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Why Is Sonic Boom Reduction of Interest?

FAA regulations currently ban flying at | \
supersonic speeds which produces excess
noise A gﬁ
Compression and expansion waves | "
produced by the airframe combine to |
produce an N-Wave (very loud) pressure :
signature o -

Altitude

Atmospheric
Propagation

/ Modified Shock

Noise Savings

NIRRT

N-Wave Ground Signal2
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How Does NASA Contribute to Sonic Boom Research?

Develop and analyze supersonic aircraft designs to study the noise associated with
supersonic flight

Qunet SuperSomc Technology (QueSST) Prolect Mlsatom —

thttps://www.nasa.gov/X59
Image source: https://www.nasa.gov/image-feature/nasa-s-x-59-
quesst-airplane-takes-shape-at-lockheed-martin-skunk-works Advancing NASA Software for Sonic Boom Prediction



How Can Simulations Help in this Pursuit?

Computational simulations (i.e., computational
fluid dynamics (CFD)) can be used to quantify
aircraft performance for a vast range of flight
conditions

Results can be utilized by other analysis tools
(e.g., flight planning software)

Complete flow field can be analyzed and

understood = _
S '/

This presentation will focus on advancements ~ / 4
< Gy

related to two solver frameworks L e
//’

* Launch Ascent and Vehicle Aerodynamics (LAVA)
« Cart3D
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Step 1: Computational Fluid
Dynamics (CFD)
Used to make near-body flow

redictions
predicti Step 2: Space Marching

Takes near-body flow predictions and
‘marches” them away from aircraft

Ground noise can be predicted using this three step method

/ / >/ N\
\ \

_________________

Near-field |
~> Signal :

)

Altitude Atmospheric

Propagation

\ &

Ground Signal j

Step 3: Pressure Signal Propagation
Couples with space marching to
propagate signals to ground level
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Flap Positive
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- Flap,+Stab \U \
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X (m)
Geometry: Highly complex geometry with Solution Sensitivity: Slight changes to simulation or
multiple moving parts aircraft parameters affect ground noise predictions
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o

Computational Cost: Fully characterizing aircraft boom performance requires thousands of high-
fidelity simulations




Time for 150 RHS Evaluations on 11.7M Node Grid

With Vectorization Typical Block /|
a5 = NoVectorization SizeinLAVA | )
o Optimal (18x10x10) |
<
30 ~
Configuration of a Skylake-SP Node
_®r Physical id=0 Physical id= 1
0
Tg ol I ~4X Speed up
[ Vectorization Ultapath Ultrapath
. Sevet J interconnect {4} mercomect
F 41660/s
10k S
. \l
5| o
| | | |
10 20 30 a0 26661
Cubic Tile Size s
ooR ooR
. . memory | Memon
CFD Solver Refactorization’
read/write o splex]

Grid Adaptation and Redistribution Wind Tunnel Modeling

1Right image source: https://www.nas.nasa.gov/hecc/support/kb/skylake-processors_550.html




How Have We Addressed Supersonic Modeling Challenges?

Space Marching

Interface

30 e

(®)
40 O)Q

Altitude (km)
©
Propagation Time (s)

50

Loudness Prediction
63 + 0.2 dB (ASEL)

70
— Automation of Database

Generation Process

Ground Noise Error Control



- Last major code restructuring took place at the
turn of the century to support scalar processors

- Current refactoring of the Launch Ascent and
Vehicle Aerodynamics (LAVA) solver aims to
better match code structure to modern hardware:

« Each processor is a shared memory cluster that ——

can directly access all memory on the node Aitken Supemputer1: Total cores: 308,224, Total
memory: 1.27 PB, 13.12 Pflop/s theoretical peak

- Algorithmic Improvements: S ——ry
 “Doing less total work” o
“Computer Science” improvements: T4
+ “Doing the same amount of work faster” ey 4
ma , Algorithmic Improvements: Tiling decomposes computational grids
ge source: , . i
https://www.nas.nasa.gov/pubs/stories/2020/feature_aitken_expansion_fall_2020.html such that a single core will be used to solve on hundreds of tiles.
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Accelerating the CFD: Refactoring the LAVA Solver _J
v X

Original | Refactored
CFD CFD
Time (hrs.) 15
Pressure disturbance ( =low, =

s, Szl 1,800 high) along aircraft axial stations.

Solver refactorization alone decreased
computational cost of X-59 simulations by 5X

Algorithmic changes produced essentially
identical solutions compared to previous solver

versions




Reducing the CFD Cost through Space Marching

Solves a different set of underlying equations computed on a standard laptop or workstation
Marches solution extracted near CFD domain boundary to “mid-field” location
CFD domain size can be substantially reduced to near-body location

2X savings in computational resources
is estimated

Pressure disturbance (blue = low, red = high) visualization near the X-59 in the space marching domain (left) and at the CFD solution extraction location (ﬁ'ght).




- Automation of off-body grid redistribution
has been developed

- Minimization of resource requirements for a

desired level of accuracy is desirable

- Adaptation targeting error in the output
quantities of interest has been shown to
resolve significant flow features with a 2X

cost savings

| [

Aplp, -0.01 -0.006 -0.002 0.002 0.006 0.01

\ N Ap/p,  -0.01 -0.006 -0.002 0.002 0.006 0.01

Pressure disturbance (blue = low, red = high) visualization for the original (left) and adjoint adapted (right) computational grids.
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Implementing Mesh Adaptation Procedures

- Automation of off-body grid redistribution

n 0.6
has been developed o™

- Minimization of resource requirements for a

Ground-level Pressure Signatures

desired level of accuracy is desirable

Overpressure (psf)
o
T

- Adaptation targeting error in the output

B Coarse (PL = 87.3dB)
Coarse (9.5M) 04 ars 3)
Adjoint Adapted (9.5M) L ;\;’Jg'(’gl_“_dggt;z gl- =86.5dB)
Fine (31M) L = 86.

quantities of interest has been shown to

o0l e+ ooy iy -0.6 £ 1 L L L 1 I L L L
3.8 4 4.2 4.4 4.6 4.8 5 0
x/L

1
50 100
Time (ms)

resolve significant flow features with a 2X

] Nearﬁeld'(left) and ground (right) pressure signature comparisons
cost savings

Pressure disturbance (blue = low, red = high) solution
for a supersonic body using mesh adaptation

Ap/p_: -0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0.020
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Automation of Database Generation Process

Effect of asymmetric

- Essential for database generation that consists
aileron deflection

of O(1000) solutions

- Minimizes manual intervention during
simulation workflow
* Rapid computational mesh regeneration and // ///
simulation job submission // //
. . : A -
- Efficient data extraction between propagation steps Z , 2
* Automatic line pressure signature extractions 2 . ?
Z Z
Flap Negative Flap Positive //»:‘/ /
' _ 7
7 7
O

Pressure disturbance (blue = low, red =
high) shown on off-body grid points

Pressure coefficient (blue = low, red = high) shown on aircraft near flap surfaces




Modeling Wind Tunnel Effects

- Simulations that incorporate wind tunnel
components can be used to compute effects of
tunnel hardware £

- Crucial for CFD validation against experimental
measurements

- Differences in X-59 predictions and
measurements have been minimized

\

: Pressure contours (blue = low, red = high) shown on geometries with Mach
Comparison of Cart3D CFD solution to experimental Schlieren images number (blue = low, red = high) shown on cutting plane
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Optimizing the Design to Minimize Ground Noise

Minimization of ground noise is performed by optimizing control
surface deflections

All optimizations satisfy lift requirement while converging to
lowest loudness

Ground loudness predictions (below) show potential to reduce
noise by about 2 dB

05 021
Baseline
04F Optimized
0.3 F 0.1
dB(ASEL)
c 62.8
0.2 __g 62.6
. 8 62.4
g = n B 2 62.2
£ o1 o O
Q o A < -
g . 62.0
& X Bt 518
0 [ s ‘ ‘ 61.6
63.6 dB(ASEL) - - | 61.4
0.1 0.1 \ 61.2
s - 60.8
-0.3 L L v L L L L 0.2 NN T T T |
0 20 40 60 80 100 120 140 160 02 01 0 _ 0.1 0.5
Time (ms) Aileron Deflection




Controlling Error for Sonic Boom Calculations

* Couples the near-field and far-field predictions used in sonic-
boom simulations

+ CFD mesh can now be adapted to minimize the error in the
ground noise predictions

* Provides quantitative, meaningful error bounds on ground

Interface noise predictions
70 e “'
2] B : : : :
S, - z 5 z
12 20 ] B ) : : :
= @ : E é
- @ 730 S < 5 :
1S E (4 . 7 S
Yy < °0, ¢ 601" * Error bounds
=R £ 340 <y . : )
2 g % 2 : on noise
= © : . nA
= = S 55 5 prediction
(oL 50 c - : —
> - ey A A
8 [s£sfysss 2 2
4 o 5 50l RTS8 2 QL8 L
Loudness Prediction T B o Tl O IR o W B R s 1 R A R W N AT}
63 + 0.2 dB (ASEL) 105 106 107 108
= j\’\/’/i Cells




How Does HPC Play a Role?

- Development of boom databases requires thousands of CFD simulations, each
requiring thousands of CPU-hours on NASA’s HPC systems
- Database simulations make predictions across numerous flight conditions

*  Freestream flow conditions
* Control surface deflections

Flap Negative l 2 Flap Negative Z/ Flap Negative Z//
VA
P

Stab Negative R y Stab Neutral A / Stab Positive

iz 7 4
Flap Positive 4\/ // Flap Positive l\/ /| Flap Positive \< /

Stab Negative } Stab Neutral VA / Stab Positive

ﬁ“_k—\ﬁ/‘ ﬁ?. —— | —
Aileron Negative Aileron Negative — Aileron Negative — Aileron Positive — Aileron Positive — Aileron Positive —— /

Stab Negatlve Stab Neutral Stab Positive Stab Negative Stab Neutral Stab Positive

\ : k\'\/
<
T-Tail Negative T-Tail Negative l / T-Tail Negative ;” | T-Tail Positive M / T-Tail Positive p 7

T-Tail Positive
Stab Negative Stab Neutral \ Stab Positive N \ Stab Negative \ Stab Neutral Stab Positive
: \ ——\ y ’—\ V/ *—\ .
i%u'& — ¥ SN ﬁ%- ?;-
5

Stabilator Negative Stabilator POSIte e Pressure difference from baseline (blue = low, red = high)
on aircraft mid-plane slice.
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How Does HPC Play a Role?

CFD simulations are the most computationally
expensive aspect of supersonic boom prediction

Example CFD simulation resources are
summarized for the X-59, which were all run on
at the NASA Advanced Supercomputing (NAS)
facilities

* 1,500 CPUs (node types vary)

« Eight (8) hours wall-clock time
Recent advancements to LAVA have ushered in
substantial savings (~20X) over the last five Pleiades supercom p N
years Research Center’

« CFD solver refactorization (5X)

« Space marching capability (2X)

* Adjoint-based mesh redistribution (2X)

llmage source:
https://www.nas.nasa.gov/hecc/resources/pleiades.html 20
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