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Linchpin technology and computational modeling

Linchpin (the pin going through the
axle of awheel to keep it in place)
means a small piece, but
everything collapses without it.

Linchpin technology

Linchpin

Rotorcraft icing on Earth and planetary landings in outer space are
characterized by the two-phase flow of compressible air-droplet and gas-
particle, respectively.

Computational modeling of these flows is challenging due to large variations
in temperature, particle concentration, including the near-zero limit, and flow
velocity, as well as the complexities and nonlinearities of the flow involved in
rotorcraft with rotor blades and planetary landers with rocket motors.

Computational modeling is the process of using mathematical equations and
computational methods to simulate and predict the behavior of complex systems.

Numerical analysis, on the other hand, is the study of algorithms and methods
for solving mathematical problems numerically.

Talk 1/46 14th Asian Computational Fluid Dynamics Conference

R. S. Myong, Gyeongsang National University, Republic of Korea October 31st (Tue), 2023 - HAL Management Academy, Bengaluru, India



Acknowledgements

Organizers of ACFD 2023

Ass. Prof. Hakjin Lee (Gyeongsang National University, Republic of
Korea)

Dr. Bidesh Sengupta (NTU, Singapore)

Dr. Omid Ejtehadi (University of Edinburgh, UK)
Ass. Prof. Tapan K. Mankodi (IIT Guwahati, India)
Ass. Prof. L. Prince Raj (IIEST Shibpur, India)

Talk 2/46 14th Asian Computational Fluid Dynamics Conference

R. S. Myong, Gyeongsang National University, Republic of Korea October 31st (Tue), 2023 - HAL Management Academy, Bengaluru, India



In-flight icing: a critical safety issue

* Icing is an atmospheric phenomenon which deserves adequate protection of
aircratft.

Icing is a key certification issue related to aircraft safety.

Need to predict most critical icing conditions and the resulting ice shapes
within the flight and certification envelopes.

Anti-icing systems: Prevent the ice from forming/adhering

De-icing systems: Remove the accumulated ice before incurring significant
aerodynamic penalties

BT N e T
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lcing parameters (meteorological/physical/modeling)

Droplet impingement

Air flow properties

Droplet distribution

Langmuir-D droplet distribution

-------------------------------------------

Multi-shot ice model

Surface roughness

Rough surface
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Smooth surface

-

Exposure time

Air flow solver

Mesh movement

Droplet
impingement
solver

Time increment

Air flow solver

Ice density

Atmospheric ice accretion
depends on

Point of operation (location
& altitude etc.)

Geometry of aircraft

High ice density
(Glaze ice)

Relative velocity
Atmospheric temperature
Droplet diameter size
Liquid water content

Talk 4/46

Exposure time = 360 Sec

Exposure time = 720 Sec

Evaporation model

Sublimation of ice

Evaporation
of water film
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Prince Raj, L., Yee, K.,
Myong, R. S. “Sensitivity
of critical parameters
affecting ice accretion
shape and performance
degradation in aircraft
wing icing,” Aerospace
Science and Technology,
Vol. 98, 105659, 2020.
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Aircraft in-flight icing: IPS (Ice Protection System)

Windshield
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Korean Utility Helicopter program 2015-2018

(Korean) Utility Helicopter Surion ‘Failed’ at Platform-Level Icing Certification

_YTN
2016-09-23

%, NEWS
& Er$

The delivery of Surion, the military helicopter developed with
Korean domestic technology,

Talk 6/46 14th Asian Computational Fluid Dynamics Conference
R. S. Myong, Gyeongsang National University, Republic of Korea October 31st (Tue), 2023 - HAL Management Academy, Bengaluru, India



Icing certification campaign: failure & 2"9 full effort

Clearance of ice shedding of

windshield & wiper
More than 1309 for 2 minutes k=~

A critical redesign of IPS
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runback ice More time for evaporation 2017-18
Longer distance for evaporation
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Courtesy of Korea Aerospace Industries LTD (KAI) (2018)
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lcing computational simulation

« Validation of icing CFD (FENSAP-ICE) prediction (heat-off mode)

A 19.27mm A: 1881mm
icethickness  B: 18.63mm B:1765mm A 2111mm
B: 25.32mm

A: 15.77mm
B: 13.16mm

The upper parts of intake with largest ice accretion.

Narrow region with small ice accretion between these parts.

Ahn, G. B., Jung, K. Y., Myong, R. S., Shin, H. B., Habashi, W. G., “Numerical and experimental
investigation of ice accretion on a rotorcraft engine air intake,” Journal of Aircraft, Vol. 52, No. 3, pp.
903-909, 2015.
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Flow field of a rotorcraft and ice break-off
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Sengupta, B., Prince Raj, L., Cho, M. Y., Son, C., Yoon, T., Yee, K., Myong, R. S., “Computational Simulation

of Ice Accretion and Shedding Trajectory of a Rotorcraft in Forward Flight with Strong Rotor Wakes,”
Aerospace Science and Technology, Vol. 119, 107140, 2021.
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CFD-FVM methods base on multi-disciplinary physics
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Non-strict hyperbolic equation of droplet movement

The mass loading ratio of the bulk density of the droplets over the bulk density of
the air is in the order of 10-3 for icing conditions. The weakly coupled algorithm

(one-way coupling) is applicable.

Lagrangian method dﬂ:c Re, (u, —uy)+ Pl
dt P24k ) Fr?
Eulerian method D pu 0 _
+V- = Non-strict (degenerate) system
pu | puu| | S(p, p,,T,,U,U,,0)

The non-strictly hyperbolic, pressureless gas dynamics type that governs
dispersed phase transport within a continuous fluid phase; occurrences of delta
shock waves and vacuum states, which bring non-trivial numerical challenges.

Without proper positivity-preserving schemes, the water droplet density near
the surface, the depth of a dry bed formed by the strong rarefaction wave, may
become negative.

B. Einfeldt, C. D. Munz, P. L. Roe, B. Sjogreen, “On Godunov-type methods near low densities,” Journal
of Computational Physics, Vol. 92, No. 2, pp. 273-295, 1991.
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An idea to overcome the density negativity
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Jung, S. K., Myong, R. S., “A Relaxation Model for Numerical Approximations of the Multidimensional Pressureless Gas
Dynamics System,” Computers and Mathematics with Applications, Vol. 80, No. 5, pp. 1073-1083, 2020.
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Importance of rotor wake modeling and hybridization
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Compound rotorcraft with co-axial rotors
and pusher propellor

NASA side-by-side urban air mobility
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Nonlinear vortex lattice method (NVLM)

Normal Lee, H., Sengupta, B.,
vector Araghizadegh, M. S.,
Myong, R. S., “Review
of Vortex Methods for
Rotor Aerodynamics and
Wake Dynamics,”
Advances in
Aerodynamics, Vol. 4,
20, 2022.

Taking nonlinear aerodynamic properties (related to viscosity, flow separation, and low-
Reynolds no. flow) into account

Airfoil look-up tables including stalled flow scenarios

Semi-empirical models for airfoil aerodynamics in 3-D and rotating settings

Vortex strength correction to accurately describe the influence of nonlinear aerodynamics
on the bound circulation strength
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Wake modeling using vortex particle method (VPM)
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¢ ;7 H»:E’.";ﬁ, e ,wﬂ n“ ' Diatomic and Polyatomic Gases,” Physics of

Fluids, Vol. 33, 066103, 2021.

 The dominant vortical structures of the rotor wake are the inboard vortex sheet and the
tip vortices.

» The geometry of the rotor wake is approximated by a finite number of vortex particles,
which are shed from the whole width of the rotor blade.

» The strength of vortex particles is already determined at the previous time step by
imposing the Kutta condition at the vortex elements placed on the trailing edges.

 Vortex particles naturally travel downstream with local convection velocity while being
permitted to freely distort and interact with one another.
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Hybrid method based on NVLM, VPM, and CFD

4 )

Initial configuration, dx
Setup-grid, rotor d_ =U, =U, + vam + Aucfd
% model ) t
Running NVLM + Evaluation of Compute flux
> VPM for rofor *» 1nduced velocities on »  correction due to
CFD gnd induced velocitics
Apply air-wake as Running CFD FVM Simulation end Running CFD FVM
interference velocity to compute NSE of time step 1o compute NSF
equations cached? equations
P PU,, N
PUcq Termination of PlUcrgUpn - N
W =| pv,, simulation AE (uvpm’ucfd ) =| PVeggUypm * N
PWetq PWegg Uy - N
_pE_—MWdV+ﬂ(F F, +AF (Upy, Uy ))-ndS =0 | pEU,, N

Sengupta, B., Prince Raj, L., Esmaeilifar, E., Araghizadeh, M. S., Lee, H., Myong, R. S., “Novel hybrid
vortex-CFD approach to rotor wake and ice accretion on rotorcraft,” in Review
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Novel hybrid vortex-CFD approach

Features

H. Fouladi ef al. (2013)

C. Son et al. (2017)

Present

Rotor modeling

Rotor wake modeling

Blade characteristics

Rotor-wake and wake-
fuselage interaction

Airflow solver

Droplet equation
Unified framework*

Computational
efficiency

Actuator disk method
(ADM) coupled with
the momentum
equation

Eulerian NSF CFD
No explicit modeling

Neglects blade
geometry

Does not capture
detailed rotor-wake
interactions and
vortices

Compressible NSF
FEM solver
Non-hyperbolic
No

Relatively high

computational
efficiency

Actuator surface
method (ASM) coupled
with the momentum
equation

Eulerian NSF CFD
No explicit modeling

Blade as 2-D surface

Does not explicitly
simulate the rotor-wake
interactions

Compressible-PIMPLE
segregated NSF FVM
solver (OpenFOAM)

Non-hyperbolic
No
Moderate

computational
efficiency

Non-linear vortex
lattice method (NVLM)
coupled with the
equations of density.
momentum, and energy

Lagrangian VPM
Explicit modeling

Considers 3-D blade
geometry (camber.
swept angle)

Accurately represents
rotor-wake and wake-
fuselage interactions
and vortices with
unsteady effects

Compressible NSF
Riemann-based FVM
solver (In-house)

Hyperbolic

Yes

Good balance between
accuracy and

computational
efficiency

* Identical discretization methodology (conservative Riemann solver-base FVM) for all the
solvers of aerodynamics. droplet impingement. and ice accretion.
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Validation: air flow around the ROBIN model

Four-bladed rectangular rotor system
(NACAO0012 airfoil with an -8° twist)
pi7 P18 P2 Advance ratio of 0.15
D8 o2 £ Rt a0 _| D16 Blade tip Mach number of 0.53

. —

D5 e

(a) Fuselage Center-line

(b) Fuselage Ring, X/L=0.4475
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Validation (NVLM+VPM+CFD): Cp comparison
VLM+VPM-+Panel (3. Am. Helicopter Soc. 2014)

| Target thrust coefficient, C; [[] | 0.0065 VTM (3. Am. Helicopter Soc. 2009)

Collective pitch angle, 8 [deg.] 10:3 Euler with an overset mesh (int. J. Aeronaut.
Longitudinal cyclic pitch, A1 [deg.] -2.7 Space Sci. 2010)

Lateral cyclic pitch, B1 [deg.] 2.4

1.00 T 1.00
0.50 0.50 4
0.25 1 0.25 1
u
8 3
= 0.00 ~ 0.00
& S
=0.25 A =0.25 A
—0.50 - =&— GNU Hybrid Solver (Present) ~0.50 1 : —— GNU Hybrid Solver (Present)
’ *  VLM+VPM+Panel ’ *  VLM+VPM+Panel
, s VTM j s VTM
=075 = Euler (Overset) ' =075 4 o Euler (Overset)
. ® Experiment ! ® Experiment
-1.00 T . T T T T =1.00 T : T T T T
0 45 90 135 180 225 270 315 36 0 45 90 135 180 225 270 315 360
Azimuthal angle, w["] Azimuthal angle, w["]
location D6 location D15
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Coupling of NVLM+VPM+CFD(AIr)+CFD(Icing)

Clean geometry
Icing and flight
conditions

I

Aerodynamic solver

Hybrid (NVLM~+VPM~+CFD) solver

Rotor wake: Lagrangian framework
Flow field: Compressible CFD

Final ice accretion
shape

<

!

Droplet solver
Hyperbolic shallow water droplet

Total exposure
time?

Ice shape generation
solver

equation Displacement according to ice height
in the direction normal to the surface
Ice accretion solver
PDE based thermodynamic model . _
2 —
h . Su
wall
P v pu hy Ry, 244, Pw
+V. - =
. 2
2 W wall _prp,w Pw 1
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Visualization of the flow structure (Q-criterion)
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Collection efficiency and ice accretion (C+=0.008)
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Another critical issue: planetary landings

Planetary landings in outer space is characterized by the two-phase flow of
compressible gas-particle.

Challenging due to large variations in temperature, particle concentration,
including the near-zero limit, and flow velocity, as well as the complexities and
nonlinearities of the flow involved in planetary landers with rocket motors.

In a planetary landing, compressible gas-particle flow is formed when the
rocket plume of the lander impinges on a dusty surface and causes erosion and
dispersal of solid particles into the flow field.

Micro-gravity, vacuum, extreme dryness, unigue properties of regolith,
multi-scale (m to hundred km) in dispersal

A full continuum Eulerian—Eulerian framework in conjunction with constitutive
equations which effectively describes the high non-equilibrium effects in the
rarefied condition of the planetary atmosphere based on the second-order
nonlinear coupled constitutive relation (NCCR) beyond the conventional first-
order NSF constitutive relation.
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Lunar landing: Apollo 11

COMPUTER
PROGRAM

P66

42 secs to 'bingo’ call

“Aldrin: 40 feet. Down 2.
Picking up some dust.
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Dust Is the number one concern!

Physical damage to lander and sensors

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

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 Apollo 11
O Apolio 12

A Apolio 14 — Sireaking fully

~- 7 developed
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o
|

_ — Loss of visibility
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Altitude, m

Probe shadow —

_ — Probe
shadow

Loss of
visibility —,

First Lunar landing Apollo 14 surface
(Apollo11) (NASA photograph AS14-66-9261HR)

— —Touchdown point

| | J
0 5 10 15
Horizontal distance, m
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Lunar landing problem

Lander module

Nozzle wall
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Entrained particles in the absence of Viscous erosion region
atmosphere and consequently drag forces (Maximum dynamic pressure)
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Computational models

Numerical models for gas-particle flows

Particulate loading|
aSpS

Stokes number

B = St — Tsolid
a | N T .
gpg L Lagrangian L Eulerian carrier
. CFD- ‘ cF- | opm [ DDP ‘ MP- ‘ Two-fluid ‘ ) “
{ DEM | DSMC ‘ [ % PIC models | Mixture models
Dispersed . Separated = Homogeneous | Mixture
Euler- Euler- " Multi-fluid VbF HEM _S-Iip
Euler | Granular VOF | . mixture
model
4Py @y Pyl 0
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_aspses _t _aspsesus _ _7}

e, granular temp.,  the dissipation of pseudo-thermal energy owing to the inelastic particle collisions
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Surface erosion model (Roberts’ model)

The Lunar landing
problem

Diffusion-
driven
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Dispersal simulation from the induced crater

Surface erosion experimeﬁt courtesy
of Ronald F. Scott 566m———

o “ "
:IPartw cln?Paﬂicle. ‘
i, gPolision . Eroded particles may hit lunar
e lander components

Talk 29/46

Rahimi, A., Ejtehadi, O., Lee, K. H., Myong, R. S., “Near-field Plume-
] surface Interaction and Regolith Erosion and Dispersal During
Depth & width the Lunar Landing,” Acta Astronautica, Vol. 175, pp. 308-326,
2020.

= =2
Injected particles with diameter Injected particles with diameter
100um and St = 757 1um and St = 0.0757

Impingement of particles t No impingement of particles
o the bumper (100um) to the bumper (1um)
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Classification of gas flows in non-equilibrium

e Sider e
VLV ,Limn~» i ‘“::“—‘I 0068um'
Kn=M/Re ——w— eround
A ) — g Hard diskdrive
x Anti-ballistic missile| @ Entry condition of Re-entry vehicle (IXV)
alo High HGV
= = [ )
100km Kn=1. \g\ 3
o \. | Increase of thermal
80km Kn=0.1 y non-equilibrium

Solid-gas

-
-

mteragtl{ . Peak heat flux (IXV)
“4 Nonlinear M?*/Re=0(Q1
Rarefied -
Hypersonic
M?/Re=0(10")
Local thermal
equilibrium v >
Coupling \, M=30 M
Non-isothermal High temperature effect

(Cf. Dissociation)

v-Vf(r.,v)=C|[f. m“@g pu-Vu+V-pIl+v-l=0 —> Main parameter I1/ p ~ Kn-M

tatistical 2
Two terms: Kn "0 oustie Three terms: M, Kn (not Kn alone) M or M

average Re \/ﬁ
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Previous and ongoing studies on NCCR

NCCR: Nonlinear Coupled

Constitutive Relation

PoF 1999, JCP 2001, JCP 2004: Eu’s generalized
hydrodynamics

PoF 2014, PoF 2016: Balanced closure & validation via MD
JCP 2014: 2D hybrid DG code for NCCR

-~ Conceptual revision
New closure theory
Physical insight

More validation
PoF 2018: Polyatomic gases (shock-vortex interaction)

PoF 2020: Topology of NCCR

Discontinuous Galerkin
Topology
PoF 2020: Extension to the vibrational mode of energy Two-phase flow

JCP 2020: Extension to dusty and granular flows Vibrational mode
JCP 2022: 3D hybrid DG code for NCCR .

CPC 2023 (Review after Revision): FVM-based nccrFOAM suite

e e ———————————————

_ Viscoelastic flow
Combining with DSMC

’

Preprint: 2"d-order Boltzmann-type kinetic spring model

Other independent NCCR works: Multi-species extension by Ahn & Kim (SNU, Korea, JCP09)
Implicit-FVM NCCR by Jiang, Zhao, Yuan, Chen (Zhejiang Univ., China, 2017-Present)
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Boltzmann kinetic equations

= Afirst-order partial differential equation of the probability density of finding a

particle in phase space with an integral collision term

9, 1
(a+v-vj f(t,r,v)=EC[f, f,]

Movement Collision (or Interaction)
Kinematic Dissipation

C[f, £,]~ [[v=v,|(f"f, = ff,)dv,

= Gain (scattered into) - Loss (scattered out) = (ij _(Sf j

St 5t

Maxwell’s equation of transfer for molecular expression h("

%<h(n)f>+v-(u<h(“) f )+ (ch®™f >)—<f %h(”’>—<fC-Vh(”)> =(hcrf, 1)

Talk 32/46 14th Asian Computational Fluid Dynamics Conference

R. S. Myong, Gyeongsang National University, Republic of Korea October 31st (Tue), 2023 - HAL Management Academy, Bengaluru, India



Moment method and closure theories

¢(1) = p, ¢(2) = pu, ¢(3) = pE,

4 2 5 1
n _<h(k) f> A =H=[P]( V4O =A=§TraceP— p, 3 =0Q,

rot?

pu = (mvf (t,r,v)) h® =m, h® =mv, h® = L2+ H
where 2

()= [[--dwdvav,  h® =[mcc]®, h® =%m02— p/n, h® =6mCZ+Hmt—mﬁjC,

Breakdown of moment method: 1) when the statistical average is meaningless due to too
few patrticles; 2) when thermodynamics is not definable.
Closure-first approach: Grad’s 13 moment method (1949) based on polynomial expansion
Levermore method (1996) based on Gaussian (exponential) expansion
Regularized-13 moment method (2003)

Closure-last balanced approach: Myong's balanced closure (On the High Mach Number
Shock Structure Singularity Caused by Overreach of Maxwellian Molecules, PoF 2014)
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Relationship with conservation laws (moments)

Boltzmann transport equation (BTE): 10%3
pu =(mvf (t,r,v))

0
(E‘FV'VJ f (t, r,V) = C[ f ; f2] where <>=Ij ...dvxdvydvZ
Differentiating the statistical definition pu = (mvf (t,r, v)) with time and
then combining with BKE (t,r, v are independent and v =u +c)
g<me > = <qu> = _<m (V Vi )V> + <mVC[ f, f2]> [A]? : Traceless symmetric

ot ot part of tensor A
Here —(m(v-Vf)v)=-V-(mwif)=-V-{ puu+(mccf )}

After the decomposition of the stress into pressure and viscous shear stress
P =(mccf ) = pl + I where p = (mTr(cc) f /3), T =(m[cc]® f),
and using the collisional invariance of the momentum, (mvC[f , f2]> =0, we have

d(pu)
ot

Conservation laws: 13

+V-(puu+pl+II)=0
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Closing-last balanced closure on open terms

= <m[cc](2) f >
Closure theory: how, where (open terms), when (last)

New balanced closure with closure-last approach (PoF 2014)

2nd-order for kinematic LH = 2nd-order for collsion RH

DRt(H/p)+V-‘P(H) -2[0-vu]® +2p[vu]” = <m[CC](Z) C[f, fz]>(5 A™)

2nd_order closure 2nd_order closure
- P 11q,,, (,) where ¥ = (meccf )—(mTr(cce) f)1/3
2nd - Ly
D (1) = _[he™)
(¥ p)+v 2+ = (h™c[ 1, 1,])
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Closure of dissipation terms via 2nd-law

Key ideas; exponential canonical form, consideration of entropy production o, and

non-polynomial expansion called as cumulant expansion (B. C. Eu in 80-90s)

By writing the distribution function f in the exponential form When fis truncated., it is truncated in such

1 %] as way that the divergence problem related
f =exp {—ﬂ(— mc? + z X Mh™ ﬂ B = to the heat flux contribution containing the
2 = k T 3 order term for the integrand would not
i . _ _ arise (Al-Ghoul, M., and Eu, B. C.,
Nonequilibrium entropy W : W(r,t) =k, ([In f(v,r,t)-1] f (v,r,1)}, Noneguilibrium Partidon Function in the
Nonequilibrium entropy production: o, = —k; (In f C[f, f,]) Presence of Heat Flow, J. Chem. Phys.,

1 Vol. 115, No. 18, 2001).
ac:ZkBjdvjdvj dg " db bg,, In(f 157/ ££7)(f 1,7 = £°1,7) > 0 (satisfying 2nd-law)

o, =k, (In f C[f, f,]) =$<G me’+> X :h® - NJC[f @ exp(-x), 1,7 EXP(—X2)>
n=1

1 T 0
= Z kB _[ dVJ. de IOZ d ¢_[0 db bglz f © fz(O) (X12 Y ) [exp(— y12) - EXp(_Xiz)]

1 xEﬂ[ X(”)h‘”)—Nj,
= Ejdrlz f © fz(O) (X12 - Y12)[exp(_y12) _eXp(_Xu)]’ nzll
y the post-collision value of x

1/2
o, =x q(x™, x{?,-++) via cumulant expansion (K15%{<(X12—y12)2>c} )

Talk 36/46 14th Asian Computational Fluid Dynamics Conference

R. S. Myong, Gyeongsang National University, Republic of Korea October 31st (Tue), 2023 - HAL Management Academy, Bengaluru, India



Cumulant expansion method

<x'>=jx'f(x)dx, (e”) = j ™ £ (x)dx

Then we have P

<e“> =ii:<x'>::exp Z%/q where

=0 "~ =1

K :{d—lln<e“>} i =(X), = ()= (x)" (mef;ln,variance)

l:o Probability density function
T T T T T T T T T T
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Closure of dissipation terms-continued

o, =k, (In f C[f, fz])z%ix(“)<h‘”)C[f, f2]>=%ix<“>/\<”> = ik2q(x®, kD)
n=1

1=1
Calculating the first reduced collision integral «, in terms of X ™,

k=) XPREVXD, where R} are coefficients made up of collision bracket integrals,

n,I=1
1
A® = =S ROX Og(x® D)
ﬂg ; 12 2
After generalizing the equilibrium Gibbs ensemble theory to nonequilibrium processes,
one can obtain the leading order terms for X ™, X ® = —E, x@o__Q
2P pC,T
Finally, a thermodynamically-consistent constitutive equation still exact to BKE, can be derived,;
p PRI P) G 9w o vu)® 1 2p[vu]® = LS REXOG(, &L,
Dt [T | ﬁg 1=1
____________ :
P D(%t/p) HV- QP vy [[))Lt’ M+Q-Vu+I-C VT +pC VT
1
_ REOIX Ng(x®, x2,--)
ﬂg ; 12 2
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2"d_order NCCR model

Conservation laws (exact ~ d(pu) o

consequence of BKE) P (PUU+ pl +H):0

in conjunction with the 2"d-order constitutive relations (CR)

Zero in 2"d-order approximation

N
(9_1_[ +U-VII+ VP 42 [H ' Vu](Z) +2p [Vu](Z) - _LHand (k)

ot Non-local term 2nd-grder coupling Hns

Y = (meeef ) - (mTr(cce) f)1/3 Navier 1% aw

/2
sinh x T (I Q-Q/T "* Onsager-Rayleigh
0y () = 1 [ +Q g yleilg

y K= . _
K R R Kys dissipation function

Sinh{1st-order theory}

Navier-Fourier laws inclusive __----- e’ N
like onion!
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3D mixed modal DG method for the 2"9-order model

Singh, S., Karchani, A., Chourushi, T.,

8 U + VF (U) + V (U VU) O Myoné, R. S., AThree-Dimensional

Inv vis Modal Discontinuous Galerkin Method
. . . . . for the Second-Order Boltzmann-

Discretization In mlxed form Curtiss-Based Constitutive Model of

_ Rarefied and Microscale Gas Flows,
S _ VU — O Journal of Computational Physics, Vol.

457, 111052, 2022
o.U+VE_, (U)+VF, (U,S)=0
NSF model (I1, Q) = f}; .. (S(U))

NCCR model (I, Q)neer = fnon-linear(S(U)’ p, T) NCCR: Nonlinear Coupled

Constitutive Relation

U, (x,t) = le:U] ()¢ (X), Sp(xt) =§:S} (t)e' (x)

nv

gjugodV—ij dv +j¢ e NAT = [ VoF,,dV +j¢ S -NAC =0,
I | |

SpdV + | T°VeUdV — | T°pU -ndI" =0,
Jsoav+ | J

Dubiner basis function, Lax-Friedrichs inviscid flux, central flux for viscous terms
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Decomposition of NCCR for multi-dimensional flow

y
n
I
Hy n * X }"
' i
0 x Solver I-xv E1 Solver I-XV  mfepp
| + - +
vy /)- ------- -X uy /)- -------- ->X
ﬂ // ’/
, z A 4 y V4 l y
4 4
Decomposition E E
Solver I-xw ! + Solver IT-xw !
Solver I-x Solver IT-xv Solver II-xw w. :ye ______ - U. j_ ________ 50
(,0,0,T) (0,7,,0,0) (0,0,w,,0) M I'
1/ s
—— + |t + :
Compression-expansion Velocity-shear Velocity-shear
(x-component and temperature) (y-component) (z-component)
Primary surface integral Secondary volume integral
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Comparison of the NCCR solution with the DSMC

Current = Morris, et al. (2015)

P [Pa)
12000
1036
537
278
144
75
39
20

\ . »
- — — —
- e a — <
ap— -
e =imTeTe >

0 20 4.0 6.0
r[m)

O. Ejtehadi, R. S. Myong, I. Sohn, B. J. Kim, "Full continuum approach for simulating plume-surface
interaction in planetary landings,” Physics of Fluids, Vol. 35, 043331, 2023.
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Effects of the ambient pressure on the plume

B 2000
1035.89

536.539

277.899

143.937

74.5519
N 38.614

/

IE Tine (D=5 P2) Jet Front (JF)

Reflective
Point (RP)

Standoff
Shock (SS)

(ed 0T="""d) au1| 4r
 (ed o0T=""d) sun 4r |
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Effects of the height of the dusty bed

(a) CTNNN| RN

0.001 0.002 0.004 0.005 0.006

. N |
(b)
: - M
(c)
- _ c a)-(c) 5 um
o (@)-(c) 5 M
(d)-(f) 10 ym
©) T
Stokes number
: . d2/18
(f) St — psds/ Ky
Tcarrier
L.

Solid density; radial velocity of gas contours overlaid on solid density lines; top view of solid
density
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nccrVIbFOAM solver for rarefied & microscale flows

Counter-intuitive scour pattern on

iso-surface of dust density

Counter-intuitive non-axisymmetric scour formation during planetary
landing: (a) nccrFOAM (present); (b) NASA Mars Science
Laboratory (MSL) landing image; (c) Simulation conducted in Jet

Propulsion Laboratory (K. Balakrishnan and J. Bellan, “High-fidelity modeling
and numerical simulation of cratering induced by the interaction of a supersonic jet
with a granular bed of solid particles,” Int. J. Multiphase Flow, Vol. 99, 1-29, 2018.)
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Other ongoing and future topics

* Needle-free injection where drug particles are delivered by shock waves

O. Ejtehadi, T. Mankodi, I. Sohn, B. J. Kim, R. S. Myong, ” Gas-patrticle flows in a microscale shock
tube and collection efficiency in the jet impingement on a permeable surface,” Physics of Fluids, Vol.
35, 043331, 2023.

« Shielding IR signals by injecting particles into the engine exhaust plume

N

Lee, Y. R., Lee, J. W., Shin, C. M., Kim, J. W.,
Myong, R. S., “Particle Layer Effects on
Flowfield and Infrared Characteristics of
Aircraft Exhaust Plume,” Journal of Aircraft,
Vol. 59, No. 5, pp. 1320-1336, 2022.

 Application to multi-rotor configurations (compound, UAM)

 High-lift wing aerodynamics (combination of propellor/rotor/proprotor,
wing, and suction/blowing) for hydrogen fuel cell electric aircraft

 Poly-disperse description, inclusion of solid particle collisions,
extension to far-field simulation

* From meta modeling to physics-guided Al modeling in case of highly
non-equilibrium flow regimes
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