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ABSTRACT 

Comparison i s made between the p r inc ipa l physical-chemical 
cha r ac t e r i s t i c s of strontium-90 oxide and strontium-90 t i t a n a t e . 
Weights of component materials were compared for two 60 W(e) rad io
isotopic generators each employing one of the tvro di f ferent strontium 
fue l s . Exposure modes tha t may accidental ly occur during t ranspor t , 
implantraent or usage of the generators are examined and r e l a t i v e 
hazards estimated for each mode. 

A th ree dimensional ocean diffusion model i s discussed and 
d i g i t a l computer codes for both an instantaneous and a continuous 
fuel re lease are described. Results of a parametric study "shov;ing 
the effect of varying the empirical constants of the diffusion model 
are presented. 

The b io logica l implications of an accidental re lease of strontium-90 
oxide in the ocean are summarized. This summary includes a descr ipt ion 
of a migratory marine organism contamination model along with calculated 
r e s u l t s . 
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SUMMARY 

The Problem 

Strontium-90 oxide is an appealing substitution for strontiura-90 
titanate as fuel for radioisotopic generators because of its higher 
specific power. Since it is a strong beta-emitting "boneseeker" 
strontium-90 is one of the more hazardous radioelements. It is 
essential to evaluate the safety of using the soluble strontium-90 oxide 
instead of the relatively insoluble titanate. One of the major concerns 
in assessing the potential hazard of a fuel release is the transport 
of dissolved fuel in an ocean environment and its biological implications. 

The Findings 

Each of the oxide and titanate fonns has respective advantages as 
radioisotopic fuel. Using the oxide form results in typical savings of 
20^ in construction materials of a power system. An oxide fuel capsule, 
if intact, delivers doses higher by a factor of I.06 to 1.5 than an 
equivalent titanate capsule. In case of accidental fuel release in the 
form of fine pov;der, doses from the oxide particles would be higher by 
a factor of about 1.6 than titanate particles of equal size. Vflien 
deposited in a hvunan gastrointestinal tract the oxide dissolves fast 
and subjects the bone to a I.6-72 times higher doses than the titanate. 
Titanate particles settling on the GI epithelial lining for a few hours 
could deliver doses in excess of the maximum allowable yearly dose but 
to a limited area of tissue. Amounts of strontium-90 translocated to 
the different body organs after deposition in the deep lung are in the 
case of titanate particles about 3^'^o of those from oxide particles of 
the same size. Titanate pstrticles, however, expose the lung to about 
0.2 rems while dissolving. 

Results describing the instantaneous release of strontium-90 oxide 
and the continuous release of strontium-90 titanate into an ocean 
environment were obtained from a modified version of the three dimen
sional Carter-Okubo diffusion model. These results included calculations 
of contaminated volume, ellipsoid dimensions, amount of radioactivity, 
and duration of the radioactive pool. A parametric study showing the 
effect of varying the empirical constants in the diffusion model was 
also made. 

The results from the ocean diffusion model were then used in a 
migratory marine organism contamination model to predict the level of 
contamination among certain importajit marine organisms in California 
coastal waters. The limitations of the migratory marine model and 
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possible exposure of marine organisms which are not covered by the model 
are discussed. 

The report assesses the potential hazards from an accidental fuel 
release into the ocean environment. The following general conclusions 
were drawn: 

1. An instantaneous strontium-90-oxide release would result in 
a relatively large contaminated pool which would last for a relatively 
short period of time while a continuous strontium-90-titanate release 
would produce a much smaller pool which would last for a much longer 
period of time. 

2. Although the empirical diffusion model parameters affect the 
dimensions and the duration of the radioactive pool, the effect of 
these parameters on the migratory marine organism contamination model 
was relatively small. 

3. The instantaneous release from a 500 watt(e) strontium-90 
oxide source would result in radiocontamination levels in the migratory 
fish which are negligibly small when compared to the water contamination 
levels. 

• 
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INTRODUCTION 

Despite the fact that there are over 600 naturally occurring or 
artificially produced radioisotopes, surprisingly only a few possess 
properties suitable for use as a heat source. Three nuclides used in 
currently operating radioisotopic energy generators (SNAP units) are 
9'-'Sr, 2l0po and ^^"'Pa. In addition, approximately 17 other isotopes 
have been considered. Strontium-90 in the form of SrTiOo has been 
used successfully as a source of heat in the following radioisotopic 
generators:(1) Sentry, SNAP 7A, B, C, D, E, & F; I7A, B; 21; 23;" 
RIPPLE la&b; Ila&b, Milliwatt 3000, LCG-25 A&B, AGN (URIPS) and AI 
(3 vratt). Strontium-90 oxide, on the other hand, has previously been 
utilized only in the NUMEC units operated outside of the U.S. for 
terrestrial application. The essential characteristics of these 
generators are given in Appendix A. 

90 90 * 
Due to the higher specific pov.'er of SrO relative to SrTiO^; 

substitution of the oxide for the titanate as the f\iel in future 
marine/terrestrial SNAP devices can potentially produce higher 
efficiency in thermal to electrical energy conversion. In addition 
convenience in design' of the generators and savings in construction 
materials also favor 90srO. 

90 
Since it is a strong p-emitting "boneseeke.r", Sr is one of the 

more hazardous radioelements. Therefore, it is quite important to 
evaluate the safety of using the soluble strontium-90 oxide instead of 
the relatively insoluble titanate. 

*See Appendix B for fuel characteristics 



In assessing the potential hazards of fuel release the environment 
in which the radioisotopic unit will be used should be considered. For 
marine units in transit and for the terrestrial unit, accidental 
release of the fuel capsule may overexpose personnel. The other 
conceivable but highly improbable mode of fuel release is the leakage 
of fuel aerosol through a crack developed in the capsule as a result 
of external heating in a sustained fire. Hazard comparison in this 
case will be limited to evaluation of the ratio of doses delivered 
to the lung, bone, and gastrointestinal tract as a result of inhalation 
and ingestion of the fine aerosol particulates. 

The report begins with a qualitative comparison between the 
principal physico-chemical characteristics of SrO and SrTiOo of 
considerable importance in SNAP unit development. Details of those 
characteristics are included in Appendix B. 

In Section II the weights of component m.aterials are compared for 
two radioisotopic generators each employing one of the two different 
strontium fuels. A hypothetical generator was chosen containing the 
typical components found in SNAP-23. Calcu].ations were based upon 
directly usable information from the SNAP-23 reports by V7estinghouse 
Astronuclear Laboratory (VJMIL). 

Section III discusses the exposure modes and develops in detail 
the mathematical models used in investigating transport of the dissolved 
fuel in the ocean. A three-dimensional Ocean Turbulent Diffusion 
model devised by Carter & Okubo(3) and further developed and programmed 
by NRDL\^/ describes: (l) the temporal and spacial radionuclide 
concentration dependence in ocean water; (2) the voliune of water within 
a given concentration contour at any given tim.e; (3) a time-averaged 
volume within which the radionuclide concentration is equal to or 
exceeds a pre-specified level; and {k) the total activity inventory 
within any concentration envelope. Vaughan et alV"-/ used these results 
to evaluate the radiological implications of the fuel release. Section 
IV presents Vaughan's major findings and conclusions in an abbreviated 
form. 

2 • 



I. COMPARISON OF THE MAIN CHARACTERISTICS OF STRONTIUM-90 OXIDE 
AND STRONTIUM-90 TITANATE 

Inasmuch as the two fuel forms of interest are compounds containing 
the same radioactive isotope, the properties that lend themselves to 
comparison are the thermal, mechanical and some of the physical features. 
Data accumulated from the open literature as well as Oak Ridge National 
Laboratory sources appear in Appendix B. Table 1 summarizes the most 
pertinent information and qualitatively compares the physical and 
chemical characteristics of interest. 

TABLE 1 

COĴ IPARISON OF PHYSICAL AND CHEI4ICAL CHARACTERISTICS OF 
STRONTIUM-90 OXIDE AND STRONTIUM-90 TITANATE 

Property SrTiO, SrO 

Thermal 
Stability 

Both favorable at opera- -
ting temperatures 
encountered in marine and 
terrestrial devices 

Solubility 
in Seawater 

Very lo'.r solubility rate 
for fuel pellet sizes 
typica] of SNAP units 

Rapid reaction with 
water for all fuel 
pel3.et sizes typical 
of SNAP \xnits 

Compatibility 
with Encapsulants 

a. Haynes 25 
b. Molybdenum 
c. Tungsten 
d. Nionel 
e. TZM 

Specific 
Power 

More favorable 
Equally favorable 
Less favorable 
More favorable 
Equally favorable 

0.232 watt/g 

Less favorab]e 
V 

More favorable 
Less 

> 

O.U17 watt /g 

Voliime per 
watt ( t ) 0.86 cm 0.52 cm-

Thermal 
Conductivity 

Much more favorable Much less favorable 

file:///xnits


90 90 
From Table 1 it is apparent that both SrTiOo and SrO have 

respective advantages as fuels. Their physicochemical characteristics 
alone cannot, therefore, serve as a basis for preference of one over 
the other. 

II. MATERIALS SAVINGS 

An additional criteria to consider in choosing one fuel form is 
provided by calculating the weights of component materials required to 
construct generators of the same thermal output employing the two 
different fuel forms (SrTiOo and SrO). Although this criterion is not 
of utmost importance, it does merit consideration. The savings acquired 
by utilizing the oxide as fuel depend on the particular radioisotopic 
thermal generator (RTG) design considered. Furthermore, the design of 
a SrO-fueled generator if optimized for thermal-to-electric conversion 
efficiency will be different from that of a SrTiOo-fueled generator of 
the same power output. Hence, a precise calculation of savings is 
impossible unless the detailed optimized designs of both generators are 
available. An estimate of the savings was obtained by choosing a 
hypothetical 60 watt generator containing the typical compcncnts found 
in SMP-21 and SNAP-23 systems. Figure 1 is a sketch of such a model, 
showing the materials used and their dimensions. Table 2 lists the 
dimensions used for the material weight calculations. The dimensions 
shown in Table 2 for the SrTi03 system had been selected for parâ r̂ etric 
shielding studies by V7Al\Lv5) as a part of the SMAP-23 develop.Tient 
program. The graphical display obtained in the WAI'JL work was needed to 
provide shielding and insulation data for this comparative study. 

Several assum.ptions have been made and are listed below: 

(1) For SrTiOo, k inch diameter fuel pellets were chosen. VIANL 
determined this diameter to be the best compromise between present 
engineering capabilities and weight reduction of the RTG'°) system. 

(2) The length to diameter ratio necessary to produce 60 watts (e) 
for 90sro fuel will be the same as that of the 90srTiOo fuel. In 
accordance with the WADIL parametric shielding dataVT) such ratio was 
chosen as 1.722. 

(3) Thiclmess of the shielding may be minimized at the expense of 
more insulation because this minimizes the total weight of the system.(o) 

(k) The amount of shielding is such that the exposure dose rate at ths 
surface is 200 mrad/hr or 10 mrai hr 100 cm away from the surface, 
whichever is greater. 
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Figure 1. Model of a 6o W(e) Radioisotopic Generator 



TABLE 2 

DIMENSIONS OF 60-VJATT(e) ̂ °SrO AND ^^SrTiO^ CAPSULES* 

Dimensions (cm) 

Material SrTiO* SrO 
ID OD ^ OL ID OD OL 

Fuel 10.16 17.50 8.58 IU.79 

Hastelioy C 10.16 II.9I1 20.5^ 8.58 10.36 I7.83 

Titanium 11.9^ 12.16 20.76 10.36 10.58 I8.O5 

Shielding 12.16 27.56 35-86 10.58 25.98 33.15 

Copper 27.56 29.Uk 38. in 25.98 2(.86 35-70 

Sta inless Steel 29.Ulf 29.70 38.67 27-86 28.12 35-96 

Insula t ion 29.70 69.70 68.67 28.12 68.12 65.96 

^Reference 5 



(5) The different volumes of SrTiOo and SrO require the same 
thickness of shielding and insulation. Such an assumption will give 
the m.axiir(um difference in weight between a SrTi03 fueled, and a SrO 
fueled generator. Arnold's(97 data show an average ratio of I.OU 
between the uranium shield needed for a SrO soui'ce and that needed for a 
SrTiOo source of the same power if the exposure dose is 10 mrem/hr, 
100 cm away from the surface. The following values are interpolations 
from his curves. 

Source 
Povrer in 
Watts 

Shield Thickness, Cm 

100 W 200 W 500 W 1000 W 2000 W 5000 W 10,000 W 20,000 W 

SrO 

SrTiO-

6.k 7.0 7-7 8.3 8.8 9-5 9-9 10.25 

6.2 6.7 7.^ 7.95 8'k 9.15 9'k 9.8 

Ratio 1.03 i.oU i.oii i.oU 1.05 i.oi+ 1.05 1.0i+ 

(6) A power output level of 60 watts (e) [1200 watts (t)] was 
chosen because more parametric shielding studies were available for 
this level than alternative levels. 

Table 3 compares the volumes of materials required for the SrTiOo 
and SrO fueled generators. Table k, in analogous fashion, compares the 
component vreights. The savings in replacing the titanate with an 
oxide heat source appear to be approxim.ately 20% on the average. 

III. SAFETY EVALUATION 

90 90 
Comparison between safety aspects of ^ SrO and SrTi03-fueled 

sources can oe made by examining the exposure modes expected to occur 
if their corresponding fuels were accidentally released and estimating 
the relative potential injury to man. This study will not analyze 
each conceivable hazard situation in detail. Such analyses are normally 
covered in safety analysis reports written specifically for each radio
isotopic generator. The discussion here will be limited to the aspects 
of analysis necessary to establish a basis for comparing the relative 
hazards of the two fuels. 



T/£LE 3 

VOLUMETRIC COMPARISON OF 60-WATT(e) CAPSULES 

Material 
Density 
(g/cc) SrTiOo Fuel - Volume (cm'̂ ) SrO Fuel - Volume (cm ) 

00 

H a s t e l i o y C 

Titanium 

Sh ie ld ing 

Copper 

S t a i n l e s s S t e e l 

I n s u l a t i o n 

8.9U 

k.^ 

17.U 

8-9 

8.16 

0.32 

(R) 
5^+0.7 

(R) 
85.62 

(R) 
9968.3 

(R) 
3016.6 

(R) 
U63.7 

(R) 
120,695 

(A) 
+ -iko.k 

(A) 
+ 25 .5^ 

( A T ) 
+ UU12.2 

( A T ) 
+ 1299.5 

(A) 
+ 180.0 

(A3,) 
+ 76 ,272 

= 

= 

(AB) 
+ U591-1 

(AB) 
+ U35.U 

= 

(AB) 
+ 38,136 

881 .1 

111.16 

= 18971-6 

= ^751.5 

6I13.8 

= 23^,701 

(R) 
3 9 1 . ^ 

(R) 
61+. 52 

(R) 
7977.6 

(R) 
263^-0 

(R) 
Ua7.8 

(R) 
108,669 

(A) 
+ 256.1 

(A) 
+ 19.33 

( A T ) 
+ 3920.8 

( A T ) 
+ 1163-8 

( A ) 
+ 161.U 

( A T ) 
+ 72 ,853 

= 

= 

( A B ) 
+ ii079.8 

( A B ) 
+ 390-0 

= 

( A B ) 
+ 36,1+27 

6i+7.5 

83-85 

= 1 5 , ^ 8 . 2 

= U187.8 

569-2 

= 217,91^9 

*(R) - Radial; (A) - Axial; (A,̂ ) - Axial, Top; (A^) - Axial, Bottom 



TABLE k 

MASS COMPARISON OF 60-WATT(e) CAPSULES 

SrTi03 SrO Weight, SrO/ Weight, X 100 
Mass, kg Mass, lb Mass, kg Mass, lb Capsule / SrTi03 Capsule 

Material 

Hastelioy C 

Titanium 

Shielding 

7.88 17.37 5-79 12.76 

Copper 

Stainless Steel 

Insulation 

0.500 1.103 0.577 0.832 

330.12 727,88 278.0 613.0 

1+2,29 93.25 37-27 82.18 

5.25 11-58 1+.6U 10.2I+ 

75.10 165.61 69.7^ 153-8 

13.ki 

75.i+ 

81+.2 

88.1 

88.3 

92.8 



Credible accidents resulting in hazards may occur during assembly, 
transporation, implantment or operation of a terrestrial/marine radio
isotopic unit. Accidents during assembly can be considered negligible 
because proper safety precautions can be taken to effectively prevent 
their occurrence. Accidents during truck or airplane transportation 
where severe impact and/or fire takes place could lead (although with 
an extremely small probability) to one of the following situations: 

a) Overexposure of personnel resulting from accidental release of 
the intact fuel capsule from the generator, 

b) Eventual fuel release into air or seawater after ground or sea 
burial of the fuel capsule. 

c) Rupture or meltdown of the fuel capsule and release of some of 
the fuel to the atmosphere. 

Implantation of a terrestrial unit is not expected to cause any 
adverse predicament beyond the release of an intact fuel capsule even 
under the most severe conditions. On the other hand, implantation of 
a marine unit may result in burial of the capsule in ocean bottom 
material which could subsequently release some of the fuel to sea water. 

Hazards predicted from operation of a terrestrial unit should not 
exceed an accidental overexposure of personnel from an intact source; 
in the case of severe fire there may be a very limited probability of 
inhalation exposure from fuel release to the atmosphere. Most fuel 
capsules are designed to stand temperatures up to 2200°F, Such 
temperatures are attained in fires of fossil fuels. 

90 90 
This brief discussion of the exposure m.odes to SrO and -̂  .SrTiOo 

sources indicates three situations should be considered: (l) irradiation 
from an intact capsule; (2) exposm-e to fuel released into the atmosphere; 
and (3) e:}roosure of marine organisms to fuel released into seawater. 

III.l Intact Fuel Capsule 

Interpolation of Arnold's bremsstrahlung dose rate curves from 
unshielded isotopic sources of 90srO and 90SrTiOo as a function of 
distance from source center yielded the data in Table 5. The data show 
that overexposure from a 9C>SrO capsule would be 1.06 to 1,5 times higher 
than overexposure from a 90SrTiOo capsule of the same thermal output. 
The data in Table 5 also reveal that the ratio of the doses delivered 
by equivalent oxide and titanate sources varies as the source pov,'er 
increases. This is obviously due to the higher bremsstrahlung 
attenuation in the bulkier titanate sources. 

10 



TABLE 5 

COMPARISON BETWEEN BREMSSTRAHLUNG DOSE RATES FROM UNSHIELDED 
ISOTOPIC SOURCES OF 90sro AND 90g3:.Tio 

100 w. 
Oxide 
100 w, 
Titanate 
Ratio 
200 W, 
Oxide 
200 W, 
Titanate 
Ratio 
500 W, 
Oxide 
500 W, 
Titanate 
Ratio 
1000 w. 
Oxide 
1000 w, 
Titanate 
Ratio 
2000 W, 
Oxide 
2000 W, 
Titanate 
Ratio 
5000 W, 
Oxide 
5000 W, 
Titanate 
Ratio 

1 M 

1.8x10^ 

1.7x10^ 

l,c6 

3.7x10^ 

3.0x10^ 

1,23 

8.8x10^ 

7.0x10^ 

1.26 

1.8x10*^ 

1.3x10^ 

1.38 

3-7x10^ 

r 
2.7x10 

1.37 

8.3x10^ 

6.1+xio^ 

1.30 

2 M 

l+,5xlO 

l+.lxlO 

1.10 
1+ 

9.0x10 

8.0x10 

1,13 

2.3x10^ 

1.7x10^ 

1-35 

i+.l+xlÔ  

3.6x10^ 

1.22 

8.8x10^ 

7.0x10^ 

1.26 

2.0x10 

1.5x10 

1-33 

Dose Rates (Rads/hr) and Dose Rate Ratios At 

3 M 

2.0x10 

1.8x10^ 

1.11 

U.OxlO* 

3.6x10 

1.11 

1,0x10^ 

7.8x10^^ 

1.28 

2,0x10^ 

1.6x10^ 

1.25 

3.9x10^ 

2.9x10^ 

1.3î  

8,8x10^ 

6,7x10^ 

1.31 

k M 

1.2x10 

9-7x10^ 

I.2U 
1+ 

2.3x10 

4 
2,0x10 

1.15 

5.8x10 

U.3xl0^ 

1-35 

1.1x10^ 

8.3x10^ 

1.33 

2.2x10^ 

1.6x10^ 

1,36 

5-0x10^ 

3.6x10^ 

1-39 

5 M 

7.2x10^ 

6,2x10^ 

1.16 
li 

1.6x10 

1,3x10 

1.23 

3.7x10^ 

2.7x10^ 

1.37 

7.0x10* 

5.3x10^ 

I..32 

1,5x10^ 

1,0x10^ 

1.5 

3.2x10^ 

2.3x10^ 

1.39 

6 M 7 M 

5.1xlo2 3.8xlo2 

l̂ l+xiô  3.3x10^ 

1,16 1,15 

1.0x10^ 7.6x10^ 

8.8xlo3 6.3x10^ 

l,ll+" 1.21 

2,7x10^ -1.9x10^ 

1.9x10 1.1+xiô  

I.U2 1.36 

l+.9xlô  3.7x10^ 

3.8x10^ 2.8x10^ 

1.29 1.32 
U J4 

9.8x10 7.2x10 

7.3x10 5-^x10 

1.3^ 1-33 

2.3x10^ 1.7x10^ 

1.7x10^ 1.2x10^ 

1.35 l-lt2 

8M 

2.9x10^ 

2.6x10^ 

1.12 

5.8x10-̂  

U.SxlO^ 

1.21 

1.6x10 

1.1x10 

1.1+5 

2.8x10^ 

2.2x10 

1.27 

5-6x10^ 

i+.OxlO 

l.ilO 

1.2x10^ 

1| 
9.-1x10 

1.32 

9 M 

2.2x10^ 

1.9x10^ 

1.13 

i+.6xiô  

3.7x10^ 

1.21+ 

1.2x10 

8.5x10^ 

1.1+1 

2.1x10 

1+ 
1.7x10 

1.21+ 
li 

it, 3x10 

k 
3.2x10 

1.31+ 

1.0x10^ 

k 
7.3x10 

1.37 

10 M 

1.8x10^ 

1.7x10^ 

1.06 

3.6x10^ 

2.9x10-̂  

1.21+ 

9.0x10-^ 

6.8x10^ 

1.32 
it 

1.7x10 

1.3x10 

1.31 

3-^x10 

k 
2,5x10 

1.36 

8,0x10 

5.8x10^ 

1.38 



TABLE 5 (Cont 'd ) 

1 0 , 0 0 0 w. 
Oxide 
1 0 , 0 0 0 V7, 
T i t a n a t e 
R a t i o 
2 0 , 0 0 0 W, 
Oxide 
2 0 , 0 0 0 W, 
T i t a n a t e 
R a t i o 

1 M 

1.5x10"'' 

1,1x10' ' ' 

1,36 

2 . 9 x 1 0 ' ' 

2 . 1 x 1 0 ^ 

1.38 

2 M 

3 , 8 x 1 0 ^ 

2 , 8 x 1 0 ^ 

1 .36 

6 . 9 x 1 0 

5 
ii.9xio 

i . i t i 

Dose R a t e s ( R a d s / h r ) and Dose R a t e R a t i o s At 
3 M 

1 ,7x10 

1 .2x10 

1 .42 

2 . 9 x 1 0 

2 . 1 x 1 0 

1 .38 

k U 5 M 

9 . 1 x 1 0 ^ 6 . 0 x 1 0 ^ 

6 . 3 x 1 0 ^ 4 . 0 x 1 0 ^ 

l . i t i t 1.50 

1 .7x10 1 . 1 x 1 0 ° 

1 .2x10 7 . 1 x 1 0 ^ 

l . l f2 - 1 .55 

6 M 

l t . 2 x l o 5 

2 . 8 x 1 0 ^ 

1 .50 

7 -3x10^ 

5 .0x10^ 

1.U6 

7 M 

3 . 1 x 1 0 ^ 

2 . 1 x 1 0 ^ 

1.1+8 

5 . 5 x 1 0 ^ 

3-8x10^ 

l . i t 5 

8 M 

2 , 3 x 1 0 ^ 

1 .6x10^ 

l.i+U 

i i . 2 x l 0 ^ 

2 . 9 x 1 0 ^ 

1.1+5 

9 M 

1 .8x10^ 

1 .3x10^ 

1 . 3 8 

3 -3x10^ 

2 . 3 x 1 0 ^ 

1.1+3 

10 M 

1 .5x10^ 

1 .0x10^ 

1 .50 

2 . 7 x 1 0 ^ 

1 .9x10^ 

1.1+2 



III.2 Fuel Release to the Atmosphere 

Fuel release to the atmosphere by (l) evaporation from a melted 
capsule; (2) direct diffusion from a broached capsule; or (3) by 
resuspension from predeposited fuel on the ground may result in human 
exposure. Deposition of fuel particles on the skin, inhalation of 
these particles into the lungs or ingestion into the gastrointestinal 
tract will cause undesirable exposure. Particles deposited in the lung 
may be translocated to the GI tract or they may remain in the lung for a 
long period of time. 

III.2.1 Doses to the Skin 

Comparison in this case can be based on a per curie, per gram, 
or per cm3 basis.* On a per curie basis doses delivered to the skin from 
90SrO particles would be slightly higher than those delivered by equally 
radioactive 90srTiOo.particles due to the attenuation of the B's in the 
larger titanate particles. This effect, however, is expected to be 
negligible. 

On a per gram basis the dose ratio would be equal to the ratio of 
specific activities, i.e., 0.1+1+1+ (w/g of oxide)/0.2525 (W/g of titanate) 
= 1.76 or O.i+19/0.2335 = 1.79 for the average oxide and titanate (see 
Appendix B). 

3 
On a per cm basis, i.e., ratio of doses delivered from equal size 

particles of oxide and titanate is 2.09 (W/cm3 of oxide)/l.29 (w/cm3 of 
titanate) = 1.62 or 1.9^/1.17 = 1.66 for the average oxide and titanate 
fuel. 

111.2,2 Doses to the GI Tract 

Particles can be deposited in the GI tract either directly 
through ingestion of contaminated food or drink or indirectly through 
translocation of particles from the lung. The specific tissues at risk 
when 90sro/90SrTiOo particles reach the GI tract (according to recommen
dations of the International Commission on Radiological Protection 
(ICRP)'-*-*̂ ') are (l) for soluble 90sr, the bone while (2) that for 
insoluble ^Sr is the lung and the lower large intestines (LLl), Hence, 
for oxide psirticles bone dose is decisive while for the titanate 
particles the LLI dose is more critical. Therefore, a direct hazard 
comparison between the two 90sr compounds is on this basis unfeasible. 
Comparison can be made by estimating the ratio of the amounts of 90sr 
reaching the bone from equal size particles (i,e,, on a per cm3 basis) 

*The hazard may also depend upon the physical and chemical properties of 
the oxide or titanate which affect the distribution of the radioactivity 

^[ver the skin surface, 
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of oxide and titajiate deposited in the GI tract. Insomuch as the 
biological half-lives for particulates in the nasopharynx, and trachea 
to terminal bronchioles are of the order of i+ and 10 minutes respectively 
for particulates of all classes, (H) it is safe to assume that those 
particles end up in the GI tract. Hence, all the solubilization (if 
any) takes place during the particle residence time in the GI tract, 
i.e., no solubility takes place in the lungs unless the particles are 
deposited in the deep lung. Such particles will be treated below. 
It has also been established that a fixed fraction (9%) of the soluble 
90sr absorbed in the GI tract reaches the bone(12) regardless of the 
chemical form of the soluble Sr-90 compound. In accord with the above 
discussion the relative bone doses would simply be the ratio of the 
amount of 90sr leached from the oxide particle to that from the titanate 
particle in the GI tract. 

strontium-90 oxide is quite soluble and should be expected to 
dissolve completely in the GI tract. The titanate fuel on the other 
hand has a very limited solubility which decreases with time to a 
minimum then increases again (see Appendix B) to a value around 
1 mg/cm^/day. Using this solubility rate, R, the amount of titanate 
leached off a microsphere of 90srTi0o of mass M^ grams and radius r cm 
in time t days can be calculated as follows: The leaching rate is 
proportional to the surface area of the microsphere. Hence 

i = - Hh.r^) (1) 

o o 

but M = I+/3 Jtr p (where p i s the density in g/cm ) 

m - R (^^)^/^ (3M)^/3 
dt - " ^ 2/3 ^ ^ 

p 
•a 

Taking p =5.03 g/cm , equation (2) becomes 

§ = - 1.61+73 R M^/3 (3) 

The solution to this differential equation is 

M = (\^'^ - 0.5^91 Rty 

3 

The amount leached i s = M̂  - M. 

= (lA^^ - 5.1+91 X 1 0 " \ ) (it) 

11+ 



There is some disagreement on the transit time of particles 
through the GI tract. The standard-man data of the ICRP(13; are as 

oi ps 

follows: 

stomach (s) 1 hovu: 
Small Intestine (Sl) k hours 
Upper Large Intestine (ULl) 8 hours 
Lov/er Large Intestine (LLl) l8 hours 

Total 31 hours 

More recent work, hov?ever, ̂  ' ' indicates that the values for ULI 
and LLI should be increased to 13 hours and 31 hours respectively. 
These data bring the total residence time to 1+9 hours. 

Furthermore, studies conducted at the Argorine Cancer Research 
Hospital(15) using IBI+Cs microspheres showed that the transit time 
varies vTidely among individuals. For the "average" subject, 36^ of 
the dose remained in the GI tract on the third day after ingestion, 
2.5^ on the fifth day and < 0.1^ up to the eleventh day. In view 
of these discrepancies solubility data were calculated for 1, 3 and 5 
days of residence in the GI tract and relative hazards from the oxide/ 
titanate particles of different sizes were calculated. It can be seen 
from Tab3.e 6 that the relative hazard to the bone varies from 1,6 to 
72 depending on the particle size and the GI transit time. 

The hazard to the GI tract itself should also be considered. 
Strontium-90 oxide pai-ticles wouD.d most probably dissolve completely 
in the stomach and mix id.th its contents. Therefore, the radiation 
dose to the stomach walls would be diffused and it can be considered 
negligible. At lover points in the tract, where contents become fluid 
and vrhore walls of the intestina are no longer distended, relatively 
higher doses may be encountered. On the other hand, intact titanate 
particles would cause more intense local irradiation of the GI tract 
walls. 

It is difficult to estimate the average dose delivered by a 
titanate "particle moving within a food bolus. Assuming that the 
particle settles on the epithelial lining, it is possible to calculate 
the "hot p̂ article" dose to the sensitive layer of the GI tract located 
30C^ under the surface. This naturally represents the worst possible 
case. Table 7 shows calculated dose rates to an area of 1 cm^ for 
different size particles. It is seen from the table that "if such a 
situation is realized even the smallest particles can deliver, in a 
matter of hours, doses exceeding the maxLmum allovrable yearly dose of 
15 rems to a lirndted area of the GI tract, (10) Within these few hours 
the particle size can be considered practically constant. 

15 



TABLE 6 

COMPARISON BETWEEN DISSOLVED AMOUNTS OF 
AND 9031-0 IN THE GI TRACT 

90, SrTiO, 

H 
ON 

P a r t i c l e 
Diameter, 

5 
10 
20 
50 

100 
200 
500 

5 
10 
20 
50 

100 
200 
500 
20 
50 

100 
200 
500 

*e-07 = 
**e 01 = 

Time, 
[X Days 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
3.00 
3.00 
3 .00 
3 .00 
3.00 
3.00 
3.00 
5.00 
5.00 
5.00 
5.00 
5.00 

< 
10 

O r i g i n a l 
Mass of 

T i t a n a t e , g 

0 .32926-09 ' 
0.2631+6-08 
0.2107e-07 
0.32926-06 
0.263^6-05 
0.21076-OU 
0.32926-03 
0.32926-09 
0.2631+6-08 
0.21076-07 
0.3292e-06 
0.2631+6-05 
0.2107e-0l+ 
0.32926-03 
0.21076-07 
0.32926-06 
0.2631+6-05 
0.21076-01+ 
0.32926-03 

Mass of 
T i t a n a t e 

Remaining, g 

0.28576-11 
0,57766-09 
0.1086e-07 
0.25726-06 
0.23356-05 
0.19866-01+ 
0.32176-03 
0.000 
0.000 
0.13916-08 
o.ii+56e-o6 
0.18026-05 
0.1751+6-01+ 
o.3o65e-03 
0.5926e-lU 
0.7211+6-07 
0.1357e-05 
0.15Ule-0l+ 
0.29176-03 

Dissolved 
T i t a n a t e 

A c t i v i t y , Ci 

0.1136e-07 
0.71556-07 
0.35536-06 
0.25076-05 
O.lOl+Oe-OH 
0.1+2116-OI+ 
0.2621e-03 
O.lli+66-07 
0.91666-07 
0.681+86-06 
0.63896-05 
0.28956-01+ 
0.1228e-03 
0 .79 l8e-03 
0.7332e-06 
0.89^66-05 
0.1+i+l+l+e-0l+ 
0.19706-03 
0.13056-02 

Dissolved 
Oxide 

A c t i v i t y , Ci 

0.18936-07 
O.I51I+6-06 
0.12126-05 
0.18936-01+ 
O.I51I+6-O3 
0.12126-02 
0 . l 893e -01 
0 . l893e-07 
0.1511+6-06 
0.12126-05 
0.18936-01+ 
0.1511+6-03 
0.12126-02 
0.18936-01 
0.12126-05 
0.18936-01+ 
0.1511+6-03 
0.12126-02 
O.l893e-01 

Ra t io of 
Oxide t o 
T i t a n a t e 

0.16676 01 
0.21166 01 
0.3^106 01 
0.7550e 01 
0.11+576 02 
0.28776 02 
0.72226 02 
0.16526 01 
0.16526 01 
0.17696 01 
0.29636 01 
0.52316 01 
0.9861+e 01 
0.2391e 02 
0.16526 01 
0.21166 01 
0.3^086 01 
O.615O6 01 
0.ll+51e 02 

•x-x-



TABLE 7 

DOSE RATES DELP/ERED BY ^ SrTiO^ PARTICLES AVERAGED OVER 
1 Cl'f AREA AT 300^ DEPTH Hi TISSUE 

Particle Diameter, 

10 

20 

50 

100 

150 

200 

250 

300 

P-Dose 
rems 

1.11+ 

9.̂ 8 

9.̂ 8 

8.o6 

2.37 

5.21 

9M 

1.52 

X 

X 

X 

X 

X 

X 

X 

Rate, 
ĥr 

10-1 

10-1 

loi 

10^ 

10^ 

10^ 

103 
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90 
It is worth mentioning here that a particle of -̂  SrO has to 

be about 60|J. in diameter to be able to deliver, when completely dissolved 
in the GI tract, 2 microcuries*of 90sr to the bone. It seems, therefore, 
that the maximum allowable yearly dose to the GI tract can be exceeded 
from a titanate particle of a smaller size than that of a 90srO particle 
necessary to supply the maximum permissible bone burden of 90sr. 

Tvro points should be emphasized here. The comparsion is made 
between doses delivered to two different organs in the above paragraph. 
The assumption being that maximum allowable doses to different organs 
of the body represent equal levels of risk to the human body. In 
addition,the actual dose delivered to the GI tract may be less by orders 
of magnitude than those estimated in Table 7 if the titanate particle 
remains suspended in the bolus. 

Ill.2.3 Doses to the Lungs 

Strontium-90 oxide particles deposited in the pulmonary or 
lymph regions of the lung are expected to dissolve in a short time 
distributing 90sr to the blood, bone and other organs. Titanate 
particles deposited in the same region are not expected to have more 
than an aerodynamic diameter (actual diameter x (density)V2) of lOn, 
For average 90srTiO-3 fuel this is equivalent to an actual diameter of 

/r-Qo or about hy,. ' A titanate particle of this size dissolves 

completely in a little over a day as can be seen from Table 6. Compar
ing such an interval of time to an assvimed limg residence time of weeks 
for class W type particles to which 90srTiOo can be assigned, (H) it 
can be assumed that the particle would dissolve completely distributing 
roughly 56^ as much 90sr to the different body organs as vrould a 90srO 
particle of equal size. On the other hand, it would have delivered 
(as an intact particle) about 0.2 rads of p dose to the lung before 
complete dissolution. 

Ill.3 Fuel Release in the Ocean 

Post implantation, the principal radiation hazard from a marine 
radioisotopic unit is from the release of fuel by solubility in sea-
water through a breach in the capsule. Two areas are of, great concern 
in siKha situation; transport of the dissolved fuel in the ocean environ
ment and the biological implications of this dissolution and transport. 
The first area will be treated here in detail but the last will be only 
summarized, from reference 2, in Section IV. 

^Maximum permissible bone burden of ^ Sr as recommended in reference 12 
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In the absence of experimental data for a direct comparison of 
potential hazards resulting from equivalent marine sources of 90srO and 
90srTiOo, an ocean diffusion model is used to describe the temporal and 
spatial distribution of the radioactivity. Such a model must be capable 
of: (l) differentiating betv̂ een an instantaneously soluble source of 
activity, the 90srO, and a continuous, slowly soluble source, 90srTiOo, 
(2) calculating volvunes of v;8ter contaminated to different activity 
levels, time durations over which such contamination lasts and amounts 
of activity enclosed within isoconcentration contours. With such 
information at hand the second area of concern, i.e., the biological 
implications can be estimated. 

Several ocean diffusion models, most of which are two-dimensional, 
have been developed. SmithC^^) summarized these models and compared 
their characteristics. A more recent, comprehensive survey of existing 
tvro and three dimensional diffusion models revealed that the Carter-
Okubo(3) model was the only three-dimensional ocean model for which data 
were evailable for evaluating its required empirical constants. Although 
a number of experiments have been conducted in lakes, rivers, and bays 
the data obtained from these experiments were in general not applicable 
to a three-dimensional model. This model is considered much more 
realistic than the two-dimensional models which assume a completely 
uniform distribution of radioactivity along the third dimension (vertical) 
regardless of the v̂ ater depth. 

Ill.3.1 General Description of the Carter-Okubo Model 

The basic differential equation in the Carter-Okubo model may 
be v̂ ritten as: (3) 

2 2 2 
U + (V - 0 Y - .1 Z) 1^ = A^^- + A^^- + A ̂  (5) Bt ^ o y z ^ Sx x^^2 y^^2 ẑ 2̂ 

where s(t,x,y,z) is the concentration in Ci/m . This differential 
equation represents an ocean turbulence system which consists of both 
large and small scale eddies. The large scale eddies are represented 
by the Q and Q tei-ms, and the small scale eddies by the -A , A and A 
terms. ^ 7 ' ^ x> y z 

The large scale eddies are grossly represented by a nonuniform 
velocity field chosen for convenience as linear in y and z but independ
ent of X. The Omega terms may hence be regarded as constant horizontal 
(Q ) and vertical (Q ) shears (velocity gradients) which introduce 

«y z 
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V 
X 

= V • 
o 

- Q Y • 
y 

- n Z and V 
z y 

= V 
2 

inhomogeneity into the differential equation. The horizontal shear Q 
determined from dye tests is, in general, much larger than the vertical 
shear Q^* 

The mean velocity may be expressed by equation (6) if the 
coordinate system is taken such that the mean current flov;- is in the 
X direction. 

= 0 (6) 

The small-scaie eddies arise as a result of internal mixing. 
Since this effect is small, and is associated with times vrtiich are 
small in comparison to the time of interest, the mixing length theory 
for dye diffusion may be utilized. This theory assumes that the eddy 
diffusivity is constant with respect to time and space but is 
anisotropic at each point as characterized by unique and different 
values of A^, A^ and A . 

III.3.2. Instantaneous Point Source Release 

Reference 3 obtains a solution for the partial differential 
equation, based on an instantaneous point source release in an infinite 
ocean medium. This solution eliminates the constant current tei-m, V^ 
from equation (1+) by the method indicated above, i.e., by taking a 
coordinate system m.oving with velocity VQ in the x direction. As an 
initial condition the total amount of radioactivity M (in curies) is 
assumed to be instantaneously released from, the origin at time, t = 0. 
By then assuming a small perturbation 6(x),6(y).6(z) where the operator 
6 represents the dirac delta function, Fourier transforming, and 
integrating over infinite space, a solution is obtained:w) 

s(t,x,y.,z) = (^rj^ 

I 1 . rx '^ , (1+Byt^)y^, (1+B^t^).z^ (a,,y-^-.lzZ)tx'+m,p^,yzt^l ,̂ 
M ̂ ^p 1- i+t(i+Bt2) L A I - " - X -Tf ;— ~ ^ ^ ~ j ' 

&t3/2 j r r r t^/^ 7 rT^ t2-

whereB = ̂ -^ (^}£^ . ^^A) 

X y z 

2 . ^ 2 , 
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2 2 
T Q A , n A 
1 _y y , _l_ _z z 
3 A 12 A 
~̂  X X 

2 2 
, Q A , Q A 
1 y y 1 _z z 
12 A 3 A 

X "̂  X 

It may be observed from equation (7) that for given values of 
s and t the solution is quadratic in x,y,z and as such represents a 
family of ellipsoids. The ellipsoids are regular in shape but the 
orientation of their principal axes varies vrith time. Equation (7) also 
states that the dimensions of the principal axes will be functions of 
Ax,Ay,A2,Qy,Qj, and time. 

In applying such an instantaneous release model, the assump
tion is made that the fuel is infinitely solub.le in sea water, i.e., once 
a fuel capsule is broken open the fuel is assumed to be completely 
dissolved. This assurnption will, of course, never be fully realized. 
However, this approach to the solution of the instantaneous problem does 
represent the most hazardous possible condition resulting from instan
taneous release. 

III.3.2.1 HRDL Instantaneous Digital Computer Code 

The basic solution (equation (7)) yields only the concentration 
as a function of both time and space coordinates. In order to evaluate 
the biological effects of an instantaneous release of radioactivity in 
the ocean, however, the volume of ocean water contaminated, the dimensions 
of that volume, and the total amount of radioactivity present in the 
volume are needed. Further discussion on this point will be included 
in Section IV. 

111.3.2.3a. Calculation of the Contaminated Volume 

The volume of ocean water containing concentrations equal to 
or greater than a given concentration (i.e., 1 MPCC or multiples thereof) 
may be calculated from the basic Okubo-Carter result (equation (7)) as 
follows: Equation (7) may be rewritten in the forjii of a general 
quadratic equation: 

*This Code and the Continuous Code discussed later are under development 
by NRDL for Sandia Corporation under Purchase Order No. ASB I+8-6183. 

B, 

• 
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xl! + (l+%t^)y^ + (l+B^.t^)z^ ̂  tQyx'y ̂  t^.x'z ̂  l/2 o.^.^t%z ^ ^ _ ^ 
Ax A A A A A ^'^ 

•^ ¥ z X X X 

where: 

Cs,t = -^t(l+Bt ) m ( J J j (8) 
E ^t^/"^ ./A A A t̂ /'̂  7lTBt^ ̂  JA ._ __ 

• X y z 

It is possible to transform any proper quadratic equation to 
one of the standard conical forms. The standard conical form for an 
ellipsoid is, 

2 2 2 
^ . ^ . % = 1 (9) 
a b c 

where a, b, and c are the semi axes of the ellipsoid. 

The -volume of the ellipsoid is th^n expressed by: 

V = ^ jt abc (10) 

The volume as a function of time may be obtained from 
equation (lO) by utilizing the relationships expressed in equations (12), 
(13) and (ih) where the coefficients in the determinants A and B are 
defined by the following generalized quadratic equation and by equation 
(8). 

(a^^x -f a^^y •+ a^3Z -+ a^^)x -f (a^^x + a^^Y + ^^3^ + ^^k^J 

+ {a^^x + â gy + â ^̂  + ̂ 3̂ )2 + {a^^x + â ĝ̂  + ̂ 3 ^ + %k^ = ^ 

(11) 

a^ = - ^ ^ (12a) 

b^ = -f-^ (12b) 

^3 
1 
X2 

1 

^1 

D 

A 
D 

A 
D c ' = - ^ ^ (12c) 
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^11 ^12 ̂ 13 ^lU 

^21 ^22 ̂ 23 '̂ 2l| 

^31 ""32 ̂ 33 ^3^^ 

%1 % 2 "1+3 ^hk 

and D = 

^11 ®12 ^13 

"21 22 "23 

'31 "32 ''33 

= X^XgX^ 

The determinant A ray be expressed in terms of D by noting 
a, 1 

'1̂ 1' %2' "i+3' 14^ " 2 ^ anc '34 0. 

^11 ̂ 12 '13 ̂  

^21 '̂22 ̂ 23 ̂  

^31 ^32 ""33 ° 

0 0 0 Cs,t 

C , D 

hence V = -• n ,i)~T."~~fj3 
- ' 1 "2 3 

4n/-C^-\ 

D1> 
(13) 

From t h e d e f i n i t i o n of C , the express ion for tho volijj::° may be vr r i t t en 
as equat ion (II+). ' 

M 

v(t) h rii-t(i+Bu )̂ In (s-i^/^ ./Axr:" 7. ^ V t-̂ '" ja-:-Bt.2y„ 

,3/2 

(HO 

D 1/2 

The effect of the noan velocity term v (i.e., current) on the volu!.ie of 
co.-itar.':inated wa^.or, can be checked by performing t"ae foLlicvin^ steps: 

(1) AsGuri:: a fixed coordinate system x related to the moving 
coordinoto system x' by: 

x' = X - v^t (15) 
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(2) Substitute this expression for x' in equation (8). 

(3) Evaluate the determinants A and B in terms of the nev? 
coefficients a. .(k). 

(1+) Cancel all like terms and solve for the volxjme. 

The result of this exercise leads identically to equation (1I+). It 
may thus be stated that the volume of the patch is independent of the 
mean cuxrent velocity v^ in the instantaneous point source release case. 

The volume containing concentrations equal to or greater 
than a given concentration Do (expressed as multiples of MPCC), r.ay be 
calcul.ated from equation (lU) by choosing s = p^. A volimc vs time 
curve may then be obtained from equation (1I+) by calculating the volume 
at various times, from t = 0 to t -- T (where T represents some specified 
time of interest). 

Ill. 3.2. lb Time-Averaged Volume Calcu.lation 

A tiii-.e-averaged volume representing concentrations greater 
than a specified concentration (l MPCC for 'jxample) may be calculated 
by integrating equation {ik) over the time of interest, T, as follows: 

v = i 
T T , . , ^h 

' ^^ O r-f 

32;r Vdt . ^---i 

Mo 
pN f ^^. ^:,:^—>\ ^3 /2 

1-i-Bt ; In ECJCVAX-M-Z t-"'" ,/i-t-Bt̂ '- J \ dt (16) 

Bl /^( t ) 

This integration is performed numerically in the NRDL instantaneous 
digital computer projrain by dividing the time interval T into IJ equal 
parts (T - NAt), calculating the volume V- at each At increment, summing 
and averaging: 

N N 

^ = NkI^i-^-^I^i d'̂ ) 
i=l i=l 

111.3.2.1c Calculation of the Ellipsoid Dimensions 

The principal axes of the contaminated ellipsoidal volume 
may be found by solving the characteristic equation defined by the 
following determ.inant: (1') 
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1 ^ 1 - ^ 

^21 

I ' 3 1 

^ 2 

^22-^ 

"32 

^ 3 

^23 

a33-X 

0 (18) 

The resulting equation (l8) may be obtained by defining the 
coefficients â ,̂- from equations (8) and (ll) and expanding the 
determinant. 

.3 + r A + iS£_ ^ iiM:^ >.2 
\Â  A. 

(19) 

- [(^^^<^)V!%-_,)^f|-)(i!5^-f A)(ii&£) W ) ( ^ ^ ^ . 
2A^ 2Ax 

p 

The characteristic eigenvalues of the matrix (\̂ ,Xp,\ ) may 
be found by solving,this cubic equation. 

The semi-axes a,b, and c are then calculated from the relation
ships defined in equations (l2a),(l2b), and (l2c). 

III.3.3 Continuous Point Source Ocean Release 

The continuous ocean diffusion model assumes that radioactive 
fuel in a slov;ly dissolving form has been deposited in the ocean and is 
continuously releasing radioactivity. This situation exists i,n the case 
of SrTiOo fuel. A mathematical model and a digital computer code which 
calculates the distribution of the radioactivity based upon both diffu
sion, and ocean current convection are being developed at NRDL.(^) 
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The digital model presently consists of numerically integrating the basic 
Carter-Okubo differential equation until essentially steady state 
conditions are reached at a given time and distance from the fixed 
source. 

Once the steady state concentration distribution is determined 
the computer code calculates the parameters of volxmie, dimensions, and 
fractional amount of radioactivity present within a given concentration 
isopleth. 

Ill.3.3.1 NRDL Continuous Digital Computer Code 

The Carter-Okubo solution to the instantaneous point sotirce 
problem has been employed as the -kernel in a time integration to obtain 
the concentration field in an infinite ocean environment resulting from 
a point continuous source. It may be recalled that the instantaneous 
source result was presented in a spatial coordinate system that moves 
in the x-direction at the mean current velocity v^. We may construct 
the solution for the continuous source case for either of two source 
conditions. 

a. The source may be assigned to move with the water at the 
velocity v^. 

b. The source may be assumed to remain in a fixed geographic 
position and the water moves past it at the velocity VQ. 

Case (a) would correspond approximately to the practical 
problem of a source mounted on a freely moving buoy ̂ r̂hereas case (b) might 
be related to a nuclear source lying on the ocean floor or to an 
anchored buoy situation. In any of the real situations the proximity 
of a boundary, e.g., surface or ocean floor, invalidates the Carter-
Okubo point instantaneous kernel. However, the matheinatics for semi-
infinite envirdnments have yet to be developed and we may expect to 
obtain some useful approximation from the infinite ocean assumption. 
The present NRDL Continuous Source Code solves the infinite ocean 
problem for the fixed source (Case (b) above). It considers a 
continuous radioactivity source dissolving at the rate of R(t) per unit 
time as a series of instantaneous releases. 

Now we consider the concentration field, in the fixed coordinate 
system v/ith origin at the source location, tha,t results from an instan
taneous source of R = R(t)dt. To use the Carter-Okubo result in this 
coordinate system we must transform it back to the fixed reference. 
We consider the solution in the form of equation (7) as Sj(R,x',y',z',T) 
where x', y', z' are the spatial coordinates in the moving reference and 
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is the time measured from the time of release. The fixed coordinate 
system is related by the transformation 

X = V T + x' 

y = y' 

z = z' 

Consequently the desired point instantaneous kernel is given by the form 
of equation (7) expressed as 

AcAyAz T-"̂  VI+BT' 

r(x-VnT) ^ (14-Byr )y .̂ (1+BzT )z ^ (ayy-Hlzz)(x-VoT )T fHQzT^yz] I 
L A^ Ay A^ A^ 2A^ -̂ ^ 

This may be -̂ -nritten more compactly in the form 

R exp r- ̂ " ^ 4 4 , ^ 
Sj(R,x-v T,y,z,T) = ./5 ^'^^-^Kt ^~- (20) 
1 ° 8^3/^ ./AxA/2 -r^ Vl^i^^ 

where 

a 

P 

7 

= 

= 

= 

2 
x 

Ax 

2 2 
+ y + z 

2v^x ^ QyXy 

v 2 
0 

Ax y 

n xz 

B,z2 V, 

Az Ax 2A^ 

(21a) 

(21b) 

(21c) 

To obtain the concentration field resulting from a continuous sequence 
of instantaneous sources R, we employ a Duhamel type integral(I8) 

S(x,y,z,T) = R(T-T)Sj(x-VQT,y,z,T) dT (22) 
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The independent time variable T is measured fromi the tim.e of placem.ent 
of the continuous source. 

It is important to corr:;ctly interpret this result in tercis of 
the source propcrti'js. In the most general sense we have a transient 
concentration field. However, the time dependence of the soui'ce 
strength 'w-ill regain £.lr!05t constant during the period of time T Q 
required for the concentration to reach a steady state in the field of 
interest. This quasi steady state condition applies for the case of 
interest and forms the basis of the present IW)L code. We are then 
concerned only with the steady state concentration and not the initial 
transient. 

The source time dependence can be estimated from, the considera
tion of the dissclution of a cylindrioaJ- element of radioactive 
material.(19) 

H(t) .- (Mol/3 - CT)3 (23) 

where C is a constant dependent upon the scluoility of the materia,l. 
The source strength is then 

R(T) . - A f . 3 CA (Ii,l/3_CT)^ (21+) 

where A is the activity per unit mass of the dissolving material. 
Equation (21+) may be simplified to reed 

R ( T ) =-- (a -h bT)^ (25) 

v/here 

a --= V3CrMol/3 

b = - cyscA 

For each position in space (x,y,z) the integration of (17) is 
accomiplished numerically to a time T beyond -v/hich no further increase 
in S results. 
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The continuous code must perform a large number of numerical 
integrations of the instantaneous Cartor-Okubo solution (Equation l6) 
over tim,e in order to obtain a continuous quasi-steady state solution. 
The code presently calcu.l'-;tcs steady state concentration at points in a 
20 X 20 grid in the yz plane, and scai'ches this grid to determdne the 
coordinates of specified isoconcentration contours. By then calcu-lating 
the areas botmded by the isoconcentration contours, incrementing in the 
X direction, calcu-lating additional 20 x 20 yz grids for each nev; x 
increment, and incegrating over x, the vcluxies enclosed by selected 
isoconcGntrati.on siurfaces aj:'e obtained. Hence, if x is divided into 
20 increments equation (3.6) must be evaluc-.ted nui[iericajj.y BOOO times 
(20 X 20 X 20) in order to describe t>ie steady state concentration 
field over the d-crired range of concentration. 

The Numerica]. integration over time consists of taking both 
constant and variable tLm; steps. . The following figure illustrates 
this techninue. 

Sl(to) 

o 
•H 
4J 
CO 
fn 

•g 
O 
o o 

H 
CO 

Constant ^t s time 

This tiq̂ ical curve represents the contribution at a particu
lar spatial point from an instantaneous point source release at the 
origin of the coordinate system at time 0 < t ^ T. Integrating to an 
appropriately large T yields the steady state solution. 
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The constant time step increments are determined by estimat
ing a time (t^) ncax the peak of the instantaneous concentration vs 
time curve. This time is estimated using the following equations: 

t = — for X > — (26a) 
O V Q VQ 

J2 2 A 
t^ = -^ + r ^ -h ̂ - for 0 < X < -^ (26b) 
O VQ OAy 6A2 Vo ' 

2 
t„ = ̂  -1- ~ for X < 0 (26c) 
o oAx VQ ^ 

Equation (2.1a) is used, for relatively large values of x 
where convection is the dominate mechanism for transport of the radio
active m.atcrial. Equation (21b) is uccd for ca.lculating concentrations 
near the source. The first teim in this equation is the amount of time 
required for convection while the last tvro terms represent the time 
needed for diffusion in the y and z directions respectively. For 
diffusion in the negative x direction (i.e., against the miean current 
direction) the convection term must be substracted from the d.iffusion 
term (equation 21c). Each criterion for t has been chosen to ensui-e 
that it vrill be larger than the tim̂ e at which the actual peak occurs. 

The constant time step is tVien deteiirrined by 

Ate - T ^°^^ ^ <^o (27) 

vfhere N is the nurribcr of desired increm.ents (usuaLly lOO). 

The use of a variable time step for t > tg reduces the 
number of required calculations by utilizing a time relaxation technique. 
The length of the time step is determined by 

^H = ^H-i -f^ ^^^ t > t̂  (28) 

vrhere Sj(tQ) is the instantaneous concentration at tQ and Sj(t) is the 
concentration at time t. 

Since Sj(t) is always decreasing as time increases beyond tQ and S(tQ) 
is the maximxim instantaneous concentration, the time step will become 
larger as time increases. 
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The integration is terminated when quasi-steady state condi
tions are reached. Such condition is considered to be achieved vrhen 
the integrated concentration changes by less than a predetermined 
increment. 

The continuous code m.ay also be used to evaluate the inventory 
of activity within isoconcentration contours and compare it to the total 
activity released by the source in the time T Q required to reach steady 
state. 

III. 3.1+ R£.?Hlil 

This section of the report presents the results obtained from 
both instantaneous and continuous-releases. The instantaneous cases 
considered are the release of 7.1i-6 x lo'+ and l.ho2 x 105 Ci of 90sr0 
from 500 and 1000 \ntt csjsules respectively. A sample of the computer 
plotted output and v?.lu.c-s obt-v.ined from a par<?m.ctric stud.y are included. 
The results of a continuous rclf;a3e of 7.1+6 x 10̂ ^ Ci of 90srTiOo are 
also presented. 

Ill. 3. 1|, 1 Instantaneous Ĵ ^̂ leace 

Resultr, obtained from the instantaneous code indicate the 
existence of a relatively la.rge volume of contrmiUited vrater containing 
concentrations greater than one i''?CC ear.ly in the diffusion process. 
Figui'es 2 through 5 present oxaj.'iples of computer plotted outputs from 
the instantaneous diffusion cede. Ihe problem solved simiUlates the 
instantaneous re.lease of approximately 75^000 Ci of Sr90 oxide from a 
500 watt caijsule. 

P'igure 2 shows the volu.me of sea water containing concent.ra-
tions equal to or greater than S.U x 10"5 Ci./m3 (i.e., 1 MPCC of Sr90) 
as a furlction of time. The values used for the eddy diffu.sivities 
{AyfAyfAr^) and the horizontal and vertical shears {Qy and Q^) were 
obtained from empirical data representing August conditions in the 
coastal waters of the Cape Kenned.y area. Table 8 sumifis.rizes those data. 

Figur-e 3 presents a plot of the percent of radioactivity 
contained vrithin the 1 MPCC isopleth as a function of time. It may be 
noted from this figure that there are no concentrations greater than 
1 MPCC after approximately 175 hours. 

• 
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TABLE 8 

EMPIRICAL, DIFFUSION CONSTANTS 

(CAPE KEMEDY, AUGUST CONDITIONS ) ^^^ 

A = lUoo.m^/hr 
X ' 

A = l l |00.m^/hr 
y ' 

A, = 0.1+7 m^/hr 

Az 

n^ = 23 .8 h r " ! 
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t 0 lO*"* 
INSTANTANEOUS RELEASE OF 74578 CI 00=1 MPCC 

6 0 lO*"* 

0 2 0 10*<» 4 0 10*°' 6 0 10*°' 8 0 lo"» 10 10'°-' 1 2 lO'O^ 1 4 10*" 1 6 lO''̂ ^ ^ ,0' 
TIME IN HOURS 

Figure 2. Computer Plotted Output for Volum̂ e vs. Time 
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INSTANTANEOUS RELEASE OF 74578 CI DO=l MPCC 
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0 20 40 60 80 100 120 140 160 180 
TIME I N HOURS 

Figure 3. Computer Plotted Output for Percent Radioactivity vs. Time 
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Figures ka through Uc shov; the dimensions of the semi-axes of 
the ellipsoid as a fu.nction of time. It may be observed from Figure kc 
that the C axis of the ellipsoid, v/hich approximately corresponds to 
the vertical dimension z, is much smaller than either the A or B axes 
which approximiately represent the y and x dimensions respectively 
(Figures Ita and hh), 

II1.3• ̂ .2 Instantaneous Release Parainotric Study 

The results of a parametric study for instantaneous point 
soui"ce releases of 7.k x lo'- Ci, and I.I192 x lo5 of Sr90 oxide have 
been obtained. The objective of this study v;as to determiine the effect 
of empirical constants (Q ,n^,A,^,Ay,A,^) on the instantaneous model. 
Each of the cmipiricnl constant.^ vras changed while holding all the other 
constants. The result." obtained v;ere comjjarod to a standard instantan
eous difi'asion solution in v;hich'the values of the empirical constants 
represented August conditions at Cape Kennedy. 

The values obtained from th-; •pvxij:.-scrio ctudy ai-e summarized in 
Table 9. Colum.n one of this table indicates the on.ly porr..metcr v/hich 
v/as varied from its st-andard value. The values of each variable 
recorded in Table 9 '^•^STC those corr-ispending to the time tj.,,̂ ,̂  at which 
the volume v:ithin the 1 MPCC surface v/a.s a maxii-'ium. The other quantities 
recorded in Table 9 3.re defined as fo.U.ov.'s: 

Multiplication Factor = The factor by which the standard 
empirical constant wc'i multipj.icd in order to obtain the new value 
specified in column one. 

T = The time beyond which no concent.ration greatei; than 
1 MPCC exists (l MPCC :. 3.^x.lO-5 Ci/m3). 

a, b, and c = The principal semi-3::<es of the ellipsoidal 
contaminated volume at t„„-,. 

It may be observed from Table 9 that the maximum volume of 
contaminated water contained v;ithin a 1 MPCC isoconcentration surface 
is constant for a given soiu-ce. This result implies that the maximum 
volume is a constant which depends only on the amount of radioactivity 
released, and the specified isoconcentration surface. The foLlowing 
analysis vras performed in order to verify that the msiximum volime is 
independent of the empirical constants in the Carter-Okubo instantaneous 
model. 
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TABLE 9 

CH/iJRACTERISTICS OF KAJCIMUM VOLUIffi ELLIPSOIDS 
( in s t an t aneous R^^lease) 

Parameter 
M u l t i - * '''max' Krs . 
Factor 

X , .liJ. rJ . V , m3 
max' 

Semi-Axis, m 

0.5 KW 1 KW 0.5 K'J L Kl«7 0.5 W'.' 1 Mv .5 Kl'J 1 KW .5 K̂/J 1 KW .5 KW 1 KW 

Standard** 

n =2.38 
ny=23.S 
Qr,=ii9.o 
Oy=238. 
nv=23eo. 

o6 127 3.75 231 6.76x108 13.5x108 21,700 33,000 900 1,030 8.26 9.47 

48 
19 
10 

8 
3 

20 
13 
10 

Ij 

88 
35 
18 
14 

5 

116 
46 
24 
18 

7 
"ScT 
315 

43,000 
106,000 
203,COO 
277,000 

1.05xl07 

65,600 
165,000 
3oii,occ 
405,000 

1.53x107 

335 
204 
l47 
126 

78 

384 
231 
170 
l47 

93 

11.20 
7.45 
5.4o 
4.62 
1.97 

12.82 
8.46 
6.23 
5.4o 
2.26 

2,066 
1,411 

650 
569 
360 

2,600 
1,630 

748 
650 
412 

Q„=0.0 
0^=2.38 
0^=119 
Oj.--238 
0,.=238o 

0 
. 1 
5 

10 
100 

A„-14~ 
Ax=1^0 
Ay =7, 000 
Aj^=l4, 000 
A,,=l40,000 

507 
237 

51 
38 
15 

37 
51 
20 

1379 
437 

92 
69 
27 

2171 
579 
121 

92 

2 , 006 
8,500 

41,700 
54,400 

136,000 

2,60C 
13,000 
63,000 
83,400 

208,000 

37.8 
13.4 

5.96 
5.21 
3.30 

47.6 
15.2 

6.85 
5.95 
3.77 

--9M 
9.46 
9.50 
9.56 

10 .41 

.01 
. 1 
5 

10 
100 

Ay=l4 
Ay=l40 
A ^ 7 , 0 0 0 
Ay=l4,000 
A =l40,000 

96 
96 
96 
95 
85 

127 
127 
127 
126 
11.8 

175 
175 
175 
174 
168 

231 
231 
231 
230 
226 

21,700 
21,700 
21,700 
21,600 
19,900 

33,000 
33,000 
33,000 
32,700 
31,200 

900 
900 
895 
894 
844 

1,030 
1,030 
1,030 
1,030 
995 

8720 
8,25 
8.30 
8.39 
9.59 

"86,800 
43,600 
13,400 
10,860 
5,213 

411 
1,970 
2,610 
7,120 

.01 
.1 
5 
10 
100 

242 
153 
70 
61 
38 

319 
201 
92 
80 
50 

440 
277 
127 
110 
69 

J 81 
366 
167 
2.45 
92 

605 
242 

51 
38 
15 

131,000 
65,800 
20,300 
i6,4oo 
7,530 

142 
358 

1,713 
2.268 
5,890 

13.06 
10.36 
7.02 
6.56 
5.26 

15.0 
11.9 
8.07 
7.45 
6.02 

47,800 
4i,200 
28,200 
26,400 
20,800 

2,466 
1,434 

649 
568 
360 

2 :35 
4 .75 

15.3 
18 .8 
37.8 

A2=.0047 
Aj, = .047 
A2=2.35 
A^=4.7 
Aj;=47 

.01 
. 1 

5 
10 

100 

800 
319 

67 
51 
20 

1095 
440 

92 
69 
27 

T445 
581 
121 

92 
36 

31,500 
27,200 
18,700 
17,200 
13,600 

2,840 
1,649 
747 
647 
412 

2.08 
4.14 
13.3 
16.5 
33.0 

^Multiplication Factor 
*-':-See Table 8 for values of standard parameters 



The volvime (v) was expressed analytically as a function of 
time, differentiated with respect to time, and the derivative set equal 
to zero to obtain tj,,ax. Resubstitution of tĵ ax î^ "t̂ î  volume expression 
gives: 

4 Mo e"3/2 ,72775 , ^ 
V x = 1 / 2 = ^°^^^^^^ (29) 

3« ' Do 

for I/IQ = 74,600 Ci of Sr̂ *̂  oxide 

Do = 1 MPCC = 3.4x10"^ Ci/m^ 

Vmax = ^•'^^^'1°^ ̂ ^ 

which is the same resu-lt obtained .from the KRDL instantaneous digital 
computer code (Table 9). 

As a result of the parametric study svjnmarized in Table 9 
the following general concludions were drawn. 

1. The maximum volume contained within a given isoconcentra
tion surface is independent of the empirj.cal constants in the Carter-
Okubo transport equation. 

2. The SJDount of time required to reach a maximum volume 
and the time during v;hich concentration greater than or equal to the 
specified liPCC level persist are sensitive to the values used for the 
empirical constants. 

3. The empirical constants affect the overall shape of 
the ellipsoidal volume. 

Other more specific conclusions which depend upon the range 
chosen for the empirical constants in the standard comparison case 
may also be observed from Table 9. 

1. The eddy diffusivity in the x direction (A^) is the 
most insensitive parameter. 

2. The horizontal shear, Qy which was taken approximately 
as zero in the standard case, will affect the major axis of the 
ellipsoid more than any other parameter. 
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3. The vertical shear, Q^, affects the time duration of 
the radioactive pool more than any of the other eirrpirical constants. 

k. Changes in Ay produce a strong effect on the b semi-
axis, which approximately coincides with the y-axis. 

5. Changes in Aj. produce a strong effect on the C semi-
axis, v/hich approxjrcately coincideo with the Z-axis. 

The effects of these diffusion parameters on marine radio-
contaroination v;ill be discussed in Section IV.2. 

III.3-^«3 Continuous Releage 

Although tbs continuous digital computer cods has not been 
fully ccripleted it has been possible to calcul?."ce the volume and 
dimensions of the contaminated pool. The.? results are obtained after 
the qua5>i-£teaay state conditions, previously discussed, have been 
achic-ved. Tiie contcbrtinaled watei- pool vriil hence remain at a fixed 
location in the ocesn fcr a prolonged period of time (yoars) due to 
the slowly discolving 90srTi03 fUel. 

k 
Figure 5 prejonts the results obtaii;cd for a 7«'toxlO Ci 

SrTiOo source. The follo.:ins obsei'vataon nay ba made from this fig-ure. 

1. The quasi-fcteaoy ta&es are ler,s than one hour for the 
continuous cane. 

2. The voluxT-es contained '.vithin isoconcentration contours 
are much smaller for the continuous solution than tĥ sy arc for the 
corresponding instantaneous solution. 

3. The ellipsoidal sr?.pe of the isoccncentration sur
faces are verj' slightly irregular for the continuous solution. 
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RESULTS 
CONTINUDUS POINT SOURCE RELEASE 

500 WATT SrTiOg SOURCE 
EMPIRICAL CONSTANTS FOR AUGUST 
CONDITIONS AT CAPE KENNEDY 

V = 360 m/hr 

Surface 
Boundary 
(Ci/m3) 

1 MPCC* 

2 MPCC 

3 MPCC 

10 MPCC 

Volume 
(m3) 

k X 10^ 

9 X lo-"-

3 X lO-"-

5 X lO'-"-

Steady State 
Time 
(hr) 

0.6 

O.U 

0.3 

0.1 

• 1 MPCC •= 3 . ' ^ X 10"^ Cl/m^ 

6 10 14 18 

Figure 5. 
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IV. BIOLOGICAL DffLICATIONS OF THE INSTANTAlffiOUS RELEASE OF ^°Sr-OXIDE 
INTO CALIFORNIA COASTAL RAEIIffi ENVIRONMENT 

This part of the studj' complements the ocean diffusion analysis 
developed under Section III.3' Its m.ain objective was to estimate the 
level of contamination among certain important marine biota resulting 
from an instantaneous release of T-̂ ^̂ xlÔ  curies of 90sr (a 500 vratt 
source of 90sr0). Vaughan(2) carried out this study for California 
coastal waters, a typical environment vrhere a marine radioisotopic 
generator might be u^ed for example to po'./er acoustic devices for 
navigational purposes. This section summarizes Vaughan's i7ork(2) and 
include.',' reaulxs of a parametric study completed by the authors using 
Vaughan's Migratory Marine Organism. Contamination Mcdel. 

IV. 1 Su'̂TE.i-y of Biologjca] Effects on California Marine Orgz-riiEms 

1. The yearly catch of fish and shellfish In California in 19^5 
E2.ountcd to about th million Kg, of which ?1 million K^ were benthic 
organi&Ks. The balgnce conf-isted of pelagic fi].tyj>-feeder3 and car
nivores. For this majority, tj-pical radiostrontiun concentration factors 
are as fo3JLo',;s: 

Bone 200 
Scales 10 
Vi&cera 1 
Muscle 0.3 

2. Mor,t of the catch is eaten directly. A small hxxt not negli
gible fraction is u^ed in processing fish meal and fish protein concen
trate. Menhaden, tyna, mackerel, herring and sardine (all pelagic) 
com.pr2se the bulk of fish used for this pur-pose. Radiostrcntium is 
readily exchat̂ geable in most of the soft tirsue of these fishes. This 
is not the case, ho';ever, -.rith Mine"̂ alif;ed tissue"; v?hich comprise about 
10^ of the total bcdy v;eight. 

Although bone concentration factors may be as high as 200, 
bone contamina.tion level is not expected to exceed that of the soft 
tissue due to the limited duration of the contaminated pool in the 
instantaneous release case (as can be seen in Section III.3 abĉ .'-e). 

3. The amount of kelp harvested per year is estimated to be 
56 million Kg. Seaweeds such as kelp concentrate radiostrontium 
significantljr achieving equilibrium concentration in a few days. 
Their concentration factors vai-y from 3 to 27. Iho conmorcial interest 
in seaweeds is the extraction of alginic acid and alginates from 
Macrosystic (kelp) and agar from Gelidium cartilagineum (red aLgae). 
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During the extractive processes one may estimate that at least 90% 
of the 90sr will be eluted, based on binding studies in this Laboratory 
on the green algae, Ulva. 

k. The amount of radioelement (R^) taken up by a marine organism 
can be calculated as follows: 

Rf = R(t) . C(t) . F(V^) (30) 

where R(t) is the dissemination factor or average concentration of the 
radioelement within an isoconcentration contour, 

R(t) • = |[|j (31) 

v:here m(t) is the amount of fuel dissolved and V(t) is the volume of 
contaminated water within a specified isoconcentration contour, 

C(t) is the uptake factor, which for short term accumulation can 
be described by the equation. 

C(t) = Co (1-e-^*) (32) 

where C is the concentration factor mentioned under 1. above, k is a 
constant applicable to soft tissue, and t is the time in days during 
which the fish is exposed to radioactivity, where duration of the pool 
is comparatively long. 

For most migratory fish and for the zooplankton monitored in 
Operation Svrordfish a value K = 0.^ is applicable. This value may not 
be applicable to sedentary or sessile marine organisms, and it does not 
necessarily apply to the release of radioelement, v/hich may for some 
organisms be slower than the uptake. For migratory fish, this kinetic 
expression will apply to at least ^Cffo of 90sr taken up. 

F(VJ.) is the interception fraction based on the fraction of time 
fish spend in radioactive water. 

F(V^) = ^ (33) 
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where V^ is the fish migratory volume, taken as the volume of a cube of 
a side equal to the daily migration distance. It is assumed here that 
fish swim in a random search pattern, in and away from shore, vdth a 
net daily shift in location. Small pelagic species show a migratory 
range of about 5 miles per day. Tuna and other large, ocean going 
carnivores show a migratory range of 15 to 25 miles per day typically. 
For conservative estimation, these fishes can be grouped vrith the small 
pelagic species, so all migratory species are assigned a 5 mile/day 
migratory range. 

The interception fraction is assumed to be unity when the volrone 
of the radioactive pool equals or exceeds the daily migratory volume. 
Analysis of the data obtained from biological samplings during Operation 
Swordfish yielded an F(Vr) value of 0.6 for zooplankton. The radioactive 
pool size was larger than any reasonable migratory volime in this case. 

The three parameters in equation (30) above v/ere calculated by 
Vaughan to estimate radiocontamination in soft tissue of pelagic fish 
(Rf) resulting from an instantaneous release of 7-̂ <-6xl0̂  Ci of 90srO. 
Volumes of contaminated vrater pools and amounts of activity contained 
within isoconcentration contours were calculated by the instantaneous 
release model described under Seccion III.3 above. TVTO points in 
time were chosen; 7 hrs and 2i| hrs post release. Table 10 presents 
the results obtained. Examination of the data in this table reveals 
the following: 

1. Rf is independent of the average concentration (R). Higher 
values of R across inner shells are approximately offset by lo\;er 
interception fraction for these smaller pools. 

2. Rj for 2U hours is about 3 times higher than its value for 
7 hours as a consequence of the three-fo.ld increase in residence time 
of fish in the radioactive pool. 

3. Radiocontamination levels in the migratory fish are negligibly 
small in relation to the water contamination level (=82 cpm/cm3 water 
for 1 MPCC), and they v/ould remain so even if the pool duration lasted 
long enough for 100^ uptake. 

Four conditions should be carefully considered in the event 
this model for short-term exposure of migratory organisms were to be 
generalized: 

a) Ocean-going carnivores like tuna, because of their longer 
daily migratory distance, should show lower contamination levels; 

• 
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TABLE 10 

RADIOCONTAMINATION IN SOFT TISSUE OF PELAGIC FISH 

Isoconcentration 
Contour, MPCC 

Volume of 
Contaminated 
Water, cm3 

Percentage of 
Radioactivity 
With the 
Contour 

Average 
Concentration 

Within Contour, 
dpm/cm3 

R 

Interception 
Fraction->H<-

F 

Uptake 
Factor 

C 

Radioactivity 
in Tissue 
dpm/gm 

Rf = R.F.C. 

At 7 hrs post release 

^ 

1 
10 
100 
1000 

17 
10 
U.2 
0.5 

X 10' 12 99. 
98. 
89. 
31. 

0.97 X 10 
1.6 
3.5 

10. U 

33 
20 
8.2 
•2.5 

X 10 
-6 

0.033 1 X 10 
1 
1 
1 

At 2k hrs post release 

1 
10 
100 
1000 

13 
5.1 
2.1 
0 

X 10 12 98. 
85. 
11. 

1.3 X 10 
2.8 
0.9 

25 
10 

k.l 

X 10 
.-6 

0.099 3 
3. 
0.3 

X 10 

*Copied from reference 3 
**Assuming a migratory range of 5 miles 



b) Benthic organisms like crab should show higher contamination 
levels, if they lie within the geographical boundaries of the pool, but 
outside these boundaries they should show no radioactive contamination, 
because of their highly localized migratory activity; 

c) Sessile organisms such as seaweeds similarly cannot be 
expected to shov; significant radiocontamination if they lie outside the 
geographical boundaries of the pool at its maximum extent; inside the 
pool they will be contaminated significantly but to an indefinite 
magnitude; 

d) the radiocontamination model, in common with any in use, 
is probabilistic in the sense that a few of the migratory fish to which 
it is applicable may show higher or lower radioactivity because of 
variations from typical migratory patterns; i.e., a few may remain 
vjholly inside the pool, and some other may remain wholly outside. 

IV.2 Effect of Diffusion Parameters on Radiocontamination in Soft 
Tissue of Pelagic Fish 

Under Section III.3.'+.2 it was observed that varying the empirical 
diffusion parameters resulted in changes of the time duration and 
physical dimensions of the contaiiiinated pool. Tiiis section of the 
report evaluates the effect of these changes on marine radiocontamination 
as calculated by the Migratory Marine Organism Contamination Model 
presented in Section VI.1. Since the major objective of this parametric 
study was to determine the sensitivity of the model, the range of values 
used for the empirical constants does not necessarily reflect what might 
be realistically measui'ed in California coastal waters. The parameters 
used for the standard case (see Table 8) were measured in the coastal 
waters near Cape Kennedy, and vrere used by Vaughan in obtaining the 
values appearing in Table 10 of Section IV.1. 

In 'evaluating the marine radiocontamination model a time averaged 
amount of radioactivity in the soft tissue of pelagic fish, Rf, was 
calculated. The authors consider R̂ . to be more meaningful than R̂^ 
calculated in Section IV. 1. In the case of R^ the calcu-lation is made 
for a specific time which to some extent is arbitrary (for example 
7 hours in Section IV.l). In R^ the amount of radioactivity is averaged 
over the duration of the radioactive pool, T, as follovrs: 

T 

R -i 
^f - T 

n 

F(V„) R(t) C(t) dt (3̂ 0 
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It may be observed from Table 11 that the value for !{•£ in th 
stand:.rd cese (.032 dpm/gm) is greater than R„ at 7 hours (O.Ol dpm/gm)* 
but approximately equal to R^ et 2k hours (0.03 dpm/gm).* 

Examination of Table 11 leads to the following conclusions: 

1. Ag is the most effective parameter in terms of the marine 
radiocont-emination. 

2. Ay is very insensitive. 

3. The values caD.culated for R^ arc nonlinear vjith source 
strength. 

k. Although thvi diffusion parcmeters affect the dimensions and 
tim2 duration of the radioactive poo.l the effect of these pai-am'̂ tcrs 
on Rf is rolati'.'-cly small. In the case under consideration a factor 
of less than 7 i"!c>y be observ-d over the full Aj, range. 

*See Table 10 of Section IV.1 
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TABLE 11 

EFFECT OF DIFFUSION PARAMETERS ON RADIOCONTAMINATION 
IN SOFT TISSUE OF PELAGIC FISH 

Parameter 
Varied 

Standard 

n^ = 2.38 
Qy = 23 .8 
n ; = 119 
ny = 238 
Qy = 2380 

Qz = 0 .0 
fiz = 2 .38 
Clz = 119 
Qz = 238 
Hz = 2380 

A^ = Ik 
Ax = lUo 
Ax = 7,000 
Ax = 14,000 
Ax = lUo,000 

Ay = Ik 
Ay = lUo 
Ay = 7 ,000 
Ay = li+,000 
Ay = lUO,000 

A2 = .OOU7 
Az = .01^7 
Az = 2 .35 
Az = k.l 
Az = kl 

M u l t i p l i c a t i o n 
Fac to r 

1 

_ 
-
-
-
-

0 
. 1 
5 

10 
100 

.01 
. 1 
5 

10 
100 

.01 
. 1 
5 

10 
100 

.01 
. 1 
5 

10 
100 

T i n 
.5 KW 

175 

88 
35 
18 
Ik 
5 

1379 
h31 
92 
69 
27 

175 
175 
175 
Ilk 
168 

kko 
277 
127 
110 
69 

1095 
kko 

92 
69 
27 

Hours 
1 KW 

231 

116 
k6 
2k 
18 
7 

2191 
579 
121 

92 
36 

231 
231 
231 
230 
226 

581 
366 
167 
IU5 

92 

ikkG 
581 
121 

92 
36 

Rf, dpm/gm 
.5 KW 

0.032 

0 .021 
0.010 
0.0058 
0.00J+l^ 
0.0018 

o.oi+i 
O.OI15 
0.022 
0.018 
0.0083 

0.032 
0.032 
0.032 
0.032 
0.029 

O.OU6 
0 .039 
0.027 
0.025 
0.018 

0.053 
O.OI+6 
0.022 
0.018 
0.0083 

1 }&•! 

0.01k 

0.051 
0.026 
0.015 
0.012 
o.ooJ+8 

0.08i+ 
0.096 
0.052 
0.0^3 
0.021 

0.074 
0.074 
0.074 
0.074 
0.069 

0.097 
0.087 
0.064 
0.058 
0.043 

0.109 
0.097 
0.052 
0.044 
0 .021 
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V. CONCLUSIONS AND RECOMMENDATIONS FOR ADDITIONAL AREAS OF INVESTIGATION 

v.. I CONCLUSIONS 

The following general conclusions can be drawn from the analyses 
presented in this report: 

90 90 
1. The physico-chemical characteristics of ^ SrO and SrTiOo 

cannot, alone, serve as a basis for preference of one over the other as 
a fuel for terrestrial/marine radioisotoijic power units. 

2. Replacing the titanate with an oxide-fueled unit of the same 
power saves about 20y$i of the component materials for a typical radio-
isoxopic unit. 

90 r 
3. An unshielded intact SrO fuel capsule delivers l.Oo to 1.5 

times higher doses than an equivalent 90srTiO-3 capsule. 
4. Skin doses from oxide particles are higher by a factor of I.76 

than those from titanate particles of equal weight and by a factor of 
1.62 than those of equal size particles. 

5. The hazard to the bone from oxi^e particles dissolved in the 
GI tract is 1.6 to 72 fold higher than that from titanate particles 
of the same sir,e, depending on the particle size and GI transit time. 
On t?ie other hand, even the smallest titanate particle is capable of 
delivering, in a mat'^er of hours, doses in excess of 15 rems (the 
maximum allo-.;able yearly dose) to a limited area of tissue if it settles 
on the GI epithelial lining. This probleiii does not exist with the 
(soluble) 9^SrO particles. 

6. The maximum allov/able yearly dose to the GI tract can be 
exceeded from a titanate particle of a smaller size than that of an 
oxide p?rticle necessary to supnly the maximum jjermissible bone burden 
of 90sr. 

7. A titanate particle of the maximum size deposited in the deep 
lung delivers about 0.2 rads of p dose to the lung while dissolving. 
V/hen dissolved (in a little over a day) it woiild have delivered about 
56^ as much 90Sr to the different organs of the body as would have an 
oxide particle of equal size. 

8. Using the empirical diffusion parameters for AugUst conditions 
at Cape Kennedy, the Carter-Okubo diffusion model predicts that for an 
instantaneous point source release of 7.46x104 Ci of 90SrO the maximum 
volurfle contained vjithin a 1 MPCC isoconcentration surface will be 
6.76x10" ni3. The dimensions of the semi-axis of this maximum ellipsoid 
are 21,700 m, 90O m and 8 m. The total time duration of the 1 MPCC 
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radioactive pool is 175 hours. On the other hand the model predicts that 
for a continuous release of 90SrTiOo, from an initial fixed point source 
of 7.46x10^ Ci, there will be a steady state 1 MPCC bounded ellipsoid 
volume of 400 m3 with semi-axis dimensions of 25 m, 13 m and 0.25 m. 
This steady state volume is arrived at in less than one hour and will 
last for 64 years. It may hence be concluded that a 90SrO release 
would result in a relatively large contaminated pool which will last 
for a short period of time while a 90srTi03 release would result in a 
much smaller pool which would prevail for a longer time. 

9. Variation of the empirical diffusion parameters, in the Carter-
Okubo model, resulted in changing the time duration and physical 
dimensions of the contaminated pool. The magnitude of the values obtained 
for the time duration of the pool ranged from 3 hours to 2,190 hours. 
For example the semi-axis of a 7-46x104 Ci 90srO source dimensions 
ranged from 1.05xlo7 m to 5,213 m, from 5,890 ra to 78 m, and from 37.8 m 
to 1.97 ni along the approximate x, y and z axis respectively. 

10. Based on an NRDL Migratory Marine Organism Contamination 
Model, the radiocontamination levels in the migratory fish resulting 
from an instantaneous release of 7.46xlo5 Ci (500 W(t)) of 90srO are 
negligibly small in relation to the water contamination level for 
typical radioactive pool duration times, and they would remain so even 
if the pool lasted long enough for 100^ uptake. 

11. Although the diffusion parameters affect the dim.ensions and 
the duration of the radioactive pool, the effect of these parameters 
on the Migratory Marine Organism Contamination Model was relatively 
small. The time averaged amount of radioactivity was found for 
example to range from O.OO83 dpm/gm to 0.053 dpm./gm when the eddy 
diffusivity in the vertical direction was varied over 4 orders of 
magnitude. 

V.2 RECOMMEiroATIOiTS FOR ADDITIONAL AREAS OF INVESTIGATION 

In the course of this study several questions were raised that 
are beyond the state of the art in this field and therefore could not 
be adequately ansvrered. A brief description of the experimental as 
well as theoretical studies that should be conducted, if such answers 
are desired, follows: 

1. The Carter-Okubo transport equation used in developing both 
the instantaneous and continuous models assumes an infinite ocean 
envirormient. This environment is never fully realized because of 
boundry effects at the sea surface, thermocline, or bottom. This 
assumption is justified because the vertical dimension of the patch 

• 
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is small, >ath respect to the horizontal dimensions. However, in the 
case of a shallow \,'ater release the boundary conditions should be 
considered. It is hence reconmended that a mathematical framework 
for handling bounda.ry condition problem^s in a turbulent ocean environment 
should be developed. 

2. The cases of estuaries, rivers, lakes and other nonoceanic 
bodies of water have not been covered in this report. Insofar as 
radioicotopic pov?er units may be placed in such environments, studies 
parallel to this investigation should be conducted. 

3. The nature of T.he ecological relationship between deep sea 
biota and man'2 food chain hat not received adequate .study. Recent 
v/ork shews that flagellt^ted unicells arc abundant at depths of 2000 
meters end belo;,-. The relation of these unicells to organisms of 
other trophic levels is not clear. Initially deep sea collecting 
procedure^, suitt.ble for prescr^'atlon of the biota of these and dif
ferent trophic levels shouJLd be developed. 

4. On-going v/ork on the absorption of Sr on ocean bottom 
material indicates that the limi.x of solubilixy of Sr ions in sea\:ater 
is about 200 mg/litcr. Any excesc strontium ions in solution canbine 
with sulphate, carbonate, soliible organic compounds, and porsibly other 
anions to foi-m precipit-ates. In the presence of ocean bottom material, 
the Sr ion concentration is reduced fi'."th?r. The date obtained to 
d3,te indicaxo that abcrat 25^ of the Sr is abaorbcd. 

As to the ccnsequen:'-s to the biology"- of the surroundings, m.ost 
existing kno..'lt'J!f̂,e is ba^ud en correlative InfutTriatiu.i, e.g., stimu
lation of •prjya'cy prcluctivity in arer.s of upwelling. The rioeretu»^e 
should be searched foa- other approacLer^. Both ini.croHcopic, free-
s-.v-ijuainc?- forms and large ocean or2c.'.nir.a~-'..-hich disturb the bottom 
sediment by burrowing—woula be ex])ftcted to a^ccelerato movement of 
radioeleTieat from the cediiaentary depc;:it into the -.,ater. Labcratoiy 
simulation exporimontj arc feasible. 

In regard to particulate matter in the pelagic region, particles 
less than one m.icron C3.n be expected to adhere by various adsoi-ption 
m.echanisms to the mucilaginous outer coat of many phytoplankton, 
varying from 1 to 50 microns in size. Larger radionuclide a.rticlcG 
v/ill sediment, and some loss of the adsorbed smaller particles vrill 
occur by fecal "pellet processing" (by the zooplankton). Laboratory 
experiments to detennine the bin.iing of particulate radionuclide by 
phytoplankton should be carried out. 

52 



5. Unlike pelagiQ species, no hazard evaluation from contaminated 
shellfish appears in this report. Although determining the uptake of 
9^Sr in both the edible and unedible portions of Ehe?J.fish would seem 
feasible, no studies of this problem are yet available. 

6. The erf feet of the uptake of radiostrontium by a particular 
branch of animal or plant life on the biological balance has not been 
evaluated. Meaningful ecosystem m.odels cannot be constracted presently 
because inform.ation is inadequate on specific food webs, representative 
species are vsi-iable, and their numbers are not accurately kncm. At 
high activity levels crude estim.ate£ of the degree of biological unbal
ance can be made from existing data. Fish, in particular are quite 
radiosensitive in early embryonic stages but not later. Apparently 
authoritative Russian research claims that 90sr concentration of lO-H 
to 10-^ Ci/liter is critical for the development of sea fli(h eggs in 
the hyponc'unton layer. To our knowledge, experlm.ents specifically 
designed to assess alteration in poxjulation dynamics of an ecosystem 
have not been done in the U.S. LVen if the Russian findings were 
true, the vol'uine of contejninated "..'ater con.iidered in our studj,-- is 
relatively so small tha.t any effect of radiation on the ecosystc-m would 
not be significant. 
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TABIE A-I 

STROHTIUM TrPAMAIE-FUELED RADIOISOTOPIC SEHERATORS 

Generator 

SENTRY 

SNAP-7A 

SKAP-7B 

SNAP-7C 

SKAP-7D 

SNAP-7E 

SNAP-7F 

Amount of 
Fuel 

17.5 KCi 

40.8 KCi 

225 KCi 

ItO KCi 

221+ KCi 

31 KCi 

225 KCi 

Total 
Weight 

1,680 lbs 

1,870 lbs 

4,600 lbs 

l,8l40 lbs 

4,600 lbs 

6,000 lbs 

4,600 lbs 

Design 
Electrical 
Output 

5 W 

10 W 

60 W 

10 W 

60 W 

7.5 w 

60 w 

Design 
Ti1fe 

2 yrs 

2 yrs 

10 yrs 

2 yrs 

2 yrs 

2 yrs 

10 yrs 

POWER SYSTEM 

Voltage 

3.5-4V 

6 V 

10 V 

5 V 

10 V 

4.5 V 

/ 

Thenra.! 
Output 

117 w 

256.5 w 

l4lo w 

256 w 

1410 W 

198 w 

/ 

Electrical 
Output 

4.2 W 

10 w 

60 W 

10 w 

60 w 

7 w 

60 w 

THERMOELECTRICS 

Efficiency | Material 

3.6^ 

2.6% 

4.3^ 

2.6 % 

h.3i 

3.5 % 

/ 

PbTe 

PbTe 

PbTe 

PbTe 

PbTe 

PbTe 

PbTe 

No. of 
Couples 

60 

60 

120 

/ 

120 

60 

120 

H. J. 
Tenip.* 

453°C 

482°C 

535°C 

493°C 

535°C 

437°C 

535°C 

C. J. 
Temp.** 

53°C 

65°C 

93°C 

/ 

93°c 

143°C 

93°c 

Encapsulant 

Hastelloy C 

Hastelloy C 

HasteUoy C 

Hastelloy C 

Hastelloy C 

Hastelloy C 

Hastelloy C 

Biological 
Shield 

Cast lead 

Uranium 

Uranium 

Uranium 

Uranium 

Cast Iron 

Uranium 

* Hot Junction Temperature 
** Cold Junction Temperature 
/ Classified or nor available 



TABLE A-I (Cont'd) 

STRONTIUM TITANATE-FUELED RADIOISOTOPIC GOffiRATOTS 

Generator 

SNAP-17A 

SNAP-17B 

SMAP-21 

SKAP-23* 

RIPPLE 
TTt 

> MTTJ.E<ATT 
w 3000 

LCG-25A 

LCG-25B 

AGN 
(URIPS) 

AX 
(3 Watt) 

Amount of 
Fuel 

/ 

/ 

30 KCi 

185 KCi 

3.4 KCi 

20 KCi 

100 KCi 

100 KCi 

6,9 KCi 

/ 

Total 
Weight 

10 lbs 

10 lbs 

507 lbs 

1000 ^^ 

600 lbs 

2,800 lbs 

3,000 lbs 

3,000 lbs 

800 lbs 

250-
1,500 lbs 

Design 
Electrical 
Output 

10 W 

10 W 

10 w 

60 w 

0.71 w 

2.5 W 

25 W 

25 W 

1 W 

3 w 

Design 
Life 

3-5 yrs 

3-5 yrs 

5 yrs 

10 yrs 

5 yrs 

5 yrs 

5 yrs 

5 yrs 

5 yrs 

5 yrs 

POWER SYSTEM 

Voltage 

/ 

/ 

24 V 

24 V 

3.1-
3.4 V 

4.3 V 

2.6 V 

24 V 

/ 

mermal 
Output 

/ 

/ 

187 w 

/ / 

29 w 

/ 

680 w 

46 w 

/ 

Electrical 
Output 

/ 

/ 

12.6 w 
At 30L/ 

H 

o.Ti-
0.80 w 

2.5 w 

25 w 

1 w 

/ 

Efficiency 

/ 

/ 

6.7^ 

// 

2-5 
2.8 % 

/ 

3.7% 

I THERMOELECTRICS 

j Material 
i 

/ 

1 

i PbTe 

'•''' 

Bi^Tej 

BigTCj 

1 PbTe 

11 

2.2 lo 

/ 

BigTCj 

1 SlOe 

Ho. of 
Couples 

/ 

/ 

/ 

// 

2 
modules 
50 each 

192 

28 

ca-25A — 

72 

/ 

K. J. 
Temp.* 

/ 

/ 

565-
730°C 

// 

235°C 

215°C 

490°C 

204°C 

590°c 

C. J. 
Temp,** 

/ 

/ 

5-93°C 

// 

47°C 

51°C 

ll5°c 

23°C 

93°C 

Encapsulant 

/ 

/ 

Hastelloy C 

// 

DELORO 
alloy "C" 

KasteUoy C 

Hastelloy C 

Hastelloy C 

/ 

Biological 
Shield 

/ 

/ 

U-816 Mo 

//. 

GEC 
(Tungsten 
Alloy) 
Steel, outer 
Tungsten, 
inner 

Tungsten 
Alloy 

V 

Uranium 
(or lead) 

/ 

•See Table A-III 
**See Table A-IV 
/Classified or not available 
//System under development 
/Becinning of life 



TABLE A-II 

TERRESTRIAL SMP GENERATOR PERFORMANCE ANALYSES* 

Generator 

1 . 

2 . 

3 . 

4 . 

5 . 

6 . 

7 . 

P ro j ec t Sent ry 

SMP 7A 

SMP 7B 

SMP 70 

SMP ID 

SNAP 7E 

SMP 7F 

TOTALS 

Power w(e) 
Design 

4 .7 

10 

60 

10 

60 

7 

60 

Average^ 

3-9 

7 . 8 

56 

7 . 8 

57 

6 .6 

57 

Hours of 
Operation 

43,800 

39,4oo 

29,i6o 

4i,6oo 

35,000 

25,000 

i4,ooo 

237,960 

Kw-hours 

171 

308 

1,650 

346 

2,000 

231 

800 

5,506 

* Morse, J. G., Proceedings of the Isotopic Power Generation Conference, 
Paper No. 21, Harwell, England, September, I966. 

Time average—date of fueling to 1 May I966. 

b 
Based on the time average. 
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TABLE A - I I I 

CHAHACTERISTICS OF SMP-23 SYSTEMS V 

> 
I 

VJ1 

SYSTEM CHARACTERISTICS 

Operating Characteristics 

Heat Source Thermal Power (w) 

Heat Losses (w) 

Heat to T / E Converter (w) 

Electrical Output (w) 

Heat Rejected by Radiator (w) 

Overall Efficiency Ho) 

Thermal Efficiency {%) 

Converter Efficiency {%) 

Avg. T/E Hot Junction Temp (°F) 

Avg. T/E Cold Junction .Temp (°F) 

Load Voltage (v) 

Load Current (amps) 

low 
B O L ^ 

2l4 

49 

165 

13 

152 

6.15 

77.2 

7.97 

1075 

210 

10 

1.3 

EOL,^^ 

167 

37 

130 

10 

120 

6.0 

78.0 

7.7 

880 

180 

10 

1 

Na4INAL POWER LEVEL 

25̂ ' 
BOL 

500 

90 

4io 

33 

377 

6.54 

82 

7.57 

1075 

210 

24 

1.38 

V 

ECL 

390 

66 

324 

23 

299 

6.4 

83 

7.7 

880 

180 

24 

i.o4 

60W 
BOL 

1168 

179 

989 

79 

910 

6.75 

84.7 

7.97 

1075 

210 

24 

3.28 

EOL 

910 

129 

781 

60 

721 

6.6 

86 

7.7 

880 

180 

24 

1.25 

1 
lOOW 

BOL 

1830 

200 

1630 

130 

1500 

7.1 

89 

7.97 

1075 

210 

24 

5.41 

EOL 

1430 

130 

1300 

100 

1200 

7.0 

91 

7.7 

880 

180 

24 

4.16 

* "SMP-23A, Data for Terrestrial and Marine Systems Applications", AEC, January, I967. 

'Design Specifications--systems are presently under development. 
ĵ Beginning of life 
ĵ̂ End of life 



TABLE A-III (Cont'd) 

CHARACTERISTICS OF SMP-23 SYSTEI.IS*/ 

SYSTEM CHARACTERISTICS 

Overall Diameter (in.) 

Overall Height (in.) 

Design Life (yr.) 

System Weight (lbs.) 

POWER LEVEL 
low 

18 

17.5 

5 

490 

10 

531 

25W 

20 

20.625 

5 
686 

10 

706 

Sow 

24 

25.85 

5 
1010 

10 

io4o 

lOOW 

28.625 

28 

5 
1810 

10 

1898 

"SMP-23A, Data for Terrestrial and Marine Systems Applications", AEC, January, I967. 

'Design Specifications—Systems are presently under development. 



TABLE A-IV 

CHARACTERISTICS OF RIPPLE GENERATORS* 

RIPPLE 

Isotope 

Fuel Form 

Quantity 

Canning 

Thermal Power 

Electric Power 

Efficiency 

Thermoelement s 

Number of 
Couples 

Size of Elements 

Hot Jiinction 
Temperature 

Cold Junction 
Temperature 
Ambient 20°C 

Volts Open 
Circuit 

DC-DC Conversion 

Output after 
Inversion 

Voltage after 
Inversion 

Efficiency of 
Inversion 

Shielding 

Total Weight 

1(a) 

Sr9° 

Titanate 

600 curies 

Stainless 
Steel 

3.75 watts 

52 mW 

1.39f» 

Bi^Te^ 

18 

(l.5nira) xlcm 

176°C 

38°C 

0.720 

Ge Tunnel 
Diodes 

20 mW 

6 

38f, 

Lead 

600 kg 

1(b) 

Sr9« 

Titanate 

700 curies 

Stainless 
Steel 

4.4 watts 

75-mW 

1-li 
Bi2Te3 

18 

(1.5mm) xlcm 

180°C 

4o°C 

0.994 

Ga As Tunnel 
Diodes 

30 mW 

6 

42̂ 0 

Lead 

600 kg 

11(a) 

Sr9° 

Titanate 

700 curies 

Stainless 
Steel 

4.4 watts 

78 mW 

1.8/0 

Bi2Te3 

18 

P 
(1.5mm) xlcm 

180°C 

40°C 

1.006 

Ga As Tunnel 
Diodes 

30 mW 

6 

42^ 

Heavy Alloy 

230 kg 

11(b) 

Sr9° 

Titanate 

700 curies 

Stainless 
Steel 

4.4 watts 

89.6 mW 

2.0fo 

Bi2Te3 

18 

p 
(l.5mra) xlcm 

200°C 

40°C 

1.080 

Ga As Tunnel 
Diodes 

45 mW 

6 

45̂ 0 

Heavy Alloy 

230 kg 

*Hane, G. E., "Radioisotope Powered Generator Development in the United 
Kingdom", AERE, DP-IO66, Vol II, March I966. 
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B.l STRONTIUM-90 METAL 

B.1.1 Composition 

a. Abundance of nuclides 

Spectrometric analysis of aged fission-product strontium 
yielded the following data: 

b. Radionuclidic activities 

Fission-product strontium, when fresh, contains the following 
nuclides in addition to 90sr: 

Nuclide 

^^Sr 

^hr 
91sr 

92sr 

93sr 
_. 1 

9^Sr 

95sr 

96sr 

9^Sr 

98sr 

99sr 

l°°Sr 

Half Life 

stable 

5^ days 

9.7 hours 

2.7 hours 

8.3 minutes 

1.2 minutes 

0.8 minutes 

2.5 seconds 

1.5 second 

1 second 

1 second 

.01 second 

*The bulk of the data tabulated was obtained from the "Strontium-90 
Data Sheets" by S.J. Rimshaw and S.E. Ketchen. 0RNL-^l88, December I967 • 
Data obtained from other soiirces are so identified. 

90sr 

S9sr 

S^Sr 

B-2 



89 It is noted that, with the exception of Sr, all the isotopes 
are of short half lives. After a few days post chemical separation of 
Sr from other fission products the principal radionuclide (in addition 
to 90sr) is 89sr. Figure B-1 shows the ratios of °9sr/90sr activities 
after 200 days of irradiation as a function of post irradiation time. 

c. Cationic composition 

1. Range of composition 

Analyses of strontium titanate feed samples of the 
Fission Products Development Laboratory at Oak Ridge National Laboratory 
(ORNL) showed the following range of composition: 

Cation 

Sr 
Ca 
Ba 
Mg 

Maximum 

97 
5 
2 
2 

Minimum 

92 
2 
0.5 
0 

90, 
90 

One gram of Sr produces an average of 0.0232 g of 
Zr after one year day. 

2. Average composition 

Sr 95 
Ca 3.5 
Ba 1.0 
Mg 0.5 

Other activity contributors: 

Isotope Maximum Percentage of Radioactivity 

Ce 0.03% 

•"•̂ Cs 0.003/0 

B.l.2 Decay Schemes 

90 89 
Figure B-2 presents the decay schemes of Sr and '̂ Sr. 
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NRDL 308-68 

0 50 100 150 200 250 300 350 400 450 500 
COOLING TIME (days) 

Figure B-1. Ratios of Sr " /Sr" Act iv i t ies as a function of 
cooling time post reactor discharge. I r r ad ia t ion 
t ime: 200 days 
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90, 'Sr(28yr) 

E„„=0,55MeV' 
90 Y(64hn) 

p. 02% 

6x10® sec 

'Zr t 

•1,734 MeV 

SOgp _ 90Y 

9*V 
2 

\ 
89 Y 

egnriY 

1 

0.915 MeV 

89, 'Sr 

Figure B-2. Decay Schemes of "̂̂ Sr?*̂ ! and ^Sr 
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B.1.3 Specific Power 

a. 0.963 watt/g of lOOfo ̂ Sr (lll2 curles/g) 
b. 0.530 watt/g of pure aged fission product strontium metal 

(55fo 90sr) 
c. 0.503 watt/g of average-composition production quality 

strontium metal (52.25fo 90sr) 

89-
These values do not include Sr contribution. 

b. 101.66 watt/g of 100/0 ̂ Sr (29108 curies/g) 

c. Using Figure B-1 and the specific power values reported vinder 
a & b the specific power of a "9sr/90sr fission product mixture can be 
calculated at different post-chemical separation times. 

B.l.U Radiation (/ Sr) 

Alpha: None 
Beta: See Figure B-3 
Gamma: None 
Bremsstrahlung: Intensity and energy of photons produced depend 

on fuel matrix. For SrTi03 and SrO matrices see 
the corresponding sections under those fuel forms. 

Neutrons: None 

B.l.5 Compatibility with Materials of Containment 

Classified. See USAEC Report ORNL-il-l89 

B.l.6 Thermophysical Properties 

a. Density 

The theoretical density is 2.6 g/cm for strontium element 
and 2.55 g/cm3 for 95/0 Sr, Z.% Ca, 1.0% Ba, 0.5% Mg. 

b. Coefficient of thermal expansion 

2.0 X 10"^/°C 

c. Specific heat and enthalpy 

(1) Specific heat 

0.0719 cal g"-'- ̂C'-*- (25°C) 
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(2) Enthalpy in calories/mole 

H^ - Hg^g = 5.31 T + 1.66 X 10"^ T^ - 1731 (298-862°K) 

\ - \^Q = 9.12 T - 3582 (862-10l+3°K) 

m transition = 200 calories/mole at 862°K = 589°C 

Temperatures of phase transformations 

(1) Melting point - 772°C 

(2) Boiling point - 1372°C 

Latent heats of phase transformc-tions 

m transition (a -» g) = 200 calories/mole (589°C) 

m fusion (772°C) = 2J4OO calories/mole 

m vaporization (1372°C) = 33,200 calorics/mole 

Vapor pressure 

Atmosphere 

5 X 10-^2 

8.7 X 10"^ 

0.129 

0.585 

1.9 

if. 84 

Thermal conductivity 

-1 
cal cm sec 

-1 °c-i 

Temperature, C 

227 

727 

1127 

1327 

1527 

1727 

Temperature, °C 

0.3 

0.385 

0.290 

0.21^7 

0.206 

20 

100 

300 

500 

700 
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h. Thermal diffusivity 

cm /sec Temperature, C 

1.6U 20 

This value was calculated by dividing the thermal conductivity 
by the product of the specific heat and the density. 

i. Viscosity 

j. Surface tension 

a = 165 dyn/cm 

k. Total hemispherical emittance 

Varies from 0.25 to O.8O depending on the state of the 
sample, such as oxide coating, impurities. 

1. Spectral emissivity 

Varies also as stated above. 

m. Crystallography 

fee 215°C hep 605°C 

a = 6.085 ̂  a = U.32 A 

c =7.06S 

n. Solubilities 

Reacts vigorously with v;ater. 

B.1.7 Mechanical Properties 

a. Hardness 

16-18 (Brinell) 

b. Crush strength 

B.l.8 Chemical Properties 

a. Heat and free energy of formation, entropy 

7 
bcc 

a = 1̂.85 S 

B-9 



(1) Heat of formation 

Zero (standard state) 

(2) Free energy of formation 

Zero (standard state) 

(3) Entropy 

^298 = 1̂ -5 ^^ 

b. Chemical reactions and reaction rates 

(1) Oxygen - fast 

(2) Nitrogen at room" temperature - no reaction 

(3) Nitrogen at elevated temperature - reacts 

(U) Water - reacts 

(5) Inorganic acids - reacts 

B.l.9 Biological Tolerances 

90 The Sr tolerances are given in Table B-T 

B.l.10 Shielding Data 

See the corresponding sections under SrTiOo and SrO. 

B-IO 



TABLE, B-I 

MAXIMUM PERMISSIBLE BODY BURDENS AND MAXIMUM PERMISSIBLE CONCENTRATIONS 
FOR RADIONUCLIDES IN AIR AND IN WATER FOR OCCUPATIONAL EXPOSURE* 

Radionuclide and 
Type of Decay 

Organ of Reference 
(critical organ 
underscored) 

Majc. Permissible 
Burden in Total 
Body, q(iic) 

o 
Maximum Permissible Concentrations, (ic/cm 
For ii-O-hr week For l68-hr week Water Air Water Air 

38' Sr 
90 

(P") Bone 

(Sol) {Total Body 
^ .v_.v_ 
GI (IM) 

2 

3 

10 ,-5 

2x10 

lO"^ 

-5 
10 ,-9 

2 x 10 

3 X 10 

-9 
-7 

hxld -6 kxid -10 

7 x 10" 7 X 10""'"° 
-k -7 

5 X 10 10 ' 

w 
I fLung 

(̂ "̂ °i) (GI (LLI)** 10 

5 X 10 

2 X 10' 

-9 
.7 1 -4 
' U X 10 6 X 10 

2 X 10 ̂  
-h -——:^ 

*Report of the International Commission on Radiological Protection, Committee II on Permissible 
Doses for Internal Radiation (1959). 

**GI' = Gastrointestinal Tract 
LLI = Lower Large Intestines 



B.2 COMPARISON BETWEEN STROKTIUM TITANATE AMD STROMTIOM OXIDE* 

STRONTIUM TITANATE STRONTIUM OXIDE 

3.2.1 Composition 

a. Abundance of Nuclides 

.( 

b. Radionuclide Activities 

^ 

90 
Same as given in section B.l.l.a for Sr metal 

go 
Same as given in section B.l.l.b for Sr metal 

c. Chemical Composition 

(1) Range of composition 
go 

Same as given in section B.l.l.c.l for ^ Sr metal 
The phase dj.agram of the Sr0-Ti02 system is presented in Figure B-U 

(2) Average composition 

Oxide 

SrO 

CaO 

BaO 

l-lgO 

TiOg 

wt i 

52.5 

2.3 

0.5 
O.k 

1*1+. 3 

Titanate 
Compound 

SrTiOj 

CaTiO, 

BaTiOo 

MgTiOo 

Content, 
wt i 

92.5 

5.6 

0.3 

1.1 

The strontium metal content of pure fission-
product SrTiO, is U8.l6̂ o. 

The strontium metal content of average fission-
product SrTiOj is kh.33io. 

Tap as-processed SrTiO^ contains 2U.5^ " Sr. Tne 
•'-̂ Ce constitutes'o.03> of the radioactivity at a 
maximum. The -l-STcs nas been found to be as high 
as 0.003'3» of the total activity. The 106j^ 
activity has not been found. These activities can 
be neglected compared to the bremsstrahlang 
radiation. 

•»The bulk of the data tabulated was obtained fran the "Strontium-90 Data Sheets" 
by S.J. Rimshaw and S.E. Ketchen, ORNL-UlBB, December I967. In several cases 
wording has also been quoted with minor changes. (Data obtained from other sourcss 
are so identified.) 

Cation 

Sr 

Ca 

Ba 

Mg 

Metal wt, i 

95 

3.5 

1.0 

0.5 

Metal oxide, wt % 

9^.3 
k.l 

0.9 

0.7 

The strontium metal content of pure SrO is 8U.77^. 

The strontium metal content of average SrO is 79.9%. 

The as-processed SrO will contain hk.afa " Sr. The 
ll+ltCe constitutes 0.03% of the radioactivity at a 
maximum. The •'•S'̂ Cs has been found to be as high ̂ s 
0.003% of the radioactivity at a maximum. The 10°Ru 
activity has not been detected. These activities 
can be neglected compared to the total radiation. 
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Figure B-i|. Phase Diagram of the Sr0-Ti02 System 
(From USNRDL-LR-67-19 by E. C. Freiling and 
C. E. Adamas). The figure compounds the data 
reported by Dry's and Trzebiatowski* with that 
of Rustom Roy.-x* 

*M. Dry's and W. Trzebiatowski, Roczniki Chem., 31, h<^ (1957) 
**E. Roy, Private Communication, I957, cited on p. llQ of E. M. Levin, 
C. R. Robbins, and H. F. Mcl^rdie, Phase Diagrams for Ceramists, The 
American Ceramic Society, Columbus, Ohio, I964. 
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STROHTIUM TITAHATB (Cont'd) 

B.2.2 Specific Power 

0.2525 watt/g of pure SrTi03 (26.5^ 50sj. metal, 37-6 curies of ̂ ^Sr/g) 

0.2335 watt/g of average SrTi03 (.Zk.^i '^ST metal, 3l*.8 curies of ̂ Sr/fe) 

B.2.3 Radiation 

Alpha: None 

Beta: See Figure B-3 

Gaisma; None 

Bremsstrahlung: 

(1) Photons produced from '^Sr beta in '^SrTiO- Matrix 

Bremsstrahlung Within AE energy group 
energy group, Mev Photons per beta particle Photons w"^ see"-*-

1.009 x 

l*.Ol+l* x 

2.195 X 

1.31*8 X 

8.81*5 X 

6.03I* X 

1*.217 X 

2.993 X 

2.11*1 X 

1,537 X 

1.103 X 

7 .871 X 

5.571 X 

3.895 X 
2.678 X 

10-2 

10-3 

10-3 

10-3 

lo-'* 

lo- '* 

10-^ 

lo-'^ 

lo-'^ 

lo- '^ 

lo-'* 
10-5 

10-5 

10-5 

10-5 

5.55 
2.22 

1.21 

7.1*1 

l*.86 

3.32 

2.32 

1.65 
1.18 

3.1*5 

6.07 

1̂ .33 
3.06 

2.1'+ 

1.1*7 

X 1 0 ^ ° 

X10^» 

X I O ^ " 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 1 0 9 

X 10" 

X10» 

. 1 0 « 

X 10" 

X10« 

0.020 

o.oi*o 

O.C6O 

0.080 

0.100 

0.120 

0.ll*0 

0.160 

0.180 

0.200 

0.220 

0.2l*0 

0.260 

0.280 

0.300 

+ 0 .01 

+ 0 .01 

+ 0 .01 

+ 0 .01 

+ 0 . 0 1 

+ 0 .01 

+ 0 .01 

+ 0 . 0 1 

+ 0 . 0 1 

+ 0 .01 

+ 0 .01 

+ 0 .01 

+ 0 .01 

+ 0 .01 

+ 0 .01 

STROtlTOW OXIDE (Cont'd) 

0.1*1*1* watt/g of pure SrO (1*6.6̂  ̂ Osj. metal, 66.2 curies of 90sr/g) 

0.1*19 watt/g of average SrO (1*1*.0̂  90sr metal, 62.5 curies of 90sr/g) 

Alpha; None 

Beta: See Figure B-3 

Gajima: None 

Brems strahlung; 

(1) Photons produced frcm Sr beta in SrO Matrix 

Bremsstrahlung Within AE energy group 
energy group, Mev Photons per beta particle Photons w'-l- sec'''" 

0.020 + 0 .01 

0.01*0 + 0 . 0 1 

0.060 + 0 .01 

0.080 + 0 . 0 1 

0.100 + 0 . 0 1 

0.120 + 0 . 0 1 

0.ll*0 + 0 .01 

0.160 + 0 .01 

0.180 + 0 . 0 1 

0.200 + 0 . 0 1 

0.220 + 0 . 0 1 

0.21*0 + 0 .01 

0.260 + 0 . 0 1 

0.280 + 0 . 0 1 

0.300 + 0 . 0 1 

1.378 

5.523 

2.998 

1.81*1 

1.208 

8.239 

5.759 

l*.086 

2.923 

2.099 

1.505 

I.07I* 

7.60I+ 

5.315 

3.65!* 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-2 

10-3 

10-3 

10-3 

10-3 

lo-'* 

10-^ 

lo-'* 

lo-'^ 

10-"* 

10-"* 

10-** 

10-5 

10-5 

10-5 

7.58 
3.01* 

1.65 
1.01 

0.66 

0.1*5 

3.17 

2.25 

1.61 

1.15 

0.83 

0.59 
0,1*2 

2.92 
2 .01 

x l O ^ 

X10^° 
x l O ^ ^ 

x l O ^ " 

x l O ^ ° 

x l O ^ ° 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

X 10^ 

x l O ^ 

X I 0 8 

X I 0 8 



Brems^ilung Within ^ energy group , 

energy group. Mev Photons per beta particle Photons w'-l- sec'' 

0.320 + 

0.31+0 + 

0.360 + 

0.380 + 

0.1*00 + 

0.1*20 + 

0.1*1*0 + 

0.1*60 + 

0.1*80 + 

0.500 + 

0.520 + 

O.plJO + 

0 .01 

0 . 0 1 

0 .01 

0 .01 

0 .01 

0 . 0 1 

0 .01 

0 .01 

0 .01 

0 .01 

0 . 0 1 

0 .01 

1.801 

1.179 

7.1*1*8 

i*.i*g7 

2.559 

1.31*5 

6.333 

2.531* 

7.807 

1.1*72 

7.336 

0.000 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-5 

10-5 

10-6 

10-6 

10-6 

10-6 

10-^ 

10-^ 

10-8 

10-S 

10-^° 

0.99 X 10^ 

6.1*8 X lo ' ' 

1*.10 X 10^ 

2.1*7 X lo"^ 

1.1*1 X 10'̂  

O.7I* X 10'̂  

3.1+8 X 106 

1.39 X 10 

l*.29 X lo5 

8.10 X lo"* 

1*.03 X lo3 

w 
I— 
VJI 

Tota l bremsstrahlung energy, Mev/beta p a r t i c l e 9.92I+ x 10 

Bremsstrahlung Within AE energy group 
energy group, Mev Photons per be ta p a r t i c l e Photons w"^ sec"^ 

0.320 + 0 .01 2.1+58 X 10*5 

O.3I+O + 0 .01 1.609 X 10-5 

0.360 + 0 .01 1.016 X 10-5 

0.380 + 0 . 0 1 6.135 X 10 ' ° 

0.1*00 + 0 .01 3.1*91 X 10"° 

0.1*20 + 0 .01 1.835 X 10" 

0.1*1*0 + 0 .01 3.638 X lO""^ 

0.1*60 + 0 . 0 1 3.1*56 X 10"^ 

0.1*80 + 0 .01 1.065 X lO""^ 

0 . 5 0 0 + 0 . 0 1 2.007 X l O ' ^ 

0.520 + 0 .01 1.000 X 10-^ 

0.51*0 + 0 . 0 1 0.000 

1.35 X 

0.86 X 

0.56 X 

3.37 X 

1.92 X 

1.01 X 

0.1*8 X 

1.90 X 

5.86 X 

1.10 X 

5.50 X 

10" 

10" 

10« 

10/ 

10' 

10 ' 

10 ' 

106 

105 

105 

103 

Total bremsstrahlung energy, Mev/beta particle 1.1*11 x lO' 



STBOHTIUM TIIAMATE (Cont'd.) 

(2) Photons produced from ° ^ beta in " SrTiO, matrix 

Bremsstrahlung Within AE energy group 
energy group, Mev Photons per beta particle Photons w-l sec-l 

0.100 + 0.05 

0.200 + 0.05 

0.300 + 0,05 

0,1*00 + 

0,500 + 

o,6oo + 

0.700 + 

0,05 

0.05 

0.05 

0,05 

0,800 + 0,05 

0,900 + 0,05 

1,000 + 0.05 

1.100 + 0.05 

1.200 + 

1.300 + 

1.1*00 + 

1.500 + 

1.600 + 

1.700 + 

1.800 + 

1.900 + 

2,000 + 

2.100 + 

2.200 + 

0,05 

0,05 

0,05 

0,05 

0.05 

0,05 

0,05 

0,05 

0.05 

0.05 

0.05 

l*,537 

1,782 

9.1*56 

5.665 

3.613 

2.389 

1,611 

1,098 

7,1+93 

5.092 

3.1*25 

2.261+ 

1.1(60 

9.110 

5.1+31+ 

3.050 

1.576 

7,220 

2.76I* 

7.850 

1.239 

3.51*0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-2 

10-2 

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

lo- '^ 

lo- '* 

lo- '^ 

10-"^ 

10-^ 

10-5 

10-5 

10-5 

10-5 

10-6 

10-6 

10-^ 

10-"^ 

10-9 

2 .50 

0.98 

5,20 

3,12 

1,99 

1,31 

0,89 

6,01* 

1*,12 

2 ,80 

1.88 

1.25 

8.03 

5 .01 

3.00 

1.68 

8.67 

3.97 

1.52 

if,32 

6 .81 

1.95 

V ^ 0 - 2 

x l O ^ 

x l O ^ 

xlol° 
x l O ^ " 

x l O ^ ° 

x l O ^ " 

x l O ^ " 

X 10^ 

x 10^ 

X 10^ 

X 10^ 

X 10^ 

x lO® 

X I O ^ 

x l O ^ 

X 10^ 

X lo"^ 

X 10''' 

X 10'^ 

x l o 6 

X lo5 

X 10 

Total bremsstrahlung energy, Mev/beta particle 2.078 x 10 

STROHTIOM OXIDE (Cont'd.) 

Bremsstrahlung Within AE energy group 
energy group, Mev Photons per beta particle Photons w-l sec-l 

0.100 + 0,05 

0,200 + 0.05 

0.300 + 0.05 

0,1*00 + 0,05 

0.500 + 0,05 

0,600 + 0.05 

0.700 + 0.05 

0,800 + 0,05 

0,900 + 0.05 

1,000 + 0.05 

1,100 + 0.05 

1,200 + 0,05 

1.300 + 0.05 

1,1*00 + 0.05 

1.500 + 0.05 

1.600 + 0,05 

1,700 + 0,05 

1,800 + 0.05 

1.900 + 0,05 

2,000 + 0,05 

2.100 + 0,05 

2,200 + 0.05 

6.152 X 

2.1*15 X 

1,281 X 

7,671* X 

U.89I+ X 

3,231* X 

2 .181 X 

1,1*85 X 

l.Oll* X 

6,887 X 

l*,630 X 

3.000 X 

1.973 X 

1.231 X 

7.337 X 

i*.117 X 

2,125 X 

9.7I+O X 

3,728 X 

1,058 X 

1,670 X 

l*,768 X 

10-2 

10-2 

10-2 

10-3 

10-3 

10-3 

10-3 

10-3 

10-3 

lo- '* 

lo- '* 

10-^ 

10-"* 

10-^ 

10-5 

10-5 

10-5 

10-6 

10-6 

10-6 

10-"^ 

10-9 

3,38 

1.33 

0.70 

1*,22 

2.69 

1.78 

1.20 

8.17 

5.58 

3.79 

2.55 

1.65 

1.09 

0.68 

l*,Ol* 

2.26 

1.17 

5,36 

2,05 

5.82 

9.19 

2 ,62 

x l O ^ 

x l O ^ 

x l O ^ 

x l O ^ " 

x l O ^ " 

x l O ^ " 

x l O ^ " 

X lo9 

x lo9 

X lo9 

X lo9 

X l o 9 

X lo9 

X 10^ 

x l O ^ 

x l O ^ 

X l O ^ 

X 10'^ 

X lo"^ 

X I 0 6 

X lo5 

X 10 

Total bremsstrahltuig energy, Mev/beta particle 2.8ll* x 10 



STRONTIUM TITAMATE (Cont'd,) 

B,2.1* Compatibilit.y with Containment Materials 

Maximum Penetration, mils 
168 hr 500 hr 1000 hr 

Container 
Material 

Haynes 25 
Molybdenum 
Nionel 
Tungsten 
TZM 

Molybdenum 
Niobium 
Tantalum 
Tungsten 
TZM 

^ More data are a'vailable in 0RNL-U205, Sept, 30, 1967 (Confidential) 
-' and ORNL-U237, December 31, I967 (Confidential) 

3.2.5 Thermophysical Properties 

a. Density 

5,11 e/acd - density of pure SrTiO, 
5.03 g/cm - density of average SrTiO, 

b. Coefficient of thermal expansion 

a = 11,2 X 10' /°C (100-700°C) 
Data on inactive SrTiO, have been obtained up to ll*00°C. 
Such data are reported in 0RNL-l*0'+5, Sep, 30, I966 (Conf.) 

Traces 
No attack 

1,5 
Traces 
No attack 

No attack 
No attack 
No attack 
No attack 
No attack 

1000°C 

0.1 
No attack 

1.7 
0.2 

No attack 

1850°C 

No attack 

Traces 
— 

Traces 

No 

No 

NO 
No 

No 

0.2 
attack 
2.0 
1,5 
attack 

attack 
attack 
3.0 
attack 
5,0 

Specific Heat and enthalpy 

(1) 

(T is in °K) 

Specific heat in cal g' °C- , „ 
0.I5I* + 1.11 X 10-5 T - 2.1*9 X 10'̂  T" 

(2) Enthalpy in calories/mole , „ 
HT - HOQQ = 28.23 T + 0,88 X 10"^ T 

"^^ + 1*,66 X 105 T-1 - 10,058 
(T is in °K) 

STRONTIUM OXIDE (Cont'd,) 

Classified: See USAEC Reports No. ORNL-l*l89, June 30, I967 
(Confidential) and 0RNL-l*2O5, Sept, 30, I967 
(Confidential) 

uensiijy 
1*.7 g/cm'̂  - density of pure SrO 
1*.63 g/cn3 - density of average 

Coefficient of thermal expansion 

13.92 X 10-6/°C (20-1200°C) 
Data up t o ll+00°C are repor ted in 0RHL-l*0l*5, Sep, 30, I966 
(Conf,) 

Specific heat and enthalpy 

(1) Specific heat in cal g"-̂  ''c-''' , , 
0,117 + (1,22 X 10-5 T) - (1.50 X lO-* T" ) 
(T is in °K) 

(2) Enthalpy in calories/mole , , 
Hm - HpQfl = 12,13 T + (0.03 X IQ-^ T ) 

^„ + (1.55 X 105 T-l) - 1+192 
(T is in K) 



STRONTIUM TITAHATE (Cont'd.) 

d. Temperatures of phase transformations 

(1) .Melting point - 1910°C 
(2) Boiling point - 2500-3000 C 

e. Latent heats of phase transformations 

^ fusion (not available) 
AH •vaporization 71 kcal/mole 
(calculated from Trouton's rule) 

f. 'Vapor pressure 

g. Thermal conductivity 

(1) SrO:Ti02 = 1.00 

The following equation was derived frcm data 
by a method of least mean squares. The data 

7 covered the range 350 to 9OOOC. Useful 
00 range of equation is 200 to ll*00°C, 

1/k = 55.76 + O.0673T °K cal cm"-"- sec-''" "c-""" 

Temperature, 
°C 
aoo 
1*00 
600 
800 

1000 
1200 
11*00 

Thermal, conduc t iv i ty , •> 
c a l cm"-̂  sec'-^ °C-1 

o .ou i* + 0.0015 
0.0099 + 0.0003 
0.0088 + 0.0001 
0,0078 + 0.0001 
0.0071 + 0.0002 
o.oot>5 + 0.0003 
0.0060 + 0.0003 

'•Determined on theoretically'dense pellets of stoichiometric 
SrTi03 with a composition of 51,03 'rt ̂  SrO, 1,92 wt '̂  BaO, 
2.1*2 wt ̂  CaO, 0,28 wt % MgO, and 1*1*.35 wt i, TiOp simulating 
a freshly prepared Hanford product. More data sure available 
in OR!IL-l*045,Sep, 30, I966 (Conf.) and 0R!«'L-l*081t, Dec, 31, 
1966 (Conf.). Data on thermal conductivities of SrTiO, 'with 
excess TiOg available in 0KHL-1*131, March 31, I967 (Conf.). 

STRONTIUM OXIDE (Cont'd.) 

d. Temperatures of phase transformations 

(1) Melting point - 2l*57°c 

(2) Boilins point - 3227 C 

e. Latent heats of phase transformations 

i& fusion 16.7 kcal/mole 
AH 'Vaporization (not a'vailab.le) 

f. Vapor pressure 

1* -1 
log P = ZfPl X 10 T + 13.12 
(T is in K and P is in atm) 

g, Theraal conductivity 

(1) SrO = lOOS 

Tlie following equation was derived from data 
by a method of least raecm squares. The data 
covered the range 350 to 9OOOC, Useful 
range of equation is 200 to lU0O°C, 

1/k = 109.51 + O.O916T °K cal cm'-'" sec"''" "c-""" 

Temperature, Thermal conducti'vity,'* 
°C cal cm-^ sec-l °C-1 

200 0.0066 + 0.0006 
1+00 0.0058 ;̂  0.0003 
600 0.0053 + 0.0001 
600 O.OQl+a + 0.0002 
1000 0.001*1+ + 0.0003 
1200 0.001*1 + O.OOOl* 
ll*O0 0.0038 + O.OOOl* 

'"•Determined on theoretically dense pellets of SrO with a 
composition of 91,69 wt % SrO, 3,1*6 wt $ BaO, U.3I* 'Wt ̂  
CaO, and 0,51 wt ̂  MgO simulating a freshly prepared 
Hanford product. More data are available in ORNL-U13I, 
March 31, 1967 (Con.f.). 



STRONTIUM TITAHATE (Cont'd.) 

(2) Thermal conductivity of various SrO^TiOg compositions 

See Figure B-5 

h. Thermal diffusivity 

Temperature, Thermal diffusivity,'* 
°C cm^/sec 

200 0,0151 
1*00 0,0121* 
600 0,01C7 
800 0.0093 

1000 0.0083 
1200 0.0075 
lUoo 0.0068 

•Calculated by di'Viding the thermal conductivity 
by the product of the specific heat and the density. 

i. Viscosity: Not a-vailable 

la j. Surface tension: Not available 

VO 

k. Total hemispherical emittance: Not available 

1, Spectral emissivity: Not available 

m. Crystallography 

Cubic: a = 3-899 kX 

STRONTIUM OXIDE (Cont'd.) 

(2) Thermal conductivity of various SrO-TiOg compositions 

See Figure B-5 

h. Thermal diffusivity 

Temperature, Thermal diffusivity,'* 
°C cm^/sec 

200 0.0122 
1*00 0.0103 
600 0.0091 
800 0.0080 

1000 0, oar2 
1200 0.0066 
lUoo 0,0060 

•Calculated by dividing the thermal conductivity 
by the product of the specific heat and the density. 

i. Viscosity: Not available 

j. Surface tension: (Determined for KgO) 
1200 dyn/cm 

k. Total hemispherical emittance: Not available 

1, Spectral emissivity: (Determined for BeO) 

Total emissl'vlty Temperature, C 

0,36 1000 
0.1*6 11*00 
0.50 1800 

Small amounts of impurities such as carbon or 
radiation darkening can increase these values 
significantly to ~ O.9, 

m. Crystallography 

Cubic - face centered: 
a = 5.1396 kX 



0.014 

0.002 
10 20 30 

TIO„ WEIGHT PERCENT 

Figure B-5. Thermal Conductivity of Various Sr0-Ti02 Compositions. 
Obtained by interpolating the data for stoichioinetric 
SrO, Sr2TiOî , SrTiO^ and TiOg. 
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STRONTIUM TITANATE (Cont'd) 

6 Solubilities 

See Figure B-6 

7 Mechanical Properties 

a. Hardness: Not available 

b. Crush strength: (Determined on CeTiO,) 19,100 lb/in 

c. Bend strength; 1*3 lb/in 

8 Chonical Properties 

a. Heat and free energy of formation, entropy 

(1) Heat of formation 

!iH°j. = -399 Kcal/mole 

(calculated from available data) 

(2) Free energy of formation 

•iF°̂  = -379 kcal/mole 

(calculated from available data) 

(3) Entropy 

s" „• =26.0 eu 

STRONTIUM OXIDE (Cont'd) 

Reacts with water or HCl and dissolves. The leach rates were determined 
for SrO using ̂ 'Sr tracer. Values were obtained for a 2l*-hour period in 
static distilled water. The average of six values is 1.35 + 0.38 g cm 
day"-'- (confidence limit at 95% level). The leach rate detemined by 
weight loss Tieasurement of hh-q samples in flowing distilled water (l*.l* 
cm,min) was I.U9 g CE"- day" . Leached SrO appeared to be completely in 
an ionic form.'* Solutions passed in millipore filter (O-l̂ j) left no 
deposlte. Data on dissolution rates of SrO pellets are available in 
ORN3:.-l*131, 31 March 1967 f CONFIDENTIAL). 

a. Hardness: 3-5 mohs 

b. Crush strength: Not available 

c. Bend streng;th: Not available 

a. Heat and free enertry of formation, entropy 

(1) Heat of forpat i^n 

.41° = -ll*l 0 Kcal,mole 

(2) Free energy of formation 

-AF = -133.'? Hoal/nole 

(3) Entropy 

S°a98 = ^3.0 eu 

* McHenry, R. E., ORNL, Personal Communication, August I967. 
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^W STRONTIUM TITAMATE (Cont'd,) 

b. Chemical reactions and reaction rates 
(oxygen, nitrogen, water, steam, 
hydrogen, liquid metals, other) 

(1) Oxygen - no reaction 
(2) Nitrogen - no reaction 
(3) Water - decomposes 
(1*) Inorganic acids - soluble 

B,2.9 Biological Tolerances 

Same as listed in Table I, Section B.l,9 

B,2.10 Shielding 

Figures B-7 to B-10 present the Bremsstrahlung dose rates from 
90sr power sources of 100, 200, 500, 1000, 2000, 5000, 10,000, 
and 20,000 watts with iron, lead, and uranium shielding. 

w 

STRONTIUM OXIDE (Cont'd.) 

b, ChemicaJ. reactions and reaction rates 
(oxygen, nitrogen, water, steam, hydrogen, 
liquid netals, other) 

(1) Ojcygen - no reaction 
(2) Nitrogen - no reaction 
(3) Water - form Sr(OH)g 
(1*) Inorganic acids - soluble 
(5) CO2 - reacts to form SrCOj 

Same as listed in Table I, Section B.l.9 

Figures B-11 to B-lV present the Bremsstrahlung dose rates from 
90sr power sources of 100, 200, 500, 1000, 2000, 5000, 10,000, 
and 20,000 watts with iron, lead, and uranium shielding. 
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Figure B-7. Bremsstrahlung Dose Rates from Unshielded Isotopic Power 
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Figirre B-8. Bremsstrahlung Dose Rates from Iron-Shielded Isotopic Power 
Sources of Strontium-90 Titanate. Center of source to dose 
point separation distance = 100 cm. 
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Figure B-11. Bremsstrahlung Dose Rates from Unshielded Isotopic Poxrer 
Sources of Strontivmi-90 Oxide as a Function of Distance 
from Center of Source. 
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Fijure B-lU. Bremsstrahlung Dose Rates from Uranium-Shielded Isotopic 
Power Source of Strontium-90 Oxide. Center of source to 
dose point separation distance = 100 cm. 
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