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I P R E F A C E  

Th is  r e p o r t  i s  one i n  a se r ies  t h a t  describes the  r e s u l t s  o f  experiments 
I 

I open-cycle magnetohydrodynamic power generat ion c a r r i e d  ou t  j o i n t l y  by 

. s p e c i a l i s t s  from the  U n i t e d . S t a t e s  and the  Sov ie t  Union under the  
I 

, understanding on Open-Cycle MHD Cooperation, reached on' October 6, 1972, by 
I 

1 r epresenta t ives  o f  the  U.S.1U.S.S.R. J o i n t  Working Group f o r  Energy, meeti'ng 

i n  Moscow, and endorsed as a cooperat ive program by ' t he  U.S.1U.S.S.R. J o i n t  

Committee f o r  S c i e n t i f i c  and Technical . Cooperation, i n  Washington, D. C., 

March 21, 1973. 

These experiments are  planned, conducted, and analyzed together  by teams 
I 

o f  s p e c i a l i s t s  . froni bo th  count r ies .  . Both coun t r i es  a l so  supply t e s t  

~ components and equipment f o r  t h e  j o i n t  experiments. By combining resources i n  

t h i s  cooperat ive program, the  Uni ted States and the  Soviet '  Union a c c e l e r a t e ,  

I t he  development o f  open-cycle MHD systems i n  both countr ies.  To p rov ide  r a p i d  

d isseminat ion o f  i n fo rma t ion  and data t o  o ther  groups and coun t r i es  i n te . res ted  

i n  the-development o f  MHD power systems, r e p o r t s  a re  issued a s h o r t  t ime a f t e r  

complet ion o f  t e s t s  and experiments. 

APPROVED: APPROVED: 

Academician A. E. Sheindl in ,  
D i rec to r ,  I n s t i t u t e  o f  High 
Temperatures, U.S.S.R. Acadew 
o f  Sciences, ' 

, Responsible from t h e  U;S.S.R. s ide  
f o r  Cooperation w i t h  the  Un i ted  
Sta tes  i n  MHD Power Generat ion 

George Rudins, Ac t i ng  D i rec to r ,  
O f f i c e  o f  MHD, U.S. Department 
o f  Energy, 
Responsible from the  U.S. s i d e  
f o r  Cooperat ion w i t h  t h e  
Sov ie t  Union i n  MHD Power 
Generat ion 
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1 ABSTRACT 

A description of the main resul ts  obtained during 'Tests '  No. 6 and 7 a t ,  
the U-258 Faci l i ty  using the new channel No. 2 '  i s  presented. The ,purpose of 
these t e s t s  was to  operate the MHD generator a t  i ts 'design parameters. 

I 

i Described here are new pl asma 'diagnostic devices: a traversing dual 
e lectr ical  prbbe for determi ni ng di k t r i  b u t i  on of electron concentrations, and 

I 

a traversing probe that  includes a p i to t  tube for measuring total  and s t a t i c  

i pressure, and a 1 i g h t  detector for measuring plasma luminescence. . Data a re  
I ,  presented on heat f luxi  distribution along the channel, the f i r s t  data of th i s  
1 type obtained for an MHD f a c i l i t y  of such size.  

Results ,are given of experimental studies of pl asma character is t ics ,  
gasdynamic, thermal, and e lec t r ica l  MHD channel performance, and temporal and 

spat ia l  nonuni formi t i e s .  

Typical modes of operation are analyzed by means' of "local" e lec t r ica l  
analyses. Computer models are used to' obtain predictions for both local ized 
and overall generator cha'racteri s t ics .  These theoretical predictions agree 

closely w i t h  the resu l t s  of the, "local" analyses, as well as w i t h  . . measureme"ts 
of the overall gasdynamic and e lec t r ica l  character is t ics  of the generator. 



... . ,: . . 

SUMMARY 

. . 

Review and ana lys is  o f  the r e s u l t s  o f  Tests No. 6 and No. 7 leads t o  t h e  

f o l l o w i n g  conclusions. . 2 

. 8 .  . . 
1. The design parameters of . the  f a c i , l i t y  and generator have been 

achieved. The mass flow r a t e  of combustion ~ products was increased t o  5 kg/s, . . 
t h e  magnetic f i e l d  was 5 T, and o x i d i z e r  oxygen enrichment was 50 vol  '%. 

E l e c t r i c a l  power. output  was -1.3 MW w i t h  potassium seed and -1.5 MW w i t h  

cesium seed. 
. . 

2. The diagonal generator operated s tab l y  f o r  more than one hour a t  these 

h igh  power l eve l s ,  w i t h  Ha l l  f i e l d s  as h igh  as 2.2 kV/m and i n te r f rame 

vol tages h igher  than 60 V i n  several loca t ions .  

3. As a r e s u l t  o f  combustor .mod i f i ca t ions ,  mass f low ra tes  o f  na tu ra l  gas 

f u e l  were increased, and i t  was poss ib le  t o  operate at ,  f u e l - r i c h  cond i t i ons  

w i t h  low l e v e l s  o f  pressure f l u c t u a t i o n  and combustor and channel v i b r a t i o n ,  

over  the  e n t i r e  range o f  plasma mass f low rates.  

4. The ins t rumenta t ion  and plasma d iagnost ics  o f  the  f a c i l i t y  were f u r t h e r  

improved by the i n t r o d u c t i o n  and t e s t i n g  o f  a new t r a v e r s i n g  dual e l e c t r i c a l  

probe f o r  determin ing the  d i s t r i b u t i o n s  o f  e l e c t r o n  concentrat ion,  a 

t r a v e r s i n g  probe combining a p i t o t  tube and l i g h t  i n t e n s i t y  probe f o r  

measurement of,  s p a t i  a1 and temporal v a r i a t i o n s  o f  pressure, v e l o c i t y ,  and 

plasma temperature, and a new system f o r  measuring a x i a l  d i s t r i b u t i o n  o f  heat  

f l u x .  

5. Study o f  temporal and s p a t i a l  in te r f rame vo l tage d i s t r i b u t i o n s  

conf irmed t h a t  the  diagonal generator operated s tab ly ,  w i thou t  any evidence o f  

i n t e r e l  ect rode breakdowns, under high' e l e c t r i c a l  stresses. Data obta ined 

supported e x i s t i n g  models o f  t he  o r i g i n  o f  nonuni formi  t i e s .  

6. The c lose  agreement between a n a l y t i c a l  p r e d i c t i o n s  o f  generator 

performance and experimental r e s u l t s  supports the va l  i d i  ty o f  t he  a n a l y t i c a l  

model s. 



7. The combustor, superconducti ng magnet system, and a1 1 o ther  components 

o f  the  f a c i l i t y  operated as expected, and no problems associated w i t h  

v i  bra't ions, stresses, o r  highs vol tages were experienced. 

8. Post - tes t  p a r t i a l '  disassembly and inspec t ion  o f  the channel c o n f i  rmed 

t h a t  i t s  c o n d i t i o n  i s  s a t i s f a c t o r y .  The only d e t e r i o r a t i o n  i s  associated w i t h  

thermal erosion o f  t he  packed ceramic o f  the  e lectrodes.  This d e t e r i o r a t i o n  

w i l l  be e a s i l y  reversed by repacking the  e lec t rode grooves w i t h  new ceramic. 

The appearance o f  smoke, which terminated Test No. 7, i s  a t t r i b u t e d  t o  l o c a l  

overheat ing as a r e s u l t  o f  f a i l u r e  o f  t he  i n s u l a t o r  between two modular 

channel sect ions. This def ic iency  can, and w i l l  be cor rec ted i n  f u t u r e  t e s t s .  



1.0 INTRODUCTION 

The, s i x t h  and seventh j o i n t  t e s t s  w i t h  a  Soviet  MHD channel and a  U.S. 

superconducting magnet system were conducted i n  July: and '~ecember, 1979, i n .  

t he  U-25B f a c i l i t y .  Previous t e s t s  a t  t h a t .  f a c i i i . t y ,  r e s u l t s  o f  which a r e  

g iven i n  J o i n t .  Reports [1,2,3], were aimed a t  gradual ly  i nc reas ing  t h e  

opera t ing  parameters o f  the  . f a c i  1  i t y  toward at ta inment  o f  i t s  design 

condi t ions .  Corol 1  ary ob jec t i ves  were improvements i n  f a c i  1  i ty components, 

generator inst rumentat ion,  and plasma diagnost ics.  

The goals o f  the  e a r l i e r  t e s t s  having being accompl ished, the  o b j e c t i v e  

o f  Tests. No. 6 and 7 was t o  a t t a i n  the  generator design cond i t i ons  and demon- 

s t r a t e  t h a t  t he  diagonal generator operates s tab ly  under those condi t ions.  

An add i t i ona l  o b j e c t i v e  was f u r t h e r  improvement o f  t h e  ins t rumenta t ion  

and plasma diagnost ics, by t e s t i n g  f o r  t he  f i r s t  time: a) a  t r a v e r s i n g  double 

e l e c t r i c a l  probe f o r  the determinat ion of cross-sect ional  e l e c t r o n  dens i t y  

d i s t r i b u t i o n s ;  b )  a  t r a v e r s i n g  probe, i nco rpo ra t i ng  a  p i t o t  tube f o r  t he  

measurement o f  t o t a l  and s t a t i c  pressure d i s t r i b u t i o n s  and v e l o c i t y  p r o f  il es, 

and a  l i g h t  i n t e n s i t y  de tec tor  f o r  t he  determinat ion o f  s p a t i a l  and temporal 

plasma temperature f l uc tua t ions ,  and c) a  measurement system f o r  ob ta i  n i  ng 

heat  f l u x  d i s t r i b u t i o n  a long the  channel.. 

This r e p o r t  conta i  ns: 

1.' Deta i l ed  presenta t ion  o f  the  r e s u l t s  o f  gasdynamic, thermal, and 

e l e c t r i c a l  generator experiments. 

2. Resul ts  o f  s tud ies  o f  temporal and s p a t i a l  generator nonuniformi t i e s .  

3. De ta i l ed  ana lys is  o f  se lec ted opera t ing  modes, us ing  " l o c a l  " e l e c t r i c a l .  
' 

. . 
analyses. 

4. Results o f  a n a l y t i c a l  studies, us ing computer models and comparison o f  

those r e s u l t s  w i t h  'da ta  obta ined i n  the  experiments. 



2.0 COMPONENTS OF THE U-250 FACILITY , 

The U-25B f low t r a i n  des t i i bed  . i n  Refs. 1-4', was assemb1ed"in t h e  same 

manner. as i n  . previous , t e s t s  El-41. Consequently, only those changes made' in  

prepara t ion  f o r  Tests No. . 6  and 7 are  add;-essed- i n  t h i s  sect ion.  ' 

' ' 

2.1 MHD Channel 

Tests No. 6  and 7 were performed w i t h  Channel No. 2, which had been b u i l t  

a t  IVTAN. It i s  o f  frame const ruc t ion ,  and i t s  main feature i s  t h a t  groups o f  

12 frames each a re  preassembled i n t o  13 sect ions, u n l i k e  channel No.. 1. These . . , . 
i n d i v i d u a l  ly-assembled secti,ons are subsequently combined i n  a  modular fash ion 

' . . 
i n  the  pressure vessel. This approach simp1 i f i e s  channel assembly. It a lso  

f i c i l i t a t e s '  minor repa i rs ,  'because i t i s  poss ib le  t o  remove ' i n d i v i d u a l  

sec t ions  w i thou t  d i  sassembl i ng ' t h e  e n t i r e  channel. The o f  t h e  

channel and the  frame co'nstruct ion are  i d e n t i c a l  t o  those o f  Channel 1. The 

primary goal o f  Tests No. 6  and 7 w i t h  Channel 2 was t o  t e s t  i t  near i t s  

design parameters under cond i t i ons  o f  low channel wa l l  roughness, good thermal 

i nsu la t i on ,  and h igh  l e v e l  o f  in te r f rame e l e c t r i c a l  i s o l a t i o n .  

2.2 Combustor 

The combustor used i n  Tests No. 6  and 7 was assembled i n  t h e  usual. 
. *, con f igura t ion ,  i .e., i n  the f o l l o w i n g  sec t ion  sequence: t r a n s i t i o n ,  burner, . 

seed i n j e c t i o n ,  support, and nozzl e  sectiions. 

1 P r i o r  t o  Test No. 6, the  f low res is tance o f  the  burner was reduced by 

i nc reas ing  the  t o t a l  cross sec t ion  o f  the  twelve gas i n p u t  o r i f i c e s .  Th is  

i -- peymitted operat ion o f  .the combustor a t  mass f low ra tes  o f  2  t o  5  kg/s and 

1 oxygen enrichment o f  up t o  55 vo l  %. I n  Test No. 7, a  new "co ld"  w a l l  nozzle 

was used and, a1 so, . measures were taken t o  1  ower the  1  eve1 o f  pressure 

f l u c t u a t i o n s  and v i b r a t i o n s  i n  t h e  combustor. To t h i s  end, spec ia l  

I de f lec tors ,  which were designed t o  insure  b e t t e r  mix ing and increase t h e  
i 
! 

l eng th  o f  the  combustion zone, were i n s t a l l e d  i n  30 % o f  t he  burner o r i f i c e s .  



2.3 Supercotiducti ng ~ a g n e t  System 

I n  prepara t ion  f o r  Test No. 6, prevent ive maintenance was performed on 

the  r e f r i g e r a t o r  and l i q u e f i e r  systems. I n  both, the  temperature was ra ised,  

t h e  system was purged, and, a f t e r  ca re fu l  valve adjustment, p"t back i n  

operat ion. I n  order  t o  mainta in the requ i red  vacuun i n  the  c ryos ta t ,  an 

a d d i t i o n a l  vacuum pump, which' can be turned on qu ick l y  i n  an emergency, was 

i n s t a l  led.  

I n  prepara t ion  f o r  Test  No. 7, a number o f  add i t i ona l  improvements were 

made i n  the system. These inc luded i n s t a l l a t i o n  o f  pressure gauges i n  t h e  

r e f r i g e r a t o r  and 1 i q u e f i e r  r e t u r n  1 ines, rep1 acement o f  t he  1 eve1 sensor, 

LO-7, and system checkout t e s t i n g  i n  an automatic operat ing mode, the  l a t t e r  

i n  order  t o  check system performance and, more s p e c i f i c a l l y ,  the opera t ion  o f  

the  valve t h a t  suppl ies l i q u i d  hel ium t o  the  c r y o s t a t  from Dewar No.1. 



3.0 INSTRUMENTATION AND DATA ACQUISITION SYSTEM 

The ins t rumenta t ion  system was f u r t h e r  improved and expanded dur ing  Tests 

No. 6 and 7. More s p e c i f i c a l l y  , a t r a v e r s i n g  dual e l e c t r i c a l  probe, designed . . . . 
and fab r i ca ted  a t  IVTAN, fo r  dete imin ing d i s t r i b u t i o n s  o f  e l e c t r o n  

concent ra t ion  over t h e  cross sec t i on  o f  t he  f o u r t h  d i f f u s e r  sec t ion  was w e d  
' >  

dur ing Test No. 6. During Test No. 7, a t rave rs ing  p i t o t  and 1 i g h t  i n t e n s i t y  

probe, designed and fab r i ca ted  a t  MIT,' f o r  t he  measurement o f  temporal and 

s p a t i a l  d i s t r i b u t i o n  o f  s t a t i c  and absolute pressure and o f  plasma 

luminescence, was tes ted a t  t he  combustor nozzle. I n  add i t ion ,  dur ing  Test 

No. 7, a number o f  frames along the  channel were instrumented f o r  c a l o r i m e t r i c  

determinat ion o f  a x i a l  heat  f l u x  d i s t r i b u t i o n .  

The great  m a j o r i t y  o f  t he  measurements were recorded by both  t h e  U.S. and 

t h e  Sov ie t  data a c q u i s i t i o n  and processing systems. 
I 

~ r 
3.1 Diagnost ic  Measurements 

I .3.1.1 Measurement System 

1 F igu re  3.1 shows the  l o c a t i o n s  o f  t he  d iagnost ic  i n s t r u m e n t i t i o n  du r ing  

'Tests No. 6 and 7. Plasma temperature, Tpe, was measured a t  the  channel 

i n l e t ,  a l k a l i n e  metal atom concentrat ion, n ~ ,  was determined i n  t h e  nozzle and 

the combustor; p l a s m  e l e c t r i c a l  conduc t i v i t y ,  a, was measured, dur ing Test 

No. 6 only, i n  the  nozzle. . The r a d i a n t ,  heat f l u x  wa's measured i n  the  

combustor. dur ing Test No. 6, and i n  the  nozzle dur ing Test No. 7. Plasma 

parameter measurements us ing  t h e  submi 11 imeter  l a s e r  i n te r fe romete r  were 

performed i n  the  d i f f u s e r .  The t r a v e r s i n g  e l e c t r i c a l  probe was a l s o  used, a t  

t he  same 10,cation- i n  the  d i f f u s e r ,  dur ing  Test No. 6. The p i t o t  probe was 

i n s t a l  l e d  i n  the combustor nozzle. 

3.1.2 Measurement o f  A1 k a l  i n e  Metal Atom Concentrat ion 

A lka l  i n e  metal atom concentrat ion,  n ~ , .  was measured i n  t h e  same manner as 

i n  previous tes ts ,  us ing  the  s h i f t  i n  the  maximum o f  the  self-rever.sed l i ne , '  

AA,,,, w i t h  respect  t o  the  l i n e  center. Potassium atom concent ra t ion  was 

determined on the v i o l e t  wing w i t h  wave leng th  of 7655 A, land cesium atom 
1 
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concent ra t ion  on t h e  red  wing w i t h  wave leng th  8521 A.  Dur ing ana lys i s  o f  t he  

resonant potassium 1 ine, the  behavior o f .  the absorpt ion c o e f f i c i e n t  a t  

' d i f f e r e n t  l oca t ions  w i t h i n  the  wing was taken i n t o  account i n  t h e  manner 

described prev ious ly  [51.. Data on the  cesiun resonant 1 i n e  were obta ined a t  

IVTAN by an experiment o f  specia l  design.'. Dur ing Test No. 7, spect ra l  l i n e  
' .  . 

contour data were both recorded by the  s t r i p  c h a r t  recorder  i n  the  plasma 

d iagnos t i c  1,aboratory and, also, suppl ied t o  the  data a c q u i s i t i o n  system 

(DAS)  . Figure 3.2 ' shows 'one o f  the r e s u l t i n g  . . contours. I n  !;om cases, 

contour  data were processed by the,. computer. Dur ing Tests No. 6 and 7, 

d i f f i c u l t i e s  were encountered i n  determi n i  ng potassi  urn atom concentrat ion,  

because h igh seed mass f low r a t e s  caused q u i t e  1 arge s h i f t s  i n  t h e  maximum o f  

the  se l f - reversed l i n e s .  During Test No. 7, t he  s h i f t s  were as much as 200 A.  

For  'sh ibts o f  such extent,  v a r i a t i o n  i n  the  spec t ra l  s e n s i t i v i t y  o f  t h e  

p h o t o m u l t i p l i e r  tube, FEY-9, which decreases i n  the  region o f  t he  potassium 

1 l i n e  w i t h  increase i n  t h e  wave length,  should be taken i n t o  account. 'Changes 1 
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Fig. 3.2 Spectra1 l i n e  contour: from raw data and as cor rec ted by us ing  t h e  

v a r i a t i o n  o f  photomul t i p 1  i e r  s e n s i t i v i t y ,  Sx, w i t h  wavelength 
. . . , . . 



i n  t he  p h o t o m u l t i p l i e r  s e n s i t i v i t y  as a func t ion  o f  the  wave leng th  and t h e  

r e s u l t i n g  e f f e c t s  on the  shape and the  l o c a t i o n  of t h e  spect ra l  l i n e  maximum 

are  shown i n  Fig. 3.2. 

The determinat ion o f  potassium atom concent ra t ion  was made on the  bas is  

o f  cor rec ted se l f - reversed contours. Cesium atom concent ra t ion  was determined 

' i n  the  combustor; i n  t h i s  case, the  s h i f t s  were no t  l a rge  and i t  was n o t  

necessary t o  enter  c o r r e c t i o n  fac tors  t o  account fo r  changes i n  t h e  

photomul t i p 1  i e r  s e n s i t i v i t y .  

/ 

3.1.3 Plasma ~ e m ~ e r a t u r e  Measurement 

As i n  previous tes ts ,  plasma temperature was determined b y ,  t he  

general i zed inve rs ion  method based on sodium resonance 1 ines. I n  bo th  t e s t s ,  

t h e  temperature measurement system operated re1 i a b l y  du r ing  a1 1 opera t ing  

modes. The measurement re1 i abi  1 i t y  was insured by cont inued supply o f  sodi urn 

t o  the  channel and c o n t r o l  o f  t he  purg ing  f low o f  a i r  through the  measuring 

tubes. However, i t  should be noted t h a t  i n  Test No, 7 i t  appeared t h a t  t h e  i 

system l o s t  i t s  c a l  ib ra t i .on  a t  t h e  moment o f  t h e  grounding i n c i d e n t  i n v o l v i n g  

the e l e c t r o n i c  power supply o f  the  U. S. p i t o t  tube; . t he rea f te r ,  t h e  

temperatur-e measurements were apparent ly low by approximately 100-150 O C .  ~ 
3.1.4 E l e c t r i c a l  Conduct iv i ty  Measurement 

Dur ing Test  No. 6, e l e c t r i c a l  c o n d u c t i v i t y  measurements were obta ined 

w i t h  the  same instruments used i n  previous tes ts .  During Test No. 7 .  no d i r e c t  

measurements o f  e l e c t r i c a l  conduct ivYty were performed; hence, e l e c t r i c a l  

conduc t i v i t y  was determined a n a l y t i c a l l y  on the  bas is  o f  measured temperature 

an'd atom concent ra t ion  a t -  t h e  channel entrance. 

To t h i s  end, e lec t ron  concentrat ion, ne, was determined by' us ing  Saha's 

equation, and e l e c t r i c a i  c o n d u c t i v i t y  was then computed from the  bas ic  

re1 a t i  onshi p, 

where p e  i s  the  e lec t ron  m o b i l i t y  computed on the  bas is  o f  t he  f o l l o w i n g  



equation, which takes i n t o  account the '  i n t e r a c t i o n  o f  e lec t rons  w i t h '  t he  

var ious components o f  combustion products and seed' atoms [6]: 

Here, CA = mass % concent ra t ion  of a l k a l i n e  seed, g  = mass concent ra t ion  o f  

oxygen i n  the ox id i ze r ,  and p  = pressure. 

3..1.5 Radiant Heat F lux Measurement 

As i n  previous tes ts ,  r a d i a n t  heat f l u x  was measured over the  ,spectra l  

i n t e r v a l  between 0.2 and 4.5 micrometers, us ing  a  r a d i a t i o n  detec tor  w i t h  a  

thermocouple sensor. To decrease the  e f f e c t  o f  v ib ra t ions ,  the  detec tor  was 

mounted on special  shock-absorbi ng mounts. 

I n  measuring the  r a d i a n t  f l ux  emit ted '  by the  plasma dur ing  Test No. 7, 

there  was p r a c t i c a l l y  no c o n t r i b u t i o n  from the opposite wa l l  o f  t h e  nozzle 
-* . 

because the re  was a  window there  t h a t  was l a r g e r  than t h e  r a d i a t i o n  d e t e c t o r ' s  

f i e l d  o f  view. During measurements performed i n  Test No. 6', r a d i a t i o n  from 

the  opposite w a l l  of t he  combustor coul d  c o n t r i b u t e  as m c h  as 30 % o f  t he  

s igna l .  It i s  d i f f i c u l t  t o  est imate t h i s  c o n t r i b u t i o n  more accura te ly  because 

the ' temperature o f  t he  h o t  w a l l  o f  t he  combustor was n o t  measured. 

J 

The s e n s i t i v i t y  o f  the  r a d i a t i o n  detec tor  dur ing ~ e s t  No. 6  was 64 mV/W, 

whereas, i t  was 57 mV/W i n  Test  No. 7. 

3.1.6 E l e c t r i c a l  Double Probe Measurements 

Dur ing Test No. 6, plasma parameters were determined.by use o f  a Langmuir 

probe. The probe was located i n  the  f o u r t h ,  d i f f u s e r  sect ion.  A double 

c y l  i n d r i c a l  probe was - used, which was in t roduced i n t o  t h e  plasma by means o f  a 



pneumatic drive. The gas pressure i n  the pneumatic cylinder of the probe 
drive system can be continuously controlled. The prqbe penetrates a maximum 

of 230 nun into the plasma, and, i t s  fu l l  dwell time i s  0.4 s. The probe' i s  
fabricated of s ta in less  s t ee l ,  the electrodes being 2, 'rnm i n  diameter and 10 mm 
i n  length. The Teflon insulator was protected by an aerodynamic metal shield. 
An isolation transformer was used to  achieve isolation of the instrument from 
the pl-asma potential. The design of the probe proved quite satsifactory; 24 

measurements were taken during the t e s t ,  without detrimental e f fec ts  on the 
probe. 

Probe current was measured during the t e s t s  a t  constant voltage between 

t'he probe electrodes. The voltage was varied between 0 and 12 V, in  s teps,  a t  

different  dept,hs of penetration; t h i s  makes i t  possible t o  determine the ionic 
contribution t o  the V-I probe character is t ic .  Probe current was recorded with 
time constant-of 1 0 ' ~  s ,  on an oscillograph s t r i p  chart. Current and probe 
p o s i t i o n  were recorded simultaneously. ~easurement range was changed by 

varying the.  measuring resistance between 4 and 90 Q. 

Fig. 3.3 Typical probe current oscillogram of the double 
e lec t r ica l  probe 

A typical probe current oscillogram i s  shown i n  Fig. 3.3. The figure 
inc1 udes indicators , for probe- position, and timing markers. The position 



indicator second from the r ight  corresponds to  the probe entry into plasma. 
Position indicators make i t  possible to  observe the increase i n  current as the 
probe penetrates to  the flow. This increase occurs a t  a distance of 10-13 cm 
from the diffuser wall. Spatial resolution i s  determined by the prohe length 
and i s  1 cm. Timing markers provide for a rough estimate of the frequency of 
the probe current fluctuations.  The primary fluctuation frequencies of the 
probe current are 50 and 300 Hz. However, both higher and lower frequencies 
are also present. The amp1 itude of the current fluctuations i s  approximately 
50 % of the average value. 

Estimates of the thickness of the hydrodynamic layer ( 6  = 5 x 1 0 ' ~  cm) , 
and electr ical  layer = 5 x c ,  "ear  .the probe s h w  tha t ,  under the 
conditions of th i s  experiment, the hydrodynamic layer was thicker than the 
e lec t r ica l  layer. On the basis of these es$imates, i t  can be assumed tha t  the 
processes primarily involved i n  the deposit of charged part ic les  on the probe 
surface are diffusion and convection. In t h i s  case, the expression for  the 
probe current i s  of the form 

wh.ere r = .2 mm, radius of the cyl indrical electrode of the probe, 
P 
U = flow velocity, and 

di = coeff icient  o f  ion diffusion. 

I t  follows, from Eq 3.3, tha t  the probe current is  proportional t o  the 
el  ectron concentration. Therefore, the d i  stri bution of probe current i n  the 
boundary layer re f lec ts ,  primarily, distribution of electron concentration; 
current fluctuations are  most l ikely representative of fluctuations i n  

electron concentration. The time-averaged electron concentration, determi ned 
by Eq 3.3, and the probe measurements, taken . a t  maximum probe penetrations, 
were only a fraction of those obtained w i t h  the laser  interferometer. This i s  

probably the resul t  of the f a c t  that ,  i n  Eq 3.3, the e f f ec t  on probe current 
of charged par t ic les  recombinations near the probe are  not taken i n t o  
account. The volume recombination can be neglected i f  the charac ter i s t ic  
recombination length, a,, considerably exceeds the boundary 1 ayers near the 
probe. The recombination length i s  a, = (Di/ar n )'I2 = 10 '~  cn, where D i ,  



t he  potassium i o n  d i f f u s i o n  c o e f f i c i e n t ,  i s  2.8 cm2/s C81, and a,, the  
recombination c o e f f i c i e n t ,  i s  18 x cm3/s [9]. 

Under the experimental condit ions,.  the recombinat ion l eng th  i s  comparable 

t o  the boundary l a y e r  thickness near the probe; therefore,  the  use o f  Eq 3.3 

i n  determin ing ne i s  no t  e n t i r e l y  j u s t i f i e d .  

3.1.7 Submi l l imeter  Laser I n te r fe romete r  

A submi l l imeter  interfero,meter w i t h  a r a d i a t i o n  'source o f  337 pm wave- 

length  was used, as prev ious ly ,  t o  determine the e lec t ron  concentrat ion,  ne, 

and m o b i l i t y ,  pe, i n  the four th  sec t ion  o f  the d i f f u s e r .  The i n te r fe romete r  

system was e s s e n t i a l l y  the same as t h a t  used i n  Tests No. 4 and 5. However, 

the c o e f f i c i e n t  o f  cont ras t ,  Co, which i s  the r a t i o  o f  s ignal  i n t e n s i t y  a t  

maximum and minimum in ter fe rence,  was increased from - 5 t o  - 10 ( i n  the 

absence o f  plasma) by ob ta i  n i  ng b e t t e r  correspondence between the wave f r o n t s  

o f  the reference and the measuring channels a t  the sensor [31. 

The phase s h i f t ,  $, w i t h  plasma present i n  the measuring channel o f  the 
1 

i n te r fe rometer ,  was p rev ious l y  determined d i r e c t l y  on the  bas is  o f  the 

i n te r fe rence  p a t t e r n  r e g i s t e r e d  on the recorder [31. Measurement e r r o r  was 

.approximately - + 0.5 f r i n g e .  By means o f  a device developed du r ing  these 

l a t e s t  tests ,  e r r o r  i n  phase s h i f t  measurement was reduced considerably. 

F igu re  3.4 i s  a b lock 'd iagram o f  the system. The i n te r fe romete r  was I 
c a l i b r a t e d  by moving one o f  the m i r r o r s  ( i t em No. 1) l oca ted  i n  the reference I 
channel by a d is tance corresponding t o  one i n te r fe rence  f r i n g e .  The m i r r o r  i s  i 
mounted on a t a b l e  (21, equipped w i t h  a screw ve rn ie r  (3) .  C a l i b r a t e d  I 
movement o f  the t a b l e  i s  obta ined by means o f  an e l e c t r i c  motor (41 ,  w i t h  a I 

reducer (51, t h a t  ' ro tates the ve rn ie r  through a coup1 i n g  (6 ) .  Remote c o n t r o l  I 
was exerc ised by an operator  represented by 7 i n  the f i g u r e .  

To ta l  e r r o r  i n  measuring phase s h i f t ,  $, and at tenuat ion,  Ai, o f  the sub- 

m i l l  imeter  s ignal  dur ing  Tests No. 6 and 7 d i d  n o t  exceed the  f o l l o w i n g  va l -  

ues: e@ < 0.2 f r inge;  eAi< 0.65 db. This  corresponds t o  ene - 2 x 1012 ~ m - ~  
I 

- - 
measurement e r r o r  i n  e lec t ron  concentrat ion,  and e r r o r  i n  e lec t ron  m o b i l i t y  o f  

2 eve=( O.Z*A$ + eAi )/Ai=0.06/Ai ( /V S)  . 



Fig. 3.4 Submi 11 imeter 1 aser interferometer system 

1, Phase ro ta t i on  mirror; 2, table; 3, vernier micrometer; 

4, e l e c t r i c a l  motor; 5, gear reducer; 6, coupling; 

7, control  panel; 8, potentiometer; 9, constant voltage 

source; 10, d i g i t a l  voltmeter; 11, s t r i p  char t  recorder; 

Uint: in ter ference signal  

3.1.8 P i t o t  Traversing Probe 

During Test No. 7, the probe designed and b u i l t  by the Energy Laboratory 

o f  the Massachusetts I n s i t i t u t e  o f  Technology was tested f o r  the f i r s t  time. 

The probe was mounted immediately upstream o f  the th roa t  o f  the nozzle (entry 

t o  the constant-area section), where the r a t i o  o f  the cross-sectional area t o  

t h a t  o f  the th roa t  i s  1.059, and the  l o c a l  diameter o f  the nozzle i s  177 mm. 
This loca t ion  was f i xed  by geometric constrafnts o f  the f a c i l i t y .  Figure 3.5 

i s  a schematic diagram o f  the probe system. 

The cy l i nd r i ca l  probe, 12.7 m i n  diameter, was designed t o  measure the  

t o t a l  pressure o f  the plasma, whi le performing a t raverse t o  the centerl ine. 

The loca l  s t a t i c  pressure was also measured, al lowing the Mach number p r o f i l e  

t o  be determined. The nominal frequency response o f  the pressure measurement 

system was 200 Hz (-3 dB) and the adjustable traverse time on the order o f  

5 s. The pressure measurement o r i f i c e s  were air-purged a t  high pressure for  

-100 ms once a second, i n  order t o  keep them f ree  o f  seed deposits. 

The probe also contained a quartz op t i ca l - f i be r  bundle, which had a 

narrow, $-degree f i e l d  o f  view through a 0.7m o r i f i c e  on the ax is  o f  the  
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Fig. 3.5 Component and interconnection schematic o f  t ravers ing p i t o t  

probe system 

probe, orthogonal t o  the plasma flow. The probe and i t s  housing were water 

cooled, and a constant stream o f  a i r  flowed around the t i p  o f  the op t i ca l  
f i be r  bundle and ou t  through the o r i f i ce ,  providing addi t ional  cool ing as we l l  

as purging act ion necessary t o  keep i t  f ree o f  seed deposits. 

The f i be r  bundle, 10 m i n  length, was b i fu rca ted  a t  the  end opposite the  

probe, and lens-coupled t o  two matched photomultipl7er detectors through 

narrow-band (0.5 nm, nominal 1 op t i ca l  f i l t e r s  a t  center wavelengths spaced 1.0 

nn apart, i.e., a t  wavelengths o f  765.5 m and 764.5 nm, i n  the wlng o f  t he  

p r i nc ipa l  resonance emission l i n e  o f  potassium. The purpose was t o  examine 

the f luc tuat ions i n  plasma temperature as a f u n ~ t i ~ o n  o f  r ad ia l  posi t ion,  
i n teg ra t i ng  over Wo d i f f e r e n t  e f f ec t i ve  op t i ca l  depths, as we l l  as t o  

estimate the plasma temperature leve l .  The l a t t e r  measurement, which requires 
an absolute i r radiance ca l i b ra t i on  o f  the system, was not  attempted dur ing 

t h i s  shakedown test .  



The t o t a l  and s t a t i c  pressure transducer s igna ls  and the  probe p o s i t i o n  

transducer s ignal  were d i g i t a l l y  encoded a t  the probe and t r a m s i t t e d  10 m 

through o p t i c a l  f i b e r s  t o  receivers,  f o r  reconversion t o  h igh- leve l  analog 

s igna l  s. These, together  w i t h  the  amp1 i f i e d  photomul t i p 1  i e r  ou tput  s igna ls ,  

were c a r r i e d  over a l ong  s igna l  cable. (approximately 170 m) t o  the  U.S. 

computer-based data a c q u i s i t i o n  system. The transducers -were mounted i n  t h e  

probe housing an'd powered by a b a t t e r y  system t h a t  f l o a t e d  e l e c t r i c a l l y  a t  t h e  

entrance-end vol tage o f  t he  MHD channel (up t o  5 kV).  The t r a v e r s i n g  mechanism 

was remotely operated, was pure ly  pneumatic, and had automatic return.  Thus, 

by us ing  the  fou r  o p t i c a l  l i n k s  and nonconducting pneumatic and water hoses as 

t h e  only paths i n t o  t h e  high-vol tage region, complete e l e c t r i c a l  i s o l a t i o n  was 

achieved. 

3.2 E l e c t r i c a l  Ins t rumenta t ion  

The e l e c t r i c a l  ins t rumenta t ion  o f  the  MHD generator and i n v e r t e r  system 

f o r  Test No. 6 i s  shown i n  b lock diagram form i n  Fig. 3.6, and f o r  Test No. 7 

i n  F ig .  3.7. The diagrams i n d i c a t e  a l l  t h e  vol tages and cu r ren ts  measured, as 

we l l  as the  l oca t ions  a t  which measurements were taken. The ins t rumenta t ion  

f o r  c u r r e n t  and o f  vol tage measurements i s  o f  t he  same type as i n  a l l  prev ious 

tes ts .  

I n  Test.  6, power take -o f f  cu r ren ts  were measured i n  frames 12-23 (112-. 

123) and 132-143 (1132-1143). I n  add i t ion ,  the  cu r ren t  i n  frames 57 (1571, 93 

( 193) , and i n v e r t e r s  17, 19, and 21 . were monitored w i t h  the  same 

ins t rumenta t ion  as i n  Test No. 5. 

I n  Test  No. 7, t he  f o l l o w i n g  cu r ren ts  were recorded. 

1. 19-124, w i t h  the  op t ion  o f .  swi t kh ing  19-112 and 121-124, i n  o r  ou t  t o  

change t h e  s i ze  and the  l o c a t i o n  o f  t he  i n l e t  power t a k e o f f  region. 

2. 1132-1147, - w i t h  the  op t ion  o f  swi tch ing  1132-1135 and 1144-1147 i n  o r  

o u t  t o  change t h e  s i z e  and t h e  l o c a t i o n  o f  t h e  o u t l e t  power t a k e o f f  region. 

3. In ter f rame cur rents  between frames 4-5, 37-38, 73-74, 109-110, and 

150-151 only dur ing  t h e  a p p l i c a t i o n  o f  t he  ex terna l  source. 



Fig. 3.6 Electrical instrumentation diagram, Test No. 6 



' F ig .  3 . ' 7  Elec t r i ca l  i n s t r u r n e n t a t l o n  d" *la g ram, Tes t  No. "7 
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4.  ~ r a m e  cur rents  156, 157, and 192, 193 w i t h  the  op t ion  o f  swi tch ing  I56 
\ 

and I92 i n  o r  out.  

I n  a d d i t i o n  t o  a l l  t he  inter f rame voltages measured between adjacent  

frames, measurements were taken o f  th ree sets o f  4 frames as a  group. These 

a re  i n d i c a t e d  as DV1, DV2, and DV3 i n  Fig.  '3.7. 
\ 

During Test No. .6,  t he  plasma conduc t i v i t y  and the  channel res i s tance  

were measured, us ing  i n v e r t e r  18 i n  t h e  r e c t i f y i n g  mode as t h e  dr iv in .g  source; 

dur ing Test No. 7, the  plasma conduc t i v i t y  was measured, us ing  i n v e r t e r  18, 

and the  channel i nsu l  a t i o n  c h a r a c t e r i s t i c s  were measured, us ing i n v e r t e r  9. 

These measurements were taken wi th '  t he  same instruments used i n  Test No. 5. 

Potent ia l - to -ground was a l so  measured a t  t h e  combustor, channel i n l e t ,  channel 

o u t l e t ,  and d i f fuser  a t  l oca t ions  shown i n  the  diagrams. 

3.3 Data Bank 

~ o d e r n  computing methods and equipment are requ i red  f o r  e f f i c i e n t  

processing o f  such la rge  amounts o f  experimental data as obtained from t e s t s  

performed a t  t he  U-25B f a c i l i t y .  Both the  data processing steps and t h e  

computational in terconnect ions must be automated as f u l  l y  as poss ib l  e. 

A computer-based (HP 2100) DAS acquires the  experimental r e s u l t s ;  

subsequently, raw i n p u t  data are converted i nto engi neer i  ng u n i t s  and s to red  

on magnetic tapes and p r in tou ts ,  which served, u n t i l  recent ly ,  as the  . , 

in format ion base fo r  users a t  Targe. It became c l e a r  t h a t  i t  was necessary t o  

c rea te  a  computer-based data bank t h a t  woul d  permi t  s t o r i n g  data i n  an o r d e r l y  

manner and would provide e f f e c l l v e  in format ion  r e t r i e v a l .  

Work was begun i n  March 1979 on c r e a t i o n  o f  a  data bank (DB) i n v o l v i n g  an 

HP-3000 computer t h a t  would use the  DAS as i t s  source. The fo l lowing tasks  

have been compl eted: 



1. Eva lua t ion  o f  the nature and volume o f  in fo rmat ion  en te r i ng  the DB, 

t a k i n g  i n t o  account the sof tware fea tures  o f  the computer system. 

I 2.. Eva lua t ion  o f  poss ib le  DB user requirements i n  terms of bank content  

and in fo rmat ion  access. 

I 

3. Se lec t i on  o f  optimum DB s t r u c t u r e  on the basis  o f  the. foregoing two 

d,eterminations. 

4. Development o f  DB s t r u c t u r i n g  on the basis  o f  p re l im ina ry  i n fo rma t ion  

about s p e c i f i c  aspects o f  f u t u r e  tes ts .  
. . 

5. Eva lua t ion  o f  data t r a n s f e r  from- the DAS t o  the DB. .The main 

d i f f i c u l t y  has been i n  the d i f f e r e n t  representa t ion  o f  rea l  numbers i n  the two 

computers. Th is  made i t  necessary t o  develop a  specia l  program f o r  number 

conversion. 

6. Development o f  other .  than standard software f o r  accessing and 

processing i n fo rma t ion  stored i n  the DB. 

Consider the DB con ta in ing  i n fo rma t ion  obtained du r ing  'Test Nos. 6 and 7. 

The DB inc ludes seven data f i l e s .  Two f i l e s  conta in  symbol i n fo rma t ion .  I n  

the  INFORM f i l e ,  a u x i l i a r y  i n fo rma t ion  i s  stored; the  NAMES f i l e  conta ins  the 

capabi 1  i ty o f  decoding parameter designat ions and parameter dimensions. One 

f i  1  e, MEAS, i s  necessary f o r  expedient in fo rmat ion  search and r e t r i e v a l .  

Among the remaining f o r  f i les , , ,  two correspond t o  Test  No. 6 data, the o ther  

two t o  Test No. 7. I n  each case, one f i l e  f o r  a  s p e c i f i c  t e s t '  conta ins 

in fo rmat ion  common f o r  a l l  measurements ( i t s  capac i ty  i s  equal t o  the number 

o f  measurements i n  the t e s t ) ;  the: o ther  f i l e  r e l a t e s  t o  add i t i ona l  data, i .e., 

measurements o ther  than standard f low t r a i n  measurements. 

I n  u t i l i z i n g  the  DB, standard and specia l  sof tware are  requi red.  

Standard software permi t s  conduct ing var ious search operat ions and d i sp lay ing  

i n fo rma t ion  i n  tabu1 a r  form (here, numericai' operat ions and mu1 ti - index i  ng can 

be performed). The main func t i on  o f  nonstandard s o f t w a r e  i s  t o  p rov ide  

graphic i n fo rma t ion  processing. 



The development and t h e  use of a  data bank c o n t a i n i n g  exper imenta l  da ta  

ob ta ined  a t  the .  U-25B f a c i l i t y  e f f e c t i v e l y  addresses t h e  problem o f  

i n f o r m a t i o n  s to rage  and processing, and a l l ows  more e f f e c t i v e  a n a l y s i s  and 

f o r e c a s t i n g  o f  f a c i l  i t y  performance. 



4.0 TEST OPERATIONS ' 

I .  4 1 Major Test  Parameters 

Dur ing  Test  No. 6, the  perforlnance of t he  MHD generator was mapped f o r  

several opera t ing  condi t ions,  w i t h  mass f low ra tes  o f  up t o  4.6 kg/s, oxygen 

enrichment o f  up t o  57 vo l  %, and magnetic f i e l d  i n t e n s i t y  o f  up t o  5 T. Dur- 

i n g  Test No. 7, the mass f law r a t e  reached i t s  design value o f  5 kg/s a t  
. . 

oxygen enrichment o f  50 vo l  %. Throughout most o f  t he  generator t es t i ng ,  seed 

was added by i n j e c t i o n  o f  an aqueous s o l u t i o n  o f  potassium carbonate, t h e  

potassium concent ra t ion  i n  t he  combustion products being approx 1 mass %. I n  

o rder  t o  increase the e l e c t r i c a l  c o n d u c t i v i t y  f u r the r ,  ces i  urn seeding was used 

du r ing  t h e  l a t e r  stages o f  Tes t  No. 7, w i t h  Cs concent ra t ion  o f  up t o  -2 mass%, 

During Test No. 6, a t  combustion products mass f low r a t e .  o f  4.5 kg/s, 

oxygen enrichment o f  50 %, and magnetic f i e l d  o f  5 T, t h e  maximum e l e c t r i c a l  

power ou tput  o f  the generator s l i g h t l y  exceeded 1 MW. During Test No. 7, a t  

t h e  design mass f low r a t e  o f  5 kg/s, 50 % owgen enrichment, and magnetic 

f i e l d  o f  5 T, e l e c t r i c a l  power ou tput  was 1.3 MW w i t h  potassium seeding and . 

1.5 MW w i t h  cesium seeding. A t  these opera t ing  cond i t ions ,  the  enthalpy 

e x t r a c t i o n  was -5 %, t he  power per  u n i t  mass f low r a t e  reached -0.3 MJ/kg, and 
3 t h e  power per  u n i t  volume was -10 MW/m . The maximum Hal 1 vo l tage was 5.2 kV, 

and the maximum Ha l l  f i e l d  s t reng th  was -2.2 kV/m. The t o t a l  opera t ing  t ime  

o f ,  the combustor f o r  t he  two t e s t s .  was -30 h; power was ex t rac ted  from the  
< 

genirator f o r  -12 h, t o t a l ,  dur ing  the  t e s t s .  I n  opera't ion w i t h  cesium, 

du r ing  Test  No. 7, t he  generator produced power outputs o f  1.3-1.4 MW f o r  

approximately one hour i n  an e s s e n t i a l l y  continuous fashion. 

4.2 Test  Program 

TEST NUMBER 6 

J u l y  22, 1979 

13: 50 Cool ing system t o  channel No. 2 and combustor tu rned on and 

adjusted. 

. J u l y  28, 1979 

10:05 Ox id i ze r  compressor and exhaust f a n  s ta r ted .  



14: 40 Ox id izer  temperature increased a t  t h e  r a t e  of 50 'C/h 

(G = 4.0 kg/s) . 
I 21: 50 Gasdynami c c h a r a c t e r i s t i c s  obta ined f o r  o x i d i z e r  temperature 

of 500 'C (G = 2.0, 3.0, and 4.0 kg/s).  

J u l y  29, 1979 

8: 20 Gasdynamic c h a r a c t e r i s t i c s  obta ined f o r  o x i d i z e r  temperature o f  

900 'C (G = 2.0, 3.0, and 4.0 kg/s).  

J u l y  30, 1979 
I 

13: 45 Ox id i ze r  mass f low . r a t e  reduced t o  1.7 kg/s (Tph = 900 'C). 
1 

14:05 Combustor i g n i t e d .  

15: 25 Oxyen enrichment es tab l ished a t  40 vo l  %. 

I 15:35 External  leak i n  one c o o l i n g  water hose discovered. Combustor 
I 

I shu t  down and hose repaired. I 
I 22:20 Flow t r a i n  heat ing  cont inued a t  o x i d i z e r  mass f l ow  r a t e  o f  1 

J u l y  31, 1979 

8:30 Combustor i gn i t ed .  

10: 36 Channel V - I  c h a r a c t e r i s t i c s  obta ined w i t h  ex te rna l  source 

( I n v e r t e r  No. 18) 1 

12: 35 Magnet switched on. I 
17: 10 Combustor mass f l ow  r a t e  o f ,  2.5 kg/s, oxygen enrichment o f  I 

50 vol %, establ ished.  I ~ 18:18 , Channel V - I  c h a r a c t e r i s t i c s  obta ined f o r  combustor mass f l ow  

values o f  2.5, 3.0, 3.5, 4.0, and 4.5 kg/s w h i l e  the magnetic 

f i e l d  s t reng th  va r ies  from 3 t o  5 T. ~ 19 :30 Maximum channel power ou tput  o f  1068 kW obta ined a t  combustor I ~ mass f l ow  r a t e  o f  4.6 kg/s, oxygen enrichment o f  50 vo l  %. I ~ 20 : 00 Combustor mass f low r a t e  o f  3.5 kg/s and oxygen enrichment o f  I 
I ' 

57 vo l  X estab l  i shed. Channel V - I  c h a r a c t e r i s t i c s  obtained. I 
1 Maximum channel power output,  943 kW. I 

20: 20 Combustor mass f low r a t e  reduced t o  2.5 kg/s. 

20 : 40 Seed i n j e c t i  on st.opped and magnet swi tched o f f .  
1 20: 55 Co,mbustor shut down. I 



TEST NUMBER 7 

December 1, 1979 

12: 15 cool  i ng system t o  channel No.  2 and combustor tu rned on and 

adjusted. 

December 3, 1979 

9:07, Ox id i ze r  compressor and exhaust f an  s ta r ted .  

10:,45 . Gasdynamic c h a r a c t e r i s t i c s  o f  the f low t r a i n  a re  measured 
. . . , d u r i n g  c o l d  f low .(G =.2.0, 3.0, 4.0, 5.0, and 6.0 kg/s) .  

December 4, 1979 

1:45 Ox id i ze r  temperature increased a t  t h e  r a t e  o f  50 OC/h 

(G = 4.0 kg/s).  

December 5, 1979 

1 1 : O O  Gasdynamic c h a r a c t e r i s t i c s  obta ined f o r  o x i d i z e r  temperature 

o f  -850 OC. (G =.2.0, 3..0, and 4.0 kg/s).  
' <  

December 6, 1979 : 

8:09 Ox id i ze r  mass f low r a t e  reduced to .  1.8 kg/s (TDh = 900 OC). 

8:16 Combustor i g n i t e d .  

10: 18 Oxygen enrichment o f  50 vo l  % establ ished. 

10:40 Combustor mass f low r a t e  increased t o  2.6 kg/s. 

11: 52 . Channel V - I  c h r a c t e r i  s t i c s  obta ined w i t h  ex te rna l  source 

( I n v e r t e r  No. 9).  
i 

12:.59 Magnet switched on. 

15: 22 As the  magnetic f i e l d  s t reng th  approaches 4 T, power supply o f  

t he  p i t o t  probe e l e c t r i c a l l y  shor ts  the  combustor t o  ground. 

15: 58 Magnet switched o f f ,  seed i n j e c t i o n  stopped, because channel and 
, . 

combustor a re  grounded. 

17: 00 P i t o t  probe power supply removed. 

17 :20 Test program resumed. 
. . .  

20:45 ' ' M a g n e t i c f i e l d  s t reng th  s t a b l e  a t  5 T. 

21:45 Increase combustor mass f l ow  r a t e  t o  4.5, 5.0' kg/s. 
, . . .  

23: 05 Maximum channel ou tpu t  power of 1.30 MW measured a t  mass f l ow  



r a t e  of -5 kgls :  us ing  potassium seed and oxygen enrichment o f  

a 51 V O ~  %. 

23: lO'  Cesium s e e d i n j e c t e d a t m a s s f l o w  r a t e o f  2 0 0 L l h .  I 

23 :45 Cesi um seed mass f low r a t e  increased t o  500 L/h. 

December 7, 1979 . . 

. 0:05 Cesium seed mass f low r a t e  decreased t o  300 L/h. 

0:15 Maximum channel ou tpu t  power o f  approximately 1%.5 MW measured' a t  
mass f l ow  r a t e  o f  -5 kg ls ,  us ing  cesium seed and 50, %' oxygen 

enrichment. 

0:38 . F i r e  p r o t e c t i o n  system senses presence o f  smoke i n  warm bore o f  

the magnet. F a c i l i t y  i s  shut down. 

End o f  Test No. 7. 7 

4.3 Ox id i ze r  Supply System 

Dur ing  t h e  Tes t  No. 6 warm blow, a t  o x i d i z e r  mass , f low r a t e  o f  4.0 kg/s, 

maximum temperature o f  960 O C  was reached. When the mass f l o w ' r a t e  was r e -  

.duced t o  1.7 kg/s before f i r i n g  the  combustor, temperature i n  t h e  f low t r a i n  

dropped t o  920 O C .  To increase oxygen enrichment from 40 vo l  % t o  50-57 vo l  %, 

a d d i t i o n a l  oxygen was supp l ied  from a tank a t  the  oxygen .plant.  . Ox id i ze r  

temperature was then reduced t o  870 "C. , 

Dur ing  Test  No. 7 warm blow, a t  o x i d i z e r '  mass f low r a t e  o f  4.0 kg/s, 

maximum o x i d i z e r  temperature reached before  f i r i n g  the combustor was 970 O C .  ~ 
Oxygen enrichment was increased t o  50 vol  $, from 40 vol  %, by supplyipng ~ 
add i t i ona l  oxygen from a tank a t  the  oxygen p lan t .  Ox id i ze r  temperature was I 
then mainta ined a t  890-910 "C. 1 

4.4 Combustor 

To ta l  combustor ope ra t l ng  t ime d u r i n i  Tes t  No. 6 was 13 h, 20 min. 

For Test No. 7, a new nozzle was fabr icated;  the mix ing  process i n  t h e  I 
burner  was changed by mod i fy ing  t h e  burner; t h e  i g n i t e r  was a l s o  p re tes ted  t o  

i n s u r e  re1 i a b l e  ope ra t i  on. c l  



Dur ing  Tes t  No. 7, the  .combustor operated f o r  16 h, 21 min. ~ n d e f i  
I maximum power opera t ing  cond i t ions ,  the mass f low r a t e  o f  combustion 'products 

was -5 kg/s,. oxygen enrichment ~ 5 0  %; and combustor pressure was i n  excess, of - 
4.0 ata (0.4 MPa) . Maxilnum e l e c t r i c a l  power output  . ( - I  .5 MW) was ' ob ta ined ,  

1 under s t o i c h i o m e t r i c  ra t i o , .  SR, o f  -0.87. 

' ,  
Combustor thermal losses  and acoust ic '  c h a r a c t e r i s t i c s  were s tud ied  du r ing  

Tests No. 6  and 7. 

. ~herma ' l  losses r e l a t i v e  t o  t o t a l  thermal combustor power were as 

fo l lows:  Test No. 6, 7.8-8.4 %; Test No. 7, '6.5%. 

Dur ing  Tests 4  and 5, i t  had been found impossib le t o  supply enough gas 

f u e l  t o  the  combustor t o  ensure design s to i ch iomet r i c  r a t i o .  To solve t h i s  

problem, the  diameter o f  gas burner  o r i f i c e s  was increased; t h i s  m o d i f i c a t i o n  

r e s u l t e d  i n  a  subs tan t i a l  d e t e r i o r a t i o n  i n  t he  acoust ic  s t a b i l i t y  o f  t h e  

combustor.. O s c i l l a t i o n  ampli tudes o f  up t o  12 % o f  t he  average combustor 

pressure, a t  a  frequency o f  -380 Hz, "'were observed. Such pressure 

f l u c t u a t i o n s  r e s u l t e d  i n  no t i ceab le  v i b r a t i o n s  (up t o ,  8  - g) . It i s  ' i n t e r e s t i n g  

t o  note tha t ,  whereas channel l oad ing  s t a b i l i z e d  the combustion process i n  

prev ious tes ts ,  generat ion o f  power du r ing  Test  No. 6  had no such e f f e c t .  

The acoust ic  c h a r a c t e r i s t i c s  o f  the combustion t h a t  were recorded du r ing  

Tes t  No. 6 were judged unsa t i s fac to ry ;  consequently, t h e  combustor burner  was 

mod i f ied  before Test No. 7. S p e c i f i c a l  ly, d e f l e c t o r  p l a t e s  were i n s t a l  l e d  i n  

approximately 30 % o f  the gas o r i f i c e s ,  r e s u l t i n g  i n  par 'a l le l  stream m i  x i  ng. 

Increas ing  burner dwell t ime i s  recognized as one o f  the  most e f f e c t i v e  ways 

t o  ensure combustion s t a b i l i t y .  ' I n s t a l l a t i o n  o f  d e f l e c t o r s  i n  some o f  t h e  

o r i f i c e s  r e s u l t e d  i n  c r e a t i n g  two combustion zones; t h i s  decreased the  energy 

re lease dens i ty  t h a t  sus ta ins  o s c i l l a t i o n s  and s tab i1  i z e d  the  combustion 

process. An add i t i ona l  s t a b i l i z i n g  e f f e c t  was the  r e s u l t i n g  change o f  t h e  

phase r e l a t i o n s h i p  between heat  re lease and pressure peak (Ray1 e igh  c r i t e r i o n )  

[ll]. The d e f l e c t o r s  s h i f t e d  the  combustion heat  re lease zone 150-200 mm away 

I f rom pressure wave peaks. 



As evidenced b y 3 h e  r e s u l t s  obtained, maximum pressure f l u c t u a t i o n s  i n  

the combustor dur ing Test No. 7 d i d  n o t  exceed 2 % of t he  average pressure, 

and v i b r a t i o n s  d i d  n o t  exceed 2 g. Furthermore, t h e  v i b r a t i o n s  t h a t  occurred - 
were across a range o f  frequencies; t he re  was no dominant frequency, 

regardless o f  the  ' opera t ing  mode. Hence, i t  can be concluded t h a t  t h e  

i n s t a l  l a t i o n  o f  the d e f l e c t o r s  i n  the  combustor r e s u l t e d  i n  s tab le  operat ion.  

Because a new channel was used dur ing  Tests No. 6 and 7, and the. warm 

blow was performed a t  mass f low ra tes  o f  2 t o  4 kg/s, i.e.,' under obv ious ly  

supersonic f low cond i t ions  i n  the  channel, specia l  s tud ies  have been made o f  

the v i b r a t i o n s  present. These s tud ies  were performed dur ing warm blow o f  t e s t  

No. 6. Mass f low r a t e  was va r ied  between 2.5 a,nd 4.5 kg/s. Changes noted i n  

the  v i b r a t i o n  l e v e l s  o f  the c'ombustor, nozzle, a'nd channel pressure vessel a r e  

l i s t e d  i n  Table 4.1. 

Table 4.1 

V i b r a t i o n  Levels i n  the  Components o f  the  U-25B Flow T ra in  

Dur ing  Warm Blow o f  Test  No. 6 

G, T, PC , - 9 . - 9 - 9 - 9 9 - Hz 

kg/s O C  -- atm 

2.5 91 1.12 0.3 0.3 0.3 0.3 0.3 6300 

G = o x i d i z e r  mass f l ow  r a t e  BVK-2z - V ib ra t i ons  i n  t h e  t r a n s i t i o n  

Tph = o x i d i z e r  temperature I sec t ion  

pc = Combustor pressure BVK-4x, BVK-4z - Nozzle v i b r a t i o n s  

f - Dominant v i b r a t i o n  frequency BVK-lk, BVK-2k - Channel v i b r a t i o n s  

The t a b l e  shows that ,  as the  o x i d i z e r  mass flow r a t e  increases (as does 

the  Mach number), v i b r a t i o n .  amp1 i tude a1 so increases i n  a l l  f l  ow t r a i n  



elements. However, a t  mass f l o w  r a t e  o f  3.9 kg/s, maximum v ibrat ions do no t  
I exceed 1.2 - g a t  6300 Hz. An estimate done by standard procedures [I21 showed 
I ~ that, f o r  these vibrations, displacements do not  exceed 5-10 x mm. 

Stresses accolnpanying such displacements are ins ign i f i can t ;  f l o w  t r a i n  
I 
1 

elements can be cycled i n d e f i n i t e l y  under such stress levels. 

Therefore, the p o s s i b i l i t y  t h a t  dangerous v ibrat ions can take place under 

supersonic f l o w  condi t ions a t  the U-25B f a c i l i t y  appears t o  be remote, and 

warm blow a t  4 kg/s can be recommended f o r  fu tu re  t es t s  there. 

During Tests No. 6 and 7, studies centered on experimental determination 

o f  in te rac t ions  between gasdynamic and e l e c t r i c a l  f luc tua t ions  were 

i n i t i a t e d .  L imi ta t ions in tape recording equipnent r e s t r i c t e d  the data 

obtained on magnetic tape t o  only tm, parameters: pressure f luc tuat ions i n  

the  nozzle, and f luc tua t ions  o f  interframe voltage between frames 61 and 62. 

The recorded signals were analyzed, using a spectrum analyzer and a 

corre la tor .  The analysis o f  the  data shows that, w i t h  acoustical f luc tua t ions  

present i n  the combustor (Test No. 6, G, -2.5 kg/s; oxygen enrichment, -47 %; 

seed flow rate, -280 L/h; B f i e l d ,  3.0 T; i nve r te r  current, 0 A), the spectra 

o f  both s ignals ind icate peaks i n  the frequency i n te rva l s  o f  350-400 Hz and 

700-750 Hz (Fig. 4.1). The spectra are narrow-band i n  nature, and substant ia l  

co r re la t ion  between the f luc tuat ions i s  evident. The m t u a l  cor re la t ion  func- 

t i o n  shown i n  Fig. 4.2 i s  sinusoidal i n  shape, suggesting sinusoidal d i s t r i -  

butions o f  pressure and voltage f luctuat ions.  As indicated i n  Fig. 4.2, the  

phase s h i f t  between the  f luc tua t ions  i s  -0.8 ms. The cor re la t ion  coe f f i c i en t  

i s  -0.9. 

Phase s h i f t s  approaching 0.8 ns are also obtained w i th  the fo l lowing 

equation [I21 f o r  standinp waves i n  a moving medium: 

where k i s  wave number; M, k c h  number; T, f l uc tua t i on  period; A a ,  measurement 

basis, and a ,  charac te r i s t i c  dimension. 



Frequency, HZ 

Fig. 4.1 Spectra o f  pressure f luc tuat ions o f  combustion products i n  the 
nozzle (1) and interframe voltage f luc tuat ions (2) i n  ac t i ve  por t ion o f  
channel (frames 61-62); Test No. 6; G = 2.5 kg/s, owgen enrichment = 47 vol  
%, seed flow ra te  = 280 L/h, B = 3 T, inver te r  current = 0 A 

Fig. 4.2 Correlat ion funct ion between pressure f luc tuat ions i n  the nozzle and I 
interframe voltage f luc tuat ions (frames 61-62); Test No. 6; G -2.5 kg/s, 
oxygen enrichment = 47 vol %, seed flow ra te  = 280 L/h, B = 3 T, i nve r te r  
current = 0 A; time scale: hor izontal  = 2 ms/div, ve r t i ca l  = 2 V/div 
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Fig.  4.3 Spectra o f  (1)  pressure f l u c t u a t i o n s  o f  combustion products i n  t he  

nozzle and (2)  i n te r f rame vo l tage  f l u c t u a t i o n s  (frames 61-62); Test No. 7; G = 

I 5.0 kg/s, oXygen enrichment = -51 vo l  %, B = 5  T, and ou tpu t  power = 1.3-1.4 

Ana lys is  o f \  nozzle pressure f l u c t u a t i o n s  and i nterframe vo l tage 

f l u c t u a t i o n s  between Fr.ames 61 and 62 ?dur ing Test No. 7  i n  - a  maximum power 

I generat ing mode shows a  s u b s t a n t i a l  d i f f e r e n c e  between spectra (F ig.  4.3). 

I The spectrum o f  ' the  i nter f rame f l u c t u a t i o n  shows we1 1  de f ined components a t  

I 300 and a t  2000-- 3000 Hz. I n  t he  pressure f l uc tua t . i on  spectrum, the re  a re  no 

sharply  de f ined peaks. No c o r r e l a t i o n  between s igna ls  was observed. 

.4.5' seed I n j e c t i o n  System f o r . T e s t s  No. 6'an.d 7 
. . 

Dur ing  Test No. 6., t h e  f o l l o w i n g  aqueous s o l u t i o n  o f  seed was use:d:' . . . 
/ .  ' 

K2C03 = 47.9 mass 5, 

KOH = 0.5 mass % 

' NaOH = 0.5 mass % 

I (Eqy i va len t  K$Oj concen t ra t i on  i n  t h e  s o l u t i o n  would have been 48.56 mass 8.) 
3  

. ' So lu t i on  de,nsi ty:  y = 1.52 g/cm 

- '  D u r i n g  Test No: 7; t he  f o l l o w i n g  aq'ueous s o l u t i o n s  o f  seed were used: 
. . . .r . 



a. . Potassium Carbonate: 

K2C03 = 46 mass'% 

.NaOH = 0.5 mass % 

So lu t i on  dens i ty :  y = 1.5 g/cm 3 

b. A l k a l i n e  metal s a l t s  o f  Cs, Rb, K, Na, wi'th cesium, a s  a dominant 

component: 

The densi ty  of the  cesium seed s o l u t i o n  was  1.8 g/cm3; concent ra t ion  o f  

the  compound i n  the  aqueous s o l u t i o n  was 71 mass %; the  composit ion o f  t h e  

d isso lved s a l t s  was as fo l lows:  

CH3COOCs - 926 g/L 

CH3COORb - 169 g/L 

CH3COOK - 97 g/L 
,-- 

C H ~ C O O N ~  - 74.5 g/L 

The same seed i n j e c t i o n  method was used f o r  both tes ts .  The seed was 

i n j e c t e d  through s i x  seed nozzles. No atomiz ing a i r  was used i n  any o f  th-e 

o'perat ing modes. 

Dur ing Test No. 6, seed was i n j e c t e d  f o r  3 h, 46 min. Flow r a t e  o f  seed 

s o l u t i o n .  var ied  between 220 L/h and 410 L/h, t o  mainta in potassium molar 

concent ra t ion  o f  0.65-0.7 mol % i n  combustion products o f  vary ing  inass f low 

rates.  ~ u r i ' n g  the  t e s t ,  1000 l i t e r s  o f  t he  seed so lu t ion ,  con ta in ing  760 kg 

o f  dry potassium carbonate, were used. 

Dur ing Test No. 7, potassium seed was i n j e c t e d  f o r  7 h, 37 min, us ing  

2395 l i t e r s  o f  seed s o l u t i o n  (1650 kg o f  dry potassium carbonate). Flow r a t e  

o f  t he  seed s o l u t i o n .  v a r i e d  between 240 L/h and 500 L/h. Maximum ou tpu t  power 

f o r  potassium seed (1.3 MW) was obta ined a t  seed flow r a t e  of 450 L/h and 

molar concentrat ion o f  -0.7 % i n  combustion products. Cesium seed was 

i n j e c t e d  f o r  1 h, 27 min, represent ing ' t o t a l  use of 505 l i t e r s .  Dur ing  

op t im iza t i on  o f  t he  f low r a t e  o f  t he  cesium seed & t h e  bas is  of output.power, 

f low ' r a t e  o f  300 ~+/h  was , -establ ished as optimum. A t  t h i s  value, maximum 

power, 1.5 MW, was obtained., Dur ing t h i s  opera t ing  mode, concent ra t ion  o f  

a l k a l i n e  metal i n  combustion products was -0.35 mol %. 



4.6 SCMS Operation 

The superconducting magnet system operated sat isfactor i ly  during Test 
No. 6 ,  with the exception of a protective magnet discharge, which took place 
a t  a f i e l d  of -5' T. 

. . 

An increase in magnet cryostat  pressure was observed, particularly a t  

I magnetic f i e lds ,  between . . 4 and.5 T. . . 
I 

Prel imi nary analysis indicates tha t  the magnet discharge occurred because 
of misoperation of the valve controlling the liquid helium flow to  the  
cryostat. A review of the history of the cryostat  l iquid helium level 
indicdtes instable operation' of th i s  valve. To correct the s i tuat ion a t  the 
time of the t e s t ,  the upper helium level l imit  was s e t  t o  50 %, and the lower 
1 imit to  45 % of indicated cryostat  l iquid level.  I 

Throughout the t e s t ,  a fraction of the helium boil-off was transferred 
into the impure he1 ium gas storage. A variation'. of .  the indicated magnet 

1 
insulating vacuum was noted; the vacuum was 3.5 ' x mm Hg when magnet 

I 

I charging began, and had deteriorated to  5 x mm Hg when' charging was 
I completed. 
I 
t 

I 
During the preparation for  Test No. 7,  a chart record was kept of the 

1 
1 i q u i d  he1 ium level and pressure i n  the cryostat ,  and of opening and closing 
the valve controlling flow of l i q u i d  helium into the cryostat. D u r i n g  these 
prel imi nary t e s t s ,  there were cases of cryostat overf i l l  i ng. Other instances 
of overf i l l ing also occurred d u r i n g  Test No. 7. The probable cause of 
overf i l l  i n g  i s  abnormal operation of the 1 i q u i d  he1 i u m  1 eve1 control ler .  

Dur ing the t e s t s ,  cryostat  pressure 'varied between 2 psi i n  the boil-off 
I 

mode and,: 3.5 psi . maximum i n  the f.illi 'ng mode. The magnet remained i n  the 
charged s t a t e  f o r  13 hours. 

I .4.7. Electrical' ~ o a d i  ng 

Figure 4.4 depicts the loading of the MHD channel d u r i n g  Tests No. 6 

and 7.  
, , 



F i g .  4.4 Schematic o f  e l e c t r i c a l  l o a d i n g  o f  t h e  channel 



Because o f  i t s  h igh  Hal 1  voltage, the  channel i s  loaded by means of t h ree  I 
i n v e r t e r s ,  connected i n  se r i es  w i t h  two in te rmed ia te  connect ing po in t s  ( a t  i 

frames No. 56-57 and 92-93). The in te rmed ia te  connect ing p o i n t s  a1 low 
M .  

o p t i m i z a t i o n  o f  t he  power ou tput  by ensur ing proper c u r r e n t  d i s t r i b u t i o n  a1 ong 

t h e  channel. I n p u t  and ou tpu t  c u r r e n t  t a k e o f f  regions are l oca ted  i n  those , 
zones where the e l e c t r i c a l  f i e l d  g rad ien t  i s  near zero. Depending upon e lec -  

t r i c a l  and gasdynamic opera t ing  modes, the  optimum c u r r e n t  t a k e o f f  zone may 

s h i f t  upstream o r  downstream. Conseque,ntly, i n  t a k i n g  i n t o  account the  U-25B 

channel conf igurat ion,  i n p u t  and'. ou tpu t  c u r r e n t  t a k e o f f  regions were made as 
'I 

wide as poss ib le  (frames No. 9  through 24 a t  the  i n l e t ,  No. 132 through 147 a t  

t h e  o u t l e t ) .  A t  both the  i n l e t  and o u t l e t ,  contac tors  were used, a l l ow ing  

choice o f  optimum c u r r e n t  t a k e o f f  connect ion according ' t o  the  ope ra t i ng  

mode. To block c u r r e n t  c i r c u l a t i o n ,  each t a k e o f f  l e a d  i n c l u d e d ' a  diode and, 

i n  add i t ion ,  had a  f i x e d  ohmic res i s tance  equal t o  0.60 n. Res is to rs  i n  t h e  

c u r r e n t  t a k e o f f  leads n o t  only  c o n t r o l  the  c u r r e n t  d i s t r i b u t i o n ,  they a l so  

prevent  poss ib le  damage t o  the  frames from the  appearance o f  excessive c u r r e n t  

i n  one o f  t he  frames. 

Because the  l e v e l  o f  e l e c t r i c a l  i n s u l a t i o n  between components o f  the  

channel and the remainder o f  the  f l ow  t r a i n  may have a  subs tan t i a l  e f f e c t  upon 
\ 

channel performance, t h e  1  oadi ng scheme (Fig.  4.4) inc ludes  a d d i t i o n a l  

measuring c i r c u i t s  f o r  determinat ion o f  1  eakage cur ren ts  over the  channel 

w a l l s  and t o  ground through the  i n p u t  and ou tpu t  elements o f  t he  channel and 

the f low t r a i n .  To t h i s  end, an ex terna l  source i s  used ( I n v e r t e r  No. 9  o r  

No. 18 opera t ing  as r e c t i f i e r ) .  I n v e r t e r  18 i s  a l s o  used i n  experiments f o r  

determin ing the e l e c t r i c a l  c o n d u c t i v i t y  o f  the p l a s m  along the  l eng th  o f  t h e .  

channel. 



5.0 TEST RESULTS 

5.1 Test Program . 

As in' the previous . t e s t s  o f  the U-25B f a c i  1  i t y  , the ' sub jec t  ' program 

inc luded .periods o f  "co ld"  f l ow  and. "warm" f low before b ign i t ion  o f  the  

combustor. S t a t i c  pressure measurements i n  th'e combustor, 'channel, and . . 
d i f f u s e r  were recorded f o r  "co ld"  a i r  f l ow  ra tes  o f  2 kg/s . to  6 kg/s dur ing  

both Test Nos. 6 and No. 7. Warm preheated a i r  was then f lowed through the , 

t e s t  t r a i n ,  i t s  temperature being ra i sed  a t  t h e . r a t e  o f  50 "C/h. Measurements 

o f  s t a t i c  pressure d i s t r i b u t i o n  were obta ined f o r  .mass f l ow  ra tes  o f  2-4 kg/s 

a t  temperatures o f  approximately 350 "C' and 900 "C dur ing  Test No. 6, and o f  

approximately 675 "C and 900 "C dur ing  Test No. 7. 

5.1.1 Proaram f o r  Test  No. 6 

On J u l y  30, 1979, the combustor was i g n i t e d  and combustor data obta ined 

a t  a mass f l ow  r a t e  o f  2 kg/s w i thou t  'oxygen enrichment and w i t h  oxygen 

enrichment o f  40 vol %. The pr imary program f o r  Test No. 6, accompl i shed on 

J u l y  31, 1979, i s  shown schemat ica l ly  i n  F ig.  5.1. A t  p o i n t  1-1, an ex terna l  

f i e l  d  was app l i ed  t o  the  channel w i t h  I n v e r t e r  18 opera t ing  i n  the  r e c t i f y i n g  

mode and w i thou t  potassium seeding, and an equ iva len t  wa l l  res is tance o f  600 n 
was measured. Potassium seeding was begun a t  the r a t e  o f  a t  230 L/h, and an 

external  f i e l  d  was appl i e d  - w i t h  I n v e r t e r  18. A f t e r  the  seed f l o w  was 

i n te r rup ted ,  an equ iva len t  wa l l  res is tance o f  250 n was measured. 

The magnet was then energized and, a t  3 T, measurements were taken a t  a 

combustor f l ow  r a t e  of - 2.5 kg/s f o r  oxygen enrichments o f  40 vol  % (1-2) and 

o f  50 vol % (1-3).  . The magnet f i e l d  s t reng th  was increased as the  mass f l ow  

r a t e  o f  the combustor was increased, and data were taken a t  -3 kg/s and 4 T 

( I - 4 ) ,  and a t  -3.5 kg/s and 4.5 T (1-5) .  Magnetic f i e l d  s t reng th  o f  5 T was 

a t ta ined,  and data were taken a t  - 4 kg/s. ( I -6 ) ,  - 4.5 kg/s (1-71, -3.5 kg/s 

' ( I - 8 ) ,  and 2.5 kg/s (1-10). While combustor f low r a t e  was a t  3.5 kg/s (1-91, 

oxygen enrichment was increased t o  57 wol %. A maximum power o f  1.07 MW was 

a t t a i n e d  a t  cond i t i ons  1-7, i.e., 5  T, 4.5 kg/s. A f t e r  data had been taken a t  

- 2.5 kg/s and 5 T, , the mass . fl.ow - r a t e  o f  the  combustor was decreased t o  . 

- 2 kg/s, the seed f l ow  terminated, and the magnet shut down. 



Mass Flow Rate,  k g / s  K a s s  Flow Rate ,  k g / s  

Fig .  5.1; Summary o f  . t e s t  p o i n t s ,  T e s t  No. 6 ,  F i g .  5.2 Summary o f  t e s t  p o i n t s ,  T e s t  No. 7 ,  
J u l y  31, 1979 December 6-7,  1979 



Data on the  magnet, channel, and o the r  elements o f  the  f low t r a i n  were 

recorded throughout the  t e s t ,  u s i  ng the  i nstrumentat i  on and ,data a c q u i s i t i o n  

equi'pment described i n  Sect ion 3.0. I n  add i t ion ,  the  V - I  c h a r a c t e r i s t i c s  o f  

the  MHD channel were obta ined a t  almost a l l  the  p o i n t s  i n d i c a t e d  by symbols i n  

F ig.  5.1. D iagnost ic  measurements o f  t he  plasma p r o p e r t i e s  were obta ined a t  

many of the opera t iona l  p o i n t s  shown i n  t h a t  f i g u r e .  

5.1.2 Program f o r  Test  No. .7 

The program f o r  Tes t  No. 7  i s  shown schemat ica l ly  i n  F ig.  5.2 f o r  

December 6-7, 1979. A t  i g n i t i o n ,  the  f low r a t e  t o  the  combustor was -2 kg/s. 

Oxygen enrichment was then increased t o  50 vo l  % (11-1). Dur ing  the  

i nc reas ing  o f  oxygen enrichment, c a l o r i m e t r y  data were taken on the  chan'nel a t  

var ious  degrees o f  enrichment: approximately 30, 37, 45, and 50 vo l  %. The 

mass f low r a t e  o f  the combustor was increased t o  3  kg/s, w h i l e  oxygen 

enrichment o f  50 vol  % (11-2) was maintained. An ex te rna l  f i e l d  was a p p l i e d  

w i t h  I n v e r t e r  No. 9, opera t ing  i n  the  r e c t i f y i n g  mode, t o  determine t h e  

equ iva len t  wa l l  r es i s tance  w i t h o u t  seed f low. Flow o f  potassium seed was 

es tab l  i shed, and the V - I  c h a r a c t e r i s t i c  o f  the  'channel was obta ined w i t h  

I n v e r t e r  No. 18. The magnet was energized and data were taken a t  2, 3, 4, and 

5  T  (11-3 t o  11-6). The mass f low r a t e  was increased t o  -4.5 :kg/s (11-71, 

then t o  -5 kg/s 1 - 8 )  Maximum power w i t h  potassium seed, 1.3 MW, was 

at ta ined'  a t  5  kg/s. The seed. was switched from potassium t o  cesium, and t h e  

f l ow  r a t e  o f  . t h e  cesium seed was v a r i e d  from 200 t o  500 L/h, t o  f i n d  the  

optimum f l ow  ra te .  The optimum value appeared t o  be 300 L/h, and the  maximum 

power obta ined a t  t h a t  c o n d i t i o n  . . was 1.5 MW. 

A t  t h i s  maximum cond i t ion ,  11-8, w i t h  cesium seed, t h e '  alarm system 

i n d i c a t e d  smoke i n  t h e  bore o f  t he  magnet. A f t e r  t h e  ex is tence o f  smoke was 

v i s u a l l y  con'fi'-rmed, emergency shutdown procedures'  were s ta r ted .  Subsequent 

v i s u a l  i n s p e c t i o n  i n d i c a t e d  'no obvious areas of a r c i n g  o r  burning.. 

Measurements s i m i l a r  t o  those made dur ing  Test No. 6 were taken du r ing  

Tes t  No.. 7, a t  t h e  'opera t iona l  p o i n t s  i n d i c a t e d  i n  ,Fig. 5.2. 



5.2 Results o f  Diagnost ic  Measurements During Tests 6 and 7 

F igure  5.3 presents the r e s u l t s  o f  measurements o f  major plasma 

parameters dur ing  Test 6, as we l l  o f  MHD generator power; s to i ch iomet r i c  

r a t i o ,  SR; o x i d i z e r  oxygen enrichment, , etc. Data p o i n t s  correspond t o  

common measurement times. 

It can be seen t h a t  there  i s  an o v e r a l l  c o r r e l a t i o n  i n  behavior among the 

measured parameters: maximum power i s  achieved a t  maximum mass f l ow  r a t e s  o f  

seed, gas, and ox id i ze r .  Under these cond i t ions ,  plasma temperature, r a d i a n t  

f l u x ,  e l e c t r i c a l  conduct iv i ty ,  potassium atom concentrat ion,  and e l e c t r o n  

concent ra t ion  are a l so  a t  t h e i r  maximum. 

I t  should be noted t h a t  simultaneous determinat ion o f  potassium atom 

concent ra t ion  a t  two cross sec t ions  (between 11 and 12 h) r e s u l t e d  i n  

potassium spect ra l  l i n e s  o f  approximately the same shape. Potassium atom 

concentrat ions a t  the two l o c a t i o n s  d i f f e r  because o f  d i f f e r e n t  pressures i n  

the combustor and nozzle. The nozzle pressure was n o t  measured; i t  was 

c a l c u l a t e d  f rom. the  combustor and the  channel i n l e t  pressures. 

Special a t t e n t i o n  should be pa id  t o  the v a r i a t i o n  i n  the  radi,ant f l u x  a t  

t h e  i n s t a n t  when the seed i n j e c t i o n  i s  s t a r t e d  and stopped ( i n  t he  f i gu re ,  

these po in t s  are denoted by t seed and .c seed). It i s  c l e a r  t h a t  potassium 

con t r i bu tes  s i g n i f i c a n t l y  t o  the  t o t a l  rad ia t i on .  

I n  comparing d i f f e r e n t  parameters, i t should be remembered t h a t  Tpl, nA, 

Wrad, and u were measured a t  the  channel entrance, whereas n, was measured i n  

the d i f f u s e r .  

F igu re  5.4 presents the  r e s u l t s  o f  measurements taken dur ing  Tes t  7. I n  

general, v a r i a t i o n s  i n  the measured parameters correspond t o  opera t ing  mode 

changes. .It should be noted t h a t  the  maximum readings o f  power and r a d i a n t  

heat f l u x  were obta ined i n  the l a t e r  stages o f  the t e s t ,  i .e., when cesium 

seed was used. However, values o f  ne and U, computed on the  bas is  of 

spectroscopic measurements, are lower than expected. This  can be expla ined by 

t h e  f a c t  t h a t  the  measured temperatures were lower than the  ac tua l  ones as a 
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r e s u l t  of chan,ge i n  c a l i b r a t i o n  o f  t he  instruments, r e s u l t i n g  from acc identa l  

grounding o f  the combustor. . . 

D isc repanc ies  between c a l c u l a t e d  and me,asured values o f  ne can be 

expla ined by the fac t  . tha t  ca1culation.s are .made f o r  .the temperat.ure measured 

a t  the  channel i n l e f t ,  whe,reas the  ne measurements were taken a t  :the d i f f u s e r ,  . 

where temperatures are 1,ower .by 200-250 .K. 

F igures  5.5 through 5.7 show , representat ive Mach number p r o f  i 1 es from 

measurements taken w i t h  the  t r a v e r s i n g  p i t o t  probe, dur ing the  warm and h o t  

.blow periods, a t  the  t imes i n d i c a t e d  on each p l o t .  These p r o f i l e s  were 

generated on the basis  o f  the  s t a t i c  pressune a t  the wa l l ,  measured j u s t  p r i o r  

t o  each traverse, and the  tota i l  pressu,ne measured dur ing  the  traverse. 

Because o f  the noise l e v e l ,  d i g i t a l  smoothing has been app l i ed  t o  the  raw 

data, and purge pressure pulses have been e l iminated.  

The Mach' number p r o f  i 1 es were obeai ned, u s i  ng ca l  cu l  a ted  e f  f e c t t v e  

average values o f  the  r a t i o  o f  s p e c i f i c  heats o f  t h e  gas o r  plasma. For  t h e  

warm blow, y = 1.40 was used; f o r  t he  h o t  blow, i, = 1.14. The mass f l ow  r a t e  

and the  s t o i c h i o m e t r i c  r a t i o  recorded by e j t h e r  t h e  U.S. o r  U.S.S.R. computer 

system f o r  the t ime c l o s e s t  t o  beginning o f  the  t raverse  a re  a l s o  1 i s t e d  w i t h  

each p l o t .  

It i s  ev ident  that ,  t he  boundary l a y e r  i s  on t h e  order  o f  1 cm t h i c k  a t  

t h i s  p o i n t  i n  the  f low t r a i n  dur ing  the  h o t  blow, and increases i n  th ickness  
9 

w i t h  temperature l eve l ,  as expected. Dur ing  the  c o l d  and warm blows, t h e  

th ickness i s  l e s s  than 5 mm. During the  warm blow and a t  the  1 owest h o t  blow 

temperatures, there  are  two shallow peaks i n  t he  p r o f i l e :  one i n  t he  core, 

the  o ther  ou ts ide  the boundary layer ,  b u t  near the wa l l .  A t  t he  h ighe r  

temperatures and mass f lows, t he  p r o f i l e s  are\ e f f e c t i v e l y  f l a t ,  apa.rt f rom t h e  
fy 

boundary 1 ayers. 

It should be noted t h a t  t he  probe was unavoidably l oca ted  a t  a s t a t i o n  

where the  Mach number l e v e l  was h igh  enough f o r  the  f low around a c y l i n d e r  t o  

be j u s t  s u p e r c r i t i c a l ,  and, a t  f u l l  extension, t he  probe would j u s t  choke the  
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f low,  us ing  'purely geometr ical  a r e a - r a t i o  considerat ions.  No at tempt has been 

' 

made t o  c o r r e c t  f o r  the  e f f e c t s  o f  any weak shock waves poss ib ly  present.  

0.40 0 

5 

S p e c t r a l  ana lys i s  o f  pressure and 1 i g h t  i n t e n s i t y  s igna ls  obta ined w i t h  

I 
/ 

the probe was a1 so conducted. The r e s u l t s  i n d i c a t e  s i g n i f i c a n t  no ise  1,evel s  

- - 

a t  50 and 60 Hz, overshadowing the  des i red  s ignals.  The cause o f  t h i s  noise, 

discovered and cor rec ted  a f t e r  the  t e s t ,  was an accidenta l  ' sho r t  t o  ground. 

.5.3 Gasdynami c  C h a r a c t e r i s t i c s  o f  t he  MHD Channel 
i 

5.3.1 Wall Sk in F r i c t i o n  . . . 

.Fig. 5.7 Mach number pro- 

f i l e  a t  nozzle du r ing  ho t  

blow per iod,  1'3 :23, 
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Determimi ng the  channel s k i n  f r i c t i o n  i s  important,  because 'of  i t s  
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1 in f luence on heat t r a n s f e r  and on the  e l e c t r i c a l  performance of t he  channel ; 

As i n  a l l  prev ious t e s t s  o f  Channel 1, s t a t i c  pressure d i s t r i b u t i o n s  f o r  



Channel 2 were measured a t  10 a x i a l  l o c a t i o n s  and over a range of temperature 

and mass f low cond i t ions  dur ing the c o l d  and warm blows. I n  general, t h e  

c h a r a c t e r i s t i c s  o f  the warm blow f low through Channel 2 were, simi 1 a r  t o  those 

o f  previous tes ts ,  except t h a t  the  channel f r i c t i o n  and, hence, wa l l  roughness 

appear t o  be l e s s  than was t h e  case w i t h  Channel 1. ' 

F igure  5.8 compares t y p i c a l  pressure d i s t r i b u t i o n s  dur ing Tests 6 and 7 

du r ing  the  warm blow a t  900 O C  and mass f low r a t e  o f  approximately 2.5 kg/s , 

w i t h  those fo r  Channel 1 dur ing  Test 5. The d i f f e r e n t  pressure l e v e l s  f o r  

each o f  these t e s t s  i s  the  r e s u l t  o f  d i f f e r e n t  t e s t  t r a i n  e x i t  pressures i n  

'each t e s t .  However, the  steeper curves o f  Tests 6 and 7 tend t o  i n d i c a t e  t h e  

smoother na ture  o f  t he  w a l l s  o f  t he  new channel. 

The gasdynamic s k i n  f r i c t i o n  c o e f f i c i e n t ,  Cf, f o r  Tests 6 and 7 was 

c a l c u l a t e d  i n  t he  same manner 'as f o r  prev ious t e s t s  [2]. Ca lcu la ted  values o f  

Cf are shown i n  summary form i n  Fig. 5.9. ~ l t h o u ~ h  l a r g e  sca t te r  o f  these 

computed values i s  evident,  because o f  the  s e n s i t i v e  nature o f  the  measure- 

ment, it appears t h a t  the f r i c t i o n  c o e f f i c i e n t  o f  Channel 2 i s  approximately 

0.01. Somewhat h igher  values were i n d i c a t e d  du r ing  Test  7 than du r ing  Tes t  6, 

as expected. . F igure 5.9 a l so  sumarizes the range of c a l c u l a t e d  f r i c t i o n  coe- 

f f i c i e n t s  f o r  Tests 2, 3, 4, and 5 [1,2,3], and presents a l l  o f  t h i s  informa- 

t i o n  as a func t i on  o f  the accumulated power-generation run t ime o f  the  chan- 

nel .  For convenience, the  t ime se lec ted  t o  charac ter ize  each t e s t  i s  t he  mid- 

p o i n t  o f  the  t ime requ i red  fo r  t he  t e s t .  It i s  observed tha t ,  w i t h i n  t h e  scat-  

t e r  o f  the f r i c t i o n  c o e f f i c i e n t  values, they tend t o  incrqase s t e a d i l y  w i t h  

run time. This t rend  i s  a lso-cons is ten t  w i t h  the  measured increase o f  t h e  

channel heat  t r a n s f e r  from t e s t  t o  t e s t ,  as w i l l  be discussed i n  Sect ion  5.4. 

F igure  5.10 shows Cf, determined from. the measured gasdynamic parameter 

d i s t r i b u t i o n  a long t h e  channel, as a f u n c t i o n  o f  Reynolds number. Th is  f i g u r e  

a lso  shows the Cf  values c a l c u l a t e d  on the  bas is  o f  "rough" p ipe  f l ow  o f  

re1  a t i v e  roughness, kS/d, between 0.005 and 0.1. Th i s  f i g u r e  con f i rms .  the  

t r e n d  a1 reacly discussed, t h e  increase o f  s k i n  f r i c t i o n  c o e f f i c i e n t  values w i t h  

run time. as a r e s u l t .  o f  the  eros ion  o f  ceramic mater ia l  from the  channel 

surface. 



Fig.  5.8 Ax ia l  pressure d i s t r i b u t i o n s  du r ing ,  warm blow 

Accumulated power-producing t e s t  t ime, h . . 2 j d . ~ ; , : : , ~  

I , -. . < - .  

Fig. 5.9 Channel f r i c t i o n  c o e f f i c i e n t s  f o r d i f f e r e n t  t e s t s  a t  t he  U - 2 5 ~  :'' '"-' 

. . . . .  
f a c i  1 i ty  (numbers adjacent  t o  arrows. denote t e s t  numbers) 
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Fig.  5.10 F r i c t i o n  c o e f f i c i e n t  i n  c o n s t a n t ~ a r e a  ' ' sect ion o f  channel as a 
f u n c t i o n  o f  Reynol ds number 

5.3.2 - Computed and Measured Cold and Warm Blow S t a t i c  Pressure D i s t r i b u t i o n s  

F igures  5.11 and 5.12 show, i n  t he  same order, the  s t a t i c  pressure 

d i s t r i b u t i o n  measured along the channel dur ing  Test No. 6 a t  mass f l ow  r a t e s  

o f  4.1 and 3.6 kg/s. The corresponding s tagnat ion  temperatures were 380 K and 

710 K. F igure 5.13 dep ic t s  t h e ' s t a t i c  pressure d i s t r i b u t i ' o n  a long t h e  channel 

du r ing  Test No. 7 f o r  mass f low r a t e  o f  3.9 kg/s a t  a s tagnat ion  temperature 

o f  367 K. The ANL quasi-three-dimensional MHD generator code'Cl31 was used t o  

p r e d i c t  the  pressure d i s t r i b u t i o n  f o r  these cases. Very good agreement was 

obta ined between ' t h e  a n a l y t i c a l  p r e d i c t i o n s  and the  measurement data f o r  

assumed e f f e c t i v e  w a l l  roughness, kS,  o f  0.001 m f o r  Test  No. 6 and 0.003 m 

f o r '  Test No. 7. These f i n d i n g s  a re  i n  agreement w i t h  the  r e s u l t s  presented i n  

t h e  prev ious sect ion, which i n d i c a t e d  t h a t  t h e  channel w a l l  became rougher i n  

Test No. 7 than ' i t  had been i n  Test No. 6, because o f  e ros ion  o f  t h e  ceramic 

1 i n ing  o f  t he  channel surface. 

5..4 Heat Transfer  Charac te r i s t i cs  o f  t h e  MHD Channel 

Dur ing the  f i r s t  t e s t s  a t  t he  U-25B f a c i l i t y ,  t o t a l  heat  l o s s  i n  t h e  

channel was determined, i n  a d d i t i o n  t o  gasdynamic and e l e c t r i c a l  channel 

performance, through c a l o r i m e t r i c  measurements o f  the  c o o l i n g  water. Exper i -  

mental data have been obta ined f o r  bo th  Channe ls ' l  and 2. Some o f  these r e -  
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F i g .  5.13 Axial pressure 
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su l t s  are summarized i n  Fig. 5.14, where heat losses are presented as a func- 
tion of the operating time for Channel 1 (Tests No. 3, 4, 5) and Channel 2 

(Test No. 6) for  different  operating parameters. Increased heat loss  w i t h  

increase in mass flow rate  of plasma and i n  oxidizer oxygen enrichment i s  
apparent. 

Heat loss  data for  Channel 2 are  i n  satisfactory agreement w i t h  those fo r  
Channel 1, and support the conclusion, previously reported [31, t ha t  heat l o s s  ., 

increases as a function of power generating time. 

Increase of thermal losses with the increase i n  channel 1 i f e  can be a t -  

tr ibuted to: a )  gradual increase i n  wall 'roughness (and the resulting i n -  

crease i n  the f r ic t ion  coef f ic ien t ) ,  and b) decrease i n  channel wall tempera- 
ture  as a resul t  of par t ia l  loss  of ceramic packed i n  the frame grooves. 

During Test 7, systematic studies of heat t ransfer  i n  the channel were 
begun. For the f i r s t  time, measurements of fluxes along ' the  channel were 
taken. T h i s  was accompl ished by calorimetric measurements of the cool ing 
water for  four groups of frames: Group 1, frames 18 and 20; Group 2, frames 
85,.87, and 89; Group 3, frames 121, 123, and 125, and Group 4, frames 138 and 



Fig .  5.14 
Representat ive 

10 . . 20 30 40 50 ' . channel heat 
r e j e c t i o n  ra tes  
from several t e s t s  

I 140. For each group, mass f low r a t e  o f  water and increase i n  temperature were 

1 measured. The measurement system i s  diagrammed i n  Fig. 5.15. Water 

temperature measurements were taken w i t h  thermocoupl es l oca ted  a t  ' t he  

discharge o f  frames 18, 85, 121, and 138, ou ts ide  the  "warm" bore of t h e  

magnet and e l e c t r i c a l l y  i n s u l  a ted  from t h e  channel.  his approach pe rm i t t ed  

measurements dur ing  the  e n t i r e  t e s t ,  w i t h  and w i thou t  magnetic f i e 1  d and under 

power generat ing condt ions. No not iceab le  e f f e c t s  o f  e i t h e r  the  magnetic I 

f i e l  d o r  1 eakage 'currents through t h e  cool  i ng water upon thermocoupl e read i  ngs 

were observed. At  magnetic f i e l d s  o f  up t o  4 T, a d d i t i o n a l  measurements o f  
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F i g .  5.15 Schemat ic o f  system f o r  measur ing  he,at f l u x e s  d u r i n g  T e s t  No. 7 



i nc rease i n  cool i ng water temperature were performed f o r  frames 85-89, by 

means o f  a d i f f e r e n t i a l  thermocouple w i t h  s e n s i t i v 4 t y  o f  0.7 mV/PC. The' 
' 

ana l ys i s  showed t h a t  heat  l o s s  t o  the  water  somewhat exceeds t h a t  computed on ' 

I the bas is  o f  i n d i v i d u a l  thermocouples i n s t a l l e d  a t  the i n l e t  and o u t l e t  o f  ' 

I t h i s  group o f  Frames. 
I . . .  

To asce r ta in  f u r t h e r  t he  e f f e c t  o f  heat l o s s  along the  f l ow  t r a i n  upon 

the  'accuracy o f  ca1,or imetr ic measurements, water temperature r i s e  .,was 

determi ned by i n d i v i d u a l  temperature measurements a t  the  i n l e t  and o u t l e t  o f  

frame No. ' 89, w i t h i n  the  magnet warm bore, dur ing opera t ion  w i thou t  t h e  
rr' 

magnetic f i e l d .  Comparison o f  these data w i t h  those obta ined ou ts ide  the  

magnet warm bore i n d i c a t e d  good agreement ( w i t h i n  a few percentage p o i n t s ) .  

Mass f low r a t e  o f  c o o l i n g  water was determined a t .  each measuring l o c a t i o n  

by means o f  c a l i b r a t e d  o r i f i c e s .  Valves were i n s t a l l e d  i n  each l i n e ,  t o  

pe'rmit smooth c o n t r o l  o f  t he  water f low.  
r 

Data obta ined from the  thermocouples and water f l  ow-measuring o r i f i c e s  

were f e d  t o  a spec ia l  c o n t r o l  panel, where c o n t r o l  valves were a l so  

i n s t a l l e d .  , Data from the  d i f f e r e n t i a l  thermocoup!e were recorded by t h e  DAS. 

Dur ing the  tes t ,  t he  mass f l ow  r a t e s  o f  water i n  each experimental  branch 

were so s e t  as t o  ensure s u f f i c i e n t l y  h igh  and, a t  the  same time, sa fe  water 

heat ing, ~ t :  Dur ing maximum power output,  ~t values were as h igh  as 37 "C. 

Table 5.1 1 i s t s  the  d i s t r i b u t i o n s  o f  thermal f l uxes  a long t h e  channel f o r .  

a number o f  t y p i c a l  opera t ing  modes du r ing  Tes t  7. The t a b l e  shows t h a t  t he  

heat  f l u x  t o  the channel wa l l  reached -3.3' b!w/m2* a t  t h e  upstream sec t ion .  

As a ru le ,  heat  f l u x  values a t  t h e  channel entrance d i d  n o t  exceed those 

f o r  the  channel e x i t  (Group 3) by more than a f a c t o r  o f  three. Typ ica l  

* I n  R e f .  14 ,  a  v a l u e  o f  3 . 5  M W / ~ ~  i s  quoted .  T h i s  d i s c r e p a n c y  r e s u l t g  f r o m  
t h e  f a c t  t h a t ,  i n  R e f .  1 4 ,  t h e  copper  s u r f a c e  o f  t h e  f rames  was used i n  t h e  
d a t a  r e d u c t i o n ,  whereas,  h e r e  t h e  gas  s i d e  s u r f a c e  of t h e  i n t e r e l e c t r o d e  
i n s u l a t o r  i s  a l s o  i n c l u d e d .  



Tab le  5 . 1  
Heat  F lux  D i s t r i b u t i o n  Along t h e  Channel 

T e s t  No. 7 ,  U-25B 

Heat  F l u x ,  M W / ~ ~  

IVTAN 
\ 

X = '  X = X = X = 
~ e a s  No. 0.837 m 2.731 m 3.731 m 4 .197.  rn 



thermal f l u x  d i s t r i b u t i o n s  a long t he  channel f o r  a  number o f  ope ra t i ng  modes 

are shown i n  F ig .  5.16. It can be 'seen t h a t  the  heat  f l u x  d i s t r i b u t i o n s  were 

s u f f i c ' i e n t l y  smooth, except  a t  t h e  f o u r t h  group o f  frames, x  - 4.2 m, where 

c o n s i s t e n t l y  . . h igh,  va lues ,  o f  hea t  f l u x  were observed. However, hea t  f l u x  

changes i n  t h i s  r e g i o n  correspond f u l l y  t o  changes i n  o p e r a t i n g  mode parameter 

and i n  heat  f l u x  va lues i n  the o t h e r  sec t ions .  

The reason f o r  hea t  f l u x  h i ghe r  va lues i n  t h e  r e g i o n  o f  frame group No. 4 

I a re  n o t  c l e a r  a t  . t h i s  t ime. It may be r e l a t e d  t o  an inc rease  i n  w a l l  

I roughness near t h e  end. o f  the  channel, t o  t h e  complex f l o w  p a t t e r n s  caused by 

I the ex is tence  o f  a  shock, t o  gas r a d i a t i o n  f rom t h e  d i f f u s e r ,  o r  t o  a  

combinat ion o f  those, f a c t o r s .  

F i g u r e  5.17 p resen ts .  thermal f l u x e s  as a  f u n c t i o n  o f  t ime d u r i n g  Tes t  7  

f o r  the four  cross sec t i ons  under i n v e s t i g a t i o n :  Ana l ys i s  o f  these data shows 

t h a t  changes i n  thermal f l u x ~ s  correzpond c l o s r l y  t o  changes i n  major  t e s t  

parameters, such as mass f l ow  r a t e  o f  plasma, plasma composit ion, mass f l o w  

r a t e  o f  seed, and magnet ic f i e l d .  

A t  t h e  beg inn ing  o f  t he  t e s t  ( a t  - 11:30; see a  i n  t he  f i g u r e ) ,  a  - 
s u b s t a n t i a l  i nc rease  i n  hea t  f l u x  i s  observed, the  r e s u l t  o f  i n c r e a s i n g  oxygen 

enrichment, f rom 21 vo l  % t o  approx 49 vo l  %, and mass f l o w  r a t e  o f  plasma, 

f rom - 2 kg/s  t o  - 3.3 kg/s. 

. . I 

A summa.ry o f  da ta  on t he  e f f e c t  o f  oxygen enr ichment  upon hea t  f l u x  i n  

the absence o f  magnet ic f i e l d  and. i o n i z i n g  seed i s  dep i c ted  i n  F ig .  5.18, i n  

terms o f  t he  r a t i o ,  q/q2005, where qzoe5 i s  hea t  f l u x  a t  20.5 v o l  % O2 e n r i c h -  

ment. From. t h a t  f i g u r e ,  one cari see t ha t ,  ' f o r  cons tan t  combustion mass f l o w  

r a t e ,  r a i s i n g  oxygen enr ichment f rom 20.5 vo l  % t o  47 v o l  %, l eads  t o  an 

increase o f  50-70% i n  hea t  f l u x  a l o n g  the  channel.   his r e s u l t  i s  con f i rmed 

by c a l c u l a t i o n s  o f  combustion p roduc ts  entha lpy,  which i n d i c a t e  a  60% inc rease  

i n  en tha l  py under . these c o n d i t i o n s .  
. . 

. .. . .  

It can be seen f rom F ig .  5.17 t h a t ,  a f t e r  seed i n j e c t i o n  (- 12:15 h; see 

b ) ,  the  hea t  f l u x  i n  t h e  f i r s t  measuring s e c t i o n  decreased by 12% i n  15 - 
minutes., Th i s  may be re1 a t e d  t o .  t h e  processes , o c c u r r i n g  i n  t h e  combustor 

. . 
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F i g .  5.16 Ax ia l  d i s t r i b u t i o n  o f  l o c a l  h e a t  f l u x  a t  var ious  t e s t  c o n d i t i o n s  
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F ig .  5.17 H i s t o r i e s  o f  heat  f l u x  measurements 



3 0 4 0 
Oxygen Enrichment, vol  % 

F ig.  5.18 E f fec t  o f  oxygen enrichment on l o c a l  heat  f l u x  (G=2.2 kg/s, B=O T) 

dur ing adjustment o f  seed i n j e c t i o n ,  as we l l  as t o  poss ib le  seed depos i t ion  on 

channel wal ls .  I n  the  second measurement section, t he  decrease i n  the  heat  

f l u x  was less ,  and no decrease was observed i n  sect ions 3 and 4. 

Between 14:OO and 14:30 h (see - c) ,  seed i n j e c t i o n  was ' in te r rupted and t h e  

combustor was adjusted f o r  operat ion near SR o f  1.0. D u r i n g ' t h i s  adjustment, 

t h e  s to i ch iomet r i c  r a t i o  was- as low as 0.7 and t h e  mass f low r a t e  o f  t h e  t o t a l  

combustion products was reduced by 10-30%. The observed decrease i n  t h e  

o v e r a l l  heat  f l ux .  l e v e l s  and' t h e i r  f l u c t u a t i n g  values dur ing  t h i s  time, are  
a 

a t t r i b u t e d  t o  t r a n s i e n t  processes w i t h i n  the  combustor. 



The nature o f  heat f l u x  v a r i a t i o n s  between 14:30 and 21:00, h (see d l ,  
7 

when the  mass f low r a t e  o f  co'mbustion products was mainta ined constant  a t  

- 3.3 kg/s, oxygen enrichment was a t  approx 50%, and magnetic f i e l d  va r i ed  

between 3 and 5 T, i s  o f  i n t e r e s t .  When the channel was subjected t o  a s t rong 

magnetic f i e 1  d under1 these cond i t ions ,  the  behavior o f  thermal f l u x e s  along 

the channel changed. E a r l i e r ,  most s i g n i f i c a n t  changes i n  heat  f l u x  w i t h  

changes i n  opera t ing  mode parameter were occu r r i ng  a t  th'e channel entrance, 

where heat f l u x  i s  maximum. A t  B = 4 T o r  higher,  heat  f l u x  began t o  d i sp lay  

s i g n i f i c a n t  changes i n  the second measuring 1 ocat ion,  where the  magnetic f i e l d  

i s  maximum. . It i s  of p a r t i c u l a r  i n t e r e s t  t o  observe the  behavior  o f  heat  f l u x  

a t  the  second measuring l o c a t i o n  when seed f l ow  was i n t e r r u p t e d  (16:OO-17:OO h 

see - e), then re -es tab l  ished. A t  the moment seed i n j e c t i o n  was i n t e r r u p t e d ,  a 

decrease o f  up t o  40% i n  heat  f l u x  was observed; heat f l u x  values a f t e r  the 

f i r s t  and second i n t e r r u p t i o n  were nea r l y  the  same. A t  o the r  measuring loca-  

t i ons ,  changes i n  heat  f l u x  were considerably  smal ler.  As est imates show, 

when seed i n j e c t i o n  i s  i n t e r r u p t e d ,  heat  f l u x  t o  the  wa l l  may decrease (by 

tens. o f  percentage p o i n t s )  because of /a decrease i n  r a d i a n t  heat  f l u x .  I n  

add i t i on ,  the  r e s u l t s  obta ined may be r e l a t e d  t o  changes i n  channel f l ow  t h a t  

a re  caused by e lect romagnet ic  i n t e r a c t i o n .  S tud ies  show t h a t  shock system 

l o c a t i o n  i n  t he  U-25B channel depends s u b s t a n t i a l l y  on the  degree o f  e l e c t r o l  

magnetic i n t e r a c t i o n .  With r e l a t i v e l y  h igh  i n t e r a c t i o n  (B = 5 T I ,  shocks are 

l oca ted  between 2.7 t o  3.2 m y  i.e., i n  the  reg ion  o f  the  second measurement 

l o c a t i o n ,  whereas, i n  the absence o f  i n t e r a c t i o n  (no seed i n j e c t i o n ) ,  the 

shock system s h i f t s  downstream. It i s  known, t ha t ,  i n  t he  presence o f  a  shock 

system, the na ture  o f  the  f l o w  changes s u b s t a n t i a l l y ,  and the  heat  f l u x  t o  the  

wa l l  may increase considerably .  Most 1 i k e l y ,  the  f l ow  s t r u c t u r e  changed when 

seed was i n t e r r u p t e d ,  and heat  f l u x  a t  t he  second measurement l o c a t i o n  de- 

creased because the shock system had s h i f t e d  downstream. A t  the  same, t ime, 

. t he  heat  f l u x  increased somewhat a t  the  t h i r d  and f o u r t h  groups o f  frames, 

l oca ted  near the channel . e x i t .  It i s  a l so  poss ib le  t h a t  the  e f f e c t  observed 

i s  re la ted .  t o  c e r t a i n  complex mechanisms produced by e lect romagnet ic  i n t e r a c -  

t i o n .  

Dur ing the  f i n a l  t e s t  stage ( a f t e r ,  21:OO h; see - g),  s i g n i f i c a n t  increase 

i n  heat f l u x  was observed a t  a l l  measuring sect ions,  caused p r i m a r i l y  by 

inc rease o f  t h e  mass f l o w  r a t e  o f  combustion products t o  5 kg/s. The shock 



Load Current, A 

Fig .  5.19 E f f e c t  o f  load c u r r e n t  on l o c a l  heat  f l u x  

.system s h i f t e d  downstream dur ing t h i s  time, bu t  shock i n t e n s i t y  decreased, 

because e l  ectromagnetic i n t e r a c t i o n  i ?creased simul taneously . 

During the same period, maximum power output  was obtai.ned. F igure 5.19 

shows measu~ed heat  f l ux ,  q,, as a func t i on  o f  channel l o a d  current .  The 

experimental va lues '  of qw correspond t o  po in ts  on the  V - I  c h a r a c t e r i s t i c  o f  

\ t h e  generator taken under the  f o l  lowing opera t ing  condi t ions:  mass f low r a t e  

o f  5 kg/s, oxygen enrichment o f  50 vol  %, magnetic f i e l d  o f  5 T, and'cesium 

aceta te  seed. Maximum power achieved dur ing  t h i s  p e r i o d  was 1.5 MW. Dur ing 

t h i s  operat ing mode, l oad  cur rent ,  IL, var ied  w i t h i n  270 A < IL& 540 A. F igure 

5.19 shows t h a t  qi i s  p r a c t i c a l l y  independent o f  IL. This  conc lus ion  holds a t  

a l l  four  measurement l oca t ions .  Scat te r  o f  experimental data po in ts  d i d  n o t  

exceed a few percentage po in ts .  



It should be noted tha t ,  dur ing  the operat ion o f  the  f a c i l i t y ,  z i r c o n i a  

packed i n  the e lec t rode grooves was ablated. This  leads t o  an increase i n  

heat losses, an e f f e c t  t ha t ,  apparent ly,  was .most pronounced du r ing  the  f i n a l  

stages o f  the t e s t ,  under the cond i t i ons  o f  maximum genera.ted power. To 

i n v e s t i g a t e  t h i s  e f f e c t ,  the data obta ined need more ca re fu l  ana lys is ;  hence, \ 

1 

i n  the fu tu re ,  the scope o f  heat  f l u x  measurements should be increased. 
I 

I 

For a d e t a i l e d  ana lys i s  o f  the r e s u l t s  o f  Test 7, in fo rmat ion  i s  needed 

as t o  the d i s t r i b u t i o n  o f  wa l l  sur face temperature along the  channel. I n  a 

g iven measuring cross sect ion,  average wa l l  temperature, may be evaluated 

by us ing the f o l l o w i n g  r e l a t i o n s h i p :  
I 

where, 

T1 = Cool ing water temperature a t  frame i n l e t ,  

T2 = Cool ing water temperature a t  frame e x i t ,  

qw = Heat f l u x  determined as the r a t i o  o f  measured heat  l o s s  t o  frame area, 

Rth = E f f e c t i v e  thermal wa l l  res is tance,  and 

hw = Cool ing water f i l m  heat t r a n f e r  c o e f f i c i e n t .  

~ i l '  heat t r a n s f e r  c o e f f i c i e n t ,  hw, was determined from the f o l l  owing 

equat ion r e l a t i n g  the  Nussel t number, Nu, t o  the  Reynolds number, Re, and the 

P rand l t  number, P r .  

0.8 pr0.43 Nu = 0.021 Re , (5.2) 

E f f e c t i v e  thermal res i s tance  was evaluated, us ing  the re1 a t ionsh ip :  

where hg = gas f i l m  heat  t r a n s f e r  , c o e f f i c i e n t ,  ew = r e l a t i v e  average wa l l  

temperature,' determined as f o l l  ows: 



@ Single -groove  frame 

0 Doubl e-groove frame 
. . 

( 

I I 
2' l o 3  Heat T r a n s f e r  C o e f f i c i e n t  o f  Plasma F i l m ,  W/m . K  

\ 

F ig .  5.20 Thermal res i s tance  o f  frame wa l l  as a f u n c t i o n  o f  t he  heat  

t r a n s f e r  c o e f f i c i e n t  o f  the  plasma 

.- 
I n  the  above equation, tw , i s  the  average t h e o r e t i c a l  w a l l  temperature, 

, t h e  combustion products temperature, and Tcw t h e  c o o l i n g  water temperature. 
T ~ e  

I 

I n  the f i n a l  ana lys is ,  the  problem i n  determin ing Rth i s  reduced t o  

s o l v i n g  f o r  t he  temperature f i e l d  i n  a frame, t a k i n g  i n t o  account i t s  ac tua l  

geometry. Temperature f i e 1  ds were c a l c u l a t e d  f o r  frame elements w i t h  one and 

two grooves, t a k i n g  i n t o  account t h e i r  l o c a t i o n  r e l a t i v e  t o  f low d i r e c t i o n  

( i .e., s t r a i g h t  and skewed frame elements) . Thermal frame res is tance,  Rth, 

was assumed t o  be an a r i t h m e t i c  average o f  thermal res i s tance  o f  " s t r a i g h t "  

and "skewed" frame e l  ements. Cal cu l  a t i ons  were performed f o r  d i f f e r e n t  Tpa 

and hg. The f u n c t i o n  R ( h  ) was determined on t h e  bas i s  o f  th: r e s u l t s  o f  
t h  g 

those c a l c u l a t i o n s .  Calculated values o f  thermal res is tance,  Rth, as a 

func t i on  of h f o r  frames w i t h  one o r  two grooves a r e  shown i n  Fig. 5.20. It 
9 

can be seen t h a t  values o f  Rth f o r  frames w i t h  one groove a r e  cons iderab ly  



h ighe r  and depend upon the  heat  t r a n s f e r  c o e f f i c i e n t  t o  a l a r g e r  degree than 

i s  the case w i t h  frames having two grooves. 

Using known values o f  qw and T (ob ta ined by means o f  gasdynamic 
Pa 

i ana l ys i s )  and the  f u n c t i o n  R ( h  1, and us ing  Eq 5.1, Tw can be determined f o r  
t h  g 

every measurement 1 oca t i on  by i t e r a t i o n .  

The r e s u l t s  o f  ana lys i s  f o r  Tw along the  channel, f o r  t h e  f i r s t  t h ree  

measurement l o c a t i o n s  and f o r  a number o f  c h a r a c t e r i s t i c  ope ra t i ng  modes 

dur ing  Test No. 7, a re  presented i n  Table 5.2. The t a b l e  i n d i c a t e s  t h a t  wa l l  

temperature along the  channel does n o t  change monotonical ly.  Th i s  i s  the  

r e s u l t  o f  the f a c t  t ha t ,  a t  t he  f i r s t  measurement l oca t i on ,  t he re  a r e  two- 

groove frames t h a t  have a r a t i o  o f  metal-to-ceramic areas o f  1.29, which i s  

more than tw ice  t h a t  f o r  s ingle-groove frames. 

5.5 Determinat ion o f  Channel I nsu l  a t i o n  Resistance 

The res is tance o f  channel i n s u l a t i o n  du r ing  Test  No. 6 was determined by 

the method described p rev ious l y  [15]. Before seed i n j e c t i o n ,  a 400- t o  700-V 

dc p o t e n t i a l  was app l i ed  w i t h  an ex te rna l  source, and cu r ren ts  o f  no more than 

0.2-0.3 A were measured. On the  bas i s  o f  t h i s  measurement, t h e  equ iva len t  

res is tance,   RE^, was determined t o  be 1-2 kn. A f t e r  seed was i n j e c t e d  and 

then i n te r rup ted ,  R L ; ~  decreased t o  approximately 0.35 kn. For t h i s  s p e c i f i c  

va lue  o f   RE^, t he  r e l a t i v e  e l e c t r i c a l  c o n d u c t i v i t y  o f  t he  channel, dw which 

i s  de f ined as the  r a t i o  o f  plasma res i s tance  t o  wa l l  res is tance,  i s  given by 

i3 = 1/(115 u A). Here, u i s  t he  plasma c o n d u c t i v i t y  and A i s  the  channel 
W 

c ross-sec t iona l  area. 

Dur ing  Test  No. 7, t h i s  approach was supplemented by d i r e c t  measurement 

o f  channel leakage currents.  The res i s tance  o f  channel i n s u l a t i o n  was 

determined before  seed i n j e c t i o n .  T o t a l  c u r r e n t  leakage was 1.83 A a t  an 

e x t e r n a l l y  app l ied  vo l tage o f  1014 V dc; there fore ,   RE^ = 560 n. With t h i s  

e x t e r n a l l y  appl i ed source, 1 eakage cu r ren ts  a t  channel 1 ocat ions  t h a t  

correspond' t o  frames 4, 37, 109, and 150, were approximately 0.33 A, 0.14 A, 

0.01 A, and 0.34 A, i n  t h e  same order. Cur ren t  leakage values f o r  frames 

4 and 150 co inc ide  w i t h  c u r r e n t  leakage t o  ground a t  the  channel . i n l e t  and 



Table 5.2 

D i s t r i b u t i o n  o f  Thermal and Gasdynamic Parameters 
A1 ong t h e  Channel Du r i ng  Tes t  No. 7 a t .  t h e  U-25B F a c i l i t y  

Power, kW G, kg/s 

IVTAN Vx,  V Y ,  vo1 % 
Meas X Y  entha lpy,  P ,  <Tpl>. qwy Twy 
No. BY T Gseedy L/h m kca l / kg  a t a  K MW/& K m/s 

* = K seed, . ** = C seed 
S 

6 6 



o u t l e t .  To ta l  res i s tance  o f  t h i s  leakage c i r c u i t  i ' s  approximately 3 n. ~ a s e d  

on these measurements, in te r f rame res is tance i n  the reg ion  o f  frame 37 was 
. . 

approximately 70 n. D i s t r i b u t i o n '  of p 6 t e n t i a l  a long the  channel, corresponding 
, . .  , t o  these measurements, i s  shown i n  F ig.  5.21. 

I 

1 I n  Test No. 7,  RE^ was n o t  determined a f t e r  seed i n t e r r u p t i o n ;  hence, t he  

foregoing value of 3, was used' i n  the  l o c a l  ana lys is  o f  channel e l e c t r i c a l  
~ 

c h a r a c t e r i s t i c s . ~  The use o f  t h i s  expression, der ived from measurements taken 
I " '  

dur ing Test No. 6, was j u s t i , f i e d  on the  bas is  t ha t ,  f o r  s i m i l a r  opera t ing  

cond i t ions ,  . the e l e c t r i c a l  channel performance was q u i t e  s i m i l a r  f o r  t he  two 

t e s t s  (see Fig. 5.22, which shows a comparison o f  i n t e g r a l  V - I  c h a r a c t e r i s t i c s  

obta ined f o r  Tests 6 and 7 du r ing  s i m i l a r  gasdynamic opera t ing  cond i t i ons ) .  

Consequently, i t  can be concluded t h a t  the channel and o ther  f l o w  t r a i n  

elements were s u f f i c i e n t l y  i n s u l a t e d  du r ing  Tests No. 6 and 7. 

. Plasma c o n d u c t i v i t y  dur ing  the  two t e s t s  was determined from measurements 
:. , . % , ' ?  

obta ined dur ing  appl i c a t i o n  o f  an ex terna l  e1 ,ec t r i ca l  voltage. F igu re .  5.23 

dep ic ts  V - I  c h a r a c t e r i s t i c  o f  t he  plasma conta ined between the  power t a k e o f f  

'I 

F ig.  5.21 - Voltage d i s t r i b u t i o n  w i t h  an appl i e d  ex te rna l  source w i t h o u t  seed, 
. . 

Test No. 7, IVTAN Meas No. 998 



Fig. 5.22 Voltage-current load 

1  ine  cha r ac t e r i s t i c s ,  Tests No. 

6 and 7 ;  G = 4.5 kg/s, 

O2 = 50 vol % 

I I 
0 20 40 60 80 

Current.  A 

Fig. 5.23 V-I c h a r a c t e r i i t i c s  

o f  the channel w i t h  an applied 

external  source 



-, 

Fig.  5.24 D i s t r i b u t i o n  o f  vo l tage  during de t e rk ina t ion  of plasma impedance, 

using an ex t e rna l  source;  Tes t  No. 7 ,  IVTAN Meas No. 1025 

r eg ibns  of the channel.  Experimental poi i ts  f a l l  on a s t r a i g h t  l i n e .  The  

s lope  df the V-I c h a r a c t e r i s t i c  ob ta ined  during Tes't No. 7 is less s t e e p t h a n  

t h a t  ob t a i  ne-d during Te'st No. 6 ,  because h igher  average pl asma conduc t iv i t y  
was achieved i n  Tes t  No. 7. Typical po t en t i a l  d i s t r i b u t i o n  a long  the channel 
i s  shown' i n  Fig. 5.24. Conduct ivi ty  was es t imated  from these measurements, 

using equa t ions  given i n  Ref. 15. . . 

In add i t i on  t o  c a l c u l a t i n g  conduc t iv i t y  on the b a s i s  of experimental  V-I 
da t a ,  channel flow c a l c u l a t i o n s  were performed, using thermal and gasdynamic 
measurements, and t h e o r e t i c a l  equ i l  i briurn conduct ivi  t y  was determi ned. 

' Table' 5.3 p re sen t s  experimental.. and c a l c u l a t e d  t h e o r e t i c a l  e q u i l  ibr ium 

conduct ivi  t y  va lues  a long 'the channel.  

A s  t h a t  t a b l e  shows, t h e  d i s t r i b u t i o n  .of experimental plasma 

conduct i vi t y  , uexp, during Tes t  No. 6 has  a maximum i n  the channel ,  which 
r e s u l t s  from the presence of mixed flow i n  the channel,  w i t h  a shock occu r r ing  
i n  the v i c i n i t y  of x = 2.2 m. During Tes t  No. 7 ,  the d i s t r i b u t i o n  o f  uexp 

dec reases  monotonically a long the channel,  because the shock occu r s  between 
3.7 and 4.2 meters.  The computation of oexp accounts  f o r  conduc t iv i t y  non- 
u n i f o r m i t i e s  i n  the boundary l a y e r  and nonideal wall  insu l  a t i on .  Values f o r  
channel leakage r e s i s t a n c e s  were s e l e c t e d  on the b a s i s  of  d a t a  w i t h  the 
a p p l i e d  ex t e rna l  f i e l d  mentioned a t  t h e  beginning of this  sec t ion .  



Table 5.3 

~ x ~ e r i m e n t a ' l  and Theoret ica l  Equi 1 i b r i um Conduct iv i ty  D i s t r i b u t i o n s  

Test No. 6, IVTAN Meas No. 601 Test No. 7, IVTAN Meas No. 1025 

G = 2.12 kg/s, $ 
02 = 40 vO1 % 

G = 3.42 kg/s, $0 .= 50 .vol% 
2 . , 

seed - 1.2 mass % po tass i  um seed - 0.92 mass % potassium 

5.6 Channel E l e c t r i c a l  Performance 

5.6.1 Current D i s t r i b u t i o n s  i n  Takeoff  Regions 

Before Test No. 6, the  t a k e o f f  cu r ren t  d i s t r i b u t i o n  had been h igh ly  

nonuniform, w i t h  the l a s t  e lec t rode o f  t h e  i n l e t  and b x i t  t akeo f f  reg ions  
' ' 

c a r r y i n g  a Ilarge current .  The- r e s u l t s  o f  t he  e a r l i e r  t e s t s  have been usefu l  

i n  fo rmula t ing  an a n a l y t i c a l  model C161 f o r  p r e d i c t i o n  o f  . c u r r e n t  

d i s t r i b u t i o n s  and i n  suggesting ways to.  ob ta in  more uni form c u r r e n t  

d i s t r i b u t i o n  i n  the  takeo f f  regions. On the basis o f  p r e d i c t i v e  c a l c u l a t i o n s  

w i t h  t h i s  a n a l y t i c a l  model, t he  i n l e t  t a k e o f f  reg ion was moved i n  t h e  

downstream. d i r e c t i o n  (frames 12 through 23 f o r  Test No. 6, frames 11 through 

22 f o r  Test  No. 7 ) .  These changes i n  t h e  l o c a t i o n  o f  t h e  power t a k e o f f  reg ion  

resul ted,  as predicted,  i n  more uni form cu r ren t  d i s t r i b u t i o n s .  F igure 5.25 

presents measured i n l e t  takeoff ,  and Fig. 5.26 presents corresponding e x i t  

t akeo f f  cur rent  d i s t r i b u t i o n s .  Measurement Nos. 1125 and 1136 were taken 

dur ing  .Test No. 6 a t  mass flow rate,  G, o f  4.5 kg/s; oxygen enrichment, $, o f  

46 %; magnetic f i e l d  . i n tens i t y ,  B, o f  5 T; near s h o r t - c i r c u i t  cur rent .  (-330 

A), and near maximum power (-1 MW). Measurement Nos. 1875 and I865  were taken 
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dur ing  Test No. 7  a t  G = 5 kgls,  $ = 50 %, B = 5  T, near s h o r t - c i r c u i t  c u r r e n t  

(-540 A), and near maximum power (-1.35 MW) under Cs seeding cond i t ions .  I t  . 

i s  noted tha t ,  dur ing  Test  No. 6, the  maximum c u r r e n t  c o n d i t i o n  (Meas No. .. 

1125) has a  more uni form i n l e t  d i s t r i b u t i o n  than the maximum power c o n d i t i o n  

(Meas No. 1136). The opposi te was t r u e  dur ing  Test  No. 7. This  change i n  

behavior was the  r e s u l t  o f  d i s p l a c i n g  the i n l e t  power t a k e o f f  reg ion  by a  

s i n g l e  frame. A1 though p r e d i c t i v e  c a l c u l a t i o n s  were n o t  c a r r i e d  o u t  f o r  t he  

e x i t  c u r r e n t  t a k e o f f  region, t he  r e s u l t s  o f  t h e  i n l  e t  t a k e o f f  reg ion  suggested 

moving the  e x i t  c u r r e n t  t a k e o f f  region, dur ing  Test No. 7, from frames 132 

through 143 t o  frames 136 through 147. This displacement' r e s u l t e d  i n  a  more . 

even d i s t r i b u t i o n .  The shape o f  the d i s t r i b u t i o n ,  however, d i sp lays  an 

unexpected behavior, w i t h  e i t h e r  a  maximum o r  a  sharp d i s c o n t i n u i t y  a t  frame 

143. No expl anat ion  o f  t h i s  anomaly has y e t  been developed. 

5.6.2 Load L ine  Charac te r i s t i cs  1 

Dur ing Tests No. 6  and 7, as i n  a l l  prev ious tes ts ,  l oad  l i n e s  were 

obta ined f o r  each o f  t he  i nve r te rs ,  as we l l  as f o r  the e n t i r e  channel, under a  

v a r i e t y  o f  opera t ing  cond i t ions .  As a  ru le ,  the i n v e r t e r s  were ad jus ted  f o r '  

balanced operat ion ( the  same l o a d  cu r ren t  i n  each i n v e r t e r ) .  Because i t  was 

ev iden t  t h a t  t he  s to i ch iomet r i c  r a t i o ,  SR, i n f l uences  the  channel performance 

s t rong ly ,  care was taken t o  cons t ruc t  the load l i n e s  shown i n  Figs. 5.27, 

5.22, and 5.28 on t e s t  p o i n t s  corresponding t o  the  same s t o i c h i o m e t r i c  

r a t i o s .  L inear  regression ana lys i s  was used i n  drawing l o a d  l i n e s  from t h e  

se lec ted  po in ts .  

I n  opera t ing  cond i t i ons  wf t h  t o t a l  mass f low r a t e s  below 4 kgls ,  , t he  

slope o f  the cur ren t -vo l tage c h a r a c t e r i s t i c  fo r  i n v e r t e r  21 was l e s s  steep 

than those f o r  i n v e r t e r s  17 and 19, t h e  slopes of which were e s s e n t i a l l y  t he  

same ( f o r .  example, see Fig. 5.27). The d i f f e r e n c e  i n d i c a t e s  d i f f e r e n t  plasma 

impedance, most 1  i k e l y  associated w i t h  a  shock s t r u c t u r e  1  ocated a t  m i  d length  

i n  the channel. 

F igu re  5.22 shows the  l o a d  l i n e s  c h a r a c t e r i s t i c s  c lose  t o  t h e  ope ra t i ng  

cond i t i ons  t h a t  y i e l d e d  maximum power i n  Test No. 6, and those corresponding 

t o  s i m i l a r  cond i t i ons  du r ing '  Test No. 7. The l o a d  l i n e s  o f  the  i .nd iv idua1 

i n v e r t e r s  a re  shown as having approximately the  same slope, u n l i k e  t h e  case o f  



Fig. 5.27 Voltage-current 

load line characteristics, 

~ e s t  No. 6; G ='3'.6 kg/s, 
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Fig . 5.28 Vol tage-current 

load line characteristics, 

Test No. 7; G = 5.0 kg/s, 
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low mass flow r a t e  discussed above. Th i s  i n d i c a t e s  a more un i fo rm plasma 

impedance along the channel ; a1 though the s l  i g h t l y  d i f f e r e n t  slope o f  t he  1 oad 

l i n e  f o r  i n v e r t e r  17 suggests t h a t  t he  f r o n t  o f  t he  channel operated a t  lower  

plasma impedance. During Test No. 7, steps were taken t o  reduce the  amount o f  

c o l d  purge a i r  i n j e c t e d  i n t o  the  channel and t o  opt imize the combustor 

s to i ch iomet r i c  r a t i o .  As a r e s u l t ,  the c o n d u c t i v i t y  i n  Test No. 7 was 

increased, as was the  power output.  

F igu re  5.28 shows the l o a d  l i n e s  f o r  potassium and cesium seeding a t  t h e  

design mass f low r a t e  o f  5 k g l s  dur ing  Test No. 7. The same observat ions made 

f o r  F ig.  5.22 can be made here. The slopes o f  the  l o a d  l i n e s  f o r  t he  th ree  

i n v e r t e r s  are even c l o s e r  together  f o r  cesium operat ion, suggesting even more 

un i fo rm plasma impedance a long t h e  channel. It should be noted t h a t  t h e  l o a d  

1 ines  corresponding t o  po tass i  urn seeding were no t  obta ined under optimum 

s t o i c h i o m e t r i c  r a t i o ;  i n  f ac t ,  they were obta ined a t  a s to i ch iomet r i c  r a t i o  

(SR) o f  -0.96, and are  f a i r l y  c l o s e  t o  those shown i n  Fig. 5.22 f o r  Test  No. 6 

a t  a mass f low r a t e  o f  4.5 kg/s and SR -0.98. The maximum power achieved i n  

Test No. 7 under cond i t ions  corresponding t o  the  potassium l o a d  l i n e s  o f  F ig.  

5.28 was -900 kW. When the  combustor was opt imized t o  SR -0.88, power 

increased by approximately 40 % and reached approx 1.3 MW. A1 though a l o a d  

1 i n e  was n o t  taken a t  t h i s  cond i t ion ,  t he  ope ra t i ng  p o i n t  t h a t  y i e l d e d  -1.3 MW 

i s  shown i n  the f i g u r e  f o r  comparison. 
I 

5.6.3 Tota l  Power Output 

Previous t e s t s  w i t h  Channel No. 1 were no t  d i r e c t e d  toward ach iev ing  t h e  

design maximum power o f  the generator.  They prov ided oppor tun i ty  t o  improve 

f a c i l i t y  performance and t o  b u i l d  conf idence i n  t h e  opera t iona l  sa fe t y  o f  t h e  

channel and magnet over a wide range o f  opera t ing  cond i t ions .  Test 7 was 

planned, i n  par t ,  t o  reach the  maximum' design condi t ions.  Power l e v e l s  

achieved i n  Test 7, corresponding t o  potassium and cesium seed, a re  shown i n  

F ig .  5.29. Higher '  power l e v e l s  than those shown i n  t h i s  f i g u r e  were obta ined 

by op t im iz ing  the f a c i l  i t y  cond i t i ons  and, i n  p a r t i c u l a r ,  t he  s t o i c h i o m e t r i c  

r a t i o  and t h e  mass f l ow  r a t e  o f  seed. 

Power-per-uni t mass f low. achieved f o r  each tes t ,  except the  shakedown 

Test No. 1, are  summarized i n  Fig. 5.30. This comparison i l l u s t r a t e s  t h e  



I I T e s t  Number 

400 1 Cesium 
Fig .  5.29 ( l e f t )  Experimen- 
t a l  power l e v e l s  achieved 
near design cond i t i ons  
i n  Test No. 7; G=5 kg/s, 
0; = 50 vol%, B = 5  T  

o I I I I I F ig .  5.30 (above) H i s t o r y  
o loo 200 , 300 400 500 600 - o f s p e c i f i c p o w e r o u t p u t  . 

Load C u r r e n t ,  A o f  U-256 (B=5 T) 

matur ing o f  the U-25B t e s t  program. The s p e c i f i c  power achieved i n  Test  7, 

approximately 0.3 Ml/kg, exceeds t h a t  obta ined i n  o ther  MHD f a c i l i t i e s ,  w i t h  

t h e  except ion o f  the  much l a r g e r  U-25 MHD p i l o t  p lan t .  
. . . .  . 

5.7 In te r f rame Vol taqe Nonuni formi  t i e s  

5.7.1 Ax ia l  D i s t r i b u t i o n  of In te r f rame Voltage 

Typ ica l  a x i a l  d i s t r i b u t i o n s  o f  i n te r f rame vo l tage a re  shown i n  Figs. 5.31 
\ 

and 5.32 f o r  o v e r a l l  Ha l l  vo l tages approaching 5  kV. These d i s t r i b u t i o n s  a r e  

cha rac te r i zed  by large,  shor t -per iod  nonuniformi t i e s ,  w i t h  several i n t k r f rame 

i n s u l a t o r s  sus ta in ing  more than 80 v o l t s .  Approximately t h i r t y  minutes a f t e r  

swi t c h i n g  t o  cesium seed, t he  d i s t r i b u t i o n s  became not iceab ly  'smoother, as 

i l l u s t r a t e d  by Fig. 5.32. These s p a t i a l  f l u c t u a t i o n s  o f  - in te r f rame vo l tage  



Fig.  5.31 (above) D i s t r i b u t i o n  o f  i n t e r f r a m e  vo l  tage; Test No. 7, ANL 
Meas No. 5686, H a l l  vo l t age  = 4720 V 

F ig.  5.32 (below) D i s t r i b u t i o n  o f .  i n te r f rame vol tage;  Test No. 7, ANL 
Meas No. 5806, H a l l  vo l t age  = 4965 V 

were quasi-stea*, w i t h  some d i s t r i b u t i o n s  o f  h igh  and 1 aw-i nterframe vo l tages  

maintained f o r  long per iods o f  t ime (hours) dur ing  l o a d  changes. Pos t - tes t  

i n s p e c t i o n  revealed only  two weak i n t e r e l e c t r o d e  gaps (31-32 and 57-58) , where 

i n te r f rame res is tances  was l e s s  than 10 n. 



The nature o f  these vol tage d i s t r i b u t i o n s  was determi ned by s t a t i s t i c a l  

ana lys is  o f  three groups L o f  frames (25-53, 60-90, and 95-1301, corresponding 

1 t o  regions connected t o  the  th ree  i n v e r t e r s .  The in ter f rame voltage,* En, i s  

I def ined as the vol tage d i f f e r e n c e  between frames n  + 1 and n. The average i n -  
ter f rame voltage, En, was determined by the  l e a s t  squares fit o f  a  quadra t ic  

f u n c t i o n  t o  the  measured vo l tage d i ' s t r i b u t i o n  o f  each of the th ree  groups of 

frames. , The mean i nterframe vol tage,  <E>, was determined f o r  each group by 

t h e  equation: 

The normal ized i n te r f rame vo l tage dev ia t ion ,  An, i s  de f ined by: 

I 

The r o o t  mean square value o f  the  normal ized in te r f rame vol tage dev ia t i on  i s  

def ined i n  the  usual fashion:  

I I 

I 

The r o o t  mean square .va lue  o f  the  . interframe vol tage deviat ion,  E  n, 

def ined as En - En, can be computed i n  the  same manner. Note tha t ,  f o r  - 
E = <E>, EiMS n  = <E> ARMS. Twenty-eight se lec ted  instances ( twen ty - f i ve  

I w i t h  a  magnetic f i e l d  o f  5  T) from Test  No. 7 .were analyzed. The r o o t  mean 

square values o f  t he  normal ized '  dev ia t i ons  are shown i n  Fig. 5.33 as a  

f u n c t i o n  o f  mean. in te r f rame vo l tage f o r  each o f  t he  th ree  groups o f  frames. 

Note t h a t  ARMS decreases f o r  the l a r g e r  mean in te r f rame vo l tage 1  eve1 s, and 

t h a t  the  values f o r  cesium seed f a l l  below those f o r  potassiym. The data of 

/ 
F ig.  5.33 are  f a i r l y  we l l  described by the  inverse  r e l a t i o n ,  ARMS = C/<E?, i f  

I t h e  mean in te r f rame voltage, <E>, i s  g rea te r  than 10-15 v o l t s .  For potassium, 
1 t he  con-stant  C i s  15 v o l t s ;  f o r  cesium, i t  i s  7.8 v o l t s .  ' 

I 



O FRAMES 25-53 
a FRAMES 60-90 
0 FRAMES 95-130 

1.3 
OPEN : K- SEED 

\ 
CLOSED : Cs-SEED 

\ 0 K - C S  TRANSITION POINT 

F ig .  5.33 Root mean 
square o f  normal i z e d  
vo l tage dev ia t i on  vs  
mean i nter f rame 
vo l  tage (open symbol s 
i n d i c a t e  K seed: 
c losed symbol s , 'CS 

seed) 

For  = cE>, namely, f o r  constant  H a l l  f i e l d ,  C i s  approximately equal t o  n 

E~~~ and, hence, the RMS magnitude o f  the  vol tage dev ia t ions  i s  near ly  

independent of the average Hal 1 vo l  tage. The presence o f  c e s i  um seed reduced 

t h e  constant  C and, consequently, t h e  RMS l e v e l  o f  vo l tage v a r i a t i o n s  by a 

f a c t o r  of near ly  two compared w i t h  potassium seed. 

Typ ica l  p r o b a b i l i t y  d i s t r i b u t i o n  func t i ons  f o r  An a re  g iven by Fig.  5.34 

f o r  t he  upstream group o f  frames, and Fig.  5.35- f o r  the middle group. These 

p r o b a b i l i t y  funct ions are  near ly  symmetrical. The band w id th  o f  t h e  

probabi 1 i t y  func t i on  i s  roughly p ropo r t i ona l  t o  ARMS; however, the d i f f e r e n c e  

in ARMS values i n  F ig.  5.35 i s  t he  r e s u l t  o f  t he  spreading o f  the base o f  t he  

probabi 1 i t y  func t ion  f o r  Cs wh i l e  the bandwidths remain approximately t h e  

same. Note t h a t  the  cesium cases have a narrower p r o b a b i l i t y  ' f u n c t i o n  than 

, t h e  potassium cases; hence, the  presence o f  cesium reduces considerably t h e  

probabi 1 i t y  o f  a l a r g e  nonuniformi t y .  



I ' 0 ANL h s ,  Fb. %%, K SEED, b = 0 . 3  A PNL ras, No. 56% K SEED, ARMS = 0-31 

A PNL b S ,  NO, 5085, C-S SEED, = 0.22 
- - 

- - 

- - 

a/ 
a / - - - - - 

- I  0 I 

F i g .  5.34 P r o b a b i l i t y  d i s t r i b u t i o n  F ig .  5.35 P r o b a b i l i t y  d i s t r i b u t i o n  
f unc t i on  o f  t h e  normal i z e d  i nte r f r ame  f u n c t i o n  o f  t h e  normal i zed i nter f rame 
v o l t a g e  dev ia t i on ;  frames 25--53, v o l t a g e  d e v i a t i o n ;  frames 69--90,- 

. T e s t  No. 7 '  Tes t  No. 7  

I .  

The p e r i o d i c i t y  o f  these s p a t i a l ,  vo l t age  f l u t u a t i o n s  was determined by 

s p a t i a l  c o r r e l a t i o n  o f  t he  normal i zed vo l t age  dev ia t i ons .  The c o r r e l a t i o n  

c o e f f i c i e n t  i s  c a l c u l a t e d  as a  f u n c t i o n  o f  frame displacement, my by: 

n=k 

T y p i c a l  c o r r e l a t i o n  f u n c t i o n s  a r e  d i s p l a y e d  i n  F ig .  5.36 f o r  potassium and i n  

F ig .  5.37 f o r  cesium. Many o f  t he  cases c a l c u l a t e d  a r e  s t r o n g l y  p e r i o d i c  i n  

nature,  w i t h  a  wavelength o f  two frames ( t h e  cases o f  frames 25-53 i n  F ig .  

5.36 and o f  frames 60-90 i n  F ig .  5.37 a r e  good examples). Th is  t ype  o f  

c o r r e l a t i o n  imp l ' i es  t h a t  t h e  vo l t age  d e v i a t i o n s  o f  ne ighbor ing  gaps f rom t h e  

average, have a  s t r ong  tendency t o  a l t e r n a t e  between p o s i t i v e  and n e g a t i v e  

values. .Fo r  weak nonuni formi  t i e s ,  t h e  h i g h l y  c o r r e l a t e d  and p e r i o d i c  na tu re  

o f  t he  s p a t i a l  f l u c t u a t i o n s  disappears,  as i l l u s t r a t e d  i n  F ig .  5.37. f o r  t h e  

case o f  frames 25-53 wi:th .Cs seed. 

The s t r e n g t h  o f  t h e  a u t o c o r r e l  a t i o n  improves as t h e  parameter, <E>AiMS , 
increases.  The c o r r e l a t i o n  c o e f f i c i e n t ,  f o r  one-frame sepa ra t i on  i s  p l o t t e d , '  
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Fig. 5.37 Spa t i a l  c o r r e l a t i o n  c o e f f i c i e n t  o f  normalized in ter f rame 
vol tage  dev ia t ion ;  Test  No. 7 ,  ANL Meas No. 5805, Cs seed 
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I I , ' TEST NO. 7 1 
0 FRAMES 25-53 
A FRAMES 60-90 
0 FRAMES 95-130 
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CLOSED : CS-SEED 

\ 
, 0 K-CS TRANSITION POINT 

\ I 

O \  A .O 

Fig .  5.38 Corre- 
l a t i o n  c o e f f i c i e n t  
f o r  sing1 e-frame 
displacement vs 

<E' *RMS 

versus <E>ARMS , i n  F ig.  5.38 fo r  a v a r i e t y  o f  frame groups and generator 

cond i t ions .  For <E>ARMS greater  than approximately 10 v o l t s ,  a s t rong  

negat ive c o r r e l a t i o n  o f  the  vo l tage dev ia t i on  across neighbor ing gaps 

r e s u l t s .  Recal l  t h a t  the  parameter, <E>ARMS, i s  approximately equal t o  ElRMS. 

\ The probabi 1 i t y  d i s t r i b u t i o n  func t i ons  presented here are  qua1 i t a t i v e l y  

s i m i l a r  t o  those t h a t  have been presented f o r  the  U-25 channels C171. The 

negatively-skewed d i s t r i b u t i o n s  repo r ted  i n  Ref. 17 were observed i n  

I approximately 40% o f  the  cases o f  the  present  r e s u l t s ,  whereas on l y  10% were 

1 skewed t o  p o s i t i v e  values. 
I 
1 

The present  r e s u l t s  compare w e l l  wi th.  t he  nonuniformi ty theory o f  Solbes 

and Lowenstein [18]. For a .  diagonal channel o f  he igh t - to -e lec t rode p i t c h  

r a t i o  o f  10, , t h e  most uns tab le  nonun i fo rmi ty  mode occurs a t  a wavelength-to- 



Fig.  5.39 Generator s t a b i l i t y  
boundary--no w a l l  leakage-- 
h e i g h t - t o - p i t c h  r a t i o  = 10 

( S  .= sum o f  s lopes o f  voltage.- 
c u r r e n t  c h a r a c t e r i s t i c s  f o r  t h e  
anode and cathode wa l l s  and 
ex te rna l  c i r c u i t ,  a = core 
plasma c o n d u c t i v i t y ,  H = e le -  
t r ode  l e n g t h  a long the  magnetic 
f i e l d )  

[From Sol bes and Lowenstei n  : 
" E l e c t r i c a l  Nonuniformi t i e s  and 
t h e i r  Contro l  i n  L inear  MHD 
Channels ," 15 th  Symposium on 
Engrg. Aspects o f  MHD] 

p i t c h  r a t i o  o f  1.7 (see F ig .  5.39). Th i s  va lue i s  i n  good agreement w i t h  t h e  

c o r r e l a t i o n  r e s u l t s  t h a t  have been presented here. The bas ic  d e s t a b i l i z i n g  

mechanism i n  the  Solbes-Lowenstein model i s  t h e  negat ive V - I  c h a r a c t e r i s t i c  o f  

the  e lec t rode  arc conduct ion mode. I nspec t i on  o f  the  channel a f t e r  Test  No. 7 

revea led  t h a t  the  rammed z i r c o n i a  l i n i n g  was heav i l y  eroded, l e a v i n g  c o l d  

copper as the  pr imary e lec t rode  ma te r i a l .  Hence, t h e  U-25B e lec t rodes  were 

most probably opera t ing  i n  the  arc  mode, which s a t i s f i e s  t h e  d e s t a b i l i z i n g  

c o n d i t i o n  f o r  t he  Sol bes-Lowenstein nonuniformi t y  model. 

One can specul a t e  t h a t  t h e  dramatic reduc t i on  i n  nonuniformi t i e s  du'r i  ng 

opera t ion  w i t h  cesium seed i s  caused b y ,  an e lec t rode  sur face  e f f e c t .  The 

p r o p e r t i e s  o f  potassium carbonate and cesium carbonate deposi ts  are con- 

s i  derably  d i f f e r e n t ,  and the  1  ower me1 t i n g  and decomposit ion temperatures o f  

t h e  cesium carbonate depos i ts  cou ld  a c t  t o  reduce t h e  arc  vo l tage drop; a lso,  

t h e  i n t e r e l  ect rode 1  eakage res i s tance  'coul d  change. Normal l y ,  t h e  use of  

cesium seed woul d  tend t o  i n t e n s i f y  t h e  Sol bes-Lowenstein i n s t a b i  1  i ty, by i n -  

creasing plasma c o n d u c t i v i t y  and, thus, decreasing plasma b a l l  a s t i  ng. How- 

ever, cesium seed depos i ts  on t h e  channel w a l l s  may reduce the  , a r c  negat ive  

res is tance and/or the  i n t r e l e c t r o d e  leakage res is tance;  bo th  e f f e c t s  would 

t end  t o  s t a b i l i z e  t he  nonuniformi t i e s .  



5.7.2 Temporal F luc tua t i ons  o f  E l e c t r i c a l  Parameters 

Studies .of e l e c t r i c a l  and gasdynami c  f l u c t u a t i o n s  were cont inued i n  Tests 

No. 6 and No. 7. I n  these studies,  the prime i n t e r e s t  was .the record ing  and 

ana lys i s  o f  i n t e r e l e c t r o d e  vol tage f l u c t u a t i o n s ,  t o  develop a  bas is  f o r  $dia- 
i 

I gnosis o f  Ha l l  vo l tage breakdown i n  MHD channels [191. F l u c t u a t i o n  spectra 

ob ta ined i n  s tud ies  o f  in te r f rame vol tage f l u c t u a t i o n s  o f  the U-25B channel 

d i d  not, general l y  speaking, reveal  t he  i n t e n s i v e  h igh  frequency no ise  charac- 

t e r i  s t i c  o f  i n t e r e l e c t r o d e  Hal 1  breakdown, as observed prev ious ly  i n  t e s t s  

w i t h  the Faraday channel l - D  [191. However, under , cond i t i ons  o f  maximum 

e l e c t r i c a l  stresses, c e r t a i n  i n t e r e l  ect rode vol tages conta ined f l u c t a t i o n s  

t h a t  could correspond t o  cond i t i ons .  o f  unstable Hal 1  breakdown. 

Dur ing  Tests No. 6 and 7, t he  f l u c t u a t i o n s  o f  t he  in te r f rame H a l l  pote'n- 

t i a l s  were recorded a t  10 po in t s  along the  l eng th  o f  the  channel'. (These 

p o i n t s  were a t  t he  a c t i v e  sec t i on  o f  the  channel, a t  t he  l o c a t i o n s  o f  i n t e r e -  

mediate cu r ren t  t a k e o f f  and near the end t a k e o f f  zones.) The f l uc tua t i ' ons  

were, i n  general, q u i t e  s i m i l a r  f o r  t he  two se r ies  o f  tes ts .  

During the measurement o f  V - I  c h a r a c t e r i s t i c s  w i t h  an ex te rna l  .source, 

us ing  i n v e r t e r  No. 18, w i t h o u t  a  magnetic f i e l d  (as w e l l  as du r ing  opera t ing  

modes w i t h  magnetic f i e l d  up t o  3 t e s l a s  and output  power a t  low l e v e l s ) ,  t h e  

main .component o f  i n te r f rame vo l tage f l u c t u a t i o n s  was a t  a  frequency of '300 Hz 

d i s t o r t e d  w i t h  a  weak high-frequency component o f  approximately 1 kHz. 

I When the  i n v e r t e r  c u r r e n t  and vo l tage were v a r i e d  between t h e i r  minimum 

and maximum values, the  i n te r f rame vo l tage f l u c t u a t i o n s  d i d  n o t  change by more 

than 5-10 v o l t s ,  w i t h  the  average in te r f rame vol tage being between 15 and 20 

v o l t s .  

\ 

,The shape o f  the  i n te r f rame vo l tage f l u c t u a t i o n s  d i d  n o t  change 

s u b s t a n t i a l l y  when the  magnetic f i e l d  was increased t o  4 and 5 tes las .  

However, the  f l u c t u a t i o n  ampli tude d i d  increase, p a r t i c u l a r l y  a,t t he  p o i n t  of 

in te rmed ia te  cu r ren t  t a k e o f f  during, Test  No.. 7  and near the  end t a k e o f f  zone 

du r ing  Test  No. 6. 



Thus, du r i ng  Tes t  No. 6, IVTAN Meas No. 1002 (B = 4.6 T;- H a l l  p o t e n t i a l ,  

2.9 kV; l oad  c u r r e n t ,  -220 A), the  v a r i a t i o n s  o f  i n t e r f r a m e  vo l t age  f l u c -  

t u a t i o n s  a t  t h e  a c t i v e  r e g i o n  o f  t he  channel were w i t h i n  5  t o  10 v o l t s  a t  t h e  

p o i n t s  o f  i n t e rmed ia te  c u r r e n t  t akeo f f  ( f rames 57 and 93) and. w i t h i n  20 t o  30 

v o l t s  near t he  end t a k e o f f  zones. However, between frames 24 and 25, t h e  

v a r i a t i o n  i n  the  ampl i tude o f  f l u c t u a t i o n s  was approx imate ly  60 t o  80 v o l t s ,  

as shown i n  F ig .  5.40. Considerable i r r e g u l a r i t y  i n ,  t he  p o t e n t i a l  d i s t r i -  

bu t i on ,  as recorded by. t he  data a c q u i s i t i o n  system, was observed i n  t h e  

neighborhood o f  frames 24 and 25. 

I n  Tes t  No. 7, IVTAN Meas No. 1540 (B = .5 T; H a l l  p o t e n t i a l ,  1.8 kV),  . the 

. . v a r i a t i o n s  i n  the  i n t e r f r a m e  vo l t age  f l u c t u a t i o n s  a t  t he  a c t i v e  channel 

reg ion ,  frames 62-63, 63-64, and near t h e  end t a k e o f f  zones, frames 23-24, 

131-132, were w i t h i n  10 t o  15,volts, whereas, a t  t h e  i n te rmed ia te  c u r r e n t  take- 

o f f  p o i n t ,  between frames 56 and 57, t h e  v a r i a t i o n s  were up t o  30 v o l t s ,  w i t h  

t he  average va lue o f  t he  i n t e r f r a m e  vo l t age  be ing  30 t o  40 v o l t s ,  as shown i n  

F i g .  5.41. 

Du r i ng  Tes t  No. 7  a t  magnetic f i e l d  o f  4  'T,  abnormal ly h igh l e v e l s  o f  , 
f l u c t u a t i o n  occur red  a t  t he  p o i n t  o f  t h e  i n te rmed ia te  c u r r e n t  ta.ke,off, between 

frames 91-92. The v a r i a t i o n s  i n . t h i s  r e g i o n  were up t o  80 t o  100 v o l t s .  A t  

t he  a d j o i  r i i  ng frames, 92-93, however, t h e  ampl i tude o f  f l  u c t u a t i  on was q u i t e  

low, and d i d  n o t  exceed 20 v o l t s .  It i s  i n t e r e s t i n g  t o  no te  t h a t ,  i n  .general, 

t he  i nter f rame vo l t age  f l u c t u a t i o n s  o f  a d j o i n i n g  frames o f  t h e  a c t i v e  channel 

r e g i o n  a re  d i f f e r e n t  i n  nature.  T h i s  may be because o f  t h e  d i f f e r e n t  con- 

d i t i o n s  o f  the  c u r r e n t  f l o w  a t  a d j o i n i n g  frames i n  t he  channel.  -- 

Under t h e  c o n d i t i o n s  o f  maximum power genera t ion  i n  T e s t  No. 6, uns tab le  

h i  gh-frequency f l  u c t u a t i o n s  o f  1  arge ampl i tude, t y p i c a l  o f  c o n d i t i o n s  

immediately p reced ing '  a  breakdown, occur red  between frames 128 and 129, as 

shown i n  . F i g .  5.42. However, these f l . uc tua t i ons  disappeared when t h e  

o p e r a t i n g  mode was changed. Study o f  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  o f  t h e  

i n t e r f r a m e  vo l t age  f l u c t u a t i o n s  f o r  Tes t  No. 7  w i t h  ou tpu t  power between 1.2 

and 1.5 MW showed on ly  two s i g n i f i c a n t  components p resen t  i n  t h e  s'pectrum ( a t  

f requenc ies  o f  300 Hz and between 2  and 3  kHz) . 



F i g .  5.40 Osci l lograms o f  vo l t age  f l u c -  
t u a t i o n s  between frames 57-58 ( lower)  
t race) ;  24-25 (upper) a t  0=4.6 T; Test  
No. 6, IVTAN Meas No. 1002; ou tpu t  
power, 732 kW; t ime scalc ,  1 msld iv :  
v e r t i c a l  scale. 20 V/dlv; s teady-state 
AV between frames, 50 V .  

r i g .  5.41 Osci l lograms o f  vo l t agc  f l u c -  
t u a t i o n s  between frames 62-63 ( lower 
t race ) ;  5b-51 (upper) at 8=5 T; Test 
No. 7, IVTAN Meas No. 1540; t ime scale,  
1 msld iv ;  v e r t i c a l  scale, 10 V ld i v .  

F ig .  5.42 Osci l lograms o f  vo l t age  f l u c -  
t u a t i o n s  between frames 128-129 a t  
8=5 T; Test No. 6, IVTAN Meas No. 1150; 
ou tpu t  power, 966 kW; t ime  scale, 
1 111s/div; v e r t i c a l  acsle, 20 V l d i v .  

Fig. 5.43 Osci l lograms o f  vo l tage f l u c -  
tua t ions  between frames 57-58 (upper 
t race)  and c u r r e n t  f l u c t u a t i o n s  i n  frame 
57 ( lower)  ; Test No. 7, IVTAN Meas No. 
1750; t ime scale, 1 msld iv ;  v e r t i c a l  
scale:  upper t race ,  5 V/div, lower t race ,  
13 A/div. 



Also during Test No. 7, measurements o f  current f luc tuat ions i n  the take- 

off c i r c u i t s  o f  frames 23 and 57 were made by the use o f  current sensors. The 

charac te r i s t i c  f luc tua t ion  signals obtained from the current  sensors remained 

constant during the e n t i r e  tes t ,  and were o f  the form shown by the lower curve 

i n  FFg. 5.43. As the output current  increased, the f luc tua t ion  l eve l  i n -  
! 

creased somewhat, but  the recorded frequency remained constant a t  approxi- 

mately 300 Hz. However, because o f  the l o w  s e n s i t i v i t y  o f  the curvent sensors 

t o  high frequency components and because o f  the high l eve l  o f  the i n p u t  s ignal  

a t  300 Hz, introduced by the load inverters, t he  use o f  these sensors t o  re- 

cord current f luc tuat ions caused by current t rans fe r  from plasma t o  electrodes 

i s  not very promising. 

During Tests 6 and 7, addi t ional  e l e c t r i c a l  f luc tuat ion data were re- 

corded d i r e c t l y  on an FM magnetic tape recorder, making i t possible t o  analyze 

a few  parameters f o r  frequencies o f  up t o  approximately 4,000 Hz. These data 

have been analyzed by use o f  an e lect ron ic  frequency analyzer and corre la tor ,  

as well  as by d i g i t i z i n g  the signals and analyzing them numerically i n  a 

manner s im i la r  t o  t ha t  employed t o  study f a s t  scan data from previous t e s t s  

[2,3]. Both methods o f  analysis produced essent ia l ly  the same resul ts .  

The magnetic tape data also demonstrated tha t  the predominant frequency 

was 300 Hz. Other, lower frequencies exist ,  as do harmonics o f  300 Hz. 1 
The typ ica l  wave form o f  the signal i s  shown i n  Fig. 5.44 f o r  two t e s t  

conditions. I n  general, the f luc tua t ion  component i s  t r iangu la r  i n  shape. 

Figure 5.44 also i l l u s t r a t e s  another in te res t ing  point: a t  l o w  magnetic i n -  

te rac t ion  condit ions (B = 3 T, G = 2.5 kg/s), the wave form o f  a l l  three 

signals i s  qu i te  regular, suggesting t h a t  the  inver te r  system i s  imposing t h i s  

I 
1 

wave form upon the channel. A t  condit ions o f  higher magnetic i n te rac t i on  

(5 T, G = 3.5 kg/s), the wave form becomes more i r regu la r ,  suggesting t h a t  the  

e f f e c t  o f  plasma f luc tua t ions  begins t o  appear i n  the i nve r te r  output. 

Some character is t ics  o f  the f luc tuat ions o f  INV17, €028, and ED51, 

obtained from the  magnetic tape data f o r  Test 6, are shown i n  Table 5.4. 



1 2 8 L  L 
8.3 T ,  6 -2 .6  kg /s ,  't' = 50 vol %, Gseed=248 ~ / h  8.5.0 T, G=3..5 kg /s ,  Y =50 vol %, Gseed=340 L/h 

CI 
E w 

Fig.  5.44 Waveforms o f  se lec ted  parameters ( I N V 1 7  = c u r r e n t  o f  i n v e r t e r  1 7 ;  

ED 28 and ED 5 1  = i n te r f rame vol tages between frames 2 8  and 29, 5 1  and 5 2  

- . . 

I N V  1 7  

I 

I Root-mean-square values o f  the f l u c t u a t i o n s ,  A about the  dc l e v e l  f o r  

L 

the ED28 .AND ED51  i n te r f rame vol tages varied, i n  general, between about 1 0 %  

and 50% of the  dc l e v e l ,  15; however, t he re  were some exceptions. The RMS. 

Table 3.4 
.. ' . F luc tua t i on  Charac te r i s t i cs  o f '  Selected ,S igna ls  dur ing  Test No. 6 

' ! - - 
. . ( I '  , A V '  : '  f l u c t u a t i n g  components; I, .AV: 'dc components) . 

I N V  1 7  . ED 28 . ED 5 1  , 

t . .  . . . . - I .  - - 
T kg/s vo l  % "  A I V AV V AV 



CORRELATION 
ED 2 8 - - E D  51 

Time D e l a y ,  us 

Fig .  5.45 Cross-cor re la t ions  o f  
se lec ted  s igna l s  

1 
CORRELATION ( B  = 5  T, G = 3.5 kg/s, 

ED 28- -1NV 1 7  o2 = 50 v o l  I )  

values o f .  the.  c u r r e n t  f l u c t u a t i o n s ,  I' ,. about the  dc l e v e l  o f  the  INV17 

c u r r e n t  were lower, between 10 and 20% o f  t h e  dc value, i. 

Cross -co r re la t i ons  o f  s i gna l s  taken . on . magnetic tape have a l s o  been 

run. Co r re la t i ons  o f  ED28 and ED51 s igna ls ,  as we l l  as o f  ED28 and INV17 
. . 

s igna ls ,  are shown f o r  a  t y p i c a l  t e s t  c o n d i t i o n  i n  F ig .  5.45. It i s  observed 

t h a t  the  i n te r f rame  vol tages were essen t i a l  l y  i n  phase; a t  t h i s  t e s t  p o i n t ,  

however, \ t h e  c u r r e n t  i n  I n v e r t e r  17 s l i g h t l y  lagged t h e  i n te r f rame  , vo l t age  

between frames 28 and 29. This  t r e n d  i s  a l so  ev ident  i n  many o t h e r  t e s t  

p o i n t s  t h a t  were analyzed, b u t  'not i n  a l l  o f  them. Ana lys is  of t h i s  behav io r  

has no t  y e t .  been ~0.~1 eted. 



6.0 TEST RESULTS ANALYSIS 

6.1 I n v e s t i g a t i v e  Data Ana lys is  
, ' 

The method termed, " l o c a l  analysis, ' '  which has beer1 used t o  analyze 

prev ious resu l - ts  from the  U-25B (2,3,14,15,20) was r e f i n e d  and used f o r  

a n a l y s i s  o f  the  data from Tests No. 6 and 7. The technique makes extensive 

use o f  the experimental  data t o  determine the pr imary gasdynamic and e lec -  

t r i c a l  c h a r a c t e r i s t i c s ,  ( co re  v e l o c i t y  ,' temperature, t ransverse  c u r r e n t  

,density,  e tc . )  This approach avoids the  need f o r  accurate computat ion o f  

c r i t i c a l  quan t i t i es ,  such as vo l tage drop and boundary l a y e r  p r o f i l e s ,  f o r  

I . . which adequate data (e.g., wa l l  temperature; wa l l  roughness) may n o t  be a v a i l -  

I able. The c a l c u l a t e d  values o f  t he  pr imary quan t i t i es ,  which are  r e l a t i v e l y  

i n s e n s i t i v e : t o  the ,model assumptions, can then be used t o  determine secondary 

and more d e t a i l e d  generator  c h a r a c t e r i s t i c s  (such as w a l l  leakage and boundary 

l a y e r  parameters) w i t h o u t  the  necess i ty  o f  reco\mputing the  core f l ow  be- 

havi  or.  C a l c u l a t i o n  o f  t he  secondary q u a n t i t i e s  requ i res  a d d i t i o n a l  assump- 

t i ons ,  and the r e s u l t s  may be s e n s i t i v e  t o  the p rec i se  choices; t h i s  sens i -  
I 

t i v i  t y  may be used, however, t o  he lp  d e f i n e  which assumptions are most appro- 

p r i a t e .  It should b e  st ressed t h a t  t he  technique cannot be hsed t o  p r e d i c t  

channel performance; i t  i s ,  ra ther ,  a convenient and e f f i c i e n t  way t o  reduce 

and " study the data and t o  eval  uate some procedures used i n ,  design c a l  cu l  a- 

t i ons .  
( 

The d iscuss ion  t h a t  f o l l o w s  c o n s i s t s  o f  t h ree .  par ts .  F i r s t ,  a descr ip-  

t i o n  o f  the  method and the  s e n s i t i v i t y  o f  the  pr imary q u a n t i t i e s  t o  v a r i o u s  

i n p u t s  a re  discussed. Next, t he  computed values o f  pr imary q u a n t i t i e s  f o r  

Test No. 6 and No.. 7 a re  presented and discussed. I n  t he  f i n a l  sec t ion ,  t h e  

i r e s u l t s  f o r  t he  secondary q u a n t i t i e s ,  i n  p a r t i c u l a r  f o r  w a l l  leakage 'and 

I boundary 1 ayer parameters, are presented. I 

I 6.1.1 D e s c r i p t i o n  o f  t h e  Method o f  Ana lys is  

I 
I 

The c a l c u l a t i o n s  are made f o r  t h e  c e n t e r l i n e  o f  t he  f low,  assuming t h a t  

the  boundary l a y e r s  do no t  meet. The model uses the  measured a x i a l  d i s t r i b u -  

t i o n s  o f  s t a t i c  pressure and a x i a l  e l e c t r i c  f i e l d  a t  several  l e v e l s  o f  i n -  

v e r t e r  cur ren t .  The a x i a l  e l e c t r i c  f i e l d  data are used t o  determine t h e  l o c a l  



l o a d  l i n e s  (Ex vs I L I A )  and, b y  e x t r a p o l a t i o n ,  t o  determine t h e  va lue  o f  

c u r r e n t  d e n s i t y  t h a t  corresponds t o  l o c a l  s h o r t  c i r c u i t  (Ex = 0)  c o n d i t i o n .  

The equat ions used t o  determine t h e  co re  f l ow  are: \ 

A 

where denotes a known ( i  .e., measured) q u a n t i t y  and t he  subscr?ipt, c, de- 

notes c o r e  values. When the  i n i t i a l  c o n d i t i o n s  o f  an e l e c t r i c a l  model a r e  , 

spec i f ied ,  t h e  equat ions can be used t o  i n t e g r a t e  a long  t h e  channel and de te r -  

mine a x i a l  v a r i a t i o n s  o f  t h e  co re  q u a n t i t i e s .  

Two e l e c t r i c a l  models have been used: an extended ve rs i on  o f  t h e  l a y e r  

model and a quas i - three-d imensional  model [21]. For both,  t h e  l o a d  1 i n e  equa- 

t i o n  i s  l i n e a r :  

where W and S a r e  q u a n t i t i e s  t h a t  depend on t h e  model chosen, and Rleak i s  t h e  

unknown i nter f rame 1 eakage . res is tance .  The t r ansve rse  c u r r e n t  dens i  ty f o r  

b o t h  models i s  l i n e a r  i n  t h e  a x i a l  f i e l d ,  i .e., 

where, again, t h e  q u a n t i t i e s  B1 a d  Wl depend upon t h e  model used. Use o f  t h e  

d a t a  . t o  determine I ~ / A  f o r  s h o r t  c i r c u i t  ( i  e .  t o  determine W )  i n  e f f e c t  r e -  

moves t h e  need t o  s p e c i f y  a  vo l  tage-drop model. Fur ther ,  i t  makes t h e  de te r -  

m ina t i on  o f  J independent o f  t h e  abso lu te  l e v e l  o f  e l e c t r i c a l  c o n d u c t i v i t y ,  
Y c  

a l though t h e  shapes o f  t h e  boundary l a y e r  p r o f i l e s  a r e  s t i l l  o f  some impor- 

tance. 

9 0 



The quasi three-dimensional model [21] inc ludes the  e f f e c t s  o f  f i n i t e  

segmentation and conduct ing s idewal ls ,  and has been used i n  a l i m i t e d  number 

of t he  ca lcu la t ions .  The m a j o r i t y  o f  t he  c a l c u l a t i o n s  have been made w i t h  the  

use o f  a  simpler model, w i t h  t h e  f o l l o w i n g  assumptions: i 

1. negl i g i  b l e  a x i a l  v a r i a t i o n s  o f  t he  q u a n t i t i e s  (imp1 i e s  i n f i n i t e  

segmentation), 1 

2. J, = 0 ( t h a t  i s ,  the  e f f e c t  o f  conduct ing s idewal ls  i s  neglected), 

3. constant Ha l l  parameter, 0, equal i n  magnitude t o  <$> where < > de- 

1 notes averaging over the  cross-sect ional  area [ t h e  v a r i a t i o n  o f  B i s  

I inc luded when the  q u a n t i t y  u/(1+B2) i s  ~ ~ m p u t e d ] ,  and 

. I E '4. constant  U, equal i n  magnitude t o  <U>. 

With the  above assump~ons ,  t h e  appropr ia te  equations are: 

where 
1 

2. 

and u 
C 

A 

( - co ty )  E x  - < U >  B . 2 
C 1 + B, 

Y (6.81- 
R 

I 1 + 0  z 

where < > and < >, denote averaging' in .  t h e  y and z  d i rec t i ons ,  ( IL/A)esc 

denotes a  l o c a l  sho r t  c i r c u i t  value determined from the  l o c a l  l o a d  l i n e s ,  and 

R i s  the  res is tance parameter. The independence o f  J o f  the  absolute .l eve1 
Y 

o f  c o n d u c t i v i t y  i s  shown c l e a r l y .  To determine t h e  q u s n t i t i e s ,  <$> and <U>, 



power law p r o f i l e s  f o r  v e l o c i t y  and s tagna t i on  en tha lpy  have been assumed. , 

The th ickness  o f  the  'boundary l a y e r  i s  determined by v a r y i n g  t he  t h i c k n e s s  

u n t i l  t h e  mass conserva t ion  equat ion  i s  s a t i s i f i e d .  A 1 / 5 t h  power law 

v e l o c i t y  p r o f i l e  was assumed; t he  s tagna t i on  en tha lpy  p r o f i l e  shape i s  

cons idered  a " f r e e "  parameter i n  t h e  de te rm ina t i on  o f  t h e  p r imary  q u a n t i t i e s .  

6.1.2 C a l c u l a t i o n  o f  Re1 i a b i l  i ty o f  Pr imary Q u a n t i t i e s  

The s e n s i t i v i t y  o f  t h e  pr imary r e s u l t s  (Uc, Tc, a,, 6,) t o  va r i ous  

assumptions was checked; s p e c i f i c a l  ly,  s e n s i t i v i t y  t o  t he  f o l l  owing parameters 

was i n v e s t i g a t e d :  

1. stagnation en tha lpy  power low c o e f f i c i e n t , .  n, 

2. w a l l  temperature,  Tw, 

3. 1  oca l  p e r t u r b a t i o n  i n  s t a t i c  pressure,  

4. abso lu te  c o n d u c t i v i t y  1  eve1 , 
5. combustor pressure,  

6. i n i t i a l  cond i t i ons ,  and 

7. assumed e l e c t r i c a l  model. 

The s e n s i t i v i t y  o f  co re  v e l o c i t y  and t r ansve rse  c u r r e n t  dens i t y  t o  t h e  

power law c o e f f i c i e n t  i s  dep i c ted  i n  F igs.  6 . la  and 6.lb,. and, as shown, i s  

1  ow. W i  t h  t he  excep t ion  o f  t h e  l o c a l  s t a t i c  p ressure  p e r t u r b a t i o n ,  which ! 

a f f e c t s  on l y  t he  r e g i o n  o f  t h e  p e r t u r b a t i o n  (see ' ~ i g .  6.2), t h e  s e n s i t i v i t y  t o  

a l l  t h e  above l i s t e d  parameters i s  low. Hence, t h e  p r imary  r e s u l t s  ob ta i ned  1 
a re  r e l i a b l e ,  desp i t e  t he  f a c t  t h a t  some o f  t h e  i n p u t  parameters a r e  o n l y  

known approx imate ly .  A d d i t i o n a l  sens i  t i v i  t i  study r e s u l  t s  suppo r t i ng  t h i s  

conc lus ion  a r e  r e p o r t e d  e l  sewhere [22]. The three-d imensional  model p r e d i c t s  

h i g h e r  va lues o f  t r ansve rse  c u r r e n t  d e n s i t y  than  does t h e  extended l a y e r  

model, b u t  w i t h o u t  major  changes i n  t h e  r e s u l t s .  
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F.ig. 6 . la  ( t o p  l e f t )  E f f e c t  o f  assume,d 
enthal  py p r o f i l e  on c a l c u l a t e d  d i s t r i -  
b u t i o n  of core  v e l o c i t y  

Fi.g. 6.1 b  ( t o p  r i g h t )  Transverse core  
c u r r e n t  d e n s i t y  as a  ' f u n c t i o n  o f  a x i a l  
p o s i t i o n  ( f o r  t h r e e  values o f  "nu i n  
Eq 6.9) 

F lg .  6.2 ( lower  l e f t )  E f f e c t  o f  l o c a l  
p e r t u r b a t i o n  o f  pressure on c a l c u l a t e d  
d i s t r i b u t i o n  o f  core  v e l o c i t y  (us ing  a  
l o c a l i z e d  p e r t u r b a t i o n  o f  + '5% from t h e  
measured d i s t r i b u t i o n  o f  pressure 

I 6.1.3 Ca lcu la t i ons  o f  Boundary Layer and Wall Resistance C h a r a c t e r i s t i c s  

With t he  core p r o p e r t i e s  w e l l  establ ished,  t he  boundary l a y e r  and w a l l  

leakage parameters can be determined from the  model. As has been discussed, 

t h e  boundary l a y e r  th ickness  i s  determined from t h e  measured core  v e l o c i t y ,  

l o c a l  area, and assumed p r o f i l e  shapes. The enthalpy p r o f i l e  shape ( i .e. ,  t h e  

q u a n t i t y ,  "n") i s  determined such t h a t  t h e  c a l c u l a t e d  value o f  t he  p l  asma re-  

s is tance parameter agrees w i t h  t h e  va lue i n f e r r e d  from t h e  data. Typica l  l y ,  

i t h e  r e s u l t s  of Tests 6  and 7 i n d i c a t e  t o t a l  enthalpy power law c o e f f i c i e n t s  o f  
I 

-4; care must be taken i n  i n t e r p r e t i n g  t h i s  number, because i t  represents t h e  

combined e f f e c t  o f  th ickness  and p r o f i l e  shape i e . ,  ,the en tha lpy  de fec t ) .  

This  i s  t he  proper parameter by which t o  compare models. 



The f i n a l  quan t i t y ,  o f  i n t e r e s t  i s  t h e  in ' ter f rame leakage res is tance .  I f  

the  en t i , r e  d i  screpancy between t he  exper imenta l  l y  measured a x i a l  f i e 1  d  and t h e  

va lue  determined from t h e  l o c a l  a n a l y s i s  i s  a t t r i b u t e d  t o  leakage, Eq 6.6 can 

be used t o  determine t he  va lue o f  t h e  i n t e r f r a m e  res i s tance .  
0 

6.1.4 Resu l ts  f o r  Tes ts  No. 6  and 7  

C a l c u l a t i o n s  were done f o r  s i x  c o n d i t i o n s  o f  Tests  6  and 7. The r e c o r d  

numbers and va lues o f  ' t h e  main parameters a re  g iven  f o r  each o f  these  cases i n  

Table 6 . 1 .  A l l  channel f l o w  c a l c u l a t i o n s  a r e  s t a r t e d  a t  an a x i a l  l o c a t i o n  o f  

0.7 m. The i n l e t  c o n d i t i o n s  were e s t a b l i s h e d  by a  hea t  balance and n o z z l e  

f l o w  c a l c u l  a t i on ,  us i ng  t h e  measured s tagna t i on  pressure and t h e  measured 

s t a t i c  pressure a t  t h a t  l o c a t i o n ,  PC2 o r  PC12, depending on which was more 

r e 1  i a b l e .  I n  t h e  case o f  t h e  cesium run, t h e  combustor p ressure  was n o t  mea- 

sured d i r e c t l y  and was determined t o  be c o n s i s t e n t  w i t h  an es t imated  d i s p l a c e -  

ment t h i ckness  a t  t h e  i n l e t  reg ion.  The c o n d i t i o n s  a t  s t a t i o n  PC2, PC12 a r e  

shown f o r  t h e  s i x  cases i n  Table 6.2. The plasma c o n d u c t i v i t i e s  shown i n  t h e  

t a b l e  a r e  f o r  100 % seed i o n i z a t i o n .  

The r e s u l t s  f o r  t h e  p r imary  q u a n t i t i e s  a r e  summarized i n  F igs.  6.3a--6.3f 

as a x i a l  d i s t r i b u t i o n s  o f  v e l o c i t y ,  temperature,  t r ansve rse  c u r r e n t  d e n s i t y  , 

Tab le  6.2 

Channel I n l e t  Cond i t ions  f o r  Cases Chosen f o r  Ana l ys i s  

- - - - - - - 

Core Core S tagnat ion  Core 

Pressure Pressure, V e l o c i t y  , Temp , Temp, C o n d u c t i v i t y ,  

Case Ta P a  tm m / s  K K S /m 



T a b l e  6 , l  

Main Parameters o f  Operat ing  Modes Chosen f o r  A n a l y s i s  

Mass Flow Combustor Combustor P r e h e a t  Max Power C o n d i t i o n s  Max C u r r e n t  C o n d i t i o n s  
T e s t  Rate ,  Pressure ,  H e a t  Loss, Temp, ANL Meas ANL Meas 

Case. Seed . No. k g l s  vo l  X atm MW K No. Time No. Time 



F i g .  6.3a P r i m a r y  r e s u l t s  o f  l o c a l  a n a l y s i s ,  T e s t  No. 7 ;  cu rves  i d e n t i f i e d  by ANL Meas No. ; cesium seed 
. . G = 5 kg/s,  

'02 
= 50 v o l  %, B = 5 T 





F i g .  6 . 3 ~  P r i m a r y  r e s u l t s  o f  l o c a l  a n a l y s i s ,  T e s t  No. 7 ;  c u r v e s  i d e n t i f i e d  by ANL Meas No.; po tass ium seed 
G = 4.5 kgks,  = 51 vol %, B = 5 T 

yo2 ', 



F ig .  6.3d Pr imary r e s u l t s  o f  l o c a l  a n a l y s i s ,  Test  No. 7; curves i d e n t i f i e d  by ANL Meas No. ; potassium seed 
< . . G = 3.4 kg/s, 

. . Yo2 = 51 v o l  %, B = 5  T  



F i g .  6.3e P r i m a r y  r e s u l t s  o f  l o c a l  a n a l y s i s ,  T e s t  No. 6; c u r v e s  i d e n t i f i e d  by ANL Meas No. ; po tass ium 
seed; G = 415 kg/s ,  Y = 46 v o l  %, B = 5 T  

q2 



F i g .  6 . 3 f  P r i m a r y  r e s u l t s  o f  l o c a l  a n a l y s i s ,  T e s t  No. 6; cu rves  i d e n t i f i e d  by  ANL Meas No.; po tass ium 
seed; G = 3.6 kg/s,  = 49 v o l  %, B = 5 T  



core conduc t i v i t y ,  and Ha l l  parameter averaged over the  cross sect ion. The 

exper imenta l ly  measured pressure d i s t r i b u t i o n  and the two a x i a l  f i e l d  d i s t r i -  

bu t ions  f o r  which c a l c u l a t i o n s  were made, are a l so  shown i n  the  f igures .  

It can be seen from these f igures  tha t ,  f o r  a l l  opera t ing  cond i t i ons  w i t h  

potassi'um seed, supersonic f low e x i s t e d  . i n  the  upstream p o r t i o n  o f  the  

channel; t r a n s i t i o n  t o  subsonic f low was e f f e c t e d  through a  shock system. The 

l o c a t i o n  o f  the  shock system depended, as i n  prev ious tes ts ,  on the mass f l ow  

ra te ;  the l o c a t i o n  moved i n  the  downstream d i r e c t i o n  w i t h  increas ing  mass f l ow  

ra te .  Beyond 4; 5  kg/.s, supersonic f low extended throughout t he  a c t i v e  p o r t i o n  

o f  the channel. It appeared tha t ,  as the mass f low r a t e  o f  combustion pro-  

ducts increased, shock i n t e n s i t y  was reduced. Th i s  may be the  r e s u l t  o f  i n -  

creased electromagnetic i n t e r a c t i o n .  

For  both tes ts ,  the  low mass flow r a t e  cases show a  s t rong shock a t  

a p p r o x i M t e l y  2.5 m. At  the  same loca t i on ,  a  depression i n  t h e  a x i a l  f i e l d  

d i s t r i b u t i o n  develops as the  l oad  c u r r e n t  i s  increased; t h i s  behavior may be 

associated w i t h  1  ocal separat ion resu l  ti ng from the  shocklboundary 1  ayer i n -  

t e rac t i on .  

For  the  cesium seed cond i t ions ,  t he  f low i s  subsonic a t  t he  channel 

i n l e t ,  accelerates i n  the  downstream d i r e c t i o n  t o  sonic speed, and remains 

c l o s e  t o  sonic through most of t he  a c t i v e  p o r t i o n  of the  channel. A f t e r  t he  

downstream t a k e o f f  r,egi on, t he  f l  ow accelerates f u r t h e r ,  i ndi  c a t i  ng a  shock 

somewhere I n  the  ' d i f f u s e r .  It shpul d  be noted, from Fig. 6.3, t h a t  e l e c t r i c a l  

load ing  has no s i g n i f i c a n t  e f fec t  on the  d i s t r i b u t i o n  of gasdynamic para- 

meters, desp'ite t he  f a c t  t h a t  l o a d  c u r r e n t  was v a r i e d  over a  wide range i n  

ob ta in ing  the V - I  c h a r a c t e r i s t i c s  o f  the  generator. 

The resul  t s  f o r  t he  se iondary  parameters a re  presented, i n  Figs. 6.4a- 

6.4f, as a x i a l  d i s t r i b u t i o n s  o f  boundary 1  ayer displacement th ickness,  

enthalpy power 1  aw c o e f f i c i e n t ,  and w a l l  1  eakage res is tance.  The .power 1  aw 

c o e f f i c i e n t  values f o r  the  h igher  mass flow r a t e  cases o f  Test 7 a re  consis-  

t e n t l y  a t  t he  l eve l '  o f  4  t o  5. For  these cases, t he  c a l c u l a t e d  displacement 

th ickness changes very l i t t l e  over the  f i r s t  2.5 m o f  t he  channel'. For t h e  



. . 
F i g .  6.4 a  v a r i a t i o n  

. w i t h  a x i a l  p o s i t i o n  

o f  d isp lacement  t h i c k -  . 

ne'ss, o f '  n, and o f  

i nter f rame '  r e s i s t a n c e ;  

Tes t  No. 7, ANL M&S 

Nos. 5880 and 5,886; 

cs seed; G .'= 5  .kg/s, 

i n l  e t  co re  ' conduc t i  v- 

i t y  = 11.7 S/m 
' \  

0 ANL f.lr-as 140 . 

ANL Meas No. 

Ax ia l  Pos i t i on ,  rn 



0 

0  0 0 0 0 0  O .  0 
O 0  0 

I 
ANL Meas No. 5656 

- ANL Meas. No .5656  

F i g .  6 .4b V a r i a t i o n  

w i t h  a x i a l  p o s i t i o n  

o f  displacement 

th ickness ,  o f  n ,  and 

o f  i n t e r f r a m e  r e s i s -  

tance;  Test  No. '7,  

ANL Meas Nos. 5656 

A x i a l  P o s i t i o n ,  m 

0 

core  c o n d u c t i v i t y  = 

7 . 9  S/m 

. . \, 

I I I 0 0 
and 5686; K seed; 

1 
0 1 2 3 4 5 G = 5 kg/s, i n l e t  



Fig.  6 . 4 ~  V a r i a t i o n  
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remaining cases where a  shock was present  i n  , the channel, t he  displacement I 

I 

th ickness and power 1  aw c o e f f i c i e n t  show complex behavior,  i n c l u d i n g  reg ions  ~ 
o f  zero o r  negat ive displacement .thickness. The r e s u l t s .  from Test  No. 7 show ~ 
t ha t ,  a t  3.5 kg/s, the  displacement th ickness decreases t o  zero,  upstream o f  1 
t he  shock, then grows r a p i d l y  downstream o f  t he  shock l oca t i on .  

' L  

In te r f rame leakage res is tances  are  presented on ly  f o r  the  f i r s t  3 cases 

i n  Table 6.1; the  r e s u l t s  f o r  t he  remaining cases were, genera l l y ,  more 

sca t te red  than f o r  these casds and i n d i c a t e d  1  ower values o f  leakage r e -  

s is tance.  The values o f  t he  i n te r f rame res is tances  depend on t h e  i n l e t  con- 

d u c t i v i t y  values, a l though the  t rends  o f  t he  a x i a l  d i s t r i b u t i o n s  do not .  This  

i s  i n  c o n t r a s t  t o  t h e  pr imary q u a n t i t y  ca l cu la t i ons ,  where the  r e s u l t s  a re  i n -  

s e n s i t i v e  t o  i n l e t  cond i t ions .  For t h i s  reason, and because i t  was f e l t  t h a t  

t he  i n l e t  c o n d u c t i v i t i e s  g iven i n  Table 6.2 were high, t he  leakage res is tances  

were. ca l cu la ted  f o r  i n l e t  c o n d u c t i v i t i e s  equal t o  85 % o f  those i n  Table 

6.2. Under these cond i t i ons  t h e  general l e v e l  o f  leakage res i s tance  i s  0.7 t o  
t 

1.3 ohm; however, the r e s u l t s  show considerable a x i a l  v a r i a t i o n  o f  t he  leakage 

res is tance.  Fu r the r  ana lys i s  i s  necessary t o  determine i f  these v a r i a t i o n s  

are o f  s ign i f i cance .  

A d i f f e r e n t .  approach than t h a t  descr ibed above can be used t o  determine 

the d i s t r i b u t i o n  o f  the gasdxnamic , parameters. According t o  t h i s  approach, 



, 6 t h e  d i s t r i b u t i o n s  of t he  average gasdynamic and e l e c t r o p h y s i c a l  plasma para- 
meters a re  determined, us+ng energy conse rva t i on  cons idera t ions ,  f rom measured 

s t a t i c  pressure d i s t r i b u t i o n ,  channel hea t  losses,  and e l e c t r i c a l  power ou t -  

p u t .  ~ h h  c a l c u l a t e d  combustion temperatures a re  a l s o  used, a f t e r  they  a r e  

m o d i f i e d  t o  a l l ow  f o r  combustor hea t  losses,  seed i n j e c t i o n ,  and a d d i t i o n a l  

i n j e c t i o n  o f  c o l d  a i r  t h a t  en te r s  th rough purges of  t h e  i g n i t e r ,  seed i n j e c -  

t i o n  nozzles,  and o p t i c a l  po r t s .  Core va lues  o f  t h e  va r i ous  parameters can be 

computed from average values, i f  app rop r i a te  boundary 1 ayer  p r o f i l e  f u n c t i o n s  

a r e  in t roduced.  I n  a d d i t i o n  t o  t h e  c a l c u l a t i o n  o f  gasdynamic parameters, an 

e l e c t r i c a l  model s i m i l a r  t o  t h e  one o u t l i n e d  above i s  used t o  o b t a i n  t h e  l o c a l  

e l e c t r i c a l  parameters. T h i s  approach has been presented i n  more d e t a i l  e l  se- 

where [2]. 

Tab le  6.3 l i s t s  t h e  r e s u l t s  o f  s t udy ing  t h e  gasdynamic parameters by t h i s  

method. It should be po in ted  o u t  t h a t  these r e s u l t s  depend on t h e  measured 

p ressure  d i s t r i b u t i o n .  Because t h e  p ressure  p o r t s  o f  t h e  channel were n o t  

purged du r i ng  t h e  t e s t ,  they became plugged i n t e r m i t t e n t l y ,  and y i e l d e d  un- 

r e1  i ab le  p ressure  readings.  The on l y  means o f  determi n i  ng whether a  p ressu re  

read ing  i s  r e l i a b l e  i s  t o  i n s p e c t  t h e  pressure h i s t o r y  o f  a  g iven p o r t  and 

determi ne whether i t  i s  responding t o  combustor p ressure  changes. Sampl es o f  

these h i s t o r i e s  a re  g iven  i n  Appendix A. The r e s u l t s  g iven  i n  Table 6.3 agree 

w i t h  those o f  Table 6.2 and F igs .  6.3a-6.3f. T h i s  con f i rms  the  accuracy o f  

bo th  methods i n  reduc ing  t h e  gasdynamic da ta  ob ta ined  i n  t h e  t e s t s .  
4 

The l a t t e r  method was ' a l s o  used t o  compute t h e  c o e f f i c i e n t ,  K,, t h a t  

accounts f o r  p o s s i b l e  incomple te  i o n i z a t i o n ,  and t he  va lue  o f  t h e  nonuni -  

fo rmi  t y  parameter, a, f o r  a  power gene ra t i ng  mode ' (IVTAN Meas No. 1864) . The 

v a r i a t i o n  of K, w i t h  X i s  shown i n  F ig .  6.5, and t h a t  o f  cx w i t h  X i s  shown i n  

F ig .  6.6. As seen i n  F ig .  6.5, K, ranges between 0.9 and 1.0, i n d i c a t i n g  t h a t  

- t h e  seed i o n i z a t i o n  process was n e a r l y  complete. 

I n  per fo rming  these  c a l c u l a t i o n s ,  t h e  e f f e c t  o f  nonideal  channel i n -  

s u l a t i o n  was taken i n t o  account. The r a t i o  o f  a x i a l  plasma r e s i s t a n c e  t o  t h e  

cor respond ing  e q u i v a l e n t  channel .wa l l  r e s i s t a n c e  was taken t o  be 0.025. The 

va lue f o r  t h e  e q u i v a l e n t  w a l l  channel r e s i s t a n c e  was obta ined.  f rom measure- 

ments. w i t h  an a p p l i e d  e x t e r n a l  source a t  t h e  beg inn ing  o f  T e s t  No. 6, s h o r t l y  



Table  6.3 

D i s t r i b u t i o n  o f  Gasdynamic Parameters 

Dur ing  Tests  No. 6 and Nu. ' 7  d t  the  U-25B F a c i l i t y  

Tes t  \ IVTAN Operat ing  Mode , X s  . P, .Po,. . Tpas To, <U> ,- Mach 
No. "Meas No. Parameters m kg/cm2 kg/cm2 K K m/s ' No. 

pcomb = 2.21 k g l c d  0.70. 1.185 2.148 - 2692 2335 1033 

1.20 0.899 1.955 ' 2622 2807 1165 
Y o 2  = '49 vo l  % 1.71 0.760 '1.660 258.7 2769 1157 

B = 3.94 T 2.21 0.579 1.410 2531 2734 1221 

Power = 296.7 kW 2.72 0.776 1.125' 2 6 0 9 .  2698 794 

3.22 0.842 1.060 2616 2673 . 625 
V, = 1541 V 3.72 0.872 1.028 ' 2607 2648 528 

1. Seed: K = 0.98 mass % 4.23 ' 0.886 1.013 2592 2625 472 0.494 

. ~ 

pcomb = 2.89 kg/cm2 ' 
0.70 1.609 2.743 272 i  2885 986 1.00 

1.20 1.010 2.690 2598 2830 1305 1.365 
= 48.9 vo l  % 

Y02 , , 1.71 1..006 2.109 2614 2789 -1133 i . 181  

I Power .= 903 kW 2..72 0.591 1.525 2493 2713 1250 1.339 

-3.22 0.520 1.252 2474 2675 1196 1.287 
V, = 3451 V -3.72 0.654 1.025 2532 2640 859 0.912 

I Seed: .K = 1.02 mass % 4.23 0.693 . 0.972 2529 2612 , 743 0.789 



T a b l e  6.3 (cont , 'd .  

D i s t r i b u t i o n  o f  Gasdynamic Parameters 

D u r i n g  Tests  No. 6 and No. 7 a t  t h e  U-25B F a c i l i t y  

T e s t  IVTAN Operat ing  Mode X ,  P 9 Po9 Tpt * Toy <U>, Mach 
No. Meas No. Parameters m kg/cm2 'kg/cm2 K K m/s No. 

pComb = 3.29 kglcm 2 0.70 1.626 2.962 2720 2870 1048 1.062 

1.20 0.996 3.117 2583 2'854 1410 1.479 

Power = 1115 kW 

Seed: K = 1.02 mass % 4.23 0.590 1.040 2527 2646 935 0.994 

4.81 0.803 1.025 2566 2623 636 , 0.670 

Y = 50.6 vol  % 
O2 1.71 , 1.616 2.522 2720 2830 900 0.912 

Power = 1485 kW,' 
,2.72 1.052 1.704 2644 2754 918 0.948 

3.22 0.894 1.437 2612 2719 902 0.940 

Seed: Cs = 1.32 mass % 4.23 0.618 1.132 2525 2660 999 1.063 . 1 



A x i a l  P o s i t i o n ,  n 
I 

Fig .  6.5 C o e f f i c i e n t  o f  seed i o n i z a t i o n ,  K,, as a  f u n c t i o n  o f  a x i a l  p o s i t i o n  
d u r i n g  o p e r a t i o n  w i t h  Cs seed; Tes t  No. 7, IVTAN Meas No. 1864 

A x i a l  P o s i t i o n ,  m 

F ig .  6.,6 Nonun i f o rm i t y  parameter, a, as a  f u n c t i o n  o f  a x i a l  p o s i t i o n  
d u r i n g  o p e r a t i o n  w i t h  Cs seed; Tes t  No. 7, IVTAN Meas No. 1864 



., , . 
a f t e r  seed i n j e c t i o n  was i n t e r r u p t e d .  I n  a ' l l  ' p robab i l i t y ,  the  r e s i s t a n c e  

' decreased i n  va lue w i t h  ope ra t i on  t ime  o f  t h e  channel and, consequent ly,  t h e  

va lue  0.025 should be cons idered as a  lower  bound o f  t h e  r e s i s t a n c e  r a t i o .  

A t  any r a t e ,  t he  power e x t r a c t e d  from the  channel duri 'ng bo th  t e s t s ,  and t h e  

measured open-ci  r c u i  t vo l t age  i n d i c a t e  t h a t  t h e  . channel had s u f f i c i e n t  

' i n t e r f r a m e  i n s u l a t i o n .  The va lue o f  i n t e r f r a m e  res i s tance  o f  a  few ohms, 

assumed i n  t h e  l a t t e r  ana l ys i s ,  a re  o f  t h e  same o rde r  o f  magnitude as t h e  

va lues o f  -1 ohm ob ta ined  w i t h  t h e  a n a l y s i s  presented a t  t he  beg inn ing  o f  t h i s  

sec t ion .  Other  r e s u l t s  o f  t he  two methods a re  compared i n  Table 6.4. I n  

- p a r t i c u l a r ,  average c o n d u c t i v i t y ,  average v e l o c i t y ,  and t he  plasma r e s i s t a n c e  

parameter, <(1+f i2)/a>, f o r  severa l  c ross  sec t i ons  a long  t h e  channel f o r  t h e  

cesium seed case a r e  compared. It i s  no ted  t h a t  t h e r e  i s  c l o s e  agreement 

( w i t h i n  10 %)  between t h e  corresponding r e s u l t s .  

Table 6.4 

Comparison o f  "Local  " Analyses 

IVTAN U.S.A. I VTAN U.S.A. IVTAN U.S.A. 

6.2 C o m ~ a r i  son o f  T h e o r e t i c a l  P r e d i c t i o n s  and E x ~ e r i m e n t a l  Resul t s  

I '.The performar?ce o f  t h e  channel was computed by u s i n g  t h e  ANL-developed 

I quas i - three-d imensional  MHD channel model [13] f o r  Tes t  No. 6  w i t h  p o t a s s i  urn 

I seed and f o r  Tes t  No. 7 w i t h  b o t h  potassium and cesium seeds, and t h e  IVTAN 

1 quasi-one dimensional  code [2,3] f o r  Tes t  No. 7 w i t h  cesium seed. A  s i n g l e  

I t e rm i  n a l  l o a d i n g  scheme was cons idered  i n  t h e  c a l c u l  a t i ons ,  because t h e  



0 

i n v e r t e r  cu r ren ts  were b a s i c a l l y  balanced. The r e s u l t s  o f  the  c a l  cu l  a t i o n s  

I are compared w i t h  t h e  experimental  data i n  the  f o l  1 owi ng subsect ions. 
I 

6.2.1 Performance P r e d i c t i o n  f o r  Tes t  No. 6 

.A h igh  power-output case (ANL Meas No. 5473, 7/31/79, 19:37:52) a,nd h igh  

load-cur ren t  case (ANL Meas No. 5483, 7/31/79, 19:39:35) 'were se lec ted  f o r  t h e  

analys is .  The c a l c u l a t i o n s  were performed on the  bas is  of t he  f o l l o w i n g  

assumptions: 

1 )  heat  loss ,  8 % up t o  end o f  t h e  cons tan t  'area sec t i on  ( x  = 0.6 m), 

2) channel wa l l  roughness, 1.0 mm, 

3)  channel w a l l  temperature, 1650 K, 

4) i n l e t  ( x  = 0) boundary l a y e r  th ickness,  0.01 m y  

5) KO = 1.0. 

Fo r  ANL Meas No. 5473, t h e  c o n d i t i o n s  were: G = 4.345 kg/s; Y = 46 v o l  X 
. . 

B = 5 T; SR = 0.87, and IL = 229 A. The bes t  a n a l y t i c a l  p r e d i c t i o n s  f o r  t h e  

I channel e l e c t r i c a l  performance were ob ta ined w i t h  an assumed value o f  0.5 sa 
f o r .  i n te r f rame  res is tance.  It should be mentioned t h a t  (as w i l l  be discussed 

i n  subsec t i on  6.2.3) d i f f e r e n t  assumptions about t h e  magnitude o f  t he  w a l l  

temperature and, t o  a l e s s e r  degree, roughness, as we l l  as ac tua l  c o n d u c t i v i t y  

l e v e l s  d i f f e r e n t  than those computed from t h e  e q u i l i b r i u m  proper ty  models, 

w i l l  r e s u l t  i n  d i f f e r e n t  values f o r  the  i n te r f rame  res is tances  necessary t o  

p r o v i  de s a t i  s fac to ry  agreement between experiment and theory. 

According t o  t he  ana lys is ,  t he  channel f l ow  chokes near t h e  end o f  t h e  

cons tan t  area sect ion,  then acce le ra tes  up t o  t h e  s t a t i o n  3.5 meters from t h e  

i n l e t  o f  the  channel. The computed pressure d i s t r i b u t i o n  and .the experimental  

da ta  f o r  Meas No. 5473 ' a re  shown i n  F ig .  6.7. The d i s t r i b u t i o n  f o r  Meas No. 

5483 i s  s i m i l a r .  Reasonably good agreement i s  observed. The experimental  

data i n d i c a t e .  t h a t  t he re  i s  a recovery o f  pressure a t  x - 3.5 my as a r e s u l t  

o f  format ion o f  shocks. The pressure h i s t o r i e s  shah i n  Appendix A i n d i c a t e  

t h a t  some pressure taps were i n te rm i t t en . t l y  piugged du r i ng  t h e  t e s t ,  so t h a t  

the corresponbing pressure readings are  u n r e l i a b l e .  These pressure measure-' 

ments a re  i d e n t i f i e d  i n  F ig.  6.7. 
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F i g .  .6.7 Comparison o f  p r e d i c t e d  w i t h  measured d i s t r i b u t i o n  o f  s t a t . i c  p r e s s u r e  a l o n g  t h e  Channel; Tes t  
No. 6, ANL Meas N.o. 5473 (19:37:52); B = 5 T, G = 4.3 kg/s ,  Y = 49 v o l  %, SR = 0.87 
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The calcu1,ated and measured vo l t age  d i s t r i b u t i o n s  f o r  ANL Meas No. 5473 

a re  p l o t t e d  in ,F ig .  6.8. The p r e d i c t e d  H a l l  vo l tage  i s  4234 I d ,  compared w i t h  

t he  measured vo l tage  o f  4270 V. The c a l c u l a t e d  ope ra t i ona l  p o i n t s  and t he  

measured V - I  c h a r a c t e r i s t i c  o f  t he  channel a re  shown i n  F l g .  6.9. 

6.2.2 Performance P r e d i c t i o n  f o r  Tes t  No. 7  

Two se t s  o f  data were analyzed f o r  Tes t  No. 7; t he  f i r s t  s e t  i s  f o r  h i g h  

power-output runs w i t h  potassium' seed, the o the r  s e t  f o r  h i gh  power-output 

runs w i t h  cesium seed. The assumptions made i n  these analyses a re  s i m i l a r  t o  

those o f  the  subsect ion 6.2.,1, except  t h a t  3.0 mn w a l l  roughness i s  assumed . 

and t h e  hea t  l o s s  i s  taken as 6  %. 

Potassium Seed: Two se t s  o f  exper imenta l  data (ANL Meas No. 5586, 

12/6/79,. 21:54:52, and ANL Meas No. 5621, 12/6/79, 22:00:43) were analyzed. 

The o p e r a t i n g  c o n d i t i o n s  used i n  a n a l y s i s  o f  Meas No. 5621 are:  ,.G = 4.6 kg/s, 

B = - 5 . T ,  JI = 51 vo l  %, SR = 0.87, and IL = 243 A: An assumed v a l u e ' o f ~ 0 . 3  n 
f o r  t h e  i n t e r f r a n e  r e s i s t a n c e  was found t o  g i v e  r e s u l t s  t h a t  b e s t  f it t h e  ex- 

per imenta l  data f o r  H a l l  p o t e n t i a l  a n d  power ou tpu t  o f  the channel. - U 

The c a l  cul .ated and measured p ressure  d i s t r i b u t i o n s  a long  t h e  channel f o r  

Meas No. 5621 a re  p l o t t e d  i n  F ig .  6.10. The pressure d i s t r i b u t i o n  f o r  Meas 

No. 5586 i s  s i m i l a r .  It i s  no ted  t h a t ,  as i n  T e s t  No. 6, some pressure  taps  

were plugged du r i ng  Tes t  No. 7. These plugged taps a re  i d e n t i f i e d  from t h e  

p ressure  h i s t o r i e s  and a re  no ted  i n  F ig .  6.10. As i n d i c a t e d  by t he  ana l ys i s ,  

the  channel f l ow  remains c l o s e  t o  M = 1.0 i n  the  f i r s t  p a r t  o f  t he  channel, 

a f t e r  t h e  cons tan t  area s e c t i o n  (up t o  x  = 1.4 m). The f l o w  then  acce le ra tes  

and a  shock system occurs near x  = 4.0 meters. 

The c a l c u l a t e d  and measured vo l t age  d i s t r i b u t i o n s  f o r  Meas No. 5621 a r e  

shown i n  F ig .  6.11. The c a l c u l a t e d  ' H a l l  vo l t age  i s  4896 V ,  compared w i t h  t h e  

measured vo l t age  o f  4777 V. The d i s t r i b u t i o n  o f  t ransverse  c u r r e n t  dens i t y ,  

Jy, a long  t he  channel, as c a l c u l a t e d  by t he  quas i - th ree  d imensional  model, i s  

compared i n  F ig .  6.12 w i t h  t he  va lues ob ta ined  from t h e  l o c a l  a n a l y s i s  .g iven 

i n  Sec t ion  6.1.4. F a i r l y  .good: agreement e x i s t s  between these two c a l c u l a -  

ti ons, excep t  i n  t h e  i n l e t  r e g i o n  o f  t h e  channel , where t h e  magnet ic f i e l d  i s 
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Fig. 6.8 Comparison o f  
p red ic ted  w i t h  measured 
d i s t r i b u t i o n  o f  Hal 1 poten- 
t i a l  along the channel; 
Test No. 6, ANL Meas No. 

, 5473 (19:37:52) B = 5 T, 
G = 4.3 kg/s, SR = 0.87 
Y = 49 vo l  % 

O2 

Load C u r r e n t ,  A 0 

Fig. 6.9 Pred ic ted compared w i t h  measured V - I  c h a r a c t e r i s t i c s ;  Test  No. 6, 

ANL Meas Nos. 5470-5490; Tw = 1650 K, roughness = 0.001 m, G = 4.3 kg/s, 

B = 5 T, SR = 0.87, Y = 49 vo l  % 
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F ig .  6.10 P red i c ted  compared w i t h  exper imenta l  d i s t r i b u t i o n  o f  s t a t i c  p ressure  a long  channel; Tes t  No. 7, - 

ANL Meas No. .5621 (22:00:43); G = 4.6 kg/s; B = 5 T; SR = 0.87; Y = 51 v o l  % 
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Fig .  6.11 (above) Comparison o f  c a l -  

u l a t e d  w i t h  measured d i s t r i b u t i o n  o f  

H a l l  p o t e n t i a l ,  and F ig .  6.12 ( l e f t ) ,  

v a r i a t i o n  o f  c o r e  t r ansve rse  d e n s i t y  

a long  t h e  channel ; Tes t  No. 7, ANL 

Meas No. 5621; G = 4.6 k g / s ,  B = 5  T, 

yo2 
= 51 v o l  X, SR = 0.87, 5 - 1  650 K, 

-roughness = 0,003 m y  potassium seed 



. . 
F ig .  6.14 Comparison o f  .ca lcu la ted  w i t h  

measured d i s t r i b u t i o n  o f  s t a t i c  pressur'e 

along channel;. Test No. 7, ANL Meas No. 

F ig.  6.13 Ca'lculated compared w i t h  B = 5  T, \Y = 50 vo l  % 

measured V - I  c h a r a c t e r i s t i c s ;  Test 
I 

O2 
I 

No. 7, ANL Meas Nos. 5619-5629, K seed; 

G = 4.6 kg/s, B = 5  T, SR = 0.87, 

0 1 1 I I I 1 
0 100 200 . 300 400 500 . 600 

' Load .Current, A 

weak. The computed and the  measured 

p l o t t e d  ' in' Fig. 6.13. 

a 
.2.6 - 

. - THEORY 

EXPERIMENT 

1.2 -' 

0,8 - 
a 

. . . . a 

0.4 - 

charac te r i  s t i c s  o f  , t h e  .channel a re  

Cesium Seed: Two experimental  cond i t ions ,  one a t  high-power ou tpu t  (ANL 

Meas No. 5880, 12/7/79, 00:30:22), the o ther  a t  h igh- load c u r r e n t  (ANL Meas 

' No.. 5886, 12/7/79, - 00:31:22), were analyzed by use o f  the  quasi - three dimen- . . 

s i ona l  model. The opera t ing  cond i t ions .used i n  the  ana lys i s  f o r  Meas No: 5880 

are:. G = 5.0 kg/s, B = 5  T, $ = 50 vo l  %, SR = 0.87, Cs = 1.1 mass %, and 

I IL.= 273 A. The, inter f rame res is tance t h a t  gave good agreement w i t h  t h e  mea- 

sured e l e c t r i c a l  performance o f  t he  channel was 0.25 n.. 

. The a n a l y t i c a l  r e s u l t s  f o r  t he  a x i a l  pressure d i ~ t r i b u t i o n  and t h e  ex- 

per imenta l  data f o r  ANL Meas No. 5880 are  p l o t t e d  i n  F ig.  6.14. The pressure 



h i s t o r i e s  f o r  Test  No. 7, g iven i n  Appendix A, show t h a t  some o f  t h e  pressure 

p o r t s  t h a t  had n o t  p rev ious l y  responded t o  the  combustor pressure changes be- 

came responsive dur ing  the .  cesi'um run. Therefore, the  re1 i a b i l  i t y  o f  the  

pressure measurements improved dur ing  the  cesium runs. As shown i n  F ig.  6.14, 

very good agreement ex i  s t s  between the  a n a l y t i c a l  resu l  . . t s  and t h e  experimental  

data. 

The c a l c u l a t e d  Mach number d i s t r i b u t i o n s  obta ined from the  quasi - three 

dimensional MHD generator model and from the  r e s u l t s  o f  l o c a l  , ana l ys i s  g iven 

i n  Sect ion 1.4 are  p l o t t e d  i n  F ig.  6.15. I n  t h i s  case, the channel flow i s  

subsonic i n  the  f i r s t  p a r t  o f  the channel, up t o  x  .: 2.0 m, where the  f l o w  

chokes i n  t he  d i ve rg ing  sec t ion  o f  t he  channel. Therefore, an "MHD t h r o a t "  i s  

created i n  the channel by the s t rong MHD i n t e r a c t i o n .  The channel f low r e -  

-mains supersonic through the  r e s t  o f  t he  channel and shock format ions occur 

beyond the l o c a t i o n  o f  t he  l a s t  pressure p o r t  i n  the  channel. 

The a x i a l  vo l tage v a r i a t i o n  obta ined from t h e  ana lys i s  i s  compared w i t h  

the experimental data i n  Fig. 6.16. The ca l cu la ted  Ha l l  vo l tage i s  5069 V and 

t h e  measured vol tage f o r  Meas N6. 5880, i s  5308 V. The measured V - I ,  charac- 

t e r i s t i c s  o f  the channel and the  two c a l c u l a t e d  operat ional  p o i n t s  a r e  p l o t t e d  

i n  F ig .  6,.17. 

For  opera t ion  w i t h  ce'sium seed, an ana lys i s  o f  i n t e g r a l  MHD-channel char- 

a c t e r i  s t i c s  was a1 so performed, us ing  the  quasi -one-dimensi onal model ' [2,31, 

a t  t h e  cDndi t i o n %  o f  I v ~ A N  Meas No. 1849 (1217179, 00:15:16) when ou tpu t  power 

was 1485 kW. I n  accordance w i t h  the experimental data, the  f o l l o w i n g  i n p u t  

parameters were used: 

Ggas,' kg/s .' . : . . . . . . . . . . . . .  0.659 

Goxid, k g / s . .  . . . . . . . . . . . . . . .  4.086 

. . . . . . . . . .  oxygen enrichment, vo l  % 50.6 

~ p ~ ~ ~ ~ ,  kg/s . . . . . . . . . . . .  !'I . . .  0.145 

aqueous seed s o l u t i o n  concentrat ion.  (mass). : 0.5 

. . . . . . . . . . . . . . . . . .  seed t ype  cesium 
I 

magnetic f i e l d ,  T : . . . . . . . . . . . . . .  5 .O 
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~ x i a l  P o s i t i o n ,  m 

Fig. 6.16 Pred ic ted compared w i t h  measured d i s t r i b u t i o n .  o f  Hal 1 p o t e n t i a l  ; . . 

! Test No. 7, ANL Meas No. 5880; G = 5 kg/s, B = 5 T, Cs = 1.1 mass, %, Y = 50+ vo l  % - .  
O2 
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\ roughness = 0.063 m, B = 5 T, 
o G = 5 kg/s, Y = 50 v o l  % 

0 100 200 300 400 500 600 
Load Cur ren t ,  A 
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On the  bas is  o f  the  above data, the  f o l l o w i n g  i n p u t  data f o r  subsequent 

ana lys i s  o f  the  MHD channnel were computed. 
\ 

I '  I 

- - 

seed-to-water mass r a t i o  . . . . . . . . . .  1.0 

oxygen enrtchment ( i n  combustor), mass % . 52.8 

s toch iomet r ic  r a t i o  . . . . . . . . . . . .  0.85 

mass f low r a t e  o f  combustion products through 

t h e  channel, kg/s . . . . . . . . . . . .  5 .O 

4 

> Y -  

a 
z' 3 -  
+.' - O 
> 

2 

A complete s e t  o f  c a l c u l a t i o n s  f o r  cesium was performed, i nc lud ing .  

composit ion c a l c u l a t i o n s  and subsequent computation o f  c o n d u c t i v i t y  . 

- - 
- 
- 

Fig. 6.17 Comparison o f  c a l c u l -  
- .  - a ted w i t h  measured V-I charac- 
- - t e r i s t i c s ;  Test No. 7, ANL Meas 

Experiment 

I n  computing combustion temperature, t h e  presence o f  combust ible products 

i n  t he  seed was taken i n t o  account. 

Nos. 5859-5888; 1.1 mass % Cs 

1 - A Ana lys is  - seed; Tw = 1650 K, SR = 0.86, 

The f o l l o w i n g  were the main channel i n l e t  parameters: 

s tagnat ion  pressure . . . . . . . . . . . . .  3.6' a t a  

s t a t i c  pressure . .- . . . . . . . . . . . . . .  2.6 a t a  

s tagnat ion  temperature . . . . . . . . . . .  2950 K 



Load Cur rent ,  A 
1 

I 1 1 I 
0 20,O 400 . 600 800 

. . Load Current;A 

Fig.. 6.18a Output power vs l o a d  

cur ren t ; , compar ison  o f  c a l c u l a t -  

ed w i t h  measured (open c r r c l e s )  

va lues;  Tes t  No. 7, Cs seed 

.Fig. 6.18b Comparison o f  c a l c u l -  , '  

a t ed  w i t h  measured (open c i r c l e s )  
' 

V - I  c h a r a c t e r i s t i c s ;  Tes t  No. 7, 

I f  
1 

Cs seed , 

I . . . .  I temp'erature . . . . . . . . . . . . . : . ' . .  2870 K 
, . 

c o n d u c t i v i t y .  . . . . . . . . . ' . . . . . . . .  12 S/m , 
\ 

F o r  t h e  above cond i t i ons ,  t h e  V - I  c h a r a c t e r i s t i c  was c a l c u l a t e d  f o r  cu r -  

r e n t s  of between 250 and 500 A, i n  accordance w i t h  c u r r e n t  l e v e l s  ach ieved 

d u r i n g  t h e  t e s t .  
. . 

F i g u r e  6.18 'compares exper imenta l  and c a l c u l a t e d  data, and good agreement 

I ( w i t h i n  10-20 $1 can be observed. 



For instance,' f o r  t he  case of maximum power obta ined du r ing  the  t e s t  

(1.5 MW), under a Ha l l  p o t e n t i a l  o f  4.0 kV, the c a l c u l a t e d  power i s  1.6 MW 'and 

corresponding H a l l  p o t e n t i a l  i s  4.4 kV. 

Cal cu l  a t i o n s  a1 so show t h a t  experimental  e l e c t r i c a l  parameters achieved 

i n  Test No. 7 correspond . to an opera t ing  p o i n t  l oca ted  t o  the  r i g h t  o f  t h e  

maximum o f  t he  power-load c u r r e n t  curve. The c u r r e n t  i n  Meas No. 1849 (365 A )  

approaches the optimum value as regards maximum output  power. Therefore, f u r -  

t h e r  reduc t ion  o f  c u r r e n t  and increase o f  vo l tage would n o t  have l e d  t o  s ign-  

i f i c a n t  gain i n  power. \ 

The analyses o f  c a l c u l a t e d  and experimental  r e s u l t s  o f  Test No. 7 i n -  

d i c a t e  tha t ,  dur ing  the  l a s t  t e s t ,  major parameters reached t h e i r  design o r  

near-design values. 

.Comparison o f  t he  exper imenta l ' .data o f  Test No. 7 w i t h  c a l c u l a t i o n s  o f  

i n'tegral charac ter i .s t i cs ,  shows c lose  agreement f o r  a c o e f f i c i e n t  o f  conduc- I 
t i v i  ty reduct ion,  K,, o f  .0.7-1.0. I 

F igures  6.18a and 6.18b present:  t h e o r e t i c a l  , r e s u l t s  o f  power as a func- 

t i o n  o f  l oad  cu r ren t  and V - I  c h a r a c e r i s t i c s  f o r  K, = 0.7 and 1.0; experimental  

data p o i n t s  corresponding t o  the '  ope ra t i ng  mode i n  quest ion a r e  a1 so shown. 

A s  po in ted  out  e a r l i e r ,  K, values der ived from " l o c a l  ana lys i s "  o f  ex- 

per imenta l  e l e c t r i c a l  performance 1 i e  i n  the  range o f  0.9-1.0. 

Consequently, l o c a l  and i n t e g r a l  analyses o f  experimental data p o i n t  

toward the  conclus ion t h a t  i o n i z a t i o n  o f  cesium seed was s u f f i c i e n t l y  high, 

and the experimental value o f  c o n d u c t i v i t y  p r a c t i c a l l y  co inc ided w i t h  t h e  

t h e o r e t i c a l '  va lue ca l cu l  a ted  on ,  t h e  b a s i s  o f  thermodynamic e q u i l  i brium. Good 

agreement of experimental r e s u l t s '  f o r  the pressure and Ha l l  p o t e n t i a l  d i  s- 

tr i bu t i ons  w i  t h  t h e o r e t i c a l  resu l  t s ;  us ing  the  quasi-one-dimensional mode1 s 

can be seen i n  F igure  6.19 and F igure  6.20. 



1 2 ,  3 
~ x i a l  P o s i t i o n ,  m 

Fig .  6.19 Comparison o f  c a l c u l a t e d  w i t h  measured d i s t r i b u t i o n  o f  s t a t i c  

p ressure  a long  t h e  channel;  Tes t  No. 7, Cs seed 

. . 
- 0  , \ 1 2 3 4 5 

I AXIAL POSITION, m' 

Fig.  6.20 Comparison o f  c a l c u l a t e d  w i t h  measured d i s t r i b u t i o n  o f  Ha l l .  
' " 

p o t e n t i a l  a long .  t h e  channel;  Tes t  No. 7, Cs seed 



j 
A1 1  the  above r e s u l t s ,  viewed i n  . t h e i r  t o t a l i t y ,  i n d i c a t e  t h a t  design 

performance has been achieved f o r  a1 1  gasdynamic and e l e c t r i c a l  parameters, 

and experimental  data are  i n  good agreement w i t h  the  r e s u l t s  o f  computer 

model s. 

6.2.3 E f f e c t  of I n t e r f  rame Resistance on Channel Performance 

A study was performed o f  the e f f e c t  o f  in te r f rame res i s tance  on the  

performance o f  the U-25B channel. Reduced e l e c t r i c a l '  r es i s tance  between 

frames can be ~ a u s e d  by depos i t ion  o f  seed on the  i n t e r e l e c t r o d e  i n s u l a t o r  

surfaces. This was ev ident  ' du r i ng  the  plasma c o n d u c t i v i t y  measurement t e s t s  

(see Sect ion 5.5), when i t  was no t i ced  t h a t  the  channel wal'l r es i s tance  was 

subs tan t i a l  l y  reduced a f t e r  seed was i n j e c t e d .  

A s e n s i t i v i t y  ana lys i s  was performed f o r  plasma cond i t i ons  s i m i l a r  t o  

those o f ,  Test No. 7 w i t h  c e s i  urn ,seed. Other parameters .assumed i n  t h i s  s tudy 

are: Tw = 1650 K, w a l l  sur face  roughness = 0.003 my KO = 1.0, 11 = 50 vol  I ,  

and 'SR = 0.88. F igure  6.21 presents the  e f f e c t  o f  assumed values o f  i n t e r -  

frame res is tances  on the  channel power ou tpu t  f o r  mass f l ow  r a t e s  o f  5  kg/s 

and 3  kg/s. Thi.s f i g u r e  i n d i c a t e s  t h a t  t he  power output  remains p r a c t i c a l l y  

unchanged f o r  i n te r f rame res is tances  o f  the  order  o f  1.0 a  o r  h igher .  How- 

ever, the power output  o f  the channel drops r a p i d l y  when the  res is tance-  i s  r e -  

duced below 1.0 a. These curves a re  subject ,  o f  course, t o  t he  assumptions 

used i n  the  a n a l y t i c a l  p red i c t i ons .  D i f f e r e n t  wa l l  temperatures, e f f e c t i v e  

w a l l  roughness, s idewal l  considerat ions,  a r c i n g  model, three-dimensioria.1 . . 

ef fects, etc., can,  a l t e r  the  r e s u l t s  q u a n t i t a t i v e l y ;  however, t he  t rends  

presented i n  F ig .  6.21 are  expected t o  p e r s i s t .  

I n  la rge-sca le  MHD channels, f o r  l o w  i n t e r e l e c t r o d e  res i s tance  o f  t h e  

o rde r  o f  1.0 a, the  leakage c u r r e n t  i s  expected t o  be approximately 100 A ( f o r  

Ha l l  f i e l d  o f  4 kV/m and e lec t rode  p i t c h  o f  0.025 m). This leakage c u r r e n t  i s  

i n s i g n i f i c a n t  compared w i t h  t h e  t o t a l  l o a d  cur ren t .  Therefore, t he  ou t look  i s  

encouraging t h a t  the  wa l l  c u r r e n t  leakage r e s u l t i n g  from the  reduc t i on  o f  t he  

i nte re lec t rode  res is tance w i  11 n o t  s i g n i f i c a n t l y  a f f e c t  t he  power ou tpu t  o f  

la rge-sca le  MHD channel s. 
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F ig.  6.21 Calculated,ef fect  o f  in te r f rame res is tance on channel power',output; 

7 : . . 
Test No. 7; Cs seed.l.1 mass %, Tw=1650 K, K =1.0, ks=0.003 m, SR=0.88, 

6.3 Analys is  of cu r ren t  ~ i s t r i b u t i o n  i n  t h e  Power Takeoff Region 

.The model developed f o r  t h e  , p r e d i c t i o n  of cu r ren t  t a k e o f f  d i s t r i b u t i o n s  .. . 

[ I 3 1  was used i n  t h e  ana lys is  o f  t he  t a k e o f f  regions. Figures 6.22 and 6;23 

show experimental and c a l c u l a t e d  takeof f  frame c u r r e n t  d i s t r i b u t i o n s  f o r  oper- 

a t i n g  con.di t i o n s  corresponding t o  IVTAN Meas No. 1135 (7/31/79,19 i34:29) : 
G = 4.6 kg/s,. Power = 1041 kW., IL = 203 A, f o r  Test  No. 6, and ANL Meas No. 

5800, (12/6/79,! :23:58:56): G = 5.  kg/s; Power=1.5 MW, I = 3 8 l 8 . A f o r  ~ e s t  NO. 7. 

The small discrepancies between c a l  cu l  a ted and experimental d i  s t r i  bu t i o n s  

mqy be a t t r i b u t e d  t o  Ha l l  f i e l d  inhomogeneities. The  load currents,  :IL, used 

i n  ,the c a l c u l a t i o n s  were taken t o  be equal t o  t h e  sun df t he  mea,sured t a k e o f f  

curren.ts. 1.n .. .general, experimental resu l  t s  o f  'Tests No. 6 and No. 7, ' and 



Frame No. 

F ig .  6.22 comparison o f  c a l -  

cu la ted  w i t h  measured d i s t r i -  

b u t i o n  o f  c u r r e n t  a t  i n l e t  

power t a k e o f f  reg ion ;  Test 

No. 6, IVTAN Meas No. 1135; 

F ig .  6.23 Comparison o f  caq - 
cu la ted  w i t h  m e a s u r e d d i s t r i -  

bu t i on  o f  c u r r e n t  a t  i n l e t  

power t a k e o f f  region;  Test' 

14 No. 6, ANL Meas No. 5800; 

Frame No. G = 5  kg/s, IL = 381 A 

those o f  Tes t  No. 4, C31, are  i n  good agreement w i t h '  those p r e d i c t e d  by the  

aforementioned t h e o r e t i c a l  model. Comparison o f  the  experimental ' d i  s t r i  bu- 

t i o n s  obta ined from a l l  t he  t e s t s  i n d i c a t e s  t h a t  t h e '  t a k e o f f  arrangement 

( d u r i n g  Test No. 7 was opt imal .  



7.0 CHANNEL POST-TEST INSPECTION RESULTS 

Upon completion o f  Test No. 7, Channel No. 2 was inspected i n  t h e  

f 01 1 owing sequence: 

1. Inspect ion  o f  i n t e r n a l  channel surface. 

2. Inspect ion  o f  the  e x t e r i o r  o f  the  pressure vessel. 

3. Pressure tes ts .  

4. Tests o f  i n s u l a t i o n  proper t ies .  

5. Disassembly o f  pressure vessel. 

6. Inspect ion  o f  i n t e r i o r  sur face o f  t he  pressure vessel.  

The inspect ion  o f  t h e  i n t e r n a l  channel sur face revealed l o s s  o f  ceramic 

packing along almost the  e n t i r e  l e n g t h  o f  t he  channel t o  a depth o f  3-4 mm. 

I n  the  downstream section, l o s s  o f  ceramic ma te r ia l  from the  cathode w a l l  was 

higher. A photograph o f  t he  channel sur face near a j o i n t  between two channel 

sec t ions  i s  shown i n  Fig. 7.1. 

Inspect ion  o f  t he  sur face o f  t he  ex terna l  pressure vessel a f t e r  i t  was 

removed from the magnet revealed the  presence o f  two areas w i t h  thermal 

damage: 1) along the  anode w a l l  i n  t h e  reg ion o f  frames 46-53, a darkened spot  

approximately 100 mn i n  diameter and 2) a darkened spot  approximately 50 mm i n  

diameter near t h e  pressure vessel j o i n t  and i n  t h e  reg ion o f  frames 71-73. 



Pressure tests  using a pos i t i ve  pressure o f  0.5 atm i n  the bore o f  the 
channel indicated a pressure loss o f  0.12 atm a f t e r  20 min. Leakage was found 

along the in ter face o f  the pressure vessel wi th  the e x i t  f lange and through 

the seals o f  the water connections t o  frames 1 and 53. 

Inspection o f  s t a t i c  pressure transducers showed tha t  transducers PC3, 

PC13, and PC17 were p a r t i a l l y  plugged; transducer PC10 was completely plugged. 

Pressure tes t ing  o f  the cool ing system showed t h a t  the system as a whole 

was leak-free except f o r  a small in te rna l  leak i n  frame No. 3 and small ex- , 

ternal  leaks i n  a number o f  frame f i t t i n g s .  Thermal sensors i n s t a l l e d  a t  

frame cool ant discharge tubes showed tha t  discharge water temperature was 

w i th in  the range o f  65-90 O C ,  except f o r  frames 49, 51, and 53, where i t ex- 

ceeded 90 O C .  

I n t e r f  rame insu la t ion  resistance f o r  the major i ty  o f  frames var ied be- 

tween tens and hundreds o f  ohms. A f te r  the channel was d r ied  wi th  warm a i r  

f o r  48 hours, the number o f  interframe insu la tors  w i t h  resistance o f  less  than 

1 kn decreased from 110 to 64. The lowest interframe resistance was observed 

between frames 57 and 58 (4.5 a),  and frames 60-61 (50 $2). Frame i nsu la t i on  

t o  external e l e c t r i c  c i r c u i t s  and ground was on the order o f  megohms. This 

confirms the r e l f a b i l i t y  o f  a l l  e l e c t r i c a l  measurements performed during the 

tests.  

The f iberg lass pressure vessel was disassembled, so t h a t  i t s  i n te rna l  I 
surface could be inspected. I n  the v i c i n i t y  o f  frames 46-53 and o f  71-72, 

there was evidence o f  flame damage. Interelectrode insu la t ion  (MgO s t r l p s )  i n  

these locat ions was damaged over its e n t i r e  width. It should be noted t h a t  

damage locat ions are i n  the area o f  j o i n t s  between cha'nnel sections. Possi- 

bly, t h i s  damage i s  the r e s u l t  o f  shortcomings i n  the procedure o f  assembling 

the mu1 t ip le-sect ion channel w i t h i n  the pressure vessel. 
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APPENDIX A 

HISTORIES. OF COMBUSTOR AND CHANNEL STATIC PRESSURE MEASUREMENTS 

Parameter I den t i  f i c a t i o n  

P C C l  - Combustor Pressure, atm 

PC1  - PC19 - S t a t i c  Pressures on t h e  channel wa l ls ,  atm 

Notes 

a. P'C1 and PC11,  PC2 and PC12 etc., a re  taken a t  the same a x i a l  

1 o c a t i  ons on opposi te channel w a l l  s 

b. Each f i g u r e  conta ins  a h i s t o r y  o f  t h e  combustor pressure and 

h i s t o r i e s  o f  two pressure measurements taken a t  t he  same a x i a l  l o c a t i o n .  The 

combustor pressure h i s t o r y  i s  i d e n t i f i e d  w i t h  "+", t he  h i s t o r y  o f  t he  pressure 

m e a ~ ~ r e m e n t s  a t  PC1-PC10 w i t h -  "xu, and the  h i .s to r ies  o f  t he  pressure 

measurements a t  PC11-PC19 w i t h  "*". 





I .  

" P C C l  F C U  P C l U  K G / C M * * 2  P C C l  P C 3  P C 1 3  K G / C M * * 2  





' PCCl PCB. PC 18 K G / C M m m 2  

0.0 1.2 2. U 



P C C l  P C 1 0  K t / C M n a 2  





PCCl PC3 PC13 K G / C M M M ~  . 

0.0 1 . 2  2 .  '4 3  





PCCl PCB PC18 K G / C M m n 2  

0 . 0  1 . 2  2. u 3.  



PCCl PC10 KG/CMnn2 

0 . 0  1 .2  2.  rl 3 . 6  



REPRESENTATIVE TEST DATA FOR TESTS NO. 6 AND N0.'7 

. . 
'-3 

Parameter I d e n t i f i c a t i o n  

I I 
1. Express L i s t i n g .  

I 

DATE - Date (month, day, year )  

TIME - Time o f  day '(hour,' minute,. second) 

RECN - Measurement number' . ' 

B1 - Magnetic f i e l d  ' i n tens i t y ,  T 

ITOTl - Tota l  i n v e r t e r  cur ren t ,  A 

. . 
ETOTl - Tota l  i n v e r t e r  vo1 tage, V 

HALL1 - Hal 1 vo l  tage, ' V . . 

PTOTl - I n v e r t e r  power, kW 

P C C l  - Combustor pres,sure, atm 
, ' 

PRC2 - Ra t io  o f  s t a t i c  pressure PC2 t o  P C C l  

PRC12 - Ra t io  o f  s t a t i c  pres'sure ~ ~ 1 2  t o  PCCl 

TPHl - Ox id izer  preheat temperature, O C  

TPCCl - Plasma temperature a t  channel entrance, K 

OX1 - Oxygen content  i n  o x i d i z e r  (be fore  preheaters),  vo l  % 
L 

OX2 - Oxygen i n  o x i z i d e r  ( a f t e r  preheaters) , vo l  % 

M O X l  -'Mass f l ow  r a t e  o f  ox id i ze r ,  kg/s 

M N G l  - Mass f low r a t e  o f  fuel,  kg/s 

MS1 - Flow r a t e  o f  seed so lu t i on ,  L /h  



M T O T ~  - To ta l  mass f l ow  rate,  kg/s 
I 

ALFAl - Sto ich iomet r ic  r a t i o  
. . 

2. S t a t i c  Pressures 

PCC1 - Combustor pressure, atm 

PC1-PC20- Channel s t a t i c  pressures, atm 

PD1-PD3 - D i f f u s e r  s t a t f c  pressures, atm 

PDS1-PDS2 - S t a t i c  pressures downstream o f  d i f f u s e r ,  atm 

3. Cool i ng Water Parameters' 

MCWl - Mass f low r a t e  o f  combustor and nozzle c o o l i n g  water, L/h 

MCW2 - Mass f low r a t e  o f  channel c o o l i n g  water, L /h  

MCW3 - Mass f low r a t e  o f  d i f f u s e r  c o o l i n g  water, L/h 

DTWl - Temperature r i s e  o f  combustor and' nozzle c o o l i n g  water, K 

DTW2 - Temperature r i s e  o f  channel c o o l i n g  water, K 

DTW3 - Temperature r i s e  o f  d i f f u s e r  c o o l i n g  water, K 

D Q 1  - Combustor and nozzle heat  loss,  MW 

DQ2 - Channel heat loss,  MW 

DQ3 - D i f f u s e r  heat  loss,  MW 

HFRl - Enthalpy a t  channel i n l e t ,  MW 

D Q C C l  - Combustor and nozzle heat  loss,  % 

4. Power Take-off  parameters 

ITOT - Tota l  i n v e r t e r  cur ren t ,  A 

ETOT - Tota l  . i n v e r t e r '  vo l  tage, V 

PTOT - 'Total  i n v e r t e r  power, kW 

ITNV17,19,21 - Current  of i n v e r t e r  17,19, 21, A 

EINV17,19,21 - Voltage o f  i n v e r t e r  17,19,21, V 

PINV17,19,21 - Power o f  i n v e r t e r  17,19,21, kW 

HALL - H a l l  Voltage, V 



I 1 2  113-1143 - Cu r ren t  o f  t a k e o f f  frames 12 - 143, A 

IENT - Sum o f  upstream t a k e o f f  cu r ren t s ,  A 

IEXIT - Sum o f  downstream takeo f f  cu r ren t s ,  A 

I n t e r f r a m e  Vol tages 

1 .- ~ n t e r f r a m e s  vo l t age  between frames 1 and 2, V 

2  - In te r f r ames  vo l t age  between frames 2 and 3, V 

,. . 

160 - In te r f r ame  vo l t age  between frames 160 and 161, V 



DATA FROM TEST NO. 6 



DATE TIME 

19:27:49 
19:28:09 
19:213:32 
19:28:54 
19:29:11 
19:29:37 
19:29:59 
19:30: 16 
19:30:42 
19:30:59 
19:31:26 
19:31:44 
19:32:01 
19:32:21 
19:32:44 
19:33:01 
19:33:21 
19:33:34 
19:33:45 
19:33:57 
19:34: 12 
19:34:22 
19:34:29 
19:34:45 
19:35: 12 
19:35:38 
19:36:02 
19:36:29 
19:36:41 
19:37: 13 
19:37:29 
19:42:32 
19:46:09 
19:51:07 
19:51: 17 
19:52:32 
19:52:43 

RECN 

11 13 
11 14 
1115 
1116 
1117 
1118 
11 19 
1120 
1121 
1122 
1123 
1124 
1125 
1126 
1127 
1128 
1129 
1130 
1131 
1132 
1133 
1 134. 
1135 
1135 
1137 
1138 
1139 
1140 
1141 
1142 
1143 
1144 
1145 
1146. 
1147 
1148 
1149 

EXPRESS LISTItIrJ - IVTAN DATA 
LISTING FRODUCED GN OCTG8ER 3,1380 

01 ITOTl ETOTI HALL1 ?TOT1 FCC1 PEC2 PRClZ TPH1 TPCC 1 

2682 
2666 
2668 
2562 
265 1 
2Vi9 
265 1 
2651 
2677 
2651 
2650 
5639 
2645 
26 37 
2623 
2631 
26 15 
26 17 
26 10 
2613 
2636 
2654 
2640 
2639 
2637 
2549 
265 1 
26'i9 
2563 
2650 
2579 
26/:3 
2740 
2687 
2703 

0 
0 



DATE 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

07/31/79 

TIME 

19:27:49 , 

19:28:09 

19:28:32 

19:28:54 

19:29:11 

19:29:37 

19:29:59 

19:30:16 

19:30:42 

19:30:59 

.19:31:26 

19:31:44 

19:32:01 

19:32:21 

19:32:44 

19:33:01 

19:33:21 

19:33:34 

19:33:48 

19:33:57 

19:34: 12 

19:'34:22 

19:34:29 

19:34:45 

19:35: 12 

RECN 

1113 

1 1  14 

1115 

11 16 

11 17 

1 1  18 

11.19 

1120 

1121 

1122 

1123 

1124 

1125 

1126 

1127 

1128 

1129 

1130 

1131 

1132 

1133 

1134 

1135 

1'1 39 

1137 

STATIC PRESSURES - (KG/CM**2) - 
LISTING PRODUCED ON OCTOSER 

PCCl PC1 FC2 ' .PC3 . PC4 
PC11 PC12 PC13 PC14 

IVTAN DATA 
3,lFSO 

PD2 
PDS 1 

0.979 
0 .E86 
0.979 
0.886 
0.979 
0.886 
0.979 
0.886 
0.979 
0.886 
0.979 
0.886 
0.979 
0 -886 
0.979 
0.886 
0.979 
0.891 
0.979 
0.886 
0.979 
0.886 
0.979 
0 -856 
0.979 
0.886 
0.979 
0.891 
0.979 
0.891 
0.979 
0.89 1 
0.979 
0.591 
0.975 
0.891 
0.979 
0.891 
0.979 
0.891 
0 -979 
0 .a6 
0.979 
0.891 
0.979 
0.886 
0.979 
0.892 
0.979 
0.891. 



DATE TIME 

STATIC PRESSURES - (KG/Cbl**21 - IVTAN DATA 
- LISTING FRODUCED ON OCTOBER 3,1980 

RECN PCCl PC1 PC2 PC3 PC4 PC5 PC6 
PC11 FC12 PC13 PC14 PC15 PC16 



DATE 

07/31/79 
07/3 1/79 
07/31/79 
07/31/79 
07/31/79 
07/3 1/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/3 1/79 
07/31/79 
07/31/79 
0713 1/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 

TIME 

19:27:49 
19:28:09 
19:28:32 
19:28:54 
19:29:ll 
19:29:37. 
19:29:59 
19:30: 16 
19:30:42 
19:30:59 
19:31:26 
19:31:44 
19:32:01 
19:32:21 
19:32:44 
19:33:01 
19:33:21 
19:33:48 
19:33:57 
19:34:22 
19:34:45 
19:35: 12 
19:35:38 
19:36:02 
19:36:29 
19:36:41' 
19:37:13 
19:37:29 
19:.52:32 

RECN 

1113 
11 14 
11 15 
11 16 
1117 
1118 
11 19 
1120 
1121 
1122 
1123 
1124 
1125 
1126 
1127 
1128 
1129 
1131 
1,132 
1134 
1136 
1137 
1 1 p  
1139 
1140 
1141 
1142 
1143 
1148 

MCW 1 

183.4 
184.8 
184.3 
-186.3 
985.2 
184.4 
185.4 
185.5 
183.9 
185.6 
185.1 
185;2 
184.2 
185.7 
185.6 
184.2 
185.0 
185.0 
185.7 
186.0 
186.2 
183.6 
185.7 
184.7 
184.4 
186.4 
183.9 
186.3 
184.3 

COOLING WATER PARAMETERS - IVTAN DATA - 
LISTING FRODUCED ON OCTOBER 3,1980 

MCHZ HCU3 DTCHI DTCH2 DTCH3 091 DQ2 DQCC 1 

8.00 
8.07 
7.96 
8.07 
7.92 
7.90 
7.83 
7.90 
7.86 
7.97 
7.90 
7.96 
7.73 
7.84. 
7.70 
7.67 
7.66 
7.68 
7.66 
7.11 
7.69 
7.04 
7.19 
7.67 
7.20 
7.80 



POUER TAKEOFF PARAMETERS - IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3, 1980 

RECN= 11 13 DATE TIME I12=27 116.31 I20=?6 1132=9 1136.0 
07/31/79 .19:27:49 113~31 117~24 I21=22 I133=9 I137=19 

ITOT= 331 ETOT=1373 PTOT= 454 114.28 118~27' I22=26 I134= 12 I133=24 
IINV17 337 EINV17= 635 PINV17= 214 115~28 119~1 I23=24 I135=11 1139=25 
IINV19= 331 EINVl9= 478 PINV19= 158 
IINV21= 315 EINV21= 260 PINV21= 82 

HALL=1130 

RECN=1114 ' DATE TIME I12=28 116=30 120=25 1132=10 I136=0 
07/31/79 19:25:09 113~30 . I17=25 121=22 I133=9 1137=18 

ITOT= 330. ETOT=1367 . PTOT= 451 I14=28 I18=28 I22=26 I134=10 1138=23 
IINV17= 337 EINV17= 635 PINV17= 214 I15=29 I19=1 I23=24 I135=10 1139=25 
IINV19= 331 EINV19= 466 PINV19= 154 
IINV21= 312 EINV21= 266 PINV21= 83 

HALLZI 120. 

DATE TIME 
07/31/79 19:28:32 

ETOT= 1890 PTOT= 574 
EINV17= 905 PINV17= 279 
EINVl9= 800 PINV19= 241 
EINV21= 185 PINV21= 54 
HALL=1787 

DATE TIME 
07/31/79 19:28:54 

ETOT=1826 PTOT= 553 

DATE TIME 
07/31/79 19:29:11 

ETOT=2 159 PTOT= 658 
EINV17= 987 PINV17= 304 
EINVl9= 929 PINVl9= 282 
EINV21= 243 . PINV21= 72 
HALL=2128 

DATE TIME 
07/31/79 19:29:37 

ETOT=1954 PTOT= 593 
EINV17= 929 PINV17= 286 
EINV19= 806 PINV19= 243 
EINV21= 220 PINV21= 65 
HALL=1823 



PC!.:ER TAKEOFF PARE.:!ETERS - IVTAN DATA 
LISTING FROSUCED ON OCTCBER.3, 1980 

1 1 2 ~ 3 1  I16=32  I20=24  I132=13 
I13=33  117.25 I21=19  I133=  10 
1 1 4 3 0  I 1 8 = 2 8  I22=20  1134=9 
I15=30  I 1 9 = 1  I 2 3 =  13 1135.9 

RECN= 11 19 DATE TIME 
07/31/79 19:29:59 

ITOT= 328 ETOT=2036 PTOT= 668 
I INV17= 331 EINV17=.923 PINV17= 305 
I IN\ l19= 327 EINV19= 8 5 2  PItIV19= 289 
I I t lV21=  317 EINV21= 232 PIIIV21=. 74  

HALL=19?8 

DATE TIME 
07/31/79 19:30:16 

ETOT=2053 PTOT= 673 
EINV17= 923 PINV17= 305 
EINV19= 893  PIt:V19= 292 
EINV21= 237 PINV21= 75 

HALL=2033 

' DATE TIME 
07/31/79 19:30:42 

ETOT= 1831 PTOT= 599 
EINV17= 859 PINV17= 284 
EINV19= 785 PINV19= 256 
EINV21= 185 PINV21= 59 

HALL= 1776 

DATE TIME 
07/31/79 19:30:59 

ETOT=1813 PTOT= 593 
EINV17= 8 4 1  PINV17= 278 
E I W l 9 =  747 PIt:Vl?= 243 
EINV21= 226 PI tN21= 7 2  

HALL=1681 

RECN= 1123 DATE TIME 
07/31/79 19:31:26 

ITOT= 327 ETOT= 186 1 PTOT= 605 
I INV17= 331 EINV17= 859 PIHV17= 284 
I INV19= 325 EII:Vl9= 776 PINV19= 252 
I INV21= 317 EINV21= 226 PINV21= 72 

HALL= 1740 

RECN=1124 DATE TIME 
. . 07/31/79 19:31:44 

ITOT= 327 ETOT= 15.19 PTOT= 594 
'IIEIV17= 3 3 1  EINV17= 8 4 1  PIttV17= 273 
I INV19= 325 EINV19= 718 PINVl9= 233 
I INV21= 317 EINV21= 260 PIKV21= 8 3  

HALL=1612 



POWER TAKEOFF PARAHETERS - IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3, 1980 

RECN= 1125 DATE TIME 
07/31/73 19 : 32: 0 1 

ITOT= 327 ETOT=2013 PTOT= 658 
IINV17= 331 EINV17= 923 PINV17= 305 
IINV19= 325 EINV19= 865 PINV19= 281 
IINV21= 317 EINV21= 226 PINV21= 72 

HALL=1986 

DATE TIME 
07/31/79 19:32:21 

ETOT=2476 PTOT= 743 
EINV17=1075 PINV17=' 327 
EINV19=1069 PINV19= 321 
EINV21= 331 PINV21= 96 

HALL=2490 

DATE TIME 
07/31/79 19:32:44 

ETOT=3003 PTOT= 827 
EINV17=1222 PINV17= 340 
EINV19=1298 PINV19= 359 
EINV21= 484 PINV21= 129 

HALL=3076 

DATE TIME 
07/31/79 19:33:01 

ETOT=3278 PTOT= 864 
EINV17=1310 PINV17= 349 
EINV19=1397 PINV19=. 370 
EINV21= 571 PINV21= 146 

HALL=3334 

DATE ' TIME 
07/31/79 19:33:21 

ETOT=4064 PTOT=. 943 
EINV17= 149 1 PINV17= 351 
EINV19=1708 PINV19= 399 
EINV21= 855 PINV21= 193 

HALL=4073 

DATE TIME 
07/31/79 19:33:34 

ETOT=4069 PTOT= 945 
EINV17=1503 PINV17= 354 
EINV19=1726 PINVl9= 403 
EINV21= 841 PINV21= 188 

HALL=4084 



POWER TAKEOFF PARAMETERS - IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3, 1980 

DATE TIME 
07/31/79 19:33:48 

ETOT=4 169 PTOT= 971  
EINV17=1526 PINV17= 359 
EINV19=1749 PINV19= 412 
EINV21= 893  . PINV21= 200 

HALL=4177 

DATE TIME . 
07/31/79 19:33:57 

ETOT=435 1 PTOT=1021 

DATE TIME 
07/31/79 19:34:12 

ETOT=4374 PTOT=1030 
EINV17=1573 PINV17= 370 
EINV19=1784 PINV19= 430 
EINV21=1016 PINV21= 229 

HALL=4366 

DATE ' TIME 
07/31/79 19:34:22 

ETOT=4409 PTOT= 1038 
EINV17=1573 PINV17= 370 
EINV19=1790 PINV19= 432 
EINV21=1046 PINV21= 236 

HALL=4400 

DATE TIHE 
07/31/79 19:34:29 

ETOT=4421 PTOT= 104 1 
EINV17=1579 PINV17= 3 7 2  
EINV19=1790 PINVl9= 432 
EINV21=1052 PINV21= 237 

HALL=4412 

DATE TIME 
. 07/31/79 19:34:45 
ETOT=4609 PTOT=1068 

EINV17=1620 PINV17= 372 
EINV19=1808 PINVI9= 436 
EINV21=1181 PINV21= 260 

HALL=4600 



POUER TAKEOFF PARAMETERS.- IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3, 1980 

DATE TIME 
07/31/79 19:35: 12 

ETOT=1619 PTOT= 602 
EINV17= 747 PINV17= 281  
EINV19= 635 PINV19= 235 
E I W 2 1 =  237 PINV21= 8 6  

HALL=1447 

DATE TIHE 
07/31/79 19:35:38 

ETOT= 163 1 PTOT= 606 
EIEW17= 741  PINV17= 279 
EINV19= 653 PINV19= 242 
EINV21= 237 PINVZl= 8 6  

HALL= 147 1 

DATE TIME 
07/31/79 19:36:02 

ETOT=1643 PTOT= 6 1 1  
EINV17= 741  PINV17= 279 
EINV19= 694 PINV19= 257 
EINV21= 208 PINV21= 7 5  

HALL= 1541 

DATE . TIME 
07/31/79 19 :36:29 

ETOT=1638 PT(ST= 611  
EINV17= 736 PINV17= 277 
EINV19= 700 PINV19= 260 
EINV21= 202 PINV21= 74  

HALL= 1553 

DATE TIME 
07/31/79 19:36:41 

ETOT= 1667 PTOT= 622 
EIEW17= 753 PINV17= 283 
EINV19= 7 3 0 .  PINVl9= 271  
EINV21= 185 PINV21= 67 

HALL= 1622 

DATE TIME 
07/31/79 19 :37: 13 

ETOT=1907 PTOT= 689 
EINV17= 829 PINV17= 302 
EINV19= 847 PINV19= 305 
EINV21= 232 PINV21= 8 2  

HALL= 1927 



POUER TAKEOFF PARAMETERS - IVTCN DATA 
LISTING FRODUCED ON'OCTOCER 3, 1980 

DATE TIME 
07/31/79 19:37 :29 

ETOT= 1907 PTOT= 688 
EINV17= 817 PINV17= 298 
EINV19= 853  PINV19= 307 
EINV21= 237 PINV21= 8 4  

HALL=1916 

DATE TIME 
07231/79 19:42:32 

ETOT=1673 PTOT= 567 
EINV17= 782  PINV17= 268 
EINV19= 607 PINV19= 204 
EINV21= 284 PINV21= 9 5  

HALL=1740 - ,  

DATE TIME 
07/31/79 19:46:09 

ETOT=1415 PTOT= 527 
EINV17= 518 PINV17= 195 
EINV19= 560 PINV19= 208 
EINV21= 337 PIKV21= 124 

HALL=1506 

DATE TIME 
07/31/79 119:51:07 

ETOT=2194 '. PTOT= 692  
EINV17= 8 2 3  PINV17= 263 
EINV19= 823  FINV19= 260 
EINV21= 5 4 8 '  PINV21= 170 

HALL=2279 

' DATE TIME 
07/31/79 19:51: 17 

ETOT=1995 PTOT= 628 
EINV17= 770 PINV17= 246 
EINV19= 741  PINV19= 232 
EINV21= 484 PINV21= 150 

HALL=2069 -. 
DATE TIME 

07/31/79 .19:52:32 
ETOT=1750 ' ?TOT= 487 

EINVl7= 782  PINV17= 221  
EINV19= 630 PINV13= 174,  
EINV21=. 337 PINV21= 9 2  

HALL=1811 



FONER TAKEOFF PAEAtlETERS - IVTAN DATA 
LISTING FRODUCED OH OCTOBER 3, IT80 

RECN= 1149 DATE TIME 112=24 I16=26 120.18 1132.9 I136=0 1140=23 IP57=0 .. IN57=67 
07/31/79 19:52:43 I13=28 I17=21 , 121=16 I133=11 1137~ 18 I14 1=32 IP93= 10 IN93=7 - 

ITOT= 278 ETOT=1732 PTOT= 452 I14=25 I18=23 I?2= 19 I134= 13 I135=22 I142=34 
IINV17= 282 EINV17= 776 PIt4'317= 219 I15=23 . I19=1 123~18 1135=13 1139=22 1143=58 - 
IINV19= 276 EINV19= 62G , PINVl9= 172 
IINV21= 272 EINV21= 331 PINV21= 90 



DATE TIME 
P 

19:27:49 
19:28:09 
19:28:32 
19:28:54 
19:29:11 
19:29:37 
19:29:59 
19:30: 16 
19:30:42 
19:30:59 
19:31:26 
19:31:44 
19:32:01 
19:32:21 
19:32:44 
19:33:01 
19:33:21 
19:33:48 
19:33:57 
19:34:22 
19:34:45 
19:35:12 
19:35:33 
19 : 36': 02 
19:36:29 
19:36:41 
19:37:13 
19:37:29 
19:52:32 

RECN 

INTERFRAHE ,VOLTAGES - IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3,1950 



DATE TIME 

19:27:49 
19:28:09 
19:28:32 
19:28:54 
19:29:11 
19:29:37 
19:29:59 
19:30: 16 
19 : 30 : 42 
19:30:59 
19:31:26 
19:31:44 
19:32:01 
19:32:21 
19:32:44 
19:33:01 
19:33:21 
19:33:48 
19 : 33 : 57 
19:34:22 
19:34:45 
19:35: 12 
19:35:38 
19:36:02 
19:35:29 
19 : 36 : 4 1 
19:37:13 
19:37:29 
19:52:32 

RECN 

INTERFRAFlE VOLTAGES - IVTAN DATA ' 

L I S T I K S  PRODUCED ON OCTOGER 3,1980 



IHTERFRAtlE VOLTAGES - I V T A Y  DATA 
L I S T I H G  PROELJCED ON OCTOEEI? 3 , 1 3 8 0  

DATE TIME RECN 



INTERFRAHE VOLTAGES - I V T A N  DATA 
L I S T I N G  PRODUCED O N  OCTOBER 3,1980 

DATE 

07/31/79 
07/31/79 
07/3 7/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/3 1/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 

RECN 



INTERFRAHE VOLTAGES - IVTAN DATA 
LISTING PRODUCED ON OCTCBER 3,1980 

DATE 

0713 1/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 

. 07/31/79 
07/31/79 
07/3 1/79 
07/31/79 
07/31/79 
.07/31/79 
07/31/79 
07/31/19 
07/31/79 
07/31/79 
07/31/79 . 
07/31/79 
02/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/3 1/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 

TIME , 

19:27:49 
19:28:09 
19:28:32 
19:28:54- 
19:29:11 . 
19 : 29 : 37 
19:29:59 
19:30: 16 
19:30:42 
19:30:59 
19:31:26 
19:31:44 
19:32:01 
19:32:21 
19:32:44 
19:33:01 
19:33:21 
19:33:48 
19 : 33':57 
19:34:22 
.19:34:45 
19:35: 12 
19:35:38 
19 : 36 : 02 
1.9 : 36 : 29 
19:36:41 
19:37:13 
19:37:29 
19:52:32 

RECN 81 82 83 84 85 

1113 6 10 14 10 7 
1114 3 7 8 1 4 
1115 15 18 23 22 16 
,1116 12 12 20 14 '12 
1117 17 17 27 23 17 
1118 16 15 24 21 15 
1119 23 22 33 33 25 
1120 16 .I8 27 23 23 
1121 17 17 27 20 17 
1122 17 13 24 18 ' 16 
1123 17 14 22 19 18 
1124 16 12 18 15 13 
1125 17 15 23 22 14 
1126 24 20 31 32 25 
1127 30 24 36 37 35 
1128 33 27 41 39 38 
1129 33 27 40 40 . 39 
1131 43 39 50 51 45 
1132 44 42 50 54 - 48 
1134 47 44 51 55 47 
'1136 '49 43 49 53 48 
1137 12 14 18 16 12 
1138 14 13 '14 18 13 
1139 15 17 14 .I6 . 15 
1140 .I5 17 16 21 13 
1141 17 19 21 20 17 
1142 20 . 19 24 26 19 
1143 23 19 27 30 ,20 
1148 9 15 17 18 6 



INTERFRAME VOLTAGES - I V T A N  DATA 
L I S T I N G  PRODUCED Or: OCT93ER 3,1930 

D A T E  

07/31/79 
07/31/19 
07/3 1/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79' 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07731/79 
07/3 1/79 
07/31/79 
07/31/79 
07/31/79 

T I M E  

19:27:49 
19:28:09 
1.9:28:32 
19:28:54 
19:29: 11 
19:29:37 
19:29:59 
19 : 30: 16 
19:30:42 
19:30:59 
19:31:26 
19:31:44 
19:32:01 
19:32:21 
19:32:44 
19:33:01 
19:33:21 
19:33:48 
19:33:57 
19:34:22 
19:34:45 
19:35: 12 
19:35:33 
19:36:02 
19:36:29 
19:36:41 
19:37: 13 
19:37:29 
19:52:32 

R E C N  

11 13 
1114 
11 15 
11 16 
1117 
11 18 
11 19 
1120 
1121 
1122 
1123 
1124 
1125 
1126 
1127 
1128 
1129 
1131 
1132 
1134 
1136 
1137 
1138 
1139 
1140 
1141 
1142 
1143 
1148 



INTERFRAME VOLTAGES - IVTAN DATA 
LISTING PRODUCED 0!I OCTOBER 3,1980 

DATE 

07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79' 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/3 1/79 
0.7/31/79 

'"07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 
07/31/79 

TIME 

19:27:49 
19:28:09 
19:28:32 
19:28:54 
19:29:11 
19:29:37 
19:29:59 
19:30:16 
19:30:42 
19:30:59 
19:31:26 
19:31:44 
19:32:01 
19:32:21 
19:32:44 
19:33:01 
19:33:21 
-19~33~48 
19:33:57 
19:34:22 
19:34:45 
19:35:12 
19:35:B 
19:36:02 
19:36:29 
19:36:41 
19:37:13 
19:37:29 
19:52:32 

RECN 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 

1113 -15 -6 -3 -11 -10 -3 -3 0 -2 -2 -12 1 1 0 1 2 .I 2 4 3 
1114 -16 -7 -7 -10 -13 -5 -3 -4 - 1 1  -4 -17 0 1 1 1 2 1 2 3 3 
1115 -14 -6 -4 -10 -5 -3 -6 -2 -11 -3 -17 0 1 0 1 ' 2 1 2 3 3 
1116 -19 -9 -6 -12 -13 -6 -4 -5 -14 -9 -32 -1 0 0 1 2 1 2 3 .4 
1117 -13 -4 -1 -8 -10 -3 -3 -2 -10 -6 -33 -1 0 1 1 2 1 2 3 4 
1118 -13 -6 -6 -7 - 1 1  -5 -2 -2 -15 -10 -37 - I . ,  0 0 1 1 1 2 . 4  4 
1119 -4 0 1 - 1  -5 1 0 0 -6 - 3 - 2 9  0 0 1 1 1 1 2 3 4 
1120 -8 -2 0 -7 -9 -1 -1 -3 -9 --7 -34 -1 0 0 1 1 1 2 4 4 
1121 -8 -3 -3 -6 -8 -1 - 2 . 4  -7 -6 -35 -1 0 0 0 2 1 3 4 4 
1122 -14 -6 -3 -9 -14'-5 -4 -5 -11 -7 -42 -1 0 0 0 1 1 2 3 5 
1123 -10 -4 -4 -7 -11 -3 -3 -4 -12 -7 -39 -1 0 1 0 2 1 2 3 5 
1124 -13 -6 -7 -9 -14 -5 -4 -5 -12 -9 -43 -1 -1 0 0 2 1 2 3 5 
1125 -8 -2 -2 -2 -9 -1 -2 -1 -9 - 6 - 3 5  -1 0 1 0 2 1 2 3 5 
1126 -2 3 6 0 -5 2 0 3 -6 -4 -32 0 0 1 0 1 1 2 '3 4 
1127 0 4 7 2 0 6 3 7 - 4 - 3 - 2 6  0 0 0 0 2 1 1  3 4 
1 1 2 8 t 5  6 9 4 2 6 5 8 - 1  0 - 2 3  1 0  1 1  2 1 1  3 4 
1129 1 1  1 1  14 6 8 9 10 12 2 3 -11 2 I 2 0 1 1 1 3 4 
1131 1 1  1 1  14 6 8 10 8 . 1 4  4 0 -8 2 2 1 0  1 1 1 3  4 
1132 16 18 17 10 12 12 1 1  19 7 3 -2 2 5 2 0 2 1 2 3 3 
1134 14 17 19 1 1  10 13 12 17' 9' 4 -2 3 . 4  2 0 2 1 2 3 4 
1136 15 16 16 12 12 13 1 2 ' 1 7  8 6 -1 3 4 3 0 2 1 2 3 4 
1137 -7 -2 -5 -8 -7 -4 -6 -4 -11 -7 -35 -1 0 0 0 2 1 3 4 5 
1138 -10 -2 -5 -5 -11 -5 -6 -3 -13 -7 -35 -1 0 0 0 2 1 3 4 5 
1139 -1 1  -2 -6 -5 -10 -5 -6 -2 -14 -7 -35 -1 0 0 0 2 1 3 4 5 
1140 -8 -2 -6 -2 -10 -4 -4 -3 -12 -7 -34 -1 0 0 0 2 1 2 4 5 
1141 -3 0 0 -2 -5 -3 -2 -1 -13 -5 -29 0 0 0 0 3 1 2 4 5 
1142 -3 .O -1 -2 -7 -2 -3 0 -12 -6 -30. 0 0 0 0 2 1 3 4 4 
1143 -4 0 -1 0 -5 -3 -2 - 1 - 1 2  - 4 - 3 0  0 0 1 0 2 1 2 4 5 
1148 5 1 0  7 8 5 5 6 1 2 - 1  - 1 - 3 . 4  1 0  0 1 1  1 2  1 

Q 



INTERFRAHE VOLTAGES - I V T A t l  DATA 
L I S T I N G  PRODUCED ON OCTOBER 3,1980 

DATE T I M E  RECN 141 142 143 144 145 146 147 148 149 150 151.  152 153. 154 155 156 157 158 159 160 





EXPRESS LISTIEI'G - IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3,1980 

DATE 

12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 

TIME 

21:57:22 
21:57:29 
21:57:34 
21:57:49 
21:57:52 
21:57:58 
21:58:01 
21:58:05 
21 :s :  10 
21 :s :  17 
21:58:28 
21:58:35 
21:58:40 
21:58:43 
21:58:54 
21:58:59 
21:59:03 
21:59:06 
21:59: 11 
21:59: 15 
21:59:30 
21:59:36 
21:59:44 
21:59:50 
22:00:20 
22:00:24 
22:01:20 
22:01:26 
22:01:39 
22:01:42 
22:01:48 
22:02:00 
22: 02: 08 
22:02:20 
22:02:26 
22:02:48 
22: 02:56 
22: 03: 04 
22:03:21 
22:03:37 
22:03:54 
22: 04: 08 
22:04: 18 
22:04:22 
22:04:50 
22: 05: 09 
22:05:27 
22: 05:32 
22:05:59 
22:06: 16 

RECN 

1448 
1449 
1450 
1451 
1452 
1453 
1454 
1455 
1456 
1457 
1458 
1459 
1460 
146 1 
1462 
1463 
1464 
1465 
1466 
1467 
1468 
1469 
1470 
1471 
1472 
1473 
1474 
1475 
1476 
1477 
1478 
1479 
1480 
1481 
1482 
1483 
1484 
1485 
1486 
1487 
1488 
1489 
1490 
149 1 
1492 
1493 
1494 
1495 
1496 
1497 

TPH 1 

900 
900 
900 
898 
898 
900 
898 
898 
900 
900 
900 
900 
898 
900 
900 
898 
900 
900 
900 
900 
898 
900 
898 
900 
898 
898 
898 
898 
898 
898 
898 
898 
898 
898 
8?5 
898 
898 
898 
898 
898 
898 
898 
898 
898 
898 
898 
898 
898 
898 
898 

OX2 HOXl HNG1 

50.6 3.542 0.513 
50.6 3.5% 0.600 
50.6 3.608 0.602 
50.7 3.553 0.513 
50.7 3.635 0.599 
50.7 3.620 0.599 
50.7 3.623 0.513 
50.7 3.577 0.512 
50.7 3.550 0.599 
50.7 3.631 0.513 
50.7 3.574 0.513 
50.7 3.550 0.599 
50.7 3.508 0.513 
50.8 3.620 0.599 
50.9 3.608 0.513 
50.9 3.597 0.599 
50.9 3.629 0.513 
50.9 3.620 0,599 
50.9 3.492 0.603 
50.9 3.471 0.513 
50.9 3.575 0.599 
51.0 3.606 0.513 
51.0 3.529 0.513 
51.1 3.630 0.599 
51.7 3.623 0.513 
51.7 3.620 0.599 
51.6 3.611 0.513 
51.6 3.611 0.600 
51.6 3.507 0.513 
51.6 3.519 0.600 
51.6 3.577 0.599 
51.6 3.623 0.513 
51.6 3.577 0.600 
51.6 3.473 0.513 
51.6 3.634 0.600 
51.6 3.613 0.599 
51.6 3.611 0.512 
51.6 3.625 0.600 
51.7 3.476 0.600 
51.7 3.614 0.600 
51.7 3.635 0.600 
51.8 3.577 0.513 
51.8 3.5G3 0.600 
51.8 3.520 0.600 
51.9 3.623 0.513 
51.9 3.517 0.600 
51.9 3.607 0.513 
51.9 3.595 0.599 
51.9 3.539 0.513 
51.9 3.595 0.600 

HSI MTOTl ALFAI 

417 4.408 0.995 
419 4.540 0.852 
420 4.562 0.864 
419 4.418 1.001 
420 4.587 0.876 
419 4.571 0.872 
419 4.488 1.020 
420 4.442 1.009 
419 4.502 0.856 
420 4.497 1.023 
419 4.440 1.005 
419 4.502 0.856 
419 4.373 0.988 
420 4.571 0.874 
419 4.473 1.020 
418 4 . 5 a  0.870 
418 4.494 1.026 
419 4.571 0.876 
420 4.447 0.840 
416 4.334 0.981 
419 4.527 0.865 
419 4.471 1.021 . 
420 4.395 1.000 
420 4.582 0.882 
417 4.490 1.039 
420 4.574 0.889 
418 4.477 1.033 
419 4.564 0.884 
420 4.374 1.005 
419 4.471 0.852 . 
419 4.528 0.877 
419 4.438 1.037 
417 4.525 0.876 
416 4.338 0.995 
419 4.587 0.890 
419 4.566 0.856 
418 4.476 1.036 
416 4.577 0.888 
417 4.430 0.853 
420 4.567 0.887 
419 4.587 0.892 
416 4.442 1.029 
418 4.496 0.871 
419 4.472 0.865 
419 4.489 1.043 
417 4.469 0.856 
420 4.473 1.039 
418 4.547 0.M7 
419 4.405 1.019 
418 4.551 0.886 



EXPRESS LISTING - IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3,1980 

DATE 

12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 

TIME 

22:06: 36 
22:06:40 
22:06:59 
22:07: 08 
22:07: 17 
22:07:47 
22:07:57 
22:08:27 
22:08:51 
22: 09: 07 
22:09:17 
22:09:48 
22:09:57 
22: 10:28 
22: 17:08 
22: 17: 14 
22: 17:58 
22: 18: 13 
22: 18:35 
22: 18:53 
22: 19:04 
22: 19: 13 
22:19:34 
22: 19:57 
22:20:05 
22:20: 35 
22:25:30 
22:25:51 
22:26:01 
22:26: 15 
22:26:44 
22:26:51 
22:27:11 
22:27:49 

RECN 

1498 
1499 
1500 
150 1 
1502 
1503 
1504 
1505 
1506 
1507 
1508 
1509 
1510 
1511 
1512 
1513 
1514 
1515 
1516 
1517 
1518 
1519 
1520 



DATE TIME 

00: 15: 16 
00:21:05 
00:21:28 
00:25:04 
00:25:23 
00:25:44 
00:25:57 
00:26:06 
00:26:25 
00:26:29 
00:26:56 
00:27: 16 
00:27:26 
00:27:55 
00:28: 14 
00:28:24 
00:28:55 
00:28:59. 
00:29: 18 
00:29:46 
00:30:04 
00:30:26 
00:30:35 
00:30:54 
00:31:04 
00:31:29 
00:31:37 
00: 32:05 
00:32: 12 
00:32:37 
00:32:45 
OOz.33: 13 
00:33:23 
00:33:54 
00:33:58 
00:34:26 
00:34:45 
00:34:55 
00:35: 15 
00:35:34 
00:35:51 
00:35:57 
00:36:24 
00 : 36 : 31 
00:37:20 
00:37:29 
00 : 38: 04 
00:38:38 
00:38:59 
00:53:58 

RECN 

1849 
1850 
1851 
1852 
1853 
1854 
1855 
1855 
1857 
1858 
1859 
1860 
186 1 
1862 
1863 
1864 
1865 
1866 
1867 
1868 
1869 
1870 
187 1 
1872 
187 3 
1874 
1875 
1876 
1877 
1878 
1879 
1880 
1881 
1882 
1883 
1884 
1885 
1886 
1887 
1888 
1M9 
1890 
189 1 
1892 
1893 
1894 
1895 
1896 
1897 
1898 

01 ITOTI ETOTl 

EXPRESS LISTIKG - IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3,1950 

TFCC 1 

2566 
257 1 
2534 
2554 
2587 
2534 
2633 
259 0 
2568 
2583 
2552 
2567 
2552 
2550 
2568 
2539 
2562 
2548 
2558 
2544 
2528 
2560 
2563 
2565 
257 0 
2554 
2539 
25%3 
2544 
2558 
2552 
2547 
2560 
2557 
2514 
2532 
2529 
2526 
253 1 
252 1 
2549 
2520 
25/10 
2517 

0 
0 
0 
0 
0 
0 



STATIC  PRESSURES - (KG/CM**2) - I V T A Y  DATA 
L IST IE iG  PRODUCED ON OCTOBER 3 , 1 9 8 0  

DATE T I M E  RECN PCCl  PC1, PC2 P C 3 -  PC4 PC5 PC6 PC7 PC8 PC9 PC10 PD1 PD2 
PC11  PC12  PC13 PC14  PC15 PC16 PC17 F C 1 8  PC19 PC20 PDS 1 

PD 3 
PDSZ 



DATE 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

T I M E  

22:00:24 

22:01:20 

22:01:26 

22:01:39 

22:01:42 

22:01:48 

22: 02: 00 

22:02:08 

22:02:20 

22:02:26 

22:02:48 

22:02:56 

22:03:04 

22: 03:21 

22:03:37 

22:03:54 

22:04:08 

22:04: 18 

22:04:22 

22:04:50 

22:05:09 

22:05:27 

22: 05:32 

22:05:59 

22:06: 16 

RECN 

1473 

1474 

1475 

1476 

1477 

1478 

1479 

1480 

1481 

1482 

1483 

1484 

1485 

1486 

1487 

1488 

1489 

1490 

1491 

1492 

1493 

1494 

1495 

1496 

1497 

. STA 

PCC I 

3.225 

3.230 

3.230 

3.230 

3.225 

3.230 

3.230 

3.230 

3.230 

3.225 

3.230 

3.230 

3.230 

3.230 

3.230 

3.230 

3.230 

3.230 

3.230 

3.230 

3.230 

3.210 

3.225 

3.220 

3.220 

T I C  PRESSURES - 
L I S T I N G  PROIliJC 

IKG/CH**2) - 
:ED 01 OCTCFER 

DATA 
I 

PC6 
PC 16 

0.691 
0.730 
0.691 
0.730 
0.691 
0.730 
0.691 
0.730 
0.691 
0.730 
0.691 
0.730 
0.691 
0.730, 
0.691 
0.730 
0.691 
0.730 
0.691 
0 -730 
0.695 
0.735 
0.695 
0.739 
0.695 
0.735 
0.695 
0.735 
0.695 
0.735 
0 -695 
0.735 
0.695 
0.735 
0.695 
0.735 
0.695 
0.735 
0.695 
0.735 
0.695 
0.735 
0.700 
0.735 
0.700 
0.735 
0.700 
0.735 
0.700 
0.740 

PD2 
PDS 1 



DATE 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 ' 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

12/06/79 

TIME 

22:06:36 

22:06:40 

22:06:59 

22:07: 08 

22:07: 17 

22:07:47 

22:07:57 

22:09:27 

22:08:51 

22:09:07 

22:09: 17 

22:09:48 

22:09:57 

22: 1028 

22: 17:08 

22: 17: 14 

22:17:58 

22: 18: 13 

22: 18:35 

22: 18:53 

22: 19 : 04 

22: 19: 13 

22:19:34 

22:19:57 

22:20: 05 

RECN 

1498 

1499 

1500 

1501 

1502 

1503 

1504 

1505 

1506 

1507 

1508 

1509 

1510 

151 1 

1512 

1513 

1514 

1515 

1516 

1517 

1518 

1519 

1520 

1521 

1522 

ST4 

PCC I 

3.220 

3.220 

3.215 

3.215 

3.215 

3.215 

3.215 

3.215 

3.215 

3.215 

3.215 

3.215 

3.215 

3.220 

3.347 

3.347 

3.367 

3.372 

3.332 

1.168 

1.153 

1.148 

1 :I53 

1.153 

1.153 

rTIC PRESSURES - (KG/CM**2) .- IVTAN D 
LISTING FZODUCED CN OCTOBER 3,1980 

PD2 
PDS 1 



DATE TIME RECN 

1523 

1524 

1525 

1526 

1527 

1528 

1529 

1530 

1531 

1532 

1533 

1534 

1535 

1536 

1537 

1538 

1539 

1540 

1541 

1542 

1543 

1544 

1545 

STATIC PRESSURES - (KG/CM*+21 - IVTAN C 
LISTING FRODUCED ON OCT08ER 3,1980 

IATA 

PC6 
PC 16 

0.715 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0.735 
0.749 
0 -735 
0.754 
0.735 
0.754 
0.735 
0.756 
0.735 
0.754 
0.735 
0.754 
0.735 
0.754 
0.735 
0.754 

PD2 
PDS 1 

0.896 
0 .876 
0.896 
0.a1 
0.896 
0.876 
0.896 
0.881 
0.896 
0.881 
0.896 
0 . a 1  
0.896 
0.881 
0 .a96 
0.881 
0.896 
0.881 
0.896 
0.876 
0.896 
0.876 
0.896 
0.876 
0.895 
0.a1 
0.896 
0 . a 1  
0.896 
0 .a31 
0.896 
0.881 
0.89 1 
0.881 
0.896 
0 .cVl 
0.896 
0.181 
0.896 
0.S51 
0.896 
0.Z2l 
0.896 
0.€41 
0.896 
0 .a31 



DATE 

12/07/79 

12/07/79 

12/07/79 

12/07/79 

12/07/79 

'12/07/79 

12/07/79 

12/07/79 

12/07/79 

12/07/79 

12/07/79 

12/07/79 

12/07/79 

12/07/79 

12/07/79 

.12/07/79 

12/07/79 

12/07/79 

12/07/79 

12/07/79 

12/07/79 

TIME 

00: 15: 16 

00:21:05 

00:21:28 

00:25:04 

00:25:23 

00:25:44 

00:25:57 

00:26:06 

00 : 26 : 25 

00:26:29 

00:26:56 

00:27:16 

00:27:26 

00:27:55 

00:28: 14 

00:28:24 

00:28:55 

00:28:59 

00:29: 18 

00:29:46 

00:30:04 

RECN 

1849 

1850 

185 1 

1852 

1853 

1854 

1855 

1856 

1857 

1858 

1859 

1860 

186 1 

1862 

1863 

1864 

1865 

1866 

1867 

1868 

1859 

STATIC PXESSURES - (KG/CH**2) - IVTAN DATA 
LISTIKG PRG3UCED ON OCTOZER 3,:930 

PCC 1 

3.537 

3.587 

3.587 

3.537 

3.587 

3.587 

3.587 

3.587 

3.587 

3.587 

3.587 

-3.587 

3.587 

3.587 

3.557 

3.587 

3.587 

3.587 

3 . 3 7  

3.537 

3.587 

FClO 
PC20 
/ 

0.617 
0.0 
0.495 
0.0 
0.495 
0.0 
0.515 
0.0 
0.515 
0.0 
0.515 
0.0 
0.515 
0.0 
0.515 
0.0 
0.515 
0.0 
0.515 
0.0 
0.515 
0.0 
0.515 
0.0 
0.520 
0.0 
0.520 
0.0 
0.520 
0.0 
0.520 
0.0 
0.520 
0.0 
0.520 
0.0 
0.520 
0.0 
0.520 
0.0 
0.520 

PO2 
PDS 1 

0.886 
0.876 
0.835 
0.881 
0.89 1 
0.881 
0.836 
0.876 
0.8.35 
0.=1 
0.836 
0.876 
0 . M 5  
0 . a 1  
0.836 
0 .S76 
0.885 
0.881 
0.835 
0.881 
0 . a 6  
0.881 
0 . a 6  
0.881 
0.836 
0.831 
0.886 
0.881 
0 . a 5  
D .8S1 
0 . a 6  
0.881 
0.886 
0.881 
0 .Ei36 
0 . a 1  
0.836 
0.881 
0.856 
0.881 
C .88S 



STATIC PRESSURES - (KG/CFlx*2) - IVTAN DATA 
LISTICG FXG3UCED ON OCTOBER 3,1980 

DATE TIME RECN PCCl PC1 PC2 PC3 PC4 PC5 PC6 FC7 PC8 PC9 
PC11 PC12 PC13 PC14 PC15 PC16 PC17 PC18 PC19 

PD2 
PDS 1 

0 -89 1 
0.881 
0.89 1 
0.831 
0 .&2.6 
0 . a 1  
0.886 
0.8111 
0 . a 6  
0.181 
0.886 
0.881 
0.891 
0.881 
0.89 1 
0.881 
0.891 
0.881 
0.886 
0.881 
0.886 
0.881 
0.891 
0.881 
0 .SS5 
0.881 
0.891 
0.831 
0.891 



, . 

0 

, DATE , 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
.12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
i2/06/79 
,12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 

' 12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 

- 

T I M E  

21:57:34 
21:57:49 
21:57:58 
21:58:10 
21:58:28 
21 :58:40 
21:58:59 
21:59:11 
21:59:30 
21:59:44 
21:59:50 
22:00:20 
22:00:24 
22:01:20 
22:01:39 
22:01:48 
22: 02: 00 
22:02:20 
22:02:48 
22:03:04 
22:03:21 
22:03:37 
22:03:54 

. 22:04: 18 
22:04:22 
22:04:50 
22: 05: 09 
22:05:27 
22:05:32 
22:05:59 

'-22:06: 16 
22: 06,: 36 
22:06:40 
22:07:08 
22: 07: 17 
22:07:47 
22:07:57 
22:08:27 
22:0%:51 
22:09:07 
22:09: 17 
22:09:48 
22:09:57 
22:10:28 
22:25:30 
22:33:56 
22:34: 15 
22:36:44 

.22:37:02 

RECN 

1450 
145 1 
1453 
1456 
1458 
1460 
1463 
1466 
1408 
1470 
147 1 
1472 
1473 
1474 
1476 
1478 
1479 
1481 
1483 
1485 
1486 
1487 
14M 
1490 
149 1 
1492 
1493 
1494 
1495 
1496 
1497 
1498 
1499 
1501 
1502 
1503 
1504 
1505 
1506 
1507 
1508 
1509 
1510 
151 1 
1524 
1539 
1540 
1541 
1542 

MCW 1 

186.6 
187.0 

'187.0 
186.0 
187.0. 
186.3 
186.5 
186.9 
187.1 
186.9 
186.4 
186.'. 0 
185.7 
186.4 
185.3 
184.3 
186.2 
186.4 
186.6 
186.3 
186.3 
186.3 
186.1 
186.9 
186.3 
186.3 
187.0 
187 ..O 
186.4 
186.8 
186.7 
186.4 
186.3 
186.8 
186.9 
1Z6.9 
187.1 
186.1 
186.9 
186.9 
186.9 
186.3 
186.5 
186.1 
186.4 
186.2 
186.1 
186.2 
185.9 

COOLING WATER PAR+;IETERS - I V T A N  DATA 
L I S T I N G  PRODUCED ON OCTOBER 3,1980 

DQ3 HFRl  DQCC 1 

5.43 
6.28 
5.45 
5.45 
6.26 
6.25 
5.45 
5.43 , 
5.45 
6.22 
5.43 
6.21 
5.44 

.6.24 
6.29 
5.48 
6.27 
6.33.. 
5.51 
5.51 
5.53 
5.49 
5.52 
5.55 - 
5.53 
6.33 
5.55 
6.33 
5.55 
6.37 
5.55 
5.57 
5.54 
5.49 
5.53 
5.55 
5.53 
5.49 
6.32 
6.32 
5 -50 
5.49 
6.29 
5.46 
5 .&3 
6.01 
5.99 
6.00 
5.99 



COOLINS WATER P A R A ~ ~ E T E R S  - IVTAN DATA 
L ISTING FRODUCED ON OCTOBER 3 ,1980 

DATE TIME RECN HCHI , MCH2 MCH3 DTCWI DTCH2 DTCH3 CQ1 DQ2 DCCC 1 



POHER TAKEOFF PARAMETERS - IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3, 1980 

DATE TIME 
12/06/79 21:57:22 

ETOT=3056 PTOT= 979 
EINV17=1034 PINV17= 332 
EINV19=1514 PINV19= 484 
EINV21= 507 'PINv~~= 163 

HALL=3053 

DATE TIME 
. . 12/06/79 21 :57:29 

ETOT=3970 PTOT= 1074 
EINV17=1263 - PINV17= 342 
EINV19=1825 PINV19= 494 
EINV21= 8 8 2  PINV21= 238 

HALL=3955 

DATE TIHE 
12/06779 21:57:34 

ETOT=4028 PTOT=1089 
EINV17=1268 PINV17= 343 
EINV19=1843 PINV19= -498 
EINV21= 917 PINV21= 248 

HALL=4014 

DATE TIME 
12/06/79 21:57:49 

ETOT=4058 PTOT= 1097 
EINV17=1280 PINV17= 346 
EINV19= 1855 PINV19= 50 1 
EINV21= 923 PINV21= 250 

HALL=4037 

DATE TIME 
.12/06/79 21:57:52 

ETOT=40 16 PTOT= 1085 

DATE TIME 
12/06/79 21:57:53 

ETOT=4046 PTOT= 1094 
EINV17=1280 PINV17= 346 
EINV19=1855 PINV19= 501 
EINV21= 911  PINV21= 246 

HALL=4026 



POUER TAKEOFF PLRAMETERS .- IVTAEI DATA 
LISTING PRODUCED ON OCTOBER 3, 1980 ' 

DATE TIME 
12/06/79 21:58:01 

ETOT=4046 PTOT= 1094 
EINV17=1274 PINV17= 345 
EINV19=1855 PINV19= 501  
EINV21= 917 PINVZl= 248 

HALL=4037 

. DATE TIME 
12/06/79 2 1  :58:05 

ETOT=4069 PTOT= 1 100 
EINV17=1280 PINV17= 346 
EINV19=1866 PINVl9= 505 
EINV21= 923 PINV21= 250 

HALL=40 14 

DATE TIME 
12/06/79 21:53:10 

~ ~ D T = 4 0 7 0 '  PTOT=1,100 
EINV17=1280 PINV17= 346 
EINV19=1861 PINVl9= 503 
EINV21= 929 PINV21= 251  

HALL=4049 

DATE . TIME 
12/06/79 21:58:17 

ETOT=40 16 PTOT= 1086 
EIEIV17=1268 PINVl7= 343 
EINV19=1843 PINV19= 498 
EINV21= 905 PINV21= 245 

HALL=4002 

RECN=1458 DATE TIME 
12/06/79 21:58:28 

ITOT= 270 ETOT=4040 PTOT=1093 
I INV17= 270 EINV17=1280 PINV17= 346 
I INV19= 270 EItiV19=1855 PINVl9= 50'1 
I INV21= 270 EINV21= 905 PINV21= 245 

HALL=4026 

RECN=1459 DATE TIME 
12/06/79 21:58:35 

ITDT= 270 ETOT=4064 PTOT=1099 
I INV17= 270 EINV17=1274 PItIV17= 345 
I INV19= 270 EIEIV19=1861 PINV19= 503 
I INV21= 270 EINV21= 929 PINVZl= 251  

HALL=4049 



POWER TAKEOFF PARAMETERS - I ~ A N  DATA 
LISTIIjG FRODUCED ON OCTOBER 3, 1980 

DATE TIHE 
12/06/79 21:58:40 

ETOT=4034 PTOT= 109 1 
EINV17=1268 PItiV17= 343 
EINV19=1843 PINV19= 498 
EINV21= 923 PINV21= 250 

HALL=4026 

DATE TIME 
12/06/19 21:58:43 

ETOT=4227 PTOT=1104 
EINV17=1327 PINV17= 346 
EINV19=1913 PINV19= 499 
EINV21= 987 PINV21= 259 

HALL=4177 

RECN= 1462 DATE TIME - .I9=0 115~24 I21=16 I132=0 I138=19 1144=18 
12/06/79 21:58:54 I l O = O  I16=24 I22=14 I133=0 I139=19 I145=18 

ITOT= 248 ETOT=4550 PTOT= 1 130 I11=22 I17=16 I23=0'  I134=0. I l40=14 1146=16 
IINV17= 247 EINV17=139 1 PINV17= 344 I12=21 118s 17 I24=0 1135.0 1141=14 I-147=18 
IINV19= 249 EINV19=2007 PINV19= 500 I13=24 I19=16 I136=19 1142.19 

A 

03 
IINV21= 249 EINV21=1151 PINV21= 287 I14=22 I20=16 I137= 19 1143=27 

! w HALL=4494 

DATE TIME 
12/06/79 21:58:59 

* ETOT=4486 PTOT= 1 1 14 
EINV17=1380 PINV17= 341 
EINV19=1990 PINV19= 495 
EINV21=1116 PINV21= 278 

HALL=4459 

DATE TIME 
12/06/79 21:59:03 

ETOT=4496 PTOT=1117 
EINV17=1385 PINV17= 342. 
EINV19=1935 PINV19= 497 
EINV21=1116 PINVZI= 278 

HALL=4471 

RECN= 1465 DATE TIME I9=0 115=24 I21=16 I132=0 1133=19 1144=19 
12/06/79 21:59:06 IlO=O I16=23 I22=15 I i33.0 I139= 18 1145=18 

ITOT= 249 ETOT=4514 PTOT= 1 124 I l l = 2 2  I17=16 I23=0 1134.0 I140=14 I146=16 
IINV17= 249 EINV17=139 1 PINV17= 346 I12=21 I18=17 124.0 I135=0 1141=14 I147=15 
IINV19= 249 EINV19=2007 PINVl9= 500 113=23 I19=17 I136=19 I142= 19 
IINV21= 249 EINV21=1116 PItiV21= 278 I14=22 I20=16 I137= 19 I143=27 

HALL=4482 



POWER TAKEOFF PARAtlETERS - IVTAN DATA 
LISTING FROOUCED ON OCTOBER 3, 1@80 

DATE TIME 
12/06/79 21:59:11 

ETOT=4497 PTOT= 1 120 
EINV17=1391 BINV17= 346 
EINV19=1935 PINV19= 497 
EINV21=1111 PINV21= 277 

HALL=4471 

DATE TIME 
12/06/79 21:59:15 

ETOT=4502 PTOT=1118 
EINV17= 1385 PINV17= 342 
EINV19=1995 PINV19= 497 
EINV21=1122 PINV21= 279 

HALL=4471 

DATE TIME 
12/06/79 21:59:30 

~ ~ 0 ~ = 4 4 9 1  PTOT=1115 
' EIN'J17=1391 PINV17= 344 

EINV19=2001 PINV19= 498 
EINV21=1099 PINV21= 274 

HALL=4459 

DATE TIME 
12/06/79 21:59:36 

'ETOT=4526 PTOT= 1123 
EINV17=1397 PINV17= 3(t8 
EINV19=2001 PINV19= 494 
EINV21=1128 PINV21= 281  . 

HALL=4482 

* DATE TIME 
12/06/79 21:59:44 

ETOT=4550 PTOT=1133 
EINV17=1409 PINV17= 351  
EINV19=20 13 PItiV19= 50 1 
EINV21=1128 PINV21= 281  

HALL=4494 

DATE TIHE 
12/06/79 21:59:50 



POHER TAKEOFF PARAMETERS - IVTAN DATA 
LISTING FRODUCED Oti OCTOBER 3, 1930 

\ 

DATE TIt lE 
' 12/06/79 22:OO :20 

ETOT=4508 PTOT= 1 123 
EINV17=1385 PINV17= 345 
EINV19=2001 PINV19= 498 
EINV21=1122 PINV21= 279 

HALL=447 1 

DATE TIME 
12/06/79 22:00:24 

ETOT.4555 PTOT=1134 
EINV17=1391 PINV17= 346 
EINV19=2024 . PINVl9= 504 
EINV21=1139 . PINVZl= 284 

HALL=4494 

DATE TIME 
12/06/79 22:01:20 

ETOT=3941 PTOT=1101 
EINV17=1245,, PINV17= 349 
EINV19=1808 PINV19= 503 
EINVZl= 888 PINV21= 249 

HALL=39 19 

DATE TIME 
12/06/79 22:01:26 

ETOT=3958 PTOT=1109 
EINV17=1240 PINV17= 347 
EINV19=1819 PINV19= 510 
EINV21= 899 PINV21= 252 

HALL=3931 

DATE TIME 
12/06/79 22:01:39 

ETOT=3952 PTOT=1104 
EINV17=1245 PINV17= 349 
EINV19=1814 PINV19= 505 
EINVZl= 893  PINVZl= 250 

,HALL=393 1 

DATE TIME 
12/06/79 22:01:42 

ETOT=4005 PTOT= 11 19 
EINV17=1257 PINV17= 352 
EINV19=1831 PINV19= 509 
EINV21= 917 PIHV21= 257 

HALL=3967 



PQ!4ER TAKEOFF P4RAYETERS - lVTAPl DATA 
LISTING PRODUCED ON OCTOBER 3, lSGO 

DATE TIME 
12/06/79 22:01:48 

ETOT=3982 . PTOT= 11 12 
EINV,l7= 1240 PINV17: 347 
EINV19=1819. PINV19. 506 
EINV21= 923 PINV21= 259 

HALL=3967 

DATE' TIME 
12/06/79 22:OZ:OO 

ETOT=3941 ' PTOT=1101 
EINV17=1245 PINV17= 349 
EINV19=1808 PINVl9= 503 
EINV21= 858 PINV21= 249 

HALL=3919 

RECN= 1480 DATE TIME 
12/06/79 22:02:08 

ITOT= 279 ETOT=3946 PTOT= 11 02  
I INV17= 280 EINV17=1263 PINV17= 354 
I INV19= 278 EINV19=1760 PINV19= 490 
I INV21= 280 EINV21= 923 PINV21= 259 

HALL=3943 

DATE TIME. 
i2/06/79 22: 02: 20 

ETOT=4046 PTOT=1108 
EINV17=1280 PINV17= 359 
EINV19=1866 PINV19= 497 
EINV21= 899 PINV21= 252 

HALL=40 14 

DATE TIME 
12/06/79 22:02:26 

ETOT=4386 PTOT= 1049 
EINV17=1240 PINV17= 347 
EINV19=2359 PINV19= 481 
EINV21= 788 PINV21= 221  

HALL=4354 

RECN= 1483 DATE TIHE 
12/06/79 22:02:48 

ITOT= 247 ETOT=4233 PTOT=1068 
IINV17=, 317 EINVl7=1052 PINV17= 334 
I INV19= 206 EINV19=2393 PINV19= 493 
I I N V 2 1 = 2 8 0  EINV21= 788  PINV21= 221  

HALL=4213 



POWER TAKEOFF PARAMETERS - IVTAN DATA 
LISTING FRODUCED ON OCTOBER 3, 1980 

DATE TIME 
12/06/79 22:02:55 

ETOT=4257 PTOT= 1049 
EINV17=1034 PINV17= 326 
EINV19=2423 PINV19= 499- 
E INV21=800  PINVZl= 224 

HALL=4224 

DATE TIME 
12/06/79 22:03:04 

ETOT=4216 PTOT= 1040 
EINV17=1040 PINV17= 328 
EINV19=2399 PINV19= 494 
EINV21= 776 PINV21= 218 

HALL=420 1 

DATE TIME 
12/06/79 22:03:21 

ETOT=4245 PTOT=1049 

, .  DATE - 'TIME 
12/06/79 22:03:37 

ETOT=4274 PTOT=l057 
EINV17=1052 PINV17= 334 
EINV19=2417 PINV19= 498 
EINV21= 806 PINVZl= 226 

HALL=4236 

DATE TIME 
12/06/79 22:03:54 

ETOT=4274 PTOT=1052 
EINV17=1040 PINV17= 328 
EItiV19=2440 PINV19= 503 
EINV21= 794  PINVZl= 221  

HALL=4248 

DATE TIME 
. .'12/06/79 22:04:05 
ETOT=4263 PTOT=1053 



POWER TAKEOFF PARAMETERS - IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3, 1280 

RECN= 1490 DATE TIME 
12/06/79 22:04:18 

' ITOT= 243 ETOT=4379 PTOT= 1054 
I INV17= 298 EINV17=1139 PINV17= 339 
I INV19= 206 EINV19=2440 PIIiV19= 503 
I INV21= 278 EINV21= 800 PINV21= 223 

H A L L 4 3 3 1  

DATE TIME 
12/06/79 22:04:22 

ETOT=4445 PTOT=1062 
EINV17=1257 PINV17= 347 
EINV19=2411 PINV19= 497 
EINV21= 7 7 6 .  PINV21= 218 

HALL=4412 

DATE TIME 
12/06/79 22:04:50 

ETOT=4480 PTOT=1058 
EINV17=1310 PINV17= 347 
EINV19=2388 PINVl9= 492 
EINV21= 782 PINV21= 219 

HALL4447  . 

DATE TIFIE 
12/06/79 22:05:09 

ETOT=4409 PTOT=1130 
EINVl7=1069 PINV17= 333 
EINV19=2077 PINV19= 497 
EINV21=1263 PINV21= 300 

HALL=4366 

PATE TIME . 
12/06/79 22: 05:27 

ETOT=4579 PTOT=1122 
EINV17=1058 PINV17= 330 
EINV19=2007 PINVl9= 430 
EINV21=1514 PINVZl= 312 

HALL=4529 

DATE TIME 
12/06/79 22:05:32 

ETOT=466 1 PTOT= 1138 
EINV17=1081 PINV17= 337 
EINV19=2018 PINV19= 483 
EINV21=1561 PINV21= 318 

HALL=4576 



POtIER TAKEOFF PARAMETERS - IVTAN DATA 
LISTIKG PRODUCED ON OCTOBER 3 ,  1950 

DATE TIME 
12/06/79 22:05:59 

ETOT=4579 PTOT=1145 
EINV17=1034 PINV17= 330 
EINV19=1995' PINV19= 489 
EINV21=1550 PINV21= 325 

HALL=4506 

DATE TIME 
12/06/79 22:05:16 

ETOT=4538 PTOT=1136 
EINV17=1034 PINV17= 330 
EINV19=1978 PINV19= 485 
EINV21=1526 PiNV21= 321 

HALL=4494 

DATE TIME 
12/06/79 22:06:36 

ETOT=4567 PTOT= 1142 
EINV17=1034 PINV17= 330 
EENV19=1995 PINVl9= 489 
EINV21=1538 PINV21= 323 

HALL=4506 

DATE TIME 
12/06/79 22:05:40 

ETOT=4550 PTOTtl136 
EINV17=1010 PINV17= 323 
EINV19=1996 PItIV19= 488 
EINV21*1550 PINV21= 325 

HALL=4482 

DATE TIME 
12/06/79 22:06:59 

ETOT=4526 PTOT= 1133 
EINV17=1034 PINV17= 330 
EINV19=1972 PINV19= 483 
EINV21=1520 PINV21= 319 

HALL=4494 

RECN= 1501 DATE TIME 
12/06/79 22: 07 : 08 

. lTOT= 283 ETOT=G034 PTOT=l142 
IINV17: 366 EINV17= 806 PINV17= 295 
I INV19= 280 EINV19=1831 PINV19= 513 
I INV21= 239 EINV21=1397 PINVi?l= 334 

HALL=4002 



POUER TAKEOFF PARZHETERS - IVTAN DATA 
LISTING PRODUCED ON OCTOBER 3, 1980 

RECN= 1502 DATE TIME 
12/06/79 22: 07 : 17 

ITOT= 300 ETOT=3753 PTOT=1127 
I INV17= 366 EINV17= 806 PINV17= 295 
I INV19= 325 EINV19=1444 PINV19= 470 
I INV21= 241  EINV21=1503 PINV21= 363 

HALL=3744 

DATE TIHE 
12/06/79 22:07:47 

ETOT=2335 PTOT= 868  
EINV17= 870 PINV17= 319 
EINV19=1204 PINV19= 450 
EINV21= 260 PINV21= 99 

HALL=2372 

DATE TIME 
12/06/79 22:07:57 

ETOT=2293 PTOT= 860 
EINV17= 823  ' PINV17= 310 
EINV19=1210 ' PINV19= 452 
EINV21= 260 PINV21= 9 8  

HALL=2338 

DATE TIME 
12/06/79 22:08:27 

ETOT=2107 PTOT= 817 
EINV17= 764 PINV17= 296 
EINV19=1157 PINV19= 449 
EINV21= 185 PINV21= 72  

HALL=2150 

DATE TIME 
92/06/79 22:08:51 

ETOT=207 1 PTOT= 8 0 1  
EINV17= 730 PIN1/17= 283 
EINV19=1151 PINV~~= 444 
EINV21= 190 PIN1d21= 74  

HALL=2104 

DATE TIME 
12/06/79 22:09:07 

ETOT=2071 . PTOT= 803  
EINV17= 741  PINV17= 287 
EINV19=1139 PINV19= 442 
EINV21= 190 PINV21= 74  

HALL=2116 
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PCElER Tb.!<EOFF PARAMETERS - IVTAN DATA 
LISTItIG PEODUCED 014 OCTOSER 3, 1980 

DATE TIME 
12/06/79 22:17:58 

ETOT= 1304 PTOT= 522 
EINV17= 484 PINV17= 194 
EINV19= 759 PINV19= 303 
EINV21= 6 1  PINV21= 2 4  

HALL=1319- 

DATE TIME 
12/06/79 22:18:13 

ETOT= 1269 PTOT= 508 
EINV17= 478 PINV17= 192 
EINV19= 736 PINV19= 294 
EINVZl= 56 PINV21= 2 2  

HALL= 127 1 

DATE TIME 
12/06/79 22:18:35 

ETOT=1234 PTOT= 493 
EINV17= 454 PINV17= 182 
EIEN19= 712 PINV19= 284 
EINV21= 67 PINV21= 27 

HALL=1224 

DATE TIME 
12/06/79 22: 18: 5 3  

ETOT=1222 PTOT= 4 8  
EINV17= 442 PINV17= 177 
EINV19= 700-  PIEIV19= 280 
EINV21= 79 PINV21= 3 1  

HALL=l.177 

DATE TIME 
12/06/79 22:19:04 

ETOT=1227 PTOT= 491 
EINV17= 436 PINV17= 175 
EItjV19= 634 PIt\V19= 277 
EINV21= 97 PINV21= 38 

HALL=1154 

DATE TIME 
12/06/79 22:19:13 

ETDT= 1239 PTOT= 496 
EINV17= 448 PINV17= 181 
EINV19= 694 PItiV19= 277 
EINV21= 97 PINV21= 38 

HALL=1166 



POWER TAKEOFF PARt?.FlETEt?S - IVTAN DATA 
LISTING FRODUCED ON OCTOBER 3, 1920 

DATE TIME 
12/06/79 22: 19:34 

ETOT= 1 192 ?TOT= 476 
EINV17= 395 PINV17= 159 
EINVl9= 635 PINV.19= 254 
EINV21= 161 PINV21= 6 4  

HALL=1002 

DATE TIME 
12/06/79 22:19:57 

ETOT= 1336 PTOT= 554 
EINV17= 530 PINV17= 213 
EINV19= 724 PINV19= 289 
EIt4V21= ' 132 PIt1\121= 5 2  

HALL=1248 

DATE TIME 
12/06/79 22:20:05 

ETOT=1333 PTOT= 533 
EINV17= 501  PINV17= 201  
EINV19= 683 PINV19= 273 
EINV21= 149 PINV21= 59 

HALL=1154 

DATE TIHE 
12/06/79 22:20:35 

ETOT= 1520 PTOT= 609 
EINV17= 607 PINV17= 245 
EINV19= 8 4 1  PINV19= 536 
EINVZl= 7 3  PINV21= 29 

HALL= 1541 

DATE TIME 
12/06/29 22:25:30 

ETOT=1198 PTOT= 477 
Elt1V17= 448 PINV17= 180 
EINV19= 565 PINVl9= 226 
EINVZl= 185 PItIV21= 7 2  

HALL= 979 

DATE TIME 
12/06/79 22:25:51 

ETOT= 1076 PTOT= 427 
EINV17= 401  PINV17= 161 
EINV19= 490 P I t iV l9=  196 
EINV21= 185 PINV21= 70 

HALL= 8 6 2  



POHER TAKEOFF PARAMETERS - IVTAN DATA 
LISTING PRODUCED OH OCTOBER 3, 1980 

DATE TIME 
-12/06/79 22:26: 0 1 

ETOT= 1099 PTOT= 435 
EINV17= 401 PINV17= 161 
EINV19= 513 PINV19= 204 
EINV21= 185 PINV21= 7 1  

HALL= 872  

DATE TIME 
12/06/79 22:26: 15 

E T O T = ~  145 ' PTOT= 456 
EINV17= 425 PINV17= 171 
EINVi9= 542 PINV19= 216 
EINV21= 179 PINV21= 69 

HALL= 931  

DATE TIME 
12/06/79 22:26:44 

ETOT= 1087 PTOT= 431 
EINV17= 401  PINV17= 161 
EINV19= 513 PINV19= 204 
EINV21= 173 PINV21= 66 

HALL= 872  

DATE TIME 
12/06/79 22:26:51 

ETOT=1122 PTOT= 445 
EINV17= 419 PINV17= 168 
EINV19= 518 PINV19= 206 
EINV21= 185 PINV21- 7 1  

HALL= 896 . 

DATE TIME 
12/06/79 22:27:11 

ETOT= 1046 PTOT= 414 
EINV17= 339 PINV17= 156 
,EINV19= 472 PINV19= 187 
EINV21= 185 PINV21= 70 

HALL= 826 

DATE TIME 
12/06/79 22:27:49 

ETOT=1023 PTOT= 404 
EINV17= 384 PINVlT= 154 
EI IN19= 454 PINV19= 180 
EINV21= 185 PINV21= 70 

HALL= 803  



POHER TAKEOFF PARAMETERS - IVTAN DATA 
L I S T I t i t  PRODUCED ON OCTOBER 3, . IF99 

DATE TIME 19=16 115.23 I21=32  I 132=24 
12/06/79 22:28:00 I10=16 1 1 5 ~ 2 4  122.35 1133=19 

ETOT= 952 PTOT= 375 I11=13  I17=22  123.36 I ? 3 4 = 1 8  
EINV17= 349 PINV17= 140 I12=15  I18=?0 I24=40  1135.16 
EINVl9= 407 PItiV19= 162 I13=20 I19=23  I135=21  
EINVZl= 195 PINV21= 7 3  I14=19 I20=25  1137.22 

HALL= 721 

DATE TIME 
12/06/79 22:28:18 

ETOT=lO64 PTOT= 421 
.EINV17= 389 PINV17= 156 
EINV19= 490 PINV19= 195 
EINV21= 185 PINV21= 7 1  

HALL= 850  

DATE TIME 
12/06/79 22:28:38 

ETOT=1069 PTOT= 423 
EINV17= 389 PINV17= 156 
EINV19= 495 PINV19= 197 
EINV21= 185 PINV21= 70  

HALL= 838  

DATE TIME 
12/06/79 22:28:43 

ETOT=1134 PTOT= 451 
EINV17= 431  PINV17= 173 
EINV19= 518 PINV19= 207 
EINV21= 185 PINV21= 7 1 

HALL= 919 

DATE TIME 
12/06/79 22:29:00 

ETOT=1016 PTOT= 402 
EINV17= 339 PINV17= 155 - / 

EINV19= 431 PINV19= 171 
EINV21= 196 PINV21= 7 4  

HALL= 779 

DATE TIME 
12/06/79 22:29:07 

ETOT=1040 ' PTOT= 41  1 
EIN\'17= 401  PINV17= 161 
EINV19= 442 PINV19= 176 
EINV21= 196 PINV21= 7 5  

HALL= 803  



POHER TAKEOFF PARAMETERS - IVTAN DATA 
LISTING FRODUCED OH OCTO3ER 3, 1780 

DATE TIME 
12/06/79 22:30:08 

ETOT= 1257 PTOT= 502 
EINV17= 478 FINV17= 192 
EIt{V19= 595 PINV19= 237 
EINV21= 185 PINV21= 72 

HALL=1037 

DATE . TIME 
12/06/79 22:33:56 

ETOT=1890 PTOT= 612 
EINV17= 776 PINV17= 252 
EINVl9= 976 PINV19= 315 
EINV21= 138 PINV21= 44 

HALL=1892 

DATE TIHE 
12/06/79 22:34:15 

ETOT=1878 PTOT= 610 
EINV17= 776 PItlV17= 252 
EINY19= 982 PItiVl9= 319 
EINV21= 120 PINV21= 38 

HALL= 1880 

DATE TIME 
12/05/79 22:36:44 

ETOT=1749 PTOT= 566 
EINV17= 747 PINV17= 243 
EIN1J19= 923 PIt:Vl?= 298 
EIN1d21= 79 PINV21= 25 

HALL= 1729 

DATE TIME 
12/06/79 22:37:02 

ETOT=1755 PTOT= 568 

DATE TIME 
12/06/79 22:37:15 

ETOT= 1726 PTOT= 559 
EIHV17= 730 PINV17= 237 
EINV19= 923 PINV19= 298 
EINV21= 73 PINV21= 23 

HALL=1705 



RECN= 1544 DATE TIME 
12/06/79 22:37:23 

ITOT= 325 ETOT=1778 PTOT= 575 
I INV17= 325 EINV17= 747 PINV17= 243 
I INV19=  325 EINV19= 946 PINV19= 305 
I I N V Z l =  319 EINV21= 8 5  PINV21= 27 

HALL= 1776 

RECN= 1545 DATE TIHE 
12/06/79 22:39:12 

ITOT= 324 ETOT=1702 PTOT= 551  
I INV17= 325 - EINV17= 724 .PINV17= 235 
I INV19= 323 EINVl9= 905 PINV19= 293 
I I N V Z l =  317 EINV21= 7 3  PINV21= 23  

HALL= 1681 

PCXER TAKEOFF PhRCHETERS - IVTbN DATA 
LISTING PRODUCED ON OCTOBER 3, 1980 



POXER TAKEOFF PARAtlETERS - IVTAN DATA 
L ISTING FRODUCED ON OCTOBER 3, 1980 

DATE TIME 
12/07/79 00:15:16 

ETOT=4034 PTOT= 1455 
EINV17=1186 PINV17= 434  
E I tN19=1765  PINV19= 6 5 0  
EINV21=1081 PINV21= 400 

HALL=4026 

DATE TIME 
12/07/79 00:21:05 

ETOT=3 172 PTOT= 136 1 
EINV17= 917  PINV17= 3 9 1  
EINV19=1468 PINV19= 6 2 9  
EINV21= 7 8 8  PINV21= 3 4 1  

HALL=3229 

DATE TIME 
12/07/79 00:21:28 

ETOT=2587 PTOT= 1070 
EINV17= 4 9 5  PINV17= 2 0 3  . 
E INV f9=1298  PINV19= 536  
EINV21= 7 9 4  PIEIV21= 3 3 1  

HALL=2620 

'DATE TIHE 
o 12/07/79 00:25:04 

ETOT=2792 PTOT= 1 153 

DATE TIME 
12/07/79 00:25:23 

ETOT=2792 PTOT=1!52 
EINV17= 7 4 1  PINV17= 3 0 3  
EINV19=1333 P I t iV I9=  5 5 1  
EINVZI=  7 18 PINV21= 298  

HALL=2831 

DATE TIME 
12/07/79 00:25:44 

ETOT=2774 PTOT=11+2 
E I t N 1 7 =  7 3 6  PIHV17= 3 0 1  
EINV19=1321 PI t IV19= 5 4 3  
EItIV21= 7 1 8  PINV21= 2 9 8  

HALL=2819 



PWER TAXEOFF PARAHETERS - IVTAFI DATA 
L ISTING PRO9UCED CtI OCTOSER 3 ,  1980 

DATE TIME 
12/07/79 00:25:57 

ETOT=2768 PTOT= 1 14% 
EINi117= 736  PINV17= 3 0 1  
EINV19=1315 PINV19= 5 4 3 .  
EINV21= 7 1 5  PINi f21= 299 

HALL=2831 

DATE TIME 
12/07/79 00:26:06 

~ ~ 0 ~ = 2 7 5 2  PTOT= 1140 
EINV17= 7 1 3  PINV17= 234  
EINV19=1321 PINV19= 546  
EINV21= 7 2 4  PINV21= 300 

HALL=2819 

DATE TIME 
12/07/79 00:26:25 

ETOT=2815 PTOT=1165 
EINV17= 747  PINV17= 307 
EINV19=1339 PINV19= 5 5 3  
EINV21= 730  PINV21= 3 0 4  

HALL=2878 

DATE TIME 
12/07/79 00:26:29 

~ ~ 0 ~ = 2 8 5 2  PTOT= l l 82  
EINV17= 7 6 4  PIE:V17= 3 1 3  
EINV19=1357 PINV19= 5 6 1  
EINV21= 7 4 1  - PI t lV21= 509 

HALL=29 12 

DATE. TIE!E 
12/07/79 00:26:55 

- ETOT=3577 PTOT= 1298 
EINV17= 976  PINV17= 3 5 2  
EINV19=1591 P INV l9=  576  
EIN\121=1010 PI t lV21= 370  

HALL=3581 

DATE TIHE 
12/07/79 00:27:16 

ETOT=4174 PTOT= 1358 
EINV,l7=1163 PINV17= 376 
EINV19=1819 P INV l9=  5 9 2  
EINV21=1192 PINV21= 390 

HALL=4177 



P ~ E R  TAKE3FF PARbFIETERS - IVTAH DATA 
LIST1t:G FRODCiCED C?4 OCTOBER 39 1980 

DATE TIME 
12/07/79 00:27:26 

ETOT=4246 PTOT= 1331 
EINV17=1181 PINV17= X 2  
EINV19=1861 PINVlS= 605 
EINV2 1=1204 PINV2 I =  394 

HALL=4236 

. . . DATE TIHE.  
12/07/79 00:27:55 

ETOT=4280 PTOT=1392 
EINV17=1204 PItiV17= 3.39 
EINV19=18?2 PINV19= 609 
EINV21=1204 PINV21= 394 

HALL=4283 

DATE TIME 
12/07/79 00:28:24 

ETOT=4321 PTOT= 1409 
EItIV17=1228 PINV17= 397 
EINV19=1878 PIHV.19= 614 
EIt4V21=1216 PINV21= 398 

HALL=4307 

DATE TIHE 
12/07/79 00:28:55 

ETOT=4989 - PTOT=1344 
EINV17=1421 PINV17= 379 
EINV19=2077 PIKV19= 562 
EINV21=1491 PINV21= 403 

HALL=4963 

DATE TIHE 
12/07/73 00:28:59 

ETOT=4996 PTOT= 1339 
EINV17=1439 PINV17= 381  
EINV19=2054 PIKVlB= 552 
EIN)/21=1503 PIt!V21= 406 

HALL=4974 



. . DATE. TIME 
12/07/79 00:29:18 

ETOT=5106 PTOT= 137 1 
EINV17=1468 PINV17= 391 
EINV19=2101 PINV19= 56% 
EIt{V21=153S PINV21= 416 

HALL=5045 

DATE TIHE 
'12/07/79 00:29:46 

ETOT=5095 PTOT= 1368 ' 
EINV17=1468 PIt4V17= 391 
EINV19=2035 PINV19= 563 
EINV21=1532 PINV21= 414 

HALL=5081 

DATE TIME 
12/07/79 00:30:04 

~ ~ 0 ~ = 5 1 3 0  PTOT= 1378 
EINV17=1480 PINV17= 394 
EINV19=2107 PINV19= 566 
EINV21=1544 PINV21= 417 

HALL=5092 

DATE TIME 
i2 ; /07 /n  00 : 30 :26 

ETOT=5030 PTOT= 1 3 5  
EIN\117=14't4 PINV17= 393 
EINV19=2077 PINV19= 574 
EINY21= 1509 PINV21= 417 

HALL=5010 

- . DRTE . TIME 
12/07/79 00:30:35 

ETOT=5018 PTOT=1331 
EINV17=1444 PI"V17= 393 
EINV19=2077 PINV19= 574 
EINV21=1497 PINV21= 414 

HALL=50 10 

DATE TIME 
.. 12/07/79 : 00: 30 : 54 

ETOT=5060 PTOT= 1393 
EINV17=1456 PINV17= 397 
EINV19=2095 PINVl9= 579 
EINV21=1509 PINV21= 417 

HALL=5021 ' 



PO!4ER TAKEOFF PARAHETERS - IVTAN DATA 
LISTII IG FFODUCED 0:i OCTOGER 39 1380 

DATE TIME 
12/07/79 00:31:04 

ETOT=5059 PTOT= 1393 
EINV17=1450 PINV17= 395 
EINV19=2089 PINV19= 577 
EINV21=1520 PINV21= 420 

HALL=4998 

DATE TIHE 
12/07/79 00:31:29 

ETOT=18't9 PTOT= 992 

DATE TIHE 
12/07/79 00:31:37 

ETOT=1772 PTOT= 950 
EINV17= 436 PINV17= 232 
EINV19= 364 PINV19= 517 
EINV21= 372 PINV21= 202 

HALL= 1870 

DATE TIME 
12/07/79 00:32:05 

ETOT=36 12 PTOT= 1334 
EIHV17=1010 PINV17= 384 
EINV19=1620 PINV19= 622 
EINV21= 982 PINV21= 379 

HALL=3638 

DAT E TIME 
12/07/79 00:32:12 

ETOT=3630 PTOT= 139 1 
EINV17=1022 PINV17= 368 
EINV19= 1626 PINV19= 624 
EINV21= 982 PINV21= 379 

HALL=3662 

DATE TIME 
12/07/79 00:32:37 

ETOT=3642 PTOT=1392 
EINV17=1028 PINV17= 391 
EIEIV19= 1632 ' PIEIV13= 623 
EINV21= 982 PINV21= 379 

HALL=3662 



POHER TAKEOFF PARAMETERS - IVTAN DATA 
LISTING PRODUCED CN OCTOBER 3, 1930 

RECN= 1879 DATE TIME I9=0 I15=30 I21=33 1132.0 
12/07/79 00:32:45 I10=0 116.31 I22=47 1133.0 

ITOT= 382 . " E T O T = ~ ~  18 PTOT= 13!33 . I11=28 117.28 12350 113'+=0 
IINV17= 380 EINV17=1022 PINV17= 395 112.25 113.25 I24=0 I135=0 
IINV19= 382 EINVl9=1620 PINV19= 619 3 1 3 2 7  .119=28 I135=27 

-IINV21= 386 EINV21= 976 PINVZl= 376 I14=27 I20=30 1137.29 
HALL=3650 

RECN= 1880 , DATE TIME I9=0 I15=31 I21=37 I132=0 
12/07/79 00:33:13 I l O = O  116.31 I22=45 1133.0 

ITOT= 383 ETOT=3630 PTOT= 139 1 I11=29 117.28 I23=0 I134=0 
IINV17= 380 EINV17=1034 PINV17= 393 1.12.26 118.26 I24=0 1135.0 
IINV19= 384 EINV19=1620 PINV19= 622 113=28 I19=28 1135=27 
IINV21= 356 EINV21= 976 PINV21= 376 I14=28 I20=29 I137=29 

HALL=3674 

DATE TIME 
12/07/79 00:33:23 

ETOT=3629 PTOT= 1388 
EINV17=1058 PI!4V17= 402 
EINV19=1-585 PINV19.z 605 
EINV21= 987 PINV21= 381 

HALL=3650 

DATE TIME 
12/07/79 00:33:54 

ETOT=3629 PTOT= 1388 
EINV17=1075 PINV17= 408 
EINV19=1567 PINV19= 595 
EINV21= 957 PIN\/21= 381 

HALL=3662 

DATE TIME 
12/07/79 00:33:58 

- . E T o T = ~ ~  18 PTOT= 1383 

DATE TIME 
12/07/79 00:3$:26 

ETOT.3630 PTOT=lW 
EINV17=1081- PINV17= 411 
EINV19=1557 PINV19= 598 
EINV21= 982 PINVZl= 379 

HALL=3662 



POKER TAKEOFF PAEPIIETEPS - IVTAN DATA 
LISTIIIS PRODUCED 0!I OCTOBEI? 3, 1980 

DATE TIME 
12/07/79 00 : 34:45 

ETOT=3507 . PTOT= 1379 

DATE TIME 
12/07/79 00:34:55 

ETOT=3624 PTOT= 1355 
EIKV17=1075 PINV17= 408 
EINY19=1567 PINV19= 5'38 
EINV21= 982 PINV21= 379 

HALL=3638 

DATE TIME 
12/07/79 00:35:15 

ETOT=3706 PTOT=1397 
EINV17=1105 PINV17= 415 

.EINV19=1591 PINV19= 598 
EINV21=1010 PINV21= 384 

HALL=3721 

DATE TIME 
12/07/79 00:35:34 

ETOT=3260 PTOT= 1549 
EINV17= 964 PINV17= 396 
EINV19=1444 PINVl9= 597 
EINV21= 853 PINVZl= 356 

HALL=3287 

RECN= 1839 DATE TIME I9=0 1 1 5 ~ 3 1  1 2 1 ~ 4 3  1132.0 I138=32 I144=32 IP55=0 IN56=14 
12/07/79 00:35:51 I lO=O' I16=33 122.55 I133=0 I139=35 I145=26 IP57=100 IN57=0 

ITOT= 366 ETOT=357 1 PTOT= 1306 I11=29 I17=30 I23=0 I134=0 1140=30 I145=27 IP92=0 IN92=0 ' 
IINV17= 411 EINV17= 917 PINV17= 377 11226  I IS=27 I24=0 1135.0 I141=35 I147=29 IP93.0 IN93=58 
IINV19= 327 EINV19=1966 PINV19= 643 I13=28 I19=31 1136.29 1142=41 

- IINV21= 415 EINV21= 689 PINV21= 285 I14=28 I20=33 1137=31 I143=51 
HALL=3604 IENT= 397 IEXIT= 399 

RECN= 1890 DATE TIME I9=0 I15=31 121.43 I132=0 I133=30 1144=24 IP56.0 IN56=12 
12/07/79 00:,35:57 I10=0. 1 1 6 ~ 3 3  122~55  1133.0 I139=33 I145=21 IP57=100 IN57=0 

. ITOT= 360 ETOT=3724 PTOT=1341 I l l = 2 9  I17=30 I23=0 I134=0 1140.27 I146=23 IP92=O IE:92=0 
IINV17= 411 EINV17= 905 PINV17= 372 I12=26 I18=27 I24=0 I135=0 I141=33 1147~25 IP93.0 IN93=51 
IINV19= 327 EItlV19=1901 PINV19= 622 113.28 I19=31 I136=26 I142=39 
IINV21= 378 EINVZl= 917 PINV21= 347 I14=28 I20=33 J 1137=29 I143=48 

HALL=3756 IENT= 397 IEXIT= 360 



PCWER TAKEOFF PARAMETERS - ~ V i ~ t i  DATA 
LISTING FRODUCED ON OCTOBER-3, 1980 

DATE TIME 
12/07/79 00:36:?+ 

ETOT=4269 . PTOT= 135 1 
EINV17= 883 PINV17= 365 
EINV19=1901 PINV19= 531 
EINV21=1480 PINV21= 435 

HALL=4271 

DATE TIME 
12/07/79 00:36:31 

ETOT=4263 ?TOT= 1376 
EINV17= 832  PINV17= 363 
EINV19=190 1 PINV19= 581 
EINV21=1480 PINV21= 432 

HALL=427 1 

DATE TIME 
12/07/79 00:37:20 

ETOTz4040 PTOT= 25. 
EINV17=1409 PINV17= 7 
EINV19=1345 PINV19= 9 
EINV21=1286 PINV21= 9 

HALL= 744 

DATE TIME 
' _ 12/07/79 00:37:29 

ETOT=3752 PTOT= 23  
EINV17=1365 PIN\t17= 6 
EINV19=1315 PINV19= 9 
EINV21=1093 PINV21= 7 

HALL= 1002 

DATE TIME 
12/07/79 00:38:04 

ETOT= 6 1  PTOT= 0 
EINV17= 20 PINV17= 0 
EINV19= 20 PINV19= 0 
EINV21= 20 PINVZl= 0 

HALL= 4 1  

DATE TIME 
12/07/79 00:38:38 

ETOT= 6 1  PTOT= 0 
EINV17= 20 PINV17= 0 
EINV19= 20 PINV19= 0 
EINV21= 20 PINV21= 0 

HALL= 4 1  



DATE TIME 
12/07/79 00:53:59 

ETOT= 5 5  ' PTOT= 0 
EINV17= 20 PINV17= 0 
EINV19= 20 PINVl9= 0 
EINV21= 14 . PINV21= 0 

HALL= 4 1  

DATE TIME 
12/07/79 00:53:55 

ETOT= 55 PTOT= O 
EINV17= 20 PINV17= 0 
E I W 1 9 =  20 PINV19= 0 
EINV21= 14 PINV21= 0 

HALL= 4 1  

PO!.IER TAKEOFF PARAMETERS - IVTAN DATA 
LISTING F?ODUCED ON OCTO?sER 3, 1930 

19.0 11510 I 2 1 = 0  I132=0  
I lO=O I l 5 = 0  122=0 I133=0  
I 1 1 = 0  I 1 7 = 0  . I23=0  1134=0 
I 1 2 = 0  ' 11810 I24=0  1135.0 
I 1 3 = 0  119.0 1135.0 
I 1 4 = 0  I 2 0 = 0  I137=0  . 



. DATE 

12/06/79 
12/06/79 
12/06/79 
12/06./79 
12/06/79 
12/06/79 
12/06/79 
12/06/79.. 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79' 
12/96/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 

T I M E  

21:57:34 
21:57:49 
21:57:58 
21:58: 10 
21:55:28 
21:58:40 
21:58:59 
21:59:11 
21:59:30 
21:59:44 
21:59:50 
22:00:20 
22:00:24 
22:01:20 
22:01:39 
22:01:43 
22:02:00 
22:02:20 
22:02:48 
22:03:04. 
22:03:21 
22:03:37 
22:03:54 
22:04: 18 
22:04:22 
22:04:50 
22: 05: 09 
22:05:27 
22:05:32 
22:05:59 
22: 06 : 16 
22:06:36 
22:06:'tO 
22:07:03 
22:07: 17 
22:07:47 
22: 07 : 57 
22:08:27 
22:08:51 
22:09:07 
22:09: 17 
22:09:+8 
22:09:57 
22: 10:28 
22:25:30 
22:33:55 
22:34: 15 
22:36:44 
22: 37 : 02 

RECN 

1450 
1451 
1453 
1455 
1458 
1460 
1453 
1466 
1468 
1470 
1471 
1472 
1473 
1474 
1476 
1478 
i479 
148 1 
1483 
1485 
1486 
1487 
1488 
1490 
1491 
1492 
1493 
1494 
1495 
1496 
1497. 
1498 
1439 
150 1 
1502 
1503 
150+ 
1505 
1595 
1507 
1508 
1509 
1510 
1511. 
1524 
1539 
1540 
1541 
1542 

IblTERFRAElE VOLTAGES - I V T A N  DATA 
. . 

L I S T I N G  PRODUCET) C>i OCTG3ED 3,1780 



INTERFRAHE VCLTACES - IVTAN DATA 
L I S T I N G  FRODUCED 0:2 OCTO3ER 3,1980 

DATE 

12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 

TIME 

21:57:34 
21:57:49 
21:57:58 
21:58: 10 
21:58:28 
21:58:40 
21:59:59 
21:59:11 
21:59:30 
21:59:44 
21:59:50 

.22:00:20 
22:00:24 
22:'01:20 
22:01:39 
22:01:48 
22: 02: 00 
22:02:20 
22:02:48 
22: 03: 04 
22:03:21 
22:03:37 
22:03:54 
22:04: 18 
22:04:22 
22:04:50 
22: 05: 09 
22:05:27 
22:05:32 
22:05:59 
22: 06 : 16 
22:06:36 
22:06:40 
22: 07 : 08 
22:07: 17 
22:07:47 
22:07:57 
22:08:27 
22:08:'51 
22:09:07 
22:09: 17 
22:09:48 
22:09:57 
22: 10:28 
22:25:30 
22:33:56 
22:34: 15 
22: 36 : 44 
22:37:02 

RECN 21 22 

1450 -2 -5 
1451 0 0 
1453 0 -1 
1456 0 0 
1453 0 . 0 
1460 0 0 
1453 1 0 
1466 1 ' 0 
1468 1 0 
1470 1 0 
1471 1 0 
1472 . 1 0 
1473 1 0 
1474 1 0 
1476 0 -1 
1478 0 -1 
1479 0 -1  
1481 0 -1 
1483 0 -2 
1485 -1 -5 
1486 -1  .-4 
1487 - 1  -5 
1488 - 1  -5 
1490 -1  -5 
1491 0 0 
1492 0 0 
,1493 0 0 
1494 -1  -4 
1495 -1  -4 
1496 -1  -6 
1497 -1  -5 
1498 ' -1  -5 
1499 -1  -6 
1501 -1  -4 
1502 -1 -14 
1503 -1 -16 
1504 -1 -16 
1505 -1 -19 
1506 0 0 
1507 0 0 
1508 0 0 
1509 0 0 
1510' 0 . 0 
1511 0 0 
1524 0 -1 
1539 0 -1  
1540 -2 -15 
1541 -2 -17 
1542 -2 -18 



DATE T I M E  

21:57:34 
21:57:49 
21:57:58 
21~58 :  10 
21:58:28 
21:58:40 
21:55:59 
21:59:11 
21:59:30 
21:59:44 
21:59:50 
22:00:20 
22:00:24 
22:01:20 
22:01:39 
22:01:48 
22: 02: 00 
22:02:20 
22:02:48 
22:03:04 
22:03:21 
22:03:37 
22:03:54 
22: 04: 18 
'22:04:22 
22:04:50 
22:05:09 
22:05:27 
22:05:32 
22:05:59 
22:06: 16 
22:06:36 
22:06:40 
22: 07 : 03 
22:07: 17 
22:07:47 
22:07:57 
22:08:27 
22:08:51 
22:09:07 
22:09:17 
22:09:43 
22:09:57 
22: 10:28 
22:25:30 
22:33:56 
22:34: 15 
22:36:44 
22:37 :02 

RECN 

1450 
1451 
1453 
1456 
1458 
1460 
1463 
1466 
1458 
1470 
147 1 
1472 
1473 
1474 
1476 
1478 
1479 
1481 
1483 
1485 
1486 
1487 
1488 
1490 
149 1 
1492 
1493 
1494 
1495 
1496 
1497 
1498 
14S9 
1501 
1502 
1503 
1504 
1505 
1506 
1507 
1508 
1533 
1510 
1511 
1524 
1539 
15/10 
15%l 
1542 

II4TERFRkHE VOLTAGES 
L I S T I N G  FRODUCEO O:.l I 

- I V T A N  DATA 
OCTOBER 3,,19bO 



DATE TIME RECN 

1450 
145 1 
1453 
1456 
1453 
1460 
1463 
1466 
1465 
1470 
147 1 
1472 
1473 
1474 
1476 
1478 
1479 
1481 
1483 
1485 
1455 
1457 
14% 
1490 
149 1 
1492 
1493 
1494 
1495 
1496, 
1497 
1498 
1499 
1501 
1502 
1533 
1504 
1505 
1506 
1507 
1538 
1509 
1510 
1511 
1524 
1539 
1540 
1541 
1542 

INTERFRAHE VOLTb.FES - IVTA!.I DATA 
L IST iNS  FRODUCED CN OCT03ER 3,1$80 

64  65  66 ' 67 6 8  69 .:?o 71  



DATE 

12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 

. 12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/C6/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 

RECN 

1450 
145 1 
1453 
1456 
1458 
1460 
1463 
1466 
1468 
1470 
147 1 
1472 
1473 
1474 
1476 
1478 
1479 
1481 
1483 
1485 
1486 
1487 
1488 
1490 
149 1 
1492 
1493 
1494 
1495 
1496 
1497 
1498 

INTERFRAXE \'OLTAGES - I V T A N  DATA 
LISTING FRODUCED 014 OCTCSER 3,1(zeo 

'IS 
18 
12 
2 0 



INTERFEAHE VOLTAGES - IVTAN DATA 
LISTI!:G FRCEUCED 0:4 OCTOBER 3,1980 

104 105 106 107 103 109 110 111 

35 29 24 27 42 20 23 12 
37 34 27 29 42 28 30 13 
35 34 26 30 43 28 25 13 
37 33 27 33 43 30 26 13 
37 33 26 30 43 32 2 3 .  14 
33. 30 27 30 45 32 23 15 
39 40 34 34 50 3 29 27 
42 X 33 36 49 35 27 32 
40 40 30 35 49 37 26 3 3 
42 41 30 35 49 35 27 33 
41 . 40  23 34 ,50 35 28 32 
43 40 31 .36 52 34 28 32 
42 40 31 34 51 34 28 32 
44 41 30 35 52 35 27 33 
35 32 22 31 46 28 22 26 
35 33 23 28 46 28 - 2 2  27 
37 34 27 30 46 27 23 26 
37 33 26 30 46 27 22 25 
33 33 26 29 48 27 26 23 
38 33 23 30 45 29 25 23 
37 31 24 30 46 29 24 23 
38 30 24 32 .47 30 25 25 
40 31 24 31 45 32 25 23 
41 29 26 30 . 4 4  33 25 22 
40 31 21 31 45 31 25 22 
39 31 23 29 46 31 24 22 
46 44 35, 39 54 39 30 37 
46 43 33 35 53 38 30 35 
51 48 37 41 .61 44 34 39 
51 48 39 40 53 42 35 40 
52 46 40 X 60 43 34 40 
53 46 39 33 60 42 37 39 
54 45 40 40 60 43 35 4 0 -  
52 45 40 53 60 44 35 39 
46 40 33 35 4.3 37 28 31 
22 16 6 12 21 13 3 6 
23 '16 6 13 20 13 1 7 
22 13 3 11 19 10 0 3 
20 13 2 10 17 10 0 2 
20 13 2 10 17 10 0 1 
13 12 1 8  13 7 0 1 
17 14 2 S 15 7 0 '  1 
20 15 4 12 20 10 0 6. 
21 14 5 10 19 10 9 6 

3 1 0 0 0 2 0 0  
2 0 5 0 0 1 8 2 0 0  
1 7 5 0 0 1 1 2 0 0  
1 7 . 3  1 0  13 2 0 0 
1 6 3 1 0 1 3 3 0 0  

DATE 

12/06/79 
12/06/79' 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/05/79 
12/06/79 
12/06/79 

RECN 101 102 

1450 33 32 
1451 36 33 
1453 35 32 
1456 35 33 
14-58 38 33 
1460 38 33 
1463 4 2 .  ' 39 
1466 42 37 
1458 41 37 
1470 41 37 
1471 39 37 
1472 42 38 
1473 42 38 
1474 44 39 
1476 37 29 
1478 37 30 
1479 38 29 
1481 41 30 
1483 41 28 
1485 38 23 
1486 37 34 
1487 40 35 
1488 38 37 
1490 37 34 
1491 39 31 
1492 39 30 
1493 46 41 
1434 45 44 
1495 50 48 
1496 51 % 
1497 50 48 
1498 51 47 
1499 50 48 
1501 50 47 
1502 43 42 
1503 19 '17 
1504 18 21 
1505 15 18 
1506 15 19 
1507 11 20 
1508 10 18 
1509 11 17 
1510 14 20 
1511 16 20 
1524' 0 4 
1539 7 14 
1540 9 15 
1531 6 15 
1542 9 13 



II4TEP,FII.?FIE VOLTAGES - I V T A N  DATA 
LIST1k:G FRCDUCED 01; OCTCEER 3,1980 

DATE 

12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/05/79 
12/06/79 
12/06/79 
12/C6/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/05/79 
12/06/79 
12/05/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
13/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06;/79 
12/06/79 

TIME 

21:57:34 
21:57:49 
.21:57:58 
21:52: 10 
21:58:28 
21:58:40 
21:523:59 
21:59:11 
21:59:30 
21:59:44 
21:59:50 
22:00:20 
22:00:24 
22:01:20 
22:01:39 
22:01:48' 
22: 02: 00 
22:02:20 
22:02:48 
22:03:04 
22:03:21 
22:03:37 
22: 03:54 
22: 04: 18 
22:04:22 
22:04:50 
22:05:09 
22:05:27 
22:05:32 
22:05:59 

-22: 05: 16 
22:05:36 
22:06:40 
22: 07 : 08 
22:07:17 
22:07:47 
22: 07 : 57 
22:08:27 
22:01:51 
22:09:07 
22:09:17 

'-22: 09:48 
22:09:57 
22: 10:28 
22:25:30 
22:33:56 
22:34: 15 
22:36:44 
22:37:02 

RECN 1 



INTERFXAIIE VOLTAGES - IVTA:4 DATA 
LISTI!:G FXODUCED ON OCTODER 3, ITSO 

DATE 

12/06/79 
12/06/79 
12/05/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/05/79 
12/06/79 
12/06/79 
72/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/06/79 
12/C6/79 
12/'06/79 
12/06/79 
12/06/79 
12/06/79 

RECN 

1450 - 
1451 
,1453 
1456 
1458 
1460 
1453 
1456 
1458 
1470 
147 1 
1472 
1473 
1474 
1476 
1478 
1479 
148 1  
1483 
1485 
1486 
1487 
1 rlv 
1490 
149 1 
1492 
1493 
1494 
1495 
1436 
1497 
1498 
1499 
1501 
1502 
1503 
1504 
1505 
1506 
1507 
,1508 
1509 
1510 
151 1 
1524 
1539 
1540 
1541 
1542 



INTERFRAME VOLTA6ES - I V T A I I  DATA 
L I S T I N G  PRODUCED @I4 OCTCCE:! 3 , 1 9 2 0  

DATE T I H E R E C N  1 2 3 4 5 6 7 8 9 10 11  



IIITERFRAHE \:'OCTCGES - IVTAN DATA 
L I S T I N G  FRODUCED CII OCTCSER 3.1330 

DATE 

12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12;/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 

TIME, 

00:21:05 
00:21:28 
00:25:04 
00:25:23 
00:25:44 
00:25:57 
00:26:06 
00:26:25 
00 : 26 : 29 
00:25:56 
00:27:16 
00:27:26 
00:27:55 
00:28: 14 
00:28:24 
00:28:55 
00:28:59 
00:29: 18  
00:29:46 
00:30:04 
00:30:26 
00:30:35 
00:30:54 
00:31:04 
00:31:29 
00:31:37 
00:32:05 
00:32: 12 
00:32:37 
00:32:45 
00:33: 1 3  
00:33:23 
00:33:54 
00:33:,% 
00:34:26 
00:34:45 
00:3%:55 
00:35: 15 
00 : 35: 3 4  
00:35:51 
00:35:57 
00:35:24 
00:36:31 
00:37:29 
00:35:04 
00:38:38 
00:33:59 
OU:53:58 

RECN 

1850 
185 1 
1852 
1553 
1554 
1555 
1856 
1857 
1858 
1859 
186 0 
186 1 
1162 
1863 
1864 
1655 
1866 
1867 
1568 
1859 
1870 
187 1 
1872 
1873 
1874 
1875 
1875 
1877 
1878 
1879 
1 s  0 
l a 1  
1832 
1883 
18% 
I r a 5  
18.86 
1867 
18% 
1859 
189rJ 
189 1 
1692 
1G9% 
1895 
1396 
1397 
1898 



DATE 

12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/'07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/'07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 

TIME 

00:21:05 
00:21:28 
00:25:04 
00:25:23 
00:25:44 
00:25:57 
00:26:06 
00:26:25 
00:26:29 
00:26:56 
00:27:16 
00:27:26 
00:27:55 
00:28: 14 
00:28:24 
00:28:55 
00:26:59 
00:29: 18 
00:29:46 
00:30:04 
00:30:26 
00:'0:35 
00:30:54 
DO:31:04 
D0:31:29 
00:31:37 
00:32:05 
00:32: 12 
00:32:37 
00:32:45 
00:33: 13 
00:33:23 
00:33:54 
00:33:% 
00:34:26 
00:34:45 
00:34:55 
00:35: 15 
00:35:34 
C0:35:51 
G0:35:57 
00:36:24 
00:36:31 
00:37:29 
00:&3:04 
00:38:38 
ff0:38:59 
00:53:58 

RECN 

1850 
135 1 
1852 
1853 
1854 
1855 
1856 
1857 
1658 
1559 
1560 
1861 
1162 
1863 
1864 
1855 
1866 
1867 
1868 
IS69 
1870 
187 1 
1572 
1873 
1874 
1875' 
1876 
1377 
1878 
1879 
1880 
1za 1 
1882 
1883 
1884 
1685 
1886 
1837 
18-88 
1 C-S 9 
1ZSO 
189 1 
1892 
189fi 
1895 
1896 
1897 
1898 

INTEPFRAHE VOLTAGES 
L1STIt:S FRODUCED C:l C 

- 1VTAI.l DATA 
ICT03ER 3,1980 



ItJTERFRANE VOLTAGES 
LISTIXG FEODUCED ON C 

- 1VTAI.I DATA 
!CTOZER 3,1?50 

DATE 

12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 = 

12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 . 
12/07/79 
12/07/79 
12/07/79 
12/'07/79 
12/07/79 

RECN 

1850 
1851 
1852 
1853 
1854 
1855 
1856 
1857 
1853 
1859 
1860 
186 1 
1862 
1853 
1664 
1865 
1866 
1867 
1568 
1869 
1870 
187 1 
1872 
1873 
1874 
1875 
1876 
1877 
1878 
1879 
1880 
188 1 
1882 
1883 
1834 
1855 
1886 
1887 
1GS 
1559 
1890 
189 1 
1892 
1894 
1895 
18$6 
1897 
1898 



DATE T IME RECN 

1850 
1851 
1852 
1853 
1854 
1855 
1856 
1857 
1858 
1859 
1860 
186 1 
1862 
1863 
1864 
1865 
1866 
1867 
1868 
1869 
1870 
187 1 
1872 
1873 
1874 
1875 
1876 
1877 
1878. 
1879 
1880 
1881 
1882 
1853 
1884 
1885 
1886 
1887 
18-88 
18-89 
1890 
189 1 
1892 
1894 
1895 
1896 
1597 
1898 

INTERFRAKE VOLTAGES - IVTAN DATA 
L I S T I N G  FRCDUCED 011 OCTOGER 3,1380 



DATE TIHE RECN 

1850 
.I851 
1852 
1853 
1854 
1855 
1856 
1557 
1858 
1859 
1860 
186 1 
1852 
1853 
1864 
1865 
1866 
1867 
1865 
1869 
1870 
187 1 
1872 
1873 
1874 
1875 
1876 
,1577 
1878 
1879 
1880 
188 1 
1882 
1883 
1894 
I S 5  
1886 
1887 
18s8 
1889 
1890 
189 1 
1692 
1894 
1895 
1896 
1897 
1898 

INTERFRAIIE VOLTAGES - IVTAN DATA 
LISTING PRODUCED ON OCTOSER 3,1980 



DATE 

12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 

- 12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 

,92/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 

i 

TIME 

00:21:05 
00:21:28 
00:25:04 
00:25:23 
00:25:44 
00:25:57 
00:26:06 
00:26:25 
00:26:29 
00:26:56 

.00:27: 16 
00:27:26 
-00 : 27 : 55 
00:28: 14 
00:28:24 
00:28:55 
00:28:59 
00:29: 18 
00:29:46 
00:30:04 
00:30:26 
00:30:35 
00 : 30 : 54 
00:31:04 
00:31:29 
00:31:37 
00:32:05 
00:32: 12 
00:32:37 

-00 : 32 : 45 
00:33: 13 
00:33:23 
00:33:54 
00:33:58 
00:34:26 
00:34:45 
00:34:55 
00:35: 15 
00:35:34 
00:35:51 
00:35:57 
90:36:24 
00:36:31 
00:37:29 
00:38:04 
00:38:38 
03': 58 : 59 
00:53:58 

RECN 

INTERFRRHE VOLTAGES - IVTAN DATA 
LISTING FRODUCED ON OCTOBER 3,1980 



. INTERFRAHE VOLTAGES - IVTAt i  DATA 
L ISTING FRODUCES ON OCTOSER 3,1980 

DATE 

12/07/79 
12/07/79 
12/07/79 

' 12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79. 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 

. 12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 
12/07/79 

TIME RECN 



I n t e r n a l  : 

W. E. .Massey 
E. S. Beckjord 
C. E. T i l l  
E. G. Pew i t t  
L. B u r r i s  
S. A; Davis 
B . ' R .  T. Fros t  
R. S. Zeno . 

M. P e t r i c k  
R. K. ~ h l u w a l ' i a  
G .  F. Berry 
P. E. Blackburn 
D. H. Bomkamp 
L. T. Bryant 
L. W. Carlson 
L. S. Chow 
K .  S. Chung 
J. M. Cook 

' ~ i s t r i b u t i o n  f o r  ANL-IVTAN-JT~ 

C. B. Dennis 
E. D. Doss 
P. F. Dunn 
Z. E l  D e r i n i  
H. K. Geyer 
H. Herman 
K. H. I m  
E. Johanson 
C. E. Johnson 
T. R. Johnson 
A. A. Jonke 
M.' Kraimer 
K. D. Kuczen 
V. Minkov 
Y. Pan 
C. V. Pearson 
B. P ico log lou  (135) 
E. S. P ierson 

External  : 1 .;. 
<,'. ' . 

DOE-TIC, f o r  d i s t r i b u t i o n  per UC-90g and UC-93 (305) 
4 .., 

Manager, Chicago Operations and Regional Of f i ce ,  DOE 
F. Herbaty, DOE-CORO 

, J. Horowitz, DOE-CORO 
J. 0. Hunze, DOE-CORO . 

!i 
: , '  . 

President,  Argonne U n i v e r s i t i e s  Associat ion 
AUA Review,Committee f o r  MHD: 

"1 . .. . , >  . C.  B. Alcock, U. Toronto 
D. Berg, Carnegie-Me1 l o n  U. 
C. H. Kruger, J r .  ,. Stanford U. 
S. J. Townsend, S:J.T. Consultants, L td .  
T. D. Wheelock, Iowa Sta te  U. 
Y .  C. L. S. Wu, U. Tennessee Space Inst. .  
P. Zygielbaum, E l e c t r i c  Power Research I n s t . .  . 

DOEIOffice o f  MHD, Washington: 

i V.  Der 
J. Epste in 
J. Hopenfeld ' . 

. J .  K lepe is  
R. L igh tner  , 

M. Mintz 
G. Rudins 

.S. Sacks 
D. Shelor 
M. S luy ter  (2 )  
L.  S u l l i v a n  
K. Moodcock 

- R. Wright 

C. M. Powers 
W. C. Redman 
C. B. Reed 
B. J. Schlenger 
M. H. Shackelford 
Y. W. Shin 
A. J. S is t ' ino 
R.. S. Smith 
B-. K. Snyder 
S. Vanka 
B. Wang . . 
D. War i nner 
G. A. Whi t t ing ton  
A. B. K r i sc iunas  
ANL Patent Dept. 
ANL Contract  F i l e  
ANL L i b r a r i e s  ( 4 )  
TIS F i l e s  (6)  



C. Kolb, Aerodyne Research, Inc., Bedford, Mass. 
R. Cooper, A i r  Force Aero Propuls ion Lab:, Wright-Patterson AFB 
M. K. Guha, American E l e c t r i c  Power S e r v ~ c e  Corp., New York C i t y  
Mr .  Roepke, Arnold Engineering Development Center, Arnold A. F. S t a t  ion, Tenn. 
L. Whitehead, Arnold Engineering Development Center--CALSPAN, Tullahoma 
F. Hals, Avco Evere t t  Research Lab., Everet t ,  Mass. 
R. Kessler, Avco Evere t t  Research Lab., Everet t ,  Mass. 
P. R. Probert ,  Babcock and Wilcox, Barberton 
J. L. Bates, B a t t e l l e  P a c i f i c  Northwest Lab. 
B. Wasserman, Dynatrend, I n c  . , Woburn, Mass. 
A. C. Dolbec, E l e c t r i c  Power Research I n s t .  
R. J. Ferraro, E l e c t r i c  Power Research I n s t .  
D. DeCoursin, F lu idyne Engineering Corp:, Minneapolis 
M. Freeman, Fusion Magazine, New York C ~ t y  
Chief L ib ra r i an ,  General E l e c t r i c  Research Labs., Schenectady 
L. Terrey, General E l e c t r i c  Co., Ph i l ade lph ia  
B. Zauderer, General E l e c t r i c  Co., Ph i lade lph ia  
J. Cut t ing,  G i l b e r t  Associates, Inc., Reading, Pa. 
P. M. Chung, U. I l l i n o i s ,  Chicago 
A. .Dawson, Massachusetts I n s t .  Technology ( 2 )  
D. B. Montgomery, Massachusetts I n s t .  Technology 
J. F. Louis, Massachusetts I n s t .  Technology 
D. Murphree, M iss i ss ipp i  S ta te  U. 
F. Diebold, Montana Col lege o f  Minera l  Science and Technology, But te 
A. Greenberg, Montana Energy and MHD R&D Ins t . ,  But te  
J. D. Meglen, Montana Energy and MHD R&D Ins t . ,  But te  
G. E. Youngblood, Montana Energy and MHD R&D Inst . ,  But te  
R.  Rosa, Montana State U., Bozeman 
F. Fogarty, Mountain States Energy, Inc., But te  
G. R. Seikel,  NASA Lewis Research Center 
R. J. Sovie, NASA Lewis Research Center 
S.  Schneider, Nat ional  Bureau o f  Standards, Washington (2)  
R. A. Carabetta, P i t t sbu rgh  Energy Technology Center ( 2 )  
M. Bloom, Polytechnic I n s t .  o f  New York, Farmingdale 
R. Viskanta, Purdue U: 
R .  Y.  Pei, Rand Corp., Washington 
F. G. B lo t tne r ,  Sandia Labs., Albuquerque 
K .  E. Tempelmeyer, Southern I l l i n o i s  U.? Carbondale 
S. Demetriades, STD Corp., Arcadia, Cal i f .  
C. Maxwell, STD Corp., Arcadia, C a l i f .  
A. Manaker, Tennessee Val l e y  Author i ty ,  Chattanooga 
H. Graham, TRW, Redondo Beach 
J. Hardgrove, TRW, Redondo Beach 
R. Schirk, But te  P ro jec t  Of f i ce ,  USDOE 
W. Boss, U. Tennessee Space I n s t .  
J. N. Chapman, U. Tennessee Space I n s t .  
J. B. Dicks, U. Tennessee Space I n s t .  
E. Lahoda, Westinghouse Research and Development Lab., P i t tsburgh 
F. D. R e t a l l  ick, Westinghouse Advanced Energy Systems Div., P i t t sbu rgh  
J. Sadler, Westinghouse Advanced Energy Systems Div., P i t t sbu rgh  
B. Rossing, Westinghouse E l e c t r i c  Corp., P i t t sbu rgh  




