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rocket technology i s  being conducted by the United Aircraf t  Corporation Research 
Laboratories under Contract Ww-847 with t h e  j o i n t  AEC-NASA Space Nuclear Propulsion 
Office. The Technical Supervisor of  the Contract f o r  NASA i s  Captain W. A. Yingling 
(USAF). 
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Report D-910091-7 

Experimental Investigation of  Peripheral-Wall 

In jec t ion  Techniques i n  a Water Vortex Tube 

SUMMARY 

An experimental invest igat ion was conducted t o  determine the  e f f e c t s  of t he  
peripheral-wall  i n j ec t ion  technique used to dr ive  a water vortex on the  s t ruc tu re  
and thickness of the turbulent  mixing region near the per ipheral  w a l l  and on the 
flow pa t te rns  in the  primary-flow region outside the per ipheral  and e n d - d l  boun- 
dary layers. T h r e e  10-in.-dia l u c i t e  vortex tubes having three  d i f f e ren t  per ipheral-  
wall i n j ec t ion  configurations were tes ted :  (1) tangent ia l  i n j ec t ion  through a s ingle  
0.205-in.-high s l o t  extending the  e n t i r e  30-in. length of the tube, (2)  tangent ia l  
i n j ec t ion  through four  0.050-in0-high s lo ts ,  and (3) approximately tangent ia l  in jec-  
t i o n  through 2144 por t s  of 0.060-in. diameter. I n  most t e s t s ,  a control lable  quan- 
t i t y  of f l u i d  was removed through one o r  more perforated screens i n  the per ipheral  
wal1,and the  remainder of  the f l u i d  was removed through 0.938-in.-dia thru-flow 
por t s  located at  the  centers  of the  two end w a l l s .  However, a few t e s t s  were con- 
ducted i n  which no f l u i d  was remved through the thru-flow ports;  instead,  f l u i d  
w a s  in jec ted  through a l.O-in.-dia porous tube located along the center l ine of the 
vnrtex tnhe-  

&L 

Microflash photographs of dye patterns were taken through one of the end w a l l s  
t o  observe the  cha rac t e r i s t i c s  of  the  turbulent mixing region, and time-exposure 
photographs of dye pa t te rns  were taken through the  s ide w a l l  t o  observe the charac- 
t e r i s t i c s  of the primary-flow region. Tangential ve loc i ty  p ro f i l e s  i n  the primary- 
flow region were obtained by mans of a photographic par t ic le - t race  method using 
s m a l l ,  n eu t r a l ly  buoyant polystyrene spheres. 

The results of the  t e s t s  indicate  t h a t  t he  volume of low-turbulence flow i n  the 
primary-flow region was considerably larger f o r  the 214.4-port in jec t ion  configura- 
t i o n  than  f o r  the s ing le-s lo t  and four-slot i n j ec t ion  configurations. This l a rge r  
volume i s  a t t r i b u t a b l e  t o  the much thinner turbulent  mixing region near the periph- 
eral  w a l l  f o r  the 2144-port in jec t ion  configuration. 

1 



RESULTS 

1. Photographs of dye pa t t e rns  indicated t h a t  the peripheral-wall  turbulent  
mixing region was much thinner f o r  the  2144-port i n j ec t ion  configuration than f o r  
the  s ing le-s lo t  and four -s lo t  i n j ec t ion  configurations. A t  thru-flow Reynolds 
numbers between 30 and 100, t h e  r e su l t i ng  volume of low-turbulence flow i n  the  
primary-flow region of t he  vortex was  40% t o  60$ l a rge r  f o r  the  2144-port i n j ec t ion  
configuration than f o r  t he  o ther  two in j ec t ion  configurations. 

2. For a thru-flow Reynolds number equal t o  zero, the  primary-flow region 
appeared l e s s  turbulent f o r  t h e  2144-port i n j ec t ion  configuration than f o r  t he  o ther  
two i n j e c t i o n  configurations. 

3. A r ad ia l  stagnation surface ( i . e . ,  a surface of zero r a d i a l  ve loc i ty)  
located near the ou te r  boundary of t he  low-turbulence flow was observed f o r  th ru-  
flow Reynolds numbers up t o  200 f o r  t h e  2144-port i n j ec t ion  configuration, but only 
up t o  thru-flow Reynolds numbers of 100 f o r  t he  o the r  two  configurations. 

4. An approximate analysis  based on experimentally determined t angen t i a l  
ve loc i ty  p ro f i l e s  indicated t h a t  f o r  r a d i a l  outflow conditions (obtained by in j ec -  
t i o n  of f l u i d  through the  center l ine  porous tube)  t he  r a t i o  of eddy v i s c o s i t y  t o  
laminar v iscos i ty  increased with increasing in j ec t ion  r a t e .  

2 
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INTRODUCTION 

Gaseous nuclear rockets are poten t ia l ly  capable of providing values of spec i f i c  
impulse of 2000 t o  3000 sec with thrust-to-weight r a t i o s  g rea t e r  than unity.  
these performance c a p a b i l i t i e s  w i l l  r e s u l t  i n  an economically a t t r a c t i v e  engine only 
i f  the nuclear f u e l  loss rates can be reduced subs t an t i a l ly  below the lo s s  rates 
which would r e s u l t  from complete mixing of the f u e l  and propel lant .  Many d i f f e r e n t  
gaseous nuclear rocket concepts designed t o  minimize f u e l  loss rate have been pro- 
posed including some which are based on the suspension of gaseous nuclear f u e l  i n  a 
vortex. In  a l l  of these concepts, the f u e l  loss rates w i l l  be acceptably low only 
i f  the turbulence within the vortex i s  low. 

However, 

The only known d i r e c t  measurements of the turbulence within a vortex tube f o r  
d i f f e ren t  peripheral-wall  i n j ec t ion  techniques are reported i n  R e f .  1. 
f igu ra t ions  studied i n  R e f .  1, a l l  of the flow in j ec t ed  i n t o  the vortex tube was  
removed through por t s  a t  the  centers  of t h e  two end w a l l s ,  which i n  e f f e c t  fixed the 
r a t i o  of t he  r a d i a l  Reynolds number t o  the  t angen t i a l  i n j ec t ion  Reynolds number. 
However, ana ly t i ca l  studies conducted a t  the United Ai rc ra f t  Research Laboratories 
( R e f .  2) have indicated t h a t  the  flow pat tern i n  a vortex, and hence possibly the 
turbulence l eve l ,  i s  subs t an t i a l ly  modified a t  intermediate r a d i i  i f  t h i s  r a t i o  
i s  reduced. Such a reduction can be accomplished i f  the  flow passing through the 
po r t s  a t  the  centers of the end walls i s  l e s s  than the t o t a l  flow in jec ted  i n t o  the  
vortex tube (i.e.,  i f  a por t ion  of t he  t o t a l  flow in j ec t ed  i s  removed through the  
peripheral w a l l )  
vor tex tube w i l l  be influenced by the peripheral-wall i n j ec t ion  system used t o  

both because of the  high l o c a l  i n j ec t ion  ve loc i t ies  and because of the possible  onset 
of  Taylor-Goertler i n s t a b i l i t i e s  which occur i n  flows over concave walls ( R e f .  3). 

I n  the con- 

It i s  a l s o  apparent (see R e f .  1) tha t  the turbulence l e v e l  i n  a 

inject fluid ir4t0 the ----+,,, vuI  ClcA. Such EL:: i n j ec t i cn  sys tem vlll i n f l n ~ n c c  tiurhiilence 

Two inves t iga t ions  were conducted t o  determine the e f f e c t  of peripheral-wall  
i n j e c t i o n  configuration and the  f r a c t i o n  of i n j ec t ed  flow removed a t  the center l ine  
of the end w a l l s  on vortex charac te r i s t ics .  The results of one of these invest iga-  
t i ons ,  which consisted of turbulence measurements i n  an air vortex, i s  described i n  
Ref. 4. The second invest igat ion,  which was conducted i n  a water vortex using much 
of t he  sane equipment used i n  R e f ,  4, i s  described i n  the present  report .  

3 
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DESCRIPTION OF EQUIPMENT AND PROCEDURES 

Description of Test Equipment 

Vortex Tubes 

Three transparent-wall water-vortex tubes having d i f f e r e n t  peripheral-wall  
i n j ec t ion  configurations were used. 
i n  Fig.  1 and detai ls  of the three  in j ec t ion  configurations a re  shown i n  Fig. 2. In  
each case, the vortex w a s  driven by in j ec t ing  f l u i d  near ly  tangent t o  the  per iphera l  
w a l l  through t h e  respective in j ec t ion  configuration. A major port ion of the flow, 
including most of the f l u i d  which had l o s t  angular momentum due t o  peripheral-wall  
skin, f r i c t i o n ,  w a s  removed through one or more perforated p l a t e s  located i n  the  w a l l  
(note peripheral  bypass plenums i n  Fig,  2) .  The remainder of t he  in jec ted  f l u i d  
entered the primary-flow region and the end-wall boundary layers  and w a s  removed 
through thru-flow exhaust por t s  located a t  t h e  center  of each end w a l l  (Fig. 1). 
P la in  end walls which consisted of smooth l u c i t e  plates with thru-flow por t s  a t  t he  
center  were used i n  a l l  tests.  

The geometry of a typ ica l  vortex tube i s  shown 

A few t e s t s  were a l s o  conducted using the  2144-port i n j ec t ion  configuration 
with addi t ional  f l u i d  in j ec t ion  through a porous tube  located along the center l ine  
of t h e  vortex tube. Data f o r  these t e s t s  are discussed i n  the  APPENDIX. 

The s ingle-s lot  i n j ec t ion  configuration (Fig. 2)  consisted of a lO-in.-dia 
l u c i t e  tube with a s ingle  0.205-in.-high t angen t i a l  i n j ec t ion  s l o t  extending the  
ful l  30-in. length of the  tube. 
upstrean of the i n j ec t ion  s l o t .  
t es t  stand i s  shown i n  Fig. 3. 

A peripheral  bypass screen was located immediately 
A photograph of t h i s  configuration mounted on the  

The four-s lot  i n j ec t ion  configuration consis ted of a 10-in.-dia inner  s t ruc tu re  
with four  inject ion plenums containing 0.050-in. -high t angen t i a l  i n j ec t ion  s l o t s  
extending the  f u l l  length of the tube. 
apar t  around the per ipheral  w a l l  of the tube. 
between the injection plenums were perforated and served as per iphera l  bypass 
screens.  The inner s t ruc tu re  w a s  mounted concentr ical ly  i n  a 14-in.-dia l u c i t e  
tube so t h a t  the annular volume between the  imer s t ruc tu re  and the outer  tube 
served as a peripheral bypass plenum. 

The i n j e c t i o n  s l o t s  were located 90-deg 
The por t ions  of t he  inner s t ruc tu re  

The 21U-port i n j ec t ion  configuration consis ted of a lO-in.-dia l u c i t e  tube 
with 2144 inject ion por t s  of 0.060-in. diameter. 
circumferential  rows (60 rows of 20 po r t s  and 59 rows of 16 p o r t s ) ;  the i n j e c t i o n  
angle for all p o r t s  w a s  19 deg measured with respec t  t o  the tangent a t  the  w a l l  a t  
the  point  of injection. 
configuration is shown i n  Fig. 4. 

These po r t s  were i n  119 staggered 

A fu l l - s ca l e  sketch of one quadrant of t h i s  i n j ec t ion  
Bypass screens and plenums'extending the ful l  

4 
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length of the vortex tube were located a t  90-deg in t e rva l s  around the  per iphera l  
w a l l .  
so t h a t  t he  annular volume between the t w o  tubes served as an in j ec t ion  plenum. 
A photograph of t h i s  configuration i s  a l s o  shown i n  Fig. 3. 

This lO-in.-dia tube was mounted concentrically i n  a lk-in.-dia l u c i t e  tube 

The in j ec t ion  a rea  of t he  s ing le-s lo t  configuration w a s  6.15 sq in.  The total  
in j ec t ion  areas  of the four -s lo t  and 2144-port configurations were approximately 
6.00 s q  in .  

Flow Control System 

Water was pumped from a storage tank through the  in j ec t ion  plenums in to  t h e  
vortex tube.  The desired flow conditions were obtained by separate  adjustment of 
cont ro l  valves downstream of the thru-flow por t s  and downstream of the  per iphera l  
bypass plenums. 
t i o n  and thru-flow Reynolds numbers. 

This method permitted independent control  of t h e  t angen t i a l  in jec-  

Measurements of the t o t a l  flow injected in to  the vortex tube  were made using a 
turb ine  flowmeter located i n  the  i n l e t  f l o w  pipe leading t o  the in j ec t ion  plenums. 
The thru-flow rate was determined i n  a similar m a n n e r  by measuring the  flow rate 
leaving the  end-wall thru-flow p o r t s .  Measurements of water temperature were made 
using a thermometer located i n  the  storage tank t o  determine the ac tua l  kinematic 
v i scos i ty  f o r  ca lcu la t ing  Reynolds numbers. 

Opt ica l  System and Flow Visual izat ion Techniques 

Tangential velocities w i t h i n  the  =r imry-f lm reginn of the vertex  ere dc tc r -  
mined from time-exposure photographs of neutral ly  buoyant polystyrene spheres 
in j ec t ed  i n t o  the  flow through the  per ipheral  w a l l  and end w a l l s .  A sketch of t he  
o p t i c a l  system used t o  photograph t h e  pa r t i c l e s  i s  shown i n  Fig. 5 .  The mercury 
vapor lamp w a s  powered by a 1-kw, d-c power supply. The chopping d i sc  contained 
20 or 40 s l o t s ,  depending on the f lash ing  r a t e  desired,and was  driven by a var iab le-  
speed d-c shunt motor which allowed the f lashing rate t o  be varied from 60 t o  3000 
f l a shes  pe r  sec. In te rmi t ten t  i l lumination of the  suspended p a r t i c l e s  caused them 
t o  appear as a series of s t reaks  on a time exposure (see t y p i c a l  p a r t i c l e  t r a c e  
photograph i n  Fig. 6). This technique permitted quant i ta t ive  evaluation of t he  
t angen t i a l  v e l o c i t i e s  within the confined vortex without using probes which would 
tend t o  d i s t u r b  the flow. 

To s e l e c t  t es t  p a r t i c l e s ,  small  quant i t ies  of expandable polystyrene spheres 
Those which remained suspended after 30 
P a r t i c l e s  selected i n  t h i s  manner were 

were heated and then dispersed i n  water. 
minutes were drawn o f f ,  dr ied and sized. 
almost n e u t r a l l y  buoyant. 
0.033 t o  0.078 in .  

The p a r t i c l e s  used i n  these tes ts  ranged i n  diameter from 

5 
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Flow visual izat ion was provided by in j ec t ion  of f luorescent  dyes. Microflash 
photographs of dye pa t te rns  were taken through the  end walls of the vortex tube with 
i l luminat ion through an adjustable  s l i t  (usua l ly  1/4 i n .  wide) as shown i n  Fig. 5. 
The l i g h t  source used f o r  these photographs had a 0.1microsecond f l a s h  period. 
Time exposure photographs of the dye pa t te rns  were a l so  taken through the s ide w a l l  
of t he  vortex tube by interchanging the locat ions of the camera and l i g h t  source as 
indicated i n  the note i n  Fig. 5 ( the  chopping wheel w a s  not used). 
f o r  these photographs w a s  1 sec a t  f/5.6. 

The exposure 

Description of Test and Data Reduction Procedures 

Ranwe of Flow Conditions Invest igated 

The in jec t ion  configurations and flow conditions which were invest igated are 
summarized i n  the TABLE along with l i s t i n g s  of the  per t inent  flow parameters. 
average in jec t ion  je t  ve loc i ty  was held constant a t  V. 

J ing t o  a constant i n j ec t ion  j e t  volumetric f l o w  rate of Q ,  
tes ts  except those discussed i n  the APPENDIX. This j e t  ve loc i ty  can be used t o  
def ine a tangent ia l  i n j ec t ion  Reynolds number using the  following equation: 

The 
= 3.16 f t / s e c  (correspond- 

= 0.135 f t3 / sec)  f o r  a l l  

. 
-b For water a t  a temperature of 68 F, where the  v iscos i ty ,  p , i s  

l b  sec/f t2 ,  the tangent ia l  i n j ec t ion  Reynolds number evaluated from Eq. (1) i s  
120,000. 

21.1 x 10 

Comparisons of the  th ree  d i f f e ren t  i n j ec t ion  configurations i n  the  following 
sect ions are made on the  bas i s  of the thru-flow r a d i a l  Reynolds number, Rer , t  
a parameter. This Reynolds number i s  defined as follows: 

, as 

If a l l  of the  flow in jec ted  through the per iphera l  w a l l  were removed from the  por t s  
at the  center l ine of the end walls, the  r e s u l t i n g  value of thru-flow Reynolds number 
a t  a water temperature of 68 F would be 780. A l l  tes ts  discussed i n  the main text 
of t h i s  report  were conducted with values of Rer l t  between 0 and 200. The tests 
discussed i n  t h e  APPENDIX i n  which f l u i d  w a s  i n j ec t ed  through a center l ine  porous 
tube were conducted with values of Re between -3 and -100. 

r1 t 

The TABLE a l so  l i s t s  a parameter p!,, . This parameter i s  r e l a t ed  t o  the  
secondary-flow parameter pt introduced In  Ref .  2 where it w a s  shown t h a t  confined 

6 
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vortex flows having equal values of p, 
defined i n  R e f .  2, 

would have similar flow pa t te rns .  As 

(3) 

where the  r a d i a l  and t angen t i a l  Reynolds numbers are evaluated a t  the outer  r ad ius  
of the vortex tube. However, f o r  t he  t e s t s  reported herein,  t he  in j ec t ion  tangen- 
t i a l  Reynolds number, R e  t,j , 
parameter r e l a t ed  t o  the  t angen t i a l  Reynolds number of R e f .  2. Similarly,  s ince 
conditions i n  the  i n t e r i o r  of t h e  flow f i e l d  were d i f f i c u l t  t o  set a t  spec i f i c  
values, the  thru-flow Reynolds number, which i s  based on the th ru  flow withdrawn 
through the end w a l l s  r a the r  than on the r ad ia l  flow a t  , 
Thus, f o r  these tests the secondary-flow s imi l a r i t y  parameter was defined as 

w a s  chosen a s  the  most meaningful and reproducible 

r, was used instead. 

(4) 

When comparing da ta  f o r  d i f f e ren t  in jec t ion  configurations for the  same thru-  
flow rate, Q ,  , 
d i f f e red  subs t an t i a l ly  because of day-to-day var ia t ions  i n  water temperature (see 
TABLE). 
a c t u a l  water temperatures d i f f e red  by at most 5$. This  ind ica tes  t h a t  t he  var ia -  
t i n n s  in water t . e q ~ r p t . l ~ r e  w h i c h  occurred would not have s i g n i f i c a n t l y  a f fec ted  the 
flow pa t t e rns  f o r  the  range of flow conditions tes ted .  
presented i n  t h i s  repor t  (except where noted otherwise) are i d e n t i f i e d  by nominal 
thru-flow and t angen t i a l  Reynolds numbers based on t h e  kinematic v i scos i ty  of water 
a t  68 F. 
f low and in j ec t ion  volumetric flow r a t e s  for the  d i f f e r e n t  i n j e c t i o n  configurations. 

the ac tua l  thru-flow and tangent ia l  Reynolds numbers usual ly  

However, note t h a t  f o r  t he  same value of Q , the  values of p +,, based on 

Accordingly, all of t h e  da ta  

Equal values of these nominal Reynolds numbers correspond t o  e q u a l t h r u -  

Reduction o f  Particle-Trace Data 

The f i rs t  s t ep  i n  the procedure f o r  obtaining l o c a l  t angen t i a l  v e l o c i t i e s  i n  
the  primary-flow region was t o  determine the rad ius  of a pa r t i c l e - t r ace  from a 
photograph (see Fig. 6).  
c i rcumferent ia l  dis tance between them was calculated from the  radius and the cen t r a l  
angle subtended. The t i m e  of travel was determined from the  number of dashes 
between the  points  and the  l i g h t  f lashing rate. 
ca lcu la ted  by dividing the circumferential  dis tance by the  t i m e  of t r a v e l .  

Two poin ts  at the ends of dashes were se lec ted  and the  

The tangent ia l  ve loc i ty  w a s  then 

A typical t angen t i a l  ve loc i ty  p ro f i l e  i s  shown i n  Fig.  7. 
To obtain a p r o f i l e ,  a 

Approximately 100 
p a r t i c l e - t r a c e  da t a  poin ts  were obtained f o r  each p r o f i l e .  
f i f t h - o r d e r  least-squares  curve w a s  f i t  through the d a t a  points  using an IBM 7094 

7 
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program. 
are  shown in Fig. 7 t o  ind ica te  typ ica l  s c a t t e r  of the data. 

Brackets ind ica t ing  one standard deviation of a l l  points  from the curve 

a 
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DISCUSSION OF RESULTS 

Charac te r i s t ics  of Turbulent Mixing Region Near Per iphera l  Wall 

Microflash Photographs of Dye Pat terns  

Figures 8 through 13 contain microflash photographs of dye pa t t e rns  taken 
through the end w a l l  showing the e f f ec t  of thru-flow Reynolds number on the  turbu- 
l e n t  s t ruc tu re  of the flow near the peripheral  w a l l  f o r  a l l  th ree  in j ec t ion  con- 
f igura t ions .  Although only one photograph i s  shown f o r  each flow condition, many 
were taken. Those presented i n  t h i s  report were selected on t h e  bas i s  of  c l a r i t y  
of the d e t a i l  of t he  turbulen t  regions of the flow which w e r e  of  primary i n t e r e s t  
i n  t h i s  invest igat ion.  
(as indicated by the arrows) and the dye was in jec ted  through the per ipheral  wall 
a t  the axial midplane. 

In  all photographs the flow ro ta t ion  is  counterclockwise 

The dye pa t t e rn  f o r  the s ingle-s lo t  in jec t ion  configuration i n  Fig. 8 f o r  
= 0 shows the  existence of a large ou te r  region of highly mixed flow charac- Re r , t  

t e r i z e d  by diffuse dye streamers and a number of la rge  eddies. The in j ec t ion  slot  
was located i n  the  dark region at the l e f t  side of the photograph. A similar 
p a t t e r n  i s  shown i n  the  photograph f o r  the fou r - s lo t  i n j ec t ion  configuration. 
photograph f o r  the 2144-port in jec t ion  configuration, the turbulent  mixing region 
i s  shown t o  be confined t o  a smaller region between a radius  of about r 

shows s t ra t i f ied streamers of dye, indicating t h a t  a lower turbulence l e v e l  exis ted 
i n  the primary-flow region than f o r  tile oiiiei= two injection eonfigul.atims. 
should be noted t h a t  the axes of the eddies shown i n  Fig. 8 are along the length of 
the  vortex tube. I n  the case of  the Taylor-Goertler i n s t a b i l i t i e s  normally encoun- 
tered i n  flow over concave surfaces ( R e f .  3), t he  axes would be along the circum- 
ference of t h e  tube, i.e., l o c a l l y  pa ra l l e l  t o  t he  wall. 
ble t o  obta in  c l e a r  photographs from the side of the tube i n  the region immediately 
adjacent t o  the per iphera l  wall. 
Goertler c e l l s .  

I n  the 

= 4.0 in .  
cLLlu --a +LA ,,llG -e....f-L p c r L p l l ~ ~ a l  vdl.  ?!eve~e~, at. radii less than r = 4.0 in .  t h e  photograph 

It 

However, it was  not possi-  

Such a v iew would be required t o  show Taylor- 

For a thru-flow Reynolds number of 30 (Fig. g ) ,  the  dye p a t t e r n  near the 
per iphera l  wall of the  s ingle-s lo t  inject ion configuration i s  characterized by a 
la rge  number of wisps of dye shedding off the dense dye streamers caused by eddies 
which extend from a rad ius  of approximately 3.5 in.  t o  the per iphera l  w a l l  (i .e.,  
the  mixing region thickness i s  approximately 1.5 in . ) .  The complete eddies are not 
v i s i b l e  i n  the photographs due t o  the h igh  turbulence near the w a l l  which rapidly 
d i f f u s e s  the dye. For the  four -s lo t  inject ion configuration, la rge  eddies are a l so  
evident near the  .peripheral w a l l .  
mately 3.0 i n .  t o  the per iphera l  w a l l .  
i n j e c t i o n  configurations,  the 2 1 a - p o r t  inject ion configuration shows a f i n e  s t r a t i f i e d  

The mixing region extends from a radius of approxi- 
I n  contrast  t o  t he  s ing le-s lo t  and four-s lot  

9 
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f l o w  out t o  a radius of approximately 4.5 in .  In  t h i s  case, the  turbulent  mixing 
region i s  confined t o  the port ion of the vortex tube within approximately 1/2 in .  
of the  wall .  

The microflash photographs f o r  a thru-flow Reynolds number of 60 show similar 
flow charac te r i s t ics  (Fig. 10). For the s ing le-s lo t  i n j ec t ion  Configuration, diffuse 
wisps of dye moving r a d i a l l y  outward from the  dense dye streamer can be seen. The 
turbulent  mixing region extends from about a radius of approximately 3.5 in .  t o  the 
per ipheral  w a l l  a s  it did f o r  t h i s  configuration a t  a thru-flow Reynolds number of 
30. For the  four-slot  in jec t ion  configuration a number of well-defined la rge  eddies 
can be seen along the  per ipheral  w a l l .  Insuf f ic ien t  dye i n  the  adjoining i n t e r i o r  
region prevented the f u l l  extent  of the  mixing region t o  be v i s i b l e  i n  t h i s  photo- 
graph; however, t he  photographs i n  Figs. 9 and 11 f o r  the four -s lo t  i n j ec t ion  con- 
f igura t ion  show the  r a d i a l  extent of t h i s  region qui te  c lear ly .  I n  Fig.  10, the  
photograph for the 2144-port i n j ec t ion  configuration again shows a t h i n  mixing 
region. However, outs ide t h i s  region ( r a d i a l l y  inward) a number of well-defined 
f l a t t ened  eddies appear which do not extend t o  the  per iphera l  wall. 
were observed at severa l  thru-flow Reynolds numbers i n  regions away from t h e  
per iphera l  w a l l .  They are not believed t o  be connected with per iphera l  w a l l  turbu- 
lence and appear to  be a r e s u l t  of small-amplitude, long-period r a d i a l  o s c i l l a t i o n s  
of the  flow which were v i s ib l e  i n  t h e  dye pa t te rns .  The source of the disturbance 
causing these osc i l la t ions  i s  not d e f i n i t e l y  known. The photographs i n  Fig. 11 f o r  

show the same trends observed i n  Figs.  8, 9 and 10. Re r ,  t 
l e n t  mixing region again occurred i n  the  vortex tube with the  2144-port i n j ec t ion  
configuration. 

These eddies 

= 93 The th innes t  turbu- 

For thru-flow Reynolds numbers of  125 and 200, only the  s ing le - s lo t  and 2144- 

A s  i n  previous photo- 
por t  i n j ec t ion  configurations a re  compared (Figs.  12 and 13). 
t o  those a t  lower thru-flow Reynolds numbers were observed. 
graphs, eddy s i z e  and mixing region width are l a rge r  f o r  the  s ing le - s lo t  configura- 
t i o n  than f o r  the 21k-por t  configuration. 
near ly  per iodic  wlsps of dye progressing outward toward the  per iphera l  w a l l  from an 
inner dye region can be seen; f o r  the  2144-port i n j ec t ion  configuration, a t h i n  diffuse 
cloud of dye ex i s t s  i n  the v i c i n i t y  of the per iphera l  w a l l .  
o f  eddies near the per ipheral  w a l l  of the  2144-port configuration can be detected 
(note the periodic l i g h t  and dark shading of t h e  dye i n  t h i s  region) .  
cen t r a l  region of t h e  flow ( ins ide  of the mixing region) i n  t h i s  vortex tube config- 
uration, the dye pa t te rns  show well-defined s t r a t i f i e d  dye streamers, although i n  
Fig.  12 a f la t  r o l l  eddy can be seen a t  a rad ius  of about 4.0 i n .  

Flow pa t t e rns  similar 

For the s ing le-s lo t  i n j ec t ion  configuration, 

I n  Fig.  13, t he  presence 

Within the  

Although no quant i ta t ive estimate of t he  l e v e l  of turbulence i n  the flow region 
near the peripheral  wall  can be made from the  microflash photographs, t he  photographs 
c l ea r ly  ind ica te  tha t  the  eddy s i z e  and width of the  t u r b u l e n t  mixing region were 
smallest  for  the  2144-port i n j ec t ion  configuration at  a l l  thru-flow Reynolds numbers. 
The f a c t  t h a t  well-defined eddies ex is ted  which had a p e r i o d i c i t y  t h a t  changed with 

10 
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flow condition and vortex tube geometry i s  p a r t i c u l a r l y  in t e re s t ing ,  
turbulence, which is random i n  nature,  i s  one method of momentum exchange between 
the  inner,  high-velocity flow and the low-velocity flow near the  per ipheral  w a l l .  
For flow along concave walls, the formation of Taylor-Goertler c e l l s  -- which a l so  
have a per iodic  s t ruc ture  -- can provide an important addi t iona l  means of t ranspor t -  
ing momentum t o  the peripheral w a l l .  
appears t o  have been present  i n  these t e s t s  i n  the form of an azimuthal wave which 
evidenced i tself  as a series of per iodic  eddies whose axes of ro ta t ion  were perpendicu- 
lar  t o  the axes of the  c l a s s i c a l  Taylor-Goertler ce l l s .  
is  at  present  unknown. 

Boundary layer  

An addi t ional  momentum t ranspor t  mechanism 

The cause of t h i s  i n s t a b i l i t y  

Hot-wire Anemometer Data 

In  the inves t iga t ion  reported i n  R e f .  4, hot-wire anemometer measurements were 
made t o  quan t i t a t ive ly  determine the e f fec t  of the per ipheral-wal l  i n j ec t ion  tech-  
nique on the l e v e l  of turbulence i n  an air  vortex.  The vortex tubes and in j ec t ion  
configurations tested were iden t i ca l  t o  the s ing le-s lo t  and 2144-port tubes used i n  
the present invest igat ion.  
f l u i d ,  data were obtained f o r  approximately the same values of i n j ec t ion  and thru-  
flow Reynolds numbers. 

Although a i r  was used instead of water as the  working 

Figure 14 shows a comparison of  turbulent energy spectra  f o r  the t w o  configura- 
t i ons  based on measurements made a t  a radius of 4.75 in .  
these spec t ra  correspond approximately t o  the flow conditions f o r  the  microflash 
phctegrzphs e? d~re  patterns shown i n  Figs. 10 and 11 (ac tua l  
measurements show la rge  concentrations of energy a t  eddy wavelenzhs on the order  of 
1.0 in .  f o r  the s ingie-a io t  iiijectiofi configurstion as< 0.96 in. f c r  the  21.44-prt 
i n j ec t ion  configuration. Eddies having diameters on the  order of  1.0 in .  can be seen 
i n  the  photographs i n  Figs.  9, 10 and 11 for  the s ingle-s lo t  configuration, b u t  t he  
eddies a t  a radius  of 4.75 in .  i n  the 21bh-port configuration are too  s m a l l  t o  be 
c l e a r l y  dis t inguished.  

The flow conditions f o r  

,# + i Z 56). The 

Charac te r i s t ics  of Primary-Flow Region 

Photographs of D y e  Pa t t e rns  

Figures 15 through 18 contain photographs of dye pa t te rns  taken through the  s i d e  
wall of the  vortex tube showing the  s t ructure  of t h e  flow i n  the  primary-flow region 
o f  t h e  vor tex  f o r  a l l  th ree  in j ec t ion  configurations. 
dye w a s  i n j ec t ed  through por t s  i n  the endwal l s .  
ind ica ted  times after cessat ion of dye injection. 

For these photographs, the  
The photographs were taken a t  the 

Dye p a t t e r n  photographs f o r  a thru-flow Reynolds number of zero are shown i n  
Fig.  15. For both the s ing le-s lo t  and four-slot  configurations, the dye pa t t e rn  i s  

11 
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very d i f fuse  i n  t he  primary-flow region, which indicates  a r e l a t i v e l y  high l e v e l  of I 
turbulence. 
r ipp les  appear i n  the s t r a t i f i e d  dye streamers. 
b i l i t y  i n  t h e  primary-flow region which was observed f o r  a l l  th ree  in jec t ion  configura- 
t i ons  a t  a thru-flow Reynolds number of zero. 
a s e r i e s  of e l l i p ses  w i t h  major axes a l t e r n a t e l y  90 deg apar t  along the axis of the 
vortex tube. However, i n  the 2144-port in jec t ion  configuration, the  presence of 
s t r a t i f i e d  dye fi laments indicates  a markedly less turbulent  primary-flow region 
than f o r  both the s ing le-s lo t  and four -s lo t  i n j ec t ion  configurations.  The dye a l s o  
appeared s t r a t i f i e d  i n  the  microflash photograph taken through the  end wall a t  t h i s  
thru-flow Reynolds number (Fig. 8). 

Note i n  the photograph f o r  t h e  2144-port i n j ec t ion  configuration t h a t  
This i s  due t o  a standing-wave i n s t a -  

In  an end view, t h e  r ipp les  appear as 

Figures 16, 17 and 18 show the  s t ruc ture  of the flow f o r  thru-flow Reynolds 
numbers of 30, 60 and 93, respectively.  A l l  photographs show axial rec i rcu la t ion  
c e l l s  i n  the  primary-flow regions of the  vortexes. 
enclosed by rad ia l  stagnation surfaces (surfaces  of zero r a d i a l  ve loc i ty) .  These 
surfaces coincide i n  radius near each end wall with the c e l l  boundaries and are  out-  
l i ned  by horizontal  dye fi laments i n  some of the  photographs (e.g., see the lower 
photograph i n  Fig. 16).  Outside of t h i s  surface the  f l u i d  moves a x i a l l y  toward the  
end walls. Inside of t h i s  surface,  f l u i d  leaves the  end-wall boundary l aye r  from a 
region near the center  of the  end wall, moves r a d i a l l y  outward through the  primary- 
flow region and then re-enters the  end-wall boundary layer  a t  r a d i i  s l i g h t l y  less  
than the radius of the r a d i a l  s tagnat ion surface.  The flow ins ide  of the  r a d i a l  
s tagnat ion surface appears t o  be laminar. 
t i o n  c e l l s  are given i n  R e f .  2. 

The rec i r cu la t ion  c e l l s  are 

Further  descr ipt ions of these rec i rcu la-  

The location of the r a d i a l  s tagnat ion surface appears t o  cor re la te  with the  
observed thickness of the turbulent  peripheral-wall  mixing region. Figure 19 shows 
the  e f f e c t  of  thru-flow Reynolds number on the  radius  of t he  r a d i a l  s tagnat ion sur-  
face f o r  a l l  three configurations ( t h e  curves are based on photographs similar t o  
those i n  Figs .  16, 17 and 18). No r a d i a l  s tagnat ion surface ex is ted  a t  thru-flow 
Reynolds numbers l a rge r  than the  values ind ica ted  by an a s t e r i s k  (i.e.,  the outer  
edge of t h e  dye annulus moved r a d i a l l y  inward with t i m e  and the  turbulence i n  the  
primary-flow region increased).  
Reynolds numbers grea te r  than 200 f o r  the 2 1 a - p o r t  i n j e c t i o n  configuration and 
grea te r  than 100 f o r  the o ther  two configurations.  Figure 19 a l so  shows t h a t  t he  
radius  of the radial  stagnation surface was considerably l a r g e r  f o r  the 2144-port 
i n j ec t ion  configuration, as would be expected because of i t s  th inner  mixing region. 
These r e s u l t s  indicate t ha t  the  use of d i s t r ibu ted  in j ec t ion  po r t s  instead of s ing le  
o r  multiple inject ion s l o t s  provides an appreciable increase (4@ t o  6@) i n  the  
volume of the  central  region of low-turbulence flow. 

Note t h a t  this e f f e c t  occurred a t  thru-flow 
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Tangential Velocity P r o f i l e s  

Figures 20 and 21  show t h e  e f f e c t  of thru-flow Reynolds number on the  t angen t i a l  
ve loc i ty  p r o f i l e s  i n  the primary-flow region of the vortex f o r  t he  s ing le-s lo t  and 
2 1 4 - p r t  i n j ec t ion  configurations.  Tangential ve loc i ty  p r o f i l e s  were not obtained 
f o r  t he  four -s lo t  i n j ec t ion  configuration since, as shown i n  Fig. 19, t he  radius of 
t he  r a d i a l  s tagnat ion surface (and hence the volume of low-turbulence flow i n  the 
primary-flow region) was less f o r  t h i s  configuration than f o r  the other  two configu- 
ra t ions .  The profiles shown were obtained using the pa r t i c l e - t r ace  method. 

Consider f irst  the t angen t i a l  velocity p r o f i l e s  f o r  thru-flow Reynolds numbers 
of  30, 60 and 90 (i.e., flow conditions f o r  which r ec i r cu la t ion  c e l l s  occur f o r  both 
in j ec t ion  configurations) shown i n  Figs. 20 and 21. I n  t h e  ou te r  region of flow, 
the  v e l o c i t i e s  f o r  the s ing le - s lo t  inject ion configuration are lower than f o r  the 
2144-port i n j ec t ion  configuration. 
part t o  the d i f f e r e n t  mixing region widths f o r  t he  two  i n j e c t i o n  configurations.  In  
the inner region of flow ( r = 1.0 t o  3.0 in.) ,  t he  ve loc i ty  profiles are near ly  the 
same. 
profile f o r  the  2144-port i n j ec t ion  configuration shows a weaker vortex and steeper 
ve loc i ty  gradient  a t  r a d i i  greater than 3.0 i n .  than f o r  the s ingle-s lo t  i n j ec t ion  
configuration. 

This difference undoubtedly i s  due a t  least i n  

For a thru-flow Reynolds number of zero (Fig. 20), t h e  t angen t i a l  ve loc i ty  
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Length of vortex tube, 2.50 f t  

Exponent i n  c i r cu la t ion  equation, 

Volumetric flow rate of inject ion je t  which dr ives  vortex,  f t3/sec 

nr 
t- 

Volumetric flow rate i n  thru-flow ducts,  f t3/sec 

Local radius  from center l ine  of vortex tube, f t  (except where noted 
otherwise ) 

O u t e r  radius  of vortex tube, f t  

Radial Reynolds number a t  ou ter  radius of vortex tube,  (Vr  
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I 

Local r a d i a l  Reynolds number i n  primary-flow region, ( V  r)/v , dimensionless 

iu'cjruinai tiiril-flow ~ + j ~ ~ i o ~ s  riixiber (radial ~ e p o l d s  ni.z~her f o r  radial 
outflow) based on f l u i d  propert ies  at 68 F, Q t  /277-vL , dimensionless 

Tangential Reynolds number based on tangent ia l  ve loc i ty  a t  outer  radius  of 
vortex tube, V r , /v , dimensionless 

Tangential  Reynolds number based on average i n j e c t i o n  veloci ty ,  
V 

Fluctuat ing component of tangent ia l  veloci ty ,  f t / s e c  

+ 
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1 1  

Average in j ec t ion  veloci ty ,  Q I A ,  f t / s e c  

Local r a d i a l  ve loc i ty  i n  primary flow, f t / s e c  

Locd tangent ia l  ve loc i ty  i n  primary flow, f t / s e c  

Distance measured i n  a direct ion p a r a l l e l  t o  the  axis of the  vortex tube 
from the axial midplane, f t  

0.8 Dimensionless secondary flow s imi la r i ty  parameter, ( Re / Re ) (2  r ,  /L + , i  r, t 
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LIST OF SYMBOLS (Cont 'd. ) 
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Kinematic viscosi ty ,  f t*/sec 
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APPENDIX 

APPROXIMATE MEASURFSIENTS OF TKE RATIO OF EDDY VISCOSITY TO 
LAMINAR VISCOSITY IN A VORTEX WITH RADIAL OUTFLx>W 

Method of Analysis 

An ana lys i s  i n  which theo re t i ca l  and experimental r e s u l t s  are compared t o  
obta in  an estimate of the r a t i o  of eddy viscosi ty  t o  laminar v i scos i ty  f o r  flow i n  a 
vortex with r a d i a l  outflow i s  described i n  t h i s  APPENDIX. Radial outflow da ta  were 
obtained using the 2144-port i n j ec t ion  configuration with addi t iona l  f l u i d  in jec ted  
r a d i a l l y  outward from a porous tube located along the  center l ine  of t he  vortex tube 
(see sketch i n  Fig. 22). 

The flow i n  the primary-flow region was observed from dye photographs t o  be 
turbulent  f o r  a l l  radial outflow conditions. 
t o  have constant v i scos i ty  and coilstant rad ia l  mass flow equal a t  a l l  r a d i i  t o  t h e  
mass flow of f l u i d  i ssu ing  from t h e  porous tube. 
d i s t r ibu t ion  of t he  form V i s  a so lu t ion  t o  the  Navier-Stokes equations 
(Refs. 5 and 6). 
region and t h e  l o c a l  r a d i a l  Reynolds number, Re T1 

the  outflow r a d i a l  Reynolds number, 
tube j .  

In  the  analysis ,  t he  flow w a s  assumed 

For t h i s  type of flow, a ve loc i ty  

The eddy v i scos i ty  w a s  assumed t o  be constant i n  the  primary-flow 
cf rnT- l  

#J 
, was assumed t o  be equal t o  

Re r ,  + (based on the  outflow through the porous 

The exponent nr was determined graphically from log-log p l o t s  of t he  e x p r i -  
mentally determined c i r cu la t ion  d is t r ibu t ions ,  where the  c i r cu la t ion  is  defined as 
the  product of V +  and r . On a p lo t  of log  V + r  vs log r , the  exponent nr i s  
the  slope of a s t r a i g h t  l i n e  f i t  through the da ta  points.  
r e t i c a l  exponents were then compared by calculating the r a t i o  of  t h e o r e t i c a l  r ad ia l  
mass flow t o  the  experimental radial mass f l o w  as follows: 

The experimental and theo- 

P V r  
P 

P '+P 

(Re,, p) ~ M ~ W R  - (2 - r) LAMINAR P E + P  
(5 )  - - =  

- ( 2  - n&PERiMENTAL - P "r P p) EXPERIMENTAL 

Thus, the r a t i o  of eddy v i scos i ty  t o  laminar v iscos i ty  was obtained i n  terms of the 
experimental and t h e o r e t i c a l  values of nr : 

It should be pointed out t h a t  f o r  the  analysis to  be va l id  the  eddy v i scos i ty  i n  the  
primary-f l o w  region of t he  vortex must be near ly  constant.  
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Discussion of Results 

Figures 22 through 24 present the data  employed i n  determining the  experimental 
values of t h e  exponent n r  . 
t angent ia l  veloci ty  p r o f i l e s  i s  shown i n  Fig.  22, and the s c a t t e r  i n  the  data  f o r  a 
typ ica l  c i rculat ion p r o f i l e  i s  shown i n  Fig. 23. 
coordinates f o r  t h e  four  outflow r a d i a l  Reynolds numbers t e s t ed  are shown i n  Fig.  24. 
The experimental value of nr 
c i rcu la t ion  prof i le  i n  the r a d i a l  region between 2.5 and 4.0 in. ,  where the p ro f i l e s  
are approximately l i nea r .  
b l e  because o f t h e  small s c a t t e r  i n  the  data  (see Fig. 23). 

The e f f e c t  of outflow r a d i a l  Reynolds number on the 

Circulat ion p r o f i l e s  on log-log 

was determined graphically from the  slope of the  

L i t t l e  deviation i n  the  measured exponent value was possi-  

Comparison o f  t h e  theo re t i ca l  and experimental var ia t ions  of n r  with outflow 
rad ia l  Reynolds number are shown i n  Fig. 25. 
is  almost f l a t  compared with the  steep gradient with increased outflow r a d i a l  
Reynolds number for the  theo re t i ca l  var ia t ion  ( i , e . ,  f o r  laminar flow).  This d i f f e r -  
ence is  an indication of the turbulence which exists i n  the  ac tua l  vortex w i t h  r a d i a l  
outflow. 

Note t h a t  thf experimental var ia t ion  

The ef fec t  o f  outflow r a d i a l  Reynolds number on the r a t i o  of eddy v i scos i ty  t o  
laminar viscosi ty  (based on theo re t i ca l  and experimental values of nr 
i s  shown i n  Fig. 26. The r a t i o  increases with increasing outflow r a d i a l  Reynolds 
number. 
which tangent ia l  ve loc i ty  p r o f i l e s  were obtained are shown i n  Fig. 27. 

from Fig. 25) 

Photographs of dye pa t te rns  at  the  four  outflow r a d i a l  Reynolds numbers f o r  
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I 

I 
, 

TOTAL INJECTION AREA = 
2 6.15 IN. 

FIG. 2 

DETAILS OF INJECTION CONFIGURATIONS 

SINGLE - SLOT INJECTION 

PERIPHERAL 
BYPASS PLENUM 

INJECTION SLOT 

0.205 

INJECTION PLENUM 

INJECTION SLOT 

0.205 

INJECTION PLENUM 

HEIGHT = 
IN. 

FOUR - SLOT INJECTION 

BYPASS PLENUM 
TOTAL INJECTION AREA = 

2 6.00 IN. 

!N,rC?!QN PLENUM 

2144 - PORT INJECTION 

TOTAL INJECTtON AREA : 
INJECTION PLENUM 6.00 IN2 

PERIPHERAL 
BYP#SS PLENUM 

INJECTION PORT DIA = 0.060 IN. 
SEE FIG.4 FOR ENLARGED SKETCH 
OF 2144 - PORT INJECTION CONFIGURATION 
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PHOTOGRAPHS OF SINGLE - SLOT-INJECTION 
AND 2144-PORT-INJECTION VORTEX TUBES 

SINGLE-SLOT INJECTION 

2 I44 - PORT IN JECTl ON 

22 
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SKETCH OF ONE QUADRANT 
O F  2144 - PORT INJECTION CONFIGURATION 

i FULL SCALE 

PERIPHERAL BYPASS PLENUM f 
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TYPICAL PARTICLE-TRACE PHOTOGRAPH 

FLOW ROTATION - 
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TYPICAL TANGENTIAL VELOCITY PROF1 LE SHOWING 
OF PARTICLE - TRACE DATA 

R e  = 120,000 v .  = 3.16 FT/SEC 
1 ,  j I 

Re 30 r,t 
2144 - PORT INJECTION 

SEE F I G . 2  FOR DETAILS OF INJECTION CONFIGURATION 

3.0 

2.5 

2 .o 

I .5 

I .o 

0.5 

0 
0 I 2 3 

RADIUS, r - IN. 
4 
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MICROFLASH PHOTOGRAPHS OF DYE PATTERNS FOR ALL 

THREE INJECTION CONFIGURATIONS AT 
THRU-FLOW REYNOLDS NUMBER OF 0 

R e t , j  = 120,000 

SEE FIG.2  FOR DETAILS OF INJECTION CONFIGURATIONS 

DYE INJECTION THROUGH PERIPHERAL W A L L  AT AXIAL MIDPLANE 

FLOW ROTATION 
4 

SINGLE - SLOT 
IN JECTl ON 

FQUR - SLOT 
INJECTION 

2144 - PORT 
INJECTION 
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MICROFLASH PHOTOGRAPHS OF DYE PATTERNS FOR ALL 

THREE INJECTION CONFIGURATIONS AT 
THRU-FLOW REYNOLDS NUMBER OF 30 

R e t , j  120,000 

SEE FIG. 2 FOR DETAILS OF INJECTION CONFIGURATIONS 

DYE INJECTION THROUGH PERIPHERAL W A L L  AT AXIAL M I D P L A N E  

FLOW R OT AT IO N 
4 

SINGLE - SLOT 
INJECTION 

FOUR-  SLOT 
INJECTION 

2144 - PORT 
INJECTION 

- 5  
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MICROFLASH PHOTOGRAPHS OF DYE PATTERNS FOR ALL 

THREE INJECTION CONFIGURATIONS AT 
THRU - FLOW REYNOLDS NUMBER OF 60 

Re,, = 120,000 

SEE F IG.2  FOR DETAILS OF INJECTION CONFIGURATIONS 

DYE INJECTION THROUGH PERIPHERAL W A L L  AT AXIAL  MIDPLANE 

FLOW ROTAT I ON 

SINGLE - SLOT 
INJECTION 

FOUR - SLOT 
INJECTION 

2144 - P O R T  
INJECTION 
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MICROFLASH PHOTOGRAPHS OF DYE PATTERNS FOR ALL 

THREE INJECTION CONFIGURATIONS AT 
THRU-FLOW REYNOLDS NUMBER OF 93 

Re t , i  = 120.000 

SEE F I G . 2  FOR DETAILS OF INJECTION CONFIGURATIONS 

DYE INJECTION THROUGH PERIPHERAL WALL AT AXIAL MIDPLANE 

FLOW ROTAT ION - - 

SINGLE - SLOT 
INJ ECTl ON 

FOUR - SLOT 
INJECTION 

2144 - PORT 
I NJECTl ON 

J I- a 

n 
a 
K 
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MICROFLASH PHOTOGRAPHS OF DYE PATTERNS FOR 
SINGLE- SLOT AND 2144-PORT INJECTION CONFIGURATIONS 

AT THRU-FLOW REYNOLDS NUMBER OF 125 

Re 120,000 
t, i 

SEE FIG. 2 FOR DETAILS OF INJECTION CONFIGURATIONS 

DYE INJECTION THROUGH PERIPHERAL W A L L  AT AXIAL MIDPLANE 

SINGLE - SLOT 

INJECTION 

2144 - PORT 

INJECTION 

FLOW ROTAT ION 

- 5  

- 0  

- 5  

- 0  
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MICROFLASH PHOTOGRAPHS OF DYE PATTERNS FOR 
SINGLE-SLOT AND 2144-PORT INJECTION CONFIGURATIONS 

AT THRU-FLOW REYNOLDS NUMBER OF ZOO 

Re +,j = 120,000 

SEE FIG. 2 FOR DETAILS OF INJECTION CONFIGURATIONS 

DYE INJECTION THROUGH PERIPHERAL W A L L  AT AXIAL MIDPLANE 

FLOW ROTATION 

P 

SINGLE - SLOT 
INJECTION 

2144 - PORT 

INJECTION 

- 5  

-0 

32 



0-910091 - 7 FIG. 14 

AND 2144-PORT INJECTION CONFIGURATION AT A RADIUS OF 4.75 IN. 
AND THRU-FLOW REYNOLDS NUMBER OF 100 

TURBULENT ENERGY SPECTRA FOR SINGLE - SLOT 

Re + v i  = 190,000 VI = 76 FT/SEC P,,j = 56 

AIR VORTEX DATA FROM REF. 4 
SEE FIG. 2 FOR DETAILS OF INJECTION CONFIGURATIONS 
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2144 - PORT INJECTION SINGLE- SLOT iNJECTlON 
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27Tf 
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PHOTOGRAPHS OF DYE PATTERNS FOR ALL THREE INJECTION 
CONFIGURATIONS AT THRU -FLOW REYNOLDS NUMBER OF 0 

Re 120,000 +, j 

SEE FIG. 2 FOR D E T A I L S  OF INJECTION CONFIGURATIONS 

PHOTOGRAPHS TAKEN AT INDICATED T I M E S  

A F T E R  CESSATION OF DYE INJECTION THROUGH E N D  WALLS 

SINGLE-SLOT INJECTION - 0 . 7 5  MIN 

L -I 

5 

* I- 
C - 0 -  

cn - 
- 3 

n a - 
LT - 

5 5 -  

FOUR-SLOT INJECTION - 1.00 MIN 

2144 - PORT INJECTION - 0.75 MIN 
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PHOTOGRAPHS OF DYE PATTERNS FOR ALL THREE INJECTION 
CONFIGURATIONS AT THRU - FLOW REYNOLDS NUMBER OF 30 

Ret, j: 120,000 

SEE FIG. 2 FOR DETAILS OF INJECTION CONFIGURATIONS 

PHOTOGRAPHS TAKEN AT INDICATED TIMES 

A F T E R  CESSATION OF DYE INJECTION THROUGH END WALLS 

SINGLE-SLOT INJECTION - 6.0 MIN 

FOUR-SLOT INJECTION - 7.0 MIN 

2144 - P O R T  INJECTION - 7.0 MIN 
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PHOTOGRAPHS OF DYE PATTERNS FOR ALL THREE INJECTION 
CONFIGURATIONS AT THRU - FLOW REYNOLDS NUMBER OF 60 

Ret l j  = 120,000 

S E E  FIG.  2 FOR D E T A I L S  OF INJECTION CONFIGURATIONS 

PHOTOGRAPHS TAKEN AT INDICATED T IMES 

A F T E R  CESSATION O F  DYE INJECTION THROUGH END W A L L S  

SINGLE- SLOT INJECTION - 5.75 MIN. 

-c( 
FOUR-SLOT INJECTION - 6.00 MIN. 

2144 - PORT INJECTION - 6 00 MIN. 

5 

0 
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FIG, 18 

PHOTOGRAPHS OF DYE PATTERNS FOR A L L  THREE INJECTION 
CONFIGURATIONS AT THRU - FLOW REYNOLDS NUMBER OF 93 

Re+,j : 120,000 

SEE FIG. 2 FOR D E T A I L S  O F  INJECTION CONFIGURATIONS 

PHOTOGRAPHS TAKEN AT INDICATED T IMES 

A F T E R  CESSATION OF DYE INJECTION THROUGH END WALLS 

SINGLE-SLOT INJECTION - 3.0 M I N  

- 5  

- 0  

I - 
- 
- 
- 5  

FOUR-SLOT INJECTION - 3.0 MIN 

2144 -PORT INJECTION - 3.0 MIN 
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EFFECT OF THRU-FLOW RATE ON RADIUS OF 
RADIAL STAGNATION SURFACE FOR ALL THREE 

INJECTION CONFIGURATIONS 

R e  t , i  = 120,000 

OUTER EDGE OF DYE ANNULUS MOVED RADIALLY INWARD WITH TIME 

r*  FOR Re, , ,  GREATER THAN VALUES NOTED BY 

S E E  FIG. 2 FOR DETAILS OF INJECTION CONFIGURATIONS 
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0 -  
0 50 100 150 200 

THRU-FLOW REYNOLDS NUMBER, Re,,t 
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FIG. 20 

TANGENTIAL VELOCITY PROF1 LES 
FOR SINGLE- SLOT AND 2144- PORT INJECTION CONFIGURATIONS 

AT THRU-FLOW REYNOLDS NUMBERS OF 0 AND 30 

Re+,j  = 120,000 

V. = 3.16 FT/SEC 
1 

SEE FIG. 2 FOR DETAILS OF INJECTION CONFIGURATIONS 
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RADIUS, r - IN. 
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TANGENTIAL VELOCITY PROFILES 

FIG. 21 

FOR SINGLE - SLOT AND 2144 - PORT INJECTION CONFIGURATIONS 
AT THRU-FLOW REYNOLDS NUMBERS OF 60 AND 93 

Re t , l  . = 120,000 

V 5 3.16 FT/SEC i 

SEE FIG. 2 FOR DETAILS OF INJECTION CONFIGURATIONS 
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EFFECT OF OUTFLOW RADIAL REYNOLDS NUMBER ON 
TANGENTIAL VELOCITY PROFILES WITH FLUID INJECTION 

THROUGH CENTERLINE POROUS TUBE 
Ret ,  j = 120 ,000  

2144-  PORT INJECTION 

SEE FIG. 2 FOR DETAILS OF INJECTION CONFIGURATION 
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TYPICAL CIRCULATION PROFILE 

SHOWING SCATTER OF PARTICLE -TRACE DATA 
WITH FLUID INJECTION THROUGH CENTERLINE POROUS 

Re = 120,000 
t, j 

SEE FIG 

v = 3.16 FT/SEC Re = I r, t 

2144 - PORT INJECTION 

2 FOR DETAILS OF INJECTION CONFIGURATION 
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0-910091-7 FIG. 24 
EFFECT OF OUTFLOW RADIAL REYNOLDS NUMBER ON 

CIRCULATION PROFILES WITH FLUID INJECTION 
THROUGH CENTERLINE POROUS TUBE 

Re . = 120,000 v = 3.16 FT/SEC 
1 ,  I v r = I 3167 F T ~ S E C  j 

J I  
2144 - PORT INJECTION 

SEE FIG.2 FOR DETAILS O F  INJECTION CONFIGURATION 
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COMPARISON OF THEORETICAL AND EXPERIMENTAL VARIATIONS 
OF nr WITH OUTFLOW RADIAL REYNOLDS NUMBER 

v+r cc rnr 

LAMINAR T H E O R Y :  nr r 2 - R e , , p  

EXPERIMENT : nr FROM FIG.  2 4  (ASSUMES R e  r,+ : Re ) 
r , P  

2144-  PORT INJECTION 

W - I  -2 

1 0 1  360,000 

A 

-5 - I  0 -20 -50 
ACTUAL HADIAL REYNOLDS NUMBER, Re,,t= Q + / 2 T v L  
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EFFECT OF OUTFLOW RADIAL REYNOLDS NUMBER ON 
RATIO OF EDDY VISCOSITY TO LAMINAR VISCOSITY WITH 

FLUID INJECTION THROUGH CENTERLINE POROUS TUBE 

R e + , j  : 120,000 

2144-PORT INJECTION 

P + P  - (2-n,) FROM LAMINAR THEORY (SEE FlG.25 1 - 
P ( 2 - n r )  FROM EXPERIMENT ( S E E  FIGS.24 AND 25 1 
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MICROFLASH PHOTOGRAPHS OF DYE PATTERNS WITH FLUID 
INJECTION THROUGH CENTERLINE POROUS TUBE 

R A D I A L  REYNOLDS NUMBERS OF -3,-30,-60, AND -100 

Re .=120,000 
+ , I  

2144 - P O R T  INJECTION 

SEE. FIG.  2 FOR D E T A I L S  O F  INJECTION CONFIGURATION 
'..' 

DYE INJECTION THROUGH CENTERLINE POROUS TUBE 

F L O W  ROTATION 

Rer l t  - 30  = - 3  

Re,, = - 60 

- 5  

- 0  

= -  100 

RADIUS, r - I N  
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