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Planar ZND Structure

Steady situation under Galilean transforma-

tion: 5
5 (PU) =0
0
5 (U +p) =0
9
8X/(u pH)=0
. 1% Y,
a\/l _ M/le (lel7>pW‘:<7 T)
ox’ pu’

CJ-detonation of Hy : Os : Ar with molar ra-
tios2 :1:7at Tp = 298K and pp =
6.67 kPa, d., ~ 1627 m/s.

tg ~ 35bus, u/, =~ 3955m/s, l; =
0.14cm.

Cf. vtf/amroc/clawpack/applications/euler.chem/1d/ModelDetonation
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Planar ZND Structure

Steady situation under Galilean transforma-

tion: o ]
’
(pu’) =0 ]
ox' 047 p/0.35 kg/m® ——
0 02t B — :
F(PU/Z + P) -0 . P/180 kPa ----- S
X
9 T s —
B (U PH) =0 o s
06 [
. Y, Yi O
(‘3Y,-_VV'WI(PW117---?PWK7T) ol
ox’ pu’ 0
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06 L Y(H20)/0.082 -
6.67 kPa, dCJ ~ 1627 m/s_ ol Y(é)(d;/’g.gégy - |
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Detonation cell structure in 2D - Regular instability
- X T

Mach stem

4—Triple point

Head of
reaction —»
zone

L

E: Reflected shock. F: Slip line. G: Diffusive extension of slip line.
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Transverse detonation structure - irregular instability
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Simulation of regular structures

CJ detonation for Ha : Og : Ar
(2:1:7) at Top = 298K and
po = 10kPa, cell width 1.6 cm

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

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

shifted through grid with CJ
dv  Ou

velocity,. w = — — —

Y ox Oy
SAMR simulation with 4
additional levels (2,2,2,4),
67.6 Pts/l;g
Configuration similar to Oran et
al., J. Combustion and Flame

113, 1998.
Fixed wall
—
% Symmetry
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Simulation of regular structures

CJ detonation for Ha : Og : Ar
(2:1:7) at Top = 298K and
po = 10kPa, cell width 1.6 cm

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

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

shifted through grid with CJ
dv  Ou

velocity,. w = — — —

Y ox Oy
SAMR simulation with 4
additional levels (2,2,2,4),
67.6 Pts/l;g
Configuration similar to Oran et
al., J. Combustion and Flame

113, 1998.
Fixed wall
—
% Symmetry

vtf/amroc/clawpack/applications/euler_.chem/2d /StrehlowH202/StatDet

Outflow
Outflow
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Detonation diffraction

CJ detonation for
2:02:Ar/2:1:7at

To = 298K and pg = 10kPa.

Cell width A\c = 1.6cm

Adaption criteria (similar as
before):

Scaled gradients of p and

p E. Schultz. Detonation diffraction through an abrupt area expan-
sion. PhD thesis, California Institute of Technology, Pasadena,

Error estimation in Y; by California, April 2000.
Richardson extrapolation

25Pts/lig. 5 refinement levels
(2,2,2,4).

Adaptive computations use up to
~ 2.2 M instead of ~ 150 M cells
(uniform grid)

~ 3850h CPU (~ 80h real time)
on 48 nodes Athlon 1.4GHz
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Detonation diffraction - adaptation

Final distribution to 48 nodes and density distribution on four refinement levels

Detonation simulation


file:code/amroc/doc/html/apps/clawpack_2applications_2euler__chem_22d_2Diffraction_2src_2Problem_8h_source.html

Detonation simulation
00000800000 0000000
Detonation structures

Detonation diffraction - adaptation

Final distribution to 48 nodes and density distribution on four refinement levels
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Detonation diffraction - adaptation

Final distribution to 48 nodes and density distribution on four refinement levels

|

vtf/amroc/clawpack/applications/euler_chem,/2d/Diffraction
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Triple point analysis

Double Mach reflection structure shortly before the next collision

2.00]

2.70

T T T T T T
95.20 5.30 5,40 95,50 5.60 #5.70

p/po | p/po | TIK] [ u[m/s] M
A 1.00 1.00 298 1775 5.078
B 31.45 4.17 2248 447 0.477
C 31.69 5.32 1775 965 1.153
D 19.17 3.84 1487 1178 1.533
E 35.61 5.72 1856 901 1.053
F 40.61 6.09 1987 77 0.880

Detonation simulation 9



Detonation simulation
0O00000e00000000000
Detonation structures

Triple point analysis

Double Mach reflection structure shortly before the next collision

2.00]

2.70

T T T T T T
95.20 5.30 5,40 95,50 5.60 #5.70

p/po | p/po | TIK] [u[m/s][] M
A | 1.00 | 1.00 298 | 1775 | 5.078
B | 31.45 | 4.17 | 2248 447 | 0477
C | 3160 | 532 | 1775 965 | 1.153
D | 1917 | 384 | 1487 | 1178 | 1.533
E | 3561 | 572 | 1856 901 | 1.053
F | 4061 | 6.09 | 1987 777 | 0.880

Detonation simulation 9



Detonation simulation
0O00000e00000000000
Detonation structures

Triple point analysis

Double Mach reflection structure shortly before the next collision

2.00]

2.70

T T T T T
95.20 5.30 5,40 95,50 5.60 #5.70

p/po | p/po | TIK] [u[m/s][] M
A | 1.00 | 1.00 298 | 1775 | 5.078
B | 31.45 | 4.17 | 2248 447 | 0477
C | 3160 | 532 | 1775 965 | 1.153
D | 1917 | 384 | 1487 | 1178 | 1.533
E | 3561 | 572 | 1856 901 | 1.053 weaK STRONG
F | 4061 | 6.09 | 1987 777 | 0.880
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Shock polar analysis of triple points in detonations
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Shock polar analysis of triple points in detonations

Neglect reaction, but consider c;(T)

Data extracted point-wise from simulation
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Shock polar analysis of triple points in detonations

Neglect reaction, but consider c;(T)
Data extracted point-wise from simulation

Primary triple point T travels exactly at tip of Mach
stem — use oblique shock relations between A and B

pauasin(¢pg) psugsin(ég — 0g) ,
pa -+ pauzsin®(¢s) = pg+ ppugsin’(ds — 0p)

1 pe(pPs — pA)
singg \| palps — pa)

to evaluate inflow velocity as uy =
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Shock polar analysis of triple points in detonations

Neglect reaction, but consider c;(T)
Data extracted point-wise from simulation

Primary triple point T travels exactly at tip of Mach
stem — use oblique shock relations between A and B

pauasin(¢pg) psugsin(ég — 0g) ,
pa -+ pauzsin®(¢s) = pg+ ppugsin’(ds — 0p)

1 e8P — pa)
singg \| palps — pa)
Measure inflow angle ¢ between Mach stem and triple point trajectory

Velocity a of T’ relative to T cannot be derived that easily: Oblique shock
relations across C and D hold true both in frame of reference for T and T’

to evaluate inflow velocity as uy =

pcuc,n = PbDUD,n
pc+pcut, = pPp+poup,
ucte = UD;t
1 1
he + Euf_—m = hp+ EU%""
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Shock polar analysis of triple points in detonations

Neglect reaction, but consider c;(T)
Data extracted point-wise from simulation

Primary triple point T travels exactly at tip of Mach
stem — use oblique shock relations between A and B

pauasin(¢pg) psugsin(ég — 0g) ,
pa -+ pauzsin®(¢s) = pg+ ppugsin’(ds — 0p)

1 e8P — pa)
singg \| palps — pa)
Measure inflow angle ¢ between Mach stem and triple point trajectory

to evaluate inflow velocity as uy =

Velocity a of T’ relative to T cannot be derived that easily: Oblique shock
relations across C and D hold true both in frame of reference for T and T’

PD (UD,n - an)

pC (qu - an)

pc+pc(ucn—an)® = po+pp (Up,n—an)°
uct—at = Upyt— at
1 2 1 2
he + 5 (UC,n - an) = hp+ 5 (UD,n - an)
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Shock polar analysis of triple points in detonations

Neglect reaction, but consider c;(T)
Data extracted point-wise from simulation

Primary triple point T travels exactly at tip of Mach
stem — use oblique shock relations between A and B

pauasin(¢pg) psugsin(ég — 0g) ,
pa -+ pauzsin®(¢s) = pg+ ppugsin’(ds — 0p)

1 e8P — pa)
singg \| palps — pa)
Measure inflow angle ¢ between Mach stem and triple point trajectory

to evaluate inflow velocity as uy =

Velocity a of T’ relative to T cannot be derived that easily: Oblique shock
relations across C and D hold true both in frame of reference for T and T’

PD (UD,n - an)

pC (L’Cm - an)

2 2 _ .
pc+pc (ucn—an)" = po+pp (up,n— an) — an =0, a arbitrary
UC,t — at = UD,t — at Estimate at =
1 1 ) init
2
he+ 5 (ucn—an)” = hp+ > (up,n — an)
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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
(22,2,4). 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)

~ 70,000h CPU on 128 CPUs

Pentium-4 2.2GHz
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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). 67.6 Pts/l

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

(uniform grid)
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Detonation propagation through pipe bends

2D Simulation of CJ detonation
for Hp : O : 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). 67.6 Pts/l

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

(uniform grid)

~ 70,000h CPU on 128 CPUs
Pentium-4 2.2GHz
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Triple point tracks

. . P o= L &,
Slight overdrive - ,'f’i:,,-:;‘; y- >,
decreases cell size s R A ATy y 15 f 43

T i o T F A
A e ;» ; it
’ ’,:-* e f ; |
& i~ - eEyr
i vEE’ %)
S, PG
SRS ; /
i L ;ﬁ-,f‘. it
i s Ay
. . i s ‘ t
Marginal detonation i - g
Mach reflection, high P e : o
. I P Re-ignition
overdrive, structure ‘f::-———--“" .
disappears > “ with transverse
o ar

detonation

3¢ IEICICIC

5L I5E5353S L
3L IR Detonation failure
5382 5555

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

vtf/amroc/clawpack /applications/euler_chem /2d /PipeBend
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Triple point structures — ¢ = 15°
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Detonation structures

Triple point structures — ¢ = 15°
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Detonation structures

Triple point structures — ¢ = 15°

20

25 30 35 40
|
— Q) )

Triple point re-initiation after
bend with change from
transitional to Double Mach
reflection
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Triple point structures — ¢ = 30°
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Triple point structures — ¢ = 30°
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Triple point structures — ¢ = 30°

Triple point quenching and
failure as single Mach
reflection
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Transition criteria

Solve system of oblique shock rela-
tions numerically and determine transi-
tion boundaries [Ben-Dor, 2007].

Regular reflection (RR): M} < 1

Single Mach reflection (SMR):
Ml <1and MI >1

Trar)sitional Mach reflection:
I\/Ig <1 and I\/Ig >1

Double Mach reflection: Mg' >1
and Mg >1

Detonation simulation 15
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Transition criteria

Solve system of oblique shock rela-
tions numerically and determine transi-
tion boundaries [Ben-Dor, 2007].

Regular reflection (RR): M} < 1

Single Mach reflection (SMR):
Ml <1and MI >1

Trar)sitional Mach reflection:
I\/Ig <1 and I\/Ig >1

Double Mach reflection: Mg' >1
T

and Mo >1

Here: Nonreactive Hg : O : Ar

mixture at initially 298 K and
10kPa

TMR/DMR transition for a; = 100 m/s

For detonations:
Pc — PD
PD

S =
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Transition criteria

Solve system of oblique shock rela-
tions numerically and determine transi-
tion boundaries [Ben-Dor, 2007].

Regular reflection (RR): M} < 1

Single Mach reflection (SMR):
Ml <1and MI >1
Transitional Mach reflection:
I\/Ig,<1andl\/lg>1

Double Mach reflection: Mg' >1
and Mg >1

Here: Nonreactive Hg : O : Ar

mixture at initially 298 K and
10kPa

For detonations:
_ pPc—pPD
PD

S:

[Deiterding, 2011]

Detonation simulation

TMR/DMR transition for a; = 100 m/s

Non-reactive shock wave reflection
theory seems applicable to predict
local triple point structure and
stability

Triple point type is determined solely
by S and M. Useful to determine type
in underresolved situations.
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Triple point structures, ¢ = 15

Strong DMR structure in diffraction region behind bend,
S =1.062

p/pa | r/ra | TIK] | v[m/s] M

A 1.00 1.00 298 1835 | 5.249
B | 33.77 4.33 2326 447 | 0.469
C | 3312 5.80 1701 1111 1.355
D | 16.06 3.67 1304 1363 | 1.889
E | 66.90 9.10 2191 758 | 0.818
F | 57.94 7.64 2259 668 | 0.710
G | 35.28 3.41 3235 699
H | 38.98 3.41 3589 593
| 23.66 2.37 3149 969
J 13.58 1.67 2570 1347

Detonation simulation 16
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Triple point structures, ¢ = 15

Strong DMR structure in diffraction region behind bend,

S =1.062

v[m/s]

p/PA r/ra T [K] M
A 1.00 1.00 298 1835 5.249
B 33.77 4.33 2326 447 0.469
C 33.12 5.80 1701 1111 1.355
D 16.06 3.67 1304 1363 1.889
E 66.90 9.10 2191 758 0.818
F 57.94 7.64 2259 668 0.710
G | 3528 | 3.41 3235 699
H | 38.98 | 3.41 3589 593
| 23.66 2.37 3149 969
J 13.58 1.67 2570 1347

Detonation simulation

TMR structure in compression region shortly behind
bend, S = 0.338

p/pa v[m/s] M
A | 100 1908 | 5.459
B | 34.14 647 | 0.666
C | 3549 | 4 929 | 1.015
D | 2653 | 4.09 | 1934 1085 | 1.243
E | 3491 | 488 | 2134 938 | 1.025
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Triple point structures

TMR structure in marginal region near limit of deton-

ability, ¢ = 30, S = 0.338

= /
250 & #liA
=
p/pa | r/ra | T[K] | v[m/s] M
A 1.00 1.00 298 1424 4.073
B 18.97 3.83 1475 502 0.656
C 18.73 4.30 1297 726 1.009
D 14.00 3.58 1167 848 1.240
E 19.08 4.20 1352 744 1.014

Detonation simulation
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Triple point structures

TMR structure in marginal region near limit of deton-

ability, ¢ = 30, S = 0.338

Re-ignition with strong DMR and transverse detonation,
p =45,5=1.377

5.8

15,64

15,5

15.2]

15.04

1.0

Y & BB = B
E |
|
E /
/
3,60 /
aioe 7 gls
\f's
st —Y
///
p/pa | r/ra | TIK] [ v[m/s] M
A 1.00 1.00 298 1424 4.073
B 18.97 3.83 1475 502 0.656
C 18.73 4.30 1297 726 1.009
D 14.00 3.58 1167 848 1.240
E 19.08 4.20 1352 744 1.014

Detonation simulation

14.6- '//
p/pa | r/ra | TIK] [ vim/s] M

A 1.00 1.00 298 1812 | 5.186
B 32.58 4.27 2272 456 0.483
C 33.23 6.21 1594 1156 1.454
D 13.98 3.58 1162 1446 2.119
E 31.54 6.30 1492 1208 1.569
F 16.13 4.14 1161 1393 2.042
G 41.63 7.45 1665 1034 1.274
H 30.57 6.31 1443 1180 1.557
| 14.11 3.85 1092 1431 2.161
J 77.31 9.08 2610 756

K 78.85 8.59 2812 521
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Detonation cell structure in 3D

Simulation of only one quadrant
44.8 Pts/lig for Ha : O2 : Ar CJ detonation

SAMR base grid 400x24x24, 2 additional
refinement levels (2, 4)

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

~ 51,000h CPU on 128 CPU Compaq Alpha.
H: 37.6%, S: 25.1%

Schlieren and isosurface of You

Detonation simulation 18
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Detonation cell structure in 3D

Schlieren on refinement levels
P Simulation of only one quadrant
44.8 Pts/l;; for Hp : Og : Ar CJ detonation

P> SAMR base grid 400x24x24, 2 additional
refinement levels (2, 4)

v

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

> ~ 51,000h CPU on 128 CPU Compaq Alpha.
H: 37.6%, S: 25.1%

Schlieren and isosurface of You
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Detonation cell structure in 3D

Schlieren on refinement levels
P Simulation of only one quadrant
44.8 Pts/l;; for Hp : Og : Ar CJ detonation

P> SAMR base grid 400x24x24, 2 additional
refinement levels (2, 4)

v

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

> ~ 51,000h CPU on 128 CPU Compaq Alpha.
H: 37.6%, S: 25.1%

Schlieren and isosurface of You

Distribution to 128 processors

Detonation simulation 18
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Schlieren plots of density, mirrored for visual-

ization
- -« > -« >
MI 1 MI
. [ [} i
L1 L2 L1
A A
]:2 I?l L.Z M:M MI M:M| Ml
v v
. 1
L1 L2 L1 MI n MI
A A
[ [} MM MI MM| MI
L2 L1 L2
v v
MI i MI I
eolel o ;
<> -« > « > Schlieren plots of You

vtf/amroc/clawpack/applications/euler_chem/3d /StrehlowH202/StatDet
vtf/amroc /clawpack /applications /euler_chem /3d /StatDetPeriodic

Schematic front view of the periodic triple
point line structure right plot at the same time.

Detonation simulation
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Detonation simulation
0000000000000 0000e
Detonation structures

Temporal Development of Detonation Velocity

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

640 680 720 760 800
Simulation time [us]
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Detonation simulation
0000000000000 0000e
Detonation structures

Temporal Development of Detonation Velocity

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

Simulation time [us]

Comparison with 2D Simulation

-
l2 —
1.8 : 2D e
16 ,
3 '
T 14t Y L
5 ; :
12

0.8 L :
670 675 680 685 690 695 700 705 710
Simulation time [us]
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Combustion with viscous terms
[ Je]
Combustion induced by projectiles

Axisymmetric Navier-Stokes equations with chemical reaction

oa  o(f—f,)  O&—8) -

c— s
ot Ox Oy y gte)+
pi g;u piv 0 wj
| pu | put+p _ puv _ 0 |10
a= |0 T puv |8 T L o2 4p |0 T [p—me| T |0
pE u(pE + p) v(pE + p) 0 0
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Combustion with viscous terms
[ Je]

Combustion induced by projectiles

Axisymmetric Navier-Stokes equations with chemical reaction

oa  o(f—f,)  O&—8) -

c— s
ot ox dy y g+e)+
Pi piu piv 0 wj
| pu | put+p _ puv _ 0 |10
a= |0 T puv |8 T L o2 4p |0 T [p—me| T |0
pE u(pE + p) v(pE + p) 0 0
oY
D; 2 7]
PEiox Taox = —7;4(V~v)+2u—u
£ Tox 3 ox
v T 2 ov
oT Xéyj Tyyzfgﬂ(v‘v)+2ﬂa*
ngrthijnguermy y

2 v
Too = — (V- v) +2u—
3 y

9y
pD,-(? ! ou  Ov
dy Txy = W 67+87
8v = ot 1o} ya i
Ty Vv (LYY
oT Y <8X + Oy +ay

aY;
ka—y + pz thja—yj + uTxy + vTyy
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Combustion with viscous terms
oe

Combustion induced by projectiles

Chemistry and transport properties

Arrhenius-kinetics:
M K

o=l T T ] =

j=1 n=1

22
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oe

Combustion induced by projectiles

Chemistry and transport properties

Arrhenius-kinetics:
M K r
@;=Zu fzz {ka(pn)Vﬁ ker<a;>an} i=1,...,K
j=1 n=1 n

Parsing of mechanisms and evaluation of w; with Chemkin-II

ci(T) and hi(T) tabulated, linear interpolation between values

22
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Combustion with viscous terms
oe
Combustion induced by projectiles

Chemistry and transport properties

Arrhenius-kinetics:
M K r
u')i=ZV fzz {ka(p")V.n ker<a;>an} i=1,...,K
j=1 n=1 n

Parsing of mechanisms and evaluation of w; with Chemkin-II

ci(T) and hi(T) tabulated, linear interpolation between values

Mixture viscosity pu = (T, Y;) with Wilke formula
K

1 1 1N\ 2
E: Yini 1 W;\ "2 N2 [ Wn)2
M= - i Withd),-m:—( ) 1+<,Ul) ( m)“
i=1 W, Zm:1 Ym®Pim/ W V8 Wi Wm VVJ

N
N}
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oe
Combustion induced by projectiles

Chemistry and transport properties

Arrhenius-kinetics:
M K r
u')i=ZV fzz {ka(p")V.n ker<a;>an} i=1,...,K
j=1 n=1 n

Parsing of mechanisms and evaluation of w; with Chemkin-II

ci(T) and hi(T) tabulated, linear interpolation between values

Mixture viscosity pu = (T, Y;) with Wilke formula
K

1 1 2
Yini 1 w;\ "2 NE W\ 4
w= Z . i with @, = — ( ) 1+ (ﬂ) (7m> 1
i Wi Em:l Ym®im/Wm V8 W Um W;

Mixture thermal conductivity k = k(T, Y;) following Mathur

K
1 Yik; 1
k= (wd iy
2 o Wi WL Y/ (Wiki)

i=1

N
N}
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Combustion induced by projectiles

Chemistry and transport properties

Arrhenius-kinetics:
M K r
u')i=ZV fzz {ka(p")V.n ker<a;>an} i=1,...,K
j=1 n=1 n

Parsing of mechanisms and evaluation of w; with Chemkin-II

ci(T) and hi(T) tabulated, linear interpolation between values

Mixture viscosity pu = (T, Y;) with Wilke formula
K

1 1 1N\ 2
E: Yini 1 W;\ "2 N2 [ Wn)2
M= - i Withd),-m:—( ) 1+<,Ul) ( m)“
i=1 W, Zm:1 Ym®Pim/ W V8 Wi Wm VVJ

Mixture thermal conductivity k = k(T, Y;) following Mathur

K
1 Yik; 1
k= (wd iy
2 o Wi WL Y/ (Wiki)

i=1

Mixture diffusion coefficients D; = D;(T, p, Y;) from binary diffusion D,;(T, p) as
1-Y;

W 3 mzi Ym/(WmDimi)

Evaluation with Chemkin-Il Transport library

D; =

N
N}
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Combustion with viscous terms
®0000000000
Finite volume scheme

Splitting method

dea+0x(F—F,)+0,(g —8.) = %(c—g+gv)+s
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Combustion with viscous terms
®0000000000

Finite volume scheme

Splitting method

@
atq +ax(f_fv) +ay(g_gv) = ;(C _g+gv) +s
Dimensional splitting for PDE
X@Y . 9q+0.(f@)—f(q)=0, IC Q(tn) 25 Q2
0, 1 Q2 25 Q

b

YA 9.q+d,(g(a) - g.(a) =
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Combustion with viscous terms
®0000000000

Finite volume scheme

Splitting method

@
atq +ax(f_fv) +ay(g_gv) = ;(C _g+gv) +s
Dimensional splitting for PDE
X@Y . 9q+0.(f@)—f(q)=0, IC Q(tn) 25 Q2
VA0 dq+0,(ga) —efa) =0, IC QY2 = Q
Treat right-hand side as source term
Ic: @ 25 Q

cA9: 9,9 =%(c(a) - g(a) +&.(a)) ,

Detonation simulation



Finite volume scheme

Sp

Combustion with viscous terms
®0000000000

itting method

atq + ax(f - fv) + 8y(g - gv) - y

%

Dimensional splitting for PDE

X (A1) .

8tq + a)<(f(c|) - fv(q))
YA d,q+0,(g(a) — gv(a))

=0, IC Q(tm)
=0, IC. Q2

Treat right-hand side as source term
d:q = $(c(a) —g(a) +8v(a)), 1C: Q

Cc(An .

y

Chemical source term

San

Detonation simulation

atq = S(q) ’

IC: Q@ 2% Q(tm + Ab)

At
=

At
=

At
=

c_g+gv)+s

Q

o




Combustion with viscous terms
®0000000000

Finite volume scheme

Sp

itting method

%

atq+ax(f_fv)+ay(g_gv):y c—g+gv)+s

Dimensional splitting for PDE

XY 9.q + 9x(f(a) —f.(q)) =0,

YA 9q+d,(ga) —e(a) =0, 1CG Q2 25 Q
Treat right-hand side as source term

CB): dq=2(c(q) —gla) +e.(@), 1 Q = Q

At

Chemical source term
S@Y . 9,q=s(q), IC Q2L Q(tm+ Ab)

Formally 1st-order algorithm
Q(tm +At) — S(At)c(At)y(At)X(At)(Q(tm))

but all sub-operators 2nd-order accurate or higher.

Detonation simulation

IC: Q(tn) = Q2




Combustion with viscous terms
O®000000000
Finite volume scheme

Finite volume discretization

Time discretization t, = nAt, discrete volumes [; =
[ — 28x, % + 2Ax[X[yk — SAY, yi + 2AY[X = [x_1/2, %11 /2[X [Vk—1/2 Ykt1/2]

Approximation Qj(t) ~ ﬁ q(x, t) dx and numerical fluxes

Lk
jk

F (Qix(t), Qjr1,4(t)) = Fla(xj11/2; Yk» 1)),

Fv (Qix(t), Qjz1.4(t)) = fu(alxit1/2, s £), VA(Xi41/2, Yies 1)
yield (for simplicity)

=

At

Q= Q20 [F (G QL) — F (@10 Q3) ]+ R [P (5 Q1) — R (9110 Q1))

Detonation simulation 24
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O®000000000

Finite volume scheme

Finite volume discretization

Time discretization t, = nAt, discrete volumes [; =
[ — 28x, % + 2Ax[X[yk — SAY, yi + 2AY[X = [x_1/2, %11 /2[X [Vk—1/2 Ykt1/2]

Approximation Qj(t) ~ ﬁ q(x, t) dx and numerical fluxes

Lk
jk

F (Qix(t), Qjr1,4(t)) = Fla(xj11/2; Yk» 1)),

Fv (Qix(t), Qjz1.4(t)) = fu(alxit1/2, s £), VA(Xi41/2, Yies 1)
yield (for simplicity)

=

Q= Q20 [F (G QL) — F (@10 Q3) ]+ R [P (5 Q1) — R (9110 Q1))

. . " An
Riemann solver to approximate F <ij, j+1,k>
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Finite volume scheme

Finite volume discretization

Time discretization t, = nAt, discrete volumes [; =
[ — 28x, % + 2Ax[X[yk — SAY, yi + 2AY[X = [x_1/2, %11 /2[X [Vk—1/2 Ykt1/2]

Approximation Qj(t) ~ ﬁ q(x, t) dx and numerical fluxes

Lk
jk

F (Qix(t), Qjr1,4(t)) = Fla(xj11/2; Yk» 1)),

Fv (Qix(t), Qjz1.4(t)) = fu(alxit1/2, s £), VA(Xi41/2, Yies 1)
yield (for simplicity)

=

Q= Q20 [F (G QL) — F (@10 Q3) ]+ R [P (5 Q1) — R (9110 Q1))

. . " An
Riemann solver to approximate F <ij, j+1,k>

1st-order finite differences for F, <QJ’.’k, jr"+1,k> yield 2nd-order accurate central

differences in (x)
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Finite volume scheme

Finite volume discretization

Time discretization t, = nAt, discrete volumes [; =
[ — 28x, % + 2Ax[X[yk — SAY, yi + 2AY[X = [x_1/2, %11 /2[X [Vk—1/2 Ykt1/2]

1

Approximation Qj(t) ~ Tl
jk

q(x, t) dx and numerical fluxes

ik
F (Qix(t), Qjr1,4(t)) = Fla(xj11/2; Yk» 1)),

Fv (Qix(t), Qjz1.4(t)) = fu(alxit1/2, s £), VA(Xi41/2, Yies 1)
yield (for S|mp||C|ty)

Q= Q) —X " (@G Q) —F (Q;_M,Q;k)]+% [Fo (@ Qa) = Fo (@10 Q)]

Riemann solver to approximate F <ij, QJJrl k>

1st-order finite differences for F, <ij, ey k) yield 2nd-order accurate central
differences in (x)

Stability condition used:

8 ujAt At 2k At At } <

At
r'njaf{ (Iujk|+C/k)+§ kAXZaE(\Ujk\+ka)+ —(Iu,k|+cjk)+D,/kA >

,
Cu kP AX2T A

Detonation simulation




Combustion with viscous terms
0O0®00000000
Finite volume scheme

Finite volume discretization — cont.

Symmetry source term C(At): Use

(Gv (Qfk, Qf k1) + Gu (QFucr, ka)))

n n n n 1
Qj;:rl = Qi +At (%(C(ij) —8(Qj) + 5

within explicit 2nd-order accurate Runge-Kutta method

Gives 2nd-order central difference approximation of G,
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0O0®00000000
Finite volume scheme

Finite volume discretization — cont.

Symmetry source term C(At): Use

n n n n 1 n n n n
ijﬂ = Qjt+At (%(C(ij) —8(Qjx) + ) (Gv (Qk, Qf k+1) + Gy (QF k-1, ij)))
within explicit 2nd-order accurate Runge-Kutta method

Gives 2nd-order central difference approximation of G,

Transport properties i, k, D; are stored in vector of state Q and
kept constant throughout entire time step
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0O0®00000000
Finite volume scheme

Finite volume discretization — cont.

Symmetry source term C(At): Use

n n n n 1 n n n n
ijﬂ = Qjt+At (%(C(ij) —8(Qjx) + ) (Gv (Qk, Qf k+1) + Gy (QF k-1, ij)))
within explicit 2nd-order accurate Runge-Kutta method

Gives 2nd-order central difference approximation of G,

Transport properties i, k, D; are stored in vector of state Q and
kept constant throughout entire time step

Chemical source term SO):

4th-order accurate semi-implicit ODE-solver subcycles within each
cell

p, €, u, v remain unchanged!
afpl':VViwi(pla"wpKaT) ’:1a7K
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000@0000000
Finite volume scheme

Lehr's ballistic range experiments

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.
Chapman Jouguet velocity ~ 1957 m/s.

Detonation simulation 26
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000@0000000

Finite volume scheme

Lehr's ballistic range experiments

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.
Chapman Jouguet velocity ~ 1957 m/s.

Axisymmetric Navier-Stokes and Eulers simulations on AMR base mesh of
400 x 200 cells, physical domain size 6¢cm x 3cm

4-level computations with refinement factors 2,2,4 to final time

t = 170 us. Refinement downstream removed.
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Finite volume scheme

Lehr's ballistic range experiments

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.
Chapman Jouguet velocity ~ 1957 m/s.
Axisymmetric Navier-Stokes and Eulers simulations on AMR base mesh of
400 x 200 cells, physical domain size 6¢cm x 3cm
4-level computations with refinement factors 2,2,4 to final time
t = 170 us. Refinement downstream removed.
Main configurations

Velocity v = 1931 m/s (M = 4.79), ~ 40 Pts/lj

Velocity v = 1806 m/s (M = 4.48), ~ 60 Pts/ ;g
Various previous studies with not entirely consistent results. E.g.
[Yungster and Radhakrishnan, 1996], [Axdahl et al., 2011]
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Finite volume scheme

Lehr's ballistic range experiments

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.
Chapman Jouguet velocity ~ 1957 m/s.

Axisymmetric Navier-Stokes and Eulers simulations on AMR base mesh of
400 x 200 cells, physical domain size 6¢cm x 3cm
4-level computations with refinement factors 2,2,4 to final time
t = 170 us. Refinement downstream removed.
Main configurations
Velocity v = 1931 m/s (M = 4.79), ~ 40 Pts/lj
Velocity v = 1806 m/s (M = 4.48), ~ 60 Pts/ ;g
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
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Finite volume scheme

Lehr's ballistic range experiments

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.
Chapman Jouguet velocity ~ 1957 m/s.

Axisymmetric Navier-Stokes and Eulers simulations on AMR base mesh of
400 x 200 cells, physical domain size 6¢cm x 3cm

4-level computations with refinement factors 2,2,4 to final time
t = 170 us. Refinement downstream removed.
Main configurations

Velocity v = 1931 m/s (M = 4.79), ~ 40 Pts/lj

Velocity v = 1806 m/s (M = 4.48), ~ 60 Pts/ ;g
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
All computations were on 32 cores requiring ~ 1500h CPU each
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Finite volume scheme

Lehr's ballistic range experiments

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.
Chapman Jouguet velocity ~ 1957 m/s.
Axisymmetric Navier-Stokes and Eulers simulations on AMR base mesh of
400 x 200 cells, physical domain size 6¢cm x 3cm
4-level computations with refinement factors 2,2,4 to final time
t = 170 us. Refinement downstream removed.
Main configurations

Velocity v = 1931 m/s (M = 4.79), ~ 40 Pts/lj

Velocity v = 1806 m/s (M = 4.48), ~ 60 Pts/ ;g
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
All computations were on 32 cores requiring ~ 1500h CPU each

vtf/amroc/clawpack/applications/euler_chem/2d /SphereLehr

vtf/amroc/clawpack/applications/euler_chem/2d /SphereLehrNav
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Finite volume scheme

Viscous case — M = 4.79

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

Experimental value: ~ 720 kHz Stagnation pint pressure (Pal

1.450+06

1.40406

1=0.000150028 sec 1.350406
1.30406
1.256406
1.20406
1.15+06

110406

1.052406.

000015 0000155 000016  0.000165  0.00017
Time [s]

Schlieren plot of density
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Finite volume scheme

Viscous case — M = 4.79 — mesh adaptation

1=0.000751300 sec

Detonation simulation 28
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Finite volume scheme

Comparison of temperature field

Pssudocolor
Var, Temperaturs
3.0 9048 1656, 2308, 3100.

Mazx: 3118,
Min: 203.0

1=0.000150028 sec

Viscous
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Finite volume scheme

Comparison of temperature field

Pssudocolor
Var, Temperaturs
0 9048

1606, 2398 3100,
Max: 3177,
Min: 203.0
1=0.000150004 sec

Inviscid

Detonation simulation
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Finite volume scheme

Viscous case — M = 4.48

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

Experimental value: ~ 425kHz Stagnaton pont pressure [Pl

1.80+06

1.62+06

1=0.000150009s8C 140406

1.20+06

16406

800000

000015 0000155 000016 0000165 000017
Time [s]

Schlieren plot of density
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

10000157792 sec

Var. Pressuie
1.5008406

L.

Max: 12426406
Min: 12508404

Detonation simulation 31




Combustion with viscous terms
00000000800

Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1000015792956

Var. Pressuie
1.5008406

9.7750405
65502405
l 33258405
10006404
Max: 12432406
M 12476404
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1=0.000158005 s8¢

Var. Pressuie
1.5008406

9.7750405
65502405
l 33258405
10008404
Max: 1.2248406
M 12436404
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1=0.000156201 sec

Var. Pressuie
1.5008406

L.

Max: 12216406
Min 12408404
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Finite volume scheme

Oscillation mechanism

Schlieren of density Temperature Mass fraction OH Pressure

1=0.000158338 s6C

Var. Pressuie
1.5008406

9.7750405
65502405
l 33258405
10008404
Max: 1.204e406
M 12396404

Detonation simulation 31




Combustion with viscous terms
00000000800

Finite volume scheme
Oscillation mechanism

Schlieren of density Temperature Mass fraction OH Pressure

1=0.000158475 s8¢

Var. Pressuie
1.5008406

L.

Max: 11812406
M 12718404
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Finite volume scheme

Oscillation mechanism

Schlieren of density Temperature Mass fraction OH Pressure

1=0.000158611 sec

Var. Pressuie
1.5008406

L.

Max: 11526406
Min: 12856404
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Finite volume scheme

Oscillation mechanism

Schlieren of density Temperature Mass fraction OH Pressure

1=0.000158748 s

Var. Pressuie
1.5008406

L.

Max: 1.1068406
Min: 12796404
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1=0.000158886 sec

Var. Pressuie
1.5008406

L.

Max: 1.0806406
M 12068404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

¢

1=0.000159022 s

Var. Pressuie
1.5008406

L.

Max: 1.079e406
M 12568404

Detonation simulation 31
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Finite volume scheme
Oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

10000159159 s8¢

Var. Pressuie
1.5008406

9.7750405
65502405

lsmem
1,000

2404
Max: 11782406
M 12516404

Detonation simulation
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Finite volume scheme

Oscillation mechanism

Pressure

Mass fraction OH

Schlieren of density Temperature
7F
/

1=0.000159296 sec

Var. Pressuie
1.5008406

L.

Max: 12782406
M 12496404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1=0.000159433 s

Var. Pressuie
1.5008406

9.7750405
65502405
l 33258405
10008404
Max: 1.3032406
M 12348404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1=0.00015957 sec

Var. Pressuie
1.5008406

L.

M
Min: 1.1956404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1=0.000159707 sec

Var. Pressuie
1.5008406

L.

Max: 1.2968406
Min: 11538404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Schlieren of density Temperature Mass fraction OH Pressure

1=0.000159843 s

Var. Pressuie
1.5008406

L.

Max: 12796406
Min: 11248404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

10000159978 s8¢

Var. Pressuie
1.5008406

L.

Max: 1.2556406
MR 11216404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

100001601146

Var. Pressuie
1.5008406

L.

Max: 1.2926406
M 11218404
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Finite volume scheme

Oscillation mechanism

Schlieren of density Temperature Mass fraction OH Pressure

1=0.000160248 s

Var. Pressuie
1.5008406

9.7750405
65502405
l 33258405
10006404
Max: 1.347e406
Min: 11236404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Schlieren of density Temperature Mass fraction OH Pressure

1=0.000160362 s

-

Var. Pressuie
1.5008406

9.7750405
65502405
l 33258405
10006404
Max: 1.307e406
Min: 11256404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

10.000160516 sec

Var. Pressuie
1.5008406

L.

Max: 1.2656406
Min: 1.1326404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Schlieren of density Temperature Mass fraction OH Pressure

10.00016005 sec

Var. Pressuie
1.5008406

9.7750405
65502405
lsmem
10008404
Max: 1.2548406
Min: 11416404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Schlieren of density Temperature Mass fraction OH Pressure

-

1=0.000160784 s8¢

Var. Pressuie
1.5008406

L.

Max: 12426406
Min: 11608404

Detonation simulation 31




Combustion with viscous terms
00000000800

Finite volume scheme

Oscillation mechanism

Schlieren of density Temperature Mass fraction OH Pressure

L %

1=0.000160919 s8¢

Var. Pressuie
1.5008406

L.

Max: 1.2276406
Min: 11896404

Detonation simulation 31
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Finite volume scheme

Oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH
r

10000161055 56¢

Var. Pressuie
1.5008406

L.

Max: 1.2056406
M 12196404

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

Detonation simulation 31
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Finite volume scheme

Inviscid case — M = 4.48

4048 iterations with CFL=0.9 to t = 170 us
Oscillation frequency in last 20 us: ~ 395kHz

Experimental value: ~ 425kHz Stagnaton pont pressure [Pl

1.80+06

1.62+06

1=0.000150039 s6C 140406

1.20+06

16406
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000015 0000155 000016 0000165 000017
Time [s]

Schlieren plot of density

Detonation simulation
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1=0.000150922 s

Pseuciocobr Pseudocolor

Var Temperature Var: v 05 OH Var:pressure
e olo2700 5608400
212 / 00202 97750105
1705, 0030 05502405

lwvz louumn lsmem
2930 0000 10006404
Max: 3118, Max: 002515 Max: 1.3042406
Min: 2930 Min: 0,000 Min: 7289,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

10.00015109 sec

Pseuciocobr

Preudocobr

Var Temparature Var: v 05 OH Var:pressure
£t olo2700 5608400
2400 00202 97750105
1701 0030 05502405

lvwz louumn lnzﬁewf)
2930 0000 10008404

Mo 3110, Max 002503 Mo 13272406

Wi 2930 Vi 0.000 Min; 7604

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Temperature Mass fraction OH Pressure

Schlieren of density

10000151259 s8¢

Pseudocolor
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

10000151598 s

Preudocobr

Vari Temperature Var: v 05 OH Var:pressure
i 0l02700 5608400
2384 00202 97750105
1667, 0030 05502405

lwuw louumn lnzﬁewﬁ
2930 0000 10008404

o 3081, Max: 002555 Mo 12170406

Wi 2930 Vi 0.000 Min; 763,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Pressure

Temperature Mass fraction OH

4

Schlieren of density

10.000151767 sec

Preudocobr
Vi Temperature | Vary 05 -OH Var:pressure
E 0l02700 5608400
2382 00202 97750105
1065, 0030 05502405
lvavz louumn lnzﬁewﬁ
2930 0000 10008404
Mo 3078, Max: 002520 Mo 11530406
Wi 2930 Vi 0.000 Min; 7465,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1=0.000152106 sec

Preudocobr
Vari Temperature Var: v 05 OH Var:pressure
o7 o200 5608400
2373, | 00202 97750105
1660, 0030 05502405
lms louumn lnzﬁewﬁ
2930 0000 10008404
Mo 3067, Max 00243 Mo 11402406
Wi 2930 Vi 0.000 Min: 7131
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Finite volume scheme

Perturbed oscillation mechanism

Temperature Mass fraction OH

Pressure

Schlieren of density
F

1=0.000152444 s

Preudocobr

Vari Temperature Var: v 05 OH Var:pressure
om 0l02700 5608400
2374 00202 97750105
1660, 0030 05502405

lma louumn lnzﬁewﬁ
2930 0000 10008404

o 308, Max: 002708 Mox: 13640406

Wi 2930 Vi 0.000 Min: 6750,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

10000152613 56¢

Preudocobr
Vari Temperature Var: v 05 OH Var:pressure
o 0l02700 5608400
2371 00202 97750105
1075. 0030 05502405
lvasa louumn lnzﬁewﬁ
2930 0000 10008404
Mo 3004, Max 00279 Mox: 14992406
Wi 2930 Vi 0.000 Min; 6624,
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1=0.000152783 56

Preudocobr

Vi Temparature Var: v 05 OH Var:pressure
008 olo2700 5608400
2370 00202 97750105
1078, 0030 05502405

lvam louumn lnzﬁewf)
2930 0000 10008404

Mo 3063, Max: 002680 Mo 14142406

Wi 2930 Vi 0.000 Min: 6465,

on simulation 33
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Finite volume scheme
Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

10000153122 s8¢

Pseudocolor
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1=0.000153291 sec

Preudocobr

Vi Temperature Var: v 05 OH Var:pressure
o0 olo2700 5608400
2368 00202 97750105
1077, 0030 05502405

lma louumn lnzﬁewf)
2930 0000 10008404

Mo 3060, Max 002751 Mox: 14412406

Wi 2930 Vi 0.000 Min; 6092,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1=0.00015345 sec

Preudbocobr
Var. T n Var: Y 05 OH Var. i
g 050 002700 o T 3008406
2205 002025 97756405
1074, 001350 65508405
lm 7 louumn l 33250405
2930 0000 10002404
Max: 3050. Max: 002704 Max: 1.350e400
Wi 2930 Min: 0,000 Min: 6005,
Detonation simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Temperature Mass fraction OH

Pressure

Schlieren of density
I

1=0.00015363 sec

Pseuciocobr

Preudocobr

Vi Temperature Var: v 05 OH Var:pressure
ki olo2700 5608400
2414 00202 97750105
1707, 0030 05502405

lmuu louumn lnzﬁewf)
2930 0000 10008404

Mo 3121 Max 002611 Max: 12970406

Wi 2930 Vi 0.000 Min; 5937

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1000015379956

Pseuciocobr

Pseudocolor
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1=0.000153969 s8¢

Pseuciocobr Pseudocolor

Var: Temperature| Var. ¥ 05 - OH Var. Pressuie
3tor L0.02700 1.5008406
2449, 002025 9.7750405
1730, 001350 65502405

lvmz louumn lsmem
2930 0000 10006404

Max: 3167 Max: 002745 Max: 19456406

Min: 2930 Min: 0,000 Min: 5863,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

10000154138 s8¢

Pseudocolor

Vi Temperature Var: v 05 OH Var:pressure
£ olo2700 5608400
2. 00202 97750105
1791 0030 05502405

lmAQ louumn lsmem
2930 0000 10008404
WMax: 3288, Max: 003583 Max:_ 32332406
Min: 2930 Min: 0,000 Min: 5855,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1=0.000154307 sec

Pseuciocobr Pseudocolor

Vari Temperatue Var: v 05 OH Var:pressure
EiL e 0l02700 5608400
243 00202 97750105
721 0030 05502405

lmm louumn lsmem
2930 0000 10008404
Max: 3150, Max: 0,02907 Max: 27826406
Min: 2930 Min: 0,000 Min: 5908,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

10.000154477 sec

Pseudocolor
Var. Pressuie

e | e P
ooz -
L. L. L.

Max: 18642406
Min: 5921

Max: 3092, Max: 002658
Min: 2930 Min: 0,000

33

Detonation simulation
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Finite volume scheme

Perturbed oscillation mechanism

Pressure

Temperature Mass fraction OH

Schlieren of density

1=0.000154646 sec

Pseudocolor
Var. Pressuie

Var: v 05 OH
=002700° 5608400
00202 97750105
1070, 0030 05502405
lw o louumn lnzﬁewﬁ
2930 0000 10008404
Mo 3028, Max 003031 Mo 17382406
Wi 2930 Vi 0.000 Min; 5922,

33

Detonation simulation




Combustion with viscous terms
0000000000 e

Finite volume scheme

Perturbed oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH
]

10000154815 s8¢

Pseudocolor
Var. Pressuie

Var. T n Var: Y 05 OH
ﬂvmenrgpem e = 002700 1.300e+06
2327 002025 97756405
104 001350 65508405
lm 0 louumn lnzﬁewﬁ
2930 0000 10002404
Max: 3005. Max: 003021 Max: 13440400
Wi 2930 Min: 0,000 Min: 5998,

33

Detonation simulation
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1=0.000154985 s

Preudocobr
Vi Temperature Var: v 05 OH Var:pressure
i 0l02700 5608400
2344 00202 97750105
1060. 0030 05502405
lms louumn lnzﬁewﬁ
2930 0000 10008404
Mo 3027, Max 002945 Mo 13982406
Wi 2930 Vi 0.000 Min: 6055,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density

Pressure

Temperature Mass fraction OH

10000155154 s8¢

Preudocobr
Vi Temperature Var: v 05 OH Var:pressure
i 0l02700 5608400
2343 00202 97750105
1060. 0030 05502405
lms louumn lnzﬁewﬁ
2930 0000 10008404
Mo 3027, Max 002930 Mo 15120406
Wi 2930 Vi 0.000 M 6153,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1=0.000155323 s
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1=0.000155492 sec

Pseuciocobr Pseudocolor

Vi Temperature Var: v 05 OH Var:pressure
2508 o200 5608400
2209 00202 97750105
1031 0030 05502405

lvm 8 louumn lsmem
2930 0000 10008404
Max: 2968. Max: 002993 Max: 15416406
Min: 2930 Min: 0,000 Min: 6273,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1=0.000155662 sec

Pseuciocobr Pseudocolor
Var Temperature| Var. Y 05 -

oH Var. i
2985. 002700 SR

1.5008406

2312, 002025 9.7750405
163, 001350 65502405
lvam louumn lsmem
2930 0000 10008404
Max: 2985. Max: 003253 Max: 1.6008406
Min: 2930 Min: 0,000 Min: 6357.

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density

Pressure

Temperature Mass fraction OH

1=0.000155631 sec

Pseudocolor
Var. ¥ 05 - OH Var. Pressure
002700 1.5008406
002025 9.7750405
l 001350 65502405
lwus louumn lsmem
2930 0000 10008404
Max: 3003, Max: 0,03289 Max: 1.4248406
Min: 2930 Min: 0,000 Min: 6546

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Temperature Mass fraction OH Pressure

Schlieren of density

1=0.000156001 sec

Pseudocolor
Var. Pressuie

Var. T n Var: Y 05 OH
ﬂvmesrgpem e u'DUﬂﬂﬂ' 1.300e+06
2304 002025 97756405
1074, 001350 65508405
lms louumn l 33250405
2930 0000 10002404
Max: 3055. Max: 003253 Max: 15106400
Wi 2930 Min: 0,000 Min: 6733,

33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density

Pressure

Temperature Mass fraction OH

10.00015034 sec

Pseuciocobr Pseudocolor
Var: Temperature| Var. ¥ 05 - OH Var. Pressuie
3750, L0.02700 1.5008406
243, 002025 9.7750405
1722, 001350 65502405
lmm louumn lsmem
2930 0000 10008404
Max: 3150, Max: 003011 Max: 18332406
Min: 2930 Min: 0,000 MR 7013,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature Mass fraction OH

Pressure

1=0.00015651 sec

Pseudocolor
Var: Temperature| Var. ¥ 05 - OH Var. Pressuie
3444, 002700 1.5008406

2656, 002025

9.7750405
1868, 001350 65502405
lmaw louumn lsmem
2930 0000 10008404
Max: 3444, Max: 002857 Max: 20958406
Min: 2930 Min: 0,000 Min: 7140

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1=0.000156764 s

Pseuciocobr Pseudocolor
Var: Temperature| Var. ¥ 05 - OH Var. Pressuie
3ia7 L0.02700 1.5008406
2441 f 002025 9.7750405
1725, 001350 65502405
lmm louumn lsmem
2930 0000 10006404
Max: 3157. Max: 002721 Max: 1.5782406
Min: 2930 Min: 0,000 Min: 7306,

on simulation 33



Combustion with viscous terms
0000000000 e

Finite volume scheme

Perturbed oscillation mechanism

Pressure

Schlieren of density Temperature Mass fraction OH

1=0.00015702 sec

Pseudocolor
Var: Temperature| Var. Y 05 -

oH Var. i
20067, 002700 SR

1.5008406

2373, i 002025 9.7750405

1680, 001350 65502405
lma louumn lsmem

2930 0000 10008404
Max: 3067. Max: 002651 Max: 1.3568406
Min: 2930 Min: 0,000 Min: 742,

on simulation 33
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature
|

Mass fraction OH Pressure

#=0.00015719 sec

Pseudocolor
var. Y 05 - OH
-0.02700
002025 9.7750405
1679, 001350 65500405
IV&’)B louumu lsmem
2930 0000 10002404
Max: 3064, Max: 002742
M 2930 Min: 0,000

Max: 12488406
Min: 7484,

on simulation
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Finite volume scheme

Perturbed oscillation mechanism

Schlieren of density Temperature

Mass fraction OH Pressure

1=0.000157446 sec

Pseudocolor
var. Y 05 - OH
-0.02700
002025 9.7750405
1687, 001350 65500405
lwuz louumu lsmem
2930 0000 10002404
WMax: 3082, Max: 002620
Min: 2930 Min: 0,000

Max: 12208406
Min: 7576,

» Small perturbations can quickly create numerous triple points

on simulation
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Hybrid methods

Hybrid method

Convective numerical flux is defined as

n .
no_ Fiv_weno» in C
inv n -

I:inv—CD7 n C’
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Higher order schemes
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Hybrid methods

Hybrid method

Convective numerical flux is defined as

n .
0 _ JFhv_wenor N
inv. 7 Fn .

QlQ

)

inv—CD> n

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

Hybrid method

Convective numerical flux is defined as

n .
0 _ JFhv_wenor N
inv. 7 Fn .

QlQ

)

inv—CD> n

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

For DNS: Symmetric 6th order WENO, 6th-order CD scheme
[Ziegler et al., 2011]
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Higher order schemes
@000
Hybrid methods

Hybrid method

Convective numerical flux is defined as

n .
0 _ JFhv_wenor N
inv. 7 Fn .

QlQ

)

inv—CD> n

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

For DNS: Symmetric 6th order WENO, 6th-order CD scheme
[Ziegler et al., 2011]

Use WENO scheme to only capture shock waves but resolve interface between species.
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Higher order schemes

0000
Hybrid methods
Hybrid method
Convective numerical flux is defined as
no_ {F7anENO7 in C
mv .
F D in C,

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

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

[Ziegler et al., 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| < |u« £ a«| < |up & a;| tested with a
threshold to eliminate weak acoustic waves. Used intermediate states at cell

interfaces:
pLuL + \/pru, 1
Uy = YPLILTVORIR (e — 1) (e — Z12), ...
VPL+ /PR 2
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Higher order schemes

0000
Hybrid methods
Hybrid method
Convective numerical flux is defined as
no_ {F7anENO7 in C
mv .
F D in C,

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

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

[Ziegler et al., 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| < |u« £ a«| < |up & a;| tested with a
threshold to eliminate weak acoustic waves. Used intermediate states at cell

interfaces:
Vi Vi 1
U*ZM7 a = /(e — 1)(hs — Z02), ...
VPL+ /PR 2
Limiter-inspired discontinuity test based on mapped normalized pressure gradient
0;
20; ) lpi+1 — pjl
#0) = —2L— with ;=" (8, >apy
7T At )2 7 Ip + Al ’ N

Detonation simulation 34



Higher order schemes
0e00

Hybrid methods

SAMR flux correction for Runge-Kutta method

Recall Runge-Kutta temporal update

At
Axp

6}) = aT} ern + /31) ij_l + PY’U AF"(Q1)_1)

[Pantano et al., 2007]
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Higher order schemes
0e00
Hybrid methods

SAMR flux correction for Runge-Kutta method

Recall Runge-Kutta temporal update

At

AF" Av—1
Ax Q")

6}) = aT} ern + /31) ij_l + PY’U

rewrite scheme as

m+1 m i At nfAv—1 . il
QT =Q" =3 ¢, —AF(Q") with ¢, =% [] 6
n

v=1 v=v+1

[Pantano et al., 2007]
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Higher order schemes
0e00

Hybrid methods

SAMR flux correction for Runge-Kutta method

Recall Runge-Kutta temporal update

~ =0 At Ry
Q) = 0, Q7 + 5,87 + 7, 1 -AF(@ )

Axp
rewrite scheme as
m+1 __ m At n v—1
Q™ =qQ Z%A AF(QU1Y) with ¢, =, H By
v=1 Xn v=v+1

Flux correction to be used

.
Li4+1 1,/ ~0 1,41 . oel/+1 1,/ So—1
OFy = —eF (@), SR =R X;QUFI,_%J(Q )
s
41—
oF /H, = oFHT +—r Z Z o, FY ’“W (@ (e + mat))
’ 2 I+1 =0 wv=1

[Pantano et al., 2007]
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Higher order schemes
0e00

Hybrid methods

SAMR flux correction for Runge-Kutta method

Recall Runge-Kutta temporal update

~ =0 At Ry
Q) = 0, Q7 + 5,87 + 7, 1 -AF(@ )
n

rewrite scheme as

At
A S e A
I‘l

‘(Qvfl)

v=1 v=v+1
Flux correction to be used
T
Li+1 . 1,/ ~0 141 . cpl+l 1,/
5Fl_7j : gplFi_%’j(Q ), 6Fi_%’j = 6Fi_%$j Zz% Fi_%d
v=
41—
§F1 /+1 — §EL /+1 + Fl /+1 (@1;—1 t+ kAL )
Storage-efficient SSPRK(3,3):
vla, By v @
1 1 0 1 3
5| 3 1 1 g
L S R
2 3 3 3

[Pantano et al., 2007]
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Higher order schemes
[e]e] ]o)
Hybrid methods

DNS of shear layer in detonation triple point

Calorically perfect two-species model with v = 1.29499 and hg = 54,000 J/mol and one-step
Arrhenius reaction with parameters E, = 30,000 .J/mol, A =6 - 10°s™!, W = 0.029 kg/mol
—— 1d ZND theory predicts dcy = 1587.8 m/s

For dynamic viscosity, heat conductivity, and mass diffusion simple Sutherland models are used

poagL(t)
Ko

Viscous shear layer thickness, thermal heat conduction layer thickness, and mass diffusion layer

. 12 Kref D;
thickness grow as dyisc & /—t, Ocond ~ t, Omass,i & | —t
P pcy P

Only shock thickness not resolved — “pseudo-DNS”

Computations with WENO/CD/RK3 use SAMR base mesh 320 x 160 and up to 8 levels refined
by factor 2, domain: 40 mm X 20 mm

Distance L(t) = dcysin(6)t is used to define a Reynolds number as Re =

Computations with MUSCL scheme use base mesh 590 x 352 and up to 7 levels refined by factor
2, domain: 40 mm X 22 mm

out flow

in flow

out flow

slip, adiabatic
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Higher order schemes
[e]e] ]o)

Hybrid methods

DNS of shear layer in detonation triple point

Calorically perfect two-species model with v = 1.29499 and hg = 54,000 J/mol and one-step
Arrhenius reaction with parameters E, = 30,000 .J/mol, A =6 - 10°s~1, W =0.029 kg/mol
—— 1d ZND theory predicts dcy = 1587.8 m/s

For dynamic viscosity, heat conductivity, and mass diffusion simple Sutherland models are used

PoagL(t)

Distance L(t) = dcysin(6)t is used to define a Reynolds number as Re = prrs

Viscous shear layer thickness, thermal heat conduction layer thickness, and mass diffusion layer

k, D;
thickness grow as dyisc ~ /Et7 dcond = ref t, Omass,i = —t
P pcv P

Only shock thickness not resolved — “pseudo-DNS”

Computations with WENO/CD/RK3 use SAMR base mesh 320 x 160 and up to 8 levels refined
by factor 2, domain: 40 mm X 20 mm

Computations with MUSCL scheme use base mesh 590 x 352 and up to 7 levels refined by factor
2, domain: 40 mm X 22 mm

out flow

in flow

out flow

slip, adiabatic

Setup Refinement
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Higher order schemes
[e]e] ]o)

Hybrid methods

DNS of shear layer in detonation triple point

Calorically perfect two-species model with v = 1.29499 and hg = 54,000 J/mol and one-step
Arrhenius reaction with parameters E, = 30,000 .J/mol, A =6 - 10°s~1, W =0.029 kg/mol
—— 1d ZND theory predicts dcy = 1587.8 m/s

For dynamic viscosity, heat conductivity, and mass diffusion simple Sutherland models are used

PoagL(t)

Distance L(t) = dcysin(6)t is used to define a Reynolds number as Re = prrs

Viscous shear layer thickness, thermal heat conduction layer thickness, and mass diffusion layer

k, D;
thickness grow as dvisc ~ 4 /ﬁt7 dcond = ref t, Omass,i = —t
P pcv P

Only shock thickness not resolved — “pseudo-DNS”

Computations with WENO/CD/RK3 use SAMR base mesh 320 x 160 and up to 8 levels refined
by factor 2, domain: 40 mm X 20 mm

Computations with MUSCL scheme use base mesh 590 x 352 and up to 7 levels refined by factor
2, domain: 40 mm X 22 mm

out flow

in flow

ad

out flow

2

Setup Refinement Enlarged

slip, adiabatic
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g order schemes
[e]e]e] )

Hybrid methods

Computational results for shear layer

WENO/CD - 6 levels WENO/CD - 7 levels WENO/CD - 8 levels
Axpin =3.91-107%m Axpin = 1.95-107%m AXmin = 9.77-10"m
MUSCL - 7 levels MUSCL - 7 levels - Euler 05288 of = WENO for

WENO/CD - 8 levels

N/ 258
Axpmin = 1.05-10"%m Axpmin = 1.0

5-10~%m
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Higher order schemes
[e]e]e] )

Hybrid methods

Computational results for shear layer
WENO/CD - 6 levels WENO/CD - 7 levels

2L ZL

WENO/CD - 8 levels

|
-

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

Usage of WENO

for

MUSCL - 7 levels MUSCL - 7 levels - Euler WENO/CD - 8 levels

Axpmin = 1.05-10"%m Axpmin = 1.05-10~ 6

» WENO/CD/RKS3 gives results comparable to 4x finer resolved optimal 2nd-order
scheme, but CPU times with SAMR 2-3x larger
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Higher order schemes
[e]e]e] )

Hybrid methods

Computational results for shear layer
WENO/CD - 6 levels WENO/CD - 7 levels

2L ZL

WENO/CD - 8 levels

|
-

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

Usage of WENO

for

MUSCL - 7 levels MUSCL - 7 levels - Euler WENO/CD - 8 levels

Axpmin = 1.05-10"%m Axpmin = 1.05-10~ 6

» WENO/CD/RKS3 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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Higher order schemes

[ Jele}
Large-eddy simulation
Favre-averaged Navier-Stokes equations
op 9 ,_.
— =0
ot t ox, (Pn)
2 (ﬁ[lk) + 9 (l_)ﬂkan + 5knl_7 — Tkn + akn) =0
ot Xn
OpE O = .
2t a(un(pE-l— B) + &n — Tojllj + 05) =0
9 ¢ 0 o ~i i
&(PY/) + aﬁ){ﬂ(ﬁ%“n +Jp+o,) =0
with stress tensor
Z 7,,(8&" 8ak)_g"%5
kn = K Oxk EM 3'uan in >
heat conduction .
L _ 50T
qn = % s
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Higher order schemes
[ Jele}

Large-eddy simulation

Favre-averaged Navier-Stokes equations

o ,_. I .
7 (pi) + . (PUkTin + 6knP — Thkn + Tkn) = 0O
n
9pE = oy .
%J’_a (@in(PE 4 P) + 8n — Tojlij +05) =0
n
0 iy 0 — ~ i i
&(PY/') + TXH(PYIUn +Jp+0p) =0
with stress tensor .
. N(aan 8ﬁk) 2N8uj6
TFkn = — —ji—=0;
kn = Oxk Oxn 3,u ox; o
heat conduction .
. 0T
an = Oxn
and inter-species diffusion
- . aY;
J = —pD;—
P laxn

Detonation simulation




Large-eddy simulation

Higher order schemes
[ Jele}

Favre-averaged Navier-Stokes equations

o ,_. I .
7 (pi) + . (PUkTin + 6knP — Thkn + Tkn) = 0O
n
9pE = oy .
%J’_a (@in(PE 4 P) + 8n — Tojlij +05) =0
n
0 iy 0 — ~ i i
&(PY/') + TXH(PYIUn +Jp+0p) =0
with stress tensor .
. N(aan 8ﬁk) 2N8uj6
TFkn = — —ji—=0;
kn = Oxk Oxn 3,u ox; o
heat conduction .
. 0T
an = Oxn
and inter-species diffusion
- . aY;
J = —pD;—
P laxn

Favre-filtering

F="2 with F(xt:A)=
o

Detonation simulation
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Higher order schemes
oeo
Large-eddy simulation

Numerical solution approach

Subgrid terms oy, of, of, are computed by Pullin's stretched-vortex model
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Higher order schemes
oeo

Large-eddy simulation

Numerical solution approach

Subgrid terms oy, of, of, are computed by Pullin's stretched-vortex model

Cutoff A¢ is set to local SAMR resolution Ax;
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Higher order schemes
oeo
Large-eddy simulation

Numerical solution approach

Subgrid terms oy, of, of, are computed by Pullin's stretched-vortex model
Cutoff A¢ is set to local SAMR resolution Ax;
It remains to solve the Navier-Stokes equations in the hyperbolic regime

3rd order WENO method (hybridized with a tuned centered
difference stencil) for convection
2nd order conservative centered differences for diffusion
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Higher order schemes
oeo

Large-eddy simulation

Numerical solution approach

Subgrid terms oy, of, of, are computed by Pullin's stretched-vortex model

Cutoff A¢ is set to local SAMR resolution Ax;
It remains to solve the Navier-Stokes equations in the hyperbolic regime

3rd order WENO method (hybridized with a tuned centered
difference stencil) for convection
2nd order conservative centered differences for diffusion

Example: Cylindrical Richtmyer-Meshkov instability

Sinusoidal interface between two gases hit by
shock wave

Objective is correctly predict turbulent mixing

Embedded boundary method used to regularize
apex

AMR base grid 95 x 95 x 64 cells, r; 23 =2

~ 70,000 h CPU on 32 AMD 2.5GHZ-quad-core
nodes
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Higher order schemes
[e]e] J

Large-eddy simulation

Planar Richtmyer-Meshkov instability

Perturbed Air-SF6 interface shocked and
re-shocked by Mach 1.5 shock

Containment of turbulence in refined
zones

96 CPUs IBM SP2-Power3
WENO-TCD scheme with LES model

AMR base grid 172 x 56 x 56, ri» = 2,
10 M cells in average instead of 3M

(uniform)
Task 2ms (%) | 5ms (%) | 10ms (%)
Integration 45.3 65.9 52.0
Boundary setting 44.3 28.6 41.9
Flux correction 7.2 3.4 4.1
Interpolation 0.9 0.4 0.3
Reorganization 1.6 1.2 1.2
Misc. 0.6 0.5 0.5
Max. imbalance 1.25 1.23 1.30

vtf/amroc/weno/applications/euler/3d /RM_AirSF6
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order schemes
[e]e] J

Large-eddy simulation

Planar Richtmyer-Meshkov instability

> Perturbed Air-SF6 interface shocked and
re-shocked by Mach 1.5 shock

» Containment of turbulence in refined
zones

96 CPUs IBM SP2-Power3
WENO-TCD scheme with LES model

AMR base grid 172 x 56 x 56, ri» = 2,
10 M cells in average instead of 3M

(uniform)
Task 2ms (%) | 5ms (%) | 10ms (%)
Integration 45.3 65.9 52.0
Boundary setting 44.3 28.6 41.9
Flux correction 7.2 3.4 4.1
Interpolation 0.9 0.4 0.3
Reorganization 1.6 1.2 1.2
Misc. 0.6 0.5 0.5
Max. imbalance 1.25 1.23 1.30

vtf/amroc/weno/applications/euler/3d /RM_AirSF6
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