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1. Introduction

[\Nagner: intensive numerical and experimental study of the flow field in a
planar Expansion-Deflection Nozzle (ED)

4

Side-wall separation for selected Nozzle Pressure Ratios (NPR)

! | main goal of thesis

» How do the side-walls effect the simulation?
» Can the numerics capture the side-wall separation?

! | Spin-off

Transition between two operation modes

pressure sensor  tubes to pressure ports

Simulation of Backward Facing Step (BFS) &
Truncated Ideal Contour Nozzle (TIC) constriction round access
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2. Numerical Method and Flow Solver

“... actually not one code but a modern software system for the prediction of viscous
and inviscid flows about complex geometries from the low subsonic to the hypersonic

,II

flow regime, employing hybrid unstructured grids

NACA 0015: Re=1.95x10° ; Ma=0.29 ; w*=0.2 ; 0,=4.0°; Ao=4.2°
0.04 T T

SAO
[m} Reference

* Grid partitioning

0.03

* Pre-processing
* Solver (RANS, RSM, DES, LES)

1 ;n/n/t]
° Adaptatlon 0.01 b
| \%]
* Deformation 0 -
¢ CHIMERA teChanue f ! Hintergr_und-Radius - -0.01_2 (') > "1 5 3 70

angle o

Chimera technique used for flow over oscillating airfoil (Gerrit Stich, 2013)

7N\ /) \, / 7\ - K v
o, N EVAVAY, S YAYAVATE ,

o s

ustry (Schwamborn et.al, 2006)
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2. Numerical Method and Flow Solver
2.1 Numerical settings of the DLR-TAU Code in this study

* AUSMDV Upwind with second order MUSCL

e Relexation solver: Implicit Backward Euler

* Linear Solver: LU-SGS

e Residual smoother: Upwind implicit

* Turbulence model: SAO, Menter SST, kw-Wilcox, RSM
* Intensive use of mesh adaptation

* Control of computations via python script
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Complete system

System cases

Subsystem cases

Benchmark cases

Unit problems

Adapted from:
AIAA Guide for the verification and
validation of computational fluid
dynamic simulations. AIAA-
G-077-1998, 1998
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3. Validation

AlAA Guide for Verification and Validation:

Expansion-Deflection Nozzle (ED)
Experiment

Steady Unsteady

v

Simplified 3D-Model

A 4
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‘ ‘
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3. Validation

AlAA Guide for Verification and Validation:

Expansion-Deflection Diise (ED)
Experiment

Steady
I

v
Simplified 3D-Model

A 4

Derived 2D-Model

J !
TIC-Nozzle BFS

N,
Einstromung

overexpanded TIC-Nozzle

Beruhigungskammer Umlenkung

15°

Anfang Rechengebiet
—

I
I
| DLR TIC Diise
I (25°
1
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Test Case 1A

CFD-Workshop FSCD/ATAC Group 2006

Flow Conditions:

NPR=25,0;T,=283K;T,=300K;R*=10,0 mm
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& TestCase
—— Alzary. SST stand.. Gr.A
— — Alzary. SST stand.. Gr.B
= = = = Alzary. SST stand.. Gr.C
— - — Alzary. SST & Moore. Gr.B
— = = Alzary. SST & Durbm. Gr.B
= Alziary. SST & Pope. Gr.B
= Negishi Baldwin-Lomax
=— — Negshi Spalart-Alimaras
= = = = Negshi SST mod.

— = - Nasuti Spalart-Alimaras

= Nebbache. SST

— — Osthnd. SST/As=2.0

—— Osthnd. SST/As=3.23

= = = = Osthnd, SST/As=3.23, fine
Ruf kw-Sarkar

——— Wagner. Spalart- Allmaras

=— = Wagner, kw-Wilox

Zeiss, SST

TDK9%1

— = = Nasuti Spalart-Alimaras mod.

Overexpanded TIC-Nozzle with separation

Test Case 1A
CFD-Workshop FSCD/ATAC Group 2006

Flow Conditions:
NPR =25.0; PO =25.0 [bar] ; TO = 300 [K]

2 4 6 8 X/R*

Current status of numerical farfield T

flow prediction for

separated nozzle flows *
farfield farfield 200R

R. Stark and G. Hagemann S

EUCASS 2007 flow

axisymmetrie axis

600R*

Computational Domain




3. Validation

Observed Grid Parameter

structured layer 1. cell

Dimensionless wall

distance y*(1) T

Ay(l)i re

Height of structured
layer Ay

AY ——

« |s +> /
Cell width I, / N.cell € :\lumbT\lr of structured
ayers

Additional Parameters:

* Influence of farfield distance in y and z direction
* Number of used adaptation steps

* Number of unstructured grid cells

* Influence of turbulence model

* Influence of flow parameters (NPR, T,)

* Influence of nozzle length (truncation)

i DLR
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3. Validation
3.3 Test Case 1A — Grid Independence Study

Observed Grid Parameter

structured layer 1. cell

Height of structured
layer Ay

Ay ——

Additional Parameters:




3. Validation

* Increase of stretching factor in 6 steps to obtain Ay,_..=0,25mm to Ay, _ = 3,00mm
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3. Validation

* Increase of stretching factor in 6 steps to obtain Ay,_..=0,25mm to Ay, _ = 3,00mm

1.2 1 I I | I 1 I 1 I 1 6.70 ||||||||| L LI LI LI LI
i -1 2 i
i 1 essf T O— seraton |
1.0 . \ -
I = 6.66 |
L 0O oo B \ ]
- O 1 664
i ~\'_ 6.62 | \ -




idation

Val

3

Increase of stretching factor in 6 steps to obtain Ay_..=0,25mm to Ay, .= 3,00mm
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3. Validation
3.3 Test Case 1A

Observed Grid Parameter

structured layer 1. cell

Dimensionless wall
distance y*(1)

Height of structured
layer Ay

AY ——

< |5 > /
/

N. cell

Additional Parameters:




3. Validation

it ) 8 L I I I |RAL IRAL IRAL IRAL IRAL IRAL IIIII|T|
Detailansicht: N 6.60 ™ T “ W q 1 1
i [ - _
i > _
6.40 approx. y*(1)=10
6.20 W
© i | x
o) - 1
3 - 1%
6.00
| E i t . i |
|_ O Erperiment (= | 580
| Jom = = = = 20 Ay(1)=0.5e-01 . B N
0.2 Hoo=o 3 e I |
. M =1.Ue-l . wgs
| A== -
—— H =0.oe-
| e 7: A¥(1)=1 .0e-05 7] 5.60 5]
e 8: Ay(1)=0.5e-05 - - .
00 | | ] | ] ] | | ] |_|_|.uﬂ ||||||,|ﬂ ||||||,|l IIIIILLH ||||||,|H lIIIIuH [N ST |
2.0 4.0 6.0 8.0 107 10° 10° 10* 10® 102 10" 10°
X/R* Ay(1)

* For a dimensionless wall distance smaller than 10 the separation position converges
towards a constant value

DLR
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3. Validation

104 I I l T I l ' ' I ' l I ' ' ' ' ' 1 T T T 1 ) 1 I T I T 1 1 I T 1 T T I
4: Ay(1)=1.0e-03 107 L— //"‘\
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— T e
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I—IFH”
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=
" \\ " Qf7p§
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----- 2: Ay(1)=5.0e-02
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6: Ay(1)=5.0e-05
7: Ay(1)=1.0e-05
8: Ay(1)=5.0e-06

I
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INEEE

Ll L L Ll

|

1 L 1 L

-6 ! I ! ] ]
10 0 100000

200000 300000 400000 X/R*

Iterations

* To reduce the y*(1) value from 10 to 0.1 almost four times as many iteration steps are
necessary
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3. Validation
3.3 Test Case 1A

Observed Grid Parameter

structured layer 1. cell

Dimensionless wall
distance y*(1)

Height of structured
layer Ay

AY ——

Additional Parameters:

> Influence of turbulence model




3. Validation

1-2 1 1 1 I 1 I 1 I 1 | 1 I | [ I I I I | 7.50

' 1r Experiment 1

1L : zggter-SST : 7 00
10 k i E : I’(;él-wWilcox E '
- " w—
- < — o p -16.50
08 4t 6.54] :

- 1r -1 6.00
oo il 550k
3 0.6 _— -_ :— —: 5.50 S

- 1 F -5.00

04 =1 | i

: . 1 4 ]

- (] Experiment 1 4.68 -14.50

- SAO 116 :

0.2 [ ——— Menter - SST 1L A d4.00
| = ko - Wilcox |t 1™

T R R RSM 1t -

0.0 | 1 | l 1 | 1 I | 1 | I 1 l I l l 3.50
2.0 4.0 6.0 8.0 0 1 2 3 4 5
X/R* turbulence model

* Best agreement of wall pressure with SAO and RSM

* RSM predicts wall pressure in area of recirculation better
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3. Validation

LRI R | R

Ma: 0.20 0.60 1.00 1,40 1.80 2,20 2,60 3.00 3.40 3.80 4,20 4.60 5.00 Ma: 0.20 0.60 1.00 1,40 1.80 2,20 2,60 3.00 3.40 3.80 4,20 4.60 5.00
Spalart-Allmaras - SAO Spalart-Allmaras - SAOQ

LRI | T

Ma: 0.20 0,60 1.00 1,40 1.80 2,20 2,60 3.00 3.40 3.80 4,20 4.60 5.00
Spalart-Allmaras - SAOQ

%
Wresecoee

Wilcox k-omega - ko Menter Shear-Stress-Transport - SST Reynolds Stress Model - RSM

* Flow field for RSM model strongly differes close to mach disc
* Turbulence production across the shock is predicted too high

DLR
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3.
3.3

Validation

Test Case 1A — turbulence model study

Current work in progress at DLR to improve shock capturing for RSM turbulence model

dirichlet

inflow Shock

diverging |

section

uncorrected

RANS
o DNS

1 11

pressure
outlet

corrected

RANS
o DNS

R,,/R

11iu




3. Validation
3.3 Test Case 1A

Observed Grid Parameter

structured layer 1. cell

Dimensionless wall
distance y*(1)

Height of structured
layer Ay

AY ——

Additional Parameters:

» Influence of turbulence model
> Influence of flow parameters (NPR, T,)
» Influence of nozzle length

i DLR
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3. Validation

N | I I | | I I I I I | | I I | | I l I I | ] . .
sol ol Separation position follows a
- o o lineartrend towards nozzle
i O 0O O] :
- S 0 o | exit
S0 <<>> 527 7 * Influence of truncation on
i . <<>> 00 | separation position
i OO |
40 - [l>> <><> DDDD -1 * For larger L/R* separation
e | > S 0o 1 occurs later
a | v > O 0o |
< 30 v > O 00 -
- N v > om i T
i a v > oM 1 Publication in CEAS Space
oL 2 g D&D@ | journal 2016 following soon
- N O LR*175
- g A ngm A LR*3.00
B o A B v L/R*4.56
[ O LR*9.00
i oL O  LR*1080
@ O  LR*12.00 -
0 i | | | I | | | I | | | I | | | I | | | I | | | |
0 2 4 6 8 10 12
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3.

Validation

3.3 Backward Facing Step
Zs
T : euler wall
* Total pressure [bar]: 3.76 |
supersonic inflow . supersonic outflow
Hy !
e Temperature [K]: 350 > : —
* Mach number [-]: 3.5 §
viscous wall | base - viscous wall
* Step height [mm]: 19.05 Hl - S
Ly _| Lp | Y
1.0 T T T T T T 8.0
I NENRRRRERREE ]
| Ma: 01 03 05 0.7 09 1.1 1.3 1.5 1.7 1.9 21 23 2.5 27 2.9 3.1 3.3 35 3.7 3.9 41 43 4.5 47 49
0.8 i 60
0.6 N
%’ I % 4.0
0.4
L -—— r?/lz(r?ter_-SST 20
02 JE—— ',;“;;WW"'f"X ’
8 Ejfdsm“h | | .
000 e ; L é L 1 .X?IH‘ L é L ; — -5.0 -2.5 0.0 25 XIH 5.0 7.5 10.0 125

H. E. Smith. The flow field and heat transfer downstream of a rearward facing step in supersonic flow. Aerospace
Research Laboratories. 67-0056, 1967




3. Validation

* Total pressure [bar]: 3.76 - |

* Temperature [K]: 350 i —

* Mach number [-]: 3.5 o o

« Step height [mm]: 19.05 - /IIEI/ )
| Lo | %

| |
0.30 /

Results of BFS-Study:

e Earlier re-attachment with SAO

* Influence of dimensionless wall distance bigger
for 2-equation turbulence models

AN
E § Menter SST target y* for adaptation: .
oos |6 maw coarse =10 * Used turbulence models show earlier pressure
I . ey rise and deficiencies in prediction of
o 1 4 5

reattachment

2 3
number of adaptation steps

H. E. Smith. The flow field and heat transfer downstream of a rearward facing step in supersonic flow. Aerospace
Research Laboratories. 67-0056, 1967
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Expansion-Deflection Nozzle (ED)
Experiment

Steady

Unsteady

v

Simplified ED-Nozzle in 3D

A 4

ED-Nozzle in 2D

‘ /

TIC-Nozzle ﬁ'

!
BFS J

3. Validation

ANNN

Better understanding of grid parameters on the
simulation by comparing simulation results with
experimental data

! | direct applicability

Improves grid generation for ED-nozzle

! | overall use

Better understanding of the sub-systems results
better understanding of the complete system




Expansion-Deflection Nozzle (ED)

Exper

iment

Steady

Unsteady

v

Simplified ED-Nozzle in 3D

A

y

ED-Nozzle in 2D

‘

TIC-Nozzle

BFS

4. The ED-Nozzle
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4. The Expansion-Deflection Nozzle (ED)

2 operation modes dependent on the nozzle pressure ratio NPR

1 AN

Open Wake Mode |NPR 9,76 Close Wake Mode |NPR 28,88

LLLLLLLL L L L L L L L L LS L L L L L L L L L L L L L LD /IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Ma: 0.0 0.3 0.5 08 10 13 15 18 20 23

4
/
/

Ma: 0.1 05 09 13 17 21 25 29 33 3.7

&\\\

S ———

\_
Reattachment shock\\

*Moving shear layer with separation at step *Moving shear layer deflected towards wake
*Open recirculation connected to ambience *Recirculation region separated from

*Sub- and supersonic exit flow ambience

*Shear layer separates the two flow regions eReattachment shock

*Full supersonic exit flow

i DLR
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4. The Expansion-Deflection Nozzle (ED)

1.0

0.8

I | I I ! | | I | I | I | I | I | I I | | I | ! I I |
Y, =y T T T

O NPR,, =28.88 .
A NPR,, =9.76

CFD upper body
——————— CFD lower body

0.2

Upper nozzle contour:

| I | I I I I I | | l |

-4 -2 0 2 4 6 8

ezl AR
Back, L.H.

’ e

Leil PR
TR

0

* Good agreement with
experiments
e 2D and 3D almost identical

Pressure deviation after R*:

* Experimental as well as
numerical observed

\

Stromlinien

Gt Mach-Linien

Over-turning of flow in
throat due to small radius

@ flow parallel

Expansion

Transfer in Conical Supersonic Nozzles




4. The Expansion-Deflection Nozzle (ED)

2.0 1 1 II 1 l T 1 1 1 I T 1 1 1

e“‘;',:g;,“e’ O  NPR,, =2888
B | A NPR.,, =9.76
3d-Y =0.00 mm
3d-Y = 22.25 mm

1.5

0.5

Number of grid cells:

2D: 215000
3D: 8900 000

Open wake mode 9.76:

* Poor agreement with wall
pressure for 2D and 3D




4. The Expansion-Deflection Nozzle (ED)

1 1 — Beruhigungskammer Umlenkun Anfang Rechengebiet
From validation — Test Case 1A gung 9 Anfang Recheng
15°
Einst:}'-,?r,wng DLR TIC Diise
_’ 25°
6.1R* 2R* *

1.2 1 1 I I I I I 1 I 1

A | « SAO predicts wall pressure in

10 recirculation region too low.




4. The Expansion-Deflection Nozzle (ED)

2-0 1 1 II 1 l T 1 1 1 I T 1 1 1 I 1 1 1 T I 1 1 1 T

| ond center ) S orhe | Open wake mode 9.76:
body 0 NPR,, =28.88 nozzle: .
i | A NPR, =976 1 ¢ Poor agreement with wall
3d-Y =0.00 mm
3d - Y = 22.25 mm pressure for 2D and 3D

e Deviation between 2D and 3D
indicates influence of side wall

1.5

* Dip in the middle due to
secondary recirculations

0.5

secondary recirculation




4. The Expansion-Deflection Nozzle (ED)

2-0 1 1 II 1 I 1 I 1 1 I T 1 1 1 I 1 1 1 1 l 1 1 1 1

| end center ) S oTthe | Open wake mode 9.76:
body 0 NPR,, =28.88 nozzle: .
i ! O NPR, =9.76 1 ¢ Poor agreement with wall
3d-Y =0.00 mm
3d - Y = 22.25 mm pressure for 2D and 3D
e Deviation between 2D and 3D
indicates influence of side wall

* Dip in the middle due to
secondary recirculations

Closed wake mode 28.88:

Deviation 2D and 3D smaller
Acceptable agreement of wall

pressure in recirculation region
for 3D

Re-attachment to early

—> pressure increases to early
Premature re-attachment close

1.5

1.0

p/p,

0.5

o
o
°

to the side wall




4.
4.3

The Expansion-Deflection Nozzle (ED)

Re-attachment of shear layer at central body

Symmetry plane

Re-attachment
line

i DLR
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Torus vortex y-

direction

4.0 LI I I | l LI I LI
i re-attachment & | |
5.0 Side-wall |
O 60l _
R .
- Symmetry plane —
| Base | \ / 7
7.0 N
Sidewall | - ]
80 | | | I | |1 1 | | |
-E R | 0.0 5.0 10.0 150 20.0
p/p,: 0.00 0.31 062 093 124 155 1.86 Y




4. The Expansion-Deflection Nozzle (ED)

20 |||I|I |||||||I|||| | 4.0[|IIIIII|IIIIIIIII|II

[ hody NPR,, =288 [horte. " | i re-attachment | |
- I NPR,, =9.76 . . ]
. NPR,, = 28.88

i I = = = NPR,,=976

>O

-"U—Q—‘ — \enter-SST 7] B 7]
= — k- ilCOX - —
1.5 — sho 5.0 Side-wall

B O C=0 B |

i | i N\ |

physical <
B reattachment 7] B \—

6.0

premature _/ }
separation | —— i

X/G,

' WA W I

|

8-Ollllllllllllllllll
3.0 4.0 5.0 6.0 7.0 8.0 0.0 50 10.0 15.0 20.0




Expansion-Deflection Nozzle (ED)

Exper

iment

Steady

Unsteady

v
Simplified ED-Nozzle in 3D V/

A

ED-Nozzle in 2D V{

‘

TIC-Nozzle

BFS

4. The ED-Nozzle

ANNNN

2D simulation gives a good first impression on the
two different operation modes

4

Simplified 2D assumption not sufficient, 3D
simulation necessary to capture side-wall effects




Expansion-Deflection Nozzle (ED)

Exper

iment

Steady

Unsteady

v
Simplified ED-Nozzle in 3D V/

A
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5. Variation of NPR

ANNNN




5. Variation of Nozzle Pressure Ratio (NPR)

Transient pressure ramp from experiments simulated with 72 stationary computations

35.0
B [ | Upramping: ANPR>0|]
B || Downramping : ANPR<0|]
B Temperatur T, ]
B /_\ O Simulationspunkte |
300 b— \
250 %‘ -
200 F -
14 i g ‘%‘ i
o B i
= B i
15.0 f %‘
10.0 | \\ ]
= \ ]
5.0 AN
0.0 | | |

10

T, [°C]

-10

-15

Upramping:

Downramping::

d(NPR) _
dt

d(NPR) _
dt

* Inflow and ambient conditions
from simulations match
experiments

* Upramping and Downramping
were simulated seperately

* Pressure variation of 0.5 in the
transition region.




5.

Variation of Nozzle Pressure Ratio (NPR)

Initialization of the flow

NPR,,,=NPR,
500.000 Iterations

Grid resolution:

A 4

Simulation of NPR.

i+1
with NPR; as a starting solution
200.000 Iterations

2D: 215.000 (500.000 after adaptation)
3D: 7.9000.000 (no adaptation)

Iterations for stationary pressure ramp:

A\ 4

3 Adaptation steps 2D

Output only for final solution
each 100.000 Iterations

2D: 21.000.000 Iterations (3 x adapted)
3D: 11.000.000 Iterations

Computational Time and resources:

A 4

Change
NPR;,;, = NPR;

*DLR student Cluster laraserv01 (64 Cores)
*Each 2D-Simulation ~14 days
*Each 3D-Simulation ~90 days




5. Variation of Nozzle Pressure Ratio (NPR)
5.2 eparation in off-design

NPR 24 NPR 22 NPR 21 NPR 20 NPR 19

2.5 T T T T l T T T T T T T T T T
| = = = = NPR17.24 . E
H[= = = - NPR18.31 Upramping| -
N P NPR 19.25 1
_ ) 20 H=rmemim NPR 20.92
Side-wall separation from | ——— NPR 21.32
oil visualization | = NPR 22.31
| = NPR 23.05
" | =— NPR 24.01
1.5 [/ ——— NPR 25.04
- [ = me NPR 26.22
) B
N B
1.0
0.5
0'0 | L L L L L L L L | L 1 L
6.5 7.0 75 8.0

 Side-wall separation in off-design

* No side-wall separation for design pressure of NPR
30

* Separation above re-attachment shock




5

. Variation of Nozzle Pressure Ratio (NPR)

Qualitative picture from
experiments (right)

Separation position only
from CFD

As discussed, transition at
lower NPR

Stronger numerical side
wall separation then

experimentally expected
(due to later separation)

1.0IIII\\I!IIIIl\l\IIIIIIII[IIIIIIIIIIIIIIIII
B 1 1 I 1
I=—CFD — 1 | =< Exp. =1 AXIL,,
i i 1 1 E AZIG,,
| | 1 | 1 down ramp
i Lo : up ramp
08 = . . = = == fransition
| I | I ——— retransition
i I [ 1
5 I 1 I 1
w o | i Lo !
N 1 1 1 1
O o6} i (I 1
N B 1 1 I 1
< i (I |
"z E 1 1 1 1
2 5 i [ I
= i [ I
X 04 A (I 1
< - ' (I 1
| 1 I 1
(I I
B 1
02| l
= ! no side wall
i i separation
! i
0 0 | 1 | I || &I
' % 12 14

view on nozzle
side wall




5. Variation of Nozzle Pressure Ratio (NPR)
5.3 Hysteresis behaviour

1 Dusenkontur
- £1 y
0.6 2| | -
o B £ ) | . Basis —
o - 51 - 3 -
= | ® el - 1
el I | ] Nachlauf
04 re-transition .
i PAom, ' ‘ ]
: %‘3 / iy
I o ]
0.2F Pressure -
B deviation -
i vy |
0.0 5 10 15 20 25 30
NPR




5. Variation of Nozzle Pressure Ratio (NPR)

1 1 I T 1 1 1 I I I 1 1 .
1+ Hysteresis effect:
- i, | Transition depends on NPR and
- N transition 1 rate of change of NPR
! . : - assumption
: 2] I . Pressure deviation
06 el I 7 due to side wall separation
o B 5] - 5 i
) B © £ | i
e 1 | 5 | |
0.4 _— re-transition , . ‘ __ Numerics Capture the side wall
i *«»ﬁx _ - separation
B LA T
- / ':~/_ conclusion
0.2 Pressure =
B deviation - @
005 L 1|0 [ 1|5 L 2|O L 2|5 L 30 NumerICS Should Capture the
NPR deviation




5. Variation of Nozzle Pressure Ratio (NPR)

5.3 Hysteresis behaviour

1.0 | T T T 1 l I T T T I 1 1 1 T I 1 I 1 1 .
B i e eoxperiment |° Hysteresis effect
- a4 . —/\— upramping | ;
i N m o T oo downromeing | ¢ Base pressure too low in open
- oL, —— 2d-mesh 1 \wake mode
08} AR ——— 3d-coarse . .
i ad-fire | * Transition shifted towards lower
i N : " |1 Nozzle Pressure Ratios (NPR)
g H i 1+ Deviation not captured
06} -
£ | -
K] | ! ]
o i |
0.4 -
02}
I L |
- Il L | Il l | L | | l L | | | I Il L | | I Il L L | |
005 10 15 20 25 30




5. Variation of Nozzle Pressure Ratio (NPR)

e experiment |° Hysteresis effect
£L— upramping 14 Bage pressure too low in open

. =:={}:=:= down ramping -
y, ~——— 2d-mesh | \wake mode
x' — 3d - COArse - .. .
% ——— 3d-fire | * Transition shifted towards lower
. 3d - shifted

|

Nozzle Pressure Ratios (NPR)
1+ Deviation not captured

~—____shiftofNPR=+48 ¢ Trend well captured

for 3d-fine mesh
in open-wake mode

P./P,




5. Variation of Nozzle Pressure Ratio (NPR)
5.4 Re-attachment on central body

3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

1,2 !I T T l T T T T l T T T T I T T T T I T T l\‘! l TNT T T I"l T T T I T T T T I T T 1 l!l T T 1.50
RO z \ I 1 1
i E AN i

1.0 Hi A, Syt i 4125
Bl =Ty wake end
|1 B ]

0.8 —: : - 1.00
[ |- = = = = reattachment i 1

- p/p, (Y/IG=0) - i ©
O o6 4075 &

> - [ NPR 14.0 .
- [ | NPR 14.5 b
I [ | NPR 15.0 ]

0.4 m  NPR290 - 050
| i wake begin I ]

0.2 ! - 0.25
- "1 1 1
- reattachment 2d —s= v P / i g

0'0 [ e e e e b |“| Y I | R R AN | |I| ! 1_ 0.00

3.5 4.0 4.5 5.0 55 6.0 6.5 7.0 75 8.0 8.5

XIG

t

* 3D shape of re-attachment line
* Defined by ¢=0

* For low NPR close to the nozzle End




5. Variation of Nozzle Pressure Ratio (NPR)
5.5 Outlook — variation of nozzle geometrie

2.0 B I I I T T I T I i I 1 1 1 i [ | I | | I 1 1 I I I I I I I |
B N = —{J— reattachment &
18 ; _ t_ =——{J— separation { -_ 6.5
B _radius R, i i
16 | : 4 F
i ! 1 |
14 | i
i ! 1 r 155
12 |- | - - i
B | i u _
© - 1 -1 = - 5.0 y
e 10| ! . i 1°0 ©
o B | i [ i X
08 || 4 F Jas
E i 1 i i
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B . i — —14.0
[ \ _ B 7
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: \‘ — Rz=2.50 mm ] TD\D\D\_‘ 3.5
02 f \ — N b
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Expansion-Deflection Nozzle (ED)

Experiment
Steady Vr Unsteady
I
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Simplified ED-Nozzle in 3D

A 4

ED-Nozzle in 2D

‘ :

TIC-Nozzle BFS

5. Variation of NPR

AN NNNN

Side-wall separation in off-design could be
captured by numerics

4

Hysteresis behavior could be shown, however the
pressure deviation needs further observation




Expansion-Deflection Nozzle (ED)

Experiment
Steady Vr Unsteady
I
v

Simplified ED-Nozzle in 3D

A 4

ED-Nozzle in 2D

‘ :

TIC-Nozzle BFS

6. Conclusion

AN NNNN




6.

Conclusion

Validation strategy with backward facing step and separated nozzle flow
* Base pressure prediction for SAO very good
* Pressure rise due to reattachment shock too early

* Good separation and shock system again for SAO

Steady expansion deflection computations for open- and closed-wake mode
e good wall pressure distribution
* Base pressure predicted too low

e Again earlier pressure rise

Comprehensive pressure variation
* Poor agreement with experiments
* Trend of base pressure could be predicted well

» Side wall separation is present. However, not responsile for the deviation in the base
pressure




A. Outlook

Deflection
Mechanism
Perforated

oneycomb
Two @3" Inlets Plate

Throat Area =
— = 63.5mmx 17.8 mm—

M

Outline

— == R B of glass

E=i |

Total Pressure Port

window

Static Pressure Ports

(a) Experimental nozzle geometry- far

Imitial subssnic

region e
e Large separakion 2one
'“'F-" ~=—- Shiear layer
':.".:ﬂ ()

rmp———— :;;‘_—E___Ezill_fnﬂpar.!tlnn T
shock phemamena
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Exerimental Setup

Simplified planar nozzle geometry studied to
identify sources (Papamoschou et.al.)

Shape of nozzle (A,/A=1.0 ... 1.8) and
Nozzle pressure ratio (NPR=1.2...2.4) can
be changed

Shock motion drives downstream
instabilities and generates side loads

Asymmetric separation with large separation
zone on one side and smaller on the other

Spontaneously oscillating shock pattern

The mechanism of the instability is not fully
understood from experiments




A. Outlook

LES — LLNL Miranda Code

i DLR
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Complex shock boundary layer interaction
affects the dynamics of the flow.

Low order methods (RANS) can’t capture
the unsteady dynamics properly

LES captures the unsteady schock-
turbulence interactions in a good
approximation.




A. Outlook

Reynolds Averaged Navier-Stokes (RANS)

Xiao & Tsai — Numerical Investigation of
Supersonic Nozzle Flow Separation (AIAA 2007)
- 1.4 < NPR < 2.4 three different flow states

- 1 symmetric and 2 asymmetric
- Sides don'’t switch after steady state reached
- No Difference between uRANS and RANS

Used flow solver — DLR TAU Code
- AUSMDV Upwind Second order MUSCL
- Relaxation solver: Implicit Backward Euler
- Linear Solver: LU-SGS
- Res. Smoother: Upwind Implicit
- Turb. Model: SAO — Spalart-Allmaras Original




A. Outlook

1.0 1 1 1 l 1

P/P,

L L L I
0.2

« Poor agreement of separation with
experiment

- Improvement of separation position with
local grid refinement

—> Different turbulence models have shown
a more upstream separation
(Menter SST, kw-Wilcox, RSM)




A. Outlook

Large-Eddy Simulation (LES) — LLNL Miranda Code

Grid points : 512x256x96 (coarse)

o 17 « 10t-order compact central difference scheme
e « Compressible Navier-Stokes
« 5 stage 4" order Runge-Kutta scheme
« Implicit LES with artificial viscosity models
« Wall resolved with no-slip BC

Grid points : 512x256x96 (coarse)
NPR: 1.7

Aspoctraio 16 « 512 x 256 x 96 (coarse)
« 768 x 384 x 128 (medium)




A. Outlook

Large-Eddy Simulation (LES) — LLNL Miranda Code

Grid points : 512x256x96 (coarse)
NPR: 1.7
Aspect rafio : 1.6

DLR // e :
Page 48 e & &4




A. Outlook

Future Work

= Additional turbulence models with RANS
Implementing side walls to the simulation

Increasing the Reynolds number (wall modeled LES)
- currently ~ 1/4% of experimental value (4.2x10° ... 6.4x10°)

- geometric ratio of boundary layer thickness to throat increased by factor 2
Rotational-symmetric nozzle instead of planar nozzle
Simulations with more realistic nozzle area ratios







4.

The Expansion-Deflection Nozzle (ED)
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