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Numerical Analysis of Nonequilibrium-flow at Nozzle I nlet
in High-entahlpy Shock Tunnel
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We have simulated an unsteady flow field with both thermal and chemical nonequilibrium, which will be produced
in high enthalpy impulse facilities such as free piston shock tunnel. The governing equations are the axisymmetric,
compressible Navier-Stokes equations. In this study, Park’s two-temperature model, where air consists of 5 species,
is used for defining the thermodynamic properties of air as a driven gas. The numerical scheme employed here is the
explicit/implicit hybrid scheme developed by our laboratory, along with AUSMT to evaluate inviscid fluxes. In the
present simulation, the Mach number of an incident shock wave is set at Mg = 10.0 that corresponds to the specific
enthalpy h, of 12MJ/kg. The numerical results show the complicated thermal and chemical nonequilibrium flow field

near the end of driven tube and the inlet of nozzle.

1 0000

goooboobooboooooboooboooboboooon
000000000000 (0 HYooooooooooooo
goboboooobobOooooobooobobobOobo
goooboobobooobobbooboobooboboon
000000000 (00 M=100000000000000
gooob0oooooobobobboboooobboobooo
0ood (hh=10MJ/kg0DD0)00000000D0O0DO00
goooboooboobooboboobobooboooobobooo
gobobooooooobooobooboooooobooboo
gboooboobobooooooouoobooboboooooo o
gobooobooboboooobboooobobobobooo
goobobobooobboobooobobobooboo
goboooboobboobbooooobboobooooboo
gooono

goooooooboboooobooboooobboooooo
gooobobooooboooboooobooooobobooo
00000 Davis[1]D O0DOO0OODDOOOOOOOOOOODO
O0000OStalkerd Crane 0 [21000000000OODO
goooobooobooboooooooboobbooboboboo
0000000000000 000OOWwilsonOO [3J00O
0000000/00000000000000OChued O [4]10
goobooooboooooboboooboobooboboobo
0000000 [50000000000 (00000000)
gobboobooooboboboooobooooboooooo
gooooboboboboooobooobooooooobooobooboo
gobooobooobooooobbooooooooboooo
gooooobooobooboobooooooboooboobooobo

gbooooboooboboooooooooooobooooboo
gboooboo0obooobobooobobboboboo
gooboobboobooobooobobooobooobogo
gobooooboboboobooouooboooboooooo
00000 (Explicit/Implicit Hybrid Time Integration Scheme)([6]
gobdoooooboooooooooooooooooo
O0M=80000000OCOO00OOOODODODOOOOOO
gooboooboboboo0ooooooooboooobobo
gooobboboooboboboooobobobooooo

e Ms=10.0, hy = 11.78MJ/Kg
0000000000000000000

2 oogn

0000000000000 O00 Navier-Stokes 0 000 O
0000000000000000000000000000
000000000 20000 AUSMY 0000000000
0000D000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
00 6t0000000000000000000000000
0000000000000000000000000000
0000000000000 000000000000000
0000000000000000000000000000
0000000000000000000000000000

00000000000000N,0,NO,N,,0,000000
0001700000000000000000000000
Park0 200000000000

3 oo

000000000000 000000000000000
00000000000 00000000000000000
0000000000000 000000000 10emO0O000
0000000000000 13emO000000000000
000 23,3000 00000000000000000000O0
0 10°mOO0O (O 2)C

4 OO

0000000 Mg=100000000000000O0O0O0O
bobooobooooboooboooobooobooooOooa
gooooobobooobooooboooobooobooooa

03000 1400000000000000DOOCOOOO
gooooooooboboooboodoboobooooooo
uobooboooobooboOobooboooo

030000000000t=52usec. 0000000000
obooobooobooboooboooboobooboooboooooboooo
oboobooooboooooboboobobooooboooooobooOoon
0000 (@CO00D0)000000OoooooOoooOoOo
gooooboooooboooboooooboooooooa
boooboobooooboobobooooobooOooobooooa
obODooOooooOOOoOobOooooOobOoOobOOob0obOoDbO
oooo400000000000000CO0DOOOOOO
oobooooboobobooboooooobooooooboooooo
000000000 CFL=34000000000000000

Copyright ©2000 by JSCFD



0000000000000000000000000000
0000000000000000
050000000000000000000000000
000000000O0000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000(@000000)0000
0000000000000000000000000000
0000000000000000000
050000000000000000000000000
0000000000000000000000000000
00000 (0200000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
00000000000
070000000000000000000000000
0000000000000000000000000000
00000000 (00000)00000000000000
0000000000000000000000000000
0000000000000000000000000000
00000000000000000000000000000
00000000000000000 13,257K0000000
0000000 13,254K 0 0000000000000000
0000000000000000000000000000
0000 700800000000000000000000
0000000000000
090000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
oooooo
0110000000000000000000000000
0000000000000000000000000000
000000 (000000000)000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000 10,000k 000 (0 12)0
0130000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
000D00000000000000 11,20060000000
0000000000000000000000000000
00000000D000000 9,000Kk0000000000
0000000000000000000000000000
0000 wsec0000000000000000000000
0000000000000 000000000000000
0000000000000000000000000000
0000000000000000000000000000
000000000000000

5 gO0

gboooboooooboooboooooooobooooooooDoo
0000o000oooo0oNSOOOo0ooooooooo
goboooOooooOoOo0ooooOoooOoooooooooDbo
goOoooboooooooooooboOooooboooooboooon
gbodooobobooobobooooboooooobooooon
gooooooooboobooooboobooooooooboobooon
goooooooooooooooooooboooonooo

Driver Tube Diapl

Dnven Tube Diaphragm Contoured Nozzle Dum[-g Tank

7[\

Piston Computational Domain /
Reservoir Gas

_Reflected Shock

Fig. 1: Schematic of High-Enthalpy Shock Tunnel.

Fig. 2: Computational Grid.
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(b) vibrational temperature contours
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Fig. 3: Temperature Contours at t=5.2 usec.
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Fig. 4: Temperature Distribu(tiogl along the Centerline at
t=5.2usec.

(a) tanslational temperature contours
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Fig. 5: Temperature Contours at t=14.0 psec.

~

g

)0.0.0.0.0.0,000000

1

N

Vibrational -s

TEMP(Kx10°%
w

Translational <~

N

[

\
\
|
|

0 i
5 565 6 65 7 75 8 85 9 95 10

Fig. 6: Temperature Distribﬁ(ﬁg% along the Centerline at
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More Than 13000K Bifurcation

(a) tanslational temperature contours (a) tanslational temperature contours

(b) vibrational temperature contours (b) vibrational temperature contours
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Fig. 7: Temperature Contours at t=17.6 usec. Fig. 9: Temperature Contours at t=23.5 pisec.
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Fig. 8: Temperature Distribution along the Centerline at Fig. 10: Temperature Distribution along the Centerline at
t=17.6usec. t=23.5usec.
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Reflected Wave

(a) tanslational temperature contours (a) tanslational temperature contours

(b) vibrational temperature contours (b) vibrational temperature contours
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Fig. 11: Temperature Contours at t=31.1 psec. Fig. 13: Temperature Contours at t=35.4 usec.
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Fig. 12: Temperature Distribution along the Centerline at Fig. 14: Temperature Distribution along the Centerline at
t=31.1usec. t=35.4usec.
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