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ABSTRACT

It is necessary to resolve the absolute velocity as well as Mach number to reflect the
high temperature effect in high speed flow. So this region is classified as high enthalpy
flows distinguished from high speed flows. Many facilities, such as arc—jet, shock tunnel,
etc. has been used to obtain the high enthalpy flows at the ground level. However, it is
difficult to define the exact test condition in this type of facilities, because some chemical

reactions and energy transfer take place during the
quasi

experiments. In the present study, a

1D code considering the thermochemical non-equilibrium effect is developed to

effectively estimate the test condition of a shock tunnel. Results show that the code gives
reasonable solution compared with the results from the known experiments and 2D

axisymmetric simulations.
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Table 1. Reaction rate coefficients for air Table 2. Reaction Controlling Temperature
A T E, Reaction Forward | Backward
Reaction | M| _an' | | 8 ‘R Ny+M— N+N+M | JTT,, T
mol « s
(5 O,+M— O+0+M | JTT,, T
Dissociation reactions
NO+M— N+O+M | /TT,, T
N,+M —
J2\7+N+M O | 30E22 | -1.6| 113200 N,+0O — NO+N T T
NO+ +N
N | 30E22 | -16| 113200 0+0~— G, r r
NO| 7.0E21 | -1.6 | 113200 2 Millikan-White(M-W) &A1 4][15]& o] &3}
ARstAT a8y M-Well oJa Aljtd 7]
O:| 70E21 | -16| 113200 Ao ARurt Q0 o7 e FAsine
No| 7.0E21 16| 113200 No-O, 0;-0, NO-NO &3 #ds Ay go
HE #&o] dast Aoz dex Qlrh16]. ol
02+]L[—> =R O o} E]
Ot O+ M O| 10E22 | -15| 59500 of B Ao Park[17]el <& A<t Table
39] 741"2 gt M-W A4 & 4
N | 10E22 | -15| 59500 E}. of Wl M-W¢o| #AAe=RY d& &A%t
T 7] ARFAAME F Aol7F EAlGE As
NO| 202l | 715 59500 wz} S oged, B ATdAe =3 goR
O.| 20E21 | -1.5| 59500 A odEhEE ofelsh d/seH MRRS et
7] #18te] NO, Ny, 0.9 2l ﬁEe Zkzy a1
Nz | 2.0E21 -1.5 ] 59500 Sk 4-2% RdS X839 olE H Al
, gl BA-HEs o971 vss %ﬂﬂﬁ& AE-3
NO+M
N+tora | O VEI7 100 | 75500 | % oo) wg m A%-A4 o] wge west
] eFgkt
N 1.1E17 0.0 | 75500
NO| 11E17 0.0 75500 Table 3. Coefficients for Millikan-White
) ) Relation
0 S0E1S 0.0 75500 Excited colliding A B
No| 5.0E15 0.0 75500 Molecule Species
. NO O 40 21.0
Neutral exchange reactions
N+O N 120 215
9 —>
NO+ N 1.8E14 0.0 | 38400 NO 40 20.0
NO+O O, 120 215
0,+N - 2.4E09 1.0 19220 Ne 120 215
Os (0] 40 21.0
% oluAel WaE vehd Ao v 4 (1) N % 19
3 ol Aejath WF oo WatFe Al NO 120 21.5
Aale 2 g A ddA 54 LE Oe 120 | 215
(hv/k) 2 2% 7] AzH(r)e] Fesieh Ne 160 230
No o} 60 19.0
deviy 1 ., N 160 23.0
= (61111) 617’,}) (17) .
NO 160 23.0
B odgea WH-A% 7] WS Landau- O 160 230
Teller &8 ARgalo] Axalgdon] o7 Azt Ne 220 250

A==
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Equilibrium Non-Equilibrium

Fig. 1. Thermo/chemical equilibrium and
non—-equilibrium regions
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Incident shock || || Reflected shock I

Estimate post-shock properties
(shock tube theory)

Tdeal gas and strong shock —
estimate initial states on the reflected area

| |

Define a new function :
difference between shock and speed of the
stagnation region

Assume having exact T and P,
calculate post-shock equilibrium properties

I

Compare these two solution — update p and T
Tterate using Newton-Raphson method

Tterate the procedure using Secant method until the
new function give a value less than tolerance

7k A5k

Fig. 2. Solution procedure : Stagnation
point properties
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Calculated mass flow rate at the nozzle —

area on each node points —

User Input : Stagnation Properties ‘ (i) is determined using the nozzle profile

I

P(i+1) = P(i) * dp, where dp <1
P(i+1) & isentropic condition —
equilibrium states at (1) node

Divergent Part of Nozzle

Define computational node points

0 x| ia ibuti
M <1 N ‘ (exponential distribution due to the freezing)
YES T

Properties at the throat, area at each node —

linear interpolation between (i) and (i+1) —
odel5s solver — non-equilibrium properties

properties at the nozzle

Fig. 3. Solution procedure : Nozzle flow
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Fig. 7. Computational grid for 2D axisymmetric
simulation
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Table 5. Equilibrium properties at the end
of shock tube

T | 284583 | K o [ 1.083%-3
P | 20787 | Pa N | 1451~
; NO | 3870E-2

p 2.525E1 Kg/m O 511361
H 3.185E6 J/Kg Np 7 478E-1
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Fig. 8. Translational and vibrational
temperature along the axis

Fig. 9. Temperature and Mach number
contours inside the conical nozzle
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