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Energy-Momentum Coupling in Radiating
Shock Layers about a Blunt Body
Y. S. Crou* anp L. H. BLARET
Lockheed Palo Alto Research Laboratory, Palo Alto, Calif.
This theoretical study investigated the flow in the thin shock layer about axisymmetric
blunt bodies by a Blasius type series expansion technique. Solutions were obtained for three
terms in the series, and the validity of the resulting solutions was shown to converge numeri-
cally away from the stagnation point to a body angle near the sonic line (~45°). The pri-
mary objective of the investigation was to determine the coupling experienced between the
radiative and viscous transport. Consequently, solutions were obtained for both the viscous
and inviscid models at three extreme Earth entry flight conditions. A real gas air model was
considered. The radiation emission and absorption properties were described by a three-
band continuum radiation model, and the differential approximation method was used to
describe the radiative transport. A eold, nonblowing wall was assumed and the Prandtl num-
ber as well as the viscosity-density ratio were assumed constant. The results indicate a weak
coupling between viscosity and the radiative flux distribution. The influence of radiative
transport upon the convective heating is shown to be significant; however, the effect of ra-
diative transport upon the velocity field is small. '
Nomenclature A = shock layer thickness
e = stagnation point density ratio across shock
Ai,Aie. .. = coefficients in the series expansion for integrated n = normalized stream function
intensity 6. = dissociation energy
B = blackbody radiation 6; = lonization energy
B, = Planck function vy = frequency
¢ = speed of light £y = quantum mechanical correction factor for absorption
fufe. .- = coefficients in the series expansion for tangential coefficient
velocity p = density
gu92 - - - = coefficients in the series expansion for total p = viscosity
enthalpy ¥ = stream function
H = total enthalpy A: = normalized optical depth associated with band 7 \, =
h = specific enthalpy, Planck constant 98 polos/MIETs0)]2 N2 = As = 5.16 X 107V p_ R,/m
I, = spectral radiation intensity T = ratio of radiation energy to convective energy 2[kT )]/
I, = spatially integrated intensity h3c?p, U2
k =1+ ky T; = the value of T' associated with band 4, I = NI, Te
k = body curvature, Boltzman constant =Ty T'e/T1 = N/M
m = mass ) 5 = radiation cooling parameter, defined in Table 1
N = mass density viscosity ratio psus/pu
Ny = number density of nitrogen atoms Subscripts
p = pressure s = quantities at shock
I'Z = Prandtl number b = quantities at body
q = radiative heat transfer (0) = quantities at stagnation line
q¢ = convective heat transfer ) o N’ = nitrogen
(¢2)»(gy)» = spectral radiative heat flux in the direction of o = freestream conditions

and y, respectively
distance measured from axis of symmetry -

Ry = body radius of curvature at stagnation point

R, = shock radius of curvature at stagnation point

Re = Reynolds number poUuR:/pis(0)

T = temperature

U = velocity component parallel to the body

v = velocity component perpendicular to the body

z = distance parallel to the body measured from
stagnation line

y = distance normal to the body

a = absorption coefficient

B8 = degree of dissociation

Y = specific heat ratio C,/C,
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Introduction

N this study, the thermal environment experienced by an

object entering planetary atmospheres at superorbital
velocities is investigated. The aerodynamic heating of
blunt bodies has been considered at the stagnation point
(e.g., Refs. 1-4) and around the body (e.g., Refs. 5-8) for a
variety of transport models at particular flight conditions
and body geometries. In contrast to these investigations,
this study is a theoretical assessment of the influence of
coupling between the viscous and energy transport mech-
anisms in the geometrically thin-radiating shock layer away
from the stagnation point. The influence of these coupling
mechanisms upon the calculated convective and/or radiative
wall heat fluxes is evaluated. This coupling analysis deter-
mines the effect of the boundary layer on the radiative
heating to the body, the effect of the radiative transport on the
velocity field, and the coupling between the radiative loss
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and the convective heating. Results are presented at the
stagnation point and around the body to the sonic line
(~45°).

The radiating flow was described by a Blasius series for-
mulation for both inviscid and viscous models; solutions
were obtained for three terms in the series. For the flight
conditions considered, the three-term series solutions were
shown to converge numerically for body angles approaching
the sonic line (~45°). A similar series representation has
been shown to be adequate in describing the inviseid, adia-
batic, hypersonic shock layer about a blunt body to the
sonic line.? Transport models were used which retained the
basic interaction influences but allowed for a simplified
analysis. A real gas (air) model" was considered around a
cold, nonablating spherical body. The radiative transfer
was described by the well-known differential approximation.
A three-band continuum radiation model was assumed where
analytical expressions are available for the absorption
coefficient in each band.** Solutions were obtained for both
viscous and inviscid models at three sets of flight conditions
which included extremes of the viscous and transport pa-
rameters.

Governing Equations

The fluid conservation equations (mass, momentum,
energy) for axisymmetric bodies, written in a body oriented,
coordinate system, are

Opur/dx + bpvrfc/by =0 (€))]
ou ou
pu4+ ka— = ax Pyl ( ay) — pkuv  (2)
k@p/oy) = kup (3)
DH 0 [ u OH
pui +E oy " oy <Pr 32/) +

o [ f A — 47rB,,] dv
0

4

The ¥y momentum equation has been simplified by retaining
only the terms of order unity.

The radiation field is coupled with the fluid mechanics
through the integral term in the energy equation which
represents the radiative energy loss or gain per unit volume.

In seeking solutions of the radiative transfer equation, we
will use the differential approximation. In the present
case of a geometrically thin hot gas with a cold wall and
cool gas in front of the shock, the differential approximation
has been suggested as a valid description of the radiative
transport.'?

In the framework of the differential approximation, the
radiative transfer equation is approximated by the following
set of equations:

V‘(b = —"av[(IO)v - 47TBV] (53')
o(1,),/0y = —3e(qu)y (6)
a([q)”/ax = _3au(qx)v (7)

In the case of the thin shock layer, 3/dx « 0/0y, and we
make the approximation thati V-¢, ~ 9(q,),/0y.
Thus, Eq. (5a) becomes

a(qy)v/ay = _av[<]o)1/ - 47TBV] (5b)

One immediate consequence of this thin layer simplification
is that Eqs. (5b) and (6) are sufficient for the determination
of ¢, and I,; Eq. (7) is only needed for calculating ¢.

1 The error introduced by this approximation is shown to be
of the order ¢ (Ref. 13).
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We will now consider only the absorption coefficient a,
for continuum radiation and neglect the line and molecular
band radiation. We will also take the three-band model for
a,; namely, we approximate a, by three analytic expressions
in three different frequency ranges of the spectrum. The
specific form of «, and the range of frequency interval will be
presented in the next section. Here we will represent the
frequency interval generally by (Ahv);, ¢ = 1,2,3. We then
define

(agy)i = Sany; a(g)v, (alo): =
Siany; a(lo)dv, Bi = fiany; auBydy  (8)
Clearly
v = Zilagy)i; al, = Zial,)i; B=Z:B: (9)

With substitution of Eqs. (9), Eq. (4) and the radiative
transfer Eqs. (6b) and (6) (after integration with respect to
frequency) then become

OH oH o (u ol
e TS T oy <Fr $>
o} u2
&[M(l 1>an< ):I-I—Z [(al,): — 47B;] (10)
=1
0(gy)i/0y = —[(al,): — 47B;] (11)
a(IO>1/b.7/ = _3(0@y)i (12)

We now proceed to normalize the variables. The dis-
tances z,y and the distance from the axis, r, are normalized
by the stagnation point shock radius R, the velocities uw
by the freestream velocity u.., the density p by the freestream
density p., the pressure p by twice the freestream kinetic
pressure p.u.,? the body curvature k by 1/R,, the total
enthalpy H as well as the static enthalpy & by H, and, finally,
the stream function ¢ by pou.R:2. The temperature is
normalized by the temperature immediately behind the normal
shoek Ty, the viscosity by its value immediately behind the
normal shock psey and ¢, I,, B are all normalized by the
quantity [kT.y]*/h%2 From here on, the equations are all
written in nondimensional form. The following transforma-
tion is now made:

purdy — porkdz
(13)

() = ¢ [ e, n(eg) = % ap =

We note for inviscid case £ = .
The conservation equations can then be written in £, g
coordinates as

< , U dLsZE)_u> _ < ,00 drﬁ D_p) L
PUNT" 38~ " dE o9 ot~ " aE on
N o[ ou
o (v5r) 09
op/on = kur, (15)

uf OH _ dr2oH _ _N_ ( aH>_
S R TR I YR

N (1 _ i) o (uz ?ﬂﬂ = 122 T(al): — 47B:i] (16)

eRe Pr} on on
u[0(gy)i/0n] = —Nirs[(alo)s — 4wB;] a7
u[d():/On] = —3A\rs(ag,)s (18)

with 7 = 1,2,3 and Re = pUoRs/ tts(0)-

In Egs. (14) and (16) the following approximation and
assumption were made; namely, r =7, and pu/pspts = N =
const.

The boundary conditions for the flowfield are given as
follows: at the shock, 7 = L, u = ue,p = ps, p = po, H = H,,
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Table 1 Properties for cases investigated

Cases

1 11 11T
Freestream velocity, km/sec 6.0 18.0 11.0
Freestream density, po(X1077 g/cm3) 4.21 1.0 10.0
Stagnation point shock radius, R, (meter) 2.34 0.5 3.00
Normal shock density ratio, e 0.057 0.055 0.065
Reynolds number, Re [poUxRs/us(0)] 216,000 18,000 128,000
Viscous parameter, (puwpw/psuseRe) 1.56 X 103 3.04 X 102 3.24 X 10—¢
Radiation cooling parameter, 3(2gs/%pwUx?) 0.454 0.226 0.015

and H,, us, ps, ps are given by oblique shock relations; at the
body, 7 = o,u = 0, H = gu.

For the radiation field, the differential approximation
gives us the condition: at the shock, for cold gas ahead of the
shock, we have I, — 2¢, = 0, which then implies (I,); —
2(q,): = 0 for all 2. At the body, the cold wall assumption
I+ 2q, = 0. Thus, (I.); + 2(gy): = 0, for all .

Gas Properties

Curve fitting of the equilibrium properties of air calculated
in Ref. 10 suggests.the following approximate equation of
state: p = 10725 p(h/R)?8 with p in atm, p is amagat, and
h/R in °K. This then implies that in the normalized form,
the equation of state is

p/Ps = (p/ps)(h/hs)"* (19)
Another equation of state for air is also available, namely
p = 1.65 X 10=5p(T/104 ~17g/cm? (20)

where p is in atm and T is in °K. Equations (19) and (20)
thus completely specify the equilibrium thermodynamic
properties in air.

In the calculation of absorption coefficients, the contri-
butions from ions are neglected and we treat oxygen as if it
were nitrogen; therefore, we model air by pure nitrogen gas.
The analytical expressions for the absorption coefficients are
taken from Hoshizaki and Wilson.® They are written as

a = (1 — e PPy (K,)y (21)
with
(K,)y = 4.56N ykTe—W3=m)/ET £ /(1p)3: 0'< hy < 4.22
(K, )y = 4.54N ykT [£y/ (hv)3le—1008/kT, 422 < hp < 10.8

(K))y = Ny-oyg; 108 < hr < 12.0
(K)vy = Ny(owa + owa); 120<h < o

and
ona = 5.16 X 10~V =3-5/kT /(4 4 10¢—2-38/kT | G¢—3.57/kT)
ona = 6.4 X 10~1e—23/kT/(4 4 10¢~238/kT | Gg~3.57/kT)

d = 7.28 X 10 %em? — ev?

where Ny is the number density of nitrogen atoms and £y
is the quantum mechanical correction factor. We approx-
imate £y by

£y = 0.24 + 0.426(hv — 4.22)2 (22)

The ranges of the three-band model are chosen as (Ahv);,
0 < hr <108, (Akp)2, 10.8 < by < 12, (Ah)3, 12 < v <
when the unit of Av isin ev.

In the first band (Ah»);, @, is small, and the optical depth
(in this range of frequency and based on the shock layer
thickness) is much less than unity. Hence it is reasonable to
approximate «, in this range by its partial Planck mean,
defined as [denoting dimensional quantities by ()]

a' = f(AhV)laVBPdV/f(Ahl')lBPdV

In the second and third bands, A»/kT is large, consequently
e~ m/ET &« 1. We therefore can take as’, as’ as independent
of frequency, i.e., e’ = Nyowa, o' = Nn(oxva + on).
Based on these considerations, one finds (a’q,’): = a'(¢g,")s,
(a’Ia)i = ai,(lu)i-

The atom number density Ny is related to the total num-
ber density (and eventually density) by taking the following
model. Namely, we assume that there will be no ionization
before the gas is totally dissociated. In the dissociation
phase, we relate the atom number density to the total number
density by using the Lighthill’s ideal dissociation model.
For the ionization phase, we assume the gas is in Saha
equilibrium. '

Methods of Solution

The shock conditions are described by their Taylor Series
expansion away from the stagnation point.** From the form
of the shock condition series, the dependent variables of
Eqs. (14-18) are written as a power series of £ with coefficients
that are a function of ». The solutions can thus be written

u = filmME + wf(m& + wfs(mf + ... (23a)
H =g + ¢n& + gs(m&* + ... (23b)
T)s = Aia(n) + Aie(m)E + Ais(mEt+ ... (23¢)
(@2)i = Qia(n) + Qio(nE + Qua(m&* + ... (23d)

where uy,us,us are constants governed by the shock shape.
From the series expansions of the shock conditions and Egs.
(23), the radiation and thermodynamic variables can be
written in series form. Substituting the resulting series
expansion of the dependent variables into the governing
Egs. (14-18), and collecting like powers of £, the coeflicients
of Egs. (23) are obtained from the resulting sets of equations.®

Solutions were obtained for the viscous case by the standard
iterative numerical integration techniques of two-point
boundary value problems. In the inviscid case, the in-
determinacy problem as 5 approached zero was overcome by
imposing the following conditions. Near the wall we de-
manded the velocity gradient to be bounded and the gas to
be in radiative equilibrium so that the radiative flux diver-
gence is zero.

The inputs of the freeflight conditions (velocity and
density), stagnation point shock radius, Prandtl number,
and the viscous parameter N/eRe are necessary in the
numerical calculations. In that the coordinate system used
in the formulation was body oriented, an assumed shock
shape is required. The shock shape is input through the
constants of the parameter series expansion along the shock
[Eq. (23a)]. These constants are, for a given body, all a
function of the bluntness parameter B,. (Assuming the
shock is conical in shape.) The values of B, can be found by
first assuming a value, then adjusting it to fit the calculated
shock shape. Tirst guess values of B, in this report were
taken directly or extrapolated from the curve given in
Lomax and Inouye.’* No iteration on B, is carried out in
this study.

As one of the prime objectives of this investigation was to
evaluate the influence of coupling between the momentum
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and energy transport mechanisms, solutions were obtained
for both viscous and inviscid flow. Flight conditions and
body dimensions$ applicable to the hyperbolie entry prob-
lem! which produced the maximum coupling effects were
used. Table 1 is a summary of the parametric conditions
of the three cases investigated and Fig. 1 illustrates the
corresponding regions of interest on a thermodynamic prop-
erties plot of entry conditions. The computational time
on an 1108 computer per solution (three terms) ranged from
14 min. for an inviseid case to 4 min. for a viscous run.

Results

Validity of Series Solutions

The utility of the Blasius types series used in Eqgs. (23)
(like any series method) is restricted in that its global ac-
curacy for a finite number of terms can only be evaluated by
a comparison with an ‘“‘exact’ solution for a given problem.
In this manner, Chou?® showed that his closed form Blasius
series solution (three-term series) of the adiabatic inviscid
thin shock layer was most effective (=5%) in predicting the
gasdynamics about a variety of bodies to the sonic line.
For the viscous and inviseid radiating flow of a thin shock
layer about a body, no “‘exact” solutions exist for comparison.
The validity of a finite series solution to these radiating
flow models may, therefore, only be assessed by indirect
arguments,.

The same form of series expansions were used in this in-
vestigation as was found successful in the adiabatie inviseid
solutions of Chou.® As the radiative flux addition to the
energy equation influences the gasdynamics only indirectly
through the density field, it was anticipated that the radiation
flux would affect the gasdynamics of the flow by a small
effect. The coupling results discussed later in this section
showed this to be true for both the inviseid and viscous
models.

The validity of the series solution for each parameter
must rest on two factors: 1) the numerical convergence of the
series solution, and 2) the physical interpretation of theresults.
Consequently, the region of numerical convergence of the
enthalpy series and the corresponding radiative energy flux
are discussed.

Figure 2 illustrates the numerical convergence of the
enthalpy profile at two different body angles. At 45°, the
deviation from second to third term is approximately 20%.
The results of applying Shanks nonlinear transformation'®
to the first three terms in the series are given. The Shanks
transformation represents an approximate method of pre-
dicting the converged solution of a series expansion given
three or more terms of the series. This transformation
technique has been utilized by Van Dyke'” as an indication

THERMODYNAMIC PROPERTIES BEHIND NORMAL SHOCK
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Fig. 1 Freestream conditions.

§ 11 < 4o < 18 km/sec; 1077 < poo < 107 8g/cm3; 50 < B, <
300 cm.
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Fig. 2 Numerical convergence of enthalpy distribution
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of the rate of series convergence. A comparison of the
Shanks results with the third-term solution indicates that a
three-term expansion is effective in describing the enthalpy
field to a body angle of 45°.

The numerical convergence of the radiative and convective
energy fluxes to the wall is shown in Fig. 3. The results of
the Shanks enthalpy distribution indicate the three-term
series to be a valid solution to the sonic line (~45°). It
should be noted here that the radiative flux was obtained
from a solution of Eqs. (17) and (18) once the enthalpy dis-
tribution was calculated rather than from the series given by
Eq. (23d). (For details, see Ref. 13.) Tigures 2 and 3 are
illustrative of the results of the three cases investigated.
They show the three-term series solution numerically con-
verges to the Shanks results (£5%) to a body angle near the
sonic line (~45°).

The nature of the enthalpy and velocity distribution
through the shock layer for different body angles is shown in
Fig. 4. For the inviscid region the increase of the total
enthalpy away from the stagnation point results from the
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expected increase in velocity and decrease in radiative
heat loss of the flow as it leaves the stagnation region. The
conductivity in the boundary layer increases the boundary-
layer thickness and correspondingly decreases the convective
heat flux.

The negligible variation of the velocity profiles about the
body as shown in Fig. 4 were found to be very interesting.
This insensitivity to body angle suggests the coupling from
the enthalpy distribution to the momentum field is weak.
This coupling will be discussed further in the results section.

Comparative Results

A comparison of the enthalpy, velocity and heat flux
results for the three flight conditions¥ considered (Table 1)
is presented in Figs. 5 and 6. The relative effects of the
three flight conditions upon the resulting enthalpy and
velocity profiles in the shock layer and the heat flux distri-
bution at and away from the stagnation point will be con-
sidered.

Ilustrative enthalpy and velocity results are shown in
Fig. 5. The results presented are for a representative body
angle of 36° for both the viscous and inviscid models. The
magnitude of radiative and viscous transport govern the
enthalpy and wvelocity distributions. Although radiative
transport will thicken the boundary layer somewhat, the
general boundary-layer distribution is a direct function of the
magnitude of viscosity. Comparing the magnitudes of the
viscous parameters in Table 1 for the three cases, the largest
viscous influence is anticipated for the 18 km/sec case.
This is substantiated by the enthalpy and velocity boundary-
layer profiles noted in Fig. 5. The 16 and 11 km/sec cases
have significantly less viscous influence as is demonstrated by
their decreased boundary-layer thicknesses. - Correspondingly,
the viscous velocity profiles of the latter two cases differ
only slightly from the inviscid runs near the wall.

The significant influence of the radiative transport is
observed in the inviscid region of the enthalpy distributions.
Having comparable cooling parameters, §, the 16 and 18
km/sec cases experience similar enthalpy profiles in the
inviscid region. In contrast, the small cooling parameter

9 In this discussion, the freeflight velocities are used as the
identification of the three cases considered.

ATAA JOURNAL

of the 11 km/sec case results in an enthalpy profile approach-
ing that of an adiabatic flow.

The conformity of the velocity results in the inviseid
region indicates the influence of the radiative transport
upon the velocity field is small. This coupling will be
discussed in detail in subsequent paragraphs of this section.

Figure 6 illustrates the relative comparison of the convective
and radiative heat fluxes about the body. The differences
in the distributions demonstrate the significance of the free-
stream condition upon the convective and radiative heat
loads about the body. The radiative flux is a direct function
of the temperature level in the shock layer. At high tem-
peratures, the radiative properties of emission and absorption
are less sensitive to temperatures than at the lower tem-
perature levels. Consequently, even though the temperature
change in the shock layer away from the stagnation point is
the greatest in the high-velocity case** (18 km/sec), the
change of radiative heat flux about the body for this case is
the least for the three considered. In the 11 km/sec case,
the temperature change about the body is the least, however,
the temperature level is sufficiently low that a small tem-
perature change results in a significant influence upon the
radiative properties. This is demonstrated by the corre-
spondingly large radiative flux change for this case about the
body as shown in Fig. 6.

The thickening of the enthalpy boundary layer away from
the stagnation point accounts for the general decrease in
convective heating. The relative convective heating dis-
tributions compare with the respective gradients of the
enthalpy profiles of Fig. 5 at the wall. The 11 and 16 km/
sec cases experience essentially the same convective heating
while the large viscous influence of the 18 km/sec case
produces a marked change from the other two. Because of
the strong temperature dependence of the radiative flux, the
change in radiative flux about the body is more pronounced
for all cases than the corresponding changes in convective
heating. Due to the high radiative heat flux experienced at
the stagnation point of a blunt body, however, the radiative
heating is far from negligible at the sonic line.
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velocity distributions
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** Because of the low velocity at the stagnation point, the
stagnation point temperature is a direct function of the free-
stream velocity.
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Momentum and Energy Coupling

An understanding of the degree of coupling between the
momentum and energy transport mechanisms was the
prime objective of this investigation. Such an under-
standing could provide the justification for simplifying ap-
proximations in obtaining solutions of the radiating flow
about a body. Such approximations would be essential
should detailed treatment of the radiative and collisional
transport be required.

The comparison of the radiative heat fluxes for both viscous
and inviscid models away from the stagnation point for the
three cases considered is presented in Fig. 7. The stagnation
point radiative heat flux for each case is noted for com-
parison. As was expected, the inviscid model yielded the
higher radiative cooling; however, the difference between the
viscous and inviseid models was surprisingly small for all
three cases. The influence of viscosity upon the radiation
wall flux was only experienced beyond approximately 30°.
Being a direct function of temperature, this difference in the
radiative fluxes is attributed to the influence of viscosity on
the thickening of the boundary layer. As the flow
proceeds about the body, a greater portion of the total
radiative heat flux comes from the boundary-layer region;
therefore, the influence of the viscosity is experienced more
dramatically far from the stagnation point. The resulting
deviations are shown to be significant near the sonie line with
the viscous results below the inviscid case as indicated in Fig.
7. Consequently, the primary effects of viscosity on the
radiative heat fluxes is beyond a body angle of approximately
40°, In the stagnation region, the inviscid analysis yields an
accurate description of the radiative heating for the range of
Reynolds numbers and radiative coupling levels studied.

The effect of the radiation transport upon the convective
heating load about a body is illustrated in Fig. 8. Because
of the complexity added to the viscous energy equation by
the divergence of the radiative flux, the error produced in the
convective flux by its omission is of interest. The stagnation
point convective heat flux results show the radiative transport
can have an appreciable influence on the convective loss. As
one would anticipate, the radiative heat loss thickens the

boundary layer resulting in a lowering of the convective.

losses. Because of the large viscous effect in the 18 km/sec
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Fig. 7 Coupling of viscosity and radiative heat flux.

case, this influence is seen to effect this case less than the
other two. (The 11 and 16 km/sec results were essentially
the same.) Consequently, the results of Figs. 7 and 8
indicate the radiative heat flux determined by neglecting the
flow viscosity ecan overpredict the radiative loss by less than
159, but an overprediction of 359 in the convective heat
flux can be experienced when the radiative transport is
neglected in the energy equation.

Figure 9 illustrates the influence of the radiative trans-
port upon the velocity field for both the viscous and inviseid
flow models. As the heating load distributions are
of prime importance, this coupling is shown indirectly
by eomparing the influence of two velocity fields upon the
radiative heating flux, one from a completely coupled calcu-
lation and one from a nonradiating solution. It should be
recalled that the momentum transport is only effected in-
directly by the energy field through the density. The
results shown in Fig. 9 indicate this coupling to be weak at
the stagnation point. The “momentum without radiation”
results arc from the solution of the energy equation using a
solution to the momentum equations obtained from a non-
radiating flow caleculation. For the inviscid model, this
velocity field represents the adiabatic inviscid series solution
of Chou.? For the viscous case, the velocity field was deter-
mined from a solution of the combined energy and momen-
tum equations without the radiative flux divergence term.
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Fig. 8 Coupling of radiative transport to the convective
heat flux.
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The results of Fig. 9 indicate the weak coupling of the radia-
tive transport on the velocity field as the latter influences the
radiative flux away from the stagnation point. The results
of Fig. 7 indicate that an accurate description of the radiative
heat flux can be obtained by the solution of the energy equa-
tion using the adiabatic inviseid velocity distribution.

Conclusions

A three-term series formulation of the viscous and in-
viscid, radiating-absorbing flow in a geometrically thin shock
layer about an axisymmetrical body has been completed.
The radiative transport was modeled with a three-band
continuum absorption coefficient and was described by the
differential approximation. Solutions for each of the three
terms in the series were obtained for a spherical body at three
flight conditions which provide a wide variation in the effects
of viscosity and radiative cooling. The three-term solutions
were compared with the results of a Shanks nonlinear trans-
formation of the series; numerical convergence was thus
confirmed for the enthalpy and velocity series away from the
stagnation point to a body angle near the sonic line. Hav-
ing obtained an enthalpy distribution, the radiative heat
flux was found from the solution of the radiative transport
equation, since the radiative heat flux series was shown to
slowly converge. ‘

The radiative and convective heating distributions were
obtained to a body angle of 45° for the three cases considered.
The coupling between the momentum and energy transport

ATAA JOURNAL

was evaluated by ecomparisons of the convective and radiative
flux distributions at and away from the stagnation point.
This coupling analysis indicated that the influence of viscosity
on the radiative heat flux calculation was small (<159%).
The radiative transport was shown to effect the convective
heat flux more strongly. The convective heating may be

increased by 35% near the sonic line when the radiative

transport is neglected. The influence of the radiative trans-
port on the velocity field was shown to be small. The radia-
tive flux results obtained by using a velocity field obtained
from a nonradiating flow calculation was shown to agree
very closely with the results of the fully coupled analysis.

These results suggest that an accurate deseription of the
radiation healing about a blunt body can be obtained [rom an
uncoupled solution of the energy equation with an adiabatic
inviscid description of the velocity field.
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