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1. ABSTRACT 

An engineering model of a Fluid Transpiration Arc has been designed, 
developed, and built. A complete supporting system including controls and 
interlocks, water cooling apparatus, a high voltage s t r iker ,  a gas r ec i r -  
culator, and a gas  purifier was designed and built. 
the a r c  head was developed and tested. 
bonding and silicone rubber gaskets were not satisfactory dome sea ls  at the 
temperatures encountered, a successful dome sea l  design using a metallic 
V-ring was demonstrated. 

One tes t  of the redesigned a r c  head, which was scaled up from a 25 kW unit 
with a 50 hour lifetime, demonstrated a lifetime of 107 hours in continuous 
operation at an input level of 40 to 45 kW. 
was required during that run and the a r c  stability was excellent. 
107 hour run which was made with the a r c  inside a water cooled enclosure, 
various measurements of radiant output were taken. These measurements 
indicate a source size of approximately 1 c m  diameter at 42 kW with an out- 
put of 1.34 kW/steradian at 100 psi  in argon. 
then made with the a r c  operating inside a close-fitting quartz dome; the useful 
life of the a rc  was shortened during these tes t s  due to a greatly increased 
ra te  of electrode erosion. 
dome reduced the‘ light output severely in a few hours of operation at 40 kW 
input. 

A design is proposed for enclosing both the collecting optics and the a r c  head 
assembly in a pressurized tank thus avoiding the need for a close-fitting 
dome on the a r c  head itself. 

A quartz dome to enclose 
After several  t es t s  showed that epoxy 

No adjustment or  maintenance 
During the 

Several  subsequent tes ts  were 

Deposition of electrode material  on the quartz 
. 

1 
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2. INTRODUCTION 

Considerable effort in recent years  has gone into the development of 
efficient, high power a r c  sources of radiant energy, 
serious heat dissipation problems at the anode which, in general, l imits 
radiant output and lifetime. 

All of the units have 

The Fluid Transpiration Arc (FTA) configuration has one of the lowest 
anode power densities of all the devices currently in the development stage. 
The a rc  a lso has the smallest radiant source size for the equivalent power 
of any of the current  sources. 
lation module completely interchangeable with the current  module was under- 
taken. Improvements in  uniformity, power output and reliability were 
reasonable expectations. 
longevity run of the FTA within a quartz dome. This goal was not reached 
due to convection current problems introduced by the small confines of the 
quartz enclosure. 
an input level of 40 to 45 kW was demonstrated with an  FTA operating within 
a water-cooled metallic enclosure. 
points directly towards a successful module design was completed, however, 
and the a r c  source and support system design has been successfully com- 
pleted. 

Fo r  these reasons,  a 50 k W  solar simu- 

One of the goals of the program was a 200 hour 

An a r c  lifetime of 107 hours in continuous operation a t  

The development of a system which 

This report  symmarizes the lopment work p e r p m e d  on the 50 W Fluid 
Transpiration Arc system under contract  NAS9-5726. W e  7 
to thank Mr. P. Vincent#ESb,of NASA-MSC for  his patience and useful s'uggest- 
ions during the more difficult development phases of the program. 



VL- 243 8- 14 - 0 
Page 3 

3, RADIATION SOURCE 

3.1 FTA Arc Head Development 

The successful design of a 50 kW FTA depended upon the proper extrapolation 
of previous lower power designs. 
tories studying fluid transpiration through the anodic bou dary were carr ied 
out between 1958 and 1961 at power levels below 10 kW. 
studies a concentrated effort supported by AEDC('1 carried the development 
of the concept to an engineering level which culminated with a 50 hour run 
at 25 kW. Although several  major problem areas  required solution before 
the a rc  could successfully be brought to  the 50 kW - 200 hour lifetime in 
quartz operating level, these problems seemed solvable, and the program 
to achieve this end was initiated. 

The f i rs t  step taken towards these goals was the design of a unit which 
operated at 38 kW and provided scoping data  for the following design of a 
closed loop prototype which has run to  80 kW for short periods, and between 
40 kW and 45 k W  for 107 hours. 

T h e  initial a r c  head as shown in Figures 1 and 2 represents the first scale- 
up model, having a 1 /2-inch diameter, 2% thoriated tungsten cathode, and 
mean anode diameter of 1.4-inches. This unit was tested without a shroud, 
and run up to 38 kW (38 volts and 1000 amperes)  to check the preliminary 
water cooling requirement of 3 gal./min. anode flow. Based on the data 
taken during these first tes ts  a 50 kW a r c  head was designed (Figure 3) 
using a water and gas-cooled copper anode, a boron nitride insulator, a 
thoriated tungsten cathode, and a water-cooled copper shroud. A small  
steel  enclosure was constructed with three observation ports and internal 
water-cooling provisions for use a s  a testbed, The first significant prob- 
lem encountered was related to  system cleanliness and manifested itself 
as CuO and CuOz dust. The cleanliness problem was somewhat alleviated 
by using the following technique to clean the head before assembling the 
system: 

Original investigations at Vitro Labora- 

Following these 

- 

1. Degrease in acetone. 
2. Air dry. 
3. 

4. 
5. 10 second bath in mixture of 25 pt. concentrated 

15 minute bath in a mixture of 7.5 pt. concentrated 
sulfuric acid and 92.5 pt. distilled water at 175 "F. 
Wash in distilled water twice. 

sulfuric acid, 15 pt. concentrated nitric acid, 60 pt. 
distilled water, at room temperature. 
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FIGURE 1 

ANODE AND CATHODE ARRANGEMENT WITH 
ENCLOSURE SEAL (38 k W  TEST CONFIGURATION) 

FIGURE 2 

CATHODE CONFIGURATION 
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6. 
7. 

Wash in distilled water twice. 
10 to  20 second dip in  40 pt. concentrated sulfuric 
acid, 20 pt. concentrated nitric acid, 1 0  pt. 
distilled water, 0.3 pt. concentrated hydrochloric 
acid. 
Wash in hot distilled water twice. 8. 

9. Rinse in denatured alcohol 
10. Air dry, 
11 . Vacuum bake. 

After vacuum bakeout of the chamber the system performed without the gen- 
eration of the copper oxides unless there  existed an  accompanying failure 
in the insulator or  water circulation system. 

The 50 kW head discussed above was designed with high temperature "Otl 
ring seals to  provide for easy maintenance and inexpensive replacement of 
components. After a 5 hour run, starting at 31 kW and then gradually 
increasing to 40 kW, a failure of one of the flOtl ring seals was noted, and 
the subsequent degradation of the a r c  head was attributed to  this cause. 
The a rc  head design was modified to  eliminate this  problem by using s i lver-  
soldered joints in fabrication. 
to  debug the new design for an extended operation test. 
unit in operation is shown in Figure 4. 

The first two tes t s  in this s e r i e s  were terminated because of excessive 
pulsation and oxygen content resulting in rapid cathode erosion. These 
problems were reduced in magnitude by installing additional damping in 
the gas recirculation system and vacuum baking the a r c  enclosure for a 
24-hour period. The cathode showed no degradation during the following 
t e s t s  at a 1200 ampere level. During the second of these tes t s  the anode 
built up a heavy layer of copper oxide which was also eliminated in sub- 
sequent tests. The third and fourth tes t s  were terminated due to  minute 
water leaks in the soldered joints which were not detected during the visual 
350 psi  water pressure  checks. The degradation of the anode due to these 
leaks can be seen in  Figure 5. A more sensitive method of leak detection 
was perfected and the above mentioned failure modes eliminated by dis- 
assembly, thorough cleaning, and very careful resoldering of the defective 
seal. The fifth and sixth runs were car r ied  out on the same head. The 
fifth run consisted of a low power checkout at levels up t o  30 kW for 2.5 hours. 
This run was terminated and all the components checked and cleaned for the 
sixth test. 
in  an  internal solder joint caused a shutdown. 
located over a bridge in the anode water-cooling channel, Figure 6 ,  and 

A se r i e s  of six runs  were made on this unit 
A photograph of the 

% 

This experiment r a n  for 3 hours at 40-43 kW before a failure 
The joint which failed was 
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FIGURE 3 

EXPERIMENTAL FLUID TRANSPIRATION ARC HEAD 

FIGURE 4 
FTA AT 31 k W  AND 80 PSI 
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FIGURE 5 

HIGHLY ERODED ANODE AS A RESULT OF 
MINUTE WATER LEAKS 

Solder Failure 

1 

I 1 

FIGURE 6 

ASSEMBLY SKETCH O F  FTA HEAD INDICATING THE 
LOCATION O F  SOLDER FAILURE 
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showed evidence of melting (1100 OF), Figure 7. 
fied by a modification of the bridge and a relocation of the channel. This 
modified design was assembled using the prescribed cleaning techniques 
prepared for a longevity run. After 671.8 minutes of operation at power 
levels up to  43 k W  a water leak appeared in the external tubing. This was 
due to a split line and made it mandatory to immediately shut down. At 
this time the head was examined and a degradation of. the boron nitride in- 
sulator was noted. 
fore changed this component for a new one. The recharged unit, however, 
only ran  to a total of 731 minutes before continued insulator breakdown 
forced a shutdown in the test. The last test on this series of head designs 
was initiated on October 19, 1966, and differed in the previous run only 
in the fact that the boron nitride was baked out at 800 *C in a 
uum. 
power level. At this time the system was shut down to recharge the argon 
g a s  supply and then restarted.  After r e s t a r t  the boron nitride degraded 
steadily and finally caused a shutdown at 1694 minutes. Based on these 
resul ts  an optimized head was designed and constructed incorporating the 
water cooling channel for the quartz dome and a redesigned boron nitride 
separator. 

The tes t  on this unit proceeded to 1060 minutes between power levels of 
40 and 50 k W  and was terminated in order to examine the par ts  for degra- 
dation and not due to any system failures. The cathode showed a 0.01 56 
inch decrease in length, which was attributed to  deformation of the tungsten 
tip under the 1300 ampere current load, and not to  cathode erosion. 
anode was somewhat pitted, although no signs of imminent failure were dis- 
cernible. No degradation of the boron nitride was evident indicating that the 
design change had eliminated that weak link in the system. Preliminary 
tes t s  were then performed in preparation for a 200 hour endurance test. 
The complete system was run between 53,O and 55.0 kW for 101 minutes 
before a silicone rubber seal failure on the zirconium getter tank blew out 
causing termination. 

This problem was recti-  

The degradation had affected the cathode and we there- 

t o r r  vac- 
The experiment proceeded to 1530 minutes at a relatively constant 

This design is summarized in the drawing included as Figure 8. 

The 

' 

An endurance tes t  of the a r c  head alone was performed using welding-grade 
argon and a power input - between 40 and 45 kW, The a r c  head operated 
satisfactorily without interruption and completely without maintenance for 
107 hours at which time a very minute water leak developed in the anode 
terminating the test. 
copper anode by the a rc ,  
did not appear to  be near failure. 
troublesome component of the a rc  head, was discolored but was still in good 
operating condition. 
ponents taken after the 107 hour run; the anode had been wiped clean to show 

The failure occurred due to  erosion and pitting of the 

The boron nitride insulator, originally a 
The tungsten cathode suffered some erosion but 

Figures 9, 10 and 11 a r e  photographs of these com- 
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FIGURE 7 

SOLDER FAILURE DUE TO MEETING 
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FIGURE 9 

INSULATION 
Fa i I u re 
Location 

FIGURE 1 0  

ANODE ARRANGEMENT 

FIGURE 1 1  

CATHODE 
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the erosion markings more clearly. 

In order to perform a closed cycle test ,  the 
fied to a much more rugged and serviceable 

getter configuration was modi- 
form that the initial model. 

Then end plates were water cooled to  provide a heat sink for the hot z i r -  
conium elements. These same water cooled end plates were made power 
terminals and isolated by the quartz envelope. This unit was then incor- 
porated into the system, and a closed loop 45 hour tes t  was completed 
satisfactorily. 

3 . 2  FTA Arc Performance Data 

The spectral output of the FTA was measured with a Beckman DK-1 spectro- 
photometer using a NBS tungsten ribbon lamp #7041 as a standard of com- 
parison. Relative spectral intensities as a function of wavelength a re  plotted 
in Figures 12 and 13 fo r  a 38.5 kW., 60 psig argon FTA and 48.2 kW, 100  psig 
argon FTA respectively. An iso-brightness profile of the FTA was taken at 
42.6 kW, 60 psig and is presented in Figure 14, 
efficiency at various parameters using an Eppley thermopile, ser ia l  No. 6041 
which develops a mean emf of 0.048 microvolts per microwatt per sq c m  in 
i t s  calibrated radiation range. 
1 mm thick on the chamber and a G a F z  window 1 mm thick on the thermopile. 
Readings were taken at a distance of 100 c m  from the cathode spot. The r e -  
sults of this se r ies  of tes ts  a r e  summarized in Table I. 

The unit was tested for 

The test  was performed with an Infrasil window 
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SPECTRAL INTENSITY DISTRIBUTION AT 38.5 kW 
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TABLE I 

i 

OPERATIONAL EFFICIENCY O F  THE ARGON F T A  

A r c  A r c  A r c  Argon Radiant 
A r c  C u r r e n t  Power  Pressure Flow Power  Out Efficiency Thermopile  

Volts (amps)  (kw) (ps i )  (gms/min)  (2 T s t e r a d i a n s )  (2 r s t e r a d i a n s )  Output 

35.0 800 

35.5 900 

35.0 1000 

35.0 1100 

35.5 1200 

42.0 6 00 
42.0 700 

42.0 750 

41.0 800 

41. 0 900 

41.0 1000 

28. 0 60 8 4.7 kw 16.8% 

32. 0 60 8 5.5 kw 16.7% 

35.0 60 8 6.4 kw 18. 370 

38. 5 60 8 6.9 kw 17.9% 

42.6 60 8 7.6 kw 17.8% 

25.2 100 10 5.4 kw 20.070 

29.4 100 10 6.7 kw 22.8% 

31. 5 100 10 7.3 kw 23.2% 

32. 8 100 10 7.2 kw 22.0% 

37.0 100 10 7.8 kw 21.170 

41. 0 100 10 8.2 kw 20.0% 

, 2.2 Watts/(s+ar.mm2) 

Scale Note - 
(II = Imm lsobrightness Profile Devialion from Circular 

Symmetry is I %  ar Less 

FIGURE 14 

BRIGHTNESS PROFILE FOR FTA SOURCE 

3.6  mv 

4.2 mv 

4.9 mv 

5. 3 - m ~  

5.8 mv 

4.1 m v  

5.1 mv 

5.6 mv 

5.5 mv 

6 . 0  mv 

6.2+ mv 
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4. SUPPORT MODULE 

I 

5 

The Fluid Transpiration Arc assembly requires various support operations 
which a re  contained in a module measuring 50" x 30" x 30t1. These oper- 
ations a r e  gas recirculation, gas cleaning, water cooling, safety controls 
and high voltage strike. 

4.1 Gas Recirculation 

The Gas recirculation is accomplished by a modified Lapp Pulsafeeder 
Pump, Model CPS-2, as shown in Figure 15. This pump belongs to  a group 
classified as  llpositive displacementtt pumps, wherein a diaphragm causes a 
displacement equal t o  the volume swept by the t ravel  in the pumping head. 
Reciprocation of a piston in a cylinder hydraulically moves liquid against 
the diaphragm imparting perfect balance and allowing the diaphragm to 
follow the motion of the piston. Connected to the compression head is a hy- 
draulic compensator pump, which provides excess hydraulic oil during each 
stroke. 
steel  head on each stroke. The unit has been designed to operate at an inlet 
pressure of 150 psig and an outlet p ressure  of 150 psig with a capacity of 
9 CFH argon gas. 
pumping efficiency. 
the valves, seat material, gas head material  and diaphragm material  is SS 316. 
The valve gaskets a r e  TFE,  and the diaphragm gasket is a Buna N O-ring. 
The unit i s  driven by a 1-1 / 2  H. P. 220/440 volt, 60 cycle, 3-phase 1750 RPM 
totally enclosed motor. 

The complete gas recirculation system as shown in Figure 1 6  consists of the 
pump, fi l ters,  a r c  head, and heat exchanger. It has been calibrated in t e r m s  
of the system pressure and Pulsafeeder stroke to provide a flow rate  without 
the use of a rotometer during an operational test ,  This calibration appears 
as Figure 1 7  along with the conversion curve, Figure 18, to indicate mass  flow 
ra te  as  a function of pressure and rotometer reading. Upon starting, the arc 
head is pumped down automatically to  a low pressure (10 to 15 psia) to facili- 
tate starting the arc.  
turn to normal and gas circulation begins. 
s tage  zirconium getter is initiated upon pumpdown to maintain a low gaseous 
impurity level. 

This assures  the diaphragm contacting the front face of the stainless 

The swept volume of the head i s  19.2 CFH giving a 50% 
The unit has a pulse ra te  of 300 PPm. Construction of 

Upon striking the arc ,  the pressure is allowed to  r e -  
The gettering action of the two- 

4.2 Water Cooling System 

The water coolant system (see Figure 19) is designed for a nominal 350 psi  
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Water Plosma Arc 
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FIGURE 1 6  

GAS PURIFIER SYSTEM AND RECIRCULATION PUMP 

eo 30 40 
Rofometer Rea m g  

FIGURE 17 

ARGON RECIRCUIATION SYSTEM CALIBRATION 
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FIGURE 18 

ROTOMETER CALIBRATION INDICATING 
ARGON MASS FLOW AS A FUNCTION O F  
PRESSURE AND ROTOMETER READING 

Pushamatic 
Connectors 

FIGURE 1 9  

WATER COOLANT SYSTEM 
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pressure  at a 70 psi  inlet pressure.  The high pressure  water pump is a 
turbine type, close-coupled unit with a bronze impeller and sleeve. It is 
powered by a 5 H. P. 3-phase, 60 cycle motor with a rotational speed of 
3500 RPM. 
cool the anode and cathode, the re turn  argon gas flow, the quartz dome 
sea l  and ring flange, and the zirconium getter. 

The system is rated at a capacity of 3.5 gpm and is used to  

4.3 Getter Design 

The lifetime of the arc head will depend upon the concentration of impurities 
in the operating gas. In order to remove the gases which will be driven off 
f rom the metal surfaces during operation, a gettering arrangement was de- 
vised, 
ating temperature and these are summarized for tantalum and zirconium. 

Certain metals are capable of incorporating gases  by solution into their 
bulk volume. An example of this is tantalum which, after degassing in a 
high vacuum for several  hours at 1600 to  2000 "C, is capable of absorbing 
gases  in amounts up to  several  hundred times its own volume. 
gettering temperature for tantalum is in the neighborhood of 1000 "C. At 
1500 "C the gettering action begins to  reverse ,  The main disadvantage of 
tantalum is the high temperature range required for  proper degassing and 
subsequent gettering operation. 

Zirconium has very desirable characterist ics in that is forms very stable 
solid solutions with such gases as 0, N. CO, and COz. Hydrogen is taken 
up very rapidly when the zirconium is heated to  about 400 "C and it ceases  
to  be sorbed at 500 "C, As the temperature is increased, the metal gives 
up hydrogen, but at 850 "C the hydrogen is then taken up due to  a transition 
of zirconium. The solubility of oxygen, nitrogen, carbon compounds and 
hydrogen at high temperature is considerable. 
relationship for the various gases (in micron l i ters/mill igram) are as follows: 

Several materials were considered as to chemical activity and oper- 

The optimum 

The temperature and volume 

Oxygen 400 "C 1.99 

Nitrogen 500 "C 1.00 

Nitrogen 800 "C 1.46 

Carbon monoxide 500 "C 0.43 

Carbon monoxide 800 "C 3.65 

Carbon dioxide 500 "C 0.57 

Carbon dioxide 800 "C 3. 04 

Hydrogen 350 "C 13.33 
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Efficient oxygen sorption occurs throughout the range 200-800 "C, however, 
in the range 200 to 350 "C water vapor is also cleaned up about the same rate 
as oxygen. 

The gettering arrangement originally used at the ear l ie r  stages in the system 
design is shown in Figure 20. Two double-coiled zirconium coils, wound on 
quartz mandrels were used, each designed to  operate at a different temper- 
ature in order to take into account the variations in effective cleanup tem- 
peratures €or the different impurities. 
imately 350 "C and the other at approximately 800 "C, 

This configuration had problems with the current feedthroughs which over- 
heated and cracked during system tests. 
assemble. A modified version used in the later tes t s  had copper end plates 
which were water-cooled to remove the heat f rom the glowing zinconium wire. 
These same end plates were used as electrical  terminals and isolated from 
each other by the quartz envelope and f rom the water-carrying tie rods by 
Ke 1 -F insulations. The zirconium double-wound coils a r e  wrapped aroung 
half-inch quartz tubes which have banana plugs at each end. 
the end plate assembly thereby reducing the service time for the getter to 
several  hours . 

One of the coils is operated at approx- 

The design was also difficult to 

These plug into 

4.4 Control Circuitry 

The support module a s  shown in Figure 21 and contains a ser ies  of relays and 
safety switches which perform the start-stop functions and monitor the oper- 
ation of the system. 
Figure 22. 
on as long as relay (K11) is unactivated. 
by (Kl) and start the high and low pressure water systems. 
is then activated by (K2) s ta r t s  the gas recirculation system coupled with 
(K12) which senses the application of power to  the gas pump motor. If the 
water pressure is approximately 350 psi then (K4) is also permitted to  ac- 
tivate (K5). If the gas pressure i s  at the operational level, the K5 is allowed 
to activate (K6) which turns on the gettering system. 
command chain is the activation of (K7) which turns on the power supplies to  
the FTA head. With the generators turned on, the next relay (K8), (which is 
a time delay unit and activated simultaneously with K7) kicks the striker on 
and a 20 kV, 3MHa signal breaks down the a r c  gap. 
by (K8) cuts out the s t r iker  after a predetermined period. 
then (K12) is activated by a photodiode, and (K11) remains in i ts  normally 
closed position. If the lamp is not struck, then (K13) does not activate K10 
and the power i s  turned off preparatory to another start cycle. 
remote control operation (see Figure 23) a remote control outlet  is included 
to  be wired to  a main control panel for remote operation. 

The control circuit for the module is described in 
The start switch (Sl)  activates relay (Kl) which holds the power 

Relay (K2) and (K3) a r e  activated 
Relay (K4) which 

The next step in the 

(K9) which is activated 
If the lamp strikes,  

To provide 
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- - Zirconium Wire 

Tubing 

FIGURE 20 

TWO STAGE ZIRCONIUM GETTER 
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-SIDE, INSIDE VIEW 
DATUM a 

i I- 
, t-3- 

J 

FIGURE 21 

SUPPORT MODULE LAYOUT (RIGHT SIDE VIEW) 
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FIGURE 22 

CONTROL MODULE CIRCUITRY 
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FIGURE 23 

REMOTE CONTROL CIRCUIT 
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5. QUARTZ DOME DEVELOPMENT 

In order to make use of the radiant output of the a r c  source, an enclosure 
compatible with the optical system at NASA Houston had to be developed. 
Initially it was felt that a quartz enclosure somewhat larger than the en- 
velopes used in short a r c  lamps would be the most reasonable approach. 
Design and development of a quartz dome was then initiated. 

5.1 Calculation of Hydrostatic and Thermal Stress  in a 
Dome -Shaped Envelope 

The computation of the hydrostatic and thermal s t r e s ses  in the Fluid Trans-  
piration Arc envelope can be performed by considering the envelope to  be 
comprised of a perfect hemisphere joined to a cylinder with a uniform 
wall thickness. The configuration and dimensions for the 50 k W  envelope 
a r e  given in Figure 24. 

Only a certain part  of the total input power (W') consumed in the lamp is 
converted into radiation which is transferred out of the envelope without 
loss. 
The absorbed power heats the envelope to an operating temperature of 
600-9OOC and creates  a temperature gradient dT/dr which causes a thermal 
s t ress .  
(W1Ij that is conducted through the quartz wall per  unit surface a rea  as 
follows: 

Part is absorbed a s  radiation by the quartz and part  by convection. 

This temperature gradient depends upon the total thermal power 

W" = y W' - 
9 

= y W"' = - A dT( r )  
d r  

where s is the a rea  of irradiated surface, W"' i s  the average quartz surface 
loading, 
tion within the quartz, and r the position a s  measured from the inner wall 
surface. 
constant value y = 0. 10  i s  used. 
constants for c lear  fused quartz a r e  used. 

the termal  conductivity of quartz, T ( r )  the temperature distribu- 

For  the purpose of calculating thermal s t r e s ses  in this section the 
The following designations and numerical 



4-mm \ 

VL- 243 8 - 14 - 0 
Page 26 

3mm WOlI- 

-,- 
I 

I 
54r I 

I 

. M 9 6 m m  I Ftrn - 1 ! '  

FIGURE 24 

QUARTZ ENVELOPE DIMENSION 
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X = 0. 17 wattsldeg c m  

E = 7 x l o 5  kg/cm2 = l o 7  psi  

p 14x  lo3 ps i  at 800 "C 
P 

ri 

r O  

The tensile s t r e s s  within the cylindrical section can be described by two 
s t r e  s s components 

tangential component 

Y2)  
2 2  2 -1 2 C 

rPe = P r i  (io - ri ) (1 t ro 

axial component 

C 
0- 2 2  2 -1 P = P i i  (r - r  ) z 0 i 

where (T i s  a function of the position within the quartz wall, u i s  

constant a s  the tensile force producing longitudinal extension of the cylindri- 
cal  bulb i s  distributed evenly over the cross-sectional a r e a  of the wall. 

pe p z  
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1 
In the hemisphere there a r e  two equal tangential components. 

3 3 3 -1 3 - 3  
Q c = P r i  2 ( r o  - r l )  ( 2 t r o  r ) 

pe 
The thermal s t r e s s  components, a s  a function of radius within the walls, 
a r e  f o r  a cylinder: 

radial component 

2 2 2 -1 
u c = .5 W'I  c [ri t n ( r / r i )  t ro ri (ro - ri 1 T, 

L 
2 

b-i 
i 

._ 
and for the hemispherical section 

2 -1 4 2  3 3 -1 
3 = W I ~  c [ ri - ri r 
r 

+ (ro - ri) ri ro (ro - r. ) 1 

(r - 3  - r -31] 
i 

where C i s  defined as  a E [ (  X ) (1 - p ) ]  

The variations in the material  constants with temperature were not included 
in the numerical calculations since the complications introduced would not 
justify the small  increase in accuracy due to the lack of reliable information. 
Fo r  a hemisphere of 54 rnm radius we obtain 

I 



thic kne s s 2 mm I 3 rnm 

S 
U 

Teo 

p€30 

S 
P 

4.4 W" 

12.0 P 

thic kne s s I 2 mm 3 mm 
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at  outer wall tangential c omp one nt 

wall 

8. 0 W1I 

7 . 9  P 

I I 
tangential component at inner wall 

wall 
thickness I 2 mm I 3 mm 

8 
U 

'ei 
- 9 . 0  W" - 6 . 0  W" 

For the cylindrical par t  of the envelope which has a 54 mm radius we 
obtain 

C 
0- 
TeO 

C 

8.2 WI' 6.2 Wii 

16 P 25.0 P 
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thickness 

U 
C 

Tei 
C 

U 

pei 
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2 mm 3 m m  

-6 .4 W" -8. 8 W" 

26.0 P 17.0 P 

tangential component at inner wall 

3 . 8  

4.1 

1. 8 

12.6 7.4 5.2 

30, 5 10.9 6 . 7  

7. 8 5 .0  3.7 

axial component at the outer wall 

3 . 9  

wall 
thic kne s s I 2 mm I 3 mm 

17. 5 8.7 5. 8 

W e  can compare the operating s t r e s s  values to the ultimate strength by eval- 
uating the safety factor (n) which is the ratio of these two numbers, 

S S 
d + U  10.2 5.5 

pOO T90 
S S 

U + U  14. 0 6 . 2  
pei ei 

C + 5.7 4.0 
C 

cr Pei Tei 

C 

0- P .  z 
11.7 5. 8 

4 . 0  
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All of the llnl' values a r e  computed with a simulated 50 kW loading, o r  a 
W1I1 value of : - 

W'" (hemisphere) 400 wattslsq. in. 
'v 

W"' (cylinder) = 240 watts/sq. in, 

F r o m  these calculations we concluded that an envelope wall of greater  than 
3 m m  has a very excellent chance of meeting our requirements. 

5.2 Quartz Enclosure Performance 

The initial tests were run on a 3 m m  wall dome, straight sided and epoxy 
sealed to  the water-cooled back plate of the FTA source, Cold pressure  
tes t s  indicated no apparent problems would be encountered due to  fatigue 
effects and operating tes t s  were begun. Of the f i r s t  two domes tried, one 
exploded during static pressure  tes t s  and the other failed after one minute 
operation at 1 8  kW (Figure 25). Both of these enclosures showed surface 
scratches,  bubbles and s t r e s s  concentrations at the cut-off point. 8 Sub- 
sequently, annealed domes with a 4.5 m m  wall were purchased to prevent 
such failures. The next unit tested r a n  at 20 kW and 40 psi  ambient pres -  
sure  before the epoxy seal overloaded and failed. 
showed a degradation of the seal  through thermal  overloading by conduction 
down the quartz. After discussions between Vitro and NASA Houston, the 
epoxy seal approach was abandoned and a new seal design pursued using a 
flared end on the dome with a water-cooled, hold-down flange. 
ifold plate was redesigned to  accommodate a flat silicone rubber seal, and 
to  cool this seal  with an internal water channel. 
at the r i m  with a 4 . 5  m m  wall. Cold static pressure  checks indicated that 
the dome would hold to  200 psi, however, the following two units failed 
under 100  psi  p ressure  pr ior  to  operation of the source. Figure 26 shows 
the manner in which these domes failed, This failure mode was attributed 
t o  out-of-roundness of the dome r i m  and poor distribution of s t r e s ses  by the 
fibre aluminum oxide pad between the clamp ring and the quartz. The next 
domes were machine-ground to  f .005 inch tolerance and then fine polished 
t o  remove the stresses, 
copper pad. 
completely assembled and prepared for a low power tes t  (35 kWJ to check 
the temperature distribution in the quartz, 
sprung a pinhole water lead extinguishing the arc.  
fected by this failure, permitting the system to be reworked and charged for 
another test over a 24 hour period, 
silicone gasket overheated, coating the quartz with a black residue. 
r u n  was terminated when the quartz temperature reached a measured 900 "C 

Post  mortem investigation 

The arc man- 

The f lare  was set  at 21" 

The aluminum oxide pad was replaced by a soft 
Prel iminary tes t s  were favorable and the system was then 

During this tes t  the shroud 
The dome was unaf- 

During the ensuing tes t  at 40 kW the 
The 
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FIGURE 25 

i QUARTZ FAILURE AFTER ONE MINUTE AT 18 k W  

FIGURE 26 

QUARTZ FAILURE DUE TO MECHANICAL 
STRESS POINTS 
- 
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at the outside wall. 
pad still attached to  the r im,  and Figure 28 shows an end view of the same 
envelope with the charred silicone gasket. 

The following test  was made using a silicone rubber gasket with a pure 
aluminum shield to deflect the hot gases f rom the area. The test indicated 
that the quartz temperature was continuously rising, and the run was te rm-  
inated when the outer wall temperature reached 450*F. These measure-  
ments indicated the need for a high temperature seal, or a redesign of the 
sea l  a r ea  itself to effect cooler operation. 
ing, both of these approaches were pursued simultaneously and both effected 
a solution. - 

Several high temperature seal  gaskets were fabricated and a set  of Parker  
Inconel-X V-seals were purchased. 
but did not provide a leak tight joint. 
serrated copper gasket filled with soft lead. 
vide leak tight operation. On the recommendation of an Allied Chemical 
Company representative an experimental Teflon seal was used. 
material  was bronze loaded and had an operating temperature of 750 "F. 
A dovetail groove was incorpporated in a new head to prevent cold flowing 
of the Teflon. Again a leak tight seal  could not be made due to the need 
to re-torque the clamping bolts d'uring the f i rs t  hot run. 
tical being too near the pressurized high-powered source. 

At this time two Parker  metal  V-seals were received which were rated 
to  1300 OF and been tested to  200 psig helium at 500 O F  with no leakage. 
The V-ring was fabricated to  Inconel-X and silver plated to provide a duc- 
tile mating surface. 
to an approximate finish of 4 micro-inches. The b ras s  groove was turned 
to a machine finish of approximately 10  micro-inches. 

The clamping bolts were lapped in and graphite lubricated so that the cal- 
culated torques necessary to provide a seal would be reasonably close to 
the r ea l  torques. 
minutes. The quartz dome became overheated and softened, due to the 
lack of circulating air as we steadily increased the input power. 
measured equilibrium temperature of the quartz at the seal was approx- 
imately 650 O F  and the seal was successful. 

Figure 27 shows the blackened dome with the copper 

Due to  the limited time remain- 

A soft copper gasket was used f i rs t ,  
The seal was then attempted with a 

This seal  a l so  failed to  pro- 

The 

This was imprac- 

For  this assembly the quartz dome was hand lapped 

The unit was assembled and successfully run for  40 

The 

An 8 hour run using the Inconel-X V-seal was accomplished in a completely 
closed system. Our measurements indicated that the seal temperature r e -  
mained between 700 "F and 800 'F on the outside wall during the entire test. 
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FIGURE 27 

QUARTZ DOME A F T E R  SILICONE GASKET F A I L U R E  

FIGURE 28 

E N D  VIEW SHOWING THE DEGRADED SEAL 
AND QUARTZ DOME 
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The seal design used during the successful testing of the complete system 
in shown in Figure 29. 
quartz and the anode shroud regions were becoming contaminated more 
rapidly than is normal, 
ing the test  period. 
to  be cracked and leaking water into the gas system. The resul ts  of the 
tes t  can be summarized as  follows: The dome, recirculation system, and 
seal performed satisfactorily for an 8 hour test  period under the severe 
loading caused by a minute cathode water leak. 

Preparations were made after these test  resul ts  were analyzed to run a 
200 hour test. A modified head was prepared with the seal a r ea  approx- 
imately 1 . 2 5  inches further back from the a rc  than in the previous model. 
The supplier of the V-ring seal was not able to deliver due to production 
breakdowns, and the seal was remodified to  accept the s is ter  design, 
an Inconel K-ring, f rom an alternate supplier. The completed arc-head 
system with the larger  dome and recessed seal position i s  shown in Fig- 
ures  30 and 31. 

During the tes t  period it became evident that the 

It was decided therefore not to exceed 35 kW dur- 
A post-test examination showed the tungsten cathode 

5 . 3  Fused Seal Studies 

A survey of the techniques for  making quartz to metal  seals was made in 
order to investigate the possibilities of a graded fuzed quartz, moly flange 
arrangement. The indications a re  that this type of seal  on a quartz dome 
is entirely possible, however would be extremely expensive, and in all 
probability be somewhat of a work of art. This avenue of investigation 
was then terminated for reasons of impracticality. 
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FIGURE 29 

INCONEL-X V-RING S E A L  DESIGN 

Water - Cooled 
Flange 
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FIGURE 31 

ASSEMBLED UNIT PRIOR TO TEST RUN 
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60 SUMMARY AND CONCLUSIONS 

I 

Endurance tes t s  of the a r c  head alone indicated that this  link would perform 
s at i s f ac t or  il y without int err upt ion and c omple te 1 y without maintenance for  
107  hours at power levels over 40 kW. A closed system test  was shut down 
after 45 hours of operation above 40 kW with no imminent failure visible. 
Short t es t s  indicated that the newly designed quartz dome and Inconel-X 
V- seal  had been debugged and would perform satisfactorily. 

Over a two-month period, seven (7) tes t  attempts were made to  achieve 
a longevity run with the system completely integrated. Several of these 
were false starts due to  improper assembly; however, four of these t e s t s  
were legitimate runs, all of which failed within 8 hours. 
t es t s ,  the a r c  had an 8 hour preliminary run  in a chamber with no degra- 
dation to  check out the head and recirculatory system before the dome was 
fastened; however, when the dome was fastened this  test resulted in the 
same type of failure as the others. 
degradation of the anode resulting in copper deposits on the quartz, and 
finally a puncture of the anode copper itself, shutting down the a rc ,  
case  did a mechanical failure of the quartz enclosure cause termination, 
nor did seal  degradation appear as a problem. 
the design difficulties only to  find that in a small  enclosure the gas flow 
pattern is sufficiently changed so  as to  adversely affect the anode life. 
quartz dome enclosure still presents a serious problem in a high-powered 
a r c  system. 

A system that has proved it will work, however, is the one in which the a r c  
is enclosed in a metal  chamber of reasonable volume. 
concept t o  fulfill solar simulation needs, the configuration shown in Fig- 
ure  32 is proposed. 
chamber which is par t  of the closed recirculation system. Because this  
design concept has been proven feasible in  our tests, we recommend strongly 
that a unit of this type be procured for  evaluation at NASA-MSC, Houston. 

In the last of these 

The mode of destruction was a rapid 

In no 

We had apparently resolved 

The 

In order  t o  use this 

This system contains the collection optics within the 
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