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1.1
1. SUMMARY

The~objectivesvof this study have been to examine the problems of
the pebble-bed reactor concept and to conceive a design of a facility for
investigating.the feasibility of this type of reactor. The design must
provide for adequate leaktightness of the contaminatéd-gas system'and
adequate maintenance of contaminated components, the most vital feasi-

bility qpestions of the concept. At the outset it was established that

the facility should Be as ineipensive as possible consistent with the

requirements that it should provide for ﬁhoroug§4testing_of the fuel
elements, fuelahandliné equipment, and cbolingegas cleanup equipment
under{cbnditions sultable for a protoﬁype plant. The facility should
furthef provide for inspection and maintenance operétions, including
core graphlite replacement and decontamination of components, such as
blowers, even after substantial amounﬁs of. contamination Had been
distributed throughout the system. Means for carrying out inspection

and maintenance are considered essential, since-otherwlse an unforeseen

- difficulty might arise which could not even be diagnosed, let alone

repalred or corrected. _

Only seven weeks were available to examine the problems, concelve
a design, and prepare this'report. The solution of many probleﬁs could
naot even be attempted, and it 1s difficult to say with confidence to -
what extent. the proposed design could be improved, whether space alloca=
tions are adequate or overly generous, .or what the costs would be. Thus
the- design must be-considered as tentative and likely to be subject.to
extensive revision. _

The proposed design is for a reactor which could be operated at a
thermal power generation level of up to 10 Mw. It has a core diameter
of 18 in., a core height of 8 ft, and a 3-ft-thick gréphite reflector
surrdunding the core at the sides and at the ends. The core consists
of 1 1/2-in.-diam balis'containing about the same total concentration

of uranium plus thorium as that required for a full-scale reactor, but
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the proportion of uranium is higher to sustain criticality in the smaller
core. Since the graphite shrinkage-cracking problem is severe in high-
power-density cores, the pressure vessel has been designed to allow re-
placement of that portion of the graphite most subject to radiation damage.
This graphite is in the form of concentric cylindrical sleeves 2 in.
thick which enclose the core and constitute the inner 6 in. of the re-
flector. The gas system is designed to supply helium at a pressure of
1000 psi with a core inlet temperature of 550°F and a core outlet tempera-
ture of 1250°F. The gas system configuration was chosen to assure removal
of afterheat by thermal convection and to provide good cooling of the -
entire pressure envelope so as to maintain its temperature between 550
and 650°F under all conditions of operation.

A steam generator designed to deliver steam at 1000°F and 1000 psi
is provided to remove heat. Consideration was given to the alternatives
of employing the steam for driving a 3-Mw turbine generator or dumping
.the heat to a water-cooled or air-cooled condenser., It was apparent
early in the study. that the generation of electricity could not be
Justified economically.

Full-pressure containment of the reactor gas is provided. In addi=-
tion, gas-tight rooms surround all flanged joints in the gas system to
minimize dispersal of activity in the event of a leak and during servicing
operations.

The tentative reactor site chosen for this study to facilitate cost
estimates is close to the present Experimental Gas-Cooled Reactor (EGCR)
at Oak Ridge, Tennessee, so that advantage can be taken of the road and
services provided for the EGCR. '

During the course of the study it became apparent that a number of
important research and development problems would have to be solved
before a firm Title T design for a pebble-bed reactor experiment could
be prepared. For example, no fuel element has been adequately demonstrated
to date. A considerable amount of research is still required on fuel-

ball design and fabrication, including (1) the determination of the



1.3

magnitude and character of'fission-product releasé rates. at high burnups
and ‘at a temperéture at least 500°F“higher'than the .1500°F used for the
single fuel element.that has been extensively tested, (2) the develop-
ment and testing of other fuel compositlons, for example, high-temperature
pyrolytic graphite-coated particles instead of the Al;03 or the low-
temperature pyrolytlc carbon-coated particles used to date, (3)-the
evaluation of various means for coating the fuel elements to inhiblt
. oxidation, end (4) the establishment of reasonable fuel-ball integrity
(resistance toAimpéct and abrasion) under the conditions of temperature,
gas flow, ball movement, and ball handling.to be expected in the reactor.
The-nature and extent of fisslon-product deposltion oh the pipe wallé

end equipment making up the helium-circulation system must be determihed,
along with decontamination procedures for removing the activity. Greater
‘knowledge is. needed with respect to ball movemenﬁ, gas flow distribution,
and température-distfibution in the reactor core. Much work will be
fquired:to develop a fuel-handling systém:capable.of reliable remote
operation. In addition, a system of valves or locks 1s required which
will allow fuel mo#emént in and out of the high-pressure'reactor~while
'maintaining‘extreme tightness with respect to outleakage of activity.

The ﬁystem also must be amenable to reasonable dismantling and decontami-
nation proceduresf The .cost of a minimal research and development program
will probably‘be'%etween $5,000,000 and $8,000,000. Development of a fuel
_ reprocessing facility, if desired; would cost between $1,000,000 and
'$3,000,000 additional. :
- It is difficult to.estimate the construction cost for any reaétor,

and in this instance the uncertainties are compoundéd by the absence

of detailed designs for the important items of equipment and by major -
uncertainties associated with thé results to be expected from the research
and development program. The reactor construction cost was estimated by
1isting the.major cost items for both the EGCR and the proposed Pebble-
Bed.Reéqtor Experiment (PBRE); assigning weight, volume,.capacity, or area
valﬁgs.to each. component of the two reactors; ahd scaling the PBRE costs
from the EGCR costs. With the above qualifications, these preiiminary
estimates indicate that the cost of construction of the proposed PERE
might be between $8,000,000 and $9,000,000.
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2. INTRODUCTION

Sanderson & Porter have carried out a series. of design studies over
the ﬁast four years yﬁich indicaté that the pebble-bed reactor concept
may;be an attfactivd way to obtain low-cost power. -Recent in-pile
tests of 1 l/2~in.-diam spherical fuel elements irradiated at tempera~
tures from 1300 to 1500°F have -indicated that the fission~product
release from the fuel élements may be considerably lower than previously
expected. At the request of the AEC, ORNL has, with the assistance
of Sanderson & Porter,studied the problems of a small reactor experi~
ment which would permit the evaluation of this concept.

The design proposed is aimed-at,a system whidh'should ‘permif: "
higher operating temperature and better conversion ratio than ifmww:s::
the EGCR at the cost of accepting a contaminated—cooliné-gas éystem.

It would differ from the Dragon and the HTGR in that.it would offer a

' simplified fuel-handling system with a good potential for on-stream

loading, and it.would not have a complex system for aspiration of the
fuel elements to reduce fission-product contemination of the cooling
gas. The PBRE would differ from the Tdrre£ reactor experiment in that
the fuel-handling operation would be simplified, ahd'moving parts would
be eliminated from the core. The proposed operating temperature is
lower than that for the Turret experiment; and the anticipated gas-
contamination level would be about that expected in the Dragon and
HTGR reactors rather than that expected for the Turret experiment.

The Sanderson & Porter work was reviewed carefully, with particular
attention to results of studies on ball fabricatioﬁ and testing, ball
flow thiough-core models, reactar deéigmé} core configurations, core
heat transfer and gas pressure drop, and system configurations. On
the basis of this work and in consultation with Sanderson & Porter,
the reactor inlet and outlet gas temperatures, power density, ball
size, core geometry, gas system pressure level, and gas system pres-
sure envelope operating temperature. were established.

The extenéive ORNL advanced design work on all-ceramic gas=cooled

reactors was reviewed in the light of the Sanderson & Porter studies.
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It was found that estimates of the uranium and thorium concentrations
in the core and the core pressure drop were consistent with those of
Sanderson & Porter. ORNL analyses indicated that the hot-spot problem
is likely to be more serious than Sanderson & Porter had expected. The
Sanderson & Porter studies had not proceeded to the point where they
had included in their designs allowances for the problems imposed by
graphite shrinkage-cracking, graphite oxidation (particularly in the
event of a rupture in the pressure envelope), fast-neutron damage to
the pressure vessel, thermal convection removal of afterheat, accommo-
dation of differential thermal expansion without excessive stresses,
vibration excitation by the blower, leaktightness at flanged joints
and in valves, and access for inspection and repair of contaminated
equipment, all of which have proved difficult to cope with in ORNL
advanced design studies, ’

In designing a reactor experiment it is important that the power
density be close to that of a typical full-scale reactor. Sanderson &
Porter have commonly used 25 w/cm®. Two studies made at ORNL show the
effects of power density on both ¢apital charges and fuel'cycle costs.
Both of these studies are in agreement with the Sanderson & Porter

estimates in that a power density of 25 w/cm?

does indeed give low

power costs. However, these studies also show that reducing the

power density to, say, 10 w/cm3_will cause relatively little increase

in over-all costs. This comes about because, although the capital

costs increase with reductions in power density, the protactinium

losses decrease and the conversion ratio increases sufficiently to cut
the fuél cycle costs and thus partially compensate for changes in capital
costs over than range from 10 to 50 w/cm3. .

The experimental reactor system was designed so that is would
eventually be capable of operating at about the Sanderson & Porter de-
sign power density, but it seems likely that further studies will @
indicate that at least the first few years of operation of the PBRE

should be at much lower power densities.,




After a careful review of the avallable material, a set of design
precepts was established on September 13, 1960, and adopted as a basis
for evolving the design of a pebble-bed reactor experiment. These de=
sign precepts are outlined in the following statements. -

1. The major objectives of the 10-Mw PBRE. are to study the struc~
tural stability and fission-product retention characteristics of fueled-
graphite spheres, deposition of fission-product activity throughout the
system, means of dealing with problems posed by this activity (e.g., gas
leaks, equipment decontamination for maintenance, etc.), and a fuel-
handling system sultable for this type of fuel.

2. The design should not be compromised by requirements for tests
not concerned with the pebble-bed concept.

3. The size of the fuel spheres, the power density, operating
temperature, temperature distribution, and stack height should be the-
same as for a full=scale core.

4. - In order to simplify the system and cut costs, no thorium
blanket will be employed in the small experimental reactor.

5., The fuel~handling system requirements will be studied and
selected to provide for one of the following: - (a) charging at full
powver, (b) charging'at zero power but full pressure and temperature,
or (c) charging at zero power, atmospheric pressure, and the tempera--
tures characteristic of full-power operation.

6. A fast gas system pump=down (not more than 1 hr) is essential
to reduce the hagzards if a small lesk develops suddenly.

' 7. The fuel element should be of a type shown by in-pile testing
to give a fission~-product release rate of less than 104 times the rate
of fission-product generation at full power.

8. Provisions for coping with the fission products released should
Ainclude means for handling the isotopes characteristically released frém
UO, and those to be expected from UC and UC, fuels.

9. The gas system configuration should give satisfactory removal
of afterhﬁét by thermal convection if practicable.
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10. The means of coping with differential thermal expansion in the
system configuration for the small experimental reactor should be con-
sistent with means that would be suitable for a full-scale plant.

11. The moving parts of the blowers must be replaceable.

12. Provisions should be made to permit decontaminating the blowers
and the fuel-handling system before the initlation of maintenance work.
These should include means for hydraulically isolating the component
affected to permit spraying or flooding it with a cleaning solution.

13. Provisions for maintenance of the main heat exchanger need
include only access to tube headers outside the shield to permit
plugging of a leaky tube and an access opening in the pressure vessel
for inspection with a periscope or TV camera and femoval of samples.

14. The fuel-handling system must be designed to permit cleaning
out a region of jammed balls.,.

15. The graphite core structure should be accessible for inspection
and maintenance. If possible, parts in the high fast-neutron flux region
should be replaceable, preferably through an access opening ébout 2 ft
in diameter, ' A
| 16. The temperature of the structural envelope should not exceed
650°F.

17. Full pressure containment should be provided.
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3. SELECTION OF REACTOR CORE GEOMETRY

Two types of reactor core have been considered; (1) a short, squat,
BOfin.édiam b&-BO-in.-high cylinder and (2) a tall, thin,.18-in.-diam
by-8;ft-high‘cylinder. "Both would require a 3+ft-thick graphite reflector
toukeep-fastrneutron damage to the reactor pressure vessel to an accept- .
able level. This reflector would be gufficieﬁtly effective so fhat the
differenées in fuel concentration in'the two types of core would not be
important, except that control rods operated in the reflector just out-
side the cofe would havé a greater reactivity effect. for the tall, thin .-
core. ' '

The most importént requirement of the experimental core is that 1t
glve a powér density and a temperature distributlon similar to that of
a full-scale reactor. The gas inlet temperature should be roughly 550°F
to give as high a: gas temperature as is compatible with SA-212, grade B,
pressure-vessel steel, and the reactdr gas outlet temperature for this
type of reaétorﬁshould be at least 1250°F to glve a significant improve-
ment over that obtalnable with stainless-steel-clad UO, fuel elements.
The required gas temperature rise could be obtained Qith_énndminalf

~200°F teﬁperature difference between the fuel and the cooling gas 1n a

long, thin core, whereas a nominal temperature difference of about
500°F between the fuel element and the gas would be required to achieve
the same temperature rise with a short, squat core. The fueled balls
within the reactor core will be arranged randomly and will be rather
loosely packed, but in some regions there may be clusters of closely
packed balls. Since the pressure-loss coefficient for the clésely
pack%d—érrays might be as much as a factor of 10 greater than for the
randomly packed regions, the local mass flow rates through the tightly
packed clusters might be only one-third the average value for the core.
This could lead to local temperature differences between the fuel
element énd the gas that weré substantially larger in the wakes of the
closely packed clusters than for.the core as a whole. The maximum

temperature in a closely packed cluster might be, perhaps, 400°F above
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the local gas temperature for the pgil, thin core and as much as 900°F
above the local gas temperature fdr the short, squat core. -This and
related effects appear to give pegk surface and internal temperatures,
respectively, of 1800 and 2200°F for the tall, thin core as compared
with corresponding values of"2600 and'éOOO°F for the short, squat core.
In view of the likelihood that the graphite fuel spheres will be damaged
by temperatures above 2200°F, it appears that the short, squat core is
definitely less desirable than the tall, thin core and that the latter
-will mdre nearly simulate the temperature distribufion in a full-scale
reactor for the same power density and the same inlet and outiet gas -
temperatures.

The distance which the balls will drop during loading into the
core, the static head on the balls that tends to increase local contact
pressures and possibly leads to sintering, and the possibility of
ratcheting and consequent damage to the core structure all seem to be
directly proportional to the height of the core, and the tall, thin
core appears to simulate better the conditions to be expected in a
full-scale reactor.

The problems arising from graphite shrinkage under irradiation
and the possibilities of cracking as a result indicate that the graphite
should be employed in the form of cylindrical sleeves having a thickness
of not more than 2 in. Experience with ceramic cylinders has indicéted
that the thickness-to-diameter ratio should not be less than 0.1l. Since
the thickness is fixed, the tall, slender core gives a more favorable
geometry from the standpoint of the graphite structural design. Further,
pressure vessel considerations make it reasonable to consider putting in
access tubes having dlameters of up to 24 in. and, poésibly, as much as
30 in., but the larger diameter access tubes pose rapidly increasing
problems, particularly in the design of the closure flanges and provisions
for handling them remotely. With the smaller diameter cores, the inner
graphite sleeves can readily be removed and replaced if radiation damage
leads to shrinkage cracks. Further, in the event that sintering occurred

to such a degree that the balls could not be readily removed from the



core, it would be’ possible to remove the entire inner grephite sleeve
and the complete bed of balls with ajtall iShendorcore.

An important disadvantage of the tall, slender core is that the
ratio of ball diameter té'core diameter would be only 12, and therefore
the ball flow distribution would be quite different from that for a

fullwscale reactor. This would not be important if the fuel were loaded

and unloaded in batches, but it could lead to substantial differences in
the degree of burnup from one ball to ano@her in the smaller dlameter
cores if these could not be designed to match the ball flow distribution
to the reactor power distribution. Another disadvantage of the tall,
slender core is that it would yileld a much higher pressure drop and
hence require a greater vertical dlstance between the core and the steam
generator to gilve adeqnate cooling flow by thermal convection to remove
the afterheat.

It is important to obtain a uniform gas temperature distribution
across the outlet face of the reactor.' This implies that the gas flow
distribution should be matched to the power distribution. Examination
of the characteristic curves for both the.power distribution and the
flow.distribution to'be expected indicates that better matching of the
two can probably be obtained with the tall, slender core. These con-
slderations, which have been summarized in Table 3.1, led to the selec=
tion of the 18-in.-diam, 8-ft-tall core as the basis for the design
study.

Sanderson & Porter have consldered both upflow and downflow cores.
The downflow cores have the advantage that no structure is required over
the top of the ball bed to hold the balls in place at power densities
above ‘about 15 w/cm?, where the aerodynamic updraft loads. become large
enough to bggih to float the bed of balls. However, if fast-neutron

.damage to the pressure vessel is to be avoided, some sort of heavy

gpaphite or steel structure must be used over the top of the core, and
the accessibility seems to be 1little affected if this thermal shield is
also made to serve to hold the ball bed in place-against a strong
vertical updraft force.. It should be noted that experience with ball
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Table 3.1. Relative Advantages and Disadvantages of 30-in.-diam,
30-in.-High and 18-in.-diam, 8-ft-High Cores

Short, Squat Core Long, Thin Core

Simulation of full-scale reactor Good . Good
Power density Good Good
Temperature distribution Fair Good
Hot spots Poor Good
Ball flow Fair Poor :
Ball-contact pressures Fair Good
Ball-drop distance Fair Good
Accessibility for maintenance Fair : Good -
Suitability for control rods ~Fair Good

beds indicates that the bed will begin to float at a pressure drop equal
to about 87% of the weight of the bed, in this instance about 57 1lb/ft?
pressure drop per foot of height of the bed. This tendency of thé
aerodynamic loads to float the bed may prove advantageous in that it
can be used to agitate the bed slightly to break up incipient sintering.
Since the pressure drop to be expected at 25 kw/liter is about double
that required to float the bed, it might be desirable to idle the reactor
down to perhaps half power once a day and thus allow the bed to settle
and shift a little to break up incipient sintering.
Sanderson & Porter have: found data’ indicating that an upflow bed - -
would be likely to give trouble with bed "chugging" or local ball
"spinning" or "dancing" even at pressure drops equal to double the -
weight of the bed. This comes about because the flow rate required to
float a single ball is about seven times that required to float a
randomly-packed bed so that, while the bed as a whole might be lifted
against the upper grate, some individual balls or groups of balls might
be freevto flutter. A solution to this problem may lie in the shaping
* of the upper grate. If it is made conical or an irregular hexagonal
pyramid with, perhaps, a 60-deg included angle at the top where the balls
would be admitted and if the flow paésages through the grate permit the

greater part of the gas flow to leave the core near the base of this



regién, the gas flow through the balls near the apex will be less than
that required to cause them to float. That portion of their weight not
balanced_by,the pressure drop would act to tamp the balls into the base
of the core where they couid bridge to carry the upflow gas load. A
static head of balls in the supply tube would assist this tamping action.
The effectiveness of this approach can be determined only by experiment.

| A major problem is posed by the core support structure. If the
-structure is at the reactor inlet temperature, the problems associated
wlth differential thermal expansion between the graphite and the steel
support structure will be minimized, and the heavy gravity loads.will.be
carried by structure operating at a temperature such that its strength
is high. If the downflow core were used, the core support structure
would have to be made of stainless steel or graphite; and serious
differential thermal expansion problems would result. These would
greatly complicate. the design and increase the cost relative to that of
an upflow core. It would also limit the allowable reactor outlet gas
-temperature for special experiments or during accidental transients to
a lower value than would be permissible with an upflow core. '

The upflow core appears to be better from the thermal-convection
standpoint. While a configuration such as that proposed by Sanderson &
Porter (see Fig. 4.10 of chap. 4, this report) can be made so that after-
heat removal can be effecfed.by thermal convection in the event of loss
of power to the blowers, 1t cannot be bullt so that the system could be
started cold simply by thermal convection and without blowers. This
possibility might prove advantageous for small reactors loéated in remote
areas where 1t would be difficult to supply electricity to the blowers
fo? startup.

The relative advantages and disadvantages of updfaft and downdraft
cores have been summarized in Table 3.2. In reviewing this information,
it appears that an updraft core is-definitely preferable to the down-
idraft type.. The only disadvantage of the updraft core 1s that it may
give ;trouble with ball floating at high power densities. This shortcoming

does not appear to be as serlous as the hot spot or maintenance problems
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Table 3.2. Relative Advantages of Updraft and Downdraft Cores

Downdraft Core Updraft Core

Thermal convection

Pressure drop Fair Good
Installation height Fair Good
Startup . Poor Good
Core éupport structure Poor Good
Ball retention at high power density . Good Fair
Ball agitation to inhibit sintering "~ Poor Good

of the.short, squat core (see chaps. 5 and 10),cespecially since cost studies
indicate that there is no great incentive to go to power densities above that
at which ball floating may prove to be a problem. Further, the most severe
test to date of a fuel ball has been at a power density of about 25iw/cm3, or
about that which would prevail in the peak power density’zone of the proposed
tall, thin core if it were operated Just below the region in which ball float-
ing might begin to be troublesome.

Experimental data on the effects of power density on the fuels considered
are not available,fbut thermal stress considerations indicate that 25 w/cm3
is close to the value for incipient cracking of both the alumina-coated fuel
particles and the l.5-in.-diam graphite balls. These problems should be
given much further attention before a final design is chosen, but, for the
purposes of this study, an upflow core seems to be the best choice and should

give the least expensive and most flexible system.
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4. SELECTION OF PLANT CONFIGURATION .

If ceramic fuel elements without metallic cladding are employed in
gas-cooled reactors, an appreciable amount of fissione~product.contamina-
tion will be distributed around the system,'inciuding_the steam generator
and blowers. Not only will.shilelding of these components be required,
but it will be necessary to provlide a containment vessel around the
entire reactor. coolant gas system. In order to minimize the size of the
primary gas system which must be both shlelded and enclosed in a contailn-
ment vessel, it seems desirable to develop a plant configuration that is
conslderably more compact than that used for Calder Hall, which has
served as the model for most gas-cooled reactor designs. A seriles of
typical configurations of reactor, steam generator, and blower suitable
for a 300-Mw(e) power plant has therefore been studied,!and each has
been evaluated from the standpoint of the many requirements which must
be met.

Insofar as possible, these conflgurations have been made directly
comparable by using the same design power output, the same gas condi-
tions, and the same steam conditions throﬁghout. -1t -appears that the
results of the sfudvaould not be changed in an important fashion by
variations in the design power level or the gas and steam conditions
over the ranges of interest. It was taken as axiomatic that the maximum
pressure vessel thickness that could be used was & in. and that there
was a strong incentive to keep the pressure vessel thickness to.-4 in.

except in the vicinity of penetrations.

Plant Requirements

There are many requirements imposed on the design of a given reactor
system, and, although some may take precedence over others, most must
be satisfied reasonably well, and compromises must be made to keep the .
-costs from becoming;excessive. Unfortunately, while capltal costs are

difficult to estimate, estimates of operating costs are even more
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difficult to make; for example, it is very difficult to estimate the
cost of remote-handling operations simply from paper studies.
The design of the PBRE must provide for:

1. adequate support of the moderator while allowing for thermal expan-
sion and growth or shrinkage from irradiation and assuring integrity
of the passages for the fuel elements and control rods,

flow stability on the water side of the steam generator,
‘removal of afterheat by thermal convection,

movement of the spherical fuel elements in the pebble bed,
integrity of the primary pressure envelope,

accommodating differeﬁtial thermal expansion,
accommodating seismic loads,

maintaining the pressure envelope at the reactor inlet temperature,

O 8 2 00 B M WD

leaktightness of all flanged joints and maintenance of both flanged
Joints and flexible elements, such as bellows in. ducts,

10. minimizing vibration excitation by the blowers,
11. fuel handling,

12. installation, operation, and removal of control rods and their
drive mechanisms,

13. access to the blowers for inspection, maintenance, and replacement,

14. access to the headers of the steam generator for inspection and
plugging of leaking tubes,

15. access to the core for inspection and maintenance,

16. good access to major components for installation and maintenance
by overhead crane, ‘

17. minimum size and complexity of shield,

18. minimum size of containment vessel.

Horizontal Versus Vertical Position for Core and Steam Generators

The requirements outlined above impose such a complex set of problems
that it is best to consider them one by one. Probably the first con-
sideration in the design is that of the support for the graphite moderator
and core structure, which has a coefficient of thermal expansion sub~-

stantially less than that of steel. In order to make the most of the
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reactor output, the temperature rise in the gas flowing through the
various fuel passages should be the same across the entire core, thus
favoring a core in the form 6f a cylinder with the gas flow parallel

to the axis. The design must be such as to support the weight of the
moderator and at. the same time insure that the passages for both the
fuel and the control rods will remain straight and of the pfoper'cross
section so that there will be no interference withitbolant flow, control
réd operation,‘or fuel charging or discharging operations. Some notion
of'tﬁe problem is glven by the fact that the differential thermal ex~=

pansion between graphlite and carbon steel at the temperature range from

.room- temperature to - the operating temperature will be about 1.0 in. in

10 ft. This makes 1t very difficult to provide good support for a
cylindrical core if its axis 1s horizontal. It was this consideration
that led to the choice of a vertical core axis in both:the Calder Hall
reactor and fhe EGCR. While a reactor core with horizéntal passages
was considered (see Fig. 4.8 in later section of this chapter), no
sultable structure for supporting the moderator in such a core appears
to be available. '

It 1s not sufficlent that the reactor core support its own weight;
it must withstand the iarge forces assoclated with the gas préssure
drop across the core as well as the horizontal shaking forces that might
be.imposed by an earthquake. Several methods of holding the core to-
gether have been proposed. These include circumferential hoops, such as

those used in the Calder Hall and later British reactors; tubular springs

- that can be placéd between the pressure vessel and the-core, as proposed

for a Maritime gas-cooled reactor,* and are suitable for cores having

.diameters up to about 12 ft; graphite columns located by steel grids,
-as used in the EGCR; and utilization of the pressure differential across
“the core to squeeze the core together through the use of éeals_between

‘the tiers of blocks around the outer perimeter, as in.the Dragon reactor.

1A, P. Fraas, "Nuclear Gas Engine," ORNL.CF~58-9-12, Nov. 28, 1958.
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In all cases, the adverse effects of differential thermal expansion and
graphite shrinkage under irradiation make it progressively more difficult
to obtain a satisfactory moderator support structure as the reactor core
size is increased, even in a cylindrical core: with its axis vertical.

Much practical experience in the boiler field, as well as analytical
work, indicates that the steam generator should be mounted so.that the
water will move upward through the tubes. The more ﬁearly vertical the
movement and the greater the height of the tubes the better will be the
water flow stability and distribution betweeh parallel tubes. Further,
experience has shown that horizontal runs of tubes may give difficulty
with corrosion if they tend to run partly full of water. Thus steam
boiler experience strongly favors tall vertical tubes in the boiler
portion of the steam genefator;

An impdrtant consideratidn in the design of the heat exchanger is
provision for the support of the heat exchanger tubes. y In this respect
vertical tubes have a marked advantage over horizonxal;fubes in that
relatively small forces are required because the tubes are stable if
hung from their upper ends in the vertical condition. Further, there
is little tendency for the'tubes to warp between supports if they are
hung vertically so that the tube spacing can bé maintained accurately
with a minimum of structure.

The greater the vertical distance between the center lines of the
reactor and the steam generator, the greater the driving force for
thermal convection. In most of the configurations studied, this
difference in elevation must be about 50 ft to 1nsure afterheat removal
by thermal convection.

Further, studies of ball movement in beds of spheres have indicated
that the reactor core axis should be vertical if the fuel charge is to
be changed in small increments rather than in a single batch. Thus it
appears that the first four of the 18 requirements listed above are best
met by making the reactor core and steam generator axes vertical, with

the steam generator well above the reactor.
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Pressure Vessel Envelope Integrity

Réquirementé 5 through 10 are concerned with the integrity of the
pressure envelope. In a gas-cooled reactor this is of the highest
importance, particularly for contaminated systems in which the gas may
contain many thousands of curies of activity. Experience with steam
boilers and other pressure vessels used at elevated temperatures indi-
cates that the envelope components should be cylindrical or spherical,
with as little variation in section thickness and operating temperature
as possible. For the high reactor outlet temperatures‘contemplated in
this study, it seems best to maintain the entire pressure envelope close
to the reactor inlet.témperature both to minimize thermal stresses and
to permit the use of a single élloy, SA~212, grade B steel, throughout
the system. This will help keep costs down and will avoid the danger
of cracking at welds between dissimilar materials. The size and number
of penetrations should be minimized, and bellows joints should be
avoided if possible. »

The mounting must be sufficiently rigid to withstand the severe
lateral shaking forces of an earthquake, and yet it must accommodate
differential thermal expansion between the vessel and the concrete
support structure. The latter requirement is commonly met either by
mounting one point of the structure rigidly and allowing twWwo or more

other points in the same plane to float on rollers, or by mounting major

.components on support skirts in which the temperature distribution is

carefully controlled; If the latter approach is used, ducts between
mgjor components must be made long and flexible or must be fitted with
flexible elements such as bellows.

Experience with both the Calder Hall reactors and the Zenith
critical experiment has shown the extreme difficulty of getting a leak-
tight system. Osak Ridge experience indicates that this can be done
best if all flanged joints are located in cool, well-shielded zones so
that élastomers can be employed. ORNL tests have indicated that for

diameters over 12 in., Conoseal joints probably do not have the degree
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of integrity required. Seal-welded, brazed, or soldered joints can be
used if they are in zones where they can be inspected and checked for
leaktightness. This requires tha£ the radiation dose level be less
than about 1 #/hr auring a sﬁutdown after extended operation. Since
even a small leak'would necessitate shutdown of a plant with a
contaminated-gas system, there should be a minimum number of flanged
Joints, and the design of these must'be based on thoroughly proven
types.

Much experience with rotating machinery indicates that the blowers
should be supported by heavy concrete structure as close to the shaft -
bearings as possible. Above about 100 hp the shafts should be horizontal

to avoid difficulties with "whirl."

Access for Operation, Inspection, and Maintenance

Requirements 11 through 15 are concerned with factorsrthat will
greatly influence operating costs and have long been considered as
presenting such difficulties that there have been major doubts as to
the feasibility of a reactor with a contaminated-gas system.

The fuel-~handling system must provide for adding and removing fuel
without permitting a serious amount of activity to escape into the fuel-
handling area. Particulate activity is especially objectionable. In
this connection, the activity level in rooms frequented by personnel
must be kept below 10-10 Hc/cm3" Assuming a room volume of 1000 m?> and
a fission-product concentration in the gas system of 100 pc/cm3, this
implies that less than 0.001 cm3ﬂof gas may escape into a room containing
personnel when a flange is broken.

Control rods should operate vertically suspended on cables from
above or driven by bgll screws from below the reactor. In either case,
the shorter the distance between the drive units and the core the better,
particularly from the standpoint of the damage that might result from an

accidental rod drop.
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Access to the blowers for maintenance will be greatly facilitated
if théy can be isolated from both the reactor and the steam generator
by about 5 ft and B:QQ respecti#ely, of concrete shielding. This
should permit limited contact maintenance during a shutdown. Similarly,
the tube headers for the steam generator should be shielded from the
steam generator proper to permit direct access for inspection and ﬁube
plugging.

The information available on the effects of irradiation on graphite
indicates‘that 1t would be desirable to design the reactor core so that
the moderator could be replaced if difficulties should arise after a '
few years of reactor operation. This might be done in any one of
several ways. A removable pressure vessel head with a flanged jcint
could be employed, or the pressure vessef could be cut with a torch and
rewelded after installation of a’ﬁew core. The latter approach does
not seem promising in view of the difficulties associated with carrying
out the wélding and inspection operations, since the activity level in
and around the pressure vessel would probably require that this work be
carried out by remote control. A more promising approach would be an
access tube, perhaps 2 ft in diameter, exténding through the shield
from the top or the bottom of the reactor. In the latter case, a hole
could be placéd in the center of the.core support grid and covered with
a plug which could be held in place with a large snap ring. By removing
this plug, the moderator, or at least a portion of it, could be allowed
to tumble out into a cask, and the balance could be pushed out with
remote-handling equipment. After removal of the o0ld moderator blocks,
that region of the core could be washed down with an oxalic acid solu~
tion to decontaminate it insofar as possible. It could then be sprayed
with-a thin coating of lacquer to hold any remaining particulate matter
in place on the surfaces and to minimize airborne contamination during
the installation of fresh moderator blocks.

Large assemblies of fresh moderator blocks could be glued together
with a cement such as a low=ash methylmethacryate to facilitate their
installation. After stacking these large sections in the core, the

cement could be removed by baking at low tamperature.
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Construction Costs

Réqpirements 16 through 18 have been included because of their
pronounced effects on'construction costs. The best system is likely
to be that which best meets these requirements while at the same time

meeting the other 15 requirements.

Proposed Configurations

The configurations considered in this study are shown schematically
in Figs. 4.1 through 4.9. The various configurations are drawn tb the
same scale, with the major components sized to give a reactor thermal
power output of BOO Mw,. with a gross electrical output of 300 Mw, for
the system. The gas temperature was taken to be 550°F at the entrance
to the core and 1250°F at the exit. The steam leaving the'superheater
was taken as being at 2400 psia and 1050°F, with reheat to 1000°F and
400 psi. In all cases the gas was taken as being helium, although the
substitution of CO; would have relatively little effect on the size of
the various components. In each case the proposed configuration has
been proportioned to satisfy the fundamental requifements which are
either inherent in the application or arise from considerations of
problems of construction or operation.

. FPigure 4.1 shows the Calder Hall configuration modified to provide
shielding around the heat exchangers and blowers. The reéctor core
size was also reduced in keeping with the 1000-psi gas system pressure
level and the higher ‘gas temperatures, and axial tubes have been
employed in the steam generator. The éystem has two important weaknesses
in that provision for thermal expansion requires the use of bellows
Jjoints, and these must be located in regions where, in a contaminated-gas
system, it would be extremely difficult to replace them in the evént a
defect developed. Further, the system inherently requires hot gas ducts,
thus reducing the integrity of the primary pressure envelope and limiting
the peak reactor outlet temperature to about 1250°F for a reasonable

duct wall thickness. The system also suffers from a cost disadvantage
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Fig. 4.1. The Calder Hall Layout Modifled to Provide Extra Shielding.
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Sanderson & Porter Layout with Flexible Pipes.
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Fig. 4.4. The Dragon Layout.
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Peach Bottom Plant Layout.
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Modified Calder Hall Layout with Concentric Ducts and the
Blowers Housed in the Steam Generator Pressure Vessels.
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Fig. 4.8. Layout Used in ORNL Small Core Study.
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in that the volume and complexity of the shielding would increase the
shielding costs, and the over-all configuration would require a large
containment vessel.

The second configuration (Fig. 4.2) considered was that proposed
by Sanderson & Porter. This makes use of a long concentric-duct loop
extending 75 ft below the reactor vessel to accommodate thermal expansion
in the ducts. While adequate flexibility can be provided in the pipes
in this fashion, the large bending moments in the pipes give reaction
loads at both the steam generators and the reactor (which are rigidly
attached to the concrete) that will lead to large bending moments in
the shells, and there is some doubt as to whether these can be accommodated
satisfactorily. The arrangement also has the disadvantage that the flanged
joint for the attachment of the blower will not have the degree of leak-
tightness desired, and, since the blowers are not mounted at an anchoring
point, they may induce serious vibratiohs in the structure, particularly
since vertical shaft motors have a bad tendency to whirl. This con-

- figuration does not provide shielding to isolate the blowers from the
steam generator, and hence will greatly increase blower maintenance
problems. The long piping loop between the steam generator and reactor
will increaselthe size of the shield and containment vessel substantially.

A modification of the Sanderson & Porter layout of Fig. 4.2 .is
shown in Fig. 4.3. This design avoids the serious stress problem where
the ducts enter the pressure vessels by mounting the steam generators
on rollers so that they can move radially outward from the reactor. Un-
fortunately, this arrangement appears to be completely unsatisfactory in
its ability to withstand the lateral shaking forces which might be inducéd
in an earthquake.

Figure 4.4 shows the configuration employed for the British Dragon
reactor. This configuration was worked out primarily for a small experi-
mental reactor and is not considered by the British to be a model for a
large-scale reactor. However, it has been included here to indicate the

problems which would arise if such a layout were attempted.' Its principal
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feature is that the six blowers and steam generators are mounted at the
top of concéntric ducts which extend radially outward and upward from
the pressure vessel of the reactor. The bending moments in both the
ducts and the pressuré vessel wall associated. with -the Weight'of the
steam generator and blowers are relieved by supporting mosf of this
.weight on constant-tension spring hangers. Such an arrangement would
be clearly unsuitable for a‘fullfscale plant. It also would have very
poor charécteristics in the event of an earthquake. Provisions for
both maintenance and vibration isolation of the blowers leave much to
be desired.

Figure 4.5 shows the configuration developed for the HIGR reactor
system of the Peach Bottom plant. Thermal expansion of the concentric
ducts will induce large reaction loads at the reactor and steam—
generator pressure vessels. These will induce troublesome local bending
moments in the vessel shells. The blower mounting at the top of the
steam generator may give vibration difficulties, and the blowers are
not iéolated by shielding from the! activity deposited in the steam
genérator. Thefmal convection will not.be effective in removing after-
heat in the evenf of a power failure.

Figure 4.6 presents a modified Calder Hall configuration which
employs concentric ducts to provide good coo}ing of all the pressure
envelope and thus.avoid both hot ducts and the necessity to weld dis-
s;milar metals together in large heavy sections. Unfortunately, it is
ﬂard to see how a defective bellows Joint could be replaced in the
event of a leak. The configuration does provide good mounting for the
blower in the sense that. there should not be a Vibration'probleng but
replacement of a blower would be difficult, since 1t would not.be
isolated from the steam generator by shielding.

Figure 4.7 shows a further modification of this basic layout
designed to provide a more favorable configuration for blower maintenance.
Unfortunately, this gives more bellows Jjoints, -although it éhould be a
somevwhat better system from the standpoint of vibration isclation of the

blower.
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Figure 4.8 shows a configuration evolved two years ago in an ORNL
study of a small reactor core that was designed for a high-pressure gas
system. This arrangement would present very serious problems in the
support of the moderator and reactor core .structure and would make after}
heat removal by thermal convection out of the question. It would also
present a serious problem in getting adequate leaktightness of the
flanged Jjoints for the blower attachments, and it does not give good
vibratién isolation of the blower. The fuel-handling problem would
leave something to be desired bécause the flow characteristics of balls
through a horizontal cydinder would not be néturally favorable for
loading in small increments. The control rods would have to operate
horizontally, a less satisfactory arrangement than vertical operation.
Similarly, maintenance of the reactor core would be more difficult with
the horizontal-core axis. The‘water'flow in the steam generator would
be inherently much less favorable than for a vertical axis system. The
containment vessel would have to be relatively large in diameter rather
than relatively tall and slender, and hence would be more expensive.

Figure 4.9 shows a configuration developed about a year ago for
a beryllium oxide all-ceramic reactor. This configuration was evolved
after many layout studies,which were made in an effort to satisfy as
well as possible all the 18 requirements being used as criteria in this
study. Its principal disadvantage is the absence of direct vertical
access to the top of the reactor core. This will require that the con-
trol rods be operated by ball screws from below, as in the Maritime gas-
cooled reactor, or that they be suspended on guite long cables from the
top of the steam generator. The absence of direct vertical access to
the top of the reactor core would also make maintenance and inspection
of the reactor core more difficult, since it would have to be carried
out from beneath. In other respects, however, the layout seems to be
the best of all the configurations considered. It will yield a minimum
size of containment vessel and a minimum shield volume and complexity.
The blowers are well isolated from the rest of the structure, both by

shielding and from the standpoint of vibration. The pressure envelope
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is 1nherently simple in shape, so 1t should have high'integrity. After-
heat removal by thermal convection 1s the most favorable of any of the
systems considered. The differential thermal expansion problem i1s
‘accommodated with a simplé rugged system. Enclosing the sfeam generator
and reactor in a common pressure vessel eliminates one of the steam-
generator-vessel closure heads, thus effecting an important saving in
cost.

A The layouts considered in Figs. 4.1—4.9 weére intended primarily
for full-scale plants. In re-examining these with a view toward their
applicability to'a 10-Mw(t) reactor experiment, it appeared that most

-of the designs were appiicable and that the relative advantages and dis=-
advantages of the nine configurations considered would be almost the
‘same. The principal changes reqﬁired for the PBRE stem from the greatly
reduced diameter of the heaﬁ exchanger relative to the reactor and the
much smailer diameter of the gas piping. The latter suggested that the
Sanderson & Porter‘éonfiguration-of Fig. 4.3 could be modified to provide
afterheat removal by thermal convection by using the configurations of
Figs. 4.10 and 4.11. In Fig. 4.10, concentric ducts are used as in the
Sanderson & Porter design, whefeas, in Fig. 4.11, separate hot and cold
ducts are used as in the Calder-Hall plant. The configuration of Fig.
4.12, a modification of that of Flg. 4.9, was also considered in an
effort to provide direct vertlcal access to the center of both the top
and the bottom of the reactor. The latter configuration seemed to possess
all the advantages of the configuration of Fig. 4.9, together with the
lmproved accéss. This was considered particularly desirable from the
control-rod standpoint, since it showed promise of making possible the
use of controllrod drives essentially simllar to those of the EGCR.

The control rods themselves could be in the form of segments of-a
cylinder having a diameter a little less than the inside diameter of

the large access tube at the top of the reactor. Most serviecing opera~
tions Could be carried out through the charge tube at the bottom of the
‘reactor. This could be enclosed .in a hydraulically tight steel—linedA
room which would lend itself readily to washdown and decohtamination :
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Unclassified
ORNL-LR~DWG 53061

Scale — 1/2 in. = 10 ft

) U

Fig. 4.10. Sanderson & Porter Layout Modified for a 10 Mw(t)
Reactor Experiment. :
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///’N\\\ Unclassified
ORNL=LR~-DWG 53062

) &

Scale — 1/2 in. = 10 £t

Fig. 4.11. Calder Hall Layout Modified for & 10 Mw(t) Reactor
Experiment.



424

Unclassified
ORNL~-LR~-DWG 53063

Scale — 1/2 in. = 10 ft

Fig. 4.12. Unified Configuration with Steam Generator Offset to
Improve Access to Top of Core for a 10 Mw(t) Reactor Experiment.
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and could be hermetically sealed from the rest of the bullding to
prevent the spread of particulate activity.
Thie. long; slender flexible pipes of configurations 4.10 and 4.11

require a very substantial amount of space and would impose serious

" bending moments in the pressure vessels, as mentioned above. While

2 in. of thermal insulation could be provided inside the hot duct, this
would serve to reduce the duct wall temperature only abbut 250°F, and
therefore a chrome-~moly or stainless steel would be required.. Further,.
strength considératiqns for these ducts would impose serious limitations
on permissible reactor gas outlet teﬁperatures. This might be very
important during é temperature transient of the type that‘might-occur

following an accident or in the event that a higher reactor gas outlet

.temperature might be desired for some experimental testing.
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5. PROPOSED REACTCR

The design of the proposed pebble-bed reactor experiment is shown
in Fig. 5.1, and the various regions and their particular design prob-
lems are discussed ‘below. A brief summary of the‘réséarCh"and‘aevélop;

ment program required to substantiate the design isigivén_inlchap@ErRZO.

Graphite Structure -

The three principal regions in the graphite reflectbr are indicated
in section B-B of Fig. 5.1. The central region'consists of four con-
centric sleeves, the inner three of which are removable as a unit through
the lower access tube. The outer of the four sleeves is too large to
be removed through the access tube, and hence it is split axially into
four segments to facilitate installation and removal. The top end is
held in place by a steel retainer ring while the bottom rests in a
groove in the core support plate. The intermediate graphite region
consists of wedge-shaped pieces 4 in. high and approximately 26 in. long.
The outer region consists of a 4-in.-thick layer of borated graphite
blocks.

All the reflector graphite would be coated with silicon carbide to
inhibit oxidation. This should serve to reduce graphite weight losses
during normal operation, as well as to keep the oxidation rate low
enough that in the event of a major system rupture the graphite would
not support combustion. ‘

fhe inner three graphite sleeves are laminated to increase re-
sistance to shrinkage cracking under irradiation. The lower ends of
these graphite sleeves are threaded into steel sockets with internal
threads in the steel to avoid cracking of the graphite because of dif-
ferential thermal expansion during heating. This arangement will give
a snug it of the graphite in the steel socket during installation and
removal operations when the graphite and steel will be at a relatively
low temperature. Looseness at operating temperature should not pose

a problem, since there will be no forces tending to cause the graphite
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to turn relative to the steel socket. The inner steel socket is fitted
with external lugs so that it can be bayoneted into the socket. of the
intermediate graphite sleeve, and that in turn has similar iugs that
can be bayoneted into the core support plate. The core sﬁpport plate
consists of a.steel plate 3ip. thick welded:into:the pressure vessel.
The two inner graphite sleeves have a taper of l‘in; in their length

~ from top to bottom of the coré, oF 1 3/4-in. taper over their entire
length. This taper insures freedom from bridging of the balls in the
core and should aid in separating adjacent. sleeves when one is with-
drawn for maintenance or replacement.

The gﬁéphite is separated from the 2-in.-thick steel thermal
shield by 2 in. of reflective insulation. Except for the two inner
graphite sleeVes, the graphite in the reflector would be retained at
the top by a segmented grid bolted to the thermal shield. This grid
is intended to holﬁ the graphite in place only in the event of some
peculiar accident, since the gas pressure drop across the reflector
will occur largely across orif;cés in the bottom support plate. Cooling
passages rising vertically froﬁ these orifices will be sufficiently
large so that the pressure drop through the graphite reflector will be
less than one-half that through the core. Orifice plugs would be
installed in the support. plate in much the same way as jets in a carbu-
retor, so the reflector cooling gas flow distribution can be modified
readily if shakedown tests indicéte that this is advisable.

The diametral clearance between concentric sleeves was chosen
tentatively as 1/8 in. This clearance may have to be increased to pro-
vide more cooling gas flow after a detailed analysis of the reflector
cooling requirements is made. Shrinkage under irradiation will be
greatest on the inner sleeves and hence will tend to cause the clear-
ances to increase with operating time. While the axial variation in
fast flux will tend to give approximately 0.4 in. greater shrinkage at
the éenter than at the ends, this will not present.a problem with the

amounts of clearance and taper that have been provided.
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Control Rods

The control rods are in the form of curved plates of Inconel which
slide in an annulﬁs between the intermediate and outer graphité sleeveé
of the reflector. Ridges protrude radially inward from the outer graph-
ite cylinder to control the thickness of the annulus in which the control
rods, or blades, move. As discussed in Chapter 7, the blades are so
efféctive in poisoning the reactor that a blade thickness of only about
0.062 in., will suffice. In order to'improve the blade stiffness and
at the same time provide plenty of gaé flow cross-sectional area into
the filter at the top of the reactor, the blades will be of thick,
perforated material and will be surrounded by a tubular frame. A
honeycomb structure or three alternate layers of flat and corrugated
sheet will also be considered for this application.

The control rods operate through an annulus provided between the
shield plug and the top reactor access tube. A small pressure vessel
attached to the top flange of this access tube houses the control-rod
drive assemblies. These may be units similar to those planned for the

EGCR; indeed, it may be possible to use the same design.

Pressure Vessel and Support Structure

The reactor pressure vessel 1s cylindrical with hemispherical heads
and is made of SA-212, grade B carbon steel. There is a 28-in.-i.d.
vertical access tube in the center of each head of the vessel. The
thermal insulation surrounding these tubes and the shield plugs is de-
signed to provide a uniform tempera&ure gradient from the reactor gas
inlet at the pressure vessel to the flange at the outef end of the tube,
which will operate at room temperature. The steam generator is attached
to the side of the pressure vessel in such a way that its base also
serves as a major mounting foot for the support of the reactor—steam
generator assembly. Much of the weight load of the reactor is transmitted
in shear to the conical base of this steam generator, from which it is
transmitted in turn to the mounting fgot having its load-bearing surface
in the form of an element of a sphere.  Ports in the reactor vessel wall

provide for gas flow between the reactor and the steam generator.
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The reactor steam-genérator, and blower assembly is supported on
a thrée-point suspension so that the load distribution is determinate.
In addition to the fixed mounting foot under the steam generator, an
additionél mounting foot is located under each of the two blowers.

Thus the ducts to fhe blowers also serve as elements of the reactor -
vessel support structure. To increase their stiffness, they are larger
in diameter than is essential from the stahdboint of fluid pressure

drop considerations, and their wall thickness is double that required
to withstand the internal pressure. Actually, the stresses imposed by
the. weight of the reactor assembly are much less than the pressure
stresses. A vertical splitter web has been provided through the ducts
at the blower to transmit the load in shear from the hdrizontal to the
diagonal duct and thus avoid inducing serious bending moments in the
shell surrounding the blower. The blowers are mounted on rollers to
provide for differential thermal expansion relative to the concrete
supportiﬁg structure. The static weight loads are far more than neces-
sary to pfevent relative movement of the bléwer, rollers, and base plate
‘under any lateral shaking forces likely to be set up by small amounts of
blower rotor unbalance.

The end plugs for the inner reflector graphite sleeve are made of
sets of concentric graphite sleeves 1 in, thick. Gas flow passages
through these sleevés are provided by allowing l/8~in, radial clear=
ances between sleeves. The upper ends of thé’lower sleeves are stepped
slightly toward the center to avoid possible difficulty with balls
catching in the circumferential gaps between concentric sleeves. Two
sets of sleeves are provided in each of these end plugs so that their
cooling gas annull can be staggered to inhibit fast-neutron streaming
toward the ends of the pressure vessel. Two parallel cylindrical cross
bars, one above the other, retain each set of concentric sleeves, while
a third cross bar at right angles to the other two keeps them centered
relative to each other. One end of each cross.baw.is threaded dntc-the

laminated core-retaining sleeve.
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Viewing Provisions

Two 6-in.-dilam access tubes are provided for viewing the interior
of the reactor during shutdown conditions. These tubes penetrate the
shield horizontally nearly in the plane of the mounting foot under the
steam ggnerator to minimize relative movement between these tubes and
the shield. The viewing equipment consists of a TV camera kept well
buried in the shield so that the radiation dose to its lense will be
low., A mirror and arc-light assembly extend into the space above or
below the reactor core where the assembly can be rotated to inspect
most of the interior at either end of the core. A unit of this type

is under development for the Dragon reactor.

Pressure-Vessel Cooling and Thermal Insulation

The unfavorable surface-to-volume ratio in a small power reactor
makes pressure-vessel cooling somewhat more of a problem than it would
" be in a full-scale plant. About 10% of the blower output bypasses the
reactor core to cool the pressure vessel, thermal shield, and the steam
generator pressure vessel. (The cooling provisions for the latter are
described in the section on the steam generator.) The cool gas returning
from the steam generator to the blowers is directed around a hood which
separates 1t from the hot gas coming out of the top of the reactor core.
In this manner the entire reactor pressure vessel is Supplied with a
forced flow of cooling gas at essentially the reactor inlet temperature,
i.e., 550°F. The borated graphite in the outer portion)of the reflectof
serves to keep the heat generation in the thermal shield and pressure
vessel fairly low so that these members will be at temperatures less
than 50°F above the cooling gas temperature in spite of the unusually
high power density of the reactor. Three inches of reflective insula-
tion on the inner surface of the hood over the top of the reactor will
serve to reduce heat losses from the hot reactor outlet gas to the cool
gas going to the blowers., Zirconium oxide may be considered for this

application in place of reflective insulation, since it would give a
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substantially lower thermal conductivity. However, cost and outgassing
problems may be disadvantages.of zirconium oxide.

The hot duct leading out of the reactor is connected to the steam
generator by a short quill equipped with slip Joints at either end to
accommodate differential thermal expahsion, Gas leakage through these
joints is to be minimized with piston rings made of a material chosen
to avoid difficulty with gélling, chaffing, or seizing. The hot ducts
will be made of an 18-8 stainless steel to provide good strength at
.1500°F in the event of a reactor temperature overshoot and to permit
special experiments at gas outlet temperatures: in the 1250 to 1500°F

range.

Shield Plugs

Heavy shield plugs are 1nstalled in the access tubes at the upper
and lower ends. of the reactor. These plugs not only provide shielding
but algo. incorporate elements of the fuelshandling system., Ceramic
filters may also be 1installed on each of the plugs to minimize the
disperéal of particulate activity from the core. This will be'particur
larly important at the reactor outlet, where a filter should be es=
peclally effective, The upper shield plﬁg includes an outer annulus
through which the control rods operate. |

Closuré Flanges

The reactor is designed with all the closure flanges in well-shielded
cool zones so that O=ring seals can be employed. Each flange 1s provided
with two O-rings, and the space between the O-rings is buffered with clean
. helium at a pressure a little above the reactor operating pressure. Each
flange 1s also fitted with a cylindrical surface ﬁo'facilitate'attachment
of an axlally collapsible plastic bag into which the shield plug or other
element can be drawn and the bag pinched off to minimize the dispersal
of particulate activity.\

Pressure vessel fabrication experilence indicates that the weight

and cost of these flanges increase rapidly with their diameter. The
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access tubes were made 28 in. in diameter because this seemed to be close
to the upper size limit for units that could be handled fairly well with

remote-handling equipment without a serious cost penalty.
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6. PROPOSED PLANT

Design Data

The reactor is designed to produce a gross thermal pawer output of
10 Mw. Although addition of a turbine generator plant to produce a

gross electrical power of approximately 3 Mw was considered, the cost

of the addition appeared prohibitive since the plant is primarily a

reactor experiment. - The basic design data of the plant follow:

Over-all power generation data

Reactor thermal output, Btu/hr

Reactor thermal output, Mw

' éross:electrical output, Mw

Fuel element characteristics

Sphere
Sphere
‘Sphere
-Sphere
Sphere

Sphere
zone,

Sphere

outside diameter, in.

thermal stress (for ideal rigid body), psi
surface, ft2/ft> of fuel

surface, ft?/reactor (39% voidage assﬁmed)
average surface temperature,‘°F '

max immm désign,surface temperaturé in hot

.oF

maximum allowable internal temperature

y (including hot spots), °F

Number

of spheres per reactor (39% voidage

assumed )

Average power density in core, w/cm3
. Average surface heat flux, Btu/hr*ftz

Reactor core material .and dimensions

Material '
Core height, ft

Core diameter, ft

Core face area, ft?

Height of core plus reflector, ft

Diameter of core plus reflector, ft

34.1 X 106
10
3

1.5
2500
48
418
~1200
2000

2200
8500

25
81 500

Graphite
8.1

1.5

1.77

14

7.5
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Machined weight of graphite, tons
Core density,‘g/cm3

Total graphite volume, ft3

Number of fuel channels

 Number of fuel charge tubes

Pressure vessel dimensions

Shape
Outside diameter, ft
Material

Vessel height, ft-
Thickness, in.

Working pressure, psig
 Design skress, psi
Maximum temperature, °F
Volume, ft°

Gross vessel weight (including vessel and core
supports, thermal barriers, nozzles, steam
generator, and insulation), 1b

Coolant characteristics

Gas

Working pressure, psia

Total flow (normal), 1b/sec

Reactor inlet temperature, °F

Reactor outlet temperature, °F

Number of inlet pipes

Number of outlet pipes

Inside diameter of pipe, ft

~Mean coolant velocity in cool pipe, ft/sec
Mean coolant velocity in hot pipe, ft/sec
Total volume occupied by coolant, ft°
Circuit pressure drop, psi

Specific heat capacity of coolant, Btu/lb=°F

LAY

32

600

Cylinder

9.25 -

SA-212, grade
B steel

25

3.25
1000

15 000
600

1300
~200 000

Helium

1000

12.0

550 cT
1250

'20.7

71
950
30
1.24
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Coolant blowers

Type . o o Centrifugal
Number pér reactér . , 2
_Adiabatic efficiency, % 70
Cotipression power, Bhp ' 127
Power;kaj(at 90% motor efficiency and 70% - 150 each

Blower drive motor power, Bhp 182 each

Steam Generator .

Type of generator _ _ Natural recirculation

Number per reactor 1
Numﬁer of steam generator sectilons 2
Shell helght between heads, Tt 43
Shell height including heads, ft 45
-Shell inside dia.meter,» ft ' 2
Shéll thickness, in. 1
Gas inlet inside diameter, ft ' 0.75

Site Selection

The site chosen for this PBERE study is close fo the EGCR to take
advantage of common ser#ices, such as transmission lines, highway,
sanitary water, and the:possibility of using some of the EGCR personnel
for occasional auxiliary help in handling unusual operations. Also,
the site has already been approved for reactors.

At the site, a layer of loose soil (clay, sand, silt, and gravel)
covers an irregular layer of weathered and deeply folded shale. This
shale is found at an elevation of approximately 850 ft and is quite
close to the Clinch River. With the construction of the Melton Hill
Dam, the elevation of the river can-be expected to fluctuate between
a minimum of about 795 ft to a maximum ﬁrébable flood of about 805 ft.
The general t0pographyﬁbf.fhé“sité:igxindibatedAbyhthe.contdhr lines
in Fig. 6.1.° “
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Plant Layout

A plan view of the plant is shown in Fig. 6.2. The reactor complex
is located near the river, and the ground floor of the building is located
at an elevation of about 845 ft. With the exception of the reactor area,
which is enclosed in a containment shell, the entire plant is located on
the grdund floor in various interconnected rooms forming an outlying build-
ing adjacent to the containment shell. Approximately 0.1 mile of access
highway will be requifed to provide access to the service bay loading dock

and the fuel storage area.

Reactor Area

The reactor area is enclosed in a hermetically sealed containment
shell that is approximately 80 ft in diameter and 200 ft high. An elevation
section through the containment vessel and building is shown in Fig. 6.3.
As shown in the figure, the bottom of the containment shell is located
104 ft below ground, bringing the reactor pressure vessel about 10 ft below
ground level. The upper opening to the reactor vessel is located at ground
level, and the steam generator i1s mounted integrally with the reactor vessel
and extends vertically upward about 60 ft. Since it is possible for the
steam generator to accumulate activity in the course of time, it is shielded
on three sides with concrete and on the fourth side with cast iron slabs to
avoid‘interference'with the upper closure. This equipment and all that in
the floors below is serviced from a bridge crane running on a circular track
in thé upper part of the containment shell. The control rod drives at the
top of the upper access tube to the pressure vessel are enclosed in a tank
fitted with its own hoist for removing and installing equipment as a further
precaution against spreading contamination. The ground floor plan (Fig. 6.2)
indicates the relationship between the major parts of the circulating system
and the various services. An equipment air lock leading out of the contain-
ment shell into the maintenance area is shown to the south, and to the east
is a personnel air lock for access to and from the rest of the plant. The

helium circulates in two parallel loops placed 120 deg apart from the heat
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exchanger, and gbove each of the blowers there are removable floor panels
for maintenance purposes. A small covered shaft is located between the
blower panels to provide access for raising spent fuel, suitably ¢ontained
in shielded caskets, to the ground floor for transportation to reprocessing
facilities.

The third floor (first floor below ground) is shown in plan view in
Fig. 6.4. On the east is the service machine control room, which 'is
completely shielded from the reactor and from other parts of the contain-
ment area. In this room are located all the instruments and remote-control
mechanisms, as well as viewing mechanisms, for the transfer of spent fuel
from the reactor to the hot fuel stdrage room and for remote repiacement
of 'a contrdl rod and drive. Just west of the center the circulating loops -
are shdwn, and, as may be seen in Fig. 6.2, the blowers are supported on
rollers on a mezzanine in the helium cleanup room. In the helium cleanup
room are located the shield cooling blowers and heat exchangers, helium
compressors, vacuum pumps, and the chemical cleanup system for a bypass
stream of helium. The cleanup system includes coolers, heaters, oxidizers,
and molecular sieves.

On the second floor, shown in plan view in Fig. 6.5, the large room
on the east is the hot cell for servicing equipment. In this room, which
is connected with the rooms above and below it through hatchways shielded
by large concrete blocks, are provisions for the final cleaning or stor-
age of equipment that has been decontaminated in the room below and also
provision for uncoupling the fuel discharge equipment from the lower end
of the reactor vessel closure in the event that it is necessary to do
maintenance on the contaminated fuel-handling system. This room, which may
become contaminated at various times, is lined with sheet steel which is
covered with a good grade of chemical-resistant paint. On the west side is
the contaminated fuel-handling equipment control room which is likewise con-
nected with the rooms above and below it through hatchways containing appro-
priate shielding plugs. The plan view of this room shows the four tanks used
for the storage of contaminated helium. Two of these vessels are designed for
500 psi, one for 100 psi, and one for 20 psi. The charcoal traps of the

helium cleanup system are also located in this areas.
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The basement floor,bshown in plan view in Fig. 6.6, contains the
cleaning and decontaminating fluid storage tanks. In-the service
canyon, which runs across the diameter of the containment vessel and
directly under the reactor, is located a ram and drive assembly that .is
capable of reaching up to remove the shield plug, elements of the fuel-
handling mechanism, the graphite sleeve assemblies surrounding the core,
or other components. On the west side of the floor is shown a room for
- the storaéé of contaiinated fue; as 1t comes out of the fuelQunloading
tube and is stored in appropriste baskets. Since the fuel will be
cooled by thermel convection within the room, weter-cooled pipes will
be required on the wells. After appropriate cooling, the fuel will
be loaded by remote means into shielded:casks and withdrawn up the
shaft to the ground floor for transpor%atiohéelsewhere for reprocessing.

The ventilation requirements for the rooms in the reactor area are
glven in Table 6.1. All the air within the céntainment ishell is circu-
lated through filters to remove any perticulate activity thaet might
éccidentally'escape into the rooms, and pert of this ailr is discharged
regularly through the stack. '

Turbine-Generator Bey

The AEC requested that this study include consideration of both a
simple heat dump and'a turbine-generator to convert a substantial part
of the heat' generested in the reactof to electricel power. The cost‘of
the latter appears to bé out of proportion to the advantages obtained.
Even sthough.a turbine generator of 3-Mw capacity can be obtalned at no
cost ffomlanother AEC facility, the cost of the installation for delivery
of 60-cycle power to the electrical grid is esﬁimated to be about $400 000
more then the cost of & heat dump utilizing river water. Therefdre, the
turﬁfne room is;shown oniy in outline to indicete the approxiﬁate size

that .it would héﬁé to be in the event that & decislon were made to install
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Table 6,1,  Ventilation Requiremerits of Rooms in Reactor Area

-

Floor Room Ventilation Requirements
Ground Fuel-loading, control-rod, Forced=-air circulation through
‘and steam-generator main- filters, partial exhaust to
tenance stack via third floor
Third Service machine control room Air conditioning, separate
exhaust to reactor vessel
cell
Blower mezzanine and helium Filtered air, exhaust to re-
cleanup room actor vessel cell and thence
‘ to stack
Second Hot cell for service equip- Filtered air, separate exhaust
' ment .
Contaminated fuel-handling Filtered air;, exhaust to re=
control room actor vessel cell
Basement Hot cleaning and fluid Filtered air, direct exhaust
storage room to stack
Service canyon Filtered air, direct exhaust
to stack A ,
Contaminated fuel storage Filtered air, separate exhaust
Helium. storage area Filtered air, exhaust to re-

actor vessel cell

this facility. It is proposed instead that %he steam from the reactor
steam generator be discharged through appropriate expansion valves and
desuperheaters directly to one or more condensers.withéut‘attempting,to
utilize the heat. In this way the operator will be free to run the
reactor in the most expgdiﬁious manner for determining its characteristic
behavior rather than having to consider the coupling problems associated

with integration with a power grid.

-

Main Control Room

The main control room is the monitoring and control center for the
entire plant. In Fig. 6.2 it is shown as the central room of the ground-
level building Jjust outside the containment shell. It contains the re-

actor panel and bench boards. From this position the entire reactor
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system, except the fuel charging and discharging equipment, can be
operated. It will be unnecessary for personnel to bé within the con-
tainment shell during the time that the reactor is at power, sinée it
is proposed that the charging and discharging of fuel be done when the
reactor is shut down andu@epressurized.until’sufficient¢experience.has
been gained to undertake this 6peration with confidence, probébly after

considerable equipment development.

Administrative Wing and Service Bay

The administrative wing, consisting of various offices, a change
house, store rooms, and locker rooms, is shown wrapped around the main
control room on three sides. On‘the fourth side of the main control
room and also adjacent to the containment shell is the dismantlihg room
for fuel-handling and servicing equipment. Next to this room is the
room which communicates with the equipment air lock from the containment
shell. In the access room is a disposal pit covered by removable floor
panels and filled with water for shielding so that contaminated equip-
ment other than fuel can be submerged safely for temporary storage. A
loading dock is located at the end of the dismantling and access rooms
for the transportation of equipment and accessories, as needed. There
is another loading dock of smaller size off the corridor to the left
6f the main control room and adjacent to the containment shell for the
purpose of bringing in fresh fuel for placement in the fuel storage k -
vault. All these areas are accessible to people dressed in clothing
appropriate for work in contaminated areas without having to go through ’

the main control room or the administrative area.

Holding Pond for Low-Activity-lLevel Waste

"The water in the disposal pit and the used decontamination solutions
located or stored in tanks in the bottom of the containment shell can
be discharged from time to time, if the activity is low enough, to a
holding pond located some distance from the reactor, prior to slow drainage
into the river. In the event that the activity from any of these sources

is too high to permit discharge to the holding pond or river, the liquid
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will be pumped into suitable portable tanks and transferred to regular

high=level waste storage elsewhere in the CRNL area:

System Leaktightness.Requirements

Since the helium circulation system is deéignéd to operate at pres-

sures as high as 1000 psi and is subject to contamination from fission

products, the leaktightness requirements of both thé circulation system
and the containment shell are of paramount importance. Since noticeable
leakage<fromlthe high-pressure system simply cannot be tolerated, it is
felt that all connections in the high-temperature region must be welded.
Bellows connections are not reliable if used in the high-temperature
region and, where used, must be suitably backed up by pressure buffering.
Where mechanical closures are required, it is believed that they must

be placed in regions of low enough temperature to permit the use of
elastomeric gaskets, since this type of seal is the only one known to

be both reliable and relatively easily made leaktight. |

The shaft seals on the circulating blowers are, of course, po-
tentially serious points of leakage. Following, in general, the prac-
tice for the EGCR design, the proposed design calls for a sleeve-type
séal that is pressure buffered with oil. The atmospheric side of this
seal must be provided with means to draw off oil that leaks through
and also to draw off any helium leakage that may occur in the event of
0il system pressure failure for a sufficient length of time to permit
shutting down the reactor and depressurizing enough to bring the leakage
rate to tolerable proportions.

Since an absolutely leaktight system is not attainable, the prob-
lem becomes one of how much leakage can be tolerated. It is believed
that for a system of this size and operating conditions, a helium
leakage rate not exceeding about 0.1% of the helium inventory in the
system per day is attainable. This corresponds to about 35 std ft3 of
helium per day. It 1s not probable that particulate fission products

could escape a system of this leaktightness, but fisslon gases would
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be present to some extent. The containment shell ventilation system is
designed to sweep this activity out of the shell and up the stack, as
indicated in Table 6.1. ‘

The most likely occasions for fission-product escape into the con-
tainment shell are believed to be those when the helium circulating
system or the reactor must be bpened.f”Bafring a major breakdown, there
are only three points at which the system would be opened, and then only
occasionally. These three points are (1) the blowers, (2) the upper
closure containing the control rods and fuel-feed mechanisms, and (3)
the lower closure containing the fuel-discharge mechanism, The upper
closure for the control-rod system has its own containment enclosure
within the containment shell, the blowers are located in separately
shielded compartments, and, of course, the fuel-discharge system is in
its own separately shielded room which can be washed down with decon-

taminating solutions. The area is flushed out by remote control.

Several basic precepts were followed in laying out the shiélding
for the reactor, ZFirst, each component was isolated from the others.
insofar as possible to facilitate maintenance. It was assumed that
this isolation should be sufficient so that, with no decontamination
excépt of the component in question, the "dose in"the’ immediate vicinity
of ‘a component such ‘as a:blower: would .not. exceed 100.mr/hr with. the fuel
removed from the reactor. In each instance at least 3 ft of space
was provided between the permanent concrete shielding and the com~
ponent in question to provide spaée for personnel to work on the
equipment. R

Where construction problems make close clearances between permanent
shielding and the reactor pressure vessel or other components difficult
or out of the question, removable block shielding was provided. Four
major areas in which this was done include isolation of the blowers
from the blower drive motors, isolation of the reactor from the heat

exchanger by shielding at the base of the heat exchanger vessel, isolation
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of the steam generator from the ground floor of the containment vessel,
and enclosure of the coolers for the helium cleanup system. In addition,
| removable concrete block access hatches were provided over the blowers
and blower drive motorsg;the steam generator header drums, the service
room, and the contaminaéed fuel-handling area, Rémovable block shielding
could also be proviaed around the fuel discharge chute leading from the
bottom access tube to the contaminated fuel storage room if this profed
desirable. Analyses may ihdicate that it will be necessary to include

d thick annular layer of shielding around the duct leading into the

steam generator to minimize fast-neutron leakage from the reactor.

Such a shield annulus could also serve as thermal insulation if made

of zirconium oxide.

A1l the compoﬁéhts requiring shielding are below ground level.
Further, most of the maintenance and servicing operations where shielding
is necessary (except control-rod removal) can be carried out in areas
below groﬁnd level. The shielding column aroﬁpd the heat exchanger was
designed to provide shadow shielding of the office area durihg such
operations as removal and replacement. of the control rods. A rough
estimate of control rod activation indicates that a single rod will
involve about 1000 curies of activity. This would give a dose just
outside the reactor .containment vessel of about 2 r/hr if no shielding
other than the containment vessei wall itself were provided. The
shielding for the heat exchanger should cut off the direct beam dose
so that scattered radiation would probably give a dose of less than
20 mr/hr in the office area 1f the rod were withdrawn into the open

enclosure instead of into a lead coffin.
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7. REACTOR PHYSICS

Core Dimensions and Fuel Loading

In the full-scale power reactor described by Sanderson & Porter,l
the fuel balls consist of 90.0 wt % graphite, 9.17 wt % ThO,, and 0.83
wt % UO,. The average power density is 23.7 w/cm?, and the specific
power is 3900 kiw/kg of uranium. A core height of 8.1 ft is used. The
core burnup (% of total atoms) is 0.021.

! ‘A 10-Mw reactor experiment cannot, of course, have;the same values
for all these parameters as a 350-Mw power reactor. Inﬁorder to provide
the most meahingful experiment, values were chosen so that the experi- .
mental reactor would besthe same as the power-réactor in core height,
core power density, weight percentage of oxides in the fuel balls,zénd
fraction of total a4toms burned in the fuel. By keeping the power density
and core height the same as in thé reference case, the gas flow rate and
temperature distribution approximate those which will be found in aljull—
sqale.reactor. By keeping the power density the same as in the refe%ence
case, the fuel balls are subjected to the same internalvtemperaturé
gradients and thermal stresses. The total oxide content of the fuel balls
is the primary factor in determining their physical properties, and the
fractional burnup of the atoms in the fuel balls determines the radiation
damage to the balls and the fission-product release.

The critical concentratiohs of U?35-Th mixtures are shown in Fig. 7.1
for various core dlameters and various values of the thorium-to-uranium
gbom ratio in-the fuel..  The-.computations were made . with a one-dimensional
diffusion-theory code employing 27 energy groups (the General Mofors GNU
code for IBM-704). The calculational model assumed a homogeneous core
with atomic .densities reduced to correspond to a 39% void fraction. A
3-ft-thick radial reflector of graphite with an average density of 1.49
gm/cm‘3 was used, and‘an axial buckling corresponding to a core 8.1 ft

long with 3-ft-thick axial reflectors was assumed. The uranium was assumed

lsanderson & Porter, "Pebble-Bed Reactor," Part 2, System Analysis,

Table 1.4-3, S & P 1963.
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to be 93% U233 and 7% y238, Equilibrium quantities of xenon and samarium
were used, together with fission products appropriate +0 5% U235 burnup.

. From the criteria stated above (power density, core height, and
weight percentage oxide) it may be seen that the point of particular in-
terest in Fig. 7.1 is that for a core having an 18-in. diameter and 10
wt % oxide in the fuel. This point, corresponding to a fuel element con-
taining slightly less thorium than uranium, was taken as the design value
for the reactor experiment. A summary of the characteristics of the

reactor is given below:

Core
Diameter, in. 18
Height, ft . 8.1
. Fuel element volume fraction - 0.61
Void volume fraction 0.39
Fissionable material inventory, kg 21
Specific power, kw/kg 476
Fuel
Weight fraction
Graphite 0.:9000
U232 0, 0.0513
y238 o2 0.0036
ThO, 0.0451
U235 burnup, % 10
Average fuel residence time in core,
days 246
Conversion ratio 0.084

As a consequence of the low total power output and small core diameter
(compared with a 350-Mw electrical power plant), the reactor experiment
has a much higher ratio of uranium to thorium, a much lower specific

power, and a much lower conversion ratio.

Fast Flux Distribution

In determining the graphite reflector thickness, neutron economy
is not of primary importance, since a high conversion ratio is not one

of the goals of the reactor experiment. The power distribution could
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be improved (flattened) slightly by reducing the thickpgss of the reflector.
However, the radiation damage to the pressure vessel bécomes excessive if
the fast flux incident upon the vessel is allowed to exceed a value of
approximately 2 X 1010 neutrons/cmzosec above 0.1 Mev. The fast flux at
the inside Surface of the pressure vessel, as determined by the thickness
of graphite between the pressure vessel and the core, is given.in Fig: 7.2.
In each caéevattenuation by a l-in.-thick steel ﬁhermal shield was also
included. - The useful life of the pressure vessel in years of full power
operation is also piotted in fig. 7.2. The actual life of the vessel would
. be somewhat longer, since the féactor would not operate at full power all
the time. It was felt that it would be unwise to design for a total life
less than 20 years. Hence the reflector thickness was fixed at 3 ft.
'The fast flux in the inner portions of the reflector is a matter of
concern with respect to differential shrinkage of the graphite reflector
pieces. The data in Fig. 7.3 were used to determine the reflector thickness

which could be used without cracking from the stresses imposed by shrinkage.

Reactivity Effects

‘The total burnup in a fuel ball will be 0.10 fissionéfinitial:fisSion--

able :atjom., Thé corresponding decrease in fission cross section . is,
£ 2000 (1+a) (1-R) ,

where the capture-to-fission ratio @ is 0.29 and the conversion ratio
Rc'is d:ﬁﬁ; Hence AZ/S = 0.117. The multigroup calculations show that
(a2/3)/(6k/k) = —10.0. The reactivity change associated with a core
which is batch loaded is therefore 1:17%. In practicé it would probably
prove adVantagéous'to refuel‘only a small portion of the core at one time
so that a pseudoequilibrium axial distribution bf burnup would be achieved
after a period of time, and the power distribution would therefore not vary
with time. If the first refueling were done after the fuel in the region

of meximum power had reached a burnup of 5%, the meximum reactivity change
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due to burnup would be the one which occurred during this period and would
be somewhat less than 0.58%.

The reactivity loss due to equilibrium xenon poisoning at full
power operation is 2.71%. This loss can rise to a maximum of 3.60% if
the reactor is shut down and then brought to power at the time when
the xenon concentration has reached a maximum. Thus the amount of re-
activity control needed for '"xenon override" is 0.89%. The reactivity
loss as a result of equilibrium samarium poisoning is 1.16%.

In considering the effects of temperature on reactivity, it is
necessary to keep in mind that neutron moderation occurs primarily in the
reflector rather than in the core. For example, one finds that over
90% of the thermal neutrons absorbed in the core attain thermal energies
in the reflector and then migrate to the core, whereas less than iO%
attain thermal energies while in the core. Hence it is to be expected
that the modefator temperature coefficient will depend mainly on reflector
conditions. - There are three noticeable contributions of temperature to
reactivity. In changing the temperature of the entire system from 68 to
900°F, the decrease in core and reflector density gives a reactivity
loss of 0.16%, the change in effective nuclear cross sections gives a
reactivity gain of 0.06%, and the Doppler broadening in the thorium
resonance integral gives a reactivity loss of 0.42%. The first two
of these effects are obtained directly from the multigroup calculations,
while the Doppler broadening is computed from the thorium resonance
parameters. The over-all temperature coeffiéient from the three effects

together is

o

—;{ = -0.4 X 107°/°F

L e

Since the dominant contributor to the negative temperature coefficient

is the thorium rescnance integral, it follows that the presence of thorium
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in the core is important in providing a stable reactor, as well as in pro-

\ : .
viding a fuel ball of the desired physical properties.

Control Blades

For mechanical reasons it is most appropriate to locate the control
devices in the reflector where the fuel balls will not interfere ﬁith their
operation. With the inner portion of the reflector arranged in concentric
annuli, the control devices can be located in a ring between two graphite
sleeves. Absorber blades which surround the core in & nearly continuous
ring were chosen in preference to rods in order to avoid undesirable '"scal-
loping" effects on the circumferential power distribution when the rods are
partially inserted. The various items affecting reactivity, as discussed

in the previous section, are indicated below:

/%

Uranium burnup 0.0058
Equilibrium xenon 0.0271
Xenon override 0.0089
Samarium : 0.0116
Temperature defect 0.0052

Total 0.0586

Figure 7.4 presents the worth of control blades of various thicknesses
of type 316 stainless steel when located in a 27-in.-diam circle concentric
withlthe core. A strong reactivity effect is noted with comparatively thin
layers of absorber because of the high importance of the reflector region.
A thickness equivalent to 1/16 in. of stainless steel ﬁas chosen, gi#ing
a total reactivity control of 0.140 Ak/k from full insertion to full with-
drawal of the blades. As may be seen from the tabulation above, the maximum
control needed in changing from a cold, clean core to a hot core with
equilibrium burnup and maximum xenon is 0.0586 Ak/k. Thus 0.0814 Ak/k is
avallable for shutdown margin.

The reactivity control of the blades which wére chosen is shown in

Fig. 7.5 as a function of the depth of insertion into the core. The blades
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are fully withdrawn (from the upper feflector, as well as from the side re-
flector) when the reactor is hot and contains the equilibrium.fugl’ burnup

and the maximum xenon poisoning. When the xenon poisoning is reduced to

the equilibrium value, the control blades are inserted 0.7 ft into the

core. This position is the normal one during operation aftér equilibrium
burnup distribution has been achieved. For a hot, clean core with equili-
brium xenon the control blades are inserted to a depth of 2.6 ft (0.0263
Ak/k), corresponding to initial power operation. The position of the control
blades at which the reactor first attains criticality (cold, clean core)- is

insertion to a depth of 4.4 ft.

Power and Flux Distributions

The power distribution in the operating reactor depends on the position
of the control blades. Two representative cases are given in Figs. 7.6 and
7.7. Figure 7.6 gives the'power.disfribution when the control blades are '
completely withdrawn (approkimately the condition for the hot core withA
equilibrium burnup). The.peak power density is 2.08 times the average, while
the minimum is 0.417 of the average. Figﬁre 7.7 shows the power distribution
when the control blades are inserted 2.7 ft into the core, corresponding
approximately to the hot core under initial operating conditions. The pesak
power density is raised to 2.38 times the average and occurs 1 ft below the
center of the core instead of at the center, as before. These power distri-
butions were computed with the two-dimensional :f‘dur—group PDQ code. The
normalization is to an average of 1.0 in the core.

Flux traverses in the radiai direction at the mid-plane are shown in
Fig. 7;8. The prominent péak of thermal fiux in the reflector, characteristic
of a reflector-moderated reactor may be seen, as well as the relatively high
ratio of epithermal to thermel flux in the core, indicating an "under-moderated"

reactor. Only 56% of the fissions occur at thermal energies.

Reflector Heat Load

The neutron heating in the reflector was computed from the fast fluxes

and the scattering cross section. The gamma heating was computed by summation
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of the contributions from the source points in each of six energy groups.

The results of the calculations are given in Fig. 7.9.

Gamma. Heating in Pressure Vessel

The gamma heating in the pressure vessel was assumed to be due primarily
to the capture gammas in the steel and thus proportional to the:thermal flux
in the steel. A series of plane éources was computed, and the contribution
from each to the heating at the inner surfacé of the pressure vessel was deter-
mined. The calculation gives 0.26 w/cm3 as the peak heating density. This
heat. generation can be reduced substantially, if necessary, by impregnating
the outer portion of the reflector with boron. Assuming a simple exponential
attenuation of the thermél flux in the borated .graphite, it is found that 1%
by weight of boron in the outer 2 in. of graphite'gives a Ffactor of 7 reduction
in the pressure vessel heating, while 2% boron in the outer 2 in. of graphite

gives a factor of 50 reduction.

Neutron Lifetime

From the :fluxes of the multigroup calculations, the average prompt
neutron lifetime is determined to be 1.5 X 1073 sec. . Approximately 99% of

the lifetime occurs-in the reflector.
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8. FUEL ELEMENTS AND GRAPHITE COMPONENTS

This chapter i§~devoted primarily to a review and evaluation of
existing,infbrmation on fueled-graphite elements of the type under con-
sideration for use in the PBRE. An evaluation is also included of the
requirements and fabrication limitations applicable to graphite com-
ponents to be used in the bed.éontainer, the reflector, and the reflector

perimeter.

Fuel Elements

The proposed PBRE fuel élement is a graphite sphere containing a
fuel-particle dispersion of U0, UCy, or UC. The required fuel element

characteristics and the proposed operating conditions are summarized

below:
Configuration _ Sphere
Sphere diameter, in, ' 11/2
Fuel loading ' Equivalent to 0.164 g of
uranium per cm? of total
fuel element volume
Carbon density 1.70 g per cm® of net

graphite volume

Sphere operating temperatures, °F

Average surface 1200

Maximum surface . 2000

Maximum allowable internal :

~ (including ‘hot spots) 2200
Number of spheres per reactor

(assuming 39% void volume in core) 8500
Average power density in core, w/cm3 25
Average surface heat flux, Btu/hr-ft? 81 500

Maximum irradiation exposure, kwhr/sphere 5500

In service the fuel spheres will be subjected to impact loads during
the charging and unloading operations, compressive loads primarily from

differential thermal expansion between the ball bed and its container
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wall, abrasive action from ball agitation during power cycling or ball

spinning under aerodynamic forces, thermal stresses arising from tempera-

ture gradients within the fuel sphere, oxidation by impurities in the

helium_cooiant, and radiation damage from both neutron- and fission-

fragment bombardment. Under these conditions, the fuel elements must

- maintain structural integrity, must retaln a large proportion of the

fission products generated, and must not sélf-weld to adjacent spheres.

' The data on the ability of the fueled-graphite matrix fo withstand b
the mechanical and thermal stresses anticipated under operating condi-

tions are encouraging, although not extensive. Self-welding is a . N
ﬁroblem only in the case of Si-SiC coéted spheres. Even with this type

of fuel sphere, self-welding should not occur at the presently antici-

pated maximum surface tempefature of 2000°F. However, additional tests

will be required to define more clearly the temperature, time, and con-

tact pressure conditions under which self-welding will occur. The

méjor uncertainty at present is fission-product release from the spheres

at high temperatures and high burnups.

Sanderson & Porter Program

Much of the available information on theiperformance of graphite
fuel elements under PBRE operating conditions'was developed by Saﬁderson &
Porter in connection with a design study of a 125-Mw(e) pebble-bed reactor
and steam power plant, and a detailed description of the Sanderson &
Porter fuel-sphere testing program has been publishéd.1

The specimens are obtained from various companies and are evaluated
at Battelle Memorial Institute. At Battelle, the fuel-sphere specimens
are inspected visually for flaws and then weighed and measured dimension-
ally. The specimen density is calculated from these measurements.
Representative samples of a given lot of spheres are examined metallq— ¢
graphically. Next, additional samples are subjected to the followiné

tests:

1"Pebble Bed Reactor Program Progress Report for Period June 1, 1958,
to May 31, 1959," NY0-2373.

w
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1. Impact. A 1-1b steel weight is dropped onto the fuel sphére
from increasing heights, and the sphere is rotated between impacts to
simulate anticipated'service'conditions. With coatéd specimens, a
"hot o0il" permeability-test-is used after:each:impactto determine
whether fracture has occurred. ”A

2. Compression. The fuel sphere is loaded at a rate of 200 lb/min
in a Universal Testing Machine. Coated specimens are compression tested
under hot oil.

3. Abrasion. The test sphere and a number of dummy elements are
tumbled together in an 8<in.-diam, 4 3/4—in.~high drum rotated at a
speed of 52 rpm. Evaluafion 1s based on welght change and visual
appearance.

él Self-Welding. A vertical row of specimens is subjected to an

axial load (typically 50 1b) for 100 hr while in a furnace capable of
‘heating them to 25C0°F. Visual examination and "hot oil" testing are
used to determine self-welding tendencies of the'sphere. This test is,
of course, appliéd only to coated spheres. -

5. "Hot 0il" Permeability. Coated spéciﬁens,are immersed in

éilicone oil at 400°F. Faults in the coatings are revealed by a stream
of bubbles of adsorbed gases released from the substrate graphite.

6. Surface Contamination. Uranium contamination in the surface

of fuel specimens is determined by counting the gross alpha activity
in a flow-type alpha proportional counter.

Fuel elements that look promising after undergoing these tests
are evaluated under 1rradiation. The testing program is designed to
yield data on.fission;productLretention_and theeffect of irradia=’ .
tion on physical characteristics and mechanical properties of the fuel
éphere. The following types of irradiafion tests are used:

1. Neutron Activation. The'fuel spheres are irradiated at low

temperatures to a low dose (up to 6 X 1017 neutrons/cmz) in order to
generate a measurable amount of fisslon products. After a 3- to 7-day

_decay period, the specimens are heated in flowing helium that is

analyzed with an on«~stream gamma-ray spectrometer.
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2. Furnace Capsule. The fuel sphere is irradiated at a low flux

but at‘high temperatures maintained by electrical heaters. The isotopes
Xe133, Xe135, Kr87, KrBB, and Kr85 are measured in the éxit helium

sweep gas. The ratio of the rate at which fission products are released
to the rate at which fission products are generated (S/B) is determined
for each isotope.

3. Bweep Capsule. The fuel sphere is irradiated at a high flux

at high témperatures maintained by nuclear heating alone. Helium gas

is passed over the sphere during irradiation and analyzed as in the
furnace capsule tests. Radiation damage data are obtained in postirradia-
tion examinations.

4. Static Capsule. The fuel sphere is irradiated in a capsule

under conditions which, except for the absence of gas flow, are similar
to the sweep capsule tests. This test is designed primarily for radia-
tion démage evaluation, although fissicn-product=release data can also
be obtained by collecting the gases from the sealed dontainer at the end
of the test.

The characteristics of the various types of fuel elements procured
for evaluation are summarized in Table 18.1 (refs. 1—), and the types

which were ultimately evaluated under irradiation are listed in Table 8.2.

Property Evaluations and Effects of Irradiation

Data on the effects of irradiation on dimensional distortion, weight
change, impact resistance, compressive strength, and abrasion resistance
were obtained in capsule tests SP-l, SP-3, and SP-4 at Battelle. Addi-

tional information on dimensional change under irradiation was obtained

2"Fuel Element Development Program for the Pebble Bed Reactor, Phase I
Progress Report for Period May 1, 1959, to October 31, 1959," NY0~2706.

3"Fuel Element Development Program for the Pebble Bed Reactor,

Quarterly Progress Report for Period November 1, 1959, to January 31,
1959," S & P 1964-14.

4"Cyurrent Fuel Element Developments and Their Effects on the Pebble
Bed Reactor Program, May 10, 1960," S & P 1965-17.
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Table 8.1. Characteristics of Fueled~Graphite Elements Studied in Sanderson & Porter Program
Fuel Matrix Coating
Element
Manu- Shell Baking
Designa=- a - Net - _ Thick~
tion facturer Lg:.ded F;gii Pa;::;zle Reiﬁ:gg Densigy TEZZE Teztl'rg;:a Location Material ness
(g/Cm ) (in.) (°F) (in.)
Graphite Infiltrated with Fuel
FI-1 Syl UNH . U0, lp No 1.65 0 1470
F1-6 AMP UNH uc, lp Yes 1.85 0 3500 Sphere ZrC 0.001
Graphite Containing Lumps of Fuel
FL-1 AMP UC, uc, 3/8 in. Yes 1.85 0.35 3500
FL-2 AMP UC2 Uc, 3/8 in. Yes 1.85 0.35 3500 . Sphere ZrC 0.001
FL-3 BMT U0, U0, 67 p No NRP 0.25 2000 ‘
Unfueled Graphite )
FX-1 Plas Sphere TiC 0.010
FX-2 Plas Sphere ZrC 0.010
FX-3 Ray Sphere Pyrolitic carbon 0.060
Admixture of Fuel in Graphite

FA-1 NC U0, U0, 100-150 p No 1.62 0 2560
FA-2 BML U0, Uo, 67 pn No 1.63 0 2000
FA-5 3M U0, uc 100—200 p Yes 1.80 0.15 3600
FA-6 3M U0, uc 100200 p Yes 1.80 0.15 3600 Sphere S51-8iC 0.003
FA-7 Carbo uc, uc, 100—200 p No 1.63 0 3600
FA-8 Carbo uc, uc, 100—200 p No 1.63 0 3600 Sphere 5i-81C 0.030
FA-9 NC- U0, U0, 100-150 p Yes 1.68 0 2560
FA-10 GIC U0, U0, 350420 p Yes 1.80 0 2000
FA-11 NC U02 U0, 100-150 p Yes 1.68 0 2560 Sphere Pyrolitic carbon 0.005
FA-14 NC ThO,—U0; Th0,—U0,; 100-150 p No 1.62 0 2560
FA-16 3M U0z uc 100—200 p Yes 1.75 0.060 3600 Sphere S1-S1C 0.003
FA-17 NC U0, U0, 100150 p No 1.62 0 2560 Sphere Pyrolitic carbon 0.002
FA-19 NC Uo, uc, 100150 p No 1.65 0 4800
FA-20 NC U0, uc, 100-150 p No 1.65 0 4800 Sphere Pyrolitic carbon 0.002
FA-21 Ray Uo, uc, 100-150 p No 1.65 0 4800 Sphere Pyrolitic carbon 0.050
FA-22 NC/BMI U0, Uo, 100150 p Yo 1.57 0 2350 Particle Al;0,4 0.002
FA-23 3M U0, uc 100200 p NR NR IR NR Sphere 51-81C 0.008

SaMp — American Metal Products Co.

BMI — Battelle Memorial Institute

Carbo — The Carborundum Company
GLC — Great Lakes Carbon Corp.
3M — Minnesota Mining and Manufacturing Company

bNot reported.

NC — National Carbon Company

Plas — Plasmakote Company

Ray — Raytheon Mfg. Co.
Syl — Sylvania=Corning Nuclear Company.

g'8
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Table 8.2. Summary of Irradiation Test Program of
Sanderson & Porter on Fueled-Graphite Elements

Test Capsule Type of Designations‘of Fuel
No. Irradiation Test “Blement ‘Tested?®
SP-1 _ Static ' FA-1 (NC86)
FA-1 (NC87)

FL-3 (BMI-12) :

. FL-3 (BMI-11) .
FiT1 (E1le) -
FI-1 (E13)

Sp-2 - Sweep FA-1 (E81)
FA-1 (E84)
FI-1 (E5)
FI-1 (E10)

SP-3 Sweep FA-6 (18E)
FA-6 (20E)
FA-8 (E4)
FA-8 (E5)

SPF-1 Furnace FA-20 (310)

SP-4 . Static FA-1
FA-8
FI-1
FA-2
FA-20
FA-10

SPF-2 Furnape FA-16
SPF-3 Furnace b N R

SP-5 Sweep , FA-22 (471)
: . FA-23 (E8-7)

SP-5 . Static FA-20 (338)
' FA-20 (345)
FA-22 (470)
FA-23 (E8-2)

aFor description of fuel elements see Table 8.1.

?Admixture type of fuel element contalining Al,;03-coated
normal UO,. '
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in MIR tests conducted by ORNL®~7 and by General Atomic8 using cylindrical
peilets of fueled graphite. The operating conditions utilized in these
irradiation tests are summarized in Tables 8.3, 8.4, and 8.5.

The fuel pellets for the ORNL-MIR-48-1 test were fabricated by
National Carbon Company by the admixing of UO, .spherical -shot’.and.a.carbon-
aceous mixture. .The U0, was converted to UCg during the baking operation,
which reached a temperature of approximately 5000°F

The General Atomic irradiation test pellets. were 0.220-in. in
diameter, 1/4 in. long, and contained approximately 24 vol % UC or UCZ
dispersed in graphite. Four pellets contained in type 316 stainless

steel constituted each irradiation test specimen.

Dimensional and Weight Changes

The dimensional and weight changes which occurred during the BMI
SP-1, SP-3, and SP-4 tests are listed in Table 8.6. The effect of com-
bined neutron and fission-fragment bombardment is shrinkage Qf the fueled
graphite. According to the work of Nightingale et al.,9 at Hanford,
shrinkage would be expected at the irradiation temperatures of these
tests from fasﬁ-neutron effects alone. In the impregnated specimens,
additional shrinkage due to fission;fragement bombardment is believed
to have caused the larger dimensional changes. Attenuation of éssentially
all fission fragments in the graphite matrix of these specimens is
associated with the small fuel particle size (approximately 1 u). There
was no direct correlation between shrinkage and fuel particle size in

the range from 67 to 400 p, however, according to the data obtained in

the SP-4 test.

5"-GCR Quar. Prog. Rep. Dec. 31, 1959, " ORNL-2888, p. 107.
6"GCR Quar. Prog. Rep. March 31, 1960,"” ORNL-2929, p. 155.
“7"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 160—6.

8D, E. Johnson and J. M. Tobin, "The Dimensional Stablilty on Irradia-
tion of Al;03-U0,, BeO-UO,, Graphite-UC, and Graphite-UC,,” ORNL Conference
on Nuclear Reactor Chemﬂstry, October 13, 1960. :

°R. E. Nightingale, J. M. Davidson, and W. A. Snyder, ”Damage Effects
to Graphite Irradiated up to 1000°C," A/Conf. 15/P/14,'1958.



Table 8.3. Operating Conditions for BMI Irradiation Tests of Fueled-Graphite Specimens
SP-1, SP-3, and SP-42

Operating TemperaturesC

° 235
Capsule Specimen No b (°F) Heat Generation Bgrnu Total Exposure
No. . P : Speci A Rate® (kw/sphere) P {kwhr/sphere)
Block Specimen Spe01men , | (a@. %)
: Surface Center- : : :
SP-1 FA-1 (NC86) 940 1224 NRA 1.71 1.5 1150
FA-1 (NC87) 980 1288 NR 1.81 1.6 1225
FL-3 (BMI-11) 920 1204 NR 1.65 1.5 1120
FL-3 (BMI-12) 800 ~1070 NR NR NR NR
FI-1 (E16) 1060 1332 NR 1.88 1.9 1330
FI-1 (E13) 1050° 1317 NR 1.85 1.8 1225
SP-3 FA-6 (18E) 1000 1300 1600 1.7 NR 2400
FA-6 (20E) 1000 1300 1600 1.7 NR 1950
FA-8 (E4) 1200 1600 1900 2.2 NR 2400
~ FA-8 (E5) 1200 1600 1900 2.2 NR 2600
SP-4  TFA-1 1290 1620 1780° 1.95 6.7% . 6700°
FA-8 1410 1770 1830 2.24 6.7 6700
FI-1 1400 1760 1850 2.37 6.7 6700
FA-2 ‘ 1410 1770 1910 2.27 6.7 6700
FA-20 1250 1560 1770 1.96 6.7 6700
FA-10 1300 1630 1730 1.75 6.7 6700

#See refs. 1, 2, 3, and 4. .
For description of fuel elements see Table 8.1.

“Heat genération rate was calculated from measured graphite block temperature, pool water
temperature, and effective thermal-resistance properties of the capsule. Specimen temperatures
were then calculated; using 20 Btu/in.'ft-°F\for thermal conductivity.

dNotxreported.
eTemperature measurgd by thermocouple inserted into fuel spheres.

f : . . .
Average for six specimens in capsule.

8°'8
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Table 8. 4‘.

Element Irradiation®

Test Parameters for ORNL-MIR-48-1 Fueled-Graphite

Test Parameters

Forward Pellet

Rear Pellet

No. 85 No. 91
Pellet characteristics
Diameter, "in. 0.9969 0.9965
Length, in. 1.4687 1.4682
Volume, cm? 18.766 18,764
Total weight, g 35.4107 37.8407
Weight of UC,, g , 10.52 19.33
U235 content (93.12% énrichment), wt % 8.89 16.33
U35 concentration, g/cm 0.1677 0.3295
U233 concentration, atoms/cm3 42.9 x 101° 84.3 x 10%1°
Test duration (MIR at 40 Mw), hr 1446 1446
Operating temperatures . l
Graphite capsule wall less coolant
water temperature (110°F), °F
Design value 1392 1467
Average operating:value 1450 1240
Interface between graphite can and fuel
pellet, estimated, °F 1780 . 1520
Central pellet, estimated, °F 3500 3000
Thermal: .neutron flux, neutrons/cm *sec
Design value 4.6 x 1013 2.6 x 1013
Average operating value 4.8 x 103 2.2 x 1013
Fission power density, w/cm3
Design value 270 300
Average operating value 282 254
U?3° atoms fissioned, atoms/cm3 5.24 x 101° 4.72 x 109
Percent - 12.2 5.6 -
Burnup of fueled graphite matrix, Mwd /MT 8970 7560
Burnup of U235, Mwd/MT 101 000 46 300

85ece refs. 5 and 6.



Table 8.5. Data on General Atomic (MGCR) Fueled-Graphite Irradiation Testsa

Specimen

No.

Fuel

Material Loading ’
(g of U%?%) Temperature (Btu/hr-ft?)

Estimated
Cladding
Surface

(°F)

Surface Heat

Flux

Fission=~Gas Burnup DlameFral
Dimensional
Release % o

(% of Kr83) U23§ atoms ) c?%?%e

M OB O W

UC,=C 1.46
uc-C 1.44
Uc-C 1.44
UC,=C 1.46

1520
1560
1430
1270

204 000
198 000
156 000
132 000

1.58
0.37, 0.41 1.56 1.5
1.23 -1.5
0.30, 0.12° 1.01 -1

tion.

aSee ref. 8.

bNo change in the microstructure was observed for either type of fuel as a result of irradia-

®The 0.12 value is considered questionable; the 0.30 value is considered reliable.

0T'8



Table 8.6.

8.1

Dimensional and Weight Changes in Irradiated Fueled-
Graphite Spheres Tested in BMI Capsules SP-1, SP-3, and SP-4

Dimensional Change

X, ¥, and z are three mutually perpendicular diameters.

CWeight measured after hot-oil immersion test.

dPolar.— paraliel to cylindrical irradiation. capsule axis.
Equitorial — perpendicular to polar direction.

. . Weight
Spe;ggfn Type Change (%)
(%) <0 v
Capsule SP-1
FI-1 (E13) Impregnated ~4.48  -0.86 -0.83 -1.10
FI-1 (El6) Impregnated -2.88 -0.91 -1.08 -0.82
T FA-1 (NC86 Admixture +0.03 -0.07 =0.24 =0.28
FA-1 (NC87 Admixture -0.08 -0.29 -0.23 =20.21
FL-3 (BMI-11) Lumped fuel - -4 .25 -0.33 =0.26 -0.27
FL-3 (BMI-12) Lumped fuel ~0.71 -0.11 -0.28 -0.16
Capsule SP-3
FA-6 (18E) Admixture, Si-SiC - -0.1 -0.3
’ coating
FA~6 (20E) Admixture, Si-SiC 0.0 =0.0
" coating e
_FA-8 (E4) Admixture, SiC -0.3 +0.01
coating c
FA-8 (E5) Admixture, SiC «0.1 +0.08
coating
Capsule SP-4
Polar Equitoriald
FI-1 Impreghated -0.40 -0.76 -0.67
FA-2 Admi xture ' -0.55 ~0.03 -0.08
- FA-1 Admixture -0.11 . =0.47 -0.52
FA-10 Admixture -0.06 -0.69 -0.81
FA-8 Admixture, SiC +0.14 =0.16 +0.65
coating _
FA-20 Admixture, pyrolitic +0.19 -0.93 -0.17
‘ carbdén coating '
®For description of fuel element see Table 8.1.
b
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Examination of the ORNL-MIR-48-1 test capsule revealed no apparent
change in the two graphite cans which contained the graphite-UC,; fuel
pellets.7 Thg dimensions of the cans agreed with preirradiation values
to within O.l%. Only the rear graphite-UC, fuel pellet, No. 91, has
been inspected to date. It was removed intact from the can and very
little change in appearance was noted. The average diameter of the end
of the pellet nearest the reactor core decreased 2.4% while the diameter
of the other end decreased 5.1%. The length of the pellet increased
3.5%.

. The micrometer measurements were reported to be difficult to make
because the surfaces of the fuel pellets were friable. This difficulty
could have resulted from reaction of the  UC; with moisture in the hot-
cell atmosphere.

As indicated in Table 8.5, the General Atomic graphite-UC and
graphite-UCZ pellets decreased 1.5 and 1% in diameter, respectively,
during irradiation. One of the irradiated graphite-UC pellets was:
annealed at 2500°F for 4 hr in flowing helium (15 ft3/hr), and it
disintegrated to a "crusty lump of crumbs." However, it was believed
that accidental oxidation could have caused this behavior.®

It may be seen in Table 8.6 that, in almost every case, the fueled
graphite lost weight during irradiation and that, in capsule SP-1l, three
of the specimens suffered very large weight losses. The mechanism of
weight loss has not yet been determined but should be investigated,

because the lost material may be a poténtial coolant contaminant.

Impact Properties

The results of impact tests on irradiated and control specimens
_are presented in Table 8.7. With the one eXception noted in the table,
.'the impaét tests were performed By dropping a steel weight onto the
specimen from inéreasing heights. It i1s anticipated that the spheres
will be subjected to impact energies resulting from a 20-ft free fali,
or approximately 2.3 ft-1b during the loading operation. Although too
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Table 8.7. Results of Impéct Tests on Control and Irradiated Fueled-
' Graphite Specimens from BMI Capsules SP-1, SP-3, and SP-4

Impact, Energy at Failure (ft-1b)

SpecimenﬁNb"?' ' Type
' ' Preirradiation Postirradiation

Capsule No. .SP-1

FI-1 _ Impregnated 13.5 10.4
' 11,5
12.5

FA-1 Admixture 7.3 8.35

’ 11.5 .

11.5

FL-3 Lumped fuel 3.1 <1.04
2.1

Capsule No. SP-3

FA-6 Admixture, Si-SiC 1.33° <0.1°
. . b :
coating : 1,25
3.00
| 1.9
FA-8 Admixture, SiC O.5bb 0.75
- coating 0.42
1.0
0.6
0.5
» Capsule No. SP-4
FA-1 . Admixture >11.6 9.4
FA-2 Admixture 1 7.5 3.0
FI-1 Impregnated ' 12:5 '>11.6
FA-10- Admixture’ . 10.4 . >11.6

aFor'description of fuel elements see Table 8.1.
bImpac_t made on one location on sphere.

cFractured in 1-ft free fall.
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few tests have been performed to provide a sound statistical basis for
evaluation, the impact resistance of the uncoated fueled-graphite spheres
appears to be quite adequate to meet the operating requiremehts. The
surface-coated spheres, on the other hand, show poor impact resistance.
The graphite matrix of FA-6 specimens in the SP-3 capsule was believed

to have contained cracks prior to the irradiation test..2

Compressive Strength .

Based on calculations of the differential thermal expansion between
the ball bed and its container wall, it was established that the spheres
should be able to withstand compressive loads as high as 500 1b without
fracturing. The data presented in Table 8.8 indicate that except for
the specimens fueled by the "lump"'tethnique, whith devélopéd cracks
during irradiation, the graphite spheres possess adequate compressive
strength and that irradiation apparently enhances this strength. More

data are required to confirm this conclusion, however.

Abrasion Resistance

The results of abrasion tests, presented in Table 8.9, indicate
that irradiation ténds to harden the fuel spheres. The irradiated
spheres either actually gained weight by picking up carbon from the
dﬁmmy elements or showed a much smaller weight loss thén the unirradiated -
specimens. No spalling or flaking of the graphite surface occurred.?t
However, the fuel temperature during exposure was considerably lower .
than design (i.e., a maximum of 1580°F) arnd .the“burnup-did not exceed

1.8%.

Self-Welding

Self-welding tests are reported for three pairs of 5i-SiC coated '
fuel spheres.? At 2000°F, neither type FA-6 nor FA-8 spheres showed
a tendency to self-weld in 100 hr. The contact areas were tested by

the "hot oil" permeability technique and showed no leaks.



Table 8.8. Results of Compression Tests on Control and Irradiated Fueled-
Graphite Spheres from BMI Capsules SP-1l and SP-3

. ) Preirradiation Test Postirradiation Test
Specimen
No.2 Type : b b
: Load (1b) S (1v/in.) Load (1b) S (1b/in.)
. Capsule No. SP-1
FI-1 Impregnated 2555 24 900 2672 39 100
FA-1 Admixture 2410 55 900 3712 65 800
2865 56 400
FL-3 Lumped fuel 10605 . 43 500 254 8 300
278 40 500
Capsule No. SP-3
FA-8 Admixture, SiC coating 530 NR® 1697 146 000
837 NR

aFor description of fuel elements see Table 8.1.
bS".‘-stands for slope of the straight portion of the load-deflection curve.

CAfter sharp jump in deflection curve at a 1060-1b load, the specimen was unloaded and then
retested. Failure occurred at 708 1b during the second test.

dOu.ter shell cracked during irradiation.

®Data not reported.

G1"8



Table 8.9.

Results of Abrasion Tests on Control and Irradiated Fueled-Graphite

Spheres from BMI Capsule SP-1

Weight Change (g)

Specimen No. & Type Preirra;iiat ionb
' . . . C
. Postirradiation”
Maximum Average Minimum :
FI-1 Impregnated —0.0352 —0.0156 —0.0008
E13 ‘ - +0.0025
El6 —0.0008
FA-1 Admixture —0.0281 -0.0088 -0.0003
NC86 ‘ +0.0026
NC87 ‘ +0.0024
FL-3 Lumped fuel —0.3081 —0.0928 —0.0035 .
BMI-11 SR -0.0185

a“For description of fuel elements see Table 8.1.

b

Tumbled 2 hr in a drum with dummy elements.

“Tumbled 10 min in a drum with dummy elements.

91°8
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- At 2500°F, in a test terminated after 66 hr because of thermocouple
failure, two type FA-6 fuel spheres stuck to each other and to the
graphite supports holding them in the test furnace.?” It appears that
self-welding -of coated spheres may not be a problem at the temperatures
and gas-purity levels under consideration for the PBRE, but confirmastion

of this by means of a thorough and realistic testing program is mandatory.

Fission-Gas Retention

'Oné of the @ain advantages of the pebble-bed reactor concept over
the fixed~fuel-element designs of thg General Atomic HIGR and the OEEC
Dragon is the relative ease with which fresh fuel can be added and spent
fuel discharged. The edst of this fuel~handling flexibility is the
preclusion of a purge-gas system as a means for handling fission products
emitted from the fuel. The fuel spheres must therefore retain a large
proportion of the generated fission products in order to maintain the
coolant contamination at levels which will permit maintenance of com-

ponents, such as blowers, at a resonable cost.

Uncoated Spheres

Both neutron-activation and sweep~-capsule tests have demonstrated
that fission-gas felease from-uncoated spheres containing uncoated fuel
particles would Ee much too large for pebble-bed reactor application.
The results of neutron-activation experiments are summarized in Table 8.10.

In sweep capsule SP-2, the release of fission gases from uncoated
spheres was determined while the specimens were being irradiated. This
type of test permits the measurement of the ratio of release rate to
equilibrium ﬁroduction rate. The operating conditions for capsule SP-2
are presented in Table 8.11 and the fission-gas release factors are.
given in Table 8.12. The activity in the helium flowing over the
impregnated specimens was too high to be handled in the available equip-

ment.
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Table 8.10. Release of Xel2?3 from Fueled-Graphite Specimens
Containing Uncoated Fuel Particles®

Specimen Test Test Xel33
PNo b Type Temperature Time Released
: (°F) (min) (%)
FA-1 (278) Admixture, 1000 110 0.4
100~150 p U0, 1500 - 20 0.9
1900 20 0.6
FA-1 (282) Admixture, 1000 20 0.1
‘ 100~-150 p UO; 1500 60 0.6
‘ 1500 60 0.7
1500 - 90 0.7
FA-1 (283)  Admixture, 800 30 0.4
100~-150 p U0, 1100 40 0.1
‘ 1100 25 0.3
1500 55 0.9
FA-14 (373) Admixture, 800 15 0.1
100150 p. U0, 1500 40 0.2
FI-1 Impregnated with ~1 p 1000 240 8.3
U0, particles 1250 240 3.1
' 1500 240 3.0
FA-5 Admixture, ’ 1000 10 0.87
100—200 p UC, in shell 1500 10 0.08
FA-7 Admixture, 1000 20 0.07
100—200 u UC, 1500 20 0.3

%See refs. 1 and 2.

bFor description of fuel elements see Table 8.1.

fa
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Table 8.11. Summary of Capsule SP-2
Operating Conditions® ‘

Surface Temperaturecu(°F)

Spécimen
No.DP Type
’ Cycle 1 Cycle 2 Cycle 3
FA-1 (E81) .  Admixture 1050 - 1200 1380
FA-1 (E84) Admixture 1040 1190 1360
FI-1 (E5) Impregnated 1120 1220 1410
FI-1 (E10) Impregnated 1140 1230 1420

aSee_ref. 1. . '
bFor description of fuel elements see Table 8.1.

cSpecimen power: cycle 1, 0.45 kw; cycle 2, 0.5 kw; cycle
3, 0.6 kw. '

Table 8.12. Fission-Gas-Release Factors
for Specimens FA-1% in
Sweep Capsule SP2

Release Factor, R/B

Gas Sample
No'b Kr85m ' X‘el35
1€ 1.4 x 1074 2.5 x 107%
2 5.18 x 1072 6.3 x 1073

3 6.36 x 1072 . 1.68 x 10~%

%Uncoated, admixtures.

bAll samples taken:during first cycle.
. C

‘Sampling apparatus leaked.
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Data obtained recently at ORNL indicate that evén highly lmpermeable
graphite (admittance constant = 1.5 x 1078 cm?/sec) may not be an effective
fission~gas barrier for a pebble-bed fuel element under high-temperature
irrédiation. In the ORNL-MIR-48-2 experiment, a UCz—graphite pellet
sealed in a graphite can of the above quality was irradiated in the MIR
at a graphite wall temperature of approximately 1500°F. Helium was passed
over the graphite can and monitored for gaseous fission products. The

'release factor, R/B, for Xel33 increased from 1.9 X 10™* ten days after
startup to approximately 0.20 after two months of opepgtion (3.8 x 10%°
atoms of U235 fissioned per cm?®). The R/B ratios for Kr®°m, xr®8, and

Xel?5 at -this time were.2.5 X 1073, 7 x 10'4, and 3.9 X 10'5, respectively.10

The capsule is still operating, however, and the cause of the increase

in release rate is not yet known.

Spheres with Surface Coatings

. The most promising sphere coatings have been shown by "hot oil"
permeability and neutron-activation tests to be Si-SiC and pyrolytically
deposited carbon. Specimens coated with these.mater?als were subjected
to irradiation tests in furnace capsules, static capéules, and sweep

capsules.

Spheres Coated with Pyrolytically Deposited Carbon.?*3 The FA-20

specimens (see Table 8.1) consist of a gfaphite-UCz matrix coated with

2 to 5 mils of pyrolytically deposited carbon. The molded admixture of
UO,, graphite flour, and coal-tar pitch binder was baked at 4800°F to
graphitize the matrix and convert the U0, té UC,. The coating was
deposited at 3100°F, and the coated sphere was then rebaked at 4800°F.
These spheres had the highest impact strength, 3.6 ft-1b, among the
coated specimens, and all 6 specimens tested passed the "hot oil" perme-
ability fest. Two irradiation tests have been completed on FA=20 type \

spheres.

_1°Personal communication from C. W.. Cunningham, ORNL.

v



g.21

The results of the furnace capsule SPF-1 test are presented in
Table 8.13. 1In postirradiation examination, pitting of'the coating,
which has been attributed to impurities in the helium, was observed.!?!
The reléaselfactors observed in this test, may therefore be higher than
this type of coafing is capable of achieving. In a neutron-activation
test, no detectable release was obtained in 70 min at 1700°F or 100 min
af 2200°F from a pyrolytic-carbon-coated sphere. This coating was applied
at a temperature 200°F higher than that on the FA-20 specimen of SPF-1,

however.

Table 8.13. Summary of SPF-1 Release Rate Data_on Pyrolytic-

Carbon-Coated Specimen FA-20 (310)%
Specimen ' : i Release Factor, R/B
Temperature - -
(°F) Kr85m Kr87 Kr8e Xel33 Xel33
150 3.8 x 107% 1.6 x 10™%. b 4.6 x 1072 1.5 x 1073
1000 4.3 %1073 2.3x103 .3.8x10"® 5.7x10"% 3.9x 107
11500 1.6 X 107 1.3 x 107 1.6 x 107 4.1 x 1072 9.0 x 1073

1900 2.6 x 107 1.07 x 1072 2.4 X 107% 6.7 x 107 1.9 x 1072

83ee ref. 3, ». 15.

bNo detectable release.

A second FA-20 type specimen was irradiated in static capsule SP-4,
the irradiation conditions for which are listed in Table 8.3. Post-
irradiation examination revealed five closely spaced, parallel, great-
circle cracks that leaked profusely in the "hot oil" test. Two addi-
tional FA-20 specimens are included in a static atmosphere compartment

of the SP-5 capsule, which is still in test.

*lpersonal communication from G. Raines, Battelle Memorial Institute.
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. Spheres with Si-S5iC Coatings Applied Directly to Fueled Matrix.?

The FA-8 specimens (see Table 8.1) were fabricated by admixing UC,,
isotropic-grade graphite (Speer 901S), and resin-type binder. The
spheres were molded at 1000 psi and baked at 3600°F. The 0.03-in.
coating of SiC containing excess silicon was applied directly to the
fueled-graphite matrix. Coatings applied in this way are subject to
uranium contamination by the reaction of silicon with UC, during the
coating operation. In preirradiation tests, specimens showed an average .
surface contamination of 0.3 wt % of the total uranium in the sphere.
The impact strengths of the FA-8 specimens were also low, below 1 ft-lb,
and only 7 of 17 specimens tested passed the "hot oil" test.

Two FA-8 specimens were tested in one compartment of capsule SP-3
under the conditions listed in Table 8.3. After two days of operation
" at surface temperatures of 1300 to 1500°F, it was found that the activity
in the gas lines was t00 high to permit sampling. Tﬁe irradiation was
continued to the burnup given in Table 8.3, with the gas lines sealed.
In the postirradiation examination, the two FA-8 spheres appeared to be
in good condition. One specimen exhibited no leakage during immersion
in hot silicone oil for 17 min, and the other emitted only a single
-stream of bubbles after 52 sec of immersion ih hot oil. The high-
activity levels which prevented sampling during irradiation are believed
‘to have resulted from uranium contamination in the éoating,surface. No
uranium contamination measurement was made prior to the irradiation tést, . -
but later measurement of other samples from the same lot showed excessive
contamination, as discussed above. . .

An FA-8 specimen, irradiated in static capsule SP-4 (see Table 8.3),
had a 0.2=-in. crack in its coating after irradiation. The "hot oil"
immersion test indicated a major leak. Metallographic examination re-
vealed no apparent change in the microstructure of the coatiﬁg.

Coating of Si-SiC Applied to Unfueled Graphite Shell on Sphere. 1In
the FA-6, FA-16, and FA-23 specimens, the fueled matrix and the Si-SiC

coating were separated by a shell of unfueled graphite. The graphite



8:23

maﬁrix was made by mixing U0y, Graphite Specialties Grade W filler, and
pitch-binder, molding iscstatically at 5000 psi, and reimpregnating
sevefal-times. The final graphite density was 1.80 g/cm3. Baking at
3600°F converted the U0, to UC, according tovx-ray analysis.

| .The‘FA-6 specimens were fabricated with a 0.15-in.-thick unfueled
shell and coated with 0.002-in.-thick S1-8iC. The U0, used was contami~
‘nated by 3.24 wt % iron, and 5.57 g of fuel particles was added to get
the 5.19 g of U0, desired. Metallography showed small cracks in the
fuéled-graphite matrix.
" . The FA-16 specimens were made with improved techniques to avoid the
flaws shown in the FA-6 matrix. The unfueled shell was decreased to
0.060 in., but the 5i-5iC coating was the same as on the FA-6 specimens.
No cracks were found by metallographic examination. The Si-SiC coating
was increased to 0.008 in. in the FA-23 specimens, which were the latest
tested in this series. '
‘ The use of the unfueled graphite shell made possible uranium con-
tamination levels of the order of 0.001 wt %, or less, of the total
contained uranium. The impact resistance of these specimens was also
low, however, and only 11 of 23 FA-6 specimens passed the "hot oil"
test. '

The FA~6 type specimens weré irradiated in sweep capsule SP-3 and static
capsule SP-4, the FA-16 specimens in furnace capsule SPF-3, and the FA-23
specimens in sweep and static compartments in capsule SP-5.

The helium flowing through the compartment containing the FA-6
‘specimen in capsule SP-3 (see Table 8.3) was first sampled after two
days of operation at surface temperaﬁures of 1300 to 1500°F. After
.three~additiqnal days of operation at the same temperature and power
level, an attempt was made to obtain a second sample. It was found, how-
ever, that the activity in the gas lines was too high to be handled in
the available equipment. The reactor power level was then reduced to
100 kw to reduce the activity level so that the sample could be taken.

The fission-gas-release data from the two samples are given in Table 8.14.
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Table 8.14. TFission-Gas-~Release Data for Si-SiC Coated
. Specimen FA-6 Irradiated in Capsule SP-3

Sample 1 Sample 2

Date sample was taken® May 8 May 18
Reactor power 2 Mw 100 kw
Specimen power 2 kw 100 w
Specimen temperature 1300°F 170°F
Fission-gas-release factor, R/B

Kr8om 2 x 1077 8 x 1072

Xel3> 3 x 1078 3 x 1076

aStartup date was May 6.

bActivity was too high for sample 2 to be taken at full
power.

Irradiation was continued until a total of 61 days at full reactor
power (2 Mw) was accumulated. During this time, the gas lines were
modified to provide double containment so that high aétivity levels in
the gas could be handled safely. A leak developed, however, and prevented
further sampling. '

In postirradiation examination, numerous cracks were observed in
the coatings of the specimens. However, the coating itself and the
graphite~coating interface did not appear to have been affected. No
separation of the unfueled shell from the fueled matrix was observed.

An FA-16 specimen was irradiated in furnace capsule SPF-2 with the
results shown in Table 8.15. The release factors were extremely low and
did not appear to be a function of temperature in the range from 1500 fo.
1900°F under the low-flux conditions prevailing in this test.

Specimen FA-23 (E8-7) is being irradiated in capsule SP-5. The
fission-gas~release rate data for this specimen are presented in Table.8.l6.
Very low release rates were observed during the first two reactor éycles
with sphere surface and center temperatures of 1300 and 1500°F, respectively,
and a fission heat-generation rate of 1.6 kw. During startup of the third
cycle, an increase of approximately 10° in R/B occurred. Coating failufe

was undoubtedly the cause of the large increase in R/B. However, the



Table -8.15. Summary of SPF-2 Release Rate Data on Si-SiC'Coated Specimen FA-16a

Sample Irradiation " Flux Release Factor, R/B
Collection Temperature (neutrons -
Date (1960) 4‘(°F) . em-? sec”Y): Xel33 Xel33 Kr85m . Kr87 , Kr88-
2-102 - 200 1.7 x 1010 .
2-11, 1000 1.7 x 10%°
2-12, 1000 3 x 101 .
- 2-15 1000 3 x 101
2-17 1000 3 x 1011
2-19 1500 3 x 10*2 6.1 x 1078 6.1 x 1077 5.1 x 1077 <1.3 x 1077 3 x 1077
2-22 1500 3 x 1012 2.8 x 1076 2.0x 1077 8.1 x 1077 <1.3x 1077 2.7 x 1077,
2-26 1500 3 x 10%2 2.1 x 10°% 1.6 x 10”7 3.1 x 10-7 <1.3 x 10-7 1.7 x 10-7
2-20 1500 3 x 1012 1.7 x 10-6 1.1 x 10~7 3.1 x 10-7 <1.3 x 10~7 1.7 x 1077
3-2 1900 3 x 102 2.6 X 10°¢ 3.8 x 10”7 6.7 x 1077 <1.3 x 10-7 1.5 x 1077
3-3 1900 S 3 x 10%t2 4.5 X 10" 4.2 x 1077 4.1 x 1077 <1.3 x 1077 1.2 x 1077
©3-14 1900 3 x 1012 8.2 x 1076 2.0 x_10-7 7.0 x 1077 <1.3 x 10-7 3.0 x 1077
3-15 - 1900 3 x 102 4.3 X 106 2.5 X 10=7 4.7 x 107 <1.3 x 10-7 1.0 x 1077

GZ'g

-80. R. Tipton, Jr. and R. W. Dayton, "Progress.Relating to Civilian Apﬁlications During
March, 1960," BMI-1430. -

Very low releases prevented species identificationj therefore, no R/B values were reported.
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Table 8.16. Summary of Fission-Gas-Release Data for SP-5 Capsule
Test of Si-SiC Coated Specimen FA-232

Saniple Release Factor, R/B

Collection -

Date (1960)  Kr8°m Kr87 Kr88 Xel33 Xel35
4)27° Ni1© Nl Nil . Wil Nil
4/22 Nil Nil Nil Nil - Nil
4/26-27 2.6 x 107 Wil 1.5 %102 5.7 x 1079 1.5 x 1079
5/4 d a d 7.9 x 1073 a
5/4 6.6.x 10™% 2.0 x 10™% 1.7 x 107* 3.0 x 107® 1.1 x 107%
5/4 3.8 x 1073 1.2 x 1073 6.6 x 107% 6.3 x 10~3 9.3 x 10~%
5/19 3.8 x 1074 1.3 x 10~% 2.0 x 10™% 5.2 x 10~% 1.0 x 10™%

:%c. R. Tipton, Jr. and R. W. Dayton, "Progress Relating to Civilian
Applications During May 1960," BMI-1442. -

bStartup date was April -6, 1960.
“Below sensitivity of fission-gas analysis:’

dThese species decayed out during long cooling period.

failure in this case may have been of the pihhole type,_since the felease
rate wasnot so great as would be expected from a crack, and the rate did
not increase further during the two weeks of operation after the initial
increase. The specimen has continued to be irradiated as a static specimen
to an estimated burnup of 5.3 at. % of the uranium (as of October 3, 1960).
Another gas sampling'is planned but has not yet been aécom.plished.11

Shortly after the FA-23 (E8-7) coating failure'occﬁrred, the helium
sweep gas was passed for 2 hr through a "daughter trap" for detection of
the isotopes Sr89, Be14°, Ce141, and Cs*37. These four species give
information on the release from the sphere of their precursors, 3.2-min
Kr8%, 16«sec Xel40, 1.7-sec Xel4!, and 3.9-min Xel37. The'ﬁdaughter trap"
data are summarized in Table 8.17.

Comparison of the data of Tables 8.16 and 8.17 shows that the R/B

values determined in the "daughter trap" for the 3.2-min Kr89 and



Table 8.17. Summary of.Daughter Trap Results for SP-5 Capsule Test of Si-SiC Coated
Specimen FA-23(E8-7)@

Radioactivity (uc) - - ‘ . ‘ : Precursor
Trap o . ‘s
~ Species b o In . . Rgdloact}v1ty_ R Bd
Trap Total . Species in Specimen R/B
: Specimen s) (atoms/sec) (atoms/sec)

Sr89 17.5  50.0 14 x-108 Kr8° 65 x 108 1.7 x 10° 2.4 x 102 7.2 x 1074
Bal40 7.5 8.2 57 x 108 Xel40 54 x 10° 6.7 X 107 2.0 x 10*2 3.4 x 107°
Cel4l 0.070 0.16 29 x 10° Xel4l 19 x 108 3.2 x 108 7.0 x 1011 4.6 x 1076

Cst37 0.045 "0.15 0.12 x 10% Xel37 87 x 108 1.3 x 10° 3.2 X 102 4 x 1074

8. R. Tipton, Jr. and R. W. Dayton, "Progress Relating to Civilian Applications During
July -1960, " BMI-1455. '

bAmount collected in trap during 2~hi pericd..
Amount in trap corrected for precursor delay prior to trap and precursor breakthrough

quulllbrlum production rate in sphere.

Le's
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3.9-min Xel37 are similar to the R/B values previously determined for
the longer lived isotopes Kr85m, Kr87, Kr88, Xe133, and Xel33., On the
other hand, the R/B values for the l6-sec Xel40 and 1.7-sec Xel4! are
lower and decrease in the order of decreaéing half-life. It was esti-
mated from these data that hold-up time in the graphite sphere is not
more than a few minutes.

5i-SiC Coated Graphite Cans Containing Oxide Fuel Pellets. Two

tests of 5i-S5iC coated graphite cans containing oxide fuel pellets have
been run in the B-9 facility in the Oak Ridge Research Reactor at
ORNL.12+13 The first test capsule contained two 95.5 wt % ThO,~4.5 wt %
U0, pellets which were fabricated at ORNL. The pellets were encapsulated
in the graphite can by the Minnesota Mining and Manufacturing Company,
who  also applied the Si-SiC coatings. The preirradiation test of coating
integrity consisted of heating for 400 hr at 1800°F in air. The specimen
apparently failed during the first startup, since high activity levels
were detected immediately in the nitrogen flowlng over the capsule. The
activity increased grddually during the 440-hr duratiorn of the test which
was operated at 1500°F. The test was terminated when the increase in
activity became rapid. Postirradiation examination has not been com-
pleted, but the failure has been attributed to differential expansion
of the U0,-ThO, pellet and the graphite can. No clearance was provided
between the pellet and the can.

In order to prevent recurrence of this type of failure in the
second test, 8-mils diametral clearance was provided between the pellet
and the can. This test 5pecimen operated satisfactorily for more than
720 hr at 1800°F and withstood 15 thermal cycles caused by fluctuations
in the reactor 6perating conditions. A high activity level was present
on the gas lines from the previous test, but this level did not increase

during the second test. However, when the test capsule was reinserted

12"GCR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, pp. 125-7.
13"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2967, pp. 166—7.

e
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in the reactor after it had been removed following the 720 hr of operation,
a coating or can failure must have occurred because the activity increased
soon after the operating temperature had been reached.

Since postirradiation examination has not been performed on either
of these specimens, the exact. cause of failure in each case is not yet
known. However, the first specimen probably failed because of thermal
expansion of the fuel pellet, and the second failure could have been caused

by a racheting effect as a result of fragmentation of the fuel pellet.

Spheres With Coated Particles

Surface coatings of the Si-SiC type have exhibited excellent fission-
gas retention properties initially, but coated graphite components have
not given reliably satilsfactory service under long term, high-flux, high-
temperature irradiation. In most cases, failﬁre cannot be attributed to
-the coating itself, and 1t 1s possible that continued developmént and
testing can result in more reliably coated components. Nevertheless,
the serious'consequences of a single failure militate against the use of
sphere surface coatings as the sole fission-product diffusion barrier.
Because of the porous nature of graphite, almost all the fission gases
would escape through a surface crack. '

The coating of individual fuel particles with an impervious material
as g means for retaining fission gases in the fuel elements offers many
advantages. A 1-1/2=in. fuel sphere may contain several hundred thousand
fuel particles; consequently, occasional failure of individual coatings
should not be serious. Even if many of the coatings developed cracks,
the majority of the recoils might still be retained in the sound pértion
of the coating, and a substantial reduction in both the fission-gas
release and the irradiation damage to the graphite matrix would be realized.
In addition, pyrolytic~carbon coatings on UC, particles would ease the
handlingﬂproblem by protecting the particleé from atmospheric attack
during fabrication.

Metallic coatings were tried but found to be unsuitable because of

the carburization problem. Sintered Al,03 coatings could not be applied
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with the required degree of control of thickness, density, and continuity.
In January 1960, Battelle found that uniform, high-density Al,03 coatings
could be vapor deposited on U0, particles by hydrolysis of AlCls3 in a
fluidized bed of the fuel particles. Encouraging results in neutron-
activation tests led to the coating of fully enriched U0, particles for
more rigorous radiation tests.

The Al,03 coating was applied to the enriched, high-fired UO, shot
in five successive operations at a fluidized bed temperature of 1000°C.
Photomicrographs showing the microstructures of typical coated particles
from this batch are shown in Fig. 8.1. The apparently low-density layer
resulted froﬁ a slight variation in coéting conditions during one of the
early cycles.

' Fuel spheres incorporating these coated particles were fabricated
by the National Carbon Company. On April 6, 1960, irradiation of one
of these spheres, FA-22 (471), was started in sweep capsule No. 5. Data
on R/B values measured in this test are plotted in Fig. 8.2.

The gradual increase in R/B with time indicates that the coatings
are leaking, but the mechanism of coating failufe is not yet known.

The behavior shown could result either from occasional failure of an
individual coating or from a gradual deterioration of the Al,0; strpétﬁre,
which could be caused by radiation-accelerated reaction with fhe éraphite
or by fission-fragment damage. Berman, Bleiberg, and Yeniscairch* found
gross swelling and destruction of the érystal structure of Al,03 when
A1,05-21 wt % Udz platelets were irradiated to burnups of 0.9 to

10.8 x 1020 fissions/cm® at approximately 550°F. This behavior was
attributed to an anisotropic effect of fission-fragment bombardment - on
the crystal structure, which was thereby distorted and rendered unstabie.
However, Johnson and Tobin!” irradiated Al1,03—R0 vol % UO, and Be0—20
vol % UO, at 1300 to 1500°F to burnups of 0.45 x 1020 fissions per cm?

14R. M. Berman, M. L. Bleiberg, and W. Yeniscairch, "Fission Frag-
ment Damage to Crystal Structures,"” J. Nuclear Materials 2(2), 12940
(1960).

15p. A. Johnson and J. M. Tobin, "The Dimensional Stability on Irradia-
tion of Al,03~U0,, Be0-UO,, Graphite-UC, and Graphite-UC,," ORNL Conference
on Nuclear Reactor Chemistry, Oct. 13, 1960.

w
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of pellet (or 2.25 X 1020 fissions per cm® of UQy) and found that the
pellets maintained excellent dimensional and structural stability.

:Furnace capsule SPF-3 was used in a study of the effect of tempera-
ture on R/B values for A1203-coated U0 particles dispersed in a graphite
metrix. The data from this experiment are summarized in Table 8.18.
Since these data were obtained, the temperature has been increased to
1900°F and a slight tendency toward higher release rates has been

observed. 16

Graphite Components

Pebble-Bed Container.

- The pebble-bed container is to be a cylindrical graphite assembly
18 in. in inside diameter, 26 in. in outside diameter, and 14 ft long.
The assembly will be made up of concentric graphite cylinders, with wall
thicknesses of 1 to 2 in. '

" The fabrication of graphite cylinders of these dimensions has not
been attempted previously, but it does not appear to be an impossible
task. The main difficulty in fabricating a shape of this length would
be in the machining operation. At the present time, graphite shapes of
this type can be machined in lengths up to 8 ft to a wall-thickness
tolerance of +0.01 tb 0.015 in.

. Coating the cylinders with an dxidation-resistant material, such
as SiC or S8i-SiC, would require a very large scaleup of existing processes.
The present coating capability restricts the size to less than 6 in. in
diameter and 10 £t in length.

. If the coating must be coﬁpletely protective, special grades of
gréphite must be used. These grades have not been produced in large
cylinders. The largest cylinder produced to date is roughly 5 in. in
diameter and about 10 ft in length. The production of a 20-in.-diam

cylinder suitable for coating would require a considerable development

16Personal communication from G. Raines.Battélle Memorial Iistituteé: .



Table. 8.18. Summary of SPF-3 Fission-Gas Data for Sphere Containing
A1,03-Coated U0, Particles®

Cgiiic- Tempera~- Flux Release Factor, R/B

Date ture (neutrons/cm?® sec) '

(1960) (OF) Xe133 Xe135 Kr85m Kr87 Kr88
3/17 1000 1.8 x 102 1.2 X 10" 1.7 x 1077 5.6 x 10=7 4.2 x 1077 2.6 x 1077
3/18 1500 1.8 x 1012 5.8 x 107 1.7 X 107 2.0 x 1076 1.0 x 107 3.2 x 1077

%. R. Tipton, Jr. and R. W. Dayton, "Progress Relating to Civilian Applications Durlng
March 1960," BMI-1430.

ve's
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effort by the graphite manufacturers but at present does not seem to be

out of the question.

Reflector

The reactor core is surrounded by a 26~in.~thick graphite reflector
comprised of a stgck of graphite wedges approximately 4 in. X 4.in. on ‘
one end, 12 in. X 4 in. on the outer end, and 26 in. long. There is no
foreseeable difficulty in the fabrication of graphlite shapes of this
type. ’ :

Coating these wedges with an oiidation—resistant material would
require a scaleﬁp of the existiné coating processes. However, this
scaleup is not as large as that discussed for the pebble-bed contaiﬁer.
The grades of graphite necessary for compléte protection"are‘available

in this size.

Beflector. Perimeter.

The graphite industry is presently able to produce boron-loaded
graphite materials in reasonable sizes. The amount of boron in the
graphite is most easily controlled when the piece 1s not heated to
graphitization temperatures. However, it is reasonable to expect that
the boron content could be controlled to 11/2% even in graphitized

material.

Conclusions

The following conclusions are drawn from this discussion:

1. Based on the large amount of data that has been obtained
primarily in the development program being carried out by Sanderson &
Porter and Battelle Memorial Institute, it is clear that if ceramic fuel
elements are to be used in the PBRE, coated fuel particles dispersed in
graphite will be required.

2. FissionegaSGreiease data for Al,03-U0, particles in graphite

indicate that an improvement in performance will be required.
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3. Data on the ability of the fueled-graphite matrix to withstand
the anticipated mechanical and thermal stresses are encouraging, although
not extensive.

4. The merit of using sphere-surface coatings in addition to coated
particles should- be evaluated. Coatings of S8i-SiC appear to be far more .
attractive than pyrolytically-deposited carbon coatings for protection
against both fission-gas release and oxidation. Clarification is required,
however, concerning the failures of Si-SiC coatings in irradiation tests.
Other possible limiting factors in this concept are the possibility of
self-welding at maximum fuel element surface temperatures and the
possible loss of protection aé a result of cracks developed upon free
fall of greater'than approximately 10 ft.

5. Fabrication of the large graphite components fof the bed con-
tainer, the reflector, and the reflector perimeter appears_tovbe technically
feasible, although a large scaleup of existing fabrication techhiqpés by .
the industry would be required. The production of an Si-SiC éoated
pebble~bed container would involve a Rg;ticularly-large scaleup of existing
fabrication and coating techniques, but an accomplishment of this magnitudé

does not appeér to be out of the question.
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9., STRUCTURAL ANALYSIS OF GRAPHITE REFLECTOR

Stress Analysis

The graphite reflector is 14 ft high, 90 in. in outside diameter,
and 18 in. in inside diameter. Because of the steep gradient in the
fast-neutron flux in the inner portion of the reflector,'it has been
proposed that the inner 6-in. thickness of the reflector be made as a
composite strucfure of concentric sleeves. Further, the first 4-in.
thickness oftthg reflector may be supported in a manner that will permit
the removal of the composite sleeve cylinders making up this portion
of the reflector.

The fast-neutron exposure distribution in‘the reflector for one
year of full'power operation is shown in Fig., 9.1. The exposure is ex-
pressed in megawatt days per adjacent tonne of fuel in the Hanford re~
actors.(de/AT), since shrinkage data are ordinarily given in terms of
this unit. Tﬁe distribution shown represents that at the mid-plane of
the reactor. In thé stress analysis of the reflector, dnly the concentric-
sleeve region was examined. An anisotropic elastic analysis was used.
to predict the axial, circumferential, and radial stress distributions
in each sleeve for three combinations of thicknesses. Each sleeve was
treated as a thick-walled member with free ends. The differences in
mechanical properties and shrinkage rates perpendicular and parallel to
the extrusion axis were taken into consideration. Since the longitudinal
axis will coincide with the direction of extrusion, the properties are
the same in the radial and tangential directions.

The mean temperature of the reflector at the mid-plane of the re-
actor was assumed to be 1000°F. Based on this teﬁperature, the shrinkage
rates for the needle-coke AGOT graphite were taken as —3.4 X 1077 ;y@ﬁ#}ﬁff
(in./in.)/(Mwd/AT) and —1.4 x 10~7 (in./in.)/(Mwd/AT) in the axial and '

perpendicular directions, respectivel;y.1 The modulus of elasticity was

1Private communication from D. R. deHalas, Hanford, October 30, 1959,
to W. F. Banks, Allis~Chalmers Manufacturing Company.
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taken as 1.53 x 10° psi in the axial direction and 1.13 x 10° psi in
the perpendicular direction.

The first combination examined was three concentric sleeves,. each
having a thickness of 2.0 in. 'The\results of the calculations are

presente& in Fig. 9.2, where the axial, radial, and tangential stresses,

e
of radius from the core centerline. The stresses shown represent those

designated as GZ, Ur,-and,c , are plotted for each slegve as a function
occurring after one year of full power operation of the reactor. It
may be seén that in eacH case the maximum stress is 02 and that the
maximum value occurs at the inner surface of the sleeve., Figure 9.3
represents the stress distributions for the case where the first 2-in.-
thick sleeve 1s replaced by two l-in.-thick sleeves. The outer two
sleeves are the same as in Fig. 9.2. It may be seen that by dividing
the first 2-in.~-thick sleéve into two smaller sleeves, the maximum stress
is appreciably reduced. The third combination examined represents the
case of three . sleeves proportioneéd in such a manner that the maximum
stresses in all three sleeves are equal. In this casé the thicknesses
are 1, 1 3/4, and 3 1/4 in., respectively, and Fig. 9.4 shows the stress

distributions in the three sleéves after one year of full power operation.

Interpretation of the Results )

On the basis of available shrinkage and rupture-elongation data and
the present knowledge concerning graphite behavior, it must be concluded
that strains induced by fast-neutron irradiation will cause failure‘in
soﬁe exposure interval., This interval depends on the ability of the
graphite to withstand deformation without rupture. Specific examples
of fallure from this cause have not been documented, although some
evidence does exist in graphite-moderated reactors now in operation.

However, in a Russian article® that discusses the disassembly of a

°B. B. Brohovich et al., "Disassembly of an Experimental Uranium-
Graphite Isotope Reactor After Four Yearsi.of Operation," Second United
Nations International Conference on the Peaceful Uses of Atomic Energy
7, 241 (1958),
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uranium=~graphite reactor after four years of operation, the condition
of the graphite lattice is discussed., The lattice was constructed in
the form of recténgular bricks., The author states that "the internal
stresses associated with the uneven changes in brick dimensions caused
the distortion of the bricks and even, in some cases, the appearance of
longitudinal cracks. The cracks were formed in those bricks which were
in the zone of maximum swelling" (the cooler regions 6f the reactor).

The results from various mechanical properties tests may be used
to predict the exposure times at which cracking will .occur. However,
an accurate prediction is not possible because the strength properties
vary widely from specimen -to specimen and even within -the same specimen.,
The most applicable available data are the results of the brittle-ring
tests performed at ORNL on specimenS'faken from'EGCR fuel element sleeves,?>
The sleeves were manufactured from Texas-coke graphite instead of needle-
coke graphite. However, the strength properties of needle-coke graphite
and Texas-coke graphite are approximately equal. R&ngs were cut from
several sample sleeves with defect areas on the inner surfaces. Some
rings had no‘defects; in others, artificial defects wére produced., The
specimens were loaded to rupture by dilametrically opposed compressive
forces which gave rise to tensile stresses on the inner surface directly
under the points of load application. These tests allowed the determination
‘of the tensile strength of the graphite in the defecf zone., The rupture
values obtained represent the strength in the direction perpendicular
to the extrusion axis. A total of 31 tests was reported. For these 31
tests the lowest, average, and highest calculated rupture stresses were
1480, 1880, and 2780 psi, respectively.

The results of uniaxial tensile tests on needle-type AGOT graphite
at ORNL* are given in Table 9.1. Minimum, average, and ﬁaximum values
of rupture strength and fracture strain in the directions parallel and

perpendicular to the extrusion axis are presented. Since the maximum

3 Internal memorandum from F, L. Carlsen, Jr., ORNL. Data to be
published in "GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015 (in press).

4MGCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, p. 99.
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Table 9.1. Uniaxial Tensile Data for Needle-Type
AGOT Graphite

Rupture Stress Fracture Strain
(psi) , (%)
Axial direction
Minimum 2270 0.163
Average 2310 0.188
Maximum 2360 . 0.205
Pérpendicular direction ,
Minimum 1650 0.299
Average : 1790 0.351
Maximum 1890 0.406

stress in each cylinder is an axial stress, only the strength proberties
in the axial direction are of interest in predicting fallure times. This
- 15 because the maximum principal stress establishes the rupture criterion.
In order to convert the results of the brittle-ring tests for application
to stresses in the axial direction, the results were muitiplied by the
ratio of the average rupture stress in the axial direction to the average
rupture stress in the perpendicular direction as obtained from Table 9.1.
Thus, the minimum, average, and] maximum rupture stresses in the axial
direction are 1870, 2380, and 3520 psi, respectively.

The rupture stresses obtained from the brittle-ring tests as con-
verted to stresses in the axial direction are directly comparable with
the calculated stress values, and thus allowances are made for defects
in the material. The rupture stress values obtained from the tensile
tests are not directly comparable with the calculated stresses because
the calculated stresses were determined on the basis that the material
follows a linear elastic law, Actually, the stress-strain curves for
graphite exhibit some nonlinearity even at low stresses. Comparative
stresses may be obtained by multiplying the fracture strains by the
modulus of elasticity corresponding to the slope of the stress-strain
curve at zero stress, since this value was used when the stresses in

the cylindrical model were calculated. The above procedure gives minimum,
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average, and maximum stress values of 2490, 2880, and 3140 psi, re=-
spectively, These values fall within the range given by the brittle-
ring tests, - ‘ ’

Table 9.2 gives the predicted time to cracking for each of the
sleeves represented in Figs. 9.2, 9.3, and 9.4 based on the minimum and
maximum fﬁpture stresses from the brittle—fing tests and the minimum
. and maximum #alues of stress obtained. from the axial fracture strains.A
The. results are gi#en_in three groups corresponding to the thickness
combinations examined. The first nﬁmber in each sleeve designation’
represents the position of -the sleeve with respect to the core
" centerline. The second number represents the thickness of the sleeve;
The values given:in Table 9.2 should be taken as representing ranges
of*times at which cracking would be expected to occur,

The combination of two 1.0-in.-thick and two 2.0-in.-thick
sleeves appears to be the most desirable. If the inner two sleeves
are supported bn a common base and the third is supported sepa-~

rately on a second base, the first two sleeves can be removed together,

Table 9,2. Predicted Time to Cracking for Various
: Sleeve Thicknesses '

Sleeve Predicted Time to Cracking (weeks)
Position Thickneés Based on Bééed'on Based on Based on
ositlo (in.) Minimum Maximum Minimum  Maximum
. Brittle- Brittle~ Fracture Fracture

Ring Strength Ring Strength - Strain Strain

1 2 24 46 .32 40
2 27 57 - 108 76 96
3 -2 91 172 122 154
1 1 4, ' 84 - 60 © 75
2 1 71 ~ 133 9% 118

3 2 57 ' 108 76 96
4 2 91 172 122 . 154
1 1 - 4, : 84 - 60 .. 75°

2 1 3/4 bb 84 \ 59 7,
3 31

/4 46 S 61 77
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while the third can be removed either with the first two or separately.
The fourth sleeve cannot be removed as a single unit.

The lifetimes of the graphite éleeves may be increased by reducing
the flux gradient or by any of several other devices, e.g., applying an
axial compressive force to counteract the large tensile stresses. The
latter appers to offer an attractive solution. Since the compressive
strength of graphite is three or four times the tensile strength, large
axial compression forces may be applied without exceeding acceptable
limits for the compressive stresses. If forces were applied to the
ends of a cylinder so that when the maximum tangential stress became
1500 psi the maximum axial stress would also be 1500 psi, the life
of the cylinder could be increased by a factor of 1.94. As an example,
the forces necessary for the proposed sleeve combination are 21 000 1b
for the inner sleeve, 23 000 1b for the second sleeve, 53 000 1b for
the third sleeve, and 62 000 1b for the fourth sleeve. V

Estimated Friction Forces and Sleeve Interferences
for Various Modes of Deformation and Fracture

In order to gain a kﬁowledge of the difficulty ﬁhich might be en-
countered in removing a sleeve from the reflector, the frictional force
between the outer 2-in.-thick sleeve and the assembly of inner sleeves
was calculated for various diametral interferences. It was assumed
that the outer sleeve deforms to an elliptical shape so that interference
occurs at diametrically opposite points. The coefficient of static

friction for graphite on graphite at room temperature was taken as 0.34.°

Since the friction coefficient is highly dependent on surface conditioning,

the friction coefficient might be considerably higher than this value.
A plot of the friction force per inch of cylinder length versus diametral

interference is presented in Fig. 9.5.

°P. Wagner et al., "Some Mechanical Properties of Graphite in the
Temperature Range 20 to 3000°C," Second United Nations International
Conference on the Peaceful Uses of Atomic Energy 7, 379 (1958).
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If a complete circumferential break should occur, the ends of the
cylinder at the break will tend to curl radially inward bedause of the
axial stress distribution across the thickness. ‘For the proposed sleevé
combination, the amount of radial deflection that will occur because
of this curling has been calculated fof the two 2-in. sleeves. For the
inner 2-in. sleeve, the radial deflection at the break will be 0.0074
in./yr of exposuré. The amount of deflection depends only on the total
exposuré time and is independent of when the break occurs. For the
outer 2-in. cylinder, the deflection will be 0.0054 in./yr of exposure.
From the above values it may be seen that a small initial clearance
between the outer 2-in. cylinder and the middle 2-in.lcylinder and
between the middle 2-in. cylinder and the l-in. cylinders will eliminate

any problem produced by curling of the ends of a broken cylinder.
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10. CORE HEAT TRANSFER, PRESSURE DROP, AND
TEMPERATURE DISTRIBUTION

Fluid flow and heat transfer reiations are among the most important
considerations: in the design of a pebblé—bed reactor. This chapter"
presents the basic relations employed‘in thé analyses, a simplified
approach to the hot spot probiem, and the results of .a parametric survey
‘of the effects of the principal factors on the peak témperature to be

expected in a pebble-bed reactor core.

Nomenclature

The symbols used in this analysis are defined below:

A= cofe face area, ft2,

a = area of a circular ring, ftZ,
C = a constant,
C_ = specific heat, Btu/lb-°F,
= diameter of sphere, ft,

f = friction factor, dimensionless;

F = hot-spot factor for gas tempefature rise due to radial variation
st .
of voidage in the core, dimensionless,
EAt‘= hot=spot factor for film temperature drop due to radial variations

in the core voidage, dimensionless,
= mass flow rate of gas per unit core face area, 1b/ft?2,
‘= acceleration due to gravity, ft/hr2,
heat transfer coefficignt, Btu/hr-ft2.°F,
= thermal conductivity, Btu/hr-°F-(ft2/ft),~
= power density, Btu/hr-ft3,

AR S R Q
1]

K* = power density, kw/liter,

= average core power density, kw/liter,
.= core length, ft,

molecular weight of gas,

= pressure, 1b/ft? absolute,

Bow = 3
i

= pressure drop, 1b/ft? absolute,
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Prandtl number,

heat generation rate per unit core face area, Btu/hr-ftz,
axial peak~to-average core power density ratio,
radial peak-to-average core power density ratio,
Reynolds number,

heat transfer area per unit core volume, ftz/ft3,
temperature, °R,

temperature, °F

inlet temperature, °F,

gas temperature rise in core, °F,

average gas temperature rise in core, °F,

film temperature drop from the surface of sphere to the gas in
the hot region, °F,

average film temperature drop for the core, °F,'
pumping power per unit core face area, Btu/hr-ftz,
void fraction,

el-73/(1 = )0 735

a function representing (p/u)
viscosity, 1b/ft-hr,

density, 1b/ft3.

0:577 a5 a function of temperature,

Subscripts

equivalent (e.g., if the variable voidage of the core were replaced
by an equivalent uniform voidage),

portion of core subtended by the circular ring i,

maximum.

Basic Relations

A careful review of the literature indicated that the empirical

relations employed by Sanderson & Porter for the pressure drop, heat

transfer coefficient, and ball internal temperature differential describe

the situation as well as any information available. These relations

are as follows:
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- 1. Bed pressure drop

2
oL
rg D
]
where
(l_€)1-27
f=17.5 Re=0:27

2. Heat transfer coefficient

!

h =0.5(1~¢)03 chPr*°'6éRe-°-3 .

3. Heat transfer area per unit core volume

- 5. Ball internal temperature drop

K P2
€, A’ts=——-———--—-—-—
‘ (1 —€) 24k

Typical Values

In applying the foregoing relations to the PBRE for the design
conditions chosen, the core pressure drop, the average film temperature
drop from the spheres to the cooling gas, and the average ball internal

temperature difference can be evaluated.
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The properties of helium at 1000 psia and a 900°F mean temperature

are

p = 0.0955 1b/ft-hr,
cP = 1.241 Btu/1b:°F,
Pr = 0.7265 (dimensionless),

PM 1000 X 144 X 4

o - .3
P = TSIT = 1360 X 1544 - 0-274 b/t

The mass flow rate is thus

core power 10 x 103 x 3413
G = = ——
core area X Cp X ot [% X (l.5)ﬂ 1.241 x 700

2.22 x 10% 1b/ft2-hr .

The Reynolds number is

¢D, (2.22 X 10%) x 0.125 .
Re = —— = = 2.9 x 104 .
m 0.0955

Using a core void fraction of 0.4, the friction factor. becomes

(0.6)1'27
f =75 ——— (2.9 x 104)"0:27 - 3 83
(0.4)3

The core pressure drop is

(2.22 x 10%)2 8
2 X 3.83 :
0.274 [32.2 x (3600)2] 0.125

B

2115 psia = 14.7 psig
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The average heat transfer coefficilent is

0.5 (0.6)2°3 (2.22 x 10%) 1.241 g
h = — = 675 Btu/hr-£t2.°F
(0.7265)0°66 (2.91 x 10%)0-3

The surface area per cubic foot of bed is

6 X 0.6

=2 A0 2 3
= 555 28.8 £t2/ft

The power density is

— x 103 '
K =2 - 12’x 107 X 3412 _ 541 x 10° Btu/br.£t3
. 7 X 1.52 x 8 '

25 w/cm?

The average film temperature drop is

— K 24.1%x10° ..,
A =g =388 x 675 - 4T

The average temperature drop from the center to the surface of a

ball having a thermal conductivity of 15 Btu/hr.ft2?.°F/ft is

Ebg (24.1 x 10%)(0.125)2
s " 22 (L—-e)k  242X0.6x15

JANY = 170°F

- S8implified Approach to Investigation of the
Hot-Spot Problem

The first step in studying the hot-spot. problem was a careful
review of some recent Canadian work (see Bibliography) on the local heat
transfer coefficient over the surface of a sphere in a closely packed

bed. In connection with this work, a number of tests were made in which
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balls were dumped at random into containers. These tests showed that,
under some conditions, clusters of closely packed spheres appeared in
randomly packed beds. The pressure drop test data shown in Fig. 10.1
indicate that the pressure drop through such closely packed regions
would be much higher than the average value for randomly packed beds.
Much of the flow will tend to bypass such closely packed clusters, so
the flow rate in the closely packed regions will be only about 35% of

. the average for the bed as a whole. 8Since such closely packed clusters
are likely to be associated with the hottest regions in a pebble~bed
reactor, attention was directédrsolely to beds of closely packed spheres
in the Canadian experiments. Tﬂe experimental results disclosed that
the local heat transfer coefficient in the vicinity of points of con-
tact between balls and ih the .'s.t'agnatii:bn‘:i‘,egi;én::.i'o"f-l‘“.:i“:t%*‘l'i‘&fl%dG';XVﬁSi'ErEiaJn_.‘;-'
surface of the ball was only about one~half the average heat transfer
coefficient. |

In examining the particular case at hand, the writers concluded
that local variations in heat transfer coefficient over the surface of
a ball would result in some increase in local surface temperatures,
buﬁ that thermal conduction within the ball would largely alleviate
these hot regions; therefore the principal effect would be an increase
in the internal temperature difference within the ball. A rough esti-
mate of this increase indicated that it would be about 25% of the
internal temperature difference for a ball having a uniform heat flux
over its outer surface.

The next step in the analysis of the hot-spot problem was to
estimate the average gas and ball surface temperatures as a function
of axial position, with allowances for the axial power distribution.
The resulting temperature distribution curves are shown in Fig. 10.2.
Experience with other types of gas-cooled reactor has shown that the
most severe hot spots ordinarily occur approximately 70% of the distance
through the core where the gas temperature has risen most of the way

and yet the power densities are nearly as high as at the center of the
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core. This region has been refepred to as the hot zone in the subsequent
discussion. ‘

The combined effects of both axial and radial variations in power
density will give local regions in the hot zone in which the power

density will be about double the average for the core. Thus, although

‘the average film drop for the core was estimated above to be 124°F, the

film drop in the hot zone will be about 250°F for random packing. If a

closely packed cluster that is several ball diameters across develops

‘in this zone, the gas velocity within the closely packed cluster will be

about the same as in the randomly packed surrounding bed, and hehce the
local heat transfer coéfficient will differ little from the average
value, even though the gas flow rate per unit of bed cross-sectional
érea is reduced by a factor of 3. Howe#er, the reduced local gas flow
rate in the wake of the clustér wili reduce the heat transfer coeffi-
cient in that regioh by a factor of about 2.2, and this will give lqcal
values for.the film drop of approximately 550°F. Further, the tempera-
ture rise per unit of core length in the closeiy packed cluster will be
triple that of the surroundiﬁg bed. ‘

. The same sort of reasoning can be applied to the ball internal
temperature drop. The éverageVValue'fOr the core of 170°F should be
multiplied Dby a‘factor of 1.25 to allow for_the,increase resulting from
variations in local heat transfer coefficients over the surface of the
sphere. This, coupled with a local power density twice the average,
gives a temperafure drop of roughly 420°F within a ball in the’hot zone.

The gas temperature fise through the reactor will not be the same
in all annular regions because of Qariations in both the radial power
distribution and the radial gas flow distribution. While a great effort
may be made'to match the radial gas flow distribution to the radial
power distribution, this matching will not be perfect, and, even with

the benefits provided by radial mixing between adjacent annuli, it seems

"likely that tﬁe gas temperature distribution in a radial direction in

the hot zone will lead to gas temperatures in some annuli- perhaps 200°F

above the average. This, coupled with the extra gas temperature rise
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in a hot cluster, is likely to give a local gas temperature in the wake
of a closely packed cluster in the hot zone of about 1350°F, as compared
with the average gas teﬁperature in the hot zone of 1050°F. These rough
estimates have been summarized in Table 10.1, where the cumulative
effects give a hot ball surface temperature of 1850°F and a hot ball

internal temperature of 2270°F.

Table 10.1. Factors in a Simplified Hot-Spot Temperature Estimate

Temperature Estimate (°F).

Hot-Spot Factor For l8-in.-diam by For 30-in.-diam by
8-ft-High '~ 30-in.-High
Core Core
Average film temperature drbp 124 _ 270
. for entire core
Average film temperature drop ' 250 540
for hot zone v
Film drop in the wake of -~ - " » 550 o 1200
closely packed cluster in the
hot zone A
" Temperature drop within an 170 ' 170

average ball uniformly cooled
and operating at the average
core power density

Same as above but with allowances :° :: 210 210
for irregularities in heat -

transfer coefficient over

the surface of the sphere

Same as above but for the peak 420 . 420
power density in hot zone

Average gas temperature in hot - 1050 1050
zone ) '

Peak gas temperature in hot 1300 1400
cluster :

Hot ball surface temperature 1850 2600

Hot ball internal temperature 2270 3020
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As a point of interest, a similar set of estimates was prepared
for a 30-in.-dlam, 30-in.-high reactor core. These estimates have also
been included in Table 10.1. The hot. ball surface temperature for this
core might be as much as 2600°F, while the hot ball internal tempera-
ture might‘reach 3000°F. It was for this reason that the tall, slender
core was chosen for the proposed design.

The estimateSvochable”lo;l are aﬁbitushockiggﬁtOnonelwhoseyfirst
‘estimate of the hot test surface temperature would be the gas tempera-
ture at the core outlet plus the average film temperature drop, i.e.,
1250 + 124 = 1374°F. .The values are not surprising, however, if one
reviews the struggles to.flétten the core power dénsity and match the
coolant flow distribution to the power density in such reactors as thosé
at Calder Hall, the EGCR, and various air-cooled reactors built for
military app}ications. It is quite possible that a more favorable
poyer distribution can be obtained than that assumed in fhe preparation .
of Table 10.1. A great deal of transverse mixing may occur as the gas
moves from one layer of balls to the next, and this will reduce the gas’
temperature in the hot. zone. This effect will be particularly beneficial
in a tall, thin core where the core length will be 64 ball diameters,
while the core radius will be only six ball diameters, giving é mixing
length-to—diameter ratio of about 10, The corresponding ratio for the
short, squat.core would be only 2; hence, in this core, transverse
mixing would be only 20% as effective in alleviating a "hot.stream"

effect as in the tall, thin core.

Relations Between Maximum Surface Temperature, Power
Density, dand Pumping Power Requirements

Cores with Constant Voidége

r

Studies have shown that it is especially useful in a parametric
surveybof reactor. fuel element heat transfer performance to relate ﬁhe
maximum ball surface temperature to the core power density and the

pumping power-to-heat removal ratié. The general analytical equation
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relating the core power density for a gas-cooled pebble-bed reactor to
the principal variables can be derived readily if a uniform voidage
throughout the core is assumed. First, consider an axial element of
a reactor in the region where the radial power density is maximum. If -
this core element has a cross-sectional area of 1.0 ft2, the heat

transfer and pumping power relations for this volume are

Qm = GSCp Stm , (1)
and
At
Q, = hSL —— . (2)
v ax :

Assuming that the gas pressure drop is the same everywhere across the

core,

AP GS -
W= . (3)
778 p

The core power density for the core volume considered can be defined

as follows:

Q
L
From Egs. (1) and (3),
wo_ ) 4P R (5)
Qm 778 pCp Amm ‘

" The relations used earlier in this section may be restated as follows:

h=0.5(—-¢)0? GSCpPr'°‘66Re'°‘3 , (6)
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G: L
AP = 2f — — ,
[o]:3 Ds‘

(l - e)1-27 .
f=%75———— Re-0:27
€3
GD,

Re = )
M

~ 6"(,1-— G)
S =D .-
S

HCON

Substituting Eqs. (8) and (9) into (7),

AP =

2 x 7.5 (l — €)1.27 G;-7?p0a27L

Substituting Eq. (11) into (5),

IZ

©15 (lﬁ— ¢)1.27 Gé.73uo,27' ot -1

O

From Egs. (1) and (4),

XK = G’scp -
P

ot
m -

Eliminating G, between Egs. (12) and (13),

- 3 20 Nle27
m 778 g € 1 Cst L

78 g0-577 c1e27 C;.577p1.54 s
kn = |15 0,735 0.156 Ps %
(1 —¢)° > w
. _} ( ot \1e577 [y \0.577
X o Y —
Q Q

m

74

m

(7)

(8)

(10).

(11)

(12)

(13)

(14)
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Let
P M :
P =T 152 (15)
Substituting Eq. (15) into (14),
K =192 E — D2+ 735 x
m (l _ €)0~735 “0.156 T 5
ot 1.577 W 0.577
x|—2 — . (16)
L | Q

m

Equation (16) includes all of the principal reactor parameters, except
for the film temperature drop, Atm. An analytical equation relating
the film temperature drop to the other parameters can be obtained in
the following manner.

From Eqs. (1) and (2):

At
GC, Bt = hSL — . (17)

78.}(

Substituting Egs. (6), (9), and (10) into (17),

GC_ 8t = O.5(l—e)°°3GCPr"°"66\ = X
SP m S P
vl
6 (1 —¢€) Ot
X L = ’
DS 7 ox
or
Stm\"l at |
Gg.3 =3 (1—¢)t3 Pr-o.eepo.aD;1.3 __E} X (18)
L | y
axi
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_ Solving Eq. (12) for Gg'3,

778 g\ 0+ 173 €0.52' W \0.173
G0-3 — ) . -— e e X
5 15 (l - €)0-22 an
p°'346C°"173_,132‘22 st 10-173
X E__ 5. n (19)
Substituting Eq. (15) into. (19), "
g g\‘00173 - g0.52 w-\0-173 1
q0-3 _ _— -
s 15 (l— E_)O'ZZ Qm l54-40'346
PM) 0+ 346 00+173 5t \0.173
x|—| R —op_ |B - (20
Eliminating G between Eqs. (18) and (20) ‘and solving for Atm,
c0+52 W \0.173 00.173p,.0.66
Amm = 1.60 7ax — Dé'sz —_
(l - e)1.52 Qm p°°346
X |— -z ) (21)

T L

Equations (16) and (21) give the core power density and the film
temperature drop for the core radius at which the power density is a

maximum. The average values for the entire core can be defined as

follows:
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K = Km./yrad ’

Q = Q‘m/yrad ’ (22)
&t =~6tm/7rad s
&% = Atm/yrad

Substituting (22) into Eqs. (16) and (21), it can be seen that the term

Y rad cancels out, and
cl.73 cl.577 [py\l.154
K = 192 P — 00+ 735 x
— W ‘ ' .
Br X577 [N\0.577
X L—) :-: » (23)_
Q
and .
£0.52 C0:173pn0.66 [py\0.346
At = 1.60 7 P — x.
ax 1.52 0.346
(1-¢) m T ,
=\1.173 [W\o.27%3
1.52 |5t o
X Dg (L ) E) - (24_)

For Egs. (23) and (24), it is probably best to evaluate the gas
properties at the mean temperature of the gas in the core. The tempera~
ture T, however, entered the equation because the gas density appears in
Egs. (3) and (7) for the pumping power and the pressure drop, respectively.
It should be pointed out that as the gas in the core is heated, it expands
and contributes to the pumping process. In order to allow for that
portion of the pumping accomplished by expansion of the gas during the
heating process, where the temperature enters the equation via the gas

density in the expression fbr“the_ppmpﬁwoik5;1t%Shéﬁldhbeﬁevaluatedi&ﬁ the
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gas inlet temperature,'while, where 1t enters via the gas density in
the expression for the pressure drop, the mean temperature of the gas
in the core should be used. ‘
In applying these relations'to.the,helium-cooled pebble—bedAreactor
experiment, the properties of helium in the temperature range of interest

can be taken as follows:

p = 0.00145 TO+38 E

The dimensions of the reactor‘are

L=28ft ,
D, = 0.125 ft (1.5 in.) ,
e = 0.39

Substituting these values in Egs. (23) and (24), and in order to
simplify the results, evaluating T at.the arithmetic'mean temperature .

of gas in the core; gives

- 0.577 BELe 27T
K =8.46 (X pl-154. — (25)
Q 460 + t, + &t 0rsd
172
and
o 10,173 =+l1.173 _
At = 0.103 7_ 2 pO-346 ot . (26)

(46o,+ . + 28
i 2

These equations are extremely useful, since K‘and At can easily be

calculated for any given values of W/Q, P, and Bt.
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The range of interest for these parameters is usually rather
limited. Previous studies of gas-cooled reactors have shown that
pumping costs will be excessive if W/Q, the pumping power—to-héat re-
moval ratio, is greater than 1 or 2%, while capital costs begin‘to rise’
sharply if W/Q is less than 0.5%. Similarly, pressure vessel fabrica-
tion and cost problems limit the maximum gas systeﬁ pressure to about
1000 psi, while capital charges for the reactor core begin to rise
steeply as the system pressure is dropped below about 300 psia. The
cost and strength of alloy steels limit the maximum gas tempeérature
of real interest to 1200 to 1500°F, while plant thermal efficiency
considerations make it desirable to keep the gas temperature leaving
the steam generator above 500°F. '

The equations derived above were applied to invéstigate the
effects of the principal design parameters on the ball surface tempera-
ture in the hot zone of a large reactor core having a ball diameter of
1.5 in., a uniform voidage of 0.39, a core length of 8 ft, a core inlet
gas temperature of 550°F, a helium system pressure of 1000 psi, and a
power density in the hot zone eQual to twice the average power density
for the core as a whole. Allowances were made for the effects of a low
heat transfer coefficient in the wakes of closely pagked clusters.A The
results have been plotted in Fig. 10.3 to show that increasing £he
power density gives a rapid increase in ball surface temperature if the
pumping power-to-heat removal ratio is held constant_butlingrgases:'
relatively slowly if the pumping power-to-heat removal ratio is increased
and the reactor gas outleﬁ temperature is held constant.

The same basic analytical technique was applied to estimate the
temperature distribution to be expected in thé PBRE core using the power
density distribution presented in Fig. 7.6. The core was divided into
both annuli and vertical layers. Allowances were made for the effects
of the higher void fraction near the walls on the gas flow distribution.
The first estimate was made for no radial mixing to'relieve the effects

of poor matching between the flow distribution and the power distribution,
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and both the gas and ball surface temperature distribution throughout

the core were calculated. It was found that the maximum values for

both the gas and the ball surface temperature were obtained at the core
outlet. The solid curves of Fig. 10.4 present these values. Thebassumed
vold distribution is also shown.

The temperature differential between adjacent annulil near the core
‘perimeter seemed to be excessive. Rough estimates of the effects of
radial mixing in the spaces between layers of balls indicated that in
an 18-in.-diam, 8-ft-high core radial mixing would remove roughly 75%
of the difference between the mean and the local gas temperature given
by this first approximation. The dotted curve of Fig. 10.4 was then
plotted to show the radial gas temperature distribution assuming this
degree of mixing. The extent to which radial mixing can be expected to
alleviate hot channel effects will require careful study. It will
probably be necessary to devise and conduct special'experiments to
clarify this vital question.

The hot-spot temperature to be expected in the wake of a closely
packed cluster near the outlet of the PBRE core was estimated from the
radial gas temperature distribution, with the allowances for radial
mixing given in Fig: 10.4. The average film temperature drop for each
radial position was multiplied by a factor of 2 and added to the local
gas temperature to give the envelope for the hot ;ball surfacé tempera~
ture presented in Fig. 10.5. It should be emphasized that this curve
does not represent the ball surface temperature distribution at the
core outlet, but, rather, it indicates the surface temperature that
might prevail at any given radial position at the core outlet if a
closely packed cluster lay just below the position in question. The
estimate includes the effects of an extra 50°F gas temperature rise
through such a cluster.

The ball center temperatures implied by the above ball surface
temperatures and the local power densities have also been estimated and

plotted in Figs. 10.4 and 10.5. The internal temperature drop within
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the balls was multiplied by 1.25 to allow for the effects of irregulari-
ties in the heat transfer coefficient over the surface of individual
spheres.

| In reviewing the above, it appears that the 18-in.-dlam, ‘8~ft=high
core selected for the PBRE 1s a good cholce from the hot-spot- standpoint.
The radial gas flow distribution is well matched to the radial power
distribution in that the high power density region near the periphery
is somewhat.ovércooled,.thqs keeping the film drop from £eing high. At
the same time, the large length-to~diameter ratio promises to make radial
mixing effective in flattening what would otherwise be a poor radial
gas temperature distribution. On the whole, while the above estimates
are rough approximations at best, they indicate that the proposed PERE
core should be less subject to difficulties with hot'spots than a full-
scale reactor where radial mixing could not‘be-neérly so effective in

flattening the radial gas temperature distributionm.
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11. NUCLEAR CONTROL AND SAFETY SYSTEMS

Safety System

The problem of safe opefation of the reactor may be approached by
first examining what may be considered safe and what unsafe. For power
reactors in general it is usually unsafe to operate the reactor with
some part of the lattice at too high a témperature, and it is also
sometimes unsafe to operate in a transient which causes the raﬁe of
increase of some temperatures to be excessively large. The temperature
and rate of change of temperature in question are usually those of one
or more fuel elements. Such elements may be considered as perverse
elements in that either the power density in the element is too high
or the rate of cooling too low. Either of two pieces of information,
namely a high témperature or a high positive rate of change of tempera-
ture, thus may be considered as the information which actuates the
safety system.

Unfortunétely, there is no way to measure directly either of these-
variables in order to actuate the safety system. 1In lieu of what may
be called primary sensory information, "symptomatic'! information can
be derived as follows: (1) With the coolant flowing at some constant
rate, a rise in coolant outlet temperature indicates or is a "symptom"
of a rise in the temperatures of the reactor components that are being
cooled. Accordingly, a high coolant outlet temperature, To’ can be
used to .trip the safety system. (2) A high rate of change of reactor
component temperatures comes about because of an unbalance between the
nuclear power produced and the power carried off by the coolant. A
condition of balance or unbalance between these two quantities is

determined by the relation:
£(t) = p—aW(T - T,) L@

where p is the nuclear power, which can be measured by means of a cali-

brated ion chamber, W is the mass coolant flow, and Ti and To are reactor
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coolant inlet and outlet temperatures, respectively. The constant a
relates the upits of p and w(To,_ Ti) and contains the heat capacity
of the coolant. For f(t) > O the temperature of the reactor elements
is rising.
Information for the terms of Eq. (1) is delayed by the time
constants of the sensors, and both To and Ti’ in practice, are displaced
timewise from their actual values by a transport lag because Ti is
measured before the cooldnt enters the reactor and To is measured after w
the coolant has left the reactor.
The hature of this symptomatic information suggests lmmediately . .
that one cannot expect satisfactory safety action from To for a fast
nuclear excursion or a sudden loss of coolant flow. This is indeed
true, and, accordingly, safety action is initiated by a high value of
TO only for situations brought about by a'sloy drift upward in the system
temperature. The outlet temperature, TO, gives all the safety action
needed for the slow drift to high temperatures.
In order to take care of situations involving fast transients,
such as nuclear excursions or loss of coolant, faster response times. in the
‘sensors are needed, and, since the device which provides safety information
for the transients is not needed for the slow drift"situation;ﬁg,géig can be

modified by the addition of a term as follows:

F(t) = p—aW(T - T,) - g(t), (2)
where g(t) is defined by the equation: ) ~
g(t) = 28 4 ag = Np - aW(T_—1,)] (3)
dt o i ’

where A is the reciprocal of a time constant, which is larger than the
time constant of any of the sensors for information in Eq. (1). The

function F(t) has the property that it vanishes in steady states. In
some respects it is similar to the derivative of f(t) in Eg. (1). It
is indeed a high-frequency band pass for the information contained in

f(t). For a single-ended positive step A in f(t), F(t) = Ae'%t.
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The function F(t) can be generated from information provided by
sensors in the form shown as f(t) by use of three transistorized
operational amplifiers of the type used in analog computers. There is
no new art involved, except insofar as these combinations of well-known
devices constitute new art.

There is éome maximum value of F(t), as can be determined by analysis
(using analog computing devices), that is safe. All values higher than
this maximum are unsafe and accordingly will trip thé safety system.

The two trip levels, namely one provided by TO and the othér by
F(t), are all the nuclear safety actuators the reactor needs in the
range of operation where sensible heating of the fuel elements occurs.

Further, safety trip information is needed for the low level or startup

' regime, and this will be explained later. The two trip levels described

will be "armed" at all times, even though they do not provide safety at
low levels, since they cannot interfere with the operation at low level
nor do they, by definition, interfere with safe operation at any level.

A defense of the safety trip F(t) proposed here is in order. Defense
of F(t) comes about by first establishing justification of £(t) as the
source of safety information. The heat transfer system here is a linear
system and can be described by a set of first-order differential equations
with constant coefficients. Accordingly the system's response to a step
in p or a step of opposite sign in W will be characteristic of the re-
sponse of a linear system., If the step is large, the rate of change of
a temperature in the system can aiso be large, and it has been assumed
that it is unsafe to have too large a rate of change in température.

While it is not possible to have a step in any of the variables of f(t),
it is entirely credible that fast changes can occur in p, W, and perhaps
Ti' In some reactors a fast change can occur in TO, as, for  example,
when -a rupture in the system mixes cold coolant with hot coolant at the
reactor outlet. There is no way to avoid using the eXpression_defining'
the heat balance to provide information for safety trips in transients,
since there is no transient if f(t) = 0, and there-is always a transient
when f(t) # 0. One could trip on p, on W, on T,, or on T, and con-

tinuously adjust ‘the devels ifar-all these -varidbles ito .suit the operating
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range of the reactor. This is little more than using f(t) to trip the
safety system, but it is using it the hard way. '

The justification of the use of F(t) to trip in unsafe transients
instead of f(f) is the following: Drift in the sensors measuring p,

W, T, and T, could easily make f(t) # O for the steady state. Sufficient
drift would give a spurious trip, or, what is worse, if the drift were
away from the trip level, fail to give safety when needed. If f(t) is

to be used, continuous steady-state calibration or resetting.would be
required to avoid these two conditions. Since F(t) = O for all steady
states regardless of the slow drift of the sensors, then the two
situations described above cannot come about when the trip is actuated

by a high value of F(t). ‘

The transistorized computer amplifiers are extremely reliable and
add little to the unreliability of F(t) as compared to f(t). It is
proposed to use three such elements in the safety system, independgntﬁ
of each other, to take advantage of the benefits of coincidence and
redundancy in providing safety.

In the startup range, i.e., in bringing the reactor up from source
level to approximately 10% of design point or to 1 Mw, in this inétance,.
additional safety information is needed for several reasons. At power
levels below those where sensible heating of the fuel occurs, the rods
may be withdrgwn in such a way that the reactor power might change
with a very short period without causing any damage. Once the fuel
temperature starts rising, because of the Doppler temperature coefficient
of reactivity, the excess reactivity begins to decrease until the reactor
is driven subcritical again. A damped oscillatory condition persists
for some time after rod withdrawal is stopped. The power can reach a
relatively high peak, at which time the rate of change of fuel tempera-
ture is a maximum. This value can very well exceed the maximum per-
missible rate of change of the fuel temperature.

It is advisable to bring the reactor up to a level of 1 Mw with
a flux trip set at 1.5 Mw to prevent this relatively high power overshoot,

with the attendant high rate of increase in fuel temperature. The power
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can be leveled off at 1 Mw before operation at higher powers is undertaken.
In bringing the reactor up to 1 Mw, rod motion can be stopped or the rods
can be reversed on period information. Such use of period information
does not involve the safety system but is only a means of controi and
operation which prevents actuation of the safety system solely because

of clumsy operation.

Nuclear Control System

Since the reactor is to be operated over most 6f its range with
variable coolant flow and power with the flow matched to the power,
two control systems will be supplied, one to control the coolant flow
and one to control thé power.

The closed loop flow controiler operates with an error signal €ps

given by the expression:
€, =T =T | s (4)

where TO 5:p is the outlet temperature set point which can be varied

maﬁuallf by the operator. For e, > O in the case of a proportional
.
controller or for e, > _i
T 2
increased. Here ¢ 1is the ‘dead band for the on-off controller. This
1

for an on-off controller, the flow is

controller can be shown to be stable by analog analysis with no more
damping than that given by the derivative def/dt.

The power controller operates with an error signal ep of the form

e, = mF(t) + n(x — % 5.) (5)

where - F(t) is defined in Eq. (2), x represents either p or T:> depending
upon whether one wishes to operate the reactor at constant power and
match the load to it or operate the plant in such a way that the reactor

power follows the load, X D is the manually controlled set point for
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p or Ti’ as the case may be, and m and n are optimization.constants for
stabilizing the controller and making sure the deviation in x about X D

is acceptable. For e¢_ > O when a proportionél controller is used, or
€.
—2] when an on-off controller is used, the rods are inserted.
2

Here €5 is the dead band.  The controller can be shown to be stable for-

for ¢ >

the error signal (5) in either the case where x = p or where x = T, -

If three parallel servos are used acting on the same rod or rods,
then the Qutput of each channel operates two switches in a switching -
matrix to withdraw rods and two different switches in a different
switching matrix to insert rods. This requires use_of the on-off type
of controller. The switching matrix provides coincidence and redundanéy
such that rod action occurs only when two channels agree that such
action is required. '

The quantity F(t) in the error signal €, can be the same as that
of the safety system only if three completely independently derived
values of F(t) are used in a "two-out-of-three" safety system that is
logically sound in design and is used along with the three parallel

closed loop controllers.

Further Analysis

Maximum rod speeds can be determined by means of the startup accident
analysis for a 1-Mw reactor. Analog computer analyses of the controllers
and safety system information given here have been made for the EGCR,
which is dynamically similar to the PBRE. These analyses support the
validity of the conclusions related to such items and given in this
report.

‘ Failures in other parts of the plant will probably require that the
reactor be shut down. If so, information describing the failures could
initiate safety action.

Reliable means should be provided for removal of afterheat on
loss of coolant. It is preferable that the mechanism for removing
afterheat be operable at all times rather than available only on a

standby basis.
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' - 12. STEAM GENERATOR

General Considerations in the Selecﬁion
of a Heat-Removal System

The selection of a heat-removal system capable of dissipating up
to 10 Mw of heat from a high-pressure high-temperature helium-cooled
reactor depends on the objectives of the reactor experiment. Aside
from considerations of power generation it was thought prudent to
évoid the selection of a heat-removal system for the PBRE that would
involve design problemshnot shared by a full-scale pebble-bed-reactor
plant. Thus the use of fluids other than water for primary-system
cooling was examined only briefly.

.One: concept of reasonable simplicity and requiring no cooling
water would employ direct cooling of the helium gas by ambient air.

The air could be drawn into the containﬁent shell through filters, pass
over a helium-to~air heat exchanger, and be discharged up the stack;'
Because of the direct access of contaminated helium to ambient air and
the consequences in the event of a heat exchanger leak, mulﬁiple valves
would be required on both the inlet~ and exit-air ducts. Valve operation
would have to be sufficiently rapid so that in the event of a gross heat
exchanger rupture the activity released to the stack would be within
permissible limits. Valve requirements would be determined by the
magnitude of the permissible activity release to the atmosphere. Valves
located in the stack could closely control the release rate, The volume
in the air system would be sized to prevent pressure buildup even in the
event of a gross heat exchanger failure.

Aside from the hazards problems associated with the above system,
the.design of a gas-to-gas heat exchanger presents no trivial problem,
The unit would be required to operate at a high pressure differential,
and the design would have to provide for access for repair of heat
exchanger leaks. Thus the use of a conventional "sandwich" type of gas
heat exchanger does not appear to be satisfactory. In addition, the
relatively poor heat-transfer characteristics of low-pressure air and

the large thermal gradients complicate the heat exchanger design.
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Some of the objections to a direct air-cooled heat-removal system
could be overcome through the use of a secondary pressurized-gas cooling
system. This scheme would also require a heat exchanger which permitted
detection and repair of leaks. A second pressurized-gas system would
require additional blowers, expenéive container piping, and significant
space in the containment shell.

The use of water for cooling the primary gas'permits a more compact
heat exchanger than does the gas-to-gas system, There is a good back-
ground of technology in the design of pressurized.gas-to-water heat
exchangers for nuclear power plants, and a water-steamisystem would
duplicate, at least in part, some of the problems which are likely to
occur in the design, maintenance, and operation of a large pebble-bed-
reactor plant. Information on problems such as the detection of steam
leaks into the helium system, the repair of tube leaks in the con-
taminated steam generator, and the transient response of the system to
operating perturbations are all important to the success of the large-
scale reactor plant. Thus, the decision to employ a steam generator
and steam system stemmed from the advantages of water as a coolant and
the better simulation that it would give of the large-scale plant.

The decision on whether to utilize generatéd steam for generation

of electrical power is discussed in Chapter 18 of this report.

Desigﬁ Requirements

The design of a steam generator for a system operating with a
contaminated-gas coolant must satisfy a number of prime requirements:

1. The steam generator unit must be capable of producing high-
temperature, high-pressure steam.

2. Reliability of the steam generator is of paramount importance.

3. The unit must be repairable in the event of tube leaks.

4. The steam generator should be replaceable.

5. The unit design should enhance removal of afterheat by natural
convection.

6. The design should be such as to minimize plant gas piping and
shielding requirements.

7. The design should be readily fabricable.
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The decision to employ an integral pressure envelope (see chap. 4)
incorporating the heat exchanger vessel on top of the pressure vessel
helped satisfy requirements 5 and 6 but imposed rather strict boundary.
conditions within which to achieve a design satisfying all the other
requifements. '

The necessity for access at the top of the reactor pressure vessel
coupled with the problems associated with support of the exchanger from
the pressure vessel produces a strong incentive to minimize the heat
exchanger vessel diameter. In addition, the desirability of achieving
afterheat removal by natural convection, the considerations of lateral
shaking forces with respect to the unit height, and the limitations
imposed by manufacturing capabilities and maintenance requirements
combine to determine acceptable design lengths for the steam generator.

A layout of the heat exchanger and the pressure vessel indicated
that a heat exchanger diameter of approximately 2 £t would allow ade=-
quate access‘space at the top of the reactor vessel for control rods,
fuel loading, and reactor access, Accordingly, 2 ft was selected

tentatively as the inside diameter for the heat exchanger shell.

Steam Conditions and Steam Generator Type

The full-scale pebble-bed reactor should be capable of producing
high~temperature high-pressure steam, and a demonstration of this abllity
in the test reactor is a worthwhile objective if the incfemental cost
is not large. In the full-scale reactor plant, steam pressures ﬁill
undoubtedly exceed gas pressures, and tube leaks from the heat exchanger
will occur as steam leaking into the gas system. Fortunatel&, this is
much the preferred condition from the hazards standpoint. Further, it
is desired to obtain "information on the detection of such leaks and the
effects of such leaks on the graphite in the core and reflector. Since
rough estimates indicated that there would not be a major cost incentive -
to reduce the steam pressure below 1000 psi, only operating steam pres-

sures above that of the gas were considered.
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The requirement for producing high-temperature steam is not so
clear. In the final analysis the steam temperature and pressure for
the large reactor plant will be determined by a cost optimization
procedure which balances plant costs against plant performance. Operating
steam temperatures, however, will certainly be in the range of 1000 to
1100°F. The duplication of this temperature range in the test reactor
will bring out problems in the steam generator design associated with
the thermal expansion of the unit which will be applicable to the
large unit. In addition, fission-product deposition is known to be
temperature and material sensitive, and thus the distribution of
deposition within the steam generator will also be partially simulated.
Information related to unit reliability will also be more significant
if the unit is operated at high temperatures and pressure. Further,
system characteristics such as the thermal capacity of the steam
generator and the speed of response of steam temperature and pressure
to load changes will be functions of the steam conditions selected.

As discussed later in this section, the additional cost of designing

the steam generator to operate at high steam temperatures is not great
and thus seems to be well justified by the above considerations. There-
fore a steam pressure of 1000 psia and a steam temperature of 1000°F
were selected for the test reactor,

Two basic types of steam generator were examined for this applica-
tion: (1) a once-through unit in which the total feedwater flow to the
economizer section would enter a set of tubes froﬁ which it would leave
as superheated steam, and (2) a natural recirculation boiler employiné
an intermediate steam drum between the boiler and the superheater section.
A patural recirculation boiler was selected for this application over
the once-through design principally because of the increased latitude
the natural circulation unit permits in selecting flow rates on the
steam side to give good flow stability in the economizer and boiler
region, both at design and off-design conditions. The recirculation
boiler suffers from the requirement of an additional intermediate steam

drum, with additional tube penetrations of the shell, but it gives better
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design control over the steam generator height and a somewhat simplified

gas flow path through the heat exchanger unit.

Steam (Generator Geometry

A pictorial concept of a natural-recirculation steém generator is
presented in Fig. 12.1. Hot gas from the reactor core is directed up
.a central 6-in. stainless steel pipe.to the top of the steam generator
unit. Guide vanes at fbe top of the generator unif then direct the gas
flow down across the tuBe matrix surrounding the upflow pipe.. ThHe gas.
passes across the superheater,'boiler, and economizer sections to the
top of the pressure vessel leading to the compressor section. Gas for
cooling the steém-generator vessel is directed up the cooling annulus
- and joiﬁs the main gas stream at the top of the heat exchanger vessel.
Between the vessel-cooling annulus and the tube-matrix section is a
barrier of reflective insulation. The design allows the vessel wall
temperature to increase from about 600°F at the bottom to épproximately
650°F at the top.

. The use of high-pressure helium permits high mass velocities and
strongly affects the selection of tube surface geometry. At high gas
velocities the helium heat transfer coefficients are sufficiently high
and fin efficiencies are sufficiently low that there is little incentive
for using extended surfaces. An additional consideration is that the
heat exchanger height was in part determined by a desire to achieve
natural convection on shutdown and thus there is little advantage to
reducing the steam generator height to less than that required for thls
purpose. For these reasons bare tubing was .used in all sections of the
heat exchangef. No detailed cost comparison with gn.extended surface
design was carried out, but rough estimates indicaﬁe that bare tubes
give the least expensive unit. . ’

The small heat exchanger dlameter and the height considerations
dlscussed above led to the selectlon of an axial counterflow design for

the tube matrix, giving the arrangement shown in Fig. 12.2. The tubes
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are arranged on an equilateral pitch in the annulus between the upflow
stack and the reflective thermal barrier. A number of tube diameters
and tube-spacing arrangements were examined, and data for an arrange-
ment capable of satisfying the heat transfer, water flow stability,

and gas pressure drop requirements are given in Table 12.1. Figure 12.3
presents the steam gengrator gas flow rate and gas temperatures, to-
gether with the steam flow rate (neglecting blowdown) and steam system
temperatures and pressures.

The acceptable gas pressure drop through the heat exchanger would
normally be determined by balancing the pumping power cost against the
steam generator capital charges. In the preéent case the ability to
remove heat by natural convection offered an incentive to reduce the
total system pressure drop, and the maximum allowable gas pressure drop
through the steam generator was estimated to be approximately 30% of
the estimated total system drop. The gas pressure drop for the proposed
unit is 3 psi, which is comfortably below the maximum allowable for good
thermal convection.

Although calculations based on area considerations indicate that
approximately 195 tubes can satisfactorily be accommodated with the 2-ft
shell, a detailed layout may require an adjustment of a few inches in
the shell diameter.

The requirement of steam generator repairability can be satisfied
most expeditiously by plug-welding of leaking tubes. This procedure
necessitates that individual tubes or bundles of tubes terminate in
a header which is accessible for determination of the leaking tube and
plug welding of the tube entrance. To accomplish this, all header
drums have been fitted with flanged openings and have been placed out-
side the primary steam generator shielding but within shielded cubicles,
as partially shown in Fig. 21.1 of Chapter 21. (Note that the layouts
of Figs. 6.3 and 6.4, chap. 6, were prepared for a preliminary design

for a once-through unit with a different header drum arrangement.)

Detail Design Considerations

Two principal problems which must be considered in the steam

generator design are provisions for thermal expansion and methods of
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Steam Generator Design Data

FEconomizer Boiler

Superheater

.Total

Flow scheme

Tube outside diameter,
in,

Tube inside  diameter,
in,

Number. of tubes

Tube arrangement and
spacing

Shell side area, ft?

Straight height of
section, ft

Over-all estimated
exchanger height, ft

Gas mass velocity,
1b/ft2 «sec

.Gas pressure drop,
psi = - ' :

Gas pressure (design),
psia

Gas flow, 1b/hr

Water inlet tempera-
ture, °F

Steam exit tempera-

ture, °F
Net steam flow, lb/hr

Steam exit pressure,
psia

Log mean temperature
differential, °F

Heat load, Btu/hr

Percentage of total
heat load

Gas-side heat trand-

fer coefficient,
Btu/hr.ft2.°F

Axial counterflow gas outside tubes

1.0 = 1.0

0.875 0.875

1.0

0.875

Equilateral spacing on 1.375-in.

centers -
335 , 841
6.5 16.5

500

46.6 183.7

1.84 x 105 21.77 x 108

5.4 63.8

483
9.5

1000

356.8

10.49 x 10°
30.8

- 195

1660

45

9.44

1000

39 000

33 500
1000

34.1 x 108

150
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Table 12.1 (Continued)

Economizer Boiler Superheater Total
Tube-side heat trans- 700 .5000 160
fer coefficient, (assumed) (average)
Btu/hreft2.°F ' ,
Heat flux, Btu/hr.-ft? 5500 25 900 21 700
(outside area) ’
Over-all heat trans- 118 141 71

fer coefficient,
Btu/hr.ft?.°F

tube support. The present concept envisions expansion loops on the tubes,
as shown in Fig. 12.1, to accommodate differential thermal expansion
between the tubes and the pressure shell. Sufficient provision for ex-
pansion at tube bends must be ﬁade to permit larger relative tube move-
ments when a tube has been plugged off and consequently is at a tempera-
ture well above the temperature of adjacent tubes. It is estimated that
approximately 2.5 ft of shell height will be required for tube bending
and expansion at the end of each section. Thus, the over-all height
of the steam generator unit is estimated at approximately 45 ft above
the welded joint at the top of the transition piece: extending downward
to the reactor pressure vessel. The central upflow pipe can be hung
from the top dome, and a sleeve with a slip fit can be used at the lower
end to permit thermal.expansion of this pipe. Superheater tubes will
be supported from the top end of'the heat exchanger wvessel, and the
boiler-economizer section can be suppofted from an intermediate perforated
plate or grid welded to the exchanger shell between the boiler and super-
heater sections.

Tube spacers must be designed so that gas flow will be directed
through the tube bundle in such a manner as to promote a small degree
of gas swirl and prevent channeling and temperature stratification in
the gas flow. This will be particularly important if there are any
@lugged tubes. The perimeter of the upflow pipe and the reflective

insulation baffle must be fluted to avoid excessive gas bypass.
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One important additional design requirement for the steam generator
entails the removal of afterheat from the reactor core during reactor
shutdown. 1In the event of a heat exchanger tube leak to the gas system,
it is desirable to valve off the water supply to the steam generator to
prevent excessive steam leakage to the primary system. To permit this
procedure with the present design, the heat exchanger will be divided
into two independent sections. Two sets of feed rums, steam drums,
and superheater drums will be employed. The tubes from each section
will be arranged within the heat exchanger to insure adequate cooling

of. the gas on shutdown if one heat exchanger is inoperative.

Ieak Detection and Maintenance Procedures

A non-trivial problem associated with the above arrangement is the
determination of which heat exchanger section is leaking. If the sections
are homogeneously arranged within the shell, determination of the leaking
system presents real difficulty. A possible solution would be to introduce
in one steam system special tracer elements having a characteristic ac-
tivity not duplicated or masked by the activity expected to be present
in the gas coolant. Another possibility would involve a degree of
heterogeneity in the arrangement of the sections within the shell to
permit the detection of leaks and to permit identification of the leaking
section. This arrangement must avoid nonuniform cooling in the event one
section is shut down, perhaps by providing periodic mixing points for
overcoming nonuniform shutdown cooling.

Still another possible solution to the leak identification problem
would utilize a small (perhaps 5% capacity) auxiliary cooling unit
capable of handling shutdown requirements and thus affording protection
in the event bf.a main heat exchanger leak. Such an'auxiliary unit
would be located within the heat exchanger vessel and would permit safe
shutdown in the event of a steam leak in the main unit. .

As previously discussed, tube leaks would.be repaired by plug

welding the end of the leaking tube. Since the header drums are isolated
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from the»steam generator by shieldigg, detectibn and repair can be
carried out directly in the fashion proposed for the GCR=2 reactor.1 .
Thé need for replacement'of a steam generator might pOssibLy arise.
Although it is anticipated that such an occurrence is very unlikely, |
provisions have been made to handle this reguirement, since the alterna-
tive might be the complete shutdown of the reactor experiment. .
In order to replace the steam generatbr it will first be necessary
to decontaminate it. Two methods for ‘carrying out the decontamination
procedure are apparent. If a suitable liquid seal can be accomplished
between the heat exchanger and the reactor to permit liguid filling of
both the tube matrix and the upflow pipe, decontamination can be carried
out as discussed in Chapter 17, Fill nozzles and liquid drain lines
would be provided in the heat exéhanger. A monitored sampling line
ﬁould be utilized to determine the activity level in the effluent. One
method of providing the required liquid seal would utilize inflatable
bladders inserted thrbugh the top of the reactor pressure vessel into
the pipes or areas to be sealed. The bladders would be inflated after
positioning. If this scheme is chosen, it should be checked out before
the reactor is started up. If it does not work, the steam generator
could be provided with spray nozzles at the top of the vessel and at
intermediate points above the boiler economizer section. Decontaminant
running down the outside tube surfaces could be directed to a drain sump
located at the base of the heat exchanger-pressure vessel transition
piece. Temperature requirements for decontamination could be met by
providing heat from the steam system through use of a small auxiliary
heater located in the steam line leading to the genergtor unit. The
procéSs of decontaminating the steam generator components would require
extensive effort, but the.required frequency and the élternative to this

process make the effort attractive.

10ak Ridge National Laboratory, "The ORNL Gas-Cooled Reactor," Part
3, ORNL-2500.
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The cost of the steam generator described above is estimated td
be $100 000 for a unit employing six header drums. This cost is equiva-
lent to $100 per kw of caﬁécity, which is comparable to the $83/kw cost
of the EGCR steam generators. Of this, about $40 000 is associated with
the superheater tubing and superheater drums. Therefore, if the super-
heater section could be replaced with equivalent area in the boiler
section (thus prodﬁcing saturated steam only) and if the area require-
ments were adjusted for differences in heat transfer coefficients and
log mean temperature difference, it appeafs that: a net saving of $ 30 000
to $35 000 might accrue from elimination of the superheater section from
the present design. This reduction may be more apparent. than real, how-
ever, since temperature differences at the top of the boiler - inherent
in such a design could give serious trpuble.by driving this region into
the film-boiling region and thus severely thréatening the:reliability'
of the unit.
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13. BLOWERS:

The coolant flow for the PBRE is to be supplied from two inde-
pendently driven single-stage centrifugal blowers. In addition to
meeting the operating conditions summarized below, the blower housings
are to provide two of the three support points for the reactor pressure

vessel:

Flow rate per blower

Maximum 6 1b/sec (975 cfm)
Minimum 1 1/2 1b/sec
Design pressure 1000 psia
Suction temperature -550°F
Head required . 30 psi, ll-700‘f£
Compression ratio 1.03

A further requirement is that the variation in flow rate should be
obtained by varylng the speed of rotation of the blower:. This method .
has the advantage of simplifying the process system in that valves and/or
bypass lines are ﬂbt required. It also has the advantage over an.adjust-
able diffuser-vane compressor in that leakage points in the casing are
eliminated and maintenance requirements should be reduced. These require-
ments imply a blower of relatively low flow rate‘and high discharge head
and can only be met in a single-stage machine by going to high rotative
speeds. '

The impeller design required for these operating conditions will |,

probably be of the following dimensions:

TImpeller outside diameter 16 in.
Impeller outlet width : 1/4 in.
Specific speed at 14 400 rpm 400
Estimated impeller efficiency  85%

The over-all efficiency of the blower 1is expected to approach 70%,
probably about 67%, and thus will require about a 200-hp blower drive.
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In order to achieve the operating speed of 14 400 rpm and still
vary the flow rate over a range of at least a factor of 4 by changing
the rpm (down to 3600), the drive system should be similar to one of
the following two types:

1. a 3600-rpm motor fed from a conventional 60-cycle source driving
through an adjustable fluid clutch and gear speed increaser of
4-to-1 ratio,

2. a two-pole a-c motor driven from a variable-frequency source, such
as an M-G set. with 1ts motor coupled to the generator through a
fluid clutch.

A maximum generated frequency of 240 cycles/sec would be required.

It is expected that system 1 would be less expensive but would
require much more maintenance than system 2, and this extra maintenance
would be required in an area where the radiation dose level would be
high. Further studies should be made before a final decision is reached,
but for purposes of this report system 2 was chosen. |

The primary problem foreseen with this design is the achievement of
a long-life, low-leakage shaft seal for the 1000-psi system pressure,
with a shaft speed of over 14 000 rpm. It is believed that a modifica-
tion of the type of seal being developed for the EGCR with oil lubrication
instead of water would be satisfactory, although some development effort
would be required. To minimize contamination of the seal oil, clean
helium from the bypass cleanup system should be returned to the main
gas stream through an annulus at the oil seal on the blower shaft. A
labyrinth seal should be provided between this annulus and fhe impeller
to minimize back diffusion along the shaft from the contaminated main
stream.

The impeller, shaft, bearing, and seal assembly would be mounted
in a flanged plug to facilitate removal and replacement of the moving
parts. As in the ART fuel pumps, the assembly would incorporate a
heat dam so that the oil flowing through the seal and bearings would
keep the outer end of the assembly cool. An O-ring seal would be

provided in the mounting flange for this aséembly.
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1l4. FUEL-HANDLING SYSTEM

The simplicity of the fuel-handling system has been one of the most
widely claimed and generally accepted advantages of the pebble-bed reactor
concept. This being the casél the first step taken toward developing a
mechanical -arrangement for the fuel-handling system was to study and evaluate
the existing concepts and the design information which demonstrate and give
substance to this advantage. Sanderson & Porter have stated that the scope
of their pebble-bed work to date has excluded design or development effort
on the mechanical components of the fuel-handling system, such as valves,
ball flow cutoff, ball counting, and other devices. Thus it is important
to recognize that this advantage of fuel-handling simplicity is founded
wholly'upon the general truth that beds of uniformly sized spheres will flow
under certain conditions and, as é consequence of this flow, will or should
be transferable to and from a reactor without the use of a mechanism de-
signed ;to enter the core, seek a specific location, and remove or install
each individual "fuel assembly." From the fuel-handling point of -view, it
can only be concluded at this date that this advantage is real, and on the
basis of this conclusion the design effort has been directed towsrd its
development. It must be recognized at this point that impliéit in the con-
clusion that the fuel handling advantage is real is the assumption that fuel
spheres will be developed that will rémain intact, will maintain adequate

strength, "and will resist fusing into multiple-ball clusters.

Design Precepts.

One of the first.decisions to be made in designing the refueling
system for a gas-cooled power reactor is whether to design for refueling
at power, during a shutdown at full operating pressure and temperature,
or with the reactor shut down and depressurized but at elevated tempera-
ture. This decision involves considerations such as the frequency and
duration of the refueling operations. Since it would be adventegeous

to avoid depressurizing the system or even reducing the power unless
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these moves make an important differenée in the costs or hazards associated
with the fuel-haﬁdling operations, attention was directed primarily at a
system for refueling at power.

Four fundamental design precepts were adopted at the outset. These
are as follows:

1. to make the most of the possibilities of a pebble-bed reactor, the
fuel flow should be downward through the core,

2.  while dumping balls into or out of the core in batches might be ad-
vantageous, for good control of the reactor each ball admitted to or
removed from the core should be counted,

3. the system design should have the greatest possible reliaﬁility,

the system must be maintainable, and at least two different means must
be available to cope with jammed fuel balls anywhere in the system.

Sanderson & Porter have developed some design precepts in the course
of their_investigations of the general characteristics of ball flow from a
reservoir into and through a drain tube, means for starting and stopping
such flow, and the relative axial velocities of balls through cylindrical
cores as a function of the radial position. The first of these preceptis
is that uniformly sized spheres flowing from a large-diameter reservoir into
an essentially vertical,:round, drain duct will occasionally bridge and cease
to flow if the diameter of the drain duct is less than five'béll diameters.
In actual practice, the drain-duct diameter should be made slightiy larger
than exactly five ball diameters. Balls flowing "single file" through a
round duct will flow without Jjamming or locking for duct diameters up to 1.7
ball diameters but may jam in ducts between 1.7 and 5 ball diameters. Finally,
there is no known way to converge from a five ball diameter duct to "single
file" flow of balls without bridging and jamming of ball flow unless a

mechanical agitating device is used.

Fuel-Discharge System

The Sanderson & Porter work on arrangements for starting and stopping
ball flow has been concerned primarily with the ball-removal -port at the
exit from the reactor core. The first design conceit for the unloading
valve was a bulk unloader. The valve consisted of a refractory tube driven
on its Verticgl axis by a rack and pinion. In the upper position the tube
was above the bottom grate, and fuel elements were prevented from entering

by a graphite or refractory conoid head over the unloading tube. Apertures

L
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around the bottom of this hood allowed fuel elements to rise to just below
the level of the unloading valve in its top position. As the unloading
valve was lowered, fuel elements rolled over its upper rim and ‘dropped
through the valve into a holdup vessel or discharge line.

- A model of this valve has been built and operated end the design
principles have been demonstrated. The valve operates under pressure,
since it is contained within the reactor vessel. A daily charge of fuel
eiements cen be held up by discharge into a holdup vessel and/or holding
them in the unloading valve. The valve was designed for bulk unloading,
but sipgle-file flow through a tube leading to a reprocessing or storage
cell may be possible. It'is'of simple design, but there is a sliding part
in the core. It can handle”eound end broken elements and eleﬁents of
mixed sizes. . _ S

The second deéign concept of an unloading valve was & star plate
feeder at the bottom of a tubular-extension of the core. It was designed
to get moving parts out'of’thefepre end to deliver the elements one at a
time,i.e., in sihgle file, to a tube leading to a reprocessing room. This
velve is a simple, singie-plate star feeder incorporating a shutoff plate
above the star wheel,'making it possible, in a full-scale device, to shut
off the flow of balls from the bed and remove the valve for replacement.

A model of this valve has been built and operated at Sanderson & Porter.
It has the following characteristics: (1) The val#e operates under pres-
sure, since it is self-contained within the reactor system and is pressure-
balanced. (2) A daily charge of fuel elemeﬁts'can be held up in the discharge
tube leading from the core to the velve, the valve being external t0 “the
reactor. (3) Flow from the valve is in single file. (4) The valve is of
relatively simple.mechanical desigh.' There are no moving parts in the core
end it can be removed from the reactor. (5) As presently designed, it will
handle a single-size sound ball, .

The feasibility of a third type of valve is being 1nvestigated to over-
come the deficiency of the star unloader w1th respect to its inability to
handle broken and/or'mixed-size fuel elements. This 1s a vibratory feeder,
similar to a Syntron Vertical Vibratory Parts Feeder, which can be arranged

.as shown in Fig. 14.1. The feeder con31sts .of .a_bowl. supported by .heavy -

springs placed at an angle with respect to the vertlcal axis. An external
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force is impressed on the bowl by a rod driven through a diaphragm by means
of an electrical magnet external to the pressure vessel, which causes the

bowl to oscillate a few thousandths of an inch. The supporting springs &are
distorted by this action. Being set.at an angle, as described, they resist
the action and, on return to their original position, create rotating move-
ment of -the bowl. This movement causes balls in the bowl to-move spirally
outward and be discharged at a suitable spot on the bowl rim. The rate of
feed can be adjusted by vérying the voltage to the driver. Balls are fed

into the bowl directly from the core through a centrally located-diséharge

‘tube which terminates about one and one half ball diameters above the bowl.

A commerical 5-in.-bowl parts feeder (Syntron Model EB-00) has been pur-
chased and used successfully at Sanderson & Porter with a flow model: handling
3/16-in. balls. Alternate bowls are being designed and constructed to deter-
mine the most feasible design for this application. A bowl having an inside
diameter equal to 15 ball diameters is desiredf. Based on studies and experi-
ments to date, the system has the .following characteristics: (l).Tpe valve
operates under pressure, since it 1s self-contained.within the system and is
pressure-balanced. (2) Flow from the valve is in single file. There are
no moving parts in the core and thefactuating mechanism is external to the
reactor. (3) The valve will handle sound, broken; or mixed fuel elements so-
long as they will pass under the feedpipe above the bbwl.

The design study shbwﬁ in Fig. l4.1 uses a bottom drive to avoid problems
associated with thermal expansion of the reactor pressure vessel, which would
cause misalignment problems with a horizontal drive. The bowl, support springs,
and drive rod are sesled withih the reactor gas system. The drive rod, which
can be any reasonable length, is enclosed in a tube, the lower end of which is
fitted with a stainless steel, nonmagnetic cap surrounding a soft-iron plunger
centered by a graphite bushing. Heat loss through the tube weuld be-sufficlent
to reduce the temperature at the driving end to ambient. The-magnetic driver
is'completely external to the reactor and can be made replaceable.

The most serious disadvantages of these arrangements are the large in-

. ventory of spent fuel held up in the drain duct, the problems-of cooling and

shielding this column of fuel, the indeterminate number of balls in the tray,
the rather large-volume enclosures required (which would be at full system A
pressure), and the large amount of.shielding required for the large ball hold-

up in the ducts and trays.



Whatever the particular operational requirements of the system may

be, reliability and maintainability are the sine qua non of nuclear fuel-
handling systems. 1In order to evaluate these characteristics for a
typical system and to establish space requireménts in the facility for
maintenance operations, a new fuel-handling system has been conceived
which shows promise of offering advantages over the Sanderson & Porter
systems, while fitting within the space envelope that the latter would
require. This fuel handling system is shown in Fig. 14.2 and is described ~
below. While it is a concept rather than a detailed design, it does
represent the end product of a selective process which, for the specific ~
design and operational objectives established, places maximum emphasis
on both reliability and maintainability. Kdditionalgdésign;objectives:.:
included elimination of the hood over the fuel-exit port, minimization
of the inventory of fuel balls retained in the fuel-removal duct,
provision for one-at-a-time ball entry to the removal duct, mild agita-
tion of the fuel bed in the vicinity of the exit port during fuel removal,
simplicity of mechanical design, provision for use of a ball-flow-channel
clearing ram or auger, and provision for removal of the entire fuel
Withdrawdl mechanism and reactor fuel charge in the event of unforeseen
difficulties. ‘

. Aé mentioned abdve, every ball-removal system proposed to date
appears to require some mechanical motion at the point of ball exit
from the system. The arrangement developed in this study and presented -
in Fig. 14.2 provides for a round-ball drain duct from the bottom center
of the core structure. This duct has a diameter slightly greater than
five ball diameters and is fitted with a round, graphite, fuel-removal
plug equal in height to the bottom core support and reflector structure.
The top end of this fuel-removal plug is to be truncated at an angle
which can only be determined experimentally but which may be visualized
as roughly 65 deg from the axis of the plug. When properly positioned
in the duct, the lowest point on the inclined top surface of the fuel-

removal plug is to be at the same elevation as the adjacent intersection
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of the duct and core support structure. The highest point, diametrically
opposite, will extend possibly 3 in. or more above the intersection of
the duct and core support structure. Just below this highest point

and in the cylindrical wall of the fuel-removal plug is a hole sized

and located to permit entry of fuel balls into the plug from the core.
Removal of fuel is accomplished by retraction of a ball cutoff gate Just -
inside the ball port and by rotation of the fuel-removal plug. Balls
entering the plug will be ducted down the center of the vertical drive
shaft which supports and drives the fuel-removal plug. The need for

the ball cutoff gate is questionable. It is unlikely that more thén

one or two balls will be discharged from the reactor after plug rotation
is stopped. However, it is shown to emphasize the need for accurate,
positive control of fuel movément intd and out of the reactor.

This concépt obviates bbth the hood and the inventory of balls
outside the core proper, provides for "single file" flow of balls
through the exit duct, provides moderate agitation of the fuel ball
bed adjacent to the exit port during fuel removal, and requires what
appear to be only simple mechanical motions. These are all considered
both real and important advantages of the proposed concept, but the
claim of mechanical simplicity must be qualified. The slow rotation
of the fuel-removal plug and the up-and-down motion of the ball cutoff
gate are indeed simple basic motions, but it must be expected that the
design of the actual mechanisms will become somewhat more complex than
is implied by these descriptiVe.phrases. Some elaboration upon the
drive for these mechanisms is required. Provisions for use of a ball-
flow-channel clearing ram or auger and emergency removal of the fuel-
withdrawal system and the reactor fuel charge are described as service-
machine functions.

The drive mechanism for the fuel-removal system is located outside
the biological shield where it would be accessible for maintenance. The
drive-system components may be installed outside the pressure envelope
to afford direct access, or they may be totally enclosed within the

pressure envelope, possibly by incorporation in the shield plug. The
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latter arrangément is more desirable for this application, because it
requires no sealed rotating-shaft penetraﬁions of the pressurized system.
Helium leakage must be regarded as one of the major problems in the
~ design of this plant; pressures and temperatures are high, and the heliﬁm
is contaminated. The proposed arrangement places motors, gears, bearings,
switches, and other components in the high-pressure helium system. The
major portion of these components can be partially isolated from the
spent~fuel cooling~gas stream by seals between the drive housing and
the spent-fuel shaft. Thié isolation will permit operation of the drive
motors and most of the other drive components at temperatures below the
gas inlet temperature to the reactor. The major problems are lubrication
of gears and bearings and electrical breakdown in ionized helium. Some
gears and bearings will be required to operate éither unlubricated or
.with dry-film lubrication. The horizontal drive shafts which carry the
bevel gear and eccentric cam follower for operation of the fuel-removal
plug and ball cutoff gate, respectively, must be retractable to permit
removal of the fuel-removal plug. | .
The fuel balls removed from the core are guided through the hollow
fuel-removal;plug drive shaft and dropped on a spring-mounted vibrator-
driven graphite anvil, from which they enter an inclined tube which
guides them past a ball-counting and ball-flow cutoff device into a
length of inclined tube isolated by two valves. A controlled number of
balls 1s admitted into the chamber between the two valves, with only
the upper valve open. The upper valve is closed, and the lower valve
is opened to deliver the balls into a vertical storage tube in a re-
volving-multi-chambered holding and cooling magazine. Each vertical
magazine tube is sized to accommodate the number of fuel balls which
can be transferred in one operation through the val#ed gas lock. The
lower valve in the gas lock is the extreme 1imit of the high-pressure
helium system. The magazine is to be at atmospheric pressure and could
be designed for water jacket cooling of each storage tube, enclosed

cooling with air recirculated over the stored balls, or both.
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The valves in the system must afford a full-flow cross section to
pass fuel balls, and either gate orAball valves may be considered. The
valve problems arising from graphite dust and chips may be expected to
be severe, and‘a valve development program will be required. -Maximum
uée must be made of double valving and blind cover flanges with clean
helium buffer gas between double gaskets to avoid leakage of conﬁaminated
gas, and a continuous helium-recovery system will be required to maintain
leakoff volumes at controlled pressures. Fully enclosed valve actuators
supplied with high-pressure helium as & buffer gas should be used to
avoid leakage of contaminated gas around valve stems.

Balls stored in the magazine may be removed by successive rotations
of the individual storage tubes over the exit port and release of the
latches to deliver the fuel balls to an enclosed mechanical inspection
stage where they may be remotely viewed and delivered into shipping
casks. The spent fuel in transit through the removal system will require
cooling. Helium cooling must be used for the fuel within the main reactor
coolant envelope, and cooling with recirculated air and by other means
such as water-jacketed magazine tubes may be used. Details of the coolant
piping have not been developed, but a system of helium pipes, valves, and -
possibly filfers and pumps will be required.

The arrangement: at the bottom of the reactor provides a single
nozzle penetration of the reactor pressure-vessel head. For normal plant
operation the fuel-removal equipment is attached to the lower: end of the
28-in.-diam nozzle where it emerges from the 'reactor shield. The proposed
fuel-remo&al equipment is designed for remote operation. The shielding
affordéd by the reactor shield, the shield plug in the nozzle passage,
and that around the fuel-removal equipment should permit personnel
access to the fuel-removal.chamber directly below the reactor when no
fuel balls are in the discharge line. This requires that the shielding
around that part of the fuel-removal equipment directly under the reactor
pressure vessel nozzle be removable to the extent necessary to permit

removal of this portion of the equipment. This operation would be required
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only when the reactor 1s shut down and depressurized. The design provides
for two operations, in addition to normal fuel removal, that can be car-
ried out without removing the fuel-removal equipment from the nozzle:

(1) introduction of a ram or auger to clear the fuel-removal tube and (2)
replacement ef the fuel-removal plug. These two operations would only

be carried out with the reactor shut down and depressurized and. would be
carried out only in the event of serious trouble. The length of the fuel-
removal plug drive shaft‘requifes that it part into an upper and iower
section, the lower sectioﬁ to be removed and stored first and then the
upper section. This would be followed by the fuel charge if that were
still in the reactor. The fuel-removal plug would be lowered'untilvit
admitted fuel into the inclined fuel-removal system I&aﬁightﬁprove
desirable either to provide a device for breaklng up ball aggregates to
insure removal or to replace the small-d;ameter inclined ball=removal
tube with a larger duct for this operation. The detailed design of these
devices must be undertaken before such a system can be evaluated..

It is evident that both the mechanisms and the roome within whieh
they are operated must be designed to permit decontemination. To phis
end, the spent-fuel-handling rooms are to be lined with mild-stee} sheet
painted with a chemically resistant paint. Floor drains, equipment con-
nections, solution and drain tanks, pipes, valves, pumps, and other

'appurtenances for decontamination will be required.

Fuel-Loading System

The fuel-loading system for a pebble-bed reactor might be-a simple
feed hopper connected to the reactor core by a valved ball duect. If-the
loading operation were to be carried out at power, control comsiderations
indicate that the core should be kept full at all times. If a spent»ball
. 1s removed from the bottom, it should be replaced by a fresh ball atwthe
"top. One way to assure this is to employ a ball feed device capable of
pushihg fresh fuel balls into the core. This wquld also permit refueling

at full power with an upward coolant flow through the reactor sufficient
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to raise the fuel bed firmly égainst the top grid structure. One possi-
bility is the screw feed device shown in Fig. 5.1. Another arrangement
suggested is based upon gravity delivery of balls to a fuel-loading

plug located at the top of the core. Within this plug, a ball could be
aligned with a plunger which would be activated to drive the ball down
into the core. Either this device or the screw feeder would be designed
to "stall" when the core became full to prevent admission of additional
balls. The stalling action would pprovide a means of détermining when
the core is full. The effects of a forced-feed device on ball "ratcheting"
and the resulting stresses in the graphite sleeve containing the ball
bed can be determined only from experiments. A

The problems of delivering new fuel balls into the. feed system from
a magazine include those of valving, shielding, helium leakage, and space
allocation. Af the feeding device Jjust above the core, there appear to
be additional problems. Some means should be provided to indicate that
each ball introduced into the feed system actuélly enters the core. If
balls are introduced_one at a time, the force feeder travel or actuating
torque might provide this information. This method, while it might
provide the required operating information, requires one operation of
the gas-lock valves for each ball fed. The arrangement could be improved
by providing a magazine loaded with new fuel balls from which individual
balls could be released to the force feeder. Introduction of the loaded
magazine into the reactor pressure system would obviate the requirement
for operation of the gas-lock system for each fuel ball admitted and yet
would permit recovery of all new fuel balls in the magazine not delivered
to the core.

The arrangements required at the top of the reactor for a ball-feed
mechanism operated by a rotary shaft include a single central point of
ball entry without special provisions for equal ball distribution to all
quadrants. The fuel-feed system would fit within a cylindrical envelope
concentric with the reactor core and extending upward from the top of

the core through the upper plenum, the shield plug, and the top nozzle
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closure to a magazine and drive system at the top. A space allocation
problem involving the control-rod and fuel-feed systems will require

careful attention.
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15. SERVICING EQUIPMENT AND PROCEDURES -

The advantages of all-ceramic gas-cooled reactors have been recog-
nized from the time of the Manhattan project. A major objection to
this type of system has always been that particulate activity in the
form of fine dust would present difficult maintenance problems. Since
one of the best'measures of the effectiveness of e reactor test facility
is the ratio of operating time to down time for inspection, maintensgnce,
or system modification, great care was taken in the design of the PBRE
facility to provide adequate space and equipment to carry out thse
operationsAexpeditiously. Although the fuel-ball development program
is'being directed toward a high degree of fission-fragment retention
and may produce fuel with very low fission-product eseape.rates, it
was though best to design for a much more serious contamiﬁation level.
This'approach seemed particularly in order since it may ﬁrove necessary
to cope with some unforeseen accident which could contaminate the system
to & very much higher level than would ordinarily prevail.

The amount of particulate activity to be expected in an all-ceramic
gas-cooled reactor presents one of the greatest uncertainties in the
design. In the system proposed, 1% of the main system gas flow will. be

bypassed through a cleanup system, which should remove most of the re-

"active volatiles and particulate matter and much of the rare gas from

the bypass stream. This, coupled with the full-flow filter at the top
of the reactor, which should take out particulate matter down to 0.3 u,
should keep the level of particulate activity throughout the system to
as low a value as it'is practicable to obtain with any given fuel ele-
ment deéigﬁ, It is difficult to predict to what extent the remaining
activity in the mein gas system will tend to adhere to the walls or to
what extent it may be present in the form of a fine dust that would
collect in crevices and would become airborne upon withdrawal of such
items as a shield plug. While experience with the aqueous homogeneous::
reactor indicates that the activity is firmly plated out on the walls
in that system, and while‘the amount of activity to be expected in the

PERE is down by orders of magnitude from that in an aqueous homogeneous
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reactor, it is in the nature of the gas-cooled ceramic-fuel system that
much of the activity may tend to condense out in the form of flocculant

snowflake-like dust particles in the submicron size range.

Design Precepts

On the basis of the considerations outlined above, a number of de-
sign precepts were adopted as a guide in the preparation of the pre-
liminary design of the cére servicing equipment and spaée requirements.
While some of these may seem arbitrary, they indicate the bases on
which the facility design was developed:

1. All core servicing operations, exclusive of normal fuel trans-
fer, will be carried out with the reactor shut down and depressurized.

2. Access to the reactor core will be provided through vertical
nozzles concentric with the core in both the top and bottom heads of
the reactor veésel. These nozzies will be sized to accommodate the
graphite core lining sleeves. .

3. The basic service machine functions will be removal and
replacement of the fuel drain system and core components. (These
functions exclude normal fuel transfer operations.)

4, All mechanisms, piping, and other equipment exposed to par-
ticulate activity or other sources of contamination will be arranged
to confine this activity within the smallest reasonable perimeter and
to permit its removal by decontamination processes. As a further
precaution, the main servicing and fuel storage rooms will be steel
lined and painted with a chemically resistant paint to permit de-
contamination in the event of an activity release from fuel-handling
or servicing equipment.

5. The design of the servicing equipment will, to the fullest
extent possible, provide for removal of core components into metal con-
tainers which can be fully enclosed and sealed and will minimize operations
which permit direct communication between internal reactor system sur-

faces and the atmosphere unless the region has been hydraulically isolated
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and decontaminated. Full use of purging and enclosure with plastic
bags or bodfé is intended when an operational step requires breaking
a connection priof to making up the joint to a transfer container.

6. Free personrel access to the fuel-removal and core-servicing
area will be provided except during operation: of the.service machine
to remove badly contaminated components. The design should provide

for emergency entry into this area, with temporary shielding, during

such operations. The service machine is to be capable of remote

operation, and the option of shielding the containment sleeves to
pe;mit_personhel entry when they contaln an irradiated core component
may be exercised. ,

7. The bulk of the servicing operations will be carried out from
the bottom of the reaétor wheré the lower access tube opens into the
main servicing area, which will be designed so that it can be used as
a hot cell.

8. Servicing operations in the reactor will be confined insofar
as possible to inspeqtion of to insertion or removal of subassemblies
which can be instaliéd and locked in place by a simple operation, such
as inserting and twisting, as in the case of rifle bolts, gﬁn[brgeéheq,
or bayonet joints. . (This requires that the design of both the core
and the servicing equipment proceed concurrently with much feedback
from one to the other,)

» 9. Operations within the reactor will be designed to create a
minimum of dust, i.e., there will be no sawing, battering; or crushing
if such can be avoided. ' ‘

10. A ram will be provided beneath the lower access tube to

facilitate ihsertion or removal of the shield plug, the graphite siéeves,

or other items,.including elements of the fuelAdiSCharge system.
11. A mobile remote-handling machine, such as a Mobot (Fig. 15.1) -
should be provided in the .main service area 5O that the room can be

used as a hot cell.
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Servicing Equipment

Careful studies of problems of reactor servicing in connection
with both the EGCR and advanced gas-cooled reactors, particularly the
BeO reactor described in ORNL-2767 (ref. 1); have shown that the major
servicing operations are best carried out with a vertical ram driven
by roller chains carried on sprockets. Such a ram can be built with
two independent sets of chains suﬁporting it, and these can be designed
to operate at a small fraction of thelr capacity so that a high degree
of reliability can be essured.

Because of the shield thickness and the clearances required during
construction, both around and within the reactor, it is difficult to
reduce the distance between the shield face and the reactor reflector
face to less than about 14 ft. At the same time, differential thermal
expansion between the reactor vessel and the concrete makes the precise
location of heavy equipment outside the shield relative to components
within the reactor somewhat uncertain. The difficulty is compounded
by deflections 1f a bending moment is imposed on the arm or ram used
to enter the reactor. Such a bending moment can bé&minimized or avoided
by the use of direct vertical access tubes. It should be noted that an
arm or ram gives the operator positive control of the positioning of his
grapfle or other device, so that, while it is more complex, it ié’much
more versatile than a unit suspended from a cable.

Remote-handling equipment is required in the main service area so
that it can be used as a hot cell. This equipment should be mobile,
and-should be suitable for moving the carriages required for casks,
sPecialrservicing heads for the ram, etc, Several such devices are

available. One of them, the Mobot, is a remote-handling machine‘mounted

~on a lift-truck chassis (Fig. 15.1). The basic piece of equipment makes

use of two arm-and-hand manipulators mounted on shoulders which can be

raised and lowered on the lift truck. Also provided are two TV cameras

1"GCR Quar. Prog. Rep. June 30, 1959," ORNL-2767, p. 6.
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which can be turned in almost any direction independently of each other,
The Mobot is coupled by a long triaxial cable to a reel, probably mounted
well above the floor. The triaxial cable serves both to provide power
through transformers and_rectifiers and to transmit information from the
instruments and the TV cameras. The operator would be at a control panel
supplied with two TV screens and the necessary controls and instrumentation
for moving the Mobot about and carrying out manipulations.

Special long-handled tools and other equipment would be required
for servicing the blowers, the control rods and drives, and other items.
This equipment would include a remotely operable hoist in the large tank
mounted over the reactor asround the control-rod drives. A Mobot could
be moved from the hot cell to this enclosure to provide for remote

handling of equipment when needed.

Servicing Operations

While firm designs will require much study to develop, some idea
of the equipment requirements is given'by reviewing some typical servicing
operations. The basic arrangement of the service machine area has been
presented in Figs. 6.3, 6.5, and 14.2. The fuel-removal equipment is
shown installed at the bottom of the reactor vessel nozzle in the main
service room with the top of the service machine in the floor of this
room, Two sizes of containment sleeves are dotted iﬁ place in Fig.
14.2: a large-diameter sleeve between the service machine floor nozzle
and the bottom of the reactor nozzle and a small sleeve between the s
service-machine floor nozzle and the bottom of the valve at the base
of the fuel-removal column. The floor nozzle can be rigidly attached
to the floor structure and is shown with a bellows seal at floor level
to indicate leaktight continuity with the steel lining .of the room.
The service machine is located below the floor in a vertical tank.
This tank would not be designed for system pressure and would only be
required to contain helium and/or air at pressures below 15 psig and
at temperatures below 150°F. The basic-mechanism within the service
machine is a ram capable of elevation through a sleeve into the reactor

core.,



15.7

The small-diameter containment sleeve has been shown to suggest
one method for introducing a fuel drain tube clearing ram or auger and
for lowering the fuel-removal plug to withdraw the reactor fuel charge
in the event of an emergency such as fuel balls sintering into clusters.
Such an operation might be carried out with a fuel-drain-tube clearing
ram mounted within the service machine., The valve at the bottom of the
fuel-removal column would permit attachment and use of this tool follow-
ing reactor shutdown and depressurization. An alternate design based
upon a flexible or articulated ram should be studied. Such a device
could be mounted within a separate vessel in the fuel-storage room
rather than in the service machine. This would have the advantages of
simplifying the service machine design and catching any fuel particles
removed during the clearing operation in a smaller and more readily
decontaminated container. Still other arrangements may be found pref-
erable. If, as in Fig. 6.3, the service machine is track-mounted to
permit movement to a position under the ceiling hatches for servicing
by the high-bay crane, the drain-tube clearing ram might be mounted
beside the service machine in a separate vessel.

The withdrawal of the fuel-removal plug to clean out fragments
from the graphite sleeves or fused-fuel-ball clusters would require
that the service machine ram be raised through a containment sleeve and
through the valve at the base of the fuel-removal column to engage the
combined bayonet lock and thrust-bearing assembly immediately above
the flared ball exit port at the bottom of the drain tube. After re-
tracting the two drive shafts into the fuel-removal plug drive housing,
the fuel-removal plug could be lowered to bring the top surface of the
plug opposite the enitrance to the inclined fuel—removal tube, A device
for breaking up ball clusters or graphite fragments could be introduced
to replace the spring-mounted anvil, and the design could permit attach-
ment of a larger-diameter inclined fuel-removal tube which would bypass
the magazine and. inspection table and deliver fuel directly into a cask.
The great length of the fuel-removal plug assembly might require that

it be. lowered in sections rather than all in one operation, as described
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above. This provision requires development of design detail and would
represent one of the more difficult design problems.

The functions of the service machine would include removal of the
reactor-nozzle shield plug, the bottom core-support grid structure, and
the graphite core-lining sleeves. For each of these operations the
reactor system would have to be shut down and depressurized and the
fuel-removal column withdrawn. The first steps for these operations
would be removal of fuel from the reactor and withdrawal of the fuel-
removal plug as described above. Following this, the fuel-removal
column, consisting of the fuel-removal-plug drive assembly, the housing
for the graphite anvil, the valve, and a section of inclined spent-fuel
duct, would be removed. Since no valve closure has been shown at the
lower end of the reactor nozzle, this operation would require the use
of plastic boots to contain particulate activity while coupling the
large-diameter containment sleeve. No valve was shown because of the
large size of this opening and its exposure to full reactor system
pressure. _

In removing the shield plug, a'plastic bag would be telescoped
in accordion style and positioned over the access flange where it would
be secured by hoops which would clamp it té cylindrical su;faces pro-
vided for the purpose. The shield-plug-removal head would be positioned
over the ram. The ram would be engaged to the head and secured with a
simple locking device which could be operated by the Mobot, and the ram
and shield-plug-removal head would be raised and engaged with the attach-
ing device provided at the shield plug. The shield plug would be broken
free with an impact-wrench device incorporated in the shield-plug-removal
head, rotated with the ram to disengage it from the breech-lock type of
. joint provided in the access tube, and lowered to the shield-plug-
removal head carriage, which would rest on the floor. The extended
plastic bag would be pinched off above the shield plug and sealed with
a hot ironing device manipulated by the Mobot. The plastic bag would
then be cut, probably in the sealing operation, along the sealed seam.

The shield plug would then be moved to a convenient spot in the hot

£
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cell and another service head mounted on the ram for the next operation.
The Mobot would be used as a locomotive to draw the carriage carrying‘

the shield plug and shield-plug-removal head.

Cost BEstimates

Rough estimates of the cost of the various items of equipment for

the servicing procedures outlined above are as follows:

Service machine $250 000
Mobot ‘80 000
Steel wall lining (10 000 ft2) 30 000
Remotely operable hoist 50 000
Long-handled tools and special _

devices . 50 000
lead casks and storage containers _

for contaminated material 100 000 -
Decontaminating equipment 20 000

Total $580 000

1

The cost of the servicing equipment appears to be reasonable when
compared with the cost of the service machine equipment for the EGCR,
which was designed for operation at high power. .

A review of the plant layouts presented in Chapter 6 indicates
that an appreciable part of the cost of the facility should be charged
to the service machine. The greater part of this stems from the pro-
visions made for the ram beneath the lower reactor access tube. A
chain-driven ram of the .sort described will reguire about 40 ft of
vertical height below the hot-cell floor. In the layouts presented in
Chapter 6, this ram is mounted on a carriage which would traverse a
canyon bélow the hot cell, This arrangement was chosen to facilitate
removal of the ram and its drive mechanism for servicing. Preliminary
estimates indicate that the extension of the containment shell and

concrete foundation to the extra depth required for this ram will add
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around $300 000 to the cost of the facility, a large price to pay for
easy maintenance of the ram and drive assembly., A carefulbreview of
the servicing functions indicates that the ram would be extremely
valuable and would probably justify this $300 000 added cost for the
' facility. However, the reliability of the ram drive mechanism seems
sufficiently high that a less generous allocation of space for servicing
it should be acceptable. An obvious alternative is to locate the ram
and its drive mechanism in a well perhaps 12 ft in internal diameter,
since it appears that the entire assembly could be kept within a:diameter
of 4 ft. This would require that the ram and surrounding room be
sufficiently decontaminated so that direct personnel access would be
acceptable. The mechanism could then be removed by conventional
rigging operations in the unlikely event that the servicing could not
be carried out in situ. To facilitate this operation, the 12-ft-diam
well could terminate at the bottom of the containment vessel as shown
in Fig. 21.1. Above this level a canyon perhaps 30 ft long by 15 ft
wide could be provided to extend out into the hot cell. Floor slabs
and steel sheets over this canyon would have to be removed if the
ram and drive assembly were to be removed for servicing. However, it
seems likely that all the servicing operations could be carried out in
situ during the life of the facility, since the number of hours of
operation required of the ram drive assembly would be relatively small
in the life of the plant. ' -

The most important shortcoming of this approach is that it would
require good decontamination of the hot cell before servicing work could .
be carried out on the ram drive assembly. This contingency seems to be
a small and gquite reasonable price to péy for a marked reduction in the
cost of the facility. | '

Another approach that deserves investigation 1s to shorten the
length of the ram and drive assembly by using a telescoping ball Jjack
screw, In a plant application requiring ram entry into the:reactor
system at power, this type of mechanism would become complex because

all the grappling, locking, and other motions required at the ram head
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would be transmitted up the telescoping ram sections from drive motors
down in or near the service machine. The core servicing functions of
this service machine and ram would be carried out with the reactor shut
down and depressurized, which might permit installation of pneumatic

or electric actuators near the ram head and hence reduce the complexity

of the telescoping ram structure.
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.16. HELIUM PURIFICATION SYSTEM

The purification -system for the helium coolant includes provisions
for femoving gaseous and particulate impurities, both radioative and
nonradiocactive. A sidestream of helium is withdrawn from the circulating
loop at the discharge of one of the helium compressors, and it re-enters
the main stream =ét_the compressor- suction, thus taking advantage of the
pressure rise through the compressor to drive the gas through the cleanup
system. The sidestream flow is about 1% of the main coolant flow. In
sizing the cleanup system, it was assumed that the surface available for
graphite oxidation by impurities in the helium was essentially that of
the core wall and that the total amount of graphite which could be allowed
to burn up in a two-year peribd of 300 operating days per year was 1%
of the ‘total amount, exclusive of the fuel spheres. This is equivalent

to about 700 1b of carbon. The maximum gallowable inleakage of water

. from the main coolaht heat exchanger was assumed to be 0.1 lb/day. The

purification system consists of a fission-product delay trap, a chemical

purification train, and particle filters.

System Components

Fission-Product Delay Trap

The fission-product delay trap consists of charcoal which either
removes or simply delays the iodine, xenon, and krypton. The iodine is
essentially irreversibly removed by the charcoal,l and krypton and xenon
will be delayed as they pass through the trap as a result of dynamic

adsorption of the gases by the charcoal.?

Chemical Purification Train

The nonradioactive gaseous contaminants of interest are carbon

monoxide, hydrogen, hydrocarbons, carbon dioxide, and traces of water.

1R, E. Adams and W. E. Browning, Jr., "Removal of Radioiodine from
Air Streams by Activated Charcoal," ORNL-2872 (1960).

°W. E. Broiming, R. E. Adams, and R. D. Ackley, "Removal of Fission
Product Cases from Reactor Off-CGas Streams by Adsorption," ORNL CF-59-6-47
(1959).
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All oxidizable gases are converted to carbon dioxide and water, and -then:
the carbon dioxide and water are removed by sorption processes. Copper
oxide is used as the oxidizing agent, since early experimpntal work
indicated that it precludes the possibility of getting oxygen con-

tamination into the purified gas.>

Particle Filters

Particulate matter is removed from the coolant stream by high-
temperature fi;ters in the main coolant stream and by a low-temperature
filter in the purification sidestream. The filter in the purification
system is downstream from all other components to protect the main
stream coolant from solids generated by attrition in the purification
process,

Although there are no experimental data dlrectly applicable to the
PBRE operating conditions, the maximum carbon dioxide contamination
level in the coolant can be estimated on a very conservative basis by
assuming that all moisture and carbon monoxide reacts with the graphite
to form carbon dioxide. It is known that carbon dioxide will react
with graphite to form carbon monoxide, and if this reaction is reversible
at the lower teﬁperatures encountered at the cool end of the heat ex-
changer, there will be a cyclic mass transport of carbon from the graph-
ite to the relatively cool parts of the system which will continue
steadily during reactor operation., The rate at which this chemical ' -
attack on the graphite will occur is not well known, but it is believed
that mass transport through the porous solids at an intermediate tempera-
ture and mass transport of the reacting gas and carbon dioxide across
the relatively stégnant gas film between solid surfaces and the main
gas stream are probably the controlling mechanisms. Assuming that the
control of the carbon-cafbon dioxide reaction is by mass transfer of
the carbon dioxide through the gas film, it is possible to calculate
the equilibrium conéentratioﬁ»of carbon dioxide which corresponds to

the graphite loss rate of 700 1b in two operating years. This

3C. D. Scott, "Oxidation of Hydrogen and Carbon Monoxide in Helium R
by Use of CuO. I. Preliminary Results," ORNL CF-60-7-26 (1960).
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concentration comes out to be about 20 ppm by volume, assuming that the
carbon dioxide concentration leaving the purification train is set at
30% of the total sidestream flow. The remaining 70% of the flow will
go directly to the fission-product delay trap, thus allowing separate

and independent use of either or both purification sections.%-8

System Flowsheet

A flowsheet of the proposed system is shown in Fig. 16.1. The
helium sidestream is split, and the greater part of the flow goes to
a gas cooler, where the temperature is reduced to about 85°F before
admission to the charcoal fission~-product delay trap. -The gas cooler
consists of a double-pipe heat exchanger with a water-cooled
longitudinally finned inner tube (1.5 in. i.d., 24-20 BWG, 0.5-in. fins)
inside of a 3-in.=IPS pipe. The temperature of the water is assumed to
rise from 75 to 150°F. The total length of the heat exchanger is 60 ft.
The size of the delay trap was arbitrarily chosen to provide an average
retention time of 30 min for krypton and 6 hr for xenon and to remove
99.9% of the iodine. A trap consisting of 65 ft of 6-in.-diam pipe
packed with 405 1b of charcoal (packing density 31.2 1b/ft>) satisfies
the design specifications for operatiOn.at 100 psi. The operating
temperatufe is about 85°F, and the pressure drop is estimated to be 3
psi. The estimated effectiveness of the trap in reducing the amount
of the various gaseous isotopes in the main gas:system:is indicated:in

Table 16.1.

4J. E. Antill and K. A. Peakall, "Coolant Purity in the HTGCR,"
AERE-R-3070 (1959).

5D, D. Eley, P. W. Selwood, and P. B. Weisz (eds.), "Advances in
Catalysis and Related Subjects," Vol. XI, p. 133-221, Academic Press,
New York (1959).

D, A. Plautz and H. F. Johnstone, A.I.Ch.E, Journal, Vol. 1, No.
2, p. 193-9 (1955). '

. 7C. N, Scatterfield, H. Resnick, and R. L. Wentworth, Chem. Eng.
Prog., Vol. 50, No. 9, p. 460-6 (1954).

8B, . Finney, J. C. Suddath, and C. D. Scott, "The Helium Puri-
fication System for the Proposed Pebble-Bed Reactor Experiment,'" ORNL
CF-60-10-31 (to be issued).
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Table 16.1. Estimated Decontamination Factors for the Fission-
Product Delay Trap

Loop Activity Loop Activity

. Without With Decontamination
Isotope  Half-Life Purification Purification Factor
(curies) (curies)
Kr83 10.3 yr 1.3 x 103 1.3 x 103 1
Kr87 78 m 3.1 1.66 1.86
Kr88 2.77 hr 20 10.4 1.92
Xel3lm 12 4 126 9.3 13.5
Xel33m 2.3 4 24 2 12
Xel33 5.27 d 2.79 x 103 214 13
Xel35 9.13 hr 87.2 8.5 10.3
13! 8.05 a 2.2 x 103 4 5.56 X 102
1132 2.4 hr 1.4 x 103 175 8
1133 20.7 hr 2.4 X 1072 3.9 61
1135 6.68 hr 57 2.8 20.1
Total activity: -, 8247 1767

After leaving the delay trap, the gas stream recombines with the
stream from the chemical purification system and passes through a low-
temperature filter for the removal of particulate material before
returning to the main system. A flow velocity of 6 fpm through absolute
filters is recommended for high efficiency. Pleated filters that are
8 in. in diameter and 4 in. deép would be sufficient.

The fractién of the sidestream that is to be chemically purified
is first raised to 752°F in a gas heater consisting of an 8-in.-diam
coil of 1 1/2-in.-i.d. tubing heated by an electrical furnace of about
7.5-kw capacity. The total heating surface necessary is 10.4 ft2, or
18 turns of the coil, which would result in about 24 in. of coil length.
The over-all dimensions of the unit, including the electrical furnace,
are about 2 ft o0.d. by 2 ft long. . |

The gas leaving the heater passes through the oxidizer containing
pellets of copper oxide. The oxidizer is designed for seven days of
continuous service without regeneration. Assuming that 50% of the

copper oxide content will be utilized, the amount of copper oxide
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required is 22 1b., At a specific gravity of 1.7 for the copper oxide
pellet, the fixed bed of copper oxide is about 0.2 ft? in volume. This
_can be contained in a 6-in.-i.d. vessel 12 in. long. Adding 2 in. of
free space to the top and bottom would make the vessel 16 in. long.
Since the vessel must be maintained at 752°F, additional electrical
heating of about 5 kw is required with 2 in. of insulation.

From the oxidizer the hot gas is cooled to 85°F~by passagé through
a double-pipe heat exchanger consisting of a 3/4-in;;IPSnwater¢c001ed.
inner tube witﬂ eighteen 0.024-in.-thick by 0.5-in. éxial fins inside
of a 2'1/2-in.-IPS pipe. The total length of the heat exchanger is
42 ft.

The cooled gas then passes directly into a molecular-sieve absorber,
which is also designed for seven days of continuous operation. The
dynamic loading of the molecular sieve should not exceed one-half of

9,10 (Ioading is defined as pounds of water

the equilibrium loading.
or carbon dioxide absorbed per 100 1b of the molecular sieve.) The
equilibrium loading on a type 5a molecular sieve for water at less
than 0.5 ppm is approximately 10 1b per 100 1b of sieve, and the
equilibrium loading for carbon dioxide at 5 ppm. is 2.7 1b per 100 1b

of sieve.®

On this basis, the absorber will need 20 1b of molecular
sieve for each pound of water and 74 15 of sieve for each pound of
carbon dioxide absorbed. Thus a total of 310 1lb of type 5a molecular
sieve is needed. A vessel 1 1/2 ft i.d. and 5 ft long would be suitable
for the fixed bed. Sufficient electrical heating must also be supplied
to raise the bed temperature up to 600°F for regeneration (approximately
7.5 kw), and 2 in, of insulation would be required on the outside.

From the absorber the purified gas joins the stream from the delay

trap and goes directly to the particle filter. The effectiveness of

°Linde Company, Bulletin F-1026, "Dry Gas? Use Linde Molecular
Sieves."

10Linde Company, Bulletin Form 9690-C, "Molecular Sieves for Selective
Adsorption, Water Data Sheets" (1957).
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the chemical purification system is monitored by means of a gas absorption

chromatograph connected Just downstream of the absorber.

Operation and Maintenance

" An advantage of the proposed sidestream purification system is
the simplicity of operation. Since there are no moving components,
it is expected that the system will be essentially maintenance-free.
However, it would probably be necessary to regenerate the copper oxide
oxidizer and molecular sieve after each seven days of reactor operation.
In order to accomplish this, the oxidizer is removed from serwvice and
regenerated with air for approximately 8 hr at operating temperature,
and the absorber is regenerated by purging with dry air at atmospheric
pressure and 600°F for approximately 8 hr. The life of the delay trap
will depend on the poisoning effect of the iodine and solid daugqter
products of the fission gaseé, for which no experimental data are
a?ailable at the present time. However, it is estimated that the life

of the charcoal in the delay trap will exceed two years.
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17. DECONTAMINATION PROCEDURES AND FACILITIES

The feasibility of maintaining an all-ceramic gas-cooled reactor
plént depends in large measure on the effectiveness with which equipment
can be decontaminated in situ before beginning maintenance operations.
The procedures described here are those-recommerided’ by ‘the ORNL personnel
who have developed procedures for decontaminating equipment used in the
homogeneous reactor system. These procedures have been applied to a
piece removed from an in-pile loop used for testing a gas-cooled ceramic
fuel element and have been found to be effective., It is believed that
the process recommended would virtually eliminate the problems associated
with particulate activity and would drastically reduce dose levels around
equipment, such as the blowers, so that, even after severe contamination
of the equipment, contact rather than semiremote or remote maintenance
procedures could be employed. A major objective of the pebble-bed reactor
experiment would be to investigate the effectiveness of these decontami-

nation procedures.

Chemical Treatment

The fission products contaminating metal surfaces exposed to the
circulating helium in the PBRE will include volatile elements such as
iodine, tellurium, cesium, cerium, and ruthenium, with minor amounts
of less volatile elemenﬁs such as barium, strontium, zirconium, and
niobium, together with their daughters. There will also be daughters
of the rare gases krypton and.xenon. If a uraniumcarbide—graphite
fuel element is used, the rare-earth fission products must be expected
in significant quantities. Graphite dust, finely divided enough to be
tightly adherept to-mebal surfaces, will probably be present and will
be hadly contaminated. There may be some dusting of the fuel micro-
spheres, but the particle size should be large enough for easy removal

by hot detergent solution. If the fuel comprises alumina-coated U0,
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particles, any unclad U0, powder will be dissolved by oxalate-peroxide,
and deposition of the liberated fission products from such material
should be negligible.

‘The oxalate-peroxlide reagent that has been found to be the most
effective of those tested for the noncorrosive decontamination of stain-
less or plain carbon steel consistsAof an aqueous solution of 4% sodium
oxalate with 3% hydrogen peroxide and 0.7% oxalic acid at a pH of 5.0.
The pH tends to rise with time, however, and, within an hour or less at -
95°C in a steel vessel, rapid decomposition of the peroxide may result,
with evolution of oxygen. The pH must therefore be monitored at least ~
every half hour and adjusted to 4.5 to 5.0 By the addition of oxalic
acid. In the laboratory the solution has been stable for over 2 hr at
95°C witﬁout pH ad justment, but it will probably be less stable in con-
tact with miscellaneous dusts in large-scale plant equipment. The solu-
tion is stable at room temperature for several days. Mild steel corrosion
at a pH of 5 and a temperature of 95°C was 0.0025 mil/hr, at a pH of 4
it was 0.005 mil/hr, and at a pH of 3 it was 0.0l mil/hr. Decontamination
is improved with a lower pH at the expense of slightly increasedAcorrosion
on mild steel. The maximum stability of the solution is at a pH of about
4.5. At 95°C a mixture of oxalic acid and H;0, at a pH of zero or less
rapidly dissolves mild steel but is essentially noncorrosive to type 347
stainless steel (approximately 0.00L mil/hr). Oxalate-peroxide mixtures-
between pH zero and 5 are superior decontaminating agents and excellent
solvents for UO,.

An alkaline permanganate reagent consisting of an aqueous solution i
of 2% KMnO,; with 2% NaOH has been found to be effective in removing
some fission products, such as ruthenium and cerium, when significant
amounts of these materials have remained after scrubbing surfaces with

oxalic acid.

Decontamination Procedures

The'procedures outlined in this section are tentatively recommended

for the decontamination in situ of components of the pebble-bed reactor.

.y
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These brocedures have been laboratory tested on type 347 stainless steel
and on carbon steel. No large-scale tests have been made. The recom-
mended steps are the following:

1. The component should be prepared for treatment by isolating it
hydraulically from the rest of the system. To follow the progress of
decontamination, remote probes for a scintillation gamma-ray spectrometer
should be placed at various locations on the equipment to be decontami-
nated. A grosé gamma-ray monitor should be installed on the solution
drain line.

2. Decontamination may be accomplished by either the liquid-fill

method or by the liquid-spray method, depending on the equipment size.

In both methods the liquid or spray must contact all contaminated surfaces,

and complete drainage must be possible. Heating may be accomplished by
steam sparging with the liquid-fill method and by using a steam Jjet to
aspirate the decontaminating solutions with the spray method.

3. The component should first be sprayed or filled with a sdiu-
tion of hot nonfoaming detergent to remove water-soluble contamination
and wash away graphite dust. The rise and fall of the waste-line gamma
activity should be monitored if the spray method is used, and spraying
should be discontinued when the activity drops to about 10% of its peak
value. In the fill method, fhe temperature should be maintained at 95
to 100°C for 20 min and then the solution should be drained.

4. If the decontamination is adequate, the apparatus should be
rinsed with water. If not, decontamination should proceed with step 5.

5. The equipment should be sprayed or filled with oxalate-peroxide
solution at a pH of 4.5 to 5.0 at 95 to 100°C, with the contact time
ad justed as for the detergent solution.

6. If decontamination is adequate, the component should be rinsed
with water. If not, the oxalate treatment of step 5 should be repeated.
7. If further decontamination is required, the solutions used

will depend on the remaining fission products as indicated by a gamma
scan with the spectrometer. Neutron activation peaks, such as from Co®0

and Fe’®) in the structure of the metal cannot be reduced. Ruthenium
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and cerium may be decontaminated further by alkaline permanganate treat-

ment at 95 to 100°C for 20 min, followed by a water rinse, and an

oxalate-peroxide treatment. A broad spectrum of fission products might

indicate residual dust.containing irradiatéd fuel either in inaccessible

places or tightly adhering to metal surfaces and insoluble in non-

corrosive reagents because of the coating.

8. The decontamination cycle should be concluded with water rinsing

until samples from the drain line are free of chemical residues. The
equipment should then be dried to prevent rusting.

Decontamination by this procedure should reduce the amount of
activity by a factor of 50 to 10 000, depending on the initial activity
level and on the effectiveness with which all the contaminated surfaces

are contacted by the cleaning solutions.

Equipment Required

Maintenance work will be greatly simplified if the component to
" be decontaminated can be isolated hydraulically from the rest of the
system. Since valves in the hot ducts are to be avoided if possible,
and since any valves that could be obtained would probably not be
hydraulically leaktight, the most promising method for isolating a
component appears to be insertion into the duct to be blocked of a
rubber biadder similar to that of a basketball. The bladder can then
be inflated to seal off the duct. An aperature can be provided in the
duct wall through which such a bladder can be inserted. A 3/4- or’
1-in. tube leading to a pressure gage might serve this purpose, in
which case, little additional complication of the system would be re-
quired for insertion of the bladder-type "valve."

The principal 1tems which musf be provided in the installation to
permit decontamination will be the contaminated fluid storage tanks,
the plumbing system to provide drainage of fluid to thesé tanks, and

related pumps and valves,
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18. STEAM SYSTEM

It was requested that this study include consideration of both a
simple heat dump cooled by either air or river water and the use of a
3-Mw(e) turbine-generator unit that could be made available from the
ORGDP steam power plant. A total of fen different variations on these
basic suggested arrangements have been considered, and the results ére
summarized in this section.

A variety of heat transfer and system control considerations in-
dicated that it would be desirable to make use of rather high-pressure
high-temperature steam conditions. Because of this and because there
seemed to be an incentive to demonstrate the feasibility of producing
high-temperature high-pressure steam with the pebble-bed reactor, the
steam generator design work was directed initially at producing 1450-
psi 1000°F steam with the feedwater at 400°F. In an effort to reduce
costs, the pressure -was reduced to 1000 psi and the feedwater tempera-
ture to 250°F. The background on the choice of steam conditions is

presented in the section on the steam generator.

Used Equipment Available

Several 3000-Mw(e) turbine-generator units designed to produce
lZO—cycle'a-c current are available in the ORGDP steam power plant.
These units are in sound mechanical condition, but their performance
has probably deteriorated somewhat because of wear in the 16 years
since they were'installed. The arrangements considered for the use

of this equipment are described in the following section.

Arrangements Considered

Several different ways of using one of these turbine-generator
units were considered. First, one of the units coﬁld be installed as
it is to produce 120-cycle current, and an electrical-resistance grid
could be used to convert the energy into heat and dump it to cooling

air. Second, one of the generators could be rewound to give. 60-cycle



18.2 -

current, and the power could be delivered to the grid. A third arrange-
ment, similar to the first, would employ a cooling tower rather than river
water to cool the condenser so that the turbine-generator unit could be
bypassed in the event of operating difficulties and the reactor couid -
operate independently of the turbine. 1In a fourth system, similar to the
third, the generator would be rewound to give 60-cycle power so that the
unit could be coupled to tﬁe grid. The fifth and sixth systems: considered
were also similar to the third, except that an air-cooled condenser would

be used in place of a cooling tower. 1In a seventh system, the turbine-
generator unit would be eliminated, and a condenser from one of the ORGDP -
~units would be used to dissipate heat té cooling water pumped up from the
river. The eighth system considered was similar to the seventh, except

that a cooling tower would be employed in place of river water. The ninth
system would make use of a new heat exchanger to serve as the condenser

and would eliminate the feedwater heater. The tenth system would be similar
to the ninth, except that a cooling tower would be used in place of river
water.  The ninth and tenth units would include a new heat exchanger in place
of a used condenser from the ORGDP plant. The estimated costs for these ten
systems, including material and the labor for their installation, are sum-
marized in Table 18.1. The details for the cost estimates for items 2 and

9 of this table are presented in Tables 18.2 and 18.3 to indicate the major
' cost items for these two typical systems. Flow sheets for these systems

(2 and 9) are presented in Figs. 18.1 and 18.2:

Recommended System

The least expensive and simpleét system of the eight considered is
that shown in Fig. lé.2. It has the further advantage that it would re-
quire the least attention and the smallest crew for normal operation and
mainténance.

The space requirements for this..system would be essentially those

shown in the basement floor plan of Fig. 18.3, except that the feedwater
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heaters and the lube 0il cooler could be eliminated. This layout also
provides services for the building, including the standby diesel-generator

set, a boiler for building heating, and air compressors, in a floor space
approximately 44 by 66 ft. -



Table 18.1. Costs of the Steam Systems Considered for the PBRE

1. 3000-kw turbine-generator
2. 3000-kw turbine-generator
3. 3000-kw turbine-generator
4. 3000-kw turbine-generator
5. 3000-kw turbine-generator
6. 3000-kw turbine-generator
7.
8.
9.
10.

unit,
unit,
unit,
unit,
unit,

unit,

river-water cooling, 120-cycle generator
river-water cooling, 60-cycle genefator*
cooling tower, 120-cycle generator
cooling tower, 60-cycle generator
air-cooled condenser, 120-cycle generator

air-cooled condenser, 60-cycle generator

Dump condenser (from ORGDP plant), river-water cooling
Dump condenser (from ORGDP), cooling tower
New heat exchanger, no return feedwater heating, river-water cooling

New heat exchanger, no return feedwater heating, cooling tower

$620
770
639
789
645
795
418
437
393
414

000
000
000
000
000

000 -

000
000
000
000

*A new 60-cycle generator would cost $230 000; alterations to convert 120-cycle to

60-cycle would cost $150 000.

78T
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Table 18.2. Cost Estimate for a 3000-kw Turbine-Generator Unit with

the Generator Altered to Give 60-Cycle Current

and with River-Water Cooling

Labor Material Total

Desuperheaters $ 3000 $ 15000 $ 18 000
Bypass control 5 000 15 000 20 000
Turbine generator 30 000 Transfer 15 000
Turbine generator conversion to :

60-cycle 15 000 15 000
Condenser Transfer
Pressure reducing station 2 000 5 000 7 000
Hotwell (condensate) pumps (transfer 1) 1 000 4 000 5 000
Air ejector ' 1 000 Transfer 1 000
Deaerator 3 000 5000 15 000
Boiler feed pumps 2 000 36 000 38 000
Piping 107000  20°000- 30 000
Foundation (turbine generator and - : :

condenser) 5 000 10 000 15 000
Building and services (including

crane) 50 000 100 000 150 000
Circulating water pumps 2 000 - 8 000 10 000
Pump house (most favorable location) 3 000 7 000 10 000
Demineralized water plant 1 000 5 OOO. 6 000
Condensate tank 1 000 2.000 3 000
Demineralized water tank 1 000 2 000 3 000
Desuperheater pumpé 2 000 12 000 14 000
Instrumentation and controls 20 000 80000 100000
Gland seal tank 1 000 1 000 2 000
Switchgear and wiring 20 000 100 000 120 000
Electrical grid (resistance load) 5 000 20 000 25 000

- Total $169 000 $601 000 $770 000
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Table 18.3. Cost Estimate for a System Employing a New Heat Exchanger

with No Return Feedwater Heating and River-Water Cooling

Labdr

Material Total

Desuperheaters $ 3;000“ $ 15 000 $ 18 000
Deserator 3000 5000 15000
_Boiler feed pumps 2 000 36 000 38 000
Piping | g 000 15000 23 000
Building and services (includipg crane) 25 000 50 000 75 000
Circulating water pumps | 2 000 8 000 10 600
Pump house (most favorable location) 3.000 7 000 - 10 000
Demineralized water plant 1000 5000 6 000
Condensate tank 1 000 2 000 3 000 .
Demineralized water tank “1 000 2 000 3 000
Desuperheater pumps 2 000 12 -000 14 000
Instrumentation and controls 15 000 60 000 75 000
Switchgear and wiring .10 000 50 000 -60 000
Heat exchanger 10 000 40 000 50 000
Total ' $ 86 000 $307 000  $393 000
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19. HAZARDS ANALYSIS

Escape of Fission-Product Activity from the Fuel Element

The hazards associated with the operation of the PBRE will, to a
large degree, be dependent on the amount of activity circulating or
deposited in the coolant system. Based on presently available informa-
tion, it appears that fission products escaping from the fuel are likely
to be the dominant activity source in the coolant.

As discussed in Chapter 8, little is known about the ability of
graphite fuel elements to retain fission products under power reactor
conditions. Although fission-product release rates from both alumina-
coated U0, particles and pyrolytic graphite-coated UC, particles have
been found to be low in experiments involving little fuel burnup, the
only experience with coated particles at high burnup is that obtained
from the irradiation test of an alumina-coated-particle element how'in
progress in the BMI reactor. ‘ -

For the estimation of fission-product escape rates, it would be
conservative to assume uncoated U0, particles, but to do so means
ignoring the recent experience with coated particles. For lack of a
better method, the most recent data from BMI have been applied in this
study to estimate the escape of all fission products of interest from
alumina-coated UO, particles dispersed in graphite. The prdcedure

followed was first to extrapolate the data for Kr87 and Kr88 in Fig. 8.2

to a burnup of 4.8%. The logarithms of the fractional escape values for

Xel33 ) xr85m xel3? kr88 and Kr87 at 4.8% burnup were then plotted
versus the logarithms of the decay constants, as shown in Fig. 19.1.
With the exception of the Kr8om value, which falls appreciably above
the-curve, the escape fraction shows a distinct correlation with the
decay constant. A relationship of this type would be expected if the
mechanism of escape for all the fission products considered were the
same, since the amount of time available for escape before decay to

another species is a function of the decay constant. Continuing this
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argument, however, it would also be expected that the amount of time
available for escape of a nuclide would include the times available to
all mobile members which precede it in its decay chain. For example,
in the chains in which iodine precedes xenon, the amount of xenon which
appears external to the fuel is.affected by both the iodine and xenon
half-lives. | ’ ,

Based on experience with UO; at Westinghouse and at Chalk River}:L
only the noble gases, the halides, and the alkali metals would be
expected to escape in appreciable quantities by diffusion from U0, at
the temperature levels in the PBRE. A1l nuclides can escape by recoil,
however, -and about 5% of the fission prqducts will recoil outbof a
spherical particle having a diameter ofll50 K. The fragments which
recoil from the UO,; would be brought to rest in the alumina coating. If
the alumina enclosing fhe fission' fragment were intact, escape>of the
fission pfoduct would be'thought to'be by solid-state diffusion. . Sdme
of the fission products which recoil into the alumina may come to rest,
however, at locations that permit ready escape from the solid. Regard-
less of the mechanism by which the fission products escaﬁe into thevgas
phase, they must migrate to the surface of the graphite sphere by gas-
phase diffusion before entering the coolant stream. Further, in order
to escape into the gas phase, the fission product must be volatile at
the conditions in the fuel.

The fission products which evidence indicates have some mobility
in UO,, i.e., xenon, krypton, iodine, barium, cesium, and rubidium,
are also those which are volatile at the temperatures of interest. For

this reason the fraction of escape from the fuel was assumed to be

governed by the average time a fission product and its precursors are in

one of the six mobile forms. In addition, tellurium was added.as.one of
volatile species because it has been found to escape from UO,; it was

detected in the "daughter trap" run of the BMI experiment.

y. B. Cottrell, H. N. Culver, J. L. Scott, and M. M. Yarosh,
"Fission=Product Release from UO,," ORNL-2935, September 13, 1960.
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The effective half-life of two or more nuclides in series, from
the time of birth as the first member of the series to the time the last
member decays, can be shown to be the sum of the half-lives of the
individual members. Thus in plotting the release rate data one might
logically use as the abscissa the effective decay constant which governs

’

the escape of the nuclide, Xeff’ where

0.693

Ao = . (1)
ofT  (w/2y, 4 (w1/2), 4 ..

This was done for the BMI data. As may be:'seen by the data of Fig. 19.1
based on the effective half-life for escape, only the A values for Xel33
and Xel3? were appreciably changed.

For this study the curve in Fig. 19.1 was employed to estimate the
escape rates of all fission products of interest. The decay constant
‘used for estimating the escape of a particular nuclide was that obtained
using Eq. (1) and the half-lives of the mobile nuclides in the chain.

The procedure used for estimating fission;product release rates is
subject to criticism both as being too pessimistic and too optimistic.
It may be peésimistic in that the behavior of the first fuel element of
this form ever tested at high burnup is being used to represent the
behavior of the fuel which will be developed after at least two more
years of intensive effort. The fuel particles used in the SP-5 capsule
are from one of the first batches of that type to be prepared. An
improvement in performance after further work seems likely.

On the other hand, the results of a test in which the fuel tempera-
ture probably did not exceed 1600°F are being used to estimate escape
rates from a core in which some of the fuel may be above 2000°F. Where
solid~state diffusion is controlling, the escape rate goes up rapidly
with temperature. The-rate at which the noble gases diffuse from U0,
might be expected to increase about 9-fold between 1500 and 1800°F and
16-fold between 1500 and 2000°F. In contrast, little temperature
dependence would be expected if the cohtrolling step were gas-phase

diffusion of particles which had escaped from the solid by recoil.
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Unfortunately, the mechanism by which fission products are escaping the
SP-5 capsule is not known, and there are no significant data on the
effect of temperature on the escape rate.

, The results of a study.by Cottrell etal.? are of interest with
regard to the mechanism of fission-product escape in another fuel. The
behavior of fission products in a reactor (HGCR) fueled with an admixture
of uncoated 200-p-diam UO, particles in graphite was analyzed in detail.
Fission products were considered to escape from UO; both by diffusion 
and by recoil. Those which recoiled from the U0, were presumed, however,
to enter the graphite grains from which they escaped by diffusion.
Strontium, barium, tellurium, and yttrium, in addition to the noble
gases, halides, and alkali metals, were considered to diffuse from
graphite. For the conditions assumed (with 33% of the fuel above 1600°F
and 12%.above 1800°F), the HGCR estimates show that only in the case of
26.6-y.Cs137 wés there more escape from the UO; by diffusion than by
recoil. This indicates that, in the PBRE, diffusion is not likely to
be as important as recoil in determining the escape rate from UO,.
Whether diffusion of the recoiled fission fragments from alumina is the
cohtrolling step cannot be stated at present.

In the HGCR study, about 11% of the Csi37 was estimated to escape
from the fuel. The only other escape fraction exceeding l% was that of

NY9°, which was 5% (because of allowance for the mobility of 28-y sr20

in graphite). In carrying out computations for the PBRE, the escape
fraction was not permitted to exceed the recoil fraction of about 5%,
since coated particleé would be expected to give better fission-product
retention than bare particles.

In this study, only those nuclides which might be important with
respect to radiation or inhalation were included. Generally the nuclides
considered were the hard gamma producers that are volatile or have a

- volatile precursor and that have chain yields exceeding 0.1%. All the

halides having yields above 0.1% were included because of the greater

2W. B. Cottrell et al., "The HGCR-1, A Design Study of a Nuclear
Power Station Employing a High-Temperature Gas-Cooled Reactor with
Graphite-UO, Fuel Elements,” ORNL-2653, July 14, 1959.
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hazard associated with their escape. The nuclides considered are
listed in the first column of Table 19.1, and their half-lives are
listed 'in the second column. In the third column are the activities-
which would exist in the reactor after five years of steady operation
at 10 Mw if no fission products. were removed. The values in this table
represent the equilibrium concentrations for most of the nuclides.
Column 4 gives the effective decay constants for escape from the fuel,
as obtained'froﬁ Eq. (1). In column 5 are the fractional escape values
obtained from Fig. 19.1 in the manner discussed earlier. Column 6 gives
the activity which would exist in the reactor external to the fuel if
there were no purification or escape of fission products; the values in
column 6 are products of those in columns 3 and 5.

Column 7 presents the decontamination factors obtained assuming the
purification system described in Chapter 16 ﬁith a 1% bypass flow. The
purification factors for the alkali metals and those nuclides which are
products of alkali metals were obtained by assuming that cesium and
rubidium would remain gaseous in the coolant primary system and would
be fractionally removed by complete trapping in the purification side
stream. The tellurium activity was estimated in the same way, but the
activities of the tellurium daughters were computed on the assumption
that all the tellurium remained in the primary system."These assumptions
are conservative with respect to normal leakage from the primary system.
The saturation vapor pressure of cesium at the lowest operating tempera-
ture in the primary system (~500°F) is so high that more than a year of
reactor operation (at full power) is required to reach the point of
condensation from the helium. Thus, if there should be no mechanism
other than condensation for its deposition in the primary system, cesium
would pass into the purification system and be completely removed at the
low temperatures gnpountered there. The likelihood that some cesium will
be adsorbed on the loop surfaces, however, requires that cesium, as well
as tellurium, be assumed to remain in the primary system when estimating

shielding requirements.



Table 19.1. Estimated Fission-Product Escape Rates From Fuel and Resulting Activity Levels in Primary System
1 2 3 pA 5 6 7 8 9 10
et measpae | peviiy et RO BN et puriticstion i Tpestiondl “eith Purifis
In Reactor 4 Based on Purification Factor Purification. ’ cation, HGCR
(curies) A (sec™) BMI Data (curies) (curies) HGCR 1.3as1s Basis (c_uries)
Br83 2.4 h 4.0 x 104 8.02x 1075 2.8x 1075 1.1 6 0.2
Bré4 30 m 9.2 x 104 3.85 x 10”% 3.5 x 10”6 0.32 2 0.2 7.25 x 10-% 33
Kr82™ 114 m 4.0 X 104  4.45 x 10°% 6.0 x 1077 2.4 1.9 1.3
Kr85™ 4,36 h 1.3 x 10° 4.4l x 105 6.1 x 1073 8.0 2.0 4.0
Kr85 10.6 y 8.9 x 103 2.14 x 107% 5.0 x 1072 450 1 450
Kr87 78 m 2.4 %X 10° 1.48 x 107% 1.3 x 107 3.1 1.9 1.7 1.8 x 1072 230
Kr88 2.77 h 3.2 x 105 6.95 x 1073 3.4 x 103 11 1.9 5.7 2.5 x 1072 420 .
Rb87 4.5 x 101% y 2.6 x 107° 3.54 x 1071° 5.0 x 10-? <10-7
Rp88 17.8 m 3.2x 10° 6.95 x 1075 3.4 x 1073 11 1.6 7 3.0 x 1073 610
Rb8° 15.4 m 4.1 x 10° 6.2 x 107* 1.9 x 1076 0.77 1.5 0.5 9.0 x 1074 250 s
sr9° 28 y 5.2 x 104 3.6 x 10-> 1.9 x 107 9.8 x 1077 1 0
y°o 64.5 h 5.2 x 104 3.6 x 10-3 1.9 x 107 9.8 x 10~ 1 5.6 x 10-2 2900 ~
sr! 9.7 h 5.2 x 10° 8.25 x 107% 1.3 x 10-¢ 0.67 1 0.7 4.1 x 1073 2100
yoim 51 m 2.0 x 10° 8.25 x 10”% 1.3 x 1076 0.27 1 0.3 3.5 x 10-? 700
Y91 58 a 5.0 x 10 8.25 x 107% 1.3 x 107®  0.66 1 0.7 5.2 x 1072 2600
y92 3.6 h 4.8 x 10° 8.35 x 1074 6.4 x 1078 3,1 x 1072 1 2.3 x 1072 1100
y9? 10 h 5.7 x 105 (0.347) <10-° 4,0 x 10-% 230
yo4 16.5 m 5.7 x 10%  (0.495) <10-° 1 2.0 x 1074 110
zr?? 65 a 1.1 x 104 (=) <10°? <10-3 1.0 x 10-°
Nb®3 35 @ 7.0 x 104 (=) <10-° <10-4 1.0 x 10-°
1131 8.05 a 2.5 % 10° 9.96 x 1077 8.6 x 1072 2200 560 4.0 5.1 x 103 2.3
1132 2.4 h 3.9 x 10°  2.24 x 10-¢ 2.7 x 1073 1000 8 130 6.0 x 10°% 29
1133 20.8 h 5.7 x 105 9,25 x 107 4.3 x 107% 240 61 3.9 1.8 x 10-2 17
1124 52.5m 6.7 x 10° 1.19 x 10"% 1.7 x 10-3 11 2.8 3.9 3.0 x 1072 7.2
1135 6.68 h 5.2 % 10° 2.89 x 1075 1.1 x 1074 57 20 2.8 9.0 x 1074 23
29 1.72 x 107 y 1.8 x 10-2 1.28 x 10-1% 5.0 x 10°* 8.9 x 10-? '
1136 86 s 2.7 x 10° 8.06 x 1077 6.7 x 1078 1.8 x 10-2
Xel3lm 124 2.5 x 10°  6.68 x 10-7 5.0 x 10-2 130 ' 13 9.3



Table 19.1 (continued)

1 2 3 4 5 6 6 8 9 10
Neelide  Helf iife Afi’iﬂty Egzg;::’e F?Ziﬁiﬁiﬂ Loogiiﬁzi\trity Purification Loogiﬁﬁtwny Fg:;:;g:al L‘?lighAg:rLEH
In Reactor -1 Based on Purification Factor Purification 2 cation, HGCR

! ' \ (curies) A (sec™) BMI Data (curies) (curies) HGCR Basis Basis (curies)
Xel33m 5.3 4 1.4 x 104 2.5 x 10-¢ 2.6 X 103 37 12 3.0 .
Xel33 5.27 4 5.6 x 10° 1.33 x 10°% 5.8 x 1073 3200 13 250
Xel3sm 156 n 1.6 x 10° 2.8 x 1077 1.5 x 10-¢ 0.24 1.6 0.1 1.5 x 10-3 150
Xel3s 9.13 h 5.4 x 10° 1.2x 107 3.3 x 10-4 180 10 18 4.1 x 1073 220
Xel37 3.9m 5.2 X 10°  2.70 x 103 2.8 x 10-7 0.14 1 0.1
Xel?® 17 4.8 x 10°  6.79 x 1074 1.7 x 10-% 0.820 1.6 0.5 )
xel3®  4ls 4.1 %x10° 1.6x 1072 2.8 x 10-8 1.2 x 1072
Xel40 16 s 3.2 x 10° 4.3 x 10-? 8.0 x 10~° 2.6 x 10-3
csl3% 3.0 x 106 y 0.63 7.3x 10715 5.0 x 10~2 3.1 x 10-2
csl37 26.6 y 6.8 X 104 8.27 X 10710 5,0 x 10-2 3400 4.9 x 10°
Bal37m 2.6 m 6.2 x 104 8.27 x 10710 5.0 x 10-2 3100 4.9 x 10° 1.1 x 10-1 .\l_o‘
cs138 32 5.1 x 10° 2.36 x 10"* 6.7 x 10-6 3.4 2.1 1.6 1.8 x 10°3 440 o
csl3® 9.5 m 5.2 x 10° 1.62 x 10~ 5.4 x 1077 0.28 1.3 0.2
Bal3? 85 m 5.2 x 10°  1.62 x 1073 5.4 x 10~7 0.28 1 0.3 1.0 x 1073 520
csl4® 66 & 5.3x 105 1.22x 10-2 3.9 x 10-8 2.1 x 10~2
Bel40 12,8 4 5.3x 10° 1.22x 1072 3.9x 108 2.1 x-10-2 4.0 x 1073 2100
Lal%®  40.2n 5.3x 10° 1.22x107%2 3.9 x 1078 2.1 x 10-2 4.0 x 1073 2100
cs'42 1 m 3.0 x 10°  1.62x 1072 2.7x10°® 8.1 x 1073
Bal4? 6 m 3.0 x 10° 1.62x 1072 2.7 x 10"8 . 8.1 x 10-3
Lal%? 74 m 3.0 x10° 1.62x 1072 2.7 x 10-8 8.1 x 10-3 1.8 x 1073 530
Tel33m g3 4.0 x 10° 1.83 x10™% 9.1 x 107¢ 3.7 3.4 1.1
Tel33 2nm 5.3 x 10°  5.78 x 10”3 1.0 x 1077
Tel34 44 m 5.9 x 10°  2.63 x 107% 5.7 x 1076 3.4 2.6 1.3
Tel3s 2m 3.7 x 10° 5,78 x 102 1.0 x 1077
Tel?7m 90 g 4.9x 10° 8.82x 10°% 5.0 x 10-2 250 4800
76127 9.3 n 2.2x 104  2.07 x 10~ 1.6 x 10-% 3.6 21 0.2
Tel29m 334 3.0 x 104 2.43 x 10°7 5.0 x 10-2 1500 1700 0.9

G
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Table 19.1 (continued)

1 2 3 4 5 6 7 8 9 10
. Total . Fractional Loop Activity Loop Activity Loop Activity

Nuclide  Half-Life Activity E;:i:tzve Release Without Purification With Fiiiziiial With Purifi-
In Reactor N (seg-i) Based on Purification Factor Purification HGCR B&si cation, HGCR
(curies) BMI Data (curies) (curies) s Basis (curies)

Tel29 72 m 9.0 x 104 1.60 x 107 1.1 x 107° 1.0 3.5 0.3

mel3lm 30 p ' 3.9 x 104 6.42x 107 3.7 x 10”3 1.4 ., 63

mel3l 24.8 m 2.5x 10°  4.66 x 107% 2.8 x 1076 0.7 1.9 0.4

Tel32 77 h 3.9 x 10° 2.5 x 10"% 2.6 x 10-3 1000 160 6.2

66T




19.10

The nuclides other than the noble gases, halides, and alkali metals
were assumed to be unaffected by processing, as indicated by values of
unity in column 7. Column 8 gives the primary loop activity which would
occur with processing of the coolant at the rate assumed. Values are
given in column 8 for only those nuclides whose activity was high enough
to be significant.

It is of .interest to obtain release rates using a different set of
assumptions to see how the activity levels compare with those obtained
above. This has been done by taking the fractional release values com-
puted by Cottrell et al.? for uncoated U0, particles in the HGCR and
applying them to the conditions of the PBRE. The values for HGCR were
used directly without attempting adjustment for the difference in
temperature distributions in the two systems, since an estimate of the
fractions of the fuel volume within various temperature ranges for the
PBRE -gave values fairly similar to those uséd for HGCR. Column 9 of
Table 19.1 shows the fractional release estimated for the HGCR for the
nuclides listed. Column 10 gives the activity which would be present
in the PBRE with the release rates shown in column 9.

The loop activity estimated for the uncoated particles is much
greater for many of the nuclides than the activities obtained for
coated particles by using the BMI data. This is particularly true for
the nuclides of barium, yttrium, and strontium, which were themselves
.considered to be mobile (in graphite and in the gas phase) in the HCCR
studies, but were considered to be mobile only through their volatile
precursors in using the BMI data.~ There is considerable uncertainty as
to the manner in which these:materials would actually behave at the
PBRE temperatures. The authors of the HGCR report were required by lack
of other data to extrapolate high-temperature results down to the
temperature range of interest. Large amounts of nonvolatile materials
deposited in the primary loop would be particularly troublesome with
regard to maAintenance if lodged in or near troublesome equipment, but

they probably would not be important with regard to the activity escape
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which accompanies helium leakage under normal conditions. As with
tellurium, the longer lived species would be removed by processing
if they remained suspended in the main gas stream, and, if not, they

would not escape from the gas system at low helium leakage rates.

Hazards Associated with Gas Leakage

In assessing the hazards associated with the activity present in
the reactor coolant, two conditions have been-examined: (1) the activity
felease which accompanies normal leakage of helium from the primary
system, and (2) the activity released in the event of a rupture of the
primary system. The escape rate of activity from the reactor has been
computed assuming a helium leakage rate from the reactor of 0.1% of the
primary. system helium inventory per day, and the results are tabulated
in Table 19.2 for the significant nuclides. The activity was assumed
to escape in proportion to the amount estimated to be present after
allowances for purification, as listed in column 8 of Table 19.1.
Included in Table 19.2 are the activities of A%l and H?. The A%l
activity is produced in the shield cooling air by neutron capture in
A‘O, and the generation rate was estimated to be one-fourth of @he 400
curies/day computed for the EGCR at 84 Mw(t).2 The activities of 7.3-s
N6 and 29-s 01 were neglected because of their short half-lives. The
tritium activity level was based on an estimate by Sanderson & Porter?
for a larger reactor and was reduced from their computed value in
proportion to the power level.

In order to keep the activity which escapes under normal conditions
from contaminating the atmosphere in the containment vessel, the shield
cooling‘air and the air introduced into the vessel for other purposes
would be withdrawn in the vicinity of the reactor and discharged from
there up the stack. Thus the air movement within the containment vessel

should always be toward the reactor. The air flow rate through the dpn-

tainment'vessel was assumed to be at a rate sufficient to replace the

3"Experimental Gas-Cooled Reactor Preliminary Hazards Summary Report,"
ORO-196 (supplement), May 1959.

4Progress Report, Pebble Bed Reactor Program,  NY0-2373.



Table 19.2. Activity Levels Resulting from Helium Leakage Under Normal Operating Conditionsa

1 2 3 ' 4 - 5 6 7 8

ACt;ZiZYffz;aPe ConﬁZi;Z;E{on Occupational gz:ﬁziggogil Maximum Ground g:iﬁ;iﬁ?ogilNﬁgab

Nuclide Half-Life Reactor with at Stack MPC3 MPC &t Stack Concentr?tion at Meximum Ground
0-%?{3?28?225?86 ﬁ?:;:gge (uc/m ) Entrance (pc/m ) Concentration

ke85 10.6 y 1.3 2.4 3.0 0.8 6.4 x 1074 2.0 x 1073

1i3e 8.05 d 4.0 x 1073 7.5 x 10-3 3.0 x 1073 2.5 2.0 x 1076 7.0 X 1073

1132 2.4 h 0.17 0.33 0.08 4.1 8.6 x 10~° 1.1 x 1072

1133 20.8 h 3.9 x 1073 7.3 x 10-3 0.01 0.7 1.9 x 1076 2.0 x 1073 s

1133 6.68 h 2.8 x 1073 5.3 x 1073 0.04 0.1 1.4 x 1078 3.0 x 104 f

Tel27m 90 g4 5.1 x 1075 9.6 x 10-5 0.05 2.0 X 10-3 2.5 x 10-8 5.0 x 10-6 n

Tel2%m 33 ¢ 8.8 x 10™% 1.7 x 10-3 0.01 0.17 4.3 x 10-7 4.3 x 107%

Tel32 77 h 6.3 x 10-3 1.2 X 10-2 0.04 0.3 3.1 x 1076 8.0 x 10~%

g3 12.3 y 0.73 1.4 5.0 0.3 3.6 x 10-% 7.0 x 1074

A4l 1.83 h 50 9% 0.4 240 . 2.5 x 107% 0.62

®pssumes removal of circulating activity, including cesium and tellurium, by coolant purification.

blO% of occupational MPC.
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air in the vessel once per hour. The activity at the stack entrance
with this flow rate is giveh in coiumn 4 of Table 19.2.

To provide a frame of reference for judging the importahce of the
activity shown, column 5 of Table 19.2 gives the MPC (maximum permissible
concentration) of the nuclides listed under occupational exposure condi-

tions.?

Column 6 gives the fraction of MPC which would exist at the «
entrance to the stack. The values in columns 4 and 6 represent the .. .
equilibrium concentrations which would exist 1n the containmeht vessel
1f the air in the vessel were completely mixed before discharge. The
level of airborne-activity outside the shield, howevef, should actually
be very much less than that based oh complete mixing, since air movement
would be toward the reactor vessel. On the other hand, the fission-
product escape rate could - be conéiderably higher than that shown in
Table 19.2 if the fuel retainéd fission products less well than assumed,
or if the leak rate from the primary system were,véay, l%yday rather
than 0.1%. However, theAair flow pattern designed fo keep fission
products from circulating outsidevthe shield would still be effective

in limiting activity levels in the containment vessel. The poésibility
of an abnormal release of activity, of course, is anothér matter which
affects the advisability of designing for personnel to be in the con-
tainment vessel when the reactor is at powér or at fuil pressure.

To estimate the maximum ground concentration which would exist
under normal conditions, the dilution computed for EGCR under a condi-
tion of a strong inversion was assumed. The EGCR analysis, as described
in the preliminary hazards report,3 was based on a stack height of 200 ft
above ground level and a wind velocity of 4.9 ft/sec. The maximum ground
concentration was estimated to occur at a distance downwind of 7900 ft.
For this condition the activity is computed by the following equation:

Q

Xmax - (2)
2,38 x 104

5"Maximum Permissible dey Burden and Maximum Permissible Concen-
trations of Radionuclides in Air and in Water for Occupational Exposures,"
U. S. Dept. of Commerce, NBS Handbook 69, June 5, 1959.
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where Xmax is the activity concentration in pc/m3 and Q is the activity
release rate in pc/sec. In this computation, the activity escape rate
was again that given invcolumn 3 in Table 19.2. No credit was taken

for removal of actifity from air entering‘thé stack by filtration or
iodine absorption. Column 7 is the maximum ground concentration under
normal conditions of activity escape as computed using Eq. @2). Column 8
gives the maximum ground concentration'as a fraction of nonoccupational
MPC (10% of the value given in colum 5). .

As shown by Table 19.2, the estimated activity release under normal
conditions would not exceed the MPC for any of the nuclides considered.
Further, a factor of 100 increase in either the escape rate froﬁ the fuel
or the leakage rate from the reactor, or a combination of these, would
still not bring the estimated maximum ground concentration above the
permissible level for any nuclide except 1132, _Sinqe the fractional
release used for I132 was 0.37%, it is very unlikelyvthat the actual
escape rate from the fuel would be over ten times that assumed. To bring
the estimated maximum ground concentration above the MPC would require
that a tenfold increase in the eécape.fraction be cbupled with a tenfold
increase in leakage rate from'the reactor. Even if the escape rates
from the reactor were much higher than assumed, stack filters could be

provided to reduce the release rates to tolerable levels;'

Hazard Associated with Rupbure of Primary System

The second condition considered in assessing hazards is that
associated with a rﬁpture of the primary system. Such an accident,
however unlikely, could lead to combustion of the graphite fuel balls
by the oxygen present in the containment vessel. The surface tempera-
ture of much of the fuel is high enough for rapid combustion, the
surface-to-volume ratio is high, and most of the fission-product heat
would be released in the fuel. These conditions are all more severe than
those which exist in a graphite-moderated reactor,'such as the EGCR, in

which the fuel i1s separated from the moderator.. Whether the fuel would
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be exposed to sufficient oxygen to produce rapid combustion before it
could be cooled below the ignition point is a question requiring extensive
analysis. » ‘ _

It may well be that, as discussed in Chapter 8, the graphite spheres
will have to be coated to prevent their oxidation by the .small amount of
CO, which contaminates the helium under normal conditions. At the
moment there appears to be no technique for applying nonpermeable silicon=-
carbide coatings at temperatures acceptable for alumina-coated particles
dispersed in graphite. However, application of low-permeability coatings
that would greatly reduce oxidation rates may be possible. A coating
having this property would permit the bed to be cooled without extensive
oxidation, even in the presence of air.

Another approach is to-exclude the possibility of oxygen getting
to the core in the event of a rupture by providing an inert atmosphere,
such as nitrogen, in the containment vessel. Although it may not be
reasonable to have the entire veséel filled with nitrogen, having an
inert-gas-filled inner container surrounding the contéminated parts of
the reactor might be feasible. This container could be fitted with
pressure-relief devices to permit rapid equalization between if and the
rest of the vessel so that it would not have to withstand a pressure
difference. Its leaktightness would only have to be such as to keep
the oxygen content of the gas blanket fairly low. Even in the event
the inner container were penetrated by a missile, the oxygen concentra-
tion in the blanket gas would be low for a time, and the concentration
in the core would be still lower (particularly if the reactor rupture
were a single-ended failure).

.If the possibility of combustion of the fuel cannot otherwise be
excluded, it may be possible to provide for quenching a fire or pre-
venting one by injection of steam or water or an oxidation-inhibiting
chemical, such as chlorine.

» The consequences of extensive combustion of graphite may be severe.
The containment vessel has an air content.that is sufficient to oxidize

5100 1b of graphite to CO;. If a rupture of the reactor and the heat
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exchanger were followed by complete reaction. of the oxygen with graphite,
the final pressure in the system would be about 20 psig and the tempera-
ture about 700°F. In performing this computation, all the graphite and
steel in the system (including the containment vessel) were considered
to come to temperature equilibrium with the gas, but no allowance was
made for heat storage in the concrete shield. If all or part of the

880 1b of fuel were consumed, there would obviously be a substantial re-
lease of activity to the containment vessel. The leaktightness require-
ment imposed on the containment vessel by the possibility of a large
activity release is discussed later.

A rupture of the reéctor without oxidation of the graphite would
not result in a significant pressure increase in the containment vessel.
Escape of the helium at 1000 psig and an average temperature‘of 900°F
would increase the containment vessel pressure only 1.0 psi and raise
the gas temperature 17°F (assuming no heat transfer from the gas to the
structure). Rupture of the steam system would increase the pressure
only an additional 0.3 psi and the temperature-only 5°F. Hence, the
conditions following rupture of both steam and helium systems (without
heat loss) would be a pressure of 1.3 psig and a température rise of
22°F above the initial temperature.

In the event of a rupture, even if both blowers continue to func-
tidn, the heat removal capability of the system will be greatly reduced
because of the reduced density of the coolant. An analysis of this
condition would depend on knowledge of the blower characteristics, but
the circulation rate of either air or helium at atmospheric pressure
will probably be sufficient to prevent excessive temperatures in the
core. If both blowers fail, however, natural thermal-convection cooling
will not be sufficient at a system pressure near atmospheric to prevent
the fuel temperature from increasing. ©Should the temperature become
high enough for a rapid reaction of the alumina and graphite (approximately
3000°F), a significant fission-product release would occur, and, if the

melting point of UO, were reached, the release would be even greater.
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The maximum credible accident would be a rupture of the reactor
which would lead to melting or oxidation of the fuel. If oxidation

of the graphite cannot be excluded as a possibility, the containment

“vessel-will have to be capable of withstanding the maximum temperature

and pressure that are credible. Design of a vessel which will retain
its integrity at 20 psig and 700°F, the values estiméted_for reaction
of all oxygen present to produce COZ,'iS not unreasonable.

An estimate was made of the leaktightness requirement imposed on
the containment vessel by the possibility of U0, meltdown or oxidation.
Leakage from the container at ground level was assumed, and the limiting
emergency dose at the perﬁmeter of a 1000-ft-radius exclusion area was
taken as 25 rem in an 8-hr period. The activity release was obtained
by assuming that 100% of the nbble gases would be released from the ,
fuel along with 50% of the other volatile nuclides (halogéns‘and alkali
metals) and 5% of the nonvolatile nuclides. Dose rates were estimatéd
by adjustment of values in the EGCR preliminary hazards report to:the
conditions assumed for the PBRE. The results indicated a permiééible
leakage rate of O.4%/day of the gas in the containment vessel. The
permissible leakage was computed to be limited by the internél dose

rate from radioactive iodine.

Radiation Levels with Shielding®

The presence of fisslon-product activity in the helium coolant and
the possibility of activity depositing on surfaces which are outside
the core requires heavy shielding around all pipes and components which
contain contaminated gas. Estimates of dose levels which would exist
at the external surface of a 3-ft-thick concrete shield were made to
determine whether the shielding specified for the reactor compdnents
is.adequate.

The results for the nuclides of importance with regard to gamma

radiation are summarized in Table 19.3. Column 3 gives the total gamma



Table 19.3. Hard-Gamma Radiation Dose Rates Near Reactor System
With and Without Shielding
1 2 3 4 5 6
Total Gamma Dose Rate at Shield Unshielded Surface Unshielded Dose
. T Energy Per Surface with No Dose Rate During Rateé 24 hr
Nuclide Half-Life Disintegration Purification Operationa After Shutdowna
(Mev) (mr/hr) (mr/hr) " (mr/hr)
Br84 30 m 2.21 1.1 x 10-3 17
Kr87 78 m 1.07 1.5 x 1073 66
Kr88 2.77 b 1.65 1.7 x 1072 790 2
Rp88 17.8 m 0.955 6.2 x 1073 300 '
1131 8.05 d 0.080 5.5 x 1076 15 14
1132 2.4 h 2.01 0.85 1.6 x 104 .1.3 x 10%
1133 20.8 h:- 0.555 1.5 x 10~% 100 55
1135 6.68 h. 1.92 7.2 x 1073 250 20
Bal3"m 2.6 m 0.661 8.3 x 10-2 9.4 x 10% 9.4 x 10%
Bal?® 85 0.272 4.0 x 1078 g
La'4®  40.2 b+  2.10 5.3 x 107®
Xel35 9.13 h. 0.024 3.9 x 10~8 10 1
cst38 32 m 2.14 2.1 x 103 21
®Assumes removal of circulating activity, excepthfor tellurium and ceSium, by coolant.
purification.

8T 6T
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energy accompanying decay of the nuclides. The values. in Column 4
represent the dose rate at the surface of the 3-ft-thick shield from
radiation originating in a l-ft-diam pipe. . The activity in the pipe
was estimated by assuming that all the activity in the primary system
would be distributed-uniformly throughout its volume. This assumption
is obviously not valid with regard to nonvolatile nuclides which deposit
preferentially at points throughout the system. No further treatment
was made of the barium and lanthanum activities for the shielded-
system, since, even with a thousandfold increase, they would still not
represent important sources. The 1132 g5 the majbr radiation source,

contributing 50 times as much to the dose rate as Kr8é

, the next largest
source. Over a hundredfold increase in I*32 activity would be required
to make the dose rate exceed 100 mf/hr, and well over a thousandfold
increase would be required for any other nuclide. A hundredfold increase
in 1132 getivity does not seem reasonable, since the fractional release
used to compute the activity level is élready 0.37%, although the

surface adsorption of iodine throughout the system would .increase the
doses from iodine over the amounts shown hére. Howevér, iodine is

believed to remain volatile, and furthermore the 1i32

activity would
be less than that computed if its 77-h Tel32 precursor were removed by
processing. With processing of the coolant, the dose rate from 1132
would be reduced to 0.11 mr/hr (still assuming that tellurium is not
affected by processing), and the dose rate from Kr8® would be reduced

to 0.01.

Radiation Level Without Shielding

An indication of the radiation level which would exist near com-

‘ponents of the primary system without shielding was obtained because

of its effect on the possibility of direct maintenance. The hard-gamma

“dose rate at the surface of a bare l-ft-diam pipe containing activity

in proportion to its fraction of the total volume was estimated. The

dose rates are given in column 5 of Table 19.3 for the activity levels
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which would exist with coolant purification but with the assumption that
only tellurium and cesium deposit in the primarj system. The conditions
which would exist at full power and 24 hr after shutdown are shown in
column 6. The unshielded dose rate is quite high because of the radiation
from I*32 ang Bal3™M, These activity sources would be considerably
reduced if the tellurium and cesium parents of iodine and barium were
removed from the system by coolant purification. The source would be
intensified, however, if iodine were adsorbed on the system surfaces or
if preferential adsorption of cesium at some point in the system resulted
in a concentration of the Bal37m, Ba137m, whose.effective half-life is
determined by that of its 26.6-y Cs137,precursor, does not decay rapidly
enough for the computed activity level to decrease appreciably with

time. A |

The unshielded raﬂiatioﬁ levels given in Table 19.3, if encountered
in practice, are sufficiently high to discourage direct maintenance of
components in the primary system. There is a possibility, however, that
tellurium and cesium remain in the vapor phase long enough to be affected
by processing. Alternatively, their preferential deposition in the heat
exchanger might leave the dose level in other components appreciably lower
than indicated by Table 19.3. Buccessful removal of the important radia-
tion sources by decontamination wéuld, of course, also completely-aiter
the situation with regard to direct maintenance.

The dose rates listed in Table 19.3 are only those from hard-gamma-
emitting nuclides. Without shielding, the gamma rays less energetic .
than those consldered here could be an important radiation source. This
has not been examined in detail, but, in general, the nuclides emitting
weak gamma rays (less than 0.4 Mev) decay more rapidly than those
emitting hard gamma rays. . In addition, relatively light portable shielding

would be effective in reducing the dose level from weak gamma sources.

Natural-Circulation Cooling

The PBRE has been designed with the intention that natural circula-

tion of helium will be adequate for cooling the core in the event both

4
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blowers cease to operate. This capability would exist only if the
helium pressure remained near its design value. Thermally induced .
circulation would not be adequate for cooling at atmospheric pressure.

The height required to remove vafious fractions of the design
power has been estimated for specified helium exit temperatures. In
all cases the gas was assumed to return to the core at 550°F. The
pressure drop through the core was obtained using Eq. (7) of Chapter 10.
This relation is still applicable at the flow rates associated with
natural-circulation. The flow resistance external to the core was
based on a design that under normal conditions would cause a pressure
drop of 3.5 psi. Allowance was made for the change to laminar flow in
the heat exchanger at low circulation rates,

The results of the natural-circulation calculations are presented
in Fig. 19.2. The decrease in fission-product energy release rate with’
time is also shown. The "effective height" of the ordinate is that
height to be used in computing the buoyancy driving force with the
densities taken as those at the core and heat exchanger exits; it is
approximately the vertical distance from the center of the core to the
center of the heat exchanger.

Assuming that the control rods are inserted soon after loss df
>power to the blowers, blower coast-down could provide adequate flow for
the first 2:1/2 min. (Presumably loss of power is the oﬁly event which
would stop both,blowers;.ény accident of a type which would stop a
blower from coasting is unlikely to affect both simultaneously.) After
2 1/2 min, natural circulation must remove about 3% of the power at which
the reactor has been operating. The exit gas could leave the core at
about 1500°F without damaging the piping or the heat exchanger. As
shown in Fig. 19.2, an effective height of about 26 ft would be required
to remove 3% of full power with a core exit temperature of 1500°F and with
the system at 900 psia.

The height required for a given power removal capability and a given

exit gas temperature is inversely proportional to the square of the
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absolute pressure. Thus, if the pressure were only 450 psia, the required

" height would be fﬁur.times as great as that réquired at 900 psia.

Heat Exchanger Tube Rupture

The reactor seéondary system would be operated té maintain the
pressuré of steam in the heat exchanger greater than the pressure of
helium in the core. Hence a heat exchanger tube rupture would result in
the leakage of steam into the primary system. The operations performed
following detection of moisture in the helium are discussed in.Chaptenle.

| Two consequences of a tube rupture have been considered briefly:
(1) the addition of reactivity which would result from moisture entering
the core, and (2) the reaction of steam with graphite in the core. ~The
reactivity additipn was coﬁputed by assuming that all the.void volume of
the core contained steam at a pressure corresponding to satufation at 550°F
(37.6 g per liter of void). A value of 2.6% Lk/k was obtained. ~ This 1is
substantially smaller than the reactivity which can be controlled by the
poison rods, since the cold, clean shutdown margin 1s 6% Lk/k.

The surface temperature of the fuel in the ?ERE core will be high
enough for a reaction to occur between steam and any uncoated graphite.
This reaction is endothermic, with an energy adsorption of 32 40@)cal/g-mole.
Hence the reaction will cool the graphite and, if sufficient ﬁater is
avallable, will eventually reduce its temperature to below that at
which the reaction rate is significant (above 1000°F).

Neglecting fission-product decay heat, about 6% of the graphite,
thch is initially at 1800°F, would be gasified in reducing the tempera-'
ture to 1000°F. Allowing for the fission-product heat generated in
iO min, about 10% of the graphite would react. If the bed were being
cooled by convection, as well as by the reaction, less graphite would
‘be oxidized than is indicated by the above numbers. _

The hydrogen and carbon monoxide products of the éarbon-water reaction
are both combustible. No oxygen would be available to produce an explosive
mixture, however, unless there was a subsequent rupture of the primary

system.
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Hazards Summary and Copclusions

The amounts of fission-product acti&ity reieased from the PBRE A
under normal conditions and following the maximum credible accident
have been estimated. From the results one may conclude that the
highest ground concenﬁration of activity normally released from thg
stack will not exceed the maximum pefmissible conceﬁtration. Further,
if the reactor system is housed in a conventional dontainment vessel,
the exposure to the public from the maximum credible accident will be
well below the acceptable limit of 25 rem. In contrast to these con-
-clusions regarding hazards to the public, the dose rate to be expected
for personnel performing maintenance operations on the reactor can be
stated with little certainty. The results obtained for these and other

conditions are summarized below.

Maximum Credible Accident

The containment vessel design criterion for the PBRE is'predicated
upon a rupture of the primary coolént system which results in oxidation
or melting of the fuel material. If allowance is made for reaction of
all the oxygen within the container with graphite, the design tempera-
ture and pressure are 20 psig and 700°F, respectively. Melting or
oxidation of the fuel was assumed to release 100% of the noble gases,
50% of the volatile products. (Hotably iodine), and 5% of the nonvolatile
prbducts to the containment vessel. With leakage of O.4%/day of the
container volume at ground level, the resulting exposure 1000 ft down-
wind for an inversion condition would not exceed 25 rem in an 8-hr

period.

Normal Activity Release

About 900 curies of fission-product éctivity was estimated to
circulate in the primary system at equilibrium conditions with chemical
processing of the coolant. The individual activities comprising this

total were used in evaluating the activity leakage from the reactor
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and its disposal from the containment vessel. A leakage rate of 0.1%/day
of the.helium in the primary system was used in estimating fission-
product escape from the reactor. ‘

The release rates of fission products from the alumina-coated UO,
fuel particles were based on the data obtained for several ienon and
krypton isotopes in the experiment presently in progress at BMI. The
data employed in the analysis correspond to a uranium burnup of 4.8%;
which approaches the value expected in the PBRE. The average fuel
temperature in the reactor may, however, be several hundred degrees
above that of the fuel in the BMI test. Unfortunately, sufficient experi-
mental data do not exist to permit a quantitative estimate of the increase
in release rate with temperature.

» In estimating,the activity escape from the fﬁel, release rates of
the halides (iodine, bromine), alkali metals (cesium, rubidium), and

tellurium were assumed to follow the same release vs decay constant'

.dependencé as that exhibited by the noblévgases. _All nonvolétile

nuclides were assumed to exist in the gas only as a result of decay
from a gaseous precursor.

The activity released from the fuel circulates with the primary
coolant from which it may be removed by the following processes: A
(1) filtration in a total-stream filter, (2) filtration in the bypass.
cleanup system, (3) deposition and adsorption on the system surfaces,
and (4) decay and leakage. Unfortunately, the removal efficiencies
of mechanisms 1 and 3 are not known with much certainty. It may be
shown, however, that even if these mechanisms do not remove activity
from the gas, operation of the bypass cleanup system will provide an
upper limit on the activity concentration in the circulating coolant.
This limiting concentration was the basis for the estimate of activity
leakage from the reactor under normal conditions.

The estimated:'fission-product release rates involve considerable

~uncertainty, particularly with regard to the effects of greater uranium

burnup and higher fuel temperature. Hence the fission-product escape

rates based on these values cannot be considered conservative with
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regard to present knowledge. It is not unreasonable, however, to
expect that before completion of the PBRE additional work on fuel
materials may effect further improvements in their ability to retain .
fission products. In any case, the computed activity release rates
for normal conditions are low enough that a hundredfold increase would

be required to exceed the maximum permissible concentrations.

Direct Radiation Dose Rates from Reactor Components - . i

Even if there were no purification of the cdolant, the dose rate
at the surface of the 3-ft-thick shield would be within tolerable limits.
Dose rates from unshielded piping, however, may exceed 100 rem/hr 24 hr
after shutdown. The dose rate estimate is particularly dependent on
the assumptions made regarding the deposition or adsorption of tellurium
and cesium oﬁ surfaces in the primary system. If these elements are
deposited in favorable locations or removed by the coolant purification
system, the reduced activities of their I'32 and Ba!?"™ daughters may
lower the dose level appreciably below the 100-rem value quoted. The
same effect would, of course, be achieved by decontamination of the
system before maintenance is attempted. A higher local dose rate than
100 rem/hr could exist, however, if there were preferential adsorption
of the important ﬁuclides on the component to be handled. Thus lack-
of knowledge about activity'deposition and adsorption makes it impossible
to predict accurately the conditions which will exist with regard to

maintenance operations. s

Other Conditions

Two other conditions which were examined are heat removal in case
of blower failure and the consequences of a heat exchahger tube rupture.
Natural -circulation appears to be adequate for cooling the fuel in the
event of simultaneous blower failures, as long as the helium pressure
remains near its design value. Temperatures in the reactor would not
be limited, however, to reasonablé values by natural circulation if the

pressure fell much below 900 psi.
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exchanger tube leak would admit steam into the primary
would react with graphite in the core. Fortunately, this
endothermic and would result in a lowering of the graphite

until a level were reached at which the reactidn.rate would

significant.
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20. RESEARCH AND DEVELOPMENT

As indicated in the previous chapters, and particularly in the
discussion on the fuel element (chap. 8), there are a number of serious
problems to which favorable solutions must be found before a pebble-
bed reactor can be properly designed and built. A preliminary estimate

of the research and development program required is presented here.

Fuel Element Development

The major questions that must be resolved before the fuel elements
for a pebble-bed reactor core loading can be obtained with confidence
are, first, the rate of fission-gas release as a function of tempera-
ture and burnup for, not only Al,03-coated UO; particles, but also
BeO-coated U0, and pyrolytically carbon-coated UC,, all dispersed in
a graphite matrix. Second, information is needed with respect to
the oxidation of graphite by impurity gases, primarily CO, and HyO,
in the coolant stream. The rates of these reactions are complex
functions of temperature, pressure, gas flow rate, gas composition,
graphite characteristics, and probably radiation. The need for an
oxidation-resistant surface coating must be carefully assessed because
the temperatures rquired to apply Si-SiC, the most promising coating
for this purpose, would preclude the use of Al;03- or BeO-coated UOp
as the fuel particles. At the 3500 to 3600°F coating=-application
temperature, both of these compounds react excessively with graphite.

The fuel element development program should be designed to take
full advantage of the extensive coated-fuel-particle work now being
sponsored at Battelle by the Atomic Energy Commission. The funds
allotted for this program are $500 000 for the balance of fiscal year
1961 and $1 millioh for each of the fiscal years 1962 and 1963, The

project is divided into the following five tasks:

Task I. Al,03-coated UOp dispersed in graphite
Task II. BeO-coated UO, dispersed in graphite or BeO
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Task III. Pyrolytic-carbon-coated UO, .or UC, dispersed in

graphite

Task IV. Optimum coated particle fuel element

Task V. Evaluation of coated particles developed by other
organizations

Both process development and product evaluation, including irradiation
tests, are to be performed under the first four tasks listed. Under '
Task V, promising particle coatings developed by other organizations

will be evaluated. Companies now known to be working on fuel-particle

coatings are the following:

Oxide coatings Minnesota Mining and Manufacturing Company
"~ Nuclear Materials and Equipment Company

Pyrolytic carbon American Metal Products Company

coatings High Temperature Materials, Inc.
Minnesota Mining and Manufacturing Company
National Carbon Company

The fabrication experience of the wvarious companies who have participated
in the Sanderson & Porter fuel element development program should also

be used as extensively as possible. The information available from
other related programs, such as the General Atomic HTGR, OEEC Dragon,

and the National Carbon Company fuel cycle program, should also be of
great help. The experimental phase of the fuel element development
effort should include an evaluation of coated particles, fuel sphere
fabrication and evaluation, and the development of fuel processing

techniques.

Coated Particle Evaluation

It is anticipated that much of the basic coating-evaluation work
will be performed under the AEC contract at Battelle. The pﬁrpose of
an experimental program would be to extend the data, where necessary,
to meet specific PBRE operating requirements.

The most promising-coated pafticles could be obtained from Battelle

and private manufacturing companies and evaluated by metallographic

—
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techniques, by oiidation or HNO; leaching tests, by thermal cycling, by
extended high-temperature heat treatment, by testing for compatibility
with graphite, and by examination and‘testing following neutron activa-
tion. The information thus obtained could be relayed to the producér

with suggestions for product improbement where appropriate.

Fuel Sphere Fabrication and Evaluation

For the fabrication work to be significant, careful control and
recording of procesé variables will be required, since propertieslsuch
as thermal conductivity, thermal expansion, impact and abrasion re-
sistance, oxidation resistance, and dimensional stability under irrédia—
tion can be expected to vary with the type and quantity of filler and
binder, baking cycle, and temperatures used in fabricating the spheres.

Comprehensive evaluation tests would be required. Metallography
techniques could be used to determine condition and distribution of the
coated fuel particles and to determine the proportions of carboh:and
graphite, and‘structure of the matrix. ' X-ray diffraction examinations
could be made to determine lattice parameters and crystallite size.
Nondestructive tests, such as radiography, could be used, and "hot oil"
immersion density determinations could be made on coated spheres.
Mechanical and thermal examinations would include thermal shock, impact,
compression, and abrasion testing. Thermal conductivity and expansion
measurements would be made. Oxidation tests would be used to determine
the extent of reactions with minor amounts of impurities in the coolaﬁt
to ascertain need for sphere surface coatings. Fission-gas retention
and radiation damage would be determined following extensive. exposure.

A reasonable number of specimens to permit thorough evaluation of
the fuel would be approximately 1000 balls. The cost of preparing these
balls, along with the cost of evaluating coated particles and balls,
is estimated to run between‘$300 000 and $400 000. Two types of irradia-
tion test are being considered: (1) miniature-capsule tests to evaluate
the basic fuel particle—graphite matrix, and (2) full-scale element

tests. The cost of about 30 miniature capsule tests is estimated at
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$1 200 000 to $1 500 000, and the cost of 20 to 30 full-scale tests
might be between $2 700 000 and $4 000 000.

Fuel Reprocessing

Although the development of fuel-reprocessing procedures is not
a prerequlsiste to the design of a reactor experiment, an economic .
chemical recovery process for the spent fuel will have to be dé;eloped
if the PBR: or any other semihomogeneous reactbr is ever to be an %
important long range reactor concept. - Consequently work should be
done on the following items along with the development of the fuel: ) -
(1) graphite disposal, (2) preparatibn of the residual material in a .
form for processing in, for example, the Thorex plant at ORNL, (3)
conversion of the uranium and thorium back to the oxides or carbides
and ball refabrication under fairly radiocactive conditions. Further,
an estimate should be made of the.cost of this process in comparison
with other fuel-reprocessing schemes. A -

The cost of developing the required fuel-reprocessing method is
extremely uncertain because current AEC fuel-reprocessing technoldgy
does not encompass such a method. Disposal of the .graphite ball matrix
does not appear to be unreasonably difficult. Crushing or treatement
with fuming nitric acid have already been used successfully in the
laboratory, and if the uranium and thorium compounds are physically
accessible to the leaching solution, there does not seem to be a serious N
problem in recovering the fuel in a form for wet processing according
to established techniques. However, dense alumina is about as refractory
a material as is ever encountered, and there are no known reagents which
will dissolve it and which also can be contained in available equipment.
Thus, if the alumina coating on the fuel particles is not damaged in
the reactor, it probably will be necessary to crush such particles
before leaching. While the laboratory work required to establish the
steps in the process might be done for about $250 000, the engineering
development of the remote mechanical and chemical systems required to
operate under hot-cell conditions would cost at least $1 000 000 and
perhaps as much as $3 000 000.
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Pyrolytic graphite coatings might be easier to dispose of than
alumina coatings, but no assurance can be given at this stage that the

final costs would be different.

Development of Graphite Components

The major problem with respect to the graphite components for the
PBRE is the fabrication of the large sleeves for the pebble-bed container
and coating of these sleeves with an oxidation-resistant coating. Solu-
tions to both aspects of this problem can be achieved only by manufacturing
companies with extensive experience in graphite fabrication and coating.

It may be necessary to fabricate one of these sleeves in order to
establish reasonable dimensional tolerances, the amount of distortion
to be expected during coating, and feasible means for attaching the
graphite sleeves to their steel sockets. Tests should also be made to
determine whether the contempléted 1-in. taper in 8 ft is adeguate. to
provide for easy withdrawal of one sleeve relative to another. Costs
may run from $50 000 to $100 000.

Graphite Shrinkage Cracking

An extensive study of graphite shrinkage and creep is under way in
connection with other reactor programs, so there is no advantage to
initiating a new program for the PBRE. There is a possibility, however,
that the geometry or installation of the graphite sleeves for the . inner
layers of the reflector could be modified in such a way as to increase
their lives in the reactor before cracking begins. Structural tests
would be required to evaluate the effectiveness of such modifications.

If the results of this work prove favorable, it might be possible to
increase the' expected  life of the PBRE graphite sleeves by a factor of 2.
The cost of this study might run from $10 000 to $50 000,

Core Cooling'Problems

Matching the gas flow distribution to the power distribution will
probably require both model and full-scale tests. Schemes to be tested
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would include fluting or ribbing of the inner surface of the reflector.
This work should also include a statistical investigation of the void
fraction distribution. The gas flow distribution radially across the
core can be determined by air flow tests at room temperature with a
good simulation of the full-scale Reynolds number. A variety of
geometries of the top and bottom of the core should be tested to
investigate the feasibility of keeping the bed free of bobbing or
spinning balls under pressure drops up to double that which causes bed
flotation. | |

It may be worthwhile to run an extended endurance test to investi-
gate the amount of abrasion that might occur from ball bobbing or spinning
under upflow conditions with some elements of the bed floating. Such a
test would also give some idea of the extent to which filter clogging
may prove to be a problem. The effects of various end grate geometries
on ball flow through the core should also be investigated. Costs for
studying gas flow distribution and developing holddown techniques are
estimated to run from $100 000 to $200 000.

If the radial gas flow distribution can be matched reasonably
well to the nuclear power distribution, it would be important to get
some 1dea of the extent to which radial mixing of the cooling gas will
alleviate an excessive gas temperature rise in a hot annulus. This
might be done by heating the core model isothermally to perhaps 400°F
with no coolant flow and then measuring the transient temperature
behavior of thermocouples buried in representative balls dispersed
throﬁghout the bed as flow is resumed with cold -gas. The resulting
ball temperature distribution can be compared with the gas radial
velocity and temperature distribution to give é good indication of the

effects of mixing. Costs for this study might be $10 000 to $50 000.

Helium Containment and Fuel Handling

Containment of the helium within the high-pressure system is more

than a routine design problem because (1) there has been little experience

)
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with containment of helium at both high temperature and high pressure,
particularly where closures of one sort or another are involved, and
(2) much more than conventional leaktightness is required because of
the contained radioactivity (including tritium). If one is t6 considef
transporting fuel into and out of the reactor, even at reduced pressure,
an elaborate systém of pressure-buffered locks is required to keep the
external contamination under control. Elastomeric materials cannot be
used because of both the high temperature and the high radiation dose
rates, and no hard-seated valves are known which can be operated
repeatedly and yet give this degree of leaktightness, or anywhere near
it,_esPecially with gritty materials passing over the valve seats. The
operating sequence of the locks calls for:a rather intricate system

of mechanical or electrical'interlocks as a'guarantee against operafor
error. The operation must be conducted in sealed chambers, and the
spent fuel discharging must be done completely remotely behind heavy
shielding. Finally, the equipment must be successfully checked for
tightness after each operation.

Along with development of a leaktight fuel transport system it is
essential to demonstrate that the ball feed mechanism assures proper
distribution and flow across the core without eXceeding the ball jacket
impact limits. The ball-removal mechanism below the core must demonstrate
positive ball movement, adequate ball cooling, and freedom from jamming.

There is no way to design a satisfactory system on paper, because
the experience upon which the designer must draw does not exist. Desigﬁ
work will have to be accompanied by model tests to check out proposed
components. When a suitable system design has been evolved, a full-
scale model should be built and tested under simulated conditions of
gas pressure, remote manipulation, and contamination. The testing of
many modifications must be expected in the course of the work on both
the small and the full-scale models. The cost of this may be from
$400 000 to $1 000 000. '

Helium Purification

The purity of the circulating helium must be maintained in order

to limit the spread of radioactive contamination and to prevent chemical
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attack on the graphite. The purification system proposed in this study
is modeled to a large extent after the one designed for the EGCR, but
it appears that the cleanup requirements for the PBRE are considerably
more stringent. In this connection, more complete information is needed
on the dynamic absorption of krypton, xenon, and iodine on. charcoeal: at
relatively high pressures (1000 psi), including the effect of iodine
poisoning. Information is also needed on the kinetics of co-sorption
of H»O and CO, by molecular sieves at high pressures and low H,0 and
CO0, levels. More precise information is needed on the effect of the
impurities on fuel-ball integrity, fission-product retention, and )
graphite mass transfer and dusting in the event of jacket failure.
More extensive studies are required of the kinetics and reaction
mechanism df the graphite-gas reactions and of the kinetics of graph-
ite mass transfer at pressures and temperatures of Interest. 1In
particular, the maximum tolerable level of carbon-gas impurities should
4be determined in advance of PBRE final design, especially if the tolera~
ble level is extremely low,

A less critical problem involves removal of particulate material
from the gas stream. The PBRE design includes full-flow filters at
the reéctor outlet, but such devices may not be practicai in large
power reactors. Nonetheless, the particle filtering requirements appear
to be associated with fuel-ball integrity and, hence, with chemical
cleanup conditions. The development work required may:.cost from $50 000 .
to $100 000.

Maintenance Procedures

Although the maintenance procedures will not, in general, be
complicated by requirements of helium containment or contaminated fuel-
ball handling, the problems of personnel shielding and contamination
control will be severe. Any operation for which the pressure vessel
closures or ball-handling equipment must be opened will requ%re, first,

that adequate seals be established for coupling to the maintenance
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equipment containers or that the work be accomplished under hot-cell
conditions. Maintenance wbrk under such conditions is complicated
because there must be a physical barrier between the operator and the
equipment. In some cases it will be practical to provide windows for
viewing, but in other cases the work must be done entirely remotely.
Cases in point are replacement of control rods and drives, replacement
of fuel-discharge mechanism components, and removal of the core graphite
sleeves. Costs are likely to run from $200 000 to $500 000.

The direct access to the blowers assumed in this study is based
on the fission-product release being very small and the possibility of
removing any activity that lodges in the blower casings by wet decon-
tamination. The proposed program for the PBRE in-pile loop will aid
considerably in determining the equilibrium activity levels in the
helium stream, possible methods of lowering the activity, and the amount,
location, and nature of deposited fission products. This work could
profitably be augmented and correlated with work under way at ORNL with
ORR loop No. 2 and with the General Atomic in-pile work at the GETR.
In any event, it remains to.be demonstrated that the scheme presented
for hydraulically isolating the blower casings is feasible and that all
trash and decontaminating solution residue can be prevented from leaking
into the rest of the system. It would be very desirable to test those
decontaminating procedures on components, such as blowers, which can be
obtained from in-pile loops used for testing ceramic fuel elements not
contained in metal capsules. The cost of conducting these tests and

evaluating the results is likely to run from $100 000 to $150 000.

Summary of Research and Development Costs

The cost estimates are summarized below:

Fuel element development
Ball fabrication and testing $ 300 000 to $ 400 000
Irradiation testing 3 900 000 to 5 500 COC
Coating of large graphite pieces 50 000 to 100 000
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Structural tests of graphite sleeves $ 10 000 to $ 50 000
Core cooling problems
Gas flow distribution and bed holddown 100 000 to 200 000
Radial gas mixing and temperature
distribution 10 000 to 50 000
Helium containment and fuel handling 400 000 to 1 000 000
Helium purification 50 000 to 100 000
Maintenance procedures
Mechanical operations 200 000 to 500 000
Decontamination techniques in situ 100 000 to 150 000
Total - $5 120 000 to $8 050 000

The total cost of the research and development required in order
to provide a firm Title II design of the PBRE and to assure reasonably
satisfactory operation of the reactor for a number of years is thus
estimated to be in the range $5 000,000 to $8-000 000. f(If a.firm design
of a fuel reprocessing facility is also desired, an additional cost :of.
from $1 million to $3 million may be required for research and develop-
ment.) ' This estimate is based on the probable effort required to solve
the problems that are clearly foreseen. However, it has been general
experience that difficulties and complications always arise from the
problems that are not foreseen, and, in a project of the magnitude and
complexity of an experimental version of an advanced power reactor, estimates
of the required research and development are usually uﬁaerstated by

sizeable amounts.

 J
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21. 'CONSTRUCTION COSTS

While the preliminary nature of the design work to date makes firm
cost estimates out of the question, the preliminary designs presented
in this report are sufficient to give some idea of the cost of the
facility for a pebble-bed réactor experiment. The cost estimates were
prepared by tabulating the quantity and cost data available for the
EGCR, estimating quantities of material or surface area for the
éorresponding components of the PBRE, and scaling the costs according
to the quantities involved. Tables 21.1 and 21.2 éummarize these
estimates. There are substantial uncertainties in these costs that
stem in part from the preliminary character of the PBRE design and in
‘part .from the :fact that meny .of the EGCR estimates are not.yet..supported
_by. actual.cost. experience. ,

In reviewing the cost data of Tables 21.1 and 21.2, it is‘épparent
that major savings relative to the EGCR shéuld accrue from the much
smaller power output of the PBRE. Further savings accrue from utili-
zation of some of the services and facilities already pro&ided for
the EGCR, including the access road, water main, and electric power
lines. Other factors which help to reduce costs are elimination of a
number of major items, including the turbine and generator, with its
related switchgear and control equipment, the experimental cells of

the EGCR, and much of the floor space for special activities.

Reactor Building

The cost of the reactor building for the PBRE is about half that
of the EGCR. While it might be thought that reducing the reactor power
rating by a factor of 10 should reduce the cost by more than a factor
of 2, the building diameter is quite insensitive to reactor power output.
The pressure vessel must be protected from fast-neutron radiation by a
thickness of roughly 3 ft of graphite and thermal shielding material;
at least 3 ft of s?ace for construction work must be .provided between

the pressure vessel and the shield; and the thickness of the shielding



Table 21.1. Summary of Cost Data and Estimates for the EGCR and PERE

Cost EGCR PERE
Code Description i
Quantity Cost Quantity Cost
21.210 Access road and water main 0.876 mi 180 000 0.1 mi 45 000
21.211 General yard improvements 120 000 ft2 660 000 40 000 ft? 160 000
21. 212  Reactor service building 512 000 f£t3 432 000 250 000 ft3 250 000
17-500 ft?
Turbine building 665 000 ££2 611 000 90 000 ft3 90 000
Control building 358 000 £t® 373 000 150 000 f+3 150 000
25 200 ft?2 ’
Guard, stack, chlorine, etc., buildings 800 ft?2 300 000 95 000
Rivér pumping station 30 OOO gpm 527 000 5000 gpm 100 000
21.213  Reactor building 3 902 000 | 1 960 000
21.214 Experimental cells 7000 ft? 930 000
22.220 Reactor equipment 3 527 000 777 OOO
22.221 Heat transfer system 2 249 000 624 000
22.222 Fuel handling and storage 2 358 000 600 000
22.224 Radioactive waste treatment 93 000 100 000
22.225 Instrumentation and controls 1 812 000 ~. 800 000
22.226.7  Steam system 533 000 200 000
23 Turbine generator unit 25 M¢ 1 267 000
24 Accessory electrical equipment 1 235 000 310 000
25 V Miscellaneous power plant equipment 128 000 60 000
Transmission plant 198 000 30 000
Miscellaneous 146 000 70 000

Al A
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Table 21.1 (Continued)

Description EGCR Cost PBRE Cost
Total direct costs $21 461 000  $6 421 000
Indirect costs (general and admlnlstratlve, at
12% of direct)® 770 000
Total direct and indirect costs 7 191 000
Engineering, design, and inspection (at 15%)a,b, 1 078 000
Total direct + indirect + engineering g8 269 000
Contingency (at 10% of direct + indirect + engineering)? 827 000
Total - $21 461 000 $9 096 000

Charges assigned are based on those used in the USAEC "Civilian Power Reactor

Program, Part 3, Status Report on“Gas-Cooled Reactors;" 1959.

Actual indirect, engineering, design, inspection, and contlngency figures are

not yet avallable for the EGCR.
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Table 21.2. Approximate. Quantity and Cost Estimates for the Reactor Building and Reactor

for the EGCR and the PBRE

EGCR PBRE
Cost Code Description : -
Quantity Cost Quantity Cost
21.213.1 Excavation and gunniting 53 250 ya3 120 000 26 000 ya3 50 000
.3 Concrete 23 200 yd®> 1 565 000 12 500 yd? 800 000
.4  Containment shell and related
items 2 600 000 1b 761 000 1 300 000 1b . 880 000
.6  Building services and miscel-
laneous 456 000 230 000
21.213 Total reactor building 902 000 960 000
22.220.1 Reactor vessel andlinternals 700 000 1b 600 000 150 000 1b 320 000
.2 Control rods and drives c21 480-000 6 137 000
.4  Cooling facilities 400 000 40 000
.6 Graphite 313 000 1v 887 000 64 000 1b 200 000
Miscellaneous 160 000 80 000
Total 527 000 777 000
0 22.221.11 ' Main blowers and drives - 6200 hp 465 000 500 hp 200 000
.12 Main coolant piping-and valves : 237 000 3500 1b 3 500
.31 ‘Steam generators 88.1 Mw 700 000 10 Mw 100 000
.32 Attemperators 132 000 '
. Coolant charging and discharging 244 000 ft?3 184 000 20 000 ft3 50 000
Coolant purification equipment 193 000 200 000
Burst slug detection system .162 000
Miscellaneous 7. 176 000 70 000
22.221 Total heat transfer system 249 000 624 000

R A
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around the reactor must be at least 8 ft. These requirements lead to

a minimum outside diameter for the reactor shield of 30 ft for a core
diameter of 18 in,, whereas on the same basis the shield diameter would
be only about 45 ft for a 1000-Mw(t) reactor having a 15-ft-diam core.
Similar considerations lead to a height for a:small reactor experi- ..~
ment which is not far from that for a large'poﬁer plant, since removal
of the afterheat by thermal convection requires about 50 ft of vertical
height between the mid-planes of the reactor and the steam generator.
Access to the top of the steam generator and the bottom of the core
require minimal distances which come out to be much the same for both
experimental and full-scale reactors. Fortunately, the weight of the
containment vessel varies as the square of the diameter, since structural
stability considerations ordinarily determine the thickhess of the con-
tainment shell. As a result, the 80-ft-diam PBRE contalnment vessel

requires only about half as much steel as the 115-ft-diam EGCR Vessel.

Reactor

In examining the reactor costs it is apparent that the reduced -
output of the PBRE is responsible'for marked reductions in costs. The
reactor ‘pressure vessel is much smaller and hence weighs.much less.,

In addition, the design is such that no complex machining operations

are required. The number of control rod drives is greatly reduced, ‘as

are the weight of the graphite, the size and power requirements for the
blowers, the steam generator capbcity, and the helium pumping and storage
capacity. The compact configuration chosen largely eliminates the piping,
with its associated bellows, required for the EGCR main gaé system, Thé
burst-slug detection system is completely eliminated. The fuel-handling
system is much less complex and hence should be much less expensive. '
Facilities for haﬁdling radiocactive wastes are likely to be much thé

same for the two installations. The instrumentation and control require-
ments will probably be much the same, excepf that the burst-slug detection
system will be eliminated from the PERE, aﬁd hence a large saving in the

cost can be effected.
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Possible Reductions in Construction Costs

As discussed in the section on servicing equipment and procedures,
the plant layout proposed in Chapter 6 included generous Space allocations
to facilitate serwicing and maintenance operations._ A preliminary review
of the design indicates that several modifications might be made which
ought to reduce the cost of the reactor building. The most obvious change
is that discussed in the section on serwvicing equipment and operations,
i.e., the bottom of the containment shell could be faised 38 ft rélative
to the reactor and the service machine ram could be located in a l?-ft—i.d.
well extending down from the bottom of the containment shell, as shown
in Fig. 21.1. Ihis would reduce the depth of the excavation, the amount
of concrete required in the reactor building, and the amount of steel in
the containment shell. The’spgce lost in this fashion for installation
of equipment would be partly offset by utilization of the space gained
in the ends -of the service canyon (shown in Fig. 6&5) for the service
machine ram and its drive mechanism. The helium stbrage tanks could be
located to one side of the ram and reactor in the upper part of what had
been the ram service canyon, while the storage tanks for the radicactive
fluid from decontamination operations could be located in what had been
the other end of this canyon. The incremental cost of the well for the
service machine ram would be about $40 000.

This modification should result in ainet.’saving in excavation costs
of about $15 000, a reduction in the cost of concreté of about $185 000,
and a reduction in the containment shell cost of about $90 000, for a
total saving of approximately $290 000.

Some reduction in construction costs might be effected through
moving the control rooms for the service machine and fuel-handling
equipment to the main reactor control room. This might be advantageous
in that it would place the operating personnel outside the containment
shell during these operations and thus provide greater safety:fbr them.
If this were done, much of the concrete in what is the ground floor of
Fig. 6.3 could be eliminated, along with a set of hatches to the hot

cell. With this floor-eliminated, it would then seem appropriate to
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move the ground level line to the top of the ceiling over the hot cell.
This would reduce the excavation cost by perhaps $l0.000 and should
cut the cost of the concrete by about $30 000 to give a net saving of
about $100 000 for this modification. It would have the further ad-
vantage that it would raise the bottom of the containment shell above
the water level of Melton Hill Dam when it is completed if the suggested
site were used.

The cost of the containment shell could be reduced if the top of
the shell were lowered 10 ft so that the crane wouid clear the top of
the steam generator shield by 2 ft. The saving in the containment shell
should be about $20 000. The crane shown in the design presented in
Chapter 6 could be removed and replaced with a gantry crane whic¢h could
be moved about on the ground floor of the reactor building. If this were
done, the top of the containment shell could be lowered sufficiently
to save another $25 000. However, this latter change would not only re-
duce both the headroom and the utility Qf the crane, and thus the flexi-
bility of operations after completion of the facility, but it would probably
result in increases in construction costs during the installation. of major
items of equipment. Thus this last modification seems definitely unwise.

In summary, it appears that possibly $400 000 in the cost of the
reactor building could be saved by reducing the depth of the containment
vessel and placing the service machine ram in a well, lowering the ground
level to the top of the hot cell, and lowering the top of the containment
shell to give a 2-ft clearance between the crane bridge and the top of
" the steam generator shield. These modifications have all been incorporated
in the revised vertical section through the reactor facility shown in
Fig. 21.1

The building for reactor control and servicing operations also may be
larger than necessary. It is possible that its size might be reduced by
as much as 35%, in which case its cost (including contingencies, ‘etc.).might
be reduced by about $150 000. This, coupled with a possible reduction of
$400 000 in the cost of the reactor building, together with the associated
top charges, could reduce the cost estimate for the complete facility by
about $780 000 to give a total cost of $8 316 000.

o
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These modifications and their consequences should be studied carefully
before a decision 1s made as to whether they should be incorporated in
subsequent designs. Particular attentibn should be given to various servicing
operations that might be required and the detailed equipment and facilities
needed to carry them out expeditiously. A careful stﬁdy should also be made
of space requirements for equipment in the reactor building. Hot‘cell opera-
tions should be examined to determine‘ﬁhéthér a room should be provided beside
the hot cell «so0"that personnel could work with long-handled tools through a
concrete wall only a few feet thick for servicing the spent fuel-handling
system or other contaminated components. )

While there is no doubt that reductions in the size of the reactor building
would reduce the cost of the steel and concrete, it is entirely possible that
these savings might be mbre than offset by higher engineering costs for the
design of sgfvicing equipment for operation in cramped-quarters, not to mention
the increaséd cost of more complex equipment or the higher operating .costs
associated with longer shutdowns to accomplish a given job. It may be that
further study will 'show that the spacé provided in the layouts of Chapter 6
is somewhat inadequate rather than overly generous and that the facility will
require modifiéations which will increase rather than idecrease its cost relative

to the estimates 'in Tables 21.1 and 21.2.

Fuel Fabrication Costs

The facility construction costs given in Table 21.1 do not include the
cost of the fuel. An estimate of the fabrication cost of the fuel element
spheres for the first core loading represents an extrapolation from present
experience. While only 8500 spheres would bé required to fill the core, sabout
that many more might be required to fi;l the supply and drain lines. Tﬁo
estimates were obtained on the fabrication of 20 000 fuel elements of a
reference design, i.e., 1 l/2—in.-diam 8i-SiC~coated graphite spheres con-
taining 5 g of 100 to 200 u spherical UC, particles each coated with 30 to
50 u of pyrolytic carbon. The two cost estimates were summarized in Table

21.3.
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Table 21.3. Cost Estimate for Fabricating 20 000
Fuel Element Spheres

Cost of fissiodneble material excluded

Estimate A Estimate B®

Fabricating UC, spherical particles - $ 75 000 - $100 000

Coating of UC, particles 24 000 30 000 _ .

Fabricating fueled spheres 30 000 15 000

Applying Si-SiC surface coating 20 000 80 000 .
Total o ‘ $149 000 $225 000

®Estimate originally based on 10 000 spheres.

Neither of these estimates makes any alldwance-for scrap or other loss
of material during processing. The majoér differences between the two estimates
lie in the cost of the Si-SiC surface coating of $1 vs $4 per ball. While
estimates were not available for the cost of alumina in place of pyrolytic
graphite coatings on the-partiCles,.it.appears likely that the coating process
might cost $100 000 rather than $24 000 to $30 000.
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