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Considerations

Laminar ~ <«—Transition length—> Turbulent

* Transition refers to development of small-scale, self-sustained
turbulence within the boundary layer

* Free-stream disturbances (turbulence; wakes) are large scale and
have little direct effect on skin friction, heat transfer

* External disturbances diffuse into the boundary layer, create
low frequency perturbations that break down to turbulence

* Transition occurs over an extended length

® Practical modeling represents averaged properties



Bypass transition

Schematic of continuous mode transition
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Boundary layer response to
Free-stream turbulence

streamwise fluctuations
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A bypass transition primer

Continuous modes; discrete modes

Klebanoff modes; ‘streaks’ or ‘jets’

Turbulent spots

Intermittency

Free-stream turbulence intensity (Tu) u’/U (in %)
Shear sheltering — or filtering

Bypass and natural transition



Discrete and Continuous mode shapes
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Continuous modes: Shear filtering and
penetration depth

—_— W=, ----- w=r/10, --- w=mw/100




Theory

O-S + forced Squire equations

O-S=horizontal, (L—0)v=0
Squire=vertical (S — 8)n = Culky, &)
vorticity 7

L = A —ik, UA+ik U" + |A?/R|},
S = [-ik, U+ (A/R), C=ikU’
Discrete modes (TS waves), v — 0, y — o©
Continuous modes, v bounded, y — oo
Dispersion relation: temporal (non-dim on ¢; Uxo = 1)
L (12,12, .2
P (kg + k5 + k)
O-S and Squire c=1 decay

wzkx—




4 exact resonance between continuous O-S and Squire modes

Basic idea of algebraic growth: for k, — 0 (or A\, — o0)
V?p = 0,Udv ~ 0

Then
div =0 — v =v(0)
diu = —vd,U — u ~ —v(0)d,Ut

(RDT; c.f. Prandtl)

i.e., streamwise elongated disturbances (jets) grow within
the boundary layer



Typical continuous modes
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Continuous mode transition
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Evolution of continuous mode response —* Klebanoff modes



Squire equation is forced by OS modes
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Superposition produces a "Klebanoff distortion'’



3% f.s.t, Klebanoff modes

streamwise fluctuations
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2 continuous modes, u-component
ets (streaks
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Breakdown of lifted jets




Side and end views of

lifted jets

Side End
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2 continuous modes, v-component




Turbulent spots

Contours of v
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Discrete plus continuous
modes

To illustrate natural vs. bypass

Inlet
plane

|
3-D continuous !

Interactions and
. T'S: secondary instability 77 g
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Boundary layer response
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Growth and breakdown of TS waves
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u contours in x-z plane at y=0.5099
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Boundary layer response
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Turbine and compressor blade
DNS
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LP turbine

Direct Numerical Simulation
(DNS)

T106




Transition on LP Turbine blade

Re=10°

No wakes




Distorted wakes

data by Fottner et al at Univ. Bundeswehr Munchen
Kindly provided by Peter Stadtmueller Dec. 1888
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Compressor passage

Periodic

Blade
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Compressor DNS sideview




Pressure, suction surfaces
and f.s.t.

Tangential velocity fluctuations
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Instantaneous velocity
contours




Pressure coefficient, Cp
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Jets and spots

Tangential velocity fluctuations
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Pressure coefficient, Cp
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Suction side: mixed mode transition

Iso-vorticity contours




Instability on the suction side

Spanwise vorticity
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Impinging wakes
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Mode 2 visualiztions
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Compressor:

Continuous mode transition 1s seen on the pressure side
Suction side has three-dimensional instability after separation.

Suction side depends on %f.s.t. Impinging wakes

intermittently reattach the boundary layer




Modeling for CFD

Two recent approaches to model transition for general
purpose CFD: Laminar fluctuation (Walters & Cokljat) and
Intermittency (Langtry & Menter)

Laminar fluctuation energy k;

— Klebanoff modes!?
- k, feeds k-

Intermittency function (Narishima) 0 <y < |
— nominally the fraction of time the flow is turbulent
— practically it is a switch that ramps up turbulent
production: y =P /(P + P

turbulent turbulent laminar )



* Actually, the third approach: rely on turbulence model
— Generally questionable: models not calibrated for
transition
— Not viable with k-w, S-A: transition way too early



Rely on turbulence model ??
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Laminar fluctuation model
Walters & Cokljat 2009

Turbulent k.e. and laminar k.e.

DkT 0 i a7 (9kT-
_=Pk +RBP+RNAT_wkT_DT+_ v+
Dt T ox; O/ OXj
K-modes Dk, i Jk; |
or _=PkL_RBP_RNAT_DL+_ V—
TS waves? DI oxjL ox; |

Do _~ @, +(C“’R 1)“’(R + Ryar) = C. r?
— = _ —_— - _ - C 0
Dt wlkT kT fW kT BP NAT 2

Cosfrf s iy, 2 ( aT) -3
+ C 3] T W_3+_ v+
d ox;| Ty/ OX;




Intermittency model
Langtry-Menter 2004

d(py) , 3(pUjy) 9 e\ y
—P,—E, +—
o0 | ox, r B o |\F T o, o

0.5
source Py, = FlengthcalpS[VFonset] (1—-y)

Sink to ensure  F, = ¢4 pQy Fury (ceay — 1)
laminar region
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— — — Menter SST (1994)
0.0084 | — - — - Suzen and Huang (2000)
— - - — Lodefier et al (2005)
Menter et al (2005) (+proposed parameters)
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The transport equation for the intermittency, 7 reads:
aler) , ot 7) PoE 4P E, 42 oy ® °
ot ox, ’ oo = u,/r}.rJ
The transition sources are defined as follows: I nte rl I I Itte n Cy I I l O d e I
Py=FopeapSIF.L I En=calyy @

where S is the strain rate magnitude. F.4 is an empirical correlation that controls the length of the transition
region. The destruction/relaminarization sources are defined as follows:

CaPQF i B )
where Q is the vorticity magnitude. The transition onset is controlled by the following functions:
{6

Motive: Can formulation be simpler; more
----- comprehensible!?

Rey. is the critical Reynolds number where the intermittency first starts to increase in the blundsry layer. Thi
occurs upstream of the transition Reynolds number, ﬁc;‘. and the difference between the x'l) must be obtaine

from an empirical correlation. Both the Fp and Res correlations are functions of Re,. I
The constants for the intermittency equation aze: <- -

c.=10; ¢,=20, ¢,=05 ¢,=

« a

it Physics: free-stream disturbance diffuses into
\Z‘max\; )| IOHI'ZII cme iy = max(ry,) bOL“',‘da'r.y Iayer

7\ = M0

( Re .
| 3235 Re,

The model constants in Equ. 10 have been adjusted from those of Menter ct al (2004) in order to improve th
predictions of scparated flow transition. The main difference is the constant that controls the relation between Re¢
and Rey was changed from 2,193, it’s value for a Blasius boundary layer, to 3.235, the value at a separation poir
where the shape factor is 3.5 (see for example Figure 2 in Menter ct al. 2004). The boundary condition for yat
: fon i i ¥ i s Reynolds number, Re,, . reads:

alpRe,), Aoy Rey) i[m.uoy.)“““] an
ax, dx

ar ax, |

The source term is defined as follows:

= 500
Po=co L Re - Reo N1.0- F) (= 04 (12)
1 pU -
" . NATER!
F, e 00 ! r=Ve, | Lo (13
L10-1sc,, )
J
5 .
o = g 50 5 (14)
2 u
2 [ Re
Re,=PD . F =g (15)
u
The mode] constants for the I‘{c,, cquation arc:
ce =003, o, =20 (16)
The boundary condition for Re, at a wall is zero flux. The boundary condition for Re,. at an inlet should be
calculated from the empirical correlation based on the inlet turbulence intensity.
The model contains three empirical correlations. Ree is the transition onset as observed in experiments. This has
been modified from Menter et al. (2004) in order to improve the predictions for natural transition. It is used in
Eq.12. F,.,,, is the length of the transition zonc and goes into Eq. 4. Reg, is the point where the model is activated in
order to match both, Rea, and Fi.,... it goes into Eq. 7. At present these empirical correlations are proprictary and
are not given in the paper.
Rey = f(u 2k Foo=f[Rek Rey = flRea) an

The first empirical correlation is a function of the local turbulence intensity, Tu, and the Thwaites™ pressure gradient
coefficient 4; defined as:

s = (07U (18)



Diffusion

D~ v up
—~ =0 || =+ — 0 F.,|Q(1 —
Dt 0; [(Ul T Uy) 837] + 5 [Q(1 =)/

1.2

In energy equation production is multiplig
Applied to k-w model 1

08}

Dk Oog R 7
=2 vr|S]? — C kw + 0, [(u;-ﬁ) [

04}

Dt

Dw 5 ) b\ -
E:QC@ul‘S‘ — UpoWw _|_8J [(V—l—oé-,,




Flat plate boundary layer
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Zero pressure gradient
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Summary

Theory:

Continuous mode transition 1s a theoretical framework for bypass
beneath vortical disturbances.  Disturbances diffuse into the
boundary layer, moderated by shear filtering

DNS:

Transition 1s at low Reynolds number: DNS on realistic geometries
1s quite feasible

Modeling:

Intermittency/RANS models probably can be simplified. That will
make it easier to apply this approach to other RANS closures, and
to modify models



