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EXPERlMENTAL ABIATION DATA OBTAINED FR3M MSC ONE MEGAWATT 

ARC JET TESTS ON THE STANFORD B E A R C H  INSTllWlZ - 
NASA ROUND ROBIN ABIATIOPI PROGRAM 

The p u r p s e  of t h i s  paper is t o  present  experimental ab l a t ion  da t a  
from a r c  j e t  t e s t s  conducted a t  t h e  Manned Spacecraf t  Center (MSC) as 
p a r t  of the  NASA round robin ab la t ion  probram. ?his program was con- 
ducted t o  determine ar16 c o r r e l a t e  t h e  d i f fe rences  i n  t e s t  r e s u l t s  ob- 
ta ined i n  t he  cur ren t  a r c  heated mater ia l s  t e s t i n g  f a c i l i t i e s  f n  t h e  
country. The program is being managed f o r  t h e  National Aeronautics 
and Space Administration ( M A )  by the  Stanford Research I n s t i t u t e  (SFU) 
under Contract No. ~ ~ S r - 4 9 ( 1 5 ) .  Along with MSC, o ther  par t . i c ipa t ing  
organizations i n  t h i s  program include t h e  Ames Research Cefiter (ARC), 
t he  Iangley Research Center (LRC), the  Wright Pa t te rson  A i r  i70rce Base 
(WFAFB), t he  Giannini S c i e n t i f i c  Corporation, t h e  Avco Corporation, 
t he  Bwing Company, t h e  North American Aviation Inc. (NkA),  t h e  General 
E l e c t r i c  Company (GE), t he  Martin Mariet ta  Corporhticn, and t h e  Cincin- 
n a t i  Test ing Laboratories (CTL). 

A standard h e a t  t r a n s f e r  r a t e  calor imeter ,  t o t a l  pressure probe, 
and a s e t  af 1 0  ab la t ion  models weye furnished each f a c i l i t y  f o r  ab la t ion  
t e s t s .  The t e s t  matr ix  s e l ec t ed  f x  each of the  p a r t i c i p a t i n g  organi- 
za t ions ,  with t he  exception of CTL, i s  shown i n  t a b l e  I (see  r e f .  1 ) .  

The overlapping t e s t  condi t ions i n  t he  various f a c i l i t i e s  is  ex- 
pected t o  provide a meaningpal co r r e l a t ion  between a b l a t i o ~ i  ma te r l a l  
r e s u l t s  i n  t h e  d i f f e r e n t  a r c  heated f a c i l i t i e s .  

A l l  of t he  organizat ions,  with t he  exception of MSC, conducted 
the  ab la t ion  ma te r i a l  t e s t s  i n  a vacuum and under supersonic flow con- 
d i t i ons .  Ihe MSC f a c i l i t y  d i f f e r s  i n  t h a t  t h e  t e s t s  a r e  conducted a t  
atmospheric pressure us ing  a subsonic ve loc i ty  stream. 

'Ihis paper contains  only the  da t a  from the  Manned Spacecraf t  Center 
f a c i l i t y .  'Ele ab l a t ion  da t a  from t he  o ther  p a r t i c i p a t i n g  organizations 
along with t h e  MSC da ta  w i l l  be reported by the  Stanford Research I n s t i t u t e .  



SYMBOLS 

c specific heat a t  constant pressure - Btu/lb°F 
P 

E arc voltage - ;olts 

!a heat of ablation - Btu/lb 

% heat of degradation - l3tu/lb 

HT t o t a l  enthalpy of m s  stream - Btu/lb 

arc current - amperes 

thermal conductivity - 13tu/ft2 OF/f't 

thickness - f t  

mass flow - lb/sec 
2 ablation ra te  - l b / f t  -sec 

2 heat transfer ra te  - Btu/ft -sec 

radius - ft 
tei.verature - OF 

time - Fec 

density - lb / f t3  

Subscripts: 

w water 

g gas 

h hot wall 

c cold wall 



MATERIAL SPECIMEXS 

Two dif ferent  types of materials were selected fo r  t es t ing  in arc  
heated materials tes t ing f ac i l i t i e s .  The materials were: ( 1 )  teflon,  

type TFE, white variety,  density of 135 lb/f t3,  and (2) phenolic ~:ylon, 
3 50 percent phenolic, 50 percent nylon by weight, density of 75 l b / f t  . 

lhese materials were chosen because they reyesented the l o w  and high 
temperature classes of ablators. 

The materials required f o r  the construction of the models were 
furnished by.NASA. The materials were machined a s  f l a t  face cylindrical  
models as  shown in  f igure 1. Each model contained one chromel-alumel 
thermocouple fo r  recording back surface temperature. 

TEST FACILITY 

The f a c i l i t y  used by MSC i n  t h i s  progrm was the ont megawatt arc  
j e t  as  shown in  f igure 2. The arc  j e t  u t i l i z e s  water coolt?d electrodes, 
constrictor,  and nozzles. Nitrczen i s  injected a t  the  base of the cathode 
and oxygen is injected i n  the anode region. The heated gas stream ex i t s  
through a 3-inch diameter water cooled subsonic nczzle. ?he f a c i l i t y  i s  
equipped with two hydraulic specimen inser ters  f o r  positioning of the 
models and heat transfer r a t e  sensors i n  the  a rc  :et stream. 

Heat t ransfer  ra tes  were measured during each run by an asymptotic 
calorineter  manufactured by the  Hy-Cal Corporation. equipment 
used during t h i s  program incluee a Milliken camera o3erating a t  16 frames 
per second f o r  recording specimen appearance during a t e s t ,  an optical  
pyrometer and a radiometer f o r  specimen surface temperature measurements, 
ar;d an oscillograph fo r  recording model back face temperatures. A l l  of 
the pertinent operating conditions of the arc  j e t  and the calorimeter 
and model data were recorded on magnetic tape i n  d i g i t a l  form. 

ARC JET S m  CALIBRATION 

Prior t o  the model t e s t s ,  an extensive calibration program was 
conducted using the SRI calorimeter, a Hy-Cal calorimeter, and a MSC- 
designed copper slug calorimeter. The sensing element in  the MSC acd 
SRI calorimeter was constructed of copper with a chrome1 alumel thermo- 
couple attached t o  the back surface. A l l  the calorimeters used in  
these t e s t s  had the same effective nose radius. 



Analysis of lieat t ransfer  rates from the copper s1u.g calorimeter 
data is based on the specif ic  heat  of the copper d i sc  and the ra te  of 
temperature r i s e  of the disc. The heat transfer ra tes  were determined 
by the f o l lar ing equation: 

I h e  Hy-Cal Corporation asymptotic calorimeter i s  the standard heat 
t ransfer  ra te  sensor u t i l i zed  i n  the MSC f ac i l i t y .  l h i s  sensor d i f f e r s  
from the coaventional slug type calorimeter i n  t ha t  it measures a tem- 
perature gradient between the center and periphery of a th in  constantan 
disc. This temperature d i f f e r i en t i a l  is d i rec t ly  proportional t o  the 
heating ra te  and is expressed in  the follcwing equation: 

Comparison data of the  heating ra tes  measured by the MSC slug cal- 
orimeter, SRI calorimeter, r.nd the  Hy-Cal calorimeter i s  shown i n  t a -  
b le  11. A comparison is shown i n  f igure 3 where the  heating r a t e  meas- 
ured by the  Hy-Cal calorimeter is p l ~ t t e d  against t h a t  measured usinq 
slug type calorimeters. It can be seen tha t  good agreement within 
f 5  percent was obtained between t he  di f ferent  t&s of calorimeters. 

The entkalpy of the gas stream was determined by the energy balance 
technique. The average t o t a l  enthalpy can be readily ea'sblished using 
the following experimental data: 

1. Electr ical  power t o  the arc generator 

2. Total gas flow in to  the  arc generator 

3.  Cooling water f: .whr ra tes  

4. Cooling water i a l e t  and ex i t  temperatures. 

The equation takes the form: 



MAm3IAIS EVALUATION 

Teflon 

For t he  evaluat ion of t he  t e f l o n  da t a ,  t h e  conventjonal parameter 
termed the  e f f ec t ive  hea t  of ab la t iox  was calcul.ni;ed fa- each model. 
The equation takes t he  form: 

The hea t  of ab l a t ion  d a t a  f o r  t h e  t e f l o n  maiels is presented a s  
a f'unction of enthalpy p o t e n t i a l  i n  f i g u r e  4. F r i o r  t o  t he  i n i t i a t i o n  
of t he  SRI t e s t s ,  a number of t e f l o n  models s i m i l a r  i n  design t o  t h e  
SRI models were fabr ica ted  and tes ted .  The experimental d a t a  ~ b t a i n e d  
during these  t e s t s  a r e  shown i n  t a b l e  111. The r e s u l t s  of these  t e s t s  
a r e  a l s o  shown i n  f i g u r e  4. An a n a l y t i c a l  p red ic t ion  of t he  h e a t  of 
ab l a t ion  based on the  theory of reference 2 and experimental da t a  from 
the  Ilangley Research Center ( r e f .  3) is  shown i r ;  f i g u r e  4 f o r  camparison 
with the  t e s t  r e s u l t s  obtained from t h e  MSC arc-heated f a c i l i t y .  

Phenolic Nylon 

The hea t  of ab l a t ion  and. hea t  of degradation based on co la  w a l l  
hea t ing  r a t e  was ca lcu la ted  f o r  each phenolic nylon model acd is  pre- 
sented i n  f i gu re  5. 'I'he hea-L of degradation was calcul-ated i n  t he  same 
manner a s  the  hea t  of ab l a t ion  except t h e  mass l o s s  r a t e  (m) included 
the  char weight and recession weight loss .  Surface t empe~a tu ra s  of 
the models a r e  shown i n  f i g u r e  6 a s  a fi lnction of cold w a l l  bea t ing  
r a t e .  

RESULTS 

?he experimental d a t a  obtained on the  ma te r i a l  t e s t s  during t h e  
SRI program a r e  summarized i n  t ab l e s  N and V. Photographs of thy 
t e s t e d  models a r e  shown.in f i gu res  7 t h r o ~ g h  10. 

Over tht: range of t he  t e s t  conditions obtained during t h i s  program, 
the  th ree  d i f f e r e n t  hea t ing  r a t e  sensors  agreed wi th in  f5 percent. The 
first  calorimeter received from SRI exhib i ted  a g rea t e r  devia t ion  (ap- 
proximately 23 percent).  It is  believed t h a t  t h i s  calor imeter  was 
damaged p r i o r  t o  t he  higher  hea t ing  r a t e  t e s t s .  A second calor imeter  



was obtained from SRI and good agreement was obtained between t h i s  
calorimeter and the Hy-Cal calorimeter. 

The heat of abiat ion data f o r  t e f lon  shows reasonable agreenent 
with theory. Due t o  the  small number of t e f lon  t e s t s  which were .-,on- 
ducted during t h i s  program, a quanti tat ive in terprs tu t icn  of  he r e s u l t s  
was not made. However, the t e f lon  data  demonstrates the  f e a s i b i l i t y  
of the u t i l i z a t i o n  of experimental ablat ion data  fo r  the determination 
of enthalpy of an a rc  heated gas stream. 

Comparison of the  phenolic nylon experimental da ta  with theore t i ca l  
analysis was not undertaken i n  t b i s  paper because of the problem of 
defining char removal mechanisms. Comparative e x p e ~ h i e n t a l  data were 
not available in  the l i t e r a t u r e  due t o  t5e unique tes t ing  capabilities 
of the MSC arc  j e t  f a c i l i t y .  The MSC e v r l n e n t a l d a t a  demonstrates 
the s igni f icant  e f f e c t  of heating r a t e  on the thermal performance of 
a ckarr5ng ablator  which is  i n  agreement with t e s t s  cotducted i n  other 
t e s t  f a c i l i t i e s  a t  lower pressure levels. Measurements of the  mass 
loss  r a t e  of phenolic nylon by the  various organizations par t ic ipat ing 
i n  the SRI program should provide an ins ight  i n t o  external  pressure 
e f fec t s  on t h i s  c lass  of ablator. 

Interpretat ion of the ablat ion data obtained durlng t h i s  program 
i s  being ccnducted by the  Stanford Research Ins t i tu te .  The r e s u l t s  
from t h i s  material t e s t  progrem should provide a sound basis  f o r  evalu- 
a t ion  of ablat ion r e s u l t s  frsm varlous arc  j e t  i . 'acili+ies. It shoula 
a l so  permit a greater  degree of confidence i n  predict ing f l i p h t  per- 
formance from t'ne ground t e s t  resul ts .  
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TA;3LE IV. - MODa TEST DATA 

a = 1 . 0  te f lon  model - radiometer 



TABLE V. - MODEL MEASUREMENTS DATA 

Model 
number 

T 47 

T 48 

T 51 

T 53 

T 54 

P4B2 

P4B4 

P4B5 

P4 B6 

P4 B7 

P8B2 

P8B4 

HB5 

P B B ~  

P9A3 

P9A4 

'Ore 

weight loss ,gm 

1.995 

3.290 

4.221 

3.200 

3.329 

.625 

1.184 

1.271 

.728 

.2l3 

973 

-570 

,504 

1.227 

1.059 

.345 

Oar weight ' 
@n 

.275 

.456 

.483 

,324 

.079 

,456 

.248 

.243 

,270 

,407 

.I29 

~ : ' a : ~ ~ ~  
lb/ft2 

2.07 

3.41 

4.36 

3.31 

3.45 

,645 

1.228 

1.31'. 

.749 

,221 

1.008 

,590 

.522 

1.270 

1.095 

.357 

i n .  

0.184 

,305 

,389 

296 

.303 

,028 

,085 

,092 

,030 

.004 

,057 

+. 004 

,019 

,061 

.073 

.005 

Mdlel 
core length 
in i t i a l ,  in. 

0.750 

,750 

,751 

.751 

751 

751 

,751 

.754 

.755 

.756 

.755 

,757 

.757 

,756 

.749 

,751 

Model 
core length 
f inal ,  i n .  

0.566 

.445 

,362 

-455 

,448 

,723 

,666 . 
,662 

.725 

.752 

.698 

.761 

738 

,695 

.676 

,746 

Lhar 
thickncas , 

in. 

.lo4 

,160 

,192 

.I27 

.037 

.156 

. lo8 

. OW 

,163 

.145 

.062 

Pyrolysis 
zone, in. 

SO50 

083 

-075 

.070 

.020 

.075 

. a 0  

.045 

,082 

055 

,030 









Mgure 4.- Heat of ab la t ion  of t e f lon  p lo t ted  against  stagnation enthalpy po ten t ia l .  
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Figure 5.- Heat of degradation and ab la t ion  f o r  phenolic nylon 
p lo t ted  against  cold wal l  heat ing rate .  












