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[l. STUDY INTRODUCTION

The U.S. Atomic Energy Commission undertook the first program to develop
nuclear reactor electrical power supplies for use in spacecraft in January 1957,
Three weeks following the USSR launch of Sputnik I in October 1957, the first
reactor critical assembly in this space power program began operation. In the
next seven years, the SNAP Program produced a new technology of uranium-
zirconium hydride fueled compact reactors, thermoelectric and mercury Rankine
power conversion systems, and the associated minimum-weight shields, pumps,
controllers, etc., for spacecraft nuclear electric power. Test flight of a low
power SNAP 10A unit in early 1965 has demonstrated major portions of this
technology.

Since October 1957, the United States space program has been strongly ori-
ented toward manned and unmanned experiments in space characterized by low
level electrical power requirements. Wherever possible, reliability for such
spacecraft has been gained through the use of conservative technological methods.
New goals for the space program are currently developing; the unmanned oper -
ational satellites designed for the scientific utilization of space, and the post-
Apollo manned or multi-manned spacecraft for longer-term exploration of man's
role in space. These new goals require electrical power in the multi-kilowatt
range. Initial investigations by government and industry show that the timely
availability of nuclear reactor electrical power technology greatly enhances
spacecraft utility and capability for such missions. This technology makes pos-

sible manned and unmanned space activities not otherwise achievable.

Developers of nuclear reactor space power technology must, therefore, ac-
quaint space program planners with the qualities and capabilities of nuclear
systems. Such information must be in sufficient detail to provide a firm basis
for R & D planning by development agencies. The data must establish performance

and reliability specifications.

This report provides a basic document which compiles nuclear reactor space

power system capabilities. The report details the development status of each

R —

component (Section III — Reactors; Section IV — Shielding; and Section V — Power
Conversion Systems) and examines the performance of complete systems and

their variations (Secticin VI).
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The SNAP reactors currently in development and their future variations are
described in a fashion which emphasizes a consistent view of the temperature ‘
and lifetime capabilities of uranium-zirconium hydride fuel. It will be seen that
only foreseeable performance is used in proposed reactors and no process or
device requiring technical ''breakthroughs'' is defined. This emphasis on con-
sistent performance specifications and available technological status is a funda- -
mental aim in the entire report. For example, weights of components and
structures, pump performance, emissivity values, thermoelectric and dynamic
power conversion efficiency, etc., are extrapolated from test data where possi-

ble and common values used for all systems described.

Beginning with SNAP Reactors (Section III), component modifications for
manned vs unmanned spacecraft are identified. In Shielding (Section IV), uni-
form shielding analysis criteria are established, and the influence of system
variations on shield design is analyzed, both in parametric form and through
specific design examples. In SNAP Power Conversion Systems (Section V), the
separation of manned vs unmanned systems is continued with inclusion of relia- .
bility, maintainability, restart, redundancy, etc., specifications. These speci-
fications are then uniformly applied in the remaining sections on complete power

systems.
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I1l. SNAP REACTORS

Zirconium-uranium alloy hydride reactor development during the past seven
years has been highlighted by the successful operation of three experimental
reactors. The SNAP Experimental Reactor (SER) achieved criticality in Sep-
tember 1959, the SNAP 2 Developmental Reactor (S2DR) in April 1961, and the
SNAP 8 Experimental Reactor (S8ER) in May 1963. Figure III-1 highlights the
experience with these reactors, and with the SNAP 10A flight system. The op-

eration of these reactors at design power levels and temperatures for extended
periods of time was preceded by a major zirconium-hydride fuel and barrier

development program.

This base of technology has lead to a series of reactors which are currently
in varying stages of design, fabrication, development, and qualification. For
purposes of determining the development status of these reactors, they can be

categorized as follows:
Present Capability (ZrH reactors currently being developed)
1) SNAP 10A (flight tested)

2) Interim SNAP 10A/2 (''shelf' design, available for ground system

testing and/or qualification)
3) SNAP 8 (being made available for ground testing and qualification)

Interim Development (ZrH reactors which could be assembled from avail-
able technology and used in development and subsequent qualification of

mission-oriented systems with minimum development cost and time)
1) SNAP 10A/2 Upgraded
2) SNAP 10B Basic
3) SNAP 8 Manrated

4) SNAP 8 Upgraded

Future Development (ZrH reactors which push existing technology toward

its limits and which may require substantial new development programs)
1) SNAP 10B Advanced
2) Advanced ZrH.
NAA-SR-11685, Vol 2
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1-12-65
7562-5206CN 7568-56110CN
SNAP 10A
(SER) (SDR) (S8ER) GROUND TEST |FLIGHT TEST
(Fs-3) (FS —4)
CRITICAL SEPTEMBER 1959 | APRIL 1961 MAY 1963 JANUARY 1965 | APRIL 1965
SHUTDOWN DECEMBER 1960 DECEMBER 1962 APRIL 1965 OPERATING MAY 1965
THERMAL POWER (kw) 50 65 600 38 43
THERMAL ENERGY (kw—hr) | 225,000 273,000 5,100,000 230,000" 41,000
ELECTRIC POWER (watts) - = - 400 560
ELECTRIC ENERGY (kw—hr) | - - - 2534 574
TIME AT POWER AND 1800 hr AT 1200°F 2800 hr AT 1200°F 1yr AT 1300°F i
TEMPERATURE 3500 hr ABOVE 9009F | 7700 hr ABOVE 900°F | 400 TO 600 kwt | 2> 407 43 doys
*AS OF OCTOBER 6, 1965
7569-02262

10-18-65C

Figure III-1.

Operating Highlights

7561-551443
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While only the first three items listed above actually constitute firm reactor
designs, all nine may be embodied in design examples for purposes of compari-
son and evaluation. This has been done in the following sections. In most cases,
the designs presented were dictated by logical progression requirements based
on existing hardware. In the more advanced cases, however, notably SNAP 10B
Advanced and Advanced ZrH, the design points presented should be considered
tentative rather than optimum. While based largely on logical progression re-

quirements, the selected design points contain an element of engineering judg-

ment since they are based on calculations of a preliminary nature.

The principal design features of these nine reactors, including four variations
of the SNAP 10B Advanced, are summarized for easy comparison in Table IIL-1.
A breakdown of reactor weights is given in Table III-2. In the case of advanced
reactors (i.e., 10B Advanced, Upgraded 8, and Advanced Zirconium Hydride)
no firm physical design presently exists. Weights given are estimates based on

dimensional scaling of weights for presently established cores, components, etc.

Arranged in order of ascending power capabilities, the purpose of the follow-
ing sections is to describe the range of operating parameters appropriate to each
reactor, and to indicate the rationale and purpose of each concept in providing a
continuous spectrum of reactor capabilities to power levels of several thermal
megawatts. Insofar as is practical, discussion in this section will be restricted
to the reactor proper, including reflector assemblies, control drive mechanisms,

and other elements directly associated with the reactor.

A, SNAP 10A

1. Description

The SNAP 10A reactor is designed to produce 39.5 kwt for 1 yr in orbit. Fig-
ure III-2 shows the important components of SNAP 10A. The reactor core
is fueled by 37 uranium-zirconium alloy fuel elements which are clad in Hastel-
Iy of 6.35 (6.35 x 1022 atoms H

per cm3) and thus the fuel elements also contain the moderator. The uranium

loy N. The zirconium is hydrided to an N

is fully enriched and comprises 10% by weight of the fuel. The fuel elements
are 1.25 in. in diameter (OD of clad) with an active fuel length of 12.25 in. The
cladding is 15 mils thick and is coated on the inside with a 3-mil ceramic barrier

to reduce hydrogen leakage. The coating contains a small quantity (8 mg per in.

NAA-SR-11685, Vol 2
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TABLE III-1
SNAP REACTORS — NOMINAL DESIGN CONDITIONS

] SNAP 10B Advanced SNAP 8 A.dva'nf:ed
swaP 10a| Igierim [Opgzeded | SNAP 1081 Goresy TCA | neteronce | SNAP S | SNAPS \Zirconior
High-P| Low-P |High-P | Low-P esign Reactor
Power Level (kwt)* 39.5 100 100 100 325 100 325 100 600 600 1,200 3,000
Outlet Temperature (°F)¥ 980 1,200 1,300 1,300 1,300 | 1,300 |[1,300 |1,300 1,300 1,300 1,300 1,300
Coolant Temperature Rise (°F) 125 200 100 100 200 100 200 100 200 200 200 200
Number of Elements 37 37 37 37 85 55 85 55 211 211 241 583
Element OD (in.) 1.25 1.25 1.25 1.25 0.855 1.06 0.855 1.06 0.560 0.560 0.560 0.428
Maximum Fuel Temperature (°F) |1,080 1,340 1,490 1,490 1,590 | 1,440 | 1,590 |[1,440 1,520 1,520 1,485 1,565
Prepoison Loading ($) 1.60 2.10 4.25 4.25 2.30 1.25 4.20 1.90 3.00 3.00 3.00 3,00
Barrier Material Solaramic | Solaramic}| SCB SCB SCB SCB SCB S5CB SCB SCB SCB SCB
Core Length (in.) 12.25 12.25 12.25 12.25 13.8 13.6 13.8 13.6 16.825 16.825 24,0 27.0
Core ID (in.) 8.875 8.875 8.875 8.875 8.875 8.875 |8.875 |[8.875 9.214 9.214 9.7 12
Reflector Thickness, Nominal (in.) {2.0 2.625 3.25 3.25 3.0 2.0 3.0 2.0 3.0 3.0 3.0 3.0
Shielded Diameter, Shoulder (in.) 18.0 18.4T 19.3§ 14.6 14.6 12.6 14.6 12.6 27.6 19.0 21.0 24.0
Shoulder Height, Above Shield (in.) [14.75 14.75 14.75 17.75 18.9 18.0 18.9 18.0 22.0 23.5 30.0 33.0
Control Method Static Active Static Static Static Static | Static |Static Active Active Active Active
Controlled Reflector Elements 2 2 2 or 4 1 1 1 1 1 3 7 7 8
Reactor -Reflector Weight (Ib)** 282 299 334 339 388 337 413 362 600 600 975 2,000
Nominal Lifetime lyr 1lyr lyr lyr lyr lyr 1lyr lyr 104 hr 104 hr 104 hr 104 hr
NaK Flowrate (lb/hr) 4,920 8,125 16,250 16,250 | 26,400 | 16,250 | 26,400 | 16,250 | 48,800 48,800 97,600 | 224,000
NaK AP (psi) 0.17 0.67 2.7 2.7 0.95 0.4 0.95 0.4 4.8 4.8 7 10
Fuel Power Density (kwt/in.3 fuel) (0.08 0.19 0.19 0.19 0.54 0.17 0.52 0.16 0.765 0.765 0.940 1.51
Ny (1022 atoms H/em?) 6.35 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.05 6.05 6.10 6.10
Burnup, Peak (metal at. %) 0.02 0.06 0.06 0.06 0.17 0.05 0.17 0.05 0.28 0.28 0.35 0.66
Reliability Goal (nuclear system) 0.897 0.946 >0.95 >0.95 >0.98 >0.98 >0.98 |>0.98 0.97 >0.99 >0.97 >0.97

*Nominal, end-of-life

121.5 in. maximum for manned systems; assumes drum position at first sensible heat
§23.0 in. maximum for manned systems; assumes drum position at first sensible heat
**Includes weight of piping and NaK to base of shield

\
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TABLE III-2
SNAP REACTOR WEIGHT BREAKDOWNS

Fuel Vcec:seel Reflector Drive L. ¥ 5 | Wiring | Misc Total
Element and Strzgfure Mechanism Piping Nak Sag;i Ca::t (1b)
Structure

10A 125 38 73 15 6 10 10 5 282
I1—-10A/2 125 38 88 15 8 10 10 5 299
U —10A/2 125 38 123 15 8 10 10 5 334
10B Basic 125 38 128 15 8 10 10 5 339

10B Advanced
Hi-P getter 142 52 115 20 18 25 11 5 388
Lo-P getter 140 41 78 20 18 25 10 5 337
Hi-P TCA 142 52 115 20 18 25 11 30 413
Lo-P TCA 140 41 78 20 18 25 10 30 362
8 RD 194 77 172 62 10 29 20 36 600
8 M 194 80 165 90 10 28 20 13 600
8U 315 130 270 100 15 40 25 80 975
AZH 505 225 420 125 20 50 30 525 | 2000

*Includes weight of reactor loop piping and NaK to base of shield. Does not include PCS components
(e.g., heat exchangers, expansion compensator) which may be mounted above base of shield.

of element length) of samarium oxide which serves as a burnable poison to pro-
vide reactivity control. The fuel material itself is 1.21 in. in diameter, which
leaves a nominal 2-mil radial gap between the barrier and the cladding in the
cold condition. In operation, this gap is filled with hydrogen gas which promotes

heat transfer.

The reactor coolant is NaK, a liquid metal alloy of sodium and potassium.
The alloy employed is the eutectic mixture of 22% sodium and 78% potassium by
weight. The NaK is pumped through the system by an electromagnetic pump

which contains no moving parts,

The fuel elements are positioned in the core on a 1.26-in. center-to-center

triangular spacing by an upper and lower grid plate fabricated from 316 stainless
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steel. The upper plate is a single piece of material 0.125 in. thick. The lower
plate is 0.500 in. thick and consists of a brazed assembly of an 0.060-in.-thick
baffle plate and an 0.060-in. -thick orifice plate with spacers between them.

The reactor vessel houses the grid plates and fuel bundle and provides con-
tainment for the NaK. The vessel is essentially a right circular cylinder with
an inside diameter of 8.875 in. and an overall length of approximately 16 in. It
is closed on the bottom by an inverted dished head and on the top by a conical
head. The vessel is fabricated from 316 stainless steel. Wall thicknesses vary
from 0.032 in. in the core region to 0.125 in. in areas to which attachments are
welded. Two diametrically opposed inlet nozzles are provided in the side of the
bottom of the vessel and one outlet through the center of the top head. Total

weight of the reactor core and vessel assembly is 163 1b.

The reactor is reflected by a beryllium sleeve, approximately 2 in. thick,
which surrounds the reactor vessel. The inside of this sleeve is cylindrical,
while the outside is bounded by plane surfaces approximating a cylinder. In
addition, six beryllium internal reflector pieces are positioned inside the reac-
tor vessel around its circumference and between the grid plates. The pieces
are held in place by pins in the grid plates which mate with holes in the reflec-
tors. The reflector pieces are 12.455 in. in length and are shaped to fit fuel
element and reactor vessel wall contours. The internal reflectors have no

major structural function.

There are four semicylindrical cavities, spaced at 90° intervals in the exter-
nal surface of the reflector sleeve, which are utilized for control purposes.
Reactor control is provided by four cylindrical segment beryllium drums. The
drums are rotated into the semicylindrical cavities in the reflector block to vary
neutron leakage from the core. Drum movement is actuated by control motors
located on top of the reflector block. In the full-in position, the drums are ro-
tated into the reflector block cavities and complete the reflecting sleeve. In the
full-out position they are rotated 135° from the full-in position, leaving a cavity
in the sleeve. With the control drums in the full-out position, the reactor is
adjusted to be $5.60 subcritical at room temperature. The drums are cut from
a cylinder of 3-1/2-in. radius. The bare (unshimmed) drum segment has a

maximum thickness of 1.875 in. Each drum may be increased in thickness with

NAA-SR-11685, Vol 2
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as many as five 1/8-in.-thick shims which are attached to the back or flat side of
the drum. The length of the drums is 10.875 in.

The control and reflector assembly is mounted on the reactor in two halves.
Each half is supported on two hinges located at the lower end of the assembly.
The halves are rotated into position on the hingesuntil stops located near the top
of the reactor are contacted. The complete assembly is then held in position by
a retaining band around the upper end of the reflector halves. Total weight ol

the reflector-control assembly is 103 1b.

The reactor is started up in orbit and controlled automatically during the ini-
tial power stabilization period. Two startup drums are spring-loaded. This
adds $4.30 of reactivity. Fifty seconds later, the two fine control drums take
their first step. They then move a half-degree step each 150 sec until reactor
operating temperature is reached. Approximately 7 hr is required after startup
before criticality is reached, and approximately 2 hr more before operating tem-
perature is reached. Active power controlisthenmaintained by moving the con-
trol drums whenever the NaK outlet temperature drops below 1010°F. Two
temperature sensors are located in the NaK outlet line, and by means of a switch
and controller in the instrument compartment, control the operation of the drums.,
When the outlet temperature drops below the set point, the fine control drums
will take another step inward. This continues until reactivity transients are
completed (approximately 72 hr after the startup command), at which time the

control system may be commanded 'off."

For the remainder of reactor operation, power and temperature are controlled
by means of a balance between reactivity addition by burnout of the samarium
oxide prepoison and reactivity reduction due to fission product buildup, fuel de-
pletion, and hydrogen loss. During the startup transient, power and tempera-
tures increase rapidly over a period of a few minutes. The resulting peak tem-
peratures and stresses, however, are well within the system material strength

capabilities.

2. Nominal Design Conditions

Table III-3 summarizes the nominal design conditions.

NAA-SR-11685, Vol 2




TABLE III-3

SNAP 10A DESIGN CHARACTERISTICS

Power Level, End-of-Life (kwt)
Outlet Temperature, End-of-Life (°F)
Coolant Temperature Rise (°F)
Number of Elements

Cladding Material

Element OD (in.)

Maximum Fuel Temperature (°F)
Prepoison Loading ($)

NH (1022 atoms H/cc fuel)

Hydrogen Leakage (%/yr)

Barrier Material

Core Length (in.)

Core Diameter (in.)

Reflector Thickness (in.)

Shielded Diameter at Top of Core (in.)
Distance From Shield Top to Core Top (in.)
Control Method

Active Control Drums

Reactor -Reflector Weight (1b)
Lifetime (yr)

Power Density, Reactor (kwt/1b)
Power Density, Fuel (kwt/in.3)
Maximum Burnup (metal at. %)

Reactivity Contingency ($)

39.5
980
125

37
Hastelloy N
1.25
1080
1.60
6.35
0.05
Solaramic
12.25
8.875
2.0
18.0
14-3/4
Static
2

282

1

0.14
0.08
0.02
0.30

3. Limits of Operation

a. Reactivity Limit

NAA-SR-11685, Vol 2
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The following potential limitations on reactor operation were considered in

determining the performance capabilities of the SNAP 10A reactor under static

With only minor redesign (some relocation of cables and wiring harness),

three additional sets of 1/8-in.-thick beryllium shims may be added to the
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nominal SNAP 10A flight reflector. The additional initial reactivity provided in

this manner allows an increase in the prepoison concentration loaded in the core.
The increased reactivity input rate due to the higher poison loading in turn allows
for compensation of the larger reactivity losses associated with higher perform-
ance operation. In general, an increase in the prepoison loading leads to an in-
crease in reactor capabilities for a given static control temperature-time profile. .
If a reactor operates, for example, at a given initial power and temperature

level with a given prepoison loading, the temperature will degrade by that num-

ber by degrees defined as allowable (in this study, 50°F) in a certain time period.

This length of time is then defined as the reactor lifetime under these conditions,

After this time has elapsed, the reactor will continue to operate but at a steadily
decreasing power and temperature. If the initial prepoison loading had been in-

creased, however, the reactor would, in general, operate for a longer time

period before degrading in temperature by the same amount. It should be noted

that the nominal reactor temperature is defined as the end-of-life temperature,

which is 50°F below the initial temperature,

This study used the maximum prepoison loading that could be incorporated in
a given reactor commensurate with its cold clean reactivity, temperature and
power defect, and initial reactivity transients. A reactivity contingency of
$0.50 is provided to allow for loading tolerances and calculational uncertainties.
The reactivity limits shown are, therefore, conservative and provide a reason-

able design margin.

b. Maximum Fuel Temperature

A maximum fuel temperature of 1700°F, including all hot channel factors,
has been imposed upon reactor operation. Selection of this upper limit is based
upon the degradation of fuel alloy strength at this temperature. The conclusions
of the study are not greatly affected by the choice of this temperature level,

since this limit is reached in relatively few cases.

c. Fuel Swelling

Diametral fuel expansion is limited to 6 mils to avoid interference between
fuel and cladding in the "hot'' condition. Fuel swelling increases with reactor
power, temperature, and lifetime. End-of-life at a particular power and tem-
perature is defined as that time when the fuel touches the cladding in any part of

the core. This approach is conservative for two reasons.
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1) The reactor can operate for some period of time with some degree of

interference between fuel and cladding.

2) Fuel swelling is a function of both fractional fuel burnup and maximum
fuel temperature. However, these two maxima are not simultaneously pres-
ent at the same location in the core. The analysis assumes that both occur in

the same location and is, therefore, conservative.

d. Hastelloy-N Creep Limit

The internal hydrogen pressure in the cladding tubes is a function of reactor
power and temperature. The resultant creep of the cladding is a function of this
hydrogen pressure, cladding thickness, external NaK system pressure, cladding
temperature, and a weak function of reactor lifetime. A cladding creep of 0.2%
has been selected as the design criterion for these reactors. This value was
based upon the experimental observation that the integrity of the hydrogen bar -
rier was not compromised at this creep level, It is quite probable, however,
both that the barrier will remain intact at higher creep levels and that the reac-

tor will operate with one or more failed barriers.

e. Maximum Barrier Temperature Limitations

Some degradation of the SNAP 10A hydrogen barrier takes place at a barrier
temperature of about 1300°F. A design criterion on barrier temperature of
1300°F, with hot channel factors imposed, was selected. This criterion is con-
servative since the reactor can continue to operate with some degradation of the

hydrogen barrier.

f. End-of-Life Temperature Uncertainty Limitations

Although each reactor is designed to be at its nominal outlet temperature at
the end of lifetime, unavoidable errors enter due to tolerances in loadings and
dimensions and uncertainties in calculations of reactivity effects and tempera-
ture coefficients. These uncertainties may penalize the system operation either
by reducing reliability if they are uncompensated or by increasing system weight
to provide a system which will produce the design electrical output even with the
lowest credible end-of-life temperature. End-of-life temperature uncertainties
increase with reactor temperature, power, and lifetime. These uncertainty
limits are, strictly speaking, not limits as far as the reactor is concerned but
are limits only insofar as they affect confidence in the prediction of system
operation,
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g. Other Design Limitations

Other limits which were not considered for SNAP 10A are fuel phase change
and beryllium swelling., These limits occur far above the appropriate perform-
ance limits for the SNAP 10A reactor, but are considered for some other

reactors.

Performance limitations for the SNAP 10A reactor are shown in FiguresIII-3
through III-5 for reactor lifetimes of 1 yr, 3 yr, and 5 yr, respectively, as a

function of nominal (end-of-life) coolant outlet temperature.

(1) One-Year Operation

The area of operation for SNAP 10A for 1 yr is limited by reactivity con-
siderations below end-of-life outlet temperatures of 1200°F. Operation above
this temperature is possible, but is strongly limited by barrier temperature
considerations. Te.rnperature uncertainties for 1 yr are small in all cases and
should not impose a limit on reactor performance. Operation at 185 kwt at
1000°F outlet, 155 kwt at 1100°F, or 75 kwt at 1200°F is possible. It should be -
noted that although only minor reactor changes are required to achieve these
conditions, major redesign of other components of the present SNAP 10A APU .
might be necessary. In particular, a NaK coolant pump of higher capacity and
greater endurance must be available, components and wiring qualified for higher
temperatures must be provided, and the radiation shield would have to be re-
designed to shield against the higher power level and slightly greater shielded
envelope size. Many of the auxiliaries to the reactor proper (e.g., bearings,
actuators, etc.) are already being qualified at elevated temperatures as part of
the SNAP 10A/2 program.

(2) Three-Year Operation

Operation for 3 yr is completely reactivity-limited, with end-of-life uncer-
tainties well below 50°F, The reactor can produce 110 kw for 3 yr at 1000°F
outlet or 80 kw at 1100°F outlet.

(3) Five-Year Operation

The performance limitations are again associated with reactivity considera-

tions. Operation at 70 kw at 1000°F outlet or 45 kw at 1100°F outlet is possible.
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4. Reliability

The SNAP 10A reactor achieves a relatively high degree of reliability through
simplicity and overdesign. It employs a combination of proven reactor compo-
nents, inherent negative temperature and power coefficients, and low tempera-
ture operation to achieve high reliability. The reactor is statically controlled
following the first few days of actively-controlled operation. The low temper-
atures in the core (~1080°F maximum fuel temperature) reduce the reactivity
loss associated with hydrogen leakage to a negligible value. Potential failures
caused by radiation effects are also minimized by low temperature, low power

operation.

The SNAP 10A control drums must operate over a period of about 3 days.
Two of the four drums are snapped-in at startup. The reliability goal for nor-
mal operation of the two fine control drums is 0.983. Reliability allocations for

the remainder of the SNAP 10A reactor subsystem are shown in Table III-4.

TABLE I1I-4
SNAP 10A REACTOR SUBSYSTEM RELIABILITY ALLOCATION

Cumulative Reliability
Assembly Launch and
Ascent Startup l yr
Reactor Structure 0.99987 0.99971 0.99874
Reactor Core 0.99937 0.99778 0.92833
Reflector 0.99918 0.99580 0.99001
Control Equipment 0.99932 0.98697 0.98690
Radiation Shield 0.99983 0.99952 0.99036
Complete Reactor Subsystem 0.99755 0.97989 0.89718

B. INTERIM SNAP 10A/2

1. Description

The Interim SNAP 10A/2 reactor consists of the 37-element SNAP 10A core
surrounded by an augmented reflector to allow operation at higher power (100 kwt)

and temperature conditions (1200°F), The only in-core change is an increasein

*Reliability as used herein is defined as the probability that the system (or component) will perform its
required function under design conditions for the specified operating time.
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the prepoison concentration so that the burnout rate will correspond more closely

to the higher reactivity losses associated with higher performance,.

The control drums operate for the entire lifetime of the Interim SNAP 10A/2
reactor as opposed to their short initial operation with the SNAP 10A reactor,.
The core outlet temperature is thereby maintained within the deadband of the
controller throughout lifetime. This mode of control is referred to as '"'active

control' as opposed to ''static control' of the SNAP 10A reactor.

Figure III-6 shows the important features of the Interim 10A/2,
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. 2. Nominal Design Conditions

Table III-5 summarizes the nominal design conditions.

TABLE III-5

NOMINAL DESIGN CONDITIONS

Power Level (kwt) 100
Outlet Temperature (°F) 1200
Coolant Temperature Rise (°F) 200
Number of Elements 37
Cladding Material Hastelloy N
Element OD (in.) 1.25
Maximum Fuel Temperature (°F) 1340
Prepoison Loading ($) 2.10
Ny (10ZZ atoms H/cc fuel) 6.3
Hydrogen Leakage (%/yr) 0.3
Barrier Material Solaramic
Core Length (in.) 12.25
Core Diameter (in.) 8.875
Reflector Thickness (in.) 2.4
Shielded Diameter at Top of Core (in.) 18.4
Distance From Shield Top to Core Top (in.) 14-3/4
Control Method Active
Active Control Drums 2
Reactor-Reflector Weight (lb) 299
Lifetime (yr) 1
Power Density, Reactor (kwt/1b) 0.33
Power Density, Fuel (kwt/in.’) 0.19
Maximum Burnup (metal at. %) 0.06
Reactivity Contingency ($) 0.75

3. Performance Limitations

Five of the limitations mentioned for the SNAP 10A reactor (reactivity, bar-
rier temperature, fuel swelling, cladding creep, and fuel temperature) also

. apply to the Interim 10A/2 reactor. The nature of the reactivity limit is slightly
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different because of the use of active rather than static control. End-of-lifetime
in this case is defined as that time when the drums will have rotated inward ‘

to their full-in position. A $0.75 reactivity contingency is provided here. Be-
cause active control maintains a constant reactor temperature, end-of-life tem-

perature uncertainty is not a limitation.

Because of the higher power levels considered, possible phase change limita-
tions were investigated. There is a physical phase change from the 8- to the
B-prhase in the uranium-zirconium hydride as the hydrogen concentration is re-
duced. The phase change boundary location is a function of the fuel temperature.
To avoid the volume changes associated with phase change, the reactor lifetime
must be such as to maintain the hydrogen concentration in every part of the fuel
above the phase boundary concentration at the local temperature. Hydrogen
losses due to both leakage and redistribution were considered. Performance

limitations for 1-, 3-, and 5-yr lifetimes are showninFigures IIL-7 throughIII-9.

a. One-Year Operation

If the reactor is not shimmed, performance is limited below about 1265°F
outlet temperature by reactivity considerations and above that temperature by
barrier temperature considerations. Operation at 125 kwt at 1150°F outlet,

100 kwt at 1200°F, or 70 kwt at 1250°F is possible. The first approach to
advanced performance would be to change the barrier material to the SNAP 8
coating to allow higher barrier temperature operation. This change would allow
operation at the reactivity-limited case of 25 kwt at 1300°F., The full potential
of the advanced barrier material cannot be realized, however, unless about

0.5 in. of beryllium is added to the reflector surface; i. e., the reflector must

2

be "shimmed." Operation at 265 kwt at 1150°F, 240 kwt at 1200°F, or 175 kwt
at 1300°F could then be attained.

b. Three-Year Operation

The unshimmed reactor is not as severely limited by the use of the present
SNAP 10A barrier material as in the 1-yr case. Over almost its entire range
of operation, the limiting criterion is reactivity. For this case, the limits are

90 kwt/1100°F, 70 kwt/1200°F, and 50 kwt/1250°F,

An examination of Figure III-8 shows that use of an improved barrier pro-

vides only minor operational improvements unless the reactor is shimmed. .
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Conversely, shimming provides little improvement unless the barrier is up-

graded to allow higher temperature operation. If both of these improvements
are made, the reactor becomes limited in all cases to operation described by
the '""Shimmed Reactivity Limit' line. Operation at 200 kwt/1100°F, 165 kwt/
1200°F, or 100 kwt/1300°F is possible.

c. Five-Year Operation (Figure III-9)

The present SNAP 10A barrier material is satisfactory for unshimmed reac-
tor operation, since the reactor is reactivity limited over its entire range.
Operation at 75 kwt/1100°F or 45 kwt/1200°F is possible. Shimming the reac-
tor without changing the barrier achieves improvements in lower-temperature
operation and allows operation at 160 kwt/1100°F and 120 kwt/1200°F. Finally,
substitution of a high temperature barrier material allows operation at 100 kwt/
1250°F or 60 kwt/1300°F.,

4. Reliability

The Interim SNAP 10A/2 reactor employs the same design as SNAP 104,
combined with partial redundancy, and operates at a higher temperature and
power level. The resulting increase in system temperatures, radiation levels,
and hydrogen leakage would normally lead to reduced system reliability. How-
ever, advancements in the state-of-the art combined with other recent develop-
ments, have alleviated these effects, As a result, the complete reactor sub-
system reliability allocation is higher than for SNAP 10A, The reactor is
actively controlled throughout lifetime. The power level is 100 kwt at a coolant
outlet temperature of 1200°F. It is possible to design an actively controlled
reactor which is also capable of operating under static control with minimal
temperature drift. The Interim SNAP 10A/2 reactor is designed so that the
control drums remove reactivity during the first half of the design life and add
reactivity during the last half, The nuclear design is such that even if drum
movement ceases following three days of active control, e.g., through actuator
failure, the design objectives (life, power, and temperature) would still be sat-

isfied in the resulting ''static control" mode.
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Reliability allocations for the Interim SNAP 10A/2 reactor subsystem are
shown in Table III-6.

TABLE III-6

INTERIM SNAP 10A/2 REACTOR SUBSYSTEM
RELIABILITY ALLOCATION

Cumulative Reliability
Assembly Launch and
Ascent Startup lyr
Reactor Structure 0.99993 0.99965 0.99774
Reactor Core 0.99946 0.99888 0.99329
Reflector 0.99957 0.99790 0.99041
Control Equipment 0.99912 0.99291 0.96544
Radiation Shield 0.99993 0.99967 0.99779
Complete Reactor Subsystem 0.99801 0.98907 0.94556
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C. UPGRADED SNAP 10A/2

1. Description

The Interim SNAP 10A/2 reactor is limited in performance by the time-
dependent degradation of the hydrogenbarrier. The Upgraded SNAP 10A/2 employs
the high temperature SNAP 8 barrier to allow operation at higher outlet tempera-
tures. In addition, the static control concept of SNAP 10A is employed, Outlet
temperatures are maintained relatively constant by a balance between reactivity
losses and reactivity insertion due to prepoison burnout. The temperature drift,
whose magnitude is governed by the magnitude of the inherent negative tempera-
ture coefficient, is tailored by prepoison loading to drift from a temperature
50°F above the nominal outlet temperature at the beginning of life to the nominal

temperature by the end-of-life.

The Upgraded 10A/2 corresponds closely to a previous reactor concept which

was briefly examined under the designation SNAP 2A.

2. Nominal Design Conditions

Table III-7 summarizes the nominal design conditions.

TABLE III-7
UPGRADED SNAP 10A/2 DESIGN CHARACTERISTICS

Power level, end-of-life (kwt) 100
Outlet temperature, end-of-life (°F) 1300
Coolant temperature rise (°F) 100
Number of elements 37
Cladding material Hastelloy N
Element OD (in. ) 1.25
Maximum fuel temperature (°F) 1490
Prepoison loading ($) 4,25
Nig (1022 atoms H/cc fuel) 6.3
Hydrogen leakage (%/yr) 2.3
Barrier material SCB
Core length (in, ) 12.25
Core diameter (in.) 8.875
Reflector thickness (in. ) 3.25
Shielded diameter at top of core (in, ) 19.3
Distance from shield top to core top (in.) 14,75
Control method static
Active control drums 2
Reactor -reflector weight (1lb) 334
Lifetime (yr) 1
NaK AP (psi¥) 2.7
Power density (kwt/1b reactor) 0.31
Power density (kwt in.3 fuel) 0.19
Maximum burnup (metal at. %) 0.06
Reactivity contingency ($) 0.50

*May be reduced to less than 0.7 psi by flow reduction and nozzle relief
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3, Performance Limitations

All of the potential limitations of the Interim SNAP 10A/2 exist for the Up-
graded SNAP 10A/2 except for the maximum barrier temperature limitation.

Use of the SCB coating effectively removes this limitation.

Limitations for the Upgraded SNAP 10A/2 reactor for 1-, 3-, and 5-yr oper-
ation are shown in Figures III-10 through III-12. The limitations are also appli-

cable to the SNAP 10B Basic reactor discussed in the next section.
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a., One-Year Operation

The unshimmed reactor is limited by reactivity considerations. Operation at .
295 kwt/1100°F, 210 kwt/1200°F, or 100 kwt/1300°F is possible.

If full shimming (0.5 in. of beryllium) is added to the reflector, the reactor
operation is limited by fuel swelling reactivity, and cladding creep criteria,

Operation is possible at 335 kwt/1100°F, 280 kwt/1200°F, and 175 kwt/1300°F,

b, Three-Year Operation

For 3-yr operation, the reactor, both shimmed and unshimmed, is limited by
reactivity considerations. The unshimmed reactor can generate 125 kwt/1100°F,
75 kwt/1200°F, or 50 kwt/1250°F, The shimmed reactor can generate 150 kwt/
1100°F, 110 kwt/1200°F, or 65 kwt/1300°F,

c. Five-Year Operation

The same comments apply here as in the 3-yr case, The unshimmed reactor
can operate at 70 kwt/1100°F or 50 kwt/1200°F, Operation at 85 kwt/1100°F,
60 kwt/1200°F, or 20 kwt/1300°F is possible with the shimmed reactor,

4, Reliability

The Upgraded SNAP 10A/2 reactor operates under static control at 100 kwt
and 1300°F coolant outlet temperature, Use of an improved hydrogen barrier
material capable of operation at coolant outlet temperatures of 1300°F provides
the same reactor reliability as quoted for Interim SNAP 10A/2, except that it is
not required to move the control drums after the first 3 days of operation at de-

sign power and temperature,

D. SNAP 10B BASIC

1. Description

All of the preceding reactors employ gyrating drums in the reflectors for con-
trol purposes. The geometry of these drums is such that small outward rotation
results in a significant radial protrusion of the drum tips., Since very small
amounts of material protruding outside of the shield shadow can cause large
scattered neutron dose rates to the payload, the shield must be sufficiently large
to shadow the drum tips. This increased shield radius requirement contributes

significantly to total system weight, (For a typical unmanned application, an
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increase in diameter of 1 in, in the shielded diameter at the core top corresponds
to a 30-1b increase in shield weight, ) In order to reduce the radial size of the
shield, the 10B Basic reactor employs axially moving segments of the reflector
for reactor control instead of the gyrating elements used in earlier designs.
These axially moving segments always stay within the diameter of the reflector
itself and, therefore, do not enlarge the required shield diameter by their motion,
To further save weight, the reflector diameter tapers inward from bottom to

top, to more nearly fit the shield shadow cone, In addition, the NaK coolant
outlet lines and the wiring harnesses are buried in the reflector to minimize the
shielded envelope, Figure III-13 shows the general arrangement of SNAP 10B,
and Figure III-14 illustrates the nature of the shield savings realized with the

tapered reflector.

The use of sliding control segments which are partially open during lifetime
perturbs the power distribution slightly, The peak-to-average power ratio is
increased by a few percent. Offsetting this effect is the flux reduction in the
upper half of the core caused by the thinner reflector in this region. A detailed
analysis has not yet been performed on these effects, but preliminary results
indicate that few problems will be introduced by the presence of moderate tapers
(~0.5-in. increase in radial beryllium thickness from the top to the bottom of

the core),

There will be some practical upper limit to the allowable taper and minimum
beryllium thickness however, For higher powered reactors, the buried NaK
lines will replace a large amount of the beryllium reflector. The NaK in these
lines is almost transparent to leaking neutrons, Sufficient beryllium thickness
must, therefore, be provided at the core top to prevent large increases in neu-
tron leakage., It is felt that a minimum reflector thickness of 1,75 in. at the

core top is desirable.

The 10B Basic reactor design is based on the assumption of static control,
Its core is identical with the Upgraded 10A/2 reactor core. The 10B reactor
has also been designated '""Advanced 10A/2" and corresponds to the static con-
trol version of a more general previous conceptual analysis designated '""SNAP

10A/2 (small). "
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2. Nominal Design Conditions

Table III-8 summarizes the nominal design conditions.

TABLE III-8
SNAP 10B BASIC DESIGN CHARACTERISTICS

Power level, end-of-life (kwt) 100
Outlet temperature, end-of-life (°F) 1300
Coolant temperature rise (°F) 100
Number of elements 37
Cladding material Hastelloy N
Element OD (in, ) 1.25
Maximum fuel temperature (°F) 1490
Prepoison loading ($) 4.25
NH (1022 atoms H/cc fuel) 6.3
Hydrogen leakage (%/yr) 2.3
Barrier material SCB
Core length (in, ) 12,25
Core diameter (in.) 8.875
Reflector thickness (in, ) 3.25 (mean)
Shielded diameter at top of core (in.) 14.6
Distance from shield top to core top (in.) 17.75
Control method static
Active control drums 1
Reactor-reflector weight (1lb) 339
Lifetime (yr) 1
Power density (kwt/1b reactor) 0.30
Power density (kw’c/in.3 fuel) 0.19
Maximum burnup (metal at, %) 0.06
Reactivity contingency ($) 0.50

3. Performance Limitations

Since the core of the SNAP 10B Basic reactor is identical to the core of the
Upgraded SNAP 10A/2, the same performance limitations apply.
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4, Reliability

The SNAP 10B Basic reactor utilizes axially moving control segments, The
reactor operates under static control at 100 kwt and 1300°F coolant outlet tem-
perature, The 37-element core is the same as that specified for the SNAP 10A
and SNAP 10A/2 reactor. Use of an improved hydrogen barrier material capa-
ble of operation at the higher coolant outlet temperature provides the same re-
actor subsystem reliability as quoted for Interim SNAP 10A/2. No appreciable
change in reliability is associated with the use of axially sliding control segments,

since these segments are not required to move after the first 3 days of operation

at design power and temperature,

E, SNAP 10B ADVANCED

The SNAP 10B Advanced reactor concept also assumes static control and
incorporates the sliding reflector control segments and tapered reflector intro-
duced in the SNAP 10B Basic. The advanced feature of this reactor is the
introduction of an additional reactivity loss compensation technique, Some
method of compensating long-term reactivity losses (primarily hydrogen leakage)
may be desirable to reduce the potentially large end-of-life temperature uncer-
tainties associated with high temperature static control operation, Such reduction
allows attainment of higher powers or improves the behavior of a lower-power
reactor in a given system. Attainment of similar power levels can be achieved
without the additional compensation technique if uncertainties in hydrogen leak

rate can be reduced to approximately half of the presently predicted value,

1. Compensation Techniques

Several reactivity loss compensation techniques have been investigated and
appear promising. They may be divided roughly into two categories: (1) In-
core '"'getters' which chemically sieze and hold hydrogen moderator, leaking
from fuel elements, within the active core region, thereby reducing temperature
uncertainties by reducing the magnitudes of the reactivity losses and hence the
uncertainties in the magnitude; and (2) Temperature Coefficient Augmenters
(TCA's), thermomechanical elements which provide a gross temperature co-
efficient of reactivity of about -2.5¢/°F (unaugmented coefficients for SNAP
reactors are -0.25 to -0,35 ¢/°F), thereby reducing the temperature uncertain-

ties associated with a given reactivity uncertainty., The most promising getter
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consists of a metallic yttrium film appropriately distributed within the active
core volume, At present it is envisioned that this film will be deposited on the
outside of the fuel element cladding, A conceptual design of the SNAP 10B fuel

element is shown in Figure III-15,

TUBE ASSEMBLY INTERNALLY
COATED WITH CERAMIC

FIXZLA \
7

CUP PLUG
CERAMIC BARRIER
CLADDING
YTTRIUM

9-2-64 7647-0062A

Figure III-15. Fuel Element With Yttrium Getter

Several TCA's have been designed, employing active grid plates or mecha-
nisms for producing reflector position perturbations, The TCA and getter ap-
proaches are viewed as two parallel alternative approaches to the same goal,
Feasibility tests are now underway to determine the suitability of these tech-
niques in SNAP reactors. The more promising of the two may then be used in
the reference design for the 10B Advanced reactor. Should both approaches be
capable of successful development, they might simultaneously be employed on
the reactor. Preliminary analysis indicates that no significant improvement in
nominal performance will be achieved by adding the TCA device to a reactor
already employing the getter, Significant improvement in reliability (for
example, in the case of a failed fuel element) may be gained in this manner,

however, at some expense in increased reactor weight,
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Use of a TCA device imposes a need for more accuracy in the startup tem-
perature sensing., The very nature of temperature coefficient augmentation
requires that a reactivity "bank'' be established that can be 'drawn upon'' later
to resist drops in temperature., If a system is to resist temperature drops by
adding a certain amount of reactivity, say 2,5¢, for every degree drop in tem-
perature of the core, then this amount of reactivity (2.5¢/°F) must have been
removed from the reactor as the temperature was initially increased, Obviously
such a loss of reactivity over the entire temperature rise during startup would
lead to a prohibitive temperature defect. It is therefore necessary to design the
TCA device to be activated at some temperature differential, say 50°F, below
the anticipated maximum temperature of the reactor., Since errors in activation
temperature can lead to large reactivity losses, it is essential that the device be
activated at the specified temperature, therefore complicating the startup

problem,

2. Concept Scope

The performance capabilities of the 10B Advanced reactor have been explored
over a wide range of reactor designs, Several facts have emerged, It appears
that a nominal (end-of-life) outlet temperature of 1300°F is a generally practical
and satisfactory objective for static-controlled reactors, based upon the probable
requirements of likely power conversion systems. Substantial advantages can be
obtained by varying the size and number of fuel elements in the reactor core,
The 10B Advanced reactor can be favorably designed for lifetimes of 5 yr or

greater,

In the light of these conclusions, a number of specific reactor designs were
examined., Reactor lifetimes of 1, 3, and 5 yr were selected as compatible with
obtainable PCS and other supporting technology, and appropriate to the range of
probable mission requirements, In addition to a 37-element core, lattices of
55 and 85 elements were also considered, The latter are conveniently attainable
triangular arrays and represent reasonable increments in element number while
holding a constant core diameter of 8,875 in. Fuel element diameters for the
55- and 85-element designs were 1,06 and 0.855 in,, respectively., Active fuel
element lengths were constrained to fall in the range 11 to 15 in, Variable

amounts of prepoison loading were also permitted,
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3. Performance Capabilities

The SNAP 10B Advanced concept has not yet evolved to the point where it is
desirable to 'freeze' specific performance requirements and design features.
Nine tentative design power levels have been selected to illustrate the scope of
the concept, These correspond to the three core arrays and three lifetimes
mentioned in the preceding section, The work upon which the designs were based
was preliminary in nature, and the power levels should not be construed as op-

timum for their respective life and geometry assumptions.

The following tables give the power levels for the tentative design selections,
In each case an attempt was made to select an estimated ""most favorable' power
level; i.e,, a practically favored tradeoff of maximum power vs weight, For
the selected designs, Table III-9 shows maximum power capabilities of the re-
actors, operating at one or more design criterion limits, Table III-10 gives,
for the same designs, nominal power ratings which include additional conserva-

tism and provide a degree of reactivity redundancy through startup.

The numbers shown in Tables III-9 and III-10 are not intended to imply that
all of the designs noted are attractive from application or cost effectiveness
viewpoints. For example, the 37-element 10B Advanced does not constitute a
large increase in power capability (less than 2X) over the 10B Basic or the Up-

graded 10A/2, and does involve a substantial nuclear development program.

The implication that the 10B Advanced concept is limited to power levels be-
low 450 kwt must also be avoided., ILonger fuel elements or a larger number of
thinner elements would permit such extension, This approach has not yet been
adequately studied, and it may prove more effective to consider application of

getter or TCA techniques to a member of the SNAP 8 family of reactors,

4, Specific Design Descriptions

In order to give a more detailed picture of the 10B Advanced reactor capa-
bilities, the characteristics of a number of specific preliminary reactor designs

have been calculated and are presented in the following paragraphs,

a., 85-Element Core

The 85-element core has been selected as one illustrative example, in both

the getter and TCA variations, Tables III-11 and III-12 list some of the important
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TABLE III-9 TABLE III-10
10B ADVANCED MAXIMUM POWER 10B ADVANCED NOMINAL POWER RATINGS
CAPABILITIES
(OPERATION AT DESIGN CRITERION LIMITS) Lifetime (yr)
Lifetime (yr) Ei\ze;eonfts ! l 5 ‘ >
Ell\elfnegis S I R 37 180 f;st 100
kwt
37 730 150 Too 55 240 150 110
55 325 200 140 85 325 190 135
85 450 270 190
TABLE III-11 TABLE III-12
10B ADVANCED (GETTER) REACTOR 10B ADVANCED (TCA) REACTOR
NOMINAL DESIGN CHARACTERISTICS NOMINAL DESIGN CHARACTERISTICS
Power level (end of life)(kwt) 325 Power level (end of life)(kwt) 325
Outlet temperature (end of 1ife)(°F) 1300 Outlet temperature rise (°F) (°F) | 1300
Coolant temperature rise (°F) 200 Coolant temperature rise (°F) 200
Number of elements 85 Number of elements 85
Cladding Material Hastelloy N Cladding Material Hastelloy N
Element OD (in.) 0.855 Element OD (1n.) 0.855
Maximum fuel temperature (°F) 1590 Maximum fuel temperature (°F) 1590
Prepoison loading ( $) 2.30 Prepoison loading ($) 4.20
Npg (1022 atoms H/cc fuel) 6.3 Ny (1022 atoms H/cc fuel) 6.3
Hydrogen leakage (%/yr) 3.8 Hydrogen leakage (%/yr) 3.8
Barrier Material SCB Barrier Material SCB
Core length {(in.) 13.8 Core length (in.) 13.8
Core diameter (in.) 8.875 Core diameter (in.) 8.875
Reflector thickness (in.) 3.0 (mean) Reflector thickness (in.) 3.0 {mean)
Shielded diameter at top Shielded diameter at top
of core (in.) 14.6 of core (in.) 14.6
Distance from shield top Distance from shield top
to core top (in.) 18.9 to core top (in.) 18.9
Control method static Control method static
Active control drums 1 Active control drums 1
Reactor-Reflector weight (1b) 388 Reactor-Reflector weight (1b) 413
Liftime (yr) 1 Lafetime (yr) 1
Power density (kwt/lb reactor) 0.92 Power density (kwt/lb reactor) 0.86
Power density (kwt/in. 3 fuel) 0.54 Power density (kwt/in. 3 fuel) 0.52
Maximum burnup (metal at. %) 0.17 Maximum burnup (metal at. %) 0.17
Reactivity Contingency ($) 0.50 Reactivity Contingency ($) 0.50
*Adjusted by using low Ny elements and/or reflector shimming *Adjusted by using low NH elements and/or reflector shimming
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design parameters for the nominal 1-yr lifetime. Figures III-16 through III-18
show off-design power capabilities as a function of outlet temperature and life-
time. The ultimate power capability is limited to 450 kwt at 1300°F by the clad-

ding creep design criterion., Below this temperature, the reactor is reactivity

limited.
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Figure III-16., SNAP 10B Advanced (85 Elements)
Parameters, l-yr Life

It should be noted that these designs were optimized for a 1-yr life, and do
not necessarily constitute optimum designs for off-design longer lifetimes., One

consequence of optimizing both systems to the same 1l-yr lifetime is to emphasize
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the difference between the two compensation techniques for off-design extended
lifetimes. Comparison of the figures shows that the getter design has lower
power capabilities than the TCA design when operated under these conditions.
This is a consequence of the limited hydrogen absorption capability of the opti-
mized getter. Reoptimization of both designs at a longer lifetime, however,

would be expected to yield reactor systems of comparable weights.

b. 55-Element Core Optimized at 100 kwt

Selection of the 9 tentative design points shown in Section III-E-3 was based
heavily on the maximum practical power capability obtainable with a given num-
ber of fuel elements of reasonable length. For a given power level, it is possible
to arrive at a design which provides a better optimization of reactor weight and
shieldable envelope. Separate analyses have shown that for optimizations at
power levels below about 300 kwt maximum capability, the 55-element core lat-
tice choice provides an optimized design with a slight system weight saving over

both 37- and 85-element cores.

A description of a 55-element design, optimized at 100 kwt, is presented in

Tables III-13 and III-14 and in Figures III-19 through II[-21, This is a design

point for which considerable interest appears to exist., Its analysis here also
permits comparison of the 10B Advanced concept with the 10B Basic and Upgraded
10A/2 reactors previously discussed. In these comparisons, the reactor weight
saving is negligible. More significant, however, is the reduction of shieldable
diameter to 12.6 in. In comparison to SNAP 10B Basic, this would result in a
shield weight reduction of about 13% (see Section IV, Shielding), In comparison

to Upgraded 10A/2, the shield weight saving is even more striking,

A detailed account of the optimization of this reactor is presented in a pub-

lished AEC report.

c. 85-Element Core Optimized at 100 kwt

The 85-element reactor described in (a) above may be operated at 100 kwt,
It is also possible to obtain rated outlet temperature and life at this power level
with a reduced reflector, such that the shielded envelope is only slightly larger

than that of the 55-element reactor described in (b) above. While such a design

*R. J. Gimera, "*SNAP 10B Reactor Conceptual Design,”” NAA-SR—10422 (October 31, 1964)
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TABLE III-13

10B ADVANCED (GETTER) REACTOR
55-ELEMENT CORE OPTIMIZED AT 100 kwt
NOMINAL DESIGN CHARACTERISTICS

TABLE III-14

10B ADVANCED (TCA) REACTOR
55-ELEMENT CORE OPTIMIZED AT 100 kwt
NOMINAL DESIGN CHARACTERISTICS

Power level (end of life) (kwt)
Outlet temperature (end of life) (°F)
Coolant temperature rise (°F)
Number of elements

Element OD (in.)

Maximum fuel temperature (°F)
Prepoison loading ($)

Ny (1022
Hydrogen leakage (%/yr)

atoms H/cc fuel)

Barrier material

Core length (in,)

Core diameter (in.)

Reflector thickness (in.)

Shielded diameter at top of core (in.)
Distance from shield top to core top (in.)
Control method

Active control elements

Reactor- Reflector weight (1b)
Lifetime (yr)

NaK flowrate (lb/hr)

NaK AP (psi)

Fuel element cladding

Power density (kwt/lb reactor)
Power density (kwt/in.> fuel)
Maximum burnup (metal at. %)

Reactivity Contingency ($)

100
1300
100

55
1.06
1440
1.25
6.3
2.5
SCB
13.6
8.875
2.0 (mean)
12.6
18.0
static
1

337

1
16,250
0.4
Hastelloy N
0.33
0.17
0.05
0.50

Power level (end of life) (kwt)
Outlet temperature (end of life) (°F)
Coolant temperature rise (°F)
Number of elements

Element OD (in. )

Maximum fuel temperature (°F)
Prepoison loading ($)

Ny (1022 atoms H/cc fuel)
Hydrogen leakage (%/yr)

Barrier material

Core length (in.)

Core diameter (in.)

Reflector thickness (in.)

Shielded diameter at top of core (in.)
Distance from shield top to core top (in.)
Control method

Active control drums
Reactor-Reflector weight (1b)
Lifetime (yr)

NaK flowrate (lb/hr)

NaK AP (psi)

Fuel element cladding

Power density (kwt/lb reactor)
Power density (kwt/in.3 fuel)
Maximum burnup (metal at. %)

Reactivity Contingency ($)

100
1300
100

55
1.06
1440
1.90
6.3
2.5
SCB
13.6
8.875
2.0 (mean)
12.6
18.0
static
1

362

1
16,250
0.4
Hastelloy N
0.30
0.16
0.05
0.50
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Figure III-19. SNAP 10B Advanced (55 Elements)
Parameters, 1-yr Life

would not be optimum for 100-kwt application, the reactor and shield weight
penalty would be small, The advantage of developing such a reactor would be
its potential versatility, since its power capability could be extended to 450 kwt
by the relatively inexpensive process of adding reflector thickness, In the limit,
this process would approach the weight and envelope described in (a) above. A

detailed evaluation of this approach has not yet been performed.

5, Performance Limitations

All potential performance limitations considered for the 10B Basic reactor

were also considered here,
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a, 85-FElement Core

The performance limitations for the 85-element reference core are shown in

Figures III-16 to III-18,

(1)One-Year Operation

The getter version is reactivity limited and is capable of operation at 500 kwt/

1100°F, 480 kwt/1200°F, or 450 kwt/1300°F,

The TCA version is fuel-swelling-limited at temperatures below 1265°F and
cladding-creep-limited above that temperature. If the creep limitation is re-
moved by raising the NaK system pressure, the reactor can produce 620 kwt/

1100°F, 550 kwt/1200°F, or 460 kwt/1300°F,

It is possible that some raising of the fuel swelling limit can be accomplished
by optimization of the fuel-cladding gap. A value of 3-mil radial clearance (hot)
was used in this study. An increase in the gap will increase fuel temperatures
and therefore lower the fuel temperature limit line while raising the fuel swelling
limit line somewhat., Since there is very little space between the fuel swelling
and fuel temperature limit lines, probably little can be gained by attempts at

gap optimization.

(2) Three-Year Operation

The getter version is completely reactivity limited, Operation at 300 kwt/

1100°F, 230 kwt/1200°F, or 150 kwt/1300°F is possible,

The TCA version is fuel-swelling-limited over almost the entire range of
operating temperatures., Operation is limited to 365 kwt/1100°F, 320 kwt/
1200°F, or 230 kwt/1300°F, In this case, some improvement in performance
may be gained by optimizing the fuel element gap, although probably at the ex-

pense of 1-yr operation characteristics,

(3) Five-Year Operation

The getter version is again completely reactivity limited. Operation at

200 kwt/1100°F, 140 kwt/1200°F, or 100 kwt/1250°F is possible,

The TCA version is fuel-swelling-limited below 1220°F and reactivity-
limited above that temperature, Operation is limited to 270 kwt/1100°F,
230 kwt/1200°F, or 150 kwt/1300°F, Some slight improvement in performance

NAA-SR-11685, Vol 2
49




2 re. v . -
RramRsr .

may be gained by optimization of the fuel element gap, although again probably
at the expense of 1-yr operation characteristics. ‘

b. 55-Element Core Optimized at 100 kw

It should be emphasized that the limitations presented here are limitations
for a particular low-powered 55-element core. Larger reactors could be built
with 55 elements, but they would lack the high-power capability of the 85-element

core,

Since this core is designed well below the maximum power levels attainable

with a 55-element core, reactivity limitations dictate operational characteristics,

given in Table III-15, All the potential limitations are shown in Figures III-19
through 21. For lifetimes longer than 1 yr, only very low powers can be
extracted,

TABLE III-15

REACTIVITY LIMITATIONS 55-ELEMENT CORE
OPTIMIZED AT 100 kwt

. i T rature Power
Version g‘;,l:;: e“z}j‘;) v (kwt)
Getter 1 1100 140

1 1200 125
1 1300 100
3 1100 90
3 1200 70
3 1250 50
5 1100 75
5 1200 45

TCA 1 1100 310
1 1200 265
1 1300 110
3 1100 165
3 1200 115
3 1250 70
5 1100 115
5 1200 50
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6. Reliability

The SNAP 10B Advanced reactor employs advanced design features which
nullify the nuclear effect of hydrogen leakage. The use of either yttrium as a
hydrogen 'getter' or employment of a mechanical temperature coefficient aug-
menting device is specified, Reliability allocations for the SNAP 10B reactor

subsystem are shown in Table III-16,

TABLE III-16

SNAP 10B ADVANCED REACTOR SUBSYSTEM
RELIABILITY ALLOCATION

Cumulative Reliability
Launch and
Assembly Ascent Startup 1yr
Reactor structure 0.99980 0.99950 0.99930
Reactor core 0.99900 0.99700 0.99460
Reflector 0.99980 0.99880 0.99860
Control equipment 0.99920 0.99620 0.99570
Radiation shield 0.99980 0.99950 0.99930
Complete reactor subsystem 0.99760 0.99100 0.98750

F. SNAP 8 REFERENCE DESIGN

1. Description

The SNAP 8 Reference Design nuclear system consists of a shielded compact
nuclear reactor moderated by zirconium-hydride and cooled by liquid NaK-78,
It is conservatively designed to produce 600 kwt for 10,000 hr of unattended
operation in space with a 1300°F NaK outlet coolant temperature and an 1100°F
inlet temperature. The reference system is designed to operate with various
power conversion systems such as (1) the 35-kwe, 3-loop Hg-Rankine system
being developed by NASA, (2) the compact thermoelectric power conversion
system under development by the AEC as an outgrowth of the SNAP 10A program
(3) the thermoelectric SNAP 10A power conversion system, (4) the multiple
installation of large combined rotating units (CRU) of the Hg-Rankine cycle being
developed by the AEC as an outgrowth of the SNAP 2 program, and (5) the mul-
tiple installation of SNAP 2 type CRU's, Figure 1II-22 shows the SNAP 8 Refer-

ence nuclear system.
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Figure III-22.
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The design reliability goal for the SNAP 8 nuclear system has been tentatively
established at 96.85% excluding micrometeoroid protection, The goal for non-
puncture probability has been established at 99.9%. The design weight objective,
exclusive of the shield, is 600 lb, The weight of the shield will depend largely
upon the selected mission and payload criteria. The environmental criteria are
based upon a SATURN launch vehicle and are detailed in the SNAP 8 Nuclear
System Model Specification, NR7568-02, A description of the major assemblies
of the SNAP 8 Reference Design nuclear system is given in a published AEC

report.ﬂ‘

The core vessel is a right circular cylinder containing 211 fuel elements,
The fuel elements are made of Zr - 10.5 wt % U alloy hydrided to a hydrogen
content of 6 x 1022 hydrogen atoms/cc of (U—Zr)HX. The uranium is 93% en-
riched. The elements are clad in 10-mil thick Hastelloy-N tubing, coated inter-
nally with a hydrogen permeation barrier, The active length of the fuel element

is 16.825 in.

The beryllium reflector system consists of six stationary cusp-prisms and
six rotating drums. Three reflector drums are used as startup drums and are
driven by springs. The other three reflector drums are used as control drums

and are driven by long-term bidirectional motors,

The shield assembly is dependent upon the payload diameter, separation
distance, and allowable dose. The shield must protect the payload from scat-
tered neutrons and therefore must shield the entire reflector assembly, 27.6in,

in diameter at approximately 22 in, above the bottom of the core vessel,

The SNAP 8 Developmental System, S8DS, based upon the Reference Design

is currently being fabricated,

2. Nominal Design Conditions

Table III-17 summarizes the important design criteria of the SNAP 8 Refer-

ence Design nuclear system,

3. Parametric Capabilities of the Reference SNAP 8 Nuclear System

The power capability of the SNAP 8 reactor is a function of both required

lifetime and coolant outlet temperature, Since the present reference design is

**SNAP 8 Quarterly Progress Report, May-July 1964, NAA-SR—9992, (SRD) (September 22, 1964)
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TABLE III-17

SNAP 8 REFERENCE DESIGN NUCLEAR SYSTEM

Power level (kwt) 600
Outlet temperature (°F) 1300
Coolant temperature rise (°F) 200
Number of elements 211
Element OD (in, ) 0.560
Maximum fuel temperature (°F) 1520
Prepoison loading ($) 3.00
% Hydrogen leakage (yr) 2.4
Barrier material SCB
Core length (in,) 16,825
Core ID (in, ) 9,214
Reflector thickness {(nominal) 3.0
Shielded diameter (shoulder) (in.) 27,6
Shoulder height (in. ) 22.0
Control method active
Controlled reflector elements 3
Reactor-reflector weight (1b) 600
Nominal lifetime (hr) 104
NaK flowrate 48,800
NaK AP (psi) 4.8
Fuel element cladding Hastelloy-N

highly evolved, and essentially ''frozen,'' it is possible to define an envelope of
capabilities for this design, bounded by curves associated with various critical
parameters, Two basic types of limiting curves may be defined; those based

on 'design criteria,' and those based on ''operational limitations, "

Both design criteria and operational limitations are descriptions of reactor
conditions which occur or evolve in the course of reactor operation. Design
criteria limits are highly conservative estimates of the lowest power level at
which, in the life-temperature domain, system performance could be expected
to begin to degrade as the result of exceeding some physical condition, Design

criteria are defined administratively, and do not bear any specific relationship
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to currently demonstrated technology or detailed engineering arguments, Oper-
ational limits are realistic but still conservative estimates, based upon cur-

rently established technology and data,

An indication of the conservatism of the design criteria will be shown by
analyzing the reactor power, outlet coolant temperature, and lifetime capabili-
ties for various physical limitations. With minor modifications to the beryllium
drum size and hydrogen moderator concentration with the fuel, the existing
SNAP 8 reactor can be expected to produce over 1 Mwt power for 104 hr with an
outlet coolant temperature of 1300°F., However, at this higher power level the
nuclear system's reliability would be significantly decreased due to the utiliza-
tion of all excess (or redundant) reactivity (see Section III-F-4), Improved
reliability and lifetime result from operation below nominal power. No weight

savings can be realized, however, since the physical design is fixed.

a, SNAP 8 Reference Design Criteria

Design criterion limits are shown in Figure III-23, and are compared to
operational limits in Figure III-24, All five of the basic design criteria of the
reactor exceed the reactor's design point, The five basic design criteria are
excess reactivity, fuel swelling, fuel phase change, cladding creep, and beryllium
swelling, The assumptions and reasoning used in determining each design cri-
terion, as well as a comparison between the conservative design criterion and

the more realistic operating capability, are described in the subsequent sections,

(1) Excess Reactivity

The ultimate operational limitation of the SNAP 8 Reference Design nuclear
system is excess reactivity, The reactivity lifetime is that time at which all
excess reactivity has been used. The excess reactivity design criterion assumes

the reactor operating with the:
1) Nominal core power fuel burnup and fission product burnup
2) Temperature defect corresponding to the hot channel fuel temperatures

3) Hydrogen loss of the hot channel fuel element with the fuel temperature

remaining constant during the reactor lifetime

4) Nominal fuel specification N, = 6.05

H

5) Nominal shim configuration,
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As shown on Figure III-23, the design criteria of the SNAP 8 Reference De-
sign nuclear system having a 10,000-hr lifetime is not limited by excess reac-
tivity., For outlet coolant temperatures of 1200°F, 1300°F, and 1400°F the
excess reactivity design criteria limits the reactor power to approximately

1210 kwt, 930 kwt, and 600 kwt, respectively,

During reactor operation, the four major reactivity requirements are tem-
perature defect, fission product buildup, fuel burnup, and hydrogen moderator
loss, Since the only major reactivity requirement which can be varied is hy-
drogen loss, three reactor design criteria, fuel swelling, fuel phase change,
and cladding creep are specified to maintain the hydrogen leakage within ac-
ceptable limits, These design criteria are specified to minimize or eliminate
the strain on the ceramic hydrogen barrier encountered during the reactor

lifetime,

(2) Fuel Swelling

The fuel swelling design criterion is defined as operation until, at the point
of maximum burnup of the fuel rod under hot channel conditions, the gap between
the fuel and the ceramic barrier is zero. The hot channel fuel temperature as-
sumes that there is a uniform hydrogen gap between the fuel and the ceramic,
that the fuel rod produces 10.8% more power than the nominal center rod, and
that the coolant flow is 10% below the specified flow profile. The power hot
channel factor is based on a statistical evaluation of the reactor specification

tolerance variation of the system components,

The nominal fuel temperatures assume that the fuel touches the ceramic,
nominal core power, and full coolant flowrate of the required flow profile, The
coolant flow profile is based on minimizing the maximum radially-averaged fuel
temperature within the reactor, This flow profile appears to be near optimum
to minimize fuel and ceramic temperatures which lower fuel swelling, hydrogen

dissociation pressure, and hydrogen leakage.

The restriction that the fuel does not strain the ceramic has been experimen-
tally shown to be conservative, Tests were run to determine the effect of the
ceramic barrier hydrogen leak rate by controlled straining of the ceramic by
simulated fuel swelling. The tests showed that the ceramic coating could be

strained 4 mils on the diameter with no detrimental effect on the hydrogen leak
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rate., The effect of neutron flux or fission products on the ability of the ceramic
to strain without significantly increasing the hydrogen leak rate has not been
directly determined. It appears that the nuclear environment should have no
discernible effect on the ceramic degradation due to strain since in-pile leakage
of nonstrain ceramic barriers indicated no significant change in hydrogen

leakage.

A second conservative assumption in the fuel swelling design criterion is that
the gas gap is closed when the fuel element has been returned to ambient tem-
perature and the hydrogen within the fuel is uniformly distributed. When the
reactor is at operating temperatures, there is approximately one additional mil
of diametral clearance between the fuel and ceramic. This constraint is perti-
nent only to reactors which must be restarted after extensive power operation,
and is incorporated principally to permit ground testing of hardware identical

to flight hardware.

The third conservative assumption in the fuel swelling design criterion is that
the fuel temperature remains constant; that is, independent of the gas gap during
the reactor lifetime. The principal temperature drop between the fuel and the

coolant is across the hydrogen gas gap.

However, during the reactor lifetime, as the fuel swells, the gas gap de-
creases. The fuel temperature will therefore decrease during the reactor life-
time. (The effect of fission fragments produced within the fuel on the fuel thermal

conductivity will be minor. )

The fuel element design provides adequate axial clearance to accommodate the
axial growth of the fuel due to irradiation damage. Because of this clearance,
axial growth of the fuel is not considered in the establishment of the design limits

to the performance of the system.

Figure III-23 illustrates that fuel swelling is one of the limits of the operating
range of the reactor functioning within its conservative design criteria., For
outlet coolant temperatures of 1200°F, 1300°F, and 1400°F, the fuel swelling
design criterion would limit the reactor power to approximately 900 kwt, 720 kwt,
and 560 kwt, respectively. These conditions result from the conservative fuel
swelling design criterion. Operation beyond this limit should be possible without

any significant decrease in the overall system performance capability.
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(3) Fuel Phase Change

The second reactor design criterion required to minimize the hydrogen leak
rate is the phase change of the fuel material. The fuel phase change design
criterion is defined as operation until any part of the fuel element (with the
lowest fuel specification hydrogen concentration operating in the hot channel
condition) loses sufficient hydrogen to just reach the 8-0 phase interface. Like
fuel swelling, the phase change design criterion is quite conservative and assures

no straining of the ceramic barrier.
The design criteria assume that:

1) The fuel temperature profile corresponds to the hot channel condition

and that the fuel temperature remains constant during the reactor lifetime.

2) The hydrogen concentration (NH) corresponds to the minimum fuel

specification value NH = (6.05 - 0.10) = 5.95.

3) The hydrogen leak rate through the ceramic corresponds to the S8ER

median value, which is 2 to 3 times the S8DS fuel element leak rate.

4) The hydrogen leak rate of a fuel element decreases with time due to
the lost hydrogen diminishing the NH which correspondingly reduces the

hydrogen dissociation pressure,

Figure III-23 exemplifies that the fuel phase change design criterion does
not limit the reactor operating with a 10,000-hr lifetime. The reactor could
operate at powers of 1020 kwt, 910 kwt, and 630 kwt with outlet coolant tem-
peratures of 1200°F, 1300°F, and 1400°F, respectively, before the phase change

design criterion would be exceeded.

(4)Cladding Creep

The third fuel element design criterion specified to maintain the integrity of
the ceramic coating is cladding creep. The hydrogen dissociation pressure of
the fuel is many atmospheres for fuel rods having hydrogen concentrations near
the upper limit of the specification, having a high power density, and/or having
a high outlet coolant temperature., The counteracting effect of increasing the
static pressure of the NaK is bounded by another design criterion — core vessel
creep., The desired cladding strain cannot be obtained by increasing the cladding

wall thickness since, from a reactivity viewpoint, the cladding must be as thin
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as possible. The 10-mil nominal wall thickness appears to be a reasonable
lower limit due to cladding extrusion and fuel element manufacturing techniques.
The 0.2% lifetime creep, using a 1.4 factor of safety, is a somewhat arbitrarily
small number to insure optimurm hydrogen barrier operation. Excessive clad-
ding creep could have two detrimental effects, First, strain of the ceramic
barrier, and second, approaching the estimated 1% diametral cladding strain

rupture limitation,
The design criterion assumes that:

1) The fuel temperature corresponds to the hot channel and that the fuel

temperature remains constant during the reactor lifetime.

2) The NH corresponds to the maximum fuel specification limitation
(6.05 + 0.10 = 6.15).

3) The allowable stress has a factor of safety of 1.4.

4) The hydrogen pressure remains constant during the reactor lifetime

instead of decreasing due to hydrogen leakage diminishing the NH-
5) Minimum specification cladding thickness (10 - 1 = 9 mils).

The cladding material properties deteriorate quite rapidly at high operating
temperatures. Since the cladding is in excellent thermal contact with the coolant
but is separated from the fuel by the low thermal conductivity gas gap, the clad-
ding creep design criteria of Figure III-23 is shown to be much 'more dependent
upon the outlet coolant temperature than on the reactor power level. Only at
outlet coolant temperatures above approximately 1430°F will the cladding creep

limit the designed reactor operation,

(5) Beryllium Swelling (and Core Vessel Creep)

Two additional interacting design criteria are the beryllium reflector swelling
and the core vessel creep., The initial gap between the core vessel and the be-
ryllium reflectors must be large enough to insure clearance between the sur-
faces at all times, If all the reflector control drums touched the vessel, control
of the reactor would stop and the system would start to degrade as reactivity
decreases due to hydrogen loss, fuel burnup, and fission product buildup. The
gap cannot be excessively large due to the decreased worth of the reflector,

However, the uncertainties in the creep rate of the core vessel material and the
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swelling of the beryllium reflector, due to neutron irradiation under SNAP 8
conditions, are quite large. Therefore, the core vessel is designed to havea —~
0.2% lifetime creep using a 1.4 factor of safety. This ensures that the core

vessel will not strain rupture during core operation. The design allows up to
30-mil isotropic swelling of the beryllium during the system lifetime. The
beryllium swelling is caused by fast neutron production of helium atoms and has
been demonstrated to be strongly dependent upon operating temperatures. There-
fore, the surfaces of the reflector have been coated to obtain a high emissivity

to reduce the reflector temperatures as much as possible., However, if the

core power, outlet coolant temperature, and/or surrounding environmental tem-
peratures are excessively high, the reflector would require active cooling to

maintain reflector swelling within design limits for the desired lifetime.

The beryllium swelling configuration for the design criteria is assumed to

correspond to 4,5-in, -radius drums which have:

1) The beryllium swelling along the entire drum length corresponding to
the point of maximum temperature and maximum integrated fast neutron flux

during the reactor lifetime

2) The swelling occurring on the inside (near reactor) drum surface which
causes the reflector to buckle, assuming that the ends of the reflector are

unrestrained
3) The beryllium deflection limited to 30 mils of the 45 mils available,

Figure III-23 shows the beryllium swelling to be much more dependent upon
the reactor power level than upon the outlet coolant temperature. This is due
to the high heat generation rate within the reflector and due to the vacuum gap
existing between the core vessel and the reflector. For outlet coolant tempera-
tures less than approximately 1300°F, the design criteria is limited by beryllium

swelling to a power level of slightly greater than 730 kwt,

b. Reactor Operation Beyond Design Criteria

The attainment of a design limitation would have no detrimental effect on the
system performance, A better assessment of the reactor operating lifetime can
be found by estimating the effects of operating the reactor beyond the design
criteria until the operational limitation of reactivity due to excessive hydrogen

loss degrades system performance,
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(1) Excess Reactivity

Figure III-25 compares the conservative excess reactivity design criteria
with the progressively less conservative probable operating limit and the upper
limit of operation for the reactor performing for 10,000 hr., Figures III-26 and
II1-27 show the same excess reactivity restraint comparison for the reactor

operating 20,000 hr and 30,000 hr respectively.

(a2) Probable Operating Limitation

The probable excess reactivity operating limitation of the system uses the

same assumptions as the design limitation except that the NH is increased from

5.95 to 6.30 which corresponds to the lower specification limit of the maximum

NH'

(b) Upper Limit of Operation

The upper limit reactivity limitation utilizes the same assumptions as the

probable operating limitation except using the maximum shim capability of the
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beryllium drums. This restraint appears to be a truly upper limit operational

capability since, in spite of the conservatism of the hot channel fuel operation,
some of the reactivity would be needed to account for manufacturing tolerances,

analytical uncertainties, etc.

(2) Fuel Swelling

It appears that the operational limitation of fuel swelling and cladding creep
could both be extended until the cladding and ceramic have been strained 5 mils
on the diameter, Although out-of-pile straining of the ceramic to 4 mils on the
diameter has shown no detrimental effects, the conservative assumption is made
that 4-mil in-pile straining degrades the ceramic so as to increase the hydrogen
leakage by approximately an order of magnitude, This increased leakage is
relatively low since the hydrogen would have to continue to permeate through
the cladding., The reactor would still be able to function for well over 103 hr
even with all fuel elements having their ceramic barrier degraded, However,

a 5-mil diametral strain is approximately equal to the estimated 1% strain rup-
ture limitation, The assumption that a 5-mil diametral straining of the cladding
is a fuel swelling operational limitation is itself quite conservative since the
analysis is based on the point of maximum core burnup operation in the hot .

channel condition,

Figure III-28 indicates the variation in the fuel swelling limitation between
the conservative design criteria, the progressively less conservative modified
design criteria, and the operational limitation for the reactor performing for
10,000 hr, Figures III-29 and III-30 show the same fuel swelling restraint com-
parison for the reactor operating 20,000 hr and 30,000 hr, respectively,

(a)Modified Design Criteria

This more reasonable swelling limitation makes the same assumptions as the
design criteria except the fuel temperature is conservatively assumed to decrease
due to fuel swelling decreasing the hydrogen gap. With a safety factor of 50 ap-
plied to the decrease in fuel thermal conductivity due to burnup, these conditions
also result in a conservative fuel swelling limitation. Operation beyond this
limit should be possible without any major decrease in the overall system per-

formance capability,
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Fuel Element Limitations

(b) Operational Limitation

This appears to be a reasonably conservative, most probable fuel swelling
limitation. Besides assuming that the fuel temperature would decrease due to
fuel swelling, it is assumed the cladding can strain 5 mils in the diameter
before the fuel swelling materially affects the reactor's excess reactivity., These
conditions represent a conservative average operation of the nominal condition

of all SNAP 8 fuel elements,

(3)Cladding Creep

Calculation of an operational limitation of the cladding creep was incorporated

into the phase change limitation. By increasing the N , to as high a value as

possible, the reactivity of the system and the fuel phaI:e change lifetime are both
increased. The analysis maintained 0.2% cladding creep limitation across the
9-mil cladding wall thickness having a 1.4 factor of safety, The static NaK
pressure was increased in order to counteract the higher hydrogen dissociation

pressure caused by the increased NH operating with the same hot channel fuel
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temperatures. The upper limit on the NaK static pressure was restricted to

that value required to just strain the hottest location of the core vessel 0.2%
during the reactor lifetime. The core vessel stress also had a 1.4 factor of
safety, (The present core vessel thickness of 0,105 in, is required due to the
launch shock and vibration specification values.) The NH should not be increased
above this corresponding upper limit NaK pressure because the reactivity loss

of the beryllium reflectors, due to increasing the vessel thickness necessary to
maintain the 0,2% creep limit, exceeds the reactivity gain due to the increased
NH'
shown in Figures III-28 through III-30,

Cladding creep limitations for various reactor operating times are also

(4) Fuel Phase Change

Figures III-28 through I1I-30 compare the different fuel phase change limita-
tions of the conservative design criteria and the equally conservative operational
limitation. The operational limitation utilizes all of the assumptions of the de-
sign criterion, The greater power-temperature capability is due to the longer
time required for a higher initial NH to diminish to the B-0 interface, The NH

value is the upper specification limitation (N, = 6,35 4+ 0,05 = 6.4) which retains

H
the cladding creep within the 0.2% limitation. The NH which corresponds to the
phase change design criterion is equal to 6.30, which is the lower limit fuel

specification,

(5) Beryllium Swelling (and Core Vessel Creep)

It is assumed that the design criterion of the beryllium swelling and core
vessel creep is the operational limitation. If the reflector and core vessel
touch, the conservative assumption is made that all control drum movement
stops and the system power starts to degrade., This assumption is conservative
since there would still be a 15-mil gap remaining when the calculated limitation
has been reached, The 15-mil tolerance is to take into account the uncertainty

of irradiation flux on stainless creep properties and on beryllium metal swelling.,

Figure III- 31 illustrates the beryllium swelling limitations for different sized
beryllium drums and for active cooling of the beryllium with the reactor opera-
ting for 10,000 hr, Figures III-32 and III-33 show the similar beryllium swelling
limitations with the reactor operating for 20,000 hr and 30,000 hr, respectively,
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Beryllium Swelling Limitations

The size of the SNAP 8 shield is determined by the total core and reflector
envelope, Since the shield weight is a large fraction of the total system weight,
reductions in the shielded envelope can result in significant weight savings for
the system, A method of both reducing the shielded envelope and reducing the
maximum beryllium temperature is to reduce the control drum radius, Reducing
the control drum radius will decrease the individual drum worth, but both the
present reference design as well as the small-drum designs would have more
than adequate reactivity control, The operational limitation of the beryllium
swelling incorporates the same assumptions as the design criteria except using

a 3-in, drum radius,

As the beryllium reflector also acts as a structural member, its operating
temperature should remain below approximately 1350°F, In addition, radiation
damage to the beryllium is a function of operating temperature and total inte-
grated flux, At the SNAP 8 fluxes, '"breakaway' swelling is not expected to
occur below approximately 1450°F, However, as the total integrated flux is
increased, breakaway swelling will occur at lower temperatures, Because of
these conditions it is important to maintain the beryllium reflector below ap-

proximately 1350°F,

NAA-SR-11685, Vol 2

69
e



CONEIDENTTZATD

In the reference design, the maximum operating temperature of the beryllium
reflector is calculated to be slightly less than 1300°F when operating with a
150°F sink temperature, as will be the condition during ground testing or in
space, Increasing the reactor power level, reactor outlet coolant temperature,
or the sink temperature may result in an increase in beryllium temperature to
the point where the 1350°F design limitation value is exceeded, Although ex-
ceeding this limit is not catastrophic, it is currently considered advisable to
stay below it until the behavior of beryllium under SNAP 8 conditions of irradia-

tion and temperature becomes better known,

As the expected operating temperature (~1300°F) is close to the design
limitation (1350°F), a small study was conducted on means of reducing the beryl-
lium temperature., This study considered active cooling of the reflector by NaK
flowing through tubing embedded in the stationary beryllium and the changing of
the control drum size from a 4-1/2-in., radius drum to a 3-in. radius drum.

In addition, as 4-pi shielding was being considered for manned application of the
Reference Design, the study also considered changes in the sink temperature
and the use of small poison-backed control drums. The results of this study

are shown in Figure III-34,

For the active cooling cases, no attempt was made to optimize either the
inlet coolant temperature (assumed to be 800°F) or the flowrate (assumed to be
7100 1b/hr), Rather, the purpose of the study was to demonstrate the feasibility
of using active cooling to allow operation at higher power and higher outlet cool-
ant temperature, A conceptual layout was also made demonstrating the feasi-

bility of the active cooling scheme,

However, adding an active reflector cooling scheme or a reactor cavity cool-
ing scheme in the case of 4-pi shielding results in increased complexity, The
high reflector temperature problem might better be solved by substitution of
materials, Beryllium oxide could be used as a reflector with a very small loss
in reactivity and a significant increase in temperature capability. The feasi-
bility of using BeO has been demonstrated experimentally and analytically, but

the details of the required design changes have not yet been delineated,
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4, Reliability

a, Reliability Goals

One of the prime incentives for developing nuclear electric power for space
applications is the long life potentially available from nuclear power plants,

Attendant with this long life potential is a requirement for high reliability.

For unmanned applications, the power plant reliability should probably be at
least as high as the payload reliability, The reliability goal of the reactor and
its associated shield and controls would then be in the range of 0.95 to 0,98 re~
liability for startup in space followed by 104 hr of unattended operation, The
reliability goal for the SNAP 8 nuclear system is ~0.97,

For manned applications, the safety of the crew and great expense of each
mission indicate higher reliability requirements. Current goa's for Manrated

nuclear systems are in the range of 0,99 to 0.999 for 104 hr of operation,

b. General Approach Used to Achieve Reliability

In order to demonstrate these high reliability goals with a reasonable degree
of confidence, a prohibitively expensive test program would be required., For
example, Figure III-35 shows that to demonstrate with a 50% confidence level
the SNAP 8 nuclear system reliability goal of 0.97, 22 reactors would have to be
tested for 10,000 hr each., If one of these reactors should fail, an additional
33 reactors would have to be tested for 10,000 hr without failure, Thus, a

straightforward demonstration of reactor reliability would be extremely expensive,

An alternate approach to achieve high reliability is therefore used, It employs

the following plan:

1) A few developmental reactor tests are conducted culminating by one

reactor qualification or demonstration test,

2) A larger number of developmental component tests are conducted

followed by a limited number of component qualification tests.

3) A thorough component development program is conducted. The objec-
tive of this program is to develop and demonstrate reactor components which
will operate under more severe environmental conditions than expected in

actual use; for example, at higher temperatures,
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Figure III-35, Reliability

4) The overall nuclear system is designed to achieve maximum reliability,
With the low power reactors, which are inherently simple, the design stresses
simplicity, For example, the SNAP 10A reactor utilizes a static, nonmoving
control system. On the other hand, the design of high power reactors, which
are of necessity more complex, stresses redundancy. For example, the
SNAP 8 nuclear system employs active control but includes sufficient redun-
dancy so that failure of an individual control drum drive and a limited number
of fuel elements will not prevent the system from achieving rated power and
life,

5) Logic circuit diagrams and reliability prediction models are formulated

to assist in failure mode analyses,

6) Design reviews are conducted during the conceptual, preliminary, and
final design stages to review and correct potentially weak areas in the system

design,

7) High standards of fabrication quality control and inspection are estab-

lished early in the program, and rigorously maintained,
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c. SNAP 8 Approach to Reliability Through Redundancy

The SNAP 8 design approach to reliability is to make maximum use of re-
dundancy. The use of redundant components allows a lower individual compo-
nent reliability goal while still achieving a high system reliability goal. In the
SNAP 8 nuclear system, the redundant component approach is largely through
providing excess reactivity which allows failures and malfunctions of fuel ele-

ments and control drum drive assemblies without ensuing system failure,

(1) Available Excess Reactivity

Figure III-36 plots the excess reactivity needed against reactor lifetime for
various discrete power levels for the SNAP 8 Reference Design nuclear system.
Also shown on this figure is the nominal reactivity available, $11.00, and the
reactivity available using maximum reflector shim capability, $15.00. The
$4,00 difference between nominal and maximum reactivity is available to account

for manufacturing tolerances, analytical inaccuracies, etc, and additional

contingency,
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Figure III-36., Reference SNAP 8 — Reactivity
Requirements at 1300°F
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Figure III-36 shows that the 600-kwt SNAP 8 Reference Design nuclear sys-
tem has sufficient reactivity at the nominal value to run approximately 17,500 hr

(740 days) and with maximum shim, can operate approximately 29,000 hr
(1200 days).

Figure III-37 is a plot similar to Figure III-36 except the nuclear system
outlet coolant temperature is reduced to 1200°F, and hence lifetime at a specific
power level is increased, or the reliability at a specific power level and lifetime
is increased. TFigure III-38 is also a plot similar to Figure III-36 except for an
outlet coolant temperature of 1400°F, and hence lifetime at a specific power
level is decreased or reliability at a specific power level and lifetime is

decreased,

These three figures show that the SNAP 8 nuclear system has sufficient ex-
cess reactivity to operate for 10,000 hr at various power levels from 600 to
1200 kwt at 1400 and 1200°F, respectively. However, as the nuclear system is
operated at higher power and temperature, the amount of excess reactivity
available for redundant components is decreased. Figure III-39 shows the nomi-
nal amount of excess reactivity available for redundancy (reliability) at the end
of 10,000 hr of operation at various power levels and coolant outlet temperatures.
Also shown for comparison is the maximum amount of excess reactivity avail-
able (full shim capability) at the reference outlet coolant temperature of 1300°F
for various power levels. To a first order approximation, the relative relia-
bility of operating the nuclear system at off-design conditions can be determined
by the amount of excess reactivity available. For instance, the reliability of
the system at 600 kwt and 1300°F outlet coolant temperature is approximately
equal (same excess reactivity at the end of 104 hr) to the system operating at

375 kwt and 1400°F outlet coolant temperature,

(2) Available Redundancy

Figures III-40 through III-44 deal with nuclear system lifetime based upon
available reactivity, The other limitations (discussed in Section II[-F-3) are
mainly design limitations while the reactivity limitation is an ultimate limitation.
For example, when the available reactivity reaches zero, the nuclear system
temperature begins to drop and the end of useful power operation occurs shortly
thereafter. However, if the beryllium temperature rises from its design limit

of 1350 to 1355°F or even to 1375°F, it is not likely that any immediate cessation
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of operation will occur. The life of the system will be degraded but the amount

of degradation or reliability decrease is difficult to predict.

Figure III-40 plots reactor lifetime as a function of time of failure of one
control drum drive system for various power levels and an outlet coolant tem-
perature of 1300°F, This figure conservatively assumes that only the nominal
amount of reactivity (see Figure III-36) is available, This figure also assumes
that all six control drums are used for control and that the control system phi-
losophy used is ''fail-as-is.' The system is assumed to be prepoisoned ($3.00)

to the Reference Design value,

Figure III-41 is similar to Figure III-40 except that the outlet coolant tem-
perature has been decreased to 1200°F. The assumptions used to derive Fig-
ure III-40 also apply to Figure III-41., Figure III-42 is similar to Figure III-40
except that outlet coolant temperature has been increased by 100°F to 1400°F,

Figure III-43 shows the number of fuel elements that can ''fail'' at various
power levels as a function of reactivity lifetime for a 1300°F outlet coolant tem-

perature, '"Failure' is defined as:

1) The hydrogen density in a fuel element drops instantaneously from its )
initial value of about 6.0 x 1022 H atoms/cc of fuel (NH = 6.0) to 3.0 x 1022
atoms/cc of fuel, (This assumption is extremely conservative. Results of
a recent investigation based upon 2.0 cm2 of bare cladding surface area show
that it takes 4000 hr to reach the B-0 phase boundary, N;;~5.0. Once this
phase boundary is reached, the hydrogen loss rate decreases by an order of

magnitude, )

2) The reactivity worth of the lost hydrogen is equivalent to the peak value

(-15¢) for any fuel element in the core.

3) All fuel element failures occur prior to the time designated reactor
lifetime in Figure III-42, (If one or more of the total number of fuel element
failures does not occur before this time, the operating life is actually extended

beyond the time shown., )
4) There are no control drum drive system failures,

Figure III-43 shows that operating at 600 kwt, 18 fuel elements may '"fajl"

and the reactor still has sufficient reactivity to achieve 10,000 hr.
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Figure III-44 is derived from Figures III-40 and III-43 and shows the number
. of fuel elements that may 'fail'' as a function of time of control drum failure and
still achieve 10,000 hr of operation, From Figure III-44 it can be seen that 9
fuel elements and 1 control drum drive system may fail and still the reactor has
sufficient reactivity to operate 10,000 hr at 600 kwt with an outlet coolant tem-

perature of 1300°F.

Figure III-45 shows the available redundancy (reliability) of the SNAP 8 nu-
clear system operating at off-design conditions of power and temperature for
20,000 hr or twice the design life, These curves show that the SNAP 8 nuclear
system can operate for 20,000 hr at 600 kwt and 1200°F with only a small de-
crease in reliability over the design conditions. Operation for 20,000 hr at
300 kwt and 1300°F is possible with approximately the same reliability, as 2
control drum drive systems can malfunction. An improvement in reliability is

attained when operating at 300 kwt and 1200°F outlet coolant temperature.
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Figure III-45, Fuel Element Redundancy With
Drum Failures at Extended Life

It is possible to compensate for increases in design lifetime by reductions in
the operating temperature and/or power level, since wearout of mechanical com-

ponents is not a problem in the nuclear system. Degradation due to neutron flux,
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temperature, etc,, are the most probable modes of failure, Operation at a re-

duced power level of 300 kwt for 20,000 hr gives the same integrated flux and
hence should not significantly decrease the system reliability, Operation at the
reduced temperature, 1200°F, for 20,000 hr should significantly improve the
component reliability over the 10,000-hr, 1300°F operation,

(3) Passive Operation

The preceding section has discussed the effect of control drum drive failures
upon the ability of the system to achieve the desired lifetime, the assumption
being that loss of active control of the SNAP 8 nuclear system will result in an
immediate loss of the electrical generating capability, This assumption is not

strictly valid,

Since the SNAP 8 reactor has a negative temperature coefficient of reactivity,
the time required for the system to degrade to the point where electrical gen-
eration ceases is directly related to the rate of change of the system reactivity,
Figure III-46 shows the excess reactivity of the SNAP 8 reactor as a function of
time for various power levels at a 1300°F outlet temperature., The temperature
coefficient for SNAP 8 is about -0.2¢/°F so that an uncontrolled loss of 10¢ in
reactivity will result in a 50°F drop in temperature. A 50°F drop in temperature
would result in failure of the AGC reference design power conversion system and
would occur in about 15 days if the reactor has operated more than about 200 days

at 450 kwt,
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Figure III-46. Reactivity vs Time, Frozen
Control Drums
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If the SNAP 8 reactor were coupled to a power conversion system which re-
quired significantly less power than the present reference value of 450 to 500 kwt,
the time for the reactor temperature to degrade is considerably increased. If,
for example, the reactor were operated at 150 kwt, the control system could fail
after only 25 days of operation and the system would still achieve over 1 yr of
operation. The reactor temperature would gradually increase about 50°F as the
burnable poison is depleted. The temperature would start to decrease after

about 250 days and would show a net loss of 50°F in about 400 days.

At low power levels, the use of a burnable poison in the core, in effect, pro-

vides a redundant backup to the control system.

(4) Component Reliability Goals

The excess reactivity available for redundant components and subsystems
means that more reasonable reliability goals can be established for individual
components., For instance, the fuel element core cluster has a reliability goal

of 99%. Figure III-47 shows the single fuel element reliability necessary for a
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Figure III-47.

Reliability of a Cluster of 211
Fuel Elements
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211-fuel element cluster reliability for various redundant fuel elements., If no

redundancy were available, each fuel element would require a reliability goal
in excess of 0.9999 to achieve a cluster reliability goal of 0.99; but with only
5 redundant elements, this goal is reduced to 0,99 and with 10 redundant ele-

ments the goal is reduced further to only 0,96,

The same reduction in reliability goals is also true for the control drum
drive system, The design goal for the 6-drum drive system is about 0.992.
Figure III-48 shows that without a redundant control drum, the individual drive
systems would require a reliability of about 0,999 while with 1 redundant drum

system, the individual reliability goal is reduced to about 0,975,

As previously discussed, lowering the reactor power level can also increase
the system reliability, or for the same system reliability, decrease the compo-
nent reliability necessary. Figure III-45 shows that 2 drum drive systems can
be allowed to fail and still attain 104 hr of operation at 300 kwt, Referring to
Figure 11I-48, maintaining the same 6-drum drive system reliability goal of
0.992, an individual drive system reliability goal is decreased from 0,975 goal
to a goal of only 0.92. Conversely, with the same individual drive system relia-
bility of 0.975, the overall 6-drum drive system reliability is increased from

0.992 to 0.9997 when two individual drive systems are allowed to malfunction,

In addition, a conversative philosophy is employed in the structural design of
the SNAP 8 nuclear system. This conservative design results in a-high system
reliability., In general, design limits are set well below the point at which dam-
age might be expected to occur and safety factors are applied to the expected
loads, As an example, the design allowable creep of the core vessel is 0.2%.

The core vessel would not interfere with the reflectors, however, until the core
vessel creep exceeded 0.9%. In addition, a safety factor of 1,4 is used to com-
pute the design load on the vessel. Using the maximum expected range of ma-
terial strength and operating loads, the design reliability of this vessel has been
computed to be in excess of 0,9999, Other components in the system are designed

using the same philosophy and similar safety factors,

The SNAP 8 Reference Design nuclear system component reliability apportion-
ment goals are shown in Table III-18, A summary of the major subsystem re-

liability apportionment goals are shown in Table III-19,
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TABLE III-18
COMPONENT RELIABILITY APPORTIONMENT GOALS .

Failure Rate
Reactor Assembly Launch Startup Lafe Total Regzsihty
Core vessel 0.000009 0.000021 0.000075 0 000105 0.99990
NaK pipe 0.000021 0.000039 0.000050 0 000110 0.99989
Coolant — flow baffle plate 0.000006 0.000012 0 000012 0.000030 0 99997
Inlet plenum grid plate 0.000009 0.000009 0.000009 0.000027 0 999973
Outlet plenum grid plate 0 000009 0.000009 0.000009 0.000027 0.999973
Internal reflectors 0 000012 0.000030 0 000030 0.000072 0.999928
Fuel elements 0 000750 0.001500 0.007750 0.010000 0 99000
Total Subsystem 0.000816 0 001620 0 007935 0.010371 0 9896
Failure Rate
Reactor Control and Reflector Assembly Launch Startup Life Total Regzl‘—ﬁhty
Startup control programmer 0.000135 0.001350 - 0.001485 0.9985
Position sensors-limit switches 0.000081 0.000810 - 0.000891 0.9991
Startup squibs and release actuators 0.000060 0.000300 - 0.000360 0.99964
Reflector startup drums (3) 0.000030 0.000150 - 0.000180 0.99982
Startup drum actuators 0.000108 0.000150 0.000324 0.000582 0.99942
Long term controller 0.000135 0.000100 0.002160 0.002395 0.99761
Temperature sensor switches and amplifier 0.000108 0.001080 0.000540 0.001728 0.99827
Diagnostic instrumentation 0.000060 0.000060 0.000145 0.000265 0.99974
Reflector control drums 0.000042 0.001410 0.002310 0,003762 0.99623
Reflector-control drum spacers and structure 0.000012 0.000060 0.000120 0.000192 0.99982
Control drum actuators (bidirectional) 0.000135 0.000675 0.001215 0.002025 0.99798
Electrical harness and connectors 0.000141 0.000525 0.000765 0.001431 0.99857
Total Subsystem 0.001047 0.006670 0.007579 0.01530 0.9847
Failure Rates
End-of-Lafe Reentry Reliability
Shield Assembly Launch Startup Lafe Shutdown Shutdown Total Goal
Gamma shield 0.000003 0. 000006 0.000006 - - 0.000015 0.999985
Neutron shield 0.000003 0.000006 0.000024 - - 0.000033 0.999967
Neutron shield vessel 0.000054 0.000078 0.000120 - - 0.000252 0.999748
Total Subsystem 0.000060 0 000090 0,000150 - - 0 000300 0 9997
Safety Assembly
Scram Springs 0 000048 0.000024 0.000072 0.000120 0.000120 0.000384 0 99962
Safety system structure 0 000012 0.000006 0.000018 0.000030 0 000030 0.000096 0.999904
Mechanical End-of-lafe
Shutdown 0.000120 0 000180 0.000150 0 000810 - 0.001260 0 99874
Electrical End-of-life
Shutdown 0.000243 0 000060 0.000300 0.002100 - 0.002703 0.99736
Reentry band 0.000090 0.000060 0.000120 - 0.000600 0.000870 0.99913
Launch destruct inact 0.000081 - - - - 0 000081 0.99992
Launch destruct jettison 0.000081 0.000081 - - - 0.000162 0.99984
Total Subsystem 0 000675 0.000411 0.000660 0.003060 0.000750 0.005556 0.9944
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TABLE III-19

: End-of-Life Reentr
Sub t y

Major Subsystems Launch Startup 10,000 hr Shutdown Shutdown Total
Reactor Assembly 0.99912 0.99840 0.99206 - - 0.9896
Reactor Control

and Reflector

Assembly 0.99895 0.99343 0.99233 - - 0.985
Shield Assembly 0.99994 0.99991 0.99985 - - 0.9997
Safety Assembly 0.99933 0.99959 0.99934 0.99694 0.99925 0.9944
Phase total 0.9974 0.9913 0.9836 0.99694 0.99925
Cumulative proba-

bility of success

(reliability) 0.9974 0.9887 0.9723 0.9692 0.9685 0.9685

In addition to the application of redundancy through excess reactivity, redun-
dancy has been provided in other potential problem areas. Figure III-49 is a
reliability logic diagram which has been developed to assess areas where re-

liability may be improved either through redundancy or increased safety factors.

As can be seen from Figure III-49, essentially all of the series elements in
the logic diagram have either complete redundancy or partial redundancy, With
the assistance of this type of logical approach to the problem of high reliability,
the reliability of the overall nuclear system is continuously being upgraded

through use of more redundancy and/or higher design margins and safety factors.
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G. MANRATED SNAP 8

1. Introduction

Manrating a system means taking into consideration technical factors in-
volved with the added presence of man, his possible participation in the opera-
tion of the system, and the reliability required of the system as a consequence

of the dependence of human life.

Manrating a SNAP nuclear system means optimizing the nuclear system to
provide a reliable, minimum weight system requiring minimum attention by
on-board personnel. The specific objectives of a SNAP manrating program are

to:
1) Increase nuclear system reliability
2) Provide maintainability where possible
3) Reduce the reactor shielded envelope
4) Optimize shield weight
5) Provide shutdown and restart capability

The technical approach to obtaining the specific objectives listed above follows.

a. Reliability

The reliability goal for a manrated nuclear system should lie between 0.99
and 0.999 in order to achieve a sufficiently high overall mission reliability. To
demonstrate a 0.99 reliability at the 50% confidence level would require approxi-
mately 70 system tests assuming no failures, or about 180 system tests as-
suming only one failure. A straightforward demonstration of nuclear system
reliability would be extremely expensive. Hence an alternate approach to
achieve high reliability is used. The essential features of such a program were
outlined in Section III-F-4-b. Additionally, component development tests will
be conducted to failure, to help uncover design weaknesses, and to experimentally
determine design margins. Where possible;, maintainability is also provided to

improve reliability. The latter is discussed separately in the next section.

Successful completion of such a program will provide a nuclear system with
a high predicted reliability and the highest demonstrated reliability consistent

with a reasonable funding level.
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b. Maintainability

An important task in manrating a nuclear system is to provide maintainability
where practicable, However, maintenance should be kept at a minimum by pro-
viding maximum reliability for unattended, unmaintained operation. Maintenance
of the electronic controls which will be located in the manned environment is, of

course, highly practicable.

Although it appears impractical at first glance to perform maintenance on the
reactor assembly (core and reflector assemblies) or the shield assembly, further
investigation is warranted. For instance, a mechanical control drum override
system might be incorporated to free a ''sticky' control drum after which it could
conceivably operate properly. Although this is not maintenance in the sense of
replacing or repairing components, it is maintenance in the sense that further
operation of the control drum may be possible as a result of this action. This
type of maintenance must be investigated in order to assist in maximizing reli-
ability. Also required is an analysis of what other types of man-intervention in

the automatic plant operation might prove desirable.

c. Reactor Envelope

It is important to minimize the reactor envelope to minimize shield weight,
as a significant fraction of the weight of any manrated nuclear system is due to
the shield. (For example, a 106 reduction in gamma rays is required for manned
system, 10—3r/hr vs unmanned system, 103r/hr.) In order to reduce the shielded
diameter, design studies of alternate reflector control assemblies must be per-
formed. These studies should consider such items as smaller diameter control
drums, tapering the control drum to follow closely the angle of a typical shadow
shield cone angle, routing of NaK piping and cable harness to minimize the

scattering envelope caused by these appendages, etc.

d. Shield Weight

As previously noted, a significant fraction of the weight of any manrated nu-
clear system is due to the shield weight. The shield weight is minimized by
(1) reducing the reactor assembly envelope, (2) optimizing the shield design, and
(3) optimizing the separation distance between the reactor and the payload dose

plane. The first item was previously discussed.
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Optimization of shield design must include proper choice of shielding mate-
rials. For example, should Li6H, Li7H, or natural LiH be used as neutron
shielding material and should depleted uranium, tungsten, lead, or some other
material be used for gamma shielding? Another phase of shield optimization
includes the question of how to effectively use the shielding material. For in-
stance, should the gamma shield be uniformly dispersed throughout the neutron
shield material, or should it be separated as a slab preceding the neutron shield,

or split so that some precedes and some follows the neutron shield material?

Shield optimization studies also must consider how best to support the reactor
assembly. For instance, should the reactor assembly leads be carried through
the shield vessel wall or should they be carried by an internal structure? Another
phase of the study should consider how best to route the NaK piping and cable
harness. For example, should one inlet and one outlet pipe be used, or should
the inlet and outlet lines be multiple and manifolded top and bottom so that a

minimum of shielding material is removed from any one section of the shield?

Other shield optimization studies should consider the feasibility of reusing
some or all of the shield when the rest of the power system is replaced after its
useful life. Also the amount of meteoroid armor required should be investigated
and possibly a "bumper' or 'laminated' vessel wall design may result in a mini-

mum weight shield.

Although the previous discussion has been mainly oriented towards a shadow
shield design, a requirement for 4-pi shielding may be imposed upon the nuclear
system design for certain selected mission applications. A number of the opti-
mization study areas previously discussed are equally applicable to 4-pi shield-
ing. However, use of 4-pi shielding will require additional studies, particularly

in the area of reflector-assembly/shield-assembly interfaces.

Studies to determine optimum separation distance between the nuclear system
and the payload dose plane must be conducted as part of any manned mission
study. Tradeoff between boom weight and shield weight can be made somewhat
independent of the mission, but due to station dynamics final optimization must

await a specific mission application,
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e. Shutdown and Restart

With the presence of man on-board and with the rendezvous capability un-
doubtably available, it probably will be required that the nuclear system have
the capability of shutdown and restart. This requirement can be easily integrated
into the design of the nuclear system. The areas of semiautomatic startup, manual
control, and automatic protection circuits should be investigated. Using semi-
automatic startup, the startup time can be reduced; however, the time gained vs
the manpower required and the added control system complexity must be investi-

gated. The amount and type of automatic protection must be investigated.

In addition, some small percentage of coolant flow may be required for a short
period of time after shutdown to remove the decay heat. For extended shutdown,
heat may have to be provided to prevent freezing or oxide precipitation in the
primary loop. How best to perform these functions must be investigated and in-

corporated into the design.

Shutdown, replacement, and disposal of the spent system is an area which
needs to be investigated as part of any manrating program. With men on-board,
certain items could be manually accomplished which would be nearly impossible
to do automatically. Utilization of men in this phase of operation should be in-

vestigated and tradeoff between automatic and manual operations conducted.

2. Nominal Design Conditions

Table III-20 lists the key design parameters of the Manrated SNAP 8 nuclear
system which would result from applying a manrating program to the present
SNAP 8 Reference Design. As can be seen from this table, the design per-
formance requirements of the Manrated system are essentially identical to the

unmanned reference system.

3. Preliminary Design Description

A preliminary conceptual layout of the Manrated SNAP 8 nuclear system is
shown in Figure III-50. This layout is based on a TE power conversion system
which requires a minimum of gallery space. (For use with Hg-Rankine system,

the gallery height could be increased as necessary.)
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TABLE III-20

MANRATED SNAP 8 NUCLEAR SYSTEM

Power level (kwt)

Outlet temperature (°F)
Coolant temperature rise (°F)
Number of elements

Element OD (in. )

Maximum fuel temperature (°F)
Prepoison leading ($)
Hydrogen leakage (%/yr)
Barrier material

Core length (in.)

Core ID (in.)

Reflector thickness (nominal)
Shielded diameter (shoulder) (in. )
Shoulder height (in. )
Midplane diameter (in. )
Midplane height (in. )

Control method

Controlled reflector elements
Reactor-reflector weight (1b)
Nominal lifetime (hr)

NaK flowrate

NaK AP (psi)

Fuel element cladding

600
1300
200
211
0.560
1520
3.00
2.4
SCB
16.825
9.214
3.0
19.0
23.5
22.5
14.5
active
7

600
104
48,800
4.8
Hastelloy N
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The core internals and that portion of the core vessel and structure immedi-
ately adjacent are unchanged from the reference unmanned SNAP 8 nuclear sys-
tem. Other portions of the core vessel and the reflector assembly have been
considerably changed to reduce the overall envelope dimensions and, thus, the
system weight, The changes are, however, only in shape and arrangement.

No new materials, processes, or components are required in this design.

To minimize reactor assembly envelope, and hence shield weight, the reflec-
tor assembly is completely redesigned as seen in Figure II[-50. Small diameter
beryllium control drums replace the relatively large control drums and the
number of drums is increased from six to seven. The drums, generally conical
in shape, have their axes of rotation inclined approximately 6° to the axis of the
core vessel., This minimizes the reactor assembly envelope by taking advantage
of the natural conical shape. The flat sides of the control drums are 1/4 in.
from and parallel to the axes of the drums, The conical drum shape results in
various proportions of the fixed and movable reflector, with the bottom of the
drums suitably cut away so as not to interfere with each other, as shown in
Figure III-51. This gives an envelope diameter of 22-1/2 in, at the core mid-
plane. Some additional improvement of the shieldable envelope might be
realized by using eight or nine even smaller, tapered drums. The gain would be

minor, however, and may not justify the additional system complexity.

The control drums are driven by stepping actuators of a type currently
undergoing development testing at Atomics International, These actuators are
mounted above the core vessel to eliminate any interference with the piping at
the lower end and to place them in the most favorable position for radiation of
their heat to space, The diameter of the actuators makes it necessary they be
set inward from the drum axes and that a gear train be used to connect the
actuator and drum shafts. The gears give a 2:1 reduction of drum motion
relative to the actuator motion: the actuators move in 1/2° steps and the drums
move in 1/4° steps. This limited available space also requires that the actuators

be staggered in height; four are mounted in the lower position and three in the

upper.,
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The reference unmanned SNAP 8 nuclear system control scheme was selected
on the basis of its simplicity and inherent reliability, It senses the reactor out-
let coolant temperature and maintains this temperature between preset limits by
means of a digital control system, As this system adequately controls the
reference system, its adaption to the manrated system is ideal as (1) it mini-
mizes on-board maintenance and manual operation due to its unattended long-
life (104 hr) design; and (2) it maximizes reliability by using an existing design
which will have many thousands of test hours on components and integrated

systems,

The long-term control system attempts to maximize reliability by minimiz-
ing complexity., The controller is designed to allow maximum degradation and
two temperature sensors (using voting-type circuitry) are used to maximize
sensor accuracy, In addition, periodic readjustment of the temperature switch
is possible. Additional pairs of temperature sensors and their switches are
provided which can be switched into the control system in the event of a failure
of the assembly being used. The controller is of modular construction with test
points brought out for ease of maintenance and trouble shooting. On-board
maintenance of modules is not anticipated and they would be replaced with spare

modules or a spare controller in the event of malfunctions.,

The controller output switches power to the control drum motors, The drive
motor is a 'fail-as-is' device which maximizes nuclear system life and mini-
mizes the probability of inadvertant shutdowns., No scram cirfcuits are pro-
vided and shutdown of the nuclear system is accomplished by driving the control
drums to their least reactive (out) position. Although no scram circuits are
provided, automatic setback may be provided to protect the nuclear power plant
against unforeseen incidents, If automatic setback circuits are employed, a by-
pass switch will be provided so that all setback circuits may be bypassed during
critical phases of the mission, Also, setback, if provided, will occur only as
long as the variable causing setback remains outside the specified limits and

coincidence circuitry may be used to minimize false setbacks.

Consideration is also being given to a mechanical override concept in which
a control drum with a failed motor could manually be put in its most reactive

position (fully inserted) thereby maximizing system life,
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In addition to the long-term control, a startup control mode will be provided
to minimize startup time. Using the reactor outlet temperature control and a
preprogrammed control drum insertion rate, startup can be automatically ac-
complished in less than 4 hr. Nuclear instrumentation will be provided so that
an operator, if desired, could restart the plant after a shutdown in approximately

2 hr using manual control.

Repeated planned shutdown and restart of the Manrated SNAP 8 nuclear sys-
tem should not impose any serious design problems. Either automatic startup
or semiautomatic startup can be employed as it is anticipated that both modes
of startup will be provided. The semiautomatic startup will require about 2 hr
while the automatic startup will require about 4 hr. In addition, periodic changes
in the automatic startup scheme will probably be required as the excess reactivity

available changes during the life of the nuclear system.

Unplanned (accidental or emergency) shutdown of the Manrated SNAP 8 nu-
clear system may require some shutdown cooling to remove the decay heat.
Although the need for this cooling has not been firmly established, there is a
firm requirement to maintain the primary NaK coolant above a certain minimum
temperature. (This minimum temperature will probably be in the range of 150 °F
so that oxides in the primary coolant system do not precipitate out of the NaK
and cause plugging of the coolant passages.) Hence, cooling of the primary loop
immediately after shutdown may be required, followed by heating of the primary
loop after extended shutdown. (The use of an electromagnetic pump in the pri-
mary loop may be sufficient to perform both those functions although no studies
of the SNAP 8 nuclear system, operating at rated conditions, have been per-

formed to verify this.)

An important part of any manrated nuclear power system is the radiation
shield. The shield must be light-weight and long-lasting, and must provide
adequate protection to the crew from both neutron and gamma radiation emitted
from the nuclear system. Since the shield weight is a large fraction of the total
system weight, care must be taken to use the most efficient shield materials

and the optimum configuration.

As the radiation dose to the payload must be kept to a minimum, no protrud-

ing scatter sources may exist. Hence all cabling and NaK piping must be hidden
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by the shield. Various schemes are under investigation as to ways and means

of routing both the cabling and the NaK pipes through the shield. Figure III-52
and III-53 show a method of routing cabling and piping through a series of tubes

spiraling up the side of the shield.

The shield designs discussed so far have dealt with the shadow shield config-
uration. In future applications, 4-pi shielding may also be required for large
manned space stations. The problem areas attendant with 4-pi shielding have
been briefly investigated. Figure III-54 shows a conceptual design of a 4-pi
shield. The use of 4-pi shielding also imposes a strong desire for reduced
reactor assembly envelope to minimize shield weight. The use of 4-pi shielding
aids in routing cabling and piping as these need no longer be buried in the shield.
However, the use of 4-pi shielding does impose a reflector assembly cooling
problem and active cooling (either by providing a cool reactor cavity or by cool-
ing the reflector assembly directly) must be provided. These areashave been
briefly investigated and further study is merited. No serious development prob-

lems are apparent.
4. Reliability

The reliability goal for the Manrated SNAP 8 nuclear system should lie
between 0.99 and 0.999 while for the unmanned system the goal is between 0.95
and 0.98. Hence the failure rate of the system must be decreased by a factor
of 2 to 40.

Some of this increase in reliability can be accomplished by additional redun-
dancy while some increase can be attained through maintainability. A large
fraction of the nuclear system, though, because of the radioactivity associated
with it, is not maintainable. The electronic controls associated with the nuclear
system are about the only items which are readily maintainable (e.g., by mod-
ular replacement). However, these only have a failure rate apportionment of
0.00388 for the unmanned system compared to the total unmanned system failure
rate apportionment of 0.0315. Hence, even increasing the reliability of the elec-
tronic portions of the nuclear system a factor of ten because of maintainability
would only raise the overall system reliability apportionment from about 0.9685
to 0.9720. Essentially the rest of the nuclear system is unmaintainable due to

the inherent high radiation.

NAA-SR-11685, Vol 2
98

&:m:mma




o = 94 s -
7-V4T —24/2—10-3/4—+ 23 — 24— —=sfs——=16-1/2 q =4
===
22-1/2 REFLECTOR RS e
| DIA. 3y N

GAMMA SHIELD ﬁJ_;J»““‘lLbe

,,é\\ 7

’

~—NEUTRON SHIELD——.f

|

| GALLERY

CONTROL DRUM - I
DRIVE MOTOR 2
\‘4’;‘“ N
GAMMA SHIELD
11-2-64 7568-01593

Figure III-52. Split Shield Detail

10-14-65 7569-02278
Figure III-53. Routing of NaK Piping

NAA-SR-11685, Vol 2
99

CONT D BN P AT

o—r.




00T
2 TOA ‘G8911-YS-VVN

I15°

REFLECTOR 1.D.
MEAN REFLECTOR 0.D.
CONTROL DRUM 0.D.
MIN POISON THICK.
SHIM THICK.

MAX. POISON THICK

SHIELD WEIGHT (1b)

TOP CAP 5500
Ist HALF 9600
2nd HALF 20,600

TOTAL 35,700

10-12-65

60 1/4

SECTION DD<—i> SECTION EE

Figure III-54.

4-pi Shielding

! A
>N SPACE FOR 7 /
" .}, PUMPS, BOILERS, FFrr
ARG HEAT EXCHANGERS, ,~ ~ / ~ / /7
MO WX ETC / s S //
WOV NS ' 7 3 S S Pty
SN v A s
EANCE N ' A o 4
SNy AN
\ Ve I / /S #
= /] S0 s 9T /2 DIA.
CORE CENTERZ{ N Ml |~ i ;%/ :
b)Y N Py /
l,/]h\? \i\ /// p // ////// Y
/[ \ 2 g ¥ / “ /,/
BP0\ e == s /////’/
% 7SHIELD COOLANT ,” ~ ,j///;/ %
A \ 7 LOOP ‘g & r
T 4’\\L | Ry, 7 2 /.7, 7 /////
e 4 / oW
/ ; P I & 7 4 / S A //
Sl £ SN I8 —An, S A
LKL RV NN S LA E L
‘ 2L s 2= TN 9 \ g _=Y /s '/'// Fd //
i AR *=REFLECTOR Sy e
- B | | ===\ 1 cooLanT Loop” .7/, }
= ~— = W'~ /. //,
»>Cl=17g /2 57

REACTOR VESSEL 0.D.

9 3/8
95/8
19 1/2 (APPROX)
5
11/4
3/4
2

7568-15103

L L AL HCTT

TROD

o

o N




- R,

———

Redundancy is added to the Manrated SNAP 8 nuclear system by increasing
the number of control drums from six to seven and providing sufficient excess
reactivity to allow two control drum drives to malfunction. Figure III-55is a
plot of reliability of a single drum drive versus the reliability of the control
drum system for 0, 1, 2, and 3 allowable malfunctions. If the reliability goal
for a single drum system for both the manned and unmanned system is the same,
i.e., 0.975, then with two allowable malfunctions in the manrated case, the over-
all drum drive system reliability goal can be increased from 0.992 to 0.9995.

This would increase the overall system goal from 0.9720 to 0.9795.

In addition to the specific examples cited, the reliability goals of other com-
ponents could be increased by additional design margins and safety factors. The
removal of automatic shutdown devices increases the reliability of the nuclear
system from 0.9795 to 0.9851. Another feature which will add to the overall
reliability of the manned system is the use of a mechanical override concept in
which a control drum with a failed motor could be manually put in its most reac-

tive position (fully inserted) and thereby maximize the use of that drum.

Although it is impractical to demonstrate that the desired system reliability
goal has been met, itis possible, through sufficient redundancy and high design
margin, to design a manrated SNAP 8 nuclear system with a potential reliability
in excess of 0.990. It is towards this goal that the design of the Manrated SNAP 8

nuclear system is oriented.

5. Static Control

It appears feasible to adopt the concept of static control for the SNAP 8 reac-
tor. Since one of the most significant effects of such a change would be an in-
crease in potential system reliability, it is appropriate to discuss this under the

Manrated SNAP 8.

Detailed studies into four technical areas must be completed to determine the
capabilities of the SNAP 8 reactor with static control. The four areas of inves-
tigation are: burnable poisons, hydrogen barrier improvements, SNAP 10B

type hydrogen retention, and temperature coefficient augmentation.

a. Burnable Poisons

The present SNAP 8 samarium loading has not been optimized for static con-

trol. Preliminary investigations indicate that cadmium poison would provide
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better burnout characteristics in the SNAP 8 power range. The use of mixtures
of burnable poisons such as europium and gadolinium could provide additional
improvements. The concentration and type of burnable poison must be optimized
for each power and outlet temperature level. Also how and where to incorporate

the burnable poison in the fuel element must be investigated.

b. Hydrogen Barrier Improvements

Hydrogen loss from the fuel is the largest (and most uncertain) reactivityloss
that must be compensated for by the burnable poison. A significant improvement
in the fuel hydrogen barrier would greatly ease the problems associated with
static control of SNAP 8. The application of a metallic coating to the fuel rod
shows promise of a three-fold reduction in hydrogen loss by preventing a chem-

ical reaction between the fuel material and the ceramic hydrogen barrier.

c. Hydrogen Retention

The SNAP 10B approach, using a yttrium getter to retain within the core the
hydrogen which leaks from the fuel element, may also be applied to the SNAP 8
reactor. The reduction in the hydrogen loss from the core eases the static con-
trol requirements and makes the reactivity changes during reactor operation

more predictable.

d. Temperature Coefficient Augmentation

The SNAP 8 reactor has an overall temperature coefficient of reactivity of
about -0.2¢/°F. An uncontrolled 10¢ loss in reactivity therefore results in a
50 °F reduction in the average core temperature. An increase in the magnitude
of the temperature coefficient would reduce the sensitivity of the system to reac-
tivity changes. Various devices to provide temperature coefficient augmentation
have been studied in conjunction with the SNAP 10B reactor but none have devel-

oped to the point where they may be included in the SNAP 8 design at this time.

The use of thermoelectric pumps in the SNAP 10A and 10B systems does,
however, provide about a five-fold increase in the effective power coefficient of
reactivity. Since the pumping rate of a coolant excited thermoelectric pump
increases with coolant temperature and (at constant power) the coolant temper-
ature decreases with increased flow, the use of such a pump provides a very

strong thermal feedback in the system and tends to stabilize the reactor outlet
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temperature. The use of thermoelectric pumps for the SNAP 8 nuclear system
has not been investigated in detail but would probably enhance the static opera-
tion potential of the system.

H. UPGRADED SNAP 8

1. Introduction and Description

The Upgraded SNAP 8 nuclear system is a modification of the Manrated
SNAP 8 design. It is being designed to produce 1,200 kwt for 10,000 hr of space
operation. It is based upon the assumption of permitting only minor differences
in configuration compared to the Manrated SNAP 8 design. The minor changes
include lengthening the fuel element from about 17 to 24 in. and adding 30 addi-
tional fuel elements. Fuel element diameter and internal clearances are not
changed. These changes allow operation of the Upgraded SNAP 8 reactor at
about twice the SNAP 8 power level while maintaining approximately the same
power density and fuel temperatures. The fuel element spacing is increased
from 0.010 to 0.030 in. to reduce the core pressure drop. These changes re-
quire that the reflector assembly be modified slightly to recognize the increased

active core length and the increased core vessel diameter.

Although the Upgraded SNAP 8 nuclear system is based upon the Manrated
design, it could also be designed as an upgraded version of the referencedesign.
The Manrated design is used as the basic building block because it is believed
that the power level of the modified design will be more useful in manned appli-

cations than unmanned applications.

The Upgraded SNAP 8 nuclear system has been analyzed to determine its
operating capabilities and limits. However, essentially no design effort has
been expended to design the system. No layout drawings have been prepared.
It is estimateli, however, that the reactor assembly {core and reflector assem-
blies) will have a 23-1/2-in. diameter at the core centerline and follow, in

general a conical shape having a cone angle of about 11°,

2. Design Point

Table III-21 lists the key design parameters of the Upgraded SNAP 8 nuclear

system.
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TABLE III-21
UPGRADED SNAP 8 NUCLEAR SYSTEM

Power Level (kwt) 1200
Outlet Temperature (°F) 1300
Coolant Temperature Rise (°F) 200
Number of Elements 241
Element OD (in.) 0.560
Maximum Fuel Temperature (°F) 1485
Prepoison Loading ($) ~3.00
Hydrogen Leakage (%/yr) 8.0
Barrier Material SCB
Core Length (in.) 24.0
Core ID (in.) 9.7
Reflector Thickness (Nominal) 3.0
Shielded Diameter (shoulder), (in.) 21.0
Shoulder Height (in.) 30.0
Midplane Diameter (in.) 23.5
Midplane Height (in. ) 17.0
Control Method Active
Controlled Reflector Elements 7
Reactor-Reflector Weight (1b) 975
Nominal Lifetime 104 hr
NaK Flowrate 97,600
NaK AP (psi) ~7
Fuel Element Cladding Hastelloy N

3. Design Point Selection

The Upgraded SNAP 8 reactor design has only minor differences relative to
the SNAP 8 Reference Design. Its operational capability is improved by increas-
ing the system's potential useful energy and reliability. The potential useful
system energy is a combination of the integrated reactor power and lifetime,
modified by the outlet reactor coolant temperature, The outlet coolant tempera-
ture influences the potential useful system energy as the electrical power con-

version system's efficiency increases with increasing reactor outlet coolant
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temperature. However, higher outlet coolant temperature increases the rate of
fuel degradation and hydrogen moderator leakage. This faster degradation of the
reactor would lower the reactor power or lifetime design limitation to maintain

the same system capability.

An improvement in the operational capability of a reactor may be considered
as an increase in the reactor power level for a given outlet temperature and
operating lifetime. Such an increase in reactor power level can be accomplished

in two ways:

1) The core volume can be increased so that there is more fuel operating

at the same maximum power density.

2) The maximum power density capability of the fuel can be increased, for

example, by improving the core heat transfer characteristics,

These changes can also be interpreted as means of increasing the operating
lifetime at a constant power level, The decreased fuel temperatures would re-

duce the amount of hydrogen loss and fuel irradiation damage.

The active core volume of the Upgraded SNAP 8 reactor has been increased
by increasing both the length of the fuel rod and the number of fuel elements.
The length of the fuel rods has been increased from 16.825 to about 24 in., which
corresponds to an increase in reactivity of approximately $5.25. The 24-in.
length limit represents the approximate dimensional limitation of the existing
hydriding and permeation testing equipment. The number of fuel rods is in-
creased from 211 to 241. These additional 30 fuel elements represent the
number of fuel elements which can be added to the modified hexagonal array with
a minimal increase in core diameter per fuel rod. These rods, besides adding
an approximate 10% in core power generation, add approximately $3.25 in re-
activity. The small increase in the core vessel diameter requires only a minor
redesign of the reflector assembly. However, a minor redesign of the reflector
assembly would be required in any case due to the larger spacing desired be-
tween fuel rods to decrease coolant pressure drop and increase the fuel element

heat transfer coefficient to the coolant.

Increasing the fuel element power density also increases the operational
capacity of a reactor. The fuel element power density can be increased by low-

ering the fuel rod diameter and by increasing the heat transfer coefficient
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betweenthe fuel and the coolant. A smaller fuel rod would maintain nearly the same
fuel temperature, for the same power per unit length of fuel, while increasing
the number of fuel rods and system power in the same core volume. The devel-
opment required to redesign the manufacturing and inspection equipment to accept

a smaller diameter fuel element constitutes a substantial effort.

The spacing between the fuel elements in the Upgraded SNAP 8 has been in-
creased to 30 mils from the 10 mils used in the reference design. This in-
creased spacing is predicted to result in a 10% increase in the heat transfer
coefficient between the fuel and the coolant. The fuel may, therefore, be oper-
ated at a higher power density than in the SNAP 8 reference design while main-

taining the same fuel swelling and hydrogen loss criteria.

The principal reason for increasing the fuel element spacing from 0.010 in.
to 0.030 in. is to decrease the coolant pressure drop along the fuel elements.
This could be a significaat contributiontothe total reactor pressure drop, tenta-
tively selected as 10 psi for this design. Figure III-56 shows differential plenum
pressure (excluding inlet and outlet nozzle drops) as a function of element gap
for the SNAP 8 Reference Design. Considering both the core diameter enlarge-
ment as well as the increased element length, it can be concluded that fuel ele-
ment pressure drop will not become dominant with a 0.030-in. spacing. The
detrimental effects of increasing the rod spacing are the increased core diam-
eter, which increases the shield weight; and the decreased atomic density of
the fuel and moderator, which decreases the reactor excess reactivity. The
0.030-in. spacing appears to be a near optimum condition which decreases the
coolant pressure drop by over 50% while increasing the core vessel diameter
less than 0.5 in. The reactivity loss associated with the increased rod spacing

is approximately $2.40

The other method of extending the operational capability of the reactor is by
increasing the reliability of the system. The Upgraded SNAP 8 reactor fully
utilizes the SNAP 8 design approach to reliability by redundancy. The use of
redundant components allows a lower individual reliability goal while still achiev-
ing a high system reliability goal. In the SNAP 8 nuclear system, the redundant
component approach is possible largely by providing sufficient excess reactivity
to allow for failures and malfunctions of fuel elements and control drum drive

assemblies. Therefore, to a first-order approximation, the relative reliability
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Figure III-56. Core Pressure Drop

of operating the nuclear system at various design conditions can be determined

by the amount of excess reactivity available.
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For the SNAP 8 Reference Design, although the conservative design criteria
is not reactivity limited, the operational capability of the reactor is reactivity
limited. The three minor design changes in the modified SNAP 8 system of
increased length, number of fuel rods, and increased spacing between fuel rods,
results in a net increase of $6.10 in the reactor excess reactivity. With the in-
creased excess reactivity, the Upgraded SNAP 8 reactor's operational capability
is not reactivity limited under all applicable powers, outlet coolant temperatures
or operating lifetimes. Therefore, fuel elements and/or control drum drive
assemblies could fail without affecting the operational capability of the Upgraded
SNAP 8 reactor.

4. Parametric Study of Off-Design Performance

The Upgraded SNAP 8 reactor is designed to operate at 1200 kwt for 10,000 hr
with an outlet coolant temperature of 1300°F. This design point lies well within
the basic design criteria limits of the reactor. The following items act as limits

to the reactor performance:
a) excess reactivity,
b) fuel swelling,
c) fuel phase change,
d) fuel cladding creep, and
e) irradiation swelling of the beryllium reflector.

The performance of the Upgraded SNAP 8 reactor has been studied and com-
pared both with the conservative design criteria limits and the more realistic
operational limitations. These studies were performed over a range of reactor
power levels, outlet coolant temperatures and operating lifetimes. Some of the

results of these studies are provided in the following table:

Design Design Criteria Operational
Point Limit Limit
Power output for 10,000 hr 1.2 Mwt 1.5 Mwt 1,8 Mwt
at 1300°F
Power output for 10,000 hr - 1.0 Mwt 1.3 Mwt
at 1400°F
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Since the Upgraded SNAP 8 reactor is not reactivity limited, these power

levels would be attainable even though some failures occurred in the fuel ele-

ments and/or control drum drive assemblies.

a. Excess Reactivity

The ultimate operational limitation of the Upgraded SNAP 8 nuclear system
is excess reactivity. The reactivity lifetime is that time at which all excess
reactivity has been used. Failure of a fuel element by fuel swelling, phase
change or cladding creep would result in excessive hydrogen leakage from that
fuel element, which is a reactivity loss. However, due to the approximate
7-in. increase in fuel length and 30 additional fuel elements, the Upgraded
SNAP 8 core has a large amount of reactivity available. Figure III-57 illus-
trates that for the Upgraded SNAP 8 reactor operating at its design point of
1.2 Mwt and 1300°F outlet coolant temperature for 10,000 hr, the system uses

less than $8.00 of the $17.00 available.
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The principal reactivity requirements of the Upgraded SNAP 8 reactor are:

Figure III-57.

1) fission product poisons and fuel burnup,
2) temperature defect, and

3) hydrogen leakage out of the fuel elements.
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The reactivity losses were based on the reactor operating with the:
1) nominal core power fuel burnup and fission product buildup,
2) temperature defect corresponding to the hot channel fuel temperatures,

3) hydrogen loss out of the hot channel fuel element with the fuel tempera-

ture remaining constant during the reactor lifetime,

4) nominal NH, and

5) nominal control drum shim configuration.

These assumptions are the same as the SNAP 8 Reference Design except that
the nominal hydrogen concentration of the fuel (NH) was increased to 6.10, to
obtain the optimum phase change and cladding creep combination instead of
using the specification (6.05) of the Reference Design. As shown by Fig-
ure III-58, at 10,000 hr, the reactivity limitation of the nominally operating re-
actor exceeds all other design and operational limits. If it were not for other
limits, the reactor would have sufficient reactivity to operate at over 2.4 Mwt
with a 1400°F outlet coolant temperature for 10,000 hr. As shown by Fig-
ures III-59 and III-60, reactivity does not limit operation of the Upgraded
SNAP 8 reactor for 20,000 or 30,000-hr lifetimes.

b. Fuel Swelling

The fuel swelling of the Upgraded SNAP 8 reactor is based on the following

assumptions:
1) The fuel element is operating at the hot channel condition.
2) The location of the fuel corresponds to the peak burnup condition.

3) For the design criterion, no straining of the cladding is permitted
when the fuel is at ambient temperature with a homogenized hydrogen con-
centration, i.e., isothermal shutdown of the reactor near end-of-life.
For the operational limitation, it is conservatively assumed that a 5-mil

diametral strain of the cladding will result in failure.

4) The fuel temperature changes due to fuel swelling are decreasing the

hydrogen gap and reducing the thermal conductivity of the fuel.

The assumptions used in defining the fuel swelling limitations of the Upgraded

SNAP 8 reactor are identical to the assumptions of the SNAP 8 Reference Design
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except for one major difference and one minor difference. The major difference
is the much more realistic assumption that the fuel element temperature de-
creases as the gas gap shrinks due to fuel swelling instead of the extremely con-
servative assumption used in the Reference Design that there is no decrease in
fuel element temperature as the gas gap decreases during the reactor lifetime.
The minor difference is the change in the safety factor applied to the decrease
in fuel thermal conductivity due to burnup from the extremely conservative value

of 50 to a still conservative value of 10.

These two changes in the assumptions used to define the fuel swelling design
limitation are considered to be justified since the present fuel irradiation pro-
gram is generating experimental data which will decrease the uncertainty in the
fuel swelling behavior. The fuel swelling design limitation used in the Upgraded
SNAP 8 still maintains a considerable amount of the conservatism of the SNAP 8

Reference Design.

The fuel swelling operational limitation of the Upgraded SNAP 8 assumes
exactly the same conservative constraint as the SNAP 8 Reference Design. The
fuel swelling limitation is reached when the hot channel fuel element, having the

maximum reactor burnup, has strained the cladding 5 mils on the diameter.

Figure III-58 illustrates that fuel swelling is one of the limits of the operating
range of the 10,000 hr lifetime, Upgraded SNAP 8 reactor. Both the design
criterion andthe operational limitations are fuel swelling limited for high reactor
power operation to ~ 1.5 Mwt and 1.8 Mwt, respectively, for a 1300°F outlet
coolant temperature and 10,000 hr of operation. Figures III-59 and III-60 show
similar high power fuel swelling limitations for the Upgraded SNAP 8 operating
20,000 and 30,000 hr, respectively.

c. Phase Change and Cladding Creep

The limitations of phase change and cladding creep are interrelated. The fuel
phase change designcriteriais defined as operationuntil any part of the fuel element
(with the lowest fuel specificationhydrogen concentration (NH) operating in the hot
channel condition)loses sufficient hydrogen to just reach the 8-§ phase interface.
The cladding creep limitationis defined as operationuntil the hydrogendissociation
pressure (corresponding tothe highest fuel specificationhydrogenconcentration

operating in the hot channel condition) causes the cladding to creep in excess
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of the desired boundary. The nominal fuel hydrogen concentration was selected

so that the fuel would reach the B-§ interface when the cladding has reached the

creep limitation.

The analysis of cladding creep assumed a 9-mil cladding thickness and used
a 1.4 factor of safety on the imposed load. The static NaK pressure was in-
creased in order to counteract the higher hydrogen dissociation pressure caused
by the increased Ny operating with the same hot channel fuel temperatures. The
upper limit on the NaK static pressure was restricted to that value required to
just strain the hottest location of the core vessel 0.2% during the reactor life-
time. The core vessel stress also had a 1.4 factor of safety. A core vessel
thickness of 0.12 in. was estimated to be adequate to withstand the launch shock
and vibration requirements. The NH should not be increased above that corre-
sponding to the upper limit NaK pressure, because the reactivity loss due to in-
creasing the vessel thickness, necessary to maintain the 0.2% creep limit, ex-

ceeds the reactivity gain due to the increased NH.

The phase change design criterion and operational limitation are both assumed
to occur when the phase change occurs, as assumed with the SNAP 8 Reference
Design. The cladding creep design and operational limitations are also the
same as SNAP 8 Reference Design and are estimated to occur when the cladding

has undergone a creep of 0.2% and 1.0%, respectively.

Figure III-58 illustrates that cladding creep and phase change are one of the
limits of the operating range of the 10,000-hr lifetime Upgraded SNAP 8 reactor.
Both the design criteria and the operational limitations are cladding creep and
phase change limited for high outlet coolant temperature operation at approxi-
mately 1375 and 1415°F, respectively, for a 1.2 Mwt reactor power and 10,000 hr
of operation. Figures III-59 and III-60 show similar high outlet coolant tempera-
ture limitations for the Upgraded SNAP 8 operating for 20,000 and 30,000 hr,

respectively.

d. Beryllium Swelling (and core vessel creep)

Two additional interacting design criteria are the core vessel creep and the
beryllium swelling. The initial gap between the core vessel and the beryllium
reflectors must be large enough to insure clearance between the surface at all

times. The gap cannot be excessively large due to the decreased reflector

worth. The operational limitation is conservatively defined as equal to the
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design criteria. The design criteria restricts the core vessel lifetime creep to

0.2% due to NaK static pressure and limits the beryllium deflection to 30 mils

due to isotropic swelling.

The beryllium swelling configuration for the design criteria is assumed to

correspond to tapered small control drums which have:

a) the beryllium swelling along the entire drum length corresponding to
the point of maximum temperature and maximum integrated fast neutron

flux during the reactor lifetime,

b) the swelling occurring on the inside (near reactor) drum surface
which causes the reflector to buckle assuming that the ends of the reflector

are unrestrained, and
c) the beryllium deflection limited to 30 mils of the 45 mils available.

As shown by Figures III-58, III-59, and III-60, the beryllium swelling limitation
of the Upgraded SNAP 8 reactor operating for 10,000, 20,000, and 30,000 hr

does not limit the system operation.
5. Reliability

The Upgraded SNAP 8 reactor design utilizes the components and technology
developed for the Manrated and/or Reference Design SNAP 8 systems. The
basic approach for achieving high reliability through the use of redundancy is
maintained. In general, the system would be expected to achieve the same re-

liability. There are, however, two factors which will result in a significantly

higher system reliability.

The individual component reliability for the Upgraded SNAP 8 should be high-
er than that for the Manrated or Reference Design, due to the time lag between
the development of the two systems. Testing of the Reference Design or Man-
rated SNAP 8 system will uncover problem areas which will be corrected prior

to operation of the Upgraded SNAP 8 system.

The design changes which have been incorporated in the core design have re-
sulted in a greater increase in the excess reactivity than in the reactivity re-
quirements. This provides a greater surplus of excess reactivity which is
available to compensate for unexpected reactivity losses. The Upgraded SNAP 8,
therefore, has greater redundancy than the Reference or Manrated designs inthe
core and reflector assemblies.
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Although the Upgraded SNAP 8 reactor is designed to produce twice the power

of the Reference Design, nothing has been done to degrade the system reliability.

The overall system reliability has, in fact, been significantly improved.

J. ADVANCED ZrH REACTOR

1. Introduction and Description -

The Advanced ZrH reactor is a design which approaches the upper limit of
reactor performance which can be attained within the present state-of-the-art
U-ZrH, SNAP reactor technology. It is assumed that a rather complete rede-
sign of the reactor can be made but no additional extensive research and devel-
opment effort will be required. The Advanced ZrH reactor therefore repre-

sents the logical growth of the SNAP 8 system to higher power levels.

In order to increase the power density of the core, the fuel element diameter
has been decreased to 0.428 in. from the present 0.560 in. The total power out-
put of the reactor is further increased by increasing the overall core size. The
active fuel length is 27 in. and the diameter of the core is 12 in. These changes
provide a system capable of delivering 3 Mw of thermal power for 10,000 hr

with an outlet coolant temperature of 1300°F,

The reflector assembly is similar to those for the Manrated SNAP 8 and the
Upgraded SNAP 8 systems. The larger core diameter permits the installation

of eight rather than seven control drums.

Conceptual design studies have been performed which show the feasibility of

the Advanced ZrH reactor.

2. Design Point

Table III-22 lists the key design parameters of the Advanced ZrH nuclear

system.

3. Design Point Selection

The Advanced ZrH reactor is a major redesign of the SNAP 8 concept which
approaches the largest operational capability of a SNAP U-ZrH, system using
existing state-of-the-art research and technology. Four basic constraints are

imposed upon the design:
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a) the use of present SNAP 8 structural materials and U-Zer fuel
‘ (minor amounts of additive, for example a neutron poison, might be incor-

porated in the fuel)
b) the use of the rotating drum control technique (beryllium, if possible)
c) the use of NaK-78 as the coolant

d) the ability to scram and restart the reactor.

TABLE III-22
ADVANCED ZrH NUCLEAR SYSTEM

Power Level (kwt) 3000
Outlet Temperature (°F) 1300
Coolant Temperature Rise (°F) 200
Number of Elements 583
Element OD, (in.) 0.428
Maximum fuel temperature (°F) 1565
Prepoison Loading ($) ~3.00
Hydrogen Leakage (%/yr) 7.6
Barrier Material SCB
Core Length (in.) 27.0
Core ID (in.) 12
Reflector Thickness, Nominal 3.0
Shielded Diameter, Shoulder (in.) 24.0
Shoulder Height (in.) 33.0
Midplane Diameter (in.) 26.5
Midplane Height (in.) 18.5
Control Method Active
Controlled Reflector Elements 8
Reactor-Reflector Weight (1b) 2000
Nominal Lifetime (hr) 104
NaK Flowrate 224,000
NaK AP (psi) ~10
Fuel Element Cladding Hastelloy N
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The largest operational capability can be attained by designing the largest

controllable core size containing the most fuel elements operating at their
highest power density. The diameter of the core is limited primarily by control
drum worth. As the core diameter is increased, the radial neutron leakage

and the corresponding control drum worth is decreased.

The control drums must have enough worth at all times during the entire
design lifetime to compensate for the uncertainty in the fuel reactivity due to
manufacturing tolerances of the built~in poison, uranium and hydrogen concen-
trations; to shutdown and restart the reactor; and to offset the reactivity changes
due to the counteracting forces of prepoison burnout vs fuel burnout and hydrogen
loss. Based on an initial Advanced ZrH parameter study using an 0.40-in. fuel
element diameter, and a 3-in. reflector thickness, an indication of the permis-
sible nuclear design range was obtained (Figure III-61). The permissible design
range is approximately bounded by a keff of the core greater than 1.10 to pro-
vide adequate lifetime, and a total reflector worth greater than about 20% Ak/k
to permit adequate control during the reactor lifetime. The somewhat conserv- .
ative core diameter of 12 in. and an active core length of 27 in. were selected.
This produced a core which was nearly three times the volume of the SNAP 8
Reference Design. The core length-to-diameter ratio is slightly in excess of 2.
Previous design studies have shown this to be near the optimum ratio to mini-

mize shield weight.

To obtain the maximum power density within the core, it is desired to de-
crease the fuel rod to as small a diameter as possible. For the same power
generated per unit length of fuel, the radial temperature drop across the fuel
rod is independent of the rod diameter. Therefore, a smaller fuel element can
operate at the same maximum fuel temperature while increasing the number of

fuel rods and system power in the same core volume.

The minimum fuel rod diameter appears to be limited by manufacturing
techniques. It has been estimated that a 3/8-in. fuel rod is about the smallest
size which can be extruded, hydrided, and machined while maintaining the re-
quired straightness of less than 0.010 in. along the 27-in. length. Therefore, .
a near optimum fuel element configuration for the Advanced ZrH reactor appears
to be 583 fuel elements having a fuel rod diameter of 0.400 in. and an outside

diameter of 0.428 in.
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Figure III-61. Advanced Zirconium Hydride Reactor Nuclear
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A second order increase in the fuel power density is obtained due to the in-

crease in the heat transfer coefficient resulting from an increase in the spacing
between the fuel elements from 0.010 in. to 0.030 in. A 10% increase in the

heat transfer coefficient was conservatively assumed in the calculations.

4. Parametric Study of Off-Design Performance

The Advanced ZrH reactor is a major system redesign and some develop-
mental effort will be required. In the time required to design and develop the
Advanced ZrH, the research and developmental work being carried on by the
existing SNAP 8 Program should be able to significantly decrease the uncer-
tainties in material behavior and improve the hydrogen barrier performance.
This logical advance in the state-of-the-art is applied to liberalize some of the
more conservative assumptions used in the fuel swelling and cladding creep
limitations as well as for the hydrogen leak rate of the fuel elements. There-
fore, only these more realistic, but still conservative, design criteria areused

to indicate the system limitations of the advanced SNAP 8 reactor.

a. Excess Reactivity

Primarily due to the large core size, the Advanced ZrH reactor has a very
high effective multiplication. The large core diameter, however, also results
in a reduced total control drum worth., Under these conditions, effective utili-
zation of the reactivity potential will depend upon judicious use of burnable
poisons, If the burnable poison does not provide good compensation for the
normal reactivity losses, the reactivity requirements of the system will
approach the amount of control available. A large, unexpected reactivity loss
(failure of one or more control drives, for example) would then prevent the re-
actor from achieving the desired lifetime. Preliminary calculations indicate

that it will be possible to utilize most of the available excess reactivity.

For the system operating in its nominal hot channel condition, Figure III-62
illustrates that the Advanced ZrH reactor operating at its design point of 3 Mwt,
and 1300°F outlet coolant temperature for 10,000 hr uses up less than $11.00 of
the $25.00 available. .
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Figure II1-62. AZH Reactivity Requirements

The principal reactivity requirements of the Advanced ZrH reactor are:

1) fission products and fuel burnup,
2) temperature defect, and

3) hydrogen leakage out of the fuel elements.
The reactivity losses were based on the reactor operating with:
1) nominal core power fuel burnup and fission product buildup,
2) temperature defect corresponding to the hot channel fuel temperatures,

3) hydrogen loss out of the hot channel fuel element with the fuel tempera-
ture remaining constant during the reactor lifetime and the assumption that
the hydrogen leak rate per unit of surface area is approximately equal to the

value of presently manufactured fuel elements,
4) optimum Ny, and
5) nominal control drum shim configuration.

These assumptions are the same conservative ones as those used for the
Upgraded SNAP 8 design except for the more realistic hydrogen leak rate from
currently fabricated elements, which is 2 to 3 times better than the specifica-
tion value used previously in the discussion of the design limitations of the
SNAP 8 reactors. In addition, there has been an improvement in each produc-
tion batch of elements to date, i.e., the S8DS prototype elements had a lower
leak rate than the SSDRMI1 elements which had a lower leak rate than the S8ER

fuel elements. Hence, considering the scheduling time of an Advanced ZrH
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reactor, it appears realistic and still conservative that the hydrogen leak rate

per unit surfaceare for the Advanced ZrH reactor be assumed to be the same as

fuel elements currently being fabricated.

As shown by Figure III-63, the reactivity limitation of the normally operating
reactor exceeds all design limits for the reactor operating 10,000 hr. If the re-
actor materials could remain integral, the reactor would have sufficient reactiv-
ity to operate at over 8.4 Mwt with a 1400°F outlet coolant temperature for
10,000 hr. As shown by Figures III-64 and III-65, the reactivity does not limit
operation of the Advanced SNAP 8 system for 20,000- or 30,000-hr lifetimes.

b. Fuel Swelling

The fuel swelling of the Advanced ZrH reactor is based on the following
assumptions:

1) The fuel element is operating at the hot channel condition.
2) The location of the fuel corresponds to the peak burnup condition.

3) For the design criterion, it is conservatively assumed that a 5-mil
diametral strain of the cladding is permitted when the fuel is at ambient
temperature with a homogenized hydrogen concentration, i.e., shutdown of .

the reactor near end-of-life.

4) The fuel temperature changes due to fuel swelling decreasing the hy-

drogen gap and reducing the thermal conductivity of the fuel,

The assumptions used in defining the fuel swelling limitations of the Advanced
ZrH reactor are identical to the assumptions of the Upgraded SNAP 8 design
except for one major difference. The design criterion of the Upgraded SNAP 8
design used the conservative assumption that the fuel swelling limitation was
reached prior to straining the cladding, rather than allowing 5-mil diametral

strain as assumed for the Advanced ZrH reactor.

The decrease in conservatism of the fuel swelling design limitation relative
to the Upgraded SNAP 8 design limitation is assumed to be justified since the
present fuel irradiation program is generating experimental data which will de-
crease the uncertainty in the fuel swelling behavior. In addition, as discussed
in Section III-F-3-b(2), out-of-pile straining of the ceramic hydrogen barrier to

4 mils on the diameter showed no detrimental effects on the performance of the
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barrier. Hence, the relaxation of the conservative requirement, that no strain- ‘

ing of the cladding be allowed, appears to be reasonable.

Figure III-63 illustrates that fuel swelling is one of the limits of the operating
range of the 10,000-hr lifetime Advanced ZrH reactor. The fuel swelling limit
is reached at approximately 3.3 Mwt for a 1300°F outlet coolant temperature
and 10,000 hr of operation. Figures III-64 and III-65 show similar high power
fuel swelling limitations for the Advanced ZrH operating 20,000 and 30,000 hr,

respectively.

c. Phase Change and Cladding Creep

The limitations of phase change and cladding creep are interrelated. The
fuel phase change design criteria is defined as operation until any part of the
fuel element (with the lowest fuel specification hydrogen concentration operating
in the hot channel condition) loses sufficient hydrogen to just reach the 8-§ phase
interface. The cladding creep limitation is defined as operation until the hydro-
gen dissociation pressure (corresponding to the highest fuel specification hydro- -
gen concentration (NH) operating in the hot channel condition) causes the cladding
to creep in excess of 1.0%. Thenominal fuelhydrogen concentrationwas selected
so that the fuel would reach the B-§ interface when the cladding has reached the

creep limitation.

The analysis of cladding creep assumed a 9-mil cladding thickness and used
a 1.4 factor of safety on the imposed load. The static NaK pressure was in-
creased in order to counteract the higher hydrogen dissociation pressure caused
by the increased NH operating with the same hot channel fuel temperatures. The
upper limit on the NaK static pressure was restricted to that value required to
just strain the hottest location of the core vessel 0.2% during the reactor life-
time. The core vessel stress also had a 1.4 factor of safety. A core vessel
thickness of 0.25 in. was estimated to be adequate to withstand the launch shock
and vibration requirements, The NH should not be increased above this corre-
sponding upper limit NaK pressure because the reactivity loss due to increasing

the vessel thickness, necessary to maintain the 0.2% creep limit, exceeds the

reactivity gain due to the increased N,.

The phase change design criterion is assumed to occur when the phase change

occurs, as assumed with the Upgraded SNAP 8 design. The cladding creep

limitation is estimated to occur when the cladding has undergone creep of 1.0%
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instead of the 0.2% used in the Upgraded SNAP 8 criteria. The decrease in the
conservatism of the cladding creep limitation relative to the Upgraded SNAP 8
design criteria is felt to be justified since the present SNAP 8 fuel materials
research program will have experimental data which will decrease the uncer-
tainty in the cladding creep behavior. This data should permit the use of this

more realistic limitation.

Figure III-63 illustrates that cladding creep and phase change is one of the
limits of the operating range of the 10,000-hr lifetime Advanced ZrH reactor,
The design is cladding creep and phase change limited for high outlet coolant
temperature operation to approximately 1440°F for a 2.0 Mwt reactor power
and 10,000 hr of operation. Figures III-64 and III-65 show that cladding creep
and phase change is not limiting for the Advanced ZrH operating 20,000 and
30,000 hr, respectively.

d. Beryllium Swelling (and Core Vessel Creep)

Two additional interacting design criteria are the core vessel creep and the
beryllium swelling. The initial gap between the core vessel and the beryllium
reflectors must be large enough toensure clearance between the surfaces at all
times. The gap cannot be excessively large due to the decrease in reflector
worth., The design criteria restrict the core vessel lifetime creep to 0.2% due
to NaK static pressure and limit the beryllium deflection to 50 mils due to iso-

tropic swelling.

The beryllium swelling configuration for the design is assumed to correspond

to tapered control drums which have:

1) the beryllium swelling along the entire drum length corresponding to
the point of maximum temperature and maximum integrated fast neutron

flux during the reactor lifetime,

2) the swelling occurring on the inside (near reactor) drum surface which
causes the reflector to buckle assuming that the ends of the reflector are un-

restrained, and

3) the beryllium deflection limited to 50 mils of the 80 mils available.
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As shown by Figure III-63, the beryllium swelling limits the Advanced ZrH

reactor performance for operation above approximately 3.6 Mwt for the
10,000 hr of core lifetime. The 10,000-hr reactor lifetime beryllium swelling
limit can be increased by either recalculating the beryllium swelling for more

realistic assumptions or by actively cooling the beryllium reflectors.

As shown by Figures III-64 and III-65, the beryllium swelling limitation of
the Advanced ZrH reactor operating for 20,000 and 30,000 hr does not limit the

system operation.

e. High Temperature Operation

The Advanced ZrH reactor is capable of operation for 10,000 hr at 2.0 Mwt
with an outlet temperature of 1400 °F while maintaining about the same design
margins as at the design point of 3.0 Mwt, 1300°F (see Figure III-63), Some
development work, particularly of components external to the core, would be

required in order to realize this capability.

The effects of the higher temperature on the structural properties of the core -
materials have been included in the foregoing analyses, but some of the other
potential problem areas have not been investigated in detail. Some of the areas
which would require additional study prior to operation of the system at 1400°F

are:
1) NaK mass transfer
2) Bearing performance
3) Gear performance
4) Control drum drive motors
5) Mercury corrosion (if coupled to Hg-Rankine system).

Preliminary calculations indicate that there are no problems which would

limit the reactor operation to temperatures below 1400°F.
5. Reliability
The Advanced ZrH reactor design is based on the technology developed for

the SNAP 8 Reference Design system. In addition, many of the components

which have been developed may be used in the advanced system virtually
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unchanged. This state-of-the-art approach to the design should produce a sys-

tem reliability equal to or greater than that of the reference design.

The large surplus of excess reactivity above that required for operation can
provide a large amount of redundancy in the core and reflector systems. In
addition, the knowledge gained in the testing of previous SNAP 8 systems will
result in components for the advanced system which are more reliable thanthose

used on the earlier systems.

6. Potential Design Improvements

This section briefly describes various second generation improvements which

could be incorporated into SNAP reactor designs.

a. Thermal Bond

There is a large temperature drop across the hydrogen gap between the fuel
rod and the ceramic. If a good thermal bond could be obtained between the fuel
and the ceramic, the fuel heat generation rate, or reactor power, could be
essentially doubled without increasing the maximum fuel temperatures. An im-
proved thermal bond would then significantly improve the fuel swelling limita-
tion., However, the cladding creep and phase change (i.e., hydrogen leak rate)
limit would only improve by 10 to 20%. The only method for obtaining a good
thermal bond appears to be by using a liquid and a significant research effort

might be required to obtain a suitable material.

b. Fuel Coating

There is experimental evidence that the fuel rod reacts with the ceramic
coating, producing a higher hydrogen leak rate out of the fuel elements. SNAPS8
is presently developing a metallic coating which is applied to the fuel and has
demonstrated reductions in hydrogen leak rates of from a factor of 2 to 5 and
more. When the metallic coating has demonstrated an in-pile stability, this

technique will probably be incorporated in all SNAP 8 systems.

c. Improved Hydrogen Barrier

The SNAP 8 program is presently doing directed research to obtain a less
permeable and more durable hydrogen barrier. The present SNAP 8 ceramic
coating is a result of this effort. Improved hydrogen barriers have a potential

of decreasing the hydrogen leak rate by as much as a factor of 5.
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d. Yttrium Getter

Another method of decreasing the hydrogen loss from the reactor region is
by the use of an yttrium getter incorporated into the fuel element cladding. A
majority of the hydrogen which leaks out of the fuel element would be chemically
retained by the yttrium. This technique, presently being investigated by the
SNAP program, would reduce the system reactivity changes during the reactor

lifetime.

e. Self-Shielded Poisons

The use of burnable poisons in a self-shielded configuration, for example, a
cylindrical rod, could improve the burnout characteristics of the poison and pro-
vide a better compensation for the reactivity losses of the reactor. An analyti-

cal and developmental effort would be required.

f. Radial Power Shaping

The SNAP 8 reactors have a radial peak-to-average power distribution of
about 1.3. The radial power distribution could be flattened by about 20% using,
for example, a variable poison concentration radially within the core. Nearly
20% increase in reactor power level could be attained without increasing the fuel
temperatures. The manufacturing and selective loading of fuel elements with

varying amounts of poison would complicate the design.

g. Axial Power Shaping

The axial power distributions of the SNAP 8 cores are approximately chopped
cosines with a normalized peak power of 1.4. By axially shaping the power, the
fuel element temperatures can be made to approach a uniform value. A signifi-
cant developmental effort would be required to determine an acceptable method,

resulting in an approximate 20 to 30% increase in reactor power.

h. Segmented Fuel Rods

The reactor performance could be improved by use of isolated fuel segments
within the fuel element. These fuel segments could have varying hydrogen,
poison or uranium concentrations. The lower temperature sections of the fuel

near the core inlet could be operated at a higher performance level so that the
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different sections would all be operating near their design limits. A develop-

mental effort would be necessary to determine the required design changes. An

estimated 10 to 20% increase in core performance could probably be achieved,

i. Insured Pitch/Diameter

The fuel elements could be wire-wrapped to guarantee the spacing between
the fuel elements., This modification could increase the fuel and ceramic coat-
ing heat transfer coefficient, where elements presently might touch, to obtain
an estimated 5 to 10% increase in reactor power with the fuel temperatures re-
maining constant, The improved heat transfer coefficient would be obtained at
the expense of complicating the fuel manufacturing, inspection and reactor

assembly.

j. Sliding Control Drums

A possible method of reducing the reactor envelope, with a corresponding re-
duction in shield weight, involves the use of sliding control drums. This con-
trol method is presently being investigated. It presently appears most attractive

for static control systems, where the required life of sliding elements is short.
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IV. SHIELDING

A, INTRODUCTION

1. Mission Criteria

The design of nuclear radiation shields for SNAP reactors is intimately de-
pendent on the mission characteristics. At the present time, only the SNAP 10A
nuclear system has been committed toa flighttest program. Missions for the
SNAP 8 Reference Design, the only other SNAP nuclear system committed to
hardware delivery, have not been selected at this time. The other identifiable
SNAP nuclear systems are design concepts without specific assigned applications;
they are designed to accommodate any mission power requirement up to several

thermal megawatts.

This lack of definitive mission specifications has been bypassed, to some ex-
tent, by the establishment of general shield design guidelines. These working
criteria have been formulated by the AEC, NASA and Air Force, and are pri-
marily oriented toward unmanned applications of the SNAP nuclear systems.
Shield design efforts for unmanned spacecraft have not been restricted to these
guidelines, however. Investigations have also been made to examine the effect
on shield size and weight due to variations in the reference value of each system
parameter. Similar parameter studies have been performed for manned SNAP
missions. During the past year, a growing interest has been shown in manned
applications, particularly for the SNAP 8 reactor. These manned system con-
cepts cover a broader range of designs, from small cylindrical to large toroidal

space stations, and for lunar surface operations.

2. Shield Configuration

The shadow shield concept has been used almost exclusively in the guideline
studies on both unmanned and manned systems, since it results in a minimum
weight shield. This type of shield design is basically in the form of a frustrum
of a cone. The envelope of the shield is generally designed such that it protects
the payload from all potential sources of radiation. In addition to the core itself,
these sources include scattered radiation from the reflector assembly and other
reactor components. It appears that the shadow shield concept is applicable to
most space missions, so the bulk of this section is devoted to analysis and com-

parison of shadow shields.
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The advent of interest in manrated shield designs has also stimulated the in-
vestigation of 4-pi shield concepts. This type of shield is a wrap-around design
which affords radiation reduction in all, or nearly all, directions. The achieve-
ment of multidirectional attenuation of nuclear radiation may be desirable for
several reasons. Among these are the increase in flexibility permitted for space
rendezvous maneuvers and the attainment of radiation goals in situations where
the shadow shield concept becomes untenable, such as in applications of a SNAP
reactor mounted at the hub of a toroidal space station. The 4-pi shields gener-
ally carry a severe weight penalty with respect to shadow shields of comparable
attenuation. Considerations pertinent to the design of 4-pi shielded systems are

discussed in a separate subsection below.

3. Shield Design Methods

Analytical shielding studies for unmanned SNAP reactor applications have
been made primarily with the use of simple ray-tracing techniques. Examples
of the methods which have received wide use in these studies are GE's Shielding
Program No. 14-0 and Al's MORTIMER and SCAR Programs. These digital
computer codes have been very successful in treating the direct penetration and
scattered components of the total dose at the payload. Gratifying agreement

with Monte Carlo techniques and experimental results have been demonstrated.

Analytical shielding studies for manned SNAP reactor applications are con-
siderably more complex. This is a result of the increased reduction required
for gamma radiation and of the consequent increase in the importance of second-
ary gamma radiation. These secondary gamma sources are mainly due to neu-~
tron capture in the shield itself. The task of producing a minimum weight shield
requires a fairly accurate evaluation of these secondary gamma sources. This,
in turn, requires an accurate description of the neutron capture distribution in
the shield. Neutron transport theory programs, such as DTF-II, are among the
analytical techniques being used to supply this description. The need for more
sophisticated methods of gamma-ray analyses is also being evaluated. Current
efforts are being directed toward the feasibility of gamma-ray transport tech-
niques. In addition, shield weight optimization techniques are being programmed
for the digital computer. Subsequent to the conclusion of this study, the OPEX
code, which uses the method of steepest descent, has been released and has

been applied in a recent manrated shield design study.
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TABLE IV-1
COMPARISON OF SNAP REACTOR SHIELD WEIGHTS

SNAP Reactor Tgrtxtlz:'- Reactor Envelope Core Shield Weight>=<
Reactor Power P Shieldable| Shieldable Diameter {1b) Comments
Designation {(kwt) ature Diameter Height (in.)
(°F) . . * Unmanned | Manned
(in.) (in.)
10A 40 1000 18.0 14.75 8.8 330 34607 | See text for shield
design criteria
I110A/2 100 1200 18.4 14.75 8.8 356 3810T
UlCA/2 100 1300 19.3 14.75 8.8 374 3"-)80T
10B 100 1300 14.6 17.75 8.8 254 3410 Sliding reflector
concept
Advanced 325 1300 14.6 18.9 8.8 357 4070 Sliding reflector
10B concept
Reference 8 600 1300 27.6 22 9.4 945 6960 Drums-out shield
protection
Manrated 8 600 1300 19 23.5 9.4 560 5380 Drums-out shield
protection
Upgraded 8 1200 1300 21 30.0 10 735 6960 Drums-out shield
protection
Advanced 3000 1400 24 33.0 12 1100 9200 Drums-out shield
Zer protection

*See text for dose criteria
tBased on standard shieldable envelope; see text for transient considerations
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B. UNMANNED APPLICATIONS

Table IV-1 presents a comparison of unmanned shield weights for all SNAP
reactor design concepts under discussion in this report. These results are

based on the following set of shield design criteria:

dose plane diameter 5 ft

dose plane separation distance 30 ft

fast neutron dose 101! nvt/ yr
gamma ray dose 100 rads (C)yr

These ground rules were arbitrarily selected to provide a consistent basis
for this comparison. They are representative, however, of typical shielding

criteria guidelines which have been established for the SNAP nuclear systems.

The calculations of neutron shield thickness assume a fast neutron attenuation

coefficient of 0.150 cm=~1. This value is based on recent experimental investiga-

tions* of lithium hydride.

For this tabular comparison, a constant value of 25% is assumed for the
ratio of shield structure to lithium hydride weight. In practice, this weight
ratio is strongly dependent on such mission characteristics as vehicle launch

loads and micrometeoroid protection goals.

A summary of weight distributions in the shield designs presently associated
with SNAP 10A, Interim 10A/2 and SNAP 8 Reference Design is given in
Table IV-2. The higher structural weight fraction in the SNAP 8 shield is due
TABLE IV-2
SHIELD AND STRUCTURAL WEIGHTS

10A I10A/2 8RD
LiH wt (1b) 175 289 1162
Total Structure (1b) 42 67 374
Ratio, Structure/LiH 0.24 0.23 0.32

*S. G. Wogulis and K. L. Rooney, *‘Experimental Studies of Neutron Attenuation in Natural Lithium Hydride
Shields,”” NAA-SR-9264 (February 12, 1964)
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to higher loadings, and more stringent specifications on shock, vibration and

meteoroid protection. SNAP 10A and Interim 10A/2 have specifications which

are similar in these factors, and the structural fraction of their shields are

consequently similar.

A notable exception to the consistency of the tabulated unmanned shield weights
is the treatment of shieldable reactor envelope. Reference is made to the shield- -
able reactor radius. For reflector drum control, this radius is invariably de-
fined by the maximum radial distance from the reactor axis to any point on the
drum surface. Thus drum position must be considered. The shieldable radius
for all reflector drum control SNAP 10A and SNAP 10A/2 designs corresponds
to the drum position at the start of passive control.* The shieldable radius for
the SNAP 8 reactor versions (including the Advanced ZrH reactor, for conven-
ience of grouping) corresponds to the full-out drum position. The SNAP 10A/2
design criteria is based on the argument that while criticality can be achieved
with a drum stuck in the full-out position operation at rated conditions could be
maintained for only a few days. Consequently shielding protection should not ;
be extended to cover this no-go condition. The SNAP 8 reactor designs, on the
other hand, contain sufficient reactivity to compensate for various failures such
as a stuck control drum. The reference SNAP 8 reactor design, for example,
could operate at rated power and outlet coolant temperature for the design life
of 10,000 hr with one control drum stuck in the full-out position. Since these
systems can achieve their objectives under such a condition, the shields are de-
signed to protect against a drum in this position. The shield weight penalty for
this SNAP 8 design criteria can be estimated by selecting drum position at hot
criticality as an alternate basis for definition of shieldable reactor diameter.

For 3-drum and 6-drum control of the SNAP 8 Reference Design, the corre-
sponding weight penalties are 110 and 150 lb,Jr respectively, for the Table IV-1

design conditions.

*Valid only for unmanned applications. For manned applications, small scattering sources are important,
and the drum position at first attainment of power must be considered.

T For unmanned system shields
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Figures IV-1 through IV-4 represent the effects on shield size and weight due

to variations in the following system parameters:

System Parameter Parameter Range

Reactor power level 30 to 900 kwt
Dose plane diameter 5 to 100 ft
Reactor-dose plane separation 10 to 200 ft
Dose plane radiation levels

fast neutron dose 1010 o 1014 nvt/lO4 hr

gamma ray dose 105 to 108 rads(C)/104t hr
Reactor envelope

shieldable diameter 12 to 30 in.

shieldable height 15 to 40 in.

Figures IV-1, IV-2 and IV-3 present shield weight scaling factors correspond-
ing to each system parameter. * Figure IV-4, parts A and B show similar scal-
ing factors for maximum shield diameter and total shield thickness. The total
scaling factor in each case is simply the product of each of these individual scal-
ing factors. These scaling curves are intended primarily to illustrate trends,

and the relative importance of each system parameter on shield size and weight.

Graphical calculations based on these curves are accurate within about 20%.

C. MANNED APPLICATIONS

Table IV-1 also presents a comparison of manned shield weights for all SNAP
reactors under consideration in this report. These results are based on the

following set of shield design criteria:

dose plane diameter 40 ft
dose plane separation distance 100 ft
biological dose (RBE= 10, for

neutrons) 1 mrem/hr

"gallery" thickness 24 in.

*It should be noted that logarithmic scales are used in Figure IV-1 for the system parameters of dose plane
diameter, separation distance, and power, whereas linear scales are used in Figure IV-2 for the same
parameters. This accounts for the apparent reverse curvatures noted in these figures.
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Once again these are arbitrary criteria, selected to provide a consistent
basis for intercomparison. Many of the systems are not even being considered
for manned missions, but shield weights are included for the sake of complete-

ness.

The current conceptual designs of SNAP nuclear systems for manned applica-
tion have the following notable features:
1) reduction in reflector control drum diameter to reduce shieldable

reactor envelope and hence shield weight.

2) split shield design with '"gallery' between shield halves accommodating

power conversion devices which contain radioactive primary coolant.
3) primary coolant pipes coiling through top half of shield.
4) no shield penetration by control drum drive shafts.

The purpose of the gallery is to utilize the bottom shield half for double shield-
ing duty. With such an arrangement, this section of the shield provides attenua-
tion for gamma rays from the radioactive primary coolant (NaK) in the power
conversion components as well as for the radiation emerging from the top shield
section. Shield weight savings up to 33% have been found for typical shield

designs using this divided configuration.

The material arrangement for split shield designs is based on the following
considerations:
1) top neutron shield must be thick enough to prevent significant activation

of the secondary loop fluid (for Hg-Rankine power conversion system)

2) top neutron shield must be thick enough to prevent a disproportionate

amount of secondary gamma production in lower gamma shield

3) top gamma shield must not be so thick that emergent secondary gamma

rays produced therein are significantly higher than transmitted gamma radia-

tion incident on this shield

4) top gamma shield must not be so thick that total emergent gamma radia-

tion is significantly lower than activated NaK radiation incident on lower

gamma shield.

The analysis for manrated SNAP shields has assumed the selection of natural

lithium hydride and depleted uranium ( 0.22 wt% 235) as the shield materials.
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The use of LiéH instead of natural LiH is also being considered because it offers
an apparent weight reduction. The use of lead was not considered in the study
reported herein, mainly due to problems associated with its low melting temper-
ature. Investigations are being made on the feasibility of liquid lead contain-
ment, since subsequent analyses have indicated that this material can result

in reduced shield weight because of its lower secondary gamma production.

The use of two other promising gamma shield materials, tungsten and tungsten-
aggregate/lithium hydride, was the subject of a later analytical investigation.
This analyses was conducted using representative manned mission characteristics
and a shield weight optimization procedure based on the method of Lagrangian
Multipliers. The results of this subsequent study showed that depleted uranium
shields weighed less than those in which tungsten or tungsten-aggregate/LiH

were used.

The manned mission shield weights quoted in Table IV~1 should be considered
as preliminary estimates. More rigorous optimization procedures and more
advanced analysis of the secondary gamma sources are required before firm
shield weight estimates can be established. Optimization procedures involving
Lagrangian multipliers, the method of steepest descent, and dynamic program-
ming techniques are currently under development. A dual approach is being
made for the attainment of an accurate specification of secondary radiation
levels. Concurrent with a scheduled experimental program at the Shield Test
and Irradiation Reactor facility, improvements are being made in the analytical
shielding capabilities of the available calculational tools. The shield test pro-
gram is oriented toward simple, clean experiments to provide a comparison with
analytical predictions. Alternate slabs in varying thicknesses of lithium hydride
and heavy element materials will be investigated using a collimated detector.
Extension of the accuracy in the analytical techniques is being made by improve-
ments in the convergence technique and cross section library for the DTF code
(Fortran version of the Los Alamos DTK neutron transport program). The high
energy group structure is being expanded and anisotropic scattering provisions

are being incorporated in the DTF library for all elements.

Figures IV-5, IV-6 and IV-7 represent the effects on manned shield weight

due to variations in the following system parameters: .
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System Parameter

Reactor power level

Dose plane diameter

Reactor-dose plane separation

Dose plane radiation level

Gallery height

Reactor core diameter

Reactor envelope

shieldable diameter

shieldable height

A

Parameter Range

100 to 1200 kwt

10 to 150 ft

50 to 500 ft

0.5 t020.0 mrem/hr
0 to 24 in.

9 to 12 in.

12 to 28 in.
14 to 40 in.

The shield weight scaling factors presented in these figures are again intended

to illustrate trends, and the relative importance of each system parameter on

shield weight.
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D. SPECIAL CONSIDERATIONS FOR 4-Pi SHIELDING

In general, most SNAP shielding requirements can be met by a shadow shield
which provides a fairly narrow shielded cone, and which does not encompass
the reactor on its sides or top. In some cases, mission geometry may prohibit
this solution. In other cases, it may prove desirable to develop information
on the benefits and disadvantages of system design tradeoffs in which directional
shielding properties are a parameter. Consequently, substantial interest
exists in determining preliminary designs for large-angle shields, and in demon-

strating a capability for performing valid design optimizations.

1. Requirements

Requirements for 4-pi or partial wrap-around shields mayarise fromseveral
sources. Without wrap-around shielding, rendezvous with a space station re-
quires that the envelope of approach paths for the shuttle craft coincide, for the
most part, with the narrow shielded cone. In those cases where the approach
envelope is not more stringently limited by other considerations, inclusion of
a large-angle shield permits more flexibility in the docking maneuver and a

higher radiation dose safety factor.

For certain space station geometries, i.e., a yaw spinning dumbbell config-
uration where despin for rendezvous is otherwise prohibited, 4-pi shielding is

almost certainly the only alternative to temporary reactor shutdown.

Rendezvous with a spinning toroidal or Y-type space station imposes no ad-
ditional shield requirements if the reactor is located at the hub, since approach
will probably be limited to a particular hemisphere by gross mechanical con-
siderations. Station operational considerations will already have imposed a
shield angle of somewhat greater than 2 pi in this case. For Y-type stations
where the reactor is located at the end of one leg, operational considerations do
permit a shadow shielding approach. Additional shield is then required for

rendezvous.

3

Another category where wrap-around shielding is required is the lunar or
planetary surface installation, where backscatter and territorial accessibility

considerations prohibit a shadow shield approach.

*See AI-8576, *‘Study of SNAP Power Systems in the Lunar Environment,”’ work performed under NASA
Contract NAS-3-2530.
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2. Reactor Design Interactions

Large-angle and wrap-around shields produce numerous system interactions.
Besides those mission interactions implied in the preceding section, there are
also a number of important interactions between the shield and the reactor de-

sign and performance.

One of the most significant interactions is the change in thermal environment
imposed by closely surrounding the reactor/reflector by the shield. This can
create heat balance and auxiliary cooling problems in both reactor (see Section
III-F -3) and the shield. Preliminary calculations in a few specific cases have
shown that these problems are subject to fairly straightforward treatment. Ma-

terial substitution (e.g. BeO for metallic Be) may be desirable in some cases.

A second important area of interaction is the influence of reactor envelope
dimensions on total system weight. For a fixed attenuation factor, adding a
small increment to the required cavity dimension results in the addition of a
similar radial increment to the outside of the entire shield. With manrated

systems having large attenuations, this may constitute a large weight penalty.

A close fitting wrap-around shield also has an influence on the neutron econ-
omy of the reactor, in that it constitutes an additional neutron reflecting me-
dium., The principal effects are to increase the overall system reactivity, and
to reduce the amount of reactivity variation available in neutron leakage control
systems of the SNAP type. Ground testing of SNAP systems has been success-
fully conducted in similar reflecting environments (concrete-walled pits), and
preliminary quantitative evaluations of the ''vault effect' have been performed
experimentally. Additional nuclear experiments will be conducted to verify

and improve present analytical treatments of this effect,

3. 4-Pi Shield Design

In general, the design of a 4-pi and other large-angle shields is subject to
straightforward application of the same techniques and analytical tools used in
shadow shield design. Insome cases (e.g. anisotropic attenuation patterns)sec-

ond order effects maybecome important, and must be recognized and dealt with.

When a requirementfor 4-pi shielding exists, it is usually in conjunction with

a manrated systemwhere large shield attenuations are necessary. Thisfactor,
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in combination with the physically wider extent of shield, makes 4-pi shields ex-
tremely heavy in comparison to unmanned shadow shields. With a 4-pi shield
constituting a major fractionof the entire system weight, small variations in mis-
sion and systemdesigncan become very important in determining overall system
weight, The importance of mission and systemdetails is indeed so great that it
is not presently possible to give general parametric analyses of 4-pi shield de-

signs which are both meaningful and valid.

Conceptual designs of 4-pi shields have been performed for a number of spe-
cific application conditions. Shielding of a SNAP 8 lunar base reactor, both by
burial in the lunar surface and by means of an earth fabricated 4-pi shield, has
been analyzed.* In the latter case, shield weights in excess of 15,000 1b were

calculated for some sets of mission and system conditions.

Modified 4-pi shielding of a reactor installed in a Y-type space station has also
been studied. This reactor/shield design was intended for installation at the
outer end of one of the station ''legs, ' and was illustrated in Figure III-54. The
shield provides an anisotropic attenuation pattern such that, with the reactor
operating at 600 kw (thermal), the dose rate in the primary occupancy direction is
2 mrem/hr. This dose rate prevails over a 25-ft diameter reference plane lo-
cated 40 ft from the reactor. Design criteria also require that dose rates in all
directions outside the primary occupancy cone be simultaneously limited to a

maximum of 100 rem/hr at a distance of 100 ft,

The total weight of the shield is 35,750 1b, of which approximately 26% is allo-
cated to structural functions. The design is preliminary in nature, and has not

been demonstrated to be optimum for the system criteria specified.

It is interesting to note the second order effect in the primary occupancy di-
rection imposed by the presence of that portion of the shield which surrounds the
reactor on top and sides. This '"cap'' has a total weight of only 5500 1b, Since it
is a source of secondary and scattered radiation, however, the diameter of the
main portion of the shield must be increased substantially to maintain the re-
quired primary occupancy dose rate. A shadow shield having equivalent attenu-
ation in the primary occupancy direction would weigh about 14,000 1b, less than
40% of the weight of the 4-pi shield described, and a total weight savings of over
21,000 1b. The ''second order effect,'" in this example, amounts to over 16,000 1b.
This observation emphasizes the importance of carefully considering system and

mission details in the design of 4-pi shielding.

* . .Q
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