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5. RADIATION SHIELDING

5.1 Des;gn Basis

The NS Savannah sh1e1d1ng is designed in accordance with the

- criteria summarized in Table 5-1. These criteria are based on the
April 1958 recommendations of the National Committee on Radiation
Protection and Measurement and comply with the requirements of
"Standards for Protection Against Radiation" (IOCFR Part 20)1

5.2 Radlatlon Sources

5.2.1., Neutron Source

The volumetric neutron source strength is given by:
s_=3.1x100 np (5-1)

where S_ = volumetric neutron source strength,
neutron/cc~second

P = power density, watts/cc

n= neutrons/fission
and there are 3.1 x 1010 fissions per watt of power per second.
The source strength as a function of position in the core is de-
rived from the poWer density profile. The average value at a
core power of 69 MW-t is 1.63 x 1012 neutron/cc-second and 1.9 x
1012 neutron/cc-second at 80 MW=t. The fission neutron energy
spectrum'can be represented by the equation'

N(E) =[-Z|2[51nh (2 E)%:l - (5-2)
Where = energy, mev

N(E) = fraction of neutrons with energy E,
normalized to one neutron
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5.2.2. Primary Gamma Source

The sources of primary gamma rays are prompt
fission gammas, fission product decay gammas, neutron capture
(n,y) reactions, and inelastic neutron scattering. The results
are summarized in Table 5-2,

The prompt fission and fission product decay
gamma source spectra are represented by the equation

-1.10 E
e

N(E) 14.0

il

(5-3)

where .
N(E)

number of photons in the energy group
per fission

E = photon group energy, mev

The neutron capture gamma source strength is

determined for materials of significant cross sections by the

equation
n
S,(E) = :E : v;(E) =, o 4 (5-4)
i=1
where yi(E) = yield, photons per absorption from ith
material in the energy interval E
L; = capture cross section, jth material, em ™1
@th = thermal neutron flux, neutron/cmz-second

The calculation of the gamma source from inelastic
neutron scatter is based on the cross section and photon yield
data available in the literature. The contribution to the
total dose is relatively small, even though the calculation is
made conservatively.

5.2.3. Secondary Gamma Source

Secondary gamma radiation results from the
absorption of thermal neutrons in the shield outside the core.
The intensity and energy distribution of the gamma source at
any point is determined by the thermal flux profile through
the shield slabs, the cross section for thermal neutron
capture of the materials present, the yieid and energy spectra
of the resulting capture gammas, and the gamma attenuation
properties of the materials involved. The source strength of
fhe secondary gamma radiation is given by equation 5-4.

5-3
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Secondary gammas constitute a major portion of the gamma ray
dose rate at the exterior of the primary shield; consequently,
secondary gammas are very important in determining the primary
shield thickness. '

Steel and water are the source of secondary
gammas in the shield materials surrounding the core. Neutron
capture by hydrogen yields a single photon of 2.23 mev for
each thermal neutron absorbed. Gamma yields for type-304
stainless steel are listed in Table 5-3.

Table 5-3. Gamma Yields for Type-304 Stainless Steel

Energy interval N(E) photons produced
(mev) per thermal neutron absorbed
8.51 - 9.50 0.12
7.51 - 8.50 0.28
6.51 - 7.50 0.21
5.51 - 6.50 0.12
4.51 - 5.50 0.10
3.51 - 4.50 0.13
2.51 - 3.50 0.14
1.51 - 2.50 0.25 |
0.51 - 1.50 0.37 5

5.2.4. Fission Product Source

During reactor operation, fission product
activity approaches an equilibrium level within a few hours
after startup and contributes about 25% of the total gamma
ray source strength. Fission products are the principal
source of radiation during refueling operations after shutdown.

Before and after shutdown, radiatiocn levels from
fission products and neutron-activated materials near the core
are functions of time, position in relation to the core, and

reactor operating conditions. To simplify the analysis, a

5-5



purnup history is assumed. The history assumed consists of

18 years of steady state operation at an average power level

of 50 MW-t, followed by 600 days operation at 69 MW-t. Assuming
no burnup of parent material, this history permits mathematical
analysis based on the effects of two steady state activity
buildup components:

1. Steady state operation at the average power
level for 20 years.

2. Steady state operation at the difference
between full power and average power for
the final 600 days.

The cumulative gamma ray source strength from
fission products, for a given operating and shutdown time and
a given discrete photon energy interval, is obtained by
summing the contributions from all individual radioactive
isotopes produced by fission.

An indication of the dominant fission product
sources after attenuation through thick shields is obtained
from the tabulation at the outer surface of the primary shield
tank, as shown in Table 5-4.

5.2.5. Neutron Activation Products Source

During operation, coolant activation produces
the main source of gamma radiation outside the secondary
shield. After shutdown, steel activation and corrosion
products that have been activated in the core are the chief
gamma source other than the fission products in the fuel.

Oxygen isctopes react with neutrons to provide
the significant coolant activities shown in Table 5-5.

Source strengths from steel activation are
predominantly determined by the thermal neutron flux levels.
However, (n,p) reactions with fast neutrons may yield
significant sources either in steel which contains a large
amount of nickel and a small amount of cobalt or in regions
that possess high fast-to-thermal neutron flux ratios.
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Table 5-5. Neutron Induced Activity in Coolant

Energy
Reaction Type Yield (mev) Half-life
0-16 (n,p) N-16 Fast 0.75 6.1 v 7.35 sec
0-17 (n,p) N-17 Fast 0.07 7.1 7 4.14 sec
0-18 (n,Yy) 0-19 Thermal 1.0 ~1.0 n 29.4 sec
0.7 1.6 v

Application to the NS Savannah reactor and
primary shield requires two steps:

1. The dominant volumetric source activities
in each material are identified, based on a reference neutron
flux level of 10°
and after shutdown.

n/cmz—second as a function of time before

2. The variation of the volumetric gamma source
strengths are obtained as a function of position using the
vratio of the actual neutron flux to the reference level of
1010 n/cmz-seconda

The equilibrium-induced activities in type-304
stainless steel and SAE-212 carbon steel by (n,Y) and (n,p)
reactions are summarized in Table 5-6 for an infinite operating

10 n/cmz-second for

time, assuming neutron flux levels of 10
both thermal and fast neutrons.

During operation and shutdown the dominant
activities are 2.59-hour and 5.28-year CO-60 in the stainless
steel and 2.59-hour Mn-56 and 46~day Fe-59 in the carbon steel.
The 2.59-hour Mn-56 activity is unimportant 20 hours after

shutdown.

5.3. Radiation Shields
5.3.1. Primary Shield Tank
The primary shield attenuates the core neutron

and gamma ray sources to such an extent that they do not
unduly influence the secondary shield thicknesses. Material

5-9
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outside the primary shield does not undergo sufficient neutron
interaction to become an important source of gamma radiation.
It also shields fission product gamma radiation emanating.frOm
the core and activation gamma radiation originating in the
pressure vessel and insulation. The dose rate is reduced to
levels which permit limited access to the equipment within

the containment vessel soon after shutdown.

The primary shield consists of an annulus of
light water, 33 inches thick, contained in the primary shield
tank surrounding the reactor vessel. The water annulus is
supplemented at the primary shield tank outer wall by lead,
varying in thickness from 1 to 4 inches.

The water in the primary shield tank is cooled
By intermediate cooling water through a coil within the
shield tank. The water level in the primary shield tank is
maintained by addition of water from the intermediate cooling
system as necessary. The shield tank water level is indicated
and annunciated on the main control console.

5.3.2. Secondary Shield
The secondary shield surrounding the containment

vessel is éonstructed of concrete, lead and polyethylene.
Below the containment vessel equator, the shield is a vertical
wall of reinforced concrete with a maximum thickness of 4 feet
and is extended at the forward end to form a compartment for
the low pressure primary auxiliary systems located outside
containment. Above the equator, the shielding consists of
about 6@ inches each of lead and polyethylene in that order
placed on the containment vessel shell. Tanks within the
inner bottom below the reactor compartment can be filled with
water to provide additional lower shielding when the ship is
in drydock (mee Figure 4-3 and NYS Drawings 529-200-8 and
5290-200-9) .

-The weight of the concrete shield is approximately
3187 tons and that of the lead and polyethylene is 616 tons:
‘T containment vessel alone weighs 250 tons.

5-11



©'5.3.3. Local Shielding .
Local shielding is provided on the demineralizers

and filters of the primary loop purification system. The design
of these shields is based on an assumed fuel pin failure which
exposes 5% (363 kg) of the fuel inventory to the primary coolant.

‘ The demineralizers are shielded with 4% inches
of lead. This lead thickness reduces the dose rate adjacent
to the demineralizers to 70 mr per hour 1 day after the release
occurs .,

The filters are shielded with 2 inches of lead.

Th's shielding reduces the dose rate adjacent to the filters
to below 200 mr per hour.

5.4. Shield Surveys
5.4.1. Sea Trial Surveys

In order to determine whether the shield design
specifications in Table 5-1 had been met, a detailed survey
of radiation from the NS Savannah's shield was made during a
special sea trial (May 20 to May 25, 1962). The survey was
accomplished with the reactor at a power of 69 megawatts
during a cruise of 2821 miles in the Atlantic Ocean out of‘
Yorktown, Virginia.

5.4.1.1. Eguipment

A complete set of special equipment

was developed by ORNL for measurement of the extremely low
dose rates specified in the NS Savannah's design. The
instrumentation was carefully calibrated against known
radiation sources and neutron fluxes and compared to standard
instrumentation in a series of experiments at the ORNL Bulk
Shielding Facility (BSF). The BSF experiments employed an
idealized mockup of the NS Savannah's shield, thus insuring
that the comparisons would be valid for the energy spectrum
encountered aboard the NS Savannah. A 4l-man task force
carried out the survey under the general supervision of

E. P. Blizzard of ORNL.
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5.4.1.2 Results
| The results of the detailed gamma-ray and
thermal neutron dose rate surveys show that the tolerance limits
of 0.5 rem per year or 0.057 mrem per hour are not exceeded in any
area where unlimited access is permitted. In the areas to which
only the crew is permitted access, the tolerance limit of 5 rem
per year or 0.57 mrem per hour, is exceeded only in a small region
on D-deck in the water-sampling room against the forward bulkhead.
Gamma-ray dose rates of the order of 1.2 to'1.9 mrem per hour were
measured at this location. Entry to this area is controlled to
insure that no hazard ensues.
The dose rates measured at approximately
80 special points were compared with values predicted by the Shield
design calculations. Generally, the measured dose rates are con-
siderably lower than the predicted dose rates reflecting the in-
tended conservatism in the design. It may be concluded from the
results of the survey that the shield contains no significant voids
or cracks and that the stringent dose-rate specifica;ions have been

met.

5.4.2 Routine Surveys

A sustaining program of health physics sur-
veys is routinely conducted. Although these surveys are made with
conventional portable health physics instruments which do not havé
the sensitivity of the instruments used for the shield survey, it
is concluded that no significant change has occurred in the con-

dition of the shielding.
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5.5 Calculated Doses From Failed Fuel Rods

Past radiochemical data indicated that there had been no
failed fuel rods in the reactor for approximately 15,000 effective
~ full power hours (EFPH) of operation. During the last voyage before
the Shuffle Outage, evidence of a minor fuel rod failure was detec-
ted. It appears that small amounts of fission products are released
to the primary coolant whenever there is a significant change in reac-
tor power level. Post shuffle operation indicates that the situation
still exists; however, this has not limited operation nor access any-
where on the ship.

The shielding is designed to allow operation with failed
fuel elements and fission products in the primary system. Continuous
purification of the primary coolant restricts the fission product radio-
activity levels in the primary coolant during operation and after shut-
down. This sidestream purification consists of ion exchange and fil-
tering. There is no known method of predicting the number of leak-
ing pins which will result in a given dose for known operating and
decay times; however, the distribution and relative amount of fission
product activity in the various components are provided for any assumed
amount of fuel exposed to the coolant water in the core. If the maxi-
mum desired dose rate is 200 mr per hour adjacent to the primary cool-
ant piping one day after shutdown, it is calculated that a maximum
of 363 kg of exposed fuel may be tolerated. Figure 5-1 shows the dose
rate from a primary coolant pipe and the primary loop purification
system demineralizers as a function of time after shutdown. During

operation, the fission product activity is not significant compared

to primary and secondary gamma radiation from the core.
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Figure 5-1
Dose Rate From Failed Fuel
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