
<bamZebaZpby k\h[h^gh0dhg\_dlb\guo l_q_gbc `b^dhklb \ ihehklb
:e_dk_c =m^ah\kdbc

Bgklblml Z\lhfZlbaZpbb ijh_dlbjh\Zgby J:G
Fhkd\Z/ Jhkkby

KlZgbkeZ\ Debf_gdh°
Bgklblml kbkl_fgh]h ijh]jZffbjh\Zgby J:G

Fhkd\Z/ Jhkkby

:gghlZpby
<uiheg_ggu_ d gZklhys_fm \j_f_gb jZ[hlu ih

\bamZebaZpbb l_q_gby `b^dhklb +]ZaZ,/ dZd ijZ\beh/
h]jZgbq_gu \bamZebaZpb_c l_q_gbc k h[s_c
kljmdlmjhc ijhklh]h lbiZ \ \b^_ h^ghgZijZ\e_ggh]h
ihlhdZ1 JZa\blu_ \ gbo f_lh^u g_ h[_ki_qb\Zxl
ihgylgmx b bgnhjfZlb\gmx \bamZebaZpbx l_q_gbc
`b^dhklb \ h[t_f_/ dhlhju_ oZjZdl_jbamxlky
baf_gqb\hc ijhkljZgkl\_ggh0\j_f_gghc kljmdlmjhc1
J_r_gb_ wlhc nmg^Zf_glZevghc ijh[e_fu gZmqghc
\bamZebaZpbb ljm^gh ij_^klZ\bfuo l_q_gbc
^hklb`bfh iml_f \u^_e_gby kljmdlmjguo we_f_glh\
l_q_gby b ZgbfZpbb1
< jZ[hl_ jZkkfhlj_gh l_q_gb_ lZdh]h jh^Z/ dhlhjh_

bf__l f_klh ijb k\h[h^ghc dhg\_dpbb `b^dhklb +\h^u
beb \ha^moZ, \ ihehklb k ehdZevguf l_iehh[f_ghf gZ
]hjbahglZevguo ih\_joghklyo1 H[km`^Zxlky
f_lh^bq_kdb_ ijb_fu ihkljh_gby \ujZabl_evgh]h
bah[jZ`_gby \ dZ^j_ ^ey i_j_^Zqb ^\b`_gby `b^dhklb
\ h[t_f_ ihehklb1

Dexq_\u_ keh\Z= bah[jZ`_gb_ l_q_gby `b^dhklb/
ZgbfZpby/ k\h[h^gZy dhg\_dpby1

1. <<?>?GB?
:gbfZpby jZkq_lguo ^Zgguo/ hnhjfe_gguo \

]jZnbq_kdhf \b^_/ rbjhdh bkihevam_lky \
\uqbkebl_evghc ]b^jh^bgZfbd_ ^ey ij_^klZ\e_gby
j_amevlZlh\ jZkq_lh\ g_klZpbhgZjguo l_q_gbc1
Bkihevah\Zgb_ ZgbfZpbb iha\hey_l gZ]ey^gh
ij_^klZ\eylv baf_g_gby \h \j_f_gb ihe_c
oZjZdl_jbklbd l_q_gby/ Z lZd`_ ijhp_kku kljmdlmjguo
baf_g_gbc +gZijbf_j/ h[jZah\Zgb_ hlju\Z beb
nhjfbjh\Zgb_ l_jfbdZ,1 DZd ijZ\beh/ ZgbfZpby
\uihegy_l hi_jZpbx k\h_]h jh^Z k`Zlby \j_f_ggh]h
jy^Z bah[jZ`_gbc \ ³`b\mx dZjlbgdm³1
Ijb \k_c \g_rg_c ijb\e_dZl_evghklb ZgbfZpbb/ __

j_^dh bkihevamxl dZd bgkljmf_gl gZmqguo
bkke_^h\Zgbc1 Wlh k\yaZgh g_ lhevdh k ba\_klghc
ljm^h_fdhklvx f_lh^Z/ gh b k l_f/ qlh ZgbfZpby g_
\k_]^Z ^Z_l gh\mx bgnhjfZpbx/ dhlhjZy g_ kh^_j`blky
\ hl^_evguo dZ^jZo b g_ bkq_jiu\Z_lky bfb1 Bgufb
keh\Zfb/ ZgbfZpby _klv ijhklh m^h[gZy nhjfZ ih^Zqb
fZl_jbZeZ/ \ukljh_ggh]h \ hij_^_e_gghc \j_f_gghc
ihke_^h\Zl_evghklb1 < wlhf kemqZ_ bah[jZ`_gb_ gZ

dZ^jZo dhgkljmbjm_lky ih ijZ\beZf kha^Zgby
hl^_evghc klZlbq_kdhc beexkljZpbb/ \hkijbgbfZ_fhc
\ hlju\_ hl hklZevguo dZ^jh\1
H^gZdh \hafh`_g bghc ih^oh^/ ijb dhlhjhf

bah[jZ`_gb_ dZ^jZ kljhylky lZd/ qlh dZ`^uc ba gbo/
\ayluc \ hl^_evghklb/ fh`_l ijhb]ju\Zlv \
\ujZabl_evghklb ih^Zqb bgnhjfZpbb klZlbq_kdhfm
dZ^jm/ h^gZdh nbevf \ p_ehf emqr_ i_j_^Z_l hkgh\gu_
hkh[_gghklb ijhp_kkh\ \ kbkl_f_1
NhjfZ ij_^klZ\e_gby bgnhjfZpbb ijb ZgbfZpbb

fh`_l [ulv hlebqgZ hl lZdh\hc ^ey klZlbq_kdbo dZ^jh\
ih^h[gh lhfm/ dZd ihkljh_gb_ dZ^jZ dbghnbevfZ
hlebqgh hl ihkljh_gby nhlhdZ^jZ1 >_eh \ lhf/ qlh
mkeh\by \b^_gby q_eh\_dhf wlbo dZ^jh\ kms_kl\_ggh
hlebqZxlky ij_^hklZ\e_gguf _fm \j_f_g_f1
KlZlbq_kdbc dZ^j fh`_l gZ[ex^Zlvky g_h]jZgbq_ggh
^he]h/ ihwlhfm ihkljh_gb_ \k_o _]h we_f_glh\ ^he`gh
ij_^iheZ]Zlv \hafh`ghklv ^he]h]h jZa]ey^u\Zgby1
Bgufb keh\Zfb klZlbq_kdbc dZ^j ^he`_g [ulv
“\uebaZg” \_kv/ p_ebdhf1 >bgZfbq_kdbc dZ^j q_eh\_d
fh`_l jZa]ey^u\Zlv \_kvfZ h]jZgbq_ggh_ \j_fy1
Ihwlhfm \ g_f lhevdh g_[hevrZy ih iehsZ^b/ gh
\Z`g_crZy ih aZfukem kha^Zl_ey qZklv dZ^jZ ^he`gZ
[ulv ih^]hlh\e_gZ lZd/ qlh[u ijbly]b\Zlv \ahj1
HklZevgmx qZklv dZ^jZ mf_klgh ijb]emrblv/ k^_eZlv
g_ ijb\e_dZxs_c \gbfZgb_1 < wlhf kemqZ_ \gbfZgb_
ajbl_ey gZf_j_ggh dhgp_gljbjm_lky gZ hij_^_e_gghc
qZklb dZ^jZ1 “<_^y” lZdbf h[jZahf ajbl_ey/ fh`gh
mijZ\eylv ijhp_kkhf \hkijbylby b [he__ wnn_dlb\gh
i_j_^Z\Zlv _fm fukev kha^Zl_ey nbevfZ1
< gZklhys_c jZ[hl_ wlhl ijb_f bkihevah\Zg ijb

\bamZebaZpbb k\h[h^gh0dhg\_dlb\gh]h l_q_gby \gmljb
ihehklb k ehdZevguf l_iehh[f_ghf gZ ]hjbahglZevguo
ih\_joghklyo1 L_q_gb_ \ koh`bo mkeh\byo jZkkfhlj_gh
\ jZ[hl_ >4@/ ]^_ mklZgh\e_gh/ qlh ^ey g_]h oZjZdl_jgh
gZebqb_ fgh`_kl\Z jZaebqguo klZpbhgZjguo j_`bfh\
l_q_gby/ j_Zebam_fuo ba khklhygby ihdhy ijb
h^bgZdh\uo ]jZgbqguo mkeh\byo/ gh jZaghc gZqZevghc
l_fi_jZlmj_ \ ihehklb1 Ihke_^mxs__ bamq_gb_ l_q_gby
\ ihehklb k ehdZevguf l_iehh[f_ghf/ aZiheg_gghc
\ha^mohf beb \h^hc/ ihdZaZeh/ qlh ijb [hevrbo qbkeZo
=jZk]hnZ fh`_l j_Zebah\Zlvky g_kdhevdh jZaebqguo
Z\lhdhe_[Zl_evguo j_`bfh\ ijb h^bgZdh\uo
nbdkbjh\Zgguo ]jZgbqguo mkeh\byo [2]1 <bamZebaZpby
l_q_gby klZeZ ^_ckl\_gguf bgkljmf_glhf ihgbfZgby
nZdlZ kms_kl\h\Zgby \ h^bgZdh\uo \g_rgbo mkeh\byo
g_kdhevdbo Z\lhdhe_[Zl_evguo ^\b`_gbc `b^dhklb/
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hlebqZxsboky i_jbh^hf b Zfieblm^hc dhe_[Zgbc/ Z
lZd`_ lbihf l_q_gby1
G_dhlhju_ ba wlbo j_`bfh\ bf_xl g_baf_ggu_

ijhkljZgkl\_ggh0\j_f_ggu_ kljmdlmju +I<K,/ qlh
h[_ki_qb\Z_l bo bkq_jiu\Zxsbc ZgZeba
ljZ^bpbhggufb f_lh^Zfb +gZijbf_j/ iml_f
ihkljh_gby klZlbq_kdbc bah[jZ`_gbc \_dlhjh\
kdhjhklb b bahebgbc l_fi_jZlmju \ iehkdbo k_q_gbyo
jZkq_lghc h[eZklb,1 >jm]b_ klhev keh`gu/ qlh ^ey
nhjfbjh\Zgby ij_^klZ\e_gby h I<K l_q_gby lj_[m_lky
ijb\e_q_gb_ ZgbfZpbb1
JZ[hlZ ihkljh_gZ ke_^mxsbf h[jZahf1 <gZqZe_ \

i15 ^Z_lky hibkZgb_ ]b^jh^bgZfbq_kdhc aZ^Zqb h
k\h[h^ghc dhg\_dpbb g_k`bfZ_fhc `b^dhklb \
dZ\_jg_ k ehdZevguf l_iehh[f_ghf gZ ]hjbahglZevguo
ih\_joghklyo1 < i16 h[km`^Zxlky bkihevam_fu_ \
jZ[hl_ l_ogbq_kdb_ ijb_fu ihkljh_gby bah[jZ`_gby \
dZ^j_1 < i17 djZldh hibku\Zxlky ^\Z
Z\lhdhe_[Zl_evguo j_`bfZ/ oZjZdl_jbam_fuo
g_baf_gghc I<K l_q_gby/ ^ey ZgZebaZ dhlhjuo fh`gh
g_ ijb\e_dZlv ZgbfZpbx1 < i18 jZkkfhlj_gu ^\Z
Z\lhdhe_[Zl_evguo j_`bfZ/ \ dhlhjuo I<K l_q_gby g_
fh`_l [ulv ihgylZ [_a ijb\e_q_gby ZgbfZpbb1

2. A:>:Q: H K<H;H>GHC DHG<?DPBB
JZkkfhljbf iehkdh_ l_q_gb_ g_k`bfZ_fhc

`b^dhklb +\ha^moZ beb \h^u, \ bah[jZ`_gghc gZ jbk1 4
ihehklb \ukhlhc H b rbjbghc 318H [2]1 GZ \_jog_c b
gb`g_c klhjhgZo ihehklb gZ jZkklhygbb 315H hl
[hdh\uo klhjhg jZkiheZ]Zxlky ^\Z bahl_jfbq_kdbo
mqZkldZ ΓX b ΓG ^ebghc 314H/ hklZevgu_ ]jZgbpu
ihehklb l_iehbahebjh\Zgu1 L_fi_jZlmjZ mqZkldZ gZ
gb`g_c klhjhg_ 7G \ur_ l_fi_jZlmju mqZkldZ gZ
\_jog_c 7X1

Jbk1 41 Ihehklv k ehdZevguf l_iehh[f_ghf gZ
]hjbahglZevguo klhjhgZo1

K\h[h^gh0dhg\_dlb\gh_ l_q_gb_ hibku\Z_lky
mjZ\g_gbyfb GZ\v_0KlhdkZ ^ey g_k`bfZ_fhc `b^dhklb
\ ijb[eb`_gbb ;mkkbg_kdZ >3@

∇ =

= −∇ + +

=

−

−

U

dU

dt
P U e

d

dt

H g

H

0

1 2

1 2

>

>G r

PrG r

/

/

∆ Θ

Θ ∆Θ

+4,

]^_ P p= ρ0 1 MjZ\g_gby +4, ijb\_^_gu d
[_ajZaf_jghfm \b^m hlg_k_gb_f i_j_f_gguo d
oZjZdl_jguf fZkrlZ[Zf ^ebgu Lref H b kdhjhklb

( )U g THref = βδ 1 2/ 1

GZ ]jZgbp_ jZkq_lghc h[eZklb Γ klZ\ylky mkeh\by
ijbebiZgby b jZ\_gkl\Z l_ieh\h]h ihlhdZ gmex \_a^_/
djhf_ mqZkldh\ ΓG b ΓX

( )

U
d

u
u d

Γ Γ

Γ
Γ Γ Γ

Θ

Θ

= =

= − =
∩

0 0 5

0 5 0

>

Q

,,

,,
/

∂Θ
∂

+5,

]^_ n 0 ghjfZev d ]jZgbp_1
GZqZevgu_ mkeh\by 0 eb[h khklhygb_ ihdhy ijb

ihklhygghc l_fi_jZlmj_ \ha^moZ \h \k_c ihehklb

U =
t= t0 0

0/ 0 318 318Θ = = ≤ ≤θ θ,

eb[h j_r_gb_/ ihemq_ggh_ ijb bghfGrH.
Bgl_]jbjh\Zgb_ +4,/ +5, ijh\h^blky y\guf dhg_qgh0

h[t_fguf f_lh^hf ZgZeh]bqguf ijh_dpbhgghfm
f_lh^m 0$& k bkihevah\Zgb_f ijh]jZffgh]h
dhfie_dkZ )ORZ9LVLRQ >4@1 J_amevlZlu ihemq_gu gZ
jZ\ghf_jghc ih \k_f gZijZ\e_gbyf k_ld_ k rZ]hf
h 31341 J_r_gby/ ihemq_ggu_ ijb dhgljhevguo
jZkq_lZo gZ k_ld_ k h 31338/ bf_xl lm `_ kljmdlmjm/
qlh b gZ ghfbgZevghc k_ld_1

3. BAH;J:@?GB? L?Q?GBY < D:>J?
;m^_f bkke_^h\Zlv l_q_gb_ \ ihehklb ihkj_^kl\hf

ZgZebaZ bah[jZ`_gby ihe_c kdhjhklb b l_fi_jZlmju1
Ihe_ kdhjhklb ij_^klZ\ey_lky h[s_ijbgyluf h[jZahf
0 \ \b^_ q_jlhq_d/ ^ebgZ dhlhjuo ijhihjpbhgZevgZ
\_ebqbg_ kdhjhklb1
< kbem hkh[_gghklb iheb]jZnbq_kdh]h

\hkijhba\_^_gby gZklhys_c jZ[hlu ihe_ l_fi_jZlmju
bah[jZ`Z_lky hll_gdZfb k_jh]h p\_lZ1 P\_lh\Zy
iZebljZ \u[jZgZ lZdbf h[jZahf/ qlh [_euc p\_l
khhl\_lkl\m_l g_cljZevghc l_fi_jZlmj_ Θ  3/ Z l_fgh0
k_juc 0 oheh^ghc b ]hjyq_c `b^dhklb ijb Θ  0318 b
3181 <hafh`ghc imlZgbpu \ \hkijbylbb bah[jZ`_gby
fh`gh ba[_`Zlv/ _keb ihfgblv/ qlh hl oheh^ghc
bahl_jfbq_kdhc iehsZ^db gZ \_jog_c klhjhg_ ihehklb
hloh^bl ³yaud´ `b^dhklb/ bf_xs_c gbadmx
l_fi_jZlmjm/ Z hl ]hjyq_c iehsZ^db gZ gb`g_c klhjhg_
0 ³yaud´ gZ]j_lhc `b^dhklb1
< hq_jq_gguo jZfdZo hklZ_lky \hafh`ghklv

mijZ\e_gby \ujZabl_evghklvx bah[jZ`_gby/ k\yaZggZy
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k \u[hjhf nmgdpbb hlh[jZ`_gby \_ebqbgu
l_fi_jZlmju \ lhgZevghklv k_jh]h p\_lZ1 Ijb
bkihevah\Zgbb ijhkl_cr_c ebg_cghc aZ\bkbfhklb
+djb\Zy 4 gZ jbk1 5, ihemqZxlky dZ^ju k jZafulufb
p\_lh\ufb i_j_oh^Zfb/ iehoh i_j_^Zxsb_ l_q_gb_
`b^dhklb \ ihehklb/ ihkdhevdm lj_[mxl ba\_klgh]h
gZijy`_gby gZ wlZi_ bgl_jij_lZpbb bah[jZ`_gby1
A^_kv g_h[oh^bfh k^_eZlv \Z`gh_ aZf_qZgb_1
Ijb ZgZeba_ l_q_gby \ ihehklb \hagbdZ_l ijh[e_fZ

\bamZebaZpbb l_q_gby dZd lZdh\h]h/ l1_1 l_q_gby
`b^dhklb/ \ dhlhjhc g_l gbq_]h djhf_ __ kZfhc1
Hkgh\gZy ljm^ghklv \bamZebaZpbb l_q_gby dZd
lZdh\h]h k\yaZgZ k hlkmlkl\b_f m q_eh\_dZ Zijbhjguo
h[jZah\ ^\b`ms_cky \ h[t_f_ `b^dhklb1 LZd/ m gZk
g_l ajbl_evgh]h h[jZaZ l_q_gby \ha^moZ \ dhfgZl_ beb
\h^u \ [Zkk_cg_1 <hh[s_ \k_ h[jZau/ dhlhjufb
hi_jbjm_l q_eh\_d ijb ZgZeba_ ^\b`_gby dZdh]h0eb[h
h[t_dlZ/ kmlv dhf[bgZpby \b^bfuo ih^\b`guo ]jZgbp1
Ihwlhfm l_q_gb_ `b^dhklb beb ]ZaZ \b^bfh ^ey gZk
lhevdh dh]^Z fu \b^bf i_j_f_s_gb_ \ h[t_f_
imaujvdh\ \ha^moZ \ \h^_/ iuebghd \ \ha^mo_ b l1i1
Bgufb keh\Zfb/ fu \b^bf ^\b`_gb_ `b^dhklb lhevdh
q_j_a ^\b`_gb_ dZdbo0eb[h ih\_joghkl_c/ dhlhju_ fu
k\yau\Z_f k `b^dhklvx1
Wlh h[klhyl_evkl\h y\ey_lky g_ij_h^hebfuf

h]jZgbq_gb_f gZr_]h \hkijbylby/ \ul_dZxsbf ba
kljh_gby gZrbo hj]Zgh\ qm\kl\1 GZr_ aj_gb_ mkljh_gh
lZd/ qlh[u kj_^Z gZr_]h h[blZgby 0 Zlfhkn_jZ 0 [ueZ
ijhajZqgZ/ l1_1 g_\b^bfZ ^ey gZk1 B]ghjbjh\Zgb_ lZdbo
h]jZgbq_gbc ijb ihkljh_gbb bah[jZ`_gby ijb\h^bl d
ihy\e_gbx g_ihgylguo k i_j\h]h \a]ey^Z h[t_dlh\/ l1_1
h[t_dlh\/ dhlhju_ g_ fh]ml [ulv bgl_jij_lbjh\Zgu gZ
[_kkhagZl_evghf mjh\g_1 Ih^q_jdg_f/ qlh aZiZk
ihgylguo h[jZah\ aZ\bkbl hl dmevlmju q_eh\_dZ b g_
bkq_jiu\Z_lky bah[jZ`_gbyfb/ ihq_jigmlufb ba
hdjm`Zxs_c ijbjh^u1 L_ogh]_ggufb h[jZaZfb
y\eyxlky/ gZijbf_j/ \b^ ]jZnbdZ nmgdpbb \ hkyo
dhhj^bgZl beb bahebgbc nmgdpbb gZ iehkdhklb1
BlZd/ dexq_\uf ^ey bah[jZ`_gby ^\b`_gby

`b^dhklb \ h[t_f_ y\ey_lky lZdhc \u[hj
\bamZebabjm_fuo oZjZdl_jbklbd l_q_gby b nhjfu bo

ij_^klZ\e_gby \ \b^_ h[t_dlh\/ \hkijbgbfZ_fuo dZd
ih\_joghklb/ dhlhjuc h[_ki_qb\Z_l ihgbfZgb_
kljmdlmju bkke_^m_fh]h l_q_gby1 < jZkkfZljb\Z_fhf
l_q_gbb lZdhc oZjZdl_jghc ih\_joghklvx/ \hkijbylb_
^\b`_gby dhlhjhc iha\hey_l ihemqblv ij_^klZ\e_gb_ h
^\b`_gbb `b^dhklb \ h[t_f_/ fh`_l kem`blv
bahih\_joghklv g_cljZevghc l_fi_jZlmju Θ 31 >ey
q_ldh]h \u^_e_gby \ dZ^j_ ]jZgbpu jZa^_eZ h[eZkl_c/
aZgyluo oheh^ghc b l_iehc `b^dhklyfb/ k\yav f_`^m
bgl_gkb\ghklvx p\_lZ b l_fi_jZlmjhc \u[jZgZ
g_ebg_cghc +djb\Zy 5 gZ jbk1 5,

+bg^_dk k_jh]h p\_lZ, 0 +bg^_dk [_eh]h p\_lZ,~ Θ
Bkihevah\Zgb_ g_ebg_cghc aZ\bkbfhklb ijb\h^bl d

gZjhqblhfm aZhklj_gbx ]jZgbpu f_`^m h[eZklyfb/
aZgylufb l_iehc b oheh^ghc `b^dhklyfb1 L_f kZfuf
nhjfbjm_lky bkdmkkl\_ggh_ ij_^klZ\e_gb_ h gZebqbb \
h[t_f_ ^\mo `b^dhkl_c k j_adhc ]jZgbp_c jZa^_eZ1 <
wlhf kemqZ_ \hkijbylb_ ^\b`_gby wlhc ]jZgbpu
klZgh\blky kjh^gb gZ[ex^_gbx aZ i_j_f_s_gb_f
ih\_joghklb \h^u \ qZklbqgh aZiheg_gghf khkm^_ beb
^\b`_gbx ]jZgbpu jZa^_eZ \h^u b fZkeZ1
LZdh_ ihkljh_gb_ bah[jZ`_gby \ dZ^j_ gZf_j_ggh

nbdkbjm_l \gbfZgb_ q_eh\_dZ gZ bkdmkkl\_ggh
\u^_e_gghc ih\_joghklb b aZklZ\ey_l _]h g_ \b^_lv
gbq_]h/ djhf_ wlhc ih\_joghklb1 Bkihevah\Zgb_ wlh]h
qbklh “dbghrgh]h” ijb_fZ iha\hey_l ^h[blvky hkh[hc
\ujZabl_evghklb ijb ZgbfZpbb1

4. J?@BFU K G?BAF?GGHC I<K
J_r_gb_ +4,/ +5, ihdZaZeh/ qlh \ ihehklb/

aZiheg_gghc \h^hc +3U :, beb \ha^mohf +3U 31:, \
bgl_j\Ze_ 438≤*U+≤43; j_Zebamxlky g_kdhevdh
Z\lhdhe_[Zl_evguo j_`bfh\ l_q_gby k jZaebqghc
kljmdlmjhc1 ;m^_f h[hagZqZlv j_`bfu kbf\hehf 9N/
]^_ N 0 fZdkbfZevgh_ qbkeh hkgh\guo \boj_c \ j_`bf_1
GZ jbk1 6 ^Zgh bah[jZ`_gb_ l_q_gby \ j_`bf_ 94 k

h^gbf \boj_f \ ihehklb1 GZ ijhly`_gbb \k_]h pbdeZ
dhe_[Zgbc `b^dhklv \jZsZ_lky \ h^ghf gZijZ\e_gbb/
hfu\Zy oheh^gmx \_jogxx iehsZ^dm \ h^ghf
gZijZ\e_gbb/ \ ]hjyqmx gb`gxx 0 \ ^jm]hf1 Ijb wlhf
bgl_gkb\ghklv koh^ysbo k iehsZ^hd ³yaudh\´/ Z lZd`_
kdhjhklv l_q_gby i_jbh^bq_kdb baf_gyxlky1
GZ jbk1 7 ij_^klZ\e_gZ dbgh]jZffZ pbdeZ

Z\lhdhe_[Zgbc \ j_`bf_ 951 KljmdlmjZ l_q_gby \ wlhf
j_`bf_ khklhbl ba ^\mo jZaghgZijZ\e_gguo \boj_c/
jZkiheh`_gguo h^bg gZ^ ^jm]bf1
LZdZy `_ kljmdlmjZ l_q_gby \hafh`gZ b \

klZpbhgZjghf j_`bf_ l_q_gby1 < wlhf kemqZ_ ³yaudb´
`b^dhklb/ koh^ysb_ k bahl_jfbq_kdbo iehsZ^hd/
kh\_jrZxl \jZsZl_evgh_ ^\b`_gb_ \ ij_^_eZo
³k\h_]h´ \bojy1 I_j_ghk l_ieZ hl gb`g_]h \bojy d
\_jog_fm ijhbkoh^bl ihkj_^kl\hf l_fi_jZlmjh0
ijh\h^ghklb gZ ]jZgbp_ \boj_c1 H^gZdh ijb
m\_ebq_gbb qbkeZ *U+/ dh]^Z ^bnnmabhgguc f_oZgbaf
g_ fh`_l h[_ki_qblv i_j_ghk \hajZklZxs_]h ihlhdZ
l_ieZ/ ]jZgbpZ f_`^m \bojyfb l_jy_l mklhcqb\hklv b
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l_iehi_j_ghk hkms_kl\ey_lky iml_f dhg\_dlb\gh]h
kf_r_gby `b^dhklb ijb i_jbh^bq_kdhf baf_g_gbb
jZaf_jh\ \boj_c1 Wlhl ijhp_kk b ij_^klZ\e_g gZ jbk 171
KljmdlmjgZy g_baf_gghklv jZkkfhlj_gguo j_`bfh\

iha\hey_l iheghklvx hibku\Zlv bo k ijbeh`_gb_f
fbgbfmfZ beexkljZpbc b [_a ijb\e_q_gby ZgbfZpbb1

5. J?@BFU K I?J?F?GGHC I<K
Ke_^mxsbc ih keh`ghklb j_`bf 95- bah[jZ`_g gZ

jbk1 81 >ey g_]h lZd`_ oZjZdl_jgh gZebqb_ \ ihehklb
^\mo hkgh\guo jZaghgZijZ\e_gguo \boj_c/
bgl_gkb\ghklv dhlhjuo kbevgh baf_gy_lky1 JZaebqb_
f_`^m j_`bfZfb 95 b 95- k\yaZgh k l_f/ qlh \

ihke_^g_f aZlmoZxsb_ ih bgl_gkb\ghklb \bojb
jZa]hgyxlky ³yaudZfb´ `b^dhklb/ b^msbfb k
bahl_jfbq_kdbo iehsZ^hd \ \b^_ l_jfbdh\1
>ey nhjfbjh\Zgby ij_^klZ\e_gby h I<K l_q_gby \

j_`bf_ 95- g_^hklZlhqgh bah[jZ`_gby ihey l_q_gby k
^\mfy hkgh\gufb \bojyfb1 Lj_[m_lky ^Zlv _s_ b
bah[jZ`_gby ihey l_fi_jZlmj k yjdh \ujZ`_gguf
l_jfbdhf b g_dhlhjmx ihke_^h\Zl_evghklv dZ^jh\/
beexkljbjmxsbo q_j_^h\Zgb_ \hagbdgh\_gby
l_jfbdh\ gZ \_jog_c b gb`g_c klhjhgZo ihehklb1
GZ jbk1 9/ : ^Zgu dbgh]jZffu ihke_^g_]h ba

ijb\h^bfuo \ jZ[hl_ Z\lhdhe_[Zl_evguo j_`bfh\
k\h[h^ghc dhg\_dpbb \ha^moZ \ ihehklb1 Ij_^klZ\e_gu
dZ^ju/ hlghkysb_ky d iheh\bg_ i_jbh^Z dhe_[Zgby1 <h
\j_fy \lhjhc iheh\bgu pbdeZ l_q_gb_ ijhoh^bl \k_ l_
`_ klZ^bb/ lhevdh dZ`^uc dZ^j k_jbb y\ey_lky
a_jdZevgh kbff_ljbqguf ijb\_^_gguf gZ jbk1 9/ :1
KljmdlmjZ l_q_gby kbevgh f_gy_lky gZ ijhly`_gbb

i_jbh^Z dhe_[Zgbc1 Ba jbk1 9 \b^gh/ dZd fhsguc \bojv
gZ i_j\uo dZ^jZo jZkdjmqb\Z_l \ur_ b gb`_ k_[y ^\Z
\bojy1 < k_j_^bg_ dbgh]jZffu \k_ ljb \bojy
kjZ\gb\Zxlky ih bgl_gkb\ghklb/ Z aZl_f i_jbn_jbcgu_
\bojb ³jZkkZku\Zxl´ p_gljZevguc1 GZijZ\e_gby
\jZs_gby h[hbo hklZ\rboky \boj_c kh\iZ^Zxl b \
dhgp_ dbgh]jZffu hgb keb\Zxlky \ h^bg \bojv1
GZijZ\e_gb_ _]h \jZs_gby ijhlb\hiheh`gh
gZijZ\e_gbx \jZs_gby \bojy \ gZqZe_ dbgh]jZffu/
qlh b ij_^hij_^_ey_l a_jdZevgmx kbff_ljbx \lhjhc
iheh\bgu pbdeZ dhe_[Zgbc1

Jbk1 71 Baf_g_gby ihe_c kdhjhklb +\\_jom, b l_fi_jZlmju +\gbam, \ l_q_gb_ pbdeZ dhe_[Zgbc \ j_`bf_ 95>
l_q_gb_ \h^u ijbGrH  5· 4381

Jbk1 61 Ihey kdhjhklb +ke_\Z, b l_fi_jZlmju +kijZ\Z,
^ey j_`bfZ 94> l_q_gb_ \h^u ijb *U+  :· 4381
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Ba jbk1 9 \b^gZ ^bgZfbdZ \boj_c/ h^gZdh hklZ_lky
hldjuluf \hijhk h ijbqbgZo lZdh]h ^\b`_gby1
L_q_gb_ klZgh\blky ajbfuf ba dbgh]jZffu ihey
l_fi_jZlmju +jbk1 :, k ih^q_jdgmlhc ]jZgbp_c jZa^_eZ
h[eZkl_c/ aZgyluo oheh^ghc b l_iehc `b^dhklyfb1 Ba
jbk1 : \b^gh/ qlh hl^_evgu_ wlZiu ^bgZfbdb \boj_c
k\yaZgu k hij_^_e_gguf ^\b`_gb_f `b^dhklb \
h[t_f_ ihehklb1 LZd/ ijhp_kk ³jZkkZku\Zgby´
p_gljZevgh]h \bojy ijhbkoh^bl \ke_^kl\b_
\ujZ\gb\Zgby l_fi_jZlmju ijb ³i_j_ie_l_gbb´
l_jfbdh\1 >he]h_ khkms_kl\h\Zgb_ ^\mo
h^ghgZijZ\e_gguo \boj_c k\yaZgh k ijh]j_\hf gb`g_c
b hoeZ`^_gb_f \_jog_c qZkl_c ihehklb1 < dhgp_ wlh]h
wlZiZ ijhbkoh^bl h[jmr_gb_ oheh^ghc `b^dhklb \gba
b l_iehc \\_jo/ \b^bfh_ gZ jbk1 9 dZd kebygb_ ^\mo
\boj_c \ h^bg1
Hkh[h]h \gbfZgby ^hklhcgu \lhjhc b lj_lbc dZ^ju

dbgh]jZffu gZ jbk1 :/ gZ dhlhju_ ijboh^blky fhf_gl
i_j_dexq_gby gZijZ\e_gby \jZs_gby \boj_c ijb
^hklb`_gbb l_jfbdZfb ijhlb\hiheh`guo klhjhg
ihehklb1 <b^gh/ dZd ³]heh\dZ´ l_jfbdZ l_iehc
`b^dhklb m \_jog_c klhjhgu ihehklb gZijZ\ey_l
³yaud´ oheh^ghc `b^dhklb \e_\h> h^gh\j_f_ggh
ijhlb\hiheh`guc ih agZdm ijhp_kk ijhbkoh^bl m
gb`g_c klhjhgu ihehklb1

6. A:DEXQ?GB?
GZklhysZy jZ[hlZ ihk\ys_gZ h[km`^_gbx f_lh^h\

\bamZebaZpbb l_q_gby `b^dhklb +]ZaZ,/ iheghklvx
aZihegyxs_c g_dhlhjuc h[t_f1 WlZ aZ^ZqZ \uau\Z_l
hkh[u_ ljm^ghklb \ kemqZ_ l_q_gby k baf_gqb\hc
ijhkljZgkl\_ggh0\j_f_gghc kljmdlmjhc1
< jZ[hl_ jZkkfhlj_gh k\h[h^gh0dhg\_dlb\gh_

l_q_gb_/ ^ey \bamZevgh]h ZgZebaZ dhlhjh]h wnn_dlb\gZ
ZgbfZpby1 HibkZg ijb_f/ ijbf_gy_fuc ijb
ihkljh_gbb bah[jZ`_gby \ dZ^j_ nbevfZ b
h[_ki_qb\Zxsbc \ujZabl_evgmx i_j_^Zqm ^\b`_gby
`b^dhklb \ ihehklb1
JZ[hlZ qZklbqgh ih^^_j`ZgZ nhg^hf JNNB/ ]jZgl

�  <903401273.

7. KIBKHD H;HAG:Q?GBC
U / p / T 0 kdhjhklv/ ^Z\e_gb_/ l_fi_jZlmjZ>

( )( )ρ ρ β= − −0 01 T T 0 iehlghklv>

β/ ν/ k 0 dhwnnbpb_glu h[t_fgh]h jZkrbj_gby>
dbg_fZlbq_kdhc \yadhklb> l_fi_jZlmjhijh\h^ghklb>

g/ eg 0 \_ebqbgZ b gZijZ\e_gb_ mkdhj_gby k\h[h^gh]h

iZ^_gby>

G rH g TH= βδ ν3 2 0 qbkeh =jZk]hnZ>

Pr = ν k 0 qbkeh IjZg^ley>

( )Θ = − −0 5, T T Td δ / δT T Td u= −

( )T T Td u0 0 5= +, /

8. EBL?J:LMJ:
>4@ =m^ah\kdbc :1<1 H aZ\bkbfhklb klZpbhgZjguo

j_`bfh\ k\h[h^ghc dhg\_dpbb hl gZqZevghc l_fi_jZlmju 22
>:G/ 4<<; +\ i_qZlb,1

>5@ =m^ah\kdbc :1<1 :\lhdhe_[Zl_evgu_ j_`bfu
k\h[h^ghc dhg\_dpbb \ ihehklb k ehdZevguf l_iehh[f_ghf
gZ ]hjbahglZevguo klhjhgZo1 0 K\h[h^gZy dhg\_dpby= Lj1
<lhjhc Jhk1 gZp1 dhgn1 ih l_iehh[f_gm/ F1= Ba^0\h FWB1
4<<;1 +\ i_qZlb,1

>6@ EZg^Zm E1>1/ Ebnrbp ?1F1 =b^jh^bgZfbdZ1 F1=
GZmdZ/ 4<;91 :69 k1

>7@ :dk_gh\ :1:1/ =m^ah\kdbc :1<1 Qbke_ggh_
fh^_ebjh\Zgb_ lmj[me_glgh]h l_ieh\h]h nZd_eZ \
kljZlbnbpbjh\Zgghc kj_^_1 0 K\h[h^gZy dhg\_dpby= Lj1
I_j\hc Jhk1 gZp1 dhgn1 ih l_iehh[f_gm/ F1= Ba^0\h FWB1
4<<71 L151 K1 440491

:\lhju:

:e_dk_c =m^ah\kdbc/ aZ\1 k_dlhjhf BgklblmlZ
Z\lhfZlbaZpbb ijh_dlbjh\Zgby J:G1
¬lènx= 453356/Fhkd\Z/ 50y ;j_klkdZy/ 4</4;
L_e_nhg= +3<8, 251-84-13
(0PDLO= IORZYLVLRQ#JODV1DSF1RUJ
KlZgbkeZ\ Debf_gdh/ aZ\1 hl^_ehf BgklblmlZ

kbkl_fgh]h ijh]jZffbjh\Zgby J:G1
(0PDLO= NOLPHQNR#P[1LKHS1VX

Alexey Gudzovsky, Stanislav Klimenko

Visualization of Free Convection Flows in Cavity

7KH IUHH FRQYHFWLRQ IORZV ZLWK VSDFH DQG WLPH VWUXFWXUH
YDULDELOLW\ DUH FRQVLGHUHG1 7KH DQLPDWLRQ LV XVHG IRU YLVXDO
DQDO\VLV RI WKHVH IORZV1 7KH PHWKRG RI SURGXFWLRQ RI
H[SUHVVLYH LPDJH RI IOXLG IORZ LV GHVFULEHG1
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