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Adaptive Cartesian methods

90000
Block-structured AMR with complex boundaries

Collaboration with Block-structured adaptive mesh refinement (SAMR)

For S|mpI|C|ty 8tq(x,y, t) + 8Xf(q(x7.y7 t)) + 8yg(q(X,_y, t)) = 0

Detonations Refined blocks overlay coarser ones

Refinement in space and time by factor r;
[Berger and Colella, 1988]

Block (aka patch) based data structures

Bok Jik Lee (Gwangju Institute of Science and Technology, South
Korea)

Xiaodong Cai, Jiang Liang, Zhiyong Lin (National University of
Defense Technology, Changsha)

Numerical scheme

n n At
Jack Ziegler (now Northrop Grumman), Dale Pullin, Joe Shepherd Q" = Q- Ax [FjJr%,k - ij%,k]
(Graduate Aeronautical Laboratory, California Institute of At

2oy 6]
Technology) Ay Lik+3 ™ Pik—3
Yong Sun, Matthias |hme (Stanford University) only for single patch necessary
Hypersor“cs s|mu|at|on Efficient cache-reuse / vectorization ””””
. . . . ) . ossible VT 4

Chay Atkins, Adriano Cerminara, Neil Sandham (University of poss! G L

Cluster-algorithm necessary

y [ [ S/
y (  Z/

Southampton)
Papers: [Deiterding, 2011a,

Deiterding et al., 2009b,
Deiterding et al., 2007]
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Adaptive Cartesian methods

Adaptive Cartesian methods

(o] lele]e] [e]e] lele]
Block-structured AMR with complex boundaries

Block-structured AMR with complex boundaries

Level transfer / setting of ghost cells Recursive integration order

Conservative averaging Space-time interpolation of coarse data to set I7,/ > 0

(restriction): Regridding;:
Fr—1rp1—1 Creation of new grids, copy existing cells on level / > 0
A/ I+1 Spatial interpolation to initialize new cells on level / > 0
ij: r/H Z Z Qvth,WJﬁL patial interp on Initialize new n lev
Root Level @ Q
Bilinear interpolation n=1 I 1 I
(prolongation): ¢ ¢
Level 1 I Q@ Q@ Q@ 1
= (1= A)1 - £) Q14 W—4 1 2 1 5 , 8 | 11
| | | | |
+ (1 - £)Qjr 1+
3 [ Synchronization Level 2 Y | Y | Y | Y | Y
(1-f)f Q -1k + Ak Q [ Physical boundary conditions rn=2 3 4 6 7 9 10 12 13
[ Interpolation -
For boundary conditions: linear time interpolation Time -
=11 . K N K X1 _ — — > Regridding of finer levels.
Q (t+rAty) = <1 N r/+1> Q (t)—'—r?l Q7 (t+At) for 6 =0,...141 Base level (@) stays fixed.
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Adaptive Cartesian methods Adaptive Cartesian methods

(e]e]e] o] [ee]e]e] ]
Block-structured AMR with complex boundaries Block-structured AMR with complex boundaries
Conservative flux correction Level-set method for boundary embedding
) . Implicit boundary representation via distance
Example: Cell j, k , function ¢, normal n = Vp/|Vy|
) _ ] . ] Complex boundary moving with local velocity w,
At 1 fa1—1rg—1 . \ treat interface as moving rigid wall
pv I - 7 . -
Qie(t+ At) = Q(t) — IRV lD DED DI (LT TN [Deiterding et al., 2007]
Ax1 r2 vt+3 / 2 . .
’ 1 =0 = A Construction of values in embedded boundary
ol cells by interpolation / extrapolation

[Deiterding, 2009, Deiterding, 2011a]

Creation of level set from triangulated surface

At I I
B AXQ’/ (Gj’k+ G’ 7%)

data with closest-point-transform (CPT)
. . algorithm [Mauch, 2003, Deiterding et al., 2006]
Correction pass:
SEL = —F Z y
— 3k j=3ok w / Interpolate / constant value extrap- 2w =y
fe1—1 4 olate values at w
+1 H1 I+1
5F'7%,k —6F +i Z F\/+1 t"‘ﬁ?AtH»l) i:x+2@n uj
o A b 4t
At viv o . : . : )
ij(t + At) = Jk(t + At) + / 5Fl+1 Velocity in ghost cells (slip): Pi-1 Pj Pi Pj—1
Axq 1 T , uj—1 uj 2w — uj 2w — uj_1
j—1 u=_2w-n—u-n)n+ (u-t)t P b p P
=2((w—u)-n)n+u
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Adaptive Cartesian methods Adaptive Cartesian methods

Parallelization approach Parallelization approach
Parallelization AMROC framework and most important patch solvers

Rigorous domain decomposition ) ] =
Implements described algorithms and facilitates easy exchange of the

Data of all levels resides on same node block-based numerical scheme
Grid hierarchy defines unique " floor-plan” Shock-induced combustion with detailed chemistry:
Workload . . [Deiterding, 2003, Deiterding and Bader, 2005, Deiterding, 2011b,
orkload estimation Cai et al., 2016, Cai et al., 2018]
Imax ! Hybrid WENO methods for LES and DNS: [Pantano et al., 2007,
W(Q) = Z I(GI N Q) H I Lombardini and Deiterding, 2010, Ziegler et al., 2011, Cerminara et al., 2018]
=0 =0 Lattice Boltzmann method for LES: [Fragner and Deiterding, 2016,

Feldhusen et al., 2016, Deiterding and Wood, 2016]

Parallel operations

L FSI deformation from water hammer: [Cirak et al., 2007,
Synchronization of ghost cells Deiterding et al., 2009a, Perotti et al., 2013, Wan et al., 2017]
Redistribution of data blocks within ‘

regridding operation
Flux correction of coarse grid cells

Level-set method for Eulerian solid mechanics: [Barton et al., 2013]

Ideal magneto-hydrodynamics: [Gomes et al., 2015, Souza Lopes et al., 2018]
~ 500,000 LOC in C++, C, Fortran-77, Fortran-90

Dynamic partitioning with space-filling

curve V2.0 plus FSI coupling routines as open source at http://www.vtf.website

[Deiterding, 2005, Deiterding, 2011a] Used here V3.0 with significantly enhanced parallelization (V2.1 not released)
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Adaptive Cartesian methods Combustion modeling

(oe] J @00
Parallelization approach Governing equations
AMROC strong scalability tests Axisymmetric Navier-Stokes equations with chemical reaction

_ i . f—f —
3D wave propagation method with Roe scheme: 3D SRT-lattice Boltzmann scheme: flow over % + o( v) + o(g—8v) _ g(c _ nggv) Ts
y

rough surface of 19 x 13 X 2 spheres ot Ox Oy
Tests run Cray XC30m (Archer)

spherical blast wave
Tests run IBM BG/P (mode VN)

; : Time per higest level step Pi piu piv 0 wj
i ‘Tlm‘e per h|%est [evel ‘step‘ ——— o pu . pu2 + p - puv . 0 o 0
107 —e— SAMR L o— SAMR || pv |’ puv ’ pv2p | p—Tog |’ 0
[ i 0% F —%— Uniform
i —&— Uniform || B i pE u(pE + p) v(pE + p) 0 0
g | § 100} E aY;
8 ] D; 2 0
10! |- E 1 P Ox TXX:—f,u(V~v)+2,u—u
F i = Txx 3 Ox
I =
I w0~ E E Ty = —g \E 2 @
I 1 1 1 | | | | . b“ q,‘ to‘ q,‘ b“ %‘ @‘ q,‘ h‘ q,‘ ] kal + pz hJDJ% —|— UTxx + VTXy Tyy 3‘u( V) + ‘uay
16 32 64 128 256 512 1024 R U @V@@ ox Ox

2 v
CPUs Too = —= (V- v) +2u—
CPUs 3 y
64 x 32 x 32 base grid, 2 additional levels with aY;

- _ 6 360 x 240 x 108 base grid, 2 additional levels with D; du  Ov
factors 2, 4; uniform 512 x 256 x 256 = 33.6-10° {05 2, 4; uniform 1440 x 1020 x 432 = 1.19-10° P2 oy Ty =p( oo+ o
cells cells T gy = Ox
Level Grids Cells - — xy
T Level | Grids Cells gv - du  Ov v
0 709 | 05,536 0 788 | 9,331,200 oT Py, Vov= (-4 —+a-
L] 1735 ) 271,048 1 | 21367 | 24,844,504 ke h:D;—L Ox 9y y
2 2210 | 7,190,208 POaY +pY_ hD; + UTy + VTyy
220 2 1728 | 10,838,016 Oy Oy
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Combustion modeling
ooe

Combustion modeling

oeo

Governing equations Governing equations

Equation of state Chemistry and transport properties

Arrhenius-kinetics:

M K
i =Y ) [ TI(

f K r
Pn \Yjn Pn \ Yin .
K K R R K p 2 11 Wn) —kjrnr[]-(wn) :| I:]-,...,K
. ] j= = =
P(Pla-.-aPK,T)ZZP:‘ZZP/'WTZPWT with Zpizp,yizf
i=1 i=1 ! i=1 p Parsing of mechanisms and evaluation of w; with Chemkin-Il
¢i(T) and hi(T) tabulated, linear interpolation between values

Ideal gas law and Dalton’s law for gas-mixtures

Caloric equation
Mixture viscosity u = u(T, Y;) with Wilke formula

K T
h(Yl,...,YK,T):ZY,-h,-(T) with h,-(T):h?—i—/ cpi(s)ds = Z Yini with & — ( W; )_5 <1+(Hi)§ (Wm>4>2
i=1 0 Wi Zm 1 Ym®im/ W \/§ Wi Hm W;
Mixture thermal conductivity k = k(T, Y;) following Mathur
Computation of T = T(p1,...,pk,e) from implicit equation 1 <Wi Yok N 1 >
K Wi WX i/ (Wik)
Zpi hi(T) - RTZ % —pe=20 Mixture diffusion coefficients D; = D;(T, p, Y;) from binary diffusion D,,;( T, p) as
. — 1 [Z':: 1 _ yﬁ

W3~ i Y /(Wi Dimi)

Evaluation with Chemkin-II Transport library

for thermally perfect gases with ~;(T) = ¢,i(T)/c,i(T) using an iterative
Newton or bisection method
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Combustion modeling
@000

Finite volume schemes Finite volume schemes

Splitting methods Finite volume discretization

Time discretization t, = nAt, discrete volumes ljk =
o [ — 38x,x + 5 Ax[X[yk — 5Ay, vk + 38y[X =: [x_1/2, Xi41/2[X Vi—1/2: Yis1/2]
O:q+0(f—f,)+0,(g—8)=—(c—g+g)+s ST 2 2 By /2R
y Approximation Qj(t) =~ ﬁ q(x, t) dx and numerical fluxes
el
Dimensional splitting for PDE Lk

X@0 . 9q+0.(f(a)—F.(a) =0, IC: Q(tm) =% Q2 F (Qix(t), Qjs1,k(1)) = F(a(xjr1/2, Yis 1),
YA 9q+9,(g(q) —g.(q) =0, I1C QY2 2L Q Fu (Qi(t), Qji1,k(1) = fu(a0x1/2, Yis 1), VaA(Xi1/2, Vi 1))

. . yield (for simplicity)
Treat right-hand side as source term

At
~ A - n+l _ n n = n n _ n n
c(at) . 0:q = %(c(q) — g(q) + gv(q)) , IC: Q :t> Q Q" = Qy——— Ax [ (ijyQJﬂ k) F (ijl,ki ij)]'i‘AX [Fv <ij¢Qj+1i,k) Fy (Qj—l,kvojk>]
Chemical source term Ri er t e F (Q @ )
N iemann solver to approximate n
SAY . 9q=s(q), IC Q = Q(tn+ At) ( jle it k)
. 1st-order finite differences for F, ( Q7 , Q" yield 2nd-order accurate central
Formally 1st-order algorithm Jko it Lk
y & differences in (x)
Q(tm + At) = S(At)C(Af)y(At)X(At)(Q(tm)) Stability condition used:
8 it 2k At At
ma{ Sl + )+ 5 R s A il + ) + et ol + 6+ Dy | <1

but all sub-operators 2nd-order accurate or higher.
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Combustion modeling Combustion modeling
[efe] o] o0o0e

Finite volume schemes Finite volume schemes

Finite volume discretization — cont. Riemann solver for combustion

~ _ /PLPRTVPRPL _ ~» — VPLWLHVPRYWR
CalculateAsta?dat;d Roe-averages p = B oy VPLPR and W = NI
ford, ¥, H, Y, T.

P 1 Tr
(G (@ Q1) + 6. (@ 1.01)) Compue = &/, 1y = e [ ot

Calculate @; := (§ — 1) (% — h) + 4 R; T with standard Roe-averages & or h;.

Symmetry source term C(A1: Use

[y

Q) = Qo (2(e(Q) - (@) +
within explicit 2nd-order accurate Runge-Kutta method P
Calculate & := (z,K:1 Vidi— (3 —1)0° + (5 — 1)Fl) :

Gives 2nd-order central difference approximation of G,
Use Aq =4q, — q, and Ap to compute the wave strengths ay,.

Transport properties p, k, D; are stored in vector of state Q and Kid
kept constant throughout entire time step Caleulate W, = aif, W, = D a b, Wy = a1 gy
=2

- . Evaluate s; = 1 — ¢, s = @1, s3 = 0 + ¢.
Chemical source term SO): valuate s1 = — €, =l s = U+ ¢ .
Evaluate pj /g, U /g € /g, €[ g from a, =aq + W, and a, =dp — W;.

4th-order accurate semi-implicit ODE-solver subcycles within each If pf ) < 0o ef 5 < O use Fuuu(d, ,d,) and go to (S12).

cell Entropy correction: Evaluate |5, |.
p, e, u, v remain unchanged! Froe(q,,95) = 3 (f(a,) +f(ag) — 320, [5.1W,)
. . Positivity correction: Replace F; by
O pi = Wiwi(p1,-..,pk, T) i=1,....K e Y F>o0,
i=Fe\ vr, F,<o0.

Evaluate maximal signal speed by S = max(|s1], |s3|).
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Detonation simulation Detonation simulation
90000000 O®000000
Shock induced combustion from projectile flight Shock induced combustion from projectile flight

Shock-induced combustion around a sphere Lehr’s ballistic range experiments

Spherical projectile of radius 1.5 mm travels with constant velocity
v; = 2170.6 m/s through Hs : Oz : Ar mixture (molar ratios 2:1:7) at 6.67 kPa
and T =298K

Mechanism by [Westbrook, 1982]: 34 forward reactions, 9 species

Spherical-nosed projectile of radius 1.5 mm travels with constant velocity
through stoichiometric Ha : Oz : N2 mixture (molar ratios 2:1:3.76) at
42.663kPa and T = 293K [Lehr, 1972]

Mechanism by [Jachimowski, 1988]: 19 equilibrium reactions, 9 species.

Axisymmetric Euler simulation on AMR base mesh of 70 x 40 cells .
Chapman Jouguet velocity ~ 1957 m/s.

Comparison of 3-level computation with refinement factors 2,2 (~ 5Pts/l;;) and
a 4-level computation with refinement factors 2,2,4 (~ 19 Pts/l;;) at t = 350 us Axisymmetric Navier-Stokes and Eulers simulations on AMR base mesh of

Higher resolved computation captures combustion zone visibly better and at 400 x 200 cells, physical domain size 6 cm x 3cm

slightly different position (see below) 4-level computations with refinement factors 2,2,4 to final time

t = 170 pus. Refinement downstream removed.

0.50 0.90 0.90

Main configurations

0.70

Velocity vi = 1931 m/s (M = 4.79), ~ 40 Pts/l;g
' Velocity v; = 1806 m/s (M = 4.48), ~ 60 Pts/l;,

Various previous studies with not entirely consistent results. E.g.
[Yungster and Radhakrishnan, 1996], [Axdahl et al., 2011]

Stagnation point location and pressure tracked in every time step

0.80 0.80

0.70 0.70

0.603 0.60%

0.50] 0.50

040 0.40 0.40

0.303 0.304 0.303

0.20 0.20 0.20

0.103 0.104 0.103

0.00 Frrrrrrrrefile 0.00 3 rrrrrerr 0.00 Frrrrrrer

Iso-contours of p (black) and Y, (white) on refinement domains for 3-level (left) and 4-level

) . All computations were on 32 cores requiring ~ 1500h CPU each
computation (right)
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Detonation simulation Detonation simulation
[e]e] le]e]e]ele] [e]e]e] lelelele]

Shock induced combustion from projectile flight Shock induced combustion from projectile flight

Viscous case — M = 4.79 Viscous case — M = 4.79 — mesh adaptation

5619 iterations with CFL=0.9 to t = 170 us
Oscillation frequency in last 20 us: ~ 722kHz (viscous), ~ 737 kHz (inviscid)

. 1-0.000151306 sec
Experimental value: ~ 720 kHz Stagration polntpressure [Pa)

1.450+06

1.40+06

1=0.000150028 sec 1.35e+06
1.32+06

1.25e406

1.26406

1.15406

1.1e406

1.050406

0.00015 0.000155 0.00016 0.000165 0.00017
Time [s]

Schlieren plot of density
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Detonation simulation Detonation simulation
[e]e]e]e] lelele] O0000e00

Shock induced combustion from projectile flight Shock induced combustion from projectile flight

Comparison of temperature field Viscous case — M = 4.48

5432 iterations with CFL=0.9 to t = 170 us
- Oscillation frequency in last 20 us: ~ 417 kHz

Pseudlocolor .
var: Temperaturs Experimental value: ~ 425kHz Stagnation pont pressure [P
203.0 oo4B 1606, 2308, 3100, 1.8e+06
1.6e+06
Max: 3177
Min: 203.0 10.000150009 e 1.4e+06
1=0.000150004 sec
1.2e+06
1e+06
800000
0.00015 0.000155 0.00016 0.000165 0.00017

Time [s]

Schlieren plot of density

Inviscid
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Detonation simulation Detonation simulation

00000080 O000000e
Shock induced combustion from projectile flight Shock induced combustion from projectile flight
Oscillation mechanism Inviscid case — M = 4.48
Schlieren of density Temperature Mass fraction OH Pressure 4048 iterations with CFL=0.9 to t = 170 us

Oscillation frequency in last 20 us: ~ 395 kHz

1=0.000157792 sec

1=0.00015; Experimental value: ~ 425 kHz Stagnation point pressure [Pa]

1.8e406

160406

1=0.000150039seC 1.40+06

120406

10406

800000

0.00015 0.000155 0.00016 0.000165 0.00017
Time [s]

I

Oscillation created by accelerated reaction due to slip line from previous triple
point

Schlieren plot of density
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Detonation simulation Detonation simulation
° 9000000
Thermal ignition Propagation of regular detonations in 2d

Deflagration to detonation transition in 2d Simulation of regular structures

Hot sphere of 2500 K in stoichiometric H2 /O3 in closed-end chamber of 2 cm diameter .
CJ detonation for Hy : Oo : Ar

(2:1:7) at To = 298K and
po = 10kPa, cell width 1.6 cm

Perturb 1d solution with
unreacted high-pressure pocket
behind front

Triple point trajectories by
tracking max |w| on auxiliary mesh

shifted through grid with CJ

. ov  Ju
velocity, w = — — —
Ox Oy

SAMR simulation with 4
additional levels (2,2,2,4),

67.6 Pts/lig

Configuration similar to Oran et

al., J. Combustion and Flame
113, 1998.

Fixed wall

Outflow
Outflow

Symmetry
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Detonation simulation
0@00000

Detonation simulation
O0e0000

Propagation of regular detonations in 2d

Triple point analysis

Double Mach reflection structure shortly before the next collision

2.00]

2.70

2.60-]

2.50]

2.40]

2.30]

1017 | 384 | 1487 | 1178 | 1.533
3561 | 572 | 1856 901 | 1.053 WEAK -

mTmMmoONm>
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Detonation simulation
000e000
Propagation of regular detonations in 2d

Triple point tracks

Slight overdrive
] P - o
decreases cell size i e A

T
<l
e

\

A TR e
e e A

Re-ignition
with transverse
detonation

e RC .
Mach reflection, high B i\ : \’_-
overdrive, structure 7 7
disappears

Detonation failure

¢ = 15° (left, top), ¢ = 30° (left, bottom), and ¢ = 60° (right)

Propagation of regular detonations in 2d

Detonation propagation through pipe bends

2D Simulation of CJ detonation
for Hp : Og : Ar/2:1:7 at

To = 298K and pp = 10kPa.
Tube width of 5 detonation cells

AMR base grid 1200 x 992. 4
additional refinement levels
(2,2,2,4). 67.6Pts/l,

Adaptive computations use up to
7.1-10° cells (4.8 - 10° on highest
level) instead of 1.22 - 10° cells
(uniform grid)

~ 70,000 h CPU on 128 CPUs
Pentium-4 2.2GHz
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Detonation simulation

O000e00

Propagation of regular detonations in 2d

X
T
KX

i

)

N

9,
0
\“:

%
¥
\
0
%
5

XX

A

56.2 Pts/ g

On coarse meshes, the high energy release in triple points cannot be captured

Under sufficient resolution, the oscillation frequency is recovered after the bend
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Detonation simulation Detonation simulation
0O0000e0o O00000e

Propagation of regular detonations in 2d Propagation of regular detonations in 2d

Triple point structures — ¢ = 15° Triple point structures — ¢ = 30°

- . s
— s = "'_,4' M e B
T - / iy
-&'.f | {etf"} - - = i b -
Gl 7 gt 5 )
) —
,; ' e . *L-v
o - o
- : 5
e y
- - d
1
ot o |
T R e B A e
40 ke i e ;
T R

20 40
e
Q

Triple point re-initiation after
bend with change from
transitional to Double Mach
reflection

Triple point quenching and
failure as single Mach
reflection
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Detonation simulation Detonation simulation
®000000 (o] le]e]elele]
Cellular structures in 3d and their ignition Cellular structures in 3d and their ignition

Detonation cell structure in 3D Temporal Development of Detonation Velocity

Point-wise reinitiation along L1 (left) and L1' (right)

44.8Pts/lig for Hy : O2 : Ar CJ
detonation
SAMR base grid 400x24x24 for one

quadrant, 2 additional refinement
levels (2, 4)

Simulation uses ~ 18 M cells instead
of ~ 118 M (unigrid)

~ 51,000h CPU on 128 CPU Compagq Schlieren plots of density, mirrored for visual-

Alpha. H: 37.6%, S: 25.1% ization -« > - > Simulation time [us]
MI I M1 Comparison with 2D Simulation
. ol o i 2 ; ; ; ; : —
L2 ——
A A 18] D
° & D MM MI MiM| MI
v v 16l ]
° ) [ I
L ] Lr M i MI
A A
*L.z f] L.2 MM MI MM| MI v
. ” " M1 I M| n
L] L] [J
« > « > « >
Schematic front view of the periodic triple -
H . . . . 670 675 680 685 690 695 700 705 710
Schlieren plots of You point line structure right plot at the same time.

Simulation time [us]
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Detonation simulation Detonation simulation

00®0000 [e]e]e] lelele]
Cellular structures in 3d and their ignition Cellular structures in 3d and their ignition

Triple point analysis Detonation ignition by a hot jet in 3d

Tracks of triple point lines

ﬁi‘ﬁ‘i’ja&ﬁﬁj{fiﬁ“ > 3d Euler simulation on AMR base mesh of 64 x 32 x 16 cells
“ Domain size 3.2cm x 1.6cm x 0.8cm

> Inflow of Ha : O2 : Ar mixture (molar ratios 2:1:7) at 10kPa and T = 298K at
CJ velocity Voy = 1627 m/s

> Hot jet inflow with fully reacted CJ conditions, i.e., T = 3296 K, p = 172.7kPa
u and p = 0.0893kg/m?

» Mechanism by [Westbrook, 1982]: 34 forward reactions, 9 species
Computations on 1024 cores Intel E5-2692 2.20 GHz (Tianhe-2)

X. Cai, J. Liang, RD, Y. Che, Z. Lin, Int. J. Hydrogen Energy 41(4): 3222-3239, 2016

P X
P ——l > % A

]

v
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v

Schlieren plots perpendicu-
lar to y- and z-plane (right)
and on triple point line
tracks (below)

v

) /

Outflow <=€—————— Inflow

) / - ~
Weakest TMR structure in | , S Zl’; it
Incident-Incident region imme- /

diately before collision
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Detonation simulation Detonation simulation
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Cellular structures in 3d and their ignition

Detonation ignition process - Front view Detonation propagation

1.6
> 1.4
1.2
1.0+
0.8

osf

0.4F

0.2}

2.0 2.5
> > Continuous jet injection overdrives the detonation to f ~ 1.07
Isosurfaces of p at t = 18.85 us Isosurfaces of p at t = 224.34 us Isosurfaces of p at > Number of triple point lines is increased compared to CJ case

t = 323.07 us Isosurfaces of p at t = 334.10 us > Rectangular domain straightens triple point lines
> Primarily TMR triple point line structures visible as in previous case
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Detonation simulation

Detonation simulation

000000e ®0000000

Cellular structures in 3d and their ignition Detonation-boundary layer interaction

Dynamic mesh refinement Shock-boundary layer interaction

Mesh adaptation with 4 additional levels refined by factors 2, 2, 2, 2 —
~ 30.85Pts/lj,
Adaptation indicators similar as before

t =234.10pus t = 253.32 s t = 272.78 pus t = 292.46 us

Reflected
Shock

Vortex Sheet/Slip Line

Shock A "Tail Shock ~~™*"-..

— Foot

Boundary Layer
— Separation
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Detonation simulation Detonation simulation
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Detonation-boundary layer interaction Detonation-boundary layer interaction

Non-reactive case Reactive case: Hy : Oy : Ar — 15 :17.85: 67.15

DB: dat_22560.vik
Cycle: 22560 Time:0.000275732

Pseudocolor

Var: Temperature Pseudocolor
Var: Temperature
3000.

Constant.

o
< —24]2. 1.0
S
%
) § 0.8
2 1825 Y
& 0.6
g 2
3 —1238. : 0.4
- :
Max: 291.0 ss00 m 0-2
o 291, Max: 1834. |
Min: 291.0 0.185 M;X 651.7 T T r T T T y i
X-Axis(m) 14.0 15.0 16.0 17.0 18.0 19.0 20.0
X-Axis (cm)
DB: dat_22400.vitk
[Pt Cycle: 22400 Time:0.000274413
Var: Levels Pseudocolor
Constant. Var: Density
- 0.003500
-
i
)
] 0.002750
g
o
E . 0.002000
o
— 0.001250
Max: 1.000
Min: 1.000 OF2E5
X-Axis(m)
0.0005000
Max: 0.002079
Min: 0.0007036

M. lhme, Y. Sun, RD, 51st AIAA Aerospace Sciences Meeting, AIAA-2013-0538 ,2013
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Detonation simulation

Detonation simulation
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Detonation-boundary layer interaction

Detonation-boundary layer interaction

Detonation establishment in a scramjet combustor Setup 1 — Experiment ¢ = 0.28

*, Shock bifurcation
’
enlargement

Recirculation ‘ Mixing
Nume--ee, ZONE k) and
.

% /. combustion

-~
- e
Scena=”

Seecoo=”

C
C. Cai, RD, J. Liang, M. Sun, Y. Mahmoudi, Combust. Flame 190: 201-215, 2018 ( ) .

Hy : O2: N2 —0.56 :1.0: 2.9, pp = 36.1kPa, Tp = 581K, inflow V; = 1532m/s,
Vey = 1431m/s
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Detonation simulation Detonation simulation
O0000e00 0O00000e0

Detonation-boundary layer interaction Detonation-boundary layer interaction

Setup 1 — Numerical simulation ¢ = 0.28 Setup 2 — Experiment ¢ = 0.29

p

' 148, 01

E1:1T

3.0

[ 0740 541

(a)

-0.370 1.0

(b)

[ 1466. 5 4

-1023. 1.0
(©)
Ho : O2 : No —0.58:1.0: 2.9, pp = 36.1kPa, Top = 581K, inflow V; = 1532m/s

581.0
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Detonation simulation Summary
O000000e °

Detonation-boundary layer interaction Conclusions

Numerical simulation ¢ = 0.29 Conclusions — Detonations

For small mechanisms, detailed detonation structure simulations and

SAMR simulation with 4 additional accurate DNS are nowadays possible for realistic 2d geometries

levels (2,2,2,2), 137.8 Pts/lj Accurate studies for idealized 3d configurations feasible

Resolution down to the scale of secondary triple points can be
provided on parallel capacity computing systems

Enabling components:

Splitting methods combined with high-resolution FV schemes for
| hyrodynamic transport
SAMR provides a sufficient spatial and temporal resolution. Savings
from SAMR for pipe bend simulations: up to >680x

1 Future work will concentrate on non-Cartesian and higher order
schemes with low numerical dissipation geared to DNS.
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Supplementary material Supplementary material

Riemann solver for combustion: carbuncle fix Clustering by signatures
Entropy corrections [Harten, 1983] 2D modification of entropy correction X X X x x x|6 X X X x x x]6
[Harten and Hyman, 1983] [Sanders et al., 1998]:
. X X X X X X|[6 X X X X X X|6 -3
[s.] if[s.| > 2n Jk+3 i1 k+d
3. = 2| . ; . X X X 3 X x X 3 3
4;7 +n otherwise : :
n= 13 max, {|s(ag) — s(a,)} | AT XXX 3 XXX 3 -1
Replace [s,| by |3,| only if x X 2 x X 2 1
s.(q,) <0< s(ap) Jik=3 J+lk=3 x X 2 X x 2 0
~ X X 2 X X 2
Mj+1/2,k = max{nj+1/2,k7"7j,k—1/2a "7j,k+1/2777j+1,k—1/27"7j+1,k+1/2}
Roe + EC 1. Exact Riemann solver 0
; : x 2 %
° ¢ f X X 2 /
Carbuncle phenomenon : = )6 4
[Quirk, 1994] | - S T 6 6 2 3 2 2 2 22 T 4 4 2 3 2 2 2 2 2
Test from SW FVS, VL FVS, HLL, Roe + EC 2.4+2D A 23 21 000
[Deiterding, 2003] P T Flagged cells per row/column
j) : A Second derivative of T, A =T,41 — 27T, + T, 1
2 2 Technique from image detection: [Bell et al., 1994], see also

e e s [Berger and Rigoutsos, 1991], [Berger, 1986]
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Two-temperature solver

Thermodynamic model
Outline Thermodynamic Model
Two-temperature solver The two temperature thermodynamic model is used to model the
Thermodynamic model thermodynamic nonequilibrium,
Cartesian results : , , ol 0
eS(TtH TVG) = es(Tff) + es(Tfl’) + €s (TVE) + €s (TVE’) + €s
Two-temperature mapped mesh solver
Mapped mesh treatment . fici
Non-cartesian results and comparison Computationally efficient,
Widely used,
DNS with a hybrid method Integrated into the open source library Mutation+-+
Higher-order hybrid methods [Scoggins and Magin, 2014].
Summary The internal energies are calculated within the Mutation++ library using
Conclusions the Rigid-Rotator Harmonic-Oscillator (RRHO) model.
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Two-temperature solver Two-temperature solver
(o] le]e] ooeo

Thermodynamic model

Thermodynamic model

Governing Equations Source Terms

The net species production rates,

The two temperature thermodynamic model has been implemented using N, Ny N Ns N\ Bir
. . pi pi
the equations, Ws = Ms > (Bsr — as) ke [ ] (V) — ko [] (ﬁ) :
8Q OF oG r=1 i=1 ! i=1 !
XL w .
ot 0x 8y kf,r(Tc) = Af,r Tc b exp [_GF/TC] '
where,
- - - - - R and the energy transfer rate (neutral mixture),
p1 p1u p1v wi
: Qve:ZQs‘riv"_QsCiv_’_QSCie/'
. s
PN, PN U PNsV WN,
— s F — 'S — S W — S
Q pu | pu> +p | G puv ’ 0 v el(Tw)—ef
pv pvu pv? 4+ p 0 Qs o TV '
pe“e peeu pe‘ev Que .
L pE | L(pE + p)u L(PE + p)v] L 0 ] QY = asel, QT = crined

are both calculated using the Mutation++ library.
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Two-temperature solver
[efe]e] ]
Thermodynamic model

Numerical Integration

Finite volume method with two flux schemes implemented,

Van Leer's flux vector splitting method [van Leer, 1982],
The AUSM scheme [Liou and Steffen Jr, 1993].

Second order in space and time,
The MUSCL-Hancock scheme is used for the fluxes.

Strang splitting is used to integrate the source term.
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Two-temperature solver

(o] lelele]
Cartesian results

Double Wedge

The temperature and mass fraction of atomic oxygen.

Temperature
" e

E7 100e+02
t = 242usecs.
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Y-O
1.433e-01
E

Z0.10729
=0071657
0035828

F1.994e-15

8

Two-temperature solver
®0000
Cartesian results

Double Wedge

Simulation of a double wedge in a high enthalpy flow of air
[Pezzella et al., 2015].

Too Poo Uso Moo Ly 01 Ly 02

710K 0.78kPa 3812m/s 7.14 50.8mm 30° 25.4mm 55°

Table: Double wedge geometry and experimental conditions.

Five species mixture of air.

Initial 200 x 200 cell mesh, with 3 levels of refinement.
Embedded boundary used to define geometry.

Van Leer flux scheme.

Physical time of 242 us.

R. Deiterding — Detonation and hypersonics simulation with AMROC — Part Il

Two-temperature solver
(oo lele]
Cartesian results

Double Wedge

The mesh was refined using pressure and density gradients.

Pressure
EW.S?A&?OS

=38382

3.820e+02

t = 242 usecs.
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Two-temperature solver

(e]e]e] lo]
Cartesian results

Double Wedge

Dynamic load balancing distributes the cells across the processors.

Levels

t = 242 pusecs.
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Two-temperature mapped mesh solver
9000000

Two-temperature solver

O000e
Cartesian results

Double Wedge

The AMR enables the flow features to be captured in detail.

V-

£-833.62

i <

(AanannasnaiRiil

i
%
@
8

-4.980e+02

The schlieren image is taken from [Pezzella et al., 2015].
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Two-temperature mapped mesh solver
O®00000

Mapped mesh treatment

Mapped Solution Update

Within the AMROC-Clawpack framework, the solution is stored in
physical (x, y) space and the fluxes are mapped from computational

(&, m) space.
Using dimensional splitting the solution update is given by:

Qi =Qf; - 2; [('A: - IEV)i-i-l,j B (f= B IA:V)/'J] Vij '

.

Q7" = Qi - = {(C B év>i,j+1 - <é - Gv)

AnAg
An ]

Vij

where V; ; is the volume of cell i, in physical space. IA:, IA:V, é, GY are
the physical fluxes per computational unit length.

Mapped mesh treatment

Mapped Mesh Computation

In the mapped mesh computations, the flux is transformed to align with
the cell face, A
F= Tﬁan(TQI-; TQr) ;

where T is the transformation matrix,

1 00 0 0 00O
0.0 0 0 00
001 0 0 00

T=1o o o # & 0 0
0 0 0 - A 0 0
000 0 0 10
0 0 0 0 0 0 1
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Two-temperature mapped mesh solver Two-temperature mapped mesh solver
[e]e] le]elele] 0O00®e000
Mapped mesh treatment Mapped mesh treatment

Mapped Inviscid Fluxes Mapped Viscous Fluxes

The inviscid fluxes per computational unit length are found by:

Rotating the momentum components to be normal to the face, The physical viscous flux per computational unit length in the ¢

Calculating the flux with the rotated solution vectors, directional sweep is given by,
Rotating the solution vector back, | |
A n;_ i
Scaling the flux using the ratio of the computational face to the 12 = % [(Fvﬁx)i—l/Z,j + (G"hy),._l/zyj} ,
mapped face
In the £ directional sweep, this gives To calculate the derivatives needed for F¥ and GY, one must use
Fi_ipj= T,-:ll/z’an(Ti—1/2,jQi—1,ja Tiz12,jQi ) 99 _ (99 (€ + 99\ (o 7
Ox o€ Ox on Ox
where T is the rotation matrix used to rotate the momentum
components, and F,, is the normal flux through the face. and,
The scaling is given by: % - % % + % @ )
dy o¢ ) \ 9y on ) \ Oy
£ |"i—1/2,j|
Fij= “Ap Fio12,
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Two-temperature mapped mesh solver Two-temperature mapped mesh solver
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Mapped mesh treatment Mapped mesh treatment

Boundary Conditions CFL condition

For wall boundary conditions the ghost cell values are set by first

transforming the domain variables The time step must be adjusted to account for the changes in mesh size.

The Courant-Friedrichs-Lewy (CFL) condition can be written as

Q= TwQdom. - [Moukalled et al., 2015],
Then setting the ghost cell variables using interpolation, M |n|f v V., 0
+ Afnjf| —— <
,ngQpU Z df f’ |f At —
A o dgq f
Qgc = 1 dgw )
g where A\{ and A% are the viscous and convective spectral radii,
and respectively, and dr is the distance between the cell centres either side of
A . A —‘}—:OPV the face.
v __ v 4 v __ & 3 . . .
Qg = Q" slip, Qg = 1 no — slip, Rearranging the above equation gives,
dgd
Then rotating the ghost cell values using the inverse transformation, At [)“f + )\?] In|; <1
1A V. d -
Qgc = TW IQgc . c 7 f
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Two-temperature mapped mesh solver
[e]e]e]e]ele] J

Two-temperature mapped mesh solver

®000000000000

Mapped mesh treatment Non-cartesian results and comparison

CFL Condition Hypersonic Sphere

The shock standoff distance is used
to validate the non-equilibrium
Simulations of a half inch sphere model.

travelling at hypersonic speeds in air
[Lobb, 1964]. Validation of the axi-symmetric

source term.

With dimensional splitting, the CFL condition must be evaluated in each
dimension separately, giving,

AV . AV .
i—1/2, i+1/2,
max < |:d S 4 Af1/27j:| Inli_1/2, + J

+ A:‘:+1/27j:| [nliy1/2,55

i—1/2, dit1)2, Mach number range between 8.4 v ]
A N7 A and 16.1, with p,, = 1333 Pa and !
WITLZ 4 ye nfij 1o+ | =222 4 e i1z ) S5 <1 :
dij_1/2 ij—1/2 ij—1/ diji1/2 ij+1/2 ij+1/ Ve = Too =293 K. 1

Waxi = - PNV
The shock standoff distance was y puv
measured at each condition. pv?

L(PE + p)v
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Two-temperature mapped mesh solver Two-temperature mapped mesh solver

O®00000000000 O0®@0000000000

Non-cartesian results and comparison Non-cartesian results and comparison

Hypersonic Sphere Hypersonic Sphere

Computed shock standoff distances compared with experimental data.

120 Temperature Comparison Species Mass Fractions
Velocity (m/s)
007G00 3000 3500 4000 " 4500 5000 5500 6000
4+—a 1333 PaSim. 10000
1 § § 1333 PaExp.
0.065 = 107
8000)
0.060 2 c
@ S
5 ]
® 6000 £10?
0.055 g @
g °
] 8 =
< 4
0.050 Pressure 4000
]\ EAamems
107
2 — e
0.045 —35e+5 2000 . — Yo
4 + = — Yy
= —> Yy
23045 -
0.040 = — Yo,
E 4 — L ]
E ~0.0007 —0.0006 —0.0005 —0.0004 —0.0003 —0.0002 —0.0001 0.0000 %.0667 =6.0006 =6.0005 =0.0004 ~0.0003 ~0,0062 ~0.0061 0.0000
B 12045 Distance from sphere (m) Distance from sphere (m)
o

14 16

EW 333e+03
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Two-temperature mapped mesh solver

Two-temperature mapped mesh solver
000@000000000 O000@00000000

Non-cartesian results and comparison Non-cartesian results and comparison

Mapped Mesh Computation Mapped Mesh Computation

Experiments of a cylinder in hypersonic flow [Hornung, 1972] were

Y-Axis (x10"-3)
simulated with the mapping and initial conditions given by,

o

x =¢gcos(n), y=—Esin(n).

&
I

Radius Y, Yn To Poo Uso Moo & S

g

0.0127m 0.927 0.073 1833K 291kPa 5590m/s 6.14 : N
X U

Table: Cylinder geometry and freestream conditions Z,-_

S o

G-

The implementation was verified by comparing a mapped computation
with a embedded boundary computation.

t = 100 psec
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Two-temperature mapped mesh solver Two-temperature mapped mesh solver
[e]e]e]e]e] lelelelelele]e} O00000@000000

Non-cartesian results and comparison Non-cartesian results and comparison

Mapped Mesh Computation Viscous Computations

voais (x10-3) Preliminary results have been obtained for computations including the
viscous flux vectors,

0Q  O(F-F) 0(G-G)

ot Ox dy
wher
Pseudocolor ere, _ _
Var: Pressure —
- 1.492e+05 Jx,l
S11260405 3¢ .
)
x
-7.6050404 - _
- x,Ns
~30486404 X T
= X, X
3 FY = ’
2906, ! = .
Mox: 1.488e+05 & y,x
Min: 2910

Ns
aT,
Rve B;E - E Jx,seve
s=1

Ns

aT, aT,
Ktr 5t + Kve 5% + UTx,x + VTy,x — > Jx,shs
s=1 .

and a similar expression is obtained for GV.

0°21-
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Two-temperature mapped mesh solver
0000000 e00000

-temperature mapped mesh solver
O0000000@0000

Non-cartesian results and comparison Non-cartesian results and comparison

Viscous Computations Viscous Computations
The species diffusion uses a modified version of Fick's diffusion law fosers | foerse
[Sutton and Gnoffo, 1998], m L a2 s ]
o gy -
— Z's _ Zr [ 00105610 ]
Jxs = =PDs 5 Ys;( D5 ) = e e
The viscous stress tensor, 7; ; is given by, ”” ‘”
au,’ 8”1 2 -20 -20
= ) =6 5nV -,
T sJ lu (8)9 + aX, ) ) 3'“
where §; ; is the Kronecker delta. 1 e
The diffusion coefficients, the viscosity and the thermal conductivities are _;5 S A o 0 o T
all calculated within the Mutation-++ library. e o -

t = 60 pusecs.
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Two-temperature mapped mesh solver

Two-temperature mapped mesh solver
000000000 e000

O000000000e00

Non-cartesian results and comparison

Non-cartesian results and comparison

Flat Plate Comparison Flat Plate Comparison

A comparison between the two boundary layers at 0.2m is shown below,

Adiabatic Flat Plate

0.005 Velocity Profile 0.005 Percentage Difference
— AMROC
— Su2
. . . . 0.004 0.004
To test the implementation of the viscous fluxes a comparison between
the mapped AMROC solver and the SU2 solver was completed.
0.003 0.003

A hyperbolic tangent mapping to stretch the grid away from the wall,
with an initial spacing of le-5m.

y(m)
y (M)

A Mach 3 flow over a 0.3m flat plate was simulated using both an " "
isothermal and adiabatic wall using the same mesh in each solver.

0 200 400 600 800 1000 1200 “°%01 00 01 02 03 04 05 06 07 08
z-velocity (m/s) Difference (%)

Figure: A comparison of the velocity boundary layers over an adiabatic flat
plate, where My, = 3.0.
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Two-temperature mapped mesh solver
00000000000 e0

Non-cartesian results and comparison

Cylinder Heat Flux Computation

The mapped mesh solver has been validated by simulating a cylinder in a
nonequilibrium, high enthalpy flow.
The inflow conditions and results were taken from [Degrez et al., 2009].

Too Poo Uso YN2 Yn Y02 Yo Yno
694K 3.26g/m® 4776m/s 0.7356 0.0 0.1340 0.07955  0.0509

Table: Freestream conditions for the HEG cylinder simulation.

A cylinder mesh was generated with hyperbolic tangent stretching away
from the wall using a 1le-6 initial spacing.
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DNS with a hybrid method
@00

Two-temperature mapped mesh solver
O00000000000e
Non-cartesian results and comparison

Cylinder Heat Flux Comparison

The simulated results show good agreement with the experimental
results:

HEG Cylinder Surface Pressure

—— AMROC

70000 Experiment

60000

50000

40000

Pressure (Pa)

30000

20000

10000

40 60 80
Angle (degrees)

Figure: A comparison of the experimental and simulated surface pressures in

the HEG cylinder experiment.
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DNS with a hybrid method

Higher-order hybrid methods

Hybrid method

Convective numerical flux is defined as

n .
n :{FianENO’ m

Ql A

inv .
in C,

n
Finv—CD7

For LES: 3rd order WENO method, 2nd order TCD [Hill and Pullin, 2004]

For DNS: Symmetric 6th order WENO, 6th-order CD scheme

J. Ziegler, RD, J. Shepherd, D. Pullin, J. Comput. Phys. 230(20):7598-7630, 2011.
Use WENO scheme to only capture shock waves but resolve interface between species.
Shock detection based on using two criteria together:

Lax-Liu entropy condition |ug & ag| < |ux £ a«| < |up & a;| tested with a
threshold to eliminate weak acoustic waves. Used intermediate states at cell
interfaces:

\/PLuL + \/prRUR 1
, = YPLELT VPRUR © o \/(7* —1)(he — Z12), ...
VPL+ /PR 2
Limiter-inspired discontinuity test based on mapped normalized pressure gradient
0;
20; i1 — pj
i with g, = P Al

#(0) = —— =
T (14 6))? T lpa + pjl

’ (,25(91) > X Map
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Higher-order hybrid methods

Results for shear layer in Mach reflection pattern
WENO/CD - 6 levels WENO/CD - 7 levels WENO/CD - 8 levels

aaa

AXpmin = 3.91-107%m AXpmin = 1.95-10"%m AXmin = 9.77-10""m

Usage of WENO for
WENO/CD - 8 levels

MUSCL - 7 levels

MUSCL - 7 levels - Euler

Axpin = 1.05-107%m

WENO/CD/RK3 gives results comparable to 4x finer resolved optimal 2nd-order
scheme, but CPU times with SAMR 2-3x larger

Gain in CPU time from higher-order scheme roughly one order
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DNS with a hybrid method Summary

Higher-order hybrid methods Conclusions
Detonation ignition by hot jet in 2d Conclusions — Hypersonics
- y
516 Reaction
- 3 2 We have developed a first 2D prototype of two-temperature model
- 20 solver that is suitable for very high temperatures, i.e., high enthalpy
45D /Expansion 18 re-entry flows
17.0 Seco:::‘ \ 16] The Cartesian version is fully integrated into SAMR
16.0 | triple point il Temperature(9 AMROC-Clawpack; structured non-Cartesian version runs also

300.0 1183. 2067. 2950.

1501 (a) within AMROC-Clawpack but only on non-adaptive meshes so far

10 12 14 16 18 20 22 24
' SAMR framework can remain basically unchanged; however mapping
needs to be considered in prolongation and restriction, flux

correction, visualization (work in progress)

For moving geometries, the goal is a Chimera-type approach that
constructs non-Cartesian boundary layer meshes near the body and
uses SAMR in the far field

Temperature(K)
m o Incorporation of the methodology into the hybrid WENO/CD scheme
14 16 18 20 22 10 12 14 16 18 20 22 24 . . . -
(a) Detailed structure, (b) WENO usage (a) Navier-Stokes, (b) Euler for high enthalpy DNS in 3D is proposed within the next two years

X. Cai, RD, J. Liang, Y. Mahmoudi, Proc. Combust. Institute 36(2): 2725-2733, 2017
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Fluid-structure coupling Fluid-structure coupling
90000 Oe000
Approach Approach

Construction of coupling data Closest point transform algorithm

Moving boundary /interface is treated as a moving contact discontinuity and The signed distance ¢ to a surface 7 satisfies the eikonal equation [Sethian, 1999]

represented by level set [Fedkiw, 2002][Arienti et al., 2003] Vel =1 with |, =0

.. . Solution smooth but non-diferentiable across characteristics.
Efficient construction of level set from
triangulated surface data with Distance computation trivial for non-overlapping elementary shapes but difficult to do
closest-point-transform (CPT) algorithm efficiently for triangulated surface meshes:
[Mauch, 2003] o | . Geometric solution approach with plosest-point-transform algorithm
[Mauch, 2003]

One-sided construction of mirrored ghost

cell and new FEM nodal point values ' . k A
FEM ansatz-function interpolation to LT /
obtain intermediate surface values S
Explicit coupling possible if geometry and ‘ I
velocities are prescribed for the more . " —
compressible medium [Specht, 2000] T 4 > > —
F._ CE—
ulb = uf(t)|I .. . ==
UpdateFluid( At) —
oo = —pF(t+ At)onml| ) o ] |
UpdateSolid( At) Coupling conditions on interface . k d
o . o i i
t=t+ At Inviscid fluid: 0 S5 300 150 200
uS = uf Surface mesh 7 Distance ¢ Normal to closest point
n n
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Fluid-structure coupling
(o]e] le]e]
Approach

The characteristic / scan conversion algorithm

Build the characteristic
polyhedrons for the surface mesh

For each face/edge/vertex

Scan convert the polyhedron.
Compute distance to that
primitive for the scan
converted points

Computational complexity.

O(m) to build the b-rep and
the polyhedra.

O(n) to scan convert the
polyhedra and compute the
distance, etc.

Problem reduction by evaluation
only within specified max. distance

[Mauch, 2003], see also
[Deiterding et al., 2006]
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Fluid-structure coupling

O000e

Approach

Coupling elements

Boundary Conditions:
Inlet (s), Outlet(s),
Walls, Velocities

Initial Conditions:

Density, Pressure,
Velocity

Receive Boundary
r location and velocity
Compute level set via
CPT and populate
Ghost Cells according

to actual stage in
AMR algorithm

Characteristic polyhedra for faces, edges, and vertices

Slicing and scan conversion of apolygon

Boundary Conditions:

Nodal constraints
(Translation, Rotation)

Initial Conditions:

Displacement, Velocity

Update boundary

Send boundary l
location and velocity

Receive boundary
pressures

l Update boundary
pressures using
AMROC g ; [
Solver interpolation
Compute stable time step
multiplied by N

Perform N sub iterations

Apply pressure
boundary

conditions at solid
boundaries b

Compute next time ﬁ l
step

Compute next time
step

Fluid Domain
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——/

Solid Domain

Fluid-structure coupling

[e]e]e] lo]
Approach

Eulerian/Lagrangian communication module

Put bounding boxes

around each solid

processors piece of the _
boundary and around %

each fluid processors

Y

S

grid

LN
et

4

Gather, exchange and
broadcast of bounding
box information

i B

Optimal point-to-point
communication pattern,

non-blocking
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Fluid-structure coupling

@00

Rigid body motion

Proximal bodies in hypersonic flow

Flow modeled by Euler equations for a single polytropic gas with p = (v — 1) pe
Otp+0x,(pun) =0, O¢(puk)+0x,(puktun+dknp) =0, O:(pE)+0x,(un(pE+p)) =0

Numerical approximation with

Finite volume flux-vector splitting scheme with MUSCL reconstruction,
dimensional splitting

Spherical bodies, force computation with overlaid lattitude-longitude mesh to

2Fp ¢

)

obtain drag and lift coefficients Cp ;| =

inflow M =10, Cp and C; on secondary sphere, lateral position varied, no

motion
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Rigid body motion

Verification and validation

Static force measurements, M = 10:
[Laurence et al., 2007]

Dynamic motion, M = 4:
Base grid 150 x 125 x 90, two
additional levels with rp , =2

24,704 time steps, 36,808 h CPU on
256 cores IBM BG/P

Refinement study: 40 x 40 x 32 base grid ,
up to without AMR up to ~ 209.7 - 10°
cells, largest run ~ 35,000 h CPU

max | Co | ACp | G | AG

1 1.264 -0.176

2 1.442 0.178 -0.019 | 0.157

3 1.423 | -0.019 0.052 0.071

4 1.408 | -0.015 0.087 0.035
Comparison with experimental results: 3
additional levels, ~ 2000 h CPU
| Experimental | Computational

Cp 1.11 + 0.08 1.01

C ‘ 0.29 + 0.05 ‘

0.28
m (
( =

[Laurence and Deiterding, 2011]
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Fluid-structure coupling ain-tunnel aerodynamics
)®@O00000000

Thin elastic and deforming thin structures

Treatment of thin structures

Thin boundary structures or i
lower-dimensional shells require
“thickening” to apply embedded
boundary method

Unsigned distance level set function ¢

Treat cells with 0 < ¢ < d as ghost
fluid cells

Leaving ¢ unmodified ensures correctness of Vi

+

Use face normal in shell element to evaluate in Ap =p"™ — p~

Utilize finite difference solver using the beam equation

82W (94W F
pshge +El gz =P

to verify FSI algorithms
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Fluid-structure coupling
)O®O000000
Thin elastic and deforming thin structures

FSI verification by elastic vibration

Train-tunnel aerodynamics Summar

Thin steel plate (thickness h = 1 mm, length 50 mm), clamped at lower
end

ps = 7600kg/m?*, E = 220GPa, | = h*/12, v = 0.3

Modeled with beam solver (101 points) and thin-shell FEM solver (325
triangles) by F. Cirak

Left: Coupling verification with constant instantenous loading by

Ap = 100kPa

Right: FSI verification with Mach 1.21 shockwave in air (y = 1.4)

1 1

Beam solver
Shell solver

Beam
Beam-FSI
SFC-FSI

Tip Displacement [mm]
o - MW s OO N®O D
Tip Displacement [mm]

o =MW s OO N ®O© O

05 1.0 15 20 25 3.0 35 40 45 50
Time [ms]

05 1.0 15 20 25 3.0 35 4.0 45 50
Time [ms]
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Fluid-structure coupling Fluid-structure coupling
(o]e] lelele]e] [e]e]e] lelele]

Thin elastic and deforming thin structures Thin elastic and deforming thin structures

Shock-driven elastic panel motion Detonation-driven plastic deformation

Test case suggested by [Giordano et al., 2005]
Chapman-Jouguet detonation in a tube filled with a stoichiometric ethylene and

Forward facing step geometry, fixed walls everywhere except at inflow : ] _ - !
oxygen (C2Hy 4 3 Og, 295 K) mixture. Euler equations with single exothermic

400 mm
; ; reaction A — B
p=1.6458 kg/m p:10.2 kgi)m
,:112461 m/! N J:O u=u, u,=! S mm = = =
50 mm Z:156_18 kPaS u =100 kPa 6 ‘ 8tp + 8)(,1 (pun) 0 ) 8t(puk) + aXn (puk up + 5knp) 0 ) k 17 SRR d
—_— ‘ 250 mm w Ot(PE) + Ox, (un(pE +p)) =0, 0:(Yp)+ 0x,(Ypun) =1
130 mm | 265 mm .
with

SAMR base mesh 320 x 64(x2), rn» =2 1 —Eap
Intel 3.4GHz Xeon dual processors, GB Ethernet interconnect P=(r=1(pE - Epunun ~pYa) and ¢ =—kYpexp < p )

Beam-FSI: 12.25h CPU on 3 fluid CPU + 1 solid CPU modeled with heuristic detonation model by

FEM—FSI 322 h CPU on 14 f|UId CPU + 2 SO“d CPU [Mader, 1979] Comparison of the pressure traces in the experiment

and in_a 1d simulation

4

Vi=pt Vo:=pyt, Ve i=pcy
Y'ii=1—(V-W)/(Vcs — Vo)
If 0<Y' <1 and Y >10"% then
If Y<VY' and Y/ <0.9 then Y':=0
If Y/ <0.99 then p' :=(1— Y')pcy

©

Pressure MPa
N

A V‘*vanf\" ﬁW@MMm

else p' :=p . . )
=Y
pA / p ’ 1 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
E = P /(p(’y — 1)) =+ Y qo0 + Eun [ Time after passage of transducer 1 [ms]

t = 1.56 ms after impact
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Fluid-structure coupling Fluid-structure coupling

0O000e00 0000080
Thin elastic and deforming thin structures Thin elastic and deforming thin structures

Tube with flaps Tube with flaps: results

Fluid: VanLeer FVS

Detonation model with v = 1.24, pcy = 3.3MPa, D¢y = 2376 m/s
AMR base level: 104 x 80 x 242, n» =2, 13 =4

~ 4-10" cells instead of 7.9 - 10° cells (uniform)

Tube and detonation fully refined

Thickening of 2D mesh: 0.81 mm on both sides (real 0.445 mm)

Solid: thin-shell solver by F. Cirak \
Aluminum, J2 plasticity with hardening, rate sensitivity, and thermal
softening
Mesh: 8577 nodes, 17056 elements

1642 nodes 2.2 GHz AMD Opteron quad processor, PCI-X 4x Infiniband
network, ~ 4320 h CPU to t.,q = 450 us

Fluid density and diplacement in y-  Schlieren plot of fluid density on refine-
direction in solid ment levels

[Cirak et al., 2007]

0.032 ms 0.030 ms 0.212 ms 0.210 ms
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Fluid-structure coupling Fluid-structure coupling

Thin elastic and deforming thin structures Real-world example
Coupled fracture simulation Blast explosion in a multistory building
pressure

20m x 40 m X 25 m seven-story building similar to
[Luccioni et al., 2004]

Spherical energy deposition = 400kg TNT,
r = 0.5m in lobby of building

SAMR: 80 x 120 x 90 base level, three additional
levels rn2= 2, lfsi =1, k=1

Simulation with ground: 1,070 coupled time
steps, 830 h CPU (~ 25.9h wall time) on 31+1
cores

~ 8,000,000 cells instead of 55,296,000
(uniform)

69, 709 hexahedral elements and with material
parameters. [Deiterding and Wood, 2013]

_100. _50.0 0.000 50.0 100. Ps [kg/m3] oo [MPa] | E7 [GPa]| B | K [GPa] |G [GPa]| € |pr [MPa]

Aty
- Columns 2010 50 11.2 1.0 21.72 4.67 |0.02 -30
Walls 2010 25 11.2 1.0| 6.22 4.67 |0.01 -15
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Fluid-structure coupling Train-tunnel aerodynamics

(o] ] @0000

Real-world example Validation

Blast explosion in a multistory building — Il Laboratory tunnel simulator [Zonglin et al., 2002]

2000 mm

Freestream region

00 m Tunnel
Train

1
1 20 mm
b 8000 mm D

100 mm

Model solves the inviscid Euler equations
Otp+V-(pu)=0
Ot(pu) + V- (pu®u)+Vp=0
Ot(pE) + V- ((pE + p)u) =0
with p = (y — 1)(pE — 3puTu)
Two-dimensional axi-symmetric computation
po = 100kPa, pp = 1.225kg/m3, v = 1.4
Roe shock-capturing scheme blended with HLL
2nd order accuracy achieved with MUSCL-Hancock method

Pseudocolor Pseudocolor
Var;: Pressure Var; Pressure
3000e+04 3.000e+04

— 4.559+0. — 4.5595+0.
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Train-tunnel aerodynamics
(o] lele]e]

Train-tunnel aerodynamics

00e00
Validation

Validation

Basic phenomena — vy = 100 m/s Comparison with experiment — |
800 x 25 mesh with Cartesian cut-out (200, 5) to (800, 25)

2 level of additional refinement by factor 2

Numerical result for Zonglin et al experiment at 75 m/fs
t=0sec 1 ]_ '

»fPa
—
=

L
3
..
.f{

1.08

{oomis

0 10 0 30 40 50
t/ms
Pressure record at (1020 mm, 20 mm) for vo = 75m/s. Experiment (left) and
AMROC (right)

p/p0

0.96 1 1 1 1 1 1 1 1 1
0 0.005 0.01 0015 002 0025 003 0035 004 0045 0.05

Time [sec]
Pressure record at location (1020 mm, 20 mm) inside tunnel
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Train-tunnel aerodynamics
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Validation Validation
Comparison with experiment — | Variation of velocity and nose half angle
Pressure sensor at (420 mm, 20 mm) Pressure sensor at (1020 mm, 20 mm)
1.25 : : 1.1 : : ‘ . {
60m/s — 20deg —
— 40deg —
11 o — 1.2} 133%? - 1.08 60d:g il
120m/s — 80deg —
140m/s 1.06 90deg 1
- 1.15 160m/s — |
| 180m/s L.o4 |
S‘ | 1‘ . ‘1 &\01 1 200m/s — | %?1.02 |
Rlﬂmr— K e wm 105 A
s 0.98 |
0.96 |
| 0.95 : : : - -
0.9 I I T T T 0.005 0.01 0.015 0.02 0.025 0014 0016 0018 002 0022 0024
0 10 20 30 40 5{’ T Time (sec) Time (sec)
t/ms, Dependence on vg is the dynamic pressure influence (left)
Pressure record at (40 mm, 20 mm) for model velocity vy = 100m/s. Experiment For constant blockage ratio and body velocity, using more pointed noses
. alleviates the maximal pressure level (right, nose half angle varied)
(left) and AMROC (right)

For vp =~ 140m/s a shock wave (tunnel boom) can be observed. Sharper noses
also delay this phenomenon.
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Train-tunnel aerodynamics
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Passing trains in open space

NGT2 prototype setup
Next Generation Train 2 (NGT2) geometry by the German Aerospace Centre
(DLR) [Fragner and Deiterding, 2016, Fragner and Deiterding, 2017]

Mirrored train head of length ~ 60 m, no wheels or tracks, train models 0.17 m
above ground above the ground level.

Train velocities 100m/s and —100 m/s, middle axis 6 m apart, initial distance
between centers 200 m

Base mesh of 360 x 40 x 30 for domain of 360m X 40m x 30 m

Two/three additional levels, refined by ri > 3 = 2. Refinement based on pressure
gradient and level set and regenerated at every coarse time step. Parallel
redistribution at every level-0 time step.

On 96 cores Intel Xeon E5-2670 2.6 GHz a final to = 3 sec was reached after
12,385sec / 43,395 sec wall time, i.e., 330h and 1157h CPU
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Passing trains in open space

R. Deiterding —

Passing trains in open space

Passing in open space — AMR and dynamic distribution

Domains of three-level refinement

Distribution to 96 processors

Enlargement of domain center shown
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Passing trains in open space

Pressure isosurfaces
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Pressure transects

Pressure record at 0.6375 sec for intersecting trains in freestream Pressure record at 0.8775 sec
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Passing trains in a double track tunnel

Setup with realistic tunnel shape

R. Deiterding

Conclusions

Conclusions — compressible flow aerodynamics

Two NGT?2 trains again at velocities 100 m/s and
—100m/s

Prototype straight double track tunnel of 640 m length,

initial distance between centers of trains 820 m ‘ 2665y “.
Base mesh of 1060 x 36 x 24 for domain of 2 | s
1060 m X 36 m X 24 m, three levels refined by r; 53 =2 ) L 9.40mm J

On 96 cores Intel Xeon E5-2670 2.6 GHz a final te = 5sec 12.60mm
was reached after 84,651 sec wall time, i.e., 2257 h CPU

Tunnel shape

Aerodynamics and fluid-structure interaction simulation with AMROC Part |
Summary
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A Cartesian embedded boundary method for compressible flows with
block-based adaptive mesh refinement is an efficient and scalable
prediction tool for pressure and shock waves created by moving bodies
Multi-resolution and fluid-structure coupling problems can be tackled
without expensive mesh regeneration
Level set approach easily handles large motions, element failure and
removal
Dynamic adaptation ensures high resolution at embedded boundaries
and essential flow features
Aerodynamics of bodies with large motion are easily accessible
Current inviscid approach predicts maximal overpressure in front of
trains reliably
For predicting the flow around entire trains, the boundary layer
growing over the train body needs to be considered.
AMROC solvers for the compressible Navier-Stokes equations and
even LES are already available, however, for this particular
application a turbulent wall function on the embedded boundary first
needs to be implemented. Such a wall function is currently
work-in-progress for the LBM-LES solver.

Train-tunnel aerodynamics
oe

Passing trains in a double track tunnel

Pressure transects

Pressure record at 1.39875 seconds for trains intersecting inside a double-track tunnel

700
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Construction principles
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Adaptive lattice Boltzmann method
Construction principles
Verification and validation
Thermal LBM

Large-eddy simulation
LES models
Verification for homogeneous isotropic turbulence

Realistic aerodynamics computations
Vehicle geometries
Wind turbine benchmark
Wake interaction prediction

Non-Cartesian lattice Boltzmann method
Construction principles
Verification and validation for 2d cylinder

Summary
Conclusions

Approximation of Boltzmann equation

Is based on solving the Boltzmann equation with a simplified collision operator
Of +u-VFf =w(f —f)
Kn = lr/L <« 1, where I is replaced with Ax
Weak compressibilty and small Mach number assumed

Assume a simplified phase space

Equation is approximated with a splitting approach.

1.) Transport step solves O:f, + €4 - Vi =0 )
Operator: T: fo(x + € At, t + At) = fo(x, t) - /

18 18 )
p(X, t) :Zfa(xv t)v p(X, t)Ui(X, t) = Ze&"fa(xa t) 7 ‘/‘» /. NI
a=0 a=0 .

Discrete velocities:

0, a=0,
e, = ¢ (£1,0,0)c,(0,=£1,0)c,(0,0,+1)c, a=1,...,6,
(£1,4+1,0)c, (£1,0,+1)c, (0,£1,+1)c, a=7,...,18,
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Adaptive lattice Boltzmann method
g).n:?til(zt?on principles (?ois.til(c)t(i)on principles
Approximation of equilibrium state Relation to Navier-Stokes equations
2.) Collision step solves 0:fo, = w(f5? — fa) Inserting a Chapman-Enskog expansion, that is,
Operator C:

fo = £2(0) + efu (1) + €£,(2) +

fo (-, t + At) = fo (-, t + At) + w At (?;‘7(-, t+ At) — fo (-, t + At))

and using
with equilibrium function o 9 .2 T V = Vy 4+ Vo + ...
3 2 2 ot 8t1 oty
eq _ e,u  9(equ)  3u _ o
o (p,u) = pta |1 2 o o2 into the LBM and summing over o one can show that the continuity and
A L1111 11111111111 moment equations are recoverd to O(¢?) [Hou et al., 1996]

with to = 9 {37 29 Ea 21292 Ea A9 4940 40 42 40 4 4 4 4 49 Za} atp+v . (pu) -0

Pressure dp =3, 292 = pc?. ,

Dev. stress ¥ = (1 - wLAt) Z ea/eou(f — fa ) . L. . atlf + ! '.VU = VP vVu

Is derived by assuming a Maxwell-Boltzmann distribution of 59 and Kinematic viscosity and collision time are connected by

approximating the involved exp() function with a Taylor series to second-order _1fmn 1 cAx

accuracy. “3\At 2

Using the third-order equilibrium function from which one gets with v/3c, = % [Hahnel, 2004]

3equ  9(e,u)®  3u’  e,u [(9(e,u)®  3u?
£9(p,u) = pta |1+ 228 +(L4) Uy Sl (LL‘)_i2 B 2
2c 2c 3c 2c 2c wL=1 =
v+ Atc2/2

allows higher flow velocities.
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Construction principles Construction principles
Initial and boundary conditions Normalization

Initial conditions are constructed as f" (p(t = 0),u(t = 0)) .
Boundary conditions (applied before streaming step) The method is implemented on the unit lattice with AXx = At =1
No-slip Slip Symmetry g =1 E =1—c=1
lo Tt

Lattice viscosity 7 = % (T — %) and lattice sound speed & = % yield again

2 c2
v/ —|—c5/2 v+ Atc?/?2

Velocity normalization factor: uy = ti density po

wp =

Outlet basically copies all distributions (zero gradient) fe o w1/l - o
Inlet and pressure boundary conditions use f5? €= Vv v/(uoh) -

Trick for scheme acceleration: Use o = Su and ¥ = Sv which yields
Use level set method as before to construct macro-values in embedded boundary

2
cells by interpolation / extrapolation [Deiterding, 2011]. - Ss

Complex geometry:

wL =
Distance function ¢, normal n = V¢/|Vp|. Triangulated meshes use CPT Sv+ At/Sc2/2
algorithm [Mauch, 2003]. For instance, the physical hydrodynamic pressure is then obtained for a caloric
Construct macro-velocity in ghost cells for no-slip BC as u’ = 2w —u gas as
Then use f57(p’,u’) or interpolated bounce-back [Bouzidi et al., 2001] to . o U 2 po
construct distributions in embedded ghost cells p=(p—1)% §po +

R. Deiterding — Aerodynamics and fluid-structure interaction simulation with AMROC Part Il

6 R. Deiterding — Aerodynamics and fluid-structure interaction simulation with AMROC Part Il



Adaptive lattice Boltzmann method Adaptive lattice Boltzmann method

O0000e ®00000000
Construction principles Verification and validation
Adaptive LBM Flow over 2D cylinder, d = 2cm
Complete update on coarse grid: £,""" := CT(£") Air with
Interpolate .3 onto f.'" to fill fine halos. Set physical boundary v=1.61-10"°"m?/s,
conditions. p = 1.205kg/m?
Ffn .= T(£5") on whole fine mesh. £2""/? .= C(£{"") in interior. Domain size —

[8d,24d] x [~8d, 8d]

Fmt2 . — T(£0"1/%) on whole fine mesh. £/ .= C(F "2 in
interior. Dynamic refinement based
on velocity. Last level to
Average )?fﬁgtlﬁ (inner halo layer) )?fyg . refine structure further.
(outer halo layer) to obtain ?ac,;,'l,t. Inflow from left.
Revert transport into halos: Char?c.terlstlc boundary
n o = n y
FCn o TONEC ) conditions [Schlaffer, 2013]
onout ot _ elsewhere.
Parallel synchronization of £5", f,f’;,',’lt
% Cell-wise update where correction is needed: Base lattice 320 x 160, 3 additional levels with factors 2,4, 4.
£Ontl = CT(FS", ?QC;)"’”) Resolution: ~ 320 points in diameter d
7 sl /2 ’ . - . .
f, m&o t Algorithm equivalent to [Chen et al., 2006]. Computation of Cp on 400 equidistant points along circle and averaged
NNEE over time. Comparison above with [Henderson, 1995].
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Verification and validation Verification and validation

Oscillating cylinder — Setup Case 1b, Vg =1, Re = 1322

Motion imposed on cylinder Case A =1 | Va U Re

. f la | D/4| 06 | 05 | 00606 | 1322 S p— o
== 9 Q{}' b | D/2| 06 | 1.0 | 0.0606 | 1322 !

—
2a D/4 3.0 0.5 | 0.3030 | 6310
2b D/2 3.0 1.0 | 0.3030 | 6310

y(£) = Acsin(2nfit),  0(t) = Agsin(2rfyt) () e W i

Setup follows [Nazarinia et al., 2012]. Here A9 = 1 for all cases.

Natural frequency of cylinder fy =~ 0.6154s ', J
Strouhal number St; = f;D/Us =~ 0.198 for all cases.

xxxxxx

Chosen here D = 20 mm
Fluid is water with ¢, = 1482m/s, v = 9.167 - 10~ ' m?/s,
p = 1016 kg/m?

Constant coefficient model deactivated for Case 1, active for Case 2 with
Cimn =0.2

Visualization enlargement of cylinder region

Base mesh is discretized with 320 x 160 cells, 3 additional levels with
factor n =2,2,2

80 cells within D on highest level

Speedup S = 2000

C. Laloglu, RD. Proc. 5th Int. Conf. on Parallel, Distributed, Grid and Cloud Computing for Engineering, Civil-Comp Press, 2017. Basica”y identical Setup in Commercial COde XFIOW for com parison
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Verification and validation

Case 1b, VR =1, f; = fy = 0.6, Re = 1322

AMROC

XFlow

Cp

o) 0.5 1 1.5 2 25 3 3.5 o] 0.5
Time [s]

1 1.5 2 2.5 3

Time [s]

Increase of rotational velocity leads to formation of a vortex pair plus single

vortex. Drag and lift amplitude roughly doubled.

Laminar results in good agreement with experiments of [Nazarinia et al., 2012].
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Verification and validation

Computational performance

3.5

Flow type | Case | Ato|[s] Total cells At 5] | Re |y* CPU time [s]
AMROC | XFlow AMROC | XFlow

Laminar la 0.0015 85982 84778 333 |1322| O 161.89 176
1b 0.0015 91774 90488 333 |1322| O 165.97 183

Turbulent 2a | 0.00031 | 232840 | 216452 | 1.66 |6310|2.4 | 635.8 887
2b | 0.00031 | 255582 | 246366 | 1.66 | 6310 |2.6 | 933.2 1325

Intel-Xeon-3.50-GHz desktop workstation with 6 cores, communication through

MPI

Same base mesh and always three additional refinement levels

AMROC: single-relaxation time LBM, block-based mesh adaptation

XFlow: slightly more multi-relaxation time LBM, cell-based mesh adaptation

AMROC uses ~ 7.5 % more cells on average more cells

Normalized on cell number Case 2a is 50 % more expensive for XFlow than for

AMROC-LBM

Case 2b is 42 % more expensive in CPU time alone

R. Deiterding — Aerodynamics and fluid-structure interaction simulation with AMROC Part 11
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Verification and validation

Case 2a, Vi :AM(F){.OSC, fr =1 =3, Re = 6310

XFlow

" XFlow

AMROC ——

PAN

Cp
o N
G
W N =2 O =2 N W » oo

[} 02 04 06 08 1 12 14 16 18 ) [}
Time [s]

02 04 06 038 1 12 14 16

Time [s]

Oscillation period: T =1/f; = 0.33s. 10 regular vortices in 1.67s.

CPU time on 6 cores for AMROC: 635.8's, XFlow ~ 50 % more expensive when

normalized based on number of cells
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Verification and validation

Two-segment hinged wing

Configuration by [Toomey and Eldredge, 2008].
Manufactured bodies in tank filled with water.

Prescribed translation and rotation Co?nr]ir)izm
Ao Gi(ft) o G(R)
Xi(t) = 2 max Gt C(ft), aa(t) = max Gr

with G,(t) = tanh[o,cos(2nt + ®)],

Gi(t) = /ttanh[otcos(Zwt/)]dt'

7 cases constructed by varying o, o, ¢
Rotational Reynolds number

Re, = 2780, fc®/(tanh(o,)v) varied between
2200 and 7200 in experiments

[Toomey and Eldredge, 2008] reference

simulations with a viscous particle method are
for Re, = {100,500}

R. Deiterding — Aerodynamics and fluid-structure interaction simulation with AMROC Part Il

— N
Hinge/Torsion Y0

spring
Passive
component

Ao (cm) 7.1
c(cm) 5.1
d(cm) 0.25
pb (kg/m3) 5080
f (Hz) 0.15

1.8
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Verification and validation

Quantitative comparison
Evaluate normalized force Fy, = QF:Y/(p,ZrC3) and moment M = 2M* /(psf2c*) over 3 periods

Pseudocolor [Wood and Deiterding, 2015] Used finest spatial resolution Ax/c = 0.0122
var: Y.03__Vorticity [Toomey and Eldredge, 2008]: Ax/c = 0.013 (Re, = 100), Ax/c = 0.0032 (Re, = 500)

Adaptive lattice Boltzmann method

0O000000e0
Verification and validation

Case 1 -0, =0, =0.628, & =0, Re, = 100

Quiescent water

pr = 997 kg/m3

—QS.PO —12.‘50 DOPO 12.50 25.00

¢ = 1497 m/s

_ ) Max: 1329 Time=1.54269
No-slip boundaries Min: -156.4
in y, periodic in 0.104 Hinge deflection angle
N . over time
x-direction -
g
Base level: 005 Case 1 =
100 x 100 for o= 8252
[-0.5,0.5] x 0.00] & —
[-0.5,0.5] domain i Y.
4 additional levels —0.05]
with factors 2,2,2,4 \ Case 2
\J o = 1.885
Coupling to rigid “0.10] i, :010‘885 ’§
body motion solver = <
on 4th level ~0.15] Experimental results (-);
nght Computed VOrtiCity Zol1s 010 olos D\‘D.D 0.05 0.10 15 Current (‘ ‘)

field (enlarged)
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Thermal LBM

An LBM for thermal transport

AMROC Part I

Consider the Navier-Stokes equations under Boussinesq approximation

V-u=0 flea) _ —4oop — so(u), for a =0, ° :
%—&—V-(uu):—Vp—l—VVQu—&—F “ Tap + Sa(u), fora=1,...,8,
A 0
%—: +V.-(uT)=DV’T where
with F = gB (T — Trer). s (u) = £ 3eau | 9(equ)® 3’ . :

Temporal resolution ~ 113 and ~ 28 times finer
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Thermal LBM

Equilibrium operators

This incompressible method uses in 2D [Guo et al., 2002]

An LBM for this system needs to use two distribution functions f, and ga.. c? 2c* 2¢?

1.) Transport step T
fo(X + eaAt, t + At) = fo(x, 1),

Ba(x + e At t + At) = ga(x, t)

2.) Collision step C:

fo(- t + At) = fo (-, t + At) + wi At (?5"(-, t+At) — fo(, t+ At)) + AtF,
8ot + At) = Bu(-, t + At) + wi, p AL (S (- t + At) — Bal(-, t + Al))

with collision frequencies
2 3.2
Cs ECS

WL, v WL, D

YT U+ 2At)2’

R. Deiterding — Aerodynamics and fluid-structure interaction simulation with AMROC Part Il

T D+ 3c2At)2

with to = £ {4,1,1,1,2, 2 1.2 21} and 0o = $ {-5,1,1,1, 1 1

Y4040 40 4

T
gled) = Z[l+2ea-u] fora=1,...,4
Forces are applied in y-direction only:

Fo = %(5,'3 —Jdis)ei - F

1

Moments: u = Ze;fa, p= yp Z fa +so(u) |,
a>0 a>0

. Deiterding — Aerodynamics and fluid-structure interaction simulation with AMROC Part Il
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Thermal LBM Thermal LBM

Heated rotating cylinder Natural convection

Isosurfaces of temperature and refinement levels

A

Characterized b
R = 15, domain: [~6R, 16R] x [~8R, 8R] aracterized by

g ) By Dy
Re =2UxR/v =200, U = 0.01 . - o oy Ra:gﬁA;—H3
Peripheral velocity V = QR, V/Uso = 0.5 oo | @“‘ SR P v
B?se grid 288 x 240 refi.ned by three levels T=Tc N w =0 » — AMROC.LEM.
;Vr':zi;; jf 523‘/:7? using scaled B o007 o b = [Fusegi et al., 1991] (NS - uniform)

dy Ref.  Umax Ymax  Vmax  Xmax NUave

Ra = 10° a 0.132 0.195 0.132 0.829 1.099

Ay

b 0131 0200 0.132 0.833 1.105
Ra=10"* a 0197 0.194 0220 0.887 2.270
b 0201 0.183 0225 0.883 2.302
Ra=10° a 0141 0.152 0.242 0.935 4.583
b 0147 0.145 0247 0.935 4.646

Ra = 10°
K. Feldhusen, RD, C. Wagner. J. Applied Math. Comp. Science 26(4): 735-747, 2016.
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LES LES

e0 oce
LES models LES models

Turbulence modeling Further LES models

Pursue a large-eddy simulation approach with foand o, ie.
1) fa(x+eaAt, t + At) = fo(x,t)
2) fa(-, t+ At) = fa(, t + At) + L AL (?aq(~, t+ At) — fo(, t+ At))

L N 1 /7 1 .
Effective viscosity: v™ = v + v = 3 (ALt — 2> cAx with 7 =71+

Use Smagorinsky model to evaluate v, e.g., v; = (CsmAx)?|S|, where

SEN
ij

The filtered strain rate tensor S; = (9;u; + 9;U;)/2 can be computed as a
second moment as

_ 5.

S = /

2pc2rt (1 -

T¢ can be obtained as [Yu, 2004, Hou et al., 1996]

1 —eq —=
)~ g D0 )
2 «

=1 (\/Tf +18v2(poc?) "1 C2,Ax[S| — TL)
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Dynamic Smagorinsky model (DSMA)

2 1 {LMy)
Coml, )" = =3 (M My;)

— A A

Ly=Ty—7 =Gty — iy My = Bx [S[S; — AC[S[S,
No van Driest damping implemented yet!
Wall-Adapting Local Eddy-viscosity model (WALE)
ve = (CwX)*OPwaie, where G, = 0.5
WALE turbulence time-scale

(7375)?
(S5S5)3 + (T3Ty)i

OPware =

R — 1 — J—
;71] - Sikskj + Qikaj - géij(smnsmn - anan)

. (WHm)+Ac2)2
T =

c?

Effective relaxation time (see previous slide):
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Verification for homogeneous isotropic turbulence

Verification for homogeneous isotropic turbulence

Forced homogeneous isotropic turbulence Comparison with model spectrum

Iso-surface ||u|/{urms) = 2
Fourier representation

103 ¢ . . . ——— . . . —
Periodic boundaries, uniform mesh I ]
Use of external forcing term, i.e., 10 | ]
result independent of initial 1050 513 ]
conditions I T ]
. 100 | ST J
Forcing: < ¥ S~ 1
Yoo L < ]
_ KyKz i N ]
F = 2A( PE )G(nx,ny, Kz) el NG ]
RxKz 9 [ ]
Fy :_A< 5 )G(/‘Xﬂ’iyv"%) 109f E(K) 3
|| -
1040 model E(k) ‘ ‘ ‘ S ‘ ‘ ‘ N
Kxk
F. = —A( |H|2Y)G(nx,my, Kz) 10° 10
K
with phase Time-averaged energy spectrum (solid line) [N = 128° cells, v = 3e > m?/s]
Gl#ix, 1y, 122) = sin <27£X/$X n 27Zyl$y I %TTZKZ + ¢> for (0 < ; < 2) and ¢ against a modelled one (dashed line and the -5/3 power law (dot-dashed line).

being a random phase value.
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LES LES
(o]e] le]e] (ofe]e] o]
Verification for homogeneous isotropic turbulence Verification for homogeneous isotropic turbulence
LES model spectra Decaying homogeneous isotropic turbulence
100 3
Restart DNS of 5127 resolution without forcing. Volume-averaging to
102 128 cells gives DSMA and WALE initial conditions
10 104
100 T T — T T 8|
106 = 106 5
3 10°® 8
= 10°®
<
w ° 1010 i
1010 - DNS32Rey 47 —+— 210t} g
X 1012 4

WALE 32 Rey 52 —*—
1012 | DSMA32Rey55 —+—
DNS 128 Rey, 59

1014

k() DNS 512 ~ —+— NS 512

1o | WALE 128 Re, 60 KOWALE 128 o s | NS5 ——
DSMA 128 Re, 61 () DSMA 128 WALE 120
DNS 512 Re) 69 —*— 102 s s s s o ‘ ‘
1016 " " " 102 107 100 10! 102 10° 100 10! 102
10 10 10 . )
KL11

Time-averaged energy spectra normalised by the turbulent kinetic energy k and Evolution of the turbulent kinetic energy k (left) and energy spectra at

the integral length scale L3 of LBM DNS and LES for two resolutions and t = 68.72 (right) for DNS of 512° against DSMA and WALE of 128° cells
DNS of the highest resolution for the viscosity value v = 5-107° resolution.
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LES Aerodynamics cases
O000e
Verification for homogeneous isotropic turbulence

Flow field comparison Outline

Realistic aerodynamics computations
Vehicle geometries
Wind turbine benchmark
Wake interaction prediction

S ?ﬁ
(TR’

Contours of vorticity magnitude (Jw| = 0.18) at t = 4.91 (left) and t = 68.72
(right) for DNS (thin blue lines) of 512% against DSMA (dotted black lines)
and WALE (thick red lines) of 128° cells resolution
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Aerodynamics cases Aerodynamics cases
@00 (o] 6]

Vehicle geometries Vehicle geometries

Wind tunnel simulation of a prototype car Mesh adaptation

Fluid velocity and pressure on vehicle

Pseudocolor
Var: PRESSURE
10000405 10042405 1008e+05 101}e+05 1.01%2+05

Pseudocolor
Var: | Velocity |
0000 1250 2500 @750 5000

Time=0s

Inflow 40 m/s. LES model active. Characteristic boundary conditions.

To t = 0.5s (~ 4 characteristic lengths) with 31,416 time steps on finest level in ~ 37 h on
200 cores (7389 h CPU). Channel: 15m X 5m X 3.3m
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Aerodynamics cases Aerodynamics cases

ooe @00

Vehicle geometries Wind turbine benchmark

Flow over a motorcycle Mexico experimental turbine — 0° inflow

Inflow 40 m/s. Bouzidi pressure boundary conditions at outflows. CSMA LES
model active.

SAMR base grid 200 x 80 x 80 cells, r; 23 = 2 yielding finest resolution of
Ax = 6.25 mm. 23560 time steps on finest level

Forces in AMROC-LBM are time-averaged over interval [0.5s, 1s]

Unstructured STAR-CCM+ mesh has significantly finer as well as coarser cells

AMROC-LBM LES at t =15 STAR-CCM+ steady RANS

—_— . ﬁ%{ \ﬁ Setup and measurements by Energy Research Centre of the Netherlands (ECN) and the
v 5 = o » %O b Technical University of Denmark (DTU) [Schepers and Boorsma, 2012]
2y ;‘" > 5 1 Inflow velocity 14.93m/s in wind tunnel of 9.5m x 9.5 m cross section.
: . o ] . d : : Rotor diameter D = 4.5 m. Prescribed motion with 424.5 rpm: tip speed 100 m/s,
Velocity in flow direction Re, ~ 75839 TSR 6.70
Simulation with three additional levels with factors 2, 2, 4. Resolution of rotor and tower
Forces (N) Cores | Wall Time | CPU Time Ax =1.6cm
Variables Drag Sideforce Lift Total h h 149.5h on 120 cores Intel-Xeon (17490 h CPU) for 10s
STAR-CCM+ 297 5 9 297 10 49 78 Data collected as average during t € [5,10]. Load on blade 1 as it passes through 6 = 0°
AMROC 297 10 23 298 64 10 635 (pointing vertically upwards), 35 rotations
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Aerodynamics cases Aerodynamics cases
0®0 ooe
Wind turbine benchmark Wind turbine benchmark
. . . o . o
Mexico experimental turbine — 30° yaw Comparison along transects — 30° yaw
1 ) ) r=1.38m Experiment ! ) ) r=1.38m Experiment
r=1.85m Experiment o r=1.85m Experiment o
" =1 26m Simiation °l = 2om Smuigien |
13 ' al ’ N
12 2L
g_ 11 é: 3
¥ b => axial
7 10 4t
a
A 9 51
8 6 r
K 7 % 7
4 2 0 2 4 6 -4 2 0 2 4 6
iml im
Uy uy
18 10

3 5 R
PO
000 gogo o o oo

157.6 h on 120 cores Intel-Xeon for 10's (70.75 revolutions) —+ ~ 22.25h CPU/1M e : oy ﬁf’\ radial
cells/revolution ° 1
A
~ 12 M cells in total — level 0: 768,000, level 1: ~ 1.5M, level 2: ~ 6.8 M, level 3: 2 c x=-0.15m Experiment <=-0.15m Experiment
~3.0M or 3 X o Simion — T Smion
. 2 x=0.15m Simulation " x=0.15m Simulation
For comparison [Schepers and Boorsma, 2012]: 3 2 E 0 1 2 3 3 2 E 0 1 2 3
[m] [m]
Wind Multi-Block Liverpool University (34 M cells): 209 h CPU/1M cells/revolution Ux uy,
EllipSys3D (28.3 M cell mesh): ~ 40.7h CPU/1M cells/revolution, but ~ 15% error in Fy Blade loads: F,: Ref = 13.66 N, cur. = 14.8 N (8.3%)
and T, already for 0° inflow [Sgrensen et al., 2014] Tx: Ref = 7.72Nm, cur. = 8.36 Nm (8.3%)

RD, S. L. Wood. Proc. of TORQUE 2016. J. Phys. Conference Series 753: 082005, 2016.
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Aerodynamics cases

9000000

Wake interaction prediction

e Vestas V27

Inflow velocity us = 8m/s. Prescribed motion of rotor with nypm = 33,
r = 14.5m: tip speed 46.7m/s, Re, &~ 919,700 TSR 5.84

Simulation with three additional levels with refinement factors 2,2, 4.
Refinement based on vorticity and level set.

Sampled rotor and circular regions (rc = 1.5r) every 0.034s over t = [8,18]s
Computing 84,806 highest level iterations to t. = 18s.

~ 24 time steps for 1° rotation
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Aerodynamics cases
[e]e] le]elele]

36

Aerodynamics cases
0O®00000
Wake interaction prediction

Simulation of the SWIFT array

Three Vestas V27 turbines (geometric details prototypical). 225kW power

generation at wind speeds 14 to 25m/s (then cut-off)

Prescribed motion of rotor with 33 and 43rpm. Inflow velocity 8 and 25m/s

TSR: 5.84 and 2.43, Re, ~ 919,700 and 1,208,000
Simulation domain 448 m x 240 m x 100 m

Base mesh 448 x 240 x 100 cells with
refinement factors 2, 2,4. Resolution of
rotor and tower Ax = 6.25cm

94,224 highest level iterations to te = 40s
computed, then statistics are gathered for
10s [Deiterding and Wood, 2016]

NORTH
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Aerodynamics cases
0O00®000

Wake interaction prediction

Vorticity — inflow at 30°, v = 8m/s, 33rpm

Time=0sec

Top view in plane in z-direction at 30 m (hub height)
Turbine hub and inflow at 30° yaw leads to off-axis wake impact.

160 cores Intel-Xeon E5 2.6 GHz, 33.03 h wall time for interval [50, 60] s (including
gathering of statistical data)

~ 6.01 h per revolution (961 h CPU) — ~ 5.74h CPU/1M cells/revolution
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38

Wake interaction prediction

Levels — inflow at 30°, u = 8m/s, 33rpm

& 4
L TR BT P T R L L P P R
0 100 200 300
Time=0sec
At 63.8s approximately 167M cells used vs. 44 billion (factor | Level | Grids Cells
264) 0 2,463 10,752,000
) 1 6,464 20,674,760
~ 6.01h per revolution (961 h CPU) — ~ 5.74h CPU/1M 2 39,473 131,018,832
cells/revolution 3 827 4,909,632
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Aerodynamics cases Aerodynamics cases

O000®e00 0O0000e@0

Wake interaction prediction Wake interaction prediction

Vorticity development — inflow at 0°, v = 8m/s, 33rpm Refinement — inflow at 0°, v = 8m/s, 33rpm

[
Refinement of wake up to level 2 (Ax = 25cm). Time=6.1131

Vortex break-up before 2nd turbine is reached.
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Aerodynamics cases Non-Cartesian LBM
O00000e [ le]

Construction principles

Lattice Boltzmann equation in mapped coordinates

Wake interaction prediction

Mean point values — inflow at 0°,

u=25m/s, 43rpm, TSR=2.43
T T

Turbines located at (0, 0, 0), Tpooem - Pt ] . . . . .
(135,0,0), (—5.65,80.80, 0) oo % h Consider mapping from Cartesian to non-Cartesian coordinates
» ¥y 1 . El . ) o % ¥ b
Lines of 13 sensors with - 08 1 E=E&(x,y), n=n(x,y)
Ay =5m, z=37m (approx. 2 o7l ] with
center of rotor) 7 sl | RS don 9 9 8 on
u and p measured over 05 x=5om | Ox 060x Ondx Oy OEJy Ondy
[40s,505s] (1472 level-0 time 04 ‘ ‘ ‘ ‘ ‘ X=100m -ox- Under this transformation the convection term reads
steps) and averaged 40 20 ) 20 40 60 80 100 120 oF of
y [m] v= ea-Vfazeaxfa—ﬁ-eay 2

oOx dy
<8fa o Ofy 817) (81‘,1 0  Ofy 877)
=€euxx |\ ——/—7—+——— €ay — — t — =
0¢ Ox on Ox ¢ Oy on Oy

(o e, ) Py (020, O O
T\ ™ox  Yoy) a¢ Yox oy ) on

. Ofn _ 0Ofy
eaﬁaig‘i'eanainv

and hence the lattice Boltzmann equation becomes
y[m]
25m/s, 43 rpm, TSR=2.43 of Ofa Ofa 1

- - P - - _ = _ f&q
e ot + €ae o€ + €an B = T(a f27) .
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Non-Cartesian LBM
oce

Non-Cartesian LBM
@0

Construction principles

Scheme construction

Currently using the explicit 4th-order Runge-Kutta scheme

f=f 2=t SIRL
peri SR = SR
YAt = 1 + AtRS.
with
fayiii o — Foy o fai . — fa. 1
o ~ (i+1,j) (i—1.j) ~ (i,j+1) (i,j—1) eq
Rogy == (ewf(f,f) 2AE ) 207 )_T (fa(w) - fa(u))

for the solution, 2nd-order central differences to approximate derivatives.
I,

A 4th-order dissipation term
o*f,
_ A 4 @ 4 «@
((aer G +@n'GE)

is added for stabilization [Hejranfar and Hajihassanpour, 2017].
Prototype implementation is presently on finite difference meshes!

D + (An
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Non-Cartesian LBM
(o] ]

Verification and validation for 2d cylinder

5o I / Y / | "/ \\\ K 00 Re Author(s) St [N C/’
e v v (N . 100 [Chiu et al., 2010] 0.167 135 030
g v/ S S S 05§ AMROC-LBM 0.166 128 032
grsr v - 3 Present 0165 136 035
8 s 200 [Chiu et al., 2010] 0.198 1.37 0.71
10 s AMROC-LBM 0.196 126 070
Present 0.196 1.37 0.73
135 20
1305 5 15 202°
Nondimensional Time
Zvoicty: 05 04 03 02 00 _0_01 02 03 04 05
Re CPU-time Mesh
20 AMROC-LBM 24:55:21 297796
Present 06:08:41 65536
40 AMROC-LBM 27:10:08 317732
- Present 05:57:17 65536
4 100 AMROC-LBM 113:15:37 1026116
Present 05:58:49 65536
200 AMROC-LBM 130:37:18 1130212
Present 06:03:42 65536

Verification and validation for 2d cylinder

= Present Re40
— AMROC Re40
® @ Ref

2d cylinder study 6w

Pressure Coefficient
° °
) o
T T

I
b
o

T

zc ~1.0- 1
_15 . . . . . . . .
20 40 60 80 100 120 140 160 180
0

Re Author(s) Cy Cp(0) Cp(180) 2L/D

20 [Tritton, 1959] 2.20 - - -
[Henderson, 1995] 2.06 - -0.60 -
[Dennis and Chang, 1970] 2.05 1.27 -0.58 1.88
[Hejranfar and Ezzatneshan, 2014] 2.02 1.25 -0.59 1.84
AMROC-LBM 1.98 1.26 -0.59 1.85
Present 2.02 1.31 -0.55 1.85

40 [Tritton, 1959] 1.65 - - -
[Henderson, 1995] 1.55 - -0.53 -
[Dennis and Chang, 1970] 1.52 1.14 -0.50 4.69
[Hejranfar and Ezzatneshan, 2014] 151 1.15 -0.48 4.51
AMROC-LBM 1.45 1.19 -0.49 4.66
Present 1.51 119 -0.46 4.60

2L/ D is normalized length of wake behind cylinder
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Conclusions

Conclusions — subsonic aerodynamics with LBM

Cartesian LBM s a very efficient low-dissipation method for subsonic
aerodynamic simulation and especially suitable for DNS and LES

Cartesian CFD with block-based AMR is faster than cell-cased AMR and
tailored for modern massively parallel computer systems

Fast dynamic mesh adaptation in AMROC makes FSI problems with
complex motion easily accessible. Time-explicit approach leads to very
tight coupling

For high Reynolds number flows around complex bodies an LES
turbulence model is vital for stability (so are higher-order in- and outflow
boundary conditions)

45
Summary
°

Currently validating and extending (dynamic) Smagorinsky with wall-near

damping and WALE model for realistic problems

Turbulent wall function boundary condition model under development
Accurate simulation of thin, wall-resolved boundary layers is dramatically
more efficient with the non-Cartesian LBM approach, despite the
availability of AMR in AMROC

Develop non-Cartesian version of AMROC-LBM as near-term goal
Chimera technique within AMROC-LBM might be long-term goal

R. Deiterding — Aerodynamics and fluid-structure interaction simulation with AMROC Part Il 46

R. Deiterding — Aerodynamics and fluid-structure interaction simulation with AMROC Part Il



References

References

References |

[Bouzidi et al., 2001] Bouzidi, M., Firdaouss, M., and Lallemand, P. (2001). Momentum transfer of a Boltzmann-lattice fluid with
boundaries. Physics of Fluids, 13:3452.

[Chen et al., 2006] Chen, H., Filippova, O., Hoch, J., Molvig, K., Shock, R., Teixeira, C., and Zhang, R. (2006). Grid refinement in
lattice Boltzmann methods based on volumetric formulation. Physica A, 362:158-167.

[Chiu et al., 2010] Chiu, P. H., Lin, R. K., and Sheu, T. W. (2010). A differentially interpolated direct forcing immersed boundary
method for predicting incompressible Navier Stokes equations in time-varying complex geometries. Journal of Computational Physics.

[Deiterding, 2011] Deiterding, R. (2011). Block-structured adaptive mesh refinement - theory, implementation and application. European
Series in Applied and Industrial Mathematics: Proceedings, 34:97-150.

[Deiterding and Wood, 2016] Deiterding, R. and Wood, S. L. (2016). An adaptive lattice Boltzmann method for predicting wake fields
behind wind turbines. In Dillmann, A., Heller, G., Kramer, E., Wagner, C., and Breitsamter, C., editors, New Results in Numerical and
Experimental Fluid Mechanics X, volume 132 of Notes on Numerical Fluid Mechanics and Multidisciplinary Design, pages 845-857.
Springer.

[Dennis and Chang, 1970] Dennis, S. C. R. and Chang, G. (1970). Numerical solutions for steady flow past a circular cylinder at
Reynolds numbers up to 100. Journal of Fluid Mechanics, 42(03):471.

[Fusegi et al., 1991] Fusegi, T., Hyun, J., Kuwahara, K., and Farouk, B. (1991). A numerical study of three-dimensional natural
convection in a differentially heated cubical enclosure. Int. J. Heat and Mass Transfer, 34:1543-1557.

[Guo et al., 2002] Guo, Z., Shi, B., and Zheng, C. (2002). A coupled lattice BGK model for the Boussinesq equations. Int. J. Numerical
Methods in Fluids, 39:325-342.

[Hahnel, 2004] Hahnel, D. (2004). Molekulare Gasdynamik. Springer.

[Hejranfar and Ezzatneshan, 2014] Hejranfar, K. and Ezzatneshan, E. (2014). Implementation of a high-order compact finite-difference
lattice Boltzmann method in generalized curvilinear coordinates. Journal of Computational Physics, 267:28-49.

[Hejranfar and Hajihassanpour, 2017] Hejranfar, K. and Hajihassanpour, M. (2017). Chebyshev collocation spectral lattice Boltzmann
method in generalized curvilinear coordinates. Computers and Fluids.

R. Deiterding — Aerodynamics and fluid-structure interaction simulation with AMROC Part Il

Motion solver

Based on the Newton-Euler method solution of dynamics equation of kinetic chains
[Tsai, 1999]

F\_ ml —m[c]* ap) ml[w]* [w]*c
Tp mle]*lem —m[e]*[c]* ) \ a [w]* (e — me]*[e]*) w

m = mass of the body, 1 = the 4x4 homogeneous identity matrix,

ap = acceleration of link frame with origin at p in the preceding link's frame,
lcm = moment of inertia about the center of mass,

w = angular velocity of the body,

o = angular acceleration of the body,

c is the location of the body's center of mass,

and [c]* , [w]* denote skew-symmetric cross product matrices.

Here, we additionally define the total force and torque acting on a body,
F= (FFSI + Fprescribed) : cxyz and

T = (TFsi + Tprescribed) - Ca~ respectively.

Where Cyy, and C,g., are the translational and rotational constraints,
respectively.
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