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Accurate prediction of the shock wave has a significant effect on the devel opment of
space transportation vehicle or exploration missions. Taking Lobb sphere as the
example, the aerodynamic heat of hypersonic flight in different Mach numbersis
simulated by the finite volume method. Chemical reactions and non-equilibrium
heat are taken into account in this paper, where convective flux of the space term
adopts the Roe format, and discretization of the time termis achieved by backward
Euler algorithm. The numerical results reveal that thick mesh can lead to accurate
prediction, and the thickness of the shock wave decreasesas grid number increases.
Furthermore, most of kinetic energy converts into internal energy crossing the
shock wave.
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Introduction

A very strong shock wave transforms kinetic energy into internal energy when the ve-
hicle flying with high velocity through the atmosphere. The performance of the thermal protec-
tion system is critical for aerospace vehicles subjected to aerodynamic heat [1, 2]. The aerody-
namic heat loads can be well known from experimental facilities such aswind tunnel and flight
experiments, but wind tunnel experiment only simulates part of flight, and flight experiments
are too costly to alow their widespread use. Accurate prediction of the aerodynamic heat is
badly in need of the development of new vehicle, so the aerodynamic heat of avehicleduring re-
entry isan openissue of growinginterest [3]. A great deal of research has been performed on this
subject. For example, Tchuen et al. [4] computed the non-equilibrium ionized air flow for a
better prediction of hypersonic flows around reentry vehicles. Boyd et al. [5] investigated a
modified approach for determining the temperature of air with the dissociation and ionization
reactions. However, few records have considered the effect of grids on both the thickness of the
shock wave and the velocity behind the shock wave. In this study, we will consider
thermo-chemical non-equilibrium phenomena of a high temperature gasin order to explore the
problem in the aerodynamic heat of hypersonic flight by using the finite volume method.
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Mathematical model

Itiswell known that the vibration and el ectron temperatures play animportant roleina
high temperature gas, because they improve the evaluation of the physical properties of
non-equilibrium hypersonic flow. The model of the hypersonic flow with thermal non-equilib-
riumis built on the basis of aerothermodynamics. The mass conservation equation, the momen-
tum conservation equation and the energy conservation equation of high temperature gas flow
are respectively described:
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wherep, u, P, 8, and = are the density, velocity, pressure, Kronecker delta function, and shear
stress of fluid, respectively. The J isthe mass diffusivity flux, @ — the source term associated
with thereaction, E —the energy per volume, h—the sensible enthal py per mass, and g —the heat
flux. Subscript sisthe species, t istotal, i and j are, respectively, i- and j-directions:
oT
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wherex isthethermal conductivity, T —thetemperature, and subscript tr —the translational -rota-
tional.
The conservation equation for the molecular internal energy is given:
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where eisthe molecular energy per mass, subscript int —the internal, and vib —the vibrational .
For thermal non-equilibrium, g, . is defined:
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whereR isthe universal gas constant, M —the molecular weight, g —the degenerate state, and 0 —the
characteristic vibrational temperature.
The state equation for gasesis given by:
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For thermal non-equilibrium:
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wherecistheheat capacity, h? . _—theheat of formation at reference temperature, T,, and pres-
sure for species, s. Subscript v is constant volume:
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where ¢ is the molecular degree of freedom, which has possible values of 3, 5 or 6 for a
monatomic species, a diatomic or linear polyatomic species, and a non-linear polyatomic spe-
cies. Subscript p is aconstant pressure.

In addition, the chemical kinetic modelsfor air with seventeen elementary reactionsis
0,+M=0+0+M,N;+M=N+N+M,NO+M=N+0O+M,0+N,=NO+N,andNO+0O=
=0, + N, where the catal ytic species M stands for any of the five species.

Results

Roe discrete format is adopted in the discretization of the convection term in this
model. Taking L obb sphere as an example, the aerodynamic heat of hypersonic flight in differ-
ent Mach numbers (Ma) issimulated by the finite volume method. The L obb sphere experiment
isclassic in aerodynamic heat field as it
provides many values to compare with.  Table 1. Free stream condition
The experimental model is aspherewith s T T =
radius 6.35 mm. The surface of the Lobb [km] Ma K] [KW] [Pa] Species
sphere is supposed the no-slip wall and
the wall temperature, T, is assumed to
be a constant. The 5-species-17-reac-

35 15.3 | 293.0 | 1000 | 664 |79% N,, 21% O,

tions chemical reactions come from 12009 5,
Park' 85 model [6]. All flow variablesare shown — TIKl | ——(1)Ref. [4] ,x/ a5
et mppsiees B

To compare the accuracy, severa grids —@70x70 4
(3030, 50 x50, 70 70, 90 x 90) are utilized. ~ #°°1 ®lgox 90

|
i _._(G}Experimendll

Fromfig. 1, the temperature distribution is a ba- |

|
sic similarity, and the shock detachment distance %%

is amost the same. They match computational
and experimental datain [4], but the thickness of
the shock wave decreases as the grid number in-
creases. These results suggest that grids 90x90is
more accurate. 5 . — . . . .
Figure 2 shows that the temperature distribu- ke =042 010 008 -003-<0u4 ~002_ Do
tions along the stagnation line are in a good
agreement with the data in [4]. The deviations  Figure 1. Temperature distributions along the
near thewall may be caused by different reaction  stagnation line
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100004 @ Teald] fieldisabove 6000 K, so most of O, hasdissoci-
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- i the stagnation line are shown in fig. 3. Lines
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2000

0 el > :
014 -012 —0.10 —-0.08 —-0.06 —0.04 -0.02 0.0C
XR

Figure 2. Two-temperature distributions along
the stagnation line
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Figure 3. Species mass fractions distributions
along the stagnation line
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Figure 5. Velocity distributions along the
stagnation linewith Ma=5, 6, 7, 8, 9, 10, 15, 20

does not dissociate much. Dissociation degree
picksup near thewall becausethewall tempera-
ture is lower than the flow field behind the
shock wave. Most of O, have dissociated near
the wall. Mass fraction of NO peaks after the
shock wave but turns to 0 near the wall.

293

Figure 4. Temperaturedistribution in the
flow field (for color image see journal web site)

Temperature distribution in the flow field is
illustrated in fig. 4. The peak of temperature is
just after the shock wave and then the tempera-
ture gradually decreases.

In addition, simulations under several Mach
numbers (Ma=>5, 6, 7, 8, 9, 10, 15, and 20) are
performedin 50 x 50 grids. Figure 5 showsflow
velocity distributions along the stagnation line
under different Mach numbers. The shock de-
tachment distance decreases as Mach number
increases. Figure 6 shows the relation between
the velocities just after shock wave and Mach
numbers. The velocity increases as Mach num-
ber increases, but not as much as the increment
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of flow velocity. These data suggest that most of
kinetic energy converts into internal energy
crossing the shock wave.

Conclusions

From the numerical results, it can be con-
cluded:

e The thickness of the shock decreases as the
grid number increases. The more the grid
number is, the smaller the thickness of the
shock wave becomes.

e Theshock detachment distance decreases as
Mach number increases. However, the
velocity just after the shock wave does not
increases as much as the increment of flow
velocity, which implies that most of kinetic
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Figure 6. Velocities just after shock wave with
Ma=5,6,7,38,9, 10, 15, 20

energy convertsinto interna energy crossing the shock wave.
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Nomenclature

— heat capacity, [Jkg™K™]

— energy per volume, [Jkg™]
— molecular energy per mass, [Jkg™]
— degenerate state, [-]

— enthalpy per mass, [Jmol™]
— mass diffusivity flux, [m?s™]
molecular weight, [kg]

— pressure, [Pa]

— heat flux, [Wm™]

— universal gas constant

— temperature, [K]

— velocity, [ms™]

CHmo  UZT“TQO Mo
|

Greek symbols

1) — Kronecker deltafunction, [-]

€ — molecular degree of freedom, [-]

0 — characterigtic vibrational temperature, [K]
References

K — thermal conductivity, [Wm K™
P — density, [kgm™]

T — shear stress, [Pa]

) — sourceterm, [kgs™]
Subcripts

i — i-direction

int — inrernal

j — j-direction

p — constant pressure

r — reference

S — Species

T, — reference temperature
t — total

tr — trangdlational-rotational
% — constant volume

vib - vibrational
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