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FOREWORD 

This pro.Posa! is submitted in response to the June 19, 1959, Re
quest for Quotation No. HS-225 from the National Aeronautics and 
Space Administration, Washington, D. C. It presents a program 
for the study of nuclear radiation effects on the engineering prop
erties of materials at cryogenic temperatures. 

The proposed tasks will be performed by Lockheed Nuclear Products, 
as prtme contractor. at the Georgia Nuclear Laboratories (GNL). 

Lockheed has retained Arthur D. Little, Incorporated, of Cambridge. 
Massachusetts, to perform the refrigerator design and cryostat 
heat removal calculations and to consult with Lockheed on the cryo
stat design. 
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SUMMARY 

In nuclear missile components, the combination of cryogenic tem
peratures resulting from the use of liquid hydrogen as the propel -
lant fluid and nuclear radiation is expected to produce effects on 
the engineering properties of mnterials that are new both to mate
rials engineers and to missile design engineers. Before reliable 
systems can be designed, these effects on the properties of mate
rials must be known. 

To meet this requirement, Lockheed Nuclear Products outlines 
in this proposal to NASA a program for a study of the combined 
effects of nuclear radiation and cryogenic temperatures on the engi
neering properties of pertinent materials that may be used in the 
construction of nuclear missiles. 

This proposal includes an analysis of the statu-of-the-art relative 
to the effects of cryogenic temperatures, nuclear radiation, and 
low-temperature annealing on the engineering properties of mate
rials. The rationale for choosing the temperatures, integrated 
radiation doses, radiation under stressed and unstressed conditions, 
materials, and specific tests to be used in the test program is pre
sented. These specific tests will include evaluation of engineering 
design characteristics and the determination of fundamental. prop
erties of the materials of interest; these will be compared to give 
extrapolation of limited data. Conceptual designs and the basis for 
the selection are given for the cryostats, special test equipment 
and instrumentation, and the refrigeration equipment. Presented 
also is a preliminary study of a method for reducing gamma heating 
and radtoactlvation in the reactor cryostat and virtually ellmlnating 
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any perturbation of the reactor during Insertion or removal of cryo
state from the reactor beam hole. Also included is a preliminary 
analysis of the factors that could possibly affect the safety of reactor 
operation. And a test program based on the concepts and equipment 
discussed is presented. It includes materials to be tested, types and 
number of tests to be made, the number of specimens to be tested 
for each determination and the statistical basis for establishing this 
number, and the methods for preparation and selection of Individual 
test specimens. ·The capabiltties of Lockheed Nuclear Products as 
the prime contractor and Arthur D. Little, Incorporated, as the 
major subcontractor include pertinent experience of the two companies, 
resumes of the personnel available for the project, the project organi
zation, and facilities available to the project. Furthermore, a sched
ule for the entire program is presented. 
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1. STATEMENT Of WORK 

The method by which Lockheed Nuclear Products proposes to 
determine the effects of nuclear radiation at cryogenic tem
peratures on the physical and mechanical properties of materials 
is outlined in this section. 

l. 1 PHASE I - PLANNING AND DESIGN 

1. 1.1 Test Procedures and Test Program 

A comprehensive test program, including test procedures. for 
obtaining engineering design data on structural materials that will 
be submitted to NASA for approval will he formulated. 

1. l. 2 Cryostats 

The cryo1:1tnts incm•potaling special tt:?st equipment for implementing 
the NASA approved test program wm be designed. The design will 
include both heat calculations and mechanical designs. 

1. 1. 3 Refrigerator 

The rt•frlgerator equipment nec!clcd for obtaining and maintaining 
the required temperatures jn th<.- cryostnts during tesling operations 
will oo designed. This doaign wHl include both heat calculations 
anrl mechanical dc.•1dgn. 
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l. l. 4 Im1tr11mcntation 

All instrumentation required for operating the cryogenic and test 
equipnwnt, for reactor safety, anc1 for measuring and recording 
test parameters will be designecl, Commercially available in
strumentation will be utilized where applicable, 

I. I. 5 Remotl.' Handling Equipment 

Thl~ e4uipmunt for rcmoll' handling of the cryostats at Plumbrook 
will bl• designed, 

I, I, H Gamma Heating Analysis 

The gamma heating problem will be analyzed both theoretically 
and experimentally. The GNL Critical Experiment Faciltty will 
be utilized for experimental studies, Required shields will be· 
designed. 

l, I, 7 Reactor Safety Analysis 

A complete reactor safety analysis conforming to the requirements 
of the Plumbrook Reactor Safety Committee will be prepared for 
the operation within the beam hole of all test equipment. 

I. I. 8 Project Management and Project Support 

A project manager Will be provided for the overall direction of the 
program. Included aru cll'rical personnel and scientific personnel 
necessary for the support of the program. This task will apply 
al so to Phases II and III. 

CONFIDENTIAL 
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l. l. 9 Reports 

Reports to be submitted for this phase of the program will include 
the following: 

a. Monthly letter reports 

b. Topical reports as appropriate 

c. A summary report for Phase I 

1. 2 PHASE II - FABRICATION AND INSTALLATION 

I. 2. l Cryostats 

The cryostats, including special test equipment designed in Phase 
I, Will be fabricated, and the operatlng characteristics will be de
termined at GNL. After proper operating characteristics have 
been established, they will be installed at Plumbrook and GNL as 
required. 

l. 2. 2 Refrigeration Equipment - - Plumbrook 

The refrigeration equipment designed In Phase I for provJding the 
required te mperatures in the cryostats at Plumbrook will be fabri
cated and installed at the Plumbrook Reactor Facility. After in
stallation, the operating characteristics will be determined and 
any required modi£ications completed. 

l. 2. 3 Refrigeration Equipment -- GNL 

Re£rige ration equipment will be installed at GNL for calibration 
and test operations. 
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1. 2. 4 Instrumentation 

' The instrumentation specified tn Section 1.1. 4 will be fabricated, 
"" installed at Plumbrook, and lts operating characteristics calib

rated. Nori'H'iiTTi60ratory instrumentation will be avallable at 
GN L for use in this program. 

1. 2. 5 Shields 

The shields required for reducing the incident gamma and thermal 
neutron flux on the cryostats Will be fabricated and installed in the 
beam hole at Plumbrook. The effectiveness of this shield in pre
venting reactor perturbations during cryostat changes Will be de
termined by direct measurement. 

I. 2. 6 Remote Handling Equipment 

The equipment for remote handling of the cryostats at Plumbrook 
will be fabricated and installed. 

1. 2. 7 Flux Mapping 

Maps of fast neutron flux and spectrum in the interior of the cryo
stats installed 1n the shielded beam hole of the Plumbrook reactor 
will be made by using foil techniques. 

l, 2. 8 Test Samples 

The test sample program will be conducted as follows: 

11 Materials from which test specimens are to be 
•nade will be procured. 

"'· The required test samples will be fabricated. 

c. A pretest examination of each specimen will be 
made to determine specimen characteristics. 
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1. 2. 9 Reports 

Reports to be submitted for this phase of the program will include 
the following: 

a. Monthly letter reports 

b. Topical reports as appropriate 

c. A summary report for Phase II 

I. 3 PHASE III - TESTING 

l. 3.1 Tests at GNL 

Teets conducted at GNL will include the following: 

a. Tests to establish correlation between standard 
and miniature specimens and between standard and 
special physical test equipment 

b. Screening tests to be conducted without irradiation 

c. Tests required for establishing engineering design 
data under nonirradiated conditions at room and 
cryogenic temperatures 

1. 3. 2 Tests at Plumbrook 

All irradiation testing will be conducted at the Plumbrook facility. 
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1. a. 3 Reports 

Reports to be submitted for this phase of the program will include 
the foll owing: 

a. Monthly letter reports 

b. Topi<?al reports as appropriate 

c. A final report, which will include an engineering 
design manual, inc,orporating the results of the 
test program 
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2. PRELIMINARY ANALYSIS 

This section reflects Lockheed's analysis of the present state of 
accomplishments in the field of determining effects of radiation on 
materials at cryogenic ternperatures. 

There is a substantial amount of information on the effects on 
crystalline materials of irradiation alone and cryogenic temperatures 
alone. To minimize complex effects in these investigations, most of 
the work has been perforrncd on pure metals, with the emphasis on 
single-crystal studies. Some investigations, however, have been 
made on the effects of these factors on the mechanical properties of 
metnls. 

Following are discussions of the various effects of concern In estab
lishing test parameters. 

2.1 CRYOGENIC TEMPERATURE EFFECTS 

The effects of cryogenic temperatures on the tensile, fatigue, and 
creep properties of various materials are discussed in this section. 

2. 1.1 Tensile Properties 

As early ns 1930, Boas and Schmid reported that as the temperature 
was reduced to 36°R, the critical shear stress of cadmium single 
crys~ls increased considerably.1 A few years later -- in 1933 -
de Haas and Hadfield rePc:>rted their experiments on polycrystalline 
metals and alloys, which included pure Iron (99. 85%), carbon steels, 
alloy steels, nonferrous alloys, and high-purity copper and nickel.' 
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In all cases, the tensile strength increased as the metal was heated 
from room temperature to 140°n and there was no furl.her increase in 
tensile strength for iron and most of the steels; brittle fracture 
occurred In this temperature range. Steels wUh a high nickel con
tent did not exhibit brittle fracture. The tensile strength of the 
nonferrous allays, copper, and nickel continued to increase wtth 
the decrease in tcmparature to 36°R, the minimum temperature at 

a 
which tests were conducted, Eldin and Collins reported results of 
experiments on l 020 steel that confirmed the work reported by 
de Haas and Hadfield. They found that britUe fracture did occur 
below 140°R, but that there was a slight increase in the stress 
required to produce· fracture as the temperature was reduced to 
22°R. McCammon and Rosenberg have also measured the ten.slle 
strength of a number of high-purity polycrystalline metals as a 
function of temperature from 7. 6 to 540oR. 4 Figure 1 presents 
some of the resu I ts. 

Figure 1 Variation of Tensile 
Strength of Copper, 
Gold, Silver, and 
Aluminum with Tem
pe raturc 
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These data show an increase o( 400% in the tensile strength of 
aluminum and about 200% Increase for the other metals between 
540°R and 7. 60R; the Jncrcase continues all the way. These metals 
all have a face-centered cubic structure, while iron and its alloys 
exhibiting brittle fracture at low temperatures are body-centered 
cubic. Bechtold and Wessel found that in molybdenum, tantalum, 
niobium, and steel the yield strength increases below room tem
perature and that the rate of increase ls greatest just above the 
ductile-brittle transition temperature.' 

Two explanations have been proposed for the yield-point phenomena 
in those metals that exhibit brittle fracture. One is that small 
amounts of alloying or impurity elements , such as carbon or nitro
gen in iron. are attracted to and become concentrated around a 
dislocation. pinning the dislocation and inhibiting its movement. 
Consequently, for slip to occur a higher stress is required. 
Wessel has suggested that after the dislocations have broken away 
from the impurity agglomerate, they pile up against grain boundaries 
or other barriers, producfng the pre-yield-point plastic strain, and 
that the yield point does not occur until new dislocation sources are 
activated by the large stresses ln these pile-ups, which are able to 
break through the barriers. Because of the decrease in the thermal 
activity at lower temperatures, the stress at a pile-up must be in
creased before any breakthrough can occur, thus increasing the 
pre-yield-point plastic strain. At sufficiently low temperatures, 
the strains produced will be of a magnitude to produce highly 
localized stresses in the dislocation pile-ups, which cause cleavage 
in unfavorably oriented sites and thus develop microcracks. In 
favorably oriented regions, plastic flow will still occur, but the 
mfcrocracks wUI reduce the stress required for yield. Decreasing 
the temperature increases the formation of microcracks to the point 
where brittle fracture results with very little plastic flow. Wessel 
also postulated that the ductile-brittle transition temperature might 
be lowered by reducing the grain size in the met.al, since this would 
minimize the possibility of large dislocation pile-ups. His theory 
has been substantiated by the work of Basinski and Sleeswyk on 
very fine-grained (20, 000 gratns/mm2), high-purity iron,• And 
later, Smith and Rutherford obtained similar results.7 
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A second explanation of the yield-point phenomena has been formu-
• lated by Cottrell. He suggests that the pre-yield strain Is due to 

premature yielding in small localized regions of the specimen. 
Because of this premature yielding, dislocations are released to 
pile up against the grain boundaries. The stress In the adjacent 
grain, resulting from this pile-up added to the external stress, le 
sufficient to release the nearest dislocation; so the process con-
tfnues as a chain. reaction. Brittle fracture may result from the 
rapid spreading of a microcrack at the head of a dislocation pile-up. 
Cottrell points out, howevet", that this cannot be the only mechanism 
that can cause fallure, because brittle fracture does occur In single 
crystals In which such dislocation pile-ups are very unlikely. He 
therefore suggests that crack formation may result from the com
bination of two dislocations in the absence of a pfle-up. ThJs could 
result when two ~-islocationB wt th Burgers vectors ~[Tiiland ~ (11 ij 
gliding in the (101) and (llrr) planes, respectivt!ly, of a body-<·cntcred cubic 
lattice (! fs the lattice constant), combine with a lowering of c1astlc 
energy at the Intersection of the planes to form another dislocation 
With Burgers vector~ [001], which lies in the cleavage plane of the 
crystal. This dlslo<!aflon, acting as a wedge In the plane, Will lend 
to force the atoms apart to start a crack. When the stresses are 
great enough, the crack will spread and cause brittle failure. 

As shown In some of the work previously cited, metals with face
centered cubic lattice structure do not exhibit ductile-brittle 
transJtlon, but do increase markedly In strength at low temperatures. 
This Increase in strength, according to Rosenberg, results from the 
hardening of the metal at low temperatures rather than an increase 
In interatomic attraction forces.• Current theories attribute this 
hardening to the introduction of obstacles that limit the motion of 
~fslocations. To explain the phenomenon, Rosenberg utiUzes the 
tensile stress-strain curves shown ln Figure 2. 
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Flgure 2 Stress-strain Curves 
for a Face-centered 
Cubic Single Crystal 
nt Various Temper
atures 

O·S 
5TUllll-

Each curve can be divided into three main sections, marked Stages 
I, II, and III. Stage I is the so-called easy-glide region, in which 
very little hardening takes place. It occurs in crystals so oriented 
that only one glide system operates under the applied stress. Stage 
JI ls the region of rapid work-hardening, where the stress/strain 
curve is linear. Stage Ill begins where this linear section of the 
curve bends over to what is usually a parabolic form. Whereas 
Stages I and II arc not very temperature dependent, the stress at 
which Stage Ill begins increases as the test temperature decreases. 
During Stage I, slip occurs on only one set of planes. Since there 
are few obstacles to the movement of dislocations, they move a 
considerable distance with the application of small external stresses. 
As the end of Stage I is approached, slip and dislocations are generated 
on other sets of glide planes. Some of these dislocations wlll cross 
the primary glide plane and combine with dislocations on that plane 
to f~rm what Rosenberg terms sessile dislocations! These sessile 
dislocations are common to two intersecting slip planes; consequently, 
they act as obstacles to the movement of the dislocations in the pri
mary glide plane. These tend to pile up behind the sessile. with the 

11 
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result that as the deformation proceeds more obstacles are formed 
and the number of pile-ups increases, causing the stress required 
to continue the deformation to increase rapidly. These phenomena 
will produce a linear stress/strain curve that is Independent of 
temperature 1 as shown in Stage II, Figure 2, Polycrystalline 
materials in which single slip cannot occur because of constraints on 
the crystallites produce stress/strain curves in which Stage I is 
absent. 

The decrease in rate, of hardening shown in Stage m is believed to 
result from the fact that, at higher stresses, the dislocations at 
the head of the pile-ups avoid the sessiles by cross-slip onto ad
jacent planes that are free of obstacles. Since a given amount of 
energy ts required to activate the cross-slip, at higher temperatures 
the thermal energy of the crystal lattice will reduce the external 
stress demand. This explains the temperature dependency for 
Stage Ill shown in Figure 2. · 

In summary, it must first be stated that the tensile strength of a 
metal is dependent on ductility and work-hardening characteristics. 
Except for the body-centered cubic crystal structures, which exhibit 
a ductile-brittle transition point, the ductflity remains fairly con
stant as the temperature is reduced, These materials follow the 
general trend until this transition is reached. Since most metals 
fracture when they are in Stage III, greater stresses must be 
applied at the lower temperatures to produce fracture. This 
accounts for the observed increase in tensile strength at the lower 
temperatures. A contributing factor to this temperature dependence 
is the fact that for dislocations to move in a slip plane they must 
cut through the many dislocations that intersect that plane. Thermal 
activity within the crystal contributes to this movement; consequently, 
with lower temperatures, the accompanying thermal energy Is less
ened and a greater external stress is required to produce rupture. 
This phenomenon should be more pronounced in polycrystalline 
materials than in single crystals, because of the greater number 
of obstacles. 
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One other phenomenon has been observed in slress/ strain curves 
resulting from low-temperature tensile tests. These curves con
tain serrations, although tests on the same materials at higher 
temperatures produce smooth curves. Blewitt, Coltman, and 
Redmond attribute this phenomenon in copper single crystals to 
twinning, the presence of whkh they confirmed by X-ray diffraction 
experiments.10 They do show, however, thal it iK only for certain 
orientations that twinning 'occurs. This indicates that the serrations 
are not necessarily due to twinning. Other investigators have sug
gested that the serrations arc caused by local heating within the 
specJmcn, but experiments performed lo confltm this hypothesis are 
not entirely conclusive. Rosenberg suggests that another plausible 
explanation for discontinuous slip at low temperatures may be local 
yielding in which a few dislocation pile-ups break through their 
barriers;' at higher temperatures, this wouid be accomplished 
with the ald of the thermal activity within the crystal. 

2.1. 2 Fatigue Properties 

The first experiments on the fatigue properties of metals at low 
temperatures were reported by Fontana and co-workers on aluminum 
alloys, magnesium allovs, stainless steels, titanium, and titanium " . alloys, · 12• tJ The results show that at 138°R the fatigue life at a 
given alternating stress wus about ten times the life at room tem
perature. Tests at 349°R gave fntl' rmt•11iatc curves, and tensile tests 
on the same matcrl:tls at these tcmpt?raturcs corrt!lalcd very favor
ably with th(' fatigue tests. The effect of temperature on notched 
specimens was much less than on unnutched ones. 

14 McCammon and Rosenberg, in work on pure coppc.>r, silver, gC>ld, 
aluminum, cadmium, and magnesium, confirmed the results of 
Fontana's group. Thcfr work extended to 7. n°n, and they found 
that Increases In fottguc and tensH<' strenglhs lncn•ascd in the same 
ratio from rocm1 tcmpcraturl! to liquid helium temperature. Between 
room tempt>raturc and 7. 6°R the fatlgut' l Uc o( aluminum under a 
given alternating stress Increased by a factor of approximately io7. 
Experiments wert' also conducted on zinc and iron (body-ccnlcrild 
cubic crystal structurC's). Their low-temperature brittle fracture 
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characteristic was reflected in their fatigue behavior. Below the 
brittle-ductile transition temperature, there was a very narrow 
stress range where fatigue failure occurred. Below this stress 
range, the metal never failed; above, it broke immediately. 

Rosenberg explains the correspondence between fatigue and tensile 
data by assuming that a small fatigue crack has been formed and 
that for failure to occur this crack must spread.• The theory of 
the sprQad of such a crack assumes that the fracture stress must 
be attained at the tip of the crack so that the metal will yield and 
increase the length of the crack, If, as the temperature is decreased, 
the fracture stress increases (it behaves similarly to tensile strength), 
then for the crack to spread at a given rate, the applied stress must 
be increased in the same proportion as was the fracture stress. 

The fact that fatigue failure occurs in a normal manner even at 
7. 6°R throws some light on which processes are not possible for 
the· original formation of the fatigue crack, Many theories postulate 
some diffusion rnechnnism for the formation of the microcrack; for 
example, the agglomeration of vacancies produced during the slip. 
Others suggest that a corrosion process is required. It is highly 
unlikely that processes of this nature can occur at liquid helium 
temperatures. The most plausible mode of crack formation appears 
to be purely geometrical interaction of dislocations or slip planes, 
In explaining the small extrusions and intrusions observed on copper 
when it was fatigued at temperatures from room temperature down to 
7. 6°R, Cottrell and Hull show that If there are two Intersecting slip 
planes, one of which is uctivated before the other, it is possible to 
obtain small cxtrusjons and intrusions on the surface of the specimen 
purely by geometrical intcraction.15 This could represent the begin
ning of fatigue cra{'ks. It must be emphasized, however, that 
although diffusion or corrosion mechanisms seem very unlikely in 
low-tempc•raturc fatig'l.le, they mny ht.~ present nt higher temperatures; 
but they arc not l'SHl'nlial tu thl' formation of the fatigue crack. 

Evidence is beginning to accumulate that indicates the cold work 
introduced into a metal when It is fatigued fs different from that 
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produced in a metal during unidirectlonnl extension. It appears 
that fatigue work hardening results from the formation of point 
defects. Experiments by Broom and Ham have shown that accord
ing to stress/strnin curves taken at 162°R and at 527°R after a 
specimen has IJeen cold-worked at room temperature either by 
fatigue or by tension, the flow stress of llw specimen is much more 
temperature-dependent for the fatigued specimens than for the ex
tended specimens. 16 They 1:1uggest that this may be because the 
fatigue hardening resulted from interactions of dislocations with 
point defects, and these would tend to be more mobile at toom tem
perature. SUch point defects might be expected to result from 
fatigue hardening, since large dislocation movements are unlikely 
under these conditions. Ccrtnin processes that are activated by 
fatigue can be quenched if the fatiguing is done at 162°R. If a 
metal is strained at a given stress and then fatigued at a Jower 
stress level, consiclcrablc softening of the me tal occurs. Pre
sumably this pl'ocess involves the production and movement of 
point defects. which tend to unlock the dislocations and cause a soften
ing of the metal. This process is practically eliminated and very 
little softening is observed when the fatiguing is conducted at 162°R. 
In som(' work reported by Broom and co-workers on aluminum 
alloys, this was demonstrntecl by thl' ract thnt at room temperature 
tho fully hardened and the initially averaged specimt•ns gave similar 
fatigue curves. indicating that the~ fully hardened material had become 
ovcrngt•d during fatibruing.u In tm1ts at rn2°R, the overuging during 
fatif.,>UC was inhibitl'd, with lhc rc:;ul t that the fatigue characteristics 
of the fully hardened metal were much bl•tlcr than those of the ovcr
agcd samples. 

2, 1. 3 Creep Properties 

Invc~tigalions of the Cl'CC)P characteristics or metals show that the 
phenomena an• extremely tempL•raturc-depcndcnt. For a given load, 
tht• amount of creep incrcas(•s with temperature. On<> explanation 
of thil' r('lationship is that thc.•rmal activation supplied by higher 
tcmperatun•s is required to overcome barriers that block the move
ment of dislocations, thus permitting further slip (creep) to occur. 

15 
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At temperatures in the 162oR range, it has been found that the ex
tension E = AT log Vt, where ~ and y are constants, l is the time 
of load application, and .I is the absolute temperature of the specimen. 
Thus, the extension is proportional to the absolute temperature. The 
theory explaining these phenomena is called the "exhaustion theory. " 
It assumes that within the metal there are minute areas of varying 
degrees 01· softness. These soft spots require additional stress or 
thermal activation to produce yield. They exist in a range requiring 
different activatfon cnergios; consequently, those With lower energy 
requirements will yield quickly, leaving the ones with higher energies 
still awaiting activation. The theory also assumes that once a soft 
spot has yielded and slip has occurred, it cannot be activated again. 
Hence, with time the supply of soft spots becomes exhausted, with a 
corresponding decrease in creep rate. This situation lends itself to 
the derivation of a logrithmic creep law, and a theoretical express
ion for the value of!!, in terms of the slope of the static stress/ strain 
curve of the specimen, In this maMer, theory and experiment may 
be compared. Wyatt performed such experiments at temperatures 
in the l 40°R range and found that the creep is proportional to tem
perature.11 In 1930, Meissner, Polanyi, and Schmid measured the 
creep of cadmium crystals at liquid helium temperatures." Their 
results showed creep extensions of the order of a few tenths of a 
percent at 2. 2°a. It was, however, of the same ordez· of magnitude 
as they found at 7. 6°R. The::w results did not agree with the theory 
which,if applicable at tht•su temperatures, would have indicated con
siderable difference in creep at the two temperatures. Glen repeated 
the experiments and confirmed the earlier results.20 He showed that 
the value of~ calculated from his stress/ strain curves is not In 
agree ment with the value of A calculated from stress/ strain curves 
on the same material at highcr temperatures (138 and 162°R). At 
the lower tcmpt..•rntur(·s, the creep is 10 times that expected from 
theory. This indicates that this theory is not valid in the near 
absolute 7.Cro temparaturc region, Glen suggests that at these low 
tempera turos tho soft spots mny be 11ctivated by the quantum-mechan
ical tunnel effect. H there is a potential barrier retarding the slip 
of n soft spot, even without thermal activation , there is a finite 
probability that the barrier may be overcome. This probability can 
be calculated with quantum nwchnnics. The calculations of Mott 
indicate that, in the liquid helium temperature range, most if not 
all of the activation is caused by the tunnel effect." 
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2. 2 RA.DIA TION EFFECTS 

Many aulhors have discussed lht.• mechanisms by which neutron 
irradiation affects the propertivs of metals. Dienes has summarized 
these phenomena in the following manner: the interaction of high
energy radiallon with m:ittcr introduce several types of disturbances 
(crystalline defects and ra<liation-induced processes) v:hich affect 
the propC'rtics of the soUcl.12 These disturbances are vacancies , 
interstitial atoms, thermal spikes, impurity atoms, ionization 
effects, displacement spikes, replacement collisions, crowdlons, 
and dislocntions. 

In discussing radiation (.'ff(•cb; in m(•tols and alloys, Billington 
states that one of the mosl important factors governing lhe behavior 
of metals under irradiation is the temperature of irradiation. n Other 
important variables are melting point, crystal structure, prior 
thermal and mechanical history, radiation environment, neutron flux, 
and the property being studied. 

The temperature of irradiation is important since it exerts con
siderable influence on the mobility of induced defects that in turn 
affect the production of secondary effects. The irradiation effects 
observed are related both to the melting point of the material and 
to the temper.iturc of irrndi:tlion, As a rough approximation, at 
tC'mpcraturt•s somewhat above half of the absolute molting point, 
many solid state reactions will proceed at an appreciable rate. The 
annealing as well as lhc production of defects is closely allied with 
this relationship. 

The crystal i>lruclur<' provides an indication of some physical pro
perty changes that may be expected to result from irradiation. For 
instance, body-centered cubic materials, such as iron and carbon 
steel, that exhibit low-impact strength at room te mperature and a 
sensitivity to notch embritllemcnl, show an incrC'ased weakness 
in regard to these properties under neutron irradiation. Conversely, 
face-centered cubic meta.ls, such as aluminum alloys and stainless 
steels, do not exhibit brittle fracture under irradiation, although 
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they do suffer some loss in ductility. Uranium and graphite are 
good examples of anisotrophy in crystal structure, The relationship 
between crystal structure and these properties is insufficiently under
stood to permit broad generalizations in regard to radiation behavior, 
but it is recognized as being a factor of some importance. 

Billington states that the importance of neutron flux as an important 
variable has been demonstrated fn a few instances, but lack of suitable 
reactor conditions has prevented comprehensive studies in all areas 
of interest~ The question of whether the total dose of radiation or 
the rate of irradiation is the more important factor in radiation 
damage to metals has not been resolved. 

Billington also states that some mechanical properties of metals are 
more affected by radiation than others; furthermore, a knowledge 
of the unirradiated state is often not a good criterion for estimating 
the relative behavior of various properties under irradiation. · 

All metals and alloys examined have shown substantial increases in 
mechanical properties under appropriate conditions of irradiation. 
The chemical composition and the prior thermal and mechanical 
history of the metal or alloy greatly affect radiation damage observed. 
The chemical composition may exert a strong influence, particularly 
on post-irradiation annealing kinetics, at low ternperatures. It may 
also influence radiation-induced changes in such properties as 
internal friction and apparent elastic constants.24 The effects of 
irradiation on high-purity aluminum have been found to be much 
less than on impure aluminum. If a metal ls only slightly alloyed, 
more pronounced effects are produced, even for a room-temperature 
irradiation. 25

' 
26 The introduction of a very small number of im

purity atoms may contribute to the production of a concentration of 
·crowdion e([ects to which certain aMealing phenomena are attributed. 
Consequently, for radiation effects studies on metals and alloys to 
provide true pictures of the phenomena they investigate, the chemical 
analysis of the materials studied must be exact and include the minor 
lmpuritlcs as well as the major alloying elements, 
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The initial condition of a metal has boen shown to exert considerable 
influence on the effect of irradiation.27

' 
21
'" Annealed metals exhibit 

significantly greater changes than those in an initially hardened 
state when irradiated. Although the exception rather than the rule, 
there hnvc been instances in which mechanical property values have 
decreased as a result of irradiation. Makin and Minter observed 
this phenomenon on the yi<:.•ld strength of specimens of heavily cold
worked zlrconlum.'0 Ulttrnate tensile strength is increased by 
irradiation, but io a lesi;cr extent than tensile yield strength.1' A 
<.·omparison of typical increases, nfter irradiation, In tensile ulti
mate and tensile yield strengths of several metals and alloys is 
givlln in th<• following tahulation~s 

Tensile Strength Psi YS/US 
MATERIAL YIELD ULTIMATE PRE- POST-

2S Hl4 Aluminum ~ 5,000 + 7,000 0.90 'O. 85 
2SO Aluminum + 10, 000 + 9,000 0.51 0.65 
High Purity Iron +13,000 1, 000 o. 50 0.84 
Normalized Carbon Steel + 43, 000 + 22, 000 o. 67 o. 96 
Hardened & Tempered 

Alloy Steel + 43, 000 + 34, 000 0. 93 o. 99 
Austenltic Stainless Steel + 60, 000 + 17, 000 0.38 0.84 
Titanium, Commcrci:ll 

75A + 42, 000 ·~ 2:J, 000 .o. 75 0.99 
HJgh Purity Zirconium + 18, 000 + 3,000 0.33 o. 73 

The yield strength effects in steels appear to be more sensitive to 
the temperature of irradiation than changes in ultimate strength. 
A result of large integrated doses of fast neutrons is a loss 
of ductility. Carbon steels and beryllium exhibit considerable 
sensitivity in this respect. in low-carbon steels, which are body
centercd cubic in crystal structure, the mn.jor loss of ductility 
occurs in the uniform elongation prior to necking In tension tests, 
Loss of impact strength in carbon steels becomes significant after 
room-temperature exposures as low as 5 JC iol8 n/cm2• Accompal\}'tng 
this phenomenon ls an increase in the ductile-brittle transition temper
ature. 

19 
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Faris reports that Berggren and Kernohan, at ORNL, observed 
that an exposure of 2. 5 x 1019 n/cm2 at 581°R caused the transition 
temperature of a pressure vessel steel to rlse from 437°R to 581°R." 

u 
Sutton and Leeser have reported similar results. ~nd Wilson and 
Billington reported that samples of high-purity irons and steels 
with high sulphur and phosphorus content are more susceptible to 
radiation embrittlernent than pure iron and high-quality steels.11 

Since the effects of irradiation on tensile properties, Impact 
strength, and ductile-brittle transition temperature are sensitive 
to irradiation temperature, irradiations and radiation effects 
measurements should be conducted at tb.e temperatures of interest. 

Most creep experiments on polycrystalline metals have shown no 
strong effects of irradiation. Jones, Munro, and Hancock found 
only nominal change in creep rate in aluminum after irradiation 
with fast neutrons.14 Jeppson, et al, in creep experiments on 
cyclotron irradiated aluminum and copper, found similar effects.• 
Wilson and Billlngton reported a slight Increase in the creep rate 
of stainless steel under Irradiation. Faris summarized various 
radiation creep investigations by reporting no significant effect of 
neulton irradiation for aluminum at 1121 oa, constantan at 1031°R, 
or nickel at 1 751 °R; and a slight increase in creep in austenittc 
stainless steel at temperatures above 1859°R, with a decrease at 
lower temperatures.M 

The absorption of neutrons by nuclei often results In the formation 
of a chemically new species of atoms. The concentration of Impurity 
atoms that are so formed is increased so slowly that their effect on 
commercial alloys will largely be overshadowed by the Impurities 
that are Initially present. The effects become metallurgically Im
portant when the transmuted atoms are highly insoluble.16 Embrlt
tlement may occur and, in addition, some atoms tend to separate 
out In a gaseous form, since rare-gas atoms are a fairly common 
product of nuclear reactions. 
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2. 3 ANNEALING 

The preceding discussion has shown that the mcchanJcal properties 
of metals and alloys an· greatly influl'nc<.•<l hy the type, t!oncentratlon, 
and distr1hutlon of defects In the sollcl state?. The effects on the 
property results from the presence or au:;cncc of the defects, and 
it is not depcndt'nl on tht• niechunlsm by which they are produced. 111 

Since tht> advent of nudc.•ar radiation as a tool for investigation of 
the solid state, mnny studies huvt• utllized It to produce defects so 
thtll annealing <:harac.·tcristks could be determined, Conaequently, 
most reported studies of t:Jolld-statc defect aMealJng concern defects 
procfu<:cd by frradfatlon. Similar defects produced by thermal and 
mechanical mechanisms, such as heat treatment or cold work, 
would n•sponc.l to annealing in the same manner. 

Dienes and Vineyard slate that the defects produced by irradiation 
arc capahlc of movlnJ( ahoul if the temperature ls sufficiently high. 
In this wa~· , the effect of irradiation ts altered and may be com
plclt'ly annealed out. In most common metals, defects are mobile 
at tcmpcraturt·~ as low as 54°R, and Cottrl'll reports lhnt in high
purfty copper, after irradintion bl•low 18oR, with 1. 35 Mev electrons, 
most of thl' ull'ctrit•al resistivity change anneals out by about 63°a.'• 
Thus il may be i>l'l'n lhat annealing, even during Irradiation, is the 
ruk rntht•r than tlw l'X<.'t•ptfon. Consequently, studies of the effects 
of irradiation on nwtal~ at <: ryogC'ntc tcm)X'raturcs must be made at 
thl' tC'mpt.•raturcs uf inl.t•n'st. It ii; not enough that the irradiation 
be p..•rformt·d at thc~w ll'mp<.•raturt•i;: the test measurements must 
also ht• mark• \\1lhout p<.•rmittlng the 8pecimcn to be warmed. 

At an intl'rnalional roundtahlc m<•cting held In 19f>f{, various models 
for tht• rl'<'ov~·rv of the ph,vskal propt•rty changes resulting from 
ln.tlke <h•fc("ts in mcl:lls tnduc~cd hy irr~ulialion were discussed, u 
Tht• deft•cls consi<l<·n·rl Wl'l'I' inlt•rstitial atoms, di-interstitial, 
lnt<'rsUtial aggiomL·r:1tu, v:1c:incy, di-vacancy, vacancy agglomerate, 
crowdton, spike or zone, dlsloC'ntton, close pair, and impurity trap. 
A schematic rcprcsuntatlon of the recovery of a physical property 
following low-tcmp.•raturc damaging treatment ts presented In 
Figure a. 
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11850\.UTE TE MPERllTURE •a 

Physical Property Recovery vs. 
Temperature 

Initially, only lnterstitial atoms, vacant lattice sites, and dis
locations were considered adequate to explain the observed phe
nomena. As more recovery stages were ldentlfied and their 
detailed character examined, the inclusion of more complex effects 
were required in the explanation. Preliminary evidence indicates 
that In copper, Stage I recovery following neutron irradiation 
begins as low as 14°R. The mechanism for recovery ln the lower 
temperature substages of Stage I ls thought to be close-pair re
combination. Complete agreement has not been reached on the 
recovery processes for the higher temperature portions of this 
stage, The simplest interpretation is that the interstitials undergo 
free migration. Some data indicate that many interstitials are 
trapped by impurity atoms or dislocations, thereby leaving an 
equal number of vacancies that have not been annihilated. 

Based prlmarily on Internal friction measurements after plastic 
defortnatlon, the recovery processes In Stage D have tentatively 
been attributed to the migration o! small vacancy or lnterstttlal 
agglomerates. 
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Considerable disagreement exists umong the lnvcstigator1:1 con
cerning the interpretation of the recovery phenomena of Stage III. 
It is possible that either Stage Ill or the higher substages of Stage I 
arc to be associated with static crowdion migraUon, the other being 
associated with interstitial migration. Although there are some 
objections to this interpretation, it does fulfill an important require
ment imposed by data on lattice parameter and density measurements 
following deuteron irradiation. Another possibility is that Stage III 
ls associated with vacancy mlgrallon. 

Active recovery mechanisms for Stage IV are also a subject of con
troversy. Some investigators think that the vacancy migration 
mentioned as a possibility for Stage m ls the mechanism prevalent 
in Stage IV. Others think that Stage IV annealing must be explained 
in terms of a more complex defect. 'They do not, however, define 
the defect. 

There appears to be universal agreement that annealing in Stage V 
is accomplished through rccrystallation with the i·cduction of the 
dislocation conct'ntration. 

Dienes and Vinyard summarize by stating that lhc annealing behavior 
of irradiated substances is complicated and not yet well understood 
in even favorable cases. A number of hypotheses have been put 
forward, but no single inll~rpr<.> t:ltion has proved to be entirely satis
factory. 

Results of annealing cxpcrim<•nts on metals cold-worked below 36°R 
have disclosed an absence of the anocallng that has been observed 
in the 54-81°R range in radiation damaged specitncns, although 
other processes nn' present, including ont' wtth an activation energy 
of 0. 7 cv. When thusc results arc interpreted according to Huntington's 
theoretical values of 1. 4 ev for the formation of a vacancy and ap
proximately 4. 5 cv for an interstitial, they indicate that cold work 
produces vacancies and not tntcrstltials, whereas irradiation produces 
both. These data also lndic:tlc that the annealing observed ln the 
54-81°R range results from some type of migration of interstitials 
with vacancy migration. 
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Blewitt and his coworkers at ORNL deduced that the effects of 
structural and chemical defects on tl:!e low-temperature annealing 
processes are quite significant. 11

'
19 They report that Jn high-purity 

copper, annealing peaks exist in the ranges 50-900R, 414-486°R, 
and 1026-1206°R, with a steady decrease in radiation-induced re
sistivity in the temperaturEJ range 90-414°R. Similar results were 
observed for high-purity aluminum and nickel. The temperature
annealfng kinetics of copper alloyed with minor amounts of smaller 
and larger atoms were studied to test the valldlty of the crowdton 
lnterstittalcy process, the effect of dislocation density, and the 
density of radtation-JnduC'ed defects on the annealing spectrum, In 
the crowdion interstitJalcy process, displaced atoms arc constrained 
to migrate in a line, with movement being blocked with either a 
large or small atom. 

McReynolds found that two-thirds of the radiation-induced resistivity 
in copper was annealed out in the range 347-527°R, with an activation 
energy of approximately o. 6 ev and no decrease in critical shear 
stress.40 At 1067°R, both effects were annealed with 2. 0 ev acti
vation energy. In aluminum, both effects were completely annealed 
at 383°R with o. 55 ev energy. 

Broom summarizes the results of annealing experiments with the 
folJ owing comments: 

"There are conflicting ideas as to the recovery mechanisms •• 
The outstanding thing about all experiments ts the amount of 
damage which can be annealed below room temperature • • • 
Release of stored energy in the temperature range of resistivity 
recovery gives values so small that interstitial mechanisms 

41 
appear unlikely." 
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3. TEST PROGRAM 

This sccUot• is de>olt!ci to a cliscus~ion of Lockheed's proposed test 
p:·o:ffam. T:w rir~! sl<'j). tlw :.!'etwr:il approach c•mploy1~d, l>l"l'Scnts 
tiw p!1i:osophy l':;tablisi1t·d to pro,·icJC' the desired cicsi1,'1l data. Xcxl, 
tilt' methods of performing- the Lcsts :u:c presented. Following this, 
the test m:-t<•hint's and c·ryosLals an• dNwriliccl. And finally, the 
!Wt>-part l(· ~: 1n·o~1·:1m is olltlin<'d. The t•nti1·p program is ampli
fic•d in Tables I thruuf.!,h XU in AppL•ndix A, be~inning on pagt' 

3. 1 APPHOACll 

The SlH'\'C'~' or lhc:' presc.•nt sta!t· of the art in the:' field of the t'ffccts 
of nucll·a1· 1·:1dialio11 and t"l',\'o~enic: temperatures on the mechanical 
prop<'rtil'S of en~itwt•ring matl'rials, p1•esL•nted in Section 2, sub
stantiates till' 1wcc! ror a C:<lll1fH'l!hensiv<' lc:sting pl"o~ram to provide 
nul'il'al' missiit• L't\g-irn'L'l'S wilh !Tliablt· clel:iih'Il data on the con
::;Lnll'~ion m atl•rials that nrnsl operate in tlwsc combilwcl environ

men\i,;. ~incc llll' dala in Section 2 show that metals exhibiting 
imd.v-t·t•nh.•1·t•d c·uhil' lTysLa! stt·uctu1·e arc subject to severe cm
hriltll' r~wnl at t'l',VO~'L•nit• tempt~raturl~S bclO\v Llw ductile-brittle 
transition lc•mp<•ralurc· ancl lh;1t nuclcmr irr:uliation usually raises 
thh.; tran~ition ll' mpt• raturc, metals of this t:vpc may justifiably be 
eliminated from lht' test program to :t\'oid unnecessary testing. 

Till' pro~ram out I incd hen' in hi designed to produce, at minimum 
l'<>st, n ·liabl<i <·n~itwl•ring dcsi~n data for a limited number of 
m:1!.crfals for applic'11tions in combined cryogenic and radiation 
atmospheres spcl'ificd ln NASA RFQ HS-225. Programs for the 
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evaluation of addJUonal materials and for the evaluation of com
ponents can be more efficiently planned through consideration of 
the results obtained in this initial program. 

The proposed program consists of two parts. In Part I, screening 
tests Will be conducted to reduce the number of materials that will 
be subjected to comprehensive tests in Part II. 

In the selection of the materials to be evaluated and the speclflc 
physical and mechanical properties needed to provide engineering 
design data, the suggestions presented by NASA, in RFQ HS-225, 
and the results of the preliminary analysis were utilized. 

A number of decisions that are incorporated into this proposal are 
based on the recommendations of the missile design engineers of 
Lockheed Missile and Space Division. Among these are the following: 

• Adding a buckling test on a limited number of specimens 

• Making an additional measurement during a tensile test 
to permit the determination of Poisson's ratio, which ls needed 

•2 for the calculation of discontinuity stresses 

• Testing of 5052, rather than 1075, aluminum alloy because of 
f 4S the relative sensitivity of the two materials to notch ef ects 

The screening tests will probably eliminate the 400-series stainless 
steel alloys for pump applications, as these alloys undergo a very 
large loss in ductility at temperatures approaching 36°R. They will, 
however, be acceptable at temperatures beginning at about l00°R. 

The turbJnc materials have been omitted from this program because 
the turbine is in contact with gases at cryogenic temperatures for 
only a few seconds, and during this time It is not subjected to sig
niflcant doses of radiation. To furnish significant data for use in 
nuclear missile design, tests of these materials should consist of 
thermal shock from the temperature of liquid hydrogen to the 
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temperature of the operating gas from the reactor recycle followed 
by irradiation and the determination of pertinent mechanical prop
erties at the temperature of the hot gas. This ls outside the scope 
of this proposal, as specified in NASA RFQ HS-225. 

Tests of the shield materials have not been included because these 
materials wtll not be subjected to cryogenic temperatures with the 
possible exception that, in some designs, the hydrogen inlet to the 
reactor may penetrate the shield. Mechanical property data for 
the use of these materials as radiation shields under other than 
cryogenic conditions have been accumulated during the many mate
rials programs conducted or sponsored by the AEC and the military 
agencies for the ANP and related projects. Among the materials 
listed In RFQ HS-225 for shield applicfltions, only one. lithium 
hydride, requires canning to prevent excessive decomposition. 
Some of the materials that could be used for canning will be evaluated 
in this program for applications in other components. 

Since the scope of this study ls limited to an evaluation of the char
acteristics of basic structural materials, problems related to 
fabrication methods such as welding (which would change the hard
ness characteristics of the metals, thus affecting their mechanical 
properties) should be considered in a follow-on program devoted to 
fabrication and manufacturing problems. 

The temperature of liquid hydrogen, 36°R, has been selected as 
the minimum temperature at which tests will be conducted. This 
temperature was selected primarily because lt corresponds to the 
minimum temperature Cor applications in a nuclear missile and 
because testing at lower temperatures would add significantly to 
the cost of the program, Tests at either higher or lower tempera
tures would not produce data valid for the properties of materials 
at 36°R, because a significant amount of annealing occurs even at 
these low tcmpcrah1res. These phenomena are discussed in 
Section 2. :1 and on page 20 ol' Section 2. 2. 
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In this proposed program, mechanical property determinations on 
irradiated specimens will be made at the irradiation temperature 
with no interim heating of the specimen since annealing of lattice 
defects is temperature sensitive, as discussed in Section 2. 3. To 
j)revent annealing due to temperature changes between irradiation 
and testing, which would produce erroneous data, mechanical prop
erty measurements will be conducted in the cryostat in which the 
specimen is irra~iated. These tests will be made without removing 
the cryostat from its position in the beam hole, except for fatigue 
and creep measurements. To conserve reactor time and to permit 
accurate correlation of these property values with integrated 
irradiation dose, the cryostat will be removed from the reactor 
after irradiation and positioned in the pool for the tests. Another 
cryostat can then be positioned in the beam bole and, as shown in 
Section 4, the refrigeration system will cool two cryostats at once, 
one in the pool and one in the beam hole being irradiated. This will 
be accomplished without changing the temperature of the specimen. 

The proposed cryogenic system to be installed at the Plumbrook 
facility provides for simultaneously maintaining a specimen tem
perature of 36°R in one cryostat under irradiation and in one other 
cryostat outside the reactor. This will permit the testing arrange
ment described above. Tests can be conducted in as many as four 
cryostats at one time when no Irradiation is in progress. 

Several factors contributed to minimizing the refrigeration capacity 
requirements. One of these ls the use of miniaturized test specimens 
and equipment, Special test machines for determining the properties 
of interest in a cryostat under irradiation will be designed, con
structed, and calibrated. Conceptual designs of some of this test 
equipment are included in Section 4 of this proposal. Test specimens 
wUl be mfniaturh:ed, as required, to conform to the limitations im
posed by the gamma heating. This gamma heating limits the mass 
of material (which includes bolh test specimen and test apparatus) 
that cnn be cooled lo cryogenic temperatures. 
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Another factor that reduces thP cooling ruquirements and also 
simplifies handling p1·oblums is the use of special gamma and 
thermal-neutron shields within the beam hole. By reducing the 
incident gamma rays generated within the reactor and eliminating 
the greater part of the thermal neutrons that would generate gamma 
rays within tht> cryostat and its contents, the gamma heat to be re
moved will be reduced b.v a factor of ten from that which would be 
generated without the shield. Another desirable result of ustng 
this shield is that the operation oft.he reactor will not be perturbed 
when cryostats arc ins(•rti.•d or removed, as discussed in Section 4. 3. 

Tho::.~ parts of thh; program that do not involve irradiation will be 
~ccomplished at the Georgia Nuclear Laboratories. The necessary 
refrigeration equipment will be available at the Georgia Nuclear 
Laboratories to perform the cold tests. This will permit calibration 
of test ~quipment, dcvelopmt'nt of test methods, and the accumulation 
of basic cryogenic datn before the Plumbrook facility is available for 
irradiation testing. 

The various tests sptJcificd in this program were · selected to provide 
the nuclear missile design engincl•r with the engineering data re
quired for nuclear missile design. The st:ito-of-the- art survey 
discussed in Section 2 indicates that drastic changes in the values 
of these properties occur at cryogenic temperatures, In Section 2. 2, 
radJatJon is shown to l'xcrt its influence also. In some instances, 
the effect of the two <.•nvironmcnts is additive; in others (creep, for 
example) the opposite trend is sometimes in evidence. The inter
action of tht' two fal•tors and th<.• <.'X:tct valut•s for such properties as 
tensile strenJ!lh, tensile y i<.!ld strl'ngth, elongation, Poisson's ratio, 
fatigue, creep, notch strength, tensile impact, buckling, aml wear 
wHI he determined for a I lmitt><f number of materials. 

In addition to the engineering lt'sts, certain fundamental measure
ments -- rcsi8tlvity and stored energy -- arc listed. These later 
tests w111 determine the temperatures above 36°R nt which m<'1·han
ical propcrtictt will be determined. as discussed in Section :1. 2. 2. 
They will serve as a means for extrapolating limited cnr.-i11L•ering 
dala. 
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3. 2 TEST DESCRIPTIONS 

The test program is designed primarily to provide engineering 
design data on commercial-quality improved alloys under the 
simultaneous conditions of nuclear radiation, cryogenic tempera
ture, and stress. Hardcnable either by heat treatment or cold 
work, high strength-to-weight ratio alloys will be carefully 
evaluated to pro\'ide critical design data on combined effects as 
required by the NASA. In addition, wear and endurance data on 
typical seal and bearing materials will be obtained. 

Work will be performed at the Nuclear Laboratory Division facility 
and at the NASA Plumbrook facility by personnel of the Lockheed 
Nuclear Products, with assistance from the Engineering RE:Bearch 
and Development Division and the Mathematical Analysis Depart
ment of the Lockheed Georgia Division and the Lockheed Missile 
and Space Division, 

Since certain limitations arc imposed by the test environments -
cryogenlc temperatures and irradiation -- modifications of con
ventional methods to permit testing in the specialized equipment 
described m Section 3. 3 will be necessary. 

3, 2. 1 Engineering Properties Tests 

The engineering properties of nonirradiated specimens at room 
temperature and at the cryogenic temperatures are listed in Tables I, 
Il, and Ill in Appl'ndix A. The values for these properties will also 
be determined on irradiated specimens under the same conditions. 

The following sc!qucncc of operations is the typical procedure for 
testing irradiated specimens. 

a. Load sample into cryostat and check instrumentation. 

b, Seal cryostat and evacuate air to O. 5 mm or less. 
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c, Purge cryostat with room-temperature helium at 
1 atmosphere. 

d. Evacuate cryostat, flush with helium at least three 
times, charge with warm helium, and close valves. 

e. Connect cryostat to helium refrigeration manifold. 

f. Evacuate between valves and start refrigeration to 
cool test chamber. 

g. Position cryostat in reactor beam hole. 

h, Adjust refrigeration to provide temperature; wait 
for equilibrium. 

i. Expose the sample until it has received the specified 
Irradiation ••• 

• For tests 0U1er than fatigue and creep, perform 
thll l~Ht, 

• For fatigue nml creC!p tee ts, remove the cryoetat 
from the reactor, position ll in pool, perform 
the test. 

j. Disconnect cryostat from refrigeration source, place 
in shielded cask, transport It to hot cell. 

k. Replace y.,ith a second cryostat, previously connected 
to common manifold and conditioned for test. 

3. 2, 1. 1 Tenslle 

The tensile test cryostat will be specinlly designed by Lockheed 
Nuclear Products and Arthur D. Little, Inc. , to be operable 
within a horizontal beam hole of the Plumbrook Reactor Facility. 
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The operating characteristics of the tensile test cryostat will 
simulate those of a standard tensile test machine • .-.45 They 
will be limited only by the accuracy of the sensing elements such 
as load cells, microformers. and strain gages operating within 
the environment of cryogenic temperature and radiation. Tran
ducers least likely to be affected by radiation rate or total dose 
will be selected. (A more complete summary of tranducers and 
instrumentation is presented in Section 3. 3. 4. ) 

Thermocouples will be attached to the reduced section of the 
specimen to maintain a constant record of temperature level and 
gradient throughout the testing period. Tests will be conducted 
at various temperatures and doses as indicated in Table IV. 
Specimen temperature at any one point will be controlled within 
I 2°R. 

All sensing, indicating, and recording devices will be calibrated 
periodically throughout the program, Typical flat and round test 
specimens for the tensile stress-strain and notch sensitivity pro
perties are shown in Figures 4 and 5. 

All tensile data will be presented in detail. The test parameters 
to be measured are as follows: 

Tensile yield strength 
Ultimate tensile strength 
Percentage of elongation 
Reduction in area 
Poisson's ratio 
Young's modulus 

UI tlmate tensile strength will be calculated from the maximum 
load during a tension test and the original cross-sectional area 
of the specimen. 

UTS (psi) : load, max, (pounds) 
original cross sectional area (sq in. ) 
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Yield strength wiU be expressed in terms of the stress corre
sponding to permanent strain. 

YS (psj} = load (0. 2% strain offset, pounds) 
original cross sectional area (sq in. ) 

Poisson's ratio will be calculated from the absolute value of the 
ratio of transverse strain to the corresponding axial strain under 
uniform stress; below the proportional limit. 

Percentage of elongation will be taken as the percentage increase 
in gage length of the tensile test specimen. 

Percentage of elongation = final gage length - original gage length x 100 
original gage length 

Reduction of area will be measured as a function of stress. 

3. 2.1. 2 Tensile Notch Strength 

The notch strength of flat and round specimens will be determined 
by using the tensile test cryostat. 

Each test specimen will be notched with a soot 1/2° groove as 
shown in Figure 5, Table V Hats tile materials for test. ) 

A constant speed of jaw separation will be used for this portion of 
the test and will be identical to the speed used for unnotched ten
sile specimens. 

The speed of testing has been found In some materials at low 
temperatures to affect the notch strength. It will be consistent 
with the purpose of the first phase to test for each material one 
or two samples at higher speeds than .those normally used for 
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tensile testing. but still within the range of a conventioll<.ll tensile 
machine. However, a thorough study of the effects of testing 
speed on the strength of alloys at cryogenic temperatures and 
radiation is recommended for a later period. 

3. 2. l. 3 Tensile Impact 

In this test, the tensile load required for fallure will be applied 
to the specimen·in approximately 10 milliseconds, which ts much 
beyond the maximum rate of loading allowable in most tensile test 
machines. The purpose of this special test is to determine the 
effects of rates of loading approaching impact. 

Specimens may be either notched or unnotched. Notch geometry 
and specimen size are identical to those used fn tests described 
in the previous paragraphs. 

3. 2. 1.4 Tensile Shear 

Empirical relations have been established between the shear 
strength and the ultimate tensile strength for many ductile alloys. 
Design engineers often use as the shear strength the value of 50 
to 60% of the ultimate tensile strength for ductile materials. 
Theories of failure based on standard shear data are well corre
lated with experimental values obtained in the laboratory and are 
considered useful for the prediction of structural failure. 

A relatively simple test that will simulate shear in a specially 
designed specimen will be conductc.'<.I to determine the following: 

e The application of the empirical relation of shear 
st.rength and ultimated tensile strength at cryogenic 
temperatures and under nuclear radiation. 

e The presence of abrupt discontinuities in the ultimate 
tensile shear strength relationship. 
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The shear test specimen design is shown in Figure 6 • The 
cross sectional area of the test specimen ls a rectangle 0. 250 i 
O. 010 Inch times the thickness of the sheet material. Shear 
stress in psl will be calculated as the pounds of force required 
to fall the test specimen divided by the cross sectional area as 
described above. 

3, 2.1. 5 Buckling 

Associated with the increased use of pressure-vessel type struc
ture fn space vehicles is a greater dependence on buckling cri
teria. 

The design of shell or wall structures with high buckling strength
to-welght ratio calls for the use of hat. ~. and other cross sec
tions. 

Work by the NACA has helped to provide good correlation of ex
perimental and theoretical data for sections of this type over a 
wide range of temperatures. 46

•47• 41·'' However, the spectrum 
of tests at cryogenic temperatures under nuclear radiation has 
not been investigated, Various shapes were correlated on the 
same structural index curve. 90 

The purpose of this portion of the test program is to evaluate a 
typical cross section of interest to the space vehicle design 
engineer and to provide needed data on the buckling strength of 
shaped elements at cryogenic temperatures and under radiation. 

A typical bucklfng test specimen is shown in Figure 'l , and the 
number and types of specimens required are listed In Table VI. 
Tests wtll be performed in the tensile test cryostat by the appli
cation of a compressive load. The load in pounds required to 
cause buckling will be recorded; temperature and total dose 
will also be recorded for each specimen. 
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3. 2. 1, 6 Creep 

This test measures the Influence of irradiation on the generation 
of dispersed microscopic ''soft spots" in the test samples, as 
discussed in Section 2.1. 3, This condition may give rise to a 
process comparable to creep when structures at constant stress 
are exposed to nucl~ar radiation. The assessment of this 
phenomenon for short-time creep will be made ln the tensile test 
cryostat. Isostress plots will be made with strain and time as 
the ordinate and abscissa, respectively, for irradiated and un
irradinted test specimens. 

A typical creep test is shown in Figure 8. Table Vll lists the test 
conditions and the number of test specimens required. 

3. 2. 1. 7 Fatigue 

In the design of advanced space vehicles and missiles, an ade
quate supply of airframe materials that are resistant to long
term repeated loads and short-term shock loads at low tempera
ture and under Irradiation ls of utmost importance, 

The purpose of the bending fatigue test is to simulate the long
term repeated loads imposed on parts of the space vehicle in 
these environments. The technique of applying a resonant fre
quency to the test specimen In tension will o.lso be evaluated and 
a test method selected. 

An alternating amplitude of approximately O. 05 inch (peak to peak) 
will be applied to the sample vibrating Crom 100 to 500 cycles per 
second. 

A stress level will be selected for each alloy so that the number 
of cycles required for failure will be approximately 106 cycles, 
which represents about one hour of cycling at 500 cycles. 
Selection of 106 as the number of cycles and a single-stress 
level for each alloy will reduce considerably the number of 
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specimens required, but will still provide basic fatigue design 
data for the engineer. 

A ~atiguo test specimen to be used is shown in Figure 9. A 
fin:tl inspection of all surfaces of the specimens will be made at 
25X prior to testing and will be in addition to the quality control 
procedure described in Section 3. 6 for test specimens. 

For nll fatigue tests, the s:i.mple Will be irradiated a.t cryogenic tem
pcrat~rcs to the specified total dose in the fatigue test cryostat. With
out changir.~ the temperature, the cryostat will be removed from 
the reactor and positior.t.'<i on n. test rnck in the pool where the 
fatl:;uc tc.stin~ will be ccncluctec!. In this m:mner, the total dose 
received by the specimen can be n.ccurately measured. 

All specimens will be tested ns described in Section 3. 3. 2, by 
applyir.g magnetic excitation n.t resonance. 

';.'!1.'.)}C vm I isls the parameters of the fati~\\C test and the 
r.u1~1bcr of specimens required for each pammeter. 

Fati:;\.lc cfata for all of the alloys will be tabulated in terms o( 
the number of stress cycles endured, test tcmpuraturc, and 
an•.oun!. of dosage for each of the alloys tested. 

J. 2. l • ::i Wear 

Wear tests for both bl!arlnt;s and sQah:1 nre described in this 
section. 

l:-01· :l c:tt•cful evaluation of bval"ing dci:;ig-n, axJal nnd radial load, 
rotaling rate, tl•mpcraturl.!, and atmosphere must all be con
sidered. 

Within the bearing as1:1cmbly, the races, balls, retainers, and 
lubricant play nn important part and selccUon is based on the 
bearing task. 
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Considerable work on bearing wear has been done by the NACA 
and the Armed Forces.51 The alpha, Falex, nnd MacMillan testers 
have been used in this application. n,n 

Figure 10 shows the test specimen configuration for bearing 
wear and bearing hardness, and Table IX lists the material 
combinations planned. 

A modified MacMillan wear tester. incorporated in the Wear Test 
Cryostat, will be used to wear combinations of ball and race material 
and lubricants . 

The end o( the rotating shaft, fitted with a ring of the test mate
rial, will be loaded in contact w1th a block of Identical or diffe
rent test material held stationary, A thermocouple will be in
Sl'rtccl in the stationary block to Indicate temperature. 

As the materfal wears, the torque in the shaft increases. At 
a preset value of torque, the motor is stopped and the run is 
completed. This type of test provides a qualttative method of 
comparing beat"fng materials and lubricants, based on wear, run 
time, and load. 

It ls to be emphasized here thnt for these tests helium gas rather 
than hydrogen w1ll be In contact with the bearing material. For 
a full-scale program the effect of a near vacuum, hydrogen, or 
other atmospheres on bearings should be considered. A critical 
evaluation of the method to provide the recommended atmosphere 
at cryogenic temperatures wlll be needed. 

The ability of a rotary face seal, reciprocating seal, or static 
spring seal to perform Its function on a space vehicle depends 
In part upon the materials Crom which the seal components -
such as the face, seal, and bellows -- are fabricated. 

Of equal lmporL'lnce in job-rated quality is the seal configuration 
under the combined environment of stress, temperature, and 
radtntfon. 

CONFIDENTIAL 



I 
I 
t 

I 
I 

t 
f 

t 
t 
I 
I 
I 
I 
I 
I 

' 

IA 
---------T 

l 11 

1.000 0. 
___ l ---~R 

-U- .125'' 

SECTION A-A 

STATIONARY MEMBER 

HOLES FOR 
COOLING 

SECTION B-B 

MOVING MEMBER 

I 
- - -- -·- ·-·--·--· J 

flGuRc :-.~ · .. ::..:. .. :-; .?~T SPECIMEN 



j 

CONFIDENTIAL 

The engineering tests described below arc designed to impose 
upon the seal assembly lhc type of stresses it will receive in 
service. 

Combinations of fal'U sual and rotating shaft face material will 
include austcnitic 304, 17-7 Pll, and 440 martcnsitic stainless 
steels, ceramic, and amorphous and graphitic carbon impreg
nated With barium nuoritlc or cadmium iodide. 

:\lnl::!>denum disutfidt~ anu othe1· coatings will be evaluated for use 
bc.:tw<.•cn th<.· facC' mal<.!rial ancl the rotating member. Figure 10 
sho·.\·s the sl·al test spt!cimcn configuration. Tables 11 nnd X list 
the test condition:; and lht' n>1nhlnat.ions of seal, rotating surface, 
bellowi;, antl coating materials. 

In mcasttrlng wear, the wear test. cryostat will be used; ancl a lt>st 
block of th<.· l'<.>ttl material equipped with a thermocouple will be 
loaded a~ainst the rotating ed~c of the face material. Some of 
the test runs will feature coaled face and block material. \Vear 
will be reported a!! a loss in weight of the seal mal.orial as a 
r~inction of run time, seal Ion.cl, temperature, and total dose. 

Coatin~ failure on either the rotating member or the stationary 
block will bl' determined by u sharp increase in temperature as 
scmwu by the thermocouple and will be correlated to run time, 
load, temperature, antl dose. 

:3. 2. l. D HARDNESS 

After rcachin~ temperature equilibrium and receiving the re 
quired integrated closc,thc surface of the test specimen will be 
indt!nlcd by u Hockwcll type of indentor while In pile. The 
volumt' of the indentation or its surface area wtll be related to 
tlw hardnesi; of the material. 

Callbmtlon curves will be established for the equipment lht•uugh 
usinA" material!; of kno\\11 hnl·dncss at varying temperatures . 
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Measurement of identatlon size will be made out-of pile. Dimen
sional changes in the ldentation due to a possible measureable 
difference between the temperature of testing and measuring will 
be incorporated into the calibration. Thus, it will not materially 
affect the data. 

The indcntor releasing mechanism will be designed to operate in 
two stages; the application of a minor load, followed by the appll
catlon of 11 major load. The loading stage and related equipment 
will be designed as an integral part of the tensile test cryostat, 

3. 2. 1. 10 Bellows Ductility 

Tests will be run in the tensile test cryostat. The compressive 
stress required to strain the bellows for flrute increments of 
strain will be recorded ns a rneasure of ductility, Various tempera
ture and irradiation combinations are specified in Table XI. A 
load-strain plot will be made to show the relationship of strain, 
stress, temperature, and integrated dose to bellows material. 

Correlations will be made between the baste mechanical strength 
properties and ductility of the bellows of the same material. A 
typical bellows test specimen is shown in Figure 11. 

3, 2, 1. 11 Bellows Endurance 

The tensile test cryostat will also be used to apply an alternating 
load in tension and compression to typical bellows configurations.
It will be placed in the beam hole until the sample has received 
the specified radiation, then it wlll be removed and placed in the 
pool for testing. 

Cycli°ng In the cryostat will continue until failure occurs, and the 
number of cycles to failure will be recorded. An alternating 
amplitude of stress wUI bP. applied to the bellows vibrating at 
about 10 cps. Failure of the sealed pressurized bellows will be 
detected by a change in pressure with the pressure sensing de
vice located either inside the bellows or ln the outer chamber. 
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Amplitude of movement, temperature, number of cycles to failure, 
.'.l.nd integrated dose will be recorded. 

3. 2.1. :.2 Bellows Torsion 

The torsion trnnsmittcd to the bellows through the seal materinl 
v:il; be mcnsta•cd by means of a torque sensiti\'e device mounted 
:·.::: :::. p:i.r: o'.' the main shnft of the wear test cryostat. The Wear 
·:·cs: Cr:;cs~at •.\:ill he designed by Lockheed Nuclear Products and 
A:·:::1:.:r D. Li:Llc. Inc., to run wear tests on bearing ns well as 
::c::c: mntcrtal :\t cryogenic tcmper:i.t1.1res. A torque, alternating 
i:1 direction, \;·i:l be transmitted to the bellows test specimen until 
!":t ~1 ~:re or Lhc bt'llO\\"S occ:urs. 

-:.·:.(· ~v:·:~: o:·. lo:ctl ai~d ~he number of cycles required to fail the 
i)(·:; !Y:;:; wEI be ~·c·cordcd, :ts wcli as the temperature and total 

.. :.: . 2 F·.in;..;::mcnta! Correlation Tests 

S:o;·cct c::c:·~y :md r('sis~ivity charncteristics of alloys cnn be used 
:P <:s!:!bli.~<1 !L'mpcrnturcs :it which major nrmcaling effects occur 
:;:~~: :o ;1:·o•:it!c a basis for possfo!c extrapolation of limited mcch:m-

St.01·cu <.::~cr:,;y will be mcastircd as s\1ggcstcd by Coltman, Blewitt, 
:md ~o~·:g-k of Oak Ridge ~:\tion::i.l Laboratories~" The sample will 
ix• irraciiatt•d ton close of about ic19 n/cm2, at low tcmpcrnturc 
(::.110:.•: ::G~'I\), so th:H energy is stm·ccl. The gamma radiation 
'':iU be ::.pplicd to raise the temperature of tho samplo and at the 
same time !"clcasc the stored energy. A plot of temperature vs 
limo will be obtaint!d. The sample wm then be restored to cryostat 
tcmpcr~1turc and a second t·un made; lhi::; time the sample should 
contain no stored energy. 
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In the first run, where the temperature rise la caused by the 
release of stored energy, as well as by the heat imparted by 
gamma irradiation. The following equation may be used: 

where 

Cp dT = dQ f dE 

C - the specific heat of the mnteriul 
ll~ : the energy due to gamma irradiation 
dE :: the stored energy 

When lhe cxternnl heat imput is at a constant rate, it may be expressed 
as follows: 

Cp dT = rdt I dE 

where r :: the rate of external energy input dQ,from 
which is obtained the expression ill 

-5:!! ~ _!_ (cP - ~~) 
dT r dT 

For the second run, where no stored enet'gy is present, the slope 
of the curve becomes 

(~) = Cp 
dT 1 r-

Subtractlng cit from ( cit) and twlving for dE gives 

dE :T{ (~~):T-
1 
~'.r] <11' 

The stored cneri;y released in any temperature may then be 
clcter1'nined by hand integration or the two temperature vs time 
recording!'l. Thiti ml'thod will require n thermocouple to deter
mine cryostat temperature anJ a second thermocouple to monitor 
sample temperature. 
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The testing method le shown in Figure 13, which appears in 
Section a. a. 1. 

3. 2. 2. 2 Reststtvtcy 

Changes in resistivity will also be determined by a method sug
gested by Coltman, Blewitt and Noggle.14 In their method, the 
sample le kept at a low reference temperature (about 36°R). where 
the thermal component of reeletfvtty ts negligible and changes in 
the displacement component (Which ls quite small compared to 
the thermal component at higher temperatures) ts readily observed. 
A known amount of energy is Introduced into a heating coll ln the 
proximity of the sample by discharging a capacitor charged to a 
selected voltage. By heating in this manner, the supplied power 
ls independent of the beating element resistance and a given 
temperature rise may be obtained with good repeatabntty. 

After the temperature rise, the sample is quenched to the re
ference temperature and the effect on resistivity by the annealing 
temperature excursion pulse ls determined, as shown ln Figure 14. 

3. 2. 3 Hydrogen Permeability Properties 

Various films and film combinations have been considered for 
sealing the inside of the liquid hydrogen tank in the space vehicle. 
Mylar has been recommended by the Lockheed Missile and Space 
Division as one film material to be tested. 

Since NASA reactor safety regulations prohibit the use of hydro
gen within the reactor containment vessel, the test material Will 
be irradiated and subsequently tested for permeablllty outside of 
the reactor with hydrogen at about 36°R. 

The teat cell will consist of a dual chamber filled on one aide 
with liquid hydrogen boiling at l atmosphere pressure. A sheet 
of test ftlm will separate the two chambers and be exposed to 
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cold hydrogen vapor on one side, 'Ibe film will be reinforced to 
prevent rupture and exposed ton s<mlcd, evacuated space. 
Measurement of the change in pressure of the evac\lated chamber, 
wlwn corrN·tcd for temperature and plotted against tlme, will give 
an :wcur<tlc measure of the permeability of the film. several 
thicknesses of film will be evaluated. 

3, 3 TEST EQUIPMENT 

The three l;\•pcs of c·ryostats to be used in the test program - 
tensile cryostat . fatigue cryostat, and wear cryostat -- ure de
scribed in thii; i;cction, Also included Is a discussion of the 
equipment incorporntcd Into each cryostat to determine the 
physical and mechanical properties of interest. This equipment 
makes it possible to irradiate and test tho specimens while 
cryogenic ternpernturcs are maintained. 

:3, :.1. 1 Tensile Cryostat 

The tensile tc:;ter consists of a chamber that houses the specimen 
and grips, ~urroundcd for the most pa.rt by a vacuum jacket. 
Within the unit around the spccimt!n, is a closu-fittfng duct, which 

"t> conducts the cool nnt (gaseous helium) into the cryostat, to and 
past the spl•cimcn gage length and back, through a return line, to 
the rel'rigcrutor. The duct clcaranC'e on the specimen ls designed 
to achkvc a high flow velocity, thus producing a large Reynolds 
number and heat transfer coefflclent, a necessary condition to 
l' frectivc extraction of gamma heating. Provision is made in this 
duct to houi,m an cxt('nsomctcr of the diffvrt>ntial transformer 
t.vr,c: it will be mounted directly on the gage length of the specimen. 

fll'{':IU::\l' lhl! t·oJcJ helium duct ii~ fitted cloHely lo the specimen, the 
rl'gion inside.• lhc..• t ·rynslat, but outside of the duct, wlll tend to be 
Htagnanl. Actually, tlw nonvncuum jacketed flange and the grips 
pt.!rmit 8001C he.int influx by conduction. The helium gas wm then 
rfovclop lhl·rnml gradll•nts <'irculntlng between Ute warm top and 
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the colt: it1ternal duct, providing natural convectivt.• he~1 t transfer 
in~o the c:·::ost:~ t. Ilowt:\'t'l', the t>\'Cr-nl l requirements are such 
: :~at tlJ:s ~OSS Of !"CfriJ;l'l'ation i ::; 11t'~ligib!e. 

~- ~~: . n· ; • r· · : :·~· l. ; ' ~ : : ~ ::!c:; !:.°'· :~: C' ·;: ;: :.~ !::~ ~. J.ll~ l' ill'\ens i)\: l:l'~'.l~iZl'<l 
i:1 ~·:c .:..: ~; ~~\~ l1!;asL' o~· t:-.'.' tt·~t :·: ;1.~ : ~~:.._d in tl'n~Ht' t<.1st units, this 
(· onf;:t~t'~·~~~:'; ~i !~ rl·~arJt· . ~ as rn::~:<tniory bl'Caust~ of thtJ necessity 
of r<::1~ott• :::tncllin~. \\"hi:r· a :-;; igi~l penalty on heat load has been 
~:~~\.t' ~~ tu :1L' :~~ ~ · ·\·t· ·t.:~i8, ~:1 <.· t·nst' or a~~ernhl~· ar.d <lis:isst..•n1bly 1·l'
!'1 <·c t~~'< ·~· t.::c , ! <.~s i~~~ of Fi~iu·c l:! ·.ri!l t1'H>l't' t:1an <.'otnrx·11s;.1tc. 

- ·:· ··~!:· • · ?: .·: /, • >·· · .. ·.· ~- - : ~ • ,!t·~::lL·:: :,r ~',';O p~~!!:1 ('tU1Sidc!9

:1lilHlS, 

·.:. :·:· . .'.! ~ · :: .. : .... 4.':'. ;!=11.· :..:. ' :· : '-" t·n~ ... :~ :.-.:. :-\»~·: ! v!~ l ~u.:~ t:~,, 1r1nd ... :npacity 

::~\·. ~~ :,e , .. ,,.,:c,:. .\ ::1!·::l' ~r.ass !1ltlan.!:\ lar:~t' ~an11na heating, 
h:.' ~"ICt' ~~~O ! "<.\ ! 'l< !·:gl·~·!ttL>~~ • . \s t: i ~e~~s sl·d in St·cti•Ja -~. l, the in-

1,,. · ·: ~\:~ ~··. · i!; s:1.t' ;~~:<:~•~is~ t<.:a:.:;~ : u proii•.tc<' a co1·:-t.'~pondir.c;I~· 
: ·. :: .. ~.: ! ' ·.::·:· :'J. ~· : :~ ~:·: ·~' .. iSt..' i!~ su~ .. ~·::t.'l ' :~ r(::t. Si:1ct· 1 !~t: ~nn1tna 

... .. · .. . 

=· : .--=. : ·.··; .. <": ::.: ~ ~~· : -. •.<: :~ ~:·. L. · ~ ... · ~ : .""';a ·c·! f;h ·t: !'-·~'· l' l'l•n·.tnl·nsu rat<.! \vith 
1 \)'.\' ~· .. :: ~:: ~·: :·::. :·. :·v ,~· :·:h.lil':~ts ~ l !:<l t:t• :\ l" uni rorn1 ~an1plt· l<.'?r:pcraturcs. 

·~ ··., , .. : .. •v1· ·: : ., , : .•. ! :·~·:aL~· ~~ tlJ :::·· ::i . 1 t ' :~ of ~l' ~! rt~ l't•nlpactnl·~8 .. 
·:-.-.~· ,.:,·1::v \~t:·: n: :: v ::; 1p:::·:::-.1s 1nli:-: t !i:t\'C a consh\crablc nmrgin of 
-.:1 ~·l·: :; u'.« ·;· :::v :-;tr111~~l·.st ·'P«'l'inwn lt•stcd. At bigh fracturc 
~,1:1 · .:.-1•:-: . :·,\ ,. ~:: . : 1 :1 ·:: :'l•!1•a ,;1• o: ~'..ul"l'<l c..•nt:r;..,~: in the mechanical 
:-.,,·:-~:~·.:. ·.\ : . : prn· . ~:\ '\ ~. ;--.~· \· , ·,·p ::o~t<H'l' , \\':1it.:h n1u~t ht.~ absorbt~d by 
~! . t ' s:. -.i:,·:~ . ::.:·'-·: . ·.•.::.Le· : ·; ·t 1\·i :"'\H)l~~~ :r !·•~ n~adt• to rrdninti:t.l' the 
~ :llh.; . ,<,~a : 1r <·0;:~;·1,;:i i:: U1t' !i:;c:t·auUl· :oad s.vstcn1. it is still 
l':'~ l'nli::l •i-.::t a 1a:·gt- ~all'ty t'at•tm• he buill in. To do this in the 
.spac.·t• al!ottNI, 8mall tt'St spel'i muns al·c l·equlrctl. 
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The foregoing reasons have led to the testing of 1/8-inch diameter 
samples. A typical sample is shown in Figure 4. 

The extensometer will be a differential transformer. For most 
purposes, a one-inch gage length to measure strains up to 0.100 
inch, will be used. Where particularly ductile materials are tested, 
lt may be necessary to reduce the gage length to cover the desired 
range of strains. 

The outer housing will be made of 2002 aluminum. Grips and pull 
rods will have to be very high strength stainless alloys -- preferably 
one that can be heat-treated to high yield strength while still retain
ing ductility and notch strength at :~soR. 

Figure 12 shows the load system for the cryostat, It will consist of 
a double-acting piston capable of putting tension and compression on 
a test sample. The piston will be hydraulically actuated. Lea.kage 
past the seal will enter the space between the cylinder and the cryo
stat. Since the fatter is fuHy SC'aled against its environment. the 
space referred to can be open to cooling water, and the seal leakage 
wm be no problem. 

A hydraulic control system will govern the rate of loading and, if 
necessary. rate of unloading of specimens. It will be possible to 
apply loads at specified rates, rapid or slow, 

Stored energy and resistivity measurements will be performed in 
this cryostat as indicated in Figures 13 and 14. 

3. 3. 2 Fatigue Cryostat 

The cryostat, as shown in Figure 15, is a cylindrical container 
mounted on the wall of a larger sealed cylinder, which contains the 
shaker. The small hole in the cryostat, through which the drive 
pin passes, la not sealed. The sealed housing contains warm 
helium and is pressurized to the same value as the cryostat, 
establishing a pressure balance thal prevents serious leakage 
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of cold helium through the drive-pin hole. Surrounding the inner 
vessel or the cryostat is a vacuum jacket to inhibit conductive 
heat influx through the cryostnt wall. The means of fastening Qie 
specimen holder block is designed to further reduce heat in-leakage 
at the supports by uslng multiple stainless steel washers in the 
vacuum space, a device that effectively increases the thermnl 
conductive resistance. 

The unit has been designed with easy assembly and disassembly 
as a prfmnry requirement, in recognition of the large test load 
imposed by the program. Figure 15 shows how these operations 
will be accomplished. 

The specimens will be tested in reversed bending at frequencies 
permitting the generation of about 1, 000, 000 cycles per hour. 
Because of the high rate of rcvcr8al, a resonant mechanical 
system will be employed, driven by an electromagnetic exciter. 
The spccimuns will be cantilevered as shown in Fi&'llrc 15; 
the end of the specimen will be clamped through a pin connection 
to a push pull rod, which is in turn fastened to the moving mass of 
the exciter. The resonant mechanical system is comprised of the 
specimen, the rod, ancl the exciter mass; it will be tuned, if 
necessary, to give the desired frequency. 

The exciter will be equipped With nn automatic gnin control so 
that n. fixC'd amplitude can ht! maintained at the resonant frequency, 
This amplitude can be mnii:Laincd <Wen though mechanical damage 
caused by fatir,110 shifts tlw 1mtural frequency of the specimen. 
In this case, the exciter can automatically (through the gain con
trol) supply additional power to compensate the additional force 
required by detuning, up to the full capacity of the exciter. Pro
visions will be made to stop the test should failure cause a de
crease or increase in the amplitude of vibration beyond allowable 
limits, 

The entire fatigue machine will be housed in a sealed tube, which is 

59 

CONFIDENTIAL 



I\ 

60 

CONFIDENTIAL 

long enough to minimize exposure of the exciter to Irradiation, 
but at the same time short enough to prevent mechanical problems 
associated with a long, slender, push-pull rod. 

To test at maximum frequency, the specimens must be small. 
The power available in an exciter small enough to fit into the beam 
port is limited ton maximum of about 10 pounds. At stresses 
below the fatigue limit, hysteresis effects can be expected to dis
sipate energy at· a rate less than one inch-pound per cubic inch of 
material at the maximum stress. 55 Above the fatigue limits, 
this increases rapidly With increased stress, reaching in some 
materials an increase in damping by a factor of 1000 n.t stresses 
25 por cent above the fatigue limll. Since tests will be at high 
stresses nnd small numbers of cycles to define the S-N curve, it 
is imperative that the specimens be small enough to permit testing 
with a 10-pound shaker. 

With dnta t.nd methods from WADC reports 55
'
56 an energy 

absorption of E/ cyclc - 0, OOOG7 inch - pound per cycle at 100, 000 
psi reversed bending strc~s is c~timated for the specimen ex
hibited in Figure 9 • The force input pe r cycle will be approxi
mately 

1t P0 X0 = O. 018 pound 

which gives a maximum applied force P0 of about o. 020 pounds 
when the above stress ls developed • . It ls clear that if the material 
in question has an endurance limit at 100, 000 psi, increasing the 
reversed bending stress above this value will result in a much 
larger hysteresis. A factor o! 500, for example, would tax the 
capacity of the shaker to its full limit. 

Rccognt:-.tng also thut tho six•clmen tends to become detuned a.s 
fatigue da mage progresses nnd that at joints there may be friction 
losses that also contribute , the conclusion is that test specimens 
must be small. 
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In addition to power limitations, the size of the specimen will be 
limited by the refrigeration associated With the mass to be cooled. 
Aside from other heat sources, the generallon of large amounts of 
heat by hysteresis must be considered, Considering the previous 
example, the deflection of the specimen at a maximum bending 
stress of 100, 000 psi will be about O. 011 inches, the half amplitude 
of the vibrating specimen. Considering the mass of the pull rod, 
the shaker moving mass, and the specimen, a natural frequency 
of some 250 cps 'has been estimated. On this basis, about O. 0643 
Btu/hr of heat would be generated and must be removed by the 
refrigeration, a figure that Is virtually negligible. However, 
multiplied by a factor of 500, the heat would be appreciable, suf
ficient indeed to be taken into ~ccount in the refrigerator design. 
This is another deterren.t to the use of large specimens. 

Figure 9 shows a typical specimen. In the interests of 
achieving maximum rate of cycling, and to comply with power· 
lfmits of the test shaker and the need of testing sheet of more 
than one material and thickness, the specimen size may have to 
be adjusted to achieve the maximum benefit from fatigue testing. 

Materials will vary as described in Sections 3. 7 and 3. 8, 

3, 3. 3 Wear Cryostat 

The wear test cryostat will be used to deterr.line the wear proper
ties of several materials. To simplify the design and cut down 
specimen loading time, the test specimens will be disks, as shoWJt 
in Figure 10. The grove and radial holes in the specimen are 
necessary to cool the specimen during test. 

The fixture, as shown in Figure 16, has provisions for loading 
the wear surfaces and rotating one against the other. The 
mounting surfaces will be perfectly flat so that heat generated wil'l 
be conducted to supporting structure for better cooltng. Each of 
the pair will be pinned to its support. The load will be provided 
by a spring system, which will be set to a given load during spec!-
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men assembly in the fixture. The rotation will be provided by a 
synchronous motor, located about two feet from the test specimt•n. 
Shielding will be suppl icd as ruquircd. 

The t:pring load on the specimen and the torque produced tlue io 

friction between the pair of test specimens will bl' measured con
tinuously during test, This torque will also indicate cxccssi\·e 
load on the fixture due to galling of the test specimens. 

Each test specimen of the pair will be weighed before and after 
test to determine amount of wcur. The coefficient of friction may also 
be calculated since the toad and resulting torque will be measurecl. 

:), 3. 4 Instrumentation 

:\.Icasurements will be carried out by use of !?tnndard commercial in
strumentation, where possible. It is expected that the principal 
trnnscluccrs will be strain gngcs, thermocouples, and various 
Lypes of cliffcrcnlial u•ansformcrs. Transduct'rs will bl• selected 
on the basis of th<!il' resistance to the effects of radiation rat<.' nnd 
dose. Calibrations involving more than one independent variable, 
while pos.sibll'. would be cxtn!mely difficult to work with and would 
nh;o involve several mo1•c channels of nuclear instrumentation. 

CommL'rcial n·~·o1·ding systl'ms containing all of the electronics 
ncccssa1·y to obtain u chart rucord of the various parameters are 
available. The only external apparatus needed with these systems 
will be the transducers. 

For unch channel, the system will contain a recorder and recorder 
drive amplifier and a type or prc-amplit:cr selected to operate with 
the clcsi red transclucl)r type to be employ. ·d. The pre-amplifier 
will ~ontaln an oscillator unit for exciting the transducer, 

CONFIDENTIAL 

I 

I 

' 



I 
I 
I 
I 

I 
I 
I 

I 

I 
I 
I 
I 
I 
I 
I 
I 

CONFIDENTIAL 

These systems are avatlable in one to eight channel packages and 
will be capable of performing the required measurements functions 
(where standard transducers are employed) without modifications. 
A typical system of this type is the Sanborn Type-150 recording 
system. 

In the performance of complex measurement operations such as 
are Involved In this program, It usually becomes necessary to 
develop a certain amount of specialized Instrumentation ; however, 
as previously stated, commercial instrumentation will be utilized 
wherever possible. 

3. 4 FLUX MAPPlNG 

To obtain precise neutron dose and spectral data in the cryostat 
test volume, measurements wil I be made by using neutron threshold 
detection folls. Each foil will consist of a nuclide whose activation 
cross-section for neutrons is known as a function of neutron energy• 
and each will be activated to an extent proportional to the neutron 
flux In a given energy interval and to the feil cross-section. 
Counting data will be reduced to neutron flux per unit energy inter
val. From these data, a complete flux and dose map of the cryostat 
will be obtained. 

To monitor the dose during an irradiation, a wire sample will be 
in place in the cryostat and its activity determined after lrradl
aUon. 

The gamma heating In the cryostat will be determined experimental
ly to check the calculated gamma heating values used for refriger
ator design. Measurements similar to those listed above have been 
made at the Georgia Nuclear Laboratories in the Radiation Effects 
Reactor to determine neutron and gamma flux, dose, and spectra. 
So techniques have been developed, and the necessary instrumen
tation ls available to- perform such studies at Plumbrook. 
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3. 5 REMOTE HANDLING AND SPECIMEN CHANGE 

The cryostat will be removed from the beam port after Irradiation 
and placed in a shielded, watertight cask, as shown in Figure 17. 
The cask will then be transported by means of the overhead crane to 

canal ''F. •· 

At this point, it will be placed in the canal and transported under 
water to the hot cell area. 

The cryostat will then be lifted out of the water, removed from the 
watertight cask, and placed in the hot cell. 

The test specimen will be removed from the cryostat by the use of 
the master slave manipulators. To minimize the time required 
for remote disassembly and .reassembly of the cryostats, several 
special tools will be developed, Two of these may be the cryostat 
removal wrench assemblies shown in Figures IS and 19, One 
assembly, which \vill be used on n.11 three types of cryostats, uses 
a sun gear to operate planetary gears driving a series of wrenches 
that simultaneously remove all flange cap screws on the cryostat 
head. The other '"Tench assembly, needed only on tensile test 
cryostats, is used to disassemble and reassemble the back flange. 
Each assembly is actuated by a remotely operated impact wrench 
described in Appendix C. A new test specimen will be installed 
and the cryostat will be reassembled, again by using the several 
special tools. 

After reassembly, the cryostat will be removed from the bot cell, 
placed in the cask, and transported via the canal to the reactor. 
Here it will be connected to the refrigeration system and returned 
to the proper beam port for irradiation, 

This entire operation will take approximately one hour. 
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3, 6 SPECIMEN PREPARA TlON 

Test material procurement, acceptance tests, specimen machining 
requirements, and specimen selection tests are explained in this 
section, A specimen preparation flow diagram ls also included. 

3. 6. l Selection of Test Materials 

The specifications for procurement of both metal and plastic mate
rials will be standard with two exceptions. One exception is that 
for metallic materials, the vendors will be required to furnish chem
ical analyses from two laboratories for each of the three separate 
batches of alloy requested (each analysis to be run in triplicate), 
plus a metallurgical analysis report on each. For a given alloy, 
batches will be selected to bracket th«: ASM normal chemical com
positton Limits. The batches must be identified by number, and 
each piece of stock from such batches will be clearly identified by 
color coding, number stamping, or any acceptable means of en
suring the recipient of a positive means of identification. 

The other exception involves plastic materials. The vendor must 
supply detailed information as to materials used, batch numbers, 
and any other pertinent information necessary to assure receipt 
of uniform dependable raw material. 

Chemica.l and spectroscopic analyses will be performed on all 
metals to ascertain the exact composition of the alloys. Emission 
spectroscopy or X-ray fluorescent spectroscopy will be used as 
necessary to aid in determining trace quantities of elements in the 
alloys. These analyses will be limited to the raw metal stock as 
received. 

Absorption spectrophotometry may be used to analyze plastic 
mutcrials if nomial tl.'sts indicate some deviation or doubt as to 
uniformity frum batch to batch of these materials. 
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The flow diagram shown in Figure 20 indicates the controls on the 
materials and specimens prior to testing. 

Standard metallurgical examination wUl be limited to randon 
samples selected from finished test specimens. Hardness, grain 
size, surface condition, and stage of heat treat or annealing will 
be of paramount interest for these examinations. 

Where rolled metals are concerned, ft will be necessary to pre
pare test specimens cut from the stock ne tal in a direction par
allel to the rolling direction and similar sets of specimens cut 
from the stock in a direction normal to the rolling direction. This 
wm determine whether grain flow direction has any effect on phys
ical properties at cryogenic temperatures. 

3. 6. 2 Specimen Preparation 

A procedure Will be estabHsbed for machining each material for 
test as to speed, pressure, and depth of cut. This will ensure 
uniformity and reduce the possibility of residual stresses and 
strain hardening. Microscopic analysis will be made to verify 
the absence of edge cracks and notches due to machining. 

All machining operations wlll be held to ±o. 0002 inch as appltcable 
on critical surfaces. In some cases, final polishing to a surface 
roughness of 10 microlnches rms or less may be required. All 
specimens prepared for pre-, durlng-, or post-irradiation metal
lurgical examination will undoubtedly require mirror finish metal
lurgical polishing. These close tolerances are necessary to hold 
the number of variables encountered to an absolute minimum and 
to obviate the possibility of erroneous test data resulting from vari
ation in roughness, waviness, necking down, or notching of test 
specimens. 

Specimen layout diagrams will be drawn for each sheet of material 
with specimens dispersed through the sheets and serialized for 
identification. 
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Extreme care will be taken d1•£tng heat treating of the teat speci
mens to hold scale formation, decarburizing, hydrogen embrittle
ment, and other heat treating faults to an absolute minimum. At
tempts will also be made to prevent specimen warping during heat
treatment, annealing, quenching, and cold working operations. The 
post heat-treat condition of the test specimens must be closely 
controlled·and duplicated within reasonable limits, 

Care will be exercised to ensure uniformity in cast or molded 
specimens. Detailed nondestructive and destructive tests will be 
used on plastic and ceramic materials to maintain uniformity. 

Radiographic tests will be performed to determine whether sub
surface defects exist and thus enable the examiner to discard un
sound specimens. 

Dye penetration surface inspection will be performed on all metals 
to detect any microscopic cracks from machining, grinding, or 
heat treatment. This test will be limited to finished specimens, 

Debye-Scherrer X-ray diffraction pattern pictures wlll be taken of 
randomly selected representative specimens to determine crystal 
orientation, preferred orientation, internal stress, and annealing 
conditions in the pre-heat-treated and post-heat-treated or cold
worked specimens. 
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3. 7 TEST PROGRAM - PART I 

In this initial part of the test program, special test equipment and 
methods will be evaluated. In addftJon, screening tests will be 
conducted to select a limited number of materials for comprehensive 
testing. To provide a means for correlating data obtained from the 
miniaturized test specimens and equipment with that obtalned from 
standard specimens and equipment and to obtain significant data for 
selecting materials for comprehensive testing at minimum cost, 
five specimens will be tested to establish the value for each test. 
The reason for choosing this number of specimens is discussed in 
Appendix B • 

3. 7.1 Test Equipment and Specimen Calibration 

Data for evaluating any effect of specimen or test equipment mln
iaturizatlon will be obtained by testing specimens machined from 
typical alloys of aluminum, of stainless steel, and of titanium. 
These tests will be conducted on standard size specimens in standard 
test machines and on miniature specimens in the special test equip
ment in the cryostat. In addition to tests at room temperature, tests 
w1ll be conducted at liquid nitrogen temperature (139°R) to determine 
any changes in correlation that may result. The cholce of 139°R, 
rather than 36°R, is primarily for economy. The cost of a Uquid
nltrogen-cooled cryostat for standard test machines is negligible as 
compared to that of a helium cryostat. This apparent temperature 
discrepancy should not, however, affect the calibration results. 
Kropschot, at the National Bureau of Standards Cryogenic Laboratory, 
reported, Jn NBS Report 2708, data on tensile and impact properties 
of alloys of aluminum and stainless steel between 36°R and 139°R. 
These data show that the rate of change in property values is very low 
when compared to that between 139DR and room temperature. Conse
quently, tests at room temperature and at l 390R should reveal any lack 
of correlation between the two sizes of specimens and test equipment 
that is attributable to temperature differences. 
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If acceptable correlation is not obtained during these tests, minia
ture specimens will be tested at the two temperatures tn standard 
test machines. Correlation in this test will indicate a need for 
modification of the spedial test equipment or its mode of operation. 
Lack of correlation wm, of course, mean that specimen miniaturi
zation has affected results, thus indicating a need for either specimen 
redesign or modification of some factors in the test procedure. 

3. 7. 2 Screening Tests 

Screening tests will be conducted under the following con<Utions: 

At room temperature 
At 360R with no irradiation 
At 360R after irradiation to an integrated dose of iol 7 n/cm2 

at 360R . 

The choice of this !rradiation level is based on information presented 
in Figure 1 of NASA RFQ HS-225. All screening test specimens 
(alloys) will be machined from commercial heat-treated materials. 
Evaluation of the effects of minor variations of chemical composition 
and heat treatment within standard specification limits will be made 
only during Part II of the test program. 

The materials to be tested for each component application are pre
sented in Table X. The tests to be conducted for each application 
and the number of specimens to be tested for each determ!natlQD are 
given in Table 11. 

On the basis of the results obtained, one alloy each for the tank, 
for the pressure shell, and for the pump will be selected for com
prehensive testing in Part II. For bearing applications, ball material 
and lubricant will be combined with metal, plastic, and ceramic race 
materials to select those combinations exhibiting the most desirable 
characteristics, as revealed by the results of these tests, for Part 
11 testing. For seals. the metal, the carbon, and the ceramic mate
rial exhibiting the best wear properties and the sheet material 
with the beet combination of properties will be teated In Part U. 
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Each material selected for testing in Part II of the proposed 
program will be chosen on the basis of the most favorable com
bination of mechanical properties and favorable strength-to-weight 
ratio, as determined by conferences with nuclear missile design 
engineers at NASA and Lockheed Missiles and Space Division. 

3. 8 TEST PROGRAM - PART II 

This phase of the program will provide reliable engineering design 
data for those materials selected in Part I for each component 
application. The effect of many variables will be economically 
evaluated through the use of the statistical planning of the experi
ments presented in Appendix B. This planning dictated the number 
of samples chosen for analysis; the samples selected are shown 
ln Table ID. 

The effects of variables to be evaluated have been chosen to pPO
vide the nuclear missile design engineer with data representative 
of the materials that will be used In production. Since construc
tion materials will be produced at different times and under 
slightly varying conditions, these tests will define and provide 
justification for the degree of control required, for exa1upie, .m 
such \l'arlables as chemical composition and heat treatmeuL 01 ~\lld 
work metal alloys for the specific applications. 

3. 8.1 Temperature and Irradiation Level Selection 

Electrical resJstJvfty and stored energy measurements Will be 
made after a fJxed irradiation dose to establish annealing curves 
for each alloy over the temperature range from 360R to room 
temperature, These annealing curves will Indicate the tempera
tures at which major annealing of radiation-induced lattice defects 
occurs. The temperatures at which mechanical property measure
ments are to be made will be chosen for each material to coincide 
with the temperatures at which major annealing of defects In the 
material of interest has been Indicated by the resistivity and stored 
energy measurements. Although two temperatures In addition to 
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36°R are indicated In the scheil·.:.d of tests In Table m , this number 
will be revised. If required, when the annealing curves have been 
established for the individual materials. 

All specimens will be irradiated at 36°li to the integrated dose 
specified. Tests will then be conducted at the specified tempera
ture, Initial irradiation doses for materials to be used in all 
components except the pressure shell and reflector will be 1ol7nJcm2, 
For the pressure shell materials, the dose will be 5 x iol 7n!cm2, 
and for the reflector it will be iol8n;cm2• Since these dose levels are 
the maximum specified in NASA RFQ HS-235, if sign!Cicant effects 
of radiation do not result, Irradiations at o1her levels Will not be 
warranted, If significant effects are observed. materials for com
ponents other than the pressure shell and reflector Will be irradiated 
to an integrated dose of 5 ~ 1015n/cm2 to bracket the range specified 
for these components. Tests at Intermediate lrre.diation level Will 
be made only if the l'esults obtained at the high and low ends o( the 
dose range show sufficient senattivlty to irradiation dose level to 
warrant such tests. Should results of stressed and unstressed 
Irradiations to the highest Integrated doses specifled for each 
material show negligible effect of the stressed condition on proper
ties, the remainder of the irradiations on the stressed condition 
of that material for the property evaluated will be omitted, 

The number of specimens to be used for the determination of each 
property and the conditions (subject to the alternatives described 
in the previous paragraphs of this section) for each determination 
are tabulated in Table m. 

The effect of such variables as chemical composition and heat 
treatment, or cold work as discussed on pages 18 and 191 will 
be determined on 3 specimens for each identical combination 
for each of the nine combinations of these variables, making a 
total of 27 specimens for each value determination. The effect 
of these variables Will bo determined under the following con
ditions: 
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At room temperature 
At 36oR without irradiation 
At 360R after irradiation to the maximum dose 

for the particular application at 360R 

The standard deviation and limit of error of the mean will be de
termined. For a given test on a particular material at other specified 
conditions of temperature and irradiation, only 6 specimens wtll 
be tested, If the standard deviation and limit of error of the mean 
for these 6 values are fn agreement with those of the 27 specimens 
tested under the original 3 conditions, no additional specimens will 
be tested. If not, more specimens will be tested, as required, to 
establish valid data. A diagram and discussion of this approach are 
presented in Appendix B. 
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4. DESIGN CRITERIA 

This section shows the hect calculations necessary to determine 
refrigerator size, describes the refrigerator design, and shows the 
nucl car analyses of gamma heat1 beam hole sel ecHon, reactor 
safety, and gamma activation. 

4.1 HEAT EXTRACTION AND SPECIMEN SIZE 

Gamma rays generate heat uniformly within the bulk volume of any 
material they penetrate. The heat thus generated must be dissipated 
at the surface of the material, For the case at hand, not only the speci
men, but also that portion of the testing apparatus attached directly 
thereto must be cooled. To examine the surface heat flux generated in 
three specimens under identical conditions of gamma heating, a 1-lnch 
I ength of a long bar is considered, which Is of sufficient length to 
eliminate end effects. The gamma heating rate is 590 watts/lb (1,3 
watts/gm) as calculated in Section 4.3.1, and the dens_ity is 0.3 Jb/in.3. 
For a 1/4-inch diameter rod, the surface heat Au>< is 5400 Btu/hr-ft2; 
and For o l/B-inch diameter rod, the Aux is 2700 Btu/hr-ft2. For a 
0.040-inch by 0.306-inch flat bar, the surface flux is 1535 Btu/hr-ft2. 
"The cross sectional area, and hence the tensile strength of the flat bar, 
is the same as the 1/8-in.ch diameter round rod. 

The rate of heat removal from the specimen by a gas is described by 
the equation: 
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Q = hA~T, where 
Q :: heat removed, Stu/hr 

2 
h = film coefficient Btu/hr-°F-ft 

~ T "' difference in temperature between surface and gas, 
degrees Fohrenhei t 

A = surface area ft2 

This may be rewritten os ~ = h1:;.T where ~is the surface heat flux. 

Determining the maximum value of h indicates the minimum value of 
b. T for o given i whicli is o measure of the minimum temperature to 

wh!ch the specimen surface can be cooled with a given refrigerant gos 
temperature. 

To estimate values of h, it is assumed that the velocity of the gas is 
subsonic and that the dimensionless ec:;uation 57 

hm Do = B (Do G) n 

l{f ( ~f) 
represents the heat transfer too gas from a single cylinder with transverse 
flow. 

hm = film coefficient Btu/ft2 - °F - hr, mea n value 
0 0 = diameter, feet of the cylinder 
Kf ·- thermal conductivity of gos Btu/ hr - ft - °F 
G = mass flow - lbs/ hr - ft2 
fJF absolute viscosity - lbs/ hr-ft 
Cp = speci fie heat Btu/ lb - °F 

Transverse flow hos been assumed even though axial flow througn o 
due~ could yield higher values of h· The positioning of the exten
some;ter would in\'erfere with axial ducting; therefore it seems incon
•1eni ent at the present. 
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Exceeding sonic velocity would result in a shock wave generation that 
yields lower integrated values of b, and increases pressure drop. 

The concept of using a boiling Hquid to cool the specimen has been 
considered and rejected. While nucleate boiling coefficients would 
yield higher values of _h, the only material that could exist as a liquid 
at the minimum test temperature is hydrogen, which has been forbidden 
from use. 

For 36°R helium, the minimvm specified specimen temperature, 

Kf -::- 0.01156 

µf = 0.00024 
Cp = 1.25 
Do = 0.125/12 = 0.0104 
G -· mass flow per unit duct area 

A duct width of 0.189 inch and an effective height of 
l .O inch is assumed, giving duct area of O. lB9 square inches. 
From refrigeration comiderations, a 325-lb/hr helium 

Therefore 

flow is assumed. 

G = 325 x 144 
0.189 

= 246,000 lbs/ ft2 - hr 

hm\~~) [e(~·Gr] = 
710 • 

Using this value of h in the eguation quoted on the previous page and 
solving for AT results in the following: 

tJ. T :.: {,L = Vi~O:: 3.8 F0 (R0 )1/8-inch diameter specimen. 
m 

This ri Im temperature difference added to a mean gas temperature of 
29°R gives o surface temperature of 32.8°R. 

In addition to the film temperature gradient, there will be, within the 
specimen, a gradient caused by the radial flow of heat. The center 
of the specimen wlll be warmer than the surface by the relationship 

*The value for hm is considered an approximation, since the prefix 
! and the!! ..-aloes ore not precisely defined for this region. 
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shown below, which depends on the conductivity of the specimen 
material. 

In an elemental ring of material of radius Rand thickness dR ond unit 
length, where Wi is the volume gamma hecrling in Btu/hr -ft3, the 
steodY. state heC1t flowing through the elemental ring from the inside will 
be 'ITR2 Wi. The heat flow through the element is K 2irR dT. Since these 
must be equal, 'll'R2 Wi=2K11R~ ~ 

dT,..,Wi R 
3R -n-

J 
R = R 

W. 2 0 
T = _l..R 

4K R:::. 0 
"' T center 

line 
-T SL1rface : Wi R,, 2 

4K 

At 36° ~. for a l/B-inch diameter specimen the thermal conductivity, 
~of a typically low conductivity material, such as Type 304 stainless 
steel, is equal to 1.16 Btu/hr - ft - °F. For this material: 

T T - 1,045,000 (1 )
2 

1 - 6 12 FD (RO) 
'center line - surface - 4 x 1.16 x\10 x T44 - · 

A 6.12~0 increase in center line temperature added to the 32.8° R surface 
temperature gives a 38.9°R ma:<imum specimen temperature. 

Howe"er, for a high conductivity material, such as pure aluminum, at 
36°R, .!5, is equal to l 150 Btu/hr - ft -°F. 

In addition, the gomma heating for aluminum is less by the ratio 
9.9 x 1,045,000 -- 724,000 Btu/ft3 - hr. 
1.3 

The ~urfoce-to-centor line temperature rise for a 1/B-inch diameter 
oluminum specimen would therefore be · 

T I' - T i = 724,000 x U) 2 x~ = 0 00427F0 (R 0 ) center ine sv~ ace 4 x 1150 (16) 1-.-. · 
For o material of this type the internal temperature gradient is not 
significant. 
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The film .6. T wil I also be lower because of the lower gamma heating 
rote for aluminum . 

Film ti. T = 3.8R.0 x 0.9 = 2.6R0 

l.3 

This 6 i added to a moon gas temperature of 29°R gives a surface tem
perature of 31.6° R. 

ihe foregoing heot transfer considerations indicate that a 1/8-inch 
diameter specimen over the range of conductivities and gamma heating 
rates considereo can be adequately cooled. Specimens 1/4 inch in 
diameter, with o surface heat flux of 5400 Btu/hr - ft2 , result in a film 
ti.'."" j'{W "' 7: 6 'J..0 • T

0

lie surfoc~ temperati.ire is 29 + 7.6 = 36.6°R~ 
which 1s CJ.:>ove t;1e specified specimen temperature. However, 1/8 inch 
was selected os the maximum diameter for round specimens because of 
the additional structure that would be necessary insi de the cryostat to 
perform tensile tests and similar tests on larger samples. The heat load 
of 0 c ryostat cesioned to perform fC$tS on 1/4-inch specimens would be 
approximate ly double that value given below, or about 1128 watts, 
thus consi clcrobl y inc reasing the refrigerator size . It is interesting to 
note that t:1e fi lm AT for the flat bar sped men is 1535 = 2.2R0 and 
fo r any other configuration not exceeding the crols'Pectiona l area of 
the 1/8 inch round specimen the film AT will be less than 3 .8 R0

• 

The heatin~ of the fatigue specimen due to internal damping hos been 
calcula ted for the maximum anticipated frequency. 

The maximum ant icipated hr,'Oting value is not significant when com
pared with the gamma heating so will not contribute measurably to 
the specimen temperature rise. 

4.1. J Cr1ostot Heat Load 

In addition to the gamma h~at generated in the specimen, gamma heOt 
must be remov ed from all internal parts of the test chamber not cooled 
by water . 
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The total weight of these parts for a typical cryostat is estimated to 
be 0.75 pounds, or 340 grams. 

340 grams x l.3 watts/gram = 433 watts gamma heating 

In addition to the internal gomma heating, there will be a heat leak 
into the low temperature chamber from the outside environment. Con
duction will contr.ibute largely to the heat leak and is estimated at 
l 00 watts at 36° R. · 

Specimen gamma heat of 11 watts plus cryostat gamma heat of 433 watts 
plus the heat leak of 100 watts "" 544 watts total cryostat heat load. 

4.1.2 Helium Line Heat load 

It is estimated that the helium lines will be 35 feet long each and that 
there will be therefore a total of 70 feet of approximately 36°R helium 
line for each cryostat. Part of this system will be made up of flexible 
line and port will oe rigid. If it is assumed that 20-foot rigid sections 
end 15 feet of flexible line will be used, there wit! be a total of 40 
feet rigid and 30 feet of flexible. These lines will be 1-1/8 inches in
side diameter, and representative heat leaks for high vacuum insulated 
lines of this type are as follows: · 

1-1/0 inch rigid :::; 1.2 Btu/ft-hr 
1-1/S inch Flexible =-= 12 Btu/ft-hr 
1-1/8 inch valve = 20 Btu/valve-hr 
1-1/8 inch ioint -· 20 Btu/joint-hr 

For one test cryostat cold piping system there will be the following 
heat leaks: 

40 feet rigid ::: 40 x l.2 = 48 
30 feet flexible ::: 30 x 12 = 360 

4 val ves .. 4 )( 20 -=- 80 
4 ioints ::: 4 x 20 ::: 80 

Total 568 Stu/hr 

CONFIDENTIAL 



r 
I 

;, 

I 

I 

568 = 
TITS 

CONFIDENTIAL 

167 watts line heat leak 

The total load associated with one In-reactor cryostat and lines Is 
therefore 544 watts plus 167 watts = 711 watts. 

The heat load associated with one out of reactor cryostat and connect
ing ltnes Is 167 watts plus 100 watts = 267. 

Thus, while operafing 2 cryostats, one In reactor and one out, the total 
heat load is 978 watts. 

4.2 REFRI GERA Tl ON 

Refrigeration of the cryostats for testing will be accomplished at the 
Plumbrook site; but the facilities at GNL will permit effective non
Irradiated tests for screening and reference purposes by the addition 
of a hell um liquefier, which wlll be procured by Lockheed from Arthur 
D. Little, Inc. This unit is capable of producing 90 to 100 watts 
of refrigeration at 36°R. With this unit, It may be necessary to cool 
the outer jacket of the test cryostats with liquid nitrogen to reduce the 
heat leak; but there will be no need for long helium transfer llnes with 
attendant heat loads, Inasmuch as the tests wlll be conducted out of pile. 

The liquefier to be used at GNL is one of 150 such units in use. It Is 
provided with two 15-hp compressor sections; It requires 30 kw of 
440-volt power and 10 gpm of cooling water. 

The refrigeration system to be used at the Plumbrook $ite will have a 
capacity of 1000 watts at 36°R, which, as shown in Section 4. l,will 
be necessary. It wlll employ helium gas as the medium, which offers 
several attractive features: It is inert and it is unaffected by lrradlotlon. 
Thia gas has considerable precedent in reactor cooling applications. 
For Instance, units at ORNL and Brookhaven National Laboratory have 
used helium with complete success. At ORNL, such a refrigerator has 
been operated over 10,000 hours at 36°R without breakdown of the 
cryogenic equtpment, 
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The pion is to employ three stages of compression insteod of the 
customary two in order to prolong the life of tho compressors through 
reducing the compression ratio per stage. The 100C-wott unit, o 
schematic-flow diagram of w:iich is shown in Figure 21 1 employs two 
expansion engines of proved design and hig!i reliability to remove heat 

from the gas. These engines are of the reciprocctin9, uni uoricctecl, cryo
genic expansion type, 300ofwhich have been manufactured bi Arthur D. 
Little, l:ic. 

The refrigeration ·system to be used at Plumbroo!< consists of a cicscd
loop, dense-gos, helium-expansion cycle. It compresses 325 pounC::s 
of helium per hour in three stages, each stage fol lowed by an oftercooler 
to remove the heat of compression. After the oil mis~ is removed, t:1c 
helium flows through one side of a countercurrent rctjencrotivc hcct 
exchanger, where it is cooleo to approximately 41.5°~ by givinf_; up 
:icot to the effluent heiiu:n stream. T:ie helium at 300 psio encl t..1.5°~ 
is expanC:ed with approximately 75':o adiabatic efficiency in two e~
?Onsion engines to 50 psio end 27.:..0 ~. The cold helium flaws to the 
test cr1ostat onci cools t;ic specimen. It is in turn warmed to about 
36°,'t The :1Clium returns throug:1 a duo! charcoal filtc1· bed, w:1ich 
removes any porticu!otc matter thct may :,ave originated in the test 
chamber, then flows bac:< throug:i t;1c counterflow heat exchanger, 
where it cools tl1c incemin8 his:1 pressure helium. After !caving the 
:1eot exchanger, it rdurns to t:,c compressor section ond repeats the · 
cycle. 

The refri~crotor wi!I be provic;ed with a manifold, which will permit 
t:rn cormectio:i of two test c1yo~tots simultaneously. With 325 pounds 
per hour circulotin~, t:1c atlowoblc wcomup of 1·hc helium at the lood 
is 

lOCC x ~:JI:: 3~u/'H 
:~25 !\ 1. 2·j 3tu/0 ~: 

The comp1.:ssor scc!·:on will rc.:;uire approximately B feet by 10 feet of 
floor space, ano it wi l I be 3 feet hi s;:1. The cold box sec ti on wi 11 
require cpproxim.:1tdi' 5 feet by 7 feet of floor space and will be 8 
feet :1igh. Thc! colci box will be located at the edge of the wcter 
shield, one: tr1c compressor section can be situated at any convenient 
location at the floor lc·1c1. The compressor section will require 150 i<w 
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of 440-volt power, and 2 kw of 110-volt power will be required for 
controls, vacuum pumps, and other auxiliary equipment. The com
pressor section will require 25 gallons per minute of cool ing water 
for a~ercoolers. In addition,2 gallons per minute will be required 
at the cold box section. 

All instruments and controls will be located at the cold box section 
with appropriate duplicate trouble annunciators located in the reactor 
control room. The refrigerator Is provided with all temperature gages, 
pressure gages, tachometers, vacuum gages necessary for routine 
operation, and special systems to indicate and locate troubles that 
could affect the test program. 

Operation of the refrigerator is extremely simple. The compressor 
as well as the expansion engines are started by push button. The 
desired operating temperature is dlaled into a thermostatic valve and 
the only manual adjustment wlll be engine speed adJustment. This 
adfustment Is required only at the higher temperature levels. 

Routine preventive maintenance of the refrigerator Is required to 
a!.Sure trouble-free operation . This wlll Involve dally checks on com
pressor oil levels and periodic blow down of filters and oil separators. 
The equipment should provide a minimum of 2000 hours operation 
before requiring any major overhaul. 

The refrigerator has been planned and priced on the 1000-Watt basis. 
A change in capacity of plus or minus 25% would result in a price 
change of perhaps plus or minus 15% since the cost of design, instal
latlon, testing, and operator instructions is not affected by size. 
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4.3 NUCLEAR ANALYSIS 

This 5ection includes calculations of gamma heat, then discussions of 
beam hole selection, reactor safety, and gamma actuation of the cryostat, 

4.3. l Gamma Heat 

In calculating t~e ganima heat to be expected in the Plumbrook 
Reactor, several conditions were established or assumed: the designated 
gamma heat value of 9 watts per gram in hole HB-2 was considered and 
determined to be valid; 51 the gamma spectrum was assumed to be similar 
to that of the SSR;'' the gamma-heat generation rotes on the BS~ as 
calculated by Binford et al were assumed to be sufficiently close to 
those of concern for purposes of calculation after a power level cor
rection factor had been applied.60 

Upon establishing the validity of the gamma heating value and ex
amining the refrigerator requirements necessary to remove this heat, 
it was decided to incorporate into the horizontal beam hole a tViollory
lOCO gamma shield, as shown in Figure 22,and an enriched boron-10 
thermal neutron shield, neither of which will be affected by radiatio:i 
to a degree necessitating replacement. (The need for these shields is 
established in Section 4.3.1.2 and 4.3.1.3.) They decrease the gamma 
heating in the region of the cryostat to approximately 0.1 of the initial 
value witn an additional 0.5 decrease due to geometry. This will ·pro
vi de a more efficient system, by reducing the reo,ui rcments of the 
refrigeration unit for tne cryostat and by allowing the use of more 
realisticsizetestspec:imens. The gamma heating values for the cryostot 
region ore listed in the following tabulation. 
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Distance from end Total heat generation 
of beam hole (in.) (watts/ gm) (shl elded) 

Aluminum 2 0.450 
4 0.281 
6 0.\68 
8 0.106 

Iron 2 0.650 
4 0.375 
6 0.225 
3 0.141 

for the refrigel'Qtor conceptual design criteria, the maximum gamma 
hecstin9 values were used, i.e., 0.9 watts/gm fur aluminum and water 
and 1.3 watts/gm for stainless steel and inconel X. These figures ore 
o foctor of 2 higher than the maximum values given in the preceding 
table. The higher values were used in order to allow for the effech 
of neutron inelastic scattering and for a small safety factor. 

Figures 23 and24show the fast and thermal neutron flux distribution 
and the gamma dose rates along the axis of the HB-2 hole before ond 
ofter the insertion of the oamma shield. Figures 23 and 25 show the 
fast and thermal neutron flux distribution and the gamma dose rates 
along the axis of the HS-2 hole before and after the insertion of the 
thermal shield. The reduction of the thermo} neutron flux wi II de
crease the target capture gommo rays, further reducing the gamma 
heating value. Figure 2Gshows the flux distribution in the HB-2 hole 
due tO the insertion of both the gamma and thermal shields. A slight 
attenuation of the fast neutron flux is e1<hibited in the irradiation ' 
volume because of the geometry of the shields and fast neutron removal; 
but the decrease is on'{ a factor of 60 to 66%, still allowing o fast 
flux of 1 x 1014 n/cm -sec as a peak value. 
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4.3.1. l Heat Generotlon in the Gamma Shield 

The amount of heat gener:l~ed in t'.10 Mcllorv-1000 s:1ield wos calculot~c 
by considering target capture gcmma roys. t;,c calculations were mode 
with the thermo! neutron s'11cld inserted in t:1e beam hole. They v!cre 

based on c shi ci d composi ti~n of 90% tun:;isten, 6C:'o ni ckei, and 4% cop?e1·. 

o. Tungsten (n, y) (0. 115 1¥\ev y) 

wnerc '!:>2 - ~:1crmo I n~utron flux 

[
1 (2;) = cross section of (n, y) r(:;uctio11 

, .. 
·._A~ 

? 

~ mc~s absorption cross section 

~ 0.130 x io- lO ~tu/hr-sm 

b. N! eke! (n, r) (l .33 Mcv y) 

P (watts/£m) = 0.0026 wotts/sm == 0.0089 Btu/hr-sm 

c. Nick<.?I (n, y) ( l.47 Mc:v y) 

? = 0.020 x 10-l 0 !3tu/hr-gm 

Thereforn, the total gamma heating due to target ~ammo capture = 
0.0466 x l0-10 watts/gm = 0.16 x 10-10 Stu/hr-Gm· 

To arrive at t:;e core gommo contribution, the mean absorption co
.efficient was calculated to bo greeter in ~ungst.:m t:-:a;i l!'I alur.1inum. 
This wos determined by comparing t:1e mass ob~orption cocfricients of 
iron, aluminum, and tungsten in t;1c fol lowing tcb!e for the four ciiffercnt 
energies. The calculoti ons were weighted by the go mm a spectrum of the 
BSR, and an allowance was made for an excess of 6 Mev gamma rays due 
to the (n, n') reaction and the beryl Ii um reflector. 

61 
Si i1Ce the ~ammo 
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:ieoting is a linear function of the moss absorption coefficient, the 
heating in the gamma shield will be increased by a focl'or of 1.4 times 
the value for aluminum. Therefore, tnc core gamma heat contribution 
is 12.6 watts per gram {9 wcns/sm x 1 A). 

Material 0.5 Mev l Mev 3 Mev 6Mcv 

Iron 0.0940 0.0598 0.0359 0.0305 
Aluminum 0.0344 0.0614 0.0353 0.0266 
Tungsten 0.131 0.0655 o.o~oo 0.0Lf26 

The total Gamma heating rote is then appro ximately 12.6 waHs per 
grcm, since the ca(culoteci gommo capture contribution is very small; 
t~e total gamma heating in tnc gommo shield = 203,000 3tu/hr. 

4.3. l.2 Hect Generation :n the ;:,ermo! Neutron S~:elc 

To c!ctcrm!ne ~:,e tote:\ neat ~ene ro ted in t:1e shldcs, the amount in 
the thermo! neutron shi cl d must be adccd to t:1at in tne comma shi cl d. 

o. Boron(n, a) (2.35Mcvo) 

~n10 l ll ,7 
:ii;i """ on - 53 _,.. 3L1 2 He .:.. + Q 

Where 0-= the reaction energy of the a particle and recoil of ~he Li 
otom minus the gamma encrg)' i therefore 

P1 =(watts/gm) =<;i2 r a (Ei) (1.6 x 10-
13

) ~ 
Ci 

w:1ere ~,2= t:1e thermo! ne·..rtron flux [ =the clohc Ct'05S secti-Jri a . 
Ei = the energy of the a in Mev d = the density of the boron · 
Pt= 0.014 watts/gm= 0.048 Stu/hr/gm 
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b. Boron (n, y) (0.5 Mev y) 

l ri calculating the gamma rays in the boron, 93% of the capture gommo 
rays produce 0.5 Mev gamma. 

P2 0.1 l Btu/hr-gm 

Since the 920k enriched elO powder is sandwiched in 2002 aluminum 
cans, the heating·contribution of the aluminum must a lso be considered. 

c, Aluminum (n, y) (6.78 Mev y) 

The amount of target gamma roys in the aluminum is 

98 

P3 = 0.07 watts/ gm = 0.23 Btu/hr-gm 

d. A128 (n, ~) reaction 

P 4 = 2.0 Btu/hr-gm 

Again using the mass absorption coefficient relationship and the 9 watts 
per gram gamma heating value, the core gamma contribution P5 == 4.56 
Btu/hr-gm. 

The total heating in the thermal neutron shield is therefore: 

where w8 = weight in grams of the s 10 powder 

= weight in grams of the aluminum can 

= 200,000 Btv/h• ~ 
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4.3.1.3 Thennal and Gamma Shield Cooling Analysis 

To remove the 228,00Q Btu/hr generated within the thermal and gamma 
shields, the required one"inch of Mallory-1000 for the gamma shield 
was split into four plates with cooling channels between each plate 
as shown in Figure 27. Multiple plates are used in order to reduce the 
thermal gradient and thus the stress that would be pr9$ent if only one 
or two plates were used. Also, the UH of several plates increases the 
surface to volume ratio and thus reduces the heat flux in the shield. 
The space between the plates is divided into pie-shaped segments by 
means of separators as shown In typical section A-A, Figure 27. These 
separators ensure satisfuctory distribution of coolant flow over the 
plates. 

A thermal study has been made of this configuration;and the resulting 
flow rate, pressure drop, and temperature gradients seem quite reasonable. 

The heat transfer coefficl ent, b_, is obtained from the Colburn equation 
51 

hD0.2 ::: 0.023 K ( Q.) O.S (~)0.33 
e J.I K 

where . I • _ 4 (area of flow) 
De = equ1va ent diameter - wetted perimeter, ft 

K == th erma I con du c ti vi ty, Btu/hr-ft-° F 

G == mass flow rate = pV, lb/fi2 -hr 

fl == dynamic viscosity, lb/ft-hr 

c : specific heat, Btu/lb-°F 

The temperature rise across the liquld film Is theii found by 

At film== ~ 

q == heat flux Btu/rt2 -hr 
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The temperature of the plate centerline ls found by 

"' 2 = t + ...9!.:... s 2k 

'" = volumetrlc heat generation rote Btu/ft3 -hr q 

= plate half-thickness 

t
5 

= surface temperature= twater + 6t film 

The pressure drop Is comprised of frictional losses, tumlng losses, and 
contraction and expanalon losses as fol lows: 

=( l 2fL + Kc + K8 + Kt) tip / 1 \ 2 

De ~10ry 
= Moody friction factor 
= developed length, ft 
= c:ontroction loss 
= expansion loss 
= turning loss 
= density, lb/ft3 

Therefore: 

Flow rate, lb/hr 
Coolant inlet temperature,°F 
Coolant outlet temperature,°F 
Maximum fluid velocity, ft/sec 
Fluid pressure drop, psi 
Avera~e heat flux, 
Btu/ft -hr 
Minimum temperature in shield, °F 
Maximum temperature In shield, °F 
Maximum surface temperature, °F 

175,000 
160 
161.3 
45 

- 3 

- 140,000 
-175 
-220 
-195 

. ·-
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Since fluid velocities can be expected to appro~ch 45 ft/sec1 the 
problem of erosion in the silield materials was considered. The 
erosion of theM.ollory-1000 shield wos found to be negligible, how
ever; end tiie erosion of the aluminum can for the thermal shield will 
not be severe enough to worrcnt rep!acement. 

1 n order to provide t:1e nec.essary space re~ui rem en ts for the instal la ti on 
of the thermal and gamma s:iields, t!ie stainless steel inserts and the 
aluminum sleeve wil I be ~emovec! from t:ie horizontal beam hole. Acle
c:uate coollng for the shields ccn be provided oy diverting some of the? 
coolant from t:1c primary reactor loop to the coolant channels in the 
becm hole. ~oth of these mociificctions ere compatib[e wif1 the 
Plumbroo:{ Reactor Facility Ha;:arc;s Summar}', Volumes 1 and 2. 

The use of water as the coolant raised the question of (n, y) reactions 
in the woter itself. However, the contribution to gammo heating of 
these reactions was found to be necligible, because of the incorporation 
of the thermo[ neutron shield and subsequent att::1nuc:ition of the thermgl 
ncu~ron flvx. 

/. .. 2,2 Beam Hole Selection 

r-\ccorc'.ir.g to ~::C! HS-22.5, it is very unlikely t:~at the horizontal 
th:ow:;;'.1 :10hs wi [ i be ovai lobl e for t!iis materials evaluation program; 
'. ,owever, en c:n:::!ysis was made of the feasibility of using such holes. 
::1is c11alysis indicates that the odciitionol flux afforded by these holes 
wi I! not oe sufficient to justify the effect of the added gamma heating, 
w:1ich would necessitate additionol shielding and increase the refriger
at! on ~equi rements. 
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The vertical through holes were rejected because of low fast neutron 
dose rates, even with modification of the fuel loading. Also, the 
locatiOns of such holes would require impractical modification of the 
shrapnel shield. Of the horizontal beam holes, HB-2 is preferable to' 
HB-1 or HB-3, because of the higher and more symmetrical fast neutron 
flux distribution it affords. 

CONFIDENTIAL 



' t 
I 
I 
I 

f 

l 
l 

I 
I 

I 
I 
I 
I 
I 
I 

' 

CONFIDENTIAL 

4.3.3 Reactor Safety 

The maximum credible occident that could occur in a cryostat under
going irradiation in a horizontal beam hole would be a chemical 
explosion -- nitrogen-ozone, oz.one-organic, or a sudden decomposition 
of ozone. It has been noted further that any small amount of oxygen 
either in liquid or solid state in the cryostat constitutes a hazardous 
condition. 54 

In the event af an explosion caused by one of these reactiens, several 
simultaneous events would take place: the helium gas refrigerant would 
exhibit a sharp increase in pressure and immediately thereafter drop 
below operating pressure; the cryostat would be damaged significantly 
with a remote possibility of rupture to the outer shell of the beam hole. 
It is lnconceivabl e, however, that the explosion would cause any damage 
to the reactor or pressure vessel other than the rupture of the beam hole 
shcil. Witn suc:i a rupture, pressure would be lost in the reactor; lower
ing the boiling point of the primary coolant and incurring a hazardous 
situation. Therefore, provisions ore made for an initial sharp increase 
in the !ielium gas pressure to initiate a reactor scram as described in 
Section 4.3.3.1. In addition, the inlet and outlet valves in the refriger
ation lines to the cryostat would be closed automatically, thus ellminot
ing t:io loss of helium refrigerant. A simultaneous loss of power to the 
mcitorial testing mechanism in the cryostat would occur. 

The primary safeguard against any one or all of the stated reactions is 
a strict obedience to the operoting procedures for the cryogenic system. 
The cryostat must be evacuated at room temperature and flushed at 
least three times with helium gos prior to cooling and irradiation. 
This procedure eliminates the probability of explosion. 

Another accident that would be of conseguence Is the possibility of 
the rupture of an in-pile cryostat by a fragment from a test sample 
under stress. All calculations tend to discount the probability of such '
o rupture, however, because of the small mass and low kinetic energy 
of the fragment. For the maximum accident, it must be assumed that 
the fragment would cause a rupture in the walls of the cryostat, thus 
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allowing a helium refrigerant leak. Even so, no severe thennal stresses 
would occur in any portion of the beam hole because of the low heat 
capacity and small volume of the helium gas. However, a sharp de
crease in the helium refrigerant pressure would occur, thereby initiating 
an automatic closure of both the inlet and outlet refrigeront I ines to 
the cryostat and a loss of power to the t8$ting mechanism. 

4.3.3.1 Annunciator Panel ond Test Console 

The control room will be provided wit+. an annunciator-alarm panel to 
indicate any malfunctions in the cryogenic test setup. This panel, which 

'will receive signals directly from the test console as illustrated in 
Figure 2C,will consist of three annunciations: a rapid Ion of helium 
refrigerant leak, which would indicate a rupture in the cryogenic loop 
or cryostat; a step function increase in helium pressure, which would 
indicate on explosion in the cryostat and initiate a reactor scram signal; 
and a general indication of troubles with the test mechanisms in the 
cryostots undergoing irradiation. 

The test console will indicate all of these conditions in more detail so 
as to facilitate trouble-shootin9 and in addition monitor the helium 
refrigerant gos pressure and the temperature in the cryostats. (The alarm 
can be stopped by pushing an alarm reset button.) 
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4.3.3.2 Reactivity Changes 

In computing a step change in reactivity, the horizontal beam holes 
(HB-1, 2, 3) were considered os a void and then as filled with water. 
An approximate calculational method was used instead of an extensive 
two-dimensional program calculation . The ratio A k was obtained 
through considering the horizontal through tube ~T-2) farthest from 
the core,62 then 

(
A k\ __ ( f v 'P2 dv HB-1,2,3 (Ak~ 
k~B-1,2,3 - ( v•2 dv) HT-2 k}HT-2 
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where 

(tk\ ::: the change in reactivity in horizontcl through 
MT-2 tube 

~2 == the thermal neutron flux in the particular tube 

(_c. k\ ::: the change in reactivity in the horizontal beam 
\ k /H 8-1,2,3 hole tubes 

In this equation, the relative rodial distances from the center of the core 
.to both the HT-2 and HB holes are considered approximately the same, 
and the value chosen for the volume thickness of the HB holes is the same 
as that of the HT-2 hole. Therefore,the volume integrals are proportional 
to the subtended solid angles of HT-2 and HB holes, respectively. 

I tk) = o.002 
~ ~8-1,2,3 

In order to reduce the a'tivation, a thermal neutron shield will be ln
coi:poroted ln the horizonta\ beam hole. Calculations indicate a negative 
~of 0.002 for the replacement of the water In the beam hole with the 

tnermol neutron shield. 

Experimental data obtained with the BSR at ORNL indi cote that a 6-
inch diameter beam hole with a 3-inch beryllium oxide reflector is not 
worth more than 0.0025 In -tk--,.~hlch is consistent wl th the precedl ng 
cal culatlons. 

In the detailed analysis, the preclse hazards associated wt th these 
aspects of loop operation will be determined by use of IBM 704 reactor 
codes -- WANDA, CANDLE, PDQ, and General Motors MAGNUM. 
In addition, a test wlll be performed at the Crtkcal Experiment Facilfty 
of the GNL to determine the exact value of for the reactivity step 
changes prior to the irradiation tests. 

It should be noted that all shielding material will be Inserted prior to 
start-up of the reactor and left in a pennanent position in the horizontal 
beam holes during the entire reactor operating time. The cryostat con
taining the test sample and test rig wlll then move In and out of the 
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horizontal beam hole as required. 

Due to the permanent perturbation of the thermal neutron flux by the 
thermal shield, the insertion or withdrawal of the cryostat will 
have a negligible effect on the reactivity of the reactor, less than 
0.002¥, and is well within the control of the regulating rod,whlch 
is worth approximate! y 0.006 't. 
4.3.4 Gomma Activation of the Cryostat 

To determine conceptuo 1 design criteria and establish hand Ii ng pro
cedures for the irradiated cryostats, a study was made of the anticipated 
gamma dose rates from neutron activation. A permanent thermal neutron 
shield, described in Section 4.3.3.2, will be incorporated in the hori
zontal beam holes, as shown in Figure 29. 

This shield will attenuate the thermal neutron flux to a sufficientl.y 
low level to eliminate the thermal neutron activation. The dose rates 
plotted in Figure30are principally due to threshold (n,p) and ( n, a) 
reactions resulting from epithermal and fast neutron absorption. 

The method of arriving at the dose rote curves plotted in Figure 30was 
to peel curves plotted from experimentally determined data for the 
pertinent half-life contributors and reconstructing a composite curve 
with threshold reactions. 63

•
64

·"·
66 It was necessary to aPPly a correction 

factor to compensate for the difference in neutron fluxes and irradiation 
times between the experimental condition reflected in the reference 
curves and conditions associated with experiments to be conducted in 
hole HB-2 of the Plumbrook teactor. Half-lives shorter than 10 minutes 
have been ignored, since it is anticipated that a one-hour cooling 
period will be allowed in sample handling procedures. 

The curves in Figure 30depict the composite of relatively long half
lived elements. For example, the stainless steel 304 curve shows such 
components as Mn56 from the Co59 (n, a) Mn56 reaction with a 2.58-
hour half-life; Fe59, with a half-life of 45 cloys; and Co58 with a 
9-hour hal f-life. The curve leveh off with the 45-day FeS9, 26.5-cloy 
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Cr51, 310-day Mn54, and Finally the 5.3-year Co60. 

The dose rotes were computed at a distance of one foot from tlie ma
tarial considered to be concentrated at a potnt source. Thts ls some
what conseNative in that the actual measured activity wltl be less 
than the values shown In Figure 30. 

In the final deslgo, use will be made of codes for the IBM 704, which 
substltute a least-squares fit for the graphical peeling analysis U$8d 

in this conceptual design . 
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5. CAPABILITIES 

This section describes the capabilities of Lockheed to accomplish 
the proposed program. Included Js a discussion of Lockheed's 
facilities and experience along With the capabilities of Arthur D. 
Little, Inc. Also included are resumes of key personnel associated 
with the program. 

Lockheed's capabHities in the nuclear field date from 1949, when 
the Company participated in the Nuclear Energy for the Propulsion 
of Aircraft project, Since then, Lockheed has worked on numerous 
research and development contracts for the Air Force. 

Under Contract AF 33(600)-31845, Lockheed supervJsed the design 
and construction of the Georgia Nuclear Laboratories. This facility, 
designated Air Force Plant 67, occupies a remote, 10, 000-acre tract 
of woodlands near Dawsonville, Georgia. Lockheed is responsible 
for managing and operating this facility under .Contract AF 33(600)-
38947 for AMC, Wright-Patterson AJr Force Base. 

This program includes operation of the 10-MW, light-water cooled 
and moderated Radiation Effects Reactor. This reactor ls capable 
of simultaneously irradiating six railroad flat-car-loads of test 
articles, which may be operating systems, components-or other test 
'articles. Support research and development facilities at AFP 67 
Include a Radiation Effects Laboratory, a Nuclear Measurements 
Laboratory, and a Critical Experiment Facil tty. 

Lockheed Nuclear Products also bas experience and capability for 
task planning, as well as conducting analytical and experimental 
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test programs in the field of radiation effects, including test 
Instrumentation and bot materials handling. As a consequence of 
the ANP program, dating back to 1952, Lockheed has analyzed 
numerous radiation effects problems dealing with nuclear aircraft. 
These problems in radiation effects are similar to those expected 
in a nuclear space vehicle. 

In addition to the personnel and facilltlea of Lockheed Nuclear 
Products, other· resources of the Lockheed Georgia Division wlll 
be available to thls program as required. A number of current 
programs of the Georgia Division that are being conducted by 
branches other than LNP are applicable to this project. Repre
sentative of these are the programs discussed in the following 
paragraphs. 

Lockheed Georgia Division ts now spear-heading a program to 
develop forging techniques and procedures for beat-resistant rnag
neetum alloys, This ls an Air Force-sponsored project, contract 
AF 33(600)-36577; tt Involves the determination of the mechanical 
properties of HM21Xa (Dow alloy designation) for structural appli
cations in the temperature range of 4000F to 'I00°F. 

Another current program of Lockheed is sponsored by the Afr Force, 
in contract AF 33(618)-6346, "Design Allowable Program on Four 
Titanium Alloys," under the guidance of the National Academy of 
Sciences. This is a large-scale materials testing program, de
signed to determine complete design allowablea at room and elevated 
temperatures for four of the titanium alloys. Properties such as 
tensile, shear, creep, bearing, impact, compression, and fatigue 
are being determined at temperatures up to 9000F. 

·Also, Lockheed is currently work.Ing on contract AF 33(800)-36888 
for AMC, WrJgbt-Patterson Afr Force Base on "Non-MetaJUe 
Tooling for High-Temperature Applteationa." Thi• involves de
veloping ceramics and non-metallics for use bl development of 
high-temperature tooling, 'lbls <leramtc toolillg bu been used in 
formtns akina at 19000F, brazing honeycomb, and making heat-treat 
fixture a. 
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The Georgia Divis ion, by means or "Research Expenditure Proposal" 
funds, has been Investigating RENE-41, UDI MET-500, UDI MET-700 
high-temperature. high-strength alloys for possible aircraft appli
cation. In the past, work was done to varying degrees with 420, 422, 
PH 17-7, PH 15-7 MO, and Vasco- jct 1000 steel for possible aircraft 
use. 

Lockheed Georgia Division completed contract AF 33(616)-3761 for 
WAUC, Dayton, Ohio, in the latter part of 1958, This 18-month 
program, "Design, Development, and Testing of a l000°F Pneumatic 
System, " involved the design, development, and functional testing 
of a pneumatic servo and its associated components. Prior to the 
physical testing, wear tests were performed on more than 70 com
binations of materials. Other work included surface treatment, 
hardness, and plating studies conducted with a MacMillan Wear 
Tester. Results of these tests were used to determine the choice 
of materials for the desired system components. This work demon
strated the applicability of various metals, finishes, and processes 
for hypersonic aircraft. 

Lockheed Will be able to provide a remote handling program that will 
include the development of special tools and techniques, a feasibility 
demonstration, and a final applications phase. LNP has also been 
actively engaged in the study of remote handling techniques and the 
development and construction of manipulator accessories and tools. 
The papers "Remote Disassembly of Aircraft Sub~ystems" and the 
"Remote Disas:;embly of ARC-34, ''Appendixes C and D, describe 
personnel and equipment capability. 

As part of this proposal, a preliminary hazards analysis has been 
made. In this regard, Lockheed has recently provided the Afr 
Research and Development Command of the USAF with a compre
hensive Radiation Effects Reactor Hazards Report. The Atr Force 

I 

comments on this report are shown Jn the exhibit on the following 
page. 
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THROUGH: 

TO: 

~~ 
Radiation lffect1 Reactoi- J.ppro...al If/ 
ARDC Llahon Office iJ /I" 
Lockheed Air~raft Corpora•ton 
Georgia Di•l1ion 
Attention: Mr. Sharp 
Marietta, Georgia 

t. 'l'he ilC Reac•or Hasard1 Enl11aUon Staff and the 
AdY11oJ7 Committee on Reactor Safeguards bn~e judged that 
tha RD sq be operated u deecrlbed in LA.C-147 and in the 
ACRS meeting of 4 Au«'lat 1958. .lccordlngl.J • open ti on of 
the RIR up to 10 MW as 10 de1cribed 11 approTed. 

2. Spme ~certaint1 continue• to ezia\ in the considera
tion of cl~, A~l, an4 duet actiyation probl••• in and. around 
the IUD'. It la deeired. that e:s:peri119ntal Teritication of clata 
confil'lling concentration• ot Cl~. A~l and other radiol1otope• 
in the air and grao.nd be undertaken during early operation of 
the reactor. A report of the experimental r11ult1 00111p9re4 
with the auumpUona reporte4 in LAO 147 and. \he 4 Aqu1\ 
meeting ot the ACIS 1houl4 be forwarded to RIE• for •••laaticm 
and tran1mltted to \be AIO a1 soon a1 practicable. 

J. Thie office wi•hee to conend the Lockheed per1onnel 
who aupported end partiolpate4 in the UR Hasard1 Report to 
the ACRS on 4 Auguat 1958. !he auperlaUn .ttort· olwlCNI~ 
facilitated the rapid anc1 whol1hear\ed approTal b7 the ACBS 
for ID operaUoa a1 it •• planlled. !he 0011prehtn1h1 natve 
of the report and tbe •Mer of pre1entatloa certalnl.J attHt 
to the Ollt1tanding cap&bilitiee of Lockheed personnel. 
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Lockheed in conjunction with Arthur D. Little, lnc., haa the capa
bilities to provide the organization, personnel, facilities, and 
equipment to perform the desired materials testing program at 
the specified cryogenic temperatures and in the specified nuclear 
environments. 

5.1 ORGANIZATION 

The Lockheed organizational structure and the organization of the 
NASA Cryogenics Pro)ect In relation to this overall structure is 
shown on the following pages. The project Review Board will meet 
at regular Intervals to review the status of the program and to make 
recommendations for future program direction. 
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5. 2 PERSONNEL 

The technical staff of Lockheed Nuclear Producls ls built around 
a core of scientists and engineers wllh capabilities encompassing 
a range of specialties that include reactor design, reactor opera
tions, reactor safeguards analysis, radiological physics, solid 
state physics, thermodynamics, metallurgy, chemistry, physical 
testing, radiation effects analysis, radiochemistry, nuclear facil
ity design, nuclear instrumentation design and fabrication, mete
orology, servo-mechanisms, materials reliability, experimental 
nuclear physics, environmental engineering, theoretical physics, 
and remote handling operation and design. In addition, the capa
bilities of the staff will be supplemented by personnel of other 
Lockheed organizations, including the Lockheed Missiles and Space 
Division, and Arthur D. Little, Inc. The personnel of these organi
zations will provide capabil Hies in the fields of cryogenics, mate
rials testing, mathematics, statistics, computers, and test equip
ment design. 

The years of experience of Lockheed Nuclear Products engineers 
in specific categories of design engineering, nuclear engineering, 
research and development, analysis, and testing are graphically 
presented in Figure 35. The uvcrnge experience per man is over 
10 years, as shown in Figure :J6. 
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Resumes of key Lockheed people who will participate tn the pro
gram follow. First is the r esume of Dr. A. M. Ltebschutz, who 
is the proposed Project Manager; then the resumes of other mem
bers of the Review Board, immediately followed by the resume of 
Mr. R. E. Williams, the proposed Project Administrative Assistant. 
Other resumes of personnel from whom key positions will be filled 
are included by function in the order Indicated in the organization 
chart given In Figure 34. 
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A. M, LIEBSCHUTZ 
Scientist, Nuclear Laboratory Divlslon, Project Manager 

With 12 years experience, Dr. Liebschutz directs the joint activities 
of scientific and technical ,personnel in the several departments. He 
ls responsible for incorporating into reports the results of internal 
and external scientific studies in radiation effects, reactor technology. 
nuclear measurements, and related fields. He exercises technical 
approval authority over all reports and publications issued by the 
Nuclear Laboratory Division. 

His experience includes research in corrosion, infrared sensing 
devices, radiation effects on materials, and theoretical and experi
mental studies of radiation effects in support of the Aircraft Nuclear 
Propulsion program. He participated in the conceptual design of the 
Georgia Nuclear Laboratories and supervised the conceptual design 
and detailed design liaison of the radiation effects laboratorie_s. He 
was head of the experimental radiation effects group, which was re
sponsible for electrical, electronic, hydraulic, pneumatic, physical, 
chemical, and metallurgical experimentation, materials and com
ponents, and activation analyses on hot cell operation. 

His educational achievements include a BS in mathematics and 
physics, an MS in physics, and a PhD in experimental solid state 
physics. He was an instructor in physics and a Research Fellow 
and AEC Fellow at Purdue University for a number of years on 
several dlfferent projects. While at Purdue, he specialized in radi
ation effects studies and performed research in the fields of electron 
diffraction, electron microscopy, and X-ray diffraction. 

He is a member of Sigma Pi Sigma and of the American Physical 
. Society and is Usted in the American Men of Science. He has pub
lished a number of papet's, reports, and journal articles. He was 
the editor of the "Radiation Effects Handbook for Aircraft De
signers." 
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J, C. FLACK 
Director of Nuclear Laboratories 

With 8 years experience, Dr. Flack is responsible for technical 
and administrative supervision of the Georgia Nuclear Laboratories. 
He is responsible for the continuing design and maintenance of 
this facility, as well as for the direction of personnel planning and 
conducting radiation effects programs. 

He has conducted studies concerning the application of nuclear 
power to aircraft and has been responsible for radiation shield 
design, airframe activation studies, radiation damage analyses, 
and nuclear aspects of ground handling techniques for Lockheed's 
ANP efforts. 

Before joining Lockheed, Dr. Flack was a Nuclear Group Engineer 
responsible for theoretical and experimental programs in shielding, 
radiation effects, and ground handling of ANP aircraft. 

He possesses BS, MS, and PhD degrees, all in mathematics. 
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M. M. MILLER 
Manager, Nuclear Laboratory Division 

With 11 years of experience, Dr, Miller is Manager of the Nuclear 
Laboratory Division of Lockheed Nuclear Products. He was pre
viously Department Manager supervising the operation of the nuclear 
laboratory. He also supervised the development of design criteria 
for the operation aspects of AFP 67 (Georgia Nuclear Laboratories). 

Prior to his Lockheed experience, Dr. Miller served as a Staff 
Scientist, performing nuclear aircraft shielding design and con
ceptual nuclear facility design; as an Instructor in nuclear weapons; 
as a Staff Member of the Los Alamos Scientific Laboratory, where 
he conducted thermonuclear weapons research and critical experi
ments on uranium and plutonium assemblies; and as a Senior Nuclear 
Engineer in the experimental determination of gamma air scattering 
and conceptual design of nuclear aircraft facilities. 

Dr. Miller's academic achievements include an AB and an MS In 
physics, and a PhD in experimental nuclear physics. He is a mem
ber of Sigma XI and the American Physical Society and has contrib
uted a number of papers to the Physical Review, 
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D. G. CUMRO 
Manager, Structural Research Engineering Department 

With 19 years experience, Mr. Cumro directs research tests and 
1nvestigattons of structural, dynamic, and fatigue problems. Mr. 
Cumro has held a number of positions in the fields of missile& and 
high-performance aircraft, including Structural Research Engi
neer, Materials and Process Engineer, Structural Engineer, 
Structural Test Engineer, and Test Consultant. 

He studied mechanical engineering tn the University of Nebraska 
and ls a member of the Institute of Aeronautical Sciences. 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

R. E. WILLIAMS 
Industrial Engineer 

With 8 years experience, Mr. Williams ls responsible for develop
ing cost control programs; Improving methods; recommending, 
writing, and implementing procedures; and compiling cost data for 
AF P 67 bids to perform work as requested by potential customers. 

He has, in prior- positions at Lockheed, been a Senior Methods and 
Time Standards Engineer, a Senior Tooling Standards Development 
and Methods Engineer, and a Methods and Time Standards Engineer. 

In these positions, he was responsible for improving methods and 
for developing and maintaining cost control programs in the Fabri
cation and Tooling Divisions. 

For 3 years prior to joining Lockheed, Mr. Williams had similar 
duties at Martin Aircraft Corporation in the Tool Engineering and 
Tool Manufacturing Organizations. 

His academic achievements include a Bachelor's Degree In Indus
trial Engineering, as well as present work toward a Master's Degree 
In Industrial Engineering. He is a member of Alpha Pi Mu Indus
trial Engineering Society. 
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The following six resumes are for personnel comprising the capa
bility In Refrigeration. These are all Arthur D. Little, Inc. , 
personnel. 
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FRANK P. BROOKS 

Mr. Brooks, a senior development engineer ln the field of applied 
thermodynamics, was graduated from Tufts College with a BS 
degree in mechanical engineering. While with the Boston Edison 
Company, he specialized ln stress analysis of high-pressure 
systems, applied electrolytic analysis "If underground-transmission 
systems, and vault and tunnel design. 

Since joining the staff of Arthur D. Little, Inc., Jn 1951, Mr. Brooks 
has been engaged principally in the field of cryogenic engineering. 
He has extensive experience in the design and production of low
boiling-po.int gas liquefaction equipment. He has, in addition, been 
responsible for project development in such areas as gas purifi
cation, paramagnetic demagnetization, infra-red detector cooling, 
low-temperature nuclear radiation damage research, and pressuri
zation equipment for upper atmosphere research. 
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ROBERT P. EPPLE 

Dr. Epple graduated from Juanita College with a BS degree in 
1938 and obtained his advance degree in chemistry in 1947 at 
Matisachusetts Institute of Technology. Before joining the staff 
of Arthur D. Little, Inc. , ln early 1956, Dr. Epple was Supervisor 
of the Analytical Laboratory of the Manhattan Project at Massa
chusetts Institute of Technology, Instructor and Assistant Profeseor 
of Chemistry at Brown University, and Head of the Inorganic Chemis
try Department at Tracerlab. He is now in charge of the radio
activity laboratory at Arthur D. Little, Inc., where be is directing 
a number of studies of the usefulness of radiation for chemical 
processing and of radioisotopes for research and control of industrial 
problems. Hts primary fields of interest include the reaction rates 
of ionic systems, electrochemistry, radiochemistry of fission pro
ducts and transuranic clements, radiochemistry of coolant con
taminants, and radiation induced chemical and physical effects. 
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HOWARD G. McMAHON 

Dr. McMahon received his BA degree (1935) and his MA degree 
(1937) in physical chemistry from the University of British Columbia. 
He was awarded a PhD in physical chemistry from Massachusetts 
Institute of Technology in 1941 at which time he was also associated 
with the Division of Industrial Cooperation of the Institute. He joined 
the staff of Arthu,r D. Little, Inc., ln 1943 and was appointed Science 
Director in 1952. He was appointed Vice-president in charge of Ad
vanced Research in 1956. 

From 1943 to 1948, Dr. McMahon's experience was centered in the 
broad field of cryogenics; and he was largely responsible for the 
practical development of the ADL-CoHins Helium LtqueUer and other 
cryogenic equipment. Since that time he has directed advanced t-e
!'lC':lr<'h prujccts in the fields of physical and chemical r~search, in
cluding 1>henoml•na or superconductivity, masers, glass fibre forma
tion. dry friction, and the physks of high pressures. In addition, 
he has made a substantial C'Ontribution to the basic theory of thermal 
radiative properties of glass. 

He is a member of Slgna Xt, the American Association for the Ad
vancement of Sckncc, the American Chemical Society, and the 
American Physical Society. He was awarded the Longstreth Medal 
o[ the Franklin Institute for 1957 for his work in the development of 
the helium liquufier and the Frank Forrest Award o[ the American 
Ceramics Slwiety for 1952 for his studies on thermal radiation from 
partially transparent rdlc.•ding bodies. 

A numlll'r of ll. S. nml Canadian patents have been issued to Dr. 
Ml·Mahnn, ancl he has bct•n thC' author of a number of scientific 
puhlicatiom;. 
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ALEXIS PASTUHOV 

Mr. Pastuhov, who is in charge of the applied-thermodynamics 
section at Arthur D. Little, Inc., is a mechanical engineering 
graduate of Massachusetts Institute of Technology. During four 
years with Du Pont as a developme~t engineer, he worked on the 
design of high- pressure pumps and compressor systems and the 
design and development of rotary shaft seals . 

Since joining the staff of Arthur D. Little, Inc., in 1951, he has 
been responsible for numerous low-temperature development 
projects, and has served as a special field consultant in the oper
ation of many novel systems. Mr. Pastuhov has served one client 
as principal cryogenic engineer on a large-scale, liquefied 
natural gas program and has contributed significantly in this 
major undertaking to the evaluation of economic, as well as 
technical, aspects of the over-all process. 
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CHARLES A. SCHUL TE 

Mr. Schulte received his BS degree in engineering mechanics at 
the University of Michigan. The following three years he was 
associated wlth Farrell-Birmingham Company, Inc .• Buffalo, 
New York. While there, he worked on stress and vibration 
analysis of gears, both theoretical and experimental; dynamics 
of mechanical systems, which included gearing design of test 
rigs; and design 'modifications of machine tools. His experience 
fn analytical and experimental work on validating gas turbine 
designs and on effecting successful modifications in the designs. 
where needed, was obtained at the Elliott Company, Jeannette, 
Pennsylvania, A part of this experience included heat transier 
analysis, used in designing for temperature distribution in tur
bine parts. Before joining Arthur D. Little, Inc •• he was a de
sign engineer and section supervisor in the Gas Turbine Depart
ment of the Ford Motor Company. His responslbJlity included 
primary supervision of mechanical analyses performed on the 
automobile engine, including heat exchanger and chassis mounts 
plus the basic engineering design and its details. With Little, 
he has worked on mechanical design of cryogenic processing 
equipment. 

He is a member of the American Society of Mechanical Engineers 
and is also a Licensed Professional Engineer in Pennsylvania. 
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IVAN SIMON 

Dr. Simon received his D. Sc. at Charles University in Prague, 
Czechoslovakia, in 1938. He was a physicist in the Research 
Department of Skoda, Ltd., from 1939 to 1947, an instructor in 
the Department of Physics at Charles University from 1945 to 
1947, and a Research Associate In the Electronics Laboratory at 
Massachusetts Institute of Technology from 1948 to 1949. 

Since joining Arthur D. Little, Inc., In 1949, Dr. Simon's pri
mary work has been in experimental and applied physics, parti
cularly solid state physics, X-ray diffraction, low-temperature 
physics, and the physics of high pressures, He has conducted 
theoretical and experimental research on the structure of quartz 
and glass by X-ray diffraction and Infrared renection and on the 
effects of very high pressures and neutron Irradiation on crystal
line and vitreous silicates. He has also had considerable ex
perience Jn high vacuum technology, microwave electronJcs, and 
the design and construction of precision instrumentation required 
for new experimental techniques. 

Dr. Simon is a member of the American Physical Society, 
American Association for Advancement of Science, and the New 
York Academy of Sciences. 

He ts the author of many technical papers. 
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The resumes on Mr. Bennett, Mr. Kemp, and Dr. Smith, 
following, indicate the capabfUty in Gamma Heating and Reactor 
Hazards Analysis. 
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C. M. BENNE TT 
Senior Nuclear Engineer 

With 10 years of experience. Mr. Bennett performs nuclear analysis 
and design on reactor core configurations in nuclear physics and 
engineering. 

His experience at Lockheed Includes reactor kinetics, nuclear and 
gamma heating, ·reactor hazard analysis, reactor optimization core 
design studies for radiation spectra, environmental nuclear studies 
In cryogenic engineering, and beta and gamma activity calculations. 

During employment elsewhere, Mr. Bennett has held posltions as 
Electronic Engineer, Reactor Engineer, and Senior Nuclear Engi
neer. 

His academic achievements Include an MS in physics, as well .as a 
number of additional graduate courses in physics, engineering, and 
mathematics. He is a member of the American Physical Society, 
Sigma Pl Sigma, and American Nuclear Society. 
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S. N. KEMP 
Senior Nuclear Engineer 

With 3 years of experJence, Mr. Kemp is responsJble for a number 
of assignments on a project basis . These assignments require the 
close coordination of efforts on reactor hazard analysis, reactor 
engineering, core analysis and design, and the designing of special 
reactor experiments. 

During employment elsewhere, Mr. Kemp operated and performed 
maintenance on s~veral reactors; designed, performed, and analyzed 
reactor perform&nce experiments; performed analytical reactor 
core and hazard analysis: and coordinated all studies, engineering, 
design.and fabrication In the complete modification of a shielding 
reactor. 

His academic achievements include a BS in engineering phystes, as 
well as a number of graduate level courses in nuclear reactor theory 
and nuclear reactor engineering. He ls a member of Pi Mu Epsilon. 
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E. C. SMITH 
Associate Scientist 

With 9 years experience, Dr. Smith ls technical assistant to the 
Manager of the Reactor Physics Department, and he is responsible 
for analytical studies on reactor systems. His experience at 
Lockheed includes the conduct of numerous theoretical studies in 
neutron activation, radiation effects, shield design, and reactor 
technology. He ~s also directed radiation effects testing and 
reactor systems design. 

Dr. Smith participated in the development of basic design criteria 
for AFP 67. He was responsible for analyses of induced radio
activity, shielding design, and access limitations. He made 
evaluations of equipment and space requirements for laboratories 
and hot cells, assessed the data processing requirements, and 
served as a technical-liaison representative with the architect
engineer. 

Before joining Lockheed, Dr. Smith was employed at Oak Ridge 
National Laboratory where he planned, executed, and analyzed 
measurements of neutron cross-sections, using a Van De Graff 
generator and a fast neutron chopper of his own design. He also 
performed studies involving neutron diffraction and spiral velocity 
selector. 

Dr. Smith received his BA degree in mathematics and bis PhD 
degree in physics, both from the University of Virginia, 
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The capablllty in Special Teet Equipment, Cryoetet, and Instru
mentation ie Indicated In the following nine resumes. Some of 
the people described ln these resumes will perform flux mapping. 
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R. M. CHAMBERS 
Nuclear Engineer 

With 4 years experience, Mr. Chambers, of the Reactor Physics 
Department, conducts analyses of thermodynamic and beat trans
fer characterlsts of systems ln conceptual designs of reactor 
plants. He performed the heat transfer analysis for the core of 
a research reactor; he baa also made a preliminary heat transfer 
study for a superheat reactor core; ln addition, he has worked on 
systems design and analyses for a number of reactor conceptual 
designa. 

Before joining Lockheed, he was a CA ME L Operat10D8 Test 
Engineer. In this capacity, he performed tests on system com
ponents of a liquid-metal cooled aircraft reactor and worked on 
an analysis of design and performance factors of the centrifugal 
pump. 

Mr. Chambers baa a BS degree in mechanical engineering. 



G. W. CRAIG 
Manager, Product Engineering Division 

With 16 years experience, Mr. Craig is responsible for advanced 
and product design and development of all special products of a 
proprietary nature and for product design services for all nuclear 
reactors and associated nuclear devices. He also directs oper
ations of the Electrical-Electronics Development Shop. 

He has previously served as Department Manager responsible 
for the design of nuclear products and associated facilities. He 
was also responsible for establishing design criteria for the 
Georgia ~uclear Laboratory and for the design of special equip
ment required to maintain the Radiation Effects Reactor and 
Critical Experiment Facility. 

Before joining Lockheed, Mr. Craig was responsible for the 
design of two research reactors and their supporting equipment. 
With another previous employer, he served as Chief Engineer 
and Chief of Qualtty Control. 
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A. D. DANIEL, JR. 
Nuclear Engineer 

With 8 years experience, Mr. Daniel designs reactor components 
and related mechanisms. He has held the previous positions of 
Draftsman, Project Assistant Engineer, Research Mechanic, 
and Associate Engineer. 

Mr. Daniel studied at the University of Miami for three years. 
He later graduated from the Embry Riddle School of Aviation, 
specializing in small aircraft design. 



R. L. GAMBLE 
Nuclear Group Engineer 

With 7 years of experience, Dr. Gamble prepares programs for 
the nuclear measurement laboratories, develops nuclear instru
mentation, and supervises nuclear measurements functions. He 
has previously served as a Senior Nuclear Engineer, Leadman of 
a radiation effects ~up, and as a Research Fellow, engaged in 
research at Oak· Ridge Institute of Nuclear Studies. 

His work at Lockheed includes gamma and neutron flux mapping 
at the Radiation Effects Reactor, and gamma and neutron spectral 
measurements. 

His academic achievements include a BA in physics, a BS in elec
trical engineering, an MS in physics, and a PhD in physics. 
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W. E. JORDAN, JR. 
Snlor Nuclear Engineer 

Wltb 17 years experience, Mr. Jordan designs remote handling 
equipment and other devices for bot cell operations. He has held 
previous posttlons of Aircraft Design Engineer and Senior Air
craft Design Engineer on flight controls and hydraulics systems, 

Before jolnlng Lockheed, he served as Mechanical Engineer 
engaged ln design of modela for wind tunnel testing, design of 
airfoil machines, and design of research equipment. 

He has a BS tn mechanical engineering. 



L. LEWIS 
Senior Nuclear Engineer 

With 9 years experience, Mr. Lewis designs reactor components 
and aSBoclated systems, 

His experience prior to joining Lockheed included positions of 
Engineering Ground Leader, with assignments in manufacturing 
tn the steam and· nuclear fields, and Sales Engineer and Consultant, 
involved with corrosion and prevention studies in nuclear and 
conventional power fields. 

He has a BS fn mechanical engineering and has taken graduate 
work in nuclear engineering. 
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E. N. LIDE 
Associate Scientist 

With 13 years of experience, Mr. Lide designs instrumentation for 
nuclear measurements. He previously served as a Senior Research 
Engineer, in which capacity he designed electrical instrumentation 
for aircraft structural testing. He was E"iectronics Research Branch 
Head at the USN Underwater Sound Laboratory, where he designed 
instrumentation ·for underwater sound measurements and data handling 
equipment. He bas also served as Electronics Engineer, Research 
Engineer, lnstructor of Electrical Engineering, and Electrical and 
Electronics Officer in the U. S. AJr Force. 

His academic achievements include a BS in electrical engineering, 
plus further study at the Harvard-MIT Radar School and graduate 
work in electrical engineering. He holds patents on a radio sound 
meter and a portable capacity meter. He has published paper-a in 
the Journal of the Acoustical Society of America. 
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L. H. McCALL, JR. 
Senior Nuclear Engineer 

With 9 years experience, Mr. McCall is leader of the mechanical 
equipment design group and ls responsible for design and fabri
cation of reactor components alld accessory systems, His res
ponsibtlltles Include also modification of equipment for nuclear 
use, design of handling equipment. and preliminary design studies 
for nuclear facilities, 

Before joining Lockheed, Mr. McCall participated in the design 
of the Convalr Nuclear Faclllty and design of ground handling 
equipment for the ANP Program. 

He has a BS degree in mechanical engineering. 
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L.A. TURNER 
Associate Scientist 

With 7 years of experience, Mr. Turner ls responsible for the 
design of electronic Instrumentation associated with radiation 
detection systems and for the direction of engineers and technicians 
constructing these devices. He has also served as a Senior Nuclear 
Analyst, engaged 1n the design and construction of electronic in
strumentation. 

While a Chief Development Engineer, be conducted research and 
development work on new materials and on construction methods 
for capacitors of very small size and for capacitors for use under 
extreme environmental conditions. This work also Included con
struction of conductors and resistors for use in filter assemblies, 
WhJle a Senior En¢neer, he supervh1ed an electronics laboratory. 
He has also been a Research Assistant engaged in the design, con
struction, and modification of radar and other electronic devices. 

He hu a BS and an MS, both in electrical engineering. 



The following seven resumes pertain to Testing CapabiUty. 
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GEORGE V. ASEFF, SR. 
Senior Nuclear Engineer 

With 18 years of chemical and E.ngineertng experience, Mr. Aseff 
is a member of the Staff of the Nuclear Laboratory Division. He 
conducts studies in the fields of radiation effects, thermodynamics, 
and heat transfer. He prepares and directs the preparation of 
technical reports and specifications applying to current developments. 

Mr, Aseff has previously served as lead engineer in the Chemical/ 
Metallurgical Research Laboratory. He was responsible for pro
viding technical direction and coordination of the group in the re
search, development, and evaluation of new engineering materials 
and processes. As an Aircraft Research Engineer, Senior, he has 
prepared rnore than 200 Lockheed reports in the field of matertals 
in the past 8 years and has made several patent disclosures to the 
Company. 

In this capacity, he has also acted as consultant to the B-29, B-47, 
C-130, and JetStar production airplane projects at the Lockheed 
Georgia Division in matters concerned with materials and materials 
testing. 

Mr. Aseff is a registered professional engineer and a member of 
the staff of "Chemical Abstracts Journal" for the sections of 
Metallurgy, Nuclear Phenomena, and others. 

He is an active member in a number of professional societies, 
including the American Society for Testing Materials, American 
Chemical Society, American Society for the Advancement of Science, 
and the American Institute of Chemical Engineers. 

Prior to joining Lockheed, Mr. Aseff has been employed as a 
designer and fabricator of special equipment for research, includ
ing cryogenics, instructor in general and physical chemistry, engi
neering department coordinator, sales manager for a color procese
ing plant, and an Army Signal Corps team leader In electronics and 
electrical equipment. 



He holds a. BS ln chemical engineering from the Case Institute of 
Technology, an MS ln chemistry from Georgia Institute of Technology, 
and bas currently completed a portion of bis doctorate work in chemi
cal engineering, specializing in beat transfer and thermodynamics. 
He has also completed industrial courses in radiography, radioiso
topes, airplane systems, and management techniques. 
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WILLIAM L. BRIDGES 
Associate Scientist 

With 26 years experience, Mr. Bridges has for the past 2 years 
been on the Staff of the Nuclear Laboratory Division. He conducts 
and directs research studies and interprets the results of scientific 
research, including radiation effects for application to problems of 
the Nuclear Laboratories, He also reviews for technical content 
reports and other publications generated in the division. 

Mr. Bridges' experience has included several positions as Chemist, 
Research Chemist, and Materials Engineer. Summarizing bis ex
perience for the past 12 years, he was for 4 years a Research 
Chemist on the nuclear aircraft materials program. This was 
followed by 6 years as a Research and Development Aircraft Mate
rials Engineer on Aircraft Nuclear Propulsion program and other 
miUtary aircraft and missiles. Jn this capacity, he planned, di
rected, and conducted research programs for determining chemical, 
physical, and mechanical properties of various aircraft materials, 
including conventional and exotic nuclear shield materials, high 
temperature refractories for use in nuclear reactors, liquid metals, 
honeycomb sandwich structures, structural adhesives, structural 
plastics, electrical and electronic potting compounds, and plastic 
foams. In addition, he advised aircraft and missile design engi
neers on the selection or materials for specific design applications. 

Mr. Bridges has a BS In chemistry and physics and has taken addi
tional training in nuclear metallurgy and in nuclear science and 
engineering. 



A. O. BURFORD 
Nuclear Group Engineer 

With 8 years of experience, Dr. Burford ls responsible for radio
chemistry, radioactivatlon analysis, chemical and physical testing, 
and nuclear requirements pre-analysis for support of Georgia 
Nuclear LaboratoJ."ies systems test programs. 

He has previously served as a Senior Nuclear EDgineer, engaged 
in radiation effects studies; and as a Senior Operations Research 
Analyst, engaged In design liaison for the Georgia Nuclear Labor
atories. His academic accomplishments include BS, MA, and PhD 
degrees -- all in nuclear physics. 

He is a member of the American Physical Society and the Health 
Physics Society. He has published papers in the Ph.ys!cal Review 
and the Surgical Forum and has presented papers at symposia of 
the American Physical Society. 
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A. MacCULLEN 
Senior Nuclear Engineer 

With 16 years of experience, Mr. MacCullen plans subsystem 
evaluation programs and develops methods and procedures for 
radiation effects testing of mechanical-hydraulic subsystems. 
He prepares specifications for specialized test equipment and is 
Project Engineer for hydraulic subsystem irradiation tests. 

While at Lockheed, he has held the positions as Design Group 
Supervisor, Senior Design Engineer, and Senior Research Engi
neer; his efforts have been concentrated in hydraulic subsystems 
design and analyses. 

Before joining Lockheed, he held the positions as Design Engineer 
and Instructor in Mechanical Engineering. 

He has a BS and an MS, both in mechanical engineering. 
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T. R. PlflLLIPS 
Senior Nuclear Engineer 

Mr. Phillips is an Analytical Chemist with 10 years of research 
and development experience in the atomic energy field. 

Mr. Phillips'research and development experience includes 6 years 
of experience in statistics. 

He bas held previous positions as Research Chemist. Analytical 
Chemist, and Research Chetnist -- Analytical and Inorganic. 

His academic achievements include a BS In chemistry, as well as 
a number· of graduate courses in statistics, advance inorganic 
chemistry, radiochemistry, advance analytical chemistry, and 
nuclear physics, 

He is a member of the American Chemical Society, the Analytical 
Chemistry Section of the American Chemical Society, and Gamma 
Sigma Epsllon1 Chemical Society, He is the author of several 
Atomic Energy Commission reports, 
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C. E. VIVIAN 

With 12 years experience, Mr. Vivian ts responsible for design, 
development, and operation of the hot cell complex, hot materials 
transport system, warm machine shop, and all remote handling 
systems and equipment. He ls responeJble for studies relative 
to remote handling and for storage and disposal of radioactive or 
contaminated materials. 

Mr. Vivian participated in the inlUal program to establish design 
criteria for remote handling facflltles at Georgia Nuclear Labor
atories. He has also directed remote maintenance studies on 
aircraft subsystems, which entailed the development of special 
tools used for disassembly With manipulators. 

Before joining Lockheed, Mr, Vivian was a hot cell operator 
at Los Alamos, where he designed, built, and operated hot cell 
equipment for remote chemical processes . 

Mr. Vivian studied mechanical engineering at the Unlverelty 
of New Mexico. 
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L. A. WILLIAMS 
Senior Nuclear Engineer 

With 5 years experience, Mr. Williams designs and develops 
procedures, techniques, and equipment for the operation of the 
remote operations complex and the hot materials transport 
systems, He also performs analyses of test systems In.the 
development of techniques and procedures for the remote dis
assembly and reassembly of test Items. 

He has been employed as Nuclear Engineer, engaged in the 
development of special remote handling tools and techniques; 
Aircraft l\esearch Engineer, engaged in research and develop
ment projects Jn the fJelds of bleed air contamination detection 
methods and remote ground handling studies, as well as environ
mental tests of aircraft systems; and Associate Aircraft Engineer, 
engaged in developmental testing of hydraulic and control syst~ms. 

He was Weapon Systems Project Engineer on the H-34 helicopter 
and Assistant Weapon Systems Project Engineer on the H-21 
helicopter. 

He possesses a Bachelor of Aeronautical Engineering degree. 
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Resumes follow on Mesars. Johnson and Sbatzen, who will be 
participating In Sample Preparation. 
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E. H. JOHNSON 
Shop Foreman, Nuclear Research Shop 

With 17 yea.rs of experience, Mr. Johnson is responsible for 
scheduling shop work within the Georgia Nuclear Laboratories and 
for providing shop support to nuclear research and experimental 
actlvlUes, including the fabrication, construction, and modification 
of experimental and test equipment and components. 

His previous positions with Lockheed include duties as Supervisor. 
Foreman, alld Assistant Superintendent in the Fabrication Division 
(Machine Shop and Sheet Metal Shop) . In these positions, he was 
responsible for the efficient utllfzation of machinery, equipment, 
and manpower; he was also responsible for meeting shop schedules 
and maintaining quality. 

Prior to joining Lockheed, he held positions as Machine Shop Fore
man, Machine Tool Estimator, and Assistant Shop Superintendent. 
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M. L. SHA TZEN 
Associate Scientist 

With 17 years of experience, Mr. Shatzen develops procedures for 
and performs chemical analyses on materials subjected to nuclear 
radiation, and he analyzes subsystems for radiation resistance. 

He has served Lockheed as a Receiving Inspector, Research Engi
neer, Senior Research Engineer, and Senior Nuclear Engineer. 
While a. Senior Research Englneer1 Mr. Sbatzen was responsible 
for planning and conducting research, development, and qualification 
tests for plastics, sealants, elastomers, pa.tnts, lubrtcanta, hy
draulic fluids, and similar products. 

During employment elsewhere, he held the positions of Junior 
Chemist, Chemist, Analytical Chemist, and Chief Chemist and 
Production Manager. 

Hls academic achievements include a BS In chemistry, as well aa 
a number of graduate courses in methods or analysis, computers, 
radiography and radtolsotopee, and nuclear physics. He ts a mem
ber of the American Chemical Society, the Georgia Academy of 
Science. and the American Society for Testing Mat.erlals. 
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Consultants are briefly identified in the following paragraphs. 

HENRY J. GOMBERG 

Dr. Gomberg is a Research Physicist specializing in nuclear 
engineering concerned with radiation detection. radiation effects, 
reactor control and stability, and associated fields. 

FRANK C. HOYT 
Scientific Advisor to Lockheed Missile and Space Division 

Dr. Hoyt directs studies of propulsion systems dependent on 
nuclear energy sources. He also reviews developments for the 
conversion of nuclear energy to electric power and propulsion, 
to enable him to make recommendations to research organizations. 

HAROLD F. PLANK 
A Staff Scientist at Lockheed Misslle and Space Division 

Dr. Plank directs and conducts studies on missile and space 
fitght systems that employ nuclear energy as a source for 
propdslon, 
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5. 3 LOCKHEED FACILITIES 

In addition to facilities at the Georgia Nuclear Laboratories for 
research and development, testing, computing, engineering, and 
fabrication, Lockheed also has available facilities at Air Force 
Plant 6 and at the Missiles and Space Division. Included at AFP 6 
are an instrumentation and circuits laboratory, as well as struc
tural, mechanical, and metallurgical laboratories. Ample fabri
cation facilities are also available at the plant. Physics labora
tories and a toxic material machining facility are available at the 
Lockheed Missiles and Space Division. (The facilities of Arthur 
D. Little, Inc., are noted in Section 5. 4. 2. ) 

5. 3.1 Georgia Nuclear Laboratories 

Laboratory facilities at the GNL include the Radiation Effects 
Laboratory and the Nuclear Instrumentation Laboratory. Also, 
a Critical Experiment Facility ts available for determining core 
loadings and performing criticality experiments. The Radiation 
Effects Laboratory ts composed of the following principal work 
units: the hot-cell mock-up, the systems build-up area, the hot 
cells, the warm laboratories, a standards and calibration labora
tory, a general chemistry laboratory, a radiochemistry labora
tory, a counting room, a physical testing and meteorology labora
tory, environmental test facilities, and a photographic dark ~oom, 

11iere are two warm laboratories, the electrical-electronic labora
tory and the hydraulic-pneumatic laboratory. These laboratories, 
supported by a well equipped warm machine shop and warm metal
lurgical faclltty • are used for pre- and post-irradiation testing. 
The electrical-electronic laboratory ta primarily a facility for 
determining effects of Irradiation on components by means of tests 
performed elthe:r remotely or conventionally. The laboratory also 
serves as a means for calibrating instrumentation and test articles 
and for performing qUallfication teats of electrical and electronic 
materials and parts, And the laboratory Is used to develop any 
unique electronic Instrumentation required for testing. It ls equipped 
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with all the meters, generators, power supply facilities, amplifiers, 
and miscellaneous facilitit!s necessary t~ perform its intended func
tions. 

The standards and calibration laboratory is housed in an electrically 
shielded room. It is capable of a high degree of accuracy in meas
uring various properties such as voltage, current, frequency, time, 
internal resistance, pressure, temperature, flow, weights, dimen
sions, vibration; and strains, 

The generai chemistry laboratory includes capabilities for per
forming classical and unique analyses and syntheses in support of 
the various programs. In addition to the usual chemicals and equip
ment, the laboratory is equipped with balances (semtmicro-analytical, 
micro-analytical, special purpose types), centrifuges, constant tem
perature baths, an electro-analyzer, a fractomcter (vapor phase, 
Kromatog), a lubricity tester, pH meters. n photoelectric calorim
eter, a polarograph, a filtrator, a vapor pressure tester, vacuum 
equipment, and X-ray dllfractlon equipment. 

The physical test and metallurgy laboratory has the equipment to 
perform standard mechanical nnd physical properties tests. It 
contains such equipment as an Arcwcld Model D creep-rupture 
tester of six-ton capacity, Brinell and Rockwell hardness testers, 
mlc-rosC'opcs, an abrader for uRe in abrasion-resistance measure
ments on elast.omers and related materials, a mctallograph, a 
Kentron micro-hardness tester, heat-treating furnaces, a 20, 000-
pounri tensile testing unlvl~rsnl machine, vibration equipment, and 
equipment uimd to prcpnre spcl"lml'ns for mctallographic analysis. 
Should l,o(•khl•cd llcrform this cryogenic program for NASA, this 
laborntnry will b(• l'quippcd with the necessary equipment to perform 
the proposcci physieal prop<'rtil's tests at cryogenic temperatures, 
This equipment will include a Collins Helium Liquefier and the 
RUpporting rdrigt•ration <'quipmC'nt. Equipment for generating 
liquid nitrngl•n is preRt'ntly :lVail:iblc, 
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The fa1.:ilitks of the Nuclear lnstrumc11tation Laboratory a re used 
to lksig-n and con::;trucl instruments used in mc:.u;urin~ racli:ttion 
ffuxcs, to i11:stn:111'-'lll test articlei:; for nuclt~nr flux ins!n1me11Ls, 
to nHtkL: nu1.::ear nwasurcmenls, and lo culibl'LLll' ml':isttrin~ l'tJuip
mcnt, Thl' :uiio1·atory contain;,; ample electronics cquipmcnt, as 
Wt:ll :ts ::>i-'L't:lai ilcm~. ine;Juding; dosimeters, spcctromc:tcrs, 
thi.:rmal- neL;tJ·on cu,mtt:i·s. <::ll orimelers, instrumental ion for 
spl·l'ia: !'adial[<Jn ha:1.artb measurements, ancl nccessury misccl
lancuu,; C(Jt:ipnwnt , 

Tb1 Critic.::d I::xµerimcnt Facility houses th<:! Critical Experiment 
H.(•at!lor, '.\'hid1 is·~ :t>w-po\\'er (thermal power - ~o watts) Ofll'n

pool t_\"pt· l'l':.tclur, t:~i ni; :\ighly enriched umnium for fuel. This 
rL•aetor wi:l bl' ll>-:iL'ri !.L> JX'rform t:1·itical experiment::; relative tu 
the l'qlliptncnt lo 11e installed in the Plumbrook H.cacLu1·, 

;:;, :~. :! Afr Furcl' Plant (i 

The in:-;trumL·ntalion and circuits laboratory, equipped with the 
!n(JSt nwck:rn <-'qdµme11t, .rich.ls ~n cxlremdy nexible and vcrsa.-
til e c;qx1bUity. This indudcs the design of special instrumentation 
required for specific programs. 

Extcnsiv!:.' test uquipmcnt is available at the structures laboratory 
fo1· determining- mechanical properties of structural materials and 
for establishing specification or conformance to specifications. 
This lnl>oratory pro\·idcs a means for making materials property 
investigations, vibration and fatigue tests, and static tests. Equip
ment is available for testhlK small structural components as well 
as full scale structural assemblies. 

Fae ii itics are available at the metallurgical laboratory for metal
lu rgic:tl micro- and macro-graphic investigations. 

S11pporting equipment at AFP 6 includes capabilities for sectioning, 
mounting, polishing (mechanical or ~lectrolytic), and etching me
!all iC' spt•clmens; c>xnmlnlng metallurgical specimens (both visual 
:1n1t photographic) nt magnifications of 1 to 2000 diameters under 
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bright field, (lark field, and poinrizcd illu1uination; making hard
ness determinations (Rockwell nml Brinoll) and micro- hardness 
surveys (Knoop :::rnd DPH) ; dckrmining surface roughness (rms) 
and surface contour; defining plating or coating thickness; and 
accomplishing me tallurgical, photographic, and darkroom work 
in both black and white and color. 

Adtlitiona.lly, the mctalhu·gical laboratory includes heat treatment 
facilities capabl~ of reaching temperatures as high as 2400°F, wlth 
specialized heating applications, such as localized hardening and 
softening, brar.ing, and melting, and complete facHitics for X-ray 
diffraction and fluon' sccnt nnalysis. The laboratory fac ility is 
suppo1·ted by the services of a complete chcmisti·y laboratory. 

Supportin~ all the s o fac:il ities is the F.nginccring Scientific and 
Tcc:hnical Information D(.)p,11·tmcnt. Thero, an integrated a nd 
continuous scientific nncl technical info1·mntion program is planned, 
devclopud, and maintained. Consultant SC!rviccs arc p1·ovided on 
current and anticipated information problems and requirements. 
Direct affiliations a n ' nrnintaincd with AEC, ASTIA, NASA, the 
Librn1·y of Congn•.ss, Army, Navy, Air Force, and other gove rn
mc nlal and industrial inl"ormution C'cntcr8.' 

5. :1. 3 Machine Shop uncl Fabrication Facilities 

Marhin<' shop :me.I fabrication facilitlcs for this program arc prc
sl·ntly ~wailabk al thn~e locations -- the Georgia Nucl t"al' Labor
a tori1•s, tlu.' Lockhcl•cl l\Iissiks and Space Division, and AFP 6. 
In ad<lition, LockhC'('d is constn1cting a new shop in Atlnn~t, Georgia. 
Tlw cap:ihil ities of :ill thcsE.' faeil ith.1s :u·e dC'scribc<I in this section. 

r;, !l, :1. 1 GNL Shop Facilities 

A nwl'hrini<'al maintC'nancc :llld rcsca.r cb machine shop Jn the Radi
ation Effects Laboratory arda is used to fabricate test components 
anil Njuipml'nl, to modify and c<>nstrucL tools for remote operations, 
and to 1>erform any machine work lhat may be required. 
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5. 3. 3. 2 Atlanta Shop Facilities 

Lockheed is currently equipping a new nuclear machine shop and 
fabrication facility in Atlanta, which is scheduled for early com
pletion. This facllity will include a development shop, a subcrit
ical shop, and an electrical-electronic shop for handling and fabri
cating nuclear materials and supporting test processes. The shop 
area includes 4, 800 square feet of space, and an adjoining building 
with 21, 000 square feet of potential manufacturing and assembly 
area is available for expansion of the shop as needed. 

5. 3. 3. 3 Missiles and Space Division Shop Facilities 

A complete shop for machining toxic materials, such as beryllium, 
is maintained in a specially air-conditioned room at the Lockheed 
MSD. All machines are enclosed in air boxes held in a condition 
of slight vacuum. Special centrifuge and filtering equipment pro
tects the workers and outside areas from contamination by dust 
and heavier particles of the toxic materials being machined. 

5. 3. 3, 4 Air Force Plant 6 Shop Facilities 

Lockheed has available at its Marietta plant ample facilities for 
performing all fabrication type operations, including many pre
cision machines suitable for preparing test specimens. 

5. 3. 4 Computing Facilities 

The Mathematical Analysis Department furnishes high-speed dig
ital and analog computational services. To provide such services, 
some of the best electrical digital and analog computer equipment 
commercially available ts used. The digital equipment consists 
of an IBM-704 and n Bendix Digital Differential Analyzer. The 
analog facilities include a Beckman EASE electronic analog com
puter and a Computer Engineering Associates Direct Analogy 
Electric Analog Computer. A well trained and experienced staff 
of applied mathemntlclnns, physicists, engineers, and other spe
cialists is available for complete service. Auxiliary punch card 
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equipment is available to aid in preparing programs und data for 
the IBM-704 system. This equipment consists of key punches, 
verifiers, a carcl-to-papcr tape punch, a paper tape-to-card 
converter, ~L reproducer, a collator, an electronic card sorter, 
and an IBM-407 ck:ctronic accounting machine. 

5. 4 AHTHuR D. LITTLE. INC. 

The ::;pcciul cryog1:mic capabilities of Arthur D. Little, Inc . 1 are 
dcsui·ibed in this sec.:Uon. This company is one of the oldest, 
largest, and most di\'ursil'iud research orguniza tions in the United 
States. Since its founclin~. i11 1886, and subsequent incorporation 
in 1909, the Company has expanded so that totlay its staff numbers 
ovc r 1, OOU people, more than half of whom arc professionally 
trained scientists and cnginet•rs versed in nearly every field of 
scicnc(' an<l t<.'chnology. 

Tht! ComrJttny is <liviclcd into s<:vcra1 major operating divisions, 
each associated with a general [ield of technical, scientific, or 
economic activity. These segments are individually subdivided 
into a numbl'r of relatively specialized technical groups, operating 
within the ovurall sphere of interest of the parent division. Thus, 
groups d('uling in applied stress analysis, heat transfer, or hydro
dynamics arc administered by the Engineering Division; those spe
cializing in applied chemistry and plastics a.re administered by the 
Research and Development Division; while basic scientific research 
is handlcc\ in the Advanced Research Division. 

11w pol it';.• of the Company is to provide maximum fluidity of the 
profci;sional staff :t(•ross divisional and group boundaries. This 
rlPxihil ity of operation <•nables an unusunlly wide range of talent 
and expl'ricnC'l' to be f<wused on any given problem. Task forces 
of Arthur D. Little, Ine., stan members can be assembled for 
E.'ach proj1•ct or stage of a project; the team thus formed combines 
thP skill M appropriate to lhl' job in question. This vorsatility of 
oq~ani.,.ation, couplc•d with cxtcni:;ivc and llcxlble facilities, accounts 
In a largt• part for the successful handling of a variety of assignments, 
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5. 4. 1 Experience 

Extensive experience in solving rese:irch and development problems 
for industry and government hn.s been gained in dealing With prob
lems that require more than specialized technical information or 
standard research techniques. This has often included helping to 
define problems, placing them in the right perspective, and attack
ing them from the viewpoint of several scientific disciplines. 

The range of scientific talent and engineering skill at hand is not 
limited to the professional staff alone. Expert consultil".g liaison 
is maintained with staff members of nearby Massachusetts Insti
tute of Technology; Harvard University, and similar institutions. 

Arthur D, Little, Inc., has been engaged for many years in work 
for various agencies of the t,;nited States Government and has under
taken numerous subcontracts for industrial prime contractors, 
This has provided a thorough knowledge of the procedures and 
practices common to government contract research and engineering. 

5. 4. 2 Facilities 

The Cambridge laboratories and offices of Arthur D. Little com
prise a total area of approximately 300, 000 square feet. The 
laboratories are designed for optimum efficiency in conducting 
research and development work and they permit flexible operation. 

Special purpose laboratories are available for conducting temper
ature and humidity experiments and work in low temperatures, the. 
biological sciences, flavor and odor problems, explosives and 
propellants, and radioactive materials. 

Special research tools include a solar imaging furnace for higb
temperature research to 32000C, ultraviolet and infrared spectro
photometers, X-ray diffraction equipment, an electron microscope, 
a mass spectrometer, vacuum coaters, high-pressure equipment, 
and Jaw-temperature research equipment. A digital computer and 
associated data processing equipment are also available. 



Pr1)c.;css cngi neering facilHies at Arthur D. Little include equip
ment for studying unit operations in dislillutiun, filtration, evap
oration, drying, liquid-liquid extraction, and heat tr:.rnsfer. 

A separate pilot plant builllin~ at the .-\cu1·n Park Laboratories 
providei:; over 2, OOU l>lJt.urc feel of flour sptice, ais well as a labor
atorr for small-.~n:ale bench work :ind µrocoss control purposes. 
The facilities al!:IO include a compkt.c installation for tt fluidized 
bed operation. 

A shop aroa of ovc r 27, 000 square feet is devoted to proLotypc 
do\'elopmcnt nnd fabrkalion. This facility includes an aclt"qunte 
machi1w shop, :i. high- :ind low-bay erection :1.nd assembly areas, 
and equipment for operation, test, ~md imqwction of completely 
assembled units and integrated systems. Shop personnel h~we 
had many years experience on prior assignmcnls and have devel
oped an unusually high degree of skills and <.:raftsm:rnship in pre
cision machining and assembly, high vacuum techniqut':>, und the 
development of test programs to ensure i·oliublc operating units. 

Where unusual machine tool facilities are required, the services 
of numerous machine tool specialists located in and around the 
New England arcu are available. Finnl assembly and test is al
ways undertaken at the facilities where the system can best be 
tested as a complete unit. Both engineering and shop personnel 
arc avnilnble for installation, maintenance, and servicing at any 
time, 

Bcc~rnse or tht' wirlt> variety of development programs undertaken 
in tht• cni.zineering shop, th<1 physical facilities must be of a general 
nature'. Emphasis has been on acquiring a staff with training and 
t.>xpt'ril•m•t> over a broad field, The present staff includes special
lstH In all types or w(_•lding, instrumentation, vacuum technology, 
control systems, precision assembly, experimental fabrication 
assembly, low-temp<' raturc technology, use of special materials 
and lcc.·hniqucs, and magnetic circuitry. 
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5. 4. 3 Cryogenic Capabilities 

Development of specialized cryogenic processes and equipment has 
been one oft.he main interests at Arthur D. Little, Inc., during the 
past decade. Experience gained in designing, fabricating, and 
operating a wtde range of prototypes under field conditions bas pro
vided e:l\tensive information in cryogenic process design, machine 
design, fluid dynamics, high vacuums, piping, structural analysis, 
thermal stresses·, and other technical areas allied to the field of 
cryogenics. Several of the projects typical of those the Company 
has conducted tn the past few years are discussed in the following 
paragraphs. 

Extensive work on the propellant loading systems for the Atlas, 
Titan, and Thor missiles has resulted in a fully integrated cryo
genic process design team. With strong experience in the problems 
associated wtth large-scale handling of cryogenic fluids, the team 
is capable of unusually advanced engtneering in thermodynarntcs, 
fluid dynamics, and other specialized ftelds associated with the 
design of cryogenic systems. 

Arthur D. Little, Inc., has designed special equipment for the 
handling of liquid oxygen and has constructed a scaled test facility 
at Cambridge. Here, during the past year, has been carried out 
an extensive test program, in which investigations have been con
ducted on the following: 

• Thermal stresses that are set up in the pipelines during 
the now of cryogenic fluids 

• Effects of weather conditions on the rate of evaporation 
of llquid oxygen and nitrogen from insulated and unin
sulated tanks of various sizes and shapes 

• Quantity of liquid oxygen boiled off in cooling down 
transfer lines and components during transfer 
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• Sensitivity of materials to detonation under impact ln 
the prc1:1ence of liquid oxygen 

• Various methods and devices for gaging and measuring 
the density of liquid oxygen in simulated missile tanks 

• Two-phase fluid flow dynamics in now through various 
pipcl int.• ''onfigurations and assorted hardware 

• Transh•nt pressures associated with line cooldown 

• Frost formation uninsulated surfaces cooled by liquid 
oxygen or nitrogen 

• Prl's~urizcil gas transfer of liquid oxygen and nitrogen 
from storage tanks including studies of gas diffuser 
clesigni;, comk'nsation phenomena, and energy output 
lo lh<! transft.>rred fluid 

• Pumping, with single or parallel pumps, such fluids 
as li<1uid oxygen and nitrogen 

• ProhlPms invol\'cd in providing tight gaskets and seals 
<.•xpost'cl to C'ryogenic fluids 

The dN1ign of propl'llanl lomHng systems for lheS(' misRiles Within 
the relalivdy Ahort timt' schedules has required the formation of 
a closl'ly knit l\•nm of t1cicntiHts and engineers with a wide variety 
of skills; It has ulsu required solving problems in the field of 
thermmlynamks, fluid flow, strcsH nnnlysis, chemistry, physics, 
ancl \'h'(' lronks. 

In addition to h'·ing n•spon1-iibh• for ruscnrch and dusign work on 
the pro1wllnnt loading sy1:1tcms for Atl as, Titan, and Thor, Arthur 
D. Lillh', Inc., Is p:trticipating in the Atlas Evaluation Test pro
gr:t m at Edw:1 rils Hock<'! BasL' and will bt' associated with similar 
op(.>rntinns for tht• Titan mhrnllc. 
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Typical of activities in the cryogenic field is the work on refriger
ated transport dewars for liquefied hydrogen. The design and 
development of the components of this system required intimate 
knowledge of machine design, thermodynamics, heat transfer, 
fluid flow, lubrication, and a host of other specialties, The.com
ponents included the following: 

• A special refrigerator employing helium gas as the 
refrigerant 

• A liquid hydrogen transfer line with the necessary 
elbows and quick-disconnect couplings 

The valving and associated transfer tubing developed under this 
contract have proved to be operationally useful and effective, and 
18 of these 200U-liter refrigerated dewars were constructed. 

11ds program represented a significant advance in the field of 
cryogenics. The equipment was designed to store, transport, 
and handle fairly large quantities of liquid hydrogen with very 
little loss. The successful operation of these units when they 
were first built permitted broader use of hydrogen for two Impor
tant reasons: 

• Liquid hydrogen could be stored while conversion from 
the ortho to the para form takes place without loss 
despite the heat evolved in this process. 

• The units permitted more effective use of hydrogen 
liquefiers In that the product could be utilized when 
and where desired rather than adjacent to the lique
fier at the time o( manufacture. 

Some of the refrigerators have been adapted for use as research 
tools. One, for example, was redesigned and rebuilt to provide 
refrigeration to condense the entire nitrogen gas stream in a high
Mach-numbcr, rarefied-gas-now wind tunnel. Another unit is 
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used to provlcfo 20°K .rofrigcralion fol' r~tdiation damage studies 
in one huh: of a nuclea1· reaclo1·. It has l'un more thau 4. 000 hours, 
oporating 24 hours per day fur on<!- and two-wi:.!i;:k pc1·iocls with only 
routine mainten:mc.:c. 

Another proj~ct was ·a study of thti sepa.rution of deuterium by means 
of low-temperature techniques. The progmm included theoretical 
and pilot-plant studiei> of heat- exchanger configurations for the 
freeze-out of nitrogen in a hydrogen stream und <1. calorimetric 
study of various types of insulnllon. The program included con
struction and operation of a t>ilot plant. 

For the Air Materiel Commam1, an air-transportable liqu1<l-oxygen 
plant of 10- ton-pcr-day nominal capacity, known as the Typ<.• A-4, 
was successfully developed, designed, fahricated, and installed. 
The unit, which uses atmospheric air as the source of oxygen, was 
designed for a low-prei,;surc process cycle involving a reversing 
heat exchanger that performs th<! c.Juul Junctions of efficient ex
change of heat and the removal of 1mpuritics such as water vapor 
and carbon dioxide from the input nlr. Rcfrtgcrution is supplied 
by direct expansion of a portion of the input air in a turbo-expander, 
and separation of liquid oxygen ls accomplished in u. rectifying 
column. 

In the A-4 gcm!ratm· program, efficiency, minimum silw and 
weight, Sl•lf-suffll'icncy except for l'ucl and lubricating oil , and 
purity of product were the primary objectives. 

Arthur D. Little•, Inc . , hns dc1ligncd and developed a 10, 000-psi 
liquid-nitrogt•n pump and vaporil.t•r. The tiuccessful operation of 
this syst,•m rlcp<mdc•d ton ~re>at extent on lhc development of spe
cial packing and vapori:t.<•r, all of whlch required extensive lhermo
clynamic ancl machinc-clcsign analysis. Because of the low temper
nturo cncountercci, thl' componC'nts were fabricated o{ sf.afnles.s 
stl•cl. Thr chrome-plated pli:;ton of the pump operates through a 
pa<•kfng- gland cell nt a l<'mpl'raturc of -320°F. The system is 
hyclrauli<'nlly op<•rntccl. The pro.i<'ct incJuclcd Lhc testing of nn 
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experiment11l unit as well as the construction of a larger (40, 000 scfh) 
system, now installed and successfully operating at Edwards Air 
Force Base. 

Other contracts have included the design of a 500-lb-per-hr-skid
mounted liquid-oxygen generator, the design and fabrication of a 
two-ton-per-dny trailer-mounted guseous-oxygen plant, the design 
and fabrication o[ a helium refrigerator for use in recondcnsing the 
boil-off losses from a large oxygen-storage tank, the prosecution 
or an extensive calorimetric program for ev~iluating reflective 
surfaces used in low-temperature apparatus to 20°K, and the design 
of a trn.ilor-mounted, helium-refrigerated, hydrogen liquefier having 
a nomjnal capacity of 150 liters per hour. 

A study concerning different methods of transporting liquid fluorine 
has been completed and a mechanically refrigerated liquid-fluorine 
semitrailer has been built. The study conduc,cd under this contract 
was submitted to the client in the form of n comprehensive report, 
dealing with the physical and chemical properties o[ fluorine, its 
physiological offects, anc..I methods of disposal. The report also 
treats subjects that include mal'"'rials of construction for tanks and 
insulation; valves, gages, liquid-level inclicntors, and associated 
hardware; methods of storage nnd transportation, including a com
parison of three foasiblc systems; and transfer methods and equip
ml•nt, 

An 18-!fter-per-hour hydrogen liquefier was designed and built for 
the NACA [light propulsion laboratory in Cleveland. This is the 
first U. S. hydrogen liquefier to operate with expansion-engine 
refrigeration; the maximum process pressure is less than 300 psia. 

Beginning in 1954, nine semitrailers for the transport of liquid 
nitrogen and oxygen were produced for an industrial gas producer. 
These units have capacities up to 3. 500 gallons. In years of rugged 
use over the highways of several states, the sealed vacuum in~ 
suJatlon used in these units has an outstanding service record. 
Losses due to boil-off are less than 3/4of1% per day, 
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Another important civilian program concerns the generation, 
storage, and handling of large quantities of liquefied hydrocarbons. 
One purt of this program included evaluating a large number o[ 
different refrigeration cycles. 

In addition to the equipment designed and fabricated for govern
mental agencie s, Arthur D. Little , Inc., is actively engaged in 
producing cryogenic cqu ipn\ent for indttstrial research and manu
facturing. ?~·op:rietary e quipment includes several basic research 
tools that have been developed for use in cryogenics. Among these 
is tht• AOL-Collins Helium Cryostat, a helium liquefier, and a 
rcfrigPrator that co.n attain temperatures down to 20 Kelvin. Over 
150 or these units have been installed. 
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CONFIDEt~TIAL 

6. SCHEDULE 

A schedule of design, construction, installation, and testing for 
the proposed program is shown in Figure 37. The assumption 
is made that the beam hole shields can be installed in May and 
the first te s t at P!umbrook can begin in September. This is , 
of course, contingent. upon the schedule of the Plumbrook reactor. 
If criticalft.v and first experiment dates of this reactor arc 
altered,this portion of the schedule must be altered accordingly. 
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CONFIDENTIAL 

APPENDIX · A 
TABLE 

The test pr ogram, is tabulated in Tables I through Ill, Tables 
IV through lX and Tables XI and XD list for each particular test 
the several conditions of interest. Table X summarizes the . 
materials and tests for a particular application, thus corresponds 
to Table I of RFQ HS-225. 
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n = z ..... -= "' z ..... -~ 
r-

r-o 
QC 
o:g 

Test type of 
Condition S ecimen 

Round Specimens 

Room Temp • Reg. 
lloom temp. Ki:n. 
139° R Reg. 
139° R Min. 

Flat Specimens 

Room 'l'emp. R.eg. 
Roam Temp. Min. 
139° R Reg. 
139° R Kio. 

Tensile 

5 
5 
5 
5 

5 
5 
s 
5 

- ,...., .... 

TABLE I - TEST PROGRAM, PART 1 - CORRELATION 

Tensile Tensile Tensile Number of Number Tests Total 

Fati ue Cree Notch Bucklin Shear Materials Per Materi l Tests 
n = 

5 5 3 15 45 z 
5 3 15 45 

...., 
5 -

5 5 3 15 45 = 
5 5 3 15 45 

,.., 
::z 
..-..t -~ 

5 5 5 5 s 3 30 90 

5 5 5 5 5 3 30 90 

5 5 5 s 5 3 30 90 

5 5 5 5 5 3 30 90 



.... 
(D 
0 

TABLE II TEST PROGR.l\M~ PART It SCREENING 

Number 
Tensile Tensile Number of Tests per Total 

Test Condit15!!!! Tensile Fatigue Creep Notch Impact Buckling Shear Wear Materials }(aterial !!il!. 

Pressure Shell 
ROClll Temperature 5 s s s 3 20 60 

35• R s 5 5 5 3 20 60 

10l7n/cm2 at 36° R 5 5 3 10 30 

Tank 
C"2 loom Temperature 5 5 5 6 15 so 

36• R s 5 5 6 15 90 !i l017n/cm2 at 36° R 5 5 6 ~ 10 60 n ... Ct 

aP\lmp 
:z 

5 s 5 s 14 20 280 
..., 

,.. RoClll Teiiaperature -
Z 36• R s 5 5 5 14 20 280 c:s 
~ lol7n/cm2 at 36° R s 5 14 10 140 

..., 
- z 
~ ..... 
~Bearings -=-Room Temperature 5 63 5 315 ~ 

36° R s 63 5 315 

iol7n/CtU2 at 36• R s 63 5 315 

Seals 
Room Temperature s 14 s 70 

36° R 5 14 5 70 
iol7n/cm2 at 36° R 5 14 5 70 

l\ocm Temperature s 5 7 10 70 

36° R s s 7 LO 70 

1Ql7n/Clll2 at 36° R s 5 7 10 70 



...- - - ----.-------, -
TABLE.III TEST PROGRAM PART II 

Stress Tensile No. of No. of Testa Total 
Teat Conditions Condition Tensile Notch Buckling Fatigue Matls. Per Matt. Tests 

Pre Hure She 11 
Room Temp. 27 27 27 27 2 108 216 

Tl (36°R.) 27 27 27 27 2 108 216 

17 2 5x10 n/c:m at T1 27 27 27 27 2 108 ~16 

n 17 2 n 
5xl0 n/cm at T1 Stressed 6 6 6 6 2 24 48 = c::t z :z ~ 

~ T2 6 6 6 6 2 24 48 -- CJ 
Cl "" ,., 17 2 6 6 6 6 24 48 z :z SxlO n/cm at r2 2 ...... ..... -- 17 2 > 
~ S:xlO n/c:m at T2 Stressed 6 6 6 6 2 24 48 r-
r-

Tl 6 6 6 6 2 24 48 

5xto17n/c:aa2at T3 6 6 6 6 2 24 48 

17 2 S:xlO n/cm at r3 
StreHed 6 6 6 6 2 24 48 

TAK 
l.ooa Temp • 27 27 2.7 27 2 108 ?16 

..... 
fO ,.. 

r
1 

(36°1.) 27 27 27 27 2 108 216 



.... TABLE III TEST PR()(;RAM PART 11 (Continued) 
ll:O ...., 

Stress Tensile No. of No. of Tests Total 
Test Conditions Condition Tensile Notch Buckling Fatigue !-f.atls. Per Matt. T"'Sts 

TANK (Cont'd.) 

17 2 10 n/cm at T1 27 27 27 27 2 lOS ?16 

17 2 10 n/cm at T1 
Stressed 6 6 6 6 2 24 n 

15 2 6 6 6 6 2 ~3 n 5xl0 n 1cm at T
1 24 

~ 0 = z 15 2 StTessed 6 6 6 6 2 24 !+9 ::z .., SxlO nfcm at ~l - -.., 
Cll -,., 16 2 6 6 6 6 43 = z 2xl0 n/cm at T1 

2 24 ,.., .... ::z - 16 2 
6 6 6 6 2 ~~ 

...... ,. 2xl0 nf cm. at T
1 

Stressed 21+ -~ 
T2 6 6 6 6 2 2!+ ~a 

17 2 10 n/cm at T
2 6 6 6 6 2 24 ~8 

17 2 10 n/cm at T2 Stressed 6 6 6 6 2 24 \8 

ts 2 SxlO n/cm at T
2 

6 6 6 6 2 2'~ ·+8 

15 2 S:dO n/cm at T2 Stre'5sed 6 6 6 6 2 21+ .... ~ 

16 2 2xl0 n/cm at T
2 

6 6 6 6 2 24 
. .., 
1) 
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TABLE III TEST PROGRAM PART II (Continued) 

Streu Tensile No . o f No . of Tests Total 
teat Conditions Condition Tensile Notch Buckling Fatigue Matls. Per Matl. Tests 

TANK (Cont'd.) 
16 2 2x10 n/cm at T2 Streseed 6 6 6 6 2 24 48 

T3 6 6 6 6 2 24 48 

17 2 6 6 6 6 24 48 10 n/cJA at r3 2 
n n c:::» 17 2 6 6 6 6 24 48 z 10 n/cm. at T3 Stressed 2 = -.. :z - 15 2 ..., 
cs 5xl0 n/cm at T3 6 6 6 6 2 2t~ 48 -
'" = z 15 2 

,.., 
...... SxlO n/cm at t 3 Stressed 6 6 6 6 2 24 48 z - I =--,..... 16 2 6 6 6 6 24 '~8 =--2xl0 n/cm at T3 2 ~ 

16 2 2x10 n/cm at T3 Stressed 6 6 6 6 2 24 48 

Stress Tensile No. of No . of Tests Total 
Test Conditions Condition Tensile Fatigue creel! Iml!act Mat.ls. Per Hatl . Tests 

,_ 
PUMP c:> 

"" Room Temp. 27 27 27 27 1 108 1oa 

T1 (36°R) 27 27 27 27 1 108 108 



I-' TABLE III TEST PROGRAM PART II (Continued) co • 

StreH; Tensile No. of No. of Testa Total 
Teat Conditions Condition Tensile Fatigue Cree2 Im2act Matl. s Per Matl. Tests 

POMP (Cont'd) 
17 2 10 n/cm at T1 27 27 27 27 1 108 108 

17 2 10 n/cm at T
1 Stresaed 6 6 6 6 l 24 21~ 

lS 2 5x10 n./cra at T1 6 6 6 6 t 24 24 

n 5x1015ntcra2at T1 Strea1ed 6 6 6 6 1 24 24 C"") 
a ~ :z 16 2 

6 6 6 6 1 24 24 
z 

~ 2zl0 n/cm at T1 
......, - -c::I 

16 2 c 
'" Stressed 6 6 6 6 l 24 24 m 
!5 

2xl0 n/cm at T1 z ..... - 24 -~ T2 6 6 6 6 1 24 > 
~ .-

17 2 10 n/cm. at t 2 6 6 6 6 l 24 24 

17 2 10 n/cm at r
2 

Stre1Hd 6 6 6 6 t 24 24 

15 2 SzlO n/cm 11t T
2 6 6 6 6 1 24 24 

5Jl:l015n/cm2at T2 Stressed 6 6 6 6 l 24 24 

2xto16n/cm2at T2 6 6 6 6 1 24 24 



TABLE Ill TEST PROGRAM PART II (Continued) 

Stress Tensile No. of No. of Tests Total 
Teat Conditions Condition Tensile Fatigue Cree2 l!!!l!act Matts. Per Matl. Tests 

PUMP (Cont'd.) 
16 2 2z10 n/cm at T2 Stressed 6 6 6 6 1 24 24 

T3 6 6 6 6 l 24 24 

~ 1017n/C11t2at r 3 6 6 6 6 l 24 24 n = = ::z:: z ~ 17 2 Stressed 6 6 6 6 24 24 -n - 10 n/cm at r 3 1 -Cl = '" 15 2 ...., z SxlO n/cm at T3 6 6 6 6 1 24 24 z ..... .... -=--- 15 2 -Stressed 6 6 6 6 24 24 ~ ,.... 5x10 n/cm at T3 l .-
16 2 2xl0 n/cm at T3 6 6 6 6 1 24 24 

16 2 2xlO n/ cm at t 3 Streased 6 6 6 6 1 24 24 . 
Stress No. of No. of Tests Total 

Test Conditions Condition Tensile Buckling Fatigue Creep I111pact Matts. Per Matl. Tests 

R.!FLEC1'0R 
Room Temp. s 5 5 5 5 1 25 25 

... T
1 

(36°1) 5 5 5 5 5 l 25 25 c:: 
~ 
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~ -~ ,... 
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co 
~ TABLE Ill TEST PR.OGRAM PART tI (Continued) 

St'E'esa Ho . of 
Teat Conditions Condition Tensile Buckling Fatigue Cree2 lmeact Matls. 

REFL!ctoR (Cont'd.) 
1018 • 2 T ntca at 1 

5 5 5 5 s t 

1018ntcia2at T1 
St'E'essed 5 s s s s 1 

T2 5 5 5 5 5 1 

18 2 
10 n/cm at T

2 
5 s 5 5 5 1 

1018n/ca2at r 2 
Stressed 5 s 5 5 5 1 

Tl s 5 5 5 5 l 

to18n/ca2at r3 5 .5 5 5 5 \ 

io18n/ca2u T3 StrtaHed s 5 5 5 5 l 

Bellows Bellows Bellows No. of No . of Tests 
THt Co!ldi_ti_®•- _Qlac.!..1lt_ty_ _ J;nduraace _ _Tor_d _ort_ _ HAsth_. _ _ "?!tr Matl. 

S!A.T.S 
Boom temp. s 5 s 1 15 

Tl ( % o:t) 5 s 5 1 15 

No. of Teats Total 
Per Matl . Tests 

2S 25 

2.5 2S 

25 25 n 
Ct 

25 25 z _,, -= 25 25 ,... 
:z .... 

25 25 s 
r-

25 25 

2.5 25 

Total 
Testa 

lS 

15 



TABLE Ill TEST PllOGRAM PART 11 (Continued) 

'Bellows 'Bellows Bellows No. of No. of Tests Total 
Test Conditions _Qlsctility _Endurance Torsion Matls. Per Matt. Tests 

SEALS (Cont.d) 

1017n/c112at T1 5 5 5 1 15 15 

15 2 SxlO n/cm. at T1 5 s 5 1 15 15 n 
n 16 2 c:::::t 
~ 2xl0 n/cm. at T1 5 s 5 l 15 15 :z 
:z """ """ -- T2 5 s s 1 15 15 Cl 
Cl "" ,., z :z 17 2 s 5 5 1 15 -I 
-I 10 n/ca at T2 15 -- :s:-i - 15 2 r-
r- SxlO n/cm at T2 5 5 5 1 15 15 

16 2 2xl0 n/cm at T2 5 5 s l 15 15 

T3 5 5 5 1 15 15 

17 2 10 n/cm at T3 5 5 5 l 15 15 

Sxto15n/cm2at t 3 5 5 5 \ 15 n 

..... 2xt016n;cm2at T3 5 s 5 l 15 15 
<:> 
-of 



.... TOLi UI TEST PROCRAH PAll'l' 11 (Continued) 
u:i 
00 

Ho. of Ro. of Teate Total 

'hat. condit:ions Wear Kat!•· Per Matl. Tes ti 

SEALS (cont'd.) 

loom Temp. 27 3 27 81 

Tl (36°1t) 27 3 27 81 

8 8 17 2 27 3 2.7 81 

z 
10 u/cm. at t 1 z 

15 2 ,, SxlO n/ca at T1 
6 3 6 18 3 -c '2:1r.1016n/ca

2
at T1 

c 
l'T1 

6 3 6 18 fTI 

~ 
z 

T2 
6 3 6 18 ..... - -

> 17 2 
> 

r 10 a.lea at T2 
6 3 6 18 r-

5x101Sa/cta2at T2 6 3 6 18 

16 2 2sl0 n./ca at T2 
6 3 6 18 

T3 6 3 6 18 

1017a.tcm2ac r 3 
6 3 6 18 



- ---· - --------~ 

TABLE III TEST PROGRAM PART II (Continued) 

No. of No . of Tests Total 
Test Conditions Wear Matls. Per Matl. Tests 

SEALS (Cont.d) 

Cl 
15 2 6 3 6 18 5x10 a/cm at T3 

0 0 
z 2x1016n/cm2at T3 6 3 6 18 0 .,, z - 9Tt 
0 -.,., BEAlllNGS 0 
, .. T1 (36°R) 27 3 27 81 m 
:-4 

z 
·- 17 2 -t 
:;» 10 n/cm at T1 27 3 27 81 -)> . 

15 2 -SxlO n/cm at T1 6 3 6 18 
~ 

16 2 2zl0 n/ca at T
1 

6 3 6 18 

T2 6 3 6 18 

17 2 10 n/cm at T2 6 3 6 18 

.... 5xto15n;cc2at T2 6 3 6 18 
co 
~ 

16 2 
6 3 6 18 2xl0 n/cm at T2 
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TABLE III TEST PBOGRAM PAJa (Continued) 

No. of Ro. of Testa 

THt Condition• '1ear Matls. Per M&tl. 

BUlllNGS (Cont' cl. ) 

Tl 
6 3 6 

17 2 10 n/ca at T3 
6 3 6 

Ss.lo15u/caa2at T3 
6 3 6 

2sl016u/cs2at T3 
6 3 6 

'rotal 
Tests 

18 .8 
18 

z .,, -
18 c 

m 
18 

2 
----4 -> r-
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0 
z .,, -0 m z 
-t -)> 
r-
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0 
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TABLE IV • TIRSILE TESTS 

Alloy Thickne•• Grain Stress Te•t Dose Total 
Allot• forms latches of Allgy Direction& eondition Temps. Levels Specimens 

PART 1 
Correlattou 
Standard 6 3 2 1 1 1 
Miniature 

PAD I 
Screeaiaa 21 2 1 l l 

PAI'? 11 
Buie lroP"• 4 2 3 l 2 

ALJ.OrS: 
Almainua 20141 2024 1 5052, 6061 1 7075 
Alco 355 
Ml 35 
lerylliwa 
lDc:oDel :I. 
Koael 
Stainle•• Steel 301 1 304, 304 L1 347, 17-4PH, 17•7'11 

*Staine•• Steel 416, 431 
Titanium 6'1. Al , 4%. V; Titanium 47. Al , S1. V 
Tool Steel 

* It i• believed that th••• allay• will be eliminated from 
the bale prop-- due to brittle properties at 36°1. 

1 2 0 120 

1 2 1 345 

2 4 s 881 

8 
2 

I I 

0 ..., 
z 
-I -)> ,_ 
• 



C') 
0 z 
-r1 -c 
l""I :z 
-t -)> 
r-

"" 0 

"" 
WLE V - TDSILI NOTCH TESTS 

Alla, Thickneaa Grain Streaa Teet Doae Total 
Alloy• Forms Batchea of Alloy Directions Condition Temps. Levela Specimeot 

PAil'? I 
Correlatioaa 
Standard Is 3 l l l l 
Kiaiature 

PART I 
Screening 21 2 l 1 l 

PAD II 
laaic Progr• 3 2 2 1 2 

ALLO!S: 
Alum~ 2014, 2024, 5052, 6061, 7075 
Al.co 355 
All 35 
Jer7ll1-
IDcoael :I 
lloael 
Stai.Ill••• Steel 301, 304, 304 L, 347, 17-4PH, 17•7PH 

*Staillleaa Steel 416, 431 
Tltaad.ua 61 Al. 4'1. Y; Titaoi\D 47. Al. S'I. v 
Tool Steel 

*It u helinecl tbat th•H alloy• will be eUainated from 
the bale progr• dlae to brittle propertiee at 36°'1. 

1 2 0 120 

1 2 1 345 8 
z 

2 4 s 881 _,, -0 
l'T1 :z 
-f -)> 
r-



8 
2 .,, -c 
IT1 z 
-t 
> r-

N 
0 
~ 

PART I 
Screening 

.:\LLOYS: 
Alu:ninum 2014, 
Stainless Steel 
Inc.onel X 
Tool Steel 
Beryllium 

TABLE VI - BUCKLING TESTS 

.\lloy Thicknesses Grain Stress Test Dose Total 
Alloys FoI"'lS Batches of Alloy Directions Conditions Teraps Levels Specir.ens 

9 1 l l l 1 2 0 150 

5052 
301, 304L 

Titanium 41 Al, 5~ V; 6% Al, 41. V 

("") 
0 
2! _,., -a 
t"T1 

~ -> 
I 

---- ... 



N 
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TABLE VII • CUEP TESTS 

AllOJ Thickness Grain Strei• Teat Dose Total 
Alloy• Forms Batches of Alloy Direction• Condition Tempe. Leyela Specimen• 

PAD I 

8 
Screeaing 14 2 1 1 1 1 2 0 260 

(") 
PART II 0 z ... le Progr- 2 2 2 1 2 2 4 4 245 2 .,, 
ALJ.OIS: 

..,, - -0 Al'-91- 2014. 6061. 7075 0 
fT1 Alco 355 

'"" ~ 
lerylliua z Stables• Steel AM 35. 17-4PB. l 7-7PH. 304, 347 

-4 - *StaiDleH Steel 416 1 431 -> Titantum 61. Al• 41. V; 47. Al• St. V )> r 
*It 1a believed tbat these allOJ• will be eliminated frOll the basic r-
progr- due to brittle pTopertles at 36°1.. 
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0 
z .,, -c 
fTI :z 
-t -> r 
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TABL Vl:I ~ FATlGt.'E TESTS 

i\lloy Thielen£ ,£ es ".;rain 3 tt'es IS Test [Jose To tii l 
A llo:vs Fonn5 Ih1 cch·es :if A .o- lJ i l'tctions r.:onditions 1 eaps Levels SpeoL'Tlen:s 

PART I 
Correlations 
Standard & 3 l 1 1 1 l 2 
Miniature 

PART I 
Screening 21 2 l . l 1 2 

PA.RT 11 
Basic Program 3 2 2 2 2 4 

ALLOYS: 
Aluminum 2014, 2024, 5052, 6061, 70i :.. 
Alco 355 
Am 35 
Beryllium 
lnconel X 
Monel 
Stainless Steel 301, 304,304L, 347 , 11.....!. " H 

*Stainless Steel 416, 431 
Titanium 6t Al, 41. V; Titanium 41. Al , ; .. V 
Tool Steel 

* It is believed that these alloys will ~e t.iminated from . the basic program due to 
brittle properties at 36°R. 
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PAR.t I 
Screening 

PART 11 
Baslc Program 

tEST MATERIALS: 
Stainless Steel 
Stellite 
Tool Steel 
Monel 
Ceramic 
Phenolic 
Amorphous Carbon 
Amorphous Carbon 
Graphitic Carbon 
Graphitic Carbon 

TA.~LE lX - W~AR 'l'EST.> 

Test Stress T '° ;>t f;v~C! TotAl 
Materials Forms Batche:; Conditi•j;1s i'·: ,.;,_•_.;_~cv•_;~--2.i:.!:'~i~ 

12 2 l 

7 2 l 

440 C, 304, 17-7 PH 

impregnated with Barium Fluoride 
impregnated with Cadmiu.~,\ Iodide 
impregnated with Bariu'.11 Fluoride 
impregnated with Cadmiu;r. Iodide 

l 2 1 1155 

l 4 3 765 8 z 
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rank 

Pressure She 11 

Pu:np 

Bearings 

!ABLE X - COH:PONENTS , MATERIALS, .\-'ID TESTS 

}L\TZRIAL 

Aluminur.i, 2014 
Aluminum, 5052 
Titanium, 6% ~1, 4% V 

Inconel j( 

Alur.iinum, 2024 
.Uuminum, 5052 
Aluminum, 6061 
Aluminuro, 7075 
.\le:>, 355 
Titat'liu.rn; 4 % Al, 5~~ V 
Titanium, 6% ~l, 4% V 

~ 

Stainless 5c.eel 
440C 
Stellite 
Ceramic 

Titaniwn, 4% Al, 5% V 
3tainles3 Steel, 301 
Stainless Steel, 304 L 

Tool Steel (fee) 

3tainless 3tcel, 304 
Stainless Steel, 347 
Stainless Steel, 41& 
Stainless Steel, 431 
:\m, 35 

17-4 PR 
17-7 PH 

Lubricants 

Gaseous Helium 
Ho Ly-disulfide 
Solid Fil:n 

~ 

Stainless Steel, 
440C 
Stellite 
tool Steel (fee) 
Monel 
Phenolic 
"Phenolic 
Cera:uic 

ru!i 

Tensile 
Tensile }lotch 
Buckling 
Fatigue 

Tensile 
Fatiiue 
Creep 
Tensile I:::i.pact 

wear 
Hardness 
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COHPOID:~ 

Seals 

Bellows 

Reflector 

TABLE x - COMPmIB:rrs. H.\TERIALS. A!'!D TESTS (Cont foued) 

MATERIAL 

Stainless Steel, J04 
Stainless Steel, 17-7 PH 
Stainless Steel. 440C 
Chrome Plate 
Amorphous Carbon impregnated with Barium Fluoride 
Amorphous Carbon impregnated ·with Cadmium Iodide 
Graphitic Carbon impregnated with Barium Fluoride 
Graphitic Carbon impregna ted with Cadmium Iodide 
Ceramic 

Aluminum, 2014 
Aluminum, 5052 
Titanium, 67. Al, 47. V 
Titaniu.~,4t Al, 57. V 
Stainless Steel, 301 
Stainless Steel. 304L 
Mon el 

Berylliulll 

~ 

:~ear 

Fatigue 
Tensile Shear 
Bellowd Ductility 
Bellows Enduranc e 
Bellows Torsion 

Tens ile 
Buckling 
Fatigue 
Creep 
Impact 
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TABLE XI - BELLOWS TES"r.t 

Alloy Stresa Test Dose 
Alloy• Forms Batches Conditions Temps. 1:.evels 

PilT II 
Basic Program l l 1 l 

ALLO!r~ 
To be •elected in Part I of the test program. 

r.:t 
0 
co 

4 3 

Total Specimens 

Bellow Bellow Bellow 
Ductility Endurance Torsion 

65 65 65 
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TABLE XII - TENS ILE SHEAll TESTS 

Alloy Thickness Grain Stress Test Dose Total 
Allpys Fonas Batche& of Alloy Directions Conditions Temps. Levels Specimens 

PAllT I 
Screening 

AJ..I.OrS: 

7 

Al.umimma 2014, 5052 

l 

Stainlea1 Steel 301, 304L 
Titanium 47. Al , 57. V; 6T. Al, 4T. V 
Konel 

l l 1 l 2 1 16S 
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APP EN DIX B 
STATISTICAL APPROACH 

Observations in all experimental work are subject to error. Under con
ditions that produce large errors, it is difficult to decide whether a 
particular result is genuine or due to experimental error. If the errpr 
is great, there are two generally accepted methods of reducing it. The 
experimental techniques can be refined ,or the experiment can be re
peated a number of times and the results averaged. 

The number of samples will vary, depending on expense, convenience, 
required accuracy, and other factors. To take more observations than 
required for establishing conclusions with a given level of signtficance 
Is extravagant -- porticularly ln experiments involving Irradiation, 
which tend to be both tedious and expensive. 

To make a proper statistical evaluation of any experiment, not only 
should a variety of samples and a sufficient number of repeats be In
cluded, but considerations should be glven to Inherent varfables In 
the experimental program. 

The consideration of each inherent variation Involves different phases 
of a study of systematic errors and, in itself, requires considerable time. 
However, by use of refined techniques, proper equipment, and cali
brated Instruments, the following possible variables are assumed to be 
constant: 

Cryogenic temperature + 2 °R 
Specimen size differenc-;s 
Reactor flux 

To determine the effects of cryogenic temperatures, radiation, andother 
posslbl e variations -- at the I east expense -- a statistical approach has 
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been used in the actual planning, or de5ign, of the program, as well as in 
the interpretation of the re5ultlng data. There area numberofstatisticol 
methods for de5igning e)(periments; the proposed designs are based on 
the principles of the randomised block, Youden square, and factorial 
experimentation. The first two methods may be considered as repre
sentative of the classical, one-variable-at-a-time approach. In the 
factorial method, however, alt the items that are requtred to bevarted 
are varied slmulta.neously. This, In effect, gives the maximum amount 
of infonnation about the experimental system for a given amount of 
work. The advantages of this design are as folloW$: 

• It provides much greater efficiency; estimates of a given standard 
of accurocy fur the effects can be obtained from a much smaller 
total number of observations. 

• Information Is given on the extent to which the factors interact, 
I.e., the way In which the effect$ of one factor are influenced by 
the other factors. The experiments will, therefore, give a wider 
inductive basis for any conclusions that may be reached. 

The proposed program will consist of two parts -- screening testing 
for material elimination and actual testing of selected materials. The 
resulting data wrll be statistically evaluated, and every effort wtll be 
made to obtain the most Information at the least expense. Some of the 
data will be reduced by analysts, as collected, to be certarn that suf
ficient details ore being gathered and that the important vorlables are 
being observed before the equipment or prepared conditions are dis
banded. For example, detennination of interactions may lead to a 
different concept of the experiment and may indicate the need for 
additional data. In-progress data analysis, even though It rs only 
approximate, can often save time, money, and manpower on a planned 
program by indicating that the original plan needs modifying to pro
duce the results expected from the experiment. 

The In-progress ancilysis, dealing with statistical stgntflcance tests, 
could be accompltshed by rank methods, In whlch the sertal numbers 
1, 2, 3 •.• N are substituted for actual data In an order (rank) 
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corresponding to tlie magnitude of the experimental figures. While 
these methods ore not as effkient statisticolly as the classical t, F, 
and Chi square tesh,tht:y possess three dhtinct advantages as follows: 

• Tr1ey oo:> not require the assumption of normal distribution 

• :·:1cr c;,·c: wp1c und simpi.::. 
• They are :::iarti .:ularl y aciopteci to situations where data ex.! st 

only in ran;... 

PART I 

Chemical analyses of each material testea will be rec:uired; each 
sample will ~e cna:y:::c.:t; :n trioi:cote. lndi ... idual results for each 
dettirmino~ion ...,j I: .~.:: r1;>~;1i! r(;c c1lonf: with reported mt;· .. l!'lS or -:iverages. 

Five samples of eacn mat.Jrial will be tested. This number is adequate 
for the production of statistically significant results, and it does not 
require an experimental program of prohibitive proportions. The choice 
of five samples is bosed upon on examination of two statistical meas
ures, the limit of error of a mean and the standard error of a mean. 

The I imi t of error (LE) of o mean (X) at a given confidence I evel 
depends upon the number of observations {N) from which the mean 
was computed. 

Where: 

and, 

l 

LE "' tS/N " 

t - Student's /'actor, based on the degrees of freedom 
(N-1) and the probability level. 

S "° standard deviation = ( 'ij(.2 - ~J \~ 
\ N-l I 

x -
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Then X == LE at a selected probability or confidence level. If LE is 
based on the 95 per cent probabillty level, it is Interpreted to mean 
that 95 per cent of the time the true value of X lies between X + LE 
and X - LE. 

- \: 
As S decreases, the precision of X Increases. V~lues for t/N are 
shown here, t and N being constant fo; n:-,y given set of data. 

ls 
t/ N '/alues 

S + a -
N PROBA81 LITY LEVEL 

90% 95% 99% 
2 + 4.464 9.011 + 45. 147 
3 1.685 2.487 5.737 
4 1.1n 1.591 2.920 
5 0.953 1.239 2.055 
6 0.822 1.049 1.646 
7 0.753 0.923 1.399 

10 0.580 0.716 1.031 
15 0.455 0.554 0.769 

It Is apparent that each new observation above flve produces o rela
tive! y small decrease In the limit of error of the mean. 

The standard error of a mean is Inversely proportional to the square 
root of the number of observations; that is, 

SE_= S/N\. 
x 

Values for 1/N are shown on the following page. 
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N 
2 
3 
4 
5 
6 
7 

JO 
15 

STANDARD ERROR OF A MEAN 
~--

1 / N" Values 
O.i'07 
0.577 
0.500 
0.447 
0.408 
0.378 
0.316 
0.258 

The averaging of four observations decreases the standard error of the 
mean to one-half that of a single obsC?rvation; the standard error or 
the mean of fifteen ob!.crvations is approximately one-quarter that of 
a single test. Here again, when more than five samples arc used, the 
small gain in precision is at the expense of other factors. 

The process of repeating an experiment a number of times and averaging 
the results to reduce the error is inefficient. ,)his may be shown in a 
different way. Since the magnitude of tS/N • is a function of the num
ber of observations, the number of observations required to increase 
the precision of the mean to a prescribed level can be estimated from 
the formula: 

lOOS Where SR " 
x 

(2 . E \ 2 
!-I .:. !>Rf L Rj 

),. 

and LER == tSR/N~ (in this case, the level of precision desired). 

The number of observations required to increase the precision of the 
mean from 10 to 0.1 per ~ent j5 shown on the following page for 
various values of the relative standard deviation (SR). 
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lncrea~e tn Precision of the Mean as a Function of the Number of 
Observatiom with tat 95% Probablllty Level 

NUMBER OF OBSERVATIONS 

LER 
SR 0.5 l.O 2.0 3.0 5.0 

lO 

5 
4 

4 
2 6 

2 4 9 25 t 
4 16 36 100 

0.5 4 16 64 144 400 t 
0.2 25 100 400 900 2,500 

0.1 \00 400 1,600 3,600 10,000 

ln order to unde~tand the use of the above tabte and formula, con-
t 

stder the follow1ng set of data: 

10. l N = 4 ' 9.8 ~ = 10.0 
10.2 

' 9.9 S :: 0.18 or 0.2 
SR '"' (0.2) (100/10 == 2% 
X + LE 95% :: lO.O + 0.3 
)( I LER = 10.0!2% 
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If the prescribed level of precision In this case Is 1 per cent, the num
ber of observations required to Increase the precision of the mean to 
l per cent Is: 

N = (2SR/LER)2 

SR = 2Dk 
LER = 1% 

Therefore, 16 observations are necesSC1ry to increase the precision of 
the meon from 2 to 1 per cent. And 36 observations are needed to 
Increase the precision of a mean from 3 to 1 per cent. 

It should be pointed out that should the standard deviation or variance 
of a test mean be too large, additional determinations will be made; 
however, no more than necessary wll I be made consistent wl th the test. 

PART 11 

The testing program for Port II Is shown In Table Ill. The programwas 
designed to establish Instrument repeatablltty, day-to-day reproduc1-
bilfty, heat-treat repeatability during sample preparation, effects of 
chemfcal composition, operator-to-operator reproduclblJity, and the 
to1al over-all deviation as well as the effech of cryogenic and radl
atron environments. For sheet material, statistical analysts wlll reveal, 
without requiring more testing, heterogeneity, If present, and whether 
or not It has any effects on results. 

The program Is divided Into two sections, A and B. The testfngschemes 
for Section A and Section 8 are shown at the end of this Appendix. 
Data resulting from Section A testing, In addition to determining the 
effects of the sample parameten (composition and heat treatment) and 
test parameters (temperature and radiation), as well as serving as a 
qualtty control program, wlll be used as reference data for other test 
parometen. 
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The propoaed approach for Part II could be cons1dered as a minimum 
program. Some testlng methods, e.g., fatigue, may g1ve too large a 
standard error of the mean1 and additional testing may be necessary. 
In Section B, the number of samples to be tested c:ould decr.ase or 
1ncrease, depending upon the analysis of the data resultlng from 
Section A. 

The follow! ng references are •uggested for further rnformatron on 
statlsttcal methods: 

Brownlee, K. A., "lndustrral Experimentation, 11 Chemical Publlshlng 
Co., Inc., Brooklyn, 1949 

Cochran, W. G. and Cox, G. M., "Experimental Designs," John Wtley 
and Sons, Inc., New York, 1950 

Goulden, C. H., "Methods of Statistical Analysls,11 John Wlley and 
Sons, Inc., New York, 1952 

Hoel, P. G., "Introduction to Mathematical Statistics,'• John Wiley 
and Sons, Inc., New York, 1947 

Youden, W., 11 Statlstlcal Methods for Chemists," John Wiiey and 
Sons, Inc. , New York, 1951 
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SCHEME - SECTION A OF PHASE II TEST PROGRAM 

I MATERIAL 

I BATCH A 

I 
A's1 c 1 A2 82 c2 A3 e3 cJ HEAT TREAT 

I 

I ROOM TEMPERATURE A' e2 cJ ·I 
I ,.,2 83 c 1 

I 
AJ el c2 

I 
I 20° R I A 1 s2 cJ 

I 
A2 93 CJ 

I 
AJ s' c2 

I 

' 20° R + IRRADIATION A' e2 c3 

A293C1 

A3 el c2 

* PER SAMPLE PARAMETER THREE DETERMINATIONS 

TWENTY-SEVEN SPECIMENS ARE REQUIRED FOR ONE OETERMINA TION. 
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SCHEME - SECTION B OF PHASE II TEST PROGRAM 

BATOi 

HEAT TREAT 

T 0 R 2 

T 2° R +IRRADIATION 

MATERIAL 

[ A 1 a 1 92 

* ONE DETERMINATION PER SAMPLE PARAMETER 

SIX SPECIMENS REQUIRED FOR ONE DETERMINATION. 
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APPENDIX C 

REMOTE DISASSEMBLY 

OF AIRCRAFT SUBSYSTEMS 

Abstract: 

PreUmlnary investigation or the various aircraft subsystems has 
shown that there le a need for mnnipulator-operated disassembly 
tools. Some of these tools have been developed, along with elec
trical and hydraulic fillings that are easily adapted for remote 
connecting and dlsconnecling with the Model 8 manipulators. In 
some cases, a system can be specially constructed for ease of 
disassembly by using modular assembly. Examples of this 
modular construction are the HDZ-1 radio receiver and Ute 
radiation-resistant television camera. 
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INTRODUCTION 

A preliminary study of aircraft subsystems pl'oposed for irradia
tion has shown thal Uu:re a1·e a numher of pl'oblem areas relative 
to the remote disnsscmbly of these subsystems. Some of these 
problems can be solved easily by use of standard items such as 
quick disconnect AN plugs und hydraulic connectors. But for the 
most part, the aolution to thosu problems 1·equires that the equip
ment, components, and subsystems be modified to permit 
disassembly wllh standa1·d manipulators. To accomplish remote 
disassembly of Irradiated subsystems, strict requh'ements for 
ele<'trlcal and hydraulic connectors, tic downs, control locations, 
and hooks or bales for remote crane handling as well as for con
struction methods must be incorporated into the preliminary 
design of the subHystcm and its components. However, care must 
be exercised so that modification of the subsystem for remote 
disassembly does not impair the function or the subsystem. 

Whenever possible, modular construction of components into sub
systems is used. This type o[ construclion is necessary to permit 
any one section of an lrradhllcd subsyi.tcm or component to be 
removed for further disassembly and testing. This type of con
struction also 1>ermlts n damaged section to be replaced with 
another system, in order to dynamically test the rest of the sub
system. 

Whlle the Georgia Nuclear Laboratory was still under construction, 
disassembly studies and l'emote handling tool development were 
being conducted al Air Force Plant 6 in Marietta, Georgia. 
Figure A-1 shows a mock-up that was constructed to accomplish 
this program. All o( the GNL hot cell features are incorporated 
tn the mock-up to duplicate the viewing and remote handling 
characteristics that wfll exist when an irradiated subsystem le 
being disassembled. This view of the cell shows the Model 8 
manipulators, the General Mills E-2 manipulator, the sodium 
vapor lamps, and the shnulalcd flatcar of the hot materials han
dling system. 
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REMOTE HANDLING TOOLS 

As manipulators are the tooJ.s With which the task of disassembly 
ls performt1d, their capacity, reach, and dexte1·1ty is of prime 
importance when the modHicutlon ci·Herla arc e:::itabllshed. I( 

the normal capacity of the manipulator must be cX<!ceded, or if 
the modification becomes too compllcateJ and co8tly, the manipu
lator capabihUcs arc increased by the development of special 
remote handling tools. 

Remote handling tools can be fabricated from special designs, or 
commercial tools can be purchased und modified to be operated 
by the manipulators. An example of a modiCied commercial tool 
ls shown in Figure A-2. This tool, a seven-pound Black and Decker 
No. 100 heavy-duty impact wrench wilh 1/2 in. bolt diameter ca
pacity, Js capable of delivering 1800 impacts per minute. Using 
the jig shown in Figure A-2, lhc mollified impact wrench ts re
motely attached or dctaclu~d frorn tbti Model 8 manipulator. 

To attach the impact wrench to the manipulator arm, the handle 
and the on-off switch is reniove<.I, The holding frame is built to 
fit the contour of the "wrh1l" of the manipulator. An inclexing 
gear, with u l'ontrol cable l"unning from lhe indexing pin to the 
sHding control assembly, ls ulluched to lhe holding frame. The 
sliding control assembly pez·mits Ute tongs lo keep the indexing 
pin disengaged from the geur until the desired position ls uttained. 
As the indexing control pin ts located on the same assembly, di
rectly below the on-off switch, the manipulator tongs can easily 
Index or turn the switch on or off by moving to the proper position 
and applying a squeeze motion. 

When the tool is Indexed to the proper position, the grip is relaxed 
and the Index pin slides into position. As this holds the tool in 
position, the tongs arc relaxed and moved to the on-oU switch 
located directly above the cable control pin lo operate the tool. 
Pneumatic impact wrenches seem to be a better tool for the job, 
ae they weigh lees than comparable electrical wrenches. Since 
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FIGURE A-2 IMPACT WRENCH BEING MOUNTED ON MODEL-8 MANIPULATOR 
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the exhaust tends to scatter contamtnatlon, however, pneumatic 
tools have limited acceptance unless the exhaust ls directed away 
from the contaminated Item. 

A preliminary investigation of wire cutters for remote dleaasembly 
Indicates that it ts extremely difficult to apply enough pressure to 
the tool to cut wire of significant size. As the gripping power of 
the Model 8 manipulators le Umlted, it was necessary to develop 
a tool that would deliver a greater cutting force. This was accom
plished by Increasing the effective lever arm, tn the manner ahown 
in Figure A-3. The cutter ls designed and fabricated to remotely 
detach and attach to the Model 8 manipulator In the same way as the 
standard remotely-removable tongs. Thia is accomplished with tbe 
flange and flange clamp shown ln Figure A-4. The cutting action la 
obtained by squeezing the grips together. Thia action causes the 
cutting bar to be forced against the slotted end portion of the tool. 
This method can be used to cut wire up to #14 AWG. The slender 
cutting portion of the tool permits Its insertion Into crowded areae 
where it hook& onto the wire that le to be cut. In thls manner, 
various electronic Items are removed from a cha&Bie for individual 
radiation damage testing. As this cutter has limited capacity. a 
pneumatic cutter was designed with considerably higher capacity 
than the mechanical wire cutter. 

Almost any hand tool can be adapted to the manipulators for remote 
handlltUP: and dlsaseemblv. and at oresent several tools have been 
designed. These Include an electdc ecrew driver, a tube-puller, 
a soldering iron. and a hydraulic universal attachment than can 
be adapted for shearing, gripping, or rotation. All of these tools 
have been designed [or remote detachment from and attachment to 
the Model 8 manipulator. 

VIEWING 

It ts Important in any hot cell work for the operator's vlew of tile 
work area to be u nearly complete as possible. Close vtewlni 11 
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FIGURE A-4 ATTACHMENT OF CUTTING TOOL ON MANIPULATOR 
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extremely Important in the disut-1t1cm1Jly of l:ompll'X and <k·Jkatc 
subsystems. Thl' 8lt111dard hot c<ill window, whih~ ~iving- lm·r1!ascd 
vision due to the imJux or refraction of the ll•:td )<lass , doc~ nul 
offer an appreciable degree of magnifi(•atiun, Thcrl' <H'l' a number 
of vlsual aldt; available for hot cell ui:;c. A television sysl<~m with 
remote pan and tilt and a remotely opcrated Zoomar icns has bcen 
used by some h1dustriet1 for a number of years. One obvious draw
back to this system Is that the lens browns l.luc to irru<liatlon. A 
irood lens. With non-browning glass, has not yet been manufactured. 
A periscope wtth non-browning lenses is commercially available, 
and it ts of great assistance in hot cell work for reading micro
meters, gagcs, and dials. But since the operator must remove his 
hands from the manipulator to view his objcclive, this viewing 
system ts not very effective in remote disassembly work. 

Slnce the operator must view his work closl?ly and still operate the 
manipulator, it was decided that a pair of binoculars installed on 
an adjustable holding bracket mounted outslcle the cell would not 
only meet the visual requirements but would also cllminate the 
problem of lens browning. A pair of 6 x 30 binoculars was mounted 
directly above the window on a ball jolntcd holding rod, aa shown in 
Figure A-5, Thls typ<! of mount permits the operator to adjust the 
binoculars and subsequently view his work without removing his 
hands from the mnnipulat<>r. The only chnnge required is to adjust 
the focal rangu or the binoculars to roincldc with the space limi
tation of the hot cells. The 6 x 30 binoculars arc indeed an lmprove
rnent to the hot cell viewing syswm; but the field of view is not wide 
enough, and there Js a definite need for more~ magnlffratlon. Pre
liminary lnvestlgntions on the modification of n pair of 8 x 50 
binoculars has shown that to obtain the focal range desired the 
convurgence angle will also have to be changed. 

CONNECTORS 

The Model 8 manipul:ttor can disconnect and connect practically 
any of the standard AN connectors. Some of the quick-disconnect 
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connectors are obviously better adapted for remote operation than 
the multi-thread or twist Jock connectors. The remote discon
nection of any type of connector requires that it be easily accessible 
to the manipulators. By locating as many connectors as is feasible 
on a junction board that is easily accessible, remote disconnections 
and co1U1ectlons of electrical leads is considerably simplified. 

Pneumatic and hydraulic fittings lntroducu a dHferent type of prob
lem. To have a '1eak-proor seal, a fitting ordinarily requires the 
application of high torque. In making a hydraulic coupling the lines 
are usually filled with air and have to be bled. When a hydraulic 
fitting is disconnected, oil leakes from the line; and in the case of an 
irradiated systems this leak would spread contamination. A cou
pling to be remotely connected and disconnected must be self-sealing; 
it must be capable of being connected and disconnected by the Model 
8 manipulators; tt must require one or less revolutions to complete 
the coupling; and It must have sufrtcicnt pressure raUng Lo perform 
the tests. The Aeroquip self-sflallng hydraulic and pneumallc cou
pling shown In Figure A- 6 meets all o( these requirements. Fluid 
lines can be disconnected wllhout loss of fluid or introduction of air 
into the system. Removal of components from a subsystem using 
these couplings is measured in minutes rathe1· than hours; and as 
the coupling is easily connected and disconnected by the Model 8 
manipulator, special tools are not required. The prusent pressure 
rating ls 3000 psi at temperatures from - 65°1" to l 60°F. 

MODULAR SYSTEM CONSTRUCTION 

As has been mentioned before, module construction greally en
~ancee the capabtlity or manipulators to disassemble irradiated 
subsystems and components. The RDZ receiver shown in Figures 
A-7 and A-8 is modtrled to utilize module construction; it is an 
example of what can be done to a complicated system to facllitate 
remote disassembly and testing. 
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The modification consists of assembling the receiver in four basic 
sections: 

• Power supply 
• Filter section 
• IF I AF section 
• Pre-selector and converter unit 

The power supply, the IF/AF section, and the pre-selt'ctor and 
converter unit are tied together with four Phillips-head fasteners, 
which are easily removed with an electrically-operated screw
driver. The filter unit ts mounted on the chassis as an integral 
part of the subsystem, but it is isolated mechanically. For sure 
tool alignment, all screws and bolts are replaced with Philltps
head screws. This type of screw provide~ for easier alignment 
with a remotely operated electric screw driver than does the ~tandard 
slotted screw. The amphenol pin-polarized connector was chosen, 
because it requires a low insertion and withdrawal force and because 
the pins permit plug-in without danger of mtsmating. This type of 
connector ts easily and quickly removed even when the connector is 
out of sight within the equipment as shown in Figures A-7 and A-8. 
Also shown in Figure A-7 are the farming strips that replace the 
standard terminal strips. These fanning strips permit the manipu
lators to make a multiple connection; and although individually 
fastened to the terminal strip, they are fixed In a position so that 
they can all be either connected or disconnected at the same time. 

The soldered connections, between the power supply and the IF I AF 
section, the power supply, and the pre-selector and converter unU, 
are replaced with an amphenol plug-in type connector number 26-159-16, 
as shown in Figure 8. This connector mates the various units elec
trically and permits easy dlaaBBembly. since the plug ls located to 
mate when placed In position and slld forward. Gulde pins on the plug 
and Us mate ustst In aligning the units. 

Receiving tubes equippi:!d with guldn ptna can be easily removed and 
replaced by using a standard tube puller adapted for remote handling. 
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Submlnlature tubes having no guide pin will be a little troublesome 
since the pins are easily bent and since, if positive alignment ls 
not possible, they might be forced into a mismating. Thle problem 
can be partially solved by placing a guide mark on the tube and a 
corresponding mark on the socket. ThJs permits the operator to 
be certain of the alignment before he applies insertion pressure. 
Another solution to this particular problem ts to solder a standard 
guide pin socket to the base of the miniature tube socket for a 
permanent double socket arrangement. 

A radiation-resistant television camera, designed and fabricated 
by Lockheed Aircraft Corporation, California Division, is quite 
similar tn design for disassembly to the RDZ receiver described. 
For testing purposes, this prototype model Is large!" and more 
Intricate mechanically than will be required in later operational 
units. This approach and the module type of construction is made 
to facllttate complete disassembly of the test model with the manipu-
lators described. · 

Here again the module type of construction provides for relatively 
easy disassembly of the entire camera. Slides or slots. shown tn 
Figure A-9, are provided so that the lens and the vldicon coils are 
accesslble and easily removable. Electronic ct.rcults &.fe on bread 
boards of the plug-in type that require very llttle soldering for 
assembling or disassembllng. Although the bread boards are 
accessible and soldering can be done with a minimum of trouble, 
an improvement could likely be made by replacing the bread boards 
with fanning strips. The use of a piano hinge to attach the cover to 
the rear of the camera base affords accessibility to the interior to 
permit changes by remote handlJng equipment, as shown In Figure 
A-10. 

Fig\ire A-9 shows the outer structure of the camera case, includtng 
the hinged lever aaeembly, cooling duels, and lens elide. The 
ejection system for removing the plug from the vidlcon tube ts shown 
in Figure A-11. The lever is pulled by the manipulator, and this 
effects a straight pull to remove the plug from the \'idicon tube. 
Once this plug Is removed, the vtdlcon tube can be removed from the 
coils; then the coils themselves can be removed. 
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APPENDIX 0 

THE REMOTE DISASSEMBLY AND 

REASSEMBLY OF 111E RADIO SET 

AN/ARC-34 
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INTRODUCTION 

The following materfal fa a guide for the remote disassembly and 
reassembly of Radio Set AN/ ARC- 34, an airborne transceiver, 
using hot cell equipment. This equipment includes the Central 
Research Laboratories Model 8 manipulators, the General Mills 
E-2 manipulator, the Kollmorgen Model 301 periscope, and the 
Wollensak 6 x 30 binoculars. Included In this pre-lrradiatton atudy 
are the analyses; techniques, modifications, special tool develop
ment, and procedures that were established, These operatlone 
were conducted in the hot cell mock-up facility at the Georgia 
Nuclear Laboratories, Air Force Plant 67, Dawsonville, Georgia, 
shown in Figure B-1. This hot cell mock-up operation will ensure 
the success of remote operations on an irradiated AN/ ARC-34. 
In the event of a total or parlial failure of some of ·the radio sub
assembltes, vacuum tubes, diodes, or other electronic Jterns, 
these items will be replaced remotely, 

OBJECT 

All the remote handling requirements will be met. The operational 
studies In the hot cell mock-up will answer most questions that 
might arfse. A satisfactory view of those vital components and 
electronic Items of the AN/ ARC-34 will be obtained. Vital com
ponents and electronic ftems will be reached and handled with hot 
cell tools already developed. Modifications to the Radio Set and 
special tools w:lll be required, The exact procedures will be used 
ln the disassembly, replacement of all vftal components and Items, 
and the reassembly of the AN/ ARC-34. The following components 
will be removed and replaced: 

• Receiver, Subassembly 
• Modulator, Radio 
• Selector Control Subassembly 
• Control Monitor 
• Receiver, Radio 
• AmpllUer, Oscillator 
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PROCEDURE 

1. Pre-analysis and Planning 

A pre-buildup study of the AN/ ARC-34, conalderlng ita size 
(7-1/2 In. x 10 In. x 21 in.), weight (45 lb), and adaptablllty for 
remote handling with the Model 8 manipulators, was made. The 
AN/ARC-34, being an airborne receiver-transmitter, Is small 
and compact and haa many components and parts. Each component 
contains electronic circuits, condensers, diodes, and vacuum 
tubes or various sizes. The removal of these component& and 
parts requires very careful handling. The extraction of vacuum 
tubes and other small items ls difficult because of the very com
pact natu.-e of the radio system. Viewing and locating these parts 
require extensi'le use of hot cell optical instruments.:._ binoculars, 
periscope, and convex mirror. 

2. Complexity and Accesslbtllty 

Because of the vast complexity and inaccessible location of some 
of the components and Items, two large exploded Isometric draw
ings. Figures B-2 and B-3, were made showing the components 
on both sides of the Radio Set. All electrical connectors and dis
assembly screws are shown in these drawings. 

Complexity of the radio system had the greatest single effect on 
the time requii-ements for mock-up activities. Most of the vacuum 
tubes and diodes were inaccesetble and required the removal of 
the component for the replacement of those items. 

3. Special Tools and Equipment 

A rectangular mount rack constructed of aluminum angles was 
designed to hold the AN/ARC-34 on the test car. The mount rack 

244 



MOOUlATOR RADIO MD-198 

'---- RfCBVER SU8ASSEM8LY R-568 

NOTE: COVER NOT SHOWN 

FIGURE 8-2 AN/ARC-34, VIEW I 
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used in the hot cell mock- up duplicates the uctuul mount rack to 
be used in the radiation testing of I.he AN/ ARC-:j4. Jt is shown in 
1-'igure B-4. This rack is equipped wHh a circular knurled knob 
on one end, allowSng the manipulator operator to rot.ate thu radio 
set on a horizontal axis locatctl about 19 inche1:1 above the top of 
the test car. This rack was developed to facilitate remote handling, 
removal or components, and easier viewing. Normal hot cell equip
mm1t was utilized dul"ing this mock-up operation. This equipment 
includes closed circ..'Uit TV camera and monitoring system, cell wall 
periscope. hif{h powered binoculars, poi·table spotlight, and ll con
vex viewing mirror. Special hot ct~ll tools already in use include 
the wlrl! cutter and the "Lazy Su::mn" tool rack. 

Most of the existing hot cell tools were unu.lyzed with respect to 
the tool requirements for the disassembly and reassembly or the 
AN/ ARC-:J4. Many of tlwse tools were found to be too large .and 
too tiring for the manipulator· operators to utilize in remote opera
tion on the Radlo Set. 

Two ratchet- typP .S!'n'W drivers Wl!re modified both in length and 
blade size ns Hhown in 1'"igurt! B-5. A special Rcrcw driver, Figure 
8-4, was dcv(•lopml with an o£f-sct handle. This was necessary so 
that the m:mlpulntor 01wrnlors could see very small screws In the 
radio st•t without Litt' manlpulnlor claw anfi screw driver handle being 
~n th() llnc or sight. 

Othrr toolR dLwclo1wd Wt'l'l' a variety of steel handles to remove the 
components from thf' radfo c-nbinct. Most of the components plug 
into clcctrlcnl l'onnc•ctors dlrN:tly b~ncath the subassembly; con
siderable fnrcc is n•quired to srpHratc these connectors. The 
Model R mnnlpulntors nrc too large in most cases to grasp the com
ponl•ntR wj thout drtmap;lnp; the d<.'llcate e)cctrlcal parts. The handles 
arc <"aslly attadicd to the componunts and provide a safe method of 
handling. This grl•nlly rliducci;; tht! possibility of dropping the sub
asaC"mbly during dlsasfwmbly. Obvlously, dropping n subassembly 
would cause <•onsid<•rablc damage. 
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Existing vacuum tube pullers v·.!re modified with rubber tips to 
extract nnd replace vacuum tubes. A different size was required 
for each dHforenl sl:t.e tube In lhe radio set. The type constructed 
of thin slel!l tubing with a tapered slot on both sides and extending 
almost the length of the tube proved to be the most effective for 
Model 8 manipulator usage. 

4. Subsystem Modification Hequircmcnts 

ModHtcations for some spe<.!iflc components and Items In the 
AN/ ARC- 34 nre: 

• Modulator Radio: ncplace the three existing red dis
assembly screws on this element with three screws of 
thu Anmc diameter, but having raised heads 3/4 of an 
lnt·h ln depth. Paint these screw heads white for easter 
idP-ntfficatlon. 

• Paint white spots for ldentiflcatton on the edges and screw 
holes of the components where the tool handle ends will 
engage. 

• Increase the lengths of the electrical cables havlng twtet 
type connectors for easier remote disconnection. 

• Identify vacuum tubes with their alignment tnto their 
respective female sockets. 

• Paint the top of electrical connectors marked P696 and P697 
white for easier Identification. 

The following components of the AN/ARC-34 were removed re
motely In the order shown during the hot cell mock-up operation: 
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(a) Receiver Subassembly (R-668/ ARC-34) 
(b) Modulator, Radio (MD-198/ ARC-34) 



(c) Selector Control Subassembly (MX-1489/ ARC-34) 
(tl) Control Monitor (C-1256/ ARC-34) 
(o) Receiver, Radio (R-567/ARC-34) 
(f) Amplifier-Oscillator (AM-868/ ARC-34) 

5 . Job Instructions 

The AN/ ARC- 34 was mounted in the mount rack described pre
viously in Paragraph 3, The mounted radio was then placed upon 
a lest car and the car wus positioned inside the hot cell mock-up 
at the Radiation Effects Laboratory building. The actual procedure 
for the component disassembly of the AN/ ARC- 34 was performed 
in the hot cell mock-up nnd will be utilized as a guide in future hot 
cell operation. 

The first disasscmbl.v operation ls to remove the top cover from 
the radio set •. Loosen the three screws on the right end of the 
cover one turn to the left. These screws are spring attached and 
will spring out when they have been loosened enough. Remove the 
cover by raising the right end up and pushing to the left. 

The first component to be removed is the Receiver Subassembly 
located al the lower left of the radio Sl't. Loosen the three white 
disassembly screws several turns to the left. The screws will 
dangle loose when they have been loosened ·~nough. Next, plck 

• All the special tools developed were painted while and then 
identified with black bands. For example, one black band for 
the recei~er subassembly, two black bands for the modulator 
radio, etc. The manipulator operator ls furnished a tool identi
fication chart. The white and black colors proved to be more 
easily seen than other colors when viewed through the cell windows. 
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• up the special tool handle with one black band • See Figure B-6. 
Insert one end or the tool under the handle on the left front of the 
component. Insert the right end of the tool under the flange of the 
protruding end of the component on the upper right front. (All the 
tool handles are made springy for easier manipulation Into their 
correct positions. Also, being springy, these tools will grasp 
the components wfth a firmer and tighter grip.) Pull straight out 
on the handle and the component will disconnect from the radio 
chassis. 

The next component to be removed ls the Modulator Radio located 
in the lower right front of the radio set. This ts accomplished by 
loosening the three white screws In the same manner as before. 
These screws again will dangle free. The tool handle with two 
black bands is positioned diagonally across the front of the com.
ponent as shown in Figure B-7. One tool end is Inserted in a bole 
at the lower left of the component; the other tool end ts inserted in 
a hole at the upper left of the component. Both holes are spotted 
with white paint for easier identtftcation. The component Is lifted 
straight out of the electrical connector located beneath the com
ponent. 

• The AN/ ARC-34 used in the mock-up test did not contain the 
instrumentation cables leading into both the top and the bottom 
cover of the radio set. On the actual lnstrumentated AN/ ARC- 34 
to be lrradJated, these instrumentation cables will have to be 
disconnected before the covers can be removed. These cables 
will be fastened to the covers by aluminum connector blocks. 
Loosening two screws on each coMector block allows the cables 
to be disconnected from the female sockets within the radJo set, 
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There is now only one component remaining in the radio set on 
this side. This is the large Selector Control Subassembly. It 
has four screws, painted white, in each corner of the component. 
Loosen each screw about four turns to the left. This component 
has two tool handlas, each having three black bands for identi
fication. Sec Figure B- 8. Engage the ends of both tools under 
the heads of the four screwr;;. Tighten these !:!crews on the ends 
ot the tools. Lift ~c component about three inches out of the two 
electrical connector& beneath. A twist-type connector cable lead
ing from the component to the radio chassis must be disconnected 
before the component can be removed. Disconnect the cable and 
llft the component out of the radio set. This completes the com
ponent disassembly on the top half of the AN/AHC-34. 

Turn the r:tdio set over by loosening the large knurled knob on the 
mount rack, The lower portion of the set is now positioned toward 
the manipulator operator. Tighten the knob, and the radio set is 
now in position for the remote disassembly of the bottom half of 
the set. 

Remove the cover by loosening the four white screws, two on each 
end. Turn each screw once to the left. Lift the cover off by prying 
up under the right end with a screw driver, 

The Control Monitor component is removed first. Locate the thr<~e 
white disassembly screws nnrl loosen them. No tool handle iR nec
essary to remove this componl'nt. Remove the Control Monitor by 
lifting straight out, 

Pull the twist-type cable connector with the orange band located 
just In front of the Receiver Guard at the upper right of the set 
out or the two cltps and disconnect the cable. 

Disconnuct the twiAt-type cable connector with the green band next. 
The twist type cable! connt•ctor with the red band located on the 
right side of lhc Receiver Guard is disconnected also. 
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Now loosen the two white screws on the Receiver Guard. Pick up 
the tool handle with four black bands shown In Flgure B-9. The 
right end of the tool ts inserted under the big slot on the Receiver 
Guard and lhe other end is inserted under the small hole on the 
left end of the compartment. These places are identified by white 
paint spots. Pull the Receiver Guard out a short distance. At 
this point, the three loose cable ends must be pushed through the 
big slot in the Receiyer Guard. Now li£t the Receiver Guard 
straight out. 

Attach the tool with five black bands to the Receiver Radio com
ponent by screwing the two screws on the handle into the two raised 
and tapped posts on the component shown In Figure B-10. The com
ponent ls then lifted straight out. 

The final component lo be removed Is the large, heavy Amplifier-. 
Oscillator. The white connector marked P696 located at the lower 
le£t o( the component must be unplugged. Also unplug the white 
connector marked P697 located at the upper right of the component. 
Unscrew the two socket-bead cap screws located on the lower ex
terior of the radio cabinet and remove them from the radio cabinet. 
Pick up the two tools with six black bands shown in Figure B-11. 
Insert the end of the tools where the white identification spots are 
located. The component, being heavy, requires careful handling. 
Lift the component straight out of the cabinet. This c.ompletes the 
component disassembly of the AN/ARC-34 Radio Set. 

The AN/ARC-34 components are reassembled in the reverse order. 
Reassembly requires greater care tn handltng the components, 
because almost all of the components have to be inserted Into elec
trical connectors. Thie is done almost ''blindly" and the ''feel" of 
a good connection has to be done remotely with the Model 8 manipu
lators. 
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Reassemble the components in the or<ler shown below: 

a. Amplifier-Oscillator 
b. Receiver Radio 
c. Receiver Guard - This requires the use o( a string to tie 

the three loose ends of the electrical 
cables together. The cables have to be 
pulled through the large slot on the guard 
before the guard can be placed over the 
receiver. 

d, Control Monitor 
e, Selector C-0ntrol Subassembly 
f. Modulator, Radio 
g. Receiver Subassembly 
h. Replace the cover on this side of the set. 

This completes the reassembly of the AN/ARC-34. 

CONCLUSIONS 

The AN/ ARC-34 can be disassembled and reassembled remotely 
using Model 8 manipulators. 
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