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SNAP 27/ALSEP SAFETY EVALUATION REPORT

INTRODUCTION

General

[@his report documents the independent nuclear safety eveluation

of the ‘SNAP 27/ALSEP mission conducted by the Interagency Safely
Review Panel.) It provides the Agency Heads of NASA, AEC, and DoD
with & common” nuclear safety basis for their recommendations
regarding flight approval. Since the launch involves "a major

_ puclear system," the NASA, as the action agency will seek

presidential approval through the Netional Aeronautics and Space
Council (NASC). The report was prepared by the Panel end.
delineates the Panel's assessment of risks involving nuclear
health and safety in potential mission aborts, It summerizes
the supporting safely documentetion submitted to the Panel for
review, as well as informatiion introduced by the Panel and inde-

. pendent tesis and analyses conducted by the Panel and its consul-

tants during the course of the review.

Mission Plan

Deployment of the Apollo Lunar Surface Experiments Package (ALSEP)
will be the primary scientific objective of the second lunar lahd-
ing mission. SNAP 27 is designed to provide continuous, relisble,
long-lived electric power for ALSEP. The first launch of SNAP 27/
ALSEP is scheduled for the 3rd quarter of 1969 and is expected to
be followed by additional SNAP 27/ALSEP flights speced at approxi-
metely three month intervals. o

Interagency Safety Review Panel

The safety review was conducted from early Septémber, 1968 through

" February, 1969 by the Panel &and its working groups. Because of

the large volume of data to be digested, five discipline-oriented
working groups vwere utilized: Range Safety, Reentry, Meteorology,

- Oceanography, and Biomedical. Approximately one hundred varied

scientific and engineering specialists from & number of government
agencies, laboratories, and universities comprised the five working
groups and effectively brought the best aveilabie expertise to bear
for the review., Appendices A thru E contain the working group
reports.

The working groups reviewed SNAP 27/ALSEP safety documentation
submitted by the General Electric Company, prime contractor for
SNAP 27, and performed their own independent calculétions and

i

i
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The Interagency Panei was convened from December 9-13, 1968, to
ajscuss the safely considerations of SNAP 27. At this meeting
each working group preéented its findings Lo the Panel, supported
by expert testimony of key scientific and engineering specialists
in the group. :

D.. Scope of the Review

This report provides an assessment of the puclesr risk to operations
personnel and the general population and considers & spectrum of
stulated accidents. The accidents considered were categorized

by the following mission phases: Prelaunch and Taunch, Early
Ascent, Suborbiteal, Orbital, and Superorbital. During these phases
the SNAP 27 Fuel Capsule Assembly (FCA) is contained in the Graphite
IM Fuel Cesk (GLFC) installed on the Luner Module Desceut Stage.
After lunar descent SNAP 27 poses no potential risk to the earth's
population.

gection II is & description of SNAP 27/ALSEP. The risk assessment
is conducted sequentially by mission phase. Section III jdentifies
and describes the mission phases, postulated accidents and SNAP 27
response, snd considerations bearing on the probability of the
accidents. It treats the range safety and reentry espects of
various Satura V/Apollo aborts. Section IV presents an -eveluation
of the radiologicel source texm, its traepnsport in the environment®,
- and the resultant lung doses and grou.nd concentrations. Section V
— summarizes the combined probabilities and consequences of the
~yarious postulated accidents. .

Storage, transportatioﬁ, end ground bandling accidents at Cape
Kennedy are not discussed at length in this report. The Panel
does not consider them to be significent because: (1) It is
unlikely that & fuel release could occur during this phase of
operation; and (2) The operations will be accomplished within
existing AEC. radiation safety guidelines and under esteblished
storagé, handling, and radiological control procedures. The Panel
does recommend, however, that SNAP 27/ALSEP storage and handling
procedures, radiological control plaus, and contingency plens be
prepared, reviewed, and approved by appropriate MASA, AEC, and DoD
officials responsible for SNAP 27/Apollo operationms.





II. SNAP 27/ALSEP

A, égglication.

AISFP will employ & SNAP 27 system as a source of electric power
for the lunar surface experiments, This application will mark
the first use of ‘nuclear electric power on the moon and is
designed to provide continuous power throughout the extremes of
temperature of the lunar nights and days. The ALSEP package
consists of the p3gPu fueled SNAP 27, scientific instruments and
supporting cquipment for performing lunar experiments and provi-
sion for transmitting data back to earth for a period of at least
a year. The use of nuclear power for the experiments is the
culmination of three and one-half years of effort on the part of
the AEC and NASA, Its use is considered essential to the success
of the scientific experiments because of its unigue ability to
produce continuwous power for extended periods during the extremes
of lunar temperature and long periods of darkness.

Instruments, support equipment, and crevw hendling tools are
transported to the moon in two major instrument subpackages.
Both subpackages_are stored inside the IM descent stage. The
Graphite IM Fuel Cesk (GLFC) conteining the SNAP 27 fuel capsule
is mounted on the external surface of the IM descent stage where
it is accessible to the astronauts on the lunar surface, Sub-
- package 1 contains the scientific instruments and data trans-
_ mission equipment. Subpackage 2 contains geological equipment,
T~ the SNAP 27 generator assembly and associated electrical power
system equipment. '

The ALSEP is inoperative during the trip to the moon. After the

IM vehicle lands on the moon, & crew member will remove the
subpackages from the equipment bay, remove the SNAP 27 fuel capsule
from the reentry body, insert it into the generator assembly, and
deploy the experiments and power system. Figure 1 illustrates the .
experiment layout on the lunar surface.

B. Launch Site

Figure 2 shovws the Cape Kennedy region and specifically the NASA
Kennedy Space Center (KSC) located on Merritt Island Launch Area
(MILA). M:IA is located on the East Coast of Florida, 150 miles
south of Jacksonville, immediately northwest of and adjacent to
Cape Kennedy Air Force Station. MILA is located in the northeast
section of Brevard County which has a total population of about
250,000. Most of the county population is concentrated along the
coast south from Titusville which is 12 miles west of the launch
site. Other adjacent population centers are Orlando {metropolitan
area - 200,000), 50 miles west, and Daytona Beach (65,000), 50
miles noxth., S
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Figure 3 shows the detailed chart of MILA and environs. MILA is
an irregularly shaped area about 34 miles long and 5 to 10 miles
wide. Tt is generally a flat, level area of sandy soil only a
few feet above sea level (less than 8 feet). It is bound by
shallow tidewater river basins from several hundred feet to several
thousand feet wide, except to the north, where it adjoins marshy,
uninhabited land. Pad A of Launch Complex 39 is assumed to be the
pad from which the SNAP 27/ALSEP will be launched although launch
can occur from Pad A or B, It is located in the extreme northeast
corner of MIIA adjacent to a controlled beach.and Atlantic Ocean
to the east.

The normal daytime population of MILA is about 15,000 most of which
are centered in the industrial and administrative area about six
miles southwest of the launch aree; however, about 3500 people are
located within a five-mile radius of the launch pad on an average
work day. About 6000 people are normelly located on the Cape
. Kennedy Air Force Station from 5 - 12 miles southeast of the launch
complex. During a launch additional people are located in the
Vehicle Assembly Building (VAB), at the press site, and in the
Launch Control Center (ICC) about three miles west of the pad.
Also during Apollo launches large numbers of spectators are located
at the site boundary. All personnel within about an eight-mile
radius of the pad are under administrative control of the range
. authority. A stringent exclusion area is meintained within &
‘' two-mile radius of the pad during launch operations from which all
—__personnel are excluded except a few essential operational people
vho are protected in bunkers.

The Saturn V/Apollo vehicle, after assembly, is transported from
the VAB with the Mobile Launcher by the Crawler-Transporter and
pleced on one of the Launch Complex 39 pads for final preparations.
The center elevabion of the concrete ped is 48 feet sbove sea
level. The Mobile Service Structure which services the Saturn
for launch is about 400 feet high and is moved TOQ0 feet from the
paed at launch. The Umbilical Tower of the Mobile Launcher remains
at the pad thru launch. Propellant storage facilities for LOX,
RP-1, and 1H; are located 1500 feet from the launch pad. Two
bolding ponds to retain RP-1 and/or potentially conteminated
effluent spilled in the flame bucket are capable of holding the
entire RP-1 load of a Saturn V vehicle. The water deluge system
is capable of spraying the pad area with water at the rate of
' 50)000 gpa.
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C. Meteorology of Site Environs

The atmospheric diffusion conditions in the MILA area have been
considered in assessing the meteorological transport of potential
radioactive effluents. For the ground level conditions the more
steble atmospheric conditions (slow vertical and horizontal
diffusion rates) result in higher effluent downwind surface air
concentrations. For the elevated source conditions (sbove 1000
meters), the controlling meteorological situation is rapid down-
ward diffusion as typified by unstable atmospheric conditions.
This will meximise the local surface effluent air concentrations.
The steble condition, on the other hand, will tend to keep the
elevated source from diffusing to the ground until several tens of
miles downwind and consequently will allov more time for the cloud
to diffuse. This will result in lower effluent concentrations
over a larger area. '

Based on data from the 200 foot meteorological tower between Air
Force Launch Complexes 15 and 16, it can be concluded that in the
first few hundred feet above the ground, the atmosphere is generally
stable at night (2000-0700 hours) and unsteble during the daytime.
Seasonally, the unstable condition is maximized in the summer and .
the stable condition is most intense and persistent in the winter,
On en annual basis, stable conditions occur about W7 percent of

the time. ' ’

For effluent releases above 1000 meters, atmospheric conditions
ranging from moderately unstable to slightly stable usually occur.
Unstable conditions predominate in the lower layers during the
daytim: hours. During the night, conditions tend to be neutral to
slightly stable at this height and the more steble layers near the
ground will tend to inhibit the elevated effluent from reaching

the ground.

Wind directions, especially in the warmer half of the year, follow
a diurnal cycle with flow from the sea during the day and weeker
flow to the sea at night up to sbout 5000 feet altitude. 1In the
period November through January, winds prevail from the northwest
with no apprecieble diurnal cycle.

D. Apollo Launch Vehicle

The SNAP 27/ALSEP is transported to the lunar surface on the
descent, stage of the Apollo Spacecraft Lunar Module (IM). The
spacecraft is boosted through the translunar injection phase by
the three stage Saturn V launch vehicle shown in Figure 4. The
combinzd system is sbout 360 feet high on the pad with the SNAP 27
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located =t about the 280 foot level. The spacecraft is composed
of the Command Module SCM) with its Launch Escape System (LES),.
the Service Module (SM), the IM Adapter (SLA), and the Lunar
Module (IM). The SM holds about 39,000 pounds of hypergolic pro-
pellant and the IM holds about 22,000 pounds. Propellant for both
is & 50/50 mixture of hydrezine (NyHs) and unsymmetrical dimethyl-
hydrazine (UDMH), with nitrogen tetroxide (Na02) as oxidizer.

The Saturn V first stage, S-IC, has a propellent capacity of
4,723,000 pounds of LOX and RP-1. The second stage, S-II, has a
propellant capacity of about 985,000 pounds of LOX and 1i;. The
S-IVB third stage contains about 230,000 pounds of 10X and IH,.
The total propellant sboard the Apollo/Saturn V system at launch
is, therefore, sbout 6,000,000 pounds of hypergolics, LOX, RP-1,
end IH,. Figure 4 sumarizes data on each stage. After atteining
earth orbit, the S-IVB is restarted vwhen over Houston, Texas, and '
boosts the spacecraft to translunar injection at 35,600 ft/sec and
asbout 160 miles altitude before it is separated.

E. Graphite IM Fuel Cask (GIFC)

The Graphite IM Fuel Cask (GLFC), shoim in Figure 5 contains the
Fuel Capsule Assembly (FCA) during the operational mission from
lsunch up to lunar surfece deployment. In the event of an abort -
of the spacecraft, the GIFC is designed to provide reentry protec-

" ¢ion and containment for the fuel. It is mounted on the outside

of the IM descent stage inside the Spacecraft IM Adaptox (sLA).

“The FCA is removed from the GLFC on the lunar surface by an eastro-

pnaut and installed in the SNAP 27 genexrator.

The GLFC is & cylindrical container with hemispherical ends which
consists of a primery heat shield, Secondary Thermal Shield (sT8),
and fuel capsule support structure. The outside container with

end caps is the primary heat shield mede of Hitco Pyrocarb graphite.
The cylinder. wall is 0.35 inches thick and the end cap well is 0.7
inches thick. The overall length is 23 inches and the diameter is
8 inches. The GLFC, with the FCA inserted, weighs sbout L0 pounds
and is mounted on the IM by & titanium support structure supplied
by Bendix Corporation. )

The primary heat shield is designed to protect the fuel capsule
during reentry by heat sink, reradiation, and ablation methods.

In normsl vacuum operations, heat rejected by the FCA is transmitted
through the STS and absorbed by the primary heat shield where it

is both reradiated to the external environment and conducted to the
GLFC support structure. During pad operations up to 1lift-off the
NASA specification for the surface of the GLFC is air cooling to

|
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less than 350°F whicii is below the spontaneous ignition temperature
of the hypergolic fuel in air. Qualification tests indicate that

- the GLFC will actually be about 220°F when air cooled on the vehicle.

Secondary Thermal Shield

The Secondary Thermsl Shield (STS) is a beryllium cylindrical
barrel 4.13 inches outside dismeter, 0.565 inches thick, and 13.7
inches long. It contains the fuel capsule inside the GLFC to pro-
vide additional thermal protection, slong with the supporting
structure, for the FCA. '

The beryllium is coated with successive layers of silver, gold,
rhodium, &nd radifex to provide oxidation resistance and a high °
emissivity surface to promote radisnt heat transfer. While the

FCA is in the GLFC, when the FCA temperature is higher then ambient,
the STS conducts and reradiates heat from the FCA to the GLFC from
which it is radiated to space. Vhen the ambient temperature is
higher then the FCA temperature, the STS and the internal supporting
structure for both it and the FCA provide & heat sink which retards
transfer to the FCA, The melting temperature of the Be 1s about
2330°F and specific heat is 0.L45 BTU/1bCF.

The Be sleeve and the supporting structure are designed to provide
an integral STS structure for-continuing thermal protection of the

" PCA. A titepium thermal cap or dome is attached over the forward

—
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support structure to provide heat transfer from the fuel capsule
end to the Be sleeve for cooling purposes and to provide thermal .
protection when exposed to high external temperetures. - The melting
point of this particular titenium alloy is 3100°F. The FCA back
plate and insulating plug provide thermal protection at the aft

end of the integral STS structure. The bhigh specific beat of the
Be sleeve and the high temperature and strength properties of the
titenium (melting point 2800-3100°F) and Inconel (melting roint
25L40-2600°F). supporting structure offer protection for the FCA for
thermsl pulses, fraguents and impulsive loads.

Fuel Capsule Assembly (FCA)

The Fuel Capsule Assembly (FCA) provides about 1480 watts of .
thermal energy for the SNAP 27 generator essembly. Figure 6 showe
the verious components and configuration of the FCA. It fits intc
the STS and is secured to the integrel STS structure by a Haynes-z5
latching mechanism on the back plate.
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The FCA is comprised of two half capsule assemblies, each
separately sealed and containing approximately equal amounts of
PuQ, microspheres. The fuel in each half capsule is sealed in &an
annulus between inner and outer Haynes-25 liners. The annular
configuration greatly enhances containment in case of impact of
the FCA since the center void provides low resistance space for
compressive distortion of the fuel and liners with minimum stress
exerted on the externsl containment. Each sealed liner assembly
containing the fuel is further clad with Heynes-25 to form the
half capsules. The half capsules are joined end to end by flange
extensions of the cladding to form the FCA such that an independ-
ently sealed compartment is created at the mid-plane. This flanged
mid-plane cladding section is deliberately undercut to be thinner
than the rest of the cladding so as to create a zone of weakness
to cause a preferential break during impact and/or vent internal
_pressure from each half capsule. :

Impact energy absorption is enhanced by foamed Haynes-25 spacers
in the end of each half cepsule and in the mid-plane space. An
insulating plug of Min-K-2000 is mounted on the aft end of the FCA,
next to the back plate, to offer thermal protection in a high
temperature environment when the FCA is in the STS structure.

Helium formed from gzgPu decay £ills the space between the fuel
microspheres and the center void of the sealed fuel ennulus this
minimizing internal pressure build-up under normal operation.

The helium is further vented to the mid-plane space via a Haynes-25
£ilter in the end cladding of each half capsule which will nol pass
particulate metter., In case of failure at the undercut mid-plane
cladding due to impact or internal pressure, the fuel could still
be contained. Rupture discs in the mid-plane end of the half
capsule liner assembly are designed to break after capsule fabri-
cation is complete but before liner distortion can occur,

—-—

The overall dimensions of the FCA are 16.5 inches long by 2.5
inches diameter. The fueled zone in each half capsule is a

6.88 inch long annulus. The fuel thickness is 0.407-0.475 inches.
The total FCA weight is 14.8 pounds of which 8.36 pounds are fuel.

Fuel

The FCA is fueled with Pul, microspheres 50 to 250 microns in
dismeter. The size selection of 50 microns minimum was made to
precluie jnhalaetion of fuel particles. The total fuel weight is
8.36 pounds of Pu0,, containing 44,500 curies of g35Pu, having a
half life of 87.5 years. There are about 10 microspheres in the

-





FCA, and the fines|(particles less than U7 microns) are estimated
to be <10~ weight|percent of the fuel. 5,5Pu0; is characterized
by & 5.49 Mev alphd, a 17 Kev X-ray, and 0.5 - k.k Mev neutrons
from the (@, n) resction with light elements. The total source of
neutrons (2.4 X 10‘1 n/gn - second) is generated by spontaneous
fission and @ - n reactions. The nominal dose rate from the side
of the bare FCA at|l meter is 92 mrem/hr with 86 mrem/hr from

neutrons and 6 mrem/hr from photons.
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III. DESCRIPTION OF POTENTIAL ACCIDENTS

This section identifies and describes potential nuclear accidents
postulated for the prelaunch and launch, early ascent, suborbital,
orbital, and superorbital phases of the mission. Appendices A

(Range Safety) and 3 (Reentry) provide the primary sources of detailed
jnformetion in support of this section. Since there has pot been en
abori of & Seturn V/Apollo vehicle, the Penel used experimental date,
theoretical analyses, expert opinions, and experience from analogous
events to postulate and describe potential accidents involving SNAP 27.
The following information is presented for each phase:

1. Phase Description

The spatiel, temporal, and.operationél factors germane to
the postulation of nuclesr accidents are described. '

2. Accidents Postulated and SNAP 27 Response

The accident is postulated, the accident environment vis & vis
the GIFC is described, and judgments are made regarding the
response of the GL¥C, STS, and FCA. These are based upon
snalyses and tests eppliceble to Ssturn V/Apollo and SNAP 2T
“hardvare. :

" 3. Likelihood and Severity of Accidents

Tne Panel sought to quantify the likelihood and severity of
accidents in the various operational phases, In estimating
the likelihood of aborts, the Panel used calculated NASA
prcbebility values on Saturn V/Apollo vehicle failures of all
kinds and specifically those failures resulting in vehicle -
explosions and fires for each mission phase. These input
values, though exclusive of human error and ground support
equipment failures, are characteristic of those used for non-
puclear risk assessments by the aerospace community and are
based on component, structural, subsystem, and system ‘
relisbility tests and analyses. :

Given Saturn V/Apollo failures, order-of-magnitude-type
engineering estimales were mede on the probabilities of fuel
release as & result of various aborts. It is emphasized that
these estimates are judgmental and are not corroborated by
statisticelly-founded confidence levels such as those derived
from large samples of test results.
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Table I presents the NASA Saturn V/Apollo accident prob-
ebilities and overall estimates of fuel release probabilities
to provide a relative measure of accident probability and
severity for each mission phase. '

Prelaunch and Launch: Phase

1.

Phase Descriptioh

The prelaunch anh leunch phase is defined as the time interval
between T - 12/2k hours, when the FCA is put on-board to

T + ~20 seconds, when the vehicle reaches 2000 feet altitude.
This is & nominal altitude and varies with 5-IC engine per-
formance. During the latter part of the prelaunch period
eryogenic propellants are on-boasrd the vehicle (See Figure L).
The nominael launch procedure calls for S-IC engine ignition

at T - 8.9 seconds with verification of thrust at T - 1.5

seconds. Prior to lift-off the vehicle is constrained by four
hold-down arms and the S-IC engines are shut dovn in the

event of a propulsion malfunction. After rominel lift-off the
vehicle clears the launch tower reaching an altitude of 600
feet in ~10 seconds and reaches 2000 feet in ~20 seconds of
flight over the launch site.

The primary safety consideration is crew safety, and an
autometic Emergency Detection System or m2nual means are
used to actuate the Launch Escape System (IES) in the event

_ of an sbort. The thrust termination function and Propellant

Dispersion System (PDS) is operstive at T - 17 seconds through
herd-line to the GSE prior to lift-off. There is an inde-
pendent PDS on each stage which is & dual channel, parallel
redundant system designed to terminate thrust, scatter the
S-IC, S-II, and S-IVB oxidizers and fuels in different
directions, and thereby minimize their enmergy yields. After
1ift-off the range safety officer can send two commands
separately or simultaneously:  "Arm" which results in thrust
cut-off and "Destruct" which opens the tank walls by actuating
the PDS. A four second delay time between "Arm" and “Destruct”
is programmed to assure that the crew is clear of the vehicle
at the time of destruct and also bto permit charging of the
destruct units. :

Accidents Postulated and SNAP 27 Response

It was postulated that the Saturn V/Apollo could explode,
burn, end impact the launch erea during this phase.
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The types of failure modes or events which were analyzed
include: (1) Failures Prior to Engine Ignition, (2) Vehicle
Tipover, (3) Vehicle Fallback, (%) Tower Collision, and

(5) S-IVB ‘Intact Impact on the Earth. o

(1) An explosion prior to S-IC.engine ignition could occur

(2)

(3)

(&)

(5)

as a resull of tank rupture of any propellent tank from
overpressu&ization, or structural failurc of a tank or

& pressure; bottle which in turn ruptures a propellant
tenk. A propellant tank rupture from overpressurization
is unlikely since it requires a combination of several
independent failures (e.g., failure of ground pressuriza-
tion system plus failure of relief valves)., Tank rupture
as a result of structural failure is equally unlikely
since this would require nominal working pressures to
exceed the structurel integrity of the particuler com-
ponent.

The possibility of the Saturn V Launch Vehicle tipping
over on the pad before S-IC ignition has been studied and

~ there does not exist any known failure mode of significance,

Analysis indicates that in the event of a hold down arm
failing to release, the launch vehicle would proceed
through the hold down arm and continue the mission.
Further, redundancies incorporated in the hold down system

 make the probability of this fajlure on the order of 10~ .

Failures in the S-IC propulsion system are the only con~
tributing factors leading to vehicle fallback. Liftoff
cannot occur unless 2ll engines are operating and thrust
verified. Beyond less than one second after liftoff it
would require failure of more than one engine to experi-
ence a fallback. The predicted probability of an engine
failure resulting in & falltack is considered to be less
than 1 X 107°, .
Fajlures leading to tower collision are primerily S-IC
propulsion system feilures requiring No. 1 or No. 2
engine failure prior to 4.5 seccnds after liftoff, a
plus yav saturated signal before 2.3 seconds after
1iftoff or & minus yaw saturated signal before 5.2 seconds.
These failure modes have been thoroughly analyzed and the
ﬁrobabagity of occurrence is considered to be less than
X 107,

The only postulated malfunction of significance which

could lead to earth impact of an intact S-IVB is control
signal saturation and loss of vehiclie control. The
probability of signal saturation occurring is less than

4 x 10™. To reach the earth insact after loss of vehicle
control the S-IVB would need to survive the probeble
structural failure of the vehicle, possible tower collision,
or command destruct action.
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Although it is recognized that IM propellants next to the GLFC
sbove the S-IVB, and propellants of the S-IC and S-II stages
pelow the S-IVB could contribute to the below environments, the
§_IVB containing 230,000 pounds of LOX and 1H, was considered by
the Panel to predominate because of its energy potential and
proximity to the GLFC. Appendix A treets this subject in detail.
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The following environments could be experienced by the GLFC in
the event of an explosion and fire: (&) Shock overpressure and
impulse, (b) Fragment flux, (¢) Thermal transient from fireball
and efterfire, and (d) Impact on vehicle parts or the earth.

-

Shock Overpressure and Impulse

-. A centerline explosion of the g.IVB is defined as one

occurring at the center of the common bulkhead of the LOX/1H,
tanks. An explosion at this point gives the greatest cal-
culated shock overpressure and impulse to the GILFC for a
given yield since it is nearer the GIFC than other potential
S-IVB explosion centers. However, analysis indicates that
an explosion center at this point is unlikely. The common
bulkhead is structurally stronger than the sidewalls and,
therefore, the more probable failure point is at the
Juncture of the common bulkhead snd the sidevall, placing
the explosion center further from the GLFC at a point in a
torus outside the common bulkhead and sidewall juncture. -
The yield from.a centerline explosion is postulated to be
greater than for an explosion centering outside the vehicle
since some propellant mixing could teke place within the
confines of the tank outer wall prior to ignition. An
explosion centering outside the vehicle would not be
expected to have a yield much greater than that resulting
from & commend destruct explosion because the failure modes
are similar and little confined propellant mixing would be
anticipated prior to ignition.

Although considered highly improbsble, should the S-IVB
jmpact the earth intact,the yield (30-60%) could be postu-
lated to be considerably higher than for an "air burst"
explosion if it is assumed that optimum mixing takes place
on impact prior to ignition.

The teble below lists failure modes of the S-IVB, the energy
yields postulated from the failure mode explosion expressed
in terms of TNT equivalent, and the calculated resultant
shock overpressure at the GIFC. The data are based on failure
mode enalysis and yields from experiments involving 200 to
25,000 pounds of LOX/IHa.
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- Maximum © Qverpressure
Failure Mode Yield (% TNT) at GLFC (PSI)
Command Destruct B a5
Tapk Sidewall (Off-Center) 1-10 95-240
Common Bulkhead (Centerline) 4-20 240-530
S-IVB Impact (100 fps) 30 680 (GLFC Test Point)
S-IVB Impact (138 £ps) 60 910

A full scale GLFC was tested in the Sandia shock tube under
overpressure and impulse conditions simulating a 30% TNT
equivalent yield for the S-IVB. The GLFC was mounted at

en angle of 13° to the long axis on a Bendix IM attachment
structure and heated to operating temperature. The measured
incident static overpressure was 680 psi and the impulse was
2.7 psi-seconds. The experimental conditions (30% yield)
were 50% greater than the high yield conditions (20% yield)
and comparsble to an S-IVB free fall intact impact explosion.

The graphite shattered and was completely stripped from

the STS which was damaged but remained integral. The
beryllium cylinder contained a crack running down the

side of the eylinder. It was not deemed detrimental to

the ability of the STS to provide thermal protection for
the FCA, The FCA was wedged in the STS and some difficulty

‘was encountered in removing it from the STS for examination.

The 27 pound STS/FCA assembly wes propelled with an initial
velocity of 157 fps and impacted the plowed ground 750 feet
avay.

This test indicates that the STS will not be destroyed
and will offer protection for the FCA from subsequent .
environments, such as incident fragments, the fireball
pulse, impact, and afterfire.

Fragnents

Two fragment cases, the centerline explosion and off-center
explosion are treated. Both cases yield fragment environ-
ments more severe then those expected by command destruct
action (yield less than 1%).

Centerline Explosion

The centerline explosion may result in a yield of 4-20%.
The source of fragments is the area of the forward dome

of the IH, tenk 8-9 feet below the GLFC. The salient
considerations are hit probability, fragment characteristic,
fragment velocity, and hit orientation.
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The probability of hitting the GIFC is & geometric factor
estimated to be 0.4, derived from the ratio of the dome

‘area to the area of fragments in a spherical expansion

front as it passes the GLFC. The dome consists of 0.06
inch thick aluminum (85% of area below GLFC) and joints

. three times as thick (15% of area). Typical fragments

are expected to be irregular aluminum sheets of various
sizes, with or without Jjoints. :

Typical fragment nominal velocitiés were calculated to be

- 1000 to 1500 fps. However, upper limit fragment velocities

estimated from film tracks could be on the oxder of 3000
fps for large fragments with low ballistic coefficients.

Since the time interval between shock wave arrival and
fragment arrival would be & fraction of a millisecond to
a few milliseconds in duration, the moment of inertia of
the GLFC would preclude apprecisble rotation of the GLFC,
and the forward end of the STS/FCA would be facing the
fragment flux. The shock tube test indicated that the
graphite barrel would be demolished by the incident shock
wave of a 30% yield. :

The results of fragment impact tests on heated (to pad
-operating temperature) STS/FCA test specimens using

16 X 18 X 0.06 inch aluminum fragments are summarized
below: ‘

Fragment
Specimen Fragment Impact -Damage to
Orientation Orientation Velocity (fps) STS/FCA
End Edge 1045 STS/FCA integral
End Flat 10L45 STS/FCA integral
End Edge - 1900 Fragment violated
o L ’ STS end cap, FCA
; penetrated no release
End Flat 1900 STS/FCA integral
End* Edge 1830 STS/FCA integral
. Side Edge 975 STS/FCA integral
"Side Flat 10ko STS/FCA integral
; ' Beryllium cracked
Side . Edge 2000 STS/FCA integral
End Flat 3200 STS/FCA integral
End* Edge 1815 STS/FCA integral
End** Flat 2800 STS/FCA integral
End#* Edge 2800 FCA end and liner
breeached '

# With graphite and Bendix end cep '

% With graphite
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The test data indicate that high velocity fragments
jmpacting the front end of the STS/FCA edge-on could
defeat the intégrity of the STS/FCA. The degree of
damage is a function of edge-on fragment velocity. At
1900 fps an edge-on fragment penetrated the FCA, but
plugged the aperture. At 2800 fps the STS end cap wes
cut and the FCA was breached.

Off-Centerline Explosion

The yield range for an off-centerline explosion is taken
to be 1-10% TNT equivalent and it occurs at the side of
the 5-IVB. Fuel release is nol expected to result from
1% yields. However, it is postulated that components of
the Instrument Unit (IU), a ring located sbove the S-IVB
but below and peripheral to the GLFC, could be placed
within the geometric view angle of the GLFC by off-center
high yield explosions. The IU is made of aluminum honey-
comb sandwich material with eold plates attached to the
jnner surface. Electronic and electrical components
(such as “"black boxes," batteries, power distributors,
snd telemetry assemblies) are mounted on the inner surfece
of the cold plates. .

For & 10% yield, celculated theoretical velocities of
massive IU components such as a cold plate and distributor
box weighing 62 pounds vary over a wide spectrum depending
upon the assumed attitude of shock impingement and other

- factors. A stationary STS/FCA was destroyed when it was

impacted at 680 fps by the above combination mounted on &
rocket sled. Evaluation of the test conditions has not
been completed and the validity of this test has not been
established. Recognition of the STS/FCA fajilure has been
included in deriving the probability of & prompt fuel
release due to fragment penetration during high yield
abort explosion. - ) .

Fireball and Afterfire

_ The fireball model, discussed in Appendix A, was used to

evaluate the thermal response of the STS/FCA. The model
was considered by most of the Panel to be conservative.

It is expected that for explosive yields of greater than
34% TNT equivalent, the graphite of the GLFC would be
damaged. For yields from 3} to 30%, shock overpressure
would remove the graphite but would not be expected to
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violate the integrity of the STS prior to fireball
arrival, However, it is recognized that high yield frag-
ment impact conditions could severely violate the STS/FCA
and expose the FCA to the fireball. The probability of a
catastrophic fuel release of this type has been discussed
previously in Part 2.b. of this Section.

In the heat transfer analyses by GE and Sandia, the

STS/FCA is exposed uniformly to the heat flux of the fire-
ball for its full duration. This is a conservative assump-
tion for cases where the STS/FCA is propelled from the
fireball in a downward or lateral direction. Heat fransfer
analyses conducted by GE and verified by Sendia indicate
that the FCA when protected by the SIS would survive the
full duration of the fireball with the conservative
assumption that the STS/FCA is somehow levitated in the
fireball as it rises. The bare FCA when exposed uniformly
to the peak heat flux of the fireball is calculated to

melt in 4 seconds.

The possibility of ignition and burning of the titanium
‘and beryllium components of the STS was examined.
Laboratory tests at Sandie on titanium specimens similar
to the STS end cap indicated that ignition of molten
titenium (MP 3100°F) could occur in an oxygen-rich gas
_mixture; however, it was not a violent reaction, end it.
was not self-sustaining. The STS berylliuwm barrel is
coated and about 0.5 inches thick. Should the coating be
disrupted or the barrel cracked, the fireball environment
is not expected to sustain beryllium combustion. An
adherent BeD coating (MP 4650°F) is formed on Be (MP 2330°F)
which arrests combustion via oxygen starvetion.

Section IV treats the vaporization of the PuQ; fuel in
the fireball, if it is released.

Following lift-off of the fireball stem, the STS/FCA

could fall into a residual fire in the launch area. The
fire burns at an average temperature of 1850°F and could
persist for 30 minutes or more,. GE and Sandia calculations
assumed that the STS was not present and showed that the
bare FCA will not melt in the afterfire. The FCA contains
an internal helium pressure relief mechanism and is designed
to fail at the mid-plene without releasing fuel in the

event of gradually applied internal pressures.
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Impact l}.‘

The prelauﬂch and launch phase covers an altitude from
280 feet (;nstalled height above pad) to 2000 feet,
Following én abort, the GIFC, STS/FCA, or FCA could impact
the pad area depending upon the severity of the explosion.
The following impact velocities are given for the various
SNAP 27 co%figurations when separated from.the vehicle.

Impact Velocity (fps)#*
Release Altitude

Ttem ' 280 feet 2000 Feet Terminal
GLFC 126 256 - 288
STS/FCA 130 290 - - 373

- FCA 125 243 264

¥ Sea level conditions for free fall

Impact could be on various media including sand, concrete,
or pad structures. Three types of test data were available
to the Panel. These included FCA impact tests, a GLFC
impact test, and the shock tube test described eerlier.

Seventeen FCA impact tests were conducted wherein heated
FCA assemblies with internal pressures of 2.5 to 3 atmo-
spheres were impacted at various velocities and angles

on granite. Impact velocities.varied from 140 to 26L4 fps.
The results of all FCA impact tests indicated that no fuel
would be released.

A GLFC was heated to reentry temperatures and was impacted
at 1900°F and 300 fps on dense, moderatély cemented clay
511t having properties similar to low grade cement. The
FCA cracked at the m*d-plane weld as designed and no fuel
simulant was released,

The test data support the contention that an integral FCA
vhen either unprotected or protected by the STS or GLFC,

is expected to contein the fuel under ground impact
velocities in excess of those anticipated in e launch abort.
The Panel examined the possibility that the FCA could
impact other vehicle components prior to ground impact.

The only applicable test data for this case is the 157 fps
velocity imparted to the STS/FCA by overpressure and the
expected ability of the STS/FCA to survive impact with
aluminum skin fragments at velocities up to 2500 fps. It
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was &lso posthlated that & piece of beryllium from the

STS could puncture the FCA as a result of impact. This
failure mode has not been observed in any of the impact
and fragmentation tests conducted to date wherein the
impact velocities wvere well in excess of those anticipated
for GLFC or STS/FCA sssemblies in the launch abort environ-
ment.

Likelihood and Severity of Prelaunch and Launch Accidents

In Table I the NASA probebility for vehicle failure during
the prelsunch and launch phase is given as 6 x 10~ with 107

. of .such vehicle failures resulting in fire and explosion. The

Panel was unable to quantify the mitigating factors associated
with command destruct action during this phase, except to
jndicate that resultant yields from command destruct would be
1% or less and minimizes the environments for overpressure
and fragmenis.

The Marshell Space Flight Center (MSFC) has not been able to
identify any reasonable failure mode of the Saturn V which
would result_in ground impact of the intact S-IVB stage fully
loaded with propellants prior to engine ignition. Nor have

‘such failures been observed in any other vehicles prior to

engine ignition. Subsequent to engine ignition and prior to
1ift-off, Kennedy Space Center (KSC) has indicated that pre-

mature holddovn release due to single failure points could

occur with & 2 X 10~ probability. 'However, results of the
Manned Spacecraft Center and MSFC investigetions indicate
that the vehicle would lift-off (or fail to lift-off and shut
down safely) without tipover. After lift-off, the only
significant failure mode jdentified which could result in
S_IVB intact ground impact prior to commend destruct or
primary vehicle failure is the saturated control signeal mode.
MSFC indicates that the critical period for this mode does
not continue beyond 20 seconds after 1ift-cff. Although this
would cause anomelous flight of the vehicle, the majority of
these cases would result in command destruct, structural breakup,
or tower collisions prior to striking the ground. Thus, the
Panel could not reasonably postulate yiéld conditions of the
S-IVB greater than 20% TNT equivalent, and this condition
served as an upper limit.

The Panel considered fragment impact on the STS/FCA in its
expected orientation, as & result of centerline and off-
centerline explosions of the S-IVB. It is estimated thet
given an explosion the probability of breaching the capsule
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is 6 X 10°. The following approach was taken to determine
the probability of fuel release from fragments:

(6 x 10°) (1.1x107") (6x127°) = hx107°
(P abort) (P explosion) (P fragment = P nominal frag-
. damage) ment fuel release

This case is postulated as the nominal case for the prompt
release of Pu0, microspheres as a result of fragment pene-
tration of the FCA from a low yleld exPlosion. The fuel
release rate is considered to be up to 4% per second from one
half-capsule. -

For a high yield explosion (centerline or off center) it is
postulaeted that the Pu, microspheres from one half-capsule
of the FCA (22,250 curies) could enter the fireball in a
minimum time of two seconds. The prompt release of the
microspheres to the fireball is considered as the upper

limit case in Part IV and it is expected that the probability
of occurrence is a factor of 10 less than the nominal case-
low yield (i.e., 4 x 107).

‘The above is exclusive of consideratlon of destruct action

(yield 1%).

The fireball enviromment on a damaged STS/FCA could result
in FCA breachment by melting and is assigned the following
probability:

(6 x 10°) (1.1 x 107) (107°) = 7x10°
(P sbort) (P explosion) (P capsule melt) = P delayed fuel
) release

The release into the fireball would be deleyed for more than
L seconds, because of the time required for the inner liners
to nelt.

The release of fuel as a result of FCA impact failure is
assigned the following probability:

(6 x 1¢™2) (2 x 107*)
(P abort) (P FCA impact failure)

1078
P fuel release

nu

.In summery, the estlmated probebility of fuel release ranges

from T X 107® to 10° The upper limit, in terms of quantity
of fuel released to the fireball at its peak thermal flux,
is postulated to result from high velocity large fragment
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impact. The punéture of the FCA by smeller fragments leading
to a reduced release rate and the delayed release as a result
of FCA meltdovn aré treated as nominal cases. The release of
fuel as & result of ground impact has not been observed in
testing of the GLFC/STS/FCA hardware. However, failure is
assumed and source terms are assigned in Section IV.

Early Ascent Phase

1.

Phase Description

The early ascent phase is defined as the time interval between
T + 20 seconés (altitude 2000 feet) to T + 159 seconds. This
represents most of the S-IC Boost, and at T + 159 seconds
(S-IC cutoff) the altitude is 180,000 feet, the velocity is
8300 fps, with a range of 48 miles and an instantaneous impact
point (IIP) less than 100 miles downrange. On & nominal tra-
Jectory the locus of vehicle IIP's clears the coastline at
T+ 32 to T + 36 seconds depending on the launch ezimuth

(72 or 108°). 1If thrust from the Number 3 engine is lost at

T + 2 seconds and the remeining engines function, the IIP will
clear the coast in 81 seconds. Therefore, the IIP during the
early part of this phase is over concrete or sandy soil, but
the majority is over the ocean downrange.

In the event of an abort with an IIP over land during this
phase, destruct is the most likely action and S-IVB energy

 yields would be 1% or less depending upon the altitude of PDS
" initiation by the Range Safety Officer. After the IIP has

moved over the ocean, flight termination action would be _
manusal engine cutoff or crew initiated abort, the PDS function
could be sent, if necessary, only after confirmation of satis-
factory LES operation. -

Accidents Postulated and SNAP 27 Response

It was postulated that the S-IVB stage of the Saturn V/Apollo
could spontaneously explode, without benefit of command
destruet action between 2000 and 180,000 feet altitude. The
shock overpressure, impulse, and fragment environments would
decreas:z in severity, compared to the launch abort, as
altitud: increases and lower ambient pressure conditions

‘prevail. For altitudes between 2000 and 50,000 feet a fire-

stream model was used to eveluate the thermal response of the
GIFC. The firestream is created by propellants being expelled.
along the trajectory of the Saturn V. Because of the
difficulty of maintaining the GIFC in the firestream, the
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thermal pulse op-ﬁhé GLFC, STS, or FCA is much less severe
than in the launch abort below 2000 feet; however, it has
been analyzed and‘a fuel release assumed. The vaporization
of the fuel released was calculated for 2000 to 10,000 feet
altitude and a konservative model was used. -Above 50,000
feet the effects of the thermal pulse of the firestream on
the GLFC, STS, FCA,and fuel were considered negligible.

Land impact, primarily on sard, could occur as a result of
aborts during the first 35 seconds or so after leunch;
thereafter thru S-IC cut-off, ocean irnpact downrange would
result. Although the FCA would be expected to survive land
impact, failure is postulated. Ocean impact failure is not

expected, ‘
3. Likelihood and Severity of Early Ascent Accidents

8.

-——

Fuel Release in Firestream

The early ascent abort is assigned a probebility of

2.4 x 107 in Table I. Fuel release tc the. firestreem
would reguire a spontaneoq§ explosion which is assigned’

& probability of 1.7 X 10~ . The probebility end miti-
gating effects of altitude and destruct action vis & vis
SNAP 27 are not considered, although ‘they will significantly

-reduce the release prpbability and respirable source ternm,

The probability of a prompt release of fuel into the
firestream is given as follows:

(2.4 x 10®) (1.7 x 207) (7x20%) = 3x10°
(P abort) (P explosion) (P fragment = P fuel

‘ penetration) release
Impact .

The probability of impact failure of the FCA is given,
a8 follows:

(2.4 x 107°) (2 x 10™*) = 5%x10°
(P abort) (P impact failure) = P fuel release

This applies to impact failure on lend. The S-IC flight
time for this phase (minus tke 20 seconds to reach 2000
feet) is 140 seconds. On & nominal trajectory the
vehicle is over lard for 15 seconds cf the 140 seconds
or sbout 10% of the Early Ascent Phace. This rationale -
is also generally applicable to the location of micro-
sphere "footprints" created ty fusl releases on ascent.
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¢. Marine Feleases
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The consequences of potential releases at sea or in
fresh water as a result of microsphere "footprints" or
FCA impact are treated in Appendix D, vwhere the Oceano-
graphic Subpanel concluded that such releases did not
constitute a health hazard.

There is a remote probebility that microsphere "footprints"
could fall on ships at sea. However, this is not deemed
to be & significant concern from a radiological viewpoint.

Suborbital Phase

1.

2.

Phase Description

This phase includes the S-II Boost and the S-IVB First Burn
to ofbital insertion.

The S-II Boost has a duration of 374 seconds, and its ITP as

a result of any sbort remains over the Atlantic Ocean. S-I1

Boost starts at T + 162 seconds (50 miles range, 220,000 feet
altitude, 8100 fps velocity) and S-EI cutoff occurs at

T + 536 seconds (855 miles dovnrange, 605,000 feet altitude,.

22,200 fps velocity).

The 5-IVB First Burn inserts the S-IVB, I, SM, and CM con--
figuration into a 100 mile parking orbit. S-IVB igpition is
at T + 536 seconds at the conditions of S-II Boost cutoff and
the S-IVB cuts off at T + 683 seconds (1,340 miles downrange,
25,586 fps velocity) for an operating intervel of about

150 seconds. Certain aborts of the S-IVB could result in
IIP's on the Africen Continent during & period of 60 seconds
of the 150 seconds S-IVB Burn.

Although command destruct is possible during this phase it
is not a primary consideration. :

Accidents Postulated aﬂd SNAP_2§ Response

Two sccldents are postulated for the Suborbital Phase. The
first involves reentry failure of the GLFC and fuel release
on reentry. The second involves impact of the GLFC on Africa.

Salddd
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Reentry Failure of GLFC

The Reentry Working Group examined the possibility of
reentry failures of the GLFC at suborbitel reentry
velocities (See Appendix B). The failure of the graggite
ablator of the GIFC was assigped & probability of 10,
given aa sbort without an explosion.

The possibility of a spontaneous S-IVB explosion in flight
vas also considered. This event was assumed to impair the
grarhite ablator of the GLFC and result in a fuel release.
The failure mode is postulated to be fragnent penetration
of tlie GLFC since the effects of fire and overpressure
above 50,000 feet are considered negligible.

The reentry conditions at the time of fuel release were
such that the fuel could either melt or remain as micro-
spheres. The former case would result in high altitude
dispersion and the latter would place "footprints" of
microspheres along the ground trace depending upon the
point of failure. ‘

Tmpact of GLFC

Impact of the GLFC in the Atlantic or Indian Oceans is
the most probable result of suborbital aborts. However,

' impact on the African land mass was considered and

failure of the STS/FCA at impact was postulated.

Sandia conducted three GLFC mass mock-up celibration drop
tests end one GIFC drop test. In the calibration tests
the models tumbled in free fall and impacted at between
321 end 347 f£ps. In the full scale GLFC drop test the |
FCA, containing a fuel simulant, was heated to 1900°F

and dropped from 12,116 feet above terrain. The measured
impact velocity was 300 fps at the test range altitude
{5200 £t above sea level) and the GLFC.was observed to
sumble end-over-end. The target was a dry lake bed
sonsisting of dense, moderately cemented clay silt. It
is estimated that 70% of the earth's land area is less
rigid. No fuel simulant was released in this test or in
the 17 FCA grenite impact tests discussed earlier.

During suborbital reentry it is not expected that signif-
jcant degradation of the GLFC will occur prior to impact.
However, explosions could degrade the GLFC/STS/FCA and a
fuel release at impact is postulated and evaluated in
Section IV. : . '
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3. Likelihood and Sé&eritj of Sdborbital Accidents

a. Reentry Failure of GLFC

- In Table I, the vehicle failure ?robabillty during this
phase is estimated to be 4 X 107,

For reentry ablator failure the following fuel release
probability is derived:

(4 x 1072) (10°°
(P vehicle failure) (P ablator failure)

4 X 1078
P fuel release

Fof & reentry fuel release due to sponteneous explosions
the following probability is derived: .

(4 x 10%) (8 x107%) (8 x 10°) = 107
(P vehicle (P explosion) (P ablator = P fuel release
failure) ~ failure) .

In the above fuel releases it.is postulated that S0%
would result in melting the fuel on reentry and dispersion
of aerosols in the upper atmosphere and 50% would yield
"footprints" of microspheres somewhere along the ground
trace. Assuming the ratio of an African overflight .
interval of 60 seconds to the complete flight interval of
the S-II Boost/S-IVB First Burn Phase of 524 seconds, it
is estimated that 10% of such "footprints" would be on
Africa, given a reentry fuel release. If one considers
the increased density of vehicle abort probability at
stage ignition, the "footprint" probability on Africa
would be further reduced.

Footprints in the ocean or in fresh water were not con- .
sidered significant by the Oceanographlc Subpanel
(Appendix D),

b. Impact Failure of GLFC

The critical path to impact failure is an in-flight
explosion., The probability of fuel release at impact
follow1ng an explosion is given as follows:

(h X 10"’) (8 x 10®) (2x107) (5% 10'3) 3 x 107
(p a.bor'b) (P explosion) (P reentry (P land P fuel
survival) dimpact failure) release

Y me——
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The 3 x lﬂrs,va1Ue-applies to fuel release at land impact
assuning that 107> will impact Africa and that 50% will
£ail on impact. About 90% will impact in the Atlantic or
Indian Oceans, and the consequences are not significant.
Mitigating aspects of fuel release such as cratering or
burial in soft soils are not considered in estimating the
fuel release probability or quantity. Burial on impact
would not produce a significant aerosol release to the
atmosphere based upon a burial test of the FCA.

D. Orbital Phase

1.

Phase Description

This phase includes coast of the S-IVB, LM, SN, and CM config-
uration in a 100 mile parking orbit. It occurs after S-IVB
First Burn cutoff and before S-IVB Second Burm, During this
period ullage engines are operated for a short time and
attitude maneuvers are conducted., On a nominal mission, S-IVB
restart will occur during the first orbit after one hour and
24 minutes of coast.

Accildents Postulated and GLFC Response

" 8hould the mission terminate in orbit for any reason, the

configuration including the GLFC could reenter at random after
orbital decay in a band between 35°N to 35° s Latitude after’
several weeks.,

a. Reentry Failure of GLFC

" The Reentry Working Group examined the possibility of GLFC
reentry failures at orbital reentry velocities (Appendix B).
The failure of the graphite ablator of the GLFC on teentry
was assigned a probability of 10-3, given an abort without
an explosion.

b. Explosion . S -

The possibility of a spontaneous S-IVB explosion in orbit
was also considered. The GLFC failure mode postulated was'
fragment penetration which would impair the graphite

ablator prior to reentry. The result would be fuel melting '

during reentry with dispersion in the upper atmosphere or
"footprints' of microspheres in a band between 35 N to 35S
Latitude depending on the fuel release altitude.
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Impact of GLFC

The impactlrésponse of the GLFC/STS/FCA was discussed
earlier, and fuel release at impact is postulated and
evaluated In Section IV. :

3. Likelihood and; Severity of Orbital Accidents

a.

b.

Coe

Reentry Fallure of GLFC

In Table I minor fuel releases ¢n reentry as a result of
FCA pressure failure were not considered because of their
relative inseverity. A 100% relezase of fuel at high
altitude is assumed in the evaluation in Section IV,

The following fuel release probability for reentry
ablator failure is derived:

2 x 10°°
P fuel release

(2 x 10°2) (10°%)
(P orbital abort) (P ablator failure)

"ol

Almost all GLFC reentry failures will result in fuel
melting and dispersion as aerosols in the upper atmosphere,

Explosion

The following fuel release probability for explosion induced -
GLFC failure is derived: . :

(2 x 107%) (2x10°%) (3x10)=10"°
(P orbital abort) (P explosion) (P GLFC = P fuel
. - failure) release

Orbital explosions can cause ablator failure prior to or
during the reentry sequence and survival of the STS/FCA
during reentry is doubtful. 1In the explosion case, it is
assumed that 507 of the releases will result in fuel melt
and dispersion and 50% will result in random "footprints"
of microspheres.

Impact Failure of GLFC

Table I gives fuel release probabilities for land impact.
Ocean impact is expected 757 of the time and is not con-
sidered to be significant.
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. The probability of fuel release. at impact as a result of
orbital aborts is given as follows.
4 x 107*
P fuel release land

(2 x 1072) (2 x 107?)
(P abort) (P FCA land impact failure)

The 2 x 10~ factor accounts for the degradation of the
GLFC/STS/FCA during reentry and the ratio of land to water,

'E. Sugerorbital Phase
1, Phase Description

This phase includes a period of about 62 hours from translunar
injection until a lunar orbit is achieved.

. This phase includes the following subphases:

" Translunar Injection consists of the S-IVB Second Burn
(5 minutes and 42 seconds) to accelerate the configuration
from the parking orbit to translunar velocity of 35,600 fps.
The nominal injection provides a "free return" trajectory to
earth if deboost into lunar orbit is not initiated.

Translunar Coast is the period following S-IVB Second Burn
and prior to the SM burn for lunar orbit imsertion. During
this period the CSM is separated from the S-IVB,  transposed

- and docked to the LM, then the LM is withdrawn from the S-IVB.
Midcourse corrections are made if required.

—

Lunar Orbit Insertion requires the SM to deboost the spacecraft
into a circular lunar orbit. The LM will land on the moon
after a lunar orbit coast period and SNAP 27 will be deployed
on the lunar surface.

After the lunar orbit is accomplished, it was assumed that

the GLFC would not return to earth, although it is recognized
that in the very remote event of SM engine failures occurring
prior to the lunar landing, the LM Descent Stage (with the

GLFC attached) would provide propulsion for an earth returm
trajectory. However, in this case the LM is targeted for ocean
impact. .

‘2. Accidents Postulated and GLFC Response

Some failures will not result in earth impact; however, since
no definitive information is available all failures are assumed
to return the GLFC to earth., The three types of accidents
postulated for this phase are GLFC ablator fallure, explosions,
and GLFC impact.. , i :
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GLFC Ablator,Failure

Two types of yeentry conditions are postulated to cause
GLFC ablator failure: "skip" reentries and high angle
superorbital reentry. Such reentry conditions could
result from aborts occurring in Translunar Injection,
Translunar. Coast, Lunar Orbit Insertion, and as a result
of using the LM propulsion to return to earth if the SM
fails to start-up. These are discussed in Appendix B.

The "skip" reentry situation results from aborts

occurring between Translunar Injection and Lunar Orbit
Insertion, The resultant trajectory would be highly
elliptical causing the GLFC to graze the earth's atmos-
phere at a shallow angle (<&% ) at superorbital velocities
in multiple orbits with decreasing periods and apogees.
Each pass could cause the incremental removal of graphite
by ablation as it grazes the atmosphere until the graphite
thickness is insufficlent to survive the final orbital
reentry.

In contrast to the shallow grazing reentries, the GLFC
could be placed into a steep angle superorbital
trajectory that would result in abnormally high heating

_ rates and thermal stresses on the GLFC on reentry. The

graphite of the GLFC has been tested at the highest
pressures, but not with simultaneous high heating rates
that it could encounter. The combined conditions cannot
be simulated in ground tests. The result of ablator
failure could be a release of fuel on reentry with fuel
aerosols dispersed in the upper atmosphere or "footprints"
of micrOSpheres at random on the earth's surface.

Explosion

The -possibility of a spontaneous S-IVB explosion causing
GLFC failure and fuel release on reentry during this phase
was also examined. The expected result would be fuel
melting during reentry with aerosol dispersion in the upper

¢

Tmpact of GLFC

Impact of the GLFC could occur at locations biased to
between 35°N - 35°S Latitude. The impact response of the

"GLFC/STS/FCA is postulated and evaluated in Section IV.
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3. Likelihood and Severity of Superorbital Accidents

a.

c.

Reentry Failure of GLFC

The following fuel release probability for reentry
ablator failure is derived:

107
P fuel release

(1.5 x 107) (2 x 107%) ,
(P superorbital abort) (P ablator failure)

nn

Reentry failures are expected to result in fuel melting
50% of the time end rapdom microsphere "footprints" 50%
of the time. A 100% fuel release is postulated.

Explosion

The foilowing fuel release probability for explosion-
induced GLFC failure is derived:

3 x 107
P fuel release

(1.5 x 107) (6 x 102) (3 x10™)
(P superorbital (P explosion) (P ablator
abort) - failure

nu

GLFC reentry failures because of explosions are expected
to result in fuel melting ten times more often than
random microsphere "footprints" because of the severe
heating environments expected at fuel release. A 100%
fuel release is postulated. ‘

Impact Failure of GLFC

Table I gives fuel release probabilifies for random land
impact only, because water impact is not of significant
concern.

The probability of fuel release at impact as a result of
superorbital aborts is given as follows:

3 x 107

P fuel release

(1.5 x 107) (2 x 107°)
(P sbort) (P FCA land'impact failure)

nu

The fuel release probability for impect accounts for the
ratio of land to water impacts.
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Iv. EVALUATION OF POTENTIAL ACCIDENTS

In the previous section, potential accidents which could lead to fuel
release were defined and their occurrence probabilities were estimated
and summarized in Table I. This section presents the Panel's evalua-
tion of these accidents with respect to postulated radiological source
terms (amounts and particle sizes of 2ag Pu0; released) and the resulting
isopleth areas (areas in which & lung burden or ground concentyation
equals or exceeds a given amount) for lung burdens of Pu0, aerosols and
ground concentrations of microspheres.

Source terms for all accidents leading to fuel release were estimated
by the Panel. Isopleth areas were derived by the Meteorological
Working Group (MWG) and are discussed in detail in Appendix C. Upper
limit and nominal releases were estimated by the Panel for the particu-
lar release mode considered.

Upper limit releases were defined as being the most adverse that can
reasonably be expected to occur, Nominal releases were defined as those
that are more likely to occur in the event of an abort. Releases less
than nominal were not evaluated due to their reduced severity.
The evaluation 1s summarized in Table II where the source terms are
identified by the amount of Pul released and the particle size released
in order to determine meteorological dispersion, lung burdens and ground
deposition. Particle sizes of PuO; with diameters three microns or less
-were considered for pulmonary deposition. Particles of Pu0, greater
than three microns in diameter were considered non-respirable and were
treated in the ground concentrations. That portion of fuel vaporized in
the fireball and firestream was considered PuQ, vapor, but it was
recognized that the Pu0; vapor will agglomerate on inert airborne
particles, propellants, water vapor, dust and other inert ingredients
in the fireball.

In Table IT, the downwind lung burdens were defined in terms of the
areas where datum lung burdens of 0.016 and 0.0005 micrecuries (uci)¥
of 555 FPul; would be exceeded. Lung retention values were computed

from the product of time-integrated air concentrations, given in
Appendix C, and the constant 4 x 10 %s® /sec. This constant is based cn
an inspired air intake of 2 x 10 %*n® /sec and a pulmonary retention factor .
of 0.2. ' :

Dispersion and deposition patterns resulting from fuel release were
determined by the assumed height of the fireball or firestream and the
postulated meteorological stability conditions existing at the time of
release. Meteorological Condition 1 represents the nominal stability
condition at Cape Kennedy while Condition 2 represents a more conserva-
tive condition within the diurnal and seasonal range. Condition 2 does

_ ‘ |
*1 microcurie (nci) = 10 8 curies (ci). See Appendix E for discussior.
of Biomedical considerations.
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not give the highest possible values for the isopleths. The MWG

. ¢oncluded that more severe conditions would not occur more than 10%
of the time. Aborts where conditions would be of primary consider-~
ation are impact releases from a point source and at ground level.

For ground level releases, the more stable atmosphere and lower wind
speeds result in higher downwind concentrations. The low wind speeds
and stable conditions are confined primarily to the nighttime and

early morning hours, and-thus there is a limit to the distance an,
instantaneous source can travel under these conditioms. After 12 hours
or less the stable condition would generally change to neutral or un-
stable conditions and dilution would become more rapid.

The limiting.meteorological condition a2ssumed for the evaluation of
the point source impact release was a very stable atmosphere and a
wind speed of 2.5 m/sec. It is possible that higher doses could exist
10% of the time, primarily because of lower wind speeds which are in-
versely proportional to the dose. The lower wind speed would limit
.the downwind extent and the area of a particular isopleth. Using
lower wind speeds increases the areas listed in Table 11 by a factor

of two.

The parameters used in Table II to describe these conditions

are listed below:

Aﬁort'

Assumed Meteorological Conditions

. _Release Wind .
Release Type of Meteorological Height Speed  Stability

-~Zone Mechanism _ Particle Coundition meters(m) (m/sec) Condition
Prompt Vapor 1 2000 10 Neutral
2 1000 20 ‘Unstable
>3 1 2000 10 Neutral
’ 2 4000 20 Unstable
o Delayed = Vapor 1 . 2000 10  Neutral
LAUNCH 2 1000 20 Unstable
SITE - oL
’ >3 1 2000 10 Neutral
2 4000 .20 Unstable
Tmpact <3 1 0 5 Neutral
: 2 0 2.5 Very Stable
>3 0 ) Neutral

0 2.5 Very Stable

---------------——-—-------------.
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~ To Fire- Vapor 1 4000 10 Neutral
, stream ] 2 4000 1 Unstable
FLIGHT ' ’
TRAJ. >3 1 4000 10 Neutral
(EARLY 2 4000 1 Unstable
ASCENT) : ‘
Impact (Equivalent to Launch Site Impact Releases,
except for Location.)
Melt Zone 45 Km Altitude Release, Atmospheric Dispersion
(Burn Up) Confined to 1 Hemisphere
FLIGHT : : .
TRAJ. Qutside Atmospheric Fallout from a Line Source Along

(REENTRY) Melt Zomne Reentry Trajectory

Impact (Equivalent to Launch Site Impact Releases,
except for Location.)

Ground concentration 1so leths presented in Table 11 were defined by
datum levels of 62 pelfor and 6 peifm . Maximum values for both lung
burden and ground conceqpration represent, thgoretically, a single
point on the ground. However, for purposes of evaluation, the area
enclosed by an isopleth line equal to one-half the maximum value is
also shown.

-The source terms and isopleths for datum lung burdens and ground

concentrations are presented in Table 1I, and their sensitivity to
other meteorological conditions are discussed for each postulated
accident.

A. Prelaunch and Launch Phase

it was postulated in the previous gsection that Puly microspheres
could be released during this phase of the mission, if the following

* conditions occur:

1. Launch vehicle explosion resulting in.fragments puncturing
the FCA (prompt release). ’ :

2. Danage to the GLFC and STS exposing the FCA to the fireball
(delayed release). : '

3, TImpact failure of the FCA outside of the fire (point source
release). : )
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The source terms iniTable II are based on judgements of the
Panel.
50% of the total inventory was assumed. A 2% per second micro-
sphere release rate;was assumed for the .ncminal release situation
and for vaporization of the microspheres in the fireball. For .
the delayed release, a five-second period wau assumed before FCA
melt released 16% 05 the total fuel inventory into the fireball

with less vaporizat

For the proqpt.fuel release condition an upper limit of

on than the proupt case. Source terms for

impact were consfdeted a function of fuel break-up due to the
impact enviromment and the damage to the FCA.

1. . Prompt Release

——

a.

Source Term

It has been postulated that fragments caused by a pad
explosion could damage the GLFC/STS/FCA and release
microspheres to the fireball. Scme of the fuel might
vaporize and both vaporized fuel and microspheres could’
be carried downwind. This section presents the Panel's
evaluation of this accident. ‘

The Panel evaluated calculations of vaporization rates
of Pu0, microspheres in the fireball., Attachment 1 of
Appendix A shows the fireball temperature as a function

‘of time. Figure 7 shows fuel vaporization as a function

of this decaying temperature and the time exposed
assuming the fuel remains levitated in the fireball. 1In

~ the model used for evaluation, ~507% of the fuel released

immediately (at the time of fireball initiation) could

be vaporized. For microspheres released after five )
seconds in the fireball approximately 5% of the fuel could
be vaporized. For an upper limit fuel release evaluation
all of the fuel ftom A half-capsule of the FCA (~2 x 10° ci)
was considered to be released immediately to the fireball’
(Time 0). This condition could result in ~10* ci of Pul,
vaporized. An evaluation of this release is given in Table
II. The remaining fuel from the half-capsule (~104 ci) was
considered as microspheres ard evaluated in terms of being
carried downwind and deposited on the ground,

A nominal release from a damaged FCA (small particle pene-
trations) was also considered in the evaluation. For this
condition, a microsphere leak rate up to 4 percent of a
half~capsule per second was assumed by the Panel. Source
terms evaluated for this release conuisted of 2 x 10°> ci of
vapor and 10° ci of microspheres. The dispersion of these
gource terms in a launch pad situation is shown in Table II.
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b. Areal Extent of Lung Burdens and Ground Concentrations
cw L . - .
Lung burdens, dépend upon the meteorological conditions
existing at jthe time of and following release. - For the
two conditions evaluated the maximum lung burden could
vary between 8 x 10°% to 2 x 102 uci. The larger value
is based on an unstable condition which allows the ’
aerosol to rapidly reach the ground. If the meteorological
condition-is stable, the cloud will remain at altitude
longer and the maximum lung burdeu when the activity reaches
~ the ground could be less than that Iindicated for the neutral
. cace. An area of 2 Ki° in which an'0.016 pei burden could
be exceeded begins at 5 Km and extends to 9 Kn downwind

from Complex 39.

< . s
. >

* The maximum ground concentration is 500 péi/m° and a ground
cqgcentration of 62 pei/m” 1is exceeded over an area of 30
Kn° starting at 2 Km and extends to 15 Km from Complex 39.
Lower wind speeds and more stable conditions would result
in higher ground concentrations of non-respirable particles
in the launch area. o

The nominal prompt release cpuld‘result in'a:maximum lung
burden of 0.004 pci and the same ground coricentration as
the upper limit case.’ -

-9. Delayed Release

a., Source Term ‘ A -

N, : If the FCA is not damaged by fragments but is exposed

N unprotected in the fireball, it could melt, It was cal-
culated that the capsvle could melt in & seconds as it

...falls unprotected through the fireball. 1In this event,

NI~ ‘ 167 of the total fuel inventory was considered to be
Lo released (6750 ci). and 9% of that material was considered

- to be vaporized, resulting in 600 ci of vapor. It was

pointed out in Appendix A that if part of the damaged STS
-remained with the FCA, capsule melt could be delayed
several seconds. Since the emount of fuel vaporized is
a function of time of exposure to the fireball, a delay

. in capsule melt would lower the source term. For example,
an 8 second delay in melting the FCA could result in a

. yapor source term of 20 ci. L

. The microsphere souzce term for ground deposition evaluation
was assumed to be 50% of the total inventory or 2 x 10" ci.
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Areal Extent of Lung Burdens and Ground Concentrations

The delayed release of 600 cl. of vapor and 2 x 10* ci of
particles greater than 3 microns could produce a maximum
lung burden of 1.2 x 102 pci at 6 Km from Complex 39
(Condition 2) and a maximum ground concentration of

1000 pei/me. A ground concentration in excess of 62 peifm’
could' cover an area of 40 Ko starting 2 Km and extending
17 Km from Complex 39,

3. Point Source Release (Impact)

a.

Source Term

It was assumed that in some circuﬁstances fuel could be
released if the FCA is breached on impact. To determine

- a source term for this mode of failure, the Panel evalu-
"ated data from microsphere fuel impact tests. The test

assemblies contained 5.5 grams of microspheres, and they
were heated to approximately 1000° F, then impacted into
several materials at various velocities. The test
assemblies were opened, the fuel was characterized in
various :size ranges and the corresponding percentage of
the total fuel in a SNAP 27 FCA was assumed, The results
of this work are summarized below:

e AT e Fuel. Impact Tests .
Impact )
Velocity Impact Weight % : we. % Not
(ft/sec) = Medium . <1Cu <3 * Accounted Forx
102 Granite 0.06 0.04 -0.01
106 Granite 0.025 0,025 -1.19
106 Granite 0.08 - -1.45
116 Concrete 0.30 - 6,03 +3.92
No Impact -——— - -0 0 -0.7
103 Sand 0 -——- 1.7
104 Granite 0.5 . 0,37 -3.5
103 Granite 0.65 0.65 -4.35
317 Granite 4.8 -——- -13.4
442 Granite 6.4 -—- -8.6
456 Concrete & 12.72 6.3 0
Graphite

*---Sample not analyzed for particles less than 3 microns.

The Pénel considered that the fuel tests, conducted in
rigid capsules, could have augmented degradation of the
microspheres. If the fuel was in a capsule which

|
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yielded on 1mpact, the Produccion of respirable
particles might be less than that indicated in the
fuel tests; however, no data is available using
less rigid capsules.

With regard to the FCA integrity when exposed to impact
forces, 17 impact tests were performed against granite

at velocities between 140 to 264 fps with heated capsules
containing fuel simulant, The results of all FCA impact
tests indicated that no fuel simulant was released.

For the nominal release, an upper limit quantity of fines
(10%) and a release of 1% were assumed (50 ci).

b. Areal Extent of Lung Burdens and Ground Concentrations

In the upper limit impact case, 100 ci of aerosols and
500 ci of particles greater than 3 microns are assumed
to be released.

Lung burdens greater than 0.016 uci could occur in a 20

Kn® area as far as 80 Km downwind during very stable

meteorological conditions and in an area of 1.3 K as far
- as 7.3 Km downwind during neutral meteorOIOOical conditions,

The 62 uq}/m ground concentration isopleth has an area
of 0.2 Km and extends 3 Km downwind from the impact point
and is within the controlled area around Complex 39.

For the nominal impact case lung burdens in excess of
0.016 ueci could occur in an area 11 Kn® extending as far
as 50 Km downwind from the impact point during stable
conditions.

B. Early Ascent Phase

1.

Source Term - - " - -

The assuned nominal release disperses microsphere fuel intd

a firestream for eight seconds (aborts between 2000 to 10,000

feet) as discussed in Appendix A. Using the vaporization
model already described, 6% of the fuel could be vaporized.
This produces approximately 3000 ci of vapor and 2 x 10* ci of
microspheres. Above 10,000 feet altitude the amount of fuel
vaporized would be lower and above 50,000 feet vaporization
would not be expected. If the FCA is breached and is freed
from the structure, the vapor source term would be lower;
however, the ground deposition source term or "footprint"
could be essentially the same.

}
]
1
t
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FCA failure due to impact on land could produce the same
source terms as pad aborts. Ocean impact would occur greater
than 90% of the time for aborts during this flight phase and
would produce no derosols.

Areal Extent of Lung Burdens and Ground Concentrations

The maximum lung burden expected from the release of 3000 ci

- of vapor in the firestream durlng early ascent could vary

between 6 x 107> and 8 x 107% nci depending on the stability
condition. These values are for a release at 4000 meters
altitude. If the accident occurs at higher altitudes, the
lung burdens would be lower, approaching the level for com-
plete hemispherical dispersion.

Ground concentrations resulting from release during this phase
of operation would be dependent on the wind speed at the time
of release. For verylow wind speeds (1 meter/second) the

‘concentration on the ground would be high with a maximum value

of 25,000 pci/m°>. However, the 1sop1eth area for ground
deposition greater than 62 pei/m® is small (4 Km® with a
length of 5 Km). For higher speeds the maximum value could
be 250 HCIImF. The area with concentrations greater than
62 peifuf - could be 90 Km® with a length of 20 Km.

Point source fuel release conditions resulting from impact
failures during this phase of operation would be essentially
the same as those described for the launch pad case.

C. Reentry Phase

1.

Source Term

If the vehicle aborts during the suborbital, orbital, or
superorbital flight phases, the GLFC will be exposed to reentry
mechanical and thermal forces. During these phases, Pu(,
microsphere fuel could be released along the reentry trajectory
or at the point of impact if the FCA fails due to impact loads.

Reentry

Should the GLFC fail during reentry, the Panel concluded that
the source term would be dependent upon the reentry effect on
the fuel at the time of release from the FCA. If the PuQ,
microspheres are released within the melt region they will
lose a major fraction of their mass with the resulting debris
assumed to be dispersed over one hemisphere., Fuel debris
rauges in size from a few microns to less than 0.1 microns. -





2.

-
te L -39~

If released ouqéide the melt region, the fuel source term
would be in the form of microspheres and be released as a
line source along‘the trajectory resulting in a line
deposition of microspheres on the eartn.

The zone defined by conditions of release velocities and
altitudes in wHich the microsphere fuel reaches its melting
point (2256 * ﬁpc) on reentry has been reasounably well

determined analytically and verified experimentally by

Sandia Laboratories in 25 hyperthermal arc tests simulating

‘the ‘reentry response of the fuel. The source term evaluated

for fuel release in the melt zone was a 100 percent release,
44,500 ci. The source term evaluatec for fuel release out-
side of the melt zone was 44,000 ci of microspheres and 500 ci

of aerosols less than 3 microns.
" [+

Impact

The Panel had difficulty with post-impact source terms for
point source ground releases, because the integrity of the
CLFC/STS/FCA ccmbination at the time of impact could not be
adequately determined for the infinite number ¢f degradation
modes which might exist, However, certain observations were
considered. .

Impact velocity of the structure could vary from 264 to 373 |
fps depending on what part of the assembly survives reentry
(Section III). Impact degradation of the fuel could vary
depending on what medium is impacted and the yielding mode

of the degraded structure. If the structure is non-yielding
the amount of aerosols created by impact could be at a maximum

_depending on the impact medium, Considering the above impact
‘velocity range, these aerosols could be in the order of 10%,

assuming an integral FCA impacting on a rigid medium, Impact
of a degraded GLFC/STS/FCA may or may not produce the same
amount of aerosols. Thus the source temrm could be the same

(50 c¢i). An upper limit source term of 100 curies was eval-
vated. There 1s scme uncertainty in predicting the exact
source term for a spectrum of GLFC/STS/FCA configurations and
conditions after reentry. Under impact conditions, increased
fuel release could be considered. llowever, the mitigating
circumstances of degraded GLFC/4TS/TCA configurations impacting
on various media could reduce the amount of fines produced.
and the amount of aerosols relezsed directly to the atmosphere.

Areal Extent of Lung Burdens ant. Cround Concentrations

The maximum lung burden computed for fuel release during
reentry was 2 x 10°° pci, This assumed that all of the fuel
was released on reentry in the melt zoue and that the inhalable
particles deposited in one hemisphere.
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If the fuel wasjreleased outside of the melt zone, an

. upper limit of 4,000 ci of microspheres would be deposited
on_ the earth s Surface in a random "footprint" biased between
35°N - 35°s8 lat%tude. Ground concentrations in this ‘
"footptint" would reach a maximum of 130 uci/m® and an area
of 100 Km within the "footprint" would exceed a level of

62 uci/m .

Lung burdens and ground concentrations at the impact point
where the FCA fails upon impact after reentry would be
essentially the same as those descriled for the Prelaunch,
Launch, and Early Ascent impact failure cases. The con-
sequences of the release will be dependent upon the geography
of the area in which the system impacts (impact medium, pop-
ulation density, burial, etc.). '
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V. SUMMARY EVALUATION OF RISK

A. Risk Criteria

-——

1.

2.

30'

Radiation Criteria

There are no official guidelines established which specify
emergency exposure levels for individuals exposed to

23g Pul; in transient, low probability situations such as
accidental fuel releases from Saturn V/Apollo aborts involving
SNAP 27. The datum lung burden of 0.016 peil of p54Puly would

+deliver a uniform radiation dose to the lung of less than 15

rem during the first year after exposure. Appendix E discusses
this subject in detail,

The 62 wci/m° datum for ground concentrations was selected as
the reference value based on the limits used by DoD. The

62 uci/m” for ,,,Pul, is equivalent to the 1000 pgn/s® estab-
lished by DoD for 339 Pu. Populated or agricultural areas with
concentrations of or above this level will probably Tequire
cleanup. A populated area with concentrations less than

62 neil/m° might require some cleanup depending upon an evalua-
tion of the potential radiological exposure of the people in
the area.

Meteorological Conditions

The meteorological conditions used in this report are discussed in
Appendix C and are considered representative of stability
conditions to be expected at Cape Kennedy.

Probabilistics

In estimating the likelihood of aborts, the Panel used calcu-
lated NASA probability values on Satern V/Apollo vehicle

failures of all kinds and specifically those failures resulting
in vehicle explosions and fires. These values are characteristic
of those used for non-nuclear risk assessments by the aerospace
community, :

It is emphasized that the fuel release probabilities used are
order-of-magnitude estimates and are useful in determining
relative, not absolute, probabilities for accidents.

Contingency Plans

This report does not include cdntingency plans; however,
appropriate operations groups are preparing these plans for
review and approval prior to launch. i :
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B. Accident Evaluation

1. Potential Accidents

Table I presents a compilation of the potential accidents
that SNAP 27 may be subjected to as a result of Saturn V/
Apollo mission aborts., It also gives estimates of their
probability of occurrence and the estimated probability of
2a3g Pul; fuel release during the various mission phases.
The probabilities of fuel release are summarized below:

Abort Zone Phase Release Probability
Launch Site Prelaunch & Launch 10% to 7 x 107°
Early Ascent 3x10° to 5 x 10°°

Reentry Suborbital 4 x10° to 2 x 107*
- Orbital 2x10° to 4 x 107*
Superorbital 10°° to 3 x 1073

2. Population-at-Risk

Table II presents-the estimated radiological source temms,
meteorological dispersion, lung burdens, and ground deposition
for various fuel releases. While Impact releases of aerosols
could be worlduide, the mission trajectory biases random
impact events to a band between 35°N and 35°S latitude. The
following table summarizes the risk to the population:

Probability of** Probability of -
- No. of People . No., People Probability No. of People
Event  (LB* >0.016 pci) (LB >0.016 pci) of Release (LB >0.016 uci)

Launch §ite

Fireball T 0-400 1073 4 x 107° 4 x 107°
Impact 0-2000 ‘ 1073 1078 ‘ 10°°
Worldwide
Impact
(Population
Density)
1-25 - . 0-2 ) 10} 3 x 103 3 x 107%
25-1.00 0-20 107! 3 x 1072 3 x10?
100- 500 0-90 3 x 1072 3 x 103 9 x 10°°
500-1000 0-200 5 x 1072 3 x 1072 2 x 107
1000- 5000 0-900 2 x 1072 3 x 10 6 x 1076

* LB - Lung Burden
*%* Includes meteorologic and geographic variations
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The maximum nﬁmﬁef of people exposed for the upper limit

- release casgskare identified above. The probability of a

given number of ‘individuals being in the 0.016 uci isopleth
is a function! of weather conditions (wind direction, .
stability) and the population density distribution of the
launch site 0£ the impact zone (35°N - 35°s Latitude band).

Areas of ground concentrations above 62 wci/m° could result _
from impact failure of the GLFC/STS/FCA on MILA or at

random locatibns biased to between 35 N -~ 35°S Latitude.
Random microsphere "footprints" could exceed the above ground

- concentration datum as a result of some types of reentry

releases. Impacts or "footprints" at' sea are not considered
significant. J : ‘
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TABLE I

Probability Estimates for Fuel Release

SNAP 27/Apollo Mission

Probability Estimates

Impact Pailure

Potential | . Vehicle* Vehicle FCA Fuel
Accident Flight Failure Explosion Failure Release
Abort Interval ‘ Fuel Release Mechanisan With Fire :
Zone : {NASA (NASA {Working Toteal
Input) Input) Group Input)| Probability
Launch Prelaunch Prompt/Pragment ‘Penetration 1.1 107t 6 x 1072 4 x 1078
Site and Launch | Delayed/Loss of STS, FCA Melt 6 x 1072 o X 102 7 x 10°°
Point Source/FPCA Impact Failure ‘ . --- 2 x 107° 107°
Launch Early Ascent | Prompt/Fragment Penetration 2.4 x 107° | 1.7 x 107* 7 x 107° 3 x 10°°
Site or Point Source/FCA Impact Failure - 2 x 1074 5 x 107
Ocean v
Suborbital Explosion Release (8 x.1072) 2 x 107%)
A, Melt Zone 8 x 1072 4 x 210': 1074
B. Outside Melt Zone 4 x A0 1074
GLFC Reentry Failure Release 4 x 1072 - (10°%) 4 x 10°%)
A. Melt Zone : — 5 x 1077 2 x 10°
B, Outside Melt Zone -—- 5 %1077 2 x 10°°
Land Impact Failure/FCA Melt or 8 x 1072 10~2 3 x 1078
Impact Failure
Orbital Explosion Release (3 x 10°Y) 0®)
A. Melt Zone 2 x 1078 | 15 % 107} 6 x 10°°
B. Outside Melt Zome x 1.5 x 107! 6 x 10°°
Reentry GLFC Reentry Pailure Release 2 x 107° Qo 8)mr | (2 x 1078 )
A. Melt Zone -—- 107% . 2 x 1078
B. Outgide Melt Zone e Negligible Negligible
Land Impact Failure/FCA Melt or : 2 x 1072 4 x 107
Impact Failure )
|- Superorbital | Explosion Release (3 x 10°Y) (3 x 1072)
A. Melt Zone 6 x 1072 3x 10 3 x 102
B.. Outside Melt Zone 3 x 1077 3 x 107%
GLPC Reentry Failure Release 1.5 x 107 ——— Q072 y#ke (1073 )#rx
A. Melt Zone : : -— 5 x 1073 ‘8 x 1074
B, ONutside Melt Zone - 5 x 1072 8 x 107°
Land Impact Failure/FCA Melt or - 2 x 1072

3 x 1073

#*Values do not include human errors or ground support equipmentfailures.
**Represents 1007 release; lesser amounts could be released with higher probabilities.

CORFIDERTIAL
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‘ . TABLE IT
EVALUATION OP POTENTIAL ACCIDENTS

; . LING RETENTION (i ei)

{(Similar to Lmﬁnch Site ]

Maximum value 0.016 0.0005
Potential Release Isopleth  Dovnmwind Downwind Downwind
Aceident Mechanigm Type of Source | Meteoro- Area Touchdown Downwind | Isopleth Touchdovn Downvind | Isopleth Touchdown Downwin .
Abort . and Vadlus Pexticle Tern logieal (Xm' Y#* Distance Length Aren Distance .= Length Areaa Diotance - Iength .
2Zons Disrnaition | Releassd| (Cnrins) | Condition| Valus = Max.Val./2 _ (Km)ws ) (K ) (Kea) (km) |- (ke’) (Ke) (k=) :
Prompt : . .
Upper Limit Vapor 10! 1N |0.,0008- 1600 250 ° u50 0 0 ) 600 150 350
10 2V {o0.02 8 3 9 2 5 . 600 2 58
4
LAUHCE, Nominal Vapor |2 x 16’ 18 |o.0002 - 1600 150 150 0 ) 0 0 0 0
2 % 10 2u |o.o04 . 8 3 9 o 0 0 100 2 28
SITE .
{Delayed ’ . o
(PRELATICE ™"y o na) veper |6 x 1d 1N |0.00005 . 1600 150 450 0 ) 0 0 0. o
- 6 %10 20U |0.0022 . 8 3 9 ) o . ) 15 3 12
AD )
Impact = )
LANCE)  [“ypper Limtt <3 1 1n o2 0.4 ) 2.3 1.3 0 7.3 50 0 60
1¢ 238 |o.2 5 0 30 20 ) 80 130 o 200
. [} . .
. Y .
Nominal T <3p 50 AN Jo.2 0.08 0 1.5 0.7 o 4.8 20 0 4o
50 23 |o.2 1.7 0 17 1 0 50 10 0 100
' " X
- { FLICRT To Firestream
R Nomina), vapor |3 x 16 1N |o0.00008 0 0 0 () 0 o
TRAJZCTORY 3xic 2y }0.0008 0 0 0 0 0 0
(BARLY
\
ASCENT) ct
Similar to lauuch Site et Relehses)
FLIGHT Melt Zone < - -
{Burn-up) <3p k.5 X210 Long |2 X 10, Hemisphere - - 0 0 1] 0 0 0
TRAJECTORY Outside Melt Zone| <3p 5 % 16°| Settling {2 X 10" Hemisphere - - 0 0 0 0 0 0
{Fragrent Enpact) Time
{ REENTRY)
Impact )
ct Relepses)

* Igopleth area described within the brackets represents an area vhere the lung retention vould be greater than O.l1 pei.

This value 16 not the mpaximum for a point nource release. Maximum value would occur at the point of impact,

*% Mudtiply Ko by 0.621 to cbtain miles, Maltiply Ko’ by 0.386 to obtain square miles.
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) " Range: -
: ' IIP. o
1 '\ Time: .

b, 0 . .. SAIURN V/APCLLO CONFIGURATICH

~3pacecraft (Ll & Service Module)

© Fuel: . NaHs /UDIH & K204 3 61,000 1lbs
. - VYelocity: Coast to lunar orbit injection
' Time: . Approxi matply €2 hours
: }//
{ I "5-IV3 Stage
Fuel: “LOX & 1Hz; 230,000 lbs.

- First Burn: ~ (Earth orbit injection)
Velocity: - 22,000 to 25,600 fps
- Altitude: 105 n. miles

Range: 855 n.-miles to 1, 290 n. miles
Time; - - 536 sec. to 658 sec.
_ - " coast orbit; 658 sec. to 2 hr. kO xin.
1 Second Buxn: (”ransluna" Injection)

Velocity: 25,600 fps to 35,600 fps
-Altitude: 105 n. miles to 160 n. miles
Range: Orbit cover Houston, Texas, at ignition

Time: .2 hr. 40 min. to 2 br. 45 min.

e e 5-1II Stage :

Fuel: ‘LOX & 18, ; 935,000 1bs.
Velocity: 8,300 fps to 22,000 fps
Altituge: 33'n., miles to 105 n. miles

50 n. miles to 855 n. miles
Remains over the Atlantic Ccean

159 sec. ﬁo'SBS'SECH

N B S5-IC Booster .
Fuel: . 10X & RP-1; k 723,000 1bs.

+. . Velocity.  0-8,300 fps
: " Altitude: . O- 33 n. miles .
Range: L8 n. miles ,
! - IIP:- ' <100 n. miles
Time: . "0 - 159.sec.
/ N
, T

NOTE: ALl tTimes ave from lift-off.






Figure 6 - . . : g .
FUEL CAPSULE ASSEMB!.Y QFCAD T LINER - Outer 2.37" Q.D,

BACK PLATE

A

m _
N FUEL{TEPul) Overall Dimensions:
-4 FOAM | SPACER | R length 16,5 inches
X \j | .- . Diameter 2.5 inches
N - Fuel Dimensions: (Two Sections)

3 RETAINER Each - Length - 6,88 inches . -
: . . . ‘ . Width (thickness)-0. 407 0.475 ins.
INSULATING PLUG . Weights:

(Min-K-ZﬁﬂOb I S | Total - 15,46 Ibs.
' ~ e Fuel - 8.36 Ibs. (nominal)

f\',oﬁe All specified components are Haynes 25
except where noted.





Fraction Vaporized

1.0

0.1l

10 ‘ound

10 ¢ 3 ] 1 I I L }
2 4 6 8 " 10 12 1%

YRelease~YAbort (Seconds)

Fraction of SNAP 27 Fuel Vaporilzed as a Function of the Time
Interval Between Fireball Initiation and Release to the
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REPORT
cro et
SNAP 27/ALSEP RANGE SAFETY WORKING GROUP
g for

SNAP 27 INTERAGENCY SAFETY REVIEW PANEL

I. INTRODUCTION.

The SNAP 27/ALSEP Range Safety Working Group was organized

to ‘evaluate the nuclear range safety aspects of the SNAP 27.
This evaluatlon includes an assessment of the probability of
the potential nuclear fuel releases during range operatlons
and missile abort situations during prelaunch and ascent
flight. The assessment includes determination of the phySlcal

state and location of the fuel capsule and fuel to establish

4'potential‘source‘terms. ‘
-—.. The eraluation tdsk was broken up into three specific
areas. These were defined as follows: |

A. Ground Handling, Storage, and Transportation. This
area 1nc1udes transportatlon on and off Merritt Island Launch
Area ‘and Cape Kennedy Air Force Station, storage and handling
operations at Cape Kennedy Air Force Station and the 1nSta11a-
~ tion of the GLFC and FCA on the LM during prelaunch checkout.
| B. Launch Abort. This area includes all prelaunch check-

out operations with the GLFC and FCA installed on the missile,

engine ignition and lift~off to an altitude of 600 ft. (The
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600 ft altitude was selected as the minimum altltude that range

- destruct action could be taken during an abort.

C. Ascept Abort. This area.include5~pcst-1aunch flight

from approximately 600 ft to between 275,000 and 300,000 ft

altitude. ' The upper altitude was selected so that the fuelS
particles, if released during an ascent abort, remain outside

the predicled fuel melt zone during reentry.

IX. REFERENCE DOCUMENTS

A. SNAP 27 safety Report (Vols I, II, and III)
B. Supplement No. 1 to SNAP 27 Safety Report Vol 11,

c. Prellmlnary SNAP 27 Source Term Estimates (U) GE

STE-68. - -.

III. MEETINGS.

A.ﬁill ~-12 Sept 1968 Air Force Eastern Test Range, Fla.

.. B. 24-25 Sept 1968, Subcommittee, Air. Force Eastern
Test ‘Range, Fla.

C. '22-24 Oct 68, Kirtland AFB,New Mexico.

' IV. CONCLUSIONS. The assessment of the nuclear range safety

aSpects of the SNAP 27/ALSEP mlssion is summarized in the fol-
lowing subparagraphs: . |
A. Ground Handling, Storage, and Transportation.

(1) It is highly improbable that a fuel release will

: occur during tcransportation, storage, and handling, inciuding
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insertion of the Féh.into the GLFC. Thé_following accident or
‘aﬁnormal situations @ere identified and evaluated:

(a) Fire - highway, storage or pad

() Lightning

(c) Missile impaét.— fire or.impact

) Higﬂway accident - impact or submergence

(e) Loss of ééolant.in GSC

(f) Internal pressurization of FéA

(g) Hurricane -~ wind, lightning, impact or
submergence - '

(h) .Drop - storage, highway or gantry
‘(i) Handling tool malfunction
It is noted that the storage location is within the missile

impact limit lines for adjoining launch pads and in the event

. m—

—

of a pad abort ‘has an impact hit probability associated with
this location. | ' -
2) frénspoffation, storage, and handling of-the SNAP
27 FCA 'will be accompllshed W1th1n the radiation safety guide-
_lines provided by AEC to NASA._ These activities will be per-
formed in accordance with '"Handling frqcedures" and '"'SNAP 27
- Radiological Control Plan" which ﬁill be reviewed by AEC/NASA/
'DOD authorities, Consequently, personnel exposures.shou;d not
éxceed apﬁropriate radiation exposure criteria. These two
doéuments were not available for review; hqwéver, it is antici-
pated that the'operaﬁing procedures and plans, when developed

and aprroved, will verify this conclusion.





B, 'NASA Reliability Numbers. A review was made of the
probability numbers a551gned to the Prelaunch SIC SII Boost
Phases SpeCLflC to the success, abort, explosron and fire, and
other effects events. For these phases and events, a cross
correlation was made of the data presented in Preliminary SNAP
2% Source Term E timat'es (U), DIN: STE-68, Sept 15, 1968,

.Figures i 2 3 and 4, in Attachment A, and the document,
Saturn ' Probability of No Ignition and Probability of Explo-
sion by Marshall Space Flight Center dated July 1, 1968. A

.determination was made that.the probabillty numbers as pre-
‘sented up to.and including explosion and fire are still valid
and consistent with the current vehicle probability data main-
tained by the;MarshaII.Space Flight Center. It is recognized
that these numbers do not include spacecraft GSE, or hunan |

. error estimates. Any: attempt to include a probability number

e for human error would be highly Speculative and it would prob-

ably not greatly affect the final probability numbers, It

was further noted that for SIC and SII Boost Phases, the Range

Safety Destruct event was considered to be a conservative one;

however, it whould pe recognized that in the event that Range

Safety-Destruct'occurs; the explosion and fire results in a

low order yield.

C. Prelaunch and Launch Pad Abort Environment.

A comprehensive hazard analysis indicates that the

characteristics of a shock wave resulting from an explosion

4
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of the Saturn \' vehlcle and reaching the GLFC will be less than

,600 psi overpressure and 12200 p51 mllliseconds impulse in over

90% of the incidents. ThlS condition can. occur only during the
time from propellant loading of the S-1VB stage up to 600 £t
altitude on ascent.

Thls is a conservative estimate based upon a structural

.failure mode analysis, project PYRO, and estimates of "close-

inb liquid propellant explosions. It is'expected that the fol-
lowing factors would tend to reduce this level and/or increase

the 90% probability factor* '
(1) The distance from the GLFC to the center of the

,explosion was assumed to be a minimum value of 37 feet, i.e.,

the closest known LHz/LOX 1nterface. Structural failure analy-

'sis indicates explos1on may center at greater distances, which

would result in lower shock overpressures to the GLFC under
similar conditions.-

2) Most of the m1x1ng of the propellants probably

: will occur out51de the SIVB rather than within the tankage,

thereby reduc1ng the shock wave overpressure because of less
confined mix1ng and greater distahce.
(3) With the propellant quantities in this vehicle

it is probabl: that ignition will occur prior to that delay

time required to obtain prOpellant m1x1ng Wthh would produce

the 600 psig overpressure shock wave to the GLFC





At .an altituqehci~d%ef 600 feet, range safety destruct
action would be the hosf probable abort mode; however, it is
not posslble to preclude‘accidentaliexplosions above 600 ff.
lhe range safety destruct action is expected to pcoduce a shock
wave of less than 65 psi overpressure to the GLFC

.There have been only four exp1051ons involv1ng over
’25 000 1bs of LH, and LOX; i.e.,

- (a) An intentional failure of an S- IV stage

(100,000 1s).
' :,.(b)_ An accldental'failcre of an S-iV stage

. (100,000 1bs). L R

B {c) An accidntal failure for an S-IVB stage -

' (240,000 1bs). - o . |

| @ An accidental Atlas Centaur (45,000 1bs |

LHz/LOX)

——

The TNT . equlvalent yields of ‘the four listed explo-
sions are estlmated to range from 1% to 13%. |
Calculations based on data from these incidents indi-

cate shock overpressures of 110 to 420 psi at the GLXC at a

-

'.37—foot minimum dlstance.‘
After detalled con51derat10n of the data available,
the committee considers 800 psi as a conservatlve upper linit .
of overpressure at the GLFC. The committee recognizes thax
conditlons.can be postulated which would yield higher pressiures;
however, the probability of achieving these condicions seems '

remote;,
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The subconmittée.nhich examined the pad abort tnermal
environment concluded that the GE and Sandia models were
acceptable with reservatlons. /An estimate of the thermal en-
vironment which the GLFC may encounter from the propellant
burning is shown by Attachment 1, | . |
. Increased heat fluxes to the GLFC due. to Specific metal-
‘oxidant reactions were not con51dered in the f1reba11 thermal
analysis. A review of available data will be performed to
evaluate the effects of such reactions. The following comments
were furnlshed by Oak Rldge Natlonal Laboratory by letter dated
6 Nov 68: ' o .
.'"Based on the GE SNAP 27 Safety Report, Vol II,
'Accident Model Document, the bery111um SHS is not expected to
melt. However, due to blast and shrapnel, the beryllium might
© ~be. at 1east cracked,lexposing fresh metal suriaces; At the -
relatively loﬁ temperature of beryllium (less than 2000°F) an
adherent oxide should be produced which would tend to be self-
'extingulshlng. . ‘ | |
'"For‘the titanium hat components. the GE safety
‘analysis predicts 88% meltlng as a result of the fireball.
3ron the DMIC (Defense Metals Information Center Report'224)'
Report, it.would appear that ignition and burning of these
components -should' be expected.' Since this reaction is-exother-.
mic, it seems reasonable to expect complete melting or burn-
ing of the titanium parts or both. At the least, this would be

a source-of additional heat to the capsule clad.”





§

&
It was the ’ oplnlon of the working group that the frag—

mentatlon phenomena assoc1ated with the vehlcle abort does not
lend itself to preolse analysis., Capsule rupture from a frag:
ment impact will provide the most critical condition of fuel .
release to the therma; environment. | '
The working group agreed with the Sandia "best‘eeti-
mate" calcuiation method of the most probable fragment size in
' the case of a center line ekplosion. However, the Sandia frag-
' mentetion mOdelhconsioered only skin fragments characteristic of
the material in the S-IVB top done_and did not take into aooount
. larger size'fraéments siich as pieces from instruments and
equipment:and also did not consider explasions originating |
" from other locations than the center line of the S—IVB.stage.

‘Therefore, the following areas should be resolved:

— (a) The Sandia fragmentation model should be‘
applied to an explosion ignition point at the LOy/LHg inter
face directly'below‘the GLFC (i.e., junction of common bulk-
head and side wall of the S-1IVB.stage). - | |

| (B) Authentication‘of the fuei release rate and
condition of the fuel from a capsule thet hns been perforated
B& a fragment should be accomplished.

(c) Evaluation of the integrity of the GLFC

and/or FCA from sequentlal exposure to the shock’ wave and (1)

impact of the GLFC (as a projectile) into vehicle structure

or equipment (2) in conjunction with the thermal input.





——

Dl Potential Source Perms. The committee has considered

LR

the GE and Sandia. Corp estimates of the source terms and as a
)

result developed Table 1 to summarize the estimates, ln this

table the upper value of each individual'range and the asscmp—'

tions used to devefop these values are considered to be con-

" servative by this committee,

Prelaunch ! '

Independent calculations by,GE and Sandia icdicate thaf,
if microsphere fuel is injected into the abort fireball at the
time .of abort inltiatlon, approximately 50% of the fuel in-
jected will benvaporized. However, both ‘GE and Sandia agree
that instantaneous release cf‘the total fuel lnveetory is not
credible. , ':- _

Total instantaneous release would require total de-
struction of both halves of the FCA. The only mechanism avail-
able for instantaneous failure of the FCA is fragment penetra—
tion, which could affect only onre half—capsule.

| Because "the fireball cools rather rapldly; the amount

of vaporization_depends strongly upon the inferval between

~fireball initiation and microsphere release. For example, if

fuel is released 5 seconds after fireball initiation, both GE.
and Sandia have estimated that between 5% and 10% of'the‘
release fuel will be vaporized.

On the basis of fragment penetration cest date, GE

and Sandia ggree that it is likely that only a portion of the





fuel could be reléased Erom therdamaged half-capsule, and that
this could be relea%é&lbyer a period of several seconds. h
. For the tyﬁigal case in which the FCA is penetrated, the
following aSSémptiong and estimates of the quantity of fuel-
~vaporized made by GE and Sandia were accepted by\the committee
és'a consérvdtive estimate for a range of values.for'the in-
. halation éource ter@ for an immediate release.
GE estimate of Vapo?_Source Term for immediate release:
2% of.fuel.feleased in fifeball/sec

5 sec release gives 0.1 fraction released (4500
curies) )

30% of fuel released -is vaporized
'Fuél vaporized:- 1350icuries'

Sandialdorp Vapor Source Term for immediate réleaée:
FCA rﬁptured by'explosion and fragmentéfion | .

; 50% of fuel in one capsule released in 12 seconds
T~ , (11,250 curies) . :

- 8% of this fuel is vaporized

Fuel vgpérized is 900 curies
. jEven if the FCA survives the explosioﬁ intact but the
SHS is daméged:.thé heat of the fireball could melt the FCA
and release fuel. Releéée~wiii-theh be delayed by the time
required to melt the capsule,.

For the typical case in which delayed release occurs,

the following assumptions and estimates of - fuel vaporlzed made

by GE and Sandia were accepted by. the committee as a conservative

10
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for a delayed releise

GE Estimate of Vapor Source Term:

Capsule melts in 5 seconds

15% of f el released to fireball after 5 sec
(6750 curies)

9% of fuel released is vaporized
Fuel vaporized is 600 curies

Sandia Corp Vapor Source Term delayed release*
SH damaged by explosion and fragmentation
'FCA mélted in fireball after & seconds

16% of fuel in ‘one capsule released during next 4 sec
(3600 curies)

'0 5% of fuel released is vaporized .

-.Fuel vaporized is 20 curies

T~ GE 'and Sandia values were obtained 1ndependent1y using
different essumptioﬁs aﬁd approaches to the definition of the
source term. .The numbers used in the assumptions to define~‘

_.the source term are sensitive to the time of release as noted
previously. ihis committee finds that there are unceftainties
associated;with the sedfce values; indeed, on the basis of
information and data available for immediate release, the
differences betWeen the GE and Sandia values is no greater than
these uncertainties.'

For the delayed~caee, the difference between the GE

and Sandia values is a result oI the different assumption used

11
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by GE and Sandia.i_Fnr'release of fuel Sandia assumed that the
SHS was still in place but damagéd at the point of impact, and
that.release of fuel resulted from melting of the capsule at
one end. GE assumed in their model for delayed release of fuel
that the SHS was no longer in place and release of fuel resulted
from-meiting the capsule on the longitudinal axis.

These results are summarized in Table 1. In the GE
.modei' the release éiven for the case in which the FCA is pene-
trated is the sum of the "immediate release'" and 'delayed re-
'lease" just discussed. If FCA penetratlon occurs, SHS damage
-will aisq.occur; hence, there could also be capsule melt and
délayed release.

Ascent

"Once the vehicle is off the pad and airborne the abort
situations can be caused by spontaneous'explosions due to a
prOpulsion malfunction or a controlled destruct condition. In
the latter situation the abort environment is minimized and |
..Would in most cases result in an intact GLFC 1mpacting on
either the land mass near the pad or the ocean, For the spon-
taneous explosion abprt situation the 1ntegr1ty of the FCA
can be conpromised by fragment impact and/or the fhermal |
effects of the ensuing fireball or firestream. As with the
launch pad conditions,the quantity of respirable material will
be dependent upon the time and the raté at which the fuel is

released into the thermal environment. In the GE analyses a

12





fireball model was'used £6r altitudes up to 2000 feet and a
firestream model above 2000 feet. The effects of the fire-
stream were considered to be negllglble above 50,000 feet. The
committee concurred in this conclusion. For the firestream
"maximum release condition GE considered the folloﬁing:

The fuel capsale was assumed to be breached, to remain
aftached to the vehicle and to spill fuel into the firestream
for eight seconds duration .and subseduently sbill fuel to the
atmOSphere'such that only 60 percent ef the total fuel load
remains in the FCA at ground impact. As a result, the fraction
of fuel released as a vapor was calculated to be six percent
or 2700 Ci for aborts between 2000 and 10 000 feet, vaporiza-
tion is less for aborts at higher altitudes. In the GE model
it was assumed that the flrestream maintains its peak témpera-~-

i ture for eight seconds and the microspheres that are released
to the firestream are exposed to this peak temperature for two

' seconds withoat cooling._ If there is any error in these assump-
tions it is'probably ln the direction of overestimating the
thermal environment. The uncertainties of the thermal ‘environ-
ment for microspheres released,te'the firestream are greater
than they were for the pad abort fireball.

Table 1 summarized the various source terms for

.condition’ of the system following booster explosion.

13 . I
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Impact. Tﬁé.édufc? term for fuel‘on‘the gfound (land
or watef) can result from fallout 6f released fuel at some -
altitude or from a |breached capsule at the time of impact.
The quantity of material for the'ﬁarioﬁs system failure modes

are presented in Table 1. Respirable particles can be formed

at impacts. The committee considered data for rigid fueled
.capsule impacted to 450 feet per second on granite targets as
a source of information to evaluate this condition and dis-
regarded fhe GE evaluationf The cdmmittee elected to consider,
for the terminal velocity of'fhe system based on drop data,
that the amount of fuel degraded to respirable size parfiéles
would Be appfoximdtely 10% of the total inventory, orn4500

curles. 1If the capsule rup%ured at impact, it wés considered

. R i
that one percent of the inhalable particles become airborne,

-
—

or 45 curies. The remainder of the fuel is assumed to remain
at the point of impact. The above conclusion is-based on pro-
ducing minor cracks on impact.

E. Abort Probabilities

The probabiiities ffoﬁ_thé Abort Sequence Trees developed
by General Electric (updated verbally 23 Oct 68) were reviewed..
The GE study was then compared to an'internaliy developed
Sandia Corp study of the critical event paths leading to fuel

. vaporization. The working group found ﬁhe two independent

studies to be in general agreement with respect to methodology

14
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and the numerical rés;ifs within an order of magnitude or less.
In fhese cases, the“é?oub has expressed the probability of event
occurrence in terms o} a probability range and submits that the
probabili%y lies between the upper and lower limits of the
range. No attempt.was made, nor was it coﬁsidered ésseﬁtial to
exténd the Sandia Coré study tolinclude all fuel release prob-
ability cases, The group éubmits that since the two studies
agreé 56 closely in the critical event area (fuel vaporiiatioq)
and that since this area represenfs the "worst case'" and thus
the contfolling or'décision making events, that'further valida-

. tion of the GE.probabilitiesvfor all fuel release areas is not

warranted.

. ”‘vThe probébilities expressed for each study represent a
summation of thé'prgbabilities that certain events have -occurred
“Yeading up ﬁo th‘final event. For example, the probability oif
a delayed fue} release given an explosion and fire in a pre-

~ launch abort-sitﬁation.consists of the following elements:

(GLFC Destroyed

SHS Damaged x (FCA Melts in Fireball)
FCA Intact) .
2.24 x 10-3 X .75 = 1.68 x 10-3
(GLFC Destroyed
SHS/FCA Breached X. (FCA Melts in
4 . Fireball) .o
7.41 x 107% X .75 = 5.56 x 104
SUMMATION ~-———n —  2.24 x 10-3

15

T ——





i The summatlon (2 24 x 1073) represents the total prob—
ability of a delaye? fuel release to the flreball, given an
exp1031on and fire Ln:the prelaunch. A

In erriving at the basic event probabilities, the two
studies (GE and Sandia) separateiy considered aveilable experi-,;
mental date, primarily in the areas of FCA impact tests, frag-
mentation impact effects on the GLFC, airdrop tests, and thermal
radiadt heating tests. Recognizing that ;imited'test data were
~available, theoretical data, augmented by judgment, was a pri-
mary source in developing both studies. The group subﬁxits that
the. agreement between these two indebendent studies lends
credence to ihe probaﬂilities developed, even though much of
both studles is based on theoretlcal data.

Shock tube explosive tests scheduled to be conducted
by:Sandia Corp will. provide new experimental data that could
;I£er'the probabilities, Additionally, any.change to the
pressure, thermal, and fragmentation models could eimilarly
effect the probabilities expressed in the attached taple.

' The probabilities expressed in the attached table are

fhe best possible estimates based on available information.

16
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-REPORT OF SNAP~27 REBNTRX WORKING GROUP
FOR SNAP-Z? INTERAGENCY SAFETY REVIEW PANEL

" SUMMARY

3

The SNAP-27 Reentry Working Group has reviewed the safety of the
SNAP-27 for abort reentries., Aborts at superorxbital, orbital and suborbi~
. tal speeds werxe studied; effects of explosions were examined separately.
For the relatively mild environment of. aborts at suborbital and orbital -
speeds, the probability of release of fuel into the atmospnere is less
than l0;6. For aborts at supetrorbital speed, possible.failures, from
excessive removal of heat~shie1d material at shallow.reentry angles and
* £rom excessive thermpelastic stresses at steep reentry angles, result-in
a probability of fuel release into the atmosphere on the order of 10 3
Explosions result in a probability of fuel release into the atmosphere
“on-the order of 10” 4 ' .

INTRODUCTION

The SNAP-27 Reentry Working Group was convened to- evaluate and document
- the safety analysis of .SNAP-27 for abort reentries (as stated in the tharter,
attachment 2 of reference 1). The first meeting of the Working Group t
place at the General Electric Company;-king of Prussia Park, Pennsylvania,
September 5 and 6, 1968. During the first meeting, General Electric
personnel presented to the Working Croup a safety review (reference- 2}
which concentrated on the critical reentry cases not coverediin their
three-volume Safety Reportv(reterence 3). A critique by the ﬁorking
Group of the presentations and the Safety Report raised questions aboi.t
the safety of SNAP-27 for abort. reentries, these questions are documer.ted

s . !





in the minutes of the fjrst meeting'(refefence 4). The second meeting, at
General Electric, Octobex 29-31, 1968, (agenda and attendance list attached)

was planned to answer the questions raised, and on the basis of the answers,

.
PR

to tabulate probabilitids for fuel release from aborxt reentries. This

report summarizes the fﬁndings of the Working Group.
REVIEW OF REENTRY ANALYSIS

Questions raised about the safety of SNAP-27 for abort reentries
and the work done to answer the questions are summarized in this section of
the report; details are given in Appendices.,

Effect of New Weishts and Drag Coefficients on ReguCry-Analjsis.-

A study conducted by Sandia of the effect of new, aﬁd presumably more
accurate, weights and drag coefficients on heating rates to the SNAP=-27 -
fuel cask (CiFC) is presented in Appendix A. From this study, it is con-
cluded ?hat the new data don't make significant changes iﬁ the reentxy
analysié;Athe exi;ting trajectory, drag and heating calcula;ions are

]

adequate for the cases considered.

Are ansidered Entry’Conditipns thé Most Severe that Might be Encountered?-
Appendix B presents a Saﬂdﬁa traBéétory anal&sis for grazing superorbital
reentries. This analysis, and a similar analysis By :he Miss;on Analysis
ﬁivison‘at the Ames Research Center ﬁAppendix Bl) indicates that numerous
orbits can occur before final reeatry. Hultiple orbits can impose heat
‘loads greater than those.for‘thé;frajeoétories consideréd~in the éafe;y ._'

L)

Report (reference 2). .~ = » ¥
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Perturbation effectsfof the graeitational fields of the moon, sun
and major planets on the gr;ziné trajectories have been studied at the
Ames Research Center; As indicated in Appendix Bl, the perturbation
effects can-be.very large; they can either increase or decrease the number
of orbits.

In contrast to the shallow,'grazing reentries, superorbital reentries
can also oocur at initial flight—path ahgles_larger than the 38° considered
" in the Safety Report (reference 2). These_steep.reentry angles can result
in maximum stagnation pressures; for example, of about 10 atmospheres and
" maximum heating rates of about 3,300 Btu/ftz-see, as compared with 4

atmospheres and 1800 §tu/ft2-sec for reentry angles of 38°,

Consequences of More Severe Reentry Conditions than those Considered.-

— Appendlx c descrlbes a Sandia analysis of the ablation and thermal
resp;hse of the GLFC for multlple-orbit reentries, The analysis 1nd1cates
that complete graphlte removal will occur in the stagnatlon region if the

- GLFC passes through the atmosphere more than about 20 times (with stable
'orrentation) before final reentry. . . |

For the very steep trajectories (fli;ht-path angles greater than 38° ),
_ the graphitic heat-shield waterial has now been tested at the highest |
pressures, but not the simultaneous high heating rates that the GLFC can
encountex. The tests were conducted in arc-jet fac111ties at the Ames
(Appendxx D) and Langley Research Centers (Appendlx E) The_models ablated
smoothly in both tests, rather than by spallation. The ablation mode i,.

not knowrl for the slmultaneous high pressures and hlgh heating rates.
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Comparison of Ablation'Nhaivses and Experiments.-—

‘e et .

Appcudix F presents a ‘compaxison of measured and predicted ablation
I

rates. The data are frr,two sets of test conditions: (1) the maximunm

heating rate and total heat load approximately coxrespond to those for abort

from earth orbit; the tagnation pressure is ar. oxder ‘of magnitude lower
than the flight maximum, but .the effects of pressure on ablation in this
pressure range is well understood; and (2) heating rate apuroximately

the maximum for 38° reentry but again stagnatron;pressures almoet an

order of magnitude less than the flight maximum. However, for the relatively
high pressures corresponding tocsteep reentxies, the effects of pressure |

on ablation are not as well understood as in the lower pressure range.

" Agreement between the predicted and measured recession is excellent for the

earth-orbit condition, For the steep superorbital reentry, however, the
predicted recession is about’ 50 percent below that.measured, the predicted

surface temperature is 650°R below that measured. Because of the small .

-—

-~

“amount of material asblated 1n steep . reentrles these dlscrepancies are not

of too much concern from the ablatlon standpoint. Nevertheless, inability

to predict surface recession and surface temperature might be an indication

of uncertainties in material properties.

Uncertainty in Structure Safety - Margln.

A comparison of stresses calculated by G. E. and by Sandia is shown'

in Appendix G." The same trajectory information and material properties

were used in both sets of caleulations, buc qifferentlcomputer programs

were used. Relatively good agreement ‘»etween ‘the results for the two

.
-

methods is indicated. o ..‘ ”.»“' T ." 1.: :.' .
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Available data on.ﬁhefstructural properties oé the GLFC were studied
in deCailnby Messrs., Bilf;e, Sauer and Vosteen of the Reentry Working
. Group prior to the second meeting. The use of average properties, raeher
than the most conservative data points, was thought to consﬁitute unconserva-
tive design procedure. . |
A study. of the density distribueion through thefthickness of the
'graphitic material indicated mucb flatter variaticns of deneity, Appendix -
'H, than those given in figure P4=36 of Supplement No. 1 to the SNAP-27
Safety Report (reference 2). G. E. personnel;agreed that tag-end samples
of the flight hardware also indicated flatter density variations than ’
originally specified. . | |
The Working Group discussed possible variations in.ma:erial thereal
properties but no conclusions ware reached;as to‘fhe eaénitude of reasonable
variations to expect. '
o Effects of variations of material thermai properéies on GLFC and
capsule temperatures are shown in Appendix I (a Sandia study). Arbitrary
variations of density, speeific heat, :hermal conductivity and emissivity
" were chosen. They were pessimistically all vaxied in a directien to
increase intermal temperatures. For_t?e-case exanined, the propexty varila-
tions resulted in a 90°E iecrease in the temperature of the beryllium
_secondary heat shield and‘a 70°F increace in the capsule clad temperature.
Effects of variations of material ;tructural properties on GLFC
stresses are presented in Appendix J (a Langley Research Centex study).

3 at the outer edge, 85()/ft:3 at the

Using a density variation of 91#/ft
center-and 87. S#Ift at the inner edge of the graphltic heat shield,
1nstead of the steeper density gradientm shown in figure P4-36 of reference

2,a negative safety nargln of 16 percert was calculated.
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Arguments were presented, supported by stress calculations mede
by G E., that thermal 's:b‘rés; ;?ailures would not p_ropagate because the
graphite cylinder was held"‘together by éerodynam:_lc loading. Aerospace.
performed an elastic isotropic cylinder analysis (Appendix J1) which
demonstrates 'l?hat the aerodynamic loads reduce the already suspect margins.
An ana.lyéis done at the Langley Research Center coﬁiﬁs this (Appendix
J2); negative stress margins are predicted for -20° as well as -38° super-

orbital reentriés .

Mode of Failure of Fuel Capsule.-

Radiant heat tests were .cor'xducted. at Sandia on two capsules loaded
with simulated fuel (Appendix K). The capsules vwere press.uﬁzed. to
simulaete the helium pressure existing after one of the capsules was tested
to destruction. On -'bhis test, the outer shell cracked opeﬁ and the inner
sI{ell expan@.ed as an jinner tube in a tire. If during reentry the capsule

_failed in the same manner as in the test, fuél release would be unlikely.
However, the mode of failure of the capsule is not well understood. There-
fore, it is felt that this type of failure should not .be counted upon. To
decrease helium pressure and therefore chances of capsule burst and release
of fuel, it is recommended that the capsule should be vented as soon
before launch as is practicable. .

Earth Impact.-

Analj'bic and experimental studies have been conducted of “the terminal
velocity and response to earth impact of the intact GLFC (Appendix L). The
analytic studies indicated terminal velocities between 285 and. 450 feet per
secoﬂd, depending on the attitude (side on stable, planar tumble, or

random turble) of the GIFC and whether the analysis was by G. E. or Sandia,
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Three drop experiments indicated terminal veloc1t1es of 300,330 and 360 feet
!
per second. In one drop experiment, 2 simulared GLFC was preheated to 1900°F;

the internal pressure was (4 atmospheres. ThescLFC impécted on hard soil.

Both end éaps flew off, intact; the cylinder showed delamination but no
- cracks. The beryllium secondary heat shield and fhe capsule cracked but

there would have been no fuel releasg. i '
Conéideraﬁion has been given to the condit%on‘;f thg GLFC fuel-capsule

assembly after reentry, just prior to impact., It is possibie that the

graphite and secondary heat shields could.be removed during reentry with

the fuel capsule undamaged or partially damaged (ablated) such that little

fuel would be released in the atmospnere. The fuel might then be released

on impact, as the capsule is further damaged on impact. It should be
noted, however, that impact tests of bare fuel capsules undamaged before

impact indicated satisfactory containment of fuel. ' ",

~

Appendix L1 presents an analysis by Baldvip and Allen’ of the Ames
l
Research Center which descrlbes the distance 91ngle partches with a given

initial velocity will travel in still air.. The analysis indicates, for
example, that single plutonium dioxide microspheres which rebound from

the earth at speeds of .1 kn/sec or less, and are 1 micron or less in

diameter, will travel less than 5 cm in still aix. * It is not known how
much farther one microsphere will travel in the wake of a 1arger'micro-

sphere; nor were effects of wind conditions considered.
]
What Happens to Microspheres if they aze Released?-
- L l -
A Sandia analysis of microsphere reentxyxis described in Appendix M.

This analysis, and a less detailed analysis conducted at the Ames Research.

-






Center, essentially conflrms the melt zone shown in figure N-2 of ‘volume
2 of the SNAP-27 Safety Report (re;erence 3) A conclusion of Appendix |
M is that plutonium dioxide microspheres released within thé melt rsgion
will lose a major fraction of their mass and the resulting debris will

range in size from a few microns to less than 0.01 mic;ons;

. GLFC‘Attitude During Reentrv.-

)
Studies of the attitude time history of the GLFC during reentry

have been made. In addition to the single six—deéree-of—freedom rua by

G. E. described in Section P2.2.1 of reference 2, about 20 cases have

recently been'ruﬁ at the Ames Research Center (Appendix N). As expected,

the attitude~time history of the GLFC was found to depend upon initial spin

. and tumble rates, initial entry angle and ﬁsw rapidly the dynamic pressure

was increasing or decrsasing. In general, it was found that the motion

;;;ested, or oscillated in a small angle range zbout cha'side-on-stable

: mode of entry, in the important regios of reentry heating.' Effects of

ablation.Which decrease ths-rsnge of oscillations (reference 5) were not

included in the analysis. In none of the csses was the reentry in the bomb-

ing (hemispherical end forwarq{ model The bombiqg mode is nos expected

because the center-of-pressure in this attitude is forward of the center.

of gravity; thus, the GLFC is statically-uhstaﬁle is this attitude.

Expected spin rates are not high eﬁough ;o_provide sufficient gyroscopic

stability in this mode to overcome static instability.

Flight Tests.-

The Reentxy Working Group discussed the 005510111uy and desirability

ofhf;xghc tests of the GLFC. Flighc tests for aborts from ea*ch orbit:
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were not thougnht to be %e;és;ary. ~It was agreed that f£light tests of
grazing,’superorbi;al reentries were impfactical. Flight tests to check
thermoelastic stresses would be very difficult and costly, even if possible.
A meaningful experiment would require: (1) propulsion to drive the GLfC
into the atmosphere fo get thg proper external temperature (high;r thaa
can be obtained naturally from ea;th,orbit),(Z) some means of intemmal

" heating to simula%e that provided by the plutonium dioxide heat source,

(3) thorough instrumentation and (4) recovery. " In short, flightﬂtesgs

were thought to be -impractical in this applicatioan.
PROBABILITY OF FUEL RELEASE IN MELT ZONE

The above informatioa together with sbort and explosion probabilities
furnished to the Woxking Group was used to generate a table of probabilities -
- for fuel release in the melt zone (Table 1). Abort and explosion probabilities

T by . - L] g L] » .
- were obtained from reference 6. How the probabilities for the various’ reentry
. ;

angles was arrived at is described in Appendix O.f The other p;obébility
. nunbers are the best judgmént of the Reent:y'Wogking Group based on the

Review of the Reentry Analysis above.

=~ CONCLUSIONS

1., The probabllity of fuel release into the melt zone from failures
during aborts at suborbital or orbital speeds is less than ld-sf
2. The probability of fuel release into the melt zone from failuxes

during aborts at superorbital speeds is about 10 ~.

3. The probabiliry of fuel release into the melt zone from explosions

- .

is about 10-4.

3= o
o





: . TABLE I : : ‘ :
PROBABILITY OF FUEL RELEASE IN MELT ZONE ' : .
o P , - -
SUPERORBITAL, REENTRY -~ . . -~ ° '~ ' '
Event Angle Possible
"Probability . (degrees) _ Failure Mode . Failure Probability
: . . - Any - ‘ - Fuel
Kind Rclease Fraction -~ Melt _ Total¥¥
40075 0<y<3.8 . . (e 103 - 1073 1 . 4.5 %107
(1ik§eﬁ;g§tal High Temp (b)_.2 ~ 5%107> 2x1073 7.5 x 1076 -
S ' () .13 1072 5%107° 1.0 x 1075 T
: , S ... TABIatieh or o i — - Ty
. . . . e e thermal. stress-- - - - 067 " .5 e - s g 1.25 x 10-’4 T-..
. .0004 . - . 3.9 <y<4l  Total ablation - -,75 1 1 .2 6x10">
' ' R ©. .1 - prior to final T : . : ‘ '
.' ..reentry. ' .B
.0015 Lbed <y <4.35 “Partial ablation .5 . T D N 7.5x10','"
' Coonie gt % priox to yeentry, e Co R
;78w 07 7., total ablation
ST .‘._:.'.-:.-:du_ring‘.recntry.;.... A S S
' .,0024 4,35 <y < 5.1  High Temp % 1 - 107 1 1,2x10"
(Some graphite Sy e ' T A
___remains) Ablation < 3% SRS | 1 1 7.2x10-5
0378 ' 5.1'<y <6.25  Righ Temp. 2 " 102 - 103 0 2 7.6x107°
,0378 © 6,25 < é. 75, -High Temp. A A, . ~5
€ coe 6025 2 Y 26,05 Tl 01 Stress .2 I [ A 1777 7.6x10
015 . - . . .6,75.¢$.4¥.¢20 . 'Therwal Stress ~~ W15° 77 7.5 7 77X IR SRR [t N
0076 . 20 <y <90 Spallation . 05% - W8% 1 S 1.5x107"
—— . . » . “Thermal Stress L4 S .A'r,' " '_5 7.6 Oi.__.._
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ORBITAL DECAY e .TABLE .1 - Continued
" Event Angle " Possible .
" Probability (degrees) Failure Mode - . Failure Probatiliv
‘ . L ‘ Any ] Fuel
T Kind Release - Fraction Melt Total
. {a)_Capsule Burst .8 ] 10"3 10"‘,3 1 2 hern D
D e b SBS , =3 3 : R
o - (b) (a) 4 . 5x10 2x10 ~} 3RO .-
. Melt . : X
: e, Clad -2 3 : :
. - . .'1, 10 SXIO- _5 - Ta
Q) (@ )y, Lt 0T x0T
: -6 o - =~
(d) Kolation... ... . . .. 1070, L1 1 3x1078
- LRI -, T_
CIIDAMMTMAY ¢ ¢ ¢ o0 v 00 s 6 -t v v s e o v v v o o1 86 e 18 55 oot oee anosooeoen ) -
SUZORBITAY R I T D S s
..(a) .................................................. .
. ‘(b) .............................................. : ..........
.07 :
(c) . . e n e e . L N L I T T S S L
.......... (d) Ablation. 10 7. i 2 1 21 o5 vt 3,5%10 8
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" REPORT OF "THE METEOROLOGICAL WORKING GROUP
SNAP-27 SAFETY REVIEW PANEL
| - :

" SUMMARY

1. INTRODUCTION

The Meteorological Working Group, & sub-committee of the SNAP-2T Safety

Review Panel, has as its purpose the analysis of potential atmospheric and
ground concentrations of radioactive material should the SNAP-27 fuel con-
tainment equipment fail to fully contain the.2§§Pu02 fuel. This includes a
review of relevant parts of the General Electric Missile and Space Division's
SNAP-27 Safety Report (which will be referred to as "G.E.J).

The Meteorological Working Group has held two meetings, fhe first
August 22-23, 1968, at AEC Headquarters, Germantown, Maryland, end the second
September 11-13, 1968, at Patrick Air Force Base, Florida. |

SNAP- 27 fuel is in the form of high-fired 238Pu02 ﬁicrOSpheres ranging in
size from 50-250 microns diameter. Total fuel loaa is 44,500 curies of which
';BBEt .001% consists of fines of less than 3um diameter that exist in thé as-

built fuel. Containment of the fuel is in the form of 1) the fuel capsule

assembly (FCA) which provides double encapsulation with an inner liner and outer

clad of high strength alloy; 2) a graphife IM (Lunar Module) fuel cask (GLFC)

which.consists of a graphite outer shell and inner metallic secondary heat
shield (SHS). | .

" The FCA is designed to contain the #uel and the helium genera?ed through
alpha decay for a period of time longer *han the planned mission life. It

consists of two "capsule halves" vented to a central section. The GLFC is

designed to provide protection against thrermel environments resulting from
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fireﬁalls.caused by boosféf éxélosions or re-entry from earth orbit or super-
orbital velocities. The sﬁs is designed to withstand blast overpressure from
booster explosions. It will also protect the FCA from melting if the graphite
outer shell is removed by heat, blast or shattering due to impact.’

2. ABORT SEQUENCES LEADING TO RELEASE OF FUEL TO THE ATMOSPHERE

The following described abort sequences are deemed to be those most likely
to result in release of the fuel capsule and/or its contents (238Pu02) to the
environment. ' '

2.1 Prelaunch and Liftoff

The prelaunch phase begins with the installation of the fuel capsule on
the IM and ends with the liftoff of the Ssturn V vehicle. The accident most
likely to release fuél during this phase of the mission would be explosion of
a Saturn V booster stage and the fesulting fire. The critical elements -of thié
‘type of accident are the fressure wave (blast), shfapnel and thermal environment.
‘This kind of accident could occur either duringvﬁrelagnch or immedigtely after
S-IC ignition but before tpe vehicle clears the immediate lasunch pad area. This

type of abort could result in the following fuel release conditions.

2.1.1 FCA Thrown Clear of Fireball - (Cold Ground Release)

In this situation the FCA would impact on the ground outside the fireball.
,AnaLyses indicates‘that the pressure pulse may fraéture the outer shell of the
.GLFC, but the SHS is designed to withstand the blaét pressure effects and also
protect the FQA against melting. In the unlikely event that the fuel capsule
were ruptured on grouhd.impact or by shrepnel, somé .238Pu02 fuel could be

released as comminuted particles and fines (Gum diameter) and microspheres
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(50-2501um q?ameter). Thig'w;uid'constituté a grourd level release. While the
comminuted particles (in:ld&ing fines) would be subject to downwind dispersal
and resuspension by surface winds (if capsule is not buried) the microépheres,
if any were released, wohld remain on thé ground within a few hundred meters of

the point of impact due §o their larger mass. While only these two particle

size categories will be analyzed in most cases, it should be borne in mind that
& major or minor part of the released material ‘could have a size spectrum in the
intermediate range.

S

2.1.1.1 Ground Release of Fine Particles

Design features inherent in the GLFC and SHS are intended to provide a high
degree of assurance that the FCA will be contained ‘n the GLFC to the point of
impact on the earth. Aiso, the bare fuel capsule has demonstrated its ability
to contain simulated fuel when impacted at 250 ft/ééc on granite. Hoﬁever; the
- probability that. the GLFC and SHS will be destroyed' or damaged and the bare fuel

capsule exposed and ruﬁtured must be conéidered. Tﬁé temperature of the ¥CA in-
| side the GLFC is approximately 1800°F. This would.be a contributing factor to |
its possible rupture and spillage of Puo2 fuel at éhé surface of_the earth.

If capsule impact is on soft earth burial is possible. 1In this event, any
fuel released would be retained underground. Howe#er, erosion and weathering
could result in exp&sure and suspension ia the atmégphere of the released fuéi.

Jmpact and breakiné of the capsule ¢n the land surface will result in some
release but not necessarily all of the frel to the atmosphere. The release would
consist of fines and,coﬁpinuted:particles (< 3u-d1aﬁeter) and microspheres.

Fines and comminuted particles relessed will bé sub ject to‘dispersion by

the preveiling winds at the time of impact. Possible fuel transport and
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‘aispersion has been calcuietedfb& G.E. and the Meteorological Working Group
for various atmospheric con&itions. A releese of'frﬁe particles with a2 mass
median diameter of lum has been assumed. Calculations have been made showing
areas bounded by isopleths of constant ratio of lung dose (D;) to fuel release
fraetion (Ff). The calculations were made assuming no depletion of the PuO2
content of the cloud due to grouﬁd deposition.

2.1.1.2 Resdspension

Fine particles deposited on the surface of the earth are subject to
resuspension and transport by wind aetion.' Such particles on a surface are
difficult to resuspend by wind action if the entire surface censists of similar
fine partieles. However, due to a process known aejeelfation, whereby larger
airborne particles imﬁinge on the smaller particles, the small particlee or
"flnes can be resuspended into the atmosphere. Ale;; movement of vehicles,
people or animals over the ‘surface of the earth may further disturb end re-
suspend the particles. The long half-life of Pu238 would permit the possibility
of resuspension to exist over a long period of time.

The quantity of fines available for resuspension will vary with time, due
to loss to the winds and elso due.to the action of rain and surface water and
to being covered by dust. o - - .

G E. and the Meteorologlcal Working Group have presented mathematical

expressions which permit a reasonable approximatlon of the fraction of fines

available wtich become airborne due to action of the wind. From this the rate

of resuspension and air concentration can be approximated.

2.1.2 FCA Exposed to Fireball
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A Saturn V fireball témﬁefature environment may aspproach 5000° F at the
time of ignition. The temperature at ground.level will drop to about hOOOo F
within ten seconds after ignition and by about 12 seconds decline to the residusl
. fire temperature of £000° F (below the melting point of capsule and microspheres).
The temperature inside the rising fireball will remain high for a longer time.
The residual fire on the ground, or launch pad, may last as long as 60 minutes.
Fireball lift-off will occur within 8-12 seconds after ignition. In order to
inject fuel directly into the fireball the CLFC, secondary heat shield and fuel
" capsule must be breached. Analysis indicate the bare capsule will melt at 2LOO° F
in 3.8 seconds if exposed at time of ignition of the fireball and could conceivably

rupture earlier due to internal pressure buildup. fuel exposure et this time due -

to rupture or melting of the FCA will result in microsphere release followed by

vaporization of a portion of the microspheres. Vaporization and microsphere

.releése are discussed in the following two sections, 2.1.2.1 and 2.1.2.2.
2.1.2.1 Release of Fine Particles Resultlng from Vaporization (Hot Cloud -
Tine Particle Release)

Any fuei released due to a-fuel capsule rupture during the first ten seconds

"of a fireball could be partislly vaporized into inhalable size (condénsing to an
estimated .Oly dismeter), G.E. analysis indicates that up to 62% of the fuel
(microspheres 50-250u diameter) spilled into a fireﬁall at its ignition could
- be Yaporizeg under stagnaht coﬁditions and approaching 90% if the particles and
gases have iarge relative velocity. If épilled at five seconds after ignition
the amount vaporized would be 10% and at 10 seconds 0.2%. 'Vaporized fuel and
fines would be carried aloft by fhe firéball'cloud rise. Some disagreement

exists as to the marimum height to which the cloud and vaporized fuel would rise.





G.E. postulates an average cloud rise of 550 meters.. However, others, including
members of the Meteorological Working Group estimate cloud rises of up to 4000

meters. Also, G.E. estimates particle sizes (vapor) to be .0lu diameter..

2.1.2.2 Relezse of Microspheres to Fireball (Hot Cloud Microsphere Release)f

Large fuel particles released_to a rising fireball will be carried some
distance above ground by the drag effects of the rising hot gases, after which
they will fall to earth due to gravity through a nearly normal atmosphere‘to
produce a falloot pattern on the ground downwind from the point of release.

As indicated above, not all microspheres released to tﬂe fireball are
'vaporized to sub-microa size. In fact, many particles are only partially
vaporized if there is-a delay of & few seconds in exposing them.

i G.E. data show that if the fuel is released at ignition time t=0 (air
flow = 25m/sec) T% of tbe total fuel mass released yill remain as particles
ranging in size from 65-193g diemeter. If fuel release is at t=4.8 seconds,
(air flow = 25m/sec) T6% of the:total ruel mass will remain as particles ranging
" from 41 to 24Op diameter. Thus, it is obvious'that a large range or uncertainty
- is inherent -in the fraction of the fuel which will remain as microspheres.
After determlning the expected termlnal veloc1ties of the large particles
: and estimating vpdraft velocities in the rising fireball the Meteorological
Working Group ccncludes that all particle sizes could be lifted to cloud

stabilization altitude. This agrees with G.E. estimates for the 550 m cloud

rise but is also true for other cloud heights assumed.
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2.2 Lift Off to LET Jettlson

This phase of the 1autih lasts from 11ft off at zero altitude to LET (Leunch
Escape Tower) Jettison. During this period the fuel capsule would impact on the
ground near the launch pad site if abort occurs during the first 40 seconds of
flight. After 40 seconds !(roughly £5,000 feet), and extending through the
termination of the S-IC Boost phase.and until LET Jettison at the end of S-II
Boost Phase 1 (at 3 min., 14 sec. and 275,000 f£t) all. impacts or fuel releases
will be over the ocean. '

Abort situations to consider dur1ng lift-off to LET are of three types,
1) ground impact of fuel capsule, 2) high altitude release of fuel (due to
-rupture of the capsule b& preséure wave or fragments) in which no melting
occurs, 3) fuel melting in firestream (high altitude fine particle release).

These are discussed briefly below:’

'2.2.1 Ground Impact of Fuel Cepsule (Cold Ground Release)

—
~~

The results of this f&pe of release are the saﬁe as for the release

discussed in Section 2.1.1 of this report, except insofar as higher impact

.velocity may change the conditions of release.

2.2.2 High Altitude Fine Particle Reiease - (Fuel Melting ie Firestream)
During the lift-off to LET'jettisop_pﬁase of tﬁe mission consideration is
~given to the possibiiity of ‘an explosive abort in which the capsule and/or fuel
'-partieles are released into the firestream. Agein, any protection provided by
the GLFC and SHS are disregarded It is essumed that the fuel capsule is ruptured
either by the pressure wave resulting from the exploslon or by shrapnel and that

the fuel, consisting of microspheres (50-2501 diameter) and comminuted fines

-

—
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(< 3u dismeter) is releaéeﬁ.;nto the firestream. Some portion of the micro-
" spheres will be vaporized in;o submicron size ( ~”.0lu diaméter) vhile the
remaining microspheres will be either pértially vaporized or not at all.

Analyses of fuel vaporization in a firestream are performed parametricalily.
G.E. analysis assumed the firestream temperature to be 4500° P and the percentage
of fuel vaporized in the firestream was for three periods of exposure, 0.5, 1.0
‘and 2.0 seconds at abort altitudes ffbm 16,000 to 50,000 feet. The analysis
consists of determining the mass transfer from single microspheres (50-250u
diameter raﬁge) at fireball temperatqres. The results of the G.E. calculations

were as follows: ) ;-

Table 2.2.2 Fraction of Fuel Vaporized in a Firestream (stagnent Case)

Initial , _

Altitude ' Temperature Fuel Exposure Time - Seconds

103 ft. °F - 0.5 1.0 2.0

PE T 4900 0.190 0.33 0.49

10 ~' ys6o 0.057 0.1k 0.228

.20 - N2ko 0.016  0.032 0.064

30 N 3900 - 0.0025  0.007 0.01k4
o o 3580 o _"'0.00057- 0.0011%  0.00228
50 ' 3270 | 0.00007 0.00015  0.00030

These data indicate thét if an abort occurred at altitudes of 50,000 feet
or sbove essentially no fuel would be vaporized due t§ firestream exposure. It
is unlikely qny.particle will remain in the firestream longer than two seconds.

Vaporized particles (fine particles) released at grouﬂd level or near the

surface of the earth are discussed in Section 2.1.1.1 of this report. Vaporized
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particles (fine partlcle.release) released into the upper atmosphere will be
dispersed by atmospheric motlon with little effect due to gravity because of
the small free-fall terminal velocities of the particles. While the fine
.particulate material from high altitude release will be very widely spread over
the surface of the earth, the large particles (microspheres) will settle rapidly

to earth over a relatively limited area.

2.2.3 High Altitude Microsphere Releasé - (No Melting - Outside Melt Zone)

-Ffom lift-off to LET jettison at 275,000 ft. microsphere release can result
from 1) rupture of a capsule which has been thrown clear of the firestream or 2)
from residual large particles which have not been completely vaporized afte;
firestream exposure. The quantity of fuel release&'in the first case could con-
ceivably range up ‘to_full release (44,500 Ci). Inlthe second case, the amount of
total micro;phere fuel release could range from approximately 50% from a release
at 10,000 £t. (3 km) up t0 99.9% of total fuel load at 50,000 ft. (15 km). Above
605000 £t. (18 km) vaporlzatlon would be negligible due to the extremely short
" time the fuel could be exposed to the firestream and also due to the relatively
low temperature -of the firestream.

2.3 Suh-Orbital Boost and Earth Orbit

This part of the mission extends through the following phases:

LET Jettison . 3 min. 1h sec. - 275,000 ft.
8-IT Engine C.O. 8 min. 56 sec. . 605;000 ft.
S-IVB Booster Full Thrust 8 min. 51 éec. o 605,000 ft.
S-1VB Engine C.O. 11 min. 23 sec. (earth orbit) 607,600 ft.
S-IVB Ignition "1 br. 35 min. .08 sec. (begin o

translunar phase)
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The GLfC will impact in:the ocean if aburt occurs during the first 78
seconds of the S-IVB burn. After that impact will be in Africa until near the
end of S-IVB first burn. Starting with the end of S-IVB first burn following
the ascent phase and ending with S-IVB re-ignition (beginning of translunar
in&ection phase) impact can be anywhere on the earth's surface between 35°N
and 35°S. |

An explosion from LET jettison (S-II boost through translunar injection
phase).should not be expected to damage the'GLFC. However unlikely, the tossible
release of a bare capsule resulting from pressure damage to GLFC and SHS or
rupture of the capsule by shrapnel must be COnsidered. A bare capsule, released
at that altitude would be stbject to aerodynamic heating and release and
ablation of the 238Pu02 fuel particles. Peak heatiné occurs at 220,000 ft in
the case of earth ‘orbit decay. |

| If, on the other hand, the intact GLFC impacts at random on the earth's,
surface, the graphlte shell will be destroyed in most cases. Burial of the
:SHS and fuel capsule could oecur at the moment of impact. The capsule might
rupture when it impacts the earth due to the high temperature (approximately.
71800 F) of the cladding at impact. Some of the fuel (fines and comminuted
‘ microspheres% could then be released to the atmosphere (cold ground release)
if the capsule ruptured on the earth's surface Fuel impacting the ocean would

in time be dispersed snd dlssolved in the water.

2.3.1 Random Earth Impact Between 35°N and 35°s - (FCA Rupture and
Release of Comminuted Fuel)

Thls .type of r2lease is described in Section 2 1. 1 of this report.

2. 3 2 TFCA Rupture Due to Aerodynamlc Heating
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2.3.2. 1 Release of Unmelted Microspheres

Fuel spilled inside khé "melt zone" would be expected to break up (ablate)
"4nto smaller particles. Any microsphere size particles which survived reentry
heating would eventually settle to earth ﬁith no further change in form during

the fall. This type of release (high sltitude microsphere release - no melting)

is discussed in Section 2.2.3 of this report. The onl& difference being that the
" fallout pattern resulting from upper mesospherié .releases would be larger by
several orders of magnitude than those occurring in the lower mesosphere or
stratosphere. Since the particles would be spread over a larger area (foot-

print) the ground concentration would be correspbndingly less.

2.3.2.2 Fine Particle Release Resulting from Melting of Fuel - (ngh
Altitude Fine Particle Release in Melt-Zone)

Parametric determinations of tropospheric concentrations and deposition on
the ground are the same for the present case of aerodynamic heating as for the
"fiTestream vaporization case discussed in Section 2.2.2.

2.4 Translunar Injection to Lunar Orbit Insertion

There are four phases to this part of the mission. They are as follows:

. .- : ﬁr min . see
J. Translunar Injection S-IVB re-ignition 1 35 08
II Initial Translunar §-IVB Engine C.O. 1 4o " 50
Coast Phase - Initiate SCM/LM Seper. 1 57 05

. Docking Complete . 2 20 00 -
S-IVB Jettison Complete. 2 Ly 40
S-IVB Jettison to Lunar S-IVB Jettison Complete 2 b1 40
Orbit Insertion Phase SM Ignition 4 43 56
(sub-phase) « 62 17 02

sM III C.O. L

Lunar Orbit Insertion Phase SM Ignition 63 16 39
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The Translunar Injécfién Phase begins with S-IVB re-ignition at the end

of Earth Orbit and ends with withdrawal of the LM from the SLA on tﬁe S-1VB.
Some aborts could result in the GLFC and fuel capsule impacting the moon or
entering into solar orbit. = Effects of an explosion at this phase would be less
severe than egplosion during earth orbit. After the withdrawal of the LM frém

the S-IVB during the Translunar Coast Phase explosion is much less likely to be

a problem. Aborts then would most likely result in release, of the intact GLFC.
Fuel releases during any of the above four phases would include any of the
following:

2.4.1 Random Earth Tmpact - Cold Ground Release (fine particle and
comminuted fines released at earth surface)

2.4.2 Re-entry Melting of FCA

2.4.2.1 High Altitude Microsphere Release (release of unmelted fuel)

2.4.2.2 High Altitude Fine Particle Release (fuel ablation to fine
particles) : :

= ——

All of the above types of releases ere discussed in previous sections of

this report.

3. PARAMETRIC DESCRIPTION OF CONCENTRATION, DEPOSITION AND EXPOSURE

In this section the methods of calculation used by G.E. and the.MWG will
be discussed and compsred. In.all the equations used, the concentration,
deposition end expo;ure are directly proportiocnal £5 the.source strength.
Accordingly, the results will be presented in units of air concentration per -
unit source strength, deposition per unit source étrength and exposure per unit

source strength. On the other hand, distances or areas over which specific

values (“criteria") of concentration, deposition and exposure are exceeded

-
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are not, in generai, llnea% éﬁhétions of source strengthf Consequently it is
impossible to base any judéﬁgnt 6f hazard on the parametric resulﬁé elone. 1In
the panel report such evaluaéions will be made by introducing specific source

terms and "criteria" into the parametric'resulté.

3.1 Cold, ground-level release

This problem arises in the case of rupture of theAFCA on ground impact in
the absence of fireball heating, melting, vaporization or entrainment into a
bﬁoyant éloﬁd. The fine component of fhe pre-existing particle size distribution,
and fines resulting from comminution of microspheres on impact, could become air-
borne, drift with the surface wind existing at the time, and be dispersed and
deposited by the ambient turbulence. |

Formulas for this case predict monotonicélly deé}easing air concenérations
in the downwind directioﬁ. The rate of decrease end the associated rates of
vertical, lateral, and longitudinal spread -of the cloud depend on the intensities
of the three vector comﬁonents of the turbulence, on the interactions of the
_components, on the spectfal (scale) distribution of turbulent energy and on the
interactions of the variods spectral gomponents. |

Only semi-empirical formulations with empiricall& determined parameters
are available. Tﬁéé of 0. G. Sutton, on which a body of test data has been
obtained at a variety of sites,.ié theﬂbﬁe used by G.E. in the SNAP-27 Safety
. Report, Vol. III.. Dr. I. Van der Hoven of the MWG used a widely.éqcepted me:thod
developed more recently by F. Pasquill. 3. Fuquay of'the MWG applied an emfirical
method based on a series of tracgr tests conducted at-Cape Kennedy in Project

Ocean Breeze. These experiments covered a distance range of oﬁly a few km s0
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.that:considerable exbrapolefrod is required for present purposes.

3.1.1 Exposure |

In these calculations it is assumed that the particles have'negligible
settling velocity. This is approximately true for particles of diameter less
than 3um (settling velocity < ;003 m/sec or about 10 m/hr). This size range
is roughly equivalent to that thought to be "reepirable" and to that likely
to be carried away from the impact point by the wind.

It is also assumed that the particles are released in a short time so
that the exposure of any individual to the cloud of perticles is limited to
a period of the order of minutes during which he can be assumed to remein in
the same location and £6 breathe at a constant rare. Then the number of
particles inhaled deﬁends only on the time integral of concentration at his

location and on the air volume inspired per unit time. The time history of

concentration during the bassage of the cloud or the exact value of the con-

—

centration at any particular time or place are considered immaterial.
Therefore, only the parametrlc "exposure" is evaluated for this case.
The exposure E of an individual at location (x,y) is 'defined as:

S - 2
E (x,y) ff x(x,y,t) at
tl . .
where X(x,y,t) is ground level air concentration, Cl/m3 t is time, sec, and

- X,y are coordirates, m. For mathematlcal convenience t) and t2 are usually’
taken as 0 and inflnity A
If the quantity released is @ (Ci), the parametric exposure E/Q has the

units sec/m . When multiplied by a source term @ (Ci) and by a respired volume

-
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rate (m3/sec) this will givé the number of curies irnhaled. Multiplication

again by a retention fact

Table 3.1.1.1 gives
or partly cloudy daytime

obtained by G.E. and Van

6rtgives the resulting lung burden.
estimates of E/Q at three distences for typical clear
conditions {unstable temperature lapse rate)

der Hoven (Pasquill type B, u = 5 m/sec).

Table 3.1.1.1 E/Q Unstable Conditions (sec/md)

Distance
1 km
10 km

100 km

G.E.
6

8
8

jxlo-
8x10~

<10

Van der Hoven

lx—xlO"6

luclom8

hxlO-lO

The neutral case can be considered either (very loosely) as an approximation

-

of the average over many trials made under a representative distribution of

weather conditions, or (more precisely) as the expected results under overcast

coggztions with moderate wind speed or during transition periods between typical

" nighttime and typical daytime conditions.

For this case the G.E. and Van der

Hoven (Pasquill type D, u =5 m/sec), results are gifen in Table 3.1.1.2.

Pable 3.1.1.2 E/Q Neutrsl Conditions (sec/m3)

Distance
1 km o
10 km

100 km

G.E.

3x10~°

5x10-7

1x10~

g

Van der Hoven

2x1077

9x107 T

lnclO'8

In clear nighttime conditions over land, or with a flow of warm air over

a cooler surface the air is moderately stable to very stuble depending on such

variables as wind speed and the rate and duration of surface cooling. The G.E.
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results for these two coﬁditions as defined by Sutton, and Fuquay's estimates
based on Project Ocean BLeéze experiments conducted under stable conditions are

shown in Table 3.1.l1l.3.

Teble B.1.1.3 E/Q Steble Conditions (sec/m3)

Distence G-E. (8) . G.E. (V8) Fuguay
1kn 3x10™ 31073 8x1074
10 km , 6x106 . 1x107h 4x10"2
100 km 1x10-T 3x1070 2x10-6

In unstable conditions the MWG agrees with G.E. within a factor of 2 to

a distance of 10 km and agrees in prediqting a very rapid decrease of exposure
beyond this distance, the exact rete being uncertain. In neutral conditions
the MWG asgrees with G.E. within a factor of 2 to 10 km and a factor of h £o
:Iab‘km, the MWG estimate being the higher. This is “the only case which is
sufficiently well documented, snd sufficiently reasonable as an average over
the travel time involved -to be considered gquantitative for diétances greater
then about 20 km. In stable conditions it is clear that a wide range of un-
certainty exists a;'to the exposures to b= éxpected. The.MWG agrees that the
levels are likely to fall witﬁiﬁ the ;agge.covered by £he G.E. "stable" and
"very stable" cases. "Very stable" conditioas aresﬁnlikely to persist over
cloua travel distances greater than about 50 km frﬁﬁ a ground level release.
On the other hand, it ié conceiyab}e tha’ exposures corresponding to this
case could occur at distances of the order of 20 km (luclo'5 sec/m3) to S0 km

downwind (lxlO"'5 sec/m3) in the case of an early nighttime release with a
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'light onshore wind orlin fge'casé of a light wind daytime trajectory across a
relatively cool water surféc;. Curves showing cloud passage exposure, deposition
density and resuspension exposure per unit source versus distance downwind are
| shown in Figure 1 using MWG and G.E. calculations. '

In the cold ground level release casé, the ground surface area within which
any given exposure is exceeded can be approximately interpolated or extrapolated
from the vaiues given in Table 3.1.1.4. The values are based on the MWG para-
metric estimates shown in Figure 2 where cloud passage exposure, deposition

density and resuspension exposure per unit source versus area are plotted.

Table 3.1.1.4 Area Over Which E/Q is Exceeded

E/Q Unstable Neutral . Stable
(secfn’) (D) - (w?) B w?) ()  (mi®)
‘:.o'lL . 8x10° .003 2x10* .01 3105 0.1
15:5 ' 8x10" .03 3x10° 1 gx10° 3
107 7x10° - 0.3 lix108 1.5 1.5x1008 o

1077 w0t 15 . 6ol 20 109 1200

3.1.2 Deposition and Resuspension

Although only a.smallifracﬁion of-fihe particlés (diameter < 3um) from the
- airborne cloud are deposited on the ground within.the first 100 km downwind, the
persistence and resuspension of the deposited fraction could result in finité
expésures.over a long period of time. .

The deposition‘denéity D (Ci/m?) following passage of the airborne cloud,

will be v E where Vg 1s the so-called "deposition velocity" (m/sec) anc. is not

3
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in general the same as the pafficle settling velocity. The values of Vg chosen
by G.E. range from 1.5x10'h m/sec in very stable conditions to 1.8x1073 m/sec in
unstable conditions. | ‘

Since particles with diameters up to 3um are ipcluded in the size range we
have defined as "fine particles," and the smeller particles will coagulate with
natural dust particiés, gravitational Settling velocities as high as 3)(10'3 m/sec
could occur. This value‘can be used to estimaste the maximum deposition hazard in .
the absencg of firm data on déposition velocities due. to other processes (turbulent
impsction, vegetation filtration, electrostatic and thermal precipitation).

‘ Deposition by‘rain is ignored in this analysis Sn the grounds that this process
would place the fine pafticles in a relatively unaveileble distribution. Such
"uashout” could increase deposition density by 1 to 2 orders of magnitude. Solution
anqmgétake by élants are not considered since it is assumed that the inhalation
hazard would be controlliné. It should be remembered that these assumptions may
not be valid end that either resuspension or ingestion could present problems
following washout by rain.A . _

Using the MWG estimates of exposure wiﬁy vg = 3x16'3 m/sec the values of D/Q
‘'in Table 3.1.2.1 sre obtained for unstable, neutrgl and stable meteorological con-
&itiong. If the bulk-of the mass of the airborne paff&cles is contained in the
size range below lum dismeter thq deposition will be an order of magnitude smaller .

‘than those given here.
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Table 3.1.2.1 Deposition/Source Strength

. Distance Unstable. . Neutral | Stable
1 km 1x1078 n~2 6x1078 n-2 %1078 g2
10 kn 1x10710 3%1072 11077
100 km 1x10” 12 1x10" 10 6x1077

0pinibns differ as to the mechanism.of resuspension. In particular it is
not clear whether fines will be resuspended at all after being deposited in a
bed of coarser partiéles. If so, it is not clear whether a threshold wind speed
ié required for resuspension to begin or whether trasnsient local shear in turbu-
lent eddies produce some finite probability of resusbensionreven in light winds.
Experiments by Healy.;nd Fuquay (1958) with fluorescent tracer particles at
Hanford and by Olafson and Larson (1963) and Wilson (1960) with plutonium

éxplpsively dispersed Et the Nevada Test Site suggést ratios of air concentrestion

'X(pgm/m3) to deposition concentration D(ugm/ma) given in Table 3.1.2.2.

Table 3.1.2.2 X/D

a. TFresh deposit, tracer particles of density 1.5 gu/em3:

Diameter - Wind Speed " Wind Speed
- - 5m/sec 10m/sec -
L5um %102t T 0.3m™"
8um : 6x10™ 2x10™3
Lhym 8x10™° 5 3x10”"

78um - 6x107 1 _ 210
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b. Plutonium perticles versus time after initisl deposition:

1. Wilson dsta
0-16 days 25101 m~1 to 6x10°6 n1

Bl o 2x10 7 m

128-160 days 1x10~
2. Olafson and Larson data
first 21 days: average 3}:10'8 (0 to 2x10'7)m.’1
The plutonium duta, showing ratios less than 10-5 m-l, are considered
more relevant to the presént case, although tﬁe possibility of ratios approaching
1 m~ ! cennot be ruled out if strong winds should occur shortly after cloud passeg
over a relatively bare, smooth surface.
The.plutonium dat;>indicate that the particieé'beCOme less available to wind
‘pickup at a rate which can be approximated by an exponential ﬁith a half time of

35 days. Based on this ﬁodel, J. Fuquay has estimated the exposure dve to re-

suspended psrticles. For resuspension beginning at any time after initial

-
——

deposition, the exposure increases with exposure time but approaches a finite
limit. This 11m1t1ng exposure is less ‘then 1/100 of the cloud passage exposure ’
even in the extreme case o% large deposition velocity (several cm/sec) and ex-
tremely strong wind pickup (turbulent eddy vglocity = several m/sec) starting
immediately after depositiou and continuing indefinitely. TFor more plausible
conditions (vg < 1 cm/sec, eddy veloclty <1 m/sec) the ratio of resuspension
exposure t> cloud passage exposure is of the order of 10 -6 for one day and 10'h
for indefinite exposure. |

Using 2x10°7 ! as a conservative (high) estimate of X/D for the first few

weeks after deposition, Table 3.1.2.3 shows parametric peak air concentratio
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per unit source strength‘(m-3) for the deposition densities shown in Table

3. 1.2. l'

Table 3.1.2.3 Peak Air Concentration of Resuspended Particles X/Q

Distance . Unstable Neutral | .§Eﬂhli
1 km © 2x10715 3 1x10"14 73 bx10713 '3
10 km 2x10717T 6x10-16 ox10-1h
100 km : 2x10~19 2x10” 17 1x10°15

If‘3x10'h m/sec is taken as a more plausible estimate of the average
deposition velocity for a fine particle population such as that postulated,
and 3::10'8 m—l.as a coﬁservative estimate of the avérage value of X/D during
the first few months.after deposition, the average air concentrations shown in
Taple 3.1.2.4 are obtained along the downwind axis of a deposition pattern laid

.down under the given meteorological conditions.

Table 3.1.2.4 Average Air Concentrations of Reéuspended Particles
Per Unit Source, X/Q (m~3)

Distance . .~Unstab1e . Neutral - Stable
1 km . 3x10717 -3 . 2x10716 43 6x10-15 -3
10 kn - = 9x10'¥§. 3x10°16
100 km . - 3x10721 xod ox10” 17

Similarly, taking 10-.h as a plausible estimate (with large uncertainty)
of the ratioiof total lifetime resuspension exposure E' to cloud passsge

exposure E', the resuspension exposures per unit source strength E'/Q (sec/m3)
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along the axis of the deposition patterns ﬁroduced in unstable, neutral and
stable meteorological conditions, based on MWG estimates of E, would be as

given in Table 3.1.2.5.

Table 3.1.2.5 Resuspension Exposure Per Unit Source E'/Q (sec/m3)

. : - i
Distance Unstable Neutral ' Stable

1 km 4x10710 sec/m3 2x1079 sec/m3 8x10-8 sec/m3
10 km hx10"12 , ox1071l -  hx107°9
100 ka hx10™tH lx10712 2x10710

These are equivalent to exposures of a few days at the peak air concentra-
tions given in Tsble 3.1.2.3 or a few months at the average concentrations given
in Tablé 3.1.2.4, Although insignificant compared to cloud passage exposures,
these might be dominant in the event that people return after being evacuated
froi the path of the airborne cloud. | |

It should be borne in mind that the above resquension estimates are based
on experiments conducted over desert ferrein with particles of different charactex
and size distribution from those expected in the case of the posﬁulated accidents.
Both the experimental results and the avajlable theoretical models permit a ﬁery
wide range of estimates even fé; the.éiven experimental conditions. Factors not
taken into account, such as humidity, prepipitation, vggetative cover, pavement,
vehicular traffic and agricultural treatment will furthef widen the range of

uncertainty. If, for example, the capsule were to impact in a city, the con-

sequences might be vastly different from those pi:tufed here.
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Also, it shoul@ be hoted that the assumptions underlying the use of
integrated "exposure" ma not be well justified for exposures occurring over
long periods of time.

3.2 Hot Cloud Relepse

i :

If a release of fueh should occur within the fireball pfoduced by an
explosion of the Saturn V vehicle, both primary microspheres and secondary
particles resulting from melting, vaporizatioﬁ;'or comminution would be
entrained in the updraft and dispersed from some heiéht'above ground.

3.2.1 Cloud Rise

G.E. has assumed a cloud center height of 550 m based on estimates by High
and Fletcher (1965). More recently, High (1968) ha$ made new estimates of the
fireball dimensions ;nd.duration. éince phe total weight of propellant is about
3 kilotons, eyen.relatively small fractional energy yields would be in the region
-for_which nuclear expiosion cloud height data‘are available. High's estimate of
1400 feet for the cloud dismeter at 1iftoff would correspond to the maximum
diemeter of the fireball from a 15 KT (TNT equivaleﬁt) nuclear explosion. Data

in The Effects of Nuclear Weapons (Glasstone, 1962) would suggest diameters of

800 feet for a 3 KT explosion and 400 feet for a 17% Saturn explosion (0.5 KT).
Date on individual cloud heights listed there indicate cloud base and top heights

above ground from surface or near-surface exjlosions given in Table 3.2.1.
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Table 3.2.1 Cloud Heights from Reported Nucleer Detonations (km above ground)

Yield (KT) Cloud Base . Cioud Top
<o0.1 0.5 2
0.1 to 1 1.5 3
~1 2.5 5
2-5 3 6

Members of the MWG feel that cloud center heights in the 1-2 km range are
most plausible for a Saturn explosion and heights up to 4 km may be possible
. dependlng on meteorological conditions. J. Keufman cited calculations based
on the model of Morton, Taylor and Turner,.as well as observations on F-1
static engine tests, in support of cloud heights of 1.5 km for one engine
(204) and 2.2 km for all 5 engines of the S-1C. H. Church provided an estimate
of~L,4 km for a 20% energy yield.

The.effect of increased cloud height is in general to spread the debris
"over a larger area, reducing the concentrations everywhere at the gronnd except
for effects of particle sedimentation.‘ This may result in a larger or smaller
number of people being exposed above any particular level, depending on the

ratio of the exposure criterion to the source term.
- In addition to the 550 m cloud height assumed by G.E., the effects of
cloud heights of 1000, 2000, and 4000 m will be considered. |

3.2.2 Deposition of Mlcrospheres

G.E. computed the deposit density for the given mlcrosphere gize distributio
with a cloud center height of 550 m, uniform crossw1nd distributlon over a conste

width of 430 m equal to the cloud diameter, and constant wind:speed of 5 m/sec
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H. Church of the MWG provided estimates obtained by Sandia with the DIFOUT code

for the same cloud height but using a selection of observed Cape Kennedy wind

velocity profiles.

The maximum deposit density D(Ci/m2) per unit source strength Q(Ci) and the

distance of the maximum are given in Table 3.2.2.1 for the G.E. calculation and

the six cases evaluasted by Sandia.

Profile

G.E.
Sendia #12
Sandia #71
Sendia #50
Sandis #11
Sandia #67

Sandia #63

Mean Wind Speed
(m/sec)

5.0
0.96
1.7
1.67

 L.65

6.5

16.5

Pable 3.2.2.1 Maximum D/Q and Distance of Meximum

Mex. D/Q
(m-B)

3.3x10‘6

lelO_5
1.3%100
1.1x1072

5x10'6

2.2x10‘6-

1.2x10'6

Distance of Msx.
(km)

.80
.20
.25
-3

.85
1.0

1.75

_The distances of nearest and farthest occurrence of D/Q exceeding certain

specific values, interpolated from graphs, are showﬁ:in Teble 3.2.2.2 for the

same cases.
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Table 3.2.2.2 Distances of nearest end ferthest occurrence (km)
p/q (m™?): 1079 108 1077 107 1070
G.E. - 5.3 Aho- 3.6 .5 - 2.4 .5 - 1.6 none
Sandia #12 0-.9 0-.8 0- .7 0-.5 0 - .4
Sandia #7T1 0-1.8 0 - 1l.h 0 - 1.0 0 - .7 1 - b
Sendia #50 0-1.8 0- 1.5 0 -'1.2 0-1.0 .2 - .5
Sandia #11 .3 - 1.9 3 - 1.7 A= 1.5 i .5 - 1.2 none
Sandia #67 .2 - 6.0 .3 -542 fh - 3.0 .6 -1.8 ‘ none
Sendia #63 .2 - 11.5 .5 - 6.7 .7 - 3.9 1.4 - 2.2 none

The G.E. values for the maximum D/Q, distance of maiimum D/Q, and distance
range (length) of each D/Q contour along the axis of the fallout pattern fall
near or between those obtained by Sandia with observed wind profiles having
vector mean speeds of 4.65 and 6.5 m/sec between the surface snd a height of
550 m. The Sandia patterns do ﬁot increase in length as rapidly with decreasing
D/Q as do the G.E. patterns. Tﬁis is expzcted since the Sandia mcdel includes
lateral spread due to turbuient diffusion and directional shear while the G.E.
model does not. -

Areas within D/Q contours.ii50plé£ﬁs) vere computed by G.E. but not by
Sandia. However, the lengths of the Sandia E/Q confouré can be used to estimate
the areas within the contours provided that thae G.E. areas are assumed fo be

approximately correct for a vertically averaged wind of 5 m/sec.. Let I be the

length from nearest to farthest occurrenc: of a gi&en value of D/Q, dy the
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initial diameter of the olood: énd A the area within the contour. If the laterzl
width is assumed to increase in proportion to the iocrease in length, i.e. as
c(L-do), where c is oonstant, but without change in shape, the area would be
.proportional to oL? + (1-c) 14, - |

The formula A = .07L2 + .TLdo gives a close fit to the areas obteinod by
G.E. for D/Q contours from 10°2 m2 o0 1072 m? when do is taken as 430 m (C.E
cloud diameter) and the value of L for each contour is an average of those
obtained b& Saodia for the 4.65 m/sec and 6.5 m/sec wind profiles. This formula
is essentially that for an ellipse whose short axis grows from the initial
diameter l/ll as fast as its long axis.

Using this formula for the light wind profile (0.96 m/sec at 550 m), the
strong wind orofile (10;5 o/sec) and the too intermediete cases (4.65 and 6.5
m/sec) the areas shown in Table 3.2.2.3 are obtained. Areas cotained from the

G- E. report are slso shown for 5.0 m/sec.

Table 3.2.2.3 Area Qver Which D/Q is Exceeded (km®)
550 m wind speed. - pfQ (m;z): . lg:g 10'8 | 10‘7 10'6 107
0.96 m/soc - .32 - .28 .2k AT 13
.65 m/sec L 66 .56 . 24 0
5.0 m/sec (G.-E.) . 1.§ 1.h .82 .32 0
6.5 m/sec ' ». b1 2.2 . L3 .b6 0

10.5 m/sec . 12 b5 1.7 28 -0

¢ m—
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it is seen that D/Q ékc;eés.10-9 m—2 over an srea 40 times larger with
strong winds than with 1ighﬁiwinds. On the other hand D/Q never exceeds ].O’S‘m"2
.excePt in the lightest winds, when all the particies fall in a small area. The
largest area with D/Q excéediﬁg 10-6 m™2 occurs with intermediate winds.

In view of the convincing indications that the cloud might rise to heights
as great as I km it is necessary to consider the consequences of larger cloud
heights. The depdsition of microspheres has not been calculated directly for
these csses. However, useful order of magnitude estimates can be developed by .
scaling all dimensions in proportion to thé héight.

Assume that the particles lying along a given D/Q isopleth labelled Dl/Q
éontaining an area Ay for a cloud centér height hy énd a mean wind speed uy from
the surface to hy are distributed along a geometricaliy similar isopleth D2/Q of
area.AQ when the cloud height is changed to h, and %he wind speed at‘cloud heigﬁt
ig‘gg?nged to Uy Assume fhat the length of the loﬁé axis of the isopleth con-
taining the same particlgs is proportional to both cloud height snd mean wind

speed from the surface to cloud height.

Ly _ uyhy

Ll -'.ul hy

From the similarity assumption:

- 2
Ag A h2)

B

up hp
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If a.reference clodd height h, and & reference wind speed u, are chosen
the area A of the isopleth.D/Q for any other height h or meen wind speed u

would be

b -3
L}
k=

o fu h )‘3

\ Yo hg

where A, is the area of the DO/Q isopleth for fallout from a cloud at height

ho with wind speed U, at height h,. The non-diﬁensiqnal’area parameter

2 would be a function only of the non-dimensional deposit

A¥* = A u°2/u2h
density parameter D¥ = D u2h2/uo2Q.

The value of D¥ along the downwind axis of the pattern would be a fuﬁction
only of the non-dimensibnal'distaqpe parameter x¥ = xuo/uh or the corresponding
non-dimensional length éafameter I* = Luo/uh.

When the data contained in the preceding tﬁree tables are put in non-
dimensional form accofding to this model with uy =1 m/sec, the deposition
densities and distances fall within a factor of two, and the aress within a
factor of four, of the universal pattern described by the parameters given in

Table 3.2.2.4. Curves showing non-dimensjonal microsphere deposition versus

non-dimensional distance and area are shown for microsphere relesses in Figure 3.

Table 3.2.2.5' Non-dimensional microsphere deposition pattern

D* 0% 1003 100 1wt 1 10 20 (Mex.)
Nearest x* .03 .04 .06 .08 .10 .15 0.3
Forthest x* 2.5 2.0 1.5 22 0.9 0.5 0.3

A* 1.0 6. .35 .20 - .10 .04 0
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D¥ = (D/Q)he(u/uo) ,orDs= D*G{u 2/u2h h = cloud height (m)

x% = (x/h) (ug/u), or x = x*fu/ug ‘ u, = reference wind speed = 1 m/sec

A¥ = (A/h )(uo/u) , Or A = AN ue/u Q = source term (Ci)

‘D = deposit den51ty (Ci/m ‘  x = distance downwind (m)

‘u = wind speed (m/sec) cloud height A = area (m?) within D/Q isopleth
As sn example, given Q = th Ci, h = 1066 m (cloud center height) and

u =10 ﬁ/sec, then the maximum deposit density is 2 mCi/m? at a distance of

3 km. In this case the nearesf occurrence of a deposition density of ;OuCi/mg
(10'5'Ci/m?) (D* = 0.1), for example, would be at x*'= .08, or x = x* u/l msec'l
= .08 km, the farthest ‘occurrence would be at 12 km, and the area within the
lOuCi/m isopleth would be A = A% h2u2/1 m sec2 = 2x107m or 20 km? For a

deposit density of lOOpCi/m D* = 1, the nearest and farthest distances are 1

km and 9 km, and the area 10 km?.

.h\"If-the cloud height is increased to 4000 ‘m and the wind speed increased to

25 m/éec with the same value of Q, then for D = lOuCi/mg, D*¥ = 10, the nearest

8 2

_distance becomes 15 km, the farthest 50 km, and the ares 4x10 e or 400 km©.

For D = lOOuCi/m?, D% = 100 and this value does not occur anywhere. For these

conditions the maximum deposit density is_QOpCi/mg,'which occurs at a distance

v -

;of 30 km downwind.

. For arbitrary assumed conditions, of course, it would be necessary to
interpolate between the D¥* values for which dimensions are tabulated above.
For example if a source term Q and a deposition criterlon D are given, I* can

xS

be computed for assumed cloud heights and wind speeds, x*'s and A% interpolated

* ——
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for this value of D¥%, andlthe corresponding ‘dimensional values of the x's and
A computed.

Although weathering and degradation of microspheres after deposition on

the ground are expected, [the resuspension problem has.not'been evaluated. If

the fines which result from this process are produced at & rate which is small

|
compared to the 1 month half-time with which they become unavailable for re-

suspension, the airborne concentrations would be meny orders of magnitude
smaller than those arising‘frOm any accident involving direct dispersal of a

similar quantity of fines.

3.2.3 Fine Particle Release in the Firebsll

G:E. haé-calculaQed cloud passage exposure at ground level due to atmospheric
transport and diffusion of fines from a cloud height of 550 m, for four.conditions
of atmospheric stability.‘ The distance of maximum ;iposure varies from a few km

H"unstable” conditioﬁs'to several hundred km in "very stable"” conditions. J.
Fuquay has independently evaluated the stable case ﬁsing.diffusion rates based on
data obtained at Cape Kennedy during Project Ocean'Breeze. He obtains a distance
of hOOO‘km for the maximum ground level exposure (aﬁ enormous extrapolation from
observed data over é'few km). The exposure at thi%.ﬁoint is oﬁly a factor of two-
lower than that estimated by G.ﬁ: ét mﬁcﬁ shorter distances in the neutral and
- stable cases.

This points out two serious problems.with the f;reball %aporization case.
One'is the great uncertainty of atmospheric diffusibn calculations for elevated

clouds in stable conditions. The second is the fact that travel times to the

point of meximum ground exposure are so grest (several days) that it becomes
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incredible that stability.cqnditioqs would remsin constant throughout the travel.
These problems are magnified by the possibility thet the cloud height might be
considerably greater than 550 m.

The MWu feels that it is inappropriate to assume a rate of diffusion
appropriate to stable conditions for more than 12 hours of travel. The G.E.
results imply qax1mum ground level exposures from a 550 m cloud at about 10
to 20 minutés travel in the "unstable" case, 1 hour in the "neutral" case, 10
hours in the "stable" case-and 5 days in the "very stable” case. On this basis
the predicted pattern for the 'very stable" case would not be considered plausible.

Two general modes of transport and diffusion.can be visualized for a cloud
injected in an elevated stasle layer. The first, appropriate at altitudes
within the planetary boundery layer end subject to diurnal convective mixing,
would be for the bulk transport to remain reasonably steady and horizontel and
for Ethe rate of diffusion to increase during daytime to that typiéal of unstable
or neutral conditlons iﬁ this case, ground-level diéﬁributions siﬁilar to those
calculated for neutral conditions, though perhaps narrower and longer, mlght be
expected at distances corresponding to travel times slightly longer than the
time required for daytime mixing to penetrate to cloud height. The G.E. "stable"

case seems t0 aporoximate a pattern of thls type Thls shows a maximum E/Q of

-8

the order of thlo-8 sec/m3 at sbout 70 km downwind, values exceeding 3x10 sec/m3

over an aree of the order of 300 km? at distances of 50 to 100 km, exceeding

10"8 sec/m3 up to 200 km, and exceeding 10"9 sec/m3 up to 1200 km.
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The second mode, approﬁrlate for éloud heights of the order of a km or
more, would be for synoptlc-scale quasi-isentropic vertical motions to affect
signifiéantly the height and stability of the layer in which the cloud is
. imbedded, and to determine the size:and location of the area over whiéh it
reaches ground level. For this case an increase of effective horizontai dif-
fusivity with travel time as found by Hage, Heffter and Crawford would seem
appropriéte;

The G.E. "vefy stable"'pattern with a meximum E/Q of 6x10-8 sec/m3 at

500 km, and Fuquay's stable pattern with a maximum of 1.5x10'8

sec/m3 at 4000
km probably grossly over estimate the distaﬁce and areas over which suéh
expoéures can reasonably be expected in this case. This ié suggested both by
the_low cloud height assumed, and because the effective diffusivity is not
increasing at a §dfficiently rapid rate in the models used. Van der Hoven has
estimated, for a ploud height of 1000 m in neutral stability, with a 5 m/sec
wind, a maximum E/Qlof 3.5x10"2 sec/m3 at about 150 km (8 hours travel). Tt
seems unlikely that this value will be exceeded at any greater distance from

‘this or any éreater cloud height. |

For the unstabié.case, G.E. estimates for a 55Qhﬁ cloud rise and Vsn der

Hoven's estimates for 1000, 2006’and 4000 m appear to be mutually consistent

’ and are summarized in the Table 3.2.3. 1 The areas for the 1000, 2000 and
4000 m clouds are estimated from the lengths by the relatlonshlp A= 15%2

derived from the 550 m results. _Curves showing hot cloud fine particle

dispersion per unit source versus downwind distance and area are shown in

_Figures E and 5.

. a— .
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Table 3.2.3.1 Hot‘Cloﬁa,éarametric Exposure, Unstable.Case

§2<>_£“._

Cloud Height 1000 m 2000 m 4000 m
Max E/Q (sec/md) 1.3x10°7  .5x1078 1.3x10°8  7x1079
distance of mex E/Q 3 km 6.5 km 10 km 15 km
£/a> 1077 sec/m3 |
.nearest distance 2.2 km none none none
farthest distance 5 knm o
area 1.6 km©
E/Q > 10"8 sec/m.3
nearest distance 1.3 km. 3 km 8 km none
farﬁhgst distance 23 km 20 km 16 km
area 90 km? 55 km® 12 km®
B/ > 1072 sec/m> |
nearest distance 1 km 2.5 km 5 km 9 km
farthest distance 75 km 64 km. 62 km 60 km
area 1000 km® 700 km® 600 km® 500 kmf

For @he neutral case with a 550 m cloud height the G.E. calculations appear
to represent a plausible disfribution.of exposure. For higher cloud rise, the
cloud will travel farther and be elongated more'rapidly in a given time because
ofriﬁé increased wind speed and shear. The time required to diffuse to ground
level.will jnerease more rapidly than the cloud height becsuse of the decrease
. of vertical eddy diffusivity with height. The volume of air in which the éource
will Ye diluued by the time it reaches ground level will therefore increase more

rapidly than the square of the helght The exposure, hovever ﬁill not necessarily

decrease as rapidly as will the concentration because the incre351ng length of the
cloud will be compensated to some degree by increasing duration of exposure.
Thus a scaling model based on a variation of maximum ground-level exposure

inversely as the square of cloud height would seem to be quite conservative The

distances of maximum exposure must increase more rapidly than the first power of
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the height. .To be conservptive we can assume this distance will increase as the
square of height, the longitudinal (downwind) profile of exposure will preserve
the same shape, and the wifith will increase only linearly with cloud height.

Then areas will increase as the cube of height for concentration isopleths whose

values decrease as the square of height (the inverse relation to area is not
required for expasure as it 1s for surface depos;tion). Thus if E /Q is the
value of a given isopleth for a cloud height of 550 m, its length L, and its
area Ay, then for any greater helgh% h, the isopleth E/Q (552 m)2 EO/Q will
have a length L = (h/550 m)2 L, and an area A = (h/550 m)3 A,. These parameters
are summarized in Teble 3.2.3.2 and in Figures 4 and 5 for h = 1000, 2000 and
LOCO m. Those calculated by Van der Hoven for h = 1000 m sre included for

comparison.

Table 3.2.3.2 Hoﬁ Cloud Parametric Exposure, Neutral Case

Cloud height 550 m 1000 m 2000 m 4000 m
Calc. method G.E. V.d.H. Scaling Scaling Scaling
Max E/Q (sec/m3) 3x10-8  3.5x10"9 9x10-9 2x10~9 5x10~10
distance of max 18 km 140 km 60 km- 240 km 1000 km
E/Q > 1079 sec/m3 ) _
nearest distance (km) 7 50 km 30 . 150 ‘ none
farthest distance (m) 220 600 km Loo 600
area (km ) 1000 2000 1600

It is implied that travel times of the orcder of a day or more are involved
in diffusion to the grgund from 2000 m or higher under tpeée conditions.

In the stable case it is estimeted tﬁet the naximum exposure may be of
the same order of magnitudé as that for the neutral case tut that the distance,

length and area will increase directly with the duration of persistency of stable
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conditions. For cloud heiéhés greater than 550 m, the cloud travel speed will

not be exﬁected to be'affectéd by stébility. The width can be assumed to be
largely determined by the spread during the active mixing pefiod at the end of the
jnversion. Thus both the longitudinal (downwind) dimensions and the areas affected
'at each exposure level can be assumed to be approximately proporticnal to thq.dis-
'tance of meximum exposure. Using a wind speed of 5 m/sec for all,heights; the
distances and areas shown in Table 3.2.3.3 and in Figures Lk and 5 for the stable
(12 hour) case are obtained. Since travel times exceeding 1 day or distances
exceeding 1000 km would most likely involve either exposure of the cloud to
unstable coﬁditions or entrainment in synoptic scale vertical motion fields, it

is not considered reasonable to make quantitative estimates for these cases.

‘Table 3.2.3.3 Hot Cloud Parametric Exposure, Stable Case

Cloud_height (m): - 550 1000 2000 4000

Mex. E/Q (sec/m3): 3108 ox10°?  2x1079  5x10710
Distance of max (km): ) ) ‘

1 hr persistence 36 80 .. 260 " 1000

6 hr persistence 140 170 350 1100

12 hr persistence ' 230" 280 460 1200
Area for E/Q > 10 -9 sec/m3 (km?) B .

T nhr persistence ° 2000 - 3000 1800 0

6 hr persistence - 7000 6000 2400 0

12 hr persistence 13000 10000 3000 0

As a 1im1ting case, it may be noted ‘that a uniform disper51on of the source

through a depth of LOOO m would produce a 1-day exposure of 10~ 9 Q sec/m over
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an area of about 200,000 km? From the sbove tabulations it would seem that,
:due to non-uniform aistribution, the maximum credible area for this exposure '
level, regardless of zloud height or atmospheric stability, is perhaps a tenth
‘of this or 20,000 km? For the same depth of mix1ng, the corresponding unlform
disper51on area for s l-day exposure of 10 -10 Q sec/m would be 2x106 , and
the maximum credible area might be 200,000 kme,
_ The order of magnitude of the density of surface deposit remaining after
passage of the cloud of airborne fihes in -the fireball case cen be estimated in
thé same way as was done for the cold ground-level release. Since the "fines"
includé particles as large as 3um in diameter a deposition velocity as large as
3::10"3 m/sec could epply to at least part of the debris. Multiplying the exposure

values by this deposition velocity gives a conservative (high) estimate of the

déposition: These estimates are given in the following table.

=

3.2.3.4 Deposition D/Q, Hot Cloud Case

: Unstable Neutral Stable (12 hr)

Cloud height 550 m

Mex D/Q (m-2) G 4x10"10 1x10710 - 1510710

Distance of max 3 km " 18 km 230 km
Cloud height 1000 m ' . 1

Mex D/Q (m-2) ‘ 1.5x10°10  3x10° 3x10~11

Distance of mex © 6.5 km 60 km 280 km
Cloud height 2000 m : .

Mex D/Q (n-2) hx10-11 6x10™12 6x10"12

Distance of maex 10 km 240 km 460 km

Cloud height %000 m :
Mex D/Q (m-2) ox10711 1.5x10°13 1.5x10°13
Distance of max 15 km 1000 km 1200 km
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Even the largest of these parametric déposition values would require Q =
1.5x105 curies to give a deposit density of 60pCi/m2.v This possibie pathway.
of exposure is clearly of lesser significance than some of the others. Curves

showing hot cloud fine particle dispersion exposure per unit source strength end

depositidn density versus area are shown in Figure 5.

3.3 High Altitude Release

An.exﬁlosion or impact which ruptured the fuel capsule at any point along
the trajectory from lift-off to luner orbit injection could result in fallout
of microspheres. While these would not be respireble it is of interest to
estimate their deposition density on the ground. .

3.3.1 Ascent to Earth Orbid

H. Church has provided the MWG with calculati;ﬁs of the deposit density for
the given microsphere size distribution released from 15, 45, 60 and .90 km altituc
Deposition density pef unit source versus distance.ﬁownwind fdr high altitude
~ release of microspheres fs plotted in Figure 6. The parametric results are
summarized in Taple 3.3.1.1. The winds used were observed Cape Kennedy winds
for various times of year.

Teble 3.3.1.1 D/Q, Parametric Microsphere Deposit (m'a)

Release altitude: 15 km b5 km 60 km S0 km
Distance T

0-25 km | -0 .0 0 0

425-50 km ' 3toTx1077  1t03x1079 . otolx1077  Otolx1079
50-100 km " .3t05x10-7  .1t02x10°9  .8tolx10-9  .5tolx107Y

100-150 km ‘ 0tobx10710  .7to9x10710 . hto8x10710  1toBx1079

I
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Table 3.3.1.1- D/&; Parametric Microsphere Deposit'(mf2) (continued)
Release altitude: .- }é_Eg 45 km 60 km 90 km
Distance 4
'150-200 km “ 0 0503x1071C  1£05x10710 . 6to5x1071°
200-250 m'n"' 0 otoBx10Mt  6tozx10710 . ltox107X0
250-300 km 0 otobx10-1l  hto8x10-1Y  otolx10710
300-400 km o 0 s Otolx10-11  Oto3x10711

> 400 km - 0 0 o - 0

o

Most of the time these patterns would be laid down in the 180° sector to
the east of the release point. In midsummer, however, there ;s.a high probability
of the fallout occurring ﬁest of the release point.

Although'G.E. used the Sandia calculations for each- particle size class, thei
used a different method of éuperimposing size classes. The results for the 45 km
félepse are shown in fable 3;3.1.2. The curves showing area covered versus
depdsitiﬁn density for the G.E. and Sandié calculations are pldtted in Figure 7T
for compar;son. The Sandia distribution is more spread out, with no area
receiving a deposit density greater than 10—8 Q/m?. The two calculations agree
in giving an eres éf_approximately 200 km? for deposit density.exceeding ].0'9
Q/m?. The Sandia results appeé}‘ﬁore-biéusible although G.E. points 6ut thg
poss;bility of variation in atmospheric slowing-dow@ distance with particle size

. counteracting the spreading effect of variétions in terminal velocity during fell
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Teble 3.3.1.2 High Altitude Microsphere Deposition Areas

Area with D/Q exceeding: 593 _ EEE EEE ‘ EEE
1071172 500 200 1600 1800
107102 ko 150 1600 600
10°9m™2 200 80 200 80
107802 | 80 30 0 0
10" Tm2 30 10 0 0
10-6n2 ' 5 2 0 0

3.3.2 Randon re-en:ry

Séndié Model B has been used to compute deposit density and ground level

air concentration of both the microspﬁere particle population and an "ablatioﬁ
~debris" particle poéulation with a logarithmic distribution extending from 5Cum
down to :0005um.

The microsphere release is assumed to teke place at 45 km alﬁitu@e; 40o%N
and 1059w wiﬁh a "mean seasonél fitted" wind field. The microsphere results
are included in fﬁe deposit density estimates given in the previous table for
a 45 km release; ) . o

The 'ablation debris" release was evaluated for a ﬁmean.seasonal fitted"
wind fiell wivh releaseg at 45 km altiéﬁde at latitudes 17°N, LO°N and T5°N.
Deposit densities from 1 to 3310'1262 cover areas of the order of 10Mkn® at

distances of the »rder of several hundred km for the particles in the neighbor-

hood of 5xm disneter, down to 2 to 9x10'16m-2 covering areas of the order of
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1 to 2x108km? (20 to ho% of the area of the earth) for the particles 2 to Sum

in diameter. The smaller partlcles (< 2pm) would be dlstributed worlwide,

. although the major part;might be limited to the hemisphere (northern or southern,

in which the release is|assumed to occur.

It can be concludef that degradation products in the size range intermediate

between the '"respirable" range (< 3um) and tlie microsphere range can produce
deposit densities exceeding given levels froﬁ310'15 to 10’12m-2 over areas in-

dicated in Table 3.3.2 and in Figure 8.

Teble 3.3.2 Degraded Microsphere Deposition, Logarithmic Distribution

Deposit density D/Q(m™2) >10715 > 10-1k > 10713 > 10712
Length (km) 107 0% /3000 1000
Area (ki) 3108 107 106 3x10*

3.3.3 High Altitude Fine Particle Release

The fraction of "asblation debris” in the "respirable"” size renge (< 3um)
can conceivably approach 160% of the source under ‘some re-entry conditions.
The worldwide dispersibn and depcsition of this particle populaﬁion has been
estimated by P. Krey by anaIOgy with the observed behav1or of the SNAP-9A

102, 109,
debrls as well as the high altitude Rh and Cd tracers released in
_nuclear weapons tests. As an upper limiting assumption (possibly appllcable
in the case of re-entry at a high latitude in winter) all the debrls was
-13

confined to one hemisphere.. The resulting total exposure, 4.8x10 sec/m ,

is consistent with the parametric value 2.6:4:10']3sec/m'3 obteined by G.E. for





.
s
el

. TU-

~&

-
. «.¢ .

_.1,2 -
dispersion iq both nemié;hgres. :Thé maximum concentrg?ion at ground level,
6x10'21m'3,’océurring 3 yéérs after ipject;on of debr{; into the upper
stratosphere, is also consistent with the 3x10-21m73 parametric qoncentration
obtained by G.E.

Uhiform distribution over the.earth, of course, would give a deposit

density of 2x10“15ﬁ72} Confinement to one hemisphere would double this, and

latitude bending may introduce another factor of 2 for middle latitudes.
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REVIEW OF THE MARINEZAéEEd&S OF SNAP-27 SAFETY ANALYSIS REPORT

The Ad Hoc Marine Subpanel on the Safety Evaluation of SNAP-27/AL$EP met

in Seattle, Washington, on September 24-25, 1968. The following persons attended:

Ted Dobry, AEC, Division of Space Nuclear Systems '
Ray Klecker, AEC, Division of Reactor Licensing

John Harley, AEC, HASL, New York

Charles Osterberg, AEC, Division of Biology and Medicine
#Allyn Seymour, U. of Washington

Thomas Beasley, U. of Washington

Edward Held, U. of Washington .

Richard Foster, Battelle-Northwest, R Richland

Col. S. Shwiller, Dept. of Defense, Albuquerque’

Arnold Joseph, Marine Resources Council

Saad Mikhail, NRDL, San Francisco )
*Donald Pritchard, Johns Hopkins Univ.

*Representing NASCO O T -
After an introduction by Mr. Dobry, ;eéulis Qf the research on SNAP-27 at
NRDL wereupresenteﬁ by Df. Mikhail. Since the NRDL results Qeemed to be more
realistic thépxkhoéé in't§é13§fg£y:Rgﬁort,_they were adopted as the bagis of
oﬁ;f;Zporé. | | | .
Diséu;s;on led to the fo}lowiﬁg summary (Table 1) of possible accidents
:due to ab&rfs'in'iaunching 6£~in space.

-Téble 1. Possible Conditions under Which
‘the Fuel Capsule Might Land in the Sea

Capsule . ' Water Depth ... Fuel Release

1) Intact o _ Shallow (<200m) ] -+, -None )

2) split ’ cooeom . . Intact €0.25% Ci/d)
3) split - " o Fractureg (C.5 Ci/2)
4) . None . ' " Dispersed (<iu0 uCi/mz)
5) 1Intact ) Intermediate (200-1000m) - None

6) Split . A - " Intact (0.25 Ci/d)
7) Split . : " ' Fractured (0.5 ci’*‘
8) None . " nispersed (.90 $Cifn2}

9) Intact o Deep ¢>1000m) None

10) Split ' ) "o ; Intact :~..5 cifd;
11) Splitc : " i Fracturad (9.5 Ci/e

12) None ' " Dispersed & L0G pr/ma,






‘We consider that of the possib%: events listed above, only two need to
b; evaluated in terms of potentlalihazards to man from a release of 238Pu to
the marine envigonment. The ‘two cases considered are: (1) impact of a damaged
(split) fuel caﬁsule in the ;hgllow waters over the continenfal sheif, and
(2) release of the fqel ﬁartiéles (micr;sphe;es) from the capsﬁle dpring.launchﬁ
_and subsequent fall-out of the fuel particles. into the shallow water'éf the’
continental shelf. All other events considere& would result in poten;ial hazards
" to man significanglx 1es§ then the two cases selected for evaluation.

We hgve used twﬁ approéches in evéluating the possible consequences_of
Ehe introduction of.a damaggd_fuel éapsule into thé waters of the contiqental
shelf. In thé‘fifst approach, we have determined the probable vélume-o% water
- -having concentrations of 238py exceeding a derived maximum permissible con;en-
tration for sea water (5.4 x 1076 uCi/ﬁl)l/. _The second method of evglqatioh
 involves a,de;erminatidn-of the probable mean concentration of 236Pu in one
yéar's supply of sea food for one‘man, and a comparison of the resulting intake

238

rate for that individual with the allowable intake rate for Pu for a limited

pOpulation.

. B _ ) .
1/ The maximum permiasible intake for 38Pu is 1.1 x 10 uCi/d 4 ucilyx.
" Assume that a man eats 75 X 103 grams (protein intake for standard man) of

edible sea iood/yr (from 150 x 103 grams raw seafood/yr )

I

gsc:ic 103g 5.4 x 107> uCi/g = MPC (seafood)

Assuming a concentration factor of 10 iﬁ_goidg from sea water to sea food

then, MPCC = 5.4 x 1078 uCi/ml. of seawater

2)





In carrying out this evalua&iqn, we have made the following assumptions:

(1) The rate of solution an.sea water of 238py from the full 3800 grams
of exposed fuel particles in.the damaged fuel capsule is 0.5 Ci.day 1. This
value is based on the followipé considerations. The fuel as originally
packagcd exis;s as a mix of microspheres of plutonium oxide having a size
range from 50 to 250 microns, Extensive'studies.by NRDL indicaté 'thai the
steady state rate of solution of the full 3800 grams of plutonium oxide fuel
particles as packaged would result in a release to sea water of about 0.25
curies per day. Experiments have shown that a portion of the fuel particles
will shatter when the fuel capsule is subjected to a shock from impact or from
an external explosion. The resulting altered size distribution of the fuel
particles containing components :smaller in size than the original distribution,
would bc associated with an increased rate of solution, ‘From the data now
availcble.cn the fraction of the microcphgres'which might be fragmented on
impact of the fuel capsule, we concludc.thgt.the rate of solution miéht be
‘increased by a factor of two. We have cherefore doubled the experimentally
deéermined vaiue of .al:tcn.xt:‘O.ZSﬁ::l..daazy'1 for the source strength of the exposed
fuel particles. - '

(2) The apprOpriate diffusion model to be used for determination of the

238Pu in the coastal waters off

‘probable distribution of concentration of
Cape Canaveral is the linear shear-diffusion model proposed by Carter and .
"Okubo (1965). The atCachcd appendix contains a discussion of the modifications
made to this model bp NRDL to provide for computer computation of the concen-

tration distirbution from a continuous point squtce; We used the NRDL results

in the following evaluation. The values of the pertinent diffusion parameters

(3)





o A .
and velocity shear terms employed by NRDL are those obtained by Carter and

1

Okubo (1965) from dye dlfﬁusion studies in the coaatal waters off Cape Canaveral,

and hence should be the bkst availsble for this evaluation. While NRDL has not
at this date run their computer program for exactly the same source strength and
ﬂoundary conditions coné dered here, the ;omputations they have made represent
conditions sufficienfly close to those considered here so that we can, with
reasonable confidence, extrapolate their results.

| Such an extrapolation indicates that the volume of sea water hav;ng con-

238 -6

Pu exceeding 5.4 x 10 ° puCi/ml, resulting from a continuous

-1 of 238

centrations of
release of 0.5 Ci.day Pu from a local source on the bottom of the
qpntinental shelf off Cape Canaveral, would be on the order of only 25 M3, This
roughly ell ptically shaped.voluﬁe would have & length of about 14 meters, a
width of about 12 ‘metéfs, and a verticle dimensiqn of about 0.3 meters.

Due to temporal changes in the current pattern, this plum; of activity would
extend away ftom the source over different segments of the bottom in the vicinity

of the source for varying periods of time. No sessile benthic organisms are

commercially harvested from the continental shelf off Cape Canaveral, and mobile

- species would occupy this small volume for such a felativélyjshort bériod of

. time that the average concentration to which sea food organisms would be exposed

would be very much less than the accepted calculated value for 238Pu in sea

. water. Put another way, this volume is less than 10 4th of the volume of coastal

ﬁﬁtet required to produce a one-year's supply of sea food for a single individual

obtaining gll of his protein requirement through consumption of such sea food;
The'alterngte_evaluation 6f the potential hazard from the introduction of

a damaéed fuel capsule into the waters of the continental shelf off Cape .

238

Canaveral involves the determination of the average concentration of Pu in

(4)





1 5x 106 cubic me:era, which is the volume required to produce one year ]

supply of sea focd for one man who?recelve all his protein from comsumpticn cf

such sea foode. This volumg.is'determlned in the following manner. In order to

obtain all his protein requirement from sea food, an individual would ccnsume

75 kg of edible sea food pér year which is equivalent to 150 kg of raw sea

food. Production of sea food is three metric tons per square kilometer over

the coastal shelf (average depth, 30 meters), or 3 x 10
3

10-4 kg.m ~. Hence the required volume V = 150 kg/i x 10

2

'3 kg.m - == 30m=1x 7

-4 kg‘,m"3 = 1.5 x 10° ms,

Interpolation from the results obtained from the computer program of the

Carter-okubo shear-diffusion medel obtained by NRDL indicate that the total

238Pu inventory at any given time in a volume of water of 1. 5 x 106 m3 about

a continuous source on the bottom of the continental shelf of strength 0.5

) ci.day-l would be a2bout 1.5 x 10'1 Ci. The average concentration in the sea

1

water within this volume would then be 1.5 x 10~ Ci/1.5 x 106 m

3 or 1 x }.0-7

Ci.m-a. Assuming a concentration factor between sea water and sea food of 10,

the mean concentration is sea food harvested from this volume would be

1x ia-G uCi per gram. The intake of 238

(1 x 10-6 uCi.g-l) (75 x 103gr) = 7.5 x 10”2 uCi. or 2

Pu by one man for one year would then be

X 10-4 uCi per day.

The allowable intake of 238Pu for a limited population (1/10 of the dose

-2

allowed to occupational workers as established by the ICRP) is 1,1 x 10 = pCi

per day, This value is approximately tqp_o;ders of magnitude higher than the

value'calculated above for one individual receiving all
from sea food harvésted from the most contamirated area
;postulated SNAP-27 scurce, and hence the hazar¢ to man
aéeidént is not deemed to be significant.

Certain conceivable accidents during the lauﬁch of

the SNAP-27 capsule cculd produce a release of the fuel

(5)

his protein requirements

associated with the

from this.type of

the vehicle carrying

particles to the





atmosphere and a subsequent downwingd Spreéd over the coastal waters and
fallout onto the surfa;e of t;éfépastal waters. Evidence available to us at
this time indicates that tﬁ; maximgm g?eal concentrgtion from such.a series‘
of events on the sez surface ;ould be about 100 nC.mnza Further, this maximum
concenﬁration would be associated with the larger particle sizes (100 microns
and greater), which would have a minimum sinking rate of 800 meters per day. ’
Thus the pgrticlea would rapidly sink to the bottom in the relativély shalleow
waters of the continental shelf, and insignificant amounts of activity would
be released in solution from the falling microspheres en route to the bottom,
Cane;vably some parﬁicles might be ingested by marine organisms and ulitimately
reach man. Howevér, such particles are most likely to pass through the gut of
the sea food organism without absorption and be ejgcted as fecal pellets which
‘sink quite rapidly. Aq? such particle which might reach man in_sea'food would
not nofmaliy be contained in that portion of the seélfocd consumed by man.
' Even whgn ingested, éuch a pgrticle woujd pass through the intestimal tract,
producing at worst a ahdrt-time exposure to a small Segment of the population.

.Fuel particles having a surface area density of gbout 100 pc m-z (from
a burn-up in which the capsule was destroyed) would he spread over the bottom
Bf the continental shelf in an elongated pattern downwind froﬁ the launch aite
having a length of pe;haés 46 ;0}50 km and a width of abéut 10 km. " This pattérn
would generglly be sr;gﬂted appréﬁihatel&'éerpendicular to the coast-line, ana
‘since the current: over tbé shelf are generally along the direction of the
céastline, the watier of the shelf would be transported across the 10 km width
of the pattern.

Making the very comservative assumption that the fueliparéicles ot the

bottom would have the same solution rate per unit weight as assumed for Zhe

(6)





exposed fuel mix in the damaged 9ﬁpsu1e; then the rate of solution of 238Pu

into the overlying sea water from a fuel particle density of 100 _i.'(!:t..m"2

-would be 1,2 x 10°°

Ci day':1 m~2, Since the source is then a planar source
exténding some distance along a line at right angles to the probable curreat

flow, only vertical mixing is likely to be important in this case, and we

© can consider.the concentration which would occur in a strip of water one meter
wide in a direction perpendicular to the flow, and having a length equal to
the 10 km width of the fallout pattern. Assuming that the curreat velocity
over the bottom is about 12 cm. sec-l, or 104 m; day-},_the concentrarion of
238Pﬁ in thg water after;passinghbver the full 16 km of the fallout pattern
would be given by

-9 .. -3

1.2 x 10 ci. dayt. w? x 10%2 « 1.2 x 107 cim

. 104 x D m3° day'1

"D

whgré D is the vertical thickneés of the layer into which the 238Pu would be

mixed. Even if this Vertical thickness was only'one meter, the concentration

8
of 23 Pu in the water over the bottom resulting from a planar source of fuel

particles on the bottom hav1ng an areal density of 100 pCi. m ) » would be
1.2 x 10 -9 Ci. m 3, which is less than one-thousandth of the acceptab?e v=1ue
caléulated here. | . _ |
In'summary, the Subpanel does not consider aﬁy of the possible fates of
SNAP-27 to comstitute a heslth hazard in the marine environment,
The Subpanel.is most appreciative of Dr. Pritchard, who piayed a ma)or

role in the preparation of this report.

n





ADDENDUM 1
. ;?_%"

The Subpanel discussé&“the problem of fresh watet.contamination. It
was felt that the problem.of %resh water ctntamination does not appear to
be serious in view of the following:

1. The probability of impact of reentering capsule in fresh water

is small compared with either land or ocean surface.

2, The solubilit& rate of 238PuO2 in fresh water is slightly less

than the rate in ocean water,

3, Indications are that Pu ions are sorbed on sediments atd thereby .

effectively removed from solution.

4, Plutonium entering in a fresh water supply is expected to be

" gorbed on the walls of the distribution system.
D Plutonium reatﬁing the treatment plante will te effectively

.removed by the water treatment systems.,

The working group recognizes that effective water treatment is not
common in small town water systems, and advises that in the case of an
tbo:t_réaulting in land impact, rivers, lakes and reservoirs in the suspect
‘aroa ghould be monitored; |

The present state of the art does not lend itoelf to a more quahtitativa

'evtluétion of the fresh water situation,. -

(8)
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Final Report

BIOMEDICAL HAZARD EVALUATION OF SNAP-27/ALSEP

-]

Biomedical Subpanel Members
) ) Roy Albert, NYU
' Williem Bair, BNWL
Birney Fish, ORNIL
Roger McClellen, lovelace
. . Thomas Mercer, Univ. of Rochester
- : : Arthur Templin, Livermore
' Chester Richmond, LASL and DBM/USAEC
H. D, Bruner, DBM/USAEC, Chm.

¥ X R KX XXX

A report of the Biomedical Subpanel was presented to the
SNAP-27 Panel on December 9, 1968. . This final report is the result
of additional information re@rding source terms. This report also
includes discussions of several points ‘raised by Panel Menmbers.
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Introduction:

A discussion ofj the state of our current knowledge about the
biomedical hazards created by aerosols of Pul, was presented in
"Comments on the SNAP-19 Problem by the DBM Committee on SNS
Radiological Safety Matters," Spring 1968. The Subpanel chose to
evaluate the effects! of exposure on the basis of an individual
person at risk. In that document, the Biomedical Subpanel estab-
lished that inhalation was the route of exposure most likely to lead
to potential biological damage or, possibly, tc¢ lethality; other
- tissues at risk (the skin, the conjunctival-nasopharyngeal mucosal
system, the gastrointestinal tract and organs or tissues which might
retain Pu absorbed from the gut) ought to receive smaller exposures,
if any at all, end their responses would be quite unlikely to be
lethal. ) , ' .

Several recent reports offer support for these conclusions.
Both acute (1) and chronic (2) feeding of actual 23 Pu0, microspheres
- to swine and beagles indicate that ingestion of intact microspheres
(e.g., many thousands at one time or one-thousand over six-months
time) does not constitute & biological hazard. In addition, the
review by Thompson (3) of Pu absorption by the gastrointestinal (¢.1.)
-tract concludes that intestinal mucosa presents & very effective
barrier to plutonium sbsorption under the more usually anticipated

—--.conditions of exposure. Present Maximum Permissible Concentrations

for Pu in water (MPCy) are calculated on the basis of an ebsorption

of 0,003% from the G.I. tract. Thompson concludes > from the avail-’
able experimental data, that such a Yigure appears appropriate for

the general contamination of a drinking water supply., Chronic oral
edministration to rats of Pu (N ), at pH 2, in concentretions approxi.-
mating the (MPCy), resulted in absorption from the G.I. tract to the
extent of 0.003% (4). It is significant that 23sPu and p39Pu were
used. Also, work with pigs, presumsbly more similar to man in
structure and function of the G.I. tract, yields .absorptions of

.0.002% for Pu given as the nitrate at pH 2,

The biomedical considerations, &s ovtlined in the SNAP-19 report,
apply to this present effort ; there has been no significant chenge
in the state of our knowledge. The Subpanel has confidence in the
hazard estimates given below, but hastens to add that the present
state of knowledge does not warrant quantification other then’
order-of-magnitude type estimates. ‘ S
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The Panel provided source term ranges and meteorological
evaluations yielding lung burdens and ground concentrations for
several potential accident abort zones (Table 2, SER). . These, and
previous estimates, were used by the Subpanel.

Thus, this Finel Report of the Biomedical Subpenel will deal
only with evaluation of the pulmonary hazard from iphaling Pulz
aerosols thas would result from certain of the most probable eborts
during the mission. Unfortunately, it is precisely the pulmonary
route of exposure which is least well understood end for which the
fevest data are available.

The Subpenel wishes the reader to keep in mind that there is no
sccepted sclentific procedure which applies specifically to the situ-
ation under consideration: the potentisl hazard to the lung from
inhaled fine particulates emitting alpha particles and & low percentage
of soft X-rays (13 per 100 alphas) plus & few neutrons and gamma rays.
The SNAP-19 report and the "Uranium Miner Problem” have created )
reneved interest in this problem on the part of research leboratories,
the International Commission on Radiologieal Protection (ICRR), and
our Federal Radistion Council (FRC). At present, however, we are
without official guidance or standards applicable to the problem ab
hand. . i

- . T Evaluations:

Berause there is no single standard of evaluation, the Subpanel
has empioyed several possible approaches., Some are guite new, theo-
retical, and still undergoing evolution; .they are included only. to
show how choice of assumptions and biological models can affect hazard
estimates, : '

I. The ICRP Concept: -

The concept stipulated by the ICRP (5) considers the
radiation to be applied evenly to all parts of the lung from
either an extemmal source of radiation or & radionuclide dis-
tributed evenly throughout the lung. Commonly this is called
the organ mean dose or the smear dose. However, exposure from
intalation of & PuD, aerosol is in no sense evenly distributed.
In reality there will be one or more tiny foéi of intense
radiation, possibly 40 to 50 micrometers in dimmeter, dispersed
over the 75 meters® of lung surfaces. This has been called the
“point dose."
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Over the years, the ICRP has recommended a Maximum

" Permissible Dose (MPD) for the lung of 15 rem per year for

radiation vorkers with scaled doses of 1.5 rem per year and

0.5 rem per year for off-site (i. e., non-occupationally exposed)

and-selected portlons of the population respectively. The
recent ICRP Publication 9 recommends, "Dose Limits" for
planned exposures of individual members of the general public

and of populetions which amount to 1/10 the MPD (i.e., sbout’

1.5 rém per year and corresponds to & sustained lung burden

" of 0.0016 iCi Pu if one assumes uniform distrlbution of the -

energy) This applies to orgen doses and not necessarily to

. air and water concentrations or to overall average intake

estimates. To comply with the recormended practice one should -

| be prepared to show that the eritical organ dose does not

exceed 1/10 of the occupationel MPD for & criticdl group (i.e.,
highést dose) within the ‘bopulation. The population residing -

in a specific isopleth ¢an be considered or treated as such a
"eritical group,? in which case the average lung dose should .

‘not -exceed 1/10 the occupational MPD. Dose Limit, es recom-

" mended by the ICRP, recognizes that dose limitation for members

of the general public is a theoretical concept intended %o
provide standards for the design and operation of radiation
sources 80 that it is unlikely that individuals in the public
will receive more than a specified dose.” Also, the ICRP
points out that because of the innate varisbility within en

'apparently homogeneous group, some members of the critical

group will receive. doses somevhat higher than the Dosé Limit;

. however, at the low levels of risk implied, it is likely to be’

of minor consequence to their ‘health if the Dose Limit is .
marginally or even substantielly exceeded. :

Such a :reduction of . the MPD by & factor of 10 (to 0. 0016

RCi Pu) attempts to allow for the following:

'1) that exposure of members of the public generally occurs'
under uncontrolled s:.tua.tlons
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. 2) that there exists in the public domein the young, the
aged, the sick, and the pregnant--sny of whom mey be
more sensitive to the effects of radiation exposure.
Further reduction by & factor of 3 (%o about 0.0005
1Ci Pu) attempts to actount for variation in individuval
exposures sbout the average within the exposed popu-

. lation group' (e.g., so that no individual within the
exposed group exceeds the MFD for individual members of
the public). - Use of this fector of: 3 1s en operational
procedure recommended by the FRC. - :

According to a calculation based on energy released,
without reference to its distribution, 0.016 pCi of 23sPu or
szoPu would give 15 rem per year o the lung (6). The ICRP
considers the standard lung to weigh 1000 grems. We should note
that the commonly accepted permissible lung burden of 0.016 uCi
for Pu would have to be continuously sustained to deliver 15 rem
per year (smear dose). However, amounts deposiled in human lungs
from most accident modes would be essentially a single deposition
which would subsequently be lost, according to the recent ICRP .
lung model (7) with a biological half-life of 500 days. There-
fore, the dose delivered to the lung would decrease as & function
- of time past exposure. 4 o g ce
This is essentially the approach reported recently (8) vy
several Russians attempting to determine maximum permissible
burdens for accidentally inhaled Pu. They calculate that &
. one-time or short-term intake of ,,9Pu0; should not exceed
0.09 1Ci, an amount which would produce a dose of 15 rem for
the first year following exposure. They conclude that 0.1 pCi
be used as a provisional value for the accidental intake of
airborne plutonium dioxide. Use of a factor of 0.2 for alveolsr
deposition would reduce this velue to about 0.018 uCi. The
Russian report also concludes that oral. ingestion is only of
third-order consideration in evaluating the radiation  effects of
Pu for occupational exposure. - ' : :

At this time we can offer no cri‘t‘;er:ia that have eny proven

advantage exceeding that established by international agreement
end precedent. Although the Subpanel would reject the smear
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dose principle, and the ICRP itself recognizes the short-
comings of the principle as applied to situstions in which
extreme inhomogeneity of dose occurs, we have no alternative
concepts which are firmly established. We have no other choice
but to use the ICRP criterie while pointing out the deficien-
cies, possible merits and current status of other approaches
to the problem. We must also recognize that the derivation

of the occupational exposure criteria was based on & risk
assessment by national and internationsl organizations duly
constituted for the purpose of establishing radistion pro~
tection criteria.

By this method of evaluation no person (Tsble 2, SER)
would receive a lung burden in excess of that now considered
- to be an accepteble risk for persons employed in plants
handling Puly except from impact cases from which fuel is
assumed to be released at either the launch site or at some
point following reentry. For these latter cases some unknown
maximum lung retention could occur at the point of impact or
immediately downwind; lung d3p081tions above 0,016 pCi could
be experienced over a 20 Kof area. It is difficult to assess
. the possible consequences of this event as the lung burdens
range from 0.016 pCi to some unknown meximum. In the case of
low-~probability upper-limit worldwide impact conditions occur-
ring in densely populated urban ereas, a few unprotected
individuals could conceivably receive lung burdens greater than
0.1 1Ci, and a number of unprotected individuals could receive
burdens in excess of 0,016 pCi. :

1I. . The Experimental Analogy

This approach requires the assumption that & concentration
of Pu in the lung of the dog is biologically equivalent to that
in man; that the tissue reactions, susceptibility to cancex
induction by Pu, and latency are the same for the two species.

Also required is the assumption that ,3gPu0, and g, ,Pul,
would yield. similar biological effects. Preliminary experi-
mental date suggest that ,,,Pu0, and j,,Pul,, on an equal
activity basis, cause roughly similar acute biological effects
in dogs.
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. In late 1954 2 plutonium-239 toxicology experiment using
Lo beagle dogs ﬁas initiated., A previous experiment had shown
that death due to respiratory insufficiency took place within
one year after lung depositions ‘amounting to 0.1 #Ci or more
per gram of ‘1uné. The second experiment was to study the long-
term effects fo? cases in which initial depositions were less
than 0.1 #Ci per gram. Twenty-two of the dogs were exposed from
late 1958 to early 1960 and an additional 18 were exposed in 1962.
Twenty-four have died to date and 5 vere -sacrificed for tissue
distribution. Of the 24, 6 died from pulmunery insufficiency
prior to 4.5 years beyond exposure; beyond 4.5 years, all deaths
but 2 (cardiovasculer and encephalitis) were from pulmonary
tumors. OF the 11 nov remaining, 9 are from the 1962 exposures.
8ix of the 11 probably have pulmonary tumors based on radiographic
date end b are prime suspects. At this time 6 to 10 years after
exposure virtually every dog has died of pulmonary insufficiency
and/or pulmonery tumors. Of special interest is the observation
that tumors were found at autopsy in 4 of the dogs that died
prior to 4.5 years from pulmonary insufficiency even though
tumors were hgg suspected from radiographic examinations. From
10 to 48 X 10~ uCi per gram of lung vwere initielly deposited
according to estimates from excretion dats. It is, therefore,
imperative to begin dose-effect studies at still lower exposure
levels, but it is cbvious that such experiments are of long
doration. :

From these data one can derive an incomplete dose-response
curve vhich indicates that initial alveolar depositions of
0.5 X 10~ Ci per gram of bloodless lung spproaches the level
at which lung carcinomes might develop late in the life span
of the dog. Assuming that a concentration of 0.5 X 10 = Ci per
gram bloodless lung would heve an equal effect in men, we can
estimate that initial alveolar depositions of 0.25 pCi in the
lungs of the standsrd man (ke bloodless lungs weigh about .
500 grams or about half the 1000 grams for the blood-containing
lung tissue of the ICRP Standard Man) might cause tumor develop=
ment late in life. It is important “o realize that the 0.5 X 10
Ci per grem reference value was extrapolated from the dog experi-
ment which although some eight years old is still in progress.
The beagle data are the best avallable for the purpose of
estimating tumorigenic response. . ‘

‘The 0.25 BCi value, calculated ebove for humen lungs is

approximately 15 times the generslly accepted lung burden of
0.016 pCi cited in the preceding sectior..
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III. Present Contamination Levels in the Lung Relative to
Amounts Injected into the Atmosphere

A considerable amount of Pu has been put into the atmosphere
ac & result of etrospheric nuclear weapons tests and other
sources (i.e., the SNAP 9-A feilure and possibly other nuclear
pover sources of unknown origin that failed). A conservative
estimatz is that about 0.5 mega Ci of gzsPu and 25 kilo Ci of
aasPu have been injected into the atmosphere, -of which 2.5 kilo
Ci of 239Pu and 2 kilo Ci of z3gPu may still remain suspended.
The mean particle size is about 0.0 micrometers. If it is
assumed that the aerosols from SNAP-27 and the above sources
were similar, and that the dispersion-exposure would be similar
in the two cases, then estimates of the current lung burden of
Pu in the population would give an indication of the lung burden
that might be expected if the full 44,500 Ci from SNAP-27 were
released into the atmosphere. B

Measurements of the Pu lung burdens of normal people from
"the USSR:! UK, and USA give values ranging from about 0.1 to
2 x 107% ¢i per kilogram of lung (9-12). The analyticel-data
appear reliable but the total number of lungs analyzed is
probably less then 100, However, this is a relative measure

of existing 'bu;:dens .

Thus, 500,000 Ci of Pu put into the at; 3sphere resulted in
lung depositions of sbout 0.1 to 2.0 X 10 Ci and the intro-
duction of k4,500 Ci of Pu into the upper atmosphere would by
analogy eventually result in ap additional lung burden to the

"population of 0.1 to 2.0 X 10 Ci. In terms of increment a
person on the average would acquire 10 per cent more Pu than
he already had. This total would still be far below the ICFP
lev2ls for the population and, using the smear concept, give a
lung dose well below background. ) '

Radiation is only one of the numerous insults that the

lung mast withstand; generally, it is quite & minor contributor.
On2 of its more notorious responses to insults , lung cancer, '
has & high morbidity rate, now in the neighborhood of 25 per
100,000 per year, vwhich is rising steadily every year; although
radiation is recognized as being an agent capable of initiating
turiors, lung cancer occurred long before the atomic age and the
rapidly increasing morbidity rates of the last three decades
cannot be correlated with the introduction of radioactivity .

~
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" particle in the lung demsnds further investigation.
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into the. environmént. No cynicism is intended by stating

that it would be impossible by epidemiologic methods to

determine whether the introduction of Pu eserosols into the

.biosphere has changed the morbidity of lung cancer..

IV. Possible Relation Between Iung Cancer and Volume c¢f Tissue
Irradiated ‘

It does not necessarily follow that the stated 15 rem per
year with its conventionally equated 0.016 1Ci Pu adequately
expresses & basis for assessing potential biological hazard--
and certainly not as well as the Biomedical Subpanel wished.
As an expression of the current state of our knowledge it has
been employed, but some members of the Subpanel. believe that
0.016 pCi of 2apgPuds 88 & single particle represents less of a
biological hazard then if the 0.016 BCi vere divided into
progressively smaller, therefore more numerous, particles.

Table 1 shows the relation between particle diameter and
the number of cells irradiated. For each particle diameter

. ghown the total activity is 0.016 #Ci. Up to about 1 i

diemeter, the number of particles is the more importont deter-

minant of the total number of cells irradiated.

Although the cells adjacent to the inhaled radioactive '
particle may suffer a very high radiation dose, the fell-off
in rediation dose ss & function of distance from the particle .
1s rapid because of energy absorption by the tissue and of
dispersion due to the inverse square effect., Because of the
steep energy absorption gradient, the radiation dose will vary
greatly from cell to cell within the volume of irradiated
tissue exposed to the alpha radiation. '

We should also remember that the dose rate per péfticle
decreases &s the number of particles comprising a given activity
of g3ePul; increases., .

.

Thus, the number of cells in the lung irredisted by a _'g.i.ven~ :

" activity of assPulz will increase as the dimensions of the

particles in the aerosol decrease, but there will be limits
imposed by the behavior of the aerosol with respect to the

" mechanics of breathing and diffusion. Unfortunately, soundly

based experimental knowledge of retention of particles less .
than 0.1 micron is so fragmentary as not to warrant eny con-
fidence. Clearly the problem of the very fine alpha-emitiing,

]
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The Riomedical Subpanel has been guided in its thinking
by the :fo;.lowing generalizations based on animal experiments:

1) The probsbility of lung cancer appears to increase as
. the volume of irradiated lung tissue increases and
inversely with the rate of energy absorptionm,

2) Continued exposure of a large fraction of the lung is
more likely to produce cancer than is the same .total
amour.t of absorbed energy delivered to & small volume

- of tissue.over a short interval.

Based on these considerstions it is possible that 0.016 RCi of
2asPu retained in the lung as particulates may be a lesser
biological insult, from the standpoint of carcinogenesis, than
the 15 rem per year "smeared" over the entire lung., It follows,
therefore, that the ICRP organ-mean dose concept and application
may be conservative and hence the hezard estimates based on it
are proportionally conservative. B R

V. Theoretical Assessment of Timorigenic Risk from Particulates
Deposited in the Lung . _ .

Because of dlssatisfaction with the ICRP technique for
estimating lung exposure from inhaled alpha-emitting perticles,
the Los Alamos Biomedicel Group is developing & theoretical
approach intended to identify the variables which influence
dose to & given cell. A model lung has been constructed and
_programmed for computer analysis in such & way that ogives of
cell doses can be read out with respect to any combination of
ipput exposure parameters, such as number, size, specific - A
activity and movement of the alpha-emitting particle, size of
lung cell, etc. The cell doses obtained in this way are then
compared with data on the radiation dcse to an epithelial cell
of the rat skin which is associated with & skin cancer. during
the subsequent life of the rat. The tumor probabilities for
each cgive of cells exposed to the alpha emitting particle are
then summed to arrive at an integrated tumor probability for
that particle; any number of such exposure units (point exposures)
cen then be added to give the total tumor probability.

This technique is attractive and has great promise for
aralyzing the effects of the input variables separately and in
ccubination. As an example of the error that can be made by
tte "smear technique,” the dose from 0.016 pCi of 39Pu avereged
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The Biomedicai Subpanel has been guided in its thinking
by the following generalizations based on animal experiments:

1) The probebility of lung cancer appears to increase as
 the volume of irradiated lung tissue increases and
inversely with the rate of energy absorplion,

2) Continued exposure of a large fraction of the lung is
more likely to produce cencer then is the same total
amour.t of absorbed emergy delivered to & small volume
of tissue.over & short interval. ‘

Based on these considerations it is possible that 0.016 wCi of
aagPu retained in the lung as particulates may be & lesser
biological insult, from the stendpoint of carcinogenesis, than
the 15 rem per year "smeared" over the entire lung. I% follows s
therefore, that the ICRP organ-mean dose concept and applicetion
mey be conservative and hence the hazard estimates based on it
are proportionally conservative. o :

. V. Theoretical Assessment of Tumorigenic Risk from Particulates

Deposited in the Lung .

Because of dissatisfaction with the ICRP technique for
estimating lung exposure from inhaled alphe-emitting particles,
the Los Alamos Biomedical Group is developing & theoretical
epproach intended to identify the variebles which influence
dose to a given cell. A model lung hes been constructed and

_prograxmed for computer analysis in such & way that ogives of

cell doses can be read out with respect to any combination of . *
input exposure parameters, such as number, size, specific
activity and movement of the alpha-emitting particle, size of
lung cell, etc. The cell doses obtained in this way are then
compared with date on the radistion dose to an epithelial cell
of the rat skin which is associated with & skin cancer, during
the subsequent life of the rat. The tumor probabilities for
each ogive of cells exposed to the alpha emitting particle are
then summed to arrive at an integrated tumor probability for
that particle; any number of such exposure units (point exposures)
cen then be added to give the total tumor probebility.

This technique is attractive and has great promise for
aralyzing the effects of the input varisbles separately and in
ccobination. As an example of the error that can be made by
tte "smear technique," the dose from 0.016 UCi of a39Pu averaged
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over the entire lung for & period of 720 days is 3.24 rads,
whereas the model shows that 3 X 10" cells actually absorb
over 95% of the total radistion for a dose of 1.6 X 10° rads.
However, the model technique has not yet been published and
subjected to the critical scrutiny of the scientific community.

The tumorigenic risk data are presented here w:l.th reser-
vations. One of the more obvious assumptions required is that
the neoplastic response of an epidermal cell in the hair follicle
of the skin of a rat is the same as that of any of the various
cell types of the humdn respiratory tract. Many of the biological
parameters are poorly defined or are merely assumptions. In its
present form the model maximizes the number of cells .exposed aad
consequently overestimates the tumor probability for the average
case. Also, the tumor probability versus dose-response curve
used in the model was obtained from white rats which ere very
sensitive to skin tumor formation. It is premature to use such
theoretic models in hazards analysls for Pu; this is not to say,
however, that models will not be’ helpful after refinement and -
experimental verification.

.+ . This model was used to calculate tumorigenic risk proba-
bilities with respect to particle size and number for several
retained lung burdens (Teble 2),

VI. Sumary: .

1. The Biomedical Subpanmel wishes to note again that it
has been requested to deal with dose-effect relations in the
lung for which there are no accurate standards or final criteria.

2. .The system recommended by the ICRP was deemed not well
suited to the problem at hand, but nevertheless calculations
were made with respect to it because the scientific community
has used it in the past, and for want of soxnething better con- .
tinues to use 1t

3. The direct comparison of human lung exposures with
experimental exposures in dogs under conditions simuwlating human
exposures is a method of evaluation which the Subpanel found
quite acceptable., The conclusions drawn from these comparisoas
are given credence. :
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b, A comp;r:l..'son vas made of the lung burdens of Pu in the

population from weapon tests and other sources, and on this
basis an estimate was made of the effect of adding to the

‘atmosphere another batch of Pu0z smounting to about 10% of what
"had been put ub before. This system provides en evidential check

on the calculated dispersions from high altitude aborts. The
Subpanel attached weight to the implications of the factual
data. This, of course, is not applicable to a launch pad gbort.

5. For launch abort failures the:arex of possible concern
in which 0.016 pCi lung burdens might be exceeded for off-site
populations would be the impact release, Impact release is also
the possible area of concern for early ascent aborts and reentry.
The latter situation could occur outside the coatinental United
States. As indjcated earlier, these situations are difficult to
evaluate as lung burdens can increase up to some unknown meximum
as one approaches the point of impact. ‘

6. A theoretical examination of the relation of PuOz sizes
to carcinogenicity indicates that a few large particles might
offer less oversall biomedical hazard than the equivelent radio-
activity divided into many finer particles. While the spectra
of Pul, particle sizes are not at hand for all types of aborts,
this observation suggests that the ICRP value, which is based
on "smear dose," may be conservative. Also, the smear dose

- concept, implicit in the ICRP approach, is easier to rationalize

as particle size, and number, decrease for a given lung burden.

7. A theoretical model now being developed has been
included because it attempts to apportion and appraise the .
influences of the several variables that determine the radiation:
exposures of the lung ceils. It is instructive but does not
merit being & major determindnt in the Biomedical Subpanel's
judgment. At this point it serves only to focus attention on
the relation of particle size vis & vis numbers of particles.

8. The Subpanel has not considered in great detail the

' possible risk from the uptake of Pu by ecological systems;

ecologicel uptake is usually considered to represent second

or third order risks. Discrimination factors from soil to
plants are of the oxder of 10 = to 10 = and vary with species,
soil type, climate, end physical. state of the Pu. Certain
aquatic biota, however, are capcble of concentrating Pu from
the environment by factors up to 10°. These would not present
a problem to man if eaten because, as indicated earlier, of
the poor absorption of Pu from “he G.I. tract. ‘
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Ground contemination is another complicated problem &s no
official or realistic standards exist for guidance excepi for
DoD-AEC agreements for weapons accidents. To assess the
biomedical risk resulting, for example, from continuous :
occupancy we must know and apply resuspension and attenuation
factors to surface depositions. The resuspension factor (RS)
is the ratio of air concentration above the surface (u.Ci/m
to the surface concentration (u-Ci/m ); the attenuastion factor
(AF) reduces the amount of Pu available for resuspension as a
function of time following deposition. Unfortunately, values
of the RS vary by as much &s 10° depending upon numerous con-
ditions. Also, values of the AF are imprecise and variable.
Some estimates conclude that areas initially contaminated to
the extent of sbout 7 pCi/u’ (330Pulz) weresafely inhabitable
for a lifetime without decontemination. This estimate (13)
was based on a permissible lung burden of 0.02 wCi, a TO-year
lifetime occupancy, an AF of 0.10 per year, and seversal values
for the RS,

: Other data from Nevada (Plumbob Roller Coaster) suggest
that. initial contamination levels of T0 I-!nCi/ma s or more, might
be safely inhabitable for a lifetime without decontemination.
Unfortunately, application of these data are complicated by .
the fact that they were obtained under arid desert conditions.

\

S K B B 2R R R K R R 2K

The Subpanel, therefore, is of the opinion that aborts
vwhich release Pu0; to the atmosphere or land would on the
average give exposures in the range of those accepted in the
atomic industry and generally they are distinctly less or
negligible, - - .. .

" In the case of reentry, where the capsule releases
perticulate Pul; upon impact with the surface, persons in the
peth ¢f the ensuing cloud might acquire a2 lung burden somewvhat
in excess of the occupational limit., This would apply most to
those who happened to be at the impact point or within a small -
ovold shaped area downwind of the point of impact; persons to’
the side or still further downwind would retain lesser emounts.
The Subpavel is sware that the above judgments apply to the
average person taking an average exposure; the source terms
are not concerned with unevenness of concentration within an
izopleth or other space.
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* The Subpaq.el originally suggested. that the following be
considered because of the possibility of abort on the pad
with release of fuel: .

‘ 1) Exclusion of non-essential personnel from the 1e.u£ch
area; |

2) Examination of the ICC and VAB air-handling system for
measures to preclude intaske of PuD; aerosols; and

3) Standby eirborne radiologicel monitoring system with
) long-range overwater capability for Pul,.

‘The Subpanel is now aware that contingency plans are béing
prepared for the launch abort situstion and that normel pre-

cautions associated with potential releases of nuclear material
will be teken. : ' '

—
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Table 1

Relation Between Particle Diameter, Particle Number and
Number of Cells Irradiated For a Lung Burden
of 0.016 pCi aseruoa

Diameter * Number Particles Nunber Cells Irradiated¥

W :
0.01 2.0 X 1¢° : 5.2 X 10t°
0.1 B 2.0 X 10° o 5.4 x 167
1.0 " . 2,0 x1° - 5.6 X 10*

10 2.0 X 107 1.b X 107 *=

% For each particle the number of cells exposed within the 4o w
alpha perticle range are estimated. The total number of cells
irradiated becomes the product of the number of cells irradiated
per particle and the number of partlcles. A cell volume of 1¢° p°
was assumed . . :

%% Nugber of cells for a single 10 1 particle in this case.
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TABLE 2

Calculated Tumor Probability per Person as a Function of
Particle Size of the Retained ILung Burden

Tumor Probebility if Particles

Amount Retained . were of Indicated Dismeter (in microns)
per Person (1Ci) 1.0 0.5 0.1 "~ 0.0l
0,03 1.0 1.0 1.0 5% 107
© 0.0015 0.9 1.0 0.9 2.5 X 10°
'o.ooos _ 0.5 0.9 0.5 8.3 x 107
7 % 1077 0o o0 . hsxit . o
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INTRODUCTION

This familiarization manual describes the complete SNAP-27 Integrated Power Unit (IPU)
system. Each componenf is described in general terms and also in sufficient detail to
provide a clear understanding of the SNAP-27 IPU, The SNAP-27 radioisotope thermoelectric
generator is being developed by the General Electric Company under the direction of the

U.S. Atomic Energy Commission. Major subcontractors are the 3M Company and the

Solar Division of International Harvester Corporation.
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SECTION 1
SYSTEM DESCRIPTION

The SNAP-27 Integrated Power Unit (IPU) will supply electrical power to the Apollo Lunar
Surface Experiments Package (ALSEP) for lunar surface operations. The ALSEP system
w11i be transported to the lunar surface by the Lunar Module (LM) and deployed by the
astronaut. The ALSEP system will collect and transmit scientific data to the earth for a
minimum period of one year. The IPU is -capéble of supplying 56. 2 watts minimum at a
n(;minal 16 volts during this period. Figure 1-1 shows an overall functional flow diagram
of the IPU from development to deploymeht on thé lunar surface. Physical characteristics

of the IPU are listed in Table 1-1.
The IPU system includes the following components:
a. Generator Assembly
b. Fuel Capsule Assembly
c. Fuel Cask
d. Flight Handling Tool
e. Ground Handling Tool
f. Ground Test Equipment
g. Cape Kennedy Support Equipment
h. Shipping Containers

GENERATOR ASSEMBLY

The Generator Assembly (GA) will generate and supply electrical energy to the ALSEP
Power Conditioning Unit when activiated by the Fuel Capsule Assembly. The GA, shown in
Figure 1-2 with the Fuel Capsule Assembly installed, consists basically of a thermopile,
the structure.to contain the thermopilé and the heat rejection system. Wherever possible,
beryllium is used as the main structural material to minimize weight. Other materials
utilized include Inconel and Haynes superalloys for strength at high temperatures. Total

weight of the GA (unfuel}gg) is approximately 24. 6 pounds (earth). The GA is appro;dmately





Figure 1-1.

IPU Functional Flow Diagram
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TABLE 1-1. IPU AND FUEL CASK PHYSICAL CHARACTERISTICS

GENERATOR ASSEMBLY
DIAMETER |
LENGTH
NUMBER OF FINS
Fl& RADIAL LENGTH
WEIGHT (EARTH)

FUEL CAPSULE ASSEMBLY
DIAMETER
LENGTH
WEIGHT (EARTH)

FUEL CASK

: DlAMETE'R
LENGTH

WEIGHT ( EARTH)

16.0 IN.

18.0 IN.

24.

23.

20.

.0 IN.

O IN.(APPROXIMATELY)

O LBS.(APPROXIMATELY)






e

Figure 1-2, Generator Assembly (GA)





18 inches high and 16 inches in diameter. These dimensions include eight fin raéiators
for heat rejection. The GA, during translunar flight, is stored in the unfueled condition

in the ALSEP compartment of the Lunar Module (LM) directly beside the Apollo Lunar
Geological Equipment (ALGE), Figure 1-3 shows the location of the GA on the LM vehicle,

FUEL CAPSULE ASSEMBLY

_The Fuel Capsule Assembly (FCA), shown in Figure 1-4, contains the radioisotope fuel
(Pu-238) encapsulated to meet nuclear safety criteria. The FCA thermal output (radiated
and condﬁ.cted) will not exceed 1550 watts. The FCA is a thin walled cylindrical shaped
structure with an end plate assembly required for integration into the GA. Total earth
weight of the FCA is approximately 13.5 pounds. The FCA is approximately 16.5 inches

in length and 2.5 inches in diameter.

GA (UNFUELED)

Figure 1-3. Location of the GA on the LM Vehicle





LM FUEL CASK

The LM Fuel Cask (LFC), shown in Figure 1-5, with the FCA in place, contains the FCA
during translunar flight and provides re-entry protection to the FCA in case of orbital abort.
Total earth weight of the cask, without the fuel capsule in place, is approximately 20
pounds. The cask provides a free radiation surface for rejection of fuel capsule heat during
all operating phases. The fuel cask is mounted on the exterior surface of the LM vehicle
adjacent to the ALSEP compartment near the landing gear struts, Figure 1-6 shows the

location of the fuel cask.

FLIGHT HANDLING TOOL

The Flight Handling Tool (FHT), shown in Figure 1-7, is used by the astronaut to remove
the Fuel Capsule Assembly from the fuel cask mounted to the LM and insert it into the GA

while on the Iunar surface. The FHT has the following perfermance characteristics:
a. Engagement force is less than 10 pounds (earth),

b, Torque required to lock and unlock the tool from the FCA is less than 10 pound
inches.

c. Number of complete turns (3600) of FHT between full unlock position to full lock
position is 2 + 1/4 turns.

d. Temperature of the threaded interface where attached to the ALSEP supplied
handle will not exceed 300°F after the FHT has heen supporting an FCA for 15
minutes in vacuums,

e. FHT is capable of supporting a load of 30 pounds, the c.g. of which is applied at
7.80 inches from the latch mechanism jaw on an axial axis, for a minimum of
5 minutes without damage or degradation in performance. Application of load
may be in either vertical or horizontal directions.

f. FHT is capable of perforfning a minimum of 100 complete fueling and defueling
cycles,

g. Weight of FHT, less ALSEP supplied handle, will not exceed 0.8 pounds (earth).

h. ALSEP supplied handle includes a locking device to lock the FHT in the engaged
position ensuring secure attachment to the fuel capsule during astronaut handling.
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Figure 1-5. LM Fuel Cask

GROUND HANDLING TOOL

The Ground Handling Tool (GHT), shown in Figure 1-8, is used to insert and remove the
FCA or Electric Fuel Capsule Simulator used as the GA heat source during tests to and from

the LFC, Ground Shipping Cask (G8C) and the GA.

The GHT has operational characteristics similar to the FHT. The GHT, however, is
designed to fulfill ground handling requirements where the FHT is designed with major
considerations based on astronaut handling needs and mission weight requirements. The
GHT incorporates a handle which is an integral part of the unit. The FHT handle is .a

separate item.

GROUND TESTEQUIPMENT

- The Ground Test Equipment (GTE) includes Electric Fuel Capsule Simulators (EFCS) and
Integrated Power Unit Test Panels, which provide the means to operate and checkout a GA.
The EFCS's as shown in Figure 1-9, are used as a subsititute heat source for the GA during
tests. The test panel, shown in Figure 1-10, is comprised of a performance map panel
and an EFCS control panel. The cabinet is approximately 75 inches high.

8
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Figure 1-7. Flight Handling Tool
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Figure 1-8. Ground Handling Tool
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Figure 1-10. Integrated Power Unit Test Console
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The performance map panel consists of a resistance thex;mometer read-out section and a
performance map section, The resistance thermometer read-out section provides the
means for manual selection and analog display of three GA hot junction (Ty) and three GA
cold junction (TC) temperature sensors in degrees Fahrenheit. 'These sensors have a Ty
range of 600° to 1200°F and T range of 0° to 600°F, The performance map section pro-
vides the means for monitoring and visually displaying the potential in volts de, current in
amperes, power in watts, variable load resistances in ohms, and also measures the elapsed
time of the ‘monitored functions. The voltage monitor and display will monitor dc voltage
over the ranges of 0 to 40 vde in two ranges and will provide analog display of the voltage

to an a;:acuracy of £ 1% of full scale. The current monitor and display will monitor direct
current over the range of 0 to 10 amperes and will provide analog display of the current

to an accuracy of = 1% of full scale, Th;e power monitor and display will monitor dec power
in watts, over the range of 0 to 100 watts and will provide analog display of the power to an
accuracy of + 2 watts, A load resistor with a variable resistance between 0 and 20 ohms
with a step to open circuit is provided. The elapsed time indicator and display will measure
elapsed time of monitored functions and will provide a digital display of elapsed time in

hours and tenths of hours.,

The EFCS power control panel provides the means for controlling, monitoring and visually
displaying the EFCS output. The power controller, utilizes power sensing techniques,
which is adjustable from 1200 to 1700 watts and maintains a particular power setting in
this range to an accuracy of + 1%, The power indicator senses EFCS power and provides
display of this power in watts to an accuracy of + 1%. The ac line voltage indicator senses
a potential of 208 vac, 60 cps and displays this voltage to an accuracy of = 1%. The dc
power supply for the EFCS heaters has a remotely programmable output from 85 to 115
vde, 20 amps maximum, The elapsed time indicator and display measure elapsed time of
monitored functions and provide digital display of elapsed time in hours and tenths of hours.
The current indicator senses the current supplied to the EFCS and provides display of

the current in amperes over a range of 0 to 20 amps dc to an accuracy of + 1%. The
voltage indicator senses the potential across the EFCS lead pigtail and provides display
over a range of 0 to 150 volts to an accuracy of + 1% in the 25 to 115 volt range. The

safety monitor, monitors one selected TH sensor and de-energizes the EFCS power
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source when a predetermined TH level is exceeded. The level set is variable from 1100

to 1175°F.

CAPE KENNEDY SUPPORT EQUIPMENT

The Cape Kennedy Support Equipment, shown in Figure 1-11, includes a transfer cask, a
handling tool, a port entry trough, an inspection tool and a torque tool. This equipment
is utilized at the launch pad and in the Spacecraft LM Adapter (SLA) area of the spacecraft
to remove, ha.ndle, transport and insert the FCA into the LFC just before launch.

e TRANSFER CASK

The transfer cask is used to transport the FCA from a van on the launch pad to the SLA j
' Cars

. W,
platform area of the Apollo Spacecraft. W Wé f . ? . 9
. A Py A ,joy Y2 /

@ SLA HANDLING TOOL

The SLA Handling Tool is used at the launch area for insertion and removal of the FCA, It

is used in conjunction with the transfer cask and the LFC.
® PORT ENTRY TROUGH

The Port Entry Trough is used to transfer the FCA, with SLA handling tool attached,
through a ten inch access port in the spacecraft structure at the level of LM fuel cask

attachment.

© INSPECTION TOOL

The Inspection Tool is used to verify proper engagement of the FCA in the LFC.
© TORQUE TOOL

The Torque Tool is used to remove and replace the LFC lid during FCA loading operations

in the SLA area of the Apollo Spacecraft.

SHIPPING CONTAINERS

All components of the IPU system are shipped to Cape Kennedy in separate shipping con-
tainers to preserve the quality of the equipment and to ensure that damage, deterioration,
loss and substitution are prevented. Each shipping container contains a 3-axis shock

indicator. This instrumentation is of sufficient accuracy and resolution to assure that
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any excessive acceleration environments experienced during shipping are detected.

The shipping container for the GA provides a means for direct readout of internal con-
tainer pressure. In addition, the Ground Shipping Cask in which the FCA is transported,
is designed to provide radiation protection to operating personnel and to the general public
during shipping, handling and storage (Figure 1-12). The Ground Shipping Cask attenuates
the neutron and gamma radiation from a plutonium-238 fuel capsule of approximately 1500
thermal watts, so that the maximum x-ray equivalent dose to man (RBE corrected) at one
meter from any exterior surface will not exceed ten milliroentgens per hour. The pro-
cedures used in the storage, transportation and ground handling of the shipping cask wifh
fuel capsule installed comply with the applicable AEC, state and local regulations covering
such operations (in particular, AEC Regulations 10CFR71 and 10CFR72 and Interstate
Commerce Commission Regulations 47CFR71-7 8). All IPU system shipping containers
are capable of being transported by common carrier (truck or plane) and protecting the
equipment during storage under sheltered conditions for a minimum of two years. Marking

of the containers is in accordance with the requirements of MIL-STD-129.

Figure 1-12, Ground Shipping Cask
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SECTION 2

IPU FUNCTIONAL DESCRIPTION

GENERATOR ASSEMBLY

The Integrated Power Unit (IPU) includes the generator assembly and the fuel capsule

assembly. Figure 2-1 shows a cutaway view of the IPU. The GA consistsb of the following

assemblies:

a

‘be

C.

do

€.

Thermopile Assembly

Hermetic Seal System

Structural and Heat Rejection System

Wiring System

Instrumentation System

Table 2-1 lists the IPU Electrical and Thermal Characteristics.

TABLE 2-1. IPU ELECTRICAL AND THERMAL CHARACTERISTICS

OUTPUT POWER

OUTPUT VOLTAGE

CURRENT

OVERALL EFFICIENCY (NOMINAL)
HOT JUNCTION TEMP. (MAX.)
COLD JUNCTION TEMP. (MAX.)
FUEL CAPSULE THERMAL OUTPUT

FUEL CLAD TEMP. (MAX.)

56.2 WATTS(FOR A PERIOD OF AT LEAST ONE YEAR)
|6 VOLTS DC (NOMINAL)

2 AMPS (IN EACH OF 2 STRINGS)

4 PERCENT

1100°F (LUNAR DAY)

525°F (LUNAR DAY)

1430 TO 1520 WATTS

1390°F

17
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e THERMO PILE ASSEMBLY

The thermopile assembly, made up of the couple assembly, hot shoes assembly, N-leg
button, P-leg button, spacer strip and boroﬁ nitride insert, is sandwicheé between the cold
side (couple assembly cold caps to followers) and hot side (boron nitride to hot frame) of
the structural assembly. The followers are spring loaded to keep the thermoelectric ele-

ments in compressive loading, The thermopile assembly provides direct energy conversion
within the GA.

o HERMETIC SEAL SYSTEM

The hermetic seal assembly for the GA includes, both the forward and aft hermetic seals.
The forward seal secures the hot frame to the outer case assembly, and the aft seal pro-
vides an end cover to the outer case assembly. Penetration for the power leads are made

through the aft seal.

o STRUCTURAL AND HEAT REJECTION SYSTEM

The structural and heat rejection system of the GA provides the elements necessary to con-
tain and support the therinopile assembly, These elements receive thermal energy from
the fuel capsule assembly and provide the proper distribution of energy to the thermopile

assembly before rejecting waste energy to the natural thermal environment.

s WIRING SYSTEM

The wiring system is comprised of two series-parallel strings of thermopile attached to
end-of-row cold strap assemblies; the aft hermetic vseal connectors; degaussing loops at
each end; the internal wiring to connect the header with the degaussing loops; and the wiring
harness which terminates in an output connector. Dipole degaussing ldops (bucking coils)
are incorporated into the generator (one coil at each end of the thermopile assembly) to
limit the current induced magnetic field intensity to 0.24 gammas at a distance of one meter

from the generator along the GA axial centerline.

19





o INSTRUMENTATION SYSTEM

The instrumentation system monitors the thermal performance of the Integrated Power
Unit (IPU) and transmits this data to a bridge circuit in the ALSEP equipment. The 6 RTD
(resistance thermometer) system indicates the temperature at the interior of the hot frame

(3 places) and the temperature of the outer case (3 places).

FUEL CAPSULE ASSEMBLY

The fuel capsule assembly is an encapsulated Plutonium 238 system. The fuel capsule,
capable of providing 1520 watts thermal output, is inserted into the cylindrical hot frame
of the GA through the forward hermetic seal,

IPU OPERATION

Figure 2-2 illustrates a functional block diagram-of IPU operation. Heat generated by the
natural decay of the plutonium 238 isotope fuel is transferred by thermal radiation to the hot
frame, then po~ the spring loaded lead telluride thermoelectric elements mounted radially
around the hot frame. Heat is converted direcﬂy to elecj;rical power by heating the junction
of two dissimilar metals (the Seebeck effect). Power from the thermoelectric couples is fed
to the power header, and then to the power conditioning unit in the ALSEP pao:kage. Figures
2-3 and 24 show_ the power distribution to the ALSEP equipment. Reject waste heat is
transferred to a heat sink, The heat sink includes a cold frame, outer case and eight fins.
Heat from the cold junction of the thermoelectric couple is transferred to the cold frame and
then to the outer case and fins. Heat from the outer case and fins is dissipated to the lunar

environment by thermal radiation.
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Figure 2-3, Power Distribution, ALSEP Equipment, Array A
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SECTION 3
RECEIPT AND PRELAUNCH CHECKOUT REQUIREMENTS. -

This section describes the requirements for SNAP-27 flight items in preparation for sub-

sequent mounting on the LM vehicle at Cape Kennedy.

Initial tests are performed by GE/MSD quality assurance personnel to verify that no de-
gradation in performance or structural changes occurred as a result of the shipping environ-
ment. For final testing the IPU must be cabled to the Bendix assembled ALSEP system.

An integrated ALSEP system test is performed to demonstrate compatibility and satis-
factory performance of the complete ALSEP system. Performance of the IPU will be

monitored while it supplies power to the central station.

Five equipment packages will be delivered to Cape Kennedy during the course of the program.

The following items are included in each equipment package:
a. 1 Generator Assembly with cable and connector
b. 1 LM Fuel Cask
c¢. 1 Fuel Capsule Assembly
d. 1 Ground Handling Tool
e. 1 Flight Handling Tool
f. Shipping Containers

The initial shipment will, in addition to one each of the above, include two Type A Electrical
Fuel Capsule Simulators, two test panels, and Cape Kennedy Support Equipment. While one
IPU is bemg prepared for installation into the flight vehicle, a second unit will be con_tin-
uously maintained as a backup unit in the event of flight unit component malfunction. The
two Type A Electric Fuel Capsule Simulators and the two test panels will be used to support
all of the IPU's that are shipped to Cape Kennedy.

Each component of the IPU system will be inspected to insure that no damage occurred dur-

ing shipment. Maximum g values experienced by each of the components in their shipping

containers (as indicated on the shipping container dynamic instrumentation) and the
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internal pressure of the generator assembly container (as indicated on the pressure gauge)

will be recorded (Figure 3-1).

Mechanical compatibility between the various IPU components will be verified by inserting
and latching the fuel capsule assembly, using ground and flight handling tools, in both the
GA and the LFC. Since two IPU packages will be shipped for the initial flight, (one prime,
one backup), interchangeability of corresponding components will also be verified. In
addition, a check will be made between the LFC and the LM struts to verify mechanical
compatibility.

The GA will be checked for de resistance and continuity and then subjected to E-I mapping
(Figure 3-2) for eight thermal equilibrium points. Mapping will be performed in a thermal
vacuum test chamber using an electric fuel capsule simulator and the IPU test panel. The
data will be rgcorded on an X-Y recorder or, if a computer is available, on a digital
print-out. During E-I mapping, the generator will also be checked for internal 'leakage.

A single point check of IPU performance will then be made using the fuel capsule assembly
(Figure 3-3).

RECORD ¢ VALUES ANDL UNPACK AND
INTERNAL PRESSURE ' \::quLll:;lé.LrY
LOAD

RECORDER PRESSURE
f

Y

m L—LI_H
GA IN SHIPPING GA
CONTAINER

Figure 3-1. Generator Assembly, Receiving Inspection
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The integrated ALSEP systems test brings together the particular IPU and ALSEP flight
equipment that will be associated in lunar deployment, Mechanical and electrical compati-
bility, and performance verification is performed, The IPU is mated to the ALSEP central
station and the Performance Map Panel on the IPU test console through a special switchbox
and auxiliary cables (Figure 3-4), The switchbox connects the GA output to the IPU test
console for hard-line IPU performance measurements. Performance of the ITPU when power
is switched to the central station is obtained through the ALSEP telemetry in a form repre-
sentative of lunar mission operation. The ALSEP system testing will be performed using

the FCA and the IPU bolted to ALSEP Pallet Number 2.

TEST
PANEL

PERFORMANCE
MAP PANEL }‘

I

SWITCH
F=E0 LN
N\ E BOX ﬂ

GA WITH FCA =

CENTRAL
STATION
(ALSEP)

~ Figure 3-4, Integrated System Checkout
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SECTION 4

| PRELAUNCH INSTALLATION

This section gives a general description of the prelaunch installation procedures necessary
at Cape Kennedy for SNAP-27 flight items. The Generator Assembly, flight handling tool
and power cable assembly will be secured to Pallet No, 2 along with the Apollo Lunar

. Geological Equipment (ALGE), This pallet with all equipment mounted, is defined as sub-
package No. 2 and is placed in the ALSEP compartment of the LM vehicle. The remaining
Eomponents of the ALSEP system (subpackage No. 1) are also placed in the ALSEP compart-
ment. The covering and thermal blankets are placed over the ALSEP compartment.,

The LM fuel éask is attached directly to the LM structure adjacent to the ALSEP compart-
ment. When these equipment installations are completed, the LM is transferred to the

Vehicle Assembly Building (VAB) where the LM is secured inside the Spacecraft LM Adapter
(SLA) on the Apollo Véhicle. After the Apollo vehicle is assembled, it is transferred to
the launch pad by the crawler-transporter. SNAP-27 Radioisotope Fuel Capsule loading

is performed at the launch site using one of two loading philosophies.
PRIME METHOD (See Figure 4-1)

The Ground Shipping Cask (GSC), with the FCA installed, is located in a van at the base of
the mobile service structure. The FCA is transferred from the GSC to the transfer cask
using the SLA handling tool. The transfer cask is lowered from the van and rolled into an
elevator on the mobile service \structure where it is taken to the SLA platform levél. On
the SLA platform, the FCA is removed from the transfer cask, using the SLA handling tool,
and placed on the port entry trough with the SLA handling tool attached. The port entry
trough is passed, SLA handling tool first, into the SLA/LM area of the spacecraft through
a ten inch access port. The SLA handling tool with the FéA attached is lifted from the port
entry trough, hand-carried to the LFC and inserted. The SLA handling tool is removed
and proper engagement of the FCA to the LFC is checked with the inspection tool. The
LFC lid is then installed using the torque tool.
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ALTERNATE METHOD (See Figure 4-2)

The GSC, with the FCA installed, is located in a van at the base of the umbilical tower.

The FCA is transferred from the GSC to the transfer cask using the SLA handling tool. The
transfer cask is lowered from the van and rolled into an elevator on the umbilical tower
where it is taken to the SLA platform level. The transfer cask is passed into the space-
craft through an access door and lifted to the LM level. The FCA is removed from the
transfer cask and inserted into the LFC using the SLA handling tool. The SLA handling

tool is removed and proper engagement of the FCA is checked with the inspection tool.

The LFC lid is then installed using the torque tool.

FUEL CAPSULE LOADING SEQUENCE
ALTERNATE METHOD

—

~..

Figure 4-2, Tuel Capsule Loading Sequence, Alternate Method
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SECTION 5
LUNAR DEPLOYMENT

The IPU is deployed on the lunar surface according to ALSEP system deployment procedures,
detailed in Bendix document "ALSEP Flight System and Ground System Familiarization
Manual" ALSEP-MT-03 (not available at the time of this printing). Fuel Capéule transfer

on the lunar surface is executed by the astronaut just before the IPU is positioned for lunar
surface operation to insure that the IPU is relatively cool during the time it is carried by

the astronaut. To safely transfer the FCA from the LFC to the GA, the following handling
philosophy will be followed: ‘ .

a. Subpackage No. 2 (Figure 5-1) is removed by releasing the pip pins and grasping
the suitcase type handle which is attached to the ALSEP subpackage. The package
is pulled out to the edge of the compartment and using a second handle on the side
or appropriate handholes in the structure, it is placed on the lunar surface with
the GA axis vertical (Figure 5-2). '

b. Subpackage No. 1 (Figure 5-2) is removed (following the same procedure described
for Subpackage No. 2) and lowered to the lunar surface.

c. The flight handling tool with Bendix handle installed is released from Subpackage
No. 2 and in its non-extended position is used to tilt the fuel cask to the desired
angle for fuel capsule removal.

d. The flight handling tool is extended to full length.

e. The flight handling tool is engaged with the FCA (Figure 5-3). The FCA is ex~
tracted from the cask and lowered into the GA. (Figure 5-4). The FHT is dis-
engaged locking the FCA in the GA.

f. The two ALSEP subpackages can be transported in either of two carrying modes;
suitcase carry mode or barbell carry mode. The astronaut can select the one
best suited to the local lunar surface conditions. If suitcase carry is elected,
the antenna mast is attached to Subpackage No. 1 for transport. If barbell carry
mode is elected, the antenna mast is connected between subpackages 1 and 2
for transport. Figure 5-5 shows the barbell carry mode.

g. Subpackages 1 and 2 are carried to their selected operating site on the lunar sur-
face. The experiment packages are deployed to their respective positions and
electrically connected to the central station. The IPU should be placed approxi-
mately ten feet from the central station or nearest experiment package to ensure
an adequate thermal radiation path from the IPU to the lunar environment. Figure
5-6 shows the ASLEP equipment deployed on the lunar surface.
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The TPU will start heating up on the lunar surface as soon as the astronaut inserts the fuel
capsule into the GA, however, a waiting period of approximately 90 minutes is required
before IPU output is at the pre seribed power level, After the waiting period, the IPU will

provide 56. 2 watts minimum to the ALSEP equipment for at least one year.

Figure 5-3. Engaging the FHT with the FCA
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ABSTRACT

Six SNAP-27 thermoelectric generators were
fabricated to provide electrical power for
the Apollo Lunar Surface Experiments Package
(ALSEP), a series of five experiments to be
performed on the lunar surface after the

. SNAP-27 is transported there by the Apollo 12,
Each heat source is fueled with 3735 g of plu-
tonium-238 dioxide microspheres which will
produce 1480 thermal watts of power. The
SNAP-27 heat source capsule was subjected to
a comprehensive series of mechanical and en-
vironmental tests to ensure the integrity of
the system prior to flight authorizationm.





In the fall of 1965 Mound Laboratory
entered discussions with the Missile and
Space Division (MSD) of the General
Electric Company concerning the fueling
of radioactive heat sources which would
power a SNAP-27 thermoelectric generator.
The development of the generator and the
heat source design were funded by the

U. S. Atomic Energy Commission, Division
of Space Nuclear Systems. The heat
source, Figure 1, containing plutonium-
238 radioisotopic fuel, and the genera-
tor, would provide at least 63.5 W of
conditioned electrical power at 16 Vdec
under lunar operating conditions for a
minimum of one year after being stored
for up to two years.

FIGURE 1 - The SNAP-27 radioisotopic
heat source produces 1480 W of thermal
power with plutonium-238 dioxide micro-
sphere fuel. The source is about 16.5
in. (41.9 cm) overall length and 2.5 in.
(6.4 cm) in diameter.

The SNAP-27 system will provide power
for the Apollo Lunar Surface Experiments
Package (ALSEP) developed for the NASA
Mamned Spacecraft Center. The ALSEP is
a package of instruments and supporting
subsystems to be placed on the lunar
surface by a crew member of the lunar
module (IM) vehicle, and is designed to
transmit lunar environmental information
for at least one year after being placed
on the moon's surface. The instrument
package contains the following equipment:

1. Passive Seismic Experiment Package
The instrument will measure lunar
seismic activity. It will detect
meteoroid impact and free oscilla-
tions in lunar rotation. It may
also detect surface tilt tidal de-
formations resulting, in part, from
periodic variations in the strength

FIGURE 2 - The sketch illustrates the

and direction of externmal gravita-
tional fields acting on the moon.

2. Magnetometer Experiment The instru-
ment will measure the magnetic flux
of the moon and the possible effect
on the moon of other magnetic fields
in the solar system.

3. Solar Wind Experiment - The instru-
ment will measure the flux of ions
on the moon which results from solar
activity.

4, Supra Thermal Ion Detector The in-
strument will measure protons and
other ions in addition to those

‘measured by the Solar Wind Detector.

5. Cold Cathode Gage Experiment. Thehin—

strument is basically a gage for mea-
suring small gas pressures. It will

measure the low density of the lunar

atmosphere.

The generator and package will be trans-
ported to the moon by the Apollo 12 ve-
hicle.

Figure 2 portrays the scientific instru-
ments in the lunar environment deployed-
around the generator shown in the fore-

ground. Each heat source is fueled with

about 3735 g of plutonium-238 dioxide
microspheres to produce 1480 thermal
The half-life of plutoni-

watts [W(t)].

:

possible arrangement of the scientific
instruments around the generator (fore-
ground) and telemetry equipment (center)
(General Electric MSD sketch).





um-238 is 87.4 yr; it decays predomi-
nantly by alpha particle emission, with
slight gamma and neutron radiation. The
resultant power decay for the heat source
will be less than 17 per year.

A total of six sources was fabricated for
the SNAP-27 program. One source was used
for test purposes and another as a stand-
by unit for the remaining four designated
for flight missions. The first of these

four sources will be used for the Apollo

12 experiment.

A cutaway view of the heat source is
shown in Figure 3. Table 1 lists some
of the design parameters for the heat
source. The capsule is of a dual de-
sign; each half contains an annular
liner which holds the microsphere fuel.
Helium gas generated by the decay of
the fuel is accumulated in the inner
volume of the liner to minimize pressure
buildup in the capsule. Each half cap-
sule was provided with a venting device
to release the helium gas before the
pressure reached a point which might

jeopardize the integrity of the source.
All seals were effected by either
electron-beam or tungsten inert gas
(T1IG) welding methods.

The outer cladding components were fab-
ricated from Haynes alloy No. 25. The

‘alloy was used because of its good

strength characteristics and its resis-
tance to oxidation at the operating tem-
perature of the heat source. For trans-
portation to the moon the heat source
was placed in a graphite IM fuel cask
(GLFC) rather than in the generator
(Figure 4). The GLFC provided protec-
tion for the heat source in the event
of a possible launch pad explosion and
also protected the source against the
temperature and the heat of reentry in
the case of an abort from space.

When the heat source reaches the moon it
will be removed from the GLFC using a
special handling tool (Figure 5) and
placed in the generator. The tool is
designed to be locked to a backplate
attached to the flanged end of the heat

FOAM SPACER ZEE-RING SHIM
FILLER

FORWARD SECTION

CENTER SECTION ASSEMBLY

TIG WELD

FLANGE SECTION

FUEL, 238Pu0, MICROSPHERES

LINER ASSEMBLY
CLADDING

FLANGE

>~

BACKPLATE

FIGURE 3 - Cutaway view of the SNAP-27 radioisotopic fuel capsule.






andling tool
is used to remove the SNAP-27 heat
source from the GLFC and to place the
source in the generator.

. FIGURE 4 - SNAP-27 generator assembly.

source. The backplate 1is also used for
locking the heat source into either the
GLFC or generator.

The heat source was designed and the com-
ponents provided by General Electric MSD,
The fuel was fabricated and encapsulated
in the heat source components by Mound
Laboratory, Monsanto Research Corporation
All capsules were completed in time to
meet the Apollo timetable.

Because the heat source contained con-
siderably more fuel than any source fab-
ricated to date for aerospace applica-
tions, major importance was attached to
the design of a heat protection system
for the fuel capsule that would permit
the capsule to survive an abort  from
earth orbit and land intact without dis-
persing plutonium within the biosphere.
As one of the first major aerospace

SNAP programs, the safety requirements
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dictated intact reentry of the fuel cap-
sule, and extensive developmental testing
was conducted to establish the reliability
of the reentry protection system. Rig-
orous inspection methods were instituted
at Mound to guarantee fuel acceptability
and to ensure the reliability of the many
steps used to assemble the source.

Test capsules were subjected to a com-
prehensive series of mechanical tests
and radiation measurements. The test
capsules were exposed to all possible
accidental conditions of impact, explo-
sion, and heat that might be encountered
before, during, or after the launch of
the Saturn V space vehicle. The heat
source integrity proved satisfactory
after they were subjected to vibration
and shock tests. In a report of Febru-
ary 28, 1969, the SNAP-27/ALSEP Inter-
agency Safety Evaluation Panel reviewed
the data obtained. Transportation,
handling, launch, and post-launch hazards
were all included. Following this study
the sources were authorized for flight.

Description of Heat Source

Fuel: The thermal power requirement of
1480 + 30 W(t) was achieved using 50 to
250-pm diam plutonium-238 dioxide micro-
spheres prepared by fusion of oxide.
particles in a plasma torch. The actual
fuel used for the flight hardware had
the following characteristics:

Apparent density - 10.08-10.54 g/cc
Total impurities - 0.26-0.94 wt %
Stoichiometry - 2.00
Plutonium-238 content - 70.3-71.3 wt %
Melting point - 2255 £ 90°C
Fuel per capsule - ~3735 g

(~44,500 Ci)

Encapsulation: The fuel was sealed in
the annular cavity of each of the two
liners required for the heat source.
Both liners were subjected to rigorous
inspection methods to ensure the in-
tegrity of the seal, and the thermal
output of each liner was determined.
The liners then were placed in the
cladding components (Figure 3). One
liner was inserted into the prewelded
center section assembly, the forward
section was placed over the exposed end

of the liner, and the two cladding com-
ponents joined by TIG welding. The
second liner was enclosed in the other
end of the center section assembly by
using the flange section component. The
welds were examined closely to guarantee
their integrity. The cladding assembly
provides a capsule free of surface radio-
active contamination and acts as a
strength member. The flow diagram,
Figure 6, summarizes the fabrication
procedure,

After all inspection operations were
completed the heat sources were stored
in the ground shipping cask (GSC) (Fig-
ure 7) until shipped to Cape Kennedy.
The GSC was specifically designed to
attenuate the neutron and gamma radia-
tion emanating from the capsule to a
level acceptable for handling. It also
provided a system to adequately cool the
capsule during storage or transportation.
The GSC also protected the capsule
against accidental handling and shipping
hazards.

r i

FIGURE 7 - Ground shipping cask (GSC)
for SNAP-27 heat source.





Table 1

DESIGN PARAMETERS FOR SNAP-27 HEAT SOURCE CAPSULE

Thermal Loading W)

Fuel Form

Fuel Geometry
Fuel Specific Power (W/g)

Physical Density Range of
Fuel Particles (g/cm’)

Fuel Effective Power Density (W/cm®)
Fuel Effective Thermal Conductivity

(Btu/hr/ft/°F) in 98% helium at
1400°F clad temperature

Fueled Length (in.)
: (cm)

Capsule o.d. (nominal, uncoated) (in.)

(cm)
Clad Material
Emissive Coating
EmisSivity
Mission Time (yr)
Storage Time (yr)

Total Capsule Weight (w/backplate) (1b)
(kg)

1480 = 30

228pu0d, Microspheres
50 to 250-pm diam

Cylindrical Annulus |
0.400 + 0.01
9.1 - 10.3
2.6 + 0.2

- 0.1

0.62

13.76

(34.95)

2.509

(6.373)

Haynes alloy No. 25
Radifrax RC-356
0.85 (minimum)

1

2

15.46 maximum
(7.03 maximum)





