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ABSTRACT

The p u rp o se  of th is  study w as to  develop a m ethod  of p r e d ic ­

ting  the  to ta l flux a t a  given su rfa c e  fro m  a flam e  of a  sp ec ified  s ize  

and  g eo m etry . The ap p ro ach  taken  w as to d e te rm in e  e x p e rim en ta lly  

the  m o n o ch ro m atic  volum e em iss io n , and the  m o n o ch ro m atic  

volum e ab so rp tio n  coeffic ien t, fo r  s e v e ra l fu e ls . The tra n s p o r t  

equation  fo r an ab so rb in g  and  em itting  m edium  w as so lved  under the 

assu m p tio n s  th a t av e rag e  va lu es  fo r and 8^ could  be u sed . F ro m  

th e se  equations and the ex p e rim e n ta lly  d e te rm in ed  v a lu es  of and 8;̂  ̂

th e  h ea t flux  to su rfa c e s  fro m  fla m e s  of la r g e r  s iz e s  w as com puted.

T h ese  ca lcu la tio n s  w e re  co m p ared  w ith ra d io m e te r  read in g s  and shown 

to be in  good ag reem en t. G rap h s of J \  and fo r ace tone , m ethanol, 

cyclohexane, n -hexane , and benzene a r e  p re se n te d .

The freq u en tly  m ad e  a ssu m p tio n  th a t a  f la m e  m ay  be co n s id e red  

a sy stem  in  th erm o d y n am ic  eq u ilib riu m  w as no t re q u ire d  in  th is  a n a ly s is . 

S ince the in te n s ity  sca le  of the m o n o ch ro m ato r had  been  c a lib ra te d  fo r 

th is  e3q)erim en t, i t  w as p o ss ib le  to in v es tig a te  the v a lid ity  of the e q u ili­

b riu m  approx im ation . An inductive  a rg u m en t w as u se d  in  w hich the  flam e 

w as c o n s id e re d  to be an eq u ilib riu m  sy stem . Thus, u sing  K irch h o ff 's  Law,

iv



the  b lack  body in te n s ity  and the b lack  body te m p e ra tu re  could  be co m ­

puted . The te m p e ra tu re  thus com puted  w as found to  b e  a  s tro n g  func­

tion  of w avelength  ind ica tin g  th a t th e  assu m p tio n  of th erm o d y n am ic  

eq u ilib riu m  w as n o t va lid  fo r  th e  fla m e s  te s te d .
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A METHOD FO R THE DETERMINATION OF THE 

RADIATIVE PR O PE R T IE S O F FLA M ES

CHAPTER I 

INTRODUCTION

The ob jec t of th is  r e s e a rc h  w as to develop a m ethod  of p r e ­

d icting the ra d ia tiv e  h ea t flux  fro m  a flam e  of an a r b i t r a r y  s iz e  and ge?- 

o m etry . The an a ly s is  of the flam e w as b ased  on the t r a n s p o r t  equation 

fo r an  ab so rb in g  and  em itting  m edium . M easu rem en ts  of the m o n o ch ro ­

m a tic  volum e ab so rp tio n  coeffic ien t and the m o nochrom atic  volum e e m is ­

sion w ere  m ade on a  sm all la b o ra to ry -s iz e  flam e . T hese  p a ra m e te r s  

w ere  then u sed  in  a  com puter p ro g ra m  to  p re d ic t the ra d ia tiv e  flux 

from  la r g e r  f la m e s .

The p r in c ip a l d iffe ren ce  betw een th is  app roach  and p rev io u s  

w ork  (1, 2) on the p red ic tio n  of ra d ia tiv e  h e a t flux  fro m  flam es  w as the 

u se  of the t r a n s p o r t  equation to d e te rm in e  the em itted  ra d ia tio n . The 

g e n e ra l approach  taken  by the p rev io u s  w o rk e rs  w as to d e te rm in e  the 

rad ia te d  in te n s ity  fro m  the te m p e ra tu re  and em ittcince of the  flam e. . 

T hese  two p a ra m e te r s  w ere  m e a su re d  by som ew hat d iffe ren t m ean s  but



2

they all assumed that a flame may üb considered a system in thermody­
namic equilibrium.

Temperature measurements in flames have been discussed by 
Broida (3). He concluded that "There have been a large number of 
’temperature' determinations in hot gases and flames above 1500° K. 
Wlaile these measurements have been of value for comparison purposes, 
it is strikingly clear from the literature that methods have not yet 

been developed which give practical measurements of temperature. 
Probably this is caused more by temperature gradients and nonequil­
ibrium in the hot gases than by the methods of ’temperature’ measure­
ment,"

The determination of the emittance of the flame in references 
(l, 2 ) was made by measuring the absorptance of a flame and equating 
it to the emittance by Kirchhoff’s Law. Kirchhoff's Law can be derived 
only for a system which is in thermodynamic equilibrium with its sur­
roundings. Since a flame does not represent a system in thermody­
namic equilibrium, the applicability of Kirchhoff’s Law must be 
questioned. In Chapter V the applicability of Kirchhoff’s Law to 

flames will be discussed in more detail.
The analysis of the phenomena of combustion and a con̂ lete 

description of the chemical reactions occurring in a flame would be in 
itself a formidable task. However, spectrograms of the infrared radia­
tion emitted by a flame indicated that such a rigorous analysis was not 
necessary. The majority of the radiation emitted by the flame appeared



a s  a continuum  w hich i s  p ro b ab ly  em itted  by th e  ho t ca rb o n  p a r t ic le s .

The v ib ra tio n a l en e rg y  band of the  CO2  m o le c u le s  w hich ap p e a red  in  the

4. 2 to 4. 6 m ic ro n  w avelength  in te rv a l  a lso  gave a s ig n ifican t c o n tr ib u ­

tion  to the  to ta l e m itted  energy . F o r  ace to n e  and  m eth an o l the CO j 

rad ia tio n  gave a v e ry  s ig n ifican t co n tribu tion  to the to ta l in te n s ity . H ow ­

e v e r fo r benzene, the  continuum  is  su ffic ien tly  in te n se  th a t th e  c o n tr ib u ­

tio n  of the  CO2  rad ia tio n  w as fa ir ly  sm a ll. An in te n s ity  peak  a t th e  3. 3 

to 3. 5 m ic ro n  w avelength  in te rv a l due to th e  C -H  v ib ra tio n a l en erg y  bands 

w as u su a lly  p re s e n t  n e a r  the b a se  of the flam e . A flam e  w hich is  c h e m ­

ic a lly  reac tin g  and is  ra d ia tin g  a la rg e  p e rc e n t of i ts  en erg y  does n o t 

r e p re s e n t  an eq u ilib riu m  sy stem . In th e  re a c tio n  zone th e re  is  c e r ta in ly  

n o t an eq u ilib riu m  situ a tio n  and even in  th e  o u te r  cone the  carb o n  p a r t i ­

c le s  and the  CO2 m o le c u le s  do no t ap p ear to h av e  tim e  to e q u ilib ra te  

th e ir  energy . L a rg e  fla m e s  m ay  indeed  ap p ro ach  an eq u ilib riu m  d i s t r i ­

bution  of en erg y  and fo r sm a ll f lam e s  of m a te r ia ls  such a s  benzene an 

eq u ilib riu m  m ay  be ap p ro ach ed . H ow ever, in  g e n e ra l, the  th e rm o d y n a­

m ic  eq u ilib riu m  a ssu m p tio n  m u s t be questio n ed  fo r  f la m e s .

F o r  th e se  re a so n s  an an a ly s is  fo r  the rad ia tio n  fro m  a flam e 

w as p ro p o sed  fo r th is  ex p e rim en t w hich does n o t r e q u ire  an eq u ilib riu m  

assu m p tio n  but r a th e r  w as b ased  on th e  d iffe re n tia l equation d e sc rib in g  

the  in te n s ity  , ,r ra d ia tio n  a s  a  function of o p tica l pa th  leng th  in  a  flam e .

The tra n s p o r t  equation fo r  th e  in te n s ity  in  an ab so rb in g  and  e m it­

ting  m edium  is  A



= - + J^(x) (1)
dx 

w h ere

is  the m ono ch ro m atic  in te n s ity  

X is  the o p tica l path  length

is  the m o n o ch ro m atic  volum e ab so rp tio n  coeffic ien t 

J^  is  the m ono ch ro m atic  volum e em iss io n  

in troducing  an in teg ra tin g  fac to r

di rPj^(x)dx rB^(x ldx  re^ (x )dx
^  e j  + 3j^(x)It^ e j  / = J ^ x )  e j  (2)

o r

, / 3,(x)dx\ r3i(x)dx

I t is  n o t p o ss ib le , how ever, to d e te rm in e  e x p e rim en ta lly  the  functional 

re la tio n sh ip  betw een 3^ and x. The value fo r 3^ d e te rm in e d  by th is  ex ­

p e r im e n t w as the av e rag e  of 3^(x) over the o p tica l path  leng th  of the 

flam e o b se rv ed . T h e re  is , of co u rse , som e question  of w hether the 

sam e av e ra g e  value of 3^ w ill apply  to the la r g e r  f la m e s . E x p e rim en ta l 

evidence, w hich w ill be d isc u sse d  la te r ,  in d ica tes  th a t such an a s su m p ­

tion  ho lds fo r p ra c t ic a l  p u rp o se s

e^^^ = J J ^ x )  e® ^^dx+  c (4)

A gain the sam e  arg u m en t of ex p erim en ta lly  d e te rm in in g  an av erag e



w as u sed  to obtain:

-  J ,
= - A | ------ + c 15)

o r

I, = ^  + c e " V  (6)

F ro m  the boundary  condition = 0 a t x  = 0, a value fo r  c m ay  be o b ­

ta in ed  and the equation becom es

1 ^ = ^  ( l - e - V )  (7)

F o r  a f la m e  having an op tica l pa th  leng th  of a, the in te n s ity  em itted  is

given by:

^Xb "

H ow ever, if  the  flam e is  illu m in a te d  by a  so u rce  of in te n s ity  the

evaluation  of the constcint in  equation (6) gives

I , = (1 - e'®X^) + I e"^X^ (9)
X 8^ Xc

w hich fo r a  flam e  of op tica l path  leng th  a becom es

Thus g m ay  be d e te rm in e d  fro m  equation (10) and knowing 

th is , m ay  be com puted fro m  equation  (8) s ince  the sp e c tro m e te r  w as 

c a lib ra te d  in  te rm s  of in ten sity , P u ttin g  th ese  va lues back  in to  equation



(7), one m ay  d e te rm in e  the em itted  in te n s ity  fro m  a flam e of any o p tica l 

path  leng th .

F ig u re  1 is  a sch em atic  lay o u t of the o p tica l sy s tem  u se d  to 

m ake the  in te n s ity  m e a su re m e n ts . M ir r o r  M^ focused  the ra d ia tio n  fro m  

the  flam e onto the en tran ce  s li t  of a  P e rk in -E lm e r  M odel 12-C S p e c tro ­

m e te r .  M ir r o r  Mg focused  the im age of the g lobar in  the  sam e  p lane  as 

the o b jec t p lan e  of m i r r o r  M 2 . M ir r o r s  Mĵ  and M^ a r e  p lan e  m i r r o r s .

The p ro c e d u re  fo r obtaining the  m e a s u re d  va lues of I. , IA.& \D

and w as a s  fo llow s. F i r s t ,  a sp e c tro g ra m  w as taken of th e  sum  of 

the in te n s ity  em itte d  by the flam e and th a t p o rtio n  of the  in te n s ity  e m it­

te d  by th e  g lo b ar w hich w as tra n s m it te d  th rough  the flam e . A sh u tte r  

w as then p lac ed  in  fro n t of the g lo b ar and  a sp e c tro g ra m  of th e  in te n s ity  

em itted  by the flam e  w as taken . The te m p e ra tu re  of the g lo b ar w as r e ­

co rd ed  th roughou t the f i r s t  sp e c tro g ra m . Since the output of the  sp e c ­

tro m e te r  had  been  c a lib ra te d  in  te rm s  of in ten sity , could  be d e te r ­

m in ed  fro m  the  f i r s t  sp e c tro g ra m  and could be d e te rm in e d  fro m  the 

second sp e c tro g ra m . The te m p e ra tu re  of the  g lo b ar w as found to v a ry  

som ew hat due to  lin e  vo ltage  flu c tu a tio n s . Thus, in  o rd e r  to  d e te rm in e  

the in ten s ity  in c id en t on the flam e fro m  the te m p e ra tu re  of the  g lobar, 

a re fe re n c e  in te n s ity  c a lib ra tio n  cu rv e  w as taken  ju s t  p r io r  to  ign iting  

the  flam e . The re fe re n c e  in te n s ity  c a lib ra tio n , I , w as a  scan  of the 

in ten s ity  of ju s t  th e  g lo b ar taken  s im u ltan eo u sly  w ith a  te m p e ra tu re  

re c o rd  of th e  g lo b ar, Tj,. Then, knowing the te m p e ra tu re  of the  g lobar.
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Tg, during the  data  ru n s  to d e te rm in e  the ab so rp tio n  coeffic ien t of the 

flam e, the in ten sity  could  be d e te rm in e d  from

I

Cg/XT^
(e " - 1)

The w avelength  c a lib ra tio n s  of the sp e c tro m e te r  w ere  m ade by 

o b se rv in g  se v e ra l a b so rp tio n  p eak s  of 1, 2, 4 trich lo ro b en zen e , toluene, 

p o ly sty ren e , and didym ium  g la s s . The w avelength  of s e v e ra l ab so rp tio n  

p eak s  have been a c c u ra te ly  d e te rm in e d  by P ly le r(4 , 5, 6). The w av e­

leng th  c a lib ra tio n s  of the  Mo d e l-12 C P e rk in -E lm e r  S p e c tro m e te r  then 

b ecam e a m a tte r  of iden tify ing  the ab so rp tio n  peaks id en tified  by P ly le r  

and  m e asu rin g  th e ir  lo ca tio n s  w ith  re sp e c t to the se ttin g  of the w av e­

leng th  d rum  on the sp e c tro m e te r .

A bsolu te  in te n s ity  c a lib ra tio n s  of a s p e c tro m e te r  involved fin d ­

ing the re la tio n sh ip  betw een the output of the rad ia tio n  d e tec to r  and in ­

te n s ity  inc iden t on i ts  f ro n t s li t .  To d e te rm in e  th is  re la tio n sh ip  se v e ra l 

e ffec ts  of the ex te rn a l and in te rn a l op tics  had  to be d e sc rib e d  p ro p e rly . 

A ll of the  effects  d e sc rib e d  w ill be d isc u sse d  in  m o re  d e ta il in  C h ap te rs  

11 and 111.



CH A PTER II

EQUIPM ENT

S p e c tro m e te r

The sp e c tro m e te r  u se d  in  th is  ex p erim en t w as a  P e rk in -E lm e r  

M odel 12-C Single P a s s  In fra re d  S p e c tro m e te r. C om plete s e ts  of N aCl 

and  q u a rtz  o p tics  w ere  av a ilab le  w hich in  conjunction w ith the th e rm o ­

couple, le a d  sulfide, and p h o to m u ltip lie r  d e te c to rs  gave a cap ab ility  of 

o bserv in g  the sp ec tru m  fro m  0. 5 to 15 m ic ro n s . The s p e c tro m e te r  w as 

u se d  to obtain  the  in ten sity  v e rs u s  w avelength  data fro m  w hich and 

w ere  com puted. In o rd e r  to in te rp r e t  th e se  data  p ro p e rly , s e v e ra l 

p a ra m e te r  : cx the sp e c tro m e te r  and the  ex te rn a l o p tics  h ad  to be analyzed.

The ex te rn a l op tics sy s tem  u sed  in  th is  ex p e rim en t is  shown in 

F ig u re  1. T his sy stem  fo cu ses  the im ag e  of tlie ra d ia tio n  so u rc e  onto 

the p lane  of the  fro n t s li t  of the sp e c tro m e te r . Thus, th e  fro n t s li t  d e ­

te rm in e s  the a r e a  of the so u rc e  w hich the sp e c tro m e te r  o b se rv e s . The 

back  s l i t  d e te rm in e d  w hat w avelength  in c re m en t of the s p e c tra  w as o b ­

se rv e d  by the d e te c to r . The e ffec t of th ese  s li ts  w as an a ly zed  in  o rd e r  

to d e te rm in e  a good co m p ro m ise  fo r the se tting  of the s l i t  w idth. The 

s l i ts  m u s t be se t w ide enough a p a r t  to in su re  good s p e c tra l  p u rity ;

9
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how ever, the s p e c tra l  h a lf  w idth in c r e a s e s  a s  the s li t  w idth in c re a s e s  

and i t  i s  d e s ira b le  to have a sm a ll s p e c tra l  h a lf  w idth.

The e ffec ts  of the s li ts  fo r  a  sy s tem  w h ere  the ra d ia tio n  so u rce  

w as focused  onto th e  pleine of th e  en tra n c e  s l i t  w as ana lyzed  on the  b a s is  

of the follow ing a rg u m en ts . The so u rc e  w as co n s id e red  to  be d iv ided  

in to  in f in ite s im a l reg io n s  and the ra d ia tio n  w as divided in to  in fin ite s im a l 

w avelength  in te rv a ls .  Thus, the effec t of a  m o n o ch ro m atic  p o in t so u rce  

w as co n s id e red . Once the effect of a m o n o ch ro m atic  po in t so u rc e  w as 

u nderstood , th e  effect of a f in ite  s iz e  continuum  so u rce  could  be argued .

The so u rc e  of rad ia tio n  fo r th is  ex p e rim en t w as e ith e r  a g lobar 

o r  the f lam e . T h e re fo re , the  rad ia tio n  p a ss in g  through the en tran ce  

s li t  w as e s se n tia lly  n o n co h eren t s in ce  each  po in t on the so u rc e  em itted  

ra d ia tio n  w hich h ad  no fixed  p h ase  re la tio n  w ith the  rad ia tio n  em itted  

fro m  any o th e r  po in t on the so u rce . I t  w as im p o rta n t to  m ak e  th e  d is ­

tin c tio n  betw een co h e ren t and n o n co h eren t rad ia tio n  b ecau se  th e re  would 

be no d iffrac tio n  p a tte rn  caused  by the  en tran ce  s l i t  fo r n o n co h eren t 

rad ia tio n . No so u rc e  is  com ple te ly  c o h e re n t o r  n o n co h eren t but fo r a 

f in ite  s iz e  so u rc e  w ith an im ag e  fo rm e d  on the  entraij.ce s l i t  the nonco­

h e re n t ap p ro x im a tio n  is  quite good (7). Thus, i t  w as a s su m e d  th a t the 

d iffrac tio n  effec t of the en tran ce  s l i t  could  be neg lected .

The effec t of a po in t so u rc e  p la ce d  a t the en tran ce  s l i t  of the 

s p e c tro m e te r  w as co n s id e red . F ig u re  2 is  a  layou t of the  in te rn a l  op ­

t ic s  of the  M odel 12-C P e rk in -E lm e r  S p e c tro m e te r. In th is  in s tru m e n t
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m ir r o r  M3 is  the c o llim a to r  and the te le sc o p e  m ir r o r .  This h a s  the 

sam e effect a s  the co llim a to r  len s  and the te le sc o p e  len s  in  the optic 

sy stem  of the s im p le  sp ec tro sco p e  shown in  F ig u re  3. The two sy s tem s  

a r e  equ ivalen t as  f a r  a s  the  s li t  effec ts  a r e  concerned . Thus, the s im ­

p le  sp ec tro sco p e  in  F ig u re  3 w as analyzed , s in ce  i t  is  e a s ie r  to v is u a ­

l iz e  the d iffrac tio n  phenom ena on th is  sp ec tro sco p e .

The effect of the p r is m  is  twofold. F i r s t ,  i t  d isp e rs e s  the r a d ia ­

tion  into i ts  sp ec tru m  and second, fo r the M odel 12-C sp e c tro m e te r , i t  

is  the lim itin g  a p e r tu re  fo r  the lig h t path  th rough  the sp e c tro m e te r . C on­

s id e rin g  only a  m o n o ch ro m atic  lig h t so u rce , the d iscu ss io n  m ay  be f u r ­

th e r  s im p lified  since  the bending of the ra y s  by the  p r is m  m ay  be n e ­

g lec ted  and only the lim itin g  a p e r tu re  effec t of the  p r is m  w ill be con­

s id e re d . F ig u re  4 shows the optic sy stem  co n sid e rin g  only the a p e r tu re  

e ffec t of the p r is m .

The a p e r tu re  effect of the p r is m  w ill give r is e  to a d iffrac tio n  

p a tte rn  in the focal p lane of the te le sc o p e  le n s . To d e te rm in e  co m p le te ly  

the  shape of the d iffrac tio n  p a tte rn  p ro d u ced  by a po in t so u rce  in  the e n ­

tra n c e  s lit, i t  i s  n e c e s s a ry  to  co n s id e r both the  w idth and heigh t of the 

a p e r tu re .  This p a tte rn  is  ca lled  the  F rau n h o fe r  d iffrac tio n  p a tte rn  fo r 

a  re c ta n g u la r  a p e r tu re . R o ssi (8) gave a  r ig o ro u s  tre a tm e n t of th is  and 

d e riv ed  the e x p ress io n

Ip -  Iq
sin^ a s i n ^  I (11)
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fo r  the  in te n s ity  a t any poin t P  in the  focal p lane of the te le sc o p e  le n s . 

F ig u re  5 show s th e  co o rd in a te  sy s tem  u se d  in conjunction  w ith th is  ex ­

p re s s io n . The q u an tities  a  and g a r e  given by the e x p re ss io n s

a = (1^)

w h ere  Y and Z a r e  the c o o rd in a te s  in  the  focal pleine of the te le sc o p e  

len s , S , a  and b a r e  the  w idth and he igh t of the  e ffec tiv e  a p e r tu re  of 

th e  p r is m , f i s  th e  focal leng th  of the te le sco p e  le n s , and  X is  the  w ave­

leng th . Equation 11 g ives the  in te n s ity  a s  a  function of th e  in te n s ity  a t 

th e  c e n te r  of th e  d iffrac tio n  p a tte rn  in  the  focal p lane . The in te n s ity

d is tr ib u tio n  along the  Y ax is  (g = 0) is  given by

I p  = Iq 
a

w hich is  g rap h ed  in  F ig u re  6. The m ax im a  and m in im a  of equation 14 

a r e  g iven by

sina(a cos a -s in  a) = 0 (15)

The v a lu es  of a  w hich sa tis fy  th is  equation a re  d e te rm in e d  fro m

sin  a  = 0 and ta n a  = a  (16)

The v a lu es  of a  w hich sa tis fy  s in  a  = 0 , a  = + nrr w h ere  n  = 1, 2, 3 , ---- ,

w ill give th e  m in im um  valu es  of I-p. The m ax im a of equation  14 a r e
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fo r  the values of a  w hich sa tis fy  the tra n sc e n d e n ta l equation t a n a  = a . 

The f i r s t  four v a lu es  of a  which sa tis fy  the tra n sc e n d e n ta l equation a r e  

0, 4 . 4 9 3 , 7. 725, and  10. 904. The values of in te n s ity  fo r the  c e n tra l 

m axim um  cind the  n ex t th re e  m ax im a a r e

(17)

I p  = I q c e n tra l  m ax im um

I p  = 0. 0472 Iq second  m axim um  

I p  = 0. 0159 Iq th ird  m ax im um  

I p  = 0. 0083 I q fo u rth  m axim um

The d is tan ce  § to the f i r s t  d iffrac tio n  m in im um  on the lin e  Z = 0 

in  the p lane S  o c c u rs  a t  a  = IT o r  fro m  equation 12

a  = rr = — (18)

Y = ^  (19)

F o r  the M odel 12-C  P e rk in  E lm e r  S p ec tro m e te r, f = 27 c e n tim e te rs  and 

a  i s  ap p ro x im ate ly  7 c e n tim e te rs ; so, fo r th e  w avelength  of X = 5 m ic ro n s , 

Y = 21. 7 m ic ro n s .

The p reced in g  d iscu ss io n  co n s id e red  the d iffrac tio n  p a tte rn  

due to a  poin t so u rc e . This re p re s e n ts  in  p ra c t ic e  the effec t of an en ­

tra n c e  s li t  w hose g eo m etric  im age  onto the p lan e  S  is  v e ry  n a rro w  as 

co m p ared  to the w idth of the c e n tra l d iffrac tio n  m ax im um . F o r  the f iv e - 

m ic ro n  c a se  c a lcu la ted  above the c e n tra l m ax im um  would be 45. 4 m ic ro n s
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in  w idth, so an en tra n c e  s l i t  w hose g e o m e tr ic  p ro je c tio n  on the fo ca l 

p lan e  is  2 m ic ro n s  w ide w ould p ro d u ce  th is  d iffrac tio n  p a tte rn . The 

M odel 12-C sp e c tro m e te r  h a s  the  sam e focal len g th s  fo r the  c o llim a to r  

and  the te le sc o p e  giving a  m agn ifica tion  of 1 fo r  th e  o p tica l sy s tem . 

Thus, the  g eo m etric  p ro je c tio n  of the en tran ce  s l i t  onto the S  p lan e  is  

th e  sam e s ize  a s  th   ̂ e n tra n c e  s lit.

Since the  rad ia tio n  so u rce  w as c o n s id e re d  to be noncoheren t, 

th e re  is  no d iffrac tio n  p a t te rn  cau sed  by the  e n tra n c e  s li t .  Thus, the 

effec t of opening the s l i t  to th re e  tim e s  i ts  o r ig in a l w idth i s  the  sam e 

a s  p lac ing  an o th e r s li t  l ik e  the o rig in a l s li t  on e ith e r  side of i t .  The 

in te n s ity  p a tte rn  on the S  p lan e  is  equal to the sum  of th re e  p a tte rn s  of 

th e  type shown in  F ig u re  6 except th a t the c e n tra l  m ax im a  of the two 

new  p a tte rn s  a r e  d isp la ce d  s ligh tly . The e ffec t of opening the en tran ce  

s l i t  fro m  a v e ry  th in  s l i t  to a  s l i t  w idth th re e  tim e s  i ts  o r ig in a l w idth 

i s  to  in c re a s e  the  peak  in te n s ity  to  ap p ro x im a te ly  th re e  tim e s  i ts  o r ig ­

in a l value w hile in c re a s in g  the  w idth of the  c e n tra l  m ax im um  only 

s lig h tly .

F u r th e r  in c re a s in g  the s li t  w idth h a s  the e ffec t of adding m o re  

th in  s li ts  to the side of th e  o rig in a l s li t  and the  in te n s ity  p a tte rn  is  equal 

to  the  sum  of m any  th in - s l i t  d iffrac tio n  p a tte rn s  a ll  s lig h tly  d isp laced . 

The addition  of the  d iffrac tio n  p a tte rn s  h as  the e ffec t of in c re a s in g  the 

in te n s ity  of the c e n tra l  m ax im um  a s  the s l i t  i s  w idened . H ow ever, when 

th e  s l i t  i s  w ide enough th a t i ts  g eo m e tr ic  im ag e  on th e  S  p lan e  i s  equal
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to  th e  w idth  of the  c e n tra l  d iffra c tio n  m axim um  of th e  th in  s lit, fu r th e r  

in c re a s in g  the w idth of the  e n tra n c e  s li t  w ill add n eg lig ib ly  to the  in te n ­

s ity  a t th e  po in t Y = 0. T his i s  tru e  b ecau se  the  second, th ird , e tc . 

m ax im a  a r e  qu ite  sm a ll a s  co m p ared  to the c e n tra l m ax im um . As the 

e n tra n c e  s l i t  is  opened beyond th is  w idth th e  effect i s  to in c re a s e  the 

w id th  of th e  p a tte rn  on the  S  p lan e  w ithout in c re a s in g  th e  in te n s ity  a t th e  

p o in t Y = 0 thus c re a tin g  a sq u a re -to p p ed  in te n s ity  p a tte rn  a s  shown in 

F ig u re  7. In m o s t ap p lica tio n s  and fo r ab so lu te  in te n s ity  c a lib ra tio n s  

in  p a r t ic u la r ,  i t  is  d e s ira b le  to  have a  f la t- to p p ed  in te n s ity  p a tte rn  on 

the  S  p lan e  s in ce  u n d er th e se  c irc u m s ta n c e s  the effec t of d iffrac tio n  

m a y  be n eg lec ted . Also, the  im ag e  in  the S  p lan e  m ay  be a ssu m ed  to 

be the  o p tica l im ag e  of the  en tra n c e  s li t  a s  d e te rm in e d  by g eo m etric  

o p tic s .

F ro m  the  p reced in g  co n s id e ra tio n s , i t  i s  n e c e s s a ry  to u se  a 

s l i t  w idth of 45. 4 m ic ro n s  to ob ta in  a f la t- to p p ed  p a tte rn  a t  a w avelength  

of 5 m ic ro n s . Thus, an  en tra n c e  s l i t  w idth of 100 m ic ro n s  w as u sed  in  

th e se  ex p e rim en ts  to in s u re  th a t d iffrac tio n  e ffec ts  w e re  neglijgible over 

th e  w avelength  in te rv a l u sed  (1 to 6 m ic ro n s ) .

In the  M odel 12-C sp e c tro m e te r  a  second s l i t  i s  p laced  in  the 

fo ca l p lan e  of the te le sc o p e . T his s l i t  is  m ech an ica lly  connected  to the 

e n tra n c e  s l i t  and, thus, a lw ays h a s  th e  sam e w idth . The effect of th is  

s l i t  i s  to  p a s s  only a p o rtio n  of the  in te n s ity  into the  d e te c to r . If the 

d iffrac tio n  effect is  n eg lig ib le , the in ten s ity  a t the ex it s l i t  w ill be an
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im ag e  of th e  in te n s ity  p a s se d  by th e  en tran ce  s li t .  S ince th e  so u rce  of 

rad ia tio n  w as assu m ed  to be n o n co h eren t, th e re  w ill be no d iffrac tio n  

due to  th e  ex it s lit.

T he effect of a continuum  lig h t so u rce  ra th e r  than  a  m o n o ch ro ­

m a tic  lig h t so u rce  m u s t be an a ly zed  to com plete  the d isc u ss io n  of s lit  

e ffec ts . S ince the d iffrac tio n  e ffec ts  a r e  n eg lig ib le  fo r  a  s l i t  w idth of

0.1 m il l im e te r s ,  the in te n s ity  p a tte rn  in  the p lane of the ex it s l i t  is  the 

o p tica l p ro je c tio n  of the  en tra n c e  s l i t .  The d isp e rs iv e  e ffec t of a p r is m  

is  to bend the in te n s ity  of a  g iven  w avelength  through a fixed  angle and, 

thus, d e te rm in e  the lo ca tio n  of the  im age of the  e n tran ce  s l i t  on the exit 

s l i t  p lan e . The angle th rough  w hich the  in ten s ity  beam  is  ben t by the 

p r is m  w ill depend on i ts  w avelength . Thus, fo r ev e ry  in fin ite s im a l 

w avelength  in te rv a l th e re  w ill be an im age of the en tra n c e  s l i t  a t  a d if­

fe re n t p la c e  on the ex it p lane. F o r  a continuum  ra d ia tio n  so u rc e  th e re  

w ill be overlapp ing  of the en tran ce  s l i t  im ag es  fro m  m any  w avelength  

in c re m e n ts  on the ex it s lit.

The following a rg u m en t can  be u sed  to c o n s tru c t th e  in ten sity  

d is tr ib u tio n  v e rsu s  w avelength  a t  the  ex it s l i t  fo r a  continuum  rad ia tio n  

so u rce . S ince the en tran ce  and ex it s li ts  a re  alw ays the sam e  w idth 

and  s in ce  the op tica l sy stem  h a s  a m agn ifica tion  of unity , the w idth of 

th e  im ag e  of the  en tran ce  s li t  co inc ides w ith the w idth of the  ex it s li t  

fo r  som e w avelength  Xq* F o r  the w avelengths Xq + 6X, w h e re  6Xis 

som e sm a ll in c re m e n t of w avelength , the im age of the en tra n c e  s li t
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w ill be d isp laced  s ligh tly  w ith r e s p e c t  to th e  ex it s l i t  due to the d is p e r ­

sion of the p r is m . F o r  th e se  w avelengths p a r t  of the  in te n s ity  w ill be 

blocked fro m  p a ssa g e  through the ex it s li t .  As àX in c re a s e s ,  a  la r g e r  

am ount of the in ten s ity  w ill be  b locked  fro m  p a ssa g e  th rough  the exit 

s li t  u n til fin a lly  a t X = Xq + A X. a ll  in te n s ity  w ill be b locked  and fo r  a ll 

w avelengths o u tsid e  th is  in te rv a l th e re  w ill be no co n trib u tio n  to the in ­

ten s ity  p ass in g  th rough  the ex it s lit . The lim itin g  w avelength  in c r e ­

m ent, AX, equals the w avelength in c re m e n t co v ered  by the  f in ite  w idth 

of the ex it s li t .  F ig u re  8 shows the  d is tr ib u tio n  of w avelength  v e rsu s  

the ra tio  of the m o nochrom atic  in te n s ity  p a s se d  th rough  the  ex it s l i t  to 

the m o n o ch ro m atic  in ten sity  in c id en t on the p lane of the ex it s li t .  To 

d e te rm in e  the to ta l in ten sity  p a ss in g  th rough  the exit s lit, the  in te g ra l 

of I^, th e  in c id en t in ten sity  on the en tra n c e  s lit, tim e s  the  shape of the  

d is tr ib u tio n  function shown in  F ig u re  8 m u s t be p e rfo rm e d . Thus, the 

in ten s ity  p a ss in g  through the ex it s l i t  is

r  = I I, I-ÎT - TT- iXn - AX)I dX’‘J h & *’̂>1
X . Q - A X

X q + A X
(2 0 )

The w avelength  in c rem en t, AX, v e rsu s  X w ill be com puted 

la te r .  H ow ever, fo r a 0.1 m il l im e te r  ex it s li t  w idth AX is  quite  sm all
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and th e  m ean  value ru le  m ay  be u sed  to ev alu a te  the  above equation 

r a th e r  than  p e rfo rm in g  the  ac tu a l in te g ra l. Thus, the  in ten s ity  p a s se d  

by th e  ex it s l i t  is  g iven a p p ro x im a te ly  by

I = AXIĵ q. (21)

An a n a ly s is  of the e r r o r  in tro d u ce d  by using  th e  m ean  value  ru le  fo r 

in te g ra tio n  w ill be d isc u s s e d  in  C hap ter III.

The d iffrac tio n  e ffec ts  d isc u sse d  above give a lo w er lim it to 

th e  s l i t  w idth fo r the  sp e c tro sc o p e . The u p p er l im it  is  d e te rm in e d  fro m  

the  re la tio n sh ip  betw een the  m ech an ica l s li t  w idth and  the  s p e c tra l s li t  

w idth . I t  w as d e s ira b le  to have a s  sm all a  s p e c tra l  s l i t  w idth a s  p o s s i ­

b le . Thus, the lim itin g  s l i t  w idth d e te rm in e d  fro m  the  d iffrac tio n .e ffe c t 

of 0 .1 m il l im e te r  w as u sed .

The M odel 12-C P e rk in -E lm e r  S p e c tro m e te r  i s  a  L ittro w  type 

p r is m  s p e c tro m e te r  w ith in te rn a l o p tics  shown sc h e m a tic a lly  in  F ig u re  

2. The L ittro w  m i r r o r  is  p lac e d  n o rm a l to the  d isp e rs e d  beam  e m e r ­

ging fro m  the  p r is m . F o r  som e p a r t ic u la r  w avelength , a s  d e te rm in ed  

by the  o rie n ta tio n  of the  m i r r o r ,  the em erg en t beam  is  p a s se d  back  

th rough  the p r is m  and focused  by the te le sc o p e  onto the  ex it s l i t .  The 

sp e c tru m  is  scanned  by ro ta tin g  th e  L ittro w  m i r r o r .

The s p e c tra l  s li t  w idth, AX, of the  ex it s l i t  i s  the sum  of two 

te r m s .  The f i r s t  te rm  m ay  be com puted  fro m  the  d isp e rs io n , d@/dX, 

of the  p r is m  and o p tica l sy s tem  w h ere  S is  the cingle th rough  which the
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beam  i s  b en t by the p r is m . T he second te rm  is  the  R ayleigh  te rm  which 

accoun ts  fo r the  reso lv in g  pow er of the te le sc o p e . This te rm  is  co m ­

puted  fro m  co n sid e ra tio n  of how fa r  a p a r t  two o b jec ts  m u s t be  in  o rd e r  

fo r  a  te le sc o p e  to d istingu ish  them . Due to the d isp e rs io n  of the p r is m  

the im ag e  of the  en tran ce  s l i t  i s  d isp laced  fo r d iffe ren t w aveleng ths. 

Thus, the  R ayleigh te rm  d e te rm in e s  the m in im um  w avelength  in te rv a l 

w hich can be re so lv ed  by a sp e c tro m e te r . The two te rm s  m u s t be added 

to d e te rm in e  the sp e c tra l s li t  w idth, since the f i r s t  te rm  com putes the 

s p e c tra l  s li t  w idth if  the te le sc o p e  could p re c is e ly  re so lv e  two ob jec ts  

and the second  te rm  d e te rm in e s  the add itional s p e c tra l  in te rv a l  due to 

th e  fac t th a t th e  w avelength can only be d e te rm in e d  to  w ithin  a  c e r ta in  

in te rv a l Al. r .

The equation fo r the s p e c tra l  s l i t  w idth m ay  be d e riv e d  from  

the  follow ing a rg u m en t. The an g u la r d isp e rs io n  of the  M odel 12-C sp e c ­

tro m e te r , A0/AX» m ay  be equated  to two t im e s  the  an g u la r d isp e rs io n  of 

the p r is m  since  fo r a  L ittro w  m ount sp e c tro m e te r  the ra d ia tio n  p a s se s  

th rough  the p r is m  tw ice.

w h ere  n is  the  index  of re fra c tio n  of the p r is m  m a te r ia l .  The e x p re s ­

sion fo r d 0 /d n  m ay  be com puted fro m  the  equation fo r the index  of r e ­

f ra c tio n  fo r  a  p r is m .
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d6 _ 2 s in (A /2 )
dn

(23)
| l  -  s i n 2 ( A / 2 ) j ^ / ^

w h ere  A is  the apex  angle of the p r is m .

Com bining th e se  two equations y ields

[l -  n^ s in ^ (A /2 ) j   ̂ û 0
a X d =  f ----------------- i---------  (24 )

2 f  [2 sin(A/2^

The A 9 of in te r e s t  fo r  com puting the  s p e c tra l s li t  w idth fo r  th e  ex it s l i t  

is  given by

AG = S /d  (25 )

w h ere  S is  the m ech an ica l s l i t  w idth and d is  the focal leng th  of the t e l e ­

scope. The s p e c tra l  s l i t  w idth due to the d isp e rs io n  of the p r is m  is  

given by
|l  - n^ sin^(A /2]|

dA.

To com pute the R ayleigh  te rm , AXĵ » a so u rce  em itting  two 

m o n o ch ro m atic  lin e s  w ill be co n s id e red . The p r is m  w ill s e p a ra te  th e se  

two w aveleng ths so th a t two im ag es  of the  en tran ce  s li t  s e p a ra te d  by 

som e d is tan ce  w ill be p re se n te d  to the te le sc o p e . D iffrac tio n  w ill o ccu r 

in  the te le sc o p e  even if  the e n tra n c e  s l i t  i s  open w ide enough to e lim ­

in a te  F ra u n h o fe r  d iffrac tio n . R ay le ig h 's  c r i te r io n  fo r d e te rm in in g  

when two lin e s  can be re so lv e d  by a  te le sc o p e  is  th a t the c e n tra l  m a x i­

m um  of one d iffrac tio n  p a tte rn  m u s t be c e n te re d  over the  f i r s t  m in im um
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of th e  second p a tte rn . F ig u re  9 g ives the  co o rd in a te  sy s te m  fo r th is  

d iscu ss io n . The ang le  9 r e p re s e n ts  the  an g u la r se p a ra tio n  betw een the  

c e n tra l m ax im um  and the f i r s t  d iffrac tio n  m in im um . F o r  th e  R ay le igh  

c r i te r io n  to  be fu lfilled , th is  m u s t be equal to the  an g u la r se p a ra tio n  $ 

of the  two im a g e s . F o r  the  d is tan ce  § to  co incide  w ith the f i r s t  d if f ra c ­

tion  m in im um  of the d iffrac te d  im ag e  of Xp the, ex p re ss io n  fo r  0 m u s t be

sin  0 = X/a (27)

w h ere  a  is  the lim itin g  a p e r tu re .  F o r  sm a ll an g les  th is  m ay  be a p p ro x i­

m a te d  by

0 = X/a (28)

This r e s u l t  i s  t ru e  only  fo r re c ta n g u la r  a p e r tu re .  H ow ever, s in ce  the 

p r is m  a c ts  a s  the  lim itin g  a p e r tu re  in  th e  M odel 12-C sp e c tro m e te r , 

th is  equation is  v a lid  fo r  th is  a n a ly s is .

E quation  22 is  v a lid  fo r  the R ayleigh  te rm

T he R ayleigh  te rm  accoun ts  fo r the  an g u la r sep a ra tio n  of two lin e s  in

o rd e r  fo r them  to be re so lv ed . T h e re fo re , the an g u la r s e p a ra tio n  A0

fo r equation 2 9  m u s t be the  m in im um  an g u la r  sep a ra tio n  of two lin e s  

w hich can be re so lv e d  and, thus, equals X /a a s  shown in  equation  28.

If the in c id en t beam  co m p le te ly  f il ls  s ide  AB of th e  p r is m  in  F ig u re  10
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i t  can  be shown th a t

and s in ce
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cos i = (30)

then

t  = 2AB sin(A /2) (32)

w h ere  t  is  the th ick n ess  of the b a se  of the p r is m . Com bining equations 

30 and 32

L  = ^ sin (A /2) _ 2 sin(A /2)

(1 - s in ^ i)^ '" 'a  c o s i  /, 2 . J / 2

o r  u sin g  S n e ll 's  law of re fra c tio n

t  _ 2 sin(A /2)
a ,1 ^ 2 - 2  a /2 (34)

(1 - n  s in ^ a )

F o r  a p r is m  ad ju sted  fo r the ang le  of m inim um  deviation  a s  shown in 

F ig u re  10, the angle a equals the angle A /2  so equation 34 becom es

i  = 2 sin(A /2)

A co m p ariso n  of equations 23 arid 35 shows th a t

i  (36)
a dn

S ubstitu ting  equation 36 and the e3q>resBion = \ / a  into equation 29
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g ives

dX

A s d isc u sse d  above, the s p e c tra l  s li t  w idth, AX» is  given by

AX = AX +  AXj^ ( 3 8 )

or

A X —
1 - n^ sin^(A /2)|^^^

4 ^  sin (A /2 ) d 2 t ^
dX dX

Thus, the s p e c tra l  s li t  w idth i s  a  function  of the  exit s li t  w idth, S. I t  

w as d e s ira b le  to  u s e  a sm all s p e c tra l  s l i t  w idth  in  th is  ex p e rim en t s in ce  

the d e te c to rs  re c e iv e  en erg y  fro m  a w avelength  ran g e  of 2 AX. Thus, a 

co m p ro m ise  m u s t be m ade in  choosing the  s l i t  w idth, s in ce  the  s l i t  m u st 

be w ide enough to  m in im ize  the effect of F ra u n h o fe r  d iffrac tio n  but m u st 

be kep t n a rro w  to give a  sm all s p e c tra l  s l i t  w idth.

V alues of the index  of re fra c tio n , n, a s  a function of w avelength  

w e re  re c o rd e d  by B aly (9). The e m p iric a l cu rv e  f it  w hich he  re c o rd e d  

fo r th e se  d a ta  is  given by

,2 _ ^2 , ^ 2n = ^  (40)
'2

7 2 2
w h ere  a  = 5.1790, = 0. 018496, X̂ " = 0# 01621, M£ = 8977. 0, X-̂  =

3149. 3 and X i s  w avelength  in  m ic ro n s . The d e riv a tiv e  of the  index  of
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r e f ra c tio n  w ith r e s p e c t  to  w avelength  m ay  be com puted fro m  equation  40 

and u se d  in  equation  39 to d e te rm in e  A \. F o r  the M odel 12-C P e rk in -  

E lm e r  S p e c tro m e te r  w ith a N aCl p r is m  the  v a lu es  fo r  the q u an titie s  in  

equation 39 a r e  a s  fo llow s: A, the  apex ang le  of the p r ism , is  60°; d, the 

focal leng th  of the  te le sc o p e  m ir r o r ,  is  27 c e n tim e te rs ;  and t, the  length  

of the  b ase  of the p r is m , is  7. 5 c e n tim e te rs .  T able 1 g ives the  com puted  

va lu es  of AX, AXq i AX n, and dn/dX a s  a  function of w avelength  fo r a 

s l i t  w idth of 0.100 m il l im e te r s .

The M odel 12-C sp e c tro m e te r  w as u se d  to scan  w avelength  co n tin ­

uously . The L ittro w  m i r r o r  w as ro ta te d  by a m ech an ica l linkage  and a 

m o to r d riven  shaft to scan  the sp ec tru m  p a s t  the  fixed  ex it s li t .  I t w as 

n e c e s s a ry  fo r the r a te  of scanning to be slow enough th a t the change in  

w avelength  p e r  p e r io d  of the chopper due to  scanning be sm a ll a s  c o m ­

p a re d  to the  aX being  view ed by the d e te c to r . F o r  the w avelength  range,

1. 5 to  5 .2  m ic ro n s , u se d  in  th is  ex p e rim en t and the scanning speed  of 8 

m in u tes  p e r  rev o lu tio n  of the  d riv e  shaft, each  cycle  of the  1 3 -c y c le -p e r-  

second chopper r e p re s e n ts  a  sh ift in  the w avelength  a t  the ex it s l i t  due 

to scanning of 0. 0004 m ic ro n s . Since th e  m in im um  X fo r a  s l i t  w idth 

of 0.100 m il l im e te r  is  ap p ro x im a te ly  0. 028 m ic ro n s  in  the w avelength  

reg io n  of in te re s t ,  the  effec t of scanning w as c o n s id e red  n eg lig ib le .

E x te rn a l O ptics

An o p tica l sy s tem  e x te rn a l to th e  s p e c tro m e te r  w as re q u ire d  to 

d e te rm in e  the ra d ia tio n  p a ra m e te rs  fo r the f lam e . T his sy stem  focused
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a sm a ll a re a  of the flam e onto the en tran ce  s l i t  of the  sp e c tro m e te r  and 

fo cu sed  the im age of the ra d ia tio n  so u rc e  onto the sam e a r e a  of the flam e . 

I t  w as a lso  n e c e s s a ry  to  m in im ize  the effect of a b e r ra tio n s  and  to design  

a  sy stem  w hich w ould f ill th e  co llim a to r  of the sp ec tro sc o p e  w ith  r a d ia ­

tion . F ig u re  1 is  a  layou t of the o p tica l sy stem  u se d  in  th is  ex p erim en t.

TA BLE I

WAVELENGTH INTERVAL INFORMATION

X AX AXd AXr n dn/dX

1. 0 0. 00962 0. 00911 0. 00051 1. 5318 0. 01307
1.2 0. 01618 0. 01516 0. 00102 1. 5298 0. 00787
1. 4 0. 02423 0. 02248 0. 00175 1. 5285 0. 00531
1. 6 0. 03302 0. 03031 0. 00271 1. 5276 0. 00394
1. 8 0. 04155 0. 03776 0. 00379 1. 5269 0. 00317
2. 0 0. 04897 0. 04406 0. 00491 1. 5263 0. 00272
2 .2 0. 05474 0. 04876 0. 00598 L 5258 0. 00246
2 .4 0. 05874 0. 05182 0. 00692 1. 5253 0. 00231
2 .6 0. 06114 0. 05341 0.00773 1. 5248 0.00224
2 .8 0. 06224 0. 05386 0. 00838 1. 5244 0. 00223
3. 0 0. 06238 0. 05346 0. 00892 1. 5239 0. 00224
3 .2 0. 06184 0. 05250 0. 00934 1. 5235 0. 00229
3 .4 0. 06084 0. 05118 0. 00966 1. 5230 0. 00235
3 .6 0. 05957 0. 04964 0. 00993 1. 5226 0. 00242
3 .8 0. 05813 0. 04800 0. 01013 1. 5221 0. 00250
4. 0 0. 05661 0. 04633 0. 01028 1. 5216 0. 00259
4 .2 0. 00507 0. 04467 0. 01040 1. 5210 0. 00269
4 .4 0. 05354 0. 04305 0. 01049 1. 5205 0. 00279
4 .6 0. 05205 0. 04148 0. 01047 1. 5199 0. 00290
4 .8 0. 05061 0. 03998 0. 01063 1. 519.3 0. 00301
5. 0 0. 04922 0. 03855 0. 01067 1. 5187 0. 00313
5 .2 0. 04790 0. 03720 0. 01070 1. 5181 0. 00324
5 .4 0. 04663 0. 03591 0. 01072 1. 5174 0. 00336
5 .6 0. 04543 0. 03470 0. 01073 1. 5167 0. 00348
5 .8 0. 04429 0. 03355 0. 01074 1. 5160 0. 00360
6. 0 0. 04320 0. 03246 0. 01074 1. 5153 0. 00372
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The a p e r tu re  ra tio , f num ber, of m i r r o r  Mg is  4. 0, w hich is  

s lig h tly  la r g e r  than the f n u m b er of the sp e c tro m e te r  and thus a c ts  as  

the lim itin g  a p e r tu re  fo r rad ia tio n  inc iden t on the co llim a to r  o f the sp e c ­

t ro m e te r .

T h e re  w as som e "n o ise"  on the d e tec to r  and a m p lif ie r  sy stem  

u sed  to re a d  out the signal fro m  the sp e c tro m e te r . To m in im ize  the  e f­

fec t of th is  background n o ise , i t  w as n e c e s s a ry  to f ill the  c o llim a to r w ith 

as  m uch  rad ia tio n  a s  p o ss ib le  in  o rd e r  fo r the s ignal fro m  the d e te c to rs  

to be la rg e  co m p ared  to the  n o ise  lev e l. T h is c r i te r io n  w as fu lfilled  by 

m i r r o r  M^, s ince  i ts  f n u m b er w as ap p ro x im a te ly  the sam e a s  the f n u m ­

b e r  of the co llim a to r.

The re q u ire m en t th a t a b e r ra tio n s  should be kep t to a m in im um  

w as the  p r im e  fa c to r  in  d e te rm in in g  the p h y s ica l layou t of the o p tics .

The effec t of a b e rra tio n s  in  an o p tica l sy stem  is  to d e s tro y  the p o in t-to -  

poin t co rre sp o n d en ce  betw een the ob jec t and the im ag e . W ithout a  po in t- 

to -p o in t co rresp o n d en ce  i t  w ould not have been  p o ss ib le  to d e te rm in e  w hat 

a r e a  of the so u rce  the sp e c tro m e te r  w as o b serv in g . In m aking in ten sity  

c a lib ra tio n s  fo r the sp ec tro sco p e , the a r e a  of the so u rc e  being o b se rv ed  

w as needed; so, the op tics  sy stem  w as designed  to red u ce  a b e rra tio n s  to 

a m in im um .

The six  types of a b e r ra tio n s  which can o ccu r fo r a sp h e ric a l m i r ­

r o r  a r e  ch ro m atic  a b e rra tio n s , sp h e ric a l a b e r ra tio n s , com a, a s tig m a tism , 

c u rv a tu re  of fie ld  and d is to rtio n . A d e ta iled  d iscu ss io n  of each of th e se
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a b e r ra t io n s  h as  been  g iven by Je n k in s  and W hite (10) and by Monk (11). 

C h ro m atic  a b e r ra tio n s  w e re  e lim in a te d  by using  only fro n t s ilv e re d  m i r ­

ro r s .

S p h e ric a l a b e r ra tio n s  o cc u r fo r  sp h e ric a lly  g round  m i r r o r s  

when the  d is tan ce  fro m  the re fle c tin g  su rfac e  to the  im ag e  is  no t equal 

fo r a ll  po in ts  on the  re flec tin g  su rfa c e . The th ird  o rd e r  equation fo r  

the o b jec t d is tan ce  is  given by M organ  (12) as

R

w h ere  R is  the rad iu s  of c u rv a tu re  of the m ir r o r ,  p is  the p e rp e n d ic u la r  

d is tan ce  fro m  any po in t on the m i r r o r  to the lin e  n o rm a l to the  ce n te r  

of the m i r r o r ,  S is  the ob jec t d is tan ce , and S' i s  the im ag e  d is tan ce .

F o r  m i r r o r  Mg the  ob jec t d is tan cç  w as equal to the im ag e  d is tan ce , so 

the th ird  te rm  on the r ig h t-h an d  side  w as equal to ze ro  and th e re  w as no 

sp h e ric a l a b e r ra tio n s . F o r  m i r r o r  Mg equation 41 p re d ic ts  a  ran g e  of 

im ag e  d is ta n c e s  of 18. 0000 in ch es  fo r p = 0 to 18. 0076 fo r  p = 2. 5 in ch es , 

the o u tsid e  ra d iu s  of the m i r r o r .  T his m ean s  th a t the  im ag e  of a po in t 

so u rce  w ould be sp re a d  out along a lin e  0. 0076 in ch es  long r a th e r  than  

ap p earin g  a t one point. T his a b e r ra tio n  w as co n s id e re d  to have a n e g li­

g ib le e ffec t on th e  in te n s ity  c a lib ra tio n s .

The o th e r types of d is to r tio n  a r e  cau sed  by the im ag e  éind the 

o b jec t being lo ca te d  off the lin e  p e rp e n d ic u la r  to the c e n te r  of the m i r r o r .  

The th eo ry  of a b e r ra tio n s  in d ic a te s  th a t if  the  angle  betw een  the c e n te r
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of the  m i r r o r  and  the im age and the  lin e  p e rp e n d ic u la r  to tl; 'r. c e n te r  of 

the m i r r o r  is  sm a ll the a b e r ra tio n s  w ill be sm a ll. If th is  aicgle is  3° 

o r  le s s  a  su ffic ien tly  c le a r  im ag e  w ill be p roduced . The o p tica l sy stem  

u se d  fo r th is  ex p erim en t w as desig n ed  fo r an  angle  of 3°. M ir r o r s  Mp 

M^ and  Mg w e re  p lan e  f i r s t - s u r f a c e  m i r r o r s  u se d  to r e f le c t  the  r a d ia ­

tion  th rough  th e  la rg e  ang les re q u ire d  to  p h y s ica lly  s e p a ra te  th e  so u rc e s , 

the flam e h o ld e r, and the s p e c tro m e te r .

The o p tica l sy stem  w as m oun ted  on an a lum inum  s la b  1/2 inch 

th ick , 1-1/2 fe e t w ide and 4-1 /2  fe e t long w hich w as bo lted  lo a c o n c re te  

s lab  tab le  top 3 in ch es  thick, 3-1 /2  fe e t wide, and 6 - 1 / 2  fee t long. The 

s p e c tro m e te r  s a t on the c o n c re te  tab le  top and w as se c u re d  to  the  a lu ­

m inum  o p tica l tab le . The m i r r o r  m ounts w e re  designed  so th a t the lin e  

n o rm a l to the c e n te r  of the  m i r r o r s  could  be ad ju sted  to the h e ig h t of 

th e  o p tica l c e n te r  lin e  w hich w as 4 -1 /4  in ch es  above the top su rfa c e  of 

th e  as lu m in u m  slab . The m i r r o r s  could  be p o s itio n ed  in  the  c o r re c t  

d ire c tio n  by m ean s  of a th ree -p o in t su sp en sio n  w hich h e ld  the  m i r r o r s  

to  th e  m i r r o r  m oun ts.

F o r  m i r r o r  Mg the  o b jec t d is tan ce , S^, and  th e  im ag e  d is tan ce ,

t
8 g, w e re  both 18 in ch es . The m ag n ifica tio n  of th is  m i r r o r  w as  un ity  so 

the  a r e a  of th e  flam e. A, o b se rv ed  by the sp e c tro m e te r  w as equal to the 

w idth tim e s  the  leng th  of the sp e c tro m e te r  e n tran ce  s li t .  The so lid  a n ­

g le (of the rad ia tio n  em itted  fro m  the flam e) th a t the o p tics  in te rc e p te d  

and fo cu sed  in to  the s p e c tro m e te r  w as the a r e a  of m i r r o r  Mg d iv ided  by
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th e  ob ject d is tan ce  sq u ared . Thus,

Ù = 0.04909 (4 2 )
(8 2 ) :

F o r  m i r r o r  M3  the ob jec t d is tan ce , S3 , w as 28 .29  in ch es  and
I ,

the  im age d is tan ce , S3 , w as 18 inches, w hich gave a  m ag n ifica tio n  M 

of 0. 636. Thus, the  a r e a  of the so u rce  view ed by the  sp e c tro m e te r , A , 

w as the w idth of the  e n tran ce  s li t  d iv ided by M tim e s  the leng th  of the 

s l i t  d ivided by M . The so lid  ang le  (of the  rad ia tio n  em itted  by the 

so u rce ) w hich the o p tics  in te rc e p te d  and focused  into the sp e c tro m e te r , 

q ',  w as given by

n '=  = 0. 01988 (43)
IS ;) :

F la m e  H older and B o ile r  

B efo re  s p e c tra l  an a ly s is  could be  p e rfo rm e d  on a  flam e, a 

m ethod  of p roducing  a s tab le  and rep ro d u c ib le  flam e w as needed . The 

flam es  of in te r e s t  w e re  diffusion flam es, but o rd in a ry  pan f ir e s  w e re  

too u n stab le  fo r sp e c tra l a n a ly s is . A b o ile r  w as c o n s tru c te d  to h ea t 

the fuel to a  te m p e ra tu re  co rresp o n d in g  to a  vapor p r e s s u re  of a p p ro x i­

m a te ly  20 p s i. The vapor w as p a s se d  th rough  a h ea ted  fuel lin e  and ex ­

pansion  valve  in to  a  2-1 /2  inch  ta l l  b u rn e r  m ad e fro m  a p iece  of 3 /4  inch  

ID b r a s s  tubing. Two s ta in le s s  s te e l s c re e n s  w e re  p laced  in  the c ir c u la r  

b u rn e r  to s tra ig h te n  the flow and p ro d u ce  a s tead y  la m in a r  flow . This 

sy stem  w as capab le  of p roducing  a s tea d y  fla m e  of constan t s iz e  fo r
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s e v e ra l  h o u rs . F ig u re  11 is  a d iag ram  of the flam e h o ld er and b o ile r  

sy s tem . The b o ile r, fuel lin e  and flam e h o ld e r w e re  e le c tr ic a lly  h e a ted  

by p assin g  a c u r re n t th rough  a 20 gauge N ickel C hrom ium  h e a te r  w ire .

The w ire  w as in su la te d  fro m  the m e ta llic  su rfa c e s  by a la y e r  of S a u e re ise n  

E le c tr ic  R e s is to r  C em ent No. 78. A nother la y e r  of th is  cem ent and se v ­

e ra l  la y e rs  of a sb e s to s  w e re  u sed  to in su la te  the  e n tire  h ea ted  sy stem .

The flam e h o ld er w as m ounted  in  a  housing w hich allow ed it  to be m oved 

in  two d ire c tio n s . T his allow ed the s p e c tro m e te r  entreince s li t  to be fo ­

c u sed  onto s e v e ra l d iffe ren t lo ca tio n s  on the flam e .
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CH A PTER m  

CALIBRATIONS

The w avelength  scanning m ech an ism  fo r the M odel 12-C s p e c ­

t ro m e te r  invo lves a m o to r-d r iv e n  th re a d e d  shaft and a  m ech an ica l lin k ­

age w hich ro ta te s  the L ittro w  m i r r o r .  The w avelength  d rum  is  a ttach ed  

to the th re a d e d  shaft and in d ica te s  the  p osition  of the shaft. W avelength 

c a lib ra tio n s  involve d e te rm in in g  the re la tio n sh ip  betw een the w avelength  

d rum  se ttin g s  and the w avelength . To do th is  s e v e ra l ab so rp tio n  peaks 

w e re  id e n tifie d  and the co rresp o n d in g  w avelength  d rum  se ttin g s  d e te r ­

m ined . The w avelength  of s e v e ra l  ab so rp tio n  peak s  of 1, 2, 4 t r ic h lo ro -  

benzene, to luene, p o ly sty ren e , and didym ium  g la ss  have been  a c c u ra te ly  

d e te rm in e d  by P ly le r  and h is  a s s o c ia te s  (3, 4, 5). A P e rk in -E lm e r  D e­

m ountab le  L iqu id  A bsorp tion  C ell w ith  N aC l windows w as u se d  to obtain  

the a b so rp tio n  data  on the liqu id  sam p les . T ab le  2 is  a  l i s t  of the d rum  

se ttin g s  and ab so rp tio n  peak  d e te rm in e d  along w ith  the  sam p le  o b se rv ed  

and th e  re fe re n c e  fro m  w hich the w avelength  ca lib ra tio n  w as d e te rm in ed . 

F ig u re  12 i s  a  g raph  of the  w avelength  v e rsu s  w avelength  d rum  se ttin g s  

fo r the w avelength  reg ion  of 1. 5 to 5. 2 m ic ro n s . B efo re  each  data  run  

w as s ta r te d , a  sp e c tro g ra m  of the  ab so rp tio n  peaks of p o ly s ty re n e  w as

37
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TABLE n

WAVELENGTH DRUM CALIBRATION POINTS

D rum
Setting

W avelength 
in m ic ro n s

Sam ple and 
c a lib ra tio n  re fe re n c e

2 0 8 4 .G 0. 684 didym ium  g la ss
2050. 5 0. 743 shade 5
2018. 5 0 . 808 R efe ren ce  (4)
1937. 0 1. 067
1 9 2 0 . 0 1 .2 2

1 8 0 6 . 0 3.3026 0, 07 m ill im e te r
1799.5 3 .422 p o ly sty ren e  film
1796. 0 3. 507 R efe ren ce  (4)
1758. 0 4 .225
1756.0 4.281
1703. 0 5.138
1689.5 5. 343
1703.5 5.138
1676. 0 5. 549
1624. 0 6.238
1587.0 6 . 6 9 2
1398. 0 8 . 662
1274. 0 9 .7 2 4
1273. 5 9 .7 2 4
1101. 0 11. 035

1704. 0 5.145 H 2 O in a tm o sp h e re
1699.5 5. 204 R efe ren ce  (13)
1 6 9 0 . 0 5. 356
1 6 8 2 . 0 5. 466
1669.5 5. 639
1 661 . 0 5. 762
1656. 5 5. 822
1648. 5 5 .936
1644. 5 5 .986
1635. 0 6 .1 1 2
1629.5 6.182
1617. 0 6.339
1611. 0 6 .427
1605. 0 6 .487
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TABLE I I - -Continued

D rum
Setting

W avelength 
in  m ic ro n s

Sam ple and 
c a lib ra tio n  re fe re n c e

1598.0 6 . 563 H 2 O in a tm o sp h e re
1593. 0 6 . 633 R efe ren ce  (13)
1586. 5 6 . 709
1580. 0 6 .786
1574. 0 6 . 856
1565. 0 6 . 9 6 1
1557.5 7. 044
1543.5 7 .207
1531. 5 7. 338
1517. 0 7. 464

1557 7. 04 1, 2, 4 tr ic h lo ro b en ze n e
1536. 5 7. 28 0. 025 m il l im e te r  c e ll
1477.0 7.91 R efe ren ce  (5)
1463.0 8 . 03

1386. 0 8 . 8 6 1, 2, 4 tr ic h lo ro b en ze n e
1369. 5 8.91 2 0 :1  d ilu tion  in  ca rb o n
1343. 5 9.14 d isu lfid e  0. 025 m illim et<
1281. 5 9. 65 ce ll
914.5 12.27 R efe ren ce  (6 )
903. 0 12.33

1028.5 11.52
914. 5 12.27
903. 0 12. 33

1889.5 1. 6 6 0 6 1, 2, 4 tr ic h lo ro b e n ze n e
1859.7 2.1526 0 j^50 m ill im e te r  ce ll
1852.0 2. 3126 ^ .^ ^ R e fe re n c e  (5)
1847.8 2 .403
1846. 3 2 .4374

1416 8 .4 8 to luene 0. 050 m ill im e te r
1331 9 .2 4 ce ll
1275. 5 9o 70 R efe ren ce  (4)
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TABLE I I - -Continued

D rum
Setting

W avelength 
in  m ic ro n s

Sam ple and 
c a lib ra tio n  re fe re n c e

1598.0 6. 563 H 2 O in a tm o sp h e re
1593.0 6. 633 R efe ren ce  (13)
1586. 5 6 .709
1580. 0 6. 786
1574. 0 6 .8 5 6 -
1565. 0 6. 961
1557.5 7. 044
1543.5 7. 207
1531. 5 7. 338
1517.0 7. 464

1557 7. 04 1, 2, 4 tr ich lo ro b e n z en e
1536. 5 7. 28 0. 025 m il l im e te r  ce ll
1477. 0 7.91 R efe ren ce  (5)
1463. 0 8. 03

1386. 0 8. 86 1, 2, 4 tr ic h lo ro b en ze n e
1369. 5 8.91 20:1 d ilu tion  in  carbon
1343. 5 9.14 d isu lfid e  0. 025 m illim et*
1281. 5 9. 65 c e ll
914. 5 12.27 R efe ren ce  (6)
903. 0 12.33

1028.5 11. 52
914. 5 12.27
903. 0 12.33

1889. 5 1. 6606 1, 2, 4 tr ich lo ro b e n z e n e
1859. 7 2.1526 0. 50 m il l im e te r  ce ll
1852. 0 2. 3126 R efe ren ce  (5)
1847. 8 2 .403
1846. 3 2 .4374

1416 8 .4 8 to lu en e  0. 050 m il l im e te r
1331 9 .2 4 c e ll
1275. 5 9 .7 0 R e fe re n c e  (4)
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taken  to  re c h e c k  the ca lib ra tio n . When th is  sp e c tro g ra m  did no t a g re e  

w ith the  w avelength  ca lib ra tio n  cu rv e , the fine ad ju stm en t sc rew  on the 

L ittro w  m i r r o r  w as ad ju sted  u n til they  did ag re e . The rep ro d u c ib ility  

of the  w avelength  drum  se ttin g s  w as checked  by taking five  consecu tive  

sp e c tro g ra m s  of the sam e ab so rp tio n  peak . The w avelength  drum  s e t ­

tin g s  fo r the  ab so rp tio n  peak  a ll  a g re e d  w ithin 1/100 of a rev o lu tio n  of 

the w aveleng th  d rum .

A bso lu te  in te n s ity  c a lib ra tio n s  of a  sp e c tro m e te r  involve finding 

the re la tio n sh ip  betw een the output of the rad ia tio n  d e te c to r  and the 

pow er in c id en t on the d e tec to r in the  sp e c tro m e te r . The in te n s ity  em itted  

by a  b lack  body w ith em ittan ce  is

“12 2w h ere  = 1.177 x  10 w atts  cm  , C2  = 2. 5776 cm . d eg ree  Rankine, 

and X is  the  w avelength  in  c e n tim e te rs . F ro m  th is  ex p re ss io n  the pow er 

in c id en t on the d e tep to r of the s p e c tro m e te r  could be com puted as

Ex =
X

(45)

w h ere  A ', the  a re a  of the so u rce  being observed , w as 1. 236 x 10 ^ cm;

-2
O', the  so lid  ang le  co llec ted  by the o p tica l sy stem , w as 1. 988 x  10 

s te ra d ia n s ; and A X w as the w avelength  in te rv a l being o b se rv ed . The 

d e ta ils  of the  ca lcu la tio n s  of AX. w as co v ered  in  C hap ter II Section 1 

and the  d e ta ils  of ca lcu la ting  A' and O' w ere  given in  C h ap ter II Section 2.
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The two p a ra m e te r s  n e c e s s a ry  fo r com pleting  th is  ca lcu la tio n  a r e  

and T.

The rad ia tio n  so u rce  u sed  fo r c a lib ra tio n  p u rp o se s  w as a g lo - 

b a r, a fo rm  of s ilico n  carb id e , 1 /4 inch  d ia m e te r  and 2 in ch es  long, 

w hich w as e le c tr ic a lly  hea ted . The g lo b ar w as p u rc h a se d  fro m  the P e r ­

k in -E lm e r  C o rp o ra tio n . The te m p e ra tu re  of th e  g lo b ar w as m e a s u re d  

by in se r tin g  a  C h ro m el Alum el th e rm o co u p le  in to  a 0. 052 inch  d ia m e te r  

hole d r il le d  in  it .  In o rd e r  to red u ce  the  effect of h ea t lo s s  along the 

th erm o co u p le  le a d s , the  ho le  w as d r il le d  to a depth of 7 /8  of th e  d ia m ­

e te r  of the g lo b a r thus em bedding the th e rm o co u p le  c lo se  to the  su rfa c e  

w ith the le ad s  com ing out the o th e r s id e . The le a d s  w e re  in su la te d  w ith 

S au e re isen  E le c tr ic  R e s is to r  C em ent No. 78 to  fu r th e r  red u ce  the effect 

of h e a t lo s s  th rough  the  th erm o co u p le  le a d s . The ra d ia l te m p e ra tu re  

drop in  the g lo b ar w as e s tim a ted  fro m  the  fo rm u la

T^ = È z f  (46)
^ 4 k

w h ere  q is  the  pow er d iss ip a ted  p e r  u n it volum e, r  i s  the  ra d iu s , and 

k  is  the th e rm a l conductiv ity . F o r  a  g lobar te m p e ra tu re  of 800°F  w hich 

w as the u su a l te m p e ra tu re  during  data  ru n s , k = 22 BTU p e r  h o u r foot 

d eg ree  F a h re n h e it  and T^, th e  ra d ia l  te m p e ra tu re  d iffe ren ce , w as a p ­

p ro x im a te ly  2°F , w hich w as n eg lig ib le  fo r  th is  ex p erim en t. The te m ­

p e ra tu re  of the  g lo b ar w as re c o rd e d  u sin g  ic e -b a th  re fe re n c e  ju n c tio n s  

and a c h a r t re c o rd e d . An a m p lif ie r  w ith  a ze ro  o ffse t w as u se d  a s  an
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inpu t to the c h a r t  r e c o rd e r  so a  1°R change of a  1500°R te m p e ra tu re  

could be de tec ted . The a m p lif ie r  and r e c o rd e r  w e re  c a lib ra te d  b e fo re  

each  da ta  ru n  using  a  L e e d s  and N o rth ru p  Co. M illiv o lt P o te n tio m e te r  

C at. No. 8686.

The e m ittan ce  of a  g lobar ra d ia tio n  so u rce  h a s  been d isc u s se d  

in  d e ta il by J . C. M o rr is  (14). F ro m  h is  m e a su re m e n ts  and som e o th e r  

m e a s u re m e n ts  on w hich h e  h a s  m ade  som e c o r re c tio n s , i t  a p p e a rs  th a t 

an em ittan ce  of 0. 93 can be u sed  fo r the  s p e c tra l  reg ion  1 to 6 m ic ro n s  

w ith  only one to 2 p e rc e n t e r r o r .  A lso the  co m p ariso n  of the te m p e ra ­

tu re  m e a s u re d  w ith th e  th e rm o co u p le  and  the co lo r te m p e ra tu re  d e te r ­

m in ed  fro m  a P y ro  M ic ro -O p tica l P y ro m e te r  S e ria l No. M -5438 gave 

an  em ittan ce  of 0 ,9 3 . Thus, th is  value w as a ssu m e d  fo r our c a lib ra tio n s . 

The in te n s ity  c a lib ra tio n s  involve tak ing  a  sp e c tro g ra m  of the in te n s ity  

ra d ia te d  fro m  the g lo b ar s im u ltan eo u sly  w ith  i ts  te m p e ra tu re  re c o rd .

The b lack  body in te n s ity  w as com puted  and  m u ltip lie d  by an em ittan ce  

of 0. 93 fo r the  th re e  w aveleng ths of 2.18, 3. 82, and 4. 70 m ic ro n s .

T h e se  th re e  w aveleng ths w e re  chosen  b ec a u se  they  a r e  in reg io n s  w hich 

a r e  f re e  fro m  a tm o sp h e r ic  ab so rp tio n . The in te n s it ie s  com puted fo r  

th e se  3 w avelengths w e re  d ivided by th e  d eflec tio n  on the  sp e c tro g ra m  

co rre sp o n d in g  to th e  sam e  w aveleng ths to  d e te rm in e  the  fu ll s c a le  in te n ­

s ity  fo r  the r e c o rd e r .  The th re e  fu ll- s c a le  in te n s itie s  so d e te rm in e d  

ty p ica lly  h ad  le s s  than  1 p e rc e n t m ean  dev ia tion . T his m ethod  of data  

red u c tio n  a lso  allow ed  a  check  on the g ra y  body assu m p tio n : s in ce  once
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the  fu ll sca le  deflec tion  in te n s ity  and the te m p e ra tu re  w e re  known, the 

em ittan ce  fo r any w avelength  could be com puted. With the  exception of 

the  a tm o sp h e ric  ab so rp tio n  peak s  the va lues of em ittcince thus com puted 

w e re  w ith in  2 p e rc e n t of the  0. 93 value a ssu m ed . Thus, i t  w as a ssu m ed  

th a t ab so lu te  in te n s ity  c a lib ra tio n s  could be m ade w ith  an e r r o r  of le s s  

than  3 p e rc e n t by assu m in g  a g ray  body em ittan ce  of 0. 93 and d e te rm in ­

ing the g lo b ar te m p e ra tu re  w ith a th erm o co u p le  p la ce d  in  the m an n er d e ­

s c r ib e d  above.

In the d iscu ss io n  of equations 20 and 21 i t  w as po in ted  out th a t 

an e r r o r  w as in tro d u ced  by using  equation 21, b a se d  on the  m ean  value 

th e o re m , fo r the to ta l in te g ra te d  in te n s ity  r a th e r  than  using  equation 20. 

A n u m e ric a l an a ly s is  w as p e rfo rm e d  to e s tim a te  w h eth er o r not using  

equation  21 in tro d u ced  an a p p re c ia b le  e r r o r  fo r  th e  in ten s ity  c a lib ra tio n s . 

To do th is , the  follow ing fa c t w as used : the m ean  va lue  th eo rem  of in te ­

g ra tio n  and the tra p e z o id a l ru le  fo r  in teg ra tio n  g ive v a lu es  w hich b ra c k e t 

the  v a lu e  fo r the in te g ra l of the function w ithin som e in te rv a l if  th e re  is  

no in flec tio n  po in t o r  d isco n tin u ity  in  the function w ith in  the in te rv a l.

The value given by the tra p e z o id a l ru le ; T, fo r th e  in te g ra l of the  fu n c ­

tion  f(x) in  the in te rv a l b -a  is

T = (b -a) (47)

and the value given by the m ean  value ru le , M, fo r the  in te g ra l of the  

function  f(x) in  the in te rv a l b -a  is
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M = (b -a ) f (48)

F o r  a  function  w ith a n eg a tiv e  second  d e riv a tiv e

b
T < J f ( x ) d x  < M (49)

and fo r  a  function w ith a p o s itiv e  second d e riv a tiv e

b
T > J  f(x )d x  > M (50)

a

Thus, if  the  d iffe ren ce  betw een the va lues com puted by th e  m ean  value 

ru le  and the  tra p e z o id a l ru le  a r e  n eg lig ib le  i t  can be a s su m e d  th a t the 

e r r o r  in tro d u ce d  by using  th e  m ean  value ru le  fo r the  a c tu a l in te g ra te d  

value w ill be neg lig ib le  fo r the function w ith no d isco n tin u itie s  o r  in f le c ­

tion  po in ts  w ith in  the in te rv a l. T ab le  3 p re s e n ts  the  r e s u l ts  of c a lc u la ­

tio n s  fo r the in te g ra te d  in te n s ity  of a  b lack  body a t  2l60° K o v er the s li t  

w idth in te rv a l AX u sed  th is  ex p erim en t, w here

I , ( X n  +  A X )  +  I , ( X n  -  AX)
T = 2aX ^ ---------  (51)

and

M = 2AXI^(Xo) (52)

% e r r o r  = (53)

Since the  sp e c tro m e te r  view s in te n s ity  o v er the in te rv a l Xq - to
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Xq + AX. i t  can be seen  th a t the p e rc e n t of e r r o r  i s  n eg lig ib le  fo r X > 1. 5 

and the m uch s im p le r  equation 21 can be u se d  r a th e r  than  equation 20 

w ithout in tro d u c in g  any a p p re c iab le  e r r o r .

TA BLE i n  

INTEGRATION ERROR ANALYSIS

X AX T M % E r r o r

1. 00 0. 0095 1. 51307 xlO^ 1. 46926 X 10^ 0. 29

1. 50 0. 0280 3.04348 X 10^ 3. 04378 X 10^ 0. 0001

2. 00 0. 0488 9.20952 X 10^ 9. 22053 X 10^ 0. 0017

2. 50 0. 0596

3. 00 0. 0624 1.15318 X 10^ 1.15337 x lO ^ 0. 0001

3. 50 0. 0602 9 .22520  x lO ^ 9. 21953 X 10^ 0. 0006

4. 00 0. 0565 6.95770 X 10^ 6.95888 x lO ^ 0. 0002

4. 50 0 .0525 5. 08405 X 10^ 5. 09150 X 10^ 0. 0015

5. 00 0. 0491 3. 74731 x lO ^ 3.74323 x lO ^ 0. 0011

5. 50 0. 0460 2.77443 X 10^ 2. 77323 x lO ^ 0. 0004

6. 00 0. 0431 2. 06904 X 10^ 2. 06833 x lO ^ 0. 0003



CH A PTER IV

ANALYSIS OF DATA

A fter th e  c a lib ra tio n s  of w avelength  w e re  m ade and the fu ll-  

sc a le  in te n s ity  fo r  each  a m p lif ie r  gain u se d  w as de te rm in ed , the data  

red u c tio n  b ecam e  a m a tte r  of read in g  v a lu es  fro m  the sp e c tro g rap h s  of 

the  flam e its e lf , and  the  flam e  w ith the g lo b ar rad ia tio n  in c id en t on i t  

and read ing  va lues fro m  the  te m p e ra tu re  c h a r ts  fo r  co rresp o n d in g  w ave- 

d ru m  se ttin g s . T h ese  data  w e re  fed in to  a co m p u ter p ro g ra m  w hich co n ­

v e r te d  the data  in to  in te n s ity  v e rsu s  w avelength  in fo rm atio n  and then  

p e rfo rm e d  the com putations in d ica ted  by equations 10 and 8 to obtain, 

va lu es  fo r and  F ig u re s  13-24 show th e se  data  fo r s e v e ra l  p o s i­

tio n s  on an ace to n e  and a m ethano l flam e . F ig u re  25 g ives the c o o rd i­

n a te  sy stem  u sed  fo r  the  flam e. The a r e a  of the  flam e o b se rv ed  w as 

0.100 m il l im e te r s  in  w idth by 5 m il l im e te r s  in  heigh t. The y -z  p o s itio n s  

a r e  the d is tan ce  fro m  the  c e n te r  of the co o rd in a te  sy stem  to the c e n te r  

of the  bottom  of the  a r e a  being o b se rv ed . The g rap h s  fo r ace to n e  show 

th a t and a r e  ap p ro x im a te ly  the sam e  fo r a ll  p o s itio n s  excep t fo r 

th e  bottom  row (z = 0). A p ic tu re  of the  ace to n e  flam e showed a gap of 

a p p ro x im a te ly  1/8 inch  betw een the f la m e  h o ld e r  and the lum inous b a se

47
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Figure 13, Acetone Flame Volume Emission (Y = O)
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Figure l4. Acetone Flame Volume Absorption Coefficient (Y = o)
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Figure 15. Acetone Flame Volume Emission (Y = 1/8)
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Figure l6. Acetone Flame Volume Absorption Coefficient (Y = 1/8)
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Figure 17. Acetone Flame Volume Emission (Y = 1/4)
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Figure l8. Acetone Flame Volume Absorption Coefficient (Y = l/4)
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Figure 19. Methanol Flame Volume Emission (Y = O)
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Figure 20. Methanol Flame Volume Absorption Coefficient (Y = o)
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Figure 21, Methanol Flame Volume Emission (Y - l/8)
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Figure 22. Methanol Flame Volume Absorption Coefficient (Y = 1/8)
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Figure 23. Methanol Flame Volume Emission (Y = 1/4)
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Figure 24. Methanol Flame Volume Absorption Coefficient (Y = l/4)
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F L A M E  HOL DE R F L A M E  H O L D E R

FLAME COORDINATE SYSTEM
Figure 25, Coordinate System for Flames
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of the flam e w hich explained  why the  and a r e  lo w er fo r  the  bottom  

row of g rap h s . T his gap did n o t o cc u r  on the  m ethano l flam e , and i t  can 

be seen  th a t w as e s se n tia lly  independent of p osition . A flam e  1-1/8 

in ch es  ta ll  and 3 /4  inch in d ia m e te r  a t  the b ase  w as u se d  fo r both the 

acetone and th e  m ethano l f la m e s . The g rap h s  in d ica te  th a t th e  u se  of a 

lum ped  sy stem  p a ra m e te r  fo r and w as a quite re a so n a b le  a s su m p ­

tion  fo r ace to n e  and m ethano l. The v a lu es  of and w e re  u se d  in 

equation (7) to com pute the in te n s ity  fo r  s e v e ra l va lues of x. I t can be 

o b se rv ed  in  F ig u re s  26, 27 th a t fo r la rg e  d ia m e te r  f la m e s  the  in ten s ity  

becom es independent of the d ia m e te r . T his would be expected  s in ce  as  

the  d ia m e te r  in c re a s e s  the flam e b ecom es o p tica lly  th ick  and s ta r ts  e m it­

ting  in the m an n e r of a so lid  ob jec t. As th is  o cc u rs  the  continuum  in te n ­

s ity  ap p ro ach es  a  b lack  body cu rv e . H ow ever, the la rg e  CO^ peak  a l ­

w ays w as p re s e n t  w hich caused  an e r r o r  in  the to ta l flux  w hen only the 

continuum  ra d ia tio n  w as accoun ted  fo r.

F ig u re s  28-35 a r e  the and fo r s e v e ra l p o s itio n s  on the cy- 

clohexane and n -h ex an e  f la m e s . The o u te r  cone of th e se  fla m e s  con­

ta in ed  a m uch la r g e r  am ount of ca rb o n  p a r t ic le s  than the ace to n e  and 

m ethano l f la m e s . The sp e c tro g ra m s  of the cyclohexane and n -h ex an e  

fla m e s  taken  n e a r  th e ir  b a se s  (z = 0) a r e  v e ry  s im ila r  to the s p e c tro ­

g ra m s  of the m ethano l and ace to n e  f la m e s . The sp e c tro g ra m s  taken  of 

th e  flam es  3 /8  inch  and 3 /4  inch  above the  b ase  of the fla m e s  a r e  quite 

d iffe ren t due to the p re se n c e  of the  ho t carbon  p a r t ic le s .  T hese
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Figure 26. Acetone Flsme Extrapolation
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Figure 27. Methanol Flame Extrapolation
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Figure 28. Cyclohexane Flame Volume Emission (Y = O)
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Figure 29. Cyclohexane Flame Volume Absorption 
Coefficient (Y = O)
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Figure 30. Cyclohexane Flame Volume Emission (z = O)
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Figure 31. Cyclohexane Flame Volume Absorption Coefficient (z = O)
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Figure 32. n-Hexane Flame Volume Absorptipn
Coefficient (Y = O)
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Figure 33. n-Hexane Flame Volume Absorption (Y = O) Coefficient
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Figure 34. n-Hexane Flame Volume Emission (z = O)
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Figure 35. n-Hexane Flame Volume Absorptiôn Coefficient (z = o)
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sp e c tro g ra m s  have the g e n e ra l shape of a b lack  body rad ia tio n  cu rv e  ex ­

cep t fo r the p re se n c e  of the  COg peak  a t 4. 5 m ic ro n s . The flam e heig h t 

u se d  fo r cyclohexane and  the h e igh t u sed  fo r n -h ex an e  w as p ro d u ced  by a 

3 /4  inch d ia m e te r  b u rn e r  and w as 1 and 3 /8  in ch es  ta l l .  An e le c tro s ta tic  

p re c ip ita to r  w as co n s tru c ted  above the flam e h o ld e r to rem ove the soot 

p ro d u ced  by the hexane and  the benzene f la m e s . The sm all benzene 

fla m e s  w e re  too u n s tab le  to  p e rm it  sp e c tro g ra m s  to be taken  of them , 

so a benzene flam e of 2 -1 /4  inch in  heigh t w as u sed . T his flam e p r o ­

duced la rg e  am ounts of soot, so only the one data  po in t shown in F ig u re  

36 w as taken. T his sp e c tro g ra m  h as  the g e n e ra l shape of a b lack  body 

rad ia tio n  cu rv e  except fo r the p re se n c e  of the CO^ peak  a t  4. 5 m ic ro n s .

The o p tica l pa th  leng th  through the flam e  fo r each p o sitio n  w as 

d e te rm in e d  by tak ing  a photograph  of the flam e w ith a c a m e ra . I t  w as 

a ligned  so th a t the o p tica l c e n te r  lin e  of the c a m e ra  w as in the sa m e  

p lan e  a s  th e  o p tica l c e n te r  lin e  of the op tics sy s tem . A Speed G raphic  

G raphex  C am era  w ith a  P o la ro id  3000 pack  film  h o ld e r  w as u sed . The 

c a m e ra  w as positio n ed  w ith  the len s  20 in ch es  fro m  the flam e so an f 

nu m b er of 11 o r le s s  w as u sed  to reduce  the effec t of p a ra lla x . The d ia m ­

e te r  of the flam e a t  any height, z, above the b a se  could be d e te rm in ed  

fro m  the photograph and fro m  th is  the op tica l path  leng th  fo r any y, z 

co o rd in a te  p osition  could  be d e te rm in ed .
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Figure 36. Benzene Flame Volume Emission and Absorption Coefficient



CH A PTER V 

DISCUSSION OF RESULTS

The ex trap o la tio n  p ro g ra m  w orked  out by Shahrokhi (15) to 

d e te rm in e  the ra d ia tiv e  h e a t flux to a ta rg e t  fro m  an a r b i t r a r y  s ize  

flam e w as b ased  on the follow ing c o n s id e ra tio n s . The flam e  w as c h a r ­

a c te r iz e d  by e ith e r  a cy lin d er, a cone, o r  a sh ee t of flam e  fo r com pu­

ta tio n a l p u rp o se s . The diffusion f la m e  p ro d u ced  fro m  a c y lin d ric a l 

b u rn e r  w as c o n s id e re d  to occupy a c y lin d ric a l volum e having  a  m ean  

d ia m e te r  and a m ean  heigh t. T h ese  m ean  va lu es  w e re  d e te rm in e d  by 

o b se rv in g  s e v e ra l p ic tu re s  taken  of the  flam e w ith  a sh o r t exp o su re  

tim e . A lthough the flam e  ti l te d  and changed shape som ew hat, i t  w as 

s ti l l  found to occupy ap p ro x im a te ly  the sam e volum e. The d ia m e te r  

and  h e igh t of cy lin d er su p e rim p o se d  on th e se  s e v e ra l  p ic tu re s  w e re  

a v e ra g e d  to d e te rm in e  the m ean  d ia m e te r  and h e ig h t u se d  in  com puting 

the  h ea t flux  fro m  the flam e.

The m o n o ch ro m atic  in te n s ity  being ra d ia te d  by th e  f lam e  is  

g iven by equation  7 w h ere  x is  the  o p tica l pa th  leng th  th rough  the  p o r ­

tion  of the flam e being o b se rv ed . The m o n o ch ro m atic  flux  to  a ta rg e t  

w as com puted by sub-d iv id ing  th e  flam e  in to  zones and m u ltip ly ing  the

73
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in te n s ity  em itted  by th a t zone tim es  the  so lid  angle from  the ta rg e t  su b ­

tended  by the zone tim e s  the cosine  of the ang le  betw een the  n o rm a l to 

the  ta rg e t  and the c e n tra l  d ire c tio n  of the so lid  angle.

F o r  a  c y lin d ric a l flam e, the  flam e w as sub -d iv ided  into N v e r ­

t ic a l  s tr ip s  and M h o riz o n ta l s tr ip s  on the p lan e  through the c e n te r lin e  

of the cy lin d er facing  the  ta rg e t.  F ig u re  37 shows the g eo m etry  u se d  to 

com pute the flux  fro m  a cy lin d rica l flam e . The to ta l m ono ch ro m atic
■j

flux a t the ta rg e t  is  given by

ÏV = y  X  ® 8mk (54)
f e i  I r a k

w h ere

= m ono ch ro m atic  volum e extinction  coeffic ien t 

= m o nochrom atic  volum e em iss io n  coeffic ien t 

a v e rag e  op tica l depth of the (m, k) zone 

so lid  angle subtended by the (m, k) zone 

® m k“ betw een the n o rm a l to the su rfac e  and the

c e n tra l d ire c tio n  of the  so lid  angle 

F o r  a  cy lin d er of h e ig h t H and rad iu s  R divided  into N v e r tic a l s tr ip s  

and  M h o riz o n ta l s tr ip s  the follow ing q u an titie s  w e re  defined fo r a t a r ­

g e t a t a  d is tan ce  D aw ay from  the edge of the flam e.
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Figure 37. Geometiy for Cylindrical Flame
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^  fo r m  = 1 to M

R, = fo r k = 1 to K K K

R - (k - 1/2) Ru

j(D + R)^ + j(m -

(m  -  1 /2 )  H m
tan  f  rn =

D + R

D sin ffm k
sin  B

s in

m k  R

(R + D) sin  Oncik
Ymk R

In  te r m s  of th ese  q u an tities  th e  so lid  angle  is  defined  by:

^mk 2 r  Ï 2  F FT ! (55)
(D + R)'^ + km - 1/2) h \ + I r  - (k - 1/2) r J

and  the  o p tica l path  leng th  th ro u g h  the  flam e is  given by:

“ m k  = - ®mk '  ^m k) - »m (n - C ^ k  '  ^ m k ]  <5M

The to ta l flux a t  the ta rg e t  w as com puted by n u m e ric a lly  in te g ra tin g  the

m o n o ch ro m atic  flux using  a 40 po in t G aussian  q u a d ra tu re  technique,

b
q = y  a(x.)d\
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„  _ 2 \  - a  - b 
b -a

1

f
-1

q -  J  q(x) dx

o r  by th e  q u a d ra tu re  fo rm u la

n

q - Wj q(x̂ )
i=l

A co m p u te r p ro g ra m  w as developed to c o m p u te  th e  g eo m e tric  

te r m s  fo r  a g iven flam e s iz e  and  ta rg e t  position . The ex p e rim en ta l data  

fo r  an d  fro m  the  s p e c tro m e te r  m e a su re m e n ts  w e re  u se d  in  con junc­

tio n  w ith  th e  g e o m e tr ic  fa c to rs  to p re d ic t  the  flux. F o r  th e  ex trap o la tio n  

on the  ace to n e  and m ethano l f la m es , cind w e re  c o n s id e re d  to  be con­

s ta n ts . The v a lu es  of and fo r the  p osition  y = 1/8 inch, z = 3 /8  

inch  w e re  u se d  in  the  ex trap o la tio n  p ro g ra m . F ig u re s  13-24 show som e 

v a r ia tio n  in  th e  va lues o f j ^  and  8^ fo r  d iffe ren t p o s itio n s  on th e  ace to n e  

and m eth an o l f la m e s . The la r g e s t  v a r ia tio n s  fro m  the v a lu es  of and  

8^ fo r th e  y = 1/8 inch, z = 3 /8  inch  p o s itio n  w e re  found n e a r  th e  boun­

d a ry  of the  f lam e . H ow ever, the  sp e c tro g ra m s  taken  a t  p o s itio n  w hich 

w e re  no t n e a r  a  boundary  w e re  v e ry  s im ila r .  The s p e c tro g ra m s  fo r 

th e  y = 1/8 inch, z = 3 /8  inch  p o s itio n  w e re  chosen  fo r  th e  ex trap o la tio n  

b e ca u se  they  w e re  c h a ra c te r is t ic  of th e  sp e c tro g ra m s  fo r  any  p o s itio n  

on th e  f lam e  o th e r  than  a t  a  boundary . F o r  sooty f la m e s  such  a s  cy c lo ­

hexane  and  b enzene  th e  v a lu es  fo r  and  8̂  ̂ in  the  o u te r  cone o r  sooty
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p a r t  of the flam e  w ere  quite d iffe ren t fro m  the values d e te rm in e d  from  

the s p e c tra  taken  n e a r  the b ase  of the  flam e  w h ere  the  ra d ia tio n  is  co m ­

ing p r in c ip a lly  fro m  the  rea c tio n  zone and in n e r  cone of th e  flam e . Thus, 

when the  ex trap o la tio n  is  p e rfo rm e d  fo r la rg e  d ia m e te r  sooty  flam es, 

the  ex trap o la tio n  g r id  m u st a lso  contain  the in fo rm atio n  a s  to w hether 

the g r id  po in ts  a r e  c o n s id e red  in  th e  o u te r  cone o r  the in n e r  cone. This 

is  why the values fo r and have sum m ing su b sc r ip ts  in  equation 54.

F o r  ace to n e  and m ethano l f la m e s  the ex trap o la tio n  p ro g ra m  has 

been com ple ted  and the re s u l ts  co m p ared  by T sa i (16) to the  flux m e a s u re ­

m en ts  m ade w ith  a HY - Cal C onstan tan  fo il type P y rh e lio m e te r .  This 

p y rh e lio m e ’.er h ad  a q u artz  window w hich did not t r a n s m it  a ll  the r a d ia ­

tion. In o rd e r  to c o r re c t  fo r th is  a  tra n sm itta n c e  cu rv e  w as m e a su re d  

fo r the window. A second in te g ra tio n  w as p e rfo rm e d  on the  m o n o ch ro ­

m a tic  flux  m u ltip lied  by the tra n sm itta n c e  of the window a t  th a t frequency . 

T his in te g ra l then  d e te rm in e s  the  flux  p a ss in g  through the window inc iden t 

on the p y rh e lio m e te r . This c o rre c tio n  m u s t be m ade fo r  f la m e s  since 

the cu t-o ff  freq u en cy  fo r q u artz  l ie s  in  the  sam e sp e c tra l reg io n  a s  the 

CO^ rad ia tio n . F ig u re  38 show s th e  to ta l p re d ic te d  flux  fro m  equation 

15, the  v a lu es  m e a s u re d  w ith th e  p y rh e lio m e te r  and the to ta l p re d ic te d  

tra n s m it te d  flux, w hich is  the  p re d ic te d  flux  tim es  the tra n sm itta n c e  of 

th e  q u a rtz  window.

Since ab so lu te  in ten s ity  c a lib ra tio n s  w ere  m ade, the  in te n s ity  

sca le  fo r the  sp e c tro g ra m s  could  be d e te rm in ed . Thus, i t  w as p o ss ib le
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to m ak e  som e defin ite  a rg u m en ts  concern ing  the a p p lic ab ility  of K irc h - 

h o ff 's  Lav/ to f la m es. K irch h o ff 's  Law s ta te s  th a t fo r  a sy stem  in  t h e r ­

m odynam ic equ ilib riu m  the ab so rp ta n c e  and the em ittan ce  a r e  equal. 

S ince the  m o n o ch ro m atic  ab so rp ta n c e  and in ten s ity  w e re  m e a s u re d  in  

th is  ex p e rim en t and since  the m o n o ch ro m atic  em ittan ce , e^, is  defined 

by:

bb

the  b lack  body in ten sity , could  be d e te rm in e d  by applying K irc h ­

h o ff 's  Law . Knowing the  te m p e ra tu re  of a b lack  body, which

w ould em it th a t in ten s ity  could be com puted. F ig u re  39 is  a g raph  of

v e rs u s  w avelength  fo r  the  y = 0, z = 3 /8  inch p o s itio n  fo r an acetone 

flam e . I t w as quite obvious th a t the  b lack  body te m p e ra tu re  c o rre sp o n d ­

ing to the  rad ia tio n  peak  a t 4. 2 to 4. 7 m ic ro n s  w as m uch g r e a te r  thcin 

the  te m p e ra tu re  co rresp o n d in g  to the continuum  ra d ia tio n . The rad ia tio n  

a t  4. 2 to  4. 7 m ic ro n s  w as em itted  fro m  the v ib ra tio n a l energy  le v e ls  of 

th e  COg m o le cu le s . I t  can be a rg u ed  that fo r a sy s te m  in  therm odynam ic  

e q u ilib riu m  the in ten s ity  a t any w avelength  cannot exceed  the  b lack  body 

in te n s ity  a t  th a t w avelength  a s  com puted  fro m  the sy s tem  te m p e ra tu re . 

F o r  the ace to n e  flam e th e re  w as no c le a r ly  defined sy s te m  te m p e ra tu re ; 

thus, i t  w as concluded th a t an ace to n e  flam e does no t r e p re s e n t  a sy stem  

w hich is  in  th erm odynam ic  eq u ilib riu m .



81

ACETONE FLAMEK 1 6 ,0 0 0

^  1 4 ,0 0 0

12,000

•“  1 0 ,0 0 0

8 ,000

m 6 ,0 0 0

4 ,0 0 0

ü  2 ,0 0 0

I

WAVE L E N G T H '^MICRONS

Figure 39. Black Body Temperature for an Acetone Flame



CHAPTER VI

CONCLUSIONS

A m ethod  h as  been p re se n te d  w hich a c c u ra te ly  p re d ic ts  the 

h e a t flux  to ta rg e ts  fro m  flam es using  tra n s p o r t  th eo ry . One advantage 

of the m eth o d  is  th a t the  av e rag e  v a lu es  of and m ay  be d e te rm in e d  

fo r  a given fuel in  the la b o ra to ry  w hich a r e  u sefu l fo r  ex trap o la tin g  to 

la r g e r  s iz e  f la m e s . The th e o re tic a l and  ex p e rim en ta l flux d is tr ib u tio n  

a r e  shown to  be in  good ag re em e n t by F ig u re s  40, 41.

A nother advantage of th is  m eth o d  is  that only about 100 m i l l i ­

l i t e r s  of fuel w e re  consum ed w hile m aking  the la b o ra to ry  m e a su re m e n ts . 

Thus, by using  only a sm all am ount of an ex p e rim en ta l fuel, i t s  r a d ia ­

tiv e  p ro p e r tie s  m ay  be d e te rm in ed . A lso, th is  m ethod  of a n a ly s is  does 

no t re q u ire  th a t the abso rb ing  and em itting  m edium  be in therm o d y n am ic  

eq u ilib rium , although the m ethod is  v a lid  fo r  e i th e r  the  therm o d y n am ic  

eq u ilib riu m  o r  the  n o n -eq u ilib riu m  c a se . T h e re  a r e  two c h a ra c te r is t ic s  

of th e  sp e c tro g ra m s  w hich in d ica te  th a t the  acetone flam e is  no t in  th e r ­

m odynam ic eq u ilib riu m . F ig u re  42 h a s  both the volum e ab so rp tio n  c o ­

e ffic ien t and th e  volum e em iss io n  p lo tted  a s  a function of w avelength .

I t can re a d ily  be seen  th a t the p eak s  of the  two cu rv es  do n o t o ccu r a t

82



83

« . 0 - 2 0
S

<
(0
H
S 0.15

§ 0.10
b.

0.05

FUEL : ACETONE
FUEL HOLDER DIAMETER: 4  INCHED 
TAHOET t i l t : W « 9 0
FLAME SIZE : MEAN DIAMETER> 6 . 0 8  CM.

MEAN H E IG H T -0 0 .2 0  CM.

X  PREDICTED TRANSM ITTED FLUX 

O  EXPERIMENTAL FLUX

0 10 20 30 40
SEPARATION DISTANCE — CM.

Figure 1+0, Radiation Flinc versus Distance from a 
Cylindrical Acetone Flame



84

 ̂ 0.10 o
0)
H  
I -  
<

F U E L .  M E T H A N O L
F U E L  H O L D E R  D I A M E T E R  : 4  I N C H E S  

T A R O E T  T I L T  : W * 9 0

F L A M E  S I Z E  : M E A N  D I A M E T E R -  4 . 2 0  CM.
M E A N  H E I G H T "  1 8 . 4 1  CM.

X PREDICTED TRANSMITTED FLUX 

O EXPERIMENTAL FLUX

10 2 0  3 0  4 0
SEPARATION D ISTA N CES^ CM.

Figure 4l. Radiation Flux versus Distance from a 
Cylindrical Methanol Flame



85

600 0.6
ABSORPTION----

EMISSION
4 0 0 0.4

% 200 0.2

0.0 ?
4 jO2.0

WAVELENGTH IN MIGRONS
2.5 3.0 3.5

z
(0

I-<
$

6000 -

ABSORPTION-----

EMISSION<Q 4000

2  2000

4.0 5.0 5.5 6.04.5 6.5

9
Q.
K
0
01
5

s
3
- I
O
>

WAVELENGTH IN MIGRONS

FIGURE 42. COMPARISON OF ABSORPTION AND EMISSION



86

the same waveleiigth. Also the large COg vibrational energy emission 
peak at 4.3 to 4.5 microns indicates that there is a very large popula­

tion of excited vibrational energy levels. The temperature that would 
be required for an equilibrium COg gas to emit this amount of energy 

would be very high. The explanation offered by A. von Engel (17) for 
the presence of the large amount of CO2 vibrational energy emission is 
that due to the relatively long lifetime of the •vibrational energy states, 
it would take a longer time for the COg molecules to equilibrate their 
energy with the other flame products than the length of time they remain 
in the flame.
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NOMENCLATURE

a = o p t ic a l path length  through the flame (cm'^)
2A = area (cm )

—TP PC^ = constant in  b lack  body ra d ia tio n  law (= 1 .177  x 10~ w atts cm )

Cg = constan t in  b lack  body ra d ia tio n  law (= 2.5776 cm degree Rankine)

E = monochromatic power (w atts cm"^)
A

f  = fo c a l len g th  (cm)

= monochromatic in te n s i ty  (w atts cm" stea rad ian" )

= monochromatic in te n s i ty  o f flame p lus tran sm itted  p o rtio n  o f globar

in te n s i ty  

= monochromatic in te n s i ty  o f flame

= monochromatic in te n s i ty  of globar

= g lobar reference monochromatic in te n s i ty  

= monochromatic volume emission (w atts cm”"̂ s tea rad ian s"^ ) 

k = therm al conductiv ity  (BTU p er hour foo t degree Fahrenheit)

n = index of re fra c tio n

r  = m irror.radius^(cm )

R = m irro r rad iu s of curvature (cm)

s = spectrom eter s l i t  w idth (m illim eters)

S = m irro r ob jec t d istan ce  (cm)

S ' = m irro r image d istance  (cm)

=■ b la ck  body tem perature
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= globar tem perature 

= g lobar reference tem perature 

X = o p tic a l  pa th  length

a  = see equation (l2 )

P = see equation (13 )

= monochromatic em ittance

dfl^  = d isp e rs io n  of prism

X = -wavelength (microns)

AX = s p e c tra l s l i t  -width (microns)

A\^ = d isp e rs io n  term  fo r  sp e c tra l s l i t  width (microns) 

AXp = Rayleigh term fo r  sp e c tra l s l i t  w idth (microns) 

n  = so lid  angle (s tea rad ian s)


