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The Sonic Boom Problem

Supersonic Civilian Aircraft
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No civilian
supersonic aircraft
since retirement of
Concorde in 2003
Renewed interest in
sonic boom
minimization over
last decade

CFD can be a useful
tool in the design
process

Accuracy of CFD
prediction must be
assessed



CFD Validation Study @

15t AIAA Sonic Boom Prediction Workshop

o Workshop is designed to assess the state-
of-the-art in CFD simulation capabilities
for sonic boom prediction

o Three models of increasing geometric
complexity are included in the study

 SEEB-ALR

* 69° Degree Delta-Wing Body

* Lockheed Martin 1021 model
o LAVA results using structured and

unstructured grids were submitted to the

workshop

Lockheed Martin 1021 model >



CFD Validation for Shock/Plume Interaction @/

Oblique Shock/Plume Interaction Wind Tunnel Test

O

Shock waves generated by tail surfaces or engine installation
geometry may travel through the exhaust jet changing angle
Refraction effects must be included in the design process to ensure

low boom
Wind tunnel

experiments
have been
performed at the
1x1 SWT at GRC
Data from these
tests are being
used ina
validation effort
for CFD

—— v




Outline

o Launch Ascent and Vehicle Aerodynamics

(LAVA) Framework



LAVA Framework

Launch Ascent and Vehicle Aerodynamics Framework™
o Computational Fluid Dynamics (CFD) Solver

 (Cartesian, Curvilinear, and Unstructured Grid Types

 Overset Grid and Immersed Boundary Methods

* Reynolds Averaged Navier-Stokes and Detached Eddy
Simulation Capabilities

m Convective Flux Discretization | Turbulence Model

Structured Overset Modified Roe and Central Spalart-Allmaras  Alt. Line Jacobi
Unstructured Polyhedral AUSMPW+ Spalart-Allmaras  GMRES
AMS Seminar for LAVA
Deve’opment Team http://www.nas.nasa.gov/publications/ams/2014/06-10-14.html

*Kiris et. al.
AIAA-2014-0070
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Cetin Jeffrey Michael Emre Christoph Shayan
Kiris Housman Barad Sozer Brehm Moini-Yekta




Outline

o 15t AIAA Sonic Boom Prediction Workshop
Seeb-ALR
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Geometric Model
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o Computation Model: 68.3 inches

o Model Length: 17.67 inches
o Inviscid Analysis: Mach
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Computational Grid

o 4 zones and 21.7 million grid points

o Near-body marched normal to surface then turned to Mach-angle
aligned mesh

o Local bow shock capturing grid near blunt nose
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Computational Requirements

Modified Roe Westmere 48 1 hr. 30 min. 72.0

Central Westmere 48 1 hr. 18 min. 62.4
1ot _Convergence History 10! _Convergence History

: — L2 Flow : : — L2 Flow
10° | | — L2 Daq |, 10° — 12 Dq |

Central

o Modiﬁ:ed Roe

-7 i i i i -7 i i i i
107 200 400 600 800 1000 970 200 400 600 800 1000
Iterations Iterations 12



Flow-Field Visualization

dp/pinf

0.020
! 0017 5 Bow shock

0.014

0.011 forms at blunt
0.008

0.005 nose of the
0.002

-0.002 model
-0.005

o008| O Secondary

-0.011 °

0.014 shock is

-0.017

0,020 generated
from small
slope change
near the nose

o Rarefaction
wave
develops
downstream
of the

shoulder 13
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Results and Comparison

h = 21. 2mches¢ 0°
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Good comparison
observed over most
of the signal

Bow shock and
secondary shock
well-captured by CFD
Experimental result
shows a smoother
primary shock
Oscillations observed
using Central and
AUSMPW+ on bow
shock

CFD over-predicts the
pressure decrease

across the expanS|or1|4



Sensitivity Analysis: Aspect Ratio

NASA

h =42 inches ¢p=0°

AR = ds/dx
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Sensitivity to grid
Aspect Ratio (AR) at
the outer-boundary
No sensitivity
observed in bow
shock

Secondary peak and
pre-recovery peak
pressures show some
sensitivity to AR
Change in peak
decreases with
decreasing AR

AR = 20 submitted to
the workshop
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Outline

o 15t AIAA Sonic Boom Prediction Workshop

69° Delta-Wing Body

16



Geometric Model

Model Length = 6.9 inches
Model+Sting Length = 30.4 inches
Span = 2.7 inches

o 69° swept Delta Wing bisecting a cylindrical
fuselage attached to an axisymmetric sting
o Mach = 1.7 Reynolds Number = 4.24 M (per ft) 17
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8 zones and 21.3 million points
Viscous Wall y+ =2

Clustering on fuselage to capture
nose and wing LE, Tip, and TE
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Unstructured Polyhedral Grid @

12.1 million polyhedral cells

Anisotropic prismatic layers grown from surface

Core mesh utilizes nearly isotropic polyhedral cells
Mach-angle alighed mesh extruded from outer core boundary
Cores: 320 Sandy Bridge; Walltime: 25 min.; CPU hrs: 133.3
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Flow-Field Visualization @

Flow Field Visualization

L&

dp/pinf
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. -0.04

-0.05
-0.07
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o Amplitude of
pressure waves
decay with radial
distance (energy)

o Delta wing disturbs
the symmetric
signal generated
by the fuselage

o Signal will
eventually regain
symmetry with
increased radial
distance
(equivalent area)ZO



Results and Comparison

h = 24.8 inches
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Sensitivity Analysis: Circumferential Spacing *@‘ﬁ
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Outline

o 15t AIAA Sonic Boom Prediction Workshop

Lockheed Martin 1021

23



Geometric Model

Lockheed Martin Phase | low sonic boom model

Mach = 1.6, Reynolds number 4.36 M (per ft.), a = 2.1°

Designed for low boom on-track and reduced pressure up to 20°
Model length 22.4 inches representing 0.8 % scale (1:125)
Swept blade strut designed to minimize interference

O O O O O O

Trip disks added near wing leading edge to force transition




rid
tured Overset G
truc

ones id points
O 9;z7m|"|°n grld P
72. 2
O - [ ]
Wally+ =1 ligned
” ch-angle a om
a
’ Mid detached fr
gr
fuselage .
Clustering i d
” treamwiseaw
irections idge &
dire s: 180 Ivy Bridg //
COre * ] min.
: Walltime: 90270
i Core hours:
o

s

777

27

7

7

e
7

=
77 s7”
o

2

i

s

s

7

s

77

750

e

7

srr

7257

s

7

,,
o
,,/,,

7
7
7/

)

2

i
.
=
iry,
77

oz
7
e

-

= s

s
Siesssi
ErIIIA
ELIIERIIIES

7

%S
SRR
SR

N
NN
Rt N “‘&‘t&
W \ \\\\‘\\‘

:&:\ \\“:\: N \ \\\\\‘\“\““

]

Ui

7]
il

iy
T

l""'""’""’"
A
7 I"’I/,,,l

nmllmllllllll

lIlIllIllllllllllll

ity
I%I”%;IIIII
il

it
i
i

gy,
ljjj
iy

]

llllllll lf

IllIIlIIl’Il’Z,‘”
77

Hijj
i}
i
1
i

17
1
i
7
7

iy
7
i

i
IIIIIIII

i)
777
Hmi

i
il

oy
K]

i

i
i

W
R i
R RRTHnK \\“\\\\\\“‘ 5
R R N %\\\\\8\\\\‘.“““-
5 \\\\\\\\‘\\\‘\\\‘k\\‘k“&‘}‘\“-““‘
M@QQ\“QQ\\‘Q\\\\\\\\\\“?‘\\\%\“\“‘ :
“““““\‘\\\“\‘\‘\\“““ .

iy
i
7

iy 7

:l‘l':l"', !
ifyy
ZZII‘
T

i
7
7
I’I
iy

i
Itfyy

i
il

7
,

0
e

il
il
Wity
i
ity
%

i

N
N \\\\\\\
.»‘&‘%\\2\\\\‘\\\\\\ W

7
7

- T i m,.""m..., 1 HI
% "l::,,llll,,,,'lll:,, robig llll:,, "lll' oy,
A i i toros Wl
! Ry oory i
S ) ity ry 04y
G iy iy
RIS, 4% dgin
i i
'z,,/lz,,'//,, i,
S
2,
%

e
"y



Unstructured Polyhedral Grid @

O

65.5 million
polyhedral cells
Surface cell size
specification used
on symmetry plane
for improved on
track accuracy
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resolution wit AR

clustering near
sharp geometric
features

Cores: 2000
Walltime: 45 min.
Core hours: 1500




Flow Field Visualization @/

o Complex
wave pattern
generated by
the model

o Magnitude of
peaks decay
radially

o Shape of
vehicle is
designed to
help reduce
the on-track
sonic boom

27



On-Track

0.02

0.01

dp/pinf

0.00
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Unstructured
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o At h =20.8 the structured and unstructured solutions match well until X =43.5
o At h =70 stronger peaks are observed in the unstructured results (AUSMPW+)

o Both approaches match the experimental data well

28



Viscous Sensitivity Analysis @

o Larger differences
observed in surface
oil flow

o Shock wave
generated by the
blade causes
laminar flow
separation near the
leading edge of the
top wing surface

o Strength of
separation
generated from
under-wing nacelle
is larger using
Laminar flow
assumption

Turbulent

Laminar

Bottom Surface

29



Viscous Sensitivity Analysis @

o Oil flow comparison
between CFD and
experiment on top
surface

o Turbulent flow
patterns match
experiment better
than laminar flow
assumption

o Flow turning at the
aft end of the wing
between the sting
and wing-nacelle
attachment
hardware is well-

. captured
Experiment 30

Turbulent

Laminar

CFD




Lockheed Martin 1021

Geometric Sensitivity Analysis h [¢ /

0.02}

o Two additional configurations performed to
assess geometric sensitivity
o Almost no difference excluding the blade

o Largest overpressure attributed to the under- ,
wing nacelle 0011 odel

B Model - Nacelle
| | =——a— Exp

_0.02 i [ BT BT BT B SN R |
20 25 30 35 40 45 50 55
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N

0.01}
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0.00}

0.01
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0.00
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Lockheed Martin 1021 @/

Geometric Sensitivity Analysis

Model - Nacelle Model Model - Nacelle Model
X=17.7 X=18.7
Model - Nacelle Model Model - Nacelle Model

X=19.7 X=21.7

32



Outline

o Oblique Shock/Plume Interaction

33



Obligue Shock/Plume Interaction

Objectives

o Assess the accuracy in RANS CFD prediction capabilities for oblique
shock/plume interaction

o Explain differences between inviscid and viscous analysis
assumptions and wind tunnel data*®

o Assist in analyzing current wind tunnel data quality and potential
probe measurement errors

Approach

o Perform both RANS and inviscid CFD analysis using the LAVA code
o Compare CFD results with 1x1 SWT data on several configurations:
* Empty tunnel
* lIsolated nozzle in tunnel
* Isolated wedge in tunnel (1.5 and 6 inch wedges)
 Complete configuration (1.5 and 6 inch wedges)
o Line extractions taken at 1 inch above nozzle centerline unless

stated otherwise
* All WT measurements reported here were performed at NASA GRC, POC: Ray Castner

34



Geometric Model @

Wind Tunnel Test Section
o 1x1 Supersonic WT at NASA Glenn (GRC)
o 12 x 12.2 inch test section
O
O

12.2 in.

1.723 Area Ratio
Approx. 126 inches of straight tunnel after diverging i

section 198.78 in.




Geometric Model @

Nozzle

O

8.56 inch
Interior Length
4.43 inch

Inner Diameter
0.88 inch

Outer Diameter
1.0 inch

Lip Thickness
0.0075 inch
Area Ratio 1.726

Exterior

Interlor

Throat Section



Geometric Model @/

6 inch Wedge -

o Length: 6 inch — 

o Width: 8 inch
o Height: 0.535 inch
o Angle: 5.09 degrees

‘Ul SES0

1.5in.

1.5 inch Wedge

Length: 1.5 inch —_ ‘

Width: 3.6 inch
Height: 0.128 inch
Angle: 4.87 degrees

urgero

O
O
O
O

Not drawn to
same scale




Geometric Model @/
Installed 1.5 inch Wedge and Nozzle Configuration

9.67 in.
>

0.386 in.

uee




Structured Overset Grid @

Installed 1.5 inch Wedge and Nozzle Conﬁgurat'lon

0 27 zones

~ 0 108.5 M grid pnts
0 Triple fringe

o Stencil Qual 0.9
0 0Orphans

o y+=1

- o Grid Breakdown
§ *  Tunnel

HHHJHHHHHHHIHHHHHHHHHHHHHHHH
I NN NN ENEEEEEEEEEEN]

49 M

* Nozzle and

S Plume 29.2 M
i * Wedge and Wake
HEEE 13.7M

* Nozzle Support
and Wake 15.6 M

*  Wedge Support
1M

39



Flow Conditions

o Reference Conditions
* Mach: 1.96
* Reynolds Number: 10.69 M/meter
* Temperature: 168.9 K
* Pressure: 11.6 kPa (1.68 psia)

o Tunnel Inlet

* Stagnation Temperature: 298.3 K
e Stagnation Pressure: 85.15 kPa (12.35 psi)

o Nozzle Inlet
e Stagnation Temperature: 294.4 K

» Stagnation Pressure
= NPR=6,69.5kPa
NPR =8, 92.7 kPa
NPR = 10, 115.8 kPa
NPR =12, 139.0 kPa
NPR = 14, 162.1 kPa 40



Outline

o Oblique Shock/Plume Interaction

* Empty Tunnel

41
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Results and Comparison

Cen terline Pressure| missing small wave length variations Captures trend of 10 deg
0.20 in WT data caused by insufficient cone probe very well
- _ mesh resolution or measurement
B O Pinckney probe
0.15 () 10 deg cone probe error
- RANS
- Euler 0.05
0.10| —— AQuasi-1D
E — — — - Pstatic_exp
< 00 . 0.00
95,- 0.00 : qg. :
£ % oo
-0.05} _ 005
-0.10 &Q T\ :
- U 010 — —
-0.15 i
-0.20 : — — ' ' .0.15L I | I |
-40 -20 0 20 0 2 4 6 8
X (inches) X (inches)

o Static pressure WT measurement of 1.68 psia is used in non-dimensionalization
for all pressure plots

o Quasi-1D, Euler, and Pinckney probe results do not match the static pressure
measurement

o RANS and 10 deg. cone probe data match well in magnitude and trend 43



Outline

o Oblique Shock/Plume Interaction

* 1.5inch Wedge in Tunnel

44



Flow-Field Visualization @
Mach Number

Larger incoming
Mach number

Oblique Shock BL
interaction
effects wave

~ 4o —

reflection angle [

Changes
shock angle

Modified Wake
Behavior

»

.99
1.29
1.13
0.97
0.81
0.65
0.48
0.32
0.16
0.00
L _J
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Flow-Field Visualization

Pressure
Incoming pressure is
much lower than
reference
dp/pinf
0.50
! 050 Euler
0.35
0.27
- 019
— 012
0.04
-0.04 /
<012
3;?, Incoming pressure only _—
i -0.35 slightly higher than Significantly different shock wave
:8;‘;?, reference and consistent patterns formed for three reasons
with 10 deg cone probe data o Incoming flow difference

o Oblique shock BL interaction
effects
o Wake effects from support




Flow-Field Visualization




Results and Comparison

Data Comparison

0.3
0.2}
0.1
w00 TG
o B
Q. i AOO00A
= | mill Hr
E--O 1k J"rmfm'mJiJllil-'-:- *
0.2}
i O Pinckney probe
B ® 10 deg cone probe
-0.3 RANS
i Euler
-0.4 [ I I I

X (inches)

o Pinckney probe data

should be slightly
above zeroatx=0
based on 10 deg
cone probe and
RANS CFD data from
empty tunnel
Shock locations are
well-captured using
RANS, but shock is
smeared.

Inviscid analysis
predicts incorrect
shock angle

48



Results and Comparison

Data Comparison
0.3

0.2

O Pinckney probe
() 10 deg cone probe

RANS-MUSCL2
RANS-WENO5

X (inches)

o Higher-order

accurate WENO
based variable
reconstruction can
be used to recover
the peaks observed
in the 10 deg. cone
probe data.
Additional
computational cost
of reconstruction is
approximately 3%
compared to MUSCL
reconstruction

49



Outline

o Oblique Shock/Plume Interaction

* 1.5inch Wedge and Nozzle in Tunnel

50



Flow-Field Visualization @
Mach Number _»
IR

Oblique shock is
generated by wedge
\ ]
Shock and rarefaction
waves from the wedge
bend the jet

Flow Direction

Shock travels through
the jet plume

-~ g

—_

1.35
1.15
0.96

.
i -
\ O
0.77 \ ©
0.58

0.38 \
0.19 \
0.00 \




Flow-Field Visualization

Pressure
Wedge shock is affected
by terminating sh.ock Flow Direction
from nozzle exit \

Shocks reflected from
tunnel wall influence the
extraction line

dp/pinf
0.50
0.42
0.35
0.27
0.19
0.12
0.04
-0.04
-0.12
-0.19
-0.27
-0.35
-0.42
-0.50




Results and Comparison

Schlieren versus —
Density Gradient Flow Direction ‘ \
NPR = 8 (2"¥ order MUSCL)

i " CFD

Experiment >~

o Most shocks observed in Schlieren are well-captured by CFD
o Bending of the plume is difficult to identify in the Schlieren 53



Results and Comparison

Schlieren versus —
Density Gradient Flow Direction ‘ \
NPR = 8 (5t order WENO)

Experiment CFD

o Higher-order WENO based variable reconstruction improves the
resolution of the CFD solution on the same grid 54



Results and Comparison @/

PIV Streamwise Velocity _>

NPR=38 Flow Direction I I \
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Results and Comparison @

PIV Vertical Velocity _>
NPR =8 Flow Direction I \
200 e - [ 200 - . - .
L [V[m/s]: -50 -39 -28 -17 -6 6 17 28 39 50 | |V[m/s]: -50 -39 -28 -17 -6 6 17 28 39 50

150+

Y (mm)

-50

-100 —

Experiment



Results and Comparison @/

PIV Turbulent Shear _>

NPR =8 Flow Direction I \

R 1.7 . .
T,=—puv = 2MTSxy (Boussinesq Hypothesis)

200+ | . | 200 e B |
| | Turb Shear uv: -0.20 -0.14 -0.09 -0.03 0.03 0.09 0.14 0.20 | [Boussinesq uv: -0.20 -0.14 -0.09 -0.03 0.03 0.09 0.14 0.20
150/~ - = 150 P
- S — ;
100 - 100 -
= - 7 | — =
E 4 ; €
Esof | \ E sof
> . ’ €‘ > i
\ ————
;' > 0 —__;s—-f/_ %
i iy : : :
'50 B = . '50 B S ==
i — - — fk\ ! P \
-100_' L l L L L ] L L..': J _1007 ! ] ! | ] ] ] | | | | | | | )
100 200 0 100 200

Experiment X (mm) CFD X (mm)



Results and Comparison

Data Comparison _»

NPR=12 Flow Direction I \

0.8 o 10 deg probe data
i _ compares very well with
B ® Pinckney probe RUN 47

0.6+ m 10 deg cone probe RUN 46 RANS CFD data

RANS-MUSCL oy
RANS-WENO o Addition plume shear

layer grid and upstream
nozzle support grid
improve resolution of
MUSCL reconstruction
solution

o Higher-order WENO
reconstruction only
provides minor
improvement in pressure
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Oblique Shock/Plume Interaction Test

Small Wedge in Tunnel

Data Comparison NPR =12

0.8

0.6

—>

Flow Direction

|

Pinckney probe RUN 47
10 deg cone probe RUN 46
RANS-old tunnel
RANS-new tunnel

X (inches)

©)

More accurate linear taper
between nozzle contour
section and straight test
section was implemented to
improve tunnel geometry
representation

CFD solution is highly sensitive
to minor tunnel geometry
changes

Remaining differences
between CFD and 10 deg. cone
probe data may be attributed
to additional differences in
modeled geometry, insufficient
mesh resolution, and
inaccuracy in RANS model 59



Summary @

o LAVA framework has been successfully for:
* Sonic Boom Prediction Workshop configurations
 1x1 SWT with nozzle (NPR =6 to 14) and 1.5 inch wedge
o Structured and unstructured grid methodologies yield
similarly accurate solutions
o Unstructured-grid computational resources are
approximately 2 — 5.5 times larger than structured-grid
o Analyses of 1x1 SWT test of Oblique shock/plume
interaction shows that:
* Inviscid analysis is not sufficient (in this WT)
 RANS analysis matches 10 cone probe well
* Tunnel geometry and proper meshing are essential to obtain

good comparisons 60
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