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UD
[~ Re = —— < Re it

Laminar flow v

UD
ID,____m Re = 7 > Recrit

— SRR For pipes: Recrit ~ 2300

Turbulent flow (observed with an electric spark)

Other experiments: Re..;; ~ 2000 — 40000

[0. Reynolds, 1883]

For flat plate:

U
Reo i = — ~ 3.5 % 10° — 10°
1%

[Schlichting, 2000] 3/29



CTU

g Laminar-turbulent transition

UNIVERSITY
IN PRAGUE

These Regions bypassed
- Tor bypass transition
Region 1] Region 2 | Region 3 Region 4 Region §

TS | Spanwise Thige- Turbulent Fully
Waves | Vorticity | Dimensional Spots Turoulent
Breakdown Flow

Laminar k———-— Transition ———h-l Turbulent

Natural transition
according to Schlichting

. 4 L

M

Initial disturbances

v

Receptivity

Transient growth

Primary mode

Secondary mode

v

Breakdown

J

Turbulence

Path to transition according to
Morkovin

+ Bypass
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Thermography camera

& )

Wing glove with hot-
DAQ Laptop film arra

Transition at the wings of a glider, infrared image
[Schreivogel, 2015]

DNS of flows over suction
side of turbine blade, A

I 21!

[Hosseini et al, 2015]
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e Mathematical models
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Boundary layer codes:
* Stability of the B-L via Orr-Sommerfeld equation
* e"method [van Ingen, 1956]

Solution of full Navier-Stokes equations:

Direct numerical simulation (DNS)
* Kolmogorov scale ~ 1/Re => O(Re?) DoFs
* Very expensive!

Large eddy simulation (LES)

* Large eddies are simulated, small eddies are modeled

* For boundary layer transition => wall resolved LES => similar to DNS

* Hybrid RANS-LES (DES) simulation: RANS in the BL + LES in the farfield

Reynolds averaged Navier-Stokes (RANS)
* Usually calibrated for fully turbulent cases
* Needs some additional corrections / sub-models for transitional flows
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2 Boundary layer eq. + eM
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Prandtl’'s equations: Boundary layer eq.:
Uly + VUy = —Pg + VU do 0 dU ¢
Yy vy __|_(2_|_H)__:_f7
Uy +vy =0 - dx U dx 2
df* 0* dU
Py =0 e
! dx 9 U dx D
Boundary layer parameters: Closure: ¢y =cy(H,0), cp =cp(H,0)
5 /OO (1-2Y gy Laminar BL (x<x,):
OOO U * from Blasius or Falkner-Skann
u U lutions
0 .= . (1 — —) d S0
/0 U v)

" /oo u (1 B (2>2) " Turbulent BL (x>x,):
0

* from power law
* from correlations

Value of xtr? 2/29
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Assume: u(z,y,t) =Uly) + u'(z,y,1),
v(z,y,t) =0+ (z,y,t), .
p(z,y,t) = P(x) +p'(x,y,1). Note: P, =vU,,

_ : 1
Linearized NS:  u}, + Uu/, +v'U, + —p., = vV?u/,
p

1
v, + U, + ;p; = vV,

ul, + v, = 0.
Introducing stream function: «' =9, o' = -V,

1
Wyr + UWyy —Uy¥y + ;px = V(Vyza + Vyyy),

1
W — UV + ;py — V(_\Ijmxx - \Ijxyy)

l

VQ‘I’t + U(Yyze + \ijyy) — Uyy¥o = V(2‘Ijsc:cyy + Wyyyy + )
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Orr-Sommerfeld equation

U(x,y,t) = (y)e@r=hY

5 " 2 __i_V nr 2 11 +
(U—==)(¢" —a"¢) = a(¢ 20°¢" + a” o). y=0=¢=¢ =

8%

CZECH TECHNICAL
UNIVERSITY
IN PRAGUE

Temporal stability: a €R, =05 +1i5;
Spatial stability: a=qa,+ia;, 0ER

Eigenvalue problem:

-given U, B, v was
-find a, 0

If a <O, flow is unstable om
O-S equation allows to find R
Re _and growth rate for given

crit

disturbance. [Schlichting, 2000]
9/29



CZECH TECHNICAL
UNIVERSITY

IN PRAGUE

Initial perturbation: ap =7
Growth factor: n(z, 8) = In(a(zx, B)/ag) = / —a;(B) d€.

Transition location: mﬁax n(Tr, B) = Neriz = 9.

van Ingen (Tu>0.1%):
- transition start: n, = 2.13 - 6.18 log(Tu)

« transition complete: n,=5 - 6.18 log(Tu)

H= 260 2.48 241 230 2.21

Envelope method [Drela]: BRI o A 7 4
AN B A "o W

Reyp — Reg opi S| NS N SO0 LUV / SN

dReg (Res 9.crit) ’ V|1 AR o VN

= J(H), R e

10000
Re,

N =

dN
dReg

1 0.43 1
lOgl()(RGQ,Cm‘t) = 2.492 (ﬁ) + 0.7 (tanh(lélﬁ — 924) + 1)
a ; 10/29
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i eV model
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Pros:

* Simple and reasonably accurate model for natural transition

* Built on mathematical background (Orr-Sommerfeld eq.)

* Easy to couple with integral boundary layer methods and inviscid models
(see e.g. XFoil package)

* Very useful for (2D) flows with low Tu (wind-turbines, sailplanes, ...)

Cons:

* Does not cover bypass transition

* Difficult do extend the model to complex 3D flows
* Not directly compatible with general N-S codes

NACA 0012
e = 1.000=10°

O L

—— 0T oz o oe  os o 1126
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1 (T
; - r):= lim — I(t)dt

Intermittency: v(z) T—>ooT/0 (t) o )‘*45
::. P’K ‘E {i-‘!/\—

| f i

¢l 1 lety0 ! :

_— - . 1 IS ;““%_5__;_‘_}77

For transition in boundary I i Ty

layer [Narasimha, Emmons]:

v(x) =1—exp (%(w — xt)Q) =1—exp (NJ(Rex — Rext)Q) :

Correlations for N, o, eg. [Mayle], [Gostelow] No =15-10"12Tu"* F(K)

Correlations for x, (Re ), eg. [Mayle], [Abu-Ghannam, Shaw], ...

Reg; = 400Tu0-625, for Tu > 1%
F()\
Reg; = 163 + exp (F()\g) — 6(9i)Tu> , for low Tu
Uo 0% dU
Reo = =7 2o = 05 12/29
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Algebraic intermittency model

¥ Vi + Ve Ve — Vi d
Model by Pfihoda & Straka: y= Ve Ve Wy [c}, (@ _ 1)]
e Calculation of Re_via [ 1 —exp[—iio(Rex — Rey)?], for Rey > Rey
6 vi = 0, otherwise.

Re assuming non-zero

v,max

pressure gradient
* Improved correlations

1 — exp(—40A1
Reg; = Regy, [1 + F(Tu) P( t) ] ,

1 4+ 0.4 exp(—402;)

e { 975.8 — 497.2Tu + 1=+ for Tu < 1%,
- - ’g et
Coupling to a two-equation 0967+ o+ 2 for Tu > 1%.
k- model: F(Tu) = 0.29[1 — 0.54 exp(—3.5Tu)] exp(—Tu),
Dk ~ ~ v — [ 086 x 1073 Tu™"* exp (2.1344, In Tu — 59.233)1. A <0,
Ft — Pk — Dk + V(ngka)’ 1 0.86 x 1073 T~ exp (—10/7,), A > 0.
A 3
Dw N =noRep,
— Pw - Dw - CYl) _|_ V(V(iffvw)7 Reumax :max(d2|.§2|/v). <:|
DNt o _ v dUes)
Pk p— 'yij UE’2 d.\‘
~ L = RE,’E Il'lilXK’
Dy, = max(,0.1) Dy, C =2.185 — 5.79L + 63.076 min(0, L)*,
Reumax
Veff :V_i_fyyt. Rey = C » <:|
A= ReSK,
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Flat plate flows [Fiirst, Pfihoda, Straka: Computing, 2013]

ERCOFTAC T3A case ERCOFTAC T3A- case ERCOFTAC T3B case
Tu=3% Tu=0.9% Tu=6%
- — T —— N
. EFCQ]"‘[]'A(J_.M I S FEI I S o LRCOFTAC don 1+ ®  ERCOFTAC daw
~ ~ - Blasius {laminar) - ==~ Blasius {laminar} — ==~ Blasius (laminar) |-
----- White (turbulent) a c—-—- White (turbulent) -—-—- White {turbulent)
—— k-ky-mmaodel 0.01 K-k, - model -] — kok - model
—e— k-t alg m, F_.r=‘|f ! K-t + alg. m., F_I_d‘r' 0.01 == - —-- ktrdalg m. F-;_T —t-id
0.01 |= - = === k-m+alg. m., F =B+ l-B]"I; L R - - e i
o | - B i P W—'-::_-“*
- 0" — 4 T
Ry
g
0.001 =~ 10000 :
e+05 le+06
10000 le+05 le+06

Flows through a turbine cascade [FPS, 2013]

VKI cascade VKI cascade
Re=590 000 Re=590 000
4 0.01 T —

o Experiment, Canepa et al. (2003) [y~

)
o gt 0008 TR
?}7 = i . : ~\ - kowalg m EEBHI-B)
_ y 0.006 \ i
= 2 n77 / - "\"\ ")J’I
= |7 e °© P E Ll

A 0.004 i
n.\ {; v

Inlet

1 / o Experiment, Canepa et al. (2003) -

;
. ]
T — k-k -m model 0.002 R = .y
A’ _. k-ml.+ alg. m. F=y 1 Ny ?fy E
s T T AN sl I
0 N N 0 =2
0 0.25 0.5 0.75 1 ] 0.2 04 0.6 0.81
8 / S]‘na_x 5 f SITlElX
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Pros:

* Able to cover natural and bypass transition

* Easy to test/implement custom correlations

* Extensible for other scenarios of the laminar-turbulent transition
(transition in separated flows, ...)

* Computationally inexpensive (for simple geometry & structured meshes)

Cons:

* Very difficult implementation in the case of unstructured meshes
* Basically 2D model
* Does not reflect the history of the flow

15/29



Intermittency transport model

Concept of the model:

v(x) =1—exp (—5,3(1: — 1)°) = V—In(1—7) =B (z—z)
]
- Vy=26||d]|(1 —y)v/—In(1l —v) <= 3—1_2571— )/ —1n(1 —~
—2\/ UH’LLH ].— \/ ln I —~ onset"l'v( effv,y)

Dy l

Dt = FlengtnS(1 — v)v/YFonset + V(v effv’Y where S = /25;;5;;

16/29



CTU

e Intermittency transport model

Langtry and Menter, 2006 and 2009:

D’Y p o 0 n Vg 87 P’y — CalP"lengthS(1 - Celv) V /VFonseta
- — — - 1% - -
Dt 7 7 Oz ; o) 0x; E., = cooFrurp(ceay — 1)y

Fturb — Fturb(yt/l/)

From Blasius profile:

R€9 = 2193 Re, = 7 :> onset onset 2.193R€96 ) Vt/V
Frenath = Flenatn (Reot),
Correlation for F,_ . and Re,, [LM 2009]: length : gti ot)
R@Qc = RBQC(RGQt).
D Reg; ) ORey;
= P -
Dt vt + (9:173‘ O'Qt(V * Vt) 81']' )
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Intermittency transport model
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Langtry and Menter model coupled with SST modael:

Pros:

* Implemented in many software packages

* Possible to change/improve correlations for particular cases (low Tu,
surface roughness, ...)

* Coupled to well established SST turbulence model

Cons: o

« Based on non-physical quantity Re,,

* Valid for Tu>0.027%, but needs specific tuning of inlet value of Tu and w in
order to capture some basic test cases

Extensions:

* Model for surface roughness induced transition [Dassler,2010], [Langel et
al., 2014]

* Three-equation y-SST model of Menter et al., 2015
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Laminar kinetic energy model

* Concept by Mayle and Shultz
* Three-equation model based on k-& [Walters, Leylek]
* Three-equation model based on k-w [Walters, Cokljat]

(1) Laminar flow

(2) Tollmien-Schlichting waves (k)
(3) 3D vortices

(4) Vortex breakdown

(5) Turbulent spots (k)

(6) Fully turbulent flow

19/29
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DkT 0 aT ak"r
— = P R R —wkt — D — — | —1,
Dt kr T FBP + ANAT — wWKT T+axj l(lﬂr““‘) E)xf]
Dk, 0 ok

—— = P. —Rgp—R —D — lv——=1,

Dt K, BP NAT L+ ax; {V (‘S'xj,}

Dw w C.R w 5

— = Cu,1—P — 1) —(R R — C,

Dt 1 p kr + ( » ) kT( Bp + RnaT) 2w

s

0 ar\ Ow
wafwarf — ] —.

Two length scales of turbulence:

* sy =min(Crd, A1), A\ = Vkr/w, k1 s = fss ()\eff/AT)2/3-
« Small vortices => P _, large vortices => P,

Energy transfer from k, to k_:
 Natural transition: R, ,_active when Re_=d°Q/v > C

NATcrit
* Bypass transition: R,, active when k_/(vQ)>C,, .
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Laminar kinetic energy model

ERCOFTAC T3A case
Tu=3%

T T T —T—

] ERCOFTAC data

— — — - Blasius {laminar}

-— . — - White (turbulent)

— k-k -t model

ERCOFTAC test cases for flat
plate flows

@ T3A Tu=3%
[+ ] TSB TU = 6%
o TSA‘ TU = 08% EH]EJI:

LLRH]|

100N le+06

ERCOFTAC T3B case ERCOFTAC T3A- case

Tu=6% Tu={.8%

L ] ERCOFTAC dats
= = — - Blasius {laminar)
- —. — - White (turbulent
-t mindel

[l i !
- ERCOFTAC data
= === Blasius (laminar)
..... ‘White (turbulent)
-0 model

— —_— k-

0.0l .00

0.001F 0,001

1000 le+i15 le+06 EEPT - T
Re, ) Re
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o Laminar kinetic energy model
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A

Flows over NACA 0012 profile

* Re=600 000, Tu=0.3%, AoA=0°

* Fine mesh with 500x100 cells

* 2" order FVM method (OpenFOAM)

i,
G
5’!’4’!&%#

4

7

Ui

Comparison with
* Experiment [Lee, Kang]
* XFoil (e") [Drella]

NACA 0012, Re=600 000, Tu=0.3%. a=0"

-1.5 - . . - 001
KFoil
K-k - madel —
al  Experiment [Lee, Kang] X | 0.008
0.006
5

0.004

0.002

1 i I i 1 o

0 0.2 04 08 08 1
e -]

R
\\\\\Q\\‘\%&\\\\S‘ il

W g
phmum|mﬂ||mm||||||||||||||rm|||||m|||f#luﬁawﬂ|[f|'ﬁﬂ,f‘-'“"' |

i 7
i
i

e
i

NACA 0012, Re=600 000, Tu=0.3%. a=0"

" ¥Foll
K-k - modal —

Expariment [Lea, Kang] %

we [-]
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LKE model for APG flows
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* The original Walters and Cokljat model needs a modification for flows
with adverse pressure gradient (APG) at low Tu.
« New thresholds for R, ,. and P, [First et al., 2015]

1

Pohlhausen velocity profile: ‘
=20 =20 4+ (- )’ e
6% dU. =
pr— 5 A [ € . 4] 0.2 0.4 0.6 0.8 1
! y/ ’ v dx Uly)Ue

IR
Stability limit for Pohlhausen profiles: f%fj EFaEss
* Orr-Sommerfeld eq., [Schlichting, Ulrich, 1942] B ];'___f sEE
. Stability limit Re__=f(A) AT
] ;}'ﬁT: ZEn
A

| l l
f 4 -z & 2A4m|§-’uf_m 23/29
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LKE model for APG flows
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e Difficult calculation of 6 and A => reformulated in terms of ReQ and L

536.4 S —
f — ]_ < L < . _ 535.41(51?'1;?;5":;3 +
1 —sog3p r losh=0 a

Reﬂ,ind ~

U2 dx

_ 2
L= Reﬂ,maa:

500 |

o ==

New thresholds for APG flows: T T

536.4
_ APG —
« Threshold for P : CT8crit = Req,ind = 1 — 8.963,

1250
1 —8.963L

 Threshold forR,,: CnaTcrit =

24/29
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LKE model for APG flows

Flows over NACA 0012 profile, Re=600 000, Tu=0.3%

NACA 0012, Re=600 000, ApA=(r

—1.0f s
| R S XFoll
== Original medel
| — Proposed modification
_n.bi m m Lee & Kang

oot

€, )

05

0
0.0 0.2 0.4 0.6 0.B 1.0
xe )

NACA D012, Re=600 000, ApA=2"

----- XFoll
-~ Original medel
— Preposed medification

[ P—

0.0 0.2 [ 0.6 0.8 1.0
e [-)

: NACA 0012:. Re=600 000, AcA=("

XFoil
0.008 -~ Original model
—  Propesed medification
= m lee &Kang
0.006

0.004

o [-h

0.002

0.000

0.0 0.2 0.4 06 0B 1.0

NACA 0012, Re=600 000, ApA=Y"

XFeil
== Original model
— Proposed medification

O.00EE k.

0.006

0004

o )

0.00%

o000

0.0 0.2 0.4 06 08 10
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LKE model for APG flows
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Flows over NACA 0012 profile, Re=600 000, Tu=0.3%

NACA 0012, Re=600 000, AoA=4"

NACA 0012, Re=600 000, ApA=1"
T

1.5, -
[ S [P KFoll 0008 F.F.m!
-~ Original medel ' - = Original modcl. _
1.0 — Proposed modification — Proposed modification
0.006
-05 s X
s
= = p.oo4
= =l
S
0o
0.002
05
0000
1.0 ;
0.0 0.2 0.4 0.6 0.8 10 0.0 el 1.0
xc -}
| . wen KFgll
ol *, + = Original model
5 [
i | o, 4 Proposed modffication
a Si-
. |
_ asl
wo |
£ a3k
a2 |
a 2:—
[ ___EEms m |
0 BlaTS [0S 0.15 03 0.35 043 035 053 075 0.85 088 a1k
1 I |
[T ot aal
X 5 I
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Flows through the VKI cascade, Re=2 110 000, M, = 1.089 (case 241)

* Experimental data by Arts

* Fixed wall temperature, measurements of heat flux

L]
||||| A naz

) o sl nsa 1 25 hme)
k1

(w/Km? )

—_4a
0 wall

h

2500

2000l =70 ¥-SST IS OSSN ISRRUUUUR BURURUURNS I SNSRI
t | Experiment [Arts, 1990]
1500k .
1000f.}. EN\ T B S AU O] I TS B
:{EI : ! i ! [ : i
CENC L (w e
= L IIIIIIIIIIIj .
. - I o
500t e N L
; : B
’

- - Original model
— Proposed modification

0 ; I ; ; ; ; ; ;
—0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08

s (m)

0.10

27/29



CTU

Transitional flow in 3D case
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Flows through 3D prismatic cascade (TR-L-1), Re=1 200 000, M, =1.2
* Experimental data by IT CAS

r

B ) 0.10 - -
''''' A s » Experiment IT CAS
= rhosimplefoam + 55T
= rossd sien cog bbb — LU-SGS + 55T
= . —  LU-5GS + 4-55T
Emﬂ.‘- 2500 U.{lﬁ L . .
e éi-ﬁﬂ
E E o4l
laid . o
002 |
i 000 ! ! ! !
0.0 0.1 0.2 0.3 0,4 0.5

zlL

Span-wise distribution of kinetic
energy loss
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Conclusions
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* Laminar-turbulent transition plays an important role in accurate
prediction of flows in many engineering applications

* There exist a lot of ways from laminar to turbulent boundary layer
(natural transition, bypass transition, transition in LSB, ...)

* There is no model capturing all transition scenarios!

* Existing RANS based transition models heavily rely on the experimental
data via correlations.

Future of RANS based transition models

* DNS - still too expensive

* LES - for proper transition modeling on needs to resolve small scale
fluctuations in the vicinity of the wall => almost as expensive as DNS

* Hybrid RANS-LES (DES) — combination of RANS model in the vicinity of
the wall with LES in freestream => necessity of RANS based model.

Acknowledgement: This lecture was supported by the Grant Agency of the Czech Technical University in
Prague, grant No. SGS 13/174/0HK2/3T/12
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