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FOREWORD 

An exploratory experimental and theoretical investigation of gaseous nuclear 
rocket technology i s  being conducted by the United Aircraft Research Laboratories 
under Contract SNPC-70 with the joint AJE-NASA Space Nucleas Systems Office. The 
Technical Supervisor of the Contract for NASA was Captain C. E, Franklin (USAF) for 
the f i r s t  portion of the contract performance period and was D r .  Karlheinz Than 
for the l a s t  portion of the contract performance period. Results obtained during 
the period September 16, 1970 and September 15, 1971 are described i n  the f o l l d n g  
seven reports (including the present report) which comprise the required second 
Interim 3unrmary Technical Report under the Contract: 

Roman, W. C. and J. F. Jaminet: Experimental Investigations t o  Simulate the 
Thermal Environment and Fuel Region in  Nucleaz Light Bulb Reactors Using an 
R-F Radiant Energy Source. United Aircraft Research Laboratories Report 
K-91Cg00-7, Septetriber 1971. 

Klein, J. F.: Experiments t o  Simulate Heating of the Propellant in a Nuclear 
Light Bulb Engine Using Thermal Radiation *om a D-C Arc Radiant Energy Source. 
United Aircraft Research Laboratories Report K-910g00-8, September 1971,- 
(present report ) 

Bauer, H. Em : In i t i a l  Experiments t o  Investigate Condensation of Fluwing 
~eta l -~apor /~eated-Gas  Mixtures in a Duct. United Aircraf't Research Labora- 
tories Report K-910900-9, September 1971. 

Rodgers, R. J., T. S. Latham and H. E. Bx:.er: Analytical Studies of Nuclear 
Light Bulb Engine Radiant Heat Transfer & , ~ d  Performance Characteristics. 
United Aircraft Research Woratories  Repwt K-910900-10, September 1971. 

Latham, T. S. and H. E. Bauer: AnaJytica:. Design Studies of In-Reactor Tests 
of a Nuclear Light Bulb Unit Cell. Unitec. Aircraft Research Laboratories 
Report K-910900-11, September 1971. 

Krascella, M. L. : Spectral Absorption Coefficients of Helium and Neon Buffer 
Gases and Nitric mide-Oxygen Seed Gas Mixture. United Aircraft Research 
Laboratories Report K-910904-2, September 1971. 

Palma, G. E m  and R. M. Gagosz: Effect of 1.5 Mev Electron Irradiation on the 
Transmission of Optical Materials. United .Aircraft Research Laboratories 
Report K-990929-2, September 1971. 
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Emriments t o  Simulate Heating of the Propellant i n  a Nuclear Light 

Bulb En~ine  us in^ Thermal Radiation hrom a D-(! Arc Radiant Energy Source 

SUMMARY 

Experiments were conducted tea simulate radiant heating of the propellant stream 
of a nuclear l ight  bulb engine. The primary objective was t o  obtain high e x i t  
temperatures i n  the simulated propellant stream due t o  the absorption of large per- 
centages of the incident thermal radiation. A 500-kw d-c arc was used as the radiant 
energy source and argon seeded with carbon par t ic les  was used t o  simulate the pro- 
pellant. Unseeded buffer layers were used t o  prevent coating of the transparent 
duct walls. Methods were developed for introducing micron-sized carbon seeds into  
the central  region of a three-stream flaw i n  a rectangular duct t o  simulate a portion 
of the propellant stream. 

The bulk exi t  temperature i n  the exhaust of the reference nuclear l igh t  bulb 
engine design i s  6660 K (12,000 R) . A long-range goal of the propellant heating 
experiments conducted i n  the laboratory i s  t o  obtain as high a value as possible of 
th i s  bulk ex i t  temperature i n  a configuration closely simulating tha t  of the engine. 

In  the t e s t s  reported herein, simulated propellant bulk ex i t  temperatures up t o  
3860 K (6950 R )  were achieved. The bulk ex i t  temperatures were determined by a 
calorimetric technique developed during t h i s  program. The maximum bulk ex i t  tempera- 
tures were 1-imited primarily by vaporization of the carbon seeds and the amount of 
radiation incident on the t e s t  section. 

It i s  estimated t h a t  substantially higher propellant bulk ex i t  temperatures can 
be obtained. This can be achieved by further improvements t o  the d-c a rc  radiant 
energy source ( i n  particular,  improvement of the re f lec t iv i ty  of the mirrors used) 
and by the use of tungsten seeds which w i l l  remain i n  part icle f o r m  t o  higher 
temperatures than carbon seeds. 



RESULTS AND 

1, Simulated propellant bulk ex i t  temperatures up t o  3860 K (6950 R )  were 
obtained by absorption of thermal radiation from a d-c arc source. The simulated 
propellant was argon seeded with carbon par t ic les ,  The maximum temperature was 
limited primarily by vaporization of the par t ic les  and the amount of radiation 
incident on the t e s t  section. In some t e s t s ,  up t o  9 percent of the radiation 
reaching the simulated propellant through the transparent duct wall was absorbed by 
the simulated propellant; l ess  than 2 percent of the arc radiation incident on the 
transparent wall was absorbed by seeds deposited on the wall. 

2. In preparation for  these t e s t s ,  a two-dimensional propellant duct i n l e t  
configuration was developed. The resul ts  of cold-flaw t e s t s  indicated tha t  two 
1.5-cm (0.59-in. )-wide buffer layers and a 0.3-cm (0.12-in.) q i d e  central  seeded 
stream (dimensions a t  the i n l e t )  would provide the desired seed flow while maintain- 
ing re la t ively clean walls. The average velocities of the three streams were matched 
a t  0.8 m/sec (2.6 f t /sec).  Cold-flm t e s t s  were conducted i n  which the simulated 
propellant transmitted less  than 3 percent of the incident radiation for periods up 
t o  13 min. After these t e s t s ,  the transparent wall transmission was s t i l l  98 percent 
of i t s  original value. These t e s t s  were conducted using a sonic or i f ice  t o  deagglom- 
erate the seeds. 

3. Also in  preparation for these t e s t s ,  the d-c arc simulated propellant 
heating configuration was modified t o  operate a t  up t o  500 Itw. This argon, vortex- 
stabilized, arc provides up t o  240 Irw of radiation over the 12.7-cm (5.0-in. ) length 
adjacent t o  the t e s t  section; of th i s ,  about 35 kw i s  directed a t  the t e s t  section, 
Thus, the maximum radiation incident on the simulated propellant was increased by a 
factor of f i f teen relat ive t o  the levels available i n  previous t e s t s .  A calorimetric 
technique for determining simulated propellant bulk ex i t  temperature was a lso 
developed. 

4. Continued research i n  the laboratory on simulated propellant heating i s  
required t o  reach bulk ex i t  temperatures approaching those expected i n  the nuclear 
l igh t  bulb ergine, By improving the mirrors used with the d-c a rc  radiant energy 
source and by using tungsten seed, which has higher melting and boiling points than 
carbon, it should be possible t o  obtain substantially higher bulk ex i t  temperatures. 



INTRODUCTI ON 

An experimental and theoretical investigation of gaseous nuclear rocket 
technology i s  being conducted by the United Aircraft Research Laboratories (UARL) 
under Contract SNPC-70 administered by the joint AEC-NASA Space Nuclear Systems 
Office. The overall research program i s  presently directed toward investigating 
the feas ib i l i ty  of the nuclear l ight  bulb engine. This report discusses the portion 
of the research program in  which a seeded simulated propellant was heated t o  high 
bulk temperatures (greater than 3330 K (6000 R ) )  by absorption of thermal radiation 
from a d-c arc radiant energy source. Simulated propellant bulk temperatures 
between 1660 K (3000 R )  and 2220 K (4000 R )  have been obtained in previous t e s t s .  

Nuclear Light  Bulb Concept and Reference Engine Configuration 

The nuclear l ight  bulb concept described i n  Refs. 1 and 2 i s  based on the 
principle of transfer of energy by thermal radiation from a fissioning gaseous 
nuclear fuel. t o  seeded hydrogen propellant flawing through an annulus surrounding 
the nuclear fuel.  Radiant energy i s  transferred through an internally cooled trans- 
parent wall which separates the nuclear fuel  f'rom the propellant stream. Figure l ( a )  
i l l u s t r a t e s  t h i s  principle of operation with a cross section of one unit cavity. 
The reference engine ( ~ e f .  3 )  i s  formed by a cluater of seven such cavit ies t o  
increase tb.e effective radiating surface area of the nuclear fuel  cloud. Figure l ( b )  
i s  a schema.t;',c of the d-c arc r a d i a ~ t  energy source used i n  the propellant heating 
simulation t e s t s .  The significant dimensions of both the unit cavity and the pro- 
pellant heating configuration are indicated. Figure 2 i s  a sketch showing additional 
detailed dimensions of one unit cavity of the reference engine. One-half of the 
rotationally symanetric cavity i s  shown. The propellant region i s  a divergent 
annulus 1.8-m long with a 0.49-m inside diameter. The annulus width increases 
uniformly from 0.013 m a t  the in le t  t o  0.161 m a t  the exhaust. 

In  the reference engine, approximately 98 percent of the t o t a l  thermal radiation 
incident on the propellant stream i s  calculated t o  be absorbed by the hydrogen 
propellant (Ref. 3). Hydrogen i s  essential ly transparent t o  thermal padiatiorl a t  the 
engine operating pressure of 500 a,tm and below a temperature of approximately 7780 K 
(14,000 R ) .  Therefore, a seed material must be added t o  the propellant stream t o  
provide the required opacity. The ideal  seed m t e r i a l  would consist of nonreactive, 
high -melting -point, high-boiling-point , submicron-sized metal part icles that  exhibit 
good absorption characteristics in  both the part icle and vapor forms. Submicron- 
sized par t ic les ,  low-ionization-potential metal vapors, and various polyatomic gases 
have been examined theoretically and experimentally as possible seed materials for 
the propellant stream ( ~ e f  s . 4 through 12). Submicron-sized solid or liquid part icles 
exhibit essential ly continuous spectral absorption characteristics as contrasted with 



discrete spectral absorption characteristics exhibited by law-ionization-potential 
metal vapors and polyatomic gases. Theoretical studies ( ~ e f s .  4 through 8)  of the 
absorption properties of small solid part icles have been based on the Mie theory 
(Ref. 13). This theory describes the spectral extinction, abswption, and scattering 
of radiation by spherical part icles as functions of par t ic le  s ize ,  material properties, 
and the wavelength of the incident radiation. The resu l t s  of these studies indicate 
that  tungsten i s  at tractive as a seed material became of i t s  high melting point, 
high boiling point, and low react ivi ty  with hydrogen. In the reference ewine ,  
nominal 0.05-micron-dia tungsten part icles are assumed t o  be used r . ~  a propellant 
seed material. 

I n  each unit cavity the inner wall of the propellant annulus is highly trans- 
parent. The outer wall i s  highly reflective t o  reduce the heat load t o  the moderator 
and t o  increase the effective radiant energy path length i n  the propellant region. 
A thin layer of unseeded gas flows adjacent t o  both the inner and the outer walls of 
the propellant region. These thin  unseeded layers serve as buffer regions which 
prevent the degradation of the 02tical properties of the walls due t o  coating by the 
pmpellant seed. They also aid i n  keeping hot gases away frm the walls, thus 
reducing the heat transfer t o  the duct walls. 

Principal Objectives 
1 

The principal objectives of t h i s  portion of the nuclear l igh t  bulb engine 
research are : 

(1) t o  experimentally demonstrate the heating of a simulated propellant t o  bulk 
ex i t  temperatures greater than 3330 K (6000 R )  by the abaorption of thermal 
radiation, 

(2 )  t o  use a flow configuration similar t o  tha t  of the nuclear l igh t  bulb engine 
in  the sense of providing simulated propellant opacity with micron-sized 
solid pwticle seeds, which are sep~ra ted  from the propellant duct walls by 
buffer layers of unseeded gas, and 

(3 ) t o  develop methods of dispersing, deagglomerating and introducing the 
part icle seed into  the central portion of the simulated propellant fluw. 

Experimental Approach 

Two basic changes were made i n  the experimental approach over the approach used 
i n  the first phase of th i s  program ( ~ e f s .  14 and 15) t o  provide a simulated propellant 
heating conflguration with which the principal objectives can be achieved, F i r s t ,  
the annular propellant duct was replaced by a rectangular duct, simuiating a portion 



of the engine propellant duct. Cold-flow t e s t s  were conducted t o  find an in le t  
configuration suitable for propellant heating, The i n l e t  used for these tes ta  was 
designed t o  be compatable with the d-c arc radiant energy source. The carbon seed 
supply syotem was modified t o  allow operation with the use of an or i f ice  for seed 
deagglomeration. 

Sezond, the d-c arc radiant energy source was modified for high-power, short 
t e s t  t i m e  operation. The objective of the d-c arc modifications was t o  increase tne 
radiant flux incident on the simulated propellant streate. The major modifications 
were (1) removal of the locator, ( 2 )  shortening of the arc  length, (3) removal of 
the water cooling from the fused s i l i c a  tube surrounding the arc, (4)  modification 
of the vortex in le t ,  and (5)  surrounding the arc with a water-cooled mirror, Based 
on the t e s t s  discussed i n  Ref. 14, new diagnostic methods were required. As a resu l t ,  
a new calorimetric method for determining the simulated propellant bulk ex i t  tempera- 
ture was developed. 

The resul ts  of the cold-flow te s t s ,  d-c arc modification, and calorimeter 
development were combined i n  the propellant heating t e s t s .  

This report i s  divided into separate sections discussing the d-c arc radiant 
energy source, the colC-flow t e s t s ,  and the simulated-propellant heating t e s t s .  Also 
included are two appendixes describing the d-c arc system and discussing the calori-  
meter radiation corrections. 



D-C ARC R A D m  ENERGY S O U R a  

Objective 

The objective of the d-c arc modification and t e s t  series was t o  provide enouh 
radiation incident on the simulated propellant flaw to heat it t o  a bulk ex i t  tempera- 
ture greater than 3330 K (6000 R )  by absorption of thmnal radiation. To satisf'y 
t h i s  objective, the UARL d-c arc heater was modified t o  a 500-kw, short-test-time 
(0.5-sec) configuration. The resul ts  of the d-c arc t e s t s  and the techniques ~ s e d  t o  
measure arc radiation are discussed i n  t h i s  portion of the report. Descriptions are 
given i n  Appendix A of the d-c arc e lec t r ica l  components, configuration, electrodes, 
vortex system, gas and water-cooling systems, s tar t ing and control syatems, and a 
s m a r y  of modifications t o  the d-c configuration. 

Radiation Measurements 

Lhnf i nur a t  i on 

Figure 3 shows a sketch of the basic d-c arc and radiometer optical system. The 
l-atm argon arc was vortex stabilized and was enclosed within a 4.0-cm (1.57-in.)-ID, 
uncooled, fused s i l i ca  tube. The arc was struck between a thoriated tungsten cathode 
and a magnetically augmented, water -cooled, copper anode which were 17.78 cm (7.0 in.  ) 
apart . 

A s  shown i n  Fig. 3, t o t a l  radiation measurements were mde of the power radiated 
from the d-c arc column using a radiometer which incorporatfd a barium fluoride 
( B ~ F ' ~  ) thermopile detector. This arrangement of the thermopile and aperture F '.lowed 
the radiometer t o  view a section of the d-c arc  column which was 2.54 -cm (1.0-in.)- 
high and wider than the diameter of the fused s i l i c a  tube enclosing the d-c arc 
column. Therefore, the radiometer viewed a section of the c~lumn tha t  always included 
the ent i re  arc diameter. As shown i n  Fig. 3, the section of the arc column viewed was 
halfway betweela the anode and ca t3de .  Total radiatfon measurements were obtained i n  
the wavelength range from 0.22 t o  2.3 microns (the r a n g  of high t ransdt tance  for the 
fused s i l i c a  tube ) . 
Calibration 

The radiometer was calibrated using a standard lamp (a General Electric DXW 
quartz-iodine tungsten filament having lamp known spectral cha;racter:stics). The 
2.54-cm (1.0-in. ) -long filament of the lamp was positioned in  a location equiv8lcnt 
t o  the position of doc arc centerline i n  Fig. 3, within the iriewing fie';d of the 
radiometer. The knwn intensi ty  of radiation from the standard lamp a t  the locaticm 



of the thermopile element was used t o  calibrate the radiometer. Two alternate 
w.thods for measuring the arc radiation were used i n  previous test-s ( ~ e f .  14) --- one 
employed a blackened sleeve around the arc,  and the other employed an annulus of 
water cmtaining dye. Radiation measurements made by these two alterne.te methods 
were consistent with the calibrated radiometer measurements made a t  that  time. In  
addition, another method was used i n  the present study --- absorption of radiation 
in  a blackened copper slug (discussed i n  the section ent i t led SIMULATED PROPELLANT 
HEATING 'IIESTS). The resul ts  a lso showed good agreement with the calibrated radio- 
meter measurements. 

The results  of measurements of the power radiated from the d-c arc  plasma in  the 
modifie? configuration are summarized i n  Fig. 4. The resu l t s  are expressed as the 
power radiatr3 fram a 12.7-cm (5.0-in.) t e s t  section --- the length of the t e s t  
section used subsequently i n  propellant heating t e s t s  --- a s  a function of t o t a l  arc  
power. Total power radiatsd in  the t e s t  section length was obtained by multiplying 
the p e r  radiated from a 2.54-cm (';.O-in.) arc length, as measured by the radiometer, 
by a factor of five. A s  shown on Fig. 4, the power radiated from the t e s t  section 
length ranged from 15 kw t o  238 kw while the corresponding t o t a l  arc powers ranged 
r'rm 50 kw t o  500 kw. In terms of the  maximum t o t a l  power radiated i n  the t e s t  
section length, t h i s  configuration represents a facts of 8.3 l~xraasc a b o x  *ha% 
of the d-c arc  propellant heating configuration used i n  Ref. 14. For these tests 
it i s  estimated that  the  radiation efficiency, defined as the puwer radiated from 
the arc  column per mit length divided by the puwer deposited i n  the arc  column per 
unit length, ranged from 50 t o  80 gercent. 

Figure 5 shows the vcltsge-cmrezt relationship. The arc voltage ranged from 
about 80 v t o  160 v while the current ranged from about 600 t o  3000 a. For sll 
tes t s ,  the d-c arc configuration, argon flow rate ,  i n l e t  geometry, cathode position, 
and vortex flow injection angle were held constant. Test time for a l l  t e s t s  was 
about 0.5 sec. The ballast  resistance was varied t o  permit arc operation over the 
power range shuwn. The maximum e lec t r ica l  power deposited i n  the arc column was about 
22.5 kw/cm (57 kw/in.) which approaches the s ta te  of the a r t  i n  d-c arc technology. 
Snccess with th is  high power d-c arc radiant energy source was a major step towards 
the achievement of high simulated propellant bulk e x i t  temperatures due t o  the 
absorption of thermal radiation. 



Objectives 

The major objective of the cold-flaw t e s t s  was t o  develop a simulated propellant 
f l m  configuration which could subsequently be heated t o  high temperatures by the 
absorption of thermal radiation. The desired flaw configuration consisted of a 
central seeded gas stream separated from transparent duct walls by buffer layers of 
unseeded gas t o  prevent transparent wall coating by the seed material. 

Unlike the annular duct used i n  Refs. 14 and 15, the duct used in  the present 
t e s t s  was rectangular i n  cross section. The change from annular t o  rectangular was 
made for several reasons: (1) most of the d-c arc radiant energy aource could be 
enclosed within a mirror t o  increase the radiant flux incidtnt on the simulated 
propellant (see Fig. l ( b ) ) ;  (2 )  construction of the calorimeter t o  be used for  the 
measurement of simulated propellant bulk ex i t  temperature was simpler and less  
expensive; (3)  the weight flow ra te  of the simulated propellant was less ,  thereby 
reducing the amount of energy required t o  raise i t s  temperature t o  a given value; and 
(4) less  carbon seed was required and, hence, the exist ing seeder could be used for 
longer periods without re f i l l ing .  

A aecmd objective zf %!x ccl?-fl9: t e s t 2  vsz t o  ab%airi Bigher values of the 
seed mass attenuation coefficient within the simulated propellant heating t e s t  
section. This was t o  be accomplished using the sonic or i f ice  techniques discussed 
in  Ref. 14. This technique i s  based on previous experiments discussed i n  Refs. 9 
through 12 . 

Seed Dispersal System 

The use of the sonic orif ices for the simulated propellant f l o w  required 
modification of the seed dispersal system used previously in  t h i s  program. Figure 6 
i s  a schematic diagram of the simulated propellant f la ;  system and high-pressure seed 
dispersal system. This system provides the required flows of se,eds, car r ie r  gas, and 
buffer gas. Carbon seed materisl having a nominal diameter of 0.012 microns was used 
i n  these t e s t s  instead of tungsten as  considered for the reference nuclear l igh t  bulb 
engine because it i s  readily available, inexpensive, and easier t o  handle than 
tungsten. Also, carbon has good optical absorption characteristics over the size 
range of interest .  Argon was used as  the seed carrier  and buffer gas i n  a l l  t e s t s .  



The seed dispersal system consists of a 12.7-cm (5.0-in.)-1~ by 29.8-cm 
(11.75 -in. )-deep, high-,nlzssure (3000 psig),  s ta inless  s t e e l  canister.  Huwever, for 
+,he t e s t s  reported hereir,, the maximum canister pressure used was 300 psig. This 
maximum operating pressure was used i n  t e s t s  i n  which sonic orif ices were used for 
seed deagglomeration as  shown i n  Fig. 6. High-presswe operation of the seed supply 
canister required a new method for seed aggitation. The rotating agitator blades i n  
the upper portion of the seed supply canister (see Fig. 15 of Ref. 14) were replaced 
by a dust -sealed, tube -axial fan located i n  the luwer portion of the canister.  The 
motor for the fan was self-contained i n  the fan shaFt with the e l ec t r i ca l  leads 
entering the canister through a high-pressure e l ec t r i ca l  feed-through. S o n ~ t i m s  
clogging of the fan shaf't with carbon seed was noted. In most cases, the carbon 
could be removed and the fan restored t o  normal operation. However, the fan was 
reylaced three times during the course of the program due t o  clogging by the carbon. 

Argon was passed through the canister, entraining dispersed carbon par t ic les  
w i th  it. Argon entering the canister a lso helped t o  agi ta te  the carbon pawder through 
aerodynamic forces. The r a t i o  of t o t a l  argon weight f l m  ra te  t o  carbon weight flaw 
ra te  was varied by allowing some of the t o t a l  argon carr ier  flow t o  bypass the 
canister (see Fig. 6). The seeded argon f l m  l ine  was connected t o  the plenum of the 
seeded gas in le t  i n  the simulated propellant flow chamber. For the typical  carbon 
seed weight flow rates  used, the capacity of the canister was sufficient  t o  permit 
t o t a l  t e s t  times of approximately 10 min before the carbon supply was depleted. A t  
the beginning of each t e s t  ser ies  the canister was f i l l e d  approximately 2/3 f u l l  w i t h  
carbon particles. 

Two argon flow l ines  for the buffer layers were a lso connected t o  the i r  
respective in le t s  in the simulated propellant flow chamber (see Fig. 6). Individual 
pressure regulators, pressure gauges, control valves, and flow metering equipment 
were used for each system. Argon flow ra tes  were measured using rotameters. 

Configuration 

A sketch of a cross section of the rectangular propellant duct mock-up i s  shown 
i n  Fig. 7. The simulated propellant duct was mocked-up by an assembly which could be 
attached t o  the in le t  housing (Fig. 7). Construction was such that  the spacing 
between the two transparent fused s i l i c a  walls protected by laseeded buffer layers 
was ad justable. These transparent walls extended beyond the 12.7-cm (5.0-in. )-long 
t e s t  section. The remaining two side walls of the simulated propeliant duct were 
aluminum i n  the 12.7-cm (5.0-in.) t e s t  section; beyond the t e s t  section they were 
glass t o  alluw photographs t o  be taken from the side as the simulated popel lan t  
leaves the t e s t  section. Photographs from the side indicate the re la t ive widths of 
the unseeded buffer layers and central  seeded gas stream. The aluminum side walls and 
the i r  glass extensions were allowed t o  contact the seeded gas flow. These side walls 
became coated by the carbon seed. 



A radiometer viewed a tungsten filament lamp through the t e s t  section. As  shown, 
the radiometer l i n e  of sight (Fig. 7) n s  located -ar the  t e s t  section ex i t  and 8 '  - 4 

passed through the t r anspren t  fused s i l i c a  walls protected by unseeded buffer layers, I 
I 
t 

and through the sesded gas flow. In  t h i s  way, radiometer measurements could ,a made j 

of the transmissim of the transparent walls protected by unseeded buffer layers or 'i3 ri 

the transmission of the seeded gas f lm. 

Figure 8 i s  a photograph of the two-dimensional propellant duct mock-up. It 
1 
* 

serves t o  further i lus t ra te  the relationship between the transparent fused s i l i c a  
walls protectf!d by vnseeded buffer layers, the l ine  of sight  of the radiometer, and 
the direction i n  which photographs were taken. - 

The gas i n l e t  shape shuwn i n  Fig. 7 i s  based on the understruid'ing of i n l e t  
configurations developed i n  the cold-flaw t e s t s  discussed i n  Ref. 14. The ~ 5 n c r a l  
nature of the inle+; was the same. Huwever, the i n l e t  i n  Fig. 7 was rectangular, 
while tha t  described i n  Ref. 14 was annular. lZ l is  required that  a suitable relat ion- 
ship between the widths of the seed gas i n l e k m d  buffer i n l e t s  be redetermined for  
the rectangular (two-dimensional) in le t .  Several width relationships were investigated 
and the most promising one, described i n  the following subsection, was used for the 
simulated propellant heating tes t s .  The i n l e t  used for the cold-flow t e s t s  was 
designed so tha t  the same parts  could be used for the simulated propellant heating 
tes t s .  For t h i s  reason the i n l e t  housing contains, i n  one integral  piece, the in le t s  
tor  the simulated propellant flaw and the d-c arc vortex. 

Results 

Fl.ml 82ct and In le t  Geometry 

Cold-flow t e s t s  were performed t o  determine i n l e t  buffer f l a w  passage dimensions 
for use in  the simulated propellant heating tes t s .  Figure 7 shows the configuration 
that  was determined t o  be the most suitable. The f i n a l  d d t h  of the propellant duct 

4 L 

was 3.3 cm (1.3 in.);  the depth was 2.3 cm (0.9 in.) ;  and the length was 12.7 cm 
(5.0 in.)  measured from the downstream face of the porous foam t o  the end of the t e s t  
section. 1 ; 

I 

Porous foam was located in the in le t s  of the two unseeded buffer layers and a t  
9 ;  

the entrance t o  the t e s t  section as shown i n  Fig. 7. The foam material was the same i 
porosity (45 ppi) as the f o m  used i.1 :he propellant heating t e s t s  described i n  
Ref. 15. 

The 0.3-cm (0.12-in.) wide seed in le t  duct was formed by two stainless s t e e l  
plates which tapered t o  knife edges a t  the in le t  plane. Each buffer layer was 1.5-cm 
(0.59-in.) wide a t  the i n l e t  t o  the t e s t  section. The average velocities of the three 
streams were matched a t  about 0.8 m/sec (2.6 f't/sec). 

-, 
Z 

t 



As depicted in  Fig. 7, the seed flow spread considerably as it passed through 
the foam a t  the entrance t o  the t e s t  section. The amount of seed spreading through 
the foam was greater than that  obtained in  the t e s t s  described i n  Ref. 14, although 
the foam material used i n  the two t e s t  series was nominally the same. Hawever, the 
foam used i n  the present t e s t s  seemed t o  accumulate carbon more rapidly, and t h i s  i s  
a possible cause of the observad increased spreading. This problem was overcome by 
increasing the buffer layer width a t  the in le t  t o  1.5 cm (0.54 in.) (compared with 
1.0 cm (0.39 in.) i n  previous tests). It has also been found that  careful cutting 
and positioning of the foam material i s  required for re l iable ,  repeatable buffer 
layer performance. As represented i n  Fig. 7, the seeded flow occupied a large 
iricCion of the propellant duct (as much as  75 percent of the duct volume i n  some 
t e s t s ) .  The actual buffer layer thickness in the t e s t  section --- the distance between 
the transparent wall and the seeded stream --- appeared t o  be about 0.4 cm (0.16 in.)  
for these tes t s .  

Photographs D u r i n g  Test Series 

Figure 9 presents a series of photographs taken during the cold-flow t e s t s  from 
the side of the variable-width propellant duct, as indicated i n  Fig. 8. The resul ts  
of transmission measurements for these conditions are shown i n  Fig. 10. 

The photograph in  Fig. g(a)  shuws the t e s t  configuration as viewed from the side. 
The radiometer viewed a tungsten filament lamp through the transparent walls a t  a 
point about 1.27 cm (0.5 in.)  downstream of the end of the section (see Figs. 7 and 8). 
Photographs (b),  (d),  and ( f )  i n  Fig. 9 show side views of the seeded gas f l a w  for 

i 

various levels of seeJ transmission. The unseeded buffer layers separating front and i 

rear transparent wal?-s are clearly shown i n  a l l  the photographs (see Fig. 9(b),  for i 
example). Side views cf the t e s t  section without seeds flowing are shown i n  Figs. 
9 (c) ,  (e)  , and (g) . The central  portion of the l e f t  and r ight  side walls, which were 
unprotected by buffer lsyers, became coated with carbon seed. Shown below each of 
the photographs i s  the time i n  minutes from the beginning of the t e a t  series a t  which 
the photograph was taken and the value of ei ther seed or wall transmission a t  the 
time the photograph was taken. 

Transmission Measurements Dur in~  Test Series 

In Fig. 10, the dashed l ine  shows the variation with time of the average value 
of the precent of radiation incident on the seeds that was transmitted through the 
seeds. The levels shmn correspond t o  average values of the transmission over various 
time periods. The value of transmission was corrected for any decrease i n  trans- 
mission tha t  might be due t o  seed coating on the front and rear transparent walls. 
The level  of seed transmission was adjtlsted t o  that  shown by varying the amount of 
bypass through the seed supply system (see Fig. 6). 



For the t e s t s  shawn i n  Figs. 9 and 10, an orif ice  (0.016-in. d ia )  was used t o  
deagglomerate the carbon seed (also shawn i n  Fig. 6). Estimates of the carbon seed 
mass attenuation coefficient a t  the e x i t  of the t e s t  section indicate a value well 
in  excess of 5000 ~ m 2 / ~  averaged over the wavelength interval  from 0.22 t o  2.3 microns. 

Also shown in  Fig. 10 (solid l i n e )  i s  the level  of transmission of the transparent 
duct walls compared with the i r  i n i t i a l l y  clean condition. These measurements were 
obtained by turning the seed flow off periodically as the t e s t  series progressed. 
The points a t  which these measurements were made are marked on the figure. The 
resulting values are connected by straight l ines  t o  represent average values of wall 
transmission between measurements. Average values of seed transmission of about 1 
percent were obtained over a period of about 13 min. After t h i s  13-min period, the 
duct wall transmission was s t i l l  about 99 percent of i t s  s tar t ing value. A s  shown 
below i n  Fig. g(d), which was taken a t  t = 6.6 min, for some portions of the t e s t  
period the seed attenuation was so great tha t  zero seed transmission was indicated. 

Shortly a f te r  13 min, the wall transmission began t o  decrease ( ~ i g .  10). After 
30 min, the wall transmission decreased t o  85 percent of i t s  s tar t ing value. This 
decrease i n  buffer layer effectiveness with time corresponds t o  an observed accumula- 
t ion of carbon i n  the foam material a t  the in le t  plane, and increased turbulence i n  
the fluw as evidenced by the seed flow. The coating on the unprotected side wall 
shown i n  Fig. 9(g) indicates tha t  by the end of the t e s t  the seeded gas occupied most 
of the duct volume. By the end of the t e s t  period, when wall coating has been mea- 
sured, visible carbon deposits were observed on the transparent walls tha t  had been 
protected by buffer layers, similar t o  those on the unprotected side walls. The wall 
coating therefore appears t o  be caused by the deterioration of the f lu id  mechanics a t  
the in le t .  This wall coating, caused by i n l e t  foam clogging, was not a cause for 
concern i n  the propellant heating t e s t s  because the foam can be replaced easily. 
Also, as shown by the t e s t  resul ts ,  each piece of foam was usable for  several minutes. 

Cold-flow t e s t s  were also performed i n  which no orif ice was used for seed 
deagglomeration. The t e s t  resul ts  were similar t o  those obtained when or i f ices  were 
used i n  terms of t o t a l  absorption and buffer layer effectiveness (see preceding 
paragraph). 

The resul ts  of the cold-flaw t e s t s  showed, therefore, that  the carbon seed could 
be effectively confined t o  the central portion of the simulated propellant flow t o  
prevent coating of the transparent duct walls and that  high values of the carbon seed 
mass attenuation coefficient (greater than 5000 c d / g  averaged over the wavelength 
interval  from 0.22 t o  2.3 microns) could be obtained within the simulated propellant 
heating t e s t  section. The simulated propellant f l m  configuration determined from 
these cold-flow t e s t s  described i n  t h i s  section was then used i n  the simulated pro- 
pellant heating t e s t s .  



SIMULATED PROPELLANT HEATING TESTS 

Objectives 

The main objective of t h i s  portion of the program was t o  obtain simulated 
propellant bulk temperatures i n  excess of 3330 K (6000 R).  The long-term objective 
i s  t o  obtain bulk ex i t  temperatures approaching 6660 K (12,000 R)  with tungsten seeds 
as  required for  the reference nuclear l igh t  bulb engine (Ref. 3 ) .  The simulated 
propellant flow was similar t o  that  of the nuclear l igh t  bulb engine i n  the sense 
tha t  the thermal radiation i s  absorbed by micron-sized solid par t ic le  seeds, and that  
buffer layers of unseeded gas prevent coating of the propellant duct walls by the 
seeds. 

The results  of the simulaked propellant heating t e s t s  discussed i n  Ref . 34 
pointed t o  the need for an improved method of determining the simulated propellant 
bu'Uc exi t  temperature. A s  a resu l t ,  an objective of t h i s  program was t o  develop a 
calorimetric technique for determining the simulated propellant bulk ex i t  temperature, 

Three t e s t  configurations were tested during t h i s  program. Most of the t e s t s  
were performed using one basic simulated propellant heating configuration. This 
configuration i s  described i n  d e t a i l  together with the diagnostic equipment used for 
a l l  the t e s t s .  The resu l t s  of the t e s t s  with the basic configuration are then 
discussed, Following t h i s  discussion, t e s t s  of a configuration with reflecting walls 
in the simulated propellant duct and a configuration with divergent walls in the 
simulated propellant duct are described. The resul ts  of the t e s t s  with each of these 
configurations are discussed following the description of the i r  respective t e s t  
configurations. 

Basic Test Configuration 

The basic simulated propellant heating configuration combines the resul ts  of the 
t e s t s  discussed i n  the preceding sections. A mirrm i s  used around the d-c arc  
radiant energy source t o  increase the radiation from the d-c arc that  i s  incident i n  
the simulated propellant flow. 

Figure 11 i s  a photograph of the d-c arc configuration showing the general 
relationship between the mirror housing, calorimeter assembly, seeded gas i n l e t ,  
buffer gab i n l e t ,  and arc vortex in le t .  The locations of the simulated propellant 
heating t e s t  section, exhaust hood, d-c arc anode and fused s i l i c a  tube are a lso 
shown. 



Figures 12 and 13 show cross sec t ims  of the propellant heating configuration. 
Figure 12 i s  a cross section of the lower portion of the configuration. Section A-A 
shows the 4 .o-cm (1.57-ina)-lII uncooled f'used s i l i c a  tube that  encloees the d-c 
arc radiant energy source (see Fig. 3 )  surrounded by a water-cooled mirror. The fused 
s i l i c a  tube was separated from the reflecting surface by a space about 0.073-cm 
(0.030-in.) wide. Reflecting surfaces were copper coated with kanigen which was then 
polished and vapor coated with aluminum. The function of the mirror was t o  increase 
the amount of radiation from d-c arc, i n  the direction of the simulated propellant 
flow, above the radiation from the d-c arc alone. 

The front wall of the simulated propel1,ant duct was a 0.25-cm (0.10-in. )-thick 
uncooled, fused s i l i c a  plate (Fig. 12)  and the rear wall was a similar uncooled, 
fused s i l i c a  plate. Both side walls of the duct were made 09.64-cm (0.25-in. )-thick 
s tee l  plates. The dimensions of the simulated propellant duct and in le t  geometry were 
the same as those of the duct used i n  the cold-flow te s t s .  As shuwn i n  Fig. 12, the 
spacing between the transparent walls was 3.3 cm (1.3 in . ) ;  it was 2.3 cm (0.9 in.)  
between the s t ee l  walls. 

A s  i l lus t ra ted i n  Fig. 12, the seeded gas was introduced into the central  portion 
of the simulate& propellant fluw, and was separated fiom the front and rear trans- 
parent walls by unaeeded buffer layers. The seeded gas was allowed t o  contact t h e  
s t ee l  side walls. For a l l  the t e s t s ,  argon seeded with carbon was used as the 
simulated p r o p  l l an t  . 

The simulated propellant entered the lower end of the 12.7-cm (5.0-in.)-long 
t e s t  section and flawed upward, para l le l  t o  the axis of the d-c arc, in to  the calor i -  
meter. Seeded gas i s  introduced through a 0.3-cm (0.E-in. )-wide slot .  The buffer 
gas in l e t s  were 1.5-cm (0.59-in.) wide. As i l lus t ra ted  i n  Pig. 12, the seed flaw 
spread as it passed through the porous foam a t  the beginning of the t e s t  section. 

The average velocities of the seed and buffer flows are matched a t  0.8 m/sec 
(2.6 f t / s e ~ ) .  Porous foam was used a t  the beginning of the t e s t  section t o  smooth 
the velocity profiles a t  the junction of the three parallel  flows. This minimized 
the spreading of the seed flow i n  the simulated propellant duct. 

The porous foam a t  the beginning of the t e s t  section i s  exposed t o  radiation 
fran the cl-c arc. In the t e s t s  discussed i n  Ref. 14, melting of the porous foam was 
a limitation on the power level  a t  which the d-c arc could be operated. Two steps 
were taken t o  overcome t h i s  dif f icul ty .  The f i r s t  step was t o  place a water -cooled 
shield between the foam and the d-c arc  ( ~ i g .  12). This blocked the radiation from 
the portian ~f the arc near the cathode; however, the foam was s t i l l  exposed t o  
radiation from the upper portian of the d-c arc  column. For most t e s t s ,  t h i s  
radiation caused significant damage t o  the foam only af'ter the cumulative effects  of 
several runs. A t  the highest arc power levels used, the foam needed t o  be replaced 



af te r  two or three t e s t s .  In anticipation of th i s ,  the second step taken was t o  
design the assembly for easy replacement of the porous foam. An additional factor 
i n  prolonging the useful l i f e  of a given piece of porous foam i s  the short t e s t  time 
used for these tes t s .  The t e s t  time was about 0.5 sec for a l l  the simulated pro- 
pellant heating t e s t s  discussed i n  t h i s  report. Test times of several seconds were 
used i n  most of the t e s t s  described i n  Ref. 14. 

Figure 13 i s  a sketch of the  upper portion of the propellant heating configuration. 
The simulated propellant flowed in to  the calorimeter a t  the end of the t e s t  section 
(the calorimeter i s  discussed i n  d e t a i l  subsequently). Cold-flow t e s t s  with the 
calorimeter indicated tha t  the presence of the calorimeter a t  the ex i t  of the t e s t  
section d id  not adversely effect  the simulated propellant flaw i n  the t e s t  section. 

As shown in  Fig. 13, the anode for the d-c arc was located about 3.8 cm (1.5 in.)  
above the mirror assembly. This positioning was used t o  minimize possible arc 
shorting through the copper mirr~r assembly. The fused s i l i c a  tube enclosing the 
arc also extended beyond the mirror assembly. The d-c arc anode, cathode, vortex 
in le t  are described i n  Appedix A.  

Diagnostics 

Calorimeter Measurements 

The position of the water-cooled calorimeter assembly re la t ive t o  the t e s t  
section i s  shown i n  Fig. 13. Its purpose was tf. measure, based on the water-cooling 
temperature change, the energy contained i n  the hot simulated propellant flow. 

Because of the 0.5-see t e s t  time, the calorimeter d id  not come t o  thermal 
equilibrium with the simulated propellant f l o w .  As a resu l t ,  the simulated pro- 
pellant bulk temperature was determined using a transient method. Simulated pro- 
pellant was allawed t o  flow through the system while the difference between the 
calorimeter in l e t  and outlet  water-cooling temperatures was monitored using a thermo- 
pi le  and a strip-chart recorder. Then the d-c arc was turned on for about 0.5 sec. 
Energy was removed from the hot simulated propellant and stored i n  the metal parts  
of the calorimeter which were, i n  turn, cooled by the calorimeter water. The water- 
cooling temperature r i s e  uss monitored unt i l  the temperature difference between the 
i n l e t  and outlet  r e tune& t o  i t s  value before the d-c arc was turned on. 

Figure 14 i s  an example of a calorimeter water-cooling temperature r i s e  trace. 
The response of the calorimeter i s  long compared t o  the simulated propellant heating 
t e s t  time of 0.5 sec. The water-cooling temperature r i s e  was integrated and related 
through the water-cooling flow ra te  t o  the t o t a l  energy deposited i n  the calorimeter. 
This t o t a l  energy divided by the t e s t  time gives the average ra te  a t  which energy was 



deposited into  the calorimeter during the t e s t .  The average ra te  of energy deposited 
was then related,  through the simulated propellant mass flow ra te  and specific 
heat, t o  the simulated propellant bulk temperature. The bulk temperature determined 
in t h i s  way i s  a time-averaged temperature over the propellant heating t e s t  time. 
As shown i n  Fig. 13, a chromel/alumel thermocouple recorded the temperature of the 
simulated propellant as it l e f t  the calorimeter a f te r  being cooled down. This 
thermocouple temperature returned t o  i t s  i n i t i a l  value i n  about 1.5 sec. The temp- 
erature r i s e  as determined by the thermocouple was added direct ly  t o  the time-averaged 
bulk exi t  temperature determined above. The ex i t  thermocouple temperature r i se  was 
generally less than 3 percent of the time-averaged bulk ex i t  temperature r i s e  
determined by the calorimeter. 

As shown i n  Fig. 13, the calorimeter had water-cooled walls and water-cooled 
coi ls  in  the upper section. The lower portion, which served as an adaptor t o  the 
t e s t  section, d id  not have coils .  The water-cooled walls of the adaptor section 
extended durn into  the mirror housing t o  the end of the t e s t  section. Water from the 
adaptor passed upward and cooled the walls of the upper section containing the coils .  
Each of the two coils  was separately water-cooled. The water-cooling for the ent i re  
calorimeter originated from one in le t  i n  which water temperature was measured. Water- 
cooling t o  each element could be varied separately. Water-cooling flows From a l l  the 
elements was collected i n  a plenum a t  the top of the calorimeter and removed through 
one main exhaust. The plenum was designed t o  promote mixing between the flaws. Water 
temperature was measured in  the exhaust a f te r  leaving the plenum. 

The calorimeter was prevented from contacting the mirror housing by insulating 
pieces of super-mica (Fig. 13). A super-mica heat shield prevented direct  radiation 
from the arc t o  the calorimeter in  the region between the top of the mirror housing 
and the anode. The entire calorimeter assembly was enclosed i n  fiberglass insulation 
and wrapped with asbestos tape. A l l  the water-cooling in le t  and exhaust hoses were 
also wrapped in  insulation. An asbestos 'neat shield was positioned a s  shown i n  Fig. 
13 t o  prevent the hot exhaust gases from the d-c arc contacting the calorimeter. Tests 
were conducted t o  determine the thermal i n ~ u l a t i o n  effectiveness by blocking the t e s t  
section off from the d-c arc and in i t i a t ing  the arc  (gee l a t e r  discussion of Fig. 17). 
During these t e s t s ,  the calorimeter absorbed a negligible amount of heat, dl-loretrating 
that  it was effectively insulated from i t s  surroundings. Radiption From the d-c arc,  
which passed through the t e s t  seztion, was absorbed by the calorimeter when the t e s t  
sectior- was not blocked off.  Most of t h i s  radiation can be blocked from direct  entry 
into the calorimeter i f  the simulated propellant transmission i s  low. I?ILs effect  
i o  discussed la ter .  



Radiation Measurements 

Measurements were made of the radiation transmitted through the simulated 
propellant as it f:iowed through the t e s t  section with the d-c arc on. These mea- 
surements were compared with the radiation passing through the t e s t  section a t  the 
same d-c arc conditions without seeds flawing. This comparison gives a measure of 
the fraction of the incident ra i la t ion  that  was transmitted through the simulated 
propellant. These measurements were made a t  a position halfway between the beginning 
and end of the t e s t  section (i.e., 6.3 cm (2.5 in.) downstream of the beginning of 
the t e s t  section). They were made using the same radianeter and aperture system 
described i n  the D-C ARC RADIANT ENEMY SOURCE section. A l l  the re la t ive dimensions 
and positions of the radiometer and aperture are the same as shown i n  Fig. 3 wi th  the 
exception of the axial  position of the portion of the d-c arc tha t  was viewed. 

Measurements were made of the effect  of the mirror assembly on increasing the 
arc radiation i n  the direction of the t e s t  section. It i s  important a t  t h i s  point 
t o  differentiate between the original plan of achieving high radiant heat f l u e s  
incident on the simulated propellant and the actual method used. The criginal  plan 
called for a reflecting surface with  about an 80 percent re f lec t iv i ty  and a d-c arc 
providing about 100 kw of radiation i n  the 12.7-cm (5.0-in. ) t e s t  length. The actual 
mirror ref lec t iv i ty  wa 3 l ess  than about 40 percent. The l o w  re f lec t iv i ty  resulted 
mainly from accidental wetting of the mirror with water during early t e s t s .  This 
would not normallj have caused a problem if  the vendor had been able t o  coat the 
mirror with s i l icon monoxide, or another protective coating, i n  rrxordance with the 
design. However, as discussed i n  an ear l ie r  section, the arc was modified t o  provide 
up t o  238 kw of radiation i n  the t e s t  length. This increased radiation was enough 
t o  compensate for the low re f lec t iv i ty  of the mirror. 

The mirror assembly d id  i n  fact  increase the radiation directed toward the t e s t  
section from the arc, but not t o  the degree anticipated for  a highly reflective 
mirror. Measurements were made of the effect  of the mirror assembly using the t e s t  
configuration i l lus t ra ted in  Figs. 15 and 16. The configuration i n  Fig. 15 was also 
used t o  check t h s  radiometer measurements of the d-c arc. The opening between arc 
and t e s t  st.. . Lion war m~cked up using a 12.7-cm (5.0-in. )-long by 2.3-cm (0.9-in.)- 
wide rectangular hole in  an aluminum plate. The alminum shield was positioned close 
t o  the fused s i l i ca  tube t o  simulate the view factor from the arc, through the mirror, 
t o  the simulated propellant t e s t  section. A copper slug with blackened front sur- 
face was used t o  absmb the radiation from the d-c arc. The copper slug was 12.7-cm 
(5.0-in.) long, 2.37-cm (0.9-in.) wide, and 0.64-cm (0.25-in.) thick. The blackened 
face c* the copper slug i s  positioned 3.5 cm (1.38 in. ) from the arc  centerline. This 
position corresponds t o  the propellant side of the front transparent wall of the 
simulated propellant duct. A thermocouple was placed in  a hole dr i l led &om the back 
side of the copper slug t o  within 0.16 cm (0.06 in.)  of the blackened front face. 
The thermocouple was located in the center of the f'ront face of the copper slug. 



The texpra ture  r i s e  of the copper slug was monitored 7,:hen the d-c arc was 
turned on. It  was observed t o  increase rapidly when the arc was on, level off 
shortly a f te r  the arc was turned ~ f f ,  and then decrease slowly af te r  remaining a t  a 
constant value for about 2 sec. The constant value of copper slug temperature was 
used, together with the slug density and specific heat, t o  calculate the heat flux 
from the arc, Thermocouples were a lso located a t  the top and bottom of the copper 
slug. These thermocouples generally read between 93 and 97 percent of the value of 
the thermocouple i n  the center. Luwer values a t  the ends are t o  be expected because 
the view factor from the arc t o  an element 
view fector t o  an element i n  the center. 

A t  the same time that  the copper slug 

of the slug on the end IS lower than tha t  

measurements were mde, rcrdionaeter 
measurements were made of the arc radiation. The radiant flux determined by the 
copper slug i s  plotted against that  determined by the radiometer, using open square 
symbols, i n  Fig.  16. The data show good agreement between the two methods for 
determining the flux. 

Since the agreement was good between the copper slug and radiometer measureme~ts, 
the copper slug technique was then used t o  meaaure the raCiant flux incident on ';he 
t e s t  section with the mirror assembly i n  place. This t e s t  configuration i s  sketched 
in Fig. 17. The copper slug was positioned Just behind the front tramparent wall. 
Total arc power was measured and, from t h i s ,  the radian6 flux without the mirror for  
that  power was determined. The radiant i lux based on the copper slkg i s  conipred i n  
Fig. 16 wi th  the radiant flux a t  the same position based on the d-c arc radiation 
measurements shuwn in Fig. 4, The data are plotted as open c i rc le  symbols. For 
comparison, a dashed l ine  representing a 44 percent increase due t o  the mirro;. assembly 
i s  shown. Thus, it appears that  the mirror assembly increased the radiation incident 
on the simulated propellant by about 44 percent. 

~ e r m o c o u ~ l e  Measurements 

The higli temperature thermocouple 
performed using t'r lermocouples tkat  had 

measurenbdnts discussed i n  Ref. 14 uere 
slow response times (about 15 ~ e c ) .  For t h i s  

t e s t  program, some fas t  response thermocouples were obtained. They were bare wire, 
exposed junction, tungsten-5-percent -rhenium/tungsten-26- thermo- 
couples made from 0.761mn (8.003-in. ) -dia wire. Fine wire thermocouples are w r y  
fragile.  The thermocouple leads 'were enclosed in a double bore alumi:?,a t u b .  The 
thermocouple element and about 0.32 cm (0.125 in.) of lead wire were exposed t o  the 
stream. The thermocouple response time was about 0.15 sec. The resu l t s  and limita- 
tions of these nxasuremellts are discussed la te r .  
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Re 3 u l t  s 

Tests with the basic configuration were conducted with and without the use of 
orifices for seed deagglomeration. These t e s t s  are discussed first. Then, t e s t s  
using a propellant duct with reflecting walls and t e s t s  using a propellant duct with 
divergent transparent walls are discussed. 

Tests with Basic Configuration 

Simuhted propellant heating t e s t s  were cmductcd using the basic configuration 
shown i n  Figs. 12 and 13. This configuration has transparent front and rear walls 
in the simulated propellant heating t e s t  section. 

I f  the simulate? propellant i s  s i l f f ' lc l~~t 'c 'y '  ~ p q i i c ,  then it can block the 
radiation from the d-c arc passing obliquely through the t e s t  section t c  the calori-  
meter (see geonetry i n  adaptor region i n  Fig. 13). However, the i n i t i a l  seed density 
must also be high enough t o  compensate for the expansion of the simglated prorellant 
as it i s  heated. Tests were conducted without orif ices because it was possible t o  
provide sufficient seed opacity t o  reduce, t o  acceptably low levels, the pr ssible 
errors in the calorimeter measurements due t o  direct  radiation from the d-c arc. When 
an orif ice was not used with  the seeder system ( ~ i g .  6), enough seed flow could be 
provided t o  obtain fractional transmission values for the simulated propellant as l o w  
as O.OOO5 in  the propellant heating tes t s .  When orif ices were used, thermal expansion 
of the simulated propellant limited the fraction transmitted t o  values greater than 
0.3. These fractional transmissions were determined from radiometer measurements made 
half'way between the beginning and end of the t e s t  section. The radiation path lerA,%h 
through the seeded gas flow from the arc t o  the calorimeter adaptor was longer than 
from the d-c arc t o  the radiometer. Therefore, radiation directed toward the calor i -  
meter adaptor had a smaller fraction transmitted than the fraction transmitted as 
measured by the radiometer. 

A n  estimate was made of the correction needed t o  the calorimeter energy measure- 
ment t o  account for radiation t o  the calorimeter in l e t  di rect ly  from the d-c arc and 
for resadiatior: from the simulated propellant. The method for estimating t h i s  correc - 
t ion, which was applied t o  a l l  the calorimeter data, i s  discussed in  Appendix B. The 
correction reduced the amount of energy measure6 by the calorimeter that was attributed 
t o  heat content of the simulated propellant. It resulted i n  reductions of the calori-  
meter measurements which ranged from 7 percent for data with l o w  seed transmission t o  
4~ percent for data with high seed transmission. 
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The seed weight flow rate  for l a w  transmission levels was estimated by weighing 
the carbon and dividing by the time period over which it was used. It was determined 
that  an average carbon seed weight flow ra te  of about 0.44 g/sec (0.00096 lb/scc) was 1 
associated with t e s t s  whose fraction of radiation transmitted, measured a t  the mid- - i i 
stat ion of the t e s t  section using the radiometer, ranged from 0.05 t o  0.0005. The 
t o t a l  argm weight flow rate  (seeded and unseeded streams) was 1.09 g/sec (0.0024 lb/sec) 
for  a l l  t es t s .  These values of carbon seed and argon weight fluw rates  were used for 
a l l  t e s t s  t o  determine the simulated propellant bulk ex i t  temperature. 

Simulated propellant heating t e s t s  were conducted without or i f ices  using d-c 
arc powers up t o  500 kw with about 240 kw radiated from the arc i n  the l2.7-cm 
(5.0-in. ) t e s t  length. Up t o  about 35 kw of radiation was incident on the simulated 
propellant heating t e s t  section. This represents an increase by a factor of about 
f i f teen  in  the radiant flux incident on the simulated propellant over the radiant 
flux available i n  the simulated propellant heating t e s t s  discussed i n  Ref. 14. 

The resul ts  of the t e s t s  are summarized on Fig. 18, which i s  a plot of the  
simulated propellant bulk ex i t  temperature versus the radiation incident on the 
simulated propellant heating t e s t  section. The radiation incident on the t e s t  section 
was based on the results  of the copper slug t e s t s  wi th  the mirror (Fig. 16) and the 
d-c arc t e s t s  ( ~ i g .  4 ) ;  bulk ex i t  temperatures were determined from the calorimeter 
measurements, taking into  account the aforementioned corrections and using a specific 
heat for carbon which was a function of temperature (discussed l a t e r ) .  

Figure 18 shaws the highest simulated-propellant time-averaged bulk ex i t  
temperature obtained t o  be 3860 K (6950 R).  Twelve of the f if ty-three data points 
obtained are above the 3330 K (6000 R) minimum temperature objective. Many of these 
bulk ex i t  temperatures are higher than the bulk ex i t  temperature for the solid core 
nuclear rocket (about 2200 K, or 4000 R )  and are i n  the range of interest  for law-power 
nuclear l ight  bulb engines . 

The data in  Fig. 18 have been plotted in three groups, one group with low 
fractional  seed transmission (between about 0.0005 and 0.1 --- solid c i rc les ) ,  a 
second group with intermediate fractional  transmission levels (between 0.1 and 0.2 
--- half shaded squares), and the third  group with high fractional  transmission 
(between 0.2 and 0.6 --- open diamonds). The data generally f a l l  in to  three groups 
with those points corresponding t o  higher fractional  transmission having l m e r  bulk 
ex i t  temperatures for the same incident radiation. 

The same data are plotted on Fig. 19 as the simulated propellant bulk ex i t  
temperature versus radiation absorbed by the propellant. The radiation absorbed by 
the simulated propellant was determined from radiation measurements using the radio- 
meter a t  the midstation of the t e s t  section. This measurement gives an indication 
of the opacity of the simulated propellant. However, the local  transmission i s  



expected t o  vary somewhat along the length of the  t e s t  section. The radiation 
absorbed was obtained by multiplying the fraction abembed ( 1  - fraction transmitted) 
by the incident radiation. As shuwn i n  Fig. 19, the data f a l l  together i n  a single 
group, as would be expected when the effect  of varying transmission i s  taken in to  
account. 

Table I l i s t s  the values of incident radiation, seed transmission, absorbed 
radiation, calorimeter measurexwnt, calorimeter correction factor, heat i n  the gas, 
time-averaged bulk ex i t  temperature, and local  thermocouple temperature for each data 
point i n  Figs. 18 and 19. 

Figure 20 i s  a parametric plot  of ca l - l l a t ed  bulk e x i t  temperature v:sus the 
power deposited i n  gas, for the same argon weight flow ra te  as i n  Figs. 18 and 19, 
with  several different  r a t ios  of seed flow ra te  t o  argon flow ra te .  The average 
carbon weight flow ra,te used t o  reduce the aforementioned data corresponds t o  a seed 
f'raction of 0.4 on Fig. 20. 

The calculations i n  Fig. 20 include the effect  of carbon vaporization based on 
JANAF vapor pressure data for carbon ( ~ e f .  15). A s  the temperature of the carbon and 
argon mixture approaches the 4200 K (7560 R )  sublimation temperature, a substantial 
amount of the absorbed puwer causes carbon vaporization rather than increases i n  the 
mixture bulk temperature. 

$igure 20 also i l lus t ra tes  the effect  of seed weight flux fraction on bulk ex i t  
temperature. For t e s t s  with high seed transmission the carbon weight flow ra te  was 
probably lower than the average value used t o  calculate the bulk e x i t  temperatures 
i n  Figs. 18 and 19. Estimates of t h i s  effect  indicate tha t  a higher bulk ex i t  
temperature than 3860 K (6950 PI) may have been obtained in  t e s t s  with fractional  
transmissions in  the 0.1 and 0.2 range. The maximum temperature for these t e s t s  may 
have been as high as 4000 K (7200 R ) .  

For some t e s t s ,  attempts were made t o  obtain thermocouple measurements of local 
simulated propellant temperature. The thermocouple was located in  the center of the 
f l o w  1.91-cm (0.75-in.) beyond the end of the t e s t  section ( ~ i g .  13). Figure 21 
compares local  temperatures measured by the thermocouple with bulk e x i t  temperatures 
determined from calorimeter measurements. The local  temperatures indicated by the 
thermocouple were lower than the bulk temperatures for a l l  t e s t s .  It i s  d i f f i cu l t  
t o  understand how the local  temperatures a t  t h i s  point i n  the duct could be as low, 
relat ive t o  the bulk ex i t  temperatures, as shown i n  Fig. 21. It was recognized i n  
the t e s t s  reported i n  Ref. 14 that  local  t eqe ra tu re  measurements are d i f f i cu l t  i n  a 
high temperature, low velocity, seeded gas stream. These d i f f icu l t ies  were further 
aggravated i n  Ref. 14 by the long response time of the thermocouple (greater than 
15 sec). A considerable improvement i n  the thermocouple response time --- a reduction 
t o  about 0.15 sec --- was obtained by using exposed junction thermocou?les made with 



0.76- (0.003-in. )-dia wire. However, the sources of error i n  the thermocouple 
measurements fram carbon coating and radiation were s t i l l  present. The sketch in 
Fig. 21 summarizes the factors that  affect  the thevocouple measurements. The luw- 
velocity gas stream resul ts  in  a thermal boundary layer which causes the temperature 
a t  the therm~couple junction t o  d i f fe r  from tha t  of the free-stream gas temperature due 
t o  conduction t o  the main thermocouple support. Coating of the thermocouple by solid 
seed part icles changes the heat transfer t o  the thermocouple. Carbon coating of the 
thermocouple would probably cause the temperature indicated by the thermocouple t o  be 
lower than it would be without the coating. Heavy coatings of the thermocouple were 
observed for a l l  the tes t s .  The immersion length of the thermocouple stem in to  the 
gas stream also affects the accuracy of the thermocouple measurement. For a gas as 
hot as the simulated propellantstream, heat conduction along the stem can cause large 
errors i n  the local  temperature measurement by thermocouples, This type of error 
would cause a l o w  thermocouple r e a d i q .  Stem heat conduct.ion errors can be reduced 
by having a long stem immersion length (LID s 40) . The immersion length of the the rmo - 
couple leads b&sed on their  diameter was about 40. It i s  d i f f icu l t  t o  evaluate the 
effect  of the alumina stem, which was about 0.32-cm (0.125-in.) i n  diameter, on the 
flow near the thermocouple and the heat transfer t o  the thermocouple element. Radia- 
t ion effects  are a lso a source of error.  The error caused by radiation heat transfer 
i s  complicated by reradiation from the thermocouple t o  i t s  surroundings and by the 
effect  that  sec4 coating would have on the absorption and emission characteristics of 
the thermocouple . 

Although the thermocouple measurement techniques have been improved over those 
used i n  the past, the measurements are s t i l l  questionable. It may be possible t o  
further improve the thermocouple techniques for temperature measurement when lower 
seed ra tes  are used and when the thermocouple can be positioned t o  minimize radiation 
effects.  

Simulated propellant heating t e s t s  were also conducted with the basic configu- 
rat ion using sonic orif ices for seed deagglomeration. With orif ices,  the carbon seed 
weight flow rate  was estimated t o  be only 0.055 g/sec (0.00012 lblsec) ;  hence, the 
average seed density a t  the i n l e t  was reduced by a factor of eight relat ive t o  the 
t e s t s  without orifices. This corresponds t o  a fractional  seed flow ra te  of 0.05 on 
Fig. 20. In  the cold-flow te s t s ,  th i s  seed weight flow ra te  was sufficient t o  provide 
very l o w  values of seed transmission (see Mgs. g(b), (d),  and ( f ) ) .  

For the simulated propellant heating tes t s ,  the maximum seed flow with an or i f ice  
was not sufficient  t o  compensate for  the reduction i n  seed density caused by expansion 
due t o  heating. The expansion limited the fractional transmission t o  values above 
0.3. The expansion effect  i s  counteracted i n  the reference engine ( ~ i g .  2 )  by a 
substantial area increase i n  the propellant duct fluw area. 



Temperatures were calculated for these t e s t s  by applying the correction t o  the 
calorimeter measurements discussed in Appendix B. These corrections are  a t  best 
estimates for low seed transmission (qt -0.1) and may i n  fact  allow errors  for high 
seed transmission. 

The simulated propellant temperatures obtained are sunnnarized i n  Fig. 22 and 
Table 11. Bulk exi t  temperatures up t o  about 2500 K (4500 R )  were obtained. A 
comparison between Fig. 22 and Fig. 19 indicates tha t  substantially less  absorbed 
power was required t o  obtain a given temperature with an orif ice ,  due t o  the much 
lower carbon seed density (and, theref ore, the much lower average mixture specific 
heat).  These t e s t s  were not continued t o  higher temperatures because it was recog- 
nized tha t  too much radiation from the arc was getting direct ly  into  the calorimeter 
due t o  the l m  seed opacity; t h i s  problem was discussed previously. 

As i l lus t ra ted i n  Fig. 2C, vaporization of the carbon seeds would eventually 
l i m i t  the benefits obtained from the l ighter carbon seed flow rates .  The use of 
tungsten seeds i n  f utxre simulated propellant heating t e s t s  i s ex&gected t o  overcome 
tk. vaporizsticn l i ~ i t ~ t i ~ ~ s  caused by the carbon seeds i n  the present t e s t s .  

Tests with Reflecting Propellant Duct Walls 

Simulated propellant heating t e s t s  were also conducted using a configuratim 
having reflecting, water-cooled, propellant duct walls ( ~ i g s .  23 and 24). The front 
wall facing the d-c arc was transparent and the other three walls were reflecting. 
A s  i n  previous t e s t s ,  the rear reflecting wall and front trarsparent wall were pro- 
tected by unseeded buffer layers and the reflecting va l l s  on both sides were allowed 
t o  contact the seeded gas. The rear reflecting wall had a 0.16-cm (0.063-in. )-dia 
hole in  the center of the duct, 1.5-in. dawnstream of the beginning of the t e a t  
section ( ~ i g .  23), through which the seed transmission was measured. The remainder 
of the configuration was the same as that  shown in  Figs. 12 and 13. 

The resul ts  are shown i n  Figs. 26 and 27 which correspond t o  Figs. 18 and 13 fcr 
the configuration with nonreflecting walls. Comparison of the two se ts  of figures 
shaws tha t  the resul ts  of the t e s t s  with reflecting walls are not significantly 
different from the resul ts  with nonreflecting walls. 

The reflecting walls would change the resul ts  significantly only i f  thqy returned 
radiation transmitted or reradiated from the simulated propellant t o  the t e s t  sectior,. 
The data points with  fractional transmissions greater than 0.2 do, i n  fac t ,  have bulk 
temperatures somewhat higher for the t e s t  with  reflecting walls than with transparent 
walls. This might be because transmitted radiation was reflected back t o  the simula- 
ted propellant. More data are required t o  establish th i s  effect .  The bulk tempera- 
tures obtained with seed transmission less  than 0.2 are about the same with reflecting 
walls and transparent walls. This could be explained i f  the reradiation only escaped 
inward towerd the d-c arc, while the reradiation directed away from the arc toward the 
reflecting wall was re-absorbed by the simulated propellant. 



The rear  wall reflecting surface, which was protected by an unseeded buffer 
layer, was not adversely affected by the test ing;  it retained i t s  high rei ' lect ivi ty  
(about 80 percent) for  a l l  t es t s .  The side walls were coated wi th  carbon and com- 
pletely blackened during the t e s t s .  This carbon could be cleaned off,  but the sur- 
face was reduced t o  a d u l l  finish. The resul ts  of these t e s t s  indicate that  reflec- 
ting rear walls can be fabricated and used in  high-temperature simulated propellant 
heating t ea t s ,  and may help i n  reducing radiation losses. 

Tests with Divergent Propellant Duct 

Exploratory t e s t s  were conducted a t  low powers t o  investigate the effects  of 
divergent propellant duct walls on heating of the simulated propellant. Divergsnt 
walls are expected t o  help overcome the effect  of decreasing seed density due t o  
expansion of the simulated propellant as  it i s  heated. 

The rear transparent wall of the t e s t  section was slanted a t  an angle of about . . .- 
5 deg as shmn i n  Fig. 27, thereby providing about a 30-percent increase i n  flow area 
through the t e s t  section. The calorimeter was not used for these t e s t s .  Tests were 
ccnducted with incident radiation levels up t o  about 10 kw without an or i f ice  for 
seed deagglomeration. 

Qualitative observations of the buffer layer performance were made. The inner 
buffer layer was observed t o  perform well while the outer buffer layer allowed some 
l ight  wall coating. The in le t  and flow configurations were the same as i n  a l l  other 
simulated propellant t e s t s  ( in le t  average velocities were matched a t  about 0.8 m/sec 
(2.6 f t / sec) ) .  For some t e s t s ,  the injection velocity of the buffer f l o w  adjacent 
t o  the rear divergent wall was increased t o  about 1.22 m/sec (4 ft/sec) with the 
resu l t  that  there appeared t o  be l e s s  coating by the seed on the rear divergent wall. 

These preliminary t e s t s  indicate tha t  it may be advantageous t o  usc divergent 
walls i n  future simulated propellant heating t e s t s .  

Summary of Key Simulated Propellant Heating Test Results 

Bulk exi t  temperatures up t o  3860 K (6950 R )  were obtained using argon seed witb 
sub-micron carbon part icles as simulated propellant. These bulk e x i t  temperatures 
are i n  the range of interest  for law-power nuclear l ight  bulb engines and exceed those 
of the solid-core nuclear rocket. They were obtained i n  a simulated propellant duct 
which used buffer layers of unseeded gas t o  prevent coating of the propellant duct 
walls by the seed, as i n  the nuclear l ight  bulb engine. Separate t e s t s  were conducted 
with a reflecting outer wall i n  the simulated p rop l l an t  duct. These t e s t s  indicated 
tha t  the reflecting wall can be protected by an unseeded buffer layer. Also, it 
appears promising as  a means for reducing radiation losses when a significant amount 



of reradiation occurs i n  the direction of the wall. Tests of a divergent simulated 
propellant duct indicated that  t h i s  type of duct might help overcome the effects  of 
reduction i n  seed density due t o  expansion as the flow i s  heated, 

Moreover, using the present d-c arc equipment with improved reflecting walls 
and with tungsten seeds instead of carbon, it should be possible t o  a t ta in  substan- 
t i a l l y  higher bulk ex i t  temperatures. 
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LIST OF SYMBOLS 

View factor from d-c arc t o  calorimeter adaptor, dimensionless 

V i e w  h c t o r  between simulated propellant and calorimeter adaptor, dimensionless 

Transmitted intensity, kw/c& 

Arc current, a 

Incident intensity,  kw/cm2 

Total arc power, kw 

Incident radiant flux, kw/cm2 

Radiation absorbed by propellant stream, kw 

Power measured by calorimeter, kw 

Power i n  simulated propellant, kw 

Radiation incident on simulated propellant t e s t  section, kw 

Arc power radiated in  12.7-cm (5 -0-in. ) t e s t  section, kw 

Reradiation from simulated propellant t o  calorimeter, kw 

Direct radiation entering calorimeter, kw 

Total reradiation from simulated propellant, kw 

Time, sec or min 

Bulk exi t  temperature, deg K or R 

Local thermocouple temperature, deg K or R 

Arc voltage, v 

Water cooling temperature r i se ,  deg K or R 

Fraction of radiation transmitted, dimensionless 



APPENDIX A 

DESCRIFTI9 OF D-C ARC SYSTEM 

Electr ical  Components 

A block diagram of the primary e l ec t r i ca l  components of the d-c arc system i s  
shown i n  Fig. 28. The arc power i s  supplied by two shunt-wound General Electric 
motor-generator sets  rated a t  250 kw each. The motor-generators may be connected 
for ei ther series or paral le l  operation; for these t e s t s ,  they were connected in  
parallel .  The d-c pmer output i s  varied using a remote-controlled rheostat. This 
permits the motor-generator f ie ld  voltage t o  be preset prior t o  arc  ini t ia t ion.  A 
more detailed schematic diagram of the e lec t r ica l  c i rcu i t  i s  shown i n  Fig. 29. 
Included are the c i rcui t ry  for the motor-generator se t s ,  the d-c arc monitoring and 
control instruments, and the d-c arc s t a r t e r  sy-t em. 

The operating range for which d-c arc s t ab i l i ty  c3n be attained (with i t s  
inherent nonlinear dependence between voltage and current) i s  res t r ic ted by config- 
uration, c i rcu i t  and flaw considerations. The arc may also exhibit large variations 
i n  s t a t i c  voltage-current characteristics, depending on environmental conditions. 
From e lec t r ica l  c i rcui t  considerations, the arc c i rcu i t  i s  stable provided 
RB + d ~ ~ / d 1 ~ = - 0 ,  where Rg i s  bal las t  resistance, VA i s  arc voltage, and IA i s  arc 
current. To sat isfy  t h i s  s t a3 i l i ty  cr i ter ion,  bal las t  res is tors  are included in the 
d-c arc power sumly circui t  ( ~ i g .  29). A dis t inct  advantage of using motor -generator 
power supplies i s  the elimination of undesirable power supply ripple inherent i n  a l l  
movirlg-coii-transformer 01- aatiiiatls -reactw type pawr st;mli es . 

D-C Arc Configuration 

Electrodes 

!The d-c arc configuration consists of a vortex-stabilized arc enclosed within 
an uncooled fused s i l i ca  tube (see Fig. 3 ) ,  The nominal dimensions of the fused 
s i l i ca  tube are 4.0-cm (1.57-in.) I D  by 4.3-cm (1.69-in.) OD, The 6rc i s  established 
between a pin type cathode and a holluw cylindrical anode. 

The cathode i s  a 0.64-cm (0.25-in. )-Ma, hemispherically-tipped, 2.0-percent - 
thoriated tungsten rod. The cathode is  recessed and s i lver  soldered into a water- 
cooled copper well. The ver t ical  location of the cathode can be varied t o  optimize 
the location, size,  operating temperature and constriction of the cathode attachment 
spotl. Experiments have indicated that  the cathode operating temperstui- plays a role 
in  achieving stable, uncontaminated, long-lifetime operation, p r t i c u l a r l y  a t  high 
power levels. The cathode water -cooling flow ra te ,  which influence's the cathode 
temperature, can also be varied, 



The cylindrical water -cooled copper anode ( ~ i g  . 3)  contains a 1.27-cm (0.5 -in. ) - 
dia hole, with  roundtd corners, on i t s  centerline. A water-cooled magnetic f h l d  c o i l  
i s  wound around the outer circumference of the anode. The magnet c o i l  i s  powered by 
a separate power supply. Interaction between the magnetic f i e ld  generated by the co i l  
and the arc current i n  the anode attachment region (JXB Force) causes the arc anode 
attachment spot(s)  t o  rotate  rapf.dljt. By magneti~ally driving the anode spot(.o) a t  
high speeds (approximately 2000 rev/sec) over the mode surface, the very high heat 
load L r  the anode spot region i s  spread over a ,ignificantly larger area. This permits 
the high-velocity cool-fng water which flaws meridionally within the anode coolant 
passage t o  remove heat more effectively. This magnetically augmented, water -cooled 
a n d e  i s  capable of operation a t  currents up t o  3000 a for several hundred t e s t s  
(about 0.5-sec per t e s t ) .  A t  currents up t o  approximate';y 1500 a ,  the useful l i f e  i s  
several hours. 

Vortex Injectors 

The crc column i s  stabilized by a vortex flow which i s  introduced into the 
plenum surrounding the cathode assembly ( ~ i g .  3). The vortex generator insec t im 
aesembly has four equally spaced ver t ical  stainless s t e e l  tubes through which argon 
gas flows. Each of these t k k s  has four 0.038-cm (0.01>-in.)-bia holes, spr *ed 
0.29 cm (0.118 in.) apart. I n  addition t o  desirable arc column characterist ics,  the 
argon provides a nonoxidizing environment which minimizes erosion of the tungsten 
cathode. The angle of vortex injection can be varied frcm f u l l  rad ia l  (resulting i n  
a coaxial flow paral le l  t o  discharge axis) t o  f u l l  tangential (resulting i n  a vortex 
flaw) during arc  operation by a variable-speed servo-motor drive and gear assembly. 
This permits establishing a satisfactory vortex geometry for a particular power level  
and vortex tube length-togdiameter ra t io .  The best operating condition i s  when the 
discharge axis i s  colinear with the axis of the fused s i l i c a  tube surrounding the 
discharge. The vortex generator section i s  connected t o  the lower end of the inner 
fused s i l i c a  tube through a convergent nozzle section. Argon weight flow ra tes  up 
t o  13.6 g/sec (0.03 lb/sec) were used i n  tine vortex generator. 

Gas and Water Cooliw Systems, 

The #,-  #. e.nd water cooling systems are shown schematically i n  Fig. 30. A 
centr i fbal- typ:  water pmp, rated a t  180 psig and 150 gpn, supplied the water-cooling 
for the mode, ca th~dc ,  rnirror assembly and mirrored propellant duct insert .  A 
reciprocating-type water pump rated a t  450 psig and 2 G  gpm supplied the water-cooling 
for the calorimeter and magnetic f ie ld  cc i l .  The vater-coolant line5 were connected 
From the individual pump manifolds t o  the various elements of tba t e s t  equipment by 
high pressure, e lectr ical ly  ncmconducting , f lexible nylon hoses. The water -coolant 
flaw ra te  t o  each element was controlled by means of separate valves. %he lcks  pressure 

t o  permit determination of the coolant flow 
through the rotameters, a l l  coolant flaws 

return l ines  were connected t o  rotameters 
ra te  through each element. Af'ter flawing 



were connected t o  a common water exhaust manifold and drain. The temperature of the 
water ente3ng the water-flaw system was monitored by a thermocouple located a t  the 
in le t  manifold. The temperature of the water leaving each element was monitored by 
separate thermocouples located close t o  the exhaust of each element. copper/ 
constantan thermocouples were used t o  measure a l l  water temperatures. 

Argon for the d-c arc vortex generator and the simulated propellant stream was 
provided from separate high pressure supplies. The d-c arc vortex generator argon 
supply consisted of two argon bott les (245 scf each) manifolded together. The argon 
supply for the simulated propellant flows consisted of eleven argon bott les (245 scf 
each) manifolded together. The argon flow rates  were monitored using rotameters. 
The d-c arc heater vent was connected t o  a 1500-cfm axial  fan which was located 
directly above the t e s t  section. Figure 11 is a photograph of the t e s t  configuration. 
I l lustrated are the major arc components, the water -cooling and gas connections, the 
propellant duct, and the exhaust vent. The vortex control system i s  shown i n  the 
l m e r  right-hand corner 3f Fig, 11. 

The t e s t  stand (see Fig. 11) allows easy removal and attachment of the various 
d-c arc and propellant heating components. Vertical adjustments can be made t o  
permit locatior, of the 12.7-cm (5 -in. )-long t e s t  section i n  different  positions 
relat ive t o  the diagncstic equipment located outside the t e s t  chamber (e.g., the 
radiomeks snd cameras ) . 

Arc Starting and Control Systems 

Starting Systems 

The arc was ini t ia ted by employing a secondary tungsten-tipped stainless s t ee l  
anode (0.64-cm (0.25 -in. ) -dia rod, 76.84-cm (30.25 -in. )-low) which i n i t i a l l y  made 
contact with the cathode t i p ,  and was then rapidly withdrawn ugward through the 
primary anode. In th is  way, the arc was drawn vert ically upward un t i l  it reached 
tne level of the primary anode (see Fig. 29). The time for the secondary anode t o  
withdraw through the primary anode was about 0.05 sec. Arc t r m s f e r  from the 
secondary anode t o  the primary anode was accomplished as the secondary anode continued 
upward t o  i t s  ful ly  retracted position. The start ing system was actuated by a two-way 
pneumatic cylinder. The start ing sequence was synchronized such tha t  withdrawal of 
the secondary anode lagged the mafn arc power in i t ia t ion  by approximately 0.4 see. 
This fu l ly  established the arc prio; t o  rapidly drawing apart the electrodes. During 
the start ing sequence, an air-cooled bal las t  res is tor  was used t o  l i m i t  the arc  
current t o  approximately 50 a. The current-limiting technique was used t o  reduce 
contamination of the test-section walls d~ie t o  tungsten sputtering caused by a sudden 
high-current arc, or the cantamination which would be given off had an exploding wire 
startint? technique been employeu. After the arc transfers from the secondary anode 

! 



t o  the primmy anode, less bal las t  resistance i s  present i n  the arc c i rcu i t  (see i 

Fig. 29). The circuitry for the s ta r te r  system i s  shown on the r ight  side of Fig. n ;I i : 
29. This shms the relationship between the secondary anode and current l'miting - 
bal las t ,  and the anode and the d-c arc ballast .  

Because of the current limiting technique used during start ing,  the d-c arc 
makes a transit ion from a low current arc t o  a high current arc when the arc transfers ;] from the secondary anode t o  the magnetically augmented anode. The l o w  current arc j 

and the high current arc operating phases require different  vortex argon flow 
rates.  For th is  reason, the vortex argon must be increased during the start ing 
sequexe . 
Control System 

Test times for high power operation of the d-c arc were limited t o  about 0.5 sec 
due t o  cooling and power supply requirements. This short t e s t  time required the very 
rapid sequencing of events which i n  the past had been performed manually. For this - i 
reason, a timing control system was instal led t o  automatically perform rapid sequenc - 
ing of events required t o  control the d-c arc operation. The control system auto- 4 : matically sequences the following events a f t e r  pressing the s t a r t  control t o  i n i t i a t e  
arc power : 

(1) the time delay between pressing the s tar t ing control and withdrawal of 
secondary anode, 

5 
1 

(2)  the time delay between pressing the s tar t ing control and the in i t i a t ion  .g ... 
4 

of the secondary vortex argon for  the high current arc mode, and I n 91 : 
(3) the time delay between withdrawal of the secondary anode and termination i 

of the arc power. ! : f l  i 
A l l  three time delays can be varied independently through the use of separate t i m e  t r ;  
delay relays: the s ta r te r  witmrawal time delay and the secmdary argon time delay i 
can be varied from 0 t o  1.0 sec, and the time delay t o  termination of arc power can 
be varied from 0 t o  100 sec. In  addition t o  operation i n  the automatic sequencing 
mode, the control system can be operated i n  the manual mode in  which a l l  the control 
functions can be performed manually as i n  previous d-c arc systems ( ~ e f s .  14 and 15). fl 

As shown i n  Fig. 31, the control console incorporates, i n  addition t o  the d-c 
timing controls, the s t a r t e r  rod indexing control, anode magnet power control, 
water -coolant controls, arc vortex angle controls, arc  argon control, strip-chart 
recorders, and simulated propellant gas control, 

32 



Incorporated into  the control c i rcui t ry  are various safety interlocks which 
prevent s tar t ing of the arc  unless a l l  the water-coolant flows, the anode magnet 
co i l ,  and the arc  vortex argon are turned on prior t o  in i t i a t ion  of the arc power. 
This i s  an important self-checking feature since arc in i t i a t ion  without any one of 
these items could resu l t  i n  damage, part icularly a t  high arc power conditions. The 
system allows for each of the iriterlock features t o  be overridden if it i s  desired. 

The control system can be operated i n  the "timing" or "run" mode. The "timing" 
mode allows the timing relationships t o  be adjusted and checked without in i t i a t ing  
arc power. The "run" mode i s  the normal arc  operating mode. This automatic control 
system has proved t o  be an important asset for the d-c arc operation with the 
simulated propellant heating tes t s .  

Summary of Modifications t o  the D-C Arc System 

The d-c arc system incorporates several major changes from configurations used 
i n  the previous simulated propellant heating experiments ( ~ e f s .  14 arid 15). The 
objective i n  making the changes vas t o  increase the radiant f lux incident on the 
simulated propellant, thereby lncreasing the obtainable simulated propellant bulk 
ex i t  temperature. 

The following are the major changes t o  the basic configuration: 

The former water-cooled fused-silica tube enclosing the arc  (see FLg. 3 of 
Ref. 15) was replaced by an uncooled fused s i l i c a  tube. The water cooling 
was responsible for absorbing about 30 percent of the a rc  radiation. 
Therefore, i t s  removal i s  a direct  step tawards increasing the radiation 
from the arc t o  the simulated propellant. However, removal of the water- 
cooling also dictates that  the arc t e s t s  be limited t o  short times (about 
0.5 sec). The inside diameter of the fused s i l i c a  tube enclosing the d-c 
arc was increased from 3.2 cm (1.26 in.)  t o  4.0 cm (1.57 in.) +,o allow f o r  
high current operation. 

The arc  length was decreased from 26.04 cm (10.25 in. ) t o  17.78 cm (7.0 in. ) 
by removing the arc locator. For the same t o t a l  arc power, t h i s  increased 
the mount  of radiation i n  the 5-in. simulated propellant heating t e s t  
length because the power per unit lenb-1 was increased. 

The position of the cathode in the d-c arc vortex i n l e t  was changed t o  
improve the vortex stabil izing effect  a t  the cathode. Pn effective 
vortex a t  the cathode is  part icularly important for stable, high current, 
d-c arc operation. One constraint on the position of the cathode with 
respect t o  the vortex i n l e t  i s  tha t  the cathode must be positioned t o  



minimize possible meltinb of the porous foam used i n  the i n l e t  t o  the 
simulated propellant heating t e s t  section. For the configuration discussed 

; 
- 

i n  Ref. 14, the desire t o  s a t i s Q  t h i s  conslxaint and simultaneously L 

maximize the radiant heat flux required that  the cathode be placed outside 
the region of strongest vortex effect .  Also, the c~ thode  water-cooling 
well was modified t o  prevent possible water leaks through the s i lver  solder 
joint causea by the high cathode temperature a t  high currents. 

(4) The yotor -generators were changed from ser ies  t o  paxallel operation. This 
x2 . ' -ne t o  provide high current (up t o  3000 a )  d-c arc operation. 

( 5 )  The power for the anode magnet c o i l  current was changed from series 
connection wZth the d-c arc current t o  a separate power supply. This was 
done so that  the anode magnetic f ie ld  could be fu l ly  established prior t o  

4 - 
d-c ignition. It i s  desirable t o  have the anode magnetic f i e ld  fu l ly  
established t o  minimize possible anode erosion and anode spot sticking 
during high-power start ing.  

( 6 )  The method for start ing the arc was changed t o  allow high power conditions 
t o  be reached rapidly within the 0.5-sec t e s t  time. In previous t e s t s  
( ~ e f s .  14 and I? ) ,  the arc was established between the cathode and primary 
anode a t  a moderate power; then the motor-generator f i e l d  voltage was 
increased, using the rheostat control t o  obtaln high power. The response 
of the f i e ld  voltage t o  the rheostat control i s  too slow t o  use t h i s  method 
for  the present t e s t  configuration. Now the f ie ld  voltage is  pre-set a t  1 i t s  high power level  and a higher bal las t  resistance is  used i n  the secondary - , 

anode circui t .  This decreases the anode l i f e  somewhat because of the high- 
power arc transfer from the secondary anode t o  the primary anode. 

(7) The pneumatics of the d-c arc  secondary anode withdrawal were modified 
t o  increase the speed of the s ta r te r  withdrawal. After the modifications, 

J 

the s ta r te r  rod withdraws in  about 0.05 sec. Rapid secondary anode with- 7 i : 
drawal i s  desirable for high-power s tar t ing t o  minimize secondary anode I 

erosion. 

(8) An automatic control system t o  sequence the s tar t ing and arc control 
functions which were previously performed manually was instal led.  The 
need for th i s  system was dictated by the desire for short t e s t s ,  with 
high-power s tar t ing conditions. 



APPENDIX B 

CALORIrnTER C O r n C T I O N S  

The primary objective of the simulated propellant heating t e s t s  was t o  obtain 
high simulated propellant bulk ex i t  temperatures by absorption of thermal radiation. 
There are several d i f f icu l t ies  associated with determining the bulk m local  temper- 
ature of the high-temperature, law-velocity, seeded simulated propellant. These 
d i f f icu l t ies  are aggravated by direct  and indirect effects  of the intense radiation 
from the d-c arc on the measurements, and ky the short t e s t  times. 

A diagnostic technique was developed by which the time-averaged bulk exi t  
temperature could be determined. This technique was cased on calorimetric measure- 
ment of energy added t o  the simulated propellant, an estimate of the simulated 
propellant weight flow r s t e ,  and measurement of the t e s t  time. 

The calorimeter must be thermally isolated from i t s  surroundings. Tests were 
conducted which indicated tha t  the calorimeter was effectively isolated from 
erroneous heat exchange except for direct  radiation from the d-c arc passing obliquely 
through the t e s t  section t o  the calorimeter adaptor (see Fig. 13). There were two 
methods by which direct  radiation could be minimized: (1) by not exposing the 
calorimeter adaptor t o  radiation and (2)  by blocking the radlation from entering the 
calorimeter. The f i r s t  method would have required positioning the calorimeter 
adaptor about 5.0 cm (2.0 in.)  beyond the end of the t e s t  section. This would resul t  
i n  a low calorimeter measurement because the hot simulated propellant would probably 6 

cool rapidly by reradiation i n  t h i s  distance; the amount of cooling would be d i f f i cu l t  i 

t o  estimate. The second method was more straightforward t o  apply because the opacity 
of the simulated propellant naturally blocks the radiation from direct  entry into the 
calorimeter adaptor. If the carbon seed opacity i s  sufficiently high, the simulated 
propellant w i l l  absorb most of the radiation from the d-c arc before it reaches the 
calorimeter. To compensate for the decrease i n  seed density due t o  expansion by 
heating, the i n i t i a l  simulated propellant opacity must be very high. 

Since the velocity and temperature distributions within the simulated propellant 
f l a w  are not known, the exact blocking effect  of the simulated propellant i s  not. 
knawn. It i s  expected tha t ,  for l o w  transmission conditions, the  simulated propel- 
lan t  w i l l  be hottest i n  the front (close t o  the arc)  and rela t ively cold in  the rear 
of the simulated propellant duct. The hottest portions of the flow w i l l  expand and, 
therefore, the opacity i n  t h i s  portion of the f l a w  w i l l  be lower than the opacity 

I 

I 
i n  t.he lower -temperature portions. As a resu l t ,  the simulated propellant in  the rear i 
of the flow i s  more effective i n  blocking the radiation than the simulated propellant . ! ! - . 
i n  the front of the f l o w .  Also, the view factor from 
adaptor i s  highest a t  the rear of the adaptor, and i s  
of the adaptw. 

the arc  t o  the calorimeter 
effectively zero a t  the front 



Measurements of the transmission through the seed were made i n  the middle of 
the t e s t  section. Fractional transmissions as low as 0.0005 were obtained. More- 
over, the radiation path length through the simulated propellant from the d-c arc 
t o  the radiometer i s  clearly shorter than the oblique path from the d-c Rrc t o  the 
calorimeter adaptor, The combined effects  of the longer oblique path length, 
reduced opacity i n  the front portion of the flow, and higher view factor from the 
arc t o  the rear of the calorimeter cannot be precisely evaluated without knowledge 
of the temperature, opacity, radiation, and flux distributions i n  the s im~lated 

For the purpose of estimating the effsct  of direct  radiation on the calorimeter 
measurements, the transmission measured a t  the axial  midstation was taken as repre- 
sentative of the transmission t o  the calorimeter. The direct  radiation entering 
the calorimeter was assumed t o  be I 

where q~ i s  the simulated propellant transmission, AFC i s  the fraction of the 
radiation incident on the t e s t  section that  reaches the calorimeter i f  the seed i s  
transparent, and QINC i s  the radiation incident on the t e s t  section from the d-c arc. 
A value of 0.073 for AFC was obtained from measurements of the energy absorbed by 
the calorimeter for  t e s t s  without seeds flowing. 

The effect  of radiation reaching the calorimeter due t o  reradiation Prom the hot 
simulated propellant was also estimated. Equation (2) expresses the t o t a l  reradiation, 
QRR, as the difference between the heat absorbed, QBS, and the heat i n  the simulated 
propellant, h s ,  as it enters the calorimeter : 

The heat reradiated that  reaches the calorimeter, QRC, can be expressed as 

where pFC i s  the view factor between the simulated propellant and the calorimeter. 
An estimated value of pF = 0.32 was used in  the data correction. c 



The heat reradiated tha t  reaches the ca lor iwter  can be expressed as 

QRc = - $1 pFc Qm - pFc Q ~ P S  

by combining Eqs . (2), (3), and the definition of QABS . 
The heat absorbed by the calorimeter can be expressed as 

CAL = Q ~ + v T A c ~ ~  I? Q 
+ (1 - \) J c ~ m c - P ~ C  QGRS 

Solving for the r a t i o  of &S/%AL, 

A l l  the quantities on the r ight  side of Eq. (7) were measured i n  the experiiuents 
except &, which was estimated. From Eq. (7), the calorimeter measurements can be 
corrected for the estimated effect  of radiation by multiplying QCAL by 
t o  give @AS. The effects of t h i s  correction on the data are indicated i n  Tables I 
and 11. 



TA
BL

E 
I
 

-
 -
 -
-
 

SI
M

U
LA

TE
D

 P
R

O
PE

LL
A

N
T 

H
EA

TI
N

G
 

D
A

TA
 W
IT
HO
UT
 
OR

IF
IC
E 

FO
R

 
SE

E
D

 D
EA

G
G

LO
M

ER
A

TI
O

N
 

F
ra

c
ti

o
n

 
O
f
 

C
a

lo
ri

m
e

te
r 

L
o

c
a

l 
In

c
id

e
n

t 
R

a
d

ia
ti

o
n

 
A

b
so

rb
ed

 
C

a
lo

r b
e

t
 e

r
 

P
ow

er
 C

o
rr

ec
- 

P
ow

er
 

Bu
lk
 

E
x

it
 

T
h

er
m

o
co

u
p

le
 

R
a

d
ia

ti
o

n
 

T
ra

n
sm

it
te

d
 

R
a

d
ia

ti
o

n
 

P
ow

er
 

ti
o

n
 F

a
c

to
r 

In
 P

A
S 

T
em

p
er

at
u

re
 

T
em

p
er

at
u

re
 

N
on

- R
e

f l
e

c
t i

n
g

 W
a
l
l
s
 

(C
o

n
ti

n
u

e
d

) 



TA
BL
E 
I
 (

co
n

ti
n

u
ed

) 

F
r
a
c
t
i
o
n
 O
f 

C
a
l
o
r
i
m
e
t
e
r
 

L
o
c
a
l
 

In
ci
de
nt
 

R
a
d
i
a
t
i
o
n
 

Ab
so
rb
ed
 

C
a
l
o
r
i
m
e
t
e
r
 

Po
we
r 
C
o
r
r
e
c
-
 

Po
we
r 

W
lllc

 
Ex
it
 

T
h
e
m
c
o
u
p
l
e
 

R
a
d
i
a
t
i
o
n
 

T
r
a
n
s
m
i
t
t
e
d
 

R
a
d
i
a
t
i
o
n
 

Pa
re
r 

t
i
o
n
 F
a
c
t
o
r
 

In
 G
a
s
 

T
e
m
p
e
r
a
t
u
r
e
 

T
e
m
p
e
r
a
t
u
r
e
 

R
e
f
l
e
c
t
i
n
g
 W
a
l
l
s
 





NU
CL

EA
R 

LI
G

HT
 B

UL
B 

CO
NC

EP
T 

AN
D 

0-
C 

AR
C 

CO
NF

IG
UR

AT
IO

N 

(a
) 

N
U

C
LE

A
R

 L
IG

H
T

 B
U

LB
 

(b
) 

0
-C

 
A

R
C

 C
O

N
FI

G
U

R
A

TI
O

N
 

R
E

F
L

E
C

T
IN

G
 S

U
R

F
A

C
E

 

7 
T

R
A

N
S

P
A

R
E

N
T

 W
A

L
L

S
 

N
U

C
L

E
A

R
 F

U
E

L
 7
 I 

49
-C

M
 

(1
.6

-F
T

) 
D

IA
 

/'
 





FIG. 3 



VARIATION OF POWER RADIATED FROM 12.7-CM TEST SECTION 
WITH TOTAL ARC POWER 

SEE FIG. 3 FOR ARC CONFIGURATION 

1 ATM PRESSURE ARGON ARC 
17.78-CM (~.MN.)CATHODE TO ANODE DlSTANCE 

RADIATION EFFlClENCY PER UNIT LENGTH = SO TO 80 PERCENT (SEE TEXT) 

FIG. 4 



FIG. 5 

ELECTRICAL OPERATING CHARACTERISTICS OF D-C ARC 
FOP PROPELLANT HEATING TESTS 

SEE FIG. 3 FOR ARC CONFIGURATION 

1 ATM PRESSURE ARGON ARC 

17.75-CM (~.MN.)CATHODE TO ANODE 

ARC CdRRENT, I,- AMPS 



FIG. 6 



K -9 10,900 -8 FIG. 7 

SKETCH OF CROSS *SECTION OF RECTANGULAR PROFELLANT DUCT MOCK-UP 

GAS 

SECTION A-A 

SECTION B-B 

IN.) 

LINE OF SIGHT. 
-OF RADIOMETER 
SED IN COLD-FLOW T 

ALUMINUM SIDE WALL ADJUSTABLE 
TRANS PARENT 

BUFFER LAY E (FUSED SILICA) 

SEEDED GAS 

qOROUS 
FOAM 

SEE T EXT FOR FINAL - INLET DIMENSIOYS 

E STS 

J INLET HOUSING k 
LD-c ARC VORTEX INLET 

(NOT USED FOR COLD-FLOW TESTS) 
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K-91O?1)O1 8 FIG. 12 

SKETCH OF LOWER PORTION OF PROPELLANT HEATING CONFIGURATION 
FOR TESTS WITH NON-REFLECTING PROPELLANT DUCT WALLS 

SEE FIG. 13 FOR UPPER PORTION DETAILS 

REFLECTING SURFACES MARKED 

SECTION A-A 

llNCOOLED FUSED SILICA TUBE 
4.0-CM (1.57-1N.)-ID X 4.3-CM (1,69-IN,)-OD 7 

UNCOOLED FUSED SILICA PLATE 
F RON T y  25-CM (0. 10 IN.) THICK) 

LEFT SIDE- // /D-c ARC 

2.3 CM- 
(0.9 IN.) 

REAR--/ 
RIGHT SIDE 

SECTION B-B 

~ R C  MIRROR 
ASSEMBLY 

yWATER-COOLING PASSAGES 

ARC VORTEX - 
INLET 



K -9 1 OOdO-8 FIG, 13 

SKETCH OF UPPER PORTION OF PROPELLANT HEATING CONFIGURATION 
FOR TESTS WITH NON-REFLECTING PROPELLANT DUCT WALLS 

SEE FIG, 12 f OR LOWER PORTION DETAILS 

REFLECTING SURFACES MARKED 

W 
TO EXHAUST HOOD A 

CALORIMETER EXHAUST 
GAS THERMOCOUPLE 

(CHROMELIALUMEL) A 

ALORIMET 
tTER-COO1 

EXHAUST 

CALORIMETER WATER- 
COOLING THERMOPILE 
ELEMENTS \ EVACUATED 

CALORIMETER ASSEMBLY 

ASnQSTOS HEAT W l  E l  

THERMAL INSULATION 

WATER-COOLED CO 

WATER-COOLE 

CALORIMETER ADAPTER 

THERMOCOUPLE 

CALORIMETER ~7 
WATER-COOLING 

INLET 

UNCOOLED FUSED SILICA- 
PLATLS 

.D 

1IL 

D WALLS 

LUNCOOLEO FUSED SILICA 
TUBE (4.0-CM ( l.S7-IH.)-ID 

X 403-CM ( 1.69-IN.)-OD) 



FIG. 14 



FIG. I5 

' 1 

I: SKETCH OF D-C ARC CONFIGURATION FOR COPPER SLUG RADIATION MEASUREMENTS 

T 

(COP 

SEE FIG. 3 FOR ARC CONFIGURATION DIMENSIONS 

SECTION A-A 

-D-C ARC 

IN.) 

1 
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K-9 10900-0 FIG, 17 

SKETCH OF MIRROR CONFIGURATION FOR COPPER SLUG RADIATION MEASUREMENTS 

2.3 CM (0.9 IN.) 

REFLECTING SURFACES MARKED 

SECTION A-A 

MIRROR HOUSING 

BLACKENED SURFACE'J 

LOWER PORTION - SECTION B-B 
OF CALORIMETER \ 

COPPER 

THERMOCOUPLE L 

ARC 

- INLET HOUSING 



K-9 10900-8 FIG. 18 

VARIATION OF BULK EXIT TEMPERATURE WITH RADIATION INCIDENT ON TEST SECTION 
FOR TESTS WITHOUT ORIFICE FOR SEED DEAGGLOMERATION 

NON-REFLECTING AND NO N-DIVERGENT PROPELLANT DUCT WALLS 

SEE FIGS 12 AND 13 FOR TEST CONFIGURATION 

SEE TABLE 1 FOR FURTHER DETAILS OF DATA 

ARGON WEIGHT FLOW RATE = 1.09 G/SEC(0.0024 LBiSECj 

SIMULATED PROPELLANT FLOW RATE = 1.53 G/SEC (0.00336 LBISEC) 

RADIATION TRANSMITTED THROUGH SEED 
tit" 

RADIATION INCIDENT ON SEED 

TOTAL RADIATION INCIDENT 
ON TEST SECTION, QINC - KW 



K-910900-8 FIG, 19 

VARIATION OF BULK E X I T  TEMPERATURE WITH RADIATION ABSORBED BY PROPELLANT 
FOR TESTS WITHOUT ORIFICE FOR SEED DEAGGLOMERATION 

NON-REFLECTING AND NON-DIVERGENT PROPELLANT DUCT WALLS 

SEE PIGS. 12 AND 13 FOR TEST CONFIGURATION 

SEE TABLE I FOR FURTHER DETAILS OF DATA 

ARGON WEIGHT FLOW RATE = 1.09 G/SEC (0.0024 LB/f EC) 

slMULATEO PROPELLANT FLOW RATE - 1.53 G,/SEC (C,00336 LB/SEC) 

RADIATION TRANSMIT TED THROUGH SEEDC 
V T  ' RADIATION INCIDENT ON SEEDS 

RADIATION ABSORBED BY PROPELLANT STREAM 
DETERMINED BY RADIOMETER MEASUREMENTS, Q Aer - KW 



FIG. 20 

CALCULATED VARIATION OF BULK EXIT TEMPERATURE WITH POWER DEPOSITED IN 
FOR DIFFERENT SEED WEIGHT FLOW FRACTIONS 

m = CARBON SEED WEIGHT FLOW RATE (VARIED) 
S 

m A =  ARGON WEIGHT FLOW RATE, lrO9G/SEC (0.0024 LBISEC) (CONSTANT) 

2 3 4 5 

POWER IN GAS, QGAs - KW 

GAS 



K-9 10900-8 FIG, 21 

LOCAL SIMULATED PROPELLANT TEMPERATURE COMPARED WITH BULK 
EXlT TEMPERATURE 

WITHOUT ORIFICE FOR SEED DEAGGLOMERATION 

NON-REFLECTING AND NON-DIVERGENT PROPELLANT DUCT WALLS 

SEE FIGS.12 AND 13 FOR TEST CONFIGURATIONS 

POSITION OF THERMOCOUPLE SHOWN ON F I G  13 

FACTORS AFFECTING TEMPERATURE MEASURED USING THERMOCOUPLE 

INCIDENT RADIATION FROM PLASMA 
RADIANT ENERGY SOURCE 

THERMOCOUPLE 

LOW VELOCITY 

RE-RAD IATION 

/ / / / / / I  
DUCT WALLS (COLD) 

BULK EXlT TEMPERATURE DETERMINED BY 
CALORIMETRIC MEASUREMENTS, TE - K 



VARIATION O F  BULK E X I T  TEMPERATURE WlTH RADIATION ABSORBED 
BY PROPELLANT FOR TESTS WITH ORIFICE 

FOR SEED DEAGGLOMERATION 
NON-REFLECTING AND NON-DIVERGENT PROPELLANT DUCT WALLS 

SEE FIGS 12 AND 13 FOR TEST CONFIGURATION 

SEE TABLE FOR FURTHER DETAILS OF DATA 

ARGON WEIGHT FLOW RATE = 1.09 G/SEC (0.0024 LB/SEC) 

ESTIMATE0 CARBON SEED WEIGHT FLOW RATE = a05 G/SEC (0.000 12 LB/SEC) 

RADIATION TRANSMITTED THROUGH SEEDS 
VT = 

RADIATION INCIDENT ON SEEDS 

RADIATION ABSORBED BY PROPELLANT 
STREAM DETERMINED BY RADIOMETER 

MEASUREMENTS, Q - Kw 



PROP 

SKETCH OF LOWER PORTION OF PROPELLANT HEATING CONFIGURATION 
FOR TESTS WITH REFLECTING PROPELLANT DUCT WALLS 

SEE FIG. 24 FOR UPPER PORTION DETAILS 
REFLECTING SURFACES MARKED 'gc 

SECTION A-A 

UNCOOLED FUSED SILICA TUBE 
4.0-CM (1.57-IN.)-ID X 4.3-CM (1.69-IN.)-OD 

UNCOOLED FUSED SILICA PLATE 
FRONT- (0.25-CM (0.10-IN.) THICK) 7/ 

L E F T  SIDE - 
REAR 

B 

WATER-COOLED / 
L y & # -  - .  2.3 CM (0.9 IN. ) 

ARC MIRROR 
'ELLANT DUCT INSERT ASSEMBLY 

FIG. 23 

'- WATER -COOLING PASSAGES 

SECTION 0-0 

.WATER-COOLING PASSAGES 

WATER-COOLING TEN CATHODE 

BEGlNlNG OF 12.7-CM 
(5.0-IN*) T EST SECTION ARC-MIRROR 

POROUS FOAM - ATER-COOLING 

A R C  VOR1'EX 
IN LET 



K-910900-8 FIG, 24 

SKETCH OF UPPER PORTION OF PROPELLANT HEATING CONFIGURA 
FOR TESTS WITH REFLECTING PROPELLANT DUCT WALLS 

SEE FIG. 23 FOR LOWER PORTION DETAILS 

REFLECTING SURFACES MARKED 

CALORIMETER ASSEMBLY 

TO EXHAUST HOOD 

CALORIMETER EXHAUST ASBESTOS HEAT SHIELD 

THERMAL INSULATION 

WATER-COOLED COIL 

CALORIMETER 
WATE R-COOL1 

TER WATER- WATER-COOLED ' 

MOPILE ELEMENTS 

CALORIMETER - ~~ 

ADAPTER 

WATER-COOLING 

END OF 127-CM (SO-IN*) LONG TEST SLCTI 

WCOOLLD CUSCD SILK J 
PLATE 

WALLS 



K-9 10900-8 FIG. 25 

1 i 
r. i VARIATION OF BULK EXIT TEMPERATURE WITH RADIATION INCIDENT ON TEST 

SECTION FOR TESTS WITH REFLECTING PROPELLANT DUCT WALLS 

WITHOUT ORIFICE FOR SEED DEAGGLOMERATION 

NON-DIVERGENTPROPELLANTDUCT WALLS 

SEE FIGS. 23 AND 24 FOR TEST CONFlGURATlON 

SEE TABLE I F O R  FURTHER DETAILS OF DATA 

ARGON WEIGHT FLOW RATE = 1.09 WSEC (0.0024 LWSEC) 

SIMULATED PROPELLANT FLOW RATE = 1.53 G/SEC (0.00336 LWSEC) 

RADIATION TRANSMITTED THROUGH SEEDS 
7) f  = 

RADIATION INCIDENT ON SEEDS 

FLAGGED SYMBOLS DENOTE DATA FROM FIG. 18 

0 10 20 30 8 
TOTAL RADIATION INCIDENT 
ON TEST SLCTIOW, QINC- KW 



FIG. 26 

VARIATION OF BULK EXIT TEMPERATURE WlTH T'ADIATION ABSORBED BY PROPELLANT 
FOR TESTS WlTH REFLECTING PLPELLANT DUCT WALLS 

WITHOUT ORIFICE FOR SEED DEAGGLOMERATION 

NON-DIVERGENT PROPELLANT DUCT WALLS 

SEE PIGS. 23 AND 24 FOR TEST CONFIGURATION 

SEE TABLE1 FOR FURTHER DETAILS OF DATA 

A R G a  WEIGHT FLOW RATE - 1.09 G/SEC (0.0024 LB/SEC) 

SIMULATED PROPELLANT FLOW RATE = 1.53 G/SEC (0.00336 LB/fEC! 

- - RADIATION TRANSMITTED THROUGH SEEDS 

RADIATION INCIDENT ON SEEDS 

4000 
FLAGGED SYMBO DENOTE DATA FROM FIG. 

6 

0 

:AIRED LINE FROM 

RADIATION ABSORBED BY PROPELLANT STREAM 
DETERMINED BY RAMOMETCR MEASUREMENTS, Q ABS - KW 

19 
2 

, 

- 

- 

- 

& 

:IG. 19 FOR qT < 0.1 

- - 2000 
J 

1000 

b 

30 40 50 



K-9 10900-8 

SKETCH OF PROPE 
FIG. 27 

:LLANT HEATING CONFIGURATION FOR TESTS WITH 
DIVERGENT DUCT 

REFLECTING SURFACES MARKED 9/ 

SECTION A-A 

UNCOOLED FUSED SILICA TUBE 
(4.0-CM 1m.57 IN.)-ID X 4.3 CM 

(1.69-IN.)-OD) 

B B 
D-C ARC - 

ARC MIRROR ASSEMBLY 

SECTION 0-B \% 

UNSE E 

GAS IN1 



K-9 10900-8 FIG. 28 
BLOCK DIAGRAM OF ELECTRICAL COMPONENTS OF D-C ARC HEATER . 

ARROWS DENOTE DIRECTION OF CURRENT FLOW 

I D- C 1 I D-C 1 

KNlF E 
SWITCH 

T 

MOTOR- 

GENERATOR A 

1000 A 250V 
b 

CONTROL CONSOLE - - - - - - - - - -  
STARTING 

- 
I 

SWITCH 

+ - + ' - 

I RHEO,STAT 

, 1 I CONTROLS 
I 

MOT0 R - 
GENERATOR 6 

. 
h I 

1000 A 2W)v . 

b I 
METERS- I ARC CURRENT, 

ARC VOLTAGE 1 
I 

RH €031 AT 

D-C ARC SOURCE 

RH EOST AT 

VARIABLE 

BALLAST 

RESISTOR 

I 
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