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An investigation of computational methods 
for all speed compressible flow field for an application of the preliminary study in 

aeroacoustics 
 

Abstract 

 

With the improvement of the life quality, the noise induced by aeroacoustic becomes one 

of the most important and complicated problems of the noise control. Before resolving the 

problems of the aeroacoustics, due to the necessary of defining the aeroacoustic source, the 

aim of this study will develop a computational method for all speed regions. In order to obtain 

the accurate information of the aeroacoustic source, the preconditioning method is adopted to 

make the program is suitable for all speed regions. Besides, due to the serious effect of the 

boundary conditions on fluid and acoustic fields, the computational method should be 

matched with the non-reflection boundary condition. With the non-reflection boundary 

condition, the accuracy can be increased and the efficiency can be improved. In the turbulence 

modeling, the dissipative model is created to generalize the computational method. The extra 

equations for the motions of small scales can be elimated and the efficiency can be improved. 

Besides, this model is also available in the curvilinear coordinate without any modifications 

so it can be used more general in real applications. Finally, because the tremendous 

computational time is demanded, parallel computation by OpenMp and GPU are built to 

improve the efficiency. Therefore, the computational method developed in this study can be 

potentially a basement in the computational aeroacoustic. 
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ᆶਏ౗ׯޑ๓ςᅌᅌคݤᅈى੃຤ޑޣሡाǶ࣬ჹޑǴౢࠔჹᕉნ܌೷ԋޑԡࢉ

ᆶځ๤፾ࢂ׳ࡋόё܈લޑ΋ᕉǶӧԜሦୱϣǴΞឦᏓॣޑ௓ڋന֚ࣁᜤᆶख़

ाǶ 

ᏓॣჹΓᡏޑቹៜёϩيࣁᡏᆶЈ౛Бय़ޑ໾্ǶჹيᡏБय़Ǻό໻ԸԚᆶ

᠋Κ೷ԋኩਔ҉܈܄Φ᠋ޑ܄᝺ཞѨǴ׳཮೸ၸઓ࿶س಍ǴЇଆيᡏځдᏔ܈۔

ଯᏓॣᕉნܭයೀߏቹៜȩǶନԜϐѦǴޑ܄᝺᠋ߚѨፓᆶ౦தǴౢғȨޑ಍س

ΠǴ৒ܰي٬ᡏगဉ᝸୏ቚזǵڥ֎ࠠᄊׯᡂǵՈᓸቚଯǵЈၢуזǵሡ਼ໆቚ

уǵՈమᖌڰᎇቚуǵՈλ݈Ꮙ໣฻౜ຝǴᗨόૈᘐۓᏓॣࢂᏤठ೭٤੯ੰޑᅾ

२ǴՠᏓॣࣁᏤठ׎܈ԋ೭٤੯ੰޑፄᚇӢનϐ΋Ǵࢂࠅคன࿼ᅪޑǶჹЈ౛ቹ

ៜБय़ǺᏓॣ཮ቹៜᅵ઀ǵ֫ᛖҬፋǵπբਏ౗եပǵჇൾǵғ਻฻Ј౛բҔǴ

ΦԶΦϐǴӢЈ౛ϸᔈǵѨ઀ԶᏤठғ౛фૈѨፓ฻౜ຝǴӵᓐภǵᓐཀྵǵᆒઓ

คݤ໣ύ฻֡ࣁᏓॣޔௗᆶ໔ௗޑቹៜǶูٽӵߏਔයኪ៛ӧଯᏓॣޑᕉნΠǴ

཮௦Ҕ΋ᅿ٬Ծρ᠋όـᏓॣᕉნޑፓ፾БٰݤჹלᏓ Ǵॣ೭ஒ೷ԋูٽӧ֐ᚇ

Ǵஒ܄ख़ाޑόܰ୔ϩᖂॣูٽࢂځբҔǴЀؼόޑᕉნΠᡂள۹ౣᖂॣૻဦޑ

ჹูٽᏢಞϷᇡޑޕว৖Ԗ࣬྽ޑቹៜǶΨӢࣁᏓॣჹВதғޑࢲቹៜࣗ႐ǴӢ

ԜႽኻ࿉୯ৎჹܭᏓॣޑ௓ᆅǴவεԿा܌؃Ԗԋ঩୯ೕጄπբᕉნᏓॣډλԿ

ᒡΕኻ֡ڀވޑࢪሡ಄ӝኻہࢪ঩཮௤៾಍΋኱ྗಔ(CEN)ܭ 2001 ԃु܌ҥޑ

ໆНྗǴόளຬၸॣޑวр܌ڀވޑᏓॣ኱ྗǺ஥Ԗႜᆅڀވ 125ϩنǶҗ΢य़

 ՅǶفख़ाޑᄽת܌ӧ҂ٰπำᔈҔ΢ڋᏓॣ௓ډॊύǴёаమཱΑှ௶ޑ

΋૓ԶقǴᏓॣౢғޑচӢёཷౣಉϩࣁȨ่ᄬౢғ(structure-borne)ȩޑȨ่

ᄬᏓॣ (Structure-borne noise)ȩᆶȨ਻ౢࢬғ (air-borne)ȩޑȨ਻୏Ꮣॣ

(Aeroacoustic)ȩǴ่ ᄬᏓॣࢂҗ่ܭᄬ߄य़ਁ୏௢ᔒᎃ߈ϟ፦ౢ܌ғޑᖂݢᒟ৔Ǵ

ౢғޑᐒڋၨܰႣෳǴӢԜӧԦࢉ௓ڋ΢ςᕇள࣬྽ำׯޑࡋ๓Ƕ਻୏Ꮣॣᆬۈ

๓਻ׯ๓ǶՠׯǴӢԜᜤа܄аԖ๱όёႣෳ܌ᓸΚᡂ୏Ǵ܈ࡋೲޑ൑ࢬࢬધܭ

୏Ꮣॣޑख़ा٠܄ό่ܭ٥ᄬᏓॣǴٯӵǺঁΓႝတҗܭीᆉೲޑࡋВᅌቚזǴ

ණ዗॥৻ຫ੻ቚуǴၟޑሡ܌ ᒿԶٰࢂޑ॥৻ယТӧଯᙯೲϐΠ೷ԋ਻୏Ꮣॣග

ଯୢޑᚒǶӢԜӵՖׯ຾৻ယѦࠠаफ़ե਻୏ᏓॣǴᡣ٬Ҕޣགډ๤፾Ǵஒ཮ࢂ
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၀ౢ཰ௗΠٰ܌य़ᖏޑډനεᜤᚒǹًؓନΑӧե઻ޑݨ೛ीΠǴӵՖफ़եଯೲ

ՉᎭΠ܌೷ԋޑ਻୏Ꮣॣаխቹៜ४࠼ᆶᎯᎭޑޣ๤፾ࢂ׳ࡋ౜Ϟѱ൑ύǴ،ۓ

၀ౢࠔᓬӍޑᜢᗖϐೀǶ 

Զाׯ๓਻୏ᏓॣǴѸ໪ӃΑှ਻୏ᖂᏢǴ၀Ꮲୢҗܭ Lighthill ග܌[1] ܭ

рޑ౛ፕԶԖ๱໒ബޑ܄ଅ᝘ǴLighthill ஒᖂྍ೽ҽճҔჴᡍ܈ीᆉࢬᡏΚᏢБ

ࣁ໺ሀၸำǴԜջځ୏БำԄीᆉݢ؃ளǴӧճҔݤ Lighthill’s analogyǶௗ๱Ǵ 

Williams ฻Γ[2]ਥᏵ Lighthill’s analogyޑБݤǴख़ཥ᏾౛ Lighthill БำԄǴҗ

ਥᏵࢂ௢Ꮴၸำܭ Navier-StokesБำԄԶٰЪ҂ԖҺՖᙁϯǴ܌а Ffowcs 

Williams-HawkingsБำԄ(ᙁᆀ FW-HБำԄ)ޑ፾ҔጄൎКচޑۈ Lighthill Бำ

Ԅ׳уቶݱǶՠڙज़ႝܭတၮᆉೲޑࡋज़ڋǴډޔ 1992ԃǴWilliam ӧ[3]ύω

ஒ਻୏ᏓॣᆶीᆉࢬᡏΚᏢ่ޑӝ଺рӝ౛ޑႣෳᆶ᏾౛ǴځύхࡴԖۓက

CAA(Computational AeroAcoustic)ޑ፾ҔጄൎᆶБݤǵפр፾ӝ CFDᔈҔ؃ှޑ

БำԄǵCAA ύᜐࣚచҹۓޑကǶԜࡕǴᒿ๱ၮᆉೲޑࡋቚזǴߡԖຫٰຫӭ

ճҔࢂЎ᝘ޑ Lighthill’s analogyޑБݤǴ่ӝ CFDჹ਻୏Ꮣॣ଺рӝ౛ޑႣෳ

ᆶׯ๓ǶٯӵǺOhnishi฻Γӧ[4]ύǴаჴҔࣁҞޑǴஒ Lighthill’s analogyޑБ

 ਻୏ᏓॣႣෳǹޑ߈Бᡏᆶً፶բрᆶჴᡍॶௗ҅ޑᡏǵ௽ᙯࢊჹΟᆢ༝ݤ

Kenji ฻Γӆ[5]ύǴΨճҔӕኬޑБݤӃीᆉрًηܭଯೲՉᎭΠǴྣౢ܌᜔ࡕ

ғޑ਻୏ᏓॣǴӆҔ่݀ځᆶ॥ޑࢰჴᡍॶ଺КၨǴว౜ޣٿ֍ӝǶനࡕӧख़ཥ

೛ीྣ᜔ࡕѦࠠǴԋфफ़եΑ਻୏ᏓॣǶԶନΑӧჴሞᔈҔБय़ϐѦǴΨԖЎ᝘

ឍॊࢂ Lighthill БำԄΠǴόӕ܌ှޑ፾ҔޑόӕጄൎǴPrieur฻Γӧ[6]ύǴ၁

ಒှޑញΑ FW-H БำԄᆶ Kirchhoff БำԄޑ፾Ҕጄൎᆶ࣬౦ϐೀǴࡰځрǺ

FW-H [2]БำԄऩӧ΋௓߄ڋय़ޑጄൎϣǴ፾Ҕ܄ஒό཮ډڙज़ڋǹԶ Kirchhoff

БำԄѝ፾Ҕ࣬ܭӕϟ፦ύǴጕ܄໺ሀޑᖂݢǴ٠Ъѝૈीᆉ௓߄ڋय़ᆶ௓߄ڋ

य़Ѧޑᖂ൑ϩѲǶฅԶ਻୏ᖂᏢޑኳᔕύǴନΑҔ Lighthill’s analogyޑБݤѦǴ

Ψё٬Ҕ Liner Euler Equation(LEE)ीᆉᖂ൑ǴAddad฻Γӧ[7]а Star-CDӃीᆉ

ኩᄊࢬ൑ϐࡕǴӧа LEEѐჹ෮ࢬ(vortex)ౢ ғޑᐒڋᆶᖂྍ(acoustic source)ޑ

ᜢ߯଺КၨǴว౜ࢬ൑ύ෮ౢ܌ࢬғޑՏ࿼ᆶᖂྍౢ܌ғޑՏ࿼൳Я࣬ӕǶନԜ

ϐѦǴ୯ϣ߾Ԗఉയܴ฻Γ[8]а Euler EquationႣෳ௨਻ᆅϣ᎜ౢ܌ݢғޑᏓॣ

٠Ъϒаׯ๓Ƕՠࢂ Bogey฻Γӧ[9]ύǴߚதܴқࡰޑрǴӧեଭᇲኧޑ௃ݩ

ΠǴᒧ᏷ Lighthill БำԄٰϩ݋ᖂ൑ࢂКၨזೲЪྗዴޑǶ 
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җ΢ॊޑচ౛ளޕǴҗܭᖂྍࢂҗࢬ൑ύޑᓸΚᆶೲࡋᡂ୏܌ЇଆǴӢԜा

ीᆉᖂ൑ѸӃளډધࢬ൑ύೲࡋᆶᓸΚޑᡂϯǴӢԜሡӃीᆉёᓸᕭࢬϐધࢬኩ

ᄊࢬ൑ǶฅԶ٩ྣҞ߻ε೽ϩޑीᆉБԄǴӧीᆉࢬ൑೽ҽӭࢬ٩ྣᡏೲࡋஒځ

୔ϩࣁёᓸᕭࢬ(εܭ 0.3ଭᇲ)ᆶόёᓸᕭࢬ(λܭ 0.3ଭᇲ)ǴԜᅿ୔႖ࠅᝄख़ޑ

ቹៜځᔈҔጄൎǺӵЇᔏϣ೽ࢬޑ൑Ǵᗨฅࣁեೲࢬ൑ՠࠅӢࣁՔᒿଯྕޑᐯᐨ

Զౢғёᓸᕭޑਏᔈǹቔౢ܌ࢬғޑᏓॣǴሡԵቾᖂྍ೽ϩޑஏࡋᡂϯᆶᓸΚᡂ

ϯǴӢԜሡा؃ှֹ᏾ޑ Navier-StokesБำԄаளډёᓸᕭࢬύஏޑࡋᡂϯǹ

ଯྕΠޑ዗໺ᆶ዗ჹࢬਏᔈǴሡӕਔԵቾஏࡋᆶᓸΚᡂϯޑਏᔈа಄ӝჴሞނ౛

౜ຝǶ 

ǴݤБޑӄୱܭᡏ፾Ҕࢬ܄ᗹࢬΑှ΢ॊ਻୏ᏓॣୢᚒǴሡӃวౢёᓸᕭࣁ

යаᕇளीᆉᖂ൑ਔ܌ሡޑᖂྍၗ ǶૻԜᅿБݤനε֚ޑᜤೀӧܭीᆉեೲࢬ൑

ਔǴᖂݢ໺ሀޑೲࡋᆶࢬ൑ޑೲࡋৡ౦ၸεǴ٬ளीᆉਏ౗ཱུৡǶऩ٬ҔܭᡉҢ

ܭज़ڙࣁύǴஒ཮Ӣݤ CFL చҹԶ٬ளਔ໘ၸλǴԏᔙόܰǹऩ٬ҔܭᗦҢݤ

ύǴΞ཮೷ԋંତޑ stiff ౜ຝǴ٬ளำԄਏ౗ၸեǶࣁΑլܺԜ֚ᜤǴ൩฽܌ޣ

ǴBrileyޕ ฻Γ[10]നԐճҔ preconditioningׯݤ๓եଭᇲኧΠǴ٬ҔᗦԄݤѐ

ှ، Navier-StokesБำԄޑԏᔙୢᚒǶTurkel[11]ว৖Α preconditioningં ତǴ

٠Ъ૸ፕԜܭݤёᓸᕭࢬᆶόёᓸᕭࢬ΢ޑᔈҔǶChoi฻Γ[12]૸ፕեଭᇲኧΠǴ

ܭਔǴҗ،ှݤճҔᗦҢࢬ܄ᗹߚ stiff ౜ຝᆶ factorization errorޑԏᔙୢᚒǶ٠

Ъஒ preconditioningં ତܫ࿼ܭЀ܎БำԄύǴԋфׯ๓Αଭᇲኧࣁ 0.05ਔޑԏ

ᔙୢᚒǶChoi฻Γزࣴޑ[12] ុۯǴ[13]ܭύගр፾ӝᗹࢬ܄ᡏޑ preconditioning

ંତǴှ،ᗹࢬ܄ᡏܭեଭᇲኧΠޑԏᔙୢᚒǶRoe[14]ճҔ܌ځว৖ޑ averaged 

variablesှ ،ёᕭࢬύޑᆛ਱ϟय़όೱុୢᚒǴRoeݤҞ߻೏ቶޑݱᔈҔှܭ،

ёᕭࢬᡏ΢ǶWeiss ฻Γ ុۯ߾[15] Choi ǴஒزࣴޑΓޑ Roe ଛӝݤ

preconditioningݤᔈҔܭΟᆢޑ N-SБำԄύǴ٠ЪуΕ dual time steppingीᆉ

եଭኧΠޑኩᄊࢬᡏୢᚒǶ΢ॊЎ᝘ࣣឦܭа density basedࣁЬޑीᆉБݤǴԶ

ନΑԜݤϐѦǴpressure basedࣁЬޑБݤǴӧեೲόёᓸᕭޑࢬᔈҔΨ࣬྽ቶݱǴ

Patankarᆶ Spalding[16]฻Γ܌ගр SIMPLE(Semi-Implicit Method for Pressure 

Linked Equations)ݤǴջࢂа pressure basedࣁ୷ᘵ܌ว৖ǴҞ߻೏ቶݱᔈҔܭό

ёᓸᕭࢬޑࢬ൑ୢᚒǶՠҗܭ pressure basedࣁЬޑीᆉБܭݤёᓸᕭޑࢬीᆉ

ਔሡाၨӭޑঅ҅ǴӢԜҁࣴزᒧ᏷а density basedޑीᆉБݤǶ 
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ନΑว৖ӄୱᗹࢬ܄൑ޑीᆉБݤѦǴҗܭᖂ൑ཱུܰ೏ᜐࣚచҹ܌ቹៜԶ೷

ԋၨεޑᇤৡǴӢԜҁࣴزΨஒว৖፾ӝܭीᆉᖂ൑ޑᜐࣚచҹǴаှ،΢ॊୢ

ᚒǶࣁΑှ݋ёᓸᕭࢬ຾рαᜐࣚୢޑᚒǴRudy฻Γ[17]ගрߚϸ৔܄ᜐࣚచҹǴ

ԜБݤᙁൂЪ৒ܰᔈҔǶPoinsot ฻Γ[18]߾ගр Navier-Stokes characteristics 

boundary conditions(NSCBC)ǴନΑрαచҹѦǴҭх֖ӵՖှ،຾αаϷԖค

ྖ౽Ꮫय़చҹ฻ୢᚒǶନΑߚϸ৔܄ᜐࣚచҹѦǴFreund [19]ගр֎ԏ܄ᜐࣚచ

ҹǴҗܭำԄኗቪ৒ܰǵᆒࡋၨߚϸ৔܄ᜐࣚచҹଯǴ໻ሡቚу٤೚ޑीᆉޜ໔

ջёளؼډӳޑीᆉ่݀ǴӢԜᔈҔጄൎཱུቶǶՠ΢ॊЎക܌૸ፕࢬޑ൑ε೿ε

ܭ 0.3ଭᇲǶࢂց፾ҔܭၨեೲޑёᓸᕭރࢬᄊǴ߾҂ـ၁ಒ૸ፕǶ 

Կܭધࢬࢬ൑ޑीᆉύǴҞ߻ԶقǴԖ DNS(Direct Numerical Simulation)ǵ

RANS(Reynolds Averaged Navier-Stokes)ᆶ LES(Large Eddy Simulation)ΟᅿБݤǶ

ύځ DNSǴନΑሡ઻຤εໆޑीᆉਔ໔ѦǴ׳Ԗ๱ႜᒍኧόёၸଯޑલᗺǴ೷

ԋځᔈҔቫय़΢ډڙज़ڋǶՠࢂҗܭ DNS ൑ύࢬࢬଯǴ٠Ъёኳᔕધࡋዴྗޑ

ࣁኳᔕ่݀த೏բځǴӢԜ܄੝ࢬ෮ࡋλЁޑ Benchmarkှ КၨǴӵ Kim ฻Γ

[20]ǶRANSᗨฅԖ๱ीᆉၸำᙁߡǴၮᆉਔ໔ၨז฻ᓬᗺǴՠҗځܭीᆉࣁਔ

֡ϯ่݀ޑǴคݤԖਏ߄౜ધࢬࢬ൑ύࢬᡏ܄፦ᒿਔ໔ᡂ୏฻੝܄Ǵ٬ளᔈҔጄ

ൎډڙज़ڋǶLES ܭϟ߾ DNS ᆶ RANS ϐ໔ǴԖ๱ीᆉਔ໔ၨ DNS ِೲЪኩ

ᄊ่݀ၨ RANS ֍ӝჴሞނ౛௃ݩ฻ᓬᗺǶLES ѝीᆉεЁܭҥࡌᄬࢎ୷ҁޑ

ࢬჹܭ౛ໆҗނޑ೽ҽ(small scale)ࡋቹៜǴλЁޑ൑ࢬܭ౛ໆჹނ(large scale)ࡋ

൑ޑቹៜࣗ༾ࢂܭϒаኳಔϯаε൯फ़եीᆉਔ໔Ƕ 

Αᡣࣁ LES ૈ୼፾Ҕܭᖂ൑ޑीᆉǴҁࣴزᒧ᏷ᗦԄ LES ኳԄኳ(ILES)ݤ

ᔕࢬ൑ǶКଆ໺಍ޑᡉԄ LESኳԄӵ SmagorinskyኳԄ܈ dynamicኳԄ฻Ǵҗܭ

όሡाᚐѦޑБำԄඔॊλ෮ࢬၮ୏ǴӢԜᔈҔጄൎၨቶЪำԄኗቪ৒ܰǶԜݤ

२Ӄҗۺཷޑ Boris [21]ගрǴௗ๱ Grinstein ฻Γ [22]уа᏾౛٠ว৖рᗦԄધ

բҔᆶኧॶᳫණբҔ࣬՟ǴӢԜёճޑኳԄࢬᡉԄધܭҥࡌ୷ᘵޑݤኳԄǶԜࢬ

ҔኧॶᳫණբࣁધࢬኳԄԶόሡाӭᎩޑБำԄඔॊλ෮ࢬၮ୏Ƕ 

җܭёᓸᕭધࢬ(compressible turbulent flow)ޑ౜ຝፄᚇЪեଭᇲኧΠԏᔙ

όܰୢޑᚒǴӧ௖૸ LES ่ӝ preconditioningݤीᆉեଭᇲኧޑЎ᝘٠όӭǶ

Lessani฻Γ[23]ճҔ LESኳᔕᆅၰࢬᆶޜҤࢬǴ٠ЪуΕ preconditioningݤଛӝ

multigridݤуೲԏᔙǶ่݀ځᡉҢԜᅿБԄஒКൂપޑᡉҢݤගܹऊ 4-7७ਏ౗Ƕ
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Xu ฻Γ[24]ճҔԖज़ᡏᑈݤᆶ LES ኳᔕ pipeࢬǴ่݀ځᆶჴᡍॶ܈ DNS ኳᔕ

КၨǴ่ࣣ࣬݀ޑ தྗዴǶAlkishriwi ฻Γ[25]ճҔߚ LESଛӝ΢ preconditioning

ᆶݤ multigrid ኳᔕόӕଭᇲኧᆶόӕਔ໘ΠǴReݤ 590τ = ᆶReࢬᆅၰޑ 3900=

ԏᔙୢᚒǴКޑ๓եଭኧΠׯόՠཱུԖਏ౗ԶЪε൯ݤǶ่݀ᡉҢԜБࢬࢊ༝ޑ

ϖ໘ޑ Runge-KuttaᡉҢזݤ΢ऊ 4-60७Ƕ 

ᆕ΢܌ॊǴҁࣴزஒว৖ӄୱёᓸᕭࢬ൑ीᆉБݤǴբࣁஒٰᖂ൑ीᆉϐࢬ

൑೽ҽޑ୷ᘵǶࣁΑֹԋ΢ॊҞ኱ǴሡӃว৖ቫࢬӄୱೲࡋ൑ϐीᆉБݤᇶаᆒ

ዴࡋၨଯϐᜐࣚǶࣁΑᡍ᛾၀ीᆉБྗޑݤዴ܄ᆶۯ՜ځᔈҔ܄ǴӢԜஒԜीᆉ

БݤᔈҔܭᆅၰϣଯྕԾฅჹࢬ౜ຝǴԋфׯ๓ Bossinesqଷ೛ѝૈ৒೚ऊ 30

ϸ৔ߚեೲޑᆄٿᆅၰܭϐલᗺǶନԜϐѦǴΨว৖рᔈҔࢬৡ[26]Ծฅჹྕࡋ

໒ݤीᆉБࢬаε൯ගܹीᆉਏ౗Ƕӧֹԋቫ܌໔ǴޜόሡቚуεࣁᜐࣚǴӢ܄

วࡕǴΨว৖рёᓸᕭϐᗦԄε෮ࢬኳᔕݤǴᙖҗीᆉધࢬࢬ൑ύޑ correlation

٠Ъᆶ DNS ၗ਑КၨǴᡍ᛾ધࢬኳԄϐྗዴࡋǶҗ΢ॊϣ৒ёޕǴҁࣴ܌زว

৖ϐࢬ൑ीᆉБݤᔈҔཱུ܄ቶǴх֖ଯೲࢬ൑ǵեೲࢬ൑ǵધࢬࢬ൑ᆶቫࢬࢬ൑

ࣣёճҔҁीᆉБݤԶளډᆒዴ่݀ޑǴբࣁᖂ൑ीᆉϐࢬ൑೽ҽޑ୷ᘵǶ 
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ಃΒക ނ౛ኳԄ 

 ౛ኳԄǺނᆅၰޔࠟ 2.1

౛ኳԄӵკނޑ௦Ҕ܌ᆅၰޔࠟ ΋ঁଯࣁҢǴЬा܌1 0l ᆶቨw ޔΒᆢࠟޑ

ᆅၰǶځύଯྕᏛय़ଯࣁࡋ 2l ЪՏܭѰୁᏛय़ǴଯྕᏛय़ຯᚆ΢БᆶΠБ໒αय़

ଯࡋϩձࣁ 1l ᆶ 3l ǴΞ၀΋ଯྕᏛय़ࣁۓڰࡋྕޑ hT ǶӧࠟޔᆅၰύନΑଯྕᏛ

य़ѦǴځᎩޑୁٿᏛय़๊ࣣࣁ዗ރᄊǶԶѦय़ޑᕉნྕࡋᆶᓸΚϩձࣁ

298.06cT K= ᆶ 0 1P atm=  (101300Pa ) 

ӧीᆉਔ܌௦ޑڗ୷ҁଷ೛ӵΠǺ 

 ൑ǶࢬࢬΒᆢЪቫࣁ൑ࢬ (1)

(2) πբࢬᡏޜࣁ਻Ǵଷ೛ࣁځ౛གྷ਻ᡏǶ 

(3) ຾рαచҹֹࣣࣁӄߚϸ৔చҹǶ 

Βᆢޑᆶख़Κቹៜ܄ᡏёᓸᕭࢬǵ܄ԵቾᗹᅉࣁБำԄޑ؃ှ N-SБำԄᆶ౛གྷ

਻ᡏБำԄǺ 

U F G
S

t x y

∂ ∂ ∂+ + =
∂ ∂ ∂

              (2-1) 

ᆶ 

P RTρ=                         (2-2) 

ύǴUځ ǵ F ǵG ᆶ S  ҢǺ܌ॶӵΠޑ
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u
U

v

E

ρ
ρ
ρ
ρ

 
 
 =
 
  
 

 

2
xx

xy

xx xy

u

u P
F uv

T
Eu Pu k u v

x

ρ
ρ τ

ρ τ

ρ τ τ

 
 + − 

=  −
 ∂ + − − − ∂ 

 

2
yy

yx yy

v

vu

G v P

T
Ev Pv k u v

y

ρ
ρ

ρ τ

ρ τ τ

 
 
 
 = + −
 ∂ + − − − ∂ 

 

0

0

0

( )

0

( )

g
S

gu

ρ ρ

ρ ρ

 
 − − =
 
  − − 

 

Ԝೀ 2 21
( )

( 1) 2

p
E u v

ρ γ
= + +

−
Ƕ 

ਥᏵ߾ᗹᅉ߯ኧᆶ዗໺Ꮴ߯ኧޑ਻ޜ Sutherland’s law؃ளǺ 

3
02

0
0

110
( ) ( )

110

TT
T

T T
µ µ +=

+
                (2-4) 

( )
( )

( 1) Pr

T R
k T

µ γ
γ

=
−

              (2-5) 

Ԝೀޑ 3
0 1.18 /kg mρ = ǵ 29.81 /g m s= ǵ 5 2

0 1.85 10 /N s mµ −= × ⋅ Ǵ 0 298.06T K= Ǵ

1.4γ = Ǵ 287 / /R J kg K= ᆶPr 0.72= Ƕ 

 

 

 

(2-3) 
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კ  ౛ኳԄނᆅၰޔࠟ .1

 

 

 

 

 Outlet 
Non-reflecting 

Inlet 
Non-reflecting 
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2.2 Нѳᆅၰނ౛ኳԄǺ 

 Нѳᆅၰ܌௦Ҕނޑ౛ኳԄკӵკ ځ࿼ϐᆅၰǶܫΟᆢНѳࣁҢǴ܌2

ࣁǵቨᆶଯϩձߏ 11W ǵ2W ᆶWǶу዗य़ܫ߾࿼ܭᆅၰΠБǴࡋߏᆶቨࡋϩձ

ࣁ 2W ᆶ2W ǶନԜϐѦǴу዗य़ࣁࡋྕޑ hT ǴନΑу዗य़ѦǴځᎩᏛय़๊ࣣࣁ

዗చҹǶԶѦय़ޑᕉნྕࡋᆶᓸΚϩձࣁ 298.06cT K= ᆶ 0 1P atm= Ƕ 

җܭᏛय़у዗ޑᜢ߯Ǵᆅၰϣஒ཮ౢғԾฅჹࢬ౜ຝǶ२ӃǴܭᆅၰϣǴу

዗य़΢Бޑ਻ᡏ΢ϲԿᆅၰ΢БᏛय़Ƕௗ๱໒ۯۈ๱ᆅၰ΢БᏛय़ٿޑᜐࢬрǶ

ӧԜਔǴᆅၰٿᆄΨ໒ۈவѦࣚ֎ΕྕࡋၨեࢬޑᡏǶࢂܭǴӆᆅၰٿᆄǴஒ཮

Ӣࣁᖂݢೲࡋᆶࢬᡏೲࡋৡ౦ၸεԶ೷ԋ΢ΠᏛय़ӄฅόӕޑϸ৔౜ຝǶБߡଆ

زϸ৔౜ຝǴҁࣴޑᅿБӛ࣬౦ٿ೷ԋ܌୏БӛࢬܭǴӧӕ΋ѳय़ǴӸӧ๱җـ

ᆀϐࣁȨᚈϸ৔౜ຝȩǶ 

ӧीᆉਔ܌௦ޑڗ୷ҁଷ೛ӵΠǺ 

(1) πբࢬᡏޜࣁ਻Ǵଷ೛ࣁځ౛གྷ਻ᡏǶ 

(2) у዗Ꮫय़ᆶଯྕᏛय़ࣣࣁόёྖ౽చҹǶ 

(3) ቫࢬࢬ൑Ƕ 

Οᆢޑᆶख़Κቹៜ܄ᡏёᓸᕭࢬǵ܄ԵቾᗹᅉࣁБำԄޑ؃ှ N-SБำԄᆶ౛གྷ

਻ᡏБำԄǺ 

H
+

U F G
S

t x y z

∂ ∂ ∂ ∂+ + =
∂ ∂ ∂ ∂

               (2-6) 

P RTρ=                                                       (2-7) 
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ύǴUځ ǵF ǵG ǵH ᆶ S                        ҢǺ܌ॶӵΠޑ

u

U v

w

E

ρ
ρ
ρ
ρ
ρ

 
 
 
 =
 
 
 
 

 

2
xx

xy

xz

xx xy xz

u

u P

uv
F

uw

T
Eu Pu k u v w

x

ρ
ρ τ

ρ τ
ρ τ

ρ τ τ τ

 
 + − 
 −

=  
− 

 ∂
 + − − − − ∂ 

 

2
yx

yy

yz

yx yy yz

v

uv

v P
G

vw

T
Ev Pv k u v w

y

ρ
ρ τ

ρ τ
ρ τ

ρ τ τ τ

 
 − 
 + −

=  − 
 ∂+ − − − − 

∂ 

 

2

zx

zy

zz

zx zy zz

w

uw

vw
H

w P

T
Ew Pw k u v w

z

ρ
ρ τ
ρ τ

ρ τ

ρ τ τ τ

 
 − 
 −=  + − 
 ∂+ − − − − 

∂ 

 

0

0

0

0

( )

0

( )

S g

gv

ρ ρ

ρ ρ

 
 
 
 = − −
 
 
 − − 

 

Ԝೀ 2 2 21
( )

( 1) 2

p
E u v w

ρ γ
= + + +

−
Ƕ 

ਥᏵ߾ᗹᅉ߯ኧᆶ዗໺Ꮴ߯ኧޑ਻ޜ Sutherland’s law؃ளǺ 

3
02

0
0

110
( ) ( )

110

TT
T

T T
µ µ +=

+
                         (2-9) 

(2-8) 
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( )
( )

( 1)Pr

T R
k T

µ γ
γ

=
−

                   (2-10) 

Ԝೀ 3
0 1.18 /kg mρ = , 29.81 /g m s= , 5 2

0 1.85 10 /N s mµ −= × ⋅ , 0 298.06T K= , 1.4γ = ,

287 / /R J kg K=  and Pr 0.72= . 
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კ 2(a). Нѳᆅၰނ౛ኳԄკ 

 

 

კ 2(b). Нѳᆅၰނ౛ኳԄკ 

 

კ 2. Нѳᆅၰނ౛ኳԄკ 
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2.3 คज़ѳ݈ધࢬࢬ൑ނ౛ኳԄǺ 

Ǵஒа܄ዴྗޑ൑ࢬࢬኳᔕધܭݤΑᡍ᛾ҁीᆉБࣁ LESݤኳᔕх֖ёᓸ

ᕭޑ܄ધࢬࢬ൑Ƕނځ౛ኳԄკӵკ БӛᆶНѳБӛޔ୏БӛǵࠟࢬځҢǴ܌3

ϩձࣁ xǵ y ᆶ zǶ܌ځჹᔈೲࡋϩձࣁ uǵv ᆶwǶѳ݈ߏޑǵଯᆶቨࣁ߾ 1l ǵ

2l ᆶ 3l Ƕ 

ӧीᆉਔ܌௦ޑڗ୷ҁଷ೛ࣁаΠǺ 

(1) πբࢬᡏޜࣁ਻Ǵ౛གྷ਻ᡏǶ 

(2) ۹ౣख़ΚਏᔈǶ 

ਥᏵ Trong [27]ǴБำԄё߄ҢӵΠǺ 

0
U F G H

t x y z

∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                           (2-11) 

 ύǴځ

u

U v

w

E

ρ
ρ
ρ
ρ
ρ

 
 
 
 =
 
 
 
 

ɶ

ɶ

ɶ

ɶ

                             (2-12) 

2
( 2 )[2 ( )]

3

( 2 )[ ]

( 2 )[ ]

( 2 )

2
{ [2 ( )] [ ] [ ]}

3

t

t

t

t

i

u

u
uu P V

x
u v

F uv
y x

u w
uw

z x

T
Eu Pu k

x

u u v u w T
u V v w k

x y x z x x

ρ

ρ µ ρν

ρ µ ρν

ρ µ ρν

ρ µ ρν







 ∂ + − + − ∇ ⋅
 ∂
 ∂ ∂
= − + +

∂ ∂
 ∂ ∂
 − + +

∂ ∂
 ∂
 + − − +

∂
 ∂ ∂ ∂ ∂ ∂ ∂− ∇ ⋅ + + + + −

∂ ∂ ∂ ∂ ∂ ∂

ɶ

ɶ
ɶ ɶɶ ɶ

ɶ ɶ
ɶ ɶ

ɶ ɶ
ɶ ɶ

ɶ ɶɶ ɶ

ɶɶ ɶ ɶ ɶ ɶ
ɶɶɶ ɶ ɶ





















 
 



        (2-13) 

P RTρ=ɶ ɶ                                       (2-14) 

ύ΢኱ځ bar ൑࿶ၸࢬࣁ filter ԄǴ΢኱׎ޑ tilde ࣁ filter ൑ӧ࿶ၸࢬޑࡕ

Favre-averaged׎ޑԄǶ 
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ਥᏵ߾ᗹᅉ߯ኧᆶ዗໺Ꮴ߯ኧޑ਻ޜ Sutherland’s law؃ளǺ 

3
02

0
0

110
( ) ( )

110

TT
T

T T
µ µ +=

+

ɶ
ɶ

ɶ
                        (2-15)  

Ԝೀ 5 2
0 1.85 10 /N s mµ −= × ⋅ , 0 298.06T K=  

ਥᏵ SmagorinskyኳࠠǴ tν ё߄ҢӵΠ 

2
t C Sν = ∆ ɶ               (2-16) 

Ԝೀ
1

3
1 2 3( )∆ = ∆ ∆ ∆ , 2 ij ijS S S=ɶ ɶ ɶ , 

1
( )

2
j j

ij
i i

u u
S

x x

∂ ∂
= +

∂ ∂
ɶ ɶ

ɶ   

БำԄ(2-16)ύޑC ਥᏵࢂ߾ Van Driest damping functionٰ  ۓ،

0.01 1 exp[ ( )]
25

d
C

+ 
= − − 

 
              (2-17) 

Ԝೀ
u d

d τρ
µ

+ = Ǵuτ Ңԋ߄Ǵёࡋነᔔೲࣁ /wτ ρ Ǵ wτ ୊ᔈΚǴޑ൑ᆶᏛय़ࢬࣁ

d  ຯᚆǶޑीᆉᆛ਱ᚆᏛय़ࢂ߾
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კ 3. ΟᆢНѳᆅၰނ౛ኳԄკ 
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2.4 ቔࢬࢬ൑Ǻ 

 ӧֹԋӄୱࢬ൑ޑ໒วϐࡕǴஒճҔԜำԄኳᔕቔࢬࢬ൑аᕇளᖂྍၗૻǴ

ௗ๱עᖂྍၗૻ஥Ε Lighthill БำԄǴ؃ளᇻ൑ޑᖂᓸϩթǶނځ౛ኳԄკӵკ

ࣁ಍ஷБำԄޑ൑೽ҽࢬҢǴ܌4 Navier-StokesБำԄǴࡋߏᆶଯࡋϩձࣁ 1l ᆶ

2l Ǵቔࢬ຾αቨࡋъଯࣁRǴ຾αೲ10ࣁࡋ /m sǴႜᒍኧаቔࢬ຾αъ৩Rࣁ੝

ቻࡋߏऊࣁ 3000ѰѓǴځύ 1 / 50l R = ǵ 2 / 120l R = ǶBuffer zoneࣁճҔ֎ԏ܄

ᜐࣚǴ٬ளࢬᡏᚆ໒ीᆉጄൎਔǴό཮ቹៜډीᆉᆒࡋǴځελऊ10ࣁR Ƕ 

ӧीᆉਔ܌௦ޑڗ୷ҁଷ೛ӵΠǺ 

 ΒᆢǶࣁ൑ࢬ (1)

(2) πբࢬᡏޜࣁ਻Ǵଷ೛ࣁځ౛གྷ਻ᡏǶ 

(3) ຾рαచҹࣁ֎ԏ܄ᜐࣚǶ 

Βᆢޑᆶख़Κቹៜ܄ᡏёᓸᕭࢬǵ܄ԵቾᗹᅉࣁБำԄޑ؃ှ N-SБำԄᆶ౛གྷ

਻ᡏБำԄǺ 

U F G
S

t x y

∂ ∂ ∂+ + =
∂ ∂ ∂

             (2-18) 

ᆶ 

P RTρ=                        (2-19) 

ύǴUځ ǵ F ǵG ᆶ S  ҢǺ܌ॶӵΠޑ

u
U

v

E

ρ
ρ
ρ
ρ

 
 
 =
 
  
 

 

2
xx

xy

xx xy

u

u P
F uv

T
Eu Pu k u v

x

ρ
ρ τ

ρ τ

ρ τ τ

 
 + − 

=  −
 ∂ + − − − ∂ 

 

2
yy

yx yy

v

vu

G v P

T
Ev Pv k u v

y

ρ
ρ

ρ τ

ρ τ τ

 
 
 
 = + −
 ∂ + − − − ∂ 

 

(2-20) 
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Ԝೀ 2 21
( )

( 1) 2

p
E u v

ρ γ
= + +

−
Ƕ 

ਥᏵ߾ᗹᅉ߯ኧᆶ዗໺Ꮴ߯ኧޑ਻ޜ Sutherland’s law؃ளǺ 

3
02

0
0

110
( ) ( )

110

TT
T

T T
µ µ +=

+
               (2-21) 

( )
( )

( 1) Pr

T R
k T

µ γ
γ

=
−

             (2-22) 

Ԝೀޑ 3
0 1.18 /kg mρ = ǵ 29.81 /g m s= ǵ 5 2

0 1.85 10 /N s mµ −= × ⋅ Ǵ 0 298.06T K= Ǵ

1.4γ = Ǵ 287 / /R J kg K= ᆶPr 0.72= Ƕ 

ᖂ൑೽ҽޑ಍ஷБำԄࣁ Lighthill БำԄǴځ၁ಒඔॊᆶ௢Ꮴၸำёୖ᎙ߕ

ᒵ1ǴБำԄޑѓᜐ໨ջࣁճҔࢬ൑ำԄीᆉ܌ளޑᖂྍ໨ǴѰᜐݢࣁ୏БำԄǶ

ᖂ൑೽ҽीᆉጄൎޑଯ60ࣁࡋR ǵ150ࣁࡋߏR Ƕ 

2 2 2 2 2 2 2 2

02 2 2 2 2
( ) 2

u v uv
c

t x y x y x y

ρ ρ ρ ρ ρ ρ′ ′ ′∂ ∂ ∂ ∂ ∂ ∂− + = + +
∂ ∂ ∂ ∂ ∂ ∂ ∂

                      (2-23) 
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კ 4. ቔࢬࢬ൑ᆶᇻ൑ᏓॣኳԄკ 

 

 

 

 

 

 

 

 
 ൑೽ҽࢬ

Navier-StokesБำԄ 

Buffer zone 

Buffer zone 

ᖂ൑೽ҽ 

Lighthill БำԄ 
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ಃΟക LESीᆉ౛ፕ 

ӆֹԋӄୱࢬ൑ำԄϐࡕǴӧᗹᅉ໨೽ϩӆуΕ LES ધࢬኳԄǶLES ધࢬ

ኳԄޑ಍ୱБำԄᆶނځ౛ཀကӵΠǺ 

LES ஒࢬᡏނ౛ໆ୔ϩࣁεЁࡋ(large-scale)ᆶԛ਱ᗺЁࡋ(subgrid scale 

(SGS))ٿ೽ϩǶჹܭεЁނޑࡋ౛ໆӧ LESύޔௗҗ Navier-StokesБำԄ؃ှǴ

Զӧԛ਱ᗺЁࡋϣނޑ౛ໆ߾ሡाኳԄϯǶ 

Ҟ߻ε೽ϩޑԛ਱ᗺЁࢬࡋᡏ୊ᔈΚኳԄ(subgrid-scale stress models)ࢂаࢬ

ᡏ୊ᔈΚଷ೛ࣁ୷ᘵǴځύനத೏ЇҔޑኳԄࣁ Smagorinskyԛ਱ᗺЁࢬࡋᡏ୊

ᔈΚኳԄǶ 

२ӃᔈҔ LES ှ،ધୢࢬᚒࢂޑ Deardorff[28]Ƕд܌ኳᔕࣁޑᆅၰࢬᡏၮ

୏Ǵႜᒍኧ࣬྽ޑεǶځനεଅ᝘ӧܭឍॊΑճҔ LES БٰݤኳᔕΟᆢࢬ൑ޑ

ёૈ܄ǶࣁΑ৒ܰ߄ҢǴܭԜക࿯ύ٬܌Ҕޑ૶ဦࣣҔ tensor׎Ԅ߄ҢǶ 

    җKolmogorov࣬ޑ՟߾ݤளޕǴλ෮܄ޑࢬ፦کႜᒍኧคᜢǴӢԜλ෮ࢬ೽

ϩ٬ҔኳԄीᆉǴԶε෮ࢬ೽ϩ٬ҔኧॶीᆉǶځύᆂࢬελޑჄϩ௦Ҕၸᘠ

(filter)БݤǴҔfilter functionஒीᆉጄൎዴۓǺ 

( , ) ( ) ( , )U r t U r U r t′= +                                               (3-1) 

ӧݢኧ(wave number)ޜ໔ύǴ ( , )U r t′  ಔӝޑኧݢ٤ࢌҢ߄

3

1 ˆ( , ) ( , )
(2 )

ikrU r t U r t e dk
π ∞

′ ′= ∫                                         (3-2) 

౛ໆǴނޑ፦܄ਔ໔ک໔ޜԖڀ ( , )f r t ϐֽ೽ޜ໔ѳ֡ ( , )f r t  ࣁ

( , ) ( , ) ( , )f r t G r r f r t dr
∞

′ ′ ′= ∫    ( , )G r r′ ࣁ filter function                   (3-3) 

ޑـύၨதځ filter functionԖΠӈ൳ᅿǺ 
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(1) Gussian filter functionǺ 

     
2

6( )1
( , ) exp

6
i i

i i
i i

x x
G x x

π  ′−′ = × − 
∆ ∆  

                             (3-4) 

(2) Top hat filter functionǺ 

                    
1

i∆
    

2 2
i i

i i ix x x
∆ ∆′− < < +  

     ( , )i iG x x ′ =                                                    (3-5) 

                    o      otherwise 

(3) sharp cutoff filter functionǺ 

( )
2

( , )
( )

i i
in

i

i i

i i

x x
S

G x x
x x

π

π

 ′−− 
∆  ′ =
′−

                                    (3-6) 

∆ύ  iځ Ǻfilter width 

     ( ) ( ) ( )f r f r f r′= +  

ӵ݀ճҔ΢ॊ filter ჹ Navire-stokesБำԄၸᘠǴ٠ЪࢂӧόёᓸᕭచҹёளǺ 

0i

i

u

x

∂ =
∂

                                                          (3-7) 

2

2

1 iji i i
j

j i j j

u u uP
u v

t x x x x

τ
ρ

∂∂ ∂ ∂+ = − + −
∂ ∂ ∂ ∂

    ij i j i j ij ij iju u u u L C Rτ = − = + +         (3-8) 

 Ǻࣁ౛ཀကϩձނޑ߄ж܌Ӛ໨ځ

ijL (Leonard)໨Ǻ i j i ju u u u−  

    ε෮ࢬӢکλ෮ࢬϐ໔υੋբҔԶڙ܍ᔈΚǴԜᔈΚᏼॄ೽ϩε෮ૈࢬໆޑ

઻ණǴ٬Ҕόӕϐ filter functionǴ෮ࢬЁκ཮ԖόӕǶऩ٬Ҕ sharp cutoff filter 

functionǴλ෮ֹࢬӄ೏ၸᘠǴคυੋբҔౢғǴԜ໨ࣁ߾႟Ƕ 

ijC  (Cross໨)Ǻ i j j iu u u u′ ′+ + +  
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    ॄᏼ࣬྽೽ϩϐε෮ૈࢬໆϐණຽǴሡ modelingǴऩаᡏᑈѳ֡բࣁ filteringǴ

߾ ijL ک ijC ό཮р౜Ƕ ijL ǵ ijC ک ijR ελऊࣁӕ orderǴ ij ijL C+ Ԗ࣬ϕܢᎍޑբҔǴ

ऩٿ໨ӕਔ۹ౣǴᇤৡࡐλǶ 

ijR  (Reynold໨)Ǻ i ju u′ ′  

    SGS(subgrid scale) model೯தࡰ Reynolds stress໨Ǵॄᏼε೽ϩλ෮ࢬǴჹ

ε෮ޑࢬυੋ sՉࣁǴ٠֖ૈໆණຽ 

( )
3

jk k i
ij i j ij t

j i

uu u u
R u u v

x x
ς

 ∂′ ′ ∂′ ′= − = − + ∂ ∂  
                                 (3-9) 

ӧ ijR ໨ϣǴλ෮ࢬᏤठϐࠟޔᔈΚ k ku u′ ′ ᓉᓸΚ໨Pޑࢬѳ֡ॶǴх֖ӧε෮ޑ ϣǴ

ӢԜε෮ࢬჴሞϐᓉᓸΚελ p Pࣁ ෧௞ࠟޔᔈΚ೽ϩǶ 

1

3 k kP p u uρ ′ ′= +                                                   (3-10) 

1

2
2 21

( ) ( )
2

ji
t s

j i

uu
v C

x x

 ∂∂= ∆ + ∂ ∂  
    

1

3
1 2 3( )∆ = ∆ ∆ ∆                         (3-11) 

1

3 G

p
P K

ρ
= +     

2

2( )
t

G
v

v
K

C
=

∆
    0.094vC =  

sC Ǻ0.1 Ꮫय़ધࢬǹ0.25 ฻Бӛ܄ધࢬǹ0.15 ϟܭ΢ॊޣٿϐ໔ 

∆Ǻᆛ਱໔ຯ 

    ՠҗܭҁࣴزሡीᆉஏࡋᡂϯǴӢԜሡाճҔ΢ॊ(3-4)Կ(3-6)ޑ filter ҂ܭ

ԖҺՖᙁϯޑ Navier-StokesБำԄΠǴӆճҔ Favre-filtered(density-weighted)ᡂ

ኧჹځ຾ՉၸᘠǴᗉ໒БำԄคݤഈӝୢޑᚒǴځБݤӵΠǺ 

ଷ೛Ԗ΋БำԄ f Ǵځ filtered׎Ԅࣁ f Ъځ Favre-averaged׎Ԅࣁ fɶǴࢂܭ 

          
1

V
f GfdV

V
= ∫     

f
f

ρ
ρ

=ɶ  

ӧ΢ԄύǴG ࣁ filtering БำԄǴճҔ΢Ԅჹ Navier-StokesБำԄၸᘠёளǺ 

0k
k

u
t x

ρ ρ∂ ∂+ =
∂ ∂

ɶ                                                  (3-12) 
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0k kl kl
k l

l k l l

u p
u u

t x x x x

ρ τ σρ∂ ∂ ∂∂ ∂+ + − + =
∂ ∂ ∂ ∂ ∂
ɶ ɶ

ɶ ɶ                               (3-13)        

( ) 0t kl l
t l l k kl k v

l l l l l l l

E q
E u pu u k T u C

t x x x x x x x

ρ στ∂ ∂ ∂∂ ∂ ∂ ∂ ∂+ + − − + + =
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂

ɶ
ɶɶ ɶɶ ɶ ɶ      (3-14) 

ၸᘠޑࡕ౛གྷ਻ᡏރᄊБำԄࣁǺ 

p RTρ= ɶ                                                         (3-15) 

    চޑۈ Navier-StokesБำԄύޑ୏ໆБำԄ࿶ၸၸᘠࡕள(13-3)ډԄǴځԛ

਱ᗺЁࡋჹБำԄޑቹៜ klσ ё߄ҢԋǺ 

�( )kl k luu u uσ ρ= − ɶ ɶ                                                 (3-16) 

Αᡣࣁ LESБำԄԋࣁഈسک಍(close system)ǴӢԜሡჹ(3-16)ԄኳԄϯǶਥᏵ

Moin  ҢԋǺ߄ගрǴ(3-16)Ԅё܌

2 21 1
2 ( )

3 3kl kl mm kl klC S S S qσ ρ δ δ= − ∆ − +ɶ ɶ ɶ                                (3-17) 

ύځ 2
iiq σ=  

1
( )

2
k l

kl
l k

u u
S

x x

∂ ∂= +
∂ ∂
ɶ ɶ

ɶ Ъ 2 kl klS S S=ɶ ɶ ɶ  

ਥᏵ Smagorinsky model 

2
t C Sν = ∆                     (3-18) 

ύځ
1

3( )x y z∆ = ∆ ∆ ∆ Ǵ 2 ij ijS S S=  

ӧ᎞߈ᆅၰᏛय़ೀǴC ΑᡣCࣁதኧǴࣁό߾ ᒿ๱ࢬ൑ᡂϯǴGermano฻Γ[29]

ว৖Α dynamic SGS modelǴฅԶӵӕ Trong[26]܌ගǴԜݤᗨฅё҅ዴۓ،ޑத

ኧCǴՠҗځܭሡाᚐѦޑ filter ԶᏤठीᆉਔ໔ቚуǴନԜϐѦǴdynamic model

ΨӸӧ๱ܭԔጕ০኱ύǴБำԄคݤഈӝԶሡঅ҅ୢޑᚒǶ 
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ಃѤക ኧॶБݤ 

ӧၸѐǴीᆉࢬ൑ਔӭճҔࢬ൑ೲࡋஒځ୔ϩࣁёᓸᕭࢬᆶόёᓸᕭࢬǴԜ

ᅿ୔ϩݤஒࢬޑ٬ᡏीᆉБݤᔈҔጄൎډڙज़ڋǴӢԜҁࣴز໒วӄୱёᓸᕭࢬ

൑ीᆉБှݤ،ԜୢᚒǶ 

ҁࣴزӧࢬ൑Бय़ޑीᆉБݤёϩٿࣁ೽ϩǺಃ΋೽ҽߚࣁᗹᅉ܄໨ޑЀ܎

БำԄ(Euler equation)Ǵ௦Ҕ Riemannୢ ᚒύޑ RoeБݤीᆉ೯ໆ(flux)Ǵ٠ЪЇ

Ε preconditioningБݤǴᡣำԄόፕӧीᆉଯଭᇲኧޑёᓸᕭ܈ࢬեଭᇲኧޑё

ᓸᕭࢬǴࣣёᕇளؼӳϐԏᔙ่݀ǹಃΒ೽ҽࣁᗹᅉ܄໨ޑीᆉǴаύѧකϩݤ

ीᆉೲࡋఊࡋǶӧਔ໔໨Бय़߾ϩձ௦ҔᗦԄݤ(implicit)ᆶᡉҢݤ(explicit)ٿ

ᅿǶ 

Եቾֹ᏾ Navier-StokesБำԄǺ 

0
U F G H

t x y z

∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

            (4-1) 

u

U v

w

E

ρ
ρ
ρ
ρ
ρ

 
 
  =  
 
 
  

Ǵځύ
2

2

V
E e= + Ǵ eࣁϣૈǺ

( 1)

p
e

ρ γ
=

−
Ǵ 

2 2 2V u v w= + + Ǵ  

2
xx

xy

xz

xx xy xz

u

u p

vu
F

wu

T
Eu pu k u v w

x

ρ
ρ τ

ρ τ
ρ τ

ρ τ τ τ

 
 + − 
 −=  

− 
 ∂
 + − − − −

∂ 

 

2
yx

yy

yz

yx yy yz

v

uv

v p
G

wu

T
Ev pv k u v w

y

ρ
ρ τ

ρ τ
ρ τ

ρ τ τ τ

 
 − 
 + −

=  
− 

 ∂+ − − − − 
∂ 

Ǵ
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2

zx

zy

zz

zx zy zz

w

uw

vw
H

w p

T
Ew pw k u v w

z

ρ
ρ τ
ρ τ

ρ τ

ρ τ τ τ

 
 − 
 −=  

+ − 
 ∂
 + − − − −

∂ 

 

΢Ԅёှܨԋᗹᅉ܄໨ᆶߚᗹᅉ܄໨Ǻ 

inviscid viscidF F F= + =  

2
0

xx

xy

xz

xx xy xz

u

u p

uv

uw

T u v wEu pu k
x

ρ
ρ τ

ρ τ
ρ τ

τ τ τρ

 
  +   
    −   

   
   ∂ + + +   + −  ∂ 

 

inviscid viscidG G G= + =
2

0

yx

yy

yz

yx yy yz

v

vu

v p

vw

T
u v wEv pv k

y

ρ
ρ τ

ρ τ
ρ τ

τ τ τρ

 
  
  
  +  −   

   
   ∂ + + ++ −    ∂ 

 

inviscid viscidH H H= + =
2

0

zx

zy

zz

zx zy zz

w

wu

wv

w p

T u v wEw pw k
z

ρ
ρ τ
ρ τ

ρ τ
τ τ τρ

 
     
    −   

+   
   ∂ + + +   + −  ∂ 

 

җߚᗹᅉ໨܌ಔԋޑБำԄǴջᆀࣁЀ܎БำԄǴӆ΋ԛ᏾౛ӵΠǴ 

Euler equationǺ 0inviscid inviscid inviscidF G HU

t x y z

∂ ∂ ∂∂ + + + =
∂ ∂ ∂ ∂

 

u

U v

w

E

ρ
ρ
ρ
ρ
ρ

 
 
  =  
 
 
  

Ǵ 
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2

inviscid

u

u p

uv
F

uw

T
Eu pu k

x

ρ
ρ

ρ
ρ

ρ

 
 + 
 =  
 
 ∂
 + −

∂ 

Ǵ 

2

inviscid

v

vu

v p
G

vw

T
Ev pv k

y

ρ
ρ

ρ
ρ

ρ

 
 
 
 +

=  
 
 ∂+ − 

∂ 

Ǵ 

2inviscid

w

wu

wv
H

w p

T
Ew pw k

z

ρ
ρ
ρ

ρ

ρ

 
 
 
 =  

+ 
 ∂
 + −

∂ 

 

 

    ӧᚈԔጕ(hyperbolic)ޑӺ׎ࡡԄ(conservative type)БำԄύǴऩۈ߃ځచҹ

х֖ԖόೱុޑТࢤೱុ(piecewise)தኧǴԜᜪࠠୢޑᚒ೯ᆀࣁᎿୗ(Riemann)

ୢᚒǶӢځࣁх֖ԖόೱុှǴӢԜӧࢬᡏीᆉ΢Ԗ๱࣬྽ቶޑݱᔈҔǶ΋ᆢޑ

ᎿୗБำ 0
u u

a
t x

∂ ∂+ =
∂ ∂

  a ࣁ Jacobianં ତ                            (4-2) 

చҹǺۈ߃ 0( ,0) ( )u x u x= =    L

R

u

u
 

0

0

x

x

<
>

                               (4-3) 

ௗ๱ஒБำԄ(4-2)ख़ཥׯቪǴ 

0t xU AU+ =                                                       (4-4) 

ӆவ Aύפр੝ቻॶᆶ੝ቻંତ 

1A K K −= Λ ǴځύΛࣁ੝ቻॶંତǺ

1 ... 0

0 ... 0

: : :

0 ... m

λ

λ

 
 
 Λ =
 
 
  

 

(1) ( )[ ,..., ]mK K K= а܌੝ቻӛໆǴࣁ ( ) ( )i i
iAK Kλ=  
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ௗ๱ۓက੝ቻᡂኧW  (characteristic varibales)ǴۓځကӵΠǺ 

( 1)W K U−= U܈ KW= Ǵ 

а܌ t tU KW= Ъ x xU KW= ǴӆஒԜ่݀஥Ε(4-4)ύǴёளǺ 

0t xKW AKW+ = ǴёӆᝩុᙁϯԋǺ 

0t xW W+ Λ =                                                       (4-5) 

БำԄ(4-5)ᆀࣁ Canonical form܈ Characteristic form 

ஒ่݀ځ᏾౛ӵΠǺ 

0i i
i

w w

t x
λ∂ ∂+ =

∂ ∂
܈

1 1 1

2 2

3 3

... 0

0 ... 0
0

: : : : :

0 ... mt x

w w

w w

w w

λ

λ

     
     
     + =
     
     
          

                        

БำԄ(4-5)ёаҗ੝ቻԔጕ؃ݤளࣁှځǺ 

0( , ) ( )i i iw x t w x tλ= − =    i

i

α
β

 
0

0
i

i

x t

x t

λ
λ

− <
− >

                                (4-6) 

ύǴځ iα ᆶ iβ Uܭ੝ቻᡂኧǶҗޑॶۈ߃ࣁ KW= Ǵёаளډ 

0 ( )( , ) ( )
m

i
i i

i

u x t w x t Kλ= −∑  

ୖྣკ 5Ǵёа຾΋؁௢Ꮴр 
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                                  y  

 

 

 

 

 

 

 

 

 

                0x <            0x =             0x >            x  

 

კ 5ǺᎿୗୢᚒ੝ቻॶ่ᄬკ 
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( ) ( )

1 1

( , )
p m

i i
i i

i i p

u x t K Kα β
= = +

= +∑ ∑                                         (4-7) 

ନԜϐѦǴᗋё،ۓр ( , )u x t ύޑ jump u∆ Ǻ 

( )

1

m
i

R L i
i

u u u Kα
=

∆ = − =∑ ɶ                                              (4-8) 

ύځ i i iα β α= −ɶ  

ӧᎿୗୢᚒύǴᗨฅԖ exact solutionǴՠӧߚጕ܄໨೽ϩሡճҔ᠄஥฻Бݤ

ೀ౛Ǵ೭٤୏բஒ઻຤εໆޑਔ໔ǴӢԜӧჴሞᔈҔ΢٠όቶݱǶࣁΑှ،Ԝୢ

ᚒǴ΋૓ࣣ߈؃ှ՟Ꮏୗୢᚒ(approximation Riemann problem)ှԶόޔௗځ؃

exact solutionǶӧ؃ှ߈՟Ꮏୗୢᚒύന೏ቶݱᔈҔޑБࣁݤ Roe[14]܌ගрǴځ

ϣ৒ӵΠǺ  

ଷ೛΋ᆢЀ܎БำԄǺ 

0
U F

t x

∂ ∂+ =
∂ ∂

                                                      (4-9) 

ਥᏵ chain ruleǴёஒБำԄ(4-9)ׯቪӵΠǺ 

0
U F U

t U x

∂ ∂ ∂+ =
∂ ∂ ∂

  ӆз ( )
F

A U
U

∂=
∂

ǴࢂܭБำԄ(4-9)ёа߄ҢԋǺ 

( ) 0
U U

A U
t x

∂ ∂+ =
∂ ∂

                                                (4-10) 

ύǴځ ( )A U ൩ᆀࣁ Jaconianં ତǶ 

    Զ Roeஒচҁޑ Jaconianં ତ ( )A U Ҕ΋தኧ Jaconianં ତ(constant Jaconian 

matrix) ( , )L RA U Uɶ жඹǴӢԜҁٰޑᎿୗୢᚒёаׯቪԋ߈՟ᎿୗୢᚒǺ 

( ) 0
U U

A U
t x

∂ ∂+ =
∂ ∂

ɶ                                                 (4-11) 

( ,0)U x =    L

R

U

U
 

0

0

x

x

<
>

                                            

՟Ꮏୗୢᚒ߈Ǻӧޕচ౛ёளޑǶҗ΢ॊှ݋ှޑБำԄ(4-11)ډёளࢂܭ

΢ǴRoeճҔதኧ Jaconianં ତڗжচҁޑ Jaconianં ତ٬БำԄவߚጕ܄ᡂԋ

ጕ܄Ǵՠ٬߃ࢂచҹ٠ؒԖ೏ׯᡂǴӢԜёаளډБำԄБำԄ(4-9)߈ޑ՟ှǶ

தኧޑΑा؃ளӝ౛ࣁ Jaconianં ତǴ໪ӝЯ Roe܌ගрޑѤ໨చҹǺ 

1. U ᆶ F ϐ໔ǴӸӧ๱ጕ܄ᙯඤޑᜢ߯Ƕ 
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2. ྽ R LU U U− → Ǵ߾ ( , ) ( )L RA U U A U→ɶ ǴԜೀ
F

A
U

∂=
∂

Ƕ 

3. ( )L R L RA U U F F− = −ɶ Ƕ 

4. ંତ Aɶޑ੝ቻӛໆѸ໪ጕ܄ᐱҥǶ 

೭Ѥ໨చҹ೿ࢂᚈԔጕБำԄ܌ሡڀഢޑǴ೭ӕਔΨᇥܴΑ Roe܌ගрޑத

ኧ Jaconianં ତѸ໪Ԗჴኧ੝ቻॶǴ܌ځჹᔈޑ੝ቻӛໆѸ໪ጕ܄ᐱҥǶନԜϐ

ѦǴచҹ Ȑconservation lawȑᆶࡓۓࡡΑ಄ӝӺࣁࢂ߾.3 Rankine-HugoniotచҹǶ 

    ጕ܄Ꮏୗୢᚒှ݋ှޑǴёаޔௗவ(4-6)ᆶ(4-8)ԄளډǴ 1/ 2( / )iU x t+ ёှޑ

аճҔΠय़ޑБำԄीᆉǺ  

( )
1/ 2

0

( / )
i

i
i L iU x t U K

λ
α+

<

= +∑ ɶ                                          (4-12) 

  ܈

( )
1/ 2

0

( / )
i

i
i R iU x t U K

λ
α+

>

= −∑ ɶ                                          (4-13) 

ύځ 1/ 2i +  Ҭࣚय़(face)ǶޑҢᆛ਱ᆶᆛ਱ϐ໔߄

    ԶᎿୗୢᚒ߈ޑ՟ှǴ߾໪வှ߈՟Ꮏୗୢᚒ๱ЋǺ 

( )
0

U F Q

t x

∂ ∂+ =
∂ ∂

ɶɶ

ǴਥᏵ(4-11)Ԅёளޕ F AU= ɶɶ  

 చҹǴӢԜΠԄѸ໪ԋҥǺޑΑ಄ӝӺᑽࣁ

( ) ( ) ( ) ( )R L R LF U F U F U F U− = −ɶ ɶ                                      (4-14) 

ௗ๱ӧۓڰᡏᑈޑచҹΠǴᑈϩ߈՟ှ 1/ 2(0)iU + Ǵёளډ೯ໆ(flux)ޑኧॶϦԄǺ 

1/ 2 1/ 2( (0)) ( ) ( )i i R RF F U F U F U+ += − −ɶ ɶ                                  (4-15) 

ӆவ F AU= ɶɶ  ᜢ߯ύё຾΋؁؃ளǺޑ

1/ 2 1/2(0) ( )i i R RF AU F U AU+ += − −ɶ ɶ                                     (4-16) 

ӆਥᏵ(4-12)Ԅᆶ(4-13)Ԅёа௢ᏤрǺ 

  ( ) ( )
1

0 12

( ) ( )
i

m
i i

R i R i i
i

i

F F U A K F U K
λ

α λ α+

+ > =

= − = −∑ ∑ɶ ɶ ɶɶ ɶ                       (4-17) 

 ܈

( ) ( )
1

0 12

( ) ( )
i

m
i i

R i L i i
i

i

F F U A K F U K
λ

α λ α−

+ > =

= + = +∑ ∑ɶ ɶ ɶɶ ɶ                         (4-18) 
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(4-17)ᆶ(4-18)ޑࡰ܌ iλ −ɶ ᆶ iλ +ɶ ϩձࢂжޑॄ߄੝ቻॶᆶ҅ޑ੝ቻॶǴௗ๱ӆճҔ

ѳ֡ޑБݤஒ 1

2
i

F
+
 ҢԋǺ߄຾΋؁׳

( )
1

12

1
( ) ( )

2

m
i

R L i i
i

i

F F U F U Kλ α
+ =

 = + − 
 

∑ ɶ ɶ                                (4-19) 

ӆҗ(4-7)Ԅёӆԛׯᡂ 1

2
i

F
+
 ԄӵΠǺ׎ޑ

1

2

1
( ) ( )

2 R L
i

F F U F U A U
+

 = + − ∆ 
ɶ                                    (4-20) 

ύځ R LU U U∆ = − ǵ 1A A A K K+ − −= − = Λɶ ɶ ɶ ɶ ɶ ɶ Ǵ 

1 2( , ,..., )mdiag λ λ λΛ = ɶ ɶ ɶɶ  

 

Եቾ΋ᆢ฻ྕЀ܎БำԄǺ 

( ) 0t xU F U+ =                                                    (4-21) 

ύځ 1

2

u
U

u u

ρ
ρ

   
= =   

  
ǹ 1

2 2
2

f u
F

f u a p

ρ
ρ

   
= =   +  

Ǵ a  ᖂೲࣁ

БำԄ(4-21)ޑ jacobianં ତᆶځჹᔈޑ੝ቻॶᆶ੝ቻӛໆӵΠ܌ҢǺ 

2 2

0 1
( )

2

F
A U

a u uU

 ∂= =  −∂  
                                        (4-22) 

੝ቻॶǺ 1 u aλ = − Ǵ 2 u aλ = +   

੝ቻӛໆǺ (1) 1
K

u a

 
=  − 

Ǵ (2) 1
K

u a

 
=  + 

 

ௗ๱ᒧۓ parameter vector  

1

2

q U
Q

q u

ρ
ρ ρ

  
= =   
    

                                             (4-23) 

ӆஒ F ᆶU ճҔQ߄ҢǺ 

2
1 1

1
2 1 2

u q
U q Q

u q q

  
= = =   
   

                                            (4-24) 

1 1 2
2 2 2

2 2 1

f q q
F

f q a q

   
= =   +   

                                             (4-25) 
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Ңр߄Αࣁ U∆ ᆶ F∆ ሡӧۓက averaged vectorQɶǺ 

1

2

1 1
( )

2 2
L R

L R

L L R R

q
Q Q Q

q u u

ρ ρ
ρ ρ

 + 
= = + =    +    

ɶ
ɶ

ɶ
                           (4-26) 

ӆפр ( )B B Q= ɶɶ ɶ ᆶ ( )C C Q=ɶ ɶ ɶ ٬ள 

U B Q∆ = ∆ɶ ǹ F C Q∆ = ∆ɶ                                             (4-27) 

ஒ(4-27)่ ӝёள 

1( )F CB U−∆ = ∆ɶ ɶ                                                   (4-28) 

ӆਥᏵచҹ 3 ؃р߈՟ Jcaobianં ତ 

1A CB−=ɶ ɶ ɶ                                                         (4-29) 

 Ǵёа؃ள(29-4)ىΑᅈࣁ

1

2 1

2 0q
B

q q

 
=  
 

ɶ
ɶ

ɶ ɶ
ǹ 2 1

2 2
1 22

q q
C

a q q

 
=  
 

ɶ ɶ
ɶ

ɶ ɶ
                                     (4-30) 

ӆ஥Ε(4-29)ёள 

2 2

0 1

2
A

a u u

 
=  − 
ɶ

ɶ ɶ
                                                 (4-31) 

uɶࣁ Roe averaged velocity 

L L R R

L R

u u
u

ρ ρ
ρ ρ

+
=

+
ɶ                                                (4-32)

ᔈҔጄൎǴуΕޑΑගଯำԄࣁ  preconditioningݤǴᡣำԄόፕӧଯೲ܈ե

ೲࢬᡏϣǴࣣёᕇளᆒዴޑीᆉ่݀ǶҁำԄ௦Ҕ Weiss ᆶ Smith ޑ

preconditioningં ତ[15]ǴБำԄׯᡂӵΠǺ 

0
U F G H

t x y z

∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                           (4-33) 

Ԅ׎Ԅ(conserved variables)ᙯᡂԋЬाᡂኧ׎ӺߥБำԄǴௗ๱ஒۈচࣁ(4-33)

(primitive variables)Ǵ׎ځԄӵΠǺ 

0pU F G H
M

t x y z

∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                        (4-34) 

ύځ [ ]T
pU P u v w T= ǴM  ᙯඤંତǺࣁ
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0 0 0

0 0

0 0

0 0

1

p T

p T

p T

p
p T

p T p

u u
U

v vM
U

w w

H u v w H C

ρ ρ
ρ ρ ρ
ρ ρ ρ
ρ ρ ρ

ρ ρ ρ ρ ρ ρ

 
 
 ∂
 = =

∂  
 
 − + 

                     (4-35) 

ύځ p p

ρρ ∂=
∂

ǹ T T

ρρ ∂=
∂

 

ௗ๱ஒ(4-35)ԄޑБำԄ४΢ંତK  

2

1 0 0 0

1 0 0 0

0 1 0 0

0 0 1 0

( ) 0 0 0

T

p

u

vK
w

H V C

ρ

ρ

 
 − 
 −=
 − 
 − −  

                                   (4-36) 

ӆஒ K ᆶM ࣬४ 

0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

1 0 0 0

p T

p

KM

C

ρ ρ
ρ

ρ
ρ

ρ

 
 
 
 =
 
 
 − 

                                      (4-37) 

ஒ(4-37)Ԅ஥Ε(4-34)ԄǴᢀჸೱុБำԄǺ 

( ) 0p

p u v w

t x y z

ρ ρ ρρ ∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                      (4-38) 

ӧ౛གྷ਻ᡏύёஒ(4-38)ӧ߄Ңԋ 

2
( ) 0

p u v w

C t x y z

γ ρ ρ ρ∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂

                                      (4-39) 

ύCځ  ᖂೲࣁ

җ(4-39)Ԅёа࣮рǴӧ฻ஏࡋచҹΠǴҗܭ pρ  ႟Ǵ(4-38)Ԅஒᡂԋࣁ

0
u v w

x y z

ρ ρ ρ∂ ∂ ∂+ + =
∂ ∂ ∂

                                              (4-40) 

΢ԄջࣁόёᓸޑࢬೱុБำԄǶ 

    ᆕ΢܌ॊǴёаளޕѝाׯᡂ(4-37)Ԅύޑ pρ ໨ǴճҔ྽Ӧࢬ൑ೲ(local 

velocity)ޑॹኧڗжǴջёᙯඤس಍ύޑ੝ቻॶǴᙖԜׯᡂեೲ௃ݩΠࢬ൑ޑᖂ

ೲǴ٬ᖂೲᆶࢬ൑ೲࡋᏈԛભኧ(order)࣬ ӕǴس಍όӆډڙ CFLచҹޑज़ڋǴග
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ଯำԄޑीᆉਏ౗Ƕ 

ճҔθ жڗ pρ ໨Ǻ 

2

1 1
( )

r pU TC
θ = −                                                   (4-41) 

           maxUε ×   if u Cε< ×  

  rU =     u        if C u Cε × < <                               (4-42) 

C        if u C>  

ύεځ ܭॶǴऊ฻ޑ΋ཱུλࣁ 510− ǴځЬाࢂҔٰٛЗଶᅉᗺ(stagnation point)

ӧीᆉਔ܌೷ԋڻޑ౦ᗺ(singular point)౜ຝǶჹܭᗹࢬ܄ڋᡏԶقǴ rU Ѹ໪ε

ǴӢԜ(local diffusion velocity)ࡋ྽Ӧᘉණೲޑᡏࢬܭ rU ᗋሡуΕΠӈज़ڋǺ 

max( , )r rU U
x

ν=
∆

 

ஒθ ஥Ε(4-37)ԄࡕǴёளډ΋ཥંତ ncΓ  

0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

1 0 0 0

T

nc

pC

θ ρ
ρ

ρ
ρ

ρ

 
 
 
 Γ =
 
 
 − 

                                        (4-43) 

࿶ၸ΢ॊ௢ᏤϐࡕǴБำԄவ(4-34)ԄᙯᡂӵΠǺ 

( ) 0p
nc

U F G H
K

t x y z

∂ ∂ ∂ ∂Γ + + + =
∂ ∂ ∂ ∂

                                     (4-44) 

ԄǴӧ४΢׎Ӻߥᙯඤԋࡋ೯ໆ໨ӆޑΑᡣ(4-44)Ԅύࣁ 1K −  

1( ) 0p
nc

U F G H
K

t x y z
− ∂ ∂ ∂ ∂Γ + + + =

∂ ∂ ∂ ∂
                                   (4-45) 

ਥᏵ(4-45)ԄǴۓက 
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1

0 0 0

0 0

0 0

0 0

1

nc

p

T
u

u
T

v
K v

T
w

w
T

H u v w H C
T

ρθ

ρθ ρ

ρθ ρ

ρθ ρ

ρθ ρ ρ ρ ρ

−

− 
 
 

− 
 
 − Γ = Γ =
 
 −
 
 
 −− +   

                    (4-46) 

നࡕБำԄᙁϯԋӵΠ׎ԄǺ 

0pU F G H

t x y z

∂ ∂ ∂ ∂Γ + + + =
∂ ∂ ∂ ∂

                                         (4-47) 

җܭБำԄӧਔ໔໨࿶ၸׯᡂǴӢԜѸ໪ख़ཥ௢Ꮴ Roe܌ගр߈ޑ՟ᎿୗှǶӧ

(4-20)ԄύǴёаᢀჸډ 1/ 2iF + ໨Ǵࢂҗ
1

( ( ) ( ))
2 R LF U F U+ Αࣁу΢ݤύѧৡϩޑ

ှ،όೱុय़ୢᚒޑ artificial viscosity term 
1

2
A U∆ɶ ಔԋǶуΕ܌ preconditioning

БำԄѝሡӧޑ artificial viscosity term଺ׯᡂջёǴځ௢ᏤӵΠǺ 

1

1

1

0

( ) 0

( ) 0

( ) 0

p

p

p

p p p p

U F G H

t x y z

U F G H

t x y z

U U U U
A B C

t x y z

U U U U
AM BM CM

t x y z

−

−

−

∂ ∂ ∂ ∂Γ + + + =
∂ ∂ ∂ ∂

∂ ∂ ∂ ∂+ Γ + + =
∂ ∂ ∂ ∂

∂ ∂ ∂ ∂+ Γ + + =
∂ ∂ ∂ ∂

∂ ∂ ∂ ∂
+ Γ + + =

∂ ∂ ∂ ∂

 

ύځ
p

U
M

U

∂=
∂

 

а܌ artificial viscosity termsׯቪӵΠǺ 

1
1

2

1 1
( ) ( )

2 2
n

R L R L
i

F F F AM U U−

+
= + − Γ Γ +                              (4-48) 

ύ 1ځ 1AM KA DA KA− −Γ = × ×  

БำԄ(4-47)ύޑ Navier-StokesБำԄӧਔ໔໨Бय़ᎁډঅׯǴӢԜճҔঅ

྽ǴӢԜҁำԄӆуΕ࡞БำԄٰीᆉኩᄊ่݀٠όޑࡕׯ dual time 
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stepping[15]Ǵό໻ᡣำԄӧीᆉኩᄊ่݀Бय़ၨྗዴǴ׳ගଯำԄޑਏ౗Ǵᕭอ

ीᆉਔ໔Ƕ 

    २ӃǴӃӧচۈ Navier-StokesБำԄуΕ΋຀ᔕਔ໔໨Ǵᆀࣁ artificial time 

termǶБำԄׯᡂӵΠǺ 

0
U U F G H

t x y zτ
∂ ∂ ∂ ∂ ∂+ + + + =
∂ ∂ ∂ ∂ ∂

                                      (4-49) 

ύτځ ջࣁ artificial timeǴ t ࣁ physical time 

ௗ๱ӧ artificial time termуΕ preconditioningޑБݤǺ 

0pU U F G H

t x y zτ
∂ ∂ ∂ ∂ ∂Γ + + + + =
∂ ∂ ∂ ∂ ∂

                                    (4-50) 

നࡕჹ artificial time term௦΋໘ޑԖज़ৡϩᚆණǴჹ physical time term௦Β

໘ࡕޑ໨ৡϩᚆණǶᚆණ׎ޑࡕԄஒӧԔጕ০኱΢Ǻ 

1 1 1

1 1 1 1 1 1
, , , , , , , ,

2 2 2 2 2 2

3 4

2
1 1 1

( ) ( ) ( ) 0

k k k n n
p p

k k k k k k

i j k i j k i j k i j k k k

U U U U U

t

F F G G H H

τ

ξ η ζ

+ + −

′ ′ ′ ′ ′ ′

+ − + − + −

− − +Γ +
∆ ∆

+ − + − + − =
∆ ∆ ∆        

(4-51) 

Ԝೀ΢኱ barࣁБำԄܭԔጕ০኱׎ޑԄǴ၁ಒ௢ᏤёୖԵߕᒵ 2Ƕ 

Ԝೀऩނܭ౛ኳԄύޔࠟޑᆅၰᆶНѳᆅၰǴ߾ k k′ = Ǵਔ໔໨௦ҔᡉҢΟ

໘ Runge Kutta؃ݤளǹऩܭคज़ѳ݈ધࢬࢬ൑Ǵ߾ 1k k′ = + Ǵ௦ҔᗦԄ LUSGS

ύǴځ؃ளǶݤ k ′ ᆶ n ϩձࣁ຀ᔕਔ໔໨ύ᠄஥ԛኧᆶ੿ჴਔ໔؁ޑ໘Ǵ྽

1k k
p pU U

τ

+ −
Γ

∆
ᖿܭ߈႟ਔǴБำԄ(4-51)Ծ୏ᖿܭ߈চޑۈ N-SБำԄ٠Ъх఼ਔ

໔໨ǴӢԜёҔܭኩᄊीᆉǶ 

 ྽ਔ໔໨ਔ௦ҔᡉҢΟ໘ Runge Kutta؃ှݤਔǴ؃ှБԄӵΠǺ 

1

3

2 1 1

3 3 3

2 2
1 3 3

3
( )

2

3 1 1 3
( )

4 4 4 2

1 2 2 3
( )

3 3 3 2

k k k
p p

k k kk
p p p

k k
k k
p p p

U U M R
t

U U U M R
t

U U U M R
t

τ

τ

τ

+

+ + +

+ ++

∆= + Γ +
∆

∆= + + Γ +
∆

∆= + + Γ +
∆

                            (5-52) 

ύځ
p

U
M

U

∂=
∂
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1

1 1 1 1 1 1
, , , , , , , ,

2 2 2 2 2 2

3 4
( )

2
1 1 1

[ ( ) ( ) ( )]

n n

i j k i j k i j k i j k k k

U U U
R

t

F F G G H H
ξ η ζ

Φ −
Φ

Φ Φ Φ Φ Φ Φ

+ − + − + −

− += −
∆

− − + − + −
∆ ∆ ∆

 

Ԝೀ
1 2

, ,
3 3

k k kΦ = + +  

 ऩ௦ҔᗦԄ LUSGSਔǴीᆉБݤӵΠ܌ॊǺ 

२Ӄஒ 1kU + ᆶ 1kF + ጕ܄ϯ 

1k k
pU U M U+ = + ∆
                     

(4-53) 

Ԝೀ
p

U
M

U

∂=
∂

Ъ 1k k
p p pU U U+∆ = −

 

1k k
p pF F A U+ = + ∆

                     
(4-54) 

Ԝೀ 1
k

p
p

F
A

U

∂=
∂

ޑ೯ໆ೽ϩࣁ JacobianǴӕኬӦǴ
k

p
p

G
B

U

∂=
∂

 ᆶ 
k

p
p

H
C

U

∂=
∂

 ϩձ

٬Ҕܭጕ܄ϯ 1kG +  ᆶ kH Ƕ 

ௗ๱ஒБำԄ(4-53)ᆶ(4-54)஥ΕБำԄ(4-51)ёளΠӈБำԄǺ 

13( ) 4

2

( ) ( ) ( ) 0

k n n
p p

k k k
p p p p p p

U U M U U U

t

F A U G B U H C Uξ η ζ

τ
δ δ δ

−∆ + ∆ − +
Γ +

∆ ∆
+ + ∆ + + ∆ + + ∆ =

    

(4-55) 

ύځ ξδ ǵ ηδ ᆶ ςδ  ύѧৡϩၮᆉηǶ 

БำԄ(4-55)ё᏾౛ԋ 

3
[ ( )]

2
k

p p p p

I
M A B C U R

t ξ η ζδ δ δ
τ

Γ + + + + ∆ =
∆ ∆           

(4-56) 

ύځ
13 4

( ) ( )
2

k n n
k k k kU U U

R F G H
t ξ η ζδ δ δ

−− += − − + +
∆

Ъ I  ՏંତǶൂࣁ

ௗ๱ٿᜐࣣନ΢Γ  

1 1 1 1 13
{ [ ( ) ( ) ( )]}

2
k

p p p p

I
M A B C U R

t ξ η ζδ δ δ
τ

− − − − −+ Γ + Γ + Γ + Γ ∆ = Γ
∆ ∆         

(4-57) 

БำԄ(4-57)চҁ٬Ҕ Yoonᆶ Jameson[30]܌ගрޑ LUSGSှݤǶࣁΑ፾Ҕܭ

եೲచҹǴሡঅׯӵΠǺ 

२Ӄۓက 



 

37 
 

1

1

1

k
p p

k
p p

k
p p

A A

B B

C C

−

−

−

= Γ

= Γ

= Γ

ɶ

ɶ

ɶ

                 

(4-58) 

ௗ๱ஒ pAɶ ǵ pBɶ ᆶ pCɶ ϩԋٿ೽ϩ 

p p p

p p p

p p p

A A A

B B B

C C C

+ −

+ −

+ −

= +

= +

= +

ɶ ɶ ɶ

ɶ ɶ ɶ

ɶ ɶ ɶ

                

(4-59) 

Ԝೀ 

1
( )

2
1

( )
2
1

( )
2

p p A

p p B

p p C

A A I

B B I

C C I

λ

λ

λ

±

±

±

= ±

= ±

= ±

ɶ

ɶ

ɶ

ɶ ɶ

ɶ ɶ

ɶ ɶ

            

(4-60) 

Ъ
A

λ ɶǵ B
λ ɶᆶ C

λ ɶϩձંࣁତ pAɶ ǵ pBɶ ᆶ pCɶ നε੝ቻॶǶӆ஥ΕБำԄ(4-57)ёޑ

ள 

1 13
[ ( ) ( ) ( )]

2
k

p p p p p p p

I
M A A B B C C U R

t ξ η ζδ δ δ
τ

− + − + − + − −+ Γ + + + + + + ∆ = Γ
∆ ∆

ɶ ɶ ɶ ɶɶ ɶ

  
(4-61) 

ӆճҔଯ໘Бݤೀ౛ჹࢬ໨ ( )p pA Aξδ + −+ɶ ɶ  

, , 1 , 1 ,( ) p i p i p i p i
p p p p

A A A A
A A A Aξ ξ ξδ δ δ

ξ ξ

+ + − −
− ++ − − + + − − −

+ = + = +
∆ ∆

ɶ ɶ ɶ ɶ
ɶ ɶ ɶ ɶ

     
(4-62) 

Ԝೀ pA+ɶ ௦Ҕࡕ໨ৡϩ߈՟ ξδ − Զ pA−ɶ ௦Ҕ߻໨ৡϩ߈՟ ξδ +

 

ஒБำԄ(4-62)஥ΕБำԄ(4-61) 

, , 1 , 1 ,1

, , 1 , 1 , , , 1 , 1 , 1

3
[

2

]

p i p i p i p i

p j p j p j p j p k p k p k p k k
p

A A A AI
M

t

B B B B C C C C
U R

τ ξ ξ

η η ζ ζ

+ + − −
− +−

+ + − − + + − −
− + − + −

− −
+ Γ + +

∆ ∆ ∆ ∆
− − − −

+ + + + ∆ = Γ
∆ ∆ ∆ ∆

ɶ ɶ ɶ ɶ

ɶ ɶ ɶ ɶɶ ɶ ɶ ɶ

       

(4-63) 

БำԄ(4-63)ёӧ᏾౛ԋ 
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1( ) k
pL D U U R−+ + ∆ = Γ

            
(4-64) 

Ԝೀ 

1, , , 1, , , 1

1 1 1
( ) ( ) ( )p i j k p i j k p i j kL A B C

ξ η ζ
+ + +

− − −
 = − + + ∆ ∆ ∆ 

ɶ ɶɶ          (4-65) 

1
, , , ,

3 1
(( ) ( ) )

2 p i j k p i j k

I
D M A A

tτ ξ
− + −= + Γ + −∆ ∆ ∆

ɶ ɶ                 

, , , , , , , ,

1 1
(( ) ( ) ) (( ) ( ) )p i j k p i j k p i j k p i j kB B C C

η ζ
+ − + − + − + − ∆ ∆ 

ɶ ɶɶ ɶ                 (4-66) 

1, , , 1, , , 1

1 1 1
( ) ( ) ( )p i j k p i j k p i j kU A B C

ξ η ζ
− − −

+ + +
 = + + ∆ ∆ ∆ 

ɶ ɶɶ       (4-67) 

ӧीᆉБำԄ(4-61)ޑѓᜐ໨Ԅ೽ϩ 

13 4
( ) ( )

2

k n n
k k k kU U U

R F G H
t ξ η ζδ δ δ

−− += − − + +
∆

ǴځύܭБำԄ(4-1)ύǴ F ᗹߚ

 ໨೽ϩ܄

2

inviscid

u

u p

uv
F

uw

T
Eu pu k

x

ρ
ρ

ρ
ρ

ρ

 
 + 
 =  
 
 ∂
 + −

∂                

(4-68) 

ճҔ Roe schemeջБำԄ(4-20)؃ှǴՠܭӄୱёᓸᕭࢬ൑ǴሡӆঅׯӵΠ 

{ }1
1

,
2

1 1
( )

2 2R L p P
inviscid i

F F F A Uε −

+
= + − Γ ∆

        
(4-67) 

ӧচޑۈ Roe schemeύǴճҔ DNSኳᔕધࢬਔǴε ࣁ 1а࡭ߥኧॶीᆉޑᛙۓǶ

ฅԶܭҁࣴزύ܌ว৖ޑᗦԄધࢬኳԄǴε ኧǴڄޑਔ໔ࣁ໔ޜࣁᡂኧǴ٠Ъࣁ

ջ ( , , , )x y z tε ε= ǴҔа௓ڋ Roe upwinding dissipation term { }11

2 p PA Uε −Γ ∆ аԋ

 ಃϤക૸ፕǶܭኳԄǶ၁ಒ೽ϩஒࢬᗦԄધࣁ
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 Abalakin ฻Γ[31]܌ว৖ޑϖ໘ MUSCL ځ؃ှБำԄ(4-67)ᆶܭᔈҔ߾ݤ

ύޑ PU∆  

1/ 2 1/2
L R

P i iU u u+ +∆ = −                                                 (4-68) 

1/ 2 1/ 21/ 2L L
i i iu u u+ += + ∆                (4-69) 

1/ 2 1/ 21/ 2R R
i i iu u u+ += − ∆                      (4-70) 

 

1/ 2 1 1(1 )( ) ( )L
i i i i iu u u u uβ β+ + −∆ = − − + −  

1 1 2 2 1 1( 3 3 ) ( 3 3 )c d
i i i i i i i iu u u u u u u uθ θ− + + − − ++ − + − + + − + − +            (4-71) 

1/ 2 1 2 1(1 )( ) ( )R
i i i i iu u u u uβ β+ + + +∆ = − − + −  

1 1 2 1 2 3( 3 3 ) ( 3 3 )c d
i i i i i i i iu u u u u u u uθ θ− + + + + ++ − + − + + − + − +           (4-72) 

ኧୖޑύځ β ǵ cθ ᆶ dθ ߄ܭӈ߾ 1Ƕ 

ीᆉᗹᅉ܄໨߾௦ҔѤ໘ᆒޑࡋύѧৡϩݤ 

42 1 1 28 8
( )

12
i i i iu u u uu

o x
x x

− − + +− + −∂ = + ∆
∂ ∆

            (4-73) 

՜ԿԔጕ০኱ۯΑஒБำԄࣁ ( , , )ξ η ζ  

( ) /

( ) /

( ) /

k
x y z

k
x y z

k
x y z

F F G H J

G F G H J

H F G H J

ξ ξ ξ

η η η

ς ς ς

= + +

= + +

= + +
              

(4-74) 

Ԝೀ J ޑ০኱ᙯඤࣁ Jacobian 

ฅࡕёள 

13 4
( ) { [( ) / ]

2

k n n
k

x y z

U U U
R F G H J

t ξδ ξ ξ ξ
−− += − − + + +

∆
[( ) / ] [( ) / ]}x y z x y zF G H J F G H Jη ζδ η η η δ ς ς ς+ + + + +  

ޑБำԄ(4-74)஥ΕБำԄ(4-64)ע kR ύǴёள

( 1, , ) ,( 1, , ) ( , 1, ) ,( , 1, ) ( , , 1) ,( , , 1) ( , , ) ,( , , )

1
( 1, , ) ,( 1, , ) ( , 1, ) ,( , 1, ) ( , , 1) ,( , , 1) ( , , )

k k k k
i j k p i j k i j k p i j k i j k p i j k i j k p i j k

k k k k
i j k p i j k i j k p i j k i j k p i j k i j k

L U L U L U D U

U U U U U U R

− − − − − −

−
+ + + + + +

∆ + ∆ + ∆ + ∆ +

∆ + ∆ + ∆ = Γ
  

(4-75) 
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ਥᏵ Yoonᆶ Jameson[30]ǴБำԄ(4-64)ё߄ҢӵΠ 

1 1( ) ( ) k k
pL D D D U U R− −+ + ∆ = Γ

          
(4-76) 
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߄ 1.  БำԄ(4-71)ᆶ(4-72)ୖ ኧኧॶ 

β  cθ  dθ  Order 

1/3 

1/3 

1/3 

1/3 

0 

-1/6 

0 

-1/10 

0 

0 

-1/6 

-1/15 

3 

4 

4 
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 Α؃ှБำԄ(4-76)ǴᙁॊӵΠࣁ

1. ୺Չ forward sweep 

* 1( ) k
pL D U R−+ ∆ = Γ

            
(4-77) 

Ԝೀ * 1 ( ) k
p pU D D U U−∆ = + ∆  

БำԄ(4-77)ёӧ᏾౛ԋ 

* * 1 k
p pL U D U R−∆ + ∆ = Γ            (4-78) 

   * 1 *k
p pD U R L U−∆ = Γ − ∆                      (4-79) 

*
pU∆  ကӵΠۓ 

* 1 1 *( )k
p pU D R L U− −∆ = Γ − ∆ .          (4-80) 

БำԄ(4-80)ёа৖໒ӵΠ 

* 1 *
,( , , ) ( , , ) ( , , ) ( 1, , ) ,( 1, , )[ k

p i j k i j k i j k i j k p i j kU D R L U−
− −∆ = Γ − ∆ −  

          * *
( , 1, ) ,( , 1, ) ( , , 1) ,( , , 1)]i j k p i j k i j k p i j kL U L U− − − −∆ − ∆                    (4-81) 

྽ 1i = ǵ 1j = ܈ 1k = Ǵ ܭБำԄѓᜐޑ *
pU∆  ёவᜐࣚచҹ،ۓǶ 

2. ୺Չ backward sweep 

k
pU∆  ҢӵΠ߄БำԄ(4-77)ёܭ

( ) k
p pD U U D U ∗+ ∆ = ∆

           
(4-82) 

᏾౛(4-82)ள 

1k k
p p pU U D U U∗ −∆ = ∆ − ∆

           
(4-83) 

৖໒ k
pU∆
 

* 1
,( , , ) ,( , , ) ( , , ) ( 1, , ) ,( 1, , )[k k

p i j k p i j k i j k i j k p i j kU U D U U−
+ +∆ = ∆ − ∆ +  

( , 1, ) ,( , 1, ) ( , , 1) ,( , , 1)]
k k

i j k p i j k i j k p i j kU U U U+ + + +∆ + ∆
      

(4-84) 

 ྽ 1i = ǵ 1j = ܈ 1k = Ǵ ܭБำԄѓᜐޑ *
pU∆  ёவᜐࣚచҹ،ۓǶ 

3. ؃ှ 1k
pU + ӵΠǺ 

1k k k
p p pU U U+ = + ∆

            
(4-85) 
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4. ख़ፄ؁ᡯ 1~3Կ
1

0
k k
p pU U

τ

+ −
≈

∆
٠ЪճҔ 1 1n k

p pU U+ += ကΠ΋ঁਔ໘ۓ 1n
pU +

Ƕ
 

٬Ҕ LUSGS؃ှݤǴό໻ёගϲीᆉਏ౗Ψёफ़եኧॶ઻ණ 

ᜐࣚచҹ೛ۓӵΠ܌ҢǺ
 

๊዗Ꮫय़ޑᜐࣚచҹǺ 

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

P i k P i k

u i k u i k

v i k v i k

w i k w i k

T i k T i k

=
= −
= −
= −
=

               (4-86) 

 

( , ,0) ( , ,1)

( , ,0) ( , ,1)

( , ,0) ( , ,1)

( , ,0) ( , ,1)

( , ,0) ( , ,1)

P i j P i j

u i j u i j

v i j v i j

w i j w i j

T i j T i j

=
= −
= −
= −
=

               (4-87) 

 

у዗Ꮫय़ޑᜐࣚచҹӵΠǺ 

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) ( ,1, )

( ,0, ) 2 ( ,1, )h

P i k P i k

u i k u i k

v i k v i k

w i k w i k

T i k T T i k

=
= −
= −
= −
= −

           (4-88) 

0 ຀ᔕᆛ਱Ǵ1ࣁ  ಃ΋ঁᆛ਱ǶޑᚆᏛय़ࣁ

ନΑᏛय़చҹѦǴᆅၰ຾рᆄޑᜐࣚచҹ߾ϩߚࣁϸ৔܄ᜐࣚᆶຼය܄ᜐࣚǶ

ӆࠟޔᆶНѳᆅၰޑԾฅჹࢬኳᔕǴ௦Ҕߚϸ৔܄ᜐࣚܭᆅၰٿᆄǴځБݤඔॊ

ӵΠǺ 

 ӆଯೲёᓸᕭޑࢬ௃׎ΠǴPoinsot ᆶ Lele [18]ว৖ޑ LODI(local 

one-dimensional inviscid relations)ߚ٬ݤϸ৔ᜐࣚ፾Ҕܭᆅၰޑ຾рαٿᆄǶՠӢ

҂٬Ҕ preocnditioningݤǴӢԜԜ٠ݤคݤ፾ҔܭեೲёᓸᕭࢬύǶࣁΑᡣߚϸ

৔܄ᜐࣚ፾Ҕܭեೲёᓸᕭޑࢬ௃׎ΠǴሡख़ཥ௢Ꮴ LODI БำԄܭᜐࣚ΢ǴԵ

ቾ΋ᆢ Navier-StokesБำԄǺ 
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0pU F

xτ
∂ ∂Γ + =
∂ ∂

                                                  (4-89) 

ௗ๱ஒٿᜐӕ४ 1−Γ  

1 0pU F

xτ
−∂ ∂+ Γ =

∂ ∂
                      (4-90) 

ύځ 1 F

x
− ∂Γ

∂
ёӧᙯඤӵΠǺ 

1 1 1p p
p

p

U UF F
A

x U x x
− − −∂ ∂∂ ∂Γ = Γ = Γ

∂ ∂ ∂ ∂
          (4-91) 

ஒБำԄ(4-91)஥ΕБำԄ(4-89)Ǵߡёளډ primitive form 

1 0p p
p

U U
A

xτ
−∂ ∂

+ Γ =
∂ ∂

               (4-92) 

ӆஒ 1
pA−Γ բ࣬՟ᙯඤаளډ੝ቻೲࡋ 

1 1
pA K Kλ− −Γ =              (4-93) 

Ԝೀ K ੝ቻӛໆંତǴλࣁ ࣁ 1
pA−Γ Ƕਥࡋ੝ቻೲޑ൑ύࢬҢ߄੝ቻॶંତЪޑ

Ᏽ Dennis฻Γ[32]Ǵ੝ቻॶΠ܌ҢǺ 

1

2

3

4

5

u

u

u

u c

u c

λ
λ
λλ
λ
λ

   
   
   
   = =
   ′ ′+   

   ′ ′−  

                     (4-94) 

Ԝೀ
( 1)

2

u
u

Θ +′ = ǵ 
2 2 2( 1) 4

2

u c
c

Θ − + Θ′ = Ǵځύ 2100MΘ ≈ Ƕ 

ௗ๱ᡣ 

1 pU
L K

x
λ − ∂

=
∂

                (4-95) 

L ӵΠ܌ҢǺ 
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1

2

3

4

5

1
( )

( )

( )[ ( ) ]

( )[ ( ) ]

T P P
u

x x x

wL u
xL

vLL u
x

L
P u

u c u c uL
x x
P u

u c u c u
x x

γ
ργ

ρ

ρ

∂ ∂ ∂ + − ∂ ∂ ∂
 

∂  
   ∂
   ∂  = = −
   ∂
   ∂ ∂   ′ ′ ′ ′+ − − −   ∂ ∂
 ∂ ∂′ ′ ′ ′ − − + −

∂ ∂ 

           (4-96) 

Lંତނޑ౛ཀကࣁᜐࣚచҹ΢ޑݢࣁமࡋᒿਔ໔ᡂϯޑБำԄǶ 

 ਥᏵБำԄ(4-94)Ǵ 1L ǵ 2L ǵ 3L ǵ 4L ᆶ 5L ϩձࣁuǵuǵuǵu c′ ′+ ᆶu c′ ′− Ƕ

ஒБำԄ(4-95)஥ΕБำԄ(4-92)Ǵёӧ߄ҢӵΠǺ 

0pU
KL

τ
∂

+ =
∂

                 (4-97) 

ஒБำԄ(4-97)৖໒ёளᓸΚǵೲࡋᆶྕࡋӧᜐࣚచҹ΢ޑБำԄ 

4 5

4 5

3

2

1 4 5

1
[ ( ) ( )] 0

2
1

( ) 0
2

0

0

1 1 1
[ ( ) ( )] 0

2

p
L u c u L u c u

c
u

L L
c

v
L

w
L

T
L L u c u L u c u

c

τ

τ ρ

τ

τ
γ

τ ρ γ

∂ ′ ′ ′ ′+ + − − − − =
′∂

∂ + − =
′∂

∂ − =
∂
∂ + =
∂
∂ − ′ ′ ′ ′+ + + − − − − =

′∂

                   (4-98) 

БำԄ(4-98)ёӧᚆණӵΠǺ 

1
4 5

1
4 5

1
3

1
2

1 1
1

[ ( ) ( )]
2

( )
2

1 1
( )

k k

k k

k k

k k

k k k k

t
p p L u c u L u c u

c

t
u u L L

c

v v L t

w w L t

T T L t p p

ρ

ρ

γ
ρ γ

+

+

+

+

+ +

∆ ′ ′ ′ ′= − + − − − −
′

∆= − −
′

= + ∆

= − ∆
+= − ∆ + −

          (4-99) 

ਥᏵკ 6(a)Ǵӵ݀ࢬᡏவᆅϣ۳ε਻ࢬрਔǴ 1L ǵ 2L ǵ 3L ᆶ 4L Бӛᆶࢬᡏࢬ୏

Бӛ࣬ӕǴӢԜёճҔБำԄ(4-96)ۓက 1L ǵ 2L ǵ 3L ᆶ 4L Ƕҗܭu c′ ′− λܭ႟ޑ
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ᜢ߯Ǵ 5L а܌႟ǴࣁᡂϯޑᇻೀཱུܭᓸΚܭ୏Бӛ࣬ϸǶҗࢬᡏࢬᆶ߾Бӛޑ

0
p

τ
∂ =
∂

ǴБำԄ(4-98)ஒӵΠǺ 

4 5

1
[ ( ) ( )] 0

2
L u c u L u c u

c
′ ′ ′ ′+ − − − − =

′
              (4-100) 

ӢԜ 5L ёۓကӵΠǺ 

5 4

( )

( )

u c u
L L

u c u

′ ′+ −=
′ ′− −

                     (4-101) 

࣬ϸӦǴკ 6(b)ࢬࣁ߾ᡏவε਻ᕉნ۳ᆅϣࢬ୏Ƕ 4L ёҗБำԄ(4-98)ޔௗ؃ளǴ

җߚܭϸ৔܄ᜐࣚޑᜢ߯Ǵ 1L ǵ 2L ᆶ 3L ࣁۓ೛߾ 0Ƕ 5L ёҗБำԄ(4-101)ள߾

 Ƕډ
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(a) 
 

 

 
(b) 

 
 

კ 6. 1L ǵ 2L ǵ 3L ǵ 4L ᆶ 5L  Ңཀკ܄Бӛޑᆄٿᆅၰܭ
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Զൻᕉ܄ᜐࣚచҹ೛ۓӵΠǶࣁΑᡣࢬ൑ीᆉ่݀ၲֹډӄว৖ࢬǴ೯தሡ

ा೛࣬ۓ྽ޑࡋߏᆅߏǴ೷ԋीᆉጄൎቚуǴਔ໔ၸߏǶࣁΑှ،ԜୢᚒǴൻᕉ

ࣁೲό઻຤ीᆉਔ໔ǴલᗺזࣁᓬᗺځǶݤᜐࣚచҹ೛ޑᙁൂࣁ΋ᅿၨࣁᜐࣚ܄

྽ीᆉࢬޑ൑ऩ຾рα൳Ֆރ׎ό࣬ӕਔߡค٬ݤҔǶ܌аၨத೏Ҕٰीᆉѳ݈

 ൑Ƕࢬޑ฻ֹӄว৖ࢬᆅࢂ܈ࢬ

 ӵΠǺݤБޑ຾αచҹ೛࿼ځ

(0, , ) ( , , )

(0, , ) ( , , )

(0, , ) ( , , )

(0, , ) ( , , )

(0, , ) ( , , )

P j k P nx j k

u j k u nx j k

v j k v nx j k

w j k w nx j k

T j k T nx j k

=
=
=
=
=

              (4-102) 

рαచҹ೛࿼ޑБݤӵΠǺ 

( 1, , ) (1, , )

( 1, , ) (1, , )

( 1, , ) (1, , )

( 1, , ) (1, , )

( 1, , ) (1, , )

P nx j k P j k

u nx j k u j k

v nx j k v j k

w nx j k w j k

T nx j k T j k

+ =
+ =
+ =
+ =
+ =

             (4-103) 

ύ0ځ ж߄຾αޑᜐࣚ຀਱ᗺ(ghost cell)Ǵ 1nx + ж߄рαޑᜐࣚ຀਱ᗺǴ1ࣁ߾

຾αޑᜐࣚ਱ᗺǴ nxࣁ߾рαޑᜐࣚ਱ᗺǶ 

ฅԶӧीᆉֹӄว৖ધࢬਔǴሡाаᓸΚఊٰࡋ྽բ driving foreǶӢԜሡा

΋ጕ܄ᓸΚఊࡋǴࢬ٬൑ڀԖ୏ΚٰྍԶό཮૰෧ǶуΕޑБݤӵΠǺ 

ஒᓸΚϩှٿࣁ೽ҽǴ΋ࣁఊࡋ໨Ǵ΋ࣁൻᕉ໨Ǻ 

( , , ) ( , , )pP i j k x P i j kβ= +                                          (4-104) 

ύځ β ǴࡋᓸΚఊ܄ጕࣁ pP ᓸΚǶӧीᆉਔஒ܄ൻᕉࣁ xβ ఊࡋ໨ϩᚆрٰǴஒ

Ѭຎࣁ source termǶӢԜൻᕉ܄ᓸΚᜐࣚᔈׯᡂࣁǺ 

(0, , ) ( , , )p pP j k P nx j k=                                            (4-105) 

( 1, , ) (1, , )p pP nx j k P j k+ =              (4-106) 

ՠࢂӧำԄीᆉύǴࢬໆ཮ӢࣁᏛय़ነᔔࢂ܈ኧॶҁيीᆉ΢ޑ੃ණԶ٬ளࢬໆ

όӺࡡǶӢԜѸ໪ӧ؂ঁਔ໘Πፓ᏾β ॶǴճҔ β ॶٰࢬۓڰໆǶځБำԄճҔ

Xu ฻Γ[24]ӵΠǺ 
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1 0 11
[( ) 2( ) ( ) ]n n n nm m m

t Ac Ac Ac
β β+ −= − − +

∆
ɺ ɺ ɺ

                             (4-107) 

ύځ Ac ୏ϐᄒय़Ǵmɺࢬᡏࢬࣁ ໆǶࢬࣁ t∆ ਔ໘ελǶࣁ 0() жރۈ߃ࣁ߄ᄊ܌ᆉ

рޑॶǴΨ൩׆܌ࢂఈࢬ൑ࢬޑۓڰໆǶ()n ಃࣁ n ਔ໘܌ीᆉрޑॶǴӕ౛ 1()n+

ࣁ 1n +  ॶǶޑीᆉр܌

 ௗ๱ஒ΢ॊޑޑीᆉБݤ಍᏾ӵΠ܌ॊǺ 

1. ೛ࡋྕۓǵᓸΚᆶೲۈ߃ࡋచҹǶ 

2. ਥᏵόӕނޑ౛ኳԄǴ೛ۓᜐࣚచҹǶ 

3. ճҔ MUSCLݤջБำԄ(4-71)ᆶ(4-72)ीᆉ RF ǵ LF ᆶ pU∆ Ƕ 

4. ஒ pU∆ ஥ΕБำԄ(4-67)ύ٠Ъ٬Ҕ Roeݤीᆉ inviscidF Ƕ 

5. ीᆉᗹᅉ܄໨Ƕ 

6. ճҔ LUSGSջБำԄ(4-76)ۓက 1k
pU + Ƕ 

7. ऩܭᛙᄊ௃ݩΠǴख़ፄ؁ᡯ 2 Կ؁ᡯ 6Ǵډޔ಄ӝԏᔙచҹ
1

3
1

10
n n

n

φ φ
φ

+
−

+

− < Ƕ

ύځ , , , ,p u v w Tφ = Ƕऩܭኩᄊ௃ݩΠǴ߾ԏᔙచҹࣁ
1

3
1

10
k k

k

φ φ
φ

+
−

+

− < Ǵ߾ 1k
pU +

ޑΠ΋੿ჴਔ໘ࣁ pU Ƕ 

 ନΑࢬ൑Бय़ޑीᆉǴҁࣴزᗋх֖ᖂ൑Бय़ޑीᆉǶᖂ൑ޑ಍ஷБำԄࣁ

БำԄ(2-23) 

2 2 2 2 2 2 2 2

02 2 2 2 2
( ) 2

u v uv
c

t x y x y x y

ρ ρ ρ ρ ρ ρ′ ′ ′∂ ∂ ∂ ∂ ∂ ∂− + = + +
∂ ∂ ∂ ∂ ∂ ∂ ∂

                      (4-108) 

Ԝೀᆶᙁϯၸޑ Lighthill БำԄനεόӕϐೀӧܭБำԄ(4-108)ϝԵቾஏࡋ ρ

ჹࢬ൑ޑቹៜǴӢԜஒ׳уྗዴǶ 

 ໔໨ύǴ௦ҔΒ໘ύѧකϩǺޜܭᚆණϯǴځ؃ှǴሡஒݤΑճҔኧॶБࣁ

2
21 1

2 2

2
( )i i i o x

x x

ρ ρ ρρ + −′ ′ ′′ − +∂ = + ∆
∂ ∆

                                     (4-109) 

2
1, 1 1, 1 1, 1 1, 1 2 2( ) ( ) ( ) ( )

( , )
4

i j i j i j i juv uv uv uvuv
o x y

x y x y

ρ ρ ρ ρρ + + + − − + − −′ ′ ′ ′− − +∂ = + ∆ ∆
∂ ∂ ∆ ∆

   (4-110) 

ӧਔ໔໨
2

2t

ρ′∂
∂

Бय़Ǵ߾௦Ҕ΋໘ࡕ໨කϩǺ 
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2
1 2

2 2

2
( )t t t o t

t t

ρ ρ ρρ − −′ ′ ′′ − +∂ = + ∆
∂ ∆

            (4-111) 

ௗ๱ஒБำԄ(4-109)~(4-111)жΕБำԄ(4-108)Ǵҗޜܭ໔කϩ໨ϷБำԄ

(4-109)ǵ(4-110)ᆶ 1tρ −′ ǵ 2tρ −′ ǴӢԜё؃ளޕςࣁ ρ′ǴԜջᇻ൑ύޑஏࡋᡂϯ໨Ƕ

΋૓ԶقǴ཮ௗ๱ஒځᙯඤԋᖂᓸ 

2
0P c ρ′ ′=                 (4-112) 

ௗ๱ӧճҔᖂᓸՏྗ(Sound Pressure Level, SPL)ीᆉځ dBॶ 

10
0

20logP

p
L

p
=                   (4-113) 

ύځ 0p Եᖂᓸୖࣁ 52 10 Pa−×  
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ಃϖക ᗦԄધࢬኳԄ 

 ҁࣴ܌زว৖рޑᗦԄધࢬኳԄɡdissipative modelځচ౛ᆶࡌҥБݤஒܭ

Ԝക࿯၁ಒ૸ፕǶܭ dissipative modelύǴஒճҔБำԄ(4-67)ύޑ Roe upwinding 

dissipation term { }11

2 p PA Uε −Γ ∆  ኳԄǶࢬҥᗦԄધࡌٰ

 ӧीᆉᆛ਱ᆒዴࡋόޑى௃ݩΠǴऩ٬Ҕ DNSଛӝচۈ Roe scheme( 1ε = )

઻ණǶკܭஒ཮ၸݤኳᔕύǴኧॶБࢬધܭ 7 Կკ 9 ϩձࣁધࢬѳ֡ೲࡋǵ

Reynolds stressᆶધࢬமࡋკܭRe 180τ = ᆅࢬਔޑϩթǴᆶ Kim ฻Γ[20]٬Ҕᆒ

ዴཱུࡋଯޑ DNS่݀࣬КǴҗܭၸӭޑኧॶ઻ණǴځϩթࣣև౜ၨ DNSλޑ௃

ܭǶԜᅿ౜ຝΨම׎ Trong[27]ύගрǶд٬Ҕ Roe schemeᆶ Smagorinsky model

ଛӝ dampingБำԄኳᔕᆅၰધࢬǴՠ٠҂уΕ preconditioningݤǶӧдޑኳᔕ

ύǴε Ƕۓᛙ࡭ߥ΋தኧǴሡाᅰໆ෧λǴՠϝሡ٬ीᆉၸำࣁ᏾ঁीᆉጄൎܭ

ਥᏵځෳ၂ǴܭધࢬύǴε ࣁന٫ኧॶޑ 0.1ѰѓǶਥᏵҁࣴܭزᆅၰધޑࢬෳ

၂Ǵӧեႜᒍኧޑ௃ݩǴ 0.1ε = ёаளؼډӳ่݀ޑǹฅԶǴܭଯႜᒍኧޑ௃ݩ

ΠǴ 0.1ε = ٠ό፾ҔǶ 

ஒаزኳԄǴҁࣴࢬધޑǵႜᒍኧၨଯݱቶ׳܄Αว৖р፾Ҕࣁ  Truncated 

Navier-StokesБำԄ(TNS)ࣁ୷ᘵǶTNSޑচ౛ᆶ under resolved DNS࣬ ӕǴҗ

ीᆉǴ่݀ޑਔ໔ߏύǴӢԜ࿶ၸࡋനλᆛ਱Ёܭໆ཮ᆫ໣ૈޑࡋᆛ਱Ёܭλܭ

ஒԖߚதεϐᇤৡǶDomaradzki฻Γ[33]ճҔܭ΋ۓਔ໘໔႖ၸᘠ(filter)ࢬ൑ޑ

БԄ౽ନԜᅿӭᎩૈޑໆǶTankitulᆶ Domaradzki[34] ௗុ[33]زࣴޑǴว৖р

Ծ୏ղۓၸᘠࢬ൑ਔ໔ޑБݤǶ 
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კ 7. চۈ Roe schemeᆶ[20]ϐѳ֡ೲࡋКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

The original Roe scheme 
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კ 8. চۈ Roe schemeᆶ[20]ϐ Reynolds stressКၨკ 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

The original Roe scheme 
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კ 9. চۈ Roe schemeᆶ[20]ϐધࢬமࡋКၨკ 
 
 
 
 
 
 
 
 
 

 

DNS by Kim et al. [20] 

 

The original Roe scheme 
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җ ܭ ၸ ᘠ ࢬ ൑ ቚ у ኧ ॶ ઻ ණ ᆶ Roe upwinding dissipation term 

{ }11

2 p PA Uε −Γ ∆ ύǴว৖рزբҔচ౛࣬ӕǴӢԜҁࣴޑ TNS ճҔ Roe 

upwinding dissipation term౽ନӭᎩλЁૈࡋໆޑᗦԄધࢬኳԄǶځբҔচ౛ӵ

Π܌ॊǺӵ݀ᆫ໣ܭλЁૈޑࡋໆၸӭǴ߾ቚуε ٰ઻ණԜᅿၸӭૈޑ ǹໆϸϐǴ

ऩኧॶीᆉς࿶ၸܭ઻ණޑ௃ݩΠǴ߾ᔈफ़եε аᗉխڋ׭ધࢬҁޑيᘋ୏Ƕᆶ

[34]Ծ୏ၸᘠࢬ൑ޑБԄ࣬КǴdissipative modelѝଞჹࢬ൑ύၸӭૈໆޑ୔ୱၸ

ᘠǴԶߚၸᘠ᏾ঁࢬ൑ǶӢԜऩ٤ࢌ୔ୱς࿶ၸܭ઻ණǴஒό཮ӆቚуኧॶ઻ණǴ

аխ૰ଏધࢬҁޑيᘋ୏ǶӢԜǴdissipative modelКԾ୏ၸᘠࢬ൑ޑБԄڀԖ

 Ƕ܄፾Ϫޑ٫׳

Αૈ୼Ծ୏ፓ᏾ࣁ ε ǴሡाਥᏵЎ᝘[34]ۓက؂ঁीᆉᆛ਱ૈޑໆ߯ኧ

ERǺ 

3
2

1
3

2

1

( )
( )

(2 ) ˆ( )

i i
i

i i
i

u u
I

ER
I

u u

=

=

−
∆= =
∆ −

∑

∑
            

(5-1) 

БำԄ(5-1)ύǴ iu ࣁ TNS БำԄύޑচۈೲࡋ൑Ǵ iu ځ൑Ǵࡋೲޑࡕၸᘠࣁ߾

ၸᘠࡋߏ(filter width)ࣁᆛ਱ελ∆ǹ ˆiu ∆७ελ2ٿᆛ਱ࣁࡋߏၸᘠࣁ߾ ၸᘠޑ

 ൑Ƕࡋೲࡕ

 БำԄ(5-1)ύ٬܌Ҕޑ filter ࣁ secondary filterǴࡌځҥБԄࢂаprimary filter

ࣁ box filterǶਥᏵ Jeanmartᆶ Winckelmans[35]Ǵၸᘠࣁࡋߏ∆ᆶ2∆ ޑ box filter

 БำԄӵΠǺޑԔጕ০኱ܭ

1 1( ) 0.5[ ( ) ( ) ( )]n n n nu y u y u y u y
+ −

− ++ − + −

∆ ∆= + +
∆ + ∆ ∆ + ∆           

(5-2) 

1 1ˆ( ) ( ) ( )n n nu y u y u y
+ −

− ++ − + −

∆ ∆= +
∆ + ∆ ∆ + ∆          

(5-3) 

Ԝೀ 1ny − ǵ ny  ᆶ 1ny + ᆛ਱ᗺǴޑΟঁ࣬ᎃࣁ 1n ny y+
+∆ = − ᆶ 1n ny y−

−∆ = − Ƕௗ๱

ճҔ Approximate deconvolution[36]ܭ primary filterǴapproximate deconvolutionޑ

БำԄӵΠǺ 

1

0

( )
N

v
N

v

Q G I G−

=

≈ = −∑               (5-4) 
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NQ ࣁ primary filter G ޑ approximate deconvolutionǴԶG ࣁ box filterǶ 

ճҔ΢ॊচ౛Ǵsecondary filterܭόӕၸᘠࡋߏǺ 

( ( ))i N iu Q G u= ∆ ∗                                                   (5-5) 

ˆ ( (2 ))i N iu Q G u= ∆ ∗               (5-6) 

 კ όӕࣁ10 filter ύځ΋ᆢᙯඤБำԄϩթკǴޑ /ck π∆ = ∆ ౛ނࣁ LESЁ

ޑࡋ nominal cutoff wave numberǶҗԜკёаว౜Ǵܭ 5N = ਔǴsecondary filter

ёа൳Яֹӄߥ੮ՐЁࡋεܭ 2∆ ᆶ∆ܭϟࡋЁڋ׭ၗૻǴԶЪமਗ਼ޑ 2∆ ၗޑ

ૻǶ 

 നࡕǴעБำԄ(5-5)ᆶБำԄ(5-6)஥ΕБำԄ(5-1)Ǵջёளૈډໆ߯ኧERǴ

ޑࡋߏճҔόӕၸᘠࣁ౛ཀကނޑ߄ж܌ځ primary filter ޑҥࡌ܌ secondary 

filterǴၸᘠܭӕኬࢬޑ൑ύ܌౽ନϐૈໆК߯ኧǶਥᏵ[34]Ǵ ER ጄൎᔈပӧޑ

0.007ᆶ 0.01ϐ໔ǴӢԜёճҔԜጄൎ྽բፓ᏾ε ܭ୷ᘵǶӵ݀ERεޑ 0.01Ǵ

ໆၸӭǴԜਔሡाቚуεૈޑࡋλЁܭҢᆫ໣߄ а઻ණၸӭૈޑໆǶϸϐǴऩER

λܭ 0.007Ǵࢬ߾൑ҁޑيኧॶ઻ණς࿶ၸεǴԜਔሡाफ़եε Ǵаխધࢬҁي

ᘋ୏೏૰ଏǶޑ ER ۓᒧ܌όӕጄൎΠܭ ε Ǻऩۓ،ਥᏵΠӈচӢ߾

0.007 0.01ER≤ ≤ Ǵ߾ε Ѹ໪ࢂന٫ॶа࡭ߥERᝩុज़ܭڋԜጄൎǶਥᏵҁࣴز

ෳ၂Ǵޑեႜᒍኧܭ 0.1ε = ܭന٫ॶǶऩERεࣁ 0.01Ǵε ሡाቚεǴՠόёၸ

εаխၸܭ઻ණǶ0.5ϟܭ DNSኳᔕ( 1ε = )ᆶന٫ॶ 0.1ϐ໔ǴӢԜᒧҔ ܭ0.5

ԜጄൎϣǶऩERλܭ 0.01Ǵε ሡाफ़եǴՠϝሡ࡭ߥኧॶीᆉᛙۓǴӢԜ௢ᙚ

ॶࣁ 0.05Ƕᆕ΢܌ॊǴ ε ஒਥᏵ؂ঁՏ࿼ᆶ؂ঁਔ໘ύޑ ER ፓ᏾Ǵջ

( , , , )x y z tε ε= Ǵ߄ځҢӵΠ 

 

( , , , ) 0.5x y z tε = ,   if 0.01ER >  

( , , , ) 0.1x y z tε = ,   if 0.007 0.01ER≤ ≤        (5-7) 

( , , , ) 0.05x y z tε = ,  if 0.007ER <  
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კ 10. όӕ filter  ᙯඤБำԄޑ΋ᆢਔܭ

 

 

 

 

 

 

 

 

 

Primary filter,  
Secondary filter,  

Secondary filter,  

Spectral filter  
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ಃϤക ଯೲၮᆉ 

ҁࣴ܌زሡाޑीᆉໆཱུεǴӢԜӧኳᔕၸำ࣬྽઻ਔǶၸѐزࣴޑύǴӭ

٬ҔѳՉϯБݤ଺ࣁගଯीᆉਏૈޑБԄǴനதٿޑـᅿѳՉϯБࣁݤMPI 

(Message Passing Interface)ϷOpenMP (Open Multi-Processing)Ƕޣ߻ஒำԄѳՉϯ

໔ҭΜޜӭѠႝတ΢ၮՉǴՠਏ౗ᒿႝတኧቚуԶΠफ़ǴЪሽ਱ᆶ՞Ҕޑ٠ᖄܭ

ϩᚳεǶ٬ࢂ߾ޣࡕҔڀԖӭਡЈύѧೀ౛ᏔޑຬભႝတǴ՞Ҕޜ໔ၨλǴՠڙ

ज़ܭҞޑ߻ᇙำϷණ዗ୢᚒǴीᆉਡЈኧԖज़Ǵਏ౗ගܹԖज़Ƕ 

਺Ϫሡ؃ΠǴᡉҢьޑᆶু኷زԃٰǴೀ౛୏ฝ(Animation)фૈӧࣴ߈    

(Video Card)ϣკ׎ೀ౛Ꮤ(Graphics processing unitǴGPU)ޑೲࡋຫٰຫזǴ௓ڋ

ำԄ٬ޑҔБԄҭຫᖿ৒ܰǴନԜϐѦǴᡉҢьϐሽ਱࣬ჹܭᖼວଯ໘ӭਡЈύ

ѧೀ౛Ꮤ(Central Process UnitǴCPU)ၨࣁե༹ǴӢԜܭΟᆢკ׎ᡉҢБय़аѦޑ

ᔈҔВ੻ቚуǶCUDAѳѠȐCompute Unified Device Architectureȑࢂҗम଻ၲ

(Nvidia)Ϧљ܌௢рޑ᏾ӝೌמǴԜࢂೌמ΋ᅿஒGPUբࣁኧᏵѳՉϯၮᆉ೛ഢ

ೀ౛Ꮤ(Stream ProcessorǴࢬޑԖኧໆ౲ӭڀᄬǶճҔᡉҢьϣGPUࢎ಍΋ೀ౛ޑ

SP)Ǵ׳፾ӝҔܭѳՉϯำԄޑीᆉ੝܄ǴаၲډගϲኧॶीᆉೲޑࡋҞޑǶҁ

ѳՉϯၮᆉǴܭᡏΚᏢ΢ǴஒCUDAѳѠԋфၮҔࢬीᆉܭว৖ճҔCUDAزࣴ

аΠஒ൩CUDAѳѠࢎޑᄬϷ୺ՉኳԄ଺၁ಒޑᇥܴǶ 

    CUDA ѳѠޑЬाࢎᄬӵკ 11ǴѓБёـЬᐒ(Host)ᆄǴϣ֖ύѧೀ౛Ꮤ

(CPU)کЬᐒ૶ᏫᡏǶԶ೛ഢ(Device)ᆄǴջЬᐒ݈කኲ΢ޑᡉҢьǶѳՉीᆉၸ

ำύǴ٩ำԄᇟقኗቪ໩ׇ୺ՉǴ೽ϩӧ CPU ΢ၮᆉࣁޑՍՉೀ౛ำԄ(serial 

code)Ǵ೽ϩᙖԾՉ໒วӧ CUDA ѳѠ΢ޑೱ่ጓᒠำԄǴӧ GPU΢୺Չࣁޑਡ

Јڄኧ(kernel)Ƕ؂ঁ kernelޑ୺ՉൂՏࣁᆛ਱(Grid)Ǵᆛ਱ύх֖ኧঁ୔༧(Block)Ǵ

୔༧Ξҗኧঁ୺Չᆣ(Thread)܌ಔԋǴ྽ kernel໒ۈ୺ՉਔǴ೭٤୺Չᆣஒϩձ

җᡉҢьϣࢬޑೀ౛Ꮤ(Stream ProcessorǴSP)ٰ բѳՉϯၮᆉǶࡑԜ kernel่״Ǵ

ኧ(serial code)຾ՉӧڄௗុΠ΋ঁՍՉ߾ CPUၮᆉǴ٩Ԝ໩ׇ୺ՉԿ᏾ঁำԄ

ֹԋၮᆉπբǶ 

    ӧ CUDA ѳѠ΢բѳՉϯၮᆉǴࣁளډന٫ϯޑीᆉਏૈǴӧ૶Ꮻᡏޑଛ

࿼БԄ΢ཱུࣁख़ाǶҗܭӧ GPU  ೀ౛Ꮤ(StreamࢬीᆉൂϡύǴх֖ኧঁӭޑ

MultiprocessorǴSM)ǴԶ؂ঁ SM ύΞх֖ 8 ೀ౛Ꮤࢬޑᆒዴੌᗺኧ(ᚈ܈)ൂঁ
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(Stream ProcessorǴSP)ǴӧӕSMύ8ঁޑSPӅҔӕ΋Ӆ٦૶Ꮻᡏ(shared memory)Ƕ

ӵ߻ॊӧ CUDA ѳѠύޑ kernelჴ፦΢ࢂа୔༧ൂࣁՏ୺ՉޑǴӧӕ΋୔༧ޑ

Ԗ୺ՉᆣሡӅ٦ኧᏵǴӢԜ཮ӧӕ΋ঁ܌ SMύ୺ՉǴՠӕ΋ SM ύёаӸӧӭ

ঁ୔༧ǴӵԜёӧࢌ΋୔༧୺Չӕ܈؁Ӹڗ૶ᏫᡏਔǴᡣќ΋ঁ୔༧эҔ୺Չၗ

ྍǴҔаᗦᙒۯᒨǴ׳ӳޑճҔ୺ՉൂϡޑၗྍǶฅԶӧჴሞၮՉਔǴ୔༧ϣޑ

୺Չᆣஒа୺Չᆣ״(warp)ൂࣁՏ୺ՉǴځελҗᡉҢьހҁ،ۓǴӵҁࣴ܌ز

٬Ҕޑ Tesla C1060Ǵ΋ wঁarpҗ 32ঁೱុ୺Չᆣ܌ಔԋǴЪ΋ঁ SM ёаߥ

Ӹ 32ঁ warp(Ӆ 1024 ঁ୺Չᆣ)ǶҗܭӚঁ warpӧ CUDA ύޑ୺Չ໩ׇ٠คೕ

ӕǴ΋ঁ࣬ࡋ୺Չ຾ޑӕ΋୔༧ύߥБԄǴዴޑǴӢԜሡ٬Ҕӕ؁ࡓ SM ёаֹ

ԋ 512ঁ୺Չᆣӕޑ؁୏բǴЪ warpύޑ୺Չᆣѝᆶ୺Չᆣ ID ԖᜢǴ௨ӈӵ ID 

߾ᆣኧ܄୔༧ύ୺ޑۓǴаԜᜪ௢ǴӢԶӧΠॊ೛״ಃΒࣁǴ32~63״΋ࣁ31~0

ёࢂ ҺཀॶǴ٠аޑ512~1 ୺Չᆣϝэ௞΋ঁޑന٫ǴаᗉխӭᎩࣁ७ኧޑ32

warpǶ٩Ԝচ߾ჹ୔༧Ϸ୺Չᆣኧբଛ࿼ǴаයၲډѳՉϯၮᆉޑനଯૈ܄Ƕ 

   ӧኗቪ CUDA ำԄਔǴЬाёϩࣁΠӈΟঁ؁ᡯǹಃ΋؁ᡯࣁଛ࿼ᡉҢьϣ

GPUޑ૶ᏫᡏՏ֟Ϸ೛ۓ୔༧(Block)ک୺Չᆣ(Thread)ޑελǴௗ๱ஒҁٰճҔ

ύѧೀ౛Ꮤ CPUीᆉޑၗ਑җЬᐒ૶Ꮻᡏཚ౽ԿᡉҢь΢ޑ૶ᏫᡏǶ΋૓٬Ҕ

Ԗज़ৡϩܭݤΟᆢޑ௃׎ύǴӭ٬ҔΟᆢତӈ(i,j,k)ஒ਱ᗺጓဦǴฅԶऩ٬ҔΟ

ᆢତӈਔǴाஒЬᐒޑၗ਑ཚ౽ԿᡉҢь΢ޑ૶ᏫᡏਔǴஒߚதፄᚇǶӢԜሡஒ

Οᆢତӈᙯඤԋ΋ᆢତӈаճܭၗ਑ཚ౽ǶځᙯඤϦԄӵΠ܌ҢǺ 

Device ( assign numbers ) = Host ( i ny nz j nz k× × + × +  )               (6-1) 

ύnxǵnyځ ᆶnzϩձࣁ x ǵ y ᆶ z Бӛޑीᆉᆛ਱ኧҞǶ 

    ಃΒ؁ᡯࣁஒำԄѳՉၮᆉǶӧ؁ᡯ΋ஒΟᆢତӈᙯඤԋ΋ᆢତӈǴЪעЬ

ᐒᆄޑၗ਑ཚ౽ԿᡉҢьޑ૶ᏫᡏࡕǴௗ๱ஒ΋ᆢତӈޑ଑୮ѳՉϯǴճҔࢬೀ

౛Ꮤ଺ीᆉ٠ᓯӸܭᡉҢь΢ޑ૶ᏫᡏǶ 

ಃΟ؁ᡯࣁஒ GPUीᆉ่݀வᡉҢьޑ૶Ꮻᡏཚ౽ԿЬᐒᆄޑ૶ᏫᡏǴௗ

๱ஒ߻ॊޑ΋ᆢତӈᙯӣচٰޑΟᆢତӈǴ٠ᒡр่݀Ƕ 

ೀ౛Ꮤ(Stream ProcessorǴSP)ኧࢬջૈӧᏱԖόӕࡕΑ٬ำԄૈጓ᝿΋ԛࣁ    

ᡉҢь΢୺ՉǴCUDAޑ ѳѠ٬ҔΑൂࡰзӭ୺Չᆣ(Single Instruction, Multiple 

ThreadǴSMIT)ޑ୺ՉኳࠠǴஒीᆉҺ୍ᙯԋёаεໆѳՉ୺Չޑ୺ՉᆣǶჴሞ

ၮՉਔǴkernelࢂа୔༧ൂࣁՏ୺ՉޑǴԶᆛ਱ࢂ߾Ҕа߄Ң΋سӈёа೏ѳՉ
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୺Չޑ୔༧ޑ໣ӝǶ΋ঁ kernel཮ӧ΋ঁᆛ਱ύၮՉǴՠҗܭӕ΋୔༧ύ܌ޑԖ

୺Չᆣӧӕ΋ਔڅ୺Չࡰޑз٠ό΋࣬ۓӕǴࡺӧ CUDA ѳѠύǴӕ΋୔༧ύ

Ӆ٦૶Ꮻᡏ(shared memory)ǴӢԜёаϕ೯ҬඤኧᏵ٠ૈڗԖ୺ՉᆣࣣૈӸ܌ޑ

Πᗨฅૈӕਔۓ೛ޑցǴӧԜኳԄ߾୺Չᆣޑ୏բǴόӕ୔༧ύޑೲ຾Չӕ؁ז

୺Չӕ΋ࡰзޑ୺ՉᆣኧໆԖज़Ǵՠ೯ၸӅ٦૶Ꮻᡏک୺Չᆣ࢐ឯӕ؁(Barrier)

୺Չᆣό໻ૈᐱҥѳՉၮᆉǴӧሡाၗ਑ӕ؁ਔǴҭޑӕ΋୔༧ϣߥБԄǴዴޑ

 зਔǴำԄωᝩុ۳ΠၮՉǴԶόठीᆉᒱᇤǶࡰӕ࣬ډӄ೽୺Չᆣࣣ୺Չࡑૈ
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კ 11. CUDAѳѠࢎᄬკ 
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ಃΎക ่݀ᆶ૸ፕ 

 ǺࢬᆅၰԾฅჹޔࠟ 7.1

ځ਻ЪޜࣁᡏࢬԜኳᔕύǴπբܭ  Prandtlኧࣁ 0.72ǶѦࣚᓸΚᆶྕࡋϩձ

1atmࣁ ᆶ 298.06K Ƕ 

 २ӃǴӧҁ࿯ύǴஒӃीᆉ 510Ra = ΠǴ҅Б׎ஏഈޜ໔ύޑଯྕৡԾฅჹ

Ǵ٠Ъᆶࢬ Paillere฻Γ[37]่݀ޑКၨǶlocal Nusselt numberᆶ Rayleigh number

 ကӵΠǺۓ

0

[ ( ) ]
( ) w

h c

L T
Nu k T

k T T y

∂=
− ∂

               (7-1) 

2 3
0

2
0

( )
Pr

( )
h cg T T L

Ra
T T

ρ
µ

−=              (7-2) 

చҹۈ߃  0 101325P Pa= ǵ 0 600T K= ᆶ 0 0 0/( )P RTρ = ǵ 0k ࣁ 0 600T K= ޑ਻ޜ

዗໺Ꮴ߯ኧǶᜐࣚచҹ΢ΠᏛय़๊ࣁ዗Ꮫय़ǴଯྕᏛय़ࣁ 606K ǵեྕᏛय़ࣁ

594K、LࣁᏛय़ࡋߏջ੝ቻࡋߏǶკ ޑଯྕᏛय़ࣁ12 local Nusselt numberϩթ

კǴीᆉ่݀ᆶ Paillere฻Γ[37]่࣬݀ޑ྽΋ठǴ߄ҢำԄёྗዴኳᔕஏഈޜ

໔ޑଯྕރᄊΠԾฅჹ٠ࢬЪྕࡋёၲ606K ѰѓǶ 

 ਥᏵ Grayᆶ Giorgini[26]ǴճҔ Bossinesqଷ೛܌ኳᔕޑԾฅჹࢬ౜ຝǴѝ

ૈ፾Ҕྕܭৡ30K ܭΨෳ၂ำԄزѦǴҁࣴࢬԾฅჹޑጄൎϣǶӢԜନΑଯྕޑ

եྕޑԾฅჹࢬ௃ݩǴ٠Ъஒ่݀ᆶChurchillᆶChu[38]کFuᆶHuang[39]КၨǴ

[38]ᆶ[39]ࢂճҔ Boussinesqଷ೛ኳᔕᆅࢬύԾฅჹࢬ౜ຝǴނځ౛ኳԄკӵკ

1 ύځҢǴ܌ 1 2/ 81l l = Ǵ 0 2/ 102l l = ک 2/ 2w l = Ǵᆶ Fu ᆶ Huang[39]ނޑ౛ኳࠠ

࣬ӕǶ 

җܭ Bossinesqଷ೛ޑज़ڋǴӢԜ Fuᆶ Huang[39]ޑคӢԛྕৡᙯඤӣჴሞ

ྕৡόᔈၸଯǴࡺӧԜኳᔕύǴҁࣴ܌ز௦Ҕޑჴሞྕৡऊ10ࣁK ѰѓǴа಄ӝ 

 చҹǶޑኳᔕ܌[39]

კ ᆶزҁࣴࣁ13 Churchillᆶ Chu[38]ک Fuᆶ Huang[39]ޑѳ֡ફ༞ኧϩթ

კǴѳ֡ફ༞ኧᆶ Rayleigh numberۓޑကӵΠǺ 
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კ 12. ଯྕᏛय़ localફ༞ኧϩթკ 

 

 

 

 

 

 

 

 

 

Paillere et al. [37] 

Present results 
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კ 13. Ra ᆶѳ֡ફ༞ኧКၨკ 
 
 
 
 

 

 

 

 

 

 

Fu and Huang [39] 
 
Churchill and Chu [38] 
 
Present results 
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2

2
2[ ]

( ) w
h cl

l T
Nu dx l

T T y

∂=
− ∂∫                   (7-3) 

2 3
0 2

2

( )
Pr h cg T T l

Ra
ρ β

µ
−=             (7-4) 

Ԝೀ β  ዗ᑩ๞߯ኧǶࣁ

җ΢ॊ่݀ޑёޕǴջ٬ӧեྕৡ܌೷ԋޑԾฅჹࢬ௃ݩΠǴҁำԄᆶ

Bossinesqଷ೛܌ኳᔕ่݀ޑ൳࣬߈ӕǶ 

നࡕǴࣁΑᡍ᛾ҁࣴ܌زว৖ޑीᆉБݤᆶߚϸ৔܄ᜐࣚܭեೲёᓸᕭࢬᡏ

ၸѐճҔܭ౜ຝǶҗࢬԾฅჹޑᆅၰύޔǴஒኳᔕࠟ܄፾Ҕޑ Bossinesqଷ೛܌

ኳᔕޑԾฅჹࢬ౜ຝǴѝૈ፾Ҕྕܭৡ30K ჴሞπ཰ᔈҔ΢ஒܭጄൎϣǴӢԜޑ

 ஒёှ،΢ॊલѨǶݤǶԶҁीᆉБڋज़ډڙ

җܭӕਔԵቾёᓸᕭ܄ᆶྕࡋჹࢬܭᡏᗹޑࡋቹៜǴӢԜ Rayleighኧख़ཥۓ

ကӵΠǺ 

2 3
0 2

2
0

( )
Pr

( )
h cg T T l

Ra
T T

ρ
µ

−=              (7-5) 

კ 14 ࣁ 410Ra = ਔǴࢬጕǵᓸΚᆶྕࡋᒿ๱ਔ໔ޑᡂϯკ׎Ƕۈ߃ځచҹ

႟Ƕ྽ࣁࡋǵᓸΚᆶε਻ᕉნ࣬ӕǴ٠Ъೲࡋྕࣁ 0t > ਔǴᆅၰϣޑу዗Ꮫय़ϲ

ྕ Կ hT Ƕ ځ д ނ ౛ ୖ ኧ ೛ ۓ ࣁ 1 2/ 19l l = ǵ 0 2/ 25l l = ǵ 2/ 2w l = ᆶ

110h cT T T K∆ = − = Ƕკ ࣁ(1)14 0.0005t s= Ǵ዗໒ۈᙖ๱዗໺ᏤவᏛय़໺ԿࢬᡏǴ

౜ຝӵკځ 14(1)c܌ҢǶӢࢬࣁᡏ֎ԏΑᏛय़ޑ዗ ǴໆӢԜஏࡋᡂᇸǴᡏᑈᑩ๞Ǵ

೷ԋࢬᡏϩձ೏வᆅၰ຾рαᆄᔒрǴӵკ 14(1)a܌ҢǶԜ౜ຝคݤճҔόёᓸ

ᕭޑࢬБԄኳᔕԶᢀჸډǴନԜϐѦǴΨவ҂೏ځдЎ᝘܌ගрǶ྽ 0.02t s= Ǵ

ੌΚჹࢬܭᡏቹៜ೴ᅌᡉ౜Ƕܭკ 14(2)aёаᢀჸܭډу዗य़ࢬޑ߈ߕᡏ೴ᅌׯ

ᡂࢬ୏БӛǴӢԜ׎ԋӣࢬǴࢂܭӧკ 14(2)b ύёܴᡉᢀჸډу዗य़ޑ߈ߕե

ᓸǶܭԜӕਔǴკ 14(2)cᡉҢΑྕࡋ൑ࢬډڙᡏ۳΢ࢬ୏ޑቹៜǴ೴ᅌ۳΢ۯ՜Ƕ 

 ྽ਔ໔0.05ࣁs Ǵᆅၰ຾αᆄ೽ҽࢬޑᡏੌډڙΚቹៜǴ໒ۈவε਻ᕉნ೏

֎ΕᆅၰǴࢬځጕკӵკ 14(3)a܌ҢǶԜਔу዗Ꮫय़ޑ߈ߕӣࢬ୔ୱ೴ᅌᘉεЪ

΢ϲǶՔᒿ๱ӣޑࢬ΢ϲǴեᓸ೽ҽΨ೴ᅌ۳΢Ǵ׎ԋ҅ޑᓸᆶॄᓸޑҬࣚጕǶ

ӧਔ໔0.1ࣁsਔǴࢬᡏᝩុவΠБ຾αᆄ೏֎ΕǴ΢Брαᆄ೏௨рǴচҁу዗

Ꮫय़ޑӣࢬ୔ୱϩԋၨλঁٿޑӣࢬ୔ୱǶკ 14(4)b வ຾αᆄ߾ᓸΚޑᡉҢ܌
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೴ᅌቚуԿрαᆄǶ 

 നܭࡕਔ໔1s ਔǴᢀჸკ 14(5)aǴҗܭу዗Ꮫय़ԿܭᆅၰѰБޑᜢ߯ǴӢԜ

ԾฅჹࢬਏᔈჹܭѰБࢬޑᡏуೲၨεޑᜢ Ǵ߯ӧᆅၰѓБ׎ԋѮεޑӣࢬ୔ୱǶ

ӧᆅၰ຾αᆄǴҗॄܭᓸޑጔࡺǴӢԜࢬᡏவε਻ᕉნ೏֎ΕԿᆅၰ္Ƕрαᆄ

җ҅ܭᓸޑጔࡺǴࢬᡏவᆅၰϣ೏௨рԿε਻ᕉნǶԜᓸΚϩթܭΕαᆄ೽ҽǴ

ᆶ Dyer [40]ճҔ BernoulliБำԄ܌೛࿼ޑ຾αచҹኳᔕ่݀΋ठǶฅԶрαᆄ

ᜐࣚ܄ϸ৔ߚޑ٬Ҕ܌زε਻ᓸǴᆶҁࣴࣁஒрαᓸΚ೛࿼ࢂ[40]ܭᓸΚǴҗޑ

όӕǴӢԜౢғ࣬౦่݀ޑǶ 

 კ όӕࣁ15 RayleighኧΠǴѳ֡ફ༞ኧᆶ Rayleighኧޑᜢ߯კ׎Ƕѳ֡ફ

ᖻኧۓကӵΠǺ 

3 2

2

3

2
0

[ ( ) ]
( )

l l

l w
h cl

L T
Nu k T dx l

k T T y

+ ∂=
− ∂∫           (7-6) 

ѳ֡ફ༞ኧᆶ Rayleighኧ࣬ޑᜢБำԄӵΠ܌ҢǺ 

2

0.2130.794lNu Ra= ×                 (7-7) 

ճҔБำԄ(7-7)ǴஒёྕډפৡၨεޑԾฅჹࢬਏᔈΠǴځѳ֡ફ༞ኧᆶ

Rayleighኧޑᜢ߯ǴӢԜჹܭჴሞπ཰ᔈҔ΢ஒԖ׳εޑᔅշǶ 
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0.005t s=  
 

კ 14(1). 410Ra =  ׎ᒿ๱ਔ໔ᡂϯკࡋጕǵᓸΚᆶྕࢬ
 

 
 
 
 

 

 

 
 

 
 

 

(a) streamlines      (b) pressure contours    (c) thermal field 
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0.02t s=  
 

კ 14(2). 410Ra =  ׎ᒿ๱ਔ໔ᡂϯკࡋጕǵᓸΚᆶྕࢬ
 

 
 
 
 
 
 
 
 

 

 
 

 

 

 

(a) streamlines      (b) pressure contours    (c) thermal field 
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0.05t s=  
 

კ 14(3). 410Ra =  ׎ᒿ๱ਔ໔ᡂϯკࡋጕǵᓸΚᆶྕࢬ
 
 

 
 
 
 

 

 

 
 

 

(a) streamlines      (b) pressure contours    (c) thermal field 
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0.1t s=  
 

კ 14(4). 410Ra =  ׎ᒿ๱ਔ໔ᡂϯკࡋጕǵᓸΚᆶྕࢬ
 

 
 

 
 
 
 

 

 

 

 

 

(a) streamlines      (b) pressure contours    (c) thermal field 
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1t s=  
 

კ 14(5). 410Ra =  ׎ᒿ๱ਔ໔ᡂϯკࡋጕǵᓸΚᆶྕࢬ
 
 
 
 
 

 
 

 

 
 

 

 

 

(a) streamlines      (b) pressure contours    (c) thermal field 
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კ 15.  ᜢ߯БำԄᆶीᆉ่݀Кၨკ 
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7.2 НѳᆅၰԾฅჹࢬǺ 

 ӧНѳᆅၰޑԾฅჹࢬύǴҗܭᆅၰٿޑᆄᜐࣚӕਔԖࢬ຾ၟࢬрᆅၰٿޑ

ᅿБӛǴӢԜӧ໺಍΢ǴӭճҔۯ՜εޜ໔ޑБٰݤीᆉǶճҔեೲёᓸᕭߚࢬ

ϸ৔܄ᜐࣚݤǴ߾ёׯ๓ۯ՜εޜ໔܌ݤ઻຤ၸӭޑीᆉਔ໔ᆶ৒ໆǶ 

 კ Кၨ่ޑНѳᆅၰύᆶ[41]ܭݤᜐࣚ܄ϸ৔ߚࢬճҔեೲёᓸᕭࣁ16 Ǵ݀

߄ ύફ༞ኧᆶځǶ߄Кၨޑѳ֡ફ༞ኧځ2 RayleighኧۓޑကӵΠǺ 

1
[ ]

2 ( ) wall
h c

W T
Nu dx

W T T y

∂=
− ∂∫               (7-8) 

2 3
0

2

( )
Pr h cg T T W

Ra
ρ β

µ
−=             (7-9) 

ԜೀW Ǵࡋଯޑᆅၰࣁ β  ዗ᑩ๞߯ኧǶࣁ

 җკ 16 ёޕǴճҔߚϸ৔܄ᜐࣚ܌ݤीᆉр่݀ޑᆶ[41]ӃճҔεޜ໔؃

ளྕࡋǵೲࡋᆶᓸΚᜢ߯Ԅࣁ่ཱུ݀ޑௗ߈ǴՠճҔߚϸ৔܄ᜐࣚݤǴ٬ளނ౛

ኳԄ׳у಄ӝჴሞނ౛౜ຝǴ٠όሡाᚐѦޑεޜ໔а಄ӝคज़ᇻೀֹޑӄว৖

߄ܭ໔ǴගܹਏૈǶޜచҹǶନԜϐѦǴΨ࿯࣪ीᆉޑࢬ 2 ύǴόፕܭ 410Ra =

܈ 510Ra = ௃ݩΠǴѳ֡ફ༞ኧ೿࣬྽ௗ߈ǴځύΠᏛय़җࢂܭу዗Ꮫय़Ǵࢬ൑

ᡂϯၨࣁቃਗ਼Ǵу΢όӕޑीᆉБݤᆶ࣬౦ޑᜐచҹ೛ۓǴ܌аৡ౦ၨεǶ 

 ӧֹԋߚϸ৔ᜐࣚޑ΢ॊᜐࣚԖ຾р౜ຝޑᡍ᛾ࡕǴௗ๱ճҔԜܭݤკ 2 ޑ

220ࣁᆛ਱ଛ࿼ޑ౛ኳࠠύǴਥᏵෳ၂Ǵന٫ނ 40 40× × Ƕу዗Ꮫय़ݮ๱ z ܫື

࿼ܭᆅၰύѧ΢Ǵࡋྕۈ߃ᆶᓸΚᆶε਻ᕉნచҹ࣬ӕǴೲࣁࡋ႟Ƕ྽у዗໒ۈǴ

у዗Ꮫय़401.0490ࣁࡋྕޑk Ǵ٠Ъ࡭ߥԜྕࡋǶ 

კ ࣁ17 410Ra = ΠǴࢬጕǵᓸΚᆶྕࡋᒿ๱ਔ໔ᡂϯკ׎Ǵځ Rayleighኧ

 ကӵΠǺۓ

2 3
0

2
0

( )
Pr

( )
h cg T T W

Ra
T T

ρ
µ

−=                (7-10) 

ԜೀW  ࡋଯޑᆅၰࣁ
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კ ጕᆶ฻ྕጕკᆶࢬ .16 Khanaferᆶ Vafai [41]ޑКၨ 

 

 

Khanafer and Vafai [41]  
Streamlines 

Isotherms 

The present study 
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߄ 2. ѳ֡ફ༞ኧᆶ Khanaferᆶ Vafai [41]ޑКၨ 

 410Ra =    

 Present study Khanafer and Vafai [41] deviation (ʘ) 

Nu (lower) 2.20 1.99 10.0 

Nu (upper) 1.10 1.09 0.5 

 
 
 

 510Ra =    

 Present study Khanafer and Vafai [41] Percent dif. (ʘ) 

Nu (lower) 3.50 3.15 11.2 

Nu (upper) 2.69 2.90 7.2 
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კ 17(1)aࣁ 0.0001sਔǴࢬᡏډڙࡋྕޑу዗ǴԖΑ٤༾ޑϲଯǶԜਔᡏᑈ໒ۈ

ᑩ๞ǴӢԜᆅၰٿᆄࢬޑᡏ೏ᔒрԿε਻ᕉნǶࢬځጕӵკ 17(1)b܌ҢǶკ 17(1)c

ࢬޑᔒᓸ΢БۈǴ໒ࡺጔޑᡏᑩ๞ࢬޑၨᇸ߈ߕу዗Ꮫय़ܭՏܭᓸΚკǴҗࣁ߾

ᡏǴॐ٬΢Бࢬᡏ۳ᆅၰٿᜐࢬрǶკ 17(1)dࣁ߾ᆅၰύݮ๱ y ືϩձࣁ 0ǵ1.8ǵ

3.6ᆶ 5.5όӕՏ࿼ޑᓸΚϩթკ׎ǴჴጕࣁᆅၰϣޑᓸΚϩթǴᗺ຀ጕࣁε਻

ᓸΚǶځύ໔ޑ໔႖ཱུࣁᓸΚৡǴԶ࣬ჹᔈॶёୖԵޣٿനεޑ໔႖܌኱Ңޑᓸ

ΚৡॶǶӧᆅၰѓᜐǴҗܭᗺ຀ጕၨε਻ᓸΚεǴӢԜࢬᡏӄ೽வᆅၰϣ۳ε਻

ᕉნࢬрǶ 

 კ ࣁ(2)17 0.001t s= ǴҗܭԾฅჹࢬਏᔈޑቹៜ೴ᅌቚεǴᡣྕࡋ೴ᅌ۳ᆅ

ၰѓᜐסԔǴӧу዗Ꮫय़߈ߕΨ໒ౢۈғӣࢬǴӵკ 17(2)b܌ҢǶҗܭу዗Ꮫ

य़ࢬޑᡏ֎ԏ዗ໆࡕ໒ۈᑩ๞Ǵௗ๱ᔒᓸᆅၰ΢БࢬᡏǴᡣࢬᡏவᆅၰٿᆄྈрǶ

җܭӣޑࢬᜢ߯Ǵ೷ԋу዗Ꮫय़ޑ߈ߕեᓸǴӢԜᓸΚӵკ 17(2)d܌ҢǶ 

 კ 17(3)ᆶკ ᆄᘉεǴٿр୔ୱ೴ᅌ۳ᆅၰࢬӣࢂǴѝ߈྽ௗ่࣬݀ޑ(2)17

ᆅၰΠБॄޑᓸ୔ୱΨ೴ᅌቚуǶ 

 კ ࣁ(4)17 0.01t s= ރۓᛙࣁቹៜςว৖ԋࢬԾฅჹډڙᡏࢬǴ׎ᛙᄊკޑ

ᄊǶҗკ 17(4)aёᢀჸࡋྕډკډڙԾฅჹޑࢬቹៜǴև౜סԔރޑᄊǶკ 17(4)b

ӛࢬவε਻ᕉნ߾ӛε਻ᕉნǴΠБࢬᡏவᆅၰࢬǴӧᆅၰύǴ΢Бډёᢀჸ߾

ᆅၰϣǴԜϩթ΋ۯޔ՜ԿᆅၰٿᆄǶԶᓸΚϩթ߾ӵკ 17(4)d܌ҢǴ΢Бၨ

ε਻ᓸΚࣁεǴՠᓸৡ೴ᅌ۳ᆅၰٿᆄ෧ϿǴΠБ߾և౜࣬ϸޑ౜ຝǶԜᅿวғ

 ᚈϸ৔౜ຝ(dual-reflection phenomenon)Ƕࣁ౜ຝᆀϐޑᜐࣚ΢ܭ

 კ ᛙᄊǴၲډς࿶ܭǴҗ׎კࡋமޑǴisothermal surfacesࡕᛙᄊၲډࣁ18

ӧᆅၰٿᆄΠጔ೽ҽǴҗܭհޜ਻೏வѦࣚ֎຾ǴӢԜྕࡋၨեǴ࿶ၸύ໔у዗

Ꮫय़у዗ࡕǴӧவ΢ጔ೽ҽࢬрǴӢԜ΢ጔ೽ҽྕࡋၨଯǶନԜϐѦǴନΑу዗

Ꮫय़ѦǴҗځܭдࣣ೛๊ࣁۓ዗Ꮫय़ǴӢԜӧ᎞߈Ꮫय़ೀǴisothermal surfaces

Ԗ๱ᇸ༾ޑ៻Ԕа಄ӝ๊዗చҹǶ 

კ ࣁ19 localફ༞ኧݮ๱ z ܭື x W= ǵ / 2x W= ᆶ 0x = ځϩթკǶޑ local 

ફ༞ኧᆶ RayleighኧۓޑကӵΠǺ 
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(a) thermal contour 

 
 

 
(b) streamlines 

 
 

 
(c) pressure contour 

 
 

 

 
 
 

 
 

(d) local pressure difference distributions 
 

0.0001st =  
 

 
კ 17(1). 410Ra = ΠǴࢬጕǵᓸΚᆶྕࡋᒿਔ໔ᡂϯკ 
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(a) thermal contour 

 
 

 
(b) streamlines 

 
 

 
(c) pressure contour 

 
 

 
 
 

 
(d) local pressure difference distributions 

 
0.001st =  

 
 

კ 17(2). 410Ra = ΠǴࢬጕǵᓸΚᆶྕࡋᒿਔ໔ᡂϯკ 
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(a) thermal contour 

 
 

 
(b) streamlines 

 
 

    
(c) pressure contour 

 
 
 

 
 
 
 

(d) local pressure difference distributions 
 

0.0025st =  
 

 
კ 17(3). 410Ra = ΠǴࢬጕǵᓸΚᆶྕࡋᒿਔ໔ᡂϯკ 
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(a) thermal contour 

 
 

 
(b) streamlines 

 
 

 
(c) pressure contour 

 
 

 
 
 
 

(d) local pressure difference distributions 
 

0.01st =  
 

 
კ 17(4). 410Ra = ΠǴࢬጕǵᓸΚᆶྕࡋᒿਔ໔ᡂϯკ 
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კ 18. Isothermal surfacesᛙᄊϩթკ׎ 
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0

[ ( ) ]
( ) wall

h c

W T
Nu k T

k T T y

∂=
− ∂

                 (7-11) 

2 3
* 0

2
0

( )
Pr

( )
h cg T T W

Ra
T T

ρ
µ

−=            (7-12) 

ԜೀW  ࡋଯޑᆅၰࣁ

ࣁύѧޑύу዗Ꮫय़ځ 0x = ǵу዗Ꮫय़ޑᜐጔࣁ x W= Ƕհࢬᡏவᆅၰٿᆄ຾Ε

ਔǴӃௗ᝻ډу዗Ꮫय़ޑᜐጔջ x W= ዗໺ਏ݀ஒ཮ᡉ๱ගޑՏ࿼ǴӢԜԜೀޑ

ܹǴફ༞ኧၨଯǶௗ๱ࢬᡏ೴ᅌ೏у዗Ǵ܌а࿶ၸ / 2x W= ǵ 0x = у዗Ꮫय़ޑ

ਔǴફ༞ኧև౜ܴᡉޑΠफ़ǶନԜϐѦǴҗفܭပ೽ҽޑቹៜǴӢԜӧفပٿᆄ

 եǶޑફ༞ኧ཮ၨύѧޑ

ԜኳᔕύǴќѦኳᔕѳ֡�RaܭǴ܄፾ҔޑزΑᘉ৖ҁࣴࣁ  ኧࣁ� 310Ra = ǵ

� 410Ra = ǵ� 43 10Ra = × ᆶ� 44 10Ra = × ่ޑ Ǵ݀ࡋྕځৡϩձ10.3ࣁKǵ103Kǵ309K

ᆶ515K ǶനࡕճҔ΢ॊኳᔕפрѳ֡�Ra ኧᆶѳ֡ફ༞ኧ�Nu ကӵۓځᜢ߯Ǵޑ

ΠǺ 

�

0

1 ( / 2)
[ ( ) ]

( ) wall
h c

W T
Nu k T dxdz

A k T T y

∂=
− ∂∫∫             (7-13) 

�
2 3
0

2
0

( ) ( / 2)
Pr

( )
h cg T T W

Ra
T T

ρ
µ

− ×=           (7-14) 

ਥᏵ Bejan[42]ǴԜೀ Aࣁу዗य़य़ᑈǴ / 2W  Ƕࡋߏу዗य़੝ቻࣁ

നࡕӧीᆉрѳ֡�Ra ኧᆶѳ֡ફ༞ኧ Nu  ᜢ߯ԄǺޑ

� � 0.3730.019 ( )Nu Ra= ×                                       (7-15) 

ӵკ׎ϩթკځ ᜢ܄ጕ߈ௗޣٿჹኧ০኱ύǴܭҢǴ܌20 Ǵ߯Ԝᖿ༈ک Bejan[42]

ᆶ Martorell[43]ճҔჴᡍБܭݤ໒ޜܫ໔ύ؃܌ளޑᜢ߯Ԅᖿ༈࣬྽ᜪ՟Ƕ 
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კ ݮ .19 z ືǴ x W= ǵ / 2x W= ᆶ 0x = ޑ local ફ༞ኧϩթკ 
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კ 20. ѳ֡ફ༞ኧᆶ Rayleighኧᜢ߯Ԅ 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

The present results 
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7.3 LESଛӝ Smagorinsky modelኳᔕคज़ѳ݈ધࢬࢬ൑Ǻ 

Αᡍ᛾ࣁ Roeݤଛӝ preconditioningёྗዴޑኳᔕрધࠠޑࢬᄊǴஒճҔ

LESݤኳᔕᆅၰύޑધֹࢬӄว৖ࢬǶ२Ӄෳ၂ଭᇲኧ 0.005Ǵեೲ൳߈όёᓸ

ᕭޑᆅၰࢬǶ 

ႜᒍኧਥᏵѳ֡ࢬೲᆶᆅၰ΋ъଯࡋδ ऊ2700ࣁǹԶႜᒍኧਥᏵነᔔೲࡋuτ

ᆶᆅၰ΋ъଯࡋδ ऊࣁ 180Ƕीᆉጄൎޑελᆶ΢ॊᆅࢬࢬᡏ܄፦Ǵᆛ਱ኧᆶਔ

໔໔႖ஒ಍᏾߄ܭ 3ǶӆीᆉጄൎޑᒧۓБय़ǴܭൻᕉБӛȐ x ǵ z Бӛȑሡዴ

ᇡӚᗺԾ࣬ޑيᜢ܄ό཮ډڙൻᕉᜐࣚޑቹៜǶӢԜǴीᆉጄൎሡεܭધ࣬ޑࢬ

ᜢ่ᄬ-દጕ streaksǶਥᏵ[44]Ǵ x Бӛޑѳ֡દጕޑελऊࣁ 1000λ+ Ǵ z Бӛ

ύځ100λ+Ǵࣁελऊޑѳ֡દጕޑ
uτ

νλ+ = ǶܭԜෳ၂ύǴx Бӛ1382.4ࣁࡋߏޑ

λ+ Ǵ3.84δ Ǵ z Бӛࣁࡋߏޑ 691.2λ+ Ǵ1.92δ Ƕ 

    җܭᆅࢬύǴࢬᡏډڙᏛय़ޑቹៜࣗѮǴӢԜҁำԄኗቪܭԔጕ০኱ауஏ

Ꮫय़ޑ߈ߕᆛ਱ǴගଯኳᔕྗޑዴࡋǶځ০኱ᙯඤБำԄӵΠǺ 

1

1

1
(2 )( ) 2

1

1
(2 1)[1 ( ) ]

1

y h

η α
α

η α
α

βα β α β
β

βα
β

−
−

−
−

++ + −
−=

++ +
−

                                    (7-16) 

0.5α = ਔǴٿᜐᏛय़уஏޑำ࣬ࡋӕǴβ ຫௗ1߈ਔǴᆛ਱ޑৡ౦܄ຫεǴҁࣴ

ۓᒧز 1.1β = Ƕ᎞߈Ꮫय़ޑനλᆛ਱ 0.84y+∆ = Ǵᆛ਱ύѧനεᆛ਱ 9.39y+∆ = Ƕ

x ᆶ z Бӛ߾௦Ҕ֡Ϭᆛ਱Ǵ 21.6x+∆ = Ǵ 10.8z+∆ = Ƕଛ࿼ӵკ21܌ҢǶ 

ࣁᒿᐒϩթځԔጕу΢΋ᒿᐒኧǴࡋೲޑࢬӄว৖ֹࢬધࣁచҹۈ߃ normal 

distributionǶۈ߃చҹޑБำԄӵΠ܌ҢǺ 

max

max

max

u u u R

v v R

w w R

φ
φ
φ

= + × ×
= × ×
= × ×

             (7-17) 

ύuځ ધֹࢬӄว৖ޑࢬೲࡋԔጕǴࣁR ϩթவ-1ࣁ Կ ޑ1 normal distribution  

ᒿᐒኧǴφ ፓ᏾߯ኧ0ࡋᒿᐒኧமࣁ ~ 100%Ǵ maxu Ԕጕࡋೲޑࢬӄว৖ֹࢬધࣁ

ύޑനεޑೲࡋǶਥᏵำԄޑෳ၂่݀ᡉҢǴφ ӧλ40ܭ%ਔǴࢬ൑཮ӢࣁᏛय़

୊ᔈΚޑբҔǴ٬ளᘋ୏೴ᅌ෧λԶ૰ଏԋቫࢬǶ 
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߄ 3. ଭᇲኧ 0.005ीᆉୖኧ 

parameters magnitudes 

Mean Mach number, 
u

c
 0.005 

Mean streamwise velocity,u  1.51 /m s  

Average friction velocity, uτ  0.11248 /m s  

Grids distribution, i j k× ×  64×64×64 

1 2 3l l l× ×  0.192×0.096×0.05 3m  

Eddy turnover time, 20.5
e

l
t

uτ

=  0.222s  

Initial temperature 298.05k  

Time interval, t∆  45 10 s−×  
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კ 21. ᆛ਱ϩթკ׎ 
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    კ22ࣁΟঁࠟޔѳय़ࢬޑ୏БӛೲࡋமࡋკǴҗԜკёаܴᡉᢀჸډ᎞߈Ꮫ

य़ޑ߈ߕstreakǴځελऊ100ࣁλ+Ǵᆶ[44]܌ගډRe 180τ = ځࢬᆅޑ 3x Бӛޑѳ

֡દጕޑελऊ100ࣁλ+ޑ౜ຝᆶځдᆅࢬჴᡍ܌ᢀჸ่࣬݀ډ֍ӝǶ 

    კ23Կკ25ϩձࣁધࢬѳ֡ೲࡋᆶધࢬமࡋკǴҗკ΢ёаว౜ҁ่ࣴޑز

݀ᆶKim฻Γ[20]ճҔDNSኳᔕ܌ள่࣬݀ޑډ྽֍ӝǶ 

 ಃΒঁෳ၂ύǴҁࣴزஒኳᔕଯೲધࢬࢬᡏܭ฻ྕᏛय़చҹΠǴྕࡋϲଯޑ

౜ຝǶႜᒍኧਥᏵѳ֡ࢬೲᆶᆅၰ΋ъଯࡋδ ऊ2700ࣁǹԶႜᒍኧਥᏵነᔔೲࡋ

uτ ᆶᆅၰ΋ъଯࡋδ ऊ180ࣁǶीᆉጄൎޑελᆶ΢ॊᆅࢬࢬᡏ܄፦Ǵᆛ਱ኧᆶ

ਔ໔໔႖ஒ಍᏾4߄ܭǶۈ߃చҹ೽ҽǴೲࡋ൑ࣁᒿᐒ 40%φ = ೲࢬࡋ൑Ǵྕࡋ

೽ҽ֡ࣁϬϩթ298.0592K Ƕ 

    ਥᏵLenormand ฻Γ[45]Ǵᗨฅࢬᡏೲ0.5ࡋଭᇲࣁёᓸᕭࢬǴՠ่݀ځᆶό

ёᓸᕭߚࢬதௗ߈ǶӢԜӧԜෳ၂ύǴધࢬೲ࣬ޑࡋᜢ܄ஒᆶ΢ॊঁٿෳ၂΋ኬǴ

ᆶ[20]ޑDNSኳᔕ่݀КၨǶྕ LESኳᔕ่݀Кޑᆶ[45]߾܄ᜢ࣬ࢬધޑࡋᆶஏࡋ

ၨǶ 

 კ26ᆶკ27ࣁReynolds stressᆶધࢬமࡋკǴҗԜёᢀ่݀ځډࢗᆶ[20]࣬྽

ௗ߈Ǵӆԛᡍ᛾[45]ύ܌ගрޑǴଯೲёᓸᕭધࢬᆶόёᓸᕭધߚ่݀ځࢬதᜪ

՟Ƕ 

 җࢬܭᡏཱུࣁଯೲǴӢԜࢬᡏஒ೏ᔒᓸǴᇻᚆ฻ྕᏛय़ࢬޑᡏྕࡋஒ཮ܴᡉ

๱ݮࣁϲଯǶკ28ޑ y ύځკǴࡋคӢԛѳ֡ྕޑື 298.06wT K= ǶࡋᏛय़ྕࣁ

ځ౜ຝǶޑϲଯࡋᡏྕࢬǴ೷ԋᆅၰύѧזཱུࡋೲࣁӢډკ28ύёаܴᡉᢀჸܭ

ϩթவᏛय़೴ᅌᆅၰύѧ೽ҽϲଯǶஏ߾ࡋӢࣁଷ೛ࢬᡏࣁ౛གྷ਻ᡏǴӢԜᆶྕ

ஏޑᡏࢬҢǶຫᇻᚆᏛय़Ǵ܌և౜࣬ϸ౜ຝǴӵკ29ࡋॹኧᜢ߯Ǵᖿ༈ᆶྕࣁࡋ

ว৖܌ز྽΋ठǶᇥܴҁ่ࣴ࣬݀ޑǴࣣᆶ[45]่݀ޑࡋᆶஏࡋຫλǶ΢ॊྕࡋ

 ᡏǶࢬଯೲܭǴӕኬ፾ҔݤीᆉБޑ

 კ30ࣁΟঁࠟޔѳय़ޑᕓਔྕࡋமࡋკǴᆶკ22ύǴધࢬೲࡋ൑ޑsteakጕК

ၨǴྕࡋ൑ӧ᎞߈Ꮫय़ yzѳय़΢ǴӕኬӸӧଯեྕࡋϩթచރϯޑ౜ຝǴᆶೲ

д೽ҽځၨեѦǴࡋ฻ྕచҹྕࣁᏛय़೽ҽӢ߈൑࣬՟ǶନԜϐѦǴӧନΑ᎞ࡋ

ӢࣁଯೲࢬᡏԶ೷ԋࢬᡏϲྕΨёܴᡉᢀჸډǶ 
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კ ܭკࡋமࡋ୏Бӛೲࢬ .22 40%φ =   
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კ 23. LESଛӝ Smagorinsky modelᆶ[20]ϐѳ֡ೲࡋКၨკ 

 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

Case Re180 (0.005 Mach) 
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კ 24. LESଛӝ Smagorinsky modelᆶ[20]ϐ Reynolds stressКၨკ 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

Case Re180 (0.005 Mach) 
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კ 25. LESଛӝ Smagorinsky modelᆶ[20]ϐધࢬமࡋКၨკ 

 
 
 

 

 

 

 

 

 

 

 

 

DNS by Kim et al. [20] 

 

Case Re180 (0.005 Mach) 
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߄ 4. ଭᇲኧ 0.5ीᆉୖኧ 

parameters magnitudes 

Average Mach numbers, 
u

c
 0.5 

Average streamwise velocity,u  157.06 /m s  

Average friction velocity, uτ  11.7412 /m s  

Grid, i j k× ×  64×64×64 

1 2 3l l l× ×  0.00183936×0.000091968×0.0004793m  

Eddy turnover time, 20.5
e

l
t

uτ

=  52.04 10 s−×  

Initial temperature 298.05k  

Time interval, t∆  71 10 s−×  
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კ 26. LESଛӝ Smagorinsky modelᆶ[20]ϐ Reynolds stressКၨკ 

 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

Case Re180 (0.5 Mach) 
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კ 27. LESଛӝ Smagorinsky modelᆶ[20]ϐધࢬமࡋКၨკ 

 
 
 

 

 

 

 

 

 

 

 

DNS by Kim et al. [20] 

 

Case Re180 (0.5 Mach) 
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კ 28. LESଛӝ Smagorinsky modelᆶ[45]ϐѳ֡ྕࡋКၨკ 
 

 

 

 

 

 

 

 

LES by Lenormand et al. [45] 

Case Re180 (0.5 Mach) 
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კ 29. LESଛӝ Smagorinsky modelᆶ[45]ϐѳ֡ஏࡋКၨკ 
 

 

 

 

 

 

 

 

LES by Lenormand et al. [45] 

Case Re180 (0.5 Mach) 
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კ 30. ᕓਔྕࡋமࡋკ(0.5ଭᇲኧ) 
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7.4 ᗦԄધࢬኳԄ dissipative modelǺ 

ኳԄࢬᗦԄધޑ໒ว܌زҁ࿯ύǴஒճҔҁࣴܭ  dissipative modelܭคज़ѳ

݈ધࢬǴவեԿଯႜᒍኧǴीᆉୖኧӈ߄ܭ 5Ƕӧ Re180ǵRe550ᆶ Re950ޑኳ

ᔕύǴБำԄ(4-67)ύޑε ೛ࣁۓதኧ 0.1ǹӧ Re950ERᆶ Re2000ERޑኳᔕύǴ

ஒճҔಃϖക܌ॊǺीᆉERаԾ୏ፓ᏾ε Ƕ܌Ԗޑኳᔕ೿ၲډ statistically steady 

stateǶࣁΑᡣᆛ਱ޑᆒዴ׳ࡋଯǴӕኬӧ y ߄Ꮫय़ೀуஏǴ߈Бӛ᎞ޑ 3ύ fy +∆

 ຯᚆǶޑᆛ਱ᆶᏛय़ޑന᎞Ꮫय़ೀࣁ

ᆒዴǴӃኳᔕޑݤΑᡍ᛾ीᆉБࣁ  Re 180τ = ᆶ Re 550τ = Ƕѳ֡ೲࡋǵ

Reynolds stressᆶધࢬமࡋᛤᇙܭკ 31 Կკ 36Ƕ่݀ځᆶ Kim ฻Γ[20]ᆶ del 

Alamoᆶ Jimenez[46]ճҔ DNS܌ኳᔕ่࣬݀ޑ྽ௗ߈ǶҗԜёޕǴܭၨեႜᒍ

ኧύǴRoe upwindind dissipation termύޑε ೛ࣁۓ 0.1Ǵёளؼډӳள่݀Ƕ 

 ௗ๱ճҔӕኬޑ ILES ኳᔕ׳ܭଯႜᒍኧޑ௃ݩRe 950τ = Ƕܭკ 37ύޑѳ

֡ೲࡋᆶ DNS[47]่݀ޑϝฅߚதௗ߈ǶฅԶǴკ 37ύޑધࢬமܭࡋ y ᆶ z Б

ӛҗૈܭໆ઻ණόޑىᜢ߯٬ளλЁૈޑࡋໆᆫᑈၸӭǴӢԜၨ DNS ࣁ่݀ޑ

εǶӕኬޑ௃ݩΨวғܭკ ޑ38 Reynolds stressϩթკǶࣁΑׯ๓ԜୢᚒǴӧ

Re950ERޑኳᔕύǴᙖ๱ፓ᏾ε ٰ௓ڋኧॶ઻ණǶკ 40ǵკ 41 ᆶკ 42 ϩձࣁ

ѳ֡ೲࡋǵReynolds stressᆶધࢬமࡋკǶѳ֡ೲࡋᆶ Re950ߚதௗ߈ǴҗԜё

Ǵፓ᏾εޕ ჹܭѳ֡ೲࡋቹៜόεǶฅԶǴܭკ 42ύǴҗܭε Ծ୏ፓ᏾ޑᜢ߯Ǵ

ધࢬமܭࡋ y ᆶ z Бӛ൳Яᆶ DNS ่݀ख़᠄Ǵε൯ׯ๓ Re950ૈໆ઻ණόޑى

௃׎ǶԶ x Бӛޑધࢬமࡋҗܭኧॶ઻ණቚуޑᜢ߯Ǵܭᆅၰύѧ೽ҽǴԖ๱٤

༾ޑΠफ़Ƕӧკ 41ύޑ Reynolds stressǴ߾Ԗ๱ᡉ๱ׯޑ๓ǴЀځᆅၰύѧ೽ҽǴ

൳Яᆶ DNS่݀ख़᠄ǶਥᏵ Re950ERኳᔕ่݀Ǵᆶε ೛ࣁۓதኧ 0.1࣬КǴճ

ҔԾ୏ፓ᏾ε  Ƕ่݀ޑ๓ኳᔕׯБԄǴёε൯ޑ

Αᡍ᛾ࣁႜᒍኧǶޑଯ׳ჴሞπբᔈҔ΢Ǵ೯தሡाܭ  dissipative modelܭ

ཱུଯႜᒍኧޑ፾Ҕ܄Ǵஒෳ၂Re 2000τ = ǴࣁځҞ߻ճҔ DNS ኳᔕޑၲډૈ܌

നଯႜᒍኧ(Hoyasᆶ Jimenez[48])ǶԜኳᔕ(Re2000ER)ஒଛӝԾ୏ፓ᏾ε ٰ௓ڋ

઻ණǴ่݀ᡉҢܭკ 43ǵკ 44ᆶკ 45Ƕკ 43ѳ֡ೲࡋᆶ DNS่݀࣬КǴନΑ

ᆅၰύѧၨεѦǴځᎩ೽ҽ֡ߚத֍ӝǶReynolds stress(კ 44)ϩթ௃߾ݩᆶ

Re950ER࣬ ՟Ǵߚதௗ߈ DNS่ޑ Ƕ݀x Бӛޑધࢬம߾ࡋၨόىǴᆶ Re950ER
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ܭ՟ǶฅԶ่࣬݀ޑ y ᆶ z БӛޑધࢬமࡋǴ൳Я֍ӝ DNS Ƕҗ΢ॊϣ่݀ޑ

৒ёޕǴջཱུܭ٬ଯႜᒍኧΠǴdissipative modelϝԖ࣬྽ޑ፾Ҕ܄Ƕܭஒٰޑ

ᔈҔύǴஒԖ࣬྽εޑว৖ወΚǶ 
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߄ 5. Dissipative modelीᆉୖኧ 

Case Dissipative model Domain size Resolution 

Re180 0.1ε =  2.5 2 2π π× ×  64 64 64× ×  

Re550 0.1ε =  2.5 2 0.5π π× ×  160 96 64× ×  

Re950 0.1ε =  2.5 2 0.5π π× ×  160 96 64× ×  

Re950ER ε  is variable 2.5 2 0.5π π× ×  160 96 64× ×  

Re2000ER ε  is variable 2.5 2 0.5π π× ×  192 128 96× ×  

 

Case fx y z+ + +∆ × ∆ × ∆  Reτ  Mean .Ma  

Re180 21.6 0.8 10.8× ×  180 0.005 

Re590 23.3 0.8 11.7× ×  550 0.018 

Re950 46.6 1.5 23.3× ×  950 0.036 

Re950ER 46.6 1.5 23.3× ×  950 0.036 

Re2000ER 77.7 1.7 31.1× ×  2000 0.085 
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კ 31. ILESଛӝ dissipative modelᆶ[20]ϐѳ֡ೲࡋКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

Case Re180 
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კ 32. ILESଛӝ dissipative modelᆶ[20]ϐ Reynolds stressКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

Case Re180 
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კ 33. ILESଛӝ dissipative modelᆶ[20]ϐધࢬமࡋКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Kim et al. [20] 

 

Case Re180 

 

 

 



 

105 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

კ 34. ILESଛӝ dissipative modelᆶ[46]ϐѳ֡ೲࡋКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by del Alamo et al. [46] 

Case Re550 
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კ 35. ILESଛӝ dissipative modelᆶ[46]ϐ Reynolds stressКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by del Alamo et al. [46] 

Case Re550 
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კ 36. ILESଛӝ dissipative modelᆶ[46]ϐધࢬமࡋКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

DNS by del Alamo et al. [46] 

Case Re550 

 
 

 



 

108 
 

 
 
 
 
 
 
 

 
 

 
 

კ 37. ILESଛӝ dissipative modelᆶ[47]ϐѳ֡ೲࡋКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by J. C. del Alamo et al. [47] 

Case Re950 
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კ 38. ILESଛӝ dissipative modelᆶ[47]ϐ Reynolds stressКၨკ 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

DNS by del Alamo et al. [47] 

Case Re950 
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კ 39. ILESଛӝ dissipative modelᆶ[47]ϐધࢬமࡋКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

DNS by del Alamo et al. [47] 

 

Case Re950 
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კ 40. ILESଛӝ dissipative modelᆶ[47]ϐѳ֡ೲࡋКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by del Alamo et al. [47] 

Case Re950ER 
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კ 41. ILESଛӝ dissipative modelᆶ[47]ϐ Reynolds stressКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DNS by del Alamo et al. [47] 

Case Re950ER 
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კ 42. ILESଛӝ dissipative modelᆶ[47]ϐધࢬமࡋКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

DNS by del Alamo et al. [47] 

 

Case Re950ER 
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კ 43. ILESଛӝ dissipative modelᆶ[48]ϐѳ֡ೲࡋКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

DNS by Hoyas and Jimenez [48] 

Case Re2000ER 
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კ 44. ILESଛӝ dissipative modelᆶ[48]ϐ Reynolds stressКၨკ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

DNS by Hoyas and Jimenez [48] 

Case Re2000ER 
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კ 45. ILESଛӝ dissipative modelᆶ[48]ϐધࢬமࡋКၨკ 
 
 
 
 
 
 
 
 
 
 

 

 

 

DNS by Hoyas and Jimenez [48] 

 

Case Re2000ER 
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7.5ኳᔕଯႜᒍኧǵଯྕৡϐคज़ѳ݈ધࢬǺ 

 җܭଯႜᒍኧધࢬՔᒿଯྕৡޑ௃ݩวғܭ೚ӭޑπ཰ᔈҔ΢ǶӢԜܭҁ࿯

ύǴஒճҔಃϖകᆶ 7.4࿯܌໒วޑᗦԄધࢬኳԄኳᔕଯྕৡϐѳ݈ધࢬǴΠᏛ

य़ྕ500ࣁࡋK Ǵ΢Ꮫय़298.06ࣁK Ǵྕৡऊ200ࣁK ѰѓǶ 

uτࡋ౜ຝǴஒኳᔕႜᒍኧਥᏵነᔔೲޑࢬΑ௖૸ଯྕધࣁ ᆶᆅၰ΋ъଯࡋδ

ऊࣁ 180ǵ500ᆶ 940ѰѓǶԶаѳ֡ࢬೲࣁ੝ቻೲޑࡋႜᒍኧϩձࣁ 2700ǵ10000

ᆶ 20000ѰѓǶ  

კ Reܭკࡋமࡋྕࣁ46 180τ = ǵ500ᆶ Ǵკݩ௃ޑ940 46(a)ύǴமࡋკܭ

xz य़ऊᚆᏛय़คӢԛଯࡋ 1.5ѰѓǴҗܭႜᒍኧၨեޑᜢ߯ǴӢԜྕࡋషӝ౜ຝ

ޑᏛय़ೀ߈Ԝ᎞ܭ temperature layerၨόܴᡉǶӧ xy ᆶ yzय़΢ёᢀჸډǴྕࡋவ

ଯྕᏛय़೴ᅌ۳΢फ़ྕǴନԜϐѦǴΨёว౜ݮ๱ y БӛǴόӕྕࡋቫޑϩթ౜

ຝ࣬྽ܴᡉǶ 

კܭ  46(b)ύǴRe 500τ = ǴӢԜધࢬ੝ቻၨკ 26(a)׳уܴᡉǶܭ xz य़ྕޑ

ύࢬϩթᆶધࡋ steaklineޑ౜ຝ࣬྽ௗ߈ǴԖ๱ቫϯޑ౜ຝǶӧځдঁٿय़Ǵxy

ᆶ yzय़ǴՔᒿ๱ ejectionᆶ sweptޑધࢬ੝ቻ౜ຝǴёᢀჸډଯྕᏛय़Ԗ೚ӭհ

 ፂᔐǴӢԜё௢ෳǴ዗໺ਏૈஒ཮ගଯ೚ӭǶޑᡏࢬ

 კ 46(c)ޑႜᒍኧࣁ 940ǴКଆ 46(a)ᆶ 46(b)ޑკ׎Ǵધޑࢬ੝ቻ౜ຝ׳уమ

ཱǶྕࡋϩթܭ xz य़΢Ǵቫϯᆶྕৡ׳уܴᡉǴҗԜკёޕǴ዗໺౜ຝջ٬ӧ

᎞߈Ꮫय़Ǵӕኬ࣬྽ޑቃਗ਼Ƕܭ xy ᆶ yzय़Ǵҗܭ዗໺ޑҬඤ࣬྽ޑቃਗ਼ǴӢԜ

კКଆკࡋமࡋྕ 46(a)Ǵ࣬྽ޑష໶Ǵ዗໺ޑਏ݀ஒ׳уޑӳǶ 

 კ 47 Isothermal surfacesܭRe 180τ = ǵ500ᆶ940ޑკ׎Ǵܭႜᒍኧၨե

Re 180τ = ቚуǴ฻ޑϬЪ໣ύǶᒿ๱ႜᒍኧ֡ࣁၨރϩթ༧ޑࡋΠǴྕݩ௃ޑ

ྕϩթޑ༧ރ೴ᅌՔᒿ๱ε෮ࢬ຋ှޑλ෮ޑࢬધࢬਏᔈ܌ኚ຋ǴӢԜ຋ှԋຫ

ٰຫಒޑ༧ރǴՔᒿ๱ԜਏᔈǴ዗໺೴ᅌ۳ύѧ௢຾Ъྕࡋၨଯޑი༧ௗ᝻׳ӭ

 уගܹǶ׳եྕი༧ǴӢԜ዗໺ਏᔈޑ
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(a) Re 180τ = ( Re 2700= ) 

 
(b) Re 500τ = ( Re 10000= ) 

 
(c) Re 940τ = ( Re 20000= ) 

 
 

კ ܭࡋྕ .46 xy ǵ xz ᆶ yz  य़ޑமࡋკ  
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(a) Re 180τ = ( Re 2700= ) 

 
(b) Re 500τ = ( Re 10000= ) 

 
(c) Re 940τ = ( Re 20000= ) 

 
კ 47. Isothermal surfacesܭRe 180τ = ǵ500ᆶ940 
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კ ๱ݮࣁᕓਔફ༞ኧᆶѳ֡ફ༞ኧϩթკǴᕓਔફ༞ኧࣁ48 xz य़ύѧޑϩ

թǴѳ֡ફ༞ኧࣁ߾ჹ๱ xz य़ޑѳ֡ॶǴځीᆉϦԄӵΠ܌ҢǺ 

2

0

[ ( ) ]
( ) wall

h c

l T
Nu k T

k T T y

∂=
− ∂

                 (7-18) 

2

0

1
[ ( ) ]

( ) wall
h c

l T
Nu k T dxdz

A k T T y

∂=
− ∂∫∫                (7-19) 

Ԝೀ Aࣁу዗Ꮫय़य़ᑈ 

җკ 48ёаܴᡉᢀჸډǴᒿ๱ႜᒍኧޑቚуǴᕓਔફ༞ኧᆶѳ֡ફ༞ኧޑ

ৡ౦ຫٰຫεǶவჴሞᔈҔᢀᗺԶقǴԜᅿ౜ຝΨӕਔж߄๱ǴӧԵቾ዗ჹౢࠔ

೚܌ቹៜஒ཮Кեႜᒍኧਔଯ΢ޑଯႜᒍኧਔǴthermal shock೷ԋܭቹៜਔǴޑ

ӭǶ 

კ όӕࣁ49 RayleighኧΠǴѳ֡ફ༞ኧᆶႜᒍኧޑᜢ߯კ׎Ƕѳ֡ફ༞ኧᆶႜ

ᒍኧ࣬ޑᜢБำԄӵΠ܌ҢǺ 

0.80.025 ReNu = ×                  (7-20) 

ᖿ༈ᆶځ Dittus-Boelter correlation[49]ܭѳྖᆅࢬᆶ GnielinskiБำԄ[50]ܭધࢬ

ᆅࢬύ࣬үǶճҔБำԄ(7-20)Ǵஒёډפଯྕৡଯႜᒍኧޑ௃ݩΠǴځѳ֡ફ

༞ኧᆶႜᒍኧޑჹᔈᜢ߯ǴӢԜჹܭჴሞπ཰ᔈҔ΢ஒԖ׳εޑᔅշǶ 
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კ 48. ᕓਔફ༞ኧ(ݮ๱ xz य़ύѧ)ᆶѳ֡ફ༞ኧ( xz य़)Кၨკ 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

instantaneous results 

average results 



 

122 
 

 

 

 

 

 

 

 

 

 
 
 
 

კ 49. ફ༞ኧᆶႜᒍኧᜢ߯ϩթკ 
 

 

 

 

 

 

 

 

 

 

 

Dittus-Boelter equation [49] 

Gnielinski correlation [50] 

Present results 
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7.6 ቔࢬࢬ൑ᏓॣኳᔕǺ 

 ӧֹԋӄୱࢬ൑ޑำԄࡕǴஒճҔԜीᆉБݤኳᔕቔࢬࢬ൑аᕇளᖂྍၗૻǴ

ௗ๱עᖂྍၗૻ஥Ε Lighthill БำԄǴ؃ளᇻ൑ޑᖂᓸϩթǶ 

კ ᜐ܄ԏ֎ࣁБࡕკǴқጕࡋமࡋ൑ೲࢬࢬቔࣁ50 ǶࣚҗԜკёаᢀჸډǴ

΋ѿೲࡋ൑ௗ᝻ډ֎ԏ܄ᜐ Ǵࣚ཮ᒿջ೏ artificial convection velocityуೲډຬၸ

preconditioningΠޑᖂೲԶᚆ໒ࢬ൑Ǵҗܭᚆ໒ࢬ൑ਔࢂεܭᖂೲǴӢԜό཮ቹ

ៜډीᆉጄൎ่݀ޑǶନԜϐѦǴartificial damping function཮ᅰໆࢬ٬൑ၲډᜐ

ࣚਔௗ߈ target stateǴջௗ߈ε਻ᕉნచҹǶҗ΢ॊ่݀ёޕǴ֎ԏ܄ᜐࣚёᡣ

 Ƕࡋᆒځډᚆ໒ीᆉጄൎԶό཮ቹៜޑᡏӧௗ᝻ᜐࣚਔǴ໩ճࢬ

 კ ߕว৖ၸำǴӧ຾αೀޑ൑ࢬࢬቔډკǴҗԜკёаᢀჸࡋமࢬ෮ࣁ51

ᡏ໔୊ᔈΚࢬډڙᄊǶฅԶᒿ๱ຫٰຫᇻᚆ຾αೀǴ೴ᅌރޑ߾൑և౜ೕࢬǴ߈

ࢬǴௗ๱ᚆ໒ࢬ೴ᅌ຋ှԋλ෮ࢬ೽ҽǴε෮ࢤΑύډ೴ᅌౢғǶࢬբҔǴ෮ޑ

൑Ƕ 

 კ კǴࡋமࡋ൑ೲࢬࣁǴΠკٳӝޑკࡋமࡋ൑ೲ߈ᆶࡋᇻ൑ᖂᓸமࣁ52

Navier-Stokesځࣁ಍ஷБำԄǶ΢კࣁᖂᓸமࡋკǴLighthill БำԄځࣁ಍ஷБ

ำԄǶӧᇻ൑೽ҽǴࢬ൑ᡂ୏ໆޑ໺ሀௗ߈ጕ܄ǴӢԜόሡ؃ှֹ᏾ N-SБำԄǴ

Զ؃ှࢂ Lighthill БำԄǴε൯ගܹीᆉਏ౗ǶவᖂᓸமࡋკύёᢀډࢗǴᖂᓸ

ӧᇻ൑೽ҽ໺ሀޑၸำǴև౜༝׎ݢޑ׎Ǵ೴ᅌӛѦ໺ሀԿᇻೀǶ 

 კ ࣁՏ࿼ᗺࣁ53 17 , 45R D θ= = ޑ� spectraკǴځύऊӧᓎ౗ 12000ᇲ૟೽

ҽǴԖനεޑϩنǶҗࢬೲऊ໻ࣁ 10ϦЁѰѓǴӢԜനεϩنऊࣁ 55dBǴ࣬ჹ

΢ٰᇥၨեǶ 
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კ 50. ቔࢬࢬ൑ೲࡋமࡋკ 
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კ 51. ቔࢬࢬ൑෮ࢬமࡋკ 
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კ 52. ᇻ൑ᖂᓸமࡋᆶ߈൑ೲࡋமࡋკ 
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კ 53. ᓸΚ spectra(dB) 
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7.7ຬॣೲࢬ൑Ǻ 

ନΑԛॣೲࢬ൑ѦǴҁࣴزΨஒኳᔕຬॣೲࢬ࿶ၸѳ݈ਔ܌วғނޑ౛ਏᔈǶ

ीᆉጄൎނޑ౛ኳࠠӵკ  ҢǶ܌54

    җࣁܭຬॣೲࢬ൑ǴӢԜځᜐࣚచҹᆶԛॣೲࢬ൑٠ό࣬ӕǴځ๏ϒޑచҹ

᏾౛ӵΠǺ 

ΕαచҹǺ ೲ4 = ࡋଭᇲኧ( 4 ., 0, 0u Ma v w= = = ) 

           ྕ 298.06K = ࡋ  

           ᓸΚ = 1ε਻ᓸ(101325Pa ) 

рαచҹǺ ᓸΚǵྕࡋᆶೲ֡ࡋѦකளډ 

ѳ݈ۭ೽Ǻ ೲࡋόёྖ౽చҹ 

           ᓸΚࣁ Neumannచҹ 

 ዗చҹ๊ࣁࡋྕ           

ѳ݈ഗ೽Ǻ ೲ4 = ࡋଭᇲኧ( 4 ., 0, 0u Ma v w= = = ) 

           ྕ 298.06K = ࡋ  

     ᓸΚ = 1ε਻ᓸ(101325Pa ) 

            

߄၁ಒीᆉጄൎӵځ  Ң܌5

    җ΢ॊނ౛ໆёаीᆉрځႜᒍኧऊࣁ 900ǴࣁቫࢬǶନԜϐѦǴӧଯଭᇲ

ኧޑ௃ݩΠǴࢬᡏϣ೽ྕࡋᡂϯၨεǴሡԵቾྕࡋჹܭᗹᅉޑ܄ቹៜǶࣁΑᆶЎ

᝘[51]բКၨǴԜ೽ҽҁࣴز௦Ҕ[51]่݀ޑǴᗹᅉ߯ኧঅ҅ӵΠǺ 

3
02

0
0

110
( )

110

TT

T T
µ µ +=

+
ύځ   -5

0 1.7894 10µ = × Ǵ 0 288.16T k=  

ӵკँࡋமࡋೲ่݀ځ     ᜐࣚቫᒿ๱ѳ݈ޑᡏࢬǴډҢǶҗԜკёа࣮܌55

 ౛౜ຝǶނ಄ӝ่݀ޑԜ೽ϩޕǶҗԜёаளࠆቚу೴ᅌቚޑࡋߏ

    ௗ๱ࢂѳ݈ۭ೽ޑᓸΚϩթკǴӵკ ౢጔ(leading edge)߻ޑҢǶѳ݈܌56

ғ᎜ᕏޑ౜ຝǴځวғޑচӢࢂӢࣁӧԜόೱុ(noncontinuum)୔ୱϣჹځ଺р

ೱុ(continuum)ޑଷ೛܌೷ԋǴӢԜǴ၀᎜ᕏ౜ຝزഖࢂჴሞނ౛౜ຝࢂ܈ीᆉ

΢ޑቹៜᗋόమཱǶᗨฅԜ୔ୱϣނޑ౛౜ຝཱུࣁፄᚇǴՠਥᏵҞࠅزࣴޑ߻ᡉ

ҢǴԜᅿ᎜ᕏჹܭѳ݈߻ጔࡕБނޑ౛౜ຝ٠όख़ाǶ 

კ ጔ(ऊ߻ѳ݈ࣁ57 61.2 10X −= × ܭᓸΚϩթკǶӧԜ୔ୱϣҗޑБӛޔࠟ(
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ཱུեޑஏࡋ೷ԋջᖓޑᜐࣚቫǶӢԜ྽ࡕБࢬᡏ࿶ၸԜᜪ՟໌׎ᡏ(blunter body)

ਔǴ཮ଭ΢ӧѳ݈߻ጔౢғόೱុޑ᎜ݢ(shock wave)ਏᔈǴޑ٬ᓸΚቃਗ਼ϲଯǶ 

    നࡕǴஒԜ่݀ᆶ[51]่݀ޑ଺КၨǴӵკ 56ᆶკ ҢǶკύǴ໵Յჴ܌57

ጕ೽ҽࣁԜЎ᝘ϐ่ Ǵ݀आՅ૶ဦࣁҁำԄϐ่ Ƕ݀җԜёа࣮рߚޣٿதௗ߈Ǵ

ӢԜዴۓҁำԄջ٬ӧଯଭᇲኧޑ௃ݩΠǴёаள҅ډዴ่݀ޑǶ 
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კ 54. ຬॣೲࢬीᆉނ౛ኳԄ 
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߄ 6. ຬॣೲࢬᡏीᆉୖኧ 

 X Бӛ Y Бӛ 

ᆛ਱ελ -71.5 10X∆ = ×  -71.1 10Y∆ = ×  

ᆛ਱ኧ 70 70 

51.05- ࡋߏ 10X = ×  -50.77 10Y = ×  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

132 
 

 

 

 

 

 

 

 

 

 

კ 55. ຬॣೲࢬ൑ೲࡋமࡋკ 
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კ 56. ۭ݈ᓸΚϩթკᆶ[51]Кၨ 

 

 

 

壓
力(Pa) 

xБӛᆛ਱ኧ 
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კ 57. ѳ݈߻ጔᓸΚϩթკᆶ[51]Кၨ 

 

 

ᓸΚȐPaȑ 
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方
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格
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ಃΐക ่ፕ 

ᡏࢬԋф᏾ӝزीᆉǴӢԜҁࣴޑ൑ࢬᖂྍǴሡӃֹԋޑΑीᆉ਻୏ᖂᏢࣁ 

ीᆉБݤǴว৖рԋዕЪ፾Ҕ܄൳Я఼ᇂ܌ԖࢬᡏୢᚒޑीᆉБݤǶЬाޑଅ᝘

௶ॊӵΠǺ 

1. եೲёᓸᕭޑࢬीᆉБݤ໒วǺ 

ၸѐޑӭճҔࢬᡏೲࡋஒځ୔ϩࣁёᓸᕭᆶόёᓸᕭࢬǴԜᅿБݤज़ڋ೚ӭ

ჴሞޑᔈҔǴӵଯྕԾฅჹࢬǵЇᔏϣ೽ࢬ൑ᆶᖂ൑ޑीᆉǾ฻Ƕҁࣴزճ

ҔࠟޔᆅၰϣޑଯྕԾฅჹࢬᡍ᛾ीᆉБޑݤ፾Ҕ܄ǴᢀჸܭډᆅၰϣԾฅ

ჹ߃ࢬයǴᆅϣ਻ᡏӢࣁ᎞߈у዗೽ҽᑩ๞Զᡣࢬᡏόፕܭ຾α܈рα೽ҽ

೿և౜ࢬрޑ௃ݩǶճҔҁࣴز໒วޑीᆉБݤǴԜᅿ౜ຝ२ԛёவኳᔕ΢

 ౜рٰǶ߄

 ᔈҔǺޑᜐࣚ܄ϸ৔ߚ .2

ၸѐߚޑϸ৔܄ᜐࣚǴӭᔈҔܭଯೲёᓸᕭࢬǶҁࣴز௢Ꮴрեೲёᓸᕭࢬ

НѳᆅၰኳᔕǴճҔԜᜐࣚచҹǴёεޑࢬଯྕԾฅჹܭϦԄ٠ԋфᔈҔޑ

൯ගܹीᆉਏૈǴӢࣁόሡᚐѦޑीᆉޜ໔բࣁᜐࣚޑ጗ፂǴନԜϐѦǴܭ

ӕ΋ঁᜐࣚ΢Ǵёӕਔᡣࢬᡏࢬ຾ࢬܭрǴԜᅿ౜ຝಃ΋ԛ೏ኳᔕрٰǴᆀ

ϐࣁᚈϸ৔౜ຝ(dual-reflection phenomenon)Ƕ 

3. ଯྕৡϐધࢬᆅၰኳᔕǺ 

ǴճҔࡋᆒዴޑޑଯႜᒍኧܭݤΑᡍ᛾ीᆉБࣁ DNS ኳᔕႜᒍኧவ 180 Կ

950 ਔǴݩ௃ޑႜᒍኧၨଯܭډଯྕৡϐᆅၰϣ౜ຝǴҗԜኳᔕёаᢀჸޑ

җܭધࢬࢬ൑ޑቹៜǴԖၨӭޑհࢬᡏޔௗፂᔐӧ዗Ꮫय़΢ǴӢԜ௢ෳԜࣁ

ધࢬ዗໺ਏ݀ၨቫࢬӳளচӢǶନԜϐѦǴଯႜᒍኧਔǴધࢬ೷ԋޑ thermal 

shockਏᔈ࣬྽ቃਗ਼Ǵܭჴሞπ཰ᔈҔਔǴሡा׳ଯޑӼӄ߯ኧǶ 

4. ધࢬኳԄϐࣴزᆶ໒วǺ 

ኳᔕуΕࢬճҔε෮زΑගଯႜᒍኧа಄ӝჴሞᔈҔǴҁࣴࣁ Smagorinsky

ኳԄଛӝ damping functionǴᆒዴޑኳᔕрRe 180τ = ΑᡣำԄࣁ൑Ƕࢬᆅၰޑ

ኳᔕࢬ຾΋؁ว৖рᗦԄϐε෮زǴҁࣴݱуቶ׳܄፾Ϫޑ dissipative modelǴ

ԜݤӢࣁόሡѦᚐѦޑБำԄඔॊλ෮ޑࢬၮ୏ǴӢԜำԄኗቪ৒ܰǶନԜ

ϐѦǴҗܭ፾ҔܭԔጕ০኱Ъႜᒍኧཱུଯ( Re 2000τ = ቶࣁཱུ܄ǴᔈҔݩ௃ޑ(
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 Ƕݱ

5. ଯೲѳՉीᆉೌמǺ 

җܭҁࣴزሡाεໆޑीᆉၗྍǴࣁΑගܹਏ౗࿯࣪ीᆉਔ໔ǴӢԜሡाճ

ҔѳՉϯೌמǶӆၸѐǴӭ٬Ҕ MPI ՍೱӭѠႝတٰၲԋගܹਏૈޑҞޑǴ

ՠԜБݤሡा઻຤εໆޑ଄Κᆶޜ໔ǶࣁΑׯ๓΢ॊલѨǴҁࣴ٬زҔ

OpenMPᆶ GPU໒วѳՉϯीᆉБݤаගܹीᆉਏૈǴၲԋ٬ҔঁΓႝတѳ

Πϯаගܹीᆉਏ౗ޑҞޑǶ 

 ᆕ΢܌ॊǴҁࣴ܌زว৖ࢬޑᡏΚᏢीᆉБ࣬ݤ྽ԋዕǴӢԜёբࣁ਻୏ᖂ

Ꮲࢬᡏीᆉ೽ҽޑ୷ᘵǴճҔҁीᆉБݤளډᆒዴࢬޑ٫ཱུࡋ൑ᖂྍၗૻǶ 
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