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1. SUMMARY

Pebble-bed reactors have advantages associated with the simplicity

cf the fuel element, ease of fuel handling, suitability for high-tempera-

. ture operation, and good neutron economy. In common With other all-ceramic

reactors not having purged fuel elements, they suffer the disadvantage
that some fission-product activity will enter the coolant system. The
Pebble-Bed Reactor Experiment (PBRE) will advance the pebble-bed conceps
by providing a test of these features and will make important contributions
to the general development of all-ceramic gas-cooled reactors as well.

To this end the following objectives were established for the reactor ex-
periment: (1) to investigate key features of the pebble-bed. concept,
including on-stream fuel handling, movement of fuel through bed, and per-

formance of core; (2) to obtain operation and maintenance experience with

- a system contaminated with fission-product activity; and (3) to -investi-

gate the behavior of graphite fuel elements. A fourth objective, study
of the behavior of core materials at conditions occurring with exit gas
temperatures in the range 2000 to 2500°F, was tentaﬁivcly included.

The preliminary design of a 5-Mw (thermal) reactor for achieving
these objectives has been prepared. The core of the PBRE is a 2 l/2uft~
diam, 4-ft-tall cylinder containing approximately 12 000 spherical graph-
ite fuel elements 1 1/2 in. in diameter. Fuel spheres are added to and
removed from the core by gravity flow,Aand these operations are performed
while the reactor is at power by using pairs of valves for passage of

elements into and out of the high-pressure system. Exposed fuel can be

. recycled to the top of the core.

Helium coolant at 500 psia enters the bottom of the core at 550°F
and emerges from the top at 1250°F. Concentric ducting connects the re-
actor to a single heat exchanger, which is located sufficiently high
above the core that natural circula%ion will suffice to remove afterheat
in the event the blower ceases to function. The coolant flow path is
such that the entire pressure envelope is swept with helium at the tem-

perature at which it emerges from the heat exchanger.




Provision for semiremote maintenance of contaminated components is
emphasized in the layout, and most of the equipment in the primary and
auxiliary systems is accessible from above by the removal of modular
shielding units. The design permits replacement of the entire core
graphite structure. The reactor can be adapted for testing core mate-
rials at high temperature by attemperation of the hot helium emerging
from the core with cool gas in a plenum in the upper graphite structure.

Location of the PBRE at the site of the HRE-2 facility is proposed
to take advantage of available buildings and services, but the reactor
and auxiliary equipment will be contained in a completely new vessel lo-
cated adjacent to the existing building. The design and direct construc-
tion cost of the reactor plant is estimated to be $7,958,000; allowance
for contingencies, overhead, and escalation brings the total to $12,260,000.
High-temperature operation can be acbieved when desired for an additional

expenditure of less than $500,000.
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2. INTRODUCTION

The pebble-bed reactor concept is an old one, having been among the
proposals considered for the Daniels Pile in 1945.! Little attention
was devoted to it, however, until five years ago when the Sanderson &
Porter Company, with AEC support, began to investigate the design and
development of pebble-bed reactors. Most of their effort was devoted to
the study of fuel-handling problems and to development of a fuel for the
reactor, with, in particular, the aid of the Battelle Memorial Institute.

In Germany, a combine of the Brown-Boveri Company and Krupp began
actively in 1956 to develop a pebble-bed reactor and to plan for its
construction.? A 15-Mw (electrical) reactor has been designed, and its
construction in Germany began recently. The BBC-Krupp reactor will un-
doubtedly make maJjor contributions to the development of the pebble-bed.
concept.

The Oak Ridge National Laboratory was requested by the Atomic Energy
Commission in the fall of 1960 to perform design studies of both an ex-
perimental reactor and a large power reactor based on the pebble-bed con-
.cept. Results of these studies are presented in refs. 3 and 4. Further
studies of a pebble-bed reactor experiment were initiated at ORNL in
July 1961, and this report contains a preliminary description of the
design which has emerged. It also presents an estimate of the construc-
tion cost of such a reactor, a proposed schedule for design and construc-
tion, and a discussion of the research and development effort which it '

is believed should accompany the design program.

lF.-Daniels, High Temperature Pebble Pile (Minutes of lecture on
April 14, 1945), CF-2860(5), May 31, 1945.

~
=z 2p, Schulten, The Development of High Temperature Reactors, pp. 10926,
Franklin Institute Monograph No. 7, May 1960.

’A. P. Fraas et al., Preliminary Design of a 10-Mw(t) Pebble-Bed
Reactor Experiment, CF 60-10-63 rev. (May 8, 1961).

“A. P. Fraas et al., Design Study of a Pebble-Bed Reactor Power
Plant, CF 60-12-5 rev. (May 11, 1961).



Features of the Pebble-Bed Reactor

The unique feature of the pebble-bed reactor concept is the forma-
tion of the core from a bed of randomly packed spherical fuel elements.
Graphite is used as the primary sphere material; the fissile and fertile
material are refractory compounds of low cross-section elements, - and ‘
helium is the coolant. As presently conceived, a pebble-bed reactor has
the following features:

1. A simple fuel element. There is hope that the simple geomentry

of the fuel without close tolefances will result in relatively low fab-
rication costs.

2. FEase of fuel handling. Fuel spheres are added at the top of

the core and discharged at the bottom by gravity flow. These operations
are performed while the reactor is at power by utilizihg a series of
valves for passage of elements into and out of the high-pressure system.
This simple at-power refueling concept makes an equilibrium fuel cycle
quite practical. In addition, provision of multiple fuel removal and
addition points in a large reactor would make 1t possible to shift fuel
radially, as well as transfer it from the bottom to the top of the core.
The simplicity of the fuel-handling system suggests that a relatively
small capital investment in equipment will be required to provide for on-
stream refueling.

3. High-temperature operation. Fuel elements of refractory materials

prermit operation at high temperatures. This basic advantage of refractory
materials is not compromised by requirements of structural properties or
close tolerances; for example, a bed of spheres which is not restrained

at the top expands upward to accommodate thermal volume increases, the
load on individual spheres from the weight of the bed is small, and exact
fuel element dimensions are not necessary.

4. Good neutron economy. The absence of metal cladding and struc-

tural materials in the core reduces the loss of neutrons by parasitic
absorptions and thus permits operation with good neutron economy.

5. Activity in coolant. There has been no demonstration to date

of an all-ceramic fuel element that completely retains fission products

a
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when operated at the temperatures and burnups of interest for power re-
actors. Although this does not imply that a high degrée of fission-
product retention will not be achieved, the assumption must be made that
a smail but significant amount of activity will enter the coolant and
deposit on surfaces in the reactor system. Hence the pebble-bed reactor,
in common with other ceramic-core reactors which provide no purge for

the fuel elements, must be considered a contaminated system. The activity
level, while far below that of a fluid fuel reactor, may be enough higher
than that of gas-cooled reactors with metal-clad fuel elements to dictate
different requirements for leaktightness and to necessitate special pro-
visions for decontamination and maintenance.

6. Randomness of coolant flow and temperature distribution. The

random variation in void fraction associated with an unordered sphere
arrangement results in local variations in coolant velocity. As a con-
sequence, temperature distribution in the core is somewhat statistical

in nature, although the extremes of temperature are limited.

hiectives of the Reactor Experiment

The construction and operation of a reactor experiment will advance
the pebble-bed concept by providing an integrated test of its key fea-
tures. Important contributions to the general development‘of high-tem-
perature all-ceramic systems will be made as well. To these ends the
following objectives were established as a basis for the PBRE design:

1. +to investigate in an operating reactor the key technical features of
the concept, such as the performance of a nuclearly heated ball bed,
operation of an on-stream fuel-handling system, and mbvement of fuel
through the bed; .

2. to gain experience in the operation and maintenance of reactors in

which a small but significant fraction of the fission products escapes

from the fuel and passes into the coolant system; and

to obtain information at power reactor conditions on the behavior of

graphite fuel elements, with particular emphasis on the characteristics

of dispersion elements containing coated fuel particles.
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The first objective encompasses those factors which are unigue to
the pebble-bed concept. Although valuable information can be obtained
from out-of~pile and in-pile experiments, many aspects of these features
can only be investigated by actual operétion 6f a reactor.

The second objective is intended to answer questions of interest
to all gas-cooled reactor concepts in which activity is expected to enter
the coolant system. PFPrismatic fuel elements, such as those for Dragon
and HTGR, can be purged to keep the level of activity in the coolant cir-
cuit low. This is achieved in present designs, however, at the expense
of constructing a more expensive fuel element and providing an elaborate
fission-product cleanup system for the purge stream, and at the penaity
of increased thermal resistance between fuel and coolant, resulting in
higher fuel temperatures. These disadvantages could be avoided with
prismatic as well as spherical fuel elements by using a fuel that retains
most of the fission products and permitting the activity which does escape
to enter the coolant. A coolant purification system would still be pro-
vided to reduce the activity level, but acceptance of the presence of
some activity greatly reduces the demands on the cleanup system and re-
sults in an appreciable simplification. The question of how much penalty
will be paid in operating and maintaining a contaminated system will
only be answered by operation of a reactor. Since it seems unlikely that
a full-scale power plant will be built or an existing reactor deliberately
operated as a test of a contaminated system, a major function is to be
served by an experimental reactor that will provide this information.

The third objective, of course, relates most directly to pebble-bed
reactor fuel elements. Statistically significant. data on the behavior of
coated particles or other means for retaining fission products will, how-
ever, be.of value to reactors with different fuel geometries.

It is to be noted that the objectives of the Pebble-Bed Reactor Ex-
periment do not include its being designed as a prototype of a large
power reactor, other than with regard to the features mentioned above.
This omission is deliberate, since the factors included are considered

to represent sufficient motives for the'experiment, and attempting to
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serve too many purposes with one reactor would increase the difficulty

and the cost of achieving the primary objectives.

Flexibility Provided By Replaceable Core Design

As discussed later in detail, the possibility of damage to the graph-
ite reflector by radiation shrinkage or oxidation is of sufficient concern

that provision has been made in the design for removal and replacement of

'the entire graphite structure. If the graphite structure is replaceable,

it should be possible to substitute a core with a geometry appropriate for
testing fuel elements of a different type. It may be of interest in pars
ticular to test prismatic graphite fuel elements, and provision for such
a test seems quite feasible. Insertion of a BeO core in place of one of.

graphite may also be possible.

Applications of High-Temperature Energy

The possible applications of high-temperature energy are of sufficient
interest that a tentative fourth objective for the PBRE appears, that is,
the generation of helium temperatures in the range 2000°F and above. The
temperature levels of gas-coocled reactors have been increasing rapidly in
recent years, and the Dragon and HTGR will have outlet gas temperatures in
the 1350 to 1400°F range. The goal of producing steam conditions comparable
to the most modern of conventional power plants will thus soon be achieved.

There is interest in still higher temperature levels, however, for
direct-cycle gas turbines and for process heat; in fact, the motivation
for much of the early interest was the potential use of pebble-bed re-
actors as energy sources for direct-cycle gas turbines. Development of
the metallurgy of refractory metals, notably molybdenum, which offer prom-
ise of machines that will operate’at temperatures well beyond present levels
has renewed interest in gas turbines coupled to reactors for central station
use. One possible arrangement is the use of a high-temperature gas tur-
bine in a topping cycle preceding a'heat exchanger in which steam .at con- .

ventional conditions would be produced; with this scheme high efficiencies



could be achieved with only conventional materials required beyond the
gas turbine. The feasibility of maintaining a turbine which has been ex-
posed to fission-product-laden gas, of course, 1s a major question.

Use of nuclear energy in the synthesis df gas from coal’ appeared
sufficiently promising in 1955 that a joint AEC-Department of Interior
project was established at the Morgantown Research Center of the Bureau
of Mines to investigate the problems and to test and develop components
for a coal-gasification system heated by a nuclear reactor. The Morgantown
program includes operation of a loop in which an induction-heated bed
of graphite spheres is used to simulate a reactor; uninterrupted operation
of this loop with an outlet gas temperature of 2500°F has been sustained
in a run of over 1000 hr.® A gasifier in which a steam-coal mixture will
be heated with hot helium is presently being constructed for installation
in the loop. '

An application that may be economically more attractive than coal
gasification, at least in the near future, is the production of hydrogen
by the reforming of methane, other hydrocarbons, or coal. It has been
stated” that nuclear energy for this process could cost over $1 per million
Btu's and still be competitive with conventional processes for the pro-
duction of hydrogen.

Nuclear reactors are said® to have two advantages for these applica-
tions: (1) there are no stack losses and (2) reactor pressures are com-
parable to those at which the products of coal gasification or hydrogen
production systems are used and at which conditions for their production
are favorable. The latter feature permits balancing of pressures across
a high-temperature heat exchanger (to reduce stresses) without additional

pumping costs. In both of the applications mentioned the gas temperatures

°R. Carson Dalzell and J. P. McGee, Indirect Cycle Nuclear Reactor
System to Furnish Process Heat, pp. 111-18 in Chemical Engineering Progress
Symposium Series, Vol. 55, No. 22, 1959. '

®N. H. Coates, J. P. McGee, and G. E. Fasching, Simulated Nuclear
Reactor System for High-Temperature Process Heat: 1000-Hour Demonstra- .
tion Run at 2500°F, RI-5886, 1961. '

7J. P. McGee, High-Temperature Systems for Nuclear Process Heat,
IC 7954, 1960.



of interest are in the 2000 to 2500°F range. As with a gas turbine, the
most favorable economics might result from following the process heat
reactor with a heat exchanger in which steam for a conventional power
cycle is generated.

With the reactor described in this report it would be considered
sufficient to prodﬁce high-temperature gas as a tesfiof core materials.
This objective would be accomplished even if the hot gas were attemperated

with cold gas at the core exit without being conducted elsewhere.



3. REACTOR DESIGN

System Design

The PBRE plant design is governed by the basic requirement that it
provide a system for studying (1) the behavior of pebble-bed fuel ele-
ments, (2) the performance of the fuel-handling system, and (3) the prob-
lems associated Vith the operation and maintenance of a system contaminated
with fission products. The design conditions for the system selected to
catisfy these obJjectives are given in Table 3.1 and the over-all arrange-

ment is illustrated in Figs. 3.1 and 3.2.

General Arrangement

Initial decisions that flow of coolant through the core would be up-
ﬁard and that the upper surface of the ball bed would not be mechanically
restrained strongly influenced the dzsign of the reactor. Upward flow of
coolant avoids problems associated with having high-temperature gas pass
through the core structural support system. In zdditicn, lesgs over-all
height is required to provide for natural-circulation cooling of an upflow
core; natural-circulation (by thermal convection) is desirable for removal
of core afterheat in case of a primary loop blower failure.

Lack of a hold-down device at the top of the core creates restrictions
on the core design because of the possibility of levitation of the fuel
spheres.. A restraining structure would, however, complicate the addition
of fuel and, further, would require special provisions to allow for ex-
pansion of the ball bed. These problems were avoided by leaving the core
'unréstrained.

As may be seen in Fig. 3.3, helium emerging from the top of the core
passes through the center of concentric ducts td a steam generator located
in a separate shielded compartment. After being cooled, the helium is con-
ducted to a single, separately mounted blower from which it returns tarough
the steam generator and through the outer of the concentric ducts to the
reactor ‘vessel. '

Fuel is charged at the top of tae vessel and is discharged at the

bottom to a separate inert-gas-filled compartment desigrned for the required
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Table 3.1. Principal Performance and Dimensional Data
for the PBRE Design

Power generation

Design thermal output, Mw 5
Levitation-limited thermal output,a Mw 6.2
Design power density of bed, w/cm? 9

Core dimensions and characteristics

Diameter, ft ‘ 2.5
Height, ft ‘ 4
Inlet face area, ftz_ : 4.9
Volume, ft3 19.6
Average void fraction 0.39
Number of fuel spheres 11 700
Total weight of fuel spheres, 1b 1 300
Total heat transfer area, ft?2 574
Diameter of core plus reflector, ft 8.5
Height of core plus reflector, f< 10.0 '
Initial fissionable inventory, kg of U23> i7,2
Rate of bed temperature rise at 5 Mw (no 565
coolant flow), °F/min ‘
Weight of graphite, 1b 57 000
Number of control rods 4

Fuel element characteristics

Sphere outside diameter, in. ' 1.5
Sphere surface-to-volume ratio, ft2/ft3 48
Sphere composition, wt %
U233 2.91
238 | 0.21
Thorium 1.88
Carbon 95.00

aBased on a coolant inlet temperature of 550°F and outlet tempera-
ture of 1250°F.
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Table 3.1. (Continued)

Initial specific power in»cbre, kw/kg 3. 000
of U233 .
Average fuel element burnup, Mwd/ton 130 000

(U + Th)
Fissions per initial U + Th, at. % 13.9
Average heat flux, Btu/hr'ft2 29 700
Volumetric average fuel temperature, °F 1 090
Maximum sphere surface temperature, °F <1 900

Average internal temperature drop (uniformly 120
fueled sphere), °F

Stress-limited power densityfnw/cm3 of bed 45

Coolant characteristics

Gas ' ) Helium
Pressure, psia ' ' 500
Inlet temperature, °F .+ '550
Outlet temperature (mean), °F 1 250
Flow rate through bed, 1b/hr 19 500
Superficial mass velocity, lb/ft2-hr 3 970
Circuilt pressure drop, psia 2.7
Core pressure drop, psia 0.83
Recirculation time, sec ' 14.5
Average core heat transfer coefficient, 200

Btu/hr: ft2.°F

Coolant blower (one)

Type One stage, centrifugal,
gas bearing

Drive Variable-speed electric
motor

Motor drive power, hp 100

bFor uniformly fueled sphere and 1500-psi stfess, k=28 Btu/hr'°F'ft,
and the void fraction is 0.39. '
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Table 3.1. (Continued)

Pressure vessel

Shape _ Cylinder with torispheri-
cal heads

Outside diameter, ft 9.5

Height, ft ' 20

Thickness, in. 2.5

Material ) A 212, grade B, steel

Design pressure, psig o 625

Design membrane stress, psi 17 500

Maximum design temperature, °F 650

Total weight, including contents, 1lb 145 000

Steam generator (one) and emergency cooler

Type Saturated steam, natural
recirculation
Capacity .
Steam generator, Mw 6.2
Emergency.cooler, Mw ‘ 0.2

‘Heat transfer area

Steam generator, ft? 620

Emergency cooler, ft2 85
Gas pressure drop (max), psi 1
Gas-side film coefficient, Btu/hr-ft°:°F 160
Over-all heat transfer coefficient, 130

Btu/hr.ft2:°F

Tube (steam) side conditions

Operating pressure, psia 600
Design pressure, psig . 750
Operating temperature, °F 486
Design temperature, °F 600
Shell (gas) side conditions
Operating pressure, psia 500
Design pressure, psig . 625
Operating temperature, °F 550

Design temperature, °F 650
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fuel-handling, classification, and storage operations. Fuel elements
‘can be added and removed while the reactor is at power, and normal fuel-
handling operations can be performed from outside the containment vessel.
The experimental nature of the reactor dictates that certain com-
ponents be accessible for periodic maintenance and replacement operations.
Accordingly, the design provides for (1) maintenance and replacement of
the blower, steam generator, and fuel-handling system, as well as all of
the auxiliary system components, (2) replacement of the reactor graphite,
and (3) maintenance and replacement of control rods and drives. The ser;
vice machine located below the reactor is utilized for replacement of
control-rod-drive subassemblies and the fuel-discharge and inspection
assembly. Most other maintenance operations can be performed using semi-

remote techniques.

Selection of Design Conditions

A thermal power of 5 Mw was selected as adequate to meet the objectives
of the experiment while minimizing the capital investment. Core dimensions
appropriate'for this power represent sufficient multiples cof the fuel di-
ameter to allow adequate reproduction of the ball-bed behavior in a power
reactor. ' V

Reactor inlet and outlet temperatures were established as 550 and
1250°F, respectiveiy, primarily from materials and steam-cycle considera-
tions. Outlet gas temperatures of 1250 to 1400°F, although sufficiently
high for cycle efficiencies comparable with those of advanced conventional
power plants, do not introduce new materials problems. The lower end of
this range was selected for the design point because, with an unrestrained
up-flow core, the levitation restriction is more severe with a smaller
" temperature rise across the core; the reactor can, however, be operated
with outlet gas temperatures up to about 1400°F. An inlet gas tempera-
ture of 550°F results in favorable power plant efficiency but is low
enough to permit use of mild steel as the pressure envelope material.

High pressures (with high gas densities) are desirable for pebble-
bed reactors, since they permit greater power densities within the levita-

tion limit; an operating pressure of 500 psia: was therefore chosen for



e

the PBRE. The pressure selected represents an extension from the levels
of the present generation of gas-coocled reactors, but is not so high that
it will present unusual design problems or add excessively to the con-

struction cost.

Reactor Core and Graphite Structure

The core contains 11 700 spherical fuel elements 1 1/2 in. in di-
ameter in a 2.5-ft-diam 4.0-ft-high volume surrounded by a graphite re-
flector. Selection of the core dimensions and fuel element size is dis-
cussed in Section 4, and the design data are summarized in Table 3.1.

The minimum reflector thickness has been made 3.0 ft to protect the
pressure vessel from radiation damage by fast neutrons. This results in
a cylindrical graphite structure with an outside diameter of 8.5 ft and
a height of 10 ft (see Fig. 3.3). Eorated graphite is used for the outer
4 in. of the cylinder to reduce the current of thermal neutrons into the
pressure vessel; the factors which make this desirable are discussed in
Section 6 and the properties of borated graphite are reviewed in Section
10, Four 4-in.-diam control-rocd chennels having centers on a 40-in. circle
penetrate the reflector parallel to the core axis.

The graphite regions immediately above and below the fuel cavity are
designed with passages for coolant flow through the bed. Openings for

the fuel addition and removal equiprent are also provided in these re-

~
~

gions, and the lower surface of the bed is shaped to ensure free flow of
balls into the fuel-discharge device, '

An additional graphite bridge structure is mounted on top the re-
flector. This structure forms a cavity for collecting the hot gas from
the cdore, and provides cooling channels for control rods projecting into
the upper plenum. Core exit gas flcws from the cavity into the plenum
by way of four passages through the graphite. Provision is made for use
of the cavity as an attemperation chamber during speciai experiments with
the exit gas from the core above the design temperature; cold helium
(550°F) from the space between the pressure vessel and liner dilutes the
hot gas so that the temperature of the gas emerging from the graphite

structure does not exceed 1250°F. This is discussed further in Section 13.
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Shrinkage of graphite from fast-neutron irradiation is anticipated
at the temperaiures in the PBRE. Uneven shrinkage from flux gradients
could result in severe stresses in the region immediately surrounding
the fuel cavity. The graphite in this region must, therefore, be designed
to minimize these stresses in order to achieve adequate life (see Sections
9 and 16).

Since damage from oxidation, as well as from irradiation, is possible,
provision is made for replacement of the graphite structure by working
through the closure at the top of the vessel. The reflector will there-
fore need to be made up of sections thét can pass through the openings
in the liner and vessel. If the upper closure is only 27 in. in diameter,
the segments will have to be keyed together, as in Fig. 3.4, to form tﬁe
surface of the ball bed. However, if the closure 1s increased in diameter
to 4 ft, as discussed later, graphite cylinders could be used to contain
the bed. The details in Figs 3.3 and 3.4 are intended to show the type
of structure which might be used and do not depict a specific design.
Techniques that can be used in replacement of the core structure are de-
scribed in Section 11.

Provision will be made in the design of the core for the exposure
and removal of surveillance specimens of steel and graphite. Steel speci-
mens made from pressure vessel material will be located in positions at
which they will be subjected to environmental and flux conditions repre-
sentative of those that are most severe for the reactor vessel. Graphite
specimens made of reflector material will be at positions in which, the
temperature and flux are similar to those in the regions in which appreci-

able radiation damage to the reflector is expected.

Control Rods and Control Rod Drives

The reactor is controlled by four absorber rods located in the re-
flector graphite adjacent to the core. Each rod provides regulating, shim,
and safety functions. The control-rod and drive arrangement are shown in
Fig. 3.5. Each rod has three tubular sections with outside diameters of
3 in. The absorber section, which is top-most, is 4 ft long and consists

of B,C bushings contained between concentric metal tubes. A 5-ft-long




DUMB BELL SHAPED DOWELS LOCK
‘TWO OUTER COURSES TOGETHER

UNGCLASSIFIED
ORNL- LR-DWG 64845

COURSE "A" = 45° SECTORS

COURSE "8" = 30° SECTORS

COURSE "C" = 22 1/2" SECTORS
COURSE "D"= 22 172" SECTORS

NOTE: SERRATED JOINTS BETWEEN
EACH SECTOR BLOCK OF SUCCESSIVE
TIERS ARE STAGGERED TO MINIMIZE
COOLANT GAS LEAKAGE.

DIA.

SECTOR BLOCK SHOWING
TYPICAL SERRATION

83 /2" DIA.

40| DIA.

54" DIA.

78" DIA.

93" DIA.

l 30! DIA. | | AN

Fig.

PBRE Core Graphite‘ Arrangement.

T—4-4" DIA. CONTROL ROD HOLES

3

|~ 4-7"%x 9" OPENINGS FROM HEMI-

SPHERICAL PLENUM SPACED

ALTERNATELY BETWEEN CONTROL
ROD HOLES.

-

| _____-3/4" DIA. COOLANT HOLES ON

| 1/2" CENTERS {TRIANGULAR
PITCH)

014

GRID LOCATING HOLES




UNGLASSIFIED ~
ORNL- LR-DWG 64846

BIOLOGICAL SHIELD\

EEEE%%%%%gl‘fiﬁ?‘—?i}"

ENGAGED

SCHEMATIC DIAGRAM (NTS)
SHOWING SCRAM

POSITION OF CONTROL ROD
INITIATED BY DE-ENER-
GIZING ELECTROMAGNET.

o

40" DIA.

£t

4 CONTROL RODS AT 90°

-~

STAINLESS STEEL BRUSH SEAL

AN

o N2 !
= < R
\ .X ~"' ‘E

e B
N

LOWER END PRESSURE VESSEL

TN

Ry

\

!}’
Hl
L; " g
w
i |
I .
“FEL
i
|
!‘rl?
e
ﬂr) il
; it
b : il
LS i
i | M
! i
| il
’ ’ s i
[ 24 . ‘ *
o I
T .. ’, ’ il ’
.~ -l h sl .
‘ S
A ’A,”D [ }1 A
¥ Ry, = , yl L
c, ’ " 4 .
! y . (4 1] } 4'
v ;V_ ‘, ‘ (Y
m ~ . v | "
v, W - | .
B v | ", v
’
PR | o
‘ . i | ,‘ "o ‘ v
§ i |
< ’ . ’ ’
[ ° . .
A © ‘:'p ha
? . : S
S g S S
4 il : &
i TN [ .
! i
i

Fig. 3.5.

= - CONTROL ROD GUIDE

,/“/’ AND STOP

FUEL REMOVAL TUBE

SEAL

TeC

COUPLING

144

8"DIA. TUBE-

SHOCK ABSORBER

7
f

Control Rod and Drive Arrangement.




==

22

central section is made from a heavy-walled graphite tube, and the lower
section is a metal tube. A metal rod or cable passing up the center of
the graphite tube connects the lower-metal tube to the absorber section.
When the reactor is critical, the absorber section is in the upper part

of the reflector and the graphite section is opposite the core. Shutdown

- is achieved by dropping the rod to bring the absorber alongside the core.

Cooling is accomplished during normal operation by helium passing
upward through the rod sections and emerging at the top. Passage of gas
up the annulus bétween the rod and the rod channel is restricted by a
brush-type seal on the outside of the drive tube. On rod insertion; how-
ever, movement of the brush to a position below the point of entry of gas
into the rod channel allows flow through the annulus. This feature auto-
matically provides adequate cooling of the control rods when coolant cir-
culation is provided only by natural convection.

Rod drive thimbles are located at the bottom of the pressure vessel.
The controi rods are coupled to the drive mechanism through magnets which
are de-energized to scram the reactor. Provision is made for pulling the
absorber section into the core region if for any reason it does not drop
by gravity. The arrangement shown in Fig. 3.5 requires that removal and
replacement of control rods be through the bottom of the thimbles. An
alternate design, which has a larger access nozzle at the top of the re-
actor vessel permits replacement of rods from the top, even though they

are driven from below the reactor.

Primary Coolant System

The primary system flowsheet is shown in Fig. 3.6. Helium emerging
from the core flows through the center of concentric ducts to the heat
exchanger, paSses upward through the center of the heat exchanger, and -
then downward in an annular region next to the wall to the blower. From
the blower it passes back through the heat exchanger and through the
annular region of the concentric ducts to the reactor. Inside the reactor
vessel the helium passes downward between a shroud and the vessel wall
to again enter the core at the bottom. The heat exchanger is located
above the level of the reactor vessel to provide natural-convection cool-

ing in the event of a coolant blower failure.
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A stainless steel shell (or liner) is used inside the pressure vessel
to separate the cool }eturn gas from the hot gas leaving the reactor core
(Fig. 3.3); the liner surfaces that would contact hot gas are covered with
reflective insulation. The flow distribution obtained by returning the
cool gas into the plenum between the pressure vessel and the liner dome
should pfovide uniform cooling for the support region and cylindrical sides
of the vessel. !

The outer member of the’concentric ducts is a carbon steel pipe and
the central member is a stainless steel pipe with 1 in. of reflective in-
sulation on its inner surface. A slip Jjoint accommodates the difference
in axial thermal expansion between the carbon and stainless steel pipes.
Flexible runs of carbon steel piping connect the heat exchanger to the
blower. The use of a full-flow particulate filter for the primary coolant
stream is under consideration. If a filter is used, it can be mounted in
the horizontal run of piping to the suction side of the blower.

Sweeping the entire pressure envelope with helium returning from the
heat exchanger permits the use of carbon steel for the pressure vessel
and piping; that this is achieved at forced or natural circulation condi-
tions without auxiliary circuits enhances the simplicity and reliability
of the sytem. As discussed in Section 13, an additional benefit is gained
from the design because attemperation of the gas leaving the core may be

achieved without employing another circuit.

Pressure Vessel and Support

The reactor pressure.vessel is cylindrical with torispherical heads,
as illustrated in Figs. 3.7 and 3.8. The concentric piping for primary
coolant gas ties into the cylindrical portion of the vessel. One fuel-
removal and four control-rod-drive nozzles are located in the bottom head.
Locating the control-rod-drive nozzles at the bottom avoids penetrating
the vessei liner and leaves the entire upper region unobstructed for in-
stallation of fuel loading equipment and for core servicing operétions
(including control rod replacement if, as discussed later, a larger ac-
cess nozzle is provided); The top head of the vessel has a single large

nozzle, and below it is a bolted opening in the metal liner; removal of
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both closures provides access to the core. Nozzles for insertion of re-
placeable thermocouples are also provided. Pressure vessel design informa-
tion is summarized in Table 3.1 and the structural analysis of the vessel
is discussed in Section 9.

The pressure vessel is supported in a horizontal plane through the
gas inlet nozzle by a structure similar to that used on the British AGR.
Lugs on the vessel rest on flat-plate columns with cylindrical ends which,
in turn, bear on structural members attached to the adjacent biological
shielding (Figs. 3.7 and 3.9). These columns can rotate to accommodate
the radial expansion df the vessel. Lateral translation is prevented by
side plates that restrain the éylindrical ends, and slippage on the bearing
surfaces 1s prevented by a gear-tooth arrangement. Column length is
chosen so that vertical movement of the primary coolant inlet line is
stmall when the vessel is heated from room temperature to operéting tem-
perature. ‘

A steel plate with perforations sized and spéced to satisfy the primary
coolant flow requirements supports the graphite structure in the/core and
the steel vessel liner (fig. 3.10). A 2-in. layer of stainless steel re-
flective insulation covers the inner surface of the liner dome. The outer
surface of thé pressure vessel is insulated down to 1 ft'below the support
_ plane to help maintain uniform temperatures in the support region. There

is no insulation on the lower portion of the vessel.

Main Coolant Blower

A single main coolant blower is used, based on studies which indicate
that the reactor core can be adequately cooled by thermal convection in

the event of blower failure. Blower design conditions are as follows:

Helium flow rate, lb/hr

Maximum 28 500

Minimum _ 4 500
Normal inlet pressure, psia 500
Nofmal inlet temperature, °F 550
Required pressure rise at maxi- 4.5

mum flow rate, psi
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Flow rate is varied by changes in blower motor speed through use of a
variable-frequency md%or-generator set.
As illustrated in Fig. 3.11, the blower is of the hermetically sealed
type, with impeller, bearings, and motor enclosed in a common pressure ves-
sel. The blower shaft is approximately horizontal. A flange at the cool
end of the 18-in.-o0.d. casing permits removal of the entire internal as-
sembly as a unit, including impeller, motor, bearings, and internal cool-
ing system, without disturbing the main coolant piping.
Gas-lubricated bearings of the self-acting (hydrodynamic) type are
used. This construction eliminates shaft seals and their auxiliary equip-
ment, and also avoids complexities associated with high-pressure oil-
lubricated bearings. 1In addition, a gas-bearing compressor, being capable : P
of higher speed operation, is smaller in physical size than an oil-lubri-
cated unit of the same capacity. The blower motor is rated at lOOIhp at =
the maximum operating speed of 12 000 rpm. .
The present state of development of gas-bearing compressors and the
successful production of several such units in the capacity range of in-
terest lends confidence to this choice of blower. If, however, develop-
ments in the near future do not continue to support this degree of confi-

dence, the alternative will be to resort to an oil-lubricated blower.

Steam Generator and Steam System

The PBRE heat-removal system has a capaéity of 6.2 Mw with helium
entering and leaving the reactor at temperatures of 550 and 1250°F. The
gas stream is cooled by generating steam in a heat exchanger and condensing
the steam in an air-cooled condenser.

Steam Generator Design. The steam generatof design 1s based on'the

following criteria: '

1. Reliability — The probability of steam leakage into the helium
system must be minimized.

2. Natural Circulation — The unit is to be installed in an elevated
position with respect to the reactor to promote natural circulation of

helium for afterheat removal in the event of blower failure.
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3. Emergency Cooling — An independent emergency shutdo@n cooler
will be incorporated in the steam generator.

4. Maintenance — Tube leaks must be repairable, but not necessarily
by in-place (remote) plugging of tubes.

The absence of electrical-generating facilities largely removes the
incentive for generating high-temperature, high-pressure steam. However,
consideration was given to the effect on steam plant control of having
superheated steam vs saturated steam in the system and to the effect of
a superheater section in the steam generator on fission-product deposition.
It is felt that the control characteristics of a 5-Mw reactor are not suf-
ficiently applicable to a full-scéle plant to justify selection of steam
conditions bf interest for power gerneration. The effect that the higher
surface temperature in a superheater has on fission-product depositicn,
however, relates to an important objiective of the experiment. Because
of the difficulty of obtaining relisble quantitative information on depc-
sition without internal access to the steam generator, this effect will
be studied by providing surfaces which can be withdrawn for examination.
Removable deposition fingers will be installed within the tube matrix 6f
the steam generator, with means provided for varying and monitoring the
surface temperatures of the fingers. The decision was therefore made that

" production of superheated steam was not a requirement of the experiment
{(but a provision is made in the design for a Phase-2 heat exchanger with
superheat).

The steam pressure was selectec. as 600.psia to ensure that steam
would enter the helium system rather than activity enter the steam
system if a leak occurred. Contamination of the steam system would thus
be avoided. .

) A conceptual drawing of a type of heat exchanger which would be appro-
priaté for the PBRE is presented in Fig. 3.12. The heat exchanger is a
natural-circulation system with an integral steam drum and floating mud
drum contained within the pressure shell. Feedwater added through a'wash
tray mixes with the saturated recirculating liquid in the top drum, flows
down the central downcomer to the floating drum, and returns up through

the tubes. Gas from an internally insulated central duct moves axially
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through the tube bundle and passes down the outer annﬁlus to a duct which
leads to the blower." The return gas from the blower passes through the
lower chamber of the pressure shell and out the concentric-pipe annulus.
With this design, the entire pressure shell is swept only by the cool gas.
Additional details of the steam generator are given in Table 3.1. .

In the event of a tube leak, the steam drum and tube bundle would be
removed as a unit and replaced, using the procedures described in Section
11. The damaged bundle would then be decontaminated and repaired. The
removable tube bundle concept obviates the development and construction
of specialized remote equipment for in situ tube plugging. In addition,
the unit illustrated is conventional in design and fabrication.

Support System. A flexible support system for the steam generator

is provided to accommodate the lateral movements required for thermal ex-
pansion of piping between the steam generator and the reactor vessel, the
radial expansion of the pressure vessel, and the radial expansion df the
steam generator. The support system, shown in Figs. 3.7 and 9.2 (see Sec.
9), cénsists of six beam columns sized so that only a small force is re-
quired for the necessary displacement; the design of the beam columns is
discussed in detail in Section 9. This support system has an advantage
over more conventional systems in that no maintenance is required. All
attachments to the steam generatbr, including water and steam lines, will
be designed so as not to impede significantly the free lateral movement
of the steam generator. The support system will also permit any lateral

movement required to connect or disconnect the steam generator to the

‘primary coolant, steam, and water piping during steam generator replace-

~ .

ment operations.

Phase-2 Steam Generator. Provisions are made with respect to space

and shielding requirements for complete replacement of the initial steam
generator with a unit of more advanced design capable of producing super-
heated steam and amenable to in-place plugging of the tubes. Substitutionr\
of a new unit would be made when the progress of experiments with the re-
actor indicated its desirability. Removable plugs are placed in the shield-
ing where the helium piping connects to the steam generator to facilitate
this alteration. The technique which would be used for replacement of the

heat exchanger is described in Section 11.
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Steam System. ‘The steam system, illustrated in Fig. 3.13, uses many

components ayailable from the HRE-2 system. Saturated steam at 600 psia
flows from the steam generator to a pressure—reducing station where it is
throttled: down to 40 psia before entering an air-cooled condenser. The
condensate flows to a combined deaerator and surge tank, which is main-
tained at a pressure of 2 to 6 psig. Feedwater is supplied from the surge
tank through a feedwater heater where its temperature is increased to
400°F. Two feed pumps are provided, one being a spare.

During startﬁp the deaerator is heated using building steam. Later,
steam is bled from the high-pressure portion of the system to heat the
deaerator. Condensate from the building steam system 1s used for makeup
water; and a feéd station is provided for introducing treatment chemicals
into the system.

Alternate Steam System. An alternate steam system is being considered

wherein an intermediate heat exchanger is provided between the primary steam
system and a low-pressure secondary steam loop connected to an air-cooled
condenser. In such a system the primary steam loop would be located en-
“tirely within the containment shell to obtain an additional measure of
protection against escape of fission products to the outer atmosphere.

The existence of this intermediate system would permit operation with a
steam pressure less thaﬁ that of the primary helium, if that were desired.
In addition, it would eliminate the need for a feedwater heater and high-
pressure feed pumps. The advantages, disadvantages, and relative costs

of the two steam systems will be studied in greater detail before a decision
is reached as to which will be used.

Emergency Shutdown Cooling System. Removal of afterheat from the

reactor'in the event of a steam generator failure or failure of a vital
component in the heat-removal system must be ensured. This requirement
ofteh is satiéfied by duplicating vital components, such as the steam
generator, pumps, and auxiliary equipment. 1In the present design there
was a strong incentive to avoid two separate steam generators with the
additional piping, shielding, and containment space which would be re-
quired. An emergency shutdown cooler, shown in Fig. 3.12,'was therefore

incorporated within the main steam generator shell.
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- Steam generated in the emergency cooler is condensed in an inter-=
mediate heat exchanger located within the containment vessel.( A water
system containing a lO>OOO-gal tank cools the inﬁermediate exchangef.

During normal reactor operation and during emergencies not involving the
steam system, heat is removed from the helium principally by the main
heat exchanger, and little energy is transferred to fhe emergency cooler.
When the main steam system is not operating, however, higher temperature
helium reaches the emergency cooler; the cooler is then capable of removing
200 kw from the helium stream. The intermediate heat exchanger will be
supplied automatically by gravity feed from the storage tank which, with '
vaporization and venting of fluid, has sufficient capacity to remove after-
heat for several months.

A leak in the heat exchanger requires the closure of isolation valves
in the steam lines. To permit identification of the section which is ,
faulty, the emergency system will be operated at 400 psia, Hence, detecticn
or moisture in the helium will indicate a leak in the primary heat exchanger,
whereas activity in the emergency codler system will indicate a leak in

that unit.

System Shielding and Maintenance

The reactor vessel, heat exchanger, and main coolant blower have been
placed in separately shielded compartments, as illustrated in Fig. Z.14,
to reduce the radiation encountered during maintenance. Each shielded
compartment is provided with shield plugs or modular shielding units that
can be removed to provide access for the indirect m&intenance procedures
described in Section 11. Provision that the ventilation system draw air
into a contaminated compartment during maintenance will protect personnel
from particulate contamination. Use of separate compartments may make
possible direct access to a compartment for installation of a replacement

unit after removal of the original contaminated component.

Fuel-Handling System

The fuel-handling system 1s shown schematically in Fig. 3.15 and is

described in detail in Section 5. The equipment layout uses gravity flcw
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to feed fuel into the core and to dischargé fuel from the core to the
fuel-inspection area;’ The fuel-discharge port is in a rotating dome at

the bottom of the core. A pneumatic elevator lifts fresh or recycle fuel
to the top of the reactor. Tuel can be added and removed when the reactor
is at power; valves are arranged to form gas locks for passage of fuel into
and out of the primary system. All normal fuel-handling operations can be
controlled from outside the containment vessel.

The fuel-addition gas lock is located in the biological shielding
at the top of the reactor and can be replaéed from above using the tech-
niques discussed in Section 1ll. The unloading system is in a shielded
compartment beneath the reactor pressure vessel. For maintenance, the
fuel-discharge assembly will be uncoupled from the reactor by the service
machine and removed as a unit. ,

Unloaded fuel is transferred to the fuel-inspection room where, after
determination of its burnup and integrity, it is either stored, returned
to the core, or put in a shieided cask for removal. BSince the fuel will
probably contain uranium and thorium carbides, which are reactive with
oxygen and moisture, and since the protective coatings on the fuel may
be defective after irradiation, an inert atmosphere of nitrogéh is specified
in the fuel-handling areas. The nitrogen system is designed to cool ir-
radiated fuel and to remove fission products which are evolved by drawing
nitrogen downward through the fuel containers. The withdrawn gas pasées
through cleanup equipment to remove particulate contamination and offgases
and, possibly, chemical contaminants, and then passes through a cooler and
a blower before being returned to the compartment. This arrangement re-
stficts contamination of the fuel-handling areas. A negative pressure

is maintained in the room so that leakage will be inward.

Helium Storage, Transfer, and Purification System

The helium storage, transfer, and purification system_is provided
to serve the following purposes:
1. evacuate the reactor coolant system,
2. provide initial charge for pressurizing the reactor coolant system,

3. provide makeup gas for the primary coolant system during operation,
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4. circulate ~2% of the maximum coolant system flow through the purifi-

cation system when the reactor is operating and circulate gas from
the contaminated helium storage tanks through the purific¢ation system
when the reactor is shut down,

5. provide for discharging gas from the primary cooling system, either
directly to the storage tanks or ‘via the gas-purification system,

6. store the reactor coolant for future use,

7. receive and store any gas discharged from the primary loop pressure-

relief wvalves.

Clean Helium Supply System. Clean helium for both the initial charge

and makeup is supplied to the reactor coolant system from a standard helium

supply trailer. 8ilica-gel dryers and a filter are provided to reduce the
moisture content and clean the helium before 1t is fed into the coolant
system. Instrumentation is provided for monitoring'the oxygen content.

Helium Purification. The purification system, shown in Fig. 3.16,

is subdivided into two parallel systems, one for the removal of fission
products and the other for the removal of chemical contaminants. The
figssion-product removal .system consists of a helium cooler and charcoal
delay traps through which 1% of the total purification system flow is
diverted; the charcocal beds have no special provisions for cooling an@
therefore operate at ambient temperature. The chemical-contaminant-
removal system consists of a gas heater, a copper oxide oxidizer, a gas
cooler, and a molecular-sieve adsorber bed. On leaving the adsorber bed,
the helium stream recombines with the effluent from the fission-product-
removal system, passes through an absolute filter, and is then pumped
back into the main coolant circuit by the gas-purification-system blower.
Provisions are made for supplying heated air to the oxidizer and adsorber
for regeneration purposes. The performance of the purification system is
discussed in Section 11. )

Purification System Compressor. A single auxiliary compressor will

be used to return the helium effluent from the cleanup system to the re-
actor system. This compressor will be of the regenerative type (aléo
called "drag" or "peripheral"), and the impeller and motor will be mounted

on a common horizontal shaft supported by gas-lubricated bearings.
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The operating conditions for the auxiliary compressor are:

Helium flow rate, 1b/hr

Maximum 600
Minimum : 100
Normal inlet pressure, psia 500
Normal inlet temperature, bF 70 -

The motor rating will be about 20 hp at 12 000 rpm, and power will
be furnished by a 40-kva motor-generator set at 400 cps. The use of a
single auxiliary'cémpressor for the purification system is permissible,
since its failure will not endanger the safety of.the reactor.

Contaminated Helium Storage. C(Contaminated-gas storage tanks are

located in the lower level of the containment vessel. Provision is made
for gaseous discharge from the fuel-handling system, helium purification
system, and other auxiliary systems to enter either the storage tanks

or pass through filters to the stack. '

. Transfer Compressor. A helium transfer compressor is provided to
charge the primary sjstem with gas from the contaminated helium sforage
tanks and to transfer helium to the storage tanks from the reactor when
the pressure in the tanks is higher than in the primary system. This
compressor, as shown in Fig, 3rl6,~cén‘also be used to circulate gas from
the storage tanks through the helium purification system for cleanup.

The transfer compressor is to be of the metallic diaphragm, positive-

displacement type. For additional reliability, a standby unit can be in-

- stalled in' parallel. Since the compressor must be capable of compressing
helium from the-storage pressure to 500 psia, a two-stage machine may be

- \required.

Pressure-Relief System

Pressure-relief devices are installed in the:rhelium coolant system
to provide overpressure protection. Relief valves are lbcated in all
sections of tHe feactor system that are capablé of generating a pressure;
when'isolated from the remainéer of the system. All pressure-relief de-
vices discharge to the contaminated gas storage tanks, as indicated in

Fig. 3.16; this system avoids the escape of gases that discharge or leak

t
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across the valve seats. The gas storage tanks themselves arerpressure

relieved to the containment vessel.

Leaktightness Regquirements

The maximum allowable leakage of contaminated helium from the re-
actor has been arbitrarily set at 0.1% per day of the system inventory,
since this rate,appearé to be attainable and creates no operating problems
orlunacceptable hazards. Helium can only escape to shielded spaces which
are normally inaccessible to personnel. The ventilation system, described
later, is arranged to prevent the passage of activity from those spaces
to aécessible areas. s

Gases discharged from the containment Vessel pass through filters
and absorbers before release from‘the stack. Even without purificatioen,

however, release to the atmosphere of 0.1% per day of the activity cir-

ciilating in the reactor is shown in Section 12 to be acceptable.

~ Closure Flanges. Wherever~possible, welded joints are used in the
reactor to reduce leakage potential. Many types of mechanicai Jjoints,
however, appear to saﬁisfy leakage specifications and are used where pro-
vision for maintenance is required. A leakage rate of less thén}O.l%
per day should be readily achievable &ith mechanical joints, even if there
are as many as 1000 of them. ‘

Connection of components in. the various reactor systems requires the .
use of many flanged Joints or closures in pipe sizes ranging from a frac-
tion of an inch up to several feet in diameter. For each application more
than one type of flanged joiﬁt can be considered, and provisions for seal
welding can be incorporated, if required; seal welding is minimized, how-
ever, to reduce remote maintenance operations, downtime, and related ex-
pense. Five types of double-gasketed joints are shown in Fig. 3.17.
Preferable design choicés, subject to change as influenced by the results
of Ffuture developmental work, appear to be:

1. single-gasketed joints with a minimum of leak-detection equipment for
Joints of less than 1 in,, )
2. Marmon "Conoseal"-type double-gaskets, or oval-ring gaskets for joints

4n the range of 1 in. IPS to 12 in. IPS,
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3. soft-metal plus elastomer gaskets for joints larger than 12 in. and
possibly largér than 6 in. at temperatures less than 400°F,

4. Grayloc plus soft-metal gaskets for joints greater than 12 in. and
possibly for Jjoints greater than 6 in. at temperatures greater than
400°F.

Buffering of intergasket regions by pressurization appears to be
preferable to purging by evacuation, since the need for shielding, remote
operation, and indirect maintenance of the pressurization lines and equip—
ment should be less than would be required if activity were expected to

enter the system. .

Secondary Containment System

The entire reactor area is enclosed in a containment vessel, as shcwn
in Fig. 3.1. The vessel is designed to withstand pressures and tempera-
tures which would result from the maximum credible accident. Permissible
leakage from the vessel is tentatively specified as 0.4% per day of the
contents of the vessel with the ventilation valves closed and a pressure
equivalent to the maximum which could exist in the comtainment vessel dur-
ing emergency conditions. The entire system within the containment vessel
will be examined for the possible generation of missiles, and potential
missiles will be shielded to protect the containment shell. Hazards prcb-
lems involving the containment system are discussed in detail in Section
12.

An equipment air lock is provided for transferring equipment between
the containment vessel and service area, and a gmaller air lock is provided
~for personnel access to the containment vessel. Should an accident btlock
the personnel air lock, the equipment air lock could be used as an emergency
exit. The integrity of the containment envelope is protected by providing
that both doors on one access lock cannot be open at the same time, and
the entire lock system is capable of meeting leakage and pressure require-
ments.

To ensure that no process line which penetrates the containment vessel '
is capable of violating its integrity, each line satisfies at least one

of the following conditions: (1) the line has valves that are normally

[
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closed; (2) the line has‘valves that will automatically close in the
event of an accident; (3) the line has check valves that are directed

so that rno flow can proceed out of the containment shell; and (4) if

the line cannot be isolated by any of the above three means, it is con-
sidered as an extension of the containment envelope, and it and all the
equipment to which it is connected meet containment requirements. Valves
and control systems involved in isolation of the containment vessel are
duplicated whén required. ]

Consideration will be given to providing an additional containment
barrier by making the shield ?olume a pressure-tight enclosure. This
would not only éetain fission products but; as discussed in Section 12,
could also be used to limit the access of oxygen to the core in the event
of a primary system rupture. The advantages of this feature will be
evaluated and compared with the cost and difficulty‘of making the struc-
ture capable of withstanding a pressure rise and having pressure-tight

seals on all penetrations into the enclosure. -

Ventilation System

The ventilation system is designed to restrict the spread of fission-
product activity within the containment building and to limit the release
of activity to the aﬁmosphere. The first objective is achieved by re-
circulation of air through absorbers and filters aﬁd by control of air
movement between compartments; the second objective is aéhieﬁed by use
of filters and adsorbers to remove activity (other than noble gases) from
air which is discharged from the stack. An additional function served bj
the ventilation system is the control of temperatures within the various
compartments of the system.

The reactor building is divided into two major ventilation zones:

a "clean" zone (I), which includes areas such as the ground floor, stair
well, and service room to which access is required for normal operation
and maintenance of the reactor, and a‘"hot" zone (II), which includes the
cells containing contaminated helium equipment, the sub-pile room, the
hot cell, and other compartments from which personnel are normally ex-

cluded. Figure 3.18 shows-the ventilation system schematically. The
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nitrogen-filled fuel-inspection and storage cell has an independent venti-
lation system that is discussed separately with regard to fuel handling
(seé Sec. 5).

Zones I and II of the ventilation system are isolated from each other.
Air is recirculated separately within the two zones to maintain acceptable
environmental conditions (Zone I) and to control radioactivity which may
escape from the contaminated helium system (Zone II). Connected in series
within some ventilation systems are a roughing filter, an absolute filter,
a room-temperature iodine trap, an air-to-water cooler, and an air-circu-
lating blower. Duplicate equipment is used for the reactor and fuél-
inspection compartments because of the necessity of ensuring continued
operation during maintenance.

Heat generated in the shield plus that lost from the reactor, blower,
and heat exchanger is removed by a cooler lining the wall of the reactor
compartment. Much of the heat transferred from the reactor vessel is
radiated directly to the cooler, whereas energy from the other compart-
ments is transferred to the cooler by circulating air, If an accident
renders 211 other heat removal systems ineffective, afterheat will be
radiated £o this cooler from the reactor vessel (see Sections 4 and 12);

a water system similar to that described for the emergency cooler in the
primary steam generator (Fig. 3.13) will be capable of removing afterheat
for several months.

Zones I and II are not positively sealed from each other, buf possible
leakage paths from one to the other (by way of hatch covers, etc.) are
sealed as well as practicable. Leakage of the contaminated gas from the
hot to the clean areas is minimized by maintaining a pressure differential
between them so that gas flow‘as always into the hot zone. This is ac-
complished by establishing a small flow rate from the external atmosphere
into the containment vessel (Zone I), through the imperfect seals into
zone II, and then from Zone II to the stack via an external filter and
blower system; a portion of the circula%ing air from each ventilation
system (except Zone I) is continuously bled off and discharged to the
stack through a final cleanup system having components similar to those

in the individual ventilation syétems. Filtered makeup air is admitted

t



to the cdntainment vessel through tandem check valves and shutoff valves
that are closed in the event of activity release within the containment
vessel. . In addition to the low-flow bleed system, a higher capacity dis-
charge system is provided for establishing a large air flow into a conF
taminated area during maintenance operations. _
Should an excessive pressure develop within the containment vessel,
it would be relieved by venting gas to the stack through the cleanup
system. A pressure-relief valve would vent the containment vessel directly
to the stack, however, if the cleanup system plugged and impeded relief

of the pressure excess.

Offgas System

The offgas system is designed to handle gas from both high-pressure
and low-pressure sources; high-pressure sources include the primary coolant
system, buffer gas from the seals of mechanical joints, and gas which is
discharged from the fuel-handling system when the gas locks are operated;
low-pressure sources are the contaminated helium storage tanks, excess
flow through valves in the pressure-relief system, the bypass flow from
the gas-sampling system, and the gas from the decontamination system (which
will contain condensible vapors and entrained liquid from the decontamina-
tion solutions). The offgas system is shown in Fig. 3.109.

Flow from the high-pressure offgas sources passes through a pressure-
reducing station and is combined with the low-pressure offgas. A liguid
trap installed in the low-pressure inlet porticn of the system removes
the liquids and dumps them to the intermediate-level waste system. The
gas than passes through a roughing filter, an absolute filter, and an
iodine trap, after which 1t is vented to the stack.

A vacuum pump is used to evacuate the gas systems before charging,
to evacuate isolated gas system components before removal from the system,
to purge the gas locks in the fuel-handling system, and to remove gas and
vapor from the decontamination system. The vacuum pump has an oil trap
and oil separator to ensure that none of the pump o0il enters the system.

A flow of air from the containment vessel is provided to purge the low-
pressure inlet piping of any condensate where there is no appreciable

flow from any of the low-pressure sources.
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Decontamination Facility

A facility is provided in the containment vessel for the decontamina-
tion of equipment removed from the reactor. Principle items in the facility
include shielded decontamination tanks, a transfer pump, contaminated solu-
tion storage tanks, and piping and valves Ffor transferring the solutions.

A scintillation gamma spectrometer, used also for other purposes, will be
available for scanning equipment, and a gross gamma monitor will be in-
stalled on the solution drain line. Contaminated solution storage tanks
are shielded by burying them in the earth outside the containment vessel.

Procedures to be followed in use of the facility are outlined in

Section 11.

Reactor Building Layout

Two possible arrangements of the reactor building have been considered.
The first, which is based on removal of control rods from below the core,
provides a canyon for the long service machine which performs this opera-
tion. 1In the second layout, removal of rods is from above and the need
for the canyon is avoided. Layout No. 2 has other features which may
prove attractive in elther basic arrangement. Selection of a layout will
be made after the design of the reactor system is developed in greater
detail. '

Layout No. 1

As shown in Figs. 3.1 and 3.2, the reactor system is enclosed in a
sealed metal containment vessel that is 66 ft in diameter and 144 ft high.
Access to the building is provided by two air locks located at ground
level. A 15-ton bridge crane runs on a circular track in the upper part
of the structure.

The building, illustrated in Figs. 3.20 through 3.24, contains three
floors below ground level. The first floor (lowest level) proVides space
for contaminated helium storage, ventilation equipment, the nitrogen
system, a hot cell, and a lower service room. The second floor is largely

a service area; the fuel discharge and control-rod-drive motors are located
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on this level. Offgas, coolant purification, and additional ventilation
equipment is located on the third floor. The reactor primary systém ex-
tends through several levels, as does the fuel-inspection and storage
space and the decontamination equipmentf

A major consideration in the building arrangement was the provision
of access from above, wherever possible, to components subject to con-
tamination. This feature has generally been achieved, with the major
exception of the subpile area. The ground and second floors are largely
reserved as service areas; maintenance operations, using the techniques
discussed in Section 11, can be performed on equipment located on the
first and third floors by working downward through openings in the shield.
Removable access plugs are located over most areas in which indirect
maintenance will be required. Windows are provided on the first and
second floor for viewing operations performed remotely in the subpile,
fuel-handling, and hot-cell areas. No operating personnel are stationed
in the containment vessel during reactor operation; however, access for

minor maintenance -is permitted.

Layout No. 2

The layout illustrated in Fig. 3.25 mainly differs from the one
described above in the following features:

1. An enlarged reactor vessel top closure is used to permit re-
‘moval and insertion of control rods from above.

2. The reactor vessel is positioned below ground level, and both
vessel and steam generator are located adjacent to the containment vessel
wall, thereby utilizing earth shielding on one side to reduce concrete
shiéld requirements.

3. Portable concrete shield blocks are utilized in the annuli be-
tween the permanent shield and the reactor and steam generator vessels;
the blocks are put in place after installation of equipment.

Placing shielding more closely about the primary system components
and reducing the height requirements below the reactor permits the con-

tainment vessel dimensions to be reduced to 64 and 125 ft. There is,
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however, a gain in space available for auxiliary equipment, since the

shield volume is decreased and an additional floor is provided.

Plant Layout

Site ;

The design of the reactor and the associated plant is based on use
of the HRE-2 site and existing facilities at the Oak Ridge National
Laboratory. Selection of the site is discussed in Section 14. The plant
layout using the HRE-2 site is shown in Fig. 3.26.

Facilities

The HRE-Z2 building has the advantage that it was designed for a re-
actor similar in size to the PBRE and most utilities such as water, -
electricity, waste disposal, steam, piant air, instrument air, and a
heat dump system can be utilized as they exist or with minor modifica-
tions.

Dismantling and Service Area. The dismantling and service area is

located in the high bay of the existing HRE-2 building. A 7 l/2-ton
crane and adequate space are available in this area for extensive main-
tenance work. The high-bay enclosure and cfane rails are extended to
meet the containment vessel and to enclose the eQuipment aif lock. A
smaller space equipped with a 5-ton crane provides an additional work
area and fruck access.

Equipment requiring major repair or replacement is removed when the
reactor is shut down, cleaned in the decontamination facility, and trans-
ferred to the maintenance and service aresa.

Control Room. The existing control room in the HRE-2 building is

enlarged by eliminating the hallway and offices in the northwest corner

of the building. The PBRE control room contains the reactor control

panel and is the monitoring and control center for the entire plant.
Office Area. Office space is available in the existing office build-

ing east of the HRE-2 building.
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Maintenance Shop. A maintenance shop available in the existing build-

ing northweet of the HRE-2 building is equipped with machine tools to
handle on-site repairs and modifications to reactor components. Storage
space is available in this building for spare parts.

Change Facilities. Existing change facilities in the HRE-Z2 building

are adequate for operation and maintenance personnel.

Waste-Disposal Facilities. An existing waste storage pond can be

used for low-level waste storage; however, addition of a pumping station
for transferring liquid to the existing ORNL low-level waste line will
be required. Intermediate-level waste can be stored in dn existing 12 000-
gal waste tank, but a pumping station must also be added for transfer of
liquids to a planned intermediate-~level waste line.

Stack. A new l50-ft-hign stack is located south of the containment

vessel.
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4. CORE SELECTION AND THERMAL ANALYSIS

The decision to employ an unrestrained core with upflow of coolant
imposes on the design the fundamental restriction that the gas flow rate
not be high enough to cause levitation of the fuel spheres. Other re-
strictions on the core design relate to limiting fuel temperatures and
avolding excessive thermal stresses in the fuel. These limitations con-
flict with the desirability of having a high power density to yileld in-
formation rapidly on fuel performance. Reconciliation of these features
in the selection of the core parameters is discussed in this section.
Analyses of natural-circulation-cooling conditions, pressure drops in thg
coolant circulating system, and temperatures in and about the core are
also presented. In the performance of these analyses, considerable use
1-3

was made of the work done in previous studies. The basic equations

used and their sources are discussed in ref. 2.
Core Design

Although no precise method is available for optimizing the core and
ball size in an experimental reactor of this type, the restrictions men-
tioned above place rather narrow limits on these variables. Evaluation
of these limits and application of the results in the selection of the

PBRE design are described in the following paragraphs.

-

Pressure Drop and Levitation Limit

The pressure drop through a bed of spheres may be expressed as

15(1 - e)].-2'7 G1-73 u0.27L _
e = 5 1.27 ’ (1)
8.€ PP ‘

lSanderson & Porter, Design and Feasibility of a Pebble Bed Reactor-
Steam Plant, NYO-8753 (May 1, 1958).

2A..P. Fraas et al., Preliminary Design of a 10-Mw(t) Pebble Bed Re-
actor Experiment, ORNL CF 60-10-63 Rev. (May 8, 1961).

3A. P. Fraas et al., Design Study of a Pebble Bed Reactor Power Plant
ORNL CF -60-12-5 Rev. (May 11, 1961).



G4

where
Ap = pressure drop,

mean void fraction,

m
1l

= superficial mass velocity,
dynamic viscosity of gas,
= bed length,
2

g = conversion constant, 32.2 lbm'ft/lbf‘sec s

H T @
i

[¢]

p = gas density,

D
s

sphere diameter.

Experiments4 with gas flowing upward through beds of spheres have indi-
cated that when the pressure gradient equals 80% of the bulk bed density,
spinning of the balls in the upper layer begins; at still higher flow
rates, actual levitation of the bed will occur. This limits the pressure
gradient in a randomly packed bed of graphite spheres to 56 lb/ft3 (based
cn an average bed bulk density of 70 lb/ft3) if ball movement is to be
avoided. In applying this restriction, the gas properties used in Eq. (1)
are those corresponding to the exit temperature from the core.

With the helium pressure and temperature specified, the limiting
superficial gas velocity through the core and, consequently, the power
which can be removed per unit of bed cross section, are functions only
of sphere size. The effect of this limitation on the power level of the
reactor is shown in Fig. 4.1, in which the maximum power is plotted as &
function of core diaméter.

Division of the levitation-limited power per unit bed cross-section
by the core height gives the maximum power density that can be achieved
in the core. This limit is plotted in Fig. 4.2 for various core heights
as a function of sphere size (the othervcurves in Fig. 4.2 are discussed

later in this section).

Thermal Stress in Fuel Sphere

The maximum thermal stress in an elastic sphere with uniform internal

generation of heat and uniform surface temperature can be computed from

4D. E. Randall and S. S. Millwright, Experimental Determination of
the Pressure Drop Through A Pebble Bed, SC-4354(TR), Sept. 1959.
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OEDZy
== J
maX  eok(1 - v) -

where -

(o] = maximum stress i
max n spherey

a = coefficient of linear thermal expansion, 3 X 10'6/ F,

E = modulus of elasticity, 1.5 x 10% psi,

D, = sphere diameter,
Yy = power density in sphere,
k = thermal conductivity, & Btu/hr.-ft.°F,
v = Poisson's ratio, 0.3.

The physical property values used in the design analysis are those listed
above. Although the actual values are uncertain, those selected are be-
lieved to be conservative.

The limit that thermal stress places on the mean power density in
the ball bed is obtained from Eq. (2) by inclusion of the terms (1 — €)
and y__ /7 and theé substitution of o .. for o

ult max’
= - 60(1 — v) koult(l —€) (3)
o-1im - 2 — 4
OEDE (7, /7)
where
T .= maximum allowable mean power density in bed as determined by
o-1im
stress limit,
0, = ultimate tensile strength of fuel ball (design value, 1500
psi),
7max/7 = ratio of maximum power density in a fuel sphere to the mean

for all spheres in the core.

The peak-to-mean power density ratio in Eq. (3) must allow for differences
in the amount of fissile material remaining in the fuel spheres, as well
as for flux peaking. (in the PBRE, the ratio of fissile material in a
fresh fuel ball to that remaining in an average ball at equilibrium is
about 1.2.) The stress-limited mean power density computed.from.Eq. (3)

is plotted in Fig. 4.2 for a peak-to-mean power density ratio of 2.0.
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The maximum stress in a fuel element may differ from that computed
using Eq. (2) if the fuel is not distributed uniformly\throughout the
sphere, the neutron flux 1s not uniform, the heat removal is not uniform
around the sphere surface, or the physical properties of the sphere are
not uniform. The increase in stress from nonuniform heat removal is
analyzed in ref. 3, and the effects of flux depression and the presence
of an unfueled shell on the.fuel elements are discussed in ref. 5. As
shown in Eig. 4.2 and discussed later, the design power density selected
for the PBRE is less than one-half the limit imposed by Eq. (3). Making
liberal allowances for nonuniformities, based on the results in ref. 3
and 5, would not lower the stress limit curve enough to make thermal

stress a factor in the core design.

Fuel Temperature

The mean heat transfer coefficient for a bed of spheres is given by

0.5( — €)% 3Ge
h = E ) (4)
Pr0'66R60'3

where
h = mean heat transfer coefficient,
e, = specific heat of coolant, 1.25 Btu/lb'°F?
Pr = Prandtl number, 0.703,
Re = Reynold's number, DSG/g.

The heat transfer coefficient for helium as a function of ball diameter
and mass velocity is given in Fig. 4.3. -
The mean gas-film temperature difference may be expressed in terms

of the bed parameters as

FDS
g _ AT = — (5)

£m 0 61 - e)n

°Sanderson & Porter Co., Fuel Element Development Progfam for the
Pebble Bed Reactor, May 1, 1959.to October 31, 1959, NYO-2706, Section
3.0.
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where

I = mean power density in the bed.

The central temperature in a fuel element, of course, exceeds the
surface temperature by the internal temperature drop. This difference
is given by the following equation for the case of uniform power density
throughout the sphere, uniform heat removal at the surface, and uniform
thermal conductivity: |

7D :
AT, = — (6)
24k

where ATi is difference between central and surface temperatures of
sphere. An unfueled shell increases the internal temperature drop if the
power generation per ball is the same. For example, a shell whose thick-
ness is one-sixth of the ball radius would increase the difference between
the central and surface temperatures by 60% over that for the same di-
ameter sphere with uniform fuel distribution; a shell one-third of the
radius in thickness would increase the temperature drop by 150%.

Variation of the heat transfer coefficilent around the sphere surface
makes the center-to-surface temperature difference somewhat higher than
that for uniform cooling; the effect in practical cases, however, is
shown in ref. 3 to be insignificant. Only a small additional increase
in temperature occurs within a coated particle. In the peak flux region
of the PBRE, the temperature difference between the surface of the coating
and the center of the particle is less than 10°F.

The maximum fuel-surface temperature in a pebble-bed reactor core,
may be significantly higher than that obtained using Egs. (4) and (5).
The hot-spot problem rises mainly from the variations in heat transfer
coefficient about the surface of a sphere, variations in packing density
of elements in the bed, and variations in power density throughout the
bed. Variations in packing density in a randomly packed bed are of two
types: (1) a predictable alterétion in void fraction starting at 1.0 at
a flat wall, falling to about 0.23 one-half ball diameter away, rising

and falling several times again, and leveling off about 4 to 5 diameters



from the wall, to give an average void fraction in the bed of 0.39 for

a bed diameter-to-ball diameter ratio of 20; and (2) a statistical.varia—
tion in sphere arrangement resulting in local void fractions ranging from
the minimum possible (0.26) to.above 0.47. These nonuniformities in void
fraction result in there being random local deviations in velocity and

" heat transfer coefficient superimposed on the alteration thaﬁ is a func-
tion of radial position.

A primary concern associated with local differences in bed density
is that coolant may bypass a closély packed region and thus starve the
area of the bed downstream. If this downstream area has a normal or low
packing density, the velocity and heat transfer coefficient will be re-
duced, making the gas and fuel temperatures higher than average.

Various aspects of the hot-spot problem are considered in referemnces
< and 3, Based on the reasoning and values reported in ref. 2 and an
overall peak-to-average power density of 2, the following equation was
derived to estimate the maximum fuei-element surface temperature for an

outlet gas temperature of 1250°F:

TS)MX = 1300 + sz,m s (7)
where
s max = maximum fuel-element surface temperature, °F,
,max
AT = mean gas film temperature drop computed from Egs. (4) and

Lm o (s5), °p.

Equation (7) has been used with the equations which precede it to estimate
hot-spot temperatures for various PBRE core designs. The maximum power
densities that can be achieved without exceeding surface temperatures of
1800, 2000, and 2200°F are shown in Fig. 4.2 for flow rates corresponding
to the levitation limit.

The analysis on which Eq. (7) is based ;s conservative in that it
assumes an unfavorable conjunction of power density, sphere arrangement,
and gas temperatufe. Actually, the radial peak in the neutron flux oc-

curs near the core wall where the gas flow rate is highest. Further,
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with control rods located in the top of the reactor, the axial flux peak
occurs at the bottom of the core where the gas temperature is lowest.

Another factor affecting the hot-spot analysis is the height of vpacked
bed required to achieve equilibrium flow conditions, since the maximum fuel
temperature is postulated to occur in a loosely packed section preceded
by a closely packed cluster. An estimate of this mixing length has been
computed for the isothermal case, as follows:

1. The reactor core was divided into nine axial sections and four
radial sections. The void fraction of the radial sections varied with
radial position, the minimum value of 38% occurring in the central sec-
tion.

2. Tlow rates based on pressure drop and velocity head considera-
tions were estimated for each radial section, with allowance for material
balance requirements at each axial position.

3., It was assumed that there was no resistance to cross flow in the

4. Mass velocity at the inlet and static pressure at all levels were
assumed to be uniform across the bed.

Results of this analysis indicated that the flow would shift from the
low-void central section to the higher void outer section and that equi-
librium flow conditions would be very closely approached within about
three ball diameters; 60% of equilibrium was found to be achieved within
a height equivalent.to one ball diameter. '

This relatively rapid flow shifting should reduce the effect of closely
packed clusters on the fuel temperature. In addition, the ratio of gas
flow rate calculated for the outside section to that for the central sec-
tion is reasonably close to the ratio of the fluxes for these sections,
indicating a balance between heat generation and heat removal. (The equi-
librium velocity profile obtained in the analysis compared favorably with

6,7

experimental data in terms of the ratio of the maximum to the minimum

6C. E. Schwartz and J. M. Smith, Flow Distribution in Packed Beds,
Industrial Engineering Chem., 45: 1209 (1953). ‘

™. P. Dorweiler and R. W. Tahier, Mass Transfer at Low Flow Rates
in a Packed Column, American Journal of Chemical Engineering, 5: 139 (1959).
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velocity.) Conduction and radiation will also have the effect of reducing
temperature gradients in the bed. Consideration of these factors indicates
that the hot-spot analysis used in ref. 2 and adopted in obtaining Eq. (7)
and Fig. 4.2 is quite conservative. However, a detailed analysis of exist-
ing information and data from the proposed research and development pro-
grams will be required to determine the temperature of the hot spots'more

exactly.

Selection of Core and Fuel Sphere Dimensions

The cfiteria used in selecting the core and fuel dimensions were:

(1) to obtain a high power density so that fuel burnup can be obtained in
a reasonably short period; (2) to have the ratios of core dimensions to
ball diameter high enough to reproduce the ball behavior in a large re-
actor and to reduce wall effects on the gas flow; and (3) to stay within
the limité imposed by core levitation, thermal stress, and hot-spot con-
siderations. In addition, the fuel requirements and other physics charac-
teristics of the core must be acceptable.

The hot-spot restriction was applied by limiting the fuel surface
temperature to 2000°F to prevent damage to the siliconized silicon-carbide
sphere coating, if such is used. There are no limité on internal fuel
temperatures that would be exceeded if the surface were at 2000°F, al-
though problems of uranium migration and fission-product escape become more
severe at higher temperatures.

From the above criteria and Fig. 4.2, the fuel sphere size waé chosen
as 1 1/2 in. and the core length as 4 ft. The core diameter selected was
2 1/2 ft, which at design conditions gives a maximum pressure gradient
equal to 70% of the levitation value; as seen in Fig. 4.1, the power capa-
bility of this size core is 6.2 Mw at the levitation limit.

At the design power of 5 Mw, the average power density in the 2 1/2—
ft-diam, 4-ft-high core is 9 w/cm3 of bed, and the estimated maximum sur-
face temperature is about 1900°F., The internal temperature drop at the
mean power density is 120°F for a uniformly fueled sphere having a thermal
conductivity of 8 Btu/hr.ft.°F; this value would be 240°F for a sphere

with power density equal to twice the average. The maximum value would
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be increased to 380°F if a 1/8-in.-thick unfueled shell were provided and
would be increased to 600°F if the shell were 1/4 in. thick. The volumetric
average fuel temperature without an unfueled shell is only 1090°F for an
exit gas temperature of 1250°F. These and other design parameters are

given in Table 4.1.

After allowance for a peak-to-mean power density ratio of 2.0, the
thermal stress in a sphere with uniform power generation throughout its
volume is only 40% of the stress limit; an unfueled shell would, therefore,
still not make the stress excessive.

The core diameter is equal to 20 sphere diameters, and the height
equal to 32 sphere diameters, which are quite reasonable for simulation
of ball behavior in a large reactor. Also, as shown in Section 6, the
core geometry and dimensions are satisfactory with regard to reactor
physics requirements, and the rate of fuel burnup i1s acceptable.

To provide flexibility, the PBRE blower is sized to give sufficient
head and flow for operation at the levitation-limited condition. In addi-
tion, the piping system is capable of operating at higher exit gas tem-
peratures than the design point of 1250°F, and the exit coolant can be
attemperated with cool helium if desired. Thus, the reactor can be op-
erated at a higher power density if the fuel development program shows
that the Si-SiC coating is not necessary, of if further analysis indi-

cates that the hot-spot allowance has been overly conservative.

Shutdown Cooling by Natural Circulation

The reactor system is designed so that in the event of a blower fail-
ure, afterheat may be removed by natural circulation of the coolant with-
out any appreciable increase in the core exit temperature. This is ac-
complished by locating the heat sink high enough above the reactor for the
buoyancy driving force to overcome the flow resistance of the system com-
ponents, including a "seized" blower. Further, a separate small cooler
section is provided within the heat exchanger shell, so that this'cooling
is achieved, even if the main heat exchanger becomes inoperative.

Figure 4.4 serves as a basis for determining the required height of

the heat exchanger above the reactor core. This figure was obtained from
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Table 4.1. Data for PBRE Preliminary Core Design

\
Power Level

Design thermal power level, Mw 5
Power density, w/cm® of bed 9
Core Dimensions and Characteristics
Diameter of bed, ft : 2.5
Height of bed, ft ’ 4,0
Bed void fractlon . 0.39
Bed face area, ft2 N 4.91
Bed volume, ft> 19.6
Number of fuel spheres 11 700
Total heat transfer area, ft?2 . ' 574
Bed pressure drop, psi 0.82
Rate of temperature rise (no coolant flow), °F/min 565
Fuel Element®
Sphere outside diameter, in. 1.5
Average heat flux, Btu/hr.ft? 29 700
Stress-limited power density (for 1500-psi stress and k = 8 45
Btu/hr-°F.ft, ¢ = 0.39), w/em’ of bed
Mean fuel temperature, °F 1090
Estimated maximum sphere surface temperature, °F <1900
Maximum thermal stress (peak-to-mean power density of .0), psi 600
Mean surface-to-gas temperature drop, °F 150
Mean internal temperature drop, °F 120
Maximum internal temperature drop (peak-to-mean power density of . 240
2.0), °F '
Coolant Characteristics
Gas ' ‘ Helium
Pressure level, psia - _ 500
Inlet temperature, °F . 550
Mean outlet temperature, °F 1250
Flow rate through core, 1b/hr . 19 500
Superficial mass velocity, 1b/ft2-hr 3970
Flow rate as percentage of levitation Value,b % 80
Average heat transfer coefficient, Btu/hr.ft2.°F ) 200
Reactor Parameters When Operated at Levitation LimitP
Power level, Mw ’ 6.2
Power density, w/cm’ v 11.0
Flow rate through core, 1b/hr 24 000
Superficial mass veloeity, 1b/ft?.hr 4890
Bed pressure drop, psi 1.20
Average heat flux, Btu/hr°ft? 38 000
Average heat transfer coefficient, Btu/hr- ft2 °F ) 233

aTemperatures and stresses estimated for a uniformly fueled sphere.

leth gas in at 550°F and out at 1250°F; based on pressure gradient equal to 87%
of bed density using fuel density of 1.7 g/cm .
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calculations based on the following assumptions:

1. gas temperatures remain at 550°F into and 1250°F out of the core,

2. prior to shutdown, the reactor has been operating at 6.2 Mw,

3. the pressure drop through the steam generator is scaled down from
1.0 psi at full flow (6.2 Mw) according to the ratio of the square
of the flow rates,

4. the resistance of a seized blower is half of the design head multi-
plied by the ratio of fhe square of the flow rates. .

A height of 16 ft was chosen as sufficient to remove most of the
afterheat and yet not require an.excessively high containment structure.
As may be seen from Fig. 4.4, natural circulation will remove 2.7% of
6.2 Mw with the inlet and exit gas temperatures at 550 and 1250°F., Al-
though this is not adequate to remove all the afterhegt during the first
3 to 4 min. after shutdown, stbrage of all energy above 2.7% in the fuel
elements would raise their average temperature only about 10°F. _

Figure 4.5 was prepared to illustrate the effect of;pressure ievel
and the replacement of helium by nitrogen on afterheat removal by natural
circulation. This figure shows the slight superiority of nitrogen at
pressures below 140 psia; for example, at one day after shutdown, a sys-
tem pressure of 70 psia is required to remove the afterheat with helium,

while a pressure of only 56 psia is required if nitrogen is used.

System Pressure Drop

The helium coolant circuit pressure drop was computed to provide the
required blower design information. The calculatéd pressure drop through
the system may be summarized for the case of 6.2-Mw operation at a pres-
sure of 500 psia with a 550°F inlet gas temperature and a 1250°F outlet
gas temperature, as follows:

Pressure Drop (psi)

Core 1.28
Steam generator (estimated) 1.00
Blower loop piping 0.97
Concentric piping, etc. 0.81
Core inlet and outlet 0.16

Total 4,32 :
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Thesé pressure drops were computed for a flow of 24 700 1b/hr of- helium
through the core and 29 600 lb/hr through the piping, to allow for control -
rod and reflector cooling and for additional leakage through the reflector.
The relationship used in computing the core pressure drop was based on

Eq. (1), assuming the bed void fraction to be 0.39. The highest gas
velocity attained in the system, 210 ft/sec, occurs in the inside pipe

leading from the pressure vessel to the steam generator.

Pressure Vessel Temperature

The temperature of the pressure vessel was estimated for several con-
ditions to aid in determining the desirability of using internal (reflec-
tive) or -external pressure vessel insulation. Insulation between the
graphité and the pressure vessel might seem beneficial, since the use of
type A212, grade B, steel requires that the pressure vessel temperature
at 500 psia not be greater than 650°F. In a loss-of-pressure and -power
accident, however, it is desirable to minimize the heat flow resistance
in order to discharge afterheat from the Surface of the reactor vessel
without overheating the core.

Figure 4.6. shows the temperature of the pressure vessel with ex-
ternal insulation as a function of gas flow rate through the cooling an-
nulus for two reflector temperatures. In the calculations required for
this figure, allowance was made for energy transferred to the pressure
vessel from the graphite reflector, as well as for that generated in the
vessel. Heat was assumed to pass from the reflector to the flow liner
by radiation and conduction, from the liner to the pressure vessel by
radiation, and from the liner and pressure vessel to the helium coolant
by convection. The results indicate that the pressuré vessel temperature
is relatively insensitive to the reflector temperature and that it is con-
trolled by the gas flow rate. The rate of heat transfer from the graphite
increases, however, by 57% for a reflector temperature increase from 1050
to 1250°F.

The -effects of using boronated graphite in the outer edge of the re-
flector are shown in the lowest curve of Fig._4.6. This curve was obtained

by assuming that the heat generation rate in the pressure vessel wall was
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reduced by a factor of 10 from that used for the case with no boron. In
addition to reducing the pressure vessel temperature by about 40°F, the
sensitivity to the gas flow rate is aléo reduced, indicating that tem-
perature nonuniformities may not be a significant problem with this ar-
rangement,

The temperature of the insulated pressure vessel was also estimated
for the case of natural circulation at a 500-psia system pressure after
reactor shutdown. Assuming that ho heat is generated in the pressure ves-
sel and, using 1050°F for the outside graphite temperature, the vessel
temperature was computed to be 700°F, which is above the design value.
Removing the insulation allows heat to be radiated to the surroundings
and thus decreases the pressure-vessel temperature. Radiation from the
uninsulated pressure vessel would keep its temperature below 710°F with
no hélium.circulation, and, with natural convection cooling by helium at
500 psia, the vessel temperature would remain below 650°F. These condi-
tions appear to be satisfactory, since zero helium circulation would cor-
respond, essentially, to a depressufized situation in which the pressure
vessel is unstressed. More refined calculations, including, for example,
consideration of external (air) thermal-convective cooling, are required
to firmly establish these temperatures.

With no pressure vessel external insulation, the heat loss would only
amount to about 1 1/2% of the reactor heat geherated at 5 Mw. Thus in--
sulation is not required to reduce the heat loss, and, in fact, is actually

undesirable from the hazards analysis standpoint.
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5. FPFUEL~HANDLING SYSTEM

A major attraction of the pebble-bed reactor is the possible ease
of fuel addition and removal when the reactor is at power. A fuel-handling
system that makes optimum use of this feature must be simple and reliable,
and, of course, investigation of fuel-handling problems is a p}inciple
objective of the PBRE. Since the fuel-handling system must be capablie
of operation and maintenance even though highly contaminated with fission-
product activity and it must provide for the. sampling and examination of
exposed fuel elemeﬁts, other basic features of the experiment are involved A
in the design. The design conditions listed below were established for
the system. ‘

1. The fuel-handling system must be capable of operating at all
reactor conditions, that is, conditions ranging from shutdown and depres-
surization to full nuclear power. It must be capable of roﬁtinely dis-
charging and replacing a small number of balls, and, in addition, must
provide for fairly rapid removal of all fuel elements from the core and
for their storage. Provision must e made for the additibn of fresh fuel
and for the recycle of exposed, fuel, both at the rate of a small number
per day or fairly rapidly, in the event an entire core has been discharged.
The fuel-handling system must also provide storage and transfer facilities
for a complete nonnuclear fuel charge to permit reactor startup and shake-
down studies. '

2. In order to determine which fuel spheres should be recycled,
means must be provided for examination of exposed fuel to determine its
physical integrity and either the uranium burnup which has occurred or
the amount of fissile material remaining.

3. It must be possible to operate the fuel-handling system from
outside the reactor containment vessel in order to avoid the presence of
personnel in the vessel when the reactor is at power.

4, Provision must be made for the routine transfer of small numbers
of fuel spheres from the reactor system for hot cell examination else-
where and for the occasional transfer of large quantities of spheres for

reprocessing or disposal.
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5. ©Since the fuel elements will contain uranium and thorium car-
bides, all spaces through which they will pass after exposure to the re-
actor environment must contain an inert atmosphere.

6. Full advantage must be taken of movement of balls under gravity
in their passage through the core and their handling and transfer in the
external system.

7. A close correspondence between radial variations in neutron flux
and fuel residence time in the core is desirable in order to produce ap-
proximately the same bﬁrnup in all spheres. Achileving a favorable ball-
movement pattern in the core must therefore be an objective in the design
of the fuel-discharge device.

8. The experimental nature of the PBRE makes desirable the ability
to test fuel elements of various mechanical strengths. Hence, an attempt
should be made to limit the free fall in the reactor. (Irradiated fuel
discharged from the PBRE can be tested in hot cells in statistically
significant guantities to determine crushing strength and permissible
impact loading.)

9. Reliable couﬁters must be located at points in the fuel-handling

system to provide knowledge at 'all times of the movement and location

" of fuel elements.

lO.' The entire system must be capable of being maintained and the
design must be such as to make maintenance as simple and straightforward
as possible.

11. Alternate means must be provided for removal of fuel from the
core in the event gross malfunction of the fuel-handling system or damage
to the ball bed makes the normal fuel-discharge system ineffective.

12. 1In recognition. that the PBRE is primarily an experimental fa-
cility, consideration must be given in the design to the possibility of
changes in operating conditions and.future alteration :of the system.

The fuel-handling system for the PBRE is illustrated schematically
in Fig. 3.15. Fuel is inserted into a sloping tube at the top of the
reactor and flows by gravity through a gas lock into the core. Fuel
entering this upper tube can be either fresh fuel, recycled fuel, or

dummy elements transferred from the fuel-handling room below the reactor.
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Fuel is discharged from the core through an opening in a rotating
removal port at the bottom. It then passes downward through a gas lock
into‘a nitrogen~-filled, shielded room that is maintained at near atmospheric
pressure. In the fuel-handling room, spheres move by gravity either
directly to subcritical storage containers or pass through inspection
devices under the control of the operator. New fuel, recycled fuel, or
dummy spheres can be released from storage containers into a pneumatic
1lift for transfer to the inspection area, to the top of the reactor, or
to shielded casks for removal from the reactor. These operations can
be controlled completely from a position external to the reactor contain-
ment vessel.

Two methods of'operation are possible. Under normal circumstances
the reactor will be at pressure and power and a small number of spheres
will be removed and replaced in the core each day. (At equilibrium con-
ditions under full-power operation, about 15 spheres per day will be re-
placed to maintain criticality.) It is possible, however, to remove
fuel rapidly when the reactor is shut down by replaciﬂg the helium with
" nitrogen at atmospheric pressure. The valves in the gas-lock system can
then be left open and the fuel discharged from the core in a continuous
stream. Return of fuel to the core is relatively rapid also, if the upper
gas lock is left open. All routine fuel-handling operations can be con-

trolled by peréonnel outside the containment vessel.

Fuel-Element-Addition System

The arrangement of the fuel-addition system for the PBRE is shown
in Fig. 3.15. New or exposed fuel will be transferred from the fuel-
handling room to the fuel-addition.system by a pneumatic tube. The
spheres will pass from the nitrogen system into the primary helium system
-Through a gas lock.

In preparation for introducing fuel, the space between the valves
will be evacuated to remove any gaseous fission-product activity and
then permitted to fill with nitrogen. The outer valve will then be opened
and the fuel added; the ball counter will indicate the passage of each




sphere., When the proper number of balls has been added, the outer valve
will be closed, the nitrogen evacuatéd from the lock, and helium read-
mitted.. Opening of the lower valve will then permit the spheres to enter
the reactor. . All fuel-handling lines are slightly sloped, probably 10 to.
15 deg; in order to keep the ball velocity low; at these angles the spheres
will roll at about 7 ft/sec.

The system of valves, assembled as a unit between mechanical Joints,
is located in the upper shielding, as shown in Fig. 3.15. Flexible snakes
can be used to ram out jammed balls if this becomes necessary. Two spare
valves are provided for use in case the others malfunction, and the en-
tire system can be removed and replaced using the semiremote techniques
described in Section 11.

After passing through the pressure lock, the fuel elements will roll
down to the reactor core. Within the pressure vessel, they will be de-
celerated to 1limit the velocity with which they fall on the top of the
ball bed. To do this, two schemes are being considered. The first method
lets the balls roll down an inclined pipe which takes the shape of a
spiral within the core pressure vessel. This system has two major dis-
advantages. First, if a broken ball should jam in the spiral, it would
be difficult to get a flexible rod down to ram it out. Second, there is
apparently no good way to assure the operator that a ball has actually
left the spiral and entered the core.

In order to eliminate these disadvantages, the alternate system il-
lustrated in Fig. 5.1 is proposed. In this method, the fuel elements
are dropped vertically through a counter-current flow of helium that
cushions the fall. The presence of a fuel element in the line will be
indicated by the pressure difference between the core and the helium with-
drawal point. The disadvantages of this system are that precise control
of the helium flow may be necessary and that an auxiliary system may be
required to provide gas flow when the reactor is not at pressure. Further
investigation will be required to determine the practicality of this
scheme. ‘ | '

Lines that the fuel balls roll through should be sized so that the

inside diameter is 20 to 30% greater than the ball outside. diameter. For
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the countercurrent heiium-cushion concept, the closer the pipe inside
diameter is to the ball outside diameter, the less gas flow is required
to suspend the ball. A very rough estimate indicates that at reactor
operating conditions, about 7-cfm of helium flow would be required to
suspend a single graphite fuel ball in 1 l/2-in.”sched.-40 pipe and about
30-cmf in 2-in. sched.-80 pipe. These values would have to be determined
more precisely by experiment.

The initial loading technique would be the same for both fuel-element
feeding schemes. First, the core would be filled with inert graphite
balls that could tolerate the drop into the core cavity. When the ball
level approached the top, the operator would start adding fuel elements
while simultaneously withdrawing inert balls from the bottom. Since the
fuel elements would not be forced into the core, it would be necessary
to maintain a gas phase above the ball level to assure that all balls

fell out of the inlet line.

Fuel-Discharge Mechanism

Various techniques that might be used for discharging fuel from a
pebble-bed reactor were discussed and evaluated in a previous ORNL study.l
Among: these, it appears that a rotating-~dome discharge mechanism of the
type shown at the left in Fig. 5.2 will best meet the objectives of the
PBRE. The rotating dome serves to collimate the fuel elements at the
point of exit from the core and thus allows the entire fuel discharge sy-
stem to have a size slightly greater than the diameter of a fuel element;
studies have shown® that unbroken spheres will not jam in a tube that has
an inside diameter of 1.1 to 1.7 bail diameters. A rotating mechanism
also has the advantage of removing spheres symmetrically about -the axis
of the bed.

A right-angle drive will be used to rotate the discharge device.
This will conserve vertical distance and, in addition, allow placement

of the drive motor beyond a shield wall in an area accessible for direct

1A. P. Fraas et al., Preliminary Design of a 10-Mw(t) Pebble-Bed
Reactor Experiment, CF 60-10-63 rev. (May 8, 1961).
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maintenance. A small amount of clean helium will normally flow through
the drive mechanism for cooling and to keep out particulate matter.

The question as to how much fuel, if any, will be allowed to reside
continuously in the discharge line is as yet unresolved. One possibility
is to have a mechanism for stopping the flow of spheres into the dis-
charge head and thus keep the line free of fuel except during unloading
operations., Mechanical shutters or detents might be used or, possibly,
gas could be passed up through the discharge line at a rate sufficient
to prevent the entry of fuel; at a reduced flow rate the gas would serve
to cushion falling spheres. An alternative is to allow the discharge
line to remain full of spheres down to some level below the reactor. A
mechanical device at this point would control admission of spheres to
the lower gas lock.

Replacement or repair of any o7 the components in the discharge
dome drive-shaft housing would be accomplished by withdrawing the drive
motor and horizontal drive shaft and removing the lower blind flange.

The lower sections of the discharge assembly could then be withdrawn.

On lowering the discharge tube,. the dome would drop enough to block the
discharge port before coming to rest on a support in the lower plenun.
Thus it might be possible to replace inoperative cpmponents below the ro-
tating dome without unloading the core. To replace the dome, it would
_probably be necessary to remove the fuel by some alternate technique,

such as vacumming the spheres through the top of the reactor vessel.

~ Five.vdlves in series are shown in Fig. 3.15 as comprising the lower
gas lock, whereas actually only two are required for normal operation;

the éxtra three valves are spares. Whether all these spares are necessary
will be shown by the valve development and testing program outlined in
Section 16. It may be desirable for the valves to have a finger-like
extension built into them, or possibly a separate finger ahead of the
‘seat, to prevent hot fuel elements from coming in contact with the valve
trim, A vibrator attached near the lock exit may be utilized to clear
the transfer line and lock piping should fuel fragments block the passage.
A flexible plumbers type of snake may also be introduced via a cleanout

connection. An expansion joint precedes the low-pressure flanged
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connection to assure placement &lignment: and to compensate for opera-
tional l1line shifts,

Tentative provisions for disconnection and replacement of the gas-
lock assembly include remotely operable mechanical joints above and below
the station. A sloped-track system might be employed in conjunction with
the lower reactor service machine to transfer a defective unit to an

adjacent hot-cell facility for repairs.

Fuel Inspection and Storage Area

After the fuel paéses through the pressure lock and through a shor=w
section of pipe, it enters a shielded compartment designated as the fuel-
element inspectibn and storage cell (see Fig. 3.2). The passage of fuel
through this cell is somewhat complex,.and it is desired to use gravity
flow as much as possible. At first the fuel passes a classifying device
which will reject chips to a storage drum, and, next, the inert spheres,
made slightly undersized for easy identification, will fall out énto a
spiral storage tray. The fuel elements will roll off the end of the
classifier in single file onto an inclined chute.

If a large number of balls is being discharged, the first deflector
gate will divert them into the fuel storage tray. This tray, which can
hold a complete reactor loading, is a 16-turn spiral containing a single
layer of balls. It does not appear to present a criticality problem, al-
though a complete analysis will be made to assure this. A vibrating
féeder is used to diécharge balls from the spiral storage trays into a
pneumatic tube which 1lifts them back to the ramp leading into thé inspec-
tion area.

In normal daily operations (10 to .50 balls), the first deflector
gate is positioned to allow the balls to continue down a chute to a second
gate. Here they are held‘up for cooling and fed one-at-a-time through
a shielding wall into the inspection area.

The inspection area is equipped with devices for detecting cracked
or chipped balls and with an anélyzer for determining the burnup experienced

by an element or the amount of uranium remaining. This area, as well
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as the rest of the cell, can be viewed with a television camera. A one-
arm manipulator is available for use in both areas. After passing in-
spection the balls are lifted by pneumatic tube to the fuel-addition lock
at the top of the reactoy or returned through another tube to the storage
area.of the cell. Meané:will‘be provided to divert used fuel into drums
‘for long-term storage.

Nitrogen is withdrawn from the cell through the fuel storége'trays
and drums and passes through a filter, cooler, and absorber before being
returned to the cell by a blower. This serves to cool the fuel and %o
restrict the dispersal of activity in the cell. Each nitrogen line is
equipped’ with an orifice having a pressure drop that is high compéred
with the pressure drop through the drum or tray; the coolant flow rate
is therefore iﬁdependent of whether the unit is full of fuel, and valves
are not needed to controlithe flow.

Counters located in the cell allow the movement of balls to be moni-
tored and a continuous record of ball location to be kept. The counter
being developed consists of a differential transformer around the pipe,
an oscillator;amplifier, and an electronic counter. For ease of mainte-~
nance, all equipment in the cell is visible and accessible from overhead.
Removal of shielding blocks, as discussed in Section 11, wiil permit
equipment-in the‘room to be repaired or replaced. _

Sampling, introduction of fresh fuel, or removal of spent fuel will
be accomplished through air locks separating the cell from the adjacent
service room. The cell will normally contain a supply of fresh fuel that

- 1s adequate for the scheduled period of operation.

Fuel Element Movement Through the Core

The power density at the edge of the PBRE core is higher than at
the center line, and fuel elements near the wall may undergo a higher
burnup there than at the center. Ultimately, it would be desirable to
be able to match the fuel velocity distribution to the core power distri-
bution and attain uniform fuel burnup. For this reason, flow studies have
been undertaken to determine the velocity distribution of the fuel as it

travels through the core and the variable that affect this distribution.



A small plastic model, approximately in scale'to(the PBRE core, was
built to operafe with ordinary 5/8-in. glaés marbles and was tested with
.the outlet configurations illustrated in Fig.‘5.2. For the tests of each
.core configuration, the model was filled with enough marbles to cover
the conical bottom discharge device to a depth of two or three layers
to get out of the region of influencerof the core bottom. A lower layer
of numbered control marbles, as indicated in Fig. 5.3, was placed in the
model by hand. The model was then filled to a point near the top, and
another layer of numbered control marbles was added directly above the
idenﬁically numbered marbles of the lower layer. The ball-discharge de-
vice was then turned on and each time a control marble came out of the
model the total number of marbles removed up to that time was recorded.
Marbles discharged from the model were added back to the top to maintain
a constant level. , |

Of the several configurations tested, only the results for the
model shown at the left of FPig. 5.2 will be presented here. In this
particular configuration, the conical bottom makes an angle.of 30 deg
with the horizontal, and the entire discharge-dome rotates. The lower
plot of Fig. 5.4 shows the average residence time, in terms of numbers
of marbles removed, of each. circular ring of control marbles in each
layer plotted against the dimensionless radius. The upper plot -of Fig.
5.4 gives the results of subtracting the "lower layer" curve from the
"upper layer" curve and shows that the flow of marbles in the cylindrical
part of the vessel is piston-like. The flow of marbles in the cylindrical
parts of the vessels described in the center and right-hand arrangements
of Fig. 5.2 was also piston-like, with one slight exception. In the case
of the discharge device illustrated at the right, the dome is stationary
and does not rotate; apparently the dome was not perfectly centered in
the model and the velocity distribution; while piston-like, was skewed
to one side. This demonstrates the advisability of having a rotating
dome . }

The piston-like flow of marbles found in the cylindrical part of
the core did not agree with data obtained by_the Sanderson & Porfer

Company; their results showed a velocity profile somewhat analogous to
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water flow in a pipe, that is, high at the center and lower (But not zero)
at the walls. The model and plastic balls used by Sanderson & Porter are
now at ORNL, and the Sanderson & Porter results have been confirmed using
the technique described above. The Sanderson & Porter model, which is
smaller than the models illustrated in Fig. 5.2, was used with plasfic
spheres rather than glass marbles, but the discharge device,2 although dif-
ferent from those illustrated in Fig. 5.2, was expected to behave similarly.
The differences .in the velocity distributions were found to be due;
in part, to differences in model configuration, but,,in particular, to
differences in the coefficients of friction.of the materials used. The
static coefficient of friction between spheres and a wall was determined
from the force required to start pulling a plate Vertically out of a bed
of spheres, and the coefficient of friction between randomly packed
spheres and a flat array of spheres was determined similarly by pulling
a tray vertically out of the bed. The tray had sides 3/4 of a sphere
diameter high and therefore carried a layer of spheres with it. The co-
efficients of friction were measured with the plate and tray immersed 10

Sphere dismeters into the bed. The data obtained are given in Table 5.1.

2Pebble Bed Reactor Program Progress Report, Period of June 1, 1959,
NY0-9071 (October: 31, 1960),

Table 5.1. Static Coefficients of Friction Measured with
.Plastic Spheres, Glass Marbles, and Graphite Spheres

Static Coefficient of
Friction (psi)

Material ~§£Z$i£lc
' s Spheres vs Spheres  vs
FTlat Plate Spheres
3/8-in. plastic spheres 1.19 0.013 0.027
with plastic plate or tray
5/8-in. glass marbles with _ 2.58 0.048 0.119
plastic plate or tray
1 1/2-in. graphite spheres 1.71 0.021 0.068

with graphite plate or tray




The absolute difference between the sphere-to-sphere and plate-vo-
sphere coefficient in Table 5.1 is about 5 times as great for the marbles

as it is for the plastic spheres. The ratic of coefficients is also
greater for the marbles, being 2.5 versus 2.1 for the-plastic spheres.

It is not known whether the parameter that determines the ball flow pat-
tern is the ratio of ccefficients, difference between coefficients, or
some more complicated relation involving such things as solid density,
sphere diameter, or other properties. Both the ratios and differences
are consistent, however, in indicating that it is the comparative sphere-
- tOFSphefe‘and.sphere-to-wall forces that determine whether the flow is
piston-like.

- The importance of drag forces on the pattern of ball movement was
indicated further by tests in which sandpaper was used to increase the
drag of the wall on glass marbles. Ball movemeht studies with marbles
in a sandpaper-lined model showed velocity profiles similar to those with
plastic spheres in a plastic vessel, rather than the flat profiles ob-
tained before with marbles. The coefficient of friction between a sand-
faper-covered piate and marbles was found to be 0.070, which gave a sphere-
to-sphere vs platerto;sphere ratio of 1.7 and reduced the difference
between the two coefficients to 69% of what it was without sandpaper.

Coefficients of friction values obtained with 1 l/2-in. uncoated
graphite spheres and a graphite plate are given in Table 5.1. The ratio
of coefficients is 3.2, and the difference in coefficients is 3.4 times
that of the 3/8-in. plastic spheres. From this it can be tentatively con-
cluded that the flow of fuel elements in the cylindrical part of the PBRE
core will be ﬁearly piston-like. This conclusion, however, involves the
uncertain assumptions that the friction coefficients of the actual fuel
elements will be similar in dry helium at reactor conditions to those
measured with graphite spheres in air at room temperature, and that the
iifting force of upward flowing gas will not change the ball flow pattern.
It should.also be recognized that the addition of ceramic sphere coatings
_ or the slitting of the core wall (as suggested to reduce stresses from
radiation shrinkage) could change the coefficient of friction enough to

significantly alter the flow pattern. A full-scale model of the PBRE core
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is currently being built to operate with upward flow of air through a
bed'of 1 l/2-in. graphite spheres. Studies using this model will resolve
several of the unknown factors in ball-velocity distribution.

Although ﬁhe preceding discussion has concerned only the pattern of
ball movement through the cylindrical portion of the core, the converging
section at the bottom is of equal importance and requires study. Clearly
the discharge device and the core bottom must be shaped so that no longu
hold-up zones exist-in the lower part of the core. This is particularly
important in the PBRE because of the flux peaking which occurs in that
region.

One example of the influence of the discharge regioﬁ on the total
residence time in the core can be seen in the curve for the upper layer
of balls in Fig. 5.4. The spheres originating near the wall were in the
core 27% longer than those which paséed through the most rapidly, even
though their velocities were the same in the cylindrical portion. This
difference, however, is only 12% for spheres starting at the top of the
ccre, rather than half way up as in the experiment. Thus, relatively
uniform residence times can be expected if care is taken in the specific

design of the lower core region.
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6. REACTOR PHYSICS

Fuel Composition

There are two quantities to be fixed in regard to fuel composition,
since both .the U23° and the thorium content of the fuel can be varied.

The criteria which have been used are, first, that the total weight per-
centage of uranium plus thorium in‘a fuel ball should be the same as would
be anticipated in a full-scale power reactor, and, second, that there
should be sufficient reactivity to give.the.same burnup density (fissions
per cubic centimeter) as would be anticipated in a full-scale reactor.

The first criterion gives a fuel ball matrix which has the desired mechani-
cal and physical. properties, while the second criterion provides a mean-
ingful test of the radiation stability and fission-product retention char-
acteristics. The ratio of thorium to uranium in the fuel for the experi-
mental reactor will, of course, be much lower than in the full-scale re-
actor because of the much higher neutron leakage from the smaller core.

The economic analysis that was used to establish a reference design
for a full-scale power reactor of the pebble-bed type is described later
in this section. On the basis of this analysis it was concluded that a
reasonable fuel composition for the PBRE would be 5 wt % uranium plus
thorium and that this fuel would have sufficient reactivity to give a
burnup density of 3.1 X 10t° fissions/cm3 of fuel sphere. To obtain this
burnup density in the PBRE at an average power density of 14.8 w/cm3 of .
fuel sphere requires a fuel lifetime of 2.1 years.

The initial enrichment for the PBRE fuel was computed by calculating
the k pp for equilibrium mixtures of nuclides where the final burnup was
3.1 X 10*? fissions/cm® of fuel, the initial uranium plus thorium content
of the fuel was 5 wt %, and the initial enrichment of the fuel was allowed
to vary. The equilibriumfconditions were defined as those of graded ex-
posure, in which the fuel is well mixed within the core so that composi-
tion is not a function of position. The equilibrium reactivity corre-
sponding to various initial fuel enrichment is shown in Fig. £6.1. An
enrichment of 58% was chosen. -The associated kepp of 1.03 allows 0.01 k

for shim control and 0.02 k for minimum control rod poisoning.

v
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In calculating the reactivity of fuel on an equilibrium cycle it is
not intended to imply that the PBRE will ever actually reach such cqndi~
tions. In an experimental reactor, with a principal aim of providing a
test of fuel materials, it would be expected that various types and com-
positions of fuel spheres would be inserted from time to time and that
fuel would be withdrawn for analytical purposes, as well as when dictated
by core reacfivity. The equilibrium:reactivity does, however, provide a
useful yardstick by which to measure fuel-lifetime capability. If the
PBRE is operated for the first part of its lifetime with no withdrawal
or change in position of the fuel, then substantial refueling will have
to occur when the average fuel exposure is a little less than one-half
the target value and the maximum exposure (the outer fuel layer at the
bottom) is at approximately the target value. If some fuel removal and
reinsertion occurs during burnup of the first core loading, then substan-
tial refueling will be necessary when all the fuel approaches one-half
its target burnup.

The criticality calculations were performed withithe one-dimensional
multigroup GNU code. The burnup calculations were done by analytical solu-
tion of the nuclide-concentration equations, using the effective cross sec-
tions from the GNU calculations. Xenon and samarium concentrations were
computed explicitly, while the poisoning from the remainder of the fission
products was allowed for by the eight pseudo-elements faken from Nephew's
study.1 An iteration between the two types of calculations was done for
each enrichment to assure that the effective cross sections corresponded
to the nuclide-concentrations being used. The results of these calcula-
tions are given in Tables 6.1 and 6.2 for 58% enrichment of the fuel.

The burnup in the PBRE wou%d be 0.24 fissions per initial fissile
atom or 1.3 x 10° de/T of uranium plus thorium. The equilibrium conver-
sion ratio would be 0.080. The initial core loading would be 17.2 kg
of U?3°, The initial specific power would be 0.3 Mw/kg. The macroscopic
fission cross section of fresh fuel would be 1.2 times the average value

in the core at equilibrium.

v

5. A. Nephewé Thermal and Resonance Absorption Cross Sections of the
U233, U233, and Pu?3? Fission Products, ORNL-2869.(Jan. 18, 1960).

i
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Table 6.1. Nuclide Concentrations of 58%-Enriched Fuel

Nuclide Concentrations

Nuclide (atoms per barn-cm of core volume)

Fresh Fuel Equilibrium Spent Fuel
TH232 5,18 x 10-% 5,10 x 10-% 5.02 x 107?
Pa?33 7.47 x 10°8 7.75 x 10~8
U233 6.23 x 1077 1.22 x 1076
y234 1.88 x 1078 4.72 x 1078
U235 7.91 x 1077 6.66 x 1073 5.55 x 1077
yz3é 2.63 x 107 4,93 x 107®
yr38 5.50 x 107% 5.32 x 10-% 5,14 x 10-¢
Pu?39 1.33 x 1077 2.26 x 10-7-
Xel3> 4.78 x 1070 ‘
Smt49 4,48 x 107° 4,48 x 1079
Specified Conditions
N25
1. Fresh fuel-has = 0,58
N25 + 28 + o2
(235)N%% + (238)N28 + (232)n02 ’
2. Fresh fuel has - = 0,05
(235)N25 + (238)N28 + (232)N02 + 12nC
3. For all nuclides the equilibrium concentration is
equil 1t
N = fO N(t) at
b t =6.76 X 107 sec
5 = 3.1 x 10'° fissions/cm® of fuel

toe
. 2; j;, o, N(t) ¢ at




Table 6.2. Neutron Balances for 58%-Enriched Fuel

Neutron Balances® (neutrons per source -neutron.)

Hot Clean Core Fresh Fuel with Xe -and Sm Equilibrium

Absorptions Productions - Absorptions Productions Absorptions Productions

Th?32 0.0358 0.0357 ' 0.0363

Pa?33 | 0.0005
233 ' | 0.0059  0.0130
U234 | 0..0001
U235 0.5793 1.1022 0.5641 1.0718 0.5293 1.0098
U236 » . : 0.0028 '
yR38 : 0.0082 : . 0.0081 0.0082
Pu?39 | | . 0.0029 - :0.0056
Xel33 ) o 0.0100 0.0110 -
Sml49 ) 0.0068 0.0068
Other fission products _ 0.0137
Core graphite 0.0023 0.0023 ' 0.0026
Core escapes 0.37%4 0.3730 | 0.3799

Total 1.0000 1.1022 ~1.0000 1.0718 1.0000 1.028%

#These neutron balances were computed with zero control rod poisoning in all cases; since there
is actually a 0.02 8k poisoning from the control rods in their most retratted-position,'the.excess re-
activities are 0.02 lower than indicated.

201
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Temperature Coefficient

A preliminary estimate of the magnitudes of the thermal-neutron-
spectrum temperature coefficient of reactivity was made by means of one-
dimensional mulﬁigfdup calculations (GNU code). The calculations were
done for the clean core, that is, for fuel with no burnup or fission pro-
ducts. 1In each;case the calculations were for isothermal conditions
across theyéore and reflector. The calculatibn gave a temperature coef'-
ficient from the thermal-neutron spectrum of —1.2 X 10'5/°F.

The temperature coefficient from Doppler broadening of the thorium
resonan¢e integral was calculated in two steps. First the change in k
resultiﬁg'from a change in thorium resonance integral, I, was computed
with thenGNU code to be

sk / 8T _
k—/-I— = —0.071

Then the change in resonance integral for a given change in temperature,
T, was computed from the resonance parameters at a fuel temperature of
1080°F. The result was

oI

ol _ =5 /o
=5 = 5.6 X 10 /°F

Hl-

Multiplication of .these two quantities gives the fuel temperature coef-
ficient '
10k
k 8T

The combined temperature coefficient is thus -1.6 X 10'5/°F, or

= 0.4 x 107°/°F

—2.9 X 10'5/°C. It is believed that the reflector makes a positive con-
tribution to this coefficient, so the core coefficient alone should he
more negative than the above value. Considerable improvement in the cal-
culations will be necessary, however, before much reliance can be placed
in the results. In particular, the effects of changes in neutron spectrum
2s a result of neutron diffusion from reflectér to core must be explored
by more elabofate calculations than those used'so far in this study. As

a reéult of this uncertainty in temperature coefficient, the preliminary
analog compuﬁer studies of reactor transients have been carried out with

the temperature coefficient as a parameter.
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Reactor Control

The required amount of reactivity control is given below:

ok

Temperature defect . : © 0.016
Equilibrium xenon poisoning _ 0.018
Equilibrium samarium poisoning 0.012
Other fission products and burnup 0.044
Shim control 0.010

Total 0.100

The control rods:are located in the reflector where there is no inter-
ference with ball flow or cleant flow from internal boundaries. Since
the reactor is largely reflector moderated, it iS’possible'to obtain suf-
ficient reactivity control with absorber rods outside the core.

Calculations on the effectiveness of control rods were made for
several combinations of rod diameter and number of rods. The calculations
were two-dimensional and four-group in (X,y) geometry with the circular
control rods approximated by squares. With B4C rods it was assumed that
an approximate result could be obtained with a calculational model in which
the rods were black to neutrons of each energy group. ©Since the high-
energy group accounted for only 13% of the control fod absorptions, the
overestimate of control rod effectiveness should not be large. The rods
were located with centers on a 40-in.-diam circle (5 in. outside the core
boundary). The reflector thermal flux peak reached.a maximum at about
8 in. outside the core, indicating that the rods will be in a region of
- high thermal flux. t ' ‘

The change in reactivity, %k, that will be obtained by complete in-
sértion'bf the rods ié indicated in Fig. 6.2. >The design which was chosen
has 4 rods, each 3 in. in diameter. -ThevB4C control rods are to be sup-
ported from below by a graphite rbdeith a steel core. Hence the reactivity
effect of the steel core must be subtracted from the calculated control
rod effectiveness. This effect is shown in Fig. 6.3 as a function of the

diameter of the steel core. It was concluded that 0.0l 8k would be an
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adequate allowance for the: effect of the steel core. An additional 0.03
Bk must be subtracfed since the rods are only 4 ft long and do not blanket
the énfiré core and reflector when inéerted, A 0,01 B3k must be subtracted
for residual poisoning after the rods have been withdrawn to the meximum
design point, with the bdttom of the active section 1 ft above the core.

- The fotal contrel rod worth is then 0.21 8k, leaving a shutdown margin in
the order of 0.11 ®k. Further calculations will be required, however,
with more exact mathematical models of the control rods and surrounding

regions, in -order to establish a precise value for the-shutdown margin.

Power and Flux Distribution

_ It is characteristic of a small pebble-bed reactor that the thermal
flux shows very high peaking in the reflector, and thus the power density
tends to be at a maximum at the outer walls and ends of the core. A typi-
cal power distribution is shown in the curves of Fig. 6.4. Theée curves
were computed for the hot, clean core and uniform axial and radial re-
flectors With'void fraetions of 0.20 and 0,10, respectively. The control
“rods were assumed to be fully withdrawn, so the axial power distribution
is symmetrical about the midplane of the core.

It is notewprthy that the highest radial power occurs near the core
walls where the.gas flow is'highest because of the greater void fraction.
With the control rods partially inserted, the'pbwer would be depressed in
the upper part.of the core, and the’axial distributions would be at a
maxiﬁﬁm at the bottom where the gas temperatures would be lowest. Both
these féétors éreAfavorable in limiting the maximum fuel temperature.

 The "scalloping" of the circumferential power distribution._that is
caused by the présence of_contrql rods is indicated in Fig. 6.5. It does
not appear to bé>$¢rious, ana, in any case, would be in a region of low
pover density and would affect only a‘small-portion of the core.

AAxial power distributionslfor the core with partially inserted con-
frdl rods (insérted as a bank) were obtained by doing two-dimensional calcu-
lations in (r,z) geometry with the control rods»rgpresented.by,a homogeneous

annulus, The group cross sections for the control annulus were obtained by
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specifying that they should give the same absorptions in each energy group
as was obtalned in the calculation in which the four rods were represented
explicitly. Typical power distributions are given in Fig. 6.6. The ef-
fects of partiél control rod insertion on k and on the ratio of peak-to-

average power are shown in Figs. 6.7 and 6.8.

Fast Flux Distribution

The fast flux distribution in the core and inner portions of the re-
flector is given in Fig. 6.9. The fast flux at the inner surface of the
pressure vessel 1s of particular interest becauge this quantity is con-
trolliné in determining the reflector thickness. In this case the flux
of neutrons with energy greater than 0.10 Mev is calculated to be 6 x 10°
neutrons/cm?+sec at the inner surface of the preééure vessel at the re-
actor midplane. Using as a design criterion that the pressure vessel
ot 8

radiation exposure must not exceed 4 X 1 neutrons/cmz, a lifetime of

21 years of full-power (5-Mw) operation is obtained.

Reflector and Shield

The addition of a small amount of boron in the outer few inches of
the reflector may have a number .of desirable effects, although perhaps
introducing some materials development problems; A tentative conclusion
has been reached that the outer 4 in. of the reflector should include 0.5
wt % boron. The advantages are (1) reduction, by a large factor, .of the
gamma-ray heating in the pressure vessel, (2) reduction of biological
shield thickness by as much as 2 ft because of a decrease in pressure ves-
sel.capture gamma rays, (3) reduction of shield heat load, and (4) re-
ductioh, by a large factor, of the pressure vessel activation, which gives
a possibie advantage in performing major maintenance. Possible disad-
vantages are_(l) the risk of contaminating the core with boron and (2) the
reduction of the neutron flux at the location of reactor control and safety
instruments outside the pressure veséel. ‘Most of these péints are dis-

cussed briefly in the following paragraphs.
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The heating from the capture gamma rays in the steel was calculated

in three energy groups for the gamma-ray sources. The thermal-neutron
flux was taken from the multigrbup calculations, in which it was assumed
that the reflector contained nb boron, in order to obtain a maximum pos-
sible heating rate. The heat géneration is shown in Fig. 6.10, The
thermal stress at the:innér surface of the pressure vessel;waslthen con-
servatively estimated to be only 360 psi, indicating that this factor
would not be a problem, even without boron in the reflector.

The dose rate at thé outer sufface’of the main biological shield was
estimated for 8- and 9-ft conerete thicknesses, and for 0, 0.5 and 1%
boron in the outer 4 in. of the reflector. The results of thé calcula-
tions are summarized in Table 6.3. The stfong effect of small quéntities
of boron in the reflector on shielding reQuiremeﬁts, principally on the

reduction in pressure vessel capture gamma rays, is clearly indicated.

Table 6.3. . Effect on Dose Rate at Biological Shield Surface
of Boron Content of Reflector and Shield Thickness

Dose Rate (mr/hr)

Source —
No Boron 0.5% Boron 1% Boron
8-ft Concrete. Shield.
-Core 0.285 1 0.285 0.285
Reflector ' 0.006 0.004 0.004
Pressure vessel 52.920 0.520 ' 0.099
Shield 3.228 0.269 ) 0.215
Neutron penetration . 0.304 0.282 0.265 .
Total 65,74 1.36 . 0.87
94f£ Concrete Shield
Core 0.045 . 0.045 0.045
Reflector 0.001
Pressure vessel . .9.268 0,091 : 0.017
Shield 0,483 0.040 ' 0.032

‘Neutron peénetration 0.026 - 0.025 0.023

. Total 9.82 0.20 0.12
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The calculations for Table 6.3 were based on thermal neutron fluxes
from the one-dimensional multigroup calculations. The dose rate from the
core was obtained by"using an equivalent line source, while the dose rates
from the reflector and: pressure vessel were obtained by breaking these
regions into multiple éQuivalent plane sources and summing the contributions
to the dose rdte at,the éhield surface. The source strength in the shield
ﬁas.estimated by assumingvthermal-neutron absorption at one mean free path
into.the shield and fast-neutron penetration attenuation: as predicted by
removal-theory cross sections.

‘The heat load on the inner surface of the biological:shield .from
neutron slowing down in the shield and gamma rays was estimated for each
of the boronated caseé studied. The results are given in Table 6.4. 1In
any event, the heat load from neutrons and gamma rays is much lower <than
that from thermal radiation of the uninéulated pressure vessel. The
tentatively chesen boron concentration (0.5%) may not give a sufficiently
high flux for the dompensated ion chambers; a full-power flux of 1010

neutrons/cmz-sec is desired.

Table 6.4. Effect of Boron in Reflector on Heat Load on
Biological Shield Inner Surface

Heat Load on Shield (Btu/hr-ft?)

Source
No Boron 0.5% Boron - 1% Boron
Core 2.13 2.13 2.13
Reflector 0.37 0.23 0.22
Pressure vessel ' 161.10 1.99 0.38
Shield capture gammas 27.65 2.32 1.16
Neutron slowing down ©0.03 0.03 0.03
Total 191.3 6.7 3.9

Calculations show that little increase in the flux can be expected
from a graphite thermal column, so the only way to increase the flux is
by decreasing thé boron éoncentrafion in the reflector. A correlation
- of maximum flux in the shield vs dose rate at the surface of the 8-f%

shield (which also depends primarily on flux in the adjacent pressure
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vessel) shows that a flux of 10%° neutrons/cmz-sec‘can probably be achieved
with a surface dose rate of 10 mr/hr, Since areas around the shield are

all - 1imited access areas, this dose rate should be satisfactory.

Econemic Basis for Reference Design

Previous work at ORNL on a pebble-bed reactor -experiment? used as a
reference design the 350-Mw(thermal) system descrided by Sanderson & Porter.,-
The Sanderson &’Porter‘design used fuel balls with 10 wt % UO, plué ThO,
(8.8% Th plus U). Therefore, for this study, an analysis of the effect
of fuel composition on fuel eycle costs was undertaken in order to define
more c¢losely a realistic reference design. While it is realized that some
of the cost data are not very well known, it was hoped that a cost analysis
could delineate the range of compositions of interest and also point out
which costs are most important.

The fuel lifetime for each of a wide range of initial fuel composi-
tions was taken from a recent parametric study of homogeneous, graphite-
moderated reactors.# It was implicitly assumed that the reactor was op-
erated on an equilibrium fuel cycle, with graded exposure, that the core
leakage probability was 0.05, that 0.0l k was available for shim control,
end thet sufficlent reactivity vas PrOVidéd to override peak samarium

" poisoning. : .
The fuel cycle cost items included were the following:

1. fabrication of coated particles at $0.175 per gram of uranium plus
thorium,

fabrication of fuel spheres at $1.10 per sphere,

.3. 'headéend reprocessing at $30.39 per kilogram of uranium plus thorium
plus graphite,

2A. P. Fraas et al., Preliminary Design of a 10-Mw(t) Pebble-Bed Re-
actor Experiment, ORNL CF-60-10-63 rev. (May 8, 1961).

3Sanderson & Porter, Pebble-Bed Reactor, Parf 2: OSystem Analysis,
58P 1963 (May 1, 1958). :

“R. S. Carlsmith and A. M. Perry, Effect of Fission Products on Fuel

Reactivity Lifetime, ORNL-TM-41 (Oct. 30, 1961),
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4. "Thorex" recovery processing at $34,000 per day for 600 kg of thorium
per day or 44 kg of uranium per day, whichever was smaller; this in-
cludes one day of turn-around time per day of operation and assumes
that the throughput rate is so small that shipments of less than &
days plant capacity are made,5

U235 pakeup at $13.70 per gram,’

thorium makeup at $0.017 per gram ($7.72 per pound),?

7. use charge on the U?3% at 4.75% per year; the amount of fissionable
material included’® was (a) the equilibrium amount of U233 plus U233
in the core, (b) 275 days supply of U2%3% in fresh fuel being fabri-
cated, and (c) 275 days supply of U233, U235, and Pa®33 in spent fuel
being reprocessed,

8. the working capital charge on thorium at 12.5% of its value,5

9. the working capital charge on fuel fabrication cost (1tems 1 and 2)
' at 60% of 12.5% of its cost,

10. credit for all U233, U232, and Pa®33 recovered, and

11. credit for all thorium recovered.

) A thermal efficiency of 40% and a plant factor of 80% were assumed. In
any case in which the total cost of items 3, 4, and 7c exceeded the credit
from items 10 and 11, the case was designated a "throw-away cycle" and all
costs and credits for these items were omitted. Most of the cases of in-
terest were throw-away cycle cases, because of the high cost of the head-
end reprocessing and the low concentration of recoverable material. The in-
clusion of items 8 and 9 should be noted. These are fixed-cost items which
are often not associated with the fuel cycle. However, it is aﬁpropriate
to consider their effect on optimum fuel composition whether they are in-
cluded in the fuel cycle cost or elsewhere.

The costs for 1 l/2-in.-diam fuel spheres are given in Figs. 6.11,
6.12, and 6.13. In conjunction with the fuel costs it is necessary to
consider an additional parameter, the ratio of peak-to-average power den-
sity caused by depletion of the macroscopic fission cross section during
'burnup (independent of spatial variations of the flux), as indicated in
Figs. 6.14, 6.15, and 6.16. A high value for this power ratio implies a
low average core power density and, consequently, excessive capital costs.

The range of fuel compositions of interest is chosen by specifying,

somewhat arbitrarily, that the fuel cycle cost be less than 1.8 mills/kwhr

’Nuclear Power Plant and Cost Evaluation, Vol. 4, USAEC, Division of
Reactor Development.
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of electricity and the. peak-to-average power ratio from burnup be less

than 2.0. The fuel compositions which meet these conditions are:

C-‘25 02 /25 Uranium + Thorium
N 5 NOR /W ' -

/N 02/ (st %)
4000 g12 4.2-5.9

2000 5.5=7 a 5.9-7.2

Fuel cycle costs were also computed for 2 l/2=in.-diam fuel sphe;es
on the same basig as that used for analysis of the 1 l/2-in.ediam spﬁeres,
An additional, slightly dubious, assumption was made that the fuel sphere
fabrication cost would remain $l,lO per sphere, regardless of the sphere
size. Tﬁe results are given in Figs. 6.17, 6.18, and 6.19. The principal
difference in cost between the reactors with 1 l/2—in.vdiam spheres and
those with 2 l/2=in,-diam spheres is an advantage in the order of 0.4
mills/kwhr of electricity for the latter, The optimum fuel composition
is shifted slightly toward the more 1ightly loaded systems (higher carbon-
to-uranium ratio), but the range of interestiﬁg fuel compositions is es-
sentially the‘same, .

Although the fuel costs for both sphere sizes have been plotted over
a.wide range of power densities, it should be kept in mihd that not all
these power densities are attainable. In an upflow core the power density
is limited by bed floatation., In this case the smaller spheres would im-
pose a lower limit than the larger spheres. There are also likely to be
limitations on maximum sphere temperature and on maximum sphere power
density as a result bf thermal stresses. These limitations, which have
not yet been precisely determinede would be more severe with larger spheres,

For typical refefence design points near the optimum, the'gases given
in Table 6.5 may be considered. The costs in this table are the fuel
cycle costs only, tha£ is, the working capital charges on thorium and fuel
fabrication cost which were included in the ppevioﬁs discussion are ex-
cluded here. 7 |

The two cost items which seem‘most uncertain are the head-end re-
processing (dissolving the uranium and thorium from spent fuel elements)
and fuel fabrication, including coated-particle fabrication. With both

items the uncertainty arises from the fact that no large-scale experience
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Table 6.5. Pebble-Bed Refefence Designs

Fuel sphere diameter, 1.5 2.5 1.5 2.5
in.

¥°/N?5 in fresh fuel 4000 4000 2000 2000

NOZ/N25 in fresh fuel 10 10 6 6

Uranium plus thorium 5.0 5.0 6.3 6.3

in fresh fuel, wt %

Core average specific 3.1 3.1 2.8 2.8
power, Mw/kg of fis- .
sile material ’

Core average power 2.0 9.0 16 16
density, w/cm3

Core average conver- 0.64 0. 64 0.61 0.61
sion ratio

Fuel cycle cost, 1.6 1.5 1.4 1.3
mills/kwhr of elec-
tricity
Peak-to-average power 1.7 1.7 1.5 1.5
ratio from burnup

Fuel lifetime, 1.5 1.5 1.2 1.2
fissions/initial
fissile atom
Fuel lifetime, fis- 3.1 x 109 3.1 x 10*? 5.0 x 10*° 5.0 x 10%°
sion/em® of fuel
sphere

is available upon which to base costs — and indeed, the exact processes
have not been defined. Of the two, the fuel fabrication costs appear to
have the most decisive effect on the system. A different ratio of coated
particlé cost to fuel sphere cost would lead to distinctly different values
for optimum fuel composition., A very much higher fuel fabrication cost

could meke this type of reactor impractical.




7ﬂ COOLANT SYSTEM ACTIVITIES AND IMPURITIES

The helium coolant of the PBRE will be contaminated by both radio-
active and chemically active impurities. The concentration of radioac-
tivity in the coolant has significance in two respects: (1) the circu-
lating activity itself presents shielding and hazards problems, and (2)
activity deposited from the coolant onto surfaces adds to the shielding
requirements and increaseé the difficulty of maintenance. The major
radioactive contamination will consist of fission products and their
‘daughters, although there will also be relatively insignificant quantities
of tritium, activated corrosion products, and activated coolant impurities.
In determining the requirements for a fission-product cleanup system,
specific attention was given to xenon, krypton, and iodine, which are ex-
rected to contribute strongly to the coolant stream acﬁivity. Other spe-
cies may also be quite important, for example, strontium, with regard to
hazards, or barium and cesium, with regard to shielding and maintenance;
not enough is known about their mobilities, however, to permit considera-
tion of their behavior in the design of the purification system.

The chemically active contaminants may consist of (1) oxidizing im-
purities, such as water, carbon dioxide, and oxygen; (2) reducing im-
purities, such as hydrogen and carbon monoxide; aﬁd (3) relatively inert
impurities, such as nitrogen. These impurities are introduced by graph-
ite outgassing, by system inleakage during normal operation, by makeup
helium, and by the necessity for opening the primary system during main-
tenance and inspection. The major restriction on the concentrations of
chemical contaminants in the PBRE is associated with limiting damage to
the fuel and the reflector. At the low contaminant levels imposed by
graphite, there should be no problems of compatibility betweén the coolant

" and metals.

Purification System

The helium purification system provided for the PBRE and described
in Section 3 ié composed of a fission-product delay trap and a chemical

- cleanup system that operate in paraliel. A portion of the total reactor
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coolant system floﬁ is diverted through each path and them combined and
returned to the coolant system by an auxiliary compressor. The fission-
product delay trap is composed of charcoal beds that operate at room tem=-
perature, The chemical cleanup system containé a heated Cu0 bed for the
oxidation of CO and Hy, followed by a room—temperature molecular-sieve

adsorber for the removal of CO, and H,0.

Gaseous Fission-Product Activity

~

In a previous study of the PBRE}; the thermal power of the.reactor
was 10 Mw, the coolant pressure was 1000 psia, the main coolant flow rate
was 11 1b/sec, and the helium was heated from 550 to 1250°F in passage
through the core region. Based: on 1% bypass flow through the fission-
preduct cleanup system, the delay trap was sized to give a 30-min holdup
time for krypton, a 6-hr holdup time for xenon by dynamic adsorption in
the charcoal bed, and irreversible removal of a minimum of 99.9% of the
iodine contained in the bypass stream. Deposition of iodine on other
surfaces was not considered, although some adsorption may occur on the
colder surfaces in the system.

At the operating conditions currently proposed’for the PBRE,‘that
is, a thermal power level of 5 Mw, a coolant pressure of 500 psia, a
helium flow rate of 5.4 Ib/sec, a temperature rise across the reactor
core from 550 to 1250°F, and 1% bypass flow to the delay trap, an adsorber
bed of the size previously considered would have essentially the same
holdup times and minimum iodine-removal efficiency. The decontamination
factors which would be obtained for xenon, krypton, and iodine, and the
system activity levels based on the fission-producﬁ-release-rates given
in Section 10 are listed in Table 7.1. Since the turnover time of the
reactor helium-inventory through the fission-product trapping system is
approximately 20 to 25 min, the delay trap will havg little effect on
the activity due to short-lived (<5-min half-life) radiocactive species

in the coolant. In addition, the activity from the very long-lived species,

1A, P. Fraas et al., Preliminary Design of a 10 Mw(t) Pebble Bed
Reactor Experiment, ORNL CF-60-10-63, rev. (May 1961).
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Table 7.1. Decontamination Factors and System Activity Levels

Activity in Coolant (curies)

R Decontamination

Isotope Half’Llfev Without With Factors

' Purification Purification -
Kr83m 114 m 1.7 0.82 2.0
Kp8 5m 4.36 h 7.9 3.8 2.1
Kr85 10.6 y 28.6 20.0 1.42
Kr87 78 m 7.7 3.9 2.0
Kr88 2.77 h 15.5 7.5 2.1
Xel3lm 124 1.7 0.14 11.7
Xel33m 2.3 4 3.0 0.21 14.0
Xel33 5.27 4 198 13.9 14.3
¥el35 9.13 h 62 5.3 11.8
713t 8.05 4 102 0.16 630
7132 2.4 h 102 4.7 6.9
1i33 20.8 n 75 1.1 69
7134 52.5 m $17.8 4.7 3.8
1135 6.68 h 38 1.7 23

Total 661 78

8Effect of 0.1% per day leakage.

typified by 10.6-y Kr83 will not be significantly reduced by the delay
trap because practical holdup times will be short compared with the half-
lives. The delay trap will be of significant value in its effect on the
noble gases having half-1ives of the same order of magnitude as the eco-
nomically obtainable delay times and on those species which are strongly
adsorbed on charcoal (for eXample, the iodine isotopes). Othen radioac-
tive species that have condensed or reacted with other materials present
in the helium circuit will also be efficiently filtered by the charcoal
bed if they are carried to this point by the helium sfream. It is felt,
however, that most of these fission products will be deposited at various
roints in the coolant circuit as carbides, metals, or oxides, and that
only a small portion of these materials maintainéd in ‘suspension:ini .
the gas stream will ever enter the fission-product trap.

It is possible to reduce the activity in the coolant by increasing

the fraction of coolant bypassed to the cleanup system or by increasing
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the delay time of the charcoal beds. A significant improvement could

not be made by increasing the side-stream flow, however, without going

to an undesirably large bypass fraction. It does not appear advantageous
to make an appreciable increase in delay time. Increasing the delay by
a factor of 10, which would require a tenfold increase in the size of

the charcoal trap, would only reduce the total activity of the nuclides
listed in Table 7.1 from 78 to 51 curies. Provision of a system, such
as a refrigerated or a liquid-nitrogen-cooled charcoal trap, that would
give essentially infinite holdup times would reduce the total-activity
value of Table 7.1 only to 29 curies. Since there will be activity de-
posited in the coolant system that is not affected by side-stream purifica-

tion at all, it does not appear worthwhile to prdVide a more elaborate

purification system than the one selected.

Deposited Fission-Product Activity

Detailed knowledge of the types and amounts of activity that will
deposit throughout the coolant system would he of gfeat value in the
design of the PBRE. Information on specific nuclides is needed so that
gamma energy levels and half-lives can be considered in evaluating shield-
ing requirements and planning maintenance procedures; knowledge of chemi-
cal forms would be helpful in preparing decontamination procedures. Un-
fortunately, there is little information available on the behavior of
nongaseous fission products, and much of what is available appears to
be contradictory. Thus the present inexact knowledge of escape of activity
from the fuel 1s compounded by greater uncertainties regarding the mobility
and deposition of activity in the system.

The deposition problem is discussed in Section 16 and a research
program for obtaining the needed data i1s outlined. Operation of the PBRE
will, of course, provide vaiuable information on activity distribution
in a reactor, and this represents an important objective of the experi-
ment. To facilitate the study of activity deposition in the PBRE, ion
chambers will be mounted at typical locations throughout the reactor

system to record gross activity buildup on the primary piping, reactor




components, charcoal beds, ete,; a multichannel analyzer and scintillation
detector will be arranged so that sections of the heat exchanger apd flow
system can be probed after shutdown to identify longer lived fission-
product species (the analyzer will also be used to identify activities

in the decontamination solutions); removable dummy tubes will be installed
in the heat exchanger to give more exact knowledge of plateout; and a
charged-wire analyzer will continuously monitor the coolant gas and lden-
tify the fission products present.

“In.gpite: of the many uncertainties involved, it is useful to esti-
mate the level of deposited activity in order to establish the magnitude
of the unshielded radiation to be encountered in maintenance of the PBRE.
This has been done makding the following assumptions:

1. The nuclides Br, I,-Kr, Xe, Rb, Cs, Se, Te, Sr, Ba, and Ce escape
from the fuel at the rate given by Eq. (1), Section 10, with the half-
life used in the equation being the sum of the half lives of the nuclide
and its mobite precursors.1

2. Except for the noble gases, allithe elements which escape and
their daughters deposit on surfaces in the primary system.

3. The purification system has no effect on activity deposition.

4. The reactor had operated at full power for two years.

Table 7.2 lists the activities of those gamma enitters (of all energies)
having chain yields exceeding 0.1% and half-lives less than 10° y which
the analysis indicates would be deposited in the primary .system. The
values in Table 7.2 are conservative in that equal mobility is ascribed
to Ce, Ba, Sr, and the other listed nuclides and to the noble.'gases; no
allowance is made for the effect of the purification system (in contrast,
for example, with the assumption made regarding iodine in estimating cir-
culating activity).

If the activity indicated in Table 7.2 were deposited unifiormly on
all metal surfaces in the PBRE (~i50O ft2), the dose rate outside one of
the lines between the blower and heat exchanger, for example, would be
about 35 r/hr during operation. Because much of the dose rate is con-
tributed by long-lived hard-gamma activity, the level would only fall to
26 r/hr one day after shutdown and to 22 r/hr after one week. Resulis
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Table 7.2. Fission Products Deposited in System

Deposited Activity (curies)
Ratio of Release Rate

Nuclide to Birth Rate, R/B During After - After
Operation One Day One Week
x 1073
Se-85 0.04 0.35
Br-83 0.1 2.0
-84 0.04 2.1
-87 0.007 0.54%
Rb-88 0.1 17
8r-91 0.1 46 14
Y-90 30.0 320 320 320
-91m ~ 0.06 5.9 3.5
-91 0.06 15 15 15
-92 0.9 25 2.2
-93 0.02 5.9 1.8
-9 0.01 3.0
7r-95 0.0001 0.27 0.27 0.22
-97 0.0001 0.27 0.13
Nb-93m 0.02 1.9 1.9 1.9
-95 0.02 0.27 0.27 0.27
-97m 0.0001 0.27 0.13
-97 0.0001 0.27 0.13
Sb-126 0.1 0.81
-127 0.6 6.2 6.2 2.1
Te-129m 1.7 24 24 21
-129 0.1 0.59
-131m 0.3 5.9
-131 0.05 6.5
-132 0.1 3.2 2.5
-133m 0.06 12
-133 0.06 16
I-131 1.0 120 110 85
=132 0.1 32 29 16
-133 0.2 73 4
-134 0.07 25
-135 0.1 40 6.5
Cs-138 0.5 3.2
Ba~137m 30.0 380 380 380
-139 0.07 17
-140 1.0 270 250 190
La-140 1.0 270 260 230
=141 0.03 8.4
=142 0.02 5.1
Ce-141 5.2 1300 1300 1300
-143 0.3 95 66
-144 5.0 1300 1300 1300
~-146 0.02 4.1
Pr-144 5.0 1300 1300 1300
-146 0.02 4.1

Total 5700 5400 5100
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from the few plateout experiments’?'5 performed to date suggest that most
of the activity actually will not be.distributeé uniformly, as assumed,
but will be deposited principally in cooler regions in the core and re-
flector and on low-temperatufe'surfaces, such as the heat exchanger.
This is not fully redssuring, however, with regard to a component such
as the blower, since in‘some cases accumulation of activity in high-
turbulence flow-separation regions has beén observed.*4

Considering all the uncertainties in this analysis, little can be
concluded with confidence. The results do indicate, nevertheless, that
radiation levels will be low enough for semiremote maintenance of most
PBRE components to be practical without decontamination. Whether direct
approach to components exposed to the-primary helium will be possible can-
not be determined until more knowledge is obtained of fission-product
transport and deposition phenomena, as well as fission-product escape

from the fuel and the feasibility of* in situ decontamination.

Oxidizing Impurities

Coated Fuel

The allowable level of oxidizing impurities in the PBRE coolant stream
is primarily a function of the amount of graphite oxidation which can be
sustained in the core region withou®t compromising the operation of the
reactor system. If the fuel spheres are protected by an oxidation-
resistant coating, thé moderator graphite is the priméry target of attack.
Since the moderator graphite is massive compared with the fuel spheres,
has a generally lower operating temperatufe, and a lower surface-to-volume

ratio,.coolant purity is less critical in this case. If, on the other

2P. K. Conn et al., Isotope Deposition Hazards in Gas-Cooled Reactors,
Annual Meeting ANS, Gatlinburg, Ternn. (June, 1959).

37. M. T9bin et al., An Experience in the Plateout of Fission Products
from Helium Gas Stream, TID-7610 (October, 1960).

“M. F. Osborne, Fission-Product Déposition'and Decontamination of BNL
Gas-Cooled Loop, ORNL CF 61-7-49 (July, 1961).

°M. N. Myers, lLaboratory Plate-Out Study I: Special Loop Installed
in CTF During IET 21 and 25, APEX-617 (April, 1961). :
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hand, uncoated fuel is used, the fuel balls themselves must be assumed
to absorb most of the damage, and coolant purity becomes extremely critical.

In a detailed design study of the purification system® for a PBRE
using coated fuel spheres, the following assumptions were made:

1. Water inleakage was limited to O.1 lb/day. o ;

2. The allowable graphite burnup was l% of the core,—exClusive of
fu§l spheres, during a two-year period.

3. Steady-state graphite outgassing was 0.003 ft3 (STP)/ft> of
graphite, and the gas was composed of 50% CO,, 10% CO, 15% H,0, and 25%
hydrocarbons. ’

4. Oxidation by Hgé was irreversible according to the eguation
H0 + C — H, + CO

5. Oxidation by CO, was controlled by the rate of mass transfer
across a gas film. o

6. The CO<was completely converted to CO, in the cooler regions of
the helium system. ,

Based on these assumptions, an allowable CO, level of 21 ppm (by
volume) was deﬁermined for the coated-fuel-sphere system. Maintaining
this CO, toncentration and limiting water inleakage to 0.1 lb/day Beems
to be practical for the reactor system under consideration; however, the
difficulty of providing a completely reliable coating for the fuel spheres
dictates examination of the coolant purity requireﬁents when using un-

coated fuel.

Uncoated Fuel Spheres

In the study of the PBRE using uncoated fuel spheres, reaction rates
of H,0 and CO, obtained by British workers in the field of high—temperatufé
-reactor technology were used to determine the allowable HyO and CO, levels,

based on the following assumptions:

®B. C. Finney, C. D. Scott, J. C. Suddath, The Helium Purification
System for the Proposed Pebble Bed Reactor Experlment ORNI, CF-60-10-31
rev. 1 (October, 1960).
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1. The allowable graphite:'lcss from the fuel. spheres is 1% during a
normal life span of three years.
2. Reaction.rateS'are a directifunction of impurity partial pressure.
3,fﬂOnévp¢r:cent of the main coolant flow is diverted to a chemical
purification system having a removal efficiency of 50% for HpO and CO,.
1,4;';Th¢‘QQ,%+‘COZ;back:féaction in the cooler region of the helium
circuit is'bonsideredvcomplete in one case and negligible in another.
.o, 'Water.inleakage is considered to be the only source of CO,, HyO,
end CO during normal'operatibn.
Based on these assumptions, the equilibrium CO; and HyO levels in
the helium cdoiant are those given in Table 7.3. It may be seen that |
allowable oxidizing impurity levels are quite low when prevention of ex-
cessive damage ﬁo uncoated fuel -sphéres is the primary criterion. Special
analytical téchniques wouid be required to sense the helium purity at.

these low impurity levels; this requirement is discussed further in Section

16.

Table 7.3. Allowable Water Inleakage Rate and
Oxidizing Impurity Ievels for PBRE Using
Uncoated Fuel Spheres

CO — COz Reaction

Complete Negligible
H,0, ppm by volume 0.0052 0.0162
COp, ppm by volume 0.172 0.068
H,0 inleakage, g/day 1.84% 5.8
Ratio of H,0 to CO, damage 1/3 2/1

The primary control exercised on fuel-sphere damage would be derived
from designing the helium coolant system to essentially eliminate water
inleakage during normal operation. The purification system will be useful
in removing watér'and CO, during periods of graphite outgassing and efter
maintenance shutdowns, but during normal operation, the core graphite

must be considered as the primary "getter" for these two impurities when



they are present. As a consequence of this "gettering' effect,. the: pebble--
bed system tends to be self-cleaning, and the: design of.theapuriﬁication.
system does not need to provide for effective operation at extremely low
oxidizing impurity levels if water inleakage is held to. the  allowable:

value.

Nonoxidizing Impurities

The maximum levels of the nonoxidizing impurities Hp, N, and CO: in
theé helium coolant are affected by several factors. Ih a discussion. of
helium purity for high-temperature gas-cooled reactors, British: investi-
gators bring out the following poinis:

1. Hydrogen and CO are capable of reducing oxide scale formed. on
the coolant piping during periods of high-level contamination: resulting
from graphite outgassing or the entrance of air into the system. Thus.,.
these two reducing impurities can contribute to graphitefdamage>by'C©?
and H,O formation.

2. Hydrogen and CO are effective in surpressing the reaction of H.O
and CO, with graphite.

3. Based on thermodynamic calculations, the reactions

CO+ H, — C + HyO0

CO + 3Hy — CHy + H50
should not be of major importance in a high-temperature gas-cooled reactor
if the impurity contents are kept below 100 ppm by volume.

4. Carbon transport from the cooler to the hotter portions of the

helium c¢ircuit by the reaction
C + 2H, = CH,

is extremely slow compared with the carbon transport to cooler regions

resulting from the graphite oxidation process.
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5. Carbon transport by the reaction
Hy +.2C + N, = 2HCN

is important where temperafures exceed 1100°C and HCN formation becomes
of significance.

6. Chromium-bearing steels may be oxidized and carburized by CO
and by traces of CO, and H,0. Embrittlement of steels by Hy should not
be a problem at low-impurity partial pressures.

Since the allowable levels of COp and Hy,0 are very low when using
uncoated fuel balls, the principal factor in determining allowable Hp
and CO levels might be the generation of oxidizing impurities by the re-
duction of iron oxide scale in the coolant system. It would be beneficial
to reduce the formation of this scale by measures designéd to minimize
exposure of the pipiné system to evolved impurities and by preventing
the entry of air during system maintenance.

On the basis of mass transfer rates measured by other investigators
at 20 atm, CO and H,0 concentrations of 100 ppm each would result in graph-
ite mass transfer equivalent to approximately 1/25 of the allowable loss
from the fuel spheres (1% in three years). These values are in rough
agreement with unpublished British mass transfer measurements for a simi-
lar system. The formef results incorpbrate both the disproportionation
reaction of CO and the combination réaction of CO and H, and indicate the
latter to be more important to cafbon deposition, particularly at higher
H, concentrations.

In spite of the favorable condition indicated by those: specific re-
sults, there is still much uncertainty about the possibility of appreci-
able mass transfer. Results forthcoming from experimentél programs in
progress or planned at several installations will aid in evaluation of

the problem.

Coolant Purity Requirements

The *tentative allowable coolant impurity specifications for the PBRE,

based on the above considerations, are listed in‘Table 7.4. Further work
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Table 7.4. Allowable Impurities in
PBRE Coolant

Allowable Concentration

- Impurity (ppm by volume)
H,0 <<1
CO» <1 .
02 0
co <10 )
Hy <10

No <50

will be required to define exact limits for an unclad fuel sphere system
and to establish whether such limitations are practical in an operating
reactor. Investigations along these lines may establish that it is manda-
tory to provide some type of protective coating for the fuel, especially

if localized attack at regions of maximum temperature is. expected.

Impurity Sources

Major sources of short-term high-contamination levels in the coolant
will be graphite outgassing and entry of air when the system is opened
for maintenance., Since graphite outgassing decreases with time, it is
of interest to estimate the period during which‘the graphite is a primary
source of oxidizing impurities. Assuming a degassing rate and gas com-
position typical of EGCR moderator graphite (no pretreatment ), it can
be shown that the graphite outgassing will be of lesser significance than
the maximum allowable inleakage of water as a source of graphite damage
~after 200 to 250 hr. If it is considered advantageous, graphite outgas-
sing can be minimized by pretreatment. of the graphite'to drive off the
-major portion of the adsorbed gases and volatile materials. The pretreated
graphite would be cooled in a controlled atmosphere and protected from
exposure to air and moisture until ready for installation in the reactor.
These precautions would minimize the release of contamingnts to the coolant

system when the reactor is started up.
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vMaintenance procedures which could result in introduction of air
into the coolant system must be conducted in a manner which'will minimize
this effect. A blanket gas, such as argon or nitrogen, will reduce the
amount of oxygen trapped in the system and adsorbed on the core graphi%é.'
'Use of a vacuum purge before recharging the system with helium will lower
the contaminant concentration, and operation of the purification systém
for a period prior to reactor reheat should he;p in re-establishing the

required purity levels.

Main Stream Filtration

Use of a full;fléw filter in the main coolant circuit to reduce the
concentration of entrained solids in the helium is under consideration.
The compressor impeller and bearings may require protection from erosive
and abrasive materials, while valve bearings and sealing surfaces will
benefit from the removal:of particulate matter. Some limitation on the
spread of condensible fission products may result from the use of such
a filter.

¥

System Analysis

The helium purification system currently proposed for the PBERE should
give adequaté control of radioactive and chemical.dontaminants in the re-
actor coolant. The fission-product removal system does not have stringent
performance requirements,.since the reactor is designed for safe opera-
tion with activity in.the coolant circuit. The charcoal delay trap will
serve primarily to reduce the system activity from in%ermediate half-
life nuclides of the noble gases and to cut down the concentration of
biologically hazardous ilodine isotopes in the reactor leakage and offgas.

The chemical clean-ué system will be effective in reducing the con-
centration of reactive impurities to satisfactory levels following startup
or an inadvertant admiésion_of air or water into the system. During
sustained periods of reactor operation, however, ﬁhe coré graphite will
tend to "getter" the oxidizing impurities before they are withdrawn in

the side stream, and graphite damage will be a fﬁnction of the success
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achieved in limiting the inleakage of oxidizing impuritiés to the helium
coolant Ssystem. Hydrogén and carbon monoxidé concentrations will be con-

trolléed By the ehemical ¢leanup system during normal operation.



145

8. REACTOR CONTROL AND SAFETY SYSTEMS

Reactor Control System -

The function of the control system of a nuclear reactor is to assist
the operator in carrying out the objectives of reactor operation. In the
case of the PBRE, the, prime objective is considered to be the establish-
ment of conditions of_températUré, flow, éoolant composition, and fuel
burnup that will:provide -satisfactory tests of the performance of the fuel
and the reactor system. This is in contrast to the.objective of operating
a power reactor to pfovide heat at a certain temperature in varying amounts
to satisfy a variable demahd or a research reactor to provide a constant
neutron flux. | ‘ '

Three regimes of operation that the PBRE control system will be asked
to accommodate are described below as means for permitting the operator
to approach design-point conditions through a series of gradual inter-
mediate stages and for allowing him to separate the key operating variables
in order to observe their individual effects: ‘ '

1. "Zero" power isothermal operation at power levels up to about
1 kw with the heat dump not operating will permit.the operator to select
the coolant flow (0 to ;OO%) that will achieve the desifed system tempera-
ture in equilibrium with heat losses by radiation and convection. This
foperating regime will be used for critical experiments, reactivity co-
efficient measurements, etc. under manual flux control.

2. The low-power regime is defined as the range O to 200 kw with
manual flux control, coolant flow of 20 to lOO%, a gas inlet temperature
of <600°F, and a gas temperature rise of O to 140°F. The inlet tempera-
ture may be controlled but the outlet temperature will not, although it
will, of course, be monitored by the safety system. This regime will be
used to produce significant quantities of fission products under modest
conditions of fuel temperature and fuel temperature difference.

' 3. Operatidn in the pdwer range 200 kw to 5 Mw will be accomplished
with automatic temperature control at outlet temperatures above 690°F,

coolant flow of 20 to lOO%, an inlet gés temperature of approximately



146

550°F, and a gas temperature rise in the range 28 to 700°F. The inlet

and outlet gas temperatures and reactor power will be independently se-
lected, provided, of course, that the combination is consistent with safe
temperature limits. This regime will be used to approach rated condi-
tions in controlled steps and to operate in steady state at any conditions
up to and including the design point.

In the startup and intermediate ranges the reactor operator will be
required to manipulate shim rods to attain criticality and to establish
the desired level of flux. Instrument channel supervisory interloecks
will be used to provide orderly operation and prevent flux excursions
which might necessitate safety actions during these operations. Some
minimum flow of coolant will be required so that during startup the re-
actor outlet gas temperature will not approach design-point values unless
there is a failure of the control system.

Although the operation is manual at these low levels, the system
will probably require that the operator choose an automatic control mode
of operation which will take over when the lower demand limit is reached.
In short, the automatic rod control system (servo system) will never be
turned off, but in low-level operation, the regulating rod will be sta-
tionary at its withdrawn limit and the servo will not interfere with
manual operation.

If the reactor is to be taken to power, the manual operation will
proceed until the servo system takes over and controls the reactor at
the minimum servo set point. At this time the operator may choose to
establish a "run" mode of operation, in which it is possible for him to
raise the servo demand set point. Before the operator can initiate the
"run” mode, the control system must be required to check itself by the
usual interlocks which indicate proper functioning of the servo system.
These check reactor period and regulating rod position, and verify that
the servo is controlling at the proper level.

The servo control mode is one in which the primary control parameter
is reactor outlet gas temperature. Because of the time-response charac-

teristics of the system, stabilization will be required. A scheme has
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been suggested that will probably prove adequate.l. The outlet gas tem-
perature control range desired is from 690 to 1250°F, with flow adjustable
by the operator from 20 to lOQ% of design point. In this scheme, the re-
actor power is variable-from‘about AIto‘lOO% df design point, depending
on the conditions chosén by:the'bperator.  Iﬁvthis mode of operation, the
transition,betwgen;”staft“lénd*ﬁrun”_may'qbéur"at any point between 4 and
20% of designlpoint flux. Such .a system éQuld.provide_independent con-
trol of témperatﬁre.prOfilé_and‘approXimaté pawer by the oﬁerator,
vReactor»system'parameteré éhd the . proposed méthodé of controlling

them in the various operating regimes are summarized below:

Parameter ' : ,' Control Method

Coolant. pressure ‘ : All regimes: not directly controlled; helium
' " inventory selected so that the pressure is
<500 psia when the average temperature is
900°F; inventory under operator control, not
automatic : '

Coolant flagw , All regimes: no automatic control; blower
speed set manually to achieve desired op-
~erating conditions

Gas inlet temperature Regime 1 (R-1): not automatically controlled;
manually set by setting blower speed and
helium inventory

Regimes 2 and 3 (R-2 and R-3): controlled by
regulation of feedwater temperature

Gas outlet temperature " R-1 and R-2: uncontrolled but subject to
safety limits

R-3: manual set point; closed loop controller
manipulating regulating rod

Flux level R-1 and R-2:! manual control by control rod
-positions '

R-3: servo-controlled through outlet gas tem-
perature regulation of control rods; operator
manvally sets blower speed to achieve desired
combination of reactor power and temperature
rise

A, P. Fraas et al., Preliminary Design of a 10-Mw(t) Pebble:Bed Re-
actor Experiment, pp. 11.1 ff, ORNL CF-60-10-63 (May 8, 1961).
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Control rod position Shim rods: manually controlled in all regimes
Regulating rods: servo-controlled as discussed
in text
Steam pressure All regimes: manual set point; controlled by

throttle valve

Feedwater temperature All regimes: manual set point; controlled by
steam bypass valve ‘

Feedwater flow rate All regimes: level control in steam drum.

It should be pointed out that a good control system, including a
good automatic controller, can do much to ensure long uninterrupted runs
by reducing the probability that the reactor parameters get into the re-
gion where safety action is required,
The nuclear instrumentation channels to be provided, along with their ro
functions, are the following:

1. Startup Channel. Two logarithmic counting channels, capable of

continuously monitoring neutron flux and reactor period over the entire
operating range of the reactor are recommended. One of these will be con-
sidered an installed spare. The wide range will require that the detector
be movable during operation, either automatically or under operator con-
trol from the operator's station. It is not necessarily required that
such a channel be capable of indicating absolute reactor power, but may
only be required to indicate relative reactor power for any one chamber
position.

2. Wide Range Logarithmic Channel. There will be a "log N" chan-

nel, using a compensated ionization chamber, that will provide continuous -
flux-level and reactor-period monitoring over about the upper six decades

of the operating range of the reactor without chamber movement. The com- .
pensating mechanism and chamber position will be adjustable from outside

the containment vessel.

3. Wide Range Linear Channel: A linear current channel, utilizing

a compensating ionization chamber with range change mechanisms in the
amplifier circuits, will be used to provide monitoring of the flux level
over approximately the upper six decades of the operating range of the
reactor without chamber movement. The compensating mechanism and chamber

position will be adjustable from outside the containment veséel. The range
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change will be accomplished by the reactor operator from his operating
position. This channel will not be connected into the control system ex-
cept through the operator. '

4, Automatic Control (Servo) Channel. This channel, using an ionis

zation chamber, will provide neutron-flux information for servo control
of the reactor in the "power" range. The chamber position will be adjust-
able. from outside the containment vessel. The automatic control mode
described above will use information from this linear flux channel and
various nonnuclear channels, such as flow, gas temperatures, etc. The
servo will use one of the shim rods as the regulating rod, with limited
servo-controlled span. The span will be adjustable in position, but not
in lehgth, by the operator for shim control. The techniques for using a
shim-regulating rod:are well known and appear to be satisfactory for the
PBERE.

‘System Control Characteristics

A preliminary analog analysis of a model of the PBRE reactor system
has been made, but future revision of the model used will undoubtedly
change éome of the results. The important results of the analysis are
discussed below:

1. The "fuel time constant,' defined as the time required for 63%
response of the core mid-point fuel surface temperature to a step change
in power, was 50 sec at design flow. This varies approximately inversely
as the coolant flow rate.

2. On scram from full power at full coolant flow, the gas outlet
temperature and mean fuel temperaturé both had a maximum rate of change
of about 350°F/min. The temperature rate of change for fuel in the upper
portion of the core would be greater.

3. Blower coastdown on a 10-sec time constant and blower seizure
caused about the same transient. Without any rod motion and with a mini-
mum fuel temperature céefficient, the outlet gas temperature reached al-
most 1800°F, and the mean fuel temperature reached about 1550°F, in both
cases. Cdnvection flow rates of 4 to 5% of design-poiﬁt resulted. With

scram after 10 sec, the outlet gas temperature for blower seizure reached
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only about 1425°F, The mean fuel temperature, with scram, rose from 1100
to 1200°F. ’

4, Very slow famp reduction in coclant flow with constant rod posi--
tion resulted in shutdown of the reactor, with some increase in gas tem-
perature and a slight deérease in mean fuel temperature. The latter de-
crease is due to heating up of the reflector. Damped oscillations of the
temperatures and reactor power on very long (>5 min) periods were ob-
served. '

5. ©Step and rampincreases in reactivity were run, with the outlet
gas temperature péak always delayed behind the mean fuel temperature peak.
As would be expected the delays were much longer for low flow conditions.

The analog model will be refined as the design progresses, and more

specific control problems will be investigated.

Reactor Safety System

The function of the reactor safety system is that of sensing the
departure of certain critical parameters from some previously defined
region of safety and the aétuation of mechanisms to return the reactor
to a safe condition. In many instances the parameters that are measured,
and to which safe limits are assigned, are not those that must be limited
for safety reasons. For example, neutron flux is usually considered to
be a reactor safety parameter. However, high flux, per se, does not
necessarily imply an unsafe condition. The safety implication of high
flux arises from the fact that when the power generation exceeds the
cooling rate the fuel temperature must rise. In mgst cases, the choice
as to what parameters are measured for safety is dictated by the avail-
ability of sensory information, the time response characteristics of the
sensors and the reactor system, and the reliability of these devices in
determining that the reactor is indeed in or near an unsafe condition.

The safety system for the PBRE will be required to protect the sys-
tem against excessive temperatures and excessive rates of change of tem-
perature. Preliminary analog analyses indicate that the thermal time con-
stants in the system are very large and that sensing temperatures alone

would not suffice for certain fast transients. It is clear that the fuel
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temperature can.increase only when the rate of cooling is exceeded by the
rate of heating. If the difference between these rates is held below some
maximum value, the rate of change of fuel temperature can be limited. If,
on the basis of analysis, an upper limit .is assigned to this rate of change
of fuel temperature which ensures that no temperature in the system in-
creases too rapidly, a "safe" excess of reactor power ovér cooling rate
can be established. These two parameters are measurable by flux, flow,
and gas temperature instrumentation and can provide the basis for a safety
system to protect against excessive rates of change of temperature. TFor
slower transients the temperature sensors alone can provide adequate sig-
nals for the safety system.

The rapid change in the relationship between heating and cooling rates
can come about in the PBRE as a result of rapid changes in flux or coolant
flow or both. The PBRE will operate at various flows from about 20 to
100% design point. It is clear that the "safe" flux level for 20% flow
is much lower than that for 100% flow. For this reason, it is not suf-
ficient to use a flux signal or a flow signal for safety action, but it
is necessary to combine information from both these to determine that a
safe condition exists.

Preliminary analpg analyses have shown that very fast nuclear tran-
sients starting at low level, if terminated by scram at about 150% of de-

<\sign—point flux, do not produce serious temperature transients, even if
{the coolant flow is és low as 10% design point. This is apparently due
fo the very narrow width of the power peak and the large heat storage
capacity of the fuel. Although the startup accident has not been simu-
lated, it appears reasonable at this time to consider a flux safety trip
at near the 150% design point that is not related to coolant flow.

In summary,'the PBRE should have a reliable nuclear safety system
capable of shutting the reactor down on any of the following:

1. high coolant outlet temperature, '

2. some function of reactor neutron flux and coolant flow which ensures
that temperature rates of change will not be excessive.

3. neutron flux in excess of some fixed upper limit above design point,

4. loss of reactor pressure, which constitutes a loss of coolant.
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In addition to these primary safety requirements, there are at least.
two more conditions which deserve consideration, since they indicate that
one or more of the four conditions listed above will exist unless correc-
tive action is taken.

1. A very short reactor period indicates a failure of the reactor
control system and should produce a scram to limit the severity of the
transient. It should be noted that the mechanism for producing such a
scram is not usually considered to require the reliability indicated by
the four conditions listed above on the basis that its function is to
prevent a flux level scram which is disorderly but tolerable.

2. The reactor should not be started (or should be shuf-down) un-
less the coolant flow is greater than some minimum value. This is not
included as a primary safety condition because of the possibility that
very low power runs of an experimental nature may be desirable. It is
included in the interest of orderly operation and could be considered a
reactor control requirement.

The reliability of the safety system is of utmost importance. Re-
dundancy, with monitoring or testing to detect failures within the sys-
tem, will be used. At the present time it 1s proposed to use auctioneer-
ing logic in the safety system. Three identical and independent safety
channels will be installed. As in eXisting reactors at ORNL, two of
these channels must be presumed to be Qperating, on the basis of tests
and monitoring, for operation of the reactor to be permitted. The third
channel will be considered an installed and operating spare, preventing
the necessity of stopping a run on detected failure of a single channel,
Of course, many types of failure will automatically shut down the reac-
tor. It is hoped that sound design, installation, and maintenance will
minimize failures of all types.

Four shim safety rods will be used to provide shutdown margin and
reactivity control. These will be located in holes in the graphite re-
flector and symmetrically placed about the reactor vertical centerline
on a 40-in.-diam circle. The reactivity balance is given in Section 6.

The safety rods are supported and driven from the bottom. The poison.

section consists of a hollow B4C cylinder, 3 in. o.d. and 4 ft long.
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Below this is a graphite followervand a driveltube coupling the rod to

the drive mechanism through an electromagnet. Each rod mechanism is en-
closed in the pressure vessel and a nozzle extension. The rods scram
downward.: The-coupling.tofthe magnet is desigﬂéd so that the rod can fall
away from its drive, upon interruption of the magnet current, but cannot
be raised above the position establiéhed.by’the'drive mechanism (as by

'a gas pressure differential); in addition:a large downward force can be
exerted by the drive mechanism in.the event that the rod fails to drop

on scram. The afrangementlof the control rods and drives is illustrated
in Section 3. The maximum speed of the rods will be determined in further

analytical work.

Primary Coolant System Instrumentation

Some unusual problems will be encountered -in instrumenting the PBRE,

since the coolant system will contain fission products which may contami-
/nate the primary measuring elements. Development of a special group of
primary elements could be necessitated by high radiation levels, and pro-
vision for remote calibration, maintenance, and decontamination may be
necessary (although-it may be possible to install traps in the pressure
taps to the instruments to protect them from activity). ‘

Metallic-sheathed, MgO-insulated, Chromel-Alumel thermocouples will
be used for all temperature measurements during operation of the reactor
near design conditions; thermocouples for higher temperature operation
are discussed in Section 16. Adequate spares will be provided, and a
number of thermocouples in the primary system will be made replaceable
by installing wells or guide-tubes inside of the reactor.

Moisture detectors will be used to detect a steam leak into the main
coolant'sgream. These detectors will be conneqted into the reactor safety
sYstem to scram the reactor and isolate the heat exchanger from the steam
system When'a leak is detected.

Gross activity depdsition at different levels in theé heat exchangers,
in the blower, and at various other points in the systeﬁ will be monitored

by permanently'installed ion chambers. In addition, spectral information
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permitting identification of the activities of épgcific nuclides will be
measured during shutdown periods using,scintillation-detectors.and a
multichannel analyzer. A study is planned for determining the feasibility
of using either a data logger or a combined data logging and computing

system for processing the experimental data.
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9. STRUCTURAL ANATYSIS OF SYSTEM

Investigations were made to determine the structural integrity of
critical regions in the proposed system. Where applicable, design evalua-
tions were made in‘accordance with the 1959 ASME "Unfired Pressure Vessel
Code," Section VIII, and "Tentative Structural Design Basis for Reactor
Pressure Vessels and Directly Associated Components,' PB 151987, 1 December
1958 Revision, Department of Commerce, Office of Technical Services. These
design bases will be referred to as the "ASME Code" and the hNavy Code"
in subsequent discussions.

Three separate types of stresses were considered in the design evalua-
tions: these are primary, secondary, and thermal. The primary stresses
are direct or shear stresses developed by the imposed loading which are
necessary to satisfy only the simple laws of equilibrium of external and
internal forces and moments. Simple membrane pressure stresses in shells
are an example of primary stresses. Secondary stresses are direct or
shear stresses developed by the constraint of adjacent parts or by self-
constraint of the structure. These differ from primary stresses in that
they may be relaxed by yielding of the material. Bending stresses caused
by structural discontinuities are an example of secondary stresses. Ther-
mal stresses are internal stresses produced by constraint of thermal ex-
pansion. Thermal stresses are similar to secondary stresses in that they
are relieved by yielding of the material.

The ASME Code is generally accepted as the basis for evaluating pri-
mary membrane stresses. However, the Navy Code extends beyond the ASME

Code in that it considers secondary and thermal stress evaluations in ad-

" dition to primary stresses. When the analysis of stresses in a member re-
i

veals a biaxial or triaxial stress condition it is necessary to make some
assumption regarding the failure criterion which is to be used. The Navy
Code uses the maximum shear theory of failure. The stresses upon which
limitations are established are defined as the "egquivalent intensity of
combined stresses’ and are numerically equal to twice the maximum shear
stress. According to the Navy Code the primary-plus-secondary stress in-

tensities must not exceed the smaller of 90% of the yield strength or 60%
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of the ultimate strength. No stress limitations are considered with re-
gard to thermal stresses except those which remain constant during any
normal steady-state power operation; however, the combined effects of all
stresses, including thermal, must be evaluated in terms of resistance to
cyclic fatigue. This latter evaluation requires a detailed examination

of all the different types of stresses occurring in a region together with
an accurate knowledge of the number of cycles for each operation which

the system will be subjected to. In the preliminary evaluations described
herein, only the stresses in the top access nozzle, which is subjected to
large thermal stresses, were evaluated in terms of cyclic fatigue. In

the final design all regions must be examined on a fatigue basis.

Since graphite is a brittle material, stress analyses of graphite
structures require an entirely different basis for evaluation than that
uced for ductile metal structures. Further discussion of the failure
criterion for graphite is deferred to that portion of the structural
analyses dealing with the reflector graphite structure.

In order to specify the design for the reflector graphite, the
mechanical properties and radiation-induced shrinkage data for nuclear
grades of graphite must be available. Complete information relating to
the thermal conductivity and the coefficient of thermal expansion is also
required, since the thermal stresses are functions of these properties.
From the existing evidence there appear to be optimum combinations of
mechanical properties and radiation shrinkasge characteristics for obtain-
ing maximum longevity before shrinkage cracking occurs. Shrinkage data
are being obtained at Hanford on various grades of graphite, and it is
proposed that these studies be augmented with a research and development
program for determining: v
1. the mechanical and physical properties of both irradiated and unir-

radiated graphite,
the combined effects of stress and shrinkage in graphite,
the influence of geometry and extrusion size upon the useful life-
time of a graphite structure.
The detailed program is outlined in Section 16, Research and Develop-

ment.
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In order to properly assess the effects of thermal stresses in-the
fuel balls, applicable physical and mechanical properties of fueled graphite
. must be available. Specifically, values of thermal conductivity, coef-
ficients of thermal expansion, and strength are needed. A program de- .
signed to yield this required information is also outlined in Section.l6.
The physical. and. mechanical properties of graphite are dependent on such
factors as temperature, the type of coke, the type of binder, the amount
of graphitization, the method of fabrication, and the orientation of the
grains, In nuclear applications the fast-neutron exposure, as well as
the irradiation temperature, affects the properties. When fueled graphite
is éonsidered, the.effects.of the fuel must be taken into account. Thus,-
all the above factors must be eonsidered in the fueled-graphite investi-
gations in Qfder'to furnish data applicable to the fuel balls.

The structural investigations are discussed below in four parts: the
reactor pressure vessel, the pressure-vessel support systemv the steam-
generétor'support system, and the graphite reflector structure. Bach part
contains a discussion of the problems involved;-statéments of the appli-
cable design criteria, summaries of the stress analyses, and interpreta-

tions of the results obtained.

Pressure Vessel

‘

The reactor pressure vessel material is type A212, grade B, carbon —m—e— 0o HoH.
steel plate. The design pressure and temperature are 625 péi and 650°F,
respectively., In order to allow for decontamination effects, a corrosion
allowance of 1/16 in. was applied to all structural members of the vessel.

This allowance ié the minimum specified by the ASME Code when actual cor-
rosion effects are indeterminate.

The reactor pressure vessel is shown in Fig. 3.10. The structural
analyses of the basic shell (heads and cylindrical portion), the nozzle
attachment regions, the liner, and the core support plate are discﬁssed

below.
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Heads and Cylindrical Portion of Vessel

The necessary thicknesses of the cylindrical portion of the pressure
vessel and of the torispherical heads were determined in ac¢cordance:with
the ASME Code. The code allowable stress for‘type A212, grade B; carbon
steel at 650°F is 17 500 psi. The minimum thickness for the cylindrical
portion of the vessel is given by

'

PR

t“sE—oe T C v
where -
P = design pressure, 625 psi,
R = inside radius of shell, 54.5 in., .
8 = maximum. allowable stress value, 17 500 psi,
E = joint efficiency, 0.9, '
C = corrosion allowance, 0.0625 in.

Based on the above, the minimum'required thickness of the cylindrical por-
tion of the vessel is 2.28 in. The next larger standard plate size is

2.5 in., which was taken as the thickness of the cylindrical portion. The
minimum thickness of the torispherical heads is given by

PIM

t=ssFg—o.2p *

C

)

where, in addition to the notations previously given,

L = ihsidé spherical or crown radius of the torispherical head;
M = (1/4)(3 +4L/7), '
r = inside knuckle radius.

The ASME Code further specifies.that the inside crown radius to which an
unstayed head is dished shall not be greater than the outside diameter of
the skirt of the head, and that the inside knuckle radius of a torispheri-
cal head shall not be less than 6% of the outside diameter of the skirt or
the head but in no case less than three times the head thickness. Based

on these considerations, a crown radius, L, of 80 in. and a knuckle radius,
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r, of 12 in. were chosen. The minimum required head thickness is 2.28 in.
A standafd plate thickness of 2.5 in. was therefore chosen for the top and
bottom heads. '

The discontinuity stresses in the vicinity of the head-to-cylinder
Junction (see Fig. 3.8) ﬁere‘analyzedl,by assuming that the torispherical
head was ellipsoidal in shape with a minimum-to-maximum radius ratio of
1/2. The stress and stress intensity indexes (factors by which the cir-
cumferential .membrane stress in the cylinderlis multiplied to obtain the
stresses and stress intensities of interest) were obtained by interpolating
between tabulated Qalues given By,Kraus et al.! The indexes, maximum
stresses, and maximum stress intensities are given in Table 9.1. The
circumferential membrane stress in the eylinder is 13 940 psi. The greatest
stress intensity is 20 800 psi, and it occurs at the inner surface of the

knuckle.

Table 9.1, Stress Indexes, Stress Intensities, and Stresses in
the Head-to-Cylinder Junction Region Created by an
Internal Pressure of 625 psi

Crown Knuckle Cylinder
Maximum stress index 1.24 1.40 - 1.10
Maximum stress intensity index 1.24 1.49 1.10
Meximum stress 17 300 (x0)® 19 500 (xi) 15 300 (co)
Maximum stress intensity 17 300 (o) 20 800 (i) 15 300 (o)

®Letters in parentheses following the stress indicate the location of
the stress; x indicates axial; ¢, circumferential; o, outer surface; i,
inner surface.

The maximum allowable primary-plus-secondary stress intensity given
bylthe Navy Code for type A212, grade B, carbon steel at a temperature of
650°F is 24 000 psi. Since the maximum stress intensity in the vessel
(20 800 psi) is less than the allowable value, the vessel without nozzle

attachments is adequately designed.

1y, Kraus, G. G. Bilodeau, and B. F. Langer, Stresses in;Thin-Walled
Pressure Vessels with Ellipsoidal Heads, Journal of Engineering for Industry,
pp. 2942 (February 1961).
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Nozzle Attachment Regions

The nozzleAattéchment regions in the heads are reinforced by locally
increased nozzle stub and shell thicknesses. The local increases in shell
thickness are not shown in Fig. 3.10. The transition from the heavy wall *
of a stub to the thinner nozzle region is made using a tapered section in
accordance with ASME Code procedures. In the case of the top access nozzle,
the thickness is uniform throughout the entire length. The pertinent noz-
zle dimensions are given in Table 9.2. The thicknesses of the control rod
and top access nozzles differ, as follows, from those shown in Fig. 3.10.

From From
Fig. 3.10 Table 9.2

Control rod nozzle thickness, in. 1.25 1.50
Top access nozzle thickness, in. 3.0 3.25

The model used for analyzing the local bending and membrane stresses
in the nozzle regions of the heads was a single nozzle radially attached
to a spherical shell, Although the control rod nozzles are not radially
attached, the analysis made 1s acceptable for design purposes. The gas
inlet nozzle is attached to the cylindrical wall of the vessel and an
exact analysis is not available. Hence, this nozzle was designed on the
basis of the Navy Code procedure of area replacement. With the exception
of the top access nozzle, which is 12 in. long, the nozzles were assumed
to be semi-infinite in length, and all the nozzles were taken as thin-
walled cyliﬁders. The pressure stresses at the nozzle-to-shell junctions
for the control rod, fuelremoval, and top access nozzles are given in
Table 9.3. ‘

From Table 9.3 the maximum primary-plus-secondary stress intensity
for a control nozzle is 24 900 psi. Although this value is slightly above
the 24 000-psi limit,vthe thin-walled cylinder representation for the
nozzle is conservative and the design is acceptable. The values for the
remaining nozzles are below the limit given.

The gas inlet nozzle was designed using the procedures outlined in
the Navy Code. The required thickness of the vessel wall is.2.04 in.,

and the required nozzle thickness is 0.25 in. The corresponding area



Table 9.2. Nozzle Dimensiéns Pertinent to the Analysis®

: Inside - Nominal Reinforced Length of Length of Total
Nozzle Diameter © Thickness Thickness Reinforcement: . Taper - Length

(in.) ~ (in.) (in.) . (in.) (in.) (in..)

Control rod 4,026 0.237 1.5 3.75 5. 0 Long

Gas inlet 13,126 " 0.437 2.5 6.25 9.0 Long

Fuel removal 15.0 0.50 2.5 . 6.25 . 8.0 Long

Top access 30.0 3.25 , 12.0 None - 12.0

a'I‘he thickness of the vessel was assumed to be 3 in.. for the analysis of the control-rod, gas-
inlet, and fuel-removal regions; for the top access nozzle region it was taken as 3 25 in.

Table 9.3. Pressuyre Stresses at Junctions of Nozzles and Vessel and at Top Access-Nozzle Flange

191

Nozzle Stresses (psi) - : Vessel Stresses (psi)
: Axial Cirdumferential Meridionél A Cirecumferential
Nozzle . . i . ’

Outer Inner: Outér Inner Quter Inner Outer " Inner

Surface Surface - Surface Surface = Surface Surface Surface Surface

Control rod 17 800 -16 600 18 600 8 300 6 600 -800 12 400 15 900
Fuel removal 13 700 -11 500" 18 000 10 500 11 700 -5100 15 300 14 500
Top access (at junction) 15 000 -11 800 18 700 10 700 16 400 -9700 17 500 12 900

Top access (at flange) -9 100 12 300 -2 700 3 700
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replacement needed is 27.03 in.?. The replacement area available in the
nozzle, taking into account the 1/16-in. corrosion allowance, is 27,34
in.?, and the available replacement area in the vessel wall is 11.80 in.2,
The total area for replacement is, therefore, 39.14 in.?, and the nozzle
is adequately designed.

The thermal stresses in the nozzles will be low as a result of main-
taining the pressure envelope at a uniform temperature. However, it may
e desirable to limit the temperature of the flange on the top access
nozzle to about 300°F for sealing purposes. In order to evaluate the
stresses associated with the temperature distribution, an exponential
function that has the value of 550°F at the nozzle-to-shell Jjunction and
300°F at the top flange was used to describe the distribution. The “em-

perature function is given by

T = 550 e~0.0505X

where X is the axial distance along the nozzle. This expression gives a
greater decay of temperature with distance along the nozzle than does the
so-called "fin" equation. The stresses at the two ends: of ‘the nozzle are
given in Table 9.4.

The maximum stress intensities corresponding to the combined thermal

and pressure stresses are 24 100 psi at the shell end and 49 000 psi in

Table 9.4, Thermal Stresses at Junction of Top Access Nozzle
and Vessel and at Flange

Axial or Meridicnal. Circumferential
Stresses (psi) Stresses (psi)
Location
Outer Inner Outer Inner
Surface Surface Surface Surface
At junction, nozzle 9 100 -9 100 -2 800 -8 300
At junction, vessel 9 500 -8 300 --8:400 -2 500

At flange, nozzle -36 700 36 700 -11 200 10 800
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the flange region of the nozzle. The maximum stress intensity in the shell
is 28 400 psi. The maximum value exceéds the 42 000-psi limit given by
the Navy Code, and a modification in length or thickness or both will be
required if the 300°F limit is imposed. | -

A fatigue analysis was also made, The stress concentration factor
applied to the bending component of the thermal stresses in the nozzle is
1.75 for a fillét radius .of 1.0 in. Thé stress summary is given in Table

9.5. The three stress intensities on the outer surface at the ends of the

 nozzle and the corresponding mean values are given in Table 9.6. An allow-

able alternating stress of 66 000 psi was adopted based on 500 cold start-
up cycles and a usage factor of 0.4. The applicable fatigue diagram is
shown in Fig. 9.1, where it may be seen that the stress values lie within
the safe region.

Stresses may be induced in the gas inlet nozzle and the adjacent
shell region as a result of relative vertical displacement of the two ends
of the gas inlet line., This relative displacement is due to thermal ex-
pansion effects in the system and -to probabie misalignment of the pres-
sure vessel relative to the steam generatorlduring'erection. Displace-
ments from four separate sources combine tq produce the total relative
displacement from thermal-expansion effects. These four sources (see
Fig. 3.10) are described below: ‘

1. Vertical displacement of piessure:vessel as a result of rotation
of the support plates as the reactor is heated from room temperature to
operating temperature. This displacement is discussed in the section of
this chapter on the pressure vessel support system, and it is shown that
the vertical displacement is 0.024 in.

2. Vertical movement of the steam generator support platform because
of curvature in the support columns. This displacement is discussed in
the section of this chapter dealing with the steam-generator support system
and is equal to 0.019 in., assuming that the stéam generator moves to one
side of the normal position as the system is heated from room temperature
to the operating temperature. _

3. Vertical displacement of steam generator as a result of rotation

of the members which support the steam generator from the support platform.



Table 9.5. Summary of Outer Surface Stresses of Top Access Nozzle

oo T Axial Stress Circumferential
Location Time " Condition and Source (psi) Stress (psi)
Basic K%  Actual Basic X Actual
At vessel Initial Isothermal, zero pressure 0 0 0 0
and flange

At vessel At full power Internal pressure, 625 psi 15 000 1.0 15 000 18 700 1.0 18 700
Discontinuity thermal

Bending 9 100 1.75 15 900 2 700 1.75 4 700

Membrane 0 0 -5600 1.0 -5 600

Total 30 900 17 800

At flange At full power Internal pressure, 625 psi -9 100 1.0 -9 100 -2°'700 1.0 -2 700

' Discontinuity thermal

Bending -36 700 1.75 -64 200 -11 000 1.75 =-19 300

Membrane 0 0 -200 1.0 -200

‘Total . -73 300 - -22 200

%K = stress concentration factor.

9T



Table 9.6. Stress Intensities and Associated Alternating and Mean Stress Intensities

for Top Access Nozzle

Stress Intensity

Alternating Stress

Mean Stress Intensity®

-f. . . a y . -
LOCation *(PSl ) IntenSIty (pSl) (psl) |
S12 S23 S31 S12 S23 831 S12 S23 S31
At vessel 13 100 17 800 30 900 6 600 8 900 15 500 6 600 8 900 15 500
At flange 51 100 22 200 73 000 25 600 11 100 36 700 16 400 11 100 5 300

a1]?hemumerfcaillsubscripts 1, 2, and

tial, and radial directions, respectively.

3 on S{stress intensity) refer to the axial, circumferen-

69T
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4. Axiél thermal expansion of that portion of the steam generator
between its support plane and the plane of the concentric gas ducting.

By proper design the movements described in items 3 and 4, together
with those described in items 1 and 2, can be made self-compensatingAso
that the net relative vertical displacement of the ends of the gas inlet
line will Dbe negliéible. There remains the possibility that a slight
vertical misalignment might occur during erection. This effect is less
serious than the thermal effects, which would be cyclic in nature, be-
cause the associated stresses may be relieved through deformation with-
out deleterious effects.
_ The effects of a relative displacement, 5, were examined by consider-
ing the gas inlet line to be a beam fixed against rotation at both ends
and subjected to a displacement, 5, at one end. ZEach half of the line
thus behaves as a cantilever beam subjected to an end displacement of
8/2. The force, in 1b, at the end of the cantilever beam as a function

of the misalighment is given by

1.5 EId®
Fo=—or
13 ’
where
E = modulus of elasticity, psi |

I = moment of inertia, in.%

l

length, in.

For a l4-in. sched.-40 pipe, 6 ft long,
F=41380 0% ,
and the moment, in in.-1b, at the junction of the nozzle and shell is

M =248 300 & .

The stress values in the nozzle and shell corresponding to this

moment loading were evaluated.? The axial stress (psi) in the nozzle is

2P. P. Bijlaard, Welding Research Council Bulletin Series, No. 50
(May 1959).
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the greatest, and its value is 94 730 8. Thus, a relative displacement
of 0.10 in. gives a stress of 9473 psi, which clearly indicates that only

a small amount of misalignment can be tolerated.

Liner

The pressure vessel liner is made of type 304 stainless steel. The}
configuration is a cylindrical shell with a head in the form of a conical
section and a spherical upper portion (see Fig. 3.3). The design condi-
tions for the liner are an external pressure of 3 psi at 1250°F. The
'working'preséure'will actually be approximately 2 psi and the temperature
will be nearer 550°F (because of the insulation on the upper portions of
the liner).

The minimum liner thickness was determined in accordance with the
ASME Code requirements for shells subjected to external pressure. How-
ever, the code rules are limited to spherical and cylindrical shells. The
code states that vessels.intended for service under external working pres-
sures of 15 psi or less, which are to be designed in coﬁpliance with the
rules for external pressure, shall be designed for a maximum allowable
external pressure of 15 psi or 25% more than the maximum possible external
pressure; whichever is smaller. Thus, since the actual external pressure
on fhe liner will be approximateiy 2 psi, the 3 psi design value meets
code requirements. The liner thickness was arbitrarily chosen as 1/2 in.
which, after allowing for corrosibn, gives an-effective thickness of 3/8
in. The Code charts indicate that the allowable external pressure for
the cylindricél portion is 8.8 psi, and the value for the spherical portion
is 20.2 psi. Since it is reasonable to assume that the conical portion
of the liner will'have a greater resistance to buckling than the cylindrical
portion, the liner is adequate from the standpoint of resistance to ex-
ternal pressure,

During normal operation, differential thermal expansion between the
liner and the pressure vessel.causesthe liner end of the gas outlet line
to move Vertically 0.19 in. relative to the gas inlet nozzle. If the
portion of the liner in the uppetr plenum feached a temperature of 1250°F,

this relative displacement would become approximately 0.86 in. In either

L1



169

event, large stresses may occur in the regions of the gas outlet nozzle
‘attachment to the liner. These stresses could be appreciably -reduced’ by
uéihg an expansion joint, which would allow rotation at the steam generator
.ehd of the line. The stress analysis of such a nozzle-to-conical shell
attachment does not lend itself to accurate theoretical analysis, and an
experimental stress analysis will be required for the final design. Théi
requiréd experimental analysis 1s discussed furﬁher-in Section 16.

The ‘pressure vessel liner is welded to the support plate, and thus
thermal stresses corresponding -to the difference in the coefficients of
expanéion for type 304 stainless steel and type A212, grade B, carbon
steel will be induced upon heating. - Since the plate is more rigid than
the lirier,.the radial expansion will be dictated by the plate. The lower
portion of the liner will, therefore, behave as a cylinder with the -end
fixed against rotation and subjected to a radial deflection.

Using this model the stresses in the liner were calculated® for a
temperature of 550°F. . The mean coefficients of expansion were taken as
9.45 x 107% in./in.-°F and 7:15 X 107® in./in.°F for the stainless steel
and carbon steel, respectively, giving a difference in radial éxpansion
of 0.058 in. The corresponding axial and circumferential étressés are
52 500 and 44 700 psi, respectively.. Hence a design modification is
needed to bring these values within acceptable limits. The required re-
duction can be achieved by constructing the lower section of the liner
from a material with a coéfficient of expansion lying between the values
for type 304 stainless steel and type A212, grade B, carbon steel or by

using a stainless steel support plate.

Core Support Plate

The carbon steel plate that supports the core and reflector rests on
lugs attached to the cylindrical portion of the pressure vessel. The
stress magnitudes given below are based on the assumption that the fuel-

removal mechanism extends up into the fuel cavity through a 12-in.-diam

3F. J. Witt, Thermal Stress Analysis of Cylindrical Shells, ORNL
CF-59-1-33 rev. (January 1959). - ‘
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hole at the center of the plate, and there are 296 holes 3/4 in. in di-
ameter on a 1 l/2-in. triangular pitch between the edge of the 12-in.-
diam hole and a circle with a radius of 30 in. to allow for the passage
of coolant gas from the lower plenum into the fuel bed (see Fig. 3.10).
For a graphite density of 1.7, the distributed load on the plate is 7.4
psi. 4

Based on these data, the maximum stress in the unperforated portion
of the plate was found to be ~4300 psi. This stress is in the tangential
direction and is located at the outer edge. The stress concentration
factor® at the edge of one of the small holes is ~2.0, while the value
midway between holes® is ~1.7. Thus the maximum stresses at these loca-
tions in the perforated region are ~10 000 and ~7700 psi, respectively.
From thesé data it is apparent that a margin of saféty exists in the de-

sign of the plate to allow for irradiation effects and accident conditions.

Pressure Vessel Support System

The pressure vessel support system is designed to permit differential
radial growth between the pressure vessel and supporting structure. The
system is depicted in Fig. 3.7, which shows both the pressure vessel and
the steam generator support system, and in Fig. 3.9, which is a pictorial
drawing of one of the supports. The 11 support plates bear against plates
attached to the pressure vessel and to the support frames which, in turn,
are supported from the biological shield. Flat bearing'surfaces were
chosen for the pressure vessel lugs and plates attached to the biological
shield because difficult‘machining and alignment problems are associated
with other forms. The gear rack and pinion tooth arrangement at the tbp
and bottom of each support plate are designed to absorb the horizontal com-

ponents of force in the system. The side thrust plates prevent rotational

_4R. E. Peterson, Stress Concentration Design Factors, John Wiley and
Sons, New York, 1953. -

°C. C. Wilson and R. L. Maxwell, An Experimental Investigation of
the Stresses and Deflections of a Perforated Plate -in Bending, Part 1,
University of Tennessee Engineering Experiment Station, Department of
Mechanical Engineering, Report No. ME-61-1 (June 1961).
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‘and “translational motion of the pressure vessel with respect to the
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biological shield.

As the reactor is heated from room temperature, radial thermal ex-
pansioh of the pressure vessel causes the support.plates to rotate, With
their cylindrical ends rolling on the‘bearing plates. At the same time,
the gear teeth roll in the gear racks according to the fundamentallcharac-
teristics of spur gearing. The entire'supporﬁ system must be designed to
Withsténd seismic loadings without bermitting translations or rotations
of,théipressure'vessel relative to the support framework.

The design and stress analyses of the support system for each of the
above regﬁirements are presented below in two parts. The first part is
concernéa‘withlthe design and analysis of the system for normal operating.

conditions; the second part considers the effects of seismic loadings.

Design and Stress Analysis for Normal Operating Conditions

Under normal conditions it is assumed that the weight of the pressure
vessel-and contents (145 000 1b) is equally supported by 11 support members,
which are eachv36‘ih. lqng. The vertical load normally carried by each
support member is thus 824 1b per inch of‘support plate length. Actually,
since.the'support members are not equally spaced around the -entire cir-
cumference of the vessel (see Fig. 3.8), the two supports nearest the gas
inlet nozzle will carry approximately 985 lb/in. aﬁd the support oppésite
the gas inlet line will -carry only 672 lb/in. The  rolling suifaces on |
the ends of the support members were sized so that the contact stresses
would be within acceptable limits. For a rolled steel roller on a flat
plate of the same materiél, the maxiﬁum acceptable load per inch is given

by6
=700 4 ,
where P/ is the load per inch and d is the roller diaﬁeter. For a 2-in.-

diam roller the maximum acceptable load is 1400 1b/in. Thus, the contact

stresses developed in the rollers and in the flat bearing plates are,

6s. Tlmoshenko, Strength of Materials, Part II, p° 343, D. Van

Nostrand ‘New York, 1956.
\
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during normal conditions, within acceptable limits. It is assumed that’
the formula for the allowable load is unchanged for. temperatures up to
550°F.

The upward thrust on a support lug attéched to the pressure vessel
induces bending in the shell, The load is applied at a distance of about
3.25 in. with a resulting moment of approximately 42 000 in.-1b. No ac-
curate model.for~eyaluating the stresses is available; however, an esti-
mate of the maximum stress may be made by using methods develcoped for
analyzing single nozzle-to-shell attachments? when interaction between
ad jacent attachments does not exist. The value in this case was found
to be ~léOb psi, which is almost insignificaht. However, additional in-
vestigation is required in the vicinity of the gas outlet nozzlé where
the interactions and combined -stresses may be important.

The total axial load (per inch) transmitted by the support plates is
830 1b/in.- - The critical buckling load for the plates is 18 500 1b/in.
Thus the support plates are more than'adequate from the standpoint of
stability during normal operation.’

The thickness of the gear teeth was established on the basis of bend-
ing stresses in the teeth. A thickness of 1/2 in. was found to be satis-
factory, assuming the gear material to be forged carbon steel (SAE 1030).‘

As the pressure vessel expands radially, the rotation of the support
plates causes a vertical displacement of the entire pressure vessel as-
sembly. The radial expansion of the pressure vessel in going from room
temperature to the design operating temperature is 0.216 in. The cor-
responding vertical movement of the-pressure vessel at the support level
is 0.024 in. upward. This displacement can be balanced by a corresponding

displacement of the steam generator end of the gas inlet line.
. .

Effects of Seismic Loads

In the design of the PBRE, the maximum horizontal and vertical ac-
celerations resulting from earthquake loadings are taken, respectively,

as 10% and 5% of that due to gravity. These values are twice those used -

70p. cit., Bijlaard.
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in the'dééign of the EGCR. The reactor pressure vessel support members
are designed to resist downward loads only, and it is essential that, at
no time during an anticipated seismic disturbance is the vessel tipﬁéd
off of any suppdrt‘member.

»The 11 support members are spaced at 30-deg intervals around the
- pressure vessel.(see Fig. 3.8). A twelfth member was omitted because of
V_the>presence of the gas inlet nozzle; hence, there is a 60-deg interval
between the members in this vicinity. The center of gravity for the pres-
sure ?eséel and the internal components lies on the reactor center line
approximately 62.4 in. below the support circle. The entire supported
weight, w, was assumed to be 145 000 1b.

The case in which downward load (called p051t1ve in the remaining
discussion) on one member is a minimum will occur:when the horizontal
force through the center of gravity acts in the direction opposite to that
of the gas inlet line. For identification purposes, it is assumed that
the support members are numbered in a clockwise direction, when viewed
from above, with number one being located at an interval of 30 deg from
the centerline of the gas inlet nozzle., From symmetry, the force on
menber number’ one, F;, equals that on member number 11, F;;, etc. There-
fore, six relationships are needed to determine the reaction forces. Two
of these are determined from static relationships. Assumingkthat the

maximum horizontal and vertical accelerations occur simultaneously
2F, + 2F, + 2F3 + 2F; + 2F5 + Fg = 0.95. w (1)

is the expression obtained from ZFV = 0. The summation of moments about:
a diameter perpendicular to the one through the gas inlet nozzle equals

zero, or

Thus, _ .
FN5+F2—F4—\/§F5—F6—%(O.2W)=O , (2)

where.d is the distance to the center of gravity and r is the radius

. to the supporf plate. The other four relationships can be obtained by
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considering the. strain in each of the supports. The support ring will
deflect downward and tip through a small angle, ¢. Since planes remain
Plane after deformation, expressions may be written for the individual
deflections, Si, and the force relations follow from the deflections in

each support. Thus

3/2)IFs = /3/2)F (3)

Py o= [1+
F; = (3/2)F3 — (1/2)F¢ (4)
| Fs = (1/2)F5 + (1/2)Fs | (5)
Fs = [1 - (\/5/2)]F3 + (\/572)F6 . (6)

The solution of these six equations gives the force on the support member

opposite the gas inlet nozzle:

Fg = +4400 1b

This force is positive, so the vessel will remain seated on its support
structure during the seismic disturbance postulated. The largest force

on a membef is
F1 =+21 070 1b .
The vertical deflections caused by these loads are

¢

0.30 x 103 in.

® = 1.28 x 10-2 in.

The maximum force on a support plate corresponds to a load of 1320 1b/in.
which is well below the 18 500 1b/in. value required for buckling. The
deformations are also smaell and the effects upon the stresses in the gas
inlet piping should be negligible. -

In order to fully study the characteristics of the system under

earthquake conditions, a vibrations study should be made to determine the
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fundamental frequencies, Thus, an investigation for this purpose is out-

lined in Section 16,

Steam Generator Support System

A flexible support system is proposed for the steam generator. The
system will allow the steam generator to move freely in a single horizontal
direction and thus accommodate the thermal expansion of the pressure ves-
sel, the steam generator shell, and the primary coolant piping between the
steam generator and the pressure vessel, A l/8-scale model of the pro-
posed support system is shown in Fig. 9.2. The support system consists
of beam -columns (beams subjected to axial compression while simultaneously
supporting lateral loads) with small moments of inertia corresbonding to
the desired direction of motion. The ends are fixed against rotation. 1In
order to allow for radial expansion of the steam generator shell, the
steam generator is supported from the support platform by bars. hinged at
both ends. To facilitate removal of the steam generator from above, the
bars will probably be mounted above the platform, as shown in Fig: 3.7,
rather than below the platform as in Fig. 9.2. In order to depict the
horizontal motion which the support system is capable of absorbing, a
triple exposure photograph of the model in the normal position and in a
position to either side of the normal is shown in Fig. 9.2.  The range
of motion shown corresponds to approximately 7 in. in the actual support
system. A displacement of approximately 1 1/2 in. will occur during a
normal reactor pover cyciei

. The lateral force required to displace the steam generator horizontally
depends on the ratio of the compressive load carried by each beam column
to the critical buckling load for each column. If this ratio becomes
equal to one, zero lateral force is required to move the steam generator
through a small horizontal displacement.® One of the columns is shown

diagramatically in Fig. 9.3a. Figure 9.3b depicts the column in its

8By definiﬁion, the critical load is the axial compressive force
which is just sufficient to maintain the column in a slightly bent form
when the lateral force is removed.
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deformed shape. The critical load in this case is given by

T°EL

c b
r l2

where E is the modulus of elasticity, I is the moment of inertia, and !
is the column length. If the relative displacément of the two ends of
the column is limited to a small value (or to zero, as shown in Fig. 9.4),;

the critical buckling load, P, is

or greater. Thus if the relative lateral displacements of the ends of

the beam-column supports are limited by stops and by the coolant pipe,
"each ‘beam-column support could carry an axial load equal to its critical
load and yet be supporting only one-fourth, or less, of the load necessary
to actually produce failure.

In order to properly design a support system of the type proposed,
relations between the lateral load, Q, on each beam column, and the lateral
and axial relative displacements of the ends of a beam column are needed.
The following equations, derived from strain energy considerations, ex-

press these relations:

gQi3 = 1 omw

B = sin® —
EIT* n=1 n?(n® - a) 2
and
A sin® —

=.(EI)27T6 n=1 n?(n? - a)?

HefeVB and A are the relative lateral and axial displacements of the ends
of é beam column, respectively, and @ is the ratio of the:axiai load, P,
to the critical load and is given by '

P12

a—

) EIT?
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Fig. 9.4. Buckling Form of Steam Generator Support Columns When
Lateral Deflection is Prevented.
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The preliminary design of the suppSTt system was baéed on the use of
six identical beam columns. In the absence of final steam generator de-
sign, the columns were examined by using an arbitrary steam generator
weight of 26 000 1b. The coiumns were assumed to be steel, 6 ft long, and
8 in. wide. Three ratios of the compressive load on each column to.the

critical load were éonsidered:
o = P/P,, = 1.0, 0,75, and 0.5

The horizontal load, @, required to displace the steam generator 1 1/2 in.
from the Qertical position, the vertical displacement of the tops of the
beam columns, A, and the required column thickness, t, are given in Table
9.7 for each value of &. It should be remembered that Table 9.7 is based
on an estimated steam generator weight and will be corrected when a final
steam generator design is selected. The final selection of a column thick-
ness (or‘P/Pcr ratio) will depend on the allowable axial load which the

gas inlet line 'can transmit without producing excessive stresses in the

line or in the pressure vessel or steam generator attachment regions.

Table 9.7. Design Parameters for the Steam
Generator Beam-Column Supports for Three
Ratios of the Axial Load to the
Critical Load

a = P/Pr,, t (in.) A (in.) Q (1p)
0.5 . 0.61 0.019 663
0.75 0.533 0.019 - 221
1.0 0.485 0.019 0

Graphite Reflector Structure

The rapid decay of the radial fast-neutron flux in the inner portion
of the graphite reflector will produce significant differential radiation
shrinkage in the reflector. On the basis of available shrinkage and.rup—
ture-elongation data and the present knowledge concerning graphite be-

havior, it must be assumed that strains induced by fast-neutron irradiation



180

will cause falilure after some exposure interval. This interval depends
on the graphite configuration and on the ability of the graphite to with-
stand deformation without rupture.

The cylindrical portion of the graphite reflector is 96 in. in out-
side diameter and 30 in. in inside diameter. In order to gain an insight
into the severity of the problem, an anisotropic elastic analysis was used
to predict the axial, circumferential, and radial stress distribution$ in
the first 12 in. of the reflector, assuming that this portion of the re-
flector is made up of a single thick-walled cylinder. Generalized plane
strain conditions were assumed. The flux data were approximated by an

exponential function, and the resulting exposure equation is
¢ = 1.12 x 10% e0-26d

where d is in inches from the cofe-reflector interface and ¢ is in Mwd/AT
per year. The exposure is expressed in megawatt days per adjacent tonne
of fuel in the Hanford reactors because shrinkage data are ordinarily
given in terms of this unit. The exposure distribution represents that
at the mid-plane of the reactor, It was assumed that the longitudinal
axis of the cylinder coincides with the direction of extrusion and that
the mechanical properties and shrinkage rates are the same in the radial
and tangential directions.

The mean temperature of the reflector at the mid-plane of the reactor
was assumed to be 1000°F. Based on this temperature and assuming the
graphite to be needle-coke AGOT, the shrinkage: rates were taken as '
3.4 % 1077 and 1.5 x 1077 (in./in.)/(Mwd/AT) in the axial and perpendicu-
lar directions, respectively. The modulus of elasticity was taken as
1.5 X 10° psi in the axial direction and 1.1 X 10° psi in the perpendicu-
lar direction. '

The results of the calculation for the thick-walled cylinder, 12 in.
thick, are presented in Fig. 9.5, where the axial, radial, and tangential
stresses are plotted as a function of the radial distance from the core-
reflector interface. The stresses shown represent those occurring after

one year of full power operation of the reactor. The maximum tensile
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Fig. 9.5. Stresses in First 12 in. of Graphite Reflector After One
Year of Full Power Operation, Assuming a Single Cyclindér 12 in. Thick.
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strains (only those portions of the strains which are associated with
stresses aré considered) occur at the inner surface and are given by

€g = 1230 pin./in. per year of full power operation and €, = 2820 pin./in.
per year of full power operation, where & and z correspond to the 'circum-
ferential and axial directions, respectively. '

The rupture properties of graphite vary widely from specimen to
specimen and even within the same specimen. Thus, fracture predictions
can be made on a statistical basis only. A typical set of rupture data
from uniaxial tensile tests on needle-type AGOT graphite performed af

ORNL® are given in Table 9.8. Not enough data were obtained to provide

. Table .9.8. Uniaxial Tensile Data for
Needle-Type AGOT Graphite

) Rupture Fracture
Stress Strain
(psi) (%)
Akial direction
Minimum 2270 0.16
Average 2310 0.19
Maximum 2360 0.21
Perpendicular direction
Minimum : - 1650 ©0.30
Average- 1790 0.35
Maximum : 1890 0.41

a statistical basis for predicting fracture. Minimum, average, and maxi-
mum values of rupture stress and fracture strain in the directions paral-
lel and perpendicular to.the extrusion axis are presented. Other sets of
tests aﬁ ORNL have yielded much lower minimum values. For instance, frac-
~ ture strains, in the axial direction, as low as 0,086% have been reported.l®
The National Carbon Company obtained fracture stresses for a large number

of samples from the EGCR moderator blocks. ZEnough data were obtained to

°GCR Quar. Prog. Rep. June 30, 1960, ORNL-2964, p. 99.

_ 'OLetter to L. H. Jackson, AEC, from R. A. Charpie, ORNL, dated April 15,
1961, Subject: Engineering Test Status Report for EGCR-Sect. 1.

\
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form a statistical basis for predicting fracture stresses. The fracture

data included very low fracture stresses. For example, the probability

that a specimen (taken perpendicular to the extrusion axis) will fail be-
fore a stress of 700 psi is reached is 0.25.

Based on the above discussion of fracture data for needle-type AGOT
graphite, it is possible to make some inference about the exposure times
for the 12-in.-thick cylinder before cracking occurs. Using the minimum
fracture values given in Table 9.8, the predicted time to cgacking was
determined based on both the‘principal stress theory df failure and the
principal strain theory of failure. These times are given below:

Life based on principal strain theory 30 weeks

Life based on principal stress theory 22 weeks
For the fracture strain of 0.086%, the exposure time before cracking oc-
curred would be only 16 weeks, For the fracture stress of 700 psi, it
would be only 13 weeks. Actually, it is meaningless to compare elastically
calculated stresses with fracture stresses. This is due to the nonline-
arity of the stress-strain diagrams for graphite. ©Since strains are the
applied conditions, it is only correct to compare calculated strains with
uniaxial fracture strains. Therefore, the principal strain criterion for
rupture is believed to be the more realistic. -

The graphite reflector structure, shown in Fig. 3.4, illustrates the
general type of arrangement which might-be used in the final design to
facilitate removal. However, the final design of the core will be based
on obtaining a maximum graphite lifetime before replacement becomes neces-
sary because of -excessive deformation or cracking. - Several graphite con-
figurations have been proposed to reduce stresses resulting from radiation
shrinkage. A discussion of one such method was given in a previous re- -
port.11 Concentric cylinders were proposed for the first several inches
of the reflector. These thinner cylinders were subjected to radiation
shrinkage stresses which were appreciably smaller than those for thicker
cylinders in the: same région. Such a solution has not been used in the

present case because of the large diameters required for the cylinders.

. 11p, P. Fraas et al., Preliminary Design of a 10-Mw(t) Pebble-Bed
Reactor Experiment, ORNL-CF-60-10-63 rev., sec. 9 (May 8, 1961).
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However, thin segmented coneentric cylinders might be used Cuts in th
segments would further reduce the stresses Wlth present methods, ase
suming plane strain condltlons, it is possible to 1nvest1gate general con-
figurations, and such investigations are inh progress. It 1s entirely
plausible to assume that a graphite configuratien could betfoupd Whieh
will extend the life of the inner portion of the reflector te seyerei

years of full power  operation.

12Robert F. Redmond, Lewis E, Hulbert, and Richard V. Clark Numerlcal
Solution of Reactor Stress Problems, BMI- 1503 (February 1961)
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10. FUEL ELEMENTS AND GRAPHITE COMPONENTS

Fuel Elements

-Considerable information concerning the behavior of fuel elements
of the type required for the PBRE has been generated since the initial
design study on this subject.l! The purpose of this section is to review
the fuel element problem in the light of this information and to discuss
the reference configuration which has been seleéted for the PBRE.

The approach used in arriving at a reference fuel element has been
a conservative one. This approach is felt to_have been appropriate in
view of the uncertainties yhich surround the.actual requirements of the
PBRE fuel elements anq because pertinent data on the behavior of fueled
graphite simply are nbt available for the limiting conditions of reactor
operation which are anticipated. Research and development programs de-
signed to clarify this situation are described in Section 16 of this re-

port.

\

Requirements and Operating Conditions

The required fuel ellement characteristics and pertinent operating

conditions for the PBRE are tabulated below?

/
/

Conf&éuration ' Sphere
Size (diameter), in. 11/2
Number of spheres in core 11 700
Fuel loading, wt % of U + Th in fuel 5
sphere
Thorium-to-uranium atom ratio 0.61
Enrichment of uranium in U%3°, % 93
Carbon dehsity, g per cm® of ngt 1.70

graphite volume
Average power density, w/cm?

Reactor core 9
Fuel spheres 14.8

1A, P. Fraas et al., Preliminary Design of a 10-Mw(t) Pebble Bed
Reactor Experiment, ORNL CF-60-10-63 rev. (May 8, 1961).
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Mean surface heat flux, Btu/hr.ft? 29 700
Sphere operating temperatures, °F
Average volumetric 1090
Average\center-to—surface temperature 120
difference

Estimated hot-spot conditions

Surface ~1900

Center ~2100
Irradiation exposure (burnup)
Fissidns per cm® of fuel sphere 3.1 x 10'°
Mwd per ton of U + Th . 130 000
Atom per cent of initial U + Th 13.6

Fission-Product Retention

The major requirement for the fuel elements is associated with fis-
sion-product release from the standpoints of both hazards and system
maintenance. Although it is difficult to define preéisely what is meant
by adequate fission-product retention in the present application, the
criterion most frequently cited is with regard to the inert gas species,
such as Kr87 (78 m), Kr®® (2.8 n), Xe!3® (9.20 n), Kr85m (4.4 h), and
Xel33 (126 h) which are readily measured in irradiation experiments. Re-
lease factors, defined as the steady-state ratio of release rate to birth
rate (R/B), in the range of 107% to 107% for these species appear to
represent reasonable design goals in the development of a satisfactory

fuel element for a pebble bed_reaCtor.2

The major uncertainties in this
area are due to inadequate experimental data on the transport and deposi-
tion characteristics of troublesome fission products and the effect these
chzracteristics will have oﬁ the maintenance problem.

In order fo fulfill the major requirement cited above, the graphite-
base Sphere in the PBRE must include one or more features which serve to
retain or hold uﬁ fission products under the mechanical, thermal, chemi-

cal, and irradiation environments which will exist in service. Since .

2A. P. Fraas et al., Design Study of a Pebble-Bed Reactor Power Plant,

ORNL CF-60-12-5 rev. (May 11, 196l1).

Iy
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nofmal molded graphite matrices are not sufficiently impermeable, the re-
tentive character»required for both volatile and nonvolatile species must
derive from suitable coatings on the fuel particies, impregnation of the
- matrix, or coatings on the fuel spheres themselves. The extent to which
recourse must.- be taken to these three methods of approach is nét completely
clear at the present time. If, however, the fuel is to be in the form of
thorium-uranium carbide particles, asvpresently.COnceived, it will be nec-
essary to provide particle coatings for héndling purposes during fabrica-
tion, and a potential fission-product barrier would thereby be built into
the fuel element. Accordingly, the development of impermeabie pyrolytic-
carbon coatings which are stable with respect to the'environﬁental condi-
tions cited above has been a matter of major emphasis during\fﬁé past year.

If existing experimental programs indicate that oxidizing impurities
in the helium coolant require a protective coating, such as siliconized-
silicon carbide (Si-SiC) on the sphere to prevent mass transport of car-
bon‘to the cooler portions of the system, another method for retaining
fission products would be incorporated into the design. Graphite im-
pregnation techniques are available and have been used in other programs.
This method of approach may receive attention if the method of particle
coating appears to be inadequate.

Results on graphite fuel élements containing bare fuel particles
have indicated that the rates of release of the various radioactive species
are dependent on the half life. A plot of the logarithm of the R/B ratio
for the various species versusvthe'logarithm of the half life has shown
‘a slope of oné-half. This correlation suggests that for bare particles
the controlling release mechanism is the diffusion of recoils through
the graphite matrix or fission-product diffusion in the fuel particles.

For reference purposes, the results obtained in the Sanderson & Porter
program3 on the FA=-23 specimen in the SP-5 sweep capéule'are useful. The
FA-23 specimen was a 1 l/2-in.-diam molded-graphite sphere containing un-
coated uranium carbide particles, with a 1/8-in. unfueled shell and &

0.008-in. coating of Si-SiC. The specimen operated at surface ‘and central

3Fuel Element Development Program for the Pebble Bed Reactor — Final
Report, NY0-9064, April 30, 1961.
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temperatures of 1300 and 1500°F, respectively, and the sphere coating
failed after about 21 days during startup of the third reactor cycle.
After the coating failed, the R/B factors increased by a factor of 10°
and remained essentially constant for a period of 11 days. Samples taken
some four months later, after a burnup of approximately 5 at. % U235,
showed that further increase in the release rate had occurred. The data
obtained during the final 15 days of the 170-day experiment are plotted
as a function of half life in Fig. 10.1. Since operating conditions in
the SP-5 capsule were similar to the average conditions proposed for the
PBRE, uncoated PBRE fuel elements containing bare fuel particles would
be expected to give about the same release rates as those observed for
the FA-23 specimen. -

It seems reasonable to assume that with whatever features are built
into the PBRE fuel element to retard the release of fission products,
the release rates could be reduced by a factor of 50 relative to the
rates from fuel elements containing bare particles. Thus, a reasonable
estimate for the maximum R/B ratio for a given species in the PBRE is

provided by the relationship

R/B = 1076 VTi/2 (1)

where T3/, is the half-life, in seconds, for the given species. This
relationship is plotted in Fig. 12.5. As shown in Section 12, the re-
lease-factors computed from this equation are more than adequate from the
standpoint of normal leakage of activity from the PBRE. Uncertainties in
the behavior of non-volatile fission products in the coolant system 2

clude a similarly clear-cut statemeat with regard to maintenance problems.

Mechanical Effects

During fabrication, coated particles are subjected to mechanical
damage during blending and molding. In addition, coated particles at
the surface~of a molded graphite sphere are subjected to more or less
severe mechanical damage by abrasive ‘action, impact, and compressive
forces during handling in fabrication, during loading and unloading in

the reactor, and during reactor operation. Because of the potential
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Fig. 10.1. Relationship Between R/B and Half Life for Fueled Graphite Con-
taining Uncoated Uranium Carbide Particles at 1300°F. (Data for FA-23 specimen in
SP-5 capsule of Sanderson & Porter program as described in text.)
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damage to surface particles by these mechanical effects, it is evident
that protection in the form of -an unfueled graphite shell must be in-
cluded in the reference design. Whether adequate protection against this
mechanical damage would be provided by an oxidation-resistance coating,
particularly for coated particles which partially protrude from the sur-
face, is doubtful, but this possibility deserves investigation. First
attempts at fabficating unfueled-shell configurations in the Sanderson &

3 were regarded as unsuccessful because cracks developed

Porter program
in the shells during capsule irradiation tests. Improved fabricatiorn
techniques may be required to overcome this limitation.

Notwithstanding the effects on surface particles, the PERE fuel
spheres must retain their integrity under the stresses imposed during
loading and unloading and during reactor operation. As discussed in
Section 5, a set of unfueled graphite spheres will be used for testing
the fuel-handling system and will be available for use during the loeading
of fueled spheres in the reactor. Thus, impact loads are expected to be
minimal and no problem is anticipated during this phase of the operation.
The abrasive action of balls in contact during mcovement of the bed as
fuel is -extracted periodically may create a dust problem. Lateral com-
pressive loads during operatipn may arise from thermal expansion, al-
though preliminary tests performed in the Sanderson & Porter program®
indicate that the pebble bed would expand on heating with no change in
the fractional void volume and, therefore, no significant generation of
lateral compressive stresses. The maximum vertical compressive load on

a ball on the bottom of a 4-ft-high bed would be less than 4 1b.

Thermochemical Effects

_Requireménts fof chemical stability of the fuel element include not
only oxidation resistance but also phase stability within the fuel ﬁarticle
and compatibility of the fuel-particle coating with the fuel particle and
the matrix graphite.  Possible catastrophic reactions in case of a steam

leak must also be considered.“From the standpoint of thermochemical

4Progress Report on Pebble-Bed Reactor for Period June 1, 1959-
October 21, 1960, Sanderson & Porter, NYO-9071.
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stability, a fuel element containing pyrolytic-carbon-coated uranium-
thorium dicarbide particles appears to be the most attractive of several
which have been considered. Disproportionation of uranium dicarbide to
yield the sesqQuicarbide, U,C3, and graphite under PBRE hot-spot conditions
has beeanpprtéd}S‘v although evidence for this reaction has not been seen
in experiments involving coated uranium carbide particles. While the
equilibrium phase situation in the ThC,-UC, system is not precisely known,
it is possible that the addition of thorium would tend to have a stabi=-
lizing effect on the disproportionation reéction under consideration.

In any case, it is conceivable that if phase instability of this type
presents a problem, an appropriate heat treatment could be used prior to.
the time the fuel elements are inserted in the reactor. The added effects
of irradiation must be studied, however, before final decisions can be .
made. The use of ThO,-U0, solid solution material for the fuel particles
is not entirely out of the question.  Pyrolytic carbon coatings on oxide
fuel particles can be compatible if the coatings do not crack and allow
‘felease‘of the gaseous-produéts‘of the reaction between these phases. In
addition, the oxide fuel particle:concept will be preferred if experiments
now in progress show that severe attack of carbide particles with damaged
coatings would occur in case of a steam leak. Oxide coatings, such as
Al,03 and BeO, on oxide fuel particles have not been removed from con-
sideration entirely, although based on existing informa%ion this concept
does not appear as attractive as that involving carbon-coated carbide

fuel particles.

~

Irradiation Effects

The irradiation effects of concern are those which would render the
fuel element mechanically and chemically unstable and thereby promote

the release of fission products. Cracking of ‘particle coatings during

M. W. Mallett, A..F. Gerds, and H. R. Nelson, The Uranium-Carbon
System, J..Electrochem. Soc., 99: 197-204 (May, 1952).

6W. Chubb and F. A. Rough, An Evaluation of Data on Nuclear Carbides,
BMI-1441 (May, 1960).

™. W. Mallett, A..F. Gerds, and D. A. Vaughan, Uranium Sesguicarbide,
AECD-3060 (December, 1951).
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irradiation, as discussed in subsequent sections, can be attributed to’
fﬁé singular or combined effects of particle swelling, neutrop-induced
shrinkage of the particle coating; and pressure buildup from fission‘
gases within the coated particle. There is a need for better understand-
ing of why particie coatings fail so that modifications to the fabricafion
procedures can be made intelligently. For example, the merit of providing
a substantial void volume within the coated particle and of incorporating
a porous intermediate coating between the particle and the outer, im-

perviouQ\coating may deserve careful evaluation.

The Reference Fuel Element

Based on existing knowledge and the considerations discussed in the
prévious section, a reference fuel element has been selected. This ele- -
ment is a molded, 1 l/2-in.-diam graphite sphere cdntaining/a uniform
dispersion of pyrolytic-carbon-coated uranium-thorium carbide particles,
a 1/16-in.-thick unfueled graphite shell, and a 0.006-%to 0.008-in.-thick
coating of Si-3iC. The nominal diameter of the fuel particles is
180+ 20'1 and the coating thickness is 80 + 20 u. . Other properties such
as the thorium-to-uranium ratio and fuel loading are tabulated in the
previous section. _

The choice of the unfueled shell thickness was based on optimization
with respect to protection against mechanical damage to coated particles
and thermal stress states which could promote separation at the inter-
face between the fueled and unfueled portion. The particle diameter is
felt to be optimum with respect to -particle separation for a given fuel
lcading and fission-product retention within the ?article. The coating
thickness was chosen because of the significant drop in alpha count (due -~
to uranium contamination) which has been reported at a coating thickness

of 50 to 60 u.

Status of Coated Particle Fuel Element Development

‘Development work on fuel elements based on the coated particle con-

cept. is; being conducted at Oak Ridge National Laboratory (ORNL), Battelle
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Memorial Institute (BMI), General Atomic (GA), and in varying degrees by
several private industrial concerns. The major -emphasis by far has been
on the preparation of pyrolytic-carbon-coated carbide fuel particles and
evaluation of these particles both in the unsupported condition and as
incorporated into graphite bodies. | ’

-Inﬁestigation of oxide-coated UQz particles has been restricted for
the.most part to preparation and evaluation studies at" BMI; similar;s£ﬁdies
on pyrolytic-carbon coated thorium-uranium carbide particles has been‘the
item of principal interest at GA, The emphasis ét ORNL has been on the
-evaluation of commercially produced, pyrolytic-carbon-coated urgnium
carbide particle materials in an»extensive irradiation test program. .Re-_
cently, some limited fabrication studies have been initiated at ORNL.
Considerable information concerning the techniqpes ﬁsed in all phases of
"PBRE-type-fuel element fabrication has been accumulated by commercial
suppliers. |

The summerizing comments listed below are intended to convey the
more important features of the development workAWhich are pertinent to
the PBRE fuel element problem. The material has been categorized in
terms of the several types of coated particles under consideration.  Data

of a preliminary nature are not included in the discussion.

Pyrolytic-Carbon-Coated Uranium.Carbide Particles

The uranium carbide particles which have been studied represent
multiphase systems containing UC, as the major phase, UC as Widmanstdtten-
type platelets, and varying amounts of graphite flakes. Under certain
restricted conditions it is apparently possible to prepare particles
which are essentially all UC,. All particles of this type which have
been examined are high-density spheroids, 150 to 300 p in diameter,
covered with 5 to 15 p of a porous graphité layer which persists as an
intermediate layer during the pyrolytic coating process.8
Uranium carbide particles have been coated with carbon by the pyroly-

sis of hydrocarbons at temperatures ranging from 950 to 2000°C. Depending

8¢, K. H. DuBose and R. J. Gray, The Metallography of Pyrolytic
Carbon Coated Uranium Carbide Spheres, ORNL-TM-91, in publication.
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upon the deposition temperature and rate, the microstructure of the coating
assumes a smooth, laminar appearance or a columnar, more granular appear-
ance., High temperatures and low rates favor the colummar form. The coat-
ing density passes through a minimumn in the temperature interval from 950
to 1800°C.9-12

Alpha-counting and acid-leaching techniques have shown that contami-
nation of fhe coatings prepared by a variety of techniques can be kept
to acceptable levels. Thermal cycling of coated particles between room
temperature and 1400 to 1600°C results in a slight increase in the amount
of -exposed fuel due, presumably, to fuel migration through the coatings.
When these particles are heated to temperatures higher than 2100°C for
prolonged periods, extensive reactions are detected at the carbide-coating
interface and the amount of exposed fuel increases by a factor of 10.13

Fissioﬁ-gas release studies using neutron-activation techniques have
shown that the fractional release of Xel?3 from unsupported coated par-’
ticles is approximately 1 X 107% after 3 hr at 1400°C. In studies at
ORNL laminar-type coatings were observed to spontaneously rupture at
2050°C; columnar-type coatings did not rupture at 2180°C, but diffusion
of Xe'?3 through the coatings was observed after 20 hr. In no case did
thermal cycling between room temperature and 1800°C cause rupture or re-
lease of significant quantities of Xel33, Release of Ba'4® has been de-
tected at temperatures greater than 1400°C in neutron activation tests.'3

Static-capsule irradiation tests to approximately & at. % burnup
(approximately 3000 hr) have been perfofmed on both laminar- and. columnar-
type coated uranium carbide particles in the temperature range 2000 to

2500°F. 1In both(cases, 0.1 to 0.2% of the Kr®® generated was detected

°R. W. Dayton and C. R. Tipton, Jr., Progress Relating to Civilian
Applications During July, 1961, BMI-1534.

10R. W. Dayton and C. R. Tipton, Jr., Progress Relating to Civilian
Applications During August, 1961, BMI-1541. (Classified)

1R, W. Dayton and C. R. Tipton, Jr., Progress Relating to Civilian
Applications During September, 1961, BMIL-1546.

12R. W. Dayton and C. R. Tipton, Jr., Progress Relating to Civilian
Applications During October, 1961, 3MI-1549. (Classified)

13GCR Quar. Prog. Rep. for Period Ending Dec. 31, 1961, ORNL=3254.

o
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in the gas after the tesfs and from 2 to 4% of the particle coatings were
Sracked.!3

At ORNL, fueled-graphite speciﬁ;ns containing coated uranium carbide
particles have been obtained from two commercial sources., It has been
shown by acid-leaching and neutron-activation tests that, with one ex-
ception, damage to the particles occurred during fabrication of the speci-
mens. Fractionaliréleaseof Xel33 after 20 hr at approximately 1000°C in
neutron-activation tests has ranged from 2 X 1077 to 8 X 10'4,ﬁwith the
lower value being assoclated with lower molding pressure. For the one
exception this value was 2 X 10-7,13 1In many cases the uniformity bf
distribution of -particles has been observed by radiographic techniques
to be poor.  Sweep tests on fueled graphite bodies containing coated A
particles are in varying states of progress and, except for the ORNL-MIR-
48-5 experiment,14 only preliminary results have been obtained.

In the‘MTR-48-5,experiment, a cylindrical specimen 1 in., in diameter
by 1 1/2 in. long containing laminar-type coated particles.waS'tested. A
molding pressure of 30 000 psi was used in fabricating the specimen, and
the fractional release of Xe'3? from a .similar specimen in neutron-acti-
vation tests was 5 X 10=% in 22 hr at 1000°C. Estimated central fuel
temperatures and approximate times at temperature during the test were
as follows: 1750°F for 99 hr; 2600°F for 880 hr; 2350°F for 24 hr; 2050°F
for 247 hr; 1600°F for 875 hr; and 1750°F for 275 hr. The initial re-
lease factors for Kr88 were in the order of 10~ but increased exponen-
tially during the 2600°F exposure. At 1600°F, the release factors de-
creased but were higher than the initiai.values by factors of 2 to 6.
They remained essentially constant during the 1600°F exposure. The burn-
up in this experiment was estimated to be 15 at. % of U?3%, The results
have been interpreted to indicéte that in the as-fabricated conditioﬂ
from 1 to 5% of the particlé coatings were damaged and that additional
damage to the particles occurred during the test. Postirradiation exami-

nations have not been perform.ed.13

14GCR Quar. Prog. Rep. for Period Ending Sept. 30, 1961, ORNL-3210.



Pyrolytic-Carbon-Coated Uranium-Thorium Carbide Particles

Development in this area has been carried out at GA in connection
with the HTGR. It is important to note that because ‘of the internal purge
system and low-permeability graphite sleeve in the HIGR fuel element,
fission-product'retention by particle coatings was not a primary objective
in the GA program. 1In addition, the HIGR fuel-element temperatures are
substantially higher than those proposed for the PERE. ' '

Techniques have been developed at GA for producing pyrolytic-carbon-
coated spheroidal (Th,U)C, particles and for incorporating these particles

into cylindrical graphite bodies by hot-molding methods ., '?

The protection
afforded by the coatings is measurec. by exposure to moist air at 50°C
For example, after 20 hr, a variety of coated partieles showed a weight
gain of G.1 to 0.3% as compared with 11 to 20% for uncoated particles.
The pyrolytic coatings are laminar in structure and are deposited at
1400°C. The .fractional release of Xel33 is of the order of 1072 in 24
hr at lOOO C in neutron activation tests.

High-burnup (approximately 20 at. % U?3?) 1ow -temperature tests (less
than 100°C) have been performed using compacts containing low-density
coatéd particles of 105 to 250 p particle diameter and a nominal coating .

15,16 7he thorium-to-uranium ratio was 2.25:1. Post-

‘thickness of 30 u.
irradiation heating experiments indicated that approximately 17% of the
coated particles had failed during irradiation. ‘Sweep-capsule tests!?

at temperatures of 960 to 1550°C on bodies of: this type showed that R/B
ratios for Kr®® ranged between 1 X 10°2 and 12 x 1072 after approximately

20 at. % burnup of the U237,

Pyrolytic-Carbon-Coeted Uranium Dioxide Particles

Carbon coatings have been applied in the temperature range of 1200

to 1700°C to uranium dioxide particles by the same methods used on uranium

9. v. Goeddel The Development and Evaluation of Graphlte Matrlx
Fuel Compacts for the HTGR, GA-2289, Aug. 8, 1961.

1640 Mw(E) Prototype High-Temperature Gas-Cooled Reactor Research
and Development Program, Quar. Prog. Rep. for Period Ending March 31, 196],
GA-2204,
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carbide ‘particles and with similar results for coating density.'%> 11 Ac-

ceptable surface contamination, as determined by alpha assay, has been
obtained. Coatings applied at 1700°C have shown higher surface alpha
activities, and, in one run, an unexplained high porosity, as evidenced

by the 1.2 wt % U0, removed by acid leaching.

A1,03-Coated Uranium Dioxide Particles \

Aluminum oxide has been applied to uranium dioxide particles by di-
rect hydrolysis of gaseous AlyClg with water vapor and by indirect hy-
drolysis with a mixture of hydrogen and carbon dioxide gases.17 Coatings
applied at 500 to 900°C tend to be porous and amorphous, but at 1000°C
they are nearly of theoretical density and are transparent. At tempera-
tures between 900 and 1100°C, the a-Al,03 structure becomes pronounced.
Uranium oxide particles coated with aluminum oxide at 1000°C are es-
sentially unaffected by heéting in air at 650°C. Heating of fine-grained
aluminum oxide coatings to temperatures above their application tempera-
ture promotes grain growth and may lead to stresses that will cause fail-
ure of the coating. There is some evidence that a course-grained struc-
ture is condﬁcive to failure by oxidation.

The difference in thermal exﬁansion of aluminum oxide and uranium
dioxide can also cause coating failure. Coatings applied at 1000°C under-
go cracking when heated to approximately 1400°C. A solution has been
sought in higher application temperatures. Coatings applied at 1400°C

were similar in appearance to those oﬁtained‘at 1000°C but gave inferior

-response to acid leaching whether in the as-produced, heat treated, or

-oxidized condition. In addition, the crushing strength for 1400°C alumi-

num oxide is about 50% of that for 1000°C coating.

A preferred crystal orientation of one type was obtained for appli-
cation temperatures of lOOO to 1250°C. A preferred orienfatioﬂ was also
found for 1400°C coatings, but the orientation was rotated at 90 deg to

that obtained at the lower temperatures.

17M.. F. Browning et al., Alumina Coating of U0, Shot by Hydrolysis
of Aluminum Chloride Vapor, BMI-1471, Oc¢t. 25, 1960.
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Results of inpile tests in the SP-5 sweep capsule on aluminum-oxide-
coated uranium dioxide supported in a graphite matrix (Spec. No. FA-22)%

% Fractional release data have been plotted as a

have become available.
function of fission-gas decay constant, A. An analysis of the form of
the data plot suggests that the'mechénism of fission-product escape to
the sweep gas was not diffusion through the particle coating. Some re-
release by particle-surface contamination was observed, but the principel
release mechanism involved particle-coating cracking. - Some coating crack-
ing occurred at less than 1% burnup and much more at 3 to 5% burnup.
Postirradiation examination disclosed that about 3.6% of the particles
in the sphere possessed cracked coatings. About 86% of the particles
with cracked coatings were located within 10 particle diameters of the
surface of the sphere.

An additional sweep capsule experiment has been performed using a

sample machined from a prototype of the FA-22 sphere. 12

The sample tem-
perature was: 1070°C, ‘and acceptable fission-product retention (R/B for
Kr85M of 107€) was observed during the first cycle of operation, which

was for a period of 201 hr. A capsule leak at that time required termi-

nation of the sweep test.

BeO-Coated Uranium Dioxide Particles

Beryllium oxide coatings have been applied at BMI at temperatures
between 1000 and 1400°C to uranium dioxide particles by hydrolysis of
gaseous BeCl,. Dense, tfansparent, and nonporous coatings were obtained
for Be0 having up to 1% Si0, or Al,03 impurities. Lowering these im-
purities to 100 ppm gave a porous and opaque coating in the range 700 to
1100°C. Efforts to improve the quality of high-purity BeO coatings have

thus far been unsuccessful.l?

Sphere Surface Coatings and Low-Permeability Graphite

Sphere Surface Coatings

Isotropic grades of graphite coated with Si-SiC that are completely

oxidation resistant in air at 1000°C are available from commercial sources.,
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Coatings of this type have been applied to molded, fueled graphite spheres
as discussed in the previous PBRE design report.1 Coating failures‘ during
irradiation have been sufficiently frequent, however, that it is clear that
without further development work, S5i-5iC coatings alone cannot be depended

upon to provide the -fission-product retention required in the PBRE.

- Low=Permeability Graphite

Tests de51gned to.evaluate the:effectiveness. of low-permeability
graphite sleeves have been performed in the ORNL-MTR 48 facility. 14 The
permeabilities of the specimens ranged between 10-8 and 1072 for helium
at room temperature and a pressure difference of 1 atm. While these ex-
periments have been plagued with failures in the silicon-base brazes used
to seal the bottles, it is- reasonable to conclude that release factors
of the order of 10™2 can be achieved. The measured temperatures within

the sleeves ranged between 1050 and 1500°F in these tests.

Graphite Components

The PBRE reflector and a boronated thermal-neutron shield will be
fabricated of graphite. Detailed design of these components is discussed
in Section 3. Essentially, the graphite structure consists of an 8 1/2-
ft-diam, 10-ft-high right-circular cylinder containing a centrally -located
2 l/2—ft-diam, 4 ft-high cylindrical cavity for the-pebble bed. Addi- |
tional graphite will be located in the upper hemispherical head of the
pressure vessel. The outer layer of graphite will contain 1/2 wt % boron
to serve as a thermal neutron shield. In order to facilitate handling
and to reduce the coolant gas leakage from the core, it is desirable to
minimize the number of graphite pieces used; that is, large components
are desired.

Under normal operation, the graphite will be subjected to tempera-
tures of 550 to 1250°F, flowing helium at 500 psi containing impurities,
fast-neutron bombardment, and mechanical loads. The major problems antici-
pated derive largely from the nonuniformity of the environment. Tempera-

ture gradients will induce thermal stresses and, in combination with
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flowing impure gas, can lead to carbon and possibly boron mass transfer.
The fast-neutron flux gradient through the graphite sections will cause
differential shrinkage, which, in turn, will lead to stresses which even-
tually can exceed the fracture stress unless relieved by creep. Under
these conditions, the graphite must not fracture or undergo major dimen-
sional changes. The coolant flow passages, control rod channels, and the
fuel element feed and discharge channels are all part of the graphité
structure. .

Although the operating requirements of the reflector graphite and
boronated thermal-neutroﬂ shield grephite are similar in many respects,
certain problems are unique to one cr the other. Therefore, this discus-

gion will consider the two types of graphite separately.

Reflector Graphite

.Consideration of the design and operating requirements of the PBRE
reflector graphite indicate that the major problems are concerned with
cracking from radiation-induced shrinkage and oxidation. Similar prcblems
are faced in the EGCR. - Furthermore, the AGOT needle-coke graphite used
in the EGCR moderator columns and the isotropic,‘coatable 901 RYL grade
used in the fuel-element support sleeves of the EGCR are logical candidates
for the PBRE reflector. Typical physical and mechanical properties of
these grades of EGCR gfaphites are therefore presented for reference in
Table 10.1. '

Radiation Shrinkage Cracking. Fast-neutron bombardment of graphite

induces dimensional changes which depend on exposure, temperature, type
of graphite, and direction with fespect to the extrusion axis of the
graphite. At the temperatures of the PBRE reflector, the dimensional
changes will be negative, that is shrinkage will occur. Because of the
fast-neutron flux gradient through the graphite sections, differential
shrinkage will be induced. The stresses generated thereby can eventually
exceed the rupture stress unless felieved by creep. The consideration of
radiation shrinkage cracking is important because it may limit the op-

erating life of the graphite components.
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Table 10.1. Properties of EGCR Graphites

Fuel Element Support Sleeve

ited
AGOT Moderator Graphite Graphite, 901 RYLP

Property
Average Maximum Mininmmuum Average Maximum Minimum

Bulk density, g/em® 1.71 1.73 1.68 1.71 1.75 1.67
Tensile strength, psi

Longitudinal® 1080 1270 840 1670 1980 1200

Transverse® 750 930 650 1190 1530 850
Longitudinal® flexure 2150 2480 1830 2850 3540 2320

strength, psi

Young's modulus, psi

Longitudinal® 1.60 x 108 1.75 x 106 1.39 x 106 1.53 x 106 (e) (e)

Transverse® 0.85 x 10 0.96 x 108 0.71 x 108 (e) (e) (e)

Coefficient of thermal
expansion, 10-6/°cd

Longitudinal® 0.71 0.89 0.58 4.55 (e) (e)
Transverse® 2.36 2.66 2.14 5.50 (e) (e)
Ratio 3.32 2.99 | 3.69 1.22 (e) (e)
Thermal conductivity,
cal/em- sec
Longitudinal® 0.532 0.599 0.401 0.39 (e) (e)
Transverse® 0.359 0.430 0.293 (e) (e) (e)
' Thermal-neutron ab- 3.9% 4.10 3.87 - 3.90 4.03 3.76
sorption cross
section, T mb
Boron content, ppm 0.27 0.5 0.1 0.55 0.9 0.24
Ash content, ppm 160 240 80 26 110 <10
Oxidation ratef at 0.015 (e) (e) 0.015 (e) (e)

600°C, g/g-br

8kxtrusion size 18 in. X 18 in.
'bExtrusion size approximately 5 1/2 in, in diameter.
CDirections are with respect to the extrusion axis.

dTemperature range of measurement: AGOT, room temperature to 100°C; 901 RYL, 100
to 600°C.

eNot determined or not reported.
fFor neutrons with an average velocity of 2200 m/sec.

®Determined in air at & pressure of 1 atmosphere,



202

The radiation-damage characteristics of the EGCR graphites are being
studied at Hanford.'® It has been shown that at 475°C, the AGOT moderator
graphite contracts 0.36% in the parallel direction and 0.18% in the per-
pendicular direction after an exposure of 17 000 Mwd/AT. These rates are
lower than those based on earlier results which form the basis for the
calculations in Section 9. The contraction rate was observed to increase
with exposure; however, there were not enough data to establish an ac- :-
curate, quantitative relationship in this regard.

After an exposure of 3000 Mwd/AT at 500°C, a contraction of 0.034%
was observed for samples of 901 RYL graphite in a direction parallel to
the axis of extrusion. Other samples were irradiated at 1200 to 1400°C
to an exposure of 5000 de/AT.19 The contraction observed in the 901 RYL
graphite was approximately equal to that for the AGOT moderator graphite
in the parallel direction. The contraction in the perpendicular direc-
tion, however, was six times as large as that of the moderator graphite.

No data have been reported for the effect of irradiation on the
strength properties of graphite irradiated at temperatures of interest
to the FBRE. The cut-of-pile creep properties of the EGCR moderator
graphite have been studied at ORNL at temperatures up to 1100°F and &
tensile stress level of 1800 psi.2° After small initial strains of less
than 0.015% during the first 10 to 30 hr of the experiments, no further
creep was detected for periods as long as 2000 hr. Based on the limits
of detection, it was estimated, therefore, that after the initial strains
the creep rates were less than 5 X 107%/hr.

Experim_ents21 have shown creep of various grades of nuclear-grade

graphite when stressed under irradiation at temperatures up to 300°C.

18Preliminary Results of Second Irradiation of EGCR Graphite, Letter
Report from J. M. Davidson, GE-HAPO, to W. J. Larkin, OR0OO, July 18, 196l.

19private communication from D. R. de Halas, Hanford, to Fred L.
Carlsen, Jr., ORNL, December, 196l. N

20GCR Quar. Prog. Rep. March 31, 1961, ORNL-3102, p. 116.

21N, C. Fielder et al., Irradiation Induced Plasticity in Graphite,
Paper presented at the Fifth Biennial Conference on Carbon, University.
Park, Pa., June 19-23, 1961.
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In some cursory experiments, creep constants of approximately 2 X 10'6/psi
per 1000 MWd/T were observed. This value appears to be}applicabie for
specimens irradiated between room temperature and 300°C at stresses up to
500 psi. The exposures for these experiments were less than 1000 Mwd/T.

The thermal conductivity of graphite has been observed to decrease
under irradiation.?? After an exposure of 4500 Mwd/AT at 500°C, the room-
temperature thermal conductivity of samples of grade CSF was reduced by
about a factor of 3.

The effect of neutron irradiation on Young's Modulus has been studied
by a number- of workgrs.23'§7 fFor»room-tempefature irradiations, this prop-
erty increases and appears to reach a constant value, on. extended exposure,
that is two to three times the unirradiated value. For higher’irradia-
tion temperatures, the effect of irradiation is less pronounced. For
-example, at 350°C, the modulus was found to be l.4 times the unirradiated

value after an exposure of approximately 700 MWd/AD.24

_22R.<E. Nightingale et al., Damage to Graphite Irradiated up to 1000°C,
Proceedings of the Second United Nations International Conference on the
Peaceful Uses of Atomic Energy, Geneva, 1958, Vol. 7, pp. 295-360, United
Nations, New York, 1958. ‘ : '

23J. H. W. Simmons, -The Effects of Irradiation on the Mechanical
Properties of Graphite, in Proceedings of the Third Conference on Carbon
Held at the University of Buffalo, pp. 559-568; Pergamon Press;y New York,
1959,

247, H. W. Simmons, The Effects of Neutron Irradiation on the Physi-
cal Properties of Graphite, in Industrial Carbon and Graphite, Papers.Read
at the Conference Held in London, Sept. 24—26, 1957, pp. 511-518, Society
_of Chemical Industry, London, 1958.

: 25@. H. Kinchin, The Effects of Irradiation on Graphite, in Proceed-
ings of the International Conference on Peaceful Uses of Atomic Energy,
Geneva, 1955, Vol. 7, pp. 472—478, United Nations, New York, 1956.

26W. K. Woods et al,, Irradiation Damage to .Artificial Graphite, in
Proceedings of the International Conference on-Peaceful Uses of Atomic
Energy, Geneva, 1955, Vol. 7, pp. 455471, United Nations, New York,
1956.

274, W. Davidson and H. H. W. Losty, The Effect of Neutron Irradia-
tion on the Mechanical Properties of Graphite, in Proceedings of the [
Second United Nations International Conference on the Peaceful Uses of
Atomic Energy, Geneva, 1958, Vol. 7, pp. 307-314, United Nations, New York,

1958,
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It is clear that many additional data are required to accurately as-
sess the graphite-cracking problem. A research program designed to pro-
vide these data is outlined in Section 16.

Oxidation. The reactions between graphite and the impurities in the
helium coolant stream are discussed in detail in Section 7. The behavior
of various grades of graphite when heated in air, including the effects
of protective coatings, has been investigated and the results are of in-
terest for comparative purposes in connection with potential PBRE graphite
components,

Experiments conducted in flowing air indicate that the oxidation
rates of the two types of EGCR graphite are essentially the same at €00°C.
The temperature dependence of the oxidation rates for both grades are
also similar, and in the approximate temperature range of 500 to 700°C
the "activation energy” was determined to be approximately 50 kcal/mole.

As discussed in Sections 7 and 12, protective coatings on the re-
flector graphite do not appear necessary in the PBRE. In addition it is
not clear that acceptable coatings cf Si-SiC could be applied to the large
graphite components. The degree to which Si-SiC coatings are protective
depends. upon the isotropy of the graphite upon which they are applied.

For example, coatings of this type on EGCR moderator graphite components
develop cracks on cooling from the application temperature and these crecks
provide direct contact with the oxidizing environment. More specifically,
this-cracking is related to the low coefficient of thermal expansion for
the graphite in the~perpendicular direction, as compared with that for

the Si1-8iC coating.

Only preliminary information is available on the effects of irrsdis-
tion on the protectiveness of coatings on graphite specimens.28'39‘ In
one experiment six grades of graphite coated with Si-SiC by three marnu-
facturers were tested for oxidation resistance after an exposure of &p-

020

proximately 8 X 1 neutrons/cm?® (E > 1 Mev) in an atmosphere of helium

m@ﬁﬁﬁ@C@MMﬁﬁMﬁmlﬂmmR,E.Ddﬂ,Hmﬁmﬂ,toJ.O.KMb,
ORNL, June 29, 196l.

29GCR Quar. Prog. Rep. March 31, 1961, ORNL-3102, p. 110.

3073, L. Jackson, The Effect of Irradiation on Siliconized-Silicon
Carbide Coatings for Graphite, HW-68494, February,.l1961.
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and carbon dioxide at 500°C. There was no evidence of radiation damage
fo fhe coatings and only one of the nine specimens of a coated isotropic

grade Tailed when heated in air at 1000°C.

Boronated Graphite for Thermal-Neutron Shield

Questions relating to the availability, manufacture, properties, ir-
radiation effects, possible boron loss, and cost of boronated graphite
are discussed in this section. Boronated graphite components are avail-
able from at least three manufacturers. The material is not a stock item
with any of these manufacturers, but is made to order for-special appli-
cations. Boronated graphite can be made by normal processing techniques,
and the comments concerning available sizes of the reflector components
in the previous section apply to the boronated product as well.

In general, the properties of graﬁhite with low boron content are
about the same as boron-free graphite manufactured in the same manner.
Some properties31 of graphites with boron contents of 0.2 to 5 wt % are
given in Table 10.2. The high strengths of specimens of grade 8710 are
the result of the low firing temperature.

. Specimens of the grades described in Table 10.2 were irradiated for
two cycles in the GETR at 1200°F. MNegative dimensibnal.changes of ap-
proximately 0.2% were observed based on measurements which were accurate
to *D.1%. Because of the low exposurés anticipated for the thermal-
neutron shield, radiation-induced shrinkage should not prgsent a problem,

The loss: of boron-from boronated graphite is being studied by General
Atomic.?2? An extrapolation of the boron vapor pressuré over boronated
graphite yields a vapor pressure of 10724 afm at 1300°F, indicating that
the loss of boron under PBRE conditions would be small. - However, there
nmay be a’significant loss of boron as a result of reactions with impuri-

ties in the helium coolant. It can be shown that even with partial

3140 Mw(E) Prototype High-Temperature Gas-Cooled Reactor Research and
Development Program, Summary Report for the Period Jan. 1, 1959 to Dec., 31,
1959, and Quar. Prog. Rep., Oct. 1, 1959-Dec. 31, 1959, GA-1235, p. 25.

320 Mw(E) Prototype High-Temperature Gas-Cooled Reactor Research and
Development .Program, Quar. Prog. Rep. for the Period Ending Sept. 30, 1960,
GA-1774, . 15.



o
O
(63

Table 10.2. Properties of Some Boronated Graphite

Sample designation v : . 8 710 8 734 8 736
Boron content, wt % | ~0.3 ~0.2 ~5
Firing temperature,® °C 850 >2 700 >2 700
Density, g/cm®
As received 1.64 1.69 1.63
After heating to 2000°C in vacuum : 1,62 1.68 1.56
Weight loss on heating to 2000°C in 1.95 0.11 3.1

vacuum, %

Crushing strength,b psi

Longitudinal _ 12 000 8 100 3 400

Transverse 8 100 7 000 4 700
Coefficient of thermal expansion,b 1078/°F

Longitudinal 1.5 1.0 0.9

Transverse 2.6 2.0 1.1

%ps reported by manufacturer.

b.. . . . . .
Directions are with reference to grain orientation.

pressures of hydrogen'and CO of the order of 1073 atm, the very volatile
boric oxides and boric acid will be formed. In the General Atomic experi-
mental program boron losses at 2000°C were observed to be 100 times higher
than the losses predicted from the horon vapor-pressure measurements.

This effect was attributed to the more volatile boron compounds formed by
reactions‘with impurities. The extent to which impuiities in the coolant
would present a problem with regard to boron loss at the low temperatures
in the PBRE shield is uncertain.

The cost of boronated graphite components depends primarily on the
boron content and the machining requirements. The cost of B,C powder
‘ranges between $3 and $11 per 1lb, depending upon purity and particle
gize. Unmachined material containing 1/2 wt % boron would cost approxi-

mately $1 per lb.
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11. MAINTENANCE OF CONTAMINATED SYSTEMS AND COMPONENTS

The extent and distrihutibn of fission products throughout the PBRE
coolant-circulating system cannot be precisely predicted but, as discussed
in Section 7, will be one of the things to be determined in the course
of the experiment. Although removal of deposited’activity has béen per-
formed on a laboratbry scale, the ability to effectively decontaminate
components in situ at PBRE conditions has yet to be demonstrated. The
maintenance deéign is therefore predicated on the assumption that all
components that are contacted by the coolant gas or that handle exposed
fuel elements will be too contaminated for direct approach; maintenance
can be performed, however, in the fashion successfully demonstrated on
circulating-fuel reactors.

In order to provide conditions most favorable for repair or replace-
ment,'the proposed plant layout provides for access from above to the
majority of the operating components by the remdval of modular shielding
blocks. A work shield similar to the one illustrated in Fig. 1l1.1 can
be placed over the opening left by the removal of a shielding block, and
maintenance can be accomplished through openings by semiremote techniques
(see Fig. 11.2). The normal maintenance procedure will probably be the
replacement of components rather than their repair in place.

A decontamination facility is provided in the secondary enclosure.
After examination to determine the nature and extent of contamination, -
components and test sections removed from the reactor system can be de-
contaminated by the methods described -ati.the end of this section and then.
repaired by conventional methods. Provision will also bevmade in the
design of the PBRE for the decontamination. of some components in place.
The information gained will aid in designing future feactors for in-place
decontémination which will permit direct maintenance of most components.,

The major components and auxiliary systems are compartmentally shielded
from each other. In the event of a major system revision or the_replace-
ment of a major component, the contaminated equipment can be disconnected
and. removed from dtsccompartmént. by remoteuvmethods....With.the source thus . -~

removed -from-elicompartment, the new equipment can be installed by direct-



208

UNCLASSIFIED
ORNL-LR-OWG 46005R

ECCENTRIC PLUG

RACK

MOTOR DRIVE -

Fig. 11.1. Work Shield for Maintenance on Contaminated System.
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approach methods. Concrete-block shielding will be stacked between major
pieces of equipment in the coolant decontamination, offgas,:,ventilation,:
and other contaminated systems to reduce the radiation levels encountered
during maintenance of components.

The control rods and fuel-discharge machinery extend below the re=
actor vessel into a shielded room. Gross particulate contamination of
these components is possible, and particulate matter would be expected
to fall out when the closures are opened. Hence access to this room for
equipment maintenance seem unlikely, The drives for the control rods and
for the fuel-discharge equipment are therefore brought out through shield-
ing so that the drive mechanisms can be repaired or replaced by direct
approach. Other equipment in the room below the reactor vessel will be
designed for unit replacement by the manipulation of as few disconnects
as possible,'and a service machine capable of remo?ing and replacing this
equipment will be provided. A shielding window and manual manipulator
will permit an operator to view and assist the operation of the service
machine. The manipulator will be mounted on a rail that will allow it
to be used for changing tools on the service machine or to be moved into
the hot cell for use there.

The specific maintenance problems anticipated and the contemplated

- methods of handling them are discussed in the following sections.

’

Main Circulating Blower

The main blower is described and illustrated in Section 3. As shown,
it is located in a.shielded compartment to isolate it from direct radia-
tion originating in the reactor core or the heat exchanger. Access for
maintenance is provided through the top shielding. The motor and rotary
element are contained in a housing having a flanged closure at’ the end.
Electrical and instrument connections are made through remotely operable
-disconnects, and any auxiliary services, such as cooling water, lube oil,
or buffer gas, are connected through mechanical joints. If blower replace-
ment becomes necessary, the reactor will be shutdown and depressurized,
the work shield placed over the blower, and the concrete shielding block

removed. The mechanical joints will be unbolted with long-handled wrenches
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and the electrical and instrument leads disconnected. After withdrawal
from fhe casing on a track, the blower can then be raised through the
work shield into a preplaced container with the building crane. With
proper preparation made in advance and personnel excluded from the areas
involved, the blower can be traﬁsferred to either the decontamination
tank or to the remote-maintenance facility on the first level without use
of a shield cask; a shielded container will be required if the unit is
to be removed from the building without decontamination. _

After removal of the blower is complete, a replacement unit will be
installed and connected, the shield block replaced, and the work shield

removed. .The reactor system will then be ready to operate.

Heat Exchanger

The heat exchanger is installed in a shielded compatrtment with ac-
cess through the top shielding. -The helium coolant piping is completely
welded, but the water and steam lines arevconnected by mechanical joints.
As illustrated in Section 3, the heat exchanger drums and tube bundle
are supported from the flanged head. . A spare head and bundle are pro-
vided.

In the event that tube-bundle replacement becomes necessary, the
reactor will be shut down and depressurized, the work shield set over the
heat exchanger, a shield modular unit removed, and the mechanical joints
unbolted with long-handled wrenches. The building crane, operated re-
motely by personnel in a shielded location, will be used to raise the
bundle and place it in the previously prepared decoﬁtamination tank. The
replacement bundle will be installed, connected, and the shielding re-
placed. The damaged bundle will be decontaminated and transferred to
the shop for direct maintenance.

Replacement of the entire heat exchanger can be done if substitution
of a unit of a different design is desired. After removal of the tube
bundle, the pipe connecting to the blowers and the reactor core will be
cut with torches using long-handled tools. Openings in the shell will
then be plugged and the shell flooded with decontamination fluids which
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can be added, agitated, and removed through openings in the work shield.
The shell can then be removed with the building crane. Temporary shield-
ing, as needed, will then be put in the openings between the'heat-exchanger
compartment and fhe blower and core compartments. The activity level in
the heat exchanger compartment should be sufficiently low at this point

to permit installation of a new unit by direct machining and welding of

the helium lines. Provision of space for the steam lines of the new er

changer will have to be made at the time the shield is built.

Core Servicing

It is anticipafed that, as a result of radiation damage, some of
the graphite reflector may have to be replaced. The graphite reflector
blocks have therefore been sized to pass through the access in the top
of the vessel; they will be designed to be gripped by the replacement
tool, and will be keyed for location and locking in.the assembly. A:
packaging facility and conveyor can be provided to be placed above the
reactor vessel within the biological shield. In order to avoid frequent
removal of the service tool, the conveyer will operate through an opening
made by removal of shield plugs in the side of the shield (see Section 3).
A work shield is provided for use in core servicing operations. If re-
flector replacement becomes necessary, the reactor will be shut down, de-
pressurized, and emptied of fuel. The work shield will be placed over
the reactor vessel, the conveyor and packaging facility installed, and
the flange and fuel charging mechanism removed (see Fig. 11.3).

The graphite-handling tool, containing conventional lighting and a
periscope,"willfthen'be lowered into the vessel. The operator will suc-
cessively grip the blocks to be removed, raise each block and place it
in a container positioned on the conveyor, and move it into a carrier
located outside the shield for transport to storage. The ventilation is
arranged to prevént particulate matter from floating above the biological
shield into the work area. When removal and examination are complete,
the replacement graphite will be conveyed through the shield opening,

ricked up by the servicing tool, and stacked in the vessel.
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Control-Rod and Fuel-Discharge-Machine Drives

The control rods and the rotating elements in the fuel-discharge ma-
chine are actuated by pinions on the ends of shafts which extend through
the shield wall into a service area. This arrangement permits direct
servicing of the drive units. Although, as shown in Section 3, the rods
and drives are enclosed within the primary-system pressure envelope, there
will be seals on all the pinion shafts. These seals will keep activity
out of the drive units; in addition, by permitting maintenance on‘the
drives with low-pressure helium in the reactor;, they will eliminate the

necessity of completely removing the helium when servicing is required.

Control Rods

The control-rod tubes, as mentioned earlier, terminate in a shielded
room below the reactor vessel that contains a service machine and manipu-
lator and can be viewed from the service room through a shieldiné window.
Access to this room is expected to be extremely limited, and any mainte-
nance needed will be performed by an operator using the service machiﬁé
and manipulator. In the design described in Section 3, control rods
. would be separated into shorter sections and withdrawn and replaced re-
motely from the bottom of the reactor with this equipment. However, if
the top reactor vessel access is enlarged as suggested in Section 3,
.full length control rods can be withdrawn upward and replaced from above.
This step would drastically reduce the maintenance operations and equip-

ment required below the reactor vessel.

Fuel-Discharge Machine

The fuel-discharge machine, illustrated in Section 5, extends into
the room below the reactor vessel and terminates in a mechanical closure.
The motor unit and drive shaft can be removed through the mechanical
joint outside the biological shield. With the drive shaft unit removed,
the lower flange can be remotely removed and the columnator unif lowered

out of the reactor by use of the service machine described in Section 3.
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The assembly containing the ball discharge gas locks can be removed,
when necessary, with the service machine after the two flanges.have been
opened using the manipulator. Any of the units from the subreactor room
‘can be carried to the crane shaft or placed in the hot cell by the'ser-

vice machine.

Auxiliary Equipment

The components of auxiliary systems ‘that are exposed 'to activity: are
located in functionally designed shielded compartments. Access to each
of these compartments is through its top shielding and the work shield.
Faulty components will be replaced with units connected into the system
with mechanical joints. Items to be repaired will be decontaminated and

repaired by direct maintenance.

Decontamination Procedures

Replacement of contaminated componeﬁts would be considerably easier,
. and repair in place perhaps feasible, if activity levels could be reduced
by in situ decontamination. As discussed in Section 16, however, means
for hydraulically isolating components and for contacting surfaces with
reagents remain to be developed. Techniques for decontaminating com=-
pbnents after removal from the reactor are better established, and a sys-
tem to be used in preparing equipment for repair, transfer to another
area, or disposal is described in Séction 3. |

Contaminated COmponenﬁs which are removed from the reactof will be
placed in a decontamination tank located within the containment vessel.
Unshielded (but bagged) equipment can be transferred to the tank with
the building crane after evacuation of personnel. '

The procedure outlined below wili then be followed:

1. The component will be sprayed or filled with a solution of hot
non-foaming detergent to remove water-soluble contamination and wash away
any graphite dust. The rise and fall-of the waste-line gamma activity
will be monitored.

2. If this decontamination is adequate, the component will then be

rinsed with water; if not, the procedure in item 3 will be followed.



3. The equipment will be sprayed or filled with oxalate-peroxide

solution.t

4. If decontamination is adequate, the component will be rinsed
with water; if not, the oxalate treatment will be repeated as in item 3.

5. If further decontamination is required, the solution used will
' depend on the fission products remaining, as revealed by a gamma scan
with the spectrometer. Neutron-activation peaks such as those from Co®°
“and Fe’®? in the structure of the metal cannot be reduced. Ruthenium and
cerium may be decontaminated further by alkaline permanganate,l followed
by a water rinse and an oxalate-peroxide treatment. A broad spectrum of
fission products may indicate residual dust containing irradiated fuel
either in inaccessible places or tightly adhering to metal surfaces.

6. The decontamination cycle is concluded with water rinsing until
the drain-line sample is free of chemical residues. The equipment is -
then dried to minimize rust.

These procedures should provide decontamination by a factor of 50
to 10 000, depending on the initial activity level and on the effective-
ness of contacting all contaminated surfaceé. In most cases this should
reduce the activity from the magnitudes estimated in Section 7 to levels

which permit direct approach of components.

1a. B. Meservey, Decontamination of EGCR and PBRE, Revised Précedures,
CF 61-8-89 (Aug. 31, 1961).
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12. HAZARDS

The PBRE is being designed, as far as possible, to minimize all re-
liance on the functioning of equipment to guarantee that.no ac¢cident to
the plant will endaﬁger the safety of the public, operating personnel,
or buildings and equipment. Thus, the approach in the hazard analysis
is not only to show that various serious accidents are unlikely (every
effort will, of course; be made to prevent them) but, also, to show that
even if they should occur, the coﬁsequences would be acceptable. Ex-
amples of this approach are cited below.

1. Completezaombustion of the core is assumed, as well as a high
leakage rate from the containment shell, in evaluating off-site doses.
The arrangement of the shield ventilation system should, however, prevent
combustion by limiting the amount of air which can reach the:zcore. A

2. Complete loss of power is assumed in assessing after-shutdown
cooling requifements, and the design will provide for natural-circulation
heat transfer circuits. An emergency power supply Vill, however, be
provided.

3. Conversion to steam of all water in the steam system is assumed
in evaluating the possible pressure buildup in the containmment shell.
Shutoff valves will, however, be included in the steam and feedwater lines
to limit the amount of water that could leak into.the reactor. ' -

A preliminary analysis indicates that even with such conservative
assumptions, operation of the PBRE at an ORNL site would not present.any

unacceptable hazards. §

Integrity of the Containment Shell

The PBERE containment shell will be 66 ft in diameter, and fabrica-
tion considerations indicate that its thickness will be 5/8 in., It will
thus be capable of withstanding an internal pressure of 15 psig.1 Pos-

sible causes of a pressure rise in the shell are discussed below.

1Rased on a 16 000-1b working stress, 80% weld efficiency, and 25%
réduction in allowable pressure to account for external loads.
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Helium Escape from System. The helium inventory in the primary
system is approximately 11 000 scf or 1000 ft3 at 500 psia and 900°F.
Escape of this helium into the containment shell volume (4 X 10° £t3)

without heat transfer would increase the pressure in the containment

shell by only 1.25 psi.
Graphite Combustion. Although the shield ventilation system is de-

signed to retard the access of air to the primary system in the event of
a rupture, the consequences of graphite combustion were examined. The
containment shell volume of 4 X 10° ft3 has an oxygen content of 1 X 10°
gram-moles. Combination with graphite to form CO, (94 kcal/mole) would
add 0.94 x 100 cal (3.7 x 107 Btu) to the system. If all this energy

~ were absorbed only in the containment shell atmosphere, the temperature
and pressure rises would be intolerable. It is not reasonable to assume,
however, that no other heat capacity would be available, since consumption
of all the oxygen would take several hours. This can be shown by noting
that even ifvthe’main helium blower is operating, it can circulate air at
atmospheric pressure only at the rate of 11 000 1b/hr; since there is

2.8 x 10% 1b of air in the building, circulation of all the air through -
the core would require 2.5 hr., Establishment of the open loop necessary
for the blower to circulate air through the core is in fact unlikely be-
cause of the concentric character of the helium system; a break would have
to occur in a line joining the blower to the steam generator or in the
annular, cold duct between the steam génerator and the reactor vessel with-
out damage to the inner (hét) duct. Finally, the oxysen consumption rate
would be limited by the chemical reaction rate to a value below the circu-
lation rate at graphite temperatures below i800°F. Indeed, calculations
indicate that for a uniform bed temperature of 1800°F, the full flow of
air at any temperature below 800°F would cool the graphite and extinguish
the fire. (The average bed temperature under normal operating conditions
is 1100°F,)

It is established, then, that even if combustion of the graphite
could proceed to the point of complete oxygen consumption, it coﬁld not do
so at a very rapid rate. Much of the heat of combustion would therefore be
stored in various solids, including the containment shell itself. The

heat capacities of some of these materials are listed in Table 12.1, élong
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Table 12.1. Air Temperature and Pressure Rises in
Containment Shell Atmosphere

Cumulative Heat

Component He?gt37§;§ity Capacity 6Tair ui,s.)
(Btu/oF) (OF) v, PJ-
Air (4 x 10° f£¢3) . 5.5 x 10° 5.5 x 103 6700 200
Contaimment shell X 1/2 0.38 x 10° 0.44 x 10° 840 24
Containment shell x 1/2  0.38 x 10° 0.82 x 105 450 13
Graphite (5.5 x 10% 1b) 0.22 x 10° 1.04 x 107 355 10
Primary system (10° 1b)  0.12 x 10° 1.16 x 10° 318 9
Concrete
4000 ft3 (a) 1.2 x 10° 2.4 x 10° 154 4 b
8000 £t? (b) 2.4 x 10° 3.6 x 10° 100 2.8
50 000 ft3 (c) 15 x 10° 16 x 10° 23

#a11 exposed surfaces to a depth of 1 in.; available in about 1 hr.
b
All exposed surfaces to a depth of 2 in.; available in about 4 hr.

“a11 concrete in building (~2000 yd, of which approximately half is
in biological shield); available only after several days.

with the temperature and pressure rises that would result if the energy
released by complete oxygen consumption were stored in the components in
proportion to their capacities. The heat capacity of each component is
listed separately and, in addition, the combined capacity is noted for
all those in the list dowﬁ to and including the one opposite which a
given entry appears in column 3; it is for this combined capacity that
the pressure and temperature rises were computed. (The 630 000-1b con-
tainment shell is listed as two components of equal capacity.) This
analysis is recognized as being rather arbitrary, since the temperatures
of the solid compénents are initially quite different, the heat transfer
rates are by no means uniform, and the components are not equally acces-
sible for heat transfer. Nonetheless, the general conclusion may be
reached that suffiéient heat capacity is available in any of several com-
binations to limit the pressure rise to safe values.

The.calculations summarized in Table 12.1 do not allow for several

additional factors, some of which would operate to increase and some to
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decrease the pressures given. These factors, discussed in subsequent
paragraphs are:

1. sensible heat of reactor components (increase),

2. water'leak, conversion to steam (increase),

3. losé of heat from containment shell (dgcrease),band

4. removal of heat by shield cooler (decrease).

Conversion of Water to Steam. The heat dump for the PBRE is a satu-

rated-steam boiler operating typically at a temperature of 486°F and a
' pressure of 600 psia. The water content of the steam drum is about 1000
1b. Valves are provided in the steam and feedwater lines to isolate this
portion of the steam system in the event of an internal boiler leak to
the helium circuit. Although many details of the steam system remain to
be worked out, iﬂ does not appear that the entire water inventory will
exceed 10 000 1b.

Pressure increases for release of these quantities of steam into
the containment vessel atmosphere have been computed. At the final tem-

peratures indicated, these are

5p = 1.3 psi for 1000 1b of steam at 400°F,
5p = 13 psi for 10 000 1b of steam at 400°F,
dp = 17 psi for 10 000 1b of steam at 700°F.

The amount of heat required to produce 1000 1b of steam is roughly 108
Btu, and 107 Btu is required for 10 000 1lb. That there is plenty of
energy available may be seen from the summary of available energy sources

in Table 12.2.

Table 12.2. Available Energy

Source Energy (Btu)
Graphite, sensible heat above ambient 1.8 x 107
Primary system, sensible heat above ambient 0.6 x 107 i
10% 1b of Hy0 at 486°F ‘ 0.5 x 107

Graphite combustion, 10° moles at 94 kecal 3.7 x 107
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Heat Loss from Containment Shell. The surface area of the contain-

ment shell exposed to the outer atmosphere is ~16 000 ft4. Calculations
of convective heat transfer show that about 2 X 10® Btu/hr could be trans-
ferred from the surface at 200°F, if uninsulated, or about 2 X 10° Btu/hr,
if insulated. These rates are not sufficient to prevent‘some initial pres-
sure rise in the accidents discussed above but, at least in the uninsulated
case, would drop the pressure in a few hours following the accident. The
higher transfer rates that would prevail at higher temperatures (for ex-
ample, 6 X 10% Btu/hr at 400°F, 8 x 10® Btu/hr at 500°F, 1 x 107 Btu/hr
at 600°F) would prevent occurrence of the temperature and pressure'rises
_given in the first two or three lines of Table 12.1.

Although the effect of vaporizing 104 lb'bf water is to increase by
50% the number of moles of gas and vapor in the containment shell, the
energy required would reduce the energy eéffectively available from graph-
ite combustion in practically the same ratio. Further analysis will be
helpful in clarifying the various possible combinations of events, but
it does not appear that any reasonable combination of steam and air pres-
sure could exceed the design pressure of the containment shell.

Heat Loss to Shield Cooler. Heat transfer from the uninsulated por-

tion of the pressure vessel, by radiation and convection, will be on the
order of 2 x 10° Btu/hr. While important for some purposes discussed
under "Emergency Cooling," this cooling rate is too small to be relevant
to the present discussion. ‘

Hydrogen Formation. Hydrogen in air is flammable if present in con-

centrations between about 4 and 74 vol %. 1If the concentration is between
18 and 59 vol %, detonation is possible. In the rapid-burning case, an
upper limit to the pressure rise may be obtained by assuming that all the
heat of combustion is retained in the atmosphere. In the case of detona-
tion, peak pressures an order of magnitude higher may be reached. Tempera-
ture and pressure rises as a function of hydrogen concentration are shown
in Table 12.3.

If the hydrogen formed by dissociation of 1000 1b of éteam (2.5 X 104
moles), the maximum available with the shut-off valves in steam and feed-

water lines closed, were distributed uniformly in the building, its
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Table 12.3. Hydrogen Combustion and Detonation

- (approximate values)
Hg a b
Concentration (kgal) (fg) (Aii) Apc
(mole %) p
5 2.9 580 28
10 5.8 1160 57
15 . 8.7 1740 86
20 11.6 2320 115 up to 1400 psi
%per mole of atmosphere.
bCombustion.
" %Detonation, up to 12 times combustion pressure.
concentration would be about 5%; this is well below the detonation limit e

and close to the lower limit for flammability (probably below that for
downward flame-propagation). There is no assurance, however, that such
hydrogen as is formed will be uniformly distributed, and, since H, is
lighter than other gases, it may be assumed that concentrations of hy-
drogen. above theAaverage would in fact occur. Eventually, for .example,
much of it might collecf at the top of the containment shell, or in other
pockets, with high local concentrations. The ﬁossibility exists, there-.
fore, that even much less than 2.5 X 10% moles of Hy, by detonating in

a small confined space, could create a missile which could breach the
containment shell.

The hope that difficulties of this sorﬁ can be circumvented restis
rrimarily in the fact that the reactions by which H, is formed will pro-
ceed extremely slowly in the PBRE. To illustrate this point, rates for
the reaction C + H,O — CO + Hp under various conditions are given in
Table 12;4. The basic reaction rate data employed are those of Mayers.2
They were obtained'between 850 and 1160°C, with specimens ~0.82 in. in
diameter and 0.55 in. in lengtﬂ. These -specimens evidently have a much

larger surface-to-volume ratio than the fuel balls of the PBRE and very

M. A. Mayers, J. Am. Chen. Soc., 56: 1879 (1934).
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Table 12.4. Approximate Rates of Dissociation of H,0 in the PERE™

Quantity of- Cm e %
‘Graphite. Temperature D' Steam Heat Required Cool}qg
_ _ . (°F) is80ciatéd (Btu/hr) Rate
Pounds % of (1b/hr) = (°F/hr)
’ Total
17 000¢ ° 30 - 1300 1.1
55 000% 100 1300 3.6 0.1 x 10
1400 - 13 0.4 x 10°
1500 . 55 1.8 x 10° 8
1600 150 " 4.8 x 10° - 22
1700 _ 370 1.2 x 106 55
1800 1500 4.8 x 10° 220
1 200e 2.2 1600 3.3 1 x 10% 22
1700 8 2.6 x 10% 55
1800 . 33 1 x 10° 220

®Reaction rates are those of ‘Mayers (ref 1) and are for a steam - =
pressure of about 1 atm.

bCooling rate of stated quahtity of graphite.

CTop 3 £t of graphite, assumed (somewhat arbitrarily) to be 50°F
above gas outlet temperature; reaction of cooler graphite assumed negli-

gible.

3%11 graphite assumed isothermal at given temperature; the highest
_ temperature (1800°F) is possible with afterheat only after 20 days, if
no heat is transferred away from the graphite. _

®Fuel graphite. \

much larger ratio than the reflector blocks. What allowance, if any,
should be made for these differences is nbt clear, and it is not clear
whether the reactions should be expected to proceed more rapidly in'thé
presence of radiation. ' -

It will be apparent from this discussion that this aspect of the
hazards evaluatlon requires much addltlonal work, both analytical and
experimental. Since this appears to be the primary threat to the integrity
of the containment shell,'it will be intensively_studied in preparing the

hazards report for the PBRE.



Fission-Product Leakage from Containment Shell

Escdpe of fission products from the‘containment shell is predicated .
on complete combustion of the fuel balls, on a leakage rate of l% per
day of the ¢ontainment shell atmosphere, and (as is customary) on the
least favorable weather conditions; in addition, release at ground level
is assumed. The leakage rdate used in the calculations is higher than
the minimum rate'that can probably be achieved. A design level of O.4%/day
has been tentatively adopted, and this implies that testing equipment will
have to be providéd that is capable of verifying such a leak rate. Given
the calculations for the 1% per day rate, results for a lower rate can
be readily inferred. |

Release of fission products from the fuel during combustion of the
graphite matrix was assumed to be 100% for the noble gases, 50% for the
halogens, and 5% for all others. In addition, 50% of the halogens that
do escapé are assumed to be adsorbed on surfaces within the containment
shell, so that 25% is available for escape from the shell. The fission-
product inventory in the fuel is based on“two.years of operation at 5
Mw. The residence time of individual fuel balls may excéed two years,
but the average age in the reactor at any time will be two yearslor less.
The only important nuclide whose concentration is signifiicantly affected
by the assumed exposure time is sr®9, The inventory of the several nu-
clides that are of importance in this connection is'given in Table 12.5.
Integrated doses from inhalation of the contaminated atmosphere are shown
in‘Fig.iIZ;l for the following conditions:
1. release of. activity (1% per day) at ground level,
2. continuous exposure for 8 hr,
3. no allowance for decay during 8 hr (would be a small downward correc-

tion), , |

4. la;ge inversion condition: wind velocity 3.3 mph, atmospheric dif-

' fusionrconstant ¢ = 0.1, and

(1

large lapse condition: wind velocity = 5.1 mph, atmeospheric diffusion

constant ¢ = 0.3.
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Table 12.5. Inventory of Fission Products After Two
Years of Operation at 5 Mw

, Activity® Activity Available for
Nuglide (curies) leakage (curies)
_ X 10° X 10%
1131 1.22 3.05
Ti32 1.85 4.63
1133 2.73 6.83
1134 3.18 7.98
1135 2.47 6.18
sr89 2.01 1.00
sr?0 0.13 0.065 "
yo! 2.47 1.23
7r?? 2.68 1.34
Bal40 2.64 1.32
Cet4? 2.52 1.26
cel4s 2.00 1.00

fTotal primary system activity, almost entirely in fuel.

b25% of iodines; 5% of bone seekers.

These meterologlcal conditions were employed for the hazards analyses of
thie ARE and the EGCR.3-%

The reason for computing the dose for an 8-hr exposure is that this
is presumed to be an adequate time for evacuating uncontrolled areas down-
wind from the reactor. Within the controlled area, speedier evacuations
should be possible. Thus, the doses at the smaller distances in Fig. 12.1.
would be reduced to allow for faster evacuation, for:example, a l-hr ex-
posure would give one-eight of the dndicated dose. As discussed in Section
14, either of the Oak Ridge sites considered is two miles from the nearest
~boundary of the QOak Ridge reservation. At this distance, maximum 8-hr
doses of less than 10 rem to bone and to ‘thyroid'® are to be expected.

The doses shown in Fig. 12.1 were computed on the basis of instantaneous
release of fission products from the fuel. As discussed earlier, however,

the fuel cannot be expected to burn very rapidly, and it is therefore of

3The Aircraft Reactor Experiment, ORNL-1407.

“Experimental Gas-Cooled Reactor Preliminary Hazards Summary Repor+t,
OR0-196 (May 1959).
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interest to determine the effect of continuous release of the fission
products from the fuel linearly over various periods of time,

For instantaneous release, the dose accumulated in time t is
D(t) = Dot ,

where Dg is the dose per hour of exposure. It is easily shown that if
the fission products are released from the fuel steadily over an interval

of time T, the doses are then

Dot? 3
D(t) = — for t <7
' 2T
1)
=Do |t -3 T} for t > T

The results have been plotted, in Fig.12.2, in the form of the time
in which evacuation must be accomplished to limit the dose to 25 rem as
é function of the distance from the ground-level leakage point and as a
function of fuel-release time, T. The results indicate, as one would ex-
pect, that a finite release time may make a greaﬁ differencé to persons
close to the reactor at the time of the postulated accident, but it is
of much less significance to persons already several thousand feet away.
In order to see what doses would result if the ventilation valves
on the containment shell should fail to close, calculations were made
based on the assumption that the exposure time equals or exceeds the re-
lease time from the fuel; thus the entire inventory of reléased fission
products escapes from the building and is assumed to pass by the point
of exposure; the person being exposed does not leave the zone of maximum
concentration during that fime. Additional assumptions were that the
air intake valve at the top of the containment shell (elevation 100 ft)
and the outlet valve to the stack (height 100 ft) were open and that the
stack filter efficiency for iodine was 95% and for other fission produéts
(except -gases) wésv99.9%. For release above ground level, a maximum
ground-level dose occurs at a distance from the release point that in-
creases with increasing elevation of the release point. vThese distances,

along with the values of the maximum doses, are listed in Table 12.6.
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Table 12.6. Doses Followiﬁg Uncontrolled Fissioﬁ—Product Release

T Maximum Dose
~. Release Height Filter Meteorological Distance (rem)

Point (ft) Factor , Condition (ft)
' Thyroid  Bone
Stack 150~ 0.05%, Inversion 5500 " 104 1.9
: 0.001P  Iapse 964 567 1.3
Stack 150 1.0¢ Inversion 5500 2070 . 1930
' ‘ Lapse 964 1345 1254
Containment 100 1.0¢ Inversion 3380 - 4655 4340
shell top o Lapse 607 3044 2838

SFactor for dose to thyroid.
bFactor for dose to bone marrow.

cUnfiltered.

The figures given in Table 12.6 show that discharge to the stack of
all fission products released from the fuei'during complete combustion
of the core would not lead to excessive doses to 5one or thyroid, provided
the effluent air is filtered, as assumed. Unfiltered release from either
the stack or the top of the containmentisheéll. would.producenintolerable
doses even at distances of 2 miles or more from the reactor, if there were
no evacuation. If, on the other hand, evacuation were effected in one-
tenth the time for release of the fission products from the fuel, even

this extreme accident would probably produce no casualties.

Direct Radiation Dose Rate

Even if all fission products that might be released from the fuel
as the result of an accident are confined within the containment shell,
a significant radiation level will exist-in the vicinity of the reactor
bgcause of the strong gaéma-ray source in the shell. The gamma dose rate
at a distance of 1000 ft from the reactor is shown in Fig. 12.3 as a
function of time after.the postulated accident (primary system rupture,

core burns). Other conditions in the calculation are
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1. fission product release:
100% of Xe, Kr
50% of I, Cs, Br, Rb
5% of all-other fission ﬁroducts‘
2. gamma attenuafion:
internal structures, factor of 2 reduction
containment shell, 5/8 in.
v air, 1000 f+t
3. graphite burns at exponentially decreasing rate with a mean life (for
burning) of 0, 1 hr, or 10 hr
As indicated by Fig. 12.3, direct dose rates, especially if slow
burning is assumed, will be limited to a few hundred mr/hr at 1000 ft.
In this circumstance, the dose rate 1500 ft away at the MSRE, for example,
might be sufficient to require temporary evacuation of that facility.

The main Iaboratory area would be shielded by Haw Ridge.

ShieldiVentilation System

Details of the shield ventilation system are given in Section-3.

Attention is drawn here merely to those aspects of the design that are

important from the viewpoint of safety.

1. Graphite Combustion. Immersion of the reactor primary system

in an inert atmosphere is required only in the event of a rupture of the
high-pressure circuit, which could be followed by air flow to the core.
The guiding principle in the design was to use the escaping helium to
displace. or dilute the air surrounding the pressure circuit, and to pre-
vent or retard any flow of air from the  atmosphere outside the shield.
Pressure-relief valves, which are required in any case to limit pressure
rise in the shield space, will be located in each major compartment housing
components of the high-pfessure circuit. These will be loaded to close
when the pressure differential between the atmospheres inside and outside
the shield falls below a preset value, for example, several inches of
water. The considerable number of penetrations inthis envelope will be

sealed wi%h flexible boots suitably supported to prevent blowout; these
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are intended to act as diffusion barriers, rather than as tight seals.
As the design progresses, the desirability of actually making the shield
a pressure-tight enclosure will be considered, and the difficulty of
doing so will be assessed.

The volume of air initially present in the connected compartmentis
composing this reactor enclosure is estimated to be about 8000 ft3. The
volume of helium in the reactor, if‘computed at standard temperature and
pressure, is slightly larger, so significant dilution of the air may be
expected. In any case, the air available representé less than 2% of the
air in the containment sheil. With this amount of air, about a thousandth
of the graphite or a twentieth of the core could be oxidized, with the
release of less than.lO6 Btu of energy. This energy, distributed over

all the graphite, would raise its temperature 50°F.

Energency Cooling

/

2

It was pointed out above that the PBRE is being designed to avoid
the requirement for a guaranteed power supply as a safety factor (although
an emergency power supply will, in fact, be provided). The after-shutdown
power levels are sufficiently low, and the heat capacities available suf-
ficiently high, that the reactor could absorb all its afterheat for a
very long time without excessive temperatures being reached. Temperature
rises as a function of time after shutdown are shown in Fig. 12.4. Some
of the salient factors are discussed below.

1. 1If all the afterheat were retained entirely in the fuel, the
temperature rise would be ~600°F in the first hour and 1000°F in the first
2 hr. The average fuel temperature would rise from 1100 to 1700 or 2100°F,
respectively. : '

2. If all the afterheat were retained in the graphite (core plus
reflectors), the temperature rise would be about 500°F in the first week
“and 1100°F in a month. The average graphite temperaturé would rise from
90 to 1400 to 2000°F, respectively.

As a matter of fact, the afterheat cannot be retained in the graph-

ite for extended periods of time, since heat transfer by radiation,
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conduction, and convection will inevitably occur. The emergency cooler
has ample capacity to remove afterheat if the maln heat exchanger fails.
On boiler failure without loss of helium pressure, convection cooling

of the core will continue by natural circulation. This is discussed in
detail in Section 4. For the case of system pressure loss, the heat can
be transferred by radiation from the pressure vessel surface, a portion
of which is léft uninsulated for this purpose; (This is also discussed
at greater length in Section 4.) The heat transfer rate by radiation
from one-half the pressure vessel surface will be 3 X 10° Btu/hr, with
the pressure vessel at 600°F and the opposing surface (shield cooler) at
212°F; thisequals the afterheat rate 25 min after shutdown. (Afterheat
for the first hour could be absorbed in the pressure vessel with a tem-
perature rise of only 45°F.)

It is not yet clear what detailed temperature distribution would re-
sult under the postulated conditions (complete loss of power and helium
pressuré). Sensible heat will be redistributed, and temperature gradients
will obviously be required to transfer even the modest amounts of heat
involved. More elaborate calculations than those performed to date will
be required to provide detailed results. Nonetheless, it is clear that
both ample heat capacity and ample heat transfer mechanisms are availabl
to accommodate all afterheat without excessive temperatures being reached.

It must be shown, of course, that certain critical components do
not exceed allowable working temperatures during these transient condi-
tions. The important cases are the core support plate and the control
rods. Preliminary calculations of the core support plate temperature
indicate that it will remain within safe limits. The control rods can
withstand the maximum reflector temperatures gquoted above, although they
would not be expected to reach these temperatures in normal service.

Dissipation of the heat from the emergency boiler or from the shield
cooler requires additional heat sinks. 1In the case of the emergéncy
boiler, it is tentatively planned to condense its steam in a supplemental,
low-pressure boiler which may be vented to the outside atmosphere. 1In
this way, a relatively small quantity of water can take care of afterheat

for many months, if necessary. For example, thetotal afterheat up to
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100 days after shutdown will be about 4.8 X 107 Btu. Boiling of about
6000 gal of water would dissipate this heat. A 10 000 gal supply is
presently planned. A similar solution may be employed for the shield

cooler, but detailed design has not yet been undertaken.

Release of Fission Products from Fuel

Release of fissiqn products from fuel during normal operation and
subsequent leakage from the high-pressure helium system are not primarily
a matter of safety, since far greater releases have already been examined
in the core-combustion accident. In normal operation, however, the fis-
sion products that do leak from the pressure vessel will be discharged
up the stack (after some delay and filtering), and it is therefore worth-
while to determine the levels of radiocactivity that may prevail in the
surrounding atmosphere. These levels were reported as part of the pre-
vious study of a 10-Mw Pebble-Bed Reactor Experiment.5 The results de-
pend, of course, upon the assumed characteristics of the fuel, as well
as the effectiveness of the internal helium cleanup system and the as-
sumed leakage rate from the primary high pressure circuit.

At the present time, it is not possible to characterize the fuel
with much assurance; many additional fuel-irradiation experiments will
be required, and the fuel specifications will undoubtedly undergo signifi-
cant changes during this program. Nonetheless, some limiting leakage
rates should be adopted as a design basis, with the éxpectation that ac-
tual operating experience will prove to be much more favorable. For this
purpose, the results of the previous study are probably as good a basis: :
as any. They were derived, however, from experimental results obtained
with alumina-coated UQ, particles rather than with the presently planned
pyrolytic-carbon-coated UC, particles. Preliminary informétion from ex-
periments with carbide particles suggests that greater leakage may be
expected for short-lived nuclides and less leakage for long-lived nuclides

than was indicated by the correlation empioyed in the previous study.

5A. P. Fraas et al., Preliminary Design of a 10-Mw(t) Pebble-Bed
Reactor Experiment, ORNL CF-60-10-63 rev., p. 19.12.



236,

A correlation between release rate and half-life based on existing data

is presented in Section 10. Correlations of release rate to nuclide half-
life for both UO, and uranium carbide are shown in Fig. 12.5. The still-
tentative correlation for carbide fuel has been used to recompute fission-
product releases from the fuel, the primary system, and the stack. In
these calculations, several assumptions employed in the previous study
were adopted:

1. Only Br, Kr, Rb, Te, I, Xe, and Cs are actually released from
the fuel. Daughters of these may appear outside the fuel as a result of
decay.l .

2. Where both a parent and a daughter escape, the effective half-
1life of the daughter is taken as the sum of the half-lives of both nueclides.

3. The fisSion-product cleanup system, with a flow rate equal %o
1% of the main helium flow, operates on various chemical species és Tollows:
Kr held up 1/2 hr; Xe held up 6 hr; Te and I removed essentially com-
pletely; Sr not removed.

In computing the concentrations of active nuclides in the shield
ventilating system and the maximum ground level concentrations outside
the building, the following additional assumptions were made:

1. The leakage rate from the helium pressure circuit is 0.1% per
day. -

2. The exhaust rate up the stack is 250 cfm while the volume of
the enclosures designated as contaminated atmosphere zones is 60 000 ft3.
This includes reactor, boiler, and blower vaults, service machine vault,
contaminated helium storage room, helium cléanup equipment room, etc.

3. Filters in the recirculating ventilation system were assumed
tc be 95% efficient for I, nil for the gases, and 99.9% efficient for Sr
and Te. _

Table 12.7 lists the following quantities for selected nuclides that
make the dominant contributions to the biological doses:

1, core -activity,: based on two years of opération at 5 Mw,
2. R/B — release rate of fission products from fuel divided by production
rate from fission,

3. primary loop activity without cleanup,



Fractional Release

237

Unclassified
10-1 ORNL. LR DWG 53142 R
o
o
"
>
10-2 |
* n g
(3] n w fad
Ll w0 W hre]
A & gd oy
P A
10-3.\\\\“\‘
‘~~\\\\\\:::
10-4 A
0
o
A
_ .
10-°
\\~\\\\\\\\\
10-6
a
10-7
0 Based on Actual Half-Life for Escape \\\
A Based on Effective Half-Life for Escape \\\
-8
10 l | l l
1077 . 10-6 10~ 1074 10-3 10-2 10-1

A pg» Bffective Decay Constant (sec~1)

Fig. 12.5. Fractional Fission-Product Release from Fuel Balls. (a)
Alumina-Coated UO, (see ref. 5). (b) Pyrolytic-Carbon-Coated UC, with
2% of the Coatings Assumed to be Cracked.

A



Table 12.7. Activities in Core, Helium, Building, and Outside Atmosphere

Fractional . L . Activity in Contami- Maximum Ground-;evel Cogcgntration
Release Pr1mar¥ 00p Actlvity nated Zones (fraction Activity for Inversion Conditions .
Isotope A iore Rate from curies) of occupational MPC) Sent up the (fraction of nonoccupational MPC)
ctivity
(curies) ?E?é) Without With Unfiltered Filtered (cuiizzyday) A B C
Cleanup Cleanup
Kr85 1.59 x 103 1.80 x 102 28.6 20 0.66 0.66 2.0 x 10~% 1.8 x 107° 1.8 x 10"° 1.8 x 10~°
Xel2lm 1.26 x 10  1.31 x 1073 1.65 0.14 0.003 0.003 1.4 x 1074 9.2 x10°8 9.2 x10"% 9.2 x 1078
Xel33 2.72 x 105  7.28 x 10-* 198 13.9 0.45 0.45 1.4 x 1072 1.2 X 1079 1.2 x 10" 1.2 x 107°
Xel3s 2.60 X 10° 2.39 x 10~-* 62.2 5.25 0.39 0.39 4.0 x 1073 1.1 x 1075 1.1 x 10-° 1.1 x 10-%
113 1.22 X 105 8.35 x 10-% 102 0.16 5.2 0.50 1.5 X 1077 1.4 X 100% 1.4 x107° 7.0 x 1077
1332 1.84 x 10° 5.35 x 10™% 102 14.7 6.6 1.22 1.0 x 10-3 1.8 x 10™% 3.3 x 107 1.7 x 107¢
132 2.72 X 105 2.74 x 10°* 75 1.1 9.5 1.01 1.0 x 1074 2.6 X 10™% 2.7 x 107 1.4 x 10
1135 2.47 X 10° 1.55 x 1074 38 1.7 3.0 0.38 1.6 x 1074 8.0 x 10°5 1.0x10"5 5.0 x 1077
sr8? 2.01 X 10° 3.08 x 1077 6.2 5.7 56 5.35 5.5 x 1074 1.5 x 1003 1.5 x10"% 1.5 x 1077
sr?0 1.19 x 104 1.28 x 10-° 0.15 0.11 109 10.2 1.0 x 10~° 2.9 X103 2.8 x107% 2.8x 1077
Tel27m 2.34 x 103  2.79 x 1073 6.52 9.2 X 10°% 0.002 8.8 x 10-8 4.6 x 1078
Tel2® 1.42 X 104  1.69 X 10=2 24 9.3 x 10-2 0.09 0.009 8.9 x 10~7 2.5 x10"% 2.6 x 10°7
Tel32 1.84 x 10°  5.26 X 10=% 97 0.38- 0.92 0.09 3.7 X 1073 2.5 x 1075 2.4 x 107°
a4l 573 573 2.33 1.6 X 107 1.6 x 10"% 1.6 X 1072

gee

%No internal filtering in bullding; no stack filtering; stack flow rate of 250 cmf.
bInternal filtering, 2500-cfm flow through filters; no stack filtering; stack flow rate of 250 cmf.

CSame as B, but with stack filters; efficiencies as listed in text. .
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4. primary loop activity with cleanup,

5. activity in contaminated zones without credit for filtering, expressed
as fraction of maximum permissible concentrations for ﬁorkers,v

6. activity in contaminated zones with filtering, expressed as fraction
of occupational MPC,

7. activity sent up the stack without filtration, curies/day,

8. maximum unfiltered ground-level concentration outside the building,
expressed as fraction of noﬁoccupational tolerances (taken as 10% of

.. " occupational stolerances).
It may be noted that the 1.8-h Ar#l activity is the most significant.

This activity is a function of flow rate to the stack, since at low flow

rates argon has an opportunity to decay inside the building; however,

the differences are slight for flows above a few hundred cubic feet per

minute.

Results of Analyses

The analyses carried out to date indicate that the PBRE could be
operated at the proposed Oak Ridge site without undue risk to the public
or to neighboring facilities. :‘Rather extreme accident conditions, with
simultaneous failure of the protective equipment provided to minimize
their consequences, would not appear to produce exposures in excess of
tolerable limits.

If the design features provided to prevent graphite combustion should
tail and air should reach the core at the maximum possible rate, there
appears to be ample heat capacity and heat transfer capability available
to keep the internal pressure rise within design limits. If shutoff valves
in steam and water lines should fail to close and should admit all avail-
able water to the core, the resulting pressure rise in the containment
shell would not exceed its design capability. If the core shohld burn
and the valves in the off-gas line to the stack should fail to close,
stack filters and stack height would limit the maximum exposures to safe
values, If standby emergency power supplies should fail to start on de-

mand, adequate heat transfer mechanisms and heat sinks will.be available
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to carry away all afterheat. If fission-product leakage from the fuel
and the helium system should prove to be ten times greater than assumed,
no off-site hazard would exist even without filtering the stack effluent.
The principal hazard that appears to remain potentially troublesome
ié that of hydrogen formation by the steam-graphite reaction. The nature
of the risk involved is not fully understood at this time, and more work

in this area will be required.
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13. HIGH-TEMPERATURE OPERATION

A tentative objective established for the PBRE is the study of the
behavior of core materials at conditions in which the outlet helium tem-
perature is in the range 2000 to 2500°F, This objective is to be pursued,
however, only if provisions for its accomplishment do not compromise the
basic purposes of the reactor that are stated in Section 2. .

The deéign that has evolved for the PBRE is well suited to the gen-
eration of ultra-high temperatures if two conditions are accepted. These
are (1) that the hot gas will be attemperated with colder gas before
emerging from thé reflector structure and (2) that the power level of the
reactor will be reduced below the design level for normal operation. The
first restriction permits study of core conditions without requiring that
the hot gas ducts and heat exchanger be designed for very high temperature
operation. The second restriction is precautionary and may not be neces-
sary; it is stated to avoid prescribing commitments for the reactor de-
signers until more detailed studies are performed. Operation at lower
power may ease problems associated with protecting the structural parts
of the core from high temperatures, removing heat from the control rods
and the reflector, restricting the fission-product activity evolved from
the fuel, providing for the removal of afterheat, and avoiding hazardous

conditions.

Alterations Required for High-Temperature Operation

Operation of the PBRE at very high temperatures would be attempted
only after it had been operated for sufficient time with exit gas tem-
peratures near 1250°F to satisfy the basic objectives of the experiment.
At this point the PBRE would be altered by (1) installing equipment needed
to provide for gas attemperation, (2) possibly installing a thermal-
insulating liner around the cylindrical portion of the ball bed and the
upper reflector, (3) replacing the initial control rods with rods made
from higher temperature materials or having reflective insulation clad-

ding, and possibly providing for increased coolant flow through the rod
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channels and nearby graphite reflector, and (4) installing high-temperature
thermocouples at appropriate points in the system.

Attemperation would be achieved by diverting part of the gas returning
- from the heat exchanger into the graphite chamber at the top of the core.
The closure in the upper plenum liner, shown in Fig. 3.3, would be re-
placed with one having a tube which would extend downward into this cham-
ber; an orifice in the line would restrict the fraction of return coolant
which bypasses the core and would at the same time act as a flow-méasuring
device. It may be feasible to install an adjustable flow-regulating device,
as well, so that changes in the Dbypass flow can be made without opening
the reactor vessel. A total helium flow capable of giving a mixed mean
temperature of 1250°F would, with this arrangement, result in temperatures
in the steam generator, gas ducting, blower, shield, and auxiliary sys-
tem identical to those existing at normal design conditions.

During high-temperature operation, parts of the graphite reflector
will be at temperatures as high as the exit gas température, that is, in
the range 2000 to 2500°F. While this will not create problems with re-
gard to the graphite, because of its satisfactory mechanical properties
at high temperatures, it will be necessary to assure that the high thermal
conductivity of the reflector does not result in excessively high tem-
peratures in the control rods, core support plate, core liner, and pres-
sure vessel. '

The control rods proposed for initial installation in the PBRE are
designed for normal operation at temperatures in the range of 1400°F,
with a maximum temperature of 1700°F permissible for short periods. Un-
less further studies indicate that rod temperatures can be restricted
tc this range, installation of rods suitable for\high-temperature opera-
tion will be necessary. It may be possible to satisfy this requirement
by providing a high-temperature nickel-base alloy sleeve or sleeves about
the absorber section to act as reflective insulation, with perhaps an -
increase in coolant flow as well. An alternative and probably more desir-
able procedure would be to use a control rod capable of operating at tem-
peratures in the range of 2000°F. Use of B4C protected by or dispersed

in graphite, with a molybdenum central rod for tensile strength, might.:be
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adequate for this service; problems associated with the development of
a high-temperaturé control rod are discussed in Section 16.

Consideration has been given to the use of a thermal-insulating liner
around the fuel bed and the section of the reflector which is above the
core to restrict the region of high temperature and allow the control rods
and the remainder of the reflector to operate at near normal temperature
levels. Pyrolytic graphite and porous carbon are materials which might
serVevas iﬁsulafion. Manufacturers indicate that pyrolytic graphite of
the type used fOr rocket nose-cones can be made.in sections large enough
for this application, with existing facilities being capable of producing
a hollow cylinder as large as the PBRE core. The thickness is limited,
however, and more than one layer may be required.

Porous carbon has been used successfully as the bed liner in the
Induction Simulated Reactor at the Morgantown Research Center of the
Bureau of Minés. In one case, a carbon liner in contact with heated
spheres was not noticeably damaged during a 1000-hr run'! in which the
exit helium temperature was 2500°F.

Estimates of heat transfer rates are given in Table 13.1 for examples
of pyrolytic graphite and porous carbon core liners. Although as shown,
the heat loss would be reduced considerably by use of either material,
in further consideration of a core liner attention will have to be given
to the mechanical properties of the materials and their behavior under
irradiation. .

Temperatures in the reflector can be limited by providing an in-
creased coolant flow through the control rod channels and the graphite
structure, so that there should be no significant difficulty in control-
ling the temperatures at the stainless steel core liner or at the support
plate. An appreciable rate of heat removal would occur, however, if suf-
ficient flow were provided to keep the rod channel cool. This is il-
lustrated by the first set of values in Table 13.1. As shown, the heat

loss could be reduced by providing a gap filled with stagnant helium in

IN. H. Coates, J. P. McGee, and G. E. Fasching, Simulated Nuclear
Reactor System for High-Temperature Process Heat: 1000-hr Demonstration
Run at 2500°F, Bu Mines Report RI-5886, 1961. :
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Table 13.1. Effect of Insulation on Heat Transfer Through Core
Wall When Maximum Control Rod Channel Temperature® is 1250°F

Heat Transfer (kw) for Two

Thermal Helium Exit Temperatures
Conditions _ Conductivity . from Core
(Btu/hr*ft-°F)
2000°F 2500°F
No core ‘insulating liner?P - 250 420
No core insulating liner; 180 300

one gap filled with stag-
-nant helium in reflector

1 in. of pyrolytic graph- 0.7 70 120
ite insulation

2 in. of porous carbon - 1.0 50 85 N
insulation
2 in. of pyrolytic graph- ' 35 . 60 °

ite insulation

a‘I‘em.perature assumed to be controlled by adjustment of coolant flow
through control rod channel.

bTh.e thermal conductivity of graphite is 20 Btu/hryft-°F.

the reflector. Since radiation is the predominant mode of heat transfer,
the gap width is not critical.
It is expected that measurement of gas and reflector temperatures
in the range above 2000°F will require replacement of the original thermo-
couples with ones capable of operating at higher temperatures. This should -
present no unusual difficulty if adgquate high-temperature thermocouples
are'available, since the core thermbcouples will be designed to be replace- -
able. Development of thermocouples aﬁd sheaths for use in the PBRE core
environment at temperatures above 2000°F is discussed in Section 16.
Replacement of all or part of the graphite reflector structure may be
required before operation of the reactbr at high temperature. Changes
couid be occasioned by the need to provide insulating sections and/or ad-
ditional . cooling passages, as discussed above, to alter the upper dome

structure for installation of the attemperation system, or to remove the




245

boronated outer layer of graphite blocks. The necessity for these changes
will be indicated by further design studies and possibly by the results

of research and development activities.

Fuel Problems of High-Temperature Operation

The volumetric average fuel temperaturé during operation at 1 Mw
(thermal) with an outlet gas temperature of 2500°F will be about 1750°F;
for the same conditions, if the sphere packing were uniform, the fuel
temperature in the hottest region of the reactor would be about 2600°F.
The existence of closely packed clusters in a randomly packed bed, how-
ever, may cause temperatures at points to exceed considerably the values
calculated for average conditions.

An estimate of the maximum fuel temperature was therefore made using
the analytical procedure described in Section 4. The computed hot spot
was about 3200°F for the conditions stated. The computed temperature is
this high becaﬁse the lowered helium flow rate results in the heat trans-
fer coefficient being reduced considerably below the normal design value.
At this temperature level, however, the effects of internal bed conduction
and radiation would be more important than at design conditions and could
decrease this temperature considerably.

Since fuel element temperatures during the high-temperature gas ex-
periment will exceed 2500°F, consideration has been given to the behavior
of the fuel under these conditions. At temperatures this high, Si-SiC
sphere coatings could not be used, since they would deteriorate quickly.
Thus, if protection against oxidation of the graphite is found to be nec-
essary, a different type of coating, for example NBC; would have to he
developed. Damage to uncoated elements may be little worse than at design
conditions since, as discussed in Section 7, the rate of attack will be
determined by the water inleakage rate.

With regard to the reference fuel element discussed in Section lO,
fuel migration rates may increase by severalarders of magnitude, and
severe reactions resulting in apparent mass movement of carbide particles
through the pyrolytic carbon coatihgs could occur. The instabilities

thus introduced would have the effect of promoting the release of fission
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products to levels considerably higher than those which have been con-
sidered achievable with the reference fuel element. Diffusion of such
nonvolatile fission products as Bal40 would also occur under these con-
ditions. If oxide-coated UO, particles were used instead of those dis-
cussed in Section 10, reactions between graphite and Al,03 or BeO coat-
ings would introduce instabilities at the higher temperatures. A heavily
impregnated graphite matrix may provide a partial solution to the fission
product-retention problem, but developmental work will be required.

It is reasonable to state that dimensional and mechanical stability
could be achieved in the fuel elemernt under the conditions of the high-
temperature experiment. Based on present knowledge, however, the activity
level in the coolant system will probably be much higher than at normal

design conditions.

‘Reactor Physics and Control

The specific physics and control problems associated with an increase
in core temperature will depend on the power level at which the reactor
is operated, the fuel lifetime desired, the decrease in core diameter if
an insulating sleeve is inserted, and the nuclear properties of any in-
sulation used. No difficulties are anticipated, although a change in fuel
enrichment might be required if the core diameter were reduced. This
itself would not be particularly undesirable, since reloading at that time
would probably occur anyway, but care would have to be observed that a
reduction in the thorium loading did not have a seriously adverse effect

on the fuel temperatufe coefficient.

Hazards Considerations

Reactor harzards considerations would have to be carefully re-examined
before opefating the PBRE ét high temperatures. The major questions that
would arise would be related to ( 1) control rod infallibility, (2) after-
heat removal, (3) temperatureS“whiéh could exist during accident condi-
tions, (4) more rapid rate of graphite'éxidation on air admission, and
(5) production of‘hydrogen from a steam leak. The first three questions

have been mentioned previously. With regard to the fourth, it is worth
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noting that the analysis in Section 12 of the consequences of air admis-
sion is based on the assumption that reaction with hot graphite occurs
at the rate the gas enters the core; therefore no more severe condition
could be assumed for higher temperature conditions.

The steam-graphite feaction can be expected 'to proceed much more
rapidly for a steam leak occurring during high-temperature operation than
for the corresponding accident under reference design conditions. Since
the influence of the reaction rate on the severity of the resulting hazard
is not fully apparent, it is difficult to say whether a more serious ..
danger would exist in the high-temperature case. This matter would cer-

tainly require further study.

Additional Costs of High-Temperature Operation

The initial increase in reactor cost to provide for the possibility
of high-temperature operation appears small. Means by which the coolant
flow through the reflector can be increased may have to be provided in
the original structure, but all the other changes mentioned can be made
when needed. The cost of modification at the time the change in condi-
tions is to be made will be in the range of $200,000 to $500,000, the
difference largely depending on whether replacement of the entire reflec-
tor is required.

There will also be the expense of deVeloping high-temperature thermo-
couples and control rods for this application (discussed in Section 16).
In addition, the research and development programs for other areas in-
clude some costs assoclated with extending the range of experiments to

the condition of interest for high-temperature operation.

Conclusions

There appears to be no significant impediment to operation of the
PBRE with gas outlet temperatures in the range 2000 to 2500°F if fuel
elements adequate for operation at those conditions are developed. More

detailed studies will be required before a firm conclusion can be made,
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but, tentatively, it appears possible to increase the temperature level

to this high range with only limited alteration of the reactor structure.
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14. SITE SELECTION

Introduction and Conclusions

Representative sites at the Oak Ridge National Iaboratory.and at the
National Reactor Testing Station were investigated to provide information
for making a site recommendation based on engineering and economic consid-
erations. These investigations indicated (1) that there would be an ap-
preciable advantage in locating the PBRE near enough to ORNL for members
of the scientific and engineering divisions to participate expeditiously
in the planning and analysis of reactor operations, and (2) that the con-
struction cost of the reactor woﬁld be less at Oak Ridge than at NRTS.

Savings of approximately $900,000 achieved by using existing HRE-2
facilities in Oak Ridge would more than offset a cost advantage of several

hundred thousand dollars achieved by housing the reactor in a conventional

. building at NRTS rather than in a containment vessel at Oak Ridge. In

addition, since construction costs are 22.5% higher at NRTS than in OakA
Ridge, it is estimated that excess facility construction costs in the

order of $1,000,000 would be encountered in Idaho. It does not appear

- likely that appreciable cost savings could be obtained by using the GE-ANP

maintenance facility at NRTS without seriously compromising the objectives
of the feactor experiment.

The accessibility advantages of an Oak Ridge location and the ad-
ditional costs assoéiated with developmént of an NRTS site are partially
offset by other_considerations. Location of the PBRE at an NRTS site
would reduce the possibility of damage to ORNL or to propertiés adjoin-
ing the 0Oak Ridge controlled area and would give some increase in latitude
in design and utilization of the PBRE. It.does not ﬁecessarily follow,
however, that more hazardous experiments would be performed with_the PBRE
at Idaho; continued availability of the reactor as a development tool
would dictate a prudent approach to operations and would inhibit the per-
formance of experiments that could damage the facility. _

Two sites at ORNL and two sites at NRTS were cgnsidered. The sites
at ORNL have been designated as Site 1, at the HRE-2 facility, andlSite 2,
an area on Melton Valley Drive east of the HRE-2 facility (Fig. lé.l).b
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Sites considered at NRTS are Site 1, between the SPERT and GCRE areas,
and Site 2, at the ANP area (see Fig. 14.2).

' Hazards Considerations

Selection of a site for the PBRE involves questions of hazards to
the public, to neighboring installations such as tﬁe Oak Ridge National
Laboratory, if at Oak Ridge, or to other reactor sites, if at NRTS, and
to the personnel operating the experiment. In evaluating hazards ques-
tions, the most serious accident has been assumed to be a rupture of the
high-pressure helium system followed by complete combustion of the re-
actor core and release of fission products from the reactor vessel (see
Section 12). The analysis has been based on 100% release of the noble
gases, 50% of the halogens and alkali metals, and 5% of all other fission
products from the core.

The containment vessel that would be provided at Oak Ridge would
largely retain the fission products evolved from the reactor. In esti-
mating activity escape from the containment shell, a persistent leakage
of 1% of the containment vessel atmosphere per day, following the acci-
dent, was assumed; the addi£ional assumption was made that one half the
iodine that escaped from the core would be retained on surfaces within
the containment vessel. Under those conditions, it is found that either
of the Ozk Ridge sites considered would be acceptable as far as public
safety is concerned. Both sites are two miles within the nearest boundary
of the Oak Ridge reservation, although the Bearden Creek embayment of
Melton Lske will be approximately one mile from Site 2. Under the most
;unfavorablé atmospheric conditions (wind velocity 3’mph, large inversion),
the dose from fission products escaping from the containment vessel would
be 0.8 rem to the thyroid and a like amount to the bone for each hour of
exposure at a distance of 2 miles, and 3 rem for each hour of_exposﬁre
at a distance of one mile., Under typical daytime atmospheric conditions,
the doses would be less than one-tenth these amounts. At a distance of
2000 ft, the dose to bone and to thyroid could be 12 rem for a l-hr exposure,
which indicates that prompt actionwould be required to evacuate the aréa

,near the reactor.
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The main ORNL area is one-half mile or more from either site and
is on the other side of Haw Ridge. While there might be concern about
fission products being carried through the gap in the ridge at the western
end of the Laboratory, measurements show that a wind blowing toward the
Laboratory through the gap is accompanied by a wind blowing in a north-
easterly direction (SW wind) up the valley in which Sites 1 and 2 lie,
that is, away from the gap.

Another danger to neighboriﬁg facilities would be from direct radia-
tion of gamma emitters within the containment vessel. At the MSRE site,
which is approximately‘l500 ft from the HRE-2 site, the direct dose rate
would be a few hundred mr/hr at most. While this would pose no particuiar
danger to personnel there, it could prevent use of that facility for a
time.

No hazards problems are visualized for location of the reactor at
either of the NRTSvéites. Containment vessels are not required at NRTS,A
reliance being placed on isolation and on the partial containment that
mey be provided by the reactor building. A serious accident with the
PBRE could endanger other facilities in the area, in the absence of con-
tainment, but thié would be a small risk which presumably would be ac-

ceptable as part of the operating philosophy at NRTS.

Utilization o the Facility

Since the PBRE is to be an experimental facility, there is a signifi-
cant advantage to be gained by locating it at an Oak Ridge sité. The
ctaff of the reactor will be relatively small and their time will be fully
occupied with the details of operating the system. If the facility is
. conventiently nearby, however, many ORNL staff members would participate
in the planning and analysis of reactor operations. Hence, the reactor
staff would be backed up by a much larger body of engineers and scientists,
several hundred of whom will have participated in the research, develop-
ment, and design activities which led to the construction of the facility.
As an example, at times during operation of the HRE-2, many members of

the Reactor Experimental Engineering Division, Reactor Chemdstry Division,
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Chemical Technology Division, Metallurgy Division, and others, who were
not members of the reactor operating staff, participated day-by-day in
observing and analyzing the behavior of the reactor, conducting experi-
ments, performing remote maintenance operations, etc.

This participation would also occur if the reactor were located at
NRTS, but to a much lesser degree. The travel time from Ozk Ridge to
Tdsho would greatly 1imit the frequency and extent of visits to the site.
Coordination within the ORNL organization by the transmission of reports
would be obviously less effective than direct participation when day-to-
day operation of the reactor was involved.

In contrast to the advantages of an Oak Ridge site, there would be
some gain in flexibility in design and operation of the system if it were
located at NRTS. Elimination of the containment vessel would make the
reactor more accessible for connection of services and passage of equip-
ment, and scheduling of construction might be simplified. The design of
a heat dump, for example, might be easier if there were no requirement
of secondary containment. There would be greater freedom in the dis-
charge of gaseous wastes than at Oax Ridge.

The simplification achieved by use of an NRTS location, however, is
limited. ©Shielding would still be requitred to protect the operating per-
sonnel when the reactor was at power and to make components accessible
for inspection and maintenance when it was shut down. Continued availa-
bility of the reactor as a development tool would necessitate operation
in a manner that would preclude experiments that could damage or con-
taminate the facility. The possibility of releasing a significant frac-
tion of the fission product in the reactor to the surroundings would re-
ctrict the type of experiments which could be performed, even at an NRTS

location.

Sites at ORNL

Site 1, at HRE-2 Facility

Since the HRE-2 has been shutdown, there are certain advantages in

locating another reactor of similar size at the same site (see Fig. 14.1)
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to utilize the existing facilities and services. The existing building
can be used for the control room.ahd administrative and service areas.
The existihg air-cooled condenser can be used to dissipate the heat gen-
erated by the reactor, and the existing electrical and water services

can be extended to the reactor containment vessel at minimum cost.

Site 2, East of the HRE-2 Facility

Site 2 is located by Melton Valley Drive on Haw Ridge, approximately
4000 £t east of the HRE-2 faéilities and 2500 £t east of the MSRE facility
(see Fig. 14.1). This site is considered because of its proximity to
ORNL electrical and water distribution systems. It is typical of several

potential reactor sites in the Haw Ridge-Melton Valley area.

Sites at NRTS

Site 1, Between SPERT and GCRE Areas

Site 1, between the SPERT and GCRE areas (see Fig. 14.2), was con-
sidered because, of the undeveloped sites available, it has the advan-
tages of being close to an access road which is to be built between the
SPERT anleCRE areas, it is adjacent to the power distribution line, and
it is a reasonable distance from existing reactors. 1In addition, the
site is in an area which receives central-facility services, consisting
of craft help, heavy equipment, laundry, technical library, transporta-
tion, hospifal, food service, central warehousing, central shops, fire

and security protection, utilities, maintenance, and waste disposal.

Site 2, at ANP Area

The only available developed sites at NRTS are'at the ANP ared..-~Con-
sideration was given to sites in this‘area to determine whether a reactor
using the existing facilities would be compatible with the objectives of
the experiment. Three design variations were considered to permit using
NRTS Site 2 at the ANP area.

1. A stripped-down reactor installation with little or no shielding

mounted on one or more flat cars with provisions for coupling instrumentation,
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electrical, and other supply lines into receptacles at a remote site could
be used. The flat car could be hauled into the GE-ANP A & M building
hot cell whenever maintenance work might be required.

2. A fixed reactor installation inside the A & M building was con-
sidered. The remote-handling facilities could be employed directly for
maintenance and the complications of flat-car mounting, breaking connec-
ticns, etec., could be avoided.

3. A fixed installation could be made at the LPTF to take advantage
of existing utilities.

Flat-car mounting of a reactor is most suitable for short-term tests
of compact systems. In contrast, long-term operation of the PBRE will
be necessary to achieve significant burnup of the fuel and to investigate
fission-product deposition'problems. Further, an appreciable height is
required if fuel-handling systems applicable to a power reactor are to
be studied. Without shielding of the system, maintenance procedures
would be fully remote rather than semidirect and direct as proposed for
power reactor systems. The flat-car proposal was rejected for these rea-
sons as seriously compromising several objectives of the PBRE.

There are similar objections to construction of the reactor in the
GE-ANP A & M building. The hot cell height of only 61 ft would consider-
ably l1imit the system. Further, the concrete shielding in the ceiling
and upper portion of the side walls of the hot cell is only 2 ft thick.
Hence, additional shielding around the reactor might be required to re- -
duce the neutron and gamma dose level during reactor operation. Some
shielding for isolating and separating highly radioactive components
would also be required 1if direct and semiremote maintenance on the less
radioactive portion of the system were to be possible. Full reliance on
the available remote manipulators for maintenance would require the .erec-
tion of a considerably more complex assembly without eliminating the need
for many special-purpose tools. It is thus questionable whether appreci-
able savings could be achieved by use of the A & M building hot cell.
Constructing the experiment in the.hot cell would also sacrifice a costly

facility which might be used more advantageously sometime in the future.
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The uée of the IPTF facility adjacent to the STPF in the ANP area
was also considered. These facilities have their own utilities. Since
it has been proposed that the STPF be utilized_for the EBOR Project, the
adjoining LPTF has the disadvantage: of proximity and:possible:hazards.

A further disadvantage in selection of a site in the ANP area is ‘
that central-facility services are not provided. Thus services must be

duplicated at considerable additional cost.

Site Cost Comparisons

The estimated cost of items which differ at the various sites are
given in Table 14.1. Costs for the NRTS site were estimated on the basis
of costs at ORNL and adjusted by a construction cost index ratiol of 1.225.
Comparison of the costs at the undeveloped sites in both areas shows that
several hundred thousand dollars saved by elimination of the containment
vessel at NRTS is offset by the additional cost of construction there.
Table 14.1 shows further that approximately $900,000 is saved by using
existing HRE;Z facilities rather than by developing a new site in either
area. .

In addition to the amounts in Table 1l4.1, roughly $4,000,000 of the
total cost of the plant may be allocated to on-site construction work.
The NRTS construction cost differential, when applied to this on-site
work, results in an "excess" facility construction cost of $1,000,000.
Thus there is a saving of approximately $1,900,000 to be aéhiéved by .
building the PBRE at the HRE-2 site in Oak Ridge rather than at a site
at NRTS.

1AEC Construction Cost Differential as of January 23, 1961:

NRTS _ 1.31 _
ORNL ~ 1.07 ~ 1.225
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Building and Site Development Costs Summary

NRTS Site 1
. . Between
. B8ite 1 .%;:i if Spert and
. At HRE-2 HRE-2 GCRE
Site preparation $ 20,700 $- 90,300 $ 90,300
Roads 1,400 12,000 8,200
Storm sewer 2,700 2,700
Fencing .12,300 12,300
Building alterations 55,000
Containment shell )
Excavation 152,600 ..206, 500
Shell 610,000 610,000
Concrete 74,000 74,000
Reactor building
Excavation 206,500
Building 150,000
Concrete léQ,OOO
Administration and 451,000 451,000
service building
Ssnitary waste fa- . 5,100 5,100
cilities
Power 10,800 28,800 28,800
Water 5,000 25,700 160,000
Steam 85,400 99,100
Liquid radioactive 11,400 94,700 42,000
waste facilities :
Subtotal 940,900 1,698,500 1,416,000
NRTS cost differ- 318,600
ential (22 1/2%)
Contingency (20%) 188,100 339,500 346,400
TOTAL $1,129,000 $2,038,000 $2,081,000
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15. -CONSTRUCTION COST ESTIMATE

,uThe'design and constrngtion costs of.the}reactor described in this'
report have been estimated in as much detail as is feasible at this stage
of the'project. The estimate was performed in such a way as to assign
a price to every major component of each process system, as well as to
major plant féatures. To provide a basis for assigning costs, components
were-charactérizéd.by performance .criteria, by flow diagrams and descrip-
tive sketchés,‘and by discussions with project personnel. Estimates were

‘solicitéd from industrial firms on equipment which could be sufficiently
described, and the cost experience of EGCR, HFIR, MSRE, and other projects
was heavily drawn upon. All top charges such as éscalation, contingency,
and overhead were applied. A summary of the project costs is presented
in Table 15.1 in conventional. format..

Considerable effort has been spent in attempts to reduce the cost
of the plant, and the original concepts of several major features have
been altered. Design changes were made to achieve economics only where
they were consistent with the accomplishment of project objectives. The
PBRE must have a fuel-handling system similar to one which would be used
on a Jarge  power reactor; the fuel must be subjected to a nuclear, chemi-
cal, and physical environment similar to that in a.large pebble-bed re-
actor; the product of power density and use factor must be sufficient to
produce full fuel burnup in a reasonable time; it must be possible to
operate and maintain the reactor with a relatively high release of fis-
sion products from experimental fuel elements; means must be provided
for studying fission product escape, migration, and deposition in the sys-
tem; the useful life of the plant must be adequate for performance of the
desired experiments; and the reactor must unquestionably be safe to op-
erate.

The cost estimates of Table 15.1 are felt to be as realistic as it
is presently possible to make them. Economy will, however, continue to
be a prime consideration in the development. The current estimate for a

5-Mw PBRE exceeds the estimate of $9,096,000 made 1 1/2 years ago1 for a

‘A. P. Fraas et al., Preliminary Design of a 10-Mw(t) Pebble Bed Reactor
Experiment, CF 60-10-63 rev. (May 8, 1961).



[
[oN]
(@]

Table 15.1. Preliminary PBRE Cost Estimate

CPFF Fixed Price ORNL it Total
Direct Construction Costs 2,706,000 4,016,000 6,722,000
1. Building Cost to 5-ft Line
(a) Modification to Build- 75,700 2,000 77,700
ing 7500 for reactor
control, service, and
administration
(b) Reactor building (new), 1,967,500 4,000 1,971,500
“including .containment
- shell, shielding, and
services :
2. Installed or Fixed Equipment 636,000 4,004,000 4,640,100
(nuclear plant and auxil- -
.iaries)
Sub Total (2,679,200) (4,010,000) (6,689,200)
3. Movable Equipment
4. Improvements to Land 1,400 1,400
5. Outside Utilities 25,400 6,000 31,400
Engineering Design and 204,000 1,032,000 1,236,000
Inspection
Design 204,000 914,000 1,118,000
Inspection 118,000 118,000
Indirect Costs 1,213,000 1,213,000
Escalation to FY 1965 349,000 712,000 1,061,000
Allowance for Contingencies 641,000 1,387,000 2,028,000
Gross Total Project Cost 3,900,000 8,360,000 12,260,000
Salvage Credits for Reused
Equipment
Net Total Project Cost 3,900,000 8,360,000 12,260,000
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10-Mw PBRE. There was at that time only seven weeks available for the
preparatiqn Qf both the conceptual design and the estimate. Many plant
featufesg?parficulafly'instruﬁéhtation, ﬁaiﬂtenance, and auxiliary systems,
have éppeared on further study to be more costly'than previously expecfed.
Recent experience with other reactor projects at ORNL has shown that the
standard 10% éllbwance for contingencies is inadequate and that an allow-
ance should.aiso be made for escalation. .Accordinglx,the current estimate
provides'l9%;for éontingeﬂéies and 12% for escalation. Further, construc-
tion is now assumed to be based on operating rather than capital funds,
with a consequent increase in overhead of from 25 to 100% on direct labor.

If consideration is given only to cost per Mw, the $12,260,000 PBRE
estimate makes pebble-bed reactors appear expensive relative to other
types. This seemingly unfavorable comparison occurs because several of
the major PBRE cost items (reactor»building, instrumentation, fuel-handling
equipment, maintenance equipment, and engineering) are nearly as expensive
for this 5-Mw reactor as they would be for one many times that power. If
the PBRE power were doubled, for instance, the incremental cost would be
less than $1,500,000. A sighificant comparison may be made of the costs
previously estimated for the 10-Mw(t) PBRE! and an 800-Mw(t) PBR?’
($62,761,000, which is $190/kwe). For an 80-fold increase in thermal
power, the cost increased only by a factor of V. Hence the high cost of
the reactor experiment does not imply that a full-scale power plant based
on the pebble-bed concept will be uneconomical.

In preparing the cost estimate of Table 15.1, all design, engineering,
fabrication, conétruction, and installation costs were included in operat-
ing funds to which overhead was charged at 100% of direct labor. All con-
.tracted labor and material were included as material charges, with profit
and overhead added. All plant costs were estimated on the basis of the
layout of Fig. 3.25. If it is decided that a superheated-steam system
should be used, the estimate will have to be increased to cover the cost
of -the more complex system and, possibly, apparatus for indirect main-

tenance. -

2A. P. Fraas et al., Design Study of a Pebble-Bed Reactor Power Plant,
CF 60-12-5 rev. (May 11, 1961).
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Spare equipment and parts are not included in the estimate, and it
is considered that a minimum of $233,000 of reactor operating funds should
be allocated for those items that should be availaBle at startup. The
spare equipment should include a main blower, a steam generator tube bundle,
control rods and rod drives, auxiliary system components, and instruments.
In addition, a minimum.of $50,000 of reactoi operating funds should be
available at startup for shielded casks for fuel handling and mainfenance.
The cost of the fuel is similarly not included in the estimate of

capital costs. The fuel for the first core loading will be charged to

operating funds.
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16. RESEARCH AND DEVELOPMENT

Research and development problems for the PBRE fall into three. broad

categoriesty (1) those necessary for completing the design for fabrication

and construction; (2) those necessary for developing the information needed

for providing the first fuel_loading, evaluating hazards, preparing for
decontamination andvmaintenance, preparing for evaluation and interpreta-
tion of results, and operating the reactor; and (3) those necessary for
providing futhre‘advanced fueié, for fuel processing, and for revising
the core to achieve gas temperatures above 2000°F.

Some of the principal problem areas to be considered are:

1. The fuel: 1its composition, physical properties before and after
irradiation, dusting characteristics, outgassing properties, chemical
stability, fission-product retention characteristics, and behavior in the
presence of air or steam under accident conditions.

2. The fuel bed: its void fraction, pattern of sphere movement

through.the bed, temperature distribution, levitation characteristics,
and coolant Velocify profiles and fluid dynamics in the bed.

3, Fuel charging and removal: the fuel-addition system; gas locks;

-devices to control velocity of entry and minimize free fall and breakage
problems; fuel movement in the bed; the discharge device; fuel-sphere
counting, classification, storage, and examination devices; énd equipment
to return unspent and new fuel to the addition system.

4. Moderatof>graphite: its structural properties, behavior under

-irradiation, evaluation of boronated graphite, detection of cracks in
the reflector, and gas evolution.

5. Helium coolant: purity requirements and purification processes,

analysis techniques, flow and mixing problems, and mass-transfer and fis-
sion-product-deposition phenomena. .

6. Components and auxiliary systems: control rods and drives,

blowers, Jjoints, valves, insulation, the steam generator, spécial instru-
mentation, and the purification system.

7. Maintenance: decontamination techniques, servicing and equipment-
handling techniques, and the need for special tools and techniques for

assuring the integrity of equipment which is reassembled remotely.
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The research and development program described Below comprises the
tasks and experiments which need to be completed in part or in whole to
assure satisfactory performance of the pebble-bed reactor experiment.
However, many of the studies discuseced in this section are already being
conducted as continuing programs for the general development of gas-cooled
reactor technology. Results of these general studies will contribute
directly to the specific needs of the PBRE.

Schedules and cost estimates for- the program outlined are given at
the end of this section. A comparison of the proposed research and develop-
ment schedule with the PBRE design and construction schedules indicates

the two to be mutually consistent.

Fuel Element Development

As described in Section 10, considerable information has been ac-
cumulated in experimental fuel element development programs since‘publica-
tion of the last PBRE study,l and some limitations associated with the
coated-particle concept, particularly the pyrolytic-carbon-coated uranium
carbide element, have become reasonably clear. What remains to be done
is to investigate modifications of existing techniques, as well as new
techniques, in an effort to Improve the performance of coated-particle
fuel materials. The present practice of maintaining close liaison with
potential suppliers and particularly with related projects at Battelle
Memorial Institute, General Atomic, General Electric NMPO, OEEC Dragon,
and Brown-Boveri-Krupp, will, of course, be continued.

The major areas of interest in the fuel element development program
include studies of (1) mechanical and physical properties; (2) fabrication;
(3) chemical stability; (&) fission-product behavior in the fuel;>(5) the
effects of irradiation on items 1 through 4; and (6) chemical processing.
Extensive irradiation testing is required to demonstrate the feasibility
of an all-ceramic fuel-with the good fission-product-retention properties

desired for the PBRE. Because of the time required for design, preparation,

1. P. Fraas et al., Preliminary Design of a 10-Mw(t) Pebble-Bed
Reactor Experiment, ORNL CF 60-10-63 rev. (May 8, 1961).



265

operation, and complete evaluation of irradiation experiments, the fuel
element research and development schedule is established to a iarge ex-
tent by this phase of the program. In view of this consideration, it is
estimated that at least a two-year period will be necessary before firm
recommendations can be made for purchase of the most promising PBRE fuel
elements. The ‘specific research ana development programs discussed below

have been formulated on this basis.

Mechanical and Physical‘Propefties

A comprehensive test programvié required to evaluate the physical
and mechanical properties of the fuel elements in the light of proposed
PBRE conditions. In general, these tests apply both before and after ir-
radiation. The mechanical properties of interest are crushing strength,
impact resistance, and abrasion resistance. The physical properties of
chief concern are related to thermal effects and include thermal conduc-
tivity and the coefficient of thermal expansion. Othér characteristics
of interest include density and particle distribution as determined by
radiographic techniques; microstructures of particles, matrix, and sphere
coatings as determined by metallographdc techniques; sphere-coating in-
tegrity as determined by oxidation and "hot o0il" tests; and exposed fuel
present as surface contamination and damaged particles as detected by

alpha-counting and acid-leaching techniques.

Nondestructive Inspection of Fuel Elements

The development of inspection techniques for fuel materials and fuel
elements will be necessary to complete the specifications and acceptance
criteria for fuel spheres. Recent preliminary studies with low-voltage
radiography indicate excellent potential for coated-particle dimensional
gaging and the possibility of evaluating the integrity of particle coat-
ings. Another test that may be useful for evaluating the integrity and
impermeability of particle coatings on large quantities of fuel particles
is the galvanic cell method. Feasibility studies on these féchniQues

should determine the adaptability and need for further development.



The determination of fuel distribution within fuel elements will re-
quire the development of techniques and acceptance standards for radio-
graphic inspection. The detection of cracks in fuel spheres may also be
possible by this technique. The thickness and continuity of bonding of
the unfueled shell, on the other -hard, may require investigation of cther
techniques, such as eddy current or-ultrasonic inspection.

The thickness and integrity of the siliconized-SiC coating on the
fuel spheres must be carefully specified and controlled. Preliminary wcrk
on similar coatings for the EGCR fuel assembly sleeves demonstrated the
feasibility of eddy currents for the measurement of coating thickness.?

A galvanic-cell method for the detection of flaws in the coating was also

shown to be promising.?

Fahrication Studies

One of the limitations of the coated-particle fuel element is associated
with the effects of fabrication variables. It is noted in Section 10, for
example, that studies on commercially produced materials have shown that
many coated particles have been damaged in some manner during fabrication
of the fueled-graphite specimens. It is important, therefore, that the
methods used for preparing and coating the particles, for incorporating
the particles in suitable graphite matrices, for applying protective sphere
coatings, and for impregnating molded graphite matrices be understood by
the materials personnel ?esponsible for the PBRE fuel. The need for first-
hand knowledge of fabrication variables-becomes particularly apparent
when an attempt is made to establish a reasonable set of fuel element
specifications and to negotiate intelligently with the potential suppliers
of fuel spheres for the PBRE. It has become evident that the understanding

required must stem from actual fabrication experience.

Chemical Stability

Experimentél studies are required to evaluate the chemical stability

of the various component phases within the fuel sphere and the stability

2GCR Quar. Prog. Rep. June 30, 1961, ORNL-3166, pp. 97-98.
3GCR Quar. Prog. Rep. March 31, 1961, ORNL-3102, . 116.
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of the fuel sphere with respect of its enviromment. Interactions involv-
ing the fuel particle, its coating, and the matrix material; iInteractions
be'tween'-f”sp‘héfe‘c‘oating and the matrix; phase stability in the uranium-
thorium-éarbon system-or the uranium-thorium-oxygen system represented

by the fuel particle; and effects of time, pressure, and temperature on
the selfgwelding tendency of . sphere coatings must be studied. Environ-
mental effects studies will include investigations of the effects of steanm

and oxidizing contaminants in the helium coolant.

Fissioﬁ-Product Behavior

Certain out-offpile experiments are required in order to stﬁdy the
behavior of both volatile and nonvolatile fission products in the fuel
sphere. In this connection, experimental data are required on the rates
and mechanisms of diffusion of fuel and fission products through particle

coatings and matrix materials.

Effects of Irradiation

By far the largest effort and cost in the fuel element deveiopment
program is associated with irradiation experiments on unsupported particles,
fueled-graphite specimens of sizes and shapes whiéh are compatible with
existing capsule designs, and full-scale PBRE fueled-graphite spheres.

The types of experiments inélude (1) fission-product release and deposi-
tion during posfirradiation heating after light irradiation (the so-called
"neutron-activation" method); (2) static capsule in-pile tests; (3) sweep
capsule in-pile tests; and (4) in-pile loop.tests. '

The capsule irradiation facilities to be used are the LITR; the B-9,
C-1, and poolside facilities of the ORR; and the ORNL-MTR-48 facility.

The GCR-~ORR loop No. 2 irradiation facility will be utilized for
tests of full-size fuel spheres under conditions closely simulating those
of the PBRE bed. Variables which .can only be fully evaluated by forced-
convection cooling, including non-uniform heat transfer, contact between
spheres, pérticle erosion, and the effects of coolant impurities at low
concentration levels, will be studied and data will be obtained on fuel

behavior and fission-gas retention. Actual assemblies will utilize several
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full-size fuel spheres axially aligned and surrounded with unfueled dum-
mies in various packing configurations which will readily fit into the
loop facility. Testing of a bed containing two or three parallel rows

of fueled spheres can be accommodated by reduction of sphere size or by
revision of the loop to afford a larger test region. The loop is capable
of operation with helium cooling at 300 psia and with gas inlet and out-
let temperatures at the fuel element of 1200 and 1500°F, respectively.
Tests of each fuel sphere assembly will be continued for several months.
Three to four experiments will be scheduled to fully utilize the loop

during the first two years of its operation.

Chemical Processing

Although the development of fuel reprocessing procedures is not a
prerequisite to the design and construction of a reactor experiment, an
economicél chemical recovery process for the spent fuel must be developeéd
if the pebble-bed reactor concept is to have a place in the long-range

nuclear power reactor progran.

Graphite Components

The research and development program on graphite components for the
PBRE has two msjor objectives: (1) to select the best grade of graphite
and (2) to provide the reguired reactor design data. Stresses resulting
from neutron-induced dimensional changes are expected to impose limiting
conditions on design and operating life of the graphite structures. Ex-
isting evidence indicates the possibility of selecting a grade of graphite
for maximum longevity on the basis of an optimum combination of its
mechanical properties and behavior under irradiation. Growth data are
being obtained on various types of graphite at Hanford; it is. proposed .
.that these studies be augmented with a'program for determining (1) the
mechanical and physical properties of various types of graphite and the
effect of irradiation on these properties, (2) the influence of extrusion
size and shape on the properties‘of graphite, and (3) the combined effects

of applied stress and radiation-induced shrinkage on graphite.




269

With respect to the boronated-graphite thermal-neutron shield ms-
terial, the major question(requiriné_study is the possible migration of
boronfuhdér:eXPOSuréhtogthe-temperatures and the radiation and chemical
environments'which.will éxist in the PBRE. The detailed graphite com-
poneﬁt research and deVelopmeqt program is outlined in the following

sections.

Physiqal,and_Méchanical.Property_Tests

" ﬂ:iﬁhejprbpertieé:df'ihtefest are thermal conductivity, coefficient.

-of thermalfexpansion, and. stress-strain relationships under both tensile

and compressive loads. Because of the nonuniform variation of materials
propefties in-a given graphite, enough data will be obtained to provide
a statiéticallyvsound basis for comparison of the various types of graph-
ite. The materials to be tested will include the grades of moderator
graphite for which data on effects of irradiation are being obtained at
Hanford.‘ .

.The extrusion size and shape are known to influence the mechanical
properties of graphite. In order to design the optimum section sizes in
the reflector, the extent of this effect must be determined. One or two
of the best grades of graphite discovered in the test program on physical
and mechanical properties will be extruded in various sizes and shapes.
Complete tensile and compressive stress-strain diagrams will be obtained
on a sufficient number of samples cut from mutually perpendicular direc-

tions -to provide statistically significant data.

Irradiation Tests

The best graphite selected on the basis of the out-of-pile tests
will be irradiated at different temﬁeratures for extended fast-neutron
éxposures. The objeétives will be to determine irradiation-induced changes

in physical and mechanical properties and to establish the relationship

-between radiation-induced shrinkage and stress and strain for constrained

Sspecimens-.. . The thermal conductivity and creep characteristics,: ineluding
strain versus time correlations, rupture strain, and rupture stress, will
be determined as functions of fast-neutron exposure and irradiation tem-

perature.
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Boronated Graphite Studies

The vapor pressure of boron over boronated graphite at the PBRE op-
erating temperatures is expected to be low enough to make loss by direct
vaporization_negligibly small. However, very volatile boric oxides and
boric acid may be formed by reaction with impurities in the helium. It
is proposed that tests be performed to determine the magnitude of the
boron migration problem under PBRE conditions. The loops designed for.
graphite oxidation studies in connection with the helium purification
problem can be used for these tests. The work at General Atomic on bo-
ronated graphite will continue to be followed, although the GA studies
are being made at very high temperatures and boron concentrations much
higher than the 0.5 wt % considered for the PBRE. Some studies, made in
conjunction with the commercial suppliers, may be in order to establish .
uniformity and reproducibility of boron content and physical and mechanical .

properties of the boronated graphite components.

Coolant Purification

Stringent purity requirements are imposed on the helium coolant of

the PBRE to minimize hazards, reduce the damaging effects on materials
and components exposed to the helium, and to ease decontamination and
maintenance problems. The removal and control of impurities involves
studies of the sources and kinds of contaminants, filtration, and bypass
. cleanup techniques.

i While these problems are amenable to analysis to a degree, experi- ..
mental verification of their magnitude and severity with respect to the
PBRE is required. Consequently, the over-all program on coolant purity .
will be designed for laboratory-scale experiment and for system testing
"to the extent necessary to define tle nature of the sources of contamina-
tion, the effects of contaminants on materials, and the effectiveness of

the purification equipment in keeping the situation under control.

Gas Evolution from Reflector and Fuel Graphite

It will be necessary to determine the outgassing characteristics,

including the constituents of the outgassed material, as functions of
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both temperature and time for PBRE fuel spheres. Similar.work has al-
ready been carried'out on manyvrepresentative reactor-grade graphites,
but‘dégéééingainfofmation‘on the specific graphite chosen for the PBRE
refléctof-mbderator‘may be required,'especially at extreme temperature
levels (up to 2500°F). Tﬁe readsorption characteristics of graphite when
cooled and stored in selected atmospheres and subsequent degassing char-
acterlstlcs w1ll also be studled to determine whether such special stor-
age prlor to 1nstallatlon in the PBRE will be economlcally advantageous ‘
in. controlllng syStem contamlnatlon levels. .

The data obtained from the experlments suggested will assist in de-
termlnlng loads to be handled by the purification equipment and in de-
fining sPecial operating procedures during periods of high outgassing
rates.

N

Graphite Oxidation and Mass Transfer

The specification of the helium purity for the PBRE will rest, in
part, on the ektent of chemical reaction between the contaminants and
graphite. .

The rate of graphite oxidation by helium sweep gas containing con-
trolled quantities of O,, Hy0, and COp, will be determined analytically
and experimentally. The work will cover the effects of impurity partial
pressure, specimen and helium temperatures, helium pressure and flow
rates, as well as the effects of CO and H, on reaction rates. Specimens
tested should include moderator graphites and fuel spheres. The program
will be initiated with bench-scale, once-through flow tests where variables
can be closely controlled and reaction rates accurately determined. It
will be expanded to close-circuit loops containing graphite sphere beds
through which helium can be circulated at conditions matching reactor
operation to-check tendencies toward localized attaék at hot spots. The
latter loops will provide, in addition to graphite oxidation data, further
information on effects of outgassing and a definition of the problems
of ‘graphite mass transfer as functions of system operating parameters
and materials of construction. Specimens of various metals with differing

surface treatments which may be encountered in the PBRE system will be
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inserted in the cooler regions of the loops to examine the roles of these
features in the deposition of carbon. It will also be of interest in
these loops to determine the extent to which carbon dust is produced and

"transported in the helium stream.

Purification System and Components

Filter Development. Because of the nature of the PBRE core, graph-

ite particles, carbon dust, and, possibly, graphite coating material may

be carried around the coolant circuit in such a way as to damége the cool-

ant circulator and valve seats or to cause plugging of instruments and

bleed lines. Full-flow filters may be required in the main coolant cir-

cuit of the PBRE to remove this particulate matter. Some benefits may

also be derived in limiting the spread of condensed fission products by ¢
concentration on the filter medium. Filter designs will be tested to -
demonstrate that théy possess the required effectiveness and efficiency

under simulated reactor operating conditions. The structural integrity

of the filter and filter medium must be demonstrated in long-term tests,'

and the pressure-drop characteristics of various promising designs will

be determined. Test rigs and prototype test components obtained for this

work can be used subsequently for proof tests of reactor hardware.

Fission-Product Cleanup System. The dynamic-adsorption coefficients

for krypton, xenon, and iodine on charcoal at the temperatures and pres-
sures of interest to the PBRE are reasonably well established at the
present time. A limited amount of additional testing and evaluation may
be necessary to answer specific questions as the PBRE detail design de-
velops. _ _ )
Poiéoning'of the charcoal bed by adsorbed iodine does not gbpear to
be a problem in the PBRE application. Some additional work will be re-
quired to investigate the possibility of iodine transport through the
charcoal trap on minute particulates present in the helium stream.

Chemical Cleannup System. Considerable work has been done on the
4

kinetics of the oxidation process™ and on the coadsorption of CO, and

4C. D. Scott, Removal of Hydrogen, Carbon Monoxide, and Methane from
Gas-Cooled Reactor Helium Coolants, ORNL-TM-20 (Nov. 15, 1961).
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H,O0 on molecular sieves. However, further work will be required to verify
the performance of the oxidizer at Hy and CO levels of specific interest
to the PBRE and to estabiish,the dynamic adsorption capacity of molecular
sieves for COp and'Hzo at extremely low partial pressures. These studies
require laboratory experiments_with prototype or reduced-scale components.

Gas=Analysis Equipment. Analytical techniques.must be developed

for moniforing‘helium purity at the low contamination levels required
for»theuPBRE.”'Ges chromatography has been useful in the paét for on-
stream’ monitoring of 'hel-ium:-"purity', but the thermal-conductivity detector
normally used with these instruments does not possess the required sen-
sitivity for the PERE application.

A development program is required to provide equipment with which
the required degree of sensitivity can be achieved and the low-level con-
tamination measured. The application of ionization detectors. to gas
chromatography shows promise of increasing sensitivity a thousand-fold
or more over the thermal+conductivity‘detector. Another possible ap-
proach to increased sensitivity involves concentration of the impurities
(by diffusion of H, and helium through a palladium or silica barrier) to
a sufficient degree that conventional analytical techniques may be em-
ployed. Although sample concentration would interpose a greater time
delay between sampling and readout, the development of such a technique

should be pursued as a backup effort.

Purification System Mockup

The foregoing programs are devoted to developing understanding of
individual processes and system components. To resolve uncertainties on
the relative magnitudes of the problems that will be encountered when all
processes are occurring simulfaneously, a working prototype of the puri-
fication system should be opereted to simulate, with the possible excep-
tion of fission products, as much of the over-all PBRE contamination-
handling problem as possible. The system could be attached to one of
the closed-cycle mass-transfer rigs. These experiments should reveal
oversights not detectable in the individual inrestigations; and, in ad-

dition, they-should permit development of appropriate parts of the PBRE



operating manuals in advance.of PBRE operation. The mockups will also

provide sites for proof-testing PBRE purification system components.

Fission-Product Transport and Deposition

An important problem in the evaluation of gas-cooled reactors is
the behavior of fission products in the coolant streams and their effects
on hazards and leaktightness specifications, life of equipment, shielding
requirements, maintenance technigues, and purification system performance.
Although fission product behavior is particularly important in ceramic-
fueled reactors, where some release of activity is to be expected, similar
problems are encountered when defects occur in metal-clad fuel elements of
other types of gas-cooled reactors.

Fission products that remain in the gaseous state at reactor condi-
tions will be continuously removed from general circulation by the puri-
fication system. Many elements, however, will be condensed or adsorbed
on surfaces in the core, primary coolant circuit, and auxiliary systems;
some will deposit directly on component surfaces while others may react
Tirst with particulate matter in the gas stream. The particular activities
deposited in the system and their distributions will determine shielding
requirements, the decay and decontamination criteria to be observed be-
fore maintenance is begun, and, of major importance, the extent to which
maintenance must be :performed by indirect techniques.

As discussed in Section 7, little is known about the transport and
deposition of activity in‘gas-cooled reactors. The information that
exists is fragmentary and often appears contradictory; generally, it is
a byproduct rather than a primary result of an experiment, and in most
cases is from UO, rather than the uranium-carbide graphite fuels, which
may result in quite different fission-product spectra and deposition »pat-
terns. _

Transport and deposition of fission products in helium systems, with
particular emphasis on PBRE conditions, will be studied using four ap-
proaches: (1) theoretical and experimental studies of the chemical be-
havior of fission products, (2) out-of-pile annealing experiments using

lightly irradiated fuel, (3) experiments with in-pile fission-product
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sources using both existing loops and new facilities, and (4) studies per-

formed with the PBRE itself. Some studies of the first two types are

pnesentlyvbeingvperformed_at QRNL. EXperiments using the PBRE are dis-

cussed in Section 11.

Chemical Studies

To imprbve the understanding nf fission-product behavior in the re-
actor,'it'will be-desirable’to‘perform theoretical and experimental studies
of the fissionapfoqnctvSPecies released from PBRE fuel in order to estab-
lish (l)‘the chemical formé of the important species, (2) the nature of
interaction between the species and materials in the 'system, and (3) the
nature of interactions with possible particulate matter in the gas stream.
Studies of the interactions of fission products will in some cases involve
rates of interaction and in others (such as where saturation occurs) will
involve equilibria. These studies will be conducted in conjunction with
fuél development work and with experiments conducted for developing the
purification system, and they may require experiments using artificially

heated activated specimens.

Activation Studies

The fission-product retention abilities of PBRE-type fuel samples
are being studied with neutron-activation techniques. ©Specimens heated
after irradiation are used to identify species which escape and to de-
terminé‘rates of release. Experiments of this type are also being per-
formed to obtain preliminary information on fission-nroduct deposition
as a function of surface temperature; fission products evolved from the
fuel are conducted past heated surfaces and the locus of deposition of
particular species obtained. Further annealing experiments in which ma-
terials, surface conditions, chemical composition of the gas, Reynolds
number, and channel geometry are varied will'provide information on other
aspects of the problem. This technique is limited, however, in that only

the longer lived species-evolved directly from the fuel can be studied.
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In-Pile Experiments

In-pile loops and facilities involving in-pile radiation sources will
be used for studying fission-product behavior at conditions similar to
those which will exist in PBRE. With an in-pile experiment, the important
category of nonvolatile daughters which escape from the fuel as volatile
or gaseous precursors can be studied.

When it is completed, GCR-ORR loop No. 2 will provide deposition
data, in addition to serving as a fuel test bed. Although some controlled
studies of fission-product depositicon will be possible, the most important
deposition information obtained from the loop will probably relate to ac-
tivity accumulation on components and the operating problems created by
its presence.

Ultimately, a flexible deposition facility using an in-pile fission-
product source will be built for a systematic evaluation of the problem.
The facility will be designed for veriation of temperatures, gas velocity,
flow geometry, surface material and finish, coolant impurity level, and
rarticulate content of the gas in a fashion which will permit development
and testing of models of fission-product behavior. The system presently
" visualized will have easily replaceable test sections permitting orderly

series of tests.

Core Cooling Problems

The inguiry into the heat transfer and fluid flow characteristics
of the PBRE core region may be considered in two classes, each of which
affects in a different manner the opefating performance of the reactcr.
First, there are the mean value problems which determine the average re-
actof operating conditions. Included in this category are such items as
the mean axial and radial distribution of voids, the mean sphere-bed heat-
transfer coefficients, and the radial and axial turbulent diffusivities
of heat and momentum. Superimposed upon these are a second group, the
extreme-value problems, which perturb the mean reactor characteristics
and limit performance to ensure against high rates of fission product

release and physical damage to the fuel elements. Within this area, a
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prime problem affecting PBRE operation is that of undercooled local re-

 gions resultlng from close- packed sphere clusters or the pOSS1b111ty of

flow-passage blockage by fractured spheres.-f- ‘

Many of these factors have received exhaustive attention in the
general technical literature. Thus, sufficient data exist to effect a
core design’which while preliminary, will still allow reasonable feasi-
blllty Judgments For any.specific design, however, sufficient disagree-
ment- exlsts in the llterature to ‘warrant the development of improved
analytlcal models and’ the resolutlon of uncertalntles by approprlate sup-

porting experlments

Mean Bed Void Fraction

The mean bed void fraction in the PERE core may be influenced by
the methods of addition and removal of spheres, by the geometry of the
core bottom, and possibly by the flow of gas through the bed. These
factors may also influence the radial and axial variation of void frac-
tion; and, in particular, the shape of the container bottom will affect
the void fraction in the lower part of the core. Bed voidage affects
the coolant flow and temperature distributions in the core and is a factor
in the physics of the reactor.

With present knowledge, there is uncertainty in both the mean void
and void distribution in the PBRE. Hence, information on the void frac-
tion will be developed using both full-scale (as mentioned later) and

part-scale models of the PBRE core.

Flow Distribution and Pressure Drop

The flow distribution within a packed bed is one of the major non-
nuclear factors affecting the temperature distribution within the reactor
core, Although there is little information on gas velocity distributions
within sphere beds, measurements of'velocity profiles are available for
the region immediately downstream of the bed surface. By carefully lo-
cating the sensors, such measurements permit. a reasonably accurate esti-
mate of the velocity profile within the bed. The avallable measurements

both within the bed and immediately downstream from the bed are in
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qualitative agreement, indicating a maximum in the velocity profile ad-
jacent to the core wall in the same region as the maximum power genera-
tion from flux peaking. The guantitative agreement of the data from the
different investigations is not, however, so satisfactory. Therefore,
velocity profiles will be measured in the downstream face of the full-
scale mockup in an aﬁtempt t6 resolve the disagreement. These tests will
be made at various bed depths in order to verify the common belief that
the entrance region in packed beds amounts to only a few sphere diameters.
In addition, some time will be devoted to the development of instrumenta-
tion and techniques suitable for measuring velocity profiles within the
bed.
Available data on the average friction factor in packed beds appear
well grounded even at ldw superficial flows and should be valid for pur- [ ]
poses of core design. Since measurements on pressure drop as a function «
of flow rate can, however, be easily obtained using the full-scale model,

the pressure-loss characteristic for the PBRE core will be verified.

Additional Flow Problems

The hot-spot problem dependsclosely upon both the bed voidage and
the flow patterns within the bed. A wealth of data on the radial and
axial eddy diffusi#ities within a packed sphere bed allow estimation of
either the radial or axial spreading of a labeled tracer as a function
of distance from the source. These data, combined with simple analytical
models of the distribution of voids within a packed bed, will permit a
rough estimate of the effect of locel clustering on the development of
hot spots in the vicinity of the cluster. Another uncertainty is the
frequency and extent of clusters of close-packed spheres within a rarndomly
packed bed. ‘ , ‘

Experiments aimed at a more detailed undefstanding of the clustering
problem are in progress. Thé first phase of this program consists of a
study of the local rates of mass trensfer from a single soluble sphere
packed in a regular array of inert spheres. This technique will then be
extended to the investigation of rates of transfer in the wake of closely

packed sphere clusters. The influence of the wall on the solution
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distributions will also be considered. From these data, average and local
heat transfer coefficients may be estimated. In addition, the packed-bed
eddy diffﬁsivity Clése’td_the wall (Q.to.5 sphére diameters)zwill be in-
vestigated using a‘point-source tracer dispersion technique.

An estimate of the frequency of occurrence of clusters will be ob-
tained from planned tests withva bed formed entirely of soluble (or sub-
limating) spheres. If necessafy, a more detailed measurement of the fre-
quency'of‘clustéring can be obtained by detailéd dissection of‘randomly
paéked.beds. ‘_v  f“ , |

The influence of the inlet'veloéity pattern (as dictéted by the number
and distribution of slots or holes at the inlet face of the bed and by the
shape of the lower, noncylindrical portion of the core) on the downstream:
profiles and on the approach to established flow are of concern in the
specific'design of a PBRE core. This problem will be investigated using
the full-scale model or lesser-scale models where deemed advisable.

As the velocity through a packed bed having an unrestrained upper
face is increased, a point is reached at which the drag forces on the
spheres which are tending to move them in the direction of flow are equal
to the gravitational forces which are acting to keep the bed fixed. This
condition 1s termed incipient levitation, and it is observed that at this
point the spheres on the upper surface of the bed begin to spin. Since
the abrading action associated with such movement is undesirable, it is
planned to verify the incipient levitation limit for the reference PBRE

core.

Full-Scale Flow Model

Since most of the problems outlined above are concerned with the
specific PBRE reference design, a full-scale model of the system will be
a useful and necessary adjunct to the program. Initially, this system
will consist only of a plastic model of the core region; provision will
be made for expanding the mockup to include other features (fuel sphere
introduction and removal devices, moderator region, etc.) as the develop-
ment evolves. An air blower adequate for the needs of this program is

presently available.
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Thermal Studies

The program discussed to this point has been concerned with obtain-
ing sufficient information under isothermal conditions to permit the
development of analytical models for estimating both mean and extreme bed
temperature distributions. Based on the outcome of.these studies, it
may be found desirable to perform some experiments by alternately passing
hot and cold gas through the bed and observing the response characteristics
of a number of properly instrumented spheres located at predetermined
positions within the bed. If the hot gas is held to temperatures below
180°F, it should be possible to utilize the full-scale plastic model for

such investigations.

Fuel Handling t

The fuel-handling problems of the PBRE fall into two general areas:
(1) selection of the shapes of the core bottom and fuel-discharge device
that will give a desirable pattern of fuel movement through the ball bed
and (2) the development of reliable equipment for the addition, removal,

examination, sorting, and storage of fuel elements.

Movement of Spheres in the Core

The preferred pattern of fuel-sphere movement through the core would
match the fuel residence time to the flux pattern in such a way as to
give a uniform burnup of all elements. While a close correspondence
between the fuel flow pattern and the flux may not be obtainable, the
deviations from the average burnup can be limited by proper design of the
lower end of the core. Preliminary model studies which have been made
of this problem are summarized in Section 5.

Determination of sphere flow:patterns-thrOughvthe core as a func-
tion of the bed configuration and the design of the sphere discharge de-
Jice will be continued using small-scale plastic models and marbles.
Eventually full-scale tests of the most promising designs will be per-
formed using graphite spheres and flow of air through the bed (to re-

produce the effect helium drag forces will have on the sphere movement);
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the full-scale test will be performed using the facility discussed with

regard to cooling studies.

Component. Development

As described in Section 5, the fuel-handling equipment consists of
gas locks with apprdpriate valves for transition from the atmosphere in
the fuel-handling area to the feacﬁor environment, sphere counters, a fuel-
addition system,'a dischargé-device for controlling the release of spheres
from the core, sphere classifiers and sorters,.anAinstrumeﬁt for deter-
mining the fissile material content of a fuel element, storége facilities,
and a conveyor to return unspent fuel to the charging chute. Means must
be provided for removal of fuel elements from the core or from entry and
discharge lines in the event of equipment malfunction.

A number of components for performing these functions will have to
be tested or developed. Full-scale tests of equipment will be required
to ensure that satisfactory performance can be achieVed; particularly
guestionable items must be studied individually,vand eventually a mockup
in which key aspects of the system can be tested will be needed. The
actual fuel-handling system will be extensively tested on the reactor
with durmy fuel elements during the time provided in the schedule (Section

17) before actual fuel loading is begun.

PBRE Instrumentation and Contfol

The research and development effort required for the PBRE instru-
mentation and control systems includes analog studies, reactor control
and safety system development, development of nonnuclear equipment for
reactor control and safety, development of devicés for use in the‘con—
tainment system, development of components for use in the fuel-handling
system, and the development of instruments for high-temperature opera-
tion. As the design of the plant proceeds, additional development work,

unanticipated at this time, is expected.



Analog Analysis

The ORNL analog computer is being and will continue to be used to
study the transient behavior of various parts of the reactor system.
Studies will be made of the effect of various perturbations of the steady
state on temperatures, flux levels, etc. These will include studies of
the requirements of the control system as well as those of the safety
systemu As the design nears completion, the analog model will be refined
on the basis - of the latest design information, and the transient behavior

of the entire system will be studied.

Reactor Control and Safety System

The reactor control and safety systems were discussed in‘deﬁail in
Section & of this report. Many reactor control and safety devices are t
already available for use in these systems. However, development of some .
-components -and subsystems ‘will be required. Among these are an automatic
controller, a safety amplifier suitable for combining reaétor coolant flow
and flux level information, and a remotely controlled mechanism for posi-

tioning the safety chambers.

Nonnuclear Instruments and Equipment for Reactor Safety and Control

Primary coolant system instrumentation that will be exposed to gas-
borne and deposited fission products present problems of calibration,
maintenance, replacement, and possibly radiation damage. Pressure and
flow transmitters and an instrument to detect a steam leak into the helium
system are the key instruments in this category.

Methods must be devised for installing replaceable thermocouples in
the reactor. The use of long thermowells or sealed guide tubes appears
to be feasible, but a successful technique remains to be demonstrated.

Reliable power'systems for safety instruments are needed. With the
use of electrical instruments becoming more widespread, the development
of a good, solid-state, dc-ac inverter that would operate from batterles

would be an 1mportant contribution to this field.
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‘Containment System Equipment

A modest development effort will be required!tb overcome shortcomings
of existing valvea and operators. For cOntainment—vessel isolation it
will be necessary to provide valves with low leakage rates and high re-
liability. Operators suitable for redundant systems (to improve system
reliability) must be developed. The development of check valves that
are leaktight for use in contaminated-area ventilation systems will be
another aim of the program. ' v : '

Pressure-relief and vacuum-relief valves are»of,great importance in
any containment system. Existing equipment does hét provide the re-.

liability needed for such applications.

Fuel-Handling System

Moet of the development problems for the fueiéhandling system were
described above. Specialized and reliable instrumentation is needed in
connection with fuel-sphere counting and inventory control devices, sphere
classifiers, and a fuel-burnup analyzer.

Development of Thermocouples for Measurements in ‘the Range
2000 to 2500°F ' :

The successful use of thermocouples- for meaaurement of temperatures
during very high-temperature operation of the PBRE will require tae de-
velopment and testing of new thermocouple assembiies. It will be necessary
to measure helium and graphite temperatures in the range of 2000 to 2500°F.
Although all core ihermocouples will be replaceable, they should be reliable
for a minimum of six months to one year at temperature. The sheath ma-
terials will be exposed to atmospheres containing low concentrations of
carbonaceous gases, water, and hydrogen; in addition, the sheaths will be
in physical contact with graphite over.appreciabie periods of time at ele-
vated temperatures. - The conditions under which these thermocouples will
operate will be very similar to those expected for the HTGR, EGCR, and
OEEC Dragon, except for the higher tempefatures;ltherefore, close liaiscn
should be maintained between these related prOjects.

The development of satisfactory thermocouple"assemblies will re-

quire studies of (1) thermocouple wires, (2) metallic sheath materials,
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(3) thermocouple insulation, and (4) compensating extension wires. In
addition, it may be necessary to develop welding and replacement techniques
for the ﬁypes of thermocouples selected.

For periods of operation in the range 2000 to 2200°F, special Chromel-P
vs Alumel and Geminol-P vs Geminol-N wires should give adequate life and
reliability if properly sheathed. At temperatures above 2200°F the
nickel-chromium alloys are unsatisfactory and the selection should be
‘made from platinum, platinum-rhodium alloys, Platinel (Au~Pd-Pt vs Au-Pd),
tungsten, rhenium, tungsten-rhenium alloys, molybdenum, niobium, and
platium-molybdenﬁm alloys.

Operation in the 2500°F region will require development of thermo-
couple sheaths which will not allow diffusion of carbon into the insula-
tion. It is possible that double-sheathed assemblies may be necessary. b
‘The testing of a double sheath consisting of a layer of niobium over
molybdenum seems indicated from results ;eported by the OEEC Dragon Pro-
ject. Other sheath materials which should be considered include platinum,
platinum-rhodium alloys, platinum-meclybdenum alloys, and tantalum.

Preliminary screening tests should indicate whether any difficulties
are to bé expécted from aluminum oxide or magnesium oxide insulation;
magnesium oxide insulation should be satisfactory for these thermocouples.
The-necessity for compensating extension wires will be determined by the
choice of thermocouple lead wires and the design of  measuring instrumen-
tation. Thermocouple assemblies ma@e from promising combinations of ma-

terials should be tested under reactor atmospheric conditions.

Component Development

A primary objective of PBRE component development is to reduce the
probability of primary and auxiliary, system failure during operation by
resolution of nonnucleér experimental features in advance of reactor
construction, ©Some aspects of these problems, notably with regard to
the purification system, fﬁel-handling equipment, and instruments and
controls have been discussed above. Development work required in connec-
tion with control rods and drives, blowers and seals, mechanical joints,

valves, the steam generator, and insulation are discussed below.
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Control Rods and Drives

Thewfour PBRE control rods are located under the reactor and move

‘VerticaliyV- ‘The* mechanism for supporting and mov1ng each rod is conceived

to be electromechanical and it will be canned to preclude escape of
gaseous fiSSion ‘products.

Since the rod drives w1ll be exposed in some - degree to radioactive

vcontaminants from the core, it will be necessary to establish the relia-
bility of the electromechanical equipment and lubricants under these

'conditions Limitations on act1v1ty w1ll, in turn, determine -sealing re-

quirements. The choice of a lubricant may also affect sealing require-’
ments. o '

The .characteristics of electrical circuitry operating in helium are
uncertain uith‘respect to:thexdieleCtric‘strength of insulation and arc-
over at switches and betweenAterminals; Each electrical system must be
tested in its operating enviromment at design conditions to assure proper
operation, and some statistical proof-testing of individual components
may be required. Functional testing of each production assembly will be
required before instaliation in the reactor.

It is expected that the rod drive motors, motor brakes, power supply,
and instrument readout system components will be commercially standard
hardware; other hardware items, however, must be specially designed and

individually tested for this application. These items include the mechani-

' cal power train, the latch-and-release mechanism, and the shock absorber.

Finally, the over-all rod drive system must be tested for response, con-
sistency, and reliability of performance congistent with reactor safety

requirements.

Blowers

The PBRE requires primary coolant blowers to circulate large quan-
tities of hot helium with relatively low pressure losses and auxiliary

compressors to c1rculate small quantities of cool helium with larger pres-

sure losses. While the des1gn of the PBRE blowers w1ll draw heav1ly on

recently achieved technology for helium service, it will be necessary to



Y

-3 e
~

286

develop designs adapted to the specific PBRE conditions and to verify
actual performances by tests. _

The use of blowers using shaft seals can be ruled out because of the
elaborate and costly auxiliary sealing systems that would be required.
The use of totally enclosed blowers with oil-lubricated bearings would
involve many <df the same complexities as for blowers using.shaft seals.

A third alternative is, however, present:; the use of totally enclosed
blowers equipped with gas-lubricated bearings. The use of gas bearings
wiil eliminate some complexities from the helium purification system
and will obviate the need for a lubricant supply system.

Main Blower. A number of design study layouts will be made first.
The operating limitations of the bearings will be explored by calculation
and through discussion with consultants and manufacturers. Recent ORNL
experimental and analytical work will be applied to the study of methods
for cooling the motor and the bearings.

A full-scale experimental assembly will then be built to verify that
the system selected will operate as predicted. Fach assembly will in-
clude a full-scale se£ of bearings and electric motor and a flywheel to
simulate the mass of the impeller. Tests will be cdarried out at the
temperature and pressure which the blower will experience in the reactor.
If the development of the PBRE design indicates that the system will be
improved by using two main blowers in series or in parallei, the test
assemblies will be modified to include i%pellers; and the joint perfor=
mance of the blowers will be_evéluated, including regimes of instability;

The third phase of the work will include the design, fabrication,
and test of the prototype blower for the reactor, including the design
and construction of a test loopkto'permit tests 4t maximum PBRE pressure

and blower temperature conditions.

Auxiliary Blower. As deseribed elsewhere in this report, the blower
for the helium purification system will be equipped with gas-~lubricated

bearings, and will be of the hermetically sesled type. The development

‘of the auxiliary blower will pass through the sdme three phases as that

cf the main blower, and most aspects of the studies and tests for the

latter unit. can be applied to the auxiliary blowezr.

o

B 3'
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' ‘The auxiliary blower may be equipped either with a centrifugal or

a regenerative type of impeller, depending on the value of the pressure

'riSe,whigh_must be prOVided\fof the final design of the helium purifica-

-tion syStem‘ . If the regeneratlve system is selected, it will be necessary

to modlfy the volute conflguratlon to reduce the relatively high radial

~loads 1mposed on the bearlngs ~This. w1ll be accompllshed by reduced~

scale experlmental verlflcatlon of studles that have been 1n1t1ated

‘Joints-and,Closﬁres,j

The desigﬁ of the PBRE requires fhat access to the core and steam
generator internal components bé possible and that components in the main
coolant and auxiliary helium system be replaceable. Because of the level
of radioaétive contamination in thesesyStems,opening'and closing of

joints and 'the handling of components to which the joints are attached

must be accomplished behind shielding using techniques of the type de-

scribed in Section 11. The joints must therefodre be sufficiently acces-
sible and advantageously positioned so that work performed on them can

be accomplished quickly and effectively. Reassembly to original tightness
specifications must be achievable, and it must be possible to validate
this achievement by remote inspection. The joints and closures used

must provide a high degree of seal integrity under all reactor operating
conditions; and, where this performaﬁbe cannot be guaranteed, double
sealing and pressure or vacuum buffering of the interspace must be speci-
fied. . '

The PBRE will require joints in a variety of sizes to meet a wide
range of conditions. Mechanical joints with double seals and gas buffer-
ing will be provided for large closures and connections: The majority
of joints, however, will be in lain.-IPS or smaller auxiliary and service
lines, and for these, single-seél mechanical jointé may be-satisfaq£ory. '
In selecting mechanical jo?nts and closures for these applications, use

will be made of experience available from the design and development of

-experimental loops for the EGCR and also of favorable experience available

]

from other gas-cooled reactor projects in the United States and the United

Kingdom. The development in other programs of brazed and welded Jjoints
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which can be broken and remade remotely will be followed and evaluated
for applicability to small lines in the PBRE. Joint types which show
promise in various size and temperature ranges are listed and discussed
in -Section 3.

Because experience has indicated that the stringent tightness speci-
fications for mechanical joints used in gas-cooled reactors can be met
only by proof testing and design adjustment, a program is required to
investigate the potential of promising designs of all sizes of interest
to the PBRE and to determine the means associated with each for detectiog
leaks during operation. Tests will be conducted to determine the seal
integrity and mechanical handling problems associated with p{omising
joints and closures through representative temperature, pressure, and
mechanical load cycling. Statistical evaluatione will also be made of
single-sealed types for small lines to determine confidence levels on
reliability. The extent of reusability of the flanges and gasket material

will also be demonstrated.

Slip Joints

in addition to mechanical joints and closures, the PBRE may require
the use of a slip joint to accommodate differential thermal expansion in
the concentric piping connecting the reactor pressure vessel to the steam
generator. The primary criteria for such a joint are that it operate
for the life of the reactor exposed to high-temperature helium containing
small amounts of particulate mattervwithout excessive wear, galling, or
binding, and that the bypass flow of helium through the slip joint not
become excessive during this period. A slip joint has been built and
tested for GCR-ORR loop No. 2, but the size is much smaller and the re-
quirements less stringent than those for the PBRE

Development of the slip JOlnt for PBRE will require de31gn, fabrica-
tion, and evaluation of several concepts to allow sele¢tion of the more
promising approaches. - Evaluation tests should be carried out on prototype
joints at simuiated reactor operating conditions of temperature, pressure,
and loading with the joints being cycled through typical motion cycles’

in a purified helium atmosphere for extended periods of time. Following
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evaluation tests, a joint configuration for use in the PBRE can be se-
lected and a full-scale unit should be built and endurance tested at re-

actor operating conditions.

Valves

‘The PBRE helium coolant énd auxiliary gas-handling systems do not,
in the present design, have any requirements for highly specialized valves;
however, because of the nature of the system, the more-or-less standard |
valves to be applied must meet stringent performance specification with
respect to reliability and allowable seat leakage. The fuel-handling
system of the reactor will require a specialized valve capable of positive
shutoff at the seat and designed to pass the fuel spheres when opened. ‘
Provisions must be made to prevent damage to the sealihg surfaces and
valve mechanism by particulate matter or broken fuel spheres.

A program is needed to screen the various types of valves available
on the market which are applicable to the PBRE helium system. The ex-
perience of other projects with similar high-integrity valves must be
investigated in the process of settling on the most promising designs.
Long~term endurance and performance tests on activators, on seats and
plugs, and on stem seals must be conducted at simulated operating condi-
tions. The test facility for this investigation will be designed to.ac-
commodate a number of valves simultaneously, and these will be automati-
cally cycled through a representative temperature and pressure range
while being opened and closed at regular intervals.

 Suitable fuel-handling valves must be tested under simulated operat-
ing conditions. Satisfactory leaktightness at the seat must be demonstrated
throughout typical valve lifetimes, and the suitability for fuel handling
must be demonstrated by installing the valves in a typical fuel feed
system where their mechanical integrity can be demonstrated under adverse

conditions.

Steam Generator Development

Although the PBRE steam generator probably will be procured from a

vendor on the basis of performance specifications, some aspects of the
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development and testing of the unit will remain the responsibility of ¥
the project. These include design and development of removable specimens
for studying fission product and carbon deposition, and possibly tools
.for plugging tubes. The operation of thg shutdown coolér is closely re-
lated to the hazards analysis of the reactor, and the adequacy of the de-
sign must be proved prior to freezing the stéam generator design. 1In
the event analytical studies do not suffice, models of the cooler will

have to be constructed and tested to demonstrate satisfactory operation.

Experimental Stress Analyses

Targe stresses may occur in the region of the gas outlet nozzle at-
tachment to the reactor vessel liner as a result of differential vertical
movement of the two ends of the gas ducting. The configuration, that of
& nozzle-to-conical shell attachment, does not lend itself to accurate
theoretical analysis, and an experimental stress analysis is required.
This analysis may be made through the use of an appropriate model’ instru-
mented. with strain gages. The end of the nozzle should be loaded or dis-
placed in accordance with the conditions predicted for the reactor system,
The results may then be used to specify an acceptable design.

| The support scheme for the pressure vessel should also be investigated
experimentally to evaluate the stresses in the vessel and to determine
the vibrational characteristics of the system. Information concerning
the latter is important in designing against earthquake loadings. An
additional vibration study is required to evaluate the design of the

steam-generator support system.

Materials Problems *

The development activities described below, although providing in-
formation needed in the PBRE program, are in large part a continuation

of the materials program planned for gas-cooled reactors in general.

Compatibility of Coolant and Decontamination Reagents with Metals

Since the coolant cleanup system is being designed to keep the levels

of HpO and CO, each below 1 ppm, no compatibility problems between the
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structural materials and the coolant are expected at temperatures which
will exist in the PBRE; Therefore, no experimental investigations of
reactions between metals and gases appear to be needed.

It is not anticipated that the buffered oxalate-peroxide solution
used in decontamination of components will damage the metal structures.
This solution haé been shown to attack carbon steel only mildly and
would not be expected to affeét stainless steels unless significant amounts
of chloride were present. It will,'of course, be required thaf the chlo-
ride content of the solution and rinse be severely restricted to avoid
stress-corrosion cracking of any stainless steels exposed during the pro-
cess. Equipment and materials tested for determining effectiveness of
decontamination procedures will also be examined for unusual or unantici-

pated metallurgical deterioration, if any.

Compatibility of Graphite and Metal

In cases where contact between the graphite reflector and metal
structures is inevitable, such as with thermocouples, it will be neces-
sary to provide prctection cf the metal to prevent carburization and em-
brittlement. In recent tests, extensive carburization was observed at
1300°F in vacuum at the points of contact between type 304 stainless steel
and graphite.5 Preoxidation or copper plating of the stainless steel pro-
tected it at this temperature and would be expected to offer protection
at somewhat higher temperatures. Thus, in situations where the interface
temperature is above 1000°F, such protective measures should be provided
and would Be expected to minimize contact carburization during normal op-

eration.

Welds of Upper Shroud, Concentric Tubing, etc.

The joining of type 304 stainless steel to carbon steel at the core
support plates is not likely to be a problem. Procedures developed pre-

viously® for joining type 304 stainless to type A212, grade B, carbon

°GCR Quar. Prog. Rep. June 30, 1961, ORNL-3166, pp. 168—69.
5GCR Quar. Prog. Rep. Sept. 1960, ORNL-3015, pp. 95-96.
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steel in the EGCR are probably adequate. Extensive testing of such joints
showed that welds made with BP-85 filler metal could withstand mahy ther-

7 If the temperature conditions are signifi-

mal cycles without failure.
cantly different from the EGCR struetural requirements, a few tests may

be advisable to econfirm the adequacy of the dissimilar-metal welded joints.

Special Compatibility Problems in High-Temperature Operation

Graphite-Metal Reactions. At temperatures much above 1500°F the

protection of metal structures from contact carburization may be extremely
difficult. Contact between graphite and thermocouple protection tubes
or sheaths, or between graphite and stainless steel in thé top plenum
mixing chamber, may be inevitable in a reasonable design. Oxide films
or copper-plated surfaces would protect stainless steel at 1500°F but

could not be expected to remain protective at much higher temperatures.

Ity

Thus, a solution to a difficult design problem plus a series of tests
utilizing ceramic oxides or other materials compatible with graphite and

metals may be necessary to assure reliability in the system.

Control Rods

The present control rod design utilizes the basic EGCR rod, having
B;C bushings supported in an annulus between stainless steel tubes. This
rod is designed for normal operation at approximately 1400°F in the EGCR,
with a maximum temperature of 1700°F for short periods. For normal op-
eration of the PBRE, such a rod is deemed adequate and reliable. The
surfaces of the rod are preoxidized to enhance emissivity and inhiBit
carburization, and the inner surfaces are copper plated to protect the
stainless steel structures from reaction with the B,C. However, at pro-
longed high temperatures (>l600°F),these protective features would no
lbnger be reliable. For operation at high temperatures it would thus
be necessary to use a set of special control rods that would be developed
to withstand the severe service conditions.

A possible design would utilize B,C protected by or dispersed in
graphite and supported in a tube of molybdenum or other high-strength

7GCR Quar. Prog. Rep. Sept. 1961, ORNL-3210, pp. 46—47.
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metal. While no irradiation test data have been generated on B,C at
such temperatures, it is considered adequate for the service, since at
a range of lower temperatures the volume change occurring during irradia-
tion is reletively independent of temperature, Certain nickel-base alloys

might be adequate.in place of the,mObedenum if they were carefully pro-

.tected'from'theﬂB4Cgandzgraphite}.;The structure of the control rod would

Be suppofped by a molybdenum rodltnrough the center, which would allow
sene'fle;ibiiityzat’fhe‘highftemperetufeiend would- provide sufficient
strength‘se,that the control rod could be pulled.into position. The com-
patibility of these higher temperature materials with PBRE gases and con-
taminants will require testing. ’No development of fabrication techniques
for molybdenum are antieipated.

Protection of the metalvstructure‘(molybdenum‘or high-temperature
alloy) from the B,C and graphite would have to be reliable. Spray-coating
techniques for applying protective oxides should be tested, as well as’

the use of other refractory metals.

"Maintenance Problems

As discussed in preceding sections, the PBRE is to be constructed
within shielded cells so that either remote or direct maintenance can
be performed as activity levels permit. To simplify the approach, com-
ponents and joints will be arranged for vertical access wherever possible.
In any event, tools must be designed to reach and perform tasks wherever
the joints may be located, to remove and replace equipment, and to restore
the circuit to its original containment integrity. A particular problem
in this connection is the development of methods of inspection of reas-
sembled equipment, most of which may be in a field of radioactivity too
high to allow entry of personnel. Other studies are required to indicate
whether isolation and decontamination techniques in situ are feasible
and to develop procedures for decontamination of equipment which is to

be repaired or moved to storage.
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Maintenance in the PBRE Cells

The development of remote maintenance techniques for use at the PBRE
will require the use of scale models of the system to determine the ac-
cessibility of parts, routes to be followed in transporting defective
and new equipment, and the motions required of tools to separate Joints,
extract components, disconnect leads, remove insulation, and replace all
of the equipment for continued operation. The scale model may also be
used to test models of proposed handling equipment to determine possible
oversights or deficiencies in their design before they are fabricated for
use in the PBRE. ' _

The full-scale mockup discussed in the preceding section on fuel
héndling can be arranged in a geometry maéching its proposed location in
the reactor cells and enclosed by walls simulating cell walls and openings o
therein. Tests of the adequacy of disassembly and reassembly tools, in- ) -
spection procedures, and leak-testing techniques using full-scale equip-
ment would be conducted on some components and assemblies, As radioactive
equipment is faken out of service, the component or part will require
special handling, bagging, and storage to avoid spreading activity. The
full-scale mockup will serve as a facility to check out the techniques
developed for these purposes.

It may be necessary to close openings temporarily to prevent the
spread of activity, and it is proposed to develop inflatable closures

for these purposes.

Decontamination Studies

Three types of contamination problems for the PERE can be identified: .
1. In-cell actiVity resulting from inadvertent events or activity

fall out'while‘maintenance‘operations are. being performed. Conventional

cleanup technigues, possibly_accomplished remotely, will probably be

adequate to handle these situations.
2. Activity in or on.equipment removed from the PBRE for servicing,

examination, or destruction. Procedures for decontamination are being

developed as a part of the gas-cooled reactor program; these studies will
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be continued and related more directly to the PBRE as knowledge of fission-

product deposition becomes available.

3. Removal of activity from reactor circuits in situ. While it
may be possible to remove and replace every component of the PBRE, in
many cases this'will be undesirable and for full-scale power reactors
replagement of lérge componentsvmay be completely impractical. In these
cases it Qill be pérticularly desirable to rid the system of as much
acfivity.és,poésible before‘working on.it.

,Some»kind'of blowdown -or wash down is visualized for in situ decon-
tamination, but fechniqués for accomplishing this are untested at present.
These problems will be studied, énd in situ decontamination technigues
developed. It may be desirable to test procedures for in situ decon-
tamination in cdgnection with full-scale,components, where availabie, and
to test the effectiveness Of'procedures for reducing activity in connec-

tion with fission-product deposition experiments.

~ Physics

There are four principal characteristics of the PBRE whose investi-
gation might require a critical experiment. These are (1) criticality,
that is, the fuel composition required to give a specified cold, clean
multiplication factor for the clean core; (2) the reactivity effect of
the control rods, (3) the temperature coefficients of reactivity, and
(4) the power distribution.

While experimental verification of the analytical methods employed
to study these characteristics is certainly required, it is likely that
this verification can be found in existing critical experiment results.
Analyses of criticality for Zenith and the HIGR and of the hot ART criti-
cal experiment should serve to . determine whether neutron diffusion and
thorium-resonance absorption are being taken into account properly. The
analysis of control rod worth in Zenith, which like the PBRE has its rods
in the reflectbr,,should verify rod-worth calculations. The analysis of
temperature’coefficiehté for Zenith and for HIGR should indicate, at
least, whether the range of uncertainty remaining in the temperature co-

efficient calculations for the PBRE is acceptable from the viewpoint of
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control and safety. How much uncertainty can be regarded as satisfactory
will depend on the computed values of the coefficients, as discussed in
Section 5. These have not yet been computed with sufficient care to per-
mit a final position to be taken on this point. The power distribution
in the PBRE is quite favorable, and it is not expected that deviations

of several per cent from the expected distribution would jeopardize the
fuel element tests to be performed in the reactor.

Conservative estimates have been made of the uncertainties that are
likely to remain after this analysis has been carried out and appropriate
revisions, if any, made to the PBRE calculations. It is presently be-
lieved that adequate operating margins are being designed int® the-~re-=..
actor to accommodate these remaining uncertainties. It is therefore pro-
posed to carry out the analyses with the expectation that further critical

experiments will not be found to be necessary.

Hazards Studies

In the event of air flow through the PBRE core following a primary
system rupture, combustion of the graphite may proceed at a rate suffi-
cient. to raise the core temperature, thereby increasing the reaction rate
and accelerating the rate and ultimate amount of fission-product release,
as well. as energy release. 1In the event of a steam leak into the reactor,
hydrogen may be produced by reaction with graphite. Analysis of such
accidents to‘obtaiﬁ estimates of the hazards involved requires informa-

tion on chemical reaction rates that at present is either lacking or

o

inadequate.

Combustion of Fuel and Graphite. In the éase of combustion of the

fuel-graphite matrix, it is important to know whether any credit cdn be
taken for protective coatings on the fuel spheres and on the fuel particles
themselves.' Although experiments on EGCR fuel sleeves have indicated'only
minor reduetions in burning rate because of the presence of Si-SiC coat-
ings, comparable experiments may be carried out for coated fuel spheres,

in the hope that a significant amount of protection can be achieved by
reason of improved. coatings and the simpler element geometry. While

UC,-ThC, particles are known to react rapidly with oxygen at PBRE fuel
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temperatures, pyrolytic-carbon coatings on the particles may provide a : .
substantial measure of protection against fuel oxidation.

Burning expefiments should therefore be carried out with coated
particles, with graphite spheres not containing fuel particles, with
graphite spheres containing uncoated fuel particles, and with graphite
spheres- containing coated.particles, as well as with coated spheres. It
is belieng that low-preséure test faciiities provided for the graphite
OXidatioﬁ~and_mass‘tréhsfer studiesvdiécussed earlier can be modified to
permit evaluation of reaction rates with gross ailr contamination as a
function of specimen temperature, gas temperature, and gas flow rate.

Steam-Graphite Reactions. The seriousness ofithe graphite-steam

reaction in terms of core damage and the amount of hydrogen produced will
depend very much on the reaction rate. The effect of radiation on the

reaction rate is unknown. ‘Although information on the reaction rates

.in the absence of radiation is available at temperatures above 1500°F,

extrapolations to much lower temperatures are not thought to be very
reliable. ©Since, with the exception of periods of very high-temperature
operation, moét of the graphite in the PERE will be below 1250°F (average
fuel bed temperature in the PBRE will be 1100°F, average graphite tem-
perature about 900°F), hydrogen formation rates cannot be estimated re-
liably from information currently available. The graphite-oxidation and
mass~-transfer experiments discussed previously will supply information
on the extent of the reaction between moist helium and graphite at very
low moisture content. For hazards studies, additional experiments should
be planned to measure reaction rates over a range of steam pressures of

at least 1 to 10 atmospheres and over the range of temperstures downward

from 1800°F to the point where the reaction rate becomes too low to measure.

This work will require test facilities (similar to those for the high-
pressure graphite oxidation'and mass transfer tests) wherein reaction
rates of representative fueled-graphite specimens with gross steam con-
tamination can be measured as a function of specimen temperature, vapor
temperature and flow rate, and system pressure.

In-Pile Experiments. At the present time it is not possible to

postulate the requirements for in-pile evaluation of the hazards associated



298

with graphite or fuel-matrix combustion with air or steam. This problem
can be examined analytically based on the results of the out-of-pile
testing, and the progress of other high-temperature gas-cooled reactor
programs in this country and abroad will be followed closély. At some
later date, the requirements for a minimum irradiation program will be
more clearly defined.

Fission-Product Releases. The fractions of various fission products

that would be released as a result of burning the fuel balls have not
been determined experimentally. Hazards analyses to date have been based
on information obtained fromeexperiments involving the oxidation of U0,
to U30g. The analysis can be placed.on a firmer basis when experimental
results for coated carbide fuel particles become available. Such experi-

ments can presumably be arranged within the scope of the present Nuclear

5

safety Program, and it is not believed that additional funding need be
provided.

Muclear Safety Pilot Plant. A proposal has been made for the con-

struction at ORNL of a nuclear safety pilot plant for the investigation
of reactor hazards problems. This facility is primarily designed for
experiments on the meltdown of slightly irradiated fuels and the trans-
port of fission products within a model contaimment vessel. The plant
will, however, have the capability of performing tests on a full-size
PBRE core with a minimum of modification. For such teéts, the sphere
bed would be heated electrically in an inert atmosphere to a temperature
distribution which corresponds to thermal conditions at the time of an
accident. The accident would then be simulated by circulation through
the core of gas having a composition which represents that resulting from
a depressurization of the reactor primary system, inleakage of steém from
the heat exchanger, or other abnormal conditions.~

Tests could be performed, for example, to determine the influence
on the behavior of the system ofAintact 5i-5iC sphere coatings, damaged
sphere coatings, and the presence of UCy; and ThC, in the fuel.‘ Methods
of inhibiting oxidation reactions could be tested.as well. The rate of
releagse of fission products from the core and their disposition in a con-
taimment vessel could be studied by using élightly irradiated fuel or radio~

active tracers.
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Funds for modification and operation of the nuclear safety pilot
plant are not included in the PBRE research and development budget, since
the existence of the facility is contingent on other activities. A pro-
gram -of experimentation with the facility, hbwever,-would add considerably

to an undefstanding of thé hazards associated with the chemical reactivity

~of graphite fuels.

Over-All Research and Development Program

lﬁThe séhedulés and costs of theiforegoing programs are summarized in
Tables 16.1 and 16.2. The costs do not include certain future hazards
expériments involving chemical reactions of air and steam with graphite
because of incomplete definitions of the requirements at this time.

The amounts allocated for each type of effort that has either been
budgeted already or may be considered a part of continuing general develop-
ment for gas-cooled reactors are shown in Table 16.2 by subject and fiscal
year. The total of the continuing general dévelopment effort represents
about $6,822,000 over a four-year period. The additional increment due
specifically to the PBRE is estimated as $5,043,000 over a five-year
period, including Fiscal Year 1962.

From the descriptions of tasks, it is apparent that PBRE research
and development cannot be provided on the basis of the PBRE increment
alone. However, it is interesting to note that of the continuing GCR
develofment programs, about $4,062,000 of the required $6,822,000 is al-
ready scheduled in Fiscal Year 1962 and 1963 budgets. ‘

- In the tasks listed, most of the work is required to achieve ordinary
temperatures of operation in the system. Specific mention is made, how-
ever, of thermocouple and control-rod materials development for operation
at outlet gas temperature of 2500°F. There are also scattered provisions
for work at higher temperatures in regard to fuel element development,
core cooling, fission-product deposition, coolant purification, and hazards.
The cost of thermocouple and control rod development is $315,000, but
the incremental éosts of.the otﬁer programs have pot been determined

Specifically:



Table 16.1.

PBRE Research and Development Schedule

Title

FY-1962 .
Quarters
-1- =2~ -3~ de

-1-

FY-1963
Quarters
-2« -3-

e

-1~

FY-1964
Quarters
2- -3-

e

-1~

FY-1965
Quarters
~2- 3.

e

FY-1966
Quarters
“le 2= =34 -4-

Fuel Element Devel.
Graphite Components
Coolant Purification
Fission Prod. Trans. & Dep.
Core Cooling Problems

Fuel Handling

Reactor Control & Inst.

Component Devel.
Materials Problems

Maintenance Problems

Hazards

00¢



Table 16.2 Division of Research and Development Showing PBRE Increments

%3

FY-1962 FY-1963 FY-1964 FY-1965 FY-1966 Total

Fuel Element Development 600 1660 1425 350 4035
Continuing GCR Development Programs 580 1065 655 2300
PBRE Increment 20 595 770 350 1735
Graphite Components 80 390 520 190 1180
Continuing GCR Development Programs 80 250 250 190 770
PERE Increment 140 270 410
Coolant Purification 90 240 315 25 670
Continuing GCR Development Programs 90 155 155 400
PBRE Increment 85 160 25 270
Fission Product Transport & Deposition 210 540 725 525 200 2200
Continuing GCR Development Programs 210 © 540 515 225 1490
PBRE Increment 210 300 200 710
Core Cooling Problems 72 135 125 63 395
Continuing GCR Development Programs 72 100 100 50 322
PBRE Increment 35 25 13 73
Fuel Handling 50 325 75 450
Budgeted Phases 50 230 280
PBRE Increment 95 75 170
PERE Instrumentation & Control 35 260 230 30 555
Continuing GCR Development Programs 25 160 120 25 330
10 100 110 5 225

PERE Increment

T0¢



Table 16.2 (continued)

FY-1964

FY-1962  FY-1963 FY-1965 FY-1966  Total

Component Development 75 535 535 135 l 280
Continuing GCR Development Programs 30 210 180 30 450
PERE Increment 45 325 355 105 830
Materials Problems 175 260 435
Continuing GCR Development Programs 50 150 200
PBRE Increment 125 110 235
Maintenance Problems 15 150 160 160 75 560
Budgeted Phases & Continuing GCR Development 15 110 45 45 15 230
PBRE Increment 40 -115 115 60 330
Hazards 80 25 105
Continuing GCR. Development Programs 40 10 50
PBRE Increment 40 15 55
Totals 1227 4490 4395 1478 275 11 865
Budgeted Phases & Continuing GCR Development 1152 2910 2180 565 15 6 822
PERE Increment 75 1580 2215 913 260 5 043

(40}
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17. SCHEDULE FOR DESIGN AND CONSTRUCTION

A project schedule for PBRE which includes research and development,
design, and construction is presented in Fig. 17.1. The schedule calls
for continuing the present conceptual design sfudies until July 1, 1962,
at which time it will be necessary to start a Title I design effort. The
time periods indicated for the design phases of the project have been made
consistent with the requirements for acquisition of research and develop-
ment data; the research and development schedule is presented in more de-
tail in Section 16.

The experience of other reactor projects of comparable complexity
(EGCR, MSRE, HFIR, BONUS) has been used as a guide to the time periods
required to secure reviews and approvals, and to negotiate contracts.

This experience has also been used to guilde the allocation of time for
procurement and installation of key components such as the pressure vessel,
steam generator, blowers, instrumentation and control system, and other
components indicated on the bar charts. A generous period has been in-
dicated for engineering shakedown before power operation is attempted.

It is felt that the schedule presented is a realistic one, contingent
upon the required approvals being secured when indicated and funds and

manpower being'assigned as required. Key dates are the following:

A—F subcontract 1/1/63
Complete Title I design 1/5/63
Site approval 5/1/63
Construction contract 5/1/63
Start site work A 7/1/63
Complete Title II design o 9/1/64
Procurement and installing period 3/1/63 - 8/1/65
for major components

ACRS hearing - 11/1/64
Operating approval _ _ 5/1/65
Beneficial occupancy 8/1/65
Construction complete | ll/l/65‘

Startup and part power operation 4/1/66
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