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1 YTRODST ION 

The design o f  e f f i c i e n t  a i r f o i l s  f o r  t ransonic  vehic les has been a goal of aero- 
. I dynamicists over t he  past f ou r  decades. Although advances have been made, there are 

several problems which requ i re  ca re fu l  i n v e s t i g a t i o n  i f  add i t i ona l  improvements are 
t o  be real ized. These problems are re l a ted  t o  the  management of the  boundary l dye r  
and associated problems such as shock induced separat ion tnd shock-boundary l a y e r  

• i nteract ion. 

In the  l a s t  decade, conputationa: methods have been developed which, when c o p  
bined w i t h  ana l y t i ca l  and experimental studies,  have added t o  our understanding of 
t h e  flow over t ransonic  a i  r f o i  1s. Computatf w a l  methods, l i k e  a n a l y t i c a l  methods, 
requi red physical  experiments i n  order t o  f o r n ~ l l a t e  and v e r i f y  t he  model l ing assurnp- 
t i o n s  made and t he  numerical procedure used. The s e n s i t i v i t y  of flows near a Mach 
number o f  one i s  we l l  known. Wind tunnel ws l l  in te r fe rence  l i k e  blockage and shock 
wave r e f l e c t i o n  and f low disturbances caused by physical  measurement probes have made 
t ransonic  experiment d i f f i c u l t ,  especial  l y  s ince even boundaries f a r  away w i  11 i n f  1 u- 
ence an a i  r f o i ?  near Mach one. Many advar,ces have been made i~ recent years t o  
a l l e v i a t e  the wa l l  i n te r fe rence  problem by .educing model size, u t i l i z i n g  v e n t i l a t e d  
w a l l  wind tunnels, and apply ing t h e o r e t i c a l  and empir ica l  co r rec t ions  ( r e f .  1 ) .  I n  
addi t ion,  advances i n  non-i n t r u s i  ve measuremer~t: techniques have enabled the  obta in-  
i ng of quan t i t a t i ve  flow data w i thou t  in t roduc ing  probes which i n v a r i a b l y  d i s t u r b  the  
flow. 

Opt ica l  methods o f  i nves t i ga t i on  which depend on dens i ty  changes are especi a1 ly  
su i ted  t o  the v isual  study o f  t ransonic  flows. The in ter ferometer ,  t he  sch l ieren,  
and t he  shadowgraph are commonly used o p t i c a l  metb?ds o f  t h i s  type. These methods 
provide an overa l l  p i c t u r e  o f  the  dens i ty  f i e l d .  The recent development o f  another 
o p t i c a l  technique--the l a s e r  velocimeter (LV)--provides the  oppor tun i ty  t o  make 
de ta i l ed  and p o t e n t i a l l y  more re1 i a ~ l e  q u a n t i t a t i v e  v e l o c i t y  measurements. This 
r epo r t  w i l l  descr ibe a t ransonic  a i r f o i l  study cu r ren t l y  under way a t  t he  Un i ve rs i t y  
of Notre Dame. The study i s  supported by the Naval Research Laboratory under con- 
t r a c t  No. N00014-84-K-2013. 

TRANSONIC : ,ttNEL - 
The transonic tunnel used f o r  t he  experiment has s l o t t e d  wal ls ,  6% open area on 

the top and bottom wa l l s  and s o l i d  and e a s i l y  remo able glass s ide  wa l l s  w i t h  a 
square kross-sect ion and area 16 sq. in.  (104.0 c ,  4 ). The f low i n  t he  tunnel i s  con- 
t r o l l e d  using a secon ' t h roa t  downstream o f  the  t e s t  sect ion. The second t h r o a t  i s  
composed of a ser ies  o f  c y l i n d r i c a l  rods normal t o  t he  flow. Rods of var ious d i -  
ameters can be used t o  prov ide d i f f e r e n t  t h roa t  areas. The plenum pressure can be 
con t ro l l ed  by two valves connected i n t o  t he  d i f f u s e r  downstream o f  the second throat .  
A schematic o f  the t e s t  sec t ion  i shown i n  F igure 1. This i s  an i n d r a f t  tunne! 
which draws a i r  from i ns i de  t he  labora to ry  and exhausts outside. 

As shown i n  F igure 2, the  i n l e t  o f  t h i s  tunnel cons is ts  o f  11 screens ( f i v e  
alf~minum and s i x  nylon) fol lowed by a 150:l cont;action f n  area t o  the  t e s t  sec- 
t i cn .  This in.1et produces exce l len t  smoke s t reak l i ne  q u a l i t y  i n  t he  t e s t  sect ion.  
Pre!iminary data ind ica tes  the  tu rbu  ence i n t e n s i t y  i n  t he  t e s t  sect ion i s  less  than 4 0.5%. Three 3130 cubic f t  (17.70 m )/minute vacuum pumps, each d r i ven  by a 125 hp 
AC motor, permit  continuous operat ion o f  t h i s  tunnel w i t h  schl  i e ren  and shadowgraph 
systems. The maximum Mach number a t t a i nab le  i s  about 1.4, depending on the  ambient 
pressure and temperature. 



, 

The bi-convex a i r f o i l  used i n  the study, shown i n  Figure 3, i s  pinned between 4 
the c i r c u l a r  p lex ig lass t e s t  sect ion windows. These windows can be rotated as one 
u n i t  t o  change the angle o f  attack. The a i  r f o i  1 has a one inch cord and a 10% 
thickness. 

LASER VELOCIMETRY SYSTEM 

The r e l a t i v e l y  high ve loc i ty  o f  the f low under study i s  one o f  the rx i jor  con- 
s iderat ions f o r  choosing a su i tab le  LV system. The LV system used f o r  the study i s  a 
slngle-component system (manufactured by TSI) w i th  prov is ion f o r  l a t e r  expansion t o  
two-component. Due t o  the high flow veloc i ty ,  a 4-Watt argon ion  laser  i s  used t o  
provide s u f f i c i e n t  sca t te r  l i g h t  in tens i ty .  With the green (514.5 nr )  l i n e  the maxi- 
mum s ing le  l i n e  power output i s  about 1.2 Watt. To maximize the signal t o  noise 
r a t i o  and t o  minim,ize I ;ght r e f l e c t i o n  from s o l i d  surfaces i n t o  the receiving opt ics, 
an of f -ax is ,  forward sca t te r ing  conf igurat ion i s  used. Both the t ransmi t t ing  lens 
and the  receiv ing 1 ens have a focal  length o f  241.9 mn, w i t h  beam spacing o f  50 mn. 
Windows on the sides o f  the t e s t  sect ion f a c i l i t a t e  op t i ca l  access t o  f low f o r  LV 
scanning. The LV system i s  placed on a 3-dimensional t ravers ing  tab le  (modified from 
a m i  1 l i n g  tab le )  w i th  pos i t i on  resolut ion o f  one thousandth of an inch. The receiv- 
i n g  opt ics are physical ly  connected t o  the t ravers ing  tab le  by an overhanging struc- 
t u r e  so tha t  the receiv ing and the t ransmi t t ing  opt ics can be moved as a s ing le  un i t .  
A counter i s  used f o r  signal processing and data acqu is i t ion  i s  carr ied out using a 
POP-11/23 computer. 

PARTICLE GENERATION FOR LV MEASUREMENT 

Two major factors in f luence design o f  the p a r t i c l e  generation system f o r  the CV 
measurement: (1) the open-loop design o f  the wind tunnel; and (2) the high flow ve- ! 

l o c i t y .  The open-loop design coupled w i t h  the high speed o f  the flow means tha t  a 
1 arge quant i ty  o f  p a r t i c l e s  would have t o  be generated continuously. Furthermore, 
the high speed flow requires p a r t i c l e s  o f  very small s ize  i n  order tha t  ve loc i ty  s l i p  
not be a problem. 

The p a r t i c l e  used i n  t h i s  experiment i s  kerosene smoke generated by an o i l  smoke 
generator. This four-tube o i l  smoke generator i s  shown schematically i n  Figure 4. A 
f l a t  e l e c t r i c  heater s t r i p  i s  located ins ide  a 51 mn square t h i n  wal l  conduit tube. 
The e n t i r e  u n i t  i s  set a t  a convenient angle (abcagt 60') and the s ight- feed-oi ler  i s  
mounted on the u n i t  a t  the upper end o f  each tube so the o i l  d r ips  on the upper end 
of the heater s t r i p .  The d r i p  ra te  can be adjusted t o  give the desirable amount o f  
smoke. A squ i r re l  cage blower mounted a t  the low end of the u n i t  i s  used t o  force 
the smoke through the system. The squ i r re l  cage blower i s  more or  less mandatory--in 
the  event o f  backf i r i n g  the sudden increase i n  pressure ia easi ly  transmitted t h ~ o u g h  
the rotor.  

A f t e r  leaving the generator, the smoke i s  allowed t o  pass through a heat ex- 
changer made o f  42 mi l l imeter  diameter pipe, as shown i n  Figure 5. I n  passing 
through the heat exchanger the smoke i s  cooled down t o  near room temperature, and the 
la rger  s ize  droplets w i l l  coalesce and s e t t l e  a t  the bottom o f  the heat exchanger 
tube. The e n t i r e  system has d ra in  corks conveniently located; one a t  the bottom o f  
each tube o f  the generator i t s e l f  t o  remove excess o i l  not converted t o  smoke, and 
others a t  the bottom o f  the heat exchanger t o  remove whatever o i l  might have con- 
densed. A f te r  passing through the heat exchanger condenser system, the smoke flows 
i n t o  a 117 m i l l ime te r  manifold and i s  passed through an absorbent c lo th  f i l t e r .  



This f i l t e r  i s  made o f  t h i ck  c l o t h  and removes most o f  the remaining l i g h t e r  tars, 
a1 lowing only very f i n e  and even sized smoke p a r t i c l e s  t o  pass through. After the 
filtering, the smoke i s  passed i n t o  a  c i r c u l a r  tube o f  about 30 mn i n  diameter w i th  
several f i n e  mesh screens ins ide  t o  produce a  uniform stream o f  smoke at the tube 
out le t .  The e n t i r e  smoke generating assembly can be traversed up and down, as 
desi red, by using the attached remotely cont ro l  l ed  motor. 

A high quant i ty  o f  very f i n e  smoke p a r t i c l e  su i tab le  f o r  LV appl icat ion can be 
generated continuously using the smoke generator. The smoke has t o  be d is t r ibu ted  
i n t o  the t e s t  section. I f  the smoke i s  t o  be evenly d i s t r i bu ted  over the en t i re  f low 
f i e l d ,  a  very e f fec t i ve  mixing system w i l l  be required a t  the i n l e t  of the tunnel. 
The designing o f  such a  system can be very d i f f i c u l t .  Furthermore, the high a i r  flow 
ra te  w i l l  require an enormous amount o f  smoke t o  be generated. Thus a  more p rac t i ca l  
way, though less convenient, i s  t o  d i r e c t  t he  smoke stream a t  the e x i t  of the smoke 
generating system t o  the pos i t i on  o f  the LV probe i n  the flow. Since the smoke 
stream does not cover the e n t i r e  f low f i e ld ,  measurements a t  d i f f e ren t  locations w i l l  
requi re the reposi t ion ing o f  the smoke stream. This method o f  smoke d i s t r i b u t i o n  i s  
being used i n  t h i s  study and i s  found t o  be sat is factory.  

PRELIMINARY TESTING ! 

Some prel iminary ve loc i ty  measurements had been car r ied  out inside the transonic 
tunnel using the LV system i n  associat ion w i th  the smoke generator. Pressure mea- 
surments were also performed using a  pressure tap located on the side wall of the 
tes t  sect ion s l i g h l y  upstream o f  the windows. Though the pressure measurements and 
the LV measurements were not taken d t  exact ly  the same locat ion, extrapolat ion of the 
pressure data i n t o  the loca t ion  o f  tho LV measurements indicated a  very close agree- 
ment between the ve loc i ty  values obtained using the  two d i f f e r e n t  methods. Thus i t  
i s  believed tha t  the smoke p a r t i c l e  i s  fo l low ing the a i r  flow w'th l i t t l e  o r  no ve- 
l o c i t y  s l i p .  Veloc i ty  measurements w i th  a i r f o i l  a t  various angles of attack are now 
being car r ied  out i n  ccnjuct ion w i th  schl ieren flow v isual izat ion.  I n  the near fu- 
t u r e  pressure d i s t r i b u t i o n  around and on the  a i r f o i l  w i l l  be obta-ined by pu t t ing  
pressure taps on the side windows and using a  pressure tap model (current ly  under 
construct ion) o f  the a i  r f o i  1. 
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Figure 1. Schematic o f  t he  t ransonic  tunnel t e s t  sect ion.  
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Figure 2. Schematic o f  the  t ransonic  tunnel .  



F igu re  3. Drawing of a b i -convex a i r f o i  1 made by t h e  
Naval Research Labora tory .  



Figure 4. Kerosene smoke generator. 



Heat Exchanger Pipes 
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Figure 5 .  Smoke f i  1 terlcondenser system. 




