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Lecture VIl

Issues in DNS

Gary Coleman
University of Southampton

Pioneers

Orszag & Patterson (1972) — Homogeneous isotropic
turbulence [Fourier3 spectral]

Kim, Moin & Moser (1987) — R =180 turbulent plane
channel/Poiseuille flow [Fourier?/Chebyshev-t spectral]

Spalart (1988) — R,=1410 ZPG boundary layer
[Fourier?/Jacobi spectral]

Overview
(following “Primer on DNS of turbulence”)

* Introduction*

— Context, seminal studies*
* The Reynolds-number constraint*
* Numerical considerations*

— Spatial discretisation*
o Spectral methods*
o Finite-difference methods*

— (Temporal discretisation)
— (Boundary/initial conditions)
— (Code validation & resolution guidelines)

* (Outlook)
* Case study: Near-wall similarity and DNS* (Lecture VIIb)

* Covered here

Example — separation/transition
in APG BL:

& from Spalart & Strelets (2000)
[1.4x107 grid points]

~i" cf Hoyas & Jimenez (2006):
fwf\\ [1.8x10% points]




Direct numerical simulation (DNS) Or LES...

Conceptually straightforward:

* Discretise 3D Navier-Stokes equations on fine grid

* Time step resolving the fine-scale motion
(unsteady questions must be solved)

* Collect statistics, etc just as for a short-duration
experimental realisation of flow:

DNS = ‘numerical experiment’
* Resolve all spatial & temporal scale of motion

DNS is not RANS... DNS = ‘Exact’ high-fidelity CFD




Benefits:

e Capable of providing complete knowledge of

turbulent flow

* Complete control of IC/BCs and parameters &

equations (can “play with nature”!)

.. ideal research tool
Drawbacks:

e Computationally very expensive, due to need
to resolve fine-scale motion: HPC required

e Computational costs scale horribly with

Reynolds number...
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Re ‘similarity’...
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Different N=N(Re) relationships for other types of flows,
but in general cost ~ Re” where n~2-3. Consequently...
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» Most engineering flows are beyond the reach of
DNS — by a large factor (it is not a design tool)

BUT:

* DNS can give complete and accurate knowledge
of turbulence at moderate Reynolds numbers,
and is therefore ideally suited for studying
fundamental physics, testing RANS/SGS models

* And results at lower Re can often be safely
extrapolated to higher Re via Reynolds-number
similarity (i.e. Re-independence of Large Scales)...

(from van Dyke 1982) w




...Real-world relevance of DNS

* For phenomena and statistics associated with
largest scales (mixing, transport), DNS at “high
enough Re” captures typical high-Re behaviour

* And for wall-bounded turbulence (for which
effective Re—0 as " —0) DNS accurately
represents at least some of the critical near-wall
dynamics (streaks, etc) of high-Re flows

* For some cases (1UAVs, very high Ma) DNS can
reach design conditions

Numerical methods for DNS

» Must provide accurate realisation of the flow
over wide range or length/time scales, plus
accurate time history of the flow, to yield
correct turbulence statistics and flow
structures

— for spatial discretisation, traditional
choice is spectral methods... (see ‘Primer’ for
discussion of finite-difference methods and
temporal discretisation)

* Numerical considerations

— Spatial discretisation
o Spectral methods
o Finite-difference methods

Spatial discretization options:

# Standard (low-order) finite-difference (FD)/finite volume (FV) methods -

[popular for computational aeroacoustics,

etween accuracy and fexibility

= Coding more involved

¢ Finite-clement /spectral-clement methods — [emerging techniques for complex DNS: riblets,

® Viscous vortex methods — [current computational research topic]

+ Can accomodate high-Re bluff-body Aows

— Extension to 3D not straightforward




Spectral methods
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Spectad DNS =
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> Festures of gpectvral wethods

o I \ossis~function vaciations corcactiy it
dependent-variakle Variations (as does
Tourier series 4o stetistically Viomaogen eons
U__,_.m,\n..r_q_xwv\.}as ;

— e, @%93%&3 coeflcents a, go b
300 as N,

ﬁ.ﬂm POA L exvor Sgivsﬁ_\évv

:, Shactol Wedods Wale exponestial ‘

of WOl Lonlengemce.

and =+hey & sa such et diseretisation
efror decleases faster +Han any (')
sz_@« ot VN

ﬁ%x nhegrabin oy ot (epantedy o
4n= o w QU) W @, (x) dx

D (N ay)—>o0

N W%

, Where m {5 orer of
Widnest dexvabive. of Q)
o TE Q is Wy differakialde (m=x),

#?Qzuvo.@u_.mﬂéfnsaxtdué@ﬂ .vv
oF \/N.

o VerLechon that lan =0 as n=N
%«oﬁ%m & ,vom.fmﬁ_ajxn:m%. Mt
Satial yesoluhon s suffcient
(o o grid tefinewment oty needed

o enswe Qﬂmﬁfrﬁ ™S Yeadts  are
“oroodly Cacect” )

(

(BUT see Lecture VlIb Case Study)




= Huucc)_mhﬂ Sevies ﬁ.}h dascic/duntescanh'al

ST T IR spestal mekthd )
Toud ex N-L . i e @ln\v Nocwm\ U»Mcu_ _vom\ LY
whonpaloat = WUK] n..wl U e where _Fhvuﬂ { y
T
_ : -l uts) =u ()
Al Fous N
%,M«J%w gm,\ Recll A=t el b 121 =+ 1
" ool o vt spce” Goomenc Series @ = ) = 27!
#t disorete ponts  Xi=|AX = (AN - o N L. 13l=1
) | N
N
~ A sx & v *
| &— » —=I
Nt 2l A
we. ke )= ur = =ne™ e
i
nL WL /ny r.l‘gﬂn%@mm p=orL81
= r._ - \.M,crhm\ u.,.un_,cs\mxi« oo t.gm We i # f-n .mﬁw_
L@ OF st 2= € = P
N .cC.?\L.. ‘“. l L-n=0
(v o 5 ] (e
sy [ =
N-U[ 2 vl Ny =
4 2 (L) £ = J-n#pN
@\Id
N L-n=o0
=[ N &,




>Taet PET inﬂb mo@_@w\ﬂckn& (12es)

Lot z.....wf = N & ﬁ:elw@‘_ff\i:@

N I R il N
M-l —lar >._\L N-l _ A Y _ A Al AT Li/N
oMbty = .Mg¢ = Z0 NS, = N = SHS ==l +Wc\.
e e — eiem
mkaﬁez,?i. BC,Q (J=mY =ty
&.J Wl T N Zx....\_r 2 ?_tf
= + U s.:_m\
N-t YN Torwed mcc.r, © m_v *
=t S e OFET
- w - Z ‘20 .ﬁ 1 hvgvm.\x Mn_ . .P.__.Z‘Oﬁ}.v .n.__,_\?__ r dﬁ.z\\ﬁﬁ\t
4__ n@ ﬁ,dfpm .A“\P w = M C.vs €, -+ m\ M d._.:m\
n=o
0 e et i
© (N q o[ ]
wrt DFT..

Note:
(1) and (2) are a Fwrd/Bkwrd transform pair

* Forward and Backward DFT are both Matrix-
Vector Multiply operations [M]{V} with:

=(e *2™/NyJ and v, _i;oru

* Thus, obtaining the Nu,’s from the :\m (or vice

versa) requires O(N?) multiply-add operations
.. Very expensive...

hatory - Fordlior @Q@{am@ 2oda ) cwrlllar DFTS

ao s bl o o N Eoﬁw\.
it o i |
(rst - Zh%@np?&?h?y.Tg@ggﬁi.
T ((medarskuc) o) N (s dn 2eddn Qlitteg
Sie N=2™ (= wm=(og, N) Jlou tue o Sl
A Logudl hllics _\b
SoohD (et @ﬂw@&u o N ?. z

(Makes Fourier-spectral DNS feasible)




P Periodicty of FT> ;}4&»3 WAL Unwbers

N-l wid/n Nl i
A ! A BOAIN ol
C_*_HM:_.@ = NI»@L +M\Cr;m.
Leo L= =N

(J||l|\.l\

\ N.E.T n-zp

EX TIN
T 94_,___3..&\_2 / 4
M&_\:z;v@
4u| N

. 2 i SR b/
= = Cz._v € = = _g; e

™ \ﬁ y=-4
Netafinn
SiG&E..kwfva_w B Hepe-t

NB. “he hidest waNenumber gt can oo
ﬁ.%._.sgnr on a given uniorw

& ,$ ul..H_il
- S w.gk AX

b Nygwist/Heduency hrom signal pacessing )

ZnWNIZ) A = A
A

S SN /N e
5 ChnN:‘@ + = twm
l=o Tn\a.ml
_ S TN ,
oloou = Zhe & (pisikond Lrom,
f=5 EJ e W sl s
%cﬁ. u*%\rhw\_\a\,\l
(g hetistzn E

(e Ll 2] ) ol sl
& ascllabtng

m,bm £ mim spacing OX {5 =oo_coarce

Sor Fhe gpatial Vaviakions in 0&x & A
(e f kwr of e acid is smaller Hom
dhe actusl max k), +hen Hhe Fourien
Coefficients et ale supported oy +he
grie will be corrupted da Aliasing Erors,

\mAlieaHon Hor NS :
Nonlinear/convectiie terms in N-S @dus
Nefeage Hne Span of Walenumbens rom

-N
Sened & -Nenen

i e i
" {e4d o cabiuie San 0F NL
ﬂ Mm dep. var. éih&av h R.,Msim y
A_zﬁr be fesolvied

vy tunericel scheme 4 /




(e’
lworease fesoluhon of qrid whon
toruting Jhe tonlinear terws i L5xN
collocation | 4uadnatuie ﬁuiw are used,

cesutts ee Lowm aliosina exvors ?rp,m%&g_.

(e Lompressisie £laws, o which (L), =apuiu /oK
nd WS v NS G iniole Hhe suation (S wuch
Wf$Q, and cannst W2 exactly Citd,; mpuh@wamu

Apply upwind Foa: - IK

r:\
Ll N ex v
Auy oUW F.M:ET I_ e MQ
JAYS [N Lk
X W - -keax
_istwe (e
br k
T e A flex:
s sit(i-e wigﬁm h
A
A X; F/WQI%\\,II X
m: A nrx,__.
bl S| = = khk) e
— x K

X

| debne wakifed wavenwaper ¥

[> Fourier series can be Used - avalyze, ofer
ol diceretizabions via wmod fed/efechie
menwmloer k* —

L4

Examble : consider _wwéo:w oA Ax

- c_m |§_|_
Ax

*
i

s use it 4o approximate cerivatives of
romegenents/periodic fels on niform grid Ax

e
Aetuol Leld  uw)= =G e "
T "%
|
1 ﬂ ] . k
AT X uﬁ_...x

A tonstant

Tor s FRA - @...,_xbx
—
——

= L (1 (stean -isinte )

u %» @ - coylkhx) + __m_.s?bx&

Haus r*px = ginleax) + 1 (cos(lenx) - y
N ———

k¥ Ax Ak

Resl 4ort ki gives dispersion (Prasejerror
|mag, part K gives dissibetion ertor




|
n__\ érrot”
|
/ \ J ' ginlepx)
x_ -
. Kbx

Note o Modified walevumber analysis can
also Ve used do duarhfy ervors
0sSock ated il FDA of obher
derivotives (e.q. P4 denivaRve):

Ju __p
. U o LG
A i
Cosedn)- FOA - Al o
\m — ‘mmmﬁsmn modified
,3 only lowest wave fuwbers & <T/2nx wavenwuben
_m smovthest, lanae-seale Varaihions) gne +reates ssescioted Witk
9«89;; oy Yhis ubwing scheme 22 deniveh e FOA
used,
mgi&_@ (contd) ..

1S decivative
FOA

Incrassiva
oreer

3rd order

\.I.r.bx

oo Mply upwind scheme 4o 1D wave
(\inear Version of LHS of N-S edns):

Y] dul

R T RO : ilex
.y.ﬁ UX. A Vex .y
e A.HWU WL\@[M@ + =clklie=0
e
Wit = M:F&@

o n.n.W&-
For FOA - w»..;n&%lUlﬂv E;?fo ‘ﬁ

Nete: wis avalysis congiders only spehial
oA errors - No account —mken of

ervars due o }E Schewe. (see ‘Primer’)




cince LF- V4 ._.ﬁ. we Vave
% 5 =i =¥
C_.hvn_._wv = IQP,& e e

W decay (o2 K=
W = LK

and (g fad/efective

Note dst decay (ate aud Prase speed
iwhoduced ubw 0 il amvﬁsm o

wolenowbker,

* |Dﬁ__. “ @ - nnmﬁw.ea.x

-

L)

Disbersion /Base ervor -

exad = K= ct

ct as kDo (o¥)
sinllax)
ol REeh TS e

ST kdx 0 as 3T (1)

—ys e .s_m_smﬂ 4ne e (amaller Hhe
wote\enala, spatial scales) Ve <lowesr
i+ onvects, Diskersion errov

C,ﬂihim DA -
* 7 le Ax
nmmj - Sl bx)
e bx

Tespation EYravs
-t
exact: & = |
20
P nﬁamprE.,T | | as k> (o9
oA 2 =6 W :,% -
0 as _Kbvmx PJ‘_

;. e xmu,sm,__a dhe k, the Laster
i+ decays, Pissipation ervor




* Upwind schemes do not represent the largest
resolvable wavenumbers correctly
— Much finer grid required to match spectral

methods

Conclusions

— Apply to turbulence simulation with caution!

* Do not judge the accuracy/fidelity of a DNS (or

any CFD solution) solely by the total number
of grid points

Near-wall similarity and DNS:

1. The resilience of the logarithmic law to
pressure gradients — Evidence from DNS

2. The hunt for «

Near-wall similarity and DNS

Lecture Vlib

Gary Coleman?*, Roderick Johnstone*, Philippe Spalart™**

— UK Turbulence Consortium —

€PSRC

Engineering and Physical Sciences
Research Council

*University of Southampton
**Boeing Commercial Airplanes

HPCx

CAPABILITY COMPUTING

Issues

» How Robust and universal is the log law?...

...Effect of:

— Flow type/boundary conditions?

— Reynolds number?

— Pressure gradients (i.e. dr/dy # 0)?




Approach

* Fully spectral DNS of:
— Plane Couette-Poiseuille flow
— Pressure-driven Ekman layer (3DBL)
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Review: Near-wall similarity of low-speed zero-

pressure-gradient (ZPG) turbulent boundary layers:
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Couette flow DNS (dP/dx=0)

Options:

xy for
038<xs041 T () o = »
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(1),(2),(3)
depemd on Uc (e Tw)

U,, h/v= 10,000

Motivates DNS of:

Plane. Poiseuille - louette Flow -
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Couette-Poiseuille Flow

Shear stress Mean velocity

f
agms | | a0z
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UfDelta U
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Conclusion:

The log law is more resilient to pressure gradients than eddy-
viscosity and mixing length (Johnstone et al 2010; cf Galbraith,
Sjolander & Head 1977, and Huang & Bradshaw 1995)

Couette-Poiseuille: The Bottom Line

y Pure Poiseuille
i (Hoyas & Jimenez 2006)

ssx10n4 P =33z1043 PF Eaman

* LHS: Both walls “trying hard” to have log law...

* RHS: Three similarity candidates vs xy...
— Theory with 0.38 <k <0.41
— The Log Law (1) is clear winner
— Qualitative (rather than sharp, asymptotic) but important result

Recap: Log law characteristics:

Q1. How robust?
A. Quite!

Q2. How universal? (i.e. is k constant?)
A.TBD...

...What does DNS imply?...




Turbulent (pressure-driven) Ekman layer:

» Balance between pressure gradient, Coriolis and “friction”
= 3D boundary layer..

neight v .
Turbulent

Hodograph:

Caridlis

* Defining parameter: Reynolds number Re=GD/v , where

G <« freestream/geostrophic wind speed
D =(2v/f)Y? « viscous boundary-layer depth
f=2Q, « Coriolis/rotation parameter

v =ulp <« kinematic viscosity

Ekman Layer DNS
(Spalart et al. 2008)

|® | contours Re=2828

* Relevance for near-wall similarity?...

Ekman-layer DNS
(Spalart, Coleman & Johnstone 2008, Phys Fluids)

* Re =1000, 1414, 2000 and 2828

Ekman-Layer DNS at Re = 2828

Coriolis term allows BL
homogeneous in x, yand t

Pressure gradient, equivalent to
channel at Re_ = 1250

Boundary-layer thickness

&~ 5000v/u,
Fully spectral Jacobi/Fourier BL
code

768 X 2304 x 204 (=360M)
quadrature/collocation points

Patch over 15,0002 in wall units,
i.e. 150 streaks side-by-side

Note the “mega-patches”




Log Law in Ekman-Layer DNS?

I+

20

10

-10

“Re =1000

velocity aligned with wall stress
velocity magnitude (3D effect)

10"

10

10°

10°

Vel

10*

Ekman Reynolds numbers from 1000 to 2828: 6* scales like Rel®

Karman Measure in Ekman-Layer DNS with Shift
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» Shiftingto In (z* +7.5) creates a plateau at 0.38!
(Main result of 2008 Phys Fluids paper.)

d(In z+)/dU+

0.5

0.3

Karman Measure in Ekman-Layer DNS

LN L L L L

T 1T T

L1l

10°

BUT, it was all too good to be true...

* Subsequent work has revealed 2008 Ekman
DNS used Rules of Thumb for resolution (from
Spalart’s 1988 TBL) that are not adequate:

— 1988 Resolution:

Ax* =20, Ay*=7,n=10 at z* =10

— 2009 Resolution:
Axt =12, Ay* =

4,n=10at z* =6




Resolution check: Ekman DNS at Re=1000
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New Ekman DNS:

© Agrees with channel, implies unique Law of the
Wall Ut=f(z").

® No sign of plateau in Karman Measure (and
would require implausibly large offset to create
one).

® Correction in Phys. Fluids 21, 109901 (2009).

® Determination of k via DNS now appears many
years away.

Karman measure for new Ekman DNS
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Summary

» Couette-Poiseuille DNS implies the Log Law is
very robust.

* |s it universal? We’d like to thinks so, but time
will tell...

— (An order of magnitude over Kim et al (1987) has been gained in
Re, but « is less certain than ever!)
— NB. Recent “Variable «” proposals = death of Log Law.

» Lessons from Ekman-layer DNS:

— The general Law of the Wall (i.e. U*=f(z*)) is unique.

— The Log Law is established only for z* > 200 at best (conventional
ideas about Viscous, Buffer and beginning of Log layer need
revision).

— Using Standard Rules of Thumb regarding resolution requires
caution, and does not in-and-of-itself guarantee perfection at
every level.




