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3.1.1 CRAY XD1
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O 3.1. Specification of CRAY XD1 supercomputer.

Chassis name CPU Clock Core GFLOPs Memory
compute Opteron 64-bit  2.40 GHz 12 57.6 20GB
cfd Opteron 64-bit  2.60 GHz 12 62.4 36 GB
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O 3.1. Parallel computer system configuration diagram.
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O 3.2. Hardware specifications of cluster computing system.

Node name CPU Clock Core GFLOPs Memory
frontend core 15 760 2.80 GHz 4 44.8 8GB
compute-0-0  core i7 970 3.20 GHz 6 76.8 12GB
compute-0-1  core 17 960 3.20GHz 4 51.2 12GB
compute-0-2 corei7 3930K  3.20 GHz 6 153.6 16 GB
compute-0-3  core i7 3930K  3.20 GHz 6 153.6 16 GB

compute-1-0  core 17 3930K  3.20 GHz 6 153.6 16 GB
compute-1-1 core i7 3930K  3.20 GHz 6 153.6 16 GB
compute-1-2  core 17 3930K  3.20 GHz 6 153.6 16 GB
compute-1-3  core 17 3930K  3.20GHz 6 153.6 16 GB
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O 3.3. Software specifications of cluster computing system.

Software Product name Version
Clustering OS Rocks Cluster Distribution 6.0
Compiler PGI Fortran Compiler 11.3-0
Grid engine Sun Grid Engine 6.2u5
Parallel computing library MPICH2 1.4.1p1
Parallel file system PVES 2.8.2
Visualization system ParaView 3.14.1
Visualization system Tecplot360 2011 Release 3
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0 3.2. Result of benchmark test for TS1 and XD1.
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O 3.3. Block diagram of NVIDIA GPU architecture.
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(b) A closeup to the positive phase of Fig. The attenuation effects of case C
and D are also plotted.

O 4.2. Overpressure histories at 5,000 m and 10% relative humidity.
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O 4.6. Frozen flow and vibrational temperatures at 5,000 m.
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O 4.7. Attenuation for pure tone sound waves with different relative humidities.
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0 4.11. Peak overpressure against relative humidity at 5,000 m
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O 5.1. Schematic diagram of implosion chamber.
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LR A

0 5.2. Picture of witness plug [1].
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O 5.1. Detonation parameters of gas mixture:2H, + O, + 3.76N,

Parameter Value Normalized value
0 2.330 x 10°  J/kg 20.0
ki 3.000 x 103 m3/kg/s 115.9
ky 4.185x 107>  m*/N?/s 0.08041
E; 3.916x 10°  J/kg 33.62
E> 7.952x 10°  J/kg 6.826
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0 5.3. Simulation model of expansion and convergence of spherical shock wave.
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O 5.4. Numerical grids of hemispherical computational region.
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velocity [ . velacity

(a) (b)

0 5.5. Effect of spatial resolution of numerical grid: a 1,501 x 1,501; b 3,001 x 3,001.
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O 5.2. Six cases of numerical simulations.

Viscous or Cylindrical or
Combustion  inviscid spherical symmetry
Case 1 Yes Inviscid 1D spherically symmetric
Case 2 Yes Inviscid 2D cylindrically symmetric
Case 3 Yes Viscous 2D cylindrically symmetric
Case 4 No Inviscid 1D spherically symmetric
Case 5 No Inviscid 2D cylindrically symmetric
Case 6 No Viscous 2D cylindrically symmetric
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O 5.6. Numerical results with combustion.
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O 5.7. Numerical results without combustion.
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0O 5.8. Numerical results for Case 3: wave propagation in the first stage of chamber operation.
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O 5.9. Numerical results for Case 3: trajectories of triple points.
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0 5.10. Maximum pressure distribution for Cases 1 and 2.
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0 5.11. Maximum pressure distribution for Cases 4 and 5.
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Case 3 |Case 2
(Viscous) E(Inviscid)

(b) t=15.0

(c) t=20.0

(d) t=27.0

(e) t=35.0

0O 5.12. Time evolution of flow field from initiation of detonation to convergence of reflected shock

wave.
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(f) t=39.0

(g) t=46.0

(h) t=60.0

O 5.12. Continued.
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Background oriented Schlieren (BOS)
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O 6.1. Periodic background patter: a single-frequency image; b double-frequency image.
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BS [DHP\ ' O
LS: Light source HVC: High-speed video camera

BS: Backgroundscreen PC: Personal computer
DHP: Digital hot plate

O 6.2. Schematic diagram of the BOS experimental setup for visualizing thermal convection.
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O 6.3. Experimental result obtained by using a single-frequency background pattern: a objectim-

age; b phase differencedistribution shown in 8-bit gray scale between +7 and —7
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O 6.4. Enlarged object image around the hot plate: a object image; b brightness intensities along

the broken line.
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@ Phase difference obtained from high-frequency image
9 Real phase difference candidate

* Real phase difference Computed phase difference from high-frequency image

41 Real
phase
| differencel”

B Phase di:fference obtained from low-frequency image
<« Real phase difference obtained from low-frequency image

Computed phase difference from low-frequency image
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O 6.6. Procedure to determine the true phase shift from high- and low-frequency images.
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O 6.7. Enlarged object images around the hot plate obtained with a double-frequency background
pattern: a raw object image; ¢ low-pass-filtered object image; e band-pass-filtered object

image; b, d, f brightness intensities along the broken lines in each image.
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O 6.8. Distribution of the phase differences obtaned with double frequency background pattern:
a phase difference distribution image computed from the high-frequency image alone;
¢ phase difference distribution image computed from high- and low-frequency images; b,

d phase difference plots along the broken lines in each image.



78

74

Joooboboboobobooddtd
Juogobboobobouodd

71 OO0OO

goobbooooboboooobbtboooobbboooobbboooubbboooooboo
ggooboboooobobboooobobboooboboboooobobboooobboooono
ggoboboogobbboooobbbooobbbooonooboboooobboooobo
000000000000 000000000000000 000000 DOOOOOO
00 §6/DOODO0OODODODMO000DO0DOOOOOODOOOOOOODOO 87O

gooobobbooodo MpooobbbdoooobobbbooooobbboooooobooD
ggoboboooobboooobobbooobobbuoooobobboooubbboooono
ggoboboogobbbooooobbooobboobooooobooooobbooooobo
0000000000000 0D0000D0O (8849010

ggoboboooobobooooboboooobbboooobbboooobbboooonoo
goooboooobobooooobboooobbooooobboooubDboooooo
ggoboboooobboooobobbooobobbuoooobobboooubbboooono

gogoboboogobbboooobobbooobbobuoooooboooobbooooobo



7.2 0O00OO 79

ggooboboooobobboooobobboooboboboooobobboooobboooono
ggoboboogobbboooobbbooobbbooonooboboooobboooobo
gooboboooobbtboooobobbdooobbboooob bbb bbooono
000000000 10000b000b0000bO0o0b0o00o0oDbDOb0ObOODnOon Starr et
al. 9]0 0000000000000 0O0ODO0ODO00DO0ODO0OODOODOODOODODO0
ggoboboooobboooobobbooobobbuoooobobboooubbboooono
gogoobooooobouooon
goobboooobbtoooobbtboooobbboooobbbooubbboooono
oo0oOooooD @980 00oobobooooobooboobooooboboooooooo
goooboooobobooooobboooobbooooobboooubDboooooo

gogoboooooono

(2 00O0O0O0O

721 O000OO0O

OO00000O00D200000000 Navier-StokesJOOOOO0O0OOOOODOODOO

o00O0bDO00ooOooobDoboooooDoono mgo

U +F,+G, =H+I+F +G' (7.1)

oo vooO0ooo0oooOooo0doo00oo00ooO0U0ODO0U0OFO0 GOoOooooooo
o0o0ob0oobo0oHDOODODOOODO0oOobOOooObOobOoobOooboobDooboDrODO0obDO0
0000000 x, r 00000000000 0ODO0O0OOC0ODOO0OOOOFKOD0OO GYOOO
ggoboboogobbboooobbbooobbbooonooboboooobboooobo
gogoboboooobbboooobobbdooobbbuoooob bbb bboooono

o00o00000O00ooOOobOO0bO0obOobDIODO00obOUObOU0ObD gOOOODODODODOD



80 70 0O0OOO0OOOOOOOODOOOODOObDOObOObDObObOOb

ggobobbooooboboboooobobooooboboooon

p pu pv pv
2
v | P R | PP | P | w2l P g
pv puv pv2 +p r pv2
E u(E +p) v(E +p) v(E+p)
0
pa
1= , (7.3)
0
pau
0 0
P CGY= o . (7.4)
Txr Trr
Toh — TV — kT, Tl — T v — kT,

ooodp,p,u,v,k, 7TOOODOODOOOOODODOOODOODODOODOOOOOOODODOODO

gboobooboboobuoob rOO0ODbO0ODObO egnobOon

1
E:ps+p§w?+#) (7.5)
gogoboboogobbtboegobbboooobooog
e=p/(y—1) (7.6)
gobooduddoooood o oo pooog
du;  Jdu; 2 duy,
= ) 2%, 7.7
i u{(&xj+8xi) 3 dxi ”} (7.7)

000000000 §;0000000000000D00D0D00O0 p 00000000

O[00)0000000000d0000o00ooooZlooooo0ooooooooon
0000 WAFO (62|00 0000000000000 0 HLLCOOOOOOOoOO 99100
Jooooooooooobobobobobobbboooboodddddooooooooooo
g0o000O0o0O0oO00ooO0ooOOobOO0bOO0bO0bOO0obOobOobOobOOobOo400000OD0ODOD
0000000000000 0000D00OFY 00 G000 0ND0ND0D0D0O0ODDDODODODODODOO

ogn



7.2 0O00OO 81

O 7.1. Numerical grids of computational domain: projectile diameter D = 30 mm.
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Test section

Acceleration tube

Medium pressure section

High-pressure section

O 7.2. Schematic of ballistic range.

Light source PH: Pin hole

BM: Beam expander

FM: Flat mirror

BS: Beam splitter

PM: Parabolic mirror

M

! /‘ Streak camera
"BS

7 Lens

|

' High-speed camera

O 7.3. Optical setup for observing flow around projectile.
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O 7.4. Projectile and detached bow shock wave.
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O 7.5. Pressure ditribution around a sphere flying with Ms = 1.13: Distance scale normalized by

model diameter.
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L3 Present computation
] Starr, experiment [5]
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O 7.6. Comparison of the steady numerical solutions.
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O 7.7. Pressure field around a decelerating sphere: M = 1.04.
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O 7.8. Comparison of numerical solutions of unsteady flow.
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(@)

O 8.1. Computational domain: a Whole computational domain; b Enlarged view around the model.
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O 8.1. Numerical conditions.
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0O 8.2. Generation and movement of the vortices.
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O 8.3. Generation of unsteady oscillation.
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(b)

0 8.4. Comparison of experimental Schlieren photography [2] and numerical result.
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O 8.5. Instantaneous streamline around the model: a quasi-steady flow; b unsteady flow.
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O 8.6. Measurement of pressure and shock stand-off distance for frequency analysis
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