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Emperfments have been car r ied  out on the mlnlng o f  streams w i t h  and 

without swi r l  a ~ d  w i t h  and wlthout densfty dffferences i n  a coannular geo- 

metry. The flow process was v isua l ized through the use o f  a phosphorescent 

t racer ,  2 - 3  h i a c e t y l .  Three var ia t ions of the v i sua l t za t ion  t~chn iques  were 

used: d i r ec t  exc i ta t ion,  c o l l i r i o n a l  exc i t d t l on  and que?chir~g of the t racer  

Each techrigue i s  complementary t o  the others and y i e l ds  in fwmat fon ahout 

turbulent  t ransport .  molecularly mixed and unmlrred r ~ q i o n s  i n  the f low Thr 

a r j a l  va r ia t ion  o f  the flow f o r  the case w i th  sw i r l  I n  the inner annulus 1s 

invest iqated I n  sme d e t a i l .  .'ran the f low v fsua l i za t lon  p lc tu les .  i t  I s  

t en ta t i ve l y  concluded that the I n i t i a l  Helmholtr instability of  the tangen- 

t i a l  shear layer gives r l s e  t o  small scale peripheral st ructures,  then i t  

i s  possible that the Inner sw i r l i ng  stream dr ives an i n s t a b i l i t y  which turns 

these small scale  peripheral st ructures I n to  ones o f  larger scale, thewby 

r ~ a r r a n g i n q  the i n i t i a l  v o r t i c i t y  d i s t r i b u t l o n  of the flow f i e l d ,  The p l c -  

tures also l n d i i a t e  the occurrence of interchange of f l u i d  between the 

znnulf Re la t ive ly  few data points were obtained f o r  the co-f lowlng streams 

w i t h  density dffference (n i t rogen/hel ium o r  hel lum/nltroqen). During the 

course o f  the ~xperlmental work, an asp i ra t inq  probe fo r  concentrat ion 

measurements was designed and b u i l t .  From the f low v i sua l i zn t i on  pictures. 

t t  i s  tentatively concluded that the in te rac t ion  o f  density f i e l d  w i th  the 

r e s u l t i n g  rad in l  pressure gradient may have influenced the r vo lu t i on  of the 

f l ow  structures.  
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I. Int roduct ion 

The mixlng of  two f l u f d  streams, whether I t  be I n  confined o r  unconfined 

geometry, I s  of technical In terest .  A unique technfque of f low arlsualfzat ion 

1 
had been developed a t  the H. I . T .  Gas Turbine Laboratory by S.C. Bates (1977). 

which makes I t  posslble t o  examine themolecu la r l y  mixed layer  hetween two 

gas streams. The technique a l so  a l l o m  one t o  d l s t l ~ ,  ,;h the r f x e d  frow the 

unmixed reglons. S.C. Bates used the technique t o  c i k ~ r , ~  the r ~ i x t n g  c1 shear 

layer  between two p a r a l l e l  streams. 

2 W.K. Cheng (1978) adopted the technlque t o  s t ~ b g  ".he e l fec ts  of sw i r l  

on the mixing between two strzams i n  a co-annular geometry. 1 , .  '.he course 

of h i s  Invest lgat lon,  he pointed out  the exlstence of n o n - a x i i y m e ~ r i c  

s t ruc tu res  fn an unstable sw i r l i ng  flow. An e f f o r t  i s  made i n  the present 

Invest igat ion t o  v i sua l i ze  these s t ruc tures i n  mre d e t a i l  for  the case 

nhete only the inner stream o f  the co-f lowing streams has s w i r l .  To achieve 

t h i s ,  the op t i ca l  system was mdi 'led t o  a l low be t te r  viewing, from the a x i a l  

2 direction, o f  the per ipheral  st ructures discovered by W.K. Cheng . A tunnel 

spacer was also  added t o  enable the study of the f low field over a l a rger  

a x i a l  extent. An e f f o r t  f s  also made t o  examine the e f fec t  of differences I n  

densi ty i n  such a f low system. During the course of the work, an aspirating 

probe was designed and developed f o r  measurement of the re latdve concentra- 

t i o n  of a gas of d i f fe ren t  molecular weight I n  a background gas, for  example 

o f  He i n  N 2 ,  t h i s  being the gas r m b i ~ a t l o n  employed t o  produce the densi ty 

d i f fe rence  between the a n n ~ l t  . The development o f  t h i s  technlque I s  i n  an 

eer l y  stage. 



I .  Flow .- - V l s u a l l z a t ~ n  Techniguc 

The f low v i s u a l l r a t l o n  technique used i n  the present experiment was 

developed by S.C. Bates' (1977) s t  the M.I.T. Gas Turbine Laboratory. 

Through the use o f  d i f f e ren t  nudes of v i sua l i za t i on  :the d i r e c t  exc i ta t fon.  

the r o l '  , , i o n .  r exc l  t a t i o n  and the quenching modes), the technique can map 

c , ~ r  tho +; ! r* t~;d\ar ly pixed versus the tu rbu len t l y  m i ~ e d  regions. For details 

of  the tc..'rs4r..re, reference mey be made t o  r e f .  ( 1 ) .  A b r i e f  descr ip t ion 

of the technique w i l l  be repeated here. 

The f luorescent t racer used t o  visualize the f low Is 2 - 3  b iacety l .  I t  

i s  a yel lowish l i q u i d  a t  room temperature w i t h  a f a i r l y  h igh vapor pressure 
0 

(40 mn). 2-3  b i a c e t y l  absorbs l i g h t  from 3500 t o  4600 A, but fluoresces 

i n  the blue and phosphoresces i n  the green. The l a t t e r  was used for  the 

f l o w  v i s u a l ~ z a t i o n  here because i t  i s  60 times br ighter  than the former. 

The quantum y i e l d  o f  the pho*+phorescence i s  about 15%. 

In the d i r e c t  exc i t a t i on  mode, one o f  the gas streams t 5  seeded unl -  

formly ~ 4 t h  b iace t y l .  The flow region of in te res t  i s  i l luminated by a t h i n  

sheet o f  l i gh t  and the i l luminated y lane  i s  photographed. Thus the image 

i s  a d issect ion of the frnw a t  the i l luminated plane. Note tha t  un l i ke  the 

shadoqraph and Schlerein methods, the image i s  not f o n e d  a s  a result of 

the in tegrated e f f e c t  on the l i g h t  along the l i n e  o f  s ight ,  hence i t s  

adap tab i l i t y  for  v i sua l i z i ng  three dimensional st ructures.  Under t h i s  

mode of v i sua l i za t ion ,  a p i c tu re  o f  the mix ing reg i r n  dep ic ts  the spread- 

ing o f  the seeded st ream i n to  the unseeded one by both turbulent  t r a n ~ p o r t  

and molecular d i f fus ion .  



Irl the co l  1 l s Iona l  exc l t a t l on  mode, one stream 4s seeded with b lace ty l  

and the other wi th  benzene. A t h i n  sheet o f  UV l i g h t  i s  passed through the 

flow region of interest, The UV l i q h t  has no ef fect  on b iecety l  but o p t i -  

ca l  l y  pumps the benzene. The exc i ted benzene molecules i n  turn  cause the 

b l ace t y l  t o  phosphoresce through m l e c u l a r  collisions by the t rans f r r  of 

o p t t c a l l y  Induced molecular eneqy. Thus the recorded p ic tu re  1s a map of 

the m l e c u l a r l y  mlxed reglon I n  the f low. 

In contrast, the quenching mde pennlts visualization o f  the molecu- 

l a r l y  unmixed region. The op t i ca l  arrangement for  t h l s  mode i s  the same 

as for the d i r e c t  exc l ta t lon .  One o f  the streams 4s seeded w l t h  b lace ty l  

wh i le  the other i s  seeded w i th  oxygen. In the m l e c u l a r \ y  mixed region, 

the oxygen molecules quench the phosphorescence; thus. the recorded i m g e  

shows the molecular ly unmixed reglon o f  the stream containing b face ty l .  

111. Experimental Apparatus 

A.  The tunnel --- and the qas f low system. 

Figure 1 i s  a sketch of the t j ~ n n e l  and the gas flow system used i n  the 

present experiment. A deta i led descr ip t i cn  of the tunnel i s  given i n  r e f e r -  

ences ( 1 )  and ( 2 ) .  A b r i e f  descr ip t ion o f  the recent modiffcat lons i s  g i v e n  

here f o r  con t inu i t y .  There are tw independent manifolds HI and M2. 01te 

i s  fed by eight  cy l inders  o f  helium, and the other by twelve cyl inders of 

nitrogen. These gases enter pipes A and B v ia  the sonic o r i f i c e s .  These 

sonic o r i f i ces  regu la te  the flow rates and they are so adjusted tha t  the 

a x i a l  ve loc i t y  o f  e i t he r  stream i s  about 7 "5-I a t  the t es t  sect ion (thus 

( 2 )  the Reynolds number based on the annulus height i s  of the order o f  10") . 

B a l l  valves V 1  through V4 a l low the f a c i l i t y  t o  be fed by gas of one type 
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only, or by gases o f  d i f f e r e n t  types, i n  each pipe leading t o  the annulus 

:unnel, thus e ~ a b l  ing the study o f  density effects. 

Gases entering the tunnel are evenly d is t r ibu ted  over the c rass-sa t ion  

by cooking o r i f i c e s  on p la te  C, then pars through screen D i n t o  a s e t t l i n g  

cframber. Contraction 1s provided t o  t h i n  out the boundary layer  before 

they enter the test section. The flows (sw i r l fng  i f  turn ing vanes E and F 

are mounted) emerge t o  form a shear layer a t  the end of the s p l i t t i n g  

cyl inder 6. Since oxygen quenches the phosphorescence o f  the wperiment, 

the whole apparatus must be capable o f  pumping down t o  about 100 inicrons of 

mercury. It i s  then f i l l e d  w i th  working gas before the s t a r t  of the experi- 

miit. 

The seed flow supplies from gas cyl inders containing the organic l iqu ids  

(biacetyl  and benzene) d i ve r t s  i n t o  the two branches. The inner annulus flow 

( A f  i s  seeded with 2-3 biacetyl  and the outer annulus f law (0)  i s  not seeded 

for the d i r e c t  exc i ta t ion experiment, seeded w i th  a i r  f o r  the quenching 

experiment, and w i t h  benzene f o r  c o l l  is ionat exc i ta t ion  experiment. The 

c y l  inders are heated t o  del i v e r  2 t o  3 mn o f  p a r t i a l  pressure o f  the seed 

vapour a t  the t e s t  section. The long pipes A and 8, w i th  a physical length 

t o  diameter r a t i o  of about 120 ensure tha t  the organic chemicals are uni-  

f ormly mixed before enter ing the tunnel . 
Because the tracer gas 2-3 b iacety l  used i n  the experiment has a very 

unpleasant odor, the f l ow  has t o  be discharged v ia  a pneumatical l y  contro l led 

plexiglass door (also serves t o  keep a i r  out) i n t o  a huge p l a s t i c  baloon. 

A blower i s  then used t o  blow the t racer  contaminated gas through an elec- 

trdc k i l n  ( f ig .  2) which has been heated t o  a temperature of about 2000°F. 
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so t ha t  the organlc chmlcals  my be broken down before discharging f n t o  

the bu l ld lng  exhaust system. F l v e  Instrument ports are provlded a t  the 

tunnel t es t  sect ion t o  allow the taking of hot-wire data and asp i ra t ing  

probe data. They are trm inches apart  w i t h  the f i r s t  one 3 inches down- 

stream from the spl  i t t t n g  cyl fnder. 

A t es t  sect ion spacer i s  provided so t h a t  the st ruc ture  o f  the shear 

layer  may be examined over a la rger  ax i a l  distance. 

0 .  Input  Output Opttcs 

f te ta l ls  of the Input and output systems are l n  references 1 and 2. 

A 200 jou le  capacitive flashlamp pulser dr ives an EG and G FX-38-C-3 

Xenon f lash tube t o  provide the input  sheet o f  l i g h t .  The l i g h t  i s  c o l l i -  

m t e d  by a s l i t  and two c y l i n d r i c a l  quartz re lay  lenses i n t o  a t h i n  sheet 

before enter ing the tunnel through a UV grade quartz window. A Pomfret 
0 

Research Qptfcs 2537 A Inter ference f i l t e r  i s  used t o  obtain the UV 1 i g h t  

f o r  the c o l l i s i o n a l  experiment. The transrnissi!ln e f f i c i eacy  o f  the f i l t e r  

i s  about 20% and the bandwidth i s  about 280°A. Figure 3 shows the op t i ca l  

arrangement. 

The dim l t g h t  emitted i n  the v i sua l i za t ion  experiment, a f t e r  being 

co l lec ted  by a #Ikon f = 55mn/l :1.2 lens, passes through a green f i l t e r  and 

f a l l s  on the Input area o f  an ITT F 4747 microc;iannel image i n t e n s i f i e r .  

Newly purchased, the gain o f  t h i s  device was 2x10'. Over the years, w i t h  

continuous use, i t s  gain has deter iorated.  The resul t l n g  ouput image o f  

the f low region f s  recorded through contact photography w i t h  Polaroid 

type 57 f i l m  (ASA 3000). Plctures f o r  d i r e c t  exc i ta t ion  and quenching 

experlvents are taken w i th  exposure times o f  750 us a t  f/2.0, whi le those 



for colltslonal mode are taken with exposure time o f  a t  l e a s t  1.5 ms a t  f / 1 . 2 .  

C) Ourat ion o f  t he  experiment. 

The tunnel w r k s  I n  a blow d o m  mode t o  conserve gas. The f l o w  i s  

i n i t i a t e d  by a pneumatically actuated va l ve  from a rese rvo i r  of  gas cy l i nde rs .  

I t  lasted f o r  about 2.5 sec. From the t i m e  h i s t o r y  of the  pressure t race r  

( F i g .  4 )  a t  the mix ing pipes and tunnel,  the flow is steady f o r  a t  l e a s t  1.5 

D) Hot w i r e  measurements. -- -- 
A t r i p l e  hot -w i re  probe (D ISA type 55-P91), operat ing i n  constant tem- 

perature made, i s  used f o r  measuring the three components of flow v e l o c i t y  a t  

the tes t - sec t i on .  Time resolved data, obtained by r a d i a l l y  t rave rs ing  the 

probe, o r  w i t h  the probe a t  a s ta t i ona ry  p o i n t ,  a re  acquired over an a x i a l  

d i s tance  o f  18" ( w i t h  the use o f  t e s t  sec t ion  spacer). The dura t ion  of data 

a c q u i s i t i o n  i s  a b o u t  0.7 sec., dur lng  which the flow i s  steady. The data 

a c q u i s i t i o n  sys tem i s  shown i n  f i g .  5. The signal f rom the hot-wire i s  

d i g i t i z e d  using an MP 6912 ana log - to -d ig i ta l  conver ter  ( w i t h  a c a p a b i l i t y  

o f  sampling a t  100 KHz) ,  A user b u i l t  l o g i c  c i r c u i t  then t rans fe rs  the  

d i g i t a l  s igna ls  t o  the c o r e  memory o f  a DEC HINC 17/2 microcomputer, v i a  a 

p a r a l l e l  i nput  and output  board nn the microcomputer 0-bus. About 16,000 

p o i n t s  o f  data are c c l l e c t e d  fn each run, Thus a sampling frequency o f  7 

KHz i s  used f o r  each hot-wire.  A f t e r  each run, the  data are  t rans fer red 

from the  care  memory t o  a secondary storage ( f loppy d i s k e t t e s )  f o r  per- 

manent storage. 



Prevfous docmentatfon ( Includfng the computer program) o f  the use of 

th i s  hot-wfre probe was l o s t ,  therefore they had t o  be redeveloped fo r  the 

present experfment. Some d e t a i l s  for the use of th ls  hot-wire probe a re  

presented i n  Appendix A. 

E.  A s p i r a t i n g  probe -. measurement. 

An asp i ra t ing  probe has been designed t o  measure the r e l a t i v e  concen- 

t r a t i ons  of the constituents o f  b inary mixture of gas. Deta i ls  of the de- 

s ign of t h i s  probe and i t s  operation dre i n  Appendtx 0.  The probe i s  e s t i -  

mated, using axisynmetric analysis. t o  have a spatial r eso lu t i cn  o f  0.65 mn 

and a frequency response o f  25 KHz. When tested i n  a shock tube, the output 

s ignal  had a r i s e  tfme of  40 us, as  shown i n  the Appendix. The probe was 

also  tested f n a stream o f  n i t rogen of varying ve loc i t y  f o r  its response 

t o  changes i n  external ve loc i t y .  This test indicated no changes i n  the out- 

put readings o f  the a n m e t e r .  ve r i f y i ng  i t s  design concept. 

Some r esu l t s  are reported from this probe, but it must be considered i n  

an ear l y  stage o f  development. 

1 V .  Experimental data. - 
A. Introduction 

In t h i s  sect ion some experimental data are presented for  the case 

where the inner annular stream has sw i r l ,  w h i l e  the outer has none. The 

gas used for  streams of equal dens i ty  i s  n i t rogen,  wh i le  those for  streams 

o f  d i f f e r e n t  dens i t ies  are ni t rogen and he1 ium. For each run, a f l ow  

v i s u a l i z a t i o n  picture and a set o f  hot-wire probe t r a v e r s e  data/ o r  an as -  

p i r a t i n g  probe traverse data can be obtained. Though e f fo r t s  are made t o  

ensure reproducibility i n  condit ions for  runs w i th  the same nominal va lues,  
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v a r i a t i o n s  i n  them may occur. Relatively few data po in ts  were obtained 

(24 p i c t u r e s  and 4 sets of raw data from the a s p i r a t i n g  probes) f o r  the 

co-flowing streams w i t h  dtfferent densit ies,  a l l  wi th  the inner  one s w i r l i n g .  

I n  c o n t r a s t  t o  reference 2, f l ow  v l s u d l i z a t i o n  p i c tu res  o f  axia l  planes are 

taken w i t h  the camera mounted i n  such a way that i t  looks i n t o  the f low 

a x i a l l y  (see f i g .  3b f o r  the o p t i c a l  arr iqgement).  It was hoped t h a t  t h i s  

would enable b e t t e r  viewing of  the  per iphera l  s t ruc tures  o f  the f low-f ieSd. 

A t ~ n n e l  spacer was added t o  the system t o  enable the v iew ing  o f  the f low 

f i e l d  over an a x i a l  d is tance o f  14 i n .  A150 i t  must be mentioned tha t ,  i n  

con t ras t  t o  the f l ow  v i s u a l i z a t i o n  data presented i n  references 1 and 2, 

on l y  the  d i r e c t  e x c i t a t i o n  and quenching mode p i c tu res  are presented i n  

d e t a i l s .  The c o l l i s i o n a l  e x c i t a t i o n  p i c t u r e s  obtained were of poor q u a l i t y .  

A t  t h i s  stage, i t  i s  t e n t a t i v e l y  concluded t h a t  t h i s  i s  l a r g e l y  due t o  the 

d e t e r i o r a t i o n  o f  the gain of the I T T  F4747  microchannel image i n t e n s i f i e r  

through i t s  usage over  t he  years. 

R .  Hot-wire data. 

H o t - w i r e  t raverse measurements were made a t  10 a x i a l  s ta t i ons .  The 

s t a t i o n s  are two inches apart (except 5 and 6, which are 1" apar t ) ,  w i t h  t h e  

f i r s t  one three inches downstreani o f  the s p l i t t i n g  cy l i nde r .  F i g .  6 shows 

the mean v e l o c i t y  components ( r a d i a l ,  tangent ia l  and a x i a l )  plotted as func- 

t i o n s  o f  radius a t  a x i a l  s ta t i ons  3 " .  S", 7", 9", 11" downstream o f  the 

spl  i t  t i n g  c y l  inder. These mean v e l o c i t y  components were obtained from 

280 p o i n t  averages (a  simple noving average) over  5120 d a t a  po in ts .  There- 

f o r e  these represent a t i m e  domain average o f  4 ms and space domain average 

of 5 mn. I t  should be noted t h a t  the accuracy o f  the v e l o c i t y  components as 
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measured by the t r i p l e  wire probe i s  subject t o  thtb l i m i t a t i o n s  o f  the method 

used, as described i n  Appendix A. Furthermore, the t r i p l e  wi re  prcrbe i s  ca l  i- 

brated for  speed and direction under s t a t i c  condft ions but used for  measure- 

ment o f  ve l oc i t y  com?onents i n  h igh ly  turbulent  flow. 

No attempts are made t o  r e t r i eve  the f l u c t u a t i n g  ve loc i t y  components 

from the  hot-wire data. We present some o f  the l i near i zed  s igna ls  from the 

t r i ~ l e  wi re  probe i n  F ig .  7, f o r  s ta t ions 1  t o  10. These s ignals contain 

informat ion 3 b w c  the f low structures.  A l l  the  s i g n a l s  shown i n  F i g ,  7 rep- 

resent a  fl;17 .q . ;r le-wire probe traverse outwards, s t a r t i n g  a t  1 cm 

from the centre body. A t  s t a t i on  1, the signal has higher f l uc tua t ions  i n  

the inner  annulus than i n  the outer annulus, where the signal i s  compara- 

t i v e l y  qu ie t .  Note the d iscon t inu i t y  i n  the s ignal  ( i n  the nefghbourhood 

o f  mid-annulus), a t  s tat ions 1 and 2. This d iscon t inu i t y  ind icates the 

pos i t i on  of the shear layer .  The la rge  f luc tua t ions  i n  the inner  annulus 

seem t o  be spreading outwards progressively. A t  s ta t ions 9 and 10, the hot- 

w i re  s ignals seem t o  ind icate  t ha t  the f low i s  turbu lent  throughout the 

annulus. Careful perusal o f  the hot-wire data ind icates t ha t  there i s  a 

d e f i n i t e  sawtcoth envelope superimposed on the f l uc tua t i ng  s ignal ;  t h i s  i s  

especial ly  wel l-defined a t  s t a t i on  5. This probably indicates the presence 

o f  some rec i r cu la t i ng  eddies. 

C. Datb from asp i ra t ing  probe. - 

Aspirat ing probe traverse measurements were made a t  ax i a l  s ta t ions  

1 and 4 f o r  two f low configurat ions, (i) where the inner annular f low was 

ni t rogen and the outer  annular f low was helium, and ( , i i )  where the f low 

conf igurat ion i n  (i) was reversed. The p l o t s  i n  Fiqres  8 and 9 show 

the  mean densi ty p r o f i l e  f o r  the four traverse measurements. The output 
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shown I s  the  anemometer readlngs I n  v o l t ,  r a t h e r  than i n  concentration. 

Th is  1s because the hot -w i re  element w i t h i n  t h e  probe was broken wh i le  

making the measurements; consequently, we are  unable t o  check the ca l fb ra -  

tlon. 

O )  Flow v i s u a l i t a t ~ o n  p l c t u r e s .  

Flow v i sua l  i r a t i o n  p i c t u r e s  a r e  presented for  two cases: 

(1 )  the co- f lowing streams of equal dens i ty  w i t h  the  inner  one se t  t o  

s w i r l  a t  a f l ow  angle o f  40 t o  50° ,  ( i i )  the  co-flowing streams of unequal 

dens i t f es  w i t h  the  i nne r  one se t  t o  s w i r l  at ::, I same f low angle  as i n  case 

(i ) . For case ( i i  ) , n i t rogen  i s  used i n  one stream whi le  helium i s  used i n  

the other. Some f low v i s u a l i z a t i o n  data were obtained f o r  the  cases w i t h  

the inner  stream s e t  t o  s w i r l ,  wh i le  the ou te r  stream was se t  to swirl i n  

the  opposite d i r e c t i o n  and w i t h  the  s w i r l  i n  both streams, but they a r e  not  

presented here. Pictures o f  t h e  f low are taken on Polaro id type 57 f i l m .  

The c i r c u l a r  image i s  l i m i t e d  i n  area by the  18 mn diameter image intensifier 

output  face ( b u t  they can be blown up) .  A l l  the  f l ow  v i s u a l i z a t i o n  p i c t u r e s  

presented here are d issect ions  o f  the flow f i e l d  i n  a r a d i a l  plane p a r a l l e l  

t o  t h e  a x i a l  d i r e c t i o n  o r  i n  an a x i a l  plane perpendicular to the a x i a l  d i r e c -  

t i o n .  The center o f  the  p i c t u r e  corresponds approximately t o  the middle o f  

the annulus. For the pictures i n  a r a d i a l  plane, the f l ow  i s  from the r i g h t  

t o  the l e f t .  

The degree t o  which informatSon can be r e t r i e v e d  depends very much on 

t he  q u a l i t y  o f  the f low v i s u a l i z a t i o n  p i c tu res .  Reference may be made t o  (1 )  

for discussion of t h i s  top i c .  The ga in  o f  the  image-intensifier i s  s p a t i a l l y  

ncn-uniform, the image being considerably dimner near the edges, Th is  f a c t o r  
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should be taken i n t o  considerat ion while at tempt ing t o  i n t e r p r e t  the  d a t a .  

The c o l l i s i o n a l  e x c j t a t i o n  p i c t u r e s  obtained are  o f  poor qua1 i ty ;  t h i s  i s  

t e n t a t i v e l y  a t t r i b u t e d  t o  d e t e r i o r a t i o n  i n  t h e  ga in  o f  the  image i n t e n s i -  

f f e r  u n i t .  

Case ( i ) :  

I n  t h i s  case, both the  inner  and outer annulav streams were o f  n i t rogen.  

The i n n e r  stream was s e t  t o  s w i r l  a t  an angle o f  1 4 5 ~  t o  50'. The a x i a l  

ve l oc i t ywas  about 7 t o  81n5-'. Flow v i s u a l i z a t ~ i o n  p l c t u r e s  were taken 

over an a x i a l  extent  of 14". No extensive or in i iensive e f f o r t s  are made 

here t o  i n t e r p r e t  each and everyone o f  the  p i c t l - r e s  obtained here, but  fea- 

tu res  of the f low f i e l d  t h a t  can be adduced f rc .n  the p i c t u r e s  w i l l  be i n d i -  

ca ted. 

The p i c tu res  numbering from 1 t o  6 i n  f i g .  10 are  t h e  d i r e c t  e x c i t a t i o n  

p i c t u r e s  o f  the f l o w  f i e l d  i n  the  radial plat:@ p a r a l l e l  t o  the  a x i a l  d i r e c -  

t ion.  The number i n  inches by the  s ide  i s  +.he d is tance i n  inches the center  

o f  t h e  p i c t u r e  i s  from t h e  s p l i t t i n g  c y l i n t w .  The l e t t e r s  a, b and c r e f e r  

t o  f low v i s u a l i z a t i o n  p i c tu res  taken a t  th. same l o c a t i o n  w i t h  the  f l a sh  

tube f i r e d  a t  d i f f e r e n t  times a f t e r  the f ;ow i s  steady f o r  the  blow-down 

per iod .  This  procedure i s  followed with the  t a c i t  assumptions t h a t  (i) the 

f l o w  i s  repeatable from run t o  run  wi th the  experimental  ofi id it ions kept  

constant (evidence may be provided by ome of the  flow v i s u a l i z a t i o n  p i c t u r e s ) .  

(ii) there  may e x i s t  some s t r u c t u r a l  eddies which are convected w i th  the 

f l o w  (note t h a t  the  f l ow  v i s u a l i z a t i c ~ i  p i c t u r e  represents a th ree inch  c i r -  

c u l a r  f low f i e l d ) .  
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Pictures # l a  and Rlb have s i m i l a r  o v e r a l l  global features. The undu- 

l a t i n g  In te r face  may I n d i c a t e  the beginning of Helmholtz i n s t a b i l i t y .  How- 

ever, p i c t u r e s  #2a t o  #2c,  #3a t o  #3c,  show some s t r l k i n g  features.  P i c t u r e  

62a seems t o  i n d i c a t e  motion o f  f l u i d  i n  the  inner  stream outwards (perhaps 

due t o  the  c e n t r i f u g a l  a c t i o n  o f  s w i r l .  i n  accordance w i t h  Ray le igh 's  crlter- 

i on) ,wh i le  p i c t u r e s  #2b, #2c. #3a and #3c ,  i n d l c a t e  the entrainment of lumps 

(very loose technicL$ l word) o f  f l u i d  from the  outer  stream i n t o  the  inner  

strean). What causes such t ranspor t  o f  f l u i d  elements and what r o l e  does 

such rnechanisnl p lay  i n  the  m i x i n g  o f  the two strea~ns? This could be due t o :  

( i )  the results o f  Hemholtr i n s t a b i l i t y , o r  ( i i )  the r e s u l t s  o f  the s w i r l i n g  

f low which rearrange5 the v o r t i c i t y  present i n  the inner  s w i r l i n g  f low into 

large scale n~ot ion ,  as seen i n  these p i c tu res ,  Such features are not  pre- 

sent i n  the f low v i s u a l i z a t i o n  p i c t u r e s  f o r  l i n e a r  shear layers i n  references 

( 1 )  and ( 2 ) .  Therefore i t  i s  - t e n t a t i v e 1 1  - --- concluded t h a t  the r e s u l t i n g  i n -  

s t a b i l i t y  ( a s  g i v e n  by Rayleigh c r i t e r i o n )  rrlay have resu l ted  i n  the rear- 

ranqernent o f  the v o r t i c i t y  o r i g i n a l l y  i n  the  inner s w i r i i n g  stream i n t o  such 

eddy motion. Another p i c t u r e  worth no t ing  i s  number 5a. This p i c t u r e  i n d i -  

ca tes  t h a t  some of  the f l u i d  elements have been p u l l e d  away e n t i r e l y  from 

the inner  stream. P i c t u r e  #5b i nd i ca tes  the f l u i d  from the inner  stream 

may have permeated the  outer  stream. Quenching p l c tu res  ( f i g .  I l ) ,  i n d i -  

c a t e  t h a t  a t  such a d is tance from the splitting cy l inder ,  molecular mix ing 

f s  rather complete among f l u i d  elements from both streams, P ic tures  #1 t o  

CS i n  f i g .  12 a re  the c o l l i s i o n a l  e x c i t a t i o n  p i c tu res .  They show such poor 

d e f i n i t i o n  t h a t  no attempt w i l l  be made t o  discuss them. 
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Pictures 1 t o  15 i n  f i g .  13 ( d i r e c t  exc i t a t i on  mode), show the dissec- 

t i o n  o f  the f low f i e l d  I n  the a x i a l  plane a t  d l f f e r e n t  distances from the 

sp l  i t t i n g  cy l  inder.  P ic ture  #I shows a ra ther  quiescent in te r face  between 

the streams, whi le  p lc tures 2 and 3 ind ica te  swne non-axisymnetric f low 

structures borne k ind  o f  small eddles) have begun t o  fotm. There could be 

a  la rge  number o f  such aximuthal st ructures around the perlpheral , I t  i s  

possib le that  the formation o f  such a  large number of azimuthal modal st ruc-  

tures may precede the development o f  large azimuthal modal structures, such 

as are evident i n  p ic tures 6, 7 and 10. Such large azSmuthal modal st ructures 

are s t i l l  present i n  p ictures l l a ,  12, 13, and 14b. I t  i s  o f  i n te res t  t o  

note that  some f l u i d  elements from the outer stream have penetrated i n t o  

the Inner one near the  centre body, as i s  evident i n  p lc tures 10 and 11 

Thfs  could ind ica te  an exchange o f  f l u l d  elements betwetin the two streams 

has occurred. Pictures 12, 13 and 14 are i nd i ca t i ve  of the f l u i d  motlon 

I n  p ictures 2 and 3 o f  f i g .  11. Plctures 14 and 15 ind icate  tha t  f l u i d  

elements from the inner stream have permeated the outer stream and some 

f l u i d  elements have ac tua l l y  parated from the inner stream. Pictures #1 

t o  d l 0  !n f i g .  14 are the corresponding quenchltlg p ic tures.  P ic ture  #10 

of f i g  14 and the c a l l  i s iona l  p i c t u re  #I o f  f i g .  15 Ind icate  that  molecu- 

lar mixing o f  eddies may have been qu i te  thorough a t  9-1/2" from s p l i t t i n g  

cy l jnder .  From t h i s  s e t  of p lc tures,  we may t en ta t i ve l y  conclude that  the 

s w i r l  i n  the inner  stream (g lv ing  r i s e  t o  i n s t a b i l i t y ,  i n  accordance w i th  

Raylelgh's c r j t e r i o n )  may have been responsible f o r  the large scale motions 

I n  the neighborhood of the In te r face  between the two streams, and i n  par- 

t i c u l a r  f o r  the non-axisymnetric st ructures.  The small scale peripheral 
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structures formed close t o  the s p l i t t f n g  cy l inder  may be the r esu l t  of 

Helmholtz i n s t a b i l i t y  of the tangential shear layer  caused by sw i r l .  The 

cent r i fuga l  ac t i on  of the inner stream could then d r i ve  an i n s t a b i l i t y .  

g i v i n g  r I s e  t o  la rger  peripheral st ructures.  

Case ( i i )  - 
Some prel iminary f low v isua l i za t ion  p ic tures have beeri obtained fo r  

the co-f lowing streams o f  d i f f e r e n t  dens i t ies  (one helium and the other 

n i t rogen)  w i th  the inner one set  t o  sw i r l  a t  45' t o  50". The he1 ium stream 

i s  se t  t o  have an ax ia l  ve l oc i t y  o f  about 8 t o  9 ms-' a t  the t e s t  section. 

whi le  the n i t rogen stream has an a x i a l  ve l oc i t y  o f  about 6 mr" a t  the t e s t  

sect ion.  For t h i s  case, v i sua l i za t ion  p ic tures were taken only over an 

a x i a l  extent of 7 " .  These are shown in f i g u r e s  16 t o  23. The p ic tures do 

ind ica te  some q u a l i t a t i v e  di f ferences i n  the f low features f o r  the two 

conr igurat ions:  ( a )  ni t rogen i n  the inner stream and heljum i n  the outer 

stream, ( b )  he1 ium i n  the inner stream and nftrogen i n  the outer stream. 

For the co-flowing s t reams  o f  d i f f e r e n t  dens i t ies  w i th  the inner one 

s e t  t o  swi r l ,  the fo l lowing may p lay  a par t  i n  the evo lu t ion of the f low 

f i e l d :  ( i )  the s w i r l  which sets up a pseudogravity f i e l d ,  ( i i )  the g r a v i t y  

e f fec t  set up by the unequal densi ty in ter face (the strength o f  such e f f ec t ,  

though s m a l l ,  var ies  c i rcurnferent ia l ly) ,  and ( i i i )  the d i f ference i n  the f l u i d  

proper t ies  of the  two streams (e.g., v i scos i t y )  which may inf luence the  micro- 

s t ruc tu re  of the f low f i e l d .  The inf luence o f  (i) and ( i i )  may re in fo rce  one 

another ( e . g . ,  a t  the lower h a l f  of the tunnel t e s t  sect ion) o r  counteract 

against  one another ( e . g . ,  i n  the upper ha l f  of the tunnel t e s t  s e c t i o n  wlth 

nit rogen i n  the outer  stream and helium i n  the inner stream.) 



I n  the fo l lowing,  we w l l l  make an attempt t o  I n te rp re t  the data for  the 

twa f l ow  conf igurat ions,  bearing i n  mfnd tha t  there may be too few data 

points t o  come t o  any conclusive evidence o f  any p a r t i c u l a r  flow features 

unique t o  such a f l ow system. 

(a) w i th  n i t rogen I n  the Inner stream and helium i n  the outer stream: 

We have noticed t h a t  p ic tu re  1 o f  f i g .  10 exh ib i t s  a continuous undu- 

l a t i n g  feature (possib ly Ind ica t ing  the incept ion o f  Helmholtz i n s t a b i l i t y  

as mentioned), whf le such i s  not evident i n  p fc tu re  1 of f i g .  16, except for  

the pro t rud ing f l u i d  element i n t o  the outer stream. 

I t  i s  possible t ha t  the densi ty d i f ference a t  the in te r face  under the 

inf luence of a r ad ia l  pressure gradient  i n  the inner stream, could have 

accounted far  the observed di f ference i n  f low features between the two. 

Local  s t a b i l i t y  analysis o f  the shear layer w i th  a r a d i a l  pressure gradient 

I n  the inner  stream shows t h a t  such a f law conf igurat ion would g ive r i s e  t o  

an enhanced Rayleigh-Taylor i n s t a b i l i t y ;  t h i s  i s  indeed evident i n  p ictures 

2 and 3.  I n  p ic tu re  3, t he  ni t rogen has spread i n t o  the outer annulus whi le 

helium from the outer annulus has penetrated f a r  i n t o  the inner annulus. 

Flg. 17 shows the corresponding quenchfng p ic tures.  P ic ture  3 shows an 

almost unmixed strand o f  f l u i d  element l y i n g  across the annulus. Such a 

feature i s  no t  evident i n  a l l  other quenching p ic tures obtained so f a r .  

What i s  seen may be a r e s u l t  o f  f l u i d  motion dr iven by a density gradient  

i n  a pseudo-gravity f i e l d  ( i  .e., the presence o f  a pressure gradient) .  The 

v o r t l c i t y  equation f o r  an i n v i s c i d  f l u i d  w i t h  var lab le  densi ty f s  
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where ;! i s  the vor t lc i ty ,  V the ve loc i ty ,  p the denslty and p the pressure. 
'L 

Thfs equation says tha t  i n  the presence o f  pressure gradient ( o r  accelerat ion 

f i e l d ) ,  vor t ic i ty  I s  f r - ted i n  a f l u i d  o f  va r iab le  densi ty I n  motion. For 

such flows, v o r t i c l t y ,  or rotation, i s  created so as t o  ro ta te  the f l u i d  

u n t i  1 surfaces of constant densi ty a re  normal t o  the pressure gradient  (o r  

acce lera t ion vector f i e l d ) .  Thus the resu l t ing  f l u i d  motion might  have 

rotated the f l u i d  element from the inner annulus i n t o  the pos l t i on  shown I n  

p i c t u re  3. I t  must be pointed out  that the above explanation i s  a r r l ved  

a t  through speculat ion on the mechanisms which influence evo lu t ion of f l u i d  

flow i n  streams uf equal and d i f fe ren t  densi ty and by process of e l fminat ion.  

The p ic tures i n  f i g s .  18 and 19 are the d i r e c t  exc i t a t i on  and quench- 

ing p ic tu res  taken f o r  f l o w  f i e l d  i n  the ax ia l  planes. Pictures 1 and 2 

i n  f i g .  18 shows fr rmation o f  sma l l  eddy-l ike azimuthal structures,  whi le 

p i c t u re  3 (though overexposed) i nd i ca tes  the formation o f  a l a rger  axtrnuthal 

s t ruc ture .  As f o r  the quenching pictures,  p l c t u re  3 shows tha t  a consider- 

able f rac t ion  o f  the f l u i d  i n  the inner stream i s  molecularly mixed out 

(cont rast  w i th  p i c t u re  4 of f i g .  14 f o r  homogeneous f low). 

( b )  w i t h  helium i n  the Inner stream and ni t rogen i n  the outer stream: 

Picture 1 of f i g .  20 indicates t ha t  the in te r face  i s  not as quiescent 

a s  t ha t  i n  p i c t u re  1 o f  f i g s .  10 and 16. Further downstream, sw i r l i ng  

i n s t a b i l i t y  ( i n  the sense o f  Rayleigh's c r i t e r i o n )  develops, thus enabl lng 

the spreading o f  the f l u i d  from the inner stream to  the outer stream as i s  

evident I n  p ic tures 2 and 3 of f i g .  20. The p ic tures i n  f i g .  21 are the 

corresponding quenching ones. Notice the strand o f  almost unmixed f l u i d  

element from the inner stream l y i n g  across the annulus (though not as d i s t i n c t  

as t h a t  i n  p fc tu re  3 o f  f i g .  1 7 ) .  As i n  the case o f  conf igurat ion i n  t i ,  t h i s  



i s  l i k e l y  to be due t o  the f l u i d  motion driven by the density gradient i n  

a combfned gravf ty-accelerat ion f i e ld .  ) 

The pfctures i n  figure 22 and 23 are the direct excftat ion and quench- 

ing pictures o f  the flow fleld i n  the a x i a l  plane, They again indicate  the 

developnent and presence o f  non-ax1 symnetric peripheral structures. 



V .  SomeConcludtng Remarks 

Attempts were made t o  fnvest tgate the flow f i e l d  of a co-flowlng annu- 

l a r  flow system over an ax ia l  d istance of 14" through f low visualization 

p ic tu res  and hot-wtre data. The inner annular stream had sw l r l ,  wh i le  the 

outer  one d i d  not. The e f f e c t  o f  densi ty difference on such a flow system 

i s  touched upon. An asp i ra t ing probe has been desfgned and b u i l t  f o r  concen- 

t r a t i o n  measurement, but no extensive use has been made of i t  fo r  measurements 

yet ;  as only four traverse measurements o f  the concentration i n  binary gas 

f low system (heliurn/nitrogen) have been made. In te rp re t ing  the r esu l t i ng  data 

fnvolbes some ext rapo la t ion and speculat ion. I t  i s  tentative3y concluded 

t ha t :  

( i )  the i n i t i a l  Helmholtz i n s t a b i l i t y  o f  the shear layer  gives r i s e  t o  

small scale peripheral st ructures;  i t  i s  possible then tha t  the  inner s w i r l -  

ing stream dr ives an i n s t a b i l i t y  ( i n  t he  sense o f  Ray le igh 's  c r i t e r i a n ) ,  

which turns these small scale per ipheral  structures i n t o  ones o t  ld rger  

scale, thus rearranging the i n i t i a l  v o r t i c i t y  d i s t r i b u t i o n  o f  the f low, 

f i i ) the hot-wire data ind icates that the spread of turbulence in to  

the outer  annular streani i s  progressive ra ther  than abrupt, 

( i i i )  some of the hot-wire data have well  defined envelopes, possibly 

i nd i ca t i ng  the presence o f  r ec i r cu la t i ng  eddies, 

I t  i s  a lso t en ta t i ve l y  concluded t ha t  the density d i f ference has an 

e f fec t  on the overa l l  s t ruc ture  i n  such a f low system, Basing on the rela- 

t i v e l y  few da ta  points we have obtained so far,  i t  i s  tentatjvely concluded 

t ha t  f o r  the co-flowing steams of equal and unequal density i n  the present 

experimental set  u p ,  any q u a l i t a t i v e  di f ference i n  the flow features 

observed fur ther  downstream of the s p l i t t i n g  cy l inders  i s  more l i k e l y  caused 



by the generation o f  v o r t i c i t y  due t o  the densi ty gradient  i n  the presence 

o f  a pseudo-grawi t y  f i e l d  ( i  .e, , the r a d l a l  pressure grad1 ent )  . 

V I .  Suggestfons fcr  future  work. 

I n  the present set  up f o r  the opt.Sca1 system, one can only get  a 2 t o  

3 inch c i r c u l a r  v iew o f  the f l ow  f j e l d .  Based on such data, one then attempts 

t o  make a guess o f  the several f low structures.  The op t i ca l  arrangement 

should be madiffed t o  permft viewing o f  the la rger  f low f i e l d ,  especially 

a larger per ipheral  extant from the axia l  d i rec t ion .  This w i l l  a i d  I n  

c l a r i f y i n g  the f l ow  structures.  

More data have t o  be obtained f o r  the co-f lowing streams w i t h  unequal 

dens i t i es  so that  the e f f ec t s  o f  density d i f fe rence can be elucfdated. 

The aspi ra t ing  probe can be used fn conjunction wi th  the t r l p l e  w i re  probe 

t o  measure the ve loc i t y  components. 

There are many other parameters, such as those mentioned i n  reference 

2; f a r  instance, the Reynold nude r ,  which might a f f e c t  the flow structures.  

They have ye t  t o  be investigated. 

I t  i s  noted t ha t  the annular flow system i s  of simple geometry and thus 

i t  makes the spectral method ( i .e . .  pseudospectral, Tau o r  Galerkin Approxi- 

matfons) a t t r a c t i v e  for  numerical ly s imulat ing the flow structures i n  such 

a system. Such method f o r  studying the t 'asic f l u i d  phenomena i n  such a 

f low system may be considered i n  conjunction with future experimental work. 

Last ly .  future e f for ts  should a lso be directed I n  an attempt t o  quant i fy  

the e~perfmental data. 



Appendix A 

The T r i p l e  Hot-wtre Probe Operation - 

(a) In t roduct ion 

The use o f  the DISA type 55-P91 t r i p l e  hot-wire probe goes along the 

same 1 f ne as  described i n  Appendix A o f  reference (2 )  w i th  minor d i f ference 

i n  the method of r e t r i e v i n g  ve loc i t y  components. However, the computer 

program developed i n  reference (2)  f o r  ff t t i n q  cal i b r a t i o n  data t o  models 

representing the operation o f  the t r i p l e  probe and those f o r  r e t r i e v i n g  

the three components o f  ve l oc i t y  from the hot-wire readings cannot be 

traced, consequently new computer programs f o r  the purposes have t o  be re- 

developed f o r  the present experiments. The probe i s  operated i n  constant 

temperature mode using the three iden t i ca l  anemometers described i n  A2 of 

Appendix A In reference ( 2 ) .  I n  using t h i s  probe, i t  i s  assumed t ha t  the 

dependence o f  speed and geometry o f  the t r i p l e  w i r e  probe can be neglected; 

otherwise i t s  use would invo lve a thorough ca l i b ra t i on  of the probe a t  811 

parsfble or ienta t ions and w i t h i n  speed range o f  i n t e res t  a t  each o r ien ta t ion .  

This assumption a l s o  permits the user t o  do the speed ca l i b ra t i on  and 

d i rec t iona l  ca l ibra t ion  separately. 

( b )  Cal ibra t ion ----- 

The ca l i b ra t i on  (bath speed and d i r ec t i ona l )  o f  the t r i p l e  wire probe 

was dane i n  the low turbulence wind tunnel o f  the M. I . T .  Aero & As t ro  

Gepartment. The MINC 1 1 / 2  m~crocornputer was used f o r  the purpose. The 

readings from the t r i p l e  hot-wire and that  of pressulae transducer (dynamic 



head of wind tunnel sect ion) were d i g i t i z e d  usfng the Date1 ST-LSI-2 

analog-to-dig i  t a l  converter, A t  the end o f  c a l l  brat ion,  they were t rans- 

ferred t o  f loppy diskettes far permanent storage. 

( 1 )  Speed Call bratdon 

Each wire i n  the probe i s  ca l ib ra ted  against the speed i n  the wind 

tunnel by o r i en ta t i ng  the probe such t ha t  the output readfng from the 

anemometer i s  the maximum (2). This ensures that the wind d i r ec t i on  i s  per-  

pendicular t o  the w i r e .  The wi re  i s  ca l ib ra ted  i n  a i r  but the r e s u l t  i s  r e -  

scaled f o r  use i n  ni t rogen(2) uslng King's Law: 

where Nu = Nussel t No 

Re - Reynold No 

E = Output vol tage from anemometer 

K = thermal conduct iv i ty  o f  gas 

p = densi ty o f  gas 

= v i scos i t y  o f  gas I a t  the mean temperature 
o f  the wi re  and the  
ambient 

The constant A and 0 are found from the c a l i b r a t i o n  da ta  using l i n e a r  re- 

gression analysis, 

Each ulre was ca l ibra ted f o r  speeds ranging from 0 t o  1 5  rns-l. 



( i i )  D i r e c t i o n a l  Cal ibrat ion 

Let tl be the  e f f e c t i v e  wind speed as seen by wire i ( i  = 1 t o  3 )  

and - u = (ul . u*. u,). where ui a re  the ve loci ty  components i n  a suitable 

labordtory  co-ordinates system, then the e f f e c t i v e  velocities Zi a r e  re -  

la ted t o  u - through 

and Q 

where 

2 = 
Z 

The ,$ and -- C are the c a l i b r a t i o n  constants g iven  by 

h2 

Z Z 2  

t 3 2 J  

Thus a l together  there are twenty-one c a l i b r a t i o n  constants. They 

a r e  found by f i t t i n g  thc model t o  the m c a l i b r a t i o n  data  points us ing  

m u l t i p l e  l i n e a r  regression ana lys is ,  which y ie lds  a matr ix  equation. They 

can be inver ted  t o  y i e l d  A and C ,  i . e . ,  
'L % 

b 

C 1 

c 2 A = 
2, 

A 3 1  A 3 ?  A 3 3  3 A 3 5  A 3 6  
- 

A 1 3  A l b  A 1 5  A 1 6 '  

A 2 1  A 2 2  A 2 3  A 2 4  A 2 5  A 2 6  

. C 3 -  

and C = 
'L 



where 

and 

where i runs from 1 t o  3 

and j denotes the jth ca: i b r a t i o n  p o i n t s  

The d i r e c t i o n a l  c a l i b r a t i o n  i s  done by o r ien ta t ing  the  probe f o r  a few 

s e t s  o f  speeds. A typ ica l  example would invo lve  rolling the triple-wire 

probe through 240' f o r  3 sets  o f  yaw angles and 2 t o  3 sets o f  speeds ( I n  

the range o f  interest!, t h u s  m can run from 126 to  225. 



(111) Retrfevlnq the ve loc i t y  components: 

The equatlons (A.3) r e l a t i n g  the e f fec t i ve  ve loc i t i es  as  seen 

by the trlple wire probe t o  the ve loc i t y  components i n  the 1aborator.y co- 

ordinates form a set of non-l inear algebrajc equatlons. Given the three 

values of ef fect ige wind speeds (as determined from the t r l p l e  hot-wire 

pro.,! readings). we have t o  solve the s e t  o f  non-linear algebrafc equations 

for the three-components o f  ve l oc i t y  i n  laboratory  co-ordinates system. 

I t  i s  the author 's experience t h a t  sometSmes as many as e igh t  sets of roots  

may be obtainable. Thus, the f low d i r e c t i o n  has t o  be p a r t i a l l y  known for  

r e t r i e v i n g  the ve loc i ty  components from the knowledge o f  e f f e c t i v e  wind 

speeds. Here, we use the tevenberg/Marquardt i t e r a t i o n  method (modi f icat ion 

o f  c lass ica l  Newton-Raphson i t e r a t i o n )  t o  look for  the three components o f  

v e l o c i t y  from eqn. (A .  3 )  ( i n  cont rast  t o  the f i r s t - o r d e r  gradient  search 

method i n  reference 2 ) .  

The method goes as fo l lows: 

We replace @( k,  estimate o f  g by 

where .F\u 
Z 

(k) i s  the so lu t ion o f  the system o f  l i nea r  equations 



where k i s  the i t e r a t i o n  index, 1 i s  the i d e n t i t y  matr ix  and J i s  the 
'L 

'I. 

Jacobian. 

The Jacobian J\!) cam, e i t he r  be evaluated numerical ly o r  ana l y t i ca l l y .  

y ( k )  i s  a pos i t i ve  paranef er which i s  being ca lcu la ted so t ha t  

Some resu l t s  o f  t d  d i rec t iona l  c a l i b r a t i o n  o f  the probe are shown i n  f 
figures (A .  1) t o  ~ . 4 ) %  As pointed out  i n  Appendix A o f  reference ( 2 ) ,  the 

d 

model equation (~ .3 l , koes  gfve negative values o f  z2 and has been forced 
P i 

t o  zero i n  the f igures. A1 so there are regions where the cal  i b r a t i o n  

curves are co-l inear, which may cause an uncer ta in ty  i n  the determination 

o f  the ve loc i t y  com~sonents. ( 2 )  

Solut ions u t o  equation (A.3) are non-unique. I t  seems tha t  t o  use 
rb 

t h i s  t r i p l e  probe ,for measuring the f l uc tua t i ng  components o f  ve loc i t y ,  one 

may have t o  resor t  t o  a thorough c a l i b r a t i o n  of the probe. The probe a lso 

suffers from d r i f t  i n  ca ld  resistance and thus i t  has t o  be ca l ib ra ted  

every t ime be for^ use.(2) a t h e  consum!ng process. 

I t  must a lso be mentioned t ha t  i n  using the Levenberg/Marquardt i t e r a -  

t i o n  scheme, t h ~  method may converge t o  a s ta t ionary  pofn t  which i s  not  a 

~ o l u t l o n ,  



Appendix B 

Aspirating Probe 

( i )  Introduction 

An a s p i r a t i n g  probe was designed and b u i l t  w i t h  the a i m  of measuring 

gas concentrations i n  co-flowing streams o f  d i f f e r i n g  densi ty .  I n  what 

fol lows,  a br ie f  description o f  the operating principle and I t s  design i s  

given. 

( i d )  Operating Pr inc ip le  

Basically, the probe (Fig .  B . l )  consists o f  a hot-wire sensing element 

(tungsten i s  used here) placed in a cyl indr ica l  duct o f  constant area f o l -  

lowed by a throat .  The throat e x i t s  in to  a chamber being pumped t o  vacuup, 

so t h a t  w i t h  the probe placed I n  a stream, the flow 1s choked a t  a l l  times. 

The hot-wire sensing element i s  connected by leads t o  an anemometer (DISA 

55DOl) operating in a constant  temperature mode. The mass flow ra te  i s  

g l  ven by 

where p i s  the density 

U I s  the velocity 

P i s  the pressure 

T i s  the temperatu~e 

y f s  the specif ic  heats r a t i o  
- universal gas constant - Ro R js the gas constant ( - - mo3ecular weight T I  w 

and subscrjpts t and 5 re fer  to stagnat-lon values and sonic values. 



Thus f o r  a given gas mixture,  the maximum flow rate  per un i t  area i s  depen- 

dent  upon 't/& mly, if the stagnation conditions are held constants. 

then f o r  a given gas, the  Mach number M i s  fixed f o r  a f i xed  geometry; 

( I  . e .  ,ffxed area r a t i o ,  

Using the  basic gas dynamic r e l a t i o n s ,  i t  can be deduced t h a t  p, P, T and 

U a r e  constants, so t h a t  the hot-wire element responds on ly  t o  gas concentra 

t i o n  and stagnat ion condit ions.  For a binary mixture of gases, a t  t he  same 

Tt' the Pt can change due t o  the v i s c o s i t y  o f  gases (espec ia l l y  a t  sol i d  sur- 

faces, or mixing) .  But the f r a c t i o n a l  change i n  Pt can a t  most be O ( b i 2 ) .  

Thus f o r  low speed f low,  such a probe may o n l y  respond t o  gas concentrat ion.  

In the next sect ion,  we w i ! l  i n d i c a t e  how one can est imate the response 

time of the probe. 

( i i i )  Est imat ion of Response Time 

I n  t h i s  ana lys ls ,  I t  w i l l  be assumed tha t  

( a )  the l a t e r a l  v e l o c i t y  v i s  much smal ler  than the l o n g i t u d i n a l  v e l o c l t y  

U ( i . e . .  v ,) 
6 

( b )  the  f l o w  i s  incompressible up t o  the probe in take 

( c )  the f l o w  i s  i n v i s c i d  

The method o f  s i n g u l a r i t i e s  (s inks ,  sources and r i n g  vortices) a l lows 

the f low p a s t  t h i s  probe t o  be ca l cu la ted .  Instead o f  us ing d i s t r i b u t i o n  

o f  r i n g  vorticies (a more e laborate and conlplicated way i n v o l v i n g  the van i -  

p u l a t i o n  of various types of i n t e g r a l ) ,  wc use a much simpler approlch here. 



The probe may be approximated by a half-Ranklne axisymnetric body. The 

sampling a c t i o n  of the probe may be simulated by a sink olaced a t  the t f p  

of the probe (See f i g .  8-2). I f  th? sampling ra te  o f  the probe is much 

smaller than U, L2, then the Rankine axfsymmetric body will not be a l tered 

s igni f icant ly .  With these i n  mjnd, and w i th  r e f e r e n c ~  t o  f ig.B.2, the s t r w  

function for the f low i s  glven by 

I where dT 1 s  the diameter of the capture streamtube, and a = 5 Do, with Ds 

as the diameter o f  the unperturbed Rankine-type axtsymmetric body, I n  dimen- 

sionless form (based on g, and b), the streamlines are given by 

1 ( x -  
d~ ' X 

k r 2  - + -  = constant (8.3)  

whi le  the stagnation points are  given by ( r , ~ )  whjch sa t is f jes  

and 

stmu1 taneously. 



The above axlsymnetric analysis would g ive a f low f i e l d  as shown i n  

f i g .  8 . 3 .  For the dimension of the probe shown in f i g .  0.1, the l a t e r a l  

spa t ia l  reso lu t ion  o f  the sampling volume would be about 0.7 mn. The lon- 

g i t ud ina l  spat fa l  reso lu t jon  o f  the sampling volume i s  determined by the 

frequency response o f  the probe (e.g. . f o r  a f low speed of 7 ms-' w i th  a 

probe response of 25 KHz. the reso lu t ion  would be about 0.30 mn). Fig. 

0,4  shows the va r i a t i on  o f  time T taken by the f l u i d  element I n  the sam- 

p l i n g  volume t o  reach the probe w i t h  the streamlines w i th in  the capture 

stream tube. O f  course, i t  would take the  f l u i d  element on the stagnation 

streamlines an i n f i n i t e  amount o f  time t o  reach the probe. Thus, an e s t i -  

mate o f  the  response time z would be given by 

For the given b u i l t  probe shown i n  f i g .  0.1  and F i g .  0.5, the  response 

t ime was estimated t o  be about 40 ps. The given probe was tested i n  the 

M . I . T .  Gas Turbine Laboratory shock tube, as shown i n  F i g .  0.6. The r i s e  

time was measured (using N i c o l e t  Explorer Oigi t a l  O s c i  1 loscope Model 206) 

t o  be about 40 ps (Fig.  B.7a and B.7b). 

I t  i s  noted t h a t  the sensing element i s  p laced  a t  a pos i t i on  i n  the 

duct  where the f low ( laminar) i s  expected t o  be fully-developed. 
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Upper beam: at mixing pipe o f  
inner a n n u l  us 

Scale: Horizontal = 0.5 sec/cm 
Vertical = 0.2v/cm 

(10 psig/cm) 

Lower beam: a t  test  section 

Scale: Horizontal = 0.5 seclcrn 
Vertical = O.OSv/cm 

(0.5 p s i d / v )  

Fig, 4a:  Flow-time h i s t o r y  ( w i t h  no tunnel spacer added on) 

Upper beam: a t  m i x i n g  p i p e  of 
outer annul us 

Scale: Horizontal = 0.5 sec/cm 
Vertical = O.OSv/cm 

(2.5psig/cm 

tower beam: a t  t e s t  sect ion 

Scale: Horizontal = 0.5 sec/cm 
Vertical = 0.05v/crn 

f 0.05psid/c 

F i g .  4b:  Flow-time history w i t h  tunnel  spacer added on. 



t Analog signal from hot-wire/  
asp i ra t ing  probe and p o s i t i o n  i n d i c a t o r  

I user in ter face  log ic  I 
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F i g .  7: Linear ised signal from the triple-wfre probe a t  

s ta t ion  1 through s ta t ion  10 
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The pfctures a re  blown-up view o f  the  o r ig ina ls  using Polarold 

type #52 film. 

Nota t ion:  

The l e t t e r  following the p icture  number (e .g . ,  # l a )  refers 

to f l o w  visualisation p i c t u r e  taken at the same locat ion 

wlth the flash-tube f i r e d  a t  a d i f ferent  time a f t e r  the 

f low i s  steady f o r  the blown-down period. 

The number i n  seconds i s  the time a t  which the f lash-tube 

* s  f i r e d .  

The number in inches is the distance the center  o f  the 

p i c t u r e  i s  from the splitting cylinder. 



F i g .  10: Di rec t  exci ta t ion p ic tures  ( a s  viewed from side window) 

f o r  co-f lowing streams o f  equal density w i t h  the inner 

stream set t o  swi r l  . 

D i r e c t i o n  o f  f l o w  i s  f r o m  r i g h t  t o  l e f t ,  

Data Fotmat - 
Outer annulus 

----- f 

Inner annulus 

Approximate i n i t i a l  pos i t ion  o f  shear 

( a 1  so o f  density  d i  scont in t~ i  t y  i f  present)  







F i g +  41 : Quench4ng p i c t u r e s  ( a s  viewed fram s ide wfndow) 

f a r  co-flawing streams o f  equal densi ty ~ 4 t h  kh9 

innes stssam set t o  s w i r l ,  

F i g ,  1 2 :  Col l i s iona l  exc i t a t i on  gfctures ( a s  uiewed from 

side window) fa r  cou f law iag  streams BP equal 

dens4 8y w i  l h  the i nne r  stream set  t o  swi rB , 



F i g .  13: Di rect  e x c i t a t f o n  p ic tures  o f  f low f i e l d  i n  a x l a l  plane 

(as viewed from an a x i a l  d i r e c t i o n )  f o r  co-flowing 

streams of equal density  wi th  the inner  stream set  t o  

swi  r'l . 

Data format 

f i e l d  o f  view 

flow region camera i l luminated  by 
a sheet o f  l i g h t  

Inner annulus 

Outer annulus 

Approximate i n i t i a l  pos i t ion  of shear 
(a1  so o f  density d i s c o n t i n u i t y  i f  present )  





# I t  a 

1.65 sec 

10" 





f i g .  I S :  CslSlsionaB e x c i k a l i s n  g i c t u ~ e  @as Claw f i e l d  

i n  a x i a l  plane &&a  vie-& $em &he a x i d 3  

diseetion] fw co-flawing stpeams sf @qua1 

denaiky w j f k  inn@s %&red@ fie& ta $ % i ~ l  



fw ca-flawing stpcams of  d i f fe ren t  densitScs (inner- 

nitrogen, outer  - kel4mB w i t h  the inner %trcam 9et 

be sw4 sl " 

Fig* 1 7 :  Quenching pIcture% ( a s  viewcd f s m  s i d e  window) 

(inner - nitrogen, suQw - h e l i u m )  w%th the 



5 ad 

F 3 g d  18: D9reet sxcI tat4an p i c t u ~ e s  $as viewsd fsam ax ia l  

d i rec& isn)  f o r  ~a-ffouhng %treams @f different 

density { i n n a ~  - nit~oqen, w t e r  - bellurn) wj th  

inner stream se& $a sw4r1, 

~i t~*.ogen, f3,a:er - h ~ j r u n h w i h  the inner %fre&m "il& 



FSg. 2Q:  DJrccQ: excltetjon p%c&ures (8s  v i m d  f rm ':5*3.de 

winda~j fop ca-f7sw3ng streaBr s f  dbff&venX den- 

sjtjec (inner - hctiu~, outcr & n3t~agenf with  

FFy. 21: ~ + i e n c h j n g  p j r t ihr~s  [a% ~iewcd PPB% 54dc window) 

$08. CO-f 3ming rtream5 af different densf t i e s  

( i n n e r  Be'lluv, s u t w  - ~ttrogan) w i t h  t h ~  

a nner Strean ~ @ d  to swJ rl , 



F I $ ,  23: Qucnchi~q p ic t tdw9  vVn;g~@d 4"wm the axial d j ~ @ ~ t i @ g ~ ]  

far  so-flowing stseams o f  d 9 f f c r e ~ t  dens4 t f c s  [ l n n ~ r  - 
heliun, outer  - nieraqen) w i t h  &Be inner sBTe&E set 











F i g .  B,5 Aspirating g ~ o b e  






