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I. SUMMARY 

Thermal b a r r i e r s  were developed t o  reduce t h e  h e a t  f l u x  t o  t h e  coolant  

f o r  a r egene ra t ive ly  cooled engine opera t ion  wi th  l i q u i d  O2 and l i q u i d  H2 

p rope l l an t .  

A thermal  a n a l y s i s  and a p rope l l an t  exhaust gas a n a l y s i s  were conducted 

t o  provide t h e  thermal  and chemical environments whicb were t h e  b a s i s  f o r  t h e  

s e l e c t i o n  of t h e  material and th ickness  of t he  thermal b a r r i e r  coat ings.  The 

thermal a n a l y s i s  w a s  conducted f o r  a t y p i c a l  t h r u s t  chamber t o  determine t h e  

range of coa t ing  thermal  r e s i s t a n c e  requi red  t o  maintain a maximum hea t  f l u x  

of 20 Btu/in.:! sec. 

1600°F maximum wi th  a coat ing  surface temperature of 4000'F. 

r e s i s t a n c e  of t h e  coa t ing  f o r  t h e s e  condi t ions  w a s  e s t a b l i s h e d  a t  200 in.2- 

sec-"F/Btu a t  t h e  t h r o a t  of t h e  chamber. 

The design temperature f o r  t h e  coating-tube i n t e r f a c e  w a s  

The thermal 

The chemical environment a t  t h e  t h r o a t  of t h e  chamber opera t ing  a t  

2000 p s i a  wi th  L02/LH2 p rope l l an t  a t  a mixture  r a t i o  of 6 was e s t a b l i s h e d  as 

70% H20, 24% H2, 3% OH, 2.5% H, 0.2% 02, 0.2% 0. 

wi th  t h e s e  exhaust gases w a s  eva lua ted  f o r  t h e  r e f r a c t o r y  metals, oxides ,  and 

d ibo r ides  wi th  melt ing p o i n t s  above 4000°F. 

t i v e  materials i n  a composite w a s  considered as w e l l  as compa t ib i l i t y  wi th  

t h e  exhaust stream gases.  On t h e  b a s i s  of t h e  compa t ib i l i t y  comparisons, t h e  

material systems s e l e c t e d  f o r  eva lua t ion  w e r e  tungsten-zirconia ,  molybdenum- 

z i r c o n i a ,  tungsten-hafnia ,  and molybdenum-hafnia. 

Materials Compatibi l i ty  

Compatibi l i ty  between the  respec- 

Three coa t ing  concepts were eva lua ted  i n  t h i s  program. They are: 

(1) t h e  convent ional  concept of plasma arc spraying  t h e  thermal b a r r i e r  on t h e  

I D  s u r f a c e  of a convent ional ly  f a b r i c a t e d  t h r u s t  chamber; (2) t h e  s i n g l e  tube 

concept i n  which t h e  coa t ing  i s  plasma-arc sprayed on t h e  crown of i n d i v i d u a l  

tubes and then  the  coated tubes are f a b r i c a t e d  i n t o  a t h r u s t  chamber; and (3 )  

t h e  t i l e  concept i n  which thermal  b a r r i e r  t i l e s  are f a b r i c a t e d ,  s e tup  on a 

mandrel and a t h r u s t  chamber is  electroformed on t h e  thermal b a r r i e r .  
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I ,  Summary (cont . )  

A thermal a n a l y s i s  and a stress a n a l y s i s  were made on t h e  s i n g l e  tube 

coa t ing  and t h e  convent ional  coa t ing  concepts.  

t h a t  the  thermal b a r r i e r  is  only requi red  on the  crown of t h e  tube and not  i n  

t h e  v a l l e y s  between the  tubes and t h a t  a s l o t ,  0.010 inch  wide, extending 

long i tud ina l ly  a long t h e  v a l l e y  between tubes ,  could be t o l e r a t e d .  Therefore ,  

t he  s i n g l e  tube coa t ing  concept is rea l i s t ic  from a thermal  s tandpoin t .  

stress a n a l y s i s  showed t h a t  t h e  maximum stresses i n  t h e  coa t ing  i n  t h e  s i n g l e  

tube  concept w a s  21,560 compared t o  30,560 p s i  i n  t h e  coa t ing  of t he  conven- 

t i o n a l  coa t ing  concept.  Therefore ,  t h e  s i n g l e  tube  coa t ing  concept i s  

r e a l i s t i c  from both t h e  stress and thermal s tandpoin ts .  

The thermal a n a l y s i s  showed 

The 

The s e l e c t e d  materials were plasma-arc sprayed on d i s k  and f i v e  tube 

specimens and then  eva lua ted  by plasma-arc exposure. I n  these  tests, t h e  hea t  

f l u x  w a s  maintained a t  12 Btu/ ina2-sec and t h e  s u r f a c e  temperature w a s  main- 

t a ined  a t  approximately 4000°F. 

measured i n  t h e  plasma tests and an  i n d i c a t i o n  of ox ida t ion  and thermal shock 

r e s i s t a n c e  w a s  obtained by specimen examination. I t  w a s  e s t ab l i shed  t h a t  t h e  

(a) and H f O  ox ida t ion  r e s i s t a n c e  of t h e  Z r 0 2  

coa t ings  conta in ing  Mo o r  W and t h a t  t h e  Mo-ZrO coa t ing  w a s  b e t t e r  than  t h e  

W-ZrO mixtures.  

The thermal r e s i s t a n c e  of t he  coa t ing  w a s  

coa t ings  w a s  b e t t e r  than  t h e  2 

2 

2 

The s i n g l e  tube  concept w a s  evaluated by plasma-arc spraying t h e  

crown of s i n g l e  tubes and j o i n i n g  t h e s e  coated tubes by T I G  welding on t h e  

backside t o  form specimens f o r  plasma-arc t e s t i n g .  These specimens performed 

s a t i s f a c t o r i l y  and w e r e  similar t o  t h a t  of t he  convent ional ly  coated tube specimens. 

The t i l e  concept f a b r i c a t i o n  w a s  evaluated by p res s ing  t h e  s i n t e r i n g  

Z r O  t i l e  and by impregnating Z r O  c lo th .  The pressed and s i n t e r e d  t i l es  had 

extremely low thermal r e s i s t a n c e  and w e r e  n e c e s s a r i l y  very  t h i n ,  t he re fo re ,  

they were extremely f r a g i l e .  

were t e s t e d  i n  t h e  plasma arc  and t h e r e  w a s  no measurable oxida t ion ,  

However, t h e  thermal  r e s i s t a n c e  of t h e  impregnated Z r O  c l o t h  w a s  

2 2 

The t i l e  f a b r i c a t e d  from impregnated Z r 0 2  c l o t h  

2 

(a) Z r 0 2  s t a b i l i z e d  wi th  5% CaO and Hf02 s t a b i l i z e d  wi th  5% Y203. 
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I ,  Summary (cont . )  

800 i n .  2-sec/Btu-oF r a t h e r  than  t h e  requi red  200 i n .  2-sec/Btu-oF. 

of  t h e  material eva lua t ion  tests, t h e  Zr02, HfO 

s e l e c t e d  f o r  eva lua t ion  i n  t h e  H / O  

tester. The nominal condi t ions  were: test du ra t ions  - 15 sec, gas flame 
2 temperature - 6000"F, chamber pressure  - 50 p s i a ,  h e a t  f l u x  - 25 Btu-in. -sec.  

The r e s u l t s  of t h e  HES tests were comparable t o  t h e  labora tory  plasma tests. 

The Z r O  and HfO 

Regression w a s  observed on t h e  Mo-ZrO 

On t h e  b a s i s  

and Mo-Zr02 coa t ings  were 2 
Hyperthermal Environmental System (HES) 2 2  

coa t ings  performed equal ly  w e l l  wi th  l i t t l e  o r  no regress ion .  
2 2 

coa t ings ,  i n  t h e  range of 0.06 mil/sec. 2 
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11. INTRODUCTION 

The cool ing l i m i t s  are o f t e n  reached i n  r egene ra t ive ly  cooled l i q u i d  

rocke t  t h r u s t  chambers and supplementary cool ing methods are requi red  t o  reduce 

the  hea t  f l u x  t o  t h e  coolant .  I n  convent ional  systems, t h e  h e a t  f l u x  i s  

reduced by small amounts of f u e l  f i l m  coolant .  I n  high performance, high h e a t  

f l u x  systems, excess ive  f u e l  would be requi red  t o  provide t h e  necessary f i lm  

cool ing,  r e s u l t i n g  i n  a s i g n i f i c a n t  l o s s  i n  o v e r a l l  engine performance. A 

thermal  b a r r i e r  coa t ing  on t h e  nozzle  I D  permits  a h ighe r  i n s i d e  w a l l  

temperature than  can be achieved with the  ba re  tubes and thereby reduces the  

h e a t  f l u x  t o  t h e  coolant .  

The o b j e c t i v e  of t h i s  program w a s  t o  develop thermal b a r r i e r  coa t ings  

which can be  appl ied  t o  t h e  i n n e r  w a l l  of a r egene ra t ive ly  cooled t h r u s t  

chamber opera t ing  wi th  LH2/L02 prope l l an t  at chamber pressures  of 2000 ps ia .  

The coa t ing  would provide s u f f i c i e n t  thermal r e s i s t a n c e  ( th ickness l thermal  

conduct iv i ty)  t o  reduce t h e  hea t  f l u x  t o  a va lue  which would p e r m i t  ope ra t ion  

w e l l  w i t h i n  t h e  l i m i t s  of s ta te -of - the-ar t  cool ing materials, and f a b r i c a t i o n  

technology. 

wi th  a maximum t u b e  w a l l  temperature  of 1600'F. 

For t h i s  purpose t h e  upper l i m i t  of hea t  f l u x  w a s  20 Btu/in.2-sec 

This r e p o r t  is  organized t o  cover each of t h e  major program t a s k s  as 

fol lows : 

I11 Analysis  of Chemical and Thermal Environments 

I V  Material S e l e c t i o n  

v Analysis  of Coating Concepts 

V I  Experimental Procedures 

V I 1  Thermal Barrier Evaluat ion 

V I 1 1  Conclusions and Recommendations 
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111. ANALYSIS OF CHEMICAL AND THERMAL ENVIROTWENTS 

A, T H E W  ANALYSIS 

The thermal a n a l y s i s  was conducted f o r  a t y p i c a l  r egene ra t ive ly  

cooled t h r u s t  chamber t o  e s t a b l i s h  t h e  coa t ing  thermal r e s i s t a n c e  (coa t ing  

th i ckness / coa t ing  thermal conduc t iv i ty )  r equ i r ed  to reduce t h e  hea t  f l u x  t o  t h e  

coolan t  ulider t h e  condi t ions ;  L02/LH2 p r o p e l l a n t ,  2000 p s i a  chamber p re s su re ,  

L02/LH2 mixture r a t i o  of 6, coa t ing  hot  gas  s u r f a c e  temperature 4000"F, and 

tube  i n t e r f a c e  temperature of 1600°F. 

The gas-side convective f i l m  c o e f f i c i e n t  w a s  c a l c u l a t e d  using t h e  

Bartz'') c o r r e l a t i o n  which i s  a modified form of a Nusselt-type equat ion  i n  

t h e  following form: 

7 0.8 I -. 

0.026 0.2 ; j ' ~  T~~ M~~ ' h g E - -  D0.2 ~ ~ ~ 0 . 6 ~ A M ~ ~  % %] 

where : 

h =  

D =  
c =  
P r  = 

g 

P 

A =  
- 
- 

MFS = 

gas-side f i l m  c o e f f i c i e n t  

chamber diameter 

s p e c i f i c  hea t  

P r a n d t l  number 

v i s c o s i t y  

p r o p e l l a n t  flow ra te  

f r ees t r eam temperature 

molecular weight a t  a r i t h m e t i c  mean temperature 

a r i t h m e t i c  mean, 1 /2  (recovery temp. + gas s i d e  w a l l  temp.) 

c ros s - sec t iona l  f low area 

a r i t h m e t i c  mean temperature 

f reestream mol'ecular weight 

The recovery temperature used as t h e  d r i v i n g  temperature between 

t h e  combustion gases and chamber w a l l  was c a l c u l a t e d  from t h e  following equat ion  

us ing  a combustion e f f i c i e n c y  of 95%. 
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T = recovery temperature 

rl = combustion e f f i c i e n c y  

TFS 
P r  = P r a n d t l  number 

T = s t agna t ion  temperature f o r  rl = 100% 

r 

t 

= f rees t ream temperature f o r  T-I = 100% 

0 

The c a l c u l a t e d  gas s i d e  f i l m  c o e f f i c i e n t  and 

are p l o t t e d  as func t ions  of chamber area r a t i o  i n  F igure  

f i l m  c o e f f i c i e n t  (h ) w a s  no t  ca l cu la t ed  because i t  is  a 

passage geometry and a nozzle  w a s  no t  designed. 
L 

recovery temperature 

1. The coolant-s ide 

func t ion  of t h e  coolant  

The hea t  f l u x  t o  t h e  coo lan t ,  Q/A, a t  t h e  t h r o a t  w a s  der ived  as 

fol lows : 

with  t h e  fol lowing condi t ions :  

recovery temperature T = 5380°F ( ca l cu la t ed ) ,  r 
coolant  bu lk  temperature T = -350°F (assumed), 

-2 gas s i d e  f i l m  c o e f f i c i e n t  h = 0.012 Btu / in .  -sec-OF ( c a l c u l a t e d ) ,  

s t a i n l e s s  s teel  tube  w a l l  th ickness  t = 0.015 i n .  (assumed), 

s t a i n l e s s  steel  thermal conduct iv i ty  k = 0.00025 Btu/in.-sec-OF, 

B 

g 

and coolant  h e a t  t r a n s f e r  c o e f f i c i e n t  

2 a hea t  f l u x  t o  t h e  coolan t  of  33 Btu/ in .  -sec w a s  

For coated nozz les ,  a hea t  f l u x  of 1 3  

because i t  provided a s i g n i f i c a n t  decrease  t o  t h e  

be  evaluated convenient ly  in t h e  labora tory .  The 

h = 0.03 Btu/in.  2 -sec-"F (assumed); L 

der ived  f o r  uncoated nozzles  

Btu/ in .  2-sec w a s  s e l e c t e d  

coolan t  and because i t  could 

thermal r e s i s t a n c e ,  R,  f o r  a 
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NOTE: - 

f I t 1 1 1 t f 

Area Ratio 

f 

11 13 15 17 3 5 7 9 -5 *3 1 

6200 

6000 

5800 

5600 

5400 

5200 

io00 

Figure 1. Convective Film Coefficient and Recovery Temperature 
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111, A, Thermal Analysis (cont . )  

2 coa t ing  t o  provide a hea t  f l u x  t o  t h e  coolan t  of 13  Btu/ in .  -sec w a s  der ived  

as fol lows:  

Tr T~ 
Q / A  = , 

s t a i n l e s s  s teel  tube s u r f a c e  temperature T = 1600°F. Mw where: 

The thermal r e s i s t a n c e  f o r  t h e  coa t ing  w a s  200 in.2-sec/Btu.  

used throughout t h e  program f o r  t h e  design of  t h e  thermal  b a r r i e r  coa t ings .  

This  va lue  w a s  

B. CHEMICAL ENVIRONMENT 

The combustion products  o r  exhaust gas s p e c i e s  were obtained from 

ca lcu la t ed  chemical equi l ibr ium equat ions.  The quan t i ty  of each gas specie 

as a func t ion  of o x i d i z e r / f u e l  mixture r a t i o  i s  shown i n  Figure 2. 

t h e o r e t i c a l  gas composition of t h e  t h r o a t  f o r  a mixture r a t i o  of 6 i s :  

70% H20, 24% H2, 3% OH, 2.5% H, 0.2% O2 and 0.2% 0. 

The 
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I V  . MATERIAL SELECTION 

The s e l e c t i o n  of t h e  material f o r  t h e  thermal 

mel t ing  po in t ,  thermal  conduc t iv i ty ,  d e n s i t y ,  c o s t s ,  

exhaust  gases  and c a p a b i l i t y  of being sprayed. 

b a r r i e r  is based on t h e  

compa t ib i l i t y  wi th  t h e  ’ 

2, The cand ida te  materials f o r  t h e  thermal b a r r i e r  coa t ings  are W ,  M o ,  Z r O  

A1203,  Hf02, MgO, Tho2, T i B  

p rope l l an t  exhaust gas  s p e c i e  w e r e  examined on t h e  cr i ter ia  of t h e  free-energy 

c a l c u l a t e d  from a v a i l a b l e  d a t a  ( 2 ) ( 3 ) .  

s u r e  of 2000 p s i a  and f o r  temperatures  of 3000, 4000, and 5000°F. 

of t h e s e  c a l c u l a t i o n s  are shown i n  Table  I; negat ive  free-energy of r e a c t i o n  

numbers i n d i c a t e  t h  t t h e  r e a c t i o n  w i l l  occur .  

and Z r B  2 2’ The candida te  materials and t h e  

The c a l c u l a t i o n s  w e r e  made f o r  a pres-  

The r e s u l t s  

B 
An examination of Table I shows t h a t  t h e  candida te  m e t a l s  f o r  t h e  

t h e  arrier composites,  tungs ten  and molybdenum have s imilar  compa t ib i l i t y  

w i t  p rope l l an t  gas  s p e c i e s  based on t h e  f r e e  energy c a l c u l a t i o n s ;  both 

are compatible wi th  H 0 but  no t  f r e e  oxygen o r  OH. 

Is, Z r 0 2 ,  H f 0 2 ,  MgO, and Tho2, are compatible wi th  t h e  oxid iz ing  gas 

, bu t ,  bo th  H f 0 2  and MgO are not  compatibke wi th  H. 

The candida te  oxide  2 

Z r O  i s  compatible 2 
w i th  a l l  t h e  s p e c i e s  a t  a l l  temperatures .  The candida te  d i b o r i d e s ,  Til3 and 

Z r B 2 ,  do no t  have a compa t ib i l i t y  advantage over t h e  oxides .  

t o  react wi th  H,  0, 02, and OH as shown i n  Table I. 

2 
Both are expected 

Data (4y5y6y7) are a v a i l a b l e  on t h e  compa t ib i l i t y  of tungs ten  and 

molybdenum nozz le  inser ts  wi th  t h e  exhaust  of s o l i d  and l i q u i d  rocke t  tes t  

f i r i n g s  i n  which t h e  only v a r i a b l e  w a s  t h e  nozz le  i n s e r t  material. 

Table  11, show t h a t  t h e  r e g r e s s i o n  rate of both tungs t en  and molybdenum are 

comparable. However, wi th  h igh  flame temperature  (5600°F) p r o p e l l a n t s ,  the 

r e g r e s s i o n  ra te  of molybdenum increased  because of s u r f a c e  melt ing.  The 

r e g r e s s i o n  rate of both metals increased  wi th  a decrease  i n  d e n s i t y ;  tlic LISC’ 

of a d d i t i v e s  t o  t h e  tungs ten  d i d  not  s i g n i f i c a n t l y  lower - the  r eg res s ion  r a t e .  

These d a t a ,  
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I V ,  Material Se lec t ion  (cont . )  

L i t t l e  d a t a  are a v a i l a b l e  on the  performance of oxides i n  rocke t  test 

f i r i n g s  because the  very h igh  thermal shock s e n s i t i v i t y  oxides  precluded t h e i r  

use f o r  nozz le  i n s e r t  materials. However, f i r i n g s  were made by Winters,  e t  a1 ’ 
with  h igh ly  ox id iz ing  p r o p e l l a n t  (N 0 /AeroZINE 50) using i n s e r t s  of  Zr02-Si0 

85 B e 0  - 15 S i c ,  A1203 ,  and BeO. 

0 . 4 3  mil s / sec ) .  

ox id i z ing  environments which agrees  with the f r e e  energy ca l cu la t ions .  

(7) 

2’  2 4  
The regress ion  rates were very low (0.0 t o  

These d a t a  show t h a t  t h e  ceramic oxides  are compatible with 

A. REFRACTORY METALS SELECTION 

The information on the  r e f r a c t o r y  metals i s  summarized i n  Tables 

I11 and I V .  On t h e  b a s i s  of the  d a t a  i n  these  t a b l e s ,  molybdenum w a s  s e l e c t e d  

f o r  t he  prime m e t a l  add i t ion  i n  the thermal b a r r i e r  coa t ing .  The use  of 

i n i t i a l  add i t ions  are d e s i r a b l e  t o  improve the  thermal shock r e s i s t a n c e  of 

ceramic coa t ings .  I n  add i t ion ,  t he  d e n s i t y  and c o s t  of moly3denum, although 

secondary cons idera t ions ,  are a l s o  t h e  lowest  of  t h e  metals being considered. 

The thermal expansion of molybdenum is  r e l a t i v e l y  low b u t  is  comparable with 

the  o t h e r  r e f r a c t o r y  metals. 

Tungsten w a s  s e l e c t e d  as the  second metal t o  be eva lua ted  i n  the  

thermal b a r r i e r  composite. 

the  ceramic phase and t h e  exhaust spec ie s  i s  about t he  same as t h a t  of 

molybdenum. However, tungsten has  almost twice the  dens i ty  and i s  more 

expensive than molybdenum. I r id ium w a s  n o t  s e l e c t e d  because of i ts  excess ive ly  

h igh  c o s t  and hafnium w a s  no t  s e l e c t e d  because of i t s  r e l a t i v e l y  poor compati- 

b i l i t y  and h igh  cos t .  

The compa t ib i l i t y  of tungs ten  a t  4000°F wi th  both 

B. CERAMIC OXIDES 

The information on the  ceramic materials is  summarized i n  Tables V 

and V I .  
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TABLE I V  

COMPATIBILITY OF REFRACTORY METALS WITH O X I D I Z I N G  EXHAUST GAS SPECIES 

Metal 

Mo 

W 

Ir 

Hf  

Compatibi l i ty  a t  4000°F and 2000 p s i a  
On t h e  Basis of Free  Energy Calcula t ions  

Estimated Compatibi l i ty  
i n  Rocket T e s t  F i r i n g s  

0 f i  
- H2 - O 2  - H2° - 

NR NR R R 2 

Note: NR i n d i c a t e s  no r e a c t i o n  p r e d i c t e d  
R i n d i c a t e s  r e a c t i o n  is p o s s i b l e  

( a )  Estimated (Free Energy Data Not Avai lable) .  
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TABLE VI 

COMPATIBILITY OF CERAMIC OXIDES AND BORIDES 
WITH AN OXIDIZING EXHAUST GAS 

Estimated Compatibility 
in Rocket(b) Test Firings 

Compatibility at 4000OF and 2000 psia 
on the Basis of Free Energy Calculations 

OH 
Material 

- H2° - H2 - O 2  - 
Oxides 

B e0 R NR(~) NR $4 

H f 0 2  NR NR NR NR 

MgO NR NR NR NR 

Tho2 NR NR NR NR 

Zr02 NR NR NR NR 

TiB2 - 

ZrB2 - 
R 

R 

R 

R 

R 

R 

3 

3 

(a) Estimated 
(b) Lowest No. Indicates Most Compatible 
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I V Y  B,  Ceramic Oxides (cont . )  

Z i rconia  and h a f n i a  were s e l e c t e d  as the  p r ime  ceramic materiels 

f o r  thermal b a r r i e r s  i n  t h i s  program. Z i ron ia  m e l t s  a t  4700°F and has  the 

lowest thermal conduct iv i ty  of  a l l  the  common oxides .  Zirconia  is  s t a b l e  i n ,  

vacuum, hydrogen, and is compatible wi th  the  ox id iz ing  spec ie s  i n  a 02/Hz 

exhaust.  Z i rconia  undergoes a t r a n s i t i o n  from the  normal monoclinic form a t  

room temperature,  i n v e r t i n g  t o  a t e t r agona l  form a t  above 2160°F. 

b e  a disadvantage because the  t r a p s i t i o n  i s  accompanied with a l a r g e  volume 

change and expansion of  about lo%, b u t  t he  t r a n s i t i o n  can be minimized by 

the  add i t ion  of  about 3% CaO to  form a s o l i d  s o l u t i o n  of cubic  s t r u c t u r e .  

This would 

Hafnia  has  similar p r o p e r t i e s  t o  z i r c o n i a  excepf. t h a t  i t  melts a t  

a h igher  temperature,  5260°F. Hafnia undergoes the  same t r a n s i t i o n  as 

z i ron ia .  

with a l a r g e  volume change o r  expansion as with z i r c o n i a ,  Hafnia is s t a b i l i z e d  

i n t o  the  cubic  form the  same as z i r con ia  and is r e a d i l y  sprayed s imi l a r  t o  

z i r con ia .  

The invers ion  occurs  a t  about 2700 t o  3300°F b u t  is n o t  accompanied 

Magnesia has  a very high vapor p re s su re  a t  temperature above 3000°F. 

Vaporization occurs  by d i s s o c i a t i o n  i n t o  the elements r a t h e r  than as MgO 

molecules.  A s  a r e s u l t  , magnesia i s  plasma-sprayed wi th  d i f f i c u l t y .  In  

add i t ion  , magnesia shows a tendency t o  hydra te  i n  the dense condi t ion .  

The d ibo r ides  are of i n t e r e s t  because of tbeir r e f r a c t o r y  p r o p e r t i e s .  

Oxidation of the  bor ides  occurs  by formation of an oxide of  the  metal. Such 

oxide products  on the d ibo r ides  may have a tendency t o  spa11 a t  the  high- 

p re s su re  rocket  condi t ions .  The thermal conduct iv i ty  of  t h e  bor ides  i s  h ighe r  

than the  oxides  which would r e q u i r e  t h i c k e r  thermal b a r r i e r s  than those made 

wi th  the  ceramic oxides ,  and the  p o r o s i t y  of  t h e  conversion l a y e r  would permit  

continued ox ida t ion  of sublayers .  
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IVY Material S e l e c t i o n  (cont.)  

C. CERElETMIXTURE 

The key cons idera t ions  i n  t h e  s e l e c t i o n s  of m a t e  Is f o r  cermet 

coa t ings  are the  compa t ib i l i t y  of t he  m e t a l  and ceramic a t  the  ope ra t  

temperatures,  and the  thermal r e s i s t a n c e  provided by mixture so  t h a t  the 

coa t ing  th ickness  may b e  determined. 

1. Compatibi l i ty  of  Refrac tory  Metals and Ceramics 

Resnick, e t  al .  s tud ied  t h e  i n t e r d i f f u s i o n  of tungsten 

and s e l e c t e d  oxides  by p lac ing  the  oxide on tungsten f o i l  and hea t ing  i n  an 

i n e r t  gas t o  temperatures as h igh  as 5400°F f o r  1 t o  5 minutes. 

are summarized as follows: 

H i s  r e s u l t s  

W + Tho2 

W + Z r 0 2  

W + Hf02 

- no r e a c t i o n  a t  5400°F f o r  3 minutes 

- no r e a c t i o n  a t  5400°F f o r  1 minute 

- s l i g h t  r e a c t i o n  a t  5150°F f o r  2 minutes,  no 

new phases d i s t ingu i shab le  a f t e r  5400 O F  f o r  

Manning, e t  al. (lo) s tud ied  the  d i f f u s i o n  of Tho2, s t a b i l i z e d  

H f O  and Z r O  i n  vacuum and found no r eac t ions  wi th  W, Mo, o r  Re a t  t h e  h ighes t  

temperature they  eva lua ted  (4260OF). On t h e  b a s i s  of t h i s  information,  the 

ceramic and W o r  Mo metal mixture  would be s t a b l e  a t  the  4000°F gas-side 

2 2 

r f  ace temperature 

2 .  Thermal Res is tance  

The thermal r e s i s t a n c e  (th-:kness/thermal conduct iv i ty)  as a 

o s i t i o n  and coa t ing  th ickness  f o r  t he  candidate  inaterials is 

ures 3 and 4 .  a1 conduc t iv i t i e s  of t h e  mixtures were 
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I V ,  C ,  Cermet Mixture (cont . )  

ob ta ined  from a previous  program(’’). 

d u c t i v i t i e s  of t h e  plasma-sprayed depos i t s  were gene ra l ly  40% of handbook 

va lues .  The thermal r e s i s t a n c e  d a t a  presented  i n  Figures 3 and 4 provided 

the  b a s i s  f o r  t he  th ickness  and composition s e l e c t i o n .  

I n  t h a t  program, the  thermal con- 

D. PLASMA-SPMYED THERMAL BARRIERS 

The techniques gene ra l ly  used t o  promote bonding o f  t he  plasma- 

sprayed thermal b a r r i e r  t o  the  s t a i n l e s s - s t e e l  s u b s t r a t e  were used i n  t h i s  

program. These inc lude  g r i t  b l a s t i n g  the  s u b s t r a t e  t o  ob ta in  a rough su r face  

(250 t o  300 micro in . ) ;  s h i e l d i n g  the  plasma flame wi th  an i n e r t  gas to  minimize 

ox ida t ion  of  t h e  metal powders; and spraying  a metal primer coa t .  P r i m e r s  o f  

nichrome, n i c k e l  alurnide, o r  molybdenum-2% t i t an ium have improved room 

temperature shea r  s t r e n g t h  (I2 ’13y14’15) of thermal b a r r i e r  coa t ings .  

primers w e r e  s e l e c t e d  f o r  eva lua t ion  i n  shea r  bond tests f o r  t h i s  program. 

These 
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v. AHALYSIS OF COATING CONCEPTS 

A. CONCEPTS 

Three concepts,shown schemat ica l ly  i n  Figure 5 ,  were evaluated i n  

t h i s  program. Concept 1, t h e  s i n g l e  tube concept,  c o n s i s t s  of coa t ing  the  

ind iv idua l  tubes p r i o r  t o  nozzle  f a b r i c a t i o n .  Concept 2 ,  t h e  t i l e  concept,  

c o n s i s t s  of f a b r i c a t i n g  i n d i v i d u a l  tiles and electroforming the  regenera t ive ly  

cooled nozz le  on the  t i les .  Concept 3 ,  t he  convent ional  concept,  c o n s i s t s  

of coa t ing  t h e  I D  of a convent ional  brazed tube bundle,  the  regenera t ive ly  

cooled t h r u s t  chamber. 

1. Single  Tube Concept 

I n  t h e  s i n g l e  tube concept,  t h e  thermal b a r r i e r  is appl ied  

t o  each i n d i v i d u a l  tube p r i o r  t o  assembly. The success  of t h i s  concept i s  

based on the  f a c t  t h a t  t h e  v a l l e y  region between ad jacent  tubes experiences 

only a s t a t i c  hot-gas boundary l a y e r  and i s  not  s u b j e c t  t o  any s i g n i f i c a n t  

hea t  f l u x .  

The advantages of applying the  thermal b a r r i e r  t o  ind iv idua l  

tubes are: 

a. A n a t u r a l  expansion j o i n t  is  b u i l t  i n t o  the  thermal 

b a r r i e r  coa t ing  a t  t he  tube v a l l e y ,  e l imina t ing  a poss ib l e  mode of f a i l u r e ;  

i .e . ,  buckl ing due t o  expansion of t he  gas-side w a l l  which is  r e s t r a i n e d  by 

the  coolant  s i d e  w a l l .  I n  add i t ion  t o  buckl ing of t he  coa t ing  as a s h e l l ,  

f a i l u r e  has  been known t o  occur because of t h e  thermal stress between the  ho t  

crown and the  r e l a t i v e l y  coo l  s tagnant  area i n  the  tube va l l eys .  The elimina- 

t i o n  of coa t ing  i n  t h e  tube  v a l l e y s  w i l l  reduce t h e  temperature d i f f e r e n t i a l  

and again provide space f o r  expansion without  buckl ing.  
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V, A, Concepts (cont.) 

b. Large o r  small r egene ra t ive ly  cooled chambers can be 

f a b r i c a t e d  wi thout  ex tens ive  t o o l i n g  and equipment. 

r equ i r ed  t o  plasma-arc spray  i n d i v i d u a l  tubes are simple compared t o  t h e  

handl ing  f i x t u r e s  and d r i v e  mechanism necessary t o  r o t a t e  a l a r g e  t h r u s t  

chamber. A l s o ,  t h e  a v a i l a b l e  plasma-arc torches  are not  capable  of pass ing  

through a 3.0-in.-dia t h r o a t  and maintaining the  proper  s tandoff  d i s t ance .  

Spraying i n d i v i d u a l  tubes permi ts  coa t ing  of s m a l l  t h r u s t  chambers without  a 

s p l i c e  a t  t h e  t h r o a t  t h a t  might reduce the  coa t ing  q u a l i t y .  

The t o o l i n g  and equipment 

The i n d i v i d u a l l y  coated tubes  permit design f l e x i b i l i t y  and 

adap ta t ion  t o  p o t e n t i a l  c o s t  sav ing  f a b r i c a t i o n  of t h e  t h r u s t  chamber, e .g . ,  

e lectroformed s t r u c t u r a l  j a c k e t  over  t he  tubes l a i d  up on a mandrel. 

The i n d i v i d u a l l y  coated tubes can be  jo ined  by tungsten 

i n e r t  gas welding (TIG) and e lec t roforming  b u t  no t  by furnace-brazing because 

of t h e  d i f f e r e n c e  i n  thermal expansion of t h e  coa t ing  and tube.  

2. T i l e  Concept 

This  concept c o n s i s t s  of a thrust-chamber s t r u c t u r e  i n  which 

t h e  coolan t  passages are electroformed n i c k e l ,  formed i n  p l ace  over a previously 

p laced  thermal b a r r i e r .  The thermal b a r r i e r  is  1 / 4 -  t o  1/2-in. t i l e s  wi th  a 

gap. The gap is intended t o  provide thermal stress r e l i e f  between t i les of 

approximately 0.005 i n .  thus e l imina t ing  c e r t a i n  r e s t r i c t i o n s .  The t i l e  

thermal b a r r i e r  i s  pressed  and s i n t e r e d  refractory-ceramic mixtures  on the 

thermal  b a r r i e r  imposed by t h e  plasma-spraying process .  

3. Conventional Concept 

I n  t h i s  concept ,  the  thernial b a r r l c r  coaLing is a p p l i e d  LO 

t he  I D  of a conventionaj brazed t h r u s t  cliaiiibcr b y  p l a sm-a rc  spraying.  
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V ,  Analysis of Coating Concepts (cont . )  

B. THERMAL ANALYSIS 

1. S ing le  Tube Concept 

a. One-Dimensional Analysis  

The thermal a n a l y s i s  of t h e  s i n g l e  tube concept depended 

on e s t a b l i s h i n g  t h e  gas-side boundary condi t ions  i n  t h e  gaps between tubes 

where t h e r e  is no coat ing.  It w a s  expected t h a t  lower gas ve loc i t ies  e x i s t e d  

i n  the  gaps between coated tubes than on the  crowns, and t h e  ho t  gas-side hea t  

t r a n s f e r  c o e f f i c i e n t  would be lower than a t  the  crown r e s u l t i n g  i n  a reduct ion  

of t h e  h e a t  f l u x  i n  t h e  v a l l e y .  

The gap between t h e  tubes i s  a rectangular-shaped cav i ty  

bounded on two s i d e s  by t h e  coa t ing  and on the  t h i r d  s i d e  by t h e  m e t a l  coolant  

channel w a l l  wi th  t h e  top open t o  the  h o t  gas flow. The gzp i s  a l igned  wi th  

the  gas flow d i r e c t i o n .  

Heat t r a n s f e r  and f r i c t i o n  c o e f f i c i e n t s  wi th  a i r  i n  square ,  

t r i a n g u l a r  and r ec t angu la r  (aspec t  r a t i o  5:l) channels f o r  a range of Reynolds 

numbers of 1000 t o  330,000 were measured by Lowdermilk, Weiland, and 

Livingood'l') . 
be used f o r  a l l  t h r e e  geometries i nves t iga t ed .  

l o c a l  f i l m  c o e f f i c i e n t s  f o r  t r i a n g u l a r  and rec tangular  hee t  exchanger passages 

wi th  tuxbulent  f low by assuming the  s i m i l a r i t y  between t h e  v e l o c i t y  and 

temperature f i e l d s .  The c a l c u l a t i o n s  ind ica t ed  t h a t  t h e  corner  reg ion  f i l m  

c o e f f i c i e n t  v a r i e d  wi th  included angle  and d i s t a n c e  from the  corner ,  and t h a t  

t h e  reduct ion  of f i l m  c o e f f i c i e n t  was confined t o  the  immediate v i c i n i t y  of 

t he  corner  wi th  r ec t angu la r  geometries.  Deissler and Taylor (18) extended t h e  

a n a l y t i c a l  work of Lowdermilk(16), e t  a l .  

considered t h e  e f f e c t  of P rand t l  number. 

An average Nussel t  number c o r r e l a t i o n  w a s  developed which could 

Eckert  and Low (I7) ca lcu la t ed  

t o  h ighe r  Reynolds numbers and 
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V ,  B ,  Thermal Analysis (cont . )  

(19 1 A number of a n a l y t i c a l  i n v e s t i g a t i o n s  such as Han 

were concerned with laminar  channel flow. The experimental  d a t a  of 

S te inback 

could no t  be used because t h e  s l o t  conf igura t ion  w a s  no t  dupl ica ted .  Some 

o the r  r ec t angu la r  channel f low d a t a  obta ined  by Gambi1$22) w e r e  a v a i l a b l e ,  

b u t  d id  n o t  apply t o  the  l o n g i t u d i n a l  gap problem. 

were obtained f o r  supersonic  corner  flow, bu t  t hese  d a t a  (20,21) 

The d a t a  obtained from these  s t u d i e s  cannot be  used 

d i r e c t l y  t o  e s t a b l i s h  t h e  f i l m  c o e f f i c i e n t  v a r i a t i o n s  and w a l l  temperature 

d i s t r i b u t i o n  i n  t h e  long i tud ina l  gap reg ion  of the s i n g l e  coated tube because 

t h e  viscous shear  i n t e r f a c e  between t h e  s l o t  gas and the  main gas flow 

occurr ing n e a r  the open top of the  s l o t  w a s  not  taken i n t o  account.  This 

i n t e r f a c e  w i l l  probably produce a flow f i e l d  and f i l m  c o e f f i c i e n t  v a r i a t i o n  i n  

the  s l o t  t h a t  is  t o t a l l y  d i f f e r e n t  than t h a t  which might occur i n  channel flow. 

I n  add i t ion ,  t h e  e f f e c t  of varying the  main gas stream angle  of a t t a c k  i n  

t h e  l o n g i t u d i n a l  d i r e c t i o n  on t h e  s l o t  f i l m  c o e f f i c i e n t  w a s  no t  considered and 

t h e  angle  of a t t a c k  does vary i n  t h e  convergent and d ivergent  po r t ions  of a 

t h r u s t  chamber. 

However, t h e r e  i s  enough s i m i l a r i t y  between t h e  

condi t ions i n  t h e  r e fe rences  and t h e  l o n g i t u d i n a l  s l o t  s i t u a t i o n  t o  provide 

some i n s i g h t  i n t o  t h e  e f f e c t  of mainstream gas f l o w  on the  s l o t  region hea t  

t r a n s f e r  c o e f f i c i e n t s .  It i s  expected t h a t  the  reduct ion  of t h e  f i l m  

c o e f f i c i e n t  and h e a t  f l u x  i n  t h e  corner  region,  t h a t  w e r e  p red ic t ed  ana ly t i -  

c a l l y  by Eckert  ( I 7 )  and Deissler (I8) and v e r i f i e d  experimental ly  by 

Lowdermilk(16) , i n d i c a t e s  t h a t  t he  reduct ion  of t h e  base  region f i l m  c o e f f i c i e n t  
(17) w i l l  vary wi th  mainstream Reynolds number and s l o t  depth.  

t h a t  a s l o t  region geometry with an included angle  less than  go”,  which would 

occur at t h e  base  of a t r i a n g u l a r  s l o t ,  is  expected t o  produce a d i f f e r e n t  

f i l m  c o e f f i c i e n t  v a r i a t i o n  and probably a lower average s l o t  region Nusseft  

number than  a r ec t angu la r  geometry. 

i n d i c a t e s  Eckert  
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V ,  B y  Thermal Analysis (cont . )  

The r e s u l t s  of t h e  re ferenced  s t u d i e s  ind ica t ed  t h a t  i t  

would be poss ib l e  t o  develop a coat ing wi th  long i tud ina l  s l o t s  between tubes 

while  maintaining reasonable  coa t ing  and coolant  channel temperatures.  The 

narrowest s l o t  should b e  employed with e i t h e r  a deep r ec t angu la r  s l o t  o r  a 

t r i a n g u l a r  s l o t  wi th  a s m a l l  base  angle.  

compared t h e  b e s t  f l u x  i n  the  s l o t  t o  t h a t  of f l a t  su r f aces ;  however, because 

t h e  hea t  f l u x  i n  t h e  corners  of t h e  s l o t  are repor ted  t o  approach zero ,  i t  

w a s  es t imated  t h a t  t he  h e a t  f l u x  i n  t h e  s l o t  would be s i g n i f i c a n t l y  less than 

a t  the  su r faces .  For t h e  purposes of a two-dimensional conduction a n a l y s i s ,  

a h e a t  t r a n s f e r  c o e f f i c i e n t  i n  a gap o r  s l o t  w a s  assumed t o  be 25% of t h e  

tube crown va lue .  

Data were not a v a i l a b l e  which 

b .  Two-Dimensional Temperature D i s t r i b u t i o n  

A two-dimensional conduction ana lys i s  w a s  performed f o r  

t he  s i n g l e  coated tube concept assuming a coated thermal r e s i s t a n c e  of 

200 i n .  -sec-'F/Btu and a 347 s t a i n l e s s - s t e e l  tube w a l l  th ickness  of 0.015 i n .  

The boundary condi t ions  were es t ab l i shed  assuming LO /iH 

2000 p s i a  chamber pressure .  The r e s u l t s  shown i n  Figure 6 i n d i c a t e  a maximum 

coat ing  temperature of 4516°F on the  crown and a maximum tube w a l l  temperature 

i n  t h e  s l o t  of 1209°F. For comparison purposes ,  a convent ional  coated tube,  

i .e.  , where the  tubes are coated after tube bundle assembly, i s  shown i n  

Figure 7. 

2 

p rope l l an t s  a t  2 2  

The maximum coat ing  temperature w a s  4473°F on t h e  crown. 

A s  shown i n  Figure 6 ,  t he  p red ic t ed  channel temperatures 

near t h e  base  of t h e  s l o t  are excess ive ly  high f o r  a steel  channel. Since 

these  r e s u l t s  are based on conserva t ive  assumptions of t h e  f i l m  c o e f f i c i e n t  

i n  the  s l o t ,  the  excess ive  temperature w a s  no t  considered a problem. 
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V, B, Thermal Analysis  (cont.) 

2. T i l e  Concept 

The t i l e  concept c o n s i s t s  of 1/4-to 1/2-ip.  square coa t ing  

t i les which are bonded t o  t h e  I D  of a r egene ra t ive ly  cooled chamber. The 

t i les  provide n a t u r a l  c i r c u m f e r e n t i a l  and l o n g i t u d i n a l  expansion gaps through 

t h e  thermal b a r r i e r s .  Information is a v a i l a b l e  on t h e o r e t i c a l  and experimental  

e f f o r t s  on t h e  h e a t  t r a n s f e r  and flow c h a r a c t e r i s t i c s  i n  r ec t angu la r  cavit ies 

t r a n s v e r s e  t o  t h e  d i r e c t i o n  of gas  flow. 

The experimental  work of Nestler ( 2 3 )  and w i t h  

c y l i n d r i c a l  and r ec t angu la r  cavit ies i n d i c a t e s  t h a t  t he  cavity base  h e a t  f l uxes  

w i l l  be  less than  10% of t h e  p lane  ( v e r t i c a l )  w a l l  f l u x  f o r  a c a v i t y  whose 

depth t o  width r a t i o  is  4:l. Using t h i s  d a t a  i n  ana lyses  similar t o  t h a t  f o r  

t h e  s i n g l e  tube concept ,  a gap width of 0.010 i n .  would be est imated t o  be 

adequate t o  maintain reasonable  w a l l  temperature i n  t h e  gap. 

C. STRESS ANALYSIS 

A stress a n a l y s i s  w a s  conducted t o  compare the  stresses 

obtained i n  t h e  coa t ing  of t h e  s i n g l e  tube concept wi th  t h e  stresses obtained 

i n  t h e  convent iona l ly  coated concept. I n  conducting t h e  a n a l y s i s ,  t he  follow- 

i n g  criteria w e r e  used f o r  both concepts:  (1) 5.6 i n .  i n s i d e  t h r o a t  d iameter ,  

( 2 )  180 oblong-shaped 347 stainless-steel tubes ,  ( 3 )  0.015 i n .  tube w a l l  

t h i ckness ,  and ( 4 )  design s a f e t y  f a c t o r  of one f o r  t h e  thermal stress t h a t  i s  

based on t h e  y i e l d  s t r e n g t h  a t  a given temperature,  

t h e  a n a l y s i s  w a s  t h e  gap i n  t h e  coa t ing  i n  t h e  s i n g l e  tube concept of 0.010 i n .  

a t  t h e  v a l l e y  of t h e  tubes.  The d i f f e r e n c e  i n  thermal condi t ion  i n  the 

coa t ings  w a s  e s t a b l i s h e d  i n  t h e  h e a t  t r a n s f e r  a n a l y s i s  (Figures  6 and 7 and 

w a s  used i n  the  stress ana lys i s .  

The main d i f f e r e n c e  i n  
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V, B, Thermal Analysis  (cont.)  

Phys ica l  and mechanical p r o p e r t i e s  of materials used 

are shown i n  F igures  8 and 9.  

The a n a l y s i s  w a s  conducted us ing  t h e  F i n i t e  Element 

The f i n i t e  element method i s  appl ied  t o  the  Computer Program E11401. 

de te rmina t ion  of displacements and stresses wi th in  p lane  o r  axisymmetric 

s o l i d s  wi th  l i n e a r  and nonl inear  material p r o p e r t i e s .  The continuous body i s  

replaced by a system of elements wi th  t r i a n g u l a r  o r  q u a d r i l a t e r a l  c ros s  

s e c t i o n s .  Since t h e  elements are of a r b i t r a r y  shapes and material p r o p e r t i e s ,  

t h e  procedure may be appl ied  t o  s t r u c t u r e s  composed of many d i f f e r e n t  

materials of p r a c t i c a l l y  any symmetrical geometry. 

_ _ _ _  __ - - -  

I n  t h e  f i n i t e  element approximation of s o l i d s ,  t h e  

continuous s t r u c t u r e  is  replaced by a system of elements which is  in te r -  

connected a t  j o i n t s  o r  nodal po in t s .  Equi l ibr ium equa t ions ,  i n  terms of 

unknown nodal  p o i n t  displacements ,  are developed a t  each nodal p o i n t .  A 

s o l u t i o n  of t h i s  set of equat ions c o n s t i t u t e s  a s o l u t i o n  t o  the  system. 

The advantages of t h e  f i n i t e  element system are (1) i t  

i s  completely gene ra l  with r e spec t  t o  geometry and material  p r o p e r t i e s ,  

(2) complex bodies  made up of many d i f f e r e n t  materials are e a s i l y  represented ,  

and (3) f i lament  s t r u c t u r e s  are e a s i l y  handled. 

The stress a n a l y s i s  showed t h a t  t h e  coa t ing  l a y e r  is  

above t h e  elastic range l o c a l l y  i n  both concepts bu t  h ighe r  stresses and 

strains are developed i n  t h e  convent ional  coa t ing ,  p r i n c i p a l l y  because of the 

hoop r e s t r a i n t  as a r e s u l t  bf t h e  continuous coa t ing .  The magnitude of t he  

stresses a t  t h e  nodal  p o i n t s  f o r  each concept is  shown i n  Figure LO and 11. 

The a n a l y s i s  showed t h a t  t h e  m8ximiun  stresses i n  t h e  thermal b a r r i e r  coa t ing  

i n  the  s i n g l e  tube concept i s  20,560 p s i  compared t o  30,560 p s i  i n  the 
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V ,  B y  Thermal Analysis  (cont . )  

convent ional  coa t ing .  The d i f f e r e n c e  i n  stress is  due t o  t h e  gap extending 

down t h e  v a l l e y .  The stress p a t t e r n  i n  t h e  s i n g l e  coated concept i s  such 

t h a t  t h e  maximum stresses i n  t h e  s t a i n l e s s - s t e e l  tube occur near  t he  flame 

sur face .  The reverse i s  t r u e  i n  t h e  convent ional  cool ing concept.  The 

maximum stress i s  on t h e  cold s i d e  of t h e  tubes.  The s h i f t  r e s u l t s  i n  

e f f e c t i v e  stresses of only 36,100 p s i  i n  tubes of t he  s i n g l e  tube concept 

compared t o  50,850 p s i  i n  the  convent ional  concept. 

The a n a l y s i s  confirmed t h e  p r e d i c t i o n  of lower stress 

i n  t h e  coa t ing  i n  t h e  s i n g l e  tube  concept compared t o  t h e  convent ional  coated 

concept . 
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V I .  EXPERIMENTAL PROCEDURES 

A. SPECIMEN PREPARATION 

Two types of specimens were used i n  the  t e s t i n g  of t h e  thermal 

b a r r i e r  - a d i s k  coupon and a f i v e  tube i n t e r n a l l y  cooled specimen shown i n  

Figure 12. The d i s k  specimen w a s  used t o  o b t a i n  thermal r e s i s t a n c e  of t h e  

coa t ing  and as a thermal shock test f o r  t h e  coa t ings .  

w a s  used t o  s imula t e  t h e  tube bundle i n  a rocke t  nozz le  and t o  o b t a i n  an ind i -  

c a t i o n  of thermal shock p r o p e r t i e s  of t h e  coat ing.  

The f ive- tube specimen 

The d i s k  specimen w a s  prepared by p lasma torch  spraying a candi- 

d a t e  coa t ing  on a s t a i n l e s s - s t e e l  d i s k  (0.025 in .  t h i c k  x 3.25 i n .  d i a ) .  The 

d i s k  and tube specimen w e r e  f i r s t  g r i t  b l a s t e d  on one s u r f a c e  using 24 mesh 

s i l i c o n  ca rb ide  g r i t  t o  produce a 250-300 r m s  microinch s u r f a c e  roughness. 

A f t e r  g r i t  b l a s t i n g  t h e  specimens were plasma-spray coated using a 35kw plasma 

torch ,  a power f eede r ,  and specimen-posit ioning f i x t u r e .  

The plasma to rch  w a s  mounted h o r i z o n t a l l y  on a screw-driven 

t r ave r s ing  head t o  permit la teral  t r a v e r s e  across  t h e  specimen f a c e  a t  a 

programmed speed of 12  in./min. 

t he  spray cone and spray  impingement area t o  exclude a i r  from t h e  test  s p e c i -  

men h o t  su r f  ace. 

A s h i e l d  of argon gas w a s  maintained around 

The d i s k  test specimen and 5-tube specimen w e r e  held i n  a frame 

t h a t  w a s  mechanically o s c i l l a t e d  v e r t i c a l l y  i n  f r o n t  of t h e  torch  a t  a s p e c i -  

men s u r f a c e  speed of 300 in./min. 

r e spec t  t o  t h e  specimen a t  a speed of 12  in./min. 

water w a s  pumped through t h e  specimen holder  (d i sk  specimen) o r  specimen 

tubes. 

pass.  

The plasma to rch  t r ave led  ho r i zon ta l ly  wi th  

During depos i t i on ,  cool ing 

The depos i t i on  rate of t h e  plasma sprayed coa t ings  w a s  about 2 m i l s /  
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V I ,  A,  Specimen P repa ra t ion  (cont . )  

S ing le  tube specimens were made by plasma spraying i n  ind iv idua l  

tubes 3116-in. d i a  by 9-in. long masked t o  provide a coa t ing  area about 118 i n ,  

wide on the  OD s u r f a c e  of t h e  tube.  Each tube w a s  sprayed a t  the  same travel 

speed as t h e  convent ional ly  coated specimens. I n  preparing the  tubes f o r  

spraying ,  t h e  g r i t  b l a s t i n g  p res su re  had t o  be reduced from 80 t o  30 p s i a .  

This w a s  done t o  minimize warpage caused by t h e  compressive stress i n  t h e  

tubes and r e s u l t e d  i n  less s u r f a c e  roughness. 

B. LABORATORY D I S K  AND 5-TUBE PLASMA TESTS 

The plasma to rch  used f o r  thermal shock t e s t i n g  of thermal b a r r i e r  

coa t ings  on d i s k  specimens and on 5-tube specimens w a s  s i m i l a r  t o  t h a t  used 

f o r  spraying.  

mens i n  the  plasma to rch  flame under con t ro l l ed  h e a t  f l u x  condi t ions .  

specimens w e r e  mounted on t h e  s i d e  of t h e  ca lor imeter  on a r o t a t i n g  head wi th  

h o t  su r f aces  a t  t h e  same d i s t a n c e  from t h e  nozzle.  Manual r o t a t i o n  of t he  

holding f i x t u r e  presented  t h e  test specimen o r  t h e  ca lor imeter  i n  t u r n  t o  t h e  

plasma to rch  flame. 

A s p e c i a l l y  designed test bench w a s  provided f o r  cyc l ing  speci-  

Test 

The to rch  generated hea t  f l u x  w a s  measured wi th  a water-cooled 

c i r c u l a r  f o i l  ca lor imeter  and t h e  specimen flame s u r f a c e  temperature was 

cont inuously measured wi th  a recording pyrometer. 

w a s  cor rec ted  us ing  handbook s p e c t r a l  emis s iv i ty  f o r  t h e  sprayed material. 

The d i s t a n c e  of t h e  plasma to rch  nozzle  from t h e  specimens o r  ca lor imeter  w a s  

ad jus ted  t o  o b t a i n  the  requi red  hea t  f l u x .  

n i t rogen  wi th  argon gas introduced j u s t  downstream of t h e  nozzle  t o  provide 

an i n e r t  gas s h i e l d  over t h e  flame impingement area. 

The measured temperature 

The plasma flame carrier gas w a s  

The cond i t ion  of t h e  coa t ings  w a s  observed during flame exposure 

t o  d e t e c t  mel t ing ,  c racking ,  o r  s p a l l i n g .  Following thermal shock t e s t i n g ,  

Page 4 1  



V I ,  B y  Laboratory Disk and 5-Tube P lasma  Tests (cont . )  

t h e  coa t ings  were examined under 40X magnif ica t ion  t o  d e t e c t  cracks o r  s p a l l e d  

condi t ions .  

The thermal r e s i s t a n c e  of t h e  coa t ings  w a s  ca l cu la t ed  by using 

t h e  gas-side s u r f a c e  temperature and t h e  hea t  f l u x  measurement from t h e  water- 

cooled ca lor imeter .  A water s i d e  temperature of 350"F, t he  s a t u r a t i o n  

temperature f o r  150 p s i  p re s su re  water, w a s  used. The c a l c u l a t i o n s  were based 

on t h e  equat ion:  

T (gas-side temperature) - T (water-side temperature) 2 
( s t a i n l e s s  s t e e l )  + t /K (coat ing)  Q / A  (heat  f l u x )  = 

t /  K 

where: t = th ickness  and k - thermal conduct iv i ty  

The thermal c o n d u c t i v i t i e s  d a t a  obtained from these  tests were 

considered q u a l i t a t i v e  because of t h e  poss ib l e  inaccurac ies  i3 measuring h e a t  

f l u x  and s u r f a c e  temperature.  The accuracy of t h i s  method w a s  a sce r t a ined  by 

comparing t h e  thermal f l a s h  method of determining thermal conduct iv i ty  . 
The d a t a  obta ined  from both methods were comparable as shown i n  Figure 13. 

(11) 

C. HYPERTHERMAL ENVIRONMENTAL SIMULATOR (HES) TESTING 

The HES test  w a s  designed t o  e s t a b l i s h  t h e  compat ib i l i ty  of t h e  

thermal b a r r i e r  coa t ings  wi th  t h e  thermal  and chemical environment of a H /O 

engine.  The HES u n i t  is a h igh  p res su re  one-megawatt plasma genera tor  

developed t o  provide a con t ro l l ed  rocke t  motor combustion environment f o r  hea t  

t r a n s f e r  and material s t u d i e s .  The HES u n i t  opera tes  a t  pressures  up t o  

550 ps ig ,  and a t  gas temperatures t o  10,000"F. 

p e r m i t s  s imu la t ion  of t h e  exhaust gas environment of most l i q u i d  and s o l i d  

p rope l l an t  rocke ts .  

2 2  

A mix chamber on the  HES torch  
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V I ,  C y  Hyperthermal Environmental Simulator (HES) Tes t ing  (cont.)  

A schematic diagram of t h e  HES s y s t e m  is  shown i n  F igure  14.  The 

specimens eva lua ted  w e r e  5-tube coated specimens. The specimens w e r e  mounted 

on an i n s e r t e r  arm i n  t h e  high-pressure chamber and exposed t o  t h e  combustion 

products from t h e  HES. During exposure t h e  s u r f a c e  temperature of t h e  tube 

specimen w a s  measured o p t i c a l l y .  

Under i d e a l  condi t ions  where t h e  specimen performed without water 

leakage, t h e  fo l lowing  environmental HES chamber cond i t ions  were achieved: 

G a s  en tha lpy  2600 t o  3800 Btu/lb 

Temperature 5900 t o  6100°F 

Mix chamber p re s su re  80 t o  60 p s i a  

Specimen chamber p re s su re  60 t o  45 p s i a  

(Mach number) 0.5 t o  0.8 

The exposure of t h e  material  specimens t o  these  condi t ions  achieved 

as c l o s e  as p o s s i b l e  t h e  a c t u a l  thermodynamic test condi t ions  t h a t  might be 

encountered a t  o r  near  t h e  nozz le  t h r o a t  of most l i q u i d  rocke t  engines.  

1. Determination of HES Thermodynamic T e s t  Environment 

The HES gas en tha lpy  w a s  determined through an energy balance 

of t h e  plasma-arc chamber as def ined  by t h e  following equat ions  : 

E = V I  - w ( H )  
i n  g g a  

E = w  C p w b  t w + w  ( H I  
ou t  W g g P  

A t  s t eady  state cond i t ions  t h e  ba lance  becomes 

= E and E i n  ou t  
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Figure 14. Schematric of HES Setup For H2 7 O 2  Tube Pack Tests 
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VI, C, Hyperthermal Environmental Simulator (HES) Testing (cont.) 

VI-w (H - wWCpw Atw - g a  
(HgIp - W 

g 

where , 

Subscripts: 

E = energy 

V = plasma arc voltage 

I = plasma arc current 
w = weight flow 

H = enthalpy 

P 
C = specific heat 

At = temperature rise 

g = gas 

a = ambient 
w = water 

p = plasma 

Measurement of the plasma arc voltage and current, water flow 
rate and respective temperature rise, and total gas flow rate was made during 

the entire test run. The enthalpy of the plasma gas was calculated by a 

special computer data reduction program (25) developed to allow averaging of 

steady-state energy balance parameters. In addition, the program calculates 
gas temperature, Mach number, and specimen heat flux. Generally, ten steady- 

state reading sets of data from the HES digital data system were input for 

computer reduction of average conditions. Such conditions were determined 

before the material specimen entered the gas stream and during its later five 

seconds of exposure to direct gas impingement. 

Theoretical temperature-pressure-enthalpy data for a 6 to 1 
oxygen/hydrogen combustion mixture were used to derive the gas temperature. 

Page 46 



V I ,  C ,  Hyperthermal Environmental Simulator (HES) Tes t ing  (cont . )  

The Mach number w a s  ca l cu la t ed  from t h e  a d i a b a t i c  compressible 

flow equat ion usgng computed average mix chamber p re s su re  and specimen chamber 

pressure  by t h e  fol lowing r e l a t i o n s h i p :  

where, 

s u b s c r i p t s  : 

y = i s e n t r o p i c  exponent 

u = v e l o c i t y  

a = v e l o c i t y  of sound 

P = pressure  

R = gas cons tan t  

t = plasma nozzle  t h r o a t  

g = gas 

c = chamber 

a = arc 

Heat f l u x  t o  t h e  material specimen w a s  determined from 

measured energy inpu t s  t o  t h e  specimen arm be fo re  and a f t e r  i n s e r t i o n  i n t o  

t h e  plasma gas f low f i e l d .  Assuming t h a t  t he  hea t  i npu t  t o  t h e  specimen a r m  

and holder  w a s  approximately t h e  same rega rd le s s  of specimen p o s i t i o n  i n  the, 

HES chamber, s u b t r a c t i o n  of h e a t  i npu t s  whi le  i n  and ou t s ide  the  plasma gas 

flow f i e l d  produces t h e  specimen h e a t  i npu t  during exposure. The fol lowing 

equat ions descr ibed  t h i s  energy c a l c u l a t i o n :  
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V I ,  C ,  Hyperthermal Environmental Simulator (HES) Tes t ing  (cont.)  

Assuming an e l l i p t i c a l  shape h e a t  t r a n s f e r  area which inc ludes  t h e  45" posi- 

t i o n  of t h e  specimen and i t s  f i v e  cool ing  tubes ,  t h e  area can b e  es t imated  

from 

71 
?J - (D /COS 4 5 " )  (5 T Dtu/2) Aes 4 g j  

= n 2  D DtU/1.6 cos 45" 
g j  

thus  hea t  f l u x  becomes 

where , 

Subscr ip ts  : 

Q = h e a t  input  

w = weight flow 

Cp = s p e c i f i c  hea t  

A t  = temperature rise 

A = area 

q = h e a t  f l u x  

i € g  = i n  gas f i e l d  

ogf = out  of gas f i e l d  

s = specimen 

w = water 

es = exposed specimen 

g j  = gas j e t  

t u  = tube  

The gas j e t  diameter w a s  s e l e c t e d  t o  be equa l  t o  t h e  plasma 

arc nozz le  t h r o a t  diameter,  0.920 in .  
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VI, C, Hyperthermal Environmental Simulator (HES) Testing (cont . ) 
2, Specimen Surface Temperature Measurement Technique 

A system was designed which wwld measure, indirectly, the 

true surface temperature in the presence of arc radiation. 
the hot sample was measured with and without the interrupter blade in place. 
With an independent calibration of the arc radiation it is then possible to 

determine both true surface temperature and emissivity of the hot sample 
surface. The theory and operation of the temperature measurement apparatus are 

described in the Appendix. 

The radiation from 
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V I I .  THERMAL BARRIER EVALUATION 

The thermal b a r r i e r  eva lua t ion  cons i s t ed  of  t e s t i n g  coated d i s k  and 

5-tube specimens i n  the  plasma flame i n  the  l abora to ry  wi th  f i n a l  eva lua t ion  

i n  a plasma flame s imula t ing  t h e  exhaust  of a H /O engine.  2 2  

A. LABORATORY EVALUATION 

1. Coating Adherence 

P r i o r  t o  t h e  eva lua t ion  of coa t ings ,  t h e  use of t h r e e  d i f f e r e n t  

plasma-sprayed primer materials w a s  eva lua ted  f o r  improving coat ing adherence. 

A s  descr ibed i n  the  specimen prepara t ion  s e c t i o n ,  the  s u b s t r a t e  w a s  g r i t  b l a s t e d  

t o  a 250 microin.  su r f ace  f i n i s h  before  plasma spraying.  The primers eva lua ted  

were nichrome, n i c k e l  aluminide,  and Mo-2% T i .  The test apparatus  use t o  

conduct the bond shea r  tests w a s  pa t t e rned  a f t e r  t h a t  used by G r i s a f f e  . 
The r e s u l t s  of the  shea r  tests are found i n  Table V I I .  The h i g h e s t  s t r e n g t h s  

w e r e  obtained with nichrome and i t  w a s  s e l e c t e d  as the  primer f o r  the  coa t ings  

appl ied  i n  the  program. 

( 1 4 )  

2.  Disk Coupons 

The d i sk  coupon tests were conducted t o  measure t h e  thermal 

r e s i s t a n c e  of  the  coa t ing ,  and t o  o b t a i n  a q u a l i t a t i v e  eva lua t ion  of the  

thermal shock r e s i s t a n c e  and ox ida t ion  r e s i s t a n c e  o f  t he  coat ing.  These tests 
2 were made wi th  a n i t rogen  plasma flame. 

The test condi t ions  cons i s t ed  of a h e a t i n g  cycle  of 20 s e c  and n ine  hea t ing  

cyc les  of 10 sec wi th  cool ing cyc les  of  5 t o  10 sec. 

The test  h e a t  f l u x  w a s  12 Btu/ in .  -sec. 

The f i r s t  series of  specimens cons i s t ed  of Z r O  and Hf02 wi th  2 
add i t ions  of W and Mo. The r e s u l t s  of t hese  tests are shown i n  Table V I I I .  

A l l  of  the specimens withstood the 10 cyc les  without  cracking o r  s epa ra t ing  
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Specimen Primer 

S-1 Nichrome 

TABLE VI1 

RESULTS OF SHEAR BOND ADHERENCE TESTS 

S-2 Nichrome 

S-3 Nichrome 

S-4 Nichrome 

S-5 Nickel-Aluminide 

S-6 N i  cke 1-Alumin i de 

S- 7 N i ckel-Aluminide 

S-8 Nickel-Aluminide 

S-9 Mo-2% T i  

S-10 Mo-2% T i  

S-11 Mo-2% T i  

S-12 M0-2% T i  

Coating Composition 
w t %  

73% Mo-27% Zr02 

27% Mo-73% Zr02 

69% W-31% Zr02 

41% W-59% Zr02 

73% Mo-27% Z r O Z  

27% Mo-73% Zr02 

69% W-31% Zr02 

41% W-59% Z r 0 2  

73% Mo-27% Z r 0 2  

27% Mo-73% Zr02 

69% W-31% Z r 0 2  

41% W-59% Z r 0 2  

Coating 
Thickness 

mi ls  

21  

2 1  

22 

22 

20 

20 

20 

20 

20 

20 

21 

2 1  

Shear 
S t rength  

psi 

2730 

1830 

1300 J: 

1260* 

2190 

1540 

1540 

1450 

2170 

1480 

2110 

790* 

*Questionable da ta .  Base o f  specimen w a s  no t  f l a t .  
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V I I ,  A,  Laboratory Evaluat ion (cont.)  

from the  d i sks .  However, mel t ing occurred i n  a l l  of t h e  coa t ings  containing 

metal add i t ions  and appeared to  inc rease  wi th  increased  metal conten t .  The 

lowest  regress ion  rates were obtained wi th  the  coa t ings  t h a t  d id  n o t  contain 

m e t a l  add i t ions .  The regress ion  o f  t h e  ceramic-metal mixture increased  with 

an inc rease  i n  metal c w t e n t .  The regress ion  rates were excess ive  f o r  Mo- 

ceramic mixtures  conta in ing  Mo add i t ions  above 27 w t %  and f o r  W-ceramic 

mixtures conta in ing  W add i t ions  above 4 1  w t % .  
8 

A second series of  tests was conducted using S i  and Cu 

add i t ions  t o  the  coa t ing  i n  a t tempts  t o  improve regress ion  r e s i s t a n c e .  The 

r e s u l t s  of  t hese  tests are shown i n  Table IX. The regress ion  r e s i s t a n c e  was 

no t  s i g n i f i c a n t l y  improved wi th  the  S i  o r  Cu add i t ions  in .  the  Mo - Z r O 2  

coa t ings .  

improving regress ion  r e s i s t a n c e  and w a s  e l imina ted  from f u r t h e r  eva lua t ions  

i n  t h i s  program. 

The use of  S i  and Cu i n  W base  composite9 w a s  no t  e f f e c t i v e  i n  

A t h i r d  series of tests were made on s t a b i l i z e d  Z r O  and 2 
The Union Carbide H f O  

2 
coat ings  are sprayed wi th  a p ropr i e t a ry  procedure without  g r i t  b l a s t i n g  o r  

use of a primer.  A cross  s e c t i o n  of t h e  Union Carbide coated specimen is  

shown i n  Figure 15. For comparison, a c ross  s e c t i o n  o f  t he  Aerojet  coa t ings  

made wi th  and without  a primer and wi th  the  convent ional  plasma process  i s  

a l s o  shown. The Union Carbide coa t ings  appeared denser  than the  Aero je t  

coat ing b u t  t he  conduc t iv i t i e s  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  The regres-  

s i o n  rate of  a l l  the  coa t ings  w a s  n i l  as shown i n  Table X. 

coa t ings  plasma-sprayed by Union Carbide and Aerojet .  

The r eg res s ion  rate of t h e  HfO coa t ing  was similar t o  t h e  2 
Zr02. 

without  mel t ing  because of  t h e  high HfO mel t ing  temperature.  Because of t h i s ,  2 
t h e  coa t ing  th ickness  to l e rance  f o r  H f 0 2  coa t ings  could be less s t r i n g e n t  than 

the Z r O  coa t ings .  

The Hf02 coa t ing  a t  4 m i l s  t h i c k  a l s o  withstood the  thermal cyc l ing  

2 
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Zr02 Coating 

S ta in less  S t e e l  
Sub s trate 

Neg. 18820 250x 

Union Carbide Plasma Sprayed 
ZrOg Without a Primer 

L 

Zr02 Coating 

S ta in l e s s  S tee l  
Substrate  

230x Neg. 18817 
Aerojet  Plasma Sprayed Zr02 
Without a Primer 

zrQ2 C o a t i n g  

Michrome Primer 

S ta ln l e s s  S t e e l  
Substrate  

250x Neg. 18818 
Aerojet  Plasma Sprayed Coatings 
With a Nichrome Primer 

F igu re  15. Comparison of Z r O  Coat ings Sprayed With and Without 2 Nichrome Primer 
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V I I ,  A ,  Laboratory Evaluat ion (cont . )  

One coa t ing  w a s  eva lua ted  i n  which an electroformed n i c k e l  

s u b s t r a t e  w a s  used i n s t e a d  of t h e  s t a i n l e s s - s t e e l  s u b s t r a t e  shown i n  Figure 16. 

The thickness  of t h e  n i c k e l  s u b s t r a t e  w a s  made t o  provide t h e  same thermal 

r e s i s t a n c e  as the  s t a i n l e s s - s  teel s u b s t r a t e .  The plasma-sprayed coa t ing  on 

Phe n i c k e l  s u b s t r a t e  had comparable thermal p r o p e r t i e s  and performed similar 

t o  comparable coa t ings  on s t a in l e s s - s  teel s u b s t r a t e .  

3 .  Disk T i l e  Specimens 

Disk specimens f a b r i c a t e d  wi th  t i les  i n s t e a d  of a continuous 

coat ing were f ab r i ca t ed  f o r  l abora to ry  eva lua t ion .  As an expediency, a t tempts  

were made t o  f a b r i c a t e d  dense t i l es  of  Z r O  by p res s ing  and s i n t e r i n g  blocks 

and c u t t i n g  and gr inding  the  tiles t o  3 t o  5 m i l s  th ick .  The f a b r i c a t e d  t i les  

were s o  f r a g i l e  t h a t  they f r a c t u r e d  i n  handl ing  and s t u d i e s  wi th  t h e  pressed  

and s i n t e r e d  t i l e  were stopped. 

2 

I n  t h e  nex t  experiment,  t i l es  were made from Zi rconia  c lo th  

impregnated wi th  Z r O  The impregnated c l o t h  cons i s t ed  of t h ree  components: 2 '  
t h e  c l o t h ,  a f i n e  Z r 0 2  The cement 

when cured c o n s i s t s  of l i t t l e  o r  no phosphates o r  s i l icates .  The impregnated 

c lo th  w a s  about 15  m i l s  t h i c k  and about 50% dense. A s o l i d  p iece  of the  

impregnated c l o t h  w a s  a t tached  t o  a s t a i n l e s s - s t e e l  d i s k  with double backing 

tape .  Tiles (1/4 i n .  square)  were c u t  i n  t h e  a t tached  c l o t h .  In  a similar 

specimen, the  t i l e s  were c u t  t o  l / 4  i n .  square and then placed on the  tape 

ind iv idua l ly .  On both specimens, a conductive coa t ing  of AgNog w a s  appl ied  

powder, and a p r o p r i e t a r y  l i q u i d  cement. 

t o  t he  Z r O  s u r f a c e  and a 

Af te r  e lectroforming,  t he  

t h e  t i les  shown i n  Figure 

Z r 0 2  t i les along wi th  the  

2 

The t i l e  

s tandard  d i sk  specimens. 

n i c k e l  d i sk  w a s  e lectroformed on t h e  Z r 0 2  t i l e s .  

s t a i n l e s s - s t e e l  bonded d i s k  w a s  removed exposing 

17.  The bond between t h e  electroformed n i c k e l  and 

gap region are shown i n  Figure 18. 

specimen w a s  t e s t e d  i n  t h e  plasma similar t o  the  

The thermal r e s i s t a n c e  f o r  t h e  Z r O  impregnated 2 
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Figure  16.  P o s t f i r e d  Specimen Consis t ing of Z r O  Coating 2 Deposited on a Nickel  Subs t r a t e  
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V I I ,  A, Laboratory Evaluat ion (cont . )  

c lo th  w a s  no t  known so t h a t  a low h e a t  f l u x  of  3.8 Btu/ in .  s e c  w a s  used. 

Surface temperatures of 3800OF were obta ined  and the  h e a t  f l u x  w a s  ad jus t ed  

t o  4 .3  Btu/ in .  sec. A t  t h i s  h e a t  f l u x ,  t h e  su r face  temperature of the Zr02 

w a s  4000°F and t h e  thermal r e s i s t a n c e s  were 800 ine2-sec/Btu.  The performances 

of the  t i les  w e r e  s a t i s f a c t o r y  wi thout  evidence of degradat ion.  

of these  tests, the  use  of t he  Z r 0 2  c lo th  t i les  would be b e n e f i c i a l  f o r  

app l i ca t ions  r equ i r ing  thermal r e s i s t a n c e  i n  the  range of 800 i n .  2-sec/Btu. 

On the  b a s i s  

4. 5-Tube Specimens 

Coatings were eva lua ted  on t h e  convent ional  water cooled 

5-tube specimens using the  same procedure used f o r  t h e  d i s k  tests. The tes t  
2 

condi t ions  w e r e :  a h e a t  f l u x  of 12 Btu / in .  -sec,  a continuous 60 sec p e r  

test i n  an area on one end of t h e  specimen and 15 thermal cyc le s  on the  

oppos i te  end of t h e  specimen cons i s t ing  of  LO sec hea t ing  and 5 s e c  cool ing.  

Specimens coated wi th  Zr02, Hf02, 27% Mo-73% Zr02 and 85% 

(27% Mo-73% Zr02) + 15% S i  were eva lua ted .  A l l  of t h e  coa t ings  withstood the  

tests wi th  no evidence of t r ansve r se  cracking o r  l ong i tud ina l  cracking i n  t h e  

v a l l e y s  between t h e  tubes.  

Z r 0 2  w a s  on ly  0.008 mils/sec compared t o  0.02 mils/sec on t h e  85% (27% Mo-73% 

Z r O  ) + 15% S i  coat ing.  A comparison of t h e  p r e f i r e d  and p o s t f i r e d  condi t ion  

of tube coated wi th  t h e  27% Mo-73% Z r 0 2  mixture  i s  shown i n  Figure 19.  

r e l a t i v e l y  h igh  r eg res s ion  w a s  a t t r i b u t e d  t o  t h e  mel t ing  of  t h e  Si02 (3100OF 

M.P.). 

The material l o s s  on t h e  Zr02, Hf02 and 27% Mo-73% 

2 
The 

Single-tube pack specimens were a l s o  eva lua ted  with t h e  same 

procedures as the  convent ional  coated tube specimens. I n  the  s i n g l e  tube 

specimens the  coa t ing  w a s  appl ied  t o  t h e  crown of t h e  tube and then t h e  coated 

tubes were jo ined  by T I G  welding the  tubes toge the r  on t h e  backside of  the  

specimen. 
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V I I ,  A, Laboratory Evaluat ion (cont . )  

Both Z r O  and 27% Mo-73% Zr02 coa t ings  were eva lua ted .  Both 2 
coat ings  had low regress ion  0.008 mils/sec, the  s a m e  as t h e  convent ional  

coat ing,  a long wi th  good performance through the  test. 

on the  f i f t e e n t h  cycle  i n  t h e  c y c l i c  thermal tests similar t o  t h e  performance 

of t h i s  coa t ing  i n  the  d i sk  coupon eva lua t ion .  

The Mo-Zr02 s p a l l e d  
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V I I ,  Thermal Barrier Evaluat ion (cont . )  

B. HES TESTS 

The HES test condi t ions  are summarized i n  Table X I .  The des i r ed  

opera t ing  condi t ions  ( l imi t ed  t o  p r o t e c t  a s soc ia t ed  hardware) were obtained 

i n  Tests U-5 ,  U-7 and U-10. On T e s t  U-6, because of an opera tor  e r r o r ,  t he  

HES chamber gas  r e s t r i c t i n g  o r i f i c e  w a s  n o t  i n s t a l l e d .  

o r i f i c e  diameter from t h e  normal va lue  of 0.875 t o  2.000 i n .  gave a l a r g e  

Mach number. 

The inc rease  i n  

1. Specimen Surface Temperature and Performance Data 

Temperature d a t a  obtained from t h e  coated specimens when 

exposed t o  d i r e c t  impingement of t h e  plasma gas are summarized i n  Table X I I .  

The temperatures  repor ted  w e r e  ca l cu la t ed  using handbook va lue  of tungsten 

r e f l e c t a n c e  and handbook va lue  f o r  t h e  emis s iv i ty  of tungsten.  The cor rec ted  

temperatures shown i n  Table X I  i n  pa ren thes i s  were ca l cu la t ed  us ing  t h e  

r e f l e c t a n c e  measurement from t h e  tungs ten  specimen i n  U-14 and t h e  cor rec ted  

emis s iv i ty  of t h e  coa t ing  material. 

is  shown i n  Figure 20. The reg ion  i d e n t i f i e d  H-30 i n d i c a t e s  t h e  s i g n a l  f o r  

t he  sample i n  p l ace  i n  t h e  arc stream. When t h e  s h i e l d  comes i n ,  t h e  s i g n a l  

drops t o  t h e  level which i s  cont r ibu ted  by t h e  emission from t h e  sample  i t s e l f .  

The h o r i z o n t a l  dashed l i n e s  r ep resen t  t h e  est imated average l e v e l s  used i n  

t h e  c a l c u l a t i o n s .  The d a t a  i n  t h e  area I 

specimen su r face  would be cooled t o  ambient cond i t ions ,  during t h a t  t i m e .  

I n  order  t o  provide accu ra t e  d a t a ,  a f a s t  response s t r u t t e r  system would be 

requi red .  The n o i s e  on t h e  s i g n a l  is  due t o  t h e  erratic behavior of t he  

plasma arc. 

specimen s u r f a c e  temperature.  I n  T e s t  U-5, t h e  temperature measuring appara tus  

w a s  a l igned  proper ly  i n  t h e  crown of t h e  c e n t e r  tube  before  t h e  test bu t  w a s  

found t o  be a l igned  on a v a l l e y  a f t e r  t h e  test. 

A ske tch  of t h e  t y p i c a l  s t r i p  c h a r t  d a t a  

are ques t ionable  because the  sc 

HES Tests U-6 and U-7 y ie lded  success fu l  a t tempts  t o  measure t h e  

I n  T e s t  U-10, a l e a k  occurred 
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TABLE XI1 

SPECIMEN SURFACE TEMPERATURE AND PERFORMANCE DATA 

Specimen 
Surface 

HES Specimen Temp 3 

T e s t  Spec imen Descr ip t ion  OF 

U-6 H-22 Haf n i a  4060 (3940)* 

u- 7 H-25 

U-14 H-3 1 

27% MO- 3510 (3430)* 
2 i r  conia  

Tungsten** 

Specimen 
Surface 

Em is  s i v  i t y 

(0.639) * 

(0.571)* 

*Quant i t ies  i n  p a r e n t h e s i s  use  r e f l e c t a n c e  measurement from Test U-14 
a f t e r  c o r r e c t i n g  f o r  change i n  c a l i b r a t i o n  aiid e m i s s i v i t y  of t h e  coa t ing .  
The o t h e r  va lues  were obtained by using t h e  e m i s s i v i t y  of tungsten.  

**Surface temperature f o r  tungsten w a s  not  reported because i t  w a s  
d e l i b e r a t e l y  kept cool  so as t o  measure only t h e  r e f l e c t i v e  
c o n t r i b u t i o n .  
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VII, B, HES Tests (cont . )  

i n  t h e  braze  a t  t h e  end of t h e  specimen, and i n  T e s t  U-13, t h e  specimen tube 

ruptured ,  and as expected t h e  o p t i c a l  s i g n a l s  were d i s t o r t e d .  

emit ted r a d i a t i o n  wi th  t h e  s h u t t e r  c losed were obtained i n  these  l a t te r  tests 

No va lues  of 

and cor rec ted  va lues  could not  be  ca l cu la t ed  f o r  t h e s e  tests.  

2. Coating Performance 

The coated specimens evaluated i n  t h e  HES tests were 5-tube 

specimens s imilar  t o  those  evaluated i n  t h e  plasma test .  Four of t h e  5-tube 

specimens (H-20, H-22, H-23, H-25) were of t h e  s tandard  tube brazed construc- 

t i o n  shown i n  Figure 21. Specimen H-30 w a s  a s i n g l e  tube specimen which was 

f ab r i ca t ed  by f i r s t  coa t ing  t h e  ind iv idua l  tubes,  welding water manifolds on 

each end of t h e  tube and then  jo in ing  t h e  backside of t h e  tubes toge ther  wi th  

electroformed n i c k e l  (Figure 22). The electroforming opera t ion  jo ined  t h e  

tubes  s a t i s f a c t o r i l y .  

A l l  of t h e  specimens i n c l u d i r g  t h e  s i n g l e  tubes were g r i t  

b l a s t e d  p r i o r  t o  plasma-spraying and were primed wi th  2 m i l s  of Nichrome. 

The plasma l i n e r  w a s  appl ied  t o  provide a thermal r e s i s t a n c e  of 200 i n .  -sec- 

'F/Btu. The specimens were f a b r i c a t e d  by brazing t h e  tubes t o  a s t a i n l e s s  steel 

backup and then machining ho le s  through s t a i n l e s s  steel backup i n t o  t h e  tube  as 

shown i n  F igure  23. A ho le  r e s t r i c t o r  w a s  used t o  f o r c e  t h e  water flow t o  t h e  

end of t h e  specimen and swirlers w e r e  used t o  inc rease  t h e  water v e l o c i t i e s  

a t  t h e  tube  su r face .  The backside of t h e  specimens were machined t o  f i t  

O-ring seals i n  t h e  HES a r m  holder .  

2 

a. Specimen H-20 

The flame l i n e r  on t h i s  specimen cons is ted  of 2 m i l s  of 

Zr02. 

t h e  coa t ing  w a s  i n  e x c e l l e n t  cond i t ion  wi th  no cracking o r  rup tu res  as shown 

Af te r  exposure t o  t h e  15-sec HES tes t ,  v i s u a l  examination revealed t h a t  
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Figure  22.  Plasma Spray S i n g l e  Tube Specimen P r i o r  t o  Tes t ing  

Page 70  



F i g u r e  23. Backside of T e s t  Specimen 
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VII, B, HES T e s t s  (cont . )  

i n  F igure  24. Melting d id  occur on t h e  o u t e r  edges of t h e  s t a i n l e s s - s t e e l  

backup t o  which t h e  tubes were brazed. Micrometer measurements and metal- 

lographic  examinations made a f t e r  t h e  test ind ica t ed  no material l o s s .  

A c r o s s  s e c t i o n  of t h e  as - tes ted  c e n t e r  tube  and t h e  coa t ing  is  shown i n  

F igure  25. Metal lographic  examination revealed no evidence of c racks .  

b. Specimen H-22 

This  specimen had a flame l i n e r  cons i s t ing  of 2 m i l s  of 

Hf02. The s i d e s  and end of t h e  backup of t h e  specimen were melted and are 

shown i n  Figure 2 6 ,  bu t  t h e  coa t ing  w a s  s a t i s f a c t o r y  wi th  no i n d i c a t i o n  of 

rup tu res  o r  cracking.  Micrometer measurements i nd ica t ed  no material l o s s  bu t  

meta l lographic  examination revealed t h a t  some coa t ing  r eg res s ion  occurred.  

The i r r e g u l a r i t y  of t h e  coa t ing  undercoat prevents  accu ra t e  measurement of 

t h e  r eg res s ion  b u t  t h e  b e s t  es t imated material loss w a s  about 1/2 m i l  i n  com- 

par ing  with t h e  un te s t ed  s e c t i o n  of t h e  specimen. The c r o s s  s e c t i o n  is shown 

i n  Figure 27. 

c. Specimen H-23 

This  specimen w a s  s i m i l a r  t o  H-22. During t h e  tes t ,  a 

l e a k  occurred i n  a tube  on t h e  ou t s ide  edge near  t h e  end of t he  specimen shown 

i n  F igure  28.  This  w a s  o u t s i d e  t h e  main impingement area of t h e  gas  stream. 

Melting occurred along t h e  o u t s i d e  of t h e  specimen along t h i s  tube  and a t  t h e  

end of t h e  specimen near  t h e  rup tu re  i n d i c a t i n g  a l a c k  of water cool ing  i n  

t h i s  area. I n  t h e  plasma gas  impingement area of t h e  specimen, t h e  coa t ing  

w a s  s a t i s f a c t o r y  wi th  no cracking o r  material l o s s  as evidenced by micrometer 

measurements and meta l lographic  examinations.  
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1 4 :  24X Neg. 1 430 

Stainless Steel 
Substrate 

F igure  25. Postfired Coated Specimen Consisting of Zr02 
(Specimen H-20) 
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Mag: 250X Neg. 18439 

Figure  27. P o s t f i r e d  Coated Specimen Cons is t ing  of H f O  (Specimen H-22) 2 
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V I I ,  B ,  HES Tests (cont . )  

d .  Specimen €I-25 

This  specimen had a flame l i n e r  cons i s t ing  of 3 m i l s  of 

27% Mo + 73% Zr02. 

backup along t h e  s i d e s  of t h e  specimens shown i n  Figure 29, and a l s o  along 

t h e  end of t h e  specimen. 

of cracking o r  coa t ing  rup tu res .  Micrometer measurements ind ica ted  no mate- 

r i a l  loss bu t  meta l lographic  examination ind ica t ed  t h a t  r eg res s ion  occurred 

and b e s t  estimates i n d i c a t e  about 1 m i l  r eg res s ion  occurred.  

Considerable mel t ing occurred on t h e  s t a i n l e s s - s t e e l  

The coa t ing  performed s a t i s f a c t o r y  with no evidence 

e. Specimen H-30 

This  w a s  a s i n g l e  tube  specimen i n  which each tube  w a s  

coated ind iv idua l ly  and then jo ined  by e lec t roforming .  The flame l i n e r  on 

t h e  tube w a s  2 mils of Z r O  similar t o  specimen H-20. The cciating i n  t h e  

impingement area ruptured during t h e  test .  Metal lographic  examination 

revealed t h a t  t h e  coa t ing  and primer l i f t e d  away from t h e  rube i n  t h e  area 

of t h e  rup tu re  as shown i n  F igure  30.  It appeared t h a t  poor bonding occurred 

i n  t h e  areas between t h e  primer and t h e  s u b s t r a t e .  I n  preparing t h e  s i n g l e  

tube f o r  spraying,  severe d i s t o r t i o n  occurred along t h e  tube  s u r f a c e  during 

g r i t  b l a s t i n g .  To minimize d i s t o r t i o n  t h e  b l a s t  p re s su re  w a s  lowered from 

t h e  s tandard 80-lb p re s su re  t o  30 lb .  

smooth s u b s t r a t e  s u r f a c e  and poor bond adherence. 

2 

The lower p re s su re  r e s u l t e d  i n  a 
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Magr 24X Neg. 18436 

Figure  30. Coating F a i l u r e  on S i n g l e  Tube Specimen 
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V I I I ,  CONCLUSIONS AND RECOMMENDATIONS 

A .  CONCLUSIONS 

1. A thermal ana lys i s  showed t h a t  a thermal b a r r i e r  wi th  a 

thermal r e s i s t a n c e  of 200 i n .  2-sec/Btu-oF would be  requi red  t o  achieve a 

maximum h e a t  f l u x  of 20 Btu/in.2-sec f o r  a LO 2 2  /LH engine opera t ing  a t  

2000 p s i  w i th  gas-s ide s u r f a c e  temperature of 4000°F and a maximum tube w a l l  

temperature of 1600°F. 

2. A thermochemical a n a l y s i s  showed t h a t  Zr02 and Hf02 would 

withstand t h e  h igh ly  oxid iz ing  exhaust gases  i n  t h e  L02/LH2 t h r u s t  chamber. 

3 .  The important f i nd ings  from tests of t h e  coa t ings  w e r e :  

2 a. The b e s t  coa t ings  cons is ted  of 100% ceramic e i t h e r  Z r O  

o r  Hf02. 

b .  The add i t ion  of e i t h e r  Mo o r  W t o  t h e  ceramic r e s u l t e d  

i n  an inc rease  i n  regress ion  rates. The b e s t  cermet coa t ing  cons is ted  of 

27% Mo-73% Zr02. 

c. Use of e i t h e r  t h e  convent ional  design concept o r  t h e  

s ingle- tube concept worked equal ly  w e l l .  

d. U s e  of t he  t i l e  concept w a s  s a t i s f a c t o r y  us ing  impregna- 

t ed  Z r O  c l o t h  cut: i n t o  t i les  and backed wi th  electroformed n i c k e l .  Thin 

pressed and s i n t e r e d  ceramic t i l e  was too  b r i t t l e  and f r a g i l e  t o  b e  fabr ica-  

t e d  i n t o  test specimens. 

2 

e. The performance of t h e  coa t ing  i n  t h e  HES tests was 

similar t o  t h e  performance i n  t h e  l abora to ry  plasma test. 
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VIII, Conclusions and Recommendations (cont . )  

B. RECOMMENDATIONS 

On t h e  b a s i s  of labora tory  and HES tests,  t h e  Zr02 and H f O  would 2 
be recommended f o r  H / O  s e r v i c e .  

rocket  nozzle  tests i n  which t h e  coa t ing  i s  exposed t c  t h e  exhaust gases  t h a t  

are obtained i n  t h e  chambers a t  t he  t h r o a t  i n  t h e  e x i t  areas of t he  nozzle .  

The coa t ings  should be evaluated i n  H /O 2 2  2 2  

For these  tests, i t  i s  recommended t h a t  a 2-dimensional nozzle  system now 

being used f o r  eva lua t ing  coa t ing  i n  f l u o r i n a t e d  environments be used. 
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APPENDIX 

SPECIMEN SURFACE TEMPERATURE MEASUREMENT TECHNIQUE 
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A description of the theory and operation of the spectroradiometer 
which was used for surface temperature measurements on the test specimens is 

presented in the following paragraphs. 

visible region of the spectrum to allow usage of standard optics and detectors. 

The measurements were made in the 

With an arc, specimen and spectroradiometer arranged as shown in 
Figure l A ,  the temperature of the surface at the point under observation was 

determined by sequential radiometric measurements of the spectral radiance 

at an angle 0 to the surface normal, with and without the arc radiation 

imposed. 

The heat specimen emits light of wavelength according to the equation 

where I is the radiance of the specimen at temperature T and I is the radiance 
of a black body at the same temperature. 

S b 

When the shutter is open, the radiance can be written 

I = K * I  + K  I so 1 s 2 R  

Where I 
K are constants which include the geometrical properties of the system. 

is the contribution due to the light reflected from the arc K1 and R 
2 

When the shutter is closed, the only light is that emitted by the 

specimen is 

I = K  I sc 1 s 

When the specimen is cold, the only 

With a dummy specimen coated with W, arc. 

light is the reflection of the 

the measured radiance is: 
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= K  I IAR 2 RW 

where IRw i s  the  arc r e f l e c t i o n  radiance from tungsten.  

Radiance from a real material is  expressed i n  terms of t h e  radiance 

from a b l ack  body. The b lack  body formula i s  

4 4 -2 where C1 = 3.74  x 10 watts cm 

= 1.438 x l o 4  OK 
‘2 and 

The r e f l e c t e d  l i g h t  can be  w r i t t e n  i n  terms of the  a r c  radiance and 

the  specimen r e f l e c t a n c e ,  P 
S 

and f o r  t h e  tungsten coated specimen 

CZ/ATA 
= pW EAC1/ x 5  (e -11 

where t h e  s u b s c r i p t s  A denote  p r o p e r t i e s  of t h e  arc. 

From equat ions 6 and 7 ,  

= I /P I R I p s  RW W 
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Reflectance and emi t tance  are r e l a t e d  by 

P = l - E  

Therefore Equation 8 becomes 

S u b s t i t u t i n g  Equation 10 i n t o  Equation 2 y i e l d s  

( l - E s )  
I = K  I + K  I s o  1 s 2 RW (l-~~) 

Using Equations 3 and 4 ,  Equation 11 becomes 

( l - - E s )  
I = I  + I  

s o  sc AR ( l - ~ ~ )  

Solving f o r  E : 
S 

I - I  
sc> (1 - Ew> 

so 
E = 1 - (  

S ‘AR 

(Eq 12) 

E is known as a func t ion  of T and A .  The now known E can be used wi th  

Equation 1: 
W S 

o r  
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Equation 13 i s  solved as descr ibed i n  t h e  next  s ec t ion .  The b lack  

body a t  temperature T which produces t h e  measured rad iance  I i s  obtained 

by c a l i b r a t i n g  t h e  system wi th  a tungsten ribbon f i lament  lamp and an o p t i c a l  

pyrometer . 
b sc 

The s o l u t i o n  procedure of Equatioas 1 2  and 13 i s  ou t l ined  i n  the  

following cha r t :  

Conversion of Photometer 

readings t o  equiva len t  

c a l i b r a t i o n  lamp cu r ren t  

Conversion of equiva len t  

c a l i b r a t i o n  lamp cu r ren t  

t o  b lack  body temperature 

Conversion of b.b. temp t o  

radiance I so ’  ‘sc’ ‘AR 

Find E ( E ~  = Constant)  

Find T from Equation 14 .  

Output T and E 
S 
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Opt ica l  Temperature Neasurement Apparatus 

A schematic  r ep resen ta t ion  of t h e  o p t i c a l  assembly is  shown i n  
Figure 2A.  The co l l ima t ing  l e n s  i s  pos i t ioned  s o  t h a t  t h e  emi t t ing  source 

( c a l i b r a t i o n  lamp o r  tube pack) is at t h e  f o c a l  po in t  (20 i n . ) .  

The d e t e c t o r  components c o n s i s t  of a monochromator t o  t ransmi t  only 

a narrow band of wavelengths,  a photomul t ip l ie r  tube  t o  convert  t h e  inc iden t  

l i g h t  i n t o  an electrical  s i g n a l  p ropor t iona l  t o  t h e  l i g h t  i n t e n s i t y ,  and a 

photometer t o  measure t h i s  ou tput  cu r ren t .  

To be  a b l e  t o  i n t e r p r e t  t h e  readings from t h e  photometer, an accura te  

c a l i b r a t i o n  of t h e  system w a s  requi red .  This  included c a l i b r a t i o n  of t h e  

monochromator and t h e  photometer. The la t te r  requi red  a c a l i b r a t e d  lamp.  

Since no primary s tandard  w a s  a v a i l a b l e ,  a tungsten lamp w a s  used f o r  t h i s  

purpose. These c a l i b r a t i o n s  are descr ibed i n  d e t a i l  below. 

Ca l ib ra t ion  of t h e  Monochromator 

A wavelength vs s e t t i n g  on t h e  micrometer d i a l  c a l i b r a t i o n  w a s  suppl ied  

by t h e  manufacturer.  It w a s  necessary t o  check t h i s  t o  ensure opera t ion  of 

t h e  photometer a t  X = 0.55 1-1. A Hg lamp w a s  chosen f o r  t h i s  purpose. The 

0.5769611 l i n e  and t h e  0.5460~1 l i n e  bracketed the  wavelength of i n t e r e s t  and 

t h e  peaks of t hese  l i n e s  w e r e  measured. The 0.5769611 l i n e  corresponded t o  

a micrometer s e t t i n g  of 5.128 and the  0 . 5 4 6 0 ~  l i n e  t o  a s e t t i n g  of 4.951. 

Therefore 0 . 5 5 0 ~  occurs a t  5.10. Figure 3A shows t h e  manufacturer ' s  

c a l i b r a t i o n  d a t a  and Figure 4A t h e  measured response. 

The s l i t  width i n  t h e  monochromator w a s  chosen t a  be  0 .1  mm. This 

corresponds t o  a wavelength i n t e r v a l  of A X  = 7mp a t  X = 0.551.1. A narrower 

width and hence a b e t t e r  r e s o l u t i o n  w a s  imprac t i ca l  because of t h e  extreme 

s e n s i t i v i t y  and l o s s  of s i g n a l  of t he  (nonl inear )  adjustment at high r e so lu t ions .  
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Monochromat or 

Page 93  



Figure 4 A .  Data for t h e  Light Curve used i n  t i l t  
Temperature Measurements 
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Cal ib ra t ion  of t h e  Tungsten Lamp 

A GH 18A/T10/2P-6V tungsten r ibbon f i lament  lamp w a s  c a l i b r a t e d  using 

an accu ra t e  o p t i c a l  pyrometer which i t s e l f  has been accu ra t e ly  c a l i b r a t e d  

i n  the  Measurement Standards Laboratory.  The f i lament  cu r ren t  requi red  t o  

produce a rad iance  equiva len t  t o  t h a t  from a b lack  body a t  the  t e m p e r a t u r e  

i nd ica t ed  by t h e  o p t i c a l  pyrometer w a s  thus  obtained.  These d a t a  appear i n  

Figure 5A. The cu r ren t  range w a s  swept s i x  t i m e s  i n  o rde r  t o  ob ta in  a l a r g e  

number of po in t s .  The c a l i b r a t i o n  curve w a s  f i t  by a second order  polynomial 

by the  method of least  squares  using AGC computer program H62203. These 

r e s u l t s  are represented by t h e  s o l i d  l i n e  i n  Figure 22. 

The o p t i c a l  pyrometer measured t h e  l i g h t  a t  0.6511 whereas t h e  mono- 

chromator w a s  set a t  0.5511. The d i f f e r e n c e  i n  the  emis s iv i ty  a t  t h e s e  two 

wavelengths is  small, so no s i g n i f i c a n t  e r r o r  w a s  introduced.  

Ca l ib ra t ion  of t h e  Photometer 

The c a l i b r a t e d  tungsten r ibbon f i lament  lamp w a s  placed i n  the  HES 

chamber a t  t h e  t a r g e t  l o c a t i o n  wi th  due care t h a t  t h e  region of t h e  f i lament  

used w a s  t h a t  s igh ted  on wi th  t h e  o p t i c a l  pyro. 

t h e i r  s l i t  opening crossed a t  90' t o  make a n e t  r ec t angu la r  opening) were 

narrowed u n t i l  t h e  f i lament  more than  covered t h e  e n t i r e  f i e l d  of view. The 

monochromator w a s  se t  t o  X = 0 . 5 5 ~ .  The photometer w a s  zeroed out and 

compensation f o r  t h e  photomul t ip l ie r  dark cu r ren t  w a s  introduced wi th  the  

lamp out  and a l l  s t r a y  l i g h t  e l imina ted .  The component arrangement i s  shown 

i n  Figure 19 wi th  the  lamp s u b s t i t u t e d  f o r  t h e  tube pack during t h e  c a l i b r a t i o n .  

The a d j u s t a b l e  s l i ts  (with 

The lamp w a s  operated a t  several f i lament  c u r r e n t s  and t h e  photometer 

cu r ren t  readings noted. From t h e  known lamp current- temperature  r e l a t i o n ,  

the  temperature  vs  photometer reading c a l i b r a t i o n  was completed. This 

c a l i b r a t i o n  w a s  done t w i c e ;  one a t  the  beginning of t h e  experiment and once 
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FILAMENT CURRE;T:T ( AMPS) 

Figure 5A. C a l i b r a t i o n  Curve for t h e  
Ribbon Filament Tungsten Lamp 
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more j u s t  be fo re  Run U-11. The second c a l i b r a t i o n  w a s  requi red  because of 

misalignment of t he  apparatus .  The c a l i b r a t i o n  curves are shown i n  F igure  

6A.  The s o l i d  l i n e s  are least  square polynomial f i t s  t o  t h e  d a t a  p o i n t s  as 

obtained from the  computer program. The d i f f e r e n c e  i n  the  r e s u l t s  of these  

c a l i b r a t i o n s  occurred because t h e  apparatus  w a s  no t  repos i t ioned  i n  t h e  exac t  

o r i g i n a l  pos i t i on .  
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Pasadena, Ca l i fo rn ia  91103 

A t  t e n t  ion: L ib ra r i an  

National Bureau of Standards 
U. S. Department of Commerce 
Washington, D. C. 20546 

Department of Tlie A i r  Force 
A i r  Force Mater ia l s  Laboratory (AFSC) 
Wright Pa t t e r son  A i r  Force Base, Ohio 45433 

At ten t ion :  MAMC (J. J. Kroclimal) 

1)cportnieiit of The A i r  Force 
A i  I- IJorcct I<oclwL Propiilsion Lohoi-atory 
Iklwardu A i r  Force Base, Ca l i fo rn ia  93523 

1 
1 
1 

1 

1 
1 

1 

1 

1 

Attent ion:  WM 
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Department o f  t he  Army 
Pica t inny  Arsenal 
S c i e n t i f i c  & Technical Information Branch 
At t en t ion :  SMUPA-VAG, L i b r a r i a n  
Dover, New J e r s e y  07801 

U. S. Army Mate r i a l s  Research Agency 
Water town, Massachusetts 

Department o f  t h e  Navy 
Naval Research Laboratory 
Washington, D.  C. 20390 

At t en t ion :  Code 2027 

Department o f  t he  Navy 
Naval A i r  Systems Cmd. 
Washington, D. C.  20360 

At t en t ion :  AIR-330 

DMIC 
R a t t e l l e  Memorial I n s t i t u t e  
Columbus La bora t o r  ie s 
505 King Avenue 
Columbus, Ohio 43201 

A t  t e n t  ion: Info rma t ion  S p e c i a l i s t  

Defense Ceramic Information Center 
B a t t e l l e  Memorial I n s t i t u t e  
Columbus Labora tor ies  
505 King Avenue 
Columbus,  Ohio 43201 

At t en t ion :  Manager of Technical lnformation 

Clwinicli 1 Propulsion ‘In format i on  Agency 
Applied I’liysics 1,abornLory - J M U  
8021 Georgia Avenue 
S i l v e r  Spring, Morylaiid 20910 

1 

1 

1 

1 

1 

1 

2 
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Ae 1-0 J et (:ene ra 1 Corpora t ion 
1’. 0. box 15847 
Sacraniento, Ca l i fo rn ia  95813 

na t t e 1 l e  Menior i a  1 I n s  t it  u t  e 
Columbus Labora tor ies  
505 King Avenue 
Columbus, Ohio 43201 

At ten t ion :  D. E. Kizer 

North Arne r i c  an Roc kwe 11 Corporation 
Rocket dyne Divis ion 
6633 Canoga Avenue 
Canoga Park, C a l i f o r n i a  91304 

Attent ion:  D r .  R. P. Frohmberg 

North American Rockwell Corporation 
Rocketdyne Divis ion 
6633 Canoga Avenue 
Canoga Park,  Ca l i fo rn ia  91304 

At ten t ion :  Library Dept. 086-306 

Aerospace Corporation 
P. 0. Box 95085 
Los Angeles, Ca l i fo rn ia  90045 

At ten t ion :  Technical Information Center - Document Group 

Bel l  Aerosystems Company 
P. 0. Box 1 
Buffalo,  New York 14240 

A t  t en t  ion: Technical Library 

Be l l  Telephone Labora tor ies  
Mountain Avenue 
Murray H i l l ,  New Je r sey  07974 

lloc i n #  Company 
1’. 0. Iiox 3999 
S c r i t t  l e ,  Washington 98124 
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Cent ra l  Research Laboratory 
Al l i ed  Chemical Corporation 
P. 0. Box 309 
Morristown, New Jersey 07960 

Attent ion:  E. R. Degginger 

DuPonl  Conipany 
liastern Divis ion 
At ten t ion :  Repor t  C l e r k ,  A. K. Steward 
Gibbstown, New Jersey 08027 

General Dynamics Corporation 
P. 0. Box 12009 
San Diego, C a l i f o r n i a  92112 

At ten t ion :  Library  & Information Serv ices  

General E l e c t r i c  Company 
At ten t ion :  FPD Technical Information Center 
Building 700, Mail Zone N-32 
C inc inna t i ,  Ohio 45215 

General Motors Technical Center 
12 M i l e  and Mound Road 
Warren, Michigan 

At ten t ion :  D r .  Richard M u r i e ,  D e p t .  55 

General Telephone & Elec t ron ic s  Laboratory,  Inc. 
Rayside, New York 

I I T  Research I n s t i t u t e  
L O  West 35th S t r e e t  
Chicago, I l l i n o i s  60616 

At ten t ion :  Document Library 

In t e rna  t iona 1 Harvester  Company 
Solar  Divis ion 
San Diego, Ca l i fo rn ia  92112 

1 

1 
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Trek Corporation 
Vidya Div is ion  
1450 Page H i l l  Koad 
Palo A l t o ,  Ca l i fo rn ia  94304 

At ten t ion :  L ib ra r i an  

LTV Aerospace Corporation 
LTV Vought Aeronautics Divis ion 
P. 0. Box 5907 
Dal las ,  Texas 75222 

At ten t ion :  L ib ra r i an  

The Marqciardt Corporation 
P. 0. Box 2013 
South Annex 
Van Nuys, Ca l i fo rn ia  91409 

At ten t ion :  L ib ra r i an  

McDonnell-Douglas Corporation 
P. 0. Box 516 
S t .  L o u i s ,  Missouri  63166 

A t  t en t ion :  L ib ra r i an  

McDonnell-Douglas Corporation 
Douglas Missile and Space Systems Divis ion 
3000 Ocean Park Blvd. 
Santa Monica,' Ca l i fo rn ia  90406 

Attent ion:  L ib ra r i an  A2-260 

Monsiinto Research Corporation 
1515 Nicholas Koad 
1)ny ton ,  011 i o  454 07 

A t t e n t  ion : Se c ur i t y 0 f f i c  e 

Norton Ke search Corporat ion 
7 0  Memorial Drive 
Cambridge, Massachusetts 02142 

At ten t ion :  Technical Information Center 
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1 

1 

1 

1 
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Phi lco  Ford Corporation 
Aeronutronic Divis ion 
Ford Road 
Newport Beach, Ca l i fo rn ia  92663 

Attent ion:  Technical Information Service Acquis i t ions 

Southe m Re search I n s  t i t U t e  

Menlo Park, Ca l i fo rn ia  

Stanford Research I n s t i t u t e  
Document Center f o r  Propulsion Sciences 
3 53 Ravenwood Avenue 
Menlo Park,  C a l i f o r n i a  94025 

Sylvania E l e c t r i c  Products,  Incorporated 
S i l c o r  Divis ion 
Hicksv i l l e ,  New York 

Te le f l ex ,  Incorporated 
Sermetal Divis ion 
P. 0. Box 187 
1 2 5  South Main S t r e e t  
North Wales, Pennsylvania 19454 

TRW Systems, Incorporated 
One Space Park 
Redondo Reach, Ca l i fo rn ia  90273 

Attent ion:  Technical Information Center 

Union Carbide Corporation 
P .  0. Box 224 
Tuxedo, New York 10987 

A t  t e n t  ion: Technical L ib ra r i an  

United A i r c r a f t  Corporation 
400 Main Street 
East Har t ford ,  Connecticut 06108 

At ten t ion :  Acquis i t ions  L ib ra r i an  

1 

1 

1 
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lhi i t  ed Il'eclinology Center 
P. 0. Box 3513 
Sunnyvale, Ca l i fo rn ia  94088 

Attent ion:  Technical Library  

Un ive r s i t  y o f C a 1 i fo rn  i a  
Lawrence Radiat ion Laboratory 
P. 0. Box 808 
Livermore, Ca l i fo rn ia  94550 

Attent ion:  Technical Information Divis ion 

Universi ty  of Dayton 
Dayton, Ohio 

Universi ty  of Denver 
Denver Research I n s t i t u t e  
P. 0. Box 10127 
Denver, Colorado 80210 

At ten t ion :  Secur i ty  O f f i c e r  

Universi ty  of Utah 
S a l t  Lake C i ty ,  Utah 84112 

Attent ion:  D r .  S. D. Brown 

Vi t ro  Labora tor ies  
West Orange, New Jersey 1 
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