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FOREWORD 

This  r e p o r t  was  prepared i n  p a r t i a l  f u l f i l l m e n t  o f  .the r equ i r e -  

ments of Contract  NAS8-11994. De l ive ry  of t h r e e  breadboard and 

t h r e e  prototype h e a t  f l u x  senso r s  comprises t h e  remainder o f  t h e  

c o n t r a c t u a l  requirements.  De l ive ry  of t h e  sensors  has been COD- 

p l e t ed  p r i o r  t o  t h e  d a t e  of t h i s  r e p o r t .  

This  c o n t r a c t  w a s  administered by t h e  A s t r i o n i c s  Laboratory,  

Research and Development Laboratory,  Marshall  Space F l i g h t  

Center ,  NASA. M r .  Harlan Burke w a s  t h e  c o n t r a c t  t e c h n i c a l  

monitor. 

ABSTRACT 

A prototype,  r a d i a n t  h e a t  f l u x  sensor  was designed. Fabrica- 

t i o n ,  c a l i b r a t i o n  and d e l i v e r y  o f  t h r e e  of t h e s e  prototypes t o  

NASA MSFC has been completed. 

The hea t  f l u x  senso r s  are high responsivity-,  s h o r t  t ime cons t an t  

radiometers  designed t o  operate  r e l i a b l y  i n  t h e  seve re  environs 

of rocke t  engine exhaust plumes. The senso r s  a r e  designed t o  

measure very high r a d i a n t  emit tance l e v e l s  over a narrow f i e l d  

of view. 

- 

The senso r s  a r e  descr ibed i n  t h i s  r e p o r t  and d e t a i l e d  drawings 

of t h e  sensor  and i t s  components accompany it. I n  a d d i t i o n ,  

t h e  r e sea rch  and development which led t o  t h e  des ign  i s  d i scussed .  

R6741 i i i / i v  
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INTRODUCTION 

The measurement of r a d i a n t  heat f l u x  from high i n t e n s i t y  sources  has be- 

come inc reas ing ly  important with t h e  advent and expansion of t h e  space 

age. For  example, t h e  des ign  of t h e  b o a t t a i l  region of a v e h i c l e  r e q u i r e s  

an accu ra t e  knowledge of t h e  heat  r ad ia t ed  from t h e  exhaust plumes of 

t h e  rocket  engines which propel t h e  veh ic l e .  Because of t h e  s t r u c t u r a l ,  

and consequently t h e  r a d i a t i v e ,  conp lex i ty  of, t h e s e  plumes, it i s  d i f f i -  

c u l t  t o  a c c u r a t e l y  p r e d i c t  t h e o r e t i c a l l y  t h e  q u a n t i t y  of r a d i a n t  energy 

f rom them. Hence, accu ra t e  measurements a r e  needed. 

Spec ia l i zed  radiometers a r e  required f o r  measurements of t h i s  t ype .  

Commercially a v a i l a b l e  radiometers t y p i c a l l y  have r a t h e r  wide f i e l d  s-of- 

view wliicli u s u a l l y  a r e  not wel l  de f ined .  

f o r  example, on rocket  engine s t a t i c  t e s t  s t a n d s  and on f l i g h t  v e h i c l e s ,  

it f r e q u e n t l y  happens t h a t  indeterminate  amounts of t h e  plume a r e  obscured 

by in t e rven ing  s t r u c t u r a l  members. It may a l so  be t h a t  t h e  plume i s  de- 

f l e c t e d ,  as  i s  usual  i n  s t a t i c  t e s t  c o n l i g u r a t i o n s .  This  w i l l  have pro- 

nounced e f f e c t s  on t h e  r a d i a t i o n  f r o n  t h e  o v e r a l l  plume, t h e  m a j o r i t y  of 

which would l i e  w i t h i n  t h e  f i e l d  of view o f  standard radiometers .  For 

neaningfu? measurements i n  such s i t u a t i o n s ,  o r  xhe1-2 information i s  de- 

s i r e d  ahout t h e  r a d i a t i o n  from a p a r t i c u l a r  p o r t i o n  of a heterogeneous 

plume, it i s  c l e a r l y  necessary t o  r e s t r i c t  t h e  i i e l d  o€  view of t h e  

radiometer . 

I n  a c t u a l  ueasurement s i t u a t i o n s ,  

Other important c h a r a c t e r i s t i c s  of a r a d i a n t  hea t  f l u x  senso r  f o r  measure- 

ments o f  t h i s  t ype  include:  s u f f i c i e n t l y  high s i g n a l  amplitude t o  obv ia t e  

no i se  problems i n  connection with s i g n a l  cond i t ion ing  equipment and suf-  

P i c i e n t l y  rapid response t o  provide an accu ra t e  measure of r a d i a t i o n  in- 

t e n s i t y  even when t h e  l a t t e r  i s  varying slowly wi th  t i m e .  

R-6741 1 
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For those  rocket  exhaust  plumes which con ta in  p a r t i c u l a t e  matter, t h e  

r a d i a t i o n  i s  s p e c t r a l l y  cont inuous.  This  i s  t r u e ,  f o r  example, of plumes 

of engines  using t h e  l i q u i d  p r o p e l l a n t s  LO /RP-l o r  aluminized s o l i d  pro- 

p e l l n n t s .  I n  a d d i t i o n ,  t h e  molecular s p e c i e s  p re sen t  i n  most exhaust  

plumes r a d i a t e  i n  s e v e r a l  p o r t i o n s  i n  a wide wavelength i n t e r v a l .  There- 

f o r e ,  t o  accu ra t e ly  measure t h e  amount of r a d i a t i o n  from such sources ,  it 

i s  e s s e n t i a l  t h a t  t h e  radiometer  used have uniform s p e c t r a l  r e s p o n s i v i t y  

over  a w i d e  range. 

2 

The immediate v i c i n i t y  o€ l a r g e  rocke t  engine exhaust  plumes i s  a s t renu-  

ous one € o r  ins t ruments  of any type .  I n  a d d i t i o n  t o  very  high a c o u s t i c  

and v i b r a t i o n  l e v e l s ,  high hea t  t r a n s f e r  r a t e s  a r e  p r e s e n t .  The l a t t e r  

a r e a  i s  of p a r t i c u l a r  concern f o r  a f l i g h t  instrument  where water  cool- 

ing  i s  not  poss ib l e .  Thus a r a d i a n t  h e a t  f l u x  senso r  designed f o r  t h i s  

t ype  o f  usage must be very  rugged mechanical ly  and must have thermal  

p r o t e c t i o n  adequate t o  ensure s a t i s f a c t o r y  ope ra t ion  under h igh  h e a t  

1 ond ing  . 

The proto type  hea t  f l u x  senso r s  developed and f a b r i c a t e d  under t h i s  con- 

t r a c t  a r e  designed t o  ope ra t e  s a t i s f a c t o r i l y  under  cond i t ions  such a s  t h e  

above and i n  p a r t i c u l a r  t o  meet t h e  s p e c i f i c  requirements  f o r  p e r i o r m n c e  

l i s t e d  i n  t h e  c o n t r a c t  qu ide l ines .  

2 
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ITEAT FLUX SENSOR 

SENSOR DESCRIPTION 

The pro to type  hea t  f l u x  senso r  i s  comprised of a r e f l e c t i v e - r e f r a c t i v e  

o p t i c a l  system and a t h i n  f o i l  thermocouple d e t e c t o r .  

system se rves  t o  d e f i n e  t h e  f ie ld-of-view of t h e  ins t rument  whi le  i nc reas -  

i n g  t h e  i r r a d i a n c e  a t  t h e  d e t e c t o r .  The components of  t h e  o p t i c a l  system 

and t h e  d e t e c t o r  a r e  mounted i n  a compact metal  housing, which, i n  t u r n ,  

i s  covered by a thermal  p r o t e c t i v e  m a t e r i a l .  Radiant  energy i s  admit ted 

t o  t h e  sensor  v i a  a sapphi re  window which i s  recessed i n  a c y l i n d r i c a l  

contaminat ion s h i e l d  through which a gaseous n i t r o g e n  purge i s  exhausted.  

F igure  1, 2 and 3 a r e  photographs,  i nc lud ing  an exploded view, of the un- 

coated seuso r  whi le  F ig .  4 i s  a photograph of a t he rma l ly  p ro tec t ed  senso r  

EWR 926935-1 i s  an assembly drawing of t h e  pro to type  sensor .  

The fo lded  o p t i c a l  

The o v e r a l l  dimensions of t h e  sensor  a r e  approximately 6-112 by 4 by 2 

i nches .  I ts  weight w i th  thermal p r o t e c t i o n  i s  3.8 pounds; without  t h e  

p r o t e c t i v e  coa t ing  it i s  2 . 9  pounds. 

E l e c t r i c a l  connect ion i s  made through a two-pin receptacle a t  t h e  r e a r  of 

t h e  senso r  housing.  P ip  B i s  t h e  p o s i t i v e  t e rmina l .  

t e rmina ted  by a snap-on connector i s  suppl ied  wi th  t h e  senso r .  

A l eng th  of cab le  

An AN f i t t i n g ,  a l s o  a t  t h e  r e a r  of t h e  senso r ,  p rov ides  f o r  admission of 

t h e  n i t r o g e n  purge gases .  

p s i  supply p re s su re  t o  50 p s i  w i th in  t h e  housing and a d j u s t s  t h e  f lowra te  

t o  3 s tandard  cubic  f e e t  p e r  minute. 

An o r i f i c e  i n  t h e  f i t t i n g  dec reases  t h e  750 

~ 6 7 4 1  3 
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I 

Four b o l t  h o l e s  through t h e  s e n s o r  housing i n  a d i r e c t i o n  

i t s  long dimension a r e  provided f o r  mounting t l ie s enso r .  

Four b o l t  h o l e s  through t h e  s e n s o r  housing i n  a d i r e c t i o n  

i t s  long dimension a r e  provided f o r  mounting t l ie s enso r .  

t r a n s v e r s e  t o  

SENSOR PERFORMANCE 

C a l i b r a t i o n s  and o t h e r  t e s t s  were performed on t h e  p ro to type  h e a t  f l u x  

senso r s  t o  determine t h e i r  performance c h a r a c t e r i s t i c s .  

g iven  i n  t h i s  s e c t i o n  and compared w i t h  t h e  c o n t r a c t  q u i d e l i n e s .  

The r e s u l t s  a r e  

Sensor output  vo l t ages  vs source r a d i a n t  emit tance l e v e l  i s  shown i n  

Fig.  5, 6,  and 7 .  I n  a l l  c a s e s ,  t h e  r e s p o n s i v i t y  i s  g r e a t e r  t h a n  t h e  

g u i d e l i n e  l i m i t  va lue  of v o l t s  watt-' c e n t i m e t e r  . Depature from 

l i n e a r i t y  i s  l e s s  t h a n  +3 percen t  of t h e  f u l l  s c a l e  value.  

2 

The above c a l i b r a t i o n s  w e r e  performed us ing  a s e r i e s  of f i v e  i n t e r m i t t e n t  

exposures of s e v e r a l  seconds d u r a t i o n  a t  each r a d i a n t  emit tance l e v e l .  

To determine t h e  s t a b i l i t y  of t h e  ou tpu t  over  l onge r  p e r i o d s  of t ime,  t h e  

s e n s o r s  were exposed t o  t h e  c a l i b r a t i o n  source r a d i a t i n g  a t  a l e v e l  of 

250 w a t t s  cen t ime te r  f o r  p e r i o d s  up t o  10 minutes.  The change i n  v o l t -  

age output  over t h i s  per iod was l e s s  t han  0 . 3  p e r c e n t ,  w e l l  below t h e  

g u i d e l i n e  l i m i t  value of 2 pe rcen t  a t  200 w a t t s  c e n t i m e t e r  

The s t a b i l i t y  t e s t  w a s  performed both wi th  t h e  gaseous n i t r o g e n  purge on 

and o f f .  

s ta tes .  

-2 

-2 f o r  3 minutes.  

There w a s  no measurable change between t h e s e  t w o  o p e r a t i n g  

The c o n t r a c t  g u i d e l i n e s  d e f i n e  t h e  t ime c o n s t a n t  as t h e  t ime t o  reach 

63.2  p e r c e n t  of t h e  f i n a l  ou tpu t  vo l t age  when t h e  s e n s o r  i s  sub jec t ed  
-2 

t o  a s t e p  change i n  r a d i a n t  emit tance from 0 t o  50 w a t t s  c e n t i m e t e r  . 

8 R674 1 
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Measurements were made f o r  s t e p  changes over a wide range of l e v e l s  and 

t h e  r e s u l t s  a r e  presented i n  Fig.  8, 9,  and 10. For a l l  l e v e l s  of s t e p s  

inc lud ing  50 watts centimeter-2,  t h e  time cons t an t  i s  l e s s  t h a n  t h e  guide- 

l i n e  maximum value of 200 mi l l i s econds .  

The measured angular  f i e l d  of view of t h e  p ro to type  senso r  i s  shown i n  

F ig .  11. I t  i s  given i n  terms of t h e  r e l a t i v e  r e s p o n s i v i t y  of t h e  senso r  

a s  a func t ion  of t h e  angu la r  d e v i a t i o n  from t h e  o p t i c a l  a x i s  o f  a "point"  

source.  The f i e l d  o f  view i s  he re  def ined a s  t h e  " t o t a l  f i e l d  o i  view," 

and i s  discussed more f u l l y  l a t e r  i n  t h i s  r e p o r t .  The measured value o f  

6.16 degrees  l i e s  between t h e  g u i d e l i n e  l i m i t  values  of 6 and 8 degrees .  

An ace ty l ene  to rch  was used a s  a s o o t  g e n e r a t o r  i n  t h e  t e s t  f o r  ant icon-  

taminat ion p r o t e c t i o n .  S p e c i f i c a l l y ,  t h e  t e s t  was t h a t  d e t a i l e d  on page 

11 o f  NASA MSFC drawing number 50M60219. 

t o r c h  a t  t h e  sensor viewing po r t  from a d i s t a n c e  of  2.5 i nches  a t  t h r e e  

d i f € e r e n t  angles  f o r  a t o t a l  of 7 minutes.  Sensor purge flow f o r  t h e  t e s t s  

was 3 s tandard cubic f e e t  p e r  minute a t  750 p s i .  Responsivi ty  measurements 

made immediately be fo re  and a f t e r  such t e s t s  showed n dec rease  o f  l e s s  t han  

1 percent  due t o  contaminants deposi ted on t h e  senso r  window. 

This  i nvo lves  d i r e c t i n g  t h e  

12 
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0 

CONCLUSIONS 

A rugged, compact, high r a d i a n t  h e a t  f l u x  senso r  has been developed and 

t e s t e d .  I t s  measured performance c h a r a c t e r i s t i c s  a r e  such t h a t  it meets 

o r  exceeds t h e  o p e r a t i o n a l  requirements a s  s e t  f o r t h  i n  t h e  c o n t r a c t  guide- 

l i n e s .  Three of t h e s e  prototype senso r s  have been de l ive red  to NASA MSFC. 
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RECOMMENDATIONS 

I n  tlie course of tlie r e sea rch  on and development of t h e  prototype h e a t  

f l u x  senso r s ,  s eve ra l  a r e a s  of p o s s i b l e  inprovement became appa ren t .  For 

reasons of t i m e  and money t h e s e  a r e a s  could no t  be i n v e s t i g a t e d  more f u l l y  

under t h e  p re sen t  c o n t r a c t .  

i n v e s t i g a t i o n  might prove f r u i t f u l  i n  leading t o  an optimal des ign  of a 

high r a d i a n t  hea t  f l u x  sensor  o f  t h e  p re sen t  t y p e .  

They a r e  mentioned liere a s  a r e a s  where f u r t h e r  

A s  i n  t h e  design of m o s t  ins t ruments  t h e r e  a r e  t r a d e o f f s  which can be ef-  

f e c t e d  i n  t h e  hea t  f l u x  sensor .  There i s ,  f o r  example, a t r a d e o f f  between 

r e s p o n s i v i t y  and time cons t an t ,  between r e s p o n s i v i t y  and senso r  s i z e  (and 

hence, weight), and between r e spons iv i ty  and f ield-of-view. 

s i o n  of  i nc rease  i n  r e s p o n s i v i t y  could be read,  dec rease  i n  weight o r  de- 

c r e a s e  i n  field-of-view. Although s i z e  and weight a r e  not  mentioned i n  

t h e  design g u i d e l i n e s ,  it i s  poss ib l e  t h a t  minimization o f  t h e s e  charac- 

t e r i s t i c s  of t h e  senso r s  may be of g r e a t  importance i n  f l i g h t  models. 

Thus d i scus -  

DETECT OR 

-4 The f o i l  used i n  t h e  prototype sensor  d e t e c t o r s  i s  10 inch  t h i c k  con- 

s t a n t a n ,  t h e  t h i n n e s t  a v a i l a b l e  a t  t h e  t i n e  of purchase.  Vendor f o i l  

r o l l i n g  c a p a b i l i t i e s  a r e  cons t an t ly  improving and it appears  t h a t  t h i ck -  

n e s s e s  of 6 x Use of tlie t h i n n e r  f o i l  may 

r e s u l t  i n  a 50 pe rcen t  increase i n  r e s p o n s i v i t y  o r ,  a l t e r n a t i v e l y ,  a de- 

c r e a s e  i n  sensor  s i z e .  

inches a r e  f e a s i b l e  now. 

To o b t a i n  even t l i inner  f o i l  e l e c t r o e t c h i n g  proves u s e f u l .  

i n v e s t i g a t i o n s  were conducted i n  t h i s  a r e a  w i t h  evidence t h a t  i n c r e a s e s  

i n  r e s p o n s i v i t y  could be obtained. 

Prel iminary 
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. *  Fur the r  i n v e s t i g a t i o n  of s u b s t i t u t e  m a t e r i a l s  f o r  t h e  Chrome1 P and coli- 

s t a n t a n  used i n  t h e  p re sen t  s enso r s  may prove e s p e c i a l l y  f r u i t f u l .  

go Id -n i c ke 1 a 1 1 oy , wh i ch d emons t ra t ed  11 i ghe r t h e  rmo e 1 e c t r i c powe r t h a n  

t h e  above combination, was used i n  experimental  d e t e c t o r s .  

nesses  it provided a r e s p o n s i v i t y  which was d e f i n i t e l y  h i g h e r  tlian t h e  

comparable constantan.  

forms now a v a i l a b l e .  

i n  r e spons iv i ty .  

A 

A t  some th i ck -  

It should a l s o  be i n v e s t i g a t e d  i n  t h e  very t h i n  

Other m a t e r i a l s  nay provide an even g r e a t e r  i n c r e a s e  

OPTICAL SYSTEM 

Coaxial o p t i c a l  system o f  t h e  r e f l e c t i v e  and r e f l e c t i v e - r e f r a c t i v e  t y p e s  

were analyzed t o  determine whether sensor  s i z e  r educ t ion  over  t l ie p r e s e n t  

Z shaped o p t i c a l  conf igu ra t ion  was p o s s i b l e .  

s h i e l d i n g  tlie d e t e c t o r  Prom t h e  d i r e c t  incidence of r a d i a t i o n  from o u t s i d e  

t h e  f i e l d  of view of t h e  senso r ,  t h i s  approach d i d  not  appear  promising. 

However, t h e  des i r ed  s i z e  reduct ion might be p o s s i b l e  using an  a l l  re-  

f r a c t i v e  system. Such a system was not  used i n  t h e  p ro to type  senso r s  be- 

cause o f  t h e  d i f f i c u l t y  i n  meeting t h e  f ie ld-of-view requirement over t h e  

d e s i r e d  wide wavelength i n t e r v a l .  However, it would be p o s s i b l e  t o  main- 

t a i n  the  f i e l d  o f  view w i t h i n  t h e  des ign  g u i d e l i n e  l i m i t s  over  t h a t  por- 

t i o n  of  t h e  sprectrum i n  which t h e  v a s t  m a j o r i t y  o f  t h e  r a d i a n t  energy i s  

p resen t .  

r e s u l t  i n  an apprec i ab le  s i z e  and weight r educ t ion .  

Due t o  d i f f i c u l t i e s  i n  

This s l i g l i t  r e l a x a t i o n  of  t h e  f i e l d  of view requirements could 

SENSOR HOUSING 

The senso r  housing might w e l l  be reduced i n  weight by c a r e f u l  a t t e n t i o n  

t o  t h i s  l a c t o r .  I n  p a r t i c u l a r ,  r edes ign  of t h e  gaseous n i t r o g e n  purge 

f l o w  system through t h e  housing may e f f e c t  s i z e a b l e  weight s av ings .  

20 ~ 6 7 4  1 
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THXRMAL PROTECTION 

T e s t s  conducted i n  t h e  most  s t renuous environment t o  wliich t h e  senso r  w i l l  

be exposed may r evea l  t h a t  t h e  t h i c k n e s s  o f  t h e  thermal p r o t e c t i v e  m a t e r i a l  

could be s a f e l y  reduced wi th  consequent weight savings.  I n  a d d i t i o n ,  where 

use i s  planned f o r  l e s s  t han  t h e  extreme thermal environment, t h e  t l i e m a l  

p r o t e c t i o n  may be t a i l o r e d  s p e c i f i c a l l y  t o  t h a t  s i t u a t i o n ,  aga in  wi th  re-  

s u l t a n t  weight savings f o r  p a r t i c u l a r  a p p l i c a t i o n s .  

21/22 
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HEAT FLUX SENSORS - RESEARCH AND DEYELOPMENT 

A s  pointed out e a r l i e r ,  t h e  high h e a t  f l u x  senso r s  developed under t h i s  

c o n t r a c t  have unique requirements.  Such c o n s i d e r a t i o n s  as  severe thermal 

environments, p r e c i s e l y  l i n i t e d  f i e l d  o f  view, very high source energy 

l e v e l s  and high senso r  r e spons iv i ty ,  t o  name s e v e r a l ,  p l ace  s t r i n g e n t  re- 

quirements on a success fu l  design.  Therefore ,  r e sea rch  and development 

i n  a number of  a r e a s  was a necessary prel iminary t o  senso r  des ign .  

Th i s  s e c t i o n  of t h e  r e p o r t  con ta ins  a d i s c u s s i o n  o f  t hose  i n v e s t i g a t i o n s  

and t h e i r  r e l a t i o n s h i p  t o  sensor  des ign .  An at tempt  i s  made t o  d i s c u s s  

a l l  such areas of  i n v e s t i g a t i o n ,  whether o r  not  t h e  r e s u l t s  were incorpo- 

r a t e d  i n  t h e  design of t h e  prototype h igh  h e a t  f l u x  senso r s .  The discus-  

s i o n  i s  organized g e n e r a l l y  according t o  t h e  f u n c t i o n a l  components of t h e  

senso r .  

GIPJFBAL DISCUSSION 

I n  a d d i t i o n  t o  meeting s p e c i f i c  ope ra t ing  requirements,  it i s  necessary 

t h a t  t h e  senso r s  be c a l i b r a t e d .  C l e a r l y  such ca.l ibratiGn c o q r i s e s  an 

e s s e n t i a l  p a r t  o f  t h e  development and eva lua t ion  o f  t h e  senso r s ;  as such, 

it i s  important t h a t  t h e  c a l i b r a t i o n  extend over t h e  e n t i r e  s enso r  operat-  

i n g  range from 0 t o  250 w a t t s  cm . Hence, t h e  a v a i l a b i l i t y  of a source 

capable  of very high r a d i a n t  i n t e n s i t i e s  was e s s e n t i a l  t o  t h e  success fu l  

conduction of t h e  program. A Rocketdyne developed 1/4-inch diameter ,  high 

temperature  blackbody (Ref. 1) was intended f o r  use i n  t h i s  c a l i b r a t i o n .  

-2 
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For a v a l i d  c a l i b r a t i o n ,  two  c r i t e r i a  must be s a t i s f i e d ,  namely: 

s enso r  en t r ance  pup i l  must l i e  w i t h i n  t h e  f i e l d  of view of t h e  blackbody 

t o  a s s u r e  a uniformly r a d i a n t  c a l i b r a t i o n  source f o r  a l l  p o i n t s  i n  t h e  

en t r ance  pupi l  and (2)  t h e  blackbody a p e r t u r e  must f i l l  t h e  f i e l d - o f -  

view of  t l ie sensor .  

f ield-of-view of 6 .5  degrees ,  e s s e n t i a l l y  t h e  same as t h a t  of t h e  senso r ,  

it i s  apparent t h a t  t h e  e n t r a c e  p u p i l  can be no l a r g e r  t han  t h e  blackbody 

a p e r t u r e .  I n  f a c t ,  a diameter  of 114 inch w a s  chosen f o r  t h e  p re l imina ry  

o p t i c a l  system. 

(1) t h e  

Since t h e  aforementioned Rocketdyne blackbody has a 

While an o p t i c a l  system of t h i s  s i z e  l e a d s  t o  a very compact s enso r ,  it 

p l a c e s  extremely high r e s p o n s i v i t y  requirements on t h e  d e t e c t o r .  It was 

o r i g i n a l l y  hoped t h a t  it would be p o s s i b l e  t o  use very high t h e r m o e l e c t r i c  

power m a t e r i a l s  € o r  t h e  d e t e c t o r  t o  achieve such d e t e c t o r  r e s p o n s i v i t i e s ;  

Iiowever, as t!ie i n v e s t i g a t i o n  of a v a i l a b l e  t h e r m o e l e c t r i c  m a t e r i a l s  pro- 

{;ressed, it became apparent  t h a t  f a b r i c a t i o n  d i f f i c u l t i e s  w i t h  t h e  mater- 

i a l s  i n  tlie f o r m  needed f o r  t h e  d e t e c t o r  were t o o  g r e a t  t o  a l low such 

cons ide ra t ion  w i t h i n  t h e  scope of t h e  program. Therefore ,  it was decided 

t o  rennin w i t h  more o r  l e s s  convent ional ,  and r e a d i l y  a v a i l a b l e ,  m a t e r i a l s  

for tl ie d e t e c t o r .  Hence, it became necessa ry  t o  i n c r e a s e  t h e  "gain" of 

t h e  o p t i c a l  system t o  achieve t h e  required o v e r a l l  r e s p o n s i v i t y  of t h e  

senso r .  A diameter of 3/11 inch was s e l e c t e d  € o r  t h e  c o l l e c t i n g  o p t i c s  

as s u f f i c i e n t  t o  meet t h i s  need. 

This  i nc rease  i n  diameter  presented t h e  need f o r  a correspondingly l a r g e r  

blackbody. To f u l f i l l  t h i s  need, a Rocketdyne 2-inch, 100 w a t t  cm 

source (Ref. 2 )  was s u c c e s s f u l l y  modified t o  i n c o r p o r a t e  a 1-inch d i ame te r  

a p e r t u r e  and t o  operate a t  r a d i a n t  emit tance l e v e l s  t o  250 w a t t  cm . 

-2 
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DETECTOR DEYELO€"T 

The d e t e c t o r  proposed and used f o r  t h e  hea t  f l u x  senso r s  i s  t h e  I o i l  t ype  

o r i g i n a l l y  descr ibed by Gardon (Ref. 3). D e t e c t o r s  of t h i s  type a r e  m l l  

s u i t e d  f o r  use i n  t h e  high heat f l u x  senso r  f o r  a number of r e a s o n s :  

t h e i r  s p e c t r a l  response i s  broad s i n c e  t h e y  respond t o  t h e  t o t a l  enerzy 

absorbed; t hey  a r e  s e l f  gene ra t ing  t r ansduce r s  and, hence, independent 

of power s u p p l i e s ;  t h e i r  r e s p o n s i v i t y  i s  n e a r l y  independent of t h e  aub ien t  

temperature s i n c e  they  a r e  d i f f e r e n t i a l  thermocouple d e v i c e s ;  t h e i r  re-  

spons iv i ty  and t ime cons t an t  can be t a i l o r e d  t o  €it s p e c i f i e d  va lues ;  

and they  a r e  i n h e r e n t l y  rugged mechanically.  

Since t h e  P o i 1  d e t e c t o r s  a r e  thermocouple dev ices  t h e i r  r e s p o n s i v i t y  i s  

i n h e r e n t l y  low.  Seve ra l  poss ib l e  methods o f  i n c r e a s i n g  t h i s  parameter 

were i n v e s t i g a t e d .  

Responsivi ty  and Time Constant 

Seebeck C o e f f i c i e n t .  A l i t e r a t u r e  search f o r  m a t e r i a l s  w i th  h igh  Seebeck 

c o e f f i c i e n t  w a s  conducted. The v a s t  ma jo r i ty  of r e fe rences  examined were 

i n  connect ion w i t h  the rmoe lec t r i c  power gene ra t ion  where problems o f  dev ice  

f a b r i c a t i o n  are completely d i f f e r e n t  t han  those  of t h e  hea t  f l u x  senso r  

d e t e c t o r s .  However, due t o  t he  i n t e n s i v e  i n v e s t i g a t i o n s  i n  t h i s  a r e a  a 

number of m a t e r i a l s  which have very h i ~ h  Seebeck c o e f f i c i e n t s  a r e  known. 

For  example, va lues  a s  high a s  400 mic rovo l t s  degree 

f o r  such m a t e r i a l s  as t e l lu r ium,  lead t e l l u i d e ,  bismuth t e l l u r i d e ,  doped 

germanium and s i l i c o n .  However, t h e s e  semiconductor m a t e r i a l s  appear  t o  

be u n i v e r s a l l y  b r i t t l e  and extremely d i f f i c u l t  t o  Pab r i ca t e  i n  such fo rus  

a s  f o i l  and small diameter  wire such as a r e  needed f o r  t h e  f o i l  d e t e c t o r .  

Such f a b r i c a t i o n  techniques a s  powder metal lurgy,  which is comlnonly used 

-1 
have been neasured 
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i n  t he rmoe lec t r i c  power gene ra t ion  dev ices ,  a r e  s i u p l y  no t  app1icabl.e. 

Consequently, a t t e n t i o n  w a s  turned t o  t hose  n e t a l s  which were more l i k e l y  

t o  be a v a i l a b l e  i n  the  form needed. 

The o r i g i n a l  m a t e r i a l s  used by Gardon were copper and cons t an tan .  

s u b s t i t u t e  f o r  copper, it was decided t o  use Chrome1 P which was r e a d i l y  

a v a i l a b l e  i n  t h e  f o r m  needed and had a Seebeck c o e f f i c i e n t  o f  25 micro- 

v o l t s  degree a s  compared t o  only 2 o r  3 f o r  copper.  

A s  a 

-1 

Bismuth s a good the rmoe lec t r i c  m a t e r i a l  and sugges t s  i t s e l f  a s  a s u b s t  

t u t e  f o r  constantan.  However, t h e  temperatures  t h e  f o i l  must reach t o  

gene ra t e  t h e  required output  s i g n a l  of 25 m i l l i v o l t s  would be very c l o s e  

t o  t h e  melting po in t  of t h e  bismuth, p a r t i c u l a r l y  i f  t h e  temperature  of 

t h e  d e t e c t o r  body should r i s e  apprec i ab ly .  I n  a d d i t i o n ,  a 91% gold - 
9% n i c k e l  a l l o y  was obtained i n  t h e  form of f o i l  and p r e l i m i n a i y  t e s t s  

run wi th  d e t e c t o r s  f a b r i c a t e d  us ing  i t .  Those t es t s  performed us ing  it 
ind ica t ed  a promise of performance s u p e r i o r  t o  t h a t  of t h e  constantan 

even tua l ly  used i n  t h e  prototype senso r s .  Unfo r tuna te ly ,  t ime and funds 

d id  no t  p e r n i t  a complete e v a l u a t i o n  of t h e  m a t e r i a l .  Hence, cons t an tan  

was s e l e c t e d  ns t h e  d e t e c t o r  f o i l  m a t e r i a l  and was procured i n  t h e  t h i n -  

n e s t  f o i l  a t t a i n a b l e .  

F o i l  Thickness.  A s  an example of t h e  r a p i d i t y  w i t h  which p rogres s  i s  being 

made i n  t h e  r o l l i n g  of t h i n  f o i l ,  two and one h a l f  y e a r s  ago when cons t an tan  

f o i l  f o r  a s i u i l a r  d e t e c t o r  w a s  sought (Ref. 4 ) ,  t h e  t h i n n e s t  f o i l  a v a i l -  

a b l e  was 2 x 10 A t  t h e  beginning o f  t h e  program repor t ed  h e r e ,  

t h e  p r e s e n t l y  used 1 x 10 inch  f o i l  was t h e  t h i n n e s t ,  wh i l e  n e a r  t h e  

end of t h e  program, f o i l  a s  t h i n  as 0 . 7  x 10 inches  supposedly became 

a v a i l a b l e .  Again i n s u f f i c i e n t  t ime remained t o  procure such f o i l  f o r  

eva l  ua t ion .  

-4 inches.  
-4 
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I n  an e I f o r t  t o  f u r t h e r  reduce t h e  t h i c k n e s s  of t h e  f o i l  obtained commer- 

c i a l l y ,  an at tempt  t o  r o l l  t he  m a t e r i a l  using a small  hand r o l l i n g  n i l 1  

was made. No more than  a 5 percent reduct ion i n  t h i c k n e s s  was’ obtained 

using t h e  method on 1 s 10 inch tliicli constantan;  hence, f u r t h e r  r o l l i n g  

e f f o r t s  were abandoned. 

-4 , 

0 

An i n v e s t i g a t i o n  of t h e  p o s s i b i l i t y  of using e l e c t r i c a l  e t c h i n g  o f  t h e  

f o i l  was a l s o  conducted. Here experiments were conducted l a r g e l y  on 

1 x inch t h i c k  gold-nickel a l l o y  i n  an e f f o r t  t o  o b t a i n  t h i c k n e s s e s  

comparable t o  t h a t  of t he  constantan.  I n  g e n e r a l ,  it w a s  found t h a t  sub- 

s t a n t i a l  t h i ckness  r educ t ions  could be obtained.  However, it proved very 

d i P f i c u l t  t o  n a i n t a i n  a uniform f o i l  t h i ckness .  I n  a d d i t i o n ,  t h e  process  

of e t ch ing  appeared t o  a f f e c t  t h e  t h e r m o e l e c t r i c  p r o p e r t i e s  O P  tlie f o i l .  

It  i s  f e l t ,  however, t h a t  a more comprehensive i n v e s t i g a t i o n  of t h i s  

technique f o r  reducing f o i l  t h i ckness  i s  warranted,  p a r t i c u l a r l y  d i e n  

f u r t h e r  r educ t ion  i n  t h i c k n e s s  by r o l l i n g  becomes i n c r e a s i n g l y  d i f f i c u l t .  

F o i l  I r r a d i a t i o n .  

demonstrated t h a t  d i f P e r e n t  shapes of i r r a d i a t e d  d e t e c t o r  f o i l s  o f t e n  

y i e lded  s u p e r i o r  r e s p o n s i v i t y  and t ime cons t an t  va lues .  It was decided 

ir? t h i s  pr~grar t :  t s  use a c i r c u l a r l y  ay i j i~e t r i c  csniigti i*atiun aitaciieci com- 

p l e t e l y  around i t s  per iphery.  This  was f o r  reasons of  ruggedness, fah- 

r i c a b i l i t y  and r e p r o d u c i b i l i t y .  However, t h e  idea  of improvement v i a  

d i f f e r e n t  c o n f i g u r a t i o n s  w a s  pursued f u r t h e r  by i n v e s t i g a t i n g  t h e  e f f e c t  

of p a r t i a l  i r r a d i a t i o n  of a c i r c u l a r  € o i l .  I n  p a r t i c u l a r ,  an a n a l y t i c a l  

s o l u t i o n  t o  t h e  problem of t h e  i r r a d i a t i o n  of a c e n t r a l l y  loca t ed  c i r c u l a r  

a r e a  wi th  diameter  less  t h a n  t h a t  of t h e  t o t a l  f o i l  was found. It  was 

found t h a t  improvement could be made i n  both r e s p o n s i v i t y  and time coa- 

s t a n t ,  p a r t i c u l a r l y  t h e  l a t t e r .  Therefore ,  t h i s  f e a t u r e  w a s  incorporated 

i n  t h e  prototype h e a t  f l u x  sensors  where t h e  i r r a d i a t e d  spo t  diameter  i s  

30 pe rcen t  t h a t  oP t h e  d e t e c t o r  f o i l .  

A previous i n v e s t i g a t i o n  of t h e  f o i l  d e t e c t o r  (Ref. 4 )  

R-6741 27 



ROCYETDYNE A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  

I 0 

F o i l  Absorptive Coating. The constantan f o i l  i n  i t s  n a t u r a l  s t a t e  has  

a l o w  e m i s s i v i t y  and consequently absorbs i n c i d e n t  r a d i a t i o n  poorly.  

Hence, an i n v e s t i g a t i o n  was undertaken t o  eva lua te  v a r i o u s  f o i l  b l ack ing  

m a t e r i a l s .  The eva lua t ion  cons i s t ed  of  coa t ing  t h e  same d e t e c t o r ,  o r  on 

occasions s i n i l a r  d e t e c t o r s ,  success ive ly  wi th  d i f f e r e n t  m a t e r i a l s  and 

performing a sequence 01 c a l i b r a t i o n s  under otherwise i d e n t i c a l  c o n d i t i o n s .  

The c o a t i n g s  evaluated were: t h r e e  d i f f e r e n t  commercial o p t i c a l  b l ack  

p a i n t s ,  s o o t  generated i n  two ways, and a c o l l o i d a l  g r a p h i t e  suspension. 

I n  g e n e r a l ,  the s o o t  was s l i g h t l y  s u p e r i o r  t o  t h e  g r a p h i t e  suspension,  

while t h e  p a i n t s  exh ib i t ed  excess ive ly  long t ime c o n s t a n t s .  However, 

tlie s o o t  d i d  n o t  adhere we11 t o  t h e  f o i l .  It was r e a d i l y  d i s p l a c e d  by 

gas  flows o f  moderate v e € o c i t y  and by mechanical shock. Therefore ,  t h e  

g r a p h i t e  suspension was used f o r  t h e  p ro to type  senso r s .  

Responsivi ty  i n c r e a s e s  of 250 pe rcen t  were t y p i c a l  of t h o s e  achieved by 

t h e  a d d i t i o n  of d e t e c t o r  coa t ings  while  t ime c o n s t a n t s  i nc reased  l e s s  t h a n  

10 pe rcen t .  

F o i l  Convective Losses.  

a r e  u s u a l l y  w r i t t e n  based on t h e  assumption t h a t  h e a t  l o s s  from t h e  i r r a d i -  

a t ed  P o i 1  by o t h e r  t h a n  conduc t iv i ty  through t h e  f o i l  t o  t h e  p e r i p h e r a l  

hea t  s i n k  i s  n e g l i g i b l e .  I n  p r a c t i c e ,  r a d i a t i v e  and convect ive l o s s e s  

occur.  Since t h e  maximum f o i l  temperature  i s  s e v e r a l  hundred degrees  

c e n t r i g r a d e ,  r a d i a t i o n  l o s s e s  a r e  expected t o  be small; fur thermore,  t h e r e  

i s  l i t t l e  t h a t  can be done t o  reduce t h e s e  l o s s e s .  

The equa t ions  d e s c r i b i n g  f o i l  d e t e c t o r  behavior  

Convection l o s s e s  can be c o n t r o l l e d ,  however, and t h e  p o s s i b i l i t y  of  i m -  

proving d e t e c t o r  performance by t h i s  method was i n v e s t i g a t e d .  
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Two techniques were used t o  reduce convective l o s s e s .  These were: t h e  

use of a p a r t i a l  vacuum and t h e  use of low thermal conduc t iv i ty  gases  

such as argon and xenon. 

It was found t h a t  r e spons iv i ty  i n c r e a s e s  of more than  30 percen t  could be 

obtained with t h e  vacuum and argon atmosphere and up t o  70 percen t  w i th  

t h e  xenon atnosphere.  However, i n  a l l  ca ses  t h i s  apparent g a i n  was a l -  

n o s t  completely o f f s e t  by a corresponding inc rease  i n  t i n e  cons t an t .  

Because o f  t h e  minimal n e t  improvement achieved by a l t e r i n g  t h e  gaseous 

environment of t h e  f o i l ,  and the  concomitant d i f f i c u l t i e s  i n  p re se rv ing  

such a l t e r e d  environment f o r  extended pe r iods  of t ime, a i r  a t  1 atmosphere 

i s  used i n  t h e  prototype radiometers.  

I f  t h e  c a l i b r a t i o n  of such a sensor  i s  t o  remain cons t an t ,  it i s  c l e a r  

t!iat t h e  gas  p r e s s u r e  a t  the d e t e c t o r  must remain approximately cons t an t  

even though e x t e r n a l  cond i t ions  change d r a s t i c a l l y .  Therefore ,  p rov i s ion  

i s  made f o r  t h e  maintenance of  t h e  p re s su re  by s e a l i n g  t h e  d e t e c t o r  i n  

t h e  sensor  housing. Minor p re s su re  v a r i a t i o n s  such as would occur wi th  

the  temperature  changes t h e  senso r  may encounter were found t o  produce 

no e f f e c t  on r e s p o n s i v i t y  o r  t i u e  cons t an t .  

F a b r i c a t i o n  

The p r i n c i p a l  problem encountered i n  t h e  f a b r i c a t i o n  o€ t h e  d e t e c t o r s  l a y  

i n  t h e  attachment of t he  t h i n  f o i l  t o  the r e l a t i v e l y  massive d e t e c t o r  

body. A s t rong ,  continuous welded a t t a r h u e n t  was d e s i r a b l e  f o r  s t r u c t u r a l ,  

thermal and e l e c t r i c a l  reasons.  The fol lowing welding techniques Tsrere 

explored as t o  a p p l i c a b i l i t y :  e l e c t r o n  beam, l a s e r ,  u l t r a s o n i c ,  and e lec -  

t r i c a l  r e s i s t a n c e .  According t o  t h e  welding e x p e r t s  consul ted a l l  of t h e  

f i r s t  t h r e e  t echn iques  loolred promising, b u t  a l l  required ex tens ive  de- 

velopment and t e s t i n g  f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n  

~ 6 7 4 1  29 



Rk ROCYETDYNE e A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N  I N C .  

Experimental e v a l u a t i o n  of e l e c t r i c a l  r e s i s t a n c e  welding was conducted 

us ing  a c a p a c i t o r  d i scha rge  welder.  Successful  a t tachment  w a s  achieved 

by using a s e r i e s  of overlapping spo t  welds generated under t h e  follow- 

ing cond i t ions :  t ungs t en  e l e c t r o d e s ,  e l e c t r o d e  f o r c e  of 3 ounces, and 

d i scha rge  energy of 8 w a t t  seconds. 

OPTICAL SYSTEM 

There a r e  two  p r i n c i p a l  f u n c t i o n s  of t h e  o p t i c a l  system of t h e  h i @  h e a t  

f l u x  senso r .  These a r e  -to c o l l e c t  s u f f i c i e n t  r a d i a n t  energy s o  t h a t  w i th  

l imi t ed  d e t e c t o r  r e s p o n s i v i t y ,  t h e  t o t a l  s enso r  r e s p o n s i v i t y  requirements 

can be met. 

of-view of t he  sensor .  

A second important func t ion  i s  t o  p r e c i s e l y  d e f i n e  t h e  f i e l d -  

I n  t h i s  program, field-of-view has been t aken  t o  mean t h e  " t o t a l "  f i e l d -  

of-view (Ref. 5 ) ,  t h a t  i s ,  t h a t  f i e l d  o u t s i d e  of  which t h e  senso r  i s  in- 

s e n s i t i v e  t o  r a d i a t i o n .  The use o f  t h i s  d e f i n i t i o n  fo l lows  n a t u r a l l y  

from t h e  emphasis placed on t h e  p r e c i s e  knowledge of t h e  a r e a  from which 

t h e  measured r a d i a t i o n  o r i g i n a t e s .  Were t h e  more usua l  "mean" f i e ld -o f -  

view used, t h e r e  would be,  i n  t h e  case of an extended r a d i a t i o n  source,  

an i l l -de f ined  q u a n t i t y  of r a d i a n t  energy e n t e r i n g  from o u t s i d e  t h e  f i e l d  

of  view. T h i s  i s  c l e a r l y  an undes i r ab le  s i t u a t i o n .  

Because of the use of t h i s  d e f i n i t i o n ,  t h e  f ie ld-of-view i s  no t  measured 

from t h e  c e n t e r  of t h e  o b j e c t i v e  o p t i c a l  element.  R a t h e r ,  i n  t h e  case 

o f  t h e  prototype senso r s ,  it i s  measured from a p o i n t  on t h e  o p t i c a l  

a x i s  1 .82 inches i n  f r o n t  of t h e  end of t h e  window p r o t e c t i v e  s h i e l d .  

This  d i f f e r e n c e  i s  of jmportance only i n  t h e  case  of  sources  loca t ed  very 

c l o s e  t o  t h e  sensor .  These would, i n  g e n e r a l ,  i nc lude  c a l i b r a t i o n  sources .  
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An a l l  r e f r a c t i v e  o p t i c a l  system was f i r s t  considered f o r  t h e  heat  f l u x  

senso r .  The change of r e f r a c t i v e  index wi th  wavelength f o r  t h e  o b j e c t i v e  

l e n s  causes  corresponding changes i n  the  sensor  f ield-of-view. Because 

of t h e  wide wavelength i n t e r v a l  over which t h e  senso r  i s  t o  ope ra t e  t h i s  

problem i s  severe.  E f f o r t s  t o  design a two-element l e n s  of sapphire  and 

magnesium oxide s u f f i c i e n t l y ,  c o l o r  co r rec t ed  over  t h e  0.4 t o  6 .0  micron 

wavelength i n t e r v a l  t o  maintain t h e  field-of-view w i t h i n  t h e  g u i d e l i n e  

l i m i t s  o f  6 t o  S degrees  were unsuccess iu l .  

r e i l e c t i v e - r e € r a c t i v e  system was incorporated i n  t h e  prototype senso r s .  

Therefore ,  a combination 

The o b j e c t i v e  m i r r o r  diameter  of 0.75 inches  was determined as t h e  s i z e  

necessary t o  f u r n i s h  s u f f i c i e n t  d e t e c t o r  i r r a d i a n c e  t o  meet sensor  re- 

spons iv i ty  requirements w i - t h  t h e  Chromel-constantan d e t e c t o r .  

The sensor  o p t i c a l  system c o n s i s t s ,  then,  of an o b j e c t i v e  m i r r o r  and a 

f i e l d  l e n s .  To reduce t h e  o v e r a l l  s i z e  of t h e  senso r ,  t h e  o p t i c a l  system 

i s  folded t o  form a Z shaped conf igu ra t ion .  

A r a t h e r  thorough examination of t h e  e f f i c i e n c y  of a coax ia l  r e f l e c t i v e -  

r e f r a c t i v e  o p t i c a l  system was conducted. 11; was hoped t o  apprec i ab ly  

reduce tlie o v e r a l l  s i z e  of t h e  sensor  i n  t h i s  manner. Unfortunately,  

tlie problem of s h i e l d i n g  t h e  d e t e c t o r  from d i r e c t  r a d i a t i o n  from o u t s i d e  

t h e  sensor  f ield-of-view while maintaining a compact conf igu ra t ion  proved 

i n t r a c t a b l e  i n  t h e  time a l l o t t e d  t o  t h e  i n v e s t i g a t i o n .  

SENSOR TESTS 

C a l i b r a t i o n  

The importance of hea t  f l u  sensor c a l i b r a t i o n  has been s t r e s s e d  p rev i -  

ous ly .  I n  o r d e r  t o  s a t i s f y  t h e  c a l i b r a t i o n  requirements f o r  t h i s  program, 

R-674 1 31 



0 
ROCYETDYNE A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N ,  I N C  

t h e  Rocketdyne 2-inch blackbody was modified f o r  h i g h e r  temperature  opera- 

t i o n .  

i nco rpora t ing  t w o  more r a d i a t i o n  s h i e l d s  and reducing t h e  a p e r t u r e  t o  1 

inch i n  diameter.  

This  w a s  accomplished by reducing t h e  s i z e  OP t h e  r a d i a t i n g  element,  

These modif icat ions enabled t h e  a t t a inmen t  of source r a d i a n t  emit tance 

l e v e l s  i n  excess of 250 w a t t s  cm wi th  source f ie ld-of-view and s i z e  

s u f f i c i e n t  f o r  tlie c a l i b r a t i o n  of t h e  prototype radiometer .  

-2 

The c a l i b r a t i o n s  a r e  perforned a s  fol lows:  tlie hea t  f l u x  senso r s  a r c  po- 

s i t i o n e d  s o  t h a t  tlie blackbody a p e r t u r e  f i l l s  t h e  field-of-view of t h e  

radiometer with an a r e a  of uniform radiance.  

between source and sensor .  The source i s  t h e n  brought t o  a s p e c i f i c  

r a d i a n t  emittance l e v e l ,  t h e  s h u t t e r  opened and t h e  senso r  ou tpu t  recorded 

as  a func t ion  of t ime. Thus, t h e  sensor  t ime cons t an t  as w e l l  as tlie 

r e spons iv i ty  may be determined. 

A s h u t t e r  i s  in t e rposed  

The r a d i a n t  emittance of t h e  blackbody i s  obtained by measuring i t s  

b r i g h t n e s s  temperature using an o p t i c a l  pyrometer which, i n  t u r n ,  bas  

been calibrGted using an NBS c e r t i f i e d  t u n g s t e n  s t r i p  lamp. The t r u e  

temperature o i  t h e  blackbody i s  c a l c u l a t e d  us ing  Wien's l a w  and tlie emis- 

s i v i t y  of t h e  blackbody. The l a t t e r  i s  est imated u s i n g  an approach b a s i -  

c a l l y  t h a t  of DeVos (Ref. 6, and 7 ) .  The e m i s s i v i t y  and t r u e  temperature  

a r c  then  i n s e r t e d  i n t o  t h e  Stefan-Boltzman equa t ion  t o  determine r a d i a n t  

emit tance.  

Field-of-View T e s t s  

The field-of-view of t h e  h e a t  f l u x  sensor  w a s  measured by us ing  a r ad ia -  

t i o n  source whose  a r e a  subtended an ang le  which was small w i t h  r e s p e c t  

t o  tlie s enso r  field-of-view. Th i s  source was t h e n  moved a c r o s s  t h e  s e n s o r  
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f ie ld-of-view and t h e  r e l a t i v e  response of t h e  sensor  measured a s  a func- 

t i o n  of angular  d e v i a t i o n  from t h e  o p t i c a l  a x i s  of t h e  senso r .  As men- 

t ioned  previous ly ,  t h e  t e s t  r e s u l t s  i n d i c a t e  a t o t a l  f ie ld-of-view w i t h i n  

t h e  range allowed by t h e  g u i d l i n e s .  

SENSOR LINFNLIZATION 

The c a l i b r a t i o n  of t h e  prototype sensors  revealed a small  bu t  d i s t i n c t  

n o n l i n e a r i t y  (F ig .  5, 6, and 7 ) .  
of l i n e a r i z i n g  t h i s  output  by t h e  use o f  non l inea r  r e s i s t o r s  was under- 

taken .  Severa l  commercial, vo l tage  v a r i a b l e  r e s i s t o r s  were obtained and 

t h e i r  c h a r a c t e r i s t i c s  examined a t  vo l t age  l e v e l s  comparab.le t o  those  of  

t h e  sensor  output  s i g n a l ,  i . e . ,  25 m i l l i v o l t s .  I n  t h i s  very  low vo l t age  

region,  t h e  v a r i a b l e  r e s i s t o r s  were found t o  be  cons t an t  and, hence, of 

no  use ir, removing sensor  n o n l i n e a r i t y .  

A b r i e f  i n v e s t i g a t i o n  of t h e  f e a s i b i l i t y  

ANTI-C JNTAMINATION 

Inc iden t  r a d i a t i o n  i s  admitted t o  t h e  hea t  f l u x  sensor  through a sapphi re  

window. Provis ion  i s  made f o r  p r o t e c t i o n  of t h e  window from p a r t i c u l a t e  

contaminants which may be present  i n  t h e  v i c i n i t y  of rocke t  engine exhaust  

plumes. P r o t e c t i o n  i s  provided by a c y l i n d r i c a l  s h i e l d  which p r o j e c t s  

2 inches  beyond t h e  window and through which a gaseous n i t r o g e n  purge i s  

allowed t o  exhaus t .  

The l i m i t a t i o n  o f  gaseous n i t rogen  f lowra te  t o  3 standard cubic  f e e t  pe r  

minute caused some d i f f i c u l t y  i n  t h e  des ign  of t h e  p r o t e c t i o n  system. 

The i n i t i a l  purge systems had a r i n g  of high v e l o c i t y  n i t rogen  j e t s  ex- 

haus t ing  t o  form a cone i n  f r o n t  of t h e  sapphi re  window. 

proved i n e f f e c t i v e  even a t  f l owra te s  f a r  i n  excess  of t h e  allowed va lue .  

This  des ign  
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The second approach used a r i n g  of n i t rogen  o u t l e t s  arranged t o  provide 

a shee t  of n i t rogen  f low d i r e c t e d  toward t h e  o p t i c a l  a x i s  i n  a p lane  

p a r a l l e l  t o  t h e  window. 

s t i l l  inadequate .  The next  s t e p  w a s  t o  decrease  t h e  l i n e a r  v e l o c i t y  of 

t h e  n i t r o g e n  j e t s  by provid ing  more of them and t o  add i n c r e a s i n g  l eng ths  

of c y l i n d r i c a l  s h i e l d i n g  i n  f r o n t  of t h e  window u n t i l  s a t i s f a c t o r y  pro- 

This  arrangement w a s  somewhat more e f f e c t i v e  b u t  

t e c t i o n  was e f f e c t e d .  

THEXMAL PROTECTION 

I t  i s  required t h a t  thermal p r o t e c t i o n  be  provided f o r  t h e  uncooled* h e a t  

f l u x  sensor  f o r  d u r a t i o n s  of 180 seconds i n  an environment wi th  h e a t  t r a n s -  

f e r  r a t e s  t o  100 w a t t s  cm . Because of t h e  f i n i t e  d u r a t i o n  involved,  

an a b l a t i v e  ma te r i a l  sugges ts  i t s e l f  a s  t h e  most e f f i c i e n t  thermal  pro- 

t e c t i o n .  Consul ta t ion  wi th  e x p e r t s  i n  t h e  f i e l d  of a b l a t i v e  materials 

r e s u l t e d  i n  the suggested use of a s i l i c a  f i l l e d  s i l i c o n e  rubber ,  1/4- 

inch t h i c k .  This  ma te r i a l  w i l l  surv ive  t h e  high h e a t  t r a n s f e r  r a t e s  f o r  

t h e  spec i f i ed  d u r a t i o n  whi le  adher ing  t e n a c i o u s l y  t o  t h e  sensor  housing 

i n  t h e  f ace  of shea r  s t r e s s e s  exer ted  by h igh  v e l o c i t y  gases .  A f t e r  use 

i n  a s t r enous  environment of t h i s  type ,  t h e  char red  i n s u l t i n g  m a t e r i a l  

may be removed and ano the r  l a y e r  depos i t ed  over  t h e  uncharred i n s u l a t i o n  

remaining. 

-2 

*Although some coo l ing  i s  provided by t h e  n i t r o g e n  purge flow, it i s  
n e g l i g i b l e  compared t o  t h e  h e a t  i npu t  a t  t h e  above t r a n s f e r  r a t e s .  
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