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Definition of air (aero): the mixture of gases that
surrounds the earth (& planet)

DOMINANT
CONSTITUENT
He
103 EXOSPHERE *
------ Thermopause————-—
O  @— Space Shuttle - .
THERMOSPHERE oon | SpaceX loses dozens of new
10 |__ e S X Starlink satellites to
POPIKING-- Edge of space “geomagnetic storm”
Altitude “:tsOSPHERE (Karmén line)
_______ ratopause-—————-
(km) -¢— Highest Clouds
STRATOSPHERE
10" |-————-- Tropopause-—————— N2
-@— Mt Everest
TROPOSPHERE
10° \/
SEA LEVEL

Albert F. Zahm (US)

“Superaerodynamics,”Journal of
the Franklin Institute, Vol. 217, pp. 1/30
153-166, 1934.



Space: solar system

Interstellar shock waves: “An understanding of interstellar shock waves is
crucial in determining the structure of the interstellar medium. It is a tenuous
plasma filling the galactic disk that has a mean density of only about one
particle per cubic centimeter” (McKee & Draine, Science, 1991).

Bow shock

N\

Interstellar

flow '
—— Termination

shock

Heliopause

Voyager 1 (1977)
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Modeling & Simulation of Space Environment

y ComputerSimuIationb'y_

Center for Space
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“China’s JF-22 hypersonic wind tunnel blows by US”
(ASIA Times, 20239 68 7¥

“Due to a lack of hypersonic wind tunnels, the US Department
of Defense’s Defense Innovation Unit has reportedly
considered skipping wind tunnel tests and instead getting
data directly from actual flight testing.”

S CAS JF-22 (10 km/sec)

3= H|Al(CFD-Wind Tunnel-Flight Test) CH4

235 M| A|(CFD-Flight Test)
(Wind Tunnel2 A Ct2|Q| CFD* HE 2R FE AIE

F AL 1| 2 8 5/30
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Solar Win
Forcing ‘

Dayside

Reconnectio

Magneto pduse

A 1

Two Compound Waves

Mégnetotail «

ﬁarticle Transport

( »)& Energlzatlon ><

Coupjed Inner
Magnetosphere
~ & lonosphere

Tail Reconnection




MHD 7| 232td HRE A 2

—

p pu 0

pu puu+(p+B,-B, /12)I-B,B, D,u

_I_ =

B,| |uB,-Byv D,B,

E ) (E+p+B,-B, /2u-B (B, -v)) \Z+xT)
~¢;,—C,,—C,,0,C,C,,Ci; C,<C,<C, Non-strictly hyperbolic due

5.8 5.5V to degeneracy
CA_‘BX‘/\/;’ 2¢t zaz*‘—i\/(az"‘— —4a’cy, a? =1 Triple umbilic point (B, -B, =0 and ¢, = a)
S1 S2 O

Viscosity admissibility condition

on the global phase portrait of the
dynamical system of shock
structure

Cl Cc2 clc2 8/30




pu

+V-

I L L L1 L
s g e )

EE" 2

e s s Lo bt [ T
- =

pu
puu+(p+B-B/2)I-BB
uB - Bu
(E+p+B-B/2)u—B(B-u)

= O

A 3

16 level solution-adaptive
Cartesian grid system for
multi-scale flows

(V-B)

The div B = 0 condition
can not be satisfied locally
in one-dimensional
framework and so we
must retain div B terms
in fully three-dimensional
flow.
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o|9f 3 =x5= 735 A 1
Two extremes
(High Reynolds chaotic) fluid dynamics is difficult because:

At extremely small scales, even turbulent flow is very
simple. It is smooth and well behaved. At larger scales,
however, a fluid is subject to very few constraints. It can
develop arbitrary levels of complexity like the effect of
turbulence on separation. (P. L. Roe, “Future
developments in CFD,” ICAAT-GNU, May 2014)

. It involves microscopic collisional interactions among
ashetic | fluid particles and their interplay with the kinematic
: motion of particles in the macroscopic framework.

‘ This challenge is vividly illustrated by the high
Mach number shock singularity problem

e (HMNP). (R. S. Myong, Physics of Fluids 2014)
Rarefied & microscale gases
: And other complex systems 10/30




4 % XSS 5 X 2

|o}

range of validity of this approximation. It is found that at just about the point
where, according to this criterion, the results might begin to be questioned,
the solution breaks down completely, and no solution exists for stronger shocks
ifically, at Mach number M = 1.65 or pressure ratio p,/p» = 3.15). In

; ady Plane Shock Wave yipeatially; : 1 © ratio p1/Po :
The Profile of a Steddy other words, we are not permitted to indulge our curiosity and discuss this solu-

tion beyond its proper scope. This is to be compared with the Navier-Stokes

COMMUNICATIONS ON PURE AND APPLIED MATHEMATICS, VOL. Vv, 257-300 (1952)

By HAROLD GRAD

Conservation laws (exact  9(pu) +V-(puu+ pl +11)
consequence of BKE) ot

in conjunction with the constitutive relations (CR)

0

E(H/p)+ vy olm-vu]® +2p[vu]” = <m[CC](2) C[f, f2]>(5 A)

Dt
= ———T10,, (i;) where Y = (meccef ) - (mTr(cce) f)1/3
2n
Hns
Csinhx,  TY(I:N LQ-Q/T "* " Onsager-Rayleigh
Ozng (1) = K 1= P\ Ly Kys dissipation function
Distribution function in the exponential form Cumulant expansion

© S

A e ") =3 | A b

=0 = 11/30
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4 % XSS 95 WA 3

nccrVibFOAM solver was developed as an extension to the
dbnsTurbFoam solver by implementing additional algebraic
constitutive relations for the stress tensor and heat flux vector
(Comp. Phys. Comm. 2024)

- 3200
- 3000
- 2800
- 2600
- 2400
2200
2000
- 1800
- 1600
1400
1200
1000
800

600

400

200

a) Pressure

b) Ttrans - rot

Mach 10 nitrogen gas (Kn=0.05)
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Physics-guided: CR derived theoretically
from Boltzmann kinetic equation
(kinematic & collision physics)

Ultra-fast DSMC based on explainable Al for all flow regimes

including rarefied hypersonics

FVM-CL and CR-DSMC ~ Same order of NS CR can be incorporated into CR of
computing time as FVM-NS the ML-DSMC near thermal equilibrium.

Multi-dimensional flows via decomposition
FVM-DSMC-ML solver

Mach Number
8.5

o
©
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T e
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q
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q
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|

400 hours on 26

e
b

(7] =
. % : processors
NS 5 %% Doty S (DSMC)
8057 Velorky GVMD)
Qus .t_; ] Density:(l"\"l\-l-,\’lL‘) VS
E 04_: Temperature (FVM-ML)
2 03- 20 hours on
027 single processor
ot (new solver)

DNN model
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T
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Windshield

indshield

Air intake

Heat mat Impulse

Hot air

Power density
Mat sequences
On/off times

Erosion Shield

wwwww

14/30



TX[E: 28R 47 2
Clearance of ice shedding of

A critical redesign of IPS windshield & wiper

More than 1309 for 2 minutes

Season
2015-16

Higher surface temperature
More time for evaporation
Longer distance for evaporation

Season
2017-18

Removing
runback ice

-

)

~ ’
"é. 420 X1AS, 0 fe/mun ROC

Courtesy of Korea Aerospace Industries LTD (KAI) (2018)



=] |_|—_|_ . Z4dHd]| o A I
SiX|EH: 28583 44 3
: : ®)
Equations for clean air Py Pely 0 rzzy[Vug]
PgUy | +V-| puu,+pl|=V- T : VT
Shear stress E |, (E+pu, U, +Q Q=
Heat flux

: 0
Equations for droplets Py, Pu -
pu |, puu + pgdl Sp +Sg +Ss

Droplet impact velocity -~ _
Collection efficiency h i S,, ]
. e VI
Equations for ice accretion |, ¢ +Ve =
f “equi t thequi - SE + TCSM POOf rotor Wake
2u, " | PuCPw P capturing: CFD

_ m_ice suffers from
excessive numerical

— |12
~ u . . . -
S, =[CP,WTd,m + || dz || ]><UOOLWCOO B=Loeo Mo, dissipation on coarse

S, =U_LWC_A—m

evap

grids; hence, wake
structure and vorticity
tend to dissipate
10,6 | T ~T." | rapidly after shedding
from rotating blades.

Conjugate (convection-

conduction-convection -
heat transfer ) M, |:qu5 o Cp,iceTequi :I + hc (Tequi _Too)

h, >0,mg, >0,h, T, >hTo,m T <m.T,

ice — equi — ice

Equations for conductive
heat transfer pC,(AT), =V-Q-p,(AH/AT), Q=kV(AT)
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Complex vortex
wake structure

Blade tip vortex
interaction

-
-

-
-

-
-

-
. —‘—— -
. 2 ¥

. . DR - : — s PR = =~ T Anti-wake skew
Tip vortices AT A 3o 3 - 2 -
p \ 9 \.'&e: ? Sy " m angle
Shed ice Z
trajectory

Ice accumulation ——%

Ice Fragment Database
(Location and Orientation of Break-off,
Geometry, Mass,
Moment of Inertia, Aerodynamic

\
\
Wake structure *, Hub wakes b
N " N
“s._  interaction e
N

Flowfield Data
(Geometry, Velocity)

Ice break-off mechanism

. Database)
\© force \.
ch“"w“ao‘:‘\e“‘ press™® ° \\\
W con? \ \ \
A
Other external = AN A 4
forces —* N
fac® R . .
. N gr S S o Footprint Density
Gon for<C ¥ L Shed ice from main : Shed Ice Trajectory Analysis Module :
Adhe Weight Shed ice into rotor hitting the tail R e T R R
engine-intake rotor - - t=t+dt T
N Free stream |F10wﬁeld Velocity Interpolat10n|<— e s
Rotational axis ™\ N Artificial Neural
Network Module
Y
|Aer0dynamic Data Interpolati0n| A J
5.0e+06 - 5.5e+08 Monte Carlo
I Simulation Module
3.6e+6 5.25e+8 Y :
| 6 DOF Equation of Motion l—
2.4e+6 ; 5e+8 L4
' Monte Carlo
I 1.2e+6 l hizerd Probability Map
1 1.0e+05 4.5e+08
EEg Trajectory on Desired Plane
002 008 015 023 03 009 012 015 018  0.22

Footprint density MC probability map 17/30
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NVLM (Nonlinear Vortex Lattice Method)

VPM (Vortex Particle Method)
-
7E:I HOI Eg *E-I 7'." 5 %=(w-V)u—w(V-u)+ﬁV2w

Dt o,

Normal
vector

Lagrangian
vortex particles
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Lunar landing of

Apollo 11
(19694 78 20%)

| 42 secs to 'bingo’ call

Aldrin: 40 feet. Down 2%-.
Picking up some dust.

US Intuitive Machines
Private US moon lander still working after (2024Iﬂ 25 22%)
breaking leg and falling, but not for long

19/30




2X|E: FEF SE-Regolith &= %

Physical damage to lander and sensors

Blocking vision, mal-function of tracking sensor of landing velocity and

camera

22

Trouble in exploration (degradation in thermal-control, dust contamination)

Apollo Astronaut John Young
“Dust is the number one concern in returning to the moon!”

15 —

O Apcllo 11
O Apolio 12

A Apolio 14 — Streaking fully

-

- developed

10 —

§ _ — Loss of visibility
g -
2
=4
<
Probe shadow —
5 — Probe
-~ Loss of
shadow L
visibility —,
First Lunar landing Apollo 14 surface
(NASA phot, h AS14-66-9261HR
ey~ — — Touchdown point (Apallall) i :
] l I
0 5 10 15

Horizental distance, m
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\> ¥ Nozzle wall ‘ Numerical models for gas-particle flows
y ' | Lagrangian i Eulerian
- Continuum flow region / : - ‘ r Tl -
- ~. / CFD- CFD- | ppm @ DDP MP- Two-fluid .
o Q Q o \ DEM  DSMC .M | Pc | models | Mixture models
¢ \ / 4 Voo
) Gk C% '\ ) ’ \\‘ Dispersed Separated Homogeneous  Mixture
i \ f i — P
lI PartiCIe,_Eartide : | ] Expansion fan Euler- Euler- Multi-fluid VOF HEM Slip
! collision ! Lo Euler Granular VOF mixture
) O r P/ model
’ Diffused shock
IL/’_‘
//// agpg ag’ogug
/’//
o Polydisperse granular flow agpgug +V- agpgugug + pgl + Hg =

e d °

’° 3 5 o S eeta 4Py E, t (@gpy By +Pg)ug +1L; -Ug +Q
4 T ;
atmosphore and comssquently deag forces (Maximum dynamic prossure) V| D, (u,-uy,) ,
D, (U, -uy)-u +Q, (T, -T))
(a.p, ] L, p,U, ]
a,pU V. a,puU + pd+1II _
o, p.E, (a,pE + p)u, +11, -u, +Q,
L a.p8 | P i
0 1
v. D,s(u,-u,)
D,y (U —uy)-u +Q, (T, —T,)
4
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Seats Available

EYIN: $LHUBHX| BB 2

= mtravel
1,000km 0 |°|'E %7—|'|| =7 |2.'_S 57%7|' ™2 |-j|:-xl_| %!"3_7 |§ I:Hx'”EEI 01|7§',| One of Europe’s busiest airports to be forced to cut
flights due to planet-warming carbon pollution
=2 :

o L oo oo — oo —
30
— 9Bolt . - . .
— 19Bolt Number of passengers (in millions) on intra-EU flights
Coverage with e, = 250 Wh/kg 1,181
25 e, = 500Wh/kg required
Uncovered missions
0
———— S SIS O
'— L] [ ]
leo @ Sl0|EE|E HMI|.K|H2ts
Y 686 = F3l
‘l ) Above
(T 2000 km
| 1000 - FAHRFH
‘;-' - 2000 km 220 89%
—_— —@oe
=y +2ARHR 7|57
| 500 -
l‘ \‘ 1000 km
v HiEI2] 75 HIIEH
\\ \\ up Lo
\ \ 500 km Europe’s Future Aviation Landscape (Aviation
O  Technology Road by 2040 (for short-haul flights)),
250 500 750 1000 1250 1500 2018 Deloite, April 2021 (o shorthaut fgh's)
Range (km)
Requirements

19 Passenger (Part 23), Range (500~1,000 km), Payload (30%), TO/Landing Distance (500~800 m),

Carbon Reduction (75~90%), Low Noise (Below 75 dB)
23/30



Battery specific energy €. [Wh/kg]

200

SYIN: $LHRHX| BB7| 3

600

2500

2
o
o
<o

0
0.0

Fuel-
based

Range R [km] Fuel cell only
C
1000 1400 1800 2200  MpropCiuel C—Lnfue,_ce" Log exp {
E— 1
Hybrid

4

empty

d +que| ]

payload

C, W,
npropebattery C_ Tlelec. —motor
D
Battery only

400 —| lower conversion efficiency

0.2

0.4

0.6 0.8 1.0

Supplied power ratio p Battery-

Battery

based
P ase

Battery

+P

Fuel

High transmission efficiency of the electrical
powertrain branch leading to an energy saving
that offsets the weight penalty of the batteries

High energy density of fuel compensating the

+Wpayload +quel J

Dividing line depending on the weight breakdown
and the transmission efficiency of the powertrain
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Hybrid power Fuel cell power system considering
system

Distributed electric
propulsion system

High performance
commuter

High-fidelity methods for computing air flows over
wing-fuselage-propeller

High-lift, low-noise aerodynamic shape design

25/30



Xt Quantum CFD 1

Quantum  Computing  Concepts:  Superposition, Entanglement,
Measurement, Unitary (UUt=I) Operators

Challenges Toward QCFD: Non-linear term, Non-unitary operator,
Elementwise Multiplication

o
4 vy,
Ground

State State |0) State |1)
State Vector: |y) =a|0)+ B[1) |af +|g] =1

n

w)=|y,)®|y,) Qubit Bit
=([0)+ B, |1)) ®(,]0) + 5, 1))

X
oy ot oy 19— Al0)

Quantum NOT gate
1

|oo)=|o)®|o)=m®{o}=[1 0 0 o] |01)=|o)<>:<>|1)=m®mz[o 10 0]

|1o)=|1)®|0)=m®{(1)}=[0 0 1 0] =)o m®m=[° 001 630



a9t Quantum CFD 2

Burger's equation is the best model to study nonlinearity in compressible flow.

ou ou o°u

—~ TU—=u—7
ot OX OX
Linear combination of vectors handled by Velocity gradients (Non-unitary transformation)
Linear Combination of Unitaries ) using Block-encoding technique
W't =u" A(a" O g" )+ Ar(h”)
Non-linear multiplication of u and its derivative Non-unitary elementwise multiplication using
handled by employing multiple copies ofu Quantum Hadamard product technique
| —=&—— Classical Simulation | t=0.8 —=—— Classical Simulation
T - — e — - Quantum Simulator T ) — — ® — - Quantum Simulator
osl osf
t=0.0
f . 1=0.5 :
0.6 t=1.0 06
=T t=1.5 o
04 ; 04
0.2 ; 0.2 ;
T A o R
X X

“Pure Quantum Algorithm of Nonlinear Burgers’ Equation for High-Speed Compressible Flows,” Preprint 27/30



H|

M. KASA AeSp Data & Computing Center

HF
=

Data & Computing 7|= 7

e

jolt
ar

Bl

e

Ld

LA

KF

&l of

7|E WErH
(1Y HAA

VS

Oj2f KASA

28/30



HE: d FEHA SAd 1
Original Flagship Idea (Need to select through competition from ideas of
various organizations and individuals)

Challenging Mission with Controllable Cost
Connecting Science and Technology

=‘d(Venus) EH &= 8! C7| MZ 2|E(Sample Return)

=3 7], #H, W52 4258 18

ot Hlul A7S Sofl x| 7ot Eff &A A’ d2| HAtet

=8 7l (X 7tCH 7] oot EE)2| 7|
X2t o] HO|AM FAfeH 4-S0] H gl

AEH 2Fo s x| A =

ME
©
oH
0x
=2
-
—
_(')l-
[

U2 Akatsuki (Z1AF), 21 Shukrayaan (24'd 128 &AL 0°d), O|= DAVINCI 2029 % VERITAS
2031, ESA EnVision 2031
T = A =E]X] £ X] 22 =X 2 (Atstnt 7| £ SHM BF =X H)

=
Jj=}
St EER 1k) 58 W = 0]2/0f 1) O] 2ATIS ArEet = MY = H[H 7|=

Z| glo|CHE

N2 sl 0= 2F 130 kmOIMQ CHZ|7kA (15 km/s =) ME; 2) RS MEHZ B2 5 X| 3 7| T
US Sofl ME 2T S EHl= Ao M MAXHoEE SHH

$F Edof| SEH=E MEHSE SA0| £ MAE 2148 7|=at ZEY 7= =R} 7HS (2030-40)
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S: T =
US VATMOS-SR (2020s) [iNustration of TXubame in orbi]
oIS .. XXX (D) ()

Small and High Resolution

Optical Sensor (SHIROP)

The Venus Atmospheric Sample Return (VATMOS-SR) [ Qome S Flusdca
Mission Concept

| (other 7 sensor heads onboard) :

Jason Rabinovitch', Arnaud Borner2, Michael A.
Gallis®, Rita Parai4, Mihail P. Petkov®, Guillaume
Avice®, Christophe Sotin”

'Stevens Institute of Technology, USA

2AMA, Inc. at NASA Ames Research Center, USA

3Sandia National Laboratories, USA

“Washington University in St. Louis, USA
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