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SUMMARY

Stagnation point heat transfer soltions have been generated for selected
conditions of altitude, velocity, nose radius, and mass injection at the wall,
For these solutions the radiative transfer has been computed considering the
detailed spectral radiative properties of both air and ablation products including
atomic line transitions. The effects of the thermodynamic and transport proper-
ties of ablation products on the heat flux at the wall have been investigated, and
radiative preheating of the ambient air has been considered. The results have
shown that ablation products are less effective in reducing the radiative flux to
the wall than previously predicted. The investigation of an approximate semi-
local formulation for the net radiant emission has revealed the unsuitability of
this technique for analyzing high temperature shock layers. Comparison of the
detailed solutions with other less exact methods, e.g., line grouping, for calcu-
lating the radiative transfer in ablating body shock layers has shown the necessity

for retaining full spectral detail in the description of the radiative properties.
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NOMENCLATURE

3/2
(2m m/h) /
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Reference optical depth (Bouguer number)

Spectral intensity of black body

Line half-width

Mass fraction of ablator

Specific heat

Speed of light

Binary diffusion coefficient for "ablator'' diffusing into "air"
Binary diffusion coefficient for species A diffusing into species B
Energy level

Ionization potential for m-ion

Rydberg energy

Radiative flux

Electronic oscillator strength

Ground state degeneracy

Degeneracy

Planck constant; static enthalpy; or altitude

Intensity of radiation

Total thermal conductivity

Boltzmann constant

Linear spectral absorption coefficient



ref 17 -3

kw Table input for kw at N = 107 cm

Ec Continuum mean absorption coefficient

KP Planck mean absorption coefficient

m Electron mass; also degree of ionization

m Mean degree of ionization in gas mixture

m Blowing rate, (pv), /(pv)_

N Species concentration, number density

n Principal quantum number of active electrons

P Pressure

qC Convective heat flux

qR Radiative heat flux

a," ! Franck-Condon factor

RN Nose radius

r Radial distance from axis of symmetry

s Line of sight path length

T Temperature

u Velocity parallel to body

Ve Free-stream velocity

v Velocity normal to body

x Distance parallel to body

y Distance normal to body

y* Value of y where pv = 0

Be" Be” Rotatior_xal constants for upper and lower electronic states,
respectively

AB Absolute value of Bel— Se”

) Shock layer thickness

65 Adiabatic shock layer thickness
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0 Angle between y unit vector and line of sight path

M Viscosity

P Density

g Stefan-Boltzmann constant

T Optical depth

U', 'U” Vibrational quantum number for upper and lower electronic

states, respectively

w Wave number

w, Wave number of line center

we” Vibrational fundamental frequency for lower electronic state

W Center of photodissociation band; also critical wave number (lines)
wol Critical wave number (continuum)

A Approximate half-width of photodissociation band, chosen

from empirical fit to data

Subscripts

c Critical value; or Continuum

L Line

o Total

P Planck

S Value immediately downstream of shock
w Wall

w Spectral

o Free stream

Superscripts

+ In positive y-direction; toward shock

- In negative y-direction; toward wall

o Black body

vii




STAGNATION POINT HEAT TRANSFER DURING
HYPERVELOCITY ATMOSPHERIC ENTRY

By W. S. Rigdon, R. B. Dirling, Jr.,
and M. Thomas
McDonnell Douglas Astronautics Company--Western Division

INTRODUCTION

Radiant energy transport through the high-temperature shock layer
surrounding the stagnation point of a blunt re-entry vehicle has been the subject
of intensive investigation. Analysis techniques for predicting the radiative and
convective heat transfer rates experienced by a vehicle entering a planetary
atmosphere have progressed from simple computations in which the flow field
and radiant energy transport were uncoupled (Reference 1) to complex coupled
solutions where an attempt is made to account for all radiative transport phe-
nomena (References 2 and 3). In addition, because the full radiative gas
dynamic problem is described by complex integro-differential equations, many
approximate techniques (References 4, 5, 6, and 7) have been developed. In
general, the accuracy of the various solutions is unknown because no flight
experiments have been made above 36, 000 fps (NASA Project FIRE) where
coupling is rather weak. While shock tube measurements can verify theoretical
models for the gross spectral emittance of atmospheric gases, measurements
of heat transfer rates have been limited to models of small physical size for
which the total optical thickness is much smaller than one except at strong line
centers. In lieu of applicable experimental data for the regime of interest,

""exact'" calculations of radiant energy transport are desirable.

The present study is an extension of a previous analysis (Reference 2)
which considered the effect of air blowing on radiative and convective heat
transfer rates retaining complete spectral detail of the radiant energy transport.
The restriction of no foreign species is removed and injection of carbon phenolic
ablation products is considered. Energy transport by atomic lines is included.
Each line is treated individually, therefore, no ambiguities due to varying
elemental mass fractions are encountered as is the case when the line grouping
technique is used (Reference 3). The effect of absorption of forward traveling

radiation by the free-stream air ahead of the shock layer is also considered.






VISCOUS, HEAT CONDUCTING, RADIATING FLOW FIELDS

For steady-state, axisymmetric flow the thin shock layer conservation

equations are

Continuity
9{pru) , o(prv)
9x oy 0 (1)
Momentum
du du _ _9%p 19 (  0u
pu -t PV 5o = 8x+r8y(rH y) (2)
op _ 0
or - 3
v (3)
Energy
aT ap du 2 1 9 oT =
Pvcp—y”a—x*“(a—y) *?W(rKW)‘V‘F “)

Stagnation Point Limit

For problems involving radiative transfer, for which integrals over distance
must be evaluated, it is desirable to retain the physical length coordinates in the
basic equations rather than apply similarity-type transformations. ZFortunately,
at the stagnation point, the conservation equations can be reduced to ordinary
differential equations without resorting to such coordinate transformations.

Near the stagnation streamline, i.e., for x/RN << 1, the principal flow vari-

ables may be expanded in power series as follows:

p(y)+p, (y)x2+-
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v:':'r(y)+v1 (y)x2+.

T=F () +T (x"+....

The choice of expansion follows from the symmetry or anti-symmetry in x
of each variable,

Substituting the series expansions for p, u, and v into the continuity

equation, noting that near the stagnation point r = x, yields

0

pu = - ay

o™ —

(pv) + higher order terms in x.

In the limit of x = 0 the continuity equation is

2

pU = - 557

(%)

N~

(5)

Assuming a concentric shock and noting from Equation (3) that p is a function

only of x, the pressure can be shown to be given by the relation

p 2
px)=p_+p V 2 - = - X~ 4+ higher order terms in x |.
© ® P R 2

° N

Hence

dp _ 2 Po) 2x . :
b pme <1 o > 5 + higher order terms in x. (6)

Substituting Equation (6) and the expansions for p, u, and v into Equation (2)
yields

5ﬁzx + pv -3—‘; x + higher arder terms in x

=p V 2 1 - Po) 2x_ x 4 v da + higher order terms in x.
o @ Fs/R 2 dy dy
°/ TN




Again taking the limit of x = 0, the x-momentum equation becomes
~=2 , - di 2 Po\ 2  d( du
+pV5-=p V -=)—5+ —=(p ). (7)

The energy equation is reduced in a similar manner. Finally substituting
Equation (5) into Equation (7) and discarding the tilde notation for the asymptotic

valtues of the flow variables, the stagnation point flow field equations become

Momentum and Continuity

(8)
et () - 532 |-
N
Energy
pvcp %g = c(li_y (K %) - (V- l::)y (9)

—_

Here (V -F)y is the divergence of the radiative flux normal to the body sur-

face. The boundary conditions used in the study for the above equations are

At the wall At the shock
pv = rhpme |:>v:—pm\/'00
du \%

1 d(pv) _ 1 d(pv) _ s _ ©
==Yl - S —qv _-Zd = Z—R
p dy P y x N
T =T T =T

W s

Preheating in Ambient Air

Absorption of radiation by the air ahead of the bow shock wave may
significantly affect the radiative and convective stagnation point heat transfer
rates experienced by the body. The solution for the complete three-dimensional

flow field perturbations ahead of the bow shock wave caused by the absorption of



forward traveling radiation from the high-temperature shock layer is difficult,
since it requires an evaluation of V- F for all points ahead of the shock. How-
ever, the results of a previous investigation (Reference 8) have-shown that the
perturbation to the tangential velocity, u (normal to the centerline) is of second
order compared to the perturbation to the normal velocity, v. Also, the bulk of
the abéorption occurs within several shock layer thicknesses of the shock so that
the one-dimensional approximation for the radiation field used in the shock layer

can be retained. Under these conditions Equations (1) through (4) reduce to

dy’ = (10)

d d
PVd—;:-gl;.l (11)
pvcpj—}'Z -v-F . (12)

The molecular transport can be neglected because the local Reynolds number
does not approach zero in the preheating region. The kinetic term in the energy

equation
v L L2y
Vay TPV gy
has also been neglected since, as shown in Reference 8, Av/V_ ~ 10_3. Applying

the boundary conditions very far upstream the solution for the preheating region

is

pv = constant = - pme
_ 2
-pVh+F =-p Vh +F
0 @ @ w0 @ @
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Examination of the momentum equation solution shows that since, for the
conditions of interest here, pon% > P large changes in p result in small

changes in v. Therefore, the approximate solution for the preheating region

is
p(y) = constant = p_
F(y) - E,
h -h = ——— .
&) - kg P Voo

The static enthalpy just ahead of the shock is

h(6" )=h + ————2, (13)

The increase in static enthalpy immediately ahead of the bow shock wave
affects the heat transfer rates at the wall primarily through the mechanism of
increased temperature behind the shock wave. Although the shock layer pres-
sure is also increased a small percentage, this effect was neglected in this

study.'

The complete solution for the shock layer flow field and heat transfer rates
considering preheating is obtained by an iterative technique. First, the solution
for the shock layer properties and the radiative flux emitted in the forward
direction without preheating is obtained. This flux is then used to obtain the
temperature profile ahead of the shock and the total radiant energy absorption,
F(5) - F_. Using the normal shock relations a new Ts value is then found and
the entire procedure repeated. Convergence is assumed when the difference
between the nominal (no preheating) TS and the Ts computed including preheating
agrees to within 20% for successive iterations. Convergence is rapid since F(§)
is relatively insensitive to small changes in TS. It should be noted that the
absorption coefficients in the preheating region are dependent on the temperature
and species concentrations, therefore, an intermediate iteration must be per-
formed to determine the temperature profile in this region. The specific heat
and absorption coefficients for these iterations were evaluated assuming chemi-

cal equilibrium.



The Diffusion Equation .

For the purpose of obtaining the atomic, molecular, and ionic species
concentrations across the shock layer under the condition of ablation products
injection at the wall, a binary diffusion model is assumed. That is, one com-
ponent, ablator, is assumed to diffuse into a second component, air. This
binary diffusion analysis yields the local concentrations of ablator and air.
Utilizing the elemental mass fractions (for nitrogen, oxygen, carbon, and
hydrogen) in the ablator and air the local elemental concentrations are obtained.
These values are then used in a thermochemical equilibrium computation of the
individual atomic, molecular, and ionic species concentrations together Wwith

the local thermodynamic properties.

The thin shock layer binary diffusion equation for the ablator concentration

dCA BCA 5 (o acA
pu + PV Hw— 12 .

is

5% oy oy By

Utilizing the procedure described under Stagnation Point Limit this equation may

be reduced to

dCA 4 b dCA
pV —/— = — —_ ). (14)
dy dy 12 dy

For the entry conditions and injection rates considered in this study, effectively
none of the air penetrates to the wall. Therefore, no analysis of air-ablator
surface reactions is necessary to determine the ablator concentration gradient

at the wall., For the ablation conditions analyzed the boundary conditions for

the diffusion equation are

At the wall At the shock

CA:1 CA:O



The selection of appropriate effective binary diffusion coefficients was
made on the basis of the dominant atomic species present. Since the ablation
materials considered, viz., carbon phenolic and graphite, are predominantly
(or all) carbon, while air is predominantly nitrogen, the binary diffusion
coefficients for atomic carbon--atomic nitrogen interaction were used. While
this selection procedure is purely intuitive, an a posteriori analysis revealed
that the choice of binary diffusion coefficient is not critical. A direct compari-
son of the ablator concentration profiles computed using carbon-nitrogen and
hydrogen-nitrogen diffusion coefficients is shown in Figure 1. The two profiles
are in relatively close agreement even though the hydrogen-nitrogen binary
diffusion coefficients are approximately an order of magnitude greater than
those for carbon-nitrogen. The results shown in Figure 1 also tend to support
the assumption that the numerous atomic, molecular, and ionic species in the
ablation products can be represented as a single species. That is, even the
hydrogen atoms apparently do not diffusively separate greatly from the heavier

species in the ablation products.
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Figure 1. Comparison of Ablator Concentration Profiles Assuming
Carbon-Nitrogen Diffusion and Hydrogen-Nitrogen Diffusion



Method of Solution

For the detailed spectral solutions it was discovered to be more convenient
to use the flux rather than the divergence of the flux in the flow field computa-

tions. Therefore, the energy equation is written in the form

dT _ d (4T _ 15
VLT, T dy(Kdy F) (15)

This equation together with Equation (8) can be written as a set of first-order
differential equations which are solved by relatively straightforward techniques.
However, a special procedure must be used for those cases which include injec-
tion at the wall. Because of numerical integration stability problems, which
are discussed in Reference 2, the integration of the conservation equations must
be begun at pv = 0 and proceed in both directions, i.e., toward the wall and
then toward the shock. This procedure requires iteration on T, u, dT/dy, and
the shear stress, all evaluated at pv = 0, until the boundary conditions on T

and pv are matched (within 1%) both at the wall and at the shock.

The detailed solution procedure is initiated by assuming a flux profile for
the shock layer. A table of 30 values of flux versus tangential velocity is input
to the computations and the conservation equations are solved. The temperature
profile obtained is used to calculate an "'output" flux profile. A new flux table
is selected by averaging the input and output values and the iteration procedure
continues. The criterion for final convergence used is a 2.5% difference between
the input and output flux profiles. This criterion is relaxed in regions where
the flux is very small or changing rapidly. In these regions the absolute differ-

ence between the two flux profiles must be less than 2.5% of the flux at the wall.

For the ablation products injection cases, the diffusion equation is solved
following each solution of the energy and momentum equations. The elemental
concentrations computed are used to re-evaluate the spectral absorption coeffi-
cients (and for one entry condition the thermodynamic and transport properties).
It is not necessary, however, to re-evaluate the shock layer properties at each
major iteration, that is, after each solution of the conservation equations. The
gas mixture properties are recomputed after the first iteration, again after rela-
tively good agreement in the flux profiles is obtained, and finally for the last

iteration.

10



RADIANT ENERGY TRANSPORT

In the previous section the method used to solve the conservation equations
for a known radiative transfer profile for the shock layer was given. In this
section the corresponding procedures for determining the flux of radiation for
a known temperature profile will be discussed. Also presented are the methods
used to calculate the linear spectral absorption coefficients of the shock layer

gases.

Linear Spectral Absorption Coefficients

The degree of rigor retained in calculations of spectral absorption
coefficients of gases must be chosen so that their use will be accurate and
feasible. The guiding consideration in this study was to produce absorption
coefficients (kw) so that shock-layer radiation transfer could be accurately
handled. Extremely detailed kw values are neither needed nor desired, as
they complicate and limit the number of useful calculations that can be made
during a finite time. The discussion below demonstrates the technique used;
detailed descriptions of the methods used in radiative transfer and kw calcula-
tions are presented in full in References 9 and 10. Some discussion of the
techniques is also presented in the Phase I final report for this study

(Reference 2).

The basic elements of the analysis used are the following:
(1) Atomic lines are treated individually, except for grouping of
multiplets and lines near photoelectric edges.

(2) Rigor retained in kw calculations is relaxed to a point where
checks on radiative transfer in finite bands show no loss in
accuracy.

(3) Chemical and thermodynamic equilibrium is assumed, and
scattered radiation is not treated.

11



The six general types of formulations used to calculate kw in this study
are presented in Table I. All of these techniques were used in the calculation
of kw for air and air-ablation products gas mixtures in this study. The absorp-

tion coefficient k*w is related to 1_<w by

k= Kk [1- exp(- hew/kT)]

w

Empirical.--For radiative transitions not treated as below, or for which
little theoretical modeling is possible, absorption coefficients at some refer-
ence condition are used. These data are simply scaled with concentration and

their contributions added to the sum for kw'

Lines, isolated. --Isolated atomic lines were treated using simple dis-

persion contour with electron-impact broadening (the coulombic model used by
Stewart and Pyatt, Reference 11). Line strengths were obtained from tabu-
lated data, such as Griem (Reference 12--visible lines only) or NBS
(Reference 13). Where such data did not exist, or were very uncertain, such
as near photoelectric edges in the far UV, the following more simplified model

was used.

Lines, overlapping.--Overlapping atomic lines were treated using the

same line broadening model as for isolated lines. However, the line strength
was given by a hydrogen-like line model. The band model of Elsasser was
used (Reference 14). This model was generally used between the last tabulated
atomic line for a particular species and the photoelectric edge for ground-
state ionization for that species. Thus, the far UV spectrum was filled in in a
manner that treats the apparent lowering of the photoelectric edge caused by

line merging.

Photoionization from the ground state.--The classical relation of Menzel

and Pekeris (Reference 15) for photoionization of hydrogen was modified and
used to treat ground-state ionization for all species. The effective charge on
these hydrogen-like species was determined by dividing the actual ionization
limit by the equivalent one for hydrogen with an electron in the same orbit
(principal quantum number n--see Equation (T-8)). The degeneracy levels for

the upper and lower states are taken to be equal. The Gaunt factor is taken

12



TABLE 1

EQUATIONS USED TO CALCULATE SPECTRAL
LINEAR ABSORPTION COEFFICIENTS

1. Empirical

2, Lines

a. Isolated

b. Overlapping

3. Photoionization
from ground state:

4., Photoionization
from excited
states and
free-free

where

5. Photodissociation

where

6. Diatomic molecule
band system

where

N
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(T-10)
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(T-12)

(T-13)
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to be unity. This simple model has a much faster decline with increasing w
than more accurate calculations give, but the effect of this error upon radia-
tive transfer through gas layers with thickness greater than a millimeter and

temperatures up to 20,000°K is negligible.

#hotoionization from excited states and free-free transitions.--~A modified

hydrogen-like approximation is made where all chemical species are combined
to form a mixture assumed to have only two species--one with charge m + 1/2
and one with charge m - 1/2 (Reference 16). Additional modification is
required to extend the model to low temperatures. The exponential term in

Equation (T-9) is allowed to increase with w until a maximum value of

E E E
=2 ex = + exp —=
AkT S¥P\2kT 9k T

is attained. This restriction allows Equation (T-9) to be used for gases where

the degree of ionization is small. Additional details of this restriction are

available in Reference 10, pages 27-28.

Photodissociation. -- The model used for photodissociation is that of an

electronic transition in a diatomic molecule, where transition occurs to a
vibrational level in the upper electronic state higher than the dissociation
continuum. This behavior can be predicted based on the shape of the intra-
molecular potential curves, and appears to be of importance in O2 and CZ’
among the species considered in this study. The formulation used is similar
to that of Sulzer and Wieland (References 17 and 18) and requires estimation

of the center and half-width of the peaked photodissociation band.

Diatomic molecule band system. -~ The electronic transitions in diatomic

molecules are described using the just-overlapping-rotational-line model, as
discussed in Reference 19. Most of the vibrational-state data necessary are
found in Herzberg (Reference 20). Oscillator strengths and Franck-Condon
factors are available in the technical literature. Where data are missing,
they can be estimated based on a simple-harmonic-oscillator model for the

upper and lower vibrational states (Reference 21).

14



Highly reliable values for kw are obtained if very small increments in w
are used to define the table of w's at which the kw's are to be calculated. If
these increments are chosen to be of the order of the half-width of the
narrowest line, an unwieldly large amount of data results which cannot
be adapted for radiative-transfer calculations. If the increment is chosen
uniformly as, for example, one ten-thousandth of the band width of interest,
there is no guarantee that sufficient spectral resolution has been obtained; in
fact many important lines will certainly be neglected. The choice of wave
numbers used must be influenced by the particular set of species, transitions,
and temperature range selected. The technique used for this study chooses
a good set of wave numbers at which kw should be calculated by the following
built-in conditions: the w-table must include the end points of the table of
empirical data, line centers, points 5 cm_1 from line centers, values imme-
diately before and after photoelectric edges, immediately before and after
band heads, and at the center and two points in the wings of the photodissocia-
tion bands. On top of these points, additional w's are determined by specifying
a minimum w-interval as a function of w. This table of w's then contains all
the critical wave numbers that define positions in the spectrum where rapid
changes of kw with w occur. The table normally is still too big to allow for
efficient radiative-transfer calculations, so the amount of data is reduced

further through the following shock-layer-dependent procedure.

The absorption coefficients, kw, are calculated for the complete table of
wave numbers for a specially chosen reference case. The computer code
used for these calculations then will screen the produced data to determine if
critical wave numbers could have been removed from the wave-number table
without changing the values of kw more than some set accuracy criterion
(typically, 1% was used as this criterion in the study). The wave-number
table is reduced in size accordingly, usually cutting the size of the data tables
by two-thirds. The new wave-number table is then used unaltered in all com-
putations of kw for the actual conditions of pressure and temperature of
interest. The temperature and species concentrations for the reference case,
therefore, must be selected such as to accentuate those contributions for
which fine detail in the wave-number table is required for accurate specifica-
tion of the spectral absorption coefficients. A high temperature is specified

for the reference case, firstly, because the radiation transfer to be calculated

15



is characteristically that for a high temperature layer, and secondly, to
emphasize the atomic line contributions. The species concentrations are
arbitrarily adjusted until adequate detail is obtained, i.e., isolated lines and
band systems are well defined. Since the continuum contribution to the
spectral absorption coefficients due to ionic species does not require great
detail in the wave-number table, the concentrations of these species are
greatly reduced from their expected high temperature values. Typically, two
or three reference case trials are required to obtain satisfactory detail in the
wave-number table for each gas mixture, e.g., air or air-carbon phenolic.
Judicious selection of a reference case facilitates accurate and rapid radiative
transport calculations and is clearly enhanced by the experience of the

investigator.

Many of the radiative transfer cases to be solved for this study involved
strong emission from high-~temperature air, reabsorption in cooler air, and
a second reabsorption and re-emission in regions containing ablation products.
The change in chemical composition through the shock layer can drastically
change the values of the kw when examined at a particular wave number. The
absorption coefficient data used must be chosen to assure that all of the
critical wave numbers associated with both air and ablation products are
retained. It has been shown that approximate techniques for handling radia-
tive transfer tend to be inadequate when gross changes in gas composition

occur (References 3 and 6).

For this study, the problem was solved by choosing as a reference case,
from which to derive the table of w for all further calculations, an appropriate
balanced mixture of air and ablation products. The important wave numbers
for all species considered were retained in both pure air and pure ablation

products regions of the shock layer.

The reference case used is shown in Figure 2, and many of the apparent
contributions are identified thereon. The data presented in Figure 2 do not
represent any real shock layer temperature-concentration case, but were
computed to screen out automatically those wave numbers where nothing
significant will happen in the shock layer. For air, 1154 points, for air-carbon

phenolic, 1487 points, and for air-graphite, 1375 points resulted in the wave

16
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Figure 2. Spectral Absorption Coefficient of Air-Carbon Phenolic

Ablation Products Mixture for P = 1 atm and T = 16,000 °K
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number table. The variation of kw across the shock layer for an ablation
products injection case is illustrated in Figure 3. The spectral absorption
coefficients are shown for selected values of temperature and ablator

(carbon phenolic) mass fraction.

The data used for the absorption coefficient calculations are presented in
Appendix A. The species considered and the transitions treated are listed.

Also, sources for much of the data are given.

Equation of Radiative Transfer

The radiative transfer along a path length through a nonscattering medium

is described by the L.ambert-Bouguer equation

d L
ds kw [Bw B Iw] . (16)

The solution of this equation for a path length, t, is

t t

t
Iw(t) = Iw(O)exp<-f kwds> +f ka(: exp(—fkwds‘>ds .
e} o S

For this study the procedure followed is to solve Equation (16) directly.
For the most part a second-order Runge-Kutta technique is employed.
However, when the intensity at any wave number approaches the black-body
value, the asymptotic form of Equation (16)
1 9B
k ds

w

I = B

o
w w

is used. The use.of this asymptotic expression for the intensity permits
relatively large intervals to be used. Typical path length increments are on
the order of 0.016, rather than intervals of the order of l/kw required for

integration stability.
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The results of the first part of this study (Reference 2) showed that for
realistic entry body materials the radiative properties of the wall have no
significant effect on the shock-layer radiative transfer. Therefore, for all

cases considered here the wdll is assumed to be transparent. The boundary

conditions for Equation (16) are

1(0,6) =0 forallwand 0 <= 6 < =
w 2
1(6,8) = 0 forallwands < @ < T
w 2

The positive (toward the shock) and negative (toward the wall) y-components

of the flux are given by the following equations

v
Z o0
F+(Y) = _27 f fIw(y,e) cos O dw d{(cos 8) (17)
6=0 o
m o
Fi(y) = -2m fIw(y,e) cos 6 dw d(cos 6) (18)
0= o
2
The total flux is
+ -
Fly) = F (y) +F (y) (19)

Approximate Representation for V - F

Detailed evaluation of the flux divergence during the course of a flow field
analysis can involve complex and time consuming calculations. As a result
the appeal to develop an approximate method for calculating the divergence of
the radiative flux is great. One of the objectives of this study was to obtain
and use a simplified expression for the flux divergence suitable for applica-

tion to high-temperature shock layer analyses.
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During Phase I of this study an approximate relation was developed
through an analysis of the important shock layer radiative transfer mechanisms.
The resulting expression included '""Planck-like'" and '""Rosseland-like' terms
for atomic line emission and absorption plus terms for continuum absorption.
Two models of continuum absorption were treated; the first assumed optically
thick continuum transfer, and the second assumed pure absorption by the
continuum. The derivation of the approximate relation is presented and dis-

cussed in References 2 and 6.

The results of comparing the approximate relation with detailed spectral
calculations presented in Reference 2 indicated that the pure absorption model
for continuum transfer should be used. The continued investigation of the
approximate formulation revealed, however, that the pure absorption term
should apply only for the radiation traveling toward the wall. Furthermore,
in the derivation of the continuum absorption term the local flux toward the
wall should be assumed proportional to the black-body emission at the tem-
perature behind the shock, Ts, rather than at the local temperature. The

resulting expression for the divergence of the flux is

1/2
Bu Bu
V- F = 2kpoT {(B P ) (B — PT) }
u up Py - P
16 ..34T T 1o - 'L
+?O—T %;{(E-i-—l-:r_)l/z h (Bu -}O‘r - T )1/2‘
L L L Lo L

, 4 1/2
15 3 dT (hecw ) hcw )( )
+ — T == |—=2
At gy Tl oexp BU + T

c c
! . - 1/2
+ 4"k§ exp(—h—o—cw ) w'o?) k. F < Tco = Tc > / (20)
O‘Ts kTS BuC + TCQ - Te

While three parameters, Bu_, and Bu_ , and Bu'c, appear in Equation (20),

P L
only two are independent. The continuum and line Bouguer numbers are

related through the equation

-
Bu —(LO Bu
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The procedure for evaluating the remaining two parameters involves a
comparison of the fluxes at tHe wall and at the shock between approximate and
detailed calculations. That is, the flow field solution is obtained using the
approximate relation for V - F with assumed values for BuP and Buc. The
resulting temperature profile is used for a detailed calculation of the flux at
the boundaries. This detailed calculation may be made in roughly one-third
the time required for a complete flux profile calculation. New values for

BuP and Buc are selected and the iteration continues.

When the expression in Equation (20) is evaluated for a given temperature
profile, reasonably good agreement is obtained with detailed flux divergence
values. Figure 4 presents such a comparison of detailed and approximate
divergence of the flux profiles as computed for a temperature profile obtained

from the detailed flow field solution for the indicated entry conditions.

While the result shown in Figure 4 is encouraging, the complexity of the
expression for the divergence of the flux given in Equation (20) is not. For an
ablation products injection case, the flow field calculations require iteration
on starting values for the flux toward the wall and the three optical depths--
all evaluated at pv = 0, plus the three total optical depths, in addition to the
iteration on T, u, dT/dy, and p(du/dy) at pv = 0. In order to obtain the
detailed fluxes at the wall and at the shock for evaluation of Bup and Buc, the
spectral absorption coefficients must still be calculated for the ablation
products-air mixture. Also, the mean absorption coefficients must be
adjusted accordingly. It is apparent, therefore, that the time and effort
saved over a detailed solution resulting from the approximate method would

at best be slight.

In addition to the operational complexities associated with the approximate
method as listed above, numerical integration stability problems were encoun-
tered when attempts to use the approximate formulation for the divergence of
the flux in actual flow field calculations were made. In regions of negative
V - F, that is, where V -+ F should be negative, the magnitude and sign of the
divergence of the flux, as given by Equation (20), becomes critically dependent

on the local values of T and dT/dy. It is in these regions of the shock layer,
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however, that the temperature profile is most sensitive to the divergence of
the flux. An inherent instability is therefore introduced into the energy

equation.

As a result of the overall difficulty associated with the approximate
method, and the minimal time savings anticipated from its use, all further

development of the approximate representation for V - F was abandoned.

Numerical Methods

The calculation of the radiation intensity profiles proceeds by solution of

the normalized Lambert-Bouguer equation of transfer, viz.,

de
ds* 6kw [B:) - Io.)]

where -

The numerical solution of this equation (or its asymptotic form) is generated
for the line-of-sight path normal to the wall. Under the assumption that the
temperature is a function only of y the intensities along other paths are
obtained exactly by scaling procedures appropriate to the specified gas layer
geometry. The computer code used to solve the equation of transfer includes
the capability to consider a concentric spherical shock geometry, however, all
calculations for this study were made assuming an infinite tangent slab shock
layer. The spectral flux values are computed by Gaussian quadrature using
intensities for eight slant directions. The integration of the flux over wave
number is accomplished by a simple trapezoidal rule integration between
each value of wave number. The limits of the integration over wave number
used in all cases were 3, 000 cm-land 160,000 cm—l.

The shock layer temperature profile is specified by a table of 40 values of
T versus y. The temperature used in the solution of the LLambert-Bouguer
equation are obtained by linear interpolation in this table. Ten tables of

absorption coefficient versus wave number are specified at ten values of
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L.

temperature. Logarithmic interpolation is used to obtain the spectral
absorption coefficients at intermediate temperatures. The intensity and flux

are computed at each value of wave number for which absorption coefficients

are tabulated.

The selection of integration step sizes is optimized by dividing the shock
layer into three regions. This procedure permits the use of larger integration
intervals in regions of slowly varying temperature., For most of the cases
considered in this study the spectral intensity and the spectral and integrated
fluxes are computed at 65 points across the shock layer. The location of
these points and the associated integration intervals are determined by
specifying 50 intervals for 0 = y/6 = 0.5, 9 intervals for 0.5 < y/6 = 0.95,
and 5 intervals for 0.95 < y/§ = 1.0.

A more complete description of the procedures used to calculate the

intensities and fluxes is presented in Reference 9.

25






DISCUSSION OF RESULTS

For all of the cases considered in this study the flow field and radiative
heating results are obtained by the detailed spectral method of solution. The
conservation equations are solved, retaining the viscous and heat conduction
terms across the entire shock layer, by the method discussed earlier. The
radiation term in the energy equation is evaluated, retaining full spectral detail
in the shock layer radiative properties, by the procedures outlined in the pre-

vious section.

A summary of the flow field and wall heating results for all cases consid-
ered is given in Appendix B. As shown in Appendix B, results have been
obtained for several conditions of altitude, velocity, nose radius, and mass
injection at the wall. However, not enough solutions have been obtained to
attempt to develop a correlation equation for wall heat fluxes. The discussion

presented here, therefore, is confined to a qualitative analysis of the results.

Solutions for No Blowing

The radiative heat transfer rate without blowing and normalized with the
freestream flow energy is shown in Figure 5. Also shown are the results of
Wilson and Hoshizaki (Reference 3) and Page, et al., (Reference 4) which
include the effect of energy transport by atomic lines. These results are
about 20% lower than the present results when preheating is not included.
Significant differences between the methods used for these computations
preclude the possibility of identifying the exact causes for this difference.
Both Wilson and Page employed simpler equivalent line group models to
determine line transport rather than the detailed line-by-line treatment of
this work. The effect of this approximation is uncertain. Thomas (Ref-
erence 6) has made a direct comparison between these two methods and found,

for a case typical of those considered here, that the line grouping technique
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underpredicted the total radiative flux at the wall by about a third. Wilson,
however, has made the same comparison and found that five line groups under-
predicted the cold wall fluxby only 7%. It is notclear whether the attenuation of

the line emission by the background continuum was included in this comparison.

Absorption of radiant energy by the coolair ahead of the shockwas included
using the method described earlier. It was found that this absorption was only
important for the 10-foot nose radii cases at 50, 000 and 55, 000 feet per sec-
ond velocity, and even for these cases increased the radiative heat transfer
rate by less than 10 percent. As noted earlier, the primary effect of the
increase in static enthalpy ahead of the shock waveis to raisethe temperature
immediately behind the shock wave. At a velocity of 50, 000 feet per second
this increase was only 200°K while at 55, 000 feet per second it amounted to
500°K. These increases in Ts wereused in the solutions of the ablation cases
to be discussed subsequently since the forward traveling radiation emitted
ffom the shock layeris relativelyinsensitive to the presence of an ablation
products layer close to the wall. Figure 6 shows the integral of the spectral flux
absorbed by the cool air. Allof thisabsorption takes place above 67, 000 Cm—1
wave numbers. As pointed out in Reference 22, cold air would be expected
to absorb strongly above 125, 900 crn_1 due to the photoionization of nitrogen
molecules. Somewhat less absorption would be expected from 97, 600 crn_1
to 125, 900 (:n1~1 from photoionization of OZ' The present results indicate that
while the N2 photoionization process does indeed absorb completely the energy
above 125, 900 cm_l, the fractionis small because little energy is emitted
from the shock layer in this spectral range. O2 absorption on the other hand
accounts for almost half of the total energy absorbed. The remainder of the
energy is apparently absorbed by N lines resulting from the increased temper-
ature ahead of the shock. The rise in temperature ahead of the shock wave is
illustrated in Figure 7. The bulk of the absorption is seen to occur within
about two shock layer thicknesses validating the neglect of three-dimensional

effects.

The results for case numbers 2 and 3 (Appendix B, Table B-1) reveal
that the shock layer radiation transport is insensitive to the wall temperature.
However, the convective heat flux at the wall does decrease as the wall

temperature increases.
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Air Blowing and Wall Ablation

Accurate prediction of the effect of ablation (or blowing) at the wall
on the radiative heat transfer rate requires an accurate analysis of the
properties of the ablation gas layer. In particular, the temperature and
thickness of this layer are of prime importance. The present results
consider the solution of the differential form of the energy and momentum
equations across the entire shock layer including both viscosity and
heat conduction. As pointed out previously, this approach requires

integration in both directions from pv = 0 in order to maintain numerical
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stability and therefore requires iteration on the unknown values of u and T
at pv = 0. Simpler methods have been tried by various investigators to
circumvent this added complication, however, as shown in Figure 8 the
ablation layer thickness is not accurately determined by these approxima-
tions. The integral technique used by Hoshizaki with much success for
the no-blowing problem fails to correctly predict the ablation layer
thickness within a factor of four. This is not surprising since the form
of the u velocity profile has been known for some time not to obey a simple
quadratic or cubic polynominal law as used in that work. The inviscid
technique developed by Thomas and Wilson (as reported in Reference 22)
underpredicts the ablation layer thickness by almost a factor of two. In
the limit of very large Reynolds numbers this technique should give a
much better representation of the u velocity profile than evidenced in
Figure 8. However, since the energy equation is singular at Pv = 0 when
energy transport by heat conduction is not included, the temperature
profile is poorly represented by this model thereby affecting the

u velocity profile.

The effectiveness of an injected gas layer in reducing the radiative
heat flux at the wall is illustrated in Figure 9. Carbon phenolic vapor is
seen to be about twice as effective as air. From Figure 10, which shows
the spectral flux integral, it is seen that the injected air layer is almost
100% effective in absorbing the radiative flux above 80, 000 cm_l wave
numbers and that some absorption of the strong lines in the region 60 to
80, 000 cm-1 occurs. The carbon phenolic vapor products layer is
virtually 100% effective in absorbing all the radiation above 40, 000 cm-l;
a small increase in flux from 13, 000 to 35, 000 cm_l, apparently due to

radiation from molecular carbon species, is evident.
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Returning to Figure 9, a comparison is drawn between the results of the
present analysis and the work of Chin (Reference 23) and that of Wilson and
Hoshizaki (Reference 3). Chin's results are based on an inviscid two-layer
model considering the effects of energy transport by lines. Only lines from
nitrogen and oxygen atoms in the air layer are considered. These are
treated using 18 line groups, three of which contain only a single isolated
line. The results of Wilson and Hoshizaki are limited to continuum only
radiation transport since the line-grouping technique they had previously
employed to compute energy transport by lines is invalid when changes in
elemental species composition occur across the radiating layer. For the
cases of interest here, the ablation products layer contains mostly C atoms
while mainly N and O atoms are present in the air layer. Since the lines
from these two groups of elements are well isolated, use of a line-grouping
technique which requires all lines in the group to emit at the same frequency
will overpredict the absorption by the carbon vapor layer. The present
results for carbon phenolic vapor products, which consider energy transport
by individual lines, fall above the results of both Chin and Wilson. Although
a detailed comparison of the radiative transport properties and numerical
methods used in these investigations is beyond the scope of this report, the
primary difference appears to lie in the treatment of the infrared lines from
N and O atoms. As indicated in Figure 10, virtually no absorption of these
lines by either the air or carbon phenolic vapor layer occurs. Since the
radiation from the infrared lines constitutes about 50 percent of the radiation
reaching the wall for the injection cases, their omission, as in Hoshizaki's
continuum only analysis, will significantly increase the apparent effectiveness
of the injected vapor in reducing the wall radiative flux. Chin's results for
the wall flux with no ablation layer are about fifty percent lower than those
given in Figure 5 and this difference appears to be primarily in the contribu-
tion of the infrared lines and the infrared and visible continuum. (The
contribution of the N+ continuum was neglected in Chin's work.) Again
decreased emission in these frequency intervals will yield higher apparent

effectiveness for the injected vapor.
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Figure 9 also indicates a reduction in effectiveness of carbon phenolic
vapor as an absorber as the velocity is increased. Reference to the figures
for case numbers 8, 16, and 19 (Appendix B, Figures B-8, B-16, and B-19)
indicates that this result is due to lessened absorption of the continuum
between 30, 000 and 70, 000 cm_l. The figures also show that this decreased
absorption is due to higher temperatures over the buik_of the vapor region as
the entry velocity increases resulting in a substantial decrease in the
concentration of molecular carbon species and CO, which are primarily
responsible for the absorption in this wavelength region. This effect is

illustrated graphically in Figure 11.

In addition to the carbon phenolic ablation cases, one case of graphite
ablation was considered. While graphite is probably not a suitable ablator
for large nose radius vehicles due to structural considerations, the results
of this case do indicate the relative importance of the hydrocarbon molecules
and carbon monoxide in absorbing radiation. Comparing the results of case
numbers 8 and 11 (see Table B-1, Appendix B) it is seen that for correspond-
ing entry conditions and injection rates the carbon phenolic vapor is
approximately 7% more effective in absorbing radiation than pure carbon

vapor.

The above conclusions apply to the baseline cases of ablation product
absorption which considered the ablation products vapor to have the same
thermodynamic and transport properties (i.e., p, Cp, K, and p) as air. Two
cases were studied to determine the effect of correcting these properties in
accord with the actual species composition across the region. The change
in the radiative flux toward the wall as a function of assumed thermodynamic
properties is shown in Figure 12. Two models were considered in addition
to the baseline model. In the first the thermodynamic properties, p and cp,
were modified at each major iteration along with the radiative properties to
correspond to the actual distribution of species across the shock layer. For
the second model, all thermodynamic and transport properties corresponded
to those of the actual species present. The figure shows that the change in

p and cp substantially modifies the radiative energy transport in the carbon
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phenolic vapor region resulting in increased absorption by the vapor layer.
Modification of K and p has a negligible effect on the radiative energy trans-
port since the effect of those variables is confined to a relatively narrow
region around pv = 0. Figure 13 shows the relative difference in the carbon
phenolic-air mixture and air thermodynamic and transport properties, for

the actual distribution of species obtained for this case.

Comparison of Figures B-3, B-7, B-8, B-9, and B-10 reveals the
effect of ablation and ablator properties on the shock layer temperature
profile. A relatively low temperature is maintained throughout the injected
gas region when the blowing rate is a significant fraction of the freestream
mass flux. This result is not unexpected since similar results have been
obtained when radiation was not an important mode of energy transport. The
effects of molecular heat conduction are confined to a thin layer centered
about pv = 0 and it is in this region that the most pronounced equilibration
between the wall temperature and shock temperature occurs. The temperature
in the injectant region is significantly affected by both the absorption of
radiant and the specific heat of the injectant. Figures B-7 and B-8 show
that the increased absorption of radiation resulting from the use of carbon
phenolic ablation products radiative properties tends to increase the
temperature in the injectant layer. This tendency is evidenced by a sharper
temperature rise near the wall for case number 8. Comparison of Figures
Figures B-8, B-9, and B-10 reveals that a much lower temperature across
the injected gas region is obtained when the carbon phenolic thermodynamic
properties are used. This effect is a2 natural consequence of the specific
heat of carbon phenolic being 4 to 10 times greater than that for air in the
temperature range 3500°K to 5000°K (see Figure 13). The effect of the
carbon phenolic transport properties on the temperature profile is confined
to the narrow region around pv = 0. While the temperature across the
injectant layer in case numbers 9 and 10 is significantly lower than for case
number 8, it is interesting to note that the thickness of the ablation layer is
nearly constant for these three cases. This effect is & result of the density

of carbon phenolic being lower than the density of air.
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CONCLUSIONS

The stagnation-point thin-shock-layer equations have been solved using
detailed spectral calculations of the radiative transfer, Both air blowing
and ablation products injection at the wall have been considered. The inves-
tigation of ablation products injection has included an examination of the
effects of the thermodynamic and transport as well as the radiative proper-
ties of the ablation products on the radiative flux. Also, the effect of
radiative preheating of the ambient air ahead of the shock has been investi-
gated. Finally, an attempt was made to develop an approximate formulation
for the divergence of the radiative flux which would simplify the analysis of

hypervelocity entry vehicle shock layers.

The results of this study have shown that accurate calculations of the
radiative flux to a hypervelocity entry vehicle undergoing ablation must
include detailed descriptions of the distinctly different radiative properties
of the ablation products and air. Furthermore, the thermodynamic proper-

ties of the ablation products must be properly described.

The results have also shown that radiative preheating of the air ahead of
the shock wave increases the wall heat flux by less than 10% for entry veloci-
ties up to 55, 000 feet per second and shock layer pressures of approximately
1l atmosphere. For these conditions a one-dimensional treatment of the
radiant energy transport forward of the shock is justified. However, the
increase in ambient temperature ahead of the shock wave should be computed

in order to accurately account for the absorption processes.
The detailed calculation methods utilized in this study are, indeed, time

consuming; hence the need for approximate computation procedures remains.

The quasi-locally evaluated approximate formulation for the net radiant
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emission investigated in this study leads to integration instabilities and is
so complex that little time savings would result from its use. Simplified
approaches to the analysis of the radiation transport, e.g., line grouping,
fail to account for the changes in emission and absorption characteristics
with changes in elemental mass fractions across the shock layer resulting
from ablation products injection at the wall. The most obvious approximate
proce(’iure to pursue is to simply relax the accuracy requirements on the
detailed spectral method utilized here. For an ablation products injection
case the ablation products thermodynamic and radiative properties could

be corrected only at the first iteration. The iteration on the flux profiles
could be carried out until only 5% agreement in the flux profiles is obtained.
The use of this type of approximate procedure for a parametric analysis is
particularly appealing since the iteration procedures can be carried out with
greater accuracy at selectedpoints inthe array of entry conditions considered,
Since the viscous, heat conduction, and diffusion effects seem to be confined
to a narrow region around pv o 0, a properly formulated inviscid, non-heat
conducting, two-layer analysis should yield accurate results for large

injection rates at velocities greater than 50, 000 feet per second.
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Appendix A
GAS MIXTURE PROPERTIES

All of the thermodynamic, transport, and radiative properties for the shock
layer gas mixtures considered in this study were computed for each stagnation
pressure encountered. The procedures used to calculate the species concen-
trations and thermodynamic properties are described in detail in Reference 25.
The transport properties are computed by the techniques presented in Refer-
ence 26. For the calculation of the thermodynamic and transport properties of
air the following species were considered: N, O, NZ’ 02, NO, NO+, N'+, O+,
Nt ot

case number 10 the thermodynamic and transport properties of the carbon

e . For case number 9 the thermodynamic properties, and for

phenolic-air mixture were computed. For these calculations the species
considered were: N, O, C, H, CZ’ H2+, Ci), NZ’ 02’ NO, CZI;IZ’ CH, Cj,
Cp C - - ¥ + ot oottt ot e

5> Cz2, CN, O, 05, €, H, N, O, C, NO, H, N

The methods used for calculating the spectral absorption coefficients have
been discussed previously. Two steps are involved in the determination of the
radiative properties. First, the species concentrations are computed, then,
secondly, the actual absorption coefficient calculations are made. Some addi-
tional species were considered when computing the thermodynamic equilibrium
conditions, but only those species with known or suspected radiative contribu-
tions were included in the k , calcuations. Also, species were lumped together
when similar radiative properties were expected. Thus, for air the concentra-
tions were computed for the species: N, O, C, NZ’ OZ’ NOZ’ COZ’ NO, CN,
co, o7, 0;, N;, No', N, of, ¢¥, N, o™, ¢, 7. For the spectral
absorption coefficient calculations this set of species was reduced by

N7 and NO+, the doubly ionized species, and by ignoring

grouping O and 02, 2

the electron.

For the carbon phenolic-air mixture the concentrations were computed
for the species: N, O, C, H, CZ’ H CO, N O NO, C,H CH, C_, C

2! 2 92 2Hz 3 Cp
Cg G, CON, 07, 0;, ¢7, H, N', o, ¢’ * ut, N, oft, ctt

C,H, N, O, C, NO, H, N C'’, and e .
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For the kw calculations the species CZ’ NO+, H+, and the electron were
30 (34, and C5; O and

, and C++. For the graphite-air mixture all

ignored. Also, the following groupings were made: C
OE; C™ and H™; and N++, o*t
species containing hydrogen were eliminated from the above sets of species.
The transition data used in the spectral absorption coefficient calculations

are listed in Table A-1.

The elemental mass fractions defining the basic gas mixtures considered
in this study are presented in Table A-2. The species mole fractions used
for the carbon phenolic-air absorption coefficient calculations reference

case are given in Table A-3.
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TABLE A-1
TRANSITION DATA

Species . . FC- Numbcr of Bands
(Em. oV) u Transition | Reference Factor  Reference or Lines
N AR, C | 1edved atomic tines NRS 12,13 42 (44 for pure air)
14,48) | A,B.C | Overlapping atomic lines w>109,000 em™!
o A.B, C | Isolated atomic lines NBS 12,13 42 (38 for pure air)
(13.85) [ A,B, ¢ | Overlapping atomic lince w>106,500 cm” !
”
c B.C Isolateut atomic linca NBS 11 7
m.2y |B.c Overlapping atomic lines «2>85,860 cm™!
H B lsolated atomic lines NBS 13 20
(13.6) | B Overlapping atomic lincs w>109,200 cm ™}
c, B, C le'lu -~ A’nl {Swan) 0.048 27 Morse 28 27
(12,00 | B.C oln, - :'n- (d*Azambuja) 0.065 27 Morase 28 16
B.C x';;; ~alx! (Malliken) 0.102 27 Morse I 9
B.C **n, ~ A"};; (Ballik-Ramsay) 0.0066 21 SHO 25
B.C x*n, ~ B’llx (Fox-Herzberg) 0.818 27 Morse 28 22
B.C + photodissociation 0.82 27 w, = 58,000 cm™!, Au - 5500 em™!
H, B x’r; ~nln, 0.16  Calculated from 29 sHo 21 39
(15. 6) B x'x; - Bl).':l (Lynian) 0.5 Estimated sHo 21 45
co aB,c | x'st —aln 4o 0.003 Eetimated Morse 39 40
ue.n1 | B.C x'2' ~B'y (Hopfield-Birge) 0.01 stHO 21 32
B, C B'a' ~aln (Angstrom) 0.003 Estimated SHO 21 35
B.C Al —~c's' erzberg) 0.004 Estimated sHo 21 35
B.C 21~ a?s (Asundiy 0.002 Average of data in28 | Morac 4
B.C a’a —a’n (riplety 0. 006 Morse 44
N, A -x'x; - alllg (LBH) 107% 36 Morse 37 @
us.s1 | ABc | B = clu, e 0.036 Marse 37 3
A.B,C x'x; ~bls! (Worley) 0.5 Calculated from 38 sHO 21 27
A.B.C x':;; —b'H, (Birge-Hopfield) 0.04 Estimated Morae 39 27
a.c | Az -Bn, a0 0.0028 Morse 3 16
o, aB.c | ¥ ~B%] (Schumann-Runge) | 0.163 34 w, : 69000 cm™!, aw: 5700 cm™! (ret. 38)
8 Photodissociation
{12.5)
NO AB.c | x2n~a%y 0.0025 40 Morsc 4 32
9.5 A.B,C | x2n ~Bin (p 0. 0024 0 Morse 4 32
ABC | x*n=c®' 0.017 40 Morse 40 32
a.B.c | x2n —~p2xt (o 0.013 40 Morse 40 32
c,H, B Vacuum UV Empirical 31 Table Length - 30
(1.6}
cH B x2u ~ A%a 0.0049 30 Marse 45 6
B x%n —~ iy 0. 0012 30 Morse 15 20
c B, C X!z ~Aln, (Swings' Empirical 30 Table Length 11
(1z.0 & comet -head)
oN AB.C | X2x' — %N, (Red) 0. 008 a2 Morse 43 26
4.0 | aB.c | x22' ~ 822 (violen 0.03 4 Morse 45 19
a.B.c | X' ~ofm, 0.02 Estimated s1o 2 62
0703 A,B,C | Photodectachment Empirical 33 ¢ 6,5x10-18 cme
CLH™ B,C Photodetachment Empirical 13 ¢ 14, x 1018 m?
Nt A,B.C | lsolated atomic lines NDS 13 52
(29. 47) (57 for pure air)
o* A.B,C | 1solated atomic lines NBS 13 64
(68 for pure air]
ct B.C Isolated atomic lincs NDS 1 28
Nt A ¥z, - nfy u-) 0.035 Morse 17 37
+4 A, B C None
* A - pure air
B - air-carbon phenotic
C - air-graphite




ELEMENTAL MASS FRACTIONS

TABLE A-2

N o) C H
Air - thermodynamic and 0. 7900 0.2100 0.0 0.0
transport properties
Air - radiative properties 0. 7875 0. 2095 0.003 0.0
Carbon phenolic 0. 0086 0. 0491 0.9207 0.0216
0.0 0.0 1.0 0.0

Graphite
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TABLE A-3
CARBON PHENOLIC-AIR kw REFERENCE CASE CONDITIONS

T = 16,000°K P = 1 atmosphere
Species Mole Fraction
N 7.774 x 1072
o) 7.774 x 1072
C 7.774 x 1072
H 7.774 x 1072
c, 7.774 x 10“‘2L
H, 2.221 x 10_2
N, 2.221 x 10_2
o, 2.221 x 10-2
co 7.774 x 10
NO 7.774 x 107>
CN 7,774 x 1072
C,H, 7.774 x 10‘;1
CH 7.774 x 10
C, C, Cy 2.221 x 10'2
Nt 7.774 x 10
ot 7.774 x 1072
Cct 2.221 x 10~}







Appendix B

FLOW FIELD AND RADIATIVE TRANSPORT FOR
THE ENTRY CONDITIONS STUDIED

In this appendix a tabular summary of results for all cases considered in
this study is presented. Also figures showing flow field and wall radiation
results for each case are included. Table B-1 lists, for each case studied,
the case description (entry conditions, nose radius, injectant rate and
properties, shock temperature, and wall temperature) and the basic results
(shock detachment distance, convective and radiative heat fluxes at the wall,
and the flux forward of the shock). Figures B-1 through B-22 present the
temperature, velocity, flux, and ablator concentration profiles for each case.
In addition, the integral of the flux at the wall and the spectral steradiancy at

the wall are shown.

The results shown for case numbers 1 and 5 are slightly different from
the values given in Reference 2 for the same entry and blowing conditions.
The differences are a result of the use of improved radiative and transport

property values in this study.
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2s

TABLE B-1
SUMMARY OF RESULTS

Case Altitude Velocity Nose Tg Tw i Injectant Properties aw® awR QE{
Number (ft) (ft/sec) Ra{?i)us (oK) (oK) m Radiative Thermodynamic Transport (cm) (watts {cm?) (watts/cmz) (watts/cmz]
t
1
1# 200,000 | 50,000 | 10 14,500 | 2000 | © -- -- -- 9. 85 667 5, 380 9, 750
{
2 200, 000 ‘ 50,000 | 10 14,700 | 2000 | 0 -- -- -- 10. 21 690 5, 990 10, 690
|
3 | 200,000 | 50,000 | 10 14,700 | 3600 | © -- -- b 10. 02 462 5,990 10, 600 |
4 ! 200,000 | 50,000 L2172 \l 14,500 | 2000 | © -- -- ‘v - 2.79 984 3,330 6, 380 (
H i
1 H .
5% ' 200,000 | 50,000 ! 10 ' 14,500 | 2000 0.1 Air Air i Air 12. 57 36 4, 650 9,720
6 I 200,000 | 50,000 " 10 . 14,700 | 3600 | 0.1 Air Air | Air 12.76 24 5,130 10, 640
[ , !
7 200,000 ' 50,000 | 10 " 14,700 | 3600 | 0.2 Air Air ) Air 14. 90 6 4, 630 10, 390
! . i ' Carbon ! .
8 : 200,000 | 50,000 | lo 14,700 | 3600 | 0.2 Phenolic Arr 1 Air 15. 44 10 3,240 9,930
. !
. Carb Carb
9 ! 200,000 ! 50,000 ‘ 10 r 14,700 | 3600 | 0.2 Bhenalie Bhar [ Air 15. 48 0.4 2, 670 9, 330
. Carb Carb | Carb
10 i 200,000 | 50,000 . 10 } 14,700 | 3600 | 0.2 | Phenslic Phenalie [phe,ﬁo‘fﬁ 15. 69 2 2,710 9,530
‘
11 | 200,000 50, 000 ] 10 ‘ 14, 700 3600 | 0.2 Graphite Air Air 15.01 T 3,470 9, 580
! Carbon ! .
12% ! 200,000 ! 50,000 2-1/2 ’ 14,500 | 3600 | 0.2 Phenolic Arr i Air 3.99 14 1, 630 5, 420
| H '
13% . 200,000 55,000 : 10 ! 16,000 | 2000 | O - .- [ 8. 84 853 8, 780 17, 770
| , | | | -
14 - 200,000 | 55,000 | 1o | 16,500 | 2000 | 0 - - - 8.98 977 9,260 20, 040
' . | !
15 ' 200,000 | 55, 000 10 | 16,500 | 3600 |0.2 Air Aur ' Air 13. 92 12 7,870 19, 740
; ‘ ’ ! Carbon
16 © 200,000 | 55,000 | 10 | 16,500 | 3600 | 0.2 Phenolic Air Air 14.58 49 5,910 17, 850
i 1
17 % © 200, 000 ‘ 45, 000 10 13,500 | 2000 | 0 - - . 10. 88 456 3,300 5, 580 !
| i
18% 200, 000 1 45, 000 10 13,500 | 3600 }0.2 Air Air | Air 15. 82 3 2, 640 5, 500
! i i Carbon
19% i 200,000 | 45,000 1 10 13,500 | 3600 | 0.2 Phenolic Air Air 15. 85 3 1,760 5,350
Carb
20 ‘ 200,000 | 45,000 2-1/2 | 13,500 | 3600 [0.2 | premeic Air Air 417 7 1,040 3,110
. ‘ Carbon . . .
21% | 180,000 | 45,000 2-1/2 | 14,000 | 3600 [ 0.2 Phenolic Air Air 4.28 12 1,960 6, 360
22% ilso,ooo \ 40, 000 2-1/2 | 12,600 | 3600 | 0.1 pclf‘e;‘z)‘ﬁ‘c Air Air 3. 86 14 1,060 2. 540

“Precursor effects not

included for these cases.
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Figure B-21. Case Number 21
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Figure B-22. Case Number 22
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