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ABSTRACT

Comparison is made between the principal physical- i
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We1ght§ of component materials were compared for two 60 W(e) raéio-
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o A three dimensional ocean diffusion model is discussed and
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SUMMARY

The Problem

Strontium-90 oxide is an appealing substitution for strontium-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 enviromment and its biological implicatiomns.

The Findings

Each of the oxide and titanate forms 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 1.06 to 1.5 than an
equivalent titanate capsule. In case of accidental fuel release in the
form of fine powder, doses from the oxide particles would be higher by
a factor of about 1.6 than titanate particles of equal size. When
deposited in a human gastrointesctinal tract the oxide dissolves fast
and subjecte the bone to a 1.6-72 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 56% of “hose from oxide particles of
the same size. Titanate particles, 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
environnient were obtained from a modified version of the three dimen-
sional. Carter-Okubo diffusion model, These resulis included calculations
of contaminated volume, ellipsoid dimensions, amount of radiocactivity,
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 important 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.

‘l' iii
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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
90Sr, 210po and 23%pu., 1In addition, approximately 17 other isotopes
have been considered. Strontium-90 in the form of SrTi0O, has been
used successfully as a source of heat in the following radioisotopic
generators:(1) Sentry, SNAP 7A, B, C, D, E, & F; 17A, B; 21; 23;
RIPPIE Ja&b; ITa&b, Milliwatt 3000, LCG-25 A%B, AGN (URIPS) and AT
(3 watt). Strontium-90 oxide, on the other hand, has previously been
utilized only in the NUMEC units operated outside cf the U.S. for
terrestrial application. The essential characteristics of these
generators are given in Appendix A.

Due to the higher specific power of 90SrO relative to 9OSTTi0q,*
substitution of the oxide for the titanate as the fuel 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.

Since it is a strong B-emitting "boneseeker", 9OSr is one of the
more hazardous radioelements. Therefore, it is quite important to
evaluate the safely 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 characteristies of Sr0 and SrTiO4 of
considerable importance in SNAP unit development. Details of those
characteristics are included in Appendix B.

In Section II the weights of component materials 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. Calculations were based upon
directly usable information from the SNAP-23 reports by Westinghouse
Astronuclear Laboratory (WANL).

Secticn 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 d?v'sed by Carter & Okubo 3) and further developed and programmed
by NRDL describes: (1) the temporal and spacial radionuclide
concentration dependence in ocean water; (2) the volume of water within
a given concentration contour at any given time; (3) a time-averaged
volume within which the radionuclide concentration is equal to or
exceeds a pre-specified level; and (4) the total activity inventory
within any concentration envelope. Vaughan et al 2) 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.




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

Inasmuich 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

COMPARISON OF PHYSICAL AND CHEMICAI, CHARACTERISTICS OF
STRONTIUM-90 OXIDE AND STRONTIUM-90 TITANATE

Property SrTiO3 Sro

Thermal Both favorable at opera-

-

Stability ting temperatures
encountered in marine and
terrestrial devices
Solubility Very lov solubility rate Rapid reaction with

water for all fuel
pellet sizes typical
of SMAP units

in Seawater for fuel pellet sizes

typical of SNAP units

Compatibility
with Encapsulants
Less favorable

a. Haynes 25 More favorable

b. Molybdenun
¢, Tungsten
d. Nionel

e. TZM

Specific
Power

Volume per
watt (t)

Thermal
Conductivity

Equally favorable g

Less favorable
More favorable

More favorable

Less
.

Equally favorable

0.232 watt/g

0.86 cm3

Much more favorable

(4

0.417 watt/g

0.52 cm3

Much less favorable
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From Table 1 it is apparent that both 2°SrTiO. and °Sr0 have
respective advantages as fuels. Their physicochemical characteristics
alone cannot, therefore, serve as a basis for preference of one over
the other.

II. MATERIAT.S 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 (SrTiO3 and Sr0). Although this criterion is not
of utmost importance, it doés merit consideration. The savings acquired
by utilizing the oxide as fuel depend on the particular radioisctopic
thermal generator (RTG) design cansidered. Furthermore, the design of
a Sro-fueled generator if optimized for thermal-to-electric conversion
efficiency will be different from that of a SrTiOs-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 compcizants found
in SNAP-21. and SNAP-23 systems. Figure 1 is a sketch of such a2 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 §rTiO3 system had been selected for parametric
shielding studies by VANL(5) ai a part of the SNAP-23 development
program. The graphical display obtained in the WANL work was necded to
provide shielding and insulation data for this comparative study.

Several assumptions have been made and are listed below:

(1) For 90SrTiO3, 4 inch diameter fuel pellets were chosen. WANL
determined this diameter to be the best compromise betwe?g present
engineering capabilities and weight reduction of the RIG ) system.

82) The length to diameter ratio necessary to produce 60 watts (e)
for P98r0 fuel will be the same as that of the 90SrTi0, fuel. 1In
accordance with the WANL parametric shielding datalT) Buch ratio was
chosen as 1.722.

(3) Thickness of the shielding may be minimized at the expense of
more insulation because this minimizes the total weight of the system.(8

(4) The amount of shielding is such that the exposure dose rate at thz
surface is 200 mrad/hr or 10 mrail hr 100 cm away from the surface,
whichever is greater.
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TABLE 2

DIMENSIONS OF 60-WATT(e) P5r0 AND 9OSrTiO3 CAPSULES

Dimensions (cm)

Material SrTio ¥ ST0

1L oD S oL 1D oD oL
Fuel 10.16 17.50 8.58 14.79
Hastelloy C 10.16 11.94% 20.54 8.58 10.36 17.83
Titanium 11.9% 12.16 20.76 10.36 10.58 18.05
Shielding 12.16 27.56 35.86 10.58 25.98  33.15
Copper 27.56 29.hh4  38.h1 25.98 27/.86 35.70

Stainless Steel 29.4h  29.70 38.67 27.86 28.12 35.96
Insulation 29.70 69.70 68.67 28.12 68.12 65.96

¥Reference 5




(5) The different volumes of SrTiO, and SrO require the same
thickness of shielding and insulation. “Such an assumption will give
the maximum difference in W?i%ht between a SrTiQ3 fueled, and a Sr0
fueled generator. Arnoldts 9) data show an average ratio of 1.04
between the uranium shield needed for a SrO source and that nseded for a
SrTi0O, 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.

Shield Thickness, Cm

Source

3:2?? 1 100W 200W 500 W 1000 W 2000 W 5000 W 10,000 W 20,000 W
Sro 6.4 7.0 7.7 8.3 8.8 9.5 9.9 10.25
SrTiO3 6.2 6.7 7.4 7.95 8.4 9.15 9.4 9.8
Ratio 1.03 1.0h 1.04 1.0k 1.05 1.04 1.05 1.04

(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 SrTiO
and Sr0 fueled generators. Table L4, in analopous fashion, compares tge
component weights. The savings in replacing the titanate with an
oxide heat source appear to be approximately 20% on the average.

III. SAFETY EVALUATION

Comparison between safety aspects of 9OSrO and 9OSrTiO3—fueled
sources can pe 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 specificalliy 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.
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TABLE 3

VOLUMETRIC COMPARISON OF 60-WATT(e) CAPSULES

Material ](32731)?3’ SrTiO5 Fuel - Volume (cm3) Sr0 Fuel - Volume (cm3)
(R) (A) (R) (A)

Hastelloy C 8.94 540.7 + 3ko.b = 881.1 391.k + 256.1 = 6k7 .5
(R) (4) (R) (a)

Titanium 4.5 85.62 + 25.54 = 111.16 64.52 + 19.33 = 83.85
(R) (A7) (Ap) (R) (Ar) (Ap)

Shielding 17 .4 9968.3 «+ Lh12.2 + 4501.1 = 18971.6 7977.6 + 3920.8 + L079.8 = 15,978.2
(R) (A7) (Ap) (R) (Ar) (Ap)

Copper 8.9 3016.6 + 1299.5 + L35.4 = U751.5 2634.0 + 1163.8 + 390.0 = 4187.8
(R) (a) (R) (A) ,

Stainless Steel 8.16 463.7 + 180.0 = 643.8 Lor.8 + 161.4 = 569.2
(R) (1;?) (2p) (R) (Ap) (Aﬁ)

Insulation 0.32 120,695 + 76,272 + 38,136 = 234,701 108,669 + 72,853 + 36,427 = 217,949

*(R) - Radial; (A) - Axialj (AT) - Axial, Top; (AB) - Axial, Bottom




TABLE L

MASS COMPARISON OF 60-WATT(e) CAPSULES

Material

SrTiO3

Mass, kg Mass, 1lb

Mass, kg Mass, 1b

Sr0

Weight, Si;//Weight, X 100

Capsule

SrTi03 Capsule

Hastelloy C

Titanium

Shielding

Copper

Stainless Steel

Insulation

7.88

0.500

330.12

42,29

5.25

75.10

17.37

1.103

727.88

93.25

11.58

165.61

279

0.377

278.0

37.27

L.6Y

69.74

12.76

0.832

613.0

82.18

10.24

153.8

73.4%

T5.4

gh.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) Eventuzl 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 toc the atmosphere.

Implantation of a terrestrisl unit is nct expected to cause any
adverse predicament beyond the release of an intact fuel capsule even
under the most severe conditions., On the other hand, implantaticn of
a marine unit may result in burial of the capsule in ccean bottom
material which could subseguently 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 io stand temperatures up to 2200°F. Such
temperatures are attained in fires of fossil fuels.

This brief discussion of the exposure modes to 90SrO and 9QSrTiO
sources indicates three situations should be considered: (1) irradia%ion
from an intaci{ capsule; (2) exposure to fuel released into the atmospherc;
and (3) exposure of marine organisms to fuel released into seawater.

ITI.1 1Intact Fuel Capsule

Interpolation of Arnold's bremsstrahlung dose rate curves from
unshielded isotopic sources of 90Sr0 and 90SrTi0; as a function of
distance from source center ylelded the data in Table 5. The data show
that overexposure from a 9Osro capsule would be 1.06 to 1,5 times higher
than overexposure from a 90srTi0 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 powver
increases. This is obviously due to the higher bremsstrahlung
attenuation in the bulkier titanate sources.
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TABLE 5

COMPARISON BETWEEN BREMSSTRAHLUNG DOSE RAT%S FROM UNSHIELDED

ISOTOPIC SOURCES OF 9Psro AND 2

SrTiO3

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

1M 2 M 3 M LM 5 M 6 M 7T M 8 M 9 M 10 M
éigdz’ 1.8x10° 4.5x10" 2.0x10% 1.2x10% 7.2x103 5.1%10° 3.8x10° 2.9x10° 2.2x10° 1.8x10°
;gia:éte 1.7x10% b.1x10" 1.8x10" 9.7x10° 6.2x10° U.hx10> 3,3x105 2.6%10°5 1.9%105 1.7x10°
Ratio 1,C6 1.10 1,11 1,24 1,16 1,16 1,15 1,12 1,13 1,06

50 I
g;gdg’ 3.7x10% 9.0x10" 4.0x10" 2.3x10" 1.6x10" 1.0x10" 7.6x105 5.8x10° b.6x105 3.6x103
igiaﬂéte 3,0x10° 8.0xloh 3.6x.10h 2.0xlOu L.3xloh 8.8x103 6.3xlo3 4.8x10° 3.7xlO3 2.9x103
Ratio .23 .13 Lil _ Li5 1.3 ik l.pL 1.1 1.8§ _1.g%
290 8.8x10° 2.3x10° 1.0x10° 5.8x10° 3.7x10" 2,7x10" 1.9x10° 1.6x10" 1.2x10" 9.0x10°
[ 24 = L
e . 7.0x10% 1.7x10 7.8x10" 4.3x10" 2.7x10" 1.9x10" 1.hx10° 1.1x10" 8.5x103 6.8x103
Ratio 1,26 1.35 1.28 1.35 _1.37 b2 1,36 1.45 : 1.41  1.32
égggew’ 1.8x10° 1.4x10° 2.0x10° 1.1x10° 7.0x10" 4,9%10" 3.7x10" 2.8x10° 2.1x10" 1.7x10"
: - I
égggnZ%e 1.3%10° 3.6x10° 1.6x10° 8.3x10" 5.3x10" 3.8x10" 2.8x10" 2.2x10" 1.7x10" 1.3x10"
Ratio T30 1.2 L1.55  1.33 .3 L.A5 1.3 L.57  L.5F _ 1.31
giigew’ 3.7x106 8.8x10° 3.9x105 2.2%10° l.le05 9.8xth 7.2x10b 5.6xth h.SXth 3.ux10h
ggiini%e 2.7%10° 7.0x10° 2.9x10% 1.6x10° 1.0x10° 7.3x10° 5.4x10" 4.0x10" 3.2%10" 2.5x10"
Ratio 1.37 1.26 1,34 )..38 1,5 1.3k 1.33 1.40 1.3k 1.36
200 8.3x10% 2.0x10° £.8x10° 5.0x10° 3.2%10° 2,3x10° 1.7x10° 1.2x10° 1.0x10° 8.0x10"
3?22n§%e 6.4x10° 1.5x10° 6.7%10° 3.6x10° 2.3x10° 1.7x10° 1.2x10° 9.1x10" 7.3x10" 5.8x10"
Ratio 1.30 1.33 1.31 1.39 1.39 1.35 1.42 1.32 1.37 1,38




TABLE 5 (Cont'd)

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

1M 2 M 3 M LM 5 M 6 M 7T M 8 M 9 M 10 M
éggggo Wy 3 .sx107 3.8x10° 1.7x10° 9.1x10% 6.0x10° 1.2x10° 3.1x10° 2.3x10° 1.8x10° 1.5x10°
égiggth’ 1.1x107 2.8x10° 1.2x100 6.3%10° L.0x107 2.8x10° 2.1x10° 1.6x10° 1.3x10° 1.0x10>
Ratio 1.36 1.36 1.42 1,44 1.50 1.50 1.48 1,440 1.38 1,50

9 & [ [S
gg;ggo W o.ox107 6.9x10° 2.9x10° 1.7x10° 1.1210° 7.3x10° 5.5x10° L.2x10° 3.3x10° 2.7x10°
g?iggftg’ 2.1x107 1,0x10° 2.1:10° 1.2x10° 7.1x10° 5.0x107 3.8710° 2.9x10° 2.3x10° 1.9x10°
Ratio 1.38 1,41 1.38 142, 1.55 1,46 1.45 1.45 1.43 1.42




I1I.2 Fuel Release to the Atmosphere

Fuel release to the atmosphere by (1) 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 g
long period of time,

II1.2.1 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
9Osro particles would be slightly higher than those delivered by equally
radioactive 90SrTio .particles due to the attenuation of the 8'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., 0.4kl (W/g of oxide)/0.2525 (W/g of titanate)
= 1.76 or 0.419/0.2335 = 1.79 for the average oxide and titanate (see
Appendix B).

On a per cm3 basis, i.e., ratio of doses delivered from equal size
particles of oxide and titanate is 2,09 (W/cm3 of oxide)/1.29 (W/cm3 of
titanate) = 1.62 or 1.94/1,17 = 1,66 for the average oxide and titanate
fuel.

I1I.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 905r0/90srTi0, particles reach the GI tract (according to recommen-
dationf 85 the Intérnational Commission on Radiological Protection
(zcrp)\d %Oare (1) for soluble 99Sr, the bone while (2) that for
insoluble 7YSr is the lung and the lower large intestines (LLI). Hence,
for oxide particles 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 propertiies of
the oxide or titanate which affect the distribution of the radiocactivity
er the skin surface.
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of oxide and titanate 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 U4 and 10 minutes respectively
for particulates of all classes,(1l) 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 fracflon (9%) of the soluble
Psr absorbed in the GI tract reaches the bonell 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
m1n1mum 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 20SrTi0, of mass M, grams and radius r cm
in time t days can be calculated as Tollows: The leaching rate is
proportional to the surface area of the microsphere. Hence

%% = - R(hnre) (1)
but M=U/3 nr3p (where p is the density in g/cm3)

™M g (hﬂ)l/3 (3M)2/3 (2)

at - ;2/3

Taking p = 5.03 g/cm3, equation (2) becomes

M _ 36473 R M2/3 (3)
dt
The solution to this differential equation is
3
M = (Mol/ 3 . o.5491 Rt)

3
- (m,Y3 ~ s.u01 x 1o’l*t> (1)

The amount leached is = Mo - M. " ‘




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

Stomach (s) 1 hour
Small Intestine (SI) 4 hours
Upper large Intestine (ULI) 8 hours
Lover Iarge Intestine (LLI) 18 hours

Total 31 hours

More recent work, however,(lh’ls) indicates that the values for ULI
and LLI should be increased to 13 hours and 31 hours respectively.
These datz bring the total residence time to 49 hours.

Furthexrmore, studies conducted at the Argonne Cancer Research
Hospital(15) using 13%Cs microspheres showed that the transit time
varies widely among individuals. For the "average" subject, 36% of
the dose remained in the GI tract on the thirdé day after ingestion,
2.5% on the fifth day and < 0.1% up to the eleventh dzy. In view
of these discrcepancies solubility data were calculated for 1, 3 and 5
days of residence in the GI %ract and relative hazards from the oxide/
titanate particles of different sizes were calculated. It can be seen
from Table 6 that the relative hazard to the bone varies from 1.6 to
T2 depending on the particle size gnd the GI transit time.

The hazard to the GI tract itself should also be considered.
Strontivm-90 oxide particles wouwld most probably dissolve completely
in the stomach and mix with its contents. Therefore, the radiation
dose to the stcmach walls would be diffused and it can be considered
negligibie. At lower points in the tract, where contents become fluid
and wheore walls of the intestine are no longer distended, relatively
higher doses may be encountered. On the other hand, intact titsnate
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 particle" dose to the sensitive layer of the GI tract located
300 under the surface. This naturally represents the worst possible
case. Table 7 shows calculated dose rates to an area of 1 cmc 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 maximum allowable yearly dose of
15 rems to a limited area of the GI tract.(10) within these few hours
the particle size can be considered practically constant.
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TABLE 6

COMPARISON BETWEEN DISSOLVED AMOUNTS OF 2CSrTiO
90sr0 IN THE GI TRACT

AND

3

Original Mass of Dissolved Dissolved Ratio of
Particle Time, Mass of Titanate Titenate Oxide Oxide to
Diameter, u Days Titanate, g QRemaining, g Activity, Ci Activity, Ci Titanate
5 1.00 0.3292e-09 0.2857e-11 0.1136e-07 0.1893e-07 0.1667e 01
10 1.00 0.2634e-08 0.5776e-09 0.7155e-07 0.151ke-06 0.2116e 01
20 1.00 0.2107e-07 0.1086e-07 0.3553e-06 0.1212e-05 0.3410e 01
50 1.00 0.3292e-06 0.2572e-06 0.2507e-05 0.1893e-04 0.7550e 01
100 1.00 0.2634e-05 0.2335e-05 0.1040e-0" 0.1514e-03 0.1457e 02
200 1.00 0.2107e-04 0.1986e-04 0.4211e-04 0.1212e-02 0.2877e 02
500 1.00 0.3292e-03 0.3217e-03 0.2621e-03 0.1893e-01 0.7222e 02
5 3.00 0.3292e-09 0,000 0.1146e-07 0.1893e-07 0.1652e Ol
10 3.00 0.2634e-08 0.000 0.91€6e-07 0.151ke-06 0.1652e 01
20 3.00 0.2107e-07 0.1391e-08 0.6848e-06 0.1212e-05 0.1769e 01
50 3.00 0.3292=2-06 0.1456e-06 0.6389e-05 0.1893e-04 0.293e 01
100 3.00 0.2634e-05 0.1802e-05 0.2895e-04 0.151ke-03 0.5231e 01
200 3.00 0.2107e-04 0.175k4e-0k4 0.1228e-03 0.1212e-02 0.986ke O1
500 3.00 0.3292e-03 0.3065e-03 0.7918e-03 0.1893e-01 0.2391e 02
20 5.00 0.2107e-07 0.5926¢c-1h 0.7332e-06 0.1212e-05 0.1652e 01
50 5.00 0.3292e-06 0.7214e-07 0.8946e-05 0.1893e-0k4 0.2116e 01
100 5.00 0.263ke-05 0.1357e-05 0.4hlhe -0k 0.1514e-03 0.3408e 0L
200 5.00 0.2107e-0k4 0.15hk1e-04 0.1970e-03 0.1212e-02 0.6150e 01
500 5.00 0.329%2e-03 0.2917e-03 0.1305e-02 0.1893e-01 0.1451e 02
*e-07 = 1037
*%e 01 = 10




TABLE 7

DOSE RATES DELIVERED BY 2°SrTiO., PARTTCLES AVERAGED OVER
1 Cil® AREA AT 300p DEPTH IN TISSUE

Particle Diameter, p-Dose Rate,
_ 5] rems/hr
-1
10 1.1% x 10
20 9.48 x 107+
50 9.48
100 8,06 x 10t
150 2.37 x 10°
200 5.21 x 102
250 9,48 x 109
300 1.52 % 103
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It is worth mentioning here that a particle of 90Sr0 has to
be about 60u in diameter to be able to deliver, when completely dissolved
in the GI tract, 2 microcuriesof 99Sr 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 90Sr0 particle
necessary to supply the maximum permissible bone burden of Ogsr.

Two 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,

IIT.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)l/g) of 10u.
Foioaverage 9OSrTiO3 fuel this is equivalent to an actual diameter of

/5.03 or about hu.(ll) 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 assumed lung residence time of weeks
for class W type particles to which OsrTi0, can be assigned,(ll) it
can be assumed that the particle would dissolve completely distributing
roughly 56% as much 90Sr to the different body organs as would a 90sr0
particle of equal size. On the other hand, it would have delivered

(as an intact particle) about 0.2 rads of B dose to the lung before
complete dissolution.

JIT.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 such a 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 9OSr as recommended in reference 12
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In the absence of experimental data for a direct comparison of

Sotential hazards resulting from equivalent marine sources of 90sro and
OsrTi0 , an ocean diffusion model is used to describe the temporal and
spatial distribution of the radioactivity. Such a model must be capable
of: (1) differentiating between an instantaneously soluble source of
activity, the 905r0, and a continuous, slowly soluble source, 0SrTiOs,
(2) calculating volumes of weter contaminated to different activity
levels, time durations over which such contamination lasts and amounts
of activity ecnclosed within isoconcentration contours., With such
information at hand the second area of concern, i.e., the biological
inplications can be estimated,

Several ocean diffusion models, most of which are two-dimensional,
have beendeveloped. Smith 10) summarized these models and compared
their characteristics, A more recent, comprehensive survey of existing
two and, three dimensional diffusion models revealed that the Cartfer-
Okubol3) model was the only three-dimensional ocean model for which data
vere zvailable 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 modecls which assume a completely
uniform distribution of radiocactivity along the third dimension (vertical)
regardless of the water depth.

I1I.3.1 General Description of the Carter-Okubo Model

The bas

asic differential eguation in the Carter-Okubo model may
be written as:(3)

2 2 2
85y (v -ayv-0z)2 . 4254228 4,95 (5)
ot o v 277 3x XBXQ yéyz ZBZE

where s(t,x,¥y,2z) is the concentration in Ci/m3. This differential
equation represents an ocean turbulence system which consists of both
large and sme2ll scale eddies. The large scale eddies are represented
by the @ and & terms, and the small scale eddies by the.A_, A and A
terms., z y 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 Omeza terms may hence be regarded as constant horizontal
(Qy) and vertical (Qz) shears (velocity gradients) which introduce
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inhomogeneity into the differential equation. The horizontal shear Q
determined from dye tests is, in general, much larger than the verticdl
shear Q,.

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

v = VvV, - ny - Q2 andvy =V, =0 (6)

The small-scale eddies arise as a result of internal mixing.
Since this effect is small, and is assoclated with times which 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 Ay, Ay and A,.

I11.3.2. 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 term, Vg
from equation (4) by the method indicated above, i.e., by taking a
coordinate system moving with velocity V, in the x direction. As an
initial condition the total amount of radiocactivity M (in curies) is
assumed to be instantaneously released from the origin at time.t = O.
By then assuming & small perturbation §(x).5(y).5(z) where the operator
b6 represents the dirac delta function, Fourier transform%n§, and
integrating over infinite space, a solution is obtained: 3

s(t;x,y,2) = (7)

1
x" 2 (1+B..,t2 )y2+(1+BZt2 ).22 + @) y¥izz Yex '+ Ne Zyzte—’ b

: [ )
M exp {" LT(I+8t2) LAz T iy o s )
3/2 3/2 -
8x A/AxAyAZ t JI + Bte

2 2
1 fayA QZAZ>
where B = 15 (_%;4[+ ""K;‘
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0 - _J:Qy Ay+_}_Qz A,
Y 3 AX 12 AX
Q e 9) 2A
B = 1 vy + 1Lz "z
z = 12 A 3 A
X pd

It may be observed from equation (7) that for given valucs of
s and t the solution is guadratic 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 with time. Equation (7) also
states that the dimensions of the principal axes will be functions of
AX)Ay’AzJQyJQz and lime,

In applying such an instantancous rclease model, the assump-
tion is made that the fuel is infinitely soluble in sea water, i.e,, once
a fuel capsule is broken open the fuel is assumed to be completely
dissolved, This assumption will, of ecourse, 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.3.21 NRDL Instantancous Digital Computer Code

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

I11.3.2.12 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 form 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 48-6183,
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where:
2 Mo
Cs,t = -Ut(1+Bt") 1n (

(8)
s 8n3/2 JAxAyAZ t3/2A/l+Bt2 )

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

y
5 v 3t o= 1 (9)

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

The -volume of the ellipsoid is then expressed by:

vV = % n abc (10)

The volumec as a function of time may be obtained from
equation (10) by utilizing the relationships expressed in equations (12),
(13) and (14) where the coefficients in the determinants A and B are
defined by the following generalized quadratic equation and by equation

(8).
(allx +a,y + a) 52 + alu)x + (aElx *ay,y 8532 + agu)y (11)
+ (a3lx + 830 + 8332 + a3h)z + (aulx +a oyt 8),42 + ahh) =0

2

a° - -4 (12a)
A3 D
2 1 A
= -5 (12b)
@ = - %— A (12¢)
D
1
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ition of C ihe expression for tho volume may be written

(1)

Thz effect of the rizen velocity term v (i.¢., current) on thc voluue cf
coataninated waler, can be checlked by performing the follewinz steps:

[

(1) fssumc & fixed coordinate system x related to the moving
: 1
il 0

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

(3) Evaluate the determinants A and B in terms of the new
coefficients aij(k)'

(4) Cancel all like terms and solve for the volume.

The result of this exercise leads identically to equation (14). It
may thus be stated that the volume of the patch is independent of the
mean curreat 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), ray be
caleculated from eguation (14) by choosing S = D, A volume vs time
curve may then be obtained from equation (14) by caleculating the volume
at various times, from t = O to t = T (where T represents some specified
time of interesct).

111.3.2.1b Time-Averased Volume Colculaiion

A time-averased volume representing concentrations greater
than a specified concentration (1 MPCC for zxample) may be calculated
by integrating eaguation {14) over the time of intcrest, T, as follows:

T Ty ( Mo 3/
— 1 2 i 2> - o S ___,T)) 9
V=== { Vat= 22_?5; t 14867/ In o elx i Atz £707 [ /14BEY Loat o (16)
T 37 R - ~L
0 - to 1/5
1/2
D7 (¢)
This integration is performed numerically in the NRDL instantancous
digital compuler projrom by dividing the viwme lncerval T into W equal
parts (T = NAt), calculating the volume V; at each At increment, surming
and averacing:
N N
= 1 1 i\
Voo ) Voot =2 vy 1
i=1 i=1

I1I.3.2.1e Calculation of the Ellipsoid Dimensions

The principal axes of the contaminated ellipsoidal volume
may be found by solving_ the characteristic cquation defined by the
following determinant:




a1p-» 812 813
a5, a50-M 853 =0 (18)
a3l a32 a33-K

The resulting equation (18) may be obtaincd by defining the
coefficients ajj from equations (8) and (11) and expanding the
determinant.

(;; lfivtz . l+§§t2> A2 (19)
y
2 2 2 2
(~-—> +<“;j (T (L )(E-Eyﬁ-)—(z\i)(%i)-(f%%)(?%f—)? »

2 .
Ly(LiBye 2) 148,17 A, A >< 00 t2><b32>_( 1>ro,ozt2> <th,§d<l+th2>
—— s J - ———— ]
iy 2hy A Vhhy 2hy Ag,
_ ( 1+B t2>] 0

The characteristic eigenvalues of the matrix (A 12 E’X ) 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 (12a), (12b), and (12c).

I1X.3.3 Continuous Point Source Ocean Release

The continuous ocean diffusion model assumes that radioactive
fuel in a slovly dissolving fcrm has been deposited in the ocean and is
continuously releasing radioactivity. This situation exists in the case
of SrTiO3 fuel, A mathematical model and a digital computer code which
calculates the distribution of the radicactivity 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 volume, dimensions, and
fractional smount of radioactivity present within a given concentration
isopleth.

I11.3.3.1 NRDL Continuous Digital Computer Code

The Carter-Okubo solution to the instantaneous point source
problem has been employed as the ‘kernel in a time integration to obtain
the concentration field in an infinite ocean enviromment 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 twe source
conditions,

a. The source may be assumed to move with the water at the
velocity Voo

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

Case (a) would correspond approximately to the practical

problem of a source mounted on a freely moving buoy whereas case (b) might
pe 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 mathematics for semi-
infinite environments have yet to be developed and we may expect to
obtain some useful approximation from the infinite ocean assumption.
The present NRDL Continuous Source Ccde 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 with origin at the source location, that 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 Si(R,x',y',z',7)
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!

X VOT X
1
Yy = ¥
z = 2z

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

R 1
S (R,X-'V Ty¥s2 T) = exp {_
I oTs¥s2, 3/2 dﬁ;z—_;'TB/e VEIE;Z V" Ly (1+Br2)

2 2y 2 2, 2 >
[(evor)” , (Byr)y”  (BprT)z | Qyyinzz) Gevgt)t | oyogr lg]}

fx Ay Ay Ay 2hy

This may be written more compactly in the form

Rew| - L(%C(/l++Br}3vrj)ZT .
S (R)x -V T:Y)ZJT) = 3/2 3/ (20)
S SUANN AxAyAZ 1S fL4Bre
where
x2 y2 Z2
O = =+ I— it - (21a)
TR TR,
2vx nyy szz
a_.A+AX+Ax (21v)
By® B2 v (oyi z) QO.yz
+ 22y z, Y (21c)

7 =
R A, ok

To obtain the concentration field resulting from a continuous se uence
of instartaneous sources R, we employ a Duhamel type 1ntegral 18 ?

T
S(X)Y)Z:T) = Jﬁ R(T'T)SI(X'VOT:V;Z:T) dr (22)
(@]
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The independent time variable T is measured from the time of placement
of the continuous source,

ortant to corr2ctly interpret this reosult in terms of
the source pror i=zs, In the most general scnse we have a transient
concentration field, Hcwever, the time dependence of the source
strength will remain elmost constant during the period of time T
required for the conceniration to reach a steady state in the field of
interest. This quasi steady state condition applies for the case of
interest and forms the oasis of the present NRDL code, We are then
concerncd only with the steady siote concentretion and not the initial
transient,

It is imp
nery
el

The source time dependernce can be estimated from the considera-
tion oi the dissciution of a cylindrical element of radioactive
material. (19)

(Mol/ 3. ep)? (23)

~
i

A
H

where C is a constant dependent upon tho sclubilily of the material,
The source strength is then

R(D) = - 18 - 3 o (M oon)? (24)

ivity per unit rzss of the dissolving materisl,
i i{icd to resd

R(1) = (e + o1)° (25)
where
a - ﬁaﬂvxol/ 3
b - - /56K

For each position in space (x,y,z) the integrotion of (17) is
accomplished numerically to a time TO beyond which no further increase
in S results.
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The continuous code musti perform a large number of numerical
integrations of the instantaneous Carter-Okubo solution (Equation 16)
over time in order to obtain a continuous quasi-steady state solution,
The code presently calculutes sieady state concentration at points in a
20 x 20 grid in the yz plene, and scarches this grid to determine the
coordinates of specified isocorncentration contours., By then calculating
the arcas bounded by the isoconcentration contours, inerementing in the
x direction, calculatinz additionzl 20 x 20 yz grids for each new x
increment, and incegzrating over X, the volunes enclosed by selccted
isoconcentration surfaces ezre obtained, Hence, if x is divided into
20 increments cquation (10) musi e evaluzted muserically 8000 times
(20 x 20 x 20) in order to describe the steady stete concentration
field over the dacirzd rance ol concerivrotion.

The Nurerical integration over time coasists of taking both
constant snd variable timz steps.. The following figuce illustrates
this techrique,

.SI(tO) - T 7 I
l
= |
9 |
42
2
B
¢ |
[ 9]
£
8 |
\_—g\r__./t
Constant étqs time

This typical curve represents the conbribution at a particu-
lar spatial point from an instontaneous 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.

o 29



The constant time step increments are determined by estimat-
ing 2 time (t,) ncar the peak of the instantaneous concentration vs
time curve, This time is estimsted using the following equations:

A
t = 2 for x > —= (26a)
o~ Vg v,
2 2 A
. S Z_ ¢ e
ty, = Ve + EZ; + zhs for 0 < x < v (26b)
L | x
= — z 2> \
tO SK;;. + v, for x <0 (66(_,

”

Equation (2la) is usad. for relatively large values of X
wnere convection is the dominate mechanism for transpori of the radio-
active material, Equation (21b) is uged for caleculating concentrations
near the source. The first term in this equation is the amount of {ime
required for convection while the last {wo terms represent the time
nceded for diffusion in the y and 2z directions respccltively., For
diffusion in the nezative x direction (i.e., against the mean current
direction) the convection term nmust be substrected frem the diffusion
term (equation 21c). Each criterion for t_ has been chosen to ensure
that it will be larger than the time ac which the actual peak occurs.

The constant time step is then determined by

t _
Db, = —N—C’- for t < t (27)

vwhere N is the number of desired increments (usvally 100).
The use of a variable time step for t > t, reducss the

number of required calcuvlations by utilizing a time relaxation technigue,
The length of the time step is determined by

S1(%o
A‘ti = Ati_l 'géﬁ for t > tO (28)

vhere Sy(ty) is the instantaneous concentration at t, and SI(t) is the
concentration at time t.

Since SI(t) is always decreasing as time increases beyond t, and S(t,)

is the daximum instantanecous concentration, the time step will beccme
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 when
the integrated concentraztion changes by less than a predetermined
increment,

The contirnuous code may alsc be used to eveluate the inventory
of activity within isoconcentration contours and compare it to the total
aclivity rcleased by the source in the time T, required to reach steady
state,

ITI.3.4 Results

This section of the report presents the results obtained from
both instentancous ana continuous 'rc7eesco. The instantaneous cases
consldered zre tha relewsc of 7 ho x 10" and 1.ho2 x 105 Ci of 90sro
fromn 500 and 1000 watt kauuWGL espectively., A sample of the computer
plotted ocutput and vzlucs obtained from a pararetric study are incivded.
The results of a continuous releasc of T7.Lé6 x 104 ¢i of 9OSrT103 are
also presented.

III.3.k.1 Instentancous Relecce

sults obteined from the instsntansous code indicate the
existence of & relatively large vclume of conteininsted water containing
concentrations greszler than one IPCC czrly in the diffusion process,
Figures 2 through 5 present cexeuples of corpucer plothed ouvputs from
the instantarncous diffusion ccde. The problem solved simuletes the
instantanccus release of approximately 75,000 Ci of sr90 oxide from a
500 watt capsulie,

Figure 2 shows the volume of sea water contain ir; concentra-
tions equal to or greater than 3.4 x 1072 Ci/w3 (i.e., 1 MPCC of Sr90)
as a furiction of time. The values used for the cddy diffu ivities
(Ax:Ay:Az) and the horizental and vertical shears (Q, and Q,) vere
obtaired from empirical dzta representing August condltlons in the
coastal waters of the Cape Kennedy arza. Table 8 sumasrizes those data.

Figure 3 presents a plot of the percent of radiozctivity
contained within the 1 MPCC isopleth as a function of time. It may be
noted from this fisure that there are no concentrations greater than
1 MPCC after approximatcly 175 hours.
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IN CUBIC METERS
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Figure 2. Computer Plotted Output for Volume vs. Time
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Figures U4a through bc show the dimensions of the semi-axes of
the ellipsoid as a function of time, It may be observed from Figure he
that the C axis of the ellipsoid, which approvimately corresponds to
the vertical dimension z, 1s much smaller than either the A or B axes
vwhich approximately represent the y and x dimensions respectively
(Figures La and 4b),

I1I.3.4.2 Instantaneous Release Parametric Study

The results of a pwrametrwc study for instanlaneous point
source releascs of 7.4 x 10% Ci, and 1.492 x 105 of Sr90 oxide have
been obtazined., Tnv obghctlve of this study wes Lo determine the effect
of cmpirical constants (Q 20g5 A, sA, ) on the instantaneous model.
Fach of the cnnivienl ﬂonwbantm uag ch°n3pd vhile holding all the other
constantz, The rLath“ ovtained were comparzd to a standard instantan-
eons dififusion solution in which the values of the empirical constents
represeniced August conditions at Cape Kennedy.

e

The values cbtained fror th» parverzirie study are svmmarvized
niicates the 0n73 parameter which

Teble 9, Column one of this table i

was varied from its standard value., The values of ezch variable

recorded in Table 9 wers those correspending to tne time tp,, at vhich
the volume within the 1 MPCC suxrface wzs a msxirum. The other quantities
recorded in Tevlie § are defined as Follows:

:or = Thne facsor by which the standard
icd in oxder to obtain the new value

T = The time beyond which no concentration greater than
1 MPCC exists (1 MPCC = 3.Lx10-2 ¢i/w3).

a, b, and ¢ = The principal semi-axes of the ellipsoidel
aminatel Jume .

contaminated volume at tmax

It may be observed from Table 9 that the maximum volume of
contaminated water coniained within a 1 MPCC isoconcentration surface
is constant for a given souwrce, This result implies that the maximun
volume is a constant which depends only on the armount of radioactivity
released, and the specified isoconcentration surface. The following
analysis was performed in order to verify that the maximuam volume is
independeont of the empirical constants in the Carter-Okubo instantancous
model.
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B AXIS IN METERS

INSTANTANEQUS RELEASE OF 74578 CI DO=1 MPCC
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C AX1S IN METERS
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‘ TABLE 9

CHARACTERISTICS OF MAXIMUM VOLUME ELLIPSOIDS
(Instantaneous Releasc)

T g > 1r — 3 Semi-Axis, m

Parameter %uLzl;* tmax’ Hrs. o T, Hrs, Voex? T < 2 .

aCLOY  BTRW LKW 0.5 KW LKA 0.5 R L AW .5 T T KW .5 KA LKW .5 RW 1 KW
Standard** a6 127 175 231 6,76%x108 13.5:x108 21,700 33,000 900 1,030 8.26 9,u7
Qy=2.38 - L8 64 €8 116 ? " L3, 000 65,600 335  38Lh 11.20 12.82
Qy=23.8 -- 19 26 5 L5 " " 106,000 165,000 20k 231 7.45 8,4
0y=119.0 - 10 13 18 2L " " 203,000 30h,0C0C 7 170 5.40 6,23
Qy=238. - 8 10 1k 18 " " 277,000 403,000 126 147 L.62 5,40
Qy=23€0. -- 3 L 5 7 ! ) 1.052107 1.53x107 78 93 1.97 2.26
0,=0.0 0 507 8056 1379 2171 " A 2,060 2,60C 2,066 2,600 37.8 47.6
N,=2,38 1 237 315 437 570 " " 8,500 13,00C¢ 1,411 1,630 13.4 15,2
Q,=119 5 51 67 g2 121 " " 41,70¢ 63,000 650 748 5.9 6.85
0,=2308 10 28 51 69 Q2 " v 54,400 83,400 559 650 5.21 5.95
n,.=2380 100 1 20 27 36 " " 136,000 208,000 360 412 3.30 3.77
A, =1k, .01 %) 127 175 231 i v 21,700 33,000 900 1,030 8.20 9.46
Ay=1k0 1 ab 127 75 231 " " 21,700 33,000 900 1,030 8.25 9.k
Ay:=7, 000 5 g6 127 175 221 " " 21,700 33,000 895 1,030 8.30 9.50
A, =1k,000 10 95 126 17h 230 " " 21,600  32,70C 89k 1,030 8.39 9.56
A,=140,000 100 85 118 168 226 " " 19,900 31,200 8k 995 9,59 10.h1
Ay=1h .0l L2 319 Lo 581 " " 86,800 121,000 L2 18L 13,06 15.0
Ay=1ho L1 153 201 277 366 " " 43,600 65,800 358 411 10.36 11.9
Ay=7,000 5 70 92 127 167 " " 13,400 20,300 1,713 1,970 7.02 8.07
AL=14,000 10 61 80 110 ks " " 10,860 15,400 2,268 2,610 6.56 T.45
Ay=1ho,ooo 100 38 50 69 92 ! " 5,213 7,530 5,890 7,120 5.26 6.02
A=, 00h7 .01 605 800 1095 1ik5 b m 31,500 L7,800 2,466 2,840 2,08 2.38
A, =.047 .1 2L2 319 Lho 581 " " 27,200 Li,200 1,434 1,649 4,14 L, 75
A,=2,35 5 51 67 02 121 " " 18,700 28,200 ého  7h7 13.3 15.3
A, =h.T 10 30 51 €9 92 " " 17,200 26,400 568 647 16.5 18.8
A =hT 100 15 20 27 36 " " 13,600 20,800 360 Li2 33.0 37.8

¥Multiplication Factor
*%See Table 8 for values of standard parameters



The volume (V) was expressed analytically as a function of
time, differentiated with respect to time, and the derivative set equal
to zero to obtain tpzy. Resubstitution of iy, in the volume expression
gives:

v - 4 My e-3/2 J27/8
m

ax = constant (29)
35 1/2 D,
s 20 .
for M, = 74,600 Ci of Sr”" oxide
Do = 1 MPCC = 3.Lx107° Ci/m3
<100 13
Viax = 6.76x10" n

which is the same result obtained.from the NRDI, instantaneous digital
conputer code (Table 9).

As a result of the parsmetric study svmmarized in Table ©
the following gencral concludions were drawn,

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

2. The anmount of time required to reach a maximum volume
and the time during which concentration greater than or equal to the
specified MPCC level persist are sensitive to the values used for the
empirical constants.

3. Tho empirical constants affect the overzll shape:of
the ellipsoidal volume,

Other more specific conclusions which depend upon the range
chosen for the empiricsl 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 paramcter,

2. The horizontal shear, ., 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, (,, affects the time duration of
the radioactive pool more than any of the other empirical constants.

. Changes in roduce a strong cffect on the b semi-
axis, which approximately coincides with the y-axis.

5. Changes in Ay produce a strong effect on the C semi-
exis, vhich spproximately coincides with the Z-axis.

The effccts of these diffusion parameters on marine radio-
contawination will be discussed in Section IV.2.

ITI.3.4.3 Continuous Release

Althoush thke cortinuous digital corputer code has not been
fully campleted it has been pocsible to caleuletve the veolume and
dimensions of the contsminated pool. Thete resulis are obtained after
the quasi-cteady state conditions, previously discusssd, have been
achicved. The contanlnaled water ypool vill hence remain at o {ixed
location in the oczzn for a prolonzed period of time (years) due to
the slcwly discolving 9OSrTiO3 fusl.

Figure 5 presents the results obtained for a 7.46x10° Ci
SrTiO3 source. The folle.inz observation mey be made from this figure.

l. The guasi-steady tises are less than ons hour for the
continuous case.

2. Tne volures contained within isoconceniration contours
are much smaller for the continuovs sclvtion thaa thasy arc for the
correspunding instantancous solubtion.

3. The ellipsoidal shepe of the isoconcentration sur-
faces are very slightly irregular for the continuous solution.
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IV. BIOLOGICAL IMPLICATIONS OF THE INSTANTANEOUS RELEASE OF 90Sr-OXIDE
INTO CALIFORNIA COASTAL MARINE ENVIRONMENT

This part of the study complements the ocean diffusion analysis
developed under Section ITI.3. Its main objective was to estimate the
level of contaminaticn among certain important marine biota resulting
from an instantareous release of 7.46x10% curies of Psr (a 500 watt
source of 905r0). Vauzhan(2) carried out this study for California
coastal weters, a typical environment where a marine radioisotopic
generator might be vsed for example to pover acoucstic davices for
navigational purposes. This section suwmmerizes Veughan's vork(2) ard
includer resulvs of a paramatric study corpleted by the authors using
Vaughen's Migratory Marine Organism Contaminatica Mcdel.

I¥.1 Surrery of Bioclozical Eifects on California Marine Orgenicsms

1. The yearly catch of fich and shellf sh in Czlifornia in 1965
zzounbed to about €& million Kg, of vwhich 21 million K¢ were benthic
organisriz. The balznce consisted of pelaci f’Jt* feed; and car-
niverss. For this m2jority, typiczl) raaloqt ontivm eoncentration factors

are as follors:

Bone 200
Scales 10
Viscera 1
Musele 0.3

2. Most of the catch is esten dir ecol§. A £mall but not negli-
gible rraction is used in procescing fish rezl and Tish protein concen-
trate. Manhzden, tuna, mackerel, herring and sardlne (211 pelagic)
comprice tne bulk of fish used for this purpos Radiostrentium is
readily exchanreable in nost of the coft ti:sae of these fishes. This
is not the case; hovever, with mineralized tissues vhich comprise about
10% of the total beiy weight.

Athouazh bone concentration factors may be as hish as 2C0,
one contamination level is not exyescted to excesd that of the soft
issuve due to the limited duration of the contaminated pool in the
stantaneous rclease case (as can te seen in Section III.3 above).

b ot o

n

3. The amount of kelp harvested per year is estimated to be
56 million Kg. Seewecds such as kelp concentrate radiostrontium
significantly achieving ecuilibrivm concertration in a few days.
Their concentration factors vary from 3 to 27. The ccwmor01al interest
in seavesds is the extraction of alginic acid and alginates from
Macrosystic (kelp) and agar Trom Gelidium cartilagineum (red algae).
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During the extractive processes one may estimate that at least 90%
of the 08r will be eluted, based on binding studies in this Laboratory
on the green algae, Ulva,

L. The amount of radioelement (Rp) taken up by a marine organism
can be calculated as follows:

Ry = R(t) - c(t) - F(V,) (30)

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

R(t)- = E“V-% (31)

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

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

c(t) = ¢ (1-e7) (32)

where C_ 1is the concentration factor mentioned under 1. above, k is a
constan% applicable to soft tissue, and t is the time in days during
which the fish is exposed to radioactivity, where -duration of tne rool
is comparatively long.

For most migratory fish and for the zooplankton monitored in
Operation Swordfish a value K = 0.4 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, which may for some
organisms be slower than the uptake. For migratory fish, this kinetic
expression will apply to at least 90% of 9Osr taken up.

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

Rv,) = GY (33)
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Qnere Ve 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, with 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 with 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 volume
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(Vy) value of 0.6 for zooplankton. The radioactive
pool size was larger than any reasonable migratory volume in this case.

The three parameters in equation (30) above were calculated by
Vaughan to estimate radiocontamination in soft tissue of pelagic fish
(Rp) resulting from an instsntaneous release of 7. 46x10% ¢i of 99510,
Volumes of contaminated water pools and amounts of activity contained
within isoconcentration contours were calculated by the instantaneous
release rnodel described under Section III.3 above, Two points in
time were chosen; 7 hrs and 24 hrs post release, Table 10 presents
the results obtained, Examination of the data in this table reveals
the following:

1. Ry is independent of the average concentration (R). Higher
values of R across inner shells are approximately offset by lower
interception fraction for these smaller pools.

2. Rp for 24 hours is about 3 times higher than its value for
7 hours as a consequence of the three-fold increase in residence time
of fish in the radioactive pool.

3. Radiocontamination levels in the migratory fish are negligibly
mall in relation to the water contamination level (=82 cpm/cm3 water
for 1 MPCC), and they would 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"

RADTOCONTAMINATION IN SOFT TISSUE OF PELAGIC FISH

Percentage of

Average

. Volume of . T Concentration Interception Uptake Radioactivity
%soconcentratlon Contaminated Ra41oact1v1ty Within Contour, Fractlon** Factor in Tissue
Contour, MPCC With the 2

Water, cm3 Contour dpm/cm3 dpm/gm
R F C Re = R.F.C.
At 7 hrs post release
1 17 x 1077 9. 0.97 x 100 33 x10° 0.033 1 x1072
10 10 98. 1.6 20 " 1
100 L.2 89. 3.5 8.2 " 1
1000 0.5 31, 0.4 .2.5 " 1
At 24 hrs post release
-6 -
1 13 x lO12 98. 1.3 x th 25 x 10 0.099 3 x10 2
10 5.1 85. 2.8 10 " 3.
100 2,1 11, 0.9 b1 " 0.3
1000 0 - - - -

*Copied from reference 3
*¥*¥Assuning 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 scaweeds similarly cannot be
expected to show 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 probavilistic in the sense that a few of the migratory fish to which
it is applicable may show higher or lowcr radioactivity because of
variations from typical migratory patterns; i.e., a few may remain
wholly inside the pool, and some other may remain wholly outside,

IV.2 Erfect of Diffusicn Parameters on Radiocontamination in Soft
Tissue of Pelagic Fish

Under Section III.3.4.2 it was cbserved that varying the empirical
diffusion parameters resulted in changes of the time duraticn and
physical dimensions of the contaminated pool. This section of the
report evaluates the effect of thesc changes on marine radioconsaminatiion
as calculated by the Migratory Marine Organism Contamination Model
prescnted in Section VI.1., Since the major objective of this paramelric
study was to determine the sensitivity of the model, the range of values
used for the empirical constants dces not necessarily reflect what might
be realistically measured in California coastal waters. The parameters
used for the standard case (sece Table 8) were measurcd in the coastal
waters near Cape Kennedy, and were used by Vaughan in obtaining the
values appearing in Table 10 of Section 1V.1l.

In evaluating the marine radiocontamination model a time averaged
amount of radioactivity in the soft tissue of pelagic fish, Ry, was
calculated, The authors consider Ry, to be more meaningful than Re
calculated in Section IV.l. In the case of R. the calculation is made
for a specific time which to scme extent is arbitrary (for example
7 hours in Section IV.1). In Rp the amount of radioactivity is averaged
over the duration of the radioactive pool, T, as follows:

T
ﬁf = %—L F(v,) R(t) c(t) at (34)
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It may be obscrved from Table 11 that the value for ﬁf in th

standerd cese (.032 dpm/em) is greater than R, at 7 hours (0.01 dpm/gm)*
but approximately ecuel to Re st 24 hours (0.03 dpn/gm).*

Examination of Table 11 leads to the following conclusicons:

1.

radiocont

2.

3.

strength,

L,

A, is the most effective parameter in terms of the marine

aninztion.

Ay is very insensitive,

The values calculated for Rf arc nonlincar with source

Althouzsh the diffusion paremeters affect the Jimensions and

timz duration of the redicactive pool the effect of thuss parameters
on Re is rclevively smsll.,  In the casc under considaration a factor
of lese than 7 may be observ:d over the full A, range.

¥Sce 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 Multiplication T in Hours Re, dpm/gn
Varied Factor LS KW 1 KW .5 KW 1 KW
Standard 1 175 231 0.032 0.07h
Q = 2.38 - 88 116 0.021  0.051
Oy = 23,8 - 35 L6 0.010 0.025
Qy = 119 - 18 24 0.0058 0.015
Oy = 238 - 14 18 0.0044 0,012
Qy = 2380 - 5 7 0.0018 0.0048
Q, = 0.0 0 1379 2191 0.041  0.084
Q, = 2.38 1 L37 579 0.045  0.096
Qg = 119 5 92 121 0.022  0.052
Q, = 238 10 69 9 0.018 0.043
Q, = 2380 100 27 36 0.0083 0.021
Ay =1k .01 175 231, 0.032 0.07h4
Ay = 1o d 175 231 0.032  0.07h4
A, = 7,000 5 175 231 0.032 0.074
Ax = 1k,000 10 17h 230 0.032 0.07h4
Ay = 140,000 100 168 226 0.029 0.069
Ay = 14 .01 hho 581 0.046  0.097
Ay = 140 d 277 366 0.039 0.087
Ay = 7,000 5 127 167 0.027 0,064
Ay = 14,000 10 110 5 0.025 0,058
Ay = 140,000 100 69 92 0.018 0,043
A, = 0047 .01 1095  1kb6 0.053 0.109
A, = .07 .1 4o 581 0.046 0,097
A, =2.35 5 92 121 0.022  0.052
A, = k.7 10 69 92 0.018 0.04k4
A, = b7 100 27 36 0.0083 0.021
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V. CONCLUSIONS AND RECOMMENDATIONS FOR ADDITIONAIL AREAS OF INVESTIGATION

V.I CONCLUSIONS

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

1. The physico-chemical characteristics of 9OSrO and 90Sr'I‘iO
cannot, alone, serve as a basis for preference of one over the other as
a fuel for terrestrial/marine radioisotopic power units,

2. Replacing the titanate with an oxide-fueled unit of the same
power saves about 20% of the component materials for a typical radio-
isotopic unit.

3. An unshiclded intact 9OSrO fuel capsule delivers 1.06 to 1.5
timcs higher doses than an equivalent 9OSrTiO3 capsule.

4. Skin doses from oxide particles are higher by a factor of 1.76
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 oxide particles dissolved in the
GI tract is 1.6 to 72 fold higher than that from titanate perticles
of the same size, depending on the particle size and GI transit time,
On the other hand, even ihe smallesi{ titanate particle is capable of
delivering, in a nal.er of hours, doses in excess of 15 rems (the
maximum allovable yearly dose) to a limited area of tissue if it settles
on the GI epithelizal lining., This problem does not cxist with the
(soluble) MSro psrticles,

6. The maximum alloweblie yearly dose to the GI tract can be
exceeded from a titanate particle of a smaller size than that of an
oxide perticle necessary to supply the maximum permissible bone burden
of 9sr.

7. A titanate particle of the maximum size deposited in the deep
lung delivers about 0.2 rads of B dose to the lung while dissolving.
When dissolved (in a little over a day) it would have delivered about
56% as much 9sr 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 Capc Kennedy, the Carter-Okubo diffusion model predicts that for an
instantaneous point source relecase of 7.46x10% fi of 905r0 the maximum
volume contained within a 1 MPCC isoconcentration surface will be
6.76x10 m3. The dimensions of the semi-axis of this maximum ellipsoid
are 21,700 m, 900 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 90SrTiO,, from an initial fixed point source
of 7.46x10% Ci, there will be a steddy state 1 MPCC bounded ellipsoid
volume of 40O 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 90Sr0 release

would result in a relatively large contaminated pool which will last

for a short period of time while a 9OSrTiO3 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 7.46x10% C¢i 903r0 source dimensions
ranged from 1.05x107 m to 5,213 m, from 5,890 m to 78 m, and from 37.8 m
to 1.97 m along the approximate x, y and z axis respectively.

10, Based on an NRDL Migratoery Marine Organism Contamination
Model, the radiocontamination levels in the migratory fish resulting
from an instantaneous release of 7.46x10% Ci (500 W(t)) of 90Sr0 are
negligibly small in relation to the water contamination level for
typical radiocactive pool duration times, and they would remain so even
if the pcol lasted long enough for 100% uptake,

11. Although the diffusion 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. The time averaged amount of radioactivity was found for
example to range from 0.0083 dpm/gm to 0.053 dpm/gm when the eddy
diffusivity in the vertical direction was varied over 4 orders of
magnitude,

V.2 RECOMMENDATIONS 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 answered. 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
environment. This enviromment is never fully realized because of
boundry effects at the sea surface, thermocline, or bottom. This
assumption is justified because the vertical dimension of thes patch
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is small, with respect to the horizontal dimensions. However, in the
case of a shallow vater releace the boundary conditions should be
considered. It is hence recormended that a mathematical framework

for handling boundary condition problems in a turbulent ocean envirorment
should be developed.

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

3. The rature of the ecolugical relationship between deep sea
biota ari man'c fcod chein hzz not received adequate study. Recent
work shcws that flsgelleated unlcellq are zbundant at depths of 2000
meters end beloi;,. The relation of these unicells to organisms of
other trophic levels is not clear. Initially deep sea colleccting
procedure. sultszble for prescrvetion of the bicta of these aud dif-
ferent trophic levels should ve developed.

G .
. On-going work ¢a the sbsorption of J Sr on vocean bottom
material indicates that the linmitv or solubility of Sr ions in scavaler
is about 200 mg/liter. Any excess strontium ions in solution combine

vith suiphste, carbenete, soluble orgenic coupovads, and possibly ovhex
anions to form vrecipitates. In the presence of ocesn bottom material,
the Sr ilon concentration is reduced fvther. The date obtalned to
date indicate that aboub 25% of the Sr is absorbed.

As to the conseguens~s to the bwolo«y of the zurroundinzs, most
existing knosledre is vaued on correletive laluvimativa, e.g., stinu-
lation of priravy preoiuctivity in arens of upwellirg. The litereture
should be searched I S prroacltas. Both microscopic, frec-

:AGI'
swinming Torms end large oc z
sediment by burrcwing--voula be expected to accelerzte movemeni of
radioclenent from th

om
& Sediment'ry dec 33t into the -ater. shozatory
simulation expoerimont

orguniun=~=ynich disturb ths boltom

In regard to varticulste matter in the pelagic region, particles
less than one micron can be expected to adhere by various adsorption
mechanicems to the mucilazinous outer coat of wany phytoplankton,
varying from 1 to 50 microns in eize, ILarger radioruclide articles
will sediment, ard some loss of the adsorbed sraller psrticles will
occur by fecal "pellet processing” (by the zooplankton). ILaboratory
experiments to determine the binding of particulate radionuclide by
phytoplankton should be carried cut.
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5. Unlike pelagic species, no hazard evaluation from contaminated
shellfish appears in this report. Although determining the uptake of
Psr in both the edible and unedible portions of shellfish would seem
feasible, no studies of this problem are yet available.

6. The effect of the upteke of radiostrontium by a particular
branch of animal or plant life on the biological balance has not been
evaluated. Meaningful ecosystenm models cannot be constructed presently
because informetion is inadequate on specific food webs, representative
species are varisble, and their nunbers are not accurately known. At
high activity levels crude estimates of the degree of biclogical unbal~
ance can be made from existing data. Fish, in particular are quite
radiosencitive in early erbryocnic steges but not later. JApparently
authoritative Russian research claims that 90Sr concentration of 10-11
to 10-12 Ci/liter is critical for the development of sea figh ezgs in
the hyponcuston layor. To our knoeledge, experinents specifically
designed to assezs alteration in ypopulation dynamics of an ccozystem
have not been done in the U.S. Even if the Russian findings were
true, the volune of conteminated -weber concidered in our study is
relatively so smzll that any effect of radistion on the ecosysten would
not be significant.
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APPENDIX A

CEARACTERISTICS OF THE STROKTTUM-90 TITANATE-
FURLED RADIOISOTOPIC GENERATORS

A-1



TAELE A-I

STRONTYUM TTITANATE-FUELED RADIOISOTOPIC GENERATORS

Amount of | Total Design | pest, FOVER SYSTEM ORLECTRICS Biological

o esign — - olog

Generator ectrical Thermal | Electrical No, of | H. J. C. J. Encapsulant

Fuel Weight Output Life Voltage Output Output Efficlency x Material Couples | Temp.* | Temp.,** Shield

SENTRY 17.5 Xci{ 1,680 1bs 5 W 2 yrs 3.5-4v i W 42w 3.6 % PbTe 60 453% 53% Hastelloy C| Cast lead
SNAP-7A b0, 8 KCi [ 1,870 Wbs | 10 W 2 yrs 6 vias6.5 W 10 W 2.6 % PbTe 60 182°% 65° Hastelloy C| Uranium
SNAP-7B |225 KCi{L4,6001bs| 60 W [l0yrs {20 v|1klo W| 60 W b3 % PbTe 120 |535°% | 93°% | Hasterloy c| Urantum
SNAP-7C 40 Kci{1,8%0 vs| 10 W 2 yrs 5 Vv|2% W{| 10 W 2.6 % PoTe / 453°%¢ £ Hastelloy C| Uranium
SNAP-TD |22k Kci|h,6001bs| 60 W | 2yrs |20 v|iso w| 60 w L3 % PuTe 120 |535% | 93°% | Hastelloy C| Uranium

¥

N SNAP-TE 3L Kcif6,0001bs| T7.5W 2yrs | 45 v|198 W 7T W 3.5% PbTe 60 | 437°% |143°% |Hastelloy C| Cast Iron
SNAP-TF |225 kCi|L4,6002bs| 60 W |10 yrs P £ 60 W ¢ PbTe 120 535% 93° | Hastelloy C| Uranium

* Hot Junction Temperature
#* Cold Junction Temperature

# Classified or nor available
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TABLE A-1 (Cont'd)

STRONTIUM TITANATE-FUELED RADICISOTOPIC GENERATORS

Amount of Total Design | .. . POWER SYSTEM THERMOELECTRICS Biological
ount o ] s esign G = = T ologic:
Generator Electrical Tnerma) | Electrical No. of | H. J. | C. Je Encapsulant

Fuel Weight Qutput Life Voltage Output output Efficiency ‘ Material Couples | Temp,*| Temp,** Shield
SNAP-17A # 10 1bs 10 W | 3-5 yrs # £ ¢ £ £ ¢ £ 4 / p;

t
SNAP-17B ¢ 101bs} 10 W | 3-5 yrs £ ¢ ¢ ¢ ¢ { £ / 4 4
swap-21 | 30 Koi| 507 1bs! 0 w |5 yrsges  v| agpw | 126H 6.7 4 PbTe 4 1555 15.93% | Hasteiloy C| U-8% Mo
At B0L# o 730°C ¥
*
smap-23° | 185 xciljggoes| 60 W |10 yrsfeu  v| H 44 i i Ao i 44 i
RIPELE 3.4 kci] 600 bs| 01 W | 5 yrsf 3l ogw | Q-1i- 2-5 BiyTe :odules 235% | u7°c | DEMORO %gingsten
IIT 3.4V 0.80 W 2.8 % 3 50 each alloy "C Alloy)
Steel,outer
g%mﬂ'r 20 KCil2,800 bs| 2.5 W |5 yrsfh3 v £ 2,5 W £ Bi,Tey 192 | 215% | 51°% | Hastelloy ¢ 'rungsi:en,
inner

1CG-25A | 100 Kkci|3,000 1bs| 25 W |5 yrsfe.6 vl 680w 25 W 3.7 % PoTe 28 u90°% | 115% | Hastelloy C 1‘&‘?5;““
1CG-25B 100 KCi3,000 lbs| 25 W 5 yrsi <4 Same as LCG-25A >
AGN 5] 0 Uranium
(URIPS) 6.9 KCi] 8001bs| 1 W {5 yrsfa2h  V, W T0W 2.2 % BijTe, 72 |204°c | 23°C | Hastelloy C (or lead)
AL 250- ) o
(3 watz) | * 1,50 1s| 3 ¥ |5 wsp S 4 F 4 5iGe F | 5907C | 937c f f

#See Table A-III
*See Table A-IV
#Classified or not available
f#System under development

£Beginning of life



TERRESTRIAL SNAP GENERATOR PERFORMANCE ANALYSES*

TABLE A-IT

_ Power w(e) Hours of b

Generator Design Average® Operaticn Kw-hours
1. Project Sentry L7 3.9 43,800 171
2. SNAF 7A 10 7.8 39,400 308
3. SHNAP 7B 60 56 29,160 1,650
4. smaP 7C 10 7.8 41,600 346
5. SHNAP 7D 60 57 35,000 2,000
6. SNAP 7E 7 6.6 25,000 231
7. SHAP 7% 60 57 14,000 800

TOTALS - -- 237,960 5,506

* Morse, J. G., Proceedings of the Isotopic Power Generation Conference,
Peper No. 21, Harwell, England, September, 1966.

a . ~
Time average--date of fueling to 1 May 196€.

Based on the time average.

A-k
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TABLE A-IIT

CHARACTERISTICE OF SNAP-23 SYSTEMS*/

NOMINAL POWER LEVEL
SYSTEM CHARACTERISTICS LOW 25% [ 100W

BOL £ EOL £4f BOL ECL BOL EOL BOL EQL
Operating Characteristics
Heat Source Thermal Power (w) 21k 167 500 390 1168 910 1830 1430
Heat Losses (w) Lo 37 90 66 179 129 200 130
Heat to T/E Converter (w) 165 130 k1o 324 989 781 1630 1300
Electrical Output (w) 13 10 33 23 79 60 130 100
Heat Rejected by Radiator (w) 152 120 377 299 910 721 1500 1200
Overall Efficiency (%) 6.15 6.0 6.54 6.4 6.75 6.6 7.1 7.0
Thermal Efficiency (%) 77.2 78.0 82 83 8h.7 86 89 91
Converter Efficiency (%) 7.97 7.7 7.97 7.7 7.97 7.7 T.97 7.7
Avg. T/E Hot Junction Temp (°F) 1075 880 1075 880 1075 880 1075 880
Avg. T/E Cold Junction Temp (°F) 210 180 210 180 210 180 210 180
Load Voltage (v) 10 10 2L 2L ok ok 2L 24
Load Current (amps) 1.3 1 1.38 1.04 3.28 1.25 5.41 4.16
*"SNAP-23A, Data for Terrestrial and Marine Systems Applications", AEC, January, 1967.

Design Specifications-~systems are presently under development.

#Beginning of life
##End of life
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TABLE A-IIT (Cont'd)

CHARACTERISTICS OF SNAP-23 SYSTEMS*F

POWER LEVEL
SYSTEM CHARACTERISTICS o 55w Z5 o7
Overall Diameter (in.) 18 20 2k 28.625
Overall Height (in.) 17.5 20.625 25.85 28
Design Life (yr.) 5 ! 10 5 10 5 10 5 10
System Weight (1bs.) 490 ! 531 686 706 1010 1040 1810 1898

*
"SNAP-23A, Data for Terrestrial and Marine Systems Applications", AEC, January, 1967.

Design Specifications--Systems are presentily under development.




TABLE A-IV

CHARACTERISTICS OF RIPPLE GENERATORS*

RIPPLE 1(a) I(b) 11(a) II(b)
Isotope Sr9o Sr90 Sr90 Sr9o
Fuel Form Titanate Titanate Titanate Titanate
Quantity 600 curies 700 curies 700 curies 700 curies
Canning Stainless Stainless Stainless Stainless

Steel Steel Steel Steel

Thermal Power 3.75 watts L. watts b . watts bh.h watts
Electric Power 52 mW 75 mW 78 mW 89.6 mW
Efficiency 1.3% 1.7% 1.8% 2.0%
Thermoelements B12Te3 B12Te3 B12Te3 B12Te3
Number of
Couples 18 18 18 18

Size of Elements

Hot Junction
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

(1.5mm)2xlcm

176°¢
38°¢

0.720

Ge Tunnel
Diodes

20 mW

6

38%

Lead
600 kg

*Hane, G. E., "Radioisotope Powered Generator
Kingdom", AERE, DP-1066, Vol II, March 1966.

(1.5mm)2x1cm

180°¢
40%¢

0.994

Ga As Tunnel
Diodes

30 mW

6

hod

Lead
600 kg

A-T

(l.Smm)gxlcm

180°¢
4o°¢

1.006

Ga As Tunnel
Diodes

30 mW

6

hog

Heavy Alloy
230 kg

(l.Smm)exlcm

200°¢
4o°¢

1.080

Ga As Tunnel
Diodes

45 mw
6

I

Heavy Alloy
230 kg

Development in the United



APPENDIX B

PHYSICAI,, CHEMICAL AND RADIOLOGICAL CHARACTERISTICS
OF STRONTIUM-90 METAL, STRONTIUNM-Q0-OXIDE AND STRONTIUM-9C TITANATE




*
B.1l STRONTIUM-90 METAL

B.l.l Composition
a. Abundance of nuclides

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

Pgyp 55%
89Sr 43,9
86Sr 1.1%

b. Radionuclidic activities

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

Nuclide Half Life
88Sr stable
898r 54 days
9lSr 9.7 hours
928r 2.7 hours
gy 8.3 minutes
9uSr 1.2 minutes
Pgr 0.8 minutes
96Sr 2.5 seconds
97Sr 1.5 second
98Sr 1 second
99Sr 1 second
lOOSr .01l second

*The bulk of the data tabulated was obtained from the "Strontium-90
Data Sheets" by S.J. Rimshaw and S.E. Ketchen. ORNL-4188, December 1967.
Data obtained from other scurces are so identified.

B-2




‘ It is noted that, with the exception of 89Sr, 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 WVsr) is 89, Figure B-1 shows the ratios of 89Sr/9OSr activities
after 200 days of irradiation as a function of post irradiation time.

¢. 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 Maximum Minimum
Sr a7 92
Ca 5 2
Ba P4 0.5
Mg 2 0
Zr 0 0
9 One gram of 9oSr produces an average of 0.0232 g of

OZr 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 Radiocactivity
lthe 0.03%
M es 0.003%

B.l.2 Decay Schemes

Figure B-2 presents the decay schemes of 9OSr and 89Sr.

®
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Figure B-1, Ratios of 81‘89/81'90 Activities as a function of
cooling time post reactor discharge. Irradiation
time: 200 days



o 9% (28yr)
7
Emax=0.55 MeV

N %0y (64 hr)
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g+ 895 (54d)
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0.915MeV
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BSSr

Figure B-2. Decay Schemes of 9oSr20Y and 89Sr
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B.1.3 Specific Power

a. 0.963 watt/g of 100% gy (142 curies/g)

b. 0.530 watt/g of pure aged fission product strontium metal
(55% 9Osr)

c. 0.503 watt/g of average-composition production quality
strontium metal (52.25% 90sr)

These values do not include 89sr contribution.
b. 101.66 watt/g of 100% 89Sr (29108 curies/g)
¢. Using Figure B-1 ang the specific power values reporited under
a & b the specific power of a 9Sr/9OSr fission product mixture can be

calculated at different post-chemical separation times.

B.l.ht Radiation (905r)

Alpha: None
Beta: See Figure B-3
Gamma s None

Bremsstrahlung: Intensity and energy of photons produced depend
on fuel matrix. For Sr1iO3 and SrO matrices see
the corresponding sections under those fuel forms.

Neutrons: None

B.1.5 Compatibility with Materials of Containment

Classified. See USAEC Report ORNL-4189

B.1.6 Thermophysical Properties

a. Density

The theoretical density is 2.6 g/cm3 for strontium element
and 2.55 gfem3 for 95% Sr, 3.5% Ca, 1.0% Ba, 0.5% Mg.

b. Coefficient of thermal expansion
2.0 x 107°/%

¢. Specific heat and enthalpy
(1) specific heat

-1 Oc-l (2500)

B-6 "I'

0.0719 cal g
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(2) Enthalpy in calories/mole
Hy - Hygg = 5.31 T + 1.66 x 1073 7° - 1731 (298-862°K)
Hp - Hygg = 9.12 T - 3582 (862-1043°K)
A transition = 200 calories/mole at 862°K = 589°¢
Temperatures of phase transformations
(1) Melting point - 772°C
(2) Boiling point - 1372°C
Latent heats of phase transformetions
£H transition (@ -+ B) = 200 calories/mole (589°C)
MH fusion (772°C) = 2400 calories/mole
AH vaporization (1372°C) = 33,200 calories/mole

Vapor pressure

Atmosphere Temperature, ¢
5 x 107 227
8.7 x 1o"h 727
0.129 1127
0.585 1327
1.9 1527
L, 84 rrey
Thermal conductivity
cal em™t sec™ 91 Temperature, °C
0.3 20
0.385 100
0.290 300
0.247 500
0.206 700




h. Thermal diffusivity

cmEZsec Temperature, °c
1.6k 20

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

i, Viscosity
Jj. Surface tension
o = 165 dyn/cm
k. Total hemispherical emittance

Varies from 0.25 to 0.80 depending on the state of the
sample, such as oxide coating, impurities,

1, Spectral emissivity
Varies also as stated above,

m, Crystallography

o o B o 4
fee 215 ¢C hep 605°C  __bec
a = 6.085 X a = ’-}.32 E a = )4.85 X
C = 6 E

n. Solubilities
Reacts vigorously with water.

B.1l.7 Mechanical Properties

a. Hardness
16-18 (Brinell)
b. Crush strength

B.1.8 Chemical Properties

a, Heat and free energy of formation, entropy

®



(1) Heat of formation
Zero (standard state)
(2) Free energy of formation
Zero (standard state)
(3) Entropy
sggg = 12.5 eu
b. Chemical reactions and reaction rates
(1) Oxygen - fast
(2) Nitrogen at roow temperature - no reaction
(3) Nitrogen at elevated temperature - reacts
(4) water - reacts
(5) Incrganic acids - reacts

B.1.9 Biolcgical Tolerances

9

The OSr tolerances are given in Table B-T

B.1.10 Shielding Data

See the corresponding sections under SrTiO3 and SrOQ.

B-10
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‘I’ TABLE. B-I

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

s . s . 3
. . Organ of Reference Max. Permissible  Maximum Permissible Concentrations, pc/cm
R;dl:ng;lgzzaand (critical organ Burden in Total For 4O-hr week For 168-hr week
yp y underscored) Body, aq(uc) Water Air Water Air
90 r
385 (87) Bone 2 1077 1007 g0 ) bx10” 0
(So1) {Total Body 3 2x10™° 2 x 1002  7x10 7 x 1070
** -3 =7 -4 -7
GI (ILI) 10 3 x 10 5x 10 10
Lung 5 x 1070 , 2 x 1077
*% - = - o)
(Insol) {GI (LLI) 1073 2x1077 Lx107' 6x 10

—————

*Report of the International Commission on Radioclogical Protection, Committee II on Permissible
Doses for Internal Radiation (1959).
**¥GI. = Gastrointestinal Tract
LILI = Lower Large Intestines




B.2 COMPARISON BETWEEN STRONTIUM TITANATE AND STRONTIUM OXIDE*

STRONTIUM TITANATE STRONTIUM OXIDE

B.2.1 Composition

a, Abundance of Nuclides

&

< Same as giwven in section B,l.l.a for 9OSr metal ]

b, Radionuclide Activities

-« Same as given in section B.1l.l.b for 9oSr metal

¥

¢. Chemical Composition
(1) Range of composition

Same as given 1n section B.l.l.c.l for 9oSr metal
The phase diegram of the Sr0-TiO, system is presented in Figure Bl

i
“«

(2) Average composition

Metal Content, Titanate Content,
w Oxide wt % Compound wt 9 Cation Metal wt, % Metal oxide, wt %
'
[
v Sr0 52.5 SrTi04 92.5 Sr 95 k.3
Ca0 2.3 CaTi0, 5.6 Ca 3.5 L1
Ba0 0.5 BaTiO3 0.3 Ba 1.0 0.9
g0 o.h MgTi03 1.1 Mg 0.5 0.7
Ti0Op L4, 3
The strontium metal content of pure fission- The strontium metal content of pure SrO is 84.,77%.

product SrT103 is 48.16%. The strontium metal content of average SrQ is 79.9%.

T?Edizzog:é:g m;:aihcg?;ent of everage fission- TBe as-processed SrO will contain W4.0% 90Sr. The

P 3 s 200 o koo constitutes 0.03% of the radiocactivity at a

{HE as-processed §rTiO; contains 24.5% 9 Sr. Tae maximum, The 137Cs has been found to be as high as
Ce constitutes 0.03% of the radiocactivity at a 0.00}% of the radicactivity at a maximum, The 100py

maximum. Tne 137Cs nas been found to be as high activity hes not been detected. These activities

as 0,003% of the total activity, The 1O0Ry can be neglected compared to the total radiation.

activity has not been found., These activities can
be neglected compared to the bremsstrahlung
radiation.

¥Tne bulk of the data tabulated was obtained from the "Strontium-90 Date Sheets"
by S.J. Rimshaw and S.E. Ketchen, ORNL-4188, December 1967. In several cases
wording has also been quoted with minor changes. (Data obitained from other sources
are so identified.)
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American Ceramic Society, Columbus, Ohio, 196k,

B-13



STRONTIUM TITANATE (Cont'd) STRONTIUM OXIDE (Cont'd)

B.2.2 Specific Power
0.2525 watt/g of pure SrTiO3 (26.5% PSr metal, 37.6 curies of Fsr/g) 0.4k watt/g of pure Sr0 (46.64 OSr metal, 66.2 curies of Psr/g)

0.2335 watt/g of average SrTi03 (24.5% Psr metal, 3.8 curies of OSrk) 0.419 watt/g of average SrO (44.0% OSr metal, 62.5 curies of FSr/g)

B.2.3 Radiation

Alpha: None Alpha: None
Beta: See Figure B-3 Beta: See Figure B-3
Gamma: None Gamma: None
Bremcstrahlung: Bremsstrahlung:
(1) Photons produced from Psr veta in 908rT103 Matrix (1) Photons produced from Psr veta in Psr0 Matrix

Bremsstrahlung Within AF energy group Bremsstrahlung Within AE energy group

- energy group, Mev  Photons per beta particle  Photons w-i sec™l energy group, Mev _ Photons per beta particle Photons w™+ seec”t

£ 0.020 + 0.01 1.009 x 1072 5.55 x 102° 0.020 + 0.01 1.378 x 1072 7.58 x 10%°
0.040 + 0.01 4.0tk x 1073 2.22 x 10%° 0.040 + 0.01 5.523 x 1073 3.04 x 10%°
0.c60 + 0.01 2.195 x 1073 1.21 x 100 0.060 + 0.01 2.998 x 1073 1.65 x 10%°
0.080 + 0.01 1.348 x 1073 7.51 x 107 0.080 + 0.01 1.841 x 1073 1.01 x 10%°
0.100 + 0.01 8.845 x 107 4.86 x 10° 0.100 + 0.01 1.208 x 1073 0.66 x 10%°
0.120 + 0.01 6.03 x 107 3.32 x 107 0.120 + 0.01 8.239 x 107" 0.45 x 10%°
0.140 + 0.01 b.217 x 107 2.32 x 10° 0.1k0 + G.01 5.759 x w0 3.17 x 10°
0.160 + 0.01 2.993 x 107 1.65 x 10° 0.160 + 0.01 4.086 x 107" 2.25 x 107
0,180 + 0.01 2.8 x 107 1.18 x 107 0.180 + 0.01 2.%3 x 107 1.61 x 10°
0.200 + 0.01 1,537 x 107 3.45 x 102 0.200 + 0.01 2.099 x 107 1.15 x 107
0.220 + 0.0 1.103 x 107 6.07 x 10° 0.220 + 0.01 1.505 x 107 0.83 x 10°
0.240 + 0.01 7.871 x 1077 %.33 x 10° 0.240 + 0.01 1.07% x 107 0.59 x 10°
0.260 + 0.01 5.571 x 1077 3.06 x 10° 0.260 + 0.01 7.604 x 1077 0.42 x 107
0.280 + 0.01 3.895 x 1077 2.14 x 10° 0.280 + 0.01 5.315 x 1072 2.2 x 10°
0.300 _:_ 0.01 2.678 x 1077 1.47 x 108 0.300 ;_ 0.01 3.654 x 1077 2.01 x 10®




ST-4

Brems lung

Within AE energy group Bremsstrehlung Within OE energy group ‘
energy group, Mev  Photons per beta particle Photons w”

1 1

sec” energy group, Mev  Photons per beta particle Photons w-l gee-l

0.320 + 0.01 1.801 x 107 0.99 x 10° 0.320 + 0.01 2.458 x 1077 1.35 x 10°
0.34C + 0.01 1.179 x 107 6.48 x 107 0.340 + 0.01 1.609 x 1077 0.85 x 10
0.360 + 0.01 7.148 x 107 %.20 x 107 0.360 + 0.01 1.016 x 12077 0.56 x 10°
0.380 + 0.01 g7 x 207 2.47 x 107 0.380 + 0.01 6.135 x 10'? 3.37 x 107
0.400 + 0.01 2.559 x 107 141 x 107 0.400 + 0.01 3.491 x 107 1.92 x 10
0.420 + 0.01 1.345 x 107 0.7% x 107 0.420 + 0.01 1.835 x 107 1.01 x 107
0.4%0 + 0.01 6.333 x 1077 3.48 x 10 0.440 + 0.01 8.638 x 107 0.48 x 10
0.460 + 0.01 2.53% x 1077 1.39 x 10° 0.460 + 0.01 3.556 x 107" 1.90 x 10°
0.480 + 0.01 7.807 x 1078 4.29 x 107 0.480 + 0.01 1.065 x 1077 5.8 x 10°
0.500 + 0.01 1472 x 1070 8.10 x 10" 0.500 + 0.01 2.007 x 107° 1.10 x 107
0.520 + 0.01 7.336 x 107° 4.03 x 103 0.520 + ©.01 1.000 x 1077 5.50 x 103
0.5%0 + 0.01 0.000 0.540 + 0.01 0.000

Total bremsstrahlung energy, Mev/beta particle 9.924 x 10'“ Total bremsstrahlung energy, Mev/beta particle 1.411 x 10'3
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STRONTIUM TITANATE (Conmt'd.) STRONTIUM OXIDE (Cont'd,)

(2) Photons produced from 9% beta in 9081-'13:1.03 matrix

Bremsstrahlung Within AE energy group Bremsstrahlung Within AF energy group
energy group, Mev Fnotons per beta particle Photons w=L1 sec-i energy group, Mev Photons per beta particle Photons w-1 sec-1
0.100 + 0.05 4,537 x 107 2.50 x 10 0.100 # 0.05 6.152 x 107 3.38 x 107
0.200 + 0.05 1.762 x 107 0.98 x 107 0.200 + 0.05 2,415 x 107 1.33 x 107
0.300 + 0.05 9,456 x 1073 5.20 x 100 0.300 + 0.05 1.281 x 1072 0.70 x 10
0.400 + 0.05 5.665 x 1073 3.12 x 10%° 0.400 + 0.05 7.674% x 1073 k.22 x 10%°
0.500 + 0.05 3.613 x 1073 1.9 x 10%° 0.500 + 0,05 4.89h x 1073 2.69 x 10-°
0.600 + 0.05 2,389 x 1073 1.31 x 10%° 0.600 + 0.05 3.23% x 1073 1.78 x 10%°
0.700 + 0.05 1.611 x 1073 0.89 x 10%° 0.700 + 0.05 2,181 x 1073 1.20 x 10%°
0.800 + 0.05 1.098 x 1073 6.04 x 10° 0.800 + 0.05 2,185 x 1073 8.17 x 107
0.900 + 0,05 7.403 x 107 b.12 x 10° 0.900 + 0,05 1.014 x 1073 5.58 x 10°
1.000 + 0.05 5.092 x 107" 2.80 % 10° 1.000 £ 0.05 6.887 x 107 3.79 x 107
1.100 + 0,05 3.425 x 107 1.88 x 10° 1.100 + 0.05 4,630 x 107" 2.55 x 10°
1.200 + 0.05 2.264 x 107 1.25 x 10° 1.200 + 0.05 3.000 x 107 1.65 x 10°
1.300 + 0,05 1.460 x 107" 8.03 x 10° 1.300 + 0.05 1.973 x 107 1.09 x 10°
1.400 + 0.05 9.110 x 107 5.01 x 10° 1.400 + 0.05 1.231x 107 0.68 x 107
1.500 + 0.05 5,434 x 107 3.00 x 10° 1.500 + 0.05 7.337 x 1070 s.04 x 102
1.600 + 0.05 3.050 x 2077 1.68 x 10° 1.600 + 0.05 4.117 x 107 2.26 x 10°
1.700 + 0.05 1.576 x 10™° 8.67 x 107 1.700 + 0,05 2.125 x 1077 1.17 x 105
1.800 + 0.05 7.220 x 107 3.97 x 207 1.800 + 0.05 9.740 x 107 5.36 x 107
1.900 + 0.05 2,764 x 107 1.52 x 100 1.900 + 0.05 3.728 x 107 2.05 x 10
2,000 + 0,05 7.850 x 1077 L.32 x 10° 2.000 + 0.05 1.058 x 1076 5.82 x 10°
2.100 + 0.05 1.239 x 1077 6.81 x 10° 2.100 + 0.05 1.670 x 1077 9.19 x 10°
2.200 + 0.05 3.540 x 1077 1.95 x J.oh 2,200 + 0.05 4,768 x 1079 2,62 x 10l+
Total bremsstrahlung energy, Mev/beta particle 2,078 x 1072 Total bremsstrahlung energy, Mev/beta particle 2.814 x 1072




B.2.4

l1-¢

B.2.5

. STRONTIUM TITANATE (Cont'd.)

Compatibility with Containment Materials

Container Maximum Penetration, mils
Material 168 hr 500 hr 1000 hr
1000°¢
Haynes 25 Traces 0.1 0.2
Molybdenum No attack No attack No attack
Nionel 1.5 1.7 2.0
Tungsten Traces 0.2 1.5
TZM No attack No attack No attack
1850°¢
Molybdenum No attack No attack No attack
Niobium No attack - No attack
Tantalum No attack Traces 3.0
Tungsten No attack - No attack
TZM No attack Traces 5.0

More data are available in ORNL-4205, Sept. 30, 1967 (Confidential.)
and ORNL-4237, December 31, 1967 (Confidential)

Thermophysical Properties

a, Density

5.11 g/cmg - density of pure SrTiO
5.03 g/cm” - density of average Sr%io3

b, Coefficient of thermal expansion

@ = 11.2 x 1070/% (100-700°)
Data on inactive SrTiO, have been obtained up to 1hoo°c.
Such data are reported”in ORNL-4O45, Sep. 30, 1965 (Conf.)

c¢. BSpecific Heat and enthalpy
o.,-1

(1) specific heat in cal g'l C 3
0.154 + 1,11 x 1075 T - 2,49 x 10° T
(T is in °K)

(2) Enthalpy in calories/mole -
Hp - Hogg = 26.23 T + 0,88 x 107 7
+ 4,66 x 105 ™1 - 10,058
(T 1s in °K)

STRONTIUM OXIDE (Cont'd.)

Classified: See USAEC Reports No. ORNL-4189, June 30, 1967

a,

(Confidential) and ORNL-4205, Sept. 30, 1967
(Confidential)

Density

4,7 8/cm3 - density of pure SrQ
4,63 g/cm3 - density of average SrO

Coefricient of thermal expansion

13.92 x 10'6/°c (20-1200°C)
Data up to 140O0°C are reported in ORNL-LOLS, Sep. 30, 1966
(cont.)

Specific heat and enthalpy
1 oc-l

(1) Specific heat in cal g = 3 2
0.117 + (.22 x 105 T) - (1.50 x 10° T7°)
{T is in °K)

(2) Enthelpy in calories/m?le‘ 3 2)
- F =12,13 T + (0,03 x10°~° T
fr d298° + {1.55 x 105 71y - hige
(T is in 'K)



8.

8T-4

STRONTIUM TITARATE (Cont'd.)

Temperatures of phase transformations

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

Latent heats of phase transformations

OH fusion (not available)
£ vaporizetion 71 kcal/mole
(calculated from Trouton's rule)

Vapor pressure

Thermal conductivity
(1) sr0:Tios = 1.00

The following equation was derived from data
by a method of least mean squares. The data
covered the range 350 to 900°C, Useful
range of equation is 200 to 1%00°C.

L/k = 55.76 + 0.0673T °K cal em™ sec™ %~
Temperature, Thermal gonduciivity,*
Sc cal cm"i sec I °C'{
200 0.011k4 + 0.0015
Lo 0.0099 + 0.0003
600 0.0088 ¥ 0.000L
809 0.0078 + 0.0001L
1000 0.0071 ¥ 0.0002
1200 0.0055 + 0.0003
1400 0.0050 * 0.0003

*Determined on theoretically-dense pellets of stoichiometric
SrTi03 with a composition of 51.03 wt % Sr0, 1.92 wt % Ba0,
2.42 ¥t % Ca0, 0.28 wt % Mg0, and Lk.35 wt % TiO, simulating
a freshly prepared Hanford product. More data are available
in ORML-4O45,Sep. 30, 1966 (Conf.) and OFNL-408L, Dec. 31,
1966 (Conf.). Data on thermal conductivities of SrTi0, with
excess TiCp available in ORNL-4131, March 31, 1967 (Ceaf.).

g.

STRONTIUM OXIDE (Cont'd.)
Temperatures of phase transformations

(1) Melting point - 2457°C
(2) Boiling point - 3227 C

Latent heats of phase transformations

fH fusion 16,7 kecal/mole
LH vaporization (not available)

Vapor pressure

log P = 3,07 x 10" 771 + 13.12
(T is in "K and P is in atm)

Thermal conductivity

(1) sro = 100%

The following equation was derived from data
by a method of least mean squares. The data
covered the range 350 to 9Q00°C. Useful
range of equation is 200 to 1400°C,

1/k = 109.5L + 0.0916T °K cal ca™t sec™® 9%¢™%
Tempgrature, Thermal gonductivit{,*
[ cal cn~t sec-l oc-
200 0.0056 + 0,0006
400 0.0058 + 0.0003
500 0.0953 + 0.0001
800 0.0043 ¥ 0.0002
1000 0.0044 ¥ 0.0003
1200 0.0041 ¥ 0.0004%
1400 0.0038 + 0.0004

*Determined on theoretically dense pellets of SrO with a
composition of 91.69 wt % Sr0, 3.46 wt % BaO, 4.3k wt %
Ca0, and 0,51 wt % Mg0 simulating a freshly prepared
Hanford product. More data are availsble in ORNL-4131,
Merch 31, 1967 (Conf.).
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‘ STRONTIUM TITANATE (Cont'd.)
(2) Thermal conductivity of various Sr0-Ti0, compositions
See Figure B-5
h. Thermal diffusivity

Temperature, Thermal djiffusivity,*
O¢ em~/sec
200 0.0151
400 0.0124
600 0.0107
800 0.0093
1000 0.0083
1200 0.0075
1400 0.0068

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

i. Viscosity: Not avallable

J. Surface tension: Not available

k. Total hemispherical emittance: Not available

1. Spectral emissivity: Not available

m, Crystallography
Cubic: a = 3.899 KX

STRONTIUM OXIDE {Cont'd.) ‘
(2) Thermel conductivity of various Sr0-TiO, compositions
See Figure B-5

Thermal diffusivity

Temperature, Thermal d%ffusivity,*
o¢ em©/sec
200 0.0122
Loo 0.0103
600 0.0091
800 0.0080
1000 0.0072
1200 0.0056
1Lo0 0.0060

*Calculated by dividing the thermal conductivity
by the product of the spacific heat and the density.

Viscosity: Not available

Surface tension: (Determined for MgQ)
1200 dyn/em

Total hemisphericel emittance: Not available

Spectral emissivity: (Determined for BeQ)
Temperature, °C

Total emissivity

0. Eg 1000
0. 1400
0.50 1800

Small amounts of impurities such as carbon or
radiation darkening can increase these values
significantly to~ 0.9.

Crystallography

Cubic - face centered:
a = 5,139 kX
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Figure B-5. Thermal Conductivity of Various SrO—T102 Compositions,
Obtained by interpclating the data for stoichiometiric
Sro, Srg'l‘iO)_p SrTiOs and TiOQ.
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. STRONTIUM TITANATE (Cont'd)

B.2.6 Solubilities

See Figure B-6

B.2.7 Mechanical Properties

a. Hardness: Not available

b. Crush strength: (Determined on CeTiOB) 19,100 1b/in2

i)
c. Bend strength: U3 1b/in”

B.2.8 Chemical Properties

Te-4

(1) Heat of formation

Anof = =399 xcal/mole

(celeculated from available data)
(2) Free energy of formation

ﬁFof = =372 kcal/mole

(calculated from available data)

(3) Entropy
30298 = 26.0 eu

a. Heat and free 2nergy of formation, entropy

STRONTIUM OXIDE (Cont'd)

Reacts with wafer or HCl and dissolves.
for SrO using °’Sr tracer. Values were
static distilled water. The average of
day~t (confidence limit at 95% level).

weight loss measurement of Li-g samples
em,min) was 1.49 g em™= day™™. Leached
an ionic form.*
deposite. Data on dissolution rates of

ORNL~4131, 31 March 1567 (CONFIDENTIAL).

n. Hardrness: 3.5 mohs
b. Crush strength: Not available

c. Bend strength: Not available

The leach rates were determined
obtained for a 24-hour period i
six values is 1.35 + 0.38 g em”
The leach rate determined by
in flowing distilled water (4.4
Sr0 appeared to be completely in

Scolutions passed in millipore filter {0-lu) left no

SrO pellets are available in

a. Heat and free enersy of formation, entropy

(1) Heat of formation

Q

H = -1k ¢ xeal;mole

(2) Free energy of formation

o}

oF e = -133.7 kecal,;mole
{3} Entropy
o
S 298 = 13.0 eu

# McHenry, R. E., ORNL, Personal Communication, August 1967.
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. STRONTTUM TITANATE (Cont'd.)} STRONTIUM OXIDE (Cont'd.)
b. Chemical reactions and reaction rates b. Chemical reactions and reaction rates

(oxygen, nitrogen, water, steam, (oxygen, nitrogen, water, steam, hydrogen,

hydrogen, liquid metals, other) liquid metals, other)

(1) Oxygen - no reection (1) Oxygen - no reaction

(2) Nitrogen - no reaction
(3) Water - decomposes
(%)

(2) Nitrogen - no reaction

(3
Inorganic acids - soluble (&

(s

)

) Water - forms Sr(OH)

) Inorganic acids - soluble
) COp - reacts to form SrCO3

B.2.9 Biological Tolerances

Same as listed in Table I, Section B.l.9 Seme as listed in Table I, Section B.1l.9

B.2,10 Shielding

Figures B-7 to B-10 present the Bremsstrahlung dose rates from Figures B-11 to B-1l4 present the Bremsstrahlung dose rates from
s power sources of 100, 200, 500, 1000, 2000, 5000, 10,000, sy power sources of 100, 200, 500, 1000, 2000, 5000, 10,000,
and 20,000 watts with iron, lead, and uranium shielding. and 20,000 watts with iron, lead, and uranium shielding.

ce-d
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