

as [4, 7, 10]:
Hy
(1- 9™

pnfz(l_¢)pf+¢psaanf:(pc)f; (6)
p/n

(PCpy =A=0)pC)); +d(pC)),
ky K+ 2k - 20(k; — k,)
ko kot 2k, ok, k)

“nf =

Ky

where ¢ is the volume fraction of the solid and
the subscripts fand s denote the fluid and the
solid nanoparticles, respectively. The thermo-
physical properties of the nanofluid are listed
in Table 1.

With the help of the Rosseland approxima-
tion, the radiation heat flux is defined as [9]:

4" oT*

YR (7)
where 6" and k" are the Stefan — Boltzmann
constant and the coefficient of mean absorp-
tion; 7*is the linear sum of temperature and
it can be expanded with the help of the Taylor
series along with 7, :

T =T} +4T>(T -T,)+6TX(T -T,)* +... .(8)

Vanishing the higher terms of (T'-T7,) in
Eq. (8), we obtain

T =4T°T -3T%. 9)
Solving Egs. (7) and (9) we get
3 x
g, = _16Tw*6 g (10)
3k oy

The following nondimensional similarity
transformations are introduced [5]'

The effective dynamic viscosity p,,, the ef-
fective density p,., the thermal diffusivity o, = (v, xm+l)/ 2f(), n= pd (1)
the heat capacitance (pC,),, and the thermal vy )X
Table 1

Thermophysical properties of water and nanoparticles [4, 7]

Substance p, kg/m3 C, J/(kg'K) k, W/(m-K)

Pure water 997.1 4179 0.613

Copper (Cu) 8933 385 400

Notations: p is the density, Cp is the specific heat at the constant
pressure, k is the thermal conductivity coefficient.
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e(n) = ;_7;0?7 ) TW _Too = XATa
|/ (11)
c-¢C

=——>>  (C, -C,=xAC,
X(ﬂ) CW_COOJ w £

where wy(x,y) is the stream function written
as

w2 . (12)
oy ox
u=ux"f"
1 1
y= —E(m +1)(v upx™")2 x
(13)

{f+(213nf]

Now let us substitute Egs. (6), (10) — (13)
into Egs. (2), (3) and (4), respectively. The fol-
lowing nonlinear ordinary difference equations
(ODESs) of momentum, energy and mass trans-
fer are obtained:

- {mf'z—(mgljﬁ”— m}

+ (=M= f)=0,

k, m+1 .., _,
&#%[ . fe—f6j+

+ Eof "+ MEc(1-¢)>* £ =0,

(14)

(I+R)0"+Pr
(15)

m

W4SC( glfxucf4ynj:o, (16)

and boundary conditions (5) turn into the
following ones:

£'(0)=0, f(0)=0,6(0) =1,
x(0) =Tatn=0;
f'=1,0=0,y=0asn— x,

(17)

where the prime indicates the derivative with
respect to n; the dimensionless parameters are
Pr, the Prandtl number; Sc, the Schmidt num-
ber; M, the magnetic field parameter; Ec, the
Eckert number; R, the radiation parameter; Yy,
the chemical reaction parameter; ¢,, ¢,, the
constants, respectively, defined as:

_ Vf(pcp)f , Sc :V_f, M =
k, D

2
cB;

Priy

Pr ,(18)
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3
R_16<5ToO

2
__omU _
Ec 3Kk,

k(T -T,)
y= U(x)K,
x (18)
_ 2,5 Ps
o =1-9) {1—¢+¢—},
Pr
(rC,);
(PC,)y
For practical interest, the shear stress rate
(the skin friction coefficient C,), heat trans-
fer rate (the Nusselt number Nu ) and mass

transfer rate (the Sherwood number Sh ) are
expressed as:

Mnf au]
C,=——|— ,
f pU2 (ay =0
kx [aT]
Nu, =|— | Z2] 19
{kf (TW -T. )J W ),

Sh :;[Ej
TG, -CH v ),

Hence, the reduced dimensionless skin
friction coefficient, the heat transfer coefficient
and the reduced mass transfer coefficient are
defined as:

(1-¢)*°Re,C, =2/ "(0),

by =1-0+9

Nu kf
= =—(1+ R)6'(0), 20
ek, - U RO (20)
sh, k,
L= —1(0)

qRex knf
where Re = xU /vf is the local Reynolds
number.

3. Numerical method

The nondimensional momentum (Eq. (14)),
energy (Eq. (15)) and concentration (Eq. (16))
together with supporting boundary conditions
(17) have been dealt with numerical solution
by applying the shooting procedure with the
4th — 5t order Runge — Kutta — Fehlberg (RKF)
integration formula. For this scheme, we first
modify the primary differential equations into
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a set of the first order ODEs.

Let us presume that
v=n n=Ff n=f nu=r"
Ys=0, yo=0" y, =9 yg=x"

Now we obtain a first-order system of

Eqgs.:

N
Y
Y3
Y4
Ys
Ve
Yy
Vs

'

'

'

'

(21)

1
Y3
V4

0y [mygz - (mTH] VaVs — m] -

~(1- 9> M(1-y,)
Ve

-1 ki (m+1 '
m(% Prk—f(T Ve — )’3y5j +
nf

+ Ecy? +(1-¢)» MEcygj

V8

m+1
—SC( 7 Ny =y (3 + Y)j

The associated initial conditions are:
3 0
8% 0
V3 0
Y4 _| 4D ‘ (22)
Vs 1
Ve p)
Y7 1
s ds
The system of first-order ODEs (21)

via initial conditions (22) is solved using a
4t — 5t order RKF integration process, and
the appropriate values of unknown initial con-
ditions ¢;, ¢, and ¢; are selected and then
numerical integration is applied.

Here we contrast the computed values of
f', 6 and y as n — o, through the specified
boundary conditions

f(o) =1, 8(0) =0, x(x)=0,

and regulate the estimated values of ¢;, ¢, and
g; to gain an excellent approximation for the
result. The unknown ¢;, ¢, and ¢; were ap-
proximated by Newton’s scheme in such a way
that boundary conditions were obeyed at high-
est numerical values of n — o, with an error
less than 1073,

4. Validation of the code

To check the accuracy of our present code,
we compared the obtained results of the skin
friction coefficient (f"(0)), for several val-
ues of the magnetic field parameter M, in the
absence of thermal radiation, the viscous and
Ohmic dissipation and the chemical reaction
parameter for the base fluid (water) with the
data obtained by Ariel [2] and Srinivasacharya
et al. [5]. Notice that our results are in better
agreement, as shown in Table 2. Therefore, us-
ing our recent code is valid for computation.

5. Results and discussion

The solutions of the nondimensional ve-
locity field f'(n), the temperature field 6(n),
the concentration y(n), the skin factor C,,
the Nusselt number Nu, and the Sherwood
number Sh_ profiles were obtained for sev-
eral values of related parameters, throughout
the procedure with the step length An = 0.001,
where 0 <n < 3. Notice that for the base fluid
(¢ =0), the value of the constants ¢, and ¢,
becomes unity. The present model will be the
same as the one presented by Srinivasacharya
et al. [5] in the absence of viscous and Ohmic
dissipation, thermal radiation and chemical re-
action.

The changes in the dimensionless parame-
ters such as the skin friction, the Nusselt num-
ber and the Sherwood number are presented in
Table 3. This data reveals that the skin friction
coefficient and the mass transfer rate of the
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Table 2

Comparison of the values of the skin friction coefficient /"(0) for different values
of the magnetic field parameter M

” f"(0)
Ariel [2] Srinivasacharya et al. [5] Present study
0 1.232588 1.2325965196 1.2328130
1 1.585331 1.5852800424 1.5853650
4 2.346663 2.3468696599 2.3466556
25 5.147965 5.1479646032 5.1479628
100 10.074741 10.0747411168 10.0747412

The data is given in the absence of thermal radiation, the viscous and Ohmic dissipation and
the chemical reaction parameter, whereas ¢ =0, Ec=0, m =1, Pr=1, R=0, Sc = 0.24 and
y=0.

Table 3

Values of the skin friction coefficient, the Nusselt number and the Sherwood number for
different values of the magnetic field parameter M

M /() -6'(0) —x'(0)

0.2 1.499681 0.600960 0.680420
0.6 1.598197 0.592030 0.683610
1.0 1.691074 0.582014 0.686460
2.0 1.903826 0.553324 0.692502
3.0 2.095334 0.520750 0.697402

Notations: f"(0) is the skin friction coefficient, —0'(0) is the Nusselt number, y'(0) is the
Sherwood number.
Fixed parameter values: Ec = 0.1, m =1, Pr=1, R=10.5, Sc =0.24, ¢ =0.1, y=1.

Cu—water nanofluid increase with increasing Table 4 indicates that the Sherwood num-
the magnetic field parameter M. Moreover, the  ber depends on the chemical reaction param-
heat transfer rate decelerates with an increase  eter y. We can see that the mass transfer rate

in M. of nanofluid accelerates with increasing y. The
Table 4 Table 5
Values of the Sherwood number for different values Values of the Nusselt number for different values
of the chemical reaction parameter y of the radiation parameter R
Y ~'(0) R -6'(0)
0.518711 0 0.454424
250 ;ﬁ;‘g 1 0.421124
40 3.110745 4 0.378224
50 3.474195 12 0.352560
60 3.803274 20 0.345560

Fixed parameter values: Ec = 0.1, M = 0.6, m = 1, Fixed parameter values: y =1, Ec = 0.1, M = 0.6,

Pr=1, R=10.5, Sc =0.24, ¢ =0.1. m=1,Pr=1,8Sc=024, ¢=0.1.
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heat transfer coefficient in terms of the Nusselt
number is given in Table 5 for different values
of R. This data signifies that the heat transfer
rate decelerates with increasing R. The influ-
ence of the related parameters on the veloc-
ity, temperature and volume concentration of
nanoparticles is illustrated in Figs. 2 — 5. In
the recent study we have regarded Cu (copper)
as nanoparticles and water as a base fluid. The
impact of the magnetic parameter M on the
flow field, thermal field and concentration of

Cu—water nanofluid for Pr=m=1,
Ec=¢=0.1 R=0.5 vy=1 and Sc=0.24
are shown in Fig. 2. Fig. 2, a shows that the
velocity field profile of the Cu—water nanoflu-
id increases with increasing the magnetic pa-
rameter and it is also obvious from this graph
that the momentum boundary layer width of
the nanofluid decreases. We used Fig. 2, b to
conclude that the thermal field component is
influenced by the magnetic field parameter M
in the domain of [0, 3] and the trend of the

a)
f'(m)
0.8 .
0.4 -
0.0 0.5 1.0 1.5 2.0 n
b)
o) ; : . . :
o.e- 4 4
0.4 - 2 3 -
0.2 1 4
0.0 015 110 1.5 2.0 215 n
9
x() : : ; . .
0.8 \\ E
] 4321
0.6 4
0.0 05 10 1’5 20 25 n

Fig. 2. Velocity (a), temperature (b) and concentration (c¢) profiles of Cu—water nanofluid
for different values of the magnetic field parameter M: 0.2 (1), 1.0 (2), 3.0 (3), 4.0 (4);
Pr=m=1,Ec=¢=0.1, R=0.5, y=1, Sc=0.24
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>

o) . :

0.8 -
0.6 -
0.4 -

0.2 o

T T
0.0 0.5 1.0

Fig. 3. Temperature profiles of Cu—water nanofluid for different values
of the Eckert number Ec: 0(7), 0.1 (2), 0.2 (3), 0.3 (4);
M =06 Pr=m=y=1 R=0.5 ¢=0.1

dimensionless temperature profiles increases
with increasing M in this entire domain. For
this reason, the thermal boundary layer thick-
ness grows to large values. Similarly, we can see
from Fig. 2, c that the concentration graph var-
ies with the magnetic parameter corresponding
to each value of the horizontal component .

In the regions of [0, 0.2] and [2.9, 3.0], there
is no change in the concentration profile of
the Cu—water nanofluid; the fluid concentra-
tion subsequently decreases with increasing the
values of M in the region of [0.2, 2.9].

The deviation in the temperature distribu-
tion corresponding to the horizontal variable n

o) - -

0.8
0.6 -
0.4 - 2

0.2 4

T T
0.0 0.5 1.0

Fig. 4. Temperature profiles of Cu—water nanofluid for different values
of the radiation parameter R: 0 (1), 1 (2), 4 (3), 12 (4);
M =06, Pr=m=y=1 Ec=03, 6=0.1

x(™M) - -

0.8 |

0.6 2

T T T
1.5 2.0 2.5 .n

Fig. 5. Concentration profiles of Cu—water nanofluid for different values
of the chemical reaction parameter y: 0(7), 5(2), 20(3) 40(4), 60(5);

M =06, Pr=m=1,
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for different values of the Eckert number Ec is
shown in Fig. 3 for M =0.6, Pr=m=y=1,
R=0.5and ¢=0.1.

We can conclude from this figure that the
temperature of the nanoparticles gradually
increases with increasing the values of the
Eckert number, and for this reason the width
of the thermal boundary layer increases.
Moreover, the heat transfer rate decreases for
different values of the Eckert number Ec.

a)

The graph for the thermal field ver-
sus the horizontal axis n for different values
of the radiation parameter R with M = 0.6,
Pr=m=vy=1, Ec=0.3 and ¢ = 0.1 is shown
in Fig. 4. It is clear from this figure that the
temperature of the nanoparticle increases with
increasing thermal radiation parameter, while
the heat transfer rate decreases with increasing
the R value.

Fig. 5 shows the graph for the concentra-

b)
Nu

0.52 |
0.50 ]
0.48 ]
0.46 ]
0.44 ] -
0.42 ]
0.40 ]

0.38 4

9)

Sh_ - -

0.67

0.66

0.69 —/

0.68 2 S

Fig. 6. The plots of the skin friction coefficient (a), the Nusselt (b)
and the Sherwood (¢) numbers versus M parameter for different
values of the solid volume fraction ¢: 0.2 (1), 0.4 (2), 0.6 (3);
Pr=m=y=1 R=0.5, Ec=0.1, Sc=0.24
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tion profile of the Cu—water nanofluid versus
variable m, for different values of the chemical
reaction parameter y at M =0.6, Pr=m=1,
R =0.5 and Ec=¢ =0.1. It can be seen that
this concentration profile of the Cu—water
nanofluid asymptotically approaches zero in
the region of [0, ©). In other words, it de-
creases gradually with increasing the chemical
reaction parameter y in the dynamic range of
0 <1n <ow; moreover, the curve is asymptotic
to the axis of m; we can also conclude that
the concentration boundary layer thickness de-
creases gradually. However, the mass transfer
rate increases monotonically.

The changes in the nondimensional skin
friction coefficient, the Nusselt number and
the Sherwood number depending on the mag-
netic field parameter M for different values of
the solid volume fraction ¢ are shown in Fig. 6
with the parameter values Pr=m=y =1,
R=05 Ec=0.1 and Sc =0.24. The influ-
ence of the volume fraction ¢ on the skin fric-
tion coefficient is demonstrated in Fig. 6, a.
It can be seen from this graph that each value
of the thermal radiation skin friction decreases
with increasing the volume concentration of
solid particles. The graph of the Nusselt num-
ber versus the magnetic field parameter for sev-
eral values of the solid concentration is shown
in Fig. 6, b. It can be seen that the heat transfer
rate increases with increasing the concentration
of solid particles.

The variation in the mass transfer rate with
respect to the variable M for different val-

Nu,

ues of the volume concentration is shown in
Fig. 6, c¢. It can be seen that the Sherwood
number is an increasing function of ¢ in the
domain M.

The effect of the volume concentration
along with the thermal radiation parameter
R on the Nusselt number is shown in Fig. 7,
with the values of nondimensional param-
eters Pr=m=y=1, M =06, Ec=0.3 and
Sc =0.24. This figure shows that the heat
transfer rate enhances with the solid volume
concentration for each value of the radiation
parameter.

Fig. 8 shows the changes in velocity, tem-
perature and concentration profiles of the nano-
fluid for different values of m with Ec = 0.3,
M=06, Pr=1, R=y=1Sc=0.94 and
¢ = 0.6. Fig. 8, a shows that the velocity profiles
frequently increase with increasing the values of
m in the region of [0, 3]. Fig. 8, b shows that the
temperature profiles decrease with increasing m
within the domain of (0.5, 0.9). Similarly, it can
be seen from Fig. 8, ¢ that the concentration
profiles of the nanofluid gradually decreased
with increasing m in the specified range, and for
this reason, the concentration boundary layer
thickness decreased.

The influence of the Prandtl number with
Ec=03 M =06, m=1, R=y=1, Sc =0.94
and ¢ = 0.6 on the temperature distribution is
shown in Fig. 9. We can see from these curves
that the temperature profiles gradually decrease
with increasing the Prandtl number. Fig. 10
shows the effect of the Schmidt number Sc on

0.40

0.38

0.36

0.34

0.32

Fig. 7. The plots of the Nusselt number versus R parameter
for different values of the solid volume fraction ¢: 0.2 (/), 0.4 (2), 0.6 (3);
Pr=m=y=1 M =06, Ec=0.3, Sc=0.24
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Fig. 8. Velocity (a), temperature (b) and concentration (c¢) profiles
of the nanofluid for different values of the power-law Falkner — Skan parameter m:

1/11 (1), 0.2 (2), 0.5 (3), 1.0 (¥;
Ec=03, M =06, Pr=1, R=y=1,Sc=0.94, $=0.6

the concentration distribution of the nanoflu-
id with Ec=03, M =06, m=1, R=y=1,
Pr=1 and ¢ =0.6. It can be seen from these
curves that the concentration profiles increase
with increasing the Schmidt number, and for
this reason the solution boundary layer thick-
ness decreases with increasing the Sc value.
Table 6 shows the values of the skin fric-

tion coefficient, the Nusselt and the Sherwood
numbers due to the effect of m. It can be seen
from this data that the mass transfer rate and
the shear stress rate increase with increasing m,
while the heat transfer rate decreases.

The effects of the Prandtl number on the
Nusselt number are described in Table 7.
We can conclude from the data that the heat
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transfer rate increases along with the Prandtl The combined effect of the magnetic param-
number. eter M and the volume fraction ¢ of nanopar-

Table 8 describes the effect of the Schmidt ticles on the heat and mass transfer is illustrated in
number Sc on the mass transfer rate, which  Table 9. It can be seen from the table that the heat
proves that the mass transfer rate is an increas-  transfer rate decreases but the mass transfer rate

ing function of Sc. increases with increasing M for each ¢ value.
o)
0.6+ 1 ]
4 ) _
02 3 ]
0.0 05 10 1's 20 25 n

Fig. 9. Temperature profiles for different values of the Prandtl number (Pr):
0.71 (1), 1.00 (2), 1,74 (3), 2.97 (4);
Ec=03, M=06 m=1, R=y=1,Sc=094, ¢=06

xr(m)
0.8 -
0.6 1 -
2 i
3
0.2 4 -
0.0 0‘.5 1 :0 1 :5 2:0 2:5

n

Fig. 10. Concentration profiles for different values of the Schmidt number (Sc):
0.24 (1), 0.60 (2), 0.94 (3);
Ec=03, M=06 m=1, R=y=1,Pr=1, =06

Table 6

Values of the skin friction coefficient, the Nusselt number and the Sherwood number
for different values of m

m /(0) —0'(0) wAY
1/11 0.4942973 0.328434 1.083905
0.2 0.5661611 0.327020 1.096231
0.5 0.7403936 0.322560 1.126572
1.0 0.9757923 0.315531 1.169118

Fixed parameter values: Ec =0.3, M =0.6, Pr=1, R=y=1, Sc=094, ¢=0.6
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Table 7

Values of the Nusselt number for different values
of the Prandtl number

Table 8

Values of the Sherwood number for different values
of the Schmidt number Sc

Pr -0'(0) Sc —'(0)
(1)3(1) gg?zzg? 0.24 0.6529234
174 0.354443 0.60 0.9583910
2.97 0.412683 0.94 1.1694180
Fixed parameter values: Ec=0.3, M =06, Fixed parameter values: Ec=03, M =0.,
R=m=vy=1 Sc=094, ¢=0.6 Pr=R=m=y=1, ¢=0.6
Table 9
Effect of M and ¢ parameters on the Nusselt and the Sherwood numbers
M -0'(0) —1'(0)
$=20.2 $=04 ¢ =10.6 $=20.2 =04 ¢=10.6
0.2 0.539740 0.441265 0.37563 0.682209 0.674028 0.65184
0.6 0.531212 0.436532 0.37416 0.684490 0.675504 0.65292
1.0 0.522150 0.431630 0.37264 0.686579 0.676920 0.65397
2.0 0.497546 0.418689 0.36861 0.691196 0.680160 0.65645
5.0 0.470718 0.404920 0.36433 0.695133 0.683067 0.65875

Fixed parameter values: Pr=m=y=1, R=0.5, Ec=0.1, Sc=0.24

6. Conclusions

In the current study, the effect of viscous and
Ohmic dissipation on magnetohydrodynamic
flow of nanofluid (Cu — water) past a wedge in
the existence of thermal radiation and chemi-
cal reaction has been studied. The governing
PDEs were transformed into a set of ODEs by
employing the corresponding similarity trans-
formations and the transformed equations were
solved along with the boundary conditions by
the Runge — Kutta — Fehlberg method of the
4t_5t order via the shooting technique.

The following major conclusions can be
drawn from the results of our study:

The velocity of the (Cu—water) nanofluid
flow increases with increasing the magnetic
field parameter;

The thermal boundary layer thickness in-
creases with increasing the magnetic field pa-
rameter;

The concentration boundary layer thickness
decreases with increasing the chemical reaction
parameter;

The temperature profiles of the nanoparticles
increase with increasing the Eckert number;

The heat transfer rate decreases with in-
creasing the values of the thermal radiation pa-
rameter;

The mass transfer rate increases with
increasing chemical reaction parameter;

The skin friction coefficient decreases with
increasing the solid volume fraction and the
magnetic parameter. Moreover, the opposite
behaviour was observed for the Nusselt number
and the Sherwood number;

The heat transfer rate increases with
increasing the volume fraction, along with the
radiation parameter.
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SMUCCUOHHAA TAMMA-TOMOIPA®USA SKCMEPUMEHTAJIbHOM
TENJIOBbIAENAIOLWEN CEOPKU PEAKTOPA BOP-60

B.A. XXutenes, E.A. 3Bup, M.B. KynpueHko,
A.B. Crpoxyk, I.[l. Hypynnuna

[ocyaapCTBEHHbIM HAYYHbIM LEHTP — HAyYHO-UCCie40BaTeNbCKUM MHCTUTYT aTOMHbIX PEeaKTOpOoB,
r. AumutpoBsrpas, YnbsiHoBCKasi 0651actb, Poccuimckas Pepepaums

B marepuanosequeckom komruiekce AO «'HL[ HUMAP» 6bii1a mpoBeaeHa KoM-
MbIOTEPHAs! SMUCCUOHHAsI raMMa-ToMorpadusi HerepMeTUIHOM 9KCIepUMEHTaTbHOM
tertoBbLnestonieit coopku (DTBC) c ucnonb3oBaHMEeM raMMa-CIIEKTPOMETPUIECKOTO
000pyIoOBaHUS M YCTaHOBKU 2D-mo3uLIMOHUPOBaHMS (pa3MellieHa B 3alllMTHOI Ka-
Mepe), UCTIBITAHHOM B MccienoBatesibckoM peakrope BOP-60. B cTatbe mpuBoautcst
ornucaHue 00OpyAOBaHUS UCIIOIb30BAHHON YCTAHOBKU ramMMa-ToMorpaduu, utepa-
IIMOHHOTO aJire0panveckoro ajropuTMa, CO3laHHOTO CIeluaibHO T 00paboTKU
MPOEKIIMOHHBIX JaHHBIX, a TaKXe pe3yJbTaTOB BoccTaHOBJIeHUsI B ceuyeHun DTBC
KapTUH pachpeiesieHUsT pPaauOaKTUBHBIX MTPOAYKTOB IEJCHUS SIIEPHOTO TOILIMBA U
aKTUBAIlMM KOHCTPYKIIMOHHBIX MaTepuayioB. Pe3ynbraTbl peKOHCTPYKIIMU MOKa3alH,
4yTOo B HcchenoBaHHoM ceueHnn DTBC mpousonuio pacriasieHue torausa TBOJIos
M YacTU BHYTpeHHel o000iiMbl ¢ oOpa3zoBaHueM kopuyMa. IIpoBeneHHOe uccaeno-
BaHUE 0Ka3ajao 3(h(MEKTUBHOCTh MCITOIb30BAHHOTO METOAa M pabOTOCITOCOOHOCTD
pa3pabOTaHHOTO AJITOPUTMA PEKOHCTPYKIIUU.

KiroueBbie cii0Ba: sMUCCHOHHAST KOMITbIOTEpHAsl raMMa-ToMOrpadusi; UTepallMOHHBIN alredpandecKuii
JITOPUTM PEKOHCTPYKLIMU; TETUIOBBIACIAONIAA COOpKa

Ccpuika mpm nutupoBanmm: KuteneB B.A., 3Bup E.A., Kympuenko M.B., Ctpoxyk A.B.,
Hypymmna T'.[I. DMuUccHMOHHAas ramMa-ToMorpadusi dKCIEPUMEHTATbHOU  TEIUIOBBIACSIONIEH COOPKU
peakTopa bOP-60 // HayuHo-texuuueckue Begomoctu CIIGITIY. ®usuko-maremarnueckue Hayku. 2017.
T. 10. Ne 4. C. 73—81. DOI: 10.18721/JPM.10405

EMISSION GAMMA TOMOGRAPHY OF THE TEST FUEL ASSEMBLY
FOR BOR-60 REACTOR

V.A. Zhitelev, E.A. Zvir, M.V. Kuprienko, A.V. Strozhuk, G.D. Nurullina

State Scientific Center — Research Institute of Atomic Reactors,
Dimitrovgrad, Russian Federation

Computerized emission gamma tomography of the test leaky fuel assembly
irradiated in the research reactor BOR-60 has been carried out at the Material test
department of Joint-Stock Company JSC «SSC RIAR» using gamma spectrometry
equipment and installation for 2D-positioning placed in a hot cell. The paper describes
the gamma tomography installation, reconstruction algebraic iteration scheme used
for data processing and the results of reconstruction of fission products of nuclear
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fuel and products of activation of constructional materials distribution in the cross-
section of the fuel assembly. The reconstruction results showed that the meltdown
of the power rods’ fuel and of the internal casing’s part with corium formation had
occurred in the investigated cross-section of the fuel assembly. The conducted research
proved the effectiveness of the used technique and the serviceability of the developed

reconstruction algorithm.

Key words: emission computer gamma tomography; reconstruction algebraic iteration scheme; test fuel

assembly

Citation: V.A. Zhitelev, E.A. Zvir, M.V. Kuprienko, A.V. Strozhuk, G.D. Nurullina, Emission gamma
tomography of the test fuel assembly for BOR-60 reactor, St. Petersburg Polytechnical State University
Journal. Physics and Mathematics. 10 (4) (2017) 73—81. DOI: 10.18721/JPM.10405

BBenenune

KowmmbioTepHas Tomorpadus — SBISIETCS
OMHUM U3 (P (HEKTUBHBIX METOIOB KOHTPOJIA,
MO3BOJISIIOIIETO MOJyJYaTh M300paXKEHUE BHY-
TPEHHETO CTPOEHUsS O00beKTa Oe3 ero paspy-
weHud. ITo cmocoby nmoayyeHus MHGOpMaLUU
TOMOTrpagHrIecKre MEeTOAbI, KaK U3BECTHO, Ae-
JISITCSI HA TPAaHCMUCCHUOHHBIE U DMUCCUOHHBIE.
B TpaHCMMCCHOHHOI KOMITIBIOTEPHOH TOMO-
rpapumn nHpOpMaLUIO 00 00BEKTE IMOIY4YaloT
IyTeM €ro MPOCBEUMBAHMS ITOTOKOM HM3Iyde-
HUSI OT BHEILIHEro MCTouyHuka. Ilpu 3Tom u3-
MepsIeTCST TIOTOK, TIPOIICAIINI Yepe3 OOBEeKT,
a pe3yJbTaToM 00pabOTKM JAHHBIX SBJSETCS
pacripefejeHue JUHEUHOro KoaghdulmeHTa
ocjabJeHus W3Ay4YeHUS B CEYEHUM OOBEK-
Ta. DMUCCUOHHAsI Tomorpacdus 0a3upyeTcs
Ha perucTpaluvyd COOCTBEHHOIO U3IyYeHUs
00beKTa 1 pelllaeT 3aJayy BOCCTAHOBJEHUS B
e€ro CeYeHUM pacripeaesieHuss KoapuieHTa
SMUCCHUM.

IlpyumMeHeHMEe  KOMIIBIOTEPHOW  TramMMa-
ToMOrpauy IIPU BBINOJIHEHUU IIOC/IEepeaK-
TOPHBIX UCCJIEAOBAHUI OTpaOOTaBIIUX TEILIO-
BhlaessIIONMX cOOpoK U aieMeHToB (TBC u
TB3JI, cOOTBETCTBEHHO) TMO3BOJISIET OTKA3aTh-
Csl OT JHOPOTOCTOSIIUX pa3pylIaOIINX HUCCe-
JIOBaHWIi, YMEHBIINUTh KOJIWYECTBO 0Opa3ylo-
IIUXCS PaguOaKTUBHBIX OTXOJOB M CHU3UTh
JI030BYI0 HArpy3ky Ha mnepcoHai. Mcmosb3o-
BaHUE UISI PEerucTpaldy TraMMa-Uu3IydeHUs
MOJIYIIPOBOJHUKOBBIX AETEKTOPOB C BBICOKUM
SHEPreTUYECKUM pa3pellieHUEM JaeT BO3MOXK-
HOCTb IIOJYYUThb B CEUYEHMU MCCIEIYEMOTO
00beKTa HE TOJBKO paclpeieieHue IUIOTHO-
CTH MaTepUAJIOB, HO U paclpeaesieHUue paauo-
HYKJIUIOB — IPOIYKTOB HEJICHUS SIACPHOTO
TOIUIMBA W AaKTHUBAllMM KOHCTPYKIIMOHHBIX
matepuanioB [1 — 7]. OcobeHHO 3(pPEKTUBHO
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METONbl KOMIIBIOTEPHOU TraMMa-ToMorpadumn
MIPUMEHSIIOTCS IS MISHTU(MDUKAIIUN HETepMe-
tnuyHbix TBBJIoB B nedexktHoix TBC [8, 9].

B maTepuanoBegueckoM KOMILIEKCE aKIlM-
OHepHOro obuiecTBa «l'OCymapCTBEHHBIM Ha-
YYHBIA LIEHTP — HayYHO-MCCJeA0BaTEIbCKUIA
MHCTUTYT aTOMHBIX peakTopoB» (AO «I'HIJ
HWUHNAP») Oblma mpoBeneHa MajlopaKypcHast
SMUCCHOHHAas TamMMa-ToMorpadus Herepme-
TUYHOU 3KCIEPUMEHTAUILHOMN TETUIOBBIAEISIO-
et coopku (DTBC), ucnbItaHHOM B peakTope
BOP-60. C 3T0i1 1IeNIbI0 OBIJIO MCIOJB30BAHO
raMma-cIreKTpoOMeTpUIECKOe 000pyI0BaHUE U
ycTaHoBKa 2D-TIO3UMLIMOHUPOBAHUS, pa3Me-
IIIEHHas B 3alllUTHOM KaMepe.

B nmaHHOIT cTaThe MNPUBOIMTCS OIKMCA-
HUe oO0OpyIoBaHUS B YCTAaHOBKE TIaMMa-
ToMoTpaduy, aJropuTMa, MCIIOJIb30BAHHOTO
IS 00pabOTKM TPOEKLUMOHHBIX JAaHHBIX, a
TaKKe Pe3yJIbTaTOB BOCCTAHOBJICHUS KapTWUH
pacrpeneaeHus TOIUINBA U KOHCTPYKLIMOHHBIX
matepuanoB B ceueHuu STBC.

Omucanne DTBC u odopynoBanus
B YCTaHOBKe raMmMa-tomorpacduu

Uccnenyemasa DTBC (puc. 1) Obl1a yKoM-
miekToBaHa cemblo TB3Jlamu [, pacrosio-
JKEHHBIMU BHYTpU (PurypHoir oboiimbl 2 u
BHYTpeHHel TpyOnl 3 (TocieaHue BbITTOJHEHbI
n3 cramm 12X18HI10T).

IlecturpanHeiii 4yexol 4 U O0OJOYKU
TBBJIoB M3roToBiaeHBI U3 XPOMUCTBIX CTajei
¢deppuTHO-MapTeHCUTHOro kiacca OI11450 u
YC139, coorBerctBeHHO. Buyrpm TB3Jlos
pacmoioxkeH ¢To10 TabJIeTOK SASPHOIO TOTLIM -
Ba BbicoTol 400 mM. CHM3Y U CBepxy CTo0a
TOILIMBA PACIOJIOKEHBI TOPLICBBIE KPaHbI U3
TabseTokK BeicoToi 80 1 60 MM, COOTBETCTBEH-
Ho. OTBC ob6ayyanacs B peaktope BOP-60 no
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Puc. 1. PacnonoxeHue nerajieit
9KCIIEPUMEHTAIEHON TETIJIOBBIIEIISIONIEe cOOpKHU
(OTBC) B ee nmomnepeyHOM CEUYEHUU:

1 —TB3BIJI, 2 — dpurypHas oboiima, 3 — BHYTpEHHSIS
TpyOa, 4 — uexon

BbII'OpaHWA TOILIMBa B, KOTOPOE€ U3BMEPACTCA B
IIpoUCHTaX pa3aCIUBIINXCA TAXKEIBIX aTOMOB:

B=(0,72 £ 0,03) % Tsx. ar.

ITo pe3yabTaTaM KOHTPOJISI FEPMETUYHOCTU
obonouek TBOJIoB DTBC Oblna BhIrpyKeHa
W3 peakTopa Kak HerepMeTuyHasl.

O0opynoBaHMe YCTaHOBKM TaMMa-TOMO-
rpaum cocToMT M3 MexaHu3Mma 2D-no3u-
LIMOHUPOBAHUSI, CMOHTUPOBAHHOTO B 3alllUT-
HOW Kamepe, W3MEpPUTEIbHO-YIIpaBIsIONIe
CHUCTEMbI, PACIOJOXEHHOW B OIEpaTOpCKOM
MOMEIIEHUN, U KOJUIMMALIMOHHON CHCTEeMBbI
CO CMEHHbIMU KoJTuMaTopamu (1mo3. 2 Ha
puc. 2).

Mexanusm 2D-11o3uMoHNpOBaHUS
(puc. 2) npeacrapisieT co00il MACCUBHYIO CTa-
HUHY, Ha KOTOPOW pacroJiaralorcsi MeXaHWu3-
Mbl TOPU3OHTANILHOIO (4) M BEPTUKAILHOTO
(/) MO3MLIMOHUPOBAHUS C IIATOBBIMU IBMUIA-
TeJASIMU, U JIOKEMEHT 3 Uil pa3MelleHus UcC-
ciaenyemMbix uzaeauit. st ropu3OHTaIBHOTO
MO3UIIMOHUPOBAHUS MCIIONb3YeTCS 1IapUKO-
BUHTOBas Tapa, Uil BepPTUKAJIbHOTO —
YEPBIYHO-PEEUHBIN MexaHu3M. KoHCTpyKuus
JIOXKeMEHTa MO3BOJISIET MEHSTh YIJIOBYIO OpU-

E€HTaLUIo M3aeaus (IToBopauMBaTh BOKPYT CBO-
et ocu) ¢ marom 30°.

WM3MepuTeabHO-yIIpaBiIsolIas  CUCTeMa
MOCTPOEHA Ha OCHOBE CIIEKTPOMETPUYECKOTO
ycrpoiictBa DSPEC jr 2.0 xomnanun «Ortec»
[10] ¢ repmaHUEBBHIM OETEKTOPOM TIaMMa-
n3nyyeHust GEM10P4-70-PL u Ha 6a3se mpo-
rpaMMHPYEMOro KOHTpoJUIepa  YIIpaBICHUS
1IaTOBBIMHU ABUTATENSIMUA KOMITaHUU «Phytron-
Elektronik GmbH». IIpu HaGope mpoeKIIMOH-
HBIX JAaHHBIX (CKAaHWPOBAaHUM W3AEIUS) CHU-
cTeMa B aBTOMAaTUMYECKOM PEXMMeE BBITIOJHSIET
MO3ULIMOHUPOBAHUE W3IEJINSI OTHOCUTEIBHO
OINTUYECKOM OCHU KOJUIMMAaTopa, Habop CIeK-
Tpa raMma-u3jaydyeHus, oNpeaeeHue IUIola-
I1 NUKoB moiHoro norioweHus (ITITIT) ms
3aJaHHBIX PAAVOHYKJIWIOB U 3aIllMCh PE3YJb-
TaTOB Ha XXE€CTKUM JTUCK.

Ckanuposanue nonepeynoro cedennss DTBC
¥ 00pa0d0TKAa MPOEKIUOHHBIX JAHHBIX

YkazaHHOe CKaHMpPOBaHUE MTPOBOIMUIIOCH B
MOIePEYHOM CeUeHUU Ha Ae(EeKTHOM y4acTKe
OTBC, tme mo pesynbTaTaM PEHTIE€HOBCKOM

PR

Puc. 2. BHemrnuit Bug MexaHusMma
2D-1no3unMoHUpOBaHUS B 3alLIUTHON Kamepe:
], 4 — HIaroBbI€ ABUTraTC/JM BEPTUKAIBHOI'O
1 TOPU3OHTAJILHOI'O HepGMeHLeHHﬁ, COOTBETCTBECHHO,
2 — KOJUIMMALIMOHHAsA cucTeMa; 3 — JIOXKEMEHT
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paauorpaduu 1 0CEBOro raMMa-CKaHUPOBAHUS
ObUIO BBISIBJIEHO HapylleHHUe LEJOCTHOCTU
KOHCTPYKIIMM. [JII BOCCTAaHOBJIEHUS BHY-
TpeHHell cTpykTypsl OTBC wucnoabp3oBaiuch
pesynbTathl peructpauuu IIITIT cnemyrommx
PAIUOHYKIIMIOB, SBJSIOIIUXCS IPOAYKTaMU
JeJCHUST SIIEPHOTO TOIUIMBA M aKTUBAllUU
KOHCTPYKIIMOHHBIX MaTepuajoB [11]:

1) “Nb (765,8 k3B, mepuoa momaypac-
naga — 35 pHeli). OTHOCUTCS K HEIeTYYUM
MpoAyKTaM JeleHUsl, He oOpaszyeT MeTalM-
yecKux (a3, HaXOOUTCSI B TBEPIOM pPacTBOPE

a)

9]
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B KPHUCTAJUIMYECKOI pellIeTKe KepaMU4yecKo-
ro TOIUIMBA W, TAKUM 00pa3oM, B HAMJTy4IICH
CTEMeHNW OTBeYaeT TpeOOBaHUSIM MHIMKATOpa
HaJIM4us TOILIVBA;

2) *Mn (834,9 xoB, mepuoa mnomaypac-
naga — 312 mueit). O6pasyeTcd MO peaKluu

*Fe(n, p) — *Mn.

DTOT M30TOI COAEPXKUTCS BO BCEX DJIEMEH-
Tax CTaJIbHBIX KOHCTPYKIMUI MOCJIe O0JyYeHUS
B peakTope (4exon, ¢urypHas oboiiMa, BHY-
TpeHHsIs TpyOa, obosoukn TBOJIoB);

b)
7
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Puc. 3. JIse yrnoBsie opueHTaiiuu 3TBC (a,b) 1 cooTBeTCTBYIOIIME paciipenesieHus (¢ — f) CKOpocTu
cyera panroHykaunoB *Nb (1), *Mn (2), 3¥Co (3) Bnoiab KooparuHATHI X MpU YIJIOBBIX opueHTarmsix 0°
(a, c, e) m90° (b, d, f) Ha Oe3nedexkTHOM (C, d) U nedeKTHOM (e, ) ydacTKax
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3) #Co (810,8 k3B, mepumonm momypac-
naga — 71 menp). OOpa3yeTcs Mo peakuuu

3¥Ni(n, p) — 3Co

U COJAEPXKUTCS B 2JIEMEHTaX KOHCTPYKIIUMU U3
xpoMo-HukeneBoil cranu 12X18HI0T (puryp-
Has oboiima, Tpyoa). OmHAKO OH IPaKTUICCKH
OTCYTCTBYyeT B oOosouykax TBOJIoB u miectu-
rpanHoM 4exie ODTBC, M3roToBIeHHBIX U3
(beppUTHO-MAPTEHCUTHBIX CTaJCH.

PacnipeneneHusi CKOpocTH cueTa pajauoHy-
kupoB ®Nb, *Mn, *Co BIOJb KOOPIMHATHI
X, monydyeHHble ipu ckaHupoBaHuu DTBC B
IByX yrioBbix opueHTausgx (0 u 90°) Ha ne-
(bexTHOM M Ge3nedekTHOM (B HUXKHEH 4acTu
TB3JIoB, B MecTe pacmoJOXKEHUST HUXHEro
TOPLIEBOTO 3KpaHa) ydyacTKax, MPUBEICHBI B
KayecTBe IpUMepa Ha puc. 3.

Ha 6e3nedexkTHOM yyacTKe pacnpeneaeHue
BCEX PaAVMOHYKJIMIOB BIOJb JUHUU CKAHUPO-
BaHUSI COOTBETCTBYET IMPOEKTHOMY pacriojio-
KeHnio TBOJIOB M KOHCTPYKTUBHBIX 3Jie-
MeHTOB B moriepedHoMm cedyeHuu ODTBC. Ha
JIe(EKTHOM y4acTKe HET TAKOIO COOTBETCTBHS,
npoduib pacrnpeaeaeHus] CKOPOCTU cueTa To
BCEM PaaVMOHYKJIMIAM M3MEHWJICS, Habioma-
eTCs paclldpeHue TpaHull 00jacTh, 3aHITON
TOIIMBOM. Bce aTu (pakThl CBUACTENBCTBYIOT
O HapylIeHUU LEJOCTHOCTA KOHCTPYKIUM U
MAacCOIlepeHOCe TOILIMBA B 9TOM CEUCHUM.

D

CkanupoBanue OTBC Ha pgedekTHOM
y4acTKe BBINOJHSUIOCH ¢ ImaroM 0,5 MM 1o
KoopauHate X B JBEHAALATU YIJIOBBIX OpPU-
eHTauusax. HMcmonb3oBajics KOJUIMMATOpP CO
cleayolMu padMepamu otBepctust: 0,5 MM
BIOJIb JUHUU CKaHUpoBaHMSI U 20 MM BIOJIb
ocu OTBC. JInvHa onTuyeckoi ocu (paccTos-
HUE MEXIy IEeTeKTOPOM U U3AeIMeM) COCTa-
BUJIA TPUMEPHO 2,5 M.

PekoHcTpyKI1IMs pacripeaeaeHnuil paaloHy-
xmaoB Nb, **Mn, 3¥Co 1o ceuennto DTBC
NpOBOAMJIACH C MCIIOJIb30BaHMUEM ajireopau-
yecknx MeTomoB [12, 13], B OCHOBE KOTOPBIX
JIEXKUT HOucKpeTrusauusl (pa3dueHue) obJa-
CTH, B KOTOPOM 3alaH HCCIeAyeMblii OOBEKT,
Ha KOHEYHOe 4ucjio momobsiacteit (siueek). B
npeaeaax OJHOM Momo0JacTM MHTEHCUBHOCTD
raMma-us3jay4eHusl PaguoOHYKJIMIOB U JIMHE-
HBI KO3(PULMEHT ocaabJeHUsT U3TydeHUs
CUYUTAIOTCS TTOCTOSIHHBIMU (pUc. 4).

ITpoeuupyemblii onepaTop, NepeBOASIIUIA
JUCKPETU3UPOBAHHYIO MCKOMYIO (QYHKIIMIO
B Ha0Op NIPOCKIIMOHHBIX MaHHBIX (3HAYCHUS
CKOPOCTH CcYeTa, U3MEPEHHbBIE JETEKTOPOM), B
9TOM cJiydyae OyaeT UMeTb BUJL

.f_j = zgzle eXp(_}"ilij): .] = 1)23 -y m, (1)
i=l1

rac ]; — 3Ha4Y€HUE CKOpPOCTHU CY€Ta, HN3ME-
pPEHHOC JCETEKTOPOM; g, — WHTCHCHUBHOCTH

Y
A

~

~L O )
o4 S
N~ i
\%

w\\\\ > X

g(x, 3 \‘\\
~ .
\\
AGx, ¥

n-2 | n-1 n

Puc. 4. Cxema guckpetusanuu o0bekTa (cM. 0003HaUeHUsT BeIUYUH K (opmyie (1));
D — merekrop, C — KoImmuMaTop
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raMMa-usjiydeHusl i-oi sideiiku; s/ — ruio-
1aap i-oM sTYelKu (BbIpa’kaeTcsl B OTHOCH-
TeJbHBIX €IMHMIIAX), OTCeKaeMmasl rpaHuLIaMM
TOJIOCHI TPOELIMPOBAHUS IS j-TO U3MEPEHUS;
A; — JNMHEHHBIA KO3(h@UUUEHT ocaabieHus
ramMmMa-usaydeHust (MPpUHUMAJICST TTIOCTOSTHHBIM
O BCEMY CEUYEHHUIO HCCIEAYyeMOro OObeK-
Ta); l,.f — JJIMHA MYyTH, TPOMIECHHOIO raMMa-
U3JIYyYEHUEM OT [-OM SHUYEHKU OO0 TIPaAHULIBI
00BbEKTa B HAIPABJICHUN AETEKTOpa IJIS j-TO
U3MEPEHU; | — HOMED J4YEWKU; j —HOMEp U3-
MEpPEHUS.

VpasHeHnue (1) MOXXHO nepenucaTh B BUAE

N
f; = Zgihij, (2)
i=1

e A/ = s/ exp(~\;l/) — BbruMCIsIEMBIii Tapa-
MeETp.

ITpn pasmepe gueitkn 1 MM nx oOliee Ko-
JuyectBo n paBHO 2500 (cetka 50x50). Ilpu
CKAHUPOBAHUM IO KoopAuHaTe X ¢ IIarom
0,5 MM (KOJIMYECTBO TOYEK B OJHOM MPOEKIUHU
paBHO 106) oOlllee KOJUUYECTBO U3MEPCHUIA M
cocTaBUT 1272 nnsi ABeHaALATH YIJIOBBIX OpU-
CHTAlIW.

Hanuuue anpuopHoil uHGopMauuu o
HapyxXHbIX rabaputax uexia DTBC, comep-
Kallleiicsa B U3MEPEeHUsIX CKOPOCTU cueTa pa-
IUOHYKJIMAA *Mn, MNO3BOJMIO YMEHBIIUTH
pa3MepHOCTh CHUCTEMBbI n g0 1666. fueiiku,
JUISL KOTOPBIX BBITOJIHSUIMCH COOTHOIICHMSI

fj<8,s,.j >0, > Fays 3)

WCKJIIOYAJIUCh U3 00pabOTKM, a WHTESHCHUB-
HOCTb MX TaMMa-WM3Jy4eHus g W JMHEHHBII
k03dduuumeHT ocnabieHuss A; NpUpPaBHUBA-
JINCh K HYJTIO.

B cootHomenusax (3) 8 — ypoBeHb (poHa
BHYTPM 3allIMTHON KaMephbl MO OMpPEaeICHHO-
My PaIMOHYKIMIY, ¥, — paauyC [-Od sYeUKHU
(paccTosiHME OT ILEHTpa SYEHKW 10 ILIeHTpa
MaTpULbl); r — PaalyC OKPYKHOCTH, OXBa-
THIBAIOLIMI TpaHulbl ceueHus DTBC.

3agavya PeKOHCTPYKLMU COCTOUT B pellie-
HUM CUCTEMbl m JIMHEHHBIX ypaBHeHUU (2) ¢
n HEU3BECTHBIMU g. [lns penieHus ObLT UC-
MOJIb30BaH MTEPALIMOHHBIN alredpandecKuii

AJITOPUTM CJICAYIOLICTO BHA:

ey _ g0, M N (4)
i =8t f, zgii )

Syt A
i=1

rae k — HoMep UTepaluu.

ITporpamma a1t 06paboTKM ObLIa HamMUca-
Ha Ha aJlrTopuUTMHUUYecKoM si3bike PDopTpaH-95.
II1oTHast ymakoBKa KOHCTPYKTUBHBIX 3JIe-
MeHTOB B momnepedyHoMm cedeHun DTBC (ot-
CYTCTBHE OOJIBIINX BO3AYIIHBIX KapMaHOB)
MO3BOJIMJIAa UCIOJIb30BaTh TOJBKO OJHO 3HAYe-
HUE JMHENHOro Ko3(p@uIMeHTa OCaabJIeHUs
(0,08 Mm™") mis Bcex oOpabaTbiBaeMbIX sue-
ex. BapbupoBaHue 3HaueHMs A; B Ipeneax
0,05 — 0,10 MM !, U3MeHSsOIIETO a0COMIOTHbBIC
3HAYEHMs g , HE JaJI0 CYIIECTBEHHOIO M3Me-
HEHUSI OTHOCUTEJIbHOIO paclpeneieHNsT paau-
oHyKJIMaoB 1o ceueHnio DTBC.

PesynbraThl peKOHCTPYKIIMM KapT pac-
npeneyieHns1 paruoHykiauaoB >Nb, *Mn, #Co
no ceueHutro DTBC mpuBeseHnl Ha puc. 5.
[To pesyapTaTaM aHaiM3a 3TUX KapT MOXHO
cleaaTh BBIBOI O TOM, YTO B MCCJIEIOBAaHHOM
ceueHun OTBC mpowm3sonuio pacriaBieHue
toriiBa TBOJIoB u vyactu ¢urypHoii 0060ii-

Puc. 5. Pe3ynbraThl peKOHCTPYKLMM KapT paclipelieiaeHus paiuoHyKiInaos**Mn (a),
3Co (b), Nb (c¢) o ceuenuio DTBC; I, 2 — TOUKM CeYEHUSI
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MBI ¢ oObpa3oBaHueM KopuyMa. B Toukax / u 2
ceueHus (CM. puc. 5, b) TOILIMBO IIPOILIABUIO
CTEHKH 00OMMBI 1 BOIILUIO B KOHTAKT C YEXJIOM
OTBC. I'eomeTpus yexia Ipu 3TOM He ObLIa
HapylueHa. BckpoiTue yexiia, oTOOp M aHAIU3
BelIeCTBa, OOHAPY:KEHHOIO B 3a30pe MEXIy
BHYTPEHHE TpyOOii M BHYTPEHHEU IOBEpX-
HOCTBIO YeXxJjia, IOATBEPAMIM IIepeMEIIeHUE
ToriMBa B nonepedyHoM ceyeHuu DTBC u ero
B3aMMOJICICTBUM C MaTepUallaMU 3JIEMEHTOB
KOHCTPYKIIWM.

3akinoueHue

B wmarepuanoBequeckom kKomriekce AO
«'HII HWUHNAP» Oblta mpoBeaeHa Majopa-
KypCHasl 3MMCCHMOHHAsI TaMMa-ToMorpadus
HErepMEeTUYHON 3KCIIEPMMEHTAIbHOM TEILI0-
BBIIEJISIONICH COOPKM, MCIIBITAHHON B peak-
tope BOP-60. Ilpu 3TOM MCIIOIB30BATUCH

raMMa-crheKTpOMETPUUECKOe obopynoBa-
HME W YycTaHoBKa 2D-mo3nimoHupoBaHUS,
pa3MelleHHas B 3alIUTHOM KamMepe.
B ceuenun DTBC ObL1a BBIIOJIHEHA PEKOH-
CTPYKLIMSI pacIpeaesieHUii CKOpPOCTU cueTa
paguonHykInaoB “Nb, *Mn, *Co, SBISIOLINX-
csl MPOAYKTaMM JIEJICHMS SIIEPHOrO TOILIMBA U
NPOAYKTAMM AaKTUBALMA KOHCTPYKLIMOHHBIX
MartepuasoB. JlaHHas PEKOHCTPYKLHUSI  OCYy-
1LIECTBJIEHA C TIOMOIIbIO alre0panyecKoro uTe-
panmoHHoro aaroputMa. Ee pe3yabraThl moka-
3ajid, 4YTO B ucciemoBaHHOM ceuyeHun DTBC
MpOU30ILI0 pacriaBieHue toruBa TBOJIos
U 4YacTu (puUrypHoii o00MMEBI ¢ 00pa3oBaHUEM
KopuymMma.

IIpoBeneHHoe ucclemOBaHME OOKa3alo
3¢ GEeKTUBHOCTh MCMOJB30BAHHOTO METOoJa U
paboTOCOCOOHOCTh pa3pabOTaHHOIO  aJIro-
pUTMa PEKOHCTPYKIIUMU.
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ONMPEAENEHUE TAPMOHUYECKUX COCTABIAIOWMUX LUYMA
HA ®OHE APYIUX BUAOB LUYMA JIASEPHOIO U3JTYHYEHUA

A.U. boapos, B.C. 30pKHH,
E.l. YynsaeBa, A.1l. lNaopos, B.B. KioH

AO «[Mnazma»,
r. Pa3zaHb, Poccuickasa Pegepaums

HccnemoBaHbl MPUYMHBI OTPAHWYCHUST U CHIDKCHUST CTAOMIIBHOCTUA XapaKTepH-
CTUK MCTOYHUKOB KOTE€PEHTHOTO ONTUYECKOro uanydeHusi. C IOMOIIbIO YCTAaHOBOK
IUIST U3MEPEHMS HeCTaOMIBHOCTH YaCTOTHI U MOIITHOCTH JIa3epHOTO M3TYUCHUS OBLIN
MOJIy4eHbl 3KCIEPUMEHTATbHbIC JaHHbIE, aHAIU3 KOTOPBIX BBISBUJ CYLIECTBEHHOE
BJIMSTHYE IITYMOB JIa3epHOTO U3JTyYeHMsI Ha CTAOMJIBHOCTD €T0 ITapaMeTPOB. DTU IIIYMBI
ObLIM M3Y4YEeHbI C MCIIOJb30BAaHUEM aBTOKOPPEISLIMOHHONW (DYHKIIMU U AUCIIEPCUU
Amnana. IIpu 3ToM yganoch KiaccM(PUIIMPOBATH IIYMBI M TEM CaMbIM YCTaHOBUTH
IyTH TOBBILICHUSI KayeCcTBa M3TOTOBJIEHMS JlazepoB. IIpoBeaeHHbIE MCCIICAOBAHUS
MO3BOJIWIIA ACTCPMUHUPOBATh MMPUINHBI CHIUKCHUS PabOUYMX XapaKTePUCTUK Ja3e-
POB, He BBIXOJSI 3a IpeAe/ibl IPUEMO-CIATOYHBIX U MEPUOANYECKUX UCITbITAHUIA.

KiioueBnbie cjioBa: 11yM; 4aCTOTHO-CTaOMIM3UPOBAHHBIN J1a3zep; Aucrepcusi AjljlaHa; aBTOKOPPEISIIN-
OHHasl (PyHKIMS; HECTAOUIBHOCTb YaCTOThI
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E.G. Chulyaeva, A.Ya. Payurov, V.V. Kyun
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The reasons for limitation and degradation of consistency of performance of
coherent optical emission sources have been investigated. The experimental data were
obtained using measuring assembly for frequency and power laser-emission instability.
The data treatment revealed the significant influence of laser-radiation noise on its
parameter stability. The noise was examined by application of an autocorrelation
function and the Allan variance. This technique made possible to classify the noise
under types; these were flicker, interference noise and the one caused by the directivity-
axis position instability. By doing so, this provided to ascertain the ways for quality
improvement of laser production. The conducted studies allowed determination of
the reasons for degradation of consistency of the laser performance without coming
outside the limits of acceptance and periodical tests.
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BBenenne

CTabubHOCTh YaCTOThI JIA3€PHOIO0 M3IIY-
YeHUsI U BOCMPOU3BOAUMOCTb 3HAUEHUsI DTOMU
4YacTOThl ObUIM MpeIMeTaMu MCCIeIOBaHUS B
TeyeHue Oosiee YeM TPUJLIATH JIET, TEM HE Me-
Hee, MHTepeC K AToM IpobjeMe He ocjabeBa-
eT. Tak, B cTaHaapTax 4acToThl CTAOMIM3ALUS
YacTOThl OCYIIECTBJISIETCS IO PEIepHbIM TOY-
KaM CIEeKTpaJbHOTO pPe30HaHca U MO pernep-
HOIi TOUKE €ro BepLUMHBI [1].

MeTon HaXOXIEeHUS TIPEAETbHON CTa0WIIb-
HOCTM 4YacCTOTbl B JaHHOW paboTe BbIpaXkeH
CpeHEeKBaAPaTUYHBIM JABYXBbHIOOPOUHBIM OT-
KJIOHEHMEM, T. €. AeBUallMeil AjlaHa, U Ompe-
JIeJISIeTCSl COOTHOIIEHUEM

2

o(2,ty) 1 |1 ul V= y

—_— = = — e 2_ T ) 1
==y Zl 5 " Jro- (1)

rae t, — Bpems ycpenHeHus; N — oOuuee

KOJIMYECTBO Map OTCYETOB;, v — CpelHee U
TeKylllee 3HAUYeHUsl HECYIeil 4acToThl; y —
IIMPUHA pEeNepHOM JMHUM; | — OTHOIICHHUE
CUTHAJI/IIIYyM.

Hawnbonee pacnpocTpaHeHHbIE METOObI W3-
MEpeHMsI TIapaMeTpOB JIA3epHOTO M3JTyYeHUS
BKJIIOYAIOT B ce0sl, B YACTHOCTH, H3MEpEHMUE
MPOCTPAHCTBEHHBIX M SHEPreTUYCCKUX XapakK-
TEPUCTUK ITydka. 151 M3MepeHUs TaKMX XapakK-
TEPUCTUK pa3pabOTaHbl aBTOMAaTH3UPOBAHHBIE
YCTPOICTBA, HAIIPYMEP YCTAHOBKU, OINKMCAHHBIC
B paborax |2, 3]. OnpeneneHue XapaKTepUCTUK
YaCTOTHO-CTAOMJIM3UPOBAHHBIX J1a3epOB TpeOyeT
pa3paboOTKM  psiia CIIELMAIBHBIX YCTAHOBOK M
METOIUK U3MEPEHMSI.

1 obecrieueHus1 HEOOXOAMMOM TOYHOCTHU
COBPEMEHHBIX U3MEPEHUIT HaJlaraloTcsl BRICOKIE
TpeOOBaHMSI Ha CTAOWJIBHOCTh XapaKTePHCTUK
MCTOYHMKOB KOTepEHTHOTO M3jIydeHUs. Baumy
3TOTO, SIBIISTIOTCSI aKTyaJIbHBIMU WCCJIETOBAHUS
MPUYMH OTPAHMYCHUS] ¥ CHIDKECHUS CTAOMIbHO-
CTU XapaKTePUCTUK JAHHBIX MCTOUHUKOB.

Ilenu HacTosIIel paOOTHI — aHAJIM3 TUIIOB
1IyMa B M3JIyUeHMN CTAaOMIM3MPOBAHHBIX Ja-
3¢pOB U BBISIBJICHWE IMPUYMH UX BO3HUKHOBE-
HUSL.

Hanuune neprnonuyeckux cOCTaBISIIONINX B
CIIEKTpE IIIyMa Ja3epHON 3MHMCCUM MPUBOIUT K
CHIDKEHUIO CTAaOMJILHOCTU XapaKTePUCTUK Jia-
3epa, BIUIOTh IO BhIXOHIa Ipubdopa M3 CTPOSI.

Metoaudeckasi YacThb

B Hacrosuieit paboTe aHaNIM3 HENEPUOIM-
YEeCKMX COCTaBJISIONIMX IIyMa TIPOBEACH MO
MeTtony Annana [4, 5]. ITockoibKy aHaIU3 1Iy-
MOB MPOU3BOIUIICSI BO BPEMEHH 0 obuia-
CTU, HauboJyiee pe3yJbTaTUBHBIM 0Ka3aJloCh
WCIIOJIb30BaHME Bapuanuu AJjlaHa: Gyz(ro),
wim BA (o6o3HaueHrne HanumoHajibHOro MH-
CTUTYyTa CTAHIAPTOB W TEXHOJIOTMIi), a TaKXe
KBaJpaTHOIO KOPHsS M3 Bapualuu AJlaHa.

DTU XapaKTepUCTUKN TTO3BOJISIIOT OMpese-
JIITh Hajauuyue (JIMKKep-liyma, 0eaoro yma
W BapuaHThl 3THMX BUIOB 1yma. Hampuwmep,
€CJIM MOCTPOUTH 3aBUCHMMOCTh Bapuauuu AJl-
JlaHa OT BPEMEHU YCPEIHEHUST UBMEPUTETbHOMI
anmnapaTypbl, TO 3TU BUABI 1IIyMa MOXHO pa3-
Juunth. OHAKO MCMOJIb30BaHNE YKA3aHHOTO
METOJa He ITO3BOJISIET pas3ivdaTh TIapMOHU-
YeCcKMe COCTaBJISIIONIME B CIEKTPE JIa3epPHbBIX
LIYMOB. DTU COCTABJISAIONINE MOXHO JETECPMU-
HUPOBATH JIUIIIb MyTeM MOCTPOEHUsI aBTOKOP-
pPeNSILMOHHONM (DYHKIIUMU.

PaccMoTpumM cniekTp JiazepHOro wu3jyye-
HUSI, COAepKallMii TapMOHUYECKYI0 COCTaB-
JsronLyto [6], criekTpaibHasi TUIOTHOCTh KOTO-
pOro cjenyeT BbhIpaxkKeHUIO:

2
S.(f) = %S(f - ) )

rae 8(f — fy) — menbra-GyHKUMA; f; — 4acTo-
Ta TAapMOHMYECKOTO CUTHaja; f — LUKInYe-
cKasl Bo3Mylllalolllasl 4acToTa; X — aMILUIATyda
rapMOHMYECKOTO CUTHAaJa.

CrieKTp COACPXUT ABE TApMOHUKU BUAA

F(f)= 0,5x8(f—f0)ej“’ +O,5x8(f—f0)e’j"’

Ha 4acToTax f; U —f; COOTBETCTBEHHO.
Mpn1 paccMaTtpuBaeM TOJIBKO TEPBYIO CO-
CTaBJISTIOIIYIO M3 IBYX IPUBEICHHBIX.
ABTOKOppEJIILMOHHAST (QYHKLUSI MOXKET
OBbITh BbIpaxKeHa CJleAyloLIuM obpazoM [7]:

2x? sin? (fol'j
‘}(6212

k,(t) = Ccos f,1, (3)
rje T — Jiar.

B paccmatpuBaeMoM cilydae aBTOKOPPEIsi-
IHHNMOHHAas (I)YHKI_U/IH TapMOHUMNYCCKOI0O CHUTHaJa
TaKXKe MPEICTABISAET COOOM MEPUOINYECKYIO
(bYyHKIIMIO C TIEpMOAOM BXOIHOTO CUTHAJIA, aM-
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IUINTYJa KOTOPOTO paBHa MOJOBMHE KBajapara
AMIUIMTYAbI BBIXOAHOIO CUTHaja. ABTOKOpPpE-
JUMOHHAS GYHKIMS HE 3aBUCUT OT (Da30BOTO
CABUTA BXOJAHOIO CUTHAJIA.

B HacTog1eli paboTe BbISIBAEHUE IITYMOB
JIA3¢PHOIO M3JIYYCHUST IIPOU3BOIMIOCH B paM-
Kax TPOBEACHMSI U3MEPEHUI XapaKTepUCTUK,
HauOoJjiee BaXKHBIX IS CTAaOMIM3UPOBAHHBIX
JIa3epoB; BTO HECTAOMJILHOCTb OINTHYECKOMU
YaCTOThI X HECTAOUJIBHOCTh MOILLIHOCTH JIa3ep-
HOro uznaydyeHus [8].

Metoauka nu3mMepeHus: HeCTaA0MJILHOCTH ONTH-
yeckoii yacToThl [9]. [TocKoNBbKY IIJIsT YacTOTHO-
CTAaOMJIM3UPOBAHHBLIX JIA3¢POB OCHOBHAS Xa-
paKkTepuCTMKa — CTaOWUJIBHOCTb ONTUYECKOM
YaCTOTHI, IIPU BBIITYCKE JIa3epOB IIPOU3BOIUTCS
M3MEpPEeHME AJIMHBI BOJHBI U HECTAOMJIBLHOCTU
YacTOThl Ha KaXXJIOM BBIITyCKAaeMOM IIpubope.
[Ipn 3TOM wMCHoNB3yeTCsl CIelUranibHOEe 000-
pylIOBaHUE IJII M3MEPEHUS HECTAaOMIIBHOCTU
YacTOThl W JUIMHBI BOJIHBI MPOMBIIUIEHHO-
BBIITYCKAEMbIX 4aCTOTHO-CTAOMIM3UPOBAHHBIX
nazepoB. CTpyKTypHasi cxeMa JaHHOM YCTaHOB-
KM TIpuBeAeHa Ha puc. 1.

M3mepeHust ocyllecTBISIOTCS BO BpeMEH-
HoIl 00JIacTU U 3aKJII0YalOTCsI B OIpenee-
HUM YaCTOThl OMEHUI MEXIy MCCIEIyeMbIM U
OITOPHBIM JIa3epaMU C IIOMOIIbIO YaCTOTOMEpa
M YCTPOMCTBA aBTOMATMYECKOIl perucTpaluu
curHajga OueHuil. IloryueHHBIE B pe3yJbrare
U3MEPEeHUI TaHHbIC aHAJIU3UPYIOTCS U CTaTU-

cTUYecKr obOpabarthiBaloTcsl. B KauecTBe 3Ta-
JIOHHOTO B JAHHOM YCTAHOBKE WCITOJIL3YEeTCS
reJuii-HeOHOBBIN  Jla3ep, CTaOMJIM3UPOBAH-
HBII II0 YaCTOTE€ HACHILICHHOIO ITOTJIOIIECHUS
B MoagHoi s4eiike. CrabuiaM3aliydsl 4acTOThI
OIOPHOTO JIa3epa OCYILIECTBIISICTCS TI0 YacTo-
T€ TpeTheil TapMOHMKM CUTHaja MOIYJISLUU
n3nyyeHus1. BreIxomHoe ympaBasioniee Ha-
NpsiKeHUe CUCTEMbl CTa0MIM3alii OMOPHOTro
Jlazepa, MOJydeHHOE B pe3yiabTaTe Ipeodpas3o-
BaHUSI CUTHala OIUMOKM, MOCTYIMaeT Ha Mbe-
30KOPPEKTOpP, Ha KOTOPOM YCTAaHOBJIEHO OJHO
M3 3epKaJl pe3oHaTopa rejnMii-HeOHOBOTO Jla3e-
pa ¢ fonHoii aueiikoit (He-Ne/L). B pexume
CKaHMpOBaHUsI Ha ocuwmiorpade HabaoAa-
JOTCS BCe TIMKM JIa3epHOTO M3JIyYeHUs OT A 10
N 1o yeTbipe rpynmbl NUKOB. Kaxaomy muky
MOTJIOIIEHUS WOMHOW SYEUKU COOTBETCTBYET
aTTeCTOBaHHOE 3HauyeHHuE JJMHBI BOJHBI Ja-
3epHOTO M3JIy4YeHUs. ATTecTanusi OITOPHOTO
Jlazepa TMPOU3BOJUTCS B MEXIYHAPOAHBIX OP-
TaHU3ALMSIX MTYTeM CPaBHEHUS C 3TaJJOHHLIMU
aHAJIOTUYHBIMU HOJHBIMU Jla3epaMM.
Crabunmsanus 4yacToThl yasepa He-Ne/l,
OCYLLIECTBJISIETCSI MO MUKY, 4acToTa KOTOPOTro
nMeeT Haubosiee OJIM3KOe 3HaYeHUE K 4acTOTe
M3JIy4eHUsT UCTBITBIBAEMOTIO Jia3epa.
OTHOCHUTENIbHYI0 HECTaOWJIBbHOCTh YacTO-
Thl OMNpPEAESSIIOT 3a BpeMsl U3MEpeHUs ¢ Tpu
BPEMEHU YCpeIHEHUs t,. B 3aBucumoctu or
BEJIMYMHBI TIApaMETPOB [ U T;, HECTAOWIb-

11 12

10

Puc. 1. Cxema onNTUYECKOTO TeTEPOIMHUPOBAHMS ISl OMIPENeIeHUS HECTAOMIbHOCTH YaCTOThI
Y HOMMHAJbHOIO 3HAUYE€HUsI IJIMHBI BOJIHBI (IO CpeIHEKBaAPATUUHOMY OTKJIIOHEHUIO):

1 — wncnpiteiBaeMblit He-Ne sasep; 2 — onopHblii 1asep *He-*"Ne/'?’l,; 3, 4 — HOBOPOTHbIE 3epKaJa;
5 — NMaBUHHBIN doToaMOn; 6 — ycrInuTedb (auama3oH yactor 0 — 400 MI'n); 7 — aHanu3aTop CIEKTpa;
& — yactoToMep; 9 — YCTPOICTBO perucTpaiuu curHaia oueHuii; /0 — nepcoHalbHBI KOMIIBIOTED;
11 — cucrema cTabuUIM3aliM OMOPHOTO Jla3epa; /2 — ocuuutorpad
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HOCTb 4acCTOThI TeHepaTopa IMOAPA3ACISIIOT Ha
KPAaTKOBPEMEHHYIO (T, < T,,) U JOJIOBPEMEH-
Hyw (15 > 1,,), THE T, — XapaKTepHOE Bpemsd
yXola 4YacTOThl TeHepaTopa. ODTOT IlapaMeTp
crenuduueH I Kaxaoro reHeparopa. He-
CTaOMJIbHOCTh YaCTOTHI OIMpeAesieTcs] 4depes
CpeIHEeKBaapaTUYECKOe OTHOCUTEIbHOE OT-
KJIOHEHME KakK

Av 1
& )
A% \/5 -V

rae Av /v — HecTaOMJIbHOCTb YacTOTbI W3-

JIy4EHMSI UCIIBITYEMOTO Jla3epa; v; — CpelHee
3HAYEHUE M3MEPSIEMOI YacTOThl OueHmii; N —
4KCJIO OTCYETOB C YAaCTOTOMEpA; V; — HOMU-
HaJIbHOE 3HAYEHUE YACTOThI.

3HauyeHUe v, CIpaBelIMBO B Cily4yae, eCu
(bayKTyalluu 4acTOThI JIa3€PHOIO M3JIyUYEHMUSI
HOCAT ciy4yaiiHblil xapakTep. OmHAKO 3TU U3-
MEHEHMS YaCTOThI CO BPEMEHEM HE BCeraa HO-
CIT CHydalHBbIi XapakTep; Ha (oHe ciaydai-
HBIX (IYKTyalWid 4acTOTbI OHM MOTYT OBITh
BBbIpaXX€HbI HESIBHO.

MeTtoauka u3MepeHHs OTHOCHUTE/bHOH He-
crabmiabHocTd MommHoctd [10]. W3mepenue
OTHOCUTEJBbHONM HECTAaOWJIBHOCTM MOIIHOCTHU
MPOBOIMIOCHL METOAOM 3.2, ONMUCAHHBIM B
I'OCT 25786—83, mmyTeM IpsSAMOTO U3MEpPEHUS
HECTaOMJILHOCTU HAaIIpSI>KEHUS.

IIpumep 3aperucTpupOBaHHBIX JAHHBIX C
MOMOILBIO TTPUBEACHHON METOINKU TIPEACTaB-
JieH B paobote [11].

JaHHbIe U3MEPEeHUI HAMIPSDKeHUST, CHUMa-
€MOTO IPU UCIIBITAHUSIX C U3MEPUTEILHON To-
JIOBKM 0JIOKa MPUEMHOTO YCTPOMCTBA, MOCTY-
natoT Ha [1K u peructpupyrorcs ¢ moMoIbio
nporpaMmmMHoro obecmnedeHus WinDMM300,
BXOJSIIETO B KOMIUIEKT  MYJbTHUMeEpa
APPA-207.

[TonyyeHHYI0 3aBUCUMOCTb HAaIIPSKEHUS
oT BpeMeHu U = [ (f) pa30MBaIOT Ha # PaBHBIX
yuacTkoB (n = 10). 3ateM mIs1 KaXKI0ro y4acT-
Ka OIpeHesIsTioT MAaKCMMaJIbHOe U MUHUMAJb-
Hoe 3HaueHud Hanpsxenusa U, v U, .

CpenHee 3HaYeHME HANPSKEHUA UL KaxX-
noro yyactka U; omnpenensiioT mno gopmyse

U + U,

ﬁi _ “imax 5 imin (5)

ITocne atoro OIIpCACIAI0OT CPpCAHCC 3Ha-
YECHUEC HAIIpsSLKECHUS 3a BPEMA U3MCEPCHUA I10

dopmyie

0
ZU:’

U=+l (6)

10
JUts KaX10ro y4yacTKa OINpeAessioT MaKCH-
MaJbHOE OTKJIOHEHUWE HanpskeHust AU, .. OT

CpeHero 3HayeHusl 3a BpeMsl M3MEpEeHUsl, C
TMOMOIIIBIO (POPMYITBI

AU, = |U, T

I max

(7)

W, HakoHell, ONpeAcIsiiOT OTHOCUTEILHYIO
HECTAOMIBLHOCTh CPeIHEl MOLIHOCTH (B IpO-
LIEHTax) 110 opmyJie

max

100
S = =
U
IIpumep 3aperucTpupOBaHHBIX JAHHBIX C

TMOMOIIIbIO TIPUBEIECHHONM METOAUKM TTPEICTaB-
JIeH B pabote [11].

®)

Pe3ynbTaThl U UX 00CyXKIeHHe

IIpoBeneM B KayecTBe IpuMepa aHalu3
WU3JYYEeHUs]  YaCTOTHO-CTAOMIM3UPOBAHHOTO
reauii-HeoHoBoro Jjasepa tTuna JITH-303.

[TocTtpoum Koppenorpammy (Tpacduk aBTO-
KOppeJsalun) N0 TouKaM CUrHajla HeCTaOWib-
HOCTM OITMYECKO 4YacTOThl OMEHMI MeXIy
oropHbIM U ucnbiTyeMbiM (JITH-303 Ne 130)
Jla3epaMu ¢ rmomoiubio popmyisl [10]:

1 &
Krt)=— - =), 9
= Gy 2 W10, O)

IIe p — YUCIO M3MEPEeHUI YacTOThI OMEHUIl,
m — UYMCJIO U3MEPEeHUI 4acTOThl OMEHUH, OT-
CTOSIIIIMX HA JIar T OT TEePBOTO CTOJNOIA; B —
cpelHee 3HaueHUe YacTOThl OMEeHUIA.

Ha puc. 2 mpencraBieHa KoppeaorpaMma
npudopa, Mo3BOJISIOLIAS OLUEHUTh EPUO Tap-
MOHHMYECKON COCTABIISIOLICH B OITUYECKOM
u3nyyeHuu jaszepa. Ilepron cocrapiseT Oosee
20 ¢ ¥ yBeJIMYMBAETCs B JAJIbHENIIIEM C POCTOM
BpPEMEHU yCpeaHEeHUsI. DTO COOTBETCTBYET Ha-
JIMYUIO B CIIEKTPE JIA3EPHOTO MU3JIYUYCHUS WUH-
TepdepeHIMOHHBIX 1yMoB. ITocienHue Bo3-
HMKAIOT BCJICACTBUE B3aUMOJECMCTBUS CTOSTUEIA
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Puc. 2. ABTokoppensitimoHHasi (GyHKIUs CTAOWIBHOCTU YacCTOTHI B
3aBUCUMOCTH OT Jiara

BOJIHBI PE30HATOPA C MapPa3UTHBIM U3JTyYeHUEM
TOI ke nojsgpusanuu. [lapa3zuTHoe U3nydyeHue
OOBSICHSIETCSI  TIEPEOTPAXKEHUEM OCHOBHOIO
M3JIy4EeHUSI Jlazepa OT ONTUYECKUX 3JIEMEHTOB
BHYTpb pe3oHaropa [12]. BBuay Toro, yto B
KOHCTPYKIIMIO YaCTOTHO-CTAOMIM3UPOBAHHBIX
JIa3epOB BXOJAUT OOJIBIIIOE YMCIO BHEIIHUX
OIITUYECKUX DJIEMEHTOB, K TOYHOCTU UX MU3IO-
TOBJIEHUSI M YCTAHOBKU TPEIbSIBISIOTCSI BBICO-
ke TpedoBaHus. OCHOBHBIMU HMCTOYHUKAMU
Mapa3UTHBIX MEePEeOTPAXKEeHUI B jazepax THUIIA
JITH-303 sgpnsiorcs chaenayoiine neheKTbl X
MU3TOTOBJICHUSI:

HEKAYeCTBCHHOE IIPOCBETICHUE OITHUYE-
CKHUX 2JIEMEHTOB;

HEIOCTATOYHAsI KJIMHOBUIHOCTD IOMJIOXKEK
3epKail;

HETOYHAsl YCTAHOBKA aHU30TPOIHBIX KPU-
CTaJlJIOB.

[Ipoananu3upyeM U3IyYeHUS] YaCTOTHO-
crabmmmsupoBaHHoro jasepa JII'H-303 u mac-
CUBHO CTaOMJIMBUPOBAHHOIO BOJIHOBOIHOIO
CO,-nasepa, Ha OCHOBE JAHHbIX, TIOJYYEHHbIX
Npy MU3MEPEHUSX HECTAOMILHOCTU MX MOIII-
HocTeil. IlocTpoMM 3aBUCMMOCTM AMCHIEPCUU
AnnaHa ¥ aBTOKOPPEJSILMOHHBIX (DYHKUMI
JUIS1 BBILLIEYTIOMSIHYTBIX TTPHOOPOB.

IlonydyeHHast 3aBUCUMOCTb OUCIEPCUU
Amnana pna masepa JITH-303 ot BpeMeHm
yCpenHeHusl IpeAcTaBjieHa Ha puc. 3. Mox-
HO cfenaTh BBIBOJ, YTO B CIIEKTPe H3JIyde-
HUs Jlazepa IIPUCYTCTBYET (DIMKKEp-1IyM
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JUIS1 BCeX TUTIOB YaCTOTHO-CTa0MIN3UPOBAHHBIX
JnasepoB [13]. BBumy Toro, 4ro mHOCTOSIHHAasI
COCTaBJISAIONIAS. CUCTEMBbl aBTOIOACTPOMKM ya-
crothl (AITY) cocrasnsier 6osee 0,8 ¢, a LIyMbl
B obiactu — meHee 0,1 ¢, JaHHBIA IIyM aK-
TUBHOIO 3JIEME€HTa He KOHTPOJIUPYETCS CUCTE-
moii AITY. B o61acTu MOCTOSIHHOW BpeMeHU
AITY nHaOmromaeTcsi HaMMEHbIIask OMCIIEPCUs
AJtlaHa, B JajibHeMIeM Xe Mpu YBeJUYeHUU
BPEMEHU YyCpPEeIHEHUS HeCTaOMJIbHOCTb BO3-
pactaer. Hamuume B JasepHOM WU3JIydYeHUU
lIymMa JaHHOTO THUIIA OOBSICHSCTCS HEOMHO-
POAHOCTBIO BJIEKTPOJHOM CUCTEMbI aKTUBHOTO
3JIEMEHTA, B YACTHOCTHU IIEPOXOBATOCThIO Ka-
TOIHOTIO 3JIEKTpoaa.

AV.au

0.008

0.006

0.004

T

0.002

— |
0 1 2 3
Averaging time, 10° s

4 5

Puc. 3. lucniepcust AmtaHa B 3aBUCUMOCTH
OT BpeMeHU ycpenHeHus mis aazepa JITH-303
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Puc. 4. ABToKOoppensiimoHHasi (byHKIIMS CTaOMJIBHOCTU MOIIHOCTH
B 3aBMCHUMOCTHU OT Jjiara juist jazepa JITH-303

[TocTpoum rpacuk 3aBUCUMOCTH aBTOKOP-
pensuoHHoN ¢yHKuMu aias jgasepa JITH-303
ot nmara (puc. 4).

CMmenranHast (popMa TapMOHUYIECKOTO CHUT-
Hajla ¥ IlymMa MMeeT BUJ crajaolieil pyHK-
LIMA ¢ TapMOHUYECKOM cocrtaBisomeii. Kak
BUIHO U3 pUC. 4, TapMOHWYECKasl COCTABJISIIO-
1Iasl IOYTH He3aMeTHa Ha (poHe OeJIoro Iryma.
Tem He MeHee, MOXHO OMNpPENEIUTb MEPUOJ
rapMOHMYECKOI COCTaBJIAIOLIEH B CIEKTpE
1rymMa cTabMJIbHOCTHA MOIIIHOCTH; 3TOT MEPUOJ
coctaBisieT ipuMepHo 10 c. Takoe 3HaueHUue
COOTBETCTBYET TEIUIOBbIM KOJIeOaHUSIM, BbI-
3BaHHBIM HECTAOMJIbHOCTBHIO ITOJIOXKEHUSI OCHU
nuarpamMmmbl  HarnpaBieHHoctn (OJIH). Vka-
3aHHAs1 HECTAOWJILHOCTb OIpelessieTcsl Hajlu-
YMeM JIOKQJIbHBIX HAIPSDKEHHOCTEH B IICHKe
IOCTUPOBOYHBIX y3JI0B, a TAKXKE BHIOOPOM Ma-
Tepraja 3THUX y3JI0B.

K agpyromy Tumy rasoBbIX J1a3epOB OTHO-
carca BoaHoBoaHbie CO,-maseper [14, 15].
JlaHHble TPUOOPHI OTIMYAET BO3MOXKHOCTh

P.W
A
12

paboOTBl B pa3IMYHBIX peXMMax TeHEpaluu:
OJHOMOJIOBOM, OJTHOYACTOTHOM, CEJIEKTUBHOM
¥ HECEJICKTMBHOM, Ha (PUKCHUPOBAHHOU JJIMHE
BOJIHBI, C MEPECTPOMKON TIMHBI BOJHBI B 00-
Jactu 9 — 11 MKM, C IUCKPETHBIM TEPEKITIO-
yeHueM B IIpelesiaXx 3aJaHHOTo Habopa UIMH
BojiH. HecMoTpst Ha Bce MHOrooOpasue BO3-
MOXHBIX TUIIOB KOJ€OaHWil, B BOJHOBOIHBIX
peszonaropax CO,-n1a3epoB ux HabOp OrpaHu-
YMBAETCS HU3ILEN BOMHOBOAHOM Momoit EH
WM CYTEepPNO3UIei NBYX — TPeX MOJ HeYeT-
HOIo THUIIAa C paclpenejeHueM, SKBHBaJICHT-
HeiM Moze EH, . D10 orpanuuenue cBA3aHO
C XKeCTKOW KOHKYPEHIIMEN MPOCTPAaHCTBEHHO-
CBSI3aHHBIX TUIOB KoJIeOaHUIT TIPYU OJHOPOJI-
HOM YIIMPEHUU JUHUM YCUJEHUS B BOJIHO-
BonHoM CO,-nasepe.

DKcHepuMeHTalIbHAsl 3aBUCUMOCTb MOILII-
Hoctu usnydenusa CO,-nasepa (cepusa LCD —
Laser (based on) Carbon Dioxide, T. €. nasep
Ha JBYOKMCHU yTJepoja) OT BpPeMEHU TIpei-
CTaBJIeHa Ha puc. 5.

11

10

o

0.2

0.

4

0.6 0.8 £ hrs

Puc. 5. 3aBucumocts Momnoctn usnydenns CO,-nazepa OT BpeMeHU
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Puc. 6. ABTokoppeasiiimoHHas (GyHKILMS MOIIHOCTA U3JTyYEHMUSI
CO,-nazepa B 3aBUCUMOCTH OT Jiara

ABTOKOppensIinoHHast GyHKUMS IS TaH-
HBIX, TIonydeHHbIX i CO,-asepa, NnpeacTas-
JIeHa Ha puc. 6.

HeobxonnmMo OTMETUTB, YTO HapsIay C MPo-
LIECCOM YCTaHOBJICHMS TEIUIOBOIO PaBHOBECHUS,
B BOJIHOBOJHOM Jiazepe Habmogaercs 3 dexr
ABTOCTAOMIM3ALMM  MOILIHOCTA  U3JIyYCHMUS.
DddeKT cBsI3aH C BAUIHUEM M3MEHEHUST MOIII-
HOCTU U3JIyYSHMSI HA MOILLHOCTD TEILIOBBIACIIC-
HUS B pe30HATOpe U, COOTBETCTBEHHO, HA TEM-
MepaTtypy HecylIuX 3JIEMEHTOB ITOCICIHErO.

OueHka Tmepvoga TapMOHMYECKOM CO-
CTaBJIAIOLICH [aeT HpUMEpPHOEe 3HAUYCHHE B
nuanazoHe 25 — 30 muH. Ckopee Bcero, s
JAHHOTO CJIydasl XapaKTepHbl JApeiidoBbIc
MceBAOTapMOHNYECKME KoeOaHUsI MOIITHOCTH
uznydyeHusi. Kak BugHO u3 puc. 6, Ha UHTEP-

Bajlax BpeMeHHbIX caBuroB (yaros) go 500 c
MOBeJeHNE MOILIHOCTY U3JTy4YeHUSI JOCTATOUYHO
JKE€CTKO JIETEPMUHUPOBAHO.

3akinoueHue

B cTaTbe npuBeaeHbl pe3yabTaThl paboThl C
razopaspsaHbIMU JIa3epaMu 110 UCCIEA0BAHUIO
1IIYMOB JlazepHoro muanydeHus. [lokazano, 4yto
00paboTKa pe3yJbTaTOB U3MEPEHUI, OTHOCS-
LIMXCS K CTAOMJILHOCTU MOILIHOCTU U YaCTOThI
no mapameTpy AJllaHa, Hapsiny C aBTOKOppe-
JISUMOHHOM (PYHKUMEH, OTHO3HAYHO Xapak-
TepusyeT Buabl Iuyma. ITomMuMo 4eTkoil de-
TEPMUHALIMM IIIYMOB B JIA3€PHOM M3JIy4YEHUMU,
MOKa3aHa BO3MOXHOCTb BBISIBJICHUSI TPUYUH
MX BO3HMKHOBEHUS M, CJIECAOBATEJIBHO, NAJIb-
HEMIIEro yCTpaHEeHMUsI.
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OCOBEHHOCTHU 3BOJIIOLUN MOPDPOJIOTUU NMOBEPXHOCTHU
SNEKTPONOB JIASEPA B INJIASME A30BOIO PA3PAAA

A.U. KyarokuH, lN.A. bopucoeckum, C.B. Nlaepunos, M.H. Maxmypos,
E.H. Mooc, I.B. Kucenes, J1.11. Kuceneea, B.A. CtenaHoB

Psi3aHCKMI rocyaapcTBeHHbIN yHMBepcuTeT meHn C.A. EceHunHa,

r. Pa3aHb, Poccunckas Pepepaums

BnugHue WOHHO-TIIa3MEHHBIX ITOTOKOB Ha IIOBEPXHOCTH Karoja B TeJIHii-
HEOHOBOI IIa3Me ra30BOTO pa3psiaa M3y4eHO METOAaMU PEHTTEHOBCKOM (DOTORJIeK-
TPOHHOM CIEKTPOCKOITMUA W BJICKTPOHHOTO MUKPO30HIOBOTO aHA/IM3a, BKITIOUYAIO-
1LIET0 aHaJ1u3 aTOMHOTO COCTaBa IpU MPOGUIMPOBAHUY IO INIyOMHE U B paCTPOBOM
pexnme. MccaenoBaHus OOITOTHSUIMCh MOJCTMPOBAHIEM QYTOBOTO pa3psiia B YCIIO-
BHUSIX BaKyyMa JyTOracUTEIbHBIX KaMep BIUIOTH A0 ILJIABJICHUS CIUIABHBIX METaJLIu-
YECKMX JIEKTPOIOB IMPY KPUTHIECKUX PEeXKMMAaxX paspsiaa (B YCIOBUSIX ITOBBILICHHOMN
MoIITHOCTH). Bo Bcex citydasix BBISIBICHBI MPOLIECCHI, MPUBOASIINE K AeTpagallii U
pa3pyLIeHUIO TTOBEPXHOCTH KaToMa.

KmoueBbie cioBa: ma3Ma; MOHHO-TUIA3MEHHBIN MOTOK; Fa30BbIi pa3psia; abasius; MOIUKpUCTALINYE-
CKas CTPYKTypa; MOPGhOJIOTHS TTOBEPXHOCTH
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BEPXHOCTHU 3JICKTPOJIOB Jla3epa B TuIa3Me ra3zoBoro paspsina // Hayuno-texuuueckue Bemomoctu CIIOITTY.
®dusuko-mareMatuueckueHayku. 2017. T. 10. Ne 4. C. 92—99. DOI: 10.18721/IJPM.10407

EVOLUTION FEATURES OF LASER ELECTRODE-SURFACE MORFOLOGY
IN THE GAS DISCHARGE PLASMA

A.l. Kudyukin, P.A. Borisovsky, S.V. Gavrilov, M.N. Makhmudov,
E.N. Moos, G.V. Kiselyov, L.l. Kiselyova, V.A. Stepanov

Ryazan State University named for S.A.Yesenin,
Ryazan, Russian Federation

The effect of plasma flows on the cathode surface in the He-Ne plasma of a gas
discharge has been investigated using X-ray photoelectron spectroscopy, the electron
microprobe analysis, including atomic composition analysis in the depth profiling and
in the raster mode. The studies were supplemented by modeling of the arc discharge
in vacuum arc-quenching chambers up to the melting of the metal-alloyed electrodes
based on the two-component systems under critical discharge rate (under increased
power). In all instances there were identified the processes leading to the degradation
and destruction of the cathode surface. Method of electronic microprobe analysis
revealed a change in the composition of chromium-copper alloy electrode in the
depth due to thermal effects at all stages of production, testing and service. In the
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zone of the melted electrodes, we observed redistribution of the main components and
a substantial decrease in the oxygen concentration.
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ablation; polycrystalline structure; surface
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BBenenune

®dusuyeckrue MPOLECChl, MNPOUCXOASIINE
MpY B3aUMOACHCTBUU SJECKTPOIOB C IJIA3MOIA,
MPUBOAAT K HEOOpaTMMbIM M3MEHEHUSIM CO-
CTOSIHUSI UX TOBEpXHOCTU. CBEACHMSI O MPO-
1eccax OyucTepuHra (BCMy4YuMBaHUE TOBEPX-
HOCTM) B mpuOOpax mia3sMeHHOH! 2JIEKTPOHUKU
KpaliHe HEeMHOTOYMCJIEHHBI, U 110 TAaHHOM TeMe
MMEIOTCS JIMIIbL €IMHUYHbIE nyoaukauuu |1,
2]. B 1o ke BpeMs mpu M3YYEHUU IBOJIOLIMU
COCTOSIHUSI KaTOIOB HAa OCHOBE CHUCTeMbI Al-
Mg (oKcuabl aTlOMUHUS C T00aBKOW OKCUIOB
MarHus; Karoabl — 3JIEMEHTBI KOHCTPYKILIUU
reJIMii-HeOHOBBIX Ja3epoB) [3], ucciaenoBaHU-
SIX TIOBEPXHOCTU D3JICKTPOAOB MarHUTOYIpPaB-
JsgeMbIX KoHTakToB (cuctema Fe-Ni) [4],
3JICKTPOJOB BaKyyMHBIX JIyTOBBIX IIpephbIBa-
teneit (cucrema Cu-Cr) [5] ocTaloTcs HEBHI-
SICHCHHBIMU TIPUYMHBI MX Jerpagalvyd U pas3-
pyueHus. CoxpaHsieTcsl Takke aKTyaJbHOCTh
HCCIIeI0BaHUS TIPOLIECCOB U MEXaHU3MOB B3a-
MMOJICMCTBUS MOHHO-TJIA3MEHHbBIX TTOTOKOB C
MOBEPXHOCTBIO TAHHBIX CIUIABOB U JIETUPOBAH-
HBIX 2JIEKTPOIHBIX cUCTEM [6].

[lepeunciacHHbIC BbILLIE HAIpPaBICHUS MC-
CJIeIOBAaHUI BXOAAT B KPYT M3BECTHBIX MPO-
OsieM, OTHOCAIIMXCS K B3aMMOJCICTBUIO
MOHHO-TIJIa3MEHHBIX TOTOKOB C TOBEPXHOCTHIO.
C HUMM CBS3aHBI MTPOLIECCHI pa3pylIeHUs 000-
JIouek (aOysiuyst) JieTaTeNbHBIX amlliapaToB B
ABMAKOCMUUYECKMX OTpacisiX, 000JI0YEK peak-
TOPOB aTOMHOUW WHAYCTpUU (OCOOEHHO peak-
TOPOB THIIA TOKAMaK), a TAKXKe TEXHOJIOrMYe-
CKHUX TpolieccoB (hOPMUPOBAHUS TIICHOYHBIX
CHUCTEM U IOKPBITUI, B YACTHOCTU B MUKPO- U
HAHOBJIEKTPOHUKE.

B HacToseil cratbe IpeAcTaBICHBI pe-
3yJbTaThl MCCAEAOBAHUSI DBOJIOLMM TOBEPX-
HOCTH 3JICKTPOAOB B Ta30BOM pa3psiic (KaToabl
reJIii-HeOHOBBIX JIa3€pOB) U MOJEIMPOBAHNE
MOAO0OHBIX U3BMEHEHU I MOP(POJIOTUN IBYXKOM-
MOHEHTHBIX 3JIEKTPOAOB MPU Pa3BUTUM JIyTO-

BOTO pa3psiga B KOHTPOJUPYEMBIX YCIOBUSIX
BaKyyMa AYroracCUTeJIbHbIX KaMep.

N3zyueHune takoro poja CI0XHBIX MPOLIEC-
COB 0Ka3aJ0Ch BOBMOXHBIM B pe3yJIbTaTe MpH-
MEHEHMUSI 11eJIOT0 KOMILJIEKCa METO/IOB:

PEHTTEHOBCKOI (POTORJIEKTPOHHON CITeK-
TPOCKOIINH;

3JIEKTPOHHOTO MUKPO30HIOBOTO aHaln3a
mpu MpOoUINPOBAHUN TI0 IIyOMHE M B pac-
TPOBOM PEXUME;

aTOMHO-CUJIOBO MUKPOCKOITHMU.

PeBy.]'leaTbl HUCCJIEOBAHUN U UX oﬁcmeﬂne

IIpu mocnoilHOM aHajlKu3e IOBEPXHOCTU
aJIOMMHMEBOIO KaToja reJinii-HeOHOBOTO Jia-
3epa, CoAepxXKallero MaJyld KOHIEHTpPalUIO
JIETUPYIOIIMX IIPMMECE MarHusi M Kejesa,
OoOHapyxXeH BbIpaXKEHHBIN CJIOH yrjiepoma Ha
MOBEPXHOCTHU, YPOBEHb KOTOPOTO YOBIBAaeT IO
(¢OoHOBOrO 3HAuYeHUs Ha IIYOMHE B aHaIu-
3UPYEMbIX CJIOSIX 92JIEKTPOJAHOIO Marepualia
(puc. 1). O6o3HaueHus ls, 2s u 2p mokasbiBa-
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Puc. 1. Pe3ynbrar nmocioifHOro aHajaiunsa
IMMOBEPXHOCTU KaToma cucTeMbl Al-Mg
TeJIM-HEOHOBOTO Jla3epa (3aBUCUMOCTh
KOHIIEHTPALIMM aTOMOB OT BPEMEHU PACIbUICHUST)
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Puc. 2. Mopdonorust moBepxHOCTH KaToaa
B pe3yJIbTaTe BO3NECHCTBUS TE€IMN-HEOHOBOW TJIA3Mbl
(MukpooTorpacdus MoaydeHa ¢ IOMOILbIO
PacTpOBOTO 3JEKTPOHHOTO MUKPOCKOTA)

0T 3aIlOJIHEHUE 3JICKTPOHHOIO YPOBHS KaxK-
JIbIM 3JIEMEHTOM.

OnHOBpEeMEHHO IpU B3TOM HaOIIOJAeTCsI
BBIPAKCHHBIN POCT KOHIEHTPALIMK aJTIOMUHUS
(10 cTabmIbHON BeaUUMHBI) U Kuciaopona. Ilo-
CJeMHSsI, BOpPOYEM, CMAAaeT, BBISIBSS CJION
MOBBILLIEHHOTO OKMCJICHUSI MaTpULIbl MPUIIO-
BEPXHOCTHOI 30HbI. CHMH(bA3HO ¢ conepKaHueM
AJTIOMUHUST M3MEHSIETCSI COOEpXKaHWe MarHus,
HabJIogaeTcsl ero cerperauusl Ha MOBEPXHOCTD
SMMCCUOHHOTO CJIOsl, IIpUYeM MeHee 3Hauu-
TEJIbHBIA POCT €r0 aHAJIMUTUYECKOTO CUTHaIA OT
MarHusi, 10 CPaBHEHUIO C aIOMMHUEM, IIOM-
TBEPXIAET 3TOT Pe3y/IbTaT, paHee MOJyYeHHbIN
meTtonom Ozke-crekTpockornuu [3]. YkazaHHbII
METOJ, KaK M3BECTHO, YyBCTBUTEJIEH K CaMbIM
BEPXHUM aTOMHBIM CJIOSIM.

C 1OMOIIIbIO  PACTPOBOM 3JEKTPOHHOM
MMKPOCKOIIMM  BBISIBJIEHO  JI€KOpPUpPOBaHUE
TUIa3MOM  TIOJIMKPUCTAJUIMYECKON  CTPYKTY-
pbl M3ydyaeMoii TOBEpPXHOCTM Karoja TIeJIMii-
HEOHOBOTO Jla3epa B pe3yjbTaTe BO3ACHCTBUS
reJuii-HeoHOBOM TIu1a3Mbl (puc. 2). Mukpo-
KPUCTAIIUTHI UMEIU CPEeHUE pa3Mepbl OKOJIO
30 MKM.

SBnaeHue O1McTepuHra, oOHapyXeH-
HO€ HaMM Ha TOBEPXHOCTM KaToma TesIuii-
HEOHOBOIO Jla3epa, paHee ObLIO M3Y4YeHO Ha
MOBEPXHOCTU OOILIMBKM KOCMUYECKMX JeTa-
TEJIbHBIX allllapaToOB W B SIIEPHBIX YCTAHOBKAX
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thna tTokaMak. OObIYHO 3TOT 3¢ (HEKT MpOosIB-
JISIETCSI B YCJIOBUSIX, KOTJA SHEPrysi MOHHBIX
MYYKOB TMPEBBIIACT ACCATKU M COTHU K3B
[6]. BHemHMii B MU aTOMHBIM 3JEMEHTHBIN
cocTaB OJMCTEPOB Ha 2JCKTPOAAX Teuii-
HEOHOBOIO Jiazepa (Kymosjaoo0pa3Hbie 00pa3o-
BaHUS) MpeacTaBlieHbl HA puc. 3, 4.

Pasmep OmmcTepa COCTaBISIET OKOJIO
40 mxMm. B 30He aHaiu3a, OTMEYEHHOI Ha
puc. 3 KBaapaToM, KOJMYECTBO aTOMOB HEOHA
B Omucrepe gocturaer 2,11 ar.% oOT OCHOB-
HOIO BelleCTBa KaToJa — OKCHIA aJIFlOMUHUS
(puc. 4).Ilo pesyabTaTamM aHajiu3a METOIOM
PEHTIeHOBCKOI (DOTO3JIEKTPOHHOI CIEKTPO-
CKOIMM, B TOBEPXHOCTHOM CJI0€ KOHIIEHTpa-
LSl aJlOMUHMSI PETUCTPUPYETCSI Ha YPOBHE
30,52 aT.%; TOBEPXHOCTHOE XK€ COCTOSTHHUE
aTOMOB KUCJIOpOAa U yIjieponaa Ipu 3TOM CO-
craBisIeT B 30He aHanm3a 62,8 u 4,49 at.% co-
OTBETCTBEHHO. DTU JaHHBIE KOPPEIUPYIOT C
HaOJIIOMABIIMMCSI CHUKEHUEM MOIIHOCTU U3-
JIy4eHUST aKTUBHBIX 3JIEMEHTOB, BBILICAIINX U3
cTpost. MomHocTh npu 3ToM ynajia ¢ 0,50 MBt
mo 0,13 — 0,01 mBr. B 10 Xe Bpemsi onTu-
MaJibHbI paboumii TOK yBenuuyuiacsa ¢ 3,5 10
4,1 MA, a TOK cphbiBa pa3psiia YBEIUYUICS C
3,2 no 4,2 MA.

Xapaktep cBeuyeHMsT paspsga (OnemHo-
CUHUI LIBET SBJSIETCS MPUCYLIMM pa3psiay
reaus) yKasblBaeT Ha CHIDKEHME COAEepXKaHUS

Puc. 3. Dddexr 6immcTepruHra Ha MOBEPXHOCTU
AJIIOMMHMEBOTO KaToJa TejMii-HEOHOBOTO Jlazepa
TOCJIe UCTIBITAHUH (aHAIM3UPYEMBI y4aCTOK
OTMEYEH KBaJpaToOM)



Pusnyeckas aneKTpoHMKa

Counts

2.1k Al

0.3k Ne

bl —— -
1.00 keV

Puc. 4. AtomHBIl cocTaB Giuctepa
Ha TTIOBEPXHOCTHU aJTIOMMHMEBOTO KaToIa
(30Ha aHanM3a OTMEYEeHA KBaapaToOM Ha puc. 3)
nocje 100 ThIC. 4 BO3AEUCTBUS Irejuii-HEOHOBOI
IJ1a3MbI (3TO AJIUTEIbHOCTh MCIIBITAHUS
aKTMBHOTO 3JIEMEHTA)

HeoHa B paboueil cMecu, YTO MOXHO OObsIC-
HUTb HAKOILJICHMEM HeoHa B Onucrepax (cM.
puc. 3). B monb3y 3TOro OOBSICHEHUSI T'OBO-
PUT yBeIMYEHUE KaK ONTHMAaJIbHOIO pabouyero
TOKa, TaK U TOKa CpbIBa pa3psa.

B xone uccnenoBaHus mpeacTaBUIOCh BaxK-
HBIM CPaBHUTH MOJyYeHHBIE Pe3yJIbTaThl C I0-
BeJIeHMEM TTOBEPXHOCTH KaTo/1a Ha OCHOBE IBO-
nyHoit cucteMbl Cu-Cr B yCJIIOBUSX TYTOBOTO
paspsiga (HamOMHUM, UTO B TeJUi-HEOHOBBIX
Jnazepax 3To cucreMa Al-Mg). DTo BaxHO 1151
BBISIBJIEHUSI OOILIMX 3aKOHOMEPHOCTE DBOJIIO-
UM cocTaBa U MOP(OJOTUU ITOBEPXHOCTH,
JUIST UI3YUYEHUSI PEXUMMOB BO3JAEHUCTBUSI NOHHO-
IUTAa3MEHHBIX ITOTOKOB MOBBIIIEHHONW 3HEPTrUMN
B BaKyyMe C LIeJIblO OmnpeaeaeHUs MpeaeabHOM
MOIIIHOCTH pa3pyllapiinx noTokos. [1pu aTom
MCKJTIOYAJICST BO3MOXHBIN 3 heKT ONMCTEpUH-
ra (cpeia pa3BuUTHUs pa3psiia — BaKyyM).

KoMmbloTepHoe MoaeaupoBaHUE BO3IEH-
CTBMSI TUIa3Mbl JTYTrOBOTO paspsijia Ha 3JieK-
Tpoabl Cu-Cr B yCIIOBHSX BaKyyma, KOTO-
poe YYUTHIBAJIO TEILJIONPOBOIHOCTh HAHHOTO
CIUIaBa, MOIIHOCTb M BpeMs$ CYIIECTBOBAHMUS
IyTHA, TaKXKe BBISIBWIO OCOOCHHOCTH 3BOJIIO-
1M1 MOpQOJOTUM U COCTaBa MX MOBEPXHOCTU
(puc. 5). B yacTHOCTM, KOHIIEHTPALIMA AaTOMOB
Meau (OCHOBHOE BEIIECTBO CILIaBa) U KUCJIO-

pona Ha IMOBEPXHOCTU OKa3aJUCh BhIIIE 00b-
€MHBIX 3HAYECHUN.

ToyeuHoe 92JEKTPOHHOE 30HAMPOBAHUE
obpasnoB karoga cucteMbl Cu-Cr BBISIBUIIO
30HBI, COJAEPXKAHWE MEAU B KOTOPBIX CHMXKa-
erca ¢ 92,4 mo 78,2 ar.% npu yBeIMYCHUU
MIyOMHBI, UTO YKa3bIBaeT Ha PE3KO BbIpaKEH-
HBII IIpOLIECC €€ ceTrperaluuy Ha MOBEPXHOCTU.
B xaromHoli 06JacTu CylIeCTBYEeT HECKOJBKO
SHEPreTUYECKUX IIPOLIECCOB B Pe3yIbTaTe BO3-
JECTBUSI MOHOB, YCKOPEHHBIX B IPUKATOAHOM
npoctpaHcTBe [5]. KpoMe Toro, aBTo3aeKkTpo-
Hbl, UHULIMUPYIOLIME TyrOBOM pa3psid, cO3aa-
0T B LIEHTpaXx 3MMCCUU BBICOKME IUIOTHOCTHU
TOKa, CTUMYJMPYIOIIME HarpeB S5TON 30HBI;
MpY 3TOM IIPOLIECC COIIPOBOXKIAETCSI Pa3OphI3-
TMBaHMEM BEIIECTBAa 3JCKTPOAOB. JlaHHBIN
MpOLIECC, MPOTECKAIOIINI B BAKYYME, BBI3bIBACT
CHUXEHME KOHIICHTpalLMsl KMCIOpoAa B 30HE
IUIaBJeHUsT OoJjiee yeM B aBa pasa (¢ 4,9 1o
2,2 ar.%).

PasButhiii penbed MOBEPXHOCTHU, KaK ObLIO
nokasaHo B paborax [1, 7], cmocobeH 3HA4Yu-
TEJbHO BJIMSTH Ha IIPOLECCHI PaCHbUICHUS U
pacruiaBieHMs KOMIIOHEHTOB CIUIaBa MpU BO3-
JeiictBurd BakyyMHON nyru. C yBelIMyeHUEM
yrja maaeHus MOHOB, CBSI3aHHOTO ¢ Mop¢o-
JIOTUYECKMMHU OCOOEHHOCTSIMA  IOBEPXHO-
CTU, KO3(PDULMEHT pachblUIeHUS CHUXKaETCH,

Puc. 5. Mopdonorust moBepXHOCTH KaTolaa
cuctembl Cu-Cr B pe3yibTaTe BO3ACUCTBUS

MOIITHOTO JTIyTOBOTO pa3psijia B YCJIOBUSIX BaKyyMma
(UTOT KOMITBIOTEPHOIO MOJAEIMPOBAHMS IIpoLiecca
B KPUTHYECKOM PEKMIME)
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MO CPaBHEHUIO C TAKOBBIM JUISI HEMOBPEXKIEH-
HOM MOBEPXHOCTU. DTO OOYCIIOBJIEHO TEM, YTO
TOJILKO YacTh PACTIbUIEHHBIX aTOMOB IMOKUIAeT
MOBEPXHOCTh, OoMbIIIAsl K& UX YacThb Iepepac-
MbLIIETCS HAa COCEIHUE YYaCTKU, U3MEHSIS KO-
3PUIIMEHT yCWJIEHUS TIOJs, a ClieaoBaTeIb-
HO, ¥ aBTO3JICKTPOHHBIE TTPOLIECCHI B JIyTE.

Tpanchopmaiuss  penbeda MOBEPXHOCT-
HBIX CJIOEB TaKKe CIIOCOOHA BIIMSITh Ha Tepe-
pacrpeneneHue 3JeMEHTHOro cocrtara [1] Bo
BpeMsI IEUCTBUS Ha HUX BAKYYMHOTO JyTOBOIO
paspsma. Ilpm 3TOM CylecTBeHHBIM (PaKTo-
POM SIBISIETCSL TO OOCTOSITEILCTBO, YTO B XOJIE
3TOr0 IMpolecca Ha MOBEPXHOCTh CTPEMSTCS
MPEVMYILIECTBEHHO JIETKOCETPETrUpyIOLINe Be-
1ecTBa (aToMbl MEAW B MOCIEIHEM cCllydyae).
ITosToMy Menplo oboraialoTcs 00JacTH, KO-
TOpbI€ B OOJIbLIEH MEpe yYacTBYIOT B IIpoLiecce
pacmblIeHUs, — 3TO BEpXHUE CJIOU U 00JacTu
BO3BBILIEHHOCTEH; B IIYOOKMX K€ ydacTKax
pacTeT KOHIEHTpalus 00Jjiee TYroruiaBKOro
KOMIIOHEHTA.

IIpouecchl cerperaliu aTOMOB MarHMs
HaOJIONAMNUCh UISI KaTOAOB JBOMHBIX CUCTEM
Al-Mg [3] renuii-HEOHOBBIX JIa3ePOB.

3akiouenue

B cpaBHUTEIbHBIX HCCIEIOBAHUSX HOYro-
BOrO paspsja B cpele aKTUBHOIO 3JeMEHTa
reJIMii-HeOHOBOTIO Jla3epa U B YCIOBUSIX BaKyy-
Ma BBISIBJIEHBI OOllIME€ 3aKOHOMEPHOCTU 3BO-
JIIOLIMY 3JIEMEHTOB 3JIEKTPOAHBIX MaTepUaiOB.

OmHOBpeMeHHO OOHapyKeHa cIrienuduka
pa3BUTHUS AYyrOBOTO paspsiia B YCJIOBHUSIX Ba-
KyyMa. B 4yacTHOCTH, yCTaHOBJIEHO IBYKpaT-
HOE€ CHIXXEHME KOHLEHTpalUKW KHUCIopoJa B
mnpouecce merpagauuu 3jaektpoma (¢ 5,0 mo
2,2 at.%) u ero yxom u3 o0beMa 3JIEKTPOIOB.
M3 TepMOIMHAMUUECKUX OLIEHOK CJIeAYET, YTO
KMCJIOPOJ TIPEANOYTUTEIbHO CKOHLIEHTPUPO-
BaH B 30HaX C MIpeodJagaHUEM JIErKO OKMC-
JISEMBbIX KOMITOHEHTOB (B aHaJIU3MPOBAHHBIX
JNBOMHBIX KATOIHBIX CUCTEMAaX 3TO MAarHuul u
Mellb, COOTBETCTBEHHO).

WccnenoBaHue BO3MOXHBIX MPENEIbHBIX
M3MEHEHUI YKa3aHHBIX XapaKTePUCTUK II0-
BEPXHOCTH JIEKTPOIOB B YCIOBUSIX UHTEHCHB-
HOr0 U MHOTOKPAaTHOIO BO3E€HCTBUSI JYTOBOTO
pa3psaa Ha 2JEKTPOAbl KaMepbl Takxke oOHa-
pyXuBaeT oOOIIMEe 3aKOHOMEPHOCTU TeJIMUii-
HEOHOBOI Cpelibl JIa3epa B yCIOBUSIX BaKyyMa.
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PU3NKA MOJIEKY/
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CYBNMUKOCEKYHAHAA ANHAMUKA AUNOJIbBHOITO MOMEHTA
MOJIEKYJIAPHbIX NOJINANAHUHOB

T.U. 3e3uHa, O.10. Libi6GHMH

CaHkT-leTepbyprckmMm NnoaMTEXHMUYECKUIM yYHUBepcuTeT [MeTpa Benukoro,
CaHkr-lNetep6ypr, Poccnnckas Peaepayms

Ha cyOnukoceKyHIHO 1IKajae BpeMEeHU BBIUMCIEHBI MTHOBEHHbBIC 3HAUCHUST AU -
MOJILHOTO MOMEHTA OJINTOTIETITUAIOB aJlaHWHA B BAKyyMe€ M B BOJJHOM PacTBOpE C Iie-
JIbIO OLICHKM BJIMSIHUSI BHELIHMX BO3MEMCTBUIL: TeMIepaTyphl, a TAaKXKe aMIUTUTYAbl U
OpHMEHTAllMM BEKTOpa HAMPSIKEHHOCTH BHEITHETO 3JIEKTPOCTaTHYeCcKoro mojst. Kom-
MbIOTEPHOE MOICIMPOBAHUE OCYILUECTBIISUIM METOIOM MOJIEKYISIPHON NUHAMUKH.
JMHaMWYeCKUe CIIeHapuM TIPW BO3ICWCTBUU BHEITHETO 3JIEKTPOCTATUUECKOTO TIOJIS
cBoiie 100 MB/M ObLTM TTOTYYEeHBI VTSI OJTUTONENTUIOB alaHUHA Pa3TUYHON IJTMHBI
(ot 2 mo 24 rpymm), HaXOASIIMXCS B BOJHOWM Cpele M BaKyyMe, C BPEMEHHBIM IlIa-
roM 1 ¢c u BpemeHeM MoaenupoBaHus 10 100 He. BulumciaeHHBIE ClieHApUU MOXHO
WCITOJIB30BaTh IS AaJIbHENIEero aHaau3a U 0000IIEHHOTO OMUCAHUS CTPYKTYPHBIX
CBOICTB M KOH(pOPMAIIMOHHON OWHAMUKU MOJeKyld. OCBOSHHBIN IPOrpaMMHBbII
KOMITBIOTEPHBIII KOMIUIEKC TIPUTONEH JIsSi BBIUMCIECHUST TPEACTaBUTEIbHBIX MOJe-
KYJSPHBIX CLIEHApMEeB, BKJIIOYAs MOBEACHUE Pa3IMUYHBIX IO CTPYKType MENTUAOB U
0eJIKOB B BaKyyMe, pacTBOpax, a TakKe IOl BO3AEHCTBUEM 3JIEKTPUYECKOTO TTOJIS
MpU pa3IUYHbIX TeMIepaTypax.

KimoueBnbie ciioBa: 6MOMoOJIEKyIia; TIENTHIbI; KOMITBIOTEPHOE MOJEIMPOBAHMUE; MOJIEKYJIIpHAs AUMHAMM-
Ka; TUMOJbHBIA MOMEHT; OMOMOJIEKYJISIpHAsT 2JIEKTPOHMKA

Ccpuika nmpu nutupoBanmm: 3e3uHa T.U., Hpiomn O.}0. CybnukocekyHmaHas IUHAMHUKA IUIOJIbHO-
r0O MOMEHTa MOJIEKYJISIDHBIX MojmaiaHuHoB // HaydHo-texaudeckue Bemomoctu CIIOITTY. ®dusmko-
maremaruueckue Hayku. 2017. T. 10. Ne 3. C. 100—110. DOI: 10.18721/JPM.10408

SUBPICOSECOND DYNAMICS OF THE MOLECULAR POLYALANINE
DIPOLE MOMENT

T.l. Zezina, O.Yu. Tsybin

Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation

Instantaneous dipole moments of polyalanine peptides in vacuum and in the
aqueous medium have been calculated on the picosecond time scale in order to
evaluate the external influence of temperature, of the electrostatic field’s amplitude and
direction. Computer simulation was performed using the molecular dynamics method.
The dynamic scenarios induced by the external electrostatic field above 100 MV/m
were obtained for polyalanine molecules of different lengths (from 2 to 24 groups)
placed in vacuum and in aqueous medium, the time step of 1 fs and the simulation
time up to 100 ns being taken. The simulated scenarios can be used for a further
analysis and a generalized description of structural properties and conformational
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dusmka monekyn

dynamics of molecules. The mastered software packages are appropriate for computing
the representational scenarios of biomolecular behavior under various conditions.
Key words: biomolecule; peptide; computer simulation; molecular dynamics; dipole moment; biomolecular

electronics
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BBenenue

IIpocTpaHcTBeHHAs! CTPYKTypa M AUHAMM-
Ka OEJIKOBBIX MOJIEKYJ OOECleuynBaloT MHO-
JKECTBO OMOJIOTMYEeCKUX (YHKLUMH B XKUBOU
NpUPoOJEe, a TaKKe MOJOOHBIX CIIEHApHEB B
WCKYCCTBeHHbIX cucrtemax. WMccnegoBaHus
M30JIMPOBAHHBIX OCJIKOB U MENTUIAOB IO3BO-
JISIOT II0Jy4aTh OMOJIOTMYECKM 3HA4YMMbIe
JaHHbIE O TIEPBUYHOW M BTOPUYHOM CTPYK-
Typax, MEXMOJICKYJSIPHbIX U BHYTPUMOJEKY-
JIIpHBIX B3anMoaeicTBusx [1 — 9]. B BogHBIX
pacTBopax MenTuabl U OelKW CYIIEeCTBYIOT B
Pa3IMYHBIX BTOPMYHBIX CTPYKTYPHBIX COCTOSI-
HUAX (B-JIUCTHI, anbda-crnupanu, 3, -Crupanm
U JIpyrue), KOTopblie ISl MEeNTUA0B B OCHOB-
HOM WJIM YaCTUYHO COXPAHSIIOTCSI MpU TMepe-
xozne B rasoByio ¢asy [1 — 3]. DkcnepuMeH-
TaJbHO IOKa3aHO, HaMpuMep, YTO B BaKyyMe
JUKATUOHBI TMOJMAJaHMHOB U TMOJUIIMIIMHOB
COXPAHSIOT TEHACHIUIO K (HOPMUPOBAHUIO
CTPYKTYpbl aibda-ciiupanu [1]. braromaps
COXpPaHEHUIO HATUBHOW CTPYKTYpbl B Ta30BOI
¢ase, a Takxke OMOJOrMUYECKOl 3HAUYUMOCTU U
MEIUIMHCKUM TIPUJIOXKEHUSIM, TOJMaTaHU-
HbI TIPEACTABISIOT COO0I aKTyaJlbHbI OOBEKT
BCECTOPOHHETO M3y4yeHMs1. boibliioe 3HaUeHMe
UMEIOT MCCIIe0BAHMS BO3AEUCTBUS DJICKTPU-
YECKMX CTaTUYECKMX U MEePEeMEHHBIX MOJiei Ha
CTPYKTYpY IOJUAIaHUHOB. JlajabHOIelCcTBUE
BJIEKTPUYECKUX CUJI CITOCOOCTBYET BO3HUKHO-
BEHUIO HETETUIOBBIX 3(P(PEKTOB IepecTpoiiKu
CTPYKTYPbI MOJIEKYJIBI BO BHEILLIHEM I0JIE, YCHU-
JIEHHBIX YIOPSIOYEHHON OpUEeHTallMel MHTe-
TPAJIbHBIX IO 00BbEMY MOJEKYJIbl 3JCKTpUYEC-
CKHUX JUIIOJBbHBIX MOMeHTOB (BJIM) [4 — 9].

IIpocTpaHcTBEHHAs! CTPYKTypa TOJMIICT-
TUAA OIpenensieT MHTerpaibHblii DJIM, Ko-
TOPBIM 3a CUET 3TOro MPUOOPETaeT CBOMCTBA
OLICHOUHOTO IapaMeTpa CTPYKTYPHOI TeoMe-
TPUU U AMHAMUKHU. B OTHOCHUTENbHO clabom,
10 CPAaBHEHUIO C TUMWYHBIMU TOJISIMU aTOM-
HBIX TIOJACUCTEM, DBJIEKTPOCTATUUYECKOM TI0JIe

(E < 10 B/Mm) addeKThl MOaapu3auy 0JIM3Ku
K JUHEWHbIM, CpeaHuil cratuueckuit DM
NpUOIU3UTEILHO COOTBETCTBYET YpPaBHEHUIO
Jlanxesena — [ebas:

p=uE /3kT,

rae p — 3HAYEHUE MOJApU3aLMU, W, — 3Ha-
yenue OJAM, kT — tepMoanHaMUyecKast
SHeprus, omnpeaeasieMas MPOU3BEICHUEM I10-
CTOgHHOW bonbliMaHa Ha 3HaYueHUE abCOJIOT-
HOW Temmniepatyphl [2, 4 — §].

Ilentuasl, obnagaromre CBOMCTBAMU Mbe-
303JICKTPUKOB, HampuMmep AudeHuIaJaHH,
00pa3yloT yHopsiIoYeHHBIC arperaluy JaxKe B
cnadpix moJisx [9]. Hapsiny ¢ akcnepuMeHTal b-
HBIMM METOAAMHM PagvOMMIICAAHCHON CIIeK-
Tpockomnuu [10 — 12], moucK ynopsiaoyeHHBIX
CTPYKTYP B CJAOBIX IIOJISIX OCYIIECTBISIETCS
KOMITBIOTEPHBIM MOJAEIMpPOBaHUEM. Takue uc-
ClIedOBaHUSI BOCTPeOOBAHbBI, HAIPUMeEp, IS
BBISICHEHHMSI MPOLIECCOB MOJIEKYJISIDHOI caMo-
OpraHM3allii B pacTBOpax U IUIeHKax. B 6o-
Jee cwibHOM mosie (£ = 1 B/HM) BbImosHe-
HO KOMITBIOTEPHOE MCCEAOBaHME MTUIICIITUIA
ajaHuHa B Boze [4]. [TonoOHbIE CUIbHBIE TTOJIS
TUIIMYHBI IJI1 HAHOCUCTEM, a B MUKPOJIOKAIb-
HBIX J1a00OPaTOPHBIX KCIIEPUMEHTAX CO3IAK0T-
csl BOJIM3M MUKPOCKOIIMYECKUX Ae(MDEKTOB IO-
BEPXHOCTHM, HaIpUMEP Y BEPIUIMHBI OCTPUIA.

ITonoOHBIE 33Ma4y BO3HUKAIOT B MOCTEN-
HUE TOAbl HE TOJIbKO B OMOJIOTUM U MEAUIIHE,
Ounou3nke U OMOXUMUM, HO TaKXKe B CBSI3U
C aKTYyaJIbHOCTBIO CO3MaHUS 3JIEMEHTHOI 0a3bl
OMOMOJIEKYJISIDHOM ~ DJIEKTPOHUKHU:  HOBOTO
Hay4YHO-TE€XHUYECKOTO M TEXHOJOIMYECKOro
TMOPUAHOTO KOMILIEKCA TBEPAOTEIbHOM 2J1€eK-
TPOHUKM, OMOMOJIEKYJ U OMOMOJEKYJISIPHBIX
MeTtamarepuaiaoB [11 — 14]. B snekTponuHa-
MHUKE M D3JEKTPOHUKE OHMOMOJEKYJbl IIpe-
CTaOT B OOJIbIIEH CTeNIEHM HE KaK HOCUTEIU
Ouojornyeckux (QyHKLMIA, a KaK pacriperne-
JICHHBbIE B KOH(UTYPALIMOHHOM IIPOCTPAaHCTBE
aTOMHBIEC KJIaCTephbl, MMeEIIne (QU3NIECKUe
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CBOICTBA CHUCTEMbI HEJIMHEWHO CBSI3aHHBIX
KBAaHTOBBIX OCHWUISITOPOB. PaccmarpuBaroT-
cs, Hampumep, KOH(MUTypallu¥M HaHO- WU
MUKpPORJIEKTPOHHBIX IIeNell ¢ BKIIOYECHUEM B
HUX O€JIKOBOI MOJIEKYJIbI, IIPU 3TOM CBOMCTBa
LIeTeil CyILIeCTBeHHO 3aBUCIT oT DM mole-
Kynasl [13 — 14].

B nmepcnekTUBHBIX pa3paboTKax 3JI€MEHT-
HOI 0a3bl 27eKTpoHUKU DM MoxeT crTathb
BaXKHBIM I1apaMETpPOM, OIIPEIS/ISIIONIUM IIPO-
lecchl BBOAa U cOopa JaHHBIX, I0JEBble U
TeMIlepaTypHble 3aBUCUMOCTH, pacIipeneieHue
BJIEKTPUYECKUX MMOTEHLIMAIOB U SHEPIUU B3a-
MMOJIEUCTBUS C MOBEPXHOCTHIO TBEPAOTO TeJia
" T. 1. JIy1s obecrieueHns: TaKo MepCreKTUBBI
TpeOyeTcsl co31aTh U MPOAHATU3UPOBATh COOT-
BETCTBYIOIIIME 0a3bl NaHHBIX 3HaYeHuin DM
pPa3IMYHBIX MOJIEKYJ, AMHAMUUYECKMX ClieHa-
PMEB B YCIOBUSIX BaKyymMa M pacTBOPOB, B3au-
MOJEUCTBUS C TBEPABIMU TeJIaMU, U3MEHEHUS
TeMIIepaTyphl U 3JeKTpudeckoro mois. MHTe-
rpajbHbI MOJIEKYISIpHBIN DM u ero nuHa-
MUYEeCKUe ClLieHapuu I0TpeOyeTcsl BHIYUCISATh
MpU TPOESKTUPOBAHUN THOPUIHBIX DJIEKTPOH-
HBIX 3JIEMEHTOB U YCTPOICTB.

B naHHOIl pabGoTe BBIMOJIHEHO KOMIIBIO-
TepHOE MOIEIUPOBAaHNE MIHOBEHHBIX (UH-
TerpajbHBIX IT0 00BEMY aTOMHOIO KJjacTepa)
3HaueHuii DM oJIuromnenTUaOB aJlaHMHA Ha
CyONMMKOCEKYHIHOM IIIKajle BpEeMEHW B Ba-
KyyMeé U B BOIHOM pacTBOpE; 3TU 3HAUCHUS
HEOOXOAUMBI IS OLICHKM BIWSHUS BHEIITHUX
BO3JEUCTBUIA: TeMIepaTypbl, a TaKXe aMIUIM-
TYIbl 1 OPUEHTALIMM BEKTOpa HAMPSKEHHOCTH
BHEIIIHETO 3JICKTPOCTAaTUYECKOIO IIOJIs Ha 3a-
BUCUMOCTb DJIM OT BpeMeHHU.

Meton BhIMHCJICHAI

KoMIbIOTEpHBIIT METOA MOJIEKYISIPHOM OV -
Hamuku (MJI) ObLT peaJn3oBaH IMyTeM COBMeE-
LIeHMST Psiga MPUKIIaOHBIX AKEeTOB IIPOrpaMm
B CAMHBIM MCCIEOOBATEIbCKUM KOMILIEKC.
KoMnboTepHBIE MOMENIH, IIPEICTABIISIONINE
c000i1 anba-cnupanu OJUIONEHTUAOB aa-
HUHAa, co3maBaju B makere Avogadro [15], roe
MOJIy4aau MPOCTPAaHCTBEHHBIC paclpeIeIeHUSs
aTOMHOM TToAcUCTeMBbl. JlampHelIass ux Mo-
auduKanys, BKIOYAOIas IIOCTPOSHUE OKPY-
JKaloIIe cpeibl MOJIEKYJT BOAbI, ONTUMU3ALIUIO
TEOMETPUU CUCTEMBI, MOJEIMPOBAHUE MOIlIa-
TOBOI 9BOJIOLIMY OMOMOJIEKYJISIPHOW CUCTEMbI
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merogoM MJIl ¢ MCHonb30BaHMEM CUJIOBOTO
nosis CHARMM27 [16], olieHKa reoMeTpude-
CKUX M3MEHEHMI B CUCTEME M pacyeT BeJIndu-
HBI TUIIOJBHOIO MOMEHTA ObLIM peali30BaHbI
npu nomouu nporpamm NAMD [17] u VMD
[18]. dng menTraoB ajJaHWHA Pa3IMIHON TN~
Hbl B BOJHOI cpele M BaKyyMe ObLIM TIOIY-
YeHbI TMHAMUYCCKUE CLICHAPUU ¢ BPEMEHHBIM
marom 1 ¢c u BpeMeHeM MOJeIMPOBaHUS A0
100 HC oA BO3MeCTBMEM BHEIIIHETO 3JIEKTPO-
cratuyeckoro nojist £ > 108 B/m.

MrHoBeHHbIe 3HaueHuss DJIM Ha KaxaoM
BPEMEHHOM 1IIare BBIYMCISUIM TTyTEM CJIOXKe-
HUSI UHAWBUOYAJIbHBIX MOMEHTOB:

N
n=> 4,
n=1

W3MeHeHue MoJSIpU3yeMOCTU U 3JIEKTPOH-
HbIE IIE€PEHOCHI, BbI3BaHHbIE MPOCTPAHCTBEH-
HBIMU CTPYKTYPHBIMU MEPEXOJaMU 1 BHEIITHUM
nojgem £ > 108 B/M, cuutanu HecyllleCTBEH-
HBIMHU, YEMY €CTb MOATBEpXKaarolre 060CHO-
BaHMs B autepatype [2, 7, 8]. MccaenoBaHus
metogoM MJI mpoBoAMIKMCH MyTeM MOCTPOE-
HUS BPEMEHHBIX peaIM3alMii JIUTEIbHOCTHIO
oT 100 nic mo 100 HC Mpu pa3IUUHBIX YCIOBUSIX
B BaKyyMe€ U B BOJHOM cpele.

Temneparypy 7 BapbupOBaJM B MOpeae-
Jnax ot 200 go 500 K. AMIJIMTYQy BHEIHETO
3JIEKTPOCTaTUUECKOTO Mojid £ B mMporpamme
NAMD 3anaBanu B KKaj/(MoJb - A - €), e e —
3apsia 2aekTpoHa. [loje uaMeHsin B mpenesax
or 0 o 10 kkan/(Mojb - A - €), rie B eqMHMLIaxX
B/M nHauGosbliiee 3HaueHue E COOTBETCTBYET
~ 4,34-10° B/Mm, T0 ectb nomo 434 MB/A, or-
HOCUTEJIbHO CcJ1aboMy, MO CPaBHEHUIO C TH-
MUYHBIMA MEXaTOMHBIMU IOJISIMMU.

Bonnas cpena ¢opMupoBaiack B BUJE 3a-
TMOJITHEHHOTO TPEXTOYEYHBIMU MOAEISIMU MOJIE-
KYyJ BOABI TIPSIMOYTOJILHOTO Tapajuiesienurena
CO CTOPOHAMH, OTIAJEHHBIMU, KAK MUHUMYM,
Ha 10 A oT GMOMOJIEKYJIBI IJIST KaXKI0TO OJIUTO-
MENTUIa, COCTOsIIEero u3 N 3BeHbeB alaHMHA
(N=2,4,6,8,10, 12, 16), u na 15 A — mia
Oonee KpynHbIX nentuaos (Ala,, u Ala, ). s
psiia TpaeKTOpUI ajlaHMHA B BOJAHOM cpefie 3a-
JaBajy NepUOINYECKIe TPaHUYHbIE YCIOBUS C
HUcnoJjib30BaHUEM TepMmocTaTta JlanxeseHa. JIisa
BCEX CLIEHapUEB JATbHOAEUCTBYIOIIME B3aMO-
JNEWCTBUS MEXIy aToOMaMH IUIAaBHO CHaluajiu,
HayuHag ¢ paccTogHusa B 10 A, u oOHyIAIMCH
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K TpaHHUIE OTCEYEHUs MaJTbHOMECUCTBYIOIIMX
B3auMozeiicTuii, paBHoii 12 A. KommoHeH-
Tbl BJIM B MJI0OCKOCTU, MOMNEPEUYHON MepBUY-
HOI LIeTId, UMEJIM BBICOKME 3HAUYEHMS: OKOJIO
3,5 — 3,7 I, HO u3-3a MEPUOAUYECKON CMe-
HBI TIPOCTPAHCTBEHHOIO HAIIpaBJICHUS IIpU
CYMMMPOBAHMM BIOJb MEPBUYHOMN ILIENM OHU
HE BHOCWJIM CYILIECTBEHHOTO BKJaJa B MHTE-
rpajibHO€ 3HaueHue. B pe3yabraTe BHIYMCICH-
Hb1ii DM mpeacTaBiisiii co00l MHTErpalbHbBII
BEKTOpP, HampaBJIeHHE KOTOPOIOo BBIOpAaHO OT
C-koHua K N-KoHIIy.

Bepugukainss BBIYMCICHHBIX ClLIEHApHUEB
ObUla OCHOBaHAa Ha COMNOCTaBJICHUU C HMeE-
IOIIUMHUCS  JIMTEPaTypHBIMM JaHHBIMU, Ha
MHOTOKpPATHBIX BBIYMCICHMUSIX peaau3alluii C
BapbMpOBaHMEM HayaJbHBIX YCJIOBUIi, HA aHa-
JINTUYECKUX IPOBEPKaAX YCPEAHEHHBIX peau-
3aui.

Pe3ynbTaTbl BoIYMCAEHUH U UX 00CYXKIEeHHE

PaccMoTpyM TUIIMYHbBIE BHIYMCICHHbIC 3a-
BUCHUMOCTHU OT BpeMeHU MHTerpajibHoro SJM
oJiMronenTuaoB ajanuHa ¢ N =2 — 24 (N —
YUCJIO aMUHOTPYMII B MENTUAHOW Lieru). Ha
puc. 1 — 5 npuBeaeHbl OCHOBHBIEC XapaKTepu-
ctuku DJIM B Boie U B BaKyyMe TpU pasjiny-
HBIX 3HAQUEHMSAX CTAIlMOHAPHOM TeMIIepaTyphl
okpyxenust (7 = 200 — 500 K) 1 MoeKyJIHl,
a Takke aMIUIMTYIbl HANpsKEHHOCTU BHEII-
Hero ajekTpocTaTuyeckoro nojs £=0,1; 1,0;
2,0; 5,0; 10,0 xkay/(Moib- A -€). 3aBucuMO-
CTM MTHOBEHHBIX 3HAYEHUN MHTErpajbHO-
ro 1o obbemMy MoJjieKyabl DJIM oT BpeMeHU
MOJydeHbl € HauOOJBIIMM pa3pelieHueM B
1 dc «MOJEKyJIpHOTO» BpeMEHU KakK B KO-
POTKHUX, TaK U B 0030PHBIX peann3alusixX M-
teabHOCThIO 10 100 He. Ha peanuszamusix Ha-
OMoJal0TCAd KaK CTaOWMJIBHBIE CTallMOHAPHBIC
JIUHAMWYEeCKNe ClieHapuy B BUAC KOJeOaHMIiA
OTHOCUTEJIBHO CpeaHero 3HaueHus DM, tak
U ObICTpBIE MOOAIbHBIE KOH(MOPMALIMOHHBIE
oudypxkauuu.

Ha puc. 1 npuBeaeHbl TUITMYHBIE BPEMEH-
Hble peanusauuu DM mosekynsl Ala,, rpu
300 K. Ha puc. 1, a nmokazaH rpacuk 3BO-
Jlouuu Bo BpeMeHM BDJIM Ha OpoTsKeHUU
100 ric as oronenTuaa anaHuHa Ala , B Baky-
yMe 1o AeCTBUEM BHEIIHEro 3JIEKTPOCTaTH -
4eCKOro Iosist, paBHOro 1 kkau/(Monb - A -¢) =
~ 4,34-10% B/M; Ha puc. 1, b — Ha mpoTsiKe-

Huu 100 HC B BogHOI cpene. B BogHOI cpene
Ha BCEM IIPOTSKEHUM peaju3allii aMILIUTY-
Ja TUTIOJbHOTO MOMEHTA TEMNTHUIA OCTAeTCs B
CpeoHeM MpPaKTUYECKU IMOCTOSIHHON M JIMIIb
Kos1e0JIeTCs BOKPYT CpeIHEero 3HauYeHUs, MpU-
YyeM HMEITCS KojiebaHus KaK OTHOCHUTE/Ib-
HO HHU3KON yacTtoThl, mopsaka 100 MI'u —
1 I'Tu, Tak ¥ mOpenelbHO BBICOKOI, Hepas-
JUYUMOI Ha JaHHoOM Tpaduke. s ompene-
JICHUSI Avana3oHa 3TUX BBICOKUX 4YacTOT Tpe-
OyloTCSl  JOMOJIHUTENbHBIE  MCCICI0BaHUS.
Ha puc. 1, a mokazaHn mnpumep OBICTPOroO,
3a BpeMs MNpUOaM3UTEIbHO 12 mc, KoHpop-
MAallMOHHOIO IIepexoJa MOJIEKYJIbl B BaKyy-
M€ BO BHEIIHEM DBJIEKTPOCTATUYECKOM TI0JIe
1 kkan/(moib- A -e). IlporcxoauT, Kak BHI-
HO, CIIOHTaHHOE M3MEHEHME MPOCTPAHCTBEH-

a)

Dipole moment, D

. - - . !
0 20 40 60 80 100

S
~
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T T T T 1
0 20 40 60 80 100

Time, ns

Puc. 1. TunuuHble BpeMeHHbIE peaau3alumn dJeK-
TPUYECKOTO numnojbHoro MmomeHta (3JIM) moe-
KyJbl Ala,, ipu 300 K: a — ckauok 5/IM
B pe3yJ/ibTaTre ObICTPOro CIIOHTAHHOTO
NIPOCTPAHCTBEHHOrO nepexona Ala , B BaKyyme
MOJ, AeMCTBUEM BHEIHEIO 3JIEKTPOCTATUYECKOIO
nojst B 4,34 - 108 B/M; b — nuHaMKMKa AMIIOJIBHOTO
mMomeHTa Ala , B BOIHOI cperie
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Puc. 2. TunuuHble BpeMeHHbIE 3aBUCUMOCTU DM onuronentuaon
amaHuHa (yuciyo 3BeHbeB N = 2 — 20) B Boge npu 300 K

HOIl CTPYKTYpPBI B CXaToe KBa3UCIIHUPAIbHOE
cocTosiHuE. brICTpoMy I100aIbHOMY MEPEXOay
MeNTUIa U3 OJHOTO IPOCTPAHCTBEHHOIO CO-
CTOSdHUS B JIPYro€ COOTBETCTBYET 3HAYUTENb-
HOE€ M3MEHEHHNE BEJIMYMHBI €T0 IUIIOJBbHOIO
MOMEHTa OT HayaJbHOTo (MPUOJIU3UTEILHO
130 ) x xoHeuHomy (okomo 10 1), coxpa-
HSIOLIEMYCSI 3aTeéM Ha IPOTSDKEHUM IOYTH
100 nc. CrpesikamMu Ha pUCyHKEe O0O3HAYEHbI
BeKTOpbl DJIM, uMemlue 10 U Tmocje mnepe-
XOlla pas3jdyHble 3HAYCHUS! IJIMHBI W YIJIOB
opueHTallMu. B mepuom MexXay MpocTpaH-
CTBEHHBIMU OudypKauusiMu (GayKTyauuu Be-
JUIMHBl DJIM OTHOCHUTENBHO CPEdHEro 3Ha-
YEHUS UMEIN KBA3UCIyYalHBIA XapakTep s
BCEX MOJIEKYJ; BBIYMCICHHas (DYHKIMSI pac-
npeaeaeHus obuta 6amu3Ka K ['ayccoBOIA.

Ha puc. 2 npuBeneHbl TUITMYHBIE 3aBUCH-
MOCTH OT BpeMeHU ig DJIM onuromnenTumon
amanuHa (N = 2 — 20) B Boze, npu 300 K.
OTU 3aBUCUMOCTU OBLIM HCITOJIb30BaHBI IS
MOCTPOEHUS CTaTUCTUYECKUX paCIIpeaeIeHUIA.

I'mcTorpammer CpeIHUX 3HAYCHUI
BIAM Mosekyl OJUTONenTUIOB ajaHMHa
(N =2 — 20) B HyJIEBOM 3JIEKTPOCTATUYECKOM
none (£ =0) npu T = 300 K B BogHOIi cpee
MpeICcTaBJICHbl HAa pUC. 3, @, B BaKyyMeé — Ha
puc. 3, b. CpenHeKkBagpaTUYHbIe OTKJIOHEHUS
(puc. 3, a) UMEIOT 3HAYUTEILHO MEHBIIYIO
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AMIUJIUTYy, YeM COOTBETCTBYIOIIWE CpEIHUE
3HayeHus1 DAM. CpenHue 3HadyeHuss DIAM
B BOJe IPUOJM3UTEIBHO MPOIMOPLUOHATbHBI
KOJIMYECTBY /N aMMHOKUCIOTHBIX TPYIIIT MOJ€E-
KyJIBl. DTOT (paKkT yKas3bIBaeT, IIO-BUAMMOMY,
Ha 0oJiee BEpOSITHOE M CTaOMJILHOE MOJITOBpE-
MEHHOE CYIIEeCTBOBAaHME MCXOOHBIX CITMpPaIb-
HBIX IMPOCTPAHCTBEHHBIX, WMJIM KOH(OpMalIM-
OHHBIX COCTOSIHUI OJIMTOIICNITHUIOB aJlaHWMHA
(N = 2 — 20) B BoIe, Irae CTArMBalOLIME MO-
JIEKYyJIy COOCTBEHHBIE DJIEKTPUYECKUE II0JIsI
(BomoponHbie cBsa3u O- - -H) ocnabneHbl u3-
3a YBEJIUUYCHHON OTHOCHUTEIIbHOUN HUAJICKTPU-
YyecKol TIpoHunaeMoctd cpenabl. Iloatomy
pa3Mep MOJIEKYJIbl B CIMpPaJbHOM COCTOSI-
HUM OIIpenesseTcs B OOJbIIei CTEeNmeHU KO-
JINYECTBOM BXOISIIIUX TPYMII, a HE CXaTUEM
CTPYKTYphbl. Takast rMIioTe3a He MPOTUBOPEUUT
UMEIOIIUMCS B JINTepaType MAaHHBIM U MOXET
OBITh B JajJbHEMIIIEM YTOUYHEeHA IyTeM aHan3a
IUHAMUAYECKUX peanu3anuii DJIM mist pa3HbIX
JIUAITa30HOB YaCTOT KOJIEOAHMIA.

3naueHus OAM B Bakyyme (puc. 3, b),
M0 CpaBHEHUIO C BOAHOW cpenoit (puc. 3, a),
MPUOIM3UTENIBHO Ha IIOPSAOK MEHBIIE, 4YTO
MOXHO CBSI3aThb C JEWCTBMEM COOCTBEHHOIO
BJIEKTPUYECKOTIO ITI0JIsI, YCUJIIEHHOTO B BaKyyMe
M3-3a CHIDKEHUSI OTHOCUTEIbHOM AURJIEKTPU-
YECKOI MPOHUILIAEMOCTH CpPelIbl U CTSTUBAO-
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Puc. 3. I'mcrorpammebl cpegHux 3HadeHnid DJIM ¢ COOTBETCTBYIOILIMMU
CpeIHEKBAIPATUYHBIMA OTKJIOHCHUSMHU [IJIT MOJICKYJT OJIUTOITETITUIOB
anaHuHa (N = 2 — 20) B HyJIeBOM 3JICKTPOCTAaTUYECKOM TOJIC TIPU
T = 300 K B BonHoIi cpene (a) u B Bakyyme (b)

1LIEr0 MOJIEKYJy B 00Jjice IJIOTHYIO CTPYKTYPY.

3HaueHus cpenHero DM comocraBu-
MbIX MOJIEKYJ JJIsi BOOHOW Cpeldbl M BaKyyMma
(cM. puc. 3) He TOIBKO CUJIBHO Pa3INJaloTCs
MexXay co0oit, HO U UMEIOT pa3InyHbIe (PyHK-
LMOHAJbHBIE 3aBUCUMOCTU OT Itapamerpa N.
B Bakyyme HaOt0maeTcsi HEMOHOTOHHAS 3aBU-
CHMOCTb OT N, UTO yKa3biBaeT Ha Oosiee CI0XK-
HBIM XapakTep (OPMUPOBAHUS CXKATON KOH-
(opMalIlMOHHOIM CTPYKTYPBI, OIPeIeISTIoNIcii
3HaYeHue uHTerpajibHoro HAM. BuagHo, Ha-
puMep, YTO HaMMEHbIIas MOJIEKyJa psga —
Ala, — uMeer 0GoJjiee BBICOKOE CpEIHEE 3Ha-
yeHne DM, yeM MOXHO IOJIYYUThH IIPOCTOI
SKCTpamnojsduuein rpaduka, a HauOojbliee
3HAQYCHUE MMEET MENTHA C ITPOMEXYTOUHBIM
3HayeHueM napamerpa N = 8. Takoii cieHa-
puii corjiacyeTcsl ¢ MMEIOIIMMUCS JTaHHBIMUA
JUTEpaTyphl U JononHseT ux [3, 4, 6]. Ala, Ha-

XOAUTCS B ajb(a-ToJo0HOo KoHdopMaluu, a
OCTaJIbHbIE MOJIEKYJIbl «CXXUMAIOTCSI» CUJIb-
Hee. [lo rpaduky HaHHBIX UISE BOOBI BUIHO,
YTO BCE OJITOTENTU/bI aJaHUHA pacTipeie/ieHbl
no nopsiaKy HapactaHust DM U coxpaHSIOT
CTapTOBYIO CTPYKTYpPY ajib(ha-Crupaiu.
[TonyyeHHBIEe CLieHAPUU OBUIM MOITBEPXK-
JIEHbl MOJICJIMPOBAHUEM JCHCTBUS BHEILIHETO
3JIEKTPOCTATUYECKOro 1ol £, HalmpaBIeHHO-
ro BAOJb BekTOpa DJIM, TO ecThb «pacTsru-
BalOILIETO» MOJIEKYJY BAOJb IEPBUYHON LIeTIU
U TeM caMbIM YaCTUYHO KOMIIEHCHUPYIOIIIE-
ro JIeiCTBUE COOCTBEHHOIO 3JIEKTPUYECKOIO
noJist MoJiekyabl (puc. 4). Kak u oxunanocs,
MpU yBEJMYECHUU BHEILIHEIO IOJsd £ OT HyJs
no Makcumyma B 10 kkam/(Moib-A-e) =
~ 4,34-10° B/M, ocnabieHHOro B BOJHOU
cpene, TPOUCXOAUIO HeOOJbIIOe BO3pac-
TaHWE CpPEeIHEro 3HAYCHUsS WHTEIPaJibHOIO
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Puc. 4. I'padpuknu spomounn DM monekyn Ala, (a, b), Alag (c, d), Ala,, (e, /) u Ala,, (g, #) B Bakyyme
(a, c, e, g) n BONE (b, d, f, h) IO NeiiCTBMEM BHEIIIHETO 3JIEKTpOoCcTaTUUecKoro mnojis F (3Hauenust £
yKasaHbl CIpaBa OT COOTBETCTBYIOLIMX IpadMKOB B eIMHULIAX KKajl/(MOJb - A - €))

106



dusnka monekyn

DM nHa BeauuuHy 10 — 50 % or HeBO3-
MYLICHHOTO 3HaueHMsI, a (PyHKIMOHAIbHASs
3aBUCMMOCTh OT mapaMmeTpa N ocTaBajiach
MOHOTOHHOM. HauMmeHblllee OTHOCHTEILHOE
BO3pacTaHUE CPEIHETrO 3HAYCHUS MHTErpasib-
Horo DJIM nHaOmoganocy mist N = 2. B Ba-
KyyMe TIpM yBEJIWYEHUU BHEIIHETo 1mojsl E oT
HyJIs g1o mMakcumyma B 4,2-108 B/Mm mpowuc-
XOJIWJIO ApaMaTU4YecKoe BO3pacTaHWe MTIHO-
BEHHBIX 3HAY€HMIN HHTerpasbHoro OJIM B
2 — 30 pa3, a 3aBUCUMOCTb OT N CTaHOBUJIACh
00J1ee MOHOTOHHOI1, ITOCKOJILKY BO3pacTaHuUe
MpeBaJupoOBaIo IJsgd OOJbIIMX 3HAYCHUN Ia-
pameTpa N.

BnusiHue namMeHeHUs TeMrepaTyphbl Ipu ee
yBeauueHnu ot 200 no 500 K Ha MrHOBEeHHOE 1
cpelnHee 3HauYeHUs MHTerpaabHoro 3JIM Ob110
3HAUYUTEIbHO cjabee, YeM OEHCTBUE DIIeKTPU-
yeckoro mojs. B BomHOI cpeme M Bakyyme
BO3HUKaIM 0o0Jjiee YacThle OBICTpPHIC TJI100ab-
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HbI€ TIPOCTPAHCTBEHHbIC TepepacIpeacaeHus,
win OoudypKauuu, CTUMYJIMPOBAHHBIE, IIO-
BUAMMOMY, HEYCTOMYUBOCTSIMU CTPYKTYDBbI.
Takue HEYCTOMUYMBOCTU U MEPEXOIbl BO3MOXK-
HBI U3-32 NHTEHCU(PUKAITUNA KOJIEOAHUI aTOM-
HOI TOACUCTEMBI IJIs OOJBIINX MOJICKYN IIpU
3HaueHusx N Boime 12. OHU TTOKa3aHbl g
N=8wu20mnpu 7= 200 K u 500 K B Boze
(puc. 5, a v 5, ¢, COOTBETCTBEHHO) U JJs
N=20npu T =200 K u 400 K (puc. 5, d),
aTakxke misgs N=8 npu 7T =200 K u 450 K B
Bakyyme (puc. 5, b).

BriBoabl

PeanunzoBaH BBLIUMCIUTENbHBIA KOMIIJIEKC
B BUAC COBOKYIIHOCTH ITAKCTOB ITPpUKIAJIHBIX
KOMIIBIOTEPHLIX IIpOorpaMM, KaK M3BCCTHbIX,
TaK WM OPUTrMHAJIbHbIX. C MOoMOILIBIO 3TOTO
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b)

CTOAHUMN  OJIUTOIICIITNOAOB aAJIaHWHA. KOM-
A 16

=

[0}

g 12

g

2

2 s

=)

4
0 2 4 6 8 10
Time, ns
200 400 K

(@]

£150

g

£

o 1001
IS
B=]
a 50

200 K
0 2 4 6 8 10
Time, ns

Puc. 5. Tunnuneie BpeMeHHble 3aBucumoctu DM monekyn Ala, (a, b), n Ala,, (¢, d)
B BoIHOII cpene (a, ¢) u B Bakyyme (b, d), npu Huzkom (200 K) u Beicokux (400 — 500 K)
3HAUCHUSIX TeMIIepaTyphl

107



‘ HayuHo-TexHMueckmne seaomoctn CIermny. dmsmko-maremarnyeckmne Hayku. 10(4) 2017

MbIOTEPHOE MOJEIMPOBAHNE PA3JIUYHBIX IO
pa3Mepy MOJIEKYJ OJIMTONENTUAOB ajlaHWMHA
(N =2 — 20) B BogHOIi cpeae U BaKyyme IMo-
3BOJIJIO TOJYYUTh KOMILIEKC CBEIEHUIl O
Hauboyiee  BEPOSATHBIX  MPOCTPAHCTBEHHBIX
CTPYKTYypaX M COOTBETCTBYIOLIMX 3HAYEHUSIX
MHTErPaJbHOTO IO 00BbEMY MOJIEKYJIbl 3JIeK-
TPUUECKOTO IMIIOJbHOIO MOMEHTA IIPU OIpe-
JIeJICHHBIX BapbUPYEMbIX BHEIIHUX YCJIOBUSIX.
BrisiBieHHBIE TIPU MOIEIMPOBAHUM 3aKOHO-
MEPHOCTH M3MEHEHUs D3JCKTPUYECKOro M-
MOJIbHOTO MOMEHTa B Pa3IMYHBIX YCIOBUSIX
00pa3oBajii BHYTPEHHE HEMPOTUBOPECUUBBII
KOMILIEKC, (bU3MYeCKM OOOCHOBAHHBIN, IO-
CTOBEPHOCTh KOTOPOTO MOATBEPKAACTCS COIO-
CTaBMMOCTBIO C M3BECTHBIMU JIUTEPATYPHBIMU
JaHHBIMM. DTO MO3BOJUJIO CYUTATh pa3pabo-
TaHHBI MOAXOI M KOMILJIEKC IIPUMEHEHHBIX
METOAMK, aJITOPUTMOB U MPOrpaMM J0CTATOY-
HO HAOeXXHBIMU M 3BPUCTUYHBIMU. OHU IO-

JIOKEHBI B OCHOBY AaJbHEHINUX YIJTyOJEHHBIX
ucciaenoBaHuii. BerurcieHHbIe clieHapuu MO-
TYyT OBITh WCIIOJB30BaHbI IS MaJIbHEUIIEero
aHajau3a 1 0000IIeHUIT KOH(pOPMALMOHHOM
IUHAMUKMW;, OHM IIO3BOJISIOT NEPEUTH K Ya-
CTOTHOMY CHEKTPAJTbHOMY aHAINU3y IMHAMUKU
3JIEKTPUYECKOTO TUITOJbHOIO MOMeHTa. OCBO-
€HHBIA TIPOrPpaMMHBIA KOMIUIEKC TIPUTOMIEH
IUI  CYIIEPKOMIIBIOTEPHOTO BBIYUCICHUST 00-
Jiee TIPEICTABUTEIbHBIX MOJEKYJISIPHBIX Clie-
HapueB. BeiOpaHHBIE BpEMEHHBIE TapaMeTPhI
MOJAEIUPOBAHUS MO3BOJISIT B JaJbHEMUIIIEM Bbl-
YUCJIUTh YaCTOTHBIM CHEKTP, BKIIIOYAIOLIUIA
pe30HaHCHbIE BHYTPUMOJIEKYJISIpHbIE KojeOa-
HUSI AaTOMHOM TTOJCUCTEMBI.
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OBPA30OBAHMUE KBAHTOBbIX BUXPEA NMPU UOHU3ALIUU ATOMA
UMNYJIbCOM SJIEKTPOMATHUTHOIO NOJIA

C.1O. OBunHHuKOB', H.B. JlapMOHOB?,
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CaHkr-lNetep6ypr, Poccninckas Peaepauyms

[IpoBeneHO 4YMCIEHHOE U AHAJIUTUYECKOE WCCIENOBaHUE TPOCTPAHCTBEHHO-
BPEMEHHOM 2BOJIIOLMK KBAHTOBOM CHUCTEMbl, 0OpPa30BAaHHON B pe3yJibTaTe B3auMO-
JEHCTBUSI 3JIEKTPOMArHUTHOTO TIOJISI ¢ BOJOPOAONOAOOHBIM aTOMOM B TBYMEPHOM
MPUOIMKEHUN. XapaKTepHOil 0COOEHHOCTBIO MOJYYEeHHOTO pEelIeHUs SIBIsIeTCs Ha-
JIMYUe 0COOBIX TOYEK (KBAHTOBBIX BUXPEil), aHAIM3 KOTOPHIX MIPOBEICH MyTeM BBe-
JIeHUsI TUIOTHOCTU BEPOSITHOCTU U TUIOTHOCTH TMOTOKa BeposiTHOCTU. Obpasylolie-
cs B Mpollecce MOHM3ALMKM BUXPU MOTYT PAcCIpOCTPaHIThCS HAa MaKpOCKOMMYECKHE
PAcCTOSIHUSI U TIPOSIBJISATBCS B BUJIE 3allpellleHHBbIX 001acTeil B CIEKTpe BOJHOBBIX
yucen. JIJisi Y4McIeHHOTO MOIEIMPOBAHUS TAKOM 331241 MCIIOIb3YETCs CIIeIUaTbHOE
npeobpa3oBaHUe MEPEMEHHBIX — METOJI pacllupsitolerocs mpocrpanctsa. [IposeneH
YUCJICHHBIM aHaU3 3aBUCUMOCTY KOJIMUYECTBA KBAHTOBBIX BUXPEH M WX TTOJOXEHUIA
OT MapaMeTpoB MIEKTPOMATrHUTHOTO UMIYJibca. YuCIeHHOe pellieHne CpaBHUBAETCS
C aHAJIUTUYECKUM, TTOJIyYeHHBIM B paMKaxX G0PHOBCKOTO TIPUOJIVKEHMUSI.

KiioueBbie ciioBa: KBaHTOBBIM BUXpb; MOHU3alMsI aToMa; ypaBHeHue LlIpé€nuHrepa; uynMcieHHOe Moje-
JMpoBaHue; OOPHOBCKOE MPUOTIKEHNE
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pa3oBaHue KBAHTOBBIX BHUXpeil IPU MOHU3ALMK aToMa MMIIYJbCOM 3JIeKTpoMarHuTHoro mnois // HaydHo-
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FORMATION OF QUANTUM VORTICES UPON ATOM IONIZATION
BY A PULSE OF ELECTROMAGNETIC WAVES

S.Yu. Ovchinnikov’!, N.V. Larionov?,
A.A. Smirnovsky'?, A.A. Schmidt’

loffe Institute of the Russian Academy of Sciences, St. Petersburg, Russian Federation;
2Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation

A numerical and analytical study of the space-time evolution of a quantum system
formed as a result of the interaction of an electromagnetic pulse with a hydrogen-like
atom in the two-dimensional approximation has been carried out. A characteristic
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feature of the obtained solution is the presence of singular points, the analysis of
them was carried out through a probability density and a probability flux density.
The vortices formed during the ionization can propagate to macroscopic distances
and manifest themselves as forbidden domains in the spectrum of wave numbers. For
numerical simulation of such a problem, a special transformation of variables (method
of expanding space) was used. The numerical analysis of the quantum vortices number
and its position was performed depending on electromagnetic field parameters. The
numerical solution was compared with the analytical one obtained in the framework

of the Born approximation.

Key words: quantum vortex; atom ionization; Shrodinger equation; numerical simulation; Born

approximation
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BBenenune

MHorouncjaeHHbIe HMCCIEIOBAaHUS  yKa-
3bIBAIOT HAa HaJWYMEe B KBAHTOBBIX CHCTEMax
o0pa3oBaHUI1, KOTOPHIE MOTYT TPaKTOBaThCSI
Kak Buxpu [1 — 6]. HegaBHO Oblia oGHapy-
JKeHa BUXpemnomoOHasl CTPYKTypa B KOHIEH-
care bo3ze — DiiHIITeItHa, BO3HUKAIOIIAS TIPU
BO3IEMCTBUU Ha HETO JIa3€PHBIM ONTUYECKUM
us3nyyeHueM [1]. DTta cTpykTypa aHajgormyHa
XOPOIIIO M3BECTHOM B TMIPOAWHAMUKE BUXPE-
Boii nmopoxke Kapmana [7]. EcTb ocHOBaHUs
CUUTATh, UYTO IIPU OIPEIeICHHBIX BO3IEHCTBU -
SIX aHAJIOTUYHBIE CTPYKTYPhI MOTYT ITOSIBJISITh-
Csl ¥ B TIPOCTBIX OJHOBJIEKTPOHHBIX KBAHTOBBIX
cucremax. B yactHocTH, B paGortax [5, 6] or-
MeYaeTCs] BO3HUKHOBEHME B pacIpeac/IcHU-
SIX TIJIOTHOCTU BEPOSITHOCTU BMXPEMOIOOHBIX
CTPYKTYP, KOTOPHIE COOTBETCTBYIOT M30JIMPO-
BaHHBIM HYJISIM BOJITHOBOU (DYHKIIWM.

BuxpeBbie CTPYKTyphl MOTYT HaOJIIOIATh-
cs U B BKCIIEPUMEHTaX KakK JIOKaJbHbIE (3a-
MpelIeHHbIe) 00JIaCTH, B KOTOPBIX 3JIEKTPOHBI
He MOTYT ObITh OOHapy:KeHbl. 3HAHHWE O pac-
MpEeNeJEHUN 3TUX BUXPEU M MX TPACKTOPUU B
MPOCTPAHCTBE KOOPAUHAT U UMITYJIbCOB IPEI-
CTaB/IsIeT HECOMHEHHBIN MHTEpPeC MpU HCCIe-
JIoBaHUHU (pyHAAMEHTaJbHBIX IIPOOJIEM 3BOJIO-
LI KBAHTOBBIX CCTEM, a TAaKXKe IIJIsI peIICHUS
MPUKJIAaIHbIX 3a1a4.

AHannu3 BO3HUKHOBEHUSI BUXPE 1 UX 3BO-
JIIOLIMY YIOOHO MPOBOAUTH Ha IIPUMEPE XOPO-
110 M3BECTHOW 3amauyd 00 MOHM3AlMM aTtoMma
BOJIOpOAA MpHY BO3AEHCTBUM HAa HETO KPaTKOB-
PEMEHHOTO HMITYJIbCca JIa3€PHOTO M3TYyYEHMUSI.
CyllecTBytole NPUOIKEHHBIE MOIXOAbl K
pellIeHNIO0 TaKux 3amgad, (CM., HalpuMmep, pa-
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o6otel [10, 11]), KaK mpaBujIo, HE IO3BOJISIOT
MPOBOAUTh aHAJIM3 BO3HUKAIOIIMX BUXPEBBIX
CTPYKTYP M OCOOCHHOCTEHA MX OBOJIOLUMU.
B peumreHusix, moaydyaeMbIX B paMKaX KBa3U-
KJIACCUYECKUX TOAXOIOB, BUXPEBBIE CTPYKTY-
Pbl OTCYTCTBYIOT, MOCKOJIBKY MX TIOSIBICHHUE
OIpeIesIsSIeTCs] CUHIYISIPHOCTBIO KBaHTOBOIO
JaBJieHUsI, KOTOpoe OTOpachiBaeTCsl B CUILY
MaJIOCTU BEJIMYMHBI /2.

Tem He menHee, 3Ta MHPOPMALIUSI MOXET
OBITH MTOJTy4YeHa IyTeM pellieHUsT HecTallMoHap-
Horo ypaBHeHus1 Ilpénunrepa [4]. C npyroit
CTOPOHBI, HarJIsIAHAs MHTepPIpeTalus pelle-
HUS 3aa4y 00 3BOIIOLNM KBAaHTOBBIX BUXpEil
obOecrieyrMBaeTCsl B paMKax TUAPOAMHAMUYE-
CKOIo IpeICTaBICHUS Ha OCHOBE ypaBHEHUI
Mapnenynra [8]. Emie ogHUM MOJIOXUTEIBHBIM
MOMEHTOM TaKOI'O MOIX0/a SBISETCS BO3MOXK-
HOCTb BBEICHHUS B PACCMOTPEHME KBAHTOBOIO
napjeHus [9], KoTopoe, Kak OTMEUYEHO BBhIIIE,
OIpeeIISIeT TPACKTOPUM BUXPEil 1 MOXET CJIy-
KUTh WHIMKATOPOM DBBOJIIOLIMKU BCEH KBaH-
TOBOM cucTeMbl. OAHAKO CUHTYJISIPHOCTH,
BO3HMKAIOIIME U3-3a CTPEMJICHMSI K HYJIIO
IUIOTHOCTU BEPOSITHOCTU, IIPUBOIST K IIpO0JIe-
MaM MKCIIOJIb30BaHMSI ypaBHeHU ManenyHra
B pacyeTax DBOJIOLUU 3TUX BUXPEHOIOOHBIX
ctpykryp. IIprupona mocieqHUX cXomHa C IpU-
poIoii TTOTeHUIMAIBHBIX BUXPEll B TEOPUU B -
JKEHUSI HEBSI3KOU cpenbl [7].

C Ipyroii CTOPOHBI, pelLICHHUE HEeCTallHlo-
HapHoro ypaBHeHus IIpémuHrepa Takxke co-
NPSKEHO C  OMNpEneJeHHBIMM TPYIHOCTSIMMU,
KOTOphIE CBSI3aHBl C HaJU4YUMeM Y BOJIHO-
BOl (DYHKIIMM MOHM3WPOBAHHOIO 3JEKTPOHA
OCLUMJJIUPYIOLIErO MHOXUTENIS BUIA
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mr2

exp l2h ;
(m, r — Macca U KOOpaMHATa 3JeKTpOHA, ! —
BpeMsi), TPUBOMSIIETO K PacXOOIMMOCTH IIpHU
OOJIBILIMX 3HAYCHUSIX 7 U 1.

OmHuUM M3 CIIOCOOOB YCTpaHEHUSI 3TOM
MpoOJIEeMBbl SBISIETCS yAAJIEHUE CUIbHO OCIIUI-
Jupyommx ¢a3 Impyu IOMOIIM Mepexoaa K
paclIMpsIIoIIeMycsl TIPOCTPAHCTBY M MacllTa-
oupoBanuo BpeMmeHu [12, 13]. OTmeTuM, 4TO
BO3HUKAIOIIME BUXPEBBIE CTPYKTYPbl MOLYT
PacCIIpOCTPAHATLCS B HEU3MEHHOM BHJIE TaKXKe
M Ha MaKpOCKOITMYeCKHe paccTosiHus [4], rae
BO3MOXHO UX JIETEKTUPOBATh B 9KCIIEPUMEHTE.

B Hacrosumieii paboTe mnpemjaraeTrcsli TH-
OpMIHBIN TTOAXOA K aHAJINU3y AWHAMWKM KBaH-
TOBBIX CUCTEM, KOTOPBIA COCTOUT U3 ABYX 3Ta-
IOB:

pellieHMe HeCTauMOHAPHOIO ypaBHEHUS
[lp€auHrepa B pacliupsiolIeMcsl MPOCTpPaH-
CTBE, IIO3BOJISIIONIEE IIOJYYUTh KBaHTOBBIC
BUXPEBBIE CTPYKTYPHI;

TUAPOAMHAMUYECKAsT MHTEPIpEeTalns ¢
MepexoaoM K pacCMOTPEHUIO pacIipeieeHUit
TaKMX TIOJIEBBIX BEJIWYMH, KaK TIJIOTHOCTh BE-
POSITHOCTH, TIOTOK TUIOTHOCTU BEPOSITHOCTU U
KBaHTOBOE JaBJICHUE.

Ha ocHoBe »TOro rubpuaHoro rmoaxona
paccMaTpuBaeTCsl MIOHU3ALMS IBYMEPHOIO BO-
JOPOAONOA00HOI0 aToMa KOPOTKMM MMITYJIb-
COM BJIEKTPOMArHUTHOTO IOJIs.

Llenblo wuccnenoBaHus SBISIETCS aHAIU3
BO3HUKHOBEHUSI 1 3BOJIIOLIMY KBAHTOBBIX BUX-
peii. B paboTe Takke MPOBOAUTCS CpaBHEHUE
JAHHBIX YMCJICEHHOTO MOACJMPOBAHUSI C aHa-
JINTUYECKUMMU pe3yJibTaTaMM, TOJyYeHHBIMU B
OOPHOBCKOM MPUOIVKEHUMN.

ITonyyeHHass uHpoOpMaLUs MOXET OBITh
MOJIE3HO! MPU ITOCTAHOBKE COOTBETCTBYIOIINX
BKCITEpUMEHTAJIbHBIX UCCIICIOBAHMIA.

ITocTranoBka 3anaumn

B macrogmieit pabote paccMaTpuBacT-
Cs TIPOCTPAHCTBEHHO-BPEMEHHAsI SBOJIIOLIMS
KBaHTOBOI CUCTEMbI, 00pa30BaHHOI B PE3yJib-
TaTe B3aMMOJCUCTBUSI DJIEKTPUUYECKOTO TTOJIS
C BOJOPOIOIIOJOOHBIM aTOMOM B JBYMEPHOM
npubaukeHuu. JlomnylueHue o IBYMEPHOCTHU
CIipaB€1JIMBO, B 4YaCTHOCTHU, €CJIM [IBUXKEC-

HUE 2JIEKTPOHA B aTOME HEKOTOPBHIM 00pa3oM
OTPaHMYCHHO IBYMSI CTEIICHSIMU CBOOO/bI, Ha-
npuMep, Kak MpHU ABMKEHUU OOBEKTOB B IO-
JIYIIPOBOJHUKOBOI KBaHTOBOI sime [14, 15].
Kpome Toro, takag ynpollneHHas mocTa-
HOBKa 3aJa4yd XOpOIIO MOIXOAUT MIJIs aIpo-
0alMy YMCJAEHHOIO aJITOPUTMa U BBHISIBICHUS
3aKOHOMEPHOCTEI BO3HUKHOBEHUSI BUXPEBBIX
CTPYKTYP, TTOCKOJIbKY B IBYMEPHOM CJlydae UX
WICHTU(UKALIMS HE IPEICTABISICT CIOXHO-
ctu. OTMETHM, YTO DBOJIIOLIMSI KBAHTOBOM CH-
CTEMBI B IBYMEPHOM HPUOIVKECHUN OTpakaeT
SBOJIIOLIMIO JJISI TPEXMEPHOTOo aToMa BOJIOPO-
Jla, eCJIM B Ka4yecTBe 3apsiga supa opaTth 1/2 or
3apsia 3JeKTpoHa.
laMunbTOHMAH paccMaTpUBAEMOM CHUCTE-
MBI UMEET CIEAYIOLINI BUL:
H=Hy+V,
~ 1~
Ho==p +U()=
2
1fo8 1o 12
2(0p> pop p o9’ 20

V = —dE() = -p cos(o) E(1),

G

rie Ho — raMWIbTOHMAH CBOOOIHOIO aToMma,
P, ¢ — TIOJIAPHbIE KOOPAMHATLI, V' — omeparop
B3aMMOJEHCTBUA, B KOTOpoM d — oreparop
JIUIOJILHOTO MOMeEHTa atoma, E(f) =e E(f) —
BHELIIHEE IIePEeMEHHOE DJIEKTPUYECKOE IIOJIE,
MOJIIPU30BAaHHOE BIOJb OCH X.

31eck MBI cpasy 3anucanu ['amMmuiasToHMaH
B aTOMHBIX emMHMuax h=1, m, =1, e=1, a
TakXe (KaK OTMEYEHO BhIllIe) BhIOpaIu IIOTEH-
uan

U=U./2,

rie U-=-1/p — OOBIUHBIIA KYyJIOHOBCKUIA
MOTEHLIUAIL.

YucaeHHbI MeTO

g onmucaHust 3BOIOLUMU paccMaTprBae-
MOW KBAaHTOBOW CHUCTEMBbI UCITOIb30BaJICS IO~
XOJ, OCHOBAaHHBIM Ha YMCJIEHHOM pelLIeHUU
HecTauuMoHapHoro ypaBHeHus Ilpénunrepa.
HMcnonb3yemast pacueTHas IMporpamMma COCTO-
WUT U3 HECKOJBbKMX MOMIYJICH.

IlepBBlii mpegHa3HayeH IS YUCICHHOIO
pewreHust ypaBHeHus1 LpénuHrepa B KOopau-
HaTHOM M MMIIYJbCHOM IPEACTABICHUSIX BO
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BpeMs ACWCTBUS 2JEKTpUUYecKoro mojsd. Ilpm
9TOM 1S NPOABUIKEHMS TI0 BPEMEHU MCHOJb-
3yeTCd CTAaHAApPTHBIA AJTOPUTM, OCHOBAaH-
HBI Ha BBIYMCIIEHWM IMporararopa BOJHOBOU
(yHKIIMKM (MeTOm pacllelJieH!us oreparopa,
CM., Hampumep, padory [16]):

P(r,t + Af) = exp(-i HAN¥(r, 7). (2)

JlaHHBII TIporaraTop ACJUTCS Ha TPU CO-
CTaBJISIOLINX, 3aBUCSIIUX TOJBKO OT OIepaTo-
pa KOOpPIWHATBHl M TOJBKO OT OTeparopa MM-
MyJbca, CAeIyIIIUM 00pa3oM:

~2

Y(r,t+ At) =exp| i ——
(r ) = exp >

xexp| —i (U(r) +V (t + %D At|x  (3)

DBOMIOLIMST BOJHOBOW (DYHKIIMU Ha TIOJIY-
marax At/2 OCYLIECTBJISIETCSI B MMITYJIbLCHOM
MPOCTPAHCTBE, IJII Yero IIpM ITOMOIIU ObI-
cTtporo mpeobpazoBaHusi Dypbe MPOUCXOIUT
npeoOpa3oBaHME BOJHOBOK (YHKIIMU B HM-
MnyJabCHOE IpeacTaBieHue. LleHTpanibHas 4acTh
mporaraTopa BBIYMCIISICTCS B KOOPIMHATHOM
MNpeacTaBAeHUM Ha Iar Af, 1Jisl 4ero OCyliecT-
BJIsIeTCsl 0OpaTHOe TipeodpasoBanre Dypbe.

Bropoii mporpaMMHbIi MOIYJIb IIpeIHA3HA-
YeH IIJIs1 IpeoOpa3oBaHUS BOJTHOBOM (DYHKIINH,
MOJIyYEHHOI MOCJe BO3ACHCTBUSL BHEIIHEro
UMITyJIbCa, MyTeM Mepexoja K TaK Ha3bIBaeMO-
My pacuiipsoolieMycs (MaclTabupoBaHHOMY)
MPOCTPAHCTBY, MPU MTOMOILU MPeoOpa3oBaHUS
nepemeHHbIx ConoBbéBa M BuHuikoro [17].
[TogpoOHO maHHBIM METON OMUCAaH B CTAThe
[13]. OTmeTuM, YTO MpPU yKazaHHOM Ipeod-
pa3oBaHMM MOMEHT BpPEMEHHU [ —> o0 COOT-
BETCTBYET MacllTabupoBaHHOMY T — —0, IIpu
5TOM KYJOHOBCKMII MOTEHIIMAI OOpalaeTcs B
3-yHKIMIO. DTO IPUBOAUT K HEBO3MOXHO-
CTU YUCJIIEHHO pacCUMTaTh ypaBHEHUE BIUIOTh
1o t=0 ¥ K BO3pacTaHUIO MOTrPELIHOCTEN pac-
yera BOJIM3U Havajga KOOpAUHAT.

Taxke CTOUT OTMETUTh, 4TO Ipu t —> —0
KBaapaT MOIYJI MpeoOpa3oBaHHOW BOJIHOBOM
(yHKLIMKM TIpeacTaBisieT Co0Oil pacmpenese-
HUE T10 BOJHOBBIM YMCJaM, T. €. CIEKTP HO-
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HU3MPOBAHHBIX 2JEKTPOHOB (BCE CBSI3aHHbBIC
COCTOSIHUSI IMCKPETHOIO CIEKTpa KOJUIAIICH-
pytoT). Takum o0pa3oM MOXKHO OIpeIeJuTh
SHEPreTUYECKU CHEKTP MOHU3UPOBAHHBIX
3JIEKTPOHOB.

s yMeHbBIICHUS] BIAUSIHUSL OUCKPETHO-
ro CHeKTpa Ha pellieHMe TIpU pacyeTe B pac-
LIMPSIOLIEMCST MIPOCTPAHCTBE, a TakKXKe st
CpaBHEHMSI C aHAJIUTUYECKMMU JTaHHBIMU,
nepen npeodpa3oBaHUMEM BOJHOBOU (DyHKIIMM
B MaclITabMpOBaHHOE MPOCTPAHCTBO U3 Hee
BBIUMTAJIOCh HECKOJBKO MEPBBIX AUCKPETHBIX
ypoBHeii. [lockonbKy B 3agayax MOHM3ALUU
OCHOBHOI MHTEPEC MPEICTaBIsIeT SHEpreTuye-
CKUIl CIEKTP MOHM3UPOBAHHBIX 3JIEKTPOHOB,
B IIPEICTaBISIEMBIX HIXKE pacueTax 3BOJIFOLIMS
KBAHTOBOW CUCTEMBbI TPOBOAMIACH IO MOMEH-
ta BpeMeHU 1 = 0,001 (B aTOMHBIX €IMHUILIAX);
MpU 3TOM OBUIO YCTAHOBJIEHO, YTO peIICHUE
yKe TIpaKTUYEeCKU TepecTaeT 3aBUCeTh OT Mac-
1IITaOMPOBAHHOTO BPEMEHM T.

Pe3yabTaTtel pacyeTon

YucieHHOE MOIECIMPOBaHUE SBOJIOINN
KBAaHTOBOW CHCTEMbl ObLJIO TMPOBEACHO ISt
clenyloleii BPEeMEHHOM 3aBUCUMOCTU MM-
ITyJIbCA 3JIEKTPUYECKOTO ITOJIS:

E,cos(or), 0<t<T,
0, r>T.

Amruityna nosst 6panack paBHoii £ = 0,5,
4yacToTra o = 1, JJIMTEeJIbHOCTh UMITyJibca T Ba-
pBUpPOBAIACh B JHAMA30HE 1ETBIX YHCET OT 1
10 9. Takum o0pa3oM, UMMYJIbC MPEACTABISIET
c0o00il YeTHOE WM HEYEeTHOE YUCIIO TIOoJyIie-
PHMOJIOB KOJIEOAHUIA.

B HavanbHbII MOMEHT BpeMEHU TMpearno-
JlaraeTcsl, 4TO aTOM HAaXOAUTCS B OCHOBHOM
COCTOSIHUU C BOJIHOBOI (PYHKIIMEI

¥ (p) = 2 / 7 exp(-p).

YucneHHoe pelleHre HeCTAaMOHAPHOTO
ypaBHeHus L pénuHrepa ocylecTBISIOCH IIPU
cJenylolMX mapaMeTpax: pacyeTHas 00JacTb
B KOOPIMHATHOM IIPOCTPAHCTBE IPEACTaBIsICT
coboi1 kBagpaT paszmepoMm 60 x 60 (a.e.)?, mo-
KPBITBIIA PAaBHOMEPHOM CTPYKTYPUPOBAHHOMN
ceTkoil pazmepoM 2048 x 2048 sueex; 1Iar 1o
BpeMeHHU paBeH Af = 107 a.e. Takue napame-
TPBl BBEIOMPAINCh MCXOOSI M3 TIPEABApUTEIIb-
HOTO MCCJeAOBAaHUSI TOYHOCTU I10OJy4aeMOTO

E@) = (4)
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pelleHrs U CETOYHOM CXOAUMOCTH, 1 obecTie-
YUBAOT IIpUEMJIEMOE KadyeCTBO pa3pelleHUs
BOJTHOBOM (DYHKIIUU.

Paccmotpum cHavana BapuaHt ¢ 7= 4. Ha
puc. 1, a OpuBeaeHO paclpeaeaeHue MOIYJIs
BOJIHOBO# (DyHKLIMU

¥ Cx, 0, T)| =[¥|

(mkana sorapudmuueckasi) B MOMEHT BpeMe-
HU OKOHYAHUS NEHCTBUS MMMYyibca. JloKamab-
Hble 00JaCTM HU3KUX 3HAYEHUN |\P| (6enbie
«IISITHA» Ha puc. 1, a) OpeacTaBsIiOT cOOOI
BUXPEBBIE CTPYKTYPHI.

Ha puc. 1, b noka3aH yBeaudeHHbIN (par-
MEHT TIOJIsI |‘P| C BEKTOpaMM TLJIOTHOCTU TIO-
TOKa BEPOSITHOCTHU

J=1/2(¥' VY -¥V¥’)

(Ha yKa3aHHOM PHUCYHKE BEKTOPBI IIPOPEXKEHEI
B JIBa pa3a U MX JJIMHA OJWHAKOBA IS OOJb-
et HarsIgHOCTH). BumHo, 4TO B yKazaHHOI
obJlacTi HaOJIoJaeTcs ABa BUXps, Bpallalo-
IIUXCSI B MPOTUBOMOJIOXHBIX HampaBJIEHUSIX.
OTMeTUM TakKXKe HaJudyude BUXPEBOM CTPYK-
TYpBI, pacrioJiaramlleiics najblie OT LIeHTpa,
HO XyKe paspelaeMoil M3-3a KpaiiHe MallbIX
3HaueHuit |¥| B 9T0it 06macTi. BosMoxHO Ha-
JIMYKE U IPYTUX BUXPEBBIX CTPYKTYP, KOTOPLIE
He paspellaloTcs Ha JaHHOW ceTke. Bce atm
BUXpEBbIE CTPYKTYphl C TEYEHUWEM BpeMeHU
MOTYT POXJIAThCsI, TEpPEMEILATbCI U aHHUTU-
quposath Apyr ¢ ApyroM. Ha puc. 1, b kak

pa3 TOKa3aH MOMEHT BO3HMKHOBEHUS Maphl
BUXPE.

ITockoJIbKY OCHOBHOI MHTEpEC B TaHHO
paboTe MpeacTaBIsIIOT T€ BUXPEBbIE CTPYKTY-
pbl, KOTOPbIE YAAISIOTCS OT LIEHTPa CUCTEMBbI
«Ha 0€CKOHEYHOCTb» M MOTLYT IPOSIBISITHCS
JUISI HENPEPBIBHOTO CIIEKTPa, B JaJbHeWIeM
OyneM paccMaTpuBaTh paclpeacjieHUus Mo
UMITyJibCcaM Ha OOJIbIIMX BpeMeHax, KOTO-
pble MOJyYyaroTcsl TMPU MCIIOJAb30BAaHUU Me-
TOJA PACLIMPSIOLIEroCs IMPOCTPAHCTBA MNpU
T — -0.

Ha puc. 2, a mpeacraBieHO pacmpenerne-
HU€ MOJYJISI BOJHOBON (DYHKIMU B MIMITYJIbC-
HOM TIpeICTaBJICHUU:

Wk, ky,t — )| = [b]

(ucrmonp3yeTcs JorapudmMuyecKkast 1IkKajaa) Ha
0OJBIIMX BpeMeHax. 3JeCh OTUETIIMBO BUIHO
JIBa BUXDsI, PACIIOJNIOKEHHBIX HA OCH Kk, CHM-
METPUYHO OTHOCHUTEJIbHO Hauaja KOOpPIAWHAT;
YBEJINYEHHBIN (pparMeHT IOJISI C BEKTOpaMH
CKOPOCTM ToOKa3aH Ha puc. 2, b. Takum 00-
pa3oM, B pe3yJibTaTeé MOHM3ALMKM aToOMa MM-
MYJIbCOM 3JIEKTPOMArHUTHOTO I10JISI BOZHUKAET
napa CMUMMETPUYHBIX BUXpell. OTMETUM TakKe
HaJuuMe Ha puc. 2, b CemIoBOi TOUKHU IIpU
k. =—0,4, ky= 2,2.

PaccmoTpuM Temeph KapTMHBI pacrpene-
JICHUSI TI0 BOJTHOBBIM YHMCJIaM TIPY MaJIbIX 3Ha-
yennsix T. Ha puc. 3 mpencrasieHo norne [b)
s T=1wu 2. BugHo, uro ipu 7 = 1 Buxpe-

0
i
s
s,
1t sl
I A,
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7 7
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Puc. 1. PacueTHOoe pacripeneneHre MOIY/IsI BOJHOBOM (DYHKIIMKA |‘}’(x, », T )| B MOMEHT OKOHYaHUsI
JEMCTBUS UMITYJIbCa (@) Y €ro YBEJMYEHHbBI pparMeHT ¢ BEKTOpPaMU IUIOTHOCTH ITOTOKA BEPOSITHOCTHU
BOJIM3U BUXPEBOM CTPYKTYPHI (b); TTOKa3aH MOMEHT BO3HMKHOBEHMUSI TTaphl BUXpPEit
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Puc. 2. Pacrnipenenennie MoyJisi BOJTHOBOW (DYyHKIIMM B UMIYJIHCHOM TIPEACTABICHUN
|‘P(kx, ky,t — oo)| = |b| Ha OOJIBLIMX BpeMeHax (a) U BEKTOPbI IUIOTHOCTH MOTOKA BEPOSITHOCTU
BOJIM3M KBaHTOBOTO Buxps (b); T =4

HUNENRE
Tttt tatyt
) 1t 1,
ey

e
1h

PN f;t:r:r:':: o

1 R

: A

o

0

00
k,

Puc. 3. 3aBUCMMOCTH OT JUIMTEILHOCTY MMITyJIbca: pacnpenenenue b mpu 7 = 1, KBAHTOBbIE BUXPU
He HaOmonaiorcs (a); pacnpenesneHue || (b) U ero yBeJM4eHHbIA (GPAarMEHT ¢ BEKTOPAMU ILJIOTHOCTH
TIOTOKA BEpOSTHOCTU BOJIM3M KBAaHTOBOTO BUXpS (¢) mpu 1= 2 (b, ¢)

116



TeopeTtnueckas pusmka

BbI€ CTPYKTYPBI OTCYTCTBYIOT (BO3MOXKHO, W3-
3a HEIOCTaTOYHOTO CETOYHOrO pa3pellieHus ),
a pacrpeneaeHue |b| OKa3bIBAETCS CHIJILHO
HECUMMETPUYHBIM IIPU MAJIbIX 3HAYEHUSX K,
(cMm. puc. 3, a).

Jst  yBeIUMYEHHON JIMTEIBHOCTU UM-
nyiabca (7 = 2) yxe sSBHO BO3HUKaeT Mapa
CUMMETPUYHO pACIIOJIOXKEHHBIX BUXpeil (CM.
puc. 3, b), Iipy4eM UX MOJIOKEHHE C OOJIBIION
CTENEHBbI0O TOUYHOCTU COOTBETCTBYET ITOJIOXKE-
HUIO BUXpel B ciiydae ¢ T = 4. YBeIUUeHHbII
(bparMeHT 1oJIs1 ¢ BEKTOpaMM CKOPOCTU BOJIM-
31 BUXpPsS MOKa3aH Ha puc. 3, c¢. BugHo, 4yto
BUXPb C XOPOIIIEH TOYHOCTBHIO MPOIIMCHIBACTCS
Ha MCIOJIb3YEMOI CETKE.

Oka3sbIBaeTcsl, YTO B CIy4ae YeTHOIO UKC-
JIa TOJIyIIEpMOIOB MMITYJIbCHOTO BO3IEUCTBUS
(mpu 7= 2, 4, 6, 8) nmapa BO3HUKAIOLINX BUX-
peii pacriojioXeHa B OJHOW U TOM Xe obya-
ctu ¢ KoopauHatamu k, ~ 0, k, = £2,3. Tlpu
3TOM JIPYTUX OTYETIWBO PA3NUUMMBIX BUXPEN
B CIEKTpPe MOHU3UPOBAHHOIO 3JIEKTPOHA HE
HaOII01aeTCs.

IIpoTuBoOIIOIOXKHAS CUTYyallusl MMEET Me-
CTO MpPU HEYETHOM YMCJIE ITOJYNEPHUOI0B M-
nyjiabcHOro Bosneiicteus (ipu 7= 3, 5, 7, 9).
31ech MOJIOKEHNWE YETKO Pa3IMYMMOTO BUXPS
MeHseTcsl npu udMeHeHun 7. B kavecTBe ui-
JIIOCTpallMM Ha puc. 4 TpeAacTaBIeHbl pacIpe-
nenenue |b| u BekTOpHI cKOpocTu mpu 1= 3.
BunHo, 4to 06pa3yeTcss HECKOJIbKO BUXPEBBIX
CTPYKTYp, HO HaWJIydyluuM oOpa3oM paspella-

eTCs TOJBKO Ta Iapa, KOTopas pacIojioXeHa
Omrke K Havyany KoopauHat. OTMETHM, 4YTO
KOOPAMHATHI MOJOXEHUS BUXPS MPU yBEIUYEC-
Hun T mpuOIMKaoTCcsa K Hayajly KOOPIMWHAT.

Ha puc. 5 npuBeaeHbl rpadpuku pacrpe-
JeJICHUIA

Wk, k, = 0,1 — )| = [b(k, )|

IUIT HeCKOJNIbKMX 3HaueHuit 7. OTMeTHUM, 4TO
npu yBeJIudyeHUuU 71 HaurMHaeT (OpMUPOBATHCS
Y3KMU TIMK, COOTBETCTBYIOLIMN PE30HAHCHOM
voHM3auuu n0pu 1 — oo, LUEHTPUPOBAHHBIN
Ha 3HAYEHUU

k., =+ 20+ E) ~ 2,3,

rne £, = —0,5 — oHeprus OCHOBHOTO COCTOSI-
HUS aTOMa BOJIOPOJA.

B pacnpenenennn |b(k,)| oTHOcHTETBHO
HayvaJla KOOpAMHAT, IPY HeuyeTHBIX 7' HabIIo-
JaeTcs SIBHAsl HECUMMETPUYHOCTh TTUKOB TpU
k., ~ +2,3, Torna xkak npu 7 = § BbICOTA 3TUX
MUKOB TTOYTU OAMHAKOBA. 3/1eCh TaKXe Cle-
JIyeT OTMETUTbh, YTO B CBSI3U C OCOOCHHOCTS-
MM METOJa pacueTa B PaCIIMPSIOIIEMCS TTPO-
CTpaHCTBEe (B YaCTHOCTU, M3-3a CTPEMJICHUS
KYJOHOBCKOTO MOTeHLMana K Jd-(QyHKIIUN)
YUCJICHHBIA pacyeT JaeT OCLWUISLNU U pe3-
KOe BO3pacTaHuWe BeJMIMHBI |b(kx )| npu
k., — 0.

YucneHHbIM pacyeT Ha OCHOBE HECTallUO-
HapHoro ypaBHeHus IlIpénnHrepa BKIIOYAET B
ce0s1 BeCh CIEKTP MPOIIECCOB B 3BOJIOLIUMU UC-

Puc. 4. Pacnpenenenue |b| (a) u hparMeHT ¢ BEKTOpaMM ILUIOTHOCTU ITOTOKA BEPOSITHOCTH
BOJIM3M OBYX BUXpel (b) B UMITyJIbCHOM IIPOCTPAHCTBE TP HEUETHOM UHCIIE TTOJIYIICPUOIOB
neurcTBus umnyibsca (7 = 3)
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bl

Puc. 5. 3aBucumoctsb pacnpeneneHus |b(k )| ot AIuTeNbHOCTH UMITYIbCA

cJieAyeMOl KBAaHTOBOW CUCTEMBI, HO HE BCETIA
MO3BOJISIET BBISIBUTh (DU3UUECKUE MEXaHU3MBbI
paccMaTpuBaeMbIX SIBJeHUU. B 3Toil CBSI3M
OCOOBIIi MHTepeC MpPEeACTaBJISIET OTbICKAHUE
MPUOIMKEHHBIX aQHAIMTUYECKUX  PCeIICHUN
3a7a4yy, MO3BOJISIIOIIMX MOJYYUTh HATJISIHYIO
(u3nueckyo HMHTEepIpeTanui Ipouecca. B
JaHHOI paboTe OlLIEHMBAETCSd MPUMEHUMOCTb
OGOPHOBCKOIO MPUOIMXEHHUS K PELICHUIO pac-
CMaTpYBaeMoOl 3am1ayuu.

Pemienre HecTallMOHApHOTO YpaBHEHUS
MIpénuHrepa mpeacTaBUM B BUIE pa3IOKEHUS
10 COGCTBEHHBIM BOJHOBBLIM (yHKIMsIM PV
HEBO3MYIIIEHHOTO TaMUJIbTOHUaHa [14]:

P(r,1) =Y a,, O ) (1) +

n,m

- (%)
4 [be e WD, (0)dE,
m Q)

rae ‘PE,O,),, — BOJIHOBas1 (pyHKIIMSI TMCKPETHOTO
crekrpa; » = 1, 2, ... — IJIaBHOE KBaHTOBOE
yucno; m=0,+1,£2, ..., +#(n—-1) — MarHur-
HO€ KBAHTOBOE YMCJIO; QHEPIusi AUCKPETHOTO
CIIEKTpa:

En — _;2’
8(n—1/2)
‘P(g)m — BOJIHOBast (DYHKILMS HETPEPHIBHOTO

crnekTpa (KyJOHOBCKasi BOJIHA) U COOTBETCTBY-
1o111as1 SHEPTUS

E=k’/2=E +E, =(kj +k))/2,

m=0,£1,+2... .
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Paznarass ammutynbl B psii MO CTelle-
HSM MaJIOCTH TIPWJIOXEHHOTO BO3MYILEHMST U
OCTaBJISISI TOJIBKO YJIEHBI 0 II€PBOrO IOpsIKa
BKJIIOUNTEJIBHO, MOJIyYaeM:

¥(r,t) =¥, ) + ¥V, 1) + ¥V (r,1) =
=P )+ D al) ) (e P (r) +
o (6)
0 [0 (e ¥, (0dE,
m ()

i TIpeAroJiaraeTcs, YTo B Ha4YaJIbHbIII MOMEHT
BPEMEHM aTOM HAXOAUTCA B OCHOBHOM CO-
CTOSTHMM (OTMEUEHO HVDKHUMM TOTTOJTHUTEb-
HbiMU uHAekcamu (1,0)); BepxHUe WMHICKCHI
y BOJIHOBBIX (DYHKIIMI ¥ aMIUIUTYI O3HAyYaloT
nopsnok Manoctu. @ynkumsa W) coorser-
CTBYET Tepexoay B BO30YXKIEHHOE COCTOSTHUE
OUCKPETHOTO CIIeKTpa (BTOpOe cllaraeMoe B
dopmyre (6)), a ¥V — B Bo3GyxIEHHOE CO-
CTOSIHHE HEMPEepbIBHOIO creKTpa (IocaeaHee
ciaraemoe B (6)).

Hac Oymyr mHTepecoBaTh pachpeiciacHUs:
no umnyiabcam b(k,,t) u b(k,,t) noHusupo-
BaHHOTO 3JieKTpoHa. 11 MX HaXOoXIEeHUs 3a-
mumem ¥ B k.- u k,- TPEACTaBICHUSIX,
P 3TOM 3aMEHMM KYJIOHOBCKYIO BOJIHY, CTO-
SIIIYIO TIOJT MHTETPaJioM, Ha LVJIMHAPUYECKYIO
BOJIHY

¥, (1) = J,, (V2Ep) explime) / \2m

(BosiHOBasT (PYHKIIMSI CBOOOMIHOIO 2JIEKTPOHA).
[Tonyuum cienyroiiye pacrpeaeieHus:



TeopeTtnueckas pusmka

Ok, 1) = € (e, | w0 (1)) =
=3[ sen(k )T 6P 00,
B0k, ,1) = €D (k, | ¥ (1)) =

= z [+sgn(k, ) bfsly) 1,00,

(7

roe IS b(l)(ky,t) 3HaK TUIIOC OTHOCHUTCSI
K ciaydailo m > 0, 3HaK MMHYC — K CJIy4aio
m < 0. Bektop |k,) COOTBETCTBYeT COCTOSI-
HUIO YaCTULIBI C ONPEAeIEHHBIM UMITYJIbCOM U
B KOOPIMHATHOM IIPEACTABIEHUM MMEET BUIL

(x]ky) = ¢ (x) = exp(ik,x) / N2m
(aHaJIOrMYHO 17151 BEKTOpa ‘ky ).

IIpu nonyyeHun pacnpeneieHuii (7) ObLIM
HCIIOJIb30BaHbI CJIEIYIOLINE CBOMCTBA U IIpe-
craBieHus pyHKuui beccens:

[ 4k}, (K o)pdp = 80k ~ k) / K,
0

2n
J . (x) = (" / 2n)j exp(—ix cos @ + ime)do, ()
0

2n
J (x)=(/2n) j exp(—ix sin ¢ + im@)do.
0

J7s1 HaxOXIeHUs b(E])m(t) MOJICTaBUM pa3-
noxenue (6) B ypaBHenue Llpémnunrepa; mo-

JIYUUM CJICAYIOIIEEC BbIPA’KECHUE:
t
B0 ) = =i [ e (¥R, |V | Wi} ar -
0

3RE |

E(ﬂ)eimmﬂdt',
(1+2E)? {

)

B wurore b )(kx,t) u b )(ky,t) MIPUMYT
CJICOYIOLINI, OKOHYATEIbHbIN BU:

6[k|

bV (k1) = Sgn(kx)m x

t
x j E()e="dr, (10)
0

bV (k,,1) = 0.

Ha puc. 6, m1s umnyiasca E(f), 3amaHHO-
ro popmyiioit (4), aHaJIUTUYECKUIA pe3yJbTaT
(10) cpaBHUBaETCS ¢ pe3yJabTaTOM YMCICHHOTO
MOJEIMPOBAHUSI.

OTMeTMM HEKOTOpbIe HaOII0JaeMbIe OCO-
O6eHHOCTU. B 00;1aCTH MaJIbIX BOJIHOBBIX UMCEJI
(k, ~ 0) yMCIEHHBII pe3yabTaT U aHAJIUTUYE-
CKO€ pelLIeHNWE CUJIBHO PAaCcXOASTCS. DTO CBSI-
3aHO C HECKOJbKMMU (DaKTOpaMMU:

OoJIbllIasl  «IIOTPEIIHOCTBE»  YMCICHHOIO
pacuera B 210l obOsiact. OHa BbI3BaHA BbI-
LIEYIIOMSTHYTOM CIleUM(pUKON pacuera B Mac-

1.5 T T T T T 1\ T T T
Ibl ! | Analytics -
: ! Calculation ——-—
i \ ’/\
1.0 | ; . 1 -
f’\.\ ! \ I 1
P D
f 7N A
SN
T oy v e |
foy ES I
P T
AR H i Vo A~
0.0 u'\,’xﬁui«\.;/ \rl 1 y 1 1 [ WoModNaa
-5 -4 -3 -2 -1 0 1 2 3 4 5

Puc. 6. CpaBHeHue pe3y/bTaTOB aHAJIMTUYECKOIO pacyeTa U YMCJIEHHOIO PELIeHMSI
mns |b(k)| mpu T = 4 (pacnipefiesieHsi HOPMUPOBAHbI Ha JIEBBIl PE30HAHCHBII MHK)
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1ITaOMPOBAaHHOM TIPOCTPAHCTBE, YTO HE TIO-
3BOJISIET TOBOPUTH O pe3yJibTaTe, MOJIYYSHHOM
U MajblX k,, Kak OJIM3KOM K UCTMHHOMY;

M3BECTHBIE OrpaHUYEHUsS OOPHOBCKOIO
NpUOIKeHNSI, TTOAPa3yMeBaIIEero B HallleM
cJlyyae 3aMeHy KYJOHOBCKOU BOJIHBI B (5) Ha
LWIMHIPUYECKYIO BOJIHY.

Tem He MeHee, B 00JacTU PE30HAHCHBIX

3HAYCHU
k, = £J2o+ E))

coriacieé 4YHMCJIGHHOTo pacyera M aHaJIUTU-
YeCKOIo pelleHUsT AOBOJIBHO XOpOllIee, XOTS
OOpPHOBCKOE MPUOJMXKEHME U HE OMNUCHIBAET
aCMMMETPMIO paclpeAecHrs OTHOCUTEIBHO
k, = 0. Hamnune Takoil acMMMETpUM BIIOJIHE
€CTeCTBEHHO (CM. Takke puc. 1), TOCKOJbKY
SBOJIIOLMST BOJTHOBOW (DYHKIIMHU 2JIEKTPOHA, M3~
Ha4yaJIbHO HaXOZSILEerocs B CBA3aHHOM COCTOSI-
HUU, HUKAK HE MOXET MMEeThb TaKylo Xe CUMMe-
TPUIO, HECMOTPS Ha «CUMMETPUYHOE» ACICTBUE
VIMITYJIbCA BJICKTPUUECKOTO T0JIS BO BPEMEHMU.

O0Opa3zoBaHMe BUXPEBBIX CTPYKTYp, KOTO-
pble MOXHO OBLIO ObI NIEHTU(ULIMPOBATH TIPU
aHaJIM3e pacrnpeaeaeHUs ‘b(ky, T)‘ , He OIMCHI-
BaeTCsl OOPHOBCKUM MPUOIKEHHEM, TaK KakK
5 (k,, T = 0 (cm. dopmyay (10)).

Takum 00pa3oM, €CTECTBEHHO IPEANoJio-
KWTh, YTO BTOPOM MOPSAOK TECOPUU BO3MY-
IIEHUIA, COAEpXAIIUKA TIEPEXOAbl YEpPEe3 Ipo-
MEXYTOYHbIC COCTOSIHUSI, IMO3BOJIUT BBHISIBUTD
BUXPU, KOTOPbIE, CKOPEE BCETO, CBSI3aHbI C JIe-
CTPYKTUBHOI MHTepdepeHIuell Takux Imepe-
XOJI0B.

3akiouenue
HpOBCI[CHbI YUCJIICHHBIC HNCCIICA0OBAHUA
MPOCTPAHCTBEHHO-BPEMEHHOM SBOJIIOLIUUA

KBaHTOBOI CUCTEMbI, 00pPa30BAHHON B Pe3yJib-
TaTe B3aMMOICWMCTBUSI MMIIyJIbCa 3JEKTpOMar-
HUTHOTO TIOJISI C BOJOPOAOIIOA00OHBEIM aTOMOM
B JIBYMEPHOM JIMIIOJBLHOM mpubamxkeHun. Ha
OCHOBE YMCJEHHOIO pPEelIeHUs HecTalmoHap-
Horo ypaBHeHus llIpénuHrepa nmokasaHo, 4TO
B Mpoliecce BO3AEHCTBUS Ha CUCTEMY BO3HMKA-
IOT 0COOBIE TOUKM (M30JUPOBAHHbIE HYJIMU BOJI-
HOBOM (PYHKILIMHN), KOTOPbIE B TMAPOAMHAMM-
YECKOM HMHTEpIpeTaluyd MOIYT TPaKTOBaThCS
KaK KBAHTOBBIC BUXPH, WIACHTU(PUINPOBAH-
Hble HaMHU IIpY aHajJu3€ IPOCTPAHCTBEHHOIO
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pacopeneaeHusT 2JeKTPOHHON IIJIOTHOCTU U
IUIOTHOCTH IOTOKA BEPOSITHOCTU IJISI MOHU3U-
POBAHHOTO 3JIEKTPOHA.

Ilyrem npeoOpa3oBaHUsI MEPEeMEHHBIX U
nepexoga K D3BOJIOLUMM B PaCLIMPSIOLIEMCS
MPOCTPAHCTBE TMPOAHATN3UPOBAHA 3JIEKTPOH-
Hasl TJIOTHOCTb B COMPSKEHHOM MMITYJILCHOM
MPOCTPAHCTBE, Il TAaKXKE BO3ZHMKAIOT BUXpPE-
BbI€ CTPYKTYPHI.

AHanu3 BIUSHUSA JUIMTeAbHOCTH T neit-
CTBMSI DJICKTPOMArHUTHOTO HMITYJIbCa IIOKa-
3aj1, yto npu T = 1 BUXPEBBIX CTPYKTYp He
Bo3HuKaeT. [Ipy yeTHOM KOJM4YecTBe MOJyme-
puonoB (7 = 2, 4, 6, 8) IBHO MACHTUMDULIM-
pyeTcsl OMWMH BUXPb, IOJOXEHHE KOTOPOTO B
UMITYJIbCHOM TIPOCTPAaHCTBe (IJIs1 Ciiydast Mo-
HU3MPOBAHHOTO 3JIEKTPOHA) HE 3aBUCUT OT 7.
[Ipy HeyeTHOM KOJIMYEeCTBE MOIyrepronoB (7'
= 3,5, 7, 9) ueHTp BUXpPSI CABUTAETCI K Ha-
yajly KOOpAUHAT ¢ yBeaudyeHueM 7' u obpasy-
JOTCSI HOBbIE BUXPEBBIC CTPYKTYPHL.

Taxske yCcTaHOBJEHO, YTO TIPU YBEJIUYEHUU
IUTUTEILHOCTU MMITyJibca 1, B pacnpene/ieHuu
|b(k,)| HaumHACT HpOSIBNSTECS Y3KMil pe3o-
HAHC, COOTBETCTBYIOIIMI CJydald MOHU3ALUU
OCCKOHEYHO [JIUTEIbHBbIM HMMITYJbCOM MOHO-
XpOMAaTUYECKOTO U3TyYEHMUSI.

JIg OLleHKU MPUMEHUMOCTH TE€OPUN BO3-
MYIIEHUN K paccMaTpuBacMOM 3amade, B
OOpPHOBCKOM MPUOJMKEHUM ObLIU MOJYyYEHBI
AHAJUTUYECKUE BBIPAXKEHUS IS b(l)(kx,t)
u b0k, 1) (cm. dopmyny (10)). Perue-
nue bV(k,,T) xopowmo cormacyercs ¢ pe-
3yJbTaTOM YMCJEHHOrO pacyeTa, XOTS U He
OIMCHIBACT €CTECTBEHHYIO aCUMMETPUIO pac-
MpeesIeHUs] OTHOCUTENBHO k. =0, 00ycioB-
JICHHYIO HaYyaJIbHbIM CBSI3aHHBIM COCTOSIHUEM
a7eKTpoHa. B obnactu k, ~ 0 Habmomaercsa
cunbHoe pacxoxaenue bV(k ,T) c¢ pesyib-
TaTOM 4YHCJIEHHOIO pacyeTa, 4YTO OOYCJIOB-
JICHO KAaK YMCJICHHBIMU TOIPEIIHOCTSIMU B
3TOI 00JIacTH, TaK M MCIIOJb3YeMbIMHU IIPH-
ONMMKEHUSIMU TIpU BBIBOJE AHAJIUTUYECKOTO
pelieHusi. [y aHanM3a KBaHTOBBIX BHMXpPEi
HEO0OXOAMMO ObUIO MPOAHAJM3UPOBATH paC-
npenenerne b (k,,T), KoTopoe mwisi naH-
HOI reOMeTpMU MOHM3ALUU HE YYBCTBUTEIIb-
HO K TIPUJIOKEHHOMY BO3MYILIEHHWIO U PaBHO
HyJI10. DTOT pe3yabTaT yKa3blBaeT Ha TO, 4YTO
KBAHTOBBIC BUXPU O0PA3yIOTCS IMOCPEACTBOM
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JNECTPYKTUBHOM UMHTepdEepeHIIUU Tepexo-
OB 4epe3 pas3IMyHble IIPOMEXKYTOUHBIE CO-
CTOSIHUSI JUCKPETHOTO WM HEMPEePhIBHOTO
CHEKTPOB, KOTOPBHIE MOTYT OBITh YUYTEHBHI BO
BTOPOM MOPSIAKE TEOPUU BO3MYILIeHU. BTo-
pOil MOPSIIOK TakkKe IT03BOJIMT OIMCaTh He-
CUMMETPUYHOCTb paclipeacaeHus b(l)(kx,T )
OTHOCUTENBHO k., =0 ¥, BO3BMOXHO, 0OBsIC-
HUT 3aBUCUMOCTh BUXPEW OT UIUTEIbHOCTU
UMIIYJIbCa.

Bonee neranbHOe MccaenoBaHUE 3TOTO BO-
mpoca, KOTOpoe€ IIpeAIrlojlaraeTcsl IIPOBECTH
MOCPEACTBOM aHa/M3a PSA0B TEOPUU BO3MY-

LLIEHUA, 6YJICT M3JI0KEHO HaMHW B OTIEJbHOU
CTaThbeC.
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O PELLEHUX YPABHEHUN TPABUTALLUOHHOIO MNOJIA,
CO34AHHOIO BPALLAKOLWWUMUCA TEJTAMMU,
B OBLLLEX TEOPUU OTHOCUTEJIbHOCTU
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HCTUTYT MH MaLMOHHbIX TexHonorumn Jxxenu, r. Honga, NHama
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MN3yyeHna MeTpuka, KOTOpasi OMKUCHIBAET TPaBUTAIIMOHHOE TOJIE, CO3/aBaeMoe
TeJaMu TIPU CTAllMOHApHOM BpallleHWM BOKPYTI CBOMX OCEi, COBMECTHMMasl CO CTa-
IIMOHAPHBIM 3JIEKTPOMArHUTHBIM T0JieM. [1pu 3TOM, MCITOIb3ysI METOJ TTOHVKEHMS
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epeHIMaTbHBIX YPAaBHEHUI C YaCTHBIMU ITPOM3BOAHBIMU. MBI BOCIIOJIb30BaIUCh
CHUMMETPMEI 3TUX YpaBHEHWIA, IJISI TOTO YTOOBI JTOCTUYb HEKOTOPBIX YIPOLUECHUI,
MPUBOISILMX K COKPAILIEHHWIO YMCIa IIEPEMEHHbBIX, KOIa aHAJIMTUYECKUE PELICHMS
JIerye IOJIyYUTb, €CJAUM PACCMOTPETh ONTUMAJIBHYIO CHUCTEMY COMNPSDKEHHBIX HEDK-
BUBAJIEHTHBIX moarpymn. Kpome Toro, 4acTb pelleHMIl MOJy4eHa C IMPUMEHEHUEM
YUCJIEHHBIX METOJIOB, B CBSI3U CO CJIOXXHOCTHIO OOBIKHOBEHHBIX TU((hepeHINATBHBIX
YPaBHEHMI JaXe CHUXKEHHOTO TOPSI/IKa.
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Introduction

General Relativity describes phenomena
on all scales in the Universe, from compact
objects such as black holes, neutron stars and
supernovae to large-scale structure formations
such as those involved in creating the distribu-
tion of clusters of galaxies. For many years,
physicists, astrophysicists and mathematicians
have striven to develop techniques for unlock-
ing the secrets contained in Einstein’s theory
of gravity. More recently, solutions of Einstein
field equations have added their expertise to
the endeavor. Those who study these objects
face a daunting challenge that the equations are
among the most complicated in mathematical
physics. Together, they form a set of coupled,
nonlinear, hyperbolic-elliptic partial differen-
tial equations that contain many thousands of
terms.

The gravitational field due to a rotating body
was firstly attempted by Thirring who used Ein-
stein field equations in the linear approxima-
tion and showed that a rotating thin spherical
shell produces near its center forces similar to
the Coriolis and centrifugal forces of classical
machines. Later on, this work has been revised
by Bass and Pirani [1] who supplemented the
energy tensor of incoherent material by a term
representing the elastic interaction between the
particles of the shell. Bach considered the field
due to a slowly rotating sphere by successive
approximations taking the Schwarzschild solu-
tion as his zeroth approximation. Special cases
of stationary fields have been considered by
Lanczos [2] who applied the results to cosmo-
logical problems.

Lewis [3] found the field due to a rotating
infinite cylinder and thus obtained two different
methods of successive approximations for con-
structing solutions of a more general type which
behave in an assigned manner at infinity and
on a surface of revolution enclosing the rota-
ting matter to which the field is due. Clark tried
to solve the empty gravitational field equations,
using successive approximations, with forms of
8., appropriate to the gravitational field of s ro-
tating body. This introduction provides a sam-
ple of the idea that these equations have been
a subject of extensive and intensive study both
by mathematicians and physicists. For a de-

tailed study of exact solutions of Einstein field
equations, the reader may refer to Stephani et
al. [4]. Recent years have been dedicated to
studying the field equations of General Relativ-
ity for their solutions [5 — 16], these solutions
are important in the sense that they represent
the physical models in an analytical manner.

In the present paper, we have considered
a metric [3] which is supposed to describe the
field due to bodies in stationary rotation. Fur-
ther in this case we furnished a consistent set
of partial differential equations for determining
8., in the empty space-time. It is shown that
by using a selective form of f the problem of
solving four equations in three unknowns has
been reduced to a system of two partial dif-
ferential equations in two unknowns and then
Lie group analysis is applied to generate vari-
ous symmetries of this coupled system of par-
tial differential equations, which are then used
to identify the associated basic vector fields of
the optimal system for systematic study of the
group invariant solutions admitted by the sys-
tem.

Nature of field equations

The following metric described the field
due to bodies in stationary rotation about their
axes

ds® = —exp(QL)(dp? + dz?) — Cd? +
+ Ddt* + 2Edddt,

where A, C, D and E are functions of p and z
only.

Following Lewis [3], we have made use of
canonical coordinates in the sense of Weyl.
The choice of these coordinates is possible
only in matter free space as it can be easily
verified by a procedure similar to that of Synge.
Consequently, in domains occupied by matter,
the canonical coordinates cannot be used. In
canonical coordinates we have

CD + E?* = p?, (2)

(1

and therefore the expressions for the Einstein
tensor are given by:
2
11— 22 — 2
p 4p

5 3
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+ Gy —%-F%(CIDI +E12 +GC,D, +E22)j,

=2
Gy = exp (T)(w(?m +hy) = Dy - 3)

- D, +ﬂ—§—€(qq +E}+C,D, + Ef)j,
P 2p

-2
Gy = exp %(—21‘:(7&11 +Ap) - By -

- Ey +£—;—€(C1Dl +E} +C,D, + Ef)j,
P 2p

p 4p?

G =-

b

where the lower suffixes 1 and 2 after the un-
known functions imply partial differentiation
with respect to p and z respectively.

Now we have considered the determination
equation

‘Gw - 5g,,|=0. (4)

We found that two of the eigenvalues of
GMV with respect to g, are given by

1
s, = exp(-20)(G5 + G3)2,i=1,2, (5

and the other two are given by following
equation:

s> + Rs —pi2 = (GG -GH) =0 (6)

where R is the curvature scalar.

It is clear from Egs. (5) and (6) that, in
general, two eigenvalues of G, are equal and
opposite while the other two are different.
Therefore, metric (1) in canonical coordinates
cannot represent a perfect fluid distribution.
But if we do not consider the canonical coor-
dinates then all the eigenvalues of the Einstein
tensor are different in general. Thus, in this
case metric (1) can be utilized to describe the
space time in the domains occupied by mat-
ter.

In case of an electromagnetic field, we have
R =0, therefore, Eq. (6) gives
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S ==

J V(GGy -G3p),j =34, ()

Thus, in this case the other two eigenvalues
are equal and opposite. In fact, the eigenvalues
are k, —k, m, —m, where

k = exp(-2M(G, + G),
1
5 (GG - G3),

and if we further assume that & = m, the
eigenvalues become k, k, —k, —k, which
characterize an electromagnetic field.

The field equations for empty space-time.
The field equations, in terms of a coupled sys-
tem of partial differential equations, for empty
space-time, corresponding to Eq. (1) are given
by

O | =

®)

m =

A, CD +E}

Ay Ay —— ==L 12 L, )]
p 2p
A, GC,D,+E}

My Ay + =222 22 2, (10)
p 2p

Ay = —4L(C1D2 + G D, +E12 +E22), (11)
P

Cll +C22_Q+£2X
p (12)
x (C,D; +CyD, + E} + E5) =0,
PP (13)
x (C,D, + C,D, + E} + E5) =0,
[ (14)

x (C,D, + C,D, + E} + E}) = 0.

From Egs. (9) and (10), the condition of
integrability can be easily verified for above
system of partial differential equations. Also
from Egs. (9) and (10), we obtain

C,D, +C,D, + E} + E?)
(1 1 2p22 1 2 ’(15)

Ay +hy =

_ (_C]Dl + C2D2 - E12 + E22)
= 4 .
Also Eq. (15) is consistent with Egs. (11)

M

(16)
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and (16). Thus, the problem of solving Egs.
(2), (9) — (14) is reduced to determining C, D
and E from (2), (12), (13) and (14) and then A
will be given by Eqgs. (11) and (16).
We made the substitutions as follows:
C = pexp(—n)cos 0, D = pexp(u) cos 0,

E =psin6 (17)

where |1 and 6 are functions of p and z.
Consequently, Egs. (12), (13) and (14) are
reduced to

COS B(py + iy + L — 2 tan 6(, 6 + p1,0,) +
)

+sin 6(0,, +922+9—’— (18)
[
~2sin 0cos B(u; +u3) =0,
COS By + gy + 1 — 2 tan 6(, 6 + p1,0,) -
)
—sin 6(0;; + 0,, +9—1— (19)
)

— 2sin 0 cos O(u? +p3) = 0,
O _ 2,2y _
0, +0,, + — —sinBcos O(u; + uy) =0.(20)
p

From Egs. (18) and (19) we obtain, in view
of Eq. (20), the single equation:

Hip + Hp +% —tan 6y, 6, + p,0,) =0, (21)

and Egs. (11) and (16) lead to the following
equations:

1
A = - %(9? + 03 — cos? G(ul2 -13)), (22)
P

Ay = %(0052 Opip; — 6,6,). (23)

Thus, the problem of solving four equations
in three unknowns has been reduced to a sys-
tem of partial differential equations consisting
of two Egs. (20) and (21) in two unknowns 6
and p. Also we can determine C, D and F by
using the expressions of C, D and E in Eq. (17)
and then A can be determined from Egs. (22)
and (23).

Solutions of field equations

It is well-known that the Lie symmetries,

originally advocated by the Norwegian
mathematician Sophus Lie in the beginning
of the 19th century, are widely applied to
investigate nonlinear differential equations for
constructing their exact and explicit solutions.
Considering the tangent structural equations
under one or several parameter transformation
groups is the basic idea of Lie symmetry analysis.
It has been shown that Lie symmetry analysis
has been effectively used to seek exact and
explicit solutions to both ordinary differential
equations (ODEs) and partial differential
equations (PDEs). There are a lot of papers
and many excellent books [15 — 24] devoted to
such applications.

In the present section, we have performed
Lie group classification of Egs. (20) and (21).
That is, we have furnished all the possible forms
of Lie point symmetries, admitted by Egs.
(20) and (21), and then constructed symmetry
reductions and group-invariant solutions using
the optimal system of subalgebras of the Lie
algebras of the equations.

The classical Lie method [18] has been
applied to Egs. (20) and (21) by considering
the one-parameter Lie group of infinitesimal
transformations in p,z, 0, E'(p,2), EX(p,2),
n'(p,z) and n’(p,z). This transformation
leaves invariant the following set:

S = {G(P’ Z), M(P, Z):Al (99 H) = Oa
AZ (67 l"l) = 0}5
of the solutions of Egs. (20) and (21), where

(24)

A =0 +0, +ﬂ—sin6cose(uf + 1),
p
(25)
Ay =iy T Hp + %— tan 6(u;6; + 11,6,).

The associated Lie algebra of infinitesimal
symmetries is the set of vector fields of the
form

r= §1i+§2i+nli+n2i.
op 0z 00 ou

The set S, is invariant under the one-
parameter transformations provided that

Prd(T)|, =0,

where Pr®(T) is the second prolongation of the
vector field T', which is explicitly given in terms

(26)
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of £, €2 n' and n?’.

After determining the infinitesimals of Egs.
(20) and (21), the similarity variables are de-
rived by solving invariant surface conditions

ch = E.!lep + E.&Zuz _nl = 0’

£'o, +&, —n* =0.

The symmetries under which Egs. (20) and
(21) are invariant can be spanned by the fol-
lowing three linearly independent infinitesimal
generators:

(27)

@,

= pi+zi,l"2=i,l“3=i.

op 07 1574 00

It is easy to verify that ', T', and I, are

closed under the Lie bracket. So we can see

that the generator of the invariant group I' of

Egs. (20) and (21) constructs three-dimension-

al Lie algebra, which is spanned by the basis

I', T, and T',. Thus, we have the correspond-

ing one-parameter group of symmetries of Egs.
(20) and (21):

G, : (p,z,6,1) — (exp(e)p, (exp(€)z, 6, n),
G, 1 (p,2,0,1) = (p,exp(e)z,0,p),  (29)

G; : (p,2,0,1) > (p, z,exp(e)p, (exp(e), n).

We can see that G, is a space translation, G,
is a time translation and G, is a scaling transfor-
mation. We have used the subalgebraic struc-
ture of symmetries (28) to construct an optimal
system [19] of one-dimensional subgroups. The
optimal system yields only the following sym-
metry combinations:

()T, + BLs, (if)T + o5, (iii)Ty,

where o and B are arbitrary constants.

Symmetry reductions. In this subsection,
we have derived symmetry reductions of Egs.
(20) and (21) associated with the vector fields
in the optimal system (28) by using similarity
variables and further attempted to furnish exact
solutions

(28)

(30)

(Or,; +pr;.

Corresponding to this vector field, the form
of the similarity variable and similarity solution
are as follows:

¢ = g 0(p, 2) = F(5), u(p, 2) = Blog z + G(Q).
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Substituting the expressions of similarity
variable and similarity solution into Egs. (20)
and (21) yields the following system of reduced
ODEs:

CF"+ F +(+2F'¢* -¢p*sin Fcos F —
— 2sin F cos FG?B G’ —sin F cos F’G™ -
— sin Fcos F§G™ =0,
CG"+ G +BL -G -20°G' -

— 2(F'G'tan F + 2C°BF'tan F —

-~ 20F'G'tan F = 0.

(1)

In this case because of the complexity of
reduced system (31), the following two particu-
lar cases have been worked out.

Case 1. By considering F({) = 0, we found
that metric (1) is reduced to static axially sym-
metric metric of Weyl in canonical coordinates
and system (31) becomes

(G"+G +BC-CG"-20*G" =0.  (32)

Solving Eq. (32), we obtained the solutions
as follows:

G(o) = %ln(—2§) - % In(-2C +2) +

+% In(¢ — 1) + ¢ Ei(1, 26) - (33)

- ¢, exp(-2)Ei(l1, 2¢€ - 2) + ¢,,

where ¢, and ¢, are arbitrary constants and Ei
is the exponential integral.

Now, we have obtained solution of Egs.
(20) and (21) for static axially symmetric met-
ric and further by back substitution to original
variables, the exact solution of Egs. (20) and
(21) is given by:

B2 B2
p(p,z)_4ln( - j 4ln( - +2J+

B [B - 1} ‘e [Ei (1, ZED ~ (34
2 z Z
—¢,(exp(-2)Ei (1, 2% - 2] +0y.

In Fig. 1, the picture representation of the
solution (34) is given for B =1,¢, =¢, = 1.

Case II. By putting G(£) =0, metric (1)
is reduced to
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Fig. 1. Picture representation of Coriolis
and centrifugal force solution (34), produced
by rotating spherical shell in General Relativity,
to field Egs. (20) and (21) withp =1, ¢, = ¢, = 1

ds? =—exp(20)(dp? + dz?)-
— pcos 6(d¢* — dt?) + 2psin 0dddt,
and then solving Eq. (31) and reverting back to
the original variables. Thus, we have obtained

the following exact solution of Egs. (20) and
(21):

(35)

0(p, z) = 3 +| —arctan

where ¢, and c, are arbitrary constants.

In Fig. 2, the picture representation of the
solution (36) is given for ¢, = ¢, = 1.

Now, we attempt to furnish exact solutions

@), + al;.

For this vector field, the forms of the
similarity variable and the similarity solution
are as follows:

C=p,0(p,2) = F(C),(p,2) = G(C) + vz

Using these forms in Egs. (20) and (21),
we obtain the system of reduced ODEs:

CF"+ F'+¢sin F cos F(o? + G™?) =0,
CF"+G'"-2Ctan FG = 0,

where the prime denotes the differentiation
with respect to the variable C.

Now under this vector field, we are unable
to obtain the nontrivial exact solutions. So
we have used the well-developed numerical
technique to solve the reduced problem. For
this purpose, we have obtained the following
four first-order equations:

(37)

d)’l _
dz - y2s
B, _ [-y, + a’zsin y, cos y, +
dz
+ zaly} siny, cos y, 1y, - 77, (38)
dy, _
dz - y39
Yy _ —Y4 +2pyztany,
dz z ’
with
45 =1.2 45) =0
»,(45) , 1,(45) =0, (39)
y,(45) =0, y,(45) = 0.1.
5_.

Fig. 2. Coriolis and centrifugal force solution (36),
produced by rotating spherical shell in General
Relativity, to field Egs. (20) and (21) with

c,=¢ =1
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a)

15
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o
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Similarity solutions

-15
45 46 47 43 49 50 51 52 53 54 55

Similarity variable (z)

Similarity solutions

45 46 47 48 49 50 51 52 53 54 55
Similarity variable (z)

b)

Similarity solutions

45 46 47 48 49 50 51 52 53 54 55
Similarity variable (z)

0.09

008

007

0.06

005

004

Similarity solutions

0.03

002

0.0 h . h n ) " h "
45 46 47 48 49 50 51 52 53 54 55
Similarity variable (z)

Fig. 3. Numerical solutions to field Egs. (20) and (21) with respect to the reduced IVP (38), (39) when
o? = 5, with the initial value z = 45 at 4 = 0.01; the profiles of y, (@), y, (b), y,(c), y, (d) are presented

The numerical solutions to the initial value
problem (IVP) (38), (39) are depicted above.

In Fig. 3, numerical solutions of field Egs.
(20) and (21) are obtained with respect to the
reduced IVP (38), (39). Now the profiles of
y, and y, show that the solution is periodic,
and the profiles of y, and y, show that the
solution is unbounded and damped oscillatory
respectively.

Now, if we attempt to furnish exact
solutions

(iii) T,

corresponding to this vector field, no such
invariant solution exists.

Discussion and concluding remarks

In the present investigation, we have
successfully implemented Lie symmetry
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reduction to obtain the Lie symmetries
admitted by field equations extracted from a
metric which is supposed to describe the fields
due to bodies in stationary rotation about their
axes. The infinitesimal generators in optimal
system of sub-algebras of the full Lie algebra
of the coupled system of nonlinear partial
differential equations of second order of field
equations are considered. We completely solved
the determining equations for the infinitesimal
generators of Lie groups. Further, the group
classification from the point of view of the
optimal system of non-conjugate sub-algebras
of the symmetry algebra of the nonlinear system
has been performed under the adjoint action
of the symmetry group. The various fields in
the optimal system have been then exploited
to get the reductions of PDEs into ODEs.
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Due to the complexity of reduced ODEs, it
is impossible to obtain the nontrivial exact
solutions, so under the vector field (i)A, + BA,,
particular exact solutions are obtained for field
Egs. (20) and (21). Graphical representation
of solutions (34) and (36) to field Egs. (20)
and (21) described the center forces, similar to
the Coriolis and centrifugal forces of classical
machines, produced by a rotating spherical
shell in general relativity as shown in Figs. 1,
2. Now under the vector field (ii)A, + aAs,
it is again impossible to obtain the nontrivial

exact solutions with respect to the reduced
ODEs (37). So, under this vector field, IVP
is posed for numerical solution. As a result, a
numerical solution is found which is periodic,
unbounded and damped oscillatory as shown
in Fig. 3.
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1. Introduction

The evolution of ground-state shapes in
an isotopic or an isotonic chain is governed
by changes of the shell structure of a single-
nucleon orbital. In recent past, evolution of shell
structure guiding shape coexistence has been
observed in the N = 20 and N = 28 isotones
around the proton drip-line [1 — 4]. In a more
general manner, the major structural features
along the isotonic and isotopic chains around
the spherical magic numbers 8, 20, 28, 50, 82,
and 126 were reviewed by Sorlin et al. [5] using
evolution of the binding energies, trends of first
collective states and characterization of single-
particle states. A number of experimental
investigations have shown [3, 6] that in the
proton-deficient N = 28 isotones below “Ca
the spherical shell gap progressively reduces
and the low-energy spectra of “Ar, “S, and “’Si
display evidence of ground-state deformation
and shape coexistence.

Theoretical treatment of evolution of shell
closure has been successfully described using
mean-field theories [7 — 9] and with their
relativistic counterparts [10 — 15]. The main
advantage of the RMF + BCS (Relativistic
Mean-Field plus Bardeen — Cooper -—
Schrieffer theory) approach is that it provides
the spin-orbit interaction in the entire mass
region in a natural way [10 — 12]. This indeed
has proved to be very crucial for the study of
nuclei near the drip-line. As nuclei move away
from stability and approach the drip-lines,
the corresponding Fermi surface gets closer
to zero energy at the continuum threshold.
A significant number of the available single-
particle states then form part of the continuum.
Indeed, the RMF + BCS scheme [11, 14] yields
results which are in close agreement with the
experimental data and with those of continuum
relativistic Hartree — Bogoliubov (RCHB) and
other similar mean-field calculations [15].
Recently, deformed relativistic Hartree —
Bogoliubov (RHB) theory in continuum has
been developed aiming at a proper description
of exotic nuclei, particularly for #Mg [16].
Moreover, development of the covariant density
functional theory in continuum has been
introduced for the description of neutron halo
phenomena in medium heavy and heavy nuclei,

including the relativistic continuum Hartree —
Bogoliubov theory, the relativistic Hartree —
Fock — Bogoliubov theory in continuum and
the deformed relativistic Hartree — Bogoliubov
theory in continuum [17].

In recent past, the RMF approach
has successfully investigated two-proton
radioactivity [18], weakly bound drip-line
nuclei [19] and magicity [20]. More recently,
relativistic mean field study has extensively
used to describe actinides and superheavy
nuclei within covariant density functional
theory [21], to calculate decay rates of various
proton emitters [22], to study bubble structure
[23], to analyze effects of particle-number
fluctuation degree of freedom on symmetric
and asymmetric spontaneous fission [24] and
to calculate neutron capture cross-sections in
nuclei near the N = 82 shell closure [25].

In this paper, we have investigated the
shape coexistence phenomenon for proton
deficient N = 28 isotones using the relativistic
mean-field (RMF) plus BCS approach
[18 — 20].

2. Relativistic mean-field model

Our RMF calculations have been carried
out using the Lagrangian density model with
nonlinear terms both for the ¢ and ® mesons
along with the TMA parametrization as de-
scribed in detail in Refs. [12, 14, 18]:

L=y, - M]\y-i-%aucé“c - %mﬁcz -

1 1 _ 1 "
—§g2c53 —Zg3c4 —gG\yc\y—ZHWH“ +( )
1
+%m£mum“ + %03(0)“0)“)2 - gm\Tfy“\yoou -
1 a auv 1 a _da, 1 \%
—Z qu s +§m§p“p s _ZHHVHM -

_ (-=
-eyy, ( 5 D guy,

where the field tensors H, G and F for the
vector fields are defined by

HHV = 6uc0v - 6Vcou,

abc b _c

Gy, = 0,py — 0,p, — 28, p.pys

F,=0,4,-0,4,

and other symbols have their usual meaning.
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Based on the single-particle spectrum cal-
culated by the RMF described above, we per-
form state dependent BCS calculations [26,
27]. The continuum is replaced by a set of pos-
itive energy states generated by enclosing the
nucleus in a spherical box. Thus, the gap equa-
tions have the standard form for all the single
particle states, i.e.,

A 1 b
/ 2 25, +1
(G0 V] (3)07) @)

2

W G, =) A,

where € j, are the single particle energies, and A
is the Fermi energy, whereas the particle num-
ber condition is given by

Zj(2j+1)v§ =N.

In the calculations we use for the pairing
interaction a delta-force, ie., V =—=V,d(r)
with the same strength V, = 350 MeV/(fm)* for
both protons and neutrons [14].

Apart from its simplicity, the applicabil-
ity and justification of using such a §-function
form of interaction was discussed in Ref. [28],
where it was shown in the context of HFB cal-
culations that the use of a delta-force in a finite
space simulates the effect of finite range in-
teraction in a phenomenological manner. The
pairing matrix element for the §-function force
is given by

N2/ +14,,

(GO V](j3)07) =

(3)
_ _;f_gtJ(zjl D@ + Dy

where [, is the radial integral having the form
1 - -
IR - J-drr_2(Gj1 sz + F.‘il vaz )2' (4)

Here G, and F, denote the radial wave
functions for the upper and lower components,
respectively, of the nucleon wave function
expressed as

1 iG&Y‘alumo.
v, = [ g J (5)

r FOLG N I‘Yja 1(1 m,
and satisfy the normalization condition
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[arG,] +|E[y =1. (6)

In Eq. (5) the symbol Ig,m is used for the
standard spinor spherical harmonics with the
phase . The coupled field equations obtained
from the Lagrangian density in Eq. (1) are fi-
nally reduced to a set of simple radial equations
which are solved self-consistently along with
the equations for the state dependent pairing
gap A, and the total particle number N for a
given nucleus.

The relativistic mean field description was
extended for the deformed nuclei of axially
symmetric shapes by Gambhir, Ring and their
collaborators [11] using an expansion method.
The treatment of pairing was carried out in
Ref. [29] using state dependent BCS method
as given in Ref. [18] for the spherical case. For
axially deformed nuclei the rotational symme-
try is no more valid and the total angular mo-
mentum j is no longer a good quantum num-
ber. Nevertheless, the various densities still are
invariant with respect to a rotation around the
symmetry axis. Here we took the symmetry axis
to be the z-axis. Following Gambhir et al. [11],
it was then convenient to employ the cylindri-
cal coordinates

X = r.cose, y = rsing and z. (7)

The spinor vy, with the index i is now la-
beled by the quantum numbers Q;, n; and f,
where Q; is the eigenvalue of the symmetry
operator jz,v (the projection of j, on the z-axis),
n; indicates the parity and 7 has been used for
the isospin.

In terms of these quantum numbers, the
spinor can now be expressed in the following
form:

_(fi(0)
Wi(rs t) - [lg, (F)J
fl‘.+ (Z, rL) ei(Qi—l/Z)q} (8)
L fl"—(z, ’,.l) ei(Qi+l/2)q>

2z | g (z, ) 10

ig-(z,7,) e (i+1/ Do
i b}

%, (7).

Here the four components f(r, z) and g
(r,, z) obey the Dirac equations.
For the axially symmetric case the spinors
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f,(r,, z) and g (r, z) are expanded in terms of
the eigenfunctions of a deformed axially sym-
metric oscillator potential as described in Refs.
[11, 29]. The pairing gap A, satisfies the gap
equation

1 Vi |Ak’|

Ak = = .
255 Jep —0)? + AL

)

Here the symbols ¢,, and A denote the
single particle and Fermi energy, whereas the
pairing matrix element V,, for the symmetrical-
ly deformed case using the zero-range &-force
is given by

= (VA7) - (7 17) -
= Vo[ @rivivivivt —wivivlviLan

For further details of these formulations we
refer the reader to Refs. [11, 18, 29]. In addi-
tion, to get a more detailed picture of deforma-
tion in various other theories readers may refer
to deformed relativistic Hartree — Bogoliubov
(RHB) theory in continuum [16], deformed
relativistic Hartree — Bogoliubov (DRHB) the-
ory [30] and multidimensionally-constrained
relativistic mean field (MDC-RMF) theory
[31, 32].

(10)

3. Results and discussion

The binding energy maps exhibit variety
of rapidly evolving shapes after successive
removals of proton pairs towards the drip-line
of N = 28 isotones. This variation of binding
energy is shown in Fig. 1 with respect to the
quadrupole deformation parameter f,, for
N = 28 isotones. As established and expected,
we found a spherical configuration of doubly-
magic “Ca with one sharp minimum at f,,, = 0.
Towards the proton-rich side we have also
found a spherical configuration for Ti (see
Fig. 1). By removing a pair of protons from
#Ca, the energy surface of the corresponding
isotone “Ar becomes soft with a shallow
extended minimum along the oblate axis (shown
in upper right panel). After another removal
of a proton pair we obtained a coexistence of
prolate and oblate minima at f,, = 0.38 and
—0.26 respectively for the nucleus S as can
be observed from the upper left panel of Fig.
1. These two minima are separated only by an
excitation energy of 0.77 MeV and, therefore,
we can expect to find pronounced mixing of
prolate and oblate configurations in the low-
energy collective states of this nucleus. Next,
for #Si the binding energy displays a deep
oblate minimum at f,, =-0.37 whereas the

44g
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Fig. 1. The potential energy surface of N = 28 isotones (6 nuclei) as a function of the
deformation parameter p,
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Table 1

Calculation results of excitation energy values compared to those
of other authors

Nucleus Excitation energy, MeV
Our study Other data
#S 0.77 1.36 [33], 0.2 [1]
42Si 2.60 2.50 [34], 1.5 [1]
Mg 3.50 1.38 [35]

Notes. The excitation energy is an energy difference between two
minima as obtained in the deformed RMF calculations using TMA
force parameters. Our results are compared with both theoretical
and experimental ones [1, 33 — 35].

second prolate minimum is found at B,,, = 0.49
with an excitation energy of 2.6 MeV (see
Fig. 1, the middle left panel). These results
are similar to those obtained from the RHB
theory by Lalazissis et al. [1] and the energy
density functional analysis of shape evolution in
N = 28 isotones [4]. Furthermore, with another
proton pair removed, the very neutron-rich
nucleus “Mg shows a deep prolate minimum
at B,, =0.46 and an oblate minimum at
B,, = —0.37 with the excitation energy of 3.5
MeV (see Fig. 1, lower left panel).

One important observation that can be
made from Fig. 1 is that successive removal of
protons leads to complete change in the shapes.
As can be seen from Fig. 1, “S has a more
likely prolate shape due to the prolate minima
standing below the oblate minima. With two
protons less in #’Si, oblate minima occur below
the prolate minima, resulting in “*Si having a

more likely oblate shape, whereas again with
two protons less in “Mg, the existence of a
prolate shape becomes more pronounced.

Therefore, from the variation shown in
Fig. 1 we can conclude that the phenomenon
of shape coexistence indeed exists towards the
proton-deficient nuclei of N = 28 isotones.
We found the excitation energy (energy
difference between two minima) for the nuclei
Mg, “Si, “S due to shape mixing (Table 1),
which are also compared with some other
theoretical and experimental data [1, 33—35]. It
is gratifying to note that our results are in good
agreement with other data which confirm the
shape coexistence in N = 28 isotone towards
the proton-deficient side.

To compare our results with other theoretical
calculations and experiments, in Table 2,
we have shown quadrupole deformation for
neutron-rich N = 28 isotones.
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Table 2
Results of quadrupole deformation parameter for N = 28 isotones
Quadrupole deformation parameter
Nucleus RMF Experiment FRDM HFB
(TMA) [36] [37] [38]
Mg 0.477 - 0.312 0.36
8Si —0.375 — 0.393 —0.33
“S 0.380 0.254 0.247 —0.27
AT 0.000 0.175 0.135 —0.20
®Ca 0.000 0.106 0.000 0.12

Note: RMF(TMA) results are obtained in this study.
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N = 28 Isotones
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Fig. 2. Calculation results of energy difference between neutron 'f; , and 'f )
states responsible for N = 28 shell closure for five nuclei

As shown in the case of ¥Ca, magic nuclei
possess a spherical configuration and therefore
phenomenon of shape coexistence results to
disappearance of N = 28 neutron shell closure.
To demonstrate it we show in Fig. 2 the energy
difference between neutron 'f; - and !f, , states
which gives rise to N = 28 shell closure. These
single particle energies are calculated using the
RMF framework with a spherical configuration
[14, 20]. It is evident from Fig. 2 that the gap
decreases significantly towards proton deficient
side from 7.49 MeV for ¥Ca to 2.62 MeV
for ¥“Mg. This drastic change for the proton-
deficient nuclei gives rise to the disappearance
of N = 28 shell closure and the development of
the phenomenon of shape coexistence.

4. Summary

In this paper, we have investigated the
shape coexistence phenomenon in N = 28
isotones by employing relativistic mean-field
plus BCS (RMF+BCS) approach [18 — 20].
For our study, the RMF calculations were
carried out using the TMA parameter, and the
results of single particle spectra, binding energy,
excitation energy, etc., were analyzed for the
phenomenon of the shape coexistence. We
found through variation of binding energy with

quadrupole deformation that N = 28 isotones
indeed showed shape coexistence towards the
proton drip-line. Neutron-rich ¥*Mg, #*Si, and
#“S were found with mixed configuration of
prolate and oblate shapes. This shape mixing
in N = 28 isotones results in the collapse of
spherical configuration and consequently
N = 28 shell closure. It is indulging to note
that our results of excitation energy are in good
match with other communications [1, 33 —35].
In addition to this, we also focused on single
particle energies of 'f, and ', states and it was
found that this shell gap decreased towards the
proton-deficient side fortifying the conclusion
of disappearance of N = 28 shell closure and
shape coexistence.
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Kypuan npencrasnen B Pedeparusnom xypraane BUHUTH PAH u BximtoueH B (oHA Hay4HO-TEXHUUECKOH JIUTEpa-
typbl (HTJI) BUHUTU PAH, a Takke B MeKayHapoIHO# cucteme 1o neproandeckuM uznanusm «Ulrich’s Periodicals
Directory». Munexcupopat B 6a3e naHHbIX «Poccuiickuii nunexe HayyHoro nutuposanusny (PHIT).

[lepronnvHOCTh BBIXOAA KypHANIa — 4 HOMEpa B IO,

Penaxuust sxypHaia coOM0AaeT paBa UHTEUIEKTYaIbHOM COOCTBEHHOCTH U CO BCEMH aBTOpaMU Hay4HBIX cTaTeil 3a-
KITFOUaeT U3/1aTelIbCKUH JINIIEH3MOHHBIN 10T0BOD.

2. TPEBOBAHMUS K TIPEJACTABJSIEMBIM MATEPHAJIAM
2.1. Oopmiienne MaTepuaIoB

1. Pekomenyemsiii 00bem crareit — 12-20 crpanui ¢popmarta A-4 ¢ yuetom rpaduueckux BioxkeHuid. KonndecTBo
rpauuecKux BIOKEHUH (auarpamM, rpaKoB, pUCYHKOB, (oTorpaduil u T.11.) He JOJKHO IPEBLIIIATh LIECTH.

2. Yuco aBTOPOB CTAaThH, KaK IPABUIIO, HE JIOJDKHO MPEBBIIIATH IIATH YEJIOBEK.

3. ABTOpBI OJDKHBI IPHIACPIKUBATHCS CIEAYIOIEH 0OOOIIEHHONW CTPYKTYpbI CTAaTbU: BBOJHAS 4acTh (AKTyallb-
HOCTb, CyHIECTBYIOIIHE MpobiemMsl — 06beM 0,5 — 1 cTp.); oOcHOBHAs YacTh (IIOCTAHOBKA M OIHMCAHUE 3aJ1a9d, METOANKA
HCCIIE0BAHUS, U3JI0KEHUE U 00CYXKICHHE OCHOBHBIX PE3yJIbTATOB); 3aKIIOYUTEIbHAS 9acTh (IIPEAT0KEHHUS, BBIBOJBI —
oobvem 0,5 — 1 c1p.); cimcok sutepatypsl (opopmirerne mo [OCT 7.0.5-2008).

B crnucku nuTepaTyphl peKOMeHAyeTesl BKIIOUaTh CCHUIKM Ha HaydHbIE CTaThbd, MOHOrpaduu, cOOpHUKU CTaTeH,
cOOpHUKH KOH(EpEHINH, 2TIEKTPOHHBIE PECYPCHI C YKa3aHUEM JIaThl OOpaIeHUs], TTATEHTHI.

Kaxk npaBuio, Heskes1aTeIbHbI CCHUIKM Ha JAUCCEPTALUK U aBTOpedepaThl TUCcCepTaLMii (TaKhe CChUIKH 10Ty CKAI0T-
Csl, €CJIM Pe3yJIbTaThl UCCIIEIOBAHUI ellle He OITyOIMKOBAHBI, HJIH HE TIPECTaBIICHbI JOCTATOYHO MOPOOHO).

B cocku nuTeparyphbl He peKOMeHayeTcsl BKIIOUaTh CChbUIKM Ha yU4eOHHUKH, yIeOHO-MeTOJuYecKUe oco0usl, KOH-
crextbl Jgekuuii, TOCThI 1 p. HOpMAaTUBHBIE JOKYMEHTBI, HAa 3aKOHBI ¥ TOCTAHOBJICHUS, a TAK)KE Ha apXHUBHBIE IOKYMEH-
ThI (€CJIM BCE K€ He0OX0IMMO YKa3aTh TAKUE HCTOYHHUKH, TO OHH OQOPMIISIFOTCS B BHJIE CHOCOK).

PekoMeHtyeMblii 00beM CIHCKa JATEpaTypbl Il O030pHBIX cTaTeil — He MeHee 50 HCTOYHHWKOB, /IS OCTABHBIX
crareil — He Menee 10.

Jloy1st MICTOYHHMKOB JaBHOCTBIO MEHEE 5 JIET JOJDKHA COCTABIIATh HE MEHEe MOJIOBUHBI. J[OMycTHMBII IPOLIEHT caMo-
nutupoBanus — He Bbine 10 — 20. O0beM cChUIOK Ha 3apyOeskKHbIe HCTOYHUKH JOIKEH ObITh He MeHee 20%.

4. YIK (UDC) odopmisiercst u popmupyercst B cootBerctBun ¢ [OCT 7.90-2007.

5. Habop Texcra ocymectsisiercs B pegakrope MS Word 2007 — 2010, ¢popmyn — B penakrope MS Equation min
MathType. Tabmuipl HaOUparOTCs B TOM ke (hopmare, 4TO ¥ OCHOBHOM TEKCT.

Mpudt — Times New Roman, pa3mep mpudra ocHoBHOro Tekcra — 14, nurepsai — 1,5. Tabmuis! 6onbIoro pazmepa
MOTYT OBITH HaOpaHb! kersieM 12. [lapaMeTpbl CTpaHUIIBL: TIOJS caeBa — 3 CM, CBEPXY U CHU3Y — 2 ¢M, cmpaBa — 1,5 cm.
TexkcT pa3meniaercs 6e3 nepe- HOCOB. AG3aIHbII OTCTYI — | CM.
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2.2. IIpeacraBiieHHe MaTePUAJIOB

1. TlpeacraBieHHEe BCEX MAaTepUalIOB OCYLICCTBISICTCS B OJICKTPOHHOM BHIC Yepe3 OIICKTPOHHYIO PEAAKIIHIO
(http://journals.spbstu.ru). [Tocne peructpanuu B CHCTEME DICKTPOHHON PEIAaKIUK aBTOMATHUECKH (hOPMUPYETCS Mepco-
HaJBHBIA PO UIIF aBTOPA, TIO3BOJISIONINN B3aMMO/ICHCTBOBATh KaK C PEIAKIIUCH, TaK U C PELIEH3EHTOM.

2. BMecte ¢ MaTepuaiaMu CTaThy JOJKHO OBITH MPECTABICHO YKCIICPTHOE 3aKIFOYEHIE O BOZMOXKHOCTH OITy OJIHKO-
BaHUSI MATCPHUAIIOB B OTKPHITOM MEYATH.

3. Daiint cTaThy, MOJABACMBII Yepe3 IEKTPOHHYIO PEIAKIHIO, TOJKEH COICPIKATh TOJIBKO CaM TEKCT 0e3 Ha3BaHW,
CIIHCKA JINTEPATypPbl, aHHOTAIIUH U KITIOYEBBIX CJIOB, (haMUIHi U CBeICHHI 00 aBTOpax. Bee 3TH MOst 3aM0oNHsI0TCS OT-
JICJIBHO Yepe3 dJIEKTPOHHYIO PEIaKIHIo.

2.3. PaccmoTpenne maTepuasion

IpenocrarnenHpie Matepualibl (1. 2.2) NepBOHAYAIBHO PACCMATPHBAOTCS PSAAKIIMOHHOM KOJUICTHEH U TIepeIatoTCsl st
peuensupoBanust. [locie ogo0peHus: MaTepraoB, COTNIACOBAHUS Pa3IMYHBIX BOIPOCOB € aBTOPOM (TIpHU HEOOXOIUMOCTH) pe-
JIAKIIHOHHAS KOJUIETHSI COOOIIAET aBTOPY pelicHre 00 OIyOIMKOBAaHMH CTaThH. B ciiydae 0TKasa B IyOJIMKAIMK CTaThU PEIaK-
LIUsI HATIPABJISIeT aBTOPY MOTHBUPOBAHHBIHM OTKa3.

[Ipy OTKIIOHEHHH MaTEPHAJIOB H3-32 HAPYIISHHsI CPOKOB MOIAUH, TPEOOBAHUI 110 0OPMIICHHIO MITH KaK HE OTBEYAOIINX
TEeMaTHKe )KypHaJla MaTeprualibl He MyOIMKYIOTCS U HE BO3BPAILAIOTCS.

PenakimoHHast KOJJIETUs HE BCTYNAET B AUCKYCCHIO C aBTOPAMU OTKJIOHCHHBIX MAaTEPHAIIOB.

[Ipu nocTymieHny B peAaKkiyio 3HAYUTEIFHOTO KOJIMYECTBA CTaTel MX MPUEM B OYEPEIHON HOMEp MOXKET 3aKOHUHThCS
JOCPOYHO.

BoJsiee moapoduyio nHGopMAaIUI0 MOKHO NOJYYUTH N0 TesedoHy peaKnuu:
(812) 294-22-85 ¢ 10.00 10 18.00 — Hatanbs AJlekcaHIpOBHA
win no e-mail: physics@spbstu.ru



