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NOMENCLATURE 

1 +y/RN 

Constant, 7.25 x 10"16 cm2 eV2 

Speed of light 

Integro-exponential function of order 

Absorption oscillator strength 

Total enthalpy, h + u + v2 
2 

Planck's constant or static enthalpy 

Frequency in energy units 

Radiative intensity 

Power of r in continuity equation 

Planck mean absorption coefficient 

Rosseland mean absorption coefficient 

Boltzmann's constant 

Reference length 

Flight Mach number 

Number density 

Pressure 

Radiative energy flux 

Universal gas constant 



Radius of curvature of body 

r Vertical distance from axis of symmetry 

Axe length 

f M 

Absolute temperature 

Dummy variable of integration 

u x "c°mponent of velocity 

y-component of velocity 

Distance measured along body 

y Distance measured normal to body 

z Compressibility 

Greek Letters 

Emission-corrected absorption coefficient of ablator 

Absorption coefficient of ablator 

Effective heat of ablation 

Stand-off distance 

Ionization energy , eV 

Threshold energy, eV 

Statistical weight factor 

Incidence angle, or temperature in energy units, kT, 

Wavelength 

a 
t 

a 

A Heff 
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r 
e 

X 
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í 
P 

Z 
a 

T 

Frequency 

Non-hydrogenic correction factor 

Density 

Partition function 

Stefan-Boltzman constant 

Optical depth 

Subscripts 

a Ablator 

e At contact surface or edge of source 

th 
i i frequency band 

V. .th K k species 

« Free stream 

s Shock conditions 

w Wall condition 

X External source 

X * V Spectral 

Superscripts 

C Convective 

R Radiative 

Non dimensional 
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ABSTRACT 

A representation of the "exact" spectral absorption coefficients 
due to the atomic continua and molecular bands of typical ablators 
containing C» H, O, and Si was constructed. This representation 
then was fitted by a multi-band model using 12 bands between hi^ = 0.1 
and 24.4 eV. The band model permits much more rapid calculation 
in applications than an "exact" model, while retaining the non-grey 
characteristics of the actual absorption coefficient with good accuracy 
as shown by various comparisons. The effect of the large uncertain¬ 
ties in the molecular f-numbers is investigated and found to be sig¬ 
nificant for hu < 10 eV at temperatures below about 15000° to 10000°K 
at pressures from 10 to 0.1 atmospheres. Spectral absorption co¬ 
efficients and Planck and Rosseland mean absorption coefficients for 
carbon phenolic are also presented for a range of pressures from 
0.1 to 10.0 atmospheres at temperatures from sublimation to 18000 K. 
Instructions for the utilization and application of the model are pro¬ 
vided. 
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INTRODUCTION 

Problem Statement 

The nature of the flow about ablating bodies when radiation is im¬ 
portant is strongly coupled to the radiative properties of the ablator 
vapors. This effect on the flow is produced by the momentum of the 
ablator vapors. The thickness of the ablator layer is related to this 
quantity directly (Ref 1 through 5). The ablator momentum at the 
wall is given by: 

w w 
pw vw = A H „ erf 

R C 
where and q^ are the radiative and convective heat fluxes at the 
wall and AHeff is an effective heat of ablation. Thus, when qR be- 

C w 
comes important in comparison with q , the radiation flux contributes 
to the ablator layer thickness. This, however, is a coupled problem, 
since the thickness of the layer affects the value of q . 

w 

Furthermore, the air shock layer properties will be affected by 
the ablator layer variations and these two layers become coupled. 
Indeed, in the viscous diffusing analysis, the distinction is lost and 
the whole shock layer must be analyzed as one. Thus, we see the 
ablator-radiative properties which determine qR become a significant 
property (Ref 6 through 20). % 

The current difficulties in defining the radiative properties of 
ablators are that many existing models have been specialized to speci¬ 
fic temperature ranges by ignoring certain species, and that the "exact" 
calculations, although feasible, are so time-consuming, even on a 
high-speed computer, as to be of little practical use (Ref 11, 15, 17, 
18, 19, 20). 

It is the objective of this study to develop a band model for ablator 
vapors which will include all important species from 3000° to 20,000°K 
and provide both useful accuracy and speed of computation. 
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Background 

The complications caused by introducing thermal radiation into the 
fluid dynamics of flow fields about supersonic bodies could be ignored 
during the early efforts to develop suborbital vehicles such as IRBMs 
and ICBMs and even earth orbital re-entry vehiclesi since the shock 
layers were relatively cool and thin. 

The need to consider radiative effects first arose in designing for 
re-entry at superorbital velocities. Rough estimates gave early indi¬ 
cations that radiative heat transfer could easily exceed the convective 
heat transfer at the stagnation point (Ref 21 - 24). Most of the work 
performed to date has been in this area of flight velocities so high that 
the radiation of the shock layer itself is the source of radiation. 

However, interceptor missiles present a different problem. They 
fly* typically, in the Mach number range of 3 to 10 and at altitudes where 
radiation from the air shock layer could be neglected. But they could 
also be subjected to high-temperature thermal radiation from external 
sources, and therefore the surface heat flux can reach levels high enough 
to induce massive ablation. 

The evolution of our understanding and the complexity of the models 
employed in the area of shock layers with radiation has been most ex¬ 
cellently reviewed by Anderson (Ref 25). This development is best 
described by the following block diagram. 
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In addition, the non 
the areas shown below. 

’Srey block may be further broken down into 

gories oî aW^Un/LÍ kw flOW ñeld aSpect the two cata- * « ablatm^ land nonablating; both of which have been analyzed as 
inviscid or viscid by various workers in the field. naiyzed as 

cheminí ^ th,e,W°rk t0 date has assumed local thermodynamic and 
aUon h al ^qUlhbrium* Some work in the area of non-eqîüibrium radi¬ 
ation has been done, e.g., Ref 26 and 27; but as Anderson (Ref Tsi 
points out, the conditions which make radiation important fe hLh 
veloces and low altitudes, also promote equilibrium shock'tay’erIon. 

In this study we consider the models set up of the non-trrev ab^nm 
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analysis 

beefpotrdtr;;S-?‘‘7ir?els f ablator vapors have 

models cover all the non-grey no^sihi ,', ',, ' 18' 19, 20)- These 
appeared than none of these model!*1,!8 dlscusse<l earlier, ft also 

multi4 b6 t!mperature range of 3000° to 2oeooo°K°f ‘v i"’portant sPeeies 

ÄranTÄr^ - r^:?;d 
The^ and — based 
The molecular contributions of c H " H ‘laon and Nieolet (Ref 29). 
ccounted for as in Hoshizaki an^La^'er^“s*"6 approximately 

írom^TÓritrWeTstr meSfed30rle'Ular absorp«™ values derived 
on the data and references summarizedTnTah, Tk WaS ” turn ba-d 
ilfthp"?011618 the contributions nf ^ The Cited multi- 

^Ähfrrrc«^ 
Wietel, but ignore^c^ m^Äs ^ 

high1r;ee¿,;rfabeuZ~m^m f t0 ^300¾ -e ,ypical of 
Pear to be important at such tPm leCUlar species would always ao- 
shows that a large portion of the ablatQ1,6!8* Furthermore» Chin (Ref 18) 
temperature. H the ablator ^yer is very close to the wall 

Wilsones motTeTafferTfTe4additiorfof^43^^ Table 2> -mg 

tÄs s3-*; -ab™ ::res- 
oxygen becomes an import 't absorber an^sb *‘,7^ that at°mm 
Therefore, the atomic continua rrmH^i • should be accounted for. 

Refe a more -act estimatelQf molecular arts T" 2° WaS “dplpd 
Reference 20 is outlined briefly ia 

5 



The approximate relations derived by Biberman and Norman 
(Ref 28) for photoionization from excited states and the tabulation of 
Wilson and Nicolet (Ref 29) for photoionization from low-lying states 
were used to obtain the continuum coefficients of neutral and ionized 
atoms. The absorption due to free-free transitions was estimated by 
the hydrogenic approximation. 

The atomic constants used are given in the table below. 

Species (p ) 
1 k 

(k) eV 

(PT) 

1 k 
eV 

r k 

13.6 0.80 i 

11.26 3.78 1. 33 

24.4 14.9 0.333 

13.61 4.25 0.888 

35. 1 20.4 4.50 

Note that in this model (Ref 20) the statistical weight factor 

is defined as a constant equal to 2gjj/g (where g is the ground state 
statistical weight of the residue ion and g the ground state statistical 
weight of the parent atom.) This was changed from the definition in 
Reference 28 of the ratio of the temperature dependent partition func¬ 
tions of parent atom and residual ion, because doing so produced a 
better fit to the detailed data of Reference 29. 

As an example of the model, the spectral absorption coefficient 
for O is shown here: 

0 < hu < 4. 25 eV 

Kh 
N a 0 r -ter- hu) 

o o l0 
3 e ¿ (hv) 

4.25 <.hw < 13. 36 eV 

6 

(2) 



(3) 

- (hw - p )/6 
fa'o) * (a’o) e o 

h w > 13. 36 

(a,0J (a1 ) + 3.6x10 
2 

17 N -17 o 

Z 
(4) 

to molecular absorption was set up by fitting curves 
roiH P^oh/î?? results of Wegner (Ref 30) fUled in by data from 

,ej Spindler (Ref 32), and Main and Bauer (Ref 33) where 

abovf - s^rermP,,Wa Hmade t0 f0U0W every mtaor varfa»o”L the 
tionaiiV / FirSt and second order Polynomials were fitted sec- 
tionally with temperature variations accounted for by second order 
polynomials where the temperature effect was significant. 

Thfa^nnoK^KieC^lar bandS ^ their range are summarized in Table 3. 
The probable range of the f-number uncertainties as reported by 
TabTeT "°h“ed to Weisner's nominal values, is shown next in 

absorptton coemcien, ^ f°r itS effect on the overa11 

The number density as a function of pressure and temperature is 

usedTn this Td^ “ absorption coefficient. The number densities 
cal eauinhri,™ /,^6 ,numerÍcal results °bta¿ned from a thermochemi- 
cal equilibrium computer code, KEMP, which computes equilibrium 

no^?0Sltl0n^by minimizing ‘be free energy function at the giv-n tern 
perature and pressure (see Fig 1 through^ for data used if thfs study). 

and Lhe absorpîfon model discussed so far includes molecular bands 
!” Con • bUt doeS not include atomic '¡"es. The reasons for that omission are discussed below in detail. 
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Theory and experiment, agree that for an isothermal plasma the 
contribution of atomic lines to radiative heat transfer is about equal 
to the atomic continuum contribution (Ref 28, 34 through 40), In a 
non-adiabatic radiating shock layer, however, the contribution of 
atomic lines is reduced by radiative cooling and non-grey self-ab¬ 
sorption. In this, Coleman (Ref 41), Page(R3f 42), Wilson (Ref 20) and 
Rigdon et al (Ref 17) are in qualitative agreement. There is, however, 
considerable disagreement as to the exact magnitude of the atomic 
lines contribution. 

The basic computational difficulty is that including the effect of 
lines in an exact "line-by-line" manner is extremely costly and time- 
consuming even on a high-speed computer. Rigdon et al (Ref 17) per¬ 
formed only one viscid ablating stagnation point calculation in which 
the radiative, thermal, and transport properties of the ablator were 
all modeled exactly. 

Wilson and Hoshizaki (Ref 20) attempted to simplify the line energy 
transfer by the grouping of lines. However, as they themselves and 
also Rigdon et al (Ref 17) pointed out, line-grouping is not valid when 
the elemental composition varies significantly across the layer thick¬ 
ness unless there is strong overlapping of the lines of the different 
species. For example, in an ablator/air shock layer there is a strong 
variation, and the lines are usually isolated and grouping becomes 
invalid (Ref 20). 

Chin (Ref 18) also has proposed a line transport model for an in- 
viscid air/ablator shock layer using only N and O lines. 

Rigdon et al (Ref 17) have compared their "line-by-line" results 
with Wilson's and Hoshizaki's (Ref 20) " continuum only" results, and 
Chin's (Ref 18) "N and O lines only" results for a massive ablation 
case using carbon phenolic as the ablator in Figure 9 of Reference 17. 
The parameter compared is the radiative heat flux at the wall. 

These comparisons can be briefly summarized as: 

1. Rigdon's results lie about 30% above Wilson's, 

2. Chin's results lie about 10% below Wilson's, 

3. Rigdon, Wilson, and Chin used different models for the 
molecular bands and the atomic continua. 
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In the light of this comparison and the previous discussion of the 
molecular bands and the atomic continua, it was concluded that due 
to: 

1. the inability of any current line models to agree better 
with themselves than with a continuum only model (when 
considering the ablating stagnation point problem), 

2. the differing molecular band and atomic continua models 
employed with the different line models, 

3. the already noted improvements made in this study to the 
atomic continua in Chin's model and to the molecular bands 
in Wilson's model, 

it is both desirable and useful to limit this investigation to the im¬ 
proved continuum and band model first discussed and also study the 
effect of uncertainties in the molecular f-numbers. 

Recent work by Olstad (Ref 43), Callis (Ref 44), and Page (Ref 42) 
comparing "exact" continuum and line models for air with various 
simplified band models had shown that in this fashion good results 
can be achieved for the radiating shock layer. Certainly, a similar 
effort devoted to developing an engineeringly useful model for ablation 
products which would account for atomic lines is a desirable extension 
of this current effort. It can be pursued once this study has clarified 
the contribution, clearly more important than that for air, of molecu¬ 
lar absorption, especially near the cold wall. 

Multi-band Model of Absorption 

These atomic continuum and molecular band models were com¬ 
bined to give an "exact" model of the spectral absorption cross sec¬ 
tion of ablator vapors. This was then converted to an absorption co¬ 
efficient using the number densities from FEMP for each species. 
This model then was used as the standard to which a multi-band model 
of 12 bands was fitted using an integrated average of the exact results 
for absorption coefficient iu eaeu band at a given temperature and 
pressure. Temperature effects on the absorption cross section, as 
distinct from its effect on absorption coefficient through number den¬ 
sity, were curve-fitted as shown in Table 5 using forms similar to 
those in the band models discussed by Chin (Ref 18). 
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The computer code version of the 12-band model developed in this 
study, ABSORB, computes both the uncorrected and the induced-emis¬ 
sion-corrected absorption coefficients using: 

a a (1 - e - hw/kTj 

in the averaged form for the i th band of: 

(5) 

Ot; 

I kT 
(Ah (e 

- (hi/j + Ahw\ ) - (hv. ) 
- e 

(6) 

Planck and Rosseland Mean Absorption Coefficients 

The Planck and Rosseland means are the two most widely used 
mean absorption coefficients. The former usually is considered valid 
in the optically thin limit, the latter in the optically thick limit. How¬ 
ever, ways of covering the whole range of optical thicknesses by com¬ 
bining them have been suggested (Ref 3, 46 through 50). 

It is therefore of general utility to compute these two means for 
ablator vapors. The Planck mean is defined as: 

T 
y » 0 

*0 

a e, dv 
u D 

V 

e, du b u 

(7) 

and the Rosseland mean as: 

K, 

9 e. 

Í JL. d. 
u = 0 9T 

eo 

i j_ 
« 0 a 

9 e, 

"ST 
iL du 

(8) 
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where 

2irhv^ . hu/kT 
~2- (e -1) cc (9) 

The evaluation of these mean coefficients is greatly eased by the 
use of a band model, since within each band a is a constant and the 
functions v 

Vi + Avi 

and 

e, di* 
b 

V 

V. + Av. 

5 S e. 

8T du 

need be evaluated only once for all applications. 

rt„ni“hthe COmpUíer code! ABSORB, developed for this study, this is 
done by means of curve-fitting the integrals. 

Numerical Methods 

The iisting of the computer program, ABSORB, in Appendix A 
should be consulted for details. However, the general approach will 
be described here. 

The need for tables of the integrated Planck function can be re¬ 
moved. Since the Planck function is closely approximated by Wein's 
law for small n xT, 

Wein's Law: (n * 1) 

11 



(10) 
6.9253 X 1016 - 25896 A T -¡-e Xi 

UT)5 

where ^ T M- R* (micron-degree Rankine) 

The accuracy of fit is better than 1% up to \T = 5500 °R. 

Integrating: 

^ 1 a 6.9253 X 1016 e -25896/^ x , 25896> 

trT4 (25896)4 XT 

,3(^6) + 6 »)+ 6 
XT XT ‘] 

(11) 

and the accuracy of fit is better than 1% up to \T r 7400 °R. 

Above \T s 7400 we use a curve-fit to the tabulated integral of 
the form: 

eb(0 -XT) 
= (1 ebXT) 

n 

o-T 
(12) 

When: 

a « 2.231 

b « 1.473 x 10 

n • _1_ 
2 

the curve-fit contains less than 1% error over the range 7400 < \ T 
O , (a R. It is incorporated in subroutine PLANCK of ABSORB. 
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The integral required to compute the Rosseland mean is: 

n. * i 

i< + 

Í 8e‘ 
V. 
1 

V dy 
8T 

(13) 

where 

3 e. 

3T 2 irk 

c e. 

(-— ) e hu/kT 
vT (H) 

-... ^quat^0n 13 was Integrated numerically and the results curve- 
fitted. When Xj s h^ and X2 = hwi + ^h^: 

0 < hi^ < 3. 7 

3 „3 
IR = 0.3343(X2J - X ) - 0.01354(X 5 - X 5) + 

^ 2 1 

3.980xl0-3(X26 - Xj6) + 2.203X10'3 ( 

X27 - Xj7) - 2.567xl0-4(X28 - Xj8) (15) 

hv >3.7 

'r = 6 1<X14 + + IKj2 + 24XJ + 24) + 

- X, ., 
e y ^ X /tv- 3 ,-,,-2 '(X2 + 4X2 + 12X + 24X + 24) (16) 

AR?coDCDrVerfitS are incorPorated into subroutine ROSSEL in the 
ABSORB code. 
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APPLICATIONS 

Clearly, the absorption model can be used for any one of its com¬ 
ponents in many situations; but it was developed as a model for high- 
temperature ablators. Thus, its most direct use is in flow fields 
about supersonic ablating bodies with radiation coupling. 

The literature on this subject is expanding rapidly but the key 
papers to date appear to be Reference 6 through 20, 43 and 44. Vari¬ 
ous simplifying assumptions are, of course, made to reduce the full 
axi-symmetric Navier-Stokes equations to something more tractable, 
such as the Prandtl boundary layer equations, the thin shock layer 
approximation (Ref 45), and that the flow is inviscid. 

Inviscid flow is actually achieved during massive ablation. That 
is, when the boundary layer is "blown off" by the momentum of the 
ablator vapor and viscous effects are then restricted to a contact sur¬ 
face between an air shock layer and an ablator layer. 

Calculations made in the course of this study at the stagnation 
point indicate that the conditions of 

1. a thin shock layer, & < < RN’ 

2. massive ablation, p v / p v >0.10, 
w W oa 00 

3. a cool air shock layer with respect to an ext ernähr adia- 
tion source with an effective temperature of 6000 to 
15000°K 

cannot be mutually satisfied. Such a problem requires that at least 
the thin shock layer restriction be dropped, since it does not remain 
thin with both massive ablation and the moderate hypersonic free flight 
Mach numbers (3 < M < 8) required for a relatively cool air shock 
layer. 

For the non-thin massive steady ablation case with a cool air shock 
layer, the required ablation layer equations would be in body-oriented 
orthogonal curvilinear coordinates: 
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Continuity 

d (p u rJ) + a (A p y rJ) = 0 
8X ay 

(17) 

(j s 0 for 2-D, j = 1 for axisymmetric flow) 

X-Momentum 

y-Momentum 

pu ¿TT + A. p V-ã!L + O-ï- + 9_E_ . o (18) 
3 x ay Rn ax 

p u -ibl + A p y ? v - £ u + A 3 P _ o (19) 
3x 9 y RN 9 y 

Energy 

P u + A p v 
a x a y 

-*• R 
+ A v • q r o ( 20) 

where 

A = i + y/ Rjj 

2 , 2 
h -. h + y-_±_v_ 

2 

and the geometry is made clear in the sketch below, while the equa¬ 
tion of state may often be written: 

p , Z p R T (21) 
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The boundary conditions in the ablation layer are 

at y : 0 

P V P w V 
w 

,R w 
A H eff 

-Ëipv). = o 
dy 

H = 

16 



o 

at y = 6e 

P V B 

U = U 
i 

P * P, 

In any application where radiation pressure is negligible the radi 
ation term enters directly only into the energy equation to the form 

f^is* reduces^ to61" 

(partial or ordmary) mto an integro-differential equation, 

of thTehLbe“raU°del deVeloped here ^oatly facilitates the evaluation 

The key to the problem lies in evaluating the term 

CD 

^ s i/ Í 0 a'/ 

TO , u 

6bu El(¡\-tu I ) dt , (22) 

CaUis^eTltlr “ N'band m°del We Can the —, after 

N 
!q 3 .2 

i = 1 
C0’1 f 

^ { A{ El'lti-ti |)dt. (23) 
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since 

i 
(y1) dy (24) 

which may be integrated by standard numerical quadrature routines. 

If we write 

T*4 = ^ eb ,. d V (2^) 
A Vi v 

♦ . 

then integrating Equation 22 by parts, and evaluating dT /dt as a * 
local constant, Iq may be expressed at the kth point in the mesh as 

E2(Ti,k> 

“ (Ti,M+l) E2^ h.M+l " Ti,k I ) + (26) 

M 

i?* 

. *4 

1 Í..Í+1 

*4 
T. . 

■Izil 
A t. E3 * ^i.j+1 ' Ti.k |) + 

■ E3l N.j ' U.k I) 

with 

Ati = Ti.j+1 " T i.j • (27) 

*Note that this device has eliminated the need to deal with which 
has a logarithmic singularity at 0. 
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The problem is often further simplified by the exponential 
approximation 

kernel 

E (t) = a e 
n n 

-b t 
n (28) 

Sparrow and cess (Ref 48) discuss choosing the values of a and 
n 80 that the areas and first moments of E (t) are matched over the 

range 0 < t ^oo (Lick's method). The result is: 

E.(t) = i e “3 t/2 (29) 
c 4 

Then from 

En+l(t) = - Í En<‘) d‘ (30) 

E (t) = i. e ' 3 t/2 (31) 
-3 2 

On the other hand, 
slope of E3(t) at t = 0 

Chin (Ref 18) chose to match the value and 
, yielding: 

E3<t) = -i e 

and 

E2(t) = e "2t 

(32) 

(33) 

When one is expecting the value of t to be always near zero, 
Chin s procedure would appear the more desirable, since Lick's pro¬ 
cedure does not match the value of E2(t) at t = 0 by 25%. However, 
m a problem where t can assume large values, Lick's method is 
more accurate over the range. 
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Ajiother approach that han been proponed in to eliminate the inte¬ 
gral completely by the differential approximation for a non-grey gas. 
This method evolves from a grey gas approximation constructed by 
Vineenti and Kruger (Kef 3), Traugott (Ref 46), and Cheng (Ref 47). 
In vector form: 

( V/k£(V •'T/VkJ - 3“ciR + 4ir (V H/K) - Ü (34) 

which satisfies both the optically thin and optically thick limits, since 
tor a grey gas Kp = K - K. In fact, as Sparrow and Cess (Ref 48) 
point out, in the optically thick limit it is a higher order approxima¬ 
tion than the radiation slip approach. 

To go to a non-grey gas approximation, Traugott (Ref 49) requires 
that the approximation satisfy an opaque gas: 

qU -= 4ir/3 (y U/K ) 
R 

anil a transparent gas 

V * q 4. Kp H 

to yield 
± 
*R 

-L 

*p 
K„ V ( K V * - 3 q** + TT— V B = 0 

R ±n 
K 

R 

(35) 

(36) 

(37) 

or as in Cogley et al (Ref 50) 

-»* R. ,^R 16<tT 

R K. V * q ) - 3 q 
K 

R 
V T = 0 (38) 

Here we have an excellent application for the Planck and Rosseland 
mean absorption coefficients computed in this study. 

This absorption model and the planar radiation formulation can be 
applied to flow configurations other than a stagnation point. For ex¬ 
ample, Picatinny Arsenal already has a flow field program for the 
massive ablation of conical bodies with uncoupled radiation (Ref 81,82). 
This program is discussed in Appendix C, in which it is also shown 
that the planar radiation model is still applicable. The logical next 
step is to couple this absorption model to the flow field in this program. 
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RESULTS 

General 

The ablator spectral absorption models existing before this study 
have been shown to require the addition of such molecular species as 
C2H and C3 and of atomic O, the extension of the effects of atomic C 
and H in frequency, and a more detailed treatment of molecular species 
in general in order to cover the range of temperatures from 3000* to 
20000 K (see Table 2). Therefore, a more detailed "exact" model of 
molecular band and atomic continuum absorption for C, H, O, and Si 
systems was developed by collecting heretofore scattered current know¬ 
ledge into one package. 

In applications, however, a model which can be calculated more 
quickly without sacrificing a great deal of accuracy is needed. There¬ 
fore, a multi-band model of 12 bands was fitted to the exact calcula¬ 
tions (see Table 5). This band model was then coded in FORTRAN IV 
as a computer program, ABSORB. ABSORB computes either a 12- 
band uncorrected and emission-corrected spectral absorption coeffi¬ 
cient, or a 2-band absorption model with a break point at 1100 A and 
the Planck and Rosseland mean absorption coefficients. 

The range of applicability of the computer program is currently 
limited by the neglect of atomic line radiation. When line radiation 
and absorption is negligible, any temperature which is above sublima¬ 
tion and below the neglected doubly ionized states at the given pressure 
can be computed for systems composed of C, H, O, and Si for a fre¬ 
quency range of 0.1 to 24..4 eV. 

The computer program is listed in Appendix A. 

Comparison of Results 

The 12-band absorption model developer in this study for molecu¬ 
lar bands and atomic continua is compared with the "exact" model cal¬ 
culations for pressures of 0.1, 1.0, and 10.0 atmospheres and tem¬ 
peratures from 3500 K to 15000°K for a carbon phenolic ablator of 
composition CjgH^ ^0. The number densities used are given in 
Figures 1 through 3. The agreement is quite satisfactory over the 
entire range of pressure, temperature, and frequency, as can be seen 
from Figures 4 through 15. 
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Molecular f-Number Uncertainties 

The current state of knowledge of the absorption oscillator strengths, 
or f-numbers, of polyatomic molecules results in large uncertainties in 
the correct values. The values of ihe f-numbers as ascertained from 
the literature (Ref 18, 30 through 33) are expressed in terms of ratios 
of the lowest and highest values to the nominal values in Table 4. 

This range of f-numbers then was used to compute the spectral 
absorption coefficients for a range of temperatures and pressures. 
The effect is shown for a pressure of one atmosphere in Figures 16 
through 19. The variation of absorption coefficient with molecular 
f-number is seen to be quite important for frequencies below hw m 10 
eV for temperatures below 10000°K. In many applications this would 
be the most important part of the spectrum with regard to the peak 
of incident radiation. 

The results at 0.1 and 10.0 atmospheres are very similar. It is 
clear from the results, however, that the maximum temperature at 
which molecular effects are still significant increases with increasing 
pressure. This would be expected from the number density data (see 
Fig 1 through 3) as the number density of molecular species becomes 
higher at a given temperature as pressure goes up. 

The molecular band uncertainty which contributes most to this 
f-number variation effect can be seen to be the CO "Fourth Positive" 
from hy - 3.9 to 12.4 eV, (1000 to 3200 A) (Table 3). 

Planck and Rosseland Means 

The Planck and Rosseland mean absorption coefficients were also 
computed and are plotted in Figures 20 and 21 as a function of temper¬ 
ature, pressure, and f-number. 

The effect of the molecular f-number uncertainties is also ap¬ 
parent in these integrated coefficients and the variation with tempera¬ 
ture and pressure is perhaps even clearer in this form. The Rosse- 
land mean is more strongly influenced than the Planck. 
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CONCLUSIONS 

1. The 12-band molecular band and atomic continuum absorption 
model developed in this study represents quite closely the "exact" 
model compiled in this study for a range of temperatures from 3500 K 
to 20000°K at a pressure from 0.10 to 10.0 atmospheres. 

2. Both this band model and the "exact" model include important 
absorbing species neglected in other models available in the literature. 
These include C3, C2H, O, and C and H at low frequencies. 

3. The effect on spectral absorption coefficient of the large un¬ 
certainties in some molecular band f-numbers is sign'ficant at fre¬ 
quencies below 10 eV for temperatures as high as li 000 K at 10 at¬ 
mospheres and 10000°K at 0.10 atmospheres. This effect remains 
significant in the integrated coefficients in both their Planck and 
Rosseland forms. 

4. Now that the effect of the molecular uncertainty has been better 
defined, it is clear that these f-numbers need to be better determined. 
The band with the largest effect was the CO "Fourth Positive". 

b. The logical next step is to include atomic line radiation. Since 
the purpose of a band model is more rapid computation, the tedious 
exact line calculations presently available must be replaced. Olstad 
(Ref 43) and Callis (Ref 44) recently have reported good results with 
"equivalent band" models for line radiation. 

6. A number of applications of the absorption model and its re¬ 
sults are suggested in this study. An appropriate next step would be 
to compare the exponential integral approximation method with the 
differential approximation. 
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TABLE 1 

Transition probabilities for radiation absorption 

Species 

«Z 

«Z 

H2 

h2 

CO 

CO 

CO 

CN 

CN 

CN 

CN 

Process 

Photoionization 

Molecular con¬ 
tinuum 

Lyman band 
system 

Werner band 
system 

Fourth positive 
band system 

Asundi band 
system 

Angstrom band 
system 

Red band 
system 

Violet band 
system 

D-X band 
system 

D-A band 
system 

Swan band 
system 

Fox-Herzberg 
band system 

Freymark band 
system 

Principal Data 

Empirical data from 
Ref 51 

Theoretical data from 
Ref 55 

f = 0.2 from 
Ref 54 

f = 0.4 from 
Ref 54 

f = 0.19 from 
Ref 56, 57 

f = 0.03 from 
Ref 60 

f = 0.03 from 
Ref 60 

f = 0.008 from 
Ref 62 

f = 0.027 from 
Ref 64 

f = 0.04 from 
Ref 65 

f = 0.02 from 
Ref 65 

f = 0.029 from 
Ref 66 

f = 0.05 from 
Ref 65 

f = 0.02 from 
Ref 65 

Other Data 
(F-C Factors, etc) 

Ref 52 

Ref 55 

Ref 58, 59 

Ref 61 

Ref 63 

Ref 65 

Ref 67 

Ref 67 

Ref 80 
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TABLE 1 (cont'd) 

Species 

Mulliken band 
system 

C2 Deslandres- 
d'Azambuja 
system 

C2 Phillips band 
system 

C2 Photoionization 

C2 Photodetachment 

C3 4050 Angstrom 
band system 

H Photoionization 

f = 0.10 from Ref 68 
Ref 65 

f = 0.10 from Ref 68 
Ref 65 

f = 0.0038 from Ref 68 
Ref 69 

Approximate model 
described in Ref 30 

Ref 70 

Ref 65 Ref 71, 

Ref 66, 73-77 

72 
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TABLE 2 

Dominant absorbing 

T = 5000°K, p = 

Frequency (eV} 

0 to 1.8 

I. 8 to 5.0 

5.0 to 6.4 

6.4 to 7.0 

7.0 to 10.0 

10.0 to 11.2 

II. 2 to 13.6 

13.6 to 24.4 

T = 10000°K, p 

Frequency (eV) 

0 to 2.0 

2.0 to 4.8 

4.8 to 6. 2 

6.2 to 9.6 

9.6 to 13.6 

13.6 to 24.4 

species 

1 atm 

Dominant Absorbing Specips 

CO, H2(weak) 

CO 

C, CO 

C 

C, CO, H 

= 1 atm 

Dominant Absorbing Species 

C, H(weak) 

C, C2, H(weak) 

C, C2, CO, H(weak) 

C, CO, H(weak) 

C 

C, H, O(weak) 
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TABLE 2 (cont'd) 

T = 15000°K, 

Frequency (eV) 

0 to 0.2 

0.2 to 7.0 

7.0 to 13.6 

13.6 to 17.8 

17.8 to 19.0 

19.0 to 24.4 

1 = 1 atm 

Dominant Absorbing Species 

C, H, O(weak) 

C, H, O 

C 

C, H 

C, H, O 

C, H, O, C+ 
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TABLE 3 

Species 

CO 

c2h 

Molecular bands 

Band 

Photo 

Werner 

Lyman 

Photo 

4 + 

Asundi 

Mulliken 

Freymark 

Deslandres- 
d'Azambuja 

Fox-Herzberg 

Swan 

Violet 

X-D 

A-D 

Red 

Wavelength 
(A) 

500 to 1400 

600 to 1400 

1100 to 3400 

500 to 900 

1000 to 3200 

6900 to 8300 

1800 to 2300 

2000 to 3600 

2000 to 5200 

2400 to 5200 

3000 to 124000 

2000 to 6200 

1500 to 3200 

1400 to 3200 

5200 to 50000 
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TABLE 3 (cont'd) 

Species 

C 3 

Band 

4056A 

Violet 

Wavelength 
(A) 

3600 to 6200 

2000 to 2500 
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TABLE 4 

Species 

Range of 

Band 

molecular band f-numbers 

f-number 
Nominal Low 

ratio 

Swan 

F-H 

D-D 

Frey 

Mull. 

1.0 0.203 

1.0 0.40 

1.0 0.10 

1.0 0.10 

1.0 0.20 

High 

1.52 

4.0 

1.0 

10.0 

2.0 

4 + 

CO Asundi 

Photo 

1.0 1.0 11.0 

1.0 1.0 1.0 

1.0 1.0 1.0 
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Flg 1 Pai;ticle density vs temperature for 
carbon phenolic at 10.0 atmospheres 
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Fig 2 Particle density vs temperature for 
carbon phenolic at 1.0 atmosphere 
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Fifí 3 Particle density vs temperature for 
carbon phenolic at 0.10 atmosphere 
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Fig 4 Comparison of "exact" and 12-band model uncorrected 
absorption coefficients at 3500°K and 0. l atmosphere 
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Fig 5 Comparison of "exact" and 12-band model uncorrected 
absorption coefficients at 7500°K and 0.1 atmosphere 
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Fig 6 Comparison of "exact" and 12-band model uncorrected 
absorption coefficients at 10000°K and 0.1 atmosphere 

51 



-I 

0 2 4 6 8 10 12 14 16 IS 20 22 24 26 28 
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Fig 7 Comparison of "exact" and 12-band model uncorrected 
absorption coefficients at 15000 K and 0.1 atmosphere 
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Fig 8 Comparison of "exact" and 12-band model uncorrected 
absorption coefficients at 3900 K and 0.1 atmosphere 
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Fig 9 Comparison of "exact" and U-band model uncorrected 
absorption coefficients at 7500 K and 1.0 atmosphere 
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Fig 10 Comparison of "exact" and 12-band model uncorrected 
absorption coefficients at 10000°K and 1,0 atmosphere 
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IO1 

Fig 11 Comparison of "exact" and 12-band model uncorrected 
absorption coefficients at 15000 K and 1.0 atmosphere 
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Fig 12 Comparison of "exact" and 12-band model uncorrected 
absorption coefficients at 4300°K and 10.0 atmospheres 
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Fig 13 Compariosn of "exact" and 12-band model uncorrected 
absorption coefficients at 7500°K and 10.0 atmospheres 
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Fig H Comparison of "exact" and 12-band model uncorrected 
absorption coefficients at 10000°K and 10.0 atmospheres 
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Fig 15 Comparison of "exact" and 12-band model uncorrected 
absorption coefficients at 15000 K and 10.0 atmospheres 
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Fig 16 Effect of uncertainty of molecular f-number 
on emission corrected absorption coefficient 
at 3900°K and 1.0 atmosphere 
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Fig 17 Effect of uncertainty of molecular f-number 
on emission corrected absorption coefficient 
at 60Ü0 K and 1.0 atmosphere 
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Fig 18 Effect of uncertainty of molecular f-number 
on emission corrected absorption coefficient 
at 8000°K and 1.0 atmosphere 
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Mg 19 Effect of uncertainty of molecular f-number 
on emission corrected absorption coefficient 
at 10000 K and 1.0 atmosphere 
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Fig 20 Planck mean absorption coefficient vs temperature 
as a function of pressure and molecular f-number 
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COEFFICIENT VS. TEMPERATURE 
AS A FUNCTION OF PRESSURE ANO 
MOLECULAR f-NUMBERS 

7 TEMPERATURE, •KxlO*3 '5 

Fig 21 Rosseland mean absorption coefficient vs temperature 
as a function of pressure and molecular f-number 
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APPENDIX A 

Description of program ABSORB 

Input Quantities 

NT 

NS 

NYY 

NNN 

P 

TEE 

TT 

ST1 

FRS 

FRH 

FRD 

FRF 

FR4P 

FRA 

Number of temperatures in input tables 

Number of species in input tables 

Number of temperatures at which calcula¬ 
tions are to be made 

Currently not used 

Pressure in atmospheres for calculations 

Temperature array at which calculations 
are to be made, °K 

Input temperature array for number density 
OcltSLf 

Number density array, part/cm 3 

Ratio of molecular f-number to nominal 
C^: Swan 

Ratio of molecular f-number to nominal 
C^: Fox-Herzberg 

Ratio of molecular f-number to nominal 
C2: Deslandres-d'Azambuja 

Ratio of molecular f-number to nominal 
C2: Mulliken 

Ratio of molecular f-number to nominal 
CO: 4+ 

Ratio of molecular f-number to nominal 
CO: Asundi 
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FRPH 

F RN 

FRCNV 

FRCNR 

FR3L 

FR3V 

Ratio of molecular f-number to nominal 
CO: photo 

Ratio of molecular f-number to nominal 
not used at present 

Ratio of molecular f-number to nominal 
C2H: violet (CN) 

Ratio of molecular f-number to nominal 
C2H: red (CN) 

Ratio of molecular f-number to nominal 
C3: \ 4056 

Ratio of molecular f-number to nominal 
C3: violet 

FRAX Ratio of molecular f-number to nominal 
SiO: A-X 

Species data must be given in the order: 
0,_ O , e , N , O"' CL, N , CO, H_, C 
C2. Si, Si , SiO 2 2 

H, C, C+, N, N+, 
, CN, C2H, C3, H+, 

Output Quantities 

ANN 

ALFA1 

ALFA(1,1) 

ALFA2 

ALFA(2,1) 

ALFA3 

ALFA(3,1) 

Number densities at required temperature 

Uncorrected absorption coefficient in 1st band 

Corrected absorption coefficient in 1st band 

Uncorrected absorption coefficient in 2nd band 

Corrected absorption coefficient in 2nd band 

Uncorrected absorption coefficient in 3rd band 

Corrected absorption coefficient in 3rd band 
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ALFA4 

ALFA(4,1) 

ALFA5 

ALFA(5,1) 

ALFA6 

ALFA(6,1) 

ALFA? 

ALFA(7,1) 

ALFA8 

ALFA(8,1) 

ALFA9 

ALFA(9,1) 

ALFAIO 

ALFA(10,1) 

ALFA 11 

ALFA( 11,1) 

ALFA 12 

ALFA(12,1) 

ALFAB1 

ALFAB2 

PLKMN 

HOSSL 

Uncorrected absorption coefficient in 4th band 

Corrected absorption coefficient in 4th band 

Uncorrected absorption coefficient in 5th band 

Corrected absorption coefficient in 5th band 

Uncorrected absorption coefficient in 6th band 

Corrected absorption coefficient in 6th band 

Uncorrected absorption coefficient in 7th band 

Corrected absorption coefficient in 7th band 

Uncorrected absorption coefficient in 8th band 

Corrected absorption coefficient in 8th band 

Uncorrected absorption coefficient in 9th band 

Corrected absorption coefficient in 9th band 

Uncorrected absorption coefficient in 10th band 

Corrected absorption coefficient in 10th band 

Uncorrected absorption coefficient in 11th band 

Corrected absorption coefficient in llth band 

Uncorrected absorption coefficient in 12th band 

Corrected absorption coefficient in 12th band 

IR absorption coefficient in 2-band model 

UV absorption coefficient in 2-band model 

Planck mean absorption coefficient 

Rosseland mean absorption coefficient 
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APPENDIX B 

Radiation equations 

sources been derived in a number of 
^ inei 3, 48, 78, 79). The basic equation is: 

(B-l) 

4 = cos 0 

a, monochromatic absorption coefficient 

e b 
u 

I 
u 

o 

= Planck radiation function = Zir ^ 
2 hi//kT 

c (e -i) 

= monochromatic intensity 

3 = arc length 

which becomes upon introducing 

V 
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For a non-scattering medium and a diffuse wall (lower surface) and 
a ransparent shock (upper surface) when there is an external source 

! n (,subscriPt 2) which has both a diffuse component, qR , , 
a parallel component, qR^ at an angle cos"1 ^ , as was c 2 

formulated by Viskanta and 2 Merriam (Ref 80), the flux is: 

% =2BlE3(V"2qx E,(to -r) - a qR 

-(rrt - T )/u T 
o i/ **0 

V f 
+ 2 J e (t) 

0 .. c » 
b,.,E2(Tu.t,dt - zj eb 

0 V 

(t) E,(T - t) dt 

i , the derivative wRh respect to the optical depth, t,. 
of (B-4), one obtains: ^ 

(B-4) 

dq R 

if— = 2B1 E2<V + 2V E2(To - V +e ^ 
1/ V d y y x P 

o 
r u 

+ 2 J e (t) E ( |t - t I) dt - 4e, (r ) 
0 y 1 V b 1/ ' (B-5) 

Now in the combined diffuse and parallel case (Ref 42) 

B 
1 = eleb +2(1 -¾) q* E3(V + 1/2%1v + 

V 

+ / e (t) E_(t) dt 
0 y á (B-6) 
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The ablation layer model assumes that surface 1 is black and has 
already assumed that surface 2 is transparent. It will now be assumed 
that the external source consists of primarily diffuse radiation 

). Therefore, set 0. The physical situation of 

cool walls and an air shock layer with a high temperature external 
source makes it reasonable to neglect Bl with respect to qR . Then 

V 

eb(t)E2(r - t) dt 
V ^ V 

- 2 (t) E_(t -r ) dt + 
2 l> 

2qf "T ) 
Xd 3 ^ ^ (B-7) 

and 

da R 
= 2 J eb (t) Ej( |T t |)dt+2q« E (T -T ) + 

0 i/ * xd 2 % 
V 

- 4e (T ) 
D i/ 

V 
(B-8) 

Now transforming to physical coordinates 

dqR dqR dr 
y _ y . _V 

dy "dr dy 
V 

(B-9) 
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or from the definition of r 
V 

<iy 
- a 

The flux at the wall (r = 0) is* 

ru o 

% (0) = °b (°) - ¿ f e (t) E (t) dt 
1/ Ü lv ¿ 

Integrating over frequency, (Jj-8) and (Jt-iU) h-ud to: 

u et- ^ n » -r- 

"^‘\Ío^Í \(,,E1< iT^-t I, 

+ 2 J a 
p=0 " ¿ o T )dl/ + 

V 

cc 

eb (T ) lil- 

Throughout the above; 

E (t) n = / 
n ■2 -t /v 

e Y 

(M-1Ü) 

(H-ll) 

dt ilv + 

(11-12) 
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and 

a 
V 

= a' U - e -h ‘''"T, 
V ' 

where Enls the exponential integral of order n and a is the spectral 

absorption coefficient corrected for induced emission. 
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APPENDIX C 

Conical body analysis 

In order to arrive at a method for calculating the flow about a 
conical body undergoing massive ablation, it is necessary to examine 
the flow shown in Figure Cl. The flow between the shock and the 
body can be divided into three separate regions. These are the in- 
viscid flow near the surface, a free shear layer, and an outer in- 
viscid region. Examination of the shear layer shows that it has the 
following characteristics: 

1. It acts as a transition region between the two inviscid 
flows for temperature, velocity, density, and species concentration. 
Therefore, these properties will change appreciably across it; 

2. it has a thickness of the order of an ordinary boundary 
layer. That requires, then, that it be a relatively thin layer for 
large Reynolds numbers; 

3. the change in pressure across its thickness can be taken 
as a first approximation to be constant as it is done in boundary layer 
theory; 

4. due to its small thickness, it only slightly influences 
radiation transport, i.e., no appreciable absorption. 

These facts are extremely important since they in essence show that 
as a first approximation one can neglect the thickness of the shear 
layer and consider it simply as a line of discontinuity of density, 
temperature, velocity, and concentration, across which the pressure 
will be continuous. The problem of calculating the radiation-coupled 
aerodynamic flow then reduces to calculating two inviscid flow re¬ 
gions between the shock and the body which are separated by a line 
across which the pressure is continuous (see Fig C2). 

The inviscid Region I near the body will be essentially pure abla¬ 
tion products, while Region II will contain none. Both the temperature 
and velocity of Region I will be substantially lower than those of Re¬ 
gion II. These are important facts to note since they indicate that 
previous estimates based on the free stream velocity and temperature 
can be substantially in error, a point that most investigators have 
not realized. 
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A. Model for Hegion I 

flow about TLTV::Vrt7h7imS descrlbin* the inviscid 
and tangent, x, to the cone as shown'Vp™01^“"1168 normal> X- 
tor a local cone radius r and a cone ha/angïe beC°me 

Continuity Equation 

x a ( pvr) n 
a X aj—1 - 0 

Momentum Equations (neglecting radiation 

sr [(p+pu2)r 
pressure) 

+ — ( puvr) . p si„ 9 , o 

ãT ( + [( p + o''2'1' - p cos 8=0 

(Cl) 

(C2) 

(C3) 

Energy Equation (neglecting radiation 
pressure effects) 

a 
3x pur(h 

2 2 1 
+ ) +^_ 

2 J dy ovrih +{ u2^ V2 ) 
2 = -^7 *qR 

a—(rup) - af-(rvP^ (C4) 

Equation of State 

P 3 ZpRT 

and 
(C5) 

Radiation Transport Equation (neglecting scattering) 

dl 
p 

ds = a B (T) - I 
V V (C6) 
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A very important simplification obtained from this model is that we 
do not need species equations since Region I is almost pure ablation 
products and Region II is pure fireball products. The species equa¬ 
tions would be required if one studied the shear layer. For our pur 
poses, however, we can avoid this difficulty since the shear layer 
does not significantly affect the radiation transport. 

It is well known that in the energy equation the radiation term is 
given by: 

q" = 4* J a B (T)dt/ - J / a I d Ad 1/ 
V u a V V 

(C7) 

The principle difficulty in numerically integrating the transport equa 
tions lies in this term. This is due to the dependence of I on the 
solid angle ft as well as the coordinates x and y. We seelc therefore 
a simplification which will reduce this difficulty. As a first step, 
one would like to treat the radiation transport as one-dimensional, 
i.e., as a function of y alone at a given x. The conditions for which 
such an approximation can be expected to be valid are now examined. 

This approximation would be expected to be reasonable if the 
vapor layer thickness is small compared with the characteristic ab¬ 
sorption length of the vapor (optically thin case). An equivalent 
physical viewpoint is that we would expect the energy transport in 
the normal direction to the surface, i.e., y, to be the dominant 
effect, and radiation transport in the x direction a second-order one. 

Now writing the equation for the radiation intensity I in the x, y 
coordinates it can be shown that these statements are borne out mathe¬ 
matically. Then: 

df ^ + (C8) 
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Next introducing the dimensionless variables 
* / 

1 , J 
0 dx 0 dy 

/ a y » r, ]u 
max max a V max ^ j 

Mu ax 

B 
(T) 

I 
max 

the resulting equation is 

dx. 
ds 

max % 
dx 

dy 
ds max Zv max [v\] (C9) 

The maximum values of the radiation intensity, and rr th^ aK 

a"serthCeh0¿Sdeenno?e?thee mLtLTm vatB ^168 

neglected, as a first approximation,“^ respect to'ihe^a r‘/s't ^ 

femsSrer thiS 

The energy equation can then be written as: 

r 
9 
9x 

2 a 2 
pur(h + u +v ) 

2 

9 
9y 

9y 

( pur ) + 
^7" <Pvr) 

2 2 
pvr(h 4- u +v 

2 

, R 
ia . 
9y 

= o (CIO) 

Equations (Cl), (C2), (C3), (C5), and (CIO) are now a complete 
mathematical formulation and description of the radiation and flow 
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R^^tr"0:^;h;1rmcations of the bounda- - 

Boundary Conditions for Region I 

At the surface of the body, the conditions are as follows: 

• qR [°-Tw. a (xj ; m a p V w w 
A H 

eff 

u = 0 ; and T s T 
w ablation 

A C is t^hllroíXorSòno/me’ surtïT At ‘.he Wal1, T 
face the conditions can be defined as: SUr ace* At contact sur- 

at y = 6 (x) 
P Region I a P Region II 

Region I = Region II = o 

B. Region II 

that it is a classicaHnvfscid^lovT re^16 Jxplai?Jtion except to say 
tions of flow, which can belV^ on.described by Euler's eqía- 

grams. The only unknown for this vegl^fsThT^ ^ ^ Pr°~ 

solve ^simultaneously^smce ttyT ' L ^ be 
boundary d (x) by the condition of conttouous pressure! 
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Fig Cl 

Fig C2 
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