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ABSTRACT 

One dimensional temperature profiles and heat fluxes within a 

slab of molten glass were measured experimentally. The glass slat 

was contained in a platinum foil lined ceramic t r ay  inside a high tern- 

perature furnace. An optical method of temperature measurement w a s  

developed in which a helium-neon lase r  beam was directed along an k c - -  

thermal path through the glass. The attenuation of the beam w a s  a str-nng 

function of temperature and was used to evaluate the local temperatures 

within the glass slab, 

In order to perform a theoretical analysis the spectral absorption 

coefficient of the glass was measured between .6328 microns and 2 - 7 5  

microns from 2 0 0 0 ~ ~  to 2 3 0 0 ~ ~ .  Two analyses were performed; one 

for a diffuse platinum-glass boundary and the other for a specular bound- 

ary.  The experimentally measured temperature profiles and heat fluxes 

agreed with the predicted profiles within 5 ' ~  and the heat fluxes to with- 

in ten percent. 
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NOMENC LA TURE 

surface radiosity I 
h - 2  -1 

exponential integral - E,(T) = / X e * JX 
0 

black body emission in a wavelength band 

emissive power 

incident intensity at  lower boundary 

incident intensity at  upper boundary 

intensity of radiation 

volumetric emission coefficient 

thermal conductivity 

absorption coefficient 

extinction coefficient 

plate separation 

radiation-conduction number 

real  part of complex refractive index 

specular reflection coefficient 

heat flux 

Fresnel  reflection coefficient 

path length 

temperature 

dummy variable of integration 

volume 

distance from boundary 

dimensionless distance (Y / L) 



GREEK LETTERS 

dimensionless wall radiosity 

increment 

emissivity 

angle from surface normal 

monochromatic 

cos ,g 
Stefan- Boltzman constant 

reflectivity 

optical length 

azimuthal angle 

solid angle 

dimensionless temperature = T / TI 

SUBSCRIPTS 

black body 

cold wall 

effective 

dielectric 

hot wall 
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metal 

order  of exponential integral 

radiative 



to ta l  

denotes y = 0 

lower  wall  

upper  wall 

para l le l  polarization 

perpendicular polarization 



I INTRODUC TION 

1 . 1  Outline of Problem 

The accurate  prediction of heat fluxes and temperature profiles 

within a nongray radiating-conducting medium is of concern to the 

designers  of rocket engines, ablation heat shields  and glass-melting 

furnaces .  The basic theory of radiating media has  been sulficiently 

developed that accurate  solutions of var ious simplified forms of the gov- 

erning equations have been calculated by numerical  techniques. Due te 

the difficulties inherent in performing high-temperature controlled exper-  

iments  and measuring tempera ture  levels accurately,  extensive experi-  

mental  data is not available to check on the validity of the analytical 

models.  Therefore,  progress  in the development of an adequate theory 

and understanding of heat t r ans fe r  in radiating media has  come about 

mainly by analysis .  

Two different types of experimental data a r e  present ly available.  

The f i r s t  type consists of spec t ra l  radiosi ty  measurements  of isothermal  
r 1 

and non-isothermal gas  and vapor mixtures  11, 2 ,  31". In the non-isorherma1 

case  the temperature gradient was imposed upon the mixture in a one- 

dimensional tube furnace, and the spec t ra l  radiant flux was measured 

and compared with predictions.  The second type of data is temperature 

maps of rocket exhausts calculated f rom spec t ra l  radiosity measure-  

ments  of the combustion products [4]. This type of data is difficult to 

check analytically due to  the complexity of the heat t r ans fe r  processes  in  

rocket exhaust.  Tne r eade r  is r e fe r red  to the l i te ra ture  review in Appcn- 

dix A for  a more  complete coverage of previous analytical and experi-  

mental investigations of heat t r ans fe r  in radiating-conducting media 

No experimental data a r e  available for  a nongray medium of intee_.- 

mediate optical thickness in which radiative and conductive heat t r a ~ s f e r  

a r e  s t rongly coupled. It was felt that useful data would be obtained I r o x  

a controlled one-dimensional experiment in which only the bomdary  

tempera tures  and not the tempera ture  profile within the medium were  

::'Numbers in brackets r e fe r  to re ferences  on page 70 .  



imposed. 

1 . 2  SC10PE AND OBJECTIVES 

The objective of this investigation was to evaluate the agreement  

between experimental data and recent  theoretical developments in 

co1upled radiative and conductive heat t r ans fe r  in nongray media .  A one- 

dimensional medium was chosen in o r d e r  to  reduce the number of para-  

m e t e r s  studied. 

A n  experimental program was se t  up to produce temperature pro-  

file and beat flux data for  a radiating-conducting medium in which only 

the boundary tempera tures  a r e  imposed and the temperature profile in 

lhe m e d i ~ ~ m  is due to radiative and conductive t r ans fe r  with the walls.  

Water-white plate glass::: was chosen as the experimental medium due to 

i t s  convenient thermophysical proper t ies .  Its spec t ra l  absorption coeffic- 

ient changes gradually with tempera ture  and almost stepwise with wave- 

length and it does not exhibit line radiation. The spec t ra l  absorption 

zoefficient can be modified by doping the g lass  with sma l l  amounts of 

metallic oxides.  Optical thicknesses nea r  unity can be achieved with 

apparatus of reasonable s i z e .  

Due to uncertainit ies of the exact nature of the reflections a t  the 

g lass  boundaries, two extensive analytical models were developed and 

solved numerically.  The f i r s t  analysis (see Section 2 . 5 )  modelled a 

noniso-thermal g lass  s lab  with a diffusely reflecting boundary while the 

second (see Section 2 . 6 )  modelled a specular ly reflecting boundary. 

The experimental data (see Section 4)  were checked against the two 

analytical predictions to evaluate the validity of the models .  

$:Trademark of the Pi t tsburg Pla te  Glass Co. Ltd. 



I1 ANALYSIS O F  COMBINED RADIATION AND CONDUCTION 

2 . 1  Introduction 

The basic principle governing the tempera ture  field within an 

absorbing, emitting and conducting medium is the conservation of energy 

within the medium. Local thermodynamic equilibrium is assumed to  

exist  within the medium. The population of the atomic and molecular s ta tes  

that contribute to absorption and emission a r e  given by the i r  equilibrium 

distribution. The energy equation fo r  a s ta t ionary radiating-conducting 

medium is: 

q~ 
= radiative flux. = 

The radiant energy flux vector  is defined as the net flow of r a d i a ~ t  

energy  in a given direction p e r  unit of a r e a  and t ime due to  radiation 

f rom a l l  direct ions.  The radiative flux t e r m  in  the energy equation r e  - 

qui res  a knowledge of the radiation intensity field within the medi-urn. 

The following equation of t r ans fe r  governs the intensity distribution in a 

s ta t ionary non-scattering medium. 

The f i r s t  t e r m  on the right hand side of equation 2 . 2  represents  

absorption of radiation by the medium and the second t e r m  represents  

emission f rom the medium. 

In the genera l  case  the t r ans fe r  equation ( 2 . 2 )  is coupled with the 

energy  equation ( 2 . 1 )  and they must  be solved simultaneously. The 

solutions a r e  difficult to achieve due to  the nonlinearity of the coupled 



equations, the la rge  number of pa ramete r s  involved, and the dependence 

of the radiation flux on the geometr ical  configuration of the sys t em.  

Most methods involving complex geometr ies  use  a "zone method" such 

as the one developed by Hottel [5]. 

THE MODEL 

In -the remainder  of this  analysis  combined radiative and conductive 

steady-state heat t r ans fe r  is considered in a one-dimensional nongray 

s tat ionary medium which conducts, absorbs and emi ts  energy.  Figure 1 

indicates the coordinate sys tem used in the analysis .  In o r d e r  to make 

the problem more  t ractable ,  s eve ra l  simplifications were used in con- 

structing the model.  

The medium between the boundaries is homogeneous on a continuum 

scale and therefore does not sca t t e r  radiant energy significantly. The 

molten glass  used in  the experiments became homogeneous af te r  a l l  the 

entrained a i r  bubbles were removed by continued heating above 2 0 0 0 ~ ~ .  

Scattering effects were not observed when a collimated beam of light 

was passed through the g la s s .  

The thermal  conductivity of the medium is not a function of t e m -  

peralure a t  the tempera ture  level of the experiments .  The data shown 

on Figure B13 indicates that the thermal  conductivity increases  with 
0 temperature up to 1800 F and then remains  constant at  higher tempera-  

t u r e s .  Since the experiments were  run  at tempera tures  above 1 8 0 0 ~ ~  

the thermal  conductivity was assumed to be constant.  

Although the refract ive index of many absorbing mater ia l s  is a 

complex quantity, it was assumed to be r e a l  fo r  g l a s s .  Radiant t r ans fe r  

occurs  in the g lass  a t  wavelengths below 4 .  75 microns (measured in air) 

where the g lass  does not absorb  strongly. At these wavelengths the i m -  

aginary portion of the refract ive index is negligible compared to Gie r e a l  

portion, due to the weak absorption proper t ies .  

The refract ive index of the g lass  is assurned to  be a constant a s  

the limited data shown on Figure B12 indicates that the fractional changes 

with temperature in the infrared region would be l e s s  than ten pe r  cent .  



The applicable energy equation follows f rom equation 2 .  1 s i m -  

plified for  infinite paral le l  plates and constant thermal  conductivity. 

Boundary Conditions : 

In o r d e r  to  solve equation ( 2 . 3 )  the radiative flux must  he expressed 

in t e r m s  of the tempera ture  of the medium. The radiative t ranspor t  

equation is used to yield the required expression.  

2 . 2  RADIATIVE TRANSPORT EQUA TlON 

The radiative t ranspor t  equation can be derived f rom the equation 

of t r a n s f e r .  F o r  mathematical convenience, the monochromatic inten- 

s i t y  will be divided into two components as shown in Figure 1 .  The 

intensity in the positive y-direction is 1: [ Y , @ I  and the intensity 

in the negative y-direction is T ~ ( Y , Q )  . F o r  the present case  

equation ( 2 . 2 )  can be written a s :  



FIGURE I PHYSICAL MODEL FOR DIFFUSE WALLS 



The boundary conditions on the intensities a r e  : 

f 

The evaluation of IA (0, I*) and I; (Tkrj*] requi res  a 
knowledge of the directional emission and reflection propert ies  of the 

sur faces ,  and the surface tempera tures .  

A solution to  the radiative t ranspor t  equations can be found by using 
r - 7  

an  integrating factor : L6J 

0 

I 

The f i r s t  t e r m  on the right side indicates the attenuation o f  energy 

f rom the boundary by absorption within the medium while the integral 

t e r m  represents  the augmentation of energy due to emission f rom the 

medium over  a finite path length. In general  the emissive power d is t r i -  

bution is initially unknown and the intensity relations a r e  coupled to the 

energy  equation through the radiative flux t e r m .  

2 . 3  RADIATIVE FLUX EQUATION 

The local monochromatic radiative flux in the medium at the optical. 

coordinate rA is given by: 
- 1  , I P 

Substituting equations ( 2 .  9 )  and ( 2 .  10)  into the above equations, 

simplifying and taking the gradient; 



- exponential integral 

The above equation must  be integrated over  wavelength in o r d e r  to 

calculate the derivative of the total  heat flux. 

2 . 4  ENERGY EQUATION AND LIMITING CASES 

The derivative of the total  radiative heat flux can be substituted into 

the energy equation (2. 3) to a r r i v e  at the following equation for  the local 

temperature:  

The above integro-differential equation is nonlinear in tempera ture  

due to  the nonlinear dependence of the emissive power upon the temper-  

ature. 

The essent ial  boundary conditions a r e  derived f rom the required 

contin~rity of tempera ture  at  the boundaries implied by the conductive heat 



t r ans fe r  

In addition 11 (0, ,U] and 1; , JJ ) m u s t b e  

specified a t  both boundaries. 1 

Many investigators [7, 8,  9, 10, 11, 121 apply the g r a y  medium 

approximation, in which the absorption coefficient is independent of 

wavelength. Although this usually is not a physical real is t ic  approxi- 

mation, it is useful for  comparison with the l i te ra ture  ar,d a s  a first step 

towards nongray analysis .  

The energy equation (2.13) can be nondimensionalized for  a gray 

medium: 

where 

N = 
RT 
4,x3 - conduction-radiation number 

$ = T/TH - dimensional temperature 

- 
I h  = hot wall tempera ture  

optical thickness 

T'= dummy variable of integration 

-4 p q  8 1 d H  - dimensionless wall radiosi ty  

The magnitude of the conduction-radiation number N for opti ca i ly  



chick media and N / f o r  optically thin media show the significance 

c a f  conductive heat t r a n s f e r  compared to radiative heat t r ans fe r .  When N 

is v e r y  large conduction is the dominant mode of heat t r ans fe r .  This can 

occur i f  the thermal  conductivity is high, if the mater ia l  is opaque, o r  if 

che temperature level is v e r y  low. Low values of N, which occur  a t  high 

tempera tures  and /o r  low the rma l  conductivity, indicate that radiation is 

the dominant mode of heat t r ans fe r .  

The optical thickness,  , defined by equation ( 2 . 6 )  is a v e r y  im-  

portant parameter  associated with radiating media.  If the absorption 

coefficient is independent of t3mperature the optical thickness is s imply 

the ratio of the character is t ic  length to the photon mean f ree  path. 

Therefore the optical length is used to  classify the various reg imes  of 

radiation. 

When the optical length is much g rea te r  than unity the photon mean 

f ree  path is much s m a l l e r  than the charac ter i s t ic  length and a photon 

continuum exists which is analagous to continuum molecular conduction. 

The radiative t r ans fe r  can be modelled as a diffusion process  by the 

Rosseland equation for  the optically thick l imit:  

The optically thin l imit  occur s  when the optical length is much l e s s  

tliavl unity and the photon mean f r e e  path is much l a rge r  than the charac-  

te r i s t ic  length. Every  element of the medium can exchange radiation 

directly wzth the boundaries and there  is no radiative interaction between 

various elements of the medium. The limit  of zero  optical thickness 

denotes a nonparticipating medium. 

The regime involving intermediate values of the optical thickness 

o zcu r s  mcist often in engineering applications. Radiative t r ans fe r  occurs  

between the medium and i t s  boundaries and also between different e lements  

the =edium. Consequently the energy equation ( 2 . 1 3 )  is an integro- 

differential equation. 



F o r  a t ransparent  o r  nonparticipating medium the absorption co- 

efficient and the divergence of the radiative flux a r e  equal to zero. XTben 

the medium is completely opaque to  the rma l  radiation the radiative flux 

is z e r o .  Thus the radiation t e r m  in the energy  equation ( 2 . 1 )  vanishes 

for the limiting cases  of a t ransparent  o r  an  opaque medium. 

Radiative equilibrium occurs  away f rom the boundaries when radi- 

ation is the dominant mode of heat t r ans fe r .  At the boundaries the ther -  

ma l  conductivity of the medium must  be zero for  radiative equilibrium. 

The following form of the energy equation is valid for  radiative equili- 

brium: 

The conservation of energy  equation combined with the equation of 

t r ans fe r  becomes an  integral  equation which is l inear  in the emissive 

power. 

2 . 5  DIFFUSE BOUNDARIES, NONGFLAY MEDIUM 

In o r d e r  to solve the energy  equation (2 .13 ) ,  the intensity of the 

radiation leaving the sur faces  must  be specified. The radiation prop- 

e r t i e s  of the surface must  be known in o r d e r  to find the intensity at the 

su r face .  In this  section a solution will be presented for  bounding sur- 

faces  which emit  and reflect radiation diffusely. In section 2 . 6  specu- 

l a r l y  reflecting boundaries a r e  considered. Both solutions a r e  for a 

nongray medium and nongray walls.  The actual situation probably falls 

between specular  reflection and diffuse reflection. 

F o r  a surface which emi t s  and ref lects  radiation diffusely, the 

radiation intensit ies at the boundaries a r e  independent of direction and 

m a y  be expressed  in  t e r m s  of the surface radiosi t ies  . 



The wall radiosi t ies  a r e  given by the following pa i r  of simultaneous 

equations: 3- 

The energy equation ( 2 . 1 3 )  can be simplified when the expressions 

for wal l  radiosity a r e  applied: 

The above equation cannot be solved in closed fo rm and a numerical  

technique s imi l a r  to  that of R.Viskanta and R. J. Grosh [S was applied. 

2 ., 5. L A NUMERICAL SOLUTION O F  THE ENERGY EQUATION FOR 
DIFFUSE WALLS 

The energy equation ( 2 . 2 3 )  must  be integrated over  wavelength 

accounting for the nongray g lass  and boundary propert ies ,  before it can  

b e  soived for  tempera ture .  

Figure 2 shows the model which is used to perform the integration 

over wavelength. The emissivi ty  of platinum and the absorption coeffic- 

',~ns. were modelled as s tep functions of -gavelength by applying averages  

weighted over wavelength. The absorption coefficient were measured  

(Appendix B) and the platinum emissivi ty  data was taken from e a r l i e r  

repor ts  b 3 ,  14, 151. The spread  in the platinum data is due to different 

surface finishes and t e s t  procedures .  The g lass  was assumed to be 

o p x u e  a l  wavelengths beyond 3 . 0  mic rons .  The wavelength sca le  on 



NOTE: 
HEMISPHERICAL EM ISSIVITY 

> 
k = 1.1 X NORMAL EMlSSlVlTY > - 
U) 

- REFERENCE 16 

m 

I 

WAVELENGTH IN GLASS ( MICRONS) 

F IGURE2 BAND MODEL FOR 
NONGRAY MEDIA 



Figure 2 corresponds to the actual wavelengths within the g la s s .  The 

absorption coefficient of the g lass  was measured  by a monochrometer 

which was calibrated fo r  wavelength in  a i r .  The actual wavelength in 

glass was calculated by dividing the wavelengths in air by the refract ive 

index of the g lass ,  taken as 1 . 5 .  

The integration over  wavelength was replaced by a summation over  

a finite number of wavelength bands.  The following tabulated function 

(6) was used in the summation:  

This function gives the percentage of black body energy emitted 

by a body a t  Ti, in the "j" wavelength band. 

Thus, the energy equation can be written as :  

and: 

where : j - denotes the wavelength under consideration 

rn - max.  no. of wavelength band. 



BOUNDARY CONDITIONS 

The energy equation (2.25)  is a second o r d e r  nonlinear integro- 

differential equation in which the unknown tempera ture  function occurs  

in the fourth power under the integral sign. R .  Viskanta and R. J .  Grosh 

[8] have shown that the energy equation for  a g r a y  medium can be inte- 

grated to get an integral equation which can be solved by an i terative 

method. In a s imi l a r  manner  equation (2.25)  can be integrated twice  

with respect  to r f rom 0 to to  give a nonlinear Fredholm integral 

equation of the second kind: 

3- 

where: 

j - denotes wavelength bands. 



The method of successive approximations was used to solve equation 

( 2 . 3 0 ) .  The medium between the boundaries was divided by a number of 

equispaced planes and equation (2.30) was applied a t  each plane. Thus, 

a discrete  temperature function was used and the integrals  were approxi- 

mated by Simpson's rule a c r o s s  the inteval.  A tempera ture  function 

@ ) was assumed and inser ted on the right s ide of equation (2 .30) .  

This produced a new tempera ture  function which converged toward a 

solution. The process  was repeated until the following convergence 

cr i ter ion was met:  

- 
1 - interation number 

The solution usually converged in s ix  i terat ions.  The solution 

tended to oscil late when the rat io  of conductive heat t r ans fe r  to  radiative 

heat t r ans fe r  was l e s s  than . 1. It was found that i f  . 5 ( ~ ~ + ,  t Q;) was sub- 

stituted for $ +, to obtain 9 ; ,L , the oscillation was reduced in 

the f i r s k f e w  iterations and convergence took place.  The number of 

spatial  divisions was increased until the solution was no longer changed 

by a change in the number of divisions.  F o r  the g lass  s l ab  calculations 

fifty spatial  divisions were necessary .  

The a=alculations were performed on an I .  B. M .  - 360 digital com- 

pu te r .  The black body emissive power functions were interpolated f rom 

a :able while the exponential integrals were approximated by polynomials. 

Fur-tker details of the computer solution a r e  contained in Appendix E l .  

Figures  3 and 4 show tempera ture  profiles and heat fluxes calcula- 

ted by the numerical  method described above. Figure 3 shows tempera-  

tuse profiles in g lass  s labs  of varying thickness with fixed boundary t em-  

peratures The diffuse boundaries and nongray medium were modelled 

a s  shown in Figure 2. The departure  f rom a l inear  tempera ture  profile 

increases  for  l a r g e r  s lab  thicknesses,  Figure 4 shows the variation in 

local conductive and radiative fluxes within a . 6  inch thick s lab  of g l a s s .  

Tke sum of the local conductive and radiative fluxes is constant through- 

OUT the medium. 



FIGURE 3 TEMPERATURE PROFILES IN 
GLASS WITH DIFFUSE WALLS 



FIGURE 4 TEMPERATURE PROFILE AND 
HEAT FLUX IN GLASS WITH DIFFUSE WALLS 



2 . 6  SPECULAR BOUNDARIES, NONGRAY MEDIUM 

F o r  specular  o r  mi r ro r l ike  reflection the incident beam and 

reflected beam a r e  contained within a solid angle d ~ ;  = ddr in- 

clined a t  the s a m e  angle with respect  to the surface normal  a s  showr, 

below: 

d o i  - solid angle of incident radiation 

d a r  - solid angle of reflected I.adiation 

The bianwlar monochromatic reflectivity of most  mater ia l s  is a 

function of wavelength and the angle of incidence. In measuring the bi- 

angular reflectivity the incident radiation is a beam oriented a t  a specific 

angle to the surface normal  and the reflected radiation is collected in a 

specific angular direction. The interface used in the experiments in- 

volved g lass  and pure platinum foil which had a surface roughness of 

approximately . 2  microns ( r m s )  . The angular hemispherical  reflec - 
tivity of the platinum-glass interface was modelled by the F resne l  eqixa- 

t i  fins for  specular  reflection on an optically smooth interface.  Appendix 

C contains the calculated r e su l t s  fo r  the F resne l  reflectivity of p l a t i c u ~ n  

g lass  and platinum-air interfaces,  a s  a function of angle and wavelength. 

A previous investigation [I 61 involving platinum-air interface has 

shown that the F resne l  relations produce excellent agreement with e spe r i -  

mental  data f rom platinum foil sur faces .  Figure (5) shows the agreement 

of the experimental data with the F resne l  theory a t  a wavelength of 

two mic rons .  Similar  agreement between the data [16] and F r e s n r l  



theory exists  at  wavelengths of one and five microns,  a s  shown in Fig- 

ures 6 and 7 .  

E a r l i e r  investigators '  data '15 ag rees  qualitatively with the angular C I 
variations shown on Figure 5, but the absolute magnitudes a r e  high due 

to surface preparation differences.  The F r e s n e l  theory accounts fo r  the 

nongray reflectivity of platinum a s  the optical constants a r e  wavelength 

dependent. The optical constants used were f rom room tempera ture  
r 1 

data 1171. The emissivi t ies  calculated f r o m  these optical constants 

agree  with the values measured by Rolling 16 a s  shown by Figures  5, I 
6, and 7 .  A representative emissivi ty  of a platinum glass  interface is 

shown in Figure 8 and the r e a d e r  is re fe r red  to Appendix C1 for  m o r e  

detailed r e su l t s .  The agreement  between the measured platinum emiss i -  

vities and those calculated f rom the F resne l  equations for  a platinum- 

a i r  interface does not prove that the platinum-glass interface is a pure 

specular  re f lec tor .  

2.6.1 NUMERICAL SOLUTION O F  THE ENERGY EQUATION FOR 
SPECULAR WALLS 

Figure  9 shows the configuration under consideration. A semi-  

t ransparent  s ta t ionary medium of infinite extent in the horizontal plane 

has upper and lower specular ly reflecting boundaries which a r e  a t  dif- 

fererat tempera tures .  The tempera ture  distribution within the medium 

and the heat flux a c r o s s  i t  a r e  initially unknown. Heat t r ans fe r  within 

the ~ e d i u m  occurs  by conduction and radiation. A solution is required 

for the steady-state temperature profile and heat flux 

An implicit solution 5 for  the temperature profile was derived by [ 1 
dividing the medium up into l aye r s  of thickness " h Y" and writing a 

heat balance equation for  each layer  in t e r m s  of the temperature of a l l  

of the l aye r s .  This equation can be written for  each layer  and a system 

o f  "nu equations in "n" unknown tempera tures  is derived.  (n is the num- 

ber of layers). The specular  boundaries a r e  modelled by the F resne l  

equalions introduced in Section 2 . 6 .  The nongray absorption coefficient 

of the g lass  was modelled a s  a step-function of wavslength, a s  mentioned 
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in Section 2.5. 1 

The heat balance is complicated because energy can a r r ive  a t  a 

given layer  by seve ra l  different methods.  Radiative heat t r ans fe r  be- 

Ween an emitting layer  and an absorbing layer  can occur  by direct  ex- 

change o r  by multiple internal reflections (heatafter r e fe r red  to as 

M .  I .  R .  ) from the specular ly reflecting boundaries. In M.  I. R .  exchange 

a beam cf radiation emitted by a layer  a t  "Y I '1  i s  reflected by the upper 

wal l ,  t ravels  to "Y", is partially absorbed there ,  and the t ransmit ted 

portion i s  reflected by the lower surface,  and reaches  the level "Y" 

seve ra l  t imes ,  until the beam has  been completely absorbed.  The 

M .  I .  R, t e r m s  were written a s  an  infinite s e r i e s ,  which could be expressed 

as a closed form analytical expression.  Energy can be radiated f rom 

the boundaries to  a layer  by direct  o r  M .  I .  R ,  exchange. Heat can be 

conducted into a given layer  f r o m  the adjacent l aye r s .  

The following equation resu l t s  f r o m  a steady-state qualitative heat 

balance on a layer  a t  distance "Y" f rom the boundary. 

ENERGY ABSORBED BY DIRECT EXCHANGE WITH SURROUND- - 

ING MEDIUM 

-+- ENERGY ABSORBED BY M.  I .  R .  EXCHANGE WITH SURROUND- 
ING MEDIUM 

+ ENERGY ABSORBED BY DIRECT EXCHANGE WITH LOWER 
BOUNDARY 

-I- ENERGY ABSORBED BY M.  I .  R.  EXCHANGE WITH LOWER 
BOUNDARY 

+ ENERGY ABSORBED BY DIRECT EXCHANGE WITH UPPER 
BOUNDARY 

-4- ENERGY ABSORBED BY M .  I. R .  EXCHANGE WITH U P P E R  
BOUNDARY 

-+ N E T  HEAT CONDUCTED IN 

ENERGY EMITTED BY LAYER 



+ ENERGY EMITTED BY LAYER WHICH DOES RETURN 'TO SAn,'PE 
LAYER BY M.  I. R .  AND IS REABSORBED 

Appendix D gives the complete algebraic derivations for  each in-  

dividual t e r m  in the heat balance expression.  The calculation of the 

radiative flux t e r m s  is complicated by the fact that they must  be integra-  

ted over  angle due to the F resne l  boundary conditions, and summed over  

wavelength according to  the nongray band model given in section 2.5.1. 

The integration over  angle was approximated by Gaussian quadrature.  

The number of points used was varied in o r d e r  to ensure  that the inte- 

gration increments  were s o  smal l ,  that the solution did not change when 

they were made s m a l l e r .  

A sys tem of "n" nonlinear algebraic equations in the unknown 

t empera ture  of each layer  can be formulated by writing out the heat 

balance for  each of the "n" s labs  located between the boundaries.  It is 

convenient to express  the equations in ma t r ix  notation a s  follows: 

Aij  coefficients in heat balance due to conduction heat flux into a 

layer  given by equations D45, D44 

Bij coefficients in heat balance due to  radiative exchange between 

individual l aye r s  given by equations D17, D33, 

D43 

Cij  coefficients in heat balance due to radiative exchange f rom the 

boundaries (known tempera ture)  to a layer  givec 

by equation D28 

The Newton-Raphson i terat ive method was used to solve the sys- 

t e m  of nonlinear algebraic equations. A brief description of the method 



follows and the r eade r  is r e f e r r e d  to a text on numerical  analysis for  

more  detai ls .  

The mat r ix  equation was solved in t e r m s  of the emissive power 

a s  the t e r m s  in 1 f ~ 4 f f  predominate over  those in "T". A t r i a l  tempera-  

ture  vector  was substituted into the heat balance equation and a non-zero 

residual  vector  resul ted if the t r i a l  vector  was not the co r rec t  solution. 

The Newton-Raphson method permi ts  the calculation of a co r rec -  

tion to be added to the previous emissive power to  yield a new emissive 

power which is c loser  to the co r rec t  solution. This process  converges 

on the co r rec t  solution a s  the residual  vector  becomes v e r y  sma l l .  The 

correct ion vector is calculated by taking the gradient of the ma t r ix  equa- 

tion and equating it to  the negative of the residual  vec tor .  

As the equation for  the correct ion vector  is l inear  in  the change 

In emissive power, it was solved, by a s tandard subroutine for  l inear  

simultaneous equations. 

The numerical  resu l t s  of this  analysis a r e  shown in figures 10 

and 19. Figure 10 compares  the tempera ture  profiles for  specular ,  

diffuse and black boundaries.  The effect of specular  boundaries s e e m s  

to be a l a r g e r  distortion f rom a l inear  profile then in the diffuse o r  

black c a s e .  Figure 11 shows the tempera ture  profiles for  specular ,  

diffuse and black boundaries for  radiative equilibrium. Specular ref lec 

tion causes a sma l l e r  tempera ture  gradient in the medium than diffuse 

reflection o r  black walls.  
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111. EXPERIMENTAL PROGRAM 

3 . 1  Experimental Objectives 

The purpose of the experimental investigation was to obtain 

measurements  of the tempera ture  profile within and the heat flux a c r o s s  

a s lab  of g lass  in a one-dimensional tempera ture  field. The data obtained 

were used to  evaluate the accuracy  of the proposed analytical models .  

The thickness of the g lass  s lab  was kept constant but the tempera tures  of  

i t s  boundaries were var ied .  

3 . 2  Design Considerations 

In o r d e r  to fulfill the experimental objectives the apparatus had to  

per form the following functions: 

1. ) A one-dimensional heat flux was to be simulated. The upper bour~d- 

a r y  of a 8 .25"  x 8 .25"  x 1 . 5 "  horizontal  g lass  s lab  was cooled and the 

lower boundary was heated. Heat lo s ses  f rom the edge of the glass  s lab  

were minimized in o r d e r  to  attain a one-dimensional temperature pro-  

f i le .  

2 .  ) The tempera ture  level of the g lass  s lab  was to be varied in order 

to  operate f rom the reg ime where conductive and radiative fluxes are 

equal to  the regime where radiation dominates.  In o r d e r  to  achieve this 

the i so thermal  boundary tempera tures  were  independently variable be- 

tween 1 9 0 0 ~ ~  and 2 3 0 0 ' ~  with the lower boundary being the hotter one.  

3 .  ) The boundaries were to be made of mater ia l s  with known aptical 

proper t ies .  Therefore the upper and lower boundaries were lined with 

,0005 inch platinum foil. 

4 .  ) The heat flux a c r o s s  the s l ab  and the tempera tures  a t  the glass  

s l ab  boundaries were to  be measured  a s  described in Section 3 . 3 . 1 .  

5 .  ) Local tempera tures  within the g lass  were to be measured  s o  

that the tempera ture  profile could be determined. The l a s e r  method in 

Section 3 . 3 . 3  was developed to measure  the t empera tu res .  



3 .  3 Description of Apparatus 

Many problems were encountered in the design of the experimental 

apparatus due to the high temperature level and the corrosiveness of the 

molten g lass .  The apparatus design is considered in three  parts ;  the 

t r a y  to contain the glass ,  the furnace to heat the t r a y  and the optical sys -  

tem t~ measure local temperatures within the g lass .  

3 .  3 .  1 Trzy  to Contain Glass 

The material  used to construct the t r a y  could not contaminate the 

glass  and change its optical properties,  and it had to have sufficient 

strength. A fusion cast  high purity alumina ceramic (MONOFRAX At:) 

was tested and found to possess the required propert ies .  Figure 14 

shows a c ross  -section of the ceramic t r a y  used to contain the 8.25" x 

8 . 2 5 "  x 1 . 5 "  s lab of g lass .  The bottom and top of the t r a y  were made 

of I. 5 " slabs of MONOFRAX A and lined with .0005 " of platinum foil on 

t h e  inside. Platinum lining was used because i ts  optical properties have 

been established with grea ter  accuracy than those of MONOFRAX A. 

The windows which the l a se r  beam passed through were made of synthetic 

sapphire which is transparent in the visible portion of the spectrum and 

resis tant  to molten glass  up to  2 7 0 0 ~ ~ .  

The temperatures a t  twenty positions on the upper and lower 

boundaries of the glass  were measured by ~ t - ~ t l l O O J o  Rh thermocouples 

located at the platinum-MONOFRAX interface a s  shown in Figure 13. 

The heat flux through the bottom of the t r a y  was calculated by measuring 

the temperature drop ac ross  it and applying the Four ier  equation. The + 
thermal  conductivity of Monofrax A a t  2 0 0 0 ~ ~  is 41.7 ~ t u / h r  ft20F'/in. 

3 . 3 . 2  Furnace 

Figures 15 and 16  show the furnace used to heat the t r a y  of g lass .  

Eight Clobar*:: heating elements capable of producing seven kilowatts at 

'!:Trademark of Carborunduin Co . 
:i::':Silicon Carbide, t rademark of Carborundum Co. 

+ Measured by Dynatech Corporation 
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28 00'5' were placed below the t ray .  The heating elements were built in 

three independent sections, each controlled separately so that the heat 

flux could be adjusted to make the bottom of the t r ay  isothermal. 

The inner portion of the furnace was made of castable ceramic 

and the sides were insulated with a low-conductivity ceramic fiber. This 

configuration was used to produce a one-dimensional heat flux through 

the slab of glass. The heat flux out the ends of the slab was determined 

by measuring the temperature drop across  the walls of the ceramic tray.  

This heat flux provided a measure of the departure from a one-dimen- 

sionaQ heat flux. The values of the end flux a r e  given in Section 4. 

3 , 3 . 3  Optical System 

Exper im~nta l  measurements of temperature profiles within semi- 

transparent media a r e  difficult to obtain because the temperature sensor 

distorts the radiation environment. One method 18 is to immerse  a [ 1 
ser ies  of thermocouples of decreasing size, and extrapolate the results 

to zero thermocouple size. This method has several  drawbacks. The 

physical presence of the thermocouple in the medium disturbs the tem- 

perature profile by interfering with the heat t ransfer  processes. Due to 

their low strength fine thermocoup'ies must be mechanically supported 

in the ,medium, interfering further with the heat t ransfer .  

An optical method of temperature measurement has been developed. 

The variation of the monochromatic absorptivity of glass with tempera- 

ture was used to measure the local temperature within the molten glass. 

Figure 17 is a schematic of the optical system used to measure the one- 

dimensional temperature profiles within the glass slab. 

A brief description of the apparatus follows and the reader is 

referred to an ear l ier  report 1 9  for details on the design and construe- C I 
Lion of the apparatus. A Helium-Neon continuous wave gas l ase r  (. 6328 

rnicronz wavelength) having a power level of two milliwatts and a beam 

diameter of 1 .4  mrn was used a source of monochromatic light. A r e -  

flecting beam splitter and a 700 Hertz chopper wheel were used to pro- 
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duce two out-of-phase beams which could be measured on a single detec- 

t o r .  The reference beam passed through a variable attenuator (polari-  

zing prism), a focusing lens and an optical bandpass fi l ter on to a photo- 

multiplier tube. The t e s t  beam was directed through the t e s t  section by 

means of plane m i r r o r s .  The m i r r o r  sys t em was capable of t ravers ing  

Ihe  beam ac ross  the g lass  s lab  and the beam position could be read  to 

within . O O h "  by means of a se t  of dial  micrometer  gauges mounted on the 

mirrors.  The test  beam, a f te r  leaving the t e s t  section, passed through 

the iacusing lens,  bandpass f i l ter  and onto the photomultiplier tube. The 

signals f rom the photomultiplier were observed on an oscil loscope. If 

l i e  tes t  beam and the reference beam were not of equal magnitude, a 

780 IIertz square wave was observed on the oscilloscope. The amplitude 

c.S the waveform was proportional to  the difference of intensity of the 

t e s t a n d  reference beams.  By adjusting the variable attenuator, the 

sqL:are waveform could be nulled, balancing the intensity of the two beams 

at the de tec tor .  

Jeryan [19] showed that the monochromatic absorption coefficient 

3z" Waterwhite g lass  increased monotonically with increasing tempera-  

t u r e .  The optical sys tem described herein was used to measure  one- 

diimensional temperature profiles within the g lass  by measuring the 

;~xttenuatisn of a given l a s e r  beam path through the g lass  and relating i t  

T O  the local tempera ture .  

3 . 4  EXPERIMENTAL PROCEDURE 

The method of operation is described next.  The ceramic  t r a y  in 

the furnace was loaded with pieces of g lass  and the lid was supported 

above the t r a y  by ceramic  wedges. The t r a y  was slowly heated to  

1500~3 ur t i l  a l l  the g lass  had melted.  The temperature was then ra i sed  

lo 2100"~ and held there  until a l l  the entrained bubbles rose  to  the s u r -  

face. Then the t r a y  lid was lowered by removing the ce ramic  wedges 

irnd the calibration t e s t s  were s t a r t ed .  The g lass  s lab  was kept iso-  

thermal by adjusting the furnace power and insulation. The tempera ture  

.?i th& s lab  was read  by the Pt-Pt/lOL;'o Ith thermocouples on the t e s t  s ec -  



tion walls.  The l a s e r  beam was then switched on and the intensities o f  

the t e s t  and reference beams were balanced by adjusting the attenuator 

to produce a null of the waveforms. This calibration procedure was r e -  

peated a t  a number of different tempera ture  levels and the variable 

attenuator was calibrated in t e r m s  of t empera tu re .  Then a one-dirnefi- 

sional temperature gradient was imposed on the g lass  s lab  by cooling 

the top of the furnace and the l a s e r  beam was t r ave r sed  to a given posf- 

tion, nulled by adjusting the attenuator and the tempera ture  was read 

f rom the attenuator calibration curve .  The beam was then moved t o  a 

new position and the procedure was repeated.  In this way, z t empera-  

tu re  profile was measured  in the g lass ,  between the upper and lower 

boundaries of the tes t  sect ion.  

3 . 5  DISCUSSION O F  EXPERIMENT 

Five calibration tes t s  and four data t e s t s  were performed aceord-  

ing to the procedure outlined in Section 3 . 4 .  Figure 18 shows the calibra-- 

tion curve for  the var iable  attenuator.  The calibration data of this work  

is in agreement  with that of Jeryan  [19] a t  tempera tures  above 1 9 5 0 ' ~ .  
r 7 

Below this temperature the g lass  t ransmiss iv i ty  measured by Jeryan  11 9J 

was lower than that of the present work. Temperature profiles and heat 

fluxes f rom the four data s e t s  a r e  presented in Section IV. The heat 

flux was calculated by measuring the tempera ture  gradient a c r o s s  the 

bottom of the t r a y  and applying Four i e r ' s  law. In each tes t  radiation 

was m o r e  significant than conduction. It was not possible to operate  the 

apparatus  in a conduction dominated reg ime because the low temperature 

levels  required would make the g lass  crystal l ize  and become opaqu.e. 

The tempera ture  of the g lass  nea r  the upper and lower boundaries 

was not measured due to  clouding of the edges of the synthetic sapphire 

windows. The clouding w2s caused by g lass  leaking onto the outside of 

the windows and crystall izing. 

The exact nature of the reflection a t  the platinum-glass interface 

was not determined by the experiments .  Figures  19  and 20 a r e  photo- 

micrographs of the platinum foil f rom the t e s t  section before and after 



testing. The platinum foil was smooth, except for  random scratches 

before the t e s t s .  The samples examined af ter  the t e s t s  show a marked 

increase in surface roughness and waviness. The increase in rough- 

ness would tend to cause reflections from the platinum foil to be more  

diffuse. However, i t  is not known whether the increase in roughness 

occurred during the t e s t s ,  o r  a s  a resul t  of contraction during cooling. 

The average temperature of the lower surface was calculated by 

averaging the temperatures of thermocouples 1, 2 ,  3,  4 and 5 .  Sim- 

ilarly, the average temperature of the upper plate was calculated from 

thermocouples 15, 16, 17, 18 and 19. 
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IV COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS 

Figures 21, 22, 23 and 24 show the temperature profiles predicted 

by the two analytical models of the bounding surfaces and the measured 

temperature profiles. The predicted profiles a r e  discussed f irst ,  and 

then the experimental data a r e  compared with the predictions. 

The temperature profiles predicted by the specular model tend to 

a more uniform distribution in the center of the medium than the diffuse 

model predictions. The average path length for radiation emitted dif- 

fusely from one wall and reflected specularly from the opposite wall is 

less  than the average path length for radiation reflected diffusely. Con- 

sider a ray of energy incident on the boundary a t  an angle near the nor- 

mal to the surface.  If the boundary reflects diffusely, the incident r ay  

i s  reflected over a hemisphere and only a fraction of the energy reflected 

at angles far from the surface normal reaches the other boundary. Less 

than one percent of the energy reflected at  angles greater  than eighty 

degrees from the surface normal reaches the opposite boundary. For  the 

glass slab used in this analysis, specular boundaries caused a decrease 

in the average path length for energy emitted diffusely from the opposite 

boundary, and returned to the original boundary. 

The shorter  path length for specular reflections results in more 

reflections before a given r ay  is attenuated by absorption. Therefore 

the net effect of multiple internal reflections is to average the radiative 

flux within the medium. For  specular reflections the radiative flux from 

the boundaries will be closer to the mean emissive power of the bound- 

ar ies  than for diffuse reflection. Such is the case for radiative equili- 

brium (See Figure 11). The specular heat flux is higher than the diffuse 

a s  less attenuation of energy radiated between the boundaries occurs.  

For  radiation and conduction, as shown in Figures 2 1, 22, 2 3, 

and 24, the effect of specularly reflecting walls is to increase the tem- 

perature level on the cool side of the glass slab and decrease the tern- 

perature level on the hot s ide.  This effect is a result of averaging the 

radiative flux due to reflections from the walls. Conduction tends to 



m a s k  the effect of multiple internal  reflections,  a s  it requi res  continuity 

of tempera ture  a t  the boundaries and causes  s teep  gradients due to 

the correspondingly high conductive heat fluxes.  

Due to uncertainit ies in the values of the thermophysical propert ies  

the diffuse model was tested for  a representat ive case  to  evaluate i t s  

sensit ivity to  changes in the the rma l  conductivity, the index of r e f r ae -  

tion, and the absorption coefficient. A twenty-five percent change in the 

thermal  conductivity produces a change of five degrees Fahrenheit in the 

tempera ture  profile and an  eight percent change in the heat flux. (See 

Figure  25 ) .  The sensit ivity of the solution to a change in the index of 

refract ion is shown in Figure 26. A fourteen percent ehange in the re-  

fractive index causes  a maximum change of four degrees  Fahrenheit  in 

the tempera ture  profile and a twenty percent change in the heat flux. 

Similar ly a twenty percent change in  the absorption coefficient produces 

a four degree Fahrenheit  change in tempera ture  and a one percent ehange 

in the heat flux (See Figure 2 7 .  ) 

The measured tempera ture  profiles a r e  shown in Figures  2 I, 2 2 ,  

2 3  and 24, along with those predicted by the diffuse and specular  models 

Figure  2 1  contains the data for  the grea tes t  tempera ture  difference be- 

tween the upper and lower boundaries. The experimental data on this 

figure fall  between the predictions of the specular  and diffuse models.  

The conductive heat flux is proportional to the tempera ture  gradient 

and therefore is grea tes t  nea r  the walls.  F igures  22, 2 3  and 24 show 

the tempera ture  profiles for  sma l l e r  wall tempera ture  differences, and 

the data falls between the specular  and diffuse predictions.  

Due to the s imi lar i ty  of the diffuse and s p e c u l ~  r predictions, no 

conclusions can  be drawn regarding the exact nature of reflections at 

the boundaries.  The e r r o r s  in the g lass  and wall ternperatures were 

est imated to be 3 ' ~ .  (See Appendix H ) .  The effect of a temperature 

drop  a t  the end of the i so therms,  caused by heat l o s ses  f r o m  the sap- 

phire windows, is discussed in Appendix E .  The magnitude of the t em-  

pera ture  drop is evaluated fo r  two extreme cases ,  an optically thii-, 

medium and an optically thick medium. The resu l t s  indicate that tem- 



peratzlre perturbations caused by the windows would decay within . 75 

inches of the window. The heat fluxes measured through the side wall 

give a n  estimate of the temperature gradient at  the inside of the side 

wall. The data indicate that the temperature gradient at  the wall is 

l e s s  t h a n  ten degrees Fahrenheit per  inch, assuming that the glass  is 

optically thick. 

Table 1 shows the calculated and measured heat fluxes. The 

measured heat fluxes tend to agree  with the diffuse model predictions. 

The value of the thermal  conductivity of the ceramic used to evaluate 

t he  measured heat fluxes was extrapolated f rom measured values at  

1600'~ and 2 0 0 0 ~ ~ .  
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FIGURE 22 TEMPERATURE PROFILES 
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FIGURE 25 TEMPERATURE PROFILE IN GLASS 
WITH DIFFUSE BOUNDARIES 



OLD PLATE 

OT PLATE 

2640 

2600 

a=-- 

LLJ 
0 - 
Y 
Z 
4 
cr 
0 
d 

I 2500 

w 
CE 
3 
I- a 
Clc 
w 
a 
E 
Lid 
I-- 

2 400 

@ - INDEX OF REFRACTION = 1.4 

@ - INDEX OF REFRACTION = 1.6 

234 0 
0 .I .2 .S  .4 .5 .6 .7 .8 .9 1.0 

Y/ L 

FlGIJRE 26 TEMPERATURE PROFILES IN GLASS 
WITH DIFFUSE BOUNDARIES 



FIGURE 27 TEMPERATURE PROFILES IN GLASS 
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V CONCLUSIONS 

The following conclusions were made a s  a resul t  of this s tudy .  

1) The l a s e r  method of tempera ture  measurement ,  as outlined in 

Section 3 .  3 . 3 ,  is useful for  measuring tempera ture  profiles in semi -  

t ransparent  media with l inear  i so the rms .  The absorption propert ies  

a t  the laser wavelength must  v a r y  monotonically with tempera ture .  

2 )  The analytical models indicate that for  the conditions of this 

study the mode of reflection a t  the boundaries does not strongly influence 

the tempera ture  profiles and heat fluxes.  The difference between the 

diffuse and specular  tempera ture  profiles was l e s s  than ten degrees Fab- 

renheit ,  and the h.eat fluxes differed by l e s s  than ten percent .  

3 )  The experimental resu l t s  fall between the specular  and diffuse 

predictions, indicating that the platinum-glass interface reflectivity bad. 

both specular  and diffuse components. 

4) Glass  is a useful medium for  controlled radiation-conduction 

experiments,  due to  i t s  convenient thermophysical propert ies  and absorp- 

tion charac ter i s t ics .  The spec t r a l  absorption coefficient can be modelled 

accurately a s  a step-function of wavelength, thus simplifying analysis . 
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APPENDIX A - LITERATURE REVIEW 

The problem of energy t ransfer  through an absorbing-emitting 

media has  received a great  deal of attention recently due to i t s  fundamen- 

t a l  nature and practical importance. A large number of publications have 

dealt with radiative and coupled conductive and radiative t ransfer  in ab- 

sorbing-emitting media. The following sections contain a brief presen- 

tation of the methods used by various investigators.  

A1 RADLATIVE EQUILIBRIUM 

A state of radiative equilibrium exists within a medium far from the 

boundaries when the radiation heat flux is much l a rge r  than the convective 

o r  conductive fluxes o r  near  the boundaries if the thermal  conductivity 

is zero.  Radiative equilibrium was introduced in astrophysics in eomec-  

tion with energy t ransfer  in s t a r s  and galaxies and the transrni.ssion and 

reflection of light by planetary atmospheres.  Reviews of astrophysics 

a r e  given by Chandrasekhar 20 and Kourganoff 2 1 . C I [ I 
Several texts [5, 6, 2 2 ,  231 give an excellent description of radiarive 

equilibrium for  both g ray  and nongray media. A g ray  medium is one far 

which the absorption coefficient is independent of wavelength. Radiative 

equilibrium within g ray  media is dealt with f i r s t  

Usiskin and Sparrow [24] give detailed solutions for a nonisotherrnal 

uniformly generating g ray  medium between black walls, and th.ey discuss 

the applicability of their  resul ts  to nonblack walls. An exact integral 

formulation was used and the numerical resul t s  were calculated by the 

method of successive approximations. Heaslet and Warming 25 have C I 
shown that the emissive power profiles and heat fluxes within a g ray  

medium surrounded by gray  boundaries can be expressed in t e r m s  of fune- 
C 1 

tions that have been accurately tabulated by Chandrasekhar 120j . Specific 

attention was directed towards the evaluation of the temperature near the 
C 7 

walls and the radiative heat flux. Viskanta and Grosh 1261 have applied 

the method of undetermined parameters  to  obtain a solution for  t l e  tem-  

perature profiles and heat fluxes within a g ray  medium bounded by two 
r -7 

infinite parallel  g ray  plates.  Lick k 7 1  has  applied an  exponential kernal 



approximation to derive an approximation solution for  a g ray  medium. 

and Probstein [12] used the concept of jump boundary 

conditions for temperature.  In this method it  was assumed that the 

Rosseland equation fo r  the optically thich limit is valid in the inter ior  

but temperature jumps were used a t  the wall. The resul ts  of the analyses 

were accurate in predicting the magnitude a€ the temperature jump at  the 

wall and the net radiative flux. 

In addition, Probstein [12] has  shown that the heat fluxes can be 

predicted accurately using super. position for  combined radiation and 
r 1  

conduction. Meghreblian 129J has developed an approximatesolution for  

radiative equilibrium in a gray  medium. Cess  and Sotak 30 used single [ 1 
iteration on an  exponential kernal solution to solve the case  of an absorb- 

ing-emitting medium with one specularly reflecting boundary and one 

black boundary. Several authors [31, 32, 33, 34 have developed modifi- I 
cations of the Rosseland o r  optically thick approximation which can be 

used accurately in g ray  media of moderate optical thickness. These 

solutions yield the correc t  values in the optically thin l imit .  

Several authors have dealt with radiative equilibrium in a nongray 

medium. Methods of calculating total radiation exchange have been 

presented by Hottel and Cohen [35] . A three gray-band approximation 

was used for  the total emissivity.  A finite difference method was used 

to predict the exchange between the walls of a container and the enclosed 

nonisothermal gas .  The formulation is based on isothermal gas volumes 

and enclosure surface elements and leads to a se t  of simultaneous equa- 

t ions. Howell and Per lmut ter  36 give a precise synthesis of the use of [ 1 
black wall solutions and use the Monte Carlo method for numerical solu- 

t i ~ m s  for a nongray medium. This method is valid for  two and three di- 
r 7 

mensisnal cases .  Edwards 1 37 presents methods for  calculating L J  1 
radiant heat t ransfer  through isothermal  nongray C 0 2  - N gas mixtures 

2 
and through H2Q o r  C 0 2  gas enclosed between nongray walls using band 

,- 7 

absorption methods. Simmons 2 used a strong-line model equivalent i J  
to one of the Curtis -Godson asymptotic relations for emission f rom a 

nonisothermal gas .  Thomson [38] describes a model for  calculating the 

spectral  distribution of heat flux in a nonisothermal volume of high tem- 



pera ture  g a s  using a s tat is t ical  band model and a modification of the 

Curtis-Godson approximation. Cess  e t  a1 39 using a method based on [ 1 
band absorptance, show that the commonly used g r a y  gas  approximation 

can lead to large e r r o r s  when used for  diatomic g a s e s .  Crosbie and 
r 1 

Viskanta 40 analyze heat t r ans fe r  in a nongray medium with a single 1 J 
absorbing band, between infinite paral le l  p la tes .  Mean g ray  absorption 

coefficients a r e  compared with nongray models,  and the resu l t s  indicate 

that the g ray  gas approximation can cause large e r r o r s  

Simmons 2 compared calculated spec t r a l  radiances with expe rin-eei? - C 1 
tal ly  measured spec t ra  in the 2 .  7 micron  water  vapour band on an optical 

path along with a known tempera ture  gradient was imposed. The spectra! 

radiance predictions were  found to be accura te .  Temperature profiles 

determined f rom experimental spec t ra l  radiance data were compared w i ~ h  

measured  temperature in rocket exhaust and the agreement  was sat isfac - 
r- I 

t o r y .  Krakow et a1 3 compared spec t r a l  radiances calculated by the 1 i 
Curtis-Godson model with emission data f rom combustion products.  The 

agreement  was sat isfactory.  Herget et  a1 made experimental meas -  

urements  of the spec t ra l  radiance and t ransmit tance of rocket exhausts 

and calculated a temperature map of the exhaust.  Edwards e t  a1 [4d r e  - 

port experimental measurements  of absorption and emission of noniso- 

thermal  C 0 2 .  The resu l t s  a r e  compared with a band model calculation and 

show quantitative agreement  for  total  emissivi ty  and absorptivity of the 

g a s .  

Combined convection and radiation in ammonia has  been studied both 

experimentally and analytically by Gille and Goody 42 . It was shown [ 1 
that the tempera ture  profile within the gas  could be described by an ir?- 

tegrodifferential  equation for  which the kernal  was approximated by the 

f i r s t  derivative of the gas  emittance 

A2 RADLATION AND CONDUCTION 

Several  texts 5 ,  6 ,  22, 23, 43, 441 give an excellent description of 

coupled radiation and conduction heat t ransfer  

Heat t ransfer  within porous insulation is not included in this  synop- 

sis because i t  involves scat ter ing which is outside the scope of this in- 



vestigalion. The case  of a plane layer  of stagnant g ray  gas  between a 
r 1 

gray  wall and a t ransparent  wall was t reated by Goulard 7 . Allowance L J  
was made f o r  interaction between conduction and radiation, including the 

effect of the g ray  wall, but the emission f r o m  a gas  layer  was permitted 

to pass  unattenuated to the boundaries in o r d e r  to simplify the ana lys is .  

The problem of simultaneous radiation and conduction in an absorbing- 

emitting medium enclosed between two diffuse infinite paral le l  plates has  

been formulated by Viskanta and Grosh r8 ]  . The nonlinear integrodif- 
L 

ferential  equation of energy conservation was converted to a nonlinear in- 

tegra l  equation and the solutions f o r  both black 8 and non-black [9] bound- [ 1 
a r i a s  were obtained by the method of successive substi tutions.  Einstein 

PO] gives an analysis of and numerical  resu l t s  fo r  the heat t r ans fe r  to  a 

u ~ i f o r ~ l y  absorbing g r a y  gas  between black rectangular  plates with com- 

bined radiation conduction and convection. The flow region was divided 

i ~ t o  a number of zones and the two-dimensional integrodifferential equa- 

tion of energy conservation was approximated by a sys tem of algebraic 
r i  

equations. Probstein 1121 indicated that the superposition of heat fluxes 
1 i s  accurate  over  a wide range of optical thicknesses .  Lick [ 2 ~  and 

r i  

Greif 46 present analyses of coupled radiation and conduction. Two ! J  
modeis inrere used fo r  the absorption coefficients; a g ray  gas  model and 

a picket fence model.  The resu l t s  of seve ra l  approximate methods a r e  

corn-pared with the solutions obtained by numerical  integration of the in-  
I- 1 

tegrodiffcrential  equation of energy conservation. Fowle e t  a1 147J have 

analyzed heat t ransfer  in multiple glaze windows for  spacecraf t .  They 

give numerical resu l t s  for  the ternperature profiles within the windows 

under  varying heat fluxes.  A method is presented by Gardon 48, 49 C I 
for  computing time -dependent temperature distributions in g lass  shee ts  

amid the complications of penetration of external  radiation, internal 

emission, and multiple internal reflections . 

4 .  Fowle et a1 [47] present  experimental data for  the temperature 

profiles a c r o s s  multiple glaze windows subject to varying heat fluxes.  

Due to  the low temperature levels the heat t r ans fe r  processes  were  

dominated by conduction and the measured ternperature profiles were  

essentially l i nea r .  Many investigators [5 ,  49, 50, 51, 52, 531  have 



discussed the role  of radiative conductivity for  heat t ransfer  through 

semitransparent  media .  This concept is useful i f  the medium is optically 

thick, a s  the radiative t r ans fe r  can be modelled a s  a diffusion process, 

permitting the use  of a radiative conductivity. However, i f  the medium 

i s  optically thin the use  of a radiative conductivity can  lead to large 

inaccuracies .  
L 



A P P E N D I X  B - PROPERTIES O F  GLASS 

BP ABSORPTION COEFFICIENT O F  GLASS 

i 1 IN'TRODUC TION 

Pn order  to calculate radiative heat fluxes and temperature profiles 

in glass it is necessary  to  know the infrared absorption properties of the 

g lass .  The use  of published room temperature data in high temperature 

calculations can result  in large e r r o r s .  

An experiment was se t  up to provide data for  the monochromatic 

absorption coefficient of water-white g lass  f rom 1 . 0  microns to 2.  75 

microns,, between 2 0 0 0 ' ~  and 2300 '~ .  The resulting data agree in 

t rend  with temperature with that of previous investigators [54, 55, 561 . 

ii $ DISCUSSION O F  RESULTS 

Figure B4 is a plot of the measured values of the monochromatic 

absorption coefficient a t  high tempera tures .  No data was taken below 

the devi-trification temperature of the glass  a s  i t  separated from the 

sapphire windows of the tes t  section (see Fig.  87). Also, no data was 

taken below one-micron a s  the accuracy of the apparatus was limited by 

the limited energy of the source at  short  wavelengths. 

The experimental reproducibility was found to be approximately 

+ 5 percent for  the test  section shown in Fig.  B7. The water-white 

glass tested is a special form of optical glass  which has  a v e r y  low iron 

content. The data from this experiment agrees  with that given by in- 

54, 55, 56 (see Fig.  B2) for  low-iron glasses a t  high tem-  1 
peratures. The monochromatic absorption coefficient increases mono- 

tonically with temperature between 2 0 0 0 ' ~  and 2 3 0 0 ' ~ ~  a s  can be seen 

in Fig. 134. Figure B5 compares with absorption coefficient of window 

glass with that of a low-iron "white glass".  The white glass  is more  

transparent than the window glass  between . 5  and 4 microns.  The in- 

c rease  in absorptivity of the window glass  near  one micron is due to the 

iron content. 



iii) APPARATUS 

Figures B1 and B6 show the apparatus used in this experiment, 

A description of the main components follows. 

a )  Source 

A tungsten-strip bulb was operated on a D.  C . power source in 

order  to avoid fluctuations in the source intensity. The beam from the 

source was interrupted at  13 hertz by a mechanical chopper, and then it 

was directed onto the test  section by the optical system described below, 

b) Optical System 

Figure B6 shows the optical system which was used to focus the b e a n  

through the sample and into the monochromator entrance. Two spheri- 

ca l  m i r ro r s  and three plane mi r ro r s  were used. Each mi r ro r  has a 

quarter-wave finish and was first-surface coated with aluminum. 

The optical system focused an image of the tungsten s t r ip  source 

on the tes t  section. The glass transmitted the image in a diverging 

beam which was refocussed on the monochromator slit by a spherical 

m i r ro r .  

c )  Furnace 

A tube furnace was built around an alumina core wound with MANTHAL * 
AL resistance wire which has  a maximum operating temperature of 

0 
2450 F, The end sections of the furnace were wired separately in order 

to compensate for extra heat losses, and maintain a uniform temperaturt  

in the furnace. Three platinum-platinum / 1070 rhodium thermcaeouples 

were used to monitor the furnace temperature. One thermocouple was 

located at  the test  section and one on either side of the test  section, 

three inches from it .  A potentiometer was used to measure the voltage 

from the thermocouples, and the corresponding temperatures were read 

from standard thermocouple tables. The furnace was traversed per- 

pendicular to the beam by means of a screw-feed mechanism. By t raver-  

sing the furnace the measuring beam of light could alternately pass into 

the glass sample o r  the a i r  reference path of the test  section. 

*Trademark of Kanthal Corporation. 



d) Test Section 

Figure B7 shows the tes t  section which held the glass  sample.  

The sample cel l  was a platinum foil lined alumina cylinder in which the 

glass sample was held by two synthetic sapphire windows. A hole was 

left in the top of the alumina cel l  in  o r d e r  to fi l l  the cell  with g lass .  

The cell  was then mounted eccentrically in a round firebrick plug. An 

alternate passage for  the light beam was a rectangular hole cut through 

the test section. This alternate hole permitted measurement of the 

absorption of the air-path through the optical sys tem.  The tes t  section 

was cemented with an  alumina ref rac tory  cement.  

el Measurement of Monochromatic Intensity 

A Perkin-Elmer model 83 single-beam pr i sm monochromator was 

used. It was equipped with a calcium fluorite pr ism and a lead sulfide 

detector.  The wavelength limits on the sys tem were . 6 6  microns to 

2 .  72 microns.  The light beam entering the monochromator had two com- 

ponents; a steady component due to  the light emitted by the glass  in the 

furnace, and a 13 her tz  modulated component from the source, which 

was transmitted through the g lass .  Figure B8 shows the amplifier 

system which was built to separate  the two components and measure  only 

the 13 her tz  modulated signal. The bandpass fi l ter increased the signal 

20 noise ratio by omitting a l l  signals except those at  13 he r t z .  The out - 
put of the system was a 13 he r t z  A .  C . signal with a peak-to-peak voltage 

varying from 50 mv.  to 20  vol ts .  

This signal was monitored on an  oscilloscope and fed into an X-Y 

~ e c o r d e r  which produced a plot of intensity versus  drum number. This 

plot -was converted to intensity versus  wavelength through the use of the 

monochrorneter calibration curve.  Two plots were produced for  each 

temperature. One curve is for the beam passing through the sample 

and the other curve is for  the beam passing through the air-path only. 

Figures B9, B10, and B11 show typical data obtained f rom different 

nor-tions of the spectrum. 



iv)  METHOD 

A single-beam optical sys tem was used,  requiring two complete runs 

over  the wavelength range fo r  each tempera ture .  The f i r s t  run was made 

with the light beam passing through the sample cel l  of the t e s t  section 

(Fig.  B7). F o r  the second run the furnace was t raversed  pnrpendicular 

to the light beam s o  that the beam passed to the s ide of the sample through 

the rectangular  hole in the tes t  section. 

Figure I36 shows the optical sys tem used .  Light f rom a tungsten- 

s t r i p  lamp was chopped a t  13 hertz , focussed on the sample which was 

located in a tube furnace, and then was brought to a second focus on the 

entrance slit of the monochromator.  A run was made with the empty 

tes t  section (both windows, but not g lass  sample)  up to 2 3 0 0 ' ~  in o r d e r  

to calibrate the t e s t  section (for the absorption of the windows) The cell  

was then assembled with a 114" thick d isc  of water-white g lass  b e l w e e ~ ~  

the sapphire  windows. A piece of water-white g lass  was placed in  the 

hole on the upper s ide of the t s s t  sect ion.  The tes t  section was then 

placed inside the furnac O O O O F .  The glass  disc 

melted and the g lass  on the to ection melted, r an  down into 

the sample .cell and topped e was increased to 

2 3 0 0 ' ~  for  seve ra l  hours  isappeared and the data 

were taken. 

As  previously menti  s were made at  each 

tempera ture .  F igures  that the relative intensity 

of the light passing t h r  a s  l e s s  than that passing 

through the air path.  Th by absorption within the 

g lass ,  absorption within , and reflection los ses  a t  the sap-  

phire -air interface.  The a p  ansmissivi ty  of the ce l l  is the rat io  

of the relative intensity of the sample compared to the 

beam through the air path. 

This apparent sample t r a  can be cor rec ted  for  the absnrp-  

tion in the sapphire by using t ibration tes t  of the 

empty tes t  ce l l .  The reflection losses  a t  the sapphire-air  and sapphire-  

g lass  interface can be calculated f r o m  the F r e s n e l  relation for  the r e -  



FIGURE B1 PHOTOGRAPH O F  APPARATUS 
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flectivity of a normal  r a y  at  a dielectric-dielectric interface,  assuming 

a smooth interface.  
2 

n,-n, r =  ( 
h z + R l  

n = index of refraction of medium 1 
2 

nl 
= index of refract ion of medium 2 

r = refection coefficient for  a normal  r a y .  

The monochromatic absorption coefficient is then calculated from 

K - monochromatic absorption coefficient 

L - path length of beam in sample 

'jlJ - correc ted  monochromatic t ransmiss iv i ty  of the g lass  sample 

In o r d e r  to improve the accuracy  of measuring the two relative 

intensities used to calculate the t ransmissivi ty ,  the curves were plotted 

direct ly  onto 12" x 18" paper on a X-Y recorde r  and both the visible 

and inf rared  portions were  plotted separately on expanded sca les ,  as 

shown in F i g s .  B9, B10, and B11. 

0 0 Data were  taken f rom 2000 F to  2300 F during heating, cooling, 

and af te r  repeated cycling. No hys teres is  effects were evident. The 

.6328 micron  data on Figures  B3 and B4 a r e  f rom the l a s e r  calibration 

in reference 19 and the calibration in Section 3 .  3 . 4  of this  investigation. [ I 
B2 INDEX O F  REFRACTION 

The refract ive index of a semi-transparent  medium affects radiative 

t r ans fe r  within the medium in two ways; it en ters  into the radiative 

t ranspor t  equations, and i t  affects the boundary reflections through the 

F r e s n e l  equations. The index of refract ion i s  actually a complex quantity 

defined by: 



where: 
7 

- 
E complex index of refraction 

n - r e a l  index of refraction 

k - extinction coefficient 

The extinction coefficient is related to the absorption coefficient by 

the following equation: 

where: 

n - r e a l  index of refraction 

A - wavelength 

K - absorption coefficient 

Below five microns the extinction coefficient of g lass  is negligible 

compared to the refract ive index due to the smal l  values of i t s  absorp-  

tion coefficient. The index of refraction of g lass  was considered to be 

real for  this analysis since the radiative t ransfer  occurred only at  

shor ter  wavelengths where the g lass  does not absorb strongly. 

The glass  used in this analysis w a s  a borosilicate crown optical 

glass manufactured by the Pi t tsburg Pla te  Glass Company under the name 

-white " . The index of refraction as supplied by the manufacturer 

w a s  1 . 5 2 3  at a wavelength of .5893  microns and a t  7 0 ' ~ .  Dispersion 

data for the r a t e  of change of the refractive index with wavelength was not 

available for  this particular g la s s .  

Dispersion data for  a typical borosilicate crown optical g lass  [57] 

"Lndicate that the change of the refractive index with wavelength is smal l  



DATA FROM REFERENCE [58] 

WAVELENGTH IN AIR (MICRONS) 

FIGURE 812- REFRACTIVE INDEX OF GLASS 
AT HIGH TEMPERATURES 



in  the visible position of the spec t rum.  The only data available for  a 

s imi l a r  g lass  in the infrared region is shown in F ig .  B12.  This data 

indicates that the refract ive index changes f rom 1 . 5 2 3  at . 5 8 9 3  microns  

to approximately 1 . 2  a t  7 microns .  Figure B12 a l so  indicates that away 

f rom the 10  micron  region of s t rong absorption, tempera ture  does not 

great ly  affect the magnitude of the refract ive index. 

B3 - THERMAL CONDUCTIVITY O F  GLASS 

The thermal  conductivity of g lass  has  been evaluated a t  low temper-  

a tu res  by measuring the s teady s ta te  heat flux through a s l ab  of g lass  

with a one-dimensional tempera ture  gradient.  Four i e r s  equation is then 

used to relate  the thermal  conductivity to  the heat flux and temperature 

difference a c r o s s  the g lass  s lab .  

At elevated tempera tures  heat t ransfer  within the g lass  occurs  by 

collducti.on and radiation. The thermal  conductivity cannot be s imply 

related to the heat flux and temperature gradient .  The radiative t r ans fe r  

within the g lass  depends upon the absorption propert ies  of the g lass  and 

the emissivi ty  of the g lass  boundaries. Due to  the experimental diffi- 

culties involved in measuring the high tempera ture  thermal  conductivity 

CP glass ,  v e r y  few data a r e  available, and a wide range of values is r e -  

ported for  the same  type of g l a s s .  Chen 59 gives values for  the thermal  [ 1 0 
conducti.vity of window glass  at tempera tures  up to 1650 F .  He used a 

heated glass  s lab,  but cor rec ted  the measured thermal  conductivity for  

radiative effects .  Chen's data a r e  shown on Fig .  B13 

Several  investigators 49,  50, 60 have reported values for  the [ I 
"effecdi~re the rma l  conductivity" of g lass  a t  elevated tempera tures .  

The effective thermal  conductivity of a s lab  of g lass  is defined by: 

- measured heat flux 

A T  - temperature difference a c r o s s  s lab  

CaX - thickness of s lab  



Ke ff - effective the rma l  conductivity. 

The actual  t he rma l  conductivity of g lass  cannot be measured d i r -  

ect ly  a t  high tempera tures  using the s a m e  methods which a r e  used for 

low temperature measurements .  

r l  Wray and Connolly 15% have measured the thermal  conductivity of 
r. 

c lea r  fused s i l ica  a t  tempera tures  up to 3200°F. A fine tungsten w i r e ,  

embedded along the axis of a long s i l ica  rod,  was heated electr ical ly  

The tungsten wire served  a s  a heating element and also a s  a resfsbance 

thermometer .  Thei r  calculations indicate that only three percentof  rhe 

total  energy t r ans fe r  within the s i l ica  was by radiation. Figure B13 

shows the resu l t s  f rom reference 52 and 59 .  The thermal  conductivity [ I  [ I  
of fused s i l ica  and g lass  appear  to increase quickly with temperature 

between 6 0 0 ' ~  and 1 4 0 0 ~ ~ .  Then, an asymptote is reached and  the 

the rma l  conductivity appears  to be independent of the tempera ture .  The 

glass  reaches  a lower asymptotic value than the fused s i l i ca .  

B4 MISCELLANEOUS PROPERTIES 

Chemical Composition of Waterwhite Glass (Calculated Values ) : 

CaO - 13.870 

Viscosity of Borosilicate Glass  : 

1 8 0 0 ~ ~  - 10,000 poise 

2 1 6 0 ' ~  - 2,500 poise , 
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APPENDIX C - EMISSIVITY O F  A PLATINUM-GLASS INTERFACE 

C 1 ELECTROMAGNETIC THEORY PREDICTIONS 

In this section the platinum-glass interface is assumed to be p e r -  - - 
fectly smooth so  that F resne l ' s  law of reflection i s  valid.  The anal- 

ysis  is s imi l a r  to  that of reference 

The radiant energy emitted by platinum il- contact with glass  is 

l a r g e r  than the emission f rom platinum into a vacuum. The emissivity 

of a platinum-glass interface was evaluated by calculating the spect ra l  ab- 

sorptivity of the platinum surface for  incoming radiation f rom the glass  

and equating this with the spec t ra l  emissivi ty  of the metal  using 

Kirchhoff's law. Consider a plane electromagnetic wave in g lass  incident 

on a plane platinum surface a s  shown below: 

G L A S S  
/ /  / - 
n 1\1 0' ' PLAT\ N U M 

I 

The index of refract ion is actually a complex quantity : 

- 
r\. - complex index of refract ion 

k - extinction coefficient 

Most dielectr ic  mater ia l s ,  including g lass  a t  wavelengths belo-w five 

microns ,  exhibit weak absorption propert ies  and therefore have extremely 

s m a l l  extinction coefficients. The index of refract ion of g lass  is a real 

quantity a s  the imaginary component is negligible compared to the real. 

However, meta ls  have a complex index of refraction due to the i r  s t rong 

absorption proper t ies .  

Applying Snell 's law to a dielectr ic-metal  interface; 



PI, d - rea l  index of refraction of glass 

I? ,T- real  index of refraction of the metal 

/<,-extinction coefficient of the metal 

- angle of incidence 

6- complex angle of refraction 

Fresnel 's  law can be simplified by applying the complex form of 

Snelils law and using trignometric identities: 

Rl,R i r  - reflectance for the two different modes of polarization 

d -  rea l  part of the complex angle of refraction 

/3- imaginary part of the complex angle of refraction 

0 - angle of incidence 

i )  - monochromatic directional specular reflectivity 

E - monochromatic directional specular emissivity 



Experimental data  for  the indices of refraction and extinction co-  

efficients of platinum were taken f rom reference 1 7 .  Figures  Cl, C2, 

and C3 show the resu l t s  for  the emiss iv i ty  of a platinum-air and a platinum- 

g lass  interface.  The platinum-glass interface has  a higher ernissivity at 

all wavelengths than the platinum-air interface.  Also, at  short  wavelengths 

the platinum-glass interface emissivi ty  exhibits character is t ics  of a 

dielectr ic-dielectr ic  interface,  while at  longer wavelengths the ernissivity 

becomes m o r e  typical of a metal-dielectr ic  interface,  reaching its  maxi- 

mum value near  the angle. Room temperature optical constants 

were used to  calculate the reflectivity of a platinum-glass interface at  

high tempera ture .  The only justification for  this  is the fact that the same 

method applied to a platinum-air interface yields agreement with experi-  

mental  da ta .  

C 2 EXPERIMENTAL DATA 

This section presents  experimental data 34, 39,401 for  the ernissivity 

of platinum in a i r .  The purity of the platinum and the surface preparatioir 
0 influence the data s t rongly.  Platinum oxidizes above 1300 C , increasing 

the emissivity,  a s  seen  in F ig .  C5.  Curve 3 on F ig .  C5 shows the nor-- 

ma1 spec t ra l  emissivi ty  of platinum oxidized in air a t  1 4 2 0 ' ~ .  This 

curve s e e m s  to be the upper bound f o r  data on the normal  spec t ra l  emis -  

sivity inc reases  a t  shor t  wavelengths. 

Figure C4 is a plot of the total  normal  emissivi ty  data for  platinum 

in a i r ,  as a function of tempera ture .  The emissivi ty  appears  to increase  

l inearly with tempera ture ,  as predicted by the Hagen-Rubens relation. 

No experimental data is available for  the emissivi ty  of a platinurn- 

g lass  interface.  Some data does exis t  fo r  thin dielectr ic  fi lms but this 

data involves two interfaces r a the r  than a simple dielectric-metal inter- 

f ace .  The normal  spec t r a l  emissivi ty  calculated f rom the FresneL re l a -  

tions in Appendix C 1 is shown on Figure C5. The predicted ernissivi-ly 

ag rees  with the experimental values 
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APPENDIX D - SPECULAR REFLECTION DERIVATIONS 

This appendix contains derivations of the individual heat balance 

t e r m s  introduced in Section 2 . 6 .  1 .  Radiative and conductive heat t r ans -  

f e r  a r e  considered in a s l ab  of g lass  bounded by two parallel  optically- 

smooth platinum boundaries. The platinum-glass interface is assumed 

to be a perfect specular  ref lector  and F resne l ' s  equations a r e  used to  

predict the directional reflectivity of the interface.  As outlined in Sec- 

tion 2 . 6 . 1  the g lass  s lab  is divided into a number of thin s labs  and a hear 

balance is performed on each s l ab .  Two different types of radiative in te r -  

change between the medium and the boundaries exist;  d i rec t  exchange and 

exchange by multiple internal  ref lect ions.  Direct exchange occurs  when 

radiant t r ans fe r  takes place without reflecting f rom the wall, while 

multiple internal  reflection interchange occur s  solely a s  a r e s u l t o f  r e -  

flections f r o m  the walls .  The following sections contain derivations of 

each individual mode of heat t r ans fe r .  

D l  MULTIPLE INTERNAL REFLECTIONS 

In this  section an  expression is developed f o r  the intensity at a 

plane within the medium, which is due to  multiple internal reflections o f  

a monochromatic beam of radiation of given polarization incident on the 

boundary a t  a given angle.  

The above figure shows two monochromatic polarized beams with 



irrrensities G and q x a o ~  ar r iv ing  a t  the bound- 

aries from within the medium, at  an angle of incidence 0. The beams a r e  

parxially reflected at the interface,  attenuated within the medium and r e -  

t'lected at -idhe other  boundary. The incident intensit ies g and G a r e  de- 

fined in the following sections . 

A plane located a t  a distance y f rom one surface is t r ave r sed  by the 

multiply reflected beams in both direct ions.  Let g h  B Y 1  denote 

the sum of the intensities of a l l  upward reflections of the original beam 

~ X B O L  at an angle 0 . 

- 
Ll xiag t h e  binomial s e r i e s :  

1 2 -Kr(~- ' f )  g h ~ ~ ~ y ~ e  case 
I 
2 - 2 k l x t  

I -yLe case 

Similarly,  for  the other  beams : 

- &(L-Y) 
cos 8 

YL = 9xao~p,e 



summing these; r 1 

If we set ;  

J 
the following expressions can be used to relate the intensity at y due to a 

beam of given polarization striking the boundary: 



The above expressions a r e  used in the following sections to evaluate 

the multiple internal reflections of radiant energy between the boundaries 

and  t h e  medium and between different elements of the medium. 

3 2  EMISSION FROM A LAYER 

Consider the configuration shown in the above diagram. An infinite 

plate of radiating fluid located a t  the center of a volume element of 
I I thickness AY" is radiating to the surroundings. 

Kirchoff's law yields the following expression for  the volumetric 

emission coefficient of a medium in thermodynamic equilibrium: 

The monochromatic emission from an elemental volume "dV" is 

calculated by integrating the above equation over  the total solid angle 



and by allowing for attenuation within the volume element considered. 

The resulting equation for the monochromatic emission is:  

Equation D l 4  is valid when KAY is less  than . 2 ,  a s  it assumes that 

emission occurs at the center of the layer,  rather than over the entire 

thickness. 

The following substitutions a r e  made: 

The resulting expression is: 

The above equation must be integrated over all  wavelengths in order 

to calculate the total emission. A weighted summation over all  wave- 

lengths is used to replace the integral. The result of this summation is 

shown below. 

Where EB ( ~ x ~ T )  TIA;+,T) is the amount of black body energy 

occuring between nXiT and U\ X;,,T. 

Equation D-17 was used to calculate the net emission from a voLume 

element. 



D3 EMISSION FROM BOUNDARY TO A U Y E R  

The platinum boundary is modelled by multiplying the intensity of 

the emitted radiation by the F resne l  t ransmiss iv i ty  of the platinum-glass 

interface. The intensity of the radiation emitted f r o m  the lower platinum 

boundary is given by; 

' - F r e s n e l  t ransmissivi ty  of platinum-glass interface 

The emitted boundary radiation is of random polarization, giving an  

average polarization equal to that of a uniformly polarized beam.  The 

polarized components of the intensity of the emitted radiation a r e  given 

0 y : 

These beams reach the level  y with an intensity of: 

The plane a t  y is also t r ave r sed  by multiple reflections of the energy 

emitted by the lower boundary. The following equation gives the intensity 

of the beam emitted at  the lower plate just p r io r  to  its first reflection a t  

the upper plate: 
- - - K h L  

I cos 0 
I h Q L i =  X B L I , = -  

322. 
2 



The intensity due to  emission a t  the boundary then takes the place 

of GheoL  and G ~ e o l l  in the multiple internal ~eflection 

analysis of section D5. The intensit ies a t  level y due to a l l  multiple in- 

te rna l  reflections of monochromatic radiation emitted by the lower bound- 

a r y  a r e  s imi l a r  to equations D l 1  and D l 2  and a r e  given by: 

- K x ( ~ - y )  - K ~ L - Y )  
c o s  8 cos 6 +yLe I,,,, 

023 

The total  spec t ra l  intensity of a l l  the radiation f rom the lower bound- 

a r y  a t  level y is given by : 

The ra t e  of absorption in a s lab  of thickness " ~ y "  i s :  

cos w 
The ra t e  of accumulation of energy p e r  unit volume withing the s l ice  due 

to  the ra te  of spec t ra l  flux absorption is calculated by integrating over all 

angles . 
,fC/ 2 

The above equation must  be integrated over  a l l  wavelengths in o rde r  

to calculate the total  energy  absorption r a t e .  This integral is replaced 

by a finite s u m  over  wavelength. 



The above equation gives the net heat radiated f rom the lower 

baundary into a s lab  a t  the distance y f r o m  the lower boundary. A s imi l a r  

analysis leads to  expressions for  the heat  radiated f rom the upper bound- 

ary to  the s a m e  s l ab  now (L-y) away f rom the upper boundary. 

D4 PRlIVlARY INTERCHANGE BETWEEN LAYERS 

dA1 - fluid volume radiating to fluid layer  dA2 

dAZ - fluid volume receiving radiation f rom dA1 

Consider the configuration shown in the above d iagram.  A fluid 

vrsiume of thickness AY is radiating energy which is absorbed by a s i m -  

ilar fluid volume a distance Y away. 

Tne monochromatic radiant energy leaving surface "dAlfl is given 

by the following equation : 



The following substitutions a r e  made 

dr = Y s e c 2 ~ d @  I f = Y  
cos €3 

The resulting equation is : 

Due to attenuation in the interval between the two fluid volumes 

considered the monochromatic energy flux at  "dA2" i s :  

-Lx 
- - -2 Kx&y e bxe cOse A [LO s 0) 1> 3 1 

The energy absorbed in the volume " A Y ~ A ~ "  is given by the flux 

t imes the path length t imes  the absorption coefficient. 

Integrating over  the interval 0-2%' to calculate the net rnonochroraatie 

energy received at dAZ: 

0 - '4xU 

- - K: e 
=o'' ~ 0 5 0  

I c o s  0 

The above equation must be summed over a l l  wavelengths in o r d e r  

to calculate the total radiant energy interchange. 



The above equation was used to calculate the p r imary  heat exchange 

between fluid elements .  Radiant t r ans fe r  by reflection f rom the bound- 

a r i e s  i s  considered to  the next sect ion.  

D5 REAWSORPTION O F  MULTIPLY REFLECTED INTERNALLY 
EMITTED WDIATION 

Figure 9 shows the geometry used for  this analysis .  A s lab  of 

mater ia l  of thickness AY a t  level Y between the boundaries emi ts  rad-  

iation with the folloming spec t ra l  intensity : 

V 

COS 9 

Because the average polarization of emitted light is equal to that of 

a uniform:ly polarized beam the intensit ies for  the two modes of polari-  

zation are: 

Due to attenuation by absorption the intensity a t  the lower wall is : 

Simila.rly, the intensity at  the upper wall due to emission in the 

layer at -Y is given by: 

-MA L - Y  
- j d b y ,  co=.e SihBiL = SiABL,, - 3 

L 

The intensities in D37 and D38 can be substituted into the multiple 

internal reflection relations in section D l  to  get the following expressions 

for the in te~ls i t ies  a t  y due to  reflections of the energy emitted a t  Y .  



The net monochromatic intensity at  y due to the reflections of the 

energy  emitted a t  Y is : 

The amount of this  radiation absorbed in a s l ice  of thickness Y 

located at y is given by: 

The above equation was used to  calculate the monochromatic radi- 

ative heat flux to  an element at  y due to  multiple internal reflections ef 

the energy emitted a t  Y .  This equation was then integrated over all wave- 

lengths in the same  manner  as equation D27.  



3 6  CONDUCTION H E A T  T R A N S F E R  

(a) Within the Fluid 
-6~ 

DIAGRAM: - .k Th. 
AY 
T- 

Tj 

Consider the configuration shown in the above diagram. The fluid 

has been divided up into smal l  volumes of thickness.  By considering 

h e  temperature at the center of each volume, the following one-dimen- 

sional central difference equation can be written for the conduction equa- 

tion: 

The above equation was used to calculate the net heat flow into a 

given volume. 

(b) Conduction a t  the Wall 



Consider the configuration shown above. The wall is t ransfer r ing  

heat to the fluid by conduction. The cent ra l  difference technique is 

app!ied to the node neares t  the wall. The resulting equation i s :  

The above equation was used to  calculate the net heat flux into a 

given volume, adjacent to the wall. 

D7 NET RADIATIVE FLUX 

The net radiative flux was calculated by performing a radiative flux 

balance on a layer  next to the lower wall .  The contributions from the 

upper wall, lower wall, and other fluid elements were summed to get 

the net radiative flux a t  that level.  Both d i rec t  flux and multiple internal 

reflections were considered in the calculation. 



APPENDIX E: TEMPERATURE DISTURBANCE CAUSED BY 
SAPPHIRE WINDOWS 

The sapphire windows in the ends of the platinum t r a y  will cause a 

dlslorlion of the tempera ture  profiles within the molten g lass ,  due to the 

heahradiated through the windows to the surroundings.  In this section 

simple calculations a r e  made to bound the magnitude of the tempera ture  

d;?is%rtion caused by the windows. 

The radiative t r ans fe r  cannot be accurately modelled a s  optically 

thick or optically thin due to the non-gray absorption propert ies  of g l a s s .  

F o r  the -1ernperature levels and character is t ic  lengths in this project most  

of the radiation occurs  at  intermediate values of the optical thickness .  

An upper  bound on the effect of the window can be obtained by consid- 

e ring the glass  a s  optically thin, and neglecting conduction effects.  A 

'r_eat balance on aT infinitesimal spherical  volume gives: 

d~ - solid angle f rom volume to window (s) 

T temperature outside of window 
0 

temperature of platinum walls 

T temperature of volume 
Y 
d Stefan - Boltzman constant 

The resu l t s  of the above calculations a r e  shown in Figure E l .  

The optically thin solution indicates that the effect of the windows de- 

c r e a s e s  quickly as the distance f rom the window inc reases .  This model 

gives ai? upper bound on the effects of the window as it neglects molecular  

conduction and absorption and emission within the g la s s .  

A lower bound on the effect of the windows was obtained by using the 

modified Rosseland equation for  optically thick radiation. 



k the rma l  conductivity 

q~ - radiative heat flux 

Q- - Stefan Boltzman constant 

T - absolute temperature 

y - distance coordinate 

keff - effective the rma l  conductivity 

The optically thick radiation model is a diffusion process  and a two 

dimensional conduction heat t r ans fe r  solution was applied, using the 

effective thermal  conductivity r a t h e r  than the usual thermal  conductivity. 

The effective conductivity was evaluated a t  the mean temperature of the 

g lass  and held constant.  

The following two-dimensional conduction model [64] was used 



Boundary Conditions : 

Mikic 41 gives the following solution for  the above equation [ 1 
and boundary conditions : 

00 

AT/-.& 1 - L  
k ~ f  a ii2 hz, n2 

For x = 0, along the center l ine  of the window, 
€4- 

$ - total  heat  loss  f r o m  outside of window 

- hemispher ica l  emiss iv i ty  of sapphi re -a i r  in terface = . 96 

AT - t empera ture  disturbance caused b y  the window 

A - a r e a  of window 

a" - Stefan- Boltzman constant 

0 
The calculations were  done fo r  a window t empera tu re  of 2560 R a 

~ ~ i i l c i o w  width of . 25  inches and a platinum t r a y  9 inches s q u a r e .  The 

results for the optically thick solution a r e  shown in F igure  E2,  The 

results are pess imis t ic  as a solid angle of 4Wwas used to calculate the 

heat losses f rom the outside of the sapphire  window. 



Figure  E-2 indicates that the upper bound would cause a temperature dis- 

turbance which would affect the experimental resu l t s  s t rongly.  The 

t empera ture  disturbance i-ndicated by the lower bound would have a small 

effect on the experimental r e su l t s .  
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APPENDIX F - COMPUTER PROGRAM DOCUMENTATION 

Fl DIFFUSE PROGRAM DOCUMENTATION 

This appendix contains a description of the computer programs 

used "c perform the numerical computations. P r o g r a m  list ings,  flow 

charts, data card  descriptions and symbol explanations a r e  included. 

The programs were run on an IBM 360 Model 65  a t  the MIT Computation 

Center, using FORTRAN IV, level 6 .  

MAIN PROGRAM NOMEMCLATURE 

- 1 
AM(I) - monochromatic absorption coefficient (ft ) 

- (I) denotes wavelength band 

WVbI) - minimum wavelength in band I - (microns)  

TK - thermal  conductivity ( ~ t u / h r  f t O ~ )  

TI, T2 - temperature of boundaries (O~ank ine )  

E 1 (1) - monochromatic ernissivity of boundary 1 

E2 (1) monochromatic emissivi ty  of boundary 2 

BL spacing between plates (ft) 

R I  - r e a l  par t  of the refract ive index 

BI (1) dimensionless radiosi ty  of wall 1 

B2: (1) dimensionless radiosity of wall 2 

N L  number of spat ia l  divisions between the plates 

NO number of wavelength bands used 

T I  - local  temperature (degrees Rankine) 

TT(J) - dimensionless local tempera ture  (T(J) / T I )  

SLG - Stefan- Bolt zman constant 

H - thickness of spat ia l  increments  (ft) 

TO optical distance between plates 



HY - optical thickness of spat ia l  increment 

EB(A, B) - emissive power of a black body a t  T I ,  occurr ing between 

A = h,hT, and 8 = n, h, T, . This was calculated 

by a separa te  subroutine.  

MAIN DIFFUSE PROGRAM 

This program solves for  the tempera ture  profile and heat flux a c r o s s  

a one-dimensional g lass  s lab  which is contained between two diffuse 

boundaries.  

The program i te ra tes  on equations 2 . 3 4  and 2.35 until the conver- 

gence cr i te r ion  given by 2 .  36 is sat isf ied.  The preceding flow char t  

outlines the basic s teps  used and a lso  indicates the required subroutines 

EB, EX,  and WA. 

PROGRAM INPUT 

TK - t he rma l  conductivity ( ~ t u  / h r  ft°F') 

T1  
0 - t empera ture  of boundary 1 ( R) 

T2 - temperature of boundary 2 (OR) 

BL - spacing between boundaries (ft ) 

RI - refract ive index 

T(J)  - 0 
initial guess  a t  tempera ture  profile ( R) 

WV(1) - wavelength bands (microns ) 
- 1 

AK(1) - monochromatic absorption coefficient of g lass  (ft 1 

El(1) - monochromatic emissivi ty  of boundary 1 

E2(I) - monochromatic emissivi ty  of boundary 2 

N L  - number of l aye r s  between plates 

NO - number of wavelength bands used 



DATA CARDS FOR DIFFUSE PROGRAM 

a )  F i r s t  Card: (Format  8 F 1 0 . 0 )  

The pa rame te r s  appearing on the f i r s t  c a r d  a r e :  
0 thermal conductivity ( ~ t u  lh r f t  F), hot wall t empera tu re  ('Rankine ), 

0 
cold water t empera ture  ( Rankine), cold wall  emissivi ty ,  hot wall e m i s -  

sivi-ty, plate separat ion (ft), index of re f rac t ion  and the number  of spa t ia l  

increments. 

NOTE: If both wall emiss iv i t i es  equal unity the p rog ram calculates  

assun-ting black boundaries . 

b) Second Card:  (Format  f[F 10 .0 ,  2 I 2 )  

The pa rame te r s  appearing on the second c a r d  a r e :  

iolerance on the re la t ive e r r o r  i n  an  i teration; maximum number  of i t e r -  

atiiocs, arid the number  of init ial  i terat ions  that a r e  averaged to  avoid 

osci;iations . 

NOTE: Typical value of tolerance = .0001 

2) Third Card:  (Format  10 F 8 . 0 )  

This card contains the init ial  t empera tu re s  used to s t a r t  the i terat ion 

The number of t empera tu re s  is one l e s s  than the number  of i nc remen t s .  

d) Fowrt1.1 Card: (Format  8 F 1 0 . 0 )  

This c a r d  contains the cutoff wavelengths (in mic rons )  fo r  the  band 

ca:c;~la"cons. The number  of wavelengths is equal  to  the number  of bands 

plus one. 

e Fifth h a r d :  (Format  10 F 8 . 0 )  

This ca rd  contains the absorption coefficient ( f t - l )  fo r  each band 

considered. The values  mus t  be g r e a t e r  than ze ro .  

t') Sixth Card:  (Format  10 F 8 . 0 )  

This c a r d  contains the monochromatic hemispher ica l  emiss iv i ty  of 

the hot wall for  each band considered.  



g )  Seventh Card:  (Format  10 F 8 . 0 )  

This ca rd  contains the monochromatic hemispherical  emissivi ty  

of the cold wall for each band considered. 

h )  Cards  8 - 93: (Format  2 F 10 .0)  

These ca rds  contain tabulated values of the black body emissive 

power distribution, and must  be read  in each t ime.  

FUNCTION EB(A, B) this function subroutine calculates the per- 

cent of black body energy occurring between fl = n, ,T, and 

Or nzX J, The value is found by interpolation in a table of values 

which was read  into the computer .  

FUNCTION EX(N,T) - This subroutine calculates the value of the 
th N exponential integral with an argument of T: 

The value of E (T) was calculated by two polynomials with the 
N 

following e r r o r s :  

SUBRO~'I'ING WA(E1, E2, RI, T I ,  T2, AK, WV, ~ 1 ,  132, N O ,  ~ J O Q  

TT,  H, BL) 

This subroutine was used to  calculate the dimensionless wall  radio- 

s i t ies  defined by equations 2 .26  and 2 . 2 7 .  The radiosit ies were calculated 

for  each wavelength band and f o r  each i terat ion.  

F2 SPECULAR PROGRAM DOCUMENTATION 

PROGRAM FRESNEL 

This program calculates the reflection coefficients f o r  parallel  and 

perpendicular polarized r ays  striking a platinum surface bounded by 

g l a s s .  The coefficients a r e  calculated a s  a function of angle and waveler,gll? 



PROGRAM INPUT 

AKG(1) - angles at  which the reflection coefficients a r e  to be 

evaluated 

RIMi$ll(I) - refract ive index of platinum 

RID(I) - refract ive index of g lass  

I3XQI) - extinction coefficient of platinum 

The reflection coefficients were punched on cardfs to  be used for  in- 

;ipt to  another program.  

SUBROUTINE SPEC 

This program generates  the exchange ma t r ix  t e r m s  defined in 

Appendix C . The output consists of one two dimensional mat r ix  and one 

three dimensional ma t r ix .  The two dimensional ma t r ix  is used for  heat 

transfer f rom the boundary to a layer ,  for  each wavelength band. The 

three dimensional mat r ix  is f o r  heat t r ans fe r  between fluid l aye r s ,  for 

each wavelength band. 

FROGRAM INPUT 

ANA - number of angular increments  used fo r  Gaussian quadrature 

ANW number of wavelength bands 

A U  distance between boundaries 

ANT - n u m b e r o f l a y e r s  

ANG(I)  - angles used for  Gaussian quadrature 

t"JT(I1 - weighing factors  fo r  Gaussian quadrature 

AM6I) - absorption coefficients for  layers  

RS(1, JB - Fresne l  reflection coefficient for  a beam of perpendicular 

polarization in wavelength band I, fo r  angle J 

RP(H, 3) - F r e s n e l  reflection coefficient for  a beam of paral le l  polari-  

zation in wavelength band I, for  angle J .  



AH2(I,K) - Matrix fo r  boundary to layer  K exchange in wavelength 

band I 

QQ(K, L ,  I)  - Matrix fo r  layer  K to layer  L exchange in wavelength 

band I 

DATA CARDS FOR FRESNEL PROGRAM 

a) F i r s t  Card:  (Format  2 F 1 0 . 0 )  

The pa ramete r s  appearing on the f i r s t  card  a r e :  

the number of wavelength bands and the number of angles a t  which the 

F r e s n e l  reflection coefficients a r e  to be calculated. 

b) Second Card:  (Format  8 F 1 0 . 0 )  

This ca rd  contains the angles (in radians)  a t  which the F resne l  r e  - 

flection coefficients a r e  to  be evaluated. 

c )  Third Card: (Format  3 F 1 0 . 0 )  

The pa ramete r s  appearing on this ca rd  a r e  the r e a l  component of 

the refract ive index of the metal ,  the extinction coefficient of the metal, 

and the refract ive index of the d ie lec t r ic .  

MAIN SPECULAR PROGRAM 

This program solves for  the temperature profile and heat flux 

a c r o s s  a one dimensional g lass  s lab  which is contained between two para- 

l le l  specular ly reflecting boundaries. The ma t r ix  equations 2.38 and 2 .  3 9 

were solved according to the i terative method outlined in Section 2 . 6 .  1. 

Figure F 2  shows a flow char t  f o r  the program indicating that two smaller 

programs (FRESNEL and SUBROUTINE SPEC) a r e  used to  input data to 

the main p rogram.  

PROGRAM INPUT 

AINI - number of increments  of angle 

AIMAX - maximum number of i terat ions 

TOL - convergence cr i ter ion 



T - local tempera ture  (OR) 

'\NV (4) - wavelength of band (MICRONS) 

- 1 
AK(IB - absorption coefficient (ft ) 

T T  i d  - hot wall temperature ( O R )  

TC cold wall temperature (OR)  

CON the rma l  conductivity (Btu / h r  ft°F) 

A N  index of refraction 

AL plate separat ion (ft ) 

AN0 number of l aye r s  between the boundaries 

R1 reflectivity of wall 1 

R2 reflectivity of wall 2 

DY s l ab  thickness 

DATA CARDS FOR SPECULAR P R O G M M  

a)  Initial Cards :  (Format  3 F 10 .0 )  

These ca rds ,  which a r e  always read  in f i r s t ,  contain tables of the 

black body emissive power a s  a function of wavelength. 

b) First Card: (Format  8 F 10 .0 )  

The following parameters  appear  ori this card:  number of spat ia l  
0 

increments ,  thermal  conductivity ( ~ t u / h r  Fft), plate separation (ft), r e -  
0 

f r a e t i v e  index, hot wall tempera ture  ( Rankine), cold wall temperature 
5 

( Rankine), hot wall reflectivity, and cold wall reflectivity.  When the l a s t  

two pa ramete r s  a r e  zero  the calculations a r e  performed for  black walls .  

G) Second Card:  (Format  8 F 10.0)  

This ca rd  contains the number of angles used for  numerical  integra- 

lion over angle, the number of wavelength bands considered, the maximum 

number of i terations,  and the number of different data s e t s  to be run .  

d) Third Card: (Format  10 F 8 . 0 )  

This card  contains the init ial  tempera tures  (O Rankine) used to s t a r t  



the i terat ion.  One tempera ture  is required for  each s l ab .  

e )  Fourth Card:  (Forma t  10 F 8 . 0 )  

This ca rd  contains the wavelengths (microns)  defining each wavelength 

band. The number of wavelengths is equal to  the number of bands plus one 

f )  Fifth Card :  (Format  10 F 8 . 0 )  

- 1 
This ca rd  contains the spec t r a l  absorption coefficient (ft ) used in 

each band. The values must  be g r e a t e r  than ze ro .  

NOTE: The next th ree  c a r d s  a r e  used only i f  the las t  two fields on the 

f i r s t  c a r d  a r e  g r e a t e r  than zero,  indicating that the boundaries are specu-  

l a r ,  not black. 

g )  Sixth Card:  (Format  8 F 1 0 . 0 )  

This  c a r d  contains the individual angles (in rad ians)  for  nulicerical 

integration over  angles .  

h )  Seventh Card:  (Format  8 F 10 .0 )  

This  ca rd  contains the Gaussian quadrature  weighing coefficients for 

each individttal angle on ca rd  s i x .  

i) Eigth Card: (Format  4 F 10 .0 )  

The F r e s n e l  reflection coefficients for  each individual angle on cards 

s i x  a r e  contained on th i s  c a r d .  



FIGURE FI FLOW CHART FOR DIFFUSE 
SURFACE PROGRAM 



CALCULATE 

FIGURE FI FLOW CHART - continued 
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F U N C T I O h  E X ( N 9 T )  
t'- \.. THIS S U B R O U T I N E  C A L C U L A T E S  T H E  E X P O N t i b T I A L  I N T E G H A L S  
C 3 F  O R D E R  2 , 3 9 4  FHOY A  S E R I E S  
C E X = O e  FOR A R G U M E N T S  5.0 

A 1 ~ 2 r 3 3 4 7 3 3  
A 2 = 0 * 2 5 0 6 2 1  
R 1 = 3 r 3 3 0 6 5 7  
R 2 = 1 , 6 8 1 5 3 4  
A A O = - e 5 7 7 2 1 5 6 6  

A A 1 = . 9 9 9 9 9 1 9 3  
A A 2 = - . 2 4 9 9 1 C 5 5  
A A 3 = r 0 5 5 1 9 9 6 8  
A A 4 = - r 0 0 9 7 6 0 9 4  
A A 5 = r 0 0 1 0 7 8 5 7  
% F ( T e Y E r O . ) G Q  T O  97 
E X = l r / ( N - 1 )  
68 T O  99 

97  C O N T I N U E  
% F ( T - 5 0 c ) 1 3 9 1 4 9 1 4  

14 E X = O *  
GO T O  99 

1 3  S F ( T e L E r 1 r ) G O  T O  12 
A A = T + * Z + A l * T + A 2  
A R = T + * 2 + R l * T + B 2  
E I = A A / ( A B * T * E X P ( T )  1 
60 T O  2 7  

1 2  El=-ALOG(T)+AA0+4Al*T+AA2*T**2+AA3*T**3+AA4*T**4 
I. + A A 5 * T * + 5  

27  60 T O  ( 2 0 9 2 1 9 2 2 9 2 3 ) 9 N  
20 EX=El 

GO T O  99 
21 E X =  - T * E l + l . / E X P ( T )  

GO T O  99 
2 2  EX=r5*((T**2)*El+(l-T)/EXP(T)) 

60 T O  99 
2 3  E X = ( 1 . / 6 . ) * ( - ( T * * 3 ) * E l  + ( Z * - T + T * * 2 ) / E X P ( T ) )  
99 C O N T I N U E  

QETLJRN 
E N D  



P A G E  1 

F U N C T I O N  E B ( A 9 B )  
C  T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  ( OF 0 . 8 1  R A O I A T I O N  
C I N  A  W A V E L E N G T H  BAhD B Y  I N T E K P O L A T I O N  I N  A T A B L E  
C  B G R E A T E R  T H A N  A  

COYMON T N L ( 9 3 ) ~ S B L L ( 9 3 ) ~ A R 1 ( 1 0 ~ 5 O ) ~ A r i 2 ( 1 0 , 5 0 )  
COMMON A R 3 ( 1 0 , 5 0 ) , % l , R 2  
COMMON T O l ~ T 0 2 ~ I , G s T , G ~ ? U  
D I M E N S I O N  Gt50,50),T(50,50)rGYU(50) 
D I M E N S I O N  E A ( 2 )  
R = 1 e O E + 5  
A K Y = A  
DO 11 I = 1 , 2  
I F ( l O O O . - A K Y ) 3 ? , 3 0 , 3 0  

30  EA(I)=O. 
GO T O  11 

3 1  I F ( R - A K Y )  7 9 2 2 , R  
7 E A ( I ) = l .  

GO T O  11 
2 2  E A ( I ) = . 9 9 9 2  

GO TO 11 
8 DO 1 J = 1 , 9 3  

I F ( T N L ( J ) - A K Y ) l , Z r 3  
2  E A ( I ) = E B L L I J )  

GO T o  11 
3 EA(II=EBLL(J-l)+((EBLL(J)-EBLL(J-1)) 
1 * ( A K Y - T N L ( J - l ) ) / ( T h L ( J ) - T h L ( J - l ) ) )  

GO T O  11 
1 C O N T I N U E  

11 A K Y = R  
E B = A R S ( E A ( 2 ) - E A ( l ) )  
R E T U R N  
E N D  



SuReOuTINE W 4 ( E 1 , E 2 , R I 9 T 1 , T 2 * A K ~ W V 9 B 1 9 B 2 ~ N O 9 N O O b T T q H 9 0 L )  
D I M E N S I O N  A T ( ~ ~ ) ~ T H ( ~ ~ ) ~ A K ( ~ O ) I ~ W V ( ~ O ) ~ T V ~ ( ~ ~ ) ~ T V ~ ( ~ ~ )  
D I Y E N S I I ~ R  % X ( 5 1 1 9 Z i 1 ( 5 1 ~ ~ S 1 B ( 1 O ) ~ B 2 0 ( 1 0 )  
D I P E N S I O N  ~ 1 ( 1 0 ) , 9 2 ( 1 0 ) 9 T T ( 5 1 ) ~ E 1 ( 1 3 ) ~ E 2 ( 1 0 )  

C C A L C U L A T E S  DIPENSIONLESS W A L L  K A D I O S I T Y  
D C 1  J = l r N 0 0  

1 , 4 T ( J + l ) = T T ( J ) * T l  
A T ( 1 ) = T 1  
hl\IDTM=N00+2 
A T ( N > I V ) = T 2  
DO 2 .J=l,iVOO 

2 Thl.!+l)=TT(J) 
T H ( 1 l = l r  
T H ( N D I M ) = T 2 / T l  
DCI 30  I = 1 9 N O  
I O = B L * A K ( I )  
DO 20 J = l v N D I M  
T F = A K ( I ) * W * ( J - 1 )  
A = R I * W V ( I ) * A T ( J )  
R = R T + W V ( I + l ) * A T ( J )  
BV1(J)=EX(29TF)*(TH(J)**4)*EB(A*Bl*RI""2 
I B = T O - T F  

. 
20 T v ~ ~ J ) = E X ( ~ ~ T B ) + ( T H ( J ) * * ~ ) * E B ( A P B ) * R I ~ + ~  

+ Y = A Y (  I)*H 
C A L L  Q S F ( d Y 9 T V l , Z X * R D I M )  
R l R ( I ) = Z X ( h 3 ! M )  
C A L L O S F  ( H Y  pTV2,ZZ 9 N D I M )  
B 2 R ( I ) = Z Z ( h D I M )  
A P ~ - ~ l ~ ~ E 2 ~ 1 ~ ~ / ( 2 ~ * ~ ~ ~ ~ ~ l ~ I ~ ~ * ~ l ~ ~ E 2 ~ I ~ ~ * ~ E X ~ 3 ~ T O ) ~ * * 2  
1 - a 5 1  
C = R l * W V ( l ) * T l  
B = R Z + W V ( I + l ) * T l  
E = R I + W V ( I ) * T Z  
F = Q I + W V ( I + l ) * T Z  
D 1 = E R ( C 9 D )  
0 1 = E R ( C , D ) * R 1 + * 2  
D 2 = E O ( E e F ) * R I * * 2  
~ ~ ( T ) = A B * ( E ~ ( I ) * D ~ * E X ( ~ P T O ) + ( E ~ ( I ) * D ~ * ( T ~ / T ~ ) * * ~ )  

I /(2.*(lr-E2(1)))+2r*(lr~E1(I1)*B1B(I)+EX(39TO)+B20(1)) 
30 Rl(I)=E1(I)*C1+2.*(1r-E1(1))*(02(I)*EX(3~TO)+~l0(1)) 

RETUQN 
E N 9  



P A G E  1 

C P H O G R P M  I N P U T  
C A K ( 1 ) 9 1 = 1 , 5  A e S O R P T I O N  C O E F F I C I E N T  O F  B A N D  I 
C  W V ( I )  , I = 1 9 6  C U T  O F F  W A V E L E N G T H S  
C T K  T H E R M A L  C O N D U C T I V I T Y  
C T 1 9 T 2  T E M P E R A T U R E  O F  B O U N D A R I E S  
C E P l p E P 2  E V I S S I V I T Y  O F  R C U N C A H I E S  ( D I F F U S E 9 G R A Y )  
C  RL S P A C I N G  BETWEE14 P A R A L L E L  B O U Y D A R I E S  
C 9 1  F E F R A C T I V E  I N D E X ( S F A L )  
C R 1 (  I 1 D I Y E l v S I 9 r v L E S S  I I A D I O S I T Y  A T  B O U N D A R Y  1 
C R 2 ( I )  D I M E N S I O N L E S S  R A C I O S I T Y  A T  B O U N D A R Y  2 
C N L  h U M E E R  O F  S L A B S  R E T W E E N  P L A T E S  
C NO-- N U M P E H  O F  N A V E L E N G T H  B A N D S  
C CY- -RPD. /CONDe  P A R A M E T E R  
C T 1 - -  H O T  W A L L  T E M P E R A T U R E  
C T ( J ) - - D E N O T E S  A B S O L U T E  T E M P E R A T U R E S  
C Y O C = K O e  O F  S P A T I A L  I N T E G R A L S  
C S I G  S T E F A N  B O L T L M A N  R A D I A T I O N  C O N S T A N T  
C 

D I M F U S I O N  A K ( 1 0 ) 9 h V ( l 0 ) 9 G ( l C 9 5 1 ) ~ B l ( l O ) s B 2 ( 1 0 )  
D I M E Y S I O N  T ( 5 1 ) , T T ( 5 1 )  
D I V E N S I O N  T V ( 5 1 ) , B I N T 3 ( 1 0 9 5 1 ) 9 Z ( 5 1 )  
D I M E Y S I O N  B B ( 5 1 ) , G I ( 5 l ) , E l ( l O ) ~ E 2 ( 1 0 )  
CCMMON T N L ( 9 3 ) s E B L L ( 9 3 1  

1 p 1  F C R M A T ( Y F l O e 0 )  
1 0 2  F C R V A T ( l O X , 2 0 H S T I L L  G O I N G  O N  I T E R  1 3 )  
1 0 3  F O R M A T ( 2 ( 5 X p F l O a 6 1 )  
104  F Q ? M A T (  1 C F 8 e O )  
1 3 5  F O K V A T ( l F l O e 4 )  
106 F O R V A T ! 2 F 1 0 e 0 )  
107 F C I R M A T ( l O F l O e 5 / / )  
1 0 8  F O R M A T ( S X , 1 4 H E N D  O F  P R O G R A M )  
109 F 3 S M A T ( l O F 8 e 3 )  
110 F O R M A T ( 8 F 1 0 . 4 / )  
111 F O R ~ A T ( ~ O X , ~ O H I N P U T  D A T A / / )  
1 1 2  F O R M A T ( 5 X 9 2 E 1 4 e 6 , 4 F 1 0 . 3 )  
1 1 3  F O R K A T ( Z O X 9 E 1 4 e 6 )  
114 c O R M A T ( 3 0 X 9 2 0 H T E M P E R A T U R E  S O L U T I O N /  
1 1 5  F O R ! 4 A T ( S X , 2 4 H N E T  H E A T  F L U X  A C R O S S  G A P 2 X F B c O  

1 , 2 % 9 1 C H R T U / h R  F T 2 / / )  
1 1 6  F O R Y A T ( l O F 8 . 6 )  
117  F 3 R M A T ( 2 1 2 )  
118  F ~ R V A T ( ~ X ~ ~ H C O N D U C T $ ~ X S ~ H T ~ ~ ~ X ~ ~ H T ~ $ ~ X ~  

1 lOHEMISSIVITY91OHEMISSIVIiY 
1 9 l D H S P A C I N G  F T 9 1 X s 9 H R E F  I N D E X ~ ~ X S ~ H N O .  S T E P S / / O  

119 F O R M A T ( 5 X 9 2 4 ' i C O N  H E A T  F L U X  A C R O S S  G A P 2 X F 8 . 0 , 2 X ,  
1 10HRTU/HR F T 2 / / )  

1 2 0  F O R P " ' T ( 5 X 9 2 4 H R A D  H k A T  F L U X  A C R O S S  G A P Z X F B ~ O ~ ~ X P  
1 1 0 Y R T U / ! + R  F T 2 / / )  

1 2 1  F O R Y A T ( 2 0 X , 2 5 H I N I T I A L  T E V P E R A T U R E  G U E S S / / )  



927 FORYAT(20X916HW4VELENGTH BANDS//) 
123 F 3 9 ' J A T ( 2 0 X , 2 3 H A B S O R P T I O N  COEFFICIENTS//) 
194 %09"AT(20Xr20HWALL E V I S S I V I T Y ( 1 + 2 ) / / )  
1 2 5  F ~ Y ~ ' A T ( ~ X ~ ~ H T O L E R A N C E ~ F ~ O ~ ~ ~ ~ ~ F C O N V ( I  FACTOHtF10*39 

$ S*iFIRSTtFlOe3/1 
I x = 5  
1 X==6 
IF4=0 
S % G = l r 7 1 4 E - 9  
W A I T E ( I X , 1 1 1 )  
~ ? E A D ( I Y t l O l ) T K ~ T l ~ T 2 9 E P l ~ E P 2 ~ B L 9 R I 9 S N  
S E A D (  I M 9 1 O l ) ? O L E R i C O N V $ D E M O  
N L = I F I Y ( S h )  
NoO=P:L-1 
W S I I E ( I X t l l 8 )  
h ~ R Z T E ( I X ~ 1 1 O ) T K , T l ~ T 2 $ E P l ~ E P 2 9 B L ~ R I , S N  
WR%TF(IX,1?5)TULER,C3NV9DEMO 
RE4D(IM9104)(T(J)9J=1i400) 
WRITE(IX,lZl) 
h1RIIE(IX,104)(T(J),J=19NOO) 
9E4C(IM,104)(MV(I),I=lr10) 
W Q I l E ( I X 9 1 2 2 )  
W R I T E ( I X 9 1 0 7 ) ( W V ( I ) ~ I = l ~ l O )  
R E A ~ ( I M 9 1 0 4 ) ( A K ( 1 ) 9 1 = 1 , 1 0 )  
RFAD(IM9104)(El(I),I=1,10) 
QEA9(IM9104)(E2(I),I=1910) 
' g+ !R ITE(  1 x 9 1 2 4 )  
KRITE(IX~107)(€1(I)91=1910) 
X R k T E ( I X 9 1 0 7 ) ( E Z ( I ) i I = 1 9 1 0 )  
K E A D ( I ~ v 1 1 7 l I S T O ~ I F B  
W R I T E ( I X 9 1 2 3 )  
W R I ? E ( I X i 1 0 7 ) ( A K ( I ) ~ I = 1 ~ 1 0 )  
R % A D [ I M 9 1 0 6 ) ( T N L L J ) , E B L L ( J ) 9 J = 1 9 9 3 )  
CN=TK/(4e*SIG*T1**3) 
H--RL/ ryL  
IFL=1 
hDXM=NL+1 
D d  8 9  J = 1 9 1 0  
I F $ A K ( J ) , N E Q O ) G O  TO 89 
MO=J--1 
GO TO 88 

89 CORdTINUE 
88 CONTINUE 

I F ~ E P ~ ~ E Q Q ~ * * A N D ~ E P ~ . E Q ~ ~ * ) I F L = ~  
IF( IF!. . N E Q 4 ) G 0  T O  8 5  

C RADISSITY OF BLACK W A L L S  IS CALC. NEXT 
03 9 1  I=19NO 
A=RI+Tl+WV(I) 
9=RI+Tl*WV(I+1) 



P A G E  3 

B l ( I ) = E B ( A , f ? ) * R I * * 2  
C = R I + T Z * W V  ( I 
D = R I * T Z * W V ( I + l )  
RZ(I)=EB(C9D)*(RI**2)*(T2/T1)**4 

9 1  C O N T I N U E  
W R I T E ( I X 9 1 0 3 ) ( B l ( T ) 9 R 2 ( 1 ) 9 1 = 1 ~ N O )  

8 5  DO 92 J = 1 , N 0 0  
9 2  V T ( J ) = T ( J ) / T l  
9 8  C O N T I N U E  

C 
C M A I N  I T E R A T I O N  B E G I N S  
c 

DO 6 C  I = l , N O  
I F ( I e G T a l r O R a I F L a E Q * 4 ) G O  T O  8 1  
C A L L  W 4 ( E 1 ~ E 2 ~ R I 9 T 1 ~ T 2 ~ A K ~ W V ~ B 1 ~ P , 2 ~ N O ~ N O O 9 T T ~ H ~ B L l  

P l  C O N T I N U E  
T L = A Y (  I ) * B L  
H Y = H + A K (  I )  
DO 60 J=1 ,NO0 
Y = J * H  
T A = A K (  I ) * Y  
T R = T A / T L  
T R = T L - T A  
G ~ = - E X ( ~ , T A ) + T R * E X ( ~ ~ T L ) + ( ~ ~ - T R ) / ~ B  
C ~ = ( ~ O - T R ) + E X ( ~ ~ T L ) - E X ( ~ ~ T @ ) + T R / ~ O  
G(I9J)=(Bl(I)*S1+32(I)*C2)/(2a*CN*AK(I)) 
G I ( J ) = l r + T R * ( T 2 / T 1 - 1 )  
K K = J + l  
DO 8 0  K = l , N D I M  
Y=H* ( K - 1 )  
T F = 4 K  ( I )  + Y  
T I R = A R S ( T A - T F )  
T R K = T L - T F  
Z G = T l  
I F ( K B G T . ~ * A N D o K o L T ~ N D I M ) Z G = T ( K - ~ )  
I F ( K a E Q a N D I M ) Z G = T 2  
R = R I + Z G + W V ( I I  
S = R I * Z G * W V ( I + l )  
EE=ER(RrS) 

8 0  T \ f ( K ) = ( - E X ( 3 9 T I R ) + E X ( 3 + T F ) + T R * ( E X ( 3 9 T @ R l -  
1 E X ( 3 9 T F ) ) ) * E E $ ( Z G / T 1 ) * * 4  

C A L L  Q S F ( H Y 9 T V 9 Z v N D I M )  
R I N T 3 ( 1 9 J ) = L ( N D I M )  

60  C O N T I N U E  
C 
C  NOW T E M P S  ARE C A L C  
C  

I F A =  I F A + 1  
DO 90 J = l  * N O 0  
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R W I J ) = T T ( J )  
AB=O. 
DO 2 0  I = 1 9 N O  
T T ( J ! = A R + G ( I , J ) + ( R I * * 2 ) * R I r \ r T 3 ( I ~ J ) / ( 2 ~ * C r \ r * A K ( I ) )  

2G A W = T T ( J )  
T T ( J l = T T ( J ) + G I ( J )  

q6 C O N T I N U E  
w R I T E ( 1 X 9 1 O 2 ) I F A  
W R I T E ( I X 9 1 1 4 )  
W M I T E ( I X , 1 0 7 ) ( T T ( J ) ~ J = l ~ N O O )  
W F ( I F A . G T . I S T O I G O  T O  99 
DO 6 1  J = l r N O O  
ER=48S((TT(J)-BB(J))/BB(J)) 
I F 6 E R e G E . T O L E R ) G O  T O  96 

6 1  C O N T I Q U E  
GO 8 0  97  

96 I F ( I F A e G T e I F 6 ) G O  TO 9 8  
C O V V = C O N V  
I&(IF4eEQ,1)COVV=DEMC*CONV 
DO 94 J=1 ,NO0 

94 S I ~ J ! = R B ( J ) + ( T T ( J ) - ~ R ( J ) ) / ( ~ . * C O V V )  
DO 93  J = l , N O C  

9 3  I $ J ) = T T ( J ) * T l  
GO TO 9 8  

99 C Q N T I Q U E  
C 
6- H E A T  F L U X  I S  C A L C  N E X T  
(C 
L.. 

91 Q C Q N = T K + ( T 2 - T l ) / R L  
W P B T E ( I X 9 1 0 4 ) ( T ( J ) , J = l , N 0 0 )  
W R I T E ( I X 9 1 1 9 ) Q C O N  
DO 6 5  J = l , N O O  

65 T T ( J + l ) = T ( J I  
T T S i ) = T 1  
T T s N D I M ) = T 2  
DO 62  I = l , N O  
C = R I * T 2 * W V (  I )  
D = R I + T 2 * W V ( I + l )  
H Y - W + A K : I )  
I C = B L + A K ( I )  
Q w L = ( R ~ ( S ) * S I G + T ~ * + ~ ) * ( ~ ~ . - E ~ ( I ) ) * E X ( ~ ~ T Q ) + E X (  
1 4 9  T O ) / T C - l . / ( 3 r * T O ) )  
QW2=(R2(I)*SIG*T1*+4)*(-EX(49TO)/TQ-e5+1~/ 
1 ~3~+7'3))+e5*E2(I)*SIG*(T2**41*EBtC9D)*RI**2 

R R ( I ) = 2 . * ( J W i + Q W 2 )  
DO 5 3  J = l , N D I M  
Y = H * ( J - 1 )  
S A = 4 K  ( I 1 * Y  
'B=TC-TA  



PAGE 5 

R=RI*TT(J)*WV(I) 
S=RI+TT(J)+WV(I+l) 
EE=ER(R,S) 

6 3  TV(J)=((l.-E2(I~)*EX(29TR)+EX(39TB)/TO-EX(3~TAl 
1 /TO)*(RI**Z)+SIG*EE*TT(J)**4 
1EE+TT(J)**4 
CALL QSF(HY9TVeZ9NDIY) 

62 GI(I)=Z(NDIM) 
C 
C RAD A N D  COND FLUXES SUMMED 
C 

A B = O .  
DO 64 J=l*NO 
QR=AR+BB(J)+GI(J)*Z 

04 AP,=QR 
W R I T E ( I X 9 1 2 0 ) Q R  
QTOT=OCON+QR 
bfRITE(IX,115)QTOT 
WRITE( IX9108) 
CALL EXIT 
END 
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FIGURE F2 FLOW C H A R T  - continued 



C P R O G R A M  FOR FHESNEL CALCI OF PLATINUM-GLASS EMISSIVlTY 
C REFRACTIVE 21'4DEx OF PLATINUY 
c P~D-FEFRACTIVE INDEX OF GLASS 
C EX-EXTINCTION COEFF OF PLAT 
C J-DtN3TE.S NAVELENGTH BAND NO* 
C J-DENOTES ANGLE 
C I??-PASALLEL POLAR. 
C RS-PERPENDICULAR POLAR@ 

UIVEQSION R I Y ( 1 0 ) 9 E X ( 1 0 ) 9 R I D ( 1 3 ) 9 E P ( 1 0 ~ 2 0 )  
DIMENSION RSt1095O)rRP(10950) 
PIPENSION AN5(20) 
COPnPLFX A R ~ A S ~ S T , C T ~ T A ~ T Z ~ B R  

HQO "O%PAT(3FlOeO) 
101 F O W Y ~ T ( ~ A V ~ ? H O P T I C A L  CONSTANTS95X93FlOs5//) 
902 FOQMAT(lX919F6r4) 
103 FORMAT(8F10.0) 
104% FOQMAT(4F10.8) 

I M = 5  
I X = 6  
I L = 7  
READ( IM9100)ANWvANA 
NW=ANW 
NA=ANA 
R E A D ( I M 9 1 0 3 ) ( A N G ( I ) 9 1 = 1 9 N A )  
QEAD(IM9100)((RIM(I),EX(I)9RID(I))91=19NW) 
DO 1 I=l,NW 
DO 1 .I=19NA 
TH=(3.14159/2.)*(.5+ANG(J) 1 
CST=RID(I)*SIN(TH)/(RIM(I)**2+EX(I)**2) 
AR=(Or91o)*CST*EX(I) 
AS=(lr9O.)*CST*RIM(I) 
ST=AR+AS 
9R=lr-ST**2 
CTrCSQRT ( B R  
TA=CT+(Oa,l.)+ST 
%Z=(Os9-1)*CLOG(TA) 
4LP=TZ 
BD=CARS(TZ)**Z-ALP+*2 
RET=SQRT(BD) 
T1=TH-ALP 
TZ=TH+ALP 
RS(I9J)=(SIN(Tl)*+2+SINH(BET)**2)/(SIN(T2)**2 
1 +SINW(EET)**2) 
F=(COS(T2)**2+SINH(BET)**2)/(COS(T1~**2+SINH(BET)**2~ 
R P (  I 9J)=F*RS( I9J) 

% COVUTINUE 
530 2 Iz19NW 
\ I P I T E ( I X ~ 1 O 1 ) ( R I M ( I ) ~ E X ( I ) ~ R I D ( I ) l  

2 k ! R X T E ( I A 9 1 0 4 ) ( ( R S ( I ~ J ! 9 R P ( I 9 J ) ) 9 J = 1 9 N A )  
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W R I T E ( I L ~ 1 0 4 ) ( ( ( R S ( I ~ J ~ ~ R P ~ I ~ J ) ) ~ I ~ 1 ~ N W ) ~ J = 1 ~ R A ~  
CALL E X I T  
EN0 



P A G E  % 

S U B R O U T I N E  S P E C ( A N I , N W * A L A , N I , Q Q * A K ~ A ~ \ ~ G B W T P N A )  
C P R O G R A M  FOR S P E C U L A M  M A T R I C E S  
C NA- N O *  C F  A N G L E S  
P 
L N'd- Q O e  OF W A V E L E N G T H S  
C 
L N l -  NO OF S P A T I A L  I N C R E M E N T S  
C R 5 - P E R - - P E R P E N D I C U L A R  P O L A R .  
C P P + P A R - - P A R A L L E L  P O L A R *  

COYMON T N L ( 9 3 1 ~ E B L L ( 9 3 ) t P S ( 1 0 ~ 5 O ) ~ A H 2 ( 1 0 , 5 0 )  
COYMOhl R P ( 1 0 , 5 0 ) , R l , R 2  
COa4MON T O l , T O 2 9 I I , S , T , G W U  
D I Y E Y S I Q N  P A R 6 1 0 ~ 2 0 ) 9 P E R ( 1 0 ~ 2 0 ) ~ A H 1 ( 1 0 v 2 0 )  
r1XME"dSION Q Q ( 5 0 e 5 0 e 1 0 ) ~ A 1 ( 1 0 ~ 5 0 ~ 2 0 ) ~ A 2 ( 1 O v 5 0 ~ 2 0 )  
f > l V E h ! S I O N  A N G ( 2 0 )  9 \ d T ( 2 0 )  , A K 6 1 0 l  
D I Y E Y S I O Q  GMU(5O),S(50rSO)rT(50950) 
rd 1 = 4 ~  I 
A P P = 3 . 1 4 1 5 9  

f M e I e R e  C O E F F e  C A L C e  N E X T  
DO 1 I = l , N W  
DO 1 J = 1 , N A  
T H = ! A P 1 / 2 r ) * ( . 5 + A N G O )  
A = - 2 e * A K ( I ) * A L A / C O S ( T H )  
I F $ 4 r L T e v 2 0 r ) A = - 2 0 r  
EI.S=EXP ( A  1 
P R R ( I ~ J ) = R S ( I V J ) / ( ~ ~ ~ ~ R S ( I ~ J ) * * ~ ) * E R )  

1 PARII9J)=RP(I,J)/(l.-(RP(I9JI**2)*ER) 
C R A D e  FROM BDY. BY MIIIRI AlVD D I R E C T  

140 5 I = 1 9 Y W  
DID 5 Y = l , N I  
T i K 9 I  ) = O *  
I F ( K e N E a 1 ) G O  T O  8 
GMU(  I I = O a  
. 5 ( 1 9 1 ) = 0 .  

9 C O N T I N U E  
R F A = K  
W z I R E A - . 5 ) * A L A / A N I  
ica&=Oa 

DO 2  J = 1 9 N A  
T H = ( A P I / ~ . ) * ( . S + A N G ( J ) )  
A=-AK(I)*(ALA-Y)/COS(TH) 
R=-AK(I)*(ALA+Y)/COS(TH) 
C = - A K ( I ) + Y / C O S ( T H )  
D = - C K ( I ) * A L A / C O S ( T H )  
I F ( A . L T . - 2 0 e ) A = - 2 0 .  
I F ( S e L T . - 2 3 e ) B = - 2 0 .  
I F ( C * L T I - ~ O . ) C = - Z O I  
I F ( 3 e L ? . - 2 0 . ) D = - 2 0 .  
A l ( I r J ~ K ) = ( P E R ( I 9 J ) * ( E X P ( A ) + R S ( I ~ J ) * E X P ( B ) ) + P A R ( I ~ J )  

1 * ( E X P ( A ) + I ? P ( I , J ) * E X P ( B )  I ) * e 5 * E X P ( D )  
% F ( K . N E e l ) G O  T O  6 
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DEM=(-lr+l./RS(I9J))*PER(IrJ) + ( - l . + l e / R P ( I r J ) ) * P A Q ( ~ s . i ~  
D A V = ( 1 . - 9 5 ( 1 9 J ) ) * P E P , ( I ~ J ) + ( l e - I i P ( I 9 J ) ) * P A R ( I ~ J ~  
G~U(I)=GMU(II+.S*PPI*NT(J)*DEP/1*EXP(D)*SIN(TH)*CQS~THI 

l + ( 1 . - r 5 * ( R S ( I , J ) + R P ~ I 9 J ~ ) ) ~ 2  
S ( 1 9 I ) = S ( l ~ I ) + G M U ( I ) * ( l . / ( l . ~ e 5 * ( R S ( I t J )  

l+RP(I,J)))-DAY/DEM)*EX?(D) 
h CO"JT!YUE 

A M Z = i P E R ( I , J ) * ( 1 . + R S ( I * J ) ) + P A R ( I 9 J ) * ( l e + U P ( I ~ J ~ ~ ~  
1 * E X P ( A + C ) )  
R Y Z = ( ~ E S ( I , J ) * R S ( l r J ) + P A R ( I 9 J ) ~ , i P ( I ~ J ) ) * E X P ~ 6 + D I  
T ( K , I ) = T ( K 9 1 ) + . 5 * A P I * A K ( I ) * ( A L A / A N I ) * W T ( J )  

1 *(AMZ+BMI)*SIN(TH)*(~~-.~*(RS(IDJ)+R?(I~J))) 
A I 2 = ( A 1 ( I , J 9 K ) + E X P ( C ) ) * ( 1 . - ~ 5 * ( R P ( I ~ J ! + R S ( I ~ J l ~ ~  

1 * S I Y ( T H ) * W T ( J ) - * A K ( I )  
AH2(19K)=AC+AI2*(API/2*) 

2 A C = A H 2 ( 1 9 K )  
5 C O N T I V U E  

C  RADe FROM OTHER ELEMENTS BY Y e I r R e  
DO 3 I = l p N \ ; d  
DO 3 K = 1 9 N I  
DO 3 L = 1 9 N I  
DR=O. 
R E A = L  
Y = ( R E A - . S ) * A L A / A N I  
DO 4 J = l , N A  
T H = ( A P I / 2 . ) * ( . 5 + A N G ( J ) )  
A = - A K t I ) * Y / C O S ( T Y )  
I F ( A . L T e - 2 0 .  ) A = - 2 0 e  
DD=DR+ ( A l ( f , J 9 K ) + E X P (  - A ) )  

1 * T A Y ( T H ) + N T ( J ) * ( ( A K ( I ) J , A L A / A f 4 I ) * * 2 ) * A P I  
4 DR=DD 

I F ( K . N E . L ) G O  TO 7 
R R = 4 e * A L A / A N I  
GO T O  9 

7 R R = Z e * ( A L A / A N I ) * * 2  
9 C O N T I N U E  

QQ(K ,L , I  ) = D D / B R  
3 C O N T I N U E  

RETURN 
END 
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C THIS P R U G R A P  C A L C U L A T E S  H E A T  F L U X  A N D  
C T E Y P E R A T U 2 E  P R O F I L E S  F O R  R A D I A T I O l v  A N D  C ~ ) N D U C T I O I L  
C S F T d u ' t E N  T d O  I I \ J F I ~ \  I T r  P A R A L L E L  P L A T E S  S E P A R A T E D  
C B Y  A h  A B S O R B I ; \ G  E M I T T I Q G  M E D I U M  
C B O U N D A R I E S  A R E  S P E C U L A R  R E F L E C T O R S  
C T E M P F q A T U R E S  CISE I \  D E G R E E S  F (A&& I IVE  
C ,ENGTHS A R E  I N  F E E T  
C NO,- N O @  O F  S L A B S  B E T N E E N  P L A T E S  
C S I G - S T E F ~ ~ - B O L T Z M A I \  C O N S T A N T  
C C O N - T H E R V A L  C O N D U C T I V I T Y  
C A N - I N D E A  OF R E F R A C T I O N  
C D Y - S L A B  T H I C K N E S S  
C A K ( 1 ) - A B S O R P T I O N  C O E F F .  F T e - 1  
6 I N I e N 3 r  OF l N C R r  119 A;\GLE 
C NM- N O *  O F  W A V E L E N G T H  I N T E R V A L S  
C A L - P L A T E  S E P A R A T  IOI \  
C W'v' (  I - k J A V E L E N G T t i  

COMMON T N t ( 9 3 ) 9 E ~ L L ( 9 3 ) 9 A R 1 ( 1 0 9 5 0 ) ~ A c i 2 ( 1 3 9 5 0 )  
COMMON A R 3 ( 1 0 , 5 0 ) 9 R l ~ R 2  
COMMON T O ~ * T O ~ ~ I I ~ S I T , G Y U  
D I M E N S I O N  A(50~50)~8(50950)~C(5O)~TR(5C)) 
D I P E N S I O N  A K ( 1 0 ) 9 R ( 5 0 ) , E ( 5 0 1 9 R @ ( 5 ! ! 1  
DIPENSIQh G(50,50)~kV(10)9VEC1L50)~VEC2(50) 
D I Y E N S I O N  V I N 1 ( 5 0 ) s V I N 2 [ 5 0 )  
D I M E h S I O N  Q ( 5 0 ) g R E S ( 5 0 )  
D S V E N S I O N  T ( 5 0 r 5 0 )  
D l M E N S I O h  G M U ( 5 0 ) v S ( 5 0 , 5 0 )  
D I M E Y S I O N  U 0 ( 5 0 9 5 0 , 1 0 )  
O i Y E Y S I O N  A N G ( Z O I e W T ( 2 0 )  
1 M = 5  
I X = 6  

108 F O R Y A T ( B F 1 0 . U )  
104 F C R Y A T ( 2 F 1 0 . 0 )  
107 F O R M A T ( 1 U F l C * 5 / / )  
1 0 8  F O R M A T ( 5 X s l 2 H I F L A G  E Q  O N E , / / )  
119 F O R l Y A T ( 3 5 A 9 2 3 d I N I T I A L  D A T A  F O R  P R O B L E M / / )  
1 2 0  F O R M A T ( 5 X v Z O W T H E R M A L  C O N D U C T I V i T Y 9 2 X c F 6 r 3 9  

1 Z X * 1 2 H B T J / H R - F T m F 9 / / )  
1 2 1  F Q R Y A T ( S X p 1 6 n P L A T E  S E P A R P T I O N , 2 X 9 F 6 r 3 r 2 X 9 2 Y F T g / / )  
$ 2 2  F Q ' < Y A T ( 5 X , 8 H h O T  L u A L L ~ ~ X ~ F ~ ~ ~ ~ ~ X , ~ H C O L D  W A L L , Z X , F e . 1 9 / / )  
1 2 3  ~ O ~ Y A T ( 2 C X ~ 2 3 H A S S O ~ P T I G N  C O E F F I C I E h T S / / )  
124  F Q R M A T ( S X 9 1 5 H C 3 L D  WALL R E F L , , 2 X , F 6 , 4 , 2 X p  

1 1 4 H W O T  W A L L  H E F L v 2 X , F 6 r 4 / / )  
1 2 6  F O R M A T ( ~ X P ~ ~ M I N D E X  O F  R € F R A C T I O N , 2 X , F 4 r 2 9 / / )  
1 2 7  F D R M A T ( b E 1 4 . 8 )  
150 F O S M A T ( l O F 8 r O )  
199 F Q R M A T ( 4 F l O * O )  
200  F O R M A T ( ~ X ~ ~ O ( E ~ ~ . ~ I ~ X ) / / )  
201 F O R P A T ( l O A 9 1 1 ~ R A 3  d T  F i U X , l E 1 4 . 7 )  
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2 3 2  F O R M A T ( 5 X 9 2 3 H C O E F F i C I E f i T  P A T K I X  F O R  
1 9 2 1 H R A D I A T I O h  F R O M  P L A T E S / / )  

2 3 3  F O R M 4 T ( 5 X t 2 6 H I N I T I A L  T E M P E R A T U R E  V E C T O R / / )  
2 4 0  F O R M A T ( 5 X 9 2 2 H R E S I D U A L  V E C T C R  A F T E R I ~ X ~ I ~ ~  

1 2 X 9 1 O H I T E R A T I Q N S / / )  
243  F O R M A T ( 5 X 9 2 2 H h E W  T E M P E R A T U R E  V E C T O R / / )  
800 F O R Y A T ( 2 X 9 1 0 F 8 . 2 9 / )  

R E A 3 ( 1 M 9 1 0 4 ) ( T V L ( J l ~ E i ! L i ( J ) ~ J = 1 ~ 9 3 )  
I B L A = O  r 

D A T U = O a  
1 0 0 1  C O Q T I Q U E  

R E A D t I M 9 1 0 0 ) A h O 9 C O N $ A L 9 A N 9 T H ~ T C 9 R 1 9 R 2  
IF(R~.EQ.O..AND.R~.EQ.OO)IBLA=~ 
N O = A N O  
R E A D ( I M 9 1 0 0 ) A I h I 9 A N ( L 9 A I M A X 9 D M A X  
N A = A I N I  
N N = A N N  
R E A D ( I M 9 1 5 O ) ( T R ( J ) 9 J = l , N O )  
R E A D ( I M , 1 5 0 ) ( W V ( I ) $ I = l v l O )  
R E A D ( I M t 1 5 0 ) ( A K ( I ) 9 1 = : 1 9 1 0 )  
I F (  I R L A @ E Q e l ) G 3  T O  1002  
R E A D ( I M 9 1 0 0 ) ( A N G ( I ) ~ I = 1 9 Y A 1  
R E A D ( I M , 1 0 0 ) ( W T ( I ) $ I = 1 9 N P )  
R E A D ( I M 9 1 9 9 ) ( ( ( A R 1 ( 1 9 J ~ 9 A i i 3 ( 1 9 . J ) ) 9 I = l , N N ) 9 J = ~ ~ h A ~  

1002 C O N T I N U E  
W R I T E ( I X e 1 1 9 )  
W R I T E ( I X ~ ~ ~ ~ ) T H ~ T C  
W R I T E ( I X 9 1 2 C ) C O N  
W R I T E ( I X , 1 2 1 ) A L  
W R I T E ( I X 9 1 2 6 ) P N  
W R I T E ( I X 9 1 2 3 )  
W R I T E ( I X 9 1 0 7 ) ( A K ( I ) 9 1 = 1 9 1 0 )  
W R I T E ( I X 9 1 0 7 ) ( d V ( I ) 9 1 = 1 9 1 0 1  
W R I T E ( I X 9 1 2 4 ) 5 1 9 R 2  
W R I T E t I X 9 2 3 3 )  
W R I T E ( I X $ 2 0 O ) ( T R ( J ) 9 J = l ~ N O )  
D Y = A L / A N O  
I N I = A I N I  
I M A X = A I M A X  
I T E R = O  
A P I = 3 . 1 4 1 5 9 2 7  
S I G = 1 . 7 1 4 E 0 9  
E R B = ( A N * * Z ) + S I G * T C + * 4  

c 
C  G E N E R A T E  C O k F F .  M T X  O F  L I N  T t M P  V E C T O R  
C 

D O  2 I = 1 9 N O  
D O  2 J = l , N O  

2 A ( I 9 J ) = O .  
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I N A = N O 0 1  
DO 3 J = 2 9 1 N A  
A d J g J ) = - 2 e + C O N / D Y  
A ( $ s J - l ) = C O N / D Y  

3 A [ J , J + l ) = C O N / D Y  
A ( 1 , 1 ) = - 6 e * C O N / D Y  
A ( l , 2 ) = 2 e * C O N / D Y  
A ( N Q , I N A ) = Z s * C O N / D Y  
A d N O , N O ) = - 6  r * C J N / D Y  
I F 6 I R L A a E Q e l I G O  T O  3 6  
C A L L  S P E C (  A N O I N N , A L , ~ O , Q Q P A ~ ~ A I L G ~ N T ~ I \ A )  

3 6  C O N T I N U E  

P R I M A R Y  H E A T  F L U X  F R O M  B O U N D A R I E S  

DO 8 J = l s N O  
M=NO+ 1-J 
R E A = J  
Y W = ( R E A - r S ) * D Y  
Y C = A L - Y H  
C S - 0 ,  
i-is=o* 
D(S 8 1  N = 1 , k N  
A A = A N * N V  ( 8  + T C  
A B = A N * W V ( N + l ) + T C  
A C = A N * W V ( N ) * T H  
A D = A N + W V ( N + l ) * T H  
A L = A K ( N ) * Y H  
A X = A K ( N ) * Y C  
I F I I R L A a E Q s l I G O  T O  3 5  
CS=CS+ARZ(NsH)*EB(AA,AR) 
H S = H S + A R 2 ( N , J ) * E B ( A C , 4 D )  
GO TO 8 1  

35 C S = C S + A K ( N ) + E X ( 2 r A X ) * E B ( A A s A B )  
H S = H S + A K ( N ) * E X ( ~ ~ A Z ) * E B ( A C ~ A D )  

81 C O N T I N U E  
I F ( J e Y E s 1 ) G O  T O  8 
C T = C S  
H T = H S  

8 C(J)=2r*DY*SIG*(A~**2)*(cS*Tc**4+H~*TH**4) 
W R I T E ( I X g 2 3 2 )  
WRITE(IX,200)(C(J),J=l,NO) 
QO 27 J = l s N O  

27 E ( J ) = S I G * ( T R ( J ) * * ~ ) * A I V * * ~  

M A I N  I T E R A T I O N  

2 0 3  C O N T I N U E  
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D I A G O N A L  O F  SAD. COEFF. M T X  

I T E R = I T E R + l  
DO 4 5  J= l , IVO 
M = N O + l - J  
A Z = O .  
DO 5 N = l , N N  
D = A N * W V ( N ) * T R ( J )  
F = A N * W V ( N + l ) + T R ( J )  
A R = A K ( N ) * D Y / 2 .  
I F ( I R L A e E Q a 1 ) G O  TO 49 
A Z = A Z + ( ~ Q ( J ~ J ~ N ~ + Q Q ( Y ~ M ~ N ) - A K ( I U ) * E X ( ~ ~ A R ) ) * E ~ ~ D ~ F ~  
GO TO 5 
A Z = A Z - A K ( N ) * E X ( ~ Y A H ~ * E R ( D ~ F )  
C O N T I N U E  
B ( J * J I = 4 r + D Y * A Z  

O F F  D I A G .  TERMS I &  R A 3 r  COEFF.  M T X  

DO 6 N = l , N O  
DO 6 J = l , N O  
M = N O + l - J  
L = N O + l 9 N  
ARB=O. 
I F ( N . E Q . J ) G O  T 3  6 
Y = I A R S ( h - J ) * D Y  
DO 4 5  K = l r N N  
D = A N * W V ( K ) * T R ( J )  
F = A N + W V ( K + l ) * T R ( J )  
A P Z = A K ( K ) * Y  
I F ( I R L A . E Q . 1 ) G O  TO 47  
A R R = A R H + ( Q Q ( N ~ J ? K ) + ~ Q ~ L I P ~ ~ K ) ) * E B ( D ~ F ~  
A R R = A R B + ( A K ( K ) * * 2 ) * E X ( 1 e A P Z ) * E B ( D , F )  
C O N T I N U E  
B ( N , J ) = 2 . + ( D Y * * 2 ) * A R H  
CONT I N U E  

R E S I D U A L  VECTOR C A L C e  N E X T  
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CA=CA+R(I9J)*E(J) 
R O (  I )=CA 
DO 2 8  J=l,;VO 
R E S ( J I = - ( R ( J ) + R O ( J ) + C ( J ) )  
WRITE(IXv24O)ITER 
WRITE(IXp200)(RES(J)~J=l~NC>) 
DO 48 J=l,NO 
RI.I=AFJS(RES(J)) 
IF(RllmGTm5O.)GO TO 9 9 8  
CONT INUE 
GO TO 999 
CONTINUE 

SOLVE FOR TEMP. CORRe DLE(J) 

DO 79 I=l,idO 
DO 79 J=l,ILO 
G ( I ~ J ) = B ( I B J ) + ( T R ( J ) / ( ~ ~ * E ( J ) ) ) * A ( I ~ J I  
C A L L  ARRAY(2 ,N39ho*50950sT,G) 
C A L L  SIMQ(?9RES,NO9&S) 
ZZ=15 
DO 9 9  I=19NO 
E(I)=E(I)+RES(I)/ZZ 
%F(E(I).LTeERB)E(I!=ERB 
T R ( I ) = ( E ( I ) / ( S I G * ( A I \ ~ * * L )  )9*.25 
WRITE( 1x9243) 
W W I T E ( I X 9 8 3 0 ) ( T R ( J ) * J = l 9 N O )  
IF(ITEReGTeIMAX)SO TO 999 
GO TO 203 
CONT INUE 
CONDUCTIOh HEAT FLUX IS CALCe NEXT 
DO 7 J=291ILA 
Q ( J ) = - C O N + ( - T R ( J ~ l ) + T R ( J + 1 ) ) / ( 2 m + O Y )  
Q ( I ) = - C O N * ( - T H + ( T R ( l ) + T R ( 2 1 ) / 2 e ) / D Y  
Q(NO)= CQN*((-T?(NO)+TR(IYA))/ZB+TC)/DY 
WRITE(IX9125) 
FORMAT(5X921HLOCAL CONDUCTIOP\ FLUX//) 
W R I T E ( I X 9 2 0 0 ) ( 3 ( J ) 9 J = i , h O )  
QCO1=CON*(9.*TR(NO~-~~*Tf-TR(IP~A))/(3~*OY) 
QC02=-CON*(9e*TR(1)-8a*TH-TR(2))/(3a*DY) 
WRITE ( IX9200)G!C019QC02 
%F(IRLA.EQel)GO 7 0  996 
RAD. HEAT FLUX CALC. BY dEAT HAL. O h  LOWER 
WALL ELEPENT 
MEDIUM TO h A L L  EXCHANGE 
R A R = O .  
DO 1 0  I=l,ruru 
DO 1 0  J=l,friO 
W=AN*v/V( I)*TR(J) 
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X = A N * W V ( I + l f * T R ( J I  
10 R A R = R A R + T ( J , I ) * E ( J ) * E B ( W ~ X )  

C  TOP P L A T E  TO LOWER 
C  LOWER TO i '4EDIUM 

CHS=O.  
CCS=O. 
DO 11 I = l , I ' N  
W = A N * W V ( I ) * T C  
X = A N * W V ( I + l ) * T C  
Y = A N * W V ( I ) * T H  
Z = A N * W V ( I + l ) * T H  
C C S = C C S + G M U (  I)*EB(K~X)*SIS*(AN**2)*TC**4 

11 CHS=CHS+S(1,I)*EB(Y~Zl*SIG*(AIv**2)*Th**4 
QRAD=RAB+CCS-CHS 
W R I T E ( I X , Z O l ) Q R A C  
W R I T E 1 I X , 2 0 1 ) R A B  
W R I T E ( I X , Z O l ) C C S  
W R I T E ( I X , Z O l ) C H S  
GO T O  1000 

C C O N D U C T I O N  F L U X  
996 I N A = N O - 1  

QCON=CON*(9e*TR(NO)-8~*TC-TR(INA))/(3e*OYl 
C H E A T  FROM H O T  W A L L  

f3R=0. 
DO 995 I = l t N N  
D = A N * W V (  I ) * T H  
F = A N + W V ( I + l ) * T i - I  
A L R = A K (  T ) * A L  

995 R R = B R + E B ( D , F ) + E X ( 3 , A L S )  
QHOT=2.* (AN**2)*SIG*(TH**LC)*BR 

C E M I S S I O N  FROM W A L L  
Q C O L D = ( A N * * 2 ) * S I G * T C " " 4  

C  H E A T  FROM F L U I D  
Q F L = O .  
DO 627 J = l , N O  
DO 627 I = l r N N  
R E = J  
Y = A L - ( R E - . 5 ) * D Y  
A M = A K (  I ) + Y  
X = A N * W V (  I ) * T R ( J I  
Z = A N * W V ( I + l ) * T R ( J )  
Q F L =  Q F L + E ( J ) * A K ( I ) * E X ( Z P A M ) * E B ( X ~ Z ) * D Y * Z .  

627 C O N T I N U E  
Q N E T = Q H O T - Q C O L D + Q F L  
W R I T E ( I X , Z @ l ) L ! N E T  
W R I T E ( I X 9 2 0 1 ) Q C O N  

1000 C O N T I N U E  
D A T U = D A T U + l .  
I F ( D A T U * L T e D M A X ) G O  TO 1 0 0 1  
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C A L L  E X I T  
END 



APPENDIX G - EXPERIMENTAL DATA 

The tables  on the following pages contain the raw exper imenta lda ta  

for  five calibration t e s t s  and four tempera ture  profile t e s t s .  

A t e s t  thermocouple f rom the ro l l  of platinum - p l a t i n ~ r n / l O ~ ~  r r h o d i u ~ ~  

thermocouple wire  used fo r  the t r a y  thermocouples was tested against a 

calibrated thermocouple at the following tempera ture  levels: 

2 10o°F' - add 3 . 5 ' ~  to reading 

2 3 0 0 ~ ~  - add 4 . 5 ' ~  to reading 

During the t e s t s  some of the thermocouples ceased to operate a s  t h e  

leads par ted a t  the high temperature levels attained by the apparatus 

The broken thermocouples a r e  omitted f rom the tabular  data .  

Figure 61 shows the calibration curve for  the variable polar izer  ir 

t e r m s  of attenuator sett ing ve r sus  reference signal voltage. 

The distance f rom the l a s e r  bzam to the bottom plate is given by 

adding . 2 5  inches to the m i r r o r  position number in tables 6 2  and 6 3 .  

Tes t s  C1, C2, C3, C4, and C5 r e f e r  to calibration t e s t s  wh-ile TI, 

T2, T3 and T4  r e f e r  to  the data shown in  F igures  24, 23, 22, and 2 1 ,  

Thermocouple number 2 1 was located nea r  the heating elements 

in  o r d e r  to  monitor the i r  tempera ture  level.  

The thermal  conductivity of the Momofrax A ceramic  was meas- 

ured by the Dynatech Corporation with the following resul ts :  

Temperature K~ 
- (BTU / h r 0 ~ f t 2  /in) 



ATTENUATOR SET lNG 

FIGURE GI REFERENCE SIGNAL VOLTAGE 
versus ATTENUATOR SETTING 



T E S T  
NUMBER 

C 1 

C 2 

C 3 

C 4  

C5 

T 1  

T2 

T 3 

T 4  

THERMOCOUPLE NUMBER 

8 11 12 1 3  

1877 1867 1877 1871 

1823 1820 1829 1824 

1928 1921 1936 1929 

1980 1987 1989 1980 

2114 2109 2118 2107 

1919 1790 1846 1842 

1948 1901 1861 1850 

1978 1863 1907 1886 

2143 1898 1815 1801 

T A B L E  G I  - THERMOCOUPLE READINGS (OF) 



T E S T  
NUMBER 

C 1. 

MIRROR 
POSITION 

ATTENUATOR TEST 
N U L L  NUMBER 

MIRROR ATTENUATOR 
POSITION N U L L  

TABLE G2 - CALIBRATION DATA 



T E S T  
NUMBER 

T I  

MIRROR 
POSITION 

. 9  

. 8  

. 7  

. 6  

. 5  

. 4  

.3 

.2 

. 1  

. 9  

. 8  

. 7  

. 6  

. 5  

. 4  

. 3  

.2 
'1 

ATTENUATOR T E S T  
N U L L  NUMBER 

MIRROR ATTENUATOR 
POSITION N U L L  

TABLE G3 - TEST DATA 



APPENDIX W - ERROR ANALYSIS 

I11 W A L L  TEMPERATURE ERROR 

In the experiments the tempera ture  of the platinum foil boundaries 

was measured by platinum-platinum / 10% rhodium thermocouples located 

at the ceramic-platinum foil interface a s  indicated below: 

PLAT1 NUM 

The thermal  contact conductance of the ceramic-platinum foil in te r  - 
face was increased due to  the presence of a thin layer  of g lass  which 

leaked into the interface during the experiments .  The the rma l  conductance 

sf this interface was calculated to be approximately 13,000 ~ t u / h r f t ~ O ~ .  

Even at the highest heat fluxes of the experiment this  resis tance would 
0 cause a temperature drop  l e s s  than 1 . 5  F 

The presence of s m a l l  air bubbles ( .  002" d iameter )  at the platinum- 

g lass  interface caused another resis tance to  heat flow. This interface 

zond~~etaaraee was evaluated with a relation for  the microscopic constr ic  - 
"icn resis tance fo r  a single drop in dropwise condensation on a meta l  

surface [65] . 



n - number of bubbles on a unit surface a r e a  

k, - t he rma l  conductivity of surface 

r -  radius of bubble 

p - fraction of surface covered by bubbles 

This conductance was calculated to  be in excess  of 50 ,000  
2 0  

Btulhrft  F and produced a negligible tempera ture  drop a t  the heat fluxes 

run  in the experiments .  

Due to  the above considerations the accuracy  of the wall temperature 
0 measurements  was considered to  be k 3 F .  

H2 GLASS TEMPERATURE ERROR 

The accuracy  of the l a s e r  tempera ture  measurement  technique 

is influenced by the operation and calibration of the complete optical 

sys tem,  which was designed 'to minimize measurement  e r r o r s .  The 

l a s e r  head was water  cooled in o rde r  to avoid changes in i t s  thermal  

environment.  All  m i r r o r s  were f i r s t  surface optical quality and were 

shielded f rom emission f rom the furnace when they were not in u s e .  A 

split  beam nulling sys t em was used in o r d e r  to compensate for  any sma l l  

changes in the source  intensity. The ent i re  optical sys tem was contained 

in a light-proof box to protect i t  f rom s t r a y  l ight.  A v e r y  stable high 

voltage power supply was used to  operate the photomultiplier tube in order 

to  avoid changes in gain. F r o m  considerations and also the reproduei- 

bility of the calibration data i t  was estimated that the g lass  temperature 
0 e r r o r  was f: 3 F .  

H3 ERROR IN HEAT FLUX 

The heat flux through the g lass  s lab  was calculated by measuring the 

gradient a c r o s s  the bottom of the ce ramic  t r a y  and applying Four ier ' s  

equation. The accuracy  of the heat flux is influenced by the following 

pa ramete r s ;  tempera ture  gradient,  measurements ,  thermal  conductiviky 

of the ce ramic ,  and the thickness of the ce ramic  plate.  The e r r o r  in 

the thermocouple reading at the top of the ce ramic  plate was estimated as 

a 3OF' in Appendix G I ,  while the e r r o r  in the lower therocouple was es- 



0 
timated to be k 1 F, as it was cemented into a s lot  in the ce ramic .  

The thermal conductivity of the ce ramic  was measured  by the Dynatech 

Corporation, Cambridge, Mass .  to  an  accuracy  of f 5%. Therefore the 

e r ror  in the heat flux measurements  was estimated to be l e s s  than k 670 
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