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FOREWORD

This is the final technical report for the period 1 May
1973 through 30 September 1977 on Orant No .AFOSR—73—2537,
“Flu id Dynamic Interactions Within Multiple Nozzle Arrays .”
Theoretical and experimental analyses have been conducted to
examine both the steady—state and time—resolved characteristics
of the mixing region between two coplanar , two d imens ional
superson ic nozzles. In addition , an electron beam generator and
assoc iated optical measuring system have been assembled for use
in 002  ~as ~yrtamic laser systems at the Air Force ~~ap ons
Lab or at or Y .
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I .  INT R ODU C TION

Su~ erscn~ c chem!cal transfer Lasers and mixing gas dynamic
lasers h ave been the sub Ject of considerable research in recent
2/ears because of the potentially large t ower  av a± l a b l e  f rom such
syst ems. In a t y r l c a l  arrangement for a Ch e m i c a l  transfer 1~ ser ,
a gas ~ont a in !ng  f l u o r i n e  is hea t ed  and ex~ ande i  t h ro ugh a m u l t i —
pie array of small nozzles to supersonic Nach numbers. Alternate
n o z z l e  flows contain molecular h y d r o g e n  mixed with a d~ luent andthe  f lows  mix downstream of the n o z z l e  e x f t .  An exothermic
ch e m I c a l  r e a c t i on  occur s  in the m Ix~ n~ L a y e r  be tween the  two f lows
c o n t a i n In g t h e  m o l e c u l a r  hyd rogen  and a t o m i c  f l uo r ine  a toms .  2~ost
of t he  heat of r e a c tI o n  Is absorbed by the  v i b r a t i o n a l  energy mode
of th e  ~~ r o L e nl~ les fo rmed  and under  orc~ er c o n d it I o n s  ifl a s u i t —
ab l e  0 a ; i t y ,  t h e s e  e X c I t e d  m o l e c u l e s  can be made to lase .

F lu I d  m e o h a n I ~~s o la~.’s a d om i n a n t  role in t h e  c roces s  of
o b t a l n l n o  L a ser  r a d i a t i o n  fr ~ m t h e  l a sing  c a vI t y  for  b o t h  chemI ca l
~n z  g a si vn an i :  Laser  c o n f i~ ’urat I ons .  :4ixIng zhe ncm er . a  a t  the  ~et
b ou n d a r i e s  i n f l u en c e  the  ‘~oca l  scec ics c o n c e n t r a t i o n s  and d e n s i t y
v a rI a t i o n s , w h i c h  in t u r n  d e t e r mIn e  the  type  of  l ase r  mode
~ec . e r a t e d , the  o c t l ca l  c ua l i t  of the l as ing  m e d i u m , and the  over—
zll power ’ c - u z z u t . The degree  and sca le of t u r b u l e n c e  a s s o c i a t e d
w i t h  t h e  m i x i n g  process  w i l l  also have an Impor t an t  ef fect  on the
c r t l~~a n u a l l t v  of t h e  1asin ~ med ium . Severe in t e r a ct I o n s  be tween

n o c z l e  f l ow s  can c r e at e  s I g n i f i c a n t  p e r t u r b a t i o n s  in the
f l o w  fIeld . Th~ in v e s t I g a t i o n  of the  e x t e n t  of b o t h  m o l e c u l a r  and
m e c h a n L c a l  n en e t r ’at l c ’n of the inv l scid  n o z z l e  f l ow  In t o  the m i x i n g
re~~ion Is st~~li consI dered  to be s t a t e — o f — t h e — a r t  r e sea rch  for  b o t h
c h e m l : a  t r a n s f e r  and gasdyn amlc  lasers .

T h e o r et i c a l  ana lyses  of c e r t a i n  a sc eo t s  of mu t t o l e  n o z z l e
Las er  c o n f I ~~u r a c  ions have advanced at a m u c h  n -nr c  r aoid  r a t e  t h a n
h a v e  r r e s z z n d i n g  ex c e r lm ent a l  e f f o r t s .  Emo hasis  in t h e s e
t n e n r e t i o a l  s t u d i e s  has g en e r aU y  been p l a c e a  on ana ly se s  o: the
r e a n t l c n  m e c h a n i s m s  in t h e  fu l ly  m I x e d  f l o w  and the  r e s u l tIn g
e f f e c t s  on laser  p e r f o r m a n c e .  The f l u i d  m e c h a n i c a .  d e t a i l s  of  t~~em I x I n g  cr-ocess  are u s u a l l y  h a n d l e d  by si n ri e  e m pI r i c a l  z z r r e la ti on s .

:n ea r ly  •.~ork by MIrels and c o — w o r k e r s  a ‘ fl a m e  shee t  m o d e l”
was em o l o y e d  to account  fo r ’  m i x I n g . Th t h I s  case , s t r e aml ines
c cn t a I n I n ~ the  f lows  to  be mixed  are assumed to i n t e r s e ct  a lonz
t n e  f l ar e  s h e e t .  LamInar  and t u r b u l e n t  d i f f u s i o n  are t r ea ted  wi th
t h i s  m ode l  by v a ry I n g  t h e  s o a l I n~ c on s t a n t s  over rou~ h ly  an order
of magnitude . ~owever , t h e  flame sheet approach masks a l l  the
f l u l i  m e n h a n i c a l  p h e n o m e n a ;  l a t e r a l  - d i f f u s i o n  of r e ac t I o n  or o d u c t s
a cr o s s  s t r e a m  t ib e s  I.~ n e z l ec t e d  and axI a l  v e l o c i ty  and pressur e
are a s s um e d c o n s t a n t  thro~ zhout the flow fie ld . Ic. m ore r ecen t
w ork , n a r a l el m I x I n g  croblems have been treated w I t h  t u r b u l en t
transport coefficIents described generally by algebraic eddy
v I s e~~s tt ’ :  m o d e l s .  j
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Analys is of laser cavity flows Is but one subset of a larger
problem generally termed “turbulence modelIng ” . Pro gress In
suc h modeling can be developed only with heavy relianc e on exper±—
menta l data. However , as modeling proceeds from simp le algebraic
eddy viscos ity models to higher order closure scheme s , more de-
mands are placed on the experimental programs if they are to
produce results which can guide the modeling. Fbr example , in
sImple mixing flows pressure measurements allow some assessment
of the accuracy of a specific turbulence model but do not provide
suffIcIen t detail to allow Improvement of the model. Ideally,
both time averaged and fluctuating fluid properties should be
measured in a single experiment . Time—resolved measurements with— —

In the mIxing region or in the laser cavity are only now reaching
the  p u b l I s h e d  l i t e r a t u r e.

In severa l  crevlous  exp e r Imen ta l  s tud ies , a t t e m p t s  were made
to assess the Importance of various fluid mechan ical In f l u e n c e s ,
such as InstabilitIes , mIxing layer gradients and turbulence levels
on the mixing layer structure . However , it appears that no syste-
mat ic experImental investIgatIon has been mad e to establIsh relative
fluid mec hanical influences in a conf iguration devo id of so phi s tica-
ted InIecti-o n technIques (e.g., trip geometry), complex chemical
reactions and other interactions which complicate the verificatior .
of the assumptions inherent in more advanced theoretical analyses.
?revious  e xcer im e n t a l  e f f o r t s  have In v a r i a b ly ra i sed  addit iona l
.c~u.estions concern ing  very  fundamenta l  aspects of the investigatIons
and comple te  d o c u m e nt a t I o n  of the overa l l  f low fI e l d  is o f t e n
lacking . Basic quest ions concern ing  mix ing  layer  phenomena in-
herent  in bo th  chemical  t r a n s f e r  and mixing  gasdynamic lasers
remaIn essen tially unresolved.

The overall obj ec t Ive of the research re ported here is to
provide characterizatIon of the fluid dynamical aspects of the
laser mix ing layers to permit assessmen t of the rela ti ve inf luences
of parameters such as turbulent scale , en ergy spectrum and d e n s i t y
fluctua t Ions , as examples. A versatile experimental facility has
been assembled and experimental techniques have been developed to
establish the steady state and certain tf the t ime resolved gas—
dynamic flow propertIes to allow investigations of the micro—
struc ture of mixing shear layers. Supporting theoretical analyses
have also been conduc ted which  a l low v a r i a t i o n  of the turbulence
model employed to cha rac te r i ze  the  m i x i n g  w i t h i n  the  shear l aye r .

These studIes are concerned primarily with the fluid mechani-
cal as pec ts of gas flow lasers , and do not Involve considerations
of the laslng process. However , certain of the experimental
tec hnIques whic h have been develope d dur ing the course of th Is
resear ch are being applied in laser facilities at the Air Force
~~apons Labora tory (AF~’L) . Summaries of the theoretical and
e x p e rIm e n t a l  research conduc ted  at OSU and the supportive exceri-
men tal programs conducted at A F~L are give n below.

_ _ _ _  
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II. EX ?ERI24 NTAL ?RO ~R.4.M

, —~ -‘ -,.‘ —‘ - ., 1~.~~~. _~~~~~ :

The experImental studies were conducted in a continuous
f l -o w , dIrect current arc heated wind  t u n n e l  f a cI l i t y .  The arc
heater was desigr .ed to provide a heated gas with a mInimum of
both electrode erosion and arc Instability . Electrical power
for the facility Is supplied by two motor generator sets wIth a
m a x I m u m  c o n t i n u o u s  o u t p u t  power of l . ld  me g a w at t s .

After oasslng through the arc heater t h e  t e s t  ~as en te r s  a
long c en u n — t r a n s i t l o n  r eservo I r , wher e  t emroora l  and so a tla l
variations in ~as crocerties are camped . The r e s e r vo Ir  in c lu d e s
p r o v I s i o n s  for t h e  m i x I n g  of co ld  t e s t  zas w i t h  the  am heated
gas to obtaIn temceratcr’es more nearly reoresentatlve of oresent
chemIcal arid ~asdvnamj c  m~ x±n~ lasers . From the reservoir region ,
the test gas enters a two  d I m e n s I o n a l  n o z z l e  c o n f i gu r a t i o n  and
then casses through an open jet test cabin to a water cooled
diff~ sor system.

Two o v e r a l l  n o z z l e  c o c . f i~ u r a t I on s  are encloyed as shown In
Figure 1. In the baseline confIguration (F igure  la)  b o t h  n o z z l e s
are succlled from the arc heater ’ reservoir. Th the two stream
system , one nozzle Is sur’plied by the arc heater’ reservoir while
the other is separately sucolied with an arbitrary unheated gas.
The la tt e r  c on f I gu r a t i o n  al lows s im u l a t i o n  of the l ar ge  v e l o c i ty
and temperature dc::erences which exist across ad3aeent nozzles
In current chem ical transfer lasers. ~~th contoured and wedge
nozzle blocks are available for both -configurations . In addition ,
the center nozzle element was designe d for ease of r’eolacement to
allow a variety of mIxin g layer injectIon schemes to be investi-
gated and the nozzle block holder permits rapid alteration of the
nozz le array configuratIon for different Mach numbers or Internal
Injection methods. To date , experimental studIes have been con-
ducted only wIth t he  baseline confizuration with a n o m i n a l  e x i t
M ach number of ~.0. Operating w i t h  e I t h e r  aI r or m o l e c z l a r
n I t r o g e n , t yn i c a l  reservoir cr e s s u r e s  and temceratui’es are 1.0
a t m .  and 2 O 0 O 0 i ~, r e s ce ct l v e lv . These c o n d i tI o n s  lead to f l o w
crocertles at the nozzle exit whIch sIrnu~ ate tnose In s up er s on o :
fL ow c h e m i c a l  lasers o f current interest .

~~~~~~~~~~~~~~~~~~~ -~ ~~‘ 
‘_\ ‘!
j .’.

~.n elec trc’r. beam crovides the primary instrumentati on system
fo r  a n a l y sI s  of t he  n lx in z  r e g i o n .  In t h i s  t e c h n i o u e , a n a r r o w
bean of’ e l e c t r o n s  is p r o j e c t e d  across  the  f . o w  and the  i n t e r a c t i o n
of t he  e l e c t r o n s  wIth gas p a r t i c l e s  cr oduces  a co lumn of radiation
whIch Is n e ar ly  c o i n cI d e n t  w i t h  t h e  e l e c t r o n  beam . H I g h  beam
voltages (20 kv) are employed to obtain ocod sp a t i a l  r e s o lu t I o n .
The bean Is oro~ ected through the f l o w  f i e l d  In a d ir e c t i o n  cer—
pendlcular to the gas velocity. ProfIles of gas properties are

3
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obtained by e x am in In g  v a r i o u s zo in t s along the length of the
electron beam ~nd m e a s u r e m e n t s  are made at va~~Iou s s t a t i o ns
downstream of the nozzle exit. The spatIal resolutIon of the
m e a s u r e m e n t s  In the flow direction is lImited by the mInimum
d I a m e t e r  of the electron beam (2 mm). The resolutIon In the
d I r e c t I o n  c e r c en d I : ~~lar to the mIxing layer (parallel to the
e . -~~~m :n  b e a m )  Is d e t e r m I n e d  by the fIeld of view of the octical
o;.ste~. enc L~ ved to collect the electron beam—Induced radIatIon .
x:ensI~ e o p t I c a l  o c t i m l t - a t l o n  s t u dI e s  have been c o n d u c t e d  to

obta In a scatlal resolut Ion near .310 Inches.

~.‘hen o o cr a t I n g  wIth aIr as the test gas , radIation is
observed d~ e to b o m b a r d m e n t  of molecular nitrogen , molecular
ox y:ec., atom Ic oxygen , ar.d n I t r I c  - o x i d e .  The c r c - d o m i n a n t  radia-
t i o n  Is d u e  t :  e x c I t a t i o n  of mc ecu l a r  n I t r o g e n  in the  f i r s t
n eg a t Iv e  sy s t e m  of the  ion ized  n 1 t m o~ en mo lecu l e . Th~ most
intense band In this system is the (0,0) band at 3?l~~~. Soectro—
sc coic analysis -of  thIs radIat Ion tvrlcal y leads to measurements
of t he  r ot a t i cr .a  t en o er a t u r e , v ib r a t i o n a l  t em o er a t u r e , and
number densIty of the molecular nitrozen. The rotational tencera—
t ore Is assumed e-oual to the gas translational temoemature. This
assumoti on Is v a l i d  b e c a u s e  of t he  r ac id  equIlibration of the
rota tional and transla~ lonal degrees of freedom. ynder extreme
con dItIons , such as In a low density free jet expansion with a

ocs - :e .g .  H o ) ,  r o t a t i o n a l  n o n e - c u i l l b m I u n  m ay be observed .
Ho~.iever , f o r  t h e  - c o n d it i o n  of these  st u d ie s , s u c h  n o n e c u i l i b m i u m
can be i g n o r e d .

In c o n v e n t i on a l  a c o l l ca t l on s  of an electron beam , onLy the
steady state gas orocemties are measured. However , during the
course  of the  p r e s e n t  s t u d i e s  t he o r e t i c a l  and exp er l . oen t a l  ana lyses
have been  c o n d u c t e d  to  a l l o w  i s o l a t i o n  of the r o t a t i o n a l  t e m p e r a —
ture turbulence , Indepe n den t  of f l u c t u a t i o n s  in o the r gas pro—
tertI~ s and electron bean ocerating caraneters. This techni cue
a l l o w s  d i r e c t  m e a s u r e m e n t  of t he  t e n ce r a t u r e  t u r b u l e n c e  at a r b i —
zr a m v  l o c at I o n s  w i t h i n  th e  f l o w  fIe ld  and y i - a l is  d a t a  wh i c h  can
be used to j u d z e  t h e  a cp l l c ab i l i ty  of v a r i o u s  t u r b u l e n c e  and
m i x i n g  m o d e l s .

The optical system employed for the temperat ure turbulence
measurements is shown in Figure 2. A large field lens focuses
the radIatIon sri a narrow slit. To obtain good scatial resolution ,
the Image of the electron beam is perpendicular to the  s .i t .
Li~ c.t passIng through the  slit is collimated and scli; by a beam
scl~~t t e r .  LIght from t hc  s p l i t t e r  passes  t h r o u g h  n a r r o w  b a n d — p a s t
In t e r f e r e n c e  f I l t e r s  and is f o c u s e d  or, s e p a r a t e  EM 62 56S p h o t o —
mu lolcllers. The narrow sand pass interference filters are set
to vIew separate scectral regions oontalned wholly within the (3 ,:’)
band of the ~I2~~ f i r s t  n e g a t I v e  sy s tem.

The r a t I o  -of sI~ nals obtained from the filtered ohotootultiollers
can be shown to be decenden t only upon the n~ 1ecular nitmcoen

5
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1:

rotational temperature. Th’~ elect rl~ a1 system employed to
measure the in~ t antanecas r-~ lo of t r i t e n s  it t e s  is shown in FIRu re
3 .  ‘rh~ rho co t’r~tv  3 ire obt Ine d  by mea suring the vol ta~ e di’or s
i o r o s S  load :‘ l.~t o rs ~n the  anocU-~ c voults of the ~‘hotomulr I—p I I  em s  . The t oad :‘es I: ~~:‘ v t  it :ig~~s -ire p r ace ose d by o-pemat Lanai
-arvo1Lfiem: ~ to reduce t h e  o u t p : t . ~mpedance of the circuit s , there by
reducIng t h e  e f f e c~~s t i’ e l e c t r i c i l  p i c k — a r  In the data c ih i e s .
The r e s u l tIn g  sI gn a l s  then  enter v a r i a b l e  g a in , f i l t e r e d  ionp i i :’iers
and s e p ar a t e  sample  m l  h o l d  uni t - s . The ou tpu t s  :‘:‘cm t r i e  samp Ic
and ha l -i s  are ~~~~~~~ by -l fas t A D c on v e r t e r  and stored in the
ce n t r a l  memory ~f the 1 ~ho:’ato~’v d at a  a c qu i s i ~~I o t i  s y s t e m .  The
p urp o s e  of the sann’le m d  hold unIts is to a l l o w  d a t a  to he samr ic - i
from the t wo -ohannels -i~ t h e .3 -m e I n s t a n t  of ¶ me ( w i t  h~ ii a f~~c
v i a

~~ - ‘t c ~~v o ‘c ‘ - t t c  t c ’ iv t 
~~e u c  :‘o~ ai I ut~~~

he m i t  ~~~~
‘ ot ’ tnt ’uic~~ tes :‘:‘an tb - ’ • ‘cc ~‘ v v ei~ cc m ’lmtlveiv :‘t ’ ’e a: ’ the eff ’ots ot ’ i’on on v tse . ‘~:1t - ,h the

e x z ’ e r t n e n t a l  cc :i :’ : u : ’o t L a : ’. u s e d  h ere , t h e  r r~ :t c t p t I ~~~~~~~~~~~~~~~~ a:’
no! se is that lue t.o :‘mnd arc c L e o  t m o n  etc -~ . ; ens ~ h tn t: ~~
r hot vcu lt ir vs (a hot no I se ‘~ . The e :‘ f c c  a ~ f a h a t  ia cc ‘a a
me lac ed on iv by  In c  m o n a  lag the over a ll  .5 I gn a  1 1ev’’ 1

To m a x i m i z e  he s gua I level s , a 5iuep lasmni r an  beam gener’mt or
syntem La empLcvoc i. . The gc t ’i ’ i at ’  employs a L o w  r~~~sou ~’e ar c d! s—

t~ pt’ c~: ho tht’ e e ’ t r o n s  , wh lcb are m ,’cel ora~ od mad
t o  form an e l e c t  ra n b ean with voltages up t o ~~ ~~~~

. a n d  ben t ’  c u r r en t  a
Ln -~x ’eao of ~ ma .

In -md l It  Ian t o  he rat it lanai temp o rat ri’ -’ t u ~.’bu lena e a a
r esec t ’ - ’ h a t r ier  w -~’; to  arr  iv e l e c t  ron b e - in  f o r  no isa
of vlbr’m : ion .m L  tanve:’.~t ur c  w~ thin the ..

~~~ x t : u g  r e g i o n .  The I n t e n t
of t h e se  s t u d i e s  is t a determ Ine I t ’ certaIn sp e c t ra l  v~~o~ o v a
t:t the -‘ ec~ ron beam riU.at t~ n can be I s o l a te d  which m’e s - ‘rid
r~ tt :i t ’  I :  ~ v brat Lana I t etipe m t  • a me a :‘bu crc e . The am ‘ t o m y

I :‘C~ : a L~~v a meaa r : ’L a  v i b r  m t  o n i l  t : r e : ’ rt  a re  - ‘a c t  1 L i t t  a ta
hat he mad it  cam t n t  ens t ‘a ridw ’e-~ by th” ci cc t v - ’a t’’a:c lea

t m ’ a  b ot h rae : ‘ot a t  ¶ - ~n ii -irt d v t b r - mt Lariat tcmrer mt v’~’a. Th~ l~-’ he
e :‘ :‘ ‘ a -

~~ :‘ vI b r- m t a •
~~~

-
~ 

•- —
~ v t  t a :.e f a’ ‘ a r  a: S - t m  a be removal

f r o m  the  r o t a t i o n a l i~.’e t ’ i t a r e  a t a  by p r a~ o :’ ’_ v  ‘ “ ~~~~Itis.t the
a r e a t  : i t  regt via of observat Ion, I t  ~a n ot a 101:’ tha t aio:t iar
ore bad a a in be love I cl ‘

-~~ :‘ :‘—voo v Lag he e t’:’’ ’c a a :’ r a t  at  I a r i a  1
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P 0 = 5 .8 5  psia

.8 - . ‘i — x = 2 11/32”

. 6 - . 2 -

= 5.86 psia

.8 - 

° 2 11/32” x 111/32” —

~~~.6 , 2 -  / I \

/ x = 11/32”

— —

1 11/32”

j ~
‘ 

~ 0 = 5 .88ps 1

.2

No Gas In j ect ion

11” 6 6

I~~~I ; I ~~~I
— 1 . 25  — .75 — .25 + .25 + .75 +1.25

Dis tance  From Cen te r l i ne  — Inches
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In addition to the electron beam , con vent iona l p i t o t  p r e s s u r e
and mass  f l o w  probes  are also used to examine the  m I x I n g  r e g I o n .
Pre l iminary  s t u d i e s  have also been conduc ted  to  examine the
a p p l Ic a bI l i t y  of the Laser Doppler  Veloc imeter  (LDV) In the a rc—
heated flow field . These l&tter studies are in an early stage at
t h i s  w r i tin g .

0 .  T Y P I C A L  RES~JLTS

Data have been obtained from a variety of test configurations ;
t yr i o a l  oi t ot  p res su re , s teady  s t a t e  r o t a t ion a l  t e mp e r a t u r e , and
r o t a tI o n a l  t em o e r at u r e  t u r b u l e n c e data  are shown In FI gu r e s  ~4 — E - .
The c o m p l e x  structure of the  f l ow  f i e l d  Is em -’ident in t h e  p i t o t
pre s su re  surve~ s of FIgure  ~~~~. When e i t h e r  c on t ou r e d  or wedge
no::.es are used , a h r  shock fo rms  at t h e  nozzle e x i t ;  however ,
ane s~’oc~ ~.s m c”  ‘!ea~< e r .~it n t -oe ~o”~ ‘a.~’ed n - ’::_ e-~ ~ t ~a”4 e
d i s t a nc e s  downst ream of the n o z z l e  e xit , the  l ip  shock e x t e n d s
f a r  in t o  the  I n v i s o l d  f l - o w  r e g I o n  s u c h  t h a t  t h e r e  Is no r e g i o n
of ar .I f’ omm f l ow . This o b s e r v a ti o n  is c o n f I r m e d  by e i e o t r or .  beam
flow vIsualization photographs which show t h a t  t h e  wave sy s t e m
generated by the requIred flow turnIng at the nozzle exit pro-
cesses all of the gas seen b:J the probes and the electron beam .
~-ience , s Ign I f i c a nt  n o n — u n i f o r m I t i e s  e x i s t  a c r o s s  the  e n t i r e  f l o w
f i e ld  at large d i s t ances  do w n s t r e a m  of the nozzle exit ; placem ent
of the laser c a v i ty  in t h i s  reg ion  could lead to  much d egr a d a t i o n
In the ouahitv of the  c u tou t  laser  beam .

Typica l  broad—band r o t a t i on a l  t en r e r a tu r e  f l uc t u a t i o n s
measured  at  two axia l  s ta t ions  are shown in F igu re  5. The mix ing
re g ion  is seen to contain the largest temoerature fluctuations
t ’ !± th  t he  d I f f e r e n c e s  be tween  the free  s t r e a m  and m I x i n g  l aye r
fluctuations dec reas ing  in t h e  d o wn s t r e a m  d i r e c t i o n .  Thi s  is In
bas ic  agreement w i t h  steady s t a t e  data  wh ich  show t h at  the  ove ra l l
g r ad I e n t s  in f l o w  rrooerties across the m Ixing layer ~enerallvdecrease  as the  d i s ta n c e  d own s t r e a m  of the  n o z z l e  e x i t  i n c r e a s e s .
:t is also n o t a b l e  t ha t  r e l a tiv e ly  aroe t e m o e r a t a r e  f l u c t u a t I o n s
are i n dI c at e d  in the f r ee  s t ream f l o w . The - d e t a i l e d  or i c l ns  of
these flu c t u a t ions are presen tly un der Inve sti~oatic- n and modifica-
tions to the eiectro—o~ tlcai measur ing system have been ade t-o

— reduce the c o n t r i b u t i o n  of e l e c t r o n i c  shot  noise  to  the  fIn a l
r e s u l t s .

A t y p i c a l  power  s p e c t r a l  - d e n s i ty  r i o t  o b t a i n e d  f rom the c e n t er
of the  m i x i n g  layer near t h e  n o z z l e  e x i t  is sh own in F I g ur e  ~~~ . The
p r i n c ip a l  cower occurs  at r e l a t i v e ly  low f r e q u e n c i e s  (1 kHz) and
the hlzh frequency regIon of the sre:tram decreases wIth IncreasIng
f r e qu e n cy  nearly like f~~ - 0 , tvr ica a:’ classitaT.. au rba len ce ,
An a .vsis  of  the  t u r b u l e n c e  d a t a  now h e I n z  co lected from the
facilIty will allow more conr ete oharacoerlzat Lam. -of  the  t i :”o - a le n- c e
characterIstics of the mixIng reg ion . Tlme—i’esa ved m e s e r ’ o i r
rromertle s wIll be measured a l on z  w i t h  t h e  m ixin g layer o’atot ianai
temperature turbulence to isolate the relat Ive effects of osoIlla—
tI or. In th e  win-I tunnel supply condit- l ons . ‘m os-s— co :’m-o at Ion
an a ly s e s  emo- l oe,’i :m z -d i . z it a i  o cm a u t e : ’  d a t a  :‘educ ~ I -n  tecnni t a~~sb ased  on Fas t  F o u r I e r  Trans fo r m s  ore  h - e l a o  u s e d  in  t h I s  chase ct ’
t he  s~~a d I e s .
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1 1 .  TMEORET CAL ~F3ULTS

A ,  -3V R A L L  ‘iETH CDS

~umerIcal experiments have been performed wIth a computeroro gram which  Is a r e su l t  of an e x t e n s i v e  a n a l y s i s  of -com o -ara t iv e
turb.u ence models conducted by ~urggraf of CC II. The rrogram Is
capab le  of c a l c u l a t i n g  laminar and t u r b u l e n t  two d I m e n s i o n a l
c om or e s s lb l e  boundary  ayer  f l ows  a long  a bod ’; and in wa~:es and
free  shear .a:,’ers .  y e at  t r a n s f e r  to the nozzle wall Is included
In the  ana lysI s  and aopears  to be ca r t  1-cularly important for
n o z z l e  f lows  where  the boundary layer  is s u bj e c t e d to  very  h igh
heat t r a n s f e r  ra tes  In the  regIon  near the  n o z z l e  t h roa t . A ddI -
t I o n a l ly ,  mass  d I f f u s i o n  of a b ina ry  m I x t u r e  is p e r m I t t e d  in the
shear  l aye r  s ub j  c-c t t o  the  a s s um c t ~~-on of u n I t y  Lewi s  n u m b e r .

C lo s u re  of the  s y s t e m  of e :u at i o r . s  can be a a c o m r ’al sri e -d w i t h
a number  of mo~~cls .  These I n c l u d e :

a. algebraic eddy v i s c o si t y  mode l
b .  a s ing le  t r a n s p o r t  e q u a t i o n  model
c.  a two e q u a t i o n  model

In the  single t r a n s p o r t  e qu a t i o n  model , t h e  eddy  v I s c o s I t y
is fo rme d f r o m  the produc t  of ’ arm a l geb ra i c  length  scale and a
velocit y obtained from a solutIon of the t u r b u l e n t  k I n e t i c  ener~ y
equation. The m e t h o d  is an e x t e n sI o n  of J lu sh k o ’ s in c ot c rr e ss i b l e
model. The two e q u a t i o n  model is deve lomed  f rom an edddy viscosity
w h i c h  Is formed from a v e l o c i t y  and leng th  scale that  are both
desc r ibe - i  by t r an s c o r t  e qu a t i o n s .  ThIs  mode l uses an energy
ej u a t i o n  and a d i s s I p a t i o n  r a z e  e q u a t i o n  exp re s sed  in t e r m s  of
a oseudo— vortlclty .

The c — o m o u t e r  oro gram a l so  a l lows  e x a mI n a t i o n  -of  the e f f e c t s
-c- f boundary lamer inItial condItions on the calcul~ tei propert ies
In the mixing reziom . F-o r exarc~ le , the influence of the high
gradients in the nozzle throat regIon are Included by speaIfyin~realIstic edge condItions for the boundary layer solution . In
a d d i t i o n , t h e  In f l uen c e s  of n o z z l e  w a I l  t em c e r a t u r e  am. the pre-
dIcted tenceratures In the mixinz layer arcear to be cart IouTao’ ’-’
i m p o r t a n t  and are be ing  In v e s t I ga ted  w I t h  the  c o m r o u t e r  pro~ r a m .

yoment-um Integral techm!45es are a s a  be~ n z us -c-I to  o h a r a c —
oerI :e  the overall  fe a tu r e s  of the  m i x l n c  r e c i -on .  The adv-antaoe
t o ’ this metho d is t h a t  the  many a s s m m r o i o n s  Inherent In finite
d i f f e r e n c e  sol i . t i :n s  are not reqsI:’ed. Instead , an amp:’o xlmate
u n I f y In g th eor y for lam inar , transition and t~ :”c-ulent wak e yr -c —
cesse s can be de’;eT.ored for arrilcatlor. to both two— dimensIo nal
and a x i s ; m met r l - c  c e o me t r i e s .  ‘~‘e l oc i ty  and en t h a l r ”  :c :’ofl es
across the mIx Ing region are obta Ined in term s of a velo city g:’a—
iIer’~t raramezer sImIlar to t he  ?~ h lh a a s en  oressure gr adIent rara—
meter . 2 ” :  arlsons are be lno made between the theo :’etio-al ~~~~~~~ a
-an d chose for a varleOT ’ of la mI nar , t r an s l t l o”. and
r cc s a e

I
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Comparisons of the  experImental data  W i t h  the r e s u l ts  o~’ th e
~w o — e q u a t i o n  model are in progress  at t h I s  w r i t In g  and wil l  berepor ted  wn en a v ai l a b l e .

S. T Y P I C A L  RESULTS

Tycical  t heo re t i ca l  t e m p e r a t u r e , v e l o c Ity ,  Reyno lds  s tr e s s
and t u r b u l e n t  k ine t i c  energy p r o f i l e s  from the  o n e— e qu a t I o n  model
are shown in Figures — 10.  The predIctions apply for the test
Reynolds number of 7380 and the contour plots s ta r t  at the n o z z l e
e:~it ;  the l o c a t I o n s  of the  experImenta l measuring stations are
ind ica ted  on the p l o t s .  As can be seen f rom Figure  7 , the  changes
in the temperature rroflles are most  d r ama t i c  very  near the  n o z z l e
exIt where the effect of the nozzle wall temperature is most
important. The turbulent kinetic energy (Fig. 10) increases H
c on t l r c ua l l  In the down stream direc tion , indicat ing that  t r a n s i t i o n

-
~~ to a turbulent shear layer probably does not occur within the field

of observation.

The oredlctions of Figure 7 and 10 are compared with those
from a higher Reyno los number case (2 million) in FIgures 11 and
12. In this case , the marked changes in the shear layer properties
are restricted to the region very near the nozzle exit and the
turbulent kinetic energy reache s a maximum value early in the flow
fIeld. Hence , transition would be expected very near the nozzle
cx it.

The theoretical and experimental temperature rrofiles are
comp ared In F Igure s  13— 15. At the upstream measuring station
(Fig. 13 ) , the data compare favorably. However , at the mid-d Ie
measuring stations (Fig. 1k), the theory over predicts the local
t en ce r a t u r e s by s i g n i f i c a n t  a m o u n t s .  At  the downstream station
(F ig.  15) ,  the  magnItude of the temperature peak is predicted by

t he  theory , but  the  e x p e r i m e n t a l  shear  lay e r  t h i c k n e s s  is sIgnI-
fi can t ly zrea ter than the  t heo re t i c a l  e s t i m a t e .

The effect of boundary layer  Initial condit Ions on the theore-
tIcal estimates are IndIcated in Figures :~~— l $ . :n these  ca lcu la-
t i o n s , the  u p s t r e a m  h i s t o r y  of the  b o u n d a r y  l ayer  is Ignored an-I
the  shear  l aye r  is assumed to beg in  f rom a f l a t  p l a t e  b o u n d a ry
l a y e r .  As can be seen , the  f l a t  p l a t e  the -t ry  ~r ea t 1y over e s t i ma t e s
the shear layer temreratures. Hence , when the calculations are
oer f -o rm e d  a c c o u n t i n g  for  the  hlzh or essu re  z r a d i e nt s  and heat
transfer rates In the nozzle throat region , the theoretical and
experimental data agree well near the nozzl~o ex it . However , in
the  shear  l a y e r , the  o n e — e q u a t I o n  model over  estimates both the
shear lay r tenreratures and thickness. 
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IV. .APFL 0A I0~f ‘O A F’.’L ?R-23RAY3

A .  H GH D1N SI~~ ELECTRON 3EA:-4 3TUTIES A

For the last several years there has been an Increased aware-
ness of the  need to pe r fo rm de ta i l ed  m e a s u r em e n t s  -of f l ow  proper-
t ies  w I t h i n  las ing c a v I t i e s .  d e a lly ,  su ch  measu remen t s  should  be
made w i t h o u t  p e r t u r bIn ~ the  overall  thermo—chemlcal state of the
f l ow  f I e ld .  For example , in a -OOo -Oas DynamIc Laser (GDL) the
very e f f I c I e n t  energy t r a n s f e r  b e t w e e n  the asymm etr ic str e t ch  mo de
of C-C 2 and N2 is r e spons ib le , In part , for  the  p o p u l a t ion  inver-
sion w h i c h  leads to laslrig In the N2— 002—H 0 CDL. The v i b r a t i o n a l
relaxation -of N~ withIn the flow field Is relatively slow so tha t
the resonant transfer between N~ and the v -  m ode of 002 leads to
an elevated population of the (001) leve l -31 002 compared to cha t
of  (120- ) ~v e l .  To InvestIgate the erter~y budget witbi fl the cx—
cansion , detailed measurements of the v~ brationaI ~oculation dis-
tributions of the various species are required . Such distribut-
ions for C-2 and HcO can ce ~nvest izated by measuring the inten-
sitles of t~ e vibration—rotation bands emitted by these molecules.
H-o we~-er , sIn c e  N~ is homonuc lea r , It  has no pure  v i b r a t i o n —
rotatIon srectrum and some other means , such as an electror. beam ,
must  be used to Inv e s t ig a t e  the N 2 v i b r a t i o n a l  ~ocu l a t I - on  d i s t r i -
bution.

Most measuremonto with electron beams are made in flows witn
sta tIc pressures near a few Torr; however , -CDL ’s opera te w i t h  muc h
hioher s t a t i c  p r e s s u r e s .  Since there is considerable interest
( c a r t ic u l a r l y  at AF ’~L) In making d i rec t  m e a s u r e m e n t s  of the  vibra-

t I o n a l  temrerat~ re of N7 in ac t u a l  CDL flow f I e l d s , t e c h n i q u e s  for
acc ln g  t h e  e l e c t r o n  beam to  h igh  d e n s i t y  m i x t u r e s  of N 2 ,  C’° 2
an-i H o C  were investigated . The 002 concentrations in air we re
v a r i e d  f r o m  0 to 2S-~ (by volume ) and the z:20 concentratIon ‘~q35
v a r i e d  f r -o n  -2 to 11. Ectuivalent p r e s s u r e s  ranged f rom 2 t o  20 ‘:‘or r .
~Fjuivale nt pressure  is defined as the n r e s su r e  oorresnonding to
the actual gas density at a t r a n s l a t i o n a l  t e m p er a t u r e  of 33-3°H).
A c t u a l  st a t I c  ~ressures  in the t e s t  gas e x c e e d e d  E O  T or r .

The measure d N2 vibrational temperatures were compared with
the r e s u l t s  of theoretical anal:,’ses em~ 1oyin~ a 3— tem~erature
model for the vibrational relaxatIon. Over the entIre range of
gas c o n d I t Ions an d m i x t u r e  ra t Ios  exam ine d , good ogr e em en t  between
the oredlcted and measured vibrational t e m o er a t u r e  was o b t a i n e d .

I a e s ~ “~~t -~e I t — e  t ’- ’-e -fl :’-’ -‘e c , ’- 
, ‘-‘ o -’ “ - ‘ c ad -o_ _ c  - U’

eY’her 20 or H~ -J caused meas urable o-~rtur bao ions in the electron
becn 2 n d - c o e d  r a d i a t i o n  In the N2 + f i r s t  n~~g a : 2 v e  system. :-~en c e .
a cc u r a t e  ‘;ibracionul tent’erat’creo can be m e a su r e  i in t-:o-i-o u ~~~~~~~~

gas :‘ x c u r~ 3 with no loss in a - :ou r a c y  f o r  ej u i v a en ’o coes su r e s
at  easc uc to 20 Tor’r. This conol u sl-°n ~p clies so long as

is a rC ~~~’ A t I v C  n I gh  f l o w  v e l o c i t ’-’ su:h char long lI’:ed ‘o-ota—
sta ble part id es are s~~e~~t- out  o f  t h e  r e g i o n  of ~cb s er v a t  i o n .  

L~~_~~~~__— ~~~~l-•A~~~
A -

~~~~~~~~~~~ ——. ,.I1l~
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B. AFWL :—IICH DENSITY ELECTRON EEAM 2EN E R ATOR

Eased on the results discussed above , a high density electron
beam generator and associated i n s t r u m e n t a t i o n  were assembled for
-use In the combustion driven 002 CDL f a c i li t y  at AF~L ( i n t e rmed ia t e
Test FacIlity, ITF) . The overall  sys tem was desi gned to opera te
w i t h  gas dens i t i e s  up to  those cor responding  to  an equivalent
pressure  of 50 Torr . Ip addition , an elec tro—optical system
capable of’ scanning 150A In 32 milliseconds was assembled for
ana lysis of elec tron beam induced radiat ion.  The opera tIon of the
elec tron beam generator and optical system were established in a
s t a tI c  t e s t  chamber at OSU and s u b s e q u e n t l y  ins ta l led  at AF~’3’L .
Demons t ra t ive  t e s t s  were conduc ted  by OSU pe r sonne l  to Ins t ruc t
AF W L personne l In p ro per opera tion of th e system.

The i n s t ru m e n t a t i o n  sys tem employed an -O~~t icai  Mu l t i ch ar . r 5 e
Analy:er’ (OMA ) fItted with a sIlIcone ‘ildioon and an optIcal system
capa b le of recor d~ ng 500 data points over a wavelength range of
approximately l50~~. The OMA processes , display s, and signal
averages optical data from all 500 -channels sImultaneously , and
in r e a l — t i m e .  Theore t i ca l  p r e d i c t i o n s  of t he  v ib r a tI o n a l  band
I n t e n s i t y  d ist r i bu tions  to be expec ted  f rom the OMA were con duc ted
to  a l l ow accurate determination -of vibrational temperatur e from
the measured spec tra.

C. ATOMIC FLUORINE STUDIES

There is much cur ren t  I n t e re s t  in d e t e r m i n i n g  the  d i s t ri b u t i o n
of atomic fluorine throughout the flow field in supersonic HF and
OF chemical lasers. If the fluorine concentration dIstrIbut Ion
could be measure-i in such systems , valuab le I n f o r m a tion re gar dl ns
the mechanisms a c t i v e  in the t h e r m o — ch e r n i c a l  m i x i ng  process  co u l d
be obtained. In addition , more rel iable da ta on the a~ propriater e a c t i o n  k i n e t I c s  and the  e f f e c ts  of wal l  r e c o m b in a t i on  would  be
av a Ila b l e .  Up to t h i s  t I m e , no dI r e ct  mean s  f measuring the
fluorine atom concentration has been developed , part icularly f o r
:‘lcw s:~stems ty~ ical of chemical lasers . During the course of
this  research , p r e l i m i n a r y  d em o n s t r a t i o n  of -a new t e chn l gue f o r
d e t e rm i n I n g  t :~e F a tom c o n c e n t r a t i o n  d I s t rib u t i o n s  In arbitrary
f T h w  fields was demonstrated. ThIs new t e c h n i cu c  employs  a h igh
cu r r e n t e lec t ron  beam and can be employed  in -c h em I c a l  laser  f l o w s .
ev en  whI le laslng Is  occur r in g .

Ca lIbration experiments were oon~ uoted in the arc heated
wind tunnel wIth air as a test gas and SF6 was a dm Ix -e d wIth the
arc hea ted gas in the r e se rvo i r .  The SF6 mass f lo w r a te  was
var ied t o  or vlie fluorIne atom fracA -ions from 0 to 12~ by volume .
Uarlous fluorIne lines were observed In the e ectron be-am In—
duc-e~ radIatIon. Th~ s t r o n g es t line c o r r e sp on d s t o the 3n~~?—3s 2?transitIon at 7037.5~.. CalIbration ia:~ were oclle - ’ted for this
lIne fIr F atom ccnc~ ntrations or to l.~ x 1000 on~~ -an d the data

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘



are dlsnlav d In Figure 19. The good linearity of the line Inten-
s i ty  in d i c a t e s  tha t it cm be use-i as an accurate measurement -of
the fluorIne ooncentration.

Re sul ts of’ these p r e l im In a r y  -oa l i b r at i ons  d e m o n s t r a t e  t h a t
an elec tron beam can be used for direct measurements of the F atom
concentration in certain gas mixtures and that measurements should
be possIble even under lasing conditions . However , before the
method can be applied to fluorine with confidence , detaIled cali-
bratIons of’ the line intensIty varIatIon with atom concentratIon
must be performed . In addItion , t hese ca lib ra ti on ex per iments
should be performed in mixtures more typical of’ those in HF and DR
c heml-oal lasers. Such calIbratIon experiments may be perfo rmed at
AFWL In the near future.

V. ?UELIOA :DNS

The oublications re-ultlng from the exoerimental and theore-
tIcal researc h conducted to date are listed below.

1. Komar , J.  J . , “Inves tigat ion of Flu id DynamI c In terac ti ons
~-!thIn Multiple Nozzle Arrays ,” P h . D .  d i s s e r t a ti o n , The O h I o
State University (1975)

2. ?etrie , S. L., “Turbulence Measuring Technicues t’ith an
Ele-otrori Eeam ,” paper presented at the 6th International
Congress on InstrumentatIon In Aerospa ce SimulatIon
Fac ilit ies , Ottawa, Cana da , September 1975.

3. ? e t rie , S. L., and Komar , J. J ., ~Exoer5Im cnta. Studies of’
Supersonic Mixing Laser -Ionfiguraclons ,” ca r r  ~resented a:
~3r-d SemIannual Meeting of the Supersonic Tunnel As sociation ,
1 Arril l 75.

K c n ar , J.  J . , and Pe t r i e , S. L., “InvestigatIon of FluId
Dynamic :nteractlons ~~thin Muitirle :-~-o::le Arra y s , ” -c- a c-er
p r e sent e d  at ~th A IAA Fluid and Plasma Dy namics Conference ,
1~ — l6 July 1976, to be submItted for c -u b l i c a t I c -n in AIAA
J o u r n a l .

5. Petrie , S . L . ,  “Fluid DynamIc Interactions in Multip le
N o z z le Ar ra ys ,” ca~ er p r e s e n te d t~ the Tn —Service Cheniox
Laser 3v m~osI cm , l~ — 2l February ~~~~

~~~~. ?e t rl e , S .  L . ,  “VibratIonal Temperature Measurements at
HIgh enslt i-e s In 2, ‘1 7 ~~ H 7 C  MI:-:t-ores, ” cacer cresente~ at
Oa th Sem Iannual Meeting of the Sucersonl-c T u nnel A s soc Iat ion ,
Toronto- , Cana d a , Sec-temb er lC”~~.

29 

- - ~ _ - .~~ou ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



1. 0  1 1 — 1 I

U

~ . 8 -
>1

‘-4

0

- 0
U

-

0 1 
— I

0 .~~4 .8 1 ,2 1,6 2 ,0

F NU:-~HE R DRN SI~~ x i0 15

F IGURE 19 . C~ LI3RATION OF 3p
2?-3s 2? (7037.5 ~~~~)

F LINE IN~~3NSTiY vs NUMBER DENSITY
0 DATA FOR Po = 3 PSIA , T0 2 3 6 0 ° K .

30 
—

~~~~~

-- 
-
- —. 5



- - - - - . 5  -

-

“
. ?etrIe , 3. ., “Electron ~~am DiagnostIcs Applied to H i gn —

Density - asdynamlc Laser Mixtures ,” AIAA Journ . 15, 329 (19 7 7 ) .

8. Petrle , S. L., “Temperature Turbulence Studies in Supersonic
ChemIcal  Laser C o n f i g u r a t i o n s , ” Paper presented at Tn —Service
ChemIcal  Laser Sympos ium , 18—20 February 1976.

~~~~. Kor kan , K . D., Petr i e , S. L . ,  and Gasperas , C . ,  “A U n i f i e d
Theory to the Two-Dimensional and Axlsymmetnic Laminar ,
Transi t Ion and Turbulen t  Wake Processes Ut iliz ing the
Integral  Techn ique ,” AIAA Paper 77—708, AIAA 10th Fluid and
Plasma dynamlc s Conference , Al buquer que , N . M. (June 1977).

10. Gasperas , 2., “Comparative Turbulence Modeling for Wall
- ~~undary and Free Shear Layers In Supersonic Flow ,” Ph.D.-dissertation , The Ohio State University (to be published ).

Three Ph.D. students have been supported by this research.
Dr. J. J. Komar completed dissertation research while Mr . 0.
Casperas and Mr. D. Erimier are currently working on the grant .

VI . CON CLUS ION

A varIety of theoretical and experimental research has ‘been
conducted to examine the structure of m ix inz la ye rs In co—planar
su person ic f lows ty pical o f those in chemIcal  t rans fer  an d gas
dynamic lasers. The experimental facIlity is of relatively large
sIze so that -aetailed measurements of the structure of th e f l ow
f i e l d  can be made w i t h o u t  extreme r e q u i r e m e n t s  on the spatial
resolution of the measuring systems . Diagnostic technlcues have
been developed to measure the rotational temperature turbulence
of molecular nitrogen , in addition to the usual stea dy sta te
values of pressures , temoeratures and densit y. In addition , c--re—
Ilmiroary experiments have been performed which -demonstrate that
an e l e c t r o n  beam can be used for  d i r e c t  measu rement s  of the con—
c e n t r a tio n  of a t o m i c  f l u o r I n e  in c h em I c a l  laser se om e tn i e s .

An ex tensive theoretical analysis of the mixing region is
In process. The numerical techniques allow examInation of the
e f f ec ts of th e tur bulent  model as wel l as those  assoc ia ted w ith
the inI t ia l cond it ions in the nozz le boun dary layer. The experI-
mental configuratIon has been desIgne d to duc-Iloate the essential
features of the m Ix I n g  r egior .s t y p l o a  of ’ gas fl-ow lasers wItn out
the attendant complexities -due to various injection geometries
and cortr .ex -chemIcal reactions. That -is , the configuration
s t r e s s e s  the  fluid mechanical In:’luences 2rtp -o r~-ant In the mix ing
layers to permit assessment of the relative influences of para-
meters such as turbulence len;th scale , energy sp e c t r u m , t e m p e r a —
ture fluctuations , and density fluctuations.

C er t a i n  of the  ex~ enImenta1 teohn!-~ues developed durIng the
-course of t h i s  r e sea rch  are being applIed in a c t u a l  laser f l o w
fields at ARWL.
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