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— 3D unsteady chaotic nature
— Non-linear interaction at vastly

different scales




Fluid Dynamics: Meeting National Needs

=Lt

— Transportation systems
— Process industries

— Natural environment

o PUNFEE(oJER:

(1) Aircraft/\Vehicle: s FE

(2) Engine(aircraft & ships): i# ke
(3) Hypersonic flight: i1 R 23R

(4) Inertial-confinement fusion: ;&R S
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® Taylor R MREE(1938): 555 Ylimin
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He GW, Chen S, Kraichnan RH, Zhang R and Zhou Y 81 21 4636 (1998) Phys. Rev. Lett
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« LES vs DNS and RANS

Cost Unsteady Turbulence
Statistics models
DNS | Unacceptable Truly : Not necessary | u(x,t) =7
representative
LES | Affordable Predictable Universal |00t = | u(x,t)d>
Difficult - r
,t)dt
RANS|  Cheap (URANS) Empirical |[{(u) ! u(x,t)
[hSE%& &
— 1980 Reynolds + Moin : LES
— 1987 DNS
— 1990 LES

2000 multi-scale, multi physics LES

2010 LES for complex turbulence
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LES: a brief introduction M

e Large eddy simulation (LES)

velocity =large scales + small scales
wavenumberk

T T
computed modeled
« Filtered Velocityui(x,t) :Vij‘gui(y,t)G(y—x)dy , G s a filter.

Energy-Spectrum E(k)

The filtered Navier-Stokes equation
oui U ou; =—£6—p+vv u; +£(uiuj —uiuj)
ot OX; L OX X;

» Key issues in LES: the filtered N-S equation

1. Filtering: mathematic framework <— deconvolution

2. Subgrid scale modeling: energy dissipations <« filter sizes
3. Numerical algorithm: truncated errors < grid sizes

P. Moin, Inter. J. Heat & Fluid flows, 23 (2002) 710-720
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- EBGERE T(X,t) = j u(x,t)dx
X—=&
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Combustor
(LES)

Turbine
(RANS)

Fan/Compressor
(RANS)

c ESH: SER, BEEHE

c PRRE: RER, SR
- AR EIERR, HREHR

o I HEIEI (20084F) : 400055, 14K
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AEFUR BV ims PR R

s MU ER NS
~ i#A: Navier-Stokes5#2
0 p+U-Vo=xVp+Q(p)
- WERNHARFIE: WR-RE-HT55E
U:ou+u-vu=-Vp+wW?u+f
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The PDF transport equation ‘NM

e PDF f (¢;X,1)atone point X, one timet

gi+aax [< |S” f]+_W[<KV o|ly f]+—l// (z//)f]:O

Modeled Modeled Exact
Homogeneous:zero

» Key problem: conditional Laplacian (diffusion)

X =(xV?p|y)

* Non-premixed combustion, particle dispersion

In turbulence and micro-fluidics.



Gaussian closure: A eI BR &S TIE

(Vi |y ) = —2—1T(W —(p))

« Linear shape: no relaxation to Gaussian in diffusion

Condihional Laplatian
FDF

PRI B R
o5

e Time scale t: free parameter
k- model doesn’t include the effects of reaction

passivescalar: z=k/¢&
reactivescalar:z =k /| & —{(Q(p))|



Mapping closure: nonlinear mapping of Gaussian closure ‘NM

e Basic idea

* Nonlinear mapping

PDF
g 3

p=X(0)=0560+80|0])

* Nonlinear mapping X : W-F

expansion

 Reference field 8 ? its two-point correlationo(r,t)?




The model equations from MCA ‘NM

oX 0° X oX 1
2 9" —9= Ply,t)=P\@)oX /00
= —2up (o,t){wz 969}+Q(X) (w,t)=P(0)ox /6]
a'O(r’t)+Vro<(u1—u2)X1X2><aX1 8X2> =2K ®

ot 06, 00,

-1
. p'(r,1) . " 0°X, 8°X,\ /X, &X,
r,t)+ —2p(r,t 0,t)+ r,t
p (r,t) " p(r,1) p"(0,t)+ p* ( )<(%,12 o2 |\ 36, 6,

e Comparison with DNS of scalar mixing
* Numerical algorithm: Adams-Bashforth in time

Ath-order finite difference in space

e Statistics: variance, dissipation and PDF



Diffusion process: a basic test only for conditional Laplacian‘NM

0,0 =xVZp (x=0.01)

Periodic boundary, initial double-delta distribution E,, (k) oc k™"
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e R B KRR (CRITRRAEAERR ) M

Surface pressure Flow velocity

X, o Py XXX X 0*
— K I.n;dS . R.(r,z,)dr
| 167r2pocg‘x‘4 or’ m) s 1677 x° 52_4.‘. Jl( 0)

Pressure
space-time
correlation

R, (r.7)=((p—p) (X:t)-(P—Py) (X+T,t+7))

Velocity
space-time
correlation

R, (I’,t)=<Ui (X,T)‘Uj (X-I— r,t+2')>

e Lighthill acoustic analogy: Acoustic intensity at far-field is
determined by space-time correlation or wavenumber-frequency
energy spectra. Wavenumber Energy spectra alone are not sufficient.

e Some CFD software only considers the acoustic compact source.
This is a trivial case without retarded time “\tau”, where space-time

correlation is incorrectly modeled.
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Time-accurate large-eddy simulation (LES) ‘NM

 LES vs DNS and RANS

Time scales
Cost (Unsteady Statistics) Turbulence models
DNS Unacceptable Truly : Not necessary
representative
LES Affordable Predictable Universal
RANS Cheap Difficult (URANS) Empirical

A time-accurate LES

— Conventional LES correctly predicts energy spectra: spatial scales

< Subgrid scale models are developed on energy budget equation

— Time accurate LES: predict frequency spectra: time scales

<That is a new challenge to turbulence theory and modeling .




Time-accurate large-eddy simulation

1. Filtering approach
- LES: spatial filtering, temporal filtering (FE & {NFIEE A2 14)
- proposed filter: space-time filtering
2. Sub-grid scale model
- dynamic procedure for eddy-viscosity SGS model
- proposed model: EA model for space-time correlations
Kinematic SGS model, Vremann model
3. Numerical methods
- kinematic energy conservation

- proposed method: space-time conservation
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« Dynamic SGS model for unresolved scales in turbulence

* Kinematic SGS model for missing scales in turbulence-generated noise

« Benchmark: Noise radiated from isotropic turbulence

'DNS'
102 [ ‘LES' N
______ 'LES + KS SGS Model'

Dynamic model

Kinematic model



LES of turbulent wake and sound radiation ‘NM

=
* |n

HERBAEELL: Re=3900, cell number 6x1076

- Vremann SGS model — Transition & separation
- mIAER . Curle 147
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_ ] recaplivity Efg.'ﬁrrf"“al rﬁgrﬁ%ns %EEPD%%
— Laminar-bubble Separation V \\
_.#‘*--:'-"‘_ L".

— Receptivity —> Linear growth stage

—> Nonlinear instabilities —=> Turbulence transition
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S
LEV on bat wing at downstroke ‘NM

« Attached LEV is observed on both wings but the two LEVs are not connected

* LEV merges with tip-vortex at the wing-tip and connects to the root-vortex at the
wing-base.

The streamlines and vortex structures around the wing during the down-stroke when the wing is
horizontal (top view for flight speed 1m/s).

The vortex structures are identified using the Q-criterion and colored by the stream-wise vorticity.


演示者
演示文稿备注
Besides the flow at different 2D slices along the spanwise, the 3D flow structures can also be specified. 
This figure shows the streamlines and vortex structures around the wing.
The vortex structures are identified using the Q-criterion and colored by the stream-wise vorticity.
An attached LEV is observed on both wings but the two LEVs are not connected to each other.
The LEV merges with the tip-vortex at the wing-tip and connects to the root-vortex at the wing-base.
The present results support  the model for the primary vortex structure proposed in Muijes et al.



3(+) MR INM

® NAXEFHIE: MR, HE > £, B, iz

Z&

® X MRS IZRIUNEE: Camassa—Holm FF1=

T—RHERGENFRGNERETR

2

o°u
o LLEIEEIEMIALT I|m<v—> ek

KolmogorovZitIEit, NSHIZMATFEM—4



GRS

©mon:— i auE - EEER
A E—EIAYE)E
. NSHH1E: R, BEiEfF
=, U, HEHN, HE
- BERERS: mn S &R e
RS, A& ENHLRIG

k
&

I




	湍流：十九世纪的问题，二十一世纪的挑战
	幻灯片编号 2
	湍流：流体力学的核心问题之一
	Fluid Dynamics: Meeting National Needs
	幻灯片编号 5
	湍流研究的目标
	幻灯片编号 7
	进展1 湍流的统计理论：EDQNM
	时空关联：湍流的基本问题
	时空关联的定义
	时空能量谱（时空关联）的主要问题
	He GW, Chen S,  Kraichnan RH,  Zhang R and Zhou Y 81 21 4636 (1998) Phys. Rev. Lett 
	剪切湍流的EA (Elliptic Appr.)模型
	EA 模型的理论推导
	EA模型的数值验证：槽道湍流
	EA模型的实验研究：湍流热对流实验 
	时空关联的进展
	成果2 湍流的数值模拟：代替实验的设计工具                                                                                     
	计算流体力学第一个里程碑：数值风洞
	LES: a brief introduction 
	大涡模拟方法的基本数学问题
	里程碑2 航空发动机全机数值模拟：大涡模拟
	湍流燃烧的大涡模拟
	非预混的湍流燃烧
	The PDF transport equation 
	Gaussian closure: 不能描写混合过程
	Mapping closure: nonlinear mapping of Gaussian closure
	The model equations from MCA 
	Diffusion process: a basic test only for conditional Laplacian
	湍流噪声的大涡模拟 (飞行器和潜艇噪声)
	幻灯片编号 31
	Time-accurate large-eddy simulation (LES) 
	Time-accurate large-eddy simulation 
	湍流噪声大涡模拟的亚格子模型
	 LES of turbulent wake and sound radiation 
	大雷诺数时生物推进的大涡模拟 （可操纵性）
	LEV on bat wing at downstroke 
	3(+1)个数学问题
	结束语

