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Calculation of Nonequilibrium Radiation
from a Blunt-Body Shock Layer
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A numerical method is developed for calculating the radiating axisymmetric � ow� eld accounting for nonequi-
librium thermochemistry. Solutions of the � ow with radiation are obtained in a fully coupled manner using a
fully implicit time-marching method through a full block-matrix inversion. The method is used in calculating the
radiation from the blunt-body shock layer in both air and carbon-containing air� ows. The calculated results are
compared with the experimental data obtained in a ballistic range at � ight speeds of up to 13.4 km/s. For aluminum
models, which do not ablate, the experimentally observed spectral features are qualitatively reproduced by the
calculation, which assumes the shock layer to contain only the air species. For polycarbonatemodels, which ablate,
additionally carbonaceous species must be included in the calculation in order to bring about qualitative agree-
ment. Quantitative agreement is obtained for the ablating models only by accounting additionally for a blackbody
radiation, produced possibly by spalled carbon particles.

Nomenclature
ni = number density of species i , cm¡3

qr = wall-ward radiative heat � ux at the stagnation point
integrated from 750 to 15,000 ÊA, W/cm2

qrw = wall-ward radiative heat � ux at the stagnation point
integrated from 2200 to 8500 ÊA, W/cm2

T = translational temperature,K
Tv = vibrational temperature, K
·¸ = absorption coef� cient at given wavelength including

stimulated emission, cm¡1

½ = density, kg/cm3

½0 = sea-level atmospheric density
¾¸ = absorption cross section at given wavelength, cm2

Subscripts

¸ = wavelength, ¹m
1 = freestream

Introduction

A NUMBER of planetary-Earth return missions are presently
being planned, and some will be launched in the near future.

Well-known examples are the Stardust mission1 being carried out
by the U.S. and the MUSES-C mission2 planned by Japan. When
the space vehicles enter into the Earth’s atmosphere on return from
such missions,theabsolutevelocityof thevehiclebecomes typically
12.5 km/s at an altitudeof 100 km. In thesehigh-speedenvironments
a signi� cant portion of the heat-� ux incident on the heatshield wall
will be by radiation because the temperature in the shock layer over
the vehicle becomes suf� ciently high to produce strong radiation.
The radiation in turn can affect the � ow properties. Therefore, it is
desirableto calculate the � ow� eld accountingfor the radiation-�ow
coupling phenomenon.

Such a strong radiating � ow� eld is believed to have occurred for
Apollo,3 Pioneer-Venus,4 and Galileo missions.5 These missions
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yielded information on the heating environment and thermal re-
sponse of the heatshield. The � ight data for both Pioneer-Venus
and Galileo showed higher heating rates at the frustum than at the
stagnation point, which are different from the predictions.6;7 Two
different explanationswere offered. In one, the ablating-productgas
or the spalled carbon particles ejected from the heatshield enhances
turbulence in the boundary layer near the frustum region.8;9 In the
other, the spalled particles increase the heat-transfer rate by non-
equilibrium radiation of carbonaceous species in the shock layer.10

How accurate these explanations are is yet uncertain. Any numer-
ical calculation, which can account for these phenomena, will be
worthwhile in this endeavor to identify the exact cause.

One dif� culty in calculating such an environment is in the cal-
culation of radiation. To calculate the radiation in these entry envi-
ronments accurately,a large number of wavelengthpoints is needed
because absorption coef� cients of a gas strongly depend on wave-
length. Although a line-by-line method can calculate the radiation
accurately, the method is very time-consuming and, therefore, not
suited for the radiation-�uid coupling calculation. Radiative trans-
port occurs over large distances,and this aspect of the phenomenon
must be accountedfor correctlyin the couplingcalculation.Because
the expression of the radiative source includes a spatial integration
of radiative properties, the conservation equations governing the
� ow� eld become a set of nonlinear integro-differentialequations.

Earlier, severalmultibandmethodshavebeendevelopedto reduce
the computing time for radiation calculation.11;12 These multiband
methods use a few thousand wavelength points. The methods can
reproduce a line-by-linecalculationwithin a small error and reduce
the computing time by a factor of 100. Attempts have been made to
calculate a radiating � ow� eld with such multiband methods.13;14 In
Ref. 14 it is shown that the computing time becomes very large. To
reduce the computing time, a totally novel approach is required.

A scheme named Planck–Rosseland–gray (PRG) model was
developed to reduce the computing time for radiative transport
calculation.15 In this model the absorption coef� cient at a given
wavelength point at a given point in a � ow� eld is classi� ed into
one of the Planck,Rosseland,or gray-gasgroups.The radiativeheat
� uxes are computedin each group,and the true valueof the radiative
heat � ux is given by a sum of the radiativeheat � ux values in each of
these three groups. This model successfully reduces the computing
time of radiative transport by a factor of 10 compared with that by
a multiband method and reproduces the calculationby using a line-
by-line or multibandmethod within a small error.Using this new ra-
diation model, a computer code for calculatinga strongly radiating
� ow� eld in thermochemical equilibrium has been developed.16;17

The developedmethod was based on 1) multidimensional radiation
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calculation, 2) fully time-implicit integration, and 3) fully spatial
coupling through inversion of a full loaded system of algebraic
equations. The method has been applied for a strongly radiating
shock-layer � ow over a blunt body � ying at a velocity of up to
16 km/s.

In Refs. 18 and 19 radiation emanating from the shock layer over
a � ying model was measured in a combined ballistic-range/shock-
tunnel facility. The models were spherically nosed cylinders with
0.5-cm radiusand 0.7-cmcylinderdiameterand were made of either
polyethylene,polycarbonate,or aluminum. The radiation was mea-
suredfrom the side-onviewdirectionnormal to the � ight path. From
the measured radiation intensities the radiation emissions per unit
volume of shock layer were calculated. The radiative heat � uxes
incident on the stagnation point were deduced from the emission
values assuming an optically thin gas neglecting absorption by the
boundarylayer.The scatter in the radiativeheat � uxes sodetermined
was typically within a factor of 2.5.

In Ref. 17 the radiation coupled code has been tested for the ex-
perimental data.18 The calculationwas carried out only for the case
of the � ight velocity of 13.4 km/s because the assumption of ther-
mochemicalequilibriumwas believed to be valid only for such high
speeds.The result showed that the calculatedradiativeheat � ux was
lower than the measured value by a factor of at least four. At lower
� ight speeds radiation overshoot is known to occur in air behind
the shock wave because of thermochemical nonequilibrium.20 At
13.4 km/s such nonequilibrium radiation overshoot is not known
to occur in pure air.20 Whether such an overshoot can occur in air
mixed with carbon is unknown.

The ultimate aim of the present study is to develop a computer
code that can calculate the radiatingnonequilibrium� ow� eld in� u-
enced by ablation and/or spallation. For this purpose the computer
code developed earlier is extended to account for the nonequilib-
rium phenomena. By using the code, the calculation is carried out
for the test conditions reported in Refs. 18 and 19.

Radiation-coupledcalculation is performed for pure air� ow � rst.
The calculated total radiative heat � ux at the stagnation point is
found to be much lower than the measured values.

Two steps are taken to explain the cause of this discrepancy.First,
cyanogen radical (CN) is included in the freestream, as was done
in Ref. 17. CN is believed to have been produced by the interaction
of spalled carbon particles with the air� ow.10 The comparison be-
tween the calculated spectra both for air and CN-laden air� ow and
the experimental spectra shows a fair agreement at the wavelength
region below 5000 ÊA. At the wavelength region above 5000 ÊA, the
calculation underestimates.

Second, to explain the discrepancyat wavelengths above 5000 ÊA
the black-body radiation of the supposed spalled particles is added
to the calculated spectra. This leads to a good agreement between
the calculated and the measured spectra in the wavelength region
above5000 ÊA. The calculatedand the measuredradiativeheat � uxes
at the stagnation point for the ablating model agree fairly well also
when CN and the blackbody radiation are both included.

Approach
In this study for pure air the nonequilibrium chemical state is

describedby 11 species (N, O, N2 , O2 , NO, NC , OC , NC
2 , OC

2 , NOC,
and e¡). For carbon-ladenair� ows an 18-speciesmodel (CO2 , N, O,
C, N2, O2 , NO, C2, CN, CO, NC , OC, CC, NC

2 , OC
2 , NOC , COC , and

e¡) is used. The nonequilibriumthermal state of the gas is described
by a two-temperature model, where the vibrational and electron-
electronic energy is governed by a common temperature. The gov-
erning equations are axisymmetric Euler equations, consisting of
speciesmass-conservationequations, two momentum-conservation
equations, a total energy-conservationequation, and a vibrational-
electronicenergy-conservationequation.Boundary layer is ignored
here because the experimental values of radiative heat � ux at the
stagnation point18;19 were obtained without considering a bound-
ary layer, as was explained in the Introduction. The divergence of
radiative heat � ux is included in the right-hand side of the total
and vibrational-electronic energy-conservationequations.Neglect-
ing of the viscous phenomena results in underestimation of shock-

wave thickness at low densities. This issue is discussed later in the
General Features subsection.When solid particles exist in the � ow,
� ow is disturbed. This problem is discussed in the Blackbody Ra-
diation subsection.

The equation for vibrational-electronic energy conservation ac-
counts for 1) vibrationalenergyexcitationof molecules throughcol-
lisions between heavy particles, 2) elastic energy transfer between
electronsandheavyparticles,3)gainsor lossesof energybyelectron
impact ionization,4) gainsor lossesof vibrational-electronic excita-
tion energy of heavy particles in chemical reactions, and 5) energy
loss by radiation. The preferential dissociation model is not used
in this study. Vibrational relaxation parameter, such as vibrational
relaxation times, are given by Refs. 20 and 21. The relaxation time
accounts for Park’s limiting cross section at high temperatures.20;21

The chemical kinetics model for high-temperatureair is that pro-
posed in Ref. 20 except that radiative recombination reactions are
additionally included. For carbonaceousgas species a chemical ki-
netics model is not yet well de� ned, and therefore an 18-chemical
kineticsmodel is developed.The valuesof reaction-ratecoef� cients
are taken from Refs. 20 and 21 and are summarized in Table 1. In
the two-temperaturemodel thermal dissociationreactions occur by
a geometrical average temperature

p
.T Tv/.

For radiativetransportcalculationthe tangent-slabapproximation
is assumed to be valid. Radiative heat � ux is calculatedby the PRG
model. A detailed explanation for the PRG model is presented in
several papers.15¡17;22 A multiband model is used to determine the
characteristic parameters needed in the PRG model. In the multi-
band model the absorptioncoef� cients are evaluated at 2294 wave-
lengthpoints for air and at 4060wavelengthpoints for carbonaceous
species.They are constructedfor the wavelength region from 750 to
15,000 ÊA. The absorptioncoef� cient of the gas mixture is expressed
as a sum of those for individual species in the form11

·¸ D
i

ni ¾¸i (1)

where ni is the number density of species i and ¾¸i is the absorp-
tion cross section. The cross-sectionvalue is curve � tted using � ve
parameters in the form11

¾¸i D exp Ai
¸1=z C Ai

¸2 C Ai
¸3 z C Ai

¸3z C Ai
¸5z2 (2)

where z D 10;000=Tv . For air radiation N, O, N2 , O2 , NO, and NC
2

are considered. For the carbonaceous gas species radiation C, C2,
CN, and CO are added.

The numericalmethod used is the � nite volume method using the
AUSM-DV scheme.23 Spatial accuracy is improved by the MUSCL
approach.The inviscid� ux Jacobian is split by the conventional� ux
vector splitting technique. The Jacobian for the radiative source in
the present nonequilibrium formulation is derived through a chain
rule. The resultant implicit matrix has values in the off-diagonal
terms. The system of linear algebraic equations is solved through
a direct matrix inversion. A typical computational mesh (15 £ 15
cells) is shown in Fig. 1. A calculation with a � ner mesh (25 £ 25
cells)was carriedout in our previousstudy for similar problems.17;22

According to the results of those studies, the radiative heat � uxes
calculatedwith thecomputationalmeshwith 15 £ 15 cellsand those
with 25 £ 25 are indistinguishable. Therefore, all calculations are
carried out by using the mesh with 15£ 15 cells in the presentwork.

The boundary conditions for the inviscid calculation are as fol-
lows: the boundaryconditionat the wall consistsof a slip condition;
a symmetry condition holds at the symmetry plane; the freestream
condition is given at the in� ow boundary; and the zeroth-order ex-
trapolationis used at the out� ow boundary.The boundarycondition
at the wall for the radiation-coupledcalculation is that the wall is a
blackbody of 2500 K.

Results and Discussion
General Features

In Figs. 2 and 3 the convergencehistory of the residual and wall-
ward radiative heat � ux at the stagnation-pointwall, respectively, is
shown for the case of � ight velocityof 13.4 km/s and ½1=½0 D 10¡4,
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Table 1 Reaction-rate coef� cients

k f D CT n
b exp.¡Td =Tb/, cm3mol¡1s¡1

Reaction M Tb C n Td Source

Dissociation reaction
N2 C M $ N C N C M Mmole T 0:5T 0:5

v 7:021 ¡1.6 113,200 Ref. 20
Matom T 0:5T 0:5

v 3:022 ¡1.6 113,200 ——
e¡ Tv 1:225 ¡1.6 113,200 ——

O2 C M $ O C O C M Mmole T 0:5T 0:5
v 2:021 ¡1.5 59,500 ——

Matom T 0:5T 0:5
v 1:022 ¡1.5 59,500 ——

NO C M $ N C O C M Mmole T 0:5T 0:5
v 5:015 0.0 75,500 ——

Matom T 0:5T 0:5
v 1:117 0.0 75,500 ——

C2 C M $ C C C C M All T 0:5T 0:5
v 3:714 0.0 69,900 Ref. 21

CN C M $ C C N C M All T 0:5T 0:5
v 2:514 0.0 71,000 ——

CO C M $ C C O C M Mmole T 0:5T 0:5
v 3:420 ¡1.0 75,500 ——

Matom T 0:5T 0:5
v 2:320 ¡1.0 129,000 ——

CO2 C M $ C C O C M Mmole T 0:5T 0:5
v 6:921 ¡1.5 63,275 ——

Matom T 0:5T 0:5
v 1:422 ¡1.5 63,275 ——

Neutral exchange reaction
NO C O $ N C O2 —— T 8:412 0.0 19,450 Ref. 20
N2 C O $ NO C N —— T 6:417 ¡1.0 38,400 ——
CO C O $ C C O2 —— T 3:913 ¡0.18 69,200 Ref. 21
CO C C $ C2 C O —— T 2:017 ¡1.0 58,000 ——
CO C N $ CN C O —— T 1:014 0.0 38,600 ——
N2 C C $ CN C N —— T 1:114 ¡0.11 23,200 ——
CN C O $ NO C C —— T 1:613 0.1 14,600 ——
CN C C $ C2 C N —— T 5:013 0.0 13,000 ——
CO2 C O $ O2 C CO —— T 2:113 0.0 27,800 ——

Associative ionization reaction
N C O $ NOC C e¡ —— T 8:88 1.0 31,900 Ref. 20
O C O $ OC

2 C e¡ —— T 7:12 2.7 80,600 ——
N C N $ NC

2 C e¡ —— T 4:47 1.5 67,500 ——
C C O $ COC C e¡ —— T 8:88 1.0 33,100 Ref. 21

Charge exchange reaction
NOC + O $ NC C O2 —— T 1:012 0.5 77,200 Ref. 20
NC C N2 $ NC

2 C N —— T 1:012 0.5 12,200 ——
OC

2 C N $ NC C O2 —— T 8:713 0.14 28,600 ——
OC C NO $ NC C O2 —— T 1:45 1.9 26,600 ——
OC

2 C N2 $ NC
2 C O2 —— T 9:912 0.0 40,700 ——

OC
2 C O $ OC C O2 —— T 4:012 ¡0.09 18,000 ——

NOC C N $ OC C N2 —— T 3:413 ¡1.08 12,800 ——
NOC C O2 $ OC

2 C NO —— T 2:413 0.41 32,600 ——
NOC C O $ OC

2 C N —— T 7:212 0.29 48,600 ——
OC C N2 $ NC

2 C O —— T 9:111 0.36 22,800 ——
NOC C N $ NC

2 C O —— T 7:213 0.0 35,500 ——
NOC C C $ NO C CC —— T 1:013 0.0 23,200 Ref. 21
CO C CC $ COC C C —— T 1:013 0.0 31,400 ——
OC

2 C CC $ OC
2 C C —— T 1:013 0.0 9,400 ——

Electron impact ionization reaction
OC C e¡ $ OC C e¡ C e¡ —— Tv 3:933 ¡3:78 158,500 Ref. 20
NC C e¡ $ NC C e¡ C e¡ —— Tv 2:534 ¡3:82 168,600 ——
CC C e¡ $ CC C e¡ C e¡ —— Tv 3:933 ¡3:78 130,700 ——

where ½0 is the standard atmospheric density. To investigate the
strong couplingeffect, the relaxation time between the translational
and the vibrationalmode is decreasedby a factorof 100. From these
� guresonecan infer that the � ow� eld is changedgreatlywhen radia-
tion is introduced.Thoughnot shown, the change in � ow� eld causes
substantial reduction in the shock stand-off distance and lowering
of the two temperatures. The residuals decrease by more than two
orders of magnitudewithin 200 iterations from the beginningof the
coupledcalculationfor this case. The asymptotic value of the radia-
tive heat � ux is obtained within 100 iterations.For other cases con-
vergence of the radiation-coupledsolution is obtained within 200–

1000 steps, depending on the allowed Courant–Friedrichs–Lewy
number. The typical CPU time for one iteration requires 4, 17, and
54 s by using the equilibrium code developed earlier,17 11-species
nonequilibrium air code, and 18-species nonequilibrium carbon-
ladencode, respectively.This increaseofCPU time is causedmostly

by the time expended for the direct matrix inversion.The codes run
approximately at 1.2 G� ops on an SX-4 at the National Aerospace
Laboratory in Kakuda, Japan.

Temperaturepro� les for pure air� ow along the stagnationstream-
line for the cases of the � ight velocity of 9.1 and 13.4 km/s and
½1=½0 D 10¡4 are shown for the equilibrium and nonequilibrium
calculations in Figs. 4 and 5, respectively. For both cases most
of the shock layer is in a nonequilibrium state. One sees that the
vibrational-electronic temperature is lower than the equilibrium
temperature over the entire shock layer for the case of 13.4 km/s.

Figures 6–8 compare the calculatedradiativeheat � uxes reaching
the wall at the stagnation point with experiments for the cases of
the � ight velocity of 6.1, 9.1, and 13.4 km/s, respectively. The ra-
diative heat � ux is evaluated over the wavelength range from 2200
to 8500 ÊA. It is seen that the values of the equilibriumradiativeheat
� ux linearly decreases as the freestream density decreases for all
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Fig. 1 Computationalmesh (15 £ £ 15 cells).

Fig. 2 Convergence histories for the case of the � ight velocity of
13.4 km/s and ½1 /½0 = 10¡ 4 . The relaxation parameter between the
translational and the vibrational mode is reduced by a factor of 100.

Fig. 3 Convergence histories for the wall-ward radiative heat � ux at
the stagnation point for the case of the � ight velocity of 13.4 km/s and
½ 1 /½0 = 10¡ 4. The relaxation parameter between the translationaland
the vibrational mode is reduced by a factor of 100.

Fig. 4 Temperature pro� les along the stagnation streamline for the
case of the � ight velocity of 9.1 km/s and ½1 /½0 = 10 ¡ 4 for equilibrium
and nonequilibrium air cases.

Fig. 5 Temperature pro� les along the stagnation streamline for the
case of the � ight velocity of 13.4 km/s and ½1 /½0 = 10 ¡ 4 for equilibrium
and nonequilibrium air cases.

Fig. 6 Comparison of the calculated radiative heat � ux at the stagna-
tion point with the experimental data for the case of the � ight velocity
of 6.1 km/s.
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Fig. 7 Comparison of the calculated radiative heat � ux at the stagna-
tion point with the experimental data for the case of the � ight velocity
of 9.1 km/s.

Fig. 8 Comparison of the calculated radiative heat � ux at the stagna-
tion point with the experimental data for the case of the � ight velocity
of 13.4 km/s.

calculated cases. For the cases of 6.1 and 9.1 km/s, the nonequilib-
rium radiative heat � uxes become higher than those for the equi-
librium in the lower range of freestream density. This increase of
radiation is known as radiationovershootphenomenon.For the case
of 13.4 km/s, the nonequilibrium radiative heat � uxes are lower
than those of equilibrium.This is because the vibrational-electronic
energy is low behind the shock, as is seen in Fig. 3. As a result,
nonequilibriumradiation undershoots the equilibrium value, as re-
ported in Ref. 19. Althoughthe qualitativetrend of the experimental
data is reproducedby the nonequilibriumcalculation,the calculated
radiative heat � ux values are lower than the experimental values by
a factor of 10 over the entire freestream density.

The present calculation ignores viscosity. For the lower-density
regime considered viscous phenomena may not be negligible.
For the lowest density (½1=½0 D 10¡4) and highest velocity
(V1 D 13:4 km/s) case, according to an unpublished viscous cal-
culation (Gnoffo, P. A., private communication, Aug. 2000) for a
sphere of the same nose radius as the present models, the boundary
layer and the shock wave are merged, and the thicknessof the shock
wave is of the same order as the shock standoff distance obtained
by the present inviscid calculation.The rise in vibrational tempera-
ture is slow, and its peak is about 4000 K. For this case the present
inviscid calculation predicts a slow temperature rise to 8000 K at
the wall. The radiation from the inviscid � ow is higher than that
from the viscous � ow. However, viscous effects play a critically
important role in determining the total radiation for the low-density

case, particularly when interpreting the relative effects of CN and
particle radiation for the lower densities in Figs. 7 and 8 shown in
the following subsections.

CN Radiation

To test the hypothesis that the observed radiation is increased
by the carbonaceous gas species produced by the interaction of air
specieswith spalled particles,10 20% by mass of CN is added to the
freestream arbitrarily. The choice of a 20% value will be explained
later in the Blackbody Radiation subsection.The CN molecule was
chosen for the carbonaceousspecies because it was found to be the
main radiating species in the shock layer over an ablating model
placed in an arc-jet wind-tunnel � ow.10 The coupled calculations
with CN in the freestream are carried out for the velocities of 6.1,
9.1, and13.4km/s. For thepurposeof comparingradiationspectrum,
a line-by-linecalculation was performed for the � ow� eld so calcu-
lated. A total of 500,000 wavelength points distributed at an equal
photon energy intervalwas used for this calculation.The controlling
temperature is taken to be the vibrational-electronic temperature.

InRefs. 18 and19 spectralintensitydistributionwas measuredus-
ing eight narrowband monochrometers.The average spectral emis-
sion power from a shock layer, in a unit of W/¹, was obtained in
Ref. 18 by multiplying the measured spectral radiationpower, in the
units of W/¹-cm3, by an effective radiating volume, denoted Veff.
To compare the present calculation with the experimental data, the
calculated spectral emission power, in the units of W/¹-cm3-ster, is
multipliedby 4¼Veff . Here, the value of Veff is given as 0.00405cm3

(Ref. 19).
Figures 9 and 10 show the comparison of the spectral emission

power between the computation and the experiment19 for air and
the CN-added case, respectively, for the case of � ight velocity of
6.46 km/s and ½1=½0 D 0:019. The differencebetween the air cases,
Fig. 9, and CN-added case, Fig. 10, can be clearly seen over the en-
tire computedwavelength range.The total radiativeheat � ux for the
CN-added case is substantially higher (7.591 W/cm2 ) than for the
air case (0.322 W/cm2). The calculation for air qualitatively repro-
duces the experimental values for the polyethylene and aluminum
models. Although the polyethylene is also expected to ablate, the
experimental spectrum for the polyethylene is almost identical to
that for the aluminum model. One possible reason for this may
be that the ablation rate of the polyethylene is relatively low. An-
other possibility is that aluminum models ablate, although weakly.
The computed intensities for the CN-added case approach the ex-
perimental values for the polycarbonate model in the wavelength
range of 4000–5000 ÊA, where the CN violet system is the ma-
jor source of radiation. However, agreement is poor in the wave-
length region above 5000 ÊA, regardless of the model material.

Fig. 9 Comparison of the calculated spectral emission power for air
with the experimental data for the case of � ight velocity of 6.46 km/s
and ½1 /½0 = 0:019.
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Fig. 10 Comparison of the calculated spectral emission power for the
20% CN-added case with the experimental data for the case of � ight
velocity of 6.46 km/s and ½1 /½0 = 0:019.

The stagnation-point radiative � ux values calculated including
CN are shown in Figs. 6–8. The calculationresults in radiativeheat-
� ux values that are a factor of about 1.5–100 larger for the cases of
6.1 and 9.1 km/s, in comparison with the nonequilibrium pure air
data. One can see that generally fair agreement is obtained between
the calculation and experiment, although the difference is large for
the case of ½1=½0 D 10¡4. The increase of the radiative heat-� ux
value by CN is suppressed for the case of 13.4 km/s. The tempera-
ture pro� les along the stagnationstreamline for this case are similar
to those shown in Fig. 5 and, therefore, are not presented. The low
vibrational-electronic temperature (Fig. 5) is the reason why radia-
tive heat � ux does not increase much for this case.

Blackbody Radiation

The preceding comparison shows two discrepanciesbetween the
CN-added calculationand the experimentaldata. First, even though
the total radiation is closely reproduced by calculation, the intensi-
ties in the long wavelengthrangein thecalculationare lower than the
measured values (Figs. 9 and 10). Second, for the 13.4 km/s case
the CN-added calculation results in heat-� ux values substantially
smaller than the measured values.

One possible reason for this discrepancy may be that the shock
layer contains carbon particles, and they radiate as a blackbody.
The polycarbonateand polyethylene models used in Ref. 18 could
have produced spallation during their � ight. Because such plastic
materials contain carbon, the spalled particles will be mostly car-
bon. Because polycarbonate has a lower thermal conductivity than
polyethylene, most likely it would have ablated more between the
two. Aluminum should not have produced spalled particles. Ref-
erence 18 shows that the measured radiation was stronger with
polycarbonatemodels than those made with either of the other two
materials (see Figs. 9 and 10).

To explore the possibility that blackbody radiation by the spalled
particles could produce the observed radiation,blackbody radiation
of the solid particles is added in addition to CN in the calculation.
The surface temperature of spalled particle was calculated in Ref. 8
for the environmentof stardust-Earthreentryto bebetween3700and
4300 K. Therefore, the temperature is arbitrarily assumed here to
be 4000 K. The blackbodyspectrum is evaluatedby multiplying the
blackbody intensity, in the units of W/(¹-cm2-ster), by 2¼¯eff Aeff,
where ¯eff denotes an effective surface factor, that is, the fraction of
the 2¼ ster-radiansolid angle coveredby the particles,and Aeff is the
effectiveradiatingarea givenin Ref. 18. The valueof Aeff is obtained
as 0.23 cm2. The valueof ¯eff is chosenarbitrarilyas 0.03 to replicate
the experimental spectrum. To obtain the stagnation-pointradiative
heat � ux, the blackbodyradiativeheat � ux is evaluatedby multiply-
ing the blackbodyradiativeheat � ux integratedspectrallyfrom2200
to 8500 ÊA [W/(cm2-ster)] by ¼¯eff. The value of ¯eff is taken as 0.01

Fig. 11 Comparison of the calculated spectral emission power for the
20% CN-added and the blackbody-includedcase with the experimental
data for the case of � ight velocity of 6.46 km/s and ½1 /½0 = 0:019.

for the casesof 6.1 and 9.1 km/s and 0.02 for the cases of 13.4 km/s,
respectively. The smaller values of ¯eff are assumed for the stag-
nation point because the depth of the cloud of spalled particles is
smaller when viewed from the stagnation point than when viewed
from the side-onposition in the experiment.The blackbodytemper-
ature is assumed arbitrarily to be 5000 K for the 13.4-km/s case.

The spectrumobtainedincludingblackbodyradiationis presented
in Fig. 11. The spectrum was constructed by adding the blackbody
spectrumto the gas spectrum,neglectingthe interactionbetween the
two. In reality, the solid particlespartly block the gas radiation.The
gas radiation is reduced by the mechanism to an order of ¯eff. On
the other hand, the radiation from the particles is partly absorbedby
the gas. However, at wavelengths longer than 5000 ÊA, air absorption
is weak. These considerations lead one to believe that simple sum
of the two spectra will result in approximately the correct spectrum
for the conditions of the present work.

As seen here, the spectrum in the experimental data obtained
using the polycarbonate models above 5000 ÊA can be reproduced
closely by the particle radiation. The radiative � uxes including the
blackbody radiation are shown again in Figs. 6–9. As seen in these
� gures, agreement is good between the measured and the calculated
values although the calculated radiative heat � ux overestimates the
experimental data for the case of lower � ight velocities and lower
freestream densities. Especially, for the case of 13.4 km/s, the heat
� ux becomes substantially higher than air and CN-added nonequi-
librium calculation.The discrepancyat low densities is understand-
able: at low densities the amount of spallation will be less, and,
therefore, the ¯eff will be less. By using a smaller value of ¯eff, it
should be possible to reproduce the low-density data closely.

Because the ¯eff value is of the order of 0.01, the ratio of the
volume occupied by the particle to that gas will be of the order of
0.001. Because particulate density is typically 1000 times that of
gas, mass of the particles in a unit volume will be of the same order
as that of the gas. The effect of this large solid mass will affect the
mass, momentum, and energy of the gas as follows:

1) The equation of conservationof gas mass must include a term
representing the volume displacement by particles. The magnitude
of that term is proportional to the volume ratio.

2) The equation of conservationof gas momentum must include
a term representing the drag by the particles. The magnitude of that
term is proportional to the area ratio ¯eff.

3) The equationof conservationof gas energymust includea term
representingthe heat transfer between the particles and the gas. The
magnitude of that term is also proportional to ¯eff.

Because the ¯eff and the volume ratio are small, the overall effect
of theparticleswillbe relativelysmall. In effect, theparticles,though
their total mass is large, merely slip through the gas without much
interaction with the gas.
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In the present calculations the value of 20% by mass of CN was
used. Because the solid mass is of the same order as the gas mass,
if 10% of mass of carbon particles is vaporized the concentrationof
atomic carbon produced will be equivalent to that of 20% CN.

The computed radiation intensities for the aluminum models are
also lower than the experiment in the longer wavelength region.
Whether this is caused likewise by particle radiation is unknown:
There is as yet no evidence that spallation occurs to aluminum. If
spallationoccurs for aluminum,the experimentaldata for aluminum
models can be explained also by the blackbody radiation of the
spalled particles.

Concluding Remarks
An axisymmetric thermochemicalnonequilibriumcode is devel-

oped to simulate a radiating � ow� eld. This code solves the gov-
erning equations with radiation in a fully coupled manner through
full block-matrix inversion. Radiative heat � ux is evaluated by the
PRG model. Two codes were written: one for pure air and the other
for carbon-containingair� ows. The codes reproduce the known ra-
diation overshoot phenomenon at � ight speeds below 10 km/s and
the undershoot phenomenon at above 10 km/s. Compared with the
experimental data obtained in a ballistic range, the radiative heat-
� ux values calculated for pure air are lower than the experimental
values by a factor of at least 10. Spallation is accounted for by in-
cludingCN molecules in the freestreamand the blackbodyradiation
of the spalled particles.From the comparisonof the calculatedspec-
tra with the measured spectra in the wavelength range below about
5000 ÊA: 1) the qualitative behavior of the experimental data for
the nonablating body can be replicated by the air� ow calculation,
and 2) the qualitative behavior of those for the ablating body can
be reproduced by the CN-laden air� ow calculation. For the longer
wavelength range above about 5000 ÊA: 1) the discrepancy for the
nonablatingbody cannot be explainedat present, and 2) most of the
radiation observed for the ablating body is likely caused by spalled
particles. For the spectrally integrated radiative heat � ux the calcu-
lation reproduces the measured values fairly well by accounting for
CN and the blackbody radiation.
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