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Motivation: Digital aerospace products

Numerical simulation based future aircraft design

Challenges
=A/dy, extremely large: large Re and large A
»#simulations large for design and optimization

=> RANS, not LES

Full flight envelope
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DLR strategy for RANS model improvement

—Z Optimism to describe “first order” steady state aerodynamic flow phenomena
within the RANS concept

Turbulent boundary layers at APG Separation and reattachment Wake flow at APG
A

|

N
[28] Hoffenberg & Sullivan, 1998

Interaction of strake
vortex and boundary
layer at APG

Separation in the
wing-body junction at

APG /

Interaction of wake flow and
boundary layer at APG




DLR strategy for RANS model improvement

High-quality data base (exp., DNS/LES)
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DLR strategy for RANS model improvement
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(Empirical) laws of turbulence
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DLR strategy for RANS model improvement

Surface roughness

High-quality data base (exp., DNS/LES) Experiments by Nikuradze

A

(Empirical) laws of turbulence
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Physics based improvement of RANS
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DLR strategy for RANS model improvement

Surface roughness

High-quality data base (exp., DNS/LES)

A

+ A

|
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i Smooth

(Empirical) laws of turbulence
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Physics-based improvement of RANS
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DLR strategy for RANS model improvement

Surface roughness

High-quality data base (exp., DNS/LES)

A

(Empirical) laws of turbulence

A
[
|
[

Physics-based improvement of RANS v; = KU, (y + 0.03k;)
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DLR strategy for RANS model improvement

Surface roughness

High-quality data base (exp., DNS/LES)

A

——e—— smooth
30F—>—— k=135

(Empirical) laws of turbulence

A
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Physics-based improvement of RANS
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DLR strategy for RANS model improvement

Turbulent boundary
layer at APG

High-quality data base (exp., DNS/LES)

A

(Empirical) laws of turbulence

A
[
|
[

Physics-based improvement of RANS
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DLR strategy for RANS model improvement

Turbulent boundary
layer at APG

High-quality data base (exp., DNS/LES)

Relevant parameter
A space?

(Empirical) laws of turbulence

A
[
|
[

Physics-based improvement of RANS
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Data base set-up: The parameter space

Pressure
gradient
parameter

Reynolds number
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Data base set-up: The parameter space

Pressure
gradient
parameter el iR

pAe

Reynolds number
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Data base set-up: The parameter space

Clauser mild
Clauser moderate
Samuel & Joubert

A320 flap A380 flap
AN
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Data base set-up: The parameter space

Clauser mild
Clauser moderate
Samuel & Joubert

A380 flap A350 wing A380 wing

XA

A
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Data base set-up: The parameter space

DLR institute AS decision 2009:

New data needed!
Only experiments can give large Re!
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Data base set-up: The parameter space

RETTINA | U=12m/s
RETTINA I U=23m/s
0.08 ¢ RETTINA || U=36m/s
: Bradshaw a=-0.15
Bradshaw a=-0.255
Ludwieg & Tillmann {mild)
Ludwieg & Tillmann {strong)
Schubauer & Klebanoff
Schubauer & Sprangenberg flow B
Schubauer & Sprangenberg flow E
Perry
Clauser mild
Clauser moderate
Samuel & Joubert
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Experiment #1 (2011): RETTINA | exp. (DLR + UniBw Munich)

Large scale overview 2D2C PIV

|

Il

,
U !
/ ™
g LR uPTV

Il

U.=6...12m/s Rey up to 10000 and 649 =0.1m
Thick boundary layers enable PIV
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Data base set-up: The parameter space

O RETTINA | U=12m/s
RETTINA I U=23m/s
O. 08 B RETTINA Il U=36m/s
: ] Bradshaw a=-0.15
o Bradshaw a=-0.255
A Ludwieg & Tillmann {mild)
. v Ludwieg & Tillmann {strong)
A Schubauer & Klebanoff
O. OB B O < Schubauer & Sprangenberg flow B
EXE I. s O > Schubauer & Sprangenberg flow E
o Perry
i A Cl ild
ASSGSS PIV s : v CIZEZZ:mloderate
+o>-< O 04 | > <& Samuel & Joubert
at moderate & V7| .
Re -8 :
0.02r <, _
. v A
oy Y 4 E
. > . VY .AA | ] ] .
0 TN g
- EEm

0 ~ 50000 100000
Re,

i DLR




Data base set-up: The parameter space
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Experiment #2 (2015): RETTINA Il exp. (DLR + UniBw Munich)

Funded by DLR institute AS and by DFG
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Experiment #2 (2015): RETTINA Il exp. (DLR + UniBw Munich)

- APG
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Experiment #2 (2015): RETTINA Il exp. (DLR + UniBw Munich)

Large-scale 2D2C-PIV 9 cams
2D3C PIV

micro 2D2C PTV

-1 3D3C PTV STB (shake the box)

x|mm! O 1220 2130 7030




Experiment #2 (2015): RETTINA Il exp. (DLR + UniBw Munich)

Challenge: Large range of scale of turbulent boundary layer

Solution approach: Multi-resolution multi-camera PIV

50 ——o—— 2D2C PIV, window corr.
40+
U=36m/s i
Rey=41000 i
30
v/u, = 20pm 5 i
699 - O.Zm 20 __
10+
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Experiment #2 (2015): RETTINA Il exp. (DLR + UniBw Munich)

Challenge: Large range of scale of turbulent boundary layer

Solution approach: Multi-resolution multi-camera PIV

50 -——e—— 2D2C PIV, single pixel

| —o—— 2D2C PIV, window corr.
40
U=36m/s i
Rey=41000 i
30
viu, = 20pm 5 I
699 - O.Zm 20 ;
10F
10° 10’ 10




Experiment #2 (2015): RETTINA Il exp. (DLR + UniBw Munich)

Challenge: Large range of scale of turbulent boundary layer

Solution approach: Multi-resolution multi-camera PIV

50 ——o=—— 2D2CPIV, single pixel
| —o—— 2D2C PIV, window corr.
- ——— 2D UPTV

U=36m/s 40 i
Rey=41000 i

30+t
viu, = 20pm 5 i
599 =0.2m 20 :
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Experiment #2 (2015): RETTINA Il exp. (DLR + UniBw Munich)

Challenge: Large range of scale of turbulent boundary layer

Solution approach: Multi-resolution multi-camera PIV

U=36m/s
Rey=41000

viu, = 20pm
Qg9 =0.2m

20

40

30

-———o—— 2D2C PV, single pixel

| —o—— 2D2C PIV, window corr.
- —a—— 2D UPTV

| —s—— 3D3CPTV (STB)

STB=,shake-the-box"*

Particle-tracking-approach
Schanz, Schroder, Novara
@ DLR-AS




Measurement technique. Skin friction
Clauser chart (y+-range depends on ZPG, FPG, APG)

MPTV: Viscous sublayer mean velocity
Qil film interferometry

OFI ¥
2D2C PTV, direct . .
2D2C PIV, CCM %

SST -
SSG/LRR- ];%




Experiment #3 (August 2017) within DLR internal project

7 Mild separation and reattachment

k ‘ * *
at 0.04} § T Y *
< i ] * ‘*
i Q * .
0.02F <, ¢ * .
: 4vv ' O‘ ]
a0, .
0 ’%&@ o
0 50000 100000

4 Re,
DLR
Slide 30




DLR strategy for RANS model improvement

High-quality data base (exp., DNS/LES)

A

(Empirical) laws of turbulence

A
[
|
[

Physics-based improvement of RANS
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Empirical wall law at APG

7 Mean velocity profiles
-7 2D2C Reynolds stresses

) & U=10m/s, /p;
o U=23m/s, /p;
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Empirical wall law at APG

Aim: Empirical wall-law at APG for y<0.104g
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Lt Il 11l 1] | L1 1l | L1l I | L 1l
0 1 2
10 10 10 1O

| —o—— 2D2C PIV, window corr.
U=36m/s [ — 2D uPTV
Ap,*=0.015 40 !
30 B |
+3 B I
i I
20 B |
: |
: |
10 - |
i |
| 1l I ul

]
|
|
|
|

«—— | y<10%8g, | —>

i DLR




Empirical wall law at APG

Aim: Empirical wall-law at APG for y<0.104g
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. u] 2D2C PIV, window corr.
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Empirical wall law at APG

Hypothesis #1: Resilience of a small log-region

S50r——s— 4DPTVSTB

100 100 107 1

| —o—— 2D2C PIV, window corr.
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Empirical wall law at APG

Hypothesis #1: Resilience of a small log-region

S50r——s— 4DPTVSTB

| —o—— 2D2C PIV, window corr.
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Results and analysis
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Empirical wall law at APG

20

U=36m/s
Ap,*=0.015 40
30t
+3 |

i DLR
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Empirical wall law at APG

Hypothesis #2: square-root (sqrt)-law above the log-region

1 ~
+ + +

50 F—s— 4D

_ - o 2D2CPIV. window corr. Szablewski (1954),
U=36m/s Rt Townsend (1961),
n 40k 0g(y"/0.367 + 3.64 (i)
Ap,=0.015 ! sart-law (fit) McDonald (1969),
I Brown & Joubert
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Results and analysis

Hypothesis #2: square-root (sqrt)-law above the log-region

U=36m/s
Rey=41000

Ap,*=0.015

Alk 1 A0 AL AR
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— - =~ 015,
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Results and analysis

Composite profile Brown & Joubert 1969

50 4DPTV STB
| —o—— 2D2C PIV, window corr.
- —a—— 2D UPTV
40— — — - log(y'}0.367 + 3.64 (fit)
- sqrt-law (fit)
30L |
g i I P
i 1.7
20 -
: |
10 - - 1
-/ g | 1l ! ! 1l ! 1
10° 10 1oj I 10 10°
y |1
|
I
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Results and analysis

Hypothesis #3: transition from log-law to sqrt-law depends on Ap,*
(probably more complex ...)

Composite profile Brown & Joubert 1969

50 4D PTV STB

| —o—— 2D2C PIV, window corr.

- ——a—— 2D UPTV

40— —— - 10g(y'M0.367 + 3.64 (fit)
- sqrt-law (fit)

30t

T

20
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Results and analysis

Hypothesis #3: transition from log-law to sqrt-law depends on Ap,*
(probably more complex ...)

Curve fit
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Clauser moderate
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Results and analysis

Hypothesis #3: transition from log-law to sqrt-law depends on Ap,*
(probably more complex ...)

Curve fit

RETTINA | U=12mis

RETTINA Il U=10m/s

RETTINA Il U=23m/s

RETTINA Il U=36m/s

Skare & Krogstad

Bradshaw a=-0.15

Ludwieg & Tillmann (rmild)

Ludwieg & Tillmann (strong)
Schubauer & Klebanoff
Schubauer & Sprangenberg flow B
Schubauer & Sprangenberg flow E
Perry

Clauser mild

Clauser moderate

Samuel & Joubert

Composite profile Brown & Joubert 1969 2000
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Results and analysis

Hypothesis #3: transition from log-law to sqrt-law depends on Ap,*
(probably more complex ...)

Curve fit

RETTINA | U=12mis
RETTINA Il U=10m/s
RETTINA Il U=23m/s

2000}

OO0

RETTINA Il U=36m/s

7PG f Share 8 Kiogsiag
Ap.—0 1500}

Ludwieg & Tillmann (rnild)

Ludwieq & Tillmann (strong)
Schubauer & Klebanoff

Schubauer & Sprangenberg flow B

Pure log-law

Schubauer & Sprangenberg flow E

Perry
Clauser mild

O am gy prJan

Clauser moderate
Samuel & Joubert
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Results and analysis

Hypothesis #3: transition from log-law to sqrt-law depends on Ap,*
(probably more complex ...)

Curve fit

RETTINA | U=12mis
RETTINA Il U=10m/s
RETTINA Il U=23m/s
RETTINA Il U=36m/s
Skare & Krogstad
Bradshaw a=-0.15
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Ludwieq & Tillmann (strong)
Schubauer & Klebanoff
Schubauer & Sprangenberg flow B

Schubauer & Sprangenberg flow E Separation
Perry

Clauser mild +

—>» o0
Clauser moderate Apx
Samuel & Joubert

2000}

OO0

1500

1000}

O am gy prJan

+
YIog, max

|

. Pure sqrt-law
. W (Stratford)

[
14‘
<

d.

500+ :

i DLR
Slide 46




Empirical wall law at APG

Hypothesis #4: decrease of log-law slope parameter K; at APG

1
* Slope coefficient K ufgg = lﬁlog(gﬁ) + B;
7
0.6 >
0.5

,von Karman

constant” 0.4 *

k=0.40+/-0.1

0.3

i DLR




Empirical wall law at APG

Hypothesis #4: decrease of log-law slope parameter K, at APG

1
* Slope coefficient K ufgg = lﬁlog(gﬁ) + B;

carrelation Nickels

0.8 A Warnack & Fernholz FPG (exp.)
. Jones FPG (exp.)

v Spalart FPG (DNS)

. Spalart & Leonard (DNS)

o Manhart APG (DNS)

,von Karman
constant”
k=0.40+/-0.1
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Empirical wall law at APG

Hypothesis #4: decrease of log-law slope parameter K, at APG

1
* Slope coefficient K ufgg = lﬁlog(gﬁ) + B;

carrelation Nickels
Warnack & Fernholz FPG (exp.)
0.8 Jones FPG (exp.)

»

v Spalart FPG (DNS)
. Spalart & Leonard (DNS)
i ° Manhart APG (DNS)
0.5 i A RETTINA-I
,von Karman X
constant”
k=0.40+/-0.1
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Empirical wall law at APG

Hypothesis #4: decrease of log-law slope parameter K, at APG

1
* Slope coefficient K ufgg = lﬁlog(gﬁ) + B;

carrelation Nickels
A Warnack & Fernholz FPG (exp.)

Jones FPG (exp.)
0.6 v Spalart FPG (DNS)
. . Spalart & Leaonard (DNS)
i ° Manhart (DNS)
i a RETTINA-I
i v RETTINA-II, high resolution
0.5F \. ° Qesterlund ZPG (exp.)
- . Wieghardt ZPG (exp.)
,von Karman X i
constant” 0.4
k=0.40+/-0.1 !
0.3t
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Empirical wall law at APG

Hypothesis #4: decrease of log-law slope parameter K; at APG

* Slope coefficient K

+
ulog T

1
’710g(29+) +1B;

|
¢ O nm m @ @ A «

T
4 »

correlation by Nagib & Chauhan
Warnack & Fernholz FPG (exp.)
Dixit & Ramesh FPG (exp.)
Jones FPG (exp.)

Spalart FPG (DNS)

Spalart & Leonard (DNS)
Manhart APG (DNS)
Qesterlund ZPG (exp.)

Skote APG (DNS)

Herring & Norbury FPG (exp.)
Nagano et al. APG (exp.)
Ern & Joubert ZPG (exp.)




Empirical wall law at APG

Hypothesis #4: decrease of log-law slope parameter K; at APG

* Slope coefficient K

+
ulog T

1
’710g(29+) +1B;
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correlation by Nagib & Chauhan
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Jones FPG (exp.)

Spalart FPG (DNS)

Spalart & Leonard (DNS)
Manhart APG (DNS)
Qesterlund ZPG (exp.)

Skote APG (DNS)

Herring & Norbury FPG (exp.)
Nagano et al. APG (exp.)

Ern & Joubert ZPG (exp.)




Empirical wall law at APG

Hypothesis #4: decrease of log-law slope parameter K, at APG

* Slope coefficient K

1
Upgy = ’710g(y+) + Bi
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Qesterlund ZPG (exp.)

Skote APG (DNS)
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Nagano et al. APG (exp.)
Ern & Joubert ZPG (exp.)
RETTINA | (exp.)




Empirical wall law at APG

Hypothesis #4: decrease of log-law slope parameter K, at APG

* Slope coefficient K

1
Upgy = ’710g(y+) + Bi
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DLR strategy for RANS model improvement

High-quality data base (exp., DNS/LES)

A

(Empirical) laws of turbulence

A
I
I
I

Physics-based improvement of RANS
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DLR strategy for RANS model improvement

High-quality data base (exp., DNS/LES)

A

(Empirical) laws of turbulence

A
[
|
[

Physics-based improvement of RANS

i DLR

Assumptions:

Blended log-law + sqrt-law
linear shear stress




DLR strategy for RANS model improvement

High-quality data base (exp., DNS/LES)

A

(Empirical) laws of turbulence

A
[
|
[

Physics-based improvement of RANS

i DLR

Assumptions:

= Blended log-law + sqrt-law
= |inear shear stress

Blending for eddy visc. v,




Idea: A composite wall-law for the turbulent viscosity

Iog -law at APG (Galbraith et al. 1977)

____________ 7PG
| seeevennaas log. apg
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RANS modification

—- HGRO01 airfoil at Rec=25Mio, incidence angle a=10°
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RANS modification

—- HGRO01 airfoil at Rec=25Mio, incidence angle a=10°
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Idea #1: New terms with Ap,*-dependent local blending

-7 Modifications should be activated

Pressure diffusion at APG
only in parts of the boundary layer (Rao & Hassan)

ok = =
o+ V- (Uk) = Drt — for foaDryp = Pi — e

ow = =
E +V. (Uw) - Dw,t - bebeDw,p = P, —€,+ fb2fb3Dcd,w
Blending for y<0.158, Activate only in the sqrt-region
T 2
08l
i 1.5F
_06F i
T 04t
0.2}
O: 1 I |
0 0.1 0.2 0.3
y/dgq




Idea #2: RANS model coefficients sensitized to pressure gradient Ap,*

Coefficient y controls
the slope of the log-law

@+6 (itk) —V ((v+vtak)§k) — P Biko
_Bo 0
M4—7(&@) ~V. ((v+vt6w)§’a)) :®§—wa2 "= P f
t Vi

Standard calibration is for ZPG
k=0.41 = const

i DLR




Idea #2: RANS model coefficients sensitized to pressure gradient Ap,*

* The RANS model coefficient which controls the log-law slope (“Karman-constant”)
becomes a function depending on local flow

a )+V(ﬁk)—v((v+vt6k)§k) = 2 — Bk

ot Bo O
50) 3 )% (v vy 0) T -
(uw)—V-((v+thw)Va)): P — B B k
Vi
0.45¢ Nickels (2004)

. exp.




Data structure of wall-normal lines for Ap,*

7 Extension of unstructured flow solver TAU
—Z Wall-normal lines
7 Method to determine d4q, 0%, 6, H,,
7 Coding efforts vs. Improvements in predictive accuracy

égfiulmxl,l1lullu| INJHHX — Field [)()Il]t
I L N0

..:F).uuhf Wh “”l M”' HW """ ,§m"ﬂi}?' ”“ !

I .,I ]

i “io I”‘H
Ll "..,IIH*
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JJIJJJIJJ

Surface point
Ap,* from dp/dx
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|
r

0.8 1 ~andy,

Ogg, 0%, 8, Hyz




RANS model sensitized to pressure gradient Ap, *

i DLR

Field distribution of Ap,*

Map to corresponding
field points

T

Surface quantities Ap,*
from dp/dx and u,



RANS model sensitized to pressure gradient Ap, *

RANS model coefficient y becomes a
function of Ap,*




0.1} —=a— U=10m/s, /p;
| —»—— U=10m/s, 0.1C,¢
- ——e—— U=10m/s, RSM

Validation of modified RANS

U=36m/s

B0~ o 2D2C PV, single pixel

—————— SST (w/o RC) APA
i SSG/LRR-w £
&
£ -
- £A /II
40 i
a7
A
a7
+ FANS
- AAA’
i &
| &
20 M&""
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0.1} —=a— U=10m/s, /p;
| —»—— U=10m/s, 0.1C,¢
- ——e—— U=10m/s, RSM

Validation of modified RANS

U=36m/s

B0~ o 2D2C PV, single pixel

------ SST (w/o RC)
‘ SSG/LRR-w £ ~
| —  SSGILRR-w, sqrt-law &




0.1} —=a— U=10m/s, /p;
| —»—— U=10m/s, 0.1C,¢
- —e—— U=10m/s, RSM

Validation of RANS

U=36m/s

60 o 2D2C PV, single pixel

[ - - SST (w/o RC) -
SSG/LRR-w £~
- — — —  SSG/LRR-w, sqrt-law 7 .
| — — — SSG/LRR-w, sgrt-law, mod « /7




Questions to the audience




Turbulent Boundary Layer at ZPG

- sessssseees Coles, Fernholz (x=0.384, B=4.16)
— — — Coles, Fernholz (x=0.39, B=4.34)
—_—- Coles-Fernholz (x=0.41, B=5.0)

5 . Winter & Gaudet

0.004F - Wieghardt (eval. by Coles)
) \- O Bradshaw, Lumley, Launder

O 0.003}

0.002} Tl

-www.DLj.deDLRoIie 71




Turbulent Boundary Layer at ZPG

0.004

O 0.003}

0.002F

Coles, Fernholz (x=0.384, B=4.16)
Coles, Fernholz (x=0.39, B=4.34)
Coles-Fernholz (x=0.41, B=5.0)
Nagib et alin NDF (OFI)
Oesterlund (OFI)

Schlatter (DNS)

Qerlue

Bradshaw, Lumley, Launder
Schlatter (wall-resolved LES)

-www.DLj.deDLRoIie 72




Conclusions

DLR




Conclusions

- DLR strategy: Physics based improvement of RANS using new laws of turbulence
- First step: Wall law at APG
- Composite wall law at APG (Brown & Joubert)
- Small log-region around y*~100
- Sqrt-law region above log-region
- Machine learning for further tuning of first theoretical ideas

- Optimism to improve RANS models for aerodynamic flows during next decades
- Great potential for future research
- DNS/LES at relevant Re possible
- New smart DNS flows (e.g., work of Spalart & Coleman, Soria & Jimenez)
- Improved measurement techniques (e.g. advances in PIV/PTV)




End of the presentation

» Experimental data shown in cooperation with
= Daniel Schanz, Matteo Novara, Erich Schulein, Andreas Schroder
DLR AS
= Nico Reuther, Nicolas Buchmann, Rainer Hain, Christian Cierpka,
Christian Kahler, UniBw Munchen

* Funding of measurement campaign by DFG within ,Investigation of
turbulent boundary layers with pressure gradient at high Reynolds
numbers with high resolution multi-camera techniques”




Validation RETTINA I

U=36m/s

OFI
CCM, 2D2C PIV, single px.
o CCM, 2D2C uPTV

O e

0.0086 SST k-w
- SSG/LRR-m
0.005 JHh v2, =-eq.

0.004
9 0.003
0.002
0.00
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Validation RETTINA I

U=36m/s o  OF

m] CCM, 2D2C PIV, single px.
- o CCM, 2D2C uPTV

- — SST k-w
- — — — - SSG/LRR-w
0.0015 — JHhv2, =-eq.
G
0.0005F




Validation RETTINA Il

U=23m/s i
0.005F
0.004‘E ?}?
TS 0.003:—
i o OFI %
0.002F o« 2D2C PTV, direct g
. o 2D2C PIV, CCM §,
- SST .
0.001F SSG/LRR-w %
8 685 9 95 10




Measuring technique




Modification of the k-omega model

—- Modified consistent model

+ + _ p+t +
D = Dip = B — ¢

-Df,— D} =Pl —€l+D}

cd,w

7 Modification of the k-equation:
7 Pressure diffusion term (Rao & Hassan) :

—~ Modification of the w-equation:
7 Pressure diffusion term wp ot TR

7 Negative cross-diffusion term D},

i DLR




Consistency with wall-law

—Z Summary of boundary layer analysis

Consistency with Consistency with sqrt-
log-law at APG law at APG

k-equation

w-equation

i DLR




Consistency with wall-law

—Z Summary of boundary layer analysis

Consistency with Consistency with sqrt-
log-law at APG law at APG

+ + _ pt +
_Dk,t - Dk,p = B, —€

-D}l,-D} = Pl—¢cl +D!




Consistency with wall-law

—Z Summary of boundary layer analysis

Blending active in log- Blending active in sqrt-
law region at APG law region at APG

Modified w-equation




The w-equation Iin the sqrt-law region

Following ideas by Rao & Hassan, Catris & Aupoix

d pdw™y dut\’ N2
“ar () = () -

w

i DLR




The w-equation Iin the sqrt-law region

Following ideas by Rao & Hassan, Catris & Aupoix

kyt/1+ ayt \/ 1+ay™ V 1tay™
Kyt alkyT

\ n dw™ dzlb/+

d ? N2
“ar () = (ar) -

w

i DLR




The w-equation Iin the sqrt-law region

kyt/1+ ayt V 1tay™ V 1tay™

Kyt alkyT

- ow 1 1/ Bo\1l4+ay®
@1 (?J+)2.""2 ai ) (yt)”

i DLR




The w-equation Iin the sqrt-law region

ryt 1+ ayt V1tay? v Itayr

KYy™T a1 Ry

\ n dw™ dUJ+

d ? N2
“ar () = () e

o, 1 1 Bu\ 1+ayt
A - 2 (7 T ) 2
al (y‘l‘) R aq (y+)

Conclusion: The w-equation is not consistent with the assumed
solution in the sqrt-law region at APG

i DLR
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Measurement technique combining different PIV systems

2D2C-PIV
= Large scale PIV :
= 8 PCO 4000 cams side-by-side 2D3C stereo PIV overview
—>
X / 2D3C stereo PIV detail
S -
., [
< >i :\
638m i« 0.8m T
' 1.5m < 2 >
i -~ —" 1.5m ' 1.5m !
0 78m | '
! ! ! ! ! ! >
0 638 7.88 866 10.16 11.66 Xx[m]

i DLR
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Requirements/Design criteria on a new flow experiment

1. Large Reg for sufficiently thick overlap region

2. Log-law established before entering the APG-section

3. Thick BL at low flow velocity so that PIV in viscous sublayer possible
4. Obtain large values for Ap,* , i.e. Ap,*>0.06

—>

U.=9m/s and At x=6m
U.= 12mis , | Re, up to 8000 and e, =0.1m
f N
< - ! -l
6.38m <+« —— 0.8m

- 1.5m

Design of the test case using RANS-CFD with the DLR TAU code by DLR

i DLR
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Data for mean velocity down to y*=1 using LR-PIV with PTV

2b2C PIV Long-range microscopic PIV with PTV

=N

> - i
| | -l . /
6.38m «—» 0.3m: : :
! ! < > >
{1'5m~— —i 1.5m | 1.5m

0 78m

>

638 7.88 8.66 1016 11.66 x [m]

Particle-tracking velocimetry algorithm (PTV) applied to the LR-PIV data
see also Kahler et al., Exp. Fluids (2012)

¥ DLR




Boundary layer theory.

An approximative model for the
shear stress




Turbulent boundary layer equation

7 Consider the equation for wall-parallel mean velocity component U

i _ Ou'v' ld_P U@_U V— _
g Oy? Oy  pdx ox V@wz

7 Integration in wall-normal direction from y‘=0 to wall-distance y

T U — T 1dP y c’)U y
pdy p pdx y'=0 P )/

=7 Or in viscous inner units

+ &U+ + A —I— +—|—

i DLR
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Review: Modeling the total shear stress (van den Berg 1973)

7 Aim: Relate the total shear stress and the mean velocity profile for U

+ (9U+ PYAYAR + A+ —l— —i——l—

7 by approximating the integrated convective (or: mean inertial) terms

1 v JdU 1

+ - i +
I uzyoU Xd)/a L") = Z ) ay

Sy

7 Van den Berg makes the modeling assumption that

Ulxy) = ue() 15" () . " () = 0

i DLR
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Review: Modeling the total shear stress (van den Berg 1973)

7 Modeling assumption  U(x,y) = us(x) f(y" (x,5)) ,  y'(xy) = UTE/X))/

-7 Then

7 For the V-velocity and using the continuity equation

yoU du; df duq
v 0 dx dy dx / [ ydy] dy= dx / dy[y ST A

=7 This gives for the mean inertial term
y d
/Ua—Ud /V dy—vuT/ £ dy*

i DLR
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Review: Modeling the total shear stress (van den Berg 1973)

=7 This gives the model by van den Berg (1973)

v du, [V
= 14 Aptyt —_lff%+
—I— pr —|_ U%- dX 0 y

—7 Short notation:

y—f-
=1+ ayt + B, ﬁ:/ 2yt
0
- With
— Pressure gradient parameter oa=Ap! = v dr
v du;

—7 Wall shear-stress gradient parameter B = 2 dx
UT X

i DLR
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Extended modeling for the total shear stress

—~ Modeling assumption Ux,y) = ur(x) f(y" (x,y), o(x))

-7 For the chain rule of differentiation we need
Ayt _ur

ur %_)_/% do  3v durdPJrv d?P
dy v’ dx vdx' dx  pdd dx dx pud dx?

7 Then we obtain, e.g.

U i L of] i L OF

7 With an additional parameter taking into account d?P/dx?

v v d¢P

v dP v% B
T U piB A

Codw P e

*

o y=-3af+o"

i DLR
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Extended modeling for the total shear stress

=7 This gives the extended model

=1+0W++[311+ﬂ2‘

—Z With integrals

y+2
112/0 Fdyt 12_2/ pof dy —f/

=7 and with parameters

P dient t a=naph =2 9%
7 Pressure gradient parameter = -
Y opuldx
. v du;
— Wall shear-stress gradient parameter B = — =
us dx
—~ Cross parameter y— —3aB + o
— d2P/dx? -parameter gV v d°p
ur pus d

i DLR
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Characteristic non-dimensional parameters

—~ Comparison of the characteristic non-dimensional parameters

01 .
0.05F

10.05 St

a=rp]  o=vl(ou’)dP/dx
500*3, P=vu?du/dx

10"y,  v=-3af+o Vvvv
o ¥
v
v
o
v
o
X0
000%000000

/.6
2

.

78 8 6.2 64
X

y=-3uaf+a"
v VY d*P
up pus dx?
v dP
o=Ap = — —
pX pu%dX
_ vdu
B_u% dx




Turbulent shear stress in non-equilibrium flow

7 Mean inertial terms cause a significant reduction of the turbulent
shear stress T"=1+Apx*y”*

- ———4——- T=1+0y"
30F ———— =i +0.7ay" (linearized)
! T'=1+ay"+(l, (van den Berg)
25 ---»--- 1" modelled
F e oo T exact
20F i
+ i //X//
o 1 5 :_ /X /./’.,_—--) ....... .
: /// // ................. b
10F 75
i S # \
: ///_4;- *
Present exp. S
at x=8.18m N
Apx+=0.0473 O‘( ! . ! | | 1 1 1 Ni | J
4 0 00 1000
+
DLR




Systematic trend/quantitative formula for variation of K,

Nickels (2004)
0.5 0 2D2C-PIV, U=12m/s
2D3C-PIV, U=12m/s (lower res.)
0 2D3C-PIV, U=12m/s (higher res.)
2D3C-PIV, U=9m/s (lower res.)
0.4 o 2D3C-PIV, U=9m/s (higher res.)

(") !

i DLR
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Conclusion




Conclusion.

7 Design of a flow experiment suitable to study the law-of-the-wall for flows at a
substantial adverse pressure gradient

=7 Sufficiently large overlap-layer due to large Req
=7 Significant adverse pressure gradient Ap,* up to Ap,* =0.065

7 Combination of different PIV techniques gives high-quality data set
=7 Large number of velocity profiles
=7 High quality gradients and slope diagnostic functions
7 Comparison of direct and indirect method for u. locally

i DLR
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Conclusion.

7 The log-law does no longer describe the overlap layer 300 < y* < 0.2 Qyq*
7 A generalized half-power law (or modified log-law) gives a good description

7 l|dea of a composite wall-law by Brown & Joubert (1969) is supported
7 Log-law-fit region is thin 60 < y* <130
7 1/slope K decreasing with increasing Ap,* as devised by Nickels (2004)
7 Modified log-law region for 300-400 < y* < 0.2 -0.4 0yy*
7 1/slope K, decreasing with increasing Ap,*
=7 But mean inertial terms need to be accounted for K,

i DLR
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Characterization of the flow

ZPG
log-law
0.05¢
& N
. I
- Ol
o i
-0.05F
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Characterization of the flow

Favourable dp/ds
I-FPG ~ 3 6ref
€ >

0.05¢

0.18,

-0.05F_
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Characterization of the flow

Focus region:

Adverse dp/ds
Lapc ~ 5 B¢t

< >

0.05¢

0.18,

-0.05F_
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Universal log-law in zero-pressure gradient region

7 Universal log-law at the inlet of the adverse pressure gradient section

29

_’
U.=12m/s
—>
—>
_ mono-PIV
| — — — — stereo-PIV
TR LR-PIV
B log(y*) /0.384 + 4.17 ¢
— — — — (Chauhan
"
4
5 £/
v
L
7
C ] ]

At x=6m
I Re,=8000

|

mono-PIV

stereo-PIV

LR-PIV

Wieghardt, ZPG

QOesterlund, ZPG
. Carlier & Stanislas, ZPG

[ ——— — Coles-Fernholz, «=0.384, C=4.17

0.0032 [~ — — — Coles-Fernholz, «x=0.41, C=5.0

0.0036

v 04 > 0

0.0034}

O 0.003F
-~ - - 2
0.0028L%.  ~5 - =
| \DD\ - _
: T \\&2 (o] I I -
0.0026F " e o o ~
5000 8000 70000
Re,



Systematic trend/quantitative formula for variation of B,

Nagib & Chauhan (2008)

10 o 2D2C-PIV, U=12m/s
2D3C-PIV, U=12m/s (lower res.)
0 2D3C-PIV, U=12m/s (higher res.)
8 . LR-PIV, U=12m/s
2D3C-PIV, U=9m/s (lower res.)
o 2D3C-PIV, U=9m/s (higher res.)
B . LR-PIV, U=9m/s
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Systematic trend/quantitative formula for variation of B,

10 Nagib & Chauhan (2008)
o 2D2C-PIV, U=12m/s
0 2D3C-PIV, U=12m/s (higher res.)
8 . LR-PIV, U=12m/s
o 2D3C-PIV, U=9m/s (higher res.)
. . LR-PIV, U=8m/s

I | | | I | | | I I | | I I I | I | I | I

o
o
O
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o
o
~|
o
o
0)
o
o
80
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Measurement technique using PIV

Flat plate of 8 PCO 4000 N

o length 6.38m
Superelliptical \

nose

Quanta Ray 400

r o APG region
Innolas Spitlight 1000

i DLR
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Large-scale 2D2C PIV. Instantaneous flow field

200 Cam 5

Cam 6 B T 4

ufms: 0 1 2 3 4 5 6 7 8 9 10 11 12

Cam 7

Cam 8

7500 8000 8500

'/_

———

o m
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Motivation: Digital aerospace products

Numerical simulation based future aircraft design

Challenges
=A/dy, extremely large: large Re and large A
»#simulations large for design and optimization

=> RANS, not LES

Full flight envelope

coverage: CFD mostly done
near cruise point

50 flight points
100 mass cases

3g

10 alc configurations

Yoo

5 maneuvers
20 gusts (gradient lengths)

Yoy,

|1
&

LOAD FACTOR
g &
Vsig

- VD

4 control laws

/

==

~ 20,000,000 simulations

A\

Engineering experience
for current configurations
and technologies

%

~ 100,000 simulations

separated flow,
unsteady

i DLR
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Motivation: Turbulent boundary layers
at adverse pressure gradient

During take-off and landing
Significant adverse pressure gradient (APG)

Goals:
= Wall-laws at APG
= Improvement RANS models

|

g Exp.

1 ke b4 TAURSM ©
; : : FUN3D RSM &
5 i FlIJN3D SIA v

-5 0 5 10,15 20 25 30
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