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Abstract:
The experimental study of the natural convection oxidation of iridium was performed at temperatures
of 1600, 1900, and 2200°C and pressures ranging- from 0.00132 to 1.32 atmospheres. A theoretical
model describing the surface, recession rate was derived assuming that the rate was controlled by the
diffusion of Ir, IrO2, and IrO3 through the gaseous boundary layer, adjacent to the iridium specimen.
Average values for the standard state enthalpy and entropy changes for the formation of IrOg and IrCh
were calculated for the 1600 to 2200 °C temperature range. A value for the partial pressure of Ir at
22000C was found. Correlation between experiment and the theoretical model was good with the
overall mean % error of experimental rates from theoretically predicted rates being 13.3% for the 1600
to 22000C range. 
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ABSTRACT

The e x p e rim e n ta l s tu d y  o f th e  n a tu r a l  co n v e c tio n  o x id a t io n .o f - i r id iu m  
was perfo rm ed  a t  te m p e ra tu re s  o f 1600, 1900, and 2 2 0 0 o C and p r e s s u r e s :  
rang ing - from  0.00132 to  1 .32 a tm o sp h e re s . A t h e o r e t i c a l  model d e s c r ib in g  
th e  su rfa c e , r e c e s s io n  r a t e  was d e r iv e d  assum ing th a t  th e  r a t e  was c o n t r o l ­
le d  by th e  d i f f u s io n  o f I r ,  IrO g , and IrO ^ th ro u g h  th e  g aseous boundary  
l a y e r ,  a d ja c e n t  to  th e  ir id iu m  specim en . ^Average v a lu e s  f o r  th e  s ta n d a rd  
s t a t e  e n th a lp y  and e n tro p y  changes fo r .  th e  fo rm a tio n  o f  IrCL and IrCh were 
c a l c u la te d  f o r  th e  1600 to  2200 °C te m p e ra tu re  ra n g e . A v a lu e  f o r  th e  p a r ­
t i a l  p r e s s u re  o f I r  a t  2200°C  was fo u n d . C o r r e la t io n  betw een experim en t 
and th e  t h e o r e t i c a l  model was good w ith  th e  o v e r a l l  mean % e r r o r  o f  e x p e r i ­
m en ta l r a t e s  from  t h e o r e t i c a l l y  p r e d ic te d  r a t e s  b e in g  13 »3$  f o r  th e  1600 
to  2 2 0 0 0 C ra n g e .



INTRODUCTION

I r id iu m  i s  one o f th e  p la tin u m  group  m e ta ls .  I t  i s  th e  on ly  e l e ­

m en tal m e ta l known to  man p o s s e s s in g  a  h ig h  enough m e ltin g  p o in t  and a

low enough o x id a t io n  r a t e  to  be u sed  u n p ro te c te d  in  a i r  f o r  an ex tended
o

p e r io d  o f tim e in  th e  2000 to  2300 C ra n g e . A th in  ox ide  f i lm  i s  form ed 

on i t s  s u r fa c e  when ir id iu m  i s  s u b je c te d  to  te m p e ra tu re s  from  600 to  1000

OC in  an oxygen c o n ta in in g  g a s .  When th e  te m p e ra tu re  o f th e  ir id iu m  e x - 

ceed s  1000 C i t  form s v o l a t i l e  o x id es , and th e  o x id a tio n  r a t e  becomes l i n ­

e a r  w ith  tim e , le a v in g  th e  s u r fa c e  sh in n y .

Ir id iu m  i s  c o n s id e re d  to  be th e  most c o r ro s io n  r e s i s t a n t  m eta l when 

i t  i s  com pared w ith  a l l  'o th e r  m e ta ls  over a  b road  ra n g e  o f  te m p e ra tu re s  

and en v iro n m en ts . Numerous a c id s ,  s a l t  s o lu t io n s ,  fu s e d  s a l t s ,  m olten  

m etals , and m o lten  m e ta l o x id es  a r e  among th e  c o r ro s iv e  env ironm en ts  con­

s id e r e d .

Ir id iu m  h a s -b e e n  u sed  f o r  s ta n d a rd iz e d  h ig h  te m p e ra tu re  therm ocou­

p le s ,,  f o r  h e a t in g  e lem en ts  in  h ig h  te m p e ra tu re  f u rn a c e s ,  and f o r  p r o te c ­

t i v e  c o a t in g s  f o r  l e s s  ex p en s iv e  h ig h  te m p e ra tu re  s t r u c t u r a l  m a te r ia ls  

such  a s  tu n g s te n  and ta n ta lu m  b ase  a l l o y s .  The most r e c e n t  r e s e a r c h  on 

i r id iu m  o x id a tio n  h as  shown th e  p o t e n t i a l  a p p l ic a t io n s  f o r  th e  le a d in g  

edge o f  s p a c e c r a f t ,  f o r  com ponents in  n u c le a r  r e a c t o r s ,  and f o r  p a r t s  in  

ro c k e t  and tu r b in e  e n g in e s .

B eing  a  p la tin u m  group m e ta l ,  i r id iu m  i s  e x p e n s iv e . T h is l i m i t s
. . ■ ' - -
i t s  u se  a s  a  p rim ary  m a te r ia l  in  s t r u c t u r a l  a p p l i c a t io n s ,  even though i r i ­

dium h a s  re a s o n a b ly  good s t r e n g th  p r o p e r t i e s .  ■
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Among o th e r  p r o p e r t i e s ,  i r id iu m  has  v e ry  low o m itta n c e  and v ery  

h ig h  d e n s i ty .  The low e m itta n c e  c a u se s  problem s when ir id iu m  i s  used  to  

any e x te n t  on s p a c e c ra f t  b ecau se  th e  p rim a ry  means o f h e a t  d i s s ip a t io n  

on th e  nose  o f  s p a c e c ra f t  r e -c e n te r in g ' th e  e a r t h 's  a tm osphere  i s  by r a d ­

i a t i o n .  Where w eigh t i s  a  c o n s t r a i n t ,  th e  22.57 gm/cm^ d e n s i ty  o f i r i ­

dium ( a t  room te m p e ra tu re )  g r e a t ly  r e s t r i c t s  i t s  a p p l i c a t io n .  In  f a c t , 

i r id iu m  i s  e i t h e r  th e  most o r th e  n e x t t o  th e  most dense  elem ent known 

to  man. (C o n tro v e rsy  e x i s t s  on w hether ir id iu m  or .osmium i s  th e . most 

dense  due to  th e  in c o n s i s t e n c ie s  o f d e n s i ty  m easurem ents b ased  on th e  l a t ­

t i c e  s t r u c t u r e  and a c tu a l  p h y s ic a l  m easurem ents. A c tu a l m easurem ents r e ­

v e a l ir id iu m  to  be th e  most d e n s e .)

REVIEW OF PAST WORK

A s h o r t  rev iew  o f th e  r e c e n t  b u t r e le v a n t  work done on th e  o x id a tio n  

o f ir id iu m  i s  in  what fo llo w s .  From t h i s  re v ie w , c o n c lu s io n s  o f a  g e n e r­

a l  n a tu re  were made which se rv e d  a s  a  s t a r t i n g  b a s i s  f o r  th e  work of t h i s  

r e p o r t .

The c o m p o sitio n  o f th e  p ro d u c ts  o f ir id iu m  o x id a tio n  and th e  therm o-
/

dynam ics in v o lv e d  have been  in v e s t ig a t e d  by s e v e ra l  p e o p le . C ordfunke 
1

and Meyer p a s se d  oxygen, or o x y g e n -n itro g e n  m ix tu re s , over a  b o a t shaped
o

specim en c o n ta in in g  ir id iu m  in  th e  ra n g e  o f 1169 to  1462 C. They co n cluded

th a t  th e  main v o l a t i l e  ox ide  form ed was IrO ^.

H o lb u rn , H enning, and A ustin^  s e l f  r e s i s t a n c e  h e a te d  a  p ie c e  o f th in  
o

ir id iu m  f o i l  to  1670 C over which th e y  p a sse d  oxygen, a i r ,  o r n i t r o g e n  co n -
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t a in in g  1 .7 7 ^  oxygen.' They a l s o  co n c lu d ed  th a t  IrO ^ was th e  main g a s­

eous o x id e  s p e c ie  form ed.

Norman a t  a l f^ perfo rm ed  a  sequence o f mass s p e c tro m e tr ic  s tu d ie s

o f o x id iz in g  i r id iu m . T his was done by in t ro d u c in g  oxygen in t o  a  Knud-

sen  C e ll in  which an ir id iu m  specim en was p la c e d  and h e a te d  in  th e  ran g e  
o

o f 1557 to  1760 C. The e x i t in g  g aseous s p e c ie s  w ere th e n  "bombarded"

+ 4-
w ith  a  s tream  o f e l e c t r o n s .  They d e te c te d  th e  p re se n c e  o f  I r  , IrO  , IrOg 

+and IrO^ io n s ,  b u t co n c lu d ed  th a t  IrOg and IrO^ were th e  main v o l a t i l e  

ox ide  s p e c ie s  p r e s e n t  in  t h e i r  work.

V ario u s  r e l a t e d  k in e t i c  s tu d ie s  have a l s o  been  p erfo rm ed . Norman a t 

a l  a l s o  m easured v a lu e s  o f th e  s ta n d a rd  s t a t e  e n th a lp y  and e n tro p y  chan­

ges  f o r  th e  fo rm a tio n  o f  IrOg o f 4 8 .5  -■ 0 .5  k c a l /m o le ;and 3*9 -  2 .0  eu , 

and f o r  I r O  ̂ 5*5 -  1 .5  k c a l/m o le  and -1 3 .1  -  2 .5  eu in  t h e i r  r e s p e c t iv e  

o rd e r s .
5

O liv e i^  perfo rm ed  some mass s p e c tro m e tr ic  s tu d ie s  a l s o ,  in  th e  ran g e
0

o f 1627 to  2227 C, from  which i t  was found  th a t  th e  s ta n d a rd  s t a t e  e n th a l -
)

py and e n tro p y  o f fo rm a tio n  f o r  IrO ^ w ere 6 .0  k c a l/m o le  and - 9 .0  eu r e ­

s p e c t f u l ly .

For th e  f r e e  e n tro p y  o f  fo rm a tio n  o f  o x id e s  o f a  g e n e ra l  m eta l M,

v a lu e s  o f  20 . 6 , 3 .5  -  2 . 1, and -1 0  to  -1 5  eu , a s  a v e ra g e s  f o r  v o l a t i l e

g aseo u s  monoxide MO, d io x id e  MOg, and t r i o x i d e  MÔ  s p e c ie s  r e s p e c t iv e ly ,

6w ere in d ic a te d  by S ea rcy .
7

P h i l l i p s  perfo rm ed  some k in e t i c  s tu d ie s  o f i r id iu m  o x id a tio n  in
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a i r  moved o n ly  by n a tu r a l  c o n v e c tio n . The specim en was a  l / 4  in c h  in

d ia m e te r  by l / 2  in c h  lo n g  ir id iu m  ro d .  The ran g e  o f te m p e ra tu re s  in v e s -  

- 0t i g a t e d  was 65O to  1300 C f o r  which P h i l l i p s  found an a c t iv a t io n  en ergy  

o f  9 .2  k c a l/m o le .

K r ie r  and J a f f e e ^  h e a te d  an ir id iu m  specim en by means o f  a  fu rn a c e  -
0

th ro u g h  which slow  moving a i r rw a s  p a s se d  in  th e  ra n g e  o f  1000 to  1400 C,

They found  a  v a lu e  o f 16 k c a l/m o le  f o r  th e  a c t i v a t io n  en e rg y . .

9 - 'G ris c io n e  p a s se d  oxygen or an oxygen-argon  m ix tu re  p a r a l l e l ;  to  a

l / 2  in c h  d ia m e te r  i r id iu m  ro d  h av in g  a  h e m is p h e r ic a lly  shaped  end, in  th e
0 .

ra n g e  o f 1150 to- 1900 C and a t  a  p r e s s u r e  o f  0 .935  a tm o sp h e re s . He mea­

su re d  s u r f a c e - r e c e s s io n  r a t e s  f o r  th e  h e m is p h e r ic a l end and found  an 

a c t iv a t io n  energy  o f  23 k c a l /m o le .
10

IWorkvby-V.1 K u riak o se  and M argrave in v o lv e d  h e a t in g  an ir id iu m  f o i l
0

0 .0 0 2  in c h e s  th ic k  .suspended  in  a  fu rn a c e  f o r  te m p e ra tu re s  up to  '1301 C 

and r e s i s t a n c e  h e a t in g  a  0 .01  in c h  in  d ia m e te r  ir id iu m  w ire  in s id e  a  I in c h  

d ia m e te r  p y re x  tu b e  f o r  h ig h e r  te m p e ra tu re s .  They p a s se d  oxygen o r oxy­

gen -h e liu m  m ix tu re s  th ro u g h  th e  tu b e  p a r a l l e l  to  th e  tu b e  le n g th  a t  a  t o ­

t a l  p r e s s u r e  o f I a tm o sp h ere . For th e  ir id iu m  f o i l  th e y  found a c t iv a t io n

e n e rg ie s  o f 70 and 7»1 k c a l/m o le  f o r  te m p e ra tu re s  below  1100 Ci and f o r
0

te m p e ra tu re s  betw een 1100 and 1300 C r e s p e c t iv e l y .  A c tiv a t io n  e n e rg ie s  

f o r  th e  i r id iu m  w ire  were foutid  to  be  12 .5  and 30-33 k c a l/m o le  a t  1150 to  

1600 and 1600 to  2217 °C r e s p e c t iv e l y .

' Among o th e r  d e p e n d e n c ie s , i t  h a s  b een  found  t h a t  th e  s u r fa c e  r e c e s ­
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s io n  r a t e  o f a  specim en depends u p o n ' th e  oxygen p a r t i a l  p r e s s u r e  to  some

pow er. T ab le  I  sum m arizes t h i s  dependency a s  found by  v a r io u s  experim en-
.11

t e r s  o f w hich Tempero i s  th e  on ly  one n o t p re v io u s ly  m en tioned .

E xcept f o r  th e  work r e c e n t ly  done by Wimber and Tempero, no work 

h as  le d  t o  th e  c h a r a c t e r i z a t i o n  o f th e  o x id a tio n  p ro c e s s  which would a llo w  

ta k in g  in t o  acco u n t th e  e f f e c t s  o f v a ry in g  te m p e ra tu re ,  oxygen p a r t i a l  

p r e s s u r e ,  flo w  r a t e  p a s t  a  specim en and specim en s i z e .  Wimber and Tempero 

r e s i s t a n c e  h e a te d  an ir id iu m  w ire  in  th e  ra n g e  o f 1600 to  2200 G. The w ire  

was v a r ie d  from  0 ,0635  to  0.0381 cm in  d ia m e te r  and oxygen was p a sse d  p e rp e n ­

d ic u la r  t o  th e  w ire .  Among t h e i r  in v e s t ig a t io n s  o f  d e s c r ib in g  th e  r e c e s ­

s io n  r a t e  t h e o r e t i c a l l y ,  th e y  had some su c c e s s  in  a  model which c o n s id e re d  

th e  e q u il ib r iu m  d i f f u s io n  o f g aseous IrO g and IrO ^ th ro u g h  th e  boundary  

la y e r  a d ja c e n t  t o  th e  specim en .

In  view  o f th e  m entioned  p a s t  work on i r id iu m  o x id a t io n ,  th e  fo llo w ­

in g  c o n c lu s io n s  w ere a r r iv e d  a t .

1. IrOg and IrO ^ ap p ea r to  be th e  main v o l a t i l e  o x id e  s p e c ie s  form ed

Oabove 1600 C.

2 . V alues f o r  th e  s ta n d a rd  s t a t e  e n th a lp y  and e n tro p y  o f  th e s e  two 

m ajor s p e c ie s  a r e  known a t  c e r t a i n  t e m p e r a tu r e . l e v e ls ,  b u t a r e  

ex p e c te d  to  v a ry  w ith  te m p e ra tu re .

3 . A c tiv a t io n  e n e rg ie s  a re  e x p e c te d  to  v a ry  w ith  specim en e n v iro n ­

ment o f  oxygen, specim en c o n f ig u r a t io n ,  and specim en te m p e ra tu re .

4 .  The s u r f a c e  r e c e s s io n  r a t e ,  a t  l e a s t ,  depends upon th e  oxygen p a r -
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T a b le  I DEPENDENCY OF RECESSION RATE ON P,

^ e ^ o /

H olburn 
e t  a l

C r is c io n e K uriakose  & 
M argrave

Tempero

Ir id iu m
Specimen
Environm ent

F o i l  -  slow  
flo w in g

Rod -
p a r a l l e l
flow

F o il  & w ire  
p a r a l l e l
f  I  OW

Wire -  
p e rp e n d ic u ­
l a r  flow

E x p o n e n tia l 
Dependency -

T em perature
Range

n = 1 .5  
@ 1670 a C

n = 1.34  
@ 1900°  C

F o il  n = 1.1 
@ 1181 °G

Wire n -  1 .2  
@ 1717 0 G

n = 0 .234  
@ 1600 to  
2200 0 C

Oxygen
P a r t i a l
P re s s u re
Range

___i___________ i

Ph = 0 .017  
2

to  1 .00  
atm os

_______________

P = 0 .0 2  
2

to  0 .93  
atm os .

------------------------

P = 0 .02  
2

t o  1 .00 
- atm os

P =0 .0046 
U2

to  1 .30  
, atm os
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t i a l  p r e s s u r e ,  and th e  specim en c o n f ig u r a t io n  and te m p e ra tu re ,

THEORY
O

When ir id iu m  i s  o x id iz e d  above 1000 C i t  form s v o l a t i l e  ox ide  spe­

c i e s ,  f o r  w hich th e  a s s o c ia te d  r a t e  i s  ex p e c te d  to  be c o n t r o l le d  by one 

o r more o f  th e  fo llo w in g  s te p s  in  th e  p ro c e s s ;

1» Bulk t r a n s p o r t  o f  th e  oxygen  b e a r in g  gas from  th e  so u rc e  to  th e  

g e n e ra l  v i c i n i t y  o f  th e  m e ta l b e in g  o x id iz e d ,

2 , D if fu s io n  o f th e  oxygen th ro u g h  th e  gaseo u s boundary  la y e r  a d ja ­

c e n t to  th e  s u r fa c e  o f  th e  m e ta l.

3« A d so rp tio n  o f th e  oxygen from  th e  gas  ph ase  o n to  th e  s u r fa c e  o f 

th e  m e ta l.

4« R e a c tio n  on th e  m e ta l s u r f a c e  in c lu d in g  p o s s ib le  rea rran g e m en t 

and m ig ra tio n  p r o c e s s e s ,  - ■

■5 » D e so rp tio n  o f th e  o x id e (s )  from  th e  s u r f a c e  o f  th e  m e ta l.

6 . D if fu s io n  o f th e  o x id e (s )  th ro u g h  th e  g aseous boundary  la y e r  w ith  

p o s s ib le  f u r t h e r  chem ica l r e a c t i o h ( s )  w ith in  th e  boundary l a y e r  o f  

one o f  th e  ox id e  s p e c ie s  w ith  th e  same o r d i f f e r e n t  ox ide  s p e c ie  

a n d /o r  oxygen.

12A t h e o r e t i c a l  model was d e r iv e d  by Wimber , w hich ta k e s  in to  acco u n t 

th e  fo rm a tio n  o f I rO l IrO 2 , and IrO ^ a t  t h e i r  e q u i l ib r iu m  p a r t i a l  p r e s ­

s u re s  on th e  in n e r  s u r fa c e  o f th e  boundary  l a y e r .  The model a l s o  a c c o u n ts  

-for m e ta l v a p o r iz a t io n  which o ccu rs  to  an a p p re c ia b le  e x te n t  a t  h ig h  tem - , 

p e r a tu r e s  and low p r e s s u r e s .  T h is  model assum es th a t  th e  s u r fa c e  r e c e s s io n
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r a t e  X^f i s  c o n t r o l le d  by th e  r a t e  o f d i f f u s i o n ' o f th e s e  g aseous s p e c ie s  

th ro u g h  th e  g aseous boundary  la y e r  c o rre sp o n d in g  to  th e  f i r s t  p a r t  o f 

s t e p , 6, and was e x p re sse d  a s ,

t iv e ly ,  and;

A = E f f e c t iv e  e q u iv a le n t  w eight eq u a l to  192.2 gms o f ir id iu m  con^ 

sumed p e r  gm mole o f  ox ide  form ed d iv id e d -b y  th e  d e n s i ty  o f I r ,

K = E q u ilib r iu m  c o n s ta n t ,

P = P a r t i a l  p r e s s u re  o f oxygen -  atm os.
°2

.V a l id i ty  o f  e q u a tio n  ( l )  was t e s t e d  by com parison  o f  e x p e rim e n ta l d a ta  

ta k e n  in  t h e ,n a t u r a l  c o n v e c tio n  area ., to . r e s u l t s  p r e d ic te d  by t h i s  m odel. 

IRIDIUM ANALYSIS

The o x id a tio n  s tu d ie s  in  n a tu r a l  c o n v e c tio n  w ere co n d u c ted  u s in g  two 

d i f f e r e n t  l o t s  o f com m ercia lly  p u re  i r id iu m , p u rch ased  from  E ngelhard  

I n d u s t r i e s ,  C a t e r e t , New J e r s e y .  A s p e c tro g ra p h ic  a n a ly s i s  o f t h i s  i r i ­

dium was r e q u e s te d  o f  E n g e lh ard  I n d u s t r i e s  D iv is io n . These a n a ly se s  a re  

shown in  T able I I .  The r e s u l t s  o f th e s e  two l o t s  o f i r id iu m  were compar­

ed e x p e r im e n ta lly .

EXPERIMENTAL EQUIPMENT AND PROCEDURE

F ig u re  I i s  a  sch em atic  r e p r e s e n ta t io n  o f th e  equipm ent u se d . An 

ir id iu m  specim en was p la c e d  h o r iz o n t a l l y  betw een two e le c t r o d e s  in  a  c e l l

(D
where the: s u b s c r ip t s  1 ,2 ,3 ,a a n d  M r e f e r  to  IrO , IrCb,-,

k G = G as-film  mass t r a n s f e r  c o e f f i c i e n t  -  gm m o le /sec  cm^ atm os,
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T able II." SPECTROGRAPHIC ANALYSIS OE IRIDIUM*

Im p u rity Lot #1 d ia m e te r  25 m ils Lot #2 d ia m e te r  20 m ils

P t 99 < 0 .5
Rh 20 38 .0
Pd 10 11.0
Ru 166 1.5
Au < 1 < 0 .5
Ag 50 -
Pb ■ < 5 < 0 .5
Sn 5 < 0 .5
Zn <10 0.41
Fe 170 64
Cu 96 17
Si 43 6.1
Mg 41 1.1
Ca 78 0.61
Al 14 35
Ni 10 1.1
Cr 31 O.84
Mn 10 0 .69
Sb <10 < 0 .5
B < 5 0 0.0032
Co 100 1 .8
As < 1 0 0.066
Bi < 1 -
Cd < 1 -
W 0 . 6 $ 710
N ■ 50 0 .2 4
H 4 -
0 70 8 .3

■ Ta — 46
In - 0 .2 6
Zr — 1.1
Ga — 0 .2 0
V O4O96
Ti 0 ,49
K 0.67
Cl ' O.59
S - 0 .5 7
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T able I I .  (C o n tin u ed )

P • 0.81
Na — 2 .2  '
F - . 0 .2 ?
C - 15.0
L i - 0.00072

Im p u r i t ie s  a r e  g iv e n  in  p a r t s  p e r  m i l l io n  u n le s s  o th e rw ise  s p e c i f i e d .
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I in c h  wide by 3 in c h e s  lo n g  by 3 in c h e s  deep . The e le c t r o d e s  were 

used  to  d e l iv e r  th e  c u r r e n t  to  r e s i s t a n c e  h e a t th e  w ire . To accom odate 

th e  th e rm a l expansion  o f  th e  w ire  and th u s  p re v e n t i t s  b e n d in g , a  l e a f  

s p r in g  ty p e  mount was used  on one end. T h is  en ab led  th e  w ire  to  be lo a d ­

ed t e n s i l e l y  to  a  p re -d e te rm in e d  le v e l  such th a t  when th e  w ire  was h e a t ­

ed to  th e  d e s i r e d  l e v e l ,  th e  l e a f  s p r in g  would no lo n g e r  be d e f le c te d  

and th u s  le a v e  th e  w ire  in  a  n e a r  z e ro  s t r e s s  I e v e ] .

On th e  u n d e rs id e  o f th e  c e l l  was c e n te re d  a  4 in c h  to  I in c h  re d u c ­

t i o n  copper plum bing "T " , such th a t  th e  4 in c h  d ia m e te r  m a in "p o rtio n  o f 

th e  VTV was c e n te re d  about a  v e r t i c a l  a x i s  th ro u g h  th e  c e n te r  o f th e  c e l l .

A 4 in c h  d ia m e te r  c i r c u l a r  p l a t e  was th e n  so ld e re d  on th e  bottom  o f th e  

"T" to  c lo s e  i t  o f f .  To th e  re m a in in g  h o r iz o n ta l  one in c h  o u t l e t ,  was 

a  l i n e  le a d in g  to . th e  t r a p  and e v e n tu a l ly  to  th e  m ech an ica l pump. On th e  

o p p o s ite  s id e  and same e le v a t io n  a s  th e  1 in c h  o u t l e t ,  was lo c a te d  th e  oxy­

gen gas  i n l e t .

The power to  h e a t th e  w ire  was s u p p lie d  by a  H ew lett P ackard  DC

Power S upply , LVR S e r ie s ,  Model 6260B w hich h as  th e  c a p a b i l i t y  o f m ain-
. • /

t a i n i n g  a  c o n s ta n t  v o l ta g e  a c ro s s  o r a  c o n s ta n t  c u r r e n t  th ro u g h  w hatever 

i t  i s  co n n ec ted  to .  In  t h i s  work th e  power supp ly  was u sed  so t h a t  th e  

v o l ta g e  drop a c ro s s  th e  e le c t r o d e s  was c o n s ta n t ,  w hich m inim ized th e  po­

wer change d u r in g  a  ru n .  The c u r r e n t  was m easured by a  DC Ammeter and 

th e  v o l ta g e  was m easured by a  Honeywell D ig i ta l  M u ltim e te r , D ig i te s t  

Model 333R.
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E i th e r  oxygen or a rgon  was in tro d u c e d  in to  th e  c e l l .  The argon  was 

d i r e c t l y  co n n ec ted  to  th e  c e l l  th ro u g h  v a lv e s ,  w hereas th e  oxygen was p a s ­

sed  th ro u g h  a  D r i e r i t e  D ry ing  Column ( t o  remove any m o is tu re  in  th e  oxy­

g e n ) , a  #74 M atheson Tube F low m eter, a  manual v a lv e ,  th e  se rv o  v a lv e  and < 

e v e n tu a l ly  to  th e  c e l l .  '-A G r a n v i l l e - P h i l l i p s  A utom atic P re s s u re  C o n tr o l le r  

No. 0-00-216006 (w hich in c lu d e d  th e  se rv o  v a l v e ) , was u sed  in  c o n ju n c tio n  

w ith  a  MKS B a ra tro n  TM Type 77 P re s s u re  M eter. The MKS u n i t  sen sed  p r e s ­

s u re  by means o f a  MKS C a p a c ita n c e  Manometer 77H-1000. The l i n e  ta p  f o r  

th e  c a p a c i ta n c e  manometer was lo c a te d  ab o u t 2 in c h e s  low er and r o t a t e d  JO 

d e g re e s  from  th e  i n l e t  f o r  th e  oxygen, in  th e  w a ll o f th e  p lum bing VT", 

th u s  p re v e n t in g  any p o s s ib le  p r e s s u r e  head  from  th e  oxygen flow  which m ight 

cau se  an in c o r r e c t  p r e s s u re  re a d in g .

Gas e x i t i n g  th e  c e l l  d u r in g  a  ru n  was p assed  th ro u g h  a  t r a p  d e s ig n e d  

to  condense  th e , o x id e s  p r e s e n t . L iq u id  n i t r o g e n  was used  in  th e  t r a p

when th e  ru n  p r e s s u re  P - , was l e s s  th a n  0 .2 5  a tm o sp h e re s . When P was
^2 2 

g r e a t e r  th a n  0 .2 5  a tm o sp h e re s , d ry  ic e  was u sed , s in c e  a t  th e  te m p e ra tu re

o f  l i q u i d  n i t r o g e n  and h ig h  p r e s s u r e s ,  Pf. , th e  b o i l i n g  p o in t  o f oxygen
2

i s  g r e a t e r  th a n  th e  te m p e ra tu re  o f th e  l i q u i d  n i t r o g e n .  B ecause o f t h i s ,

i f  l i q u i d  n i t r o g e n  w ere u se d , th e  oxygen condensed in  th e  t r a p .  Thus,

s in c e  th e  b o i l i n g  p o in t  o f  th e  oxygen a t  th e  te m p e ra tu re  o f d ry  ic e  and

p re s s u re  P^ g r e a t e r  th a n  0 .2 5  a tm o sp h eres  i s  l e s s  th a n  th e  te m p e ra tu re  o f 
2

d ry  i c e ,  th e  d ry  ic e  was u sed  f o r  P g r e a t e r  th a n  0 .2 5  a tm o sp h e re s . From"-'
. 2

a tm o sp h e r ic , p r e s s u r e  d e c re a se  in  th e  c e l l  was a c h ie v e d  by u se  o f a  m ed ian -
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i c a l  pump.

A ll p a r t s  o f th e  c e l l  w ere co o led  by c o ld  w a te r c i r c u l a t i o n  th ro u g h  

tu b e s  on i t s  s u r f a c e .

S ig h t p o r t s  w ere lo c a te d  on o p p o s ite  s id e s  o f th e  c e l l  a t  th e  v e r t i ­

c a l  e le v a t io n  o f a  mounted specim en . Shadowgraph q u a l i t y  py rex  windows 

were u sed  to  p ro v id e  v i s i b l e  a c c e s s  to  th e  c e l l .  These windows were c le a n ­

ed and p o l is h e d  p e r io d i c a l ly  due to . accu m u la tio n  o f  o x id e s  on t h e i r  s u r ­

f a c e s .  Tc m easure th e  te m p e ra tu re  o f th e  specim en , a  Leeds and N orth rup  

6836-C O p tic a l P yrom eter was u se d , w hich was a l ig n e d  to  en a b le  s ig h t  

th ro u g h  one o f th e  s ig h t  p o r t  windows. The o p t i c a l  p y ro m eter was c a l i b r a ­

te d  to  ta k e  i n t o  acc o u n t th e  e f f e c t s  o f th e  py rex  windows and th u s  en a b le

a  t r u e  te m p e ra tu re  r e a d in g .  T h is  c a l i b r a t i o n  was done a s  p a r t  o f  th e  work
13 ■ ■

by H alvorson  and Wimber on th e  th e rm a l exp an sio n  o f  i r id iu m . A ligned  f o r  

s ig h t  th ro u g h  th e  o th e r  window was a  B e s e le r  Topcorn Super D Camera and 

E l e c t r i c  M otor D rive  f i t t e d  w ith  a  Topcorn M icroscope A ttachm ent Model I I I ,  

which in  c o n ju n c tio n  w ith  a  L a fa y e t te  Model 51012T T im er, en ab led  th e  ta k ­

in g  o f  a  sequence o f p ic tu r e s  a t  a  p re d e te rm in e d  i n t e r v a l  and 20X m a g n if i­

c a t io n .  For many o f  th e  ru n s ,  a  L a y fa y e tte  Model 58033i 5 - IN -I Timer was 

u se d . The l a t t e r  t im e r  en a b le d  lo n g e r  i n t e r v a l s  betw een p i c tu r e s .

B ecause o f th e  p o s s i b i l i t y  o f  power o r w ate r l o s s ,  th e  system  was 

f i t t e d  w ith  a  netw ork  o f  r e l a y s  w hich a c te d  as  p r o te c t io n  d e v ic e s  i f  

W ater o r power su p p ly  sh o u ld  be  l o s t  d u r in g  a  ru n . • -

To perfo rm  a  ru n ,  a  2 7 /32  in c h  s e c t io n  o f  ir id iu m  w ire  was c u t ,
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c le a n e d  w ith  a c e to n e , ground f l a t ,  on one end f o r  r e f e r e n c e  and mounted 

in  th e  c e l l ,  ( in  th e  f i r s t  few ru n s ,  r o t a t i o n a l  p i c tu r e s  were tak en  o f 

th e  w ire  b e fo re  and a f t e r  th e  ru n . From th e s e  i t  was d e te rm in e d  th a t  th e  

e c c e n t r i c i t y  o f th e  w ire  was l e s s  th a n  1. 2$  and th u s  t h i s  p ro ced u re  was d i s ­

c o n tin u e d  a t  th a t  p o i n t . ) A r e f e r e n c e  p ic tu r e  was th e n  ta k e n  o f a  d r i l l  

ro d  o f known d ia m e te r  ( 0 .0655 cm) in  o rd e r  to  p ro v id e  a  r e f e r e n c e  f o r  th e  

s iz e  o f  th e  p i c t u r e s .o f  th e  ir id iu m  w ire . An argon  a tm osphere o f O.92 

a tm ospheres was th e n  in tro d u c e d  in t o  th e  c e l l  in  which th e  w ire  w as. a n n e a le d ■ 

f o r  30 m inu tes a t  2200 C. (The an n ea l was perform ed  upon th e  use  o f each  

new s e c t io n  o f w ire  f o r  th e  p u rpose  o f a c h ie v in g  a  g r a in  s i z e  and e l e c t r i ­

c a l  r e s i s t i v i t y  t h a t  would be e s s e n t i a l l y  in v a r i a n t  w ith  tim e f o r  th e  r u n s . )  

The argon  was th e n  removed and th e  c e l l  f i l l e d  w ith  oxygen. Then th e  oxygen 

was pumped out and a  p r e s s u re  le a k  t e s t  ta k en  to  in s u r e  a  n e a r  p u re  oxygen 

environm ent in  th e  c e l l . .  The p r e s s u re  and te m p e ra tu re  a t  which a  ru n  was 

to  be made were th e n  s e t  on th e  equ ipm ent'.. The w ire  was th e n  o x id iz e d  f o r  

a  s h o r t  p e r io d  o f tim e to  c h a r a c t e r i s t i c a l l y  t e x tu r i z e  i t s  s u r f a c e .  The

c y c le  tim e r  was th e n  a c t iv a t e d  a t  i t s  p re -d e te rm in e d  c y c le  i n t e r v a l .  A ru n  
.

c o n s is te d  o f te n  ex p o su res  o f th e  w ire , w hich in  t o t a l  le n g th ,  -co rresp o n d ­

ed w ith  chan g in g  th e  w ire  d ia m e te r  by 0 .001$  to  0 .0035  cm. (The "0 .001$  

to  0 . 003$ cm" ran g e  .was a r r iv e d  a t  b eca u se  ap p ro x im a te ly  a  one m il diam e­

t e r  change was n e c e s s a ry  to  o b ta in  r e a s o n a b le  d a ta ,  b u t i f  th e  d ia m e te r  

changed much more th a n  one m il ,  to o  much v a r i a t io n  in  th e  o x id a tio n  r a t e  

o ccu red  due to  i t s  dependency on th e  d ia m e te r  o f th e  w i r e . )
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B ecause o f th e  ten d en cy  o f  th e  p y re x  windows to  s lo w ly  r e c ie v e  a  

c o a t in g  o f  ox ide  d u r in g  a  ru n ,  th e y  w ere r o t a t e d  p e r i o d i c a l l y ' to  in s u re  

good p i c tu r e s  and c o r r e c t  r e a d in g s  on th e  o p t i c a l  p y ro m e te r . (A lso  a  

h a b i t  was made o f ch an g in g  th e s e  windows betw een e v e ry  r u n . )

The te m p e ra tu re  o f th e  w ire  and th e  oxygen p re s s u re  in  th e  c e l l  

w ere c o n t in u o u s ly  m o n ito red  th ro u g h o u t a ru n . Flow o f th e  oxygen gas was /  

m a in ta in e d  th ro u g h  th e  "T" s e c t io n  b e n e a th  th e  c e l l  where th e  w ire  was 

m ounted, in  o rd e r  to  keep a  c o n t in o u s ly  f r e s h  su p p ly  o f  oxygen to  th e  

c e l l ,  th u s  k e e p in g  th e  oxygen c o n c e n tr a t io n  e s s e n t i a l l y  IOO7& and p re ­

v e n t in g  d e p le t io n  o f th e  oxygen.

Upon c o m p le tio n  o f  th e  d e s i r e d  number o f  f i lm  e x p o su re s , th e  system  

was s h u t down, th e  f i lm  removed from  th e  cam era and d ev e lo p ed . T h is f i lm  

w as .a llo w ed  to  d ry  f o r  a t  l e a s t  a  2 h o u r p e r io d  to  m inim ize sh r in k a g e  d u r­

in g  th e  p ro c e s s  o f  r e a d in g  th e  w ire  d ia m e te r .  The f i lm  was th e n  p la c e d  

betw een two d is k s  o f  o p t i c a l  q u a l i t y  fu s e d  q u a r tz  3 /16  in c h  th ic k  mounted 

in  a  m e ta l fram e . The l i g h t  o f  a  lamp was p a sse d  th ro u g h  th e  d is k - f i lm  

c o m b in a tio n , d i r e c t l y  in t o  a  G a e rtn e r  M icroscope A ttach m en t-G a th e to m ete r 

a rra n g e m e n t.. A Gossen L una-P ro  E xposure M eter was p la c e d  on th e  v iew in g  

end o f th e  m icroscope  a tta c h m e n t. T h is  c a th e to m e te r  p ro v id e d  m easurem ent 

o f th e  f i lm  n e g a t iv e s  by l i g h t  i n t e n s i t y  m easurem ents and e v e n tu a l co n v e r­

s io n  to  t h e i r  e q u iv a le n t  w ire  d ia m e te r  th ro u g h  u se  o f th e  d r i l l  ro d  r e f e r ­

ence p i c tu r e  on each  f i lm .  T his u n i t  was c a l i b r a t e d  t o  re a d  a c c u ra te  to  

I  1 m ic ro n , b u t th e  a c tu a l  r e p e a t a b i l i t y  when r e a d in g  th e  f i lm  was n e a r
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-  10 m ic ro n s . Each n e g a t iv e  was m easured in  th e  m idd le  and a t  each end,

and th e s e  v a lu e s  av e ra g ed  in  o rd e r  to  ac h ie v e  b e t t e r  d a ta  s t a t i s t i c a l l y .

A p lo t  o f d ia m e te r  v e rs u s  tim e was th e n  made and a  l i n e a r  av e rag e  re c e s s io n -

r a t e  d e te rm in e d . F ig u re  2 r e p r e s e n t s  a  ty p i c a l  ru n , show ing th e  r e l a t i v e

d e v ia t io n  o f th e  d a ta  p o in ts  from  an ap p ro x im a te ly  l i n e a r  r e l a t i o n s h ip

and th u s  i l l u s t r a t e s  th e  v a l i d i t y  o f  assum ing Xq was e s s e n t i a l l y  c o n s ta n t

f o r  each  ru n .  The v a lu e  o f  D was a l s o  d e te rm in ed  from  t h i s  p lo t .av

EXPERIMENTAL RESULTS AND THEORETICAL HATE CALCULATIONS

The e x p e rim e n ta l d a ta  o b ta in e d  f o r  th e  n a tu r a l  c o n v e c tio n  o x id a tio n  

o f ir id iu m  a re  ta b u la te d  in  T ab le  I I I ,  in  o rd e r  o f in c r e a s in g  tem pera­

tu r e  and in c r e a s in g  oxygen p r e s s u r e .
<o

I t  was a l s o  found  t h a t  th e  e x p e rim e n ta l s u r fa c e  r e c e s s io n  r a t e  Xq ,

was d ep en d en t.u p o n  th e  w ire  .d ia m e te r .  ̂ As a  r e s u l t ,  t h i s  dependency in

—  12 —1th e  R ay le ig h  number ra n g e  from 8.65x10 to  2 .06x10 , was in v e s t ig a te d

e x p e r im e n ta lly .  I t  was found  th a t  t h i s  dependency c o u ld  be d e s c r ib e d  by 

th e  d ia m e te r  o f th e  w ire  r a i s e d  to  th e  -1 .1 1  pow er. T h is  dependency r e ­

s u l t e d  in  a  maximum d e v ia t io n  o f  2 .7 6 $  from  ex p e rim en t. Then, to  f a c i l i ­

t a t e  com parison  o f ex p e rim e n ta l and. t h e o r e t i c a l  s u r fa c e  r e c e s s io n  r a t e s ,  

th e y  w ere c o n v e rte d  t o  e q u iv a le n t  v a lu e s  a t  a  d ia m e te r  o f  O.O588 cm. The 

s u b s c r ip t  " s "  on x , th u s  in d i c a te s  t h i s  s ta n d a r d iz a t io n  o f  r e c e s s io n  r a t e s  

t o  a  d ia m e te r  o f 6 .0588  cm.

I t  was seen , th ro u g h  ex am in a tio n  o f  th e  v a lu e s  o f  X56 in  T able I I I ,  

t h a t  th e  s u r f a c e  r e c e s s io n  r a t e s  v a r ie d  on ly  w ith in  e x p e rim e n ta l r e p e a ta -
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T ab le  I I I .  EXPERIMENTAL DATA

T -  °C
S Vatm os

x xIO^ ■ e
cm /sec

x xIO*se
cm /sec

D -  cm av R ay le ig h
Number

1600 0.00132 0.352 0 .249 0 .0 4 0 7 0 / -86.05x10 °
1600* 0.00132 . 0 .244  . 0 .269 0.0610 2.01x10“ j
1600 0.00132 ' 0 .250 0.217 0.0492 1.06x10"*/
1600 0.0132 • 0 .5 7 0 .0 .6 3 5 0.0616 2 . 07x 10] /
1600 0.0132 0 .535 0.632 O.O64O 2 .3 2 s 1 0 ] /
1600 0.132 1.46 1.53 0,0582 1.74x10_r
1600 0.132 1.50 ■ 1.67 0.0614 2 . 05x 10 /
1600 1.32 6.34 5 . M 0 .0522 1.26x10“ '
1600 1.32 5 .89 6 .56 0 .0615  |2 .0 6 x 1 0 “
1600 1.32 ■ 6.51 6 .62 0 .0567 1.61x10“
1600 1.32 7 .28 6 .6 8 0 .0516 1.22x10
1600 1.32 8 .15 6 .6 3 0.0463 8 .81x10“ ' '
1600 1.32 9 .3 8 6 .49 0.0401 5.69x10“ ^
1600* 1.32 7.84 8 .0 9 O.O574 1.68x10 ‘
1600 1.32 7.07 6 .3 4 0 .0506 1. 15x 10 0
1900 0.00132 0.805 0.679 0 .0479 6.63x10-%
1900 0.00132 0.546 0 . 5 0 1 ; 0.0517 •' 8 .3 3 x 1 0 ];
1900 0.00132 0 .680 0 .665 0 .0547 9 . 90x 10" ;
1900 0 .0132 2.61 2 .0 8 0.0455 5.68x10_r
1900 0 .0132 2 .15 2 .12 0 .0552 1 .02x10 j?
1900 0 .0132 . 1.62 1.88 0 .0638 1.57x10 /
1900 0 .0132 1.76 1 .90 0 .0600 1 .3 0 x 1 0 /
1900 0.0132 1.97 1 .95 O.O553 1.02x10 /

1900 0 .0132 2 .1 3 1.96 0.0519 8.42x10 ;

1900*, 0 .0132 . 2 .57 2 .2 2 0.0489 7 .0 8 x 1 0 ];
1900 0.0132 2 .3 0 2 .1 2 0 .0 5 1 8 ; 8.39x10“%
1900 0 .132  ■ 5 - 1 1  ■ 3 .59 0 .0406 4 . 05x l o J
1900 0 .132 3 .68 3 .49 0 .0532 9 . I I x i o J j  .
1900 1.32 TO.7 11.7 0 .0604 1 .3 3 x 1 0 j
1900 1.32 9 .4 8 to ; 9 0 .0634 1.54x10 %

2200 0.00132 1.49 1.45 O.O544 6.88x10 Q
2200 0.00132 1.67 1.68 O.O5 6 I 7.55x10 %

2200 ■ 0.00132 . 1.93 2 .2 6 0 .0644 1-14x10 '

2200* 0.00132 1.83 1.92 O.O584 8 . 52x 1 0 °
2200 0.00132 1.96 1.66 0.0481 4.76x10 :

2200 0 .0132 5 .83 6 .95 O.O564 1.20x10 /
2200 0 .0132 5.33 5.42 0 .0567 7.81x10“ °
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Table III.. (Continued)

2200 0.132 13.2 11.4 0 .0489
2200 0.132 6 .84 5.97._. 0 .0494
2200 0.132 6.5 2. 7.02 0 .0597
2200 1.32 35 .9 3 0 .0 0 .0475
2200* 1.32 • 22.0 25 .6 0 .0639
2200 1.32 . . 28 .2 2 4 .8 0 .0498

5.00x10
5.17x10' 
9.09xi0_
4 .58x16  I
1.12x10“ '
5.28x10“^

* Designates runs done using lot #2 Ir wire 
1 Is the run shown on Figure 2.

)

^
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M l i t y ,  betw een th e  two l o t s  o f i r id iu m . In  f a c t ',  f o r  any ru n  u s in g
. O <f*

th e  second  l o t  o f i r id iu m , th e  % d e v ia t io n  o f x from  th e  mean o f xse  se

f o r  th e  group h av in g  th e  same te m p e ra tu re  and p r e s s u r e , ,  was l e s s  th a n

13% in  a l l  c a s e s ,  a lth o u g h  th e  mean e x p e rim e n ta l d e v ia t io n  f o r  a l l  th e

ru n s  was 8.5%«- (See T ab le V I I I ,  th e  column headed ufo E x p e r. D ev .") Thus

th e  0.6% tu n g s te n  in  l o t  1 had no p e rc e p ta b le  e f f e c t  on th e  o x id a tio n  r a t e .

In  c a l c u l a t i n g  t h e o r e t i c a l  s u r f a c e  r e c e s s io n  r a t e s  from  e q u a tio n  ( l )

i t  i s  n e c e s s a ry  to  have v a lu e s  o f  th e  unknowns in v o lv e d . ' i s  known
2

from  th e  e x p e rim e n ta l c o n d i t io n s  and in  th e  p re s e n t  c a se  i s  th e  t o t a l  p r e s ­

s u re  o f th e  sy stem . S e v e ra l p r o p e r t i e s  o f oxygen w ere needed-.and b eca u se  

th e y  v a r ie d  w ith  p r e s s u re  a n d /o r  te m p e ra tu re ,  th e y  w ere l e a s t  sq u a re s

cu rv e  f i t  in  th e  ra n g e  o f 1000 K t o  1400 K from  o r ig i n a l  d a t a . 1̂ ’ . ^  (1083
* ■ ' . ■ 

t o  1383&K was th e  ra n g e  o f  f i lm  te m p e ra tu re s  T^ en c o u n te re d  e x p e r im e n ta l ly .)

The r e s u l t i n g  r e l a t i o n s  f o r  th e s e  p r o p e r t i e s  a r e  shown in  T ab le IV.

In  o rd e r , to  o b ta in  v a lu e s  f o r  th e  mass t r a n s f e r  c o e f f i c i e n t s  k ^ , th e

16fo llo w in g  C h ilto n -C o lb u rn  r e l a t i o n s  w ere em ployed.

( 2 .) ;

= f / 2  (3 )

By e q u a t in g  th e  e x p re s s io n s  f o r  and and s o lv in g  f o r  k ^ , where k^ = 

k GRTf  and f o r  t h i s  c a se  = P,

kG = (h/C pTfR )(Le)2/3 (4 )

where;
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T ab le  IV. OXYGRN PROPERTIES

1000 °K < Tp ^  1400 a K I

0^ P ro p e r ty R e la tio n io V a r ia t io n  from data.

D en s ity /)=  0.3899PQ /T ^

Cp = 0 .1 l6 T f ^ * 117

0 .0 4

S p e c i f ic  Heat 0 . 2 1

V is c o s i ty J L =  .5 .374x10- 6Tf 0 *650 0 .4 4  .

Thermal c o n d u c t iv i ty k = 9 .48x10- 7Tf 0 *758 0.31

S p e c i f ic  Heat R a tio y =  1 .6 8 2 T f 0 ' ° 3 5 9 . 0 .0 8
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Cp = S p e c if ic  h e a t  r a t i o  o f  oxygen -  ca l/gm  °K f 

= M olecu lar d i f f u s i v i t y  -  cm ^/sec , 

f  = F r i c t io n  f a c t o r ,
2

= M olal mass v e l o c i ty  -  gm m o le s /se c  cm , 

h = Film  h e a t t r a n s f e r  c o e f f i c i e n t  -  ca l/cm  sec  K, 

jp ,  jp  = C h ilto n -C o lb u rn  f a c to r s ,

k = Thermal c o n d u c t iv i ty  o f  oxygen -  c a l/cm  sec  K,

2 3k = Mass t r a n s f e r  c o e f f i c i e n t  -  gm m o le s /(s e c  cm ) (gm mole/cm"3), 

Le = Lewis number -  p r /S c  or C^^D^ k ,

yt(j= V is c o s i ty  o f  oxygen -  cp ( c e n t ip o is e  o r gm/cm s e c ) ,

P = T o ta l p r e s s u r e .

RgM = P a r t i a l  p r e s s u re  -  atm os,

P r -  P r a n d tl  number -  C .4kJk ,
P

O = D ensity - o f  oxygen -  gm/cm"1,

• R = U n iv e rsa l Gas Law C o n stan t -  8 1 .7  cm^ atmos/gm mole °K ,

Sc = Schm idt number -Jb /joD y
o

Tp = E x p erim en ta l f i lm  te m p e ra tu re  -  K, 

U^v = Mean gas, v e lo c i ty  -  cm /sec^

In  e q u a tio n  (4 ) a l l  p a ra m e te rs  a r e  known a t  t h i s  po in t" a t  any g iv en  

te m p e ra tu re  and p r e s s u re  ex cep t h and D which w ere found  a s  fo llo w s . 

To f in d  th e  v a lu e  o f h , th e  v a lu e  o f  th e  N u sse lt num ber, Nu, was

17f i r s t  found from th e  e x p re s s io n  below  d ev e lo p ed  by Madden and P i r e t . 

T h is  i s  f o r  n a tu r a l  c o n v e c tio n  from  h e a te d  h o r iz o n ta l  w ire s  o f 0.00701
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and. 0,0251 cm in  d ia m e te r  in  a i r  o r  he lium  and p re s s u re s  from 0^00658 to  

1 .0  a tm o sp h eres .
2

+ 8 /& # b P r (^ +  l)D - ln (1  + 2% /D ) (5 )
*

where th e  f i c t i t i o u s  N u sse lt number Nu is .,

Nu* = 2 / l n ( 6 . 8 2 / R a l / ^ ) ,  . ( g )

and f o r  th e  work o f t h i s  r e p o r t  th e  accom odation c o e f f ic ie n t? w a s  i n i ­

t i a l l y  assum ed eq u a l 1 0 0 .8 . The o th e r  p a ra m e te rs  in  e q u a tio n s  ( 5 ) and (6 )

a r e ;

P  -  C o e f f ic ie n t  o f  th e rm al ex p an sio n  .~ l/T^. ( 0K)  ̂ »

D = A verage e x p e rim e n ta l w ire  d ia m e te r  -  cm,

Q '- S p e c i f ic  h e a t  r a t i o  f o r  oxygen , 

g = G r a v i ta t io n a l  a c c e le r a t io n  -  c m /se c ^ ,

Gr = G rashof number -  gp2yP(Tg -  T ^)D ^^ |2 ,

^ a= Mean f r e e  p a th  o f oxygen m o lecu le s  -  cm-,

Ra = R ay le ig h  number -  P rG r ,
0

-T = E x p erim en ta l w ire  te m p e ra tu re  -  C , .
0

T = Ambient te m p e ra tu re  in s id e  th e  c e l l  -  G . a  ■

S in ce  th e  p r o p e r t i e s  o f oxygen a r e  v e ry  n e a r  t h a t  o f a i r ,  t h i s  e x p r e s s io n ■ 

was assumed v a l id  f o r  p u re  oxygen a l s o .  T h is h e a t t r a n s f e r  c o r r e l a t i o n  i s  

v a l id  in  th e  ran g e  o f 10"®^  Ra — 10 1. V a lid  u se  o f  e q u a tio n  ( 5 ) i s  in d i  

c a te d  by th e  l i s t i n g  o f  th e  c o rre sp o n d in g  R ay le ig h  num bers o f each- e x p e r­

im e n ta l runv in .  T ab le  I I I .-

The v a lu e  f o r  /Im in  e q u a tio n  (5 ) was c a lc u la te d  from  th e  Dushman



25

e q u a tio n  ,

= ( .8 .5 8 ^ /P t) (T /M .,//2

w here;

= V is c o s i ty  o f  oxygen -  p (p o is e )

= M olecu lar w eigh t o f  oxygen 

= P a r t i a l  p r e s s u r e  o f oxygen -  t o r r

By c o n v e r t i n g ^ ,  end P t o / L  and P f s u b s t i t u t i n g  f  o r X ,  from  T able IVj and 

u s in g  f o r  oxygen a s  3 2 .0 , th e  above e x p re s s io n  becam e, •

= I . 0 7 4 x 1 0 - ^ 1 "1 5 /p  ( ? )

From e q u a tio n  {7),~X c o u ld  th e n  be r e a d i l y  c a l c u la te d  f o r  any c o n d i t io n  

o f" te m p e ra tu re  and p r e s s u re  P c o rre sp o n d in g  to  e x p e rim e n t. At t h i s

p o in t  Nu was c a l c u la te d  and h was found  from  e q u a tio n  ( 8 ) .
/

h =• CF(NukyZD) (8 )

The CF was a-, c o r r e c t io n  f a c t o r  f o r  th e  h e a t  t r a n s f e r  c o e f f i c i e n t  due to  

th e  p re se n c e  o f  th e  l i d  on to p  o f  th e  c e l l  and c o n n e c tin g  chamber o f "T" 

below  th e  c e l l .  . The v a lu e  o f CF was fou n d  to  b e l l  ,0 w ith in  th e  -  Vfo accur.r* • 

acy  o f  th e  e x p e rim e n ta l equ ipm ent: used'.-- Because th e  in v e s t ig a t io n s  o f 

th e  v a lu e  o f CF c o u ld n 't  ta k e  in t o  acco u n t th e  e f f e c t s  o f  th e  s id e - w a l l s  

on th e  h e a t  t r a n s f e r ,  ( th e  ex p e rim en ts  t o  d e te rm in e  CF w ere perfo rm ed  w ith  

th e  c e l l  open on to p  and bo ttom  a s  opposed to  th e  f u l l y  assem b led  a p p a r -  

a tu s )  t h i s ,  was a l s o  in v e s t ig a t e d .  A cco rd ing  to  J ones and Masson , i f  

th e  r a t i o  o f  th e  d is ta n c e  from  th e  w a ll t o  th e  c e n te r  o f  th e  c y l in d e r  to  

th e  c y l in d e r  d ia m e te r  i s  g r e a t e r  th a n  0.7? th e  h e a t t r a n s f e r  i s  n o t a f f e c t e d .
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In  th e  p re s e n t  c a se  t h i s  r a t i o  was a p p ro x im a te ly  20 , so t h a t  t h i s  p o s s i ­

b i l i t y  was r u le d  o u t.

I t  was a l s o  sh o w n .in  th e  e x p e rim e n ta l s tu d ie s  t h a t  th e r e  was no e f f e c t . 

on th e  h e a t t r a n s f e r ,  and th u s  th e  o x id a tio n  r a t e ,  due to  th e  oxygen flo w
J

th ro u g h  th e  "T" s e c t io n  b e n e a th  th e  c e l l .

The v a lu e s  f o r  D w ere c a lc u la te d  from  th e  W ilke and Lee m o d if ic a -

20t i o n  o f  th e  H ir s h fe l d e r ,  B ird , and S p o ts  e q u a tio n  which i s ,

0T_ (1/M. +
^  = -------------—  ' ( 9 )

Bir 12 D

where *

C = 10 ,7  -  2 ,4 6 (1 /® / -s- l / M j l / 2 x10~4 ,

Lp = C o l l i s io n  i n t e g r a l  f o r  d i f f u s i o n ,

M0 = M olecu lar W eight o f ox ide  s p e c i e ,
2.  *

( r 0 ),| = 1. 18(V0 ) 1 c o l l i s i o n  d ia m e te r  f o r  oxygen m o lecu le /oxygen  . 

m o le c u le .^ c o ll is io n  -  a n g s tro m s ,

(1^)2  = 1»18(V0 c o l l i s i o n  d ia m e te r  f o r  '..oxide., m o le c u le /o x id e

m o lecu le  c o l l i s i o n  -  a n g s tro m s ,
(r p ) -i + ( ro ^2 /

■ r 10 = --------—r --------— , c o l l i s i o n  d ia m e te r  f o r  oxygen m o le c u le /o x id e

m olecu le  c o l l i s i o n  -  an g s tro m s,

■ (V0 ) 1 = M olal volume o f  oxygen -  cnr/gm  m ole ,.

(V0 );? -  M olal volume o f ox id e  s p e c ie  --cm ^/gm :.mole„

As n o te d  in  th e  NOMENCLATURE, Ip  i s  a  f u n c t io n  o f th e  p a ra m e te r  ( k T p /^ ^ )*

From d a ta  ta b u la te d  in  r e f e r e n c e  20 , Ip  was l e a s t  sq u a re s  c u rv e  f i t  a s  a
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fu n c t io n  o f  ( k T ^ /g ^ )  f o r  1 ,8  (kT^,/^ ) ^ - 2 .8 ,  th e  ran g e  en co u n te red

e x p e r im e n ta lly .  The maximum -'jo d e v ia t io n  from  d a ta  was 0 . 30/& f o r  th e  r e l a ­

t i o n ,

where.

^ 2  ~ Energy o f  m o le c u la r  i n t e r a c t i o n  -  e rg s  

k = Boltam ann c o n s ta n t  -  1 .38x10 ^ er^gs/^K.

The v a lu e  o f was - d e te rm in e d  from  th e  r e l a t i o n ,

^ 12/ k .  ((S1Zk)(^2ZE) ) 1 /2

where th e  f o r c e  c o n s ta n t  ^ / k  i s  known f o r  oxygen a s  113®2 K and th e  

fo r c e  c o n s ta n t^ g /k  was d e te rm in ed  f o r  th e  v a r io u s  ox id e  s p e c ie s  from 

th e  r e l a t i o n ,

. ^ 2ZE -  1 . 9 2 V

The v a lu e  o f T , th e  m e lt in g  te m p e ra tu re s  o f th e  o x id e s  in  th e  above 

e x p re s s io n , i s  unknown. For IrO , IrO g , and IrO ^, T^ was assumed to  be'-I ^OO
O "

K i n i t i a l l y ,  w hereas th e  known v a lu e  o f  th e  m e lt in g  te m p e ra tu re , 2727 

ciK f o r  I r  was u se d . U sing  e q u a tio n  ( 9 ) th e n ,  w ith  th e  a p p ro p r ia te  conr- 

s t a n t s  s u b s t i t u t e d  in  f o r  each  s p e c ie ,  was c a l c u la te d  f o r  each e x p e r i ­

m en tal c o n d i t io n  o f  w ire  te m p e ra tu re  and oxygen p r e s s u r e .  The k^ v a lu e s  

w ere th e n  c a l c u la te d  u s in g  e q u a tio n  (4 )•

The e q u il ib r iu m  c o n s ta n ts  f o r  IrO , IrOg and IrO ^ w ere i n i t i a l l y  

e s t im a te d  by u se  o f th e  c o rre sp o n d in g  AH^sand 4 S | i o f  p re v io u s  experim en- 

te r s . - a s  summarized in  T ab le V. The e q u il ib r iu m  c o n s ta n t ,  K^, f o r  I r  was
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T ab le  V. SUMMARY OF A E °  & 4 s "  VALUES BY PAST EXPERIMENTERS

S pecie E x p erim en te r AH0
k c a l/m o le

AlS eu 
[k ca l/m o le  TC]

Temp. 
Range 0 C

*
IrO
MO**,
IrO
MOg
IrO
IrCT
MO ^

M argrave 
S earcy  
Norman et_ a l  

. S earcy  
Norman a t  a l  
O lie v i 
S earcy

105.

4 8 .5 -  0 .8

5 . 5 -  1 .5
6 . 0  Xi

2 0 .6  
3 .9 T 2 .0  
3 .5 -2 .1  

-1 3 .2 * 2 .5
- 9 .0
-1 0  to  -15

1010-2217
25
1557-1760
25
1557-1760
1627-2227
25

* These v a lu e s  were u sed  to  i n i t i a l l y  e s t im a te  th e  v a lu e s  o f  th e  e q u i l i ­
brium  c o n s ta n ts  f o r  IrO , IrO g, and I r O y

T ab le  VI. INITIALLY PREDICTED EQUILIBRIUM CONSTANTS

W ire T em perature & K1 K2 ■ K3

1600 °C 2.19X10™11 1.78x10*8 1.56x10*5 1. 67x 1O* 3

1900 0 C 6.27x10*9 8.73x10*7 9.42x10*5 2 . 09x 1O" 3

2200 °  C 4.56x10*7 1.67x10*5 3.68x10*4 2.47x10*3
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seen  to  be eq u a l to  th e  p a r t i a l  p r e s s u r e  o f  th e  ir id iu m  or i t s  vapor 

p r e s s u r e .  The vapo r pressure: b f i I r jl P j r $ was i n i t i a l l y  e s tim a te d  from

21th e  vap o r p r e s s u r e  e q u a tio n  r e s u l t i n g  from  th e  work o f  Hampson and W alker . 

T h is  r e l a t i o n  i s ,

I n ( P ^ )  = 7 .139  -  33 ,337/T g = (10)

The v a lu e s  o f a l l  th e  e q u i l ib r iu m  c o n s ta n ts  a t  1600, 1900, and 2200 °C

a s  i n i t i a l l y ,  e s t im a te d ,  a r e  shown in  T ab le  VI.

In  f in d in g  th e  v a lu e  f o r  A, th e  o n ly  o th e r  p a ra m e te r  in  e q u a tio n  (1 ),.

th e  d e n s i ty  o f th e  i r id iu m  had to  be  found  a s  a  f u n c t io n  o f  te m p e ra tu re .

13 'D ata w ere ta k e n  from  th e  r e s u l t s  o f  work done by H alvo rson  and Wimber

on th e  th e rm a l ex p an sio n  o f  ir id iu m  and l e a s t  sq u a re s  cu rv e  f i t  in  th e

o '
ra n g e  o f  1873 to- 2473 K, w hich i s  th e - r a n g e  o f T^ en c o u n te re d  e x p e r i -

r . . . ■ 
m e n ta lly .  T h is  r e s u l t e d  in  a  maximum jo d e v ia t io n  o f 0.035/^ f o r  th e  r e l a ­

t i o n  a s  shown below .

6 .1 4 4 x 1 0 -6Tk 1e632. ( 11 )

where DL i s  th e  % change in  le n g th  o f .ir id iu m  from  298 K to  T, , and T,

i s  th e  e x p e rim e n ta l w ire  te m p e ra tu re  in  K. U sing  th e  e x p re s s io n ,

&
@ 298 K

(I  +(DL @ T ) / l 0 0 ) 3 ( 12)

th e  d e n s i ty  o f th e  ir id iu m  a t  any p a r t i c u l a r  e x p e rim e n ta l v a lu e  o f w ire  

te m p e ra tu re  T ^f was fo u n d . Then th e  v a lu e  o f A was found  f o r  each ru n , 

w here,

192.2 gm ir id iu m  consum ed/m ole ox ide  form ed
@ T1 (13)
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At t h i s  p o in t  th e  t h e o r e t i c a l  r e c e s s io n  r a t e ,  x ^ , was c a lc u la te d  

from e q u a tio n  ( I ) f o r  each  o f the '' e x p e rim e n ta l c o n d i t io n s  o f  th e  ru n s  

made. Com parison o f experim en t w ith  th e o r y 'r e v e a le d  a  d i f f e r e n c e  o f abou t 

one o rd e r  o f m agnitude i n . t h e  r e c e s s io n s  r a t e s  o f th e o ry  and e x p e rim en t.

I t  was a l s o  n o te d  th a t  th e  b e s t  c o r r e l a t i o n  r e s u l t e d  when o f  e q u a tio n  

( l )  was e s s e n t i a l l y  z e ro .  I t  was th e n  co n cluded  th a t  i f  IrO  i s  p re s e n t  

a t  a l l ,  i t  i s  so  in  r e l a t i v e l y  sm a ll q u a n t i t i e s .  Thus th e  term  c o rre sp o n ­

d in g  to  IrO  p a r t i c i p a t i o n  was ex c lu d ed  from  f u r th e r  c o n s id e r a t io n ,  chang­

in g  e q u a tio n  (1 ) t o ,

Xt  = A(k G2K2P02 + k G3K3P02 + k GMicM? ■ ( 14 )

B ecause o f th e  f a c t  t h a t  th e  and v a lu e s  have c o n s id e ra b le  

u n c e r t a in ty  a s s o c ia te d  w ith  them, as  may seen  by c lo s e  ex am in a tio n  o f 

T ab le  V, i t  was deemed re a s o n a b le  to  th e n  t r e a t  th e  e q u i lib r iu m  c o n s ta n ts  

'K2 a n d * a s  unknowns. The e q u il ib r iu m  c o n s t a n t 'K^, th e  accom odation c o e f ­

f i c i e n t  ^4, a n d .th e  m e lt in g  te m p e ra tu re  T^ o f th e  IrOg and IrO^ were th e  

o n ly  o th e r  u n c e r ta in  p a ra m e te rs  in v o lv e d  in  th e  c a l c u l a t i o n  o f x ^ , and 

th u s  were a l s o  t r e a t e d  a s  unknowns.- The r e s u l t s  o f em ploying an o p tim i­

z a t io n  p ro c e s s  to  f in d  th e  b e s t  v a lu e s  o f th e  unknowns Kg, K^, and o<.

f o r  d i f f e r e n t  v a lu e s  o f T a re  l i s t e d  i n  T ab le V II . The column headedm

"Mean % E rro r"- i s  th e  av e ra g e  o f th e  d i f f e r e n c e  betw een x^ and x d iv id e d

by x^ f o r  th e  .runs: a t  t h a t  p a r t i c u l a r  l e v e l  o f Tg . I t  was n o te d  th a t  th e

. t o t a l  o f th e  mean $  erro r.- o f th e  th r e e  Tg l e v e l s ,  or th e  q u a l i ty  o f th e  f i t
o

o f th e  t h e o r e t i c a l  model, was b e s t  a t  th e  1400 and 1500 K .v a lu e s  f o r  T^.



T ab le  V II . OPTIMIZATION RESULTS -  FINAL VALUES FOR EQUILIBRIUM 
CONSTANTS AND ACCOMODATION COEFFICIENT

T -. ra
0 

ie
O

 C
O |

 
I

. 
I

K2 . AFf° -  IrO 2 

k c a l/m o le
K3

. O '
-  ^ 03

k c a l/m o le
" kM o< v Mean tJa 

E rro r

1400 1600 8 .81x10-4 26 .2 2 .67x10-3 22.1 A 0
Î fo

0 .389  " 13.5

1500* 1600 8 .8 0 26 .2 2 .7 0 22 .0

O
J 

(

•o
'

V

0.395  - 13.4

1600 1600 9 .0 5 26.1 2 .7 0 '  " 2 2 .0 < 1 0 " ,d 0 .400 14.1

1700 1600 9 .3 0 2 6 .0 2 .7 0 2 2 .0  ' < :io~12 0 .406 ' 14.7

1800 1600 9 .54 2 5 .9 2 .7 0 22 .0 < 1 O"12 O.410 15.3

1400 1900 2 .17x10“ 3 2 6 .5  . 3 .63 24^3 CIO-12 ■ 0.645 11.8
*

1500 1900 2 .19 2 6 .5 3 ,6 6 24 .2 ^ IO " ^ 2 0.645 "•11.8

1600 1900 2 .2 0 2 6 .4 3 .68 24 .2 ^ i o " ' '2 0.643 11.8

1700 1900 2 .2 0 2 6 .4 3.71 24 .2 ^ i o - I 2 O.690 12:1

1800 " 1900 2 .2 0 2 6 .4 3 .7 5 24.1 ^ i o - I 2 I 0 .754 - 12.5

1400 2200 8 .63 2 3 .4 4 .6 8 26 .4 2 .46x1O™8 I 0 .219 14.9
*

1500 2200 8 .6 8 2 3 .3  . 4 .7 3 2 6 .3 2 .46 0.221 15.0

1600 2200 8 .7 2 2 3 .3 L  78 2 6 .3 2 .46 I 0 .223 15.2

1700 2200 8 .77 23 .3
O

J
CO 26 .2 2 .46 0.224  - 15.2

1800 2200 8.81 23.2 |4.86 26 .2 2 .46 0.227 15.3

* These v a lu e s  were u sed  in  th e  f i n a l  c o r r e l a t i o n  o f  Xfc w ith  x q .



32

Because th e  v a lu e  o f must th e n  be betw een 1400 and 1500 K, and th e  

q u a l i ty  o f th e  f i t  i s  v e ry  i n s e n s i t i v e  in  t h i s  r a n g e , th e  v a lu e  o f =

1500 0 K f o r  IrO  and IrO-. was r e t a in e d .  The f i n a l  c o r r e l a t i o n  was b ased  

on th e  s ta n d a rd iz e d  s u r fa c e  r e c e s s io n  r a t e s  and Xgg a s  a r r iv e d  a t  

u s in g  th e  v a lu e s  o f K^, K^, .K^f an.d»4 a s  in d ic a te d  in  T ab le  V II to  c a lc u ­

l a t e  x , . s t

F ig u re  3' shows th e  r e s u l t s  g r a p h ic a l ly  of x .and x , v e rs u s  Pn ,S 6 Su Ug

w h ile  T ab le  V III  in d i c a te s  th e  n u m e rica l r e s u l t s .  'I n  T ab le  V I I I ,  th e  

column headed "fa E r ro r"  i s  th e  fa d i f f e r e n c e  betw een x and xg g , b ased  on 

Xg^ . The t h e o r e t i c a l  model d e s c r ib e d  by e q u a tio n  (14) f i t  th e  experim en­

t a l  r e s u l t s  w ith  cai mean e r r o r  p e r  ru n , o f 13*4% a t  1600 Cf 11.8% a t  

1900 °C , and 15.0% a t  2200 C, o r 13«3% f o r  an a v e r a l l  mean % e r r o r  in  

th e  1600 to  2200 ra n g e . A lso , th e  column headed "% E x p e r. D ev." i s  th e

d i f f e r e n c e  betw een x and th e  mean v a lu e  o f x d iv id e d  by th e  mean xse  se  , se

f o r  a  p a r t i c u l a r  s e t  o f ru n s  a t  th e  same te m p e ra tu re  and p r e s s u r e ,  i . e .  

th e  fa e x p e rim e n ta l d e v ia t io n .  The mean % e x p e rim e n ta l d e v ia t io n  f o r  a l l  

th e  ru n s  was 8 . 5% .' 1 '

To e n ab le  a  com parison  o f and w ith  p re v io u s -e x p e r im e n te r s ,
O '

th e  v a lu e s  o f AF^ f o r  IrOg and IrO^ in  T ab le  V II, were l e a s t  sq u a re s  c u rv e  

f i t  to  th e  l i n e a r  r e l a t i o n  A F^ = T h is  c a l c u la t io n  o f th e

v a lu e s  o f AH° and AS " f i l t e r s "  ou t th e  sm a ll dependence o f th e s e  p a r  am e -
I  I

O
t e r s  on te m p e ra tu re  in  th e  1600 to  2200 C ra n g e , a s  can be seen  by in s p e c ­

t i o n  o f  T ab le V I I . ' ' The r e s u l t s  o b ta in e d  w ere, f o r  IrO g i = 35*7 k c a l /
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T ab le  V I I I .  FINAL CORRELATION DATA

x , & x @ D = O.O588 cm s t  se

T , ebC s ’
‘ 6 

cm /sec

x ,xIO^ s t
cm /sec

'jo E r ro r jo E x p er.
:

Dev 0

1600 0 .249 0 .304 -1 8 .2  • 1.6
1600* 0 .269 0 .304 —11.6 88 .9
1600 0.217 0 .304 -2 8 .6 - 1 2 .9
1600 .0 .635 0 .802 - - 2 0 .8 0 .2
1600 0 .632 0 .8 0 2 - 2 2 .4 —0 • 2
1600 1.53 1.87 -1 8 .2 - 4 .6
1600 1. 6? . 1 .87 - 1 0 .8 4 .2
1600 5 .88 6 .4 5 - 8 . 9 - 1 3 .3
1600 6 ,56 6 .4 5 1.7 - 1 .5  I
1600 6.62 6 .4 5  ' 2 .6 '- 0 .6  I
1600 6 .6 8 6 .4 5 3 .5 0 .3
1600 6 .63 6 .4 5 2 .7 - 0 .5
1600 6 .49 6 .4 5 0 .6 —2 .6
1600- 8 .09 6 .4 5 25 .4 17.7
1600* 6 .3 4 6 .4 5 - - u s - 5 . 0
1900 L 0.679 0 .929 - 2 6 .9  ■ 1 9 .0
1900 0 . 50.1 O.929 - 4 6 eI 1 -2 2 .8
1900 0 .665 0 .9 2 9 - 28 .4 8.1
1900 " 2.08 1.96 5 .9 2 .4
1900 2 .12 1.96 8.1 ; 4 .2
1900 1.88 1 .96 - 4 .3 - 8 . 0  !
1900 1.90 1.96 —3 »0 ; - 6 . 8
1900 1.95 1 .96 - 0 .7 —4« 1
1900 ■1.96 1 .96 : 0 .0 - 5 .7
1900* 2 .22 1.96 • 13 .0 8 .6
1900 2 .12 1.96 7 .8 4 .2  |
1900 3 .59 • 3 .8 0 - 5 .6 1.4
1900 3 .49 3 .8 0 - 8 .2 — 1 »4
1900 11.7 10 .9 ' 7 .3 3 .4
1900 10.9 10 .9 0 .3  ■ - 3 .7
2200 1.45 1.93 -2 4 .9 - 2 3 .7
2200 1.68 1.93 - 13 .0 —6 .9  I
2200 2.26 1.93 A T i l 2 0 .6  j
2200* 1.92 1.93 - 0 .2 6 .6  ;
2200 1.66 1.93 - 13 .9 - 8 .1  I
2200 6 .95 6.31 10 .3 11.0  I
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2200 5 .42 6.31 - 1 4 .0 -1 4 .1
2200 11.4 11.8 —3» 1 28 .7
2200 5 .97 ' 11.8 —49«1 -3 6 .2
2200 7.02 11.8 —4 0 .3 - 1 5 .8
2200 30 .0 2 5 .3 18 .4 —10» 7
2200* 25 ,6 2 5 .3 0 .8 —4*7
2200 2 4 .8 2 5 .3 - 2 . 0 -8 .1

* Has sai.iv m eaning a s  in  T ab le I I I .



mole and J i = 4« 77' eu and f o r  IrO ^, AH^1 = 8 .6 3  k c a l/m o le  and =

—7.1 6  eu*

DISCUSSION OF RESULTS

The o v e r a l l  mean % e r r o r  o f  th e  s u r f a c e  r e c e s s io n  r a t e s  p r e d ic te d

t h e o r e t i c a l l y  was 13. 3% a s  com pared to  a  mean % e x p e rim e n ta l d e v ia t io n

o f 8.5%. .When c o n s id e r in g  th e  ty p e  o f work in v o lv e d  in  th e  p r e s e n t  s tu d y ,

and th e  in h e re n t  e x p e rim e n ta l e r r o r  o r e x p e rim e n ta l d a ta  s c a t t e r ,  t h i s  v

was seen  to  be an e x c e l le n t  d eg ree  o f c o r r e l a t i o n !

B ecause and A S^ a re  te m p e ra tu re  dependent p a ra m e te rs , d i r e c t

c o m p a riso n ■o f th e s e  v a lu e s  f o r  IrO ^ and IrO^ in  th e  p r e s e n t  r e p o r t ,  to

th o s e  sum m arized in  T ab le  V, i s  n o t f u l l y  p o s s ib le .  T ab le  IX shows some
o o

t y p i c a l  t r e n d s  in  th e  AH^ and ASf  v a lu e s  f o r .o n e  v o l a t i l e  d io x id e  s p e c ie

and two v o l a t i l e  t r i o x id e ' s p e c ie s ,  show ing th e  te m p e ra tu re  dependence in v o l -

22 .23  o -v ed . ' I t  was seen  t h a t  th e  AHp f o r  MoCL te n d s  to  d e c re a se  w ith  te m p er-
o

a t u r e ,  and .thus AHf  f o r  IrO ^ m ight a l s o  be ex p ec ted  to  d e c re a se  w ith  temp­

e r a t u r e .  Making a  co m parison , t h e AHf  o f  35*7 k c a l /m o le . f o r  th e  1600 to  

2200 0 C ran g e  o f th e  p r e s e n t  work i s  in d e ed  l e s s  th a n  th e  v a lu e  o f 4 8 . 5k c a l /
Q

mole r e p o r te d  by Norman e t  a l ,  f o r  th e  1557 to  1760 C ra n g e , a s  m ight be
6

e x p e c te d . When exam in ing  th e  A Sf  o f  MoO2 , a  s l i g h t  d e c re a se  i s  seen  w ith
o , o

te m p e ra tu re ,  w hereas th e  ASf  = 4«77 eu f o r  IrO 2 in  th e  1600 to  2200 C o f

th e  p re s e n t  work f a l l s  w ith in  th e  ra n g e  o f  b o th  Norman e t  a l ' s v a lu e  o f

3 .9  -  2 .0  eu in  th e  1557 to  1760 C ra n g e  f o r  IrOg and S e a rc y 's  v a lu e  o f

3 .5 . ^  2 .1  eu f o r  MOg a t  25 ^ C. Erom t h i s ,  r e s u l t s  o f th e  p re s e n t  work,



T ab le  IX. TYPICAL TRENDS FOR VOLATILE DIOXIDE AND TRIOXIDE SPECIES
AS A FUNCTION OF TEMPERATURE

Oxide S p ec ie AHf °

k c a l/m o le
^ 5 ^

eu

Temp. ^ K

MoO223 - 4 .3 3 8 .4 5 1000

- 5 .3 9 7 .5 3  ' 1500

- 6 .9 9 6 .6 5 2000

MoO322 - 120. ' . - —40« 3 ’ 1068 .

-1 0 7 . - 28.1 1530

00 - 8 2 .9 -1 .2 4 .2500

“ 3 -I33 .O - 3 7 .9 1743
-1 1 5 .8 - 2 8 .0 2100

- 8 3 .2 - 12 .5 2500
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Norman e t  a l 1 s  work, and S e a rc y 's  work seem to  i n d i c a te  t h a t A S ^  f o r  IrOg
o

i s  r e l a t i v e l y  te m p e ra tu re  i n s e n s i t i v e  i n  th e  25 to  2200 C ra n g e .

By u s in g  T ab les  V .and IX a g a in , an i n c r e a s in g .t r e n d  w ith  te m p e ra tu re  
c ' ■

was seen  f o r AHf  o f  MoOy WÔ  and I r O y  T h is  te n d ed  to  be t r u e  f o r  th e
c

p re s e n t  work f o r  w hich AHf  f o r  IrO^ was 8 .6 3  k c a l/m o le  in  th e  1600 to  2200

°C ra n g e  when com pared to  th e . 5 .5  -  1 .5  k c a l/m o le  in  th e  1557 to  I 76O* C

ran g e  o f  Norman e t  a l 1s work. But th e  8 .6 3  k c a l/m o le  was a  l i t t l e  h ig h e r  .

th a n  th e  6 .0  k c a l/m o le  f o r  IrO ^ in  th e  1627 to  2227 ° C ran g e  r e p o r te d  by 
0

O lie v i .  TheA v a lu e s  show a  s im i la r  in c r e a s in g  t r e n d  w ith  te m p e ra tu re
0

f o r  MoO.-» HOj, and I r O j . T h is  was m o s tly  th e  c a s e ,  f o r  A S „ f o r  IrCL o f 3 . 3 I 3
O

-7 .1 6  eu o f th e  p r e s e n t  work in  th e  1600 to  2200 -C ra n g e  when com paring
, 0 0

t h e A S j, v a lu e s  o f -1 0  to  -15  eu f o r  MÔ  a t  25 C r e p o r te d  by S ea rcy , th e

-13« 1 -  2 .5  eu f o r  IrCL in  th e  1557 to  1760 C ran g e  by Norman e t  a l ,  and •
■ " 0

'th e  - 9 .0  eu f o r  IrCL in  th e  1627 to  2227 C ran g e  r e p o r te d  by O lie v i .  The
0 \

0
AS^1 f o r  IrO ^ o f - 7 .1 6  eu i s  most d i r e c t l y  com parable  t o ,  and was seen  to  

be somewhat lo w e r■ th a n .- th e  - 9 .0  eu b e c a u se  o f th e  s im i la r  te m p e ra tu re  ra n g e s  

o f  1600 to  2200 C and 1627 to  2227 C r e s p e c t iv e l y .

SUMMARY AND CONCLUSIONS

I t  was seen  t h a t  th e  main s p e c ie s  p re s e n t  in  th e  o x id a tio n  o f ir id iu m

0
a re  IrO g , I r O y  and I r  w ith  th e  l a t t e r  b e in g  im p o rta n t o n ly  a t  th e  2200 C

. 0
l e v e l .  E xcept f o r  th e  in c lu s io n  o f I r  a t  2200 C th e s e  r e s u l t s  c o in c id e  

•w ith  th e  l im i te d  t h e o r e t i c a l  su c c e s s  o f Tempero' s  work in  th e  fo rc e d  con­

v e c t io n  o x id a tio n  o f ir id iu m  a r e a .  The t h e o r e t i c a l l y  p r e d ic te d  r e c e s s io n



r a t e s ,  by use  o f e q u a tio n  ( 14) ,  y e i ld e d  a  mean -$ e r r o r  from  experim en t

o f 13. 4 > I -U S 1 and 15»0/o a t  1600, 1900, and 2200 G r e s p e c t iv e l y ,  o r an

o v e r a l l  mean '% e r ro r -  o f f o r  th e  1600 to  2200 6 G ra n g e . " V alues w ere
0 ' 0

found  f o r  and f o r  IrOg and IrO^ f o r  th e  te m p e ra tu re  ran g e  1600 to  

2200 °Q and a r e ;  35*7 k c a l/m o le  and 4*77 eu and; 8 .6 3  k c a l/m o le  a n d '- 7 .16  

eu , in  t h e i r  r e s p e c t iv e  o rd e r s .



40

BIBLIOGRAPHY

1. E. H. P . Gordfvmke and G. M eyer, "The System Irid ium -O xygen , I .  Mea*--- 
su rem en ts  o f th e  V o la t i l e  Oxide o f I r id iu m " , R ec, T rav t, Chim0 , 81,
495 -5 0 4 , 1962.

2 . L. H o lb o rn , a t  a l ,  Wis s .  Abh0 P h y s ik - te c h n . R e ic h s a n s t0 , 4 , '8 5 ,  1904« 
Summarized in  r e f e r e n c e  3»

3 . V<. H.. S ch a fe r  and H0 J .  H e itla n d ,' " G leichgew ich tsm essungen  im System 
Ir id iu m  -  S a u e r s to f f  G asform iges I r id iu m tr io x y d " , Anong0 A llgem .
Chem., 304, 249-65 , I960 .

4 . J 0 H0 Norman, e t  a l ,  "Mass S p e c trc m e tr ic  Study o f Gaseous Oxides o f
3 - I r id iu m " , J 0 Chem. P hys0, 4 2 , 1123-4, 1965«

5» A0 O lie v i ,  J 0 L ess Common M e ta ls , 2 9 , 11-23, 1972.

6 , A, W.' S ea rcy , D. V0 Ragone, and V0 Colombo, C hem ical and M echanical 
B ehav io r o f  In o rg a n ic  M a te r i a l s , J 0 W iley and Sons, New.York, 23 -32 ,
1970. ■

7 . W. L0 P h i l l i p s , rJ r 0, "O x id a tio n  o f  th e  P la tin u m  M eta ls  in  A ir" ,  T ra n s »
Am0 Soc0 M e ta ls , jxT ,'33-37» 1964«

8 «. C0 A. K r ie r  and R0 I .  J a f f e e , "O x id a tio n  o f th e  P la tin u m  Group M e ta ls " , N 
J 0 L ess Common M e ta ls , 5 , 411-431 , 1963«

9 . J .  M. C r is c io n e 1 e t  a l ,  High T em perature  P r o te c t iv e  C o a tin g s  f o r  Gra­
p h i t e , ML-TDR-64-173, P a r t  I I I ,  C o n tra c t AF 3 3 (6 5 7 ) - 1 125 3 , AD479131,

' Dec. 1965.

10. " A. K. K u riak o se  and J .  L. M argrave, " K in e tic s  o f  O x id a tio n  o f I r id iu m
-at High T e m p e ra tu re s" , A ppendix o f r e f e r e n c e  9«

; ;  J 0

11. C0 Tempero, O x id a tio n  o f I r id iu m  in  F orced  C o n v e c tio n , M a s te r’ s 
T h e s is ,  Montana' S ta te  U n iv e r s i ty ,  1972«

. 12. -R. T. Wimber, High T em perature O x id a tio n  o f I r id ju m , T h ird  Annual 
P ro g re s s  R e p o r t, RLO-2228-T1-5, 17» Feb ., 1973*

13« J* J .  H alverson  and R0 T. Wimber, "Therm al E xpansion  o f  I r id iu m  a t  
High T em p era tu re s" ,' J .  A ppl. P h y s0 4 3 , 2519-22, J u n . , 1972.

■  " I

'I



41

14« J« H i ls e n r a th ,  e t  a l , T a b le s -o f  Thermal P r o p e r t i e s  o f  G ases , NBS
C ir c > 564 , 1955«

15« R. A. S v e h la t E s tim a te d  V is c o s i t i e s  and Thermal C o n d u c t iv i t ie s  o f 
G ases a t  High T em p era tu re s , NASA' T ech0 R eport R -132, 1962.

16. T« K0 Sherw ood■and R0 L. P ig f o r d , "A b so rp tio n  and E x t r a c t io n " , 2nd 
E d . , McGraw H i l l ,  N. Y., 61 , 9 1 -2 , 1952«

17« A.. J« .Madden, J r 0 and E0 L0 P i r e t , P ro ceed in g s  o f  th e  G eneral D is­
c u s s io n  on H eat T r a n s f e r , I n s t i t u t i o n  o f  Mech,. E n g rs . an d . Am.. S o c .' 
o f Mech. E n g rs0 , New York, 328-333, 1951•

18. S. Dushman, - "Vacuum T ech n iq u e" , John  W iley and Sons I n c . , New York,
33, 1949«

19» C. D0 J ones and D. J .  Masson, T ra n s 0 ASME, TJ., . 1275-81, 1955«

20. R0 E. Emmert and R. L. P ig fo rd ,  "Gas A b so rp tio n  and S o lv en t E x tra c ­
t io n "  , C h em ica lrE n g in ee rs  Handbook, 4"th Ed0, R0 H. P e r ry , e t  a l , 
E d t r s . ,  McGraw H i l l ,  New York, 24, -  2 0 ,2 1 , 1963«

21. R. E. Hamps on, J r .  and R. F. W alker, J .  R es. MBS 65A, 289, 1961«

22 . T. B. Reed, F ree  E nergy o f Form ation  o f .B in a ry  Compounds: An A tla s  
o f C h a rts  f o r  H igh-T em peratu re  C a lc u la t io n s , MIT P r e s s ,  Cam bridge, 
M ass., 2 8 -9 , 1971.

23« D. R0 S tu l l  and 'H. P ro p h e t , JANAF Thermodynamic T ab les ', 2nd E d . , 
NSRDS, 1971.



MONTANA STATF UMTVFDCn-v , Tr ,r ..* .__

' v v ' ^ V / I y

V f M
w 378
K868 K rau s, H al Gene
c o p . 2 H a tu r a l c o n v e c t io n

h ig h  te m p e r a tu r e  
o x id a t io n  o f  ir id iu m

Anp aopi»«*»
i - : ( / r ,

A /4 7 ?

-I


