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sponsored work. Neither the United States, nor the 
Atomic Energy Commission, nor any person acting on 
behalf of the Commission: 

A. makes any warranty or representa t ion, expressed or 
implied, w îth r e spec t to the accuracy , completeness , 
or usefulness of the information contained in the r e ­
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ABSTRACT 

The feasibility of the SIREN isotopic fuel capsule was evaluated by means 

of analyses and tes ts of design aspects c r i t i ca l to its successful performance. The 

feasibility of the SIREN concept was examined from four viewpoints: 

® Fabricabil i ty and fueling of the capsule 

® Ability to perform long- te rm miss ions 

® Ability to withstand reen t ry conditions 

® Ability to confine the fuel after impact. 

Evaluation of the tes t data and the analyses indicate the SIREN concept could 

be developed into a successful isotopic fuel sys tem using PUO2 fuel as either 

mic rosphe re s or solid forms. The status of the technologies required for fabrica­

tion of the SIREN capsule a r e d iscussed and the a r ea s requiring further develop­

ment identified. 
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SECTION 1 

INTRODUCTION 

This p rogram, Development of the Sanders Intact Reentry Encaps-ulation 

(SIREN) Fuel Capsule, Phase I, fulfills the t e r m s of Contract AT (29-2)-2708 

for the period Februa ry 1, 1969 to June 30, 1969. 

The objective of Phase I was to evaluate and establish the feasibility of the 

SIREN fuel capsule concept with the following design cr i te r ia : 

® F ive -yea r serv ice life after six months of pre-launch storage 

# Minimize s t r e s s e s on the capsule by helium venting 

# Minimum of one year fuel containment after impact in soil or water 

It is to this end that c r i t i ca l aspects of the SIREN concept have been tested and 

analyzed. 

The SIREN concept is one wherein the fuel capsule contains no metall ic 

components, but ra ther , uses only high t empera tu re non-metall ic ma te r i a l s . 

The basic capsule is a multi-coxnponent s t ruc tu re comprising the following, 

s tart ing with the innermost component: 

238 
# The isotopic fuel source (Pu O } - m ic ro sphe re s , s intered oxide, 

sol id-solut ion oxides or ce rme t s 

® The l iner - a thin shel l of ce ramic that provides p r imary containment; 

for the solid fuel forms the l iner would probably be integral with 

the fuel 
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• The dual-purpose s t ruc tu ra l and heat shield - a shell comprised 

of many layers of continuously wound graphite yarn impregnated 

with pyrolytically deposited carbon 

• The oxidation protection layer - a coating on the outer surface of the 

graphite shell 

The SIREN type of capsule can be fabricated in a variety of shapes and 

s izes ; the tes t capsules used in Phase I were spheres 3 inches in d iameter . 

The spher ica l form was selected for study because such a capsule can be readily 

fabricated with radial ly isotropic p roper t i e s . Methods of analyses and testing 

were simplified and general ly provided more rel iable values for evaluation than 

could be expected from a non-spher ica l shape. 

The following sections of this repor t d iscuss the fabrication and testing 

of the SIREN concept accomplished in Phase I and analyses performed to establ ish 

the feasibility of the concept. Since the SIREN capsule is yet in its pre l iminary 

stage of development, the tes t data reported a r e not necessa r i ly representa t ive 

of optimized capsule des igns . 

Par t i cu la r attention is invited to Paragraph 4 ,6 , Comparative Analysis , 

in which the program objective is accomplished by bringing together the resu l t s 

of the analyses and tes ts in an overal l evaluation. 

1-2 
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SECTION 2 

SUMMARY 

A ser ies of t es t s and analyses were performed to evaluate the feasibility 

of the SIREN concept of an isotopic fuel capsule within the following design 

c r i t e r i a : 

# "F ive-year se rv ice life after six-month pre-launch s t o r age . " 

® "Minimize s t r e s s e s on the capsule by helium venting. " 

# "Minimum of one year fuel containment after impact in soil or water . " 

The feasibility of the SIREN concept was examined from five viewpoints with the 

rea l iza t ion that the development of the SIREN is yet in the prel iminary stage and 

that specific design and miss ion requi rements were not defined: 

(1) The fabricabili ty of the non-fueled SIREN capsule was demonstrated 

by the successful fabrication of 35 capsules . Analyses of methods for fueling 

the capsule with PuO indicate fueling can be reasonably performed after some 

development effort. If the capsules were fueled with PuO as mic rospheres , 

development of capsule c losure methods would be required. If fueled with solid 

PuO forms, methods for "hot" fabrication would be required . Development 

efforts in both cases would involve extension of existing technologies to these 

specific p roblems , 

(2) Several aspects of the SIREN capsules* ability to perform long- term 

miss ions were tes ted. Specifically, oxidation res i s tance , helium permeabil i ty, 

and the rmal conductivity of the graphi te /carbon composite s t ructure were tes ted. 

2-1 
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It was concluded from, the tes t data that the helium permeabil i ty and thermal 

conductivity were definitely within the expected useful range for these design 

p a r a m e t e r s . Depending on specific miss ion requi rements , the graphi te /carbon 

s t ruc ture may or may not r equ i re oxidation protection. If oxidation protection 

were required, methods of application of such coatings would need additional 

development. 

(3) The ability of the SIREN capsule to survive the environment of a solid 

propellant fire was demonstra ted via t es t . 

(4) The ability of the SIREN capsule to survive the conditions imposed 

by spinning and non-spinning reen t ry from orbital and superorbi tal t ra jec tor ies 

was successfully demonstra ted via p l a sma-a rc t e s t s . 

(5) Impact tes ts performed with capsules containing solid ce ramic cores 

gave indication that capsules containing solid fuel forms could be safely impacted, 

i . e . , the fuel contained. No tes ts were performed to a s s e s s the ability of the 

SIREN capsule to contain fuel in the mic rosphere form. Analysis of impact 

induced fracture of the graphi te /carbon s t ruc tu res resul ted in findings expected 

to yield significant improvement of impact r e s i s t ance . 

2»2 
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SECTION 3 

SIREN CAPSULE FABRICATION 

3. 1 INTRODUCTION 

In support of the various testing tasks , a group of 35 tes t capsules were 

fabricated. All capsules were fabricated with a 1/2-inch thick shell of carbon 

impregnated graphite yarn to a finished diameter of 3 - l / 8 - i n c h e s . As required 

by the respect ive testing t a sks , 11 of the capsules were prepared with solid 

ce ramic co re s , 22 capsules were prepared with hollow cores (no liner mater ia l ) , 

and two capsules were prepared with hollow quartz co re s . Those capsules 

requir ing oxidation protection were coated with a thin layer of B,Si as a final 
6 

operat ion. To allow cor re la t ion of the result ing test data, the graphi te /carbon 

shel l on al l capsules was fabricated by the same procedures , using the same lots 

of s tar t ing m a t e r i a l s , and when possible, processed (impreganted) as a single 

lot« F igure 3-1 shows a typical tes t capsule . 

3.2 MATERIALS 

3. 2, 1 THE GRAPHITE YARN 

The graphitized yarn selected for the initial SIREN study had an ideal texture 

to provide a close lay that a s su red identically smal l voids for later impregnation 

of the carbon media . The ya rn used for the capsules was GSGY-2-5 produced 

by the Carborundum Company. The yarn was produced from continuous filaments; 

480 filaments per each of the five plies giving a total of 2400 filaments for each 

ya rn bundle. Such a pliant ya rn was indeed suitable for the great c i rc le nonpolar 

3-1 
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Figure 3-1 Typical Test Capsule 
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winding pat tern chosen. The yarn averages 17,6 fee t /gram (specified 1750 denier 

or g r ams per 9000 l inear me te r s ) with a 2 .6- inch twist in each ply and a 1. 1-inch 

twist for the assembled five plies as a yarn . Breaking strength averages eight 

pounds. The yarn was wound on a 2 - l / 8 - i n c h form to an overal l diameter of 

3-1/8 inches; this typically required 2200 l inear feet at the tension selected 

for winding, 

3. 2 .2 ZIRCONIA COATED ALUMINA CORE 

The cores initially specified were 2-1 /8- inch hollow spheres of zirconiiam 

oxide with a 0. 1 inch wall; procurement could not be made in the time available 

to complete Phase I and thus selection of an a l ternate core become essent ia l . 

Altimina solid spheres were substituted to provide the base for yarn wrapping 

for those capsules designated for plasma a r c and impact testing. 

Harbison-Walker Refractor ies Company of Pit tsburgh, Pa, isostat ically 

p ressed the 99% pure alxunina to provide 2-inch solid cores with an apparent 

specific gravity of 3,75 and suitable for service tempera ture to 3500 F. The 

Harbison-Walker designation (type HW 40-63) is for a 2-inch thermal sphere 

for use in bal l mill ing. The as received dimensions were of the order of 2, 0 to 

2. 2 inches and the spheres were general ly "egg shaped", typical of the product 

of the isos ta t ic press ing technique. Consequently, it was necessary to abrasively 

remove m a t e r i a l to reduce the out-of-roundness to no greater than 5 0 mils 

(0. 050 inch) with no surface defect in excess of 30 m i l s . 

To avoid possible interact ion between al-umina and graphite in the i m ­

pregnation p rocess , the alumina spheres were f lame-sprayed with zirconia 

to provide a compatible in terface . A p ropr i e t a ry process of Metallizing Service 

Company of Elmwood, Conn, was used. It resu l t s in an adherent, dense coating 

of zirconium oxide with a purity in excess of 90%; the zirconia is stabilized with 

5% calcitum oxide. Other consti tuents, each less than 1%, a r e magnesium oxide, 
o 

silicon dioxide, and ti tanium dioxide. After drying the substra te at 200 F for 

MNommm M U C I - E A P I 
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an overnight cycle, the spheres were plasma f lame-sprayed; (this induced a l ique­

faction of the high t empera tu re solids with subsequent deposition on the sphere) . 

A coating of 4 to 6 mi l s was confirmed by physical measurement and by weight 

check. The ZrO coated Al O solid core shown in Figure 3-2. 

3 .2 .3 ALUMINUM METAL FORMS 

In some of the testing p rograms it was necessa ry to provide a SIREN wound 

container without the usual solid ce ramic co re . Aluminum, was used for the 

winding form because of the re la t ive ease of removal by chemical means . 

Hydroforming of 1100 type aluminum by the Roland Teiner Company of Everett , 

Mass . produced flanged hemispheres which were butt welded as a sphere . To 

minimize the welding problem, a gas escape hole, 0, 05-inch diameter , was 

dril led in the 0. 028-inch container wall and the external weld bead was ground 

flush. By using available tooling to minimize the delivery time span, a sphere 

with a 2. 125-inch internal d iameter with overal l outer dimensions that varied 

from 2. 17 to 2. 19 inches was produced. The weight of the meta l core averaged 

25 g r a m s . A typical hollow aliiminum sphere is shown in Figure 3 -3 , After 

winding, the aluminum, was chemically removed. 

3 . 2 .4 QUARTZ CORE 

Hand blown quartz spheres were used in two of the SIREN capsules as a 

core having minimtim. weight but sufficient s trength to r e s t r a i n the per iphera l 

tension of the wrapped yarn . They were somewhat i r r egu la r with a diameter of 

2 -1 /8 inches with a l / l 6 - i n c h wall . An access hole of 3/8- inch diameter was 

necessa ry to facilitate the glass blowing operat ion. The weight was approximately 

16 g r a m s , 

3.3 WINDING OPERATIONS 

The graphite yarn was success ively wrapped around the rigid core in a 

continually changing polar pat tern in a manner s imi lar to the winding of a golf 

ball . P r io r to insert ing the core into the winding machine, the surface was 

3-4 
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Figure 3-2 Solid Al O Sphere Coated with ZrO . 
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cleaned with a solvent and then coated with an organic adhesive to pick up the 

end of the yarn . As rotation s tar ted , the yarn was pulled from the feed spool 

and was coated with a thin film of adhesive to a s s u r e positive placement during 

winding. During subsequent t he rma l t r ea tments , the adhesive decomposes leaving 

a smal l amount of carbonaceous r e s idue . 

The capsule bal l winding machine (originally a golf-ball winding machine) 

had been modified to wind capsules to about 4-inches in d iameter . The two winder 

heads were independently mounted on t racks to oppose each other with adjustable 

weights used to provide the p r e s s u r e needed to hold the core in place. A hanging 

weight of 50 pounds provides a jaw p r e s s u r e of 40 pounds on the sphere in the 

jaws. Each head ro ta t e s , and within each head a planetary gear drives the three 

rubber nosed winder jaws as a finger motion to incremental ly index the core thus 

inducing a c ro s s rotat ion for a g rea t c i rc le wind of the yarn. P r e s s u r e imposed 

on the spheres by the winder head is c r i t ica l to a s su re control of yarn sl ippage. 

Excessive p r e s s u r e , however, will cause the rubber jaws to scuff the wound yarn 

and too little p r e s s u r e r e su l t s in improper tracking and unevenness. 

The yarn lay r a t e is governed by the speed of the core rotation in the winder 

machine. Figure 3-4 i l lus t ra tes the yarn winding machine. As the yarn is lifted 

from the end of the 8000-foot capacity spool, it is guided to the adhesive bath of 

one par t Bond Adhesives Company's "Pliobond" (Ht 3 0) cement to twenty par ts 

of methylethyl ketone. The ya rn is totally immersed while passing through a guide 

tube in the adhesive tank; it then passes through a wiping sponge which spreads 

the adhesive out evenly over the yarn surface . Quick passage through a 12-inch 

tubular hot a i r furnace par t ia l ly sets the adhesive. The yarn then passes around 

two General E lec t r ic hys t e re s i s tension clutches in se r i e s to provide the required 

wrapping tension. An inc rease in tension provides an increase in densification 

of the winding but tends toward unevenness in the surface configuration of the ball . 

Too low a tension will i nc rease the void dimensions in the lay of yarn and thus 

prohibit a p rac t ica l impregnation by the follow-on p rocess . Capsules were wound 

3-7 
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with a yarn tension of about five pounds. Figures 3-5 and 3-6 show the winding 

of the capsule at the beginning and end of the winding operation. An "as wound" 

capsule is shown in Figure 3-7 . 

In a typical operation, the rigid core is mounted in the winder heads and the 

yarn is threaded from the spool through the adhesive tank and furnace, over the 

two clutches and about the ver t ica l guide for severa l turns about the core . The 

bal l winder motor speed is quickly increased to about 84 RPM and the clutch 

adjustments a r e changed as neces sa ry while the winding continues. Furnace 

t empera tu re is controlled to maintain a tacky condition of the wrapping yarn. 

The wound SIREN capsule is removed from the machine and placed in a drying 

oven at about 95 F for two days, or until constant weight is achieved to remove 

the volatile c a r r i e r of the yarn adhesive, 

3 .4 REMOVAL OF METAL CORE 

The altmiinxim cores of 1100 alloy a r e used as a rigid member to mount the 

graphite yarn for wrapping a heavy wall configuration. This metal is removed 

pr ior to exposure of the bal l to the elevated t empera tu re of the carbon impregnation 

run. After drill ing a l / 4 - inch d iameter hole in the capsule wall to penetrate the 

aluminum l iner , the unit was weighed to de termine the initial process condition. 

The unit was then positioned in a 1000-ml beaker on a hot plate to contain the 

overflow of the 15% sodium hydroxide solution that is circulated for the metal 

removal . This set up (see Figure 3-8) installed in a ftune hood, uses a tube 

funnel inser ted in the access hole, with sufficient c learance to permit a r e v e r s e 

flush. The solution, heated to 120 F , is circulated into the capsule and the 

overflow is contained in the beaker . It is recycled as ncecessary to maintain a 

flow. A typical schedule is six hours to complete the metal removal reaction. 

Clear water is then flushed through the capsule for a minimum of two hours pr ior 

to a i r drying at 120 F for two days, or until a constant weight is achieved. The 

weight differential before and after the dissolution cycle was measured to a s su r e 

that the p r o c e s s was completed, i. e., that the aluminum sphere was totally reacted 

and removed, 
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Figure 3-5 Beginning of Capsule Winding Cycle, 
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Figure 3-6 Ending of Capsule Winding Cycle. 
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3.5 CARBON IMPREGNATION 

The rigidly wound graphite yarn requi res impregnation by a high tempera ture 

m a t e r i a l to lock the intersect ing filaments into a fixed condition. The Pliobond 

adhesive solids a r e sufficient to maintain the configuration during the initial phase 

of the furnace cycle. However, as the impregnation cycle p rog res ses , the 

adhesive is burned out, and the pyrolytically deposited carbon welds the lay of 

yarn together and fills the in ters t ices within the wound s t ruc ture . As the process 

approaches completion, the density approaches 1.6 g r a m s / c c (100 lb/ft ) with 

min imal porosi ty . 

The pyrolizing operation is a propr ie tary p rocess of Supertemp Corp. of 

Santa Fe Springs, California. The operation was performed in a vacuum chamber 

with th ree shelves (see Figure 3-9) to position the product. Each sphere was 

supported on a machined graphite jig having three contacts points in a ring 

configuration to afford the grea tes t accessibi l i ty for the carbonaceous vapor. 

Identity of the sphere was maintained by a location char t . After the furnace 
_3 

load was secured for processing, the vessel was evacuated to the order of 10 

t o r r . When the vacuum stabilized, indicating that gas removal was complete, 

the vesse l was back-filled with nitrogen and a purge established. Subsequently, 

the parts were brought to a tempera ture of 2050 F and a flush of hydrogen was 

initiated to clean the graphite by etching. The s ta r t up procedure required 

24 hours to a r r i v e at stable operating conditions. Natural gas, which is p r e ­

dominantly methane and is the s implest of the saturated hydrocarbons, was then 

passed over the heated surfaces of the capsules . Upon contact with the hot 

capsules , the gas was decomposed, resulting in the deposit of carbon. Typically, 

a c a r r i e r gas with a catalyst is employed with the methane, using a total gas 

p r e s s u r e of about one-half a tmosphere . At the proper t empera ture and p r e s s u r e , 

pyrolysis occurs and the des i red mate r ia l deposits on the yarn in relat ively 

anisotropic layers following the configuration of the subst ra te yarn . The pyrolytic 

m a t e r i a l can be part ial ly controlled through changes in p r e s s u r e s , t empera ture 
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Figure 3-9. Pyrolizing Operation. 
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and the gas composition input. Typical deposition t ime is 60 hours at t empera tu re . 

Approximately 25% of the natural gas is cracked in the furnace to form the 

pyrolytically deposited carbon. To complete the cycle requ i res an additional 

24 hours for cooling. The SIREN capsules were so prepared in a single furnace 

loading utilizing a double cycle; the f irs t cycle was 108 hours and the second, 

76 hours . Between cycles , samples were removed for evaluation and were found 

to be sat isfactory. 

3.6 OXIDATION COATING 

The carbon impregnated specimens a r e subject to oxidation at elevated 

t e m p e r a t u r e s . Boron silicide (B,Si) is a suitable oxidation coating and can be 
o 

plasnna f lame-sprayed as descr ibed in the section on zirconiuna oxide coating on 

the alumina s p h e r e s . This process too, is considered propr ie ta ry to Metallizing 

Service Company of Elmwood, Connecticut, The jig for support of the carbon 

impregnated specimens is a lso a three-f ingered graphite holding tool in a fume 

hood, with the spraying done by hand. The coating m a t e r i a l is subject to t e m ­

pera tu res on the o rder of 20, 000 F . Actually the plasma forming gas is blown 

into a container around an a r c before leaving an exit orifice as a hot gas . This 

gas contacts with the mete red flow of ce ramic powders to form a molten liquid 

for deposition on the SIREN specimen. Actual pick up of ma te r i a l was calculated 

from the weight i nc rease of the sphere , (See Table 3 - 1 , ) 
3.7 CAPSULE EVALUATION 

After the init ial furnace cycle was completed, the SIREN specimens were 

examined to de te rmine what further processing was requi red . In a c ros s section 

of a hollow specimen, wherein the rigid core had been removed by chemical 

dissolution for special t e s t s , it was noted that the outer 0.4 inch of the 1/2 inch 

wall was impregnated whereas the collapsed inner windings received very little 

carbon. (Figure 3-10. ) The collapse of the inner windings is graphic evidence 

that the inner wall was under compress ion due to the winding tension. The 
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T A B L E 3-1 

CAPSULE WEIGHT DATA (CONT) 

CHART NOTES 

Note A: Three types were identified by their core . 

Al - Hollow aluminum metal removed prior to carbon impregnation 

Zr - Solid alumina ceramic coated with Z rO 

Q - Hollow thin wall quartz 

Note B: The weight of the core plus the wound yarn with adhesive 

Note C: Generally the overall diameter was 3-1/8 inch with a yarn wall of l /2 inch. 

Note D: The Al se r i es had the core removed by etching. While the weight is the adhesive set yarn only, the 

average weight of the yarn per capsule was 124 grams indicating solids of the adhesive contributed 

about 12 grams to the gross weight before the furnace impregnating operation. 

Note E: Density of wound yarn, calculated based on 180 cc for Al and Q capsules and 182 cc for Zr capsules . 

Note F: In Zr and Q capsules the core weight is not included. 

Note G: The thickness was calculated from the weight of B.Si deposited. 

Two units received an additional coating as follows: 

Al 16 weight increase 10.7 grams - 8.5 mils equivalent thickness 

Al 17 weight increase 23.1 grams - 18.2 mils equivalent thickness. 
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Figure 3-10 Cross -Sec t ion of "Hollow" Tes t Capsule After Impregnation. / 
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Pliobond adhesive, that had res t ra ined the tightly wound elongated yarn, appar ­

ently burned out during the initial furnace cycle permitt ing the high loading of 

the outer windings to collapse the unsupported in ter ior . Subsequent inspection 

of specimens that were internally supported indicated a higher density near the 

inner rigid member than near the exter ior winding of yarn where the inner 

windings were r e s t r a ined . F igure 3-11 is a c ross section of a tes t capsule 

with a hollow quar tz co re . In compar ison with Figure 3-10, the qtmrtz liner 

successfully held the inner windings in place. Note the uniformity of impregnation 

a c r o s s the graphite s t ruc tu re . 

The bulk density of the graphite s t ruc tures after the second impregnation 

cycle were quite \iniform. The densi t ies averaged 1.43 g r a m s / c c with a standard 

deviation of 0.06 (about 4 % ). Microscopic examination of the c ross-sec t ioned 

capsule showed that porosi ty remained throughout the impregnated volume. This 

porosi ty was consis tent through the outer surface to facilitate further impregnation 

operat ions . 

3 .8 CONCLUSIONS 

The fabrication task was successful in providing the required test capsules 

for the testing tasks . In addition, the fabrication of a lot of 35 capsules has demon­

s t ra ted the quality and degree of reproducabil i ty of the respective fabrication 

operat ions . The experience gained provides a valuable background for further 

development of the SIREN capsule. 

•• ••• • 
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Figure 3-11 Cross -Sec t ion of Tes t Capsule With Hollow Quartz Cort i 
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SECTION 4 

ANALYSES OF SIREN CAPSULE DESIGN 

4. 1 INTRODUCTION 

As par t of the a s s e s s m e n t of the feasibility of the SIREN concept, severa l 

c r i t i ca l subject a r e a s were analyzed. The objectives of these analyses were 

to define general design requirenaents and to evaluate the status of technologies 

required to meet these r equ i r emen t s . The subjects t rea ted in these analyses 

a re listed below and r epor t s of the analyses a re given in the following paragraphs; 

4 .2 Mater ia ls Analysis 

4 .3 SIREN Capsule Fueling Analysis 

4 .4 Aero the rmal Analysis 

4. 5 Post Impact Analysis 

4. 6 Comparative Analysis 

4 -1 /4 -2 
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4 . 2 MATERIALS ANALYSIS 

eo^poi^ATioiy 

4 . 2 . 1 R E F R A C T O R Y COATINGS F O R G R A P H I T E 

4 . 2 . 1 . 1 In t roduc t ion 

As an o p e r a t i n g un i t , the SIREN c a p s u l e wi l l be sub jec t to va r ious e leva ted 

t e m p e r a t u r e oxid iz ing e n v i r o n m e n t s du r ing d i f fe ren t p h a s e s of i t s m i s s i o n . 

T y p i c a l ox ida t ion p r o t e c t i o n r e q u i r e m e n t s would b e : 

® P r e - L a u n c h S t o r a g e - m i n i m u m p r o t e c t i o n r e q u i r e d s ince capsu le 

can be r e a d i l y cooled and p r o t e c t e d in i n e r t a t m o s p h e r e . 

® L a u n c h - P a d I n s t a l l a t i o n - wi th a i r - c o n d i t i o n i n g , m a x i m u m expec ted 

t e m p e r a t u r e s would be 500 to 800 F , h o w e v e r , if the cooling s y s t e m 

w e r e to fa i l , the t e m p e r a t u r e could i n c r e a s e to about 1500°F . 

® E a r t h A t m o s p h e r e R e e n t r y - ox ida t ion p r o t e c t i o n of the g raph i t e would 

not be r e q u i r e d b e c a u s e ab l a t ion would be the cont ro l l ing su r f ace 

r e a c t i o n . 

^ P o s t - I m p a c t - ox ida t ion p r o t e c t i o n of the g r a p h i t e s t r u c t u r e m a y or 

m a y not be r e q u i r e d depending on the f o r m and p r o p e r t i e s of the fuel 

f o r m . F o r e x a m p l e , r e t e n t i o n of the g raph i t e she l l about a sol id 

c e r a m i c fuel wi th a n o n - a c t i v e c e r a m i c coa t ing m a y not be r e q u i r e d if 

the fuel s u r v i v e s i m p a c t . H o w e v e r , a c apsu l e conta in ing a p a r t i c u l a t e 

o r c e r m e t fuel would p r o b a b l y r e q u i r e oxidat ion p r o t e c t i o n of the 

g r a p h i t e s o a s to e n s u r e p h y s i c a l c o n t a i n m e n t of the fuel . Conceivably , 

t e m p e r a t u r e s r a n g i n g t o 2000 F or m o r e could be e x p e r i e n c e d , depend­

ing on the i m p a c t e n v i r o n m e n t ( i . e . , sand , r o c k , swam.p, or w a t e r ) . 

In v iew of the d i v e r s i t y of ox ida t ion p r o t e c t i o n r e q u i r e m e n t s for the g raph i t e 

s t r u c t u r e , a r e v i e w of ex i s t i ng l i t e r a t u r e on t h e r m a l , m e c h a n i c a l , and p h y s i c a l 

p r o p e r t i e s of coa t ings h a s been conduc ted to d e t e r m i n e po t en t i a l coa t ing s y s t e m s . 

4-3 
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4 . 2 . 1.2 Discussion 

Diffusion of Carbon and Oxygen Through the Coating Mater ia l 

The ra te of diffusion through a coating depends both on the diffusivity and on 

the concentration of the diffusing spec ies . In order to evaluate prospective coating 

ma te r i a l s , the permeabi l i t ies should be determined under conditions which occur 

in an actual coating. It is a lso neces sa ry to determine what degree of oxygen or 

carbon permeat ion can be sustained before failure occurs . 

If carbon penet ra tes the coating and reac ts on the outside with oxygen, the 

net effect will be to lose carbon at a rate equal to the permeat ion r a t e . Also, the 

diffusion of oxygen through the coating will produce carbon monoxide at the graphite 

interface. This condition could cause a build up of p r e s s u r e which might disrupt 

the coating from the graphite surface. 

A build up of p r e s s u r e could a lso occur if, as in a mult i layer system, the 

react ion to produce carbon monoxide occurred at the internal interface. However, 

this tendency could be avoided by providing a slightly porous inner layer that would 

allow the carbon monoxide to diffuse through the graphite. 

In genera l , two factors a re of importance in producing low permeabi l i t i es : 

a. A tight binding between the atoms of the solid 

b . A tight lattice with smal l nondiffusing atoms 

The failure mechanism of the more commonly applied coatings, however, is 

probably due to the porosi ty or nonadherence of the coatings ra ther than to the 

diffusion of gases through the coatings. At presen t , data in this region is so scant 

that the permeabi l i ty of a substance under actual coating conditions cannot be 

es t imated. 

Chemical Compatibility of Refractory Coatings with Graphite 

Refractory Oxides - One of the p r i m a r y asse t s of the re f rac tory oxides is 

their g r ea t e r res i s tance to oxidation at elevated t empera tu res than any other c lass 

4 - 4 
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of m a t e r i a l s . However, the resu l t s of experimental data and thermodynamic 

calculations would seem to indicate that there probably is no oxide that is stable 

with respec t to graphite at 2000 C if one considers the c r i te r ia for stability as a 

CO par t ia l p r e s s u r e of less than one t o r r . For example, beryll ia , the most stable 

oxide with respec t to carbon, has a CO p r e s s u r e of 1.52 X 10 to r r (0.2 a tmo-
(4) o 

sphere) at 2000 C. 

TABLE 4-1 

REDUCTION OF SEVERAL OXIDES BY GRAPHITE 
(4) 

Reaction between 
Metal Oxide and Graphite 

l / 3 A 1 ^ 0 2 + 3 / 2 C ^ I A A I ^ C ^ + C O 

BeCH-3/2C 5=^ Be C+CO 

1 /3B O +7/6C;?==^ 1 /6B C+C 

MgO+C;=±Mg+CO 

l /2SiO +3/2C:;;=±l/2SiC+CO 

1 /2Th02+2C ;=:il /2ThC^+CO 

1 /2TiO +3/2C ^=5 1 /2TiC+CO 

1 /2ZrO +3 /2C 5=± 1 /2ZrC+CO 

F r e e Energy 
-AF at 2000°C 

(K ca l /g atmO ) 

6.9 

-7.1 

17.1 

15.0 

23.2 

9.1 

29.8 

13.1 

^CO 
(atm) 

at 2000°C 

4.6 

0.2 

44 

27 

167 

7.5 

756 

18 

Temperature C 
at which 

^CO = ' ^'"^ 

2473 

2763 

2103 

2383 

1993 

2463 

1853 

2283 

It may be possible to produce an oxide-graphite sys tem if a b a r r i e r mate r ia l 

is utilized between the graphite and the oxide coating to prevent reduction of the 

oxide. If this a l ternat ive is sought, the b a r r i e r mate r ia l must be chemically and 

4-5 
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physically compatible at high t empera tu res with both the graphite substrate and the 

oxide coating. Possible b a r r i e r ma te r i a l s include metal s i l ic ides , n i t r ides , 

carb ides , and borides since these c lasses of compounds contain some of the most 

ref rac tory ma te r i a l s known. 

B a r r i e r Mater ia ls -- Since the most likely approach to graphite oxidation 

protection at high t empera tu res is in the utilization of a mult i layer coating, the 

problem is to identify a re f rac tory si l icide, n i t r ide , carbide, or boride which is 

chemically and physically compatible with respec t to graphite at these t empera tu re s . 

The s implest oxidation res i s tan t coating would be that formed from the oxidation 

of the b a r r i e r compounds in that this reaction would preclude the necessi ty of ap ­

plying an oxide to the b a r r i e r ma te r i a l . 

Refractory Silicides 

The res i s tance to oxidation of the metal si l icides resu l t s from the formation 

of a coating of silica or a s i l icate on the exposed surface at high t empera tu re s . 

However, at low t empe ra tu r e s , below 10 93 C, the surface of the majori ty of the 

si l icides is poorly protected and must be preoxidized in order to provide adequate 

protect ion. 

Unfortunately, no systemat ic investigations concerning the silicides listed in 

Table 4-2 with graphite have been found. 

As can be seen from Table 4-2 the si l icides of tantalum, ti tanium, and 

tungsten offer the bes t oxidation protect ion. Chromium sil icide, when oxidized, 

forms a thick, br i t t le oxide layer which has li t t le stability toward tempera ture 

fluctuations. Also MoSi , which exhibits very little weight gain at high t empera ­

t u r e s , does not form an adherent SiO film below 538 C and, therefore , exhibits 
(1) 

very poor oxidation res i s tance at these t e m p e r a t u r e s . 

In cont ras t to the other s i l ic ides , the boron s i l ic ides , when exposed to a i r 

at high t e m p e r a t u r e s , undergo a rapid initial oxidation, after which no further 

oxidation occurs . 
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T A B L E 4 - 2 

P O T E N T I A L OXIDATION RESISTANT SILICIDES 

Si l ic ide 

B Si 
4 

B , S i 

Cr Si 

MoSi 

TaSi 

TiSi 

WSi 

Mel t ing 
P o i n t , °C 

(2) 

1093 

1947 

1704 

2010 

2300 

1499 

2110 

D e n s i t y , 
g / c c 

(2) 

2,46 

2.47 

6.45 

6.31 

9.14 

4 .15 

9.4 

Weight 
T e m p e r a t u r e , 

°C 

1371 

1371 

1371 

1093 

1649 

1649 

1199 

1371 

1371 

1093 

1649 

Change in A i r 
T i m e , 

h r s 

3 

65 

3 

65 

100 

19 

10 

10 

4 

5 

100 

19 

10 

Weight Gain, 
m g / c m 

60 

60 

50 

50 

15 

3 

•3 

2.4 

0.3 

2.2 

4.4 

0.5 

2 

R e f r a c t o r y N i t r i d e s 

C h e m i c a l l y , the n i t r i d e s a r e qui te s i m i l a r to the c a r b i d e s excep t for t h e i r 

ox ida t ion r e s i s t a n c e which i s c o n s i d e r a b l y i n f e r i o r . 

As i s i l l u s t r a t e d in T a b l e 4 - 3 , Si^N^ is the m o s t oxidat ion r e s i s t a n t n i t r i d e 
3 4 

wi th b o r o n n i t r i d e s l igh t ly l e s s r e s i s t a n t . The n i t r i d e s of hafn ium, t a n t a l u m , 

t i t a n i u m , and z i r c o n i u m have only m o d e r a t e oxidat ion r e s i s t a n c e . 
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TABLE 4-3 

POTENTIAL OXIDATION RESISTANT NITRIDES 

Nitride 

BN 

HfN 

SS^4 

TaN 

TiN 

ZrN 

Melting 
Point, °C 

(2) 

2704 

3305 

1900 

3360 

2930 

2980 

Density, 
g/cc 

(2) 

2.25 

13.94 

3.44 

16.3 

5.22 

7.09 

Oxide 
Formed 

^ 2 ^ 3 

HfO 
Li 

SiO^ 

T - 2 ° 5 

TiO^ 

ZrC 

Maximum Service 
Tempera ture of Nitride 

Coating on Graphite,°C (*) 
(4) 

982 

538 

1399 

760 

538 

538 

(*) The tempera ture at which the ra te of attack of a i r would cause severe 
erosion or failure of the coated specimen within a few hours . Coating 
thickness and ra te of a i r flow past the specimen have not been taken 
into account. 

Refractory Carbides 

Since metal carbides a r e among the most refractory mate r ia l s known and 

since many of them a re compatible with graphite , they a r e worthy of consideration 

as possible oxidation protect ive coatings. 

As can be seen by Table 4-4, the most promising carbides , in t e rms of 

oxidation res i s tance , a r e SiC, HfC, and Z rC . 

Refractory Borides 

The basis for selecting a boride b a r r i e r mate r ia l a r e stability with respect 

to graphite, oxidation res i s tance , and formation of a metal oxidation product with 

a high melting point. 

4 - 8 
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T A B L E 4 - 4 

P O T E N T I A L OXIDATION RESISTANT CARBIDES 

C a r b i d e 

^ ^ 3 ^ 2 

HfC 

SiC 

TaC 

TiC 

Z r C 

Mel t ing 
Po in t , 
° C ( 2 ) 

1890 

3885 

2700 

3880 

3140 

3530 

Dens i ty , 
g / c c 

(2) 

6.68 

12.20 

3.21 

13.9 

4 .93 

6.73 

Oxide 
F o r m e d 

^ ^ 2 ^ 3 

HfO 

SiO^ 

^ ^ 2 ° 5 

TiO 

Z r O ^ 

M a x i m u m T e m p e r a ­
t u r e of Stabi l i ty of 
Oxide on C a r b i d e , 

° C ( 2 ) 

1130 

1730 

(1950)* 

1030 

1230 

1730 

Max imura Se rv ice 
T e m p e r a t u r e of 
C a r b i d e Coat ing 

on Graph i t e , C 
(**) (4) 

(830)* 

1400 

1650 

(730)* 

(930)* 

1400 

* T h e o r e t i c a l va lue , no e x p e r i m e n t a l da ta a v a i l a b l e 

(**) The t e m p e r a t u r e a t wh ich the r a t e of a t t a c k of a i r would c a u s e s e v e r e e r o s i o n 
o r f a i l u r e of the c o a t e d s p e c i m e n wi th in a few h o u r s . Coat ing t h i c k n e s s and 
r a t e of a i r flow p a s t the s p e c i m e n have no t been taken into account . 

T A B L E 4-5 

P O T E N T I A L OXIDATION RESISTANT BORIDES 

V 

B o r i d e 

C r B 

HfB^ 

Mel t ing 
P o i n t , 
° C ( 2 ) 

3300 

3 062 

Dens i t y , 
g / c c 

(2) 

6.53 

11.2 

Oxide 
F o r m e d 

^ ' 2 ° 3 

HfO 

M a x i m u m T e m p e r a ­
t u r e of Stabi l i ty of 
Oxide on B o r i d e , 

° C ( 2 ) 

-

2777 

M a x i m u m Serv ice 
T e r n p e r a t u r e of 
Bor ide Coat ing 
on G r a p h i t e , C 

(*) (4) 

1500 

1400 

(*) The t e m p e r a t u r e a t wh ich the r a t e of a t t a c k of a i r would c a u s e s e v e r e e r o s i o n 
o r f a i l u r e of the coa t ed s p e c i m e n wi th in a few h o u r s . Coat ing t h i c k n e s s and 
r a t e of a i r flow p a s t the s p e c i m e n h a v e no t b e e n t aken into accoun t . 
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TABLE 4-5 

POTENTIAL OXIDATION RESISTANT BORIDES (Cont) 

S 

Boride 

ThB, 
D 

TiB 

ZrB^ 

Melting 
Point, 
°C (2) 

2195 

2900 

3000 

Density, 
g /cc 

(2) 

6.4 

4.5 

6.09 

Oxide 
Formed 

ThO^ 

TiO^ 

ZrO 

Maximum Tempera ­
ture of Stability of 

Oxide on Boride, 
°C (2) 

3300 

1840 

2677 

Maximum Service 
Tempera ture of 
Boride Coating 
on Graphite, C 

(*) (4) 

1500 

1400 

1300 

(*) The tempera ture at which the ra te of at tack of a i r would cause severe erosion 
or failure of the coated specimen within a few hours . Coating thickness and 
rate of a i r flow past the specimen have not been taken into account. 

The preceding table i l lus t ra tes that any of the selected borides a re possible 

candidates for use in the protection of graphite . In fact, unlike their corresponding 

carb ides , the bor ides a r e relat ively stable in the presence of mois ture which gives 

them an added advantage as an oxidation protective mater ia l . 

Mechanical Coinpatibility of Refractory Coatings with Graphite 

A great deal of information on the mechanical and thermal proper t ies of 

prospective coating mate r i a l s at high t empera tu res is available. However, such 

large d iscrepancies have been found in much of the data that only verified data is 

presented in this repor t . This information, however, is of limited use in solving 

the mechanical problems within a given system for it must be remembered that the 

proper t ies of the coating ma te r i a l may change markedly during prolonged service 

at high t empera tu re s . This may be due to grain growth, annealing, carbon diffu­

sion, chemical react ions of the coating ma te r i a l with ei ther carbon or oxygen, or 

any combination of these fac tors . Even if these factors do not appear, the physical 

proper t ies of the coating may be ent i re ly different from those measured on the 

bulk ma te r i a l . J 
4 - 1 0 
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Thermal shock res i s tance of a coating mate r ia l must also be considered. 

This depends on the bond strength, thickness, thermal conductivity of the coatings, 

and the differences between the the rma l expansion of the coating and the substrate . 

These factors will be discussed in the following paragraphs . 

Linear The rma l Expansions Between 21 - 2204 C - By far, the most impor ­

tant c r i t e r i a for predicting the mechanical compatibility of a system is a close 

match of the the rmal expansions of both the substrate and the coating. Tables 

4-6 through 4-9 l is t the average coefficients of l inear thermal expansion of various 

si l icides, n i t r ides , carb ides , and bor ides in the 21 - 2204 C range. Table 4-10 

l is ts the average coefficients of l inear thermal expansion of various carbon and 

graphite filaments and F igures 4-1 and 4-2 give a comparison of the more chemi­

cally feasible coatings with these graphi tes . 

TABLE 4-6 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS SILICIDES^^^ 

i 

Silicide 

B,Si 
4 

B, Si 
0 

Cr^Si 

MoSi 

TaSi^ 

TiSi^ 

WSi^ 

Tempera tu re 
Range, C 

21 - 999 

21 - 999 

21 - 1071 

21 - 1071 

320 - 1070 

20 - 1070 

421 - 1071 

Thermal Expansion Coefficient 
in/(in) (°C) X 10-6 

5.94 

5.4 

10.44 

8.28 

10.8 

10.44 

7.92 

4-11 
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TABLE 4-7 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS NITRIDES ^̂  ^ 

Nitride 

BN 

HfN 

S i j N , 

TaN 

TiN 

ZrN 

Tempera ture 
Range, C 

21 - 1093 

24 - 1371 

21 - 982 

21 - 704 

593 - 1427 

593 - 1427 

Thermal Expansion Coefficient 
in/(in) (°C) X 10-6 

7.56 

6.48 

2.48 

3.6 

9.0 

7.74 

TABLE 4-8 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS CARBIDES ^̂ ^ 

Carbide 

= ' 3 = 2 

HfC 

SiC 

TaC 

TiC 

ZrC 

Temperature 
Range, C 

816 - 1982 

816 - 2204 

538 - 2204 

21 - 2204 

816 - 2204 

816 - 2204 

Thermal Expansion Coefficient 
in/(in) (°C) x lO-6 

10.44 

7.92 

5.4 

7.46 

9.9 

9.0 

i 
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TABLE 4-9 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS BORIDES^^^ 

I Boride 

Cr^B 

HfB^ 

ThB, 
6 

TiB 

ZrB^ 

Tempera tu re 
Range, C 

21 - 2204 

21 - 2204 

21 - 2204 

21 - 2204 

21 - 2204 

Thermal Expansion Coefficient 
in/(in) (°C) x lO-6 

8.64 

7.56 

8.28 

8.64 

8.28 

TABLE 4-10 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS CARBON AND GRAPHITE 

FILAMENTS AT ROOM TEMPERATURE 

Fi lament 

Carbon/Graphi te 

Graphite 

Pyrolyt ic Graphite 

Thermal Expansion Coefficient 
in/(in) (°C) X 10-6 

(c) 2 - 9 

(ab) 2,22 

(c) 3.77 

(ab) 0.18 

(c) 7.2 

4, • ^ 9 C » • 
9 ft • r • • 
• » • « . « t -. 
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Figure 4-1 Compar ison of Various Silicides and Nit r ides with Graphite . 
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Figure 4-2 Compar ison of Various Carbides and Borides with Graphite. 
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Strength Data at 1093 C - Limited strength data for the si l icides, ni t r ides , 

carbides , and borides have been reported for the 1093 C range. These a re listed 

in Tables 4-11 through 4-14. 

TABLE 4-11 

MECHANICAL PROPERTIES OF VARIOUS SILICIDES 
( i : 

Silicide 

Cr^Si 

MoSi 

TaSi 

TiSi^ 

WSi^ 

Modulus of ^ 
Rupture, lO^Kg/cm 

1093°C 

5.39 

3.57-6.02 

2.1 

2.1 

3.57 

Tensile Strength 
10^ K g / c m ^ 

1093°C 

-

2.1 

-

1.4 

-

Youngs Modulus 
10° Kg/cm2 

1093 C 

-

2.8 

3.43 

-

2.1 

TABLE 4-12 

MECHANICAL PROPERTIES OF VARIOUS NITRIDES 
(1) 

Nitride 

BN 

Modulus of 
Rupture, 10^ Kg/cm 

1093 C 

0.21 

0.77-4.9 

Tensile Strength 
103 Kg/cm2 

1093 C 

0,042 

Youngs Modulus 
10^ Kg/cm2 

1093 C 

0.07 

0.56-2.17 

ft ^mmm^m^«^ ^ • • • • • . . 

• ft • ft ftft • 
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TABLE 4-13 

MECHANICAL PROPERTIES OF VARIOUS CARBIDES' ( i : 

Carbide 

^^3^2 

HfC 

SiC 

TaC 

TiC 

ZrC 

Compress ive 
Strength, 

10^ Kg/cm 
1093°C 

6.3 

-

-

-

-

Modulus of 
Rupture, 

10-̂  Kg/cm 
1093°C 

5.6 

2.24 

1.47 

3.01 

4.2 

2.45 

Tensile Strength 
10 Kg/cm 

1093 C 

-

-

_ 

-

0.07 

1.05 

Youngs Modulus 
lO^Kg/cm^ 

1093 C 

-

_ 

3.5 

-

-

3.5-

TABLE 4-14 

MECHANICAL PROPERTIES OF VARIOUS BORIDES 
( i ; 

Boride 

TiB^ 

ZrB^ 

Modulus of ^ 
Rupture, 10-̂  Kg /cm 

1093°C 

2.8 

0.049 

Youngs Modulus 
106 Kg/cm2 

1093°C 

3.85 

3.85 

Specific Heats and Thermal Conductivities a t 1093 C - The specific heats 

and thermal conductivities of the si l ic ides , n i t r ides , carb ides , and borides have 

been repor ted for the 1093 C range. These proper t ies a r e listed in Tables 4-15 

through 4-18. 

4 -16 
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TABLE 4-15 

THERMAL PROPERTIES OF VARIOUS SILICIDES 
(1) 

Silicide 

MoSi^ 

TaSi 

TiSi^ 

WSi^ 

Specific Heat 
g • Cal/(g) (°C) 

1093°C 

0.14 

0.058 

0.24 

0.058 

Thermal Conductivity 
g . Cal • cm/(hr ) (cm2) (°C) 

1093°C 

148.8 

-

-

252.96 

TABLE 4-16 

THERMAL PROPERTIES OF VARIOUS NITRIDES (1) 

Nitride 

BN 

HfN 

^ ' 3 ^ 

TaN 

TiN 

ZrN 

Specific Heat 
g . Cal/(g) (°C) 

10930c 

0.47 

0.08 

0.3 

0.1 

0.21 

0.13 

Thermal Conductivity 
g • Cal • cm/ (hr ) (cm^) (°C) 

1093°C 

133.92 

133.92 

22.32 

„ 

230.64<^' 

171.12 

rL-
• ft • * 

4-17 



l A i y B E R S ^ - ^ N U C L B A H 
C O R P O R A T I O N 

C^mi^^XIAL 

TABLE 4-17 

THERMAL PROPERTIES OF VARIOUS CARBIDES 
(1) 

Carbide 

^ ^ 3 ^ 2 

HfC 

SiC 

TaC 

TiC 

ZrC 

Specific Heat 
g . Cal/(g) (°C) 

1093OC 

0.21 

0.07 

0.31 

0,08 

0,21 

0.13 

Thermal Conductivity 
g • Cal . cm/(hr ) (cm2) (°C) 

1093°C 

-

223.20 

163.68 

-

357 .12"' 

297.60''* 

TABLE 4-18 

THERMAL PROPERITIES OF VARIOUS BORIDES 
(1) 

Boride 

HfB 
La 

TiB^ 

ZrB^ 

Specific Heat 
g . Cal/(g) (°C) 

10930c 

0.095 

0.3 

0.18 

Thermal Conductivity 
g • Cal • cm/ (h r ) (cm2) (°C) 

1093°C 

401.76 

401,76 

282.72 

4. 2. 1. 3 Summary 

It would appear from the preceding investigation that the most sat isfactory 

coating, from both a chemical and mechanical point of view, for the high tempera­

ture oxidation protection of graphite is silicon carbide . This coating will afford 

protection to graphite for substantial per iods to a maximum of 1650 C. 

4-18 
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Silicon carbide is the only compound of silicon and carbon known to occur 

in the condensed state, and it exis ts in severa l crystal l ine forms. Beta silicon 

carbide is considered to be an unstable phase that can exist at all tempera tures 

below its melting point, but above 1650 C it slowly t ransforms to the alpha phase. 

This phase is general ly charac te r i zed by a hexagonal s t ructure but it actually has 

many modifications, including both hexagonal and rhombohedral forms. 

Silicon carbide can be prepared as a coating by use of one of the following 

gas-phase reac t ions : 

a. Direct deposition of the carbide on a heated surface via vapor 

deposition 

b. Carbur izat ion of the silicon in a hydrocarbon-containing atmosphere 

c. Decomposition of the volatile meta l halide vapor on the substrate at 

a t empera ture high enough to cause inter diffusion of the carbon and the silicon 

d. Direct carbide deposition by the pyrolysis of an organometallic com­

pound. 

The f i rs t p rocess general ly gives the highest deposition ra tes and yields the 
(5) pu re s t deposi ts , since the me ta l - to -ca rbon rat io can be controlled. 

The main advantages of using a silicon carbide coating are hardness , chemi­

cal and oxidative res i s tance , t he rma l conductivity, strength, and other proper t ies 

which a r e needed for high per formance s t ruc tura l components. 

Also, a number of the bor ides , Si_N , BN, SiC, HfC, ZrC, and both B Si 

and B Si a r e suitable for use at lower t empera tu re s . In a multi layer coating s y s -
o 

t em these mate r i a l s could be used a s an initial coating to provide protection to the 

graphite during handling operat ions . 

Other ref rac tory m a t e r i a l s , which cannot be utilized directly because of 

their mismatch of the rmal expansions with graphite, can be used as alloys and 

therefore , should be considered for low tempera ture applications. 

4-19 
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4 . 2 . 2 IMPREGNATION MATERIALS 

4 . 2 . 2 . 1 Introduction 

There has been considerable in te res t for the last severa l years in the 

application of pyrolytic or ref rac tory anisotropic naaterials in aerospace com­

ponents. Several of the proper t ies that make these mate r ia l s so at t ract ive a r e : 

a. A high melting point 

b. A high s t rength- to-weight (density) rat io at high t empera tu res 

c. A high res i s tance to oxidation. 

In addition, most of these ma te r i a l s have low gas permeabi l i t ies and possess 

a low thermal conductivity perpendicular to the plane of deposition together with a 

high surface emissivi ty . 

The cha rac te r i s t i c s of pyrolytic carbon, graphite, boron ni t r ide, and boron 

pyrolytic graphite a r e presented in this repor t together with their anisotropic 

thermal and mechanical p rope r t i e s . 

4 . 2 . 2 . 2 Discussion 

Methods of Deposition 

High t empera tu re gas-phase react ions a r e employed in the processing of 

pyrolytic m a t e r i a l s . It is the par t icu lar p rocess chosen which leads to the forma­

tion of these ma te r i a l s wi thah igh degree of anisotrophy. In prac t ice , the process 

is performed by passing the vapors of a compound over a subst ra te maintained at 

an elevated t empera tu re . Here the compound is decomposed and the c rys ta l s 

nucleate and grow in a p re fe r red direct ion. In this fashion the deposit is built up 

gradually at a controlled ra t e . However, various d iscre te aspects of the p rocess 

such as the effects of furnace geometry, intermediate react ion rages , diffusion 

ra tes , and accommodation coefficients al l play a par t in producing a deposit with 

a given proper ty . 

4 
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4. 2. 2. 3 P rope r t i e s of Pyrolyt ic Mater ia ls 

Although pyrolytic carbon has been known for some t ime, an interest in this 

ma te r i a l has developed only after it was demonstrated that anisotropy could be 

obtained in this mate r ia l owing to a tendency of the basal graphite planes to deposit 

para l le l to the deposition surface. Emphasis on the highly oriented form led to the 

use of the t e r m "pyrolytic graphite" among workers in the United States. Workers 

outside the United States, however, have a preference for "pyrolytic carbon" even 

when referr ing to the more oriented forms. Because of an equal interest in less 

oriented types of the mate r i a l , those who have been engaged in the development of 

nuclear fuel par t ic le coatings have also used the more general t e rm "pyrolytic 

carbon". 

In pyrolytic graphite , a para l le l a r rangement of the basal plane of the hexa­

gonal cel ls is maintained. However, the basal planes a r e not necessa r i ly oriented 

with respec t to each other in success ive l ayers , but a r e randomly stacked. Thus, 

a hexagonal graphitic s t ruc ture requ i res that the basal planes be 3.35 angstrom 

units apar t . In defining the direct ion of the graphite s t ruc ture , the direction 

para l le l to the basal plane is t e rmed the "a" or "ab" directions and the direction 

perpendicular to the basal plane, the " c " direction. 

Because the bonding of the carbon atoms in the plane, "ab" direction, is 

essent ia l ly covalent, while the interplanar a t t ract ion, " c " direction, is largely 

e lec t ros ta t ic , near ly all of the p roper t i es of in te res t in pyrolytic carbon and graphite 

reflect this strong in-plane bonding and weak interplanar at tract ion. 

The s t ruc ture of boron ni tr ide is near ly identical to that of pyrolytic graphite 

because of the s imi lar i ty in their c rys t a l s t ruc ture . Although pyrolytic boron 

ni tr ide is not as strong as pyrolytic graphite , it is considerably more res i s tan t 
o (5) 

to oxidation at t empera tu re s up to 2000 C. 

Alloys of pyrolytic graphite have been produced by the addition of substi tu­

tional and interplanar foreign atoms to the lat t ice. These additions a re made in 
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order to change some of the mechanical , thermal , or e lec t r ica l charac te r i s t i cs of 

pyrolytic graphite, while retaining the basic proper t ies of this mate r ia l . In general , 

the addition of boron to form boron pyrolytic graphite increases the strength of the 

mater ia l , and its res i s tance to oxidation, with little change in its thermal and 
(17) 

mechanical p roper t i e s . 

In the ear ly his tory of pyrolytic graphite production the presence of res idual 

s t r e s s in the product, as a resu l t of an isotropic thermal contraction in cooling from 

the deposition t empera ture was recognized, and this factor was thought to be a 

limitation. It was la ter recognized, however, that in addition to these s t r e s s e s , 

those result ing from annealing during deposition must be taken into consideration. 

Because each succeeding layer of deposited ma te r i a l has less time to anneal, the 

net effect depends on the the rmal h is tory of each differential element of the total 

s t ruc ture . Other factors contributing to the s t r e s s pat terns a r e : 

a. Soot or tar inclusions in the s t ruc ture and 

b. The t empera tu re drop through an internally heated deposit . 

Oxidation Resis tance - The oxidation rate of pyrolytic ma te r i a l s has been 

measured and is presented in Figure 4-3 for comparison. 

F igure 4-3 Oxidation Resis tance of Pyrolytic Mater ia l s . 

69-H65983-052 

(5) (16) 

4-22 

Jimfrntirmx 



SAmOgK®^^ NUCl -EA^ 
CO^POS^ATIOIM 

A wide range of values is seen for the oxidation rate of pyrolytic graphite. 

This is due to the var ious process ing conditions experienced by the mater ia l and 

also to the reaction mechanism which becomes diffusion controlled at high tempe 
ra-

t u r e s . 

Of the represen ted ma te r i a l s , pyrolytic boron nitride oxidizes at the lowest 

r a t e . At 1200 C pyrolytic graphite oxidized at a rate 15 t imes that of pyrolytic 

boron ni tr ide, while boron pyrolytic graphite oxidized at an intermediate ra te . 

Specific Heats - The specific heats of pyrolytic graphite and pyrolytic boron 

nitr ide as a function of t empera tu re a r e shown in Figure 4-4. 
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Figure 4-4 Specific Heats of Pyrolytic Materials, (5) (19) 

The specific heat of pyrolytic graphite is seen to increase to a maximum in 

the t empera ture range 1371 to 1649 C. 
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Strength Data - The tensi le s t rengths of pyrolytic graphite and pyrolytic 

boron nitr ide as a function of t empera tu re a r e shown in Figure 4-5 . 
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Figure 4-5 Tensile Strengths of Pyrolytic Mater ia l s . 

The increase in the tensi le s t rengths of the above mater ia l s with t e m p e r a ­

ture is one of the unique proper t ies of these ma te r i a l s . As can be seen, the tensile 

s trengths of both boron pyrolytic graphite and pyrolytic boron nitr ide a r e below 

that of pyrolytic graphite . 

Exper imenta l data on the strength of composites of graphite yarn impreg­

nated with pyrolytic graphite indicate the strength of the impregnant is the con­

trolling p a r a m e t e r . As shown in F igure 4-6, two composites were prepared with 

* 
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the same graphite impregnant, but one composite was wound with a low strength 

yarn (CY2-5) and the other with a high strength yarn (Thornel-50). In comparison, 

the strength curves for the two ma te r i a l s were essentially coincident and thereby 

show no effect of the higher strength yarn. These resul ts suggest that the bonding 

between the yarn and impregnant was minimal and that full advantage of the 

strength of the yarn could be real ized if g rea te r bonding were promoted. 

6.3 

2.54 5,08 7,62 10,16 12,7 15,24 17,78 20.32 22.86 25.4 27.94 30.48 

TOTAL STRAIN, 10'"^ CM 

69-H65983-055 
(10) 

Figure 4-6 St ress ve r sus Total Strain in Carbon and Graphite Yarns 
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Thermal Conductivities - The thermal conductivities of pyrolytic mater ia l s 

in the direct ion para l le l to the deposition surface as a function of tempera ture a re 

given in Figure 4-7. 
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Figure 4-7 Thermal Conductivities of Pyrolytic Mater ia ls in the "a" 
Direction. (16) (18) 

The corresponding " c " axis thermal conductivities of pyrolytic mate r ia l s 

a r e presented in Figure 4-8 . 

The thermal conductivities of pyrolytic ma te r i a l s define these mate r i a l s to 

be excellent heat conductors in the "a" direct ion and excellent insulators in the 

" c " direction. 
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Figure 4-8 Thermal Conductivities of Pyrolytic Materials in the " c " 

Direction.{l6) (18) 

Thermal Expansions - Figure 4-9 r ep resen t s the "a" and " c " direction thermal 

expansion coefficients of pyrolytic graphite and pyrolytic boron nitride as a function 

of t empera tu re . 

4 . 2 . 2 . 4 Summary 

The unique proper t ies of the pyrolytic ma te r i a l s make them part icular ly 

a t t rac t ive for use in ae rospace components. Pyrolytic graphite is known to be the 

highest t empera tu re s t ruc tura l ina ter ia l available and on a s trength-to-densi ty 

basis pyrolytic graphite would provide the l ightest s t ruc ture possible for very high 

t empera tu re applicat ions. 

However, the oxidation res i s tance of pyrolytic graphite is inferior to that of 

ei ther pyrolytic boron nitr ide or boron pyrolytic graphite up to 2000 C. 
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Figure 4-9 Thermal Expansion Coefficients of Pyrolytic Mater ia ls in the "a" 
and " c " Direct ions . 

The high the rmal conductivity of both pyrolytic graphite and boron pyrolytic 

graphite in the "a" direct ion is par t icu lar ly advantageous since it serves to d i s t r ib ­

ute the heat of reent ry over a l a rge r radiating surface a r ea . In contras t to this , 

the thermal conductivity of these ma te r i a l s in the " c " direct ion is sufficiently low 

to enable the mate r ia l to serve as an effective heat shield. 

As the development of pyrolytic ma te r i a l s is still continuing and as signifi­

cant property improvements have a l ready been real ized, it is expected that in the 

near future it will be possible to tai lor the proper t ies of these ma te r i a l s for a spe­

cific application. However, much additional r e s e a r c h into the mechanisms of the 

matr ix- f iber bonding is required in order to reach a level of understanding whereby 

mate r i a l s with specific p roper t ies can rel iably be produced. 
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4. 2. 3 HIGH TEMPERATURE WINDING MATERIALS 

4 . 2 . 3 . 1 Introduction 

Because of their high s t rengths , ce ramic and graphite f ibers, whiskers , and 

ma t r ix m a t e r i a l s , which for many yea r s have been only laboratory curiosi t ies , 

a re today being ser iously considered as components for aerospace applications. 

One of the p r imary advantages in utilizing these mater ia l s for s t ructura l 

components is their low density and high inherent strength and modulus. These 

proper t ies a r i s e from the fact that the best available fabrication methods, together 

with the shape and size of the fiber, all tend to favor a higher degree of perfection 

within the fibrous m a t e r i a l than can be attained in a bulk mate r i a l . 

Although many high modulus, low density mate r ia l s are not easily fiberized, 

various ingenious techniques have been employed to overcome this deficiency. 

However, at this t ime, these methods a re extremely slow and expensive. Also 

of considerable importance in selecting these mate r i a l s is both the strength 

retention of these fibers at elevated t empera tu res and the chemical compatibility 

between these fibers and the various ma t r ix ma te r i a l s . 

This repor t a t tempts to cover some of the more important aspects of fibrous 

ma te r i a l s such as their tensile strength, modulus of elast ici ty, temperature r e ­

s is tance, chemical stability, forming methods, and other relevant data, 

4 . 2 . 3 . 2 Discussion 

Fac tors Affecting F iber Strength 

In general , the apparent s trengths of mos t fibers fall considerably short 

of their theore t ica l values . This can be explained by considering the following 

factors: 

a. Composit ional Fac to r s - These include molecular s t ructure , res is tance 

to chemical degradation, ha rdness , and such time dependent propert ies as creep , 

s t r e s s - r u p t u r e , and s t r e s s - c o r r o s i o n . 
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b. Process ing Fac tors - These play an important role in determining the 

internal and external s t ruc ture of the ma te r i a l . They also determine whether or 

not a ma te r i a l will be a single c rys ta l , a polycrystall ine mate r ia l , or an amorphous 

ma te r i a l . 

c. S t ructura l Factors - These factors include both the m i c r o - and m a c r o ­

scopic s t ruc ture of the mate r i a l , the type, number, and location of lattice defects, 

the nature ofthe internal s t r e s s e s , and the dimensionse 

d. Testing Fac to r s - Because the test method chosen determines how the 

load is t ransmit ted to the fiber, it can also affect the state of s t r e s s within the 

fiber prior to f racture . It is this interact ion between the s t r e s s e s and the lattice 

defects that de termines the values obtained for the s t rengths . Another factor that 

affects the apparent strength is the condition of the surface; i . e . , if it has been 

exposed to oxygen, water vapor, or wetted by some other ma te r i a l . 

Fabricat ion P r o c e s s e s 

Carbon and Graphite Mater ia l s — The most common method of producing high 

strength, high modulus carbon and graphite fibers is by the pyrolysis of an organic 

p recurso r filament. Numerous compositions have been tr ied for this purpose, 
(9) 

but viscose rayon and polyacrylonitr i le a r e the most commonly used p r e c u r s o r s . 

These thermal ly converted fibers a re commonly re fe r red to as either partially 

carbonized, carbonized, or graphit ized. In fact, all three t e r m s are commonly 

used to descr ibe the sarae m a t e r i a l . The main difference in the use of these t e r m s 

seems to be the following: 

a. F ibers prepared at t empera tu re s under 927 C a r e re fe r red to as 

part ial ly carbonized or carbonized. Graphite f ibers , although synthesized from 

the same p recu r so r m a t e r i a l s , a re processed at t empera tu res as high as 3000 C. 

b . F ibe rs having a carbon content up to 90 w/o a re often described as 

part ial ly carbonized. Those having a carbon content above 98 w/o a re re fe r red 

to as graphit ized. 

4-30 

c • • • 



eORPOAATIOm 

o 
c . Dur ing g r a p h i t l z a t i o n , c r y s t a l l i t e s i z e i n c r e a s e s from. 50 A to ca 

o o 
1000 A whi le i n t e r l a y e r spac ing d e c r e a s e s f r o m the 3 .44 A typ i ca l of c a r b o n to 

° (31) 
the 3 .35 A a c c e p t e d for the g r a p h i t i c s t r u c t u r e . 

In p roduc ing t h e s e f i b e r s o the r c o n s i d e r a t i o n s m u s t be t aken into accoun t b e s i d e s 

the m a x i m u m t e m p e r a t u r e a t t a i ned and the c a r b o n con ten t . Means of applying 

t e n s i o n to the p r e c u r s o r f i b e r s d u r i n g h e a t t r e a t m e n t m u s t be a v a i l a b l e a s th i s 

is i m p o r t a n t in a l ign ing the c r y s t a l s t r u c t u r e . This in t u r n d e t e r m i n e s the e l a s t i c 
(9) 

m o d u l u s ; the g r e a t e r the d e g r e e of o r i e n t a t i o n , the h ighe r the e l a s t i c m o d u l u s . 

T e n s i o n m a y a l s o b e app l i ed to the p r e c u r s o r f i b e r s p r i o r t o p y r o l y s i s p rov ided 

t h a t it is m a i n t a i n e d t h r o u g h o u t the c y c l e . 

High m o d u l u s f i be r s have b e e n p roduced by both p r o c e s s e s . This l eads to 

a f iber wi th a d i a m e t e r of abou t s e v e n m i c r o n s , and e i t h e r a c i r c u l a r or i r r e g u l a r 

c r o s s s ec t i on , depend ing on the p r e c u r s o r m a t e r i a l . Usua l ly the f inished f ibe r s 
(9) a r e suppl ied a s a y a r n r a t h e r t h a n a s a s ing le f i l amen t . 

Al though the c a r b o n f i b e r s h a v e poor oxida t ion r e s i s t a n c e , t h e i r s t r e n g t h 

r e t e n t i o n a t v e r y h igh t e m p e r a t u r e s m a k e s t h e m an a t t r a c t i v e m a t e r i a l for u s e 

in s t r u c t u r a l c o m p o n e n t s . 

G l a s s and F u s e d S i l i ca M a t e r i a l s 

G l a s s f i b e r s , b e c a u s e of t h e i r s e n s i t i v i t y to d e g r a d a t i o n by m e c h a n i c a l a b r a s i o n 

and c o r r o s i o n , a r e u s u a l l y p r o t e c t e d by the a p p l i c a t i o n of s i z i n g s , l u b r i c a n t s , 

and f in i shes a f t e r t h e d r a w i n g p r o c e s s . U n l e s s the su r f ace of t h e s e g l a s s f ibe r s 

i s p r o t e c t e d f r o m a b r a s i o n and o the r e n v i r o n m e n t a l in f luences , the s t r e n g t h is 

s h a r p l y r e d u c e d . A l s o any i n t e r a c t i o n b e t w e e n the g l a s s f ibe r s and the p ro t ec t i ve 

a g e n t a d v e r s e l y af fec ts the s t r e n g t h . 

R e c e n t l y , h igh s t r e n g t h fused s i l i c a f i b e r s have b e e n p roduced by us ing a 

c h e m i c a l inh ib i to r p r i o r to d r a w i n g the f i b e r s t h r o u g h a m o l t e n m e t a l such a s 
3 Z 

a l u m i n u m . A v e r a g e t e n s i l e s t r e n g t h s in e x c e s s of 56 X 10 K g / c m have b e e n 
ob ta ined wi th t h i s m e t h o d . O t h e r m e t a l s wh ich have b e e n coa ted on fused s i l i c a 
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fibers include zinc, antimony, and lead. Unsuccessful a t tempts have also been 

made to coat fused silica fibers with copper, nickel, and stainless s teel . 

Provided the surface of the fibers is protected fromi mechanical abrasion, it 

has been found by severa l invest igators that variations in the drawing process 

such as composition, nozzle d iameter , and drawing speed do not affect the mean 

fiber strength. However, a profound change in the s t ructure of glass fibers can 

be experienced during the cooling cycle. It has been postulated that rapid cooling 

favors an orientation of the weak bonds normal to the axis of drawing and resu l t s 

in higher s t rengths . 

Environmental effects such as mois ture and tempera ture also influence 

the strength of glass f ibers . It has been found that glass strength dec reases 

significantly upon exposure to mois tu re and high tempera ture heat t rea tments . 

Matr ix Mater ia ls 

The potential of using f iber-reinforced ce ramics for aerospace components 

seems to be more limited than that of e i ther r e s in or meta l ma t r ix composi tes . 

The reasons for this a r e : 

a. Excessive f ibe r -mat r ix interact ions 

b . Microcracking caused p r imar i ly by the mi s -ma tch of the rmal 

expansions between the fiber and the ma t r ix 

c. Oxidation of the fiber m a t e r i a l . 

In addition, the very high elast ic moduli and the low fracture s t ra ins of most 

ce ramics do not fully util ize the reinforcing potential of the fibers. 

The sys tems that have received the most attention a r e : 

Fiber Matr ix 

Molybdenum 

Nickel 

AI2O3, ThO^, UO^^ ZrO^ 

AI2O3, UO^, ZrO^ 
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Fiber 

Niobium 

Tungsten 

ttai*r^nt«^L 
Matr ix 

ThO^, UO^ 

^ l2°3 

S A I M O S P I S ^ ^ M U C U E A R 
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In order to incorporate these metal fibers into a ceramic matr ix the metal 

fiber is coated with a ce ramic paste and allowed to dry. Several plies of this 

ce ramic coated fabric a re then stacked and hot pressed at 1399 C to form a 

dense, well s intered ma t r i x around the reinforcement . This technique appears 

to keep the react ion between the constituents to a minimum. 

Because of the re la t ively low tempera tu re applications of fiber-reinforced 

res ins they will be considered only briefly in this repor t . The most commonly 

used res ins a r e the polyes ters , epoxies, and phenolics although much progress 

has been made in developing more thermal ly stable res ins such as the polyimides 

and the polybenzimidazoles. It would appear from the l i tera ture that the maxinnum 

useful t empera ture of these ma te r i a l s is in the 200-260 C range, far below the 

needs of the present p rogram. 

In comparison to the other ma t r ix ma te r i a l s some of the potential advantages 

of employing f iber-re inforced meta l s and alloys a r e : 

® They exhibit super ior strength at elevated tempera tures 

# A major improvement in the specific strength is evident, 

® A higher degree of anisotrophy is achieved. 

Many problems st i l l r emain to be solved in order to real ize the full potential 

of these m a t e r i a l s . Among these problems a r e composite fabrication and chemical 

compatibili ty, as the fabrication p rocesses a r e complex and varied and hence, 

the proper t ies of the final m a t e r i a l a r e great ly affected. 

Some of the ma te r i a l s that can now be purchased in sample quantities for 

testing and evaluation a r e : 
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Matrix Reinforcement 

Aluminum Beryl l ium, Boron, Silicon Carbide 

Aluminum Alloys Silicon Carbide coated Boron 

Magnesium Boron, Silicon Carbide 

Nickel Boron, Silicon Carbide, Tungsten 

Titanium Silicon Carbide coated Boron 

Among these ma te r i a l s boron/a luminum, silicon carbide coated b o r o n / 

aluminum al loys, silicon carb ide /n ickel , and silicon carbide coated boron/ t i tanium 
(9) form strong, compact composi tes . Also, silicon carbide coated boron mat r ix 

ma te r i a l s were found to have superior res i s t ance to degradation at elevated 
(12) 

t empera tu res compared to that of other m a t e r i a l s . ' In summary, it should 

again be emphasized that al l of the above mate r i a l s a re chemically and mechanically 

quite complex. Much p rogress has been made, but much remains to be accomplished 

before reproducible and re l iable ma t r ix ma te r i a l s can be obtained. 

Other Ceramic Mater ia l s 

As the strength of a ma te r i a l is highly dependent on its mic ros t ruc tu re , which 

in turn is di rect ly related to the forming process , a comparison of the various 

forming p rocesses is of impor tance . 

Continuous fibers can be formed by a ce ramic extrusion technique in which 

finely divided oxide par t ic les a re mixed with an organic binder and then extruded 

through platinum or i f ices . However, considerable care must be taken in con­

trolling the the rmal t r ea tmen t during processing in order to prevent excessive 

grain growth of the originally smal l oxide par t i c les . 

Another technique that is commonly employed is vapor deposition. This 

consists of reducing or decomposing a volatile compound of the des i red coating 

ma te r i a l onto a heated subs t ra te , usually a fine wire or other conductive filament. 

However, this decomposit ion must be accomplished below the melting points of the 

coating m a t e r i a l and the subst ra te ma te r i a l . 
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Filaments produced by the vapor deposition technique a re , by the very 

nature of the p rocess , composite ma te r i a l s containing a metal l ic core surrounded 

by a ce ramic coating. By closely controlling the processing pa ramete r s , high 

strength filaments have been produced by this method. 

Among the numerous other p rocesses which have been used to form poly­

crystal l ine ma te r i a l s a re plasma deposition, drawing of the mate r ia l from a melt , 

and fused salt e l ec t ro lys i s . 

Whisker Mater ia ls 

(7) 
The dependence of whisker strength on size has been well documented. 

It has been demonstrated by severa l workers that the high strength dependency of 

whiskers is p r imar i ly due to the g rea te r probability of fewer internal or external 

flaws being present in whiskers than a re present in other ma te r i a l s . 

It has also been demonstrated that any outgrowths which produce s t r e s s con­

centrat ions can ser iously dec rease the whisker strength, but that this can be 
(10) 

part ial ly correc ted by etching of the outer surface of the whisker . 

A variety of techniques has been employed for growing whiskers , especially 

for the metal l ic variety. These have been gro'wn spontaneously from plated 

meta l s and in eutectic al loys. Whiskers have also been grown by condensation 

from the vapor phase, by e lec t ro lys i s , by rapid cooling of aqueous solutions, 

by changes in p r e s s u r e , and by the high tempera ture reduction of metal l ic salts 

in a hydrogen a tmosphere . This la t ter method is the most widely used industr ial 

process for the production of whisker m a t e r i a l s . 

In order to a s s u r e a supply of uniformly high-strength whiskers very careful 

control naust be maintained over al l the processing pa ramete r s as the variations 

in these p a r a m e t e r s strongly influence the strength of whisker ma te r i a l s . 

Methods of Evaluation — The three methods most commonly used for de te r ­

mining the s t rengths of a fiber a r e : 
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a. The tensile tes t 

b . The bend tes t 

c. The loop tes t 

Each of these methods has its l imitat ions, but it is general ly considered that the 

tensile test yields the most precise values since the s t r e s s is evenly distributed 

throughout the ent i re f iber. With the other two methods, only the outer paramteter 

of the fiber at the point of maximum curvature is s t ressed to the maximum value. 

The tensile test is based essent ia l ly on pulling a fiber apar t by gripping the 

ends and applying a load along the fibers ax i s . The s t r e s s value obtained is 

determined by simply dividing the breaking load by the f iber 's c ross sectional 

a r ea . 

Three of the most common difficulties in using this type of test a r e ' 

a. Maintaining a f irm gr ip on the fiber without damaging the fiber 

in the gr ip a rea , 

b . Ensuring proper alignment of the load along the f iber 's axis 

c. Determining the true c ro s s sectional a rea of the fiber. 

In cont ras t to the tensile test , the bend and loop tes t s depend essent ial ly 

on imparting a symmet r i ca l curvature to the fiber. This places the outer surface 

of the fiber at the point of maximum curvature under maximum s t r e s s . 

One of the most common e r r o r s that is encountered in using these tes ts 

is in the prec ise measu remen t of the d iameter of the mate r ia l , especially for the 

very minute fibers and whiske r s . Other sources of e r r o r would occur if: 

a. The fiber does not have a uniform or symmet r i ca l c ro s s sectional 

a rea throughout 

b . The fibers a r e not homogeneous and isotropic 

c. The elast ic modulus in tension is not equal to that in compress ion 

for the par t icular m a t e r i a l . 
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A s c a n be s e e n f r o m the above d i s c u s s i o n , when s t r e n g t h da ta is of c r i t i c a l 

i m p o r t a n c e , t e s t s on spec i f i c lo t s of m a t e r i a l should be p e r f o r m e d . 

P r o p e r t i e s of R e i n f o r c i n g F i b e r s 

C h e m i c a l P r o p e r t i e s ~ The m e l t i n g points and d e n s i t i e s of both cont inuous 

and w h i s k e r m a t e r i a l s a r e t abu l a t ed in Tab le 4 - 1 9 . 

T A B L E 4 -19 

C H E M I C A L P R O P E R T I E S O F REINFORCING FILAMENTS 

F i l a m e n t 

1. C ont inuous 

A. G l a s s 

E - g l a s s 

E / H T S 

YM31A 

S-994 

29-A 

S i 0 2 

B . G r a p h i t e 

C a r b o r u n d u m Co. 

C o u r t a u l d s , Ltd . 

H i t co 

M o r g a n i t e , Ltd . 

Union C a r b i d e ^ 

> 

C, M e t a l 

Be 

B 

Mo 

W 

Mel t ing Po in t 
oc(7) 

840 

840 

840 

840 

900 

1,660 

3 ,650 

1,285 

2 ,200 

2 , 6 2 2 

3 ,410 

Dens i ty (Theo re t i c a l ) 
g / cm3(7 ) (11) 

2 . 5 5 

2 . 5 5 

2 .77 

2 . 4 9 

2 . 6 6 

2 . 1 9 

1.49 

1.94 

1.8 

1,9 

1.63 

1.85 

2 . 3 5 

10 .2 

1 ^9.3 
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TABLE 4-19 

CHEMICAL PROPERTIES OF REINFORCING FILAMENTS (CONT) 

I 
4 

Filament 
Melting Point 

oc(7) 
Density (Theoretical) 

g/c ;m 

1. 

4. 

6. 

4. 

15. 

6 

2 

3(7) (11) 

86 

5 

1 

92 

7 

56 

1 

D. Non-Metal 

C 

TiB2 

ZrB2 

TiC 

WC 

ZrC 

BN 

3 ,700 

2, 940 

3, 060 

3 ,095 

2 ,750 

3 ,400 

2, 982 

Whiskers 

A. Ce ramic 

AI2O3 

BeO 

B4C 

Graphite 

SiC 

Si3N4 

B. Metals 

Cu 

Cr 

Fe 

Ni 

2. 

2, 

2. 

3, 

2, 

1. 

1 

1 

1 

1 

000 

550 

490 

650 

700 

900 

083 

890 

540 

455 

3. 

3. 

2. 

2. 

3. 

3. 

8 

7, 

7 

8 

98 

01 

52 

1 

22 

19 

92 

2 

85 

98 
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Linear Thermal Expansions and Strength Data — Room tempera ture thermal 

expansions and strength data of a variety of continuous, whisker, and mat r ix 

ma te r i a l s a r e reported in Table 4-20, and the mechanical propert ies of various 

graphite filaments a r e listed in Table 4 -21 . 

Figure 4-10 shows a comparison of the mechanical propert ies as a function 
(28) of deposition tempera ture from two studies on carbon fibers 

4 . 2 . 3 . 3 Summary 

Of the various types of composite ma te r i a l s , the f iber-composites a re r e ­

ceiving widespread attention. These mater ia l s offer the grea tes t potential where 

high strength, high modulus, and low density a re pr ime requis i tes . In addition, 

a wide range of proper t ies is available because high performance fibers and 

mat r ix ma te r i a l s can be arranged in many configurations varying from uniaxial 

alignment to one of complex weaves. 

Because many of these new fibers are more re f rac tory and more chemically 

and mechanically stable than glass fibers the development of new, high tempera ture 

composites is being real ized. 

As a resu l t of these r e s e a r c h and development efforts an ever increasing 

volxime of information is being generated but to date, no data has been compiled 

which would aid in predicting which charac te r i s t i cs would produce the best overal l 

p roper t ies such as impact res i s tance , matr ix-f iber bonding, and fabricability for 

a given sys tem. 

Of the many ma te r i a l s available, those employing fibers of boron, especially 

silicon carbide coated boron filaments, silicon carbide, or graphite appear to be 

the most promising from a strength to density bas i s . However, these mate r ia l s 

a r e s t i l l in the developmental stage and further documentation of their proper t ies 

is needed before these ma te r i a l s can be fully utilized. 

V 
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T A B L E 4 - 2 0 

MECHANICAL P R O P E R T I E S O F REINFORCING F I L A M E N T S 

F i l a m e n t 

1. Cont inuous 

A. G l a s s 

E - g l a s s 

E / H T S 

YM31A 

S-994 

29-A 

Sx02 

B . Graph i t e -

C a r b o r u n d u m Co. 

C o u r t a u l d s , Ltd. 

Hi tco 

Morgan i t e Ltd. 

Union C a r b i d e 

C. Me ta l 

B e 

B 

M o 

W 

A p p r o x i m a t e T h e r m a l 
Expans ion Coeff icient 
in/( in)(OC) X 10"^ at 
Room T e m p . (1) (7) (14) (15) 

\ 

^ 5 . 0 

/ 

0 .56 

% 

/ 

> 3.77 

13-18 

8 . 3 

5.43 

4 . 6 

Exper imienta l Tens i l e 
S t reng th , 10^ 
K g / c m ^ at Room 
T e m p . (7) (9) (13) 

17 .5 

35 

35 

4 5 , 5 

56 

59 .5 

19 .6 

1 7 . 5 - 2 6 . 2 

10. 5-21 

1 4 - 3 1 . 5 

1 2 . 6 - 2 8 

15.4 

24 .5 

22 .4 

28 

Youngs Modulus , 
10^ K g / c m 2 at 
Room T e m p . (7) (9) (13) 

0. 074 

0. 074 

1. 12 

0 .088 

1. 01 

0 .074 

3. 5 

1. 9 6 - 4 . 2 

1 .75 -3 . 5 

2 . 4 5 - 4 . 5 5 

1 .75 -3 .5 

2 . 9 4 

4 . 5 5 

3 .64 

4. 13 

m 
p 

n g 
^ 2 
0 ^ 

\l 
m 

See Table 4-21 
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TABLE 4-20 

MECHANICAL PROPERTIES OF REINFORCING FILAMENTS (CONT) 

F i l a m e n t 

D. N o n - M e t a l 

C 

TiB2 

Z r B 2 

T i C 

WC 

Z r C 

B N 

2. W h i s k e r s 

A. C e r a m i c 

AI2O3 

B e O 

B 4 C 

G r a p h i t e 

S i C 

Si3N4 

A p p r o x i m a t e T h e r m a l 
Expans ion Coeff icient 
in / ( in) (OC) X 10"^ at 
Room T e m p . (1) (7) (14) (15) 

— 

9 

7 . 5 

9 - 1 0 . 2 

5 

9 

7 .56 

6 - 9 

8-13 

4 . 3 

4 

5 . 4 

2 . 4 8 

E x p e r i m e n t a l Tens i l e 
S t reng th , 10^ 
K g / c m ^ at Room 
T e m p . (7) (9) (13) 

12 .6 

1.33 

2 . 3 

4 . 7 5 

3 . 5 

1.96 

15.4 

11. 2-182 

140-196 

6 5 . 4 

2 1 0 

7 - 1 1 5 . 5 

105 

Youngs Modulus , 
10^ Kg /cm2 at 
Room T e m p . (7) (9) (13) 

0 .42 

3 . 7 8 - 5 , 3 9 

4 . 4 8 

3 . 1 5 - 4 . 2 

5 . 1 8 - 7 , 1 4 

4 . 1 3 - 4 . 2 

0 .91 

4 . 2 

4 . 2 

4 . 9 

10. 15 

4 . 5 5 

2 . 8 

-I 
0 
z 



I TABLE 4-20 

MECHANICAL PROPERTIES OF REINFORCING FILAMENTS (CONT) 

F i l a m e n t 

B . Me ta l s 

C u 

C r 

F e 

N i 

C. M a t r i x M a t e r i a l s 

AI/AI2O3 

A l / B 

A l / S i C 

B / S i 0 2 

I B /W 

M g / B 

N i / B 

Ni /S iC 

N i / W 

T i /S iC 

W/SiC 

C / E poxy 

S iC /Epoxy 

B /Po ly imide 

A p p r o x i m a t e T h e r m a l 
Expans ion Coefficient 
in / ( in) (°C) X 10-^ a t 
Room T e m p . (1) (7) (14) (15) 

16 .6 

6 . 2 

11.7 

13. 3 

E x p e r i m e n t a l T e n s i l e 
S t reng th , 10^ 
K g / c m ^ at Room 
T e m p . (7) (9) (13) 

2 9 . 9 

90. 5 

133 

39 .2 

4 . 7 5 

11.4 

6 ,43 

2 4 . 5 

28 

9 .63 

13. 15 

10.65 

15.5 

9 . 1 

2 5 . 3 

6 . 3 

7 . 2 

9 . 5 

Youngs Modulus , 
10^ K g / c m ^ a t 
Room T e m p . (7) (9) (13) 

1.26 

2 .45 

2 .02 

2. 17 

1.82 

2 .24 

2 ,31 

3 .64 

3 .84 

2. 19 

2 ,28 

3 .08 

2 .95 

2 . 1 

4 , 6 9 

1.54 

2 .03 

2. 84 
1 



TABLE 4-21 

MECHANICAL PROPERTIES OF VARIOUS GRAPHITE FILAMENTS* 

Designa t ion 

C a r b o r u n d u m Co. 

GSC42 

GSG42 

C o u r t a u l d s , Ltd. 

Type A 

Type B 

Type C 

Hitco 

HMG25 

HMG40 

HMG50 

Morgan i t e Ltd. 

Type I 

Type II 

Union Ca rb ide 

T h o r n e l 25 

T h o r n e l 40 

T h o r n e l 50 

Tens i le S t rength , 
103 K g / c m ^ at Room 
T e m p e r a t u r e 

7 - 1 2 . 6 

7 - 1 2 . 6 

1 9 . 2 - 2 2 . 8 

17 .5 -21 

2 2 . 8 - 2 6 . 2 

10 .5 

17.5 

21 

14-21 

2 4 . 5 - 3 1 . 5 

12.6 

24 .5 

28 

Youngs Modulus, 
10^ K g / c m ^ at Room 
T e m p e r a t u r e 

0 . 2 1 - 0 . 3 5 

0 . 2 1 - 0 . 3 5 

1 .96-2. 3 

3 . 5 - 4 . 2 

2 . 4 5 - 2 . 8 

1.75 

2 . 8 

3. 5 

3 . 8 5 - 4 . 5 5 

2 . 4 5 - 3 . 15 

1.75 

2. 8 

3. 5 

4^ =!̂ Data obtained f rom i n a n u f a c t u r e r ' s b r o c h u r e s 
n 

m 
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4 . 2 , 4 REFRACTORY LINER MATERIAI^ 

4. 2. 4. 1 Introduction 

A number of re f rac tory e lements and compounds have been evaluated as 

possible liner ma te r i a l s for fuel capsules . Two specific groups, the refractory 

metals and oxides, appeared to fulfill the initial requirements of high temperature 
238 stability and suitable compatibili ty behavior in di rect contact with Pu O-,. The 

ref rac tory bor ides , carb ides , n i t r ides , and raixed oxides have also been evaluated 

for use as possible liner ina te r ia l s , although a b a r r i e r mate r ia l is required 

between these compounds and the fuel. 

This section presents the thermal , mechanical , and physical propert ies 

of these ma te r i a l s together with existing react ion data of these mater ia l s with 

both graphite and 'Pxx^^^O^. 

4 . 2 . 4 . 2 Discussion 

Chemical Compatibility of Refractory Mater ia ls 

Compatibility between two ma te r i a l s in contact is governed by both the 

physical and chemical proper t ies associated with each raater ia l . These propert ies 

include melting points, densi t ies , s t rengths , thermal expansions, specific 

heats , t he rma l conductivities, and any tendencies for compound or solid solution 

formation. 

Of the candidate re f rac to ry l iner ma te r i a l s only the refractory metals 

i r idium, molybdenum, niobium, rhenium, tantalum, and tungsten and the oxides 

beryl l ia , hafnia, magnesia , thoria, and zirconia have been considered for possible 

use in di rect contact with Pu'^ °Op. Other ref rac tory compounds such as the bor ides , 

carb ides , n i t r ides , and mixed oxides, because of their expected interaction with 

Pu O^ can not be considered for use in d i rec t contact with the fuel but can be 

utilized as a possible liner ma te r i a l , provided an adequate b a r r i e r mate r ia l is 

placed between the fuel and these re f rac tory m a t e r i a l s . 
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With PuO - Some r e s e a r c h has been conducted concerning the compatibility 
-^ 238. 

of various ref rac tory metals and oxides with Pu O . Table 4-23 l ists possible 

refractory oxides and their react ion t empera tu res with PuO . Of these oxides, 

complete solid solution has been established in the binary sys tems involving PuO 

with ThO and ZrO above 1500°C. However, it has been found that ThO 

and ZrO do not show solid solution formation at 1250 C. Although beryll ia 

appears to be the most chemically stable candidate and indicates less tendency 

toward interact ion in the t empera tu re range to 2135 C, handling difficulties a re 

encountered as a resul t of its high neutron output. Hafnia has been completely 

eliminated as a possible candidate because of its interaction with PuO at essential ly 

all t empera tu res above 1000 C. Therefore , the most likely oxides for use 
23 8 

with Pu O would appear to be MgO, with a react ion tempera ture somewhat 

above 1500 C, and ThO or Z rO , with a react ion tempera ture above 1250 C. 

P r i o r compatibility resu l t s for PuO have indicated a fair degree of stability 
(28) 

with re f rac tory me ta l s . Data from compatibility t r i a l s indicate a general 

absence of severe react ion with molybdenum at all t empera tu re s , a slight surface 

pitting and compound formation with both rhenium and i r id ium which increases 

with increasing t empera tu re , and a very well defined attack with tungsten which 
(23) (28) 

inc reases in penetrat ion with increasing t empera tu re . 

It should be emphasized, however, that these studies have been mainly 

cu r so ry in nature in that only a l imited number of exper iments have been under­

taken. It has been found, though, that in near ly all the mate r i a l s tested, fuel 

impuri t ies have been evident in the react ion product with little or no involvement 
, , „ 238^ (25) 

of the Pu O . 

While data based on the standard f ree-energy change for plutonium oxide-

meta l react ions indicates that a react ion between these ma te r i a l s is not favored, 

there exists a driving force in a closed sys tem which precipi ta tes a react ion. 

Cubic plutonia, which can exist as a single phase over a composition range from 

PuO to PuO , , mus t be considered as a two-component sys tem which exhibits 
2 1,61 
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a bivariant behavior . A s a closed systein, the degree of dissociation of the 

plutonia would depend on the amoxint of void volume in the system or the affinity 

of the encapsulant ma te r i a l . However, if there is a "sink" for the oxygen, chemical 

as well as geomet r ica l considerat ions enter into the degree of dissociation. 

As the chemical potential of oxygen in PuO^ is higher than that in the metal 

oxides then by the second law of thermodynamics the chemical potential of any 

species must have the same value in all phases when equilibrium is established 

and thus oxygen will be t ranspor ted from the plutonia to the metal until a metal 

oxide is forraed. It is via this mechanism that molybdenum is more compatible 
238 with Pu O than any of the other ref rac tory metals in that it is necessary for 

the oxygen potential to fall to that of PuO before molybdenum oxide is formed. 
1 , oo 

Table 4-25 l ists the react ion t empera tu re s of the refractory metals with PuOo. 

(28) 

With Graphite — Because of the high cost of test specimens and the inability 

to produce a rea l i s t i c environmental simulation, compatibility data for graphi te-

re f rac tory ma te r i a l s is difficult to co r r e l a t e . The approaches taken in property 

measu remen t s were essent ial ly de terminis t ic with little consideration for the 

s ta t is t ica l cha rac te r of the t e s t s . Also because the applications of coated graphite 

a r e so varied and specialized there was l i t t le , if any, effort being directed towards 
(32) 

standardizat ion of tes t p rocedures , 

a. Refractory Zirconates 

The compatibili ty data for the ref rac tory zirconates is listed in 

Table 4-22. Calcium zirconate is compatible with graphite to a temperature 

g rea t e r than 1704 C. No data has been found for the compatibility of ba r ium 

zi rconate . 

b . Refractory Oxides 

The compatibility data for the ref rac tory oxides is l isted in Table 4-23 . 

Of the represen ted oxides magnes ium oxide is the most corapatible with graphite. 
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TABLE 4-22 

COMPATIBILITY OF REFRACTORY ZIRCONATES 
(1) 

Zirconate 

BaO • ZrO 

CaO • ZrO 

Melting 
Point, °C(1) 

2649 

2344 

Density 
g/cc( l ) 

6.26 

4.76 

Tempera ture of Reaction, 
OC With Graphite 

> 1704 

TABLE 4-23 

COMPATIBILITY OF REFRACTORY OXIDES 
(4)(21)(22)(23)(24)(25)(28) 

Oxide 

BeO 

HfO^ 

MgO 

ThO 
Ca 

ZrO 
Ca 

Melting 
Point. °C(2) 

2530 

2812 

2800 

3050 

2590 

Density 
g/cc(2) 

3.01 

9.68 

3.58 

9.86 

5.75 

Tempera ture of Reaction, C 
With Graphite 

1300 

1730 

1800 

1600 

1400 

With PuO^ 

2135 

>1000 

1500 

1500 

1500 

c. Refractory Nitr ides 

The compatibili ty data for the refractory ni t r ides is l isted in Table 

4-24. Data has been found for only two of the ni t r ides and it would appear from 

this information that boron ni tr ide is the most compatible with graphite. 
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TABLE 4-24 

COMPATIBILITY OF REFRACTORY NITRIDES ( i : 

Nitride 

BN 

HfN 

TaN 

TiN 

ZrN 

Melting 
Point, °C(2) 

2704 

3305 

3360 

2930 

2980 

Density 
g/cc(2) 

2.25 

13.94 

16.3 

5.22 

7.09 

Temperature of Reaction, 
°C With Graphite 

1982 

-

-

> 1649 

_ 

d. Refractory Metals 

The compatibility data for the refractory metals is listed in Table 

4-25. Although i r id ium is the most compatible raetal with graphite its interaction 

with plutonia l imits its usefulness. 

TABLE 4-25 

COMPATIBILITY OF REFRACTORY METALS 
(4)(21)(22)(23)(28) 

Metal 

I r 

Mo 

Nb 

Re 

Ta 

W 

Melting 
Point. V ( 1 5 ) 

2410 

2610 

2468 

3180 

2996 

3410 

Density 
g/ec( lS) 

22.42 

10.22 

8,57 

21.02 

16.6 

19,3 

Tempera ture of Reaction, C 
With Graphite 

>2110 

1200 

1400 

-

1000 

1400 

With PuO 

> 1250 

> 1750 

> 1593 

<1500 

>1704 

1593 
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e. Refractory Carbides 

The compatibili ty data for the refractory carbides is listed in Table 

4-26. Of the represented carbides it would appear from the limited data found 

that boron carbide is the most compatible with graphite. 

TABLE 4-26 

COMPATIBILITY OF REFRACTORY CARBIDES^ 

Carbide 

^ = 

HfC 

NbC 

SiC 

TaC 

TiC 

ZrC 

Melting 
Point, °C(2) 

2350 

3885 

3500 

2700 

3880 

3140 

3530 

Density 
g/cc(2f 

2.52 

12.20 

7.6 

3.21 

13.9 

4.93 

6.73 

Tempera ture of Reaction, 
°C With Graphite 

>2204 

-

<2235 

> 1288 

<2235 

-

-

f. Refractory Borides 

The compatibil i ty data for the refractory borides is l isted in Table 

4-27. Data has been found for only two of the borides and it would appear fronn 

this information that hafnium boride is the most compatible with graphite. 

Mechanical P rope r t i e s of Refractory Mater ia ls 

Linear Thermal Expansions Between 21 - 22 04 C - Tables 4-28 through 

4-33 l is t the average coefficients of l inear thermal expansion of the refractory 

z i rconates , oxides, n i t r ides , me ta l s , carbides , and bor ides . 
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TABLE 4-27 

COMPATIBILITY OF REFRACTORY BORIDES 
(4) 

Boride 

Cr^B 

HfB^ 

NbB^ 

T h B , 
4 

TiB^ 

ZrB 
Ca 

Melting 
Point, °C(2) 

3300 

3062 

2900 

2510 

2900 

3000 

Density 
g/cc(2f 

6.53 

11.2 

6,97 

7.5 

4.5 

6.09 

Temperature of Reaction 
OC With Graphite 

-

>2500 

-

-

-

>2420 

TABLE 4-28 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS ZIRCONATESd) 

Zirconate 

BaO- ZrO 
CA 

CaO • ZrO 
La 

Tempera tu re 
Range, C 

25 - 999 

25 - 999 

Thermal Expansion Coefficient 
in/(in) (°C) XlO-6 

8.46 

10.45 

•• • • • • • • • • 
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TABLE 4-29 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS OXIDES^) 

Oxide 

BeO 

HfO 

MgO 

ThO^ 

ZrO^ 

Tempera ture 
Range, C 

1204 - 2093 

982 - 2204 

982 - 2204 

1427 - 2204 

1316 - 2204 

Thermal Expansion Coefficient 
in/(in) (°C) X 10-6 

13.5 

11.9 

17.2 

12.85 

15.75 

TABLE 4-30 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS NITRIDES(l) 

Nitride 

BN 

HfN 

TaN 

TiN 

ZrN 

Tempera tu re 
Range, C 

21 - 1093 

24 - 1371 

21 - 704 

593 - 1427 

593 - 1427 

Thermal Expansion Coefficient 
in/(in) (°C) X 10-6 

7.56 

6.48 

3.6 

9.0 

7,74 

4-52 
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TABLE 4-31 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS METALS^l^) 

Metal 

I r 

Mo 

Nb 

Re 

Ta 

W 

Tempera tu re o Range, C 

0 - 100 

20 - 1593 

0 - 1000 

20 - 1000 

20 - 1500 

0 - 500 

Thermal Expansion Coefficient 
in/(in) ( C) X 10-6 

6,5 

6.65 

7.88 

6.7 

8.0 

4.45 

TABLE 4-32 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS CARBIDES ^̂  ^ 

Carbide 

B,C 

HfC 

NbC 

SiC 

TaC 

TiC 

ZrC 

Tempera tu re 
Range, C 

871 - 2204 

816 - 2204 

21 - 2204 

538 - 2204 

21 - 2204 

816 - 2204 

816 - 2204 

Thermal Expansion Coefficient 
in/(in) (°C) x lO-6 

6.08 

7.92 

7.38 

5.4 

7,46 

9.9 

9.0 

'Qf^ft^^^P^W^m^t 
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TABLE 4-33 

AVERAGE COEFFICIENTS OF LINEAR THERMAL 
EXPANSION OF VARIOUS BORIDES (̂ ^ 

Boride 

Cr B 
Ca 

HIB^ 

NbB 
C£ 

ThB^ 
4 

TiB 

ZrB^ 

Tempera tu re 
Range, C 

21 - 2204 

21 - 2204 

21 - 1649 

20 - 982 

21 - 2204 

21 - 2204 

Thermal Expansion Coefficient 
in/(in) (°C) X 10"6 

8.64 

7.56 

8.64 

5.94 

8.64 

8.28 

Strength Data at 1093 C - Tables 4-34 through 4-38 l is t the mechanical 

proper t ies of the refractory oxides, n i t r ides , meta l s , carbides , and bor ides . 

TABLE 4-34 

MECHANICAL PROPERTIES OF VARIOUS OXIDES ( i : 

Oxide 

BeO 

MgO 

ThO 

ZrO^ 

Modulus of 
Rupture, 10^ Kg/cm2 

1093°C 

1.96 

1.05 

-

0.70 

Tensile Strength 
103 Kg/cm2 

1093 C 

0,21 

0,35 

-

0,84 

Youngs Modulus 
10° Kg/cm2 

1093 C 

3.5 

2.59 

2,03 

1.05 
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TABLE 4-35 

MECHANICAL PROPERTIES OF VARIOUS NITRIDES (1) 

Nitride 

BN 

Modulus of 
Rupture lO^ Kg/cm2 

1093°C 

0.14 

Tensile Strength 
103 Kg/cm2 

1093 C 

0.035 

Youngs Modulus i 
10DKg/cm2 

1093 C 1 

0.07 

TABLE 4-36 

MECHANICAL PROPERTIES OF VARIOUS METALS (15)(20)(27) 

Metal 

I r 

Mo 

Nb 

Re 

Ta 

W 

Modulus of 
Rupture, 10^ Kg/cm2 

1093°C 

-

1.4 

0.91 

-

0.43 

0.91 

Tensile Strength 
10^ Kg/cm2 

1093 C 

3.15 

1.4 - 2 . 1 

0.91 - 1.19 

8.69 

1.05 - 1.4 

3.5 - 5,25 

Youngs Modulus I 
106 Kg/cm2 

1093°C 

-

2.73 

-

" 

1.54 

3.5 1 

TABLE 4-37 

MECHANICAL PROPERTIES OF VARIOUS CARBIDES ( i : 

Carbide 

HfC 

Modulus of 
Rupture, 10^ Kg/cm2 

1093°C 

2.09 - 2.42 

2.24 

Tensile Strength 
10^ Kg/cm2 

1093°C 

-

Youngs Modulus 1 
10^Kg/cm2 

1093^0 1 

I 

•• ••• » -PQi<rioFj>rift»< 
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TABLE 4-37 
(1) 

MECHANICAL PROPERTIES OF VARIOUS CARBIDES' (Cont) 

Carbide 

SiC 

TaC 

TiC 

ZrC 

Modulus of 
Rupture, 10-^Kg/cm2 

1093°C 

1.47 

3.01 

4.2 

2.45 

Tensile Strength 1 
10^ K g / c m ^ 

1093 C 

-

-

0.07 

1.05 

Youngs Modulus 
l O ^ K g / c m ^ 

1093 C 1 

3.5 

-

-

3.5 

TABLE 4-38 

MECHANICAL PROPERTIES OF VARIOUS BORIDES 
(1) 

Boride 

ZrB^ 

Modulus of 
Rupture, 1 0 ^ K g / c m 2 

1093°C > 

2.8 

0.049 

Youngs Modulus 
10 6Kg/cm2 

1093 C 

3.85 

3.85 

Specific Heats and Thermal Conductivities at 1093 C - Tables 4-39 through 

4-43 l is t the thermal p roper t i es of the refractory oxides, n i t r ides , meta l s , c a r ­

bides, and bor ides . 

4 - 5 6 
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T A B L E 4-39 

T H E R M A L P R O P E R T I E S OF VARIOUS OXIDES' 

Oxide 

BeO 

HfO^ 

MgO 

ThO 

Z r O ^ 

Specif ic Hea t 
g . C a l / ( g ) (°C) 

1093°C 

0.5 

0.11 

0.33 

0.07 

0.16 

T h e r m a l Conduct iv i ty 
g . C a l . c m / ( h r ) (cm^) (°C) 

1093°C 

148.8 

22.3 

5.95 

2.23 

2.23 

T A B L E 4-40 

T H E R M A L P R O P E R T I E S OF VARIOUS NITRIDES' 

N i t r i d e 

BN 

HfN 

TaN 

TiN 

Z r N 

Specific Hea t 
g . C a l / ( g ) (°C) 

1093°C 

0,47 

0,08 

0.1 

0.21 

0,13 

T h e r m a l Conduct iv i ty 
g . Ca l . c m / ( h r ) (cm2) (°C) 

1093°C 

133.92 

133.92 

-

230.64^^) 

171.12 
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TABLE 4-41 

THERMAL PROPERTIES OF VARIOUS METALS' 

Metal 

Mo 

Nb 

Re 

Ta 

W 

Specific Heat 
g . Cal/(g) (°C) 

IO93OC 

0.057 

0.075 

0.033 

0,038 

0.038 

Thermal Conductivity 
g . Cal . cm/ (hr ) (cm2) (°C) 

1093°C 

1041 

-

-

-

1120 

TABLE 4-42 

THERMAL PROPERTIES OF VARIOUS CARBIDES' 

Carbide 

B4C 

HfC 

NbC 

SiC 

TaC 

TiC 

ZrC 

Specific Heat 
g . Cal/(g) (°C) 

1093°C 

0.51 

0.07 

0.13 

0.31 

0.08 

0.21 

0.13 

Thermal Conductivity 
g . Cal . cm/ (hr ) (cm2) (°C) 

1093°C 

119 

223.20 

-

163.68 

-

357.12'^ ' 

297.60*^' 

4-58 



INFI 
CORPOI^ATIQN 

TABLE 4-43 

THERMAL PROPERTIES OF VARIOUS BORIDES (1) 

Boride 

HfB^ 

NbB 

ThB, 
4 

TiB 

ZrB^ 

Specific Heat 
g • Cal/(g) (°C) 

1093°C 

0.095 

0.2 

0.12 

0.3 

0.18 

Thermal Conductivity 
g • Cal • cm/(hr ) (cm^) (°C) 

1093°C 

401.76 

163,1 

-

401.76 

282,72 

4, 2. 4. 3 Suramary 

Thermodynamic considerat ions eliminated all but a few mater ia ls for use in 

d i rec t contact with PuO at t empera tu res above 1500 C because of compatibility 

p roblems . The experimental evaluation of these few showed that molybdenum and 
•^ O Q 

magnesia were compatible with Pu O- at t empera tures of 1750 C and 1500 C, 
* ( M s 

respect ively. At these t empera tu res little or no evidence of reaction was observe 

on molybdenum mate r i a l s whereas some interaction was observed in the MgO 

specimens vinder the same conditions. Fo r lower tempera tures , up to 1250 C, 

both ThO and ZrO can be considered for use as it has been demonstrated that 

these oxides do not show solid solution formation at this tempera ture . 

Of the l iner ma te r i a l s that have been considered for indirect use, boron 

ni t r ide, boron carbide , and hafnium boride appear to be worthy of further investi­

gation, par t icu lar ly for use with molybdenum. 
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4. 3 SIREN CAPSULE FUELING ANALYSIS 

4 . 3 , 1 INTRODUCTION 

The purpose of the SIREN Capsule Fueling Analysis is to determine, for 
238 future verification, techniques for fabricating and/or fueling using those Pu O 

isotopic fuel forms current ly available and under development. 

The fuel forms considered in the Fueling Analysis a r e : 

® Microsphere 

# Solid solution 

# Ce rme t 

@ Sintered oxide 

23 8 
Each of the Pu O^ fuel forms requ i res a different approach to the technical 

aspects of fabrication and /o r fueling. The compatibility of mater ia l s must also 

be factored in so that suitable l iner ma te r i a l s can be chosen for each fuel form 

based on the best information cur ren t ly available. 

Health safety is given pr ime considerat ion in determining the fueling 

techniques for "cold" fabricated and "hot" fabricated capsules . The general 

philosophy which will prevai l in the analysis is that all "cold" fabricated fueling 

and/or "hot" fabricated capsules will be performed in a "surgical ly clean" man­

ner , insofar as possible, to reduce the magnitude of contamination and associated 

health haza rds . 

Cost e s t ima tes , based on d i rec t labor, mate r ia l s and equipment necessary 

for each approach, a r e made and presented, 

4. 3. 2 COLD FABRICATION AND MICROSPHERE FUELING OF SIREN 

4 . 3 . 2 , 1 Fuel Description 

Mound Labora to r ies , Monsanto Resea rch Corporation, Miamisburg, Ohio 
238 (1 2) 

is the p resen t supplier of Pu O m i c r o s p h e r e s . ' 
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This fuel, as supplied for use in space isotopic power p rograms , consis ts 

of mic rospheres ranging in size from 50 to 250 |J.. Health safety requirements 

current ly requi re that the fine content below 47 (J. be dras t ica l ly reduced. Mound 
238 

has reported that Pu O part iculate less than 47 y. is par t icular ly biologically 

hazardous from the a i rborne (inhalation) standpoint. 

(2) 
The fuel specifications for SNAP 27 , byway of example, require that the 

-3 
upper l imit of fines from each 200-gram batch shall not be more than 1 x 1 0 

weight percent of part iculate less than 47 |ji d iameter . This amounts to 2 mg of 

fines per 200-gram batch. Mound Laborator ies reportedly is able to reduce the 

fine content to a lower level. 

Some of the salient features of this fuel form a r e : 

# Thermal stability of the mic rosphe re s is reasonably good 

# Power density is approximately 2.7 wa t t s / cc , assuming a reasonable 

packing fraction (3 0% void volume) 

# Thermal conductivity is 0.003 c a l / s e c cm C (528 C, Helium 

a tmosphere) 

® Coefficient of expansion (10 / C) ranges from 8.06 to 14,4 (100 to 

1000°C) 

® Biological hazard due to a i rborne part iculate is quite high, 

4, 3. 2. 2 Capsule Description 

The SIREN capsule is composed of a hollow inner sphere over which is 

wound many layers of graphite yarn in the fashion of a golf ball . The wound 

spher ical assembly is then impregnated with pyrolized graphite . A detailed de ­

scription of the fabrication of the SIREN capsule is given in Section 3. 

The purpose of such a s t ruc ture is to take advantage of the strength charac 

t e r i s t i c s observed in filament-wound composite s t ruc tu re s . Similar ma te r i a l s 
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such as pyrolytic graphite impregnated felt have abnormally high strength 

cha rac t e r i s t i c s normal to the face of the felt, but poor strength in the plane 

paral le l to the face. With the SIREN concept, the capsule is designed so that 

the forces of impact a re directed perpendicular to the plane having high tensile 

strength and low compress ive strength and paral le l to the plane having high 

compress ive and impact strength. 

The l iner over which is wound the graphite yarn provides a fuel/capsule 

interface. The liner mus t be compatible with the fuel form and the capsule in 

order to fulfill its p r i m a r y purpose. The liner mater ia l , then, must meet these 

requi rements : 

Compatibility with fuel at the maximum anticipated temperature 

Must not pe rmi t significant fuel diffusion at the operating tempera­

ture or during reen t ry heating 

Must allow helium permeat ion fronrx fuel to graphite 

Must be compatible with graphite at the maximum anticipated 

t empera tu re 

Must have high compress ive strength and r e s i s t impact forces imposed 

Must not mel t or undergo significant differential expansion during 

maximum reen t ry t empera tu re 

® Must be res i s t an t to thermal shock. 

Candidate liner ma te r i a l s for the mic rosphere fuel form as present ly 

envisioned a re ThO , ZrO , molybdenum (using powdered metallurgy techniques) 

and molybdenum ce rme t of the aforementioned refractory oxides. If molybdenum 

is used, a suitable over - l aye r such as flame sprayed ZrO is required to eliminate 

incomipatibility problems with the graphite and to provide some oxidation p ro tec ­

tion for the molybdenum. 
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Access to the inter ior void volume of the unfueled, wound and impregnated 

capsule is accomplished by drill ing a hole of appropr ia te size through the graphite 

to the l iner , thus exposing the l iner . The fueling port is opened into the liner by 

drilling or other techniques as appropr ia te for the l iner mate r ia l used. 

Figure 4-11 shows a c ros s - sec t ion of a completed and fueled SIREN Capsule 

(conceptual). 

4 . 3 . 2 . 3 Fueling Requirements 

Fueling of the cold fabricated capsule generally follows the approach used in 

fueling metal l ic capsules , in that the capsule is fabricated and prepared for fueling 

pr ior to any exposure to radioactive fuels. This is where the s imilar i ty ends, for 

unlike multiple encapsulated metal l ic capsules v^^here each encapsulation is sequen­

tially performed, the fabrication of the two p r i m a r y encapsulations for the SIREN 

capsule is completed p r io r to fueling. The third "encapsulation" or oxidation 

res i s tan t coating is applied after final c losure . 

The major problem, from the fueling standpoint is to prevent contamination 
23 8 

of the SIREN capsule by Pu O fines. Contamination prevention is emphasized 

for SIREN ra ther than decontamination with the view that the former dras t ica l ly 

reduces or el iminates the lat ter and because the SIREN outer s t ruc ture would be 

difficult to decontaminate. 
238 

It is recognized that low contamination levels in a glove box used for Pu O 

mic rosphere fueling a r e next to impossible to maintain. However, glove box design 

and a r rangement as well as fueling apparatus can be a major factor in preventing 

contamination of the SIREN capsule . 

The glove box construct ion should meet the following requi rements in addition 

to the usual radiological safety requ i rements of effuelent fi l tration, monitoring, 

and shielding: 
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Figure 4-11 Fueled SIREN Capsule (Conceptual), 
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• Atmosphere controlled (helium, less than 100 PPM O ) 

• Easi ly decontaminated surfaces 

• Contain no equipment or facilities not essent ia l to operation 

• Contain sealed compartments for contaminated ar t ic le storage after 

use 

• Transfe r por ts to open into glove boxes of successively lower contamina­

tion level. 

With regard to radiological safety, the quantity of mic rosphere type fuel for 

a typical capsule (approximately 186 watts) p resen ts a minor problem with regard 

to shielding. The approximate gamma and neutron dose ra t e , as derived from the 
238 

Mound Laborator ies Pu Data Sheets a r e summarized below (based on two feet 
from the source center l ine): 

• Gamma dose ra te (mrem/h r ) - 2.1 

® Neutron does ra te (mrem/h r ) - 14,5. 

While the gamma and neutron dose ra tes a r e negligible for occasional (a 

couple of hours per week) operation, prolonged or repetit ive operations require 

some shielding. The tenth-value layer for water (considering energies involved) 

is approximately 8 inches . A water window of 8-inch thickness or its equivalent 

in plexiglass is recommended. 

The neutron dose rate at 6 inches from the capsule will give problems , how­

ever , and it now becomes neces sa ry to ei ther l imit the t ime the fueling opera tor ' s 

hands a r e close to the capsule (after fueling) or to provide some additional shielding 

(plexiglass, for example) to reduce the dose r a t e . 

Assuming, for the moment , that no shielding is used and the ent i re operation 

takes two hours , it is es t imated that the total exposure dose (y + n) will be 23,4 

m r e m . On this b a s i s , th ree or four capsules per week, per ope ra to r , could be 

fueled without exceeding an exposure of 100 m r e m / w e e k (whole body). 
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The number of capsules per operator will depend upon the radiation exposure to the 

opera tor . Mas te r - s l ave manipulation can be used to reduce the dose rate hazard 

to the ex t r emi t i e s . 

The subject of fines requ i res further consideration. The SNAP 27 fines r e -
(2) -3 238 

quirement was 10 weight percent of fines per 200-gram batch of Pu O fuel 
(10 PPM), Should this level prove to be a hazard or otherwise unsatisfactory, 

(3) Mound Labora tor ies has repor ted that the contamination level can be reduced by 

at least 4 o rders of magnitude (roughly 1 dpm per microsphere) . 

4 . 3 . 2 . 4 Fueling Techniques 

Many techniques have been examined for use in fueling of the cold fabricated 

capsule . Some of these techniques show promise while others a r e less suitable for 

a variety of r e a s o n s . Each technique is identified by a subparagraph. The advan­

tages and /or disadvantages of each technique a r e summarized for each ceuse. 

It cannot be overemphasized that the final form of fueling tools or technique(s) 

chosen for evaluation in the next phases of the p rog ram may change drast ical ly dur ­

ing actual evaluation with simulated and /or r e a l fuel. The techniques and tools, 

then, have to be proven and r ep resen t possible approaches to the problems of 

fueling the cold fabricated capsule and effecting a reliable seal or c losure . 

Contamination Prevent ion Cooling Fixture 

Figure 4-12 shows the contamination prevention/cooling fixture as it is p r e s ­

ently envisioned for use with most of the approaches to the fueling problem. This 

fixture is assembled pr io r to insert ion into the glove box. 

P r i o r to inser t ion of the capsule into the fixture, a threaded sleeve with a 

sil icone rubber gasket attached to one end is screwed into the graphite opening. 

The gasket seals the a rea between the sleeve and capsule l iner . The bore of the 

sleeve is plated and highly polished for ease of decontamination and serves to p r e ­

vent contamination of the porous graphite outer s t ruc tu re . The exter ior of the 
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Figure 4-12 Combination Cooling/Contamination Prevention Fixture . 
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capsule, including the opening in the graphite , is sealed, (save for the fueling port 

in the l iner) from exposure to the glove box environment. The sleeve and area 

immediately adjacent to the por t (underneath the upper clamping plate) is sealed 

with a low durometer (30 to 40) highly res i l ient silicone rubber gasket. Clamping 

p r e s s u r e applied between the upper and lower clamp plates causes the silicone 

rubber gasket to conform to the surface imperfections of the SIREN capsule as 

well as seat against the s leeve. 

Cooling of the capsule can be accomplished by one of two methods: 

# Direct contact with chilled, disti l led water 

# Contact to a split , spher ica l , water-cooled chill block with thin silicone 

rubber contacting surface . 

The la t ter of these two methods is depicted in Figure 4-12. The former is 

feasible because of the non-wetting cha rac te r i s t i c s of the graphite surface, and 

because the s t ruc ture of the graphite layer has exhibited low porosi ty. If the di rect 

contact method is used, appropr ia te monitoring and disposal (possibly recovery of 
238 

Pu O in the event of a spill) of the water must be provided for. The chill water 

coi ls , because they a r e a closed sys tem, should not have to be monitored. 

The type of opening in the ce ramic liner as shown in Figure 4«.12 is designed 

for a par t i cu la r fueling tool. This opening will change as appropriate for specific 

fueling tools , techniques and l iner or por t m a t e r i a l s . 

Compress ion Seal Fueling Tool 

The compress ion sea l fueling tool shown in Figure 4-13 is designed to be used 

with the tapered opening in the ce ramic l iner shown in Figure 4-12. 

This tool has been tested with SiO mic rospheres containing a substantial 

quantity of fines of unknown size and mic rosphe re s ranging in size from 30 to 
238 

125 m i c r o n s . In cont ras t with the Pu O mic rosphe re s , the SiO microspheres 

a r e hollow with an average wall thickness of 2 mic rons . A 14-gage (0.082 in. 0 , D . , 
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Figure 4-13 Compress ion Seal Fueling Tool. 
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0.063 in. I ,D, ) needle approximately one foot long was successfully used in con­

junction with a 35 cc disposable plast ic laboratory syringe to t ransfer the SiO 

mic rosphe res into a SIREN capsule , using the compression seal fueling tool, A 

No, 31 needle (0.010 in. O, D,, 0.005 in. I. D, ) was used as a vent to equalize p r e s ­

sure differences caused by displacement of a i r by the mic rosphe res . 

F igure 4^14 shows the fueling tool together with the associated fueling ap^ 

para tus being put in p lace , A tool holding jig (not shown) would be necessary for 

proper placenaent. 

F igures 4»15g 4«»I6 and 4-17 show the sequence of operations through fueling 

and removal of the fueling assembly . 

The nose of the fueling tool is forced into contact with the tapered hole in 

the l iner . The vacuum pump is actuated and the valve is turned on sufficiently to 

obtain a slight negative p r e s s u r e within the capsule (the amount of negative p r e s ­

sure will have to be determined experimental ly) . The fuel is then admitted by 

opening the fuel r e s e r v o i r valve. A meta l , water-cooled, syringe is next opera­

ted to force the mic rosphe re s into the capsule cavity. A vibrator operating at 

some frequency which is sxofficient to agitate the mic rospheres to a fluidized con­

dition is used to enhance t ransfer of the fuel. Upon completion of fuel t ransfer , 

a "wash" of ZrO mic rosphe re s is s imi la r ly forced into the capsule to remove as 

much as possible of any fuel remaining in the hypodermic needle and fuel container 

and to form a protect ive cover (from the standpoint of fines migration) over the 

fuel within the capsule . The combination cooling and contamination prevention 

fixture may a l so have to be vibrated to settle and level out the fuel in the capsule. 

Upon completion of these two operat ions, the vacuum pump is shut down and the 

p r e s s u r e differential equalized by venting. Both needles a re then withdrawn into 

the silicone rubber sealed cavity within the tool b a r r e l and the assembly withdrawn 

from the capsule , capped and set a s ide . Up to this point no fuel has been exposed 

to the inter ior of the glove box. 
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Figure 4-14 Tool Being Put In P lace . 
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Figure 4-15 Fueling Tool in Place and Fueling. 
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Figure 4-16 Needle Withdrawn After Fuel ing,ZrO in Place. 
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Figure 4-17 Fueling Tool Withdrawn and Drip Cap in Place. 
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Closure of the capsule can be accomplished by implanting a mating plug of 

the same liner ma te r i a l as shown in Figure 4-18. The plug is coated with a thin 

ZrO base s lu r ry which when fused, completes the seal . The tempera ture of the 

capsule is allowed to r i se sufficiently to dry the cement and fusing is accomplished 

through the use of a pulsed l a se r to avoid thermial shocking the ZrO liner as de­

picted in the a r t i s t ' s sketch (Figure 4-19). 

A smear of the exposed area of the sealed liner and sleeve is now taken and 

counted as shown in Figure 4-20. Decontamination to acceptable levels can be 

performed using moistened swabs if the contamination level is excess ive . 

The cooling and support fixture is now decontaminated and moved into an 

adjoining glove box where the top clamp plate is removed to permi t removal of the 

contamination prevention sleeve and sealing of the graphite section. 

A graphite plug is wetted with furfuryl alcohol or other high carbon content 

binder and screwed into place as shown in Figures 4-21 and 4-22 , 

The capsule is next removed from the cooling and support fixture, the 

oxidation coating applied and finally inspected (calor imetry, contamination, e tc . ). 

The postulated advantages of this technique a r e : 

• Fueling is performed with a completely closed sys tem 

• Small hole size (on the order of 1/8 in. ) required in l iner should reduce 

the effects of convection cur ren t s spreading contamination into the 

port a r e a . 

An al ternat ive technique for firing the s lu r ry is to remove the capsule from 

the combination fixture after decontamination and heat the capsule with an induc­

tion heater under iner t a tmosphere . 

•AMOERS^ MUCLEAR 
CORPOR AXIOM 
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Figure 4-19 L a s e r Welding Plug in Place . 
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Figure 4-20 Decontamination of Exposed Area . 
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Figure 4-21 Prepar ing to Implant Outer Plug. 
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The obvious disadvantages a r e : 

• The fuel is briefly exposed to the glove box environment after removal 

of the fueling tool, thus present ing the possibil i ty of contamination 

despite the small opening 

• The sealing technique requi res development. 

Inflated Seal Technique 

Figure 4-23 shows an inflated seal technique which has been t r ied in the 

laboratory (using ZrO mic rosphe res of 100 to 400 micron size in lieu of actual 

fuel) with some degree of succes s . 

The fueling tool uti l izes an inflatable silicone rubber bladder which is bonded 

to the outside of a s ta inless steel b a r r e l . The b a r r e l is equipped with two silicone 

rubber captive seal plugs to pe rmi t the inser t ion of two hypodermic needles into 

the fuel capsule in te r io r . The needles a r e of two different d i ame te r s : one 14-gage 

(0,082 in. O.D. , 0.063 in. I, D. ) and one 31-gage (0.010 in. O . D . , 0.005 in. I . D . ) . 

The smal le r needle is connected to a small absolute fil tered vacuum pump so that 

the gas p r e s s u r e inside the capsule promotes the flow of the mic rospheres into the 

capsule through the l a rge r fuel-carrying needle. The remainder of the fueling 

apparatus is essent ia l ly that descr ibed in the preceding subparagraph. 

Initially, both needles a r e adjusted to protrude through the tool nose. The 

bladder is sufficiently inflated to provide a good seal against the entire capsule 

fueling por t . Upon completion of fuel loading, a "wash" of dry zirconia m i c r o ­

spheres is deposited through the fueling needle to provide a protective cover over 

the fuel. The p r e s s u r e differential between the inside and outside of the capsule 

is equalized, the needles withdrawn to a position between the two seal plugs, blad­

der deflated and tool withdrawn. Sealing of the capsule can then proceed. 
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Figure 4-23 Inflated Seal Fueling Tool, 
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This technique has at least two major disadvantages as indicated below: 

238 
• Pu O mic rospheres landing on the bladder can cause puncture 

(experience has shown this to happen to the gloves in the glove boxes) 

# Migration of fines inside capsule adjacent to port after removal of 

fueling tool and pr ior to sealing the liner can cause contamination of 

the port a r e a . 

Disposable Plug Technique 

Figure 4-24 shows a disposable plug technique. The fueling method and con­

ta iners a re essential ly the same as descr ibed in the two preceding subparagraphs 

and will not be descr ibed h e r e . 

The capsule l iner used in this technique would be fabricated fronn molybdenum 

(powered metal lurgy fabrication) and flame sprayed with an oxide coating pr ior to 

winding and impregnation. It is felt that an oxide l iner , e .g . , ZrO , or ThO is 

not applicable for this technique. 

The loading plug and needles would be fabricated from molybdenum for fuel 

compatibility. The threads on the plug would be reasonably tight fitting with the 

liner in keeping with the contamination prevention philosophy. 

Upon completion of the fuel loading, the tubing is heated sufficiently to p e r ­

mit crimping off adjacent to the top of the plug and the fueling equipment s tored . 

A molybdenum closure plug is then mated with the fueling plug and the two 

screwed as a unit into the capsule. The fueling plug will enter the capsule inter ior 

and remain t he r e . The c losure plug can then be l a se r or TIG welded to enhance 

fuel par t iculate containment. (Welding must be done under high puri ty cover gas 

with less than 50 PPM oxygen. ) 

After obtaining a sat isfactory smear of the fueling port , a light s lu r ry of 

ZrO base cement can be applied over the exposed molybdenum a r e a , dried accc 

ing to the manufac ture r ' s direct ions and final closure of the graphite completed. 
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Figure 4-24 Disposable Plug Fueling Technique. 
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This technique has some problem a r ea s which will require development and 

has some disadvantages. These a r e : 

• Fabr ica t ion of the hypodermic tubing into the fueling plug 

• Crimping of the tubing 

• Adjustment of fit of threaded par ts to prevent p remature seizure of 

mating par t s 

• Final weld of c losure plug to prevent s t r e s s induced cracking of a rea 

around plug 

• The loose fueling plug may tend to break up some of the microspheres 

during normal prelaunch handling and launch shock and vibration con­

ditions ^ thus producing a quantity of fines 

• The loose plug might produce a hammer effect and may fracture the 

liner on impact or during launch conditions. 

Since s imi la r problems were encountered and solved in sealing the SNAP 11 
(4) 

TZM fuel capsule, it is felt that the problem as stated here in can also be solved. 

A variation of the technique stated here in would utilize a smal le r plug (fuel­

ing and closure) , permit t ing the final welding operations to be accomplished some­

what eas i e r . It should be noted that if the thread fit can be sufficiently close, dif­

fusion welding would take place during miss ion operating t empe ra tu r e s , thus im­

proving the integrity of the sea l . 

Combination Fueling and Liner Sealer , Technique "A" 

A variat ion of the compress ion fueling tool is shown in Figure 4^25, The 

differences between this tool and the one depicted in Figure 4-13 lie p r imar i ly in 

needle size and posit ion. Only one needle is used. 

The tool is coupled to the fuel container by a Swagelok type of coupling just 

above the outer b a r r e l . The hypodermic needle is originally pointed to pe rmi t 
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Figure 4-25 Combination Fueling and Liner Sealing Tool. 
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penetrat ion of the diaphragm and plug. The end is then cut, chamfered, smoothed 

and withdrawn to approximately l / l 6 inch inside the rubber plug. Connection is 

then miade to the fueling apparatus and the unit inser ted in the capsule fueling port 

as shown in Figure 4 -26 . Note that the hole in the l iner has a double taper . The 

maximum diameter of the smal ler taper is approximately 0.130 inch. 

The cavity of the capsule and fuel carrying needle is then evacuated to a 

point very near the sealed fueling container . The fueling container has been p r e ­

viously purged and backfilled with heliiim. The fueling valve is then opened and 

fuel forced into the capsule. Several such evacuations and filling operations may 

be necessa ry to completely fuel the capsule. A final vs/ash of ZrO is then used to 

remove as much part iculate as possible from the needle and adjacent opening into 

the capsule. 

The capsule is now p ressu re -equa l i zed with helium (if still negative with 

respect to the glove box) and the connection broken at the coupling. The tool is 

maintained in p lace . 

A molybdenum tapered plug which has been matched to the smal le r portion 

of the double- tapered opening is now dropped into the needle and rammed in place 

by a t r igger spring operated r a m (this operates in much the same manner as 

S tar re t t adjustable stroke pr ick punch). See Figure 4-27, Such precautions are 

necessa ry to avoid breaking the l iner . 

The remainder of the fueling tool is now removed and stored to prevent 

spread of any res idual contamination and the fueling port checked for contamination. 

Inasmuch as the operations to this point have been more or less "surgical ly clean", 

the fueling should be "c lean" and contamination nil or very low. 

The next step involves fusing the top edge of the molybdenum plug to the 

ZrO liner using a pulsed l a se r to avoid the rmal shock. A disc of Nb, 0.001 to 

0.004 inch thick (thickness a r b i t r a r y at this point) and of appropria te d iameter is 

placed in the tapered hole and pulse l a se r welded into p lace , fusing the ent i re 
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Figure 4-26 Fueling Configuration for Combination Fueling and 
Liner Sealing Tool. 
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Figure 4-27 Liner Sealing Operation. 
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wafer to the subs t ruc tu re . Additional d iscs a r e added, and the process repeated 

until the l iner thickness is reached. The capsule is now ready for final closure 

of the graphite and application of the oxidation res i s tan t coating. 

Development a r e a s for this technique include: 

# Development of the plug and disc sealing technique (determine 

feasibility) 

# Determinat ion of the workability of fueling technique 

® Determine the pract ical i ty of using double tapered holes in thin 

l i n e r s . 

Combination Fueling and Liner Sealer , Technique " B " 

The same basic technique descr ibed in the preceding subparagraph is used, 

including the fueling tool. The p r ime difference lies in the sealing port used in 

the re f rac tory oxide l ine r . F igure 4<i.28 shows the completed and sealed fueling 

por t . 

Upon completion of the fueling p rocess and subsequent removal of the fuel­

ing apparatus (except for the tool itself), a plug is dropped into the needle and 

rammed into place as indicated in the preceding subparagraph. The tool is now 

removed, bagged and s tored, and a s m e a r taken and counted. If the contamination 

level is acceptable, the secondary plug is screwed into place and the contamination 

prevention sleeve a s sembly removed. A weld is now anade around the per iphery of 

the secondary plug, completing the sea l . 

A final s m e a r survey of the a rea can now be made and closure and coating 

of the graphite effected. 

The l iner is a re f rac tory meta l oxide, probably ZrO . The inser t (molyb­

denum, i r id ium, p la t inum/rhodium, e tc , ) is brazed to the liner before the graph­

ite covering is fabricated. 
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P r o b l e m a r ea s include determining the feasibility of the technique due to 

high s t r e s s e s involved between the ZrO liner and the metal plug caused by the 

differences in coefficient of expansion. A ZrO /molybdenum cermet liner may 

alleviate the problem. In any case a detailed s t r e s s analysis will be required to 

determine the feasibility of the design and other ramifications involving compati­

bility with graphite and fuel. 

Combination Fueling and Liner Sealer , Technique "C" 

The tool used for this technique is s imi la r to that shown in Figure 4-25 ex­

cept that the silicone rubber plug at the fuel exit end (nose) is flat instead of 

tapered . The hole in the l iner is s t ra ight and smal ler in diameter than the hypo­

dermic needle. P r e s s u r e contact seals the tool to the liner and fueling is accom­

plished as before. Upon decoupling the fueling apparatus , but with the tool still in 

place, a s l u r r y of ZrO base cement is injected into the hole in the liner via a 

separa te hypodermic needle and syringe, forming a "blob" inside the l iner , and 

completely filling the hole. A borescope would be used to verify sufficiency of fill 

before removing the fueling tool . 

Subsequent drying and firing of the s lu r ry plug can be car r ied out in a 

furnace (maintaining differential p r e s s u r e between the capsule inter ior and the 

furnace essent ia l ly zero) or other suitable technique, 

" E g g - T i m e r " Fueling Technique 

F igure 4-»29 shows an "egg«.timer" approach to fueling the SIREN capsule 

In this case the capsule is not initially attached to a cooling/contamination 

prevention fixture. The fueling p rocess is quite simple in that after the fueling 

tool and capsule a r e screwed together , the assembly is inverted, the valve is 

opened and fuel t r ans fe r r ed to the capsule and the valve closed. The disadvantages 

become apparent when separat ion of the capsule and fueling device takes p lace . 

There is no opportunity to cover the fuel with zirconia as in the cases previously 

descr ibed , so that the fueling por t becomes direct ly access ib le to the fuel when 

the tool is removed. In summary , the disadvantages a r e : 
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Figure 4-29 "Egg T i m e r " Fueling Tool. 
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• Migration of fines to the fueling port making decontamination difficult 

or impossible 

^ Closure of ce ramic l iner becomes more difficult because of the geome­

t ry at the l iner /g raphi te junction 

• Cooling/contamination prevention fixture would be more complex (and 

perhaps useless) in that it must be applied after the fact. 

Conical Valve Fueling Tool 

Figure 4«30 depicts a conical valve fueling tool. This fueling technique has 

some m e r i t if modified to provide a gasket seal to the l iner . 

The outstanding m e r i t of this tool l ies in the use of a la rger opening for the 

fuel to pass into the capsule void volume. It is anticipated, however, that upon 

removal of the tool, severe migrat ion and /o r diffusion of the fines will resul t in 

contamination of the port a r ea p r io r to c losure of the l iner . Up to the point of r e ­

moval, it should provide for contamination free t ransfer of the fuel when used in 

conjunction with the cooling fixture descr ibed previously. 

Other Techniques 

A closure technique -which may have m e r i t involves the use of a blind type 

pop- r ive t using a ductile meta l such as platinum, or other precious metal alloy. 

If i r idium could be used, for example, a platinum or plat inum-rhodium braze could 

effect the final l iner sea l to a premeta l ized a rea around the hole in the liner after 

popping the r ivet into p lace . Such a r ivet may be designed to use the fueling tool 

descr ibed in the subparagraph on Technique " C " . 

Summary 

Some of the fueling techniques descr ibed exhibit more mer i t than others 

when viewed in light of the contamination prevention philosophy. It is obvious that 

the c losure method will have a d i rec t bearing on the fueling technique to be used as 

well as on the prac t ica l i ty and feasibili ty of the fueling techniques to be used. It is 

with these thoughts in mind that this next section has been wri t ten. 
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Figure 4-30 Conical Valve Fueling Tool. 
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4 . 3 . 2 . 5 Capsule Closure 

The method of closing the SIREN capsule, aside from getting the fuel into the 

capsule without contaminating it, is perhaps the most important operation for it 

must insure that the fuel will r emain within the liner after the capsule has been 

exposed to one or more of the following operating conditions: 

Storage 

Launch abor t 

Launch pad fire 

Environment imposed by the miission (including miss ion duration) 

Reentry t empera tu re s 

Impact 

Bur ia l (land or wa te r ) . 

An additional requi rement of the c losure is compatibility with the fuel and 

graphite outer s t r u c t u r e . 

Table 4-44 i s a summary of candidate l iner and closure techniques and 

m a t e r i a l s which, while they exhibit a quantity of unknowns, may be feasible to 

u se . Some of the m a t e r i a l combinations and techniques appear , at the outset, to 

be more promis ing than o thers . 

Case 1 involves an al l Z rO (or ThO ) l iner and plug. The plug and mating 

hole a r e fabricated after impregnation to avoid deposition of carbon within the 

l iner . Sealing of the mating pa r t s is accomplished with a s lu r ry of ZrO base 

cement . F i r ing of the sealant can be accomplished by a tmosphere controlled 

furnace, induction heating of the ent i re capsule, or laser heating. The first two 

a r e quite useful if the differential p r e s s u r e (furnace to inside capsule) is essential ly 

z e r o , otherwise gas seeping from within the capsule may c a r r y out fines. 

The a tmosphere furnace or induction heating in a controlled a tmosphere 

(using the graphite outer s t ruc ture as the susceptor) technique requi res removal 

of the capsule from the combination cooling/contamination prevention fixture after 
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Table 4 - 4 4 

SIREN CANDIDATE LINER AND CLOSURE TECHNIQUES 

AND MATERIALS SUMMARY 

CASE 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

CLOSURE TYPE 
AND MATERIAL 

1 a p e r e d Plug 
ZrO 

1 a p e r e d Plug 
/ r O ^ 

Molybdenum In­
se r t , Molybdenum 
Plug and Screw 

Same as Case 
No. 3 

Same as Case 
No. 3 

Same a s Case 
No. 3 

Tapered Plug of 
Molybdenum, Nb 
Discs 

Same as Case 
No. 7 

Same as Case 
No. 7 but Mo 
Discs 

Molybdenum Plug 

Niobium Plug and 
sc rew 

/ rO Base Cer -
met 

LINER 
MATERIAL 

/ r O ^ 

/ r O ^ 

ZrO^ 

/ r O ^ 

Z r O /Mo C e r m e t 

ThO /Mo C e r m e t 

/ r O 

Th02 /Mo or 
Z rO / M O Cerme t 

Molybdenum 

Molybdenum Powder, 
p r e s sed & s in tered 

Molybdenum Powder, 
p re s sed h s in tered 

ZrO^ 

SUGGESTED METHOD 
OF CLOSURE 

/ rO^ Base Slurry F u r ­
nace or Lase r F i red 

Induction Brazed Seal, 
Niobium or precious 
meta l 

Inser t Brazed to Liner 
with Nb, Screw TIG or 
Lase r Welded, or Braze 
of Above 

I n d i u m Braze 

Same as Case No. 3 

Same as Case No, 3 

Liner Metallized at 
Fuel Po r t , Nb Discs 
Laser Welded in Place 

Same as Case No. 7 

Mo Plug and Discs 
Laser Welded in Place 

TIG or Lase r Weld 

TIG or Lase r Weld, 
Induction Braze 

Injected Slurry, 
furnace or induction 
firing 

REMARKS 

C ompatibility / rO^ Base Slurry and PuO^ 
Unknown. Technique to be establ ished. 

Technique to be es tabl ished. 

Coefficient of Expansion between molybdenum 
and / rO^ differ by factor of 2+ s t r e s s e s of 
whole a s sembly must be examined to de termine 
feasibili ty. Compatibil i ty problem may exist 
a l so . 

Compatibil i ty of B r a / e with PuO^ (should be 
bet ter than Pt but needs examination). 

Differential Expansion Problem may be signifi­
cantly reduced by dec reased expansion of 
c e r m e t . 

Differential Expansion Problem should be l e s s ­
ened over Case No. 5 because ThO^ has lower 
coefficient of expansion than ZrO 

Laser welding techniques require development, 
differential expansion differences may be a 
problem. 

Laser welding techniques require development, 
differential expansion problem lessened because 
of lower expansion of c e r m e t . 

Laser welding techniques require development. 

Oxidation res i s tan t coating interface required 
between molybdenum and graphi te . 

Oxidation res i s tan t coating interface requi red 
between molybdenum and graphite . 

Technique requ i res further analysis and tes t 
to a s s e s s feasibility. 
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the plug with its s l u r ry has been put in p lace . The r i se in tempera ture will have 

to be sufficiently slow (including the allowance for self-heating from the fuel) that 

complete drying of the s lu r ry has taken place without the generation of pin holes or 

c r acks , and without entrapment of mois ture within the capsule l iner . There a lso 

may be some interact ion between the ZrO liner and graphite, and /or ZrO and 

PuO (solid solution formation) at the firing t empera tu re s . 

The l a se r fired seal may presen t problems in t e rms of lack of depth of 

penetrat ion, result ing in a weak seal , m ic roc rack generation, etc . 

Case 2 uti l izes the same mate r i a l s and fabrication technique for l iner and 

plug, but both plug and fueling por t a r e premetal l ized with niobium or other appro­

pr ia te b raze m a t e r i a l . Sealing can be by the furnace or induction heating technique 

as in Case No. 1. However, there will be some interaction between graphite and 

ZrO (carbide formation), and ZrO and PuO (solid solution formation), at the 

brazing t empera tu r e . Because the brazing cycle is short , the extent of the r e ­

action should be minimal . RF heating of the braze should be relatively easy to 

accomplish on a localized basis and should provide a fast method for obtaining the 

sea l . The possibi l i ty of pin holes does exist , however, and the sealing reliabili ty 

of the technique would have to be proven. 

The molybdenum inser t for Cases 3 and 4 is reasonably simple in principle, 

but differential expansion problems leave doubt with regard to maintaining the seal 

with the ZrO and inse r t . The technique may be workable, however, if a cermet 

such as Z rO / M O or ThO / M O is used as indicated by Cases 5 and 6. Because the 

coefficient of expansion of these ce rme t s is lower than either oxide alone, the 

s t r e s s e s generated as a function of t empera ture may be to lerable . 

Case 7 uses a double-tape red opening in the ZrO l iner . A molybdenum plug 

is inser ted at the end of the fueling p rocess before the fueling tool is removed to 
238 

provide a t empora ry sea l and thus contain the Pu O fines. The port opening is 

premeta l l ized to enhance the sealing of niobium discs into place using either local­

ized induction heating or a l a s e r technique. This method has considerable m e r i t 

if the s t r e s s e s developed after bonding do not break the braze or the d i scs . 

4»101 

, , . » • • • • • • • • • • • 



e#M.El.U,^UM^^ 
C O R P O K t A T S O N 

Case 8 uses the same closure as Case 7, except the l iner is a ZrO / M O or 

ThO / M O c e r m e t . Again, the two problems of matching coefficients of expansion 

and lase r welding technique require detailed analysis and development, respectively. 

Case 9 is s imi lar to Case 7, except that the discs and liner a re molybdenum. 

The l iner is fabricated by powdered metal lurgy techniques. The section through 

the port a rea will requi re the l iner wall to be somewhat heavier to accommodate 

the plug and l iner . The l a se r welding technique will require development. A r e ­

fractory oxide b a r r i e r ; e.g., ZrO , will be required at the interface of the graphite 

and molybdenum. 

Cases 10 and 11 a r e an extension of existing metal capsule technology whe re ­

in the l iner is molybdenum fabricated by powdered metal lurgy techniques to achieve 

the necessa ry porosity for helium re l ease . 

Case 12 involves the injection of a suitable consistency s lu r ry of ZrO base 

cement into a small fueling hole in the ZrO^ liner by means of a hypodermic needle 

and syringe. Fir ing of this s lu r ry can be achieved by any of the methods previously 

described. If the seal technique can be perfected, several advantages may be 

real ized: 

® The small sized hole required tends to reduce the magnitude of a 

possibly weak a r ea in the l iner 

^ Relative ease of fabrication and maintenance of contaraination preven­

tion philosophy. 

The use of a tapered hole in the fueling por t of the capsule l iner (Cases 1 and 

2) presents problems with respec t to fines migrat ion control pr ior to effecting 

c losure , as well as the technique to be used in securing a sat isfactory c losure . 

With regard to the fo rmer , it would appear that the smal ler the opening in the l iner, 
238 

the less effect convection cur ren t s (caused by the hot Pu O ) will have on move­
ment of fines into the port a rea during the period of time the port may be exposed 
pr ior to c losure . 
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The subject of e lectron-beam welding has been avoided thus far for several 

r easons . The evacuation of the environment around the capsule may s t r e s s the seal 

sufficiently to open it such that gas escaping from the capsule inter ior will c a r r y 

fines into the welding chamber ; and the highly localized, continuous heating that 

e lec t ron-beam welding affords, subjects ref rac tory oxides to substantial thermally 

induced s t r e s s e s and subsequent mic roc rack generation. This tool is a valuable one 

however, and must not be overlooked where its application may permit (e.g., Cases 

5, 6, 10, and 11). 

The c losure methods descr ibed here in each mer i t further investigation and 

subsequent selection of the most promising candidates. Additional factors involved 

in their selection a r e : 

# Effect of expansion differences between closure and liner and resulting 

s t r e s s as a function of t empera ture 

# Effect of compatibili ty on sealants and closure mate r ia l s with fuel and 

graphite 

# Thermal shock res i s tance 

# Impact r e s i s t ance 

# Helium venting. 
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4. 3. 3 "HOT" FABRICATION OF SIREN 

The mass ive fuel forms (solid solution, ce rmet , and sintered oxide) require 

complete fabrication of the fuel loading into a spherical or oblate spheroidal shape 

and the addition of an appropr ia te p r imary encapsulation. It must be noted, how­

ever , that if the mic rosphere fuel form is encapsulated in a suitable liner so that 

it outwardly resembles the encapsulated mass ive fuel forms, the capsule can be 

hot fabricated in the same manner as the mass ive fuel forms. 

This paragraph d i scusses the fuel forms identified above, the fabrication 

process and requi rements associa ted with their use in SIREN. 

4. 3. 3. 1 Fuel Description 

Solid Solution Fuel F o r m 

The Los Alamos Scientific Laboratory is developing a solid solution Pu 
/ 1 -̂  \ 

fuel form for use at 900 C. ' Their work, however, has extended to cover 

238 
O. 

t empera tu res over 1800 C. 

LASL has observed that a continuous solid solution fuel form of a ref rac tory 
238 oxide and Pu O appear to provide a more stable fuel form. Oxides selected for 

use as diluents a r e ZrO and ThO . The resu l t s of their work has shown that: 

® The melting point of the PuO solution increases with increasing 

amounts of ZrO or ThO 

® Power density can be var ied with minimal change in other fuel 

proper t ies 

238 
® The specific radioactivity of a given size resp i rab le part ic le of Pu O. 

is reduced by diluent 

Salient physical p roper t ies a re : 

® Massive fuel form 
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3 
# Power density ranges from 1 to 4.5 w a t t s / c m , depending on diluent 

to PuO rat io (usable range probably 3.5 to 4) 

® Thermal conductivity grea te r than bulk microspheres and variable 

with diluent to PuO„ rat io and specific diluent 

2 *̂  

# Biological hazards (airborne) pract ical ly nil. (Addition of oxide or 

c e r m e t encapsulation should reduce this to zero with normal precaution 

sti l l to be taken for an alpha emitting mater ia l . ) 
Ce rme t Fuel F o r m 

238 The development work on the ce rme t form of Pu O is being ca r r i ed out 

by Battelle ' (Columbus). The goal is a fuel form (massive) for 1500 C opera- , 

tion for 5 y e a r s . The postulated advantages of this fuel form a r e : 

# Enhanced thermal conductivity 

# Enhanced mechanical s t rength 

# Enhanced fuel retention and stability 

# Capabil i t ies for gas control (helium re lease) . 

Advanced composite technology such as this has been in existence through 

AEC work (dating back some 15 yea r s ) on dispers ion reactor fuels; thus the effort 

performed by BMI has been great ly aided in t e r m s of mate r ia l selection. 

238 
Compatibility tes t s performed by BMI have shown the Pu O -molybdenum 
238 

and Pu O -ThO composi tes ( refractory meta l and a ceramic) to be promising. 

The approximate physical p roper t i e s for the PuO -Mo ce rmet a re summarized 

below: 

# Density 8.66 to 10.91 g /cc 

# Coeff ic ient of e x p a n s i o n (10 / C) 

7.5 to 12 (high d e n s i t y P u O -Mo) 

c» 

# Thermal conductivity 

0.0285 to 0.0322 c a l / s e c cm°C (high density PuO -Mo @ 1500°C) 
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, 6 
• Power density to approximately 3.7 w a t t s / c m . 

(2) 
The repor ts to date indicate that the goals a r e being achieved, although 

much work sti l l r emains to be accomplished. 

The addition of a ref rac tory meta l such as molybdenum or ce ramic oxide 

coating will great ly enhance the fuel retention cha rac te r i s t i c s , thus reducing the 

a i rborne biological hazard to zero . 

Sintered Oxide 

238 
The sintered oxide fornn of Pu O is fabricated from PuO powder. Fuel 

form geometry is accomplished through the use of dies and firing of the compacted 

m a s s . The bulk proper t ies of the s intered mass have essential ly the same the rmo-

physical proper t ies of individual m i c r o s p h e r e s . The power density (4.58 w/cc) is 

much increased over the bulk mic rosphere form by virtue of the elimination of the 

void volume. 

Because this fuel form is in the ear ly development stage at Mound 
(fi 7 ) 

Laborator ies ' , the p rec i se physical proper t ies a r e not actually known. Values 
238 

quoted (e.g., power density) a r e based upon 80% Pu in the element plutonium and 
(5) 

inferred from mic rosphere data. 

4 . 3 . 3 . 2 Fabr ica t ion 

Fabr ica t ion of the SIREN capsule using any one of the mass ive fuel forms 

described in subparagraph 4. 3. 3. 1 or encapsulated mic rospheres will require that 

the fuel form be fabricated with an integral l iner . In view of this requirement , 

compatibility of var ious l iner ma te r i a l s with graphite and PuO , a descript ion of 

the l iner itself, and decontamination requi rements will be necessa ry . The follow­

ing a ims to p resen t sufficient information to pe rmi t a p re l iminary selection of l iner 

mater ia l / fue l forms to be made. 

i 
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Compatibili ty 

Table 4-45 s iunmar izes Hie compatibility of the most likely group of liner 

ma te r i a l candidates . Not repor ted in the table is work being done by LASL ' 

on the compatibility of solid solution of ZrO /PuO and ThO /PuO with TZM at 

900 C. Results to date indicate good compatibility, i .e. , no interaction. 

There a r e marked s imi la r i t i es in the postulated compatibility behavior of 

the l iner candidates l isted and the three mass ive fuel forms or encapsulated micro­

spheres . If l iner ma te r i a l s were to be chosen at this point in t ime, it is felt that 

the following fuel fo rm/ l ine r combination show good promise: 

# For solid solution of Z rO^ /PuO or ThO^/PuO^; ZrO or ZrO /Mo 
2 2 2 2 2 2 

ce rmet , ThO or ThO /Mo ce rme t 
£at Lit 

# For PuO / M O cermet ; ZrO /Mo ce rme t or ThO / M O cermet and 
Ci Ct Ci 

molybdenum 

# For PuO sintered oxide; ZrO , ThO , ZrO / M O or ThO / M O cermet ; 
Ct di ^ Ca Ci 

molybdenum 

® For mic rosphe re , ZrO , ThO , and ce rmets of each. 

These choices have been made based upon the apparent limited interaction 

between the fuel form and l iner ma te r i a l , and l iner mater ia l and graphites . As 

stated previously, some of these combinations have yet to be proven sufficiently 

to war ran t a positive commitment of their use . 

Encapsulation 

This section will consider seve ra l types of l iner mate r ia l s and fabrication 

techniques for use with Pu 

Refractory Oxide Liner 

238 
O mass ive fuel forms and SIREN. 

The fabrication of a ZrO or ThO liner for use with any of the three mass ive 

fuel forms descr ibed in subparagraph 4. 3. 3. 1 can be accomplished in at least three 

ways: 
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TABLE 4-45 

COMPATIBILITY OF GRAPHITE AND CANDIDATE 
LINER MATERIALS WITH PuO FUEL FORMS 

Fuel F o r m 
Liner 

Mater ia l Remarks 

Solid Solution 

ZrO or ThO 

with Pu^^^O^ 

Z r O . 

ThO. 

ZrO^/Mo 

C e r m e t 

Liner forms solid solution with PuO resulting in 

substoichometr ic PuO . Graphite reduces ZrO^ 
X 2 

to form carbides at interface (T > 1600 C) and 

stops unless a new surface is exposed. 

Essent ial ly the same as ZrO . 

Z rO and Mo reac t forming substoichometric 

MoO . Graphite reac ts at interface and then 
X 

stops. Reaction of c e r m e t and PuO expected to 

be of l imited nature . 

Composite 

ThO /Mo 

Cerme t 

Mo 

Essent ia l ly the same as ZrO / M O 
Ct 

Interface react ion with graphite at high tempera­

ture unless b a r r i e r put between. 

MgO MgO is reduced by the graphite, react ion with 

PuO^^^'^^ above 1500°C. 

PuO /Mo ZrO^/Mo PuO forms solid solution with ZrO_; expect 

react ion of PuO / M O ce rme t with ZrO^/Mo 

ce rme t ; ZrO -Mo also r eac t s ; combination re-

qu i res further ana lys i s . 
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TABLE 4»45 

COMPATIBILITY OF GRAPHITE AND CANDIDATE 
LINER MATERIALS WITH PuO FUEL FORMS (Cont) 

Fuel F o r m 
Liner 

Mater ia l Remarks 

Composite 
(Cont) 

PuO /Mo 

PuO^/MgO 

PuO^/ThO^ 

ThO /Mo 

Mo 

MgO 

Mo 

Essent ia l ly the same as ZrO /Mo ce rmet . 

Expect no reaction with liner PuO at 1500 C, 

may be usable to 2200 or 2300 C; Mo/graphite 

react ion of limited nature unless ZrO b a r r i e r 

interposed, then should be the same as above. 

Reduced by graphite forming carbides limited 

type reaction; reac ts with PuO above 1500 C. 

Mo/graphi te reaction and potential solution as 

noted above. 

Sintered Oxide 

Pu O. Z r O . 

ThO. 

ZrO /Mo 

C e r m e t 

ThO /Mo 

Cerme t 

MgO 

Expect possible solid solution reaction with ZrO, 

and ThO with fuel 

. Expect same as for Com.posite Fuel 
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TABLE 4-46 
COMPATIBILITY OF GRAPHITE AND CANDIDATE 

LINER MATERIALS WITH PuO FUEL FORMS (Cont) 

Fuel F o r m 
Liner 

Mater ia l Remarks 

Microspheres 

^ 238^ Pu O.. ZrO^ 

ThO^ 

ZrO /Mo 

C e r m e t 

MgO 

ZrO^ 

ThO^ 

ZrO /Mo 

Cerme t 

ThO /Mo 

Cermet 

MgO 

Probably more react ion with these l iner candidates 

then s intered oxide due to l a rger available surface 

a r e a . 
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® P r e c a s t hollow liner 

® Slip l iners 

# Chemical deposition 

The p recas t hollow liner would range in thickness from 0.030 inch to 0.125 

inch and be fabricated from high purity ma te r i a l (ZrO would be stabilized) mating 

with the external configuration of the PuO fuel form. The liner would initially be 

in two halves as shown in Figure 4»«31. The halves would then be pressed over the 

fuel form and subsequently bonded in a furnace (furnace contained in appropriate 

controlled ventilation alpha glove box). Bonding slip would be a new ZrO base 
(8) ma te r i a l being developed by Zirconium Corporation of America . This mater ia l 

exhibits low porosi ty, low shrinkage and high strength akin to that of stabilized 

ZrO . (A s imi la r ThO based slip is a possibil i ty for the ThO liner.) The firing 
Ce Ct Ct 

t empera ture is 2000 F . The resul t is a fuel form completely isolated by the r e ­

fractory oxide l iner as shown in Figure 4-32, 

The p recas t hollow l iner has one problem area which may impart major 

significance to its usefulness. Unless the inside geometry of the liner almost 

exactly matches that of the fuel form, the fuel form may " ra t t l e" thus causing 

doubt of l iner integri ty following subjection to the launch environment or on impact 

due to the "hammer effect" of the fuel on the l iner . A possible solution would be 

to cement the fuel to the l iner with a ce ramic slip. 

An additional technique which requ i res mentioning in the use of metall ized 

bonding techniques using a niobium* b raze . A butt joint would be appropriate for 

the metal l ized seal . Sealing t empera tu re s could be achieved through RF induction 

heating in controlled a tmosphere . 

A slip l iner would be fabricated by submerging the PuO fuel form into a slip 

mixture retr ieving it when the ref rac tory oxide has built up a sufficient layer, and 

*Note that the possibil i ty of previous meta l b razes such as platinum rhodium, or 
i r id ium could be used once compatibili ty with all mate r ia l s is established or 
appropr ia te interface provided. 
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REFRACTORY OXIDE LINER 

Pu^^Og MASSIVE FUEL FORM 

SLIP RECEPTOR 

69-H65983-094 

238, 
Figure 4-31 Mating of Liner to Pu 0 Massive Fuel F o r m 
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REFRACTORY OXIDE SLIP JOINT 

69-H65983-095 

Figure 4-32 Liner in Place Around Massive Fuel F o r m . 
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then performing the heat treating operation. Since the still a i r tempera ture of 

these fuel forms (assuming approximately 2 inch O. D, , and 242 watts (t) for solid 

solution or cermet ; 313 watts for s intered oxide) will be quite high, precooling will 

be necessa ry to avoid p rematu re curing and crack and pore generation. 

(8) 
The ZrO base slip previously descr ibed can also be sprayed onto the 

Ct 

fuel form and subsequently fired. This p rocess could be repeated until the desired 

l iner thickness was achieved. 

When fired to maturi ty , the slip type of l iner coating is now integral with the 

fuel form, exhibiting good thermal shock res i s tance and minimal shrinkage. 

Chemical deposition can also be used to coat the mass ive fuel form using 

ZrX or ThX, decomposing the deposition ma te r i a l and oxidizing it, all in a manner 

s imilar to the coating techniques descr ibed in the BMI repor t s . ' ' The coating 

thickness would probably only be of the o rder of a few mi l s . 

Cermet Liners 

Another technique of supplying a l iner for the fuel form, is an unproven but 

very interest ing concept for eliminating the problems which will be encountered in 

the techniques descr ibed in the preceding subparagraphs and other problems no r ­

mally associa ted with l iners for radioisotopic fuels. Although this technique lends 

itself ideally to the PuO /Mo c e r m e t fuel form, it may be possible to use it with 

the solid solution or s intered oxide fuel form as well. To employ this l iner tech-
238 nique, the Pu O ce rme t fuel would be p res sed and processed to the des i red 

shape and compactness . ZrO mic rosphe re s plated with molybdenum (in the same 
(3,4) manner as PuO mic rosphe re s a r e coated with molybdenum) ' would then be 

a r ranged in an annulus between the fuel form and a high p r e s s u r e mold. Applying 

p r e s s u r e to the ex t remet ies would cause the coated ZrO mic rosphe res to conform 

to the shape of the fuel form result ing in a ZrO - ce rme t l iner of des i red thickness . 

The ZrO - c e r m e t would have approximately the same thermal expansion c h a r a c ­

te r i s t i cs as the PuO ce rme t , thus eliminating the mechanical interface problem. 
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Assuming that the oxidation cha rac te r i s t i c s of the ZrO cermet a re s imilar 
238 

to that of Pu O ce rme t , the long t e r m fuel containment capabilities of the 

ZrO ce rme t l iner a r e also apparent . Thermal shock res is tance is enhanced by 

the use of ZrO /Mo ce rme t . Results of a water quench from 1000 C in a i r showed 
239 

the ability of PuO c e r m e t (Pu O standin) to withstand the thermal shock with­
out evidence of ma t r ix fai lure. 

(4) 
Additional work done by BMI utilized plasma sprayed molybdenum on a 

male hemispher ica l mold. The preformed shells were then fitted into hemispherical 

graphite punches containing a plasma sprayed b a r r i e r layer of tantalum. Fuel was 

loaded into the mated configuration through a hole in one of the hemispheres , the 

hole closed with powder metal lurgy Mo plug and the assembly hot pressed at 1725 C. 

The punch broke, fracturing the top Mo hemisphere before sufficient time and p r e s ­

sure was applied to pronaote bonding. This process has been reported to be fea­

sible with further development effort required. 

The general technique of cheinical vapor deposition of molybdenum from 

MoF by hydrogen reduction on the mic rosphere fuel form and the composite fuel 
(3) form has been investigated by BMI . This technique is quite applicable to all 

three of the mass ive fuel forms. The use of a raolybdenum liner requires a r e ­

fractory oxide interface with the graphite in order to eliminate interaction. The 

ZrO base slip previously descr ibed may satisfactori ly provide the b a r r i e r . 

BMI has also investigated duplex coating; Type I (thoria over molybdenum) 

and Type II (molybdenum over thoria) . Type I was a thoria/plutonia cermet , and 

Type 11 a molybdenum/plutonia ce rme t . Reentry tests by Sandia in the a rc 

tunnel have shown both Type I and Type II to be promising as potential protective 

coatings for the fuel form. 

Liners for Microsphere Fuel F o r m 

The l iner for the mic rosphe re fuel form will follow from the analysis of 

paragraph 4. 3 .2 . Suffice it to say that one of the l iner and closure techniques 
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which has proven feasible in follow-on work, is used to provide fuel containment 

and meet the requ i rements as summar ized in paragraph 4. 3. 2, 5. 

Decontaraination 

238 
Both the solid solution and c e r m e t forms of Pu O, appear to have excellent 

fuel retention. The mic rospheres and part iculate (contamination) seem to be sxiffi .̂ 

ciently tied up in the solid solution and ce rme t naatrix that contamination prior to 

cladding is a minor problem. 

At this writ ing, more information is available on the ce rme t fuel form than 

either the solid solution or s intered oxide, however, some inference may be taken 
(3 4) from the c e r m e t tes t r e su l t s . ' 

At the conclusion of oxidation tes ts performed on PuO /Mo cermet and 

PuO /MgO cermet , the following observat ions were made: 

239 / 
• Pu O /Mo ce rme t - bulk of fuel form unaffected, and although 

239 
Pu O was exposed at the surface, apparently none of it had 

vaporized or po'wdered off. Loss of Mo from the mat r ix was inhibited 

by necess i ty for diffusion of O into the channels between par t ic les 

and outward diffusion of MoO 

239 
® Pu O /MgO c e r m e t - no external changes noted. 

Samples of both ce rme t s subjected to thermal cycling and thermal shock 

(1000 C to water quench) exhibited excellent stability. 

(5) 
BMI has repor ted that no at tempt has been made thus far to a sce r t a in the 

degree of surface contamination. However, the contamination is felt to be very 

small . For example, the equipment used to coat the mic rosphe res with the 

molybdenum has shown no t race of contamination upon completion of the coating 

p rocess . Of course , one can speculate that the contamination, if any, remains 

on the coating vesse l wal ls , clad with molybdenum. 

4-116 



C O R P O R A T I O N 

LASL has repor ted that containination on the encapsulated solid solution 

fuel source should not p resen t a problem and that the source could be delivered 

for "Hot" winding in a contamination-free s ta te . 

In view of the good fuel retention charac te r i s t i c s of the cermet , it is reason­

able to requi re that surface contamination on the encapsulated fuel be of the order 

of 50 dpm/m or less (ideally, it should be zero) . 

It is felt that the contamination requi rements noted above should be imposed 

on the s intered oxide and the solid solution as well. The amount of free particulate 

available from these two fuel forms is not known at this writing, but due to the nature 

of the m a t e r i a l s , is felt to be smal l . 

Recognition must be made of the possibili ty of having to decontaminate a 

mic rosphere fueled l iner to a sat isfactory level in the event a cooling contamination 

prevention fixture cannot be used or does not provide the necessary protection for 

some reason. In that case , it might be advisable to fabricate the capsule with a 

metal l ic coating which can be readily chemically removed after fueling and c losure . 

Such a ma te r i a l might be copper, or other easily vapor deposited mater ia l . In 

addition, the use of a s tr ippable coating becomes a rea l possibility if the capsule 

t empera tu re can be maintained below the mel t tempera ture of the coating. It is 

further possible that a plating of meta l , coated with Thermo-Cote I* which melts 

a t 350 - 375 F (or other special high melting formulation) could be used to prevent 
238 

contamination of the fuel capsule p roper . The coating would entrap hot Pu O 

par t iculate which may come in contact with it. After initial c losure , the coating 

could be str ipped away, followed by chemical machining of the metall ic coating 

after the final sealing is performed. 

"Hot" Winding 

A mass ive fuel form with its p r imary encapsulation will exhibit quite high 

"s t i l l " a i r t empera tu re . Fo r example, assuming a 2-inch O. D. sphere (fuel), the 

approximate t empera tu re s a r e : 

^Trademark Thermo Cote, Inc. 
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• Solid solution or ce rme t - 3. 5 w/cc - 242 w(t) « 830 F 

• Sintered oxide - 4.6 w/cc - 313 watts (t) « 1360°F 

• Microsphere - 2,7 w /cc - 186 watts (t) « 700 F 

It can be seen that these t empera tu res will place some special requirements on 

the "hot" winding p r o c e s s . 

Despite the excellent fuel retention charac te r i s t i c s of the mass ive fuel forms 

and despite the encapsulation of the mass ive fuel forms on the microsphere fuel 

forms, Health Physics requi rements will dictate that appropriate precautions rriust 

be taken for the alpha-emit t ing fuel. This means that the hot winding operation will 

take place within a glove-box sys tem housing the ent i re winding appara tus . 

Gamma and neutron dose r a t e s for the fuel have been derived from the Mound 
7 O Q /A \ 

Laborator ies Pu data sheets . The approximate dose ra tes two feet from the 

center line of the source a r e summar ized below: 

• 186 w(t) mic rosphere 2.1 m r e m / h r (y) 14.5 m r e m / h r (n) 

• 242 w(t) solid solution; ce rme t 2.7 m r e m / h r (y) 18.8 m r e m / h r (n) 

• 313 w(t) s intered oxide 3.4 m r e m / h r (y) 24.3 m r e m / h r (n) 

The maximum pe rmissab le dose for the total body is 100 mrem/week . Pas t 

experience has shown that the normal winding process takes approximately 15 

minutes, including loading and unloading. If one now makes the assumption that 

the hot winding operation will requi re twice that amount of t ime, the whole body 

exposure will approximate 14 m r e m (y + n) (sintered oxide fuel). The hands will 

receive more than this because of loading operat ions. The hand exposure dose 

rate (assuming six inches) is approximately 540 m r e m (y + n)/hr. An assumption 

of five minutes exposure to the hands yields throughout the ent i re operation an ex­

posure dose of approximately 38 m r e m for each wound capsule . 
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It is anticipated that little shielding will be required for winding one or two 

capsules per week. Higher production r a t e s , however, will require shielding and 

perhaps remote handling at the operating side of the glove box. Other sides of the 

glove box requiring access because of yarn conditioning, winding tension adjust­

ment, e tc . , would not necessa r i ly require shielding because the source-to-operator 

distance is probably sufficient to reduce the dose ra tes to tolerable levels . 

Shielding of the glove box can take the form of plexiglass or a water window. 

The half-value layer of plexiglass (Incite) is 6 cm; water is 4,6 cm. An 8-inch 

thick water window approximates a tenth value layer, thus reducing the neutron 

dose rate to 2.4 m r e m / h r (at two feet). 

For hot winding of a mic rosphere capsule, the shielding becomes proport ion­

ally less due to the reduced power density and neutron and gamma dose r a t e s . 

The suggested a tmosphere for the glove box to be used in "Hot" winding is 

argon. 

Because of the high "s t i l l a i r " t empera ture involved, it will be necessary to 

cool the capsule pr ior to loading it into the winding machine. To accomplish this , 

the capsule could be subjected to a cooling gas s t r eam such as Freon 12* (or an­

other of the Freon se r i e s ) , or simply immersed in a container of water or other 

sat isfactory liquid. Once the capsule t empera tu re has been reduced to near ambient, 

the capsule can then be loaded into the winding machine. 

The winding machine present ly has rubber tipped ball gr ippers ; these could 

be changed to metal (e.g., s ta in less) . Cooling during the winding process could 

be accomplished by using a ring of gas je ts located below the capsule with Freon 12 

or other suitable F reon gas used to maintain a reasonable working tempera ture . 

Handling of the capsule would be ei ther remote (mas te r - s lave manipulators) 

or by use of suitable length tongs. 

* T r a d e m a r k E. I. Dupont 
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The winding p rocess , assuming now that the capsule is sufficiently cooled, 

could be s tar ted in the following manner : 

a. Load the capsule into the winding head. 

b. Place a smear of carbonaceous glue (e,g,, Pliobond) on capsule 

c. Pick up loose end of yarn and lay over glue a rea , holding in place with 

tongs 

d. When attached, (self-heating will aid glue drying) re lease end of yarn 

and s ta r t winder slowly until loose end is secure and winding operation is s a t i s ­

factory. 

e. Increase speed of winder and s ta r t cooling the capsule again. The 

operator may now step back and observe winding with an optical system. He need 

not approach winding setup unless adjustments a r e necessa ry or when capsule 

dimensions need be ascer ta ined . 

f. When capsule has reached the required diameter , the yarn is cut and 

the loose end pulled underneath severa l l ayers using a curved upho l s t e re r ' s needle 

of appropria te s ize . (The needle will have to be threaded by hand, but the a t tach­

ment of the loose end can be done with surgeon^s forceps , ) This operation is now 

complete and the capsule t empera tu re can be allowed to r i se (after removal from 

the winding machine) to remove volatiles and to convert the "glue" used on the 

yarn to enhance the winding cha rac t e r i s t i c s to carbon. 

The capsule is now ready for impregnation and can be moved remotely to the 

pass- through port and thence to the impregnation furnace. 

"Hot" Impregnation and Coating 

The wound capsule is t r ans fe r r ed via a pass- through port into the impregna­

tion furnace. 
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The impregnation or pyrolizing furnace requi res evacuation pr ior to initia­

tion of the pyrolizing operation. Both the evacuation effluent and pyrolyzing gas 

which exit the furnace mus t pass through an absolute filter assembly s imi lar to 

that used in the glove-box sys tem. Inasmuch as the pyrolizing gas may be hot, 

water cooling of the exhaust piping may have to be used to avoid destroying the 

fi l ter. The effluent gas, as in the case of the glove-box system described in the 

preceding subparagraph will have to be monitored for possible alpha re lease . 

The impregnation p rocess prepara t ion involves evacuation, as stated before, 

then backfilling and purging with nitrogen, evacuation and backfilling with hydrogen, 

and then evacuation followed by backfilling range with methane. The temperature 

of the furnace is ra i sed to approximately 2000 F for periods upward of 180 hours 

to pe rmi t decomposition of the methane and deposition of carbon within the graphite 

wound s t ruc tu re . 

It must be emphasized that although it is not anticipated that re lease of 
238 

Pu will occur during the impregnation p rocess , precautions must still be taken 

for containment in that eventuality. Fo r this reason, the furnace access port must 

open into a glove box. 

Upon completion of the impregnation operation, the oxidation res is tant coating 

must be applied (presently the coating is B^ Si). As present ly envisioned, the coat­

ing will be plasma flame sprayed thereby requiring an additional controlled a tmo­

sphere glove box operating in the same fashion as the sys tems described previously. 

The optimum coating thickness is between 3 and 15 mi l s . Upon completion of the 

plasma spray operation, the B Si coating must be fired and then oxidized. This 
6 

can be accomplished by using an induction hea ter to ra i se the capsule tempera ture 

to between 1000 and 1500 C in an iner t a tmosphere (Ar or He) for upwards of one 

hour. The capsule is then cooled to between 700 to 800 C and exposed to an oxygen 

a tmosphere for conversion of the B, Si to the glassy phase (surface reaction only). 
(12) 

The B Si coating p rocess is covered by U.S. Patent No, 3,275,467, 
6 
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4, 3. 4 COMPARISON OF FABRICATION TECHNIQUES 

It becomes appropr ia te at this stage of analysis to compare cold and hot 

fabrication techniques including es t imated fabrication costs (in t e rms of man-

hours and equipment) for each configuration for only by such a comparison can 

each technique be placed in proper perspec t ive . The comparison does not end 

there , however, for what may be economical and feasible, may not be pract ical . 

Fu ture growth of fuel form technology (massive forms) will also tend to alter any 

conclusion reached as a resu l t of this analysis , 

4. 3, 4. 1 "Cold" vs "Hot" Fabr ica t ion 

In summtary of the analyses presented in paragraphs 4. 3, 2 and 4. 3. 3, the 
238, 

2 following Pu O^ fuel form - SIREN fabrication relationships have been 

establ ished: 

Fuel F o r m 

Microsphere 

Solid Solution 

Cermet 

Sintered Oxide 

Fabr icat ion Technique 

"Cold" fabrication pr ior to fueling 

"Hot" fabrication subsequent to fueling 

"Hot" fabrication subsequent to fueling 

"Hot" fabrication sebsequent to fueling 

"Hot" fabrication subsequent to fueling 

The foregoing indicates that "hot" fabrication techniques can be used with 

al l the proposed fuel fo rms , while "cold" fabrication lends itself only to the m i c r o ­

sphere type. 

The mic rosphe re fuel form will p resent a significant problem from the 

standpoint of contamination. This problem will be more pronounced for the "cold" 

fabricated and fueled SIREN than for the "hot" fabricated SIREN because of the 

g rea t e r difficulty of decontaminating the wound s t ructure should the contamination 

prevention philosophy not be as successful as anticipated. 
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Contamination prevention or decontamination of the SIREN capsule is not 

the limiting factor, however, the type of c losure and securing a reliable seal of 

that c losure subsequent to c losure a r e probably the most important problem a r ea s 

requiring solution. In general , the p r i m a r y and secondary plug techniques (see 

Figure 091) appears at this writing to be the most promising from the standpoint 

that a p r imary seal (in the form of a plug) is made before breaking the gasket seal 

between the fueling tool and l iner . Even if that technique is successful to the point 

of contamination free fueling and c losure , the space available to per form the final 

weld is severely r e s t r i c t ive making TIG welding of the screw plug to the inser t 

a lmost impossible. E lec t ron-beam or l ase r techniques a r e needed, along with 

considerable development to produce the degree of weld integrity and repeatabili ty 

required. 

The contents of Table 4-46 a re intended to summar ize the major problem a r ea s 

for comparing "hot" ve r sus "cold" fabrication. If a choice were to be made on the 

basis of problem complexity alone, it is felt that the hot winding technique will 

offer the g rea tes t chance of success and adaptability to other fuels and fuel fo rms , 

TABLE 4-46 

COMPARISON OF "HOT" VS. "COLD" FABRICATION 

"Cold" Fabr ica t ion 

1, Technique usable only with 

mic rosphere type fuel 

2, Requires development of clo­

sure and c losure techniques 

"Hot" Fabricat ion 

1, Technique usable with al l 
238 Pu O fuel forms discussed 

CI 

2. Sophistication of winding, i m ­

pregnation, and oxidation r e ­

sistant coating equipment 

increased due to radiological 

and a tmosphere control require­

ments 
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TABLE 4»46 

COMPARISON OF "HOT" VS. "COLD" FABRICATION (Cont) 

"Cold" Fabr icat ion 

3. Requires development of fuel­

ing tools and technique 

4. Contamination problem is sig­

nificant due to difficulty in 

decontaminating the wound 

s t ruc ture 

"Hot" Fabricat ion 

3, "Hot" winding techniques r e ­

quire further development 

4. Strippable coatings (metallic 

and/or inorganic) may be used 

as an aid to decontamination 

during liner fueling and c lo­

sure operations for in ic ro-

spheres . 

4 , 3 . 4 . 2 Fabr ica t ion Cost Analysis 

A p rec i se cost analysis for fueling the SIREN capsule contains many var iables 

thus making such an analysis ex t remely difficult. An intitial approximation of the 

costs for cold and hot fabrication a r e presented in Tables 4-47 and 4-488 respect ively. 

Each of these analyses a r e based on the following assumptions to allow a common 

ground for evaluation: 

# 

# 

# 

Fuel is GFE 

Fueling gloves boxes and other required jigs and tools exist 

The l i ne r / c l o su re combinations l isted a r e workable 

Development costs a r e not included 

Tooling is a non- recur r ing costj probably covered in development 

effort 

Labor costs a r e based on $4 .28/hr for technician(s) (cost rounded off 

to nea re s t dollar) 

4-125 

-, j , 9 » ft S> « « • • « » 3 f t 
a » » » ^ . « « 

* • » « 



4^ 
s 

1. L i n e r -

Case No. 1 

Case No. 2 

Case No. 3 

Case No, 4 

C a s e No, 5 

C a s e No. 6 

C a s e No. 7 

C a s e No. 8 

C a s e No. 9 

Case No. 10 

Case No, ! 1 

Case No. 12 

2. Winding 

Graph i te Yarn 

Other Supplies 

3. Impregna t ion 

i. Fue l ing Opera t ion 

5, Oxidat ion Res i s t an t 

Coating ( a s s u m e d done by 

Mound L a b o r a t o r i e s ) 

Table 4 -47 

SIREN FABRICATION COST ANALYSIS (ESTIMATED) 

COLD F A B R I C A T E D AND MICROSPHERE F U E L E D 

Mat ' l 

Z r O ^ 

Z r O ^ 

Z r O ^ 

Z r O , 

Cos t 
($) 
41 

C l o s u r e 
L i n e r & Graphi te 

Type 

Z r O ^ Plug - Slip Sealed 

41 Z r O P l u g / N b B r a z e 

41 Mo Inse r t Nb B r a z e ; Plug & Screw 

41 Mo I n s e r t I r B r a z e , Plug & Screw 

Z r O / M O 160 Same as C a s e No. 3 

ThO / M O 200 Same a s Case No. 3 

Z r O , 41 Mo t a p e r e d plug; Nb d i s c s 

T h O . / M o 160 to Same a s c a s e No. 7 
o r Z r O , / M o 200 

Mo 

Mo 

Mo 

Z r O ^ 

100 

100 

100 

41 

Mo Plug & d i s c s 

Mo Plug & S c r e w 

Nb Plug & Screw 

Z r O ^ Base Slip 

Mat ' l 
Cost 
($) 
41 

41 

50 

50 

50 

50 

35 

35 

15 

30 

30 

50 

F a b 
Cost 
(S) 
171 

171 

257 

257 

257 

257 

171 

171 

171 

257 

257 

70 

Supplies 

& 
Mat ' I s 
Cost 

50 

10 

10 

25 

10 

10 

50 

Clos 
Oper 
Cost 

($) 
35 

35 

70 

70 

70 

70 

70 

70 

70 

70 

70 

70 

10 

10 

100 

50 

1 10 

Tooling Other 
Cost Labor 

($) (S) 
200 

200 

300 

300 

300 

300 

400 

400 

800 

800 

800 

150 

Cc 
Mat ' l 

132 

92 

101 

126 

220 

260 

76 

235 

115 

130 

130 

141 

St Summa 
Labor 
($) 

206 

206 

327 

327 

327 

327 

241 

241 

241 

327 

327 

140 

ry 
Tota l 

($) 
338 

298 

428 

453 

547 

587 

317 

476 

356 

457 

457 

281 

n 
0 
a 
0 
s 
p 
•4 
0 
2 

171 

70 

171 

10 

100 

50 

UO 

171 

70 

17! 

271 

120 

281 

*Refer to Table 4-44 for m o r e informat ion 

**Es t ima ted tooling given for r e f e r ence only-not included in 
tota l cos t s ince it would nnost l ikely be cove red in deve lop ­
ment c o s t s . 

L iner cost range $281 to$ 587 
I t ems 2-5 _699 699 
Tota l Range $980 to $1285 



TABLE 4-48 
SIREN FABRICATION COST ANALYSIS (ESTIMATED) 

"HOT" FABRICATION 

Item 

1. Hot Winding 

Graphite Yarn 

Coolant 

Misc 

2̂  Impregnation 

3. Oxidation Resistant 

Coating 

Total 

Mat' 1 
Cost 

($) 

10 

25 

10 

100 

110 

$255 

F a b 
Cost 

($) 

10 

171 

171 

$352 

Total 
($) 

20 

25 

10 

271 

281 

$607 
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# Engineering, supervision and health physics support a r e provided but 

not costed. 

Special facili t ies and equipment a r e l isted below (in addition to those in 

existence): 
Cost 

$ 15 K 

25 

15 

35 

25 

K 

K 

K 

K 

10 K 

$ 9 6 .5 K 

# Induction heater with a tmosphere controlled 

heat zone (all cases) 

Pulsed l a se r welder , Cases 3 - 1 1 

Fueling equipment (all cases) 

P lasma spray equipment (all cases)* 

Special glove box for plasma spray* 

Special glove box for all heat t r ea tments* 
TOTAL 

The total cost per SIREN capsule (fueled, but fuel cost not included) can 

be summarized as follows: 

Liner $ 281 to $ 587 

Remaining fabrication 699 to 699 

TOTAL $980 to $1285 

On the basis mos t promising l iner/fueling po r t / c lo su re technique, (Case 10) 

the est imated cost would be: 

Liner $ 457 

Remain of fabrication 699 

TOTAL $1156 

*Costs a r e order of magnitude - Mound Labora tor ies 
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238 
The assumptions and conditions for the hot fabrication (all Pu O fuel 

forms) a r e as follows: 

• All fuel forms supplied with appropria te line mater ia l , ready for hot 

fabrication - GFE 

• Capsule is contamination free 

• Development costs not included 

• Engineering, supervision and health physics support provided but 

not costed 

• Labor costs a r e based on $4.28/hr for technician(s) (cost rounded off 

to nea re s t dollar) 

Special facil i t ies and equipment a r e l isted below (in addition to those already in 

existence). 

Glove-box sys tem for hot winding* 

Glove-box sys tem for innpregnation 

Glove-box sys tem for p lasma spray 

Glove-box sys tem for heat t rea tment 

Ball winder-modified 

Impregnation furnace and induction heater 

(10-inch X 15-inch hot zone) 

P a s s boxes (5) 

P lasma spray equipment 

E 

$ 

stimated 
Cost 
16 K 

4.8 K 

25 K 

10 K 

15 K 

40 K 

4 K 

$ 35 K 

*Glove-box es t imates a r e only o rde r of magnitude - Mound Laborator ies . Note 
that this pr ice does not include ventilation, instrumentation and other radiation 
monitoring equipment that may be required. 
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Estimated 
Cost 

# Extra shielding and fabrication $ 3 K 

# Atmosphere controlled induction heated 

furnace 15 K 

TOTAL $ 167.8 K 

The total cost per SIREN capsule fabricated on GFE fuel and liner is est imated 

at $607, consistent with the assumption and conditions stated previously. 

If one were to now make the assumption that microsphere fuel only was to 

be supplied, the l iner cost would be approximately $457 (Case 10, previous cost 

analysis); the fueling $120, for a total cost of approximately $1184. 

Summarizing, it would appear that the cost per capsule, on a production 

basis (under the assumptions and conditions previously stated) is of the order of 

$1200. The neces sa ry technical and Health Physics support, etc. , will a l te r this 

figure considerably. 

4 . 3 . 5 PROBLEM AREAS 

During the course of discussion of possible fueling and/or fabrication tech­

niques, the following problem a r e a s were uncovered. 

4. 3. 5. 1 Microsphere Fueling 

238 
The discussion of the fueling of a cold fabricated capsule with the Pu O 

mic rosphere fuel fornn. has shown that no mat te r what technique is used, there a r e 

problem a r e a s which requi re solution. Moreover , while most of the problems a r e 

solvable, the requi rement to develop and /o r fully utilize new technology is c lear ly 

evident (the pulsed l a se r to weld the c losure , for example). 

The major problem a r e a s associa ted with mic rosphere fueling a r e l isted 

below in o rder of increasing impor tance: 

® Application and implementat ion of the contamination prevention 

philosophy to mic rosphe re fueling 
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• Adequate fuel fines control 

# Fueling tools, t ransfer plumbing, and technique for microspheres 

• Liner ma te r i a l s selection 

# Closure method and technique. 

All of these problem a r e a s a r e very much interre la ted and require almost 

simultaneous solution start ing with the l iner mate r ia l and closure method. 

4 . 3 . 5 . 2 "Hot" Fabr ica t ion 

The problem a r e a s associa ted with hot fabrication of the SIREN a r e quite 

s imi lar to those of the cold fabricated (before fueling) version except that the 

capsule is a l ready fueled. The major problem a r e a s relating to hot fabrication 

a r e l isted below: 

Method of mic rosphere fueling and decontamination 

Method of cooling the capsule before and during winding 

Hot winding technique (including machine modification) 

Impregnation of hot wound s t ruc ture 

Application of oxidation res i s t an t coating 

Heat t rea tment of oxidation res i s tan t coating. 

As in the case of the cold fabricated and fueled SIREN, the problem a reas a re 

in ter re la ted , although perhaps not to the same degree. The complex nature of 

the fabrication equipment required because the capsule is hot and is radioactive 

is well within the scope of modern engineering prac t ice . 

4. 3. 6 RECOMMENDATIONS 

Upon reviewing the ana lyses , compar ison of fabrication techniques, and 

problem a r e a s , it would appear that hot fabrication of the SIREN offers the grea tes t 

potential . The reasons for making this s tatement a re delineated below: 
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# Hot fabrication is applicable to the Pu O fuel form presently devel­

oped or those under development 
® The outer s t ruc tu re (SIREN) is not per turbed by the addition of a poten-

tion trouble spot (the fueling port) 

® The problems associa ted with decontamination of the outer s t ructure 

a r e eliminated 

® Fabr ica t ion of a c losure for a tmosphere fueled capsule (before hot 

fabrication) is made much eas ie r and s impler 

® Closure (before hot fabrication) can be performed more easily and 

with a g rea t e r chance for success 

# Hot fabrication is independent (for the most part) of the fuel form 

® The hot fabrication process is more readily adaptable to advances in 
ma te r i a l technology (yarn, impregnant, etc.) . 

It is , therefore , recommended that the development of SIREN technology 

be oriented in the direct ion of hot fabrication. 

It is a lso recommended that where mic rosphere fueling will be used that the 

techniques discussed in paragraph 4. 3. 3 be adapted for fueling of an appropriately 

selected liner on which the SIREN will be fabricated. 

Fac i l i t ies mockups should be made when the process is finally established 

to provide a good bas is for es tabl ishment of final facilities and equipment r e q u i r e ­

ments and cost est imation. 
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4 .4 AEROTHERMAL ANALYSIS 

4 . 4 . 1 INTRODUCTION 

A body approaching the ear th possesses a large amount of energy - potential 

energy because of its position above the ea r th ' s surface and kinetic energy because 

of its velocity. A satell i te in a c i rcu la r orbit at 200 miles altitude possesses 

a kinetic energy of about 13, 000 B/ lb and a potential energy of approximately 

1200 B/ lb . An object approaching the ear th from deep space possesses a kinetic 

energy of approximately 26, 000 B/ lb . These energies compare with 1000 B/lb 

required to vaporize water and 25, 000 B/lb to vaporize carbon. Carbon has 

one of the highest heats of vaporization known at present . 

To withstand these ext reme reen t ry environments a body must be capable 

of ei ther absorbing the high surface heat flux without exceeding its degradation 

tempera ture or be capable of sustaining the equil ibrium reradiat ion tempera ture . 

The SIREN capsule incorpora tes both techniques in order to survive reentry . 

The SIREN heat source consis ts of a 3 .0- inch outside diameter sphere with 

a 0 .5- inch graphite carbon wall thickness (Figure 4-33). Reentry and internally 

generated heat a re radiated from the high tempera ture outer graphite surface. 

Since the SIREN heat source concept is a new development it is desirable 

to evaluate the abili ty of this design to withstand reent ry and to contain the fuel 

before and after iinpact. The purpose of this study is to provide pertinent reentry 

data which will allow for comparison with existing space nuclear power supplies. 

Ablation analyses a re performed by: (1) computing theoret ical t ra jec tor ies , 

(2) determining heating r a t e s , and (3) using thermal balances at the surface to 

determine temiperature - t ime h is tory . Naturally, no closed solution exists for use 

in ablation ana lyses , and al l problem solutions a re obtained through the use of 

i te ra t ive computational methods and high speed computers . In this study use was 
(5) 

made of char ts prepared by Lovelace , which depict kinematic and heating pa ra ­
m e t e r s for bal l is t ic r een t r i e s at speeds of 26, 000 to 45, 000 f t / sec . 
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OXIDATION RESISTANT COATING GRAPHITE 

69-H65983-010 

Figure 4-33 Fueled SIREN Capsule 
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(2) Works of Scala, Sinclair , and Gilbert as well as Metzger, Engle and 
(3) 

Diaconis were used to de termine the capsule surface recess ion during reentry . 

Six initial r een t ry conditions were investigated: 0.01 , 1 , 2 , and 90 

at 26, 000 f t / sec ; 6° at 36, 000 f t / sec ; and, 8° at 45, 000 f t / sec . For these initial 

conditions, aerodynamic heating, capsule surface tempera ture and surface r e ­

cession were determined for rotating and non-rotating reent ry modes. In addition, 

t e rmina l velocity for a non-ablated 3 .0- inch capsule was determined. 

The selection of these specific initial reen t ry conditions was based on the 

following reasoning: 

# Desi re to determine m a s s loss during t ra jec tor ies causing 

mos t severe integrated heat load 

® Des i re to obtain sufficient data at orbital velocities for com­

parison with existing heat source capsule data 

• Desire to know maximum surface tempera ture during a reent ry 

or abort of a planned ear th orbit . 

The orientation of a spher ical heat source during reentry is not well defined, 

so local heating ra t e s were bracketed by analyzing sources which were stable 

and sources which spun about an axis perpendicular to the flow. Results a re 

based on an initial altitude above the ea r th ' s surface of 300, 000 feet for an initial 

velocity of 26, 000 f t /sec and 400, 000 feet for initial velocities of 36, 000 and 

45, 000 f t / s ec . 

4 . 4 . 2 AERODYNAMIC FLOW REGIMES 

Bodies reenter ing the e a r t h ' s a tmosphere may experience aerodynamic 

flow that can be divided into three distinguishable flow reg imes . They a r e : 

free molecule flow, t rans i t ional flow, and continuum flow. This study deals only 

with laminar hypersonic flow in the three flow reg imes since all appreciable 

heating during r een t ry occurs during hypersonic flight. The one exception is in 

the determinat ion of t e rmina l velocity, which deals with subsonic flow. 
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Aerodynamic heating of a body passing through the three flow reg imes 

can be calculated with a good degree of accuracy when considering only the 

free molecular and continuum stagnation heating ra te theories and neglecting 

the t ransi t ional flow reg ime . This is accomplished by choosing a suitable 

boundary between continuum and free molecular flow theory. 

The variation of stagnation Stanton number versus Knudsen number for 
(4) 

spheres is shown in F igure 4-34, Straight line approximations to the variation 

of the Stanton number in the continuum and free molecular reg imes a re also 

noted in F igure 4-34, with in tersect ion of the lines occurring at a Knudsen number, 

K̂ ^ = A / D = 0 .30. This indicates that a reasonable approximation to the c a l ­

culations of aerodynamic heating may be obtained by using free molecular heating 

theory when the Knudsen number is g rea te r than 0,30 while using continuum 

flow theory when the Knudsen n\imber is less than 0. 30. The location of the 

K^ = 0.30 boundary in the velocity - altitude plan is shown in Figure 4-35. 

A sphere d iameter of three inches (D s 3) was used. 

(3) 

The flow regime corre la t ion function which is shown in Figure 4-36 p ro ­

vides an additional means of locating the boundary separating free molecule and 

continuum heating. For Reynolds number , Reg = Poo oo /^2_ , below about 10, 

the Stanton number dec rease s rapidly below the high Reynolds number value. A 

Reynolds number of 10 was chosen as boundary between continuum and free m o l e ­

cular flow and its locations in the velocity-alt i tude plane for a three- inch diameter 

sphere is shown i n F i g u r e 4 -35 . The Reynolds number was evaluated as follows: 

p V D p,p V D p , p V D 
~oo 00 '^2 °° °° 2 °° °° 

VlOO / X 10 

where 

p , p , a re in Ibm/ft 

P is in a tm 

3 
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5 ( FIGURE 7, REFERENCE 2 ) 
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Figure 4-36 Continuum - F r e e Molecular Boundary. 
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h 
100 

is in BTU/lb 

(8) 
and a s traight line approximation to the variat ion of density and viscosity with 

reference enthalphy was used (Figure 4-37). 

^2^2 X , -0.3640 
= 11 

\IQ0J 
X 10 -7 lb 

(ft)^sec 

The free s t r e a m density, p ^ , was obtained froin the 1962 Standard Atmosphere 

and p = ^P?/Poo^ °° from the Avco Evere t t Research Laboratory Hypersonic 

Gas Dynamic Char ts for Equi l ibr ium Air . The boundary for Reynolds number 

equal to 100 is also shown for informative purposes . 

The boundary locations predicted in two different ways, ( i . e . , Kjw = 0.30 

and Re = 10) a r e in close agreement . Continuum heating theory is applicable 

below about 300, 000-foot altitude for all veloci t ies . 

4 . 4 . 3 DRAG COEFFICIENTS 

Figure 4-38 (taken f romReference 4) shows the variat ion of drag coefficients 

with flow regime for a sphere . With a 3. 0-inch diameter sphere the t ransi t ion 

between molecular and continuum flow occurs at an altitude of about 280, 000 feet. 

For the purpose of this study a drag coefficient of 0. 92 was assumed constant 

over the ent i re hypersonic r een t ry ana lys i s . In addition, the bal l is t ic coefficient 

was assumed constant, even though a smal l change in the value occurred because 

of ablation. 

4 . 4 . 4 TRAJECTORY ANALYSIS 

Before reen t ry heating r a t e s and m a s s loss can be determined it is necessa ry 

to determine the theoret ical t ra jec tory of the reen t ry capsule . The t ra jec tory 

yields neces sa ry data such as velocity, alt i tude, and range versus t ime during the 

reen t ry . F r o m these data it is then possible to determine heating r a t e s , capsule 

suface t empera tu re , stagnation p r e s s u r e , and m a s s loss as a function of t ime. 
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The reentry motion of an object within the atmosphere is a resultant of 

its mass, size, shape and orientation, and of its rotational and translational 

rates. Kinematic motion of a point mass body with given aerodynamic parameters 

have been solved in References 6 and 7 for steep and shallow reentries.* 

The basic equations of motion used are shown below: 

where: 

i 

dt^ 

d^x 

g + 
D s in 0 __ L cos (p _ u 

dt 

uv 
r 

m m 

— (cos <p + ~ s m ffl, 
i n D 

X = Direction tangent to earth's surface - ft. 

y 

t 

g 

D 

L 

— 

= 

= 

= 

— 

Direction normal to earti 

Time - seconds 

Acceleration of gravity -

Drag - lbs. 

Lift - lbs 

I's sur 

ft/sec 

(p = Local flight path angle - degrees 

m = Mass of fuel capsule - slugs 

u = Horizontal velocity component - ft/sec 

V = Vertical velocity component - ft/sec 

r = Distance from center of the earth to capsule - ft 

w = Local angular velocity - radians/sec 

^Classical free body diagram shown in Figure 4-39. 

(3) 

(4) 
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Figure 4-39 F r e e Body Diagram for a Point, Mass " P " , Moving in the Atmoshpere 
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The simplifying assumptions made in solving the exact nonlinear differential 

equations of References 6 and 7 a r e : 

0 Atmosphere and ear th a r e spherical ly symmetr ic 

# Variation in a tmospher ic t empera ture and molecular weight with 

altitude a r e negligible compared to the variation in density 

# Pe r iphe ra l velocity of the ear th is negligible compared to the velocity 

of the reent ry body. 

F igure 4-40 gives r een t ry t r a jec to r ies for a reent ry velocity of 26,000 f t / sec . 

Figure 4-41 indicates the t ra jec to ry for a reen t ry velocity of 36,000 f t /sec and a 

reent ry angle of 6 which is the minimum reent ry angle at this velocity. Likewise, 

for 45,000 f t / sec , the t ra jec tory is given for the minimum reentry angle without 

skip which is 8 (Figure 4-42). 

4. 4. 5 AERODYNAMIC HEATING 

During the reent ry phase the SIREN sphere heat balance can be wri t ten as 

follows: 

S R = Qc-^Qi^QGR^^/"'^^^^ ^'^ 

where 

Q„ = Surface radiation heat flux 
oJK 

Q ^ Convective heating ra te (including combustion) 

Q. = Internal heat source 
1 

Q = Gas radiation heat flux 
GR 

4. 4. 5. 1 Surface Radiation 

The anticipated t empera tu re s on the surface of the sphere during reentry a re 

between 1000 K and 4000 K. Tempera tu res of this magnitude cause the sphere to 

4 - 1 4 5 

• • ft ft 
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Figure 4-40 Reentry Tra jec tory , Velocity - 26,000 f t / sec . 
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dissipate its energy via radiation from the exter ior surface. The radiation heat 

rate is given a s : 

^SR " J o-eT^(A)^ dA, B / sec (6) 
A 

where 

T (A) = Local wall t empera tu re , K 

e = Emissivi ty , assumed 0.85 

1 ^ "? A 

(T = 5.0388 x lO" B/ft sec K 

4. 4. 5. 2 Viscous Aerodynamic Heating 

The aerodynamic convective heat t ransfer rate is based on resul ts from 

Reference 1 for a reen t ry in the continuum flow reginae. As the surface t empera ­

ture (T > 1000 K) inc reases during reent ry , the exothermic oxidation reactions 
W 

exceed the mass t ransfer effect in the boundary layer due to blowing, and thus, 

resu l t s in a net increase in heat t ransfer to the stagnation point and along the su r ­

face of the graphite sphere . Based on analysis in References 2 and 3 the stagna­

tion point heating is : 

p \ 1 / ^ 

Q =1 ^ I [ 333 + 0.0333 (H - h )] BTU/ft^^^atm^^^ (7) 

R^y s w 

where 

I 

P = Stagnation p r e s s u r e , a tm 

R,, = Nose radius , 0.125 ft 
N 

H = Stagnation enthalpy, B/ lb 

h - Wall enthalpy, B/ lb 
w 
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Stagnation enthalpy is a function of the velocity and is given as : 
4 

H = 100 + 13,500 / - ^ 

Vs 
(8) 

where: 

V = Velocity of the sphere , f t /sec 

V = Satellite velocity, f t / sec 
s 

Stagnation p r e s s u r e can be wri t ten: 

K^o) Vs. 
(9) 

where: 

p = Ambient density, lb/ft~ 

p = Density at sea level, lb/ft" 
o 

Substituting equations 8 and 9 into equation 7, we obtain: 

1/2 
Q^ = a 7 6 , 9 4 / - ^ 

+ 449.55 l~-

[33.3 - 0.0333 (h - 100)] — 
w \ V 

(10) 

where: 

a = 1 for stagnation condition, i .e. , the sphere is 

nonrotational 

a = 0.13 75 for rotating sphere (Reference 4) 

J 
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where: 

BAiyOEPiB NUCt .EAR 
CORPORATION 

4. 4. 5. 3 Internal Heat Source 

3 
Internal heat generated by the fuel capsule is Q. = 2.7 wa t t / cm ; this is an 

equivalent of: 

Q. = 0.892 BTU/ft^sec (11) 

4. 4. 5. 4 Gas Radiation Heating 

Reference 5 presents an approximate equation for radiation heating under 

an equil ibrium condition: 

/ \1.78 / y \ B 
Q G R = ^ % ( ^ ] r ^ j BTU/ft sec (12) 

A = 0 B = 0 V < 25,000 

A = 6.8 B = 12.5 25,000 < V < 30,000 

A = 0.003 B = 19.5 30,000 < V < 35,000 

A = 20.4 B ~ 12.5 35,000 < V 

F u r t h e r m o r e , it is assumed that the standard atmosphere density variation 

can be approximately obtained by: 

Substituting equations (6), (10), (11), (12) and (13) into equation (5) we obtain the 

heat balance equation. This equation is a function of three pa rame te r s , namely: 

velocity, V, surface t empera tu re , T and altitude, h. 

Solution of equation (5) is presented for a nonrotating sphere (a = 1) in 

Figure 4 -43 . In this set of calculations internal heat generation and gas radiation 

heating a r e neglected. F igure 4-44 shows calculations for a rotating sphere 

(c = 0.1375), with internal heat source and gas radiation heating included. 
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Figure 4-43 Velocity vs . Altitude as a Function of Stagnation 
Surface Tempera tu re (Non-rotating Sphere). 
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Figure 4-44 Velocity vs . Altitude as a Function of Stagnation 
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4 . 4 . 6 MASS LOSS RESULTING FROM ABLATION 

A superposit ion of the r een t ry t ra jec tory (Figures 4-40 through 4-42) over the 

i so therms (Figures 4-43 or 4-44) will yield the t empera tu re profile during the 

r een t ry . F igures 4-45 through 4-50 show the t empera tu re var iat ion along the t r a ­

jectory of a rotating sphere as a function of the time elapsed. Time is measured 

from the initiation of reent ry : t = 0 is at an altitude h = 300,000 feet for the 

V = 26,000 f t /sec case , approximately at the altitude where continuum theory 
E 

is applicable; and h = 400,000 feet for V = 36,000 and 45,000 f t / sec c a s e s . The 
E 

free molecule-continuum boundary is marked on Figures 4-49 and 4-50. 

Based on analysis in References 2 and 3, the mass loss ra te due to graphite 

oxidation i s : 

dm 
dt 

F(T ) N/P 
(3 ^ W 

's/(2Ti6: 'R 
N 

lb 

ft sec 
:i4) 

where: 

where : 

m = ablated m a s s , lb/ft 

(3 = proport ional constant due to rotation = l / 4 

p = a i r p r e s s u r e , a tmospheres 

1/2 - ^ / ^ " ^ w 
(0.21)^/ '^ ' ^ 

F(T ) = 
k e 

o 

(it)^°-|fe) 
"/k \ - E / R T 

w 
_ (15) 

k = effective collision frequence = 9.65 x 10 lb/ft sec a tm 
o 

E = activation energy = 44,000 ca l /mole 

R = gas constant = 1.987 ca l /mole K 
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C = Diffusion controlled mass t ransfer constant 

- 6.35 X 10"^ lb / sec ft^^^ atm^^^ 

Equation (15) is plotted i nF igu re 4-51 as a function of wall temperature T . Since 

the t empera ture pulse is known, F(T ) can be obtained as a function of time, and 
1/2 

ult imately F(T )P as a function of t ime. 

4. 4. 7 TERMINAL VELOCITY 

Es t imates of the te rminal or impact velocity of the SIREN capsule at sea 

level vary widely with various assumptions about the drag coefficient. Unfortu­

nately, the capsule flies through the Reynolds number range in which the flow 

changes from subcri t ical to supercr i t i ca l and the drag coefficient may change 

from C ~ 0.5 to C « 0 .1 . The actual magnitude of the change in C and the 

Reynolds number at which it occurs depends on the surface roughness. 

It is worth noting, as in Reference 9, that the terminal velocity of a falling 

body tends to be somewhat higher than the equilibrium velocity for which the weight 

equals the drag . However, in our case the difference is at most 5% and will be 

neglected in view of the other , l a rge r , uncertaint ies for the sake of a simpler 

computation. 

(10) 
Drag data on spheres in subsonic flight have been summarized by Hoerner 

and a re shown i n F i g u r e 4-52 for both smooth and rough spheres . The roughness 

investigated in these tes ts was granular (e.g., sandpaper) and in the roughness 

pa rame te r k /D, k is the grain s ize . 

The behavior of the drag curve is seen to depend cri t ical ly on the degree of 

roughness . For k /D = 0.003 (k = 0.009 inch on the 3-inch sphere), t ransit ion to 

supercr i t i ca l flow occurs sooner than on the smooth sphere and the supercr i t ica l 

drag coefficient may be a little higher . For k /D = 0.03 (k = 0.09 inch on the 3-inch 

sphere) there is no t ransi t ion and C remains high throughout. Intermediate 

values of k /D will p resumably produce intermediate behavior. 
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Figure 4-52 Drag Data on Spheres in Subsonic Flight. 
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Equil ibr ium velocities at any altitude may be computed from the formula: 

V^Q = 2 9 ( W / . C ^ A ) ^ / 2 (16) 

where: 

(J is the density ra t io p/p 
SL 

Values a re shownin Figure 4-53 for the representa t ive subcri t ical and supercr i t ica l 

drag coefficients, 

%^ - 0.47 

C - 0 . 1 0 

2 

using the p a r a m e t e r s of the cur ren t capsule design; 

d = 3 inches 

W = 1.635 lbs 

Also shown is the Reynolds number r eg ime : 

3.5 X 10^ < Re < 5,5 X 10^ 

in which the t ransi t ion from subcri t ical flow occurs on a smooth sphere . 

Using these data, probable velocity-alti tude h is tor ies of smooth, slightly 

rough, and very rough capsules have been sketched. Actual t ra jec tor ies could of 

course be obtained by integration of the equations of motion for any assumed var ia ­

tion of C with Re. Checks were made, on the basis of the solutions given in 

Reference 9, to insure that the t ransi t ion altitude (17,000 ft) is high enough for the 

capsule to acce le ra te to the new equil ibrium speed. 

4. 4. 8 RESULTS 

T i m e - t e m p e r a t u r e plots of the SIREN outer surface during reen t ry a re given 

in F igures 4-45 through 4-50. Ina r r iv ing at these equil ibrium tempera tu res it was 
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Q^«#«WML 

assumed that T^jr(A) of equation (6) was constant over the entire surface of the 
W 

capsule. This assumption is indicative of a spinning reen t ry . 

Radiative heat t rans fe r , Q_„> and internal heat generation, Q., had only a 
CjrR i 

secondary influence on the equil ibrium surface t empera tu re . For instance, the 
maximum stagnation point t empera tu re for the 45,000 f t / sec , 8 reen t ry when 

accounting for Q. and Q „ „ in equation (5) is 4650 K whereas it is 4500 K without 
i OR 

consideration of these two fac tors . It is therefore possible to use Figures 4-45 

through 4-50 to obtain stagnation point t empera ture by using the relat ionship: 

\ 0 . 1 3 7 5 / 

0.25 

STAG \0.1375/ W 

which is a r r ived at by substituting equation (10) into equation (6) for Q 

(17) 

SR-

The reen t ry the rmal analysis a s sumes that the capsule has no thermal 

capacity and therefore r ep resen t s a the rmal balance of heat flxix at the capsule 

outer surface. The condition of the rmal flux balance established the initial r een t ry 

surface t empera tu re . 

Maximum spinning-capsule surface t empera tu re for the reen t ry conditions 
o 

under investigation was 2900 K and occurred with the superorbi ta l condition of 

45,000 f t /sec at minimum reen t ry angle of 8 (Figure 4-50). The maximum stagna­

tion point wall t empera tu re for this r een t ry condition was 4750 K. 

F igures 4-54 through 4-59 give the mass loss ra te was a function of t ime for the 

reenter ing SIREN capsule in a spinning mode. Mass loss rate is then integrated 

over the reen t ry in terval to yield total ablated m a s s per unit a r e a : 

m =rir-£ t ^ ^ T ^ ) ^ l / 2 
6 '— P dt (18) 

and the recess ion : 

(Ar) = 12000 " (mils) 
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Figure 4-54 Maximum Loss Rate for Spinning SIREN Capsule 
(y^ - 0° , V = 26,000 f t /sec) . 

E L 

0 
> 

n z 

If 
m 
1 

• • • 
• • • 

• • 



I 

OS 
03 

• «••«# 
• BS 
• • T • • • • « § 

• • • 

•••••^ 
• w 
m " 

• •• •• 
• • 
• ••• 

• • • 
• ••• 

0.15 

0 .13 

0 .11 

0.09 

0 . 0 7 

0 . 0 5 

0 . 0 3 

0 .01 

k 

50 

r. 
Vj, - 26,000 ft/sec 

100 150 200 250 

TIME, t, sec 

300 350 

69-H65983-030 

0 
s 

^ 

• « 

• • « 
• 9 • 
ft • C 

Figure 4-55 Maximum Loss Rate for Spinning SIREN Capsule 
(y„ = 1°, V„ = 26,000 f t / sec . 
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Figure 4-56 Maximum Loss Rate for Spinning SIREN Capsule 
(y^ = 2^ .̂ V^ = 26,000 f t /sec) . 
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Figure 4-57 Maximum Loss Rate for Spinning SIREN Capsule 
(y^ = 90°, V^ = 26,000 ft /sec). 
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Figure 4-58 Maximum Loss Rate for Spinning SIREN Capsule 
(y = 6°, V = 36,000 f t /sec) . 
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Results a r e tabulated in Table 4-49. These resu l t s are for a spinning capsule. 

The mass loss ra te , total mass loss , and surface recession for the stagnation 

point of a non-rotat ing r een t ry capsule would be increased by a factor of four over 

that for the spinning capsule, 

TABLE 4-49 

MASS LOSS FOR SPINNING CAPSULE REENTRY 

1 ''E 
(deg) 

0 

1 

2 

90 

8 

1 ^ 

^ E 
(ft/sec) 

26000 

26000 

26000 

26000 

45000 

36000 

pt max 
m = 0,0154 J F ( T ^ ) 

0.29806 Ib/ft^ 

0.23672 

0.212730 

0.05925 

0.51516 

0.508524 

e 
(Ar) = 12000 m / p (mils) 

g 

35,767 

28.4 

25.52 

7.11 

61,82 

6 1 , 

Figure 4-53 indicates that for the SIREN capsule under investigation a t e r m i ­

nal velocity anywhere from 245 to 530 f t /sec could be expected, depending upon its 

re lat ive surface roughness after r een t ry . Spinning and tumbling motion (resulting 

froin stagnation point ablation) may a lso affect the drag. 

4. 4. 9 CONCLUSIONS 

SIREN capsule surface t empera tu res during normal orbital reen t ry condi­

tions for a 3-inch d iameter sphere attain radiation equil ibrium surface tempera ture 

of 17 50°K (3150^) during spinning reen t ry and approximately 3 1 90 K (5160R) at the 

stagnation point during a non-rotat ing reen t ry . SIREN capsules reenter ing under 
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superorbi ta l conditions of 45,000 f t / sec and 8 experience a spinning surface 

tempera ture of 2800 K (5000R) and a non-rotat ing stagnation tempera ture of 

4600 K (8200R). The liner and fuel surface will, with the configuration shown in 

Figure 4-33, experience t empera tu re s near ly as high as the heat shield. For the 

superorbi ta l condition the t empera tu re could cause deleterious effects on the 

integrity of the fuel. It may therefore be neces sa ry to investigate the possible 

use of a r een t ry the rmal b a r r i e r between the heat shield and the fuel l iner . 

Preferably , the the rmal b a r r i e r would allow sufficient conduction outwardly to 

allow safe operating t empera tu re during miss ion life while offering sufficient 

thermal res i s tance in the inward direct ion to insure that the l iner and fuel do 

not exceed degradation t empera tu re levels during reen t ry . During orbital reen t r ies 

a thermal b a r r i e r may a l so be required if a steep reen t ry angle is considered pos­

sible. For the shallow orbital r een t r i e s it may be possible to achieve reentry 

without a the rmal b a r r i e r . 

A the rma l b a r r i e r to solve the superorbi ta l t empera tu re problem could pos ­

sibly be achieved by simply not impregnating an inner layer of yarn adjacent to 

the l iner . This unimpregnated layer of yarn could a lso serve as a l iner cushion 

during impact . 

Fo r a spinning reen t ry heat shield surface recess ion of 61 mils leaves a 

graphite wall thickness of 43 9 mils at impact . After a non-rotat ing reen t ry the 

stagnation point wall thickness is 256 m i l s . Integrity of the fuel capsule after 

impact at the t e rmina l velocities given in F igure 4-53 can be demonstrated only by 

impact tes t ing. 

This repor t provides only equil ibrium surface t empera tu re s with no con­

siderat ion of fuel capsule t he rma l s torage capacity and hence does not constitute 

a complete basis for evaluating the safety of the SIREN fuel capsule . The follow­

ing topics must be investigated if a sound judgement is to be made: 
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a. Impact t empera tu res and optimum ballistic coefficients leading to 

ininimum prac t ica l impact veloci t ies , thus allowing impact s t r e s s analyses . 

b . The effects of internally generated p res su re during reent ry . 

c. Launch pad abo r t s . 

d. The rma l and chemical analyses of a buried heat source. 

e. Three-d imens iona l the rmal analysis to allow determination of thermal 

gradients and thermal s t r e s s e s . 

f. Mater ia l degradation and incompatibility at elevated te rapera tures . 

g. Determinat ion of most severe reent ry t ra jector ies from the standpoint 

of maximum tempera tu re and maximum integrated heat load. 

h. Thermal b a r r i e r design. 
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4 .5 POST-IMPACT ANALYSIS 

4. 5. 1 INTRODUCTION 

Intact reent ry of a heat source capsule and its impact survival defers the 

final question of capsule integrity to the post- impact period. During this period, 

where damage by external physical means (rock sl ides, sand s to rms , etc.) is 

assumed negligible, degradation of the heat source containment is the resul t of 

thermochemical activity. 

Survival of an ea r th impact can resul t in a condition where the source is 

ei ther buried in the ground or is rest ing on the ground and exposed to the elements . 

In either case , the environment is significantly different in a nunnber of respects 

than when the source was deployed in space. 

Fo remos t among the changes is the presence of oxygen which could accelera te 

the decomposition of the capsule. Since thermal convection is now possible, a 

lower equi l ibr ium tempera tu re will be established; however, the temperature will 

increase with t ime as the surface a rea of the capsule diminishes through decom­

position. In the case of a buried capsule, a host of reactions may take place be ­

tween the capsule and the surrounding soil. These two situations a r e considered 

in detail in the following pa ragraphs . 

4. 5. 2 CAPSULE ON GROUND SURFACE 

The most significant factor influencing reaction of the capsule mater ia l s is 

the equil ibrium that will be established under the new conditions. Two situations 

will be examined. The f i r s t a s sumes the capsule is complete and intact, having an 

outside d iameter of three inches and a capsule thickness of one-half inch. The 

second a s s u m e s a source •with a l iner only, the resul t of either capsule parting on 

impact or its decomposition with t ime. Intermediate conditions can be assumed to 

yield in termediate r e s u l t s . 

i 
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Heat t ransfer from the source takes place by radiation and convection and 

is governed by the following equation: 

where 

Q = ( h + h ) A ( T - T ) 
r c s s a 

Q = total heat lost, BTU/hr 

. 2 A = surface a rea , ft s 

T = surface t empera tu re , F 
s 

T = ambient t empera tu re , F 

h = convection coefficient, BTU/hr ft °F 

h = equivalent radiation coefficient, BTU/hr ft °F 

The convection coefficient is determined as follows; 

,1/4 i 
h = 0.53 (GrPr) 

c R 

where 

Gr = Grashof number 

P r = Prandt l number 

k = conductivity of a i r 

R = capsule radius 
s 

evaluated at the film 
tempera ture 

For the fully encapsulated source , the following conditions a r e assumed: 

T ~ 600°F = 1060°R 

T ~ 70°F = 530°R 
a 
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T^ = 335 F / f i l m tempera tu re = T + T 
f _ a _s„ 

R =1 .5 inches = 0.125 ft 
s 

k = 0.0193 BTU/hr ft °F 

P r = 0.71 

Gr = 0.444 X 10^ X AT X R 

Gr = 0.444X lO^X 530 X (0.125)^ = 0.459X 10^ 

-~ _ 0 .53(0 .459X10^X0,71) (0.0193) , „. 
c 0.125 

BTU 

hr ft °F 

The effective radiation coefficient is determined as follows; 

4 4 
cre(T - T ) 

K- T ~T, s f 

where 

cr = Stefan-Boltzman constant, 0.1714 X 10 
•8 BTU 

hr ft^ F^ 

e = emiss iv i ty , assumed value = 0.8 

(0.1714X 10"^) (0.8) (1060^ -530^ ) 
^ ( 6 0 0 - 3 3 5 ) 

h = 6.16 BTU/hr ft °F 

Having these heat t ransfer coefficients, it is now possible to calculate the capsule 

surface t empera tu re for a representa t ive source at a power level of 240 watts (a 

nominal power level for a 3-inch d iameter capsule) . 
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T = ~ + 70 
^ (h + h ) A 

c r s 

T = (240.^^.415) ^ ^Q 

^ (1.96 + 6.16) 4TT(0.125)^ 

T = 515 + 70 = 585°F 
s 

This t empera tu re is in fair agreement with the value assumed (T = 600 F) in 
s 

establishing ma te r i a l p rope r t i e s ; therefore^ the assumed value is valid within 
the limits of the assumptions made for this analysis^ 

Fo r the case of the heat source rest ing on the ground in its l iner only, the 

method of analysis is s imi lar but with a somewhat higher tempera ture due to a 

reduced heat t ransfer a r e a . 

Assume the following conditions: 

T = 850°F = 1310°R 
s 

T = 70°F = 530°R 
a 

T^ = 460°F 

R = 1" = 0.083 ft 
s 

k = 0.022 BTU/hr f t^°F 

P r == 0,686 

Gr = 0.20 X 10^ X 780 X (0.083)^ = 9.06 X lo4 

Z ~ 0.53(9.06X lO^X 0.686)^^^(0.022) _ nTXUh. ff̂  orr 
" \ (07083) ~ ^'^^ BTU/hr ft F 
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As before 

h = (Q'i7i4x io"AiQ.8L(moiz.53ol) _ ^Tu/hr ft̂  ° F 
\ ( 8 5 0 - 4 6 0 ) 10.12 BTU/hr ft F 

and 

T 
s 

T 
s 

240 X 3.415 
2 

(2.20 + 10.12) 4TT(0.083) 

= 767 + 70 = 837°F 

+ 70 

As another t empera tu re of in teres t , the interface between the capsule and the 

liner for the case of an intact capsule should be examined. 

The radia l t empera tu re r i se is given by 

AT 
- (240 X 3.415) (1.5 - 1.0) (12) _ o 

4TT2.0(1.5) (1.0) 
132 F 

AT 
Q(r - r . ) 

o 1 
4iT kr r . 

o 1 

where 

and 

k = capsule conductivity 2.0 BTU/hr ft °F 

r . , r = graphite inner and outer radi i 
1 o 

Therefore , for the intact capsule res t ing on the ground, the external surface and 
o o 

the capsule l iner interface t empera tu res become 585 F and 717 F respectively at 
equi l ibr ium. 

In summary then, for a source res t ing on the ground, we have the following 

conditions of in te res t : 

I 
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a. A pyrolytic graphite surface in a i r at 585 F to 837 F 

b . A pyrolytic graphite liner interface at 717 F to 837 F 

c. A liner surface in a ir at 837 F (may or may not be preceded by(b.) 

Pyrolyt ic graphite in a i r exhibits negligible oxidation at t empera tures below 

1100 F so that condition (a) can be- considered a safe containment situation. Sim­

ilarly, the l iner -graphi te react ion to form zirconium carbide for (condition (b)) 
o 

requi res t empera tu res approaching 4000 F,again indicating negligible containment 

degradation. Finally, degradation of the l iner (i. e., zirconia) in condition (c) r e ­

quires t empera tu re s above 4500 F , considerably in excess of expected levels. 

Z i rconium-carb ide , the aforementioned unlikely product of condition (b) has a 

threshold oxidation l imit of 800 F so that if it were formed pr ior to condition (c) 

it would slowly oxidize the l iner , ul t imately re leasing the fuel. Even during r e ­

entry, however, c r i t i ca l t empera tu res for carbide formation are not attained so 

that this last possibi l i ty is ext remely remote . 

In summary , then, a heat source res t ing on the ground after impact, whether 

in its graphite capsule or reduced to its l iner , has been shown to exhibit long t e r m 

stability and is safely contained. 

4. 5. 3 CAPSULE BELOW GROUND SURFACE 

A capsule buried in the ear th , ei ther upon impact or by post - impact soil 

shifting, is subject to a different mode of degradation. As a resul t of t empera ture 

increases due to the insulation proper t ies of the ear th , cor ros ion and chemical 

attack a r e enhanced by the p resence of water vapor, decomposition of soil chemi­

cals , and a l te ra t ion with t ime of the local soil envelope. 

To es t imate the level of chemical react ivi ty, it is again necessa ry to e s t im­

ate the equil ibrium t empera tu re of an imbedded capsule under various hypothetical 

c i r cums tances . 
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Consider the following possible conditions: 

a, A capsule completely surrounded by soil, having good contact and an 

effective thickness that is large compared to capsule dimensions. 

b, A capsule somewhat settled in a cavity and making contact on only half 

of its surface. 

c, A capsule in an enlarged cavity (perhaps due to soil shrinkage) and 

having only point contact with it. 

The above situations might represen t gradually changing conditions and can be 

seen to involve heat t ransfer by conduction at the outset giving way to convection 

and radiation in the la ter s tages . Since the time span is not known and indeed may 

be short compared to the half-life of the source , the heat source is assumed to 

have its initial value for all of the foregoing ana lyses . 

Condition (a). 

The governing re la t ion for a sphere conducting heat to a surrounding mater ia l 

is 

4iTkr r (T - T ) 
_ S O S o 

r •— r o s 

where r , r a r e the outer and inner rad i i of the enveloping mate r i a l . It can be 
o s 

seen that as r becomes large compared to r , this equation reduces to 

Q = 4TTkr (T - T ) 
s s o 

Thus, since r is the source radius and T is the soil t empera ture at a distance 
s o 

from the source , we get 

T = — - — + T 
s 4Trkr o 

. ..."-TCO^^tftfrNpHAL 
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Unfortunately, there exists a broad spec t rum of soil compositions and soil 

conductivities. F u r t h e r m o r e , the value of t he rma l conductivity tends to increase 

with tempera ture but in a different fashion from soil to soil . It will be necessa ry , 

then, to make some assumptions about this soil p roper ty . Since values between 

0.15 and 0.4 BTU/hr ft °F have been repor ted for various soils and is reasonably 

constant below 1500 F for most soi ls , an average of 0.25 is assumed. 

Thus, 

k = 0.25 BTU/hr ft ' 'F 

r = 1.5" = 0.125 ft 

T = 50 F 
o 

T = , ,242,(3^15I_ 
s 4TT(0.25) (0.125) 

T = 2100 + 50 = 2150 F 
s 

This t empera tu re invalidates the initial assumptions and indicates a more 

r igorous technique would be requi red to de te rmine the capsule surface t empera tu re . 

Such a technique would necess i ta te a more detailed knowledge of the the rmal con­

ductivity as it var ies with tempera ture as well as the selection of an "average soil" 

upon which to make the determinat ion. Since pure conduction is the basis of the 

other two conditions, however, it will be assumed that equil ibrium exists for some 
o 

average case at around 1800 F . 

Condition (c) 

This condition of only minor point contact between the capsule and the cavity 

is considered at this t ime because it will simplify the la ter handling of condition (b). 

It must be understood that if the cavity is not significantly la rger than the capsule 

then the heat lost by the capsule will resu l t in essent ia l ly the same tempera tu re 

distr ibution through the soil as in condition (a), subject of course to any changes 
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in the rmal conductivity that might occur . Thus the surface tempera ture for 

radiation heat exchange from the capsule is at essent ial ly that temperature ar r ived 

at in condition (a). Radiation heat exchange is governed by the following equation: 

4 4 
Q = creA (T - T ) 

s s o 

Assuming the following values 

e = 0.8 

A = Tr(0.25)^ ft^ 
s 

T = 1800°F = 2260°R 
o 

0- = 0.1714X lO"^ BTU/hr ft^ " F ' ^ 

T ^ = T S -^ 
s o cr eA 

4 4 
T = (2260) + 

s 
242(3.415) 

0.1714X lo"^ (0.8) iT(0.25) 

T = 260,000 + 7680 = 267,680 
s 

T = 2270°R = 1810°F 
s 

Thus, it can be seen that withdrawal from the soil cavity by the capsule with its 

consequent shift of heat t r ans fe r from conduction to radiation imposes no capsule 

t empera tu re inc reases of any consequence. And so it is that all three conditions 

a r e s imi la r and revolve around the question of soil conductivity. In that regard 

then, considering the range of soil conductivit ies, it would appear that equilibrium 
o o 

for a capsule would be establ ished in the range of 1200 F to 2200 F . 
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As ind ica t ed e a r l i e r , t h e s e t e m p e r a t u r e s e x c e e d the oxidat ion t h r e s h o l d for 

py ro ly t i c g raphi te^ not to m e n t i o n the r e a c t i v i t y p o t e n t i a l of so i l c h e m i c a l s so tha t 

d e g r a d a t i o n of the c a p s u l e wi l l o c c u r wi th t i m e . Howeve r , no condi t ions a p p e a r 

to favor r e a c t i o n of the z i r c o n i a l i n e r wi th e i t h e r the g r a p h i t e o r the so i l c h e m i c a l s 

so that a f t e r oxidat ion of the c a p s u l e , c h e m i c a l a c t i v i t y wil l c e a s e and the l i ne r wi l l 

s t ab i l i z e a t s o m e t e m p e r a t u r e tha t is a function of so i l compos i t i on , p o s s i b l y even 

me l t ing the so i l and s inking into the e a r t h but wi thout l o s s of l i n e r i n t e g r i t y . 

4. 5. 4 CAPSULE BELOW WATER SURFACE 

A l a s t i n t ac t r e e n t r y condi t ion invo lves the p o s s i b l e i m p a c t of the c a p s u l e in 

a body of w a t e r . Aga in the e q u i l i b r i u m t e n a p e r a t u r e m u s t be a s c e r t a i n e d for the 

p r o p e r eva lua t ion of t h i s p a r t i c u l a r c i r c u m s t a n c e . 

Using the a p p r o a c h f r o m the c a s e of a c a p s u l e r e s t i n g on the g round , but 

omi t t ing r a d i a t i o n l o s s e s we h a v e 

Q - h A (T - T ) 
e s s w 

and a g a i n 

-- ] / 4 
h = 0 . 5 3 ( G r P r ) ' k / R 

c s 

A s s u m i n g the following va lues for the w a t e r 

T = 120 F 
s 

T = 60 F 
w 

T = 90 F 

k = 0.359 B T U / h r ft ° F 

P r = 5.89 
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R = 1.5" = 0.125 ft 
s 

6 3 6 
Gr = 56 X 10 X 60 X (0.125) = 6,57 X 10 

h = 0.53(6.57 X 10 X 5.89) '* 0 .364 /0 .125 = 122 B T U / h r ft^ ° F 
c 

T = s h A 
c s 

+ T 
w 

T -_ _ 1 2 i O L M i ± . ^ + 60 
^ (122) T T / 4 ( 0 . 1 2 5 ) 

T = 55 + 60 = 115"F 
s 

At t h e s e t e m p e r a t u r e s , no r e a c t i o n wi th the c a p s u l e or l ine r is expec ted in e i t he r 

f r e s h or s a l t w a t e r . 

4 - 1 8 7 / 4 - 1 8 8 
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4.6 COMPARATIVE ANALYSIS 

4 . 6 . 1 INTRODUCTION 

The stated objective of the Development of the SIREN Fuel Capsule, Phase I, 

is to evaluate and establ ish its feasibility within the following design cr i te r ia : 

• F ive -yea r serv ice life after six-month prelaunch storage 

• Minimize s t r e s s e s on the capsule by helium venting 

• Minimum of one year fuel containment after impact in soil or water . 

In other sections of this repor t , test data and analyses a re presented on specific 

aspects of the SIREN capsule ' s capabil i t ies . It is the purpose of this analysis to 

discuss the feasibility of the SIREN concept in light of these data, highlighting 

those a r e a s requiring further developraent. At this t ime, feasibility can be d i s ­

cussed only in general t e r m s because: 

• The SIREN concept is yet in the pre l iminary stage of development 

• The definition of feasibility is strongly dependent on specific (but 

undefined) design and miss ion requirennents. 

The question of feasibility is d iscussed in the following paragraphs from four 

viewpoints: 

• Fabr icabi l i ty and fueling of the capsule 

• Ability to per form long t e r m miss ion 

• Ability to withstand reen t ry 

• Ability to confine the fuel after impact. 

4. 6. 2 FABRICATION OF THE FUELED CAPSULE 

The fabricabil i ty of the non-fueled SIREN capsule was demonstrated as par t 

of the Fabr icat ion Task (Section 3) wherein 35 test capsules were successfully 

prepared . Whereas , the fabrication of a fueled capsule has not yet been demon­

st ra ted it has been subjected to analys is . As discussed in paragraph 4. 3, the 
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naethods of fabrication and fueling of the capsule a re strongly dependent on 

whether the fuel form is mic rosphere or solid form such as sintered oxide, 

solid solution or ce rme t . 

When considering the mic rosphere fuel form, the capsule would f i rs t be 

fabricated, the fuel then loaded through a fueling port, and then the fueling port 

sealed. Cr i t ica l to the success of this approach a r e : 

• The ability to successfully seal the liner (ceramic, cermet , or 

metal l ic) 

• The ability to fuel and seal the capsule without contaminating the 

capsule above the acceptable l imi ts . 

Several promising approaches to both the sealing and contamination control p rob­

lem have been devised; however, as yet there have been no actual demonstrat ions 

and laboratory evaluations performed. 

When considering the solid fuel form, the anticipated fabrication of the 

capsule would s t a r t with the fuel as the capsule core ("hot fabrication"). The 

fuel would be coated with an iner t layer that would serve as an integrally bonded 

liner. The liner would most probably be either ZrO or ThO depending on the 

fuel composition and would be applied by a chemical deposition p roces s . The 

technologies for applying such coating on PuO have been developed and a r e con­

sidered cur ren t technology. The graphite yarn would be wound direct ly on the 

coated fuel, and subsequently impregnated with pyrolytically deposited carbon. 

This method of d i rec t fueling/fabrication el iminates the problem of sealing a 

fueling port as required with the part iculate fuel. Also, it appears probable that 

the existing technology for coating the PuO would resul t in a surface containing 

little, if any, contamination. Consequently, the problem of contamination control 

would be great ly simplified. Cr i t ica l to the success of the hot fabrication technique 

would be the development of methods for winding and impregnating a capsule whose 
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core is both thermal ly and radiologically hot. Whereas , neither hot winding nor 

hot impregnation methods have been demonstrated, experience indicates that both 

p rocesses a r e technically feasible. Hot winding could be accomplished by modifi­

cation of the winding machine to provide tempera ture res is tant conaponents, a 

cooling device, and biological shielding. The required hot impregnation technology 

is technically related to cur ren t methods of impregnation of hollow shapes using 

the " ins ide-out -process" . In this p roces s , the inside surface of the part is heated 

initially, and during the course of the impregnation cycle, the hot zone is made to 

t r ave r se from the inside surface to the outside. Since the carbon is preferrent ial ly 

deposited on the hotter zones, the impregnation occurs from the "inside to the 

outside". It appears feasible to use this type of impregnation cycle for "hot" im­

pregnation of the fueled capsule through use of controlled heating ra tes . 

4 . 6 . 3 MISSION REQUIREMENTS 

Selected proper t ies of the graphi te /carbon s t ructure were tested during 

Phase I to aid the a s s e s s m e n t of long t e r m miss ion capability of the SIREN capsule. 

The proper t ies tested were oxidation res i s tance , helium permeabili ty, thermal 

conductivity, and res i s tance to solid propellant fire (simulated launch abort) . 

(The generat ion of test data relating to l iner ma te r i a l s , and fuel mater ia l s were 

outside the scope of this p rogram and only limited data from other laborator ies 

a r e available,) 

Oxidation protection of the graphi te /carbon s t ructure is required pr imar i ly 

for the prelaunch storage and launch countdown. Based on the test data obtained 

from the SIREN test capsules and other published data, the following estimated 

degree of oxidation protect ion required for a six-month storage in a ir would be: 

STORAGE TEMPERATURE PROTECTION REQUIRED 

Less than 400 F None 

500 to 600 F Thin surface protection (several mils 

thick), such as B. Si or SiC 
D 
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STORAGE TEMPERATURE PROTECTION REQUIRED 

800 to 1000 F Thick surface protection and possibly 

subst ra te protection, such as B, Si, 
6 

SiC or BN 

1200 F and above Developmental surface and subst ra te 

protect ion or canning. 

Specific oxidation requirements would be strongly dependent on such pa r ame te r s 

as t empera ture , a i r flow ra te , density and quality of the graphi te /carbon s t ruc ture , 

and probable surface damage due to handling. Considering the large amount of 

work a l ready performed on the oxidation protection of graphite in other labora tor ies , 

it would be expected that application of known technologies could be successfully 

extended to the SIREN capsule with a minimum of developmental effort. 

The ability of the graphi te /carbon s t ruc ture to vent the helium generated 

within the fuel was demonstra ted by test (see paragraph 5. 4). Simply stated, the 

graphi te /carbon s t ruc ture " leaks like a sieve". Examination of the mic ros t ruc tu re 

of the graphi te /carbon indicated two kinds of porosity: 

# The carbon impregnant deposited on the graphite yarn but did not 

completely permeate the filaments of the yarn bundle 

• The porosity within the s t ruc ture l ies between and paral le l to the lay 

of the yarn. 

Fur the r development of the impregnation process may resul t in less void volume 

between yarn lays , but it is doubtful if the impregnation would ever effectively 

seal the path through the yarn bundle. The introduction of an oxidation protection 

coating on the surface would be probably offer some res i s tance to helium flow. 

However, during prelaunch s torage when the fuel would be cool, it is improbable 

that any significant quantity of hel ium would be re leased from the fuel, and even 

complete sealing of the outer surface of the capsule would cause no significant 
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hel ium p r e s s u r e . At the elevated miss ion tempera tures , the oxidation protection 

mate r ia l s would be permeated by the helium at a sufficient ra te . In the unlikely 

case that hel ium were not to vent through the surface coating at a sufficient rate , 

the coating would be expected to f i ssure and vent the gas as the internal p r e s su re 

increased. F i s sur ing of the oxidation protection at that period of the mission 

would be of no consequence. Therefore , based on the available data, there appears 

to be no problem of venting helium through the graphi te /carbon s t ructure . 

Measurement of the the rmal conductivity of the graphi te /carbon s t ructure is 

an important factor in assess ing the long t e r m miss ion capabilities of the capsule 

since the conductivity influences the t empera tu res of the inner components. The 

t empera tu res of the inner components affect, among other things, the mate r ia l s 

compatibility behavior. The tempera ture drop ac ross the graphi te /carbon was 

determined to be approximately 130 F ; therefore, for a capsule surface t empera­

ture of 1800 F , the graphi te- l iner interface and the liner-fuel interface would be 

approximately 1930 to 2000 F . The relat ively low tempera ture drop ac ross the 

capsule wall allows for a higher capsule surface temperature with a correspond­

ingly lower penalty for possible incompatibility at the graphite- l iner-fuel interfaces. 

The demonstrat ion of compatibility of the various capsule components has yet to be 

performed. 

The ability of SIREN capsules to withstand the effects of burning solid 

propellant was successfully demonstra ted with three test capsules . The tests 

were performed with capsules in proximity of and in contact with solid fuel for 

burning t imes to eight minutes . After test , the capsules showed no evidence of 

oxidation, at tack by the fuel res idue, thermal shock, or melting of any of the 

components. Based on these data, it was concluded that the SIREN capsule can 

successfully withstand solid propellant f i res that may occur during mission abort . 
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4 . 6 . 4 REENTRY 

The ability of the SIREN capsule to survive the condition imposed by stable 

(non-spinning) orbital (26,000 f t / sec) or superorbi ta l (36,000 f t /sec) reent ry has 

been successfully demonstrated with plasma air heating ra tes ranging from 264 
/ 2 ,2 

B/ft - sec to 447 B/ft -sec and dwell t imes ranging from 199 to 300 seconds. The 
maximum m a s s loss was approximately 33 g r a m s . 

Despite the fact that the SIREN s t ruc ture ablated at a rate approximately 

3 0 percent higher than that observed in standard graphite reent ry heat shields, 

the ma te r i a l thickness (approximately 0.5 inch) was sufficient to ensure that the 

center core would remain covered after reent ry . The resul ts of scaling the 

plasma a r c test resu l t s to hypersonic conditions likewise indicated that core would 

remain covered. 

It is anticipated that improving the density of the SIREN composite (graphi te / 

yarn/pyrolyt ic carbon or graphite impregnant) s t ruc ture by optimization of i m ­

pregnation (or perhaps winding) p rocess would permi t the ablation rate to more 

closely approximate that of graphite reent ry heat shields. 

It should be noted, however, that the ablation ra tes for the same test condi­

tion would also be lessened if the capsule were spinning during reentry , resulting 

in a lower stagnation point recess ion , 

4 . 6 . 5 IMPACT 

To a sce r t a in the feasibility of the SIREN concept relative to post reen t ry 

impact, it is required that capsule failure at impact be defined. As stated in 

paragraph 5. 5, 3. 1, failure is defined for the following fuel forms: 

® Microsphere fuel-l iner rupture and subsequent d i spersa l of fuel 

par t iculate 

# Solid fuel form - production of and subsequent d i spersa l of fuel fines. 
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On the basis of these failure c r i t e r i a , no impact tests were performed 

which would indicate failure or success of the SIREN to prevent production and/or 

d i spersa l of fines from either fuel fo rm. The degree to which the solid A1_0^ core 

simulated a prospective (solid) fuel form is not known principally because the 

238 

s t ruc tura l proper t ies of the three types of solid Pu O fuel forms are not p r e s ­

ently known. If one a s s u m e s , however, that the Al O. core did simulate one of 

the prospective fuel forms, then it may be concluded that 5 out of 6 impact tes ts 

were successful . The core of one capsule shat tered at 350 f t /sec and by definition 

is a fai lure. A "fines analysis", however, was not performed. 

The resu l t s of the post impact analysis indicate that considerable improve­

ment of the impact cha rac te r i s t i c s may be obtained by the use of a high tensile 

strength graphite yarn (400,000 psi ve r sus 6000 psi presently used). The higher 

energy absorption charac te r i s t i c available because of the higher strength yarn 

would resu l t in a decreased compress ive force on the fuel l iner. 

Additional considerat ion should be given to impact testing of capsules which 

have been exposed to reen t ry conditions and studies made to determine orientation 

of ablated capsules during impact . 
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SECTION 5 

TESTING OF SIREN CAPSULE DESIGN 

5. 1 INTRODUCTION 

Heretofore , the unique p roper t i e s of graphi te /carbon composites have not 

been tes ted with respec t to the requ i rements of an isotopic fuel capsule. T h e r e ­

fore, the testing of seve ra l p roper t i e s of the graphi te /carbon conaposite mate r ia l 

was included in the overal l a s s e s s m e n t of the SIREN concept. The tes ts per ­

formed a r e l isted below and r epor t s of the respect ive tes ts a r e given in the 

following pa rag raphs : 

5.2 Thermal Conductivity Tes t s 

5. 3 Oxidation Susceptabili ty Tes ts 

5.4 Helium Permeabi l i ty Tests 

5. 5 Impact and P lasma Arc Tes t s 

5. 6 Solid Propel lant F i r e Tes t s 
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5. 2 THERMAL CONDUCTIVITY TESTS 

5. 2. 1 INTRODUCTION AND OBJECTIVES 

The high t empera tu re s associa ted with radioisotopic fuel capsules during 

reen t ry as well as during normal operation have necessi tated the development of 

ma te r i a l s which possess high strength and integri ty during exposure to extreme 

the rmal envi ronments . The combination of high-strength carbonaceous filaments 

with a pyrolytically deposited carbonaceous mat r ix appears to be the cor rec t ap ­

proach to solving the problems associa ted with intact after impact reentry of 

radioisotopic fuel. 

Carbon-carbon mate r i a l s present a t t rac t ive possibil i t ies for obtaining in­

c reased s t rength and integrity during reen t ry and after impact. The increased 

strength, high heat of ablation, the rmal shock res i s tance , and dimensional s tabi­

lity of carbonaceous ma te r i a l s suggest their suitability for reentry of radioisotopic 

fuel. 

This type of ma te r i a l combined with a unique technique of fabrication led to 

the SIREN concept for fuel capsules . It is the objective of this experimental in­

vestigation to determine the t he rma l conductivity of the SIREN wall s t ructure or 

heat shield. The SIREN wall s t ruc ture is believed to be somewhat anisotropic in 

nature with respec t to the rmal conductivity because of the yarn winding technique 

pecul iar to the SIREN concept. Of concern in this phase of testing is the radial 

t he rma l conductivity only. 

Thermal conductivity data obtained in these tes ts a r e for tempera tures 

indicative of normal operating conditions; i , e . , up to 1800°F. 

5 .2 .2 TEST APPARATUS 

Two hollow, th ree - inch d iameter SIREN capsules having a l / 2 inch graphite 

wall thickness were used as the tes t spec imens . The two capsules were designated 

as Q-1 and Q-2 and a typical instrumented specimen is shown in Figure 5 -1 . 
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Figure 5-1 The rma l Conductivity Specimen Fully Instrumented. 
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Determination of t he rma l conductivity was based on one-dimensional 

equil ibrium heat t ransfer through the walls of a sphere with internal heat generation. 

The equation governing the s teady-s ta te heat t ransfer in a sphere is 

4TTKr r^(T ~ T ) 
Q - ^^-—^ ~ (1) 

" 2 " " l 

whe r e: 

\ 

Q = internally generated heat, B/hr 

K = the rma l conductivity, B /h r ft F 

r = inner rad ius , ft 

r = outer rad ius , ft 

m . 0 _ , 

T = inner t empera tu re , F 

T = outer t e m p e r a t u r e , * ^ 

Rearranging, to solve for K yields 

Q(r2 " r^) 

K = T.r^r^(T^ » T ; ) ^'^ 

By placing thermocouples on the inner and outer radius of the graphite wall 

it was possible to m e a s u r e the t empera tu re difference ac ros s the wall for a spec­

ified heat input. Referr ing to equation 2, K was easily determined by accurately 

measur ing the in ternal heat input and t e m p e r a t u r e s . It was a lso important to 

determine the exact locations of the thermocouples as well as prevent xinaccountable 

heat losses from occur r ing , 

5. 2. 3 FABRICATION OF TEST APPARATUS 

To allow installat ion of the in ternal heater and thermocouples it was neces ­

s a ry to cut the SIREN capsule in half. Once this was done the specimen was 

• • »9 • 
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instrumented with six 5 mi l d iameter chromel -a lumel thermocouples . Three 

thermocouples w^ere affixed to the inside of the capsule vra.ll at a depth of 60 m i l s . 

On the outer surface three additional thermocouples were installed at a depth of 

60 mils and on the same three radians as the inner thermocouples . The location 

of the thermocouples is shown in Figure 5 -1 . It was neces sa ry to embed the 

thermocouples 60 mils below their respect ive surfaces so that d i rect radiation 

would not influence the thermocouple junction. 

Also indicated in Figure 5-1 is the internal heater which was fabricated from 

10 mil doubly coiled tungsten wi re . The heater leads were 20 mil tungsten wire . 

Fi lament and leads were connected via an intermediate tungsten wire with connec­

tions being welded. Heater lead wires were e lec t r ica l ly insulated from the graphite 

with boron nitr ide sleeve type feed-throughs. Diameter of the sleeves was small 

so that th ree-d imens iona l heat t ransfer would be minimized. 

By suspending the inst rumented capsule by the two smal l d iameter tungsten 

lead wi re s , unaccountable heat losses were reduced to a minimum. In fact, the test 

appara tus , as shown in Figure 5-2, closely r e sembles that normal ly used for 

ca lo r imet ry . 

P r e l im ina ry es t ima tes of the pow^er required by the in ternal hea ter for main­

taining the SIREN wall s t ruc ture at the 1800 F level prompted the use of the rad ia ­

tion b a r r i e r shown in Figure 5-2. Without the b a r r i e r the power required to ra i se 

the capsule to 1800 F in a vacuum was over 2000 vra-tts, exceeding the capabilit ies 

of available h e a t e r s . By enclosing the capsule within a gold plated radiation shield 

(emissivity = 0,15) the maximum power requi rement placed on the heater when 

operating in a vacuum environment was reduced to approximately 200 wat ts . This 

requi rement was higher during the argon and helium tes ts but never exceeded 

600 wat ts . This was easi ly achieved with the tungsten hea te r . 

In effect then, the radiation b a r r i e r served only to reduce the power input 

for obtaining a specified wall t e m p e r a t u r e . Of course , this resul ted in reduced 

AT's between the inner and outer thermocouples and hence the accuracy with which 

5-6 
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Figure 5-2 Suspended Capsule with Radiation Bar r i e r . 
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the conductivity could be determined at the lower t empera tu re levels . Combinations 

used resul ted in the optimum tradeoff between heater capability and accuracy of 

conductivity measu remen t . 

5-8 

I 
Investigation of the capsule and radiation b a r r i e r surfaces indicated no 

evidence of i r r egu la r i t i e s which would have caused variations in surface emiss iv ­

ity . Emiss ivi ty variat ions would have led to a 0.24 power variat ion in t empera tu re . 

The clamps holding the two halves of the SIREN capsule together introduced Hft 

a minor per turbat ion in the one-dimensional flttx near the c lamps . The t h e r m o ­

couples were placed a sufficient distance from these per turbat ions to eliminate 

any influence on m e a s u r e m e n t s . 

Figure 5-3 shows the specimens (with radiation shield) as installed on the 

test stand. 

5 ,2 ,4 MEASUREMENT PROCEDURE 

It was des i red to have the rma l conductivity measurements taken at 800 , 
o o - 5 

1300 and 1800 F in a vacuum (<10 t o r r ) . To determine the effect of gaseous 

environments on t he rma l conductivity coefficients, tes t s were performed in one-

third a tmosphere each of argon and helium (one-third a tmosphere was used so 

that the be l l - ja r vacuuin sys tem could be maintained under a net positive ambient 

p r e s s u r e ) . With the apparatus installed as shovioi in F igure 5-2 the p r e s s u r e in 
-7 

the vacuum chamber was reduced to 10 t o r r . During the t ime of initial evacua­
tion a smal l amount of power was applied to the heater to promote gasification of 
entrained volatiles within the specimen. 

Once the evacuation procedure vra.s completed, the hea ter power was in-
o o 

c reased to a level resul t ing in an inner capsule wall t empera tu re of 800 + 50 F . 

Sufficient t ime was allowed at this power level to achieve t empera tu re equil ibrium. 

At this point the six thermocouple readings were recorded as well as the power 

input. The heater power taps were connected to the hea ter lead wires at the exit 

I 
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through the radiation b a r r i e r . The power reading therefore represented 

essent ia l ly in ternal power diss ipat ion. The 1300 and 1800 F measurements were 

made in a s imi la r manner . 

The f i rs t specimen, Q - 1 , was tes ted only in a vacuum environment (it was 

not decided to investigate a gaseous environment until after specimen Q-1 had been 

d isassembled) . The second specimen, Q-2, was tested in a gaseous environment 

as well as a vacuum environment. The vacuum test procedure was identical to that 

of Q - 1 . After the vacuum measuremen t s were completed, the tes t sys tem was 

backfilled with argon to 10 in. of Hg p r e s s u r e . Measurements were again taken 

at s teady-s ta te conditions at 800 , 1300 and 1800 F , The same procedure was 

followed using hel ium. 

The thermocouple readings were taken with a Leeds and Northrup millivolt 

br idge, accura te to the nea res t hundredth of a mill ivolt , A combination Dana, 

DVM (Model 5400) and Weston AC Ammete r (Model 433) were used to determine 

power input. Voltage was recorded to the nea re s t one-tenth volt and cur rent to 

the nea re s t one-hundre th a m p e r e . The thermocouples were precal ibra ted by the manu 

facturer and had an accuracy over the t empera tu re range of in teres t of+0.5 percent . 

After the t e s t s were completed, the specimens was dissected so that the exact 

location of the thermocouple junctions could be establ ished. Thermocouple location 

played a dual role in determinat ion of conductivity and had to be accura te ly de t e r ­

mined. Photographs of the sectioned pieces showing seated thermocouple junctions 

a r e given in F igures 5-4 through 5-7. During the dissect ion p rocess of specimen 

Q-1 the thermocouples at station 5-6 were dislocated thereby precluding exact 

caliper measu remen t of the thermocouple separat ion dis tance . Distance used in 

the computations for this station w^as es t imated with the aid of installation tech­

niques and examination of the vacant thermocouple wel ls . Table 5-1 gives the m e a ­

sured dis tances between thermocouple junct ions. Table 5-2 is a tabulation of 

recorded data. 

5-10 
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Figure 5-4 Dissect ion of Station 1-2, Specimen Q-L 
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Figure 5-5 Dissect ion of Station 3-4, Specimen Q-1 . 
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Figure 5-6 Dissect ion of Station 1-2, Specimen Q-2. 
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Figure 5-7 Dissect ion of Station 5-6, Specimen Q-2 . 

5-14 

^#FWE^fro^. • ••• •• • • • • 
• • • 

• • ••• 



• * •• 

€ j%Aaj!!j-,^&jfcMWP«i»'ifcrii 

CORPORATION 

Figure 5-8 is a photograph of the tes t assembly prior to tes t (Note: the 

thermocouple leads a r e make-shif t in o rder to show thermocouple exits - actual 

leads a r e 5 mil d iameter ) . F igure 5-9 is a photograph showing the disassembled 

pa r t s after t e s t . 

TABLE 5-1 

SPECIMEN DIMENSIONAL CHARACTERISTICS 

S p e c i m e n 

Q - 1 

Q - 2 

Sta t ion 

1 - 2 

3 - 4 

5 - 6 

1 - 2 

3 - 4 

5 - 6 

T h e r m o c o u p l e 
S e p a r a t i o n 

D i s t a n c e 

0.400 in . 

0 . 4 0 0 " 

0.400 

0.390 

Void 

0.370 

=^1 

1.100 in . 

1.100 

1.100 

1.110 

Void 

1.130 

^^2 

1.500 in. 

1.500 

1,500 

1.500 

Void 

1.500 

p 

Est imated 

5 .2 .5 RESULTS 

Figure 5-10 is a plot of the exper imenta l resul t s showing conductivity values 

ranging between 1.9 and 2.5 B /h r ft°F for vacuum conditions. Even though speci ­

men Q-1 had a higher density than Q2 (seeTable 5-3) i thas about a 10 percent lower 

coefficient of t he rma l conductivity. This is not in general accord with previous 

published data which indicates increasing t he rma l conductivity with increasing 

densi ty. Detailed analysis of the dissected regions near the tes t stations give 

some insight into this apparent anomaly. F igures 5-4 and 5-5, dissections of 

specimen Q - 1 , show a definite interface between the inner surface of the 

specimen and the epoxy used for maintaining thermocouple placement during 
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TABLE 5-2 

EXPERIMENTAL DATA 

• 1 

» 1 
A • I 
• • • • • J 

* f 

• « « • • * 
C • 

• •••• 

• • • • 
• • • 
• ••• 

Specimen 

Q-1 

Q-1 

Q-1 

Q-2 

Q - 2 

Q-2 

Q - 2 

Q-2 

Q - 2 

Q - 2 

Q - 2 

Temperature 

TC-1 

MV 

17.96 

28.29 

39.66 

18.25 

29.01 

3 9.95 

18.60 

28.33 

16.65 

28.77 

38.85 

TC-1 

° F 

818 

1256 

1756 

831 

1286 

1770 

846 

1257 

763 

1276 

1719 

TC-2 

MV 

17.80 

27.86 

37.66 

18.15 

28.69 

38.68 

18.23 

27.40 

15.85 

26.90 

35.85 

TC-2 

° F 

812 

1238 

1665 

826 

1273 

1711 

830 

1218 

729 

1197 

1585 

TC-3 

MV 

18.49 

29.09 

40.45 

18.50 

29.34 

40.65 

18.91 

29.00 

17.52 

30.12 

40.30 

TC-3 

° F 

842 

1290 

1792 

842 

1301 

1801 

858 

1286 

800 

1334 

1786 

TC-4 

MV 

18.20 

28.44 

38.31 

18.18 

28.62 

38.70 

18.31 

27.65 

16.21 

27.36 

36.10 

TC-4 

° F 

829 

1262 

1695 

828 

1270 

1713 

833 

1229 

744 

1216 

1596 

TC-5 

MV 

18.50 

29.02 

40.30 

18.55 

29.41 

40.70 

18.97 

29.20 

18.50 

30.73 

40.60 

TC-5 

° F 

842 

1287 

1786 

844 

1304 

1804 

861 

1295 

820 

136! 

1799 

TC-6 

MV 

18.30 

28.55 

38.55 

18.40 

29.00 

39.23 

18.55 

28.25 

17.00 

28.77 

37.80 

TC-6 

° F 

833 

1267 

1705 

837 

1286 

1736 

843 

1254 

778 

1276 

1672 

AT 

1-2 
°F 

6.4 

18.4 

91.0 

4.3 

13.7 

58.0 

15.7 

39.9 

34.0 

80.3 

136.0 

3-4 
°F 

12.8 

27.9 

97.3 

5-6 
°F 

8.5 

20.2 

80.0 

6.4 

17.6 

67.0 

17.8 

40.8 

42.6 

84.2 

127.0 

Power 

Volts 

10.0 

20.0 

47.5 

10.0 

19.3 

48.5 

18.7 

35.0 

32.0 

58.4 

90.0 

Amps 

2.00 

2.87 

4.80 

2.00 

2.52 

4.30 

2.50 

3.60 

3.83 

4.85 

6.00 

Watts 

20.0 

57.4 

228.0 

14.4 

48.6 

208.5 

46.9 

126.0 

122.5 

283.5 

540.0 

Ambient 

Gas 

A i r 

A i r 

Ai r 

A i r 

A i r 

A i r 

Argon 

Argon 

Helium 

Helium 

Helium 

P re s su re 
Terr 

1.4X 10-6 

1.1 X 10-6 

2.8X 10-6 

1.4X 10-6 

6.0 X 10-'' 

1.9X 10-6 

254 

254 

254 

254 

254 
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Figu re 5-8 Radiation B a r r i e r Showing Heater Leads and Thermocouple Leads. 
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Figure 5-10 The rma l Conductivity of SIREN Carbon-Carbon Matrix. 
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TABLE 5-3 

SPECIMEN WEIGHT SUMMARY 

Specimen 

Q-1 

Q-2 

Yarn 

Weight 
gms 

146.1 

129.7 

Density 
g m s / c c 

0.8138 

0.7224 

Impregnation 

1st Cycle 

Weight 
gms 

230.6 

223.8 

Density 
gms /cc 

1.285 

1.247 

2nd Cycle 

Weight 
gms 

258.1 

240.1 

Density 
gms /cc 

1.438 

1.337 

dissect ion. F igures 5-6 and 5-7, dissect ions of specimen Q-2, however, show 

no such well defined interface between the inner specimen surface and the epoxy. 

This implies that the inner layer of yarn for Q-2 was not well impregnated. Even 

though Q-1 had a bulk density g rea te r than Q-2 it is likely that the density of the 

carbon-carbon m a t e r i a l between the individual station thermocouple junctions was 

higher for Q-2 than it was for Q - 1 . The photographs tend to substantiate this 

belief in that F igures 5-4 and 5-5 (Q-l) show a more coarse region between the rmo­

couples than F igures 5-6 and 5-7 (Q-2). 

Also shown i n F i g u r e 5-10 is the coefficient of the rmal conductivity for spec i ­

men Q-2 in the p resence of one-third a tmosphere of argon and one-third a tmo­

sphere of hel ium. Introduction of the helium into the in te rs t i ces of the carbon-

carbon mat r ix increased its t he rma l conductivity by about 15 percent over that 

for a vacuum while introduction of argon resul ted in essent ia l ly no change in 

the rmal conductivity. The argon was allowed to penetrate the ma t r ix for 48 hours 

p r io r to tes t . 

F igure 5-11 compares the r e su l t s of the present tes ts to those of previously 

published data for m,aterials sim.ilar to the carbon-carbon ma te r i a l under t es t . 

The Mar t in -Bal t imore com.pany data is for Super Temp Com.pany reinforced 
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pyrolytic graphite felt of density as indicated in the graph. The StoUer and F rye 

data is for m.aterial fabricated in a manner very s imi lar to the SIREN technique. 

The presen t t e s t data is in good agreement with the data compared. 

F igures 5-12 and 5-13 a r e the plots of the referenced data. 

Accuracy of the data gathered during the p resen t tes ts is est imated to be 

+_5 percent , 

5. 2. 6 CONCLUSIONS 

Thermal conductivity coefficients have been determined for the SIREN 

carbon-carbon m a t e r i a l for the t empera tu re range of 800 to 1800 F . Values 

ranging between 1.9 and 2.5 B/hr ft F in vacuum have been shown to be in good 

agreement with published data on s imi lar m a t e r i a l s . 

Data presented r ep resen t s values of t he rma l conductivity for the radia l 

direct ion or a c r o s s the grain only. Future work should be conducted to determine 

the the rma l conductivity in a direct ion para l l e l to the filament windings or c i r ­

cumferential d i rect ion. Circumferent ia l values of the rmal conductivity a re neces ­

sary to pe r fo rm accura te analyses on the rmal models during operation, reent ry , 

and post operation. Additional measu remen t techniques will have to be established 

to pe r fo rm c i rcumferent ia l measuremen t s since the technique described herein 

is not applicable to c i rcumferent ia l measu remen t of the rmal conductivity. 

Consideration should a lso be given to determinat ion of t he rma l conductivity 

coefficients in the t empera tu re range of 2000 F to 4000 F since this data is not 

present ly available but is required during reen t ry the rmal ana lyses . 

H .M. Stoller and E. R. F r y e , "Carbon-Carbon Mater ia ls for Aerospace 
Applications " , A I A A / A S M E 10th S t ruc tures , S t ruc tura l Dynamics and Mater ia ls 
Conference, Apri l 1969. 
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5. 3 OXIDATION SUSCEPTABILITY OF THE SIREN CAPSULE 

5. 3. 1 INTRODUCTION 

The objective of the tes ts discussed in this repor t was to determine the 

oxidation susceptabili ty of the SIREN capsule at tempera tures above 800 F. 

Curves a re presented which show the percent weight loss per day as a 

function of time and for different t empe ra tu r e s . Curves of percent weight loss 

per day as a function of r ec ip roca l absolute tempera ture are also presented which 

show the average performance of the SIREN capsules compared with commercial 

and pure graphi te . 

Three capsules were tested at t empera tu res of 800 F and 1000 F; one 

B,Si coated capsule at 800 F; one B,Si coated capsule at 1000 F; and one 
D D 

uncoated capsule at 800 and 1000 F . The uncoated capsule served as a bas is 

for comparing the effectiveness of the B.Si coating to prevent oxidation of the 
o 

graphite s t ruc tu re . 

At 1000 F , the oxidation ra te of both the coated and uncoated capsule was 

sufficiently rapid that no meaningful information would be gained by testing at 

higher t e m p e r a t u r e s . 

The efforts to enhance the oxidation protection afforded by the B,Si coating 

a r e descr ibed in this r epor t together with details of the test procedure and 

equipment. 

5 .3 .2 CAPSULE DESCRIPTION 

The SIREN capsules used for the oxidation tes ts consisted of graphite yarn 

wound over a 2-inch OD hollow aluminum sphere to a diameter of approximately 

3-1 /8 inches . P r io r to impregnation, the aluminum core was removed by etching, 

result ing in hollow carbon/graphi te spheres . 

Four capsules were selected for oxidation test ing. Each was prepared 

in accordance with the procedure outlined in SNP 100029 (see Appendix I) by 
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drilling and tapping a l / 2 - inch 13 thd hole. A hanger was fabricated from nickel 

wire (12 AWG) and inserted through a threaded ( l /2"-13) graphite plug which in 

turn was screwed into the capsule . The thread a rea was wetted with furfuryl 

alcohol to bond the capsule to the plug. 

Three of the capsules were plasma flame sprayed with B,Si, including the 

seal a rea and hanger, to a nominal thickness of 0. 00125 cm to 0. 0074 cm. 

The capsule (AL-14) with the 0. 0074 cm B,Si coating was placed in a 
D 

vacuum chamber along with a thin coated sacrif icial capsule and evacuated to 
-7 

approximately 10 to r r and backfilled with argon. The sacrificial capsule was 

heated by induction to approximately 1300 C (2372 F) for 5 minutes in an air 

a tmosphere . Upon examination, it was evident that the coating was too thin 

and had pulled back in spots exposing the bare graphite s t ruc ture . A glassy 

phase was formed in the intact a r e a s , however, and it was decided to fire capsule 

AL-14 in a like manner . The at tempt was apparently successful since a glassy 

phase was observed on the capsule . The support hanger for this capsule con­

sisted of "fish spine" ce ramic insula tors over nickel wire , which in turn was 

formed in a basket fashion. 

Table 5-4 summar i zes the physical charac te r i s t i c s of the capsules 

fabricated for test ing. 

TABLE 5-4 

PHYSICAL CHARACTERISTICS OF OXIDATION TEST CAPSULES 

Capsule 
No. 

AL-3 

AL-6 

AL-8 

AL-14 

Weight 
gms 

257.99 

257.9 

265.7 

265.8 

Density 
g /cc 

1.437 

1.436 

1.480 

1.480 

B^Si 
Coating 
Weight 

gms 

1.6 

- -

1. 10 

3.70 

B^Si 
Coating 

Thickness -cm. 
(Nominal) 

0.0032 

- -

0.0021 

0.0074 

B^Si 
Coating 

Fired 

No 

- -

No 

Yes J 
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5 .3 .3 TEST PROCEDURE 

The tes t procedure is delineated in Appendix I (SNP 100029). Test program 

conditions, however, necess i ta ted a slightly different course of action, 

5 . 3 . 3 . 1 Test Equipment Descript ion 

The tes t equipment consisted of th ree essent ial ly identical furnaces, 

balances , and t empera tu re con t ro l l e r s . A brief description of each major piece 

of equipment is given as follows: 

• Control ler ; API Temptendor, 0-2000 F, time proportioning 

• Power; 0-208 VAC, 16 amp power supply console 

• Balance; Torbal , Model S T - 1 , 0-310 gm capacity 0, 01 gm 

sensit ivity; 

• Furnace ; si l ica br ick, fabricated by Sanders Nuclear. 

Heating elements a r e Lindberg Model 50731 (nichrome), 950 watts 
at 115 VAC, 4 Req 'd to form cylinder 12" high by 7" ID and connected 

e lec t r ica l ly in se r i e s para l le l 

The furnace has a shielded air admittance hole at the bottom to 

mainta in the oxygen level as near as possible to normal . 

The weighing pans were each weighed and removed, substituting lead weights 

to equal the t a re of the individual pans . A stranded Kanthol A-1 wire (equivalent 

to 12 AWG) was included in the t a re and was used to suspend the capsule within 

the furnace. 

Thus equipped, each furnace/balance assembly becomes a thermogravimet r ic 

tes t facility. The t empera tu re s were controlled to +_2 F. Figure 5-14 shows the 

furnaces in operat ion. 
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F igure 5-14 Thermograv imet r ic Equipment for Oxidation Test . 
/ 
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5 . 3 . 3 . 2 Tempera ture Profi les 

Tenaperature profiles at selected t empera tu res were measured for each 

furnace prior to initiation of oxidation testing. To avoid large e r r o r , the profiles 

were obtained with a single thermocouple along the centerline (vertical) and 

midway between the centerl ine and heating element. The zone where the capsules 

would be suspended was found to vary less than 5 F and was deemed satisfactory. 

The tempera ture controlling thermocouple was positioned slightly above and to 

one side of the capsule . 

5 . 3 . 3 . 3 Basic Procedure 

The basic procedure followed for the f irs t round of testing involved the 

selection and installation of three capsules as follows: 

• Furnace No. 1 - 800 F - Capsule AL-6 (uncoated); 

• Furnace No. 2 - 1000°F - Capsule AL-3 (thin B,Si coat, 
D 

unfired); 

• Furnace No. 3 - 800°F - Capsule AL-8 (thin B,Si coat, 
6 

unfired). 

Each capsule was brought to t empera tu re and allowed to stabilize for one 

hour. The operating pa r ame te r s and weights were then recorded. This weight 

was then taken as the start ing weight. All readings were taken and data recorded 

for each capsule at 24 hour intervals for severa l days and then at random time 

intervals thereaf ter , depending upon the ra te of weight change of each capsule. 

5 .3 .4 TEST RESULTS 

Tes t s were performed on two coated B.Si (unfired) capsules and one uncoated 
o 

capsule in the f i rs t round, and the 0. 0024 cm B .Si coated and fired capsule in 
6 

the second round. 

Table 5-5 is a summary of the tes t r e s u l t s . Note that the 800 F test of 

AL-8 exhibits an average percent weight loss per day of 0.089 while the uncoated 
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Capsule 
No, 

AL-6 

AL-3 

AL-8 

AL-14 

Coated 

no 

yes 

(unfired) 

yes 

(unfired) 

yes 

(fired) 

T empera ture 

800 F 

1000 F 

1000 F 

800 F 

800 F 

T A B L E 5-5 

SUMMARY OF TEST 

Hours at 
Tempera ture 

67 

168 

235 

1144* 

316* 

A 

RESULTS 

ve. Wt. Loss 
(%/day) 

0.083 

3 .4 

3 .3 

0. 087 

0. 042 

Total Wt. 
% 

0. 32 

24. 75 

37. 07 

5. 35 

0.51 

Loss Total Wt. Loss 
(gms) 

0.71 

65.97 

100.17 

14.77 

1.36 
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AL-6 exhibited roughly the same ra te of change. At f irst glance, the coating 

would appear to provide no protection for the graphite. However, a comparison 

of the data taken during the f i rs t 67 tes t hours of AL-8 with that of AL-6, reveals 

the average percent weight loss to be 0. 028 vs 0. 083 for the uncoated capsule. 

A s imi lar situation is found to exist for AL-6 and AL-3 at 1000 F; i . e . , the 

coated capsule has a lower ra te of weight loss during the ear ly test period. 

The average weight loss for capsule AL-14 during the first 316 hours 

of tes t t ime in 0. 042%/day and appears to be lower that that for AL-6 and 8. 

F igures 5-15 and 5-16 show, in so far as possible, the rate of weight loss 

(%/day) as a function of t ime for both the 800 and 1000°F t e s t s . Note that, while 

some anomalies exist, the t rends a re quite evident. The data plotted in Figure 

5-1 5 is insufficient to obtain an accura te oxidation rate trend on capsule AL-6 

at 800 F except to show that the ra te is grea ter than that of capsule AL-8 and 

AL-14. This t rend is not unexpected. The oxidation rate of capsule AL-8 

appears to be decreas ing but has not yet become constant. With regard to 

capsule AL-14, one can draw a curve based only upon the experience with 

capsule AL-8 . The oxidation ra t e , for identical tinae periods is lower, but the 

definite trend has yet to be establ ished. 

Referr ing toF igure 5-16, the oxidation ra te of AL-6 (uncoated) is lower 

above 160 hours of t es t t ime than capsule A L - 3 . Several explanations of this 

phenomena a r e possible: 

• More surface a r ea available for oxidation in AL-3 s t ructure 

(lower density) 

• Larger opening through plug/hanger seal a r ea . 

The most important point, however, is that the oxidation ra te for both capsules 

is sufficiently rapid that no meaningful information would be gained by testing 

at higher t e m p e r a t u r e s . 
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Figures 5-17 and 5-18 show the conditioii of AL-6 and AL-3 after the 1000 F 

tes ts (uncoated and coated, respect ively) . 

Two capsules were impregnated with a white epoxy ink, cut and polished 

for metal lographic examination. The capsules used for this examination were 

AL-6 (no B.Si coating, tested at 800° and 1000°F) and AL-20 (no B.Si coating, 
o o 

no oxidation test ing). Photomicrographs were taken and a re shown in Figures 

5-19, 5-20 (AL-6) and 5-21, 5-22 (AL-20). 

Referr ing to F igures 5-19 through 5-22, note that the white epoxy i33k is well 

distributed through the yarn. This suggests that the ink generally followed the 

yarn wraps , and seeped into the adjacent porous s t ructure (pyrolytic carbon). 

5 .3 .5 DISCUSSION 

Referr ing again to F igu re s 5-15 and 5-16, the oxidation ra t e s appear to be 

well establ ished. The increasing ra te of oxidation has been attributed to the 

change (increase) in surface a r ea of the internal SIREN s t ructure as the composite 

oxidizes. The boron-s i l ic ide coating (B.Si) does generally inhibit this ra te as 
o 

indicated by the cu rves . The same genera l trend was exhibited in the 1000 F 

test a lso (AL-6 and AL-3), but above 160 hours of t es t t ime at t empera tu re , the 

oxidation ra t e s of the two samples c ro s s over with AL-3 showing the more rapid 

ra te of inc rease . Differences above this tes t time can most likely be attributed 

to differences in density (apparent) and, therefore , available surface a rea within 

the s t ruc ture as indicated below: 
Apparent Density (g/cc) 

Time AL-3 AL-6 

Tes t s ta r t (0 Hrs) 1.437 1.431 

48 Hrs 1.389 1.35 

200 Hrs 0.8773 0. 983 (from extrapolation) 
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Figure 5-17 End of 800° and 1000°F Test on Uncoated Capsule 
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Figure 5-18 End of 1000°F Test on 0.0032 cm BeSi (Coated Capsule, Unfired) i 
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Figure 5-19 Section F r o m SIREN Capsule AL-6 ~ lOOX Magnification. Section 
Shows Graphite Yarn Layer (Upper Right and Lower Left) and 
Pyrolyt ic Carbon (Center Section) 
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Figure 5-20 Section F r o m SIREN Capsule AL-6 ~ lOOX Magnification. Section 
Shows Graphite Yarn Strands (Lower Left) and Pyrolyt ic Carbon 
(Remainder of Pic ture) 
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Figure 5-21 Section F r o m SIREN Capsule AL-20 ~ lOOX Magnification. Section 
Shows Graphite Yarn Layers (Left Side and Center) and Pyrolytic 
Carbon (Lower Left and Upper Right) 
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Figure 5-22 Section F r o m SIREN Capsule AL-20 ~ lOOX Magnification. Section 
Shows Graphite Yarn Layers (Upper Left to Bottom Right) and 
Pyrolytic Carbon (Remainder of Picture) 
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Upon examining the c ros s - sec t ions of capsules AL-6 and AL-20, tested and 

infested respect ively, (refer to Figures 5-19 through 5-22), it would appear that 

there is very little difference in the pore s t ruc ture and size of the two capsules . 

Based on these observations it can be assummed that the mass loss due to 

oxidation was along the original void s t ruc ture , that is , voids paral lel to the lay 

of the yarn. Also, the data show that the m a s s loss due to oxidation was not a 

surface effect, but ra ther a volume effect. 

InF igures 5-17 and 5-18 (notethat the seal plug and SIREN capsule s t ructure 

around the hanger has opened up considerably in the uncoated capsule compared 

with the coated capsule. It would appear that the effect of the coating has been 

to give considerable protection to the outer wrap of graphite yarn. The increased 

degradation around the plug/hanger-capsule interface indicates special attention 

is required for those capsules containing joined graphite components; i. e. , a plugged 

fueling por t . 

With regard to capsule AL-14 (0. 0074 cm fired B,Si coating) some oxidation 

ra te is evident as indicated in Figure 5-15. The coating did not provide as complete 

a seal on the graphite as the l i t e ra tu re would seem to indicate. Figure 5-23 is 

reproduced from Reference 1 to show the effect of a fired B,Si coating on solid 

graphi te . Each point r ep re sen t s one hour of tes t tinae at a specific t empera tu re . 

F igure 5-24 shows the oxidation ra te data of capsules AL-8 and 14 replotted to 

show the percent weight change re la t ive to init ial weight as a fimction of t ime. 

Because of scale differences, smal l changes in weight will be insignificant when 

plotted to the same scale used in F igure 5-23. Colton states there was " no 

appreciable weight loss on subsequent heat t rea tments because the protective 

boron-si l icon-oxygen coating had formed." Optimization of the coating and firing 

technique on the SIREN capsule should achieve oxidation prevention resul ts 

s imi lar to those experienced by Colton on solid graphite . 

F igure 5-25 shows the oxidation ra te as a function of t empera ture for pure 

and commerc ia l graphites and includes the average %/day weight loss data on 
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the uncoated and B/Si coated capsules for comparison. The similari ty of slopes 

for the AL-16, pure graphite and commerc ia l grade graphite indicates the B,Si 

coating had not a l tered the activation energy of oxidation of the graphite, and 

hence it can be concluded the coating had not formed a complete seal about the 

graphite . The data generated by Colton (shown in Figure 5-23) indicates that 

"complete" protection can be obtained through the use of appropriate thickness 

and firing of the B^Si coating. The position of the curve indicates that the uncoated 

capsule oxidation rate does indeed fall between that of commercia l and pure 

graphi tes . 

In re t rospec t , it mus t be noted that the B/Si coating need only reduce the 

oxidation rate of the graphite SIREN s t ruc ture such that the total weight loss is 

of the order of perhaps 2% or less over a 6 month storage period. Looking at 

the problem in another way; it is questionable whether an oxidation res is tant coating 

is even required if adequate cooling is provided during storage periods. Assuming 

the capsule t empera tu re is maintained at or below 700 F during the ground handling 

portions of the m i s s i o n F i g u r e 5-24may be used to approximate the percent weight 

loss . This ra te is 0. 0065%per day or 0, 2% over a six month period. Such a 

loss appears to be sat isfactory from an operational standpoint. 

5 .3 .6 RECOMMENDATIONS 

It is recommended that the present task being conducted on capsules AL-8 

and 14 be continued well into Phase II so that accurate comparisons of oxidation ra tes 

can be obtained. It is further recommended that sufficient experimentation be 

performed to optimize the B^^Si coating thickness and firing schedule (using the 

Colton patent as a bas i s in both cases) required to achieve an oxidation res is tant 

coating. The oxidation tes t t empera tu re in future work should be limited to that 

which calculations show will be the maximum, "in a i r " operating tempera ture plus 

some reasonable safety factor. 
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5.4 HELIUM PERMEABILITY OF THE SIREN CAPSULE 

5 .4 .1 INTRODUCTION 

This section d i scusses the test p rocedure , conditions and resul ts of helium, 

nitrogen and argon gas permeabi l i ty tes ts performed on the SIREN graphite yarn 

wound, pyrolytic carbon impregnated s t ruc tu re . 

The requi rement for such a tes t is necessi ta ted by the nature of the fuel 
238 

(Pu O ) in that at highly elevated t e m p e r a t u r e s , helium generated by alpha 

decay is r e leased . This is par t icu la r ly t rue of the condition imposed by the reentry 

heat pu lse . 

Because the gas permeat ion cha rac te r i s t i c s were completely unknown, the 

tes t procedure was wri t ten in a manner which gave the test engineer sufficient 

latitude to modify the tes t p r o g r a m as neces sa ry in order to ca r ry out the tes t 

objectives. 

The objectives for this p r o g r a m a r e to: 

• Determine the hel ium permeat ion ra te in c c / s e c - c m for at least two 

uncoated SIREN capsules 

• Determine the effect of SIREN s t ruc ture density on permeat ion ra t e . 

The objectives were attained with the addition that one «= 0.003 cm B^Si 

coated but unfired capsule was tested with helium, argon, and nitrogen. 

5 .4 .2 CAPSULE DESCRIPTION 

The SIREN capsules used for the helium permeabi l i ty tes t consisted of 

graphite yarn woxandovera 2-inch O. D. hollow aluminum sphere to a diameter of 

approximately 3-1/8 inches . A smal l hole was drilled through the winding and 

aluminum core to pe rmi t etching out the aluminum core pr ior to impregnation with 

pyrolytic carbon. 
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Three capsules , fabricated in the manner described above, were selected for 

the helium permeabi l i ty t e s t s . One of these was prepared by enlarging the hole 

(mentioned above) to accept a 3 /4- inch copper tube. The tube was cemented in 

place with epoxy res in as descr ibed in t es t procedure SNP100030. The remaining 

two were held for test ing by whatever final procedure was determined. 

One additional capsule was selected after impregnation and plasma flame 

sprayed with boron silicide (B.Si) to a thickness of approximately 0.003 cm. The 

coating was not fired. 

5. 4. 3 TEST DESCRIPTION AND RESULTS 

A single SIREN capsule , AL-18 , was prepared for t r i a l number 1 in accordance 

with procedure SNP100030 (see Appendix II) and connected to the CEC leak detector 

(Model 24-120B) roughing manifold and the roughing pump s ta r ted . It was impos­

sible to obtain a vacuum because of the extensive influx of a i r so the tes t was 

discontinued. 

The capsule was connected by means of the previously installed tubulation to 

a helium supply for a rough check of helium flow pr ior to initiating the detailed r e ­

quirements of t r i a l number 2 as outlined in the p rocedure . Ample helium flow ra tes 

were obtained with relat ive ea se . To determine how the gas was escaping from the 

capsule, it was i m m e r s e d in a beaker of water as shown in Figure 5-26 for a bubble 

tes t . F igure 5-27 shows the manner in which the gas emerged from the capsule. 

As indicated in the photograph, the bubbles appear to be generated fairly uniformly 

around the s t ruc tu re . 

The tes t setup was then modified as shown in Figure 5-28 in order to naeasure 

the p r e s s u r e as well as the flow ra te as referenced by procedure SNP100030. Data 

were then taken to determ.ine the flow ra te as a function of p r e s s u r e . SIREN cap­

sules AL-19 and 20 were then p repared to accept a 3 /4- inch pipe by drill ing and 

tapping the capsule s t ruc tu r e . A minimum, amount of epoxy cem.ent was used to 

seal the thread a r e a . 
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Figure 5-26 Helium Bubble Test Setup. 
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Figure 5-27 Helium Bubble Tes t . 
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Figure 5-28 Helium Permeabi l i ty Test Setup. 
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The tes t data resul ts were plotted and a r e shown in Figures 5-29 and 5-30 for 

capsules AL-19 and 20, respect ively. F igure 5-31 is a plot of permeation rate 

versus p r e s s u r e , 

A boron silicide coated capsule (AL-13) (w0.003 cm coating, unfired) was 

tested in the same manner as AL-19 and 20 using helium, nitrogen, and argon. 

The resu l t s of this test a r e depicted in Figure 5-32. 

5. 4. 4 DISCUSSION 

Referring to F igures 5-29 and 5-30, one notes that the permeat ion ra tes differ. 

This is due to the differences in capsule density as noted below: 

Slope 
Capsule No. (SCFH/in. of Hg) 

AL-19 3.03 

AL-20 4.55 

The ~0.003 cm unfired B, Si coated capsule (AL-13) gas flow rate was m e a -
D 

sured for three gases . The resu l t s , as plotted and depicted in Figure 5-32 or 

helium, argon, and nitrogen show that the gas permeat ion rate through the SIREN 

s t ructure and coating, depends p r imar i l y upon the viscosity of the gas. Nitrogen, 

having a viscosity of 180 micropoise exhibits a higher flow rate for the same p r e s ­

sure than does hel ium (194 micropoise) or argon (220 micropoise) . Secondary 

effects, relating pore and /o r channel geometry in the SIREN graphite s t ructure 

and type of flow (viscous, viscous with slip, laminar , turbulent, etc.) will a l te r 

the relative positions and slopes of these curves . 

Making a comparison of the slopes and densi t ies of capsules AL-13 and 19, 

one finds the following re la t ionships: 

Density 
(g/cc) 

1.53 

1.38 

Capsule No. 

AL-13 

AL-19 

Slope 
(SCFH/in. of Hg) 

2.96 

3.03 

Density 
(g/cc) 

1.52 

1.53 
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Figure 5-29 Helium Permeabi l i ty Test , SIREN Capsule AL-19, 22 Apri l 1969. 

5-53 

,« • • • « 



• • • • • •• • • • • • • 

C O P P O P A T I o f y 

CW*«BiWW#fe« 

0 1 2 3 4 5 6 7 8 9 10 

PRESSURE-INCHES OF MERCURY 

69-H65983-009 

Figure 5-30 Helium Permeabi l i ty Test , SIREN Capsule AL-20, 22 Apri l 1969. 
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A c c o r d i n g to the dens i t y r e l a t i o n s h i p p r e v i o u s l y s ta ted , however , c apsu l e A L - 1 3 

should have had a s l igh t ly h i g h e r s lope than capsu l e A L - 1 9 ( a s suming the dens i ty 

f i g u r e s a r e s ign i f i can t ) . The effect of the unf i red coa t ing would a p p e a r to be tha t 

of impeding the gas flow r a t e s o m e w h a t a s exempl i f i ed by the lower s lope of flow 

r a t e v e r s u s p r e s s u r e . 

The s ign i f i can t po in t s r e l a t i v e to the h e l i u m p e r m e a b i l i t y of SIREN capsu le 

s t r u c t u r e a r e a s fo l lows: 

9 The s t r u c t u r e is p e r m e a b l e to h e l i u m and o the r g a s e s ; t h e r e f o r e , 

h e l i u m r e l e a s e dur ing the peak hea t ing pu l se f rom r e e n t r y condi t ion 

should p r e s e n t no p r o b l e m . 

% The h e l i u m p e r m e a t i o n r a t e i s a function of both p r e s s u r e and SIREN 

g r a p h i t e s t r u c t u r e d e n s i t y . 

# The gas flow r a t e t h r o u g h the SIREN g r a p h i t e s t r u c t u r e is a function 

of p r e s s u r e and gas v i s c o s i t y . 

5. 4. 5 RECOMMENDATIONS 

D u r i n g t h e next p h a s e s of the SIREN p r o g r a m it i s r e c o m m e n d e d tha t h e l i u m 

and oxygen p e r m e a b i l i t y s t u d i e s be p e r f o r m e d on i m p r o v e d g r a p h i t e s t r u c t u r e s 

con ta in ing c a n d i d a t e l i n e r s . P o s s i b l y the p e r m e a t i o n r a t e t e s t could be u s e d in the 

c h a r a c t e r i z a t i o n of t h e c o m b i n e d effect of dens i t y and void vo lume dur ing d e v e l o p ­

m e n t of i m p r o v e d g r a p h i t e s t r u c t u r e s . D e t e r m i n a t i o n of r a t e s of p e r m e a t i o n of 

oxygen t h r o u g h l i n e r s would a l low p r e d i c t i o n of the oxygen s tab i l i ty of the fuel 

m a t e r i a l . 

The e f f e c t of any ox ida t ion p r e v e n t i o n coa t ing on the h e l i u m p e r m e a b i l i t y of 

the s t r u c t u r e shou ld be m e a s u r e d at e l e v a t e d t e m p e r a t u r e s so tha t the effect on 

h e l i u m r e l e a s e d u r i n g r e e n t r y cond i t i ons can be a s c e r t a i n e d . 
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5. 5 IMPACT AND PLASMA ARC TESTS 

5 ,5 .1 INTRODUCTION 

Six SIREN test capsules having Al O center cores and 0.5 inch thick ca rbon/ 

carbon walls were impacted at the Sandia Corporation, Impact Test Facility. Impact 

velocities ranged between 210 and 3 52 f t / s ec . During impact the graphite was r e ­

moved from impact a rea , exposing the Al O core . The amount of core exposure 

increased with increasing impact velocity. 

To achieve the required te rmina l velocit ies, the Sandia sled-track facilities 

were employed. A total of eight impact tes ts were conducted: two on Al O spher i ­

cal center cores and six on SIREN capsules fabricated with the same type of central 

c o r e s . 

The tes ts were performed by mounting the tes t specimen at a fixed location 

above the t rack and bringing the rocket sled with a 12 in. x 12 in. x 12 in. granite 

block mounted on it, into contact with the specimen. Because of the recoil velocity 

of the specimen after impact, an impact angle of five degrees from the normal to 

the granite surface was specified to prevent capsule escapement after impact. Five 

degrees from the normal resul ted in an actual normal impact velocity of 0.996 of the 

oblique velocity. 

The impact tes ts cha rac te r i zed the energy absorption capacity peculiar to the 

SIREN carbon/carbon wall s t ruc ture as was fabricated for Phase I. Observation of 

the capsules- after impact enabled insight into the mechanism of component failure, 

thereby defining direct ion of further development. 

Three SIREN capsules , sinailar to those used in the impact test , were tested 

in the Sandia P lasma Arc Faci l i ty . Test conditions simulated a typical non-spinning 

orbi ta l reen t ry and a non-spinning 36,000 f t / sec superorbi ta l reentry at -6 degrees . 

Capsule tes t exposure was determined with the aid of data from the reentry analysis . 

Two capsules were tested at orbi tal r een t ry conditions and one at superorbi tal 
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lAMDERS^ ' ^^^MUCL. i 

C O R P O R A T I O M 

c o n d i t i o n s . Sur face r e c e s s i o n da ta f r o m the p l a s m a a r c t e s t s w e r e in good a g r e e ­

m e n t wi th c a l c u l a t e d v a l u e s . F o r the o r b i t a l r e e n t r y condi t ion , s t agna t ion point 

r e c e s s i o n w a s 0.174 inch and 0.196 inch for the two c a p s u l e s t e s t e d . S u p e r o r b i t a l 

r e c e s s i o n w a s 0.288 inch . 

Spec i f ica t ions for the i m p a c t and p l a s m a a r c t e s t s w e r e a r r i v e d at a f te r con­

s i d e r a t i o n s had been g iven to the following funct ions : 

• Review of the a e r o d y n a m i c a n a l y s i s po r t i on of the SIREN p r o g r a m 

• R e a l i z a t i o n tha t P h a s e I w a s d e s i g n e d to d e t e r m i n e feas ib i l i ty of the 

SIREN concep t 

• T i m e p e r i o d for P h a s e I t e s t i ng a f te r f a b r i c a t i o n of the c a p s u l e s w a s 

l e s s than two m o n t h s 

• The c a p s u l e s tha t w e r e to be t e s t e d did not exac t l y dup l i ca te weigh t 

and s t r u c t u r e of a fueled c a p s u l e 

• T a s k s p e r f o r m e d u n d e r P h a s e I should be c o m p a r a b l e in s o p h i s t i c a t i o n 

• The t h r e e - i n c h d i a m e t e r c a p s u l e s to be t e s t e d did not n e c e s s a r i l y 

r e p r e s e n t an o p t i m u m m i s s i o n d e s i g n 

• T e s t f a c i l i t i e s w e r e l i m i t e d to those a v a i l a b l e a t Sandia C o r p o r a t i o n . 

5 . 5 . 2 P R O C E D U R E S AND R E S U L T S 

5. 5, 2. 1 I m p a c t T e s t s 

The c h a r a c t e r i s t i c s of the c a p s u l e s t e s t e d w e r e : 

• SIREN d e s i g n (see F i g u r e 5-33) 

• 3 ,0- inch o u t e r c a p s u l e d i a m e t e r 

• 0 .50-inch th ick w a l l m a d e of g r a p h i t e y a r n i m p r e g n a t e d wi th c a r b o n 

5-60 
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Figure 5-33 Three- Inch Diameter SIREN Capsule. 
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• Al O core ma te r i a l of 2.0 inch diameter coated with 0.006 inch of 

ZrO 

• Total test capsule weight of approximately 525 g r ams . 

Six SIREN capsules were impact tested at velocities ranging between 210 

ft /sec and 352 f t / sec . This velocity range was not necessar i ly indicative of a 3-

inch dimater SIREN capsule; instead, the velocities were chosen because they 

were more representa t ive of te rmina l conditions that would occur for SIREN cap­

sules optimized for miss ion use . That i s , an actual miss ion capsule design should 

be maintained which will insure the existence of a laminar boundary layer pr ior to 

impact. For a 1.60- and 2.50-inch d iameter capsule design, the boundary layer 

remains laminar and thus resul ts in relat ively low terminal velocities as indicated 

in the comparison of Table 5-6. For the 3-inch diam.eter design, as analyzed during 

Phase I, the boundary layer could be ei ther laminar or turbulent depending upon 

the oblateness and surface roughness after reent ry . Turbulent flow over the 3 -

inch diameter capsule could resul t in te rminal velocities as high as 500 f t / sec . 

Table 5-7 gives the impact veloci t ies , impact t empera tu re , and the resul ts of 

impact for the six capsules tested. In addition, the data resulting from impact 

tes ts on two Al O spheres a r e presented . 

All six capsules had the center core exposed to some degree after impact. 

In general , the higher the impact velocity the g rea te r the center core exposure 

after impact . With the exception of Test No. 379, all center cores came through 

impact undamaged. Impact Test No. 379 (heated to 1500 F) caused the center 

core to shat ter at 350 f t /sec impact velocity. 

Both bare Al O spheres (one at 255 f t / sec and one at 256 f t /sec) shat tered 

at impact. One sphere was impacted a t ambient t empera ture and one was impacted 

at 1500 F , Both spheres broke into 5 or 6 large pieces . 
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TABLE 5-6 

SIREN CAPSULE DESIGN CHARACTERISTICS 

Capsule 
Diameter 
(inches) 

1.6 

2.5 

3.0 

Fuel 

X. 2 3 8 ^ 
Pu O^ 

mic rosphe res 

Graphite 
Thickness 

(inches) 

0,250 

0.390 

0.500 

Capsule 
Weight 

(lb) 

0.260 

1.210 

1.635 

Projected 
Area 
(ft 2) 

0.01395 

0.0341 

0.0492 

S 
0.3 

0.27 

0.1 to 0.2 

W / C D A 

(Ib/ft^) 

62 

132 

332 to 166 

(ft/sec) 

230 

334 

300 to 500 

m 

r 

M 
> 

J 



T A B L E 5-7 

SIREN IMPACT TEST RESULTS SUMMARY 

n 
0 
IS 
0 
0 

> 
•t 

T r a c k 
T e s t No. 

373 

3 7 4 

375 

376 

377 

3 7 8 

3 7 9 

3 8 0 

Date -

5 - 2 0 - 6 9 

5 - 2 0 - 6 9 

5 - 2 0 - 6 9 

5 - 2 1 - 6 9 

5 - 2 1 - 6 9 

Unit No. 

Al O s p h e r e 

Z r - 6 

Z r - 8 

Z r - 1 0 

Z r - 5 
(with plug) 

Z r - 7 
(with plug) 

Z r - 9 

A l O s p h e r e 

I m p a c t 
Veloc i ty 
( f t / s ec ) 

2 5 5 

2 5 0 

2 1 0 

352 

2 5 5 

2 5 0 

3 5 0 

256 

C a p s u l e T e m p . 
a t Impac t , 

°F 

A m b i e n t 

A m b i e n t 

A m b i e n t 

A m b i e n t 

A m b i e n t 

1500°F 

1500°F 

1500°F 

R e s u l t s 

A l O s h a t t e r e d 

G r a p h i t e r e m o v e d f r o m i m p a c t 
a r e a (70 cone angle) AI2O3 e x ­
posed but u n m a r k e d . G r a p h i t e 
c r a c k e d on s ide oppos i t e i m p a c t . 

Same a s T e s t No. 374 excep t 60 
cone a n g l e . No c r a c k i n g on s ide 
oppos i t e i m p a c t . 

Same a s T e s t No. 374 excep t 
0 

100 cone a n g l e . A l s o had b a c k ­
s ide g r a p h i t e l a m i n a t i o n and 
s e p a r a t i o n . 

Same a s T e s t No. 374. 

Same a s T e s t No. 374. No 
g r a p h i t e c r a c k i n g on s ide oppo­
s i te i m p a c t . 

C o r e s h a t t e r e d - t o t a l g r a p h i t e 
s e p a r a t i o n . 

A l 0 s h a t t e r e d 
La 3 
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Figure 5-34 is aphotograph showing the Sandia Corporation Sled-Track 

Faci l i ty . The impact a rea is enclosed within a plexiglass housing. The capsule 

entry point, slightly l a rge r than the outer diameter of the capsule, appears at the 

left of the impact chamber and the rocket motors to the right of the sled. 

F igures 5-35, 5-36, and 5-37 show the capsule mounting technique for the un-

heated and heated c a s e s . Radiant heating was used for the heated specimens and 

was accomplished by lowering the hea ter enclosure (shown in Figure 5-36) over the 

specimen. Argon was allowed to flow into the heater enclosure during heating to 

prevent capsule oxidation. After equil ibrium heating had been accomplished the 

hea te r enclosure was removed and the specimen impacted. 

F igures 5-38 through 5-43 a re photographs of the six SIREN capsules after 

impact . Figure 5-44 shows the four unheated capsules after impact. Capsule Z r - 5 , 

in Figure 5-44, had a graphite plug placed 180 degrees from the impact point. The 

plug duplicated to some degree a plug that may be required after fueling with m i c r o ­

spheres . The ca rbon /ca rbon ma te r i a l showed small c racks around the plug after 

impact , but the plug remained f irmly intact. 

Examination of the six impacted capsules suggested that the kinetic energy 

absorbed by the capsule at impact manifested itself in three unique regions within 

the ca rbon/carbon ma te r i a l . Directly after impact the capsule assumes a shape 

s imi lar to that shown in Figure 5-4 5. In this condition, the volume of the ca rbon / 

carbon ma te r i a l is approximately the same as the volume of the mate r ia l pr ior to 

impact. Consequently, the surface a r ea per layer of mate r ia l increases to accom­

modate the geometr ica l diversion from the spher ical shape. As a resul t , the entire 

volume of ca rbon /ca rbon m a t e r i a l exper iences c i rcumferent ia l tensile s t r e s s e s . 

Region I a lso exper iences radia l compress ive s t r e s s e s which, for the tes ts pe r ­

formed, a r e sufficiently large to pulverize the mat r ix carbon and thus render it 

u se les s in maintaining in t e r -ya rn integri ty. The ma te r i a l of Region I,however, 

remains intact in its crushed condition during the compress ion interval . 
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Figure 5-34 Sandia Corporat ion S led-Track Faci l i ty . 
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Figure 5-3 5 Unheated Capsule Suspended Above Tes t Track. 
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F igure 5-36 Heater and Capsule Mounted Above Tes t Track . 
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Figure 5-37 Mounting Technique for Heated Capsule. 
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Figure 5-38 SIREN Capsule Impacted at 250 f t / sec , and at 
Ambient T e m p e r a t u r e . 
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Figure 5-39 SIREN Capsule Impacted at 2 1 0 f t / sec , and at 
Ambient Tempera tu re . 
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Figure 5-40 SIREN Capsule Impacted at 352 f t / s ec , and at 
Ambient Tempera tu re . 
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Figure 5-41 SIREN Capsule Impacted at 255 f t / sec , and at 
Ambient Tempera tu re . 
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Figure 5-42 SIREN Capsule Heated to 1500 F and Impacted 
at 250 f t / s ec . 

/ 

5-74 



• « *• 

• f ^ • 

QONnOCMTIAL 
. •• «> 

SANDERS^ NUCLEAR 
CORPORATION 

i 
Sandia D69-11339 

69-H65983-n3 

Figure 5-43 SIREN Capsule Heated to 1500°F and Impacted 
at 350 f t / s ec . 
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Figure 5-44 Unheated SIREN Capsules After Impact. 1 
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Figure 5-4 5 S t ress Zones Establ ished During Impact. 
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Region 2 experiences both radia l and circumferent ia l tension with the maxi ­

mum ci rcumferent ia l tensile s t r e s s e s and the minimum radial tensile s t r e s s e s 

occurring at the boundary between Regions 1 and 2. As a resul t of radial tension 

in Region 2 and radial compress ion in Region 1, the interface separating the two 

regions exper iences zero radial s t r e s s . However, the interface between Regions 1 

and 2 experiences the highest c i rcumferent ia l s t r e s s in the mat r ix ma te r i a l and is 

thus the likely a rea to rupture during impact. During capsule separation from the 

granite impact block, the ma te r i a l leaves Region 1; the mat r ix mate r ia l because 

it was crushed to powder during impact, the yarn because it was torn in tension at 

the interface of Regions 1 and 2. 

Region 3 also experiences tension but to a l e s se r degree than Region 2. At 

the higher impact velocities it is sufficient to cause hair l ine c racks in the ma te r i a l 

of this region. 

Higher kinetic energies at impact resu l t in a l a rger included conical angle 

for Region 1, which in turn leads to a l a rge r center core exposure after impact. 

Higher kinetic energies also lead to g rea te r c i rcumferent ia l tensile s t r e s s e s in all 

regions which tend to cause more pronounced cracking in Regions 2 and 3. 

5 . 5 . 2 . 2 P lasma Arc Tests 

The SIREN capsules tested at the Sandia P l a sma-Arc Faci l i t ies were identical 

to those descr ibed for the Impact Test with the exception that a B Si oxidation r e -
6 

sistant coating had been added. Three capsules were tested: capsules Z r - 1 , Z r - 3 , 

and Z r - 4 . Table 5-8 l i s t s the conditions under which the capsules were tested. The 

tabulated values of p r e s s u r e , heat ra te , and test interval were intended to duplicate 

the reent ry p a r a m e t e r s which have the major effect on capsule mass loss . 

Run numbers 1 and 2 simulated an orbital reen t ry condition, whereas Run 

number 3 simulated a 36,000 f t / sec superorbi ta l reen t ry at minimum skip angle 

(-6 degrees) . Both tes ts assuined a non-spinning stable reent ry . 
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T A B L E 5-8 

PLASMA-ARC TEST CONDITIONS FOR SIREN C A P S U L E 

Run 
No. 

1 

2 

3 

Model 
No . 

Z r - 4 

Z r - 3 

Z r - 1 

9 

q 
(BTU/f t , - s e c . ) 

(R = 3 in . ) 

264 

272 

447 

(a tm. ) 

0,060 

0.062 

0.083 

Mode l Dwell 
T i m e 
( sec . ) 

199 

199 

300 

R e c e s s i o n 
a t 

Stagnat ion 
Po in t (in.) 

0.174 

0,196 

0.288 

M a s s 
L o s s 
(gms) 

13,50 

13.45 

33.14 

M a x i m u m 
Surface 

T e m p e r a t u r e 
(°F) 

€ = 1.0 

3230 

3250 

3820 

e = 0.85 

3390 

3410 

4010 

en 
I 
-J 
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C O R P O R A T I O N 

During t e s t s on e a c h of the t h r e e c a p s u l e s the s t a g n a t i o n - p o i n t su r f ace 

t e m p e r a t u r e was m e a s u r e d u s i n g op t i ca l t e c h n i q u e s . Tab le 5-8 g ives the m a x i m u m 

su r f ace t e m p e r a t u r e r e c o r d e d a t the s t agna t ion point . 

The exi t of the p l a s m a - a r c n o z z l e had a d i a m e t e r of 4.0 i nches r e s u l t i n g in 

a p p r o x i n i a t e l y a 4 , 0 - i n c h d i a m e t e r p l a s m a s t r e a m d i r e c t l y in front of the c a p s u l e . 

The r a t i o of the n o z z l e exi t a r e a to the nozz le t h r o a t a r e a w a s 10.0, Th i s r e s u l t e d 

in a Mach n u m b e r of 3,9 in f ront of the obl ique shock. 

The c a p s u l e s w e r e modi f ied a t S a n d e r s N u c l e a r C o r p o r a t i o n to a c c o m m o d a t e 

the Sandia t e s t f i x t u r e s ( i . e . , d r i l l and tap for s t i n g e r s , e t c . ) . The s t i nge r w a s 

m a d e of 0 .50 - inch d i a m e t e r c a r b o n rod and w a s t h r e a d e d to the capsu l e a t a point 

180 d e g r e e s f r o m the s t agna t i on zone . 

S tagnat ion point r e c e s s i o n s , a s p r e s e n t e d i n T a b l e 5 -8 , w e r e 0. 174 inch and 

0.196 inch for t e s t cond i t ions dup l i ca t ing o r b i t a l r e e n t r y a t z e r o d e g r e e s r e e n t r y 

ang le . F o r the 36,000 f t / s e c s u p e r o r b i t a l condi t ion , the r e c e s s i o n w a s 0.288 inch 

at the s t agna t ion point . T a b l e 5-9 a l l o w s c o m p a r i s o n of the p l a s m a - a r c t e s t da ta 

wi th the c a l c u l a t e d s u r f a c e r e c e s s i o n f r o m the a e r o d y n a m i c a n a l y s i s . The l a s t 

co lumn in Tab le 5-9 g ives the p l a s m a - a r c s u r f a c e r e c e s s i o n a f t e r sca l ing to h y p e r ­

sonic cond i t i ons . Scal ing p r o c e d u r e s a r e g iven in d e t a i l in Appendix III. R e s u l t s 

ind ica te that c a l c u l a t e d v a l u e s of s u r f a c e r e c e s s i o n a v e r a g e d about 30 p e r c e n t l e s s 

than w e r e a c t u a l l y e x p e r i e n c e d du r ing the p l a s m a - a r c t e s t s . 

With the excep t ion of s u r f a c e h e a t flux, the t e s t cond i t ions w e r e s i m i l a r to the 

condi t ions u s e d to t h e o r e t i c a l l y c a l c u l a t e s u r f a c e r e c e s s i o n . The l e v e l of hea t flux 

c o n t r i b u t e s a m i n o r in f luence on the SIREN s u r f a c e r e c e s s i o n a s long as it is suff i ­

c ien t to m a i n t a i n the s t a g n a t i o n s u r f a c e t e m p e r a t u r e wi th in the d i f fus ion-cont ro l led 

r e g i m e for g r a p h i t e (d i f fu s ion -con t ro l l ed r e g i m e l i e s b e t w e e n 2240 F and 7000 F ) . 

F i g u r e s 5-46 t h rough 5-48 a r e p h o t o g r a p h s of the SIREN c a p s u l e af ter e x p o s u r e 

to s i m u l a t e d r e e n t r y c o n d i t i o n s . F i g u r e s 5-49 and 5-50 a r e p h o t o g r a p h s that a l low 

c o m p a r i s o n s of s u r f a c e r e c e s s i o n b e t w e e n the t h r e e t e s t e d c a p s u l e s . 
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T A B L E 5-9 

SIREN C A L C U L A T E D AND P L A S M A - A R C REENTRY CONDITIONS 

Sample 

Z r - 4 

Z r - 3 

Z r - 1 

T r a j e c t o r y 

V = 2 6 , 0 0 0 f t / s e c 
o 

y = 0 . 1 ° 
o 

V = 26 ,000 f t / s e c 
o 

y = 0 . 1 ° 
o 

V = 36 ,000 f t / s e c 
o 

y = 6 . 0 ° 
o 

Reen t ry 
Mode 

Stable 

Stable 

Stable 

Calcu la ted Reen t ry Condit ions 

All 
P r e s s u r e 

(ATM) 

0.06 

0.06 

0 .08 

Stagnation 
Point Heat , 

Rate {B/sec ft ) 

3 6 0 

3 6 0 

8 6 8 

Model Dwell 
T ime (sec) 

2 0 0 

2 0 0 

3 0 0 

Stagnation 
Point 
Reces s ion 
(inches) 

0. 143 

0. 143 

0. 244 

P l a s m a - A r c Condit ions at Mach No. = 3 . 9 

Air 
P r e s s u r e 

'ATM) 

0.060 

0.062 

0. 083 

Stagnation 
Point Heat 

Rate 'B/ f t sec) 

2 6 4 

2 7 2 

4 4 7 

Model 
Pwell 
Time 
(sec) 

199 

199 

3 0 0 

Stagnation 
Point 

Recess ion 
(inches) 

0. 174 

0.196 

0 .288 

Surface Recess ion After 
Scaling of P l a s m a - A r c 
Tes t s to Hypersonic 
Condit ions ( inches) 

0.202 

0.228 

0. 334 
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Sandia D69-12223 

69-H65983-116 

Figu re 5-46 Simulation of Orbital Reentry, Run Number 1. i 
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SANDERS^"^^ N U C L E A R 
C O R P O R A T I O N 

I lf.-1. 

' • • • i n i i i i i iin.i 

/ 

i 
Sandia D69-12222 

69-H65983-117 

Figure 5-47 Simulation of Orbital Reentry, Run Number 2. 
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I 

Sandia D69-12225 

69-H65983-118 

Figure 5-48 Simulation of Superorbi tal Reentry, Run Number 3. i 
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SANDERS - NUCLEAR 
CORPORATION 

r*3P * j r f 

69-618-2 

69-H65983-119 

of SIREN C a p s u l e s A f t e r S i m u l a t e d R e e n t r y in 
T- ^ ci AQ C o m p a r i s o n of biKn^i^ v.>cip 
F i g u r e 5-49 C o r n p ^ ^ _ ^ ^ ^ ^^^.^^^^ (0^1 ,q , e View) . 

Sandia 
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/ 
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69-618-1 

69-H65983-120 

Figure 5-50 Comparison of SIREN Capsules After Simulated Reentry in Sandia 
P l a s m a - A r c Faci l i ty (Profile View). 
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The i r regula r i ty of surface recess ion which occurred for Zr-1 was a 

resul t of improper alignment in the p lasma s t r e a m . The misalignment was 

verified by films taken during tes t runs . F igures 5-51 through 5-53 a r e photographs 

of the capsules during each of the three t e s t s . Figure 5-54 is a photograph of Zr -1 

taken during the cooling cycle immediately after the test and provides an excellent 

thermograph of the various lays of the graphite yarn. 

5 .5 .3 CONCLUSIONS 

5 .5 ,3 .1 Impact 

To discuss the feasibility of the SIREN concept to withstand impact, a 

definition of capsule failure is requi red . Therefore, capsule failure at impact, 

for the purpose of discussion, is defined for the following fuel forms as : 

• Microsphere fuel form - fuel l iner rupture and subsequent d ispersa l 

of fuel 

• Solid fuel form - production of and subsequent d ispersa l of fuel fines. 

No impact tes ts were performed "which would indicate success or failure of 

the SIREN capsule to contain a naicrosphere fuel form. Six impact tests were 

performed which would indicate the success or failure of the SIREN capsule to 

prevent the production and subsequent d i spersa l of fines from a solid fuel form 

(assuming Al O has proper t ies s imi lar to solid fuel forms). No tests were pe r ­

formed to tes t for the success of SIREN when impacting with an actual solid fuel 

form. 

All of the impact tes ts were performed with center cores of Al O to s imu­

late a prospect ive fuel form. It is not present ly known to what degree the Al O 

core s imulates a prospect ive fuel form. The main reason for the uncertainty in 

simulation is that the s t ruc tura l proper t ies of the three types of solid PuO fuel 

forms a r e not known at p resen t . 
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69-H65983-121 

Figure 5-51 Capsule Number Z r - 1 , Approximately 200 Seconds into Test . 

P l^x^ 

kXv 

69-H65983-122 

Figure 5-52 Capsule Number Z r - 3 , Approximately 125 Seconds into Test . 
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S A M O E R S m U C U E A R 
CORRORATBOSM 

69-K65983-I23 

Figure 5-53 Capsule Number Z r - 4 , Approximately 125 Seconds into Test . 

69-H65983-124 

Figure 5-54 Capsule Num.ber Z r - 1 , A Few Seconds After Completion of Test . 
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Assuming that the Al O core did sim.ulate a fuel form, then it may be 

concluded that five out of six impact tes ts proved to be a success . One capsule 

had the center core shat ter at 350 f t / sec and could be considered a capsule failure 

by definition. No at tempt, however, was made to measu re or detect the "fines" 

produced. 

Fo r all six capsule impact t es t s , considerable compress ive forces were 

t ransmit ted through the ca rbon /ca rbon mate r i a l to the surface of the Al O core . 

Fo r the capsule design tested, it is highly improbable that a ce ramic l iner 

surrounding a mic rosphere fuel form would have remained intact after impact. 

However, it is likely that the fluid motion peculiar to mic rospheres would have 

distr ibuted the energy of impact throughout the carbon/carbon mate r ia l , and 

thus resul ted in a fuel capsule that had a shat tered l iner and intact carbon 

s t ruc ture . The use of a metal l ic l iner with a mic rosphere fuel form may be 

required if there exis ts a need for g rea te r strength and containment. A cushion 

layer between the l iner and the ca rbon/carbon mate r ia l to prevent t ransmiss ion 

of the concentrated compress ive forces is a l so a possibi l i ty to enhance the impact 

res i s tance of a capsule containing m i c r o s p h e r e s . 

Efforts to determine the mechanical p roper t i es of proposed fuel forms 

should precede future SIREN impact t e s t s . Once the fuel forms have been 

mechanically charac te r ized , the development of a fuel simulant should follow 

which will allow more meaningful impact tes t data to be obtained. 

Additional impact testing should then be ca r r i ed out on the p resen t SIREN 

construction as well a s on SIREN capsules which have been improved as a resul t 

of information gathered during this phase or subsequent phases of the SIREN 

effort. A possible improvement which became apparent after analyzing the 

resu l t s of the p resen t phase is to use a high tensile s t rength fiber (400, 000 psi 

as compared to the 6000 psi present ly used) to enhance the ca rbon/carbon energy 
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absorpt ion cha rac te r i s t i c s during impact. Higher energy absorption in the 

carbon would resu l t in a decreased compress ive force on the center core or fuel 

l iner . 

Additional a r e a s of investigation should include trade-offs between ablation 

cha rac t e r i s t i c s , impact energy absorption, and ballistic coefficient as a function 

of carbon/carbon density. Investigation would not necessar i ly be directed only 

toward homogenous density var ia t ions , but also to density gradients in the radial 

direction. 

Impact tes ts should also be performed on capsules which have been exposed 

to reent ry conditions. Studies should be made to determine orientation of these 

ablated capsules during impact . 

5. 5. 3. 2 P lasma Arc 

P lasma a r c tests indicated that the carbon/carbon heat shield of the SIREN 

ablates in a manner and at a ra te approximately 30 percent greater than standard 

graphite reen t ry heat shields. The 0. 5 inch thickness of mater ia l used on the 

feasibility design was sufficient to insure carbon coverage of the center core 

after reentry , even for the superorbi ta l condition. The 4000 F temperature 

produced no visible degradation as a resul t of thermal shocks. 
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5.6 SOLID PROPELLANT FIRE TESTS 

5 .6 .1 INTRODUCTION 

Three tes t SIREN capsules were subjected to solid propellant f ires to 

determine the effects of the fire on the specimens. None of the capsules 

contained radioisotopic fuel. The fire tes ts were conducted at the facilities 

of Isotopes, I n c . , in Bal t i raore, Maryland, Apri l 10 and 14, 1969, in 

accordance with Isotopes ' Test Plan Number 466A3322084. Isotopes, Inc. , 

p repared two tes t configurations; the "proximity test" in which the capsule was 

positioned between two blocks of propellant placed s ide-by-side, and the 

"contact tes t" in which the capsule was positioned directly on the top of the 

propellant block. Sanders Nuclear provided three 3-inch diameter test 

capsules complete with thermocouples . The p r imary data anticipated from the 

tes t were the effect the flame and t empera tu re environment would have on the 

capsule . Other data to be obtained would be measurement of the tempera ture 

profile during tes t a t different positions within the capsule. As discussed in 

subsequent pa ragraphs , the SIREN capsules successfully withstood both fire 

t e s t s as demonstra ted by: 

• No observable loss of ma te r i a l by burning, melting or erosion 

• Complete mechanical integrity was maintained - neither cracking 

nor spalling due to t he rma l effects was observed 

• None of the component pa r t s experienced t empera tu res above their 

melting points 

• All component pa r t s exhibited excellent compatibility and thermal 

stability, 

5 .6 .2 PREPARATION OF SIREN TEST CAPSULES 

The three capsules used for the fire t es t s were " e x t r a s " in the lot of 

capsules being p repared for evaluation under contract AT(29-2)-2708 (inclusion 
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of the fire tes t was not anticipated at the beginning of the contract) . The three 

capsules were 3-1 /8 inches in d iameter and contained a 5/8-inch thick outer 

layer of wound graphite yarn impreganted with carbon. Two of the capsules 

were p repared with hollow cen t e r s , and the third with a solid center of Al O 

over-coated with ZrO_ (the ZrO is a compatibility layer between the graphite 

and Al O ). Due to the p r e s s of the testing schedule, the capsules received 

only one of two of the carbon impregnation cycles and consequently had a some­

what lower density than was des i red . P r i o r to testing, the surface of each 

capsule was p lasma sprayed with B, Si for additional oxidation r e s i s t ance . 

The capsules were instrumented internally with 30 gage W-Re the rmo­

couples. Fo r the hollow capsules a l /Z- inch diameter entrance hole was dril led 

through the capsule and redundant thermocouples placed approximately 

diametr ical ly opposite at I / I 6 inch from the outside surface, l / 2 inch from 

the outside surface and at the center of the capsule. After inser t ion of the 

thermocouples , the cent ra l cavity was filled with ZrO_ powder (fuel analog) 

and the entrance hole plugged with a support stinger (a graphite rod). The 

solid core capsule was inst rumented by drilling a l / 2 - inch hole through the 

graphite and placing the thermocouples tangent to the Al 0„ core . Dimensions 

and weights of the th ree capsules p r io r to t es t a r e given below. 

Capsule 
Number 

AI .4 
(hollow) 

Al-2 
(hollow) 

Z r - 2 
(solid A 1 0 _ 

. 2 3 
core) 

Outside 
Diameter 

(inches) 

3 - 1 / 8 " 

3 - 1 / 8 " 

3 - 1 / 8 " 

Total 
Weight 

245 

220 

492 

Graphite/Ca 
Weight 
(gms) 

245 

220 

223 

rbon Graphi te /Carbon 
Density 
(gm/cc) 

1.4 

1.3 

1.2 
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5 ,6 .3 FIRE TESTS 

The fire tes ts were performed with blocks of ALGOL 11 B Scout Rocket 

propellant . For the proximity t e s t s two blocks of propellant were placed 

about 18 inches apar t on a sand bed with the capsules placed between the 

blocks. F lame re ta rdant was applied to al l but the facing sides of the 

propellant block to d i rec t the flame towards the capsules . For the contact 

t e s t s , one capsule was laid direct ly on the propellant surface and the second 

capsule suspended by the stinger severa l inches above the surface of the 

propellant. This second position was selected to obtain complete flame 

engulfment of the capsule. The position of the capsules pr ior to test a r e 

shown in F igures 5-55 and 5-56. 

The duration of the t e s t s was 4 and 8 minutes for the proximity and 

contact t e s t s respect ively. The tes t personnel were unable to obtain a 

rel iable m e a s u r e of the flame t empe ra tu r e s because of smoke; their est imate 

based on optical pyrometer readings was 3700 F . Subsequent tests using 

pyromet r ic cones indicated the flanae tempera ture was probably about 4500 F 

which is c loser to the manufacturer ' s repor ted tempera ture of 4800 to 5000 F . 

The testing facil i t ies were l imited to only one available instrument channel 

per tes t . Fo r the proximity tes t another manufacturer ' s capsule was afforded 

the ins t rument channel leaving the SIREN capsule without any thermocouple 

readout. However, for the contact tes t one of the SIREN capsules was connected 

with the ins t rument channel. Unfortunately, during the test a lead counter 

weight supporting the ins t rumentat ion leads melted and shorted all the the rmo­

couple extension leads well away from the capsule and thereby terminated 

t empera tu re measu remen t . The maximum tempera ture obtained in the capsule 

before the thermocouples were shorted was approximately 1000 F . 
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69-525-1 

69-H65983-126 

Figure 5-55 Proximi ty F i r e b a l l Test , 10 Apr i l 1969, Before F i r ing . 4 
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69-525-4 

69-H65983-127 

Figure 5-56 Contact F i r eba l l Tes t , 14 Apri l 1969, before F i r ing . 
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5 , 6 , 4 EVALUATION OF SIREN CAPSULES AFTER TEST 

The condition of the capsules immediately after fire testing is shown in 

Figures 5-57 and 5-58. Heavy white deposits of aluminum compounds formed on 

the capsules during exposure to the flame. As shown in the more detailed 

views of the tested capsules . F igures 5-59, 5-60 and 5-61, the outer surface of 

the capsules appeared unaffected by the tes ts as indicated by the condition of 

the graphite yarn . Combustion products deposited from the flame adhered to 

the surface but did not penetra te the graphite s t ruc ture . As shown in F igure 

5-61 a portion of the deposit was removed and severa l l ayers of the graphite 

yarn adhered to the deposit; the deposit did not penetrate below that thickness. 

No evidence of cracking or spalling was observed on any of the three capsules . 

The capsule containing the solid Al 0_ core was c ross -sec t ioned after 

the contact fire test ; the sections a r e shown in F igures 5-62 and 5-63. Examina­

tion of the sections revealed the following: 

# The Al 0« ce ramic core showed no evidence of melting, cracking 

or spalling (the melt ing point of Al O- is about 3700 F) 

# The graphite and ce ramic core remained compatible during the 

tes t as evidenced by the absence of any react ion and bonding 

between the t̂ wo ma te r i a l s 

# Essent ia l ly none of the graphite s t ruc ture was lost while in contact 

with the flaming propellant as shown by the uniform, and full thick­

ness of the graphite 

# No internal c r acks or separat ions were observed within the 

graphite s t ruc ture 

# Neither the graphite s t ruc ture nor the ce ramic core were 

dimensionally dis tor ted during the tes t . 
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%.«f>' 

69-525-3 

69-H 65983-128 

Figure 5-57 Proximi ty F i reba l l Test , 10 Apr i l 1969, After F i r m g . 
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69-525-2 

69-H65983-129 

Figure 5-58 Contact F i r eba l l Tes t , 14 Apri l 1969, after F i r ing . 
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¥». 

69-404-3 

69-H65983-130 

Figure 5-59 Proximi ty Tes t Showing F l a m e Deposited Mater ia l . 
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Figure 5-60 Proximi ty Tes t - Note Excel lent Condition of Graphite Winding. 

5-102 



• 
GOMriPEMTIAL 

Figure 5-6l Contact Tes t . 

S A N D E R S N L I C U E A R 
C O R P O R A T I O N 

69-414-2 

69-H65983-132 

5-103 
-*•« • a 

V * * « * • ! « • « « r « f « r » * C 3 « 



• • • •• 

410HriDCMTIAL. 
B A N D E R S N U C L . E A R 

C O R P O R A T I O N 

I 

'•'Mpt ? 

69-524-2 

69-H65983-133 

Figure 5-62 Sectioned Capsule After Contact Tes t . 
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Figure 5-63 Sectioned Capsule After Contact Test , Core Removed. 
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5 . 6 . 5 CONCLUSIONS 

Based on the testing of three capsules , it can be c lear ly concluded 

that the SIREN capsule successfully withstood the effects of flaming solid 

propellant for t imes up to eight minutes . The capsules were unaffected by 

the the rmal and flame environments and it can be reasonably assumed that 

they could survive an even more severe environment. 
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1.0 INTRODUCTION 

The tests outlined in this procedure will be performed on six (6) 
BgSi coated SIREN capsules for the purpose of determining the oxidation 
rate as a function of temperature. The time span for these tests is 
1.5 months or approximately 1080 hours. The test temperature will 
range between 800 and 1800°F. 

Refer to Figure No. 1 for flow chart of test program. 

2.0 OBJECTIVE 

The objective of the tests described herein is to establish the 
oxidation rate of the B^Si coated SIREN Capsule as a function of 
temperature. 

3.0 TEST REQUIREMENTS 

3.1 APPLICABLE DOCUMENTS 

Paragraph IV-C of the Statement of Work 
Contract AT(29-2)-2708 
Furnace and Setup Drawing Nos. 

3.2 TEST CONDITIONS 

3.2.1 Environment 

The tests will be conducted in an air atmosphere, 
inside a furnace operating at selected temperatures. 

3.3 REQUIRED MEASUREMENTS 

Each capsule will be weighed prior to furnace heat up and 
during exposure period at discreet intervals. 

The weight of each capsule will be determined to the nearest 
0.1 gms or better. 
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Weighing will be performed on a schedule delineated later 
in this procedure. 

A thermal profile of each furnace will be obtained at 800°F, 
1000°F, 1200°F, 1400°F and 1800°F, with thermocouples centered in 
the cylindrical opening and spaced every 2" vertically. 

3 . 4 TEST FAILURE CRITERIA 

Failure of the coated capsules shall be deemed to have 
occurred when the weight has decreased Kyy, from the initial "at 
temperature" weighing. 

3.5 REPORTS 

Summary type progress reports shall be furnished in time for 
the program monthly report submittal. In addition, a final report 
shall be written which presents and discusses the data obtained. 

4.0 PROCEDURE 

4.1 CAPSULE PREPARATION 

Prior to coating the six capsules with BgSi, the hole used to 
caustic etch out the aluminum liner will be drilled and tapped 
h" - 13. A matching plug shall be fabricated from a spare capsule. 

The capsule shall be suspended by means of a nickel hook 
and assembly made as shown in Figure No. 2 (page 7 ). Twisting 
of the two wires to form the suspension hook external to the 
capsule shall be accomplished after the plug is in place. 

The entire capsule, including hook, will be flame sprayed with 
B5Si prior to test in accordance with established procedures. 

NOTE: One of the six capsules will be withheld from the flame 
spray procedure, i.e., not coated. 
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4.2 TEST SETUP AND OPERATION 

^ A U T I _ O N : Do not chip coating on capsules or hook 
during weighing process. Handle coated 
capsule with clean nylon gloves. 

4.2.1 Weigh each of three capsules (one uncoated, 2 coated) 
and record capsule number and initial weight. 

4.2.2 Fabricate support rod froin Kanthal or Nichrome wire 
(3 or 4 twisted strands) of sufficient length to support the 
capsule at the irid point (vertical) of the furnace. Tag and 
weigh each rod. 

4.2.3 Install each capsule in a furnace, at the furnace 
midpoint, close top, and adjust balance. Total weight 
should be the same as the sum of the support bar and 
capsule weights. 

4.2.4 Apply 300 watts of power to each furnace, setting 
controllers at the following temperatures: 

Uncoated Capsule - 800°F 
Coated Capsule - 800°F 
Coated Capsule - 1000°F 

Bring furnace to temperature in a 4 hour time period by 
increasing the power input. 

4.2.5 Note whether the balance reading changes due to 
convection heating currents in the furnace during the heat 
up process. If so, record new data and rebalance as necessary. 

4.2.6 when furnace temperature has been stable at the set 
point temperature for at least one (1) hour, reweigh each 
capsule, recording both time and weight in the log. 

4.2.7 Weighing Schedule 

4.2.7.1 Uncoated Capsule 

The uncoated capsule will be tested at 800, 
1200, 1400, 1600 and 1800°F for time periods sufficient 
to obtain a significant weight change (1 to 2%) . At 
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least three data points (time and weight) shall be 
obtained for each temperature. 

4.2.7.2 Coated Capsules 

Reweigh each of the coated capsules every 
working day for the first calendar week of test operation. 
If the weight change at 800°F and/or 1000°F is less 
than 0.1%/day continue testing for an additional 
10 days, repeating this procedure for a total of 30 
calendar days. ^ 

Should either of the coated capsules exhibit 
no measurable weight change in 20 calendar days, shut 
down the furnace(s) and replace the capsule(s) with 
one of the remaining units, following the procedure 
outlined in Paragraphs 4.2.1 - 4.2.7. Set the tempera­
ture for this test 200°F higher than the test it 
replaces. 

At the completion of the uncoated capsule 
tests, a coated capsule will be installed for test at 
200°F higher than the then currently highest test 
temperature. 

4.3 DATA REDUCTION 

A curve of weight change rate in per cent/day as a function 
of reciprocal absolute temperature times 10-
for the uncoated and coated capsule tests. 

4.4 POST TEST ANALYSIS 

shall be generated 

At the conclusion of the test program the remains of the 
uncoated capsule and at least two other coated capsules will be 
metallographically sectioned for examination and comparison with 
a coated but untested capsule. Photo micrographs will be taken 
of each section for comparison with the untest;ed capsule and 
included in the test report. 
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I.0 INTRODUCTION 

The tests outlined in this procedure will be performed on three (3) 
SIREN Capsules for the purpose of determining the helium permeability 
rate of the outer capsule structure. The capsules will not have a 
liner material of any type. 

Because of the porous nature of the SIREN outer structure, it 
will be necessary to perform some experimentation in order to arrive 
at a usable test method. The test engineer will, therefore, be per­
mitted considerable latitude in making "on the spot" modifications to 
this procedure in order to accomplish the test objective. 

One of two basic test methods will be used. The first will involve 
an attempt to evacuate the internal void volume. If pressures of the 
order of a few microns are achieved, standard helium leak rate deter­
minations will be made. If a vacuum cannot be satisfactorily obtained, 
the capsule will be pressurized and flow rate observed using standard 
gas flow equipment and techniques. 

2.0 OBJECTIVE 

The objective of the tests delineated in this procedure is to 
determine the helium permeability rate of the SIREN Fuel Capsule. 

3.0 PROCEDURE 

This procedure has been written to provide some latitude in the 
actual manner in which the tests shall be conducted. 

3.1 SAMPLE PREPARATION 

Prepare only one of the capsules initially. The remaining 
two units will be prepared after the procedure has been esta­
blished in order to permit modification, if necessary, of the 
means of access to the capsule internal void volume. 

3.1.1 Drill 11/16" diameter hole on the capsule diameter. 
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3.1.2 Smear hole sides with clear epoxy cement, insert 12" 
long 5/8" CD copper tubulation, rotate to cover inserted 
portion with epoxy and remove. Clear the tubulation opening 
of any epoxy, reinsert and allow epoxy to harden in accordance 
with Manufacturer's instructions before proceeding with the 
next step. 

3.2 TRIAL NO. 1 

3.2.1 When step 3.1.2 is completed, connect the capsule 
tubulation to the CEC Model 24-I20B leak detector roughing 
manifold and determine whether or not the capsule can be 
evacuated to any significant low pressure (less than 100 
microns of Hg). If it can, continue evacuation, cutting in 
leak detector manifold as appropriate and proceed with step 
3.2.2. If not, skip to step 3.3. 

3.2.2 If throttling of L.D. is necessary, utilize a cali­
brated leak attached to the capsule tubulation to determine 
sensitivity and minimum detectable leak (MDL). See Figure 
No. 1 for sketch. 

If throttling is not necessary, use sensitivity and MDL 
determined prior to capsule evacuation with CEC Standard Leak. 

3.2.3 Examine capsule with helium gas jet for specific leak 
points. If leaks are detected in tubulation seal area, vent 
test articles, seal leaks with small amount of epoxy and 
retest when epoxy is hard. 

3.2.4. If no leaks are detected or none can be specifically 
located, bag capsule and pressurize bag with helium for gross 
leak rate determination. 

3.2.5 When step 3.2.4 is complete, replace capsule in original 
identification container and repeat steps 3.1 and 3.2 for the 
two remaining units. Record results of all measurements. 

3.3 TRIAL NO, 2 

In the event Trial No. 1 is unsuccessful, i.e., the leak rate 
is too large for the CEC leak detector to handle, connect capsule 
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tubulation to a low range flow meter (range to be determined by 
experimentation) and low range manometer in a manner which will 
permit measurement of helium flow through the capsule and helium 
pressure within the capsule as shown in Figure No. 2. Instru­
mentation will have to be determined by trial and error. 

3.3.1 Measure the flow rate as function of pressure and 
record results for at least four internal helium pressures. 

4.0 TEST DATA CALCULATIONS & REPORT 

4.1 TRIAL NO. 1 

When using the CEC standard leak, the following equations 
apply: 

LR, 
•SL 

1) S = r - r - r ~ T T 7 — X Temp Corr , 
LD Div X A t t e n ^ 

Lim SL 

where Sj^^ is the leak detector sensitivity; LRg^ is the leak 
rate as specified on the standard leak in atm cc/sec; DIVTRM 
is the number of divisions indicated on the leak rate meter; 
and Atten is the multiplier; and Temp Corrgr is the tempera­
ture correction, shown at standard leak (1.5%/°F). 

where LR is the leak rate; Sjjp and DlVĵ jŷ j as previously 
defined. 

3) MDL = Sĵjj X Div Nois. 
®LRM 

where MDL is the minimum detectable leak in atm cc/sec; S 
as defined previously; Div Noisej^j^ is the no. division 
indicated on LRM as spurious outputs multiplied by 2. 
(NOTE: Noise specification is 2% FS peak to peak, therefore. 

LD 

D I V Noise LRM = 4.) 
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4 . 2 TRIAL NO. 2 

The standard gas laws will be used in determining the helium 
leak rate and referred to STP. 

4.3 PERMEATION RATE 

The helium permeation rate through any material generally is 
given in terms of volume per unit time per unit area, therefore, 
the test results of either Trial No. 1 or No. 2 will be calculated 
to reflect this nomenclature. 

The internal and external average surface area will be 
determined for each capsule. The average of these two numbers 
will then be used to determine the permeation rate as follows: 

Permeation Rate = 
Leak Rate (ce/sec) 

2 
Surface Area (cm ) cc/sec/cn 

4 . 4 ERROR ANALYSIS 

Perform a simple error analysis to determine the error limits 
for the data obtained. 

4.5 REPORT 

Prepare a final report, disclosing the test method used and 
test results. If Trial No. 2 is the method used, include a curve 
showing flow rate vs pressure for each capsule so tested. 
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APPENDIX m 

SCALING OF PLASMA-ARC TESTS TO 

HYPERSONIC FLIGHT CONDITIONS 

v/ritten 

In hypersonic reen t ry the diffusion-controlled ra te of graphite loss is 
(1), (2) 

^r^ (R^yP )̂  = 0. 00635 lb ft. "^^^ atrn'^^^^sec"^ D N e (1) 

at the stagnation point of a sphere . This express ion has been derived from a 

corre la t ion of numer ica l boundary layer solutions on the bas is of various aero­

dynamic and thermodynamic re la t ionships appropr ia te to hypersonic flow. In 

part iculars ' it has been assumed that: 

H - ui /2 
e 

(Rj^/u^) (du^/ds) - (2€) 
1/2 

(2) 

(3) 

vi^here e is the density rat io a c r o s s the haw shock and du / d s is the velocity 

gradient along the spher ica l surface. 

On the other hand, from a more fundamental point of view, the m a s s t r ans ­

fer should be express ib le as the product of a diffusion coefficient t imes a concen­

t ra t ion gradient, or density difference divided by boundary layer thickness . On 

this la t ter bas i s : 

o I * * / 
m alp p du / d s 

D I e 
1/2 

(4) 
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with fluid p roper t i es evaluated a t some point in the boundary layer . Scaling to 

conditions where conditions a) and b) a r e not valid must be accomplished in 

this fundamental frame of reference . 

The fundamental formula (2) may be expressed in a pract ical form by 
* * 

noting that the fluid proper ty p |J. may be approximately expressed in the form: 

P y-~P f(H / H J 
e e ref 

(5) 

With this kind of a cor re la t ion in mind, Gilbert and Scala have published the 

graphite m a s s loss formula in a form equivalent to: 

- D ' - ' N / ^ e * ' ^ ' 

^ 0. 00635 (u«, /2H 

(6) 

.1/4 (2€ )^ /^ (u« /R„) (ds/du ) 
D e 

1/2 

If the flow is sufficiently hypersonic , the factors in the brackets a r e 

essent ia l ly unity and we have the famil iar expression 

m° (R^yp ) ' / ^ - 0. 00635 (1) 
D N' e 

At modera te supersonic Mach numbers the factors can be computed from gas 

tables and the cor re la t ion of stagnation point velocity gradient given in Reference 

3. The resu l t is i l lus t ra ted in the F igure where the rat io of m to its asymptotic 

value is plotted ve r sus Mach number. As an example, in a test conducted at 

M = 2. 5, the m a s s loss expected is about 80% of that calculated from the simple 

express ion (1). 
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