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Parallel Computation of Fully Coupled Hypersonic
Radiating Flow� eld Using Multiband Model
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Parallel computation of a fully coupled, strongly radiating hypersonic � ow� eld is carried out. A detailed multi-
band model is used in the radiation calculation. The radiative heat � ux is calculated using one- (tangent-slab)
or two-dimensional approximations in radiative transfer, or by considering three-dimensional radiative transfer
directly. To reduce the vast computing time due to a spectrally detailed and multidimensionalradiation calculation,
a parallel computation is employed. The strategy in the parallel implementation of the code is to divide the wave-
length range in the multiband model into groups of the same number of available processors, instead of dividing
the computationaldomain. Calculations are carried out for the � ow� eld over hemispheres at a speed of 15.24 km/s
and an altitude of 57.9 km. The computed results are compared with those obtained in previous studies. A fair
agreement of the shock standoff distance with the existing results is shown for several different radii. However, the
present result gives a substantially larger radiative heat � ux value at the stagnation point for smaller radius cases.
This is because the radiative heat transfer from the wavelength region shorter than 1400 ƒA is found to be optically
thick in the shock layer and becomes dominant in these smaller radius cases. The parallel code developed in the
present study achieves a computational speed of approximately 20 giga-� oating point operations per second using
128 processors on the SGI ORIGIN 2000. The converged solutions for strongly radiating � ow� eld can be obtained
within a feasible computing time.

Nomenclature
F = x component of convective � ux vector
G = y component of convective � ux vector
H = source vector for axisymmetric � ow
Hrad = source vector for radiation
ni = number density of species i , mol/m3

Q = conservativevariable
qrad = radiative heat � ux, W/cm2

q¸ = spectral radiative heat � ux at wavelength ¸,
W/(cm2 ¢ ¹m)

T = temperature, K
·¸ = absorption coef� cient at wavelength ¸, m–1

¸ = wavelength, ƒA
¾ i

¸ = absorption cross section of species
i at wavelength ¸, m2/mol

Subscripts

i = chemical species i , or i th processor
¸ = wavelength

Superscript

i = chemical species i
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Introduction

W HEN a space vehicle enters into the atmosphere of a planet
during a space mission, the temperature in the shock layer

formed over the vehiclebecomessuf� cientlyhigh to emanate strong
radiation. Such a strongly radiating � ow� eld is considered to have
occurred in the past planetary missions, for example, the Pioneer
Venus probes1 and the Galileoprobe.2 A similar situationwill likely
occur in future missions, such as MUSES-C.3

To evaluate the heat load to the vehicle accurately in such � ow-
� elds, radiativetransferphenomenonmust be accountedfor. In such
a strongly radiating � ow� eld, radiation affects � ow� eld properties,
which, in turn, affect radiation.Consequently, the � ow� eld must be
calculated to account for this coupling effect.

An accurate radiation calculation, however, needs to consider a
large number of wavelength points because the absorption coef� -
cient of the gas strongly depends on wavelength. For example, a
detailed line-by-line calculation requires wavelength points on the
orderof 106 . Note that thenumberofwavelengthpoints is equivalent
to the number of radiative transfer equations to be solved just for
obtaining a radiative intensity at a certain location in a speci� ed di-
rection.Moreover,such radiationcalculationis repeatedmany times
at each point in the � ow� eld for obtaining a converged solution.

To reduce this vast computing time, multiband models have been
developed.4 Modern multiband models evaluate absorption coef� -
cients using wavelength points on the order of 103 . These models
successfully reduced the computing time of line-by-linecalculation
at least by a factor of 100 and reproduced the line-by-line result
within a small error.4

To couple the radiation with the � ow� eld, either the so-called
loosely coupled method or the fully coupled method is employed.
In the loosely coupled method, radiation is updated once for a cer-
tain number of time steps. In the fully coupled method, radiation is
updated for every time step. When radiation is not strong, a con-
verged solution can be obtained by the loosely coupled method.
When radiation is strong, however, strong interactionwill occur be-
tween radiationand the � ow� eld. To obtain a convergedsolution for
strongly radiating � ow� eld, a fully coupled method must be used.

Although loosely coupled calculations using a multiband model
havebeen carried out,5;6 they still requireda considerableamount of
computing time. In such calculations, a radiative transfer equation
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was solved using the tangent-slabapproximation.When radiation is
strong, however, radiative heat transfer from the stagnation region
can raise the temperature in the downstream region. In this event,
one needs to account for multidimensional radiative transfer.

Sakai7 has developed a new radiation model called the Planck–
Rosseland–gray (PRG) model. In the PRG model, radiative
intensities are calculated using dynamically assigned three mean
Planck, Rosseland, and gray absorption coef� cients, that is, the gas
means. This model can reduce the computing time of the multiband
model at least by a factor of 10 and closely reproduce radiativeheat
� ux values obtained by line-by-line calculation.With this model, a
fully coupled calculation with multidimensional radiative transfer
was shown to be practical.

Tsuru and Sawada8 showed that a converged solution could be
obtained for a strongly radiating � ow� eld by applying the lower–
upper symmetricGauss–Seidel (LU-SGS) algorithmfor solving the
� ow� eld implicitly, whereas the radiative heat � ux was integrated
fullyexplicitly.Becauseof the explicittreatmentof the radiativeheat
� ux, thecomputingtime, aswell as the amount of computermemory
requiredin the calculation,was substantiallyreduced.Fully coupled
calculationof a stronglyradiating� ow� eld with a multidimensional
radiative transfer became very practical.

However, the use of the PRG model in the radiation calculation
has an obvious shortcoming in that it needs to be calibrated once
for every certain number of time steps to obtain a correct heat � ux
value at the solid wall. Calibration of the model is usually made
by referring to the solution of the multiband model. Therefore, the
fully coupled calculation cannot be carried out solely by use of the
PRG model.

In this study, we consider the problem of a hypersonic strongly
radiating � ow� eld over a hemisphere that was studied by Howe
and Viegas using a shock-layer solution in equilibrium air and that
employed a tangent-slab approximation for the radiative transfer
calculation.9 Instead of using these numerical methods, we try to
achieve a fully coupled calculation of this strongly radiating � ow-
� eld with a multidimensional radiative transfer by choosing an al-
ternative approach, that is, to employ a detailedmultiband model in
the radiation calculationdirectly. To reduce the substantial increase
in computing time due to the use of the multiband model, a par-
allel computation is attempted. The purpose of the present study,
therefore, is to demonstrate the feasibility of a fully coupled and
spectrally detailed calculation of a strongly radiating � ow� eld us-
ing a multiband model with multidimensional radiative transfer, if
we resort to parallel computations.

Formulation
Numerical Method

The governing equations are the axisymmetric Euler equations
that can be written as

@ Q

@t
C @F

@ x
C @G

@y
C H D Hrad (1)

In the present study, the gas is assumed to be in thermochemical
equilibrium. There are 11 chemical species, N, O, N2 , O2 , NO,
NC , OC , NC

2 , OC
2 , NOC, and e– , considered in the � ow calculation.

The equilibrium gas properties are calculated by the free-energy
minimization technique.10 This technique is implemented through
a table lookup interpolationmethod.11

A � nite volumeapproachis used to discretizethe governingequa-
tions. The AUSM-DV scheme is used to obtain the numerical con-
vective � ux.12 The spatial accuracy is improved by the MUSCL
approach.

A matrix-freeLU-SGS methodisemployedfor time integration.13

In the time integration,the � ow� eld is integratedimplicitly,whereas
radiation is integrated explicitly.8

In the present calculation, a multidimensional radiative transfer
is considered. The radiative heat � ux is calculated by assuming
one-dimensional (tangent-slab) or two-dimensional approxima-
tions in the radiative transfer calculation, or by considering three-
dimensional radiative transfer directly. Note that the obtained

a) Two-dimensional radiation rays

b) Three-dimensional radiation rays

Fig. 1 Example of multidimensional radiation rays.

radiative heat � ux is consistent with Eq. (1) only when the three-
dimensional radiative transfer calculation is made. In one- or two-
dimensional cases, the radiative heat � ux is calculatedby assuming
a computational domain that is different from the axisymmetric
� ow� eld. Details can be found in Refs. 7 and 14 and, therefore,
are not providedhere. Examples of multidimensionalradiation rays
are shown in Figs. 1a and 1b for two- and three-dimensionalradia-
tive transfer calculations, respectively.Rays are calculated at every
10 deg.
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Table 1 Radiation mechanisms involved
in the present multiband model

Species System

Atomic lines
N 367 lines
O 103 lines

Molecular bands
N2 1C , 2C , LBH
O2 SR
NO ¯, °

NC
2 1–

Bound-free continuum
N 600–50,000 ƒA
O 500–10,000 ƒA

The absorption coef� cients of a gas are calculated by the multi-
band model.4 For air radiation, N, O, N2 , O2 , NO, and NC

2 are con-
sidered.Radiationmechanisms involved in the calculationare sum-
marized in Table 1. To obtain a converged solution for a strongly
radiating � ow� eld, a fully coupled calculation is carried out.

Multiband Model

In this study, absorptioncoef� cients are evaluated at 2294 wave-
length points for the wavelength range from 750 to 15,000 ƒA. The
absorption coef� cient of a gas is expressed as a sum of those for
individual species, written as4

·¸ D
X

i

ni ¾
i
¸ (2)

The cross-sectionvaluesare calculatedfor radiatingspeciesat 3000;
6000;9000;12,000;and 15,000K basedon a line-by-linetechnique.
The cross-section value at a certain temperature is obtained by a
curve � t in the following form:

¾ i
¸ D exp

©
Ai

1¸

¯
z C Ai

2¸ C Ai
3¸ .z/ C Ai

4¸z C Ai
5¸z2

ª
(3)

where z D 10,000=T and Ai
k¸ (k D 1; 2; 3; 4; 5) are � tting

parameters.

Parallel Implementation

An important issue in the parallel computation is how to divide
the computational loads and assign them to multiple processors.
A division of the computational domain is usually employed for
this purpose. In the problem of radiative transfer, however, such a
strategy is hardly acceptable because a radiative heat � ux value at
a computational cell depends on the entire computational domain.
If we divide the computationaldomain into multiple regions, infor-
mation exchanges between divided computational regions become
complicated.Moreover, it is dif� cult to achieve a uniform load dis-
tributionbecausethe computationalload differs with mesh location.

In the present study, we employ a division in wavelength range
of a multiband radiation model. That is, we divide the wavelength
range into groups and assign them to each processor. Note that the
radiative transfer equation for a given wavelength can be calculated
individually.The total radiative heat � ux can be obtained by a sum
of those radiative heat � uxes calculated on n processors as

qrad D
Z

¸

q¸ d¸

D
Z

¸1

q¸ d¸ C ¢ ¢ ¢ C
Z

¸i

q¸ d¸ C ¢ ¢ ¢ C
Z

¸n

q¸ d¸

D qrad;1 C ¢ ¢ ¢ C qrad;i C ¢ ¢ ¢ C qrad;n (4)

where qrad;i is a radiative heat � ux for a speci� ed wavelength range
calculated on the i th processor. The computational load for each

wavelength is identical for all of the processors and, thus, easily
achieves a uniform load distribution.

In the present calculation,we parallelizeonly the radiationcalcu-
lation part of the heat � ux because the computing time for updating
the � ow� eld is negligibly small. Parallelization of the code is im-
plemented through the shared-memory-type parallelization using
OpenMP directives.The present parallel computation is carried out
using up to 128 processors on the SGI ORIGIN 2000.

Flow Conditions
In the present study, calculations are conducted for the � ow� eld

over a hemispherewith a radiusof up to 1.524m. We assume air� ow
is at an altitude of 57.9 km. The � ow velocity is 15.24 km/s. The
freestreamtemperatureand the pressureare 252.8 K and 30.4 N/m2,
respectively.Under these conditions, the pressure becomes about 1
atm at the stagnation region. This justi� es the assumption of ther-
mochemical equilibrium.

Let us estimate the equilibrationdistancesbehind the shock wave
more precisely and con� rm the preceding justi� cation. Park esti-
mated theequilibrationdistancefromthe resultsof tests fornonequi-
librium air carried out in a shock tube.15 The maximum shock ve-
locity attained in the experiment was 10 km/s. For shock velocity
of 10 km/s, the characteristic parameter ¿p1 that gives the equi-
libration distance behind the shock wave is about 10–4 ¹s ¢ atm. If
we adopt the same value for a shock velocity of 15 km/s, the es-
timated equilibration distance becomes about 5 mm, whereas the
shock standoff distance is about 60 mm for the radius of 1.524 m.
Therefore, the shock layer is mostly in equilibrium.If we assume the
radius to be 0.3048 m, the shock standoff distance becomes 14 mm
(shownlater).For this case, theequilibrationdistancebecomesabout
one-thirdof the standoffdistance,and, thus, theequilibriumassump-
tion breaks down. However, the characteristicparameter of 10–4 is a
conservativevalue for shock velocity of 15 km/s, and we can expect
the equilibration distance most likely to be one order shorter than
the shock standoff distance for this smaller-radius case.

With the preceding � ow conditions, radiation from the � ow� eld
becomes so strong that a fully coupled calculation is required for
obtaining a converged solution. We have chosen these particular
� ow conditions for demonstrating robustness and the capability of
the presentcomputational� uiddynamics (CFD) code.This problem
was studied by Howe and Viegas using a shock-layer solution in
equilibrium air and a tangent-slab approximation.9

Figure 2 shows the � ne computationalmesh (51 £ 51 grid points)
used in the calculation. This � ne mesh is used when either a
one- or two-dimensional approximation of the radiative heat trans-
fer calculation is employed, whereas a coarse mesh (26£ 26 grid
points) is used when the three-dimensionalradiativeheat transfer is
considered.

The boundaryconditionsfor the � ow� eldcalculationare assumed
as follows:A slip conditionis used at the wall, a symmetry condition

Fig. 2 Computational mesh with 51 ££ 51 grid points.
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exists along the symmetry axis, a freestream condition exists at
the in� ow boundary, and zeroth-order extrapolation is used at the
out� ow boundary.

The boundary conditions for radiation calculationare as follows:
The wall is assumed to be a blackbodyof 3000 K, which is a typical
temperature of an ablating wall, though ablation is not included in
thisstudy.Note that radiationfrom theassumedblackbodyof 3000K
has a minor in� uence on the obtained result because radiation from
the shock layer is far more dominant. The far � eld is also assumed
to be a blackbodyof freestreamtemperature.The radiative intensity
from the out� ow boundary is assumed to be zero.16

Results and Discussion
Computed Results

In the present study, calculationsare carried out with a Courant–
Friedrichs–Lewy (CFL) number up to 1000 in the radiationcoupled
calculation. This radiation coupled calculation is started from the
uncoupled converged solution in which radiation is totally omitted.

Let us � rst show the results obtained for a hemisphereof 1.524-m
radius.Figure 3 shows the convergencehistoriesof the residual.The
residualsslightlyoscillate for all cases, but show a convergingtrend
and decrease by more than � ve orders of magnitude within 2000
time steps.

Figure4 shows theconvergencehistoriesof thewallwardradiative
heat � ux at the stagnationpoint. The asymptoticvalues are obtained
within 200 time steps for all cases. The radiative heat � ux value
utilizing a one-dimensionalapproximation of the radiative transfer
is higher than that obtained for the two- or three-dimensionalradia-
tive transfers due to the assumed in� nite slab layer in the radiative
transfer calculation.

Figure5 shows thecalculatedtemperaturecontourswith thethree-
dimensional radiative transfer. The temperature contours given by
the one- or two-dimensional approximations of radiative transfer

Fig. 3 Convergence histories of residuals for 1.524-m radius.

Fig. 4 Convergence histories of wallward radiative heat � ux values at
the stagnation point.

Fig. 5 Calculated temperature contours for 1.524-m radius; three-
dimensional radiative transfer is considered.

a) Temperature

b) Radiative � ux divergence

Fig. 6 Obtained pro� les along the stagnation streamline for 1.524-m
radius.

are almost identical in Fig. 5. As can be seen, a precursor heating
appears ahead of the shock wave.

In Fig. 6a, the comparison of the temperature distributionsalong
the stagnation streamline between the coupled and uncoupled cal-
culations is shown. Note that the shock standoff distance is shorter
than that for the uncoupled calculation because the shock-layer
temperature is decreased by radiative cooling effects. The temper-
ature pro� les in the precursor region show some differences, de-
pending on the approximationfor the radiative transfer calculation,
though the mesh convergence of the solutions utilizing the one- or
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two-dimensional approximations of the radiative transfer calcula-
tion is well attained. In particular, the precursor heating becomes
signi� cant in the two-dimensional approximation.

To � nd the possible reason for the observed discrepancy in the
precursor region, we have checked the behaviorof radiative � ux di-
vergencealong the symmetry axis.As shown in Fig. 6b, one can see
that the two-dimensional radiative transfer calculation with radia-
tion raysat 10-deg intervalsgivesa spikedpro� le at severallocations
in the precursor region where radiative � ux divergence is substan-
tially increased. If we employ a set of � ne radiation rays at 5-deg
intervals, then we have a smoother pro� le. These spikes in the two-
dimensional case appear when a particular radiation ray comes to
cross the region just behind the shock wave where the temperature is
very high.Thoughthe situationis the same for the three-dimensional
case, such an effect is only signi� cant in the two-dimensional case
because the contributionfrom one radiation ray is much larger than
that in the three-dimensionalcase. Also note that this effect is only
noticeablewhen the computationalcell is outsideof the shock layer.
The radiative � ux divergenceinside the shock layer does not show a
spiked pro� le and the resulting temperaturepro� le agrees well with
that given by the one- or three-dimensionalcalculations.

It is now clear that obtaining a mesh convergence in terms of ra-
diation rays is particularly important in the two-dimensional case.
In this respect, the mesh convergence in the precursor region is
not guaranteed for the present two-dimensional solution shown
in Fig. 6a, which uses � ne radiation rays. However, a fair agree-
ment of the temperature pro� le with those of the one- and three-
dimensionalsolutions in the precursor region suggests the obtained
two-dimensionalsolutionusing � ne radiation rays is virtually mesh
converged. Once the convergence in terms of the radiation rays is
reached, the present two-dimensional solution seems suf� ciently
accurate.

Figures 7a and 7b show the wallward radiative heat � ux distribu-
tionsalongthebodysurface.The radiativeheat � uxesmonotonically

a) One- and three-dimensional results

b) One- and two-dimensional results

Fig. 7 Comparison of radiative heat � ux distribution along the body
surface for 1.524-m radius.

decrease from the stagnation region to the downstream region. The
radiativeheat � ux values that considerthe two- or three-dimensional
radiative transfers are consistently lower than those that employ the
one-dimensional approximation. Note that the mesh convergence
is shown in the wallward radiative heat � ux pro� les even for two-
dimensional calculations using a different set of radiation rays.

Next, solutions are shown for a hemisphere of 0.3048-m ra-
dius. Because of the vast computing time required in the three-
dimensional radiative transfer calculation,only the results utilizing
the one- or two-dimensionalapproximationsof the radiativetransfer
calculation are shown for this case. The convergence histories and
temperature contours for this case are found to be almost identical
with those for the 1.524-m-radius case and, therefore, are omitted.

The temperaturedistributionsalong the stagnation streamlineare
shown in Fig. 8. The effect of decreasing nose radius can be seen
in Fig. 8. Although the shock standoff distance is also shorter than
that for the uncoupled calculation, the radiative cooling effect and
precursor heating become less signi� cant in this case.

Figure9 shows thewallwardradiativeheat � uxdistributionsalong
the body surface. Also, in this case, the radiative heat � ux values
that consider the two-dimensionalradiative transferare consistently
lower than those employing the one-dimensional approximation.
The radiativeheat � ux values are smaller than those shown in Fig. 7
for the larger radius case.

Figure 10 shows the comparison of the shock standoff distances
obtained by the present calculation with those obtained in previous
studies.8;9 In this study, the shock location is determined by � rst � t-
ting the pressurepro� le near the shockwave usinga splinecurveand
then � nding the location where the maximum gradient occurs. One
can see that the shock standoff distance obtained in the present cal-
culation is identical with that which appeared in Ref. 8, but slightly
shorter than that obtained in Ref. 9. Note that the numericalmethod

Fig. 8 Temperature distributions along the stagnation streamline for
0.3048-m radius.

Fig. 9 Radiative heat � ux distributions along the body surface for
0.3048-m radius.
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Fig. 10 Comparisonof the shock standoffdistancewith those obtained
in previous studies.8;9

Fig. 11 Comparison of the wallward radiative heat � ux at the stagna-
tion point with those obtained in previous studies.8;9

Fig. 12 Spectral wallward radiative heat � ux at the stagnation point.

used in Ref. 8 is almost identical to the present calculation. It is
seen from the ratio of shock standoff distance ± to sphere radius R
(for the present 51 £ 51 grid) that the reduction of the shock stand-
off distance due to the radiative cooling effect in the shock layer
becomes signi� cant with a larger radius.

The comparison of the wallward radiative heat � uxes at the stag-
nation point obtainedby the present calculationwith those obtained
by the previous studies8;9 is shown in Fig. 11. One can see that the
present radiative heat � ux value at the stagnation point gives a fair
agreement with the existing result for a larger-radius case, but be-
comes substantiallyhigher for the smaller-radius cases. Although a

detailed comparison is dif� cult to make because the Planck mean
absorption coef� cient was used in Ref. 9, the cause of the higher
radiative heat � ux for the smaller-radius cases is examined.

In Fig. 12, the comparisonof the spectralwallward radiativeheat
� uxes at the stagnationpoint is shown. Note that the spectral radia-
tive heat � ux for the 1.524-m radius becomes substantially larger
than that for R D 0:3048in thewavelengthrangelongerthan1400 ƒA,
but becomes comparable in the shorter wavelength range. The pho-
ton mean-free-path pro� les evaluated at three different locations
along the stagnation streamline, namely, behind the shock wave, at
the middle of the shock layer, and at the stagnationpoint, are shown
in Figs. 13a–13c. As is clearly indicated, the optical thickness of
the shock layer is comparable to, or even shorter than, the shock
standoff distance in the wavelength range shorter than 1400 ƒA, but
far larger in the wavelength range longer than 1400 ƒA. Therefore,

a) Behind the shock wave

b) At the middle of shock layer

c) Near the stagnation point

Fig. 13 Photon mean free path around the stagnation region.
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a) Radius of 0.3048 m

b) Radius of 1.524 m

Fig. 14 Radiative heat � ux distributions along the stagnation
streamline.

for smaller-radiuscases, the radiative transfer from the wavelength
region shorter than 1400 ƒA, which can be regardedas opticallythick
in the present shock layer, becomes dominant. This is well demon-
strated in Figs. 14a and 14b, in which the total radiative heat � ux
pro� les along the stagnation streamline are shown. Obviously, the
contribution of the radiative heat � ux from the shorter wavelength
range is dominant for a smaller-radius case, whereas this contribu-
tion becomes less signi� cant for a larger-radius case. From these
considerations,we believe that the observed difference in heat � ux
value at the stagnation point for those smaller-radius cases comes
from the difference in radiative properties of the shock-layer � ow
assumed in the radiative transfer calculations. Moreover, note that
radiative heat transfer to a blunt body that has a smaller nose radius
is shown to obey a different scaling law than that usually used for
a transparent radiative shock layer in which radiative heat � ux is
directly proportional to the nose radius.17

Performance of Parallel Computations

In Figs. 15a and 15b, the obtained parallel performances are
shown in terms of a relative speedup and parallel ef� ciency, re-
spectively. Relative speedups achieved in the present calculations
are fairly good for all cases. An almost linear scalability is achieved
for the one-dimensionalradiative transfer case.With 128 processors
used, the one-dimensional radiative transfer calculation sustains a
speedup ratio of 119 and a parallel ef� ciency of 93%. For the two-
dimensional case, a speedup ratio of 100 and a parallel ef� ciency
of 78% are obtained. For the three-dimensional case, we obtain a
speedup ratio of 95 and a parallel ef� ciency of 74%. Those lower
performances observed either in the two- or three-dimensional ra-
diative transfer calculations are probably due to increased memory
access through the network. In the present calculation,the radiation
ray data set is stored in a global memory and shared among the
processors. If we allocate the radiation ray data set on each local

Table 2 Required computing time and memory size for the
calculation using 128 processors

Radiative transfer Elapsed time, s Memory, MB GFLOPS

Coarse mesh (26 £ 26 grid points)
One-dimensional calculation 0.191 28.8 19.3
Two-dimensional calculation 4.55 103 22.0
Three-dimensional calculation 243 730 21.4

Fine mesh (51 £ 51 grid points)
One-dimensional calculation 0.612 75.0 21.4
Two-dimensional calculation 46.7 499 22.7

a) Relative speedups

b) Parallel ef� ciency

Fig. 15 Parallel performance achieved in the present calculation.

memory and exchange only � ow properties by message passing,
performance may be improved further.

Table 2 shows the requiredcomputing time per one time step and
memory size for the calculation on 128 processors. In the present
calculation, the parallel code achieves a computationalspeed of ap-
proximately 20 giga-� oating point operations per second on 128
processors for all cases. For the calculation with three-dimensional
radiative transfer, which is the most time-consuming case, it takes
243 s per one time step and requires 730 MB of memory. Obtain-
ing the � nal solution takes about 67.5 h. If the same calculation is
attempted on a single-vector supercomputer currently in use, the
computing time may become more than 1000 h.

Conclusions
Parallelcomputationof a fully coupledhypersonicradiating� ow-

� eld is carried out using a spectrally detailed radiation model, ac-
counting for multidimensional radiative transfer. A fair agreement
of the shock standoffdistance with that given by Howe and Viegas9

is obtained for several different radii. However, the present result
gives a substantiallylarger radiativeheat � ux value at the stagnation
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point for smaller-radiuscases. It is shown that the radiative transfer
from the shorter wavelength region is optically thick in the shock
layer and becomes dominant for smaller-radius cases. The strategy
in parallel implementationof dividingthe wavelengthrangeis found
to achieve good scalability. It is well demonstrated that a converged
solution can be obtained in a feasible computing time if we resort
to parallel computations.
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