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Abstract  three 2 ’ 3 flight s established the nature of the un-
modified reent ry  ef f e c t s .

Te flon ablation as a mechanism for alte ring
the electron concentration in the flow surrounding In this application, the initial thermal  shield-
a vehicle was examined under reentry  conditions. ing resulting fr om the blowing off of the abla tor
This was a companion flig ht to a li quid inj ec tion into the boundary layer is not of major interest.
test which used Freon l l4 B Z .  Data will be pre- It is the subsequent e f fec t  of the ablator products
sented on the effect  of the ablation products on the on the flow properties which mus t  be considered.
flow . These results will  then be compared with U suff ic ient  mass has been added to the boundary
those of the injection flig ht. Measurements  were  layer , the resul tant  cooling can enhance recombin-
obtained by microwave techniques and pai red at ion, thereb y decreasing the electron concentra-
electrostatic probe measurements  of positive ion t ions whi ch in ter fere  with signal t~.~nemission dur-
and ele ctron densi t ies .  The resul ts  of both tests ing reen t ry .  A more eff ic ient  technique than
showed si gni f icant  electron reduction with the dorn - simple cooling is the use of chemicals with electro-
inant mech anism being negative ion format ion.  philic properties.  Less mass is required since

the chemistry  also includes the possibility of addi-
Nomenclatur e tional electr ons being bound up as negative ions .

These relatively massive ions interact  only weakl y
S/R N 

- Wetted leng th, no rmal ized to nose radius with microwave radiation thus reducing the effect
of the plasma. In the case of the liqu id inj ection

V - Voltage experiment , similar co n side ration s applied. There
the allevia nt was locall y introduced into the flow

e - electron charge which would pass over the test antenna.  Since the
liqu id injectant , Freon l l4 BZ,  undergoes rapid

- cur ren t  density pyrol ytic de composition into a tef lon-l ike monomer .
the two flig hts r ep resen t  conceptuall y different

n - pa rticle number density allev iation tec hniqu es which have simila r f low
chemis t r ies .

v - thermal  velocity
The purpose of this paper is to report  on the

- angle of attack e ff ect of the teflon (tet raflu oroethylene) ablation
products on the flow and to compare these resul ts

£~ - permittivity of free space with those of the i njection fli ght. On both fli ghts
measu rements  were obtained by microwave tech-

- sheath thickne a s niques and pair ed electr os tatic pr obes designed for
separate meas ur e men t of positive ion and elect ron

- mobility densit ies in the flow .

The reen t ry  vehicles with the location of the
Introduction elect rostat ic probes and microwave antennas are

shown in Figure 1. The placement of the probesAblatio n is a widel y accepted technique for and antennas at various locations presents  in form-
providing thermal protection during reent ry .  a tion on the time h is tory of the e ff ect of the abla ted
Apar t  f rom this however,  its use as a mecha nism and injected mater ia ls  as the flow progressed
for al ter ing the electron concentration in the sur -  along the vehicle surface.  The vehicles were  blunt
rounding flow was examin ed dur ing the fifth in a 90 cone s with 6-inch nose radii .  The hen~isp heri-
ser ies  of rocket  tests. Another  alleviation tech- cal cap of the ablation fli ght wa s covered with tef-
nique , li quid inj ection , had already been te s ted lj n, selected for low alkali content.  On the inj ec-
under s imi lar  f l ig ht condi t ions .  1 The f i r s t  tion fli ght , as shown in the f igure ,  the liquid was
_______________________________________ introduced fron-. orif ices locate directl y in f ront  of
*Resea rch P h y s i c i s t , Member , AIAA the te s t antennas. The vehicles were  spin stabilized
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and r ee n te r ed alm ost  ver t i call y. The ablat ion est.  The a i r  mass  flow for this l ayer  was thus
fl i ght (ang le of at tack envelope , l~ t 12.8 °) attain- used as the re fe rence  condition at the veh ic l e
ed a peak velocity of 17 , 000 fps while the inject ion shoulde r. The teflon products  were  assumed to be
f l i ght (I.~ 16. 5°) reach ed 16, 240 f ps. u n i f o r m l y  mixed with this mass while the f reon

was compared to j u s t  the flow p a s s in g  over the t es t
Injection and Ablation Mechanisms antenna .

Some descr ip t ion of the two techniques is The combined r e su l t s  are  shown in Fi g u re  2 .
essent ia l  to place the res ults  in pe r spec t ive .  In the a l t i t ude range of i n ter e s t  for  the microwave
Details of the actual inject ion system have been tes t ing (below 250 kIt) ,  f r eon  to air  ratios f r o m

given ea r l i e r .  The injection occurred  in two 100% to 1% were  obtained.  In add i t ion ,  at the low-
phases. Between 280 kft  and 180 kf t ,  additive was er al t i t udes two d i f f e r e n t  levels were injected.  The
injected in a se r ies  of seven 0 .25 sec pulses  at a cor responding  teflon molc f rac t ions  wer e  g e n e r a l l y
1 Hz rate .  During these pu lses the liquid was less than 10% and even less than l’~ for a cons ider -
propelled b y the ex pansion of a volume of air  at able range.  It should be point e d out thoug h, that
one atmosphere p r e s su re .  It was expected that the ablat ion resu l t s  should be considered val id onl y
an approximate ly equal mass of additive would be at the hi gher al t i t udes. There an extensive pa r t  of
injected duri ng each pulse. In the second phase , the overal l f low is taken up b y the bo un da r y l aye r .
a compr essed n i t rogen gas supp ly produced a At the lower a l t i tudes ,  however , the c o n f i n e m e n t
controlled , t ime-vary ing increase  in rese rvoir  at the boundary  layer close to the wal l  would mean
pres su r i za t ion  to compensate  for the inc reas in g that the indicated rat ios  u n d e r e s t i m a t e  the ac tua l
ex te rna l  dynamic pre ’~sure .  Act iva t io n of a hi gh addit ive leve ls .  S imi l a r l y,  the ex ten t  of the flow
flow sy s t em resu l t ed  in a two-level  i,njec t ion  mode modi f i ed  by the a d d i t i v e  is also l imi ted .
with 0 .2 5  sec hi gh f low pulses immedia te ly follow -
in g the or iginal  low flow pulses.  The increas ing More comp let e spec i f ica t ion  of the two addi-
p r e s s u r i z a t i o n  also tended to i n c r e a s e  the in j ec ted  t iv e  - i o n i z e d  a i r  i n t e r a c t i o n s  d ep e n d s  on a n u m b e r

mass  flow of both modes .  At  hi gh al t i t u d e s ,  low of f a c t o r s :  so lu t ion  of b o u n d a r y  l a y e r  e q u a t ion s
ex te rna l  p r e s s u r e s  r e s u l t  in f l a sh  vapor iza t ion  of i nc lud ing  mass  add i ti on , cha r a c t e r i z a t i o n  of the
most of the addit ive . At lower a l t i t udes , however , d o w n - s t r e a m  flow beyond the inject ion s t a t i on , and
this ra pid evapora t ion  becomes less i m p o r t a n t , bet ter  i den t i f i ca t i o n of the hi g h t e m p e r a t u re  I< in et -
and the li quid je t  fo rms  drop lets with  typ ical evap-  ic ’s fo r  the a l lev i a n t - a i r  m i x t u r e s .  The comp lex i ty
ora t ion  t imes  of a few hundred  m i c r o s e c o n d s,  of the s i tua t ion  can be seen b y cons id er in g  some of

the f a c t o r s  involved in the c h e m i s t ry .
In cont ras t  to this comp lex in t e rna l l y control-

led sys tem , the te f lon  ab la t ion  r e p r e s e n t s  a pas-  The v a p o r i z e d  l i q u i d  i nj e c t a n t , c h e m i c a l ly
s ive  techni que wi th  the mass  add i t ion  con t r o l l e d  C 2F4 Br ,, is s tab le  to abou t  900 °K, a t  w h i c h  t er n -

b y the h ea t  of ab la t ion  of the s e l ec t ed  hea t  sh ie ld  p er a iu r c  ~t u n d e rg o e s  p y r o l y s i s  by the r e a c t i o n ”
m a t e r i a l  and the  hea t  t r a n s f e r  a s s o c i a t e d  wi th  the
veh ic l e  g e o m e t r y  and f l i ght  dy n a m i c s .  E s t i m a t e s  C~~F4 Br

~ 
+ hea t  —, C 2F4 

+ 2 Br
of the ab l a t i on  at va r ious  a l t i t udes  w.’re made
u s i n g  the l a m i n a r  and t u r b u l e n t  hea t  t r a n s f e r  r e -  The t e t ra f luorethy lene i n t e r m e d i a t e , C 2

F , is the
la t ions  of De t r a  and Hida l go. ~ Since t r a n s i t i o n  to same compound tha t  r e s u l t s  f r o m  tef lon  ~ ecompo-
t u r b u l e n c e  on the nose would not occur  un t i l  below s i tio n .  The oxidation c h e m i s t ry  is dependent upon
120 kft  for the f l i ght  cond i t ions ,  the  abla t ion r at e s s e v e r a l  f a c t o r s  inc lud ing  re la t ive  c o n c e n t r a t i o n  of
w e r e  gene ra l ly low. Upon exposu re  to h e a t , the the addi t ive  to a i r , t h e r m a l  h i s t o ry ,  and i n c u b a t i on
t e f lon  decomposes  d i r e c t l y into the gaseous s tate , t ime in the flow f i e ld .  W h e r e a s  the the rma l  and
y ie ld ing  t e t r af l u o r o e t h y lene , C

2 F4 as the i n i t i a l  t ime h i s t o r i e s  of the addi t ives  a re  e s s e n t i a ll y simi-
p roduc t .  lar , there  are  d i f f e r e n c e s  in the r e l a t i v e  concentra-

tions in the two e x p e r i m e n t s  (Fi g u re  2).  As a re-
A f t e r  the a l l ev i an t s  a re  in t roduced  into the su l t , some cooling e f f e c t s  w e r e  noted in the hi gher

s u r r o u n d i n g  a i r , the two a p p r o a c h e s  a re  c o m p a r e d  flow f r e o n  e x p e r i m e n t  ( ind ica ted  by va r i a t ions  in
w i t h  r e f e r e n c e  to their  e f f e c t s  on the e l ec t ron  nega t ve b ias  probes) .  In addi t ion , the d i f f e r i ng
concen t ra t ion  p ro f i l e s  at the antenna and probe molar  c o n c e n t r a t i o n s  produce v a r i a t i o n s  in the ex-
s ta t ions.  The penetrat ion of the li quid depends on pected oxidation chemis t r i e s .  These fac tors ,
the dynamic  p ressu re  rat ios and was es t imated  by coup led with dif f e r i ng deg rees of chemical  equilib-
the fo rmula t ion  of Kolpin et a 15 which  inc ludes  a r i u m , r e p r e s e n t  a reas  wh ich  r equ i re  addi t iona l
vapo r p ressure  c o r r e c t i o n  t e rm.  The tef lon , how- cons idera t ion .
eve r ,  is ablated i n a blowi ng off process  f rom the
sur face and its mass  addit ion is to the boundary  Probes and Antennas
laye r of the vehicle .

To allow the data f rom the several  f l igh ts  to
An in i t i a l  es t imate  of the r e l a t i v e  concen t r a -  be compared , the exper imental  pay loads fo r all the

tions of alleviant to air was obtained.  The pene - fli ghts were  s imi lar .  The basic microwave test
t ra t io n of the f reon corresponded to the hei ght of sys tems and the di agn ostic pr obes we r e locate d at
the entropy layer over the alt i tude range of i n t e r -  ident ica l  vehicular  posit ions on the teflon ablation

—- . -~~.-. 0.~_~~_~ .__ _ ~ ~_. ——— ,—.—— ---.--.—-~~ .— -. ., —~ —. ~~~~~~~ - _ , ~~_~ ~~~~~~~~~~~ .. ,
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and liquid in jec t ion  f l i ght tests. This a l l o s~ a a n u m b e r  of col l is ions wi th  neu t r a l  par t ic les  in the i r
dire ct compar i son  ,s t the o I l ed  of the two a l l ev ia -  passage  throug h the probe sheath reg ion to the
t ion  techn ique s . rhe probe and m i c r o w a v e  a n t e n -  col lec t ing  su r f ace,  therefore ,  the probes ~~e r o
n a  loca t ions  a re  shown in Fi g u r e  1. On the l iquid  biased at a level ( I V ?  IS V )  which  l a b o r a t o r y
inject ion f l i ght a probe was posit ioned at  the  S d i l ie  tes ts 7 and experience have  shown is hi g h enoug h to
bod y stat ion (S/ R~~ 1.77)  but  disp laced to the side cause the bulk of the co l l i s ions  to r e s u l t  in sc5t t er -
of the i nj e c t i o n  ports.  rhe purpose of this probe ing i n the fo rward  d i rec t ion .  r h u s  the loss  in p r i L o
was to m e a s u r e  the pos i t ive  ion dens i ty  befo re the c u r r e n t  due to scatteri ng out of t l~ ’ s h e a t h  region ,
flow was modified b y the liq uid addi t ive .  Front  is m i n i m i z e d .  This  loss is neg lec ted and i t is
this  meas u r e m e n t  the e lectron dens i ty  could be assumed that the f u l l  r andom f lux  i t  ionized par t i-
d e ter m i n e d  on the basis  of total  c h a r g e  n e u t r a l i ty .  d e s  of one si gn wi l l  be c o l l e c t e d .  A p l a n a r  probe

and a p lanar  shea th  a re  a l so  a s s u m e d .  U n d e r  tli~~~e
The f l o w  was  modi f i ed  b y a l l ev ia t ion  m a t e ri a l s  c o n d i t i o n s , the exp res s ion  f o r  the p r ob e  c u r r e n t  is

for the r e m a i n i n g  probe pos i t ions  on the  l iqu id  g i v e n  b y
in jec t ion  f l i ght  and for  all probes  on the ab la t ion  

= 1 / 4~f l i g h t .  This r e su l t e d  in a t  l e a s t  a t h r e e  componen t  j fl( V .

f low of ionized gas c o n t a i n i n g  nega t i ve  ions in a d d i -  The p lanar  space l i m i t e d  i i i , t b u l i t ~ con t ro l l ed  diode’
t i on  to posi t ive ions and e l e c t r o n s .  In th i s  case i t  eq u a t i o n
is n e c e s s a r y  to m e a s u r e  the e l e c t r o n  d e n s i t y  . 

= ~~ v
d i r e c t l y, and this was done t h roug h the use  of / 

‘~~

posit ive biased probes.  In addi t ion , a n u m b e r  of
probes w e r e  located in pa i r s  to m e a s u r e  both the is u sed  to locate the shea th  ed ge. The probe equa-
pos i t ive  ion and e l e c t r o n  d e n s i t y  s i m u l t a n e o u s ly. t ions  app l y onl y unde r c u r r e n t  s a t u rat i o n  c o ndj t i o ~~a

in a ~~ a i ont p on e nt  p l a s t i t a , i.e . in a p las m a  c o n —
On both f l ig hts , a probe pa ir  w a s  l , ’c a t t - ’ l  a t  i s t i n g  ~x il ~ of ‘it , t ype  of pi~ s t i v ~ i n , ,  an d  e 1 u ct r ~’, is .

SIR 
N ~~. 40 be tween  the low power  t r a n sn i i t t in g  and An a d d i t i o n a l  c o n s t r a i n t  is  t ha t  t i n -  pr ’n ~ , ia s  is

r e e e~t v i i i g  a n t i nnas  , On the a b l a t i o n  f l i g h t , i i i  l a r ge  enoug h to r pcI c-  i i p l et e - l v  one s
~~

- ,  i .  ‘f
a d d i t i o n a l  probe pair  was s it u a t e d  j u s t  in f r o n t  of p a r t i c l e  w hi l e  a t t r a c t i n g  all  the p a r t i c le s ’ f tb
the hi g h power tes t  an t enna  at  S R N 1 .77.  A other  sp ec ie  w h i c h  en t e r  the  p robe  sl, .i ~~ . r eg ion .
probe wa s  moun ted  at the t e l e i o e - t r ’v a n t e n n a  s t . s t i it h o w e v e r , as  the p lasn as p r o d u c e d  d u r - i . g  these
( S i  R 4 . 4 4 )  to m e a s u r e  o l - e t r o n  d e n s i ty  Ofl the f l i g h t s  c o n s i st e d  of at lea s t  two tv~~o~. if nega t ive ly
li qu i~~ i n je c t i o n  f l i gh t .  The d il a t i o n  f l i g h t  c a r r i e d  cha rged  p a r t i c le s , the e q u a t ion s  in ii t i Id when
a probe  p a i r  at t h e  same l, , , t i , n .  As t in  s’ the probe  is b iased  p o s i t i v e  t ‘ n t i s  i r -  the n e g a —
probes  w e- r -  d i  r , - c- t l v  in  l i n e  w i t h  l i t , - probes  located t ive c u r r e n t .
a t  SI R \ ~!.40 on both f l i g h t s ,  i t  w i t s poss ib le  to
c ~ inp .  r e  the  e f f e c t  1 the  i t  l v i a t  a ‘ii , , , , i t O  r i a l s  on In the  ana l y s i s  nI the data f r o n t  the e l e c t r o —
the c h a r c e  p a r t i i le d e n s i t i e s  l t ~ ’ r a f low  l i i i ,  of ph i l i c  f l i g h ts , the e f f e c t  of the n e g a t i v - l v  cha rged
. t p p r ’ - x i t t . . s t l~ 100 ~ sec .  i o n s  on the c u r r e n t  o l i ’ct e l b~ p o s i t i v e  biased

p r o b e s  has  been neg~ i t -  d w hen  c a l c u l a t i ng  the
rwo a d d i t i o n a l  pr i b ’ s , w h i ch  w i l l  u t  be di s  — e l e c t r o n  d e n s i ty ,  To .i i s t i f y th i s , a s i m p le ad hoc

cussed f u r t he r in th i s  r epo r t , we re  a i r i e s t  on each  i l i s - i r y  05 c i ir r ~’nt  , o l i n - t i n in  the p r e s en c e  of n e g —
v e h i c l e .  On the l i i i i i . I  i n j ec t i on  f l i g ht  t h e i r  p u r p u st -  a t i v , -  i o n s  wa s  dove- I ‘p - , i .  T h i s  t h e or \  showed tha t
was  to m e a sur e  the sp r e a d i n g  i t the inj e c t a n t  p l u m s -  b r  t h e  c , n d i t i o n s  a ch i e v e d  d u r i n g  the addi t ive  f l i ght

s i t  f l o w e d  back  nv,  r the v -h o  i . rho p l u m e  ti S t s  • i i i , - ne. g . .  t i ~ - ,- i n - i  p o r t i o n  ‘f t he  nega t ive  cur  —

- i t ’ - , t s , w h i c h  w e re  seen , have ’ been r e p o r t e d  r e r ~ n i a y b -  Tis ’ L l ’ c n h en  d et e r m i n i n g  the e l e c t r o n
e lse w h e r e .  1 The two p robes  on the a b l a t i o n  f l i ght de~t s i t~~, b U L  m u s t  be in ’  ‘ ,~~led in the probe sheath

-stu n ned t he x 1, s- ,  t . i t s , m  t h a t  the , i b l a t t s n p r oc e s s  t I , i c k n s - s s  c a l c u l a ti , ’ ,.
w a s  ,r n f -  r u t s  c r ’  - m i -  r -  u s t i a l l y a r o u n d  the nose cap .  /

Pr .  - i  R e s u l t s
A l l  prob es wore’ biased at ISV with the excep-

t i o n  ‘I th . ’ p r ’ s I i - p a ir  located on both f l i g hts at The anal ysis of Ui ,  pr obe data f r o m  the liquid
‘~ .~ ,,~ ~~. 40. Each pr obe in t h i s  pa i r  was s e qu e n -  i n j e c t i o n  f l i g h t  has  Li -. .  - i i  r epo r t ed .  I However , this
t , ., i I\ s tep  b i ased  at IS V and 30V posit ive or nega -  is the’ f i r s t  t ime  t h a t  r e su l t s  f r o m  the ablat ion f l i g h t
jive . .\s e rdin g to the theory used to anal yze the have  tn ’si d i s c u s s e d .  T h e re f o r e , this  section wi l l
da ta , v a r y i n g  the p robe  b ias  v an e the  d i s t ance  beg in w i t h  a d i s cus s ion  of typical probe data f r o n t
t r io the’ p robe  s u r f a c e  at w h i c h  the c h a r g e d  p a rt i - two probe pa i r s  on that  f l i ght  t e s t .  Fol lowing this ,
c l e ’  d e n s i t y  is n , , - a ’ s i r , - s l .  the data  f r o m  the l iquid i n j e c t i o n  f l i ght and the

a I , l t t i , , n  f l i ght ‘,~ i l l  be c o m p a r e d .
A d e t a i l e d  d i s c u s s ion  sf the ’ e l e c t r o s t a t i c  fr o L i c

the -  ‘r ~ has  e o n  p r e se n t e d  in e a r l i e r  r epo r t s . - Ab l at i on  Fl ig ht  Tes t  Data
T h e re f o r e , ‘‘n l~ a b r i e - f  d e s c r i pt ion ‘1 the t e c h n i q u e
used to anal yze  the’ probe data w i l l  be g i v e n .  The hi g h power antenna probes were  biased

at I SV (one posi t ive,  the other nega t ive ) ,  and the
Dur ing  most  of the a l t i t u d e  reg ion of i n t e r e s t  data are shown in Fi gu r e 3. The -iSV probe be-

the charged p a r t i c l e s  u n de r g o  an apprec iable  came sens i t ive  to the posit ive ion dens i ty  at about
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270 kft (409.5 sec) and the 15V probe began gens- result in that the ion density should decrease due
ing the electron density at 240 kft (411.5 sec). to a natural relaxation, which would be the case in
The da ta missing f rom the positive ion curve late the absence of additive.
in the flight (420.0-422.0 sec) is due to the probe
saturating. The data from the electron densi ty  probe

sh ows an even more in te res t ing  resul t .  At 200 kf t
The first thing noticed in Fi gure 3 is that the the modulation character of the probe response

electron density is always at least two orders o changes. This is about the same alt i tude at which
magnitude less than the positive ion density. The the re flect ion coeff ic ient , meas ur ed by the TM test
positive ion density rose to a peak value of lo ll antenna , began to show a higher value between the
part./cm3 at approximate ly 210 kf t .  At this same windward and leeward positions than at either of
time , the electron density was at its peak value of those positions. Above 200 kft (<414 sec), the
4 x 108 part.  / cm 3, electron densities as measured by this probe are

lower than the densities measured by the probes at
Consider now the amplitude of the modulati,,n the fo rward positions. Above Z OO kft .  as expected ,

of the charged pa r t i c l e  d e n s i t i e s  due to the spin of the e lec t ron  dens i ty  is lower by a factor  of 4 on the
the vehicle and its nonzero  ang l e - o f - a t t a c k .  On windward side.  However , below 2 00 kit the oi~~os-
the injection flight, the densities varied by about a ite is the case, The electron densities at the rear
factor of five f rom the w i n d w ar d  to leeward  s ide,  of the vehicle  are greate r than at the forward posi-
The degree of oscillation r , -n i a in ed relat ivel y Lions.  At 160 kft  for example , the elect ron dens i ty
cons tan t  unt i l  late in the f l i g ht  when the ang le of is g r e a t e r  b y a fac tor  of 4 at SIR = 4.44. A some -
at tack decreased due to a t m o s pher i c  e f f e c t s .  On what  simila r resu l t  was seen on t~e li quid injection
the ablation fl i ght the modula t ion  of the elect ron fl i g ht .  However , on that f l i ght the e lec t ron de ns i ty
dens i ty  was s im i l a r , r e m a i n i n g  f a i r l y c o n s t a n t  a t  a t  SIR = 4 .44  was grea te r  throughout the f l i ght
a fac tor of t h r ee .  However , this t r e n d  was  not than th~~t measured  b y probes  d i rec t l y behind the
followed b y the pos i t ive  ion d e n s i t y .  At the beg i n -  shoulder  in jec t ion  por ts .
fling (— 4 1 0 . 0  sec),  the probe response  was  modu-
lated by a fac tor  of t h r e e ,  bu t  in the period f rom The i n c rea s e  in e l ec t ron  dens i ty  at 120 kf t is
410 .5 to 4 1 1 ,2  sec the re  was  no apparen t  v a r i a t i o n,  g r e a t e r  for  this probe than for all other probes
A f t e r  modu la t ion  r e t u r n e d , i t  i nc reased  to as much located f o r w a r d  on the vehicle . This is cons i s t en t
as a factor  of ei ght  at 413 . 6  sec wi th  a subsequen t  wi th  the suppos i t ion  that this  inc rease  is due to
decrease  to 3 at 415 .0  sec. It then r ema ined  con- t u r b u l e n c e .  A t u r b u l e n t  boundary  l ayer  should
stant . The decrease  n osci l la t ion a t  low a lt i t udes  f i r s t  be t r i g g e r e d  at the rear  of the vehic le  and
could not be seen for  th is  probe due to the s atu r a -  thus have more  t i m e -  to develop at th is  mos t  rear -
tion of the probe c u r r e n t  a f t e r  4~~0 sec. The in i t i a l  w a r d  s t a t i o n  than those more fo rwa rd  on the vehic le .
loss at hi g h a l t i t u d e s  (~~6O-240 k f t )  cannot  be exp lain-
ed wi th  c e r t a i n ty  bu t  the same e f f ec t  was observed Compar i son  of the Fl i g ht  Test  R e s u l t s
in the data f rom all probes sensi t ive to the pla sma
dur ing  this  al t i tude reg ime.  It m a y  be that  the Fi gur e -  5 p r e s e n t s  the wind ward  and leeward
ini t ia t ion of teflon abla t ion i n t r o d u c e d  some random pos i t ive  ion d e n s i t y  m e a s u r e d  at SIR = 1.77 on
effec ts, the li quid injection f l ig ht test  a nd the Ncor r esponding

data f r o m  the’ ab la t ion  f l i gh t .  Wi th  the exception of
Both probes show an inc rease  in c h a r g e d  p a r t -  two a l t i t ude  r eg imes,  there  is good a g r e e m e n t  be-

i d e  d e n s i ty  at sli ghtl y below 120 k f t  (419 8cc) .  tween  the data f r o m  both f l i g h t s .  The d i sc repanc ie s
This sante i n c r e a s e , seen on . all probes on the ex i s t  where  the ion dens i ty  is i nc reas ing  rapidl y on
vehic le ,  is believed to be due to the Onse t  of t u r b u -  the leeward side (26 0-220  kft )  and fo r  all da ta  be-
lence in the boundary  l a y e r .  At  about  90 k f t  the low 120 k ft .
modulation amp lit ude decreases  with the ang le of
at t ack. At  80 kf t  the e lec t ron dens i t y  beg ins to As the probe located at S /R 1.77 on the
drop. Here  the vehicle ’ s ve loc i ty  is dropping be- injection flight was unaffected by ~ie additive, the
low 10 k ft / se c  an d both theore t i ca l  ca lcu la t ion s and good ag reemen t shows that  the teflon abla tion had
exper ience con f i rm  that  plasma e f fec t s  are neg li g i -  no m e a s u r a b l e  cooling e f f ec t  on the posit ive ion
ble for veloci t ies  below this value,  dens i ty.  In f ac t , j us t  the opposite e f f ec t  is seen on

the leeward side where  the data from both f l ig hts
The t e l eme t ry  antenna probe pair (S/ R N = 4 .44)  do not ag ree .  The ion dens i ty  measu red  on the

was of f ixed bias (5 l5V respectively). The data ablation fli ght is g rea te r  than that  m e a s u r e d  on the
are  shown in Fi gure  4. The data from ion densi ty  inj e c t i on f l i ght. The al t i tude r eg ime  where  the
probe show a slower bui ldup  time (410-413  sec) d i s a g r e e m e n t  is the g rea te s t  c o r r e s p o n d s  to that
than was the cas e for the probes located forward  portion where  the windward- leeward modulat ion
on the vehic le .  However , as wa s t rue  for the other  d isappeared.
ion probes , the nor mal w indward - l eeward  modula-
tion is mi s s ing  dur ing this t ime.  Eventua l ly (417 The ion densi ty  data f r ont the ablat ion f l ig ht
icc)  the positive ion densi ty reaches  a value corn-  a re  seen to inc rease  below 120 kIt. Trans i t ion  to
parable to th e value measu red  at the forward  a tu rbu len t  boundary layer was  pred icted to occur
probe.. Thu eff ect 1. contrary to the expected around this a l t i tude  for both fli ghts . No s imilar

4

- . —~ -,- — —.- —~~-‘----~--- ______~_,•s_,_ 
~~~~~~~~~~~~~ .,___ ________ - -— -.---.-— 

,-, —~~



t rend was seen in the injection fli ght data . fundansenta l importance in obtaining information on
the degr ee of improvement possible f r o m  the two

Fi gure  & shows the windward ion densi ty meas-  f low modification techniques .  The specific micro-
sured at -30V bias by the probe at S I R N 2.40 on wave measurements were antenna impedance mis-
both fli ghts. The dips in ion dens i ty  seen Occur - match, interante nna coupling, signal attenuation ,
ring once ea ch second in the i njec t ion f l i ght data and antenna pattern distort ion.  Whereas the probes
result from the pulsed injection of the liquid addi- measure the charged particle density at one position
tive. A larger  decrease occurred at 160 kft. in the boundary layer,  the mic rowave antenna re-
after the high flow pulses were initiated. The sponse is sensitive to the integrated electron density
peaks of the ion density occurring during the in te r -  across the shock layer.  The anal ysi, of these var -
pulse period a re  r ou ghl y equivalent to the e xpected led results gives considerable information on the
ion density in the absence of additive. It is seen changing flow s t ruc tu re .
that  the ion dens i ty  measu red  on the ablat ion fli ght
follow the peaks of the inject ion fli ght data with the The basic antenna test syste m for each fli ght
exception of alt i tude, below 120 kf t .  This is a consisted of a closely spaced pair of S-band slot an-
f u r t h e r  indication that the ablation process  had no tennas (2290 .5 MH z) located near the shoulder of the
percept ible  cooling a f fec t  upon the f low,  nose cone . The t ransmi t ted  signal was received

both by the adjacent  receiving antenna and by a n um-
Like the inject ion f l i ght data for S /R w

n 1.77 , ber of ground receiving stations. The te lemetry
no increase in charged pa r t i c l e  dens i ty  beThw sys t em also operated at S-band (2220 .5  MHz) and
120 kit was seen for the injection fli ght. For al l allowed supp lemen ta ry  measu remen t s  to be made
probes af fec ted  by the liq uid additive, the re sul t  at the rear of the cone.
was simila r to that shown in F igu re  6 with no in-
c rease in ei ther  the electron dens i ty  or the ion The incident  and reflected power of the trans-
densi ty  in this a l t i tude reg ime .  Thus i t  appears nU t t in g  antennas were  continuousl y mon itored,
that the mass addition f rom the abla t ion su r f ace  in Thei r  rat io is the power reflect ion coefficient
the nose reg ion does not r e p r e s e n t  a si g n i f i c a n t  w h i c h  g ives an indicat ion of the magnitude of the
perturbation of the normall y dev elo ped f low. How- antenna impedance mismatch.  The fract ion of the
ever,  the liquid addit ive is in jec ted w i th  a s t rong  power inc ident  on the shoulder t ransmit t ing antenna
dynamic p r e s s u r e  component  and may s t r o n g l y which  is u l t imate l y received by the adjacent receiv-
alte r the exist ing flow pat tern and in add i t ion i . int ro -  ing antenna is the in te ran tenna  coup ling. The coup-
duce considerable  cooling. This  could suppress  ling is genera l l y dec reased b y the presence of ioni-
the changes in e lec t ron  dens i t y  a s soc i a t ed  w i t h  an za t ion.  The dec rease  is due to two f ac to r s ,  F i rs t,
unper turbed t r ans i t i on  to t u r b u l e n t  f low , the t r a n s m i t t e d  si gnal  is d imin ished  by the mis-

match.  Second , the t r ansmi t t ed  si gnal is attenuat-
Fi gure 7 shows the leeward data f rom the ed b y the ionizat ion as it propagates to the receiv-

same probes. Here the picture is quite d i f f er e n t .  ing antenna.  The rat io of the signal received on
W h e r e a s  the ab la t ion  fli ght data show ion dens i t ies  the ground to the incide nt si gnal , norm ali zed to its
roughl y as would be expected if no ab la t ion  were  v a l u e  j u s t  before  plasma e f f ec t s  set in , is the total
p r e sen t, the data f r o m  the l iquid  in jec t ion  f l i ght si gna l  a t t enua t ion .  This g ives the reduc t ion  in the
show that even in the i n t e r p uls e  per iods , the ion s t r e ng th of a s i g n a l  as a r e s u l t  of its interact ion
dens i ty  does not r e t u r n  to i ts  u n p e r t u r b e d  va lue ,  w i th  the e lec t rons  along the t r a n s m i s si o n  path .
Excepted f r o m  this are the in t e rpul se  pe r iods  fol-
lowing the last hi gh a l t i tude low flow pulses  ( 180-  A number  of compar isons  can be made among
160 kft) .  The most  pronounced e f f e c t  of cooling is the r e su l t s  of antenna pe r fo rmance  for the allevja-
seen below 160 kf t  following the i- s i t i a t i on  of the tion fli ghts  and a r e fe rence  f l ight  on which the flow
hig h flow pulses. This e f f ec t  slowl y d imin i shes  in was  unmodi f ied ,  A few wil l  be considered he re.
in tens i ty  unti l  around 100 kIt w h e r e  it disappears.

The power re f lec t ion  coeff ic ients  onthe wind-
Fi gure  8 p r e sen t s  the e l e c t r o n  d e n s i t y  m e a s -  ward axis are compared in Fi gure  9. In the absence

ured on both f l i g hts  at S I R N 2.40.  The d i s p a r i t y  of addit ives , the reflection coeff icient  increased
between the windward  and leeward r e s u l t s  is aga in  sharpl y to a va lue  of about 0.9 at plasma onset and
apparent.  Down to loO kf t ,  the windward  e lec t ron  r ema ined  t h e r e  down to about 100 kf t .  in contras t ,
dens i ty  for the ablat ion f l i ght fa l l s  midway be tween  the r e f l e c t i o n  coef f i c i en t  observed on the freon
the successive maximum and min imum electron fli ght did not exceed a value of about 0. 3 on the
density values measured during the injection flight windward side. The local minima in this curve
while it is greater or equal below this altitude , correspond to the injection pulses of the freon.
However , on the leeward side the electron density The response of the antenna for the teflon flight was
measured  du r ing  the injection fl i ght is always less in termedia te  to that of the freon and the reference
th an the ablation f l ig ht data , fli g hts.  In the teflon case the maximum value was

about 0. 6. Thus both the chemical additives tended
A ntenna  Measu remen t s  to suppress the antenna mismatch and improve

antenna performance.Measurements of the performance of micro-
wave radiating •ystems dur ing  the se fli ghts a r e of
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The corresponding  curve.  for  the l e e w a r d  t i ed  ar ou n d  the .‘nt i r e  bod y and the variation in
side w e r e  d i f f e r e n t  in overa l l  s t r u c t u r e  but  shu ~e c , l r sp its  v i - i t h  s p i n  is  c o n s i d e r a b ly less .
a similar reduction in r e f l e c t i on  c o e f fic i e n t .  How -
ever,  the var ia t ion  in mismatc h with spin was ~ ‘sn- Conc lus ions
siderabl y more complex f o r  the addi t ive  f l i g h t s
and indicates tha t  the p e n e t r a t i o n  and m i x i n g  ot t I m , - l i t ip o r t an t  p l a sma  modi f i ca t ion  r e su l t s  were
additive is a sens i t ive  f u n c t i o n  os ang le of a t t a c k  obta in ed  f r o n t  the succes s fu l  A F C R L  chemical
and body axis posi t ion.  aI Ie~~i a L i , u i  t l i gh t s .  The paired probes provided

i u i f , n r s s a t i o x m on Uie ’ e lect ron and ion concentra t ions
The n -t aximum change in i n t e r a n te nn a  coup l i n g  both at  the s h o u l d e r ,  the actual site 01 the m ic ro -

obser ved for  the teflon ablation f l i g bt  was  not wave  ex p er i n i t ’n t , and at  the r ea r  of the vehicle,
great ly d i t f e r e n t  f ro nt  tha t  seen -a the f r e o n  .tddi- a f t e r an extended chemica l  r e a c t i o n  t ime.  The
tive fli ght.  H o w e ver , the r e sp o n se s d i f f e r e d  in c u nd  t i i s i v , -  r e su l t  ssf  these m e a s u r e m e n t s  is that
two respects .  F i r s t, there was  no c o n s i s t e n t l y the  i nj e c t I o n  of f r e o n  and the abla t ion  of te f lon  be-
large variation with spin in antenna coup l ing on the hav , ’d p r i n c i p a l l y as e l e c t ro p h il i c s .  Al thoug h some
teflon fli ght as was observed on the f r e o n  f l i g h t .  c e s s s l i s - ,g was obse rved  in the case of f r eon  in jec t ion,
Though there was  a br ief  in i t ia l  m a x imu m  of 15dB , t h e r e  was  no i ndi ca t i on  of cooling in the te f lon
the variation was less  than a few dB for molt  f l i ght  r e s u l t s,
of the fli ght. In con t ras t, the d i f f e r e n c e  in v a l u e s
for the freon fli ght was f r o m  6 to 8 dB fo r  nea r l y Onboard diagnost ic  i n s t ru m e n t a t i o n  demon-
all of the re en t ry  t r a j e c t o r y .  Th~~~e r esu l t s  a g a i n  st r at e d  tha t  the a e r od yn a nt i c  f low condi t ions  were
demons t ra te  that the additive pene t ra t ion ,  mix ing ,  es s e n t i a l ly i den t i ca l  in both f l i ghts .
and subsequent quenching were  s t rong ly dependent
on the th ree—dimens iona l  flow s t ruc tu re.  On the t e f l o n  f l ig ht , probe data ind ica tes  t h a t

the e l ec t ron  dens i ty  was  at  beas t  two o rde r s  of mag-
The f ina l  test  antenna sys te m p a r a m e t e r  to be n i tude  lower  than the posi t ive ion d e n s i t y  at a l l

discussed is the total si gnal a t t enua t ion  wh ich  is probe locat ions .  In the f r eo n  f l i ght,  the e l e c t r o n
shown in Fi gure  10. For the r e f e r e n c e  fl ig ht , the d e n s i t y  was lowered by as much as three  o r d e r s  of
attenuation increased sharply at p lasma onset  and m a g n i t u d e  in c e r t a i n  cases .  Th i s ,  however , was
remained grea te r  than 37 dB down to about  100 kf t  pa r t i a l ly due to cooling e f f e c t s  p roduced  b~ the
where  data was lost as a r e su l t  of e f f e c t s  f r o m  the g r e a t e r  mass add i t ion  of l i qu id  a d d i t i v e .
aerodynamic heat ing.  The cor responding  cu rves
for the teflon and f r e o n  fli ghts  d i f f e r  in two r e spec t s .  Dur ing  the hi gh a l t i t ude  b u i l d - u p  phase of the
The f i r s t  is that the growth in at tenuat ion is more p o s i t i v e  cha rged  par t icle  ‘t e n s i t v,  the n o r m a l  w i n d -
gradual  when chemica l  addi t ives  are p r e sen t, and w a r d - l e e w a r d  probe mo d u l a t i o n  was  m i s s i n g  on the
second, the maximum a t tenua t ion  is less.  In Fig- tef lon f l i g h t .  Othe r than this unexpec ted  r e su l t , the
ure  10 the f reon additive curve  corresponds  to the e l e c t r o st a t i c  probes behaved no rma l l y and produce’d
values of a t tenuat ion observed at the t ime of n-taxi - mean ing fu l  m e a s u r e m e n t s  down to t sO k f t .  The
mum f reon  e f fec t .  Decreases  of up to 30 dB in the s lowing of the veh ic l e  and d i s appea rance  of p l asma
signal a t tenuat ion  w e r e  observed as a r e su l t  of the e f f e c t s  w e r e  noted.  At 120 k f t . , all probes on the’
chemical  add i t ives,  te f lon  f l i ght  showed an i n c r e a s e  in c h a rg e d  p a r t i c l e

d e n s i ty .  Al thoug h t r a n s i t i o n  to tu rbu lence  was  pre-
The g rea te r  overal l  improvemen t  for the f reon dic ted for  both f l i g h t s  a t  t h i s  a lt i t u d e ,  no such

additive displayed in Fi g u r e s  9 and 10 was probabl y co r r e spond ing  inc rease  was  noted on the f r e o n
due, as d i scussed  in a previous section, to the f l i ght .
greater  pen etra t ion depth of the f r eon .  Microwave
si gnals  are sensit ive to d i f f e r e n c e s  in addit ive m i x -  Excep t  for the cooling e f f e c ts  produced dur-
ing and penetration because  they respond to inte - ing a c t u a l  li quid in jec t ion  in the f r e o n  f l i ght , wind -
grated ionization levels across the en t i re  shock ward  pos i t i ve  ion and e l e c t r o n  de n s i ty  m e a s u r e m en t s
layer .  Even so, the data demonstrates  that both agreed  ve ry  well  on both fli ghts .  rh i s  was not the
freon injection and teflon ablation are effect ive case , howeve r , wi th  the leewa rd da ta .
method s of improving the performance of a micro-
wave antenna sys te m dur ing r een t ry .  Both the t s - f l o n  a b l a t i o n  and  the f r eon  i n jecn t sn

re ’duced the m i s m a t c h  of each  of the onboard  t r a n s  -

The re f lec t ion  coe f f i c i en t  of the t e l e m e t r y  m i t t i n g  a n t e n n a s .  F her e  was a marked  decrease
antennas  was also suppressed by the chemica l  in s i g n a l  a t t e n u a t i o n  fo r  both the t e s t  and t he  t e l , ’-
addi *ves, There  is one f u r t h e r  alleviant  a spec t  m e t r y  a n t e nn a s  as a r e su l t  of the a d d i t i v e s .  The
per ta ining to the t e l emet ry  antennas  which  should change  in i n te r a n t e n na  coup lin g  d u r i n g  r e e n t r y  wa-
be mentioned. The locally injected f r efn  r e m a i n -  s im i l a r ly reduced.
ed in a s t r eam of small  la tera l  e x t e n t .  As the
veh icle rotated, the cross  flow caused the addi t ive  rhe data  c o nip a r a s o ns  f s r  the lw ,  i m l I i t i v e

s t r e a m  to a l t e r n a t e l y  cover and par t i a l ly un cove r f l i g h ts  ind ica te  tha t  in jec t ion  r e su l t e ci in  g r e a t e r

the t e l emet ry  antenna thus p roduc ing  a l a rge  van s- a l l e v i a t i o n  t h a n  a b l a t ion .  H o we v e r ,  i t  is a p p a r en t

tion in r e f l e c t i o n  c o e f f i c i e n t  with spin. For the tha t  e i t h e r  method r e p r e s e n t s  a v i a b l e  c h o i c e  to
te f lon  f l ig ht , the addi t ive is more  u n i f o r m l y d ist r i b -  i m p r o v e  the r e e n t r y  p e r for m a n c e  of onboard a n t e n n as
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