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ABSTRACT 

* 

This paper presents the structure of the motion of fluid particles in three cases of turbulent 
flow using the energy spectrum analysis. Firstly, three-dimensional turbulent flow is studied. The 
energy spectrum obeys the kolmogorov -5/3 law. Energy fed into the turbulence goes primarily into 
the larger eddies. The transfer of energy from large scales to small scales occurs. From these, smaller 
eddies are generated, and then still smaller ones. The process continues until the length scale is small 
enough for viscous action to be important and dissipation to occur. This sequence is called the energy 
cascade. Secondly, two-dimensional turbulent flow is investigated. The energy spectrum obeys a 

power law E(k) oc {3. This turbulent motion has the ordinary energy cascade from larger eddies to 

the smaller ones, and simultaneously there is the reverse cascade in which the energy turns back to the 
larger eddies. It means that two smaller eddies are combined to a larger one. Finally, the turbulence 
structure of transition in pipe flow, which has slope of energy spectrum of -3.3, is investigated. The, 
energy spectrum of the turbulent pipe flow has the slope about -3.3 which is quite close to that of the 
minus third power law of two-dimensional turbulent flow. It is expected that the turbulent motion of 
transition in pipe flow is probably related to that of the minus third power law. However, the detailed 
physical meaning for the slope -3.3 is not clear yet 
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UYI"1 

nT~~mn nT'HfI ~ aU~'lJ a.;J aU111f1'lJ a.;J 1 'VI ~ 1 um11 'VI ~ LLUUiJuthu ,xU 11 djuL~a.;J~ff1~ ru , '" 
• 1 d ~.. .. \l d .:"1 .1 .. d ... ...¥ '.:"1.1 0 ~ 
1J1:;m1'V1U.;J bU~1'lJ11"JJ1n~m~m'lJa.;J b'VI~ LUa.;J';ij1m1JU1J11n~m1tU.'Yl:IJn';ij:;Lnlfi'lJUa~L1JU1J1:;';ij1 bU 

:nilfiu1:;',ihlu L'li'U m11 'VI ~lU'lJa.;J a1mV'l1aU ~n~.;J m11'V1 G'llU'lJ a.;J a1mV'l1aU LfI~a.;JiJu 'VI1a1n £JUIii 
'IJ 

m1hG'lLLUu1m'-iu m1'V1:IJU1U'lJa.;JJ11uLL3.iJ1'V11a1u'Yl:;LG'I 'VI1a m1LfI~aU~'lJa.;J'h'\.tf.J~:lJ1:;'V\':i1.;J , 
a1mV'lLLG'I:;L:Bm'V'l~.;J1u~a.;JL~nhaJ dju~u ~.;Jm1Ln~m1hG'lLLuuiJUthuL'li'UU a1';ijria1~Ln~m1:IJ 
L~£J'VI1 £J~.;J 1 u:nilfi LLG'I:;'Ylf'V'l ElffU 1~ i.;J,f Url1'V11n L 11m1U LLG'I:;L '1i'1 hihi £J'VI1a~lLLu1~ dJU';ij~ L~:IJ~U , 
'lJa.;Jm1Ln~m11'V1~LLuuiJ'\.t'Lhu 1~ n';ij:;'li'l £J 1 ~L 11~1:IJ11nmUfI:IJ~111'V'1'lJ a.;Jm11 'VIG'I LLUUiJuthuL yj a , 
t1a.;Jnu13.i1~Ln~m1~ruL;£J1~ 

'IJ '" 

L rta.;J';ij1nm1LfI~ au ~'lJ a.;J aU111f1'lJ a.;J1 'VI G'l1 um11 'VI G'lLLuuiJuthuiim1:IJ<J!uiau:IJ1n ~.;JLiJu , 
m1£J1n:lJ1n~';ij:;~n~1'V11m1:IJ L11 1 U~U1:IJm11 'VI G'I';ij~.;J 1~ ~.;J,f U ,xnii £J LLG'I:;,xni'Yl £J1 V'l1 ~lfifl ua~ lfi1~ 
'V'I£J1£J1:IJ~n~1m1LfI~aU~'lJa.;Jaumfl'lJa.;J1'V1G'11um11'V1G'1LLuuiJ'\.t'Lhu 1~£JL~:IJ';ij1nm1ri1'V1u~L~au1'lJ , 
LiJa.;J~u1~ii~n~tU.:;m11'V1G'1LLuu~1£J l~£Jii~:IJ:IJ~~lU 2 u1:;m1fia 1) LiJum11'V1G'1~ii~n~tU.:;'lJa.;J , ... 
m1:IJ13.iLiJu1:;b1i£Ju1uu~l1ij 3 ij~ iim1m:;';ij1£J'lJa.;Jm1:IJb11aci1.;J~~1L~:lJmbG'l:;'lJU1~'lJa.;Jm1:IJL11ii 

'IJ 

fi1f1.;J~LLG'I:;13.i:ffunu.y;V'I'Y11.;J ~.;Jb11bd£Jn~n~tU.:;m11'V1G'1b'li'uU':h Homogeneous Turbulent Flow LLG'I:; 

2) biJu~n~tU.:;m1hG'l~13.iiim1:IJi:IJ-A'ulh:;'VI11.;Jm1:IJb11 2 fi11~"l ~.;Jb11L1£Jn~n~tU.:;m11'V\G'I 
b'li'uUl1 Isotropic Turbulent Flow ~.;J';ij1nm1~';ij11tU.1m1hG'l';ij1n~:IJ:IJ~~lU~.;J~a.;JLLuml:IJnU L11 , '" 

';ij:;L~m1hG'lbiJubbuu Homogeneous Isotropic Turbulent Flow ~.;Jnal1biJum1L'VIG'lLbuuiJuthu1u 
a~:lJfI~ LLG'I:;bda1im1iLm1:;~~bUnlfif:IJ'V'I~.;J.;J1U L11~1:IJ11mLl.l.;Jlm.;J~f1.;Jm11'V1G'1aan1~biJu 2 , 
bbuu1'V1qj "l fia m1L'VIG'lbbuuiJuthu1u 3 ij~LLG'I:; 2 ij~ ~.;Jiim1m:;';ij1£J'lJa.;J'V'I~.;J.;J1UbiJuLU<i11:IJn~ 

£Jmh~.;J -5/3 'lJa.;J Kolmogorov 'VI1a E(k) oc k 513 bbG'l:;biJuLUlfi1:IJn~£Jnri1~.;J -3 'VI1a E(k) oc e 
lfi1:IJ~1iu ~.;J~G'I~'V'It~L~~l:1J11na~1J1£Jlm.;J~f1.;Jm1bfl~aU~'lJa.;Jaumfl'lJa.;J1'V1G'11u~U1:IJm1hG'lL~ , 

';ij1n~G'I~'V'It~L~'1i'l>1~U 'I111~b11m1u~n~tU.:;m1bfl~aU~'lJa>lElUmfl'lJEl>l1'V1G'11um11'V1G'1 , 
LLUUi1UU1U~ff1~ru 2 ~n~tU.:; bb~~G'I~'V'It~L~ElciuU~:IJ:IJ~~lU~m1L'VIG'lLiJULLuu Homogeneous 

III '\J 'l "" 

Isotropic Turbulence ~>I£T>l13.iH~n~tU.:;'lJa>lm11'V1G'1~Lb'l1';ij~>I i>l,fu,xniimbG'l:;,rni'Yl£J1m~lfif~>l1~ 
'V'I £J1 £J1:IJ ~n ~1 ~ n ~tU.:;m1LfI ~ au ~'lJ El>l ElUmfl'lJ El.;J 1 'VI G'I';ij~.;Jl1ii ~ n ~tU.:; El ci1.;J 11LLG'I:;ii m1:IJ ~El~f1 ~ El>lnu , 
~G'lm1~n~1'1i'1.;J~U'lJEl>lm11'V1G'1bLuuiJUU1U.J'.;J1u 3 ij~LLG'I:; 2 ij~ aci1.;Jh-u1.;J LLG'I:;';ij1n~G'lm1'Yl~G'la.;J 
Lyjam1~n~1~n~tU.:;m11'V1G'1LLuuiJuulU'lJEl>laUmfl'lJa.;J1'V1G'1'lJEl>l'li'l>1m1u6fiiu1Urla 'V'IU11iim1 , 
m:;';ij1£J'lJa.;J'V'I~.;J.;J1U~biJu1uIfi1:IJn~£Jnri1~.;J -3.3 'VI1a E(k) oc k-33 ~.;Jiifh1n~b~£J.;Jnun~£Jnri1~.;J -3 

'lJEl>lmrnm1hG'lLLuuiJuulu1u 2 ij~ bbG'l:;iifi1biJUlh:::lJ1tU. 2 brl1'lJEl.;Jn~£Jmh~>I -5/3 'lJEl.;Jmrnm1 

1 'VIG'lLLUUiJuU1U 1 U 3 ij~ ~>l1 UU';ij';ij-uurJ>I L3.i~l:1J11n~1UL~11m1hG'l bbuuiJuulu1 U rl aii~n~tU.:: , , 
d: 'l.J" .:!it..". a,.. a,.. 

6jJ.;J bUU'Ylm1:IJU';ij::t.t1b~UEl~G'lm1V'1n~1LLG'I:;1';ij£JG'ln~tU.::m1 
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~r:mJbb<iln<ih'l1~'UFU~~lfltl!l.h::m'iVlrt'l1'i::'Vr;h'l1m~lvHmumlUb~rJU (Laminar Flow) nu 

m'ilVlG'lbbuu{r'Ulh'U (Turbulent Flow) ~iJ m'iiitn~ru::m'ibfl~iJ'U~~'laJdJ'U'i::bUrJUbbG'l::iim'i 

btl~rJ'UbbtlG'l'l1iJ~l'11~~'i::'lJiJ'I1i1bbl.h'V\1iJ'\~1'iliJb<iliJf'lJiJ'I1m'i'lVlG'lVlG'llrJ G) fll b'li'U ml:IJb~1 ml:IJ<1l'U 

bb'i'l1bUiJ'U. iJruVl[liJbbG'l::i1bbtl'i~'U G) dJ'U<11'U "illmtl~ 1 bb~~'I1i1iJ~l'11tn~ru::ml:IJ'laJbUm::bUrJU . ~ ~ 

'lJiJ'I1ml:IJb~1~btl~rJ'UbbtlG'l'l1'ltl<ill:IJb1G'l1 ~'I1"il::bV;'U'l<1111ml:IJb~1 U = u(x,y,z,t) bU'Uml:IJb~1h 
bb'U1bbn'U X ii,h'Utl'i::niJU 2 fll ~iJml:1Jb~1bU~rJ (Time-averaged Velocity) u bbG'l::ml:IJb~1 
{r'Uih'U (Fluctuation Velocity) u' ~'I1bdiJVllfllbU~mbi1"il::'l<11 

1 to+T 
U = - fu(x,y,z,t)dt (1) 

T to 

bd iJ to bU'Ub 1 G'l1 b~:IJ<ii'U T bUWri1'11'lJ iJ'I1 b 1 G'll~ii'i::rJt b 1G'llnil'11nll'li1'11'lJiJ'I1mu~nil'11~~~'lJ iJ'I1 

ml:IJb~1 ~1V1fufllml:IJb~1{r'Uih'U u' ~iJ ml:IJb~1~btl~rJ'U'ltl<ill:IJb1G'l1G'lU~1rJml:IJb~1bU~rJ ~'I1"il:: 
'l~11 

" 

ii = time-averaged 
(or mean) ~alue 

u = U +u' M'iil U' = U - U 

uuuifuihu[Munson et ai" 2000] 

(2) 

bbG'l::bdmllV1'U~ 1i u, V, W bU'Uml:IJb111'Ubb'U1bbn'U X, y, Z ,p bU'Uml:IJ<1l'U, p bU'Uml:IJVI'UlbbU'U 

'lJiJ'I1'lJ iJ'I1'l VI G'l~iifllf1'11~, f.1 bU'Uml:IJV\'U~'lJ iJ'I1'lJ iJ'I1'l VlG'l bbG'l:: th~"ill'irulm'ilVl G'l bU'Um'ilVl G'l bbUU 

{r'Ulh'U "il::'l<1111 ml:1Jb11bbG'l::ml:IJ<1l'U~n:lJ1'im;jEmbb'Y1'U'l~1mtl'lJiJ'I1 U = U + u', V = 11 +v'. 
~ 

W = W + w' bbG'l:: p = p + p' ~'I1bdmb'Y1'Uml:IJ~:IJ~'UTIbVl~l'dG'l'l11'U~:lJm'i<iim;iiJ'I1bbG'l::~:lJm'im'i 
bfl~iJ'U~'lJiJ'I1 Navier-Stokes bbG'l::'Yhm'iVllfllbU~rJ "il::'l~ 

\. 

() 



au ail aw 
-+-+-=0 
ax By az 

295 

(3) 

au 0j5 [apUu apilu apwu] [apu'u' apv'u' apw'u'] n 2 -
p-=--- --+--+-- - + + +Jlv u (4) 

at ax ax By az ax By az 

d I "'" tV & Q..- l.d d d 
'lhH ~1"il::'VfI.J11tnJnl''j (3) Lbt'l:: (4) 3H111aJfl t'l1 tJflt'l~n1HnJm~<?l €lb UEl~ bbt'l::~aJm~m~bfl t'l ElU'Yl<?llaJ 

bm1bbnU x 'lJEl~m~1V1t'lbbU'lJdlUb1tJ1J Lb<1\~~bb<?ln~h~nu~El~m~btJ~tJUbbtJt'l~"illnmlaJb11 u, v, w 

() bbt'l::mlaJ<ilu p btlufilbQ~tJ Ii, V, w Lbt'l:: p bbt'l:: ~..ijlU1U'V'l"il,rb'~aJ~ulV1aJ 1 'V'l"ilu1u~aJm~m~ 
bfl~ElU~maJbbU1bbnu x ('V'l"il,r~~biutJ::~lU~l~) ~~'V'l"il,rifLb~~~n~filbb~~b5.ElU~bn~"illna'Yln'V'lt'l 

I) 

.. "~ ,'I "", .. ..r,, t ~ ~I ""' ~ "" '" .. ..r , 
'lJEl~mlaJb~luUu1U Lbt'l::~t'lt'l'V'l1iU~nflU'V'lU ~tJ Reynolds bUu fl.IiI.1895 ~~UU"il~b~tJn'V'l"ilUU11 

Reynolds Stress Lbt'l::fflV1fum~Lfl~Elu~lUbbU1bbnu y bbt'l:: z nHlm~t1V11fil Reynolds Stress 1~ 
luinl!trn::b'15Ub~tJ1nUnU'lJEl~bbnU x 'l'hl~~..ijlU1U'V'l"il,r~btlu Reynolds Stress rt~VlaJ~lu~::uum~ 
tV! t'l bbUUiJUD1Wihu 1U 9 fil ~~ btlU~l bbtJ~~1aJmlufil bbt'l::~..ijlU1umnn';h-:iilU1U~aJm~ 1 u~::uu 
~~ih 1 Vli.aJHlaJl~t1V11 ~ t'lbQt'l tJ'lJ El~~::uuHaJm~ift~ <il~,r Ub ~ El btlum~Lbni. 'lJi1tyVll'd'~~~ El~ Ell~ tJm~ 
'Yl~t'l El~ bbt'l::m~ThVlU~ b~ ElU 1'lJ'lJ €l~m~1 VI t'l b ~aJ b~aJ L ~ €ll ~b ~1 ~1aJ1~t1V11inl!trn::m~bfl~ €lU~'lJ El~ 
Elu1l1fl'lJ€l~1 VI t'l1 um~1 VI t'l bbUUiJUD1U 1~ • 

m~lbml::~HbtJn<?lfaJ'V'li~~lublJum~lbml::~iElaJt'l~1<il"illnnWr~fllfl11aJb1l'lJ€l~inl!trn:: 
'IJ 

m~tV!t'l bbUUiJuD1U t~ tJ€ll~tJl15m'mtJt'l~~b1tJf (Fourier Transform) ~~"il::bbtJt'l~Rtytyl rn~ El ~1 U 

t~ baJUb 1t'l11tJbtluRrurulrn~ El ~1 U t~ baJU'lJ El~mlaJ~Vl1El bbtJ t'l~ Rrurul rn ~1~"illnm~1~ 1 ~ El €lnm El ~1 U 
QI' cu cu QI QI cu 

~tJ'lJEl~mly.J~bb~<?l~nT'm~::"illtJ'V'li~~lU'lJ€l~ElU1l1fl rn '151~<1\1~ 6) "illmtJ~ 1 'V'lU':hmly.J'lJEl~ 
'IJ • 'IJ 

mlaJb11~inl!trn::~ut'l~1aJfl~~Lbt'l::1aJblJullJim ~~mly.Jinl!trn::b'15uifdl~"illnm~"llaJnU'lJ€l~mly.J~ 
~inl!trn::'lJEl~Vl'~niu Sine bbt'l:: Cosine Vlt'lltJ 6) mly.JEl~~laJnu ~~~lm~miitJumlaJb11€l~1u~tJ 

'IJ 'IJ 'IJ 

~t'l~laJ'lJEl~Vl'~n,tu Sine bbt'l:: Cosine ~El 
a 00 00 

u(t) = ~ + L (an cos(2nnt) + bn sin(2nnt)) ~~eJ u(t) = Lan cos(27ifnt + en) (5) 
2 n=1 n=1 

t~tJ~by.J~'lJ€l~Vl'~niumuluLb<1\t'l::'V'l"il,r~filb'Yhnu bbt'l::brlEll~ an. in' en btlU'lJU1~ mlaJ~Lb~:: 
by.J~'lJ€l~fl~U~ n ,;)lmtJ~ 2 Lb~~~l~dhl.fl~U 5 fl~U~btluVl'~niu'lJEl~ Sine bbt'l:: Cosine ~ii'lJU1~ 

'IJ 

mlaJ~bbt'l::by.J~~<1\l~nUb~mtEltJ bb1.'l::brle:J'l.'hfl~Urt~ 5 aJ1"llaJnu "il::1~mly.Jbiuil~~1~ bbt'l::"illn 

GiaJm~ (5) ihb~lbb"YlU in LtiU i bbt'l:: Lb'YlU L luJtJ'lJEl~m~awnbn"l<?l "il::1~ 
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00 

u(t) = f F( m )e iW
( dt (6) 

-00 

1 00 . 

F(m)=- fu(t)e-1W(dt Vl1El F(m)=IF(m)le iB", (7) 
27r -00 

L~El F(m) LiJuv:r~niu"lJEl\lml3.JL11L~\I~3J m(= 27if) LLL'l::L"n;)::L;'lInm1Ltl~lIUff1JnT1,;)lnff3JnT1 
(6) 1J1LiJuff1Jm1 (7) 11LiJul~m1~wnLmIilLL'lJ'lJ~L'ilif (Fourier Integral) 'VI1El m1LLtlL'l\l~L'ilif 

(Fourier Transform) ;ft\l~'lJ11~nmTy~~3j~n~rn::lllLiJu1::d'jll'lJl~ 6j Iil::Lnlillillnm1111JnU"lJEl\lfl~U 

~3j~n~rn::LiJum'lJ~3jml1J~ f LL~::3j"lJU1~"lJEl\lfl~U (LLEl1JtI~~) L'Yiln'lJ IF(m)1 LLL'l::~illlnnl~\I 

ffEl\l"lJEl\l~1"lJU1~ IF(m f Iil::LiJU~l~~\I\llU"lJEl\lfl~U LLL'l::mlv.J~LLff~\lml1Ji1J-wu1f1::'VI11\1ml1J~ 
f n'lJ~l~~\I\llUd Iil::L'illn11ffLtlnlil~1J~~\I\llU (Energy Spectrum) ;ft\lffLtlnlil~1J~~\I\llUdlil::-rl1l1 
El~'lJ1l1m1m::lilll1"lJEl\l~~\I\llU rn -rl1\1ml1J~'VIrt\l 6j lufful1Jm11'V1L'lhr [Mikio, 1992] 

L~El~lill1rnlm1h~LL'lJ'lJ~Uthu~LiJum11'V1GHL'lJ'lJ Homogeneous Isotropic Turbulent 

Flow ~1LLtl1~3jml1J~1~tl!lum1~n~ln~El v:J\lniuffLtlnlil~1J~~\I\llU (Energy Spectrum Function) 

E(k) <B\I~ldffl1J11m'iillUElEllu1tl"lJEl\lff1Jm1~~\I\llUL~~El 
'II 'II 

i.E(k,t) + 2vk2 E(k,t) = T(k,t) at (8) 

L~El E(k,t) LiJuv:J\lniuffLtlnlil~1J~~\I\llU, k = 27r / A, LiJU~lL1v.J,r1JL'lJElf (Wave Number) LL~:: 
A a d I ~ l.d .d d '" I .d, '" 

L1JEl A, flElml1J1I11fl~U m k UIil::Lbff~-\I'lJU1~'lJEl-\lElUIl1fl Unl'Hfl~ElWY1 '1f-\lmm k :JJmUElli • 
"lJU1~"lJEl\lElU1l1fl~'VI1JU1UIil::3j'lJU1~1'V1nJ LL~::t11 k 3j~11J1n 'lJU1~'lJEl-\lElU1l1fl~'VI1JU1UIil::3j"lJU1~ 

q q QJ q q 

L~n ~1'V1~'lJ~1 T(k,t) Iil::LiJU~1~L~lI1'JJEl\ln'lJm1~\I~lU~~\I-\llU1::'VI11\lElU1l1fl"lJEl\ll'V1~ LL~::L~El • 
~lill1rnlff1Jm1 (8) 1il::~'lJ11 t1111l3j51il11m1Ltl~lIULLtl~-\I'lJEl\l~~-\I\llU L111il::l~11~~\I\llU~L'JJ11J11U 

fful1Jm11'V1L'l T(k,t) 1il:::3j~lL'Yhn'lJ~~\I\llU~~tl!'VIll11tlL'iiEl\llillnml1J'VIi't~ 2J.k 2 E(k,t) 

Iillnm11Lml::~3j~ ~'lJl1 v:J\lniuffLtlnlil~1J~~\I\llU E(k) ffl1J11m'iillul~lu1tl 
'II 

E(k) = Clc213k-5/3 (9) 

;ft\lIil::L V;u 1~11 v:J\lniuffLtlnlil~1J~ ~\I\llm:: El Ell U 1tlv:J\lniu"lJ El\l~l -5/3 "" 
k LLL'l::Iil::1Jn11m::lilll1"lJEl\l 

'II 'II 

~~-\I-\llUb1JuLtllill:JJml:JJi1J~uf £(k) OC C 5/3 

Kolmogorov [Tatsumi, T., 1984 LL~:: Tritton, 1988] 

<B-\lb1Ju~j',)nnu~hn~lInnl~-\I -5/3 'lJEl.;l 
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.. , (em-I) 

(n) 

0000 ".,0'., 

O(J(J 0 1 
0000 
o 0 0 0 'IJ"161L~n 

('ll) 

It.l~ 3 (n) flJ1mr:JJwuf1::vd1J E(k) nlJ k "1feJJn11LI1f1LLlJlJiJuiiJuiu 3 ii~ 
A d a,... 

("1f) 111YUflntiln111f1f1eJUYI"1feJJWflJJ1UWl1:JJm::lJJUn11 Energy Cascade 
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"inmu~ 3 (n) LL~~\lmly.Jfr:n3Ji3J~'\.bf"i:::'VI':h\lVl'\lni'\.b~LUn<ili'3JYHr\l\ll'\..UllJ'll'\.b1~'lleJ\lfh k 
'II 

i1\1<;]1\1 6) ~\I"iI:::L V;'\.b l~'hin'IYru.:::m"iLfl~ eJ'\.b~'ll eJ\leJ'\.b111fl'll eJ\ll 'VI Gl"il:::Lfl ~ eJ'\.b ~cmmh'll eJ\lYli\l\ll'\.b "iIln • 
eJ'\.b1l1fl~'VI3J'\.b1'\.b'll'\.b1~1'V1ni (fll k ~1) lutY\leJ'\.bmfl~'VI3J'\.b1'\.b'll'\.bl~L~n (f11 k ~\I) LLGl::::ijn1"i 

q q fU q 'I cu 
.d d <t .., • I .... d '" <t, .d d~.... , ~ • I .d 

LflGl eJ'\.b'Yl"illnmFllfl'll'\.bl~LGln bU £.1\1 eJ'ltmfl'Yl3J'll'\.bl~ LGlnml LL&'l:::Lfl&'l eJ'\.b'Yl b '\.b&'ln'IYru.:::L 'D''\.b'\.b bub "ieJ£.I 6) 

"iI'\.bm:::-rt\lYl i\l\ll'\.b"il &'lUrln LU~ £.I'\.bL U'\.b Yl i\l\ll'\.bfl113J1eJ'\.beJ'\.bL rteJ\l3J1"i11 n a'YlTIYl &'l'll eJ\I fl113J'VI i'l.~ ~\I"iI:::ih 
'II 

~ "d .., "1.1 d '" ...., "r, 
b'VIeJ'lt111fl'Yl'VI~'\.b1'\.b'lleJ\I'lleJ\I b'VI&'l~Il!'VI1£.1 bu 'll'\lL"il"i1:::L"i£.lnm:::lJ1'\.bn1"i&'ln'IYru.:::L'D''\.b'\.b11 Energy 

Cascade Down Lb&'l:::"iIlmU~ 3 ('ll) 1~LL~~\l111Yl~Lm1'lleJ\lm"iLfl~eJ'\.b~'lleJ\lYli\l\ll'\.b"i11neJ'\.bmfl~'VI3J'\.b 
'II • • 

1'\.b'll'\.bl~ 1 'VInilu tY\leJ'\.bmfl~'VI3J'\.b 1'\.b'll'\.bl~L~n 
~ . . 

t~£.I-rt11ubb&r1m"i1'VlGlLblJlJ~'\.b'Lh'\.b "iI::::ijm"iLfl~eJ'\.b~'ll eJ\I eJ'\.bmfl'lleJ\I'll8\11'V1Gl LU'\.bLLlJlJ 3 3'Hl • 
LL<;]t11~'\.b13Jml3J L~1'll eJ\lm"il'V1 &'lrlnD\lfllJ 1 ~Lfl~eJ'\.b~'ll'\.b1'\.bnlJ~1~1'\.bl '\.b~1'\.b 'VIrt\lLL&r1 ih 1 ~mlaJ L~ll '\.b 

'II 

YiI'l'Y11\1~:\lQ1nnlJth~l'\.bJ'\.b hi LU~ £.I'\.bLLU&'l\l L"il"i1:::L~£.Inm"il 'VI &'l in'IYru.:::J'\.b 'h m"il 'VI &'l LLlJlJiJ'\.bth'\.b 1 '\.b 

2 ij~ £.In~lmh\lLi'\.bm"il'V1&'l'll8\181mI'l1'\.b1Jd"i£.l1ml'l m"i1'VlGll'\.b"i:::lJlJ~:ijml3JL~lL~\laJ3J~\I 'VI~8 m"i 
• 'II 

l'V1Gl~Ln~~'\.bl'\.b~'\.bl3JLL3Jb'VI~nly.J~l bU'\.b~'\.b "iIln~3Jm"iYli\l\ll'\.bLL&'l:::m"iiLml:::~ij~bi'\.bL~£.I1nlJm"i 
l'V1mLlJlJ~'\.b'Lh'\.bl'\.b 3 ij~Ld1"i1:::1~ 

E(k)=C2'72/3k-3 (10) 

~\I"iI:::LV;'\.b l~il Vl'\lni'\.b~bunlili'3J'I"li\l\ll'\.b"il:::8 ~1u"iuVl'\lni'\.b'll 8\1fh k-
3 ~\I:ijm"im:::"iIl £.I'll 8\1Yl&r\l\ll'\.b 

'II 'II 

LU'\.bluIil13Jn~£.Inrili\l'll8\1 -3 [Kraichnan, 1967 LL&'l::: Leith, 1968] 

"iIlmU~ 4 LL~~\lmly.JmlaJim;~''\.bf''i:::'VIil\1Vl'\Ini'\.b~LUn<ili'aJYli\l\ll'\.bnlJ'll'\.b1~'lleJ\lf11 -k 
'II 

il\l<;]l\1 6) "iI:::YllJilin'IYru.:::m"iLfl~8'\.b~'ll8\1Yli\l\ll'\.b'lleJ\leJ'\.bmfl'll8\11'V1&'l"il:::fl&rl£.1nlJmntm"i1'VI&'lLLlJlJ • 
~'\.bth'\.bl'\.b 3 ij~ ~8:ijm"iLfl~8'\.b~"iIln8'\.bmfl~'VI3J'\.bl'\.b'll'\.b1~1'V1ni (f11 k ~1) lutY\l8'\.bmfl~'VI3J'\.b1'\.b 

q q fU q 'I 

'll'\.bl~L~n (fll k ~\I) bL<;]1'\.b'llru.:::L~£.I1n'\.bn:ijm"i"i13J~ln'\.b'll8\18'\.bmfl'll'\.bl~L~mU'\.b8'\.bmf1'lJ'\.bl~1'V1ni cu q q QI 
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10-· 

10..,.1 W 
Ie/Ie. 

(n) (~) 

JtJ~ 4 (n) flJ73JffJJj'VU{,::VI';hJ E(k) nlJ k ~EJJm'lVlfwlJlJiruihulu 2 3j~ 
(~) mJLflNEJurt~EJJwiNJ/U'innrh k WJll1UJrh k ~7 m3J!Jfl7 T [Tatsumi LLfl:: Yanase, 

'IJ 

1981} 

,nn'il,ya~~l'l.l.3J1·lh,,~u vh 1 i'Yl"l'TlJii-\ltrnl!rru.::: lm-\l~f1-\1nTnf1~ aU~'lJa-\l aumf1'lJ a-\l1 'VI~ lu • 
m"l'h~LL1J1Jirulhuh 3 mhL~::: 2 mi 1~£Jm"l'1'V1~~-\I~a-\lLL1J1J,y1-\1~U dJUl!-.I~,;)lnm"l'Vl,;)1"l'ru.1m"l' 
l'V1~Luum"l'h~LL1J1J Homogeneous Isotropic Turbulence <a-\ll:JJhl~nl!rru.:::'lJa-\lm"l'h~';)'1-\11u 

1i'''l'''l'~'ll'1@i LL<1ia~1-\11"l'nlimJf..JL'ltr'V'.nf~1~dJU'Y1bll!r~~1<ilf1Jm"l'£Ja:IJf1J11~ml~ln~L~£J-\ln1Jm1:IJLum'1-\1 
LL~:::~lm"l'b1'\.bhnia~1J1£J~m'l"lm"l'h~';)1-\11<il £Jn~la~l-\1L'riu Martin et al. l<il'thm"l''Y1~~a-\l~nl!r1 

trnl!rru.:::m"l'1'V1~LL1J1Jirulhul U 2 33@il~£Jm11 it.b~tll'V1m.hwria-\lL~n ') ~~~nl!rru.:::f1~1£J'VI1'fi1~LL Ul 
'IJ 

LL"l'-\I 1 ,x~bil-\l'lJa-\l hn ,;)lmfwYhm"l''VI1~LtJn'fif~'I''l~-\I-\l1U'lJa-\lm1~L11'lJa-\laUmf1'lJa-\lh~ 'I"l1J11~m"l' 
• 

m:::,;)1£J'lJa-\l'l"l~-\I-\l1udJultJm~niJ£Jnrh~-\I k-
33 

± 0.3 ~-\I~a~f1~a-\ln1JniJ£Jnrhtr-\l k-
3 'lJa-\lm"l'h~LL1J1J 

irulhulu 2 33@i LL~:::~lm1b1~1tJ1<il11m1Lf1~aU~'lJa-\laumf1'lJa-\lL'V\~11uJ1~tl~h~~lwlla-\lL~n ')d 
• • 'IJ 

ijtrnl!rru.:::m"l'Lf1~aU~L'l1UL~£Jln1Jm11'V1~LL1J1Jirulhulu 2 33@i [Martin et al., 1998] 

lutl f1.f'!. 1997 Matsuuchi et al.l<il'Y1~~a-\l'Y11m"l'~nl!r1'V11~nl!rru.:::m"l'Lf1~aU~'lJa-\laUmf1 • 
'lJ a-\l 1 'VI ~ LL1J1Jirulhu'lJ a-\l'l1l-\lm1UOBiu 1 u'Yi a 'I"l1J 11 ijm"l'm"l'm:::,;)l £J'lJ a-\l'l"ltr-\l-\llULUU LtJm~niJ £In 

r'htr-\l k-
33 ~-\lijfhln~L~£J-\ln1JniJ£Jnr'htr-\l k-

3 'lJa-\lmru.m"l'L'VI~LL1J1Jirwihulu 2 ij@i ~-\lLL~'fi-\llu~tJ~ 5 

(n) LL<1ifi rr-\l L:JJ~lm1b1~"l'tJl<il11m"l'Lf1~ au ~'lJ a-\l awnf11 U 'Yi a LUULL1J1JL~ £Jln1Jm"l'Lf1 ~au ~1 um1L 'VI ~ . , 
LL1J1Jirulhulu 2 33@i'VI1al:JJ <1iamlutl f1.f'!. 2000 Suntivarakorn LL~::: Matsuuchi L~'Y11m"l'~nl!r1W) , 

m1~~~vrUTI'lJ a-\lm"l'l 'VI ~~-\I ~a-\l LL1J1J L v1 ~ L@i ~ 1~ £Jm"l'~nl!r1trnl!rru.:::m11 'VI ~ 1 U 'Yi a <ill £J LL1Jmh~ a-\lm-\l 

f1rn'fim~'fif 'I"l1J11f..J~m1f11Ulru.~1<il~m1m:::'il1 £J'lJa-\l'l"ltr-\l-\llULUU ltJ'fi1~niJ £Jnr'htr-\l k-
33 ~-\I 

~a~f1~a-\ln1Jf..J~m"l''Y1~~a-\l'lJa-\l Matsuuchi LL~:::uam1ndtT-\I'I"l1J11 ru. 'l1l-\lLL"l'n'lJa-\lm1h~ ("l':::£J:::m-\l 
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z = 1 n\l z = 4) 3JfI--n:IJiU'lJeJ\lmTIAjnT:lm:::'il1~'lJeJ\l'V'lt\l\l1udJu -3.3 lliil:::m1:IJiu3Jfi1iil~iil\lLiJl~eJ~ 
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("11) nTJ!uifJuuUi'V.Jfilfl'Jlwiu (/J) "11€J.JnTj"m::,nfJwiJ.jJu~lm::fJ:: z = 1 ~\I Z = 5 
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, • .01 .. ... .. ... II 
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(n) ("11) 

"itl~ 6 mWUff~.Jm,m::~lfJ"11€J.J€Jumf)m'!1JJu'Ju ill 1rrii (r) t,wlri 0 n.J 0.5 LLi'V:: .. " 
(n) vilumi.J Z = 1 ~,'J Z = 3 LLG1::: ('IJ) <1l1LL'I'Itl,,'J Z = 10 ~\I Z = 13 

":liJ~ 6 ll~~,'Jbil~utn~rn:::m":lm:::'il1~'lJEl\lElUmfl'lJEl\lL'VIiil rn ":l:::tJ:::'Y11\lbw1l1\l~1\l ') 'lJEl\lYlEl 
... , 

~\ll ":l1'W'Ui1":liJ~ 6 (n) liJ:::ijm":l":l1:IJ~1nU'lJEl\lElumfl'lJ El\l'lJ El\llVliil~'U~l1 rn'Jl1\l'ii'U'lJEl\lm":llVliil~\l ... , 
L1Ju

Y
hJcm:IJn{;)tJnrht\l k"3.3 bbiil:::fhm1:IJiu'lJEl\lm1'V'lm":lm:::'il1tJ'lJEl\l'V'lt\l\l1Ubu'Jl1\ldijf\1f1\l~bYl1n'U 

-3.3 ~\l~El~f1tEl\l'Jl1\l":l:::tJ::: z = 1 n\l z = 4 bU":liJ~ 5 ('lJ) ~1U":liJ~ 6 ('lJ) liJ:::ijm":l":l1:IJ~1nU'lJEl\lElUmfi ...... , 
,rEltJ:IJ1n~\lElumflEl~El~1\lm:::-;ij~m:::1iJ1tJL1.ht1~U~'VI,r1~~'lJEl\lYlEl ~\lhiL1JULtJCil1:IJnl1tJnri1t-\J k"3.3 , ... :w 

bbiil:::fi1m1:IJiu'lJEl\lm1'V'lm":lm:::'il1tJ'lJEl-\J'V'lt\l\l1uh'Jl1-\Jdijfi1iil~iil-\Jiil\lb~EltJ ') ~-\Jbb~":l:::tJ::: z = 5 bUU 

'ii'ultJ (mtJ~ 5 ('lJ)) ~\l,fu~\l~1:1J1":ln~":ltJl'ii'i1 ijm":l":l1:IJ~1nU'lJEl-\JElumfl'lJEl\l1'V1iil rn 'Jl1-\J~ijm":l 
ClJCIJ II II ' 

m:::1iJ1tJ'lJEl\l'V'lt\l\l1U~buultJcm:IJn{;)tJnr!ht-\J k"3.3 ~\lijm1:IJ~El~f1tEl-\Jn'Um":lm:::'il1tJ'V'lt\l\l1U'lJeJ\lm":l 

lVIiilu'U'Ut!ulhubu 2 :iJ&l~buultJCil1:IJn{;)~nri1t\l k"3 ~\l,fu m":lbfl~ElU~'lJEl-\JEl~mfl'lJEl\l'lJEl\ll'V1iilh 
YlEl ~\l'\.i,11iJ:::ijtn~rn:::f1t1tJfI~\ln'Um":lbfl~ElU~'lJEl\leJumfl'lJEl-\Jl'V1iilbUm":l1'V1iilu'U'Ut!UiJ1Ub U 2 :iJ&l , 
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lm~ ~f1~nl'Hfl ~ E1l-b ~'lJ E1~ E1l-bmfl1 l-bn111 ~ ~ bblJlJ~l-b1J'm ~1~11r;l'Yhn1rn11~~1nm1y.Jn11 • 
m:::~1rJ'W~~~1l-b~1E1~L1Jn<fi1~'W~~~1l-b ~1~1lJn11h~bblJlJ~l-b1J"'m1u. 3 ii~ 'WlJl1'W~~~1l-biim1 
Lfl~ E1l-b~~1n E1l-bmfl~~~l-b dl-b'lJl-b1~ 1 ~nJ 11J ET~€Jl-bmfl~~~l-bdl-b'lJl-b1~ L~n bb~:::Lfl~ €Jl-b~"il1n €Jl-bmfl 

'I q Q./ q 'I q 

'lJl-b1<fib~n 11J ET~ €Jl-bmfl~ii'lJl-b1~ L~nnl1 bb~:::~hL Ul-bn11b il-b d11J L~€J rJ ') "ill-bm:::,.t~ €Jl-bmfl~~~l-b dl-b~ru 
q 'I q I\J QI 

~1rJ11J5l-bbii€J~m~1n~'Y1~'W~'lJ€J~m1~Wu.~ U~:::~1~1lJn11h~LLlJlJ~l-b1Jdl-b1l-b 2 ii~ "il:::ii~n'l!l-rn:::m1 
bfl~ €Jl-b~fl~1 r.Jf1lJmrn'lJ €J~n11h~UlJlJ~l-b1Jdl-b1u. 3 ii~ bbl1l~:::iin111d~idnl-b~'lJ€J~ €Jl-bmfl~ii'lJl-b1<fi 

• 
L~n11JdJl-b€Jl-bmfl~ii'lJl-b1~1~nJb~~~l-b~':w1l-bn~1b~rJdnl-b ~~rf~ 2 UlJlJdbiJl-b~~n11~n'l!l-1"il1n~md::: . ~ 

n111~~~iiL~€Jl-b1'lJ~LiJl-bn11h~bblJlJ Homogeneous Isotropic Turbulence ~~biJl-bm1h~1l-b€J~~fl~ • 
bbl1l€J~1~11nm~~1~11n'il.1~~~'W,r~1~d11J1i€J~lJ1rJnlJn111~~~1~1~ 

~1~1lJn111 ~ ~ bblJlJ~l-b1Jdl-b'lJ €J~id~m1l-b6Eil-b1 l-b 'Yi €I 'WlJ';hiin11m:::"il1 rJ'lJ €J~'W ~~~1l-bb iJl-b11J 

<fi1~n£JrJm'h~~ k-
33 ~~iibLl-bd 1 u~~€l'itmfl'lJ€J~h~~:::ii~n'l!l-rn:::n11Lfl~€Jl-b~L~ij€Jl-bnlJmrn'lJEI~n11 

1~~bblJlJ~l-b1Jdl-b1 l-b 2 ii~~iin11m:::~1 rJ'lJ€J~'W~~~1l-bdJl-b11J<fi1~n£JrJnrh~~ k-
3 bii€J~~1niif11idb~'lJrJn 

rh~~~1n~b~ rJ~nl-bu~:::'WlJ-hiin111d~idnl-b'lJ €J~ €I l-bm fl'lJ €J~ 1 ~ ~ rn id~~l-b'lJ €J~n111 ~ ~ 1 l-b 'Yi€Jiim1~ • 
~€J~fl~€J~nlJn11m:::~1rJ'lJ€J~'W~~~1l-b~iim1~il-b'lJ€J~m1y.JbiJl-b -3.3 bbI1lEl!.h~11nET~hi~1m1n~11J1~ 

• 
€I ~1~i~ b"ill-b ';hn11bfl~ €Jl-b~'lJ€J~€Jl-bmfl'lJ €J~'lJ€J~1 ~~ 1 l-b'Yi€J~:::biJl-bUlJlJ b~r.JdnlJ'lJ€J~mrnn111 ~~ bblJlJ • 
~l-b1Jdl-b1l-b 2 ii~ ~1€Jhl ~~~€J~'Yhn11~n'l!l-11im~~L~~I1I€J11J 
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