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H[sZy oZjZdl_jbklbdZ jZ[hlu

:dlmZevghklv ijh[e_fu

Bamq_gb_ dhg\_dlb\guo ^\b`_gbc `b^dhklb \ iheyo fZkkh\uo kbe� \ua\Zgguo

ieZ\mq_klvx b \jZs_gb_f� bf__l ]em[hdh_ nmg^Zf_glZevgh_ b \Z`gh_ ijZdlbq_kdh_

agZq_gb_ ^ey kZfuo jZaghh[jZaguo h[eZkl_c gZmdb b l_ogbdb� Ih�ij_`g_fm� \_kvfZ

ZdlmZevghc hklZ_lky ijh[e_fZ jZkq_lgh]h ij_^kdZaZgby oZjZdl_jbklbd lmj[me_glguo

j_`bfh\ dhg\_dpbb� ij_^klZ\eyxsbo gZb[hevrbc ijZdlbq_kdbc bgl_j_k� < jy^m \u-

khdhl_ogheh]bqguo hljZke_c ijhfure_gghklb� \ dhlhjuo hkh[_ggh \hklj_[h\Zgu

m]em[e_ggu_ agZgby h lmj[me_glghc dhg\_dpbb� \Z`gh_ f_klh aZgbfZ_l ijhp_kk \u-

jZsb\Zgby djbklZeeh\ ihemijh\h^gbdh\ ba jZkieZ\Z ih f_lh^m QhojZevkdh]h� GZ

k_]h^gyrgbc ^_gv \_kvfZ hkljh hsmsZ_lky g_o\ZldZ k\_^_gbc� \ lhf qbke_ nmg^Z-

f_glZevgh]h oZjZdl_jZ� h k\hckl\Zo \hafh`guo j_`bfh\ l_q_gby jZkieZ\h\� < kbem

h[t_dlb\guo ljm^ghkl_c wdki_jbf_glZevgh]h ih^oh^Z d bamq_gbx dhg\_dpbb jZkieZ-

\Z \ ijb[eb`_gguo d ijZdlbd_ mkeh\byo� hkh[Zy jhev hl\h^blky jZajZ[hld_ gZ^_`guo

qbke_gguo fh^_e_c� kihkh[guo ^Zlv g_h[oh^bfmx bgnhjfZpbx ^ey hilbfbaZpbb

jhklh\h]h ijhp_kkZ�

Ijb hljZ[hld_ f_lh^h\ qbke_ggh]h fh^_ebjh\Zgby keh`guo dhg\_dlb\guo ^\b-

`_gbc� bf_xsbo f_klh \ j_Zevguo mklZgh\dZo� p_e_khh[jZagh hibjZlvky gZ hiul�

ijbh[j_l_gguc \ jZ[hl_ k fh^_evgufb aZ^ZqZfb� ij_^iheZ]Zxsbfb bkihevah\Zgb_

mijhs_gghc ]_hf_ljbb b b^_Zebabjh\Zgguo ]jZgbqguo mkeh\bc� Ijb\e_dZl_evghc

^ey mdZaZgguo p_e_c y\ey_lky aZ^ZqZ h k\h[h^ghdhg\_dlb\ghf ^\b`_gbb `b^dhklb \

ih^h]j_\Z_fuo kgbam h[eZklyo �dhg\_dpby J_e_y�;_gZjZ�� dhlhjZy b kZfZ ih k_[_ bf_-

_l rbjhdh_ ijbdeZ^gh_ agZq_gb_�

<hafh`ghklb f_lh^Z ijyfh]h qbke_ggh]h fh^_ebjh\Zgby lmj[me_glghc dhg\_d-

pbb �Direct Numerical Simulation� '16� gZ k_]h^gyrgbc ^_gv h]jZgbq_gu jZkq_lZfb

fh^_evguo aZ^Zq \ mijhs_gghc ]_hf_ljbb ijb hlghkbl_evgh g_\ukhdbo qbkeZo J_-

e_y� J_amevlZlu rbjhdh bkihevam_fh]h \ ijbdeZ^guo jZkq_lZo f_lh^Z j_r_gby

hkj_^g_gguo ih J_cghev^km mjZ\g_gbc GZ\v_�KlhdkZ �Reynolds-Averaged Navier-

6WRNHV� 5$16� hq_gv qm\kl\bl_evgu d \u[hjm lhc beb bghc fh^_eb lmj[me_glghklb� Z

bgh]^Z b ijbgpbibZevgh g_kihkh[gu hljZablv oZjZdl_jgu_ hkh[_gghklb� ijbkmsb_

l_jfhdhg\_dlb\guf l_q_gbyf� < k\yab k wlbf [hevrb_ gZ^_`^u k\yau\Zxlky k f_lh-

^hf fh^_ebjh\Zgby djmiguo \boj_c �Large Eddy 6LPXODWLRQ� /(6� \ _]h jZaebqguo

\ZjbZglZo�
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P_eb jZ[hlu

Ij_^klZ\ey_fZy ^bkk_jlZpbhggZy jZ[hlZ gZijZ\e_gZ gZ

− j_ZebaZpbx jy^Z aZfudZxsbo fh^_e_c f_lh^Z /(6 b ]b[jb^guo ih^oh^h\

5$16�/(6 ^ey qbke_gguo jZkq_lh\ lmj[me_glguo l_q_gbc gZ hkgh\_ [Zah\h]h

ijh]jZffgh]h dhfie_dkZ 6,1)� jZa\b\Z_fh]h khljm^gbdZfb dZn_^ju ]b^jhZwjh-

^bgZfbdb KI[=IM�

− qbke_ggh_ fh^_ebjh\Zgb_ gZ hkgh\_ /(6 b 5$16�/(6 lmj[me_glguo j_`bfh\

dhg\_dpbb `b^dhkl_c� oZjZdl_jbamxsboky jZaebqgufb agZq_gbyfb qbkeZ

IjZg^ley� \ [_a]jZgbqghf keh_ b \ aZfdgmluo ih^h]j_\Z_fuo kgbam ihehklyo

ijhklhc nhjfu ijb qbkeZo J_e_y Ra ≥ 108;

− qbke_ggh_ bkke_^h\Zgb_ k bkihevah\Zgb_f f_lh^h\ '16� /(6 b 5$16�/(6 lmj-

[me_glghc dhg\_dpbb jZkieZ\Z dj_fgby \ _fdhklb� ]_hf_ljby dhlhjhc lbibqgZ

^ey lb]e_c f_lh^Z QhojZevkdh]h� \dexqZy \hijhku ljZgkihjlZ \u^_eyxs_]hky

gZ kl_gdZo lb]ey dbkehjh^Z�

GZmqgZy gh\bagZ jZ[hlu

< ^bkk_jlZpbhgghc jZ[hl_ \i_j\u_�

1) ]b[jb^guc f_lh^ 5$16�/(6� knhjfmebjh\Zgguc gZ hkgh\_ ki_pbZevgh Z^Zi-

lbjh\Zgghc d g_fm fh^_eb lmj[me_glghklb k h^gbf ^bnn_j_gpbZevguf mjZ\g_gb_f�

ijbf_g_g d jZkq_lZf lmj[me_glghc l_jfhdhg\_dpbb�

2) ijh\_^_gu kbkl_fZlbq_kdb_ qbke_ggu_ bkke_^h\Zgby lmj[me_glghc dhg\_d-

pbb J_e_y�;_gZjZ �J�;� \ gZiheg_gghc \h^hc dm[bq_kdhc ihehklb b \ aZiheg_gghf

jlmlvx djm]h\hf pbebg^j_ ijb \ukhdbo qbkeZo J_e_y� ijhZgZebabjh\Zgu hkj_^g_g-

gu_ b imevkZpbhggu_ k\hckl\Z ijbkl_gguo keh_\ ijb kms_kl\_ggh jZaebqZxsboky

qbkeZo IjZg^ley� \uy\e_gZ jhev d\ZabklZpbhgZjghc ]eh[Zevghc pbjdmeypbb b eh-

dZevguo g_klZpbhgZjguo h[jZah\Zgbc \ \b^_ l_jfbdh\�

3) gZ hkgh\_ f_lh^h\ /(6 b 5$16�/(6 ijh\_^_gu jZkq_lu lmj[me_glghc dhg-

\_dpbb jZkieZ\Z dj_fgby \ lb]e_ ZiiZjZlZ f_lh^Z QhojZevkdh]h \ ihklZgh\dZo�

khhl\_lkl\mxsbo j_Zevguf mkeh\byf jhklZ djbklZeeh\� ihemq_g [hevrhc h[t_f

^Zgguo ih hkj_^g_gguf b imevkZpbhgguf khklZ\eyxsbf ihe_c kdhjhklb� l_fi_jZ-

lmju b dhgp_gljZpbb dbkehjh^Z� \uiheg_g ZgZeba \ebygby hkgh\guo hij_^_eyxsbo

iZjZf_ljh\ gZ lj_of_jgmx kljmdlmjm dhg\_dpbb b l_iehfZkkhi_j_ghk�
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>hklh\_jghklv ihemq_gguo j_amevlZlh\

J_amevlZlu ijh\_^_ggh]h \ gZklhys_c jZ[hl_ ijyfh]h qbke_ggh]h fh^_ebjh\Z-

gby lmj[me_glghc dhg\_dpbb J�; ijb mf_j_gguo qbkeZo J_e_y kh\iZ^Zxl k

ZgZeh]bqgufb ^Zggufb ^jm]bo Z\lhjh\� J_amevlZlu jZkq_lh\ jZa\blhc lmj[me_glghc

dhg\_dpbb J�; �Ra ≥ 108
� \ aZfdgmluo ihehklyo kh]eZkmxlky ih bgl_]jZevguf oZjZd-

l_jbklbdZf k ba\_klgufb wdki_jbf_glZevgufb ^Zggufb� JZkkqblZggh_ l_ieh\h_

khklhygb_ jZkieZ\Z b oZjZdl_jbklbdb ehdZevguo dhe_[Zgbc l_fi_jZlmju \ lb]e_ jhk-

lh\hc kbkl_fu f_lh^Z QhojZevkdh]h gZoh^ylky \ ohjhr_f kh]eZkbb k ^hklmigufb

^Zggufb baf_j_gbc�

IjZdlbq_kdZy p_gghklv jZ[hlu

IjZdlbq_kdZy agZqbfhklv ^bkk_jlZpbhgghc jZ[hlu khklhbl \ ke_^mxs_f�

1) gZdhie_ggZy f_lh^bq_kdZy bgnhjfZpby ih bkihevah\Zgbx jZaebqguo f_lh^h\

fh^_ebjh\Zgby l_jfhdhg\_dlb\guo l_q_gbc fh`_l bkihevah\Zlvky ijb j_r_gbb

keh`guo� \hagbdZxsbo \ bg`_g_jghc ^_yl_evghklb aZ^Zq�

2) \uy\e_ggu_ k\hckl\Z lmj[me_glghc dhg\_dpbb J_e_y�;_gZjZ \ h[eZklyo ijh-

klhc nhjfu fh]ml [ulv ihe_agufb ^ey ]em[hdh]h ihgbfZgby nbabq_kdbo ijhp_kkh\�

bf_xsbo f_klh b \ ijb[eb`_gguo d ijZdlbd_ mkeh\byo�

3) ijh\_^_gguc ZgZeba \ebygby jy^Z hij_^_eyxsbo iZjZf_ljh\ gZ k\hckl\Z

lmj[me_glghc dhg\_dpbb jZkieZ\Z dj_fgby ^hihegy_l \_kvfZ h]jZgbq_gguc h[t_f

bf_xs_cky wdki_jbf_glZevghc bgnhjfZpbb� j_amevlZlu \uiheg_gguo jZkq_lh\ fh-

]ml kihkh[kl\h\Zlv hilbfbaZpbb mklZgh\hd \ujZsb\Zgby djbklZeeh\ ih f_lh^m

QhojZevkdh]h�

:ijh[Zpby jZ[hlu

Hkgh\gu_ j_amevlZlu jZ[hlu ^hdeZ^u\Zebkv gZ jhkkbckdbo b f_`^mgZjh^guo

dhgn_j_gpbyo b k_fbgZjZo� F_`^mgZjh^ghc dhgn_j_gpbb (�056 ± ,8056 �KljZk-

[mj]� NjZgpby� ������ ��
hc
:f_jbdZgkdhc dhgn_j_gpbb ih \ujZsb\Zgbx djbklZeeh\

b wiblZdkbb �DhehjZ^h� KR:� ������ ;,,, Rdhe_�k_fbgZj_ fheh^uo mq_guo b ki_-

pbZebklh\ ih^ jmdh\h^kl\hf ZdZ^� J:G :�B� E_hglv_\Z ³Nbabq_kdb_ hkgh\u

wdki_jbf_glZevgh]h b fZl_fZlbq_kdh]h fh^_ebjh\Zgby ijhp_kkh\ ]Zah^bgZfbdb b

l_iehfZkkhh[f_gZ \ wg_j]_lbq_kdbo mklZgh\dZo´ �K��I_l_j[mj]� ������ �
hc
F_`^mgZ-

jh^ghc dhgn_j_gpbb ih kh\j_f_gguf \uqbkebl_evguf f_lh^Zf \ l_iehh[f_g_

(OZedb^bdb� =j_pby� ������ ,,, Jhkkbckdhc gZpbhgZevghc dhgn_j_gpbb ih l_iehh[f_-

gm �Fhkd\Z� ������ K_fbgZj_ dZn_^ju ]b^jhZwjh^bgZfbdb KI[=IM ih^
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jmdh\h^kl\hf X�<� EZibgZ �K��I_l_j[mj]� ������ F_`^mgZjh^ghc dhgn_j_gpbb

Eurotherm 74 (Wcg^oh\_g� Gb^_jeZg^u� ������ F_`^mgZjh^ghc dhgn_j_gpbb Parallel

&)' ���� �Fhkd\Z� ������

Im[ebdZpbb ih l_f_ ^bkk_jlZpbb

Hkgh\gu_ j_amevlZlu jZ[hlu baeh`_gu \ \hkvfb gZmqguo im[ebdZpbyo�

KljmdlmjZ b h[t_f jZ[hlu

>bkk_jlZpby khklhbl ba \\_^_gby� q_luj_o ]eZ\� aZdexq_gby� kibkdZ ebl_jZlmju

ba ��� gZbf_gh\Zgbc b ijbeh`_gby� JZ[hlZ baeh`_gZ gZ ��� kljZgbpZo fZrbghibk-

gh]h l_dklZ� \dexqZy �� lZ[ebp b ��� jbkmgdh\�

Kh^_j`Zgb_ jZ[hlu

<h \\_^_gbb h[hkgh\u\Z_lky ZdlmZevghklv \u[jZgghc l_fu bkke_^h\Zgby� __

gZmqgh_ b ijZdlbq_kdh_ agZq_gb_� knhjfmebjh\Zgu hkgh\gu_ aZ^Zqb jZ[hlu�

< i_j\hc ]eZ\_ ijb\_^_g h[ahj lj_o ih^oh^h\ d qbke_gghfm fh^_ebjh\Zgbx

lmj[me_glguo l_q_gbc� ijyfh]h qbke_ggh]h fh^_ebjh\Zgby �'16�� f_lh^Z j_r_gby

hkj_^g_gguo ih J_cghev^km mjZ\g_gbc GZ\v_�KlhdkZ �5$16� b f_lh^Z fh^_ebjh\Z-

gby djmiguo \boj_c �/(6�� GZ hkgh\_ ebl_jZlmjguo ^Zgguo ijhZgZebabjh\Zgu

^hklhbgkl\Z b g_^hklZldb dZ`^h]h ba mdZaZgguo ih^oh^h\ ijbf_gbl_evgh d jZkq_lZf

lmj[me_glghc l_jfhdhg\_dpbb ijb \ukhdbo qbkeZo J_e_y Ra = (gβ∆TH 3)/(νa�� a^_kv g

– mkdhj_gb_ k\h[h^gh]h iZ^_gby� β – l_fi_jZlmjguc dhwnnbpb_gl jZkrbj_gby� ∆T –

oZjZdl_jguc i_j_iZ^ l_fi_jZlmju� H ± oZjZdl_jguc ebg_cguc fZkrlZ[ aZ^Zqb� ν –

dbg_fZlbq_kdbc dhwnnbpb_gl \yadhklb� a – dhwnnbpb_gl l_fi_jZlmjhijh\h^ghklb�

JZkkfhlj_gguc \ jZa^_e_ ��� f_lh^ '16� h[eZ^Zxsbc gZb[hevr_c ijb\e_dZ-

l_evghklvx \ kbem hlkmlkl\by wfibjbafZ� g_ iha\hey_l ijh\h^blv jZaj_rZxsb_ \k_

khklZ\eyxsb_ ^\b`_gby jZkq_lu ijb qbkeZo J_e_y� ij_\urZxsbo a 108
� wlh k\yaZgh

k ijZdlbq_kdb g_j_Zebam_fufb gZ k_]h^gyrgbc ^_gv lj_[h\Zgbyfb ih \uqbkebl_ev-

guf j_kmjkZf� Ijb\_^_g h[ahj gZb[he__ kh^_j`Zl_evguo ba ba\_klguo Z\lhjm jZ[hl

ih '16 lmj[me_glghc dhg\_dpbb J_e_y�;_gZjZ �J�;��

< jZa^_e_ ��� jZkkfhlj_g f_lh^ 5$16� dhlhjuc ^h kbo ihj hklZ_lky gZb[he__

jZkijhkljZg_gguf ih^oh^hf d fh^_ebjh\Zgbx lmj[me_glghklb� \ hkh[_gghklb� ijb-

f_gbl_evgh d ijbdeZ^guf aZ^ZqZf� Ijb\_^_gZ h[s_ijbgylZy deZkkbnbdZpby

gZb[he__ rbjhdh bkihevam_fuo \ f_lh^_ 5$16 aZfudZxsbo fh^_e_c lmj[me_glgh-
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klb� ijhZgZebabjh\Zgu ijh[e_fu� \hagbdZxsb_ ijb jZkq_lZo gZ bo hkgh\_ aZ^Zq lmj-

[me_glghc l_jfhdhg\_dpbb� \ qZklghklb dhg\_dpbb J�;�

JZa^_e ��� ihk\ys_g jZkkfhlj_gbx f_lh^Z /(6� hkgh\Zggh]h gZ ijhkljZgkl\_g-

ghc ³nbevljZpbb´ kbkl_fu lj_of_jguo g_klZpbhgZjguo mjZ\g_gbc GZ\v_�KlhdkZ�

ijb wlhf i_j_ghk bfimevkZ b l_ieZ djmigufb� wg_j]hg_kmsbfb kljmdlmjZfb jZkkqb-

lu\Z_lky lhqgh� Z wnn_dl f_edbo� g_jZaj_rZ_fuo fZkrlZ[h\ mqblu\Z_lky q_j_a

³ih^k_lhqgu_´ �SubGrid 6FDOH� 6*6� gZijy`_gby b l_ieh\hc ihlhd� dhlhju_ ih^e_`Zl

fh^_ebjh\Zgbx� JZkkfhlj_gu \hijhku ijhkljZgkl\_gghc nbevljZpbb \ f_lh^_ /(6�

^Zg ih^jh[guc h[ahj fh^_e_c ih^k_lhqguo fZkrlZ[h\� Hlghkbl_evgZy ijhklhlZ fh-

^_e_c ih^k_lhqguo fZkrlZ[h\ �\ kjZ\g_gbb k fh^_eyfb 5$16� h[hkgh\u\Z_lky

[ebahklvx d mgb\_jkZebafm \ j_`bfZo jZa\blhc lmj[me_glghklb aZdhghf_jghkl_c

hibku\Z_fh]h bfb f_edhfZkrlZ[gh]h ^\b`_gby� Ih^k_lhqgZy \yadhklv \ gZb[he__

ij_^klZ\bl_evghf deZkk_ fh^_e_c \boj_\hc \yadhklb� hkgh\Zgguo gZ ]bihl_a_ ;mkkb-

g_kdZ� \uqbkey_lky dZd ijhba\_^_gb_ fZkrlZ[h\ kdhjhklb b ^ebgu� khhl\_lkl\mxsbo

g_jZaj_rZ_fhfm ^\b`_gbx� Ebg_cguc fZkrlZ[ \u[bjZ_lky ijhihjpbhgZevguf rb-

jbg_ nbevljZ� FZkrlZ[ kdhjhklb \ Ze]_[jZbq_kdbo fh^_eyo ij_^klZ\ey_lky fh^me_f

l_gahjZ kdhjhkl_c ^_nhjfZpbb jZaj_rZ_fh]h ^\b`_gby ijS � Z \ ^bnn_j_gpbZevguo

fh^_eyo k h^gbf mjZ\g_gb_f ± d\Z^jZlguf dhjg_f ba dbg_lbq_kdhc wg_j]bb ih^k_-

lhqgh]h ^\b`_gby�

<k_ [hevrmx ihimeyjghklv \ ihke_^g__ \j_fy ijbh[j_lZxl ij_^klZ\e_ggu_ \

jZa^_e_ ��� dhf[bgbjh\Zggu_ �]b[jb^gu_� ih^oh^u d fh^_ebjh\Zgbx lmj[me_glgh-

klb� dhlhju_ gZp_e_gu gZ ij_h^he_gb_ ljm^ghkl_c� \hagbdZxsbo ijb bkihevah\Zgbb

f_lh^Z /(6 \ jZkq_lZo ijbkl_gguo l_q_gbc� Dhf[bgbjh\Zggu_ ih^oh^u khq_lZxl \

k_[_ we_f_glu f_lh^h\ /(6 b 5$16 \ klj_fe_gbb bkihevah\Zlv bo ba\_klgu_ ij_-

bfms_kl\Z \ khhl\_lkl\mxsbo h[eZklyo l_q_gby� Hlf_q_gh� qlh gZb[he__

\i_qZleyxsbo j_amevlZlh\ gZ k_]h^gyrgbc ^_gv m^Zehkv ^hklb]gmlv gZ hkgh\_ ]b[-

jb^gh]h ih^oh^Z� ba\_klgh]h dZd f_lh^ fh^_ebjh\Zgby ³hlkh_^bg_gguo´ \boj_c

(Detached Eddy Simulation, DES) [Spalart P.R., et al. In: Advances in DNS/LES, Greyden

Press, Columbus, OH, 1997; Strelets M. - AIAA Pap. 2001-0879, 18p].

<h \lhjhc ]eZ\_ baeZ]Zxlky fZl_fZlbq_kdZy fh^_ev �jZa^_e ���� b qbke_gguc

f_lh^ �jZa^_e ����� gZ hkgh\_ dhlhjuo [ueb ijh\_^_gu jZkq_lu� AZ^Zqb lmj[me_glghc

l_jfhdhg\_dpbb jZkkfZljb\Zebkv \ jZ[hl_ \ jZfdZo fh^_eb g_k`bfZ_fhc gvxlhgh\-

kdhc `b^dhklb k ihklhyggufb nbabq_kdbfb k\hckl\Zfb� ^ey mq_lZ wnn_dlh\

ieZ\mq_klb \ ihe_ kbeu ly`_klb bkihevah\Zehkv ijb[eb`_gb_ ;mkkbg_kdZ� MjZ\g_gby



6

aZibkZgu \h \jZsZxs_cky k ihklhygghc m]eh\hc kdhjhklvx Ω kbkl_f_ dhhj^bgZl�

Wnn_dlu ieZ\mq_klb \ ihe_ p_gljh[_`ghc kbeu iheZ]Zebkv ij_g_[j_`bfh fZeufb�

JZkq_lu ijh\h^bebkv k bkihevah\Zgb_f ijh]jZffgh]h ³dhg_qgh�h[t_fgh]h´ dhf-

ie_dkZ �ID� 6,1)� \lhjh]h ihjy^dZ lhqghklb ih \j_f_gb b ijhkljZgkl\m�

jZajZ[hlZggh]h gZ dZn_^j_ ]b^jhZwjh^bgZfbdb KI[=IM ih^ jmdh\h^kl\hf ijhn�

?�F� Kfbjgh\Z� AZeh`_ggu_ \ ID \hafh`ghklb ijhreb ij_^r_kl\mxsmx \_jbnbdZ-

pbx \ j_amevlZl_ qbke_ggh]h fh^_ebjh\Zgby p_eh]h jy^Z aZ^Zq ]b^jh^bgZfbdb b

l_iehh[f_gZ�

< jZa^_e_ ��� baeh`_gu hl^_evgu_ Zki_dlu j_ZebaZpbb \g_^j_gguo Z\lhjhf \

ID aZfudZxsbo fh^_e_c �/(6 b 5$16�/(6�� Z lZd`_ ijbkl_gguo nmgdpbc� bkihev-

ah\Zgguo \ jZkq_lZo ih f_lh^m /(6.

;óevrZy qZklv jZkq_lh\ ijh\_^_gZ gZ hkgh\_ ]b[jb^ghc 5$16�/(6 fh^_eb�

ij_^iheZ]Zxs_c j_r_gb_ _^bgh]h mjZ\g_gby \h \k_c jZkq_lghc h[eZklb� ijb wlhf \

dZq_kl\_ jZkkqblu\Z_fhc oZjZdl_jbklbdb \uklmiZ_l dbg_lbq_kdZy wg_j]by g_jZaj_-

rZ_fhc khklZ\eyxs_c lmj[me_glgh]h ^\b`_gby k:

( ) εννν −+











∂
∂+

∂
∂= ijijt

j
t

j

SS
x

k

xdt

dk
2 ,  }{ LESRANS,max εεε = . (1)

I_j_dexq_gb_ f_`^m h[eZklyfb 5$16 b /(6 hkgh\Zgh gZ kjZ\g_gbb jZkkqblZgghc

^\mfy kihkh[Zfb kdhjhklb ^bkkbiZpbb dbg_lbq_kdhc wg_j]bb g_jZaj_rZ_fh]h ^\b-

`_gby�

( ) νκε εµε /ykRe),(RefF,yCl,Fl/k yy
RANS ===⋅=

−
4

3
2

3
; (2)

∆ε ε �N&/(6 �
�

= ,  Cµ = 0.09, Cε = 0.75, κ = 0.41. (3)

< khhlghr_gbb ��� l ± oZjZdl_jguc ebg_cguc fZkrlZ[ lmj[me_glghklb� y ± jZkklhy-

gb_ ^h [eb`Zcr_c kl_gdb� Lmj[me_glgZy \yadhklv \uqbkey_lky ih nhjfme_�

εν µµ �NI&W

�= � Dhgdj_lbaZpby nmgdpbc Fε, fµ \uiheg_gZ gZ hkgh\_ fh^_eb 5$16

<hevnrl_cgZ >Wolfshtein M. - Int. J. Heat and Mass Transfer. - 1969. - Vol. 12. P.301-

318]: ( ) 151 .A,A/ReexpF y =−−= εεε ; ( ) 701 =−−= µµµ A,A/Reexpf y � >ey h[_ki_q_gby

g_ij_ju\gh]h baf_g_gby lmj[me_glghc \yadhklb \ h[eZklb i_j_oh^Z f_`^m h[eZkly-

fb /(6 b 5$16� ^_finbjmxsZy nmgdpby fµ \ h[eZklb /(6 aZibku\Z_lky \ \b^_�

( ) 










⋅−−=
−− �

�
�

�
\W

5H)&$�5HH[SI εµµµ κ , ν∆
ε

ε /lkRe,C,Flminl ttt =





⋅= . (4)

Lbibqgh� \ujZ`_ggZy \ ijbkl_ghqguo fZkrlZ[Zo� dhhj^bgZlZ f_klZ i_j_dexq_-

gby \ jZkq_lZo lmj[me_glghc l_jfhdhg\_dpbb gZoh^beZkv \ ij_^_eZo � < ys
+ < ��� Z

^ey p_gljh\ [eb`Zcrbo d kl_gdZf yq__d \uihegyehkv mkeh\b_ y+ ≤ �� LZdbf h[jZahf,
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Jbk� �� <jZsZxsbcky ]hjbahglZevguc kehc�

ih^h]j_\Z_fuc kgbam� bahih\_joghklv

\_jlbdZevghc dhfihg_glu aZ\boj_gghklb�

fh^_ev k h^gbf mjZ\g_gb_f 5$16�/(6 nZdlbq_kdb \uklmibeZ \ dZq_kl\_ Zevl_jgZlb-

\u ijbkl_gguf nmgdpbyf� ahgZ 5$16 ihdju\Z_l kehc� \ dhlhjhf bkihevah\Zgb_

ijbkl_gguo nmgdpbc g_gZ^_`gh�

< lj_lv_c ]eZ\_ ij_^klZ\e_gu j_amevlZlu jZkq_lh\ lmj[me_glghc dhg\_dpbb J_-

e_y�;_gZjZ� jZa\b\Zxs_cky \ h[eZklyo ijhklhc nhjfu� Ijh\_^_gZ ^hihegbl_evgZy

\_jbnbdZpby ijh]jZffgh]h dhfie_dkZ 6,1) ^ey jZkq_lh\ lmj[me_glghc dhg\_dpbb ih

f_lh^m '16 ijb mf_j_gguo qbkeZo J_e_y ���
5 ≤ Ra ≤ 106).

< jZa^_e_ ��� ijb\_^_g h[ahj gZb[he__ kh^_j`Zl_evguo ZgZeblbq_kdbo b wdki_-

jbf_glZevguo jZ[hl ih bamq_gbx lmj[me_glghc dhg\_dpbb J_e_y�;_gZjZ \ h[eZklyo

ijhklhc nhjfu� >Zgh keh`b\r__ky ij_^klZ\e_gb_ h kljmdlmj_ lmj[me_glghc dhg\_d-

pbb J�;� oZjZdl_jbamxs_cky gZebqb_f djmighfZkrlZ[guo dh]_j_glguo h[jZah\Zgbc

�dhg\_dlb\guo yq__d� l_jfbdh\�� Hlf_q_g g_^hklZlhd wdki_jbf_glZevguo k\_^_gbc h

ehdZevghc kljmdlmj_ lmj[me_glghc dhg\_dpbb� gZb[he__ hkljh hsmsZxsbcky ^ey

`b^dhkl_c k fZeufb agZq_gbyfb qbkeZ IjZg^ley�

< jZa^_e_ ���� k p_evx gZqZevghc hljZ[hldb j_Zebah\Zgguo fh^_e_c /(6 b

5$16�/(6� jZkkfhlj_gh l_q_gb_

fh^_evghc `b^dhklb �Pr = �� \h

\jZsZxs_fky ih^h]j_\Z_fhf kgbam

]hjbahglZevghf keh_ ijb Ra = 1.13×108
b

qbke_ Jhkk[b Ro = Vb /ΩH = ����� ]^_

Vb = (gβ∆TH)1/2
± kdhjhklv ieZ\mq_klb�

;_a]jZgbqguc kehc ij_^klZ\eyeky

jZkq_lghc h[eZklvx \ nhjf_

iZjZee_e_ibi_^Z �A = L/H = �� k gZeh�

`_gb_f mkeh\bc i_jbh^bqghklb \

+

Ω
g&

oheh^gZy kl_gdZ� 7  7
�

]hjyqZy kl_gdZ� 7  7
�
! 7

�

�Z�

' + ]hjyqZy kl_gdZ� 7  7
�
! 7

�

oheh^gZy kl_gdZ� 7  7
�

++

0=
∂
∂

n

T

�[� �\�

Jbk� �� =_hf_ljby jZkq_lguo h[eZkl_c ijb fh^_ebjh\Zgbb lmj[me_glghc dhg\_dpbb J_e_y�

;_gZjZ� �Z� ± ]hjbahglZevguc kehc� �[� ± pbebg^jbq_kdZy ihehklv� �\� ± dm[bq_kdZy ihehklv�
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]hjbahglZevguo gZijZ\e_gbyo� H[eZklv h]jZgbq_gZ kgbam b k\_jom l\_j^ufb kl_gdZ-

fb b \jZsZ_lky \hdjm] \_jlbdZevghc hkb k m]eh\hc kdhjhklvx Ω �jbk� �Z�� JZkq_lu

ijh\h^bebkv k ijbagZgguf ih j_amevlZlZf ijh\_^_ggh]h ZgZebaZ hilbfZevguf rZ-

]hf ih [_ajZaf_jghfm \j_f_gb ∆ t = ���� gZ k_ldZo ��×48×�� �f_lh^ LES k

ijbkl_ggufb nmgdpbyfb� b ��×48×40 �f_lh^ RANS/LES).

JZkkfhlj_ggh_ lmj[me_glgh_ l_q_gb_ h[gZjm`beh jy^ oZjZdl_jguo hkh[_ggh-

kl_c� ijbkmsbo ]_hnbabq_kdbf y\e_gbyf� gZ nhg_ f_edhfZkrlZ[gh]h ^\b`_gby

hlq_leb\h aZf_lgu pbdehgbq_kdb_ dh]_j_glgu_ \bojb� \jZsZxsb_ky khgZijZ\e_ggh

^jm] ^jm]m b \g_rg_ ijbeh`_gghfm \jZs_gbx �jbk� ��� Iml_f khihklZ\e_gby k \ukh-

dhlhqgufb ^Zggufb '16 >Julien K., et al. J. Fluid Mech. – 1996. - Vol. 322. - P.243-273]

\uy\e_gu g_dhlhju_ keZ[u_ b kbevgu_ klhjhgu Zijh[bjh\Zgguo fh^_e_c /(6 b

5$16�/(6 ijbf_gbl_evgh d l_jfhdhg\_dlb\guf aZ^ZqZf� Z lZd`_ ^Zg jy^ j_dhf_g-

^Zpbc ih bo ^Zevg_cr_fm bkihevah\Zgbx \ jZkq_lZo� H[hkgh\ZgZ g_h[oh^bfhklv

ijbf_g_gby ijbkl_ggh]h ^_finbjh\Zgby ih^k_lhqghc \yadhklb ^ey ihemq_gby Z^_d-

\Zlguo agZq_gbc bgl_]jZevguo l_ieh\uo ihlhdh\ q_j_a kl_gdb \ f_lh^_ /(6�

GZbemqr__ kh]eZkb_ k ^Zggufb '16 ih qbkem Gmkk_evlZ b jy^m klZlbklbq_kdbo oZ-

jZdl_jbklbd dhg\_dpbb m^Zehkv ihemqblv \ jZkq_lZo gZ hkgh\_ fh^_eb k h^gbf

mjZ\g_gb_f 5$16�/(6 ijb aZ^Zgbb fh^_evghc ihklhygghc Aµ = �� �wlh agZq_gb_ bk-

ihevah\Zehkv b ijb \k_o ihke_^mxsbo jZkq_lZo gZ hkgh\_ ^Zgghc fh^_eb��

Ijh\_^_gguc f_lh^hf LESjZkq_l lmj[me_glghc dhg\_dpbb \ g_ih^\b`ghf keh_ mdZ-

aZe gZ keZ[h_ \ebygb_ \jZs_gby gZ wnn_dlb\ghklv l_iehi_j_ghkZ� g_kfhljy gZ

kms_kl\_ggu_ jZaebqby \ kljmdlmj_ dhg\_dpbb�

< jZa^_e_ ��� ij_^klZ\e_gu j_amevlZlu jZkq_lh\ gZ hkgh\_ f_lh^h\ DNS b

5$16�/(6 lmj[me_glghc dhg\_dpbb jlmlb �Pr = ������ \ ih^h]j_\Z_fhc kgbam aZfd-

gmlhc pbebg^jbq_kdhc ihehklb �jbk� �[�� JZkq_lu ijh\h^bebkv gZ ^\mo[ehqghc k_ld_

�

�[�

0.5

0.5

0.70.9

0.5
0.30.2

0.6

0.4

0.7

0.
4

�\�

Jbk� �� Dhg\_dpby jlmlb \ pbebg^jbq_kdhc ihehklb� ^\mo[ehqgZy jZkq_lgZy k_ldZ �Z��

f]gh\_ggu_ ihey kdhjhklb �[� b l_fi_jZlmju �\� \ f_jb^bhgZevghf k_q_gbb� Ra = 108.
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1 E + 8 1 E + 9 1 E + 1 0

1 0

1 00

1X

5D

� wdki� >*OD]LHU� ��@

� wdki� >&LRQL� ��@
� gZklhysb_ jZkq_lu �jlmlv�

� gZklhysb_ jZkq_lu �\h^Z�

� wdki� >;LQ� ��@

Jbk� �� AZ\bkbfhklv Nu (Ra): kjZ\g_�
gb_ k ^Zggufb wdki_jbf_glh\.

jZaf_jghklvx ������ yq__d �jbk� �Z� ijb \Zjvbjh\Zgbb qbkeZ J_e_y \ ^bZiZahg_

105 ≤ Ra ≤ 5×109
�j_`bfu k Ra = 105

b ��
6
jZkkqblZgu ih f_lh^m DNS� Z k Ra ≥ 108 –

f_lh^hf RANS/LESgZ hkgh\_ fh^_eb k h^gbf mjZ\g_gb_f� k rZ]hf ∆ t = ����� Ijh-

ZgZebabjh\ZgZ w\hexpby kljmdlmju dhg\_dpbb k jhklhf qbkeZ J_e_y� <uy\e_gh� qlh

bgl_gkbnbpbjmxsb_ky k jhklhf Ra ijhp_kku lmj[me_glgh]h i_j_f_rb\Zgby

�jbk� �[� kihkh[kl\mxl nhjfbjh\Zgbx \k_ [he__ lhgdbo l_fi_jZlmjguo ih]jZgbqguo

keh_\ m ]hjbahglZevguo kl_ghd ihehklb �jbk� �\�� <h \k_o j_`bfZo \ l_q_gbb hlq_l-

eb\h ijhy\ey_lky djmighfZkrlZ[gZy dhg\_dlb\gZy yq_cdZ� khklhysZy ba

pbjdmebjmxs_c `b^dhklb� qlh ih^l\_j`^Z_lky \b^hf f]gh\_ggh]h ihey \_jlbdZev-

ghc kdhjhklb ijb Ra = 108
�jbk� �Z�� GbadhqZklhlgZy fh^meypby dhe_[Zgbc

\_jlbdZevghc kdhjhklb \[ebab [hdh\hc kl_gdb ihehklb �jbk� �[� k\yaZgZ k gZ^_`gh

j_]bkljbjm_fuf ijb Ra ≥ 108
f_^e_gguf ZabfmlZevguf i_j_f_s_gb_f dhg\_dlb\-

ghc yq_cdb. Ijh\_^_gu hp_gdb oZjZdl_jghc kdhjhklb ]eh[Zevghc pbjdmeypbb� Z

lZd`_ lhesbg l_fi_jZlmjgh]h b bg^mpbjh\Zggh]h yq_cdhc kdhjhklgh]h ih]jZgbqguo

keh_\� ihdZaZ\rb_ ohjhr__ dhebq_kl\_ggh_ kh]eZkb_ k ba\_klgufb ba ebl_jZlmju

^Zggufb� MklZgh\e_gh� qlh \ jZkkfhlj_gguo

j_`bfZo dhg\_dpbb jlmlb kdhjhklghc

ih]jZgbqguc kehc jZkiheZ]Z_lky \gmljb

l_fi_jZlmjgh]h�

Hij_^_eyxsZy jhev fhe_dmeyjghc l_ieh�

ijh\h^ghklb� oZjZdl_jgZy ^ey `b^dhkl_c k

fZeufb Pr� g_ iha\hey_l l_jfbdZf jZa\b\Zlvky \

ih]jZgbqguo kehyo m ]hjbahglZevguo kl_ghd

ihehklb ijb mf_j_gguo qbkeZo J_e_y� bo

h[jZah\Zgb_ m^Z\Zehkv gZ[ex^Zlv ebrv ijb

�Z�

0 100 200 300
-0.50

-0.25

0.00

0.25

0.50

Z

W

�[�

Jbk� ��F]gh\_ggh_ ihe_ \_jlbdZevghc kdhjhklb \ p_gljZevghf ]hjbahglZevghf k_q_gbb

ihehklb� dhe_[Zgby \_jlbdZevghc kdhjhklb \ lhqd_ r = 0.96, z ���� bahih\_joghklv l_fi_jZ-
lmju �T  ����� hdjZr_ggZy \ khhl\_lkl\b_ k \_ebqbghc \_jlbdZevghc kdhjhklb gZ g_c�

0.25   0.125   0   0.125   0.25
-0.015        0        0.015       0.03
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Ra ≥ 108
�jbk� �\�� J_amevlZlu gZklhysbo jZkq_lh\ ih f_lh^m DNS gZoh^ylky \ ohjh-

r_f dhebq_kl\_gghf kh]eZkbb ih qbkem Gmkk_evlZ k aZ\bkbfhklvx�

Ziijhdkbfbjmxs_c ^Zggu_ '16 [Verzicco R., Camussi R. J. Fluid. Mech. – 1999. -

Vol. ���� ± 3������@� QbkeZ Gmkk_evlZ� jZkkqblZggu_ f_lh^hf RANS/LES� gZbemqrbf

h[jZahf kh]eZkmxlky k aZ\bkbfhklvx� ihemq_gghc \ gZb[he__ ij_^klZ\bl_evghf ih

^bZiZahgm qbk_e J_e_y wdki_jbf_gl_ >Glazier J.A., et al. Nature. – 1999. – Vol. 398. –

P��������@ �jbk� 5).

< jZa^_e_ ��� ijh\_^_gh qbke_ggh_ fh^_ebjh\Zgb_ lmj[me_glghc dhg\_dpbb \

ih^h]j_\Z_fhc kgbam dm[bq_kdhc ihehklb� ^h\_jom gZiheg_gghc \h^hc �Pr = ��� ijb

Ra = 5×108
b �×109

gZ k_ld_ ��
3
yq__d �jbk� �\�� IhdZaZgh� qlh ZdlmZevgh_ ^\b`_gb_ \

dhg\_dpbb \h^u f_g__ bgl_gkb\gh� q_f \ [ebadbo ih qbkem J_e_y j_`bfZo J�; dhg-

\_dpbb jlmlb� =eh[ZevgZy dhg\_dlb\gZy yq_cdZ aZf_lgh f_gvr_c� q_f \ dhg\_dpbb

jlmlb bgl_gkb\ghklb� hjb_glbjm_lky \^hev h^ghc ba ^bZ]hgZevguo iehkdhkl_c dm[Z

�jbk� �Z�� qlh kh]eZkm_lky k ba\_klgufb wdki_jbf_glZevgufb gZ[ex^_gbyfb� GZijh-

lb\� [he__ hlq_leb\h \ kjZ\g_gbb k dhg\_dpb_c jlmlb ijhy\eyxlky \_jlbdZevgh

^\b`msb_ky l_jfbdb �jbk� �[�� <[ebab ]hjbahglZevguo kl_ghd dhe_[Zgby l_fi_jZlm-

ju bf_xl oZjZdl_j \u[jhkh\ oheh^ghc `b^dhklb \ \b^_ l_jfbdh\ \ gZijZ\e_gbb

p_gljZ ihehklb �jbk� �\�� MklZgh\e_gh� qlh \ jZkkfhlj_gguo j_`bfZo lmj[me_glghc

dhg\_dpbb \h^u kdhjhklghc ih]jZgbqguc kehc aZf_lgh lhes_ l_fi_jZlmjgh]h� GZb-

emqr__ kh]eZkb_ jZkkqblZgguo qbk_e Gmkk_evlZ ihemq_gh ijb khihklZ\e_gbb k

^Zggufb wdki_jbf_glZ >Xin Y.-B., Xia K.-Q. Phys. Rev. E. – 1997. – Vol. 56 (3). –

P����������@ �jbk� ��� =jZnbd gZ jbk� � ^_fhgkljbjm_l jZaebqby \ l_iehi_j_ghkguo

k\hckl\Zo dhg\_dpbb `b^dhkl_c k fZeufb b [hevrbfb qbkeZfb IjZg^ley�

�D�
�[�

0 .01 0 .1 1
1 E -7
1 E -6
1E -5
1 E -4
1E -3
1E -2

0 .1
1

0 50 10 0 15 0 20 0
0.40

0.45

0.50

0.55

�]�

����

��

I

(7

�\�

W

7

Jbk� �� Dhg\_dpby \h^u \ dm[bq_kdhc ihehklb� �Z� bahih\_joghklb \_jlbdZevghc dhfihg_g-
lu kdhjhklb w = ±����� �[� bahih\_joghklb l_fi_jZlmju T  ���� �q_jgZy� b ���� �k_jZy��

�\� w\hexpby l_fi_jZlmju b �]� khhl\_lkl\mxsb_ wg_j]_lbq_kdbc ki_dlj

\ lhqd_ fhgblhjbg]Z \[ebab \_jog_c kl_gdb ihehklb �z = 0.96).
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Q_l\_jlZy ]eZ\Z ihk\ys_gZ qbke_gghfm bkke_^h\Zgbx k bkihevah\Zgb_f f_lh-

^h\ '16� /(6 b 5$16�/(6 lmj[me_glghc dhg\_dpbb jZkieZ\Z dj_fgby �Pr = ������ \h

\jZsZxs_cky _fdhklb� ]_hf_ljby dhlhjhc lbibqgZ ^ey lb]e_c f_lh^Z QhojZevkdh]h�

ijb lbibqguo `_ ^ey l_ogheh]bb l_ieh\uo ]jZgbqguo mkeh\byo �jbk� �Z�� \dexqZy

\hijhku ljZgkihjlZ \u^_eyxs_]hky gZ kl_gdZo lb]ey dbkehjh^Z �Sc = 6).

<\_^_gb_ \ ijh[e_fm b l_dms__ khklhygb_ qbke_ggh]h fh^_ebjh\Zgby dhg\_d-

pbb jZkieZ\Z ^Zgh \ jZa^_e_ ���� Qbkeh Jhkk[b �Ro = Vb /ΩcH� \ ij_^klZ\ey_fuo

jZkq_lZo \Zjvbjh\Zehkv \ ^bZiZahg_ hl ���� ^h ���� hlghr_gb_ m]eh\uo kdhjhkl_c

\jZs_gby lb]ey b djbklZeeZ� Ωc/Ωs � hl ������� ^h ��������� JZkq_lu ijh\h^bebkv gZ

lj_o[ehqguo k_ldZo kh kl_i_gvx k]ms_gby d kl_gdZf b k\h[h^ghc ih\_joghklb� hij_-

^_ey_fhc lj_[h\Zgbyfb bkihevah\Zgguo qbke_gguo ih^oh^h\ �rZ] ih \j_f_gb

gZoh^beky \ ^bZiZahg_ ��� ÷ 0.5).

< jZa^_e_ ��� ij_^klZ\e_gu ^Zggu_ qbke_gguo jZkq_lh\ ijb Ra = 5×105
� \u-

iheg_gguo [_a ijb\e_q_gby fh^_e_c lmj[me_glghklb� KljmdlmjZ jZkq_lghc k_ldb

jZaf_jghklvx ������ yq__d ihdZaZgZ gZ jbk� �Z� Bkke_^h\Zehkv \ebygb_ kdhjhklb

���

�[�

�\�

Jbk� �� =_hf_ljby _fdhklb� ]jZgbqgu_ mkeh\by b lj_o[ehqgZy k_ldZ �Z��F]gh\_ggu_ ihey

kdhjhklb \ \_jlbdZevghf k_q_gbb _fdhklb� Ra = 5×105, Ro ��� �[� b ��� �\��

���

�Z�

�[�
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Jbk� 8. Hkj_^g_ggu_ \h \j_f_gb ihey kdhjhklb� Ra = 5×105, Ro ��� �Z� b ��� �[��
<ebygb_ kdhjhklb \jZs_gby lb]ey gZ mjh\_gv kh^_j`Zgby dbkehjh^Z \ djbklZee_ �\��
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Jbk� � Dhe_[Zgby \_jlbdZevghc kdhjhklb b

khhl\_lkl\mxsb_ wg_j]_lbq_kdb_ ki_dlju \

lhqd_ r = 1.1, z* = 0.5; Ro ��� �Z� \� b ��� �[� ]��

\jZs_gby lb]ey gZ ^\b`_gb_ b

l_ieh\h_ khklhygb_ jZkieZ\Z� Z lZd`_

gZ jZkij_^_e_gb_ dhgp_gljZpbb

dbkehjh^Z� IhdZaZgh� qlh \jZs_gb_

lb]ey hdZau\Z_l mihjy^hqb\Zxs__

\ha^_ckl\b_ gZ jZkieZ\� aZf_lgh

baf_gyy kljmdlmjm dZd ZdlmZevgh]h

�jbk� �[�� lZd b hkj_^g_ggh]h �jbk� �Z�

^\b`_gby� AgZq_gby hkj_^g_gguo

kdhjhkl_c kms_kl\_ggh f_gvr_

ZdlmZevguo� hkh[_ggh \ ih^djbk�

lZevghc h[eZklb� ]^_ \ gZb[hevr_c

kl_i_gb ijhy\ey_lky koh^kl\h k

dhg\_dpb_c J�;� A^_kv bgl_gkb\gu_

lmj[me_glgu_ imevkZpbb l_fi_jZlmju \uau\Zxl kbevgmx ijhkljZgkl\_ggh�

\j_f_ggmx g_h^ghjh^ghklv ih^\h^bfh]h d ]jZgbp_ jZa^_eZ djbklZee�jZkieZ\ l_ieh-

\h]h ihlhdZ� Bgl_gkb\gu_ imevkZpbb \_jlbdZevghc kdhjhklb gZ i_jbn_jbb _fdhklb

�ihdZaZggu_ gZ jbk� � \h \jZsZxs_cky lhqd_ fhgblhjbg]Z� k mf_gvr_gb_f Ro aZf_l-

gh hkeZ[_\Zxl� gZ ki_dljZo ijhiZ^Z_l ³dhefh]hjh\kdbc´ mqZklhd�

<Zjvbjh\Zgb_ qbkeZ Jhkk[b khijh\h`^Z_lky jy^hf dZq_kl\_gguo baf_g_gbc \

kljmdlmj_ ihe_c dhgp_gljZpbb dbkehjh^Z \ jZkieZ\_� < qZklghklb� f_gy_lky ijh-

kljZgkl\_ggh_ iheh`_gb_ mqZkldh\ d\Zjp_\h]h lb]ey� kem`Zsbo hkgh\guf

bklhqgbdhf dbkehjh^Z� Jhkl kdhjhklb \jZs_gby lb]ey ijb\h^bl d mf_gvr_gbx mjh\-

gy kh^_j`Zgby dbkehjh^Z \ ijbe_]Zxs_f d djbklZeem keh_ �kf� jbk� �\��

JZkq_lu \ZjbZglh\� ij_^klZ\e_gguo \ jZa^_e_ ���� \uiheg_gu \ ihklZgh\d_� kh-

hl\_lkl\mxs_c j_Zevguf mkeh\byf jhklZ djbklZeeh\ \ mklZgh\d_ f_lh^Z

QhojZevkdh]h EKZ-1300 �dhfiZgby Wacker Siltronic� =_jfZgby� ijb qbke_ J_e_y

Ra = 8.2×106
� JZkq_lu ih f_lh^m LES k ijbkl_ggufb nmgdpbyfb ijh\_^_gu gZ k_ld_

jZaf_jghklvx ����� yq__d� < p_ehf khojZgyxlky gZ[ex^Z\rb_ky ^ey f_gvr_]h qbkeZ

J_e_y h[sb_ l_g^_gpbb ih \ebygbx \jZs_gby gZ kljmdlmjm djmighfZkrlZ[ghc pbj-

dmeypbb b bgl_gkb\ghklv ZdlmZevgh]h ^\b`_gby� Ihemq_gh ohjhr__ kh\iZ^_gb_

jZkq_lguo dhe_[Zgbc l_fi_jZlmju \ g_ih^\b`ghc lhqd_ fhgblhjbg]Z k ^Zggufb ba-

f_j_gbc hilbq_kdbf ^Zlqbdhf >Gräbner O., et al. Material Sci. and Eng. B. – 2000. –

Vol. 73. – P���������@ �jbk� ��Z�� <uy\bebkv kms_kl\_ggu_ ij_bfms_kl\Z jZkq_lh\

lmj[me_glghc dhg\_dpbb \ jZkieZ\_ f_lh^hf /(6 gZ^ hk_kbff_ljbqgufb jZkq_lZfb
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gZ hkgh\_ fh^_e_c f_lh^Z 5$16 �jbk� ��\�� Bamq_gh \ebygb_ gZ dhg\_dpbx jZkieZ\Z

]_g_jbjm_fuo h[l_dZxsbf k\h[h^gmx ih\_joghklv jZkieZ\Z ihlhdhf Zj]hgZ dZkZ-

l_evguo gZijy`_gbc �kf� jbk� �Z�� JZkq_lu ihdZaZeb jhkl kh^_j`Zgby dbkehjh^Z \

djbklZee_ k m\_ebq_gb_f jZkoh^Z Zj]hgZ� qlh kh]eZkm_lky k ^Zggufb wdki_jbf_glZ

[Evstratov I.Yu., et al. J. Crystal Growth. – 2001. – Vol. 230. – P.22-29].

< jZa^_e_ ��� jZkq_lu lmj[me_glghc dhg\_dpbb jZkieZ\Z ijb Ra = 8.2×106
\u-

iheg_gu f_lh^hf RANS/LES gZ k_ld_ ������ yq__d� H[sZy kljmdlmjZ dhg\_dpbb

koh`Z k jZkkqblZgghc ih f_lh^m '16 ijb Ra = 5×105
�jbk� ��Z�� Memqr_gb_ dZq_kl\Z

jZaj_r_gby �jbk� ��Z� \� ijb\_eh d ijhiZ^Zgbx gZ[ex^Z\r_cky gZ [he__ ]jm[hc k_ld_

�gZ fZeuo jZ^bmkZo ih^ k\h[h^ghc ih\_joghklvx� ahgu g_nbabqgh]h i_j_hoeZ`^_gby

\ ZdlmZevguo b hkj_^g_gguo iheyo l_fi_jZlmju �jbk� ��[�� I_j_oh^ gZ [he__ ih^-

jh[gmx k_ldm b f_lh^ 5$16�/(6 ijb\_e d aZf_lghfm jhklm dhgp_gljZpbb \

ijbe_]Zxs_f d djbklZeem keh_� ijb[ebab\ __ agZq_gby d ba\_klghfm wdki_jbf_g-

lZevghfm mjh\gx �jbk� ���� Ihemq_ggZy ih f_lh^m LES l_g^_gpby jhklZ

dhgp_gljZpbb k m\_ebq_gb_f m]eh\hc kdhjhklb \jZs_gby lb]ey baf_gbeZkv gZ ijb-

[eb`_ggh_ ihklhygkl\h \ j_amevlZlZo 5$16�/(6�
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Jbk� ��� Dhe_[Zgby l_fi_jZlmju \ lhqd_ r  ��� kf� z*
 � kf� Ra = 8.2×106, Ωc  � h[�fbg �Z��

KjZ\g_gb_ wdki_jbf_glZevgh baf_j_gghc hkj_^g_gghc l_fi_jZlmju \ jZkieZ\_ �kbf\heu�

k j_amevlZlZfb jZkq_lh\ ih f_lh^m /(6 b hk_kbff_ljbqguo jZkq_lh\ >Evstratov, 2001].
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Jbk� 11. F]gh\_ggu_ ihey kdhjhklb �Z� b l_fi_jZlmju �[� \ \_jlbdZevghf k_q_gbb b

ihe_ kdhjhklb \ ]hjbahglZevghf k_q_gbb _fdhklb �\�� Ra = 8.2×106, Ωc  � h[�fbg�
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< aZdexq_gbb djZldh knhjfmebjh\Zgu hkgh\gu_ j_amevlZlu gZklhys_c jZ[h-

lu� dhlhju_ k\h^ylky d ke_^mxs_fm�

1) ^hihegbl_evgZy \_jbnbdZpby ijh]jZffgh]h dhfie_dkZ 6,1) ijb jZkq_lZo lmj[m-

e_glghc dhg\_dpbb ih f_lh^m '16 ijb mf_j_gguo qbkeZo J_e_y ihdZaZeZ ohjhr__

kh]eZkb_ k ^Zggufb ^jm]bo Z\lhjh\�

2) j_Zebah\Zgu b ijhreb Zijh[Zpbx gZ aZ^ZqZo lmj[me_glghc l_jfhdhg\_dpbb jy^

aZfudZxsbo fh^_e_c f_lh^Z fh^_ebjh\Zgby djmiguo \boj_c �/(6� b ]b[jb^guo

ih^oh^h\ 5$16�/(6� \ lhf qbke_ ki_pbZevgh Z^Zilbjh\ZggZy d f_lh^m 5$16�/(6

fh^_ev lmj[me_glghklb k h^gbf ^bnn_j_gpbZevguf mjZ\g_gb_f ^ey dbg_lbq_kdhc

wg_j]bb g_jZaj_rZ_fhc khklZ\eyxs_c lmj[me_glgh]h ^\b`_gby�

3) ih j_amevlZlZf gZqZevghc hljZ[hldb j_Zebah\Zgguo fh^_e_c /(6 b 5$16�/(6 gZ

aZ^Zq_ h lmj[me_glghf l_q_gbb `b^dhklb �Pr = �� \h \jZsZxs_fky ]hjbahglZev-

ghf keh_� ih^h]j_\Z_fhf kgbam� \uy\e_gu �iml_f khihklZ\e_gby k ba\_klgufb ba

ebl_jZlmju \ukhdhlhqgufb ^Zggufb '16� g_dhlhju_ keZ[u_ b kbevgu_ klhjhgu

fh^_e_c ijbf_gbl_evgh d deZkkm l_jfhdhg\_dlb\guo aZ^Zq� h[hkgh\ZgZ g_h[oh^b-

fhklv ijbf_g_gby ijbkl_ggh]h ^_finbjh\Zgby ih^k_lhqghc \yadhklb ^ey

ihemq_gby Z^_d\Zlguo agZq_gbc bgl_]jZevguo l_ieh\uo ihlhdh\ q_j_a kl_gdb \

f_lh^_ /(6�

4) gZ hkgh\_ fh^_eb k h^gbf mjZ\g_gb_f ijh\_^_gu qbke_ggu_ bkke_^h\Zgby f_lh-

^hf 5$16�/(6 jZa\blhc lmj[me_glghc dhg\_dpbb `b^dhkl_c \ aZfdgmluo

ihehklyo ijhklhc nhjfu ijb kms_kl\_ggh jZaebqZxsboky qbkeZo IjZg^ley� ih-

emq_gu ih^jh[gu_ ^Zggu_ h kljmdlmj_ dhg\_dpbb� __ l_iehi_j_ghkguo k\hckl\Zo�

5) \uy\e_gZ jhev d\ZabklZpbhgZjghc ]eh[Zevghc pbjdmeypbb b ehdZevguo g_klZpbh-

gZjguo h[jZah\Zgbc \ \b^_ l_jfbdh\ \ lmj[me_glghc dhg\_dpbb J�;� mklZgh\e_gh�

qlh ]eh[ZevgZy pbjdmeypby kms_kl\_ggh [he__ bgl_gkb\gZ \ dhg\_dpbb jlmlb� Z \
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Jbk� ��� <ebygb_ kdhjhklb \jZs_gby lb]ey gZ hkj_^g_ggu_ ihey dhgp_gljZpbb

\ \_jlbdZevghf k_q_gbb _fdhklb �Z� b mjh\_gv kh^_j`Zgby dbkehjh^Z \ ijbe_]Zxs_f

d djbklZeem keh_ �[�� kjZ\g_gb_ j_amevlZlh\ LESb RANS/LES.
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dhg\_dpbb \h^u ij_bfms_kl\_ggh_ \ebygb_ gZ k\hckl\Z l_q_gby hdZau\Zxl l_j-

fbdb� qlh ih^l\_j`^Z_l \u\h^u ih j_amevlZlZf ba\_klguo wdki_jbf_glZevguo

gZ[ex^_gbc� mklZgh\e_gh lZd`_� qlh \ J�; dhg\_dpbb jlmlb ijb qbkeZo J_e_y

Ra > 108
h[jZamxlky l_jfbdb� dhlhju_� \ kbem p_eh]h jy^Z hkeh`gyxsbo h[klhy-

l_evkl\� g_ m^Z\Zehkv gZ[ex^Zlv \ wdki_jbf_glZo� ihemq_gh ohjhr__

dhebq_kl\_ggh_ kh]eZkh\Zgb_ jZkkqblZgguo lhesbg ih]jZgbqguo keh_\ b qbk_e

Gmkk_evlZ k ^hklmigufb ^Zggufb wdki_jbf_glh\�

6) ijh\_^_gu jZkq_lu lmj[me_glghc dhg\_dpbb jZkieZ\Z dj_fgby \h \jZsZxs_cky

_fdhklb k ]_hf_ljb_c� lbibqghc ^ey lb]e_c \ ijhp_kk_ QhojZevkdh]h ijb qbke_ J_-

e_y Ra = 8.2×106
� oZjZdl_jbamxs_f j_Zevgu_ mkeh\by jhklZ� b ijb mf_gvr_gghf

qbke_ J_e_y Ra = 5×105
� ihdZaZgh� qlh m\_ebq_gb_ kdhjhklb \jZs_gby lb]ey hdZau-

\Z_l \ p_ehf mihjy^hqb\Zxs__ ^_ckl\b_ gZ dhg\_dpbx jZkieZ\Z� \uy\e_gh� qlh

agZq_gby hkj_^g_gguo kdhjhkl_c kms_kl\_ggh f_gvr_ ZdlmZevguo� b qlh bgl_g-

kb\gu_ lmj[me_glgu_ imevkZpbb ijb\h^yl d kbevguf baf_g_gbyf \h \j_f_gb

ehdZevgh]h b kj_^g_]h l_ieh\h]h ihlhdZ� ih^\h^bfh]h d ]jZgbp_ jZa^_eZ djb-

klZee�jZkieZ\�

7) ijh\_^_gh khihklZ\e_gb_ k ^hklmigufb wdki_jbf_glZevgufb ^Zggufb ih kj_^gbf

iheyf b imevkZpbyf l_fi_jZlmju \ jZkieZ\_� \uy\e_gu hsmlbfu_ ij_bfms_kl\Z

jZkq_lh\ lmj[me_glghc dhg\_dpbb \ jZkieZ\_ f_lh^Zfb /(6 b 5$16�/(6 gZ^ hk_-

kbff_ljbqgufb jZkq_lZfb gZ hkgh\_ fh^_e_c f_lh^Z 5$16� ihke_^g__

h[tykgy_lky kms_kl\_gguf \ebygb_f lj_of_jguo wnn_dlh\ gZ hkj_^g_ggu_ ihey�

8) mklZgh\e_gh� qlh kljmdlmjZ ihe_c kdhjhklb b l_fi_jZlmju� ihemq_gguo \ jZkq_lZo

ih f_lh^m '16 ijb Ra = 5×105
b ih f_lh^m 5$16�/(6 ijb Ra = 8.2×106

\ p_ehf

koh`Z� ^Zggu_ jZkq_lh\ ih f_lh^m 5$16�/(6 kms_kl\_ggh emqr_ kh]eZkmxlky k

wdki_jbf_glZevguf mjh\g_f dbkehjh^Z \ djbklZee_� q_f ^Zggu_ /(6� h^gZdh \

h[hbo kemqZyo bf_xlky jZkoh`^_gby k ihemq_gghc ijb f_gvr_f qbke_ J_e_y

³l_g^_gpb_c ih \jZs_gbx lb]ey´� qlh mdZau\Z_l gZ g_h[oh^bfhklv ijh\_^_gby

^Zevg_crbo bkke_^h\Zgbc�

< ijbeh`_gbb [he__ ih^jh[gh hk\_sZ_lky qbke_gguc f_lh^� bkihevam_fuc \ ijh-

]jZffghf dhfie_dk_ 6,1) ^ey jZkq_lh\ l_q_gbc g_k`bfZ_fhc `b^dhklb�
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Hkgh\gu_ j_amevlZlu ^bkk_jlZpbb him[ebdh\Zgu \ jZ[hlZo�

1):[jZfh\ :�=� Fh^_ebjh\Zgb_ djmiguo \boj_c \ aZ^Zq_ lmj[me_glghc dhg\_dpbb

\h \jZsZxs_fky keh_� ih^h]j_\Z_fhf kgbam � Ljm^u O,,, Rdheu�k_fbgZjZ fheh^uo

mq_guo b ki_pbZebklh\ ih^ jmdh\h^kl\hf ZdZ^� J:G :�B� E_hglv_\Z� −F�� Ba^�\h�

FWB� ����� L� �� K� ��������

2) Evstratov, I.Yu., Kalaev, V.V., Nabokov, V.N., Zhmakin, A.I., Makarov, Yu.N.,

Abramov, A.G., Ivanov, N.G., Rudinsky, E.A., Smirnov, E.M., Lowry, S.A., Dornberger,

E., Virbulis, J., Tomzig, E., Ammon, W.v. Global model of Czochralski silicon growth to

predict oxygen content and thermal fluctuations at the melt-crystal interface // Microelec-

tronic Engineering. – 2001. - Vol. 56 - P.139–142.

3) Evstratov, I.Yu., Kalaev, V.V., Zhmakin, A.I., Makarov, Yu.N., Abramov, A.G., Iva-

nov, N.G., Smirnov, E.M., Dornberger, E., Virbulis, J., Tomzig, E., Ammon, W.v.

Modeling analysis of unsteady three-dimensional turbulent melt flow during Czochralski

growth of Si crystals // J. Crystal Growth. – 2001. – Vol.230. – P.22-29.

4) Smirnov, E.M., Abramov, A.G., Ivanov, N.G., Korsakov, A.B., Zajtsev, D.K. Numeri-

cal analysis of conjugate heat transfer in a melt-crucible model of Czochralski systems:
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