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Juncture Flow Experiment @/

Sponsored by NASA’s Transformative Aeronautics Concepts Program’s
Transformational Tools and Technologies (T3) project

« Substantial effort to investigate the origin of separation bubbles found in wing-body juncture zones
« Primary goal is to gather validation level data, for future CFD code & turbulence model development
« Multi-year effort including several large-scale wind tunnel tests

First set of entries just finished: Nov 2017-April 2018
Planned Entries in the future




Juncture Flow Experiment Motivation @/

Drag prediction workshops
- Inconsistency between CFD codes
- Sensitive to Grid Resolution (Air), solution methods, turbulence models
- Quadratic constitutive relation (QCR)
- Reduced the inconsistency substantially




Juncture Flow Physics @

« Flow physics of juncture flows are complex

— Several vortical structures coexist: e.g., Horseshoe Vortex (HSV),
corner vortex, stress-induced vortex

— Many factors: incoming boundary layer momentum thickness, wing
bluntness, and wing sweep, etc pm| =® Comer separation’

Ec/U_: 6500865 L NK: 0.00 047 098¢

Leading edge stress

- JFM Experiment: induced vonsz

— Swept wing / fuselage full-span
configuration

— Collect data for CFD validation

— Obtain flow field details very near
the corner

:
'Corner vortex

o

B

X
HorseShoe vortex K/

Incident boundary layer
separation

From AIAA-2014-2690 (Bordji et al)




Juncture Flow Experiment Design

« Use internal Laser Doppler Velocimetry
(LDV) system o

— Mounted inside of the fuselage  movestie

internally-
mounted \

— Movable three-axis traverse system ey

— Measure the flow field through
window on fuselage

— Closest possible location to wing-
body juncture




Fuselage Configuration

back end near sting
attachment location

typical wing cut-out shown
for reference

head-on view




Wing Configuration Design

DLR-F6 Wingwm

\_, _ 0015mod

NN NN

Yehudi break (crank)

Hisk Heaucuon expernments & CFD —> Finalize Design

]



Experiment Pictures @




Juncture Flow Experiment

- Heavy collaboration: CFD and WT design team
- CFD used extensively in the experiment design
« Companion CFD runs for all risk assessment experiments

* Publications:

- AIAA 2016-1557, AIAA 2016-1558, AIAA 2017-4127,
AlAA 2017-4126, NASA TM-2016-219348, STO-MP-AVT-284-02

- Have experimental data now, how well does CFD RANS
(OVERFLOW) do?



OVERFLOW Approach e

« OVERFLOW CFD RANS current “state of the art” evaluation
« Grid Resolution (in Free Air)
- Wall Effect, Free Air vs WT walls
« Turbulence Model (in Free Air)

- Data Comparisons
- Separation Size
« Wing Pressure (cuts)
- Surface Streamlines
 Velocity Profiles
- Reynolds Stress Profiles

junction region of interest,
where separation occurs

location for sting mounting
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OVERFLOW Grids ns1f

- Structured overset grid system

- Free Air: Curvilinear near-body, Cartesian off-body

- WT: Curvilinear near-body, Curvilinear wind tunnel wall grids
- Grid family created using guidelines from DPW series

 Coarse-Medium-Fine-Extra Fine grids (Free Air)
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OVERFLOW Grid Parameters @/

Stretching |Near Body Grid
Ratio Points

Free Air Coarse Same Near Body Grids

Configuration Total Grid Points

Free Air Medium 48.7M
Free Air Fine : 165.7M
Free Air Extra-Fine : 398.4M
Wind Tunnel Medium : 92.6M

Wind Tunnel Fine : 325.5M
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Langley 14- by 22-Ft. Subsonic Tunnel (14x22) @
| |

o

N[ __— 7

[ 1

\

/=
VA

T
|

N\ I
High Speed L
Sta. Sta. Sta. Sta. Sta. Sta.
660 710 0 50 68 115

770

Sta. Sta.
192 210 .



CFD 14x22 Wind Tunnel e

x=0 ft. (0 m) x=50 ft. (15.2 m) x=192 ft. (58.5 m) Xx=292 ft. (89 m)

< > —
/ Test Diffuser A
<>« Contraction  Section Extended Diffuser

Inlet

x=-70 ft. (21.3 m

\ 4

Zoom in on Test Section, JFM Installed at AOA 5 deg
16



CFD 14x22 Wind Tunnel Setup e

Impose Stagnation conditions
Pressure & Temperature

Blue Regions, Inviscid Wall BC
Grey Regions, Viscous Wall BC

Pstatic

Ptotal /
Walls Treatment:

. . . : Iterate Back Pressure
* Inviscid Inlet + Inviscid Diffuser Extension ratio to match tunnel speed
- Viscous everywhere else

Tunnel speed:

- Uses total pressure & static pressure “probe” values from their locations
- Calibrated equations -> tunnel speed

* Ref: Lee, et.al. STO-MP-AVT-284-02

17



Overflow Run Parameters @

- OVERFLOW 2.2N

« 3rd-Order Roe upwind RHS
- ARC3D scalar pentadiagonal LHS

« Low-Mach preconditioning (in CFD WT)
 Fully Turbulent, Steady State

« RE = 2.4 Million based on crank chord

« Mach=0.189, T= 519 Rankine (288.8 Kelvin) (median of run conditions)

« Turbulence Models:

. SA-Noft2-RC-QCR2013 (SARC-QCR)
. SA-Noft2-RC (SARC)
. SST-RC-QCR2013 (SSTRC-QCR)



Side of Body Separation AOA = 5.0 deg @/
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ng Pressures AOA 5. O deg

Wing Pressures

y=-254 mm
y=290.83 mm

y=4826mm
y=-6858mm
y=99492mm

cp

AR

x=2667 mm

y=254.

1 o
—0.75 4
O
—0.50 1
—0.254
0.00 -

0.25 1

0.50

Wmd Tunnel peak
is higher than free air,
but still lower than Exp.

//\j

0.0 1

0.5 1

y=482.6 mm

(-]

-2.5

-2.0

\

Variance in
.] separation zone

)

2600

2800 3000
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I
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X [mm] X [mm] Y [mm]
O Experiment —— CFD Medium —— CFD ExtraFine —— CFD-WT+SM Fine

= CFD Coarse

- CFD Fine

—— CFD-WT+SM Medium

—800

-600 -
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Wlng Pressures, AOA =

Wing Pressures

y=-254 mm
y=290.83mm

—021
y=-482.6 mm
y=-685.8mm oo
y=-994.92mm - N
]
0.2
\\

X=2667 mm
y=-1295.4 mm

y=-1663.7 mm

y=685.8 mm
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o
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0.0 4 o
5}
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Grid (Air)

Fine
Grid (Air)




city Profiles: Grid Resolution (Free Air) @

Before LE of wing

u-component w-component is
agrees with Exp. lower than Exp.

4

Profile | %/
270 location | ---------- ]

~260}- — N N e ¥ N S 5 I B i N g

Y [mm]

250] e — o]

—240 e

-230

0.4 0.6 0.8 1.0 0.02 Z0.01 0.00 0.01 0.200 0.225 0.250
U/UTef U/Uref w/l]mf
O Exp =A— CFD Coarse =%-—= CFD Medium =—&= CFD Fine =P= CFD Extra-Fine

AOA =5 deg
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Reynolds Stress Profiles: Grid Resolution (Free Air) @

Before LE of wing

-290

s u’u’ missing ; i 5 s s 5
~280) g o By S S B g

peak

-270F-- @ S :

B O e M =, ™S U s

Y [mm]

sl Py SR R R s o R

/V

VT B — L - - B E N S, e

0.000 0.002 0.004 0.006 0.000 0.001 0.002 \Over-predlcnng 0.002 0.003 0.004
'’ U2, Vo' [U2, vV & wWw’ oz,

—230

-290

u’'w’ missing
peak

—280

=270

-260

€
S
>

—250

—240

—230

0.0000 0.0006 0.0012 0.0000 0.0008 0.0016 0.0000 0.0002 0.0004

AOA=5 deg u'v' Uy u'w'Ues vw' [Uf

| O Exp =#A= CFD Coarse =%= CFD Medium =—&= CFD Fine == CFD Extra—Fine| o5




‘Velocity Profiles: Wall Effect

S Before LE of wing

Adding WT
walls recover [\

- """""" o= \ """""""" - Magenta/Purple | ¥ """"

ffffffffffffffffffffff ~. % IWT Mediumand| [ i
—~s%—| Fine cases

-230

0.4 0.6 0.8 1.0 0.02 0.200 0.225 0.250
/Ut AL W/
O Exp =% CFD Medium  =&= CFD Fine | =B= CFD-WT+SM Medium  =€= CFD-WT+SM Fine

AOA =5 deg
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Reynolds Stress Profiles: Wall Effect

Before LE of wing

WT walls
have very little
effect here

—290

s o

-270F-- Q- b b L {1 o Ee 2

260] Nme ] D —_ S T
-250
—240
—230L1 a a a a a i a a a a a i
0.000 0.002 0.004 0.006 0.000 0.001 0.002 0.003 0.000 0.001 0.002 0.003 0.004
u'v' [U, V"' JUR; w'w' /U

—-290

—280
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£
€ -260
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2301 i i i ; ; i i i
0.0000 0.0006 0.0012 0.0000  0.0008 0.0016 0.0000 0.0002 0.0004
AOA =5 deg u'v' /U u'w' /U5 vw'[Upes

| O Exp  =W== CFD Medium  =—€= CFD Fine  =H= CFD-WT+SM Medium  =@= CFD-WT+SM Finel o7




Velocﬂy Profiles: Turbulence Model

Before LE of wing, Fine Grid

Profiles look similar
between all Turb.
Free Air models

230 014 0!6 O.‘8 1f0 —0‘.02 —Ol.Ol O.IOO fé)l 0.2IOO 0.2IZ5 0.2I50
u/Uref arlll w/UV'ef
O Exp —&— CFD Air SARC-QCR =&=CFD Air SARC =p— CFD Air SSTRC-QCR == CFD WT SARC-QCR
AOA =5 deg
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Reynolds Stress Profiles: Turbulence Model @

Before LE of wing, Fine Grid
2°——| SSTRC-QCR R

Details of flow

g0l & . ¥ | are different
28018 predicting a " | , ,
-270 |- 8 : ' :
~260 |
~250 |
—240}
230 . . i i ; i i i i i i i
0.000 0.002 0.004 0.006 0.000 0.001 0.002 0.003 0.000 0.001 0.002 0.003 0.004
00 u'u' (U V' [Usy w'w' /Uy
2s0| SARC predicting| § ]
—270| . : a different profile | & ... —_—
E ~260| - S - S AR A N : :
> i TSN i . i :
=250 - T NS 1 ¥ By e SR 1
—240
230l i i i i i i ; i
0.0000  0.0006  0.0012 0.0000 0.0008 0.0016 0.0000  0.0002  0.0004
AOA = 5 deg w'' JU2, W' /U2, o JU2,

| O Exp =& CFD Air SARC-QCR  =%= CFD Air SARC  =p=— CFD Air SSTRC-QCR  =&= CFD WT SARC-QCR | 29




V

Upstream of Separati
Shift may be
caused by the Coarse grid
two BL ; stands out a little

ocity Profiles: Grid Resolution (Free Air) &

on, 1 mm from fuselage

LE
=
=

_.}.: ........................................................................
r
[
:
|'1

_____________ [/
—
I
,,,,,,,,, ] [/
10 j i i . L i i \ i i
0.2 0.4 0.6 -0.008 0.000 0.008 0.016 -0.20 -0.16 -0.12 -0.08
U/U/‘ef v/U/‘ef w/Ulcf
O Exp =A— CFD Coarse =%-= CFD Medium =—€= CFD Fine

=p=—=CFD Extra-Fine

AOA =5 deg
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Reynolds Stress Profiles: Grid Resolution (Free Air)

pstream of Separatlon 1 mm from fuselage

Some Reynolds
stresses compare well,
others don’t agree

|E| FUT |
o e . S
10 i i i i
0.0000 0.0025 0.0050
u'a U2, wh /U2,
70 — I , ! .
o B § S
1 S TR . o R ITTIt TRHPRPRI
A0 |- I B
30 |t e I
20 L T O ——"
10 L i i i i L i i
0.0000 0.0008 0.0016 —-0.0012 —0.0006 0.0000 —0.0003 0.0000
AOA — 5 deg u'v' [U, u'w' /UL v'w' /UL
| O Exp =A== CFDCoarse =¥= CFD Medium =&= CFD Fine =p= CFD Extra-Finel 31




_Velocity Profiles: Wall Effect

Upstream of Separation, 1 mm from fuselage

)

Very similar

‘ . results from
’ before
é . ‘ . . Ae .
. R 3 \ :\:‘
50 : 3 5 & A
oo ....................... .................. .é ....... \ ...................................................... 5 ..............................
'g' i=l U o
£ A0 SR N '
N 2 1l
: | 5 ]
30f I : TN, AR
of WAl
10 i i i i i i j i i L ;
0.2 0.4 0.6 -0.008 0.000 0.008 0.016 -0.20 -0.16 -0.12 -0.08
u/ Ur'ef U/ Ur'ef w/ Uref
O Exp =% CFD Medium  =&= CFD Fine

== CFD-WT+SM Medium —@=— CFD-WT+SM Fine

AOA =5 deg
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Reynolds Stress Profiles: Wall Effect

Upstream of Separation, 1 mm from fuselage

S O S SR - (A - S Y O RS S

iy R A" AR iy IS A K7,
10 L i ; i i i
0.0000 0.0025 0.0050 0.0075 0.0008 0.0016 0.0 Some small

u'u' JU2 o' JULL : Sny? w'w' /UL

70— A __ " differences in v'w [Ors_
I R T A S _ | | | \ ___________ S S _
SO i % S 1 B ® i IN e 1

ol
QO oo > S - - M GEBT |

Z ,

: .
B0t - e R |
20k e ] I & s - - SO ]
10 ; i i i a | . .

0.0000  0.0008  0.0016 -0.0012  -0.0006 0.0000 —0.0003 0.0000
AOA -_ 5 deg ulvl/U;"Zef u/wl/UrQef vlwl/Ur%if

| O Exp =% CFD Medium =—<&= CFD Fine =H= CFD-WT+SM Medium

—e— CFD-WT+SM Fine| 33




Upstream of Separation, 1 mm from fuselage, Fine Grid

More variation

| | due to turbulence
s model
| - JREETD BN Y — D R—
SSTRC-QCR | Y el e —
predicting a LR\ >
different profile ; 5
30 S S . ' S
: g‘éc : —
20f e AP s ». eﬁ = e -
10 052 Of4 056 —0.i008 0.0iOO 0.0iOS 0.616 -0.25 —OJ.20 —Oi.15 —Oi.10 —0‘.05 0.00
w/Uper 0/Uer W/Upey
O Exp =& CFD Air SARC-QCR  =%= CFD Air SARC  =p= CFD Air SSTRC-QCR

== CFD WT SARC-QCR

AOA =5 deg
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Reynolds Stress Profiles: Turbulence Model @

tream of Separatlon 1 mm from fuselage F|ne Grld

Large dlscrepan0|es
between SARC,
SSTRC-QCR, and

SARC-QCR

) < o
g . g b . o
30 7 """""""" """ ~ A 4»’: ’

I I I I I I I I I I I I I
0.0000 0.0025 0.0050 0.0075 0.001 0.002 0.003 0.004 0.001 0.002 0.003 0.004 0.005
v'v' JUR w'w' U

I I I I I I ] I I
0.0000 0.0008 0.0016 —-0.0012 -0.0006 0.0000 -0.00050 -—0.00025 0.00000

AOA — 5 deg u'v' [U, u'w' /UL v'w' /UL

| O Exp =& CFD Air SARC-QCR  =%= CFD Air SARC  =p= CFD Air SSTRC-QCR  =&= CFD WT SARC-QCR |
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locity Profiles: Grid Resolution (Free Air) @

In the Separated Region, 10 mm from fuselage

Large variation in
velocity profiles across
different grid resolutions | |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

10} -

e ;

-20 \ I I I
-0.4 0.0 0.4 0.8 -0.08
U/Ur'ef
O Exp =A— CFD Coarse =%-—= CFD Medium =—&= CFD Fine =P= CFD Extra-Fine
AOA =5 deg
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Reynolds Stress Profiles: Grid Resolution (Free Air) @/

In the Separated Region, 10 mm from fuselage

Similar shapes for : . :
Reynolds stresses | 5 SR SR O
across grids, but still | & ] L
not matching Exp. | #, | |

N

0.02 0.03 0.04
w’w//Ufcf

0.015 0.030 0.045 0.00 0.01

w2,

0.000

Z [mm]

L—== Jmi=

L | | I ™ ) I Ofip== I
0.000 0.004 0.008 —-0.012 —0.006 0.000 —0.001 0.000 0.001

AOA =5 deg '’ Uy u'w' /Uy, v'w' U

| © Exp =A= CFDCoarse == CFDMedium =—<= CFDFine =»= CFD Extra-Fine |

|
0.002
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w

_Velocity Profiles: Wall Effect

In the Separated Region, 10 mm from fuselage

Separated flow
predictions different in

F bubble with WT walls |]

WT cases
different v-

/Uy

w/U/‘ef

Exp

== CFD Medium —&= CFD Fine == CFD-WT+SM Medium

=—€— CFD-WT+SM Fine

AOA =5 deg
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Reynolds Stress Profiles: Wall Effect

In the Separated Region, 10 mm from fuselage

40 1 , T .

0.62 0.63 . 0.|03 0.64
H . w,w,/U'r’?ef
Still no differences 3

30 e e ‘| between WT Medium
R S : and WT Fine |~

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

z
é ...................................................... n
N
~20 e a . | + : i 2 ' i
0.000 0.004 0.008 —-0.012 —0.006 0.000 —-0.001 0.000 0.001 0.002
AOA — 5 deg u’v//Ufef u’w//Ufef v/w’/Ufef
| © Exp =¥ CFDMedium —e= CFDFine =8~ CFD-WT+SM Medium =—&= CFD-WT+SM Fine | 39




V

locit

y Profiles: Turbulence Model

In the Separated Region, 10 mm from fuselage, Fine Grid

Large variation for
each turbulence

model
_ooL ® ¢ . i i . > i i D DV
-0.4 0.0 0.4 0.8 -0.09 ~0.06 -0.03 0.00 -0.2 -0.1 0.0 0.1
U/ Ur'e f U/ Ur'ef w/ Ur'e f
O Exp —&=— CFD Air SARC-QCR =3 CFD Air SARC =p=—CFD Air SSTRC-QCR == CFD WT SARC-QCR
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Reynolds Stress Profiles: Turbulence Model @/

la the Separated Reg|on 10 mm from fuselage, Fine Grid
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Summary @

« Preliminary evaluations of OVERFLOW CFD “RANS” on Juncture Flow region
« Solutions compare well before separation
« Some sensitivity to grid resolution in free air
+ Less sensitive to grid resolution with wind tunnel walls
« CFD in tunnel simulations predicted smaller separations
« Turbulence Model variations the largest

- Turbulence Model predicted largest differences
* No “trend” on which model matches the best
« \Wide variation across models

- CFD is doing a decent job at the broader quantities (pressures, velocities), but predictions
break down in the separated regions.
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Future Work @

 No significant indication in the computation of unsteady nature
to the flow

 Preliminary time accurate computations do not show any
major effects of unsteadiness

* Need a bit more guidance about the time scales
 Possible corrections for AOA?

- Website: https://turbmodels.larc.nasa.gov/Other exp Data/
junctureflow_exp.html
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