
https://ntrs.nasa.gov/search.jsp?R=19700002929 2020-03-12T04:41:37+00:00Z



United Flircraft Research Laboratories 

U 
UNITED AIRCRAFT CORPORATION 

EAST HARTFORD, CONNECTICUT 

Experimental Investigations of 
Heavy- Gas Containment i n  
R-F Heated and Unheated 

Two-Component Vortexes 

NASA Contract No. NASW-847 

L 

REPORTED BY /ZL j ~)&yl~if, 
Arthur E. Mensing k 

Jerome F . kfamine t 

%4m&u @hhL 
APPROVED BY 

u ~ a m e s  W. Clark, Chief 
Fluid and Systems Dynamics 

NO. OF PAGES 7* 

DATE September 1969 

COPY NO. bb l\ 



FOREWORD 

An exploratory experimental and theore t ica l  invest igat ion of gaseous nuclear 
rocket technology i s  being conducted by t he  United Ai rc ra f t  Research Laboratories 
under Contract NASW-847 with the  jo int  AEC-NASA Space Nuclear Propulsion Office.  
The Technical Supervisor of the  Contract f o r  NASA i s  Captain C.  E. Franklin (USAF). 
Results of portions of the  invest igat ion conducted during the  period between 
September 15, 1968 and September 15, 1969 a re  described i n  the  following f i v e  
reports  (including t he  present repor t )  which comprise the  required ninth Interim 
Summary Technical Report under the  Contract: 

1, Roman, W. C . ,  J. F, Klein, and P. G. Vogt: Experimental Investigations t o  
Simulate t he  Thermal Environment, Transparent Walls and Propellant Heating i n  
a Nuclear Light Bulb Engine. United Ai rc ra f t  Research Laboratories Report 
H-910091-19, September 1969. 

2. Mensing, A.  E. and J, F. Jaminet: Experimental Investigations of Heavy-Gas 
Containment i n  R-F Heated and Unheated Two-Component Vortexes. United A i r -  
c r a f t  Research Laboratories Report H-910091-20, September 1969. (present r epo r t )  

3. Krascella, N. L.: Theoretical Investigation o f t h e  Radiant Emission Spectrum 
from the  Fuel Region of a Nuclear Light Bulb Engine. United Aircraft  Research 
Laboratories Report H-910092-12, September 1969. 

4, Latham, T. S., H. E. Bauer, and R. J. Rodgers: Studies of Nuclear Light Bulb 
Start-up Conditions and Engine Dynamics. United Ai rc ra f t  Research Laboratories 
Report H-910375-4, September 1969. 

5. Johnson, B. V.: Exploratory Experimental Study of the  Effects of I n l e t  
Conditions on t h e  Flow and Containment Character is t ics  of Coaxial Flows. 
United Aircraf t  Research Laboratories Report H-910091-21, September 1969. 
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Report H-910091-20 

SUMMARY 

Experimental invest igat ions  were conducted i n  which the  amount of heavy gas con- 
tained i n  l ight-gas vortexes was measured f o r  both heated and unheated (isothermal) 
vortex flows. ' In  the vortex flows with heat addit ion,  power was added t o  the  flow 
by r - f  induction heating of the gas wi thin  the vortex chamber. The l i g h t  gas, argon, 
was in jec ted  i n  a tangent ia l  d i rec t ion  e i t he r  from the  end walls  or from the peripheral  
wal l  of the  vortex chamber. The vortex flow r a t e s ,  plasma diameter, and power addi- 
t ion  were such as t o  provide a r a d i a l  gradient  of temperature of approximately 
50,000 deg  i in. near the  outer edge of the plasma. Xenon was employed as t he  heavy 
gas and was in jec ted  i n t o  the vortex a t  several  d i f fe ren t  locat ions .  Spectroscopic 
techni.ques were used t o  determine both the  temperature d i s t r ibu t ion  and the  xenon 
p a r t i a l  pressures within the  plasma. 

Tests conducted with unheated vortex flows employed a vortex tube much larger  
than, but  geometrically s imilar  t o ,  the  vortex tube used i n  t he  heated t e s t s .  A i r  
was used as the  l i g h t  gas and mixtures of iodine with helium, nitrogen or  su l fu r  
hexafluoride were used as heavy gases. Several d i f fe ren t  heavy- and l ight-gas  
in jec t ion  configurations were used, and the  weight flow r a t e s  of both the  heavy and 
l i g h t  gases were varied.  The volume-averaged p a r t i a l  pressures of the  heavy gas 
within the  vortexes were determined, as were the r a d i a l  d i s t r ibu t ions  of the  heavy- 
gas p a r t i a l  pressure. 

Comparisons were made of t he  heavy-gas p a r t i a l  pressures i n  the heated and 
unheated flaws. For similar  geometries and t he  same l ight-gas weight flows, t he  
heated vortexes had larger  values of the heavy-gas p a r t i a l  pressure i n  the cen t ra l  
regions of the  vortex, but l e s s  heavy-gas p a r t i a l  pressure a t  the greater  r a d i i .  
Under the  same conditions, the  volume averaged heavy-gas p a r t i a l  pressures were 
about equal i n  both heated and unheated flows. Radial gradients of s t a t i c  pressure 
i n  the heated vortexes were much l e s s  than i n  unheated vortexes having the  same 
flow r a t e s .  



F%SULTS AND CONCLUSIONS 

1. Experiments were conducted i n  two-component vortex flows i n  which xenon 
was in jected i n t o  an r - f  induction-heated argon vortex. Several d i f fe ren t  methods 
were used t o  i n j e c t  both the argon and xenon i n t o  the  vortex chamber. Spectroscopic 
measurements of the l i g h t  emitted from the plasma were made t o  determine the plasma 
temperature and the  xenon p a r t i a l  pressure. The primary r e s u l t s  of these t e s t s  
were : 

a. The argon plasma diameter was approximately 70 percent of t he  diameter 
of t h e  vortex chamber. The peak plasma temperature was approximately 
10,000 K and a r a d i a l  temperature gradient of approximately 
.50,000 deg  i in. exis ted near the  outside edge of the  plasma. Less 
than 10 percent of t he  power deposited i n t o  the  plasma reached t he  
peripheral  wal l  of the  vortex chamber. 

b e  Xenon in jec ted  e i t he r  through the  vortex chamber peripheral  wa l l  i n  a 
r a d i a l  d i rect ion or on the  vortex center l ine  i n  an ax i a l  d i rec t ion  
resul ted i n  containment of xenon within the  plasma, provided the  
in jec t ion  velocity was of the  same order of magnitude as  t h e  vortex 
tangent ia l  velocity.  

c. The presence of a large r a d i a l  gradient of temperature appears t o  
s ign i f ican t ly  reduce the  xenon p a r t i a l  pressure a t  the  peripheral  
wal l  of the  vortex chamber. 

d. The m a x i m  xenon p a r t i a l  pressures within the  plasma region were 
generally 6 t o  7 times the xenon p a r t i a l  pressure t h a t  would have 
exis ted i f  t he  xenon had been uniformly d i s t r ibu ted  throughout the  
vortex chamber. 

e . For t he  same argon and xenon flow r a t e s ,  the  method of driving t he  
vortex (i .e., tangent ia l  in jec t ion  of t he  argon e i ther  from the end 
walls or  from the  peripheral  wa l l )  had no s ignif icant  e f f ec t  on the  
xenon p a r t i a l  pressures within the plasma region. 

f .  When in jec ted  from the  surface of the vortex chamber end wal l ,  ne i ther  
xenon gas nor tungsten pa r t i c l e s  could be made t o  enter  the plasma i n  
quan t i t i es  suf f ic ien t  f o r  spectroscopic measurements. 



2. Unheated two-component gas vortex t e s t s  were conducted i n  the  high Reynolds 
number t e s t  f a c i l i t y  and employed various heavy- and l ight-gas in jec t ion  configura- 
t ions  as wel l  as several  heavy-gas molecular weights. ('The term "unheated" i s  used 
t o  d i f f e r en t i a t e  these t e s t s  from the  r - f  heated t e s t s  even though the gases employed 
were heated t o  approximately 300 F t o  avoid condensation of the  iodine vapor used 
t o  "mark" the  heavy gas. ) The r e s u l t s  of these t e s t s  were : 

a. With a f ixed geometry, increasing the  r a t i o  of heavy- t o  l ight-gas 
volume flow r a t e  increased the volume-averaged heavy-gas p a r t i a l  pres- 
sure within the  vortex. The increase i n  volume-averaged p a r t i a l  pres- 
sure was the same whether the heavy-gas volume flow r a t e  was increased 
with constant l ight-gas volume flow r a t e  or the  l ight-gas  volume flow 
r a t e  was decreased with constant heavy-gas volume flow r a t e .  Changes 

' i n  the  heavy-gas molecular weight a t  a constant r a t i o  of heavy- t o  
l ight-gas  volume flow r a t e  had no e f f e c t  on the volume-averaged heavy- 
gas p a r t i a l  pressure. 

b. With a f ixed geometry and fixed l ight-gas weight flow, increasing 
the  heavy-gas flow r a t e  increased the  heavy-gas p a r t i a l  pressure both 
i n  the cen t ra l  core of the  vortex and near the  peripheral  wa l l  of the 
vortex chamber. However, t he  r a t i o  of the maximum heavy-gas p a r t i a l  
pressure within the  vortex t o  the  heavy-gas p a r t i a l  pressure 
which would e x i s t  i f  the heavy and l i g h t  gases were f u l l y  mixed 
decreased as the heavy-gas flow r a t e  increased. 

c. In ject ion of the  heavy gas i n  an ax i a l  d i rect ion through an end wal l  
r esu l ted  i n  l e s s  heavy gas s tored than did in jec t ion  of the  same flow 
r a t e  of heavy gas i n  a r a d i a l  d i rect ion through the  per ipheral  wall .  
However, f o r  the same heavy. and l ight-gas flow r a t e s ,  the  r a t i o  of the 
maximum value of the heavy-gas p a r t i a l  pressure within the vortex t o  
t h a t  which would ex i s t  i f  t he  heavy and l i g h t  gases were f u l l y  mixed 
was greater  with heavy-gas in jec t ion  through an end wal l .  

d.  With f ixed l i gh t -  and heavy-gas flow r a t e s ,  increasing the  amount of 
bypass flow (flow withdrawn a t  the  peripheral  wal l  a t  the  ends of the 
vortex tube ) increased the  heavy-gas containment parameter by about 
60 percent when the bypass flow was varied from 0 t o  50 percent. 
Further increases i n  bypass flow t o  greater  than 80 percent resu l ted  
i n  l i t t l e  or no addit ional  increases i n  heavy-gas containment. 



3. Comparisons between heated and unheated two-component vortex flows showed 
t h a t  the  volume-averaged heavy-gas p a r t i a l  pressures i n  the  heated vortexes were not  
s i gn i f i c an t l y  d i f f e r en t  from those i n  the unheated vortexes f o r  the  same r a t i o  of 
heavy-gas flow r a t e  t o  l ight-gas  flow r a t e .  However, the heavy-gas p a r t i a l  pressures 
i n  the cen t r a l  regions of the  vortex were greater  i n  heated vortexes than i n  unheated 
vortexes,  while the heavy-gas p a r t i a l  pressures near the  peripheral  wal l  were s i g n i f i -  
cant ly  lower i n  heated vortexes than i n  unheated vortexes. The heated vortexes 
appeared t o  be much l e s s  sens i t ive  t o  changes i n  the  l ight-gas  i n j ec t i on  configurations.  

4. Heated vortex flows produced a much smaller r a d i a l  gradient  of pressure 
than did  corresponding unheated vortex flows. 



H-910091- 20 

INTRODUCTION 

An experimental and theore t ica l  investigation of gaseous nuclear rocket  tech- 
nology i s  being conducted by the  United Aircraf t  Research Laboratories under Contract 
NASW-847 administered by the  jo in t  AEC-NASA Space Nuclear Propulsion Office. The 
research performed under t h i s  contract  i s  primarily applicable t o  the  vortex- 
s tab i l i zed  nuclear l i g h t  bulb rocket concept described i n  Ref. 1. I n  t h i s  concept, 
hydrogen propellant  seeded with a small amount of tungsten par t i c les  i s  heated by 
thermal radia t ion passing through an i n t e rna l l y  cooled transparent wal l  located 
between gaseous uranium f u e l  and the  propellant .  A t ransparent  buffer gas such as  
neon i s  in jec ted  tangent t o  the  inner surface of the  transparent  wal l  t o  e s t ab l i sh  
a vortex flow which i s  u t i l i z e d  t o  i s o l a t e  the  gaseous nuclear f u e l  from the  t rans-  
parent wall .  ' 

A requirement fo r  the operation of any gaseous n u c l e u  reactor i s  the  contain- 
ment of su f f i c i en t  nuclear f u e l  t o  maintain c r i t i c a l i t y .  I n  the  case of the  nuclear 
l i g h t  bulb, an addi t ional  requirement i s  t h a t  no f u e l  reach the transparent  wal l  
s ince  t h i s  would cause the  wal l  t o  lose transparency. 

A number of experimental investigations have been conducted throughout the  past  
several  years t o  determine the containment charac te r i s t i cs  of two-component gas 
vortexes ( ~ e f s .  2 through 6 ) .  In  these invest igat ions ,  a l i g h t  gas was used t o  
drive the vortex and a heavy gas was in jected separately t o  simulate gaseous nuclear 
f ue l .  Most of the past  two-component gas t e s t s  were conducted with vortex flows i n  
which no temperature gradient  was present. 

The experiments conducted i n  the present invest igat ions  had two primary purposes: 
(1) t o  invest igate  the  containment of a heavy gas i n  a vortex flow i n  which a large  
temperature gradient i s  present,  and ( 2 )  t o  invest igate  the  vortex flow parameters 
t h a t  a f fec t  the heavy-gas containment i n  an isothermal vortex flow with primary 
emphasis on es tabl ishing flows t h a t  are  similar  t o  those desired i n  the  fu l l - s ca l e  
nuclear l i g h t  bulb engine. I n  addition, it was desired t o  make comparisons between 
the r e s u l t s  obtained i n  isothermal vortex t e s t s  and those from similar  t e s t s  i n  which 
a temperature gradient was present t o  determine the  e f f ec t  of a temperature gradient 
on the  vortex flow pat terns .  



TEST EQUIPMENT AND PROCEDURES 

The two-component vortex t e s t s  conducted i n  t h i s  invest igat ion employed two 
d i f f e r en t  f a c i l i t i e s .  The heated vortex t e s t s  were conducted using the  UARL 80-kw 
r - f  induction heater ,  while t he  unheated vortex t e s t s  were conducted using the  high 
Reynolds number t e s t  f a c i l i t y  constructed a t  UARL under Contract NASW-847. The 
equipment used i n  each of these f a c i l i t i e s  i s  described i n  the  following two 
subsections. 

Heated Vortex Tests 

UARL 80-KW R-F Induction Heater 

The 80-kw r - f  induction heater  used i n  the heated vortex t e s t s  i s  bas ica l ly  the  
same as described i n  Ref. 7. Br ief ly ,  the 80-kw r - f  induction heater  i s  a driven 
system i n  which a 600-w tunable r - f  t ransmitter  drives the  g r id  of the  80-kw power 
amplif ier  through a tuned coupling network. The output of the  power amplif ier  i s  
connected t o  a 2 1/2-turn, 2.7-in .-dia c o i l  through a p i  coupling network. The c o i l  
turns  are  spaced approximately 1.0 i n .  apart and the  vortex chamber assembly i s  
inse r ted  within the  work co i l .  

Vortex Models and Light-Gas Inject ion Systems 

". 
Sketches of the  two vortex chambers used i n  these experiments a re  presented i n  

Fig. 1. Each of the  vortex chambers had a 1.26-in.-ID by 1.37-in.-OD (32-mm-ID by 
35-mm-OD) fused-s i l ica  tube forming the  peripheral  wal l  of the  vortex chamber. A 
1.77-in. - I D  by 1 -92-in .-OD (45-mm-ID by 49-mm-OD) fused-s i l i ca  tube was placed 
around the  smaller tube. Cooling water was flowed i n  the  annular region between 
the two tubes t o  cool t he  inner fused-s i l ica  tube. The normal water flow r a t e  was 
1.2 gpm. 

Water-cooled copper end walls  were placed ins ide  the smaller fused-s i l i ca  tube 
(see Fig. 1 ) .  The distance between the  end walls  was adjustable.  A 0.25-in,-ID 

exhaust duct was located a t  the  center of each end wall ,  and water-cooled tubing 
was placed ins ide  each exhaust duct t o  cool the  hot exhaust gases. Water flow r a t e s  
and i n l e t  and ou t l e t  water temperatures were measured f o r  a l l  water coolant flows 
so t ha t  a calorimetric balance could be made. 

Two d i f f e r en t  types of l ight-gas in ject ion systems were employed. I n  the  sys- 
tem shown i n  Fig. l a ,  which employed end-wall l ight-gas in jec t ion ,  the l i g h t  gas 
(argon) was in jected i n to  the  vortex chamber i n  a tangent ia l  d i rect ion through 



e igh t  in jec tors ,  four located on each end wall .  The i n j ec to r s  consisted of 0 .044- in . -1~  
by 0.062-in ,-OD (1.1-mm-ID by 1 .5-mrn-OD) s t a in l e s s  s t e e l  tubing soldered t o  the  end 
wal l  a t  a radius of 0.5 i n .  (see Fig. l a ) .  Teflon tubing connected the  in jec tors  t o  
two manifolds located several  inches away from each end wall .  With t h i s  l ight-gas 
in jec t ion  system, the  end walls  were spaced 2.8 i n .  apar t .  The l ight-gas in jec t ion  
area  f o r  t h i s  configuration was 0 -012 sq i n .  and the scal ing parameter, ~ L / A ~ ,  
was 295. 

A second system -- peripheral-wall l ight-gas in jec t ion  -- was employed i n  some 
t e s t s  and i s  shown i n  Fig. 1%. With t h i s  system, the  l i g h t  gas (argon) was in jected 
i n t o  the vortex chamber through two rows of 0.010-in.-dia holes.  The holes were 
d r i l l e d  i n  a copper i n j ec to r  t h a t  was mounted on the  fused-s i l ica  tube t ha t  formed 
the  peripheral  wal l  of the vortex chamber. A s l o t  was cut out of the  fused-s i l i ca  
tube so  t ha t  the copper in jec tor  and fused-s i l ica  tube formed a smooth surface (see 
Fig. l b ) .  The copper i n j ec to r  was f ixed t o  the  fused-s i l i ca  tube with a s i l icone 
rubber adhesive sealant  (General E l ec t r i c  RTV 102) t o  provide a leak-proof s ea l .  
The holes i n  each i n j ec to r  led  t o  a common manifold t ha t  was connected t o  the  argon 
supply with t e f lon  tubing. For t h i s  system, the l ight-gas in jec t ion  area was 
0.0127 sq i n .  and the  scal ing parameter, ~ L / A ~ ,  ,was 345. The l i g h t  gas was in jec ted  
a t  an angle of 20 deg t o  the tangent of the  inner surface of the  fused-s i l ica  tube. 
The same end walls discussed previously were used, but  t he  end-wall in jec tors  
were removed t o  provide a smooth end-wall surface. The end wal ls  were spaced 3.5 i n .  
apar t  (see Fig. l b )  t o  prevent arcing from the  copper in jec tors  t o  the end wal ls .  

The en t i r e  vortex chamber assembly was inser ted i n t o  the  work c o i l  of the 
80-kw r - f  induction heater .  A photograph of the i n s t a l l ed  assemby (with end-wall 
l ight-gas  in jec t ion)  i s  shown i n  Fig. 2a and a photograph of the  plasma created 
wi thin  the vortex chamber i s  shown i n  Fig. 2b.  h he camera posi t ion was the same 
f o r  the  photographs shown i n  Figs. 2a and 2b.) For reference, the  location of the 
vortex chamber walls  are  noted i n  Fig. 2b. 

Four d i f fe ren t  configurations were employed t o  i n j e c t  the  xenon heavy gas i n t o  
the  vortex chamber (see Fig. 2c). The configuration which served as a standard con- 
s i s t e d  of premixing the  xenon with the l ight-gas argon flaw pr io r  t o  in jec t ion  i n t o  
t he  vortex. The mixing was done f a r  upstream of in jec t ion  i n t o  the  vortex chamber. 
A second method was in jec t ion  of the heavy gas through a 0 .062- in . -1~  duct located 
i n  one end wal l  a t  a radius of 0.36 i n .  ; the  heavy gas was in jected normal t o  the 
end wal l .  



A peripheral-wall xenon in jec tor  (see Fig. 2c) consisted of a 0.040-in.-ID 
by 0.080-in.-0~ (1-rnrn-ID by 2-rnm-OD) fused-s i l ica  tube which was fused i n t o  the  
peripheral  wall  of the  vortex chamber. This in jec tor  was located midway between 
the  end walls  and protruded 0.05 i n .  i n t o  t he  vortex chamber. The in jec tor  tube 
was connected t o  the  xenon supply by a length of t e f lon  tubing located i n  the  
annular coolant passage . 

The fourth in jec t ion  method used was in jec t ion  of the  xenon d i r e c t l y  i n to  the 
plasma through a water-cooled in jec tor .  The in jec tor  was located on the vortex 
center l ine  and protruded 0.60 i n .  i n t o  the  vortex chamber (see Fig. 2c ) .  The 
in jec tor  consisted of a 0.18-in.-0Dtubehaving a 0.030-in.-ID port  a t  the  center.  
A large  difference between the in jec tor  outer and inner diameters was necessary t o  
permit water cooling passages t o  be incorporated i n  the probe. This center l ine  
in jec tor  was used from only one end wall.  During t e s t s ,  adjustments i n  the  thru- 
flow control  valves were made t o  insure equal flow from each thru-flaw por t .  These 
adjustments were necessary t o  compensate f o r  the  p a r t i a l  blockage of t he  thru-flow 
port  due t o  the  presence of the in jec tor .  

Only one heavy-gas in ject ion method was used during any given t e s t ;  in jec tors  
other than the one being used were removed from the  vortex chamber. I n  a l l  t e s t s  
the heavy gas consisted of xenon mixed with an argon c a r r i e r  gas. The argon c a r r i e r  
gas was necessary t o  insure t ha t  the  in jec t ion  veloci ty  of the  xenon was suf f ic ien t  
t o  permit it t o  en te r  the  plasma region. (1 t  was impractical  t o  vary the  xenon 
in jec t ion  duct area or t o  increase the  xenon flow r a t e  with the ex i s t ing  in jec t ion  
ducts t o  obtain the  required xenon in jec t ion  ve loc i ty ) .  Both the  xenon and argon 
ca r r i e r  flow r a t e s  were measured with cal ibra ted flowmeters. The xenon heavy gas 
flow r a t e s ,  argon ca r r i e r  gas flow r a t e s ,  and in ject ion veloci ty  are l i s t e d  i n  
Table I f o r  the  various t e s t  conditions. 

Optical Equipment 

Spectroscopic techniques were used t o  obtain the necessary measurements from 
which the plasma temperature and xenon p a r t i a l  pressure within the  plasma could be 
determined. A schematic of the  op t ica l  system used i s  shown i n  Fig. 3. A 36-in. 
focal  length lens  was positioned 40 i n .  from the  vortex chamber center l ine .  I n  t h i s  
locat ion,  the lens formed an image of the plasma on the  entrance s l i t  of a 0.25- 
meter Jarrel-Ash scanning monochromator, positioned 107 i n .  from the l ens .  The 
resu l t ing  image was 1.5 times the ac tua l  plasma s ize .  Various cal ibra ted neu t r a l  
density f i l t e r s  were placed i n  f ron t  of the  monochromator t o  reduce the  i n t ens i t y  
of the enter ing l i g h t .  The monochromator was f i t t e d  with an EM1 9 5 5 8 ~  photomultiplier 
tube having an S-20 response. The monochromator was mounted on a t ravers ing mechanism 
so t h a t  the  plasma could be scanned i n  a v e r t i c a l  d i rect ion (the axes of the plasma 
and vortex were hor izontal ) .  The t ravers ing speed was 5 i n  ./min. Both the entrance 



and e x i t  s l i t s  of the monochromator were 25 microns wide by 1/4 i n .  long, and were 
i n  a hor izonta l  o r ien ta t ion ,  Data from d i f f e r en t  ax i a l  posi t ions  were obtained by 
r o t a t i ng  the  l ens  s l i g h t l y ,  thus moving the image r e l a t i v e  t o  the monochromator s l i t s .  
Ver t i ca l  t raverses  were made a t  each of the four a x i a l  locations noted i n  Fig. 2c. 
Care was taken t o  avoid the  r - f  work c o i l  when making the  t raverses .  

The output s ignal  from the  photomultiplier was fed i n t o  a spec i a l l y  constructed 
ampl i f ier  and recorded on a Honeywell 1108 vis icorder .  Ei ther  t he  s igna l  or the 
logarithm of t he  s igna l  could be recorded. A high-speed recorder was used so t h a t  
the emission spectrum from the plasma could be taken a t  the  maximum scanning speed 
of the  monochromator (i .e . , 1000 a/min) . Whenever the  emission spectrum was being 
recorded, the  monochromator was not  moved; conversely, when the  monochromator was 
being traversed,  only a s ingle  port ion of the  spectrum was being recorded. (with 
the  1180 line's/mm grat ing t h a t  was used, t he  resolut ion of the monochromator i s  
about 3 i). 

Test Procedures 

A plasma was i n i t i a t e d  by evacuating t he  vortex chamber t o  a pressure l e s s  than 
5 t o r r  and turning on the  r - f  power a t  a l ow  l e v e l  t o  obtain a low-pressure glow 
discharge. The r - f  power, argon flow r a t e ,  and pressure within the  vortex chamber 
were then simultaneously increased u n t i l  the desired operating conditions were 
reached. Figure 2b i s  a photograph of the  argon plasma a t  the  normal operating 
condit ions.  

A l l  t e s t s  with a given l ight-gas in jec t ion  system were begun with pure argon 
flow, the same pressure, and the same power i n t o  the plasma.  h he t e s t s  with vortexes 
having peripheral-wall l ight -gas  in jec t ion  were conducted a t  a s l i g h t l y  lower power 
l e v e l  than s imi lar  t e s t s  with end-wall l ight-gas  i n j ec t i on . )  After the  plasma and 
coolant flows had reached steady-state conditions, the xenon was in jec ted  through 
the appropriate i n j ec to r .  The presence of xenon i n  the plasma lowered the  plasma 
impedance and caused an impedance mismatch between the  r - f  power amplif ier  and plasma 
load.  No attempt was made t o  retune the  output or t o  increase the  power when the  
xenon was being in jected;  consequently, the t e s t s  with xenon i n j ec t i on  were conducted 
a t  power l eve l s  l e s s  than those with pure argon. The flow and power conditions 
employed i n  the  various t e s t s  conducted i n  t h i s  invest igat ion a r e  l i s t e d  i n  Table I .  

Since the plasma was confined wel l  away from the  fused-s i l i ca  tube forming the 
per ipheral  wal l  of the vortex chamber (see Fig.  2b) ,  the  heat  convected t o  the 
per ipheral  wal l  was qui te  small ( l e s s  than 10 percent of the  power deposited i n t o  
the plasma f o r  the conditions used i n  t h i s  inves t iga t ion) .  To achieve t h i s  condi- 
t i o n  i n  an r - f  generated plasma required the  simultaneous adjustment of flow r a t e ,  
chamber pressure,  r - f  power, and r - f  tuning. Changes i n  any of t he  aforementioned 



var iables  without corresponding changes i n  the  others  grossly af fected t h e  plasma 
and caused it t o  extinguish or change i n to  a mode i n  which the plasma f i l l e d  the  
chamber. This mode caused excessive heating of the  fused-s i l ica  tube t h a t  forms 
the vortex chamber per ipheral  wal l .  

The sketch of the vortex chamber and the  confined plasma shown i n  Fig.  2c 
includes designations ind ica t ing  the  power d i s s ipa ted  from the plasma. % i s '  
the power convected out of the  chamber by the  hot  exhaust gases and i s  determined 
calor imetr ic ly  from the  temperature r i s e  and flow r a t e  of the end-wall coolant. 
&R i s  the  power radia ted from the plasma through the  coolant water and i s  deter-  
mined by a Reeder RBL-500 thermopile having a quartz window. The thermopile was 
located 104 i n .  from the  plasma. The response of the  thermopile was ca l ib ra ted  
using an Eppley Laboratory Calibrated Standard of Spectra l  Irradiance . The 
radia ted power from the  plasma was determined from the  thermopile reading and the  
assumption of spher ical  r ad ia t ion  from the  plasma. The ac tua l  thermopile reading 
was increased by 33 percent t o  account f o r  l i g h t  blocked by the r - f  work c o i l .  

The quant i ty  BCR i s  the  power absorbed i n  the  peripheral-wall  coolant f l u i d .  
This power i s  a combination of radia t ion from the  plasma and conduction through the 
inner fused s i l i c a  tube.  (water w i l l  absorb almost a l l  radia t ion above 1.3 microns 
t h a t  passes through the  fused-s i l i ca  tube.) Values of % , QR, and %R a r e  l i s t e d  
i n  Table I f o r  the  various configurations t es ted .  Also l i s t e d  i n  Table I are  the  
power absorbed i n  the  r - f  work c o i l  due t o  r e s i s t i v e  heating and the  d-c input power. 
A note following Table I l i s t s  the  r e su l t s  of a t e s t  i n  which t he  coolant i n  the  
annulus between the  fused s i l i c a  tubes was a i r  ins tead of water. The power deposited 
i n  the a i r  coolant was due only t o  conduction through the  fused- s i l i c a  tube.  The 
radia ted power as determined from the thermopile increased correspondingly. This 
t e s t  showed t h a t ,  when water was used as the  coolant, about 50 percent of Q was 
due t o  rad ia t ion .  

CR 

Spectra l  data  were obtained f o r  each of the  t e s t  conditions l i s t e d  i n  Table I .  
These da t a  were obtained by making v e r t i c a l  t raverses  i n  each of the  four  a x i a l  
posi t ions  (see Fig. 2c) of the  following port ions of the  spectrum: (1) t h e  A r I  
4300 l i n e ,  (2 )  t he  XeI 4671 W l i n e ,  and (3 )  the  continuum a t  approximately 4310 W. 
These da ta ,  along with ca l ib ra t ions  obtained using the Eppley Laboratory Calibrated 
Standard of Spectra l  I r radiance,  allow the temperature of the  plasma and the xenon 
p a r t i a l  pressure within the  plasma t o  be determined by the  method described i n  a 
l a t e r  section.  



Unheated Vortex Tests 

High Reynolds Number Test Fac i l i t y  - 

Most of the  t e s t  equipment employed i n  the  present investigation was used i n  
preceding work under Contract NASW-847 and has been described i n  d e t a i l  i n  Refs. 2, 
3, and 6. The e s sen t i a l  features  of t h i s  equipment and modifications made during 
t h i s  report  period are  presented herein.  

The flow system, shown i n  Fig.  4, consis ts  of three  par t s  : the  l ight-gas  
(simulated-buffer-gas ) supply system, the heavy-gas (simulated-fuel) supply system, 
and the  t e s t  section.  The l ight-gas supply system provides a metered weight flow 
of atmospheric a i r  heated ( t o  prevent condensation of the iodine vapor; see below) 
i n  a steam heat  exchanger t o  approximately 270 F. Thermostatically controlled 
heating tapes on the  pipes and hea,ters within the  t e s t  section plenum increase t h e  
l ight-gas  temperature t o  approximately 300 F.  h he term "unheated", however, i s  used 
t o  d i f f e r en t i a t e  these t e s t s  from the  r - f  heated t e s t s  i n  which energy was deposited 
d i r e c t l y  i n  the  vortex by the surrounding r - f  c o i l s . )  

A measured weight flow of heavy gas a t  approximately 300 F i s  provided by the  
heavy-gas supply system. The heavy gas i s  a mixture of a c a r r i e r  gas and iodine 
vapor. The iodine vapor i s  used only i n  suf f ic ien t  quant i t ies  t o  permit i t s  detec- 
t i o n  by op t i ca l  methods. The iodine generally comprises between 5 and 30 percent 
by weight of t he  heavy gas. The molecular weight of the heavy-gas mixture i s  sub- 
s t a n t i a l l y  a l t e r ed  by changing the  ca r r i e r  gas. The desired ca r r i e r  gas i s  supplied 
under pressure t o  t he  ca r r i e r  gas heater  which consis ts  of a c o i l  of copper tubing 
i n  a 325 F oven. Some of the  ca r r i e r  gas i s  then bypassed through spec ia l ly  con- 
s t ructed iodine bo i l e r s  located within the same oven. A t  325 F the  iodine bo i l e r s  
contain l i qu id  iodine with a vapor pressure of 17 i n .  Hg. The amount of gaseous 
iodine i n  t he  heavy-gas mixture i s  controlled by varying the  amount of c a r r i e r  gas 
bypassed through the  bo i le r s .  Measurement of the  amount of iodine i n  the  mixture i s  
accomplished as the heavy gas passes through the iodine i n l e t  absorptometer or 
" l igh t  box." This absorptometer i s  discussed i n  a following subsection. 

The t e s t  section i n  which the  vortex tube i s  mounted consists  of a 20-in.-ID 
by 30-in.-long outer cy l indr ica l  s h e l l  with end flanges,  The l i g h t  gas flows d i r ec t l y  
i n t o  a 4.5-in.-wide annular plenum tha t  i s  created when the vortex tube i s  i n s t a l l ed .  

Vortex Models and Flow Confimrations 

The 10-in.-ID by 30-in.-long directed-wall- jet  vortex tube used i n  previous 
invest igat ions  ( ~ e f s .  2, 3, and 6)  was employed i n  these t e s t s .  Two d i f f e r en t  
l ight-gas in jec t ion  configurations were used: peripheral-wall l ight-gas in jec t ion  



and simulated end-wall l ight-gas in jec t ion  ( in jec tors  located a t  the end wal ls  
but connected t o  the  peripheral  wa l l ) .  Sketches of t he  peripheral-wall l ight-gas  
in jec t ion  geometry are  shown i n  Fig. 5 .  Up t o  900 directed-wall- jet  i n s e r t s  (see 
Fig. 5b) can be i n s t a l l ed  i n  the  vortex tube. For the  t e s t s  described herein,  two 
a x i a l  rows of 28 i n s e r t s  each, 180 deg apar t ,  were used (see  Fig. 5a) .  The s l o t  
height of t he  i n s e r t s  was 0.035 i n .  and the  t o t a l  in jec t ion  area,  A . ,was0 .98sq in .  

B,J 

The flow was exhausted from the  vortex tube by two means: bypass flow and thru- 
flow. A separate bypass flow system was i n s t a l l ed  i n  the  plenum chamber a t  each 
end of the  vortex tube. Each bypass flow system consisted of a 13/32-in.-1~ 
manifold connected t o  the  vortex tube by 15 equally spaced 3/32-in.-1~ tubes (see 
Fig. 5a) .  The bypass flow was ducted through the t e s t  sect ion end flange t o  flow- 
meters. Because the bypass tubes were located very close t o  the end wal ls ,  the 
resu l t ing  flow was considered t o  be equivalent t o  the annular axial-bypass configura- 
t ion  used i n  previous invest igat ions  ( ~ e f .  6 ) .  

Thru-flaw was removed through 1-in.-dia por ts  a t  the  centers of the end wal ls .  
Both bypass flow and thru-flow were exhausted through a common header t o  the  lab- 
oratory vacuum system. 

Sketches of the  simulated end-wall l ight-gas  in jec t ion  geometry are shown i n  
Fig. 6. This in jec t ion  configuration consisted of four 0.375-in . - I D  in jec tors  (see 
d e t a i l s  i n  Fig. 6b) equally spaced around the  periphery and located approximately 
0.5 i n .  away from each end wall.  The t o t a l  in ject ion area,  AB, j ,  was 0.884 sq i n .  
Although the  flow passed through the peripheral  wall  ins tead of the  end walls  as  
i n  the configuration used i n  the  heated vortex t e s t s  (see Fig. l a ) ,  the r e l a t i v e  
locat ion of the  in jec tors  was s imilar .  In  t e s t s  with t h i s  l ight-gas in jec t ion  
configuration, no bypass flow was used, 

Two methods of heavy-gas in jec t ion  were u t i l i z e d  i n  these t e s t s :  peripheral-  
wal l  in jec t ion  and end-wall in ject ion (sketches of the  heavy-gas in jec t ion  configura- 
t ions  are presented i n  Fig. 7)  . Peripheral-wall heavy-gas in jec t ion  was accomplished 
using a s ingle  in jec tor  near the  ax i a l  mid-plane of the vortex tube ( ~ i g .  7a).  The 
i n j ec to r  consisted of a 0.13-in.-ID by 0.25-in.-OD tube protruding r ad i a l l y  inward 
0.5-in. from the peripheral  wall .  

For t he  end-wall heavy-gas in jec t ion  configuration, two 0.1-in . - I D  tubes were 
employed ( ~ i g .  7%). The tubes were mounted on opposite s ides  of the  thru-flow duct 
and t he  ends of the  tubes were f lush  with the  inner surface of one end-wall. The 
distance between the  centers of t h e  in jec tor  tubes was 2.9 i n .  Heavy-gas in jec t ion  
was i n  the  ax i a l  d i rect ion.  



To provide a ba s i s  f o r  comparisons between the  r e s u l t s  of heated and unheated 
t e s t s ,  t he  l ight-gas and heavy-gas configurations used i n  the high Reynolds number 
t e s t  f a c i l i t y  were scaled as  much as  possible from those employed i n  the  80-kw r - f  
t e s t  f a c i l i t y .  However, several  parameters were not scaled. Among these were the  
diameters o f t h e  thru-flow and heavy-gas in jec t ion  por t s  r e l a t i ve  t o  the  vortex 
tube diameter. 

Optical Absorption Measurement Systems 

As mentioned previously, the density o f t h e  iodine i n  the i n l e t  heavy-gas 
mixture was determined by means of an iodine absorptometer of " l ight  box" (see 
Fig. 4 ) .  This absorptometer measured the i n l e t  iodine density by a l t e rna t e ly  
sampling (30 times per second) the  i n t ens i t y  of a t e s t  l i g h t  beam which passed 
through windoQs i n  the  heavy-gas i n l e t  duct and a reference l i g h t  beam which by- 
passed the i n l e t  duct. The logarithm of the  r a t i o  of the  two in t ens i t i e s  i s  pro- 
por t ional  t o  the  average iodine density i n  the  duct. A complete discussion of the  
absorption technique i s  presented i n  Appendix I of Ref. 5 and Appendix I11 of 
Ref 6. 

In  addit ion t o  the  i n l e t  absorptometer, three  op t i ca l  absorption systems were 
u t i l i z e d  t o  determine the  containment of the  heavy gas within the  vortex tube. 
As shown schematically i n  Fig. 8, these systems consisted of (1) a scanning ax i a l  
l i g h t  beam, (2 )  a f ixed center l ine  l i g h t  beam, and (3)  three f ixed chordal l i g h t  
beams . 

The a x i a l  l i g h t  beam absorption system was used t o  determine the r a d i a l  d i s -  
t r ibu t ion  of the  heavy gas as well  as the amount of heavy gas i n  the  vortex tube. 
The amount of l i g h t  absorbed by the  iodine a t  a  given radius of the vortex tube i s  
r e l a t ed  t o  t he  axially-averaged iodine density (see Appendix I of Ref. 8 ) .  The 
average heavy-gas densi ty  can then be calculated from the  average iodine density 
by assuming t ha t  the iodine vapor and the ca r r i e r  gas are  f u l l y  mixed and t h a t  the 
volume flow r a t e  of t he  heavy gas mixture i s  equal t o  t h a t  of the  iodine alone. 
Thus, the heavy-gas dens i ty  i s  determined from the r e l a t i on :  

To determine the  r a d i a l  d i s t r ibu t ion  of heavy gas, a  scanning l i g h t  beam was traversed 
along the  upper half  of the v e r t i c a l  diameter of the  vortex tube from r/rl = 0.2 t o  
r/rl = 1.0. A second l i g h t  beam was then traversed along the  lower half  of t he  
v e r t i c a l  diameter i n  t he  same manner. The amount of iodine i n  the  volume scanned 



by the  l i g h t  beam was determined by e lec t ron ica l ly  in tegrat ing t he  logarithm of t he  
l i g h t  beam in t ens i t y  during each t raverse .  Further d e t a i l s  of the  absorptometer and 
a discussion of the pr inciples  of operation are presented i n  Appendix I11 of Ref. 6. 

The amount of heavy gas i n  the core volume not covered by the  scanning l i g h t  
beam (i e . , r/rl = 0.2) was measured using the  center l ine  l i g h t  system which passes 
a f ixed l i g h t  beam along the  axis  of the vortex tube. Fiber op t ics  are u t i l i z ed  
as the  source and receiver  fo r  t h i s  l i g h t  beam (see Fig. 8 ) .  To avoid in terference 
wi th  the scanning l i g h t  system, the  center l ine  l i g h t  beam was operated by a shu t te r  
which opened only during the  time when t he  lower and upper t ravers ing l i g h t s  beams 
were o f f .  

Chordal measurements fo r  determining the axial var ia t ion of heavy-gas density 
were made at three a x i a l  locat ions:  25 percent, 50 percent, and 75 percent of t he  
length of the  vortex tube (see Fig. 8) .  The chord a t  r/rl = 0.625 was sampled i n  
a l l  three cases.  The chordal system a l so  uses f i be r  optics leading from the same 
l i g h t  source and leading t o  the  same photomultiplier as  i n  the  center l ine  l i g h t  
system. Two shu t te r s  located i n  f ron t  of the  photomultiplier provide sequential  
sampling of each center l ine  and chordal l i g h t  beam. 

Test and Data Reduction Procedures 

Tests t o  determine the  heavy-gas containment were conducted i n  the  following 
manner. For a given heavy-gas molecular weight, both the heavy-gas and l ight-gas 
weight flow r a t e s  were s e t .  After steady-state conditions were obtained, pressures, 
temperatures, and flow r a t e s  were measured. A t  the same time, a number of t raverses  
(usually 5)  of the scanning ax i a l  l i g h t  beam were recorded as  well  as the  outputs 
of the in tegra tors ,  center l ine  l i g h t  beam, chordal l i g h t  beams, and i n l e t  iodine 
absorptometer. Steady-state conditions were ver i f i ed  during t h i s  time by monitoring 
the  recorders. The time required f o r  a complete scanning cycle was approximately 
18 sec, which i s  many times t he  average residence time of t he  heavy gas within t he  
vortex tube. This process was repeated f o r  each flow condition during a given 
se r ies  of t e s t s ,  To provide the  required baseline data on t he  l i g h t  beams, several  
reference t e s t  runs were conducted before and a f t e r  each se r ies  of t e s t s .  Reference 
t e s t s  were made with both the l i g h t  gas and ca r r i e r  gas flowing, but  with no iodine 
flow, 

The t o t a l  amount of heavy gas contained i n  t he  vortex chamber was determined 
by averaging data obtained from both upper and lower t raverses  of the  scanning l i g h t  
beam. For most t e s t s  reported herein,  the  average value of heavy gas s tored d i f fe red  
from the value determined from the  individual  upper or lower t raverse  by l e s s  than 
15 percent. 



During t h i s  invest igat ion,  isothermal vortex t e s t  s e r i e s  were conducted by: 
(1 )  varying t he  l ight-gas flow r a t e  with constant heavy-gas flow r a t e ,  ( 2 )  varying 
the heavy-gas flaw r a t e  a t  constant l ight-gas flow r a t e ,  and (3)  varying the  amount 
of bypass flow with constant l ight-gas  and heavy-gas flow r a t e s .  I n  addit ion,  some 
t e s t s  were conducted with several  d i f f e r en t  l ight-gas and heavy-gas in jec t ion  con- 
f igura t ions ,  and with d i f f e r en t  heavy-gas molecular weights. In these t e s t s  the  
mixtures used f o r  heavy gases were : helium/iodine (mF = 6 ) ,  nitrogen/iodine 
(mF = 30), and sulfur-hexaf luoride/iodine (mF = 148) . For a l l  of the t e s t s  des- 
cribed herein,  the heavy-gas and l ight-gas in jec t ion  temperatures were approximately 
300 F and the  s t a t i c  pressure i n  the  vortex chamber was between 0.8 and 1.0 atm. 
During a l l  t e s t s ,  equal amounts of thru-flow (and bypass flow) were removed from 
each end of the  vortex chamber. A summary of configurations and operating condi- 
t i ons  used i s  presented i n  Table 11. 



DEFINITIONS OF FLUID MECHANICS PARAMETERS 

Several non-dimensional f l u i d  mechanics parameters are  important i n  describing 
both heated and isothermal two-component vortex flows. The parameters employed i n  
t h i s  repor t  are  defined i n  t h i s  section.  

The tangent ia l  in jec t ion  Reynolds number i s  a measure of the  angular momentum 
of the l i g h t  gas a t  in jec t ion  i n t o  the  vortex tube. It i s  defined as  

where PB and p are  t he  density and laminar viscosi ty ,  respectively,  of t h e  l i g h t  B 
gas a t  i n j e c t i o n , r l  i s  the  radius of the  vortex tube, WB i s  the l ight-gas weight 
flow r a t e  and v+ i s  the  average l ight-gas in jec t ion  veloci ty .  The in jec t ion  , j 
Reynolds number was varied by changing the l ight-gas weight flow r a t e .  

The weight flow r a t e  of the mixture of l i g h t  gas and heavy gas through the  
thru-flow ports  i s  expressed i n  terms of a r a d i a l  Reynolds number. This Reynolds 
number i s  defined as 

For isothermal flows, Re can be wri t ten  as 
r 

where WTF i s  the t o t a l  weight flow r a t e  ( l ight-gas plus heavy-gas weight flow r a t e s )  
through the  thru-flow ports  and L i s  the length of the  vortex tube. It i s  assumed 
t h a t  the  laminar v i scos i ty  of the  thru-flow mixture i s  equal t o  the  laminar viscosi ty  
of the  l i g h t  g a s , p B .  

One measure of the  containment charac te r i s t i cs  of a confined vortex flow i s  
the  average heavy-gas density,  pF ( i  .e . , a volume-averaged heavy-gas densi ty  based 
on the  amount of heavy gas contained within the  en t i r e  vortex tube ) . This average 
density i s  defined as  



where% i s  the  amount of heavy gas contained i n  the vortex tube and V i s  the t o t a l  
volume of the  vortex tube. 

The average p a r t i a l  pressure of the  heavy gas i s  

where n$, i s  the  molecular weight of the  heavy-gas mixture (iodine plus c a r r i e r  gas),  

The average p a r t i a l  pressure of the  heavy gas i s  usually non-dimensionalized 
by the  s t a t i c  pressure a t  the peripheral  wal l ,  P1. The r a t i o  PF/p1 i s  important 
since a minimum value (considered t o  be about 0.2)  i s  required f o r  good performance 
charac te r i s t i cs  of the reference nuclear l i g h t  bulb engine (see Ref. 9 ) .  

I f  the  heavy gas and l i g h t  gas were f u l l y  mixed before in jec t ion  i n t o  the  
vortex chamber, t he  heavy gas would be uniformly d i s t r ibu ted  throughout the vortex 
chamber, since separation i s  unlikely.  Thus, the r a t i o  of - average heavy-gas p a r t i a l  
pressure t o  s t a t i c  pressure fo r  the f u l l y  mixed condition, pF/pllmix can be con- 
sidered a reference point f o r  comparison of containment data .  A containment param- 
e t e r , X ,  can therefore be defined a s :  

From Eq.  (6)  above and the continuity equation it can be shown t h a t  



Thus, fo r  isothermal flows, the containment parameter, X , i s  i den t i ca l  t o  t he  
parameter t /t derived i n  past  invest igat ions  ( ~ e f .  6 ) .  Some t e s t  r e s u l t s  i n  

F Fmin 
t h i s  invest lgat lon are  discussed i n  terms of t h i s  containment parameter. A contain- 
ment parameter greater  than one occurs when the  amount of heavy gas within the  vortex 
chamber i s  greater  than t h a t  which would occur i f  the  heavy and l i g h t  gases were 
f u l l y  mixed. A containment parameter l e s s  than one occurs when the  amount of heavy 
gas within the vortex chamber i s  l e s s  than the  f u l l y  mixed value, and can r e s u l t  
when some of the  in jec ted  heavy gas i s  "short-circuited" from the  heavy-gas in jec -  
t i o n  duct t o  the vortex-chamber exhaust ducts without enter ing the  main vortex 
flow region. Although high values of containment parameter are des i rable  i n  a f u l l -  
scale  engine t o  minimize the  amount of f u e l  which must be handled i n  the f u e l  recycle 
system, no spec i f ic  value must be obtained t o  es tab l i sh  the  f e a s i b i l i t y  of t he  engine 
concept. The primary purpose of the vortex flow i s  t o  keep the  f u e l  away from the  
transparent  wall .  

A parameter t h a t  has been used t o  scale vortex flows i n  d i f f e r en t  vortex geo- 
metries i s  ~ L / A ~ ,  j (see Ref. 10 ) .  This parameter was approximately equal t o  300 
fo r  a l l  l ight-gas  in jec t ion  configurations t e s t ed  i n  both the  high Reynolds num- 
ber t e s t  f a c i l i t y  and the  80-kw r - f  induction heater .  



DETERMINATION OF PLASMA TEMPEIFiATURE AND 
XENON PARTIAL PTiESSUlRE 

As par t  of the  invest igat ion on two-component heated vortexes, it was necessary 
t o  determine both the temperature of the plasma and the p a r t i a l  pressure of the  xenon 
(i .e . , the heavy gas ) within the plasma. A technique u t i l i z i n g  spectroscopic measure- 
ments of the l i g h t  emitted from the plasma was used. A schematic of the  op t i ca l  sys- 
tem i s  presented i n  Fig. 3. Figure 9 i s  a reproduction of a t yp i ca l  emission spectrum 
between 4000 ij and 5000 ii of an argon plasma seed-ed with xenon. The spectrum shown 
i n  Fig. 9 was obtained from a t e s t  i n  which t he  xenon was premixed with the argon. 
The xenon flow r a t e  was 2.5 percent of the  argon flow r a t e .  Several of the  more 
prominent xenon and mgon spec t ra l  l i ne s  are denoted i n  Fig. 9. The zero i n t ens i t y  
l eve l  (obtained by blocking the  l i g h t  entering the  monochromator fo r  a shor t  time 
during the wavelength scan) i s  a l so  noted i n  Fig ,  9. The s l i g h t  change i n  the  l eve l  
of t h e  continuum i s  due t o  the response of t he  photomultiplier tube. mo he EM1 9558c 
photomultiplier has a S-20 response which has maximum s e n s i t i v i t y  a t  about 4200 i.) 
Also noted on Fig. 9 a r e  the A r I  4300 A l i n e  which was used t o  determine plasma 
temperature and the  XeI 4671 l i n e  which was used t o  determine the  xenon p a r t i a l  
pressure. 

The procedures used t o  determine the plasma temperature and xenon p a r t i a l  pres- 
sure are descr ibed in the  followingparagraphs. The complete op t ica l  system shown i n  
Fig. 3 was cal ibra ted using an Eppley Laboratory Calibrated Standard of Spectra l  
Irradiance.  The ca l ib ra t ion  was necessary so t h a t  the  re la t ionship  between the 
photomultiplier output s igna l  and t he  absolute i n t ens i t y  of the  l i g h t  enter ing the  
monochromat or was known. 

The continuum emission along a diameter of a pure argon plasma was measured 
between wavelengths of 4200 i and 4300 i. From the  absolute i n t ens i t y  the continuum 
(determined from the  ca l ib ra t ion)  an average plasma temperature was calculated using 
the following equation from Ref. 7 (similar  equations are a l so  given i n  Refs. 11 
t o  1 4 ) :  

-31 - k= 1.13x10 g Ze f f  watts /cm3 

In Eq, ( l o ) ,  Ne and N +  a re  the  electron and ion number density,  respectively,  and are 
assumed equal f o r  the  pure argon plasma; Te i s  t he  e lect ron temperature, and i s  assumed 
equal t o  the gas temperature; Z e f f ,  i s  the e f fec t ive  charge per ion and i s  assumed 
equal t o  1.0, and g i s  the  Gaunt fac tor  which has a value of approximately 2.3 f o r  
argon near 4300 ( ~ e f .  7 ) .  The plasma i s  assumed t o  be i n  thermodynamic equilibrium 



and i n  charge equilibrium (i .e , , Ne = N+) . The var ia t ion of the  continuum in t ens i t y ,  
I,, with temperature f o r  an argon plasma a t  1.2 atm pressure calculated using Eq. (10) 
i s  shown i n  Fig. 10. The continuum in t ens i t y  was chosen f o r  the  absolute measure- 
ment ins tead of t he  l i n e  i n t ens i t y  because it was f e l t  the l i n e  i n t ens i t y  was subject  
t o  much greater  e r ro r  due t o  uncertainty i n  the  t r ans i t i on  probabi l i ty  and due t o  
a l t e r a t i on  of l i n e  i n t ens i t y  by the  inherent broadening of the  monochromator. 
However, i n  a xenon-argon mixture, the  continuum alone cannot be used t o  determine 
e i t h e r  the  temperature or the xenon p a r t i a l  pressure. (since continuum in t ens i t y  
i s  proportional t o  t he  e lect ron and ion dens i t i es ,  knowledge of t h e  composition i s  
necessary t o  determine the  temperature, but  the  temperature i s  necessary t o  deter-  
mine the  composition of a gas mixture .) The value of t he  absolute continuum in t ens i t y  
obtained from a t e s t  employing a pure argon plasma was used t o  determine an average 
temperature. 

Along the  same diameter, the  maximum value of the  A r I  4300 l i n e  i n t ens i t y  
was measured. Using the  Boltzmann equation i n  the  form, 

The constant,K1, can be determined from the measured value of the i n t ens i t y  and the  
previously determined average temperature. For the  A r I  4300 l i n e ,  the upper energy 
leve l ,  E has a value of 14.50 ev. I n  employing Eq. (11) f o r  the determination 

1? ' of K1 it 1 s  assumed t h a t  the  p a r t i t i o n  function i s  equal t o  1.0 ( a  va l id  assumption 
below 12,000 K f o r  argon) and t h a t  the  percent ionizat ion i s  small ( l e s s  than one 
percent f o r  argon a t  10,000 K ) .  Since the  op t ica l  system was unchanged f o r  a l l  t e s t s ,  
the  constant determined from Eq. (11) i s  va l id  f o r  a l l  t e s t s .  (1t i s  assumed t h a t  
the r e l a t i v e  var ia t ions  of i n t ens i t y  with temperature a r e  the  same fo r  both the  
continuum and l i ne  f o r  the  temperature range of i n t e r e s t ) .  The var ia t ion of the 
r e l a t i v e  i n t ens i t y  of the A r I  4300 l i n e  a t  1.2 atm pressure was calculated from 
Eq. (11) and the r e s u l t s  are presented i n  Fig. 11. 

During a typ ica l  t e s t ,  the monochromator was scanned across the plasma a t  th ree  
d i f f e r en t  wavelengths; v iz  ., the A r I  4300 l i n e ,  the  XeI 4671 l i n e  (when xenon 
was used), and the  continuum a t  approximately 4310 i. m i c a 1  t races  obtained i n  a 
t e s t  are  presented i n  Fig. 12a. The i n t ens i t y  of the continuum was subtracted from 
each of the  l i ne  i n t e n s i t i e s  and the  resu l tan t  data  were used as input t o  an Abel 
inversion program t o  calcula te  the  l i n e  i n t ens i t i e s  as a function of radius shown 
i n  Fig. 12b. Since t he  r e l a t i o n  between the recorded l i ne  i n t ens i t y  and t he  plasma 
temperature was previously determined, ( e .  the constant K ~ )  the  plasma temperature 
d i s t r ibu t ion  which corresponds t o  the  in tens i ty  d i s t r ibu t ion  shown i n  Fig. 12b can 
be obtained using Eq. (11) or Fig. 11. 



Determination of t he  xenon p a r t i a l  pressure a l s o  employs the  Boltzmann equation 
and the  measured i n t ens i t y  of the  XeI 4671 l i n e .  However, f o r  the  xenon t he  number 
density of neu t ra l  atoms caanot be assumed constant. Thus the Boltzmann equation 
takes the form 

In  Eq. (12) En i s  the  upper energy l eve l  of the XeI 4671 l i ne  and has a value of 
10.967 ev,Pxeo i s  the pressure ( i n  atm) of the  neu t ra l  xenon species and T i s  the  
gas temperature. It i s  assumed t h a t  xenon and argon temperatures are equal. The 
p w t i t i o n  function i s  again assumed equal t o  1.0 ( a  va l id  assumption fo r  xenon below 
10,000 K )  . 

Since the  xenon may be highly ionized, it i s  necessary t o  determine the  composi- 
t i on  of the axgon-xenon mixtures throughout a range of temperatures and xenon p a r t i a l  
pressures.  The program described i n  Ref. 15 was used t o  calculate the p a r t i a l  pres- 
sures of the  neutra l  and s ingly  ionized species of xenon throughout a range of 
temperatures and xenon p a r t i a l  pressures i n  a argon-xenon mixture. The var ia t ion  
with temperature of the  pax t ia l  pressures of xenon species i s  presented i n  Fig.  13. 
The var ia t ions  of the  r e l a t i v e  i n t ens i t y  of the  XeI 4671 l i n e  with temperature 
were calculated from Eq. (11) using the p a r t i a l  pressure of the  neutra l  xenon 
species from Fig. 13. These var ia t ions  a re  presented i n  Fig. 14.  

To determine the  xenon p a r t i a l  pressure a t  any point  i n  an argon-xenon plasma 
0 

mixture, Eq. (121 was solved for  Pxe using the r a d i a l  var ia t ion of the i n t ens i t y  
of the  XeI 4671 A l i n e  and the temperature calculated from the  A r I  4300 l i n e .  
From the value of pXe0 and the temperature, the t o t a l  xenon p a r t i a l  pressure, Pxe, 
was determined from the  composition shown i n  Fig. 13. However, pr ior  t o  making any 
calcula t ions ,  the  constant K2 i n  Eq. (12) had t o  be determined. Values of t he  
t r ans i t i on  probabi l i ty  which would have permitted d i r e c t  calculat ion of t h i s  
re la t ionsh ip  were not avai lable .  Thus, a t e s t  was conducted i n  which spec t ra l  
emission measurements were made on a known mixture of argon and xenon. (A des- 
c r ip t ion  of t h i s  t e s t  i s  presented i n  t he  section e n t i t l e d  DISCUSSION AND ~ S U L T S )  . 
The temperature was determined from the  A r I  4300 l i n e  in tens i ty ,  and the  r e l a t i v e  
i n t ens i t y  of the  XeI 4671 l i n e  was measured. Equation (12) was used t o  determine 
the  constant K2. Since no changes were made i n  the op t i ca l  system, the constant 
K2 was used fo r  a l l  addi t ional  t e s t  data.  



DISCUSSION OF RESULTS 

The primary purpose of both the heated and unheated (isothermal) t e s t s  was t o  
determine the e f f ec t s  of several  geometric and flow variables on the p a r t i a l  pressure, 
or containment, of the heavy gas i n  two-component vortexes. I n  par t i cu la r ,  the  e f f ec t  
of a large  temperature gradient  within the vortex was of i n t e r e s t .  Because equip- 
ment l imi ta t ions  prohibited use of the  same geometric configuration i n  both heated 
and unheated t e s t s ,  two d i f f e r en t  vortex geometries i n  two d i f f e r en t  t e s t  f a c i l i t i e s  
were employed (see section e n t i t l e d  TEST E Q U I m N T  AND PROCEDURES). The following 
two subsections contain separate discussions of the  r e s u l t s  obtained from the  
heated and isothermal vortex t e s t s .  The t h i r d  subsection discusses some comparisons 
between r e s u l t s  obtained from the heated and isothermal vortex t e s t s .  

Heated Vortex Tests 

Results of Tests Using End-Wall Light-Gas Injection 

Tests Employing Argon Only - - - - - - - - - - - - -  

Experiments were conducted with a vortex chamber having the  end-wall l ight-gas  
in jec t ion  configuration shown i n  Fig. l a .  Tests with pure argon (no xenon injec-  
t i on )  resul ted i n  the  r ad i a l  temperature d i s t r ibu t ions  shown i n  Fig. 15. Tempera- 
t u r e  d i s t r ibu t ions  are  presented fo r  the four ax i a l  posit ions shown i n  Fig. 2c; 
posi t ion 1 was a t  0.2 in .  from the  l e f t  end wall ,  posit ion 2 was a t  1.2 in . ,  posi- 
t i o n  3 was a t  2.0 i n . ,  and posit ion 4 was a t  2.6 i n .  ( ~ h e s e  posit ions were used fo r  
a l l  t e s t s  i n  which the  end-wall l ight-gas in jec t ion  configuration was employed.) 
The flow and power conditions f o r  t h i s  t e s t  are  shown i n  the  f i r s t  column of Table I. 
Also noted i n  Fig. 15 i s  the location of the vortex-tube peripheral  wal l .  The plasma 
diameter i s  approximately 70 percent of the  vortex-tube diameter; the  plasma was 
confined wel l  away from the  peripheral  wall .  It i s  estimated t h a t  the  temperature 
gradient a t  the  outer edge of the  plasma was between 40,000 and 60,000 deg  i in. 
Temperatures i n  the  cen t ra l  region ( i  .e.,  away from the end wal ls ,  posit ions 2 and 3)  
were considerably greater  than those near the end walls  (posit ions 1 and 4 ) .  In  
addit ion,  the  peak temperatures o f  approximately 10,000 K did not occur on the  plasma 
center l ine ,  but a t  a radius about halfway between the  center l ine  and the  plasma edge. 
This phenomenon i s  typ ica l  of r-f generated plasmas ( ~ e f s .  7 and 16).  The tempera- 
tu re  a t  the  center l ine  cannot be accurately determined due t o  a s ingu la r i ty  i n  the  
Abel inversion equation. Also, a t o t a l  temperature range of approximately 2000K i s  
the  maximum tha t  can be obtained with the present instrumentation due t o  the  large  
i n t ens i t y  change associated with t h i s  temperature difference (see Fig. 11) . 



Additional t e s t s  were conducted t o  provide data  f o r  d i r e c t  comparison with the 
unheated-vortex da ta ,  In par t i cu la r ,  measurements of the  end-wall, peripheral-wall,  
and center l ine  s t a t i c  pressure d i ~ t r ~ b u t i o n s  were made with and without heat  addi- 
t i on .  The da ta  from these t e s t s  are  discussed subsequently i n  the subsection e n t i t l e d  
su om par is on of Results of Heated and Unheated Tests ." 

Test With Xenon Premixed - - - - - - - - - - - -  

A t e s t  was conducted employing the  end-wall l ight-gas  in jec t ion  configuration 
(Fig. l a )  i n  which xenon was premixed with t he  argon pr io r  t o  in jec t ion  i n t o  the  
vortex chamber. The xenon and argon weight flow r a t e s  were measured so t h a t  the  xenon 
p a r t i a l  pressure within the vortex chamber was predetermined. The r e su l t s  of t h i s  
t e s t  were necessary t o  determine the  re la t ionship  between the  XeI 4671 1 l i n e  inten- 
s i t y  and the  xenon p a r t i a l  pressure (see preceding sec t ion) .  The flow and power 
conditions are  given i n  the  second column of Table I .  The presence of xenon i n  the 
plasma lowered the  re f lec ted  impedance of the  plasma causing an impedance mismatch 
between the r - f  power amplif ier  and t he  plasma load. This mismatch resul ted i n  
l e s s  power deposited i n t o  the  plasma with the  xenon-argon mixture than with argon 
alone (see Table I ) .  The r a d i a l  d i s t r ibu t ions  of the plasma temperature and xenon 
p a r t i a l  pressure are  presented i n  Fig 16. The decrease i n  power deposited i n  the 
plasma caused correspondingly lower plasma temperatures (compare Fig. 16a with 
Fig. 15) .  The peak plasma temperature decreased about 900 K. The temperature 
gradient a t  the  outer edge of the  plasma a l so  decreased with the presence of xenon. 
However, the  plasma was s t i l l  confined wel l  away from the  peripheral  wall  and no 
increase i n  the heating of t he  peripheral  wall  was evident.  

This t e s t  was made t o  determine the  constant i n  the equation r e l a t i ng  the  inten- 
s i t y  of the  XeI 4671 1 t o  the  temperature and pressure (i .e . ,  Eq .  (12 ) ) .  Since the  
xenon and argon were premixed pr io r  t o  in jec t ion ,  the  xenon p a r t i a l  pressure within 
the vortex chamber was equal t o  the f u l l y  mixed value of 0.011 atm. (1t was assumed 
t h a t  no separation of the  xenon and argon occurred within the  vortex chamber.) 
From the XeI 4671 1 l i n e  i n t e n s i t y  measurements, the temperatures obtained from 
Fig. 16a, and the known value of the  xenon p a r t i a l  pressure, the  constant i n  
Eq .  (12) was calculated a t  f o r t y  d i f fe ren t  r a d i a l  and ax ia l  posit ions.  The f o r t y  
values were averaged t o  determine one value of the constant, and t h i s  average value, 
along with the temperatures of Fig. 16a and the  measured i n t e n s i t i e s  of the  XeI 4671 1 
l i n e ,  was used t o  calculate the xenon p a r t i a l  pressure within the  plasma region.  
The r e s u l t s  of these calculations are presented i n  Fig. 16b. It was, of course, 
expected t h a t  a l l  the curves shown i n  Fig. 16b would l i e  on a s ingle  horizontal  l i n e .  
The va,riation sho~m i s  probably due t o  experimental e r ro rs  resu l t ing  from the  complex 
procedure necessary f o r  determining the xenon p a r t i a l  pressure. I n  general,  the  
var ia t ions  shown i n  Fig. 16b are small considering t h a t  the  i n t ens i t y  of the  XeI 4671 1 
l i n e  var ies  approximately l i nea r ly  with pressure but exponentially with temperature 
(see Fig,  1 4 ) .  That i s ,  small e r ro rs  i n  the determination of temperature could show 
up as large e r rors  i n  the  calcula t ion of xenon p a r t i a l  pressure.  



Tests With Peripheral-Wall Xenon Inject ion . . . . . . . . . . . . . . . . . . . . .  
Tests were conducted i n  which t he  xenon was in jec ted  i n t o  the  argon plasma 

through the  peripheral  wal l  (see  Fig. 2c) .  Figure 17 presents the  data  obtained, 
and t he  t h i r d  column of Table I gives the flow and power conditions f o r  these  t e s t s .  
Again, the presence of the xenon caused a reduction i n  the  power deposited and a 
lower peak plasma temperature. I n  addit ion,  the temperature near t he  center l ine  
was reduced much more than i n  previous t e s t s ,  and there  was l e s s  of an a x i a l  gradient ,  
The xenon p a r t i a l  pressure d i s t r ibu t ions  presented i n  Fig. 17b show a de f in i t e  
increase near the  vortex center l ine .  This could occur i f  the  xenon in jec t ion  
veloci ty  was su f f i c i en t  t o  allow the  xenon t o  penetrate the  outer regions of the  
plasma before it was able t o  spread i n  an ax i a l  d i rec t ion .  Also included on Fig. 
Fig. 17b i s  the value of the  xenon p a r t i a l  pressure t h a t  would be obtained i f  t he  
xenon were evenly d i s t r ibu ted  through the  vortex chamber o r ,  i n  other words, f u l l y  
mixed. The measured xenon p a r t i a l  pressures are  wel l  above t h i s  value, thus showing 
t ha t  some containment occurred. 

Tests With Xenon Inject ion a t  Vortex Centerline . . . . . . . . . . . . . . . . . . . . . . . .  

Figure 18 presents similar  r e s u l t s  f o r  a plasma i n  which the  xenon was in jec ted  
through the  probe on the vortex center l ine  (see Fig. 2c) .  (Whenever t h i s  heavy-gas 
in jec t ion  configuration was used, only p a r t i a l  measurements f o r  posi t ion l w e r e  
obtained due t o  l i g h t  blockage by the probe). As shown i n  Fig. 18a, the peak 
plasma temperature of 9500 K which occurred was midway between t ha t  of a pure argon 
plasma and t h a t  obtained with xenon in jec t ion  through the  peripheral  wal l .  However, 
the plasma temperature near the center l ine  was decidedly reduced and the  peak plasma 
temperature occurred a t  a larger  radius than i n  previous t e s t s .  The flow and power 
conditions fo r  t h i s  t e s t  are  l i s t e d  i n  the  four th  column of Table I .  The in jec t ion  
of xenon caused only a small reduction i n  t o t a l  power, primarily because most of t he  
xenon was located near t h e  vortex center and thus had only a small e f f ec t  on the  
plasma impedance. The xenon p a r t i a l  pressure d i s t r ibu t ions  presented i n  Fig. 18b 
show a high concentration of xenon near the  vortex center l ine  with very l i t t l e  xenon 
a t  the outer regions of the plasma. For comparison, the f u l l y  mixed value ( i . e . ,  
the p a r t i a l  pressure t h a t  would e x i s t  i f  the  xenon were evenly d i s t r ibu ted  throughout 
the vortex chamber) i s  included i n  Fig. 18b. 

Tests With End-Wall Heavy-Gas Inject ion . . . . . . . . . . . . . . . . . . . .  

Some t e s t s  were attempted i n  which the heavy gas was in jected normal t o  the  
end wal l  through a duct i n  the  end wal l  located a t  a radius of 0.36 i n .  from the  
center l ine  (see Fig. 2c).  I n  these t e s t s  two d i f fe ren t  types of "heavy gas" were 
employed: (1) xenon with an argon c a r r i e r  gas, and (2) tungsten pa r t i c l e s  with 



an argon c a r r i e r  gas. (A pa r t i c l e  feed system s imilar  t o  t h a t  described i n  Ref. 16 
was used t o  dispense t he  tungsten p a r t i c l e s ,  The difference between the  system used 
i n  t h i s  study and t ha t  of Ref. 16 was i n  the  method of pa r t i c l e  ag i ta t ion  within 
the pa r t i c l e  storage chamber. A vibratingdiaphragmwas used t o  ag i t a t e  the pa r t i c l e s  
i n  t he  present s tudies ,  while the method of Ref. 16 employed spinning blades.)  The 
heavy-gas in jec t ion  ve loc i t i es  were varied from approximately t en  t o  several  hundred 
f e e t  per second. In  none of these t e s t s  was the  heavy gas within the  plasma region 
su f f i c i en t l y  dense t o  allow spectroscopic measurements t o  be made, A t  the  higher 
i n j ec t i on  ve loc i t i es ,  the  vortex appeared t o  "breakdown" and the plasma could no 
longer be confined away from the  peripheral  wall .  Isothermal vortex t e s t s  r e s u l t s  
reported i n  Ref. 5 a l so  showed vortex "breakdown" a t  large  heavy-gas in jec t ion  
ve loc i t i e s ,  Similar t e s t s  conducted i n  an isothermal vortex configuration (see a 
following subsection) showed t h a t  the  heavy-gas, when injected from the  end-wall, 
appeared t o  "short c i r c u i t "  the  vortex containment region and be quickly swept out 
of t he  vortex chamber. Thus, in jec t ion  of the  heavy gas through an end wal l  appears 
t o  be a poor method f o r  depositing heavy.gas i n t o  the  plasma region, a t  l e a s t  fo r  the  
par t i cu la r  r a d i a l  locations employed, and no fu r ther  attempts were made t o  obtain 
data  with t h i s  configuration. 

Results of Tests Using Peripheral-Wall Light-Gas Inject ion 

Tests Employing Argon Only - - - - - - - - - - - - -  

Two-component isothermal vortex t e s t s  (Ref s . 2, 3, and 4) conducted previously 
have always employed l ight-gas  in jec t ion  from the  peripheral  wal l  of the  vortex 
chamber, It i s  believed t h a t  t h i s  type of in jec t ion  causes the  l e a s t  disturbance 
t o  the  desi red vortex flow pat terns  and, hence, r e s u l t s  i n  a minimum amount of t u r -  
bulence, Consequently, two-component t e s t s  were conducted i n  heated vortex flows 
employing t he  peripheral-wall l ight-gas  in jec t ion  configuration shown i n  Fig. lb .  
The f i r s t  of these t e s t s  used argon only ( i . e . ,  no heavy-gas i n j ec t i on ) ,  and the  
r e su l t an t  r a d i a l  temperature d i s t r ibu t ions  within the  plasma are presented i n  
Fig. 19. The flow and power conditions are  l i s t e d  i n  t he  f i f t h  column of Table I. 
It i s  important t o  remember t h a t  r-f considerations ( spec i f ica l ly  arcing between the  
i n j ec to r  and end wal ls)  necessi tated moving the  end walls  3.5 i n .  apar t  f o r  t h i s  
configuration, compared with 2 -8 i n .  f o r  the  end-wall l ight-gas in jec t ion  configura- 
t i on ,  The temperature p rof i l es  shown i n  Fig. 19 are quite similar  t o  those of 
Fig. 15 (with end-wall l ight-gas i n j ec t i on )  with two possible exceptions. The 
peripheral-wall l ight-gas  in jec t ion  configuration (see Fig. lb )  resu l ted  i n  a 
s l i g h t l y  smaller diameter plasma and the  temperature decrease near the  center l ine  . 

was l e s s  pronounced than with the  end-wall l ight-gas  in jec t ion  configuration. 
However, the re  are s imi l a r i t i e s  between the  da ta  of Fig. 19 and 15; a peak plasma 
temperature of about 10,000 K, a decrease of about 500 K near the  end walls  of the  
vortex chamber (posit ions b aad 4), and a smaller plasma s ize  near t he  end walls .  



Again, the  plasma was confined wel l  away from the  peripheral  wal l  of the vortex 
chamber and the  temperature gradients near the  edge of the  plasma were approximately 
50,000 deg  i in, 

Tests With Peripheral-Wall Xenon Inject ion . . . . . . . . . . . . . . . . . . . . .  

Tests were conducted employing the  peripheral-wall l ight-gas in jec t ion  configura- 
t i o n  ( ~ i g .  l b )  and the peripheral-wall heavy-gas in jec t ion  configuration ( ~ i g .  2c ) .  
Figure 20 presents the  r a d i a l  var ia t ions  of temperature and xenon p a r t i a l  pressure 
obtained from these t e s t s .  The flow and power conditions employed are given i n  t h e  
s i x th  column of Table I. As was noted previously, xenon injected from the  peripheral  
wal l  decreased the power t h a t  was deposited i n  the  plasma and, consequently, the  
plasma temperature. The presence of xenon a l so  decreased the  r a d i a l  temperature 
gradient .  The xenon p a r t i a l  pressure da ta  presented i n  Fig,  20b show trends s imilar  
t o  those obtained with end-wall light-gas in jec t ion ;  an increase i n  xenon p a r t i a l  
pressure near the vortex center l ine .  However, the  r a d i a l  gradient of the xenon 
p a r t i a l  pressure was much l e s s  with peripheral-wall l ight-gas in ject ion (compare 
Fig. 20b with Fig. 1 ~ ) .  For comparison, the  f u l l y  mixed value of xenon p a r t i a l  
pressure i s  a l so  shown i n  Fig. 20b. 

Tests With Xenon In jec t ion  on Vortex Centerline . . . . . . . . . . . . . . . . . . . . . . . .  

Figure 21 presents the  r a d i a l  d i s t r ibu t ions  of temperature and xenon p a r t i a l  
pressure obtained with the  xenon injected through the  probe on the  vortex center l ine  
(see Fig. 2c ) .  Corresponding flow and power conditions fo r  t h i s  configuration 
a r e  given i n  the  seventh column of Table I .  As was noted previously, t h i s  heavy- 
gas in jec t ion  system had a smaller e f f ec t  on the  peak plasma temperature than did  
heavy-gas in jec t ion  through the  peripheral  wall.  I n  addit ion,  the  temperature 
gradient a t  t he  edge of the plasma remained near ly  the  same as t h a t  obtained with 
no xenon in jec t ion  (compare Figs. 21a and 19). The r a d i a l  vaxiations of xenon 
p a r t i a l  pressure f o r  t h i s  configuration are presented i n  Fig. 21b. The xenon 
p a r t i a l  pressures a re  lower than was anticipated since t h i s  l ight-gas in jec t ion  
configuration was believed t o  provide good containment. The same heavy-gas in jec -  
t ion  system, but with end-wall l ight-gas  in ject ion,  showed xenon containment superior 
t o  t h a t  shown i n  Fig. 21b (compare Figs. 18b with 21b). The reasons fo r  the  low 
values shown i n  Fig. 21b are not understood. However, the  r e s u l t s  show t h a t  the  
amount of xenon was decidedly l e s s  a t  the  end of the  vortex chamber opposite the  
xenon in jec t ion  location.  Thus, it i s  possible t h a t  the  xenon in jec t ion  veloci ty  
was too low and t h a t  an appreciable amount of xenon was not entering the  plasma but 
was flowing around the  probe t i p  and out the thru-flow por t .  This condition had 
been noted previously i n  preliminary t e s t i n g  when attempts were made t o  i n j e c t  
xenon a t  low ve loc i t i es  with no ca r r i e r  gas. However, it i s  not understood why 
greater  xenon in jec t ion  ve loc i t i es  would have t o  be used with peripheral-wall 
l ight-gas  in jec t ion  than with end-wall l ight-gas in jec t ion .  



Unheated Vortex Tests 

Several s e r i e s  of two-component gas t e s t s  were conducted using the  high Reynolds 
number t e s t  f a c i l i t y .  These t e s t s  employed several  d i f f e r en t  heavy- and l ight-gas 
in jec t ion  configurations, and t e s t s  were conducted throughout a range of heavy- 
and l ight-gas in jec t ion  flow r a t e s .  Most of the  da ta  from these t e s t s  are  presented 
with the heavy-gas p a r t i a l  pressure ( e i t he r  volume-averaged or l oca l )  and the  con- 
tainment parameter considered as  the  dependent var iables .  The heavy-gas p a r t i a l  
pressure was non-dimensionalized by the  s t a t i c  pressure a t  the  peripheral  wal l  of 
t he  vortex chamber. Results of these t e s t s  are discussed i n  t he  following subsections. 

Tests with Different  Light-Gas Inject ion Weight Flow Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
A s e r i e s  of t e s t s  was conducted with the  vortex configuration having peripheral-  

wal l  l ight-gas  in jec t ion  (see Fig. 5 )  and peripheral-wall heavy-gas i n j ec t i on  (see 
Fig. 7a).  I n  these t e s t s ,  the  heavy-gas flow r a t e  was held constant and the  l i g h t -  
gas flow r a t e  was varied.  Since the  vortex chamber has a f ixed geometry, t he  in jec -  
t i on  Reynolds number i s  d i r e c t l y  proportional t o  the  l ight-gas  flow r a t e .  The t e s t s  
employed heavy gases having three  d i f f e r en t  molecular weights as  described i n  the  
section e n t i t l e d  TEST EQUIPMEITT AND PROCEDURES. Results obtained from these t e s t s  
a r e  presented i n  Figs. 22 t o  25. 

Figure 22 presents the  var ia t ion of the  volume-averaged heavy-gas p a r t i a l  pres- 
sure r a t i o  with in jec t ion  Reynolds number fo r  th ree  heavy-gas molecular weights. 
Corresponding r a d i a l  Reynolds numbers and l ight-gas  flow r a t e s  are shown on t h e  
abscissa.   o or vortex flaws with no bypass, Re . , Rer, and WB are  proportional .  ) 
The dashed l i n e s  indicate  the  p a r t i a l  pressure ghat would r e s u l t  i f  t h e  heavy gas 
and l i g h t  gas were f u l l y  mixed pr ior  t o  in jec t ion  ($/pl I mix). The arrows denote 
the  data  points f o r  which p a r t i a l  pressure d i s t r ibu t ions  a re  presented i n  Figs .  23, 
24, and 25. Wom Fig. 22 it can be seen t h a t  t he  heavy-gas p a r t i a l  pressure 
increases with decreasing heavy-gas molecular weight (e.g.,  SF6 and I2 vs He and I ~ )  
and decreasing in jec t ion  Reynolds number fo r  the  par t i cu la r  heavy-gas flow r a t e s  
employed i n  the  t e s t s .  

A t rend of decreasing amounts of heavy gas a t  the  peripheral  wall  with increas- 
ing in jec t ion  Reynolds number i s  indicated i n  the  r a d i a l  d i s t r ibu t ions  of heavy-gas 
p a r t i a l  pressure presented i n  Figs. 23, 24, and 25. (For a given heavy-gas molecular 
weight, the  heavy-gas flow r a t e  was held constant .) However, there appears t o  be 
no discernable e f f ec t  of the heavy-gas molecular weight on the amount of heavy 
gas a t  the peripheral  w a l l ,  This r e s u l t  i s  contrary t o  t ha t  reported i n  Refs. 2 
and 3 and may be a t t r ibu ted  t o  differences i n  the method of heavy-gas in jec t ion  
and the  in jec t ion  ve loc i t i es  employed i n  these t e s t s .  



The p a r t i a l  pressures a t  the axis  of the vortex tube (r/rl = 0 ) ,  as  indicated 
i n F i g s . 2 3  through 25, may be s l i g h t l y  i n  e r ro r ,  especia l ly  a t  lower light-gas flow 
r a t e s .  The center l ine  l i g h t  beam passes through a 6-in .-length of the  thru-flow 
pipe a t  each end of the vortex tube. Thus, it i s  possible t h a t  the amount of heavy 
gas i n  the core of the  vortex i s  approximately 25 percent l e s s  than t h a t  indicated 
i n  Figs,  23 through 25. 

Several addi t ional  t e s t s  were conducted with three  peripheral-wall heavy-gas 
in jec tors  (0.13-in.-ID by 0.25-in.-OD). These in jec tors  were located a t  25 percent, 
50 percent, and 75 percent of the vortex tube length, measured from the  l e f t  end 
wal l ,  The heavy gas was a mixture of nitrogen and iodine vapor. Heavy-gas in jec t ion  
with t h i s  configuration resul ted i n  an average heavy-gas p a r t i a l  pressure from one- 
and-one-half t o  three  times t h a t  measured i n  the  t e s t s  with the  single heavy-gas 
in jec tor .  Further t e s t i ng  with multiple heavy-gas in jec tors  should be undertaken 
i n  an e f f o r t  t o  achieve high heavy-gas p a r t i a l  pressures. 

Tests With Different  Heavy-Gas Inject ion Weight Flow Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Tests were conducted with a configuration having peripheral-wall l ight-gas 
and peripheral-wall heavy-gas in jec t ion  i n  which the  heavy-gas flow r a t e  was varied 
while the  l ight-gas flow r a t e  was held constant. The volume-averaged heavy-gas 
p a r t i a l  pressures obtained i n  the  t e s t s  are shown i n  Fig. 26 f o r  a range of the  
l i g h t -  t o  heavy-gas weight flow r a t e  r a t i o ,  wB/wF, and f o r  th ree  d i f fe ren t  heavy- 
gas molecular weights. The dashed l i ne s  indicate  the  f u l l y  mixed condition and the  
arrows denote the da ta  points f o r  which r a d i a l  heavy-gas p a r t i a l  pressure d i s t r ibu-  
t ions  are presented i n  Fig. 27. 

The t e s t  r e s u l t s  presented i n  Fig. 26 confirm a trend observed previously (see 
Fig. 13 of Ref. 3 )  t h a t  the  average heavy-gas p a r t i a l  pressure increases with decreas- 
ing wB/wF -- t h a t  i s ,  the  average heavy-gas p a r t i a l  pressure increases as the  heavy- 
gas flow r a t e  increases.  However, the  heavy-gas containment ( indicated by the  
v e r t i c a l  distance of the data  above the  f u l l y  mixed l i n e s )  generally decreased as 
t h i s  occurred. The r a d i a l  d i s t r i bu t i on  of l oca l  p a r t i a l  pressure f o r  the nitrogen/ 
iodine mixture ( ~ i g .  27) indicates  t h a t  a considerable increase i n  the  heavy-gas 
p a r t i a l  pressure i n  the  cen t ra l  core volume occurred when the heavy-gas weight-flow 
was increased. The p a r t i a l  pressure a t  t he  pe r iphe ra lwa l l - a l so  increased when t h e  
heavy-gas flow r a t e  was increased. 

The data  shown i n  Fig. 22 (l ight-gas flow r a t e  varied) and i n  Fig. 26 (heavy- 
gas flow r a t e  varied) are combined i n  Fig. 28. This f igure presents the  var ia t ion  
of heavy-gas p a r t i a l  pressure r a t i o  with the  r a t i o  of heayy-gas t o  l ight-gas  volume 
flow r a t e s  a t  in jec t ion .  From Fig.  28 it can be seen t h a t  the  increase of average 
heavy-gas p a r t i a l  pressure i s  s imilar  f o r  a l l  three  heavy-gas molecular weights 
when e i t he r  the  volume flow r a t e  of the  heavy gas i s  increased or the  volume flow 
r a t e  of the l i g h t  gas i s  decreased. 



Tests With Di f fe ren t -mass  Weight Flow Rates - - - - - - - - - -  - - - - - m e - - - m  

Tests were conducted i n  which the  amount of ax i a l  bypass flow (see bypass geometry 
i n  Fig. 5a) was varied,  I n  these t e s t s ,  the heavy-gas and l ight-gas weight flow r a t e s  
were held constant. The t e s t s  employed both end-wall and peripheral-wall heavy-gas 
in jec t ion ,  and a nitrogen/iodine mixture as the heavy-gas. Results of these t e s t s  
are shown i n  Fig. 29. Peripheral-wall l ight-gas in jec t ion  was used i n  both cases.  

As a l so  indicated i n  a previous study (Ref. 3 ) ,  a greater  average heavy-gas 
p a r t i a l  pressure can be achieved with ax i a l  bypass. As the  amount of ax i a l  bypass 
i s  increased, the  increase i n  heavy-gas p a r t i a l  pressure i s  approximately twice as  
much for  end-wall heavy-gas in jec t ion  as fo r  peripheral-wall heavy-gas in jec t ion  
(see Fig. 29). This i s  t o  be expected since ax i a l  by-pass flow decreases the amount 

I t  of heavy-gas short  c i rcu i ted"  from the end-wall in jec tors  d i r e c t l y  t o  the  thru-flow 
por ts ,  provided WB remains constant. The present data  ind ica te  l i t t l e  increase i n  
heavy-gas p a r t i a l  pressure with greater  than 50 percent bypass flow. Also, i t  can 
be seen by comparing the  two r a d i a l  d i s t r ibu t ions  of heavy gas shown i n  Fig. 30 with 

5 the curve i n  Fig. 24 f o r  Re = 2.8 x 10 t h a t  increasing bypass flow resu l ted  i n  no 
2 s ign i f ican t  difference i n  t e amount of heavy gas a t  the  peripheral  wall .  However, 

the  r a t i o  of the  peak heavy-gas p a r t i a l  pressure t o  the heavy-gas p a r t i a l  pressure 
a t  the  .peripheral  wal l  increased considerably with increased bypass flow. 

No decrease i n  heavy-gas p a r t i a l  pressure f o r  r a d i a l  Reynolds numbers below 
100 was noted fo r  e i t he r  end-wall or peripheral-wall heavy-gas in jec t ion  (see Fig.  29) .  
The decrease shown i n  Fig. 13 of Ref. 3 may be the  r e s u l t  of the  extremely high bypass 
f rac t ions  t e s t ed  ra ther  than only the  e f f ec t  of the  var ia t ion  i n  r a d i a l  Reynolds 
number. 

Heavy-gas containment data  fo r  the  two l ight-gas  in jec t ion  configurations (end- 
wal l  ( ~ i ~ .  6)  and peripheral-wall ( ~ i g  . 5)  ), both having end-wall heavy-gas i n  jec- 
t i o n ,  are  shown i n  Fig. 31. These data  are presented i n  terms of the heavy-gas con- 
tainment parameter, x , defined i n  the  section DEFINITION OF FLUID MECHANICS PARAMETERS. 
In  these t e s t s  t he  heavy-gas flow r a t e  was held constant, while t he  l ight-gas flow 
r a t e  was vwied .  The arrows denote t e s t s  f o r  which r a d i a l  d i s t r ibu t ions  of heavy- 
gas p a r t i a l  pressure a re  presented i n  Fig. 32. 

The data  i n  Fig. 31 indicate  t ha t  the two d i f f e r en t  l ight-gas in ject ion methods 
resu l ted  i n  no s ign i f ican t  differences i n  heavy-gas containment. However, a s i gn i f i -  
cant e f f ec t  on heavy-gas containment with d i f f e r en t  heavy-gas in jec t ion  configurations 
i s  indicated by comparison with da ta  obtained from t e s t s  with peripheral-wall l i gh t -  
gas in ject ion and peripheral-wall heavy-gas in jec t ion ,  determined from the data  pre- 
sented i n  Fig. 22. With end-wall heavy-gas in jec t ion ,  it i s  apparent t h a t  much of 



the heavy-gas i s  being convected d i r e c t l y  i n t o  the end-wall boundary layer and out 
t h e  thru-flow por ts  ( i . e . ,  "short c i rcu i ted") .  This has a l so  been observed i n  past  
invest igat ions ,  even when the  end-wallheavy-gas injection ports  were located a t  a 
l a rge r  radius (r/rl = 0.5) as i n  Refs. 2 and 3, For example, i f  the  f u l l y  mixed l i n e  

ar 

( fo r  f u l l y  mixed conditions PF/PrJ = W /W ) i s  added t o  Fig. 48 i n  Ref. 2, a l l  previous 
F B 

end-wall heavy-gas in jec t ion  data  a re  a l so  a t  l e s s  than the  f u l l y  mixed containment 
conditions ( x <  1.0). 

These r e s u l t s  do not eliminate end-wall heavy-gas in jec t ion  from consideration 
as a des i rable  i n j ec t i on  method fo r  t he  nuclear l i g h t  bulb engine. An important 
mitigating fac tor  can be seen i n  the  p a r t i a l  pressure d i s t r ibu t ions  i n  Fig. 32. 
For similar  in jec t ion  Reynolds numbers, the  t e s t s  conducted with end-wall heavy-gas 
in jec t ion  resu l ted  i n  l esse r  amounts of heavy gas a t  the  peripheral  wal l  than f o r  
the  peripherax-wall heavy-gas in jec t ion  configuration (compare Fig, 32 with Fig. 24). 

Results of Chordal Measurements - - - - - - - - - - - - - - - -  

The chordal measurements with both end-wall and peripheral-wall heavy-gas in jec-  
t i on  revealed an a x i a l  var ia t ion of heavy-gas density.  The heavy gas i s  concentrated 
near the  ax i a l  midplane of the vortex tube and decreases more or l e s s  symmetrically 
toward the  end walls  a t  a l l  in jec t ion  Reynolds numbers. Measurements of t he  heavy- 
gas density along a chord located a t  62.5 percent of tube radius showed t h a t  the  
amount of heavy gas a t  an ax i a l  posit ion 25 percent of the  vortex tube length  from 
the  end walls  was approximately 25 percent ( fo r  end-wall heavy-gas i n j ec t i on )  and 
60 percent ( for  peripheral-wall heavy-gas in jec t ion  ) l e s s  than the  amount of heavy 
gas a t  the  a x i a l  midplane. 

Comparison of Results of Heated and Unheated Tests 

Results Obtainedwiththe Same Vortex Tube Geometry 

Several t e s t s  were conducted i n  which the  xenon p a r t i a l  pressure a t  the  peripheral  
wal l  was measured both with and without heat  addition t o  the vortex flow. The vortex 
tube used was t h e  same model fo r  the r - f  t e s t s  having the  end-wall l ight-gas  in jec -  
t ion  configuration shown i n  Fig. l a .  A sample of gas was withdrawn a t  the peripheral  
wall  of the  vortex chamber, approximately 114 in .  from the  midplane. The sample was 
analyzed (both a gas chromatagraph and a mass spectrometer were used) t o  determine 
the  xenon concentration a t  the  wall .  These t e s t s  were conducted with the  configura- 
t ions  and flow conditions l i s t e d  i n  columns 3 and 4 of Table I. Samples were a l so  
taken during isothermal t e s t s  with i den t i ca l  vortex configurations and flow conditions 
but  with no heat  addition t o  the  vortex. 



The r e s u l t s  of these t e s t s  were: (1) with xenon in jec ted  through the peripheral  
wall ,  the xenon p a r t i a l  pressure a t  the  peripheral  wal l  was 8.4 x atrn with r - f  
heating and 59 x atrn with no heating ( the  f u l l y  mixed value was 55 x atm) 
and ( 2 )  with xenon in jec ted  through the  center l ine  probe, the  xenon p a r t i a l  pressure 
a t  t he  peripheral  wall  was 1.0 x loW4 atrn with r - f  heating and 5.1 x loe4 atrn with 
no heating ( the  f u l l y  mixed value was 73 x 10-4 atrn). Thus, t he  presence of the  
strong temperature gradient  had the  e f f ec t  of reducing the  di f fus ion of xenon t o  the  
per ipheral  w a l l .  

S t a t i c  pressure d i s t r ibu t ions  i n  both the  ax i a l  and r a d i a l  d i rect ions  were a l so  
measured with t h i s  l ight-gas  in jec t ion  configuration but with no xenon in jec t ion .  
Measurements were made both with and without heat  added t o  the vortex flow. F i w e  33 
presents the  d i s t r ibu t ions  of s t a t i c  pressure along the  peripheral  wall ,  along the 
vortex center l ine ,  and along one end wal l  of t he  vortex chamber. For comparison, 
s imilar  pressure d i s t r ibu t ions  obtained i n  t e s t s  with the same geometry and argon 
flow r a t e  but  with no heating a re  a l so  shown. The reference pressure f o r  a l l  d i s t r i -  
butions shown i n  Fig. 33 was taken as  the  peripheral-wall s t a t i c  pressure a t  the  
ax i a l  midplane. The absolute value of t he  reference pressure i s  1.2 atrn (490 i n .  
of water) .  

The ax i a l  pressure d i s t r ibu t ion  along the  peripheral  wal l  i s  shown i n  Fig. 33a. 
A s l i g h t  pressure decrease occurs near each end wall ,  and the  value i s  independent 
of whether the plasma i s  present or not .  The ax ia l  pressure d i s t r ibu t ion  along the 
vortex center l ine  i s  shown i n  Fig. 33b. These pressures were measured with a water- 
cooled probe inser ted through the  thru-flow por ts  along t h e  vortex center l ine .  The 
pressure with heating i s  near ly  constant while, with no heating, the presence 
increases s ign i f ican t ly  away from the  end wall .  The r a d i a l  d i s t r ibu t ions  of s t a t i c  
pressure measured on the  end wal l  are  presented i n  Fig. 33c. Note t h a t  the re  are  
l a rge  differences i n  t he  r a d i a l  pressure gradients between the  heated and unheated 
vortex flows. By employing the r a d i a l  momentum equation, 

and using the  curves of Fig. 33c t o  obtain d ~ / d r ,  it can be shown t h a t  the  tangent ia l  
veloci ty ,  v4, i s  approximately the  same i n  both the heated and unheated vortexes. 
For t he  heated vortex, the  density a t  a given radius,  r ,  was calculated from an 
average temperature a t  the  same radius from the values shown i n  Fig. 15. 

On the  basis  of the  differences i n  pressure d i s t r ibu t ions  between t he  heated 
and unheated cases, it i s  probable (although not ce r ta in )  t h a t  s ign i f ican t  differences 
i n  flow pat terns  may e x i s t  f o r  these two vortexes. The flow i n  the  end-wall boundary 



layer  i s  strongly dependent upon the r a d i a l  gradient of pressure a t  the  end wal l ;  the  
l a rger  the  pressure gradient ,  the greater  t h e  amount of boundary layer ,  or  secondary, 
flow ( ~ e f .  17) .  Since the  end walls  are highly cooled and the  plasma i s  small a t  t he  
end wal l  (see Fig. 2b) ,  it can be assumed t h a t  the densi ty  of the  end-wall boundary 
layer  flow i s  unaffected by the  presence of t he  plasma. Thus, the  small pressure 
gradient i n  the heated case (as  compared t o  the  unheated case) must r e s u l t  i n  l e s s  
secondary flow. However, because the t o t a l  thru-flow was constant, the  r a d i a l  flow 
external  t o  the boundary layer  ( the  primary flow) must be greater  i n  heated vortexes 
than i n  unheated vortexes . 
Results Obtained with Different  Vortex Tube Geometries 

By necessi ty,  most of the  heated and isothermal containment t e s t s  were conducted 
i n  vortex chanibers of vas t ly  d i f f e r i ng  s izes  (see Figs. 1 and 5 ) .  Equipment l imi ta-  
t ions  prohibited making isothermal containment t e s t s  i n  the  1.26-in. -ID vortex chamber 
employed i n  the r-f heated t e s t s  and, or course, heated t e s t s  were not possible i n  
the 10-in.-ID vortex chamber used i n  t he  isothermal containment t e s t s .  However, 
since some of the  t e s t s  were conducted i n  vortex chambers t h a t  were geometrically 
s imilar  i n  many respects and a t  equal Reynolds numbers, it i s  of i n t e r e s t  t o  compare 
r e s u l t s  from some of these  t e s t s .  

Figure 34 presents the  r a d i a l  d i s t r ibu t ions  of heavy-gas p a r t i a l  pressures obtained 
from both the heated and unheated vortex flows. As previously discussed, the  heated 
t e s t s  were made i n  a 1.26-in.-ID vortex chamber i n  which energy was added by r - f  c o i l s  
while the  unheated t e s t s  were made i n  a 10-in.-ID vortex chamber. These t e s t s  employed 
similar  peripheral-wall l ight-gas in jec t ion  geometries and the in jec t ion  Reynolds 
number was approximately 100,000 f o r  both. The scal ing parameter, ~ L / A ~ ,  was approxi- 
mately 300 fo r  both vortex chambers. The heavy gas was in jected r ad i a l l y  lnward 
through a duct i n  the  peripheral  wall .  The molecular weight of the  heavy gas was 
several  times t h a t  of the  l i g h t  gas (3.5 i n  the heated t e s t s  and 5.0 i n  the  unheated 
t e s t s ) .  One notable difference was the r a t i o  of l i g h t -  t o  heavy-gas flow r a t e s  

(W /W = 66 fo r  the heated t e s t s  and 46 f o r  the unheated t e s t s ) .  
B F 

I n  Fig. 34, the curve f o r  the heated t e s t s  was obtained by averaging the  four 
a x i a l  d i s t r ibu t ions  shown i n  Fig. 20, while the curve f o r  the unheated t e s t s  was 
t rans fe r red  from Fig. 25. The r e s u l t s  of heated t e s t s  show t h a t  more heavy gas i s  
present near the  center of the vortex, but l e s s  i s  present a t  the  larger  r a d i i ,  than 
i n  the isothermal t e s t s .  I n  the  heated t e s t s ,  t h e  amount of heavy gas a t  radius 
r a t i o s  greater  than 0.75 could not be measured. Two possible r a d i a l  d i s t r ibu t ions  
between r/rl = 0.75 and r/rl = 1.0 are  sketched i n  Fig. 34 (curves A and B) .  



Figure 35 presents a comparison of the average heavy-gas p a r t i a l  pressure obtained 
i n  heated an unheated t e s t s ,  The cross hatched area represents the  range of da ta  
presented i n  Fig. 28 for  the  unheated vortex t e s t s .  The two data  points f o r  t he  
heated vortex t e s t s  were obtained by in tegra t ing  the data  of Fig. 34 with respect  t o  

( r / r l )2 .  Two points were obtained because of the  two curves f o r  the  p a r t i a l  pressure 
a t  radius r a t i o s  between 0.75 and 1.0 ( f i g .  34).  Samples of the  gas composition made 
a t  the  peripheral  wal l  (see discussion i n  previous subsection) indicate  t h a t  the  
lower value might be more accurate, but  fu r ther  data  a re  needed t o  ver i fy  t h i s .  
The small difference between the  average heavy-gas p a r t i a l  pressure and the  f u l l y  
mixed value indicates  t h a t  convective flows i n t o  and out of the  plasma region are 
l a rge .  Note, however, t h a t  the r a t e  of f u e l  loss  from the  vortex i n  a nuclear l i g h t  
bulb engine i s  r e l a t i v e l y  unimportant; the main purpose of the  vortex i s  t o  keep the  
f u e l  off the peripheral  wal l .  The conclusion from the  data i n  Fig. 35 i s  t h a t  the 
average p a r t i a l  pressure of the  heavy gas i s  r e l a t i v e l y  independent of t he  presence 
of a strong temperature gradient i n  the vortex flow. 

Figure 36 shows the  e f f ec t  of the heavy- t o  l ight-gas volume flow r a t i o  on the  
peak l oca l  heavy-gas p a r t i a l  pressure f o r  heated and unheated vortexes. The data  fo r  
the  unheated t e s t s  were obtained using the  10-in.-ID vortex tube having peripheral-  
wal l  l ight-gas in jec t ion  and peripheral-wall heavy-gas in ject ion.  The da ta  f o r  the 
heated t e s t s  were obtained with the  small r - f  model with several  geometries. For a 
descr ipt ion of the  geometry, reference should be made t o  the par t i cu la r  f igure  from 
which the  data  were obtained. For the heated t e s t s ,  the  peak value of the heavy-gas 
p a r t i a l  pressure was obtained by averaging the  four ax i a l  s t a t ions .  

The r e s u l t s  shown on Fig. 36 indicate t h a t , f o r  unheated vortex flows, t he  amount 
of heavy-gas separation ( i . e , ,  the r a t i o  of peak heavy-gas p a r t i a l  pressure t o  f u l l y  
mixed heavy-gas p a r t i a l  pressure) i s  low a t  high values of the  heavy- t o  l ight-gas  
volume flow r a t e  r a t i o ,  but  increases as the  volume flow r a t i o  decreases. It appears 
t h a t  a maximum heavy-gas separation occurs a t  a volume flow r a t e  r a t i o  of about 
0,01, but more data  are  needed t o  ver i fy  t h i s .  As noted on Fig. 36, the  maximum 
value of heavy-gas p a r t i a l  pressure divided by the  f u l l y  mixed heavy-gas p a r t i a l  
pressure occurs approximately a t  a r a t i o  of heavy-gas in jec t ion  veloci ty  t o  l i g h t -  
gas in jec t ion  veloci ty  of uni ty ,  I f  t h i s  quanti ty i s  ra ised t o  a value of 10,  the  
r a t i o  of maximum heavy-gas p a r t i a l  pressure t o  f u l l y  mixed pressure decreases. It 
was observed during the  performance of the  t e s t s  t h a t  the large  heavy-gas in jec t ion  
ve loc i t i es  appeared t o  " tear  apart" the  vortex, resu l t ing  i n  a uniform heavy-gas 
d i s t r i bu t i on  throughout the  vortex chamber. It i s  apparent from these r e s u l t s  t h a t  
fu ture  t e s t s  designed t o  increase the  average heavy-gas p a r t i a l  pressure be conducted 
with an increase i n  f u e l  in ject ion area i n  order t o  minimize f u e l  in jec t ion  veloci ty .  



The r e s u l t s  of the heated t e s t s  show t h a t  r a t i o s  of the peak heavy-gas p a r t i a l  
pressure t o  the f u l l y  mixed heavy-gas p a r t i a l  pressure are between 6.0 and 7.0, some- 
what greater  than s imilar  values obtained from unheated t e s t s .  However, da t a  were 
not taken a t  high values of the  volume flow r a t e  r a t i o  t o  determine i f  the  same 
t rend e x i s t s  i n  both the  heated and unheated vortex flows, The da ta  presented i n  
Fig. 36, and gas samples taken a t  the peripheral  wal l  of a heated vortex, ind ica te  
t h a t  t he  temperature gradient suppresses the flow of heavy gas t o  the peripheral  
wall .  This r e s u l t  i s  important f o r  the nuclear l i g h t  bulb engine concept where the  
primary purpose of the  vortex flow i s  t o  prevent nuclear f u e l  from reaching the  
transparent  peripheral  wall .  
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LIST OF SYMBOLS 

E 
c o i l  

En 

f  

Light-gas i n j ec t i on  area,  sq i n .  

Heavy-gas in jec t ion  area,  sq i n .  

Light-gas spec i f i c  heat ,  kw/lb-deg K 

Diameter of vortex chamber, i n .  

Peak r - f  voltage across work co i l ,  vo l t s  

Upper energy l eve l ,  ev 

Frequency, Hz 

Gaunt f ac to r ,  dimensionless 

In tens i ty  of continuum radia t ion,  watts/cm3-ster 

In tens i ty  of rad ia t ion  of a  single l i n e ,  a rb i t r a ry  un i t s  

In tens i ty  of radia t ion measured from chord, watts/cm 
2 

Boltzmann constant ,  1.38 x 10-l6 erg/deg K 

Constants used i n  Eqs. (11) and (12) 

Length of vortex chamber, i n .  or f t  

Molecular weight of l i g h t  gas (simulated buffer gas) 

Molecular weight of c a r r i e r  gas 

Molecular weight of heavy gas (simulated f u e l )  

Molecular weight of iodine vapor, m = 254 
I 

Number density,  cm - 3 

Number densi ty  of e lect rons ,  cm-3 

Number density of s ingly  ionized atoms, cm-3 



Q 
c o i l  

Qc 

LIST OF SYMBOLS (continued) 

S t a t i c  pressure,  atrn 

Heavy-gas p a r t i a l  pressure, atrn 

Volume-averaged heavy-gas p a r t i a l  pressure, atrn 

S t a t i c  pressure on end wall ,  in.H20 

Xenon p a r t i a l  pressure,  atrn 

P a r t i a l  pressure of unionized xenon, atrn 

P a r t i a l  pressure of s ingly  ionized xenon, atrn 

S t a t i c  pressure a t  midplane on peripheral  wal l ,  in.H 0 
2 

S t a t i c  pressure i n  ax i a l  d i rec t ion ,  i n .  
*2O 

S t a t i c  pressure a t  vortex chamber peripheral  wall ,  atrn 

Power deposited i n  r - f  work c o i l ,  kw 

Power convected out of thru-flow ducts,  kw 

Power deposited i n  peripheral-wall coolant, kw 

D-C Power t o  r - f  power amplif ier ,  kw 

Power radia ted,  kw 

Total  power deposited i n  plasma, kw 

Radius, i n .  or  f t  

Radius of vortex chamber, i n .  or f t  

Universal gas constant, ft-lb/lb-mole -deg R 

In jec t ion  Reynolds number, ( ~ q .  ( 2 )  ), dimensionless 

Radial Reynolds number, ( ~ q .  ( 4 ) ) , dimensionless 



LIST OF SYMBOLS (continued) 

Heavy-gas time c o n s t a n t , ~ ~ / w ~ ,  see 

Heavy-gas time constant f o r  f u l l y  mixed flow, sec 

Temperature, deg R or deg K 

Electron temperature, deg K 

Average temperature of gas exhaust out of thru-flow ducts,  deg K 

In ject ion ve loc i ty  of l i g h t  gas, f t / s e c  

Inject ion ve loc i ty  of xenon, f t / s ec  

Volume of vortex chamber, f t  3 

Weight flow of l i g h t  gas, lb/sec 

Weight flow of l i g h t  gas removed through thru-flow por ts ,  lb/sec 

Weight flow of c a r r i e r  gas, lb/sec 

Weight f l o w  of heavy gas, lb/sec 

Weight flow of iodine vapor, lb/sec 

Weight flow of xenon, lb/sec 

Total amount of heavy gas i n  vortex chamber, l b  

Perpendicular distance from chord t o  center l ine ,  i n .  

Axial distance measured from l e f t  end wall ,  i n .  

Effective ionic  charge, dimensionless 

Reflected impedance, ohms 

Wavelength, angstroms 

Viscosity of l i g h t  gas, lb / f t -sec  



LIST OF SYMBOLS (continued) 

p~ 

- 

P~ 

X 

Subscripts 

c h ~ r d  Refers t o  measurements on a chord 

Density of l i g h t  gas, l b / f t  
3 

Volume- averaged density of heavy gas, l b / f t 3  

Heavy-gas containment parameter, dimensionless 

mix Refers t o  conditions where heavy and l i g h t  gases are  f u l l y  mixed 

Superscripts 

0 
4300 Denotes A r I  4300 A l i n e  

4671 Denotes XeI 4671 l i n e  



TEST CONFIGURATIONS AM) OPERATING CONDITIONS FOR KEATED VORTEX TESTS 

UARL 80-KW R-F Induction Heater 

Figure Where Pats a re  Presented 

Flow Conditions 
Ligkt Gas 

In jec t ion  Flow Rate, W - lb / sec  
B 

In jec t ion  Velocity, - f t / s e c  
In jec t ion  Reynolds Number, Re 
Vortex Pressure. P - atm j 

Heavy-Gas 
Xenon Flow Rate, Wx - lb/sec 
Argon Carrier  Flow Rate, WC = lb/sec 
Xenon In jec t ion  Velocity, v x , j  - f t / s e c  
Weight Flow Rate Ratio of ~ e n o n / ~ r g o n ,  

wX/wB 

Power Conditions 
Power Deposited i n  Plasma, 

Q T = Q ~ + + R  + i - b  
Power Radiated from Plasma, 

Q R - k "  
Power t o  Peripheral  Wail Coolant, iR - kw 
Power Convected out of Vortex, Q 
Average Exhaust Gas Temperature, 

c - k w  

TTF = QC/wB Cg - deg K 
Power Deposited i n  R-F Work Coil ,  

Qcoil - kw 

R-F Conditions 
R-F Driving Frequency, f - mHz 
D-C Plate  Power, QDc - kw 
R-F Peak Coil  Voltage, Eoil  - v o l t s  
Reflected Impedance, Zp = Ecoi12/2(~T + Qcoil) 

ohms 

Note 1. Note 2. 
EFT A r  - Argon in jec ted  tangent ia l ly  through end-wall i n j e c t o r s  (see Fig. l a )  A t e s t  i n  which the  peripheral-wall  coolant f l u i d  was a i r  i n ~ t e a d  of water 
PW A r  - Argon in jec ted  tangent ia l ly  through peripheral-wall  i n j e c t o r s  (see Fig: l b )  resu l ted  i n  the  following: QCR = 0.3 kw and % 7 1.75 kw. A l l  the incren-e 
No Xe - No xenon used i n  % occurred a t  wavelengths g e a t e r  than 1.0 mlcron. 

Premixed Xe - Xenon mixed with argon upstream of vortex 
PW Xe - Xenon in jec ted  r a d i a l l y  t'mough por t  i n  per iphera l  wal l  (see Fig. 2c)  
CL Xe - Xenon in jec ted  a x i a l l y  a t  vortex cen te r l ine  (see Fig. 2 c )  

Configuration (See Note1  f o r  Abbrevations) 

R4 A r  
CL Xe 

IW A r  
No Xe 

EW A r  
CL Xe 

PW A r  
EW Xe 

EW A r  
PW Xe 

EW A r  
NO Xe 

EW A r  
Premixed Xe 



TABLE 11 

TEST CONFIGURATIONS AND OPERATING CONDITIONS FOR UNHEATED TESTS 

High R e y n o l d s  N u m b e r  T e s t  F a c i l i t y  

t o  L i g h t  G a s  

F N 

* P r i m a r y  T e s t  V a r i a b l e  



SKETCHES OF VORTEX CHAMBERS USED IN 80-KW R-F HEATER SHOWING LIGHT-GAS lNJECTlON SYSTEW I 
1 
9 

a. END+ALL LIGHT-GAS lNJECf  [ON 
rINJECTORS ON END WALL- 

1.26-IN.-lD X 1.37-IN.-OD 
FUSED-SILICA TUBE 

SECTION A-A 

2.8 IN. 

0.25-IN.-ID THRU-FLOW PORTS 

COPPER END WALLS 

1.77-IN.-ID X 1.92-IN.-OD 

FUSED-SILICA TUBE 

b. PERIPHERAL-WALL LIGHT-GAS INJECTION 
INJECTION HOLES SECTION A-A 

(0.0 1-IN. DIA; 
8 1  PER INJECTOR) 

0.25-IN.-ID THRU-FLOW PORTS 

COPPER END WALLS 

f? 
I;" 
4 

COPPER INJECTOR 



H-91009 1-20 FIG, 2 

TWO-COMPONENT VORTEX TEST ASSEMBLY FOR 88---KW R-F INDUCTION HEATER 
SEE FIG. 1 FOR DETAILS OF LIGHT-GAS INJECTION CONFIGIJRATIONS 

SEE T A B L E 1  FOR TEST CONDITIONS 

a. PHOTOGRAPH OF ASSEMBLY 

6.5 IN. 

b. PHOTOGRAPH OF PLASMA 

LOCATION OF  END WALLS 

c. SKETCH OF VORTEX CHAMBER SHOWING XENON (H EAVY-GAS) lNJ ECTION LOCATIONS, POWER 
LOSSES, AND CHORDAL SCANNING POSITIONS 

PERIPHERAL-WALL XENON INJECTOR; 
r0 .040 - IN .  - ID X 0.080-IN.-OD F U S E M I L I C A  TUBE 

END-WALL XENON  INJECT^^; 

0.062- IN. -1~ DUCT 

THRU-FLOW 
c 
2 

CENTERLINE XENON INJECTOR, 
WATER COOLED PROBE, 

0 .03 - IN . - l~  X O . , ~ - I N . - O D  

R-F WORK COIL 

CANNING POSITIONS 

( S E E  T E X T  F O R  LOCATION) 



SCHEMATIC OF OPTICAL SYSTEM USED FOR SPECTRAL MEASUREMENTS 

JARRELL-ASH 0.25-METER SCANNING 

MONOCHROMATOR ! 1000 ~ M I N )  

LENGTH,  fl6.3) TRAVERSE ( 

CALIBRATED NEUTRAL PHOTOMULTIPLIER (EM1 9558 C, 
L IGHT PATH 5-20 RESPONSE) 

PHOTOMULTlPLlER 

OUTPUT SIGNAL; TO 

25-$ENTRANCE SLIT 
25 -p EXIT  SLIT ' HONEYWELL MODEL 

1.26-IN.-ID FUSED 

, SILICA TUBE 
1108 VISICORDER 

AT FOCAL PLANE 

O F  PLASMA IMAGE 

107 IN. 



SCHEMATIC DIAGRAM OF FLOW SYSTEMS I N  HIGH REYNOLDS NUMBER TEST FACILITY 

TO VACU 

HEAVY -GAS (SIMULATED-FUEL) SUPPLY SYSTEM LIGHT-GAS (SIMULATED-BUFFER) SUPPLY SYSTEM 
--- - - -  

GAS HEATER 

CARRIER 

GAS SUPPLY 

---- -- 
HEATED PIPES 

VORTEX TUBE 

OUTER CYLINDRICAL SHELL 

TEST SECTION 



H-91009 1-20 FIG. 5 

GEOMETRY OF VORTEX TUBE WITH PERIPHERAL-WALL LIGHT-GAS INJECTION 

HIGH REYNOLDS NUMBER TEST FACILITY 

a) VORTEX TUBE 

END WALL---\ I- 
WALL- JET INSERTS - 

28 PER AXIAL ROW 
END WALL- 

b) DETAILS OF DIRECTED-WALL-JET INSERTS 

7 DIRECTED-WALL-JET INSERT 

OUTER CYLINDRI r - 

O F  VORTEX TUBE 1 \! 

INSERT MAY BE ROTATED FULL 

360 DEG (ONLY CIRCUMFERENTIAL 

INJECTION USED FOR THIS 
TEST PROGRAM) 

SLOT 

CAL SHELL 

GROOVE 

CAP 

HEIGHT - 0.035 IN. -A 



H-910091-20 FIG. 6 
GEOMETRY OF VORTEX TUBE WITH LIGHT-GAS INJECTION THRQUGH DUCTS LOCATED 

NEAR THE EMD-WALLS (SIMULATED END-WALL INJECTION) 

HIGH REYNOLDS NUMBER TEST FACILITY 

a) VORTEX TUBE 

END WALL 

SECTION A-A 

END WALL 

7 

10-IN. 
DIA 

L I N J E C T O R S  - 4 AT \----OUTER CYLINDRICAL SHELL 

EACH END WALL 
1-IN. DIA THRU-FLOW PORTS 

b) DETAILS OF INJECTOR 
1 



HEAVY--GAS INJECTION CONFlGURATlOMS 

HIGH REYNOLDS NUMBER TEST FACILITY 

0) PERIPHERAL-WALL HEAVY-GAS INJECTION 

Alc7 

SECTION A-A 

IN. 

FIG. 7 

-1 TUBE; 0.13-IN. ID 

b) END-WALL HEAVY- GAS INJECTION 
A 

SECTION A-A 

A 

2 TUBES; 0.10-IN. ID 



SCHEMATIC DIAGRAM OF OPTICAL SYSTEM IN HIGH REYNOLDS NUMBER TEST F a C l L l T Y  
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H-910091-20 FIG. 10 

CALCULATED VARIATION WITH EMPEWATLORE OF T H E  TOTAL ARGON CONTINUUM 

RADIATION BETWEEN 4200 AND 4300 1, AT A PRESSURE OF 1.2 ATM 

CALCULATED FROM EB. 10 

TEMPERATURE, P - DEG K 



H-918091-20 FIG. 11 

CALCULATED VARIATION WITH E M P E R A T U R E  OF THE INTENSITY OF THE 

ARGON I4300 1 LINE AT A PRESSURE OF 1.2 ATM 

CALCULATED FROM EQ. 1 1  



H-910091-20 FIG. 12 

TYPICAL CHORDAL AND RADIAL VAREATBONS IN INTENSITY OF CONTINUUM, 
AN ARGON LINE AND A XENQN LINE EN ARGON 

PLASMA WITH XENON lNJECTlON 

PERIPHERAL-WALL LIGHT-GAS INJECTION 
PERIPHERAL-WALL HEAVY-GAS INJECTION 

a. CHORDAL VARIATIONS 

CHORDAL DISTANCE, X - IN. 

b. RADIAL  VARIATIONS 



M-9 1009 1-20 FIG. 13 

COMPOSITION OF XENON I N  AN EQUILIBRIUM ARGON-XENON M I X W R E  

T O T A L  PRESSURE = 1.2 ATM 



H-910091-20 FIG. 14 
CALCULATED VARIATION WITH TEMPERATURE OF THE INTENSITY OF THE 

XENON I4671 W LINE IN AN ARGON-XENON MIXTURE 

C A L C U L A T E D  FROM EQ.12 USING COMPOSITION O F  FIG, 13 

T O T A L  PRESSURE = 1.2 ATM 

8000 9000 10,000 

TEMPERATURE, T - DEG K 

5 6 



RADIAL DISTRIBUTIONS OF TEMPERATURE FOR AN END-WALL- 

DRIVEN ARGON PLASMA VORTEX 

TEMPERATURE DETERMINED FROM INTENSITY O F  A R I  4300 L l N E  ' 

SEE FIG. l a  FOR ARGON INJECTION CONFIGURATION 
SEE T A B L E 1  FOR FLOW AND POWER CONDITIONS 

FIG. 15 

L lNE 

-- 
- . -  

----- 
--- 

0.2 0 

RADIUS, r - IN. 

AXIAL POSITION 
(SEE FIG. 2 c )  

1 

2 

3 

4 

' 



H-9 1009 1-20 FIG. 16 

RADIAL DISTRIBUTIONS OF TEMPERATURE AND XENON PARTIAL PRESSURE FOR AN 
END-WALL-DRIVEN ARGON PLASMA VORTEX PREMIXED WITH XENON 

SEE FIG. l o  FOR ARGON INJECT ION CONFIGURATION 
SEE T A B L E X F Q R  FLOW AND POWER CONDITIONS 

a) TEMPERATURE (FROM A R I  4300 LINE) 

0.6 0.4 0.2 0 0.2 

b) XENON PARTIAL PRESSURE (FROM X E I  4671 LINE) 

r. 

0.6 0.4 0.2 0 0.2 

RADIUS, r - IN, 



H-910091-20 
RADIAL DISTRIBUTIONS OF TEMPERATURE AND XENON PARTIAL PRESSURE 

FIG, 17 

FOR AN END-WALL-DRIVEN ARGON PLASMA VORTEX 
WITH PERIPHERAL-WALL XENON INJECTION 

XENON INJECTED RADIALLY INWARD THROUGH PERIPHERAL WALL (SEE FIG. 2 4  
SEE FIG. la FOR ARGON INJECTION CONFiGURATlON 

SEE T A B L E I  FOR FLOW AND POWER CONDITIONS 

o) TEMPERATURE (FROM ARI4300 /;: LINE) 

b) XENON PARTIAL PRESSURE (FROM X E I  4671 LINE) 

0.2 0 0.2 

RADIUS, r -- IN. 



11-9 1009 1-20 FIG. 18 
RADIAL DISTRIBUTIONS OF TEMPERATURE AND XENON PARTIAL PRESSURE FOR AN 
END-WALL-DRIVEN ARGON PLASMA VORTEX WITH CENTERLINE XENON INJECTION 

XENON INJECTED AXIALLY THROUGH PROBE ON VORTEX CENTERLINE (SEE FIG* 2 ~ )  
SEE FIG. l a  FOR ARGON INJECTION CONFIGURATION 

SEE T A B L E I  F O R  F L O W  AND POWER CONDITIOMS 

a) TEMPERATURE (FROM A W I  4300 LINE) 

0.6 0.4 0.2 0 0.2 

b) XENON PARTIAL PRESSURE (FROM XE14671 8 LINE) 

0 0.2 

RADIUS, r - IN. 

60 



FIG. 19 

RADIAL  [I$SPRIBUTIQNS O F  TEMPERATURE FOR A PERIPHERAL-WALL- 

DRIVEN ARGON PLASMA VORTEX 

TEMPERATURE DETERMINED FROM INTENSITY OF ARI 4300; L I N E  
SEE FIG. l b  FOR ARGON INJECTION CONFIGURATION 

SEE T A B L E I  FOR FLOW AND POWER CONDITIONS 

0.2 0 

RADiUS - IN. 



H-9  10091-20 
RADIAL DISTRIBUTIONS OF TEMPERATURE AND XENON PARTIAL PRESSURE 

FIG. 2 0  

FOR A PERIPHERAL-WALL--DRIVEN ARGON PLASMA VORTEX 
WITH PERIPHERAL-WALL XENON INJECTION 

XENON INJECTED RADIALLY INWARD THROUGH PERIPHERAL WALL (SEE FIG. 2 c )  

SEE FIG. l b  FOR ARGON INJECTION CONFIGURATION 
SEE T A B L E I  FOR FLOW POWER CONDITIONS 

(I) TEMPERATURE (FROM A R I  4300 LINE) 

0.6 0.4 0.2 0 0.2 0.4 0.6 

b) XENON PARTIAL PRESSURE (FROM X E I  4671 %LINE) 



H-9 1009 1-20 FIG. 21 
RADIAL DISTRIBUTIONS OF TEMPERATURE AND XENON PARTIAL PRESSURE FOR A 

PERIPHERAL-WALL-DRIVEN ARGON PLASMA VORTEX WITH 
CENTERLINE XENON INJECTION 

XENON INJECTED AXIALLY THROUGH PROBE ON VQRTEX CENTERLINE (SEE FIG. 2 c )  

SEE FIG. l b  FOR ARGON INJECTION CONFIGURATION 
SEE TABLE I FOR FLOW AND POWER CONDITIONS 

a) TEMPERATURE (FROM ART 4300 LINE) 

0 0.2 

RADIUS, e - lye 



FIG. 22 
H-9 10091 -20 

EFFECTS OF REYNOLDS NUMBER AND HEAVY-GAS MOLECULAR 
WEIGHTION THE AVERAGE HEAVY-GAS PARTlAL PRESSURE IN 

THE HIGH REYNOLDS NUMBER TEST FACILITY 
PERIPHERAL-WALL LIGHT-GAS INJECTION (SEE FIG. 5) 

PERIPHERAL-WALL HEAVY-GAS INJECTION (SEE FIG. 7a) 
ARROWS INDICATE POINTS FOR WHICH RADIAL 

DISTRIBUTIONS ARE PRESENTED IN  FIGS. 23, 24, AND 2 5  
SEE T A B L E I I  FOR OPERATING CONDITIONS 

INJECTION REYNOLDS NUMBER, Re, 
I I I I I 1 

0 50 100 150 200 250 300 350 
RADIAL REYNOLDS NUMBER, Re, 

I I I 
I I 

0 0 0 1  OJ2 0.03 0.04 0.05 0.06 0 D? OD8 0.0 9 
LIGHT - G A S  FLOW RATE,  W,- LB/ SEC 

64 



n-910091-a FIG, 23 
RADIAL DISTRIBUTIONS OF HEAVY-GAS PARTIAL PRESSURE AT SEVERAL 

, INJECTION REYNOLDS NUMBERS -- HELIUMIIBDINE HEAVY GAS 
PERIPHERAL-WALL LIGHT-GAS INJECTION (SEE FIG. 5) 
PERIPHERAL-WALL HEAVY-GAS INJECTION (SEE FIG. 7 a )  

CONSTANT HEAVY-GAS FLOW RATE, W F  = 0.4 x LB/SEC 
SEE T A B L E E  FOR OPERATING CONDITIONS 

1.0 0.8 0.6 0.4 0.2 0 0,2 0.4 0.6 0.8 1.0 

UPPER TRAVERSE LOWER TRAVERSE 
RADiUS RATIO, du, 



H-910091-20 FIG. 24 
RADIAL DISTRIBUTIONS OF HEAVY-GAS PARTIAL PRESSURE AT' SEVERAL INJECTION 

REYNOLDS NUMBERS - -- MITROGENIIODINE HEAVY GAS 
PERIPHERAL-WALL LIGHT-GAS INJECTION (SEE FIG. 5) 

PERIPHERAL-WALL HEAVY-GAS INJECTION (SEE FIG. 70) 
CONSTANT HEAVY-GAS FLOW RATE, W F =  '1.2 x 10-3 LB/SEC 

SEE T A B L E E F O R  OPERATING CONDITIONS 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

UPPER TRAVERSE LOWER TRAVERSE 
RADIUS RATIO, r/r, 

66 

SYMBOL 
- - 

Re j I I P F / P I I M I ~ I  



H-910091-20 FIG. 25 

RADIAL DISTRIBUTIONS OF HEAVY-68s PARTIAL, PRESSURE AT SEVERAL INJECTION 
REYNOLDS NUMBERS -- SULFUR-I.IEXAFLUORIDE/IODINE HEAVY 

PERIPHERAL-WALL LIGHT-GAS INJECTION (SEE FIG. 5) 
PERIPHERAL-WALL HEAVY-GAS INJECTION (SEE FIG. 70) 

CONSTANT HEAVY-GAS FLOW RATE, w F  = 0.8 x I Q - ~ L B / S E C  

SEE TABL E I E  FOR OPERATING CONDITIONS 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

UPPER TRAVERSE LOWER TRAVERSE 

RADIUS RATIO, r/rl 



EFFECT OF HEAVY-GAS INJECTION FLOW RATE 
OM AVERAGE HEAVY-GAS PARTIAL PRESSURE 

CONSTANT LIGHT-GAS FLOW RATE, W R  = 5.9 x 10-2 LB/SEC (Re, = 2.2 x 105)  

PERIPHERAL -WALL LIGHT-GAS INJ ECTlON (5 EE  FIG.^^) 
PERIPHERAL-WALL HEAVY-GAS INJECTION (SEE FIG, 7a)  

ARROWS INDICATE POINTS FOR WHICH RADIAL DISTRIBUTIONS ARE PRESENTED IN FIG. 27 
SEE T A B L E E F O R  OPERATING CONDITIONS 

FIG. 26  

LIGHT-GAS WEIGHT FLOW B 

HEAVY-GAS WEIGHT FLOW 
I - 

W E  

HEAVY-GAS WEIGHT FLOW 5 
LIGHT-GAS EIGHT FLOW ' 8 W B  



FIG. 27 

RADIAL  BlSTRLBUTlONS OF HEAVY-GAS PWRTIAL PRESSURE A T  SEVERAL 
HEAVY-GAS FLOW RATES- -NITROGEN/IOBINE HEAVY GAS 

PERIPHERAL WALL LIGHT-GAS INJECTION (SEE FIG. 5) 

PERIPHERAL WALL HEAVY-GAS INJECTION (SEE FIG. 7a) 

CONSTANT LIGHT GAS FLOW RATE: W B  = 5.9 x l o m 2  LB/SEC (Rej = 2.2 x 105) 

SEE T ABLE= FOR OPERATING CONDITIONS 

UPPER TRAVERSE LOWER TRAVERSE 

RADIUS RATIO, r/r, 



FIG. 28 
EFFECT OF HEAVY-TO LIGHT-GAS INJECTION VOLUME FLOW RATES 

ON AVERAGE HEAVY-GAS PARTIAL PRESSURE 

PERIPHERAL-WALL LIGHT-GAS INJECTION (SEE FIG. 5) 
PERIPHERAL-WALL HEAVY-GAS INJECTION (SEE FIG. 70) 

T Y P E  OF TEST 

CONSTANT 

V A R I A B L E  

V A R I A B L E  W B ,  

CONSTANT w F  

SYM 

A 

V O L U M E  F L O W  R A T E  O F  H E A V Y  -GAS AT INJ E C T l O N  WF /PF I 
V O L U M E  F L O W  R A T E  O F  L I G H T - G A S  AT I N J  E C T l O N  WE /Pp I INJ 

0 

A 

@ 

HEAVY-GAS 

He +I, 

N2 ' I 2  

SF6 +I2 

- - - -  F U L L Y  MIXED CURVE 

He +I2 

N2 + I 2  

SF6 +I2 

WB - LB/SEC 

0.008 -. 0.08 

0.008 -1 0.08 

0.008-1 0.08 

0.059 

0.059 

0.059 

W F  - LB/SEC 

0 . 4 ~ 1 0 - ~  

DATA FROM 

FIG. 22 

l . l x l ~ - ~  

0 . 8 ~ 1 0 ' ~  

0.13 - I . Z X ~ O - ~  

0.17- ~ . O X I O - ~  

0.2 - 4.3X10-3 

FIG. 22 

FIG. 22 

FIG. 26 

FIG. 26 

FIG. 26 



H -9 1009 1-20 F l G . 2 9  

EFFECT OF BYPASS ON AVERAGE HEAVY-GAS PARTIAL PRESSURE FOR CONSTANT 
LIGHT-GAS FLOW RAPE -- NITROGEN/IODINE HEAVY GAS 

BYPASS WITHDRAWN THROUGH PERIPHERAL WALL AT BOTH ENDS OF VORTEX TUBE (SEE FIG. 5 0 )  
PERiFHERAL-WALL LIGHT-GAS - iNJECTlON (SEE FIG. 5) 

CONSTANTS: W B =  6.0 X LB/SEC, Rej = 2.25 X 10 5 

ARROWS INDICATE POINTS FOR WHICH RADIAL DISTRIBUTIONS ARE PRESENTED I N  FIG. 30 

END WALL (SEE FIG. 7b) 

RADIAL REYNOLDS NUMBER, Rer 

100 90 80 70 60 50 40 30 10 0 
PERCENT BYPASS FLOW 



H-910091-20 

EFFECT OF BYPASS OM THE LOCAL HEAVY-GAS PARTIAL 
PRESSURE - -- NITROGENIIODINE HEAVY GAS 

PERIPHERAL-WALL LIGHT-GAS INJECTION 

PERIPHERAL-WALL HEAVY-GAS INJECTION 

CONSTANTS: W F =  1.23 X loe3 LB/SEC 

Re j = 2.25 X lo5 

SEE TABLEII: FOR OPERATING CONDITIONS 

FIG. 30 

1.0 0.8 0.6 0.4 0.2 Q 0.2 Qr4 0.6 04 1.0 

UPPER TRAVERSE LOWER TRAVERSE 

RADIUS RATIO, r/rl 



EFFECT OF LIGHT-GAS INJECTION CONFIGURATION ON HEAVY-GAS CONTAINMENT 
FOR CONFIGURATIONS HAVING END-WALL HEAVY-GAS 

INJECnON -- NITROGEN/IOBINE HEAVY GAS 

CONSTANT HEAVY-GAS FLOW R A T E  

SEE FIG. 7b FOR END-WALL HEAVY-GAS INJECT ION CONFIGURATION 

ARROWS I N D I C A T E  POINTS  FOR WHICH RADIAL  DISTRIBUTIONS ARE PRESENTED I N  FIG. 32 

SEE T A B L E E F O R  OPERATING CONDITIONS 

100,OQO 150,000 200,000 

INJECTION REYNOLDS NUMBER, Rej 

WF - LB/SEC 

1 . 3 ~ 1 0 " ~  

1.6X10 " 3  

SYMBOL 

. 0 - -  

LIGHT-GAS INJECT ION CONFIGURATION 

P E R I P H E R A L  WALL (SEE FIG. 5) 

END WALL (SEE FIG. 6) 

0 
D A T A  FROM FIG. 22 (PERIPHERAL-WALL  LIGHT-GAS INJECTION, 

PERIPHERAL-WALL  HEAVY-GAS INJECT ION)  



H -9 1009 1-20 FIG. 32 
RADIAL DISTRIBUTIONS OF' HEAVY-GAS PARTIAL PRESSURE AT SEVERAL 

INJECTION REYNOLDS NUMBERS -- NITROGEN/IODINE HEAVY GAS 

PERIPHERAL-WALL LIGHT-GAS INJECT ION (SEE FIG*  5) 
END-WALL HEAVY-GAS INJECTION (SEE FIG. 7b) 

CONSTANT HEAVY-GAS FLOW RATE:  W F =  1,3 x 10-3 

SEE T A B L E =  FOR OPERATING CONDITIONS 

1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0 

UPPER "PAVERSE LOWER TRAVERSE 

RADIUS RATION, a / r  , 



FIG, 3 3  

AXlAb AND RADIAL STATIC PRESSURE DlSTRlBUTlONS IN 
HEATED AND UNHEATED ARGON VORVEXES 

1.26-IN.-ID VOW? EX TUBE 
END-WALL LIGHT-GAS INJECTION (SEE FIG. la) 

FLOW AND POWER CONDITIONS LISTED IN TABLE1,COLUMN 1 
GEOMETRY AND FLOW R A T E S  A R E  SAME IN BOTH HEATED AND UNHEATED V O R T E X E S  

a. STATIC PRESSURE AT P E R I P H E R A L  WALL, r = r, 

b. STATIC PRESSURE AT CENTERLINE, r = 0 

0 0.5 1 .O 1.5 2.0 2.5 3 .0 
AXIAL DISTANCE, Z - IN. 

c, STATIC PRESSURE AT END WALL, H = 0 

0.2. 0.4 0.6 0.8 1.0 

RADIUS RATIO, r/rl 



FIG, 34 

RADIAL DISTRIBUTIONS OF HEAVY-GAS PARTIAL PRESSURE 
IN HEATED AND UNHEATED VORTEXES 

PERIPHERAL-WALL LIGHT-GAS INJECTION 
PERIPHERAL-WALL HEAVY-GAS INJECTION 

0 

RADIUS RATIO, r/r, 



I," 

COMPARISON OF AVERAGE HEAVY-GAS PARTIAL PRESSURE IN HEATED 

AND UNHEATED TWO-COMPONENT VORTEXES 

PERIPHERAL-WALL HEAVY-GAS INJECTION 
PERIPHERAL-WALL LIGHT-GAS INJECTION 

///,APPROXIMATE RANGE OF  DATA FROM UNHEATED TESTS (FROM FIG.28) 
V V A L U E  DETERMINED FROM INTEGRATION OF CURVE A FROM FIG. 34 
A V A L U E  DETERMINED FROM INTEGRATION OF CURVE B FROM FIG. 34 

0.001 0.002 0.005 0 ,el 0.02 0.05 0.1 0.2 0.5 

VOLUME FLOW RATE OF HEAVY-GAS AT INJECTION WF/PF I INJ 

VOLUME FLOW RATE OF LIGHT-GAS AT INJECTION WB/PB I INJ 



FIG. 36 

COMPARISON OF MAXIMUM TO F U L L Y  MIXED VALUES OF HEAVY-GAS 
PARTIAL-PRESSURE RATIO IN HEATED 

AND UNHEATED VOWTEXES 

SEE T E X T  FOR CONFIGURATIONS USED 

0.002 0.005 0.0 1 0.02 0.05 0.10 0.2 
VOLUME FLOW OF HEAVY-GAS AT INJECTION 

VOLUME FLOW RATE OF LIGHT GAS AT INJECTION 
* wB I I N J  




