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ABSTRACT 

Rcicliation profiles in an ablating flat plate Air-Teflon laminar 

boundary layer have been studied both experimentally and theoretically. 

The experiments were conducted in a one atmosphere,   3000 - 60U0  K, 

subsonic free stream produced by an arc jet.    Spatially resolved radiation 

profiles within the boundary layer were obtained in both the visible and near 

infrared.    Spatially integrated boundary layer radiation was measured in 

the 4 • 10|| region.     The major radiation in the visible and near ultraviolet 

wavelengths was the CN violet.     In the infrared,   the major radiators were 

CO,   CO?,   NO and COF.,.    The theory which was developed to predict the 

structure included coupling of the heat and mass transfer at the Teflon 

surface.    A  "partial equilibrium" model for the Teflon-air chemistry was 

utilized,  which does not allow the formation of CF, and CF. within the 

boundary layer.     For the selected wavelengths in the infrared the theory 

generally predicted  quite well both the spatial location and   magnitude of 

the peak radiation,   and also predicted the integrated radiation across the 

layer to within a factor of two.     For the   selected wavelength in the visible, 

the radiation intensity,   which commt from CN,   is much larger than predicted, 

indicating that the CN is not in thrmiodynamic equilibrium. 

- in 
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LIST OF SYMBOLS 

a, b corisiants,   Eq.   (12) 

C total mass fraction 

C nucleus mass fraction in gas 

f stream function,   Eq.   (4) 

g dimensionless enthalpy 

h static enthalpy 

H stagnation enthalpy 

I radiation intensity 

q heat transfer rate 

T temperature 

u x component of velocity 

v y component of velocity 

x distance along surface 

y distance normal to surface 
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ji viscosity 
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p density 

Subscript! 

A ablation products 
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i nucleus 0 
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r reference condition 

so solid cold Teflon 

w wall 

o leading edge conditions 
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I.    INTRODUCTION 

Ablating materials are used extensively to protect hypersonic 

vehicles from the effects of aerodynamic heating.    The theories which 

have been developed to predict the  overall ablation  rate of these materials 

are generally in good agreement with measurements; however,   very few 

measurements have been made of the detailed structure of ablating boundary 

layers.    Measurements of velocity or enthalpy are difficult because of the 

small dimensions of ablating boundary layers in available high temperature 

facilities,   and the extremely high temperatures involved.    More important, 

ablating materials generally react chemically with the high temperature 

air,   forming new compounds,   and altering the temperature profiles; at 

present there are no direct measurements of the chemical composition or 

the chemical processes.    However,   radiation is emitted from the high 

temperature species in the boundary layer.     This radiation is of interest 

since it can be used as a diagnostic tool to yield information on the chemi- 

cal composition and processes which take place within the boundary layer. 

The work described here is an experimental and theoretical study of an 

ablating air-Teflon boundary layer,   using spatially resolved radiation 

at selected wavelengths as the principal diagnostic tool.     The purpose of 

this study is to increase our understanding of the mechanism by which 

ablation products react with hot air,   both within the boundary and at the 

ablating surface.    Teflon has a particular advantage in this study since it 

ablates uniformly,   leaving no char or liquid layers,  and its chemical 

reactions with air are less complex than hydrocarbon ablators. 



Ihr ablating boundary layer was obtained experimentally by passing 

a subsonic stream of hot air from an arc jet over a Teflon sample placed 

parallel to the stream.    The equilibrium temperature of the air was varied 

from 3000 to 6000 K at one atmosphere pressure.    The resulting boundary 

layer has a hot,   subsonic outer edge and a steadily decreasing enthalpy 

toward the cooler wall.    A quantitative discussion of the utility of the present 

arc jet experiments is given in Ref.   1. 

A unique feature of most of the experiments presented here is the 

high degree of spatial resolution attained within the boundary layer,  which 

is about 3 mm thick.    In the visible region,  calibrated snectral plates were 

used to obtain a resolution of about one-tenth of the boundary layer thick- 

ness.    The near infrared (1-3. 5/i) data was obtained with a scanning slit 

coupled to an IR monochromator,  which permitted spatial resolution of 

about one-sixth the boundary layer thickness.    Beyond 5. SJLI experimental 

difficulties prohibited continuation of the spatially resolved measurements; 

only integrated radiation measurements were obtained. 

This paper is a summary of previous work on Teflon ablation con- 

tained in Refs.  2,   3 and 4.    The visible data was originally presented in 

Ref.   2,  where the principal radiator was found to be CN.    The  near infrared 

data of Ref.   3 was attributed to CO,  CO,,  NO and possibly COF,.    The 8/i 

data of Ref.   4 confirmed the presence of COF2 in the boundary layer.    The 

theoretical model for the ablation process discussed here was discussed 

previously in Ref.   3.    The combined results of Refs.   3 and 4 greatly extend 

out understanding of Teflon ablation under the experimental conditions. 

The prediction of radiation profiles provides a very stringent test 

of a boundary layer theory and its chemical reaction model since the 

-2- 



i.ilculation of the radiation from a point in the boundary layer requires 

accurate knowledge of the gas composition,  temperature,   and radiation 

intensity per particle; however,  the concentrations of the radiating species 

vary by orders of magnitude across the layer,  while the radiation intensity 

per particle is usually strongly temperature dependent.    For example,  as 

will be shown later, the visible radiation in a high temperature (~6000 K) 

air-Teflon boundary layer is primarily due to CN radiation even though CN 

is present only as a trace species in the boundary layer. 

The theory which was developed is the simplest which could be de- 

vised that contains the relevant chemistry.    The laminar boundary layer 

equations are coupled to the Teflon surface through heat and mass balances, 

using a constant ablation temperature for Teflon.    Chemical nonequllibriom 

effects are taken into account by a "partial-equilibrium" chemistry model, 

which does not allow the formation of CF, and CF^.    The presence of a 

cooled boundary layer on the nozzle upstream of the Teflon plate Is accounted 

for by use of a nonsimllar computational procedure. 

A detailed iiscusslon of the methods which were used to obtain the 

radiation measurements is presented in Section II,    Section III presents the 

nonsimllar boundary layer theory which was used to predict the character- 

istics of the ablating boundary layer,  while Section IV contains a comparison 

of theory and experiment.    Finally some concluding remarks are presented 

in Section V. 



m»>«»« m •■^r--. 

. 

BLANK PAGE 

-r 

• 



II.    EXPERIMENTAL METHODS 

The arc facility used in the experiments has been described in some 

detail in Rt-fs.   1 and 1.    The  arc generates air at temperatures between 

3000 to 6000  K at a pressure of one  atmosphere,  using about 300 kW of 

input power from a battery bank.     Exit plane flow velocities are about 

5 111    cm/sec.    A schematic diagram of the arc is shown in Fig.   1. 

Nitrogen it introduced tangentially at (A) adjacent to the tungsten- 

tipped cathode.    This results in a swirling flow around the cathode as the 

kj.is moves into the anode section (B),  thus stabilizing the arc by constricting 

it to the anode ccnterline.    Oxygen is introduced downstream of the anode 

by means of twelve equally spaced radial holes at the entrance to the plenum 

chamber (C).    The gases mix within the plenum chamber and the hot air 

exits through the nozzle (D).    All internal components of the arc are con- 

structed of copper (except the tungsten cathode tip). 

The two exit configurations shown in Fig.   1 were employed in the 

boundary layer experiments.    The noz.:Ie used to obtain the spatially re- 

solved results had a rectangular cross-section 1/2 in. high by 1 in. wide. The 

ablating Teflon plate was positioned at the exit of the nozzle,   flush with the 

bottom surl.ice.     For the far infrared experiments,  where no spatial  resolu- 

tion was obtained,   the nozzle cross-section was  1/4 in.   diameter with a 

Tiflon pipe insert.    The latter configuration svas used for the far infrared 

measurement» to avoid the effects of Ti-flon surface radiation which could 

overwhelm the boundary layer radiation at these wavelengths. 

-5- 
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Fig.   1 Schematic diagram of the arc,   showing the two nozzle con- 
figurations employed. 
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The  stagnation ««nthalpy of thfl arc heated gas is determineri by an 

i-nergy balance,   i.»1. ,  by measuring the power supplied to the arc,  the 

power lost to the cooling water,  and the flow rates of nitrogen and oxygen. 

The gas temperature is computed using the assumption of thermochemical 

equilibrium,   which has been Justified by the measurements discussed in 

Ref.   I and 3. 

Figure I shows schematically the optical configurations used for 

observation of the boundary layer.     The external optical system,   which 

had unit magnification,   consisted of two 45    mirrors,  a 24 in,  focal length 

spherical mirror and an aperture which served as a limiting stop.    Visible 

spec ra were obtained with a Hilger f/10 prism spectrograph and a Bausch 

and Lomb grating monochromator.    With a  l/4in, aperture, the spatial resolu- 

tion is 0. 13 mm.    For the 1R measurements a Perkin-Elmer Model ^98 

monochromator was used as a dispersion instrument.    The radiation from 

the arc was chopped at about 1,000 cps just before entering this instrument 

(see Fig,   I).    Foi* the near infrared work the dispersed radiation exiting 

from the instrument was detected with a liquid nitrogen cooled indium 

antimonide cell which is sensitive from about 1/ito 5. 5/i.    For the far IR a 

copper-doped germanium detector sensitive in the range i. -  ISfiwas used. 

The detector signal was passed through a narrow bandpass filter centered 

at the chopping frequency before being recorded on an oscilloscope.    The 

electronics was such that the sensitivity of the system was limited by cell 

noise.    The IR monochromator has equal entrance and exit slits which,  of 

course,   yields a triangular wavelength resolution function.    The theoretical 

half width AX of this resolution function for the calcium fluoride optics used 
5 

here has been given by Strieff and Ferriso.       Expc; 'mental verification of 
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Fig.  2        Schematic diagram of optical configuration for the flat plate 
geometry.    For the far IR expariments the monochromator 
slit was imaged at the centerline of the Teflon pipe 1. 5 mm 
downstream from its exit. 
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the theoretical resolution function was carried out using several atomic 

lines in the IR.    The wavelength calibration of the instrument was obtained 

between 1 and  12/iby using numerous IR standard absorption bands.     Abso- 

lute intensity calibration of the entire optical system and detector was 

accomplished by employing a blackbody source at 500   C. 

To obtain spatial resolution in the near IR a horizontal scanning slit 

was placed in front of the entrance slit to the monochromator.    This slit 

was motor ci riven in a vertical direction as indicated in Fig.   2.    The slit 

was Imaged at the vertical plane of symmetry of the arc.    In general,   the 

width of this scanning slit was set at 0. 25 mm,   which was equal to the reso- 

lution of the external optical system.    The slit was scanned at a velocity of 

5 mm/sec,   which was compatible with the bandpass of the electronic filter 

described above.    Boundary layers are about 3 mm thick at a station 15 mm 

downstream from the leading edge of the Teflon block,   where most of the 

measurements were carried out.    The result of the geometry of the external 

optical system and the scanning slit is to produce a net spatial resolution 

of 0. 5 mm in the near IR ( 1  -  5. 5/i),  which is one-sixth of a typical boundary 

layer thickness.    Detailed  radiation intensity profiles were measured at the 

following wavelengths:    5869^33^.  2.48 4_0. 18^,  and 2. 90 4 0. 24/i, 

Vor the far IR measurements,  where integrated radiation from the 

boundary layer formed in the Teflon pipe was measured,  the entrance slit 

to the monochromator was imaged at the centerline of the pipe 1. 5 mm 

downstream from its exit plane.    Integrated radiation measurements spanned 

the 4 -  lü^x region. 

-f). 



III.     THEORY OF THE AIR-TEFLON BOUNDARY LAYER 

The analysis of the ablating layer follows the lines of classical 

boundary layer theory except that detailed consideration must be given to 

the coupling between the ablating surface and the gaseous layer.     Both 

energy and mass balances are made at this interface.    Fortunately,  the 

ablation temperature of Teflon is well known,   so it is not necessary to con- 

struct a complete analysis of the heat transfer within the ablator to obtain 

a solution to the problem. 

Assumptions and Governing Equations 

We envisage .» boundary layer in which all species have the same 

value of a given transport property,   and all Lewis and Prandtl numbers are 

unity.    Chemical nuclei rather than compounds are followed,   which yields 

the simplification that the conservation of mass relation for each nucleus 

has no source term,   since nuclei are neither created nor destroyed.    Fick' s 

law for the diffusion velocity is used.     With these assumptions,   the relative 

concentrations of the various   nuclei can be obtained simply.    Since all nuclei 

are assumed to have the same diffusivities,  the oxygen/nitrogen ratio must 

be constant  across the layer at its free stream value,   0.21/0.79.    Similarly, 

for Teflon,   (C .F .)   .   the carbon/fluorine ratio must be  \/L across the layer. 

Thus,   it is sufficient to determine only the mass fraction of the ablation 

material,   C.,   across the layer.    C.   is defined as 

CA^1,       Ci^CC+CF' (1) 

ablated 

-1 1- 
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where C.  is the mass fraction of the ith nucleus.    With brackets denoting 

the number of moles per mole of C^F.,  we obtain the following expressions 

for the mole fractions: 

[Cl 2 .   IF)   ^4 

(O) 
1  " CA «   1.47      ■     A 

CA 

(N)   «   3.72 (O] (Z) 

The governing equations for conservation of momentum,   energy 

and ablating nuclei are written in terms of the Howarth-Dorodnitsyn inde- 

pendeilt variables | and r\ 

o b     o 

pdy (3) 

The subscript  w  denotes the wall value of pji,   which is a function of   4.     We 

define the usual dependent variables as 

r u H ... 

i e e 

where  r|  (and |) subscripts are used to denote partial derivatives.    In terms 

of these variables the conservation equations are: 

momentum 

f +   ff s  2t((    f   t . f.f       ). (5a) 
inn        nn nn^     Inn 

mergy 

n n        n n   5      ^ n 

12- 
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ablating nuclei 

CA +  fCA     -   2| (f    CÄt   -  ttC.   ). (5c) 
Ar] r\ Ay] * * 1)     A| %    Ay]' 

The boundary conditions in the free stream are 

g-*l.  f    -I.   CA-0. (6) 
y] A 

If we denote the location of the leading edge of the Teflon plate as 

^   ,  the boundary conditions on the nozzle wall are,  for 0 < | < | 

n • o:   g = gwo. r • o. i^ - o. (7a) 

The  solutions to the governing  Eqs.   (5a, b)  subject to these 

boundary conditions are the Blasius solution and the Crocco integral. 

For ^ > | we must perform energy and mass balances at the Teflon 

surface. The energy balance is obtained by first writing the net heat trans- 

fer from the gas to the surface,    -qA    ,  as 
AW 

-^Aw =   "^w-^wNv +  <Pv)whAW <7b) 

Here -q     is the heat transfer by conduction and diffusion,  and the other ^w ' 

two terms represent convection of energy with the  gas and ablator enthalpies 

respectively.    For steady state ablation,   -q.     may also be written in terms 

of an energy balance within the solid Teflon: 

-Vw=   ^w^Aw   *   NJ' <7^ 

where h      is the enthalpy of room temperature solid Teflon.    Eliminating 

q.     from the above equations yields the appropriate energy balance at the 

surface, 

q     =   (pv)     (h     - h    ). (8) ^w       *K    w     w        so 

-13- 
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The mass balance .it the Teflon surface is 

w Aw' ■m U>v)„(i -cAj • -M H— (9) 
w 

In terms of thi- Ilowarth-Dorodnitsyn variables,  the boundary condi- 

tions (8) and ('») arc 

V     = 1
CA

<n
w   = f   + ^ ft  . (io) 

Rso       w Aw ■ 

The   Eqs.   (5a,  b,   c)  are  a   seventh order   system with  six boundary 

conditions,  given by Eqs.   (6),  (7c) and (10).    The additional boundary condi- 

tion should involve a balance between the heat transfer within the ablator 

and its mass loss,  which could determine the surface temperature.    Since 

the ablation temperature of Teflon is known to be 1000 K within a few degrees, 

we employed this value as our additional boundary condition. 

Thermodynamic Properties of the Air-Teflon Mixture 

The solution of the system of equations and boundary conditions 

given above yields values for the enthalpy of the mixture and the mole frac- 

tions of C,  F, O and N within the boundary layer.    To compute the tempera- 

ture and species profiles it is necessary to define a chemical model which 

determines the compounds formed by these elements.    Previous results, 

discussed in detail in Refs.   2 and 3, have shown that the air radiation from 

both the free stream and nozzle boundary layer can be predicted within the 

experimental accuracy by equilibrium theories.    For the ablation experi- 

ments,  the assumption of concentration equilibrium for major species is 

reinforced by the rapid reactions between carbon compounds and oxygen. 

14- 



The equilibrium composition may be computed by using a thermochemical 

equilibrium program,  which is based on the JANAF tables. 

This procedure leads to a formidable complication at the wall where 

neither CA     or h    are known,  but T     is well known for Teflon.    The problem 
Aw w w 

is to find values of C .     and h     which satisfy both the equilibrium program, Aw w ' ' 

the boundary layer equations,   and the interface conditions,   Eq.  (10). 

It is instructive to consider a simple case to understand this compli- 

cation.     When g     and C .     are dependent only on TI and there is no nozzle w Aw r ' 

boundary layer,  the solutions to Eqs.   (5b, c) are given by the Crocco inte- 

grals 

Aw         A g " ^w H - h w 

Aw 1 - K H - h w 

These relations may be inserted into the boundary conditions given in 

Eq.  (10) so that the following relation between h    and C .      is obtained as 

a solution to the boundary layer equations at the wall 

h     ^   H    - C.      (H     - h    ). (11) w e Aw       e so 

The quantity h^ is the enthalpy of solid Teflon at 300 K. This enthalpy is 

obtained from Rofs. 6-8 as -1.93 kcal/gm. Equation (11) is shown plotted 

in Fig. 3 for a free stream temperature of 6000 K as line A, which satis- 

fies the boundary layer equations and the heat and mass balances at the 

surface.     Calculations of h     vs C .      using the equilibrium program based w Aw o T r      o 

on Ref.   6 for a temperature of 1000  K and 1 atm are shown as   line  B  in 

Fig.   3.    The wall state should be at the intersection of these two lines,  but 

they do not intersect.    Raising the wall temperature to 1100  K would provide 

15- 
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Fig.   3 Various chemical models of the wall state (solid lines) compared 
to a similar ablating boundary layer solution of the wall state 
(dashed line). 
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.in intersfct ion at C. 1.0; howover,   th«- composition of the gas for 

C.      near unity is larüt-ly CF.,   CF , and solid c.irbon.    Since no continuum 
Aw ' '4 i 

radiation from solid c.irbon vas observed experimentally,  the assumption 

of complete thermochemical equilibrium does not yield . n acceptable picture 

of the jzas state at the Teflon surface. 

Another possible model for the thermodynamic state of the gas at 

the wall is an unreacted mixture of <-,F    gas and air,   both at  1000  K and 

1 atm.    The results of such a mixture calculation are shown as line C in 

Fig.   3.     Lines C and A do intersect,   but   it   the  values of C.      and h     at 
Aw w 

the intersection are used in the equilibrium computations the   resulting 

equilibrium state is at a temperature much greater than  1000   K  because 

the C.F    and O,  react exothermically.     This model would thus produce a 

temperature discontinuity at the wall,   which is also unacceptable. 

One way to reconcile the  difficulties is to develop a model which 

predicts C .F . gas at  1000  K as an equilibrium state if C .      =1.    This can 
^    4 ■ ^ Aw 

be done by examining the kinetic model for C .F    decomposition proposed 

in Ret.   9.     Those  results suggest that the equilibrium composition of 

curve  Bi   which contains large amounts of CF    and CF,,   is not attained in 

the time scale of our experiments,   since CF, and CF , are formed by three 

body processes which are  relatively slow.     We have,   therefore,   developed 

a "partial equilibrium" model in which the compounds CF, and CF,  are 

deleted from the equilibrium calculation.     The results of such a calculation 

are shown as curve D in Fig.   3.    This curve maintains C .F , gas at 1000  K 

when C.       =1.0,   and it crosses the boundary layer solution at a  reasonable 
Aw '       ' 

value of C .    .     For C ,     near unity,  the gas is found to be a mixture of only 
Aw Aw ' 

-17- 



three compounds:   C.F   .   COF,,  and N.; all the oxygen reacts with the 

C.F, to form COF, and the N, is unreacted.    This "partial equilibrium'' 

model was used in the numerical calculations presented below. 

For the three component mixture which is found at the wall,  the 

enthalpy is a linear function of C.    , 

h 
g     = TT^ = TT-   (aC.      +   b), (11) ^w       H H Aw e e 

where a   =   0.43 kcal/gm,  and b = -0.857 kcal/gm.    This relation is an 

analytical representation of the chemical st^te near the wall,  which was 

utilized in the numerical solutions.    Some of the details of the techniques 

used to obtain the numerical results are given in Ref.   3. 

Theoretical Results 

Theoretical calculations were performed for free streani tempera- 

tures of 3220,  4800 and 5800 K for comparison with the spatially resolved 

experiment (flat plate geometry),  and at 3600,  4250 and 5400 K for com- 

parison with the integral measurements (pipe geometry).    For each set of 

cases the appropriate length of nozzle boundary layer run upstream of the 

Teflon sample was used.    Since the results are qualitatively the same,   only 

some representative examples will be shown. 

The concentration of Teflon as a function of distance normal to the 

surface is illustrated for the pipe geometry in Fig. 4, along with corres- 

ponding temperature distributions. As expected, the Teflon concentration 

increases slightly with increasing free stream temperature. One feature 

of the temperature distributions is the plateau region about 0. 2 - 0. 5 mm 

from the surface.    Of course,  the enthalpy always increases monotonically 

18- 



<5 
■£ o 
i- o 
< cr 

< 

z 
Q 

UJ 

T—i—r—r 

5400^ 

-i 1—i-r 

 4250oK 
 3600oK 

10"' 

Fig.  4 

rn6000 

5000 Ä 

111 
4000 (T 

3 

io-> I 

DISTANCE, y (mm) 

UJ 
3000 0. 

I 
2000 

10 
1000 

Theoretical Teflon concentration and temperature profiles in 
the boundary layer at representative experimental free-stream 
temperatures. 

19- 

B3636 



•-1^ *mm 

from the surface in our model.    Therefore, the plateau must be associated 

with endothermic chemical reactions occurring in this region of the layer. 

Figure 5 shows the distribution of reactants within the boundary layer 

T     =   4^50 K.    This result is illustrative of those obtained for the other e 

temperatures.     The temperature plateau region contains pe^ks in the particle 

density of F,  CO and CO,.    Also,  although the mass fraction of C2F. is high 

at the wall, there are as many molecules of N-, at the wall as C .F . molecules. 

In addition,  the particle concentration of COF-, is high near the wall,   but it 

decreases   rapidly as we proceed out into the boundary layer. 

• 20- 
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IV.    COMPARISON OF THEORY AND EXPERIMENT 

An important qualitative ffaturc of the experiments was the spectral 

identification of the principal radiators in the air-Teflon boundary layer. 

A spectrum of the boundary layer over a flat plate is shown in the lower 

portion of Fig.  6,    The upper part of '.he spectrum is the arc heated air. 

Radiation in the visible and near UV is dominated by the CN violet system. 

Neither C nor C,  (Swan) radiation was detected although some runs made 

with only nitrogen in the free stream showed them to be strong radiators 

in the nitrogen-Teflon boundary layer. 

Spatially  unresolved wavelength scans of the air-Teflon boundary 

layer between 2.0 and 3. <J/i indicated that the principal radiators were 

COz (v .  + v 3),   CO. (Zv 2 + v i),  NO (2v ) and CO (2v ).    Of course,  these 

scans also showed the NO (v ),   CO (v ),   and CO?  {v   ) bands in the 4. 0 to 

S.i/j. region.    Although COF, was not identified in these scans,   its possible 

presence in the spectra could not be eliminated.    Additional scans in the 

far infrared confirmed the presence of COF,.    Although F atoms are a 

major component in part of the boundary layer according to the theory, 

they are not important radiators. 

Theoretical predictions of temperatures and particle densities 

were combined with known radiation intensities in the experimental band- 

passes  (see Appendix A) to determine the theoretical radiation profiles. 

These results will now be compared with experiment. 

PRECEDING PAGE BLANK 
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Near Infrared 

Figure 7 shows the experimental and theoretical radiation profiles 

in the 2.9Ü (AX = 0. <J4/i) bandpass.    The spatial resolution function of the 

optical instrument has been impressed on the theoretical profiles to pro- 

vide a more accurate basis for comparison.    The y = 0 position of the 

optical Instrument was taken as the point where the leading edge of the 

resolution function first intersected the surface of the Teflon,    However, 

the data are plotted using the position of the center of the resolution func- 

tion.    Therefore the radiation begins to rise at values of y less than zero. 

The peak in radiation is due to CCU.    At 5800oK NO contributes about 10% 

of the radiation.    At 4800  K and 322 0  K the NO radiation dominates in the 

outer portion of the boundary layer.    The CO radiation contribution is 

always negligible in this bandpass.    We see that both the peak intensity 

and its location are predicted well by the theory.    However,   beyond the 

peak,  the theoretical predictions fall off more rapidly than the experimental 

data.    As a result of this,  the theoretical value for the total integrated 

radiation in this bandpass is about a factor of two lower than that obtained 

experimentally.    The tail of the experimental boundary layer radiation 

curve in Fig.   8c is shown dotted since the accuracy of the measurement 

was poor in this region.    More accurate measurements of the transition 

from boundary layer to free stream radiation showed good agreement 

with pure air free stream measurements.    Note that the peak intensity 

of the C02 radiation in Fig.   7 is weakly dependent upon free stream tem- 

perature. 

Figure 8 shows the radiation at X = 2.48/1 (AX = 0. 18/j.) due to 

CO (2v ),   COF, and IR Bremsstrahlung.    Again tne position and magnitude 
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ol UM radiation poaks arc predicted well.    The COF, radiation predicted 

by the theory is highly peaked at the surface,   and decays rapidly until it 

is negligible about 0. 2S mm from the surface.    The limited spatial res- 

olution of tht   IR Instrument did not permit us to positively identify the 

COF, radiation at this wavelength.    At 3220  K the theory predicts that the 

most important radiator in the bandpass is COF^.    This radiation is about 

10    times greater than the CO radiation. 

Far Infrared 

In the far IR increased emission from the Teflon surface prevented 

spatial resolution of the flat plate boundary layer,   so integral measurements 

were made using the pipe geometry discussed earlier. 

The air-Teflon spectra measured in the 8 |Lt region are illustrated 

in Fig,   9 for the case of free-stream temperatures near 3600  K.    Three 

separate arc runs were used to cover the band; consistency between the 

three scans is very good.    (Note that the irradiance corresponding to de- 

tector noise is greater at lO/ithan at 7 fi because of wavelength dependence 

of detector sensitivity.)   At free-stream temperatures near 4200 and 5500  K, 

similar spectra were obtained; the peak is less pronounced at the higher 

temperatures. 

To assist in the identification of this radiation,  the spectral loca- 

tion of the centers of major fluorocarbon absorption bands are indicated 

in the figure.    These bands are expected to be shifted to longer wave- 

lengths from their band centers in emission at high temperature.    The 

species CF,   CF. and C-F, can be excluded from major contribution to 

the observed spectral peak by consideration of their band locations.    The 

9ji band of matrix-isolated CF2 is stronger1        than that at 8,2/i,  indicating 
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that CF2 radiation is not responsible for the radiation.    This leaves the 8/1 

bands of COF, and CF, as possibilities.    We cannot exclude CF, on the 

basis of these observations alone,  because its 9. 2/i band is weaker in 

matrix isolation than that at 8/i. 

These observations may also be considered in the light of the bound- 

ary layer theory.    Full equilibrium chemistry calculations predict a con- 

siderable amount of CF, and CF.,  and little COF?; however,  the very 

strong CF, 7.8/i band is not seen here in substantial amounts.    Also, 

there is no indication of the 6.5 ß band of CF . in scans of that region.    The 

partial equilibrium model presented above, which excludes CF, and CF ,, 

predicts that COF2 will be the dominant radiator in the 5-10/1 region.    This 

model gives a much better account of these observations. 

The spectrally integrated intensity of the observed 8 fi band was 

determined for free stream temperatures of 3600,   4200 and 5500  K.    The 

results are shown by the data points in Fig.   10.    The predictions of the 

theory are given in the figure by the curves,  which correspond to the two 

experimental values       ' of the COF2 band intensity.    The data fall 

between these theoretical curves.    The COF^ radiation is predicted to 

come from the Teflon-rich,   cool inner portion of the boundary layer, 

and its calculated intensity is very insensitive to the free-stream tempera- 

ture.    This flat temperature dependence is accurately confirmed by the 

measurements. 

Spatially unresolved spectra are shown in Fig. 11 in the 4-6 ß region 

at free-stream temperatures near 3600 K. The 4. i ß hand of CO? appeared 

as expected; at 5.2 ß the COF2 and NO bands are superimposed.    Theoretical 
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predictions of the latter radiation intensities are shown in Table I.     COF^ 

is seen to be the dominant boundary layer radiator at 5.2^1,   although the 

free-stieam NO radiation contributes one-third of the predicted total.    For 

comparison,   the spectrum on Fig.   11 was integrated to obtain the measured 

5. 2 ji band intensity shown in the table.    The agreement is excellent - better, 

in fact,  than the probable error of either theory or experiment. 

TABLE I 

AIR-TEFLON RADIATION AT 5.2/i 

Band intensity (watts/ster-cm   ) 

Calculated: 

COF2 

NO boundary layer 

NO free stream 

Total 

Measured: 

Visible Radiation 

1.06 x 10 

.08 

1.59 x 10* 

1.48 x 10" 

-2 

The CN (violet) radiation is shown for the T = 5800 and 4800  K in 

Figs.   12 and 13.    At 5800 K the peak and total intensity are predicted well, 

but the location of the peak is twice as far from the surface as the experi- 

mental measurement.    Also,  the second peak near the surface is not pre- 

dicted.    At 4800  K the theory predicts no radiation peak; in fact,  the 

dominant radiator is predicted to be NO (ß).    The 3200 K result,  not 

shown here,   is similar to the 4800 K case. 

Since the dissociation energy of 7.5 ev for CN is recommended in 

Ref.  6 with reservations,  and is somewhat controversial,  we also calculated 
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Fig.   13      Visible radiation in the air-Teflon boundary layer. 
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the "partial equilibrium" concentrations,  temperatures,   and the resulting 

radiation for T    = S800  K using a value of 8. 1 ev for the dissociation energy 

of CN.    Since CN is a trace species in the boundary layer,  the temperature 

is essentially unaffected by the different dissociation energy; however,  the 

CN concentration increases by a factor of three.    The CN radiation is 

increased by this same factor over that shown in Fig.   1Z,   but the shape 

of the theoretical curve is unchanged.    At lower temperatures the increased 

dissociation energy does not increase the CN radiation significantly. 

Also shown in Fig.   12 is the CN (violet) (0,0) rotational temperature 

profile in the boundary layer,  which was obtained by densitometry of a 
2 

spectral plate.      It may be compared with the calculated temperature dis- 

tributions shown in Fig.  4.    At the outer edge of the boundary layer the 

rotational temperature agrees reasonably well with the calculated tem- 

perature.    However,  instead of decreasing monotonically to the wall tem- 

perature,  the rotational temperature rises to over 4000  K near the Teflon 

surface. 

This effect is presently unexplained in detail,  but might be due to 
2 

formation of the electronically excited state of CN (B Z) in high rotational 

levels which radiate before they can be quenched by collisions.    Such a 

phenomenon is well documented in the flame spectroscopy literature; for 

example,   the OH radical has yielded rotational temperatures well above 

1 3 the theoretical equilibrium flame temperature. CN,   like OH, has a 

14 very short radiative lifetime.    Kiess and Broida      have found anamolous 

rotational distributions in the CN (violet) radiation from "cold" flames 

of atomic nitrogen reacting with halogenated hydrocarbons. 
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The "partial equilibrium" model was utilized in the theoretical 

calculations since it gave a physically acceptable temperature and chemical 

composition at the wall.    However,  while use of the full equilibrium model 

at the wall resulted in temperature discontinuities,  the radiation predictions 

further out in the boundary layer were quite similar to those obtained with 

the "partial equilibrium" model. 
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V.    CONCLUSIONS 

A simple theory of the ablating Teflon-air boundary layer has been 

constructed which is capable of accurately predicting detailed radiation 

profiles.    The predictions have been compared with measured radiation, 

both spatially resolved    and spatially integrated.    This is a stringent test 

of any theory since the radiation is strongly dependent on both the temperature 

and species concentration profiles,   and so is much more sensitive than 

such gross properties as heat transfer,   skin friction,  or ablation rate. 

However,   the degree of success achieved by such a theory is a good test 

of an understanding of the aerothermochemical processes in an ablating 

boundary layer,   since the fluid mechanics and chemistry are closely 

coupled and both play important roles in determining the results. 

The approach has been to construct the simplest theory which 

contains all the features thought to be important in the description of the 

physical processes.    Thus    the complete heat and mass balances at the 

ablating wall have been included along with the non-similar effect of the 

boundary layer on the arc nozzle into which the ablating layer grows. 

The close coupling of the fluid mechanical and chemical processes has 

led to the use of a   'partial equilibrium ' chemical model which suppresses 

the species CF-j and CF.,  which we believe form too slowly to play a role 

in the ablating layer.    On the other hand,  the fluid mechanics has been 

simplified by taking the various transport properties of all species the 

same,  and dealing only with unit values of the Prandtl and Lewis numbers. 
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This has rnablod us to treat the problem with only a moderate amount of 

computational difficulty in spite of the non-similarity and the coupled 

boundary conditions. 

The theory so constructed is able to predict the pea'v intensity of 

the 2.9/i CO, radiation,   its position in the boundary layer and its integrated 

intensity across the layers.    The peak CO, radiation is independent of tem- 

pi-raturr in the  range of our experiments,   3200-6000  K. 

At 2. 4S/i,  the radiation peak is also predicted well,  and the theory 

suggests that most of this radiation is from COF ,,    However,  the individual 

contributions from C'OF , and CO could not be distinguished experimentally 

at this wavelength because of spatial resolution limitations. 

To check these predictions of high COF , concentration within the 

ablating . •' i-r.   spatially unresolved radiation measurements were made 

in the 4-lÜj. region.    The spectral measurements confirmed the presence 

of COF,.    Furthermore,   integration of the spectra showed agreement with 

the theoretical model within the uncertainty of the value for the integrated 

band intensity of COF, at M/x.    At 5. 2/i the data also fits the model,   if the 

effect of NO radiation is taken into account. 

Thus the measurements confirm the hitherto unsuspected presence 

of substantial amounts of COF, in the Teflon-air boundary layer,   which 

is predictid by the partial equilibrium chemical model.    This givi-s strong 

support to this model,  which was originally found necessary to enable 

proper coupling of the fluid mechanics and chemistry near the ablating 

surface. 
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The theory is unable to predict the visible CN radiation data with 

accuracy comparable to that found for the infrared radiation.    In addition, 

an anomalous CN rotational temperature was measured,  peaking near the 

wall.    This leads us to conclude that even at one atmosphere,   the dominant 

visible and near UV radiation in the Teflon-air boundary layer comes from 

the trace species CN which is not in thermodynamic equilibrium with the 

major energy containing species. 

It appears that the simple theory constructed here,   which led to 

the necessity of using a partial equilibrium chemical model,   is capable 

of predicting many of the major features of the radiation from the ablating 

Ttflon-air boundary layer.    It has enabled prediction of IR radiation from 

COF- which was then experimentally observed to be in both qualitative 

and quantitative agreement with the predictions.    The lack of ability to 

predict visible CN radiation has suggested that this species is not in 

equilibrium. 
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APPENDIX A 

THEORETICAL RADIATION INTENSITIES 

The near infrared radiation intensities per particle were calculated 

for the Z. 90 + 0. 24/i and 2. 48 _f 0. 18ji band passes by the following technique. 

The IR intensity transmitted by the monochromator is 

I   =    f I(\) R(X) dX 

where I(\) is the spectral intensity of a molecular band in watts/ster- 

particle - \i and   R(X) is the triangular resolution function of the mono- 

chromator.    Also, 

N       S 

^)   =    L^    d o 

where N.   is the blackbody spectral radiance in watts/cm   -ster-/i,   L 

is Loschmidt' s number and S/d is the spectral absorption coefficient in 

amagat'    cm      (S is the integrated intensity of each spectral line and d 

is the spacing between lines.)   The spectral absorption coefficient S/d 
1 5 

for the CO? 2. 7JI band was obtained from a calculation by Malkmus. 

His calculations were made for temperatures of 300,   600,   1200,   1500, 

1800,   2400 and 3000OK.    We extrapolated his spectra to 3600 and 4200OK, 

judging the spectral distribution by eye and adjusting the integral for agree- 

ment with the expected temperature dependence. The absorption co- 

efficients for CO were obtained from Ref.   17.    For the CO 2. 35^ band, 

an integrated band intensity of 1.88 amagat*    cm~    at room temperature 

was used.    The NO spectra were calculated by methods similar to those 
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-1        -2 of Ref.   17,   and were based on a band intensity of 2.4 amagat       cm 

at room temperature.    The results of all of these IR calculations are 

shown in Fig.   14. 

The neutral Bremsstrahlung radiation intensity in the IR was com- 

18 putcd from the equation 

I(\) =  1. 63 x 10"39 X ■2 T"1//2 exp (-1.438AT)[n   ]   2 Z.2 [n.) 
i 

where Z.  is the "effective coulombic charge ' of the neutral scattering 

species n.,   and the summation is over all these species.    The effective 

2 18     2 - 2 Z    for the relevant species were taken to be       Z   „T    = 2. 2 x 10"   , 
N 

Z2
N = 0. 9 x 10"2, and Z2

0 = 0. 2 x 10'2. 

The intensity per molecule of the COF? and NO bands in the 5-8/j, 

region was calculated from the integrated band absorption coefficient, a, 

by means of the expression 

I = a N0/L. v 

where N    is the blackbody  radiance.    Table II lists the values of a em- 

ployed.    Band intensities  r(cm  /mole) found in reference 11 were con- 

verted by means of the relationship 

a = v r/v '    o 

where  v is the wave number of the band center.    Since we are concerned 

here with fundamental bands, a may be taken as constant with respect to 

temperature in the above equation.    The results of these calculations are 

shown in Fig.   15.    Note that two curves are shown for the 8/i band of COF-, 

corresponding to the two values of integrated absorption coefficient ob- 

tained from references 11 and 12. 
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TABLE II 

Integrated absorption coefficients,   a 

Species Band a (amagat       cm 
■2) 

R eference 

COF2 8.0M 1650 

7300 

11 

12 

5.2,1 1700 11 

NO 5.2,1 120 19 

To compare with the experimental measurements of visible radia- 

tion,   we calculated the radiation in the  spectral band of 3869 j_ 33 A. 

The significant radiators in this region are CN (violet),  OJSR),   NO ((3), 

N?   (1-),   NJ2+),   and O" free-bound.    The  relations used for predicting 

the radiation (watts/cm    -ster) in terms of the temperature T(   K) and 

concentrations   [   |  (particles/cm   ) are the following: 

CN(violet): 4. H x IP'13 | CN I  exp (-37, 200/T) 
1 *2. 5 exp (-13, 100/T) 

02(SR): 1. H x  lü'30 |02|exp (-71, 000/T)     - 

T| 1 +0. 67 exp (-11, 300/T)]        J * X       dX 

T x 10'3: 2 3 4 5 6 

lü'19/"oX"6 dA: 4.1       5.8      7.3     8.4     9.4 

NO{\i): 3.46 x lO"3^'1 (Nü|   /"oX-6 d\ exp(-65, 400/T) 

T x 10'3: 2 3 4 5 6 

10"19Ax"6 dA: 3.5      4.5      5.4     6.2     6.8 

N2
+(l-):        2. 3 x 10"30 (N2 + | exp (-36. H00/T)   >.     _6 

"~ T(l   ♦ 2.45 exp(-12.700/T)|        J,i>X     dX 
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J. i» U"  ■ ' l^l. 

T x 10'3: 2 3 4 5 6 

10'20A\"6dX:       2.5     3.2     3.5     3.6     3.6 

N2(2f): 3. 13 x 10"29 [Nj]  T'1 /"^X-6 d\ exp (-128,000/T) 

T x 10"3: 3 4 5 6 

10'19/*(i\"6d\: 1.0     1.8     2.5     3.2 

0"(fb): 6. 5 x 10'14 [0"|  exp (-37, 200/T) 

The CN (violet) radiation equation is based on a radiative life« 

- 8 20 
time of 8. 5 x 10       sec. Since most of the CN (violet) radiation is in 

the  Av ■ 0 sequence which lies within the above bandpass this simple 

equation is sufficiently accurate.    The radiation equations for the 0,(511), 

NO (ß).   N?    (1-) and ^(2+) systems arc based on the electron transition 

probability for each system       evaluated at 3869 A.    The theoretical equa- 

tion for the radiation was obtained from Ref.   22.    The detailed shape of 

the spectrum is given by 4) which is weighted by A.       in integrating over 

the band. "     The values given above for  j <t>\'    d\ also include the resolu- 

tion function of the optical instrument used in the experimental work. 

Values of ^A."    as a function of X over a range of temperatures for the 

radiating systems of interest are given in Ref.   23.    For all of the above 

radiators,  all of the excited electronic states were assumed to be in 

equilibrium with the ground state.    The 0"(fb) radiation was calculated 

from a theoretical equation given in Ref.   21 using the photodetachment 

24 cross section for O    measured by Branscomb,   et al. 
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