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FOREWORD 

This is the final safety analysis report prepared by The Martin Com
pany for the Task 2 Radioisotope Powered Thermoelectric Generator under 
U.S. Atomic Energy Commission Contract AT(30-3)-217. It presents 
analyseS5tests and evaluation of the operational safety criteria for the 
generator. 
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SUMMARY 

This r epor t desc r ibes the safety a spec t s involved in utilizing the Task 
2 Radioisotope Powered The rmoe lec t r i c Genera tor in a t e r r e s t r i a l s a t e l 
l i te . It is based upon a genera l ized sa te l l i te miss ion having a 600-day 
orbi ta l l i fe t ime. 

A descr ip t ion of the basic design of the genera to r i s p resen ted in 
o rde r to es tab l i sh the analyt ical model . This includes the genera to r 
design, r ad ioce r ium fuel p rope r t i e s and the fuel co r e . 

The t r a n s p o r t of the gene ra to r to the launch site i s examined, including 
the shipping cask, shipping p rocedu re s and shipping h a z a r d s . 

A descr ip t ion of ground handling and vehicle integrat ion is presented 
including p repara t ion for fuel t r ans fe r , t r ans fe r , mating of genera to r s 
to final s tage, mating final s tage to boos ter , and auxi l iary support equip
ment. 

The flight vehicle is p resen ted to complete the analyt ical model. Con
tained in th is chapter a r e descr ip t ions of the boos te r - sus t a ine r , final 
stage, propel lants and buil t- in safety s y s t e m s . 

The typical mis s i l e range is examined with respec t to the launch 
complex and range safety c h a r a c t e r i s t i c s . 

The shielding of the fuel is d i scussed and includes both dose r a t e s and 
shield th icknesses requi red . The ba re core , shielded genera tor , fuel t r a n s 
fer operat ion and dose r a t e s for accidental conditions a r e t rea ted . 

The mechan i sm of r e - e n t r y from the successful miss ion is covered. 
Radiocer ium inventor ies with respec t to t ime and the chronology of r e 
entry a r e specifically t r ea ted . 

The miultiplicity of conditions for abor ted miss ions is set forth. The 
definition of abor ted miss ions is t r e a t e d f irs t in o r d e r to present the 
init ial condit ions. Following th is , a definition of the forces imposed upon 
the gene ra to r i s presented . 

The fate of the rad iocer ium fuel following both successful and abor ted 
miss ions is p resented . A la rge number of initial vehicle failure ca ses is 
nar rowed down into ca tegor ies of consequences . Since s t ra tospher ic in
jection of fuel r e su l t s in ca ses where the fuel i s not contained after r e - en t ry , 
an extensive discussion of the fallout mechanism is p resen ted . 
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I. INTRODUCTION* 

This report summarizes the safety aspects associated with the use of 
the Task 2 nuclear thermoelectric generators as auxiliary power units for 
satellite vehicles. Two generators, each fueled with 0.88 megacurie of 
Cerium-144, produce thermal energy from beta decay which is thermo-
electrically converted to 250 watts of electrical power. The Task 2 gen
erator and its application have provided an ideal analytical model for 
defining radiological consequences and developing countermeasures for 
nuclear energy supplies used in space. 

The safety of this application has been under examination for the past 
three years and has been supplemented by experimentation in areas where 
solution by theoretical means would have been difficult. The delineation 
of safety problems has led to the development of certain design counter-
measures to enhance the safety of the mission. Though statistical data 
on operational failures is quite variable at present, an attempt has been 
made to relate statistical frequency of various failures with their conse
quences. 

The Task 2 generator has been designed to be ablated and the fuel 
dispersed as an aerosol above 100,000 feet on re-entry from orbital 
decay, as recommended by the SNAP Hazards Subcommittee. This has 
been the basis of aerothermodynamic design criteria. A typical satellite 
has a lifetime of 600 days, and this time span is used to obtain data con
ditions of re-entry from successful missions. 

Fifty-five cases of vehicle abort are evaluated, including launch, 
ascent and final stage failures, and the consequences are described. 

This report is a refinement and revision of the preliminary safety 
report, MND-P-2184, submitted to the Commission in December 1959. 

* Aerodynamics by W. Hagis and R, Oehrli; tests by T. J. Dobry 
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II. DESCRIPTION OF TASK 2 THERMOELECTRIC GENERATOR 

Two Task 2 thermoelectric generators are designed to power certain 
electrical equipment in a satellite system. Each generator is designed 
to supply 125 electrical watts, 28 volts, and 4.46 amperes into a matched 
impedance load for a period of one year. A single generator produces 
6500 thermal watts initially from the decay heat of the radioisotope core 
fueled with 0.88 megacurie of Cerium-144. To provide a constant power 
level, 4000 watts of the initial thermal output are radiated to the environ
ment. During the one-year life span, this rejected radiant heat is gradu
ally decreased by a built-in servomechanism to compensate for radio
isotope decay. 

A. GENERATOR DESIGN 

1. Complete Unit 

The generator is cylindrical with hemispherical ends and is 34.1 
inches long by 24.0 inches in diameter. The unit weighs approximately 
200 pounds during operation, and 4200 pounds when the mercury shield 
is present during prelaunch preparations. As shown in Fig, 1, the unit 
consists of a fuel core and core support structure and an outer shell. 
The biological shield, fuel core and core support structure are discussed 
in more detail in the following paragraphs. 

A biological shield consisting of 4000 pounds of mercury fills the in
ternal volume of the outer shell. The mercury is pumped into the gener
ator for prelaunch ground handling and is drained five minutes before 
launch. 

The outer shell of the generator consists of a sandwich of aluminum 
outer skin 0.051 inch thick, a meat of Min-K 1301 insulation 1.5 inches 
thick which encloses 554 lead telluride thermoelectric elements (277 
pairs), and an inner skin of Type 316 stainless steel 0.063 inch thick. 
The outer skin is at 335° F and the inner skin is at 1075° F during steady-
state operation in a space environment. The thermoelectric system 
is designed for rated output at hot and cold junction temperatures corre
sponding to the skin temperatures. 

An internal radiant heat reflector is designed into the generator. This 
serves a twofold purpose: 

(1) It redirects the high intensity thermal radiation from the fuel 
core toward the thermal shutter area where the heat is eventu
ally dumped in a regulated fashion. 



,-; ",,-!-.*«. 

Fig. le Task 2 Nuelear Thermoelectrie Generator 
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(2) It equalizes the temperatures on the inner skin of the unit. 

The reflector consists of a two-layer stainless steel cone and is installed 
in the annular space between the fuel core support structure and the 
inner skin. A thermal shutter is located on the bottom of the unit and 
is activated by a servomechanism. The latter senses and regulates 
the hot skin temperature of the unit by controlling the amount of the 
inner skin that is exposed to space. 

2. Core Support Structure 

The Type 316 stainless steel core support and internal frame struc
tures of the generator contribute to the overall integrity of the generator. 
As shown in Fig. 1, the core support structure consists of an upper core 
positioning and locking ring, a lower core support ring and four guide 
struts connecting the two rings. A Type 316 stainless steel hold-down posi
tioning rod, attached to the loading hatch cover located in the upper part 
of the generator, is provided to ensure a positive indication that the fuel 
core is properly positioned within the generator. The loading hatch is 
bolted down after the fuel core is inserted. 

The internal frame structure, also shown in Fig. 1, consists of a 
top and bottom load ring, four tubular t russes connecting the core sup
port structure and load rings, and four lateral lift points attached to the 
upper core support ring. The core support and internal frame structures 
provide a rigid structure with eight mounting points for handling the unit 
and attaching it to the vehicle support members. 

B. RADIOCERIUM FUEL 

The amount of radiocerium fuel is predicated upon a required initial 
thermal output of 6500 watts. Given the constant power activity of 
Cerium-144 as 0.0074 watt/curie, a loading of 0.88 megacurie is required. 
This is approximately 3320 grams or 615 cubic centimeters of the fuel 
compound per generator. After screening various cerium compounds for 
the optimum fuel form, eerie oxide with certain additives was selected. 
Oak Ridge National Laboratory (ORNL) fuel material is formed into 
ceramic pellets containing 89% CeOg. 10% SiC and 1% CaO by weight. 

This fuel form readily disintegrates and disperses when subjected to 
intense re-entry heating, a prime safety criterion of the overall program. 
The properties of various radiocerium compounds are discussed in other 
reports (Refs, 1, 2, 3, 4). Table 1 summarizes properties of the fuel. 



TABLE 1 

P r o p e r t i e s of the Ce-144 O , and CeOg-SiC Fuel F o r m s 

C e - 1 4 4 0 2 Ce-144 O2 + 10% SiC 

Chemical 

Solubility 
Concentrated H„SO. , 

HNOg ^ 

Dilute acid 
Stability in a i r 

Physica l 

Molecular weight 
Color 
Melting point {°C) 
Boiling point (°C) 
Theore t ica l density 

(gm/cc) 
Pellet bulk density 

(gm/cc) 
Crys ta l l ine s t ruc tu re 

The rma l 

The rma l conductivity 
( c a l / s e c / c m / ° C ) 

Specific heat 
(ca l /gm/°C) 

The rma l coefficient of 
expansion ( cm/cm/°C) 

Specific activity 
( cu r i e s /gm) 

Theore t ica l 
ORNL p r o c e s s 

Specific power 
(wat ts /gm) 

Theore t ica l 
ORNL p r o c e s s 

Power ac t iv i ty- -ORNL 
p r o c e s s (wat t /cur ie) 

Power densi ty- -ORNL 
p r o c e s s (wat ts /cc) 

Insoluble 
Soluble 

Insoluble 
Stable 

140.13 
Yellow-white 
2600 
3800 
7.3 

5.6 

Face -cen te r ed 
cubic 

0.01 

0.1 

12.1 X 10 '^ 

--

--

Gray-green 
1800 (D)* 

6.44 

5.4 

--

--

--

._ 

2.6 X 10"-
295 

19.2 
2.18 
0.0074 

12.2 

2.34 X 10" 
265 

17.3 
1.96 
0.0074 

10.6 

*(D) decomposes 

Nuclear P r o p e r t i e s of Cer ium-144 and Its Daughters 

Radionuclide Half Life Mode of Decay 
Specific Activity 

(cur ies /gm) 

58 
Ce 144 

59 P r 
144 

60 
Nd 

144 

285 days 

17.5 minutes 

15 1.5 X 10 y e a r s 

3.2 X 10-

7.5 X 10' 

5.0 X 10 
- 1 3 

Energy of 
Decay P a r - Relative Gamma Relative 

58 C e 
144 

59 P r 
144 

60 
Nd 

144 

t i d e s 
(mev) 

0.327 
9.258 
0,16 

3.01 
2.30 
0.79 

Abundance 
(%) 

75 
5 
20 

~ 9 8 
1.3 
1.0 

Energy 
(mev) 

0.054 
0.080 
0,134 

0.69 
1.50 
2.18 

Abundance 
(%) 

3.0 
3.0 
7.5 

1,6 
0.25 
0.8 

Other 
Radiation 

X from 
b r e m s -
strahlung 

X from 
b r e m s -
strsihlung 

1.9 100 None 
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1. Chemical P r o p e r t i e s 

Cer ium and i ts daughters , p raseodymium and neodymium, a r e m e m b e r s 
of the r a r e ea r th s e r i e s of e l ements . Cer ic oxide, the basic ingredient of 
the fuel mix ture , is insoluble in hot wa te r and dilute acid solutions, but i s 
soluble in sulfuric and ni t r ic ac ids . The addition of 10% silicon carbide to 
the ce r i c oxide fuel lowers the effective melting point of the fuel pe l le ts . 
Some CegOo, CeCg and CeSi^ will be formed in the fuel pel lets at elevated 

t e m p e r a t u r e s . The fuel form (CeOg + 10% SiC) is compatible with Inconel 

X, the primiary encapsulat ing ma te r i a l . 

Because of the difference in oxidation s ta tes between cer ium and i ts 
decay products , praseodymiium and neodymium, an evolution of oxygen 
within the fuel occurs during decay according to the following equation: 

•The maximum evolution of oxygen from 
0.88 megacur ie of ce r i c oxide is 152 
g r a m s over an infinite decay t ime. This 
oxygen would be evenly distr ibuted in the 
seven fuel cavi t ies . The maximum in
t e rna l p r e s s u r e would occur after 450 
days and would be 9400 psi if all of the 
oxygen were l iberated into the free vol
ume of the individual fuel cavi t ies . This 
i s a miaximum approximation of p r e s s u r e 
because much of the evolved oxygen would 
r ema in in the la t t ices of the fuel m a t e r i a l 
ins tead of migrat ing to the free volume. 

To prevent this p r e s s u r e buildup within the fuel co re , tantalum l ine r s 
could be placed around the fuel to combine with the free oxygen. 

2. Physical P r o p e r t i e s 

The c e r i c oxide-s i l icon carbide fuel mixture has a bulk density of 5.4 
g m / c c cor responding to a ce r ium density of 4.0 g m / c c . Pure ce r ic oxide 
mel t s at 2600° C and boils at 3800° C, but the 10% SiC additive produces 
decomposit ion of the fuel at 1800° C. When subjected to a p lasma a r c heat 

2 
input of 180 Btu/ft - s e c , the m e a s u r e d ablation ra te was 30 seconds p e r 
l inear inch of fuel; effluent pa r t i c l e s were measured at well below 10 
mic rons . 

12 CeOg 

2 P r 6''n'"'2f 

6 Nd] O3 / 2 O j f 
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3. Thermal Propert ies 

Ceric oxide has a thermal conductivity of 0.01 cal/cna-sec-°C, a spe
cific heat of 0.1 cal/gm-°C, and a thermal coefficient of expansion of 

12.1 X lO" cm/cm/°C. The theoretical specific activity of pure Ce-144 Og 
is 2.6 kc/gm, corresponding to a specific power of 19.2 watts/gm. The 
ceric oxide-silicon carbide fuel has a specific activity of 265 curies/gm 
corresponding to a specific power of 1.96 watts/gm. The difference be
tween the theoretical values and predicted fuel value is caused by im
purities, additives and radioactive decay, all arising as a result of the 
fuel reclamation and fabrication process. 

4. Nuclear Propert ies 

Cerium-144 is a fission product which is separated from reactor 
wastes at ORNL. Some of the radiation and resultant thermal power 
associated with radioceriuna originates in the beta decay of Ce-144 to 
Pr-144, but most of the thermal power is derived from, the decay of 
Pr~144 to Nd-144. Aside from the decay ganam.a radiation emitted, a 
large portion of the photons emitted are X-rays resulting from the slowing 
down of beta decay particles by electron shells (bremsstrahlung). Figure 
2 shows the decay scheme of Ce~144. 

Cerium.-144 has the following genetic relationships. 

Xe-144 0 " ) ^ C s - 1 4 4 (3")-*Ba-144 ((3")-*La-144 0")"»Ce-144 0~) -^ 
f (n, y) Fission 

Pr-144 O") ^Nd-144 U-235 

Cerium-144 has a half life of 285 days and decays through beta emis
sion to Pr-144. The Ce-144 beta energies, given in mev, are 0.30 (75%), 
0.25 ( ~5%), and 0.16 (20%). The decay gammas vary from 0.012 to 0.134 
mev. 

Praseodymium-144 has a half life of 17.5 minutes and decays through 
beta emission to Nd-144. The praseodymium beta energies, given in mev, 
are 3,0 (98%), 2,3 (-^^l. 3%) and 0.79 (0,6%). It is readily apparent that the 
3-mev beta is a major source of thermal power and high energy b rems
strahlung from the radiocerium fuel. The Pr-144 decay gammas vary 
from 2.18 to 0.69 mev. 

5 Neodymium-144 has a half life of 1.5 x 10 years and decays through 
emission of a 1.5 mev alpha particle. Because of its long half life, Nd-144 
is considered to be stable. 



fi 0.18 (20%) 

0.134 

0.080 

0 

Ce-144 (285d) 

IS 0. 25 (5%) 

13 0.30 (75%) 

2 . 3 0 m e v (1.3%) 

98%) 

2 .18 

J . 694 

-Nd-144 (1 .5x lO^V) 

P i g . 2 , Decay Scheme of Cerium-lMl-
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The spec t r a l dis tr ibut ion of decay gamma radiat ion f rom Ce-144 to 
Nd-144 is well known. However, the spec t rum for X-rad ia t ion from 
b remss t r ah lung is somewhat obscure because of the lack of exper imenta l 
data. The b r e m s s t r a h l u n g covers a broad range of ene rg ie s with a max i 
mum energy approaching that of the impinging beta pa r t i c l e s and an a v e r 
age energy which is much lower. The b remss t r ah lung is an important 
factor in shielding the genera to r . 

5. Radiobiological P r o p e r t i e s (Refs. 5 and 6) 

The d i rec t ex ternal radiat ion doses from the fuel a r e d i scussed in 
Chapter VII, Shielding, so the following discussion is l imi ted to in ternal 
radiat ion h a z a r d s only. 

Because of i t s re la t ive insolubil i ty, ce r ium would not be expected to 
be conducive to biological uptake. Though Ce-144 does not occur in 
natural abundance, m.ore than 100 megacu r i e s of it have been produced 
from weapons tes t ing and d i spe r sed throughout the world. A composi te 
sample of milk from the New York a r e a was found to contain about 1 

-13 
d / m / l i t e r (4.5 x 10 c u r i e / l i t e r ) , Ref, 10. This obse rved value i s 
about a mil l ion t imes l e s s than the maximum, p e r m i s s i b l e concentrat ion 

-7 in drinking wate r (10 c u r i e / l i t e r ) . Since it is an insoluble ma te r i a l , 
the maximum pe rmis s ib l e concentra t ions applying to the lungs and 
la rge lower intest ine a r e of pa r t i cu l a r in te res t . The radiobiological 
p rope r t i e s of Ce-144 and i ts daughte rs , P r -144 and Nd-144, a r e shown 
in Table 2. 

C. FUEL CORE 

The rad ioce r ium i s encapsulated in a right cyl indr ical co r e . The 
bas i s of the design of the core was dictated by the following r e q u i r e -
naents: 

(1) Ability to withstand impact and shock at e levated t enapera tu res . 

(2) Cor ros ion r e s i s t ance in sea water . 

(3) Res i s tance to oxidation at high t e m p e r a t u r e s . 

(4) Burnup on r e - e n t r y into the e a r t h ' s a tmosphere after orbi ta l 
decay . 

Inconel X was se lec ted over a number of potential core m a t e r i a l s because 
it met these r e q u i r e m e n t s . 



TABLE 2 

Radiobiological Properties of Cerium-144 

Maximum. P e r m i s s i b l e Concentrat ion 

F o r m 

Soluble 

Insoluble 

Organ 
of 

P r e f e r e n c e 

GI t r a c t 

Bone 

L ive r 

Kidney 

Total body 

Lung 

GI t r a c t 

Maximum. 
P e r m i s s i b l e 
Body Burden 

(MC) 

_ 

5 

6 

10 

20 

-

. 

40-
Water 

(MC/CC) 

3 X 10 

0 .2 

0 ,3 

0 .5 

0 .7 

-

3 X 10 

-4 

-4 

-hr Week 
Air 

Oic/cc) 

8 x 1 0 " ^ 

io-« 

io-« 

2 x 1 0 " ^ 

3 x 1 0 " ^ 

6 x l 0 " ^ 

6 X 10"^ 

168-
Water 
(fic/cc) 

10-^ 

0 .08 

0 .1 

0 .2 

0 .3 

-

10-^ 

-hr Week 
Ai r 

( / i c / c c ) 

3 X 10"^ 

3 x 1 0 " ^ 

4 x lO"^ 

7 X 1 0 ' ^ 

10-^ 

2 X lO"^ 

2 x 1 0 " ^ 

Organ of 
Reference 

Liver 

(1.7 X 10" 
(soluble) 

Kidneys 
(300 gm) 
(soluble) 

Half Life 
(days) 

Phys ica l Biological Effective 

gm) 

285 

285 

293 

563 

146 

191 

_ .. F r a c t i o n Reaching 
Frac t ion „ , „ „ 

_ , , . i r . i - - . r ^ i; T ^ I J Organ of Reference 
F r a c t i o n F rac t i on in Organ from Blood ° 
from GI of Reference to That to Organ of By By 

Trac t to Blood in Total Body Reference Ingestion Inhalation 

-5 
10 

-4 

10 
-4 

0.19 

0.02 

0.25 

0.02 

2 x 10 

2 X 10 

0.06 

5 X 10 
-3 
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1. Configuration 

The cylindrical core has a diameter of 4.25 inches and a length of 11 
inches. Six 1-inch diameter fuel channels are drilled on a diameter center 
of 2.47 inches with an additional 1-inch diameter fuel channel in the center 
of the core. Pr ior to placement in the fuel core, the Ce-144 is sealed in 
seven tubular tantalum liners. The seven tantalum capsules are held in 
place in the fuel channels by threaded screw plugs. Each plug is welded into 
position to provide a mechanical and leaktight seal. 

Impact depressors are located at both ends of the cylinder to absorb the 
energy of high impact and shock. The depressors are 4,75 inches in diam
eter and 2.125 inches in length. Figure 3 shows the fuel core and depres
sors . 

This configuration was selected as the result of tests performed at the 
Aberdeen Proving Ground (APG) by The Martin Company. The tests of 
various fuel core configurations are reported in Appendix A, where the 
bases for selecting the core design are described, 

2. Thermal Characteristics (Ref. 7) 

The thermal characteristics of the fuel core have been determined by 
theoretical and empirical methods with the following identical results. 
At a thermal output of 6500 watts, the temperature at the centerline of the 
core when operating in the generator is approximately 1890° F and de
creases to 1670° F at the surface of the core. This is well below the 
melting point of the core material, which varies from 2540° to 2600° F . 
The thermal conductivity of Inconel X is 7,8 Btu/ft-hr-°F and the spe
cific heat is 0.10 to 0.11 Btu/lb-°F. 

The fuel core must have desirable burnup characteristics upon r e 
entering the earth 's atmosphere after orbital decay. Such characteristics 
are dependent upon the recession rate of the core material. The recession 
rates of the core material were obtained for varying heat fluxes by plasma 

Q O 

jet tests , At a heat flux of 300 Btu/sec-ft , a recession rate of 0.055 in. /se 
was determined for Inconel X. A detailed analysis of core burnup is r e 
ported in a later section. 

3. Physical Properties 

Inconel X has good mechanical integrity at the operating surface 
temperature of the core, 1670° F . Figure 4 shows the ultimate tensile 
strength of Inconel X at various temperatures. Rocket sled tests and 
sim.ulated missile failure tests prove that the core would withstand me
chanical shock and impact forces on sea water, unconsolidated and con
solidated rock, at or near its operating temperature. 
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Inconel X is a nickel alloy containing approximately 73% Ni, 15% Cr, 
7% Fe, 2,5% Ti, 1% Cb and 0,9% Al by weight. It has a density of 8.3 gm/ 
cc. The fully loaded core weighs 22,6 kilograms based upon a bulk den
sity of 6,82 gm/cc. 

4. Chemical Properties 

Inconel X has good oxidation and corrosion resistance at the operat
ing temperatures of the core. It has a maximum pitting rate in quiescent 

g 
sea water of 0.0236 inch per year for a 32-month exposure . Its cor
rosion rate in flowing sea water is estimated at less than 0.002 inch per 
year. If the core became immersed in sea water, the radioisotope would 
be contained for a minimum of 12.8 years until the fuel had decayed to an 
insignificant level of less than 20 curies. 

Since one of the characteristics of the cerium fuel is the evolution of 
oxygen gas in the sealed core, tantalum fuel liners serve to collect the 
evolved oxygen by chemical combination, Inconel X is subject to cor
rosion by fuming nitric acid should such a propellant be used for the 
satellite vehicle, The tantalum fuel liners are impervious to nitric acid 
attack. 
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III. TRANSPORT OF GENERATOR TO LAUNCH SITE 

The shipment of the gene ra to r s to the launch site is divided into two 
specific opera t ions : 

(1) Shipment of the radioact ive fuel co re s . 

(2) Shipment of nonradioactive hardware , including empty gene r 
a t o r s , field handling equipment and auxi l iary components. 

The fuel co r e s and the genera to r components will be assembled at the 
launch s i te as descr ibed in Chapter IV. Shipment of nonradioactive ha rd 
ware from Ba l t imcre to the launch s i te , the second operation, is governed 
by conventional shipping p rocedures and need not be given further consid
erat ion. Point of origin for the fuel core shipmient will be Oak Ridge Na
tional Labora to ry (ORNL) located nea r Knoxville, Tennessee , and the 
destination will be the Pacific Missi le Range near Santa Maria, California. 

A sys tem has been devised for handling, loading and shipping the fuel 
core , and t r ans fe r r ing the fuel core to the the rmoe lec t r i c genera tor . 
Equipment has been designed to effect the t r ans fe r without using a hot 
cell . 

The following discussion includes a descript ion of the major equipment 
involved in the handling and t ranspor ta t ion of the core , including the sh ip 
ping p rocedures , and an examination of possible shipping haza rds . 

A. SHIPPING CASK 

The major piece of handling equipnaent used for t r anspor t of the fuel 
core is the shipping cask. It is designed to provide shielding of the fuel, 
adequate cooling of the fuel core during shipment, and containment of the 
fuel core during credible t r anspor t accidents . A photo and a cutaway 
drawing of the shipping cask a r e shown in Fig. 5. 

1. Shielding 

The shipping cask is designed for a dose ra te of 10 mi l l i roen tgen/hr 
or l e s s at 3 feet from the surface . This is achieved by using a 13-inch 
thick lead wall around the fuel core to attenuate the gamma activity. 
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^ , 

Fig« 5« Shipping Cask (inverted during fuel t ransfer) 
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2. Cooling 

During transport, na ural convection cools the cask. Cooling fins placed 
around the outside of the container provide the necessary convective sur
face. Wood's metal, a low melting point alloy, fills the cavity around the 
fuel core and provides a dense fluid path for the conduction of heat frona 
the fuel core to the walls of the shipping cask. Calculations show that 
the surface tenaperature of a loaded cask will be approximately 270° F . 
At the request of the Bureau of Explosives, a protective cage will be 
placed around the cask to prevent accidental contact of personnel with 
the hot exterior. 

3. Cask Design 

The lead shield of the transport cask is completely encased in a stain
less steel shell fitted with cooling fins and supported by tension straps to 
ensure the structural integrity of the cask during transport. An inner 
stainless steel container supports the fuel core. The bottom of the cask is 
fitted with a loading rana and coupling device. The latter also serves as a 
locking device to secure the fuel core to the built-in transfer mechanism 
during shipment. The top of the cask is fitted with an access plug designed 
to slide to the side. These features are provided to facilitate transfer of 
the fuel core to the generator. During shipment, a steel plate bolted to the 
cask, and fitted with wire seals, covers the slide plug and prevents access 
to the fuel core. Each cask weighs approximately 15,000 pounds. Bureau 
of Explosives Permit No. 898 has been issued for shipment of this cask. 

Because of shielding considerations, the weight of the cask is concen
trated in a relatively small area. A skid approximately 6 x 8 feet is pro
vided to distribute the cask weight over the floor of the conveying vehicle. 
Tiedowns are provided to secure the cask to the skid, and the skid, in turn, 
to the transporting vehicle. Figure 6 shows the protective cage-transport 
cask-shipping skid assembly. 

B, SHIPPING PROCEDURES 

The cask will be shipped by rail, in a gondola car, from Oak Ridge 
National Laboratory (ORNL) located near Knoxville, Tennessee, to the 
Pacific Missile Range near Santa Maria, California. 

1. Preparation for Shipment 

The fuel core will be loaded remotely at ORNL and welded. ORNL 
personnel will decontaminate the surface of the core to prevent contamina
tion of the shipping cask and generator. Due to the high radiation field 
associated with the contained fuel, the core must be loaded into the t rans 
port cask in a hot cell using remote handling procedures. The core will 
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Fig» 6e Shipping Equipment 
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be placed in the shipping cask with remote handling equipment and locked 
in p lace . The sliding plug will be closed; Wood's metal will be added and 
the sea l affixed to the sliding plug cover . After decontamination and moni 
tor ing p rocedure s on the cask have been sat isfactori ly completed, it will 
be removed from the hot cell by a 10-ton crane and positioned on the skid. 
The protect ive cage will then be placed over the cask and at tached to the 
skid, and the cask will be f i rmly secured to the skid with six turnbuckles . 

2, Shipment 

The shipnaent will naove by t ruck from the hot cel l at ORNL to the 
plant s i te r a i l road siding. The cask will be shipped by ra i l to the launch 
si te in a gondola ca r . The four s tee l walls of the ca r afford additional 
protect ion of the shipment. " P r e f e r r e d Rail Handling" will be requested 
for al l sh ipments involving the cask so that humping and dynamic coupling 
a r e minimized. F o r ra i l shipment, the skid will probably be blocked to 
prevent shifting of the load during shipm.ento Since a forward o r aft load 
of 1-1/2g would upend a blocked skid, the skid will be secured to the 
floor of the c a r by means of tiedown r ings located along the s ides of the 
skid. 

C. SHIPPING HAZARDS 

The potential haza rds assoc ia ted with the shipment of the radiocerium. 
fuel core a r e : 

(1) Direc t external radiat ion exposure from the fuel. 

(2) Internal radiation exposure frona ingestion o r inhalation of 
the fuel in par t icula te form. 

The coun te rmeasu re s inherent in the fuel core and shipping cask designs 
to prevent or minimize exposure a r e the following: 

(1) Multiple containment, 

(2) Biological shielding. 

Since the mult iple containnaent m a t e r i a l s and biological shield compo
nents have good s t ruc tu ra l p rope r t i e s , high thernaal capacity, and a r e r e 
s is tant to cor ros ion , containment cannot be lost due to forces imposed 
by credible ra i l t r anspor t acc idents . The following analys is descr ibes 
cer ta in credible accidents and maximuna credible accidents*; the l a t t e r 
a r e beyond the scope of normal acc iden ts . 

* A hypothetical accident based upon the coincident occur rence of severa l 
credible events . 
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1. Transport Accidents 

The frequency and magnitude of transport accidents involving the 
generator can be significantly dinainished by the selection of shipping 
routes, optimization of shipping procedure, proper location of the cask 
on the carr ier , regulation of shipping tinae, and by utilization of an 
escort. The cask will be shipped by truck and rail to its destination. 

Truck accidents. Truck accidents that could be postulated are colli-
sion (inapact), explosions, and fire. The frequency of truck accidents 
is estimated to be 1/230 based upon the number of accidents per 1000-
mile shipment. It is also estimated that 1 accident in 500 would in
volve an explosion and, therefore, the frequency of truck accidents in
volving explosions would be 1/115,000 per lOOO-naile shipment. Statistics 
for truck accidents involving fires are not available, but they would prob
ably have a frequency of 1/10,000 per 1000-mile shipment. It should be 
pointed out that the above statistics are for lOOO-mile shipments in the 
Continental U.S., whereas the shipnaent under consideration is to be shipped 
by truck a total distance of less than 20 nailes over controlled routes at 
PMR and ORNL. 

Within the franaework of the planned naovenaents of the Task 2 genera
tor, a credible inapact accident could be postulated. In this accident, the 
ca r r i e r moving at 30 mph (44 fps) could collide with an inanaovable ob
ject to yield a naaximum inapact pressure of 290 psi on the cask. This 
pressure would not result in mechanical failure of the cask structure. 
Should the fuel of the car r ie r beconae ignited, insufficient thermal energy 
is available to naelt the cask. For example, a car r ie r fuel tank con
taining 100 gallons of gasoline would have a thermal energy potential of 

9 6 
about 4 x 1 0 calories. Assuming 0.1% of this, or 4 x 10 calories, would 
be imparted to the cask, it would not be sufficient to naelt the lead shield, 

7 
which requires 3.5 x 10 calories under adiabatic conditions. 

Truck movements involved in this shipment are of a type that would 
preclude the possibility of a naajor accident. The shipment will move by 
truck from the hot cell at ORNL to the plant railroad siding. At PMR 
the shipment will move by truck from the siding to the launch conaplex. 
The above naovenaents will be executed by qualified personnel under con
trolled conditions at low speeds. 

Rail accidents. The shipment will m.ove by rail from ORNL near 
Knoxville,"Tennessee, to PMR near Santa Maria, California. Transporta
tion will be acconaplished by scheduling the shipment on a through train 
with a minimum number of stops en route. 
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Rail accidents that could be considered are derailment, explosions 
and fire. The frequency of rail accidents is estimated at 1/3300 per 
1000 miles traveled. Whereas the frequency for gasoline fires per 1000 
miles is 1/22,000, the frequency of accidents involving explosives is 
1/87,000. Approxinaately 50% of all freight car derailments occur at 
speeds greater than 35 miph with 24% at speeds greater than 45 naph. 

Both the cask skid and the tiedown structure are designed to with
stand the high g loads encountered in rail transport. The skid is attached 
to the gondola car in such a naanner that it will absorb an ultimate vertical 
load of 5 g before failure. Braces attaching the cask trunnions to the skid 

12 
will absorb an ultimate fore and aft load of 15 g before failure. Block
ing the skid against both ends of the car will prevent shifting of the load 
and will provide additional energy absorption upon im.pact. 

Assuming a derailm.ent speed of 80 mph (118 fps) wherein the cask 
attachnaents absorb none of the impact force, an impact pressure of less 
than 2000 psi would be exerted on the cask. This would result in consider
able plastic deformation of the cask without brittle structural failure.* 

Involving the cask with a tank car containing a large quantity of 
gasoline could be elinainated by proper positioning of the cask shipnaent 
on the train. However, it is evident that a fire arising from the involve-
naent of the cask with a tank car carrying 10,000 gallons of gasoline (a 

potential heat release of 4 x 10 calories) could result in loss of shield
ing. However, proper handling of the shipment would preclude this type 
of incident. 

Various administrative controls will be enaployed to lower the stat is
tical probability of accidents below the values previously stated and also 
to prevent the occurrence of accidents of sufficient magnitude to provide 
miarginal integrity of the cask. Requiring that the shipm,ent be placed in 
the middle of the train and that adjacent cars m.ay not contain explosives 
or inflammable naaterials will mininaize the safety problems inherent in 
the transcontinental shipment of a radioactive source of this magnitude. 
Railroad personnel consulted on this problem, state that the gondola car 
will contain the mounted cask under any circum.stance short of complete 
overturning of the car. 

* Cast lead has a compressive s t ress of 2120 psi. 
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IV. GROUND HANDLING AND VEHICLE INTEGRATION 

The ground support sys tem for prepar ing ' the nuclear APU for flight 
has been designed to permi t loading of a flight genera to r without r equ i r 
ing a hot cell at the launch complex. This sys tem provides cooling, 
monitoring and shielding of the fuel capsule during i ts t r ans fe r from the 
shipping cask into the genera tor , during ground handling of the fueled 
genera tor , and during installat ion in the naissile. 

The following sequence of operat ions is per formed: 

(1) P repa ra t ion for t r ans fe r . 

(2) T rans fe r of the fuel capsule to the genera tor . 

(3) Mating of the genera to r and the final s tage. 

(4) Mating of the final s tage and the booster . 

A. PREPARATION FOR TRANSFER 

When shipping casks containing the fuel cores a r r i v e at the i r destination, 
tiedowns between the skid and gondola will be removed, the shipment in
spected, and then towed from the t r anspor t vehicle onto a flat bed t r a i l e r 
for movement to the launch complex. At the launch complex each cask will 
be inverted, hoisted onto a field t r ans f e r s t ruc tu re , positioned by a po r t 
able crane and bolted in place. Sinaultaneously, a dolly containing the 
gene ra to r s and a col lar shield will be positioned in the t rans fe r s t ruc tu re 
beneath the cask as shown in F ig . 7. The col lar shield is a tank of single 
unit construct ion and, when filled with naercury, it maintains biological 
shield continuity between the lead cask and the genera tor . 

The dolly is used for field instal lat ion of the isotope block into the 
power convers ion unit, for short term, s torage of the loaded units and for 
installat ion of the power units in the naissi le. Included on the dolly a r e 
support f ixtures which hold the power units each containing 4000 pounds 
of naercury biological shield. Adjustments a r e provided on the base of the 
dolly to pe rmi t fine alignnaent of the power unit with the loading fixture 
and the naissile s t ruc tu re . 

^ B. TRANSFER OF FUEL CORE TO GENERATOR 

A feature in the design of the shipping cask and fuel core t r ans fe r 
equipnaent is that the t r ans fe r of the fuel core to the genera tor does 
not requ i re the use of a hot cell and may be acconaplished at any convenient 
location. If requi red , the r e v e r s e operat ion can also be accomplished with 
this equipment. 
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The shipping cask is fitted with two devices to facilitate transfer. 
First , one end of the cask is fitted with a stepped sliding plug, which is 
driven by a screw jack and which retracts to clear the fuel core for pas
sage into the generator. This design permits close coupling of the cask 
to the generator. Second, the core is attached to a stepped, hand-operated 
ramrod which is fitted with a remote connect and disconnect mechanism 
and which is actuated to insert and seat the core in the generator. The 
connect-disconnect mechanism is manually operated. 

At the start of the fuel transfer operation, the cask is inverted, positioned 
and bolted onto the loading stand. The dolly carrying the generator and 
collar shield is rolled under the stand, raised via its built-in jacks and 
positioned so that generator, collar shield and cask are in proper align
ment. The collar shield is then bolted to the loading stand and both shield 
and generator are filled with mercury. Figure 8 shows an internal view 
of this arrangement. 

An extension is fitted to the loading ramrod on the cask and water is 
circulated through cooling coils in the cask and in the generator. After 
the core has cooled, the Wood's metal heat transfer medium is drained, 
the sliding plug is opened and the core lowered into the generator and locked 
in place. The ramrod is released from the core and withdrawn; the collar 
shield is drained and the dolly lowered and removed from the loading 
stand. Once the loading hatch on top of the generator is seated and secured, 
the transfer operation is complete. Water must be circulated through the 
cooling coils of the generator to dissipate the heat generated in the fuel 
core. 

C. MATING OF GENERATORS TO FINAL STAGE 

After the dolly-mounted generators are fueled, the dolly is moved 
underneath the final stage naating structure as shown in Fig. 9, Since 
the generator is designed for tension loads, it must be loaded onto the 
final stage vehicle in a vertical position. 

A representative satellite vehicle is shown in a vertical position on 
a support fixture with the rocket engine and nozzle extending below the 
platform.. Clearance below the platform allows the power unit dolly to be 
moved under the vehicle structure. Once the dolly is in position, the 
power units are jacked vertically into position, final lateral adjustments are 
naade with hand cranks provided on the support dolly, and the power conver
sion units are bolted onto the support structure of the vehicle. After se r 
vicing and electrical lines are attached, the complete satellite assembly 
is ready to be hoisted by gantry crane and fitted to the top of the booster. 
The mercury shield is maintained within the generators throughout this 
operation. 
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The two Task 2 gene ra to r s will add approximately 8400 pounds to the 
weight of the sa te l l i te vehicle of which 8000 pounds is the naercury shield 
naaterial which is removed p r i o r to launch. 

D. MATING OF FINAL STAGE TO BOOSTER 

The water cooling and biological shield systenas opera te from the 
umbilical tower from the t ime the gantry is removed up to launch. At 
T = -300 seconds the naercury shield naaterial i s drained from the 
genera to r . At T = -60 seconds , the m.ercury drainage is conaplete and 
the t empera tu re of the gene ra to r will begin to r i s e . Under nornaal launch 
conditions, operat ing tenaperature in the genera tor should be approached 
in orbit at T = +3300 seconds . Service l ines do not disconnect until the 
vehicle lifts off the pad. If any hold occurs in the pre launch countdown, 
the m e r c u r y may be re turned to the shield to facili tate work in and around 
the vehicle. 

E . AUXILIARY SUPPORT EQUIPMENT 

Cer ta in auxi l ia ry support equipnaent must be provided to facilitate 
field handling, core t rans fe r , naating of the final s tage and gene ra to r s , 
and servic ing of the gene ra to r on the booster . In addition, cer ta in modi 
fications will have to be miade to exist ing equipnaent for renaote servic ing 
and monitoring of the g e n e r a t o r s . 

1. Auxil iary Systems 

Handling, t r an s f e r and naating systena. A packaged servic ing sys tem 
will acconapany the gene ra to r s to provide cooling of the co res , a m e r c u r y 
shield system., radiat ion monitoring and control of tenaperature and m e r c u r y 
leve ls . This sys t em specifically provides : 

(1) Cask cooling of core p r i o r to t r ans fe r (water) . 

(2) Genera to r cooling of core (water). 

(3) Compres sed gas for pumping m e r c u r y (nitrogen). 

(4) A naercury fill and dra in sys tem for the co l la r shield and 
g e n e r a t o r s (naercury). 

(5) Gamma radiat ion naonitors on the cask, co l la r shield and 
g e n e r a t o r s . 
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Umbilical tower system.. When the genera tor - loaded satel l i te vehicle 
is p repa red for final instal lat ion atop the booster , the tower systena be 
comes opera t ive . Specifically, the sys tem includes: 

(1) Core cooling (water). 

(2) Compressed gas for filling and purging the naercury shield 
(nitrogen). 

(3) A shield fill and drain system, and r e s e r v o i r (mercury) . 

(4) Radiation moni to rs . 

These s e rv i ce s a r e provided with quick disconnect l ines to expedite 
launch opera t ions . Heavy components a r e located on the pad with se rv ice 
l ines through the unabilical tower to the gene ra to r s . 

2. Equipment Modification or Additions 

To supplement the above s y s t e m s , modifications or additions will be 
made to the following existing faci l i t ies at the launch si te to facilitate 
the servic ing and handling of the g e n e r a t o r s . 

Launch operat ions building. The launch operat ions building will house 
the"aHHItional consoles requi red for the test ing of the genera to r coolant 
servicing equipment, consoles for operat ing the remote control equipnaent 
for vehicle removal from the booster , and for the shield and cooling line 
coupling and disconnect . Coolant p r e s s u r e and tenaperature r e c o r d e r s , 
television v iewers , and all n e c e s s a r y instrumentat ion r e c o r d e r s will a lso 
be housed in the launch operat ions building. 

TV c a m e r a s . TV c a m e r a s will be located on the umbil ical naast o r 
e lsewhere in tEe pad a rea , so that renaotely operated equipment and vehicle 
conaponents can be observed during prelaunch countdowns. This equipnaent 
will a lso be uti l ized in the operat ion and servicing of the gene ra to r s . 

Umbilical mas t . The umbil ical mas t used to se rv ice nonnuclear 
sateTl'ite"vehicles will be utilized with cer ta in modifications to serv ice the 
Task 2 g e n e r a t o r s . Required modifications to the naast will consist of 
additional s t a in less s teel piping, valves and fittings for pumping the coolant, 
m e r c u r y shielding and nitrogen g a s . A provision will be made for running 
the n e c e s s a r y wiring to the unit for e lec t r ica l ly operated valves, s enso r s 
and instrunaentation. The naast will be fitted with safety devices to prevent 
the accidental r e l ea se of the se rv ice l ines by the vehicle before liftoff. 
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V, FLIGHT VEHICLE 

The purpose of this section is to describe a typical vehicle used 
for satellite injection in order to establish the analytical model in 
general te rms . The vehicle configuration assumed is shown in Fig. 
10. This vehicle is considered as a two and one-half stage missile with 
booster-sustainer and final stages. The final stage injects itself into 
a 300 statute mile circular orbit and carr ies the payload. 

A. BOOSTER-SUSTAINER STAGE 

The booster-sustainer stage consists of two main booster engines 
and a sustainer engine which are fed from conamon propellant tankage. 
Frona launch, the engines boost the vehicle to an altitude of about 250,000 
feet and a velocity of about 10,000 feet per second. At this point, the 
outboard booster engines and skirt separate from the vehicle, and the 
single renaaining sustainer engine continues to provide thrust untij. the 
propellants are expended. At this point (altitude'^ 860,000 feet, velocity 
'^18,500 feet per second), the vernier rockets apply flight attitude correc
tion which ternainates after approximately 10 seconds of operation. After 
this alignment, the injection stage separates from the remainder of the 
booster-sustainer vehicle. 

B. FINAL STAGE 

The achievement of the desired flight profile requires that the injection 
stage coast for about five minutes before it starts up almost at orbital 
altitude. From this point, it provides thrust for about 100 seconds before 
it injects itself and the payload into the desired orbit. The final stage is 
joined to the basenaent booster stage by an adapter section. It is assumed 
that the final stage is powered by a single liquid-fueled rocket engine which 
protrudes frona the aft section of the stage. The satellite or final stage 
is divided into forward, midbody, and aft sections. The forward sec
tion bears the structural loads and houses the payload and, beneath this, 
the propellant tanks. The separation point between the stages is located 
at the lower load ring of the naidbody, where separation is acconaplished 
by explosive bolts. The Task 2 generators are located in the aft section 
and are hung from the load ring on either side of the engine nozzle as 
shown in Fig. 11. 

The satellite structure is typically about 700 pounds of magnesium 
and consists of skins up to 0» 1 inch thick and structural members up to 
0» 25 inch thick* Magnesium melts at 651° C and has a specific heat of 
about 0. 25 Btu/lb/°F, 
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C. PROPELLANTS 

The propellants for the typical basement booster stage are liquid 
oxygen and RP-1 (a kerosene) having a gross weight of about 260,000 
pounds. The liquid oxygen tank, mounted above the fuel tank, contains 
about 177,000 pounds of the oxidizer. The bottom RP-1 tank contains 
about 83,000 pounds of fuel. When ignited, the propellant mixture reacts 
to release primarily thernaal energy when not retained as an intimate 
mixture by secondary structures. 

The final-stage propellants are inhibited red fuming nitric acid 
(IRFNA) as the oxidizer and unsymmetrical dimethylhydrazine (UDMH) 
as the fuel. The total propellant load, about 6640 pounds, consists of 
1870 pounds of UDMH and 4770 pounds of IRFNA. These propellants are 
hypergolic, i.e., they ignite spontaneously when mixed and yield only 
thermal energy when reacting. 

D. SAFETY SYSTEMS 

Each stage is equipped with a missile safety subsystem which pro
vides (1) a means of determining location, behavior, and projected mis
sile inapact point to the range safety officer, and (2) a naeans of ternaina-
ting powered flight and destroying the missile. The safety subsystem 
hardware consists of a transponder and command receivers associated 
with shutdown and destruct circuitry. Vehicle destruct is achieved with 
explosive charges placed to destroy the propellant tanks, thus terminating 
the rocket thrust. 
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VL MISSILE RANGE 

The Task 2 generators are assunaed to be an integral part of a 
satellite vehicle which will be launched from the Pacific Missile 
Range (PMR) at the Point Arguello Complex. The launch azimuth will 
allow the tracking facilities of the Pacific Missile Range to be utilized,. 
The Point Arguello Complex is located at 120 degrees 35 minutes West 
longitude and 35 degrees 45 minutes North latitude; ^^ ^ launching 
vehicle will t raverse approximately 8 miles of Government and private 
land before it reaches the ocean. The geographical location is shown 
in Figs. 12 and 13. A polar orbit launch from this site due south has the 
advantage that shortly after leaving the pad, the vehicle follows a t ra
jectory that is entirely over water or the Antarctic Continento It will 
be shown that aborted conditions will result in impact or high altitude 
dispersion of the radiocerium fuel in geographical zones that are either 
very sparsely populated or a re not inhabited at all (i.e.. Pacific and Indian 
Oceans, Antarctica). The first orbit passes over Madagascar, but the 
last downrange re-ent ry will result in burnup of the isotope fuel above 
234,000 feet at a point approxinaately naidway between Antarctica and 
Madagascar, The range is, therefore, ideal for this mission. 

A„ LAUNCH COMPLEX 

The Point Arguello Launch Complex consists of a Launch Opera
tions Building, two launch pads, and associated service buildinffs„ The 
blockhouse, approximately 1000 feet from the launch pads, is the only 
location in the fallback area in which personnel are present at time of 
launch. The launch complex is shown in Fig. 14. The fallback area 
consists of a 25 square mile area surrounding the launch facilities and 
extending downrange to the ocean. The terrain downrange is extremely 
rugged and consists mostly of sand or unconsolidated soil with very 
little vegetation. Use of vehicles in this area is limited only to those 
capable of climbing grades of at least 35%o Figure 15 shows the range 
safety zone. 

B. RANGE SAFETY 

During missile firings at the Point Arguello Complex, a Missile 
Accident Emergency Team (MAET) stands by just outside the fallback 
area. The team's equipment requires some revision to enable it to 
adequately retrieve fuel cores. Presently, the equipment consists of 

an M-246 wrecker, a 20-ton crane, a D-8 tractor and a H-19 helicopter. 
Recovery of the aborted generators will dictate the need for airborne 
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search equipment with radiation detectors and remotely operated, shielded 
handling vehicles,, Additional equipment required are TV systems and a 
nearby water pool or other shielded facility for safe storage of the aborted 
fuel coreso 

It is highly desirable to recover the Task 2 fuel cores if the debris 
from an abort is scattered on land areas„ These cores will best be 
located by aircraft equipped with radiation detectors; recovery can be 
handled by the aforementioned special equipment. 

If the capsule or generator falls into shallow water, the Inconel X 
material, because of its good corrosive resistance, will contain the 
radioisotope long enough to permit intact recovery. The ocean on the 
launch azimuth is 72 feet deep one mile from the shore line„ At four 
miles out the water is 240 feet deep; the bottom is relatively smooth 
and sandy. It is anticipated that salvage operations might be conducted 
in water up to depths of 500 feet. Recovery of aborted vehicles im.-
pacting in shallow waters is normally carried out as a matter of course. 
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VIL BIOLOGICAL SHIELD* 

During the ground handling operat ion each Task 2 unit is filled with 
approximately 4000 pounds of shield m e r c u r y . This m e r c u r y is drained 
at launch and would be pumped back into the unit in the case of an ex
tended hold in the countdown. The following discussion includes l i s t 
ings of the dose r a t e s from a ba re unshielded source , with the biological 
shield in place, during the field t r ans fe r operation, and after accidents 
where the fuel core is e i ther bur ied in soil or i m m e r s e d in water . 

A. BARE CORE SOURCE 

Radiation dose r a t e s were calculated for two cores at ze ro decay 
(1,7 megacur ies ) , for one core at ze ro decay or two co res after one half 
life (0.88 megacur ie ) , and for one core after one half life (0.44 naegacurie). 
The dose r a t e s 3 and 100 feet f rom the above sources a r e : 

Dose Rates 
( r / h r ) 

(curies) 3 feet 100 feet 

1,7 X 10^ 5 X 10^ 46 
(2 cores) 

0.88 X 1( 
(1 core) 
0.88 X 10^ 2 X 10^ 22 

0.44 X 10^ 10^ 11 
(1 core after 1 half life) 

F igure 16 shows the dose r a t e as a function of distance from the 
th ree bare core s o u r c e s , neglecting a i r attenuation and including self-
absorpt ion. 

Bo SHIELDED GENERATOR 

F igu re s 17, 18, 19 and Table 3 show the dose r a t e s at var ious points 
around a genera to r with the m e r c u r y shield in p lace . Because of the 
geometry of the biological shield container , the dose r a t e s vary from 
point to point. At the surface of the unit, for instance, the dose r a t e s 
va ry from 11 to 750 mi l l i roen tgens /hour . At 1 me te r from the surface of 
the unit, the dose r a t e s v a r y from 2 to 95 mi l l i roen tgens /hour . 

* A. M. Spamer, Shield Analysis Unit 
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NOTE: Dose r a t e s a r e given in Table 3 
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All dimensions given in inches 
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(No.) 
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Fig* 19. Dose Rates on Surface of Shielded Generator 
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TABLE 3 
Dose Rates at Various Distances from Center 
of Generator with Shield Filled with Mercury 

D o s e P o i n t 

R a d i u s 
(on s u r f a c e ) 

2„5 ft 

1 n a e t e r 

5.0 ft 

10,0 ft 

25o0 ft 

100.0 ft 

D o s e P o i n t 

R a d i u s 
(on s u r f a c e ) 

2.5 ft 

1 m e t e r 

5.0 ft 

10.0 ft 

25„0 ft 

lOOoO ft 

6 
90° 

750 

160 

95 

42 

10 

2 

0.1 

0 

go 

116 
28 

15 

6.2 

1.5 

0,23 

0.014 

7 
105 

600 

106 

62 

26 

6.6 

1.1 

0.066 

] 

55 

15 

8.8 

3.6 

0.88 

0.14 

1 2 3 
15° 30° 45° 

D o s e R a t e ( m r / h r ) 
35 48 

0 .0086 

o 

9 

5 

2 

0.5 

0,077 

0.0048 

8 9 
120° 135° 

D o s e R a t e 
230 74 

34 

19 

8 

2 

0,31 

0.02 

13 

7 

2,8 

0.64 

0.10 

0.006 

10 

5.5 

2o2 

0,5 

0„083 

0 ,0051 

10 
150° 

( m r / h r ) 
31 

7 

4 

l o 5 

0.34 

0.052 

0 .003 

4 
60° 

210 

29 

16 

6.7 

1.7 

0.27 

0.017 

11 
165° 

15 

4 .3 

2 .3 

0o95 

0,22 

0 .035 

0.002 

5 
75° 

600 

106 

62 

26 

6.6 

1.1 

0,066 

12 
180° 

11 

3.4 

2 

0.77 

0.18 

0.029 

0.002 

NOTE: Locations of dose points in relation to generator are shown in 
Fig. 17 „ 
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Co FUEL TRANSFER 

The shipping and field loading cask is designed to meet the require
ment that the maximum dose rate at 3 feet from the source will be 
10 milliroentgeng/hour. Figure 20 shows the total directional doses r e 
ceived at 3 feet during the fuel transfer operation which lasts for 15 
to 20 seconds. Significant directional doses are received in specific 
areas such as around the sliding plug at the bottom of the cask, around 
the collar shield, and below the collar shield. Though the doses go as 
high as 5 roentgens, they are of a radial beam type geometry and do not 
represent steradian doses. Therefore, these doses cannot be interpreted 
as equivalent total body doses. Precautions will be taken to nainimize 
personnel doses from this source of direct radiation. 

D. BURIAL IN SOIL AND MARINE IMMERSION* 

After an abort during launching, the fuel core falls in the proximity of 
the launching area. The three probable resulting conditions are: 

(1) The fuel core will penetrate the surface of the earth (maximum. 
burial depth in earth of a bare fuel core is 110 inches). 

(2) The fuel core will immerse in a body of water. 

(3) The fuel core will be on the surface of the ground in vehicle 
debris. 

Dose rates from a 0o88 megacurie fuel core versus thickness of soil and 
thickness of water are shown in Fig. 21 „ The dose rate will not exceed 
the maximum pernaissible operational exposure of 900 mrem for 1 hour 
if the fuel core is buried or immersed, respectively, under 3 feet of soil 
or 4-1/3 feet of water. By use of radiation monitoring devices in the 
accident area, exposure to retrieving personnel can be controlled. 
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VIIL SUCCESSFUL MISSION 

The successful mission is defined as one in which the satellite is 
placed into a te r res t r ia l orbit of 600 days or more. This minimum 
orbital lifetime is based upon a 300-statute mile circular orbit. The 
three factors affecting the safety of the successful mission are: 

(1) Satellite lifetime. 

(2) Re-entry burnup characterist ics (altitude of release, 
particle size of radiocerium fuel, etc.). 

(3) The mean residence time of the radiocerium fuel released 
on re-entry. 

The following safety evaluation discusses the radiocerium inventory of 
the satellite with respect to satellite lifetime, the re-entry characteristics 
of the Task 2 generators, and the fallout characteristics of the fuel. 

A. RADIOCERIUM INVENTORY PRIOR TO RE-ENTRY 

Figure 22 shows the radiocerium inventory of the satellite as a 
function of time after launch. At the 600 day minimuna datum time, the 
original 1,76 megacuries has decayed to 0.409 megacurie. Longer satel
lite lifetimes will yield a more significant decrease in the radiocerium 
inventory. For example, a 5-year satellite lifetime would yield 20,800 
curies, and, at 10 years , 246 curies*. Our datum inventory, however, 
remains at 0.409 megacurie and is the basis for calculations in this section. 

B, RE-ENTRY OF GENERATORS 

Existing satellite tracking stations can observe the history of the 
satellite bearing the Task 2 generators. Once orbit is established and 
altitude reduction rates are determined, the orbital lifetime can be 
estimated. Toward the end of the mission, after many tracking observa
tions, it will be possible to approximate the projected geographical loca
tion of re-entry . This is somewhat academic in that the safety of the 
mission cannot be appreciably affected by virtue of this knowledge at this 
t ime. The re-entry of the satellite will occur at a random geographical 
location, but the radiocerium will be dispersed as aerosols at acceptable 
safe altitudes, 

'^Considered to be a ne'gTTgiBle amount of radioceriumTor atmospherTc 
dispersion. 
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The chronology of events occurring at our datum time of 600 days is 
as follows, 

(1) Orbital reduction of satellite into the sensible atmosphere. 

(2) Re-entry burnup begins, 

(3) Separation of generators from satellite structure. 

(4) Separation of fuel cores from generators. 

(5) Ablation of fuel core mater ia ls . 

(6) Burnup and dispersion of fuel. 

Aerodynamic retarding forces are experienced by a satellite 
imm.ediately after it is injected into an orbit. The retarding forces are 
dependent on the orbital altitude and the aerodynam.ic shape of the orbit
ing body. The velocity of the satellite is gradually decreased which 
results in a decrease in altitude. This process is continuous and, when 
the sensible atmosphere is reached, the aerodynamic forces become 
significant. This will result in a more rapid re-entry and the initiation 
of aerodynamic heating. 

The separation of the generators from the satellite will occur early 
in the heating cycle. Precise calculations of the separation mechanism 
have not been made because a general case has been considered. How
ever, the aerodynamic heating calculation considers an additional thick
ness of aluminum around the generators to account for satellite structure. 
Figure 23 shows the re-entry trajectory and the aerodynamic heat 
generated by friction on the surface of the unit. The generator shells 
and the accompanying satellite structure will be completely consumed 
at an altitude of 280,000 feet. The centrifugal forces resulting from the 
spinning or tumbling of the unit will assis t in the release of the free 
floating Min-K insulation. Immediately upon fuel capsule exposure to 
the atmosphere, aerodynamic heat will cause a temperature rise and will 
continue until the melting point of the capsule is reached. At an altitude 
of 234,000 feet, the fuel capsule is completely ablated. Originally, the 
study was performed with cerium metal considered as the fuel. Cerium, 
metal, with a melting point less than that of the capsule material, will 
be molten upon its release. Experimental plasma jet tests were con
ducted, and it was satisfactorily shown that particle sizes less than 
10 microns in diameter will result . 

The present fuel form, eerie oxide and silicon carbide, has a m.elt-
ing temperature higher than the capsule material and will be released 
at 234,000 feet and above in a solid form. Figure 23 shows the aero
dynamic heat that will be experienced by the fuel forms. Estimates 
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indicate that only 30 seconds of exposure will be required for complete 
15 melting of the fuel materials ; this corresponds to an altitude of 

220,000 feet. Plasma jet tests have again conclusively shown that the 
fuel will be dispersed to submicron s izes . 

The fate of the fuel is discussed in Chapter X which compares the 
consequences of both successful and aborted missions. 
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IXo ABORTED MISSIONS 

This chapter will define aborted missions, describe the forces im
posed on the Task 2 thermoelectric generators by the vehicle malfunc
tions defined, and demonstrate the resulting trajectories and aerothermo-
dynamics associated with high altitude failures„ One must reiterate 
here that the generators and their fuel are designed to burn up above 
100,000 feet altitude on re-entry following orbital decayo Aborted mis
sions are of four types: 

(1) Launch failures, 

(2) Ascent failures. 

(3) Final stage failures, 

(4) Orbital decay and re-entry before the design lifetime of the 
satellite of 600 days. 

The first three points above will be covered in detail. However, 
orbital decay and re-entry before 600 days will yield the sam.e conditions 
as those described for successful missions, with the exception of the 
Cerium-144 inventory, which will decrease with orbital lifetime. The 
satellite will circle the earth 16 times in one day and 9600 times in 600 
days. Failures on the first orbit will result in an injection of 1.76 mega
curies of Cerium.-144, and the 600-day injection inventory will be 0.409 
megacurie. Therefore, failures of Type 4 will yield ground concentrations 
of Cerium-144 ranging between those resulting from successful missions 
and those resulting from prompt aborted m.issions as covered by Type 3 
failures. 

A. DEFINITION OF ABORTED MISSIONS 

Definition of the type of potential malfunctions of the launching vehicle 
has been derived by an analytical comparison of failure of past missile 
and satellite vehicles with the characteristics of the typical system ex
amined here. The examination included a detailed study of the design 
characteristics of the launching vehicle and a postulation of the type of 
failure that might result , A series of experiments has been conducted 
to simulate actual destructive forces to which the generator will be ex
posed during failures. 
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lo Definition of Launch Failures 

Launch failures are broadly defined as those failures which occur 
either on or directly above the launch pad. This will span a time period 
of several minutes prior to liftoff to approxinaately 15 seconds after the 
vehicle is airborne. This specifically excludes minor electronic and 
mechanical failures which merely interrupt the countdown^ The vehicle 
will be at an altitude of approximately 1000 feet 15 seconds after launch, 
the maximum height considered for the launch failures. The trajectory 
calculations and the location of the dispersion area of vehicle remnants, 
in case of launch abort, are greatly simplified as the velocity vector of 
the vehicle is vertical throughout this period. Launch failures are sub
divided into propellant tank, propulsion and guidance failures, 

Propellant tank failure. A propellant tank failure results from either 
overpressurization or spontaneous structural failure of the propellant 
tanks. Two failure mechanisms are possible. Firs t , there is a possibil
ity that rupture of the bottom of the liquid oxygen tank of the booster 
and of the top of the RP-1 tank can cause the propellants to mix within 
the missile. Second, the most probable failure is side seam failure of 
the tanks and resultant mixing of the propellants on the launch pad. 

The mixture of liquid oxygen and RP-1 fuel can be ignited by sparks, 
by hot engine components, or scintilla. The liquid oxygen will vaporize 
rapidly and some of the RP-1 fuel will soak into the launch pad or 
drain into the flame bucket of the launch pad. Any likely fire will be 
gravity fed until the collapse of the missile structure allows it to reach 
the unexpended fuel in the tanks. 

In failures of two-stage missi les, two distinct fireballs have been 
observed. These have resulted from the combustion of the first stage 
fuel and the subsequent ignition and combustion of the second stage fuel. 
The second stage is assumed to be fueled with unsymmetrical dimethyl-
hydrazine (UDMH) and the oxidizer is inhibited red fuming nitric acid 
(IRFNA)o This mixture is hypergolic, that is , it ignites spontaneously 
upon mixing. Consequently, combustion of the second stage is quite prob
able, but subsequent to, rather than simultaneous with, the first stage 
combustion. 

Propulsion failures, A propulsion failure can occur throughout the 
entire thrusting perxoHT The vehicle is tied down by explosive bolts for 
approxinaately 10 seconds after thrust is first initiated for a final check 
of the propulsion system. The check includes vaive settings, propellant 
flow, thrust buildup, and other pertinent subsystems. The vehicle will be 
released only when thrust is near or at full power. When the required per
formance is achieved, the tiedown bolts will be automatically detonated and 
fractured, allowing the vehicle to lift off. This is considered time zero 
in the launch chronology. 
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Failures during the launch period can be attributed to restr icted fuel 
flow, pump failure, incomplete combustion of propellants, or other mal
functions of the booster engines. Such a failure will cause the vehicle 
or its remnants to impact on or near the launch pad. Two specific types 
of events are possible. Firs t , very low altitude fallback failures will 
cause the vehicle structure to be crushed on the launch pad, releasing 
propellants en masse at that location followed by a major conflagration. 
Second, and perhaps the least serious of the two failures, is the airborne 
ignition of the propellants. Due to poor mixing, diffusion of propellants, 
and selective separation of missile components and propellants by drag, 
destruct charges, and gravity forces, a midair fire yields less energy 
than fallback. The propulsion failure of the booster engine will cause 
the final stage propellants to ignite due to their hypergolic character
ist ics. 

Guidance failures. Guidance failures during the launch sequence are 
infrequent because the vehicle is in a vertical climb during this period. 
A destruct capability is incorporated in boosters to enable the range 
safety officer to destroy the vehicle if its performance is significantly 
different from the desired vertical trajectory, and inflight correction is 
impossible. The range safety destruct signal detonates explosive charges 
which rupture the propellant tanks and cause immediate thrust termina
tion and destruction of the vehicle. Combustion of the propellants will 
result, producing a fire of very short duration which will be comparable 
to the midair fire described previously for propulsion failures. Debris 
from vehicle destruct will be scattered over an area within the range 
safety inapact zone described in Chapter VL 

2. Definition of Ascent Failures 

Definitions of ascent failures will be limited to those malfunctions 
that can occur during booster-sustainer stage operation from 1000 feet 
altitude up to, but not including, final stage ignition. The period of time 
under consideration will then be limited to 15 to 585 seconds after launch, 
the time of ignition of the final stage. Upon termination of the thrust of 
the booster-sustainer, 285 seconds after launch, a coasting time of 300 
seconds is required to achieve the desired orbital altitude. 

Ascent failures to be considered are at those critical points on the 
ascent trajectory where significant events occur. They are : failures at 
pitchover, maximum dynamic pressure, booster engine separation, sus
tainer burnout, and during the entire coasting period. Failures at points 
intermediate between these points will be governed by the maximum 
conditions of the next ascending point on the trajectory and the minimum 
conditions of the preceding critical point. Throughout the ascent phase, 
range safety destruct capability will be present in case of significant 
deviations from the prescribed trajectory. 
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Failure at pitchover. Pitchover is the point in the ascent trajectory 
at wMclTtFe veEicle departs from the vertical climb to begin its down-
range travel and acceleration to orbital speed. The time of initiating 
pitchover for this configuration is 15 seconds after liftoff and the condi
tions at this time are : altitude of 1000 feet, flight path angle of 90°, a " 
velocity of approximately 200 feet per second, and a downrange distance 
of zero. If the pitch program is not initiated or if a propulsion failure 
occurs at that point, the missile or its debris will subsequently impact 
at a range of essentially 0 miles. 

Failure at maximum dynamic pressure . Maximum dynamic 
pressure occurs approxinaately BIPseconds after launch at an altitude of 
38,000 feet and a velocity of approximately 1000 feet per second. At 
this point maximum aerodynamic loads are imposed on the missile, this 
being one of the critical points on the ascent trajectory. After a failure, 
the main body of the vehicle will coast to an apogee of approximately 
41,000 feet and will impact downrange a distance of approximately 2 
nautical miles, still in the range safety impact zone. 

Failures at booster engine separation and sustainer burnout. The 
boosTer engi£es~^~EEe''veIiiHe7"afEac&'e3*~o^ are 
assumed to deliver thrust for 140 seconds. The booster and sustainer 
engines draw propellant from comm.on tankage, and the burning tim.e for 
each stage is determined from an ascent optimization study. After 140 
seconds, the booster engines and the skirt about them are separated and 
tumble away from the vehicle. This occurs at an altitude of 250,000 feet, 
at a velocity of approximately 10,000 feet per second, at a flight path 
angle of 23% and at a downrange distance of 60 nautical miles. A cona-
plete propulsion failure at this time would cause the vehicle to coast to 
an apogee altitude of approximately 586,000 feet and then impact 780 
nautical miles downrange. 

The sustainer engine will terminate thrusting at 285 seconds after 
liftoff. At this time, the spent booster, the injection stage, and the pay-
load will be at an altitude of 860,000 feet, at a velocity of approximately 
18,500 feet per second, and at a flight path angle of 14.8°. The remain
ing portion of the booster is separated from the injection stage and will 
coast to an apogee of approximately 1,584,000 feet and then impact down-
range a distance of 2500 nautical miles. 

Failure during coast*. A coast phase is used to align the satellite 
stage and adjustihe trajectory to proper conditions for final stage igni
tion. When two stages are separated as described previously, it is pos
sible for the stages to interfere, or "bum.p," imparting disturbing moments f 
to the final stage. During the separation and coasting sequences of the 
vehicle system., the attitude of the vehicle is defined by gyro references 

^cnx"wiHHg—^ ^ ^ ^ ^ — IK 
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which energize the altitude control system if the vehicle deviates from 
the prescribed conditions. These systems have response times in milli
seconds. Aside from any physical damage incurred by the injection stage 
during separation, it is possible that the magnitude and acceleration of 
the disturbing moment may be sufficiently great to drive the gyro refer
ences of the vehicle to their l imits . Although this condition can occur, 
it is doubtful that it would go unnoticed since the gyro position is tele
metered back to the range control center. If the impact prediction is 
such that potential vehicle ixnpact point would endanger life and property, 
the vehicle would be destroyed on command. 

If damage is incurred by the injection stage during separation, this 
m.ay or may not be detected via telemetered information during coasting 
flight. Damage to the final-stage propulsion system would probably not 
be detected (since no propellants are flowing and the engine is not thrust
ing) unless the damage is of such a nature as to cause a drop in propel
lant tank pressures . Damage to the pitch and yaw servoactuators for 
engine gimbaling likewise would probably go unnoticed until ignition of 
the final stage engine. Damage to the gas-operated attitude control sys
tem, would probably be detected immediately, since the vehicle would 
fail to respond to guidance signals or would respond improperly. 

Just prior to final stage engine ignition, ullage rockets are fired to 
provide a small positive acceleration to the final stage and maintain a 
positive head on the propellants. These ullage rockets are canted out
ward and are arranged 180° apart. If either fails to fire, a slight pitch 
or yaw disturbance will be imparted to the vehicle. Since the angle of 
cant is small, this displacement can probably be easily counteracted by 
the operation of either the pitch or yaw gas jets . If neither rocket fires, 
the chances that upper stage ignition would be achieved are poor and the 
vehicle would continue along a ballistic trajectory, identical to that 
described for sustainer engine burnout failure. The projected impact 
point of the final stage would be 2500 nautical miles downrange in this 
case. 

Definition of final stage failures. Failures during final stage opera-
tion can also be caused by malfunctions in propulsion, propellant feed, 
and guidance systems. At the point of ignition, the probability of a ve
hicle malfunction is relatively high since a complicated sequence of 
events must take place. It has been determined that for 3% of the cases 
in which the ascent trajectory is within 3-sigma performance limits, 
successful orbital injection may not be achieved because of engine igni-

1 R 
tion failuresi , The engine injector starting characteristics could be such 
that high frequency instability occurs, which will cause the engine fail
ure . 
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After steady-state engine operation, the probability that thrust termi
nation or malfunction will occur is considerably reduced to 1.5%. A 
chamber failure could result in having the thrust vector acting at var i 
ous angles to the flight path, creating a disturbing moment on the ve
hicle. Such failure over a finite period of time and of sufficient magni
tude will cause the vehicle to tumble. Under a tumbling situation, the 
engine would probably shut down since propellants would be intermit
tently available to the propulsion system and chamber pressure could 
not be maintained. Other malfunctions such as ruptured propellant 
tanks or turbopump failure would result in a sudden termination of 
thrust, with a possible propellant fire. 

Failures in guidance and supporting systems will cause the greatest 
deviation from the planned trajectory. The probability of an autopilot 
failure during final stage operation was determined to be 2%, The r e 
sult of any guidance failure would be either to shift the gyro reference 
plane (resulting in a vehicle deviation in pitch or yaw from the planned 
trajectory) or to prevent the servos from correcting the vehicle motions 
as indicated by the guidance system. This condition will allow the ve
hicle to drift off trajectory, the extreme case being lateral drift yield
ing impact away from the prescribed launch azimuth. 

The injection vehicle has a redundant destruct system (weighing about 
25 pounds) which has a reliability factor of nearly 100 percent. This 
system is energized by ground command whenever it is shown by impact 
predictions that the vehicle will travel beyond the limits where a safe 
impact will be unobtainable. 

Though the destruct system is highly reliable, it was decided to in
vestigate all probable re-ent r ies that can originate from malfunction of 
the injection stage. Shown on the map in a later section is an outline of 
the maximum dispersion that could result for failures of this stage. 
Failures at randona tim.es after final stage ignition were assunaed in this 
study, with maximum dispersion simulated by placing the thrust vector 
at various angles to the velocity vector. Thrust misalignnaents were 
analyzed for positive and negative pitch and yaw deviations. The result
ing trajectories duplicate actual re-entry trajectories experienced by 
the vehicle under final stage abort conditions. 

Propulsion failures. Propulsion failures considered were final stage 
engine failures after various burning t imes. The net effect of final stage 
engine failure is to give to the injection stage various velocities short of 
orbital velocity at the time of failure. Velocity increments of 400 (Case 
5a), 600 (Case 5b), 2000 (Case 5c), 4000 (Case 5d), 6000 (Case 5e*), and 
7242 feet per second less than planned orbital velocity were considered 
for the points of thrust termination. 

*These cases are summarized in Chapter X, 

http://tim.es


The p a r a m e t e r s * used for the final stage rocket and flight conditions 
a r e : 

Weight of Propel lants Consumed (lb) 6640 

Specific Impulse ( Ib / lb - sec ) 266.43 

Burning Time (sec) 106,4 

Initial Flight Path Angle (deg) 2 

Initial Altitude (ft) 1,524,000 

Initial Velocity (fps) 17,781 

Initial Longitude (deg) 121.67 W 

Initial Latitude (deg) 16,37 N 

Guidance fa i lu res . The final s tage was analyzed for pitch and yaw 
naisalignments during stage operat ion a s a naeans of duplicating actual 
r e - e n t r y t r a j e c to r i e s caused by vehicle abo r t s . The method of analys is 
used was to instantaneously deflect the thrus t vector at var ious angles 
to the velocity vec tor , after which thrus t ing of the engine i s continued 
for the total p rog rammed per iod of thrus t at the deflected orientat ion. 
The ca se s considered were as follows. The p a r a m e t e r A V is the velocity 
l e s s than orbi ta l velocity where the thrus t vector was deflected. 

Case 

l a , l b , 

6a, 6b, 

2a, 2b, 

7a, 7b, 

3a, 3b, 

8a, 8b, 

4a, 4b, 

9a, 9b, 

5f, 5g, 

I c 

6c 

2c 

7c 

3c 

8c 

4c 

9c 

5h 

AV 
(fps) 

600 

2000 

4000 

6000 

7242 

6p (deg) 
(pitch deflection) 

+5, 

0 

+5, 

0 

+5, 

0 

±5, 

0 

- 5 , 

+45, +90 

+45, +90 

+45, +90 

+45, +90 

-30, -90 

6y (deg) 
(yaw deflection) 

0 

±5, ±45, ±90 

0 

±5, ±45, ±90 

0 

±5, ±45, ±90 

0 

±5, ±45, ±90 

0 

* This value cor responds to velocity at final s tage ignition. 

The deviations considered were the most conservat ive conditions 
that could be inaposed, s ince deflection angles g r e a t e r than 10 degrees 
a r e not c redib le . F igure 24 shows the method of analyt ical procedure 
enaployed for final s tage f a i lu res . 

•^"UsHmated from available final"sTage data. "" 
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B, DEFINITION OF FORCES IMPOSED BY ABORTED MISSIONS 

The forces imposed on the Task 2 thermoelectric generator by the 
launch, ascent and final stage aborts previously described are logically 
categorized as thermal, mechanical and chemical. The nature of these 
forces was determined from past histories of missile failures by 
analytical methods and through experimentation. Appendix A explains 
the details of pertinent experimentation conducted for the Task 2 pro
gram. 

1. Forces Imposed by Launch Failures 

Thermal forces. Failure of the typical vehicle described in Chapter V, 
below an altilude of 1000 feet, will result in a massive release and igni
tion of propellants of both stages on or above the launch pad with the 
generators intimately located in the conflagration. Initially, two successive 
superimposed fireballs, one from LOX-RP-1 and the other from UDMH-
IRFNA (separated by an interval of several seconds), will form and be 
followed by a persistent propellant and metal fire. Each fireball will 
have a Lifetime of about 6 seconds and a diameter of from 100 feet 
(UDMH-IRFNA) to 250 feet (LOX-RP-1). The peak fireball temperature 
of 5600° F lasts for only milliseconds. The initial condition of a typical 
propellant fire is shown in Fig. 25. The thermal energy imparted to 
the generators by the fireballs is relatively insignificant since they are 
short lived and rise 15 to 20 feet per second by convection. The violence 
of the fireball will serve to disperse propellants and decrease the anaount 
of residual propellants available for combustion in the sustained fire that 
will follow. 

However, the persistent nature of the propellant fire following the 
fireballs is indicative of a large source of total integrated thermal energy. 
Here the RP-1 , metals and UDMH burn at a steady but decreasing rate 
after the liquid oxygen has evaporated and diffused. Of the 83,000-pound 
RP-1 inventory at launch, several thousand pounds would remain to feed 
the fire. For exam.ple, 5000 pounds of RP-1 would have a potential heat 

8 value of 10 Btu (18,600 Btu per pound). The 700 pounds of magnesium 
in the satellite would have a potential heat value of 7 x 10 Btu when re 
acting exothermically. Half of the UDMH inventory (~900 pounds) has a 

7 8 
potential heat value of 10 Btu. Therefore, about 10 Btu will be potentially 
available from the sustained fire. Of this energy, a fraction will go into 
the missile structure and ground, and the rest will be carried off by radia
tion and convection. 
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Examination of the fuel core shows that 19,500 Btu are required to 
raise the core from operating temperature (1670° F) to its m.elting point 
( 2600° F). The isotope is providing an internal heat of 6 Btu per second. 
In a propellant fire, the core is insulated against the external heat by the 
Min-K outer shell. Therefore, throughout the fire the internal heat of the 
isotope is the governing factor. The core would have to be completely 
insulated for approximately 80 minutes before m.eltdown of the core could 
occur. The propellant fire temperature would provide a thermal bar r ie r 
producing insulation for no more than four minutes, after which the tempera
ture of the fire is less than 2600° F. 

On the other hand, if the fuel core is immediately exposed to the 
fire at operating tem.perature, a comparable time (four minutes) would 
exist in which external heat could be transferred into the core. After 
this time, the core can radiate heat to the fire, since the fire tempera
ture is below the core temperature. 

Since a very rigorous heat transfer analysis involving a multitude of 
variables was, at best, an order of magnitude estimate of the problem, 
it was decided to conduct field tests to determine (1) the thermal forces 
imparted by the propellant fire, and (2) the effects of these forces upon 
the generator and fuel core. The missile failure was simulated in full 
scale at Aberdeen Proving Ground. Bare fuel core specimens and one 
full-scale generator were im.mersed in the center of the thermal environ
ment. The two fireballs are shown in Fig. 25. Figure 26 is a plot of 
temperature versus time in the fire with bare fuel core temperatures 
superimposed. No appreciable thermal damage was im.posed upon the 
cores by the tests , and simulated fuel was retained by the thermal integrity 
of the encapsulation. 

Mechanical forces. The two m.echanical forces applied to the generators 
by OauncFTallure are impact and shock overpressures. The impact of 
the fuel cores on or near the launch pad would occur from 70 to 1000 feet 
altitude, yielding maximum impact velocities of 62 to 250 feet per second, 
respectively. Im.pact forces of this magnitude can readily be dismissed, 
since the fuel cores are designed to withstand impact at a terminal velocity 
of 500 feet per second. 

Early in the Task 2 program, the m,agnitude of shock overpressures 
from exploding propellants was not clearly known. The first analyses 
conducted indicated that, if LOX-RP-1 propellants were spilled on the 
launch pad, m.ixed, and detonated, explosive yields up to 77%* TNT equiva-

17 lent could result. Subsequent to this investigation the Space Techno-
% logy Laboratory developed certain empirical formulae from observed mis-

18 sile failures. These form.ulae were employed to deternaine personnel 
safety distances for launch complexes. They are : 

mk *Frwn~tests~oFT7T0-scale missiTes7~~" ^ ~ ^ '~~' ' ' ^ ~ 
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Predicted average pressure 

p = 

At the 

P = 

where 

P 

Z 

593 28.8 ^ 20.7 
Z"̂  Z^ Z 

upper 98% confidence limit 

9862 187.9 ^ 52.8 

= peak side-on overpressure 

R 

(psi) 

(1) 

(2) 

R = distance from explosion (feet) 

W = total weight of propellants (pounds). 

Using the Task 2 values and substituting into Eq (1), 

R = 35 feet (distance of generator from source of explosion) 

W = 260,000 pounds (weight of booster propellants) 

P = 166 psi. 

Using the Task 2 case and substituting into Eq (2), 

P = 2568.7 psi. 

Calculations performed by the Army Ballistics Research Laboratory 
indicated that the Task 2 generators would receive a peak overpressure 
of 1020 psi. Scale model tests conducted by BRL demonstrated that 

19 fuel cores would not fail at these pressures . The ultimate tensile 
strength of Inconel X at operating temperature is over 20,000 psi. 

Turning from the explosive potential of booster propellants, the 
injection stage propellants (UDMH-IRFNA) were investigated. Prelim.inary 
data indicated that the energy yield from these propellants was entirely 
thermal (i.e., no shock waves). This was verified in the full-scale fail
ure test conducted at Aberdeen Proving Ground, Thus, the problem of shock 
overpressure from final stage propellants was eliminated. 



Chemical forces. Since the launch abort restr icts the ultimate location 
of £uei~coFes to the vicinity of the launch pad, the only possible chemical 
forces expected were those imposed by the immersion of fuel cores in, 
or contact of fuel cores with, propellants. Liquid oxygen and inhibited red 
fuming nitric acid were the propellants of interest. Immersion of cores 
in propellants is not likely because of the protection afforded the cores 
by the shell of the generator. Imm.ersion in liquid oxygen, even if it 
occurred, would be for a very limited period because the liquid oxygen 
will evaporate, burn and disperse rapidly during any significant vehicle 
failure. Inconel X cores at operating temperatures were immersed in 
liquid oxygen for exposure times exceeding those of expected missile 
failures without any appreciable oxidation or thermal shock damage to 
the cores. 

Corrosion of the cores by nitric acid would proceed at an estimated 
maximum rate of 2.5 inches per year if the cores were completely 
immersed and maintained at 250 to 300° F. With a core wall thickness 
of 0.3 inch, it would take 41 days to expose the radiocerium. fuel. This 
time is far greater than a credible exposure time of the cores following 
launch aborts. 

2. Forces Im.posed by Ascent Failures 

Though ascent aborts cover a wide variation of conditions, the forces 
imposed upon the generators are still intermediate between those of 
launch failures and final stage failures. As we pass along the ascent 
trajectory, the effect of propellant ignition becomes less significant as 
booster propellants diminish and aerodynam,ic heating becomes more 
severe with increasing velocity. Beyond an altitude of 10,000 feet, the 
generators or fuel cores will impact at their constant ternainal velocity 
at impact points which range from the launch pad to a point at sea 25d0 
miles downrange. 

Thermal forces. The maximum release of thermal enery from pro-
pellants igmte^ en masse was shown to occur during the launch failure. 
The available propellants from the booster decrease until they are com
pletely expended at sustainer burnout (285 seconds after launch). How
ever, during the period from 15 to 285 seconds, their ignition can be in
duced by m.issile destruct from the range safety officer if the vehicle 
is off course. The final stage is dormant during the entire ascent per
iod (15 to 585 seconds), and its propellants remain as a potential source 
of thermal energy. The nature of the airborne propellant fire is such 
that the generators would only be exposed to the initial fireball and would 
be immediately separated from the thermal environment by drag forces 
as the vehicle disintegrates. Because of these factors, the thermal 
forces from ascent fires would not be as severe as those experienced in 
launch fires, and their effects upon the fuel core need not be considered 
further. 
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Aerothermodynamic forces are insignificant from trajectories result
ing from aborts in the booster period including pitchover, maximum 
dynamic pressure , and booster engine separation. For example, failure 
at booster engine separation will result in re-entry from an apogee of 
586,000 feet with insufficient heat to melt the outer shell of the generator. 
An abort at sustainer thrust termination or at final stage ignition will 
produce sufficient aerodynamic heat to melt the shells of the generators, 
exposing the core. The point at which the core is exposed is well below 
the altitude where the peak heating rate is imposed by aerodynamic forces 
so that no damage to the core will occur. However, as will be shown 
below, the aerothermodynanaic effects on the generator of the late ascent 
aborts will determine the impact velocity of the fuel core. 

Mechanical forces. Potential shock loads from booster propellants 
wiiniecrease as they are expended in a similar manner as the thermal 
energy described above decreases. In addition to this factor, the intimate 
mixing of propellants will not occur due to the motion of the vehicle and 
confining surfaces. Therefore, the mechanical energy yield will de
crease on a pound-for-pound basis from ground to airborne detonations. 
It has also been shown that the final stage propellants are not a source 
of mechanical energy. During the period of potential shock energy (15-
285 seconds) there is a possibility of damaging the outer shell of the 
generator and releasing the core to the air stream. However, through
out this period, aerothermodynam^ic forces are not significant and would 
not damage the exposed core. 

Impact loads imposed by cores impacting on the earth at terminal 
velocity are the most severe forces experienced during ascent failures. 
The terminal velocity of the generator is 210 feet per second; the core 
inapact velocity is 460 feet per second. Consequently, as long as the 
generator shell is present at impact, the core will receive a negligible 
impact pressure of about 250 psi. At 460 feet per second, the terminal 
velocity of the core, the im.pact pressure is about 20,000 psi on rigid 
target media, and at operating tenaperature the core has an ultimiate 
tensile strength of 23,000 psi. This relationship is shown in Fig. 27. 

An examination of potential impact media is warranted. During pitch-
over aborts, the generator would impact well below its terminal velocity 
near the launch pad. At m.axim.um dynamic pressure, a failure would 
result in terminal velocity impact approximately two nautical miles 
downrange. These cases would result in im.pact on nonrigid media con
sisting of unconsolidated dune sand, alluvium and terrace sediments of 
Quaternary age. Bare cores impacting at terminal velocity would 
penetrate 6 feet or so of this material . Im.pact pressures would be only 
a fraction of those previously stated for rigid media. 
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Aborts at booster engine separation would provide impact at sea 
780 miles downrange. Aborts at sustainer burnout and final stage igni
tion would result in impact of the fuel cores at sea 2500 miles downrange. 
Since impact would occur on a nonrigid medium, fuel core integrity would 
be maintained. 

Chemical forces. Aborts at pitchover and maximum, dynamic pressure 
couT3~conceIvaBIy result in cores being exposed to nitric acid. However, 
due to the breakup characteristics of the vehicle, the fuel cores could 
not become immersed in nitric acid from residual propellants in the 
ground wreckage. 

Exposure to saline solution is quite possible, since sea impact will 
result from aborts occurring frona 100 to 585 seconds after launch, a 
substantial period of tim.e. The pitting rate of sea water on Inconel X 
is 0.0236 inch per year acting on a core wall thickness of 0.3 inch. At 
this maximum, corrosion rate, the fuel would become exposed after 12.8 
years, when the initial Cerium-144 inventory of 1.76 megacuries has de
cayed to 20 curies . Therefore, effective chemical core integrity is 
achieved. 

3. Forces Imposed by Final Stage Failures 

The forces imposed by final stage failures are primarily those of 
aerodynamic heating and terminal velocity impact of bare fuel cores or 
their remnants. This framework of failures contains the grey area that 
must exist for all devices designed to burn up on re-entry following post-
orbital decay. Fortunately, this grey area has spatial and temporal 
characterist ics which place it in a favorable uninhabited geographical 
zone. 

Thermal forces. The final stage propellants are the only source of in _ _ _—___ ^ 
situ thermal energy amounting to an energy potential of about 10 Btu 
before final stage ignition. Again, the breakup characteristics of the in
jection vehicle through spontaneous or range safety-induced destruct 
would result in a very short exposure of the generators; the generator 
shell would probably not be removed. 

Aerodynamic heating is very severe with the minimum, case being 
thermal destruction of the generator shell for all final stage failures. 
Examination of the least complicated failure, premature thrust termina
tion, shows a wide re-entry heating spectrum. These failures are 
designated Cases 5a through 5 e. For Case 5e, Fig. 28 shows the heat
ing rate for a final stage thrust cutoff at 6000 feet per second short of 
orbital velocity. In this case, the generator shell is consumed and 28% 
of the fuel core is ablated and dispersed. Case 5b, shown in Fig. 29, 
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 ô
 

o
 

o
 

O
l o
 35

 i \ 

\ 

Jl
 

k<
 

0
9 

\ \ 

> o
 k 

y 

s^
 

/ 

o
 

Q
 

O
. 

on
 

) K -
^ 

/ A
 «—

i -
-

^ 

<)
 

/ ^
3 

!S
3 

j
^ 

^ _«
, 

«
^ 

,«
,»

 

M
 / -

^ 

^ 

/ 
/^

 

^ ^ 

O
S

 

y 

X
 

—
 

^ 

/
^ 

_
] 

. 
H

 

h-
4 

0
0 

4 

X
 

y a 

' 
• 

^
^ 

—
 

to
 

o
 

/ 

p"
 

fo
 

S
 

p 
^ 

P
' 

1 

3 
2 

<̂
 f®

 

.
^

^ 

5s
3 

> 

\ \
. 

0)
 

\ k 

ts
3 

0
3 i j / 1 

/ r s ^ 



78 

shows the heating rate for a thrust cutoff failure at 600 feet per second 
short of orbital velocity. High altitude burnup of the core occurs at 
180,000 feet over Antarctica. The consequences of high altitude injec
tions of Cerium-144 will be discussed in Chapter X. Of the six cases 
of thrust cutoff considered, three burned up at altitude, two were partially 
consumed and one impacted intact. 

Failures in pitch yielded a complete spectrum of conditions. Of 
15 failure cases considered, six went into a short lifetime orbit, three 
were burned up at high altitude, two were partially burned up with 
remnants impacting and four re-entered intact. 

Twelve failures in yaw were considered. Of these, five went into a 
short lifetime orbit, five burned up at high altitude, and two were partially 
ablated at impact. 

Mechanical forces. Of the 33 general cases* considered, impact of 
parnaIly~consume3~cores or intact cores occurs in 11 cases. Ten im
pact at sea, of which five are not ablated and five are partially consumed. 
One case, a pitch misalignment failure occurring at 6000 fps short of 
orbital velocity, results in 10% of the core impacting near the South Pole 
at a temperature of 3000° R. This is indicative of a limited dispersion 
of material at impact on ice, a sem.irigid medium. 

Chem.ical forces. Corrosion of Inconel X has been described previously. 
Of mteresTls ' sea"water corrosion of ceric oxide in the five cases where 
core rem.nants impact with the fuel exposed. After the remnants settle 
to the bottom of the sea, the ceric oxide will generate 1.96 watts per gram 
to heat up the exposed surfaces. Ceric oxide is insoluble in hot water and, 
therefore, would not be appreciably dissem.inated in the m.arine environ
ment. Further, cerium does not readily enter the biological cycle in 
significant amounts. Solution of praseodymium salts may occur, but 
this effect is minimized by its short half life of 17 minutes. 

__̂  ^______^ » 
*Actually 46 specific cases were treatecT 
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Xo SUMMARY AND CONCLUSION 

This chapter p r e s e n t s a s u m m a r y of the im.mediate and ultim.ate 
fate of the fuel for both successful and aborted mis s ions . Since s u c c e s s 
ful miss ions and naany of the abor ted miss ions r e su l t in s t ra tospher ic 
injections of Cer ium-144 , a r a t h e r detailed discussion of fallout i s in
cluded. 

A. SUCCESSFUL MISSION 

The fate of the r ad ioce r ium following a successful miss ion i s c lear ly 
defined. The fuel will be ablated in the upper s t r a tosphe re at an altitude 
of 234,000 feet or more and d i spe r sed a s pa r t i c les l e s s than 10 mic rons in 
diametero Re -en t ry will occur at random above the e a r t h ' s surface, 
and the mean res idence t ime of fallout at the alti tude of r e l e a se is thought 
to be five y e a r s or m o r e . To obtain a conservat ive es t imate of the con
sequences of this re lease^ a mean res idence t ime of eight months was e m 
ployed in the fallout es t inaates . 

After 600 days, the sate l l i te inventory of Cer ium-144 will be 0^4 mega-
curie., and this amount will be injected into the s t r a tosphe re at random 
as fallout, with a mean r e s idence t ime of 240 days. It i s assumed that 
75% of this m a t e r i a l i s uniformly deposited in the Tempera te Zone, 
corresponding to a r e l e a s e above this region. The resu l tan t peak ground 
concentrat ion will be 2.5 mi l l i cu r i e s pe r square mile and will occur 271 
days after the injection (871 days after launch). The dose ra te in the 
fallout field corresponding to the peak concentrat ion is 450 m i c r o -
mic ro rad pe r hour„ This level of radiat ion will be completely masked by 
nuclear weapons debr i s a l ready res idua l in the Tempera te Zone. The 
m.echanism of fallout i s fur ther d i scussed in detail l a t e r in this chapter . 

B. ABORTED MISSIONS 

The s t a t i s t i c s for abor ted mis s ions a r e meaningful in t e r m s of thei r 
expected frequency over an operat ional cycle, the type of abort anticipated 
and the probable consequence. The following overal l s ta t i s t i cs a r e p r e 
sented for operat ional fa i lu res . 

Type of Fa i lu re 

Statist ic Overal l Launch Ascent Final Stage 

Probabi l i ty 0 a 6 0 0.021 0.075 0.065 

Percen t 16.1 2.1 7.5 6<.5 
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This shows that the ascent failure and final stage failure are roughly of 
equivalent probability whereas the launch failure is the least probable„ 
Tables 4, 5 and 6 summarize all aborted missions, and Fig. 30 shows the 
terminal locations of the fuel following the aborts tabulated. Figure 31 
presents a summary altitude-range profile of aborts. 

lo Launch Failures (Table 4) 

A summary of launch failures shows that the fuel cores will come to 
rest on or near the launch pad. Analysis of past failures indicates that 
the generators will probably be entangled in the vehicle wreckage,. Ob
servation of the abort test also indicated that the fuel cores would proba
bly be enclosed within the partially breached generator shell. The fuel 
cores will be intact in all cases, precluding widespread contamination of 
the launch complex and environs. The range destruct capability would 
ensure that impact is confined to properly controlled areas . 

The only radiation hazard presented is the direct radiation of the fuel 
cores. If the abort results in wreckage on the launch pad, the dose rate 
outside of the blockhouse, 1000 feet away, would be 80 milliroentgens per 
hour, and, within the blockhouse, it would be negligible. On the other hand, 
if the wreckage came to rest directly on the blockhouse, the dose rate 
inside would be 1 milliroentgen per hour. In either event, sufficient time 
would be available to permit retrieval of the cores without overexposure 
of operations personnel. 

The Missile Accident Emergency Team would initiate recovery opera
tions after the ensuing fire by (1) separating the generators from the wreck
age, (2) separating the cores from the generator, and (3) providing shielding 
of the coreso The second operation may be bypassed if the fuel cores can
not be extricated from the crushed generatoro In this case, the cores would 
be placed into a shield in situ« The recovery operation is a complex one, 
but could be accomplished without personnel overexposures if special r e 
trieval equipment were made available. The probability of this failure is 
2.1%o 

2o Ascent Failures (Table 5) 

Ascent failures are statistically more probable than any other type con-
sidered„ However^, the consequences of these failures do not pose problems 
of uncontrolled radiation exposureo Further, the redundant range safety 
destruct capability serves to constrain impact points to the range safety 
zone. In all cases, fuel cores will remain intact for the effective lifetime 
of Cerium-144o Three distinct possibilities exist for the ultim.ate fate of 
the fuel following ascent aborts; they are: 



A. Launch Fa i lu re s 

Summary of 
launch fai lures 

1. Propel lant 
tank failure 

Time of 
Fa i lu re 
(seconds) 

-2000 to 
+15 

-2000 to 
0 

Altitude 
of Fa i lu re 

(feet) 

0 to 1000 

0 to 10 

1. 

2. 
3. 

1. 
2. 

Cause 

Propel lant 
tank 
Propuls ion 
Guidance 

Seam fai lure 
Ove r -
p re s su r l za t ion 

F a i l u r e 
Mechanism 

Atlas d i s -
in tegra tes 
exposing 
agena p r o 
pellant f i re 

Collapse of 
vehicle Into 
propel lant 
f i re 

2. Propulsion 
failure 

10 to 
15 

0 to 1000 1. 

2 . 

Rest r ic ted 
fuel flow 
Incomplete 
combustion 

Collapse of 
vehic le , a i r 
borne f i re , 
faUback 

3. Guidance 
failure 

0 t o 
+ 15 

0 t o 1000 1. 

2 . 

T h r u s t 
m i s a l i g n 
m e n t 
G y r o 
f a i l u r e 

C o m m a n d 
d e s t r u c t 
f a l l b . i c k 
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TABLE 4 

Summary of Aborted Miss ions- -Launch Fa i lu res 

Forces Imposed By Abort 
Location 
of Debr i s 

On or 
nea r 
launch 
p a d 

On 
launch 
p a d 

On or 
nea r 
launch 
p a d 

On or 
near 
launch 
p a d 

T h e r m a l 

Propel lant f i re 
2 f i r eba l l s . 
sustained pro -
pellant and 
meta l f i re 

Release of 10^ 
Btu f i rebal l pulse 
to 6000° F , s u s 
tained f ire 4&00°F 
to 100" F in 30 
minutes 

Same as above or 
a i rborne f i re with 
exposure to f i re -
ball for 3 sec 

Same as above 
or l e s s exposure 
for command 
des t ruc t 

Mechanical 

Shock loads 

Impact loads 

Shock load of 
2500 psi m a x 
imum 

Impact load of 
1000 psi m a x 
imum 
Shock load of 
2500 psi m a x 
imum 

Impact load of 
1500 psi m a x 
imum 

Same as above 

Chemical 

Poss ib le minor at tack 
by IRFNA 

Minor at tack by IRFNA 
if core is i m m e r s e d for 
long period 

Same as above but l e s s 
probable in case of a i r 
borne accident 

Same as above 

Condition and 
Location of Core 

After fire, cofe will 
be in missile debris; 
core will be intact 

Among naissile 
debris intact 

Among missile debris 
intact or separated from 
debris 

Same as above 

Primary 
Radiologfcal 

Hazard 

Direct radiation 

Direct radiation 

Direct radiation 

Direct rad-ation 

Counter-
Measures 

Exclusion, 
shielding 

Exclusion, 
shielding 

Same as 
above 

Same as 
above 

Ultimate Fate 
of Fuel 

Retrieved by maet with 
containment of fuel in 
ail cases, safe disposal 

Retrieved for safe 
disposal, fuel contained 

Same as above 

Same as above 
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TABLE 5 

Summary of Aborted Miss ions- -Ascent Fa i lu res 

Initial Conditions at Time of Failure 

Ascent Failures 

1. Failure at pitch 
over 

2. Failure at maximum 
dynamic pressure 

Cause 
of 

Failure 

1. Guidance 
2. Structural 
3. Propulsion 

1. Structural 
2. Guidance 
3 Propulsion 

Time of 
Failure 
(seconds) 

+ 15 

Altitude 
(feet) 

1.000 

Attitude 
(degrees) 

Velocity Range 
(fps) (naut HIL) 

Apogee 
Altitude 

(feet) 

1,100 

3. 

4 . 

5 . 

6. 

Failure at booster 
engine separation 

Failure at sustalner 
burnout 

Failure during 
coast 

Failure at final 
stage Ignition 

1. 

2. 
3. 

1. 

2. 

1. 

1. 
2. 

Poor 
separation 
Guidance 
Propulsion 

Poor 
separation 
Guidance 

Guidance 

Propulsion 
Guidance 

+140 

+285 

+285 to 
+585 

+585 

250,000 

860,000 

860,000 to 
1,524.000 

1,524,000 

23 

14.8 

14.8 to 
2.0 

2 . 0 

10,000 

18,500 

18,500 

18,500 

60 

340 

340 to 
1,000 

1, 100 

586,000 

1,584,000 

1, 584,000 

1. 584,000 

Impact 
Point 

(naut mi) 

2,0 

Thermal 

Airborne propellant 
fire with exposure 
to fire ball for 3 sec; 
po&sible exposure to 
debris fire 

Same as above 

Airborne propellant 
fire minimal; very 
minor aerodynamic 
heat 

Aerodynam.ic 
heat will destroy 
generator shell 

Same as above 

Possible propellant 
fire. 
Aeroheat melts shell 

Forces ImpObed by Aborts 

Mechanical 

Shock 1000 psi 
max 

Impact 1500 psi 

Shock 1000 psi 
max 
Impact loads 
6000 psi max 

Shock load 
minimal 
Impact load 
6000 psi max 

Impact load 
6000 psi max 

Same as above 

Same as above 

Chemical 

Very minor 
IRFNA attack 
possible 

Same as 
above 

Salt water 
corrosion 
of Inconel 

Salt water 
corrosion 
ofInconel 

Same as 
above 

Same as 
above 

Immediate Fate 
of F'uel Core 

Location Condition 

Near 
launch 
pad, on 
base 

I mile 
down-
range 

In Pacific 
In deep 
water 

In Pacific 
in deep 
water 

Same as 
above 

Same as 
above 

Intact in 
debris or 
burled 

Intact in 
debris or 
buried 

Intact 

Intact 

Intact 

Intact 

Counter-
measures 

Command 
destruct 

Command 
destruct 

Command 
destruct 

Commamd 
destruct 

Command 
destruct 

Command 
destruct 

Ultimate Fate of Fuel 

Retrieved by MAET 
for safe disposal 

Same as above 

Left to decay; exposure 
of fuel In 12.8 years 
(20 curies) 

Same as above 

Same as above 

Same as above 
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TABLE 6 

Summary of Aborted M i s s i o n s - - F i n a l Stage F a i l u r e s 

F i n a l S t age K a l J u r e a 
J^robabUU^ _6^3%)_ 

C a s e 
N u m b e r * 

T l m i 
Aft 

of 
:r i 
{ae 

l-'al 
aui 

':} 

P r o b a b l e C a u n e 

At f i n a l s t a g e ign i t i on 

Aliar f i na l s t a g e ign i t ion 

GuldaLice f a l l u r e b 

V e h i c l e u n s t a b l e 

P i t c h f a U u r s (veUtc ie stable} 

Yaw f a i l u r e ( s t a b l e ) 

Gs-'iierai 

Sumu'iary 

G e n e r a l 

5f 

5g 

5h 

4 a 

4 b 

4c 

3a 

3b 

3 c 

585 to 

585 

6 i 0 

644 

671 

086 

6 8 8 . 5 

585 to 

+691 

^691 

+610 

+644 

+644 

+644 

+6 71 

+ 671 

+6 71 

+ 686 

+ 686 

+ 686 

d 13turblr .g m o m e n t s 

-30 

-90 

+4 5 

+90 

+4D 
+90 

6000 

4000 

2000 

600 

6000 

6000 

6000 

4000 

4000 

4000 

2000 

600 

.' 'ery i m p r o b a b l e 

Ve rv in iDrobab lc 

3 . 3S 

1 1 . 4S 

8 0 . OS 

4 7. 9S 

Into o r b i t 

6 . 2 S 124 . OW 

5 . 9 N 1 2 3 . 3 W 

8 8 . 7S 49 

3 5 . 4 S 127 

3 3 . OS 48 

03 .OS 128 

Into o r b i t 

4 \ \ 

1 8 0 , 0 0 0 

OlorrojsiGri o.f 20 ou r l eB C e " ' " . n e a r ei |uato. ' 

C o r r o s i o n n \o8t of fue l . lln"ilted faUout 

I ' a l lou t .s. 1'eznp. Zor .e , o o r r o e l o n of fuel 

i-'ailQ-ut S. Ten'sp, /iQ'ie \ I . 7 n \ c ^ ^ I r i jeoted; 

r ' a l l ou t S. T e m p . Z o n e ( 1 . 7 m c I n j e e t e d ) 

S i m i l a r to p r o p u l s i o n f a lba re 

v^ery i i in ivea ; a i i o u t 

o ' o r roBlon of 20 o i i r i e s 

a l jou t at r a n d o m ( 1 . 3 mo l]ijeote<l. 

' ' a l lout m e a n reH 8 m o 

t610 

+644 

+644 

Stiift ol g y r o 

r aii-ure ot 
sei-voi5. 

4000 

2000 

ioO,000 

uito orbl i , 

Ir+o o r b i t 

H e ~ o n t r y a f t e r 

+6 71 out , n.iears rf 

+ 671 

»686 

+6 88 

S t r a t o B p n e r i o t n j e o t l o r 

Into o r b i t 

+686 io i i t In S. i eOip. / . o n e ^ 

* R e f e r s to machLne :-un and n i a p plot p o l n t a . 
s* ;-!-5.Q sj m e g a c u r i e s . 





Downrange Distance {naut mi) 

F i g . 3 1 . P r o f i l e of Abort T ra j ec to r i e s 
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(1) Impact on land--This will occur zero to five miles from the 
point of launch for pitchover failures (0 miles), failures at 
maximum dynamic pressure (2 miles), and for failures occur
ring immediately after the point of maximum dynamic pressure 
(2 to 5 miles). The consequences will be essentially those de
scribed for launch failures earl ier (i.e., recovery by MAET). 

(2) Impact in shallow water offshore--After the point of maximum 
dynamic pressure is passed on the ascent trajectory, subse
quent vehicle failure could result in impact of cores in shallow 
water offshore (5 to 10 miles downrange). This would make 
recovery operations safer by providing shielding, but would 
require considerable time to separate the cores from the 
wreckage. The probability of the occurrence is quite low be
cause a very narrow band of flight time is available in which 
the vehicle can malfunction. 

(3) Impact in deep water downrange--Failure at booster separa
tion would provide core impact 780 miles downrange in deep 
water. Failures at sustainer burnout, during coast, and a 
final stage ignition would result in core impact 2500 miles 
downrange. In these cases, there would be no attempt to r e 
cover the cores and they would come to res t in the bottom of 
the Pacific in relatively deep water. The radiocerium would 
be expo'^ed through the mechanism of marine corrosion after 
a minimum of 12.8 years when the total source strength is 
20 curies. 

If the flight time available for ascent failures is any criterion (50 
seconds for failures resulting in land impact versus 520 seconds for 
failures resulting in impact at sea), it appears that the majority of a s 
cent failures would result in water impact. The sea provides an ideal 
resting place for a radiation source sealed in a corrosion resistant con
tainer. 

3. Final Stage Failures (Table 6) 

The final stage failures (33 general cases) yield a wide spectrum of 
consequences varying from high altitude burnup of the fuel to impact 
of the fuel core intact at sea. The terminal locations for the fuel for 
the majority of the cases considered are shown in Fig. 29. Excluded 
from this plot are the cases where the satellite enters an eccentric 
orbit and re -en ters at random. Four distinct possibilities exist for the 
ultimate fate of the fuel following final stage aborts. They are as follows: 
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Into orbit (11 cases). Guidance failures in pitch and yaw result in 
11 cases in whTch the "satellite goes into orbits of short or intermediate 
lifetime So Pitch failures occurring with minor angular deviations to the 
planned trajectory (± 5*) characteristically produce orbits at all velocity 
decrements. One pitch failure at 45° late in the final stage operation 
(A V = 600 fps) produced an orbito The orbital lifetime varied from 10 
to 240 days for all pitch caseSo 

Failures in yaw yielding orbits were five in number; four were due to 
minor deviations to the flight path (± 5®) at all velocity decrements, and 
one was due to a ±45° deviation late in final stage operation (^V - 600 
fps)o The orbital lifetimes varied from 13 to 220 days for all cases. 

It is concluded that failures yielding very minor pitch and yaw de
viations from the prescribed trajectory will result in orbital injection 
of the satellite. Similar failures occurring late in the final stage oper
ation {AY - 600 fps, trajectory deviation = 45°, t - 686 seconds) will also 
result in orbital injection. 

Since the generator and fuel are designed to be burned up from or
bital decay, the consequence of these failures will be world-wide fallout^ 
and re-entry will occur at random above the earth. The Cerium-144 
inventory injected, however, will vary from an amount approaching that 
injected from a successful mission to that injected by the prompt re-entry 
and burmip case considered next. 

Prompt re-entry and total burnup (11 cases). Prompt re-entry of 
the "satellite and high anifu3e~Burnup~an3~3Ispersal of the radiocerium 
occurs subsequent to some thrust cutoff, pitch and yaw failures. Thrust 
cutoffs on trajectory, occurring intermediate and late in final stage opera
tion i/sV =: 2000, 600, 400 fps) will yield high altitude burnup of the fuel in 
three cases. Case 5a is the key case since the fuel burns up at 234,000 feet, 
between Antarctica and Madagascar, the most distant point downrange 
where prompt re-entry and burnup occurs. 

Three cases of pitch failures yield prompt re-entry and burnup. Two 
cases occur early in final stage operation (AV = 4000, 2000 fps) where a 
positive pitch of 45** is induced. The third occurs late in final stage op
eration with a large pitch deviation (AV = 600 fps, +90°). 

Five cases of yaw failures yield prompt re-entry and burnup. Three 
of these cases occur early in final stage operation (AV - 6000, 4000, 
2000 fps) at deviations of ±45®. Another case occurs at AV - 2000 fps 
at a deviation of ± 90°. The last case is a ± 90° deviation late in final 
stage operation (AV = 600 fps). 

The consequence of prompt re-entry and burnup is the injection of 
1.76 megacuries of Cerium-144 into the stratosphere above the Southern 
Temperate Zone. The altitude of burnup varies from 105,000 to 234,000 
feet. 
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Partial ablation--impact of remnants (6 cases). Partial burnup and 
dispersion of the fuel will occur at high altitudes, and core remnants 
will subsequently cool to below melting temperatures and impact. The 
distribution of this type of failure is even between thrust cutoff, pitch 
and yaw failures. Early thrust cutoffs (AV = 6000, 4000 fps) will yield 
partial ablation in two cases. Very early pitch failures (AV = 7242, 6000 
fps) with significant deviations (-30°, +45°) will yield partial burnup. 
Yaw failures occurring early in final stage operation (AV ~ 6000, 4000 
fps) with extreme deviations (±90°) will also yield this consequence. 

Five of the six cases will result in exposed fuel impacting in the Pacific 
Ocean 6 to 20 degrees south of the Equator in the Western Hemisphere. 
It can be shown that 1.7 megacuries of Ceriu^n-144 would contaminate 
only 6 cubic miles of ocean above acceptable levels if all of it were dis
solved. However, ceric oxide is insoluble and would remain exposed at 
the bottom of the Pacific until neutralized by radioactive decay. 

One case results in impact of 10% of the fuel (176 kilocuries) on the 
Antarctic Continent near the South Pole. Though this would represent a 
nuisance, it would not constitute a significant biospheric injection. 

The fuel released in the case of partial ablation would fall out in the 
Southern Temperate Zone. 

Impact of core intact at sea (5 cases). When the mode of failure 
yields a low re-entry velocityTTuel cores will not be ablated and will 
impact at sea downrange. A characteristic case is failure of the final 
stage to ignite (AV = 7242 fps). The remaining four cases occur due to 
pitch failures early and intermediate in final stage operation (AV - 7242, 
6000, 4000 and 2000 fps) with 90° pitch deviations. The downrange im
pact points vary from 5.9° N latitude to 63.9° S latitude. 

The immersion of the fuel in deep water as a sealed source is prob
ably the most desirable fate of the fuel following an abort. Using the 
maximum corrosion rate of Inconel X capsules, the fuel would become 
exposed on the floor of the Pacific 12,8 years when it has decayed to 
20 curies. 

4. Summary 

The safety analysis and evaluation has screened a large nunaber of 
vehicle failures in order to narrow the multiplicity of consequences into 
seven broad categories. Table 7 shows this relationship. The impor
tance of the mechanism of fallout of the fuel manifests itself in all cases 
not resulting in fuel containment and is discussed next. 



TABLE 7 

Fate of Fuel 

Category 

Impact on land 

Impact in shallow water 
Impact in deep water 

Part ial ablation--remnant 
impact 

Prompt re-entry--burnup 

Into orbit 

Type of Failure 

Launchj ascent 

Ascent 
Ascent, final stage 
Final stage 

Final stage 

Final stage 

Fate of Fuel 

Contained 

Contained 
Contained effectively 

Stratospheric d i s 
semination 
Hydrospheric exposure* 
Stratospheric d is 
semination 

Stratospheric d is 
semination 

Fuel 

* Hydrosphere includes water and ice 



90 

C. FALLOUT PATTERN 

The world-wide fallout f rom combined U,So, UK and USSR bomb t e s t s 
s e r v e s as a bas i s upon which the re la t ive impor tance of the fallout de
r ived from an injection of r ad ioce r ium into the s t r a to sphe re can be 
evaluated. 

F r o m the total yield of 174 megatons from bomb t e s t s to date, 92 
megatons a r e due to f ission of heavy nuclei . Due to the fission, 140 

20 pounds or 9.2 megacu r i e s of Strontium-90 have been produced. Of 
this amount, approximately 6 megacu r i e s were injected into the s t r a t o 
sphere and 3,2 megacu r i e s had a l ready come down to ea r th by October 
1958 (2,4 megacur i e s in the Nor thern Hemisphere and 0.8 megacur ie 

21 
in the Southern Hemisphere) , " F igure 32 shows the p resen t and p r e 
dicted soil levels of Stront ium-90, 

Based upon the m e a s u r e m e n t s of activity from var ious bomb t e s t s in 
the Nor thern and Southern Hemisphe res , the m a t e r i a l injected into the 
s t r a tosphe re above the higher la t i tudes of a given hemisphe re will de
posit a lmost ent i re ly in that hemisphere , a s shown in Fig . 32. 

Weapons debr i s injected into the s t r a tosphere will fall out in an av
erage t ime of 1 to 3 y e a r s , depending upon the lati tude of injection. More 
specific data based upon a recen t r epo r t indicates that in the lower s t r a t 
osphere (below 125,000 feet) injections at t empera te and polar lat i tudes 
will r e m a i n in the s t r a to sphe re for l e s s than one y e a r . A mean res idence 
t ime of 8 months has been se lec ted a s applicable to both polar and tem.-
pera te injections in the vicinity of 100,000 feet. The es t imated mean 
res idence t ime for equator ia l injections is approximately 2 ye a r s for an 
alti tude of 100,000 feet. Fo r injections at and above 200,000 feet, the 

22 mean res idence t ime is equal to or g r e a t e r than 5 y e a r s . 

The Joint Committee r epo r t of 1958 indicates that a total of 40 mega
tons of f ission occur red during the 1957 to 1958 bomb t e s t s . Of this de
b r i s , 31 megatons were injected into the a tmosphere ; th is amount p r o 
duced 3.1 megacu r i e s of St ront ium-90. Based upon the fact that the in i 
t ial proport ion of one fission product to another i s about the same in each 
nuclear explosion and that the independent yields for Strontium-90 and 
Cer ium-144 a r e near ly the s a m e , I ILO megacur i e s of Cer ium-144 would 
have been injected during this per iod. 

1. Corre la t ion of Theore t ica l Approach and Actual Measurements* 

Actual m e a s u r e m e n t s of Cer ium-144 fallout deposition have been 
made by Argonne National Labora to ry from soil s amples by gamma r a y 

* E. Divita 
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spec t roscopy. The samples were col lected at ANL, which is located at 
about 42° N la t i tude . The data i s l i s ted a s follows. 

94. 
Ce-144 Activity in Soil (ANL)^^ 

Month 

September 1958 

March 1959 

April 1959 

May 1959 

June 1959 

Ju ly 1959 

Activity 
( m c / s q mi) 

270 

1127 

1450 

1533 

1704 

1812 

Es t imated Dose Rate 
( m r a d / h r ) 

0.05 

0.21 

0.27 

0.28 

0,31 

0.33 

In an a t tempt to co r r e l a t e a theore t i ca l ana lys i s with the m e a s u r e 
ments , it was n e c e s s a r y to make seve ra l genera l assumpt ions : 

(1) The f ission yields f rom the U„So and Soviet bomb t e s t s during 
1957 to 1958 a r e the major con t r ibu tors . 

(2) The UoSo and Soviet bomb b u r s t s were concurren t and totally 
r e l e a s e d during the fall of 1958. 

(3) The total source of Cer ium-144 i s 111.0 m e g a c u r i e s . 

(4) The effects of weather conditions over the zone of m e a s u r e 
ment might r e su l t in an i n c r e a s e of theore t ica l values by a s 
much as a factor of 2.5, 

(5) A factor of 2 was included in the theore t i ca l calculation to a l 
low for precipi ta t ion effects. 

Computation of U„S, and Soviet contr ibutions were made separa te ly . 
This i s due mainly to the difference in mean res idence t ime . Fo r the 
Soviet t e s t s , the mean r e s idence t ime a s sumed is 4 months; that a s sumed 
for the UoSo t e s t s i s 1 y e a r . The r e s u l t s of the theore t i ca l approach, the 
m e a s u r e m e n t s , and the s e m i e m p i r i c a l e s t imate a r e p resen ted in graphic 
form in F ig . 33 for compara t ive pu rposes . 
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The s t r a to sphe r i c fallout from Soviet t e s t s was grea t ly influenced by 
the pecu l ia r i ty of the tropopause„ Due to exchange of a i r between the 
two a tmospher ic reg ions , the Soviet fallout injected into the lower 
s t r a to sphe re could have been c a r r i e d by the movement of s t r a to sphe r i c 
a i r through the t ropopause gap into the t roposphere , where ve r t i ca l 
mixing would bring it fa i r ly rapidly to earth„ Soviet t e s t s have been 
c a r r i e d out north of a lat i tude of 50**; there fore , substant ia l ly al l of the 
fallout they have produced has r ema ined in the Nor thern Hemisphereo 
This has been confirmed by m e a s u r e m e n t s in both h e m i s p h e r e s . The 
total f iss ion yield from the Soviet t e s t s during 1957 to 1958 was 21 mega-
tonSo F o r the conaputations, the to ta l yield was a s s u m e d to be injected 
into the lower s t r a t o s p h e r e . That port ion of the f ission yield having 
par t i c le s i z e s l e s s than 5 mic rons accounts for m o r e than 2/3 of the 
total f ission yield. The total Ce-144 inventory due to the Soviet t e s t s 
amounted to 7 5 m e g a e u r i e s . 

Fallout from IJoS„ high yield t e s t s , all of which have taken place nea r 
the Equator , has been evenly d is t r ibuted over the world. The U„S„ t e s t s 
injected approximate ly 50% of the i r 1957 to 1958 total f ission yield of 19 

25 megatons into the upper s t r a t o s p h e r e above 100,000 feet; the r ema inde r 
fell out in the vicinity of the t e s t s i t e . P a r t i c l e s l e s s than 5 naicrons in 
s ize account for more than 2 /3 of the total f ission yield, d i s regard ing 
that port ion which fell fair ly rapidly over the tes t s i te a r e a . The total 
Ce-144 radioact iv i ty due to the U„S. t e s t s amounted to 30 naegacuries . 

Data on prec ip i ta t ion in the region where the m.easurements were 
taken i s p resen ted in Table 8 to give the r e a d e r an indication of why the 
theore t ica l va lues were e i ther i n c r e a s e d or dec reased . 

TABLE 8 

Prec ip i ta t ion over Lemont , Ill inois 

Prec ip i ta t ion 
Month (in.) 

September 1958 1„86 

October 1958 2.12 

November 1958 1„58 

December 1958 0.57 

Janua ry 1959 1.97 
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F e b r u a r y 1959 

March 1959 

April 1959 

May 1959 

June 1959 

Ju ly 1959 

2.36 

3.94 

3.94 

3.94 

5.91 

4.72 

It is to be noted that the areas under the measurements curve and 
the semiempirically determined curve are slightly lower ut in fair 
agreement with the area under the theoretically determined curve. 
This may be an indication that the theoretical equation attempts to 
smooth out the rate and presents a theoretical average. 

2. Direct Fallout From Aborted and Successful Missions 

Aborted missions. Following final stage high altitude aborts, radio-
cerium is injected directly into the stratosphere above the Southern 
Hemisphere. Where partial burnup occurs and results in a release of 
some fuel as very large particles, fallout will be prompt over uninhabited 
regions of the Southern Hemispheric (i.e., over South Pacific and Indian 
Oceans and Antarctica where population density is essentially zero). 

A conservative analysis has been made which assumes all the radio-
cerium to be released as fine particles above an altitude of 100,000 feet 
at 53° S and 49° E above the Indian Ocean.* Figure 34 shows the Cerium-
144 deposition in the Southern Hemisphere as a function of time after r e 
lease due to either failure of final stage or orbital abortions. The zone 
of deposition is shown in Fig. 30. 

Computations of ground concentration from stratospheric fallout were 
performed with the following formula, which expresses total deposition, 
X^, in units of millicuries per square mile. 

- \ . t 
1 - e ^ 

where 

N = number of millicuries released initially 

Z = fraction depositea in zone 30° to 60° S latitude 

A = area of zone, square miles 

X 
N Z o 
~7r~ 

-V 

* Final stage failure. Case 2b 
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\ - radioact ive decay constant of cer ium, day 

X„ ~ mean res idence decay constant, day 

t = t ime after r e l e a s e , days. 

The injections separa te ly cons idered were 1.7 6̂  0„88 and 0.4 mega
cu r i e s of Cer ium-144 . Other p a r a m e t e r s neces sa ry for the computation 
of total deposition a r e p resen ted below: 

Z = 0.75 
7 

A = 3„6 x 10 square mi l e s 

)v = 2.43 X 10"^ day"^ 

X^ ••= 2.885 X 10"^ day"-^. 

The maximum deposition occu r s when-rr (X ) - 0; by util ization of 
the resu l t ing equation, the m.axim.um deposition and a corresponding 
value of t ime after r e l e a se was determined. 

In considera t ion of the maximum dose that an individual might r e 
ceive while in the fallout zone, an es t imated exposure dose was de te r -

22 
mined by using the following formula : 

I = CE F ,'^ (t) 

= exposure r a t e , m i l l i r a d s / y e a r 
(mrad) (km ) 

- convers ion factor , 0.1 7—n •—rn:=-—r 
(yrKnacuriejiniev) 

= average gamma energy, 0.2 m.ev for Ce~144 - P r -144 

T 

= i X dt - to ta l act ivi ty of the deposit, m i l l i cu r i e s / 
J km2 per t ime unit 
0 ^ 

2 
- total deposition, m i l l i c u r i e s / k m 
- t ime of exposure , y e a r s 

By use of the above equation, an exposure dose of 0.031 mi l l i rad for 
the f i rs t yea r was de termined for individuals in the above ground fallout 
zone. The 30-year exposure dose i s 0.087 mi l l i rad . These doses were 

whe: re 

I 

C 

E 
7 

T 
F / ( t ) 

X 
0 

T 



98 

computed for the OoSS-naegacurie injection. The corresponding doses for 
a lo76-megacurie injection are 0,06 millirad for the first year and a 
30-year exposure of 0.17 millirad. 

The following table compares the exposure dose from Cerium-144 in
jections with the doses received from various natural and naan-made 

23 sources of radiation o 

Estimated Dose from Different 
Radioactive Sources 

30-Year Genetically 
Significant Dose 

(millirads) 

Natural sources 3000 

Fallout from nuclear weapons 50 

Medical sources 500 to 5000 

From. l„76-megacurie Ce-144 
injection postulated 0,17 

Having estimated the 30-year genetically significant dose, there r e 
mains the potential internal hazard from the entry of Cerium-144 into 
food chains and man. This can best be evaluated by using the known 
amounts of Cerium-144 produced in weapons tests as a t racer and 
actually measuring the amounts present in foods and human t issues. 
A pilot sampling program has been designed, but is not yet under way. 

Successful missions. The successful mission would amount to an in-
jectioiTof 0.4 megacurie with a 240-day mean residence time. The peak 
ground concentration would be 2.5 millicuries per square mile 271 days 
after the injection. This would be equivalent to a one-year dose in the 
tenaperate zones of 0.015 millirad and a 30-year dose of 0.04 millirad. 
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APPENDIX A 

SAFETY TEST PROGRAM* 

A. TEST SPECIMENS 

1. Fuel Cores 

The se lected Inconel X core design is represented in tes t specimen 
Types 1 and 8 in Table A - 1 . They reflect ma te r ia l r equ i rements neces 
s a r y to support a l l maximum operat ing forces without s t ruc tu ra l fa i lure . 
Core Design 8 includes a fuel core and an impact d e p r e s s o r on each end. 
The impact d e p r e s s o r s a r e util ized to diminish forces result ing from i m 
pact on a r igid t a rge t . 

The impact d e p r e s s o r is 2.125 inches long. A cavity 1.750 inches 
deep is machined to a d iamete r which pe rmi t s a p r e s s fit of the d e p r e s 
so r onto the fuel core end. The d e p r e s s o r is welded to the core side 
wall after it is positioned to the core end so that a 0.750-inch a i r gap 
exis ts between the two sur faces . 

The function of the d e p r e s s o r is to reduce impact forces on the fuel 
co re . The dep re s so r , in theory, a s s i m i l a t e s impact energy by: 

(1) Breaking welds along the circumLference of the core . 

(2) Compress ing out the a i r between it and the core . 

(3) Deforming s t ruc tura l ly . 

If it is designed proper ly , l i t t le impact energy will be impar ted to the core , 
diminishing the possibi l i ty of s t r uc tu r a l fai lure. The probabili ty of end 
im.pact of the a s sembly with two d e p r e s s o r s is maximum.; however, if 
the core did impact on the s ides , the d e p r e s s o r s would st i l l provide a 
reduction of impact force a s compared to the d i sc re te co re . 

The tes t specimen fabricated for this p rogram included a single de
p r e s s o r , s ince the nature of the tes t rendered a second cap unnecessary . 

2. Other Tes t Specimens 

Another type of tes t specimen was used in this tes t p rog ram. It was 
rep resen ted by specimen Type 12 in Table A - 1 . This specimen was a 
s imulated one- th i rd scale model of the fuel co re . A total of four speci -

*T7^oBry 



TABLE A-1 

Detail Specifications of Test Specimens Used to Evaluate Unit Integrity—Task 2 Generator 

Specimen 
_ I 2 E £ _ 

1 

8 

10 

12 

Speci
fication 

N o . 

1 
2 
3 
4 
5 
6 
7 
8 

1 

2 

3 

1 

1 
2 
3 
4 

Average 
Diameter 

Shape (in.) 

Right cylinder 3. 75 
3.746 
1.2709 
1.2715 
3.7518 
3, 7495 
3,7486 
3.75 

Right cyUnder 4,2707 
with Impact dep 4, 7S2 
depressor 4.269 

dep 4, 7508 
4.2718 
dep 4. 754 

Length 
(in.) 

11.003 
11.000 

3., 679 
3.676 

11.003 
11.003 
11.000 
11.000 

12.104 
2.125 

12.018 
2.125 

12.095 
2,125 

Complete Task 2 generator 

Right cylinder, 1. 2488 
graded 1.250 
aluminum 1.2517 

1.2518 

3,6775 
3.675 
3,670 
3.680 

Weight 
(lb) 

24.17 
24.06 

1.245 
1.283 

25.027 
23,814 
23.98 
25.4 

38,147 

38.312 

38.036 

158,84 

0.342 
0.3416 
0.3428 
0.3534 

Mater ial 

Inconel X 

Test 
Environment 

Impact 
Impact 
Shock 
Shock 
F i re 
F i re 
F i re 
LOX 

immers ion 

Core—Inconel X Impact 
Cap—SAE 1020 
carbon steel 

— 

Aluminum 

Impact 

Impact 

F i re 

Shock 
Shock 
Shock 
Shock 

Remarks 

Multitubular core with seven fuel 
channels drilled paral lel to axis . 
CeO- fuel simulated by lavite 

pel lets . Each channel is fitted 
with a 0.49-lnch thick threaded 
closure weld at the chamber top 
and bottom. 

Essentially same design as 
Type 1 except for la rger walls 
of fuel channels and Inapact 
depressor . 

Used to grade shock damage. 



A-3 

mens were fabricated using four different structural strengths of alumi
num. The function of these specimens was to measure, by comparison, 
the difference of structural damage to a simulated Task 2 fuel core of 
varying strengths. The method utilized to generate a test force was 
mechanical. The four specimens were exposed to a shock overpressure 
generated by the detonation of 1650 pounds of TNT and later analyzed 
to grade structural damage. 

The specimen was a right cylinder 3.6750 inches long by 1-1/4 inches 
in diameter. Seven holes were drilled parallel to the longitudinal axis. 
Six were equally spaced on an 0,823-inch diameter circle, and the seventh 
was located in the center of the core. The holes were drilled through 
the block with a 1/16-inch diameter and 1/4-inch diameter to a depth of 
3.3 inches. Materials and tested ultimate strengths fabricated into the 
four test specimens were as follows: 

Ultimate Tensile Strength 

llOO-F Aluminum Alloy Bar 10,000 

2014-0 Aluminum Alloy Rod 20,000 

7075-0 Aluminum Alloy Rod 30,000 

6061-T6 Aluminum Alloy Rod 40,000 

A single conversion system design was fabricated for this test pro
gram. It was not a complete unit, in that the thermoelectric elements were 
not included. However, it was used to investigate the safety protection 
it afforded to the energy source system when the entire unit was sub
jected to an intense thermal environment. This is designated as Type 
10 in Table A-1 . 

B. TEST DEVELOPMENT 

Five test programs were developed to analyze the nuclear safety of 
the Task 2 generator: 

(1) High velocity impact. 

(2) Mechanical shock. 
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(3) Missile fire, 

(4) Thermal shock, 

(5) Corrosion. 

A sixth test was developed to determine the extent of a nuclear hazard, 
should the radiocerium fuel be released to the biosphere during some 
unforeseen situation of sabotage or combinations of conditions not likely 
to occur. Since this test was associated with the missile fire test, it 
was included in the fire test development and is referred to as a fallout 
test. 

The following discusses the development of these tests . It was as 
sumed that the specimens utilized in this program are functionally ade
quate and that each can be burned up upon re-entry under conditions 
previously stipulated. 

1. High Velocity Impact Test 

Since it was necessary to appraise the integrity of the Task 2 generator 
when subjected to impact forces, a high velocity impact test was developed. 
The primary purpose of this experiment was to determine the degree 
of damage and possible mode of failure of test specimen designs being 
considered for the Task 2 generator system. This was accomplished 
by actually impacting full-scale specimens at a specific velocity into 
media of varying rigidity. Twelve specimens were tested on three dif
ferent impact media. Generalizations for the selection of test specimens, 
velocities and impact media are given below. 

Test specimens. Theoretical calculations indicated that impact p res -
sures'on a fuel core are greater than those on a complete generator by 
a factor of about 12 at corresponding impact velocities. Based on these 
calculations and the terminal velocities of the fuel cores compared to the 
complete generator, it can be seen that impact forces are greater when 
the fuel core is separated and impacts alone. Therefore, the specimens 
used to examine structural integrity of the Task 2 generator system 
when subjected to impact forces were the separate fuel cores. If integ
rity is demonstrated on these specimens, it is logically demonstrated 
for the entire system. Since material strength is a function of tenapera-
ture, the test specimens were preheated before impact. 

Impact velocities. The terminal velocities of the various core designs 
avelrage approxlmateiy 464 feet per second. The maximum terminal 
velocity of the complete generator, if impacted as an integral unit, is 
approxim.ately 210 feet per second. The impact pressures on the discrete 



A-5 

core are greater in magnitude by a factor of 100 than those imposed on 
the complete generator. The fuel core impacting at core terminal veloc
ities, therefore, represents the most severe test conditions. Since the 
average terminal velocity is about 464 feet per second, a datum, velocity 
of 500 feet per second was established for the purpose of test planning. 
This velocity was obtained by employing the supersonic Ballistic Re
search Track at the Aberdeen Proving Ground. 

Impact media. Three impact media representative of the earth 's 
surlace faFric were utilized in this test. These were granite, uncon
solidated rock, and water. 

Granite is a typical rigid material on which a fuel core might impact. 
Since little momentum is transferred to the granite from the impacting 
core, almost all energy is available to deform the specimen. This creates 
the most severe impact force possible. This medium was selected be
cause it represented a rigid target from which damage of impacted 
specimens was measured as a maximum. 

The use of unconsolidated rock as an impact medium served a two
fold purpose. Fi rs t , since it is not rigid, some of the impact energy 
is transferred and can be measured. This permits the determination 
of a degree of specimen deformation which, when compared to the maxi
mum condition, could be used to establish configuration impact strength 
equations for future core designs. Second, the burial depth can be meas
ured. This information can be utilized to determine radiation shielding 
afforded to the core by the medium should a fuel capsule meet with this 
fate. 

Water is a typical nonrigid medium upon which the Task 2 fuel 
cores are most likely to impact in cases of missile failures. It was 
included in this test to determine structural deformation of the impacted 
specimens and to analyze the effects of cold water on a thermally hot 
core when it is instantaneously quenched upon impact. Since it is not 
possible to measure energy transfer, no comparison can be made to 
damage sustained during impact with the other media. 

2. Mechanical Shock Test 

Shock forces originating from, missile propellant explosions on the 
launch pad appeared to be of sufficient magnitude to warrant experimental 
verification of core integrity to shock overpressures. Shock overpressures 
imposed on a generator enclosed in the payload package of a satellite sys
tem were studied and a fuel core shock integrity test was developed. 
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The p r i m a r y purpose of this tes t was to de te rmine s t ruc tu r a l defi
c iencies of core designs subjected to an a tmosphere of intense shock 
forces generated by mis s i l e fuels exploding on a launch pad. Absence 
of deficiencies will vindicate theore t ica l core design p a r a m e t e r s . Gener 
ally, the tes t was devised to support design conjectures for two different 
core configurations in a shock environment equivalent to that produced 
by a liquid oxygen and R P - 1 fueled mis s i l e explosion. Duplication of the 
shock environment, specimen function and justif ication of this shock in
tegr i ty tes t a r e descr ibed below: 

Shock environment. Since it was not economical ly feasible to explode 
a ful l-scale miss i l e , it became n e c e s s a r y to develop a s imulated shock 
environment which could be used to de termine s t ruc tu r a l integri ty of 
isotopic fuel capsules . However, before this environment could be planned, 
the mechanics of a miss i l e explosion had to be unders tood. Recent work 
by Smalley and Anderson of The Space Technology Labora to ry yielded 
a re l iable method of predict ing the blas t o v e r p r e s s u r e s expected from 
a liquid oxygen-RP-1 miss i l e explosion. 

Assumptions made to derive equations for the expected o v e r p r e s s u r e s 
from a liquid oxygen-RP-1 explosion a r e as follows: 

(1) The mis s i l e tanks must be ruptured in a manne r to pe rmi t a 
m a s s spill of the prope l lan ts . 

(2) The ent i re weight of propel lants in the mi s s i l e at the t ime of 
the spill is the effective weight. 

(3) An ignition source must be p resen t , 

(4) Once the blast wave forms a clean shock front, the resul t ing 
peak o v e r p r e s s u r e will decay with dis tance in the same manne r 
a s that from a TNT explosion. 

Experience has shown that r e l ea se of the propel lants en m a s s e will 
occur when the fuel tanks a r e ruptured by tank ove rp res su r i za t ion p r i o r 
to liftoff, o r upon fallback af ter liftoff of the m i s s i l e . Ignition sources a r e 
flame from the engine exhaust a n d / o r impact of the m i s s i l e s t ruc tu re . 
The empi r ica l equations developed from 1/10 and 1/18 scale miss i l e t e s t s 
and ful l-scale operat ional vehicle fa i lures to calculate expected over 
p r e s s u r e s as a function of the weight and distance involved a r e : 
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and P ~ ^^^2 - ^^l-^ + ^2.8 and P - -pr - - p — + —2-

where 

W ' 

P = average side on overpressure (psi) 

, R = distance from explosion (feet) 

W = total weight of propellants (pounds). 

The first equation is the predicted average pressure and the second is at 
the upper 98% confidence limit. 

Since data were available to calculate overpressure, it was decided to 
simulate the test shock environment by employing TNT as the shock 
source. Dr. W, Baker of the Ballistic Research Laboratory at the Aber
deen Proving Ground compared maximum overpressure as a function of 
distance for a typical launching missile to compiled data on Pentolite 
explosives. This comparison indicated that an explosive weight of 22,400 
pounds was required to produce the same peak overpressures over a 
large range of distances as the worst expected accident. This weight 
represents the weight of explosive detonated in free a i r (not near a re 
flecting surface such as the ground). However, the thermoelectric gen
erator, in the launch configuration, might be subjected to both an initial 
shock wave from the fuel explosion and a relatively strong shock reflected 
from the ground. To compensate for this reflection, the maximum possi
ble reinforcement of the incident shock was increased by doubling the 
effective explosive weight, giving a total weight of 44,800 pounds of TNT, 

If it were feasible to.detonate a TNT charge of 44,800 pounds, shock 
environment equivalent to that of a maximum missile explosion containing 
260,000 pounds of fuel could be created. However, test facilities and 
funds limited to this program would not permit the detonation of such a 
charge. Therefore, it became necessary to investigate the possibility of 
scaling down the charge weight to a reasonable quantity. 

The maximum charge weight was dictated by facility requirements. 
Safety personnel at the Aberdeen Proving Ground, where the charge was 
detonated, agreed to a maximum of 2000 pounds of TNT with the reser 
vation that the time of detonation, should be dependent on meteorological 
conditions. 
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Experiments by Dr, W. Baker and staff at BRL showed that the dynamic 
response of structures to blast loading from explosive charges can be 
scaled. The scaling factor is a function of the s t ructure 's linear di
mensions, distance from the blast, and the weight of explosive charge 
producing the blast. Tests showed that the dynamic responses of s truc
tures to blast loadings were the same at scaled distances for any linear 
scale of the structure if the charge weight producing the blast was al
tered by the cube of that linear scale. That is to say, if the test speci
men linear dimensions were scaled down by a factor of one-third, the 
charge weight required to produce the same dynamic response in the 
full-scale specimen from a missile blast must be scaled down by a factor 

3 of (1/3) . Therefore, shock integrity of the generators could be determ.ined 
3 

by utilizing a TNT charge of 44,800 x (1/3) or 1650 pounds if the test speci
mens and distances were scaled down by B factor of one-third. Now, the 
charge weight was within test facility requirements, and the test was per
formed when naeteorological conditions were favorable. Hence, the shock 
environment was generated by employing just 1650 pounds of TNT. 

Test specimens. As with the impact tests, shock forces on a fuel 
core are greater in magnitude than those on a complete generator. Thus, 
this test was developed to investigate integrity of a Task 2 fuel core 
without the generator structure. The two different core configurations 
tested represent minimum core requirements; therefore, test confirma
tion of integrity in these cores inferred integrity in all configurations. 
The fuel cores representing identical material configurations were pre 
heated to operating temperatures so that the blast effect simulated actual 
operating conditions. Simulated configurations of different materials 
were tested cold to measure, by comparison, structural damage of cores 
with varying structural strengths. 

The position of the test cores with respect to the blast center was 
determined by scaling down the distance of the generator in the satellite 
package to the missile area where an explosion is likely to originate. 
This information was obtained from STL. According to this group, a 
blast is more likely to originate in the area between the LOX tank and 
RP-1 tank, a distance of 36 feet from, the satellite package. Therefore, 
using the scaling factor, the test specimens were located 12 feet from 
the blast center. 

To determine the effects of a shock front on generator-to-m.issile 
attachments, the test specimens were secured in the test shock environ
ment by two different fastening schemes. These were: (1) rigid attach
ment and (2) loose attachment. The function of the rigid system was 
to contain the test specimen in the shock front for a time of sufficient 
duration to permit the shock wave to cycle at least once through the 
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structural material of the simulated core. The loose connection was to 
free the specimen so that the shock front could eject it without passing 
through the structure. Test specimens were analyzed after the test to 
determine which connection was more effective against shock overpres
sures resulting from missile propellant explosions. 

Test justification. Since a theoretical approach for investigating 
blasF¥iTecfs~onTuercores was too complex, a mechanical shock test was 
necessary to establish the safety of an isotopic generator system. It 
has been demonstrated by tests that blast effects resulting from a LOX-
RP-1 explosion could be duplicated by a TNT blast. Laws for elastic 
response and permanent deformation of model structures subjected to 
blast loadings have been developed and tested. 

In estimating charge weighty conservative assumptions and maximuin 
possible blast effects were used. The scaled loading on the specim.ens 
is undoubtedly considerably greater than would be experienced in a launch 
accident. Therefore^ the shock test described was more than adequate 
to prove the safety of the generator system. 

Summary. The mechanical shock test was developed to determ.ine 
the "eTTecTs^f shock overpressures generated by exploding missile pro-
pellants on a Task 2 generator system. Effects were measured on eight 
test specimens exposed to a shock blast induced by detonating 1650 
pounds of TNT. The samples represented fuel core configurations being 
considered for the Task 2 thermoelectric generator. 

The TNT blast simulated a missile exploding on the launch pad. It 
generated shock overpressures equal to those to which a generator sys
tem, would be exposed if it were aboard a missile that exploded on the 
launch pad. 

3. Missile Fire and Fallout Tests 

The basic goal of this test was to simulate a temperature profile 
equivalent to that of a missile burning on the launch pad and to create 
a known quantity of contaminated atmosphere of simulated radioactive 
cerium, part icles. The therm.al environment generated was utilized to 
expose test specimens so that a therm.al integrity evaluation could be 
established on the various generator configurations being developed for 
the Task 2 system. The contaminated atmosphere was used to determine 
a fallout profile and air concentrations of a nuclear release from the 
launch pad. 

Modes of developing the simulated temperature profile and the con
taminated atmosphere are presented below. Also, selection of test speci
mens and justification of these selections are given. 
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Temperature profile. As in the shock test, it was economically pro
hibitive to intentionally set fire to a missi le . Therefore, a simulated 
test environment was developed. To accomplish this, theoretical cal
culations and data from previous missile fires were studied to determine 
temperature and heat profiles of a burning missi le . These investigations 
revealed the following; (1) the splatter of liquid propellants issuing from 
the missile tanks is distributed over an area which forms a base for a 
fireball with a diameter of approximately 175 feetj (2) winds and the 
normal r ise of the hot gases cause the entire fireball of combustion prod
ucts to drift entirely clear of the launch point within five seconds; (3) 
about 6% of the available liquid oxygen enters into combustioni the r e 
mainder is either burned in the rocket motor or evaporated off; (4) the 
fire left burning consists of surface pools of fuels supported by comibus-
tion very similar to any surface oil fire; and (5) about 16% of the m.issile 
structure is consumed. 

With these facts, a temperature profile was established. This profile 
is given in Table A-2. 

TABLE A--2 

Theore t ica l Tempera tu re Profi le of a 

Tempera tu re 
CF) 

6000 

4500 

3000 

2000 

1500 

Duration 
(sec) 

Few m i c r o 
seconds . 

4 

3 

490 

700 

(sec) 

0 

4 

7 

497 

1197 

Burning 

Time 

Miss i le 

(min) 

0 

0.067 

0,12 

8.3 

20 

Using these data, calculations indicated that a thermal environment 
equivalent to a burning missile would be approximated by completely 
burning the following; 

CD 1500 pounds of aniline, 

(2) 8500 pounds of RP-1 . 

(3) 4000 pounds of magnesium. 
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From this information, an environment for a fuel core thermal in
tegrity test was developed. The test environment was generated by burn
ing the materials indicated above. Red fuming nitric acid was utilized 
as the oxidizer for the aniline. Since these materials are hypergolic, 
the fire was ignited by releasing the two propellants from containers 
over a simulated missile structure. 

The missile structure was simulated by utilizing scrap metal of 
various materials from which missi le components are fabricated. This 
scrap metal consisted of steel, alum.inum and magnesium. These were 
zoned in layers to simulate distribution of materials in the missile. The 
zoning also simulated heat distribution throughout the burning missile 
structure. 

Atmospheric contamiination. To generate a known quantity of contam
inated atmosphere for fallout evaluations, a measured quantity of simu
lated radioactive fuel material was disposed in the missile structure. 
The material was released to the atmosphere spontaneously. Therefore, 
mischmetal was selected for this experiment because of its pyrophoric 
property. Also, it contains 50% cerium metal which was detected chem
ically on fallout t rays and air sampler filters in quantities as small as 
10 micrograms. 

Since this material was pyrophoric, complete combustion of the en
tire mass occurred instantaneously as soon as the fire temperature 
reached 1500" F to trigger the reaction. The ensuing cloud provided an 
excellent environment from which a fallout profile could be determined. 

Fallout field layout. The fallout field was designed to collect fallout 
data from the contam.ihated atmosphere. Field provisions, for the most 
part, limited the layout to a 60-degree wedge. Thus, the execution of the 
test was restricted to days when m.eteorological conditions were favorable. 
These conditions were dependent upon the fallout field's orientation. 

The field was a wedge originating at the simulated missile structure. 
It was 90 degrees wide for the first 100 m.eters and 60 degrees wide to 
1000 m.eters. The field was staked off at distances indicated in Fig. 
A-1 with an area of 4,4 x 10^ square meters |4.73 x 10^ square feet). 

During the test, fallout t rays, air samplers and cascade impactors 
were positioned in the fallout area. The fallout trays were located on 12 
different radii throughout the field. Air samplers and cascade impactors 
were located on three radii at distances of approximately 3 degrees be
tween each other. After the test, these were recovered, and the collecting 
medium of each was analyzed to determine necessary fallout information. 
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The fallout trays were gummed polyethyline of the type utilized by 
the Atomic Energy Commission. They were one square foot in area. 
The high volume air samplers were of the Staplex type, developed in the 
laboratories of the New York Office of the Atomic Energy Commission. 
The collecting media were of the Staplex filter PFA No. 41 type. This 
medium was rated to retain 25% of particles with a minimum, size of 
0.3 micron. The low volume sanaplers consisted of plastic sampling 
heads which retained filter media 0,750 inch in diameter. The filter 
medium utilized in these samplers was of the type Whatman No. 41 
rated to retain 15% of particles with a minumum size of 0.3 micron. 
Suction for three of these heads was provided by a single vacuum ump 
of 17 liters per minute capacity. The cascade impactors were of the type 
manufactured by C. F. Casella Company, Ltd., London, These were 
designed for quantitative and qualitative sampling of windborne clouds 
of dust in the size range of 200 to 1/2 microns. A vacuum pump of 17 
liter per minute capacity was utilized as a source of suction for each 
of these units. 

Test specimens. Thermal effects on test specimens representing 
three~Hi3Terent~conTigurations were evaluated. Two of the three repre
sented fuel cores, and the third represented a fuel core surrounded by 
a Task 2 generator structure. The generator structure was included 
in this experiment to determine the magnitude of thermal shielding it 
afforded the fuel core in the test environment. 

Several test specimens were preheated to operating tem.peratures. 
Therm.al effects on the hot and cold specimens were correlated to estab
lish differences of heat input to the cores from the thermal environment. 

Since specimens reflected minimum, requirements, design verifica
tion of these structures was demonstrated for all configurations, 

4, Thermal Shock and Corrosion Tests 

Materials used for the containment structure of the Task 2 generator 
system are constantly being deteriorated by the operational environment. 
The magnitude of this deterioration depends upon the resistance of the 
structural materials to the environmental elements the unit will encounter 
during its life. Since these elements and exposure durations could be 
determined when investigating the nuclear safety of the unit, a corrosion 
time schedule could be established. Thus, containment materials were 
chosen on the basis of desirable physical properties for resisting the 
corrosive action of a select group of possible environments for a specific 
length of time. 
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For the Task 2 space unit, investigations were only directed to r e 
quirements previously outlined, that is, compatibility of containment 
structural m.aterials with the various fuel forms, air, sea water, mer
cury and the various missile propellants. 

Since all present day satellite booster engines employ cryogenic oxi
dizers and because a generator could be quenched in the missile oxi
dizer in certain accidents on the launch pad, it is important not only to 
investigate the corrosive action but to determine thermal shock effects 
of these materials on a thermally hot generator system. 

The Corrosion Unit of the Mart in'Nuclear Division Materials Section 
developed a ser ies of corrosion and thermal shock tests . 

Test environment, A test environment for the thermal shock experi-
naenFwas~provi3e3nDy liquid oxygen. This material was selected because 
it represents a typical cryogenic missile propellant and is one of the 
corrosive environments to which the Task 2 generator could be subjected 
in the particular missile program being evaluated for nuclear safety. 

Test environments for corrosion studies were provided, for the 
most part, in laboratory scale experiments. Corrosion ra tes were based 
on test results of scaled exposure times in a simulated corrosive en
vironment. For the Task 2 system, these environments included: 

(1) 

(2) 

(3) 

(4) 

(5) 

C6) 

High temperature a i r . 

Ceric Oxide CCeOg), 

Sea water. 

Mercury. 

Liquid oxygen. 

Red fuming nitric acid. 

Test specimens. In the thermal shock test, a single specimen was 
evalua.ted7~A bare core was used for it reflected the most severe ther
mal shock condition imposed on the entire system. That is, if the com
plete system were subjected to a cryogenic substance, the generator shell 
would afford sufficient thermal protection to the fuel core so as to cause 
little if any shock to the containment material . Only one of the possible con
tainment materials was evaluated, since preliminary investigations in
dicated that all would possess similar thermal properties if exposed 
to a cryogenic substance. The test specimen was preheated to simulate 
actual accident conditions. 
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Specimens used in the corrosion studies were typical laboratory-
weighed test bars of each of the materials evaluated. 

C, TEST PROCEDURES AND RESULTS 

This section summarizes procedures and results of all the tests de
veloped to optimize design configurations of the Task 2 space generator. 
Since these tests have been justified as to requirements, the procedure 
of each includes only details of facilities and setup. 

1. High Velocity Impact Test 

These tests were conducted on the Supersonic Ballistic Research 
Track at the U.S. Arm.y Chemical Center, Edgewood, Maryland, Speci
mens were preheated, propelled by rocket sleds and impacted against 
simulated earth media. Description of test equipment, procedures and 
results are presented. 

Supersonic ballistic track. The ballistic track utilized in this test is 
a dual rairtracl7~2^?"S~reenong. The cold-rolled steel rails are 2 inches 
by 1 inch in cross section with a two inch separation between rai ls . Sleds 
are mounted by metal shoes designed to lock between the ra i ls . 

The track is designed to achieve varying velocities with a payload of 
from 1.5 to 590 pounds. Maximum acceleration is 110 g. 

Sleds can be affixed to any position along the length of the track. The 
impact velocity is dependent upon position, sled weight and rocket thrust 
(see Fig. A-2). 

Rocket sled. To obtain the desired impact velocity of 500 feet per 
secohd oiFeach test specimen, a rocket sled propelled by two FFAR rocket 
engines was employed. Specifications for these engines are as follows: 

Engine weight 12.1 pounds 

Length 32 inches 

Diameter 2.75 inches 

, Thrust 520 pounds 

Propellant weight 6.4 pounds 

Burning time 1.7 seconds 

Lot number ALN-RMHA-10 C-52 
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Fig. A-2. Supersonic Track 
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A specially designed insulated cradle was mounted in front of the 
rocket engine cluster on a massive steel structure. The cradle was 
used to contain the heated test specimen in the sled vehicle. The mas
sive structure was used to prevent sled debris from impacting the ta r 
get after specimen separation. Sled specifications and track distances 
are given in Table A-4. Figure A-3 shows a view of this sled. 

Separation technique. To separate the test specimen from the rocket 
sledT^ unique impact system was employed. A large vertically mounted 
steel plate, 10 feet square and 8 inches thick, was located approximately 
5 feet, 8 inches beyond the end of the track. An 8-inch diameter aperture 
in this plate was directly in the path of the specimen-bearing vehicle. 
Upon leaving the track, the sled vehicle impacted the steel plate. The 
test specimen entered the aperture,separated from the sled and impacted 
the target mediuna. The vertically naounted steel plate restrained the 
rocket engine and sled debris from impacting the target. Figures A-4 
and A-5 show views of this separation plate. Figure A-6 shows a typi
cal sequence of separation. 

Test specimens. Core configurations were tested to evaluate core 
impactlntegrity. Data for these specinaens are given in Table A-1 
(detailed specimen specifications). Table A-4 (detailed test data)and 
Table A-5 CTesi results) . 

The specimens were preheated to tenaperatures as indicated in Table 
A-4 in a Harper electric furnace rated at 10 kva. Power for this furnace 
was supplied by a portable generator furnishing 220-volt, 60-cycle, 
single-phase service. To assure good specimen temperatures, the cores 
were not removed from the furnace until furnace tem^perature remained 
stable for 1/2 hour. Since it required between 10 to 40 seconds to remove 
the core from the furnace and impact it, the specimens were preheated to 
a temperature higher than that desired at impact. This allowed for the loss of 
heat due to radiation during this period of tinae. 

After impact, specimen penetration was measured, and photographs 
were taken to record core conditions. 

faipact media. Specifications and containment details of the three 
impact~me3ia~are given in Table A-3, All three media were positioned 
aft of the vehicle separation plate in the path of impacting specimen. 
These setups are shown in Figs. A-7, A-8, and A-9, Table A-4 gives the 
position of each. 

Data recording. Physical data recorded during this test is sunanaarized 
in Table~A^^^?mso, documentary and Fastax 16-mm film.s of the impacts 
were taken. These have been given a careful examination to verify impact 
velocities and check overall resul ts . 

Test resul ts . Test results a re shown in Table A-5. 
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TABLE A-3 

Specifications and Containment of 
High Velocity Impact Media 

C o n t a i n m e n t 

Length 
(ft) 

Width 
(ft) 

B r e a d t h 
(ft) 

V o l u m e 

(ft^) 

Dens i ty 

( I b / f t ^ 

Weight 
(lb) 

C o m p r e s s i b i l i t y 
(ps l ) 

R e m a r k s 

G r a n i t e 

Solid r e c t a n g u l a r 
b l o c k backed u p 
b y 10 t o n s of 
e a r t h 

4 , 5 

2 

2 

18 

168 

3024 

-v 30 , 000 

A b r a s i v e h a r d 
n e s s s imi l l a r t o 
t h a t of s t e e l 
(Rockwel l h a r d 
n e s s (C-53)) 

T a r g e t M e d i u m | 
Unconso l i da t ed 

Rock ( t a m p e d e a r t h ) 

S t ee l f r a m e d r e c 
t a n g u l a r plywood 
box (1 inch th ick) 
wi th open f ron t 
and t o p . 

20 

4 

4 

320 

76 

2 4 , 3 2 0 

-v300 

E a r t h w a s p a r t i a l l y 
f r o z e n d u r i n g f i r s t 
s e r i e s of t e s t s . 

W a t e r 

W a t e r t i g h t r e c t a n g u 
l a r plywood box (1 Inch 
t h i c k ) w i th r e i n f o r c e d 
s t e e l b a n d s . W a t e r 
I n l e t s w e r e two 4 - i n c h 
d i a m e t e r h o l e s in the 
t o p . 

12 

4 

4 

192 

6 2 . 4 

11 ,980 

— 



Date 
of 

F i r ing 

12/1 /59 

12/2/59 

3/11/60 

3/11/60 

3/11/60 

Specimen 
Type 

1 

1 

8 

8 

8 

Specimen 
Number 

1 

2 

1 

2 

3 

Configu
ra t ion 
Design 
Number 

A - ' c e 0 2 

^ - I c e O ^ 

°-'ce03 

' ' - ' c e O ^ 

^ - ' c e O , 

TABLE A-4 
Summary of Test Data--High Velocity Impact Tes t 

Vehicle 
Weight 

(lb) 

102.8 

Track 
Distance 

(ft) 

425 

102.9 

117.67 

119.70 

119.48 

425 

425 

425 

425 

F r e e Flight 
Before After 
Sepa- Sepa
rat ion ra t ion 
( in.) ( in . ) 

68 

68 

65 

65 

65 

109 

168 

137 

137 

137 

Specimen 
P r e h e a t 

T e m p e r 
a tu re 
CF) 

1726 

1800 

1500 

1600 

Time f rom 
F u r n a c e to 

Impact 
(sec) 

30.6 

16.0 

35.7 

20.4 

Impact 
Velocity 
(f t /sec) 

519 

492 

497 

495 

Impact 
Medium 

Grani te 

Unconsol 
idated rock 

Grani te 

Grani te 

Pene t ra t ion 
Depth 
( in . ) 

None 

120 

3 vis ible 
c r a c k s 

None 

1600 32 521 Water Through box 
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TABLE A-5 

Summary of Test Results~-High Velocity Impact Tes t 

Specimen 
Type 

Specimen 
Number 

Specimen 
Impact 

Temperature 
(°F) 

1626 

Impact 
P res su re 

(p s lx 10^) 

25.5 

Energy of 
Impact 

(ft-lb X lo"^) 

10. 11 

Force 
of Impact 

(lb X lo'*) 

28.4 

Energy Lost 
to Impactor 

(ft-lb X 10^) 

Force 
Acting on 
Specimen 

(lb X lo'*) 

28.4 

Number 
of Fuel Tube 

Plugs Lost 

0 

Dimensions of Impacted Specimens 
Number Deformed 
of Fuel Maximum Average Average 
Tubes Diameter Length Length 

Fractured (In.) (In.) (In. ) 

6.50 9.05 2. 65 

1750 23. 5 9.04 26.2 5. 5 16.4 No change No change 

1485 22.3 14.6 39.5 ^10 22. 2 Depressor Assembly Assembly 
6 -10 .4 8.6 

Core Core Core 
5.4 -10 .2 -8 .4 

1530 22.0 14.6 39.0 39.0 Depressor 
5.8 

Core 
5.0 

Assembly 
-10.47 

Core 
-10.25 

Assemblv 
- 3 . 8 
Core 

-3 .6 

1495 25 16 4.43 No change Assembly 0 
11.6 

No change 

De^ ription 
of 

Impacted Target 

No change 

30 In. of soil 
disarranged at 
Impact face 
(see Fig. A-14) 

3 cracks from 
impact point. 
Approximate 
cross section of 

crack = 200 In.^ 
(see Fig A-15) 

No change 

Side and top 
blown off by 
pressure of 
impact (,ee 
Fig. A-16) 

Description of Impacted Specimens and 
Analysis of Its Mode of Failure 

Impacting face expanded and fractured to 
a depth of 3 In. (see Fig A-10). Impact 
plane requires more mater ial or less 
cross-sect ional area 

No measurable damage (see Fig A-11) 

Core diameter expanded for a length of 
8 in. from impacted face. No fractures 
in core or depressor (see Fig. A-12). 
Cracks in target medium had definite 
bearing on core condition, as compared 
to Specification 2 of this design 

Core diameter expanded for a length of 
4 in. from impacted face. Impact 
depressor fractured at edge for a d is 
tance of 6 in. Core has a small f issure 
under fracture in depressor (see Figs. 
A-12 and A-13). Depressor impact 
area should be designed smaller 

Impact depressor welds around core 
wall fractured. No damage to core 
or depressor (see Fig. A-12) 
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Fig. A-5. Rocket Sled.--High Velocity Impact Test 
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Fig. A-h. Vertical Separation Plate, Sled View 
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Fig.' A-5. Side View of Vertical Separation Plalfe 
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(1) (2) (3) (4) 

(1) Sled leaves t r ack 
(2) Sled impacts separa t ion plate 
(3) Test spec imen In f ree flight 
(4) Test spec imen Inapactlng naedium 

Fig . A-6. Rocket Sled and Test Specimen Separation Seq.uence 
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Fig, A-7. Granite Impact Medium 
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Fig. A-8. Unconsolidated Rock Impact Medium 
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Fig. A-9. Water Impact Medium 
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Fig. A-10. Fuel Core Impacted on Granite—Type 1, Number 1, Design A-I, CeO^ 
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Fig. A-11. Fuel Core Impacted on Unconsolidated Rock—Type 1, 
Number 2, Design A-I, CeOg 
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Fig. A-12. Fuel Cores Impacted on Granite and Water—Type 8, 
Numbers 1, 2 and 3, Design D-I, CeO„ 
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F i g , A--13. Fue l Core Inrpacted on Granite—Type 8, Number 2 , 
Design D- I , CeO^ 
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Fig. A-l4, Unconsolidated Rock Medium After Specimen Impact 
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Fig. A-I6, View of Water Medium After Specimen Impact 
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2. Mechanical Shock Test 

This test was conducted 23 March 1960 on "M" Field at the U.S. 
Army Chemical Center, Edgewood, Maryland. Specimens were preheated 
in some cases and exposed to a shock wave produced by the detonation of 
1650 pounds of TNT. 

Test site. The site utilized for this test is a bomb test field located on 
a peninsula in the Chesapeake Bay at the entrances of the Bush and Gun
powder Rivers, A massive concrete wall approximately 50 feet high and 
75 feet long protected equipment. Thickness of the wall varied from 14 
feet at the base to 5 feet at the top. The test blast was 200 feet from the 
wall in an east-northeast direction. A personnel bunker with an observa
tion port was located approximately 1000 feet from the blast in a southeast 
direction. Figure A-17 is an aerial view of this site after conclusion of 
the test. 

Shock energy source. To obtain the desired shock overpressures, 1650 
9 

pounds of TNT were employed. This gives an energy release of 1,8 x 10 
foot-pounds. This charge was contained in 25 wooden crates, each contain
ing 66 one-pound blocks of TNT. All 25 crates were positioned in a five-
layer pyramid on a wooden stand. This stand was leveled about 3 feet 
above the ground and rested on a steel plate 4 inches thick by 12 feet square. 
The charge configuration was designed to reproduce a geometric form as 
near to a hemisphere as possible. This geometry was required to obtain 
a symmetrical shock wave in all directions. The pyramid satisfied this 
requirement very effectively. 

The TNT was primed and detonated by an experienced demolition engi
neer from the Aberdeen Proving Grounds. It was set off from the person
nel bunker, 1000 feet from the charge. 

Test specimens. Eight specimens, representing two fuel core configura-
tions, were tested in this shock environment. Data for these specimens 
are given in Table A-1 (detail specimen specifications). Table A-6 (detail 
test data) and Table A-7 (test results). 

Four of the specimens were preheated to 750° F. This is the operating 
temperature of the core at the time when the generator might be exposed to 
a shock environment on the launch pad. Since the specimens are 1^3 scale, 
and preheating had to be accomplished remotely, electric pencil-type heaters 
were employed. These were energized by a 110-volt, 60-cycle, single-phase 
power source, which was located behind the concrete barr ier , 200 feet from 
the specimens. The remaining four specimens were graded strength simu
lated cores of aluminum, which were exposed to the shock at ambient tem
peratures. 
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Concre te wall Blast c r a t e r 

Personne l bunker 

Fig. A-17. Aerial View of Mechanical Shock Test Si te 
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TABLE A-7 

Summary of Test Resu l t s—Mechanica l Shock Tes t 

Specimen 
Type 

Specimen 
Number 

3 

4 

Configu
ration 
Design 
Number 

A-Ice 02 

^• 'Ce02 

Specimen 
b]de-on 

Overpressure 
(pel) 

1020 

1020 

Max. 

7,400 

7,400 

Shock 
Force 

(lb) 
Mm. 

1,200 

1,200 

Minimum Time for 
Shock I-iont to Tra

verse Soecimen 
(microseconds) 

19.7 

19.7 

Ultimate 
Tensile 
Strength 

of Material 
(psi) 

146,000 

148,000 

Description of Tested Specimens 

No visible or n^easurable change 
(see Fig A-24) Lanyard ring 
ultimate tensile force = 4080 lbs. 
Yield force = 2700 lbs. 

Not recovered. 

1 
2 
3 

1 
2 
3 

Assumed Mode of Retention or 
Release of Test Specimens 

Shock front released specimen from its loose mounting 
Force carried specimen until it was restrained by rope 
Force = 1200 lbs Ultimate strength of rope = 7500 lbs 

Shock front sheared post with specimen attached. 
Force carried assembly from blast center 
Force on assembly = 700,000 lbs, ultimate tensile force 
on hardware - 6500 lbs 

4 Conclusion Specimen returned by nylon rope and no 
deformation resulted m lanyard ring; yield strength 
= 2700 lbs 

5 Test verifies assumptions. 

4 Conclusion Force carried assembly, attaching 
hardware failed freeing specimen from assembly 
Force on specimen caused rope to fail freeing 
specimen completely Possible recovery location 
> 3000 feet from blast center 

Graded 
Aluminum 

Graded 
Aluminum 

Graded 
Aluminum 

1.200 

1020 7,400 

Lanyard ring failed in tension, U T. 1 
force = 828 lbs. Surface damaged by 2 
impinging part icles, penetration 3 
depth-max. 0.07 m (see Fig A-25) 

Lanyard ring failed in tension, U.T 
force = 1104 lbs. Surface damaged by 
impinging part icles, penetration 
depth-maximum 0 01 in (see 
Figs. A-25 and A-26) 

Not recovered 

Loose mounting permitted specimen to be released 
Force = 1200 lbs 
Rope would have retained specimen, but lanyard ring broke 

Shock front sheared post with specimen attached 
Nylon rope pulled specimen out of its attaching hardware 
Force of 1020 lbs caused lanyard ring to fail; however, rope 
continued to retain specimen 

Loose mounting permitted specimen to be released 
Force of 10 20 lbs caused lanyard ring to fail; ultimate 
force on ring = 276 lbs 

Conclusion Specimen lanyard ring failed in tension, 
releasing It from rope 
Slight damage by Impinging particles 

Conclusion- Specimen retained by rope; ring failed 
in tension and attaching hardware stlU attached to 
post 
Damage by Impinging particles minor--highest 
strength material 

Specimen continued away from the blast Approximate 
recovery location > 3000 ft from blast center 

Graded 
Aluminum 

1,200 20,000 Lanyard ring failed in tension U.T. 
force = 552 lbs. Surface damaged 
by impinging par t ic les , penetration 
depth—maximum 0. 10 in (see 
Fig A-25) 

Same as specimen 1, Type 4, rigid attachment Specimen found about 3000 ft from blast center 
Damage by impinging particle most severe of the 3 graded strength specimens recovered 
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TABLE A-6 
Summary of Tes t Data—Mechanical Shock Test 

Specim.en Data 

Pos t 

Specimen 
Type 

1 

1 

12 

12 

Specimen 
Number 

3 

4 

1 

2 

Configu
ra t ion 
Design 
Number 

"̂•"•ceoa 

•^"^Ce02 

Graded 
aluminum 

Graded 
aluminum 

Identifi
cation 

2 

2 

1 

1 

Position 
(from true 

north) 
(deg) 

65 

65 

353 

353 

Attachment 

Loose 

Rigid 

Loose 

Rigid 

Specimen 
Prehea t 

T e m p e r a 
ture (°F) 

750 

750 

Ambient 

Amoient 

Specimen 
Recovery 

Data 

Retained by nylon 
rope 

Not recovered 

1000 ft, 353 degrees from 
blas t center 

Retained by nylon 
rope 

Graded 
aluminum 

Graded 
aluminum 

65 

65 

Loose Ambient 

Rigid Ambient 

Not recovered 

-^3000 ft, 65 degrees from 
blast center 

Shape 

Mushroom 
(see Fig. A-21) 

Maxim.um 
Dimensions 

HorizoirEal Vert ical 
(ft) (ft) 

-^175 "100 

F i r e Ball Data 

Maximum 
Rise 
(ft) Maximum Ball 

Time Measurements 
(sec) 

Develop At Ground 

•̂ -100 •^-0. 1 

Level Dispersa l 

^0.71 •^•2.7 

Tempera tu re 
(maxim.um) 

(°F) 

-V7000 

Shape 

Spherical 
segnaent 
(see F ig . A-23) 

Cra t e r and P r e s s u r e Data 

Cra t e r 

Dimensions (ft) 
Diameter Depth 

26 6 

Volume 

(ft^) 

1600 

Weight 
of Ear th Moved 

(lb) 

144,000 

Detonation 
(psi) 

9 x 10^ 

P r e s s u r e 
Side-on Overp res su re (psi) 

At 130 ft At 190 ft 

5.02 2 . 9 5 
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Specimen setup. The eight specimens were positioned 12 feet from the 
blast center on two posts 1 foot above the bottom layer of the TNT, These 
were anchored in the ground to a depth of 10 feet. The points were 4-inch 
diameter steel tubing, located on the circumference of a 24-foot diameter 
circle. The posts were located 65° and 353*̂ , respectively, from true north. 

Two types of specimen attachments were utilized. A rigid attachment 
was made by securing the specimens to 0.75-inch thick steel plates with 
oversize hardware. The steel plates are welded to the steel mounting 
posts. The nonrigid attachment was made by securing the specimens to 
the steel plates with pins. These pins were 0.064 inch in diameter and 
1 inch long. Holes were provided in the plates and specimens to accommo
date the pins. There were four specimens on each post, two rigidly at
tached and two merely pinned. Figures A-18 and A-19 show core attach
ments on Posts 1 and 2, respectively. Methods of attachment used on 
the test specimens are given in Table A-1. The heated specimens were 
covered with insulation to reduce heat losses during the preheating opera
tion. 

To recover the specimens after the test, 0.75-inch diameter nylon rope 
with a 7500-pound tensile strength was secured to each specimen by a lan
yard ring welded to the core. These ropes were anchored on the ground 
75 feet behind each setup. They were covered with earth for about 10 feet 
from each post. The function of the earth cover lines was to contain the 
test specimens within a 200-foot diameter circle (see Fig, A-20 for the 
complete setup). 

Two beam-type pressure gauges were positioned at 130 and 190 feet 
from the center of the charge. These were utilized to measure side-on 
overpressures. These data are given in Table A-6, 

Data recording. Physical data recorded during this test are given in 
TabTe A-"BT In aH3Ition, four cameras were covering the action of the test. 
Films have been screened in order to obtain visual test data. Data col
lected from these films are also given in Table A-6, 

Test results . Test results are summarized in Table A-7. A detailed 
analysis of tEe~explosion, setup and test specimens is presented below. 

Explosion. The 1650-pound charge was detonated at time 1404 hours. 
A mushroom^fireball, 175 feet in diameter by 100 feet high, developed 
0,1 second after detonation. It remained on the ground for 0.7 second and 
then rose to a maximum altitude of 100 feet. At this point and at a time 
of 2.7 seconds after detonation, the ball dispersed into a black cloud and 
moved downwind. Figure A-21 shows the blast sequence. 
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Fig. A-I8. View of MechanicaJ. Shock Test Specimen Attachnent—^Post 1 
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Fig. A-I9. View of Specimen Attachment--Post 2 
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Fig. A-20. view of Complete Mechanical Shock Test Setup 



t = 0.00 t = 0. 10 second 

t = 0.71 second > 
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Fig. A-21. View of Blast Sequence—Mechanical Shock Test 
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As the fireball moved off the ground, a cloud of dust and white smoke 
issued from, the blast area. This condition remained for approximately 
three nainutes and prevented the cameras from recording specimen behavior 
in the blast. There were no indications on the film as to when or how the 
specimens left the test area. 

Setup. After the debris cleared, the blast area was examined to de-
termine all possible effects of the explosion. The area inspected was within 
a 3000-yard diameter circle. Field notes of this investigation revealed 
the following. 

The wooden stand on which the charge was resting and the wooden crates 
in which the TNT was packed were completely obliterated. Not even a 
splinter of wood was found in the area inspected. 

The two posts, which were located on a 24-foot diameter circle about 
the blast center, were sheared off at ground level. Post 1 was found ap
proximately 2000 feet from and radially behind its original position. Post 
2 was also found radially behind its original position at approxinaately 
the same distance as Post 1. This indicated, assuming equal strengths 
and weights in each post structure, that the shock front was of equal magnitude 
at these two points. Both posts were permanently deform.ed structurally as 
indicated in Fig. A-22, Both had holes punctured through them perpendicular 
to the shock front. These holes showed indications of being burned through 
the metal rather than being sheared. Therefore, it was assumed that the 
impinging projectile was at a temperature higher than the melting point of 
the steel tubing (2500° F) . 

The rigid specimen attaching hardware was sheared off the posts in 
three of the four setups. On Post 1, the attaching hardware for specimen 
Type 12, No. 2, remained on the post structure. All others were missing. 

A crater , 26 feet in diameter and 6 feet deep, was formed at the blast 
site. Calculations indicate that approximately 144,000 pounds of earth 
were moved out of the crater . The steel plate on which the TNT charge 
was resting was found at the bottom of the crater . There was no indica
tion of damage to the plate by the blast. 

Test specimens. Of the specimens tested, four were recovered. Two 
were retained by the nylon ropes and were found in a 200-foot diameter 
circle about the blast center. The other two were recovered at distances 
of 1000 and 3000 feet from the blast site. Each was found directly behind 
the post on which it was originally attached. Table A-7 describes the as
sumed behavior of each of the specimens in the blast and the conditions 
of the tested specimens. 
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Fig. A-25. View of Ground Crater After Detonation 
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Fig. A-25. Tested Graded Strength Simulated Fuel Cores—Type 12, Numbers 1, 
2 and h-
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Fig* A-26. Tested Graded Strength Simulated Fuel Core—Type 12, Number 2 
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3. F i r e and Fallout Tes t s 

The tes t was conducted Apri l 27, 1960 on "M" Field at the U . S . Army 
Chemical Center , Edgewood, Maryland. A the rmal environment typical 
of a mi s s i l e fire on a launch pad was generated to evaluate the rmal integ
r i ty of Task 2 fuel capsules and one Task 2 genera tor sys tem. Also, the 
environment was uti l ized as an energy source to r e l ea se a cloud of ce r ium 
pa r t i c l e s which were used to deterntiine a fallout and a i r concentrat ion p r o 
file. 

Test s i te . The site uti l ized for this tes t is the same bomib tes t field de -
scr ibed in the mechanical shock tes t . F igure A-27 shows an ae r i a l view 
of this s i te . 

Test environmient setup. A tes t environment duplicating a miss i l e fire 
and producing 'a contam:inated a tmosphere was generated by burning aniline, 
R P - 1 , mischmeta l and magnes ium mietal in a simulated mis s i l e s t r uc tu r e . 
Red fuming ni t r ic oxide was used as the oxidizer and igni ter , since it i s 
hypergolic with anil ine. 

A 30-foot wooden tower supported the simulated miissile s t r uc tu r e . It 
was fabricated by bracing four c reoso te t rea ted poles , 12 inches in d iameter 
with a wooden t r u s s desigr^ed to support 25,000 pounds of meta l . Scrap 
metal was contained in the tower by s tee l mesh wi re . Horizontal d imen
sions of the tower were 11 feet square at the base and 6 feet square at the 
top. The ent i re sti ac ture was bolted to a 2-inch thick, 14-foot square s teel 
plate . The tower is shown in F ig . A-28. 

The fuels, s c r a p meta l , mischmeta l and tes t spec imens were dis t r ibuted 
throughout the tower from the bottom to the top and zoned as follows: 

(1) 8500 pounds of RF-1 in a plast ic tank. 

(2) 4000 pounds of s c rap s tee l . 

(3) 2000 pounds of magnesium meta l . 

(4) 6000 pounds of aluminum sheet . 

(5) 2000 pounds of magnesium meta l . 

(6) 2000 pounds of aluminum meta l fitt ings. 

(7) 4000 pounds of magnesit im meta l . 

(8) Ten Task 2 tes t spec imens supported by two wooden b e a m s . 

(9) Aluminum sheets over the specimen support b e a m s . 
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Fig. A-28. Fire Test Tower Showing The Position of Test Specimens and Metal Fuels 
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(10) 200 pounds of mischmetal in eight polyethylene bags. 

(11) 3500 pounds of red fum.ing nitric acid contained in 13 aluminum 
drums. 

(12) 1500 pounds of aniline in three steel drums. 

Items (1) through (10) were within the limits of the tower, while the last two 
were positioned atop the tower on a portable steel and wooden pallet. 

A semicircular retaining wall of earth 2 feet high was erected on the 
downhill side about 24 feet from the center of the tower to retain the fuel 
in the vicinity of the tower. This concentrated the heat of the burning fuels 
in the tower structure. 

The aluminum m.etal sheets in the tower were positioned to permit maxi
mum airflow through the tower structure, for calculations indicated that 
196,000 pounds of air were required for the complete burning of the fuels 
and metals, not counting the aniline. 

The test specimens were positioned on two wooden beams located diago
nally across the tower's support legs at distances of 22 feet and 28 feet 
from the ground. The bottom beam was located in a northeast line, while 
the top beam was 90° to the bottom in a northwest direction. The speci
mens were supported by chain hoops rigidly fastened to the two beams. 
Specific positions of each specimen are listed in Table A-9. 

The function of the aluminum sheets over the test specimens was to pro
tect the specimens against direct contact with the burning fuels. This simu
lates the installation of the Task 2 generator in a missile structure. 

The mischmetal was encapsulated in polyethylene containers to delay the 
release of the cerium cloud so that photographic recordings could distin
guish between it and the propellant cloud. The propellant cloud should be 
dark yellow as compared to the cerium, cloud which should be white to 
yellow in color. The mischmetal was in the form of 8-inesh granules. Its 
chem^ical com.position was: 

Ceriumi 
Rare earths 
Magnesium 

Iron 

Silicon 
Aluminum. 
Nickel 

(%) 

50 

47.65 
2.0 

0.3 

0.025 
0,02 
0.005 
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The nitric acid and aniline were secured to the pallet by 1/4-inch diam
eter steel cables and wooden blocking. Thirteen aluminum drums of nitric 
acid and one dummy drum were banded and blocked together on the pallet 's 
floor panel about a central lift colum.n. The aniline, in three steel drums, 
was placed on top of the nitric acid. These drums were wired to support 
braces which were welded to the lift column. Details and dimensions of 
the pallet were: (l) floor panel, 7.5-foot square by 1-inch thick steel plate, 
reinforced by steel angle iron and perforated to permiit fuel flow to the 
tower structure and (2) central lift colum.n, steel tube 6 inches in diameter 
by 10 feet long, welded to the floor and support structure. 

Two shaped charges were installed on each of the drums. These were 
wired to an electrical firing circuit designed to detonate individual charges. 
Total explosive weight, including squibs, was 15 pounds. The function of 
this setup was to rupture the fuel drums so that the hypergolic fuels could 
mix and ignite the fire. Two charges on each drum were required to 
equalize forces on the drums, allowing them to remain in position on the 
pallet when the fuel was released. 

Fallout field layout. Since the fallout collecting area was limited for the 
jxiost part to~a'60^ we3ge, meteorological studies were made of the test 
atea to determine a field orientation which would effect miaxinium data. 
These studies indicated that the seasonal prevailing winds during this test 
program are from the northwest. Therefore, the fallout field was surveyed 
for a wind from this direction, in concurrence with the wedge described in 
the test development section of this report. Each of the eight arcs and the 
nine radii shown in Fig, A-1 were delineated with lime. 

Instrumentation and equipmient setup. Data recorded during this test 
incIuSeH'i 

(1) Tempei<ature m^easurements in tower. 

(2) Air concentration measurem.ents. 

(3) Fallout measurements. 

(4) Particle size measurements. 

(5) Photographic coverage. 

Temperature measurements were recorded in the tower to establish a 
temperature profile. Air concentration, fallout and particle size measure
ments were taken all over the field layout. Photographic coverage included 
the recording of specimen data in the fire, time measurements of cerium 
release, tenaperature measurements by color comiparison and cloud meas
urements in the fallout field. 
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Tower temperature measurements. There were five thermocouples 
equally spaced in the vertical plane and approximately in the center of the 
tower in the horizontal plane. Figure A-29 shows a diagram of the approxi
mate locations of these couples. 

The first 18 inches of each couple were protected by heat resistant ceram
ic tubing. The tubing end opposite the Junction was sealed into a 1-3/8-inch 
diameter steel pipe. This pipe terminated in a drum buried in the ground at 
the base of the tower. The drum served as a cold junction. The leads were 
continued, in a covered trench, to a recorder approximately 500 feet away. 
Wiring in the steel tubing was protected from the intense heat by water 
forced through the tubes under pressure . The water was supplied from a 
reservoir and the pressure from a 1500-psi air tank, both of which were 
buried in the ground near the tower. The couples were of chromel-alumel 
and platinum-platinum-10% rhenium, types, located as indicated in Fig. A-
29, Continuous temperature readings were recorded in millivolts on a 
Visicoder for 58 minutes. 

Fallout m.easurements. Equipment setup to measure fallout data in-
cluded fallout trays, high "and low volume air samplers and cascade im-
pactors. Throughout the field, there were 45 fallout trays, a cascade im-
pactor, 12 high volume air samplers and 27 low volunae samplers. Posi
tions of these were as shown in Fig, A-30. In this figure, equipment is iden
tified as follows: 

(1) Fallout trays FT-x 

(2) High volume air samplers HA x 

(3) Low volume air samplers LA x 

(4) Cascade impactors CI x 

Table A-11 gives detailed information from the samplers and impactors, 
and Table A-12 lists fallout tray data. 

The fallout trays were positioned on 12 different radii of the field 
wedge. Since theoretical calculations indicated that somewhat higher 
concentrations should occur between 300 and 600 meters, fallout trays 
were positioned every 50 meters on the test wind-direction line in this 
area. 

Air concentration and particle size measuring equipments were posi
tioned on three of the radii in the wedge, 200, 400 and 800 meters . Power 
for this equipment was supplied by five 110-volt, single-phase gasoline 
generators. The first and second lines were operated rexnotely, and the 
third line manually. 



Test specimens TO No. 4 

TC No, 3 

TCNo. 5 

Magnesium 
Aluminum fittings 

Magnesium TC No. 2 

Aluminum 
sheet 

Magnesium TC No. 1 

Steel 

RP-1 

28 ft 

22.5 ft 

17.5 ft 

12.5 ft 

5.5 ft 

1 i 

Fig# A-29® Fire and Fallout Test^ Tower Temperature Instrumentation 
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FT 42 FT 43 
FT 44 FT 45 

600 

Fig, A-30« Detailed Fallout Field layout. Fire and Fallout Test 
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Photographic coverage . C a m e r a setup, film, film speed, location, 
function and 6t1ier~pertiherit information ut i l ized during this tes t a r e l is ted 
in Table A-8 . There were 11 c a m e r a s s t ra teg ica l ly posit ioned to r e c o r d 
data. 

Test spec imens . The configurations included two fuel c o r e s and a fuU-
scale genei^ator s t r u c t u r e . The l a t t e r was included to m e a s u r e the magni 
tude of t h e r m a l shielding afforded by this s t ruc tu re to the c o r e . Data for 
these spec imens a r e given in Table A-1 (detailed specimen specif icat ions) . 
Table A-9 (detailed tes t data) and Table A-14 ( test r e s u l t s ) . 

Of the spec imens , two were preheated to co re operat ing t e m p e r a t u r e s 
indicated in Table A-9 , This was accomplished by uti l izing 220-volt e l ec 
t r i ca l h e a t e r s encapsulated in the co re s t r u c t u r e . Power was supplied by 
a portable genera to r furnishing 220-volt, 60-cycle , s ingle-phase se rv i ce . 
T e m p e r a t u r e was control led by regulat ing voltage through a control panel 
wired between the spec imens and the power source . Tem.peratures were 
measu red by ut i l izing ch romel -a lume l thermououples welded to the tes t 
specimen. T e m p e r a t u r e s were manual ly r ecorded until 10 seconds before 
ignition. In o rde r to mainta in t e m p e r a t u r e s in the c o r e s , each was insulated 
with 4 inches of Cerafel t ma te r i a l packed into a 12-inch d i ame te r by 20-
inch long s tee l d rum, 

4. Test P r o c e d u r e s 

P r i o r to the tes t date, the following setup p rocedure s were com
pleted; 

(1 

(2 

(3 

(4 

(5 

(6 

(7 

(8 

(9 

(10 

(11 

Fallout field surveyed and staked out. 

Tower and fuel pallet const ructed and e rec ted on tes t s i te . 

Scrap meta l placed in tower . 

Tes t spec imens and mischmeta l positioned in tower . 

Wiring for heating tes t spec imens set up and checked out. 

Tower t e m p e r a t u r e ins t rumenta t ion instal led. 

Field wir ing for a i r s a m p l e r s instal led and checked out. 

C a m e r a posi t ions and towers e rec ted . 

Fal lout field delineated with l ime . 

Fuel re ta ining wall around tower e rec ted . 

Two safety p rac t i ce runs conducted on hypergolic fuel pallet . 
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On the test date, determined by meteorological conditions, a test 
countdown was initiated. This countdown began 2 hours prior to ignition. 
The following work was accomplished during this period: 

Time: 0 minus 2 hours 

(1) Air samplers positioned and tested, 

(2) Cameras positioned and checked out. 

(3) Hypergolic fuels moved into test area (on separate vehicles). 

(4) Electrical heaters in test specimens energized. 

Time: 0 minus 1 hour 

(1) Fallout trays positioned in field. 

(2) Local meteorological conditions checked and recorded. 

(3) Radio silence established and maintained for the remainder 
of the test. 

(4) Roadblocks in test area set up and maintained. 

(5) Demolition charges installed to fuel containers, and firing 
wires extended to control center where they were shorted 
and grounded. 

Time: 0 minus 20 minutes 

(1) Area within 20 feet of the tower cleared of all personnel ex
cept operating crew. 

(2) RP-1 fuel tank under tower filled. 

Time: 0 minus 15 minutes 

(1) Crane operator, wearing high temperature suit, positioned 
fuel pallet atop of tower. 

Time: 0 minus 10 seconds 

(1) Time indicated by green flare, 

(2) Final specimen temperature readings recorded. 
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(3) Cameras started. 

(4) Air samplers started. 

(5) Instrumentation recorder turned on. 

Time: 0--demolition (1404 hours, A^ril 27, 1960) 

(1) Explosive charges energized. 

(2) Pertinent data recorded. 

Time: 0 plus 30 minutes 

(1) Fire extinguishing operation begun. 

Time: 0 plus 58 minutes 

(1) All equipment turned off. 

5. Data Recording 

Data collected during this test are given in figures and tables as 
indicated below: 

(1) Photographs of fireball 

(2) Specimen test data 

(3) Tower temperature measure 
ments 

(4) Fallout field elevation pro
file 

(5) Air sampler and cascade 
impactor measurements 

(6) Fallout tray measurements 

(7) Meteorological data 

(8) Effect on specimens 

Figures A-31 through A-36 

Tables A-1, A-9 and A-14 

Table A-10 

Figure A-37 

Table A-11 

Table A-12 

Table A-13, Figs. A-38 and 
A-39 

Figures A-41 through A-44 



TABLE A-8 

Camera Setup--Fire and Fallout Test 
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C a m e r a 
No. 

1 

2 

C a m e r a 
Type 

16 m m Cine. 

16 m m 
Mitchel l 

F i lm 
Speed 

. (fps) 

24 

24 

F i lm 
Running Time 

(min) 

Manual 
Control 

33 

Lens 

1 inch 
3 inch 
wide 
angle 

1 inch 

C a m e r a 
Location 

1000 feet from 
fire tower on 
windward s ide 

R e m a r k s 

Genera l documentary of tes t 
se tup , t e s t and post - tes t 
including p repa ra t ion and 
damage . Also genera l s i te 
s c e n e s . 

Fixed c a m e r a posit ion with 
t a rge t pole 20 feet high, 
2 x 2 foot t a r g e t located 100 
feet in front of c a m e r a . 
Posi t ioned off c e n t e r of 
subject tower to show cloud 
drift . 

16 m m Bell 
and Howell 

24 30 6 inch On 150-foot t ower Track ing c a m e r a , to r eco rd 
for t r ack ing 3000 feet from fire t e s t , secondary 

fire t o w e r , ignition and c e r i u m cloud 
leeward s ide 

Hulcher 
c a m e r a with 
f rame r a t e 
sequence 

In termi t tent 30 T e l e - On 150-foot tower Fo r complete coverage of 
photo as above tes t data col lect ions of 

cloud movements and s i ze 

16 m m Bell 
and Howell 

24 Manual 
control 

6 inch Tes t control 
cen te r 

To r eco rd any unforeseen 
events at the f ire tower 

16 mm Cine. 24 Manual 
control 

Zoom Test control Genera l documentary of t e s t , 
lens cen te r Targe t pole to be used to 

de te rmine cloud r i s e and s i ze . 

16 m m Model 
K 

33 .3 1 inch In mar in i t e 
box on 20-foot 
tower 150 feet 
from fire tower 

Field of view: 19, 25 feet in 
hor izonta l and 14.42 feet in 
ve r t i ca l p l anes . To r eco rd 
action of t e s t spec imens in 
f i re . 

10 

16 m m Model 

16 m m Cine. 

16 m m Cine. 

24 

24 

33 .3 

6. 12, r a n 
in t e rmi t t en t -
ly 

6. 12, r a n 
i n t e r 
mi t tent ly 

2 inch 

1 inch 

6 inch 

In mar in i t e 
box on 20-foot 
tower 100 feet 
from fire tower 

Same as No. 7 

Same as No. 8 

Field of view, 19.25 ft. 
hor izontal 14. 42 feet 
inver t i ca l p l anes . To 
r eco rd action of t e s t 
spec imens in f i re . 

Same as No. 7 

Field of view: 6. 33 feet in 
horizontal and 4. 75 feet in 
ve r t i ca l p lanes . To r eco rd 
action of tes t spec imens 
in f i re . 

11 16 mm 1500 5 sec Fas tax At control 
cen te r 

To r eco rd f irs t 5 seconds 
of fire ba l l . 

KOTS: All r emote ly operated c a m e r a s a r e s t a r t ed 10 seconds before s t a r t of t es t . 



TABLE A-9 

Summary of Specimen Test D a t a - - F i r e and Fallout Test 

Specimen Specimen 
Type Number 

Posit ion in 
F i r e Tower 

Preheat 
Tempera tu r e 

(°F) 
Descript ion of Action on 

Specimen During Test 

Recovery of 
Specimen 

Position and Date 

Upper layer , edge 
of tower, northwest 
from center . 

1550 Exposed to excess ive misch
meta l burning. Fel l into 
burning debr i s during 
first 10 minutes of f i re . 

Sifted from debris 
5/4/faO. 

Upper layer , between 
spec imens 4-4 and 
3-4. 

Lx)wer level , edge 
of tower, nor theas t 
from center . 

Ambient Remained on tower s t r u c 
tu re , support par t ia l ly 
fell after 20 minutes . 

Ambient Remained on tower 
s t r uc tu r e , support 
par t ia l ly fell after 
20 minutes . 

On tower s t r u c 
tu re , recovered 
5 /2 /60 . 

On tower s t r u c 
tu re , r ecovered 
5 /2 /60 . 

Upper layer , between 
spec imens 4-4 and 
1-5. 

Ambient Remained on tower 
s t r uc tu r e , support 
par t ia l ly fell after 
20 minutes . 

On tower s t r u c 
t u r e , recovered 
5/2/tiO 

Lower level , between 
spec imens 10-1 
and 1-7. 

Ambient Remained on tower 
s t r u c t u r e , support 
par t ia l ly fell after 
20 minutes . 

On tower s t r u c 
tu re , recovered 
5 /2 /60 . 

Lower level , between 
spec imens 10-1 
and 3-5 . 

Ambient Fel l into burning 
debr i s during f irst 
15 minutes of f i re . 

Sifted from debris 
5 /4 /60 . 

Upper layer-, edge 
of tower, southeast 
from center . 

1611 Remained on tower 
s t r u c t u r e , support 
par t ia l ly fell after 
20 minutes . 

On tower s t r u c 
tu re , recovered 
5 /2 /60 . 

10 

Lower level, edge 
of tower, south
west from center . 

Center of tower, 
15 feet from ground. 

Ambient Remained on tower 
s t r u c t u r e , support 
par t ia l ly fell after 
20 minutes . 

1612 Fell into burning 
debr i s during first 
10 minutes . 

On tower s t r u c 
tu re , r ecovered 
5 /2 /60 . 

In front of tower, 
recovered 
4/28/60. 



TABLE A-10 
Summary of Tower Temperature Data-

(sec; ^i^^l) 

0 

10 

20 

25 

30 

40 

50 

60 1 

70 

80 

90 

100 

110 

120 2 

130 

140 

150 

160 

170 

180 3 

190 

200 

210 

220 

230 

240 4 

270 

300 5 

330 

360 6 

390 

Thermo
couple 
No. 1 

Ambient 

Ambient 

230 

340 

450 

824 

1045 

1198 

1124 

1144 

1140 

1150 

1182 

1054 

1067 

1102 

1108 

1131 

1204 

706 

96 5 

1428 

1322 

1565 

1460 

1418 

1428 

1514 

1565 

1572 

1555 

Thermo
couple 

_No^J5_ 

Ambient 

Ambient 

1757 

4200 

1700 

2464 

1874 

1779 

1413 

1121 

860 

670 

707 

590 

584 

559 

415 

1284 

1812 

989 

1204 

1275 

1091 

1597 

1511 

1398 

1521 

1628 

1653 

1674 

1645 

Thermo
couple 
No. 4 

Ambient 

Ambient 

1578 

1610 

1649 

1442 

1229 

1133 

917 

701 

1473 

1596 

438 

330 

747 

1920 

1735 

1389 

1272 

485 

494 

299 

593 

932 

1025 

1327 

1287 

1445 

1544 

1550 

1535 

Thermo
couple 
No. 5 

Ambient 

-Ambient 

165 

1670 

2592 

831 

736 

1288 

704 

514 

3 74 

301 

920 

444 

501 

562 

650 

777 

806 

872 

920 

964 

495 

1110 

1117 

634 

1015 

1364 

1475 

1513 

1490 

Highest 
Tempera

ture 
Film 
fK) 

Ambient 

3600 

5000 

5100 

5000 

4720 

4540 

4200 

4000 

3200 

1720 

1960 

2160 

2300 

2440 

2500 

2800 

3040 

3160 

3240 

3400 

3540 

3620 

3660 

3720 

3760 

3860 

!920 

3940 

3960 

3980 

T: 

(£ec) 

420 

450 

480 

510 

540 

570 

600 

660 

720 

780 

840 

900 

960 

1020 

1080 

1140 

1200 

1260 

1320 

1380 

1440 

1500 

1560 

1620 

1680 

1740 

1800 

1920 

2160 

2400 

3480 

Notes-

Thermocouple numbers 1 through 4—chrom.el-alumel 

Thermocouple number 5--platinum-platmum +10'''o rhenium 

Thermocouple nuinber 2 was destroyed before test 

Film temperatures were estimated by flame color comparison 

Ambient temperature 67° F 

-Fire and Fallout Test 

le 

(mln)^ 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

32 

36 

40 

58 

Thermo
couple 
No. 1 

1543 

1510 

1418 

1370 

1332 

13 25 

1319 

1259 

1191 

1121 

1054 

1028 

958 

917 

885 

853 

837 

645 

645 

645 

623 

613 

597 

581 

572 

454 

460 

454 

470 

480 

150 

Thermo
couple 
No. 3 

1628 

156 5 

1502 

1460 

1413 

1404 

1395 

1327 

1260 

1186 

1112 

1060 

1014 

977 

937 

916 

906 

436 

452 

492 

476 

485 

476 

476 

492 

504 

492 

492 

507 

492 

169 

Thermo
couple 
No. 4 

1519 

1455 

13 89 

1550 

1312 

1306 

1300 

1238 

1182 

1124 

1062 

926 

710 

673 

327 

312 

330 

340 

343 

340 

309 

290 

290 

290 

266 

26 9 

26 9 

272 

278 

278 

161 

Thermo
couple 
No. 5 

1472 

1375 

1278 

1240 

1205 

1195 

1186 

1123 

1060 

977 

904 

863 

809 

587 

533 

514 

533 

577 

634 

546 

492 

470 

428 

428 

444 

444 

432 

666 

634 

508 

419 

Highest 
Tempera' 

ture 
Film 
(° !••) 

3970 

3960 

3940 

3920 

3900 

3860 

3800 

3750 

3700 

3650 

3600 

3550 

3500 

3500 

3480 

3460 

3460 

3480 

3500 

3520 

3560 

3560 

3600 

3600 

3650 

3700 

3900 

4000 

3980 

3800 

— 



TABLE A-11 

Sum.mary of Air Sampler Data—Fire and Fallout Test E 

Sampler 
No. 

HA-1 

LA-1 

LA-2 

LA-3 

LA-4 

LA-5 

L,A-6 

HA-2 

LA-7 

LA-8 

LA-9 

LA-10 

LA-11 

LA-12 

Distance 
from 

Tower 
(m) 

200 

200 

Position Left 
or Right of 
Wind Line 

(deg) 

30-L 

17-L 

15-L 

13-L 

9 - L 

7 . 5 - L 

6 - L 

W L 

6 - R 

7.5-R 

9 - R 

13-R 

15-R 

17-R 

Datum-
Tower 

Elevation 
(ft) 

- 2 

3 

3 

3 

4 

5 . 5 

6 

8 

8 

8 

8 

8 

7 . 5 

8 

HA-3 

HA-4 

LA-13 

LA-14 

LA-15 

LA-16 

LA-17 

LA-18 

HA-5 

200 

400 

30-R 

30-L 

10 

17-L 
15-L 

13-L 

9 - L 

7 .5 -L 

6 - 6 

4 

4 

4 

9 

9 

9 

Sampler 
Serial 

No. 

1789 

3178 

Sampler 
Source 

Maryland 

C W L 

C W L 

C W L 

C W L 

C W L 

C W L 

Maryland 

C W L 

C W L 

C W L 

C W L 

C W L 

C W L 

Balt imore 
City 

Balt imore 
City 

C W L 

C W L 

C W L 

C W L 

C W L 

C W L 

Measured 
Flow Rate 
(cc /mln) 

1 .3x10^ 

5000 

7000 

6000 

6000 

7000 

6500 

1.5x10^ 

7500 

7500 

7500 

5000 

5000 

5000 

1.27x10® 

1.98x10® 

5000 

5000 

5000 

5000 

5000 

5000 

Operating 
Time 
(min) 

58 

58 

58 

58 

58 

58 

58 

58 

58 

58 

58 

58 

58 

58 

58 

45 

45 

45 

4 5 

45 

45 

45 

Total 
Air Flow 

(ccx 

655 

2 

4 

3 

3 

4 

3 

870 

4 

4 

4 

2 

2 

2 

737 

lo'') 

9 

1 

48 

48 

1 

77 

35 

35 

35 

9 

9 

9 

890 

2,25 

2.25 

2.25 

2.25 

2.25 

2.25 

400 WL 21 2-79 Taft 1 .13x10" 45 509 

Cerium 
Deposit 
_^£gm)_ 

<10 

< 2.5 

< 2.5 

<10 

< 2.5 

20 

<10 

< 2 .5 

< 2.5 

<10 

Magnesium 
Deposit 

400 

22,7 

9,0 

17,4 

74, 1 

3,350 

47.0 

47,5 

64 

118 

118 

28,000 

50 

19.5 

38.6 

37 

34,2 

Cerium 
Concentration 

(fjgm/cc 

X 10"'^') 

1.55 

< 72 

< 61 

5,300 

< 1, 15 

< 86 

2,72 

< 1.13 

<111 

<111 

< 1.96 

Cerium 
Concentration 

(/itc/cc) 

5.25 X 10 -12 



TABLE A-11 (continued) 

Sampler 
No, 

LA-19 

LA-20 

LA-21 

LA-22 

LA-2 3 

LA-24 

HA-6 

HA-7 

HA-8 

HA-9 

HA-10 

HA-11 

LA-25 

LA-26 

LA-27 

HA-12 

Distance 
from 

Tower 
(m) 

400 
1 

400 

400 

400 

800 

1 

8C 0 

Position Left 
or Right of 
Wind Line 

(deg) 

6 - R 

7,5-R 

9 - R 

13-R 

15-R 

17-R 

30-R 

19-L 

7 .5 -L 

4 - L 

WL 

4 - R 

6 - R 

7.5-R 

9 - R 

19-R 

Datum-
Tower 

Elevation 
(ft) 

13 

13 

13 

14 

14 

14 

30 

14 

16 

18 

20 

17 

13.5 

13 

12.5 

- 3 

Sampler 
Serial 

No, 

__ 
._ 
— 
__ 
. . 

3066 

3067 

570 

3069 

714 

._ 
-_ 
_-
— 

ME 36910 

Sampler 
Source 

CWL 

C W L 

C W L 

C W L 

C W L 

C W L 

Taft 

Taft 

Taft 

Taft 

Taft 

A P G 

C W L 

C W L 

C W L 

Martin 

Measured 
Flow Rate 
(cc/min) 

7000 

6500 

6000 

5000 

5000 

4500 

9 .9x 10^ 

9 .9x10^ 

1.42x10® 

1,27x10® 

1, 13x10® 

1.7x10® 

7000 

7500 

7000 

9 ,9x10^ 

Operating 
Time 
(min) 

45 

45 

45 

45 

45 

45 

45 

53 

53 

53 

53 

58 

58 

58 

58 

58 

Total 
Air Flow 

(ccx 10^) 

3, 15 
2 , 9 

2 , 7 

2.25 

2.25 

2,03 

446 

525 

753 

673 

599 

986 

4. 1 

4.35 

4, 1 

574 

Cerium 
Deposit 

(Mgm) 

< 2.5 

— 
— 

< 2,5 

_-
— 

2 , 5 

< 1 0 

< 1 0 

< 1 0 

< 1 0 

< 1 0 

— 
_. 

< 2.5 

< 1 0 

Magnesium 
Deposit 

(Mgm) 

. . 
32,0 

9 , 2 

— 
49,5 

106 

24,200 

2,300 

1,250 

1,760 

400 

4,950 

32, 0 

19,5 

_.. 

1,400 

Cerium 
Concentration 

(fjgm/cc 

X 10"'^) 

< 

< 

< 

< 

< 

< 

< 

< 

< 

79 

— 
. . 

U I 

— 
— 

0,56 

1,9 

1.33 

1.48 

1.67 

1.04 

--
--

61 

1.74 

Cerium 
Concentration 

(uc/cc) 

1.08 X lO"^^ 
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TABLE A-12 

Tray 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

IB 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

4 0 

41 

42 

43 

44 

45 

S u m m a r y of F a l l o u t T r a y D a t a - - F i r e 

Distance 
from Tower 

(meters) 

50 

50 

50 

50 

50 

100 

100 

100 

100 

100 

200 

200 

200 

200 

200 

300 

300 

300 

300 

300 

350 

400 

400 

4 0 0 

4 0 0 

400 

4 5 0 

500 

550 

600 

600 

6 0 0 

600 

600 

800 

800 

800 

800 

800 

800 

1000 

1000 

1000 

1000 

1000 

Location 
Lett or 
Right of 

Wind Line 
(deg) 

45-L 

30-L 

W L 

30-R 

45-R 

45-L 

30-L 

W L 

30-R 

45-R 

30-L 

15-L 

W L 

15-R 

30-R 

30-L 

15-L 

W L 

15-R 

30-R 

W L 

30-L 

15-L 

W L 

15-R 

30-R 

W L 

W L 

W L 

30-L 

15-L 

W L 

15-R 

30-R 

15-L 

7 ,5 -L 

W L 

7. 5-K 

15-R 

30-R 

15-L 

7 .5 -L 

W L 

7,5-R 

15-H 

Cerium 
Deposit 

(micrograms) 

<10 

50 

580 

9,850 

20, 750 

10 

<il0 

v l O 

625 

4,400 

< 1 0 

< 1 0 

Lost 

< 1 0 

4, 050 

< 1 0 

< 1 0 

10 

50 

< 1 0 

50 

< 1 0 

< 1 0 

2 5 

50 

10 

< 1 0 

< 1 0 

< 1 0 

75 

< 1 0 

< 1 0 

< 1 0 

< 1 0 

365 

260 

< 1 0 

< 1 0 

< 1 0 

< 1 0 

< 1 0 

< 1 0 

< 1 0 

< 1 0 

< 1 0 

and F a l l o u t T e s t 

Magnesium 
Deposit 

(micrograms) 

4, 650 

11, 500 

11,480 

31,300 

15,450 

1,750 

2,450 

3,640 

27,900 

28.000 

2,250 

960 

6.680 

8,280 

16,850 

50 

8,800 

6,040 

6,200 

9,920 

750 

6,960 

1,040 

5,700 

6,100 

3,300 

1,400 

8,100 

4,080 

6,850 

3,400 

5,720 

Lost 

7, 550 

5, 780 

3,000 

1,600 

6,360 

6,480 

6,480 

250 

11,040 

-
5,840 

-_ 

Radlocerium 
Concentration 

0 
( c u r i e s / f t ) 

< 1 . 9 4 X 1 0 " * 

9 , 7 x 1 0 " * 

1 ,1 X 1 0 " ^ 

0 . 19 

0 , 4 0 2 

1 .94 X l o " * 

< 1 . 9 4 X 1 0 " * 

< 1 , 9 4 X 1 0 ~ * 

l , 2 x 1 0 " ^ 

8 . 5 4 X 1 0 " ^ 

< 1 . 9 4 X 1 0 " * 

< 1 , 9 4 X 1 0 " * 

--
< 1 , 9 4 X 1 0 " * 

7 , 8 5 X 1 0 " ^ 

< 1 . 9 4 X 1 0 " * 

< 1 . 9 4 X 1 0 " * 

1 .94 X 1 0 " * 

9 . 7 X 1 0 " * 

< 1 . 9 4 X 1 0 " * 

9 . 7 X 1 0 " * 

< 1 , 9 4 X 1 0 " * 

< 1 . 9 4 X 10~* 

4 . 8 5 X 1 0 " * 

1 .94 X 1 0 " * 

1 .94 X 1 0 " * 

< 1 . 9 4 X 1 0 " * 

< 1 , 9 4 X 1 0 " * 

< 1 ,94 X 1 0 " * 

1 ,45 X 1 0 " ^ 

< 1 , 9 4 X 1 0 " * 

< 1 , 9 4 X 1 0 " * 

< 1 , 9 4 X 1 0 " * 

< 1 , 9 4 X 1 0 " * 

7 . 1 X 1 0 " ^ 

5 , 0 4 X 1 0 " ^ 

< 1 . 9 4 X 1 0 " * 

< 1 . 9 4 X 1 0 " * 

< 1 . 9 4 X 1 0 " * 

< 1 . 9 4 X 1 0 " * 

< 1 . 9 4 X 1 0 ' * 

< ,1 .94 X 10~* 

< 1 . 9 4 X 10~* 

< 1 . 9 4 X 1 0 " * 

< 1 . 94 X l O " * 
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These data represent information recorded and observed with in
struments and photographic equipment previously described. All cioud 
information and time intervals were recorded. Detailed analysis of 
this data is given in the test results . 

6. Test Results 

Test results are summarized in Tables A-9 through A-14. A de
tailed results analysis of the fireball, specimens, tower tem.perature, 
fallout cloud, fallout field, air concentration, fallout, meteorological 
data and setup are presented below. 

Fireball. The hypergolic fuels were ignited at time 14 04 hours. Two 
mushroom fireballs, each approximately 150 feet in diameter, developed in 
the following manner. At ignition, the original fireball was 50 feet in diameter 
and 30 feet off of the ground, as seen in Fig. A-31. One second after ig
nition, the fireball proceeded to expand in all directions. At this time, the 
ball was approximately 90 feet in diameter, with its lower surface 12 feet 
above the ground. The upper extremity was 72 feet from the ground. A 
color comparison temperature reading indicated temperatures as high as 
5000° F. Figure A-32 shows the fireball 1 second after ignition. At 2 sec-
onds^after ignition, the fireball rose to an altitude of 140 feet. Its diameter 
was about 100 feet, and it ejected a white cloud downward over an area of 
approximately 8000 square feet.(see Fig. A-33). At 3 seconds after ignition, 
the original fireball reached its maximium diameter of 120 feet. At this 
point, it rose to an altitude of 200 feet, and the downward cloud was over an 
area of 12,000 square feet, as shown in Fig. A-34. The second fireball developed 
5 seconds after ignition. As the first began to disperse into a dark yellow to 
black cloud at an altitude of 250 feet, the second fireball exploded about 30 feet 
and encompassed the entire tower. Tem.peratures were as high as 5500° F 
(see Fig. A-35). At 8 seconds after ignition, both fireballs were com.pletely dis
sipated into a dark yellow to black cloud. This cloud proceeded downwind 
from an altitude of approxim.ately 200 feet (see Fig. A-36). 

Specimens. The positions of each specimen before, during and after the 
tesFare given in Table A-9. Conditions of the specimens are summ.arized 
in Table A-14. All specimens were recovered. Two of these were found 
on the tower structure and recovered when the tower was dismantled on 
May 2, 1960. One was found in the debris on May 4, 1960. The gener
ator specimen was recovered April 28, 1960 on the ground. 

Tower temperatures. Temperature recordings as a function of time are 
givefTin Table A'̂ T̂IT̂  

Fallout cloud. During the test, the wind was shifting from north to 
northwest. Aiirestimate of its average direction was 25° off the planned 
northwest. Therefore, the fallout cloud moved downwind 25° off the desired 
direction throughout most of the test. 
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Time 
(hrsmin) 

12:14 
12:15 

12:16 

12:17 
12:18 

12:19 
12:20 

12:21 
12:22 

12:23 
13:15 

13:16 
13:17 
13:18 

13:19 
13:20 

13:21 

13:22 
13:23 
13:24 

14:16 
14:17 

14:18 
14:19 

14:20 

14:21 

14:22 

14:23 
14:24 

14:25 
14:26 

14:27 

Table A»13 

Summary of Metorological D a t a - F i r e and Fal lout Test 

Altitude 
(ft) 

0 

1,110 
2,250 

3,390 

4,545 
5,775 

6,630 
8,070 

8,240 

10,470 

0 

1,140 
2,160 

3,210 

4,260 

5,430 

6,645 

7,830 
8,940 

10,155 

0 

885 

1,800 
2,700 

3,705 

4,680 
5,.625 

6,615 

7,590 

8,625 
9,660 

10,680 

Wind Direction 
(deg) 

335 

342 

327 

325 

322 

306 

283 

272 

257 

253 

330 

338 

333 

322 

313 

307 

287 

278 

274 

290 

330 

341 

337 

324 

301 

298 

301 

308 

307 

290 

245 

237 

Wind Velocity 
(mph) 

12.0 
13.0 

14,8 

16.5 
16.4 
13.4 

16,5 
21.4 

23.7 

31.3 

5.0 

15,9 
16.9 
17.5 

18.3 
15.0 

12.5 

13.9 

16.6 
22.4 

10 to 16 
23 

17.9 
9 . 7 

9 . 8 

14.6 
14.7 

15.3 

15.6 

11,0 
14.2 

26.8 

Temperature 
CF) 

7 1 . 

63 . 

58. 

54 

50 

46 

44 . 

39 

36 

33 

7 1 . 

64 

57, 

54 

51 

49 

45 

41 

36 

34 

66. 

59. 

56, 

55 

53 , 

51 

48 

44 

39 

37 

33 

33 

6 

2 

3 

5 

1 

3 

2 

0 

0 

5 

Relative 
Density 

0.985 
0,997 

1.002 

1.006 
1,007 

1.011 

1.010 
1.014 

1.012 

1.011 

0,986 
0.997 
1.004 

1,008 

1,007 

1.008 
1.008 

1.011 
1.015 

1.010 

0.997 

1.008 

1.008 
1.007 

1.004 

1.007 

1,007 

1.011 

1.013 

1,015 
1.015 

1.011 

Fi re ignition time--14:04 

Surface Data (ignition time) 

Sky--overcast Temperature--67" F Relative Humidity--78% 
•Wind Direction--320" Visibility—6 miles , haze S.L. Pressure—29.86 
Relative Density—0.994 Wind Speed—5 mph, gusts to 16 



TABLE A-14 
Summary of Specimen Test Results--Fire and Fallout Test 

Exposure Temperatures 

Specimen 
Type 

Specimen 
Number 

op 

Maximum 
Burning 

Fireball Metals 
Average 
(30 mln) 

Exposure Temperature 
Time (sec) 

Burning 
Fireball Metals 

5060 

1 

316 S/S 

316 S/S 

316 S/S 

Hastelloy B 

Hastelloy B 

Hastelloy B 

10 

5060 

5060 

5060 

5060 

5060 

5060 

5060 

5060 

5060 

4000 2000 600 

4000 

4000 

4000 

4000 

1400 

1400 

1400 

1400 

4000 

4000 

4000 

4000 

4000 

2000 

1400 

1400 

1400 

2000 

600 

600 

* This particular specimen was heavily damaged whereas the other Inconel X 
specimens were completely undanaaged. Test films and visual observations 
showed that this specimen was (1) Imnaeraed in burning cerium metal (used 
for fallout measurements) for 10 minutes, (2) fell Into burning magnesium 
and remained there for 20 minutes, and (3) remained in the debris for 8 days, 
during which time it was exposed to lime, a 5% solution of soda ash and 
0. 38 inches of rainfall. It was concluded that the combined agents, cerium 
metal, lime and soda ash provided this damage rather than nitric add ex
posure alone. Cerium metal has been found to attack Inconel X in an ac
celerated manner. Therefore, this anomaly is to be disregarded for pur
poses of evaluation. 

Description of 
Test Specimen 

and Test Analysis 

Specimen exposed to 
bur-ning cerium metal 
which was placed in 
fire test fixture to 
facUItate fallout 
measurements. Re
sulting corrosion 
caused about 15% of 
simulated fuel to r e 
lease from 3 of 7 
fuel channels. Analy
sis of specimen in
dicated no damage by 
melting. * 

No damage. 
See Fig. A-41. 

No damage. 
See Fig. A-41. 

No damage. 
See Fig. A-41. 

No damage. 
See Fig. A-41. 

No damage. 
See Fig. A-41. 

No damage. 
See Fig, A-41. 

No damage. 
See Fig. A-41. 

No damage. 
See Fig. A-' 1, 

Approximately 20% 
of the aluminum shell 
was burned off. See 
Figs. A-42 and A-43. 
No damage to core. 
See Fig. A-44. 
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Fig. A-51. F i r eba l l a t Igni t ion 
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Fig. A-52. Fireball 1 Second After Ignition 
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Fig. A-53» Fireball 2 Seconds After Igniti on 
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Fig. A-54. Fireball 5 Seconds After Ignition 
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Fife. A-35. Development of Second Fireball 5-Seconds After Ignition 
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Fig. A-56. Dispersal of Fireball 8 Seconds After Ignition 
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Closeups of the tower recorded on film indicated that most of the 
ce r ium was burned during the f i rs t 78 seconds of the f i re . Based on a 
wind speed of 10 mi les per hour, the contaminate-bear ing cloud passed 
over the las t line of fal lout-collecting ins t ruments approximately 300 
seconds after ignition of f i re . However^ s ince the winds were var iab le , 
the contaminated cloud could have remained in the a r e a of the fallout 
field for a much g r e a t e r t ime . In fact, the 400-mete r line of a i r s a m p l e r s 
recorded contamination in the cloud 13 minutes after ignition. 

After the f i rebal l diss ipated, the cloud issuing from the tower devel
oped into a plume which shifted in d i rec t ion as indicated above. In the 
fallout field, the cloud never rose more than 200 feet from the ground. 
In fact, the lower surface of the plume was at ground level , between 400 
and 800 m e t e r s , during most of the t es t . 

Fal lout field. Elevat ion profile of the fallout field is shown in Fig. 
A-ST. General ly, the field was higher in elevation than the base of the 
tower. The fallout t r a y s were located on the ground. Air s a mp le r s were 
positioned on p la t forms which were at l eas t 3 feet from ground surface . 

Air concentra t ion data. The degree of contamination in the a i r a s a 
functTorToFHIsFance away from the r e l e a s e i s given in Table A-11 . The 
sampling equipm.ent at the 400-mete r dis tance was inoperative during the 
f i r s t 13 minutes of the tes t . This condition resu l ted from a fai lure of the 
power genera to r . The condition was co r rec t ed as fast as possible; however, 
13 minutes of sampling t ime were los t . 

The cascade impactor col lector s l ides were analyzed for ce r ium 
pa r t i c l e s with a mic roscope . Since the opera t ing t ime of the im.pactor 
could not be regulated due to the nature of the tes t , only an es t imate 
was made of the percent of par t ic le s i zes collected. These were : 

(%) 

(1) At the 200-mete r d is tance: 

Pa r t i c l e s ize , 0 to 1 mic ron 0 

Pa r t i c l e s ize , 1 to 5 mic rons 35 

Pa r t i c l e s ize , 5 m ic rons and l a r g e r 65 

Maximum pa r t i c l e - -70 m i c r o n s . 

(2) At the 400 -me te r d is tance: 

Los t due to power fa i lure . 
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Fig. A-37. Elevation Profile of Fallout Field 
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(%) 

(3) At the 800-mete r d is tance: 

Pa r t i c l e s ize , 0 to 1 m.icron 50 

P a r t i c l e s ize , 1 to 5 m.icrons 35 

Pa r t i c l e s ize , 5 m i c r o n s and l a r g e r 15 

Maximum p a r t i c l e - - 1 0 miicrons. 

Fallout data . Fallout data col lected on the t r a y s a r e summar i zed 
in TaBTe~ff^T2T Maximium fallout occu r r ed at the 5 0 - m e t e r d is tance . 
It dec reased grea t ly at the 300-me te r d is tance , but inc reased somewhat 
at the 800-mete r d is tance . 

Meteorological data. A por table meteorologica l t r a i l e r was located 
400~nieteTs~3ownwin3~frbrn the tes t tower . The t r a i l e r contained in s t ru 
ments to m e a s u r e and r eco rd the wind velocity and di rec t ion before, 
during and after the t es t . These data a r e shown in F i g s . A-38 and A-39. 
The f igures show data for the f i r s t 7 minutes of the t es t . Wind veloci ty 
var ied between 10 and 16 mi l e s pe r hour, and wind di rect ion shifted from 
360 to 310° m e a s u r e d from 360° t rue nor th . 

Three balloon runs , to r e c o r d wind direct ion, velocity, t e m p e r a t u r e 
and density at a l t i tudes up to 10,000 feet, we re made at the Meteorological 
Station at Aberdeen Proving Ground. These runs were made at 1214, 1315 
and 1416 hours , and the r ecorded data a r e contained in Table A-13 . 

Setup. After the f i re had burned for 30 minutes , the APG F i r e Depar t 
ment pumped wate r on the t e s t a r e a until 1600 hour s . At th is t ime , the 
f i re was nea r ly extinguished. The m a s s was st i l l smoking, however, and 
the re was definite evidence of n i t r ic acid fumes. The tower was s t i l l 
standing (see Fig . A-40) . Two days after the tes t , the debr i s was st i l l 
hot and the re was st i l l evidence of n i t r ic acid fumes. More water was 
pumped on and around the t e s t a r e a . Five bags (400 pounds) of l ime were 
spread around the tes t a r e a to neut ra l ize the acid and decontaminate the 
a r e a . During the next two days, the tes t a r ea , including the spec imens , 
was exposed to 0.38 inch of ra in . On the fifth day after the tes t , 350 gallons 
of a 5% solution of soda ash were sprayed over the deb r i s . On this day, the 
tower was dismant led and two spec imens were r ecovered . The las t specimen 
was recovered by sifting the debr i s on the seventh day. May 4, 1960. 
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T + 7 min "* 

T + 6 min 3 

T + 5 min 2 

T + 4 min i 

T + 3 min M 

T + 2 min n 

T + 1 min i 

T = 0 min 11 
detonation 

1 1 

+̂ 

Fig, A-58. Wind Velocity as a Function of Time--Flre and Fallout Test 
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T + 7 min 4 

T + 6 min af 

T + 5 min gf-

T + 4 min %[ 
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T + 2 min n • 
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T = 0 min s 
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M 
n 

Fig# A-59. Wind Direction as a Function of Time—Fire and Fallout Test 
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D, THERMAL SHOCK AND CORROSION TESTS 

These t e s t s were conducted by the Mart in Nuclear Division Mate r ia l s 
Unit. A single specimen was tes ted for the rmal shock and co r ros ion t e s t s 
were performed on five different m,aterials . 

1. Thermal Shock Test 

This t es t was conducted on May 4, 1960 at the Martin a i rpor t reve t 
ment facility. 

P r o c e d u r e s . A stone c rock containing 40 l i t e r s of liquid oxygen was 
uti l ized "as a t"est r ecep tac le . This container was positioned below a tube 
furnace. The furnace, which was set up with i ts major axis in a longi
tudinal plane, was provided with two insulated doors , one at the top and 
the other at the bottom. 

The top door was opened and the tes t specimen was inser ted into the 
furnace. After heating to 1200° F , the specimen was lowered through the 
bottom door and quenched in the c rock of LOX. All operat ions were pe r 
formed remote ly with the aid of a pulley sys tem. 

T e m p e r a t u r e s of the specimen in the LOX were recorded periodical ly . 
After one hour of cooling, the tes t sample reached ambient a i r t e m p e r 
a tu r e s (73° F) and the tes t was te rmina ted . 

Test specimen. The specimen uti l ized in this tes t was specimien 
Type 1, No. 8 and i ts Design Number was A- I„ Q . Specifications for this 
specimen a r e given in Table A - 1 . 2 

Tes t r e s u l t s . Boundary turbulence and boiling of the LOX were not 
exces'srve"! The~core re ta ined i ts metal l ic l u s t e r and only a slight bluish 
i r idescent oxide film formed at the top of the block. There was no 
change in weight and no cracking (or crazing) of the surface was noted. 
The core was not affected by ex t reme the rmal shock. 

2. Cor ros ion Tes t s 

Cor ros ion t e s t s were conducted in the labora tory under s imulated 
operat ing conditions whenever poss ib le . Results of these t e s t s a r e 
given in Table A-15; p rocedures a re detailed below. 

Air oxidation tes t . Six degreased weighted specim.ens of each ma te r i a l , 
HasTelTby B anHTnconel X, were exposed to a i r at 1700° F . The spec imens 
were secured in Vycor holders to avoid contamination from the pot furnaces. 
One specimen of each ma te r i a l was removed after each hour of ex
posure for six hours . Metallographic examination was made on each 
of the spec imens . 



TABLE A-15 

Test 

Air oxidation 
at 1700* F 

Fuel 
compatibility 
CeO^ 

Fuel 
compatibility 
Ce meta l 

Sea water 
at 110°F 

Mercury 
at 600° F 

Red fuming 
HNOg at 77° F 

Red fuming 
HNOg at 125° F 

Red fuming 
HNOg at 

1500' F and 
quenched 

Mater ia l 

InconelX 

InconelX 
Tantalum 

Inconel X 
Tantalum 

InconelX 

InconelX 

InconelX 

Inconel X 
(refluxed) 

InconelX 

Summa 

Test 
Tfm.e 
(hr) 

6 

72 
72 

72 
72 

980 

30 

96 

96 

96 

iry of Cor ros ion Test Resul t s 

Corros ion 
Rate 

(mdd)* 

255 

*** 

SA 
nH 

0.7 

nil 

1.2 

55 

6.4 

Penetra t ion 
Rate 

(mpy)** 

44 

0 .1 

nil 

0.02 

9.6 

1. 1 

Control Corrosion 
Rate 

(mdd) 

__ 

nil 

nil 

Control Penetra t ion 
Rate 

(mpy) 

- -

nil 

nil 

NOTEi 

* Mil l igrams per square dec imeter per day 

** Mils per yea r 

*** Formed tightly adherent , protect ive oxide film which coiild not be removed with normal reagents 

**** SA--severe ly at tacked. 
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One spec imen of each m a t e r i a l was exposed to a i r at 1700° F for s ix 
hours and evaluated as follows: 

(1) Loose co r ros ion products were removed by brushing in soapy 
water . 

(2) Specimens were r insed in deminera l ized water and acetone, 
thoroughly dr ied in a des icca to r and weighed. 

(3) Oxide film was rem.oved by t rea t ing the specim.en in a 10% 
sodium hydroxide-5% potass ium permanganate solution at 
200° F , and finally in a 5% oxalic acid solution. 

Vanadium and tantalumi were not tes ted because available data show 
poor r e s i s t ance to a i r oxidation. 

Fuel compatibil i ty. Fuel compatibi l i ty of the conta iner m a t e r i a l s was 
m.easured for ce r ium m.etals and ee r i e oxide fuel f o r m s . About 9 to 15 
g r a m s of the two fuel fo rms were encapsulated into chem.ically cleaned 
c ruc ib les fabricated from the conta iner m a t e r i a l s . These c ruc ib les 
were sealed into conta iners which were evacuated and heated to 1700° F 
in pot furnaces . After 72 hours , the t e s t specinaen c ruc ib les were de
scaled and co r ros ion r a t e s were determined from weight l o s s e s . 

Sea water c o r r o s i o n t e s t s . Calculat ions indicated that a fuel co re 
i m m e r s e d in the ocean would at tain an outside surface t e m p e r a t u r e of 
approximate ly 120° F above ambient . Hence, the sea wa te r co r ros ion 
t e s t s were developed to m e a s u r e co r ros ion r a t e s at this t e m p e r a t u r e . 
The condition was s imulated in the l abora to ry by heating tubular t e s t 
spec imens imm.ersed in sea wa te r . Hot water at 180°F was c i rcula ted 
through the weighed, chemical ly cleaned specimen by a centrifugal pump. 
The sea water was contained in a plexiglas container and was maintained 
at a 70° F t empe ra tu r e by employing a s ta in less s tee l cooling coil , A 
control specimen for each ma te r i a l was exposed to the sea water at 
ambient t e m p e r a t u r e . After exposure of between 30 and 41 days , the 
spec imens were removed fromi the bath and evaluated. Photomicrographs 
were used in this evaluation. 

Mercury t e s t s . To de te rmine co r ro s ion r e s i s t ance of the container 
m a t e r i a l s to m e r c u r y , actual operat ing conditions were s imulated. Type 
316 s ta in less s teel tes t conta iners , with a hollow cen t ra l tube into which 
an e l ec t r i c hea te r was inser ted , were ut i l ized. Weighed t e s t spec imens 
were inser ted into the mercury - f i l l ed container in contact with the hot 
cen t ra l tube. The t e s t conta iner t e m p e r a t u r e was adjusted to 600°F 
on the outside surface . After 30 minutes , the tes t spec imens were r e -
weighed and a c o r r o s i o n r a t e es tabl ished. 
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Fig. A-I4-2. Tested Task 2 Generator—Top View 
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Fig. A-45, Tested Task 2 Generator—Bottom View 
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F i g . A-Ml-. Fue l Core of Tested Task 2 Generator 
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APPENDIX B 

AERODYNAMICS* 

Analytical methods used for the computation of t r a j e c t o r i e s , a e r o 
dynamic heating r a t e s genera ted on r e - en t e r ing bodies and ablation 
r a t e s of the bodies a r e p resen ted . Computer p r o g r a m s a r e used ex
tensively in this analys is and a r e modifications of those that were 
initiated on past operat ional p ro j ec t s . 

The scheme for the analyt ical p rocedure c a r r i e d out in this study 
is as follows. Essen t i a l ly , the final stage is ignited at such an altitude 
and flight condition that if the s tage f i res successful ly , the satel l i te 
would enter a 300-mile c i r cu l a r polar orbi t . If the th rus t is p rematu re ly 
cut off or misal igned during this stage of injection, an undesirable flight 
altitude will be obtained. Depending upon the degree of e r r o r , the satel l i te 
will en ter into an el l ipt ical orbit o r immedia te ly r e - e n t e r the a tmosphere . 
The case h is tory of the the rmoe lec t r i c genera tor then becomes of concern . 
In p a r t i c u l a r , the location and condition of the isotopic fuel and i ts con
tainment must be de te rmined . Aerodynamic forces become significant 
at an alt i tude nea r 375,000 feet and the thin outer shel l of the satel l i te 
vehicle will fail. As the isotope unit with some s t ruc tu ra l aluminum 
attached is r e l e a s e d , the aluminum outer wall and s tee l inner wall of the 
genera to r shel l a r e subsequently melted and the co re is exposed to the 
a tmosphere . The fuel co re then finally mel t s and burns up at al t i tude. 
A change in bal l is t ic coefficient between the less dense complete unit and 
heavier c o r e is noted. For purposes of determining final t e rmina l v e l o c 
i t i es , these ba l l i s t ic coefficient values a r e increased when the velocity 
becomes subsonic . Methods used for this analysis a r e descr ibed below. 

A, TRAJECTORY PROGRAMS 

There a r e s e v e r a l types of IBM 709 t ra jec to ry p r o g r a m s available 
especia l ly designed for ve rsa t i l i ty in handling other than normal ascent 
and r e - e n t r y flight pa ths . 

Among the most commonly used is the N-Stage Two-Dimensional 
Powered Tra jec to ry P r o g r a m . The following summar i ze s the equations 
and coordinate sys tem used in the p r o g r a m . This p rog ram is used to 
compute no rma l ascent and r e - e n t r y t r a j e c t o r i e s , but can also be used 
to compute misa l ignments of th rus t in the pitch direct ion (directly upward 
and downward). A spher ica l ea r th is cons idered , but any launch azimuth 
or posi t ion can be handled. Coast phases may be integrated where a e r o 
dynamic effects a r e d e s i r e d , but where th rus t is not avai lable . The t r a 
jec tory can also be computed as an ell iptical path when external forces 
a r e not p r e sen t . 

* W. Hagis 



The coas t phase of an ascent or r e - e n t r y t r a j ec to ry is an integrated 
sequence where the aerodynamic drag and the m i s s i l e ' s weight a r e the 
only forces affecting the flight path. This maneuver i s normal ly used 
during the ascent port ion to enable the miss i l e to r each a p resc r ibed 
alti tude and flight path angle (y). Currently, all r e - e n t r i e s are flown 
with the coasting mianeuver. 

% Thrus t 

; > 

r / 

/ ' 

KA. 
A e ^ 

^ ^ 

Y 

Y 

_ ^ 

Local 
horizontal 

X, Y Iner t ia l axis 

R Radius of ea r th 

r 

a 

y 

Y 

Radius of vehicle from center of ea r th 

Range angle 

Vehicle angle of attack 

Local flight path angle 

Iner t ia l flight path angle 



p 

m 

Equations 

X = -

Thrus t alignment in pitch 

E a r t h ' s gravi ta t ional constant 

Mass of vehicle 

T sin (a + 6 ) + L 
2 - - ^ cos y 

r m 
sin Y 

T cos (» + 6 ) - D 
——2 % sin \ m Z r 

cos y 

Y = 
T sin (a + 6 ) + L 

- - ^ cos Y 
r m cos y 

+ 
T cos (Q- + 6 ) - D 

E. 
m r 

sin y sin y 

The free flight method of analysis solves the el l iptical equations of 
m.otion and is used when the vehicle or r e - e n t r y body Is above the 
significant a tmosphere where the flight path is determined only by 
gravi ta t ional and centrifugal fo rces . These calculat ions a re normal ly 
used for determining the flight path from orbi ta l depar ture altitude to 
the r e - e n t r y alti tude (approximately 375,000 to 400,000 feet). The r e 
ent ry alt i tude is defined as the alti tude where aerodynamic forces b e 
come significant. 

Three-Dimens iona l Tra jec to ry P r o g r a m s a r e available for more 
complicated maneuvers where vehicle motion can be calculated for 
l a t e ra l d isplacement . These program.s a re usually too detailed for 
advanced design calculat ions and a r e r e s e r v e d for checkout of p r e 
l iminary ca lcu la t ions , or a r e used when th ree-d imens iona l t r a jec to r ies 
dictate no other choice. Two such p rog rams a r e available at The 
Mar t in Company. One is just a refinement of the original p rogram to 
enable additional application of guidance laws. The Basic T h r e e -
Dimensional Tra jec to ry P r o g r a m can be easi ly modified to account for 



specific missions. An oblate, rotating earth is assumed, with provisions 
to launch at any point on the earth' s surface and at any launch angle. 
Ground traces are printed continuously, giving the vehicle' s latitudinal 
and longitudinal coordinates, altitude, and velocity. 

B. AERODYNAMIC HEATING 

On a blunt nose the aerodynamic heating becomes a function of nose 
shape, Mach number, atmospheric pressure and nose radius. The 
relations used are shown in Fig. B-1 . 

For the present shell analysis, the laminar hemispherical values 
were used. An integration of the value around the entire nose indicates 
that an average value of 0. 35 of the stagnation value would be applicable 
for the tumbling outer sphere. This method is somewhat conservative 
since no turbulent flow heating was.used. (Fig. B-1 shows that a con
siderable amount of heating could be derived from this source.) In 
general, on a roughened spherical nose, turbulent flow will be obtained 
back of the 40-degree total central a rc . 

For the round cylindrical core analysis, the two-dimensional equiva
lent of K^ and K„ must be used. These are also shown in Fig, B -1 . 

Figure B-2 shows a typical re-entry heating rate as a function of 
time. 

C, HEAT TRANSFER 

The Martin Company digital program for ablation has a method of 
analysis similar to that used by ABMA, With the trajectory and aero
dynamic heating methods established it becomes necessary to calculate 
the heat transfer through the unit. It is an empirical approach and is 
primarily a function only of the melting temperature and heat of fusion 
of the materials under consideration. Flexibility in the procedure is 
achieved by being able to vary the above two values. The method is 
essentially the solution of a series of simultaneous equations for ca l 
culating heat flow rates through materials . A body of revolution, such 
as the cylindrically shaped fuel element, will be treated as a series 
of concentric cylindrical shells. The transfer of heat through each 
layer will be determined so that the outermost layer (number 1) will 
conduct heat to the next layer (number 2), The applied heat will pass 
through number 2 and be applied to the next layer and so on. As 
sufficient heat is applied to the first layer to completely melt it, the 
program will Ablate this layer. The number of simultaneous heat 
transfer equations and layers that the fuel cylinder specimen need be 
reduced is a function of its shape, type of material , etc. Figure B-3 
shows the scheme for analysis and a summary of equations. 
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T o . e t c ) is held until T, increases an amount L „ / C . At this 3' 1 F p 

time the outer element (V) is melted and the old element (Y) 
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a sphere or cylinder, the heating rate is increased for a de

c rease in radius. 
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F i r s t , an equivalent heat t r a n s f e r configuration for the basic 
t h e r m o e l e c t r i c gene ra to r was es tabl ished as shown in the sketch. 

F r e e floating 
Min-K insulat ion 

Steel suppor ts 

Dim^ensions given 
in inches 

(1) Aluminum ^ ' J o ^ ^ ^ ' ^ T ^ 0.125 used 

(2) Steel °-^^^^^*^/l 0.068 used 

Stainless s tee l 
co re 

(1) To r e p r e s e n t the effect of light aluminum sa te l l i te s t ruc ture^ 
the outer shel l of the genera to r was inc reased to 0. 125 from 
the actual value of 0. 0625. 

(2) An additional five pounds of s tee l were dis tr ibuted both to 
the outer s t ee l shel l and the s ta in less c o r e . The five pounds 
r e p r e s e n t l / 6 of the support s t r u c t u r e weight. This inc reased 
the s ta in less s t ee l shel l from the actual value of 0. 047 to 0. 068 
and the co re d iameter from 3.75 to 4 .0 inches . 

The following m a t e r i a l p r o p e r t i e s were used . 

Outer Shell 

C , Specific hea t - -B tu / lb - °F 

T , Melting tempera ture- -®R 

L , Heat of f i s s ion- -Btu / lb 

p , Dens i t y - - l b / cu ft 

A l u m i n u m 

0 . 2 2 6 

1670 

167 

169 

S tee l 

0. 150 

3000 

117 

496 



B-9 

Core. Since the heating elem.ents are already molten, it is assumed 
that this liquid has no effect on the heat balance and serves only to main
tain shape. 

C = 0 . 105 at 100* F 
^ 0.120 at 1000'* F 

*k = 3 . 3 at 100" F 
6.35 at lOOO"' F 

T = 3000" R 
m 

Lp = 1 1 7 Btu/lb 

*p = 0. 126 Ib/cu in. 

Using this information and heat input data frona curves similar to 
Fig. B-2, the heat balance equation for a number of elements may be 
calculated as shown in Fig. B-3 . 

Outer shell. To further illustrate the use of the method, consider 
the outer shell with its thin walls. 

For the outer aluminum shell 

Heat In - Heat Radiated = Heat Stored + Phase Change 

^\n -*^ '0 ^* ^ WC^T+Lp,W 

For a time increment, ^t^ the temperature increases an amount 
^T. The heat of fusion is equivalent to a temperature increase L^/C , 

The material of a thin element can therefore be considered to be r e 
moved at T = T ,. + L „ / C . For aluminum, T ,, is 1670° R and 

melt F p ' melt 
the radiation is small. 

* Forty-four percent of the core volume is steel, hence k - 0. 44 k 
steel and p = 0, 44 p steel. 



B - 1 0 

« pA Ax » ™ 

AT = - ^ r % - At pAx C 

Ax, s h e U t h i c k n e s s - - f e e t 0 . 0 1 0 4 

Z^t, t i m e i n c r e m e n t - - s e c o n d s 10 

q. 0 . 3 5 s t a g n a t i o n h e a t i n g r a t e F i g . B - 2 

T„. , = T + -TT^ ^ 1670 + T r % c - = 2404^ R f inal m C 0 . 226 
P 

AT - 8 . 85 q. for 1 0 - s e c o n d i n t e r v a l 
s t a g n a t i o n 

1 ^ in ^ a v A T T ("R) 

-20 0 4 0 0 . 0 

1.0 8 .9 

-10 2 4 0 8 , 9 

3 . 0 2 6 . 5 

0 4 4 3 5 . 4 

7 ,0 6 2 . 0 

10 10 4 9 7 . 4 

1 8 . 0 1 5 9 . 0 

20 26 6 5 6 . 4 

4 8 . 0 4 2 5 . 0 

30 70 1 0 8 1 . 4 

1 1 0 , 0 9 7 5 . 0 

40 150 2 0 5 6 . 4 

2 2 5 . 0 1 9 9 0 . 0 

50 300 4 0 4 6 . 0 



Aluminum is cons idered mielted at t - 44 seconds and 2404® R. 

Steel shel l 

Ax, shel l th ickness - - fee t 0.00566 

At, t i m e i n c r e m e n t - - s e c o n d s 1 

L p , heat of fus ion--Btu /lb 117 

Tfinal == 3010 + ^ J ^ = 3790« R 

AT = 0.835 q. 
^^stagnation 

Fo r the s t ee l inner wall of the outer she l l , radiat ion is no longer 
negligible. 

4 . / T \ ^ 
^ \ a d i a t i o n = ^^'^w °^ ^ % = I T I S T J 

t ^in %v ^ % ^ ^ c AT T 

44 210 2060 

217.5 - 8.0 209.5 174 

45 225 2234 

232.5 -10 .5 222.0 185 

46 240 2419 

247.5 -15 .0 232.5 193 

47 255 2612 

262.5 -20 .0 242.5 202 



t 

48 

^ in 

270 

^ a v ^ ^ R ^% AT T 

2814 

277.5 -32 .0 245.5 204 

49 285 3018 

292.5 -35 .0 257.5 214 

50 300 3232 

307.5 -35 ,0 272.5 227 

51 315 3459 

322.5 -35 .0 287.5 240 

52 330 3699 

337.5 -35 .0 302.5 252 

53 345 3951 

352.5 -35 .0 317.0 264 

54 360 4215 

367.5 -35 .0 332.5 278 

55 375 

.% Steel i s consumed at 52 seconds . 

Upon the complete mel t ing of the outer a luminum and s t ee l s h e l l s , 
the insulat ing m a t e r i a l s and the t he rmoe lec t r i c e lements a r e separa ted . 
The remaining aerodynamic heat is applied to the fuel c o r e . Utilization 
of the Ablation P r o g r a m is init iated at this t i m e . 

T h u s , by the s imultaneous use of t r a j ec to ry ana ly s i s , aerodynamic 
heating r a t e s genera ted during r e - e n t r y , and the Ablation Heating P r o 
g r a m , it i s poss ib le to de te rmine the r a t e of ablation of the genera to r 
components and the geographical location of impact or of alt i tude of 
burnup. 




