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Receptivity mechanisms

A classification of fluid dynamics instabilities:
e Local inviscid: centrifugal instabilities (Gortler)
e Layer inviscid: jets and wakes
e Layer viscous: Tollmien—Schlichting waves
e Algebraic: can explain bypass transition

= Different excitation mechanisms <«

External perturbation:
- acoustic wave
- vorticity wave

Receptivity mechanisms:
o leading edge receptivity
e wall roughness effect

- wall vibration
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Receptivity mechanisms

Possible approaches:

e Asymptotic theory (triple or double—deck): power series in Re~ 1 -
e. g. Goldstein (1983, 1985), Goldstein and Hultgren (1989), Bodonyi, Welch,
Duck and Tadjfar (1989), Bessiere (1999)

e Orr—Sommerfeld formulation: exact solution for parallel flow -

e. g. Crouch (1992), Choudhari and Streett (1992), Nayfeh and Ashour (1994),
Hill (1995)
e PSE: adjoint formulation for LPSE -
e. g. Herbert (1997), Airiau and Bottaro (1998)
e DNS: complete Navier—Stokes equations -
e. g. Casalis, Gouttenoire and Troff (1997),
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Aims of the present research

Multiple—scales approach
extended to non—homogeneous case

< Complex boundary layers (real geometries)
<~ Corrections for non—parallel flow effects

< Fast tool for transition prediction to be integrated in
an industrial code (wing design)
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Multiple—scales non—homogeneous approach

H (t) d—(t) + A (t)x(t) = €y(t) T =¢t

Quantities slowly varying with ¢

¢(T)
x(T)=¢e¢ ¢

(fo(T) + &1(T) + E6(T) + -+

Hierarchy of equations at different orders:

d (T)
(SCH () + AMD(T)) 7 = 0
d df o(T) -
(OB + 50 + A7) f1<T>> = = (1)
(Z¢H<T>fn<T> +Enl g 4y fn) P = o
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Multiple—scales non—homogeneous approach

oth order
Eigenvalue B
problem [A(T) + M\ (T)H(T)] fo(T) = O
2
Ap(T), ug(T) £3(T) = c,(T)Tx(T)
1St order
Singular B dfo $(T)
problem [A(T) + M\ (THYH(T)] £1(T) = -t y(T)e™ ¢
J
Solvability - dfo oM\
condition Vi(T) - ( +y(TM)e € | =0
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Multiple—scales non—homogeneous approach

Solvability condition (fo(T) = ci.(T)ui(T)):

duy(T) - _o(D)
kT cp, = Vip(T) - y(T)e "z

T(T) - (D) + 9(T) -

closed—form solution for ¢;(T) = ¢, - G, unique

) 5(Ty)
x(Ty) = cp(Tr)up(Ty)e ¢

U

+ O(é)

- Ty -
X(T) = Wy (Ty) [ /(1) -y (T) dT + O(&)

r. receptivity vector
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General receptivity formulation

T4 = e
oxr 0y
ou . ~0u _ 0u oU op  1_»_ . _4
— 4+ U— —+V — = —V S*
t+ 8x+u3:13+ 8y+vc’9y 8:1:+R ute
ov A(‘?’U ~ OV ov Op 5
— N — 4+ V— — = \Y SY
ot 8x+u8x+ o5 Vo5 ay+R vte
’i\l,(fj, y= Oaf) — Eﬁwall(faf) ﬁ(féag — OO,%) — g’i\l,oo(f,i)
’E(fag — Oaf) — E’Ewa”(f,f) 17(%7?3 — 007{) — Eﬁoo(iaf)
ﬁ(iag — 07{) — Eﬁwall(faa ﬁ(é\;a{y\ — OO,{) — EﬁOO(:Eaf)
_ U [wpUs o
R = — e — Rew;

= QGiven base flow for a general boundary layer profile
= Disturbance treated using multiple—scale approach
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General receptivity formulation

. V@ - -

Uy) =0GD), Vg =20 Sy =85G 5D
~ B@) _ Gt 60

Q(fc,y,t):(QO(fc,y)+GQ1(II;,y)+)6 € s %:Oé

ot" order A (a,w,R)fg = 0 = o, g (fg = cfp)
st dfo —10@) 4 it
1°t order A(a,w,R)f; = —H (a,R) P C(a,R)fg+y(x,w)e ¢
x

Y

Solvability condition: y*:RHS=0 = equation for ¢

Standard multiple—scales but with y
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General receptivity formulation

L ——
@4_0’_20 _ Y ye—%’ﬂwt = c(zy) . dfy -
dr aq aq ap = y - HE—I—CfO

a> account for non—parallel corrections

i0(x)

B . *( ) ( ) o /xf_CLQ(iU,) de, ] |
f(z;) = / Y T ;Lly(;)e “ele a1r(@) T gz| By(zp)e T + OF)

In a compact form:

f(zp) =Toep) [/ 1(2)y(2) det0(®)

L0

r(z) is the adjoint times a constant and represents the sensitivity of f(z;) to y(x)
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Acoustic waves — wall roughness interaction

Acoustic wave

Developing Boundary Layer

- _M\Wall roughness

Xt |

Regular perturbation series expansion:

Wz, y,t) = V(z,y) + eve(z, y)e ™" + 6vs(z,y) + edves(z, y)e ™ 4 -

Base flow: Blasius solution

Disturbance: three problem at three orders e, 9, €d
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Acoustic waves — wall roughness interaction

Boundary conditions:

14 ee @t as gy

u — — o0
v — 0 as y — o0
u=v = 0 at y = dh(x)

Linearization of boundary conditions if § < dgT and § <K A\y:

_ o
V(2,9 1) = 9(2,0,0) + 6h() LD | g 22 TV BB
Oy  |,=0 2 By y—0
Order e ve(z,0) = 0O
oV (x,
Order o vs(z,0) = —h(x) (z y)‘
oy —
o
Order €d V€5(£U,O) — —h(x) Ve(a:,y)
0y =0
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Order «

Multiple—scales:

Oth order
Ovo,
3; = 0 ue — 1 as y — o
. 182“06
—IWUQe — — = 0 vwe — 0 as y — o©
R %yz
PO¢ — O UQ e = O at Y == O
dy
15t order
Ov1,
8y:O uie — 0 as y — oo
: 1 0%u1, OU _yOuo 1 4 0 as y — o
— WU — — = —UQe— — le
TR %yQ 0 ga: Oy
Pre _ %V ue = 0 at y = O
Oy ox

For R=582 and FF = 49.34-107°% (F = w*v*/U*?) the correction ui. ~ 0.01ug,

eve(x, y)e_m —e(l —eV —why O)e_i“”5
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, ox 0
Ougs 1 [0%ugs . O“uog oU Opo;
U— — il “FOs
ox R ( 02 + Oy? + Oy vos F Ox

L(z, )5(2) = ys(2)h(o)

f5(x) gt fade appears at order €4.
Adjoint definition:

geifada:.L(f) :f.i(geifadx) :f_i(x,a)geifadx

_ . )
f5 = f; e“fadx and — = ia introduced:

T

A (a, R) f5(x) = ys(z)h(z)e ) ade

y=0

y=0
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Order ¢

Application of the non—homogeneous multiple—scales approach:

O(0) : Eigenvalue
problem

A(a,w,R)fg5(z) = 0 = o, foes (foes = cfoes)
O(€) . Singular
problem
dfoe(g zf o dx’
A(a,w,R)f15(z) = —H(a,R) — C (o, R) foe5 + Fes(z,w)e

dx
Y

Solvability condition = C

0

e = Toustep) ([ 1) - Sus(o) de ) e 140(@
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Application of multiple—scales approach

What is y 5(x)7?

s,
ST = (—iaueﬂ5 — Vs u€> h(x)
1. from the equations: Oy

SY = (—iauevs) h(x)

L 0
2. from boundary conditions: Ueswall = | — te h(x)
5’65(33) — S’e5(x)h(x)
J

Lf ~ Lf ~ L f
| Tr@) - Fos@ de = [ T1(@) - Fes@(@) do = [ T rp(2)h(z) da

0 0 0
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Application of multiple—scales approach

fs(zp)e ™ =Tos(zy) (/x

0

For (2)h(2) d:c) =Wt L O(7)

- xf
max|figes(ep y)| = 1= | AGwp) = e [ [ ry(2)h(z) do

L0

A(zs) depends on the normalization of fy;

. i (y* . (HC;E + Cfo) . \
rp(x) = Y 'y€:$ EXP —/ d a — — zix dx’
y* . (I—Ifo) z y* . (I—Ifo) €

\ /

= 7 (2) e—f;;c a(z') dz’
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Comparisons

\/

T zf
s [ h(x)ry(x)e™ Jo7 a(@)da’ g,
TQ

A(CIJf) —

Az ) = |ede” Jor a(a") da’ /Oo h(x)ry(z)e” Jz"ala)da’ g,

Crouch: A(xy) =

€67, (r) /_0; h(z)e— 6 da:‘ = |ed7y, (2 ) H(R)]
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Comparisons

Saric et al.: R=582, F =49.34-10° R; = Re,s = 1121

Ir A
‘/oo h(z)7y (z)e Jo" a@)da’ g | — (?“) = 1.22976 non—parallel

A(xr)
€0

|57, (zr) H ()| = — 1.22283 Crouch

A i A
(zr) ‘6— Jzr a(a) do’ (z) = 126.139 non—parallel

S €d
A(?) i Jurl ala!) da'| — A(fsf) = 96.063 Crouch
€ €

At Rf: difference between parallel and non—parallel due to
the amplification
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‘fh (.t)efff a(t) dt‘

Non—parallel corrections

0.06 T T T T T 1.1 T T | | T
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A(zs) = |ede Jaj a(a) / h(x)7ry(x)e Jo T a(e) da’ g,
— 00
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Conclusions

v/ Corrections for non—parallel effects with-
out additional costs implied

v General validity for real geometries

v/ Suitable for more complex boundary layer
profiles and wing design

v/ Fast tool: possible integration in an indus-
trial code for the transition prediction
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Further developments

{ Integration in an industrial code for the tran-
sition prediction (wing design)

& Application to different and more complex
boundary layers: Falkner—Skan, stagnation
point or given base flow from real problem

{ Extension to 3D
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