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Abstract

This report describes analytical and development work in connection
with the Pebble Bed Reactor concept. The principle involved in the reactor
is the heating of graphite pebbles by the fission of contained uranium and
transfer of the heat generated to helium which is circulated through the
permeable bed.

Fuel elements are being developed for the Pebble Bed Reactor which,
based on irradiation results to date, are extremely effective in retarding
the release of gaseous fission products. The effects of core materials as
dictated by this development are appraised as well as the effects of local
voidage due to the core containing wall and' other fixed graphite. A para-
metric survey was made of the nuclear and thermal characteristics of a
series of cores using a modified two-group, two-region model developed
for this purpose. An IBM 650 program was developed to handle this mod-
fied two-group model, which program was used in the parametric study.

System activity has been re-evaluated in light of information resulting
from the Fuel Cycle Development Program. The use of an ultra-centrifuge
to concentrate gaseous fission products to facilitate their removal from the
system was investigated. Design principles were established for a contin-
uous flow charcoal adsorber. A diffusion separation cell was sized, based
on existing design data, for removal of fission products and contaminants.

Experimental work was done on fuel loading patterns and the flow of
balls through the bed. Ball bed friction factors were established over a
range of Reynolds numbers from 5, 000 to 50, 000 and entrance and exit
effects and surface roughness of fuel elements evaluated. Experimental
work was done in an attempt to determine if the thermal growth of the bed
would result in fuel element failure. A mathematical model was developed
to account for both radial and axial flow through the core resulting from its
three-dimensional nature. Flow pertUtibations resulting from core hot spots
were investigated using an IBM 650 program which was developed especially
for this mathematical model.

Further development programs for the Pebble Bed Reactor concept
and gas cycle reactors in general are discussed.
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Section 1.0

The Pebble Bed Reactor

The Pebble Bed Reactor is a high-temperature gas cycle reactor
capable of providing thermal energy for use with modern high-temperature,
high-pressure steam turbine generating equipment. The principle involved
in the concept is the heating of a static bed of graphite spheres by the
fission of contained uranium and the transfer of the heat generated to
helium which is circulated by forced convection through the permeable
bed. Because of the nature of the structure, moderator, fuel and coolant,
the reactor is capable of generating steam suitable for use with the most
modern steam turbine generating equipment. Such a reactor system can
be coupled to any modern central station plant, in parallel with existing
boilers if desired, with no changes being required in the turbine genera-
ting equipment.

The features of this reactor concept which differ from other gas
cooled concepts all relate to the spherical shape of the fuel elements and
the method of retarding the release of fission products. The spherical
shape leads to ease of fuel handling using simple, and as a consequence,
reliable mechanisms. This makes possible reloading on a day by day
basis, resulting in high neutron economy. The inherent characteristic
of flow of fuel elements through the core results in essentially uniform
burnup and the absence of a metallic cladding on the fuel facilitates head-
end reprocessing. The use of a ceramic coating on fuel particles to retard
the release of fission products at the source is simple and reliable and
based on experimental work to date will permit direct maintenance of those
parts of the primary loop external to the reactor, under controlled con-
ditions.

Pebble Bed Reactor fuel elements, illustrated in Figure 1.1, consist
of fuel particles, either as oxide or carbide, coated with a ceramic such
as aluminum oxide, beryllium oxide or pyrolytically deposited carbon,
dispersed in a spherical graphite matrix which acts as the fuel carrier,
moderator and heat transfer surface. Each fuel particle has its own
individual coating for the retention of fission products and millions of
particles dispersed throughout thousands of fuel elements are used in a
core loading.
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TYPICAL FUEL ELEMENTS FOR THE PEBBLE BED REACTOR

FIG. 1.1



Fuel particle coatings, as developed under the PBR program for

the retention of fission products, are moleculary deposited ceramics. As

a general characteristic they appear to have a much lower permeability
and higher strength than conventional ceramic materials. The most

noteworthy results have been achieved with A1 2 0 3 deposited on UO 2

although pyrolytic carbon deposited on UC 2 appears equally promising.

Coated particles of these two types are illustrated in Figure 1.2.

Coatings are applied at high temperature, i.e. 1100 C and above, by
the vapor deposition process, in a fluidized bed or rotating kiln. The

rate at which the coating can be applied is extremely rapid, the greatest

limitation in production being the size of the batch being coated which is

limited by criticality.

The form and composition of this fuel element offers a comparatively

simple means of fabrication which can be effected by mass production
means. Three basic ingredients are required: fuel, graphite flour and

binder. The steps in fabrication are: blend the coated fuel particles,
graphite flour and binder, mold the ball, bake out the binder and inspect.

Approximately five days are required for these operations where small

quantities of elements are being produced for the loading of a continuously
loaded core (see Figure 1.3). The necessity for or type of coating required
to prevent oxidation of elements in event of excess oxygen in the system is
not known at present. If such a coating is necessary, an additional day will

be required for its application plus one to five days for inspection, depending

upon the method of inspection used. Since the fuel elements are randomly
packed in the core, extreme precision in manufacture is not essential
and since the fuel particles used in their fabrication are coated, handling

of exposed radioactive material is not required. The technique of producing
spherical shaped bodies in production quantities is widely practiced and the

potential economies of this method of producing a nuclear fuel element
promise low fuel cycle costs.

Spherical graphite bodies fueled with slightly less than five grams
of fully enriched uranium have been irradiated to a burnup in excess of

50, 000 MW days per ton, or 6.6% of the contained uranium with essentially
no deterioration in structural properties. Similar bodies fueled with a like

amount of A1 2 03 coated particles have been irradiated to a burnup of

45, 000 MW days per ton, of 6% of the contained uranium. Post irradiation

examination of the specimens has not been made as of this time so nothing

can be said regarding the effect of irradiation on structural properties.

3
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Excellent fission product retention up to 2% burnup was found. An
increase in fission product leakage beyond 2% burnup has indicated some
type of radiation damage effect of the A12O3 coatings. The exact nature

of this damage must also await post-irradiation examination.

The design of the Pebble Bed Reactor is directed towards an all
graphite core, using helium as the working fluid and refueling on a
continuous basis. The absence of structural and coolant poison and the
reduction in control poisons results in a reactor having a high neutron
economy. As a consequence the thorium uranium fuel cycle becomes
attractive and the principal effort in the PBR design has been directed
towards use of this fuel cycle, as it is the most economical power producer
that would release the operator from a controlled fuel supply.

There are a number of ways in which the core of a Pebble Bed

Reactor can be arranged from the standpoint of both nuclear and flow
characteristics. These arrangements are shown in Figure 1.4. There
are three arrangements which relate to neutron utilization. Type I
is a single region core surrounded by a graphite reflector. Fuel elements
contain fissile and fertile material. This is the simplest type core but
losses due to protractinium will be relatively high unless the flux is kept
low, which means a core of low specific power. Type II is a blanketed
core. Fuel elements contain fissile and fertile material, while blanket
elements contain fertile material only. This reactor can be slightly
more complicated from the standpoint of structure and fuel handling than
Type I but neutron losses to protactinium are reduced for the same flux
level. Type III is also a blanketed core but designed to effect the maximum
in breeding ratio. This calls for complete separation of fissile and
fertile material, with the fertile material in a region of low neutron flux

to keep down loss of U233 by neutron absorption in its precursor, Pa 233.
The core region of such a reactor is small and highly loaded. The core
elements contain fissile material while the blanket elements contain
fertile material. Such a system will not produce power as economically
as Type I or Type II because of the smaller quantity of heat extracted
from each element due to shorter residence time in the core. This
geometry would be used where a maximum breeding gain is the primary
objective of the design.

There are also three flow arrangements that appear to be promising
for the Pebble Bed Reactor core; axial upflow, axial downflow and radial
outflow. These are also illustrated in Figure 1-4. In view of the potential

6



9 h/

I
TYPE I

REFLECTED CORE

FUEL ARRANGEMENTS

RADIAL FLOW DOWNFLOW

GAS FLOW ARRANGEMENTS

PEBBLE BED REACTOR CORE GEOMETRIES

FIG. 1.4

7

t
UPFLOW

TYPE II
BLANKETED CORE

TYPE III

BLANKETED CORE

P# S"

I'-.

yrooloo

- -

aD



hazards resulting from a gas -circulator failure, whether due to mechanical
or electrical causes, decay heat removal by natural circulation may be
required. This requirement dictates that the flow direction in an axial

flow core be up-wards. The pressure drop per foot of length in such a
core must be less than the bulk density of the bed to prevent dynamic
lifting of the fuel elements and as a consequence the specific output is
limited by the physical characteristics of the bed. The limiting specific

output is of the order of 220 tKW/Ft3 for a power reactor core of 10 foot
flow length. In an axial downflow core the pressure drop can be optimized

from the standpoint of economics as there is no physical restraint on the
maximum allowable pressure drop. For a core operating at a ratio of
pumping power to heat transferred of 1%, the power output is double that

of the axial upflow core, or of the order of 460 tKW/Ft3 for a 10 foot core.
The third possible arrangement is radial outflow where the working fluid
is introduced in a central void and flows radially outwards through the
core. Because of the fact that the flow length is less than half of that of
the axial flow cores and a better opportunity exists to optimize flow and

power distribution, outputs of the order of 1500 tKW/Ft3 can be obtained
from a 10 foot in diameter core. This is one of the most promising
arrangements for high output cores as it would appear that a shop
fabricated vessel could be used for thermal outputs up to 1200 tMW.

The Pebble Bed Reactor is unique in that it can be continuously re-
fueled by withdrawing spent fuel from the bottom of the core while adding
fresh fuel at the top. A reloading procedure is illustrated in Figure 1.5.
From a practical standpoint, this can best be done on a daily basis, the
quantity of elements to be handled being a function of the reactor output,
fuel element loading and allowable burnup.

In moving through a cylindrical bed the fuel elements travel at a
relative velocity that varies with radial position. This relative velocity
at different radii can be varied, within limits, by changes in core geometry
so that it matches the flux profile, resulting in essentially constant burnup
per element. Initial travel of the elements is in a vertical path. They then
converge inward, without intermixing, until they reach the discharge port
located on the core centerline. The degree of convergence is dictated by
the relative flow rate and the ratio of ball to bed diameter. Two typical
flow patterns are illustrated in Figure 1 .6.

Figure 1.7 illustrates a design concept of an axial downflow, two
region core contained in a spherical pressure vessel. By making use of the
flow characteristics of the fuel, previously described, it is possible to
build a reactor that is physically a single region reactor, yet containing

8
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annular regions of varying core composition. Separation of fuel elements
into discrete zones is effected by the use of a short annular ring (s) located

at the top of the core, defining the zones of varying fuel element composition
and preventing initial intermixing when loaded into the reactor.

Typical reactor configurations that can be achieved by use of this
geometry are reflected and blanketed cores as would be used in a U235
burner or a thorium-U233 breeder. For example, the core or central
region can be fueled with graphite elements containing fissile material,
surrounded by graphite elements forming a reflector. Or, the core can
be fueled with graphite elements containing fissile material, surrounded
by graphite elements containing fertile material forming a blanket. In either
case there is no fixed moderator which must be designed for structural
stability under long-term irradiation.

Figure 1.8 illustrates a design concept of a radial outflow, two
region core. In view of the high specific output the best neutron economy
would be obtained with a Type III fuel arrangement.

Core radius and hot clean critical mass of two region blanketed PBR
cores are given in Figure 1.9 using carbon/uranium and thorium/uranium
atom ratios and initial conversion ratio of the core plus blanket as parameters.
These data are for a cylindrical core of an L/D of one having a voidage of

39% and a Keff of one.

Figure 1.10 presents a plot of gross output of cores having the three
working fluid flows described. These outputs are normalized to a system

pressure of 1000 psia, a fuel element diameter of 1 1/2 ". The design
limitation of the axial upflow core is that the pressure drop per foot of
length be equal to 80% of the density of the bed. This imposes a limitation

on output when compared to an axial downflow core, designed for a nominal
ratio of pumping power to heat transferred of 1%. The output of the radial

flow core is based on a ratio of pumping power to heat transferred of 0. 5%.

The operating and safety characteristics of a homogeneous gas cooled
reactor, represented by the Pebble Bed Reactor, are not known. However,
it is believed that in the Pebble Bed, compensation for reactivity changes
associated with fuel burnup and accumulation of fission product poisons
during startup operation can be done by varying the loading. After equili-
brium is reached, the need for such changes will decrease and it is hoped
that the negative temperature coefficient of the system will be adequate.
Safety or scram rods will be provided for startup and shutdown.

12
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The development of fuel elements for the Pebble Bed Reactor is

directed towards the complete retention of short lived volatile fission

products which give rise to long-lived solid daughters. If this objective

is accomplished and development work to date on coated fuel particles

shows promise of achieving it, the only source of solid fission products
external to the core will be from their long lived gaseous precursors.

Based on the measured release rates of gaseous fission products from

A1 2 03 coated particle elements the resultant system activity external
to the core would amount to 8 curies of solid and 3500 curies of gaseous

activity per 100 tMW of reactor heat after 3% atom burnup or 22, 500 MW
days /Ton. The solid species activity will prevent direct maintenance
during operation as they will deposit on relatively cold surfaces and

remain in the system. However, over 80% of this solid activity is in Rb-88

and Cs-138 which will decay rapidly after shutdown. An equal amount of

the gaseous activity is in 1-131 and Xe 133 which will be removed from the

system on shutdown in proportion to the ratio of operating to pump down

pressure. As a consequence direct maintenance, under controlled
conditions,appears possible some twenty four hours after shutdown.

Since inception of the original PBR System design, certain design de-
tails have been incorporated which are felt to be essential to the success-
ful operation of gas cooled reactors in general. These are: a pressure

circuit so arranged that the path of the coolant gas is such that all parts
of the pressure circuit are swept by gas at the reactor inlet temperature,
making it possible to fabricate these parts of mild steel; the use of welded

joints wherever possible; the use of canned gas film bearing gas circulators

mounted integral with the steam generators so as to eliminate unnecessary

piping, and a common mounting plane for reactor and steam generator to

eliminate the necessity for expansion joints. These design details are

shown in Figure 1. 11 illustrating a typical primary loop.

Earlier studies made of the capital and operating costs of a 125 eMW

power plant indicate that a Pebble Bed Reactor system is competitive with
other nuclear type plants. (1) These data need to be reappraised in light of

revised nuclear studies and the results of current fuel element development.

Nothing has been disclosed in the studies we have made and our ap-
praisal of the findings of others, to indicate that the high temperature gas

cycle reactor cannot be developed into a practical nuclear power producing
system. As a type, the Pebble Bed Reactor is unique because of the nature

of the fuel and flexibility in handling and with further development may prove
to be an outstanding reactor in this class.

(1) NYO 8753
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Section 2. 0 Nuclear Plant Analysis

2. 1 Introduction

Nuclear analysis of the PBR concept during the past year can be

broken down into four categories:

a) Establishing the nuclear characteristics of a series of cores

suitable for outputs ranging from 10 to 1000 tMW.

b) Appraisal of the effects of material changes in the core as

indicated by the results of the Fuel Cycle Development Program.

c) Study of reactivity effects which are peculiar to the PBR to

obtain a better understanding of PBR neutronics.

d) Overall fuel cycle problems, which encompass, but are not
limited to, fuel loading effects.

Preliminary to item (a), a two-group, two-region nuclear model was
developed for analysis of PBR cores. (1) This model was programmed for
the IBM 650 and used in appraising the effects of material changes in the
cores as well as the survey of cores in general. It computes the group
constants for each region, performs a criticality search in cylindrical
geometry and finally develops the peak to average flux from previously
calculated flux plots. This program was used to establish the character-
istics of a number of cylindrical-blanketed cores with L/D of one.

To acquire a better understanding of the PBR core, more detailed
analysis than noted above was required. Some of the principal areas in-
vestigated were the effect of local voidage perturbations such as those
introduced by the container wall and the effect of a central viod such as
would be require in a core with radial coolant flow. To do this work,

an extensive search was made for an existing code capable of solving
for the effects of non-homogeneity. The GNU code as used by BNL,
ORNL and others for similar type analysis was finally selected for use in
this survey. This same code was then used to study material changes
referred to in the above.

(1) NYO-9070 - PBM - ATwo-Group, Two-Region Reactor Code for

Homogeneous, Highly Absorbing Systems.

19



The Pebble Bed Reactor is unique in that it can be loaded contin-

uously from the top while fuel is continuously withdrawn from the base.

Studies of continuous loading need to be run to optimize the core as a
breeder and determine the lifetime for minimum operating cost as a core

of high conversion ratio. Unfortunately, an extensive search failed to

disclose a code capable of handling continuous refueling as practiced in

the PBR, and the development of such a code specifically for the PBR was

not possible within the time limits involved.

Reactor design studies of upflow, downflow, cylindrical and spherical

vessels has been made in support of the parametric studies made of the

nuclear characteristics of 10 to 1000 tMW cores. From a thermal analysis

and the fluid flow characteristics of randomly packed beds, the limiting

output of a series of cores was established.

20



2.2 Reactor Physics

The core of a Pebble Bed Reactor designed for operation on the
thorium-uranium fuel cycle can be considered to be highly absorbing.

Since there are essentially no neutron losses to structure or coolant
within the core, the conversion efficiency is expected to be quite high.

Nuclear analyses reported on herein cover 1) a parametric survey
of C-U-Th systems in blanketed reactors, and 2) a somewhat more
detailed study of some core characteristics which are peculiar to the

Pebble Bed Reactor. The former task was felt to be necessary to appraise
the effects of current values of such properties as the capture to fission
ratio, O(, and resonance absorption integrals on the critical mass and
conversion ratio of blanketed C-U-Th cores. The latter task was felt to be
important because of the unique way in which voidage distributes itself
in a Pebble Bed Reactor and because fuel contemplated for use is unlike
that currently planned for any other reactor.

2.2.1 Parametric Study-Thorium-Uranium Fuel Cycle

Quite early in our study of the Pebble Bed Reactor, a parametric
study was made of the reactivity effects in a C-Th-U system (1).

Subsequently, improved data has become available which indicates that
a somewhat more favorable capture to fission ratio exists in the epithermal
range for U233 than has been used in the earlier study. Figure 2.1 is a plot
of 11 vs. energy and clearly shows the improvement of the current data over
that which was used in the early studies. In addition, relatively recent
values for the infinite dilution resonance integrals in uranium and thorium
have been published (2) which should make it possible to determine the fast
group absorption cross-sections with reasonable accuracy. To appraise
the effects of these new data on the reactivity and conversion characteristics
of C-U-Th cores blanketed with C-Th, a new parametric study was initiated.

The usual fast diffusion equation from two-group theory inadequately
describes the interactions within the core and blanket of the PBR because

of the large number of fast absorptions which occur. Accordingly a
modified two-group approach was developed to include resonance absorption.
(3) To account for the heavy absorption while slowing down, self-absorption

(1) NYO 8753
(2) Stoughton & Halperin, Reactor Cross-Sections, Nuclear Science &

Engineering, 6, 100 (1959).
(3) NYO 9070.
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factors were developed so that the self-absorption factor, fast slowing
down length and diffusion coefficient are consistent.

The complete analysis of the nuclear and thermal characteristics
desired for each reactor case considered was carried out by utilizing
successively the IBM-650 codes PBM-1, PBM-2, Paracantor-2, PBM-3
and Coolball I and II. The PBM-1 and PBM-2 codes perform the
necessary nuclear calculations to determine the criticality of a particular

case. The other aforementioned codes compute flux profiles, average
fluxes, conversion ratios, temperature distributions.

PBM-1 computes effective macroscopic cross-sections (including
self shielding effects), core and blanket coupling coefficients, nuclear
parameters and other constants required for the determination of reactor
criticality. PBM-1 computes the above for cores with up to ten elements
in each of two regions. Number densities and microscopic cross-sections
are required as input for each region so that different temperatures may be
represented by applying appropriate factors to the input data. The factors
should be determined so that they correct for the same lethargy spread
being used to compute fast group constants in each region, for the change
in thermal microscopic cross-sections due to different effective neutron
temperatures in each region and for changes in number densities due to
temperature differences. Correcting for a different average temperature
in each region can be significant. For the case in which the core and
blanket average temperatures are 1100*F and 700 F respectively, using
the same lethargy spread for the blanket as for the core introduces a
possible difference of 8% in the fast group constants in the blanket.

The prescription for correcting the cross-sections to allow for
self-absorption was developed on the assumption that hydrogen was not
present in significant quantities. Since graphite is the main scatterer,
the average cosine of the scattering angle that corresponds to carbon was
used for all cases in lieu of computing a new value that corresponded to
a slightly different core composition in each case. This introduced a
maximum possible error in the core and blanket properties of less than
1/2%.

PBM-2 uses the output of PBM-1 to compute the reactivity and other
constants required for obtaining two group flux plots. In coding PBM-2,
difficulty in successfully computing the KO and K1 Bessel functions for
large arguments using IBM-650 fixed point arithmatic led to search for
650 programs which included Bessel functions. Paracantor-1, a two group
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reactor code based on cylindrical coordinates included routines for
computing the Bessel functions. However since this code was written
using Trimble floating decimal, it was not possible to patch its Bessel function
subroutines into our original PBM-2 code. It was possible to make major
modifications to the Paracanter code so that the resulting code would solve
the PBM-2 reactor equations. Modifications were made to the original
Paracanter expressions for the thermal diffusion length, infinite
multiplications factor, eta and reactivity. Other symbols in the original
code input were redefined so that the equations solved for each case by the
code, hereafter called PBM-2, were the following:

Zl~ -Elf) ? 4 0(1)

D2F Z + I-0 (2)

2D6 p2a6 + 2 IS b 0 (3)

(-D2Z~oX26-f- I~~lb= D(4)

The effective multiplication constant was determined for each reactor
geometry and composition from the converged value of a two-group eta
computed by PBM-2 and from the average fast to thermal core flux,
calculated from the PBM-2 output. The reactivity of the core is then
determined from the ratio of eta as computed from the core material
constants to the converged value for eta computed by the code.

Appropriate output from PBM-2 forms the input for Paracantor-2
vhich computes two grc 'ip radial fluxes which in turn form the input for
he PBM-3 code. PBM-3 calculates the average thermal and fast fluxes,

initial core and blanket breeding ratios, and radial power distribution in
the core.

The primary purpose of this parametric survey was to study the
interaction of the three principal composition variables as well as their
influence on the size, conversion ratios, and related characteristics of
PBR type cores. A secondary objective was to obtain a set of curves for
a uranium-thorium-carbon system that would serve as a basis of
comparison for future core designs.
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A blanketed core was selected as representing the type most likely
to prove of interest in power reactor applications. The height to diameter

ratio of the core was arbitrarily held to 1.0 and the core and blanket voidages
were taken as 39% thus limiting the number of cases to be considered. The

blanket composition was fixed at what was considered the presently

achievable ThO2 concentration for blanket elements in order to obtain

conversion ratios. The blanket parameters were set at:

Thickness = 50 cm

Composition = 50% wt ThO 2 - 50% wt C
Voidage = 39%
Net Graphite Density = 1.65 gm/cc
Temperature = 700 F

The core compositions were varied so as to obtain a set of curves

from which could be selected any size reactor for power outputs up to
750 MW(th) with the highest possible breeding ratio. To achieve this end

the parameters were varied between the atom ratio limits of:

Th/U = 0; 5; 11; 15; 30
C/U = 1000; 2200; 5000; 10,000; 30,000

Characteristics that viere held constant are:

Core Length/Diameter (L/D) = 1.0
Core Voidage = 39%
Core Temperature = 1100*F
ThO2 Density = 9.60 gm/cc
U 233 02 Density = 10.19 gm/cc
Graphite Density = 1.65 gm/cc

All the cores were sized for an effective multiplication constant of
unity, which is approximately what is required for a continuously loaded

core.

The input microscopic cross-section data used in.PBM-1 was obtained

from BNL 325 and the article by Stoughton and Halperin, (2) and are listed
in Table 2.1.

The output from PBM-2 and PBM-3 is summarized in Table 2.2

for all the cases considered in this survey. Graphs of these data were

cross-plotted to permit the data to be represented as shown in Figures

(2) R. W. Stoughton & J. Halperin "Reactor Cross-Sections" Nuclear

Science and Engineering, 6, 100-118 (1959)
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TABLE 2.1

Nuclear Dat~a Tabulation

CORE (1100 F)

Property

Resonance Absorption (Ioa), barns

Resonance Fission (Iof), 'barns

Thermal Absorption,C7a, barns

Thermal Fission, Vf, barns

Fast and Thermal Scattering,/s* b
Log Energy Decrement

(1- *o)

Vth ~f

U233 Th C

BLANKET (7000F)

Th C

1200 85 85

900
353.9 3,900 1.65x10- 3 9.80x10- 5 4.522 1.914x10- 3  1.136x10- 4

318.5
12.5 4.80 4.80

*1589
.9445

.1589
.9445

2.51

Ns



TABLE 2.2

SUMMARY OF RESULTS OF PBR PARAMETRIC SURVEY

BLANKET

Thickness 50 cm Voidage 39%
Composition C/Th - 50/50

Case NtINu N IN % Fast Critical Critical
c u Fission Radius (Cm) Mass (Kg)

Initial Breeding Ratio P P
Core Blanket Total max/ avg

10034

20034

30014

40034

10052

20042

30042

40032

50032

10101

20041

30051

40041

50041

60041

10043

20013

30023

40013

50033

30025

40015

0

0

0

0

5. 0

5. 0

5. 0

5. 0

5. 0

11.0

11.0

11.0

11.0

11.0

11.0

15. 0

15. 0

15. 0

15. 0

15. 0

30. 0

30. 0

1000

2200

5000

10000

1000

2200

5000

10000

30000

500

1000

2200

5000

10000

30000

1000

2200

5000

10000

30000

5000

10000

50015 30.0 30000

60. 3

43. 8

28. 1

17. 9

59. 8

43. 3

27. 8

17. 8

7.8

72.4

59.4

42.9

27. 5

17.4

7.77

59.0

42.6

27.4

17. 6

7.74

26.7

17.2

42. 0

55.7

73. 8

94. 7

50. 1

63.0

80. 1

100. 5

156. 1

63.0

67. 8

75. 5

89. 7

109. 1

164. 9

91.4

88. 6

98. 0

115.4

171.6

169.0

156.0

7.65 206.0

10. 3

10. 9

11.2

11.8

17. 2

15. 7

14. 3

14. 1

17. 7

64.0

41. 6

26. 7

19.9

18. 0

20. 8

100. 5

42. 9

26. 0

21. 3

23. 5

131. 6

52.4

40. 2

0

0

0

0

.247

.198

.150

.117

.083

.620

.540

.433

.327

.256

.182

.734

.588

.445

.348

.247

.484 .484

.555

.614

.646

.390

.467

.540

.585

.602

.195

.262

.357

.451

.508

.542

.166

.278

.389

.462

.509

.555

.614

.646

.637

.665

.690

.702

.685

.815

.802

.790

.778

.764

.724

.900

.866

.834

.810

.756

.877 .151 1.028

.688 .274 .962

.493 .363 .856

CORE

L/D = 1 Voidage 39%

1.61

1.70

1.80

1.88

1.65

1.74

1.82

1.89

2.01

1.64

1.72

1.79

1.86

1.92

2.03

1.81

1.83

1.88

1.93

2.03

2.02

2.01

2.07
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2.2 through 2.4. In each figure, the orthogonal coordinates are critical

mass and critical radius, with carbon to uranium ratio and thorium to

uranium ratio shown parametrically. In addition to the above, Figure 2.2

has lines of constant core conversion ratio; Figure 2.3 has lines of constant

total (core plus blanket,) conversion ratio; Figure 2.4 has lines of constant
peak to average power generation in the core. These parametric plots

have the advantage of showing explicitly all the important nuclear

characteristics of families of reactors in one representation. For example,
the maximum ICR curve represents the family of reactors with minimum

critical mass for a particular ICR. The specific reactor desired along
this locus of points depends on the reactor size desired (or equivalently
the reactor power output). It is interesting to note that this maximum

ICR curve approaches asymptotically a carbon to uranium ratio in the
range of 5, 000 - 6, 000 as the core size increases. This result is in
agreement with similar studies performed at Oak Ridge. (4) This nuclear

parametric curve is also very useful with its complement, a thermal
parametric curve showing instead of ICR, the family of curves for
maximum to average power (Pmax/Pavg) in the core. From these two

curves for any reactor size (or power) desired, the maximum ICR could
be obtained for a limiting Pmax/Pavg. The thermal analysis of specific

cases in this parametric survey is presented in section 2. 3 of this report.

In the selection of a PBR experimental core one consideration would
be to attempt to duplicate the fast to thermal fission ratio (or the carbon
to uranium ratio) at optimum IGR for larger cores. For example, with

no thorium in an experimental reactor the suitable conditions would be

approximated by:

Critical Radius = 95 cm
Critical Mass = 14 Kg
C/U = 10,000

The above core size corresponds to a power level in excess

(approximately a factor of 5) of the desired power level for the design
temperature range required. Considering operating temperatures of
primary concern,a compromise in the carbon to uranium ratio in the
direction of a much lower value is necessary. A typical 10 tMW
experimental reactor with desirable thermal conditions is:

Tin = 500 F

Tout = 1200 F
Tball (center)<2 2 00 F
Critical radius = 40 cm
C/U..200 to 300

(4) "Advanced Design Studies" A. M. Perry, ORNL; Paper presented at
the Gas-Cooled Reactor Information Meeting in Oak Ridge, Tenn. October
1958.
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Two group flux profiles for each of the cases studies were obtained
from Paracantor -2. A typical set of results are shown in Figure 2.5

which shows the flux plots for six different cores having the same thorium

to uranium ratio with varying carbon to uranium ratios. In each case the

flux has been normalized to a fast flux of 1. 0 at the center of the core.

For one large core, Case 40013, the core height was varied in

increments, all other core characteristics being held constant, to determine
the sensitivity of reactivity to fuel ball additions. Results of this study

are presented in Figure 2.6 which shows the effective multiplication constant

as a function of core height. The relative insensitivity with respect to
core height is significant insofar as continuous refueling is concerned.

One other study which was made using the two-group model consisted

of a comparison of results obtained from critical experiments with those
which would be predicted using the PBM model and the machine programs
which have been developed, based thereon. For this comparison, a number

of critical assemblies were selected which have been reported at Geneva
(A/Conf. 15/P/2408) based on work done at LARL on essentially homogeneous
graphite uranium systems. The results of this comparison are listed in

Table 2. 3 and the bare buckling coefficients are shown in Figure 2.7. It

can be seen that the discrepancies which are large for the small-fast cores
are considerably reduced as the core becomes more thermal. It is hoped
that with some further study reasonable modifications can be made in the
fast constants to reduce this discrepancy over the entire C/U range.

TABLE 2-3

Comparison of Calculated and Experimental
Results for Bare Cylindrical Assemblies

Case Ul U2 U3 U4 U5 U6
C/U 301 603 1206 2355 10500 12300
Kg U235 149.7 82.3 43.6 25.1 9.8
hc gms/cc 1.640 1.645 1.645 1.645 1.645 1.465
ExpB2x 104  23.1 22.3 21.0 19.4 12.6 9.5
Calc B 2 x 104 85.7 61.5 46.8 36.8 19.1 13.9

32



I.0

0.9

0.8

0.7

0 6

0.4

0.3

0.2 - =f

0.I

00 20 40 60 80 100 120 0 2 0

-

OE(

2.2

2.1
7r & -IL-

+ - -

- s :

i0 80 100 120

S61

-
0 40 6 -8 -010 4

Kr1.

1.0 T

-I---.. -0.9--4--

0.8

0.7 .

-tI-- - -
0.5 4:

0.4 -- -

0.3 20

0.2

0 20 40 60 80 100 120 140O

T17
7.-7

-

.0

0.9

0.8

0.7

0.6

0.5

0.4

0.2

0 I

0 20 40 60 80 100 120 140 160
0
0 20 40 60 80 100 120 140 160 180 200 220

RADIUS IN CENTIMETERS

TWO GROUP FLUX PLOTS

NC/NU VARYING FROM 500 TO 30,000

NTh/NU = F:12WO

-J
LL
w

H-

-J
w

Irr:ji

i ice i4 :

i

x.1

J
LL
w

-J
w

. --

-

2 O ,.T:::L.V '

-17-- --

4-X- .- .. -.-

1

-

0.3

f
41

1.

1T

.6

.5

1.4

1.3

1.2

L. .. i 
.

;:.

I

to

FIG. 2.5



CASE PARAMETER VALUES

Th/U233 = 15; C/U233 = 10,000
CORE TEMPERATURE = 1100*F
CORE DIAMETER = 231 cm. (7.57 f t.)
CYLINDER WALL BLANKET COMPOSITION -

50% ThO2 : 50% C
BLANKET THICKNESS = 50 cm.
CARBON DENSITY = 1.65 gm/cc

U

230

444-b

250 270
CORE HEIGHT - H, cm.

290

-- 10 CUBIC FEET (=5,970 BALLS
IV2" DIAMETER)

FIG. 2.6
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2.2.2 Detail Studies

In the PBR the fuel is intimately mixed with the moderator in a
large number of balls of uniform size. In all nuclear analyses to date
the core and blanket have each been considered to be homogeneous. That
is to say, the 39% voidage which is characteristic of a bed of uniformly
sized spheres had been assumed to be uniformly distributed through the
core and blanket regions. Actually this is not the case since the local
voidage tends to be considerably greater than the average in regions
adjacent to boundary surfaces, which results in a flow divergence in non-
isothermal systems. To properly evaluate the effect of these non-homo-
geneities, which are unique to the PBR, on the power generation distribu-
tion and the resulting flow and temperature distribution required detailed
study of the core and reflector on a multi-region basis.

Still another unique characteristic of the PBR is the composition of
the fuel which is being considered. The fuel first considered contained
uranium oxide, thorium oxide, and graphite and is the fuel which has been
assumed in most of our nuclear analyses. In recent months however, work
done under contract AT(30-1)-2378 has demonstrated the excellent fission
product retention characteristics of certain refractory oxides such a
A1 2 O 3 when used as a coating around individual fuel particles. Such a
coating when applied to the individual fuel particles results in a significant
change in the fuel composition necessitating an evaluation of this effect
in reactor characteristics.

These detailed studies, involving void distribution in the core and
fuel coating effects, were made using the GNU program (5, 6). Results
of these studies are presented below.

The basic GNU code is a one-dimensional, multigroup (32 groups),
multiregion (19 regions) neutron diffusion code based on continuous slowing
down theory for elastic scattering in non-hydrogenous media (5). Inelastic
events were not included in the current cases which used the version of
GNU with the group structure revised by ORNL to bracket more suitably
the resonances in Th-232 and U-233. Reactor regions are variable in size
in the direction of interest but the composition of each is assumed homogeneous.
All problems were run in cylindrical geometry, the two directions orthogonal
to the radius being assumed symmetrical.

The non-homogeneities present in the pebble bed core consist of local
voidage fluctuations which are due to the manner in which balls become

(5) GMR-101 "GNU 11, A multigroup One-Dimension Diffusion Program for
the IBM-704" by C. Davis, B. Smith, J. Bookston
(6) GMR-102 "An IBM 704 Program for Criticality Search on Reactor
Parameters" by J. Bookston, C. Davis.
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packed near boundary surfaces.like retaining walls. The typical
distribution of voids in a bed of spherical balls is shown in Figure 2.8.
The significant void variation exists over a range of approximately five

ball diameters from the retaining wall. To describe the void variation
near the wall, the width over which it extends was divided into eight

concentric annuli. The width of each of these annuli in ball diameters
and the percent of each annulus which is void are given in Table 2.4.

TABLE 2.4

A Representation of the Void Distribution

Distance from Wall Annulus Voidage
Of Annulus Edge Width
In Ball Diameters in Ball

Inside Edge Outside Edge Diameters

0
.47

1.00
1.47
1.90
2.27
2.67
3.13
3.57

.47
1.00
1.47
1.90
2.27
2.67
3.13
3.57
4.20

.47

.53
.47
.43
37

.40

.46

.44

.63

52.0
39.5
41.5
39.8
39.
39.5
40.5
40.5
40.0

In all parts of the pebble bed which are further than 4.2 ball diameters
from a wall, the average voidage is taken to be 39%.

The regions in the pebble bed reactor where the void variation
can exist are firstly, in an annulus surrounding a graphite center post,
secondly in annuli adjacent to the inside and outside of a graphite wall
seperating the core region from the blanket region, thirdly, in an
annulus adjacent to the inside of a structural graphite wall surrounding the
blanket. Each of these situations was investigated. Since the total number
of regions available in GNU is nineteen, the void variation was described
near two walls at a time in all cases.
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The specific cases examined were as follows:

1) An initial two region (core and blanket) critical core with

uniform 39% void distribution in both the core and blanket.
2) One in which the void distribution in the core and blanket at

the core-blanket interface was explicitly described. An
imaginary wall was assumed to exist at the interface.

3) A case the same as in 2) above except that the imaginary wall
was replaced by a two inch thick graphite wall.

4) One in which a carbon post was inserted in the center of the

core and the void distribution was explicitly described in the
regions adjacent to the center post and adjacent to the inside

of an imaginary wall at the core-blanket interface.

The above sequence of cases is schematically described in Table 2.5.

Flux and power density profiles for the case listed in Table 2.5
are shown as Figures 2.9 through 2.14. Figures 2.9 through 2.11 show
the power density distribution for each core in which a void variation exists
superimposed on that of the uniform void case. Figures 2.12 through 2.14
show the two group fluxes for each void variation case superimposed on the
fluxes for the uniform void case. The numbering of each curve corrosponds
to the numbering of the cases as listed in Table 2.5.

If the fluxes across a pebble bed core were flat, the power distribution
would take on the shape of the solid distribution (as opposed to void
distribution) and the peak to average power density would be approximately
1.25. In addition, the peak power density would occur at a radial position
in the core which was approximately one-half of a ball diameter from the
core boundary surface. In all cases examined, the fluxes are not flat and
the peak power density that would be obtained with a flat flux is either
magnified or mitigated depending on whether the summed fluxes are peaked
or depressed in the regions where the void variations occur. But in all
cases the power density at a structural graphite surface (graphite wall or
post) is reduced significantly below the power density which otherwise would

exist there. This is clearly shown in Figure 2.11. A large peak in the

power density is expected at the edge of the graphite post shown in Figure
2.11 but the presence of voids eliminates the peak at the edge of the post
while increasing it in the annulus one half ball diameter from the post. The
new peak corrosponds to the region in a pebble bed where the volume percent
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TABLE 2.5
SEQUENCE OF VOID VARIATION CASES

C!I

CORE BLANKET
E

I 39%VOIDI39%VOID

2 390/0 VOID V.V. V.V.439% VOID

3 39% VOID V.V. 4 G.W.+V.V.k39% VOID

4 G.P.+V.V.+39%VOID V.V. 39% VOID

V.V. = REGION OF VOID VARIATION (4.2 BALL DIAMETERS WIDE)
G.W.= 2 INCH GRAPHITE WALL
G.P. = GRAPHITE POST 8.75 INCH RADIUS
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which is void is smallest. The drop in power density near a graphite
wall is also shown in Figures 2.9, and 2.10. In those cases, the
decreased flux near the wall overrides the effect of void variations so
that, except for the core volume which is immediately adjacent to the
wall and which will always have a lower power density, the power
density distribution exhibits only relatively small bumps as the void
percent varies. It is therefore concluded that the calculated power
density distribution in a core in which the material is considered to be

uniformly distributed with 39% voids fails to show both the true radial
position at which the peak occurs and the value of that peak power density.

It is not possible to say whether the peak power density that one
calculates when including the voids will be greater or less than the peak
that one would calculate using uniformly distributed voids. To determine
what happens to the peak power density we need to know as a function of
radius for a radial distance of about half a ball diameter within the
boundary surface, the sum, S(r), over all energy groups i where S is
given by

5(r) =ZI rbG{," (5)

and where r is the flux averaged over the energy range E in
group i at position r and

C'4i7 is the microscopic fission cross section for the
fissionable element present averaged over energy E in group i. One may
approximate the variation of the number densities due to the void variation
within a half a ball diameter of a boundary surface by a parabola. If we
let Nmax be the maximum fissionable element number density and let f
be the distance from the surface at which it exists, we can then represent
the average number density variation near a wall by

For a ball of diameter d in a cylinder of diameter D = 2R, [is closely
approximated by (see NYO 2373 sec. 6.)

0 / ,p~'AF F7~1) 7)



Therefore we may then represent the condition under which the power
density distribution at a boundary surface is flat by

We can be confident that we are not aggravating the power density peaking
near the boundary if the expression on the left hand side of the above
equation is close to zero throughout the range of r for which it applies.
For the position r = R we have

____5na FlILJ~QL,)4Jr f\ (9)

If this expression is negative, the power density peak does not occur at
the wall. If the expression is positive then the peak power density occurs
at the retaining wall. In this respect it is interesting to note that, if we
have two cores of different diameter but in which the absolute fluxes
and flux gradients in the region close to the wall are identical, the smaller
diameter core will have a bigger power density peak. This would be true
because& gets larger as the diameter of the bed decreases for a given
size ball.

Another aspect of the voidage is that the average void of a pebble
bed in the group of regions close to a retaining wall is slightly greater then
the 39% average voidage in the remainder of the bed. If the bed is large,
the slightly higher voidage near the walls becomes insignificant and the
average voidage is taken as 39%. Therefore including the void variation
amounts to removing a small volume of material. The combined effect
of removing and'redistributing core and blanket material in the cases listed
in Table 2.5 changes the reactivity as shown in Table 2.6.

TABLE 2.6

Reactivities in Void Variation Cases

Case Keff Description
1 1.000 Uniform Voids
2 .979 Voids adjacent to core-blanket interface included
3 1.021 Same as case 2 plus graphite wall
4 .942 Graphite center post inserted with void variations.
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In all of the above cases, the description of the void variation near
a retaining wall was based on a division of the region of void variation into
eight annuli. The average voidage in each of these annuli was determined
by graphically integrating curves based on experimental data* of voidage

versus distance in ball diameters from a retaining wall. The width of each

annulus was chosen to corrospond alternately to the distance from peak
voidage at the retaining wall to the closest peak solid and then from that
peak solid to the next peak voidage, etc. It was concluded that the power
density would follow the curve of average solid more closely the more
detailed was the description of the void variation. This was shown to be

true in three cases which were investigated to determine how the peak

power density shifts when the void distribution is included. Each case
was an 8x1 .5 foot cylindrical core surrounded by a three foot graphite
blanket containing 10% voids. The core region contained a C:Th-232:U-233
ratio of 395:0.8:1. Figure 2.17 shows the radial power density distribution

for each of these cases, i. e. when the voidage is considered:

1) Uniform at 39% (solid smooth curve).
2) Non-uniform but adequately described by dividing a

4.2 ball diameter wide region of void variation
into 8 annuli as was done in the previous void
variation cases (solid jagged curve).

3) Non-uniform but adequately described by dividing
a 4.2 ball diameter wide region of void variation
into 14 annuli (dashed jagged curve).

If one compares the power density curve for the third case in Fig. 2. 17
with the voidage distribution shown in Figure 2.8, one sees that the power
density follows the curve of average solid with peaks in the power density

occurring where the voidage is a minimum and reduced power densities

occurring where the voidage is a maximum. The power distribution which
the GNU program computes for the case in which the void variation is
described in great detail is meaningful. To show this, the actual size and

position of one fuel element near the reflector is shown on Figure 2. 17.
The peak power density occurs as one would expect in the thin annulus
which cuts through the center of all fuel elements adjacent to the stationary

reflector.

It is worthwile to note that the power density peaking due to the

void variation can be avoided by making the reflector or blanket region
which is adjacent to the fuel region mobile, i.e. of balls. The analysis

of the temperature distributions that are calculated when the power density

distribution is described in greater detail is discussed in Section 2. 3.

* NYO 2373 Section 6.0
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In the coated particle fuel element, the coating occupies a significant
volume. The actual volume occupied can be computed, given the coating
thickness t, and particle diameter D, from

Volume Fraction of Coating _ 3 (10
In Coated Particle ' L(/+ 2 J

D

In the parameter analysis, coating effects were not taken into account. When
the coating volume is included it must displace volume of only the particle
it coats at one extreme or, at the other extreme, of only the graphite in
which the particle is imbedded. Removing a volume of graphite can be

counteracted by employing graphite of greater density. Therefore, cases
in which the graphite density was varied separately in the core and blanket
were also studied. At present, increasing the carbon density appears to
be more feasible with core elements than with blanket elements which are
heavily loaded with thorium oxide.

The base case was a critical reactor in which the carbon density in
both the core and blanket was taken as 1.65 gms/cc. The core C:Th:U

ratio was 2200:11:1 and the blanket contained 50 wt. % thorium oxide. An
aluminum oxide coating was then placed on particles in the core. A coating
thickness to particle diameter of 0. 5 was assumed since it had previously
been shown (7) that this results in a fuel plus coating volume which is 15%
of the total ball volume - a practical limit which may not be exceeded
without impairing the physical properties of the graphite. In addition it
was assumed that the coating volume displaced core graphite only. This

assumption was made to keep the thorium and uranium loading in the core
constant. The core composition with the aluminum oxide was kept constant
for all the blanket cases. In the blanket, the two extremes of having all the
particle coating displace graphite only and then displace thorium oxide only
were both investigated first by removing the material the coating displaced

and then inserting the coating. When the aluminum oxide coating displaced
the graphite the volume ratio of coating to particle was kept at the same
value as when the thorium oxide was displaced. The blanket particle
coating variations examined are indicated in Table 2.7. In a separate
series of cases, the core and blanket carbon densities were varied from
1.65 to 1.95 gms/cc.

(7) See Fig. 3-6 NYO 2706.
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TABLE 2.7

Blanket Particle Coating Cases

Case Carbon
Density

Volume Fra
Graphite

action of Sphere
ThO2 Coating

1 1.65

2
3

4
5

6
7
8

1.65
1.65

1.65
1.65

1.52
1.52
1.52

9 1.40

0.85

0.85
0.85

0.707
0.707

0.85
0.85
0.85

0.707

0.15 0.0 A1 2 0 3 on core particles for
this and all cases after.

0.0768 0.0732 ThO2 removed only
0.0768 0.0732 ThO2 removed and

A1 2 O3 added
0.15 0.143 Graphite removed only
0.15 0.143 Graphite removed and

A1 2 O 3 added
0.15
0.0768
0.0768

0.15

0.0
0.0732
0.0768

ThO2 removed only
ThO2 removed and
A1 2 O 3 added

0. 143

The changes that occur in reactivity, peak-to-average power density
and conversion ratio are shown in Table 2.8 for the sequence of cases
listed in Table 2.7. Results for the sequence of cases in which the
graphite density was varied are given in Table 2.9 and Figures 2.15 and
2.16.

Figure 2.15 is a plot of core graphite density versus blanket graphite
density with parameters of constant reactivity. It is apparent that the
reactivity is about ten times as sensitive to core graphite density changes
as compared to blanket graphite density changes for the particular core
analyzed. It is therefore expected that in a case where the blanket is
heavily loaded as it was in the above cases, that the greatest decrease
in reactivity that would occur when including the oxide coating in the core
and blanket (see Table 2.8) is of the order of 4%. If it is assumed that
the density of the graphite in the blanket must be decreased to accommodate
the heavy loading of thorium, then the decrease in reactivity that occurs
when including the oxide coatingis of the order of 5%. One way this
decrease in reactivity could be offset would be by increasing the core
graphite density approximately 6%.
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TABLE 2.8

Effects of Adding Aluminum Oxide Coating to Core And Blanket Particles

Case Remarks Reactivity

K
All Cases Contain Uniform 39% Voids

Change in

Reactivity

AK

Conversion Ratio Peak/Average

Blanket Total Power Dens.

Base case; No. A1203 coating 1.000 .32 .45 1.57
0 Removed C from core that Al2 03 would displace .860 -. 140 .41 .54 1.46

1 Added A12O3 to core in case 0 .965 -. 035 .35 .48 1.54
2 Removed ThO2 from blanket in Case 1 equal .978 -. 022 .23 .36 1.49

to the volume that A12O3 could displace

3 Added A1203 to blanket in Case 2 .984 -. 026 .24 .37 1.47
4 Same as case 1 but minus the C that .950 -. 050 .31 .44 1.58

Al2 03 could displace in the blanket
5 Added A12O3 to blanket in case 4 .961 -. 039 .33 .46 1.55
6 Same as Case 1 but with blanket graphite .959 -. 041 .33 .46 1.55

density reduced from 1. 65 to 1. 52

7 Removed ThO2 from blanket in case 6 that .969 -. 031 .22 . 35 1. 52

the A12O 3 could displace
8 Added A12O 3 to blanket in Case 7 .977 -. 023 .23 . 36 1.50
9 Same as in Case 6 but replaced volume of .951 -. 049 .30 .43 1.58

blanket graphite by volume that A1203 could

displace.



TABLE 2.9

Effects of Varying Graphite Density

Case Graphite Density in
Core Blanket

10
11
12
13
14
15
16
17
18

1.65
1.65
1.65
1.65
1.75
1.85

1.95
1.85
1.95

1.65
1.75
1.85
1.95
1.75
1.85
1.95
1.75
1.75

Keff Peak to Average Conversion Ratio
Power Density

0.925
0.930
0.935
0.940
0.981
1.032

1.080
1.028
1.072

1.506
1.498
1.485
1.473
1.534
1.555
1.575
1.567
1.598

.5376

.5463

.5581
.5690
.5150
.4977
.4811
.4876
.4635
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Figure 2.16 shows the effect on reactivity that one obtains when
the graphite density is held constant in either the core or blanket and
simultaneously varied in either the blanket or core.
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2.2.3 Special Core Studies

Special studies were made of two radial flow cores and an axial

upflow power core.

In the radial flow core, the coolant enters vii, a void central region.

Two types of radial flow cores were selected for study. Both were 12

foot right circular cylinders of an L/D of one with a 50 cm mobile pebble
blanket or reflector. They differed in that one had a 3 foot diameter void

central region (Type I in sketch A) and the other had a 2 foot central graphite
post surrounded by a 1 foot void annulus (TYPE II in sketch A).

/ I
~- 6 -'in i- 6

TYPE I

/21

TYPE II

RADIAL FLOW CORES

SK A
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For each type core, the C:Th-232:U-233 atom ratio in the fuel region was

maintained at 5000:30:1 while the blanket composition was taken in turn

to be 50 wt % ThO2 , 25 wt % ThO2 and zero wt % ThO 2 , all with an average
voidage of 39%. Since the GNU program will not permit a void region to be

described as such, the presence of the void in each type core was represented

by specifying a small oxygen number density and a zero axial buckling for

the void region. A slight depression in the flux that would occur near the

void boundary due to the neutrons passing from a region of high importance
(the core) to a region of low importance (the void) does appear in the flux
plots for these cases (see Figure 2. 18). It was considered beyond the

scope of the present work to study methods of approximating more closely
a transport solution for the flux near the void by using appropriate input
to the GNU program.

Radial power density profiles for each blanket composition in the
Type I and Type II cores are shown in Figures 2.19 and 2.20 respectively.
The variations in conversion ratio, reactivity and peak power density for
each type core are shown in Figure 2.21.

The axial upflow power reactor studied contained a cylindrical core
region 17.5 feet in diameter and 14 feet high. Surrounding the core region
was a 15 inch mobile graphite reflector and a 2 foot graphite wall. The

power density distribution was obtained for the case in which the core

contained a 5000:1 carbon to U-233 ratio (364 kgms of U-233) and a thorium

concentration such that the reactor was critical. The radial power density
distribution appears as Figure 2.23. Two group radial fluxes for the core
are shown in Figure 2. 22.
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2. 3 Reactor Design Studies

2. 3. 1 Thermal Output

The gross thermal output of a Pebble Bed Reactor core varies

appreciably with the nature of the core geometry and the flow path. Two
basic flow configurations are possible, axial or radial flow. Within each

type two flow directions are possible, axial upflow or downflow and radial
inflow or outflow.

For fixed temperature limits and working fluid, the specific output
is determined by fuel element temperature limits, fuel element size,system

pressure, core length and the pumping power. Rather than making a para-

metric survey of the effect of all these variables, a number of cores of

fixed geometry were selected and their limiting output determined as a

function of fuel element temperature limits from a detailed thermal analysis

using a machine code identified as COOLBALL and briefly described in

Section 4. 5.3.

In order to prepare input data for this analysis, it is necessary to

make preliminary estimates of performance and general characteristics

and in order to make these estimates it is necessary to have an idea of

the output limitations of the various type cores to be studied.

Table 2. 10 present the survey conditions used in this analysis. If
fuel element temperature limits are neglected but gas temperatures defined,

the specific output of these three type cores can be expressed as follows:
(See equations 47, 51 and 65, Section 4. 5).

Q = 2.08 [(AP/L)1PD' . 5 /L for axial upflow (11)

Q = 2.76 P(vD )'5/L . 5 for axial downflow (12)
p5Q = 5. 5 P(vD )' /L" for radial flow (13)

p
where:

3
Q = output per unit volume - BTU/sec/Ft-

P = system pressure - Lbs/Ft2

DP = fuel element diameter - Ft
L = flow path length - Ft
L"= (R2 2 - R1 2 )(1/R2 - 1/R1). 5 where Rl = inner radius and

R2 = outer radius of a radial flow core
AP/L = Specific pressure drop - Lbs/Ft3

v = ratio of pumping power to heat transferred
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TABLE 2.10

PBR Core Survey Conditions

Working Fluid

Gas Constant

Specific Heat

Inlet Temperature

Outlet Temperature

Temperature Rise

Mean Bulk Gas Temperature

Pr andtl Number

Vis cosity

Voidage

Specific Pressure Drop

Pumping Power to Heat Transferred

Thermal Conductivity of Graphite

R

C
P

T1

T2

St

T
g

Pr

e

AP/L

v

k

Ft-Lbs/*OR

BTU/Lb/*F

OF

OF

LF

OF

Lbs /Sec/Ft

%

Lbs/Ft 3

BTU/Sec/Ft/*0 F

Helium

386

1.25

550

1250

700

900

0.75

0. 000025

39

56

0.5 & 1

0.004
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The limiting specific pressure drop AP/L of an axial upflow core is
80% of the bulk weight of the bed, above which the balls are disturbed by
flow forces. Fueled spherical graphite elements have a nominal weight
of 70 Lbs/Ft 3 and a limiting AP/L has been set at 56 Lbs/Ft 3 . The ratio
of pumping power to heat transferred v is an economic limitation. It has
been arbitrarily set at 1. 0% for axial flow and 0. 5% for radial flow cores
for preliminary surveys. System pressure level P is dictated by pressure
vessel limitations and has been set at 1000 psia maximum. Fuel element
diameter is a function of specific output and maximum allowable tempera-
ture and again has been arbitrarily set at 1-1/2 inches minimum since this
is an economical size and one on which a great deal of development work

has been accumulated. It is difficult to state at this time what the maximum
fuel element diameter would be if there were no temperature limits. Con-

siderations are principally impact strength of the balls and the surface
coating, if used. Tentatively the maximum diameter has been set at three
inches.

The specific and gross output of these three type cores as a function
of flow length is given in Figures 2. 24 and 2. 25 assuming:

AP/L = 56 Lbs/Ft 3

v = 1% & 0.5%
P = 1000 psia
D = 1.5 inches

p

The practical output attainable from these cores is set by fuel
element temperature limits, which are: a surface temperature of 2000*F
where a siliconized silicon carbide coating is used on a fuel element to
prevent graphite oxidation, a central temperature of 2200*F for an element
loaded with Al2 O coated fuel particles and a central temperature of 3600 F
for an element loaded with PyC coated fuel particles. Fuel element tem-
peratures are a function of the specific output, core geometry and power
distribution and are determined by a detailed thermal analysis using the
machine code described in Section 4. 3.
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2. 3. 1. 1 Axial Flow Core

A first estimate of the output and characteristics of axial upflow and
downflow cores was made using the relations developed in Section 4.5. The
L/D was assumed as one. The maximum pressure level was set at 1000
psia and the minimum fuel element diameter at 1-1/2 inches. The fuel
element temperature drop was set at 180*F and other conditions as listed
in Table 2. 10, where applicable. Figure 2. 26 presents gross output U
of axial upflow and downflow cores, system pressure level P and fuel
element diameter DP, between the limits of P < 1000 psia and Dp >?1. 5
inches at a ATb of 180* F. Table 2. 11 lists the characteristics of three
cores selected from this survey for a detailed thermal analysis.

Table 2. 12 presents the results of the detailed thermal analysis of
these cores. From inspection of the data it is seen that both the 200 0 *F
surface and the 2200*F center temperature limits set for a SiC Si coated
element loaded with A1 2 03 coated particles are exceeded. Further, the
difference between the local gas temperature at the hot spot and the allow-
able surface temperature is so small as to preclude any practical derating
of the cores to make them acceptable for use with this type fuel element.
The remedial action that must be taken to make these cores acceptable is
to reduce the peak to average power generation by reducing the thorium
content of the blanket.

The temperature rise factor Fst can be expressed as:

P < /1)6d 2(14)

A plot of Fst vs. 4/10a is given in Figure 2, 27, which is based on the
data given in Table 2. 12. It will be noted that Fst varies from 1. 0((4a)
to 1.0 8 (4/$a) over a range of /$a from 1. 0 to 2. 0. In order not to exceed
a. ball surface temperature of 200 0 *F the peak to average power generation
of these core should be reduced 10% to 15% or to a 4/j = 1.70.

If the thorium content of the blanket in the 9 foot downflow core is
reduced to yield a peak to average power generationof 1. 7, the gas tem-
perature rise to the hot spot will be of the order of 1300* F. Following
are the estimated ball temperatures-
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TABLE 2.11

Estimated Performance & Characteristics
Thermal Survey Cores

Case No. Fluted Wall
Smooth Wall

Diameter - Ft (L/D=1)
U233 Loading - Kg
Flow Direction

Output, Q - tMW
Weight Flow, W-lbs/sec
Pressure, P - psia
Ball Diameter, Dp - in

Assumed Power Distribution
(See Section 2)

7010
7011

7012 8010
7013 8011

6
35. 0

Down Up

126
1 36
735
1.5

70
77.4
1000
2.0

Case # 30023

Down

330
367
1000
1.7

8012 9010
8013 9011

9
35.8

Up

175
188. 5
1000
2.3

Case # 40013

9012
9013

12
54.9

Down

805
872
1000
2.3

Up

540
582
1000
2.9

Case # 50015
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TABLE 2.12

Thermal Analysis of Smooth Wall Axial Flow Cores

Core Dia. & Length
Smooth Wall 6' 9' 15'

Flow Down Up Down Up Down Up
Case# 7011 7013 8011 8013 9011 9013

Gross Output - MW 129 72.8 329 176 827 550.5
W - Lbs/sec 136.3 77.4 367 188.5 872 582

Average Conditions

Q - BTU/ sec-Ft6  720 407 545 291.7 296 196.9
T - *F 550 550 550 550 550 550
St - *F 716 714 698 708 719 718
T2a - OF 1266 1264 1248 1258 1269 1268
ATf - *F 138 168 112 141 98 115
Ts - *F 1046 1075 1011 1045 1008 1024
ATb - OF 184 184 179 181 181 184
Tc - *F 1230 1259 1190 1226 1189 1208

G - Lbs/sec-Ft 2  4.74 2.74 5.77 2.96 4.93 3.29

ideal .- 0-.93 .11 1.02 .21 .88 .31

OP/L - Lbs/Ft3  292 50.2 275 59.5 150 53

Hot Annulus
6t - *F 1549 1571 1531 1463 1706 1685
T2 - OF 2099 2121 2081 2013 2256 2235
T2 /T2a - (Abs) 1.48 1.38 1.49 1.44 1.57 1.56

0/Ia - (Radial) 1.88 1.88 1.93 1.93 2.06 2.06

Hot Spot
Q - BTU/sec-Ft 3  793.3 449.1 631.5 332.9 356.8 237.6
St - *F 1465 1486 1448 1385 1612 1622
Tg - *F 2015 2036 1998 1935 2162 2172
AT f - *F 164 201 134 162 128 149
Ts - *F 2179 2237 2132 2097 2290 2321

ATb - OF 159 159 163 162 172 176
Tc - *F 2338 2396 2295 2259 2462 2497

4/4a 1.1 1.-1 1.16 1.14 1.2 1.21
G - Lbs/sec-Ft 2  3.78 2.11 4.57 2.54 3.82 2.53
G/Ga .80 & 77 .79 .86 .77 .77
F6 t 2.04 2.08 2.07 1.96 2.24 2.26
FAT f 1.19 1.20 1.19 1.15 1.30 1.30
FATb .86 .86 .91 .89 .95 .95
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($/#alr 1.70
T 1 550'F
bt to hot spot 1300
T at hot spot 1850

AJf 128
Ts 1978
ATb 172
Tc 2150

This serves to show the value of flux flattening in a core of this type.
Extremes are shown in Figure 2. 28 giving the radial power distribution for
a 12 foot core with a blanket containing 50% thorium compared to the same
core with no thorium in the blanket. It will be noted that the peak to average
power generation drops from 2. 065:1 to 1.4:1 and the peak point shifts from
the center of the core to the reflector interface. In a smooth wall bed the
flow is maximum at the reflector interface resulting in a closer matching
of flow and power distribution and a further reduction in temperature.

A thermal survey was made of a core of this type for an experimental
reactor (8) of 10 tMW output and the results summarized in Table 2. 13.

Figure 2. 30 is a plot of specific mass flow G and gas temperature as
a function of core radius. Figure 2. 31 gives the local gas temperature Tg,
ball surface temperature Ts and ball central temperature Tc in the hot
annulus as a function of the axial distance through the core.

The vessel wall of a randomly packed bed of spheres influences the
orientation of the outermost row, forcing the spheres to form a smooth row
having a point contact of each ball with the wall and as a consequence, a
voidage of 100% at this point. Minimum voidage occurs half a ball diameter
in from the wall and in an infinite bed approximates the voidage of ortho-
rhombic packing, which is 39. 54%. This local voidage near the wall is
cyclic and levels off to 39% about four and a half ball diameters in from the
wall. If the perimeter of the bed is an increment of the ball diameter D ,
the wall can be fluted with grooves of a radius =D /2 permitting the balls to
close up the wall voidage, resulting in a voidage across the bed of essen-
tially 39% from wall to wall. This is shown in Figure 2. 32.

These three cores were analyzed using fluted walls and the results
presented in Table 2. 14.

(8) Work performed under this contract for ORNL.
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TABLE 2.13

Thermal Analysis of 10 tMW Axial Upflow Experimental Reactor Core

Length
Diameter
Output

Inlet Temperature

Outlet Temperature

Temperature Rise
Working Fluid
Weight Flow
Average Mass Flow

Ball Diameter
Inlet Pressure
Power Distribution
Voidage Distribution

L
D

T1y

T

St2

W
G
D
PP

Ft
Ft
MW
BTU/sec

* F

#/sec
#/sec/Ft 2

Inches
psia

2. 625
2. 625
10
9500
550
1250
700
He
10.85
2. 0
1. 5
725

Figure 2.29

Figure 2.29

Average Conditions

Film Temperature Drop

Ball Temperature Drop

Hot Annulus Conditions

Temperature Rise

Outlet Temperature

T IT
2max 2 avg

Hot Spot Conditions

Temperature Rise

Film Drop
Ball Surface Temperature

Ball Drop
Ball Center Temperature

St /St
x a

AT f/ATf

ATbX/ATba

78

ATf

ATb

St

T2

243
172

1100
1650
1.32

OF

F

*F

*F
*F

St

AT
Tb

AC
T

C

892
398
1840
212
2052

1.28

1.64

1.24
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TABLE 2. 14

Thermal Analysis of Fluted Wall Axial Flow Cores

Core Dia. & Length
Fluted Wall

Flow
Case #

Gross Output - MW

W - Lbs/sec

Average Conditions
Q - BTU/sec-Ft

T1 - *F

St - OF
T2a - *F
ATf - *F
Ts - *F
ATb - *F
Tc - *F2
G - Lbs/sec-Ft 2

Ideal - %
AP/L - Lbs/Ft3

Hot Annulus

6t - OF
T2 - OF
T2/T2a - (Abs)

4/4a - Radial

Hot Spot

Q - BTU/sec-Ft3

St - OF
T - *F

Ts - *F
ATb - *F
Tc - *F

G - Lbs/sec-Ft2

G/Ga

F t
FATf

FATb

6'
Down Up
7010 7012

130
136.3

726
550
722

1272
138

1049
186

1235
5.03
1.08

337

1418
1968
1.40
1.88

793. 3
1343

'1893
153

2046
160

2206
1.09
4.18

-83
1.86
1. 11

.86

73. 6
77.4

411. 5
550
722

1272
169

1080
186

1266
2.90

14
61.4

1391
1941
1.39
1.88

449. 1
1317
1867

185
2052

160
2212
1.09
2.41

83
1.82
1. 10

.86

9'
Down Up
8010 8012

15'
Down Up
9010 9012

331.5 179 832 552. 5
367 188.5 872 582

549
550
703

1253
113

1014
181

1195
5.96
1. 17
307. 5

1432
1982
1.42
1.93

631.5
1355
1905

128
2033

151
2184
1. 15
4.93

. 83

1.93
1.14

.84

296. 5
550
720
1270

141
1051

184
1235

3.09
.21

60.0

1458
2008
1.42
1.93

332. 9
1380
1930

161
2091
163

2254
1. 12
2.55

82
1.92
1.14

.88

297.5
550
723

1273

98
1010

182
1192
5.06

.96
164.4

1612
2162
1.51
2.06

356. 8
1524
2074

123
2197

171
2368
1.20
4.07

.80
2.11
1.25

.94

197. 6
550
721

1271
115

1025
185

1210
3.40

.35
59. 3

1601
2151
1.51
2.06

237. 6
1514
2064

142
2206

175
2381
1.20
2.73

.80
2. 10
1.24

,94

83



By use of this geometry it is possible to reduce the flow divergence
due to radial voidage variations and as a result, the fuel temperature.
Inspection of the data in Table 2. 14 indicates that ball surface tempera-
tures are reduced approximately 100*F over the range of cores studied.
This design feature can be used with a flux profile peaking on the core
centerline or at the reflector interface by varying the radius of the fluting
to yield the desired flow.

In summary, the flux depression at the core/blanket interface in the
core studied gives a peak to average power generation which results in
maximum fuel element temperatures which exceed the design limit of 200 0 *F
surface or 2200*F center. In order to make this type core acceptable, the
blanket thorium content should be reduced to the point where the peak to
average radial power generation < 1.70.

If all thorium is removed from the blanket the point of maximum
radial flux shifts from the core centerline to the core/reflector interface.

Since this is the point of maximum flow, fuel element temperatures will
be lower.

Fluting the wall to reduce the voidage at this point results in a re-
distribution of flow which effects a 100*F reduction in fuel element temper-
ature at the temperature level of these surveys.

As has been discussed in Section 2. 2, the power peak which exists
near a solid graphite boundary becomes more pronounced as the mesh struc-
ture defining the ball bed voidage in that region is made finer and finer.
When a uniform voidage is assumed, the power peak occurs at the wall and
as the mesh structure more accurately describes the voidage, the power
peak is seen to move to an annular ring approximately one half a ball dia-
meter in from the wall. Since this annular ring is also the region of mini-
mum voidage, it is reasonable to expect that the coolant flow in this region
will be a minimum and that temperatures somewhat higher than have been
predicted, will in fact be realized. The COOLBALL codes cannot now
account for this effect since they do not permit heat flow by conduction from
one mesh point to another. For this reason, COOLBALL II would predict
excessively high local temperatures in this region if a mesh spacing is
selected which is smaller than the ball radius. On the other hand, for large
mesh spacings, the local temperatures are probably slightly higher than has
been indicated. It will be necessary to modify the thermal code, COOLBALL

II, to correctly evaluate this temperature peak.
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2.3.1.2 Radial Flow Core

The pebble bed is one of the few reactor configurations which is

amenable to radial flow of the coolant. Such a scheme is attractive
because of the low pressure drop associated with the short flow length
and the possibility of achieving lower fuel element temperatures if the
gas is introduced at the point of maximum heat generation. The nature
of the geometry makes it desirable to use radial outward flow as it
eases the problem of gas distribution, results in a smaller central

gas duct because of the lower gas volume and introduces the cold gas
at the point of maximum power generation.

A study of the characteristics of such cores indicates that as far
as design parameters are concerned they are in a different category
than cores of the axial flow type. This is due to the short flow length,
which necessitates a lower ratio v of pumping power to heat transferred
in order to keep the volume flow to the core low enough to make the
system practical. As a consequence, a first estimate of the output and

characteristics was made using the relation developed in Section 4. 5
assuming the L/D as one and with a central gas duct one third the core
diameter. The maximum pressure level was set at 1000 psia and the
minimum fuel element size at 1-1/2 inches. The ratio of pumping power
to heat transfer was set at 0.5% and the fuel element temperature drop at

180*F. The limiting output for these conditions is given in Figure 2.33.

It will be noted that fuel element diameter is controlling under

these design assumptions up to a power output of 1000 tMW, i.e. a
maximum system pressure of 1000 psia was not reached.

In order to determine the nature of the design problems and the
temperature profiles resulting from the use of various radial power
distributions, two 12 foot diameter cores were selected for study.

Both were right circular cylinders of an L/D of one with a 50 cm
mobile pebble blanket or reflector. They differed in that one had a
3 foot diameter central gas inlet (Type I) and the other had a 4 foot
diameter central gas inlet with a 2 foot central graphite post (Type II).
These are described in Section 2.2 and the power distribution given in
Figures 2.19 and 2.20.

In order to appraise the effect of the radial power profile on fuel
element temperatures three of these cores were analyzed in detail, deter-

mining the fuel element temperatures on the horizontal centerline of the
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core where the axial flux is maximum. The cases studied were:

Case Core Blanket Composition
A 3' Central Hole 50% ThO - 50%C

2
B 4' Central Hole with Post 25% ThO - 75%C2
C 4' Central Hole with Post 100% C

The mean gas temperature rise was corrected by the peak to

average axial power generation rate to establish the gas temperature Tg

on the horizontal centerline. A specific output of 1 MW/Ft 3 (35.4 Watts/cc)
was assumed for convenience and the film and ball temperature drop
determined from equations 61 and 62 in Section 4. 5, where:

L-A = 2i,5o (q/q) Q o'DP3r'7  
(15)

AT .:108 QIDJ (16)

using survey conditions given in Table 2.10 where applicable and 1-1/2 inch
diameter fuel elements.

The resultant temperature of the working fluid, Tg; fuel element

surface, Ts; and fuel element center, Tc is given in Figure 2. 34.

From inspection of these data it is apparent that too much flux

flattening is detrimental to the thermal performance of a radial flow core,
because of the increased local to average power generation as the outer

boundary of the core is approached.

This analysis does not take into account flow divergence due to

maldistributions of temperatures but it is believed that this will not

be too severe due to the fact that the flow length is short and the peak to

average axial power generation is but 1.4:1.

This analysis was made assuming a rectangular core half-section.

It is possible, and in fact desirable for structural reasons, to make the
half-section trapezoidal in shape which increases the flow path length at

the top and bottom, thereby reducing the flow at the ends and increasing
it in the middle, equalizing the general temperature pattern.
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While the analysis was made assuming a chopped cosine axial flux
distribution, symmetrical about the horizontal centerline, in practice the

peak will be slightly above the horizontal centerline, favoring the end to
which fresh fuel is added.

The pressure drop through the core and blanket was determined from
equation 65 in Section 4.5 where:

t z'
(PQ a~~~ '-L (17)

17.Z P Op L Ra Re

The pressure drop through the Type B core is:

APc = 6.90 psi - For core

APb = .65 psi - For blanket
APt = 7.55 psi - Total

From Equation 51 in Section 4. 5 the ratio of pumping power to heat
transferred is:

1 = A P/I ,-7?JP Q= , 43 / ' (18)

The low core pumping power is an outstanding characteristics of
the radial flow core but the power expended in conducting the gas to the
core must not be overlooked and without careful design the total pressure
drop can equal or exceed that of an axial flow core.

In summary, the geometry of a radial flow core offers the possibility
of the use of a number of tools to control fuel element temperatures to the
point where pressure level and ball size limit the output. See Figure 2.35.
Power distribution presents some unusual problems in optimizing the gas
flow but they appear to be amenable to solution. Control appears to present
some problems but a detail study is necessary for a, solution. It is not
immediately apparent that the radial flow core is optimum for all reactor
outputs. It is certain that the same ball temperature can be achieved in an

axial flow core with a flat radial power distribution.
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2. 3. 1. 3 Power & Experimental Reactor Cores

There are two cores of primary interest in the further development
of the Pebble Bed Reactor concept. They are a power reactor core of
750 tMW output as would be used for a large central station power plant
and a 10 tMW core for bulk irradiation of fuel elements and development
of other features of the reactor concept.

Considering the power reactor core, three basic types will be com-
pared, assuming a system pressure level of 1000 psia and a core of an
L/D of 80%.

Equation (11), (12) and (13) can be rewritten expressing specific
output Q in MW/Ft3 of core volume and fuel element diameter Dp in inches

at a system pressure P of 1000 psia; a specific pressure drop AP/L for an
axial upflow core of 56 Lbs/Ft3 ; a ratio of pumping power to heat trans-
ferred v of 1% for an axial downflow core and 0. 5% for a radial flow core,
as

Q = p.8D 5 /L for axial upflow (19)

Q = 12. 1 D 5 /L. for axial downflow (20)

Q = 17.8 Dp 5 /L" for radial flow (21)
p

Figure 2.36 plots fuel element diameter DP against gross output Q

with core length L and modified length L" for radial cores, as a para-
meter.

From these data cores of a nominal 750 tMW output were selected and
the characteristics given in Table 2. 15. The diameters of the axial flow
cores dictate spherical pressure vessels and studies of radial flow cores
of this type indicate that a spherical pressure vessel is also best for this
geometry. These studies have also indicated an L/D of the order of 80%
to result in the smallest pressure vessel, considering the problems of top
and bottom reflectors.

The internal diameter of these pressure vessels was determined by
allowing three feet for side and end reflectors and setting the inside diameter
equal to the diagonal distance across the core in axial flow cases and the
core diameter plus reflector for the radial flow core. Pressure vessel wall
thickness t is determined using ASTM 212 Grade B plate having an allowable
working stress of 16, 600 psia with a 95% welded joint efficiency.
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TABLE 2.15

Characteristics of 750 tMW Cores

Type

Diameter

Length

Face Area

Volume

Gross Output

Specific Output

System Pressure

Fuel Diameter

Pressure Vessel

Wall Thickness

d -

L -

A-
s

V -

Q -

Q -

P -

D -

p

I. D.

t -

Ft

Ft

Ft2

Ft3

MW

MW/Ft 3

psia

In.

Ft.

In.

Axial

Upflow

17. 5

14. 0

240

3360

746

0.22

1000

3. 0

31

5. 8

Axial

Downflow

13.75

11.0

148

1630

762

0.46

1000

2. 0

26

4.9

Radial
Outflow

7. 5

6. 0(mean)

940

765

0.80

1000

1.5

13. 5

2. 5
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Field fabrication of all these pressure vessels is feasible although

the number of vendors who have shop facilities for forming plate in excess

of 4 inches and erecting in the field is limited.

The only justification for building an axial upflow core would be that
as dictated by hazards, based on the desire to have a natural means of re-

moving decay heat, i. e. by natural convection, in event of a power failure.

How realistic or necessary this is, is still an open question. It is clear

that the design problems associated with core support would be eased if the
cool gas were introduced at the bottom of the core. On the other hand,
other structural problems, associated with a large core, may be of equal

magnitude. There is little freedom of design in an axial upflow core as
the specific pressure drop AP/L is fixed by the bulk weight of the bed, in
contrast to an axial downflow or radial flow core where the ratio of pump-
ing power to heat transfer is an economic limitation which can be optimized
in terms of capital vs. operating cost.

Even at a ratio of pumping power to heat transferred of 1%, which is

quite nominal, an axial downflow core is half the volume of an upflow core

of equivalent output in this size. The possibility exists that this can be
further improved by optimizing capital and operating costs through vary-

ing the pumping power ratio. From a thermal standpoint fuel element tem-

peratures will be higher, but still below operating limits. The core grate

and support must operate at reactor outlet temperature which imposes a
more difficult design problem than that of an upflow core but one which is

not impossible.

Relative specific output and size overwhelmingly favor the radial out-
flow core. On the other hand, there are still unresolved problems regard-
ing gas flow distribution, ball flow patterns to achieve uniform burnup,

control and basic core design which have not been resolved to our complete

satisfaction at this time. This is a core type which should receive further
consideration and it may be that the feasibility of large pebble bed cores
will depend upon solution of its problems.

In order to determine the level of the thermal performance of large

PBR cores a detailed thermal analysis was made of a 750 tMW axial upflow
core.

Based on conclusions reached in the thermal analysis reported in
Section 2. 3, the peak to average radial power distribution of a 750 tMW
axial upflow core should be 1.70 in order to operate at rated power with
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fuel element surface temperature < 2000* F. This means the use of a re-
flected core or, adjusting the thorium content of a blanketed core until

this peak to average radial power distribution is reached. Since conver-

sion ratio increases with size, it was decided to design with a reflected

core, anticipating that the conversion ratio would be acceptable. The re-

flector would be a 15 inch thick mobile pebble bed, which was anticipated as

being of sufficient thickness to reduce the fast flux to a point where additional
fixed graphite would not be subjected to the possibility of radiation damage.

The nuclear design of this core is reported in Section 2. 2 and sum-
marized in Table 2. 16. A thermal analysis was made, assuming 715 tMW

power generation in the core and 35 tMW gamma heating in the blanket for
a total of 750 tMW. Results are summarized in Table 2. 17. Figure 2. 37
presents gas temperature and mass flow vs. radial position at the outlet.

Figure 2. 38 presents gas temperature and fuel element surface and central
temperature vs. axial position in the hot annulus.

With reference to an experimental core, its primary purpose is to
provide a facility for the bulk irradiation of fuel elements under "power
reactor" operating conditions. For the purpose of development this can

be defined as a specific output of 0. 5 to 1. 0 MW/Ft3 of ball bed at a sur-
face temperature of 2000 F. In order for this facility to provide results of

any statistical significance the bulk of the bed should operate under these

conditions which means that the radial power generation curve should be
flat and the rate of temperature rise high. Actually, power generation
contributes but little to fuel element temperature, the greater effect being
gas temperature rise to the local hot spot. Since a flat power generation
defeats this, the experiment should provide for operation over a range of
gas temperatures in order to reach maximum design temperature.

This point is illustrated in Figure 2. 39 showing the percentage fuel
elements in a 10 tMW core operating at or below a given temperature. The
average bed graphite temperature is 1215*F but less than 2% operate in the

maximum range of 1800 to 1900*F. This core had a peak to average radial
power generation rate of 1. 40:1, occurring at the core reflector interface,
where flow was a maximum. A ball bed reflector, which is desirable struc-

turally, will not only reduce but even out the mass flow through the core and
at the same time flatten the flux, particularly if a small amount of thorium
is added to the reflector elements. This, together with provision for opera-

ting at gas temperature rises of the order of 900 F should result in a fac-
ility having a large percentage of the elements operating in the maximum
temperature range.
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TABLE 2. 16

Preliminary Characteristics - 750 tMW Axial Upflow Core

Core

Diameter
Length
Face Area
Volume

d
L
As
V

Ft
Ft
Ft2

Ft3

17. 5
14. 0

240. 0
3370. 0

Ball Diameter
d/Dp ratio

Total elements

C/Th/U
Kg C
Kg Th
Kg U (Critical Mass)

Reflector, Mobile

Thickness
Length

Face Area

Volume

Ball Diameter
t/Dp ratio
Total elements

Reflector, Fixed

Thickness

In.

Z

t

L
AS
V

Ft
Ft

Ft2

Ft3

In.

Ftt

3.0
70.0

251, 000
5000/44/1

93, 850
15, 935

364

1,25
14.0
74. 0

1036. 0

1. 5
8. 0

566, 000

1.75

Nuclear Characteristics

Ke ff
ICR
Thermal Flux

Avg. over core region

Max. in core
Fast Flux

Avg. over core

Max. in core

Specific Power

Avg.
Max.

Power Density
Avg.

Max.

1.00
1.017

2

n/cm -sec

2s
n/cm2-secn/cm -sec

MW/Kg

MW/Kg

MW/Ft 3

MW/Ft3

13
7.2(1013)

9.5(10 )

14
2.0(10 14
3.2(10 )

2.06
2.80

.22

.30
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TABLE 2.17

Thermal Analysis 750 tMW Core
(Two Ball Region)

Core Dia. & Length 17.5 & 14.0 Ft.
Flow Up

Case # 10001
Gross Output - MW 713

W - Lbs/Sec 755

Average Conditions
Q - BTU/Sec-Ft 3  200.7
T1- *F 550

bt - *F 712
T2a - *F 1262
ATf - *F 128
Ts - *F 1390

A'Tb - F 205
Tc - *F 1595
G - Lbs/Sec-Ft2  3.14

v Ideal - % .268
AP/L - Lbs/Ft 3  47

Hot Annulus

St - *F 1016
T 2 - OF 1565
T2/T2a - (Abs.) 1.18

/a - Radial 1.354

Hot Spot
Q - BTU/Sec-Ft3  108.7

St - *F 1016
Tg - *F 1566
ATf- *F 60
Ts - OF 1626

ATb - *F 97
Tc - OF 1723

/Oa .541
G - Lbs/Sec-Ft2  2.892
G/Ga .924
FSt 1.426
F ATf .469
F ATb .473
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2. 3.2 - Reactor Design

A study of the downward flow of balls through a randomly packed bed,
simulating the operation of a continuously reloaded reactor discharging
balls one at a time, discloses that the rate of ball descent at any radial
position is dependent on the design of the bottom grate structure. Thus
the ratio of ball flow at any radial position, r, to the ball flow rate at the
bed centerline, ro, can be controlled, within limits, by the geometry used.
For example it should be possible to match any given radial flux profile
with a ball flow profile such that the product of flux and residence time is
essentially constant at all radial positions across the bed. Since the radial
flux profile is not the same at all elevations within the bed, it is of course
necessary to employ a radial flux profile which is an effective average of
the entire bed depth.

When balls are discharged one at a time at the bed centerline and
replaced as required to keep the upper bed level uniform, the fuel elements
move downward through the bed in essentially straight lines, i.e. there
is no radial component to the flow, and at a relative rate that varies with
their radial position. If the ball downflow rate at the centerline is twice
that at the wall, it appears that the balls do not depart from their vertical
descent until theyreach a point slightly above the intersection of the side
wall with the bottom grate, at which point they move radially inward to the
discharge port. Increasing the ball flow rate at the centerline to about 10
times the flow at the wall results in a marked increase in the radial
component of the flow, which radial component becomes more pronounced
as the balls reach lower depths in the bed. When a hood is used over the
outlet pipe, centerline flow is retarded and the flow profile is altered
considerably. The hood and its design represents an additional degree
of freedom in regulating ball descent rates. Based on experiments to date
there are no practical conditions which result in indiscriminate mixing of
balls within the bed (after initial loading). There are numerous practical
advantages which occur from this observation, as will be pointed out.

This flow characteristic makes it possible to build a reactor which is
physically a single-region reactor, yet containing annular regions which
can be loaded with fuel elements of varying composition. Loading is
controlled by the use of annular rings located at the top of the core, which
define the zones of varying fuel element composition. These annular rings
extend slightly into the top of the bed to prevent intermixing of fuel elements
of different composition when loaded into the reactor. Once a fuel element
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comes to rest on the upper surface of the bed and starts to travel through

the reactor, it will travel in an essentially vertical path until it reaches

the bottom grate. This flow path is shown in Figure 1.6 . Mixing of fuel

elements at the interface between areas defined by the annular loading

rings, does not occur.

This characteristic can be used to advantage to obtain a two-region

reactor containing a core and reflector, yet without the need for a physical

barrier to separate the two regions. Multi-region cores are also possible,

if they have other advantages which make them desirable.

As yet experiments have only been performed on the flow of balls of

a single uniform size. Flow studies must still be made using balls of

different sizes in different regions to determine whether any unforeseen
interactions will result which might alter the conclusions drawn at this
time.

Depending upon reactor size and the composition of the blanket or

reflector, the power generation can peak on the core centerline or at

the core reflector interface. On the other hand, depending upon whether
the core wall is plain or fluted, the voidage is maximum at the wall or

essentially constant at all radii. To satisfy continuity, the pressure drop

is the same through all annular areas of the bed. However, flow through

annular areas is a function of bed depth L, local temperature T, fuel

element diameter Dp and voidage E . Thus by varying fuel element dia-

meter in annular regions as a function of local temperature, and radial

voidage as a function of flux profile, the flow through the bed can be con-

trolled so as to divert the flow of the reactor working fluid to regions of

maximum heat generation and highest fuel element temperature.

One of the major problems in the design of a Pebble Bed Reactor

core is that of bottom grate and core support. This bottom grate must

provide a flow passage area at least equal to and preferably in excess

of the flow passage area through the bed, i.e. 39% of the bed face area.
The grate must be smooth enough to allow the passage of balls across

its surface during unloading and not break up under differential stress.

While the gross load on the grate is insignificant, i.e. 70 lbs per square

foot per foot of bed depth, unit loads can exceed 100 psi per foot of bed
depth. This gross load must be transferred through a suitable structure

to the pressure vessel and its supports. In an axial upflow core the grate

and ball bed support structure will be operating at a reactor inlet temper-

ature of approximately 550*F. In an axial downflow core it will be

operating at a reactor outlet temperature averaging 1250*F with local
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hot spots that may approach 1600* F. In a radial flow core the grate

structure will have a radial temperature gradient from 550*F at the
center to about 100 0 *F at the periphery.

One of the problems in all gas-cooled reactors is to provide a top
reflector which can be placed close enough to the top of the core to be
effective as a reflector and yet provide an adequate flow passage for the
gaseous working fluid. One method of achieving this objective would be
by loading unfueled graphite balls on the top of the bed. Such a scheme
is of course impossible in a continuously loaded reactor, however, if a
bed of balls was welded together to form a permanent structure at the top
of the cores, the same effect could be achieved. Such a bed would be of

tetragonal packing where there are ten tangent neighbors, the volume of
a unit void is 1. 81 R3 and the voidage is 30. 19%. The limits of size in
which such a bed can be built is only limited by available furnaces.

"Welding material" is siliconized silicon carbide or pyrolytic carbon,
depending upon the vendor. This same type structure can be used as a
grate support where the grate is a graphite plate containing small dia-
meter holes of gross area equal to the bed voidage but small enough not
to interfere with the passage of the balls across the face. A model of
such a welded ball bed is illustrated in Figure 2.40.

All moderator graphite in a PBR core is in the fuel element matrix
and is discarded when fuel elements are withdrawn from the core and re-
processed. All blanket and a portion of reflector graphite is in the form
of spheres which is also withdrawn from the core. In addition a certain
amount of fixed graphite will be required to supplement the mobile blanket
or reflector. This fixed graphite will be coated with silicon carbide or a
similar oxidation-resistant material to prevent local disintegration in
event of a system leak. A type of fixed graphite structure that might be
used is illustrated in a model photograph, Figure 2.41. This particular
design consists of interlocking molded hexagonal graphite blocks, approx-
imately four inches across flats. The geometry of the ends is such that
a butterfly type joint is obtained in stacking, making a structure that is
extremely stable with respect to transverse loads.

System pressure has a strong influence on a specific core output
and as a consequence it is essential to establish vessel limitations and
associated pressures. Pressure vessel limitations, i.e. size and plate
thickness are specific to manufacturers as dictated by shop equipment,
location and practices. The limiting outside diameter of shop fabricated
vessels is 13 feet where shipment is by rail and 20 feet where shipment
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is by water. Maximum recommended plate thickness is eight inches.
The quality is questionable at thickness in excess of this dimension.
There is no limit in size of field fabricated vessels. Plate thickness is
limited to eight inches where the plates are shop-formed and shipped to
the site for assembly and four inches where the plates are field-formed. (9)

The plate thickness of the wall of a cylindrical vessel is twice that

of a spherical vessel at the same pressure level and since the greater part
of the cost is in forming dies, there is a strong incentive to use a spherical
vessel. In general but one die is required, welds are but one third to one

fourth the volume and stress relieving of welds can be accomplished in a
much shorter time. Balanced against these savings are the additional
cost of biological shielding and secondary containment. If size does not
dictate a spherical vessel, both designs should be studied in detail before
a final selection is made.

Pressure vessels for the cores investigated are sized in accordance
with Section VIII of the ASME pressure vessel code using ASTM SA 212

Grade B. Firebox Quality material having an allowable stress of 16, 600
psi, with 95% joint efficiency, up to 650*F. The inlet coolant gas flow
(550*F) is so arranged that the pressure vessel and piping are only exposed
to this temperature. Code interpretations (case 1234) state that the vessel
thickness can be determined from pressure considerations alone, provided
that the thermal stress is limited to not more than 50% of the allowable,
No attempt has been made in this survey to determine the thermal shield
thickness required to hold the thermal stress to half the allowable and
vessels are sized on pressure consideration alone.

During the course of this study a number of preliminary designs were
made of various reactor configurations. These design studies are shown in
Figures 2.42 to 2.45 inclusive and represent: a two-region axial downflow
core in a spherical pressure vessel; a large single-region axial upflow core
in a spherical pressure vessel; a radial outflow core in a spherical pressure
vessel.; and, a small experimental axial upflow core in a spherical pressure

vessel.

There are a number of design features which are common to all of
these studies. Formally packed ball beds, either loose or welded are used
as structure, reflector and gas passage. Co-axial gas ducts are used to

(9) Personal communication from Babcock & Wilcox.
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handle hot gas and reduce the number of vessel penetrations. Annular
rings are used to divide core regions of different composition. Core
structure is retained within and supported by the thermal shield. All
fixed graphite is coated with silicon carbide or other oxidation-resistant
material to prevent loss in event of excess oxygen in the system. Where
possible inlet and outlet pipes are brought in tangentially to a ball bed re-
flector in order to make the free flow area through the bed equal to that
of the outlet gas duct. Ball loading tubes are brought into the core in a
serpentine path which serves to decelerate the ball before entering the
core and also prevents neutron streaming. Spent fuel is retained in the
reactor in an unloading duct on the core centerline and the unloading
valve is external to the reactor. Control rods are bare or carried in
removable, heavy wall graphite tubes. Control rod requirements have
not been determined. In view of the fact that there is no excess reactivity
to be overridden and their purpose is for startup and scram, the number
required will vary from six to twelve, depending on core size.

Figure 2.42 illustrates a design study of a two-region axial downflow
core contained in a spherical pressure vessel. The co-axial inlet and
outlet pipe is brought in tangentially to the spherical bottom, terminating
at the face of a formally packed welded bed of balls. Inlet gas flows up-
wards between the thermal shield and fixed outer reflector to the top of
the core where it flows through a welded bed of balls, which act as the top
reflector and gas passage, to the core face. After passing through the
core and blanket in parallel, the gas flow through a perforated bottom
grate, through the bottom ball bed reflector and to the outlet pipe.

The core structure is retained within a thermal shield,which also
carries the weight of the core to the pressure vessel wall. This shield is
lined with graphite bricks, coated to prevent their loss in event of oxygen
contamination of the system. These bricks are restrained'by the cylindrical
structure and chevron-type joints on their four edges.

Figure 2.43 illustrates a large single region core in a spherical
pressure vessel. The principles of construction and gas flow are much
the same as followed in the design of the two-region core illustrated in
Figure 2.42. Since the fixed reflector within the core will see an appreci-
able flux and there is the danger of it breaking up under differential shrink-
age, a mobile ball reflector is to be preferred.

Figure 2.44 illustrates a design study of a radial outflow power
reactor core. This type is extremely attractive for large power reactors
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because of the high specific output that can be obtained with a low pumping
power. Referring to Section 2.2. 1, a nominal output of 750 tMW can be

attained with a core 7. 5 feet in diameter and 6. 0 Ft high. Major problems
of this type core design are: introducing gas into the central gas passage
without excessive pressure loss and neutron streaming; structure of the
central gas passage which is also the inner core retaining wall; structure
of the outer blanket retaining wall; backup reflector and gas passage; and
control location and operation.

Nuclear analysis of this type core has shown that the lowest fuel
element temperatures are attained with a high maximum to average power
generation, peaking on the core centerline. This dictates a highly absorb-
ing blanket in a two-region core. Nuclear analysis has also shown that
there is no great advantage to be obtained as regards flux peaking from
a central graphite post, so such a post can be omitted unless it serves
a structural purpose or is useful to reduce axial streaming.

The design study illustrated in Figure 2.44 shows co-axial inlet
and outlet ducts on the horizontal centerline. This appears to be the
optimum location for ease of gas handling in this type core. Gas enters
through the outer annulus of these co-axial ducts and all but a fraction,
which is introduced into the fuel discharge duct for removing decay heat, flows
upwards in the annular space between the pressure vessel and thermal
shield. Here it enters a radial inlet and flows to the inlet gas duct in the
center of the core. The inlet duct is fabricated of perforated zirconium
plate or bars, used because of its low capture cross section. Maximum
temperature of this structure would be of the order of 600 F, at the con-
tact point with fuel elements. The inlet duct terminates some three ball
diameters above the bottom grate to allow for passage of fuel and blanket
elements to the centrally located discharge duct.

Gas flows through the perforated wall,or between bars, of the central
gas duct and radially outwards; first through the core, then the blanket
and finally, the reflector. The outer blanket wall consists of a number
of curved panels constructed of vertical Monel bars, welded to circum-
ferential tie-rods. This type structure is dictated by the necessity of
providing a smooth vertical wall that will not interfere with the flow of
blanket balls during refueling.

The fixed reflector outside of the blanket balls is a formally packed
bed of spheres which act as reflector and gas passage. These balls would
be coated with silicon carbide to prevent oxidation in event of a leak of
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oxygen into the system. Structural continuity and shielding at the outlet
pipes is provided by a welded wall of steel balls.

Multiple serpentine loading tubes are provided for both core and
reflector regions.

The fixed graphite grate and top reflector are lined with zirconium
plate to prevent loose graphite, resulting from stress failures, from
getting into the core. The radial temperature gradient in this plate will
run from approximately 550*F at the centerline to 100 0 *F at the
periphery.

The reactor is fitted with a vibratory unloading valve on the verti-
cal centerline, external to the reactor proper, for unloading the core and
blanket, simultaneously.

The control rods in this concept are located on the horizontal center-
line between gas ducts. The rod is enclosed in a. graphite sheath in the
fixed ball reflector region but drives directly into the ball bed in the
blanket and core region, displacing blanket balls and fuel elements in its
travel into the bed.

Figure 2.45 illustrates a design study of a small axial upflow ex-
perimental reactor core. Two objectives in this design study were: to
reflect the core with a mobile bed of balls of sufficient thickness to
insure that additional fixed graphite would be in a low enough thermal
flux that it would not suffer radiation damage and; to provide a large
enough access port in the top of the vessel to insure that there would be
no problems in assembly of a first core of this type. In meeting this latter.
objective it developed that in order to provide a large enough access port
for service, there was interference with control rods and as a consequence
the port was made larger than required for adequate servicing, to contain
these rods. This also resulted in a reduction in the number of vessel
penetrations.

The core is contained in a spherical vessel which also serves as
the pressure vessel thermal shield. It is hung from the inner pressure
vessel wall at the equator to allow for thermal expansion, in all directions.
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Incoming gas enters the reactor through the outer annulus of a co-axial

pipe, collects in the access standpipe and flows downwards through the

space between the thermal and pressure vessels to the bottom where it

enters the core through four holes in the thermal vessel. Structural

continuity is maintained across these holes by a welded bed of steel balls,

providing gas passage, yet protecting the pressure vessel from flux.

Gas flows upwards through a formally packed bed of graphite balls, to and
through the bottom grate and into the core.

This formally packed bed of balls carries the weight of the core-
reflector bed to the thermal vessel and thence to the pressure vessel and
its support. The bottom grate is lined with a perforated zirconium plate
to provide a smooth surface for ball flow and a surface that will not break
up under the high local flux. The weight of the bed is carried through this
plate to the graphite ball bed and to the thermal vessel.

Gas flows upwards through the core, leaving the bed and passing
through a formally packed conical bed of graphite balls to the outlet pipe.
This upper reflector bed is supported by a spherical segment of welded
steel balls which form the bottom of a Monel hood which defines the hot
gas passage and prevents any fixed graphite in the top outer reflector,
that might break up, from falling into the core. This hood assembly rests
on the side reflector blocks which carry its weight to the thermal vessel.
The upper conical reflector is topped with a layer of steel balls which
serve the function of a thermal shield.

The thermal vessel, external to the core proper and the inlet and
outlet passages, is filled with fixed graphite which provides the balance
of the reflector.
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NOMENCLATURE

Where more than one meaning is assigned to a symbol, the con-
text in which it occurs indentifies the specific meaning to use.

D
Di & D2

Dlb & D2b
Dp

Fbt

FATf
FATb
G
Ga
IBR
ICR
L

L"

Nc

Nmax

Nth or Nt

Nu
N(r)

P

Pavg
Pmax
Q
R
Ri
R2

Tc or Tballcent)
Tg
Tin or Ti

Tout or T2
Ts

T2a
W
d

r

rmax

Core (fuel region) diameter
Fast & Thermal diffusion coefficient in core

i " " " blanket

Fuel ball diameter
Temperature rise factor = (St at hot spot/6t average)
Film temperature drop factor = (ATf at hot spot/ATf avg)
Ball " " " = (ATb at hot spot/ATb avg)
Specific mass flow through interstices
Average mass flow
Initial breeding ratio (> 1 in value)
Initial conversion ratio (< 1 in value)
Height of core or flow path length
Modified flow path (dimension of ft.to the 1. 5 power)
Carbon atom number density
Maximum number density of fissionable element.

occurring at rmax
Thorium atom number density
Uranium 233 number density
Fissionable element number density at radial

position r when R-r < 6d

Power density or system pressure
Average power density
Maximum power density
Output per unit volume
Core radius
Inner radius of radial flow core
Outer " WI "I "i I

Temperature at center of fuel element
Local gas temperature or Mean bulk gas temperature
Inlet gas temperature to core
Outlet gas temperature from core
Temperature of fuel element surface
Average outlet gas temperature
Weight flow rate
Fuel ball diameter
Radius
Core radius at which maximum fis sionable element

number density occurs
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NOMENCLATURE (cont)

AP
OTf
ATb

Els, Ela, Elf,

Elsb' slab

L2a, E2f 2ab

a.

6t
6t

vi
vl

V2

Pc
*/ a
Il and lb

+2 and 2b

Pressure drop

Film temperature drop

Ball temperature drop

Fast macroscopic cross-section for scattering,
adsorption and fission, respectively, in the core
and for scattering and adsorption in the blanket

Thermal macroscopic cross-section for adsorption
and fission in the core and adsorption in the blanket.
Capture to fission ratio
Distance in ball diameter from a boundary surface to

point of minimum voidage

Temperature rise

Average number of fast neutrons emitted per capture
in fissile material

Ratio of pumping power to heat tranferred

Neutrons emitted per fast fission
Neutrons emitted per thermal fission

Density of graphite

Ratio of local to average power
Local fast flux in core and blanket
Local thermal flux in core and blanket



Section 3.0

Primary Loop Activity & Clean-up

3. 1 Introduction

The primary coolant stream of all nuclear reactors carries some
activity due to one or more of the following:

a) Neutron activation of the coolant atoms
b) Neutron activation of corrosion products
c) Fission recoils into the coolant stream
d) Fission products diffusing into the coolant stream

The one part per million of He3 in natural helium results in some coolant
activation through an n-p reaction, producing tritium which is a source
of coolant activity common to all gas cooled reactors using helium as the
coolant. However, there is no need for concern over neutron activation
of corrosion products as there will be none formed because of the inert
chemical nature of helium. The development of fuel particle coatings to
reduce fission product leakage will also prevent fission recoils from enter-
ing the coolant stream, which leaves fission products that may diffuse
through fuel particle coatings and into the coolant stream as the principal
source of activity in the PBR primary loop and one which the major effort
of the PBR Fuel Cycle Development Program has been directed towards
overcoming.

This development has processed along two lines: one to develop a
fuel element which would retain essentially all fission products and two,
to develop means of removing fission products from the system in event
development of fuel elements capable of retaining fission products was
unsuccessful or the release was at a rate which would necessitate a moderate
degree of clean-up of the gas stream. Work reported herein deals with this
latter problem.

A number of methods of concentrating fission products in the gas
stream prior to removal from the system by other means, were examined
and of these a detailed study was made of the use of an ultra-centrifuge.
Such a system proved to be impractical and from this work there developed
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the concept of an adsorbing material carried in suspension in the gas

stream to be subsequently separated by a centrifuge or other means.

It has previously been determined (1) that a bypass adsorber would

not significantly reduce system activity unless bypass flows were in excess

of 1% of the system volume flow, or a concentrating device were used.
Since the study of a concentrating device proved to be impractical (2) it

becomes necessary to obtain a better understanding of adsorber characteristics
in order to investigate the practicality of high flow adsorber systems. This

problem was studied in detail and a new concept of adsorber design, based

on the saturation characteristics of an adsorber bed, was developed.

During the past few years a need has developed for helium of a higher

purity than has been commercially available. Work of Norton (3) indicated
that it could be obtained by separation of helium from a gas mixture by

diffusion through a silica glass barrier, provided the barrier could be made
thin enough and of sufficient area to filter practical amounts of gas. This

concept was reduced to practice by McAfee of Bell Laboratories by forming
glass as microtubing. This material is presently being made available on
a commercial basis by Corning Glass Works and others. Such a diffusion

cell offers the possibility of cleaning up the working fluid of a gas cycle
reactor system, irrespective of the level of contamination. In order to
study its feasibility, as compared with a charcoal adsorber bed, a separa-

tion cell was sized for a 125 eMW PBR.

(1) NYO 2373 - Progress Report-Pebble Bed Reactor Program

June 1, 1958 - May 31, 1959.
(2) NYO 2707 - Feasibility Study on Centrifuge Enrichment of the Bypass

Stream of the Pebble Bed Reactor.
(3) F. J. Norton, J. Am. Ceramic Society, 36, 90 (March 1953)
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3. 2 System Activity

The development of fuel elements for the Pebble Bed Reactor is
directed towards the complete retention of short-lived volatile fission
products which give rise to long-lived solid daughters. Some fission gas
leakage is expected and in order to have an indication of its level, a master
table has been prepared for fission products released from fuel elements,
expressed as curies of p3 andy activity. This table assumes complete
release of all fission products which are volatile at or below 2500*F and

their daughters, emitting y rays of at least 0. 5 Mev. Data are normalized
for 100 tMW reactor output and 100 days operation, at which time the

activity level is essentially at equilibrium. These data are presented in
Table 3. 1. In summary, the total y activity is 67. 64x 10 6 curies, the p
activity 77.51x 106 curies for a total of 145.15x10 6 curies per 100 tMW
at 100 days.

A PBR fuel element development target has been the retention of
sufficient fission products to reduce the equilibrium activity level by six
orders of magnitude. This is equivalent to a leakage factor (i.e. R/B,
rate of release/rate of production) of 10-6 which can be applied directly
to the equilibrium activity level. Applying this factor to the data in Table
3-1, the resultant system activity per 100tMW reactor output is given in
Table 3.2. This assumes that Br, Kr, I and Xe are gases and all other
elements are solids.

TABLE 3-2

System Activity Due to Fission Products in Curies/ 100 tMW

(Assuming an R/B of 10-6)

y + p3 P only Total

Solids 29.43 30.01 59.44

Gases 38.21 47.50 85.71

Total 67.64 77.51 145.15

Fuel elements for the Pebble Bed Reactor have been under develop-
ment for the past eighteen months under the Fuel Cycle Development
Program. A full-scale fuel element, representing the culmination of
these developments, has been subjected to high level irradiation at tem-
perature at the Battelle Memorial Reactor. The element, which was made
by National Carbon Company, consists of a 1-1/2 inch diameter molded
graphite sphere fueled with a dispersion of 4.75 grams of 93% enriched
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Fission Product Activity in 10 Curies
in Primary Loop @ 100 tMW Output, 100 Days Operation

Based on Complete Release of All Products Volatile @ 2500*F

Sr
2100

S

2.56
0.03
3.33
2.26
1.09

Y
4500

S

Zr

5400
S

I
363
G

Xe Cs
-208 1238

G S

Ba
2084

S

La Ce
3300 2550

S S

Total y + p Activity = 67.64 curies
Total p Activity = 77. 51 curies
Total Activity = 145. 15 curies

0.02

5.50
2.26
1.09

94 0.50 0.50 0.50 - - -

95 0.17 0.17 0.17 0.11 - -

130 0.01 -

131 1.44 0.02

132 3.78 -

133
134
135
136

1.57
9.70
4.92
3.91

5.61

1.72

137 2.28 4.83 0.03 0.03

138 2.88 4.67 4.67 - - -

139 1.51 2.14 2.14 2.14 - -

140 - 3.13 3.13 3.04 3.04 -

141 - 1.51 - 1.51 1.51 1.23

143 - 0. 17 - 0. 17 0. 17 0. 17

3.67 5. 77 3.05 3.33
3.66 16.81 13.82 6.61

7. 11
2.43

0.11 21. 4Z 7.35
10.58 16.45

4.67
5.30

5.21 4.55 1.40
1.68 0. 17 0

Element
B. P. F
State

Mass No.
83
84
85
87
88

Rb
1300

S

Br
138
G

0.40
0.92
1.26
2.35
2.40

Kr

-302
G

0.40

1.23
2.30
3.07 3.05

89
90
91
92
93

COr
P1

(WJ

3.89
4.34
3.33
2.26
1.09

3.89
4.34
3.33
2.26

Total -y
p



uranium, as UO2 in the form of -100 + 140 mesh high-fired shot. Each
UO particle is coated with approximately 55 microns of "vapor-deposited"
Al223, made by a process developed by the Battelle Memorial Institute

which produces a high-density, low-permeability form of this ceramic.

This irradiation was started in April 1960. Average irradiation con-
ditions were 1. 5 KW fission heat generation at a temperature of 1350* F.
As of October 1, 1960, the burnup was estimated at 5. 3 a/o of U 235.

These irradiation data are used as a basis of estimating system
activity by determining the fission product activity at various burnup rates
for a reactor of 100 tMW output. The assumption is made that the mechan-
ism for escape is the same at the various burnup rates investigated. The
results show that for a 100 tMW reactor, the total primary loop fission
product activity is:

Fuel Burnup System Activity System Activity in curies with

Atom % in curies Bypass Cleanup of two changes/hour

1.0 3000 77
3.0 59000 1530
5.0 91000 5800

The breakdown of activity according to isotopes is'given in Table 3. 3
for a 5 a/o fuel burnup.

Without specifying primary loop physical size and geometry, no spec-
ific radiation levels can be generated. However, some general comments in
regard to the above numbers can be made. At fuel burnups above 3 a/o the
majority of activity is from recoil release of Cs 137, assuming cesium is a
mobile fission product. This is the reason for relatively small total activity

reduction between 5 and 3 a/o burnups. Primary system radiation shielding
would be required for:

(1) All fuel burnups considered without primary system purification.
(2) Fuel burnups greater than 1% with primary system purification.

Latest BMI daughter trap measurements indicate Cs 137 release rates approx-
imately 104 less than assumed in this study. This can be interpreted as mean-
ing that cesium is not mobile and is released to the system only from escape
of its short half-life parent 3. 8m Xe 137.
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TABLE 3.3

100 MW(th) Reactor Primary System Fission Product
Activity Distribution

Total Activity Effective

Nuclide

Br83
Br84
Kr83m
Kr85m
Kr85
Kr87
Kr88
Rb88
Rb89
Sr91
Y91m
Y91
1131
1132
1133
1134
1135
Xe133m
Xel33
Xel35m
Xel35
Xe137
Xe 138
Cs137
Bal 37m
Cs138
Cs139
Ba139
Tel33m
Te134
Tel27m
Tel 27
Tel29m
Te129
Tel3lm
Tel31
Te132

Loop
Activity
Without

Fractional Puri-
Half
Life

2.4h
30m
114m
4. 36h
10. 6 y
78m
2.77h
17. 8m
15.4
9.7h
51m
58d
8. 05d
2. 4h
20. 8h
52. 5m
6. 68h
2. 3d
5. 27d
15. 6m
9. 13h
3.9m
17m
26.6y

2.6m
32m
9. 5m
85m
63m
44m
90d
9. 3h
33d
72m
30h
24. 8m
77h

in Reactor

(curies)

4.0 x 105
9.66 x 105

4.22 x 105
1.32 x 106
8.9 x 104
2.4 x 106

3.25 x 106
3.25 x 106
4.06 x 106
5.2 x 106
2.0 x 106
5.0 x 10 6

2.53 x 106
3.85 x 106
5.70 x 106

6.68 x 106

5.18x 10 6

1.41 x 105
5.67 x 106
1.58 x 106
5.45 x 106
5.18 x 106

4.83 x 106
6.76 x 105
6.23 x 105
5.10x 106
5.18x 106
5.18x 106
4.04 x 106
5.88 x 106
4.92 x 104
2.2 x 105
2.98 x 105
8.78 x 105
3.86 x 105
2.55 x 106

3.87 x 106

For 5 a/o Burnup:

For 3 a/o Burnup:

Recoil Activity
Diffusional Activity

Total Activity

Recoil Activity
Diffusional Activity
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Escape
), sec-'

8.02 x 10-5
3.85 x 10-4
4.45 x 10-4
4.36 x 10-5
2.14 x 10-9
1.46 x 10-4
6.95 x 10-5
6.95 x 10-5
6.2 x 10-4
8.25 x 10-4
8.25 x 1 0 -4
8.25 x 10-4

9.97 x 10-7
2.42 x 10-6
9.25 x 10-6
1.19 x 10-4
2.89 x 10-5

2.5 x 10-6
1.33x 10-6
2.8 x 10-5
1.21 x 10- 5

2.70 x10-3
6.79 x 10-4
8.3x 10-10
8. 3 x 10-10
2.36 x 10-4
1.62 x 10- 3
1.62x 10- 3

1.83 x 10-4
2.63 x 10-4
8.8 x 10-8
2.07 x 10-5

2.43 x 10-7
1.60 x 10-4
6.42 x 10-5
4.66 x 10-4
2.50 x 10- 6

Release

R/B

1.95 x 10-5
4.1 x 10-6
3.6 x 10-6
3.6 x 10-5
5.0 x 10-2
1.05 x 10-5

2.3 x 10-5
2.3x 10-5
2.6 x 10-6
1.9 x 10-6
1.9 x 10-6
1.9 x 10-6
1.6 x 10- 3

6.6 x 10-4
1.7 x 10-4
1.3 x 10-5
5.4 x 10-5
6.4 x 10-4
1.2 x 10-3
5.6 x 10-5
1.3 x 10-4
5.9 x 10-7
2.3 x 10-6
5.0 x 10-2
5.0 x 10-2
6.7 x 10-6
9.8 x 10- 7

9.8 x 10~7

8.7 x 10-6
6.0 x 10-6
1.8 x 10-2
7.6 x 10-5
6.5 x 10-3

9.9 x 10-6
2.5 x 10-5
3.4 x 10-6
6.4 x 10~4

fication

(curies)

8
4
2

48
4500

25
75
75
11
10
4

10
4100
2500
970

87
280

90
6700

88
710

3
11

33, 800
31, 200

34
5
5

35
35

890
17

1900
9

10
9

2500

Puri-
fication
Factor

6
2

1.9
2.0

1
1.9
1.9
1.6
1.5
1
1
1

560
8

61
2.8
20
12
13
1.6
10
1

1.6
4.9x105

4.9x105

2.1
1.3
1

3.4
2.6

4800
21

1700
3.5
63
1.9
160

Loop
Activity

Puri-
fication
1 change
/30 min

(curies)

1
2

1
24

4500
13
39
47

7
10

4
10

7
320

16
31

14
8

520
55
71
3
7

16
4
5

10
14

1
1

2

5
16

= 69,500
= 21, 300
= 90,800

= 0
= 59,200

4, 500
1, 280
5, 780

0
1, 530



The basic experimental data of fission product fractional release
rates (R/B) versus a/o burnup is given in Figure 3. 0. A best smooth curve

was drawn through the data. Using the smooth curve, a cross-plot was
made of R/B vs. isotope decay constant X shown in Figure 3. 1. The

effective decay constant for each of the isotopes experimentally observed

was determined by the addition of precursor and isotope half-life when the

precursors are considered mobile. The mobile isotopes were assumed to

be Xenon, Krypton, Bromine, Cesium, Rubidium and Tellurium. Tellurium
has been included in that in some previous fission product release studies
there were evidences of it, although the daughter trap studies by BMI
haven't as yet detected it. However, Tellurium has a strong tendency to

deposit out on surfaces slightly cooler than oxide fuel temperatures and it
may well be that this occurred before the helium reached the daughter trap.

The mean deviation of these data from a smooth curve correlation is
shown on one point in Figure 3. 1. In drawing a straight line through the

R/B vs. X data, the implicit assumption made is that the diffusion coeffi-
cients for Krypton and Xenon are equal. This seems to be a reasonable

assumption, because experimentally determined diffusion coefficients for

Xenon have been shown to be within the scatter of data for Krypton. (4) If
the assumption is made that fission product release characteristics of the

coated fuel particle did not change significantly in the time interval between
1 and 5% fuel burnup, than the R/B vs. X parametric curves should be par.

allel. Therefore, parallel lines were drawn which best fit the data for the

three burnup conditions considered. The maximum deviation of any one

point from the fitted line is a factor of 5. This is as can be expected if
diffusion is the mechanism for fission product release. The fractional
release value is proportional to the square root of the diffusion coefficient,
which at best has been measured for different U0 2 samples to within a

factor of 10 under similar experimental conditions. The fractional re-
lease values for all other mobile fission products were obtained from

Figure 3. 1 for the effective half-life. The maximum fractional release
value was taken as the fission product recoil value of 5%. The long-life
fission products were assumed to accumulate over a five-year operating
period (i.e. Cs 137).

(4) ORNL CF-59-8-90 "Study of Problems Associated with Release of
Fission Products from Ceramic Fuels in Gas-Cooled Reactors"
J. A. Lane et al., August 1959.
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It is significant that as the average half-life of the fission products

that are not held up increases, the efficiency of a bypass clean-up system
increases. This is shown in Figure 3. 2 where it can be seen that an in-

crease in the average half-life of system activity from 2 to 19 hours, in-
creases the decontamination factor of a bypass clean-up system on order

of magnitude.

Based on accepted yield and cross-sectional data for He3 , and
assuming no leakage from the system, the tritiun activity amounts to
400 curies per 100 MW(th) output per 100 days operation. With develop-
ment it is expected that the long life detectable fission products can be
maintained at a fractional release rate of 10-6. Setting R/B at 10-6 for

Xe 133 release level at maximum power reactor fuel burnup, corresponds
to the level of release in present study at 1 a/o burnup (see Figure 3. 1).
Hence with no purification the loop activity from tritium and fission prod-
ucts would be approximately 3400 curies at the end of a 100 day fuel cycle
five years after initial plant startup. This level of activity is such as to
preclude the possibility of direct maintainance during operation or after
shutdown. The major contributor to the activity is 26. 6 year Cs 137,
whose daughter, 2. 6 m Ba 137m is a hard gamma emitter. Therefore con-

tinuous purification is required. Present indications are that with purifi-
cation, the Cs 137 will preferentially deposit in the cooler (80* F) purifica-
tion loop. The effect is that with the assumed purification, the total act-
ivity at shutdown will be 477 curies. Since the major portion is tritium,

the system activity in the coolant will vary inversely as the system pres-
sure level. The proportions of gaseous and solid fission product activity
which will remain in the coolant stream, rather than plate out on surfaces,
is being studied in an in-pile loop program under Contract AT(30-1)-2378.
Assuming that all the tritium and gaseous fission products remain in the
coolant, then the transfer of the coolant from the primary loop to storage
vessels would reduce the total primary activity to 83 curies per 100 MW (th),

based on a reduction in primary loop pressure from the design value of

1000 psia to 15 psia after pumpdown. Further reduction in activity level
with time after shutdown is not achievable in that the contribution is now

essentially all from Cesium and Tritium.

If the latest BMI measurements of Cesium 137 release rates are sub-

stantiated in subsequent irradiation studies, primary loop direct maintain-
ance after shutdown can be realized. A reduction in cesium activity of 104
(using 7 x 10-6 R/B BMI measurement) would make Cs 137 insignificant in

comparison to other controlling fission product activities.
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Tritium activity, which is in no way related to fission product re-
lease and is present in the primary loop of every helium-cooled reactor
contemplated, is being added to a PBR system at a rate of about 3. 5 curies
per day per 100 tMW. Equilibrium tritium activity will not be reached in

the usable lifetime of a reactor power plant, hence it can be considered
as growing at a constant rate. However, since it is a soft p emitter, it
poses no radiation hazard external to the primary loop. There is, how-
ever, the requirements that the tritium concentration in air be no more than

7 x 10 -S C/cc. Hence, if a PBR system were in operation for three years
and its coolant had to be released to the atmosphere, it would have to be
diluted with 105 times its own volume with air to reduce the tritium acti-
vity to tolerance.
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3.3 Off-Gas Clean-up

Since it is inevitable that there will be fission products to some

degree in a PBR primary loop and provision must be made to take care

of an uncontrolled release, various methods of removing fission products

from the gas stream have been investigated. At present there is no

acceptable method known of processing the full stream flow due to

excessive pressure loss or size of equipment. If the average half-life

of the fission products in the gas stream is two hours, which is the case
where the R/B of all fission products volatile at reactor operating

conditions is 10-6,a reduction in system activity of one order of magnitude

can be expected if 1/1000 of the system volume is by-passed through a

clean-up system every second. (Figure 3.2) Since this reduction in

activity varies directly with the fission product concentration in the bypass

stream a number of methods of concentrating fission products in the gas

stream prior to passing them through a bypass removal system were

investigated. Of these the use of an ultra-centrifuge appeared to be the

most feasible and consequently, a study was made of such a device.

Three schemes were examined for removal of fission products from

a bypass stream, namely adsorption, absorption and filtration.

Charcoal adsorbers have been used for many years to remove volatile
radio isotopes from carrier gases, where flow was intermittant or of a

short duration, but comparatively little is known about the design of such

devices where flow is continuous. A search of project and open literature

has been made and no evidence has been found to indicate that charcoal

adsorber beds have ever been used for the adsorption of radio nuclides

under conditions similar to those which would be encountered in a continuous

off-gas adsorber in a PBR system. The nearest case was found in the HTR

adsorbers. However, these are operated under conditions sufficiently unlike

those of the PBR as to introduce uncertainty concerning the fundamental

adsorption mechanism involved in the two cases.

On the assumption that a charcoal adsorber for the PBR can be

analyzed by the same techniques used to analyze the HTR adsorber beds,

the decontamination factor obtainable with a reasonably large size bed

was determined. Since significantly higher flow rates would be required,

recourse was made to certain unpublished data of W. E. Browning on the

effect of superficial velocity through the bed on the number of equilibrium

stages per foot of bed depth. The overall results of this analysis are shown
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in Figure 3. 3. It can be seen that the decontamination factor obtainable
with a bed based on these design data is indeed insignificant, and is

probably not worth the added cost and problems associated with its use.

Based on these data it was felt that it was necessary to obtain a
better understanding of adsorber characteristics in order to investigate
the practicality of a high flow adsorber system. Since such a system
cannot have much depth in the flow direction, because of pressure drop,
the problem is one of determining the characteristics of a shallow bed.
If the half life of the adsorbate is of the same order as the saturation time

of the bed, the effluent concentration at saturation becomes asymptotic
at a value of C/Co less than one; where C is the concentration at any time
and Co the concentration at time zero. Fission product krypton and xenon

cover a wide range of half lives varying from one second or less, to stable
nuclides. If a mixture of these is passed through an adsorber bed, we
would expect the effluent concentration to vary with time, or throughput,

as indicated in Figure 3.4. Experimental work was undertaken to establish
whether or not a bed would have this characteristic and what the quantitive
relationships were between the pertinent variables.

Absorption as a means of removing fission products from a gas stream
has been studied by R. Manowitz and Co-Workers at BNL (5). For the most
part, organic hydrocarbon type solvents have been investigated and gas
solubility data has been presented. Insofar as PBR application is concerned,
the very stringent purity requirements placed on the primary helium stream

mitigate against the use of absorbers since the problem of purifying the gas
stream of the hydrocarbon solvent which it would pick up on passing through

the absorber is indeed a problem of comparable magnitude to the initial
problem of removing the fission products. For this reason no further
work was done on the use of absorption in connection with the PBR.

During the past few years a need has developed for helium of a higher
purity than has been commercially available. Work of Norton (2) indicated
that it could be obtained by separation of helium from a gas mixture by
diffusion through a silica glass barrier, provided the barrier could be made
thin enough and of sufficient area to filter practical amounts of gas. This
concept was reduced to practice by McAfee (6) by forming the glass as
micro tubing and the technique of producing it in quantities is being developed
by several firms.

(5) BNL 493(T-115) An Absorption Process for Recovery of Fission Product
Noble Gases.

(6) K. M. McAfee, Jr., J of Chem. Phys. 28, 218 (February 1958)
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While the optimum process would be one which would remove fission
product and other impurities from the gas stream without the necessity of

handling the bulk of the gas, the high efficiency of the diffusion cell prompted
an investigation of its use.

3. 3. 1 Ultra-Centrifuge

The use of an ultra-centrifuge as a means of concentrating the fission
products released to the primary gas stream into a relatively small bypass
stream has been studied under sub-contract by the Research Laboratories

for the Engineering Sciences of the University of Virginia. Results of this
study are presented in Ref. (2). The conclusions reached are that the
length of a centrifuge required is much greater than had been expected, due

to the extremely low concentration of contaminate, and that as a consequence
the annual operating costs would be prohibitive. The general results presented
in this paper may, however, be applied to a wide range of similar separation

and purification problems.

The analysis begins with the application of isotope separation theory
to derive formulas for the total length of centrifuge needed to attain a given
enrichment of a given bypass flow. Certain of the formulas for equilibrium
activity are written in terms of separation theory parameters. The combined
formulas allow the calculation of the length of the centrifuge v. s. the activity
reduction for different reactors and different bypass flows.

Typical results show, for example, that the following combinations of
flow and centrifuge length result in a reduction of final to initial system
activity of three orders of magnitude:

Flow Centrifuge Length
Lbs/sec Meters

55.5 0
53.9 100
51.0 1000
40.8 10000

Thus it is apparent that the centrifuge requirements to effect any
reduction of flow to an adsorber bed, or other gas clean-up system, are
totally impractical.
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3.3.2 Gas Suspension Analysis

In view of the adverse finding concerning a centrifuge a study of

decontaminating systems was made on the premise that the actual

equilibrium level of radioactivity in the coolant was in itself of minor

importance. The major problem being one of servicing and maintenance
which requires that the walls and hardware of the loop be kept sufficiently

free of activity so that they can be serviced with normal techniques after
the coolant is removed from the system. This work is reported in Ref. (7),

also prepared by the Research Laboratories for the Engineering Sciences

of the University of Virginia.

Several methods for the removal of fission products from the primary
loop of a gas cooled reactor were considered. These included static ad-
sorption, in which the gas was passed through an adsorbing bed and dynamic
techniques in which the adsorbent is recirculated with the working fluid.
Data on continuous adsorption were found to be essentially non-existent.

Since the suspended adsorbent offers a surface area of the order of
105 to 108 times that of the loop walls, there appears to be a good possibility
that the solid daughters of the volatile fission products may plate out
preferentially on the suspended solids and leave the loop walls at a
reasonably low level of activity. This approach seems to offer much
better possibilities for contaminate removal than adsorption techniques
involving the volatile products and it is recommended that further study
be directed in this area.

Preliminary experiments of at least two research groups have shown

that recirculation of suspended solids in the primary loop appears to be
feasible. However, adsorption data on such small particles is not available.

A detailed analysis for processing the entire loop flow and removing

the suspended solids by an ultra-centrifuge, if necessary or desirable, is
appended to NYO 2708.

(7) NYO 2708 Concerning Several Methods for the Removal of Fission
Products from a Gas Cooled Reactor.
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3.3.3 Charcoal Adsorber

A sub-contract was placed with the Scientific Research Staff of the
Republic Aviation Corporation to study the quantitative adsorption
characteristics of a carbon adsorber bed receiving a radioactive inert
gas in helium stream with the objective of measuring the equilibrium
transmission of the radioactive gas through the adsorber, to determine
if radioactive decay of the adsorbate permitted additional adsorption. (8)

The experimental curves of transmission v.s. time show than an
equilibrium value is reached and the fact that the value of transmission,
T, is less than unity is evidence that the radioactive decay of the adsorbate
permits further adsorption. Figure 3.5 presents the counts per minute
v. s. time of Kr 85m adsorbed on charcoal. The data points represented
by squares are the count rate at the inlet to the adsorber while those
represented by triangles are at the outlet of the adsorber bed. It can be
seen that the equilibrium concentration in the effluent stream is less than
that in the inlet stream. This was found to be dependent of the relative size
of the adsorber. The equilibrium value of transmission, T, is:

T -+ exp - (tp/2' ) (1)

where V is the mean life of the radioactive gas atom and tp the mean
propagation time of the adsorbate through a bed of volume V and is equal to:

V M
tp = - (f + kg) =M (f + kp) (2)

where M is the adsorber mass, q the gas flow rate, Q the bulk density
of the adsorber, f the void fraction of the bed and k the adsorption capacity
of the adsorber bed for the radioactive gas in question. Figure 3.6 presents
the measured results given in Figure 3.5 in terms of transmission, T, vs.
time in minutes divided by the half life of Kr 85m. Indicated on Fig. 3.6 is
the value of tp/T1/2, where tp is the mean propagation time of the krypton
85m atoms through the adsorber bed and the equilibrium value of transmission,
T, equal to 0.8019, for this particular bed.

The solution of equation (2) for a bed of length 1 is:

n(X) = n e - A tpX/l

(8) NYO 9068 Adsorption of Radioactive gases on Activated Carbon-
Republic Aviation Corp.
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so that the transmission T of Kr 85m through an adsorber bed of length 1

is:

T = n (1) /no = e - A tp(4)

Table 3.4 summarizes the results obtained. These results are plotted
in Figure 3.7 which shows how the equilibrium theory agrees with the
experimental measurements of the equilibrium values of the transmission
of Kr 85m through adsorber beds of different masses. Thus, these data
and this theory furnish a rational basis for the design of charcoal adsorbers
for the adsorption of Kr 85m. For example; an effectively infinite adsorber
bed can be designed by choosing the mean propagation time tp/T, large as
compared to the mean lifetime for decay of Kr 85m.

TABLE 3.4

Experimental Results-Transmission
Adsorption of Kr-85m on "Columbia" Type HCC 12/28X

Activated Carbon

Mass M, grams 3.8 6.8 14.2 75 3.8
(purged)

Count Rates, cps
Bed in Equilibrium-C 438 391 393 112 342
Bed Bypassed Co 464 430 488 430 536

Transmission C/Co .94 .91 .81 .26 .64

Propagation Time (tp/T1 /2) .10 .14 .32 1.74 .63

These experiments were performed in the BNL pile. Ten grams of
rubidium were placed in a high-flux region of the reactor where fast neutrons
converted some of the atoms to the radioactive noble gas, krypton - 85m,
by means of the neutron-proton reaction. The production rate at the target

in a fast flux of 1011 neutrons per second was about 2 x 107 krypton atoms

per second. The target was swept with a helium stream and the concentration
of Kr 85m in the helium stream was of the order of 10-12 atom fraction.

The decay scheme of Kr 85m is shown in Figure 3.8. The detection

of gamma rays was accomplished by observing the photoelectric peak in
an activated sodium iodide crystal. A single channel gamma scintillation
spectrometer was used to examine the spectra from krypton 85m. The
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150 kev line was selected for the counting since the rate available with this

line was more favorable than that with the 350 kev line. A window width

of one volt was used and positive identification of Kr 85m was achieved by
calibration with cesium-137.

Figure 3.9 is a photograph of the experimental apparatus and Figure 3.10

a simplified flow diagram of the experiment. Since helium contains small

amounts of stable krypton as an impurity this was removed by a chemical
dryer followed by a charcoal adsorber before helium was admitted to the

system. Stable krypton, a constituent of air, was removed from the charcoal

adsorber beds prior to a run by alternately evacuating and filling the bed with

purified helium.

The original concept of the experiment envisioned a few adsorber beds
that would be fitted with the necessary fittings to allow purging between

runs, however, it became necessary, due to lack of time, to replace the
beds after each run since this could be done in a few minutes where purging
would take hours. The geometry of the beds used is given in Table 3.5.

TABLE 3.5

Geometry of Adsorber Beds
("Columbia" Type HCC 12/28X Activated Carbon)

Carbon Inside Cross-Sectional Effective

Mass Diameter Area Length

(gms) (inches) (m2) (inches)

3.8 0.56 1.589 2.37
6.8 0.56 1.589 4.46
14.2 0.56 1.589 8.64
75.0 1.37 9.510 ~'6.5

During the course of these experiments the characteristics of beds

adsorbing Kr 85m only were determined. Before an adsorber bed, for

cleaning up an off gas stream, can be designed with certainty it is necessary
to establish tp and T for other fission product gases. The experimental

techniques used to obtain these data has been demonstrated and can be

readily adapted to study the adsorption characteristics of other isotopes,
the adsorption interactions between radio isotopes of different species and
the long term effects of in-situ decay on the adsorption process.

141



,,$ 1

Photograph of
Experimental Apparatus

Showing Flow Control

Panel

FIG. 3.9

142



METER

REACTOR
SHIELDING

HEL
SUP

INLET FLOW ADSORBER
COUNTING METER BED
CHAMBER

OUTLET
COUNTING
CHAMBER

TO
REACTOR

STACK

IUM
PLY

SIMPLIFIED FLOW DIAGRAM

CARBON ADSORPTION EXPERIMENT
H

~1

(G)



This experimental technique should also make possible basic research

on the fundamental mass transfer mechanisms which are involved in any

adsorption operation whether involving radioisotopes or stable materials.



3. 3.4 Diffusion Separation Cell

A diffusion separation cell consists of a tube bundle of glass micro

tubing as illustrated in Figure 3. 11. The glass is of known porosity

and separates gas molecules from a mixture according to size, using a

pressure gradient across the tubing as a driving force. Such a diffusion

separation cell offers the possibility of cleaning up the working fluid in a

gas cycle reactor system, irrespective of the level of contamination.

Specifically, in the case of the PBR, a diffusion cell would pass only
helium and hydrogen, holding back fission product gases and other

contaminants. Since the separative power of the cell increases with
temperature, it can be operated at the temperature limits of the materials

of construction. Since, however, a large pressure gradient is required
across the barrier, its application is limited to cleaning up a fraction of
the flow, as in a by-pass stream because of size and power requirements.
Even in a by-pass stream the operating costs can be large, which must
be balanced against the effectiveness of the device and the fact that virtually
no maintenance is required.

The cell consists of a glass barrier of known porosity which separates
gas molecules from a mixture according to size, using a pressure gradient
across the barrier as a driving force. Since one component of the mixture
diffuses through the barrier at a higher rate than the others, it is possible
to achieve a high degree of separation in a single stage. The rate at which
gases can be separated in a diffusion cell varies directly with pressure and
exponentially with temperature. The requirements for the barrier material
are that it be chemically and mechanically stable at high temperature, have
a good mechanical strength under high stress and have a selectivity towards
the gas being separated from the mixture. Clear fused silica and Vycor
glass meet the chemical and mechanical requirements. Neither of these
glasses are attacked by chemicals, other than strongly alkaline solutions

or hydrofluoric acid. Thermal effects such as phase change are not observed

below 1000*C and the strength of fused silica fibers under tension is equal
to that of the best grades of steel. With respect to selectivity towards helium
the lattice spacing in silica glass is about 2A*, the diameter of a helium
molecule. One dominant factor which governs the rate of diffusion of helium
in glass is the glass composition. It permeates fused silica glass the fastest
and, as the silica content is reduced, the permeability rate lessens. Table
3.6 lists observed steady state values of permeability constant K for various
gases through Vycor glass at 400 C. (9)
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TABLE 3.6

Gas K(x 109)

cc at NTP/sec/cm2/mm/
cm Hg AP at 0*C

He 4.650
Ne 0.048

H2  0.132
N2  0.00063

In the case of the rare gases the total amount of material -Q-

permeating a membrane is given by:

Q = KAt AP/d

where:
K = permeability constant

A = surface area
t = time

AP = pressure difference across membrane
d = membrane thickness

Two other constants are involved in determining K : D, the diffusion

coefficient defining the diffusion of the gas through the barrier, and S, the

solubility constant which defines the solubility of the separated component
in the barrier. D is usually given in Cm 2 Sec- 1 and S is dimensionless.

K is equal to DS. The solubility constant for helium in silicon glass has

been determined by McAfee to be between 0.02 and 0.03.

Figure 3.12 presents the permeability constant K for several gases in

glass as a function of temperature. The magnitude of the effect of ioniza-

tion of the gas on K is not known, however, this should not be too great a

consideration in the proposed application as the process stream will be de-
ionized by the time it reaches the diffusion cell.

The equation relating the permeability constant K to temperature is:

K = A e -Q/RT

(9) Leiby & Chen, J of App. Physics, Vol. 31, No. 2 (February 1960)
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where:

A = constant

Q = activation energy per gram atom
R = gas constant
T = absolute temperature *K

Log K plotted vs. 1/T will yield a straight line as shown in Figure 3.13, the
slope of which is proportional to the activation energy.

A diffusion separation cell is constructed by enclosing many thousands

of small diameter thin wall tubes, as shown in Figure 3.11, in a metal en-
closure. The mixture, from which a component is to be separated, is passed
across the surface of the tubes and out. The component to be separated

diffuses through the tube wall, passes through the bore of the tube to an

appropriate header and is collected. The ends of the glass tubes are either
sealed in a floating head, or individually during manufacture. This end
sealing can be avoided entirely by bending the tubes in some radius of
curvature and using dual headers, as in a U-tube heat exchanger. The
advantage of using small diameter, thin-wall tubing lies in the increased
surface area per unit of volume, reduced bulk weight and increase in

strength with a decrease in fiber size. The disadvantages are concerned

principally with the mechanics of handling which have been overcome through
development.

From the standpoint of economics, the size of the diffusion cell will
vary inversely with the ratio of the tube diameter to the wall thickness, D/W;

inversely with the pressure drop across the cell, and inversely with a power

of the gas temperature. Manufacturing techniques dictate the micro tubing

D/W ratio. Indications are that micro tubing will be sold by the foot and
not the pound. Since the number of feet required for a given duty is only

dependent upon the D/W ratio, the micro tube diameter will not effect the

cost. The smaller diameter the lower the weight in pounds per foot and
the greater the strength, so as small a micro tube as is available should be

used.

For the past two years the Corning Glass Works have been developing

commercial process for the production of micro tubing for helium diffusion
cells using Vycor brand glass 7900 as a material. Their latest work has
resulted in micro tubing having an outer diameter to wall thickness ratio,
D/W, of 9. Table 3.7 presents data on this tubing. Figure 3. 14 reproduced

from Corning data, presents diffusion cell design data in terms of feet of
tubing required to pass 1 lb. of He per hour at 200 atm pressure difference

as a function of cell temperature, for micro tubing having a D/W ratio of 9.

Corning are developing methods of putting several thousand micro
tubes in a single bundle. At the present state of development it is suggested
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that we design on the basis of a 1" bundle containing 12, 000 tubes, 30 feet
long. A suggested design of a unit separation cell is shown in Figure 3.15.
Assembling a number of these unit separation cells in a diffusion cell
presents some problems as it is necessary to cool the tube sheet as the

present temperature limit of the epoxy potting material is of the order of

550*F. 2000 psi pressure difference across the tube sheet is considered
to be the current maximum. A considerable change in mechanical
properties of epoxy potting materials occur in the 108 - 109 rad region.
While work is underway to evaluate the effect of type of hardener used
in an effort to increase the radiation resistance, work is also being

done on an inorganic header in anticipation of difficulties in this area.

TABLE 3.7

MICRO TUBING FOR HELIUM DIFFUSION CELLS
VYCOR BRAND CLASS 7900

D W Lb per
Diam Wall D/W Foot Ft.per
Inches Inches Ratio X 10-6 lb.

0.027 0.003 9 214.0 4,650
0.018 0.002 9 95.0 10,500
0.009 0.001 9 24.0 41,700
0.006 0.00067 9 10.5 95,000
0.003 0.00033 9 2.6 385,000

GLASS PROPERTIES

Density - 2.18

Coefficient of Linear Expansion - 8 x 10- /*C

Max. Normal Operating Temperature - 800*C

Diffusion Coefficient for Helium in Glass 7900 at 600*C

K = .28 x 10-8 (cm3STP) (cm thickness)

(cm 2 area) (sec) (cm hg)

K = 1.98 x 10-5 (ft3 STP) (ft. thickness)
(ft2 area) (day) (atm)
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Best price estimate at this time is $1000/10 lineal feet of 6 mil

tubing having a D/W ratio of 9. Quantity and size of the unit separation

cell will influence this cost.

The quantity of helium to be purified in any gas cycle reactor system
is so large as to preclude anything other than bypass clean-up. Figure
3.2 presents a plot of final to initial system activity as a function of frac-

tional system bypass flow with average decay constant or half-life of the
working fluid as a parameter. Marked on this curve is the percent bypass
flow of a 125 eMW system, for design purposes. Present estimates of the

125 eMW system working fluid half-life at equilibrium, assuming a release
of 10-6 of all fission products, is 7 hours, or an average decay constant of
2.6 x 10-5. Sizing a diffusion separation cell to reduce this activity one
order of magnitude would require a bypass flow of 0. 12% of the system
flow or .0012 x 378 = .45 lbs/sec. or 1620 lbs/hr.

From Figure 3.14, 1.13 x 105 feet of micro tubing are required to pass

one pound per hour of helium at 200 atmosphere pressure difference and at
the lower system temperature of the 125 eMW PBR of 550*F. Correcting
for the required bypass flow of 1620 lbs. per hour and neglecting the
correction for cell pressure differential (204 atm) the tubing requirements
in lineal feet are 1.13 x 105 x 1620 = 183 x 106. The weight of this tubing is

1930 pounds. The suggested unit cell, illustrated in Figure 3.15, contains
360, 000 feet of micro tubing. 510 such unit cells would be required in a

125 eMW PBR plant. If a single diffusion separation cell is used in each
steam generator circuit, each cell will contain 170 unit cells. Designing
with 2-3/8 triangular pitch would require a 36 inch OD x 3/4 wall pressure
vessel, 30 feet long with hemispherical heads. Such a vessel is shown in
Figure 3. 16 with a detail of the cooled tube sheet.

The power required to raise the bypass flow of 0.45 lbs/sec. from

1000 to 3000 psi, or through a pressure ratio of 3:1 at 550*F in a com-

pressor having a 50% efficiency is equal to:

KW - 386 x 1010 x loge 3.0 x 0.45 = 526KW
738 x 0.50

Inlet volume flow is 73.0 CFM and using one compressor per diffusion
cell, its requirements are: a 3:1 pressure ratio at 24 CFM and 3000 psi
maximum pressure. Power is 175 KW. This duty can best be met by a

diaphragm compressor.
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Pressure drop due to flow of the gas through the tubes follow
Poiseuille's law: AP = XL q/r. The effective length L for pressure drop

calculations will be one half of the cell length as the tubes are sealed at one
end. Solution of this equation gives a pressure drop through the tubes of
25 psi, slightly less than that added by the main gas circulator.

Assuming normal operation, i.e. design system activity level, there

is no need to operate the diffusion separation cell clean-up system. If a
rise in system activity is noted, a bypass flow up to 0.45 pounds per
second can be selected to reduce the system activity to the desired level,

or a maximum of one order of magnitude reduction. The radioactive
effluent can be monitored and withdrawn to a high pressure cylinder

4 63000 psi) manually or automatically, continuously or as a batch.

The complete volume of working fluid in the 125 eMW PBR can be
passed through the diffusion separation cell in approximately one hour. If
there is no change in system activity the separation cell can be operated on
a scheduled basis to remove other than fission product contaminants and
maintain the purity of the working fluid between specified levels.

On shutdown, the working fluid in the system can be passed through
the diffusion separation cell(s) and diverted directly to the off-gas storage
bottles as uncontaminated helium, except for tritium activity. As the system
pressure drops, due to removal of working fluid, it will be necessary to
stage the booster compressor in order to keep the delivery pressure to
the diffusion cell at a pressure high enough to effect effective separation.
This can be done by bringing a high volume flow first stage machine into
operation.
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Section 4.0

Fuel Bed Development

4. 1 Introduction

Work on fuel bed development has been limited to certain areas in
which further information was needed in order to proceed intelligently
with the design of a Pebble Bed Reactor System. These areas are: ball
loading patterns, flow of balls through the bed during continuous reloading,
a study and appraisal of friction factors and heat transfer grouping, the
effect of temperature changes on bed growth and fuel element integrity
and a study of temperature-induced flow divergence through a Pebble
Bed Reactor core.

The Pebble Bed Reactor is fueled by withdrawing spent fuel from
the bottom of the core and adding fresh fuel at the top. Within the limits
of experimental work done, it appears that reloading through a single
centrally located tube, or a number of tubes disposed in an annular ring
centrally located with respect to the bed surface, is acceptable from the
standpoint of the resultant bed surface contour.

Experimental work has shown that in moving downward through the bed
during continuous reloading, fuel elements travel at a relative rate that
varies with radial position. They travel initially in a vertical path, then

coverge inwardly without intermixing until they reach the discharge port
located on the core centerline. The relative rate at different radii can be
varied by changes in core geometry, principally the grate angle. The
relative path is dictated by relative rate and the ratio of ball to bed diameter.

Experimental work and a re-appraisal of the work of others, has
established the friction factor f of a bed of 39% voidage at 5.45 and to be
independent of Reynolds number over a range from 2, 500 to 73, 000. A
re-appraisal of the work of others has established the heat transfer grouping
js for a bed of 39% voidage as 0.5/Re -3 over a Reynolds number range from
100 to 50, 000.

Experimental work has shown that under temperature changes a
randomly packed pebble bed grows in volume, indicating that the voidage
remains unchanged and that there is little if any relative movement
between elements or buildup of stress at contact points.
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An IBM computer code, identified as COOLBALL, has been
developed to solve for thermally induced flow divergence and local flow
perturbations resulting from differences in voidage of unit cells.
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4. 2 Fuel Handling

The spherical shape of the Pebble Bed Reactor fuel element makes
possible the handling of fuel. with comparatively simple equipment. It is

the ease with which fuel can be handled which makes reloading on a daily
basis practical, which in turn makes it possible to build a reactor having

a high neutron utilization.

Handling of pebbles in high temperature heat transfer apparatus (the

pebble bed heater) is practiced in the petroleum industry in reforming
hydrocarbon stocks. Practice in the Pebble Bed Reactor would differ due

to the pressure level and the fact that absolute gas tightness in the reload-

ing system is required.

The Pebble Bed Reactor, as presently being designed, requires the
replacement of slightly more than three fuel elements per day per mega-

watt thermal output. One method of loading is through a double gas-locked

tube, sized to pass a single fuel element. Such a scheme is illustrated in

Figure 4. 1. The daily charge of fuel elements is placed in a loading flask
which is attached to the loading tube. The loading flask and tube are off-

gassed, the upper block valve opened and the loading tube between valves
filled with fuel elements. Fuel elements are transferred from the flask to

the tube by means of a drum or plate feeder. After the loading tube is
filled, the upper block valve is closed and the lower one opened, discharg-
ing the fuel load to the reactor. Time for this operation will depend in

part upon the feed rate of elements from the flask to the loading tube.

Several models of such devices have been built and operated at a discharge
rate of several hundred elements per minute.

It is desirable that fuel elements be held in the reactor, in a non-

critical geometry, before discharge, in order to reduce decay heat. This
is effected by holdup in the discharge throat which is a minimum of five
balls in diameter and of a length required to hold a daily charge. Inlet
helium at 550 F is introduced at the bottom of the discharge throat to pro-
vide cooling for the fuel elements held there.

The unloading valve is located at the bottom of the discharge throat,
external to the reactor. Requirements for this valve are that it be capable

of handling sound or broken fuel elements or elements of different sizes.

The design of several types of valves have been explored. Reference (1)
describes a bulk unloading valve capable of handling sound or broken balls

(I) NYO 2373 Section 6.0
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or balls of different sizes in continuous flow or in metered batches. In its

present form it is necessary that the block valves in the unloading line be
five ball diameters in size. Experimental work is necessary to determine
if it is possible to reduce the line diameter from 5 D at the unloading
valve to 1 D at the block valve in order to reduce the design problem of

the latter. figuree 4.4 illustrates a star plate unloading valve, capable of
discharging about six balls per revolution. Further development is nec-

essary to determine if it is possible to design such a valve to handle broken

balls or balls of different sizes. This valve feeds elements directly to an
unloading line slightly larger than ball diameter. Experimental work has
been done with a vibratory type unloading valve (Syntron). Such a valve can
handle sound or broken elements, or elements of mixed sizes, feeding them
into a line 1 D in diameter.

p

Previous work by Denton (2) on the charging of a randomly packed
pebble bed was done by bulk charging, i. e. charging rates of up to 3000 to
5000 balls per second. Denton conducted his experiments with a "bell
charger" as shown in Sk-A. Use of this type device resulted in an M=-shaped
surface where the total variation in level across the surface was not more
than 4 to 8 D in a 40 D diameter bed.

p p

In the continuously loaded Pebble

Bed Reactor, balls will be added one at
a time. Two experiments were conducted
to determine the variation in level of the

bed where balls were added singly on the

axis and singly in a ring 40% of the dia-
meter of the bed. Where added singly on

the axis, the surface was convex with a
high point on the axis about 3 D in a 20 D
diameter bed. Where balls weFe added

singly but in a ring 40% of the diameter of

the bed the surface was also convex but the

total variation in level across the surface
was not more than 1. 5 D in a 20 D dia-
meter bed.pp

/1/I

Sk A

Denton's Bell Charger

(2) AERE E/R 1095



What was observed to happen during these experiments was that as
a ball fell on the bed it would strike and rebound to position in the bed,
other than directly under the loading tube, or it would stay where it fell
displacing the adjacent balls. The difference between this and the results
obtained by Denton is simply the difference between single ball and bulk
loading.
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4.3 Ball Flow Studies

In order to achieve a uniform burnup in a continuously loaded Pebble
Bed Reactor, it is essential to match the radial ball flow rate through the

core with the radial flux so that the nvt is constant for all elements.

There are a number of variables in the core design which influence

the radial ball flow rate. Among these are: bottom grate geometry, the

use of a flow diverter or hood located over the fuel element outlet, and
the geometry of this hood.

A quarter scale model of a 30 inch diameter core was constructed to
study the effect of these variables. A schematic drawing of the model is

shown in Figure 4.2 while Figure 4. 3 is a photograph of the model. The
core is an eight inch diameter, quarter inch wall lucite cylinder which can
be fitted with hardwood bases of varying geometry and the assembly
mounted on a stand fitted with a star unloading valve. Balls, as presently
being used in this model, are three eighths inch colored lucite.

The unloading valve used with this model differs from the bulk un-
loading valve previously developed and described in NYO 2373 in that it
unloads one ball at a time. The valve, illustrated in Figure 4.4, is a
simple, single plate star feeder. It incorporates a shut-off 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 repair or replacement.
The star wheel of this valve is driven at constant speed by a synchronous
motor through gearing. The speed is such that the rate of unloading the
3/8 inch balls is 435 balls per minute. The bed holds 7, 887 3/8 inch balls
in a 7-1/2 inch height and can be unloaded in 27.15 minutes.

First runs made were to determine ball flow characteristics as
influenced by bottom grate angle. Three grates were constructed having
a 15 , 25 and 35 slope from the horizontal. Figure 4.5 illustrates such
a grate. The radial flow profile, expressed as Flowr/Flowmax vs radial

position, for these three bases together with a cross plot of the ratio of

flow rate at the wall vs flow rate at the centerline is given in Figure 4.6.
The relative nvt vs radial position, using a Jo flux distribution, is given
in Figure 4.7 for these three bases. From inspection of these data it

appeared that a grate having a base angle of approximately 20* would
more closely approximate a constant nvt per element, where the core had

a Jo flux distribution. In order to check this a cross-plot was made of the
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data given in Figure 4.6. The extrapolated flow rate of a 20 base is

given in Figure 4.8 together with the resultant nvt per element.

Comparing this burnup, or relative nvt curve, with that for the 150
base, it will be noted that maximum burnup now occurs at the core axis.
This is also the case with the 25 and 350 grates, but in contrast to the latter
the burnup at the wall has been raised to 80% of the maximum value. In order

to achieve uniform burnup it is necessary to get the relative flow and flux
curves to coincide. In the case of the 200 base, this will necessitate study-
ing means to retard the flow at a point approximately the root mean square
radius, for this ball bed geometry.

Now in practice the radial flux distribution will vary with axial position
through the core from an approximate Jo distribution at the top, to a flux that
is flatter and has a center depression, at the bottom. Therefore, in a final
design it will be necessary to integrate the radial flux over several layers

Figure 4-5 Typical Grate
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of the core to determine the nv in terms of radial position and then select a

base geometry to yield a required nvt vs. radial position. In light of our
present knowledge this should be constant.

This therefore points to the desirability of examining the effect of

other variables which might result in the flattening of the radial flow rate.
One such device is a hood over the core outlet which would serve in control-
ling flow in the same manner as a flow divider, which is widely used in
industry in handling granular media in hoppers. A set of twelve hoods
were designed and seven selected ones constructed as illustrated in Figure
4.9. These hoods were turned from hard wood and were supported on the
grate by threaded brass posts in a manner somewhat similar to that which
would be used in a full scale reactor.

Figure 4. 10 presents the results using a 10 Dp diameter hood of 600
included angle on both a 15* and 350 base. The whole character of the flow
rate curve is changed from that of a plain base. The point of maximum flow
rate is approximately at a 5 Dp radius, moving slightly outward as the grate
angle is decreased. Minimum flow is on the centerline and at the wall
with that at the center dropping as the grate angle is increased. Factually,
within the limits of accuracy of these experiments the flow characteristics

of these two bases with this hood could be considered identical.

Figure 4. 11 presents the results using a hood of 120 included angle
and of 7.5, 10 and 12.5 Dp in diameter. The character of the flow profile
is the same as that obtained with the 60 hood, but with slight changes in
radial velocity distribution. Comparing the performance of a 10 Dp/60
hood with that of a 10 D /120* hood on a 350 base it will be noted that except
for a slight change in slope of the flow line, the hood angle has little effect.
The same is noted comparing a 7.5 Dp/1 2 0 hood with a 12.5 Dp/120
hood on a 15* base, except that the change in slope is more marked.

In studying these results the conclusion was rapidly reached that
within the geometric limits of the hoods on hand, angle or diameter had
no significant effect on the general character of the radial flow curve and
that a reduction in velocity on the centerline was desirable. Therefore
a 10 DP/120 hood was modified to incorporate a sharp peak at the tip as
shown in Figure 4. 12a. By comparison with the basic hood -a- in Figure
4.11 this geometry indicated an increase in the flow rate at the center of
the core. As a consequence, the 10 D/60 hood was modified as shown in
Figure 4. 12b which raised the flow rate on the axis to 94% of maximum.
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The ratio of ball to bed diameter in prototype and power reactors
will vary from about 30 to 80. In order to determine flow characteristics
in this range, the flow model was modified to handle 3/16" balls which re-
sulted in a d/Dp of 40. Modifications made consisted of making a plastic
insert for a 25* base to reduce the diameter of the discharge tube to 31/32
inch (ti5. 1 D ) and modifying the star wheel unloading valve to handle 3/16

inch balls. S nce it was required that the number of balls to be handled
was eight times that of the 20 D model, a diverging roller classifier was
built which was similar to those used in separating balls on the basis of

size in the ball bearing industry. This classifier would separate balls on
the basis of size within limits of . 001 inch. Four different colored balls
were used in as many annular regions, differing in size by approximately
.004 inch. This difference in size has no effect on the flow characteristics
but facilitates sorting.

The radial flow profile of a 40 d/D bed is given in Figure 4-13.
Comparing these results with those of a Vimilar bed of a d/D ratio of 20,
it will be seen that there is an increase in the ratio of flow velocity on the

centerline to that at the wall from 2.21 to 3.23. The curve is no longer
flat on the top and more nearly matches a J flux distribution resulting in
a more uniform burnup of fuel elements. o Other base angles need to be
investigated to develop a range of flow patterns, as well as work on a 60
d/D bed.

After equilibrium flow conditions were established in a bed under
test, the balls were removed in layers, with a vacuum cleaner, to deter-
mine the nature of the vertical flow path by measuring the diameter of the
annular rings of colored balls at incremental depths through the bed.
A composite flow path of beds of 20 and 40 d/D fitted with a 25 base
with a 5 D discharge throat is shown in FigurJ 4. 14. It will be noted
that the bals start out from the top of the bed in a vertical path. In the
20 d/D bed this vertical path is maintained, without intermixing of balls
between annular rings, until they reach a position slightly above the
bottom grate, at which point they converge inwardly to the discharge port
located on the core centerline. In the 40 d/D bed the balls start to con-
verge after having traveled about 15% of the bid depth. The rate of con-
vergence increases towards the base, but there is no intermixing of the
balls. These beds differ only in the dimensionless ratios of d/D of 20
and 40 and the ratio of bed to throat diameter. The converging flew of
the balls observed in the 40 d/D bed is due to the increased number of
shear planes. A greater convegence should be noted in a 60 d/D bed.

p
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Procedure used in making a run and reducing the data were as
follows:

The flow model was prepared by leveling the grate on the unloading
frame and filling the valve, throat and bottom of the cylinder with balls.
A set of plastic cylinders, shown in Figure 4. 3, were used to divide the
bed in four annular regions. These cylindrical separators were constructed.
so that each annular ring was approximately 1-7/8 inches wide ( 5 D for

3/8" balls).

The bed was loaded by dropping the annular separators to the surface
of the balls laid on the grate and the four annular regions filled with plastic
balls of different colors, from the inner ring out, to prevent deformation of
thin plastic used in the separators, due to compressive load. Each section
was loaded with balls to a two inch depth and the separator pulled up to one
inch of the bed level to allow the balls to pack in a random manner. The
unloading valve was operated to insure proper packing. The bed was loaded
to about six inches in depth. During runs, the separators were kept im-
mersed about one inch in the bed to keep the various colored balls separate
during loading.

Flow was determined by count of colored balls discharged from each
of the four annular rings. This step curve was faired. to a smooth curve by
observing the discharge of check balls placed against the interface of the
cylinder and annular rings. Check balls were spotted against the cylinder
and separator interface in six peripheral positions. Uniform batches of
balls were withdrawn from the bed and another set of check balls placed in
position on the surface of the bed. The number of batches removed between

time of placement of a check ball at the loading level and its recovery,
determined the residence time of a given check ball, according to its radial
position. After each batch was extracted, the load was brought back to its
original level by adding balls to each annular ring as required.

The flow path of balls in annular rings was checked at the end of a
run, with the bed in equilibrium by removing balls in layers with a vacuum

cleaner and noting the zone boundaries between colored balls in the four
annuli at different levels from the top of the bed through grate.
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4.4 Fluid Dynamics & Heat Transfer Characteristics

4.4.1 Fluid Friction Characteristics

Dimensional analysis of the problem of determining the total pressure
drop through randomly packed beds of spherical particles where the bed
has an appreciable depth leads to the expression:

A P' Dp _

qL V3
2 - oP Op j

where:

AP is the total pressure drop through the bed

V the superficial fluid velocity, referred to the total
s of the bed

D is the particle diameter

L is the bed length

E is the voidage
e is a representative dimension of surface finish
d is the bed or container diameter

p is the loss associated with entrance and exit effects

Pressure drop through beds of randomly packed spheres is usually
correlated by plotting a modified friction factor f' vs. a modified Reynolds
number Re', defined as follows:

Lp
L

D 
D' 2 G3 (e -c)

(2)

(3)p4 = Dp G
~4~I -C)

where G is the superficial mass flow through the bed, i. e. G = Vsp.

Figure 4.15 presents a plot of friction factor f' vs. Reynolds number
Re' for beds of randomly packed spheres as determined by a number of
investigators. In general these data were obtained in beds where D was
quite small and the ratio of d/D quite large. But one of these tests
covered a Reynolds number range of interest in PBR core design and
since we had an immediate interest in cores as would be used in a
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small experimental reactor, a subcontract was placed with The Babcock
& Wilcox Co., Research Center, to determine the fluid friction character-
istics of beds of interest. Specifically, we wished to determine the in-
fluence of Reynolds number D V p/ on friction factor f over a Reynolds
number range from 5000 to 50p000; determine the effect of bed to ball
diameter ratio (d/D ) on friction factor; evaluate entrance and exit effects

(p) and surface rougness (e/D ).
p

Four separate beds were tested, each at three bed depths. The
actual range of modified Reynolds numbers (Re') covered was from 4000
to 120, 000, resulting in Reynolds number referred to a bed of 39% voidage
from 2500 to 73, 000. In order to reduce the effect of ball irregularities
to a minimum, the tests were run using 3/4 and 1-1/2 inch plastic balls.
Surface roughness effects were to be checked against performance with
1-1/2 inch coated graphite spheres, which were on hand for use in other
tests. This work is reported in Reference (3).

Reference (3) presents pressure drop AP plotted against Reynolds
number Re as well as plots of friction factor f' plotted against the modified

Reynolds number Re'. It is concluded that the average friction factor f'
varies from 0. 66to 0.42, depending upon the configuration tested. This
is a tolerance of - 22% around a mean value of 0. 54 or a value of f of
5.7 for a bed of 39% voidage.

The average slope of f' vs. Re' curves are practically zero for
each of the configurations tested, i. e. the friction factor is independent
of Reynolds number.

From examination of the test results it was concluded that corrections
for entrance and exit losses could not be obtained from the pressure drop

curves.

No conclusions were drawn regarding surface roughness effects as
they were obscured by variations in bed voidage.

The tolerance of f 22% is quite reasonable for pebb]f beds as pressure
drop is strongly influenced by average voidage since the E teri appears in
the numerator of the equation for f' (Equation 2). The value c /1-8 is
plotted in Figure 4.16. Beds tested ranged in voidage from 38 to 46% and

(3) NYO 9069 - Pebble Bed Friction Factor & Thermal Expansion Tests.
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were of gross bed to ball diameter ratios of 10 and 20. It is know . that
wall leakage and orientation of unit cells can cause variations in friction

factor and may be responsible for the variations encountered in these tests.

With this in mind a different approach was taken in analyzing the data in
hopes that it might result in a better understanding of the variations in

results.

Table 4. 1 defines the beds tested.

TABLE 4. 1

Physical Characteristics of Beds Tested for Friction Factor

Bed Diameter Ball Diameter d/D Bed Depth Voidage

d (in) D (in) (in) C
p

A 15.25 1.514 10.05 6,12& 18 41 to 46%
B 15.25 1.477 10.32 6, 12 & 18 41 to 46%
C 7.98 0.737 10.8 3, 6 & 9 38%
D 15.25 0.737 20.7 3,6 & 9 38%

Beds B, C and D were basic configurations filled with plastic balls

and designed to provide friction data, effect of entrance and exit losses

and d/D ratios. Bed A was filled with coated graphite balls and was

designeJ'to determine the effect of surface roughness.

Figure 4. 17 presents test results on four beds in terms of pressure
drop AP vs. Reynolds number Re. From these figures it is apparent that

all of the data run under the same temperature conditions can be plotted as
straight lines and that the spread of points around the lines is very small
indeed.

These data were replotted and presented in Figure 4.18 as AP/L vs.
Re' and a mean line drawn through the data for2each bed. In all cases this
mean line expresses AP/L as a function of Re' , confirming that the

friction factor f' is constant and the pressure drop varies as the square of
the velocity. (4)

(4) It should be noted that the drag coefficient of a sphere is constant at a
value of 0.47 (Cd = D/qA) from a Reynolds number of about 359, where a
vortex system originated in the wake, to the critical region which is at

Reynolds number of about 400, 000.

184



900
800

600

600 .'

500 .. 1-1/2" Graphite halls__'_-

BED A

7r-T- 00 Bd Bl- oprse

00 - -

0

-tom-

:..-:. .ED A; I

70 - - - ~ -+II .~
---

60

50A

30

10

I 2 3 4 5 6 7 8 910 20 30 40 50 60 7080 90100

REX10Q

2,

I,

U-
L

J

0a

000

+ M-11 t P.-

Pressure Dr p Across Bed vs %e .;r : :.
3/ Plastic Balls } n

7.98' Bed Diameter

000 - Bed Blower Compressed -- "
900 Depth Runs Air Runs
800 3" -

700

400a
600 6

500

400

300

.-- T

30 . - - . . ... ...-. . .1."l
100

60 -I-:

50

404

30

- t '

20 ~ ~ -

10 _ e ,..o n a n7 Ao 09
3 4 5 6 7 8 9 10

-3
RE XIO

Hco

2,000

1,000
900

800

700

600

500

400

300

0~

200

90

80

70

60

50

I0

:t lt

rt. Pressure Drop c :'
i1-1/2" Plastic blis Y
15.25" Bed Diameter I}

Bed Blower IC-pre s .d 1 f
Depth Runs :,r Rung~jj

1- BED B -
111=1j.-

-41i~ -. :t 1  - - -
'1

--
... . .....

f " .. . . . ...-

-_. .. . .. .. . .
-e..-_.. _..t..... .. .. : .,.~:: :: {

2 3 4 5 6 7 8 9 10 20 30 40 50 60708090100

REXIO

1,000
900

800 Pressure Drop Across Bed vs Re for
3/4" plastic Balls

7600Bed Blower Compressed
00Depth Runs Air Runs 9

500 3" 0

400 1
300

tt-V
200 l - BED D

00

60

00

50

LL 4 2..4....8. 1 2 3 4.5.6.7.8 90 0

RE -

5

I 2 3 4 5 6 7 8 9 10 20 30 40 50 60 70 8090'00

REX1-3

FIG. 4.17

N

F-
u

a

Q

I-

,_ 2 20 30 40 50 500 0 90 ea



2.

1.

e.

2

1

9 - - -

N

a

2

00ftttfftitt tit~t r ~-tt-tt - tj ;t

........... A
4 A,~'~

1040

7L

5.-

4

S-- -- -- - --

7)

2 _

.5 ---- - --.-- -- ---- - - - -- -- - -- - _

2S--

2 - - - - -

4 0 1,r 2 4 5 6 0

Rc D G .u ( ----

31

81 -- }- -I--- -/- - ---- I - - -_ - - -

I ,1/ ,

: --- - ------

-

-- ------

9A

'.5 t
1 1

1.X14

, t j-u

F--

8 } T

E S:1 F- -

- - t- I aI74

1 'f- t

4tt 441t

1 - 7 41
L l-t.

- --

7 -

2.5

I-

N

J

1.5

S00

8.

7-

----- - -- -- -

-- -- -------- /

'I:'

..- .-.-3

2.5_

1.5

T-V7T 1VF"'7TH
-

Go
0rn

8 -. - - --- - .

7 __:- ------ -- - - --

6 1-- -

-4
v/"

1LiI0,000
000

2

1 00 0

9

8

-7

U-

JA

4

3

2

100
ba9

6

7

5

4

3

1.5 25

/>

R&: D

//
/

7-

P

/

is~

2.M6I

tl lif 'j,i ,,

i lilli

.;::, 
,

li-
tit

I,

I1

- -
- --- "-- -- --- --

-t-I

1 t -1-

Wti

X 

1. I

aF -

-41'

" :f ;?I I if}

-- i WI '- t-- L

4 - 1

-- i4- - *"t.4f
- - Ill Ilr -f "1 lt++ -I

14-L
14

'j& l6

I~

20r -o 4 50000

FIG. 4.18

e

7.

6.

I n nw

4.- - - 4 -'- t--

S000

1-4 100000

F

L

N

I

i0

20
So O AAA

6, 7 8 9 so
Re' = Op G (, - e)

w A A D 9 10to

I
_. ..-k

-7
/7.

//

t. __

,

.
31

2

6

41

47--pllj

ti-01-0

'r

11

1
3 4

i

'
: .

. I

Pm
Poo

I PIN
20

$000 6 T

q-4q4 R + T I-i 1l 44-H441+ti

20 30
Ro -D G/'-)

-
- -

i

i

I

III

I

Y :1 ":'.: ::

r ; ?jtj +:

i.

5.1 
i

i i-:

Tz

4 0 5' 000



The pressure drop per foot of length is expressed as:

AP 2 f G; (4)
L -99Dp

2
introducing Re' , the right side of the equation can be multiplied by

R e /c and

O 2 G3
. 2

- .C 'J ! -1rT R (5
L Qp 3

for a given set of temperature and pressure conditions.

Since

a G ~ &Cor-.3rn~e e (t -5) (6)

L 9 (p I, (I-E) ,3

3
Cot.ITANT Qe i-C) (7

The importance of determining the correct voidage in reducing test
data in terms of f' can be seen from this expression, since f' varies
directly with the cube of 1-e/E. A 1% error in measured voidage results
in a 2-1/2 % error f', in the range of interest.

From inspection of the reduced data for Bed A, it will be noted that
there is a spread in AP/L of about 60% at an Re' of 15, 000, reducing to
20% at an Re' of 70, 000. If entrance effects are measurable, the total
pressure drop through the bed is equal to:

0 PL = .Pe + 46Pb (8)

where AP is the loss associated with entrance and exit effects and APk,
the loss associated with the bed itself. Where a number of beds of difrer-
ent depths are tested, and the result expressed in terms of AP/L, the
AP/L for the shallowest bed should be the greatest, decreasing as the bed
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depth increases. The reverse of this pattern is shown in the reduced data
for Bed A.

From inspection of the reduced data for Bed A, the spread in AP/L
is about 25% at both low and high Reynolds numbers. Again the deepest

beds showed the greatest AP/L, making it impossible to separate out any
entrance and exit effects.

No conclusions can be drawn regarding surface roughness, although
it is apparent from inspection of tne reported voidage of the 18 inch beds

that closer packing is obtained with plastic balls, which is attributed to
the smooth surface.

We are of the opinion that we were too optimistic to expect to

separate out entrance and exit and surface roughness effects in randomly

packed beds of this type. These beds (i. e. A and B) were 4, 8 and 12 balls
deep and in such beds the voidage associated with the uneven top layer (which
will not influence the pressure drop) is an unusually large percentage of the

total. This unusual condition with respect to voidage makes it impossible
to consider the results in evaluating friction factor, defined as f'. In view

of these results, a repeat test should be run on formally packed beds of
known voidage to determine if entrance and exit effects do exist and the

effects of surface roughness.

The reduced data from Bed C, nominal 3/4 inch balls in an 8 inch bed
is excellent, since the spread in AP/L is 10/4, although entrance and exit
effects cannot be separated out. At a Reynolds number of about 20, 000 the

AP/L of all three beds is the same.

The reduced data from Bed D, nominal 3/4 inch balls in a 16 inch
bed is also excellent, the spread in AP/L also being 10%. However it is

also impossible to separate out entrance and exit effects.

Summarizing the data from these two beds, the expression for AP/L
and value of f' are:

Bed d/D AP/L f'
P

C 10 Re' 2 /45. 25x108D 3.414

2 8BE3
D 20 Re' /36.72x10 D .530

P
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The difference in friction factor between Beds C and D is 28%, which
is greater than would be assumed due to the difference in voidage that

would be expected between beds of 10 and 20 d/D ratio. Figure 4.19
plots voidage E in terms of d/D ratio as determine ed from experiment and

reported in (1). The difference in voidage between a bed of d/Dp of 10
and one of 20 is 5%. This would account for but 12-112% of the 28% difference

in friction factor.

These results confirm the work of Denton, Robinson & Tibbs, re-
ported in Reference (5) in that both show friction factor to be independent

of Reynolds number in the high range. The principal difference is that the
work done by B&W shows the friction factor to be independent of Reynolds
number, to values about one order of magnitude lower than shown in (i).
It is most unfortunate that the B&W runs were not extended into the lower
range in order to determine where friction factors become dependent upon

Reynolds number.

It is recommended that a value of f' of 0. 53 be used for design of

Pebble Bed Reactor cores where the bed has a d/D > 20 and modified

Reynolds number is > 5000.

(1) NYO 2373

(5) HPC-35 Heat Transfer & Pressure Loss in Fluid Flow through
Randomly Packed Spheres.
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4. 4.2 Heat Transfer Characteristics

Figure 4. 20 presents a heat transfer correlation for pebble beds
from the data obtained by three investigators. These data are presented
in terms of a heat transfer grouping js, defined as:

.j = o nR i (9)

and a modified Reynolds number Re' defined as:

(10)

The data of principal interest is that of Coppage (6) and Denton (.5)
The results of Coppage were found to be represented by the following
expression:

h =

GG 
for 25 < Re < 550 (11)

for a bed of a voidage of 39%.

It will be noted that the data are reduced in terms of the mas flow
through the interstices of the bed itself and the hydraulic diameter of the
flow passage. Expressing in terms of mass flow at the face of the bed -
G , particle diameter - D , for any gas and in terms of the modified
Reynolds number Reis: p

h P-R'

GCp

=0. 6 S
0__ 31

The results of Denton were found to be represented by the following
expression:

I-7

GC 
P

0. 72
G, " 3/

HPC 35

TR-No. -16 Heat Transfer & Flow Friction Characteristics of
Porous Media - Stanford University
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at a vlue of Pr of 0.73 and voidage of 37%. Expressing in terms of
h Pr and in terms of the modified Reynolds number Re':

G C
s p

h '.- ,__67 7(14)

G3 C, FOD G5 ]3
(' -

The correlation of these data is remarkable, considering that the
tests were run by different laboratories at different times and over
different Reynolds number ranges. One piece of data is simply an ex-

tension of the other and in view of the fact that the bulk of the data is that
of Denton, we choose to represent the mean by the expression:

_______8100 < Re' < 80, 000 (15)

R o' 3

Inspection of the experimental results in Reference (5) shows that
the spread about the mean line is t 20% where Re is expressed as D G/p
and the points at the extremes of the mean line are measurements ndade

at the walls where the voidage is greater than the mean voidage of the bed.
Since expressing the data in terms of Re', which takes into account voidage

and gives the opportunity to correct for wall conditions, a value of 85% of

the mean is recommended for design to insure that maximum specified
temperatures will not be exceeded. This results in:

3 0.3 (16)

The data of Glasser & Thodos (7) is included in Figure 4.23. because
their results were obtained simultaneously with their friction factor results
in Figure 4. 15. Their values of js at the extreme of the range tested
bracket the Coppage-Denton data.

(7) Glasser & Thodos - Heat & Momentum Transfer in the Flow of
Gases through Packed Beds - Ph.D. Thesis
Northwestern Technical Institute
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4. 5 Thermal Effects & Analysis

4. 5. 1 Thermally Induced Ball Stress

The fuel bed of a Pebble Bed Reactor is static at startup and the

question arises regarding the effect of thermal growth on bed volume and

stress on fuel elements.

There are four formal stacking arrangements of spheres having six,

eight, ten and twelve tangent neighbors. These are illustrated in Figure

4. 21 with the characteristics of each arrangement given in Table 4.2 .

All of these, together with informal arrangements may be found in a ran-

domly packed bed and the accepted voidage of a finite bed, where the ratio
of bed to ball diameter is in excess of 15, is 39%.

At the time of startup the temperature of the bed will rise from
ambient to a mean temperature of about 1100 F. As the balls expand, one
of two things might happen; the bed might grow uniformly with the voidage
remaining unchanged or, as the bed grows, the balls might move into a
closer packing, reducing the voidage. If the latter occurs, there will be
a ratcheting between balls. In either case there will be a stress on the
balls due to the fact that they are restrained by the retaining wall. If the

bed grew with constant voidage, the stress would reach a maximum at the
point when ball slippage started to occur. If the ball movement resulted in

a close packing, the resulting ratcheting effect would cause the stress to
buildup to higher values. In any case there is the possibility that the re-

sultant stress will cause rupture. Knowledge of whether this would happen
is of particular importance where the fuel element itself is coated.

An experimental program was set up under subcontract with The Bab-

cock & Wilcox Research Center to determine the effect of temperature
changes on bed growth and ball stress. (3).

The experimental rig used consisted of a castable refractory cylin-
der, the material being chosen for minimum thermal expansion, surrounded

by a water-cooled steel shell. The internal diameter was 16 inches and the
height 24 inches. This cylinder was filled with siliconized silicon carbide

coated balls to a depth of about 18 inches. The balls were supported by a

perforated refractory plate through which soot-free flue gas was introduced

(3) NYO-9069 - Pebble Bed Friction Factor & Thermal Expansion Tests.
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Formal Packing of Spheres

Layer Type

Case I

Square

II III

Geometrical Relationship

Name

Spacing of Layers

Tangent Neighbors

Face Angles

Interface Angles

Properties

Volume of Unit Cell

Volume of Unit Void

Voidage - S

Cubic

R4 4

6

90

90

8.00R 3

3. 81R3

47.64

Orthorhombic Rhombohedral Orthorhombic Tetragonal Rhombohedral

R413 R.42 R4 4 Ro 3 2Rt42/3

8 12 8 10 12

90/60/120 90/60/120 90/60/120 60/ 120 60/ 120
75'31'/104'29'

90/60/120 5444'/12516' 90 /60/120 900 70 32'/103 2
63*26(/116.34'

6. 93R3

2. 74R3

39.54

5.66R3

1.47R 3

25.95

6.93R 3

Z. 74R 3

39. 54

6. 00R3

1. 81R3

30. 19

5. 66R

1. 47R3

25. 95

TABLE 4.2

IV

Rhombic

V VI
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into a bed under conditions which heated the spheres from ambient to 1500SF.

Multiple probes extended downward from a reference plate to the top of
the bed to measure vertical growth, if any. A photograph of the rig is shown
in Figure 4.22.

Siliconized silicon carbide coated graphite balls were used to prevent
oxidation of the graphite during heating and subsequent cooling as well as
to provide a means of determining if the resultant stress due to thermal

growth of the balls was sufficient to rupture the coating. The coated
graphite balls were supplied by American Lava Corp., a 3M subsidiary,
and were a Speer 9015 machined spherical matrix 1-1/2 inches in diameter,
coated with about 5 mils of SiC-Si. Each ball used passed an inspection
which consisted of a twenty-foot free-fall on a stack of uncoated spheres,
followed by immersion in hot oil to establish the coating integrity.

The procedure used for determining the effects of bed growth con-
sisted of thermally cycling the bed between equilibrium conditions of am-
bient and 1500*F, measuring changes in bed height as each equilibrium
point, both ambient and 15006F, was approached. It was planned to run
a minimum of twelve cycles, removing the spheres after the final run,
keeping them segregated as to location in the bed, and testing for coating
integrity by immersing them individually in a silicon oil heated to 3750F.

Figure 4.23 presents a plot of average micrometer reading in inches
as the bed was cycled between hot and cold. Hot bed height remained re-
latively constant for the first five cycles, after which it decreased. Cold
bed height decreased gradually for the first few cycles and then fell off at
the same rate as the hot bed height.

It became apparent as the data was accumulated, that something
unexpected was happening to the bed and after twelve cycles the bed was
removed for inspection. The entire bed was unloaded ball by ball and
segregated into twenty groups consisting of good and bad balls, in half of
each of five layers. About 50% of the balls suffered severe chemical
attack either by the flue gas used to heat the bed or by the air used to
cool the bed. Many of these contained a 1/4 inch hole in the SiC coating
with large amounts of underlying graphite gone. Some balls had been
reduced to hemispheres. Other balls had corrosion attack on a circum-
ferential band which seemed to be associated with machining grooves in
the underlying graphite. The orientation of the 1/4 inch holes was noted
to be random with respect to contact points with adjacent spheres. There
was a slight tendency towards a larger percentage of corroded balls to be
at the bottom of the bed.
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Of the remaining apparently sound spheres which were subjected to
the hot oil test, only ten of them were found not to leak. Most of the leaks
consisted of a single pinhole and occasionally there would be two pinholes.

No hairline cracks were observed. None of the thermocouple spheres
showed corrosion attack. These spheres had not been impacted.

Close inspection of the balls having 1/4 inch holes, revealed partial
chipping of outer layers of the SiC coating around the edge of the hole.
This effect is characteristic of some impact spots previously observed in
tests on coated balls. It is therefore extremely likely that the impact tests,
performed on each sphere prior to the thermal cycle test, caused a weaken-
ing of the structure which did not show up in the hot oil test but permitted

an oxidation attack through the SiC to the underlying graphite.

Subsequent to accepting delivery on the coated spheres from American
Lava, the manufacturer ran oxidation tests on spheres which had passed
the two-foot pound impact test. It was found that 30% of those which passed
this test failed the oxidation test because of microscopic cracks opening
up at the point of impact. It was concluded that the Speer 901S matrix
yielded under the SiC-Si shell resulting in a local bruise. This was the

source of 1/4 inch diameter holes noted in the balls which failed in the
test rig. Subsequent tests showed that one foot-pound was the impact
limit for the combination of a Speer 901S matrix and 3M SiC-Si coating.

Contact points between balls were inspected as the bed was disassem-
bled and there was no evidence of fracture at these points. In subsequent
hot oil inspection it was impossible to correlate the hot oil test results,
i.e. pinholes with contact points. It was noted in disassembling the bed

that there were no indentations on the refractory wall.

Conclusions reached from this test were that under heating the bed
grew uniformly, with the voidage remaining essentially unchanged. As a
consequence there was no ratcheting between balls and ratcheting between
balls and the cylindrical retaining wall should be negligible. The rate of
bed growth was 3. 15 x 10 /*OF. There was no evidence to conclude that
there were ball failures due to thermally induced local stress but because
of failure of a large percentage of the balls due to oxidation, this cannot be
said with certainty. While it is unlikely that a SiC coating will be used on

fuel elements as a fission product barrier, this or similar material may be
required to prevent oxidation in event of a steam leak. 3M SiCSi on Speer
901S is unsatisfactory due to deflection of the graphite on impact. Produc-
tion procedures in applying the coating will have to be closely controlled
to prevent the occurrence of pinholes.
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4y 5. 2 Thermal Analysis of PBR Cores

The maximum power that can be removed from the core of a Pebble

Bed. Reactor by the gaseous working fluid is dependent upon the following

factors:

a"- Physical properties of coolant

b - Core inlet and outlet temperatures

c - System pressure level
d - Ratio of pumping power to heat transferred or AP/L through

the core

e - Core geometry

f - Fuel element diameter

g - Fuel element material
h - Flux and resulting power distribution

The Pebble Bed Reactor is being designed using helium as the working
fluid.

No attempt is made in this analysis to appraise the effect of changes
in system temperatures. An inlet temperature of 550 F has been selected

as not placing too severe design requirements on gas circulating equipment,
while giving an adequate approach to inlet water using four stages of feed

water heating. An outlet temperature of 1250 F has been selected as being

adequate for a number of modern steam cycles, such as 1450 Lbs/ 1000* to

2000 Lbs/1000*/100 0 * reheat, that would be used with first generation
high temperature gas cycle reactors.

System pressure level is set by current. high pressure gas technology,

the fuel element diameter, specific output and pressure vessel fabrication
limits. 1000 psi has been set as an upper limit in this survey.

The ratio v of pumping power to heat transferred is an economic con-
sideration and can only be evaluated in a specific design. For survey use

v has been set at 1% in axial downflow and radial flow cores. The pressure

drop limit of an axial upflow core is that which results in lifting of the balls

on the top layer. This has been established as being the equivalent of 80%
of the bulk weight of the bed (8), which has been set at 56 Lbs/Ft for a

70 pound bed. v in such a bed will always be less than 1% for any practical

designs.

(8) SC-4354 Experimental Determination of the Pressure Drop Through
a Pebble Bed.
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Core geometry has an appreciable effect on maximum specific output
as it influences maximum fuel temperature. Two basic geometries are

investigated: axial and radial flow, the difference being in flow arrangement.

Within each type two flow directions are possible; axial upflow and downflow

and radial inflow and outflow.

Fuel element size is dictated by specific power generation, heat trans-
fer and system pressure level. Output varies inversely with fuel element

diameter for fixed temperature conditions but a small element requires a
higher system pressure for equivalent pumping power. Because of economic
considerations and the wealth of experience accumulated with 1-1/2 inch

diameter elements, this size is used as the minimum in core surveys.

Blanket elements will be smaller in axial flow cores in order to effect a
degree of flow control. They may be larger in radial flow cores to reduce
pressure loss.

There is little, if any, data available on the physical properties of a
molded graphite body as used in the fabrication of PBR fuel elements and in

absence of specific data, selected graphite properties are used.

In principle, the PBR is a homogeneous reactor. In practice and

particularly in small diameter cores, the power distribution will be stepped

at wall boundaries due to voidage variations. This is a function of flux dis-

tribution and bed to fuel element diameter ratio and a specific analysis is
required to determine its magnitude.

A characteristic of a Pebble Bed Reactor core is that its coolant flow

passages are interconnected radially as well as axially. This gives rise to
radial coolant flow components, the magnitude of which are affected by
radial variations in temperature and voidage. Radial temperature variations

stem from the radial power distribution while radial voidage distributions

stem from the effect of bed boundaries.

A simplified thermal and flow analysis used in (1) consisted of dividing
the bed into annular rings and assuming constant helium flow through any
axial filament of the bed. The magnitude of the flow was determined by the
local void fraction of the annulus and the average gas temperature. Pressure
drop across all filaments was equal. Subsequently, a revision to the model

was made, consisting of dividing the core into axial layers as well as radial
annuli and redistributing the flow after each layer on the basis of the average

(1) NYO 2373
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gas temperature after each layer, instead of after the entire bed. While in

practice some radial pressure drop is required to induce flow in the radial
direction, the mathematical model imposed no such restriction which accen-
tuated temperature peaking in comparison to the actual case. Obviously,

the accuracy of results obtained with this model increased with the number
of matrix points and in order to achieve accuracy it shortly became unrnan-
ageable using hand calculations.

A machine code for the IBM 650 was written, identified as COOLBALL
(9), which solves for local flow, fuel element and gas temperature and core
pressure drop using an assumed power, power distribution, inlet and mean
outlet temperature, system pressure and fuel element size as input. In order
to prepare this input data for COOLBALL it is necessary to obtain normal-
ized power distribution plots from a nuclear analysis and estimates of power
output, system pressure and fuel element diameter from a thermal analysis
of the core. This section develops the methods used in determining these
preliminary core characteristics for use as input for a thermal analysis
using the above code.

The following correlations are used in the thermal and fluid flow
analyses of Pebble Bed Reactor cores:

Reynolds Number (modified)

Ry= DP G 3  (17)
, - -C)

Pressure Drop

ALP 1  G3 L (Q -E.) (18)

f' = 0.53 for Re' 5000

(9) NYO 9072 COOLBALL - A Machine Code for Thermal Analysis of
Pebble Bed Reactor Cores.
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Heat Transfer

S= 'G,.,C, h~ JG 4 CP(19)

j = 0. 58/Re'. 3  for 100 < Re' < 100, 000

Pumping Power

= ' D(20)

Film Temperature Drop

,C T-C)P(21)

Ball Temperature Drop

ATb= QD (22)
24 k(&-)

Ball Tangential Stress

b (23)

In evaluating core characteristics, estimates of the performance of
axial upflow and downflow and radial outflow cores will be made, determin-
ing the system pressure level P, fuel element diameter D , film tempera-

ture drop AT , ball temperature drop ATb and specific arn gross output

Q and Q at a limiting value of OP/L for axial upflow cores and pumping
power to heat transferred v for other arrangements.

Survey conditions are given in Table 4. 3.
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TABLE 4.3

PBR Core Survey Conditions

Working Fluid

Gas Constant

Specific Heat

Inlet Temperature

Outlet Temperature

Temperature Rise

Mean Bulk Gas Temperature

Prandtl Number

Viscosity

Voidage

Specific Pressure Drop

Pumping Power to Heat Transferred

Thermal Conductivity of Graphite

R

C
p

T1[

T2

6t

T
g

Pr

AP/L

v

k

Ft-Lbs/*OR

BTU/Lb/*F

*F

0F

*F

-F

Lbs/Ft-Sec

Lbs/Ft 3

BTU/Sec/Ft/*OF

Helium

386

1.25

550

12.50

700

90-0

0.75

0.000025

39

56

1

0. 004
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4. 5. 2. 1 Axial Flow Cores

Axial flow Pebble Bed Reactor cores can be supported during opera-
tion either statically or dynamically. Either upflow or downflow of the
coolant can be used in a static core with the limitation that the specific
pressure drop through the upflow core be equal to or less than 80% of the
bulk weight of the bed to prevent lifting of balls in the top layer. An upflow
bed can also be supported dynamically against a top grate if the specific
pressure drop is in excess of the bulk weight of the bed and the dynamic
head of the gas stream approaching the lower bed face is sufficient to sup-
port a single ball. This latter requirement sets the system pressure level
as the velocity head required to support a single ball is appreciably greater
than that required to support the bulk bed.

3
The specific pressure drop AP/L in Lbs/Ft required to support the

bulk bed must be equal to or greater than the weight W of the bulk bed itself.

P.. W 4  .= in Lbs/Ft3  (24)

Lp

Also, the dynamic head at the bed face must be sufficient to support
a single ball of weight w.

W =CQ A in Lbs (25)

The bulk bed weight W is equal to:

Wiz 6 - I- ) 4 w ViTr DP3  (26)

Tr Dpio( -C

Substituting in (25):

, 5 _G ~ (27)

op

and solving (24) and (27) for q and equating:

206



2 baIl ,6G6 _(28)

gbed CC l- &)

The modified friction factor f' of a randomly packed bed is 0. 53 and
is independent of Reynolds number over the range of interest. The friction

factor of of a bed of 39% voidage is equal to 5. 48. The drag coefficient
CD of a sphere in a free stream is 0.47 over the same range of Reynolds
numbers. For a bed of 39% voidage, (1-c) = 0. 61. Substituting in (28)

3bax -,8 = 5 5(29)

Ibed .47 x . I

or the dynamic head required to support a single ball is 51 times that re-
quired to support the bed alone. In principle, a bed can be supported in
this manner but the geometrical limits (a high L/D) are impractical for
core design.

The procedure for determining the preliminary characteristics and
performance estimates of axial flow cores of specified geometry is as
follows:

Fuel Element Temperature Limits

Based on present developments the central temperature limit of an
A1 2 O 3 coated particle fueled ball is 2200*F and the central temperature
limit of a PyC coated particle fueled ball is 3600* F. It may be necessary
to use either an SiC-Si or PyC coating on an element to prevent oxidation
of the graphite matrix in event of a system leak. The surface tempera-
ture limit of a SiC-Si coated element is 2000* F. PyC can also be used as
an element coating with the deposition temperature and as a consequence
the surface operating temperature, limited to that of the coated fuel particle.
The combination of surface and particle coatings that can be used, together
with their limiting temperatures are:
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Coating Temperature Limit

Surface Particle *F Location

none A12O3 2200 Center

none PyC 3600 Center

SiC-Si PyC or A12 3 2000 Surface

PyC A12O3 2200 Center

PyC PyC 3600 Center

The most conservative combination of the above designs is an SiC-Si
coating on an A12O3 coated particle ball limited to 200 0 *F surface tempera-
ture and 2200*F central temperature. This element will be used in core
surveys.

Because of flow divergence, resulting from the three dimensional
nature of the flow passages in a Pebble Bed Reactor core coupled with non-
uniform heat generation, the hot zone or layer of maximum fuel element

temperature in an axial flow core is at approximately 80% of the flow dis-
tance from the inlet end in a core of an L/D of one. Because of flux peaking,
there will be an annulus in this hot zone where fuel element temperatures
are maximum. The film temperature drop in the hot annulus of the hot zone
will be greater than mean because of the local to average power generation
ratio and lower gas flow resulting from flow divergence and lower local mass
flow. The ball temperature drop in the hot annulus of the hot zone will be
less than maximum but greater than mean, because of location. The bulk

gas temperature rise will be greater than mean but only 80% of the total rise
will occur to the point of maximum temperature. The sum of inlet temper-
ature T 1, gas temperature rise 6t and film temperature drop ATf sets the
maximum surface temperature. Added to this is the ball temperature drop

AT which sets the maximum central temperature. It should be noted that
b

the maximum ball temperature drop occurs in the center of the core, but
this is not a design limitation.

Film Coefficient & Film Temperature Drop

The average film coefficient and film temperature drop through the bed
can be determined by substituting q/L for Q in (21) and writing:

4 T = ci 0 p/ (o h L ( i - ' (30)
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Rearranging the expression given in (19) for film coefficient h and sub-
stituting q/Cp 6t for Gs

h = O.58 ' (' - C) 3 C,' 3(31)

58 6

substituting (31) in (30) and writing as T./58/.75x10 in Lbs/sec/Ft.

A1T o2 4,5 gc 3 D,'3 P " t (32)
L- C P'O T'" 14 _-C' 1' 3

substituting2appropriate survey conditions from Table 4. 3 and expressing
q in MW/Ft core face area and ball diameter Dp in inches:

L. T . 3 1 0 C-.'3D (33

L (33)

A graphical solution for equation (33) is given in Figure 4. 24.

The local film coefficient in the hot annulus of the hot zone is greater
than average by a factor FATf, equal to the product of the local to average
power generation, 4/4a, the reciprocal of the Ieven tenths power of the
local to average specific mass flow 1/(G/Ga)' and the reciprocal of the
local to average bulk gas temperature to the 0. 174 power. Local to average
power generation is available from core flux plots. Based on previous
studies G/Ga can be taken as 0.85 and Tg/Tga as 1.4 in a core of L/D = 1..0.
For determining preliminary core characteristics for a code input:

FA )d O, 9 5 (34)

In their flow through the core during continuous reloading there will be
a minimum of thirteen fuel elements capable of forming a unit cell, at any
one time, which will have a voidage less than average. The minimum possible
voidage of this group of elements is 25. 95%, the voidage of a rhombohedral
packing having twelve tangent neighbors. It is possible for this unit cell to
pass through the zone of maximum ball temperature and because of the close
packing the temperature of these balls will be greater than those in the mean
packing of 39% due to reduction in specific mass flow and decrease in film
coefficient.
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From (18) the mass flow GS through any cell in the bed is equal to:

(dp/dI) 9 Pc DP DG3L %'(-)()

dp/di , g, Dp and f' are constant and p can be assumed so with little error,
and

L 3 0

l -EO'O

(I -c)-

from (19) the film coefficient h varies directly with G (1-E). 3so:

h ~' ___
O.3

(i-E) z (37)

from (21) the film temperature drop varies inverselywith h and (1-s),
combining:

D Tz )'0&- (38)

the film temperature drop of a tightly packed cell of 26% voidage will be 39%
greater than that of a randomly packed cell of 39% voidage in the same
location.

This is a condition which will occur on a statistical basis. When it
occurs, one or more fuel elements will have a higher temperature by 39%
of the local film temperature drop. Since this is a transit condition, affect-
ing but one or more of many fuel elements in the bed for a period of time
equal to the reloading cycle, it need not he considered as a design limitation
but should be applied with judgement where ball coatings are used that are
temperature - sensitive,

"o44w (4$/(k,)

(36)

F~dr
j

(3~9)
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Heat generated in a fuel element is removed by helium flowing through
the bed. The nature of the bed is such that an individual fuel element can
have from six to twelve contact points with neighbors, where it is a member

of a unit cell. Around each contact point is a dead zone in which a negligible
amount of heat transfer takes place. The heat generated in this zone is dis-
sipated by conduction within the graphite to adjacent surfaces which are

swept with helium. As a consequence, the surface temperature at this
particular point is higher than the average ball surface temperature. If it
is assumed that the dead zone around a contact point is enclosed by a 100

cone, the surface area involved with any contact point is of the order of
. 8% of the sphere surface area. The amount of heat generated in this dead
zone (in the region of the ball surface) is but a small fraction of that gener-
ated in the ball as a whole. Knowledge of the thermal conductivity of
irradiated graphite and of the variation in heat transfer coefficients in unit
cells is not known with sufficient accuracy to attempt to account for such
small effects. It is therefore concluded that the procedures for estimating
surface temperatures reported herein are sufficiently conservative for
design.

Ball Temperature Drop & Tangential Stress

The temperature drop from the center to the surface of a fuel element
generating heat uniformly can be expressed as

Tb rT =QOP (40)

using a value of k for irradiated graphite of 15/3600 BTU/sec/Ft/*F and

introducing a void fraction c for a randomly packed bed:

A Tb = Q D, /Q. I ( I - -(41)

expressing Q as q/L in a bed of 39% voidage where q is in MW/Ft2 of face
area and ball diameter Dp is in inches:

0b8 qD$ 'P L (42)
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A graphical solution for equation (42) is given in Figure 4.25.

The maximum ball temperature drop is in an element located near the
center of the core at the point of 4x/ a. The ball temperature drop at the
point of maximum temperature is less than maximum but greater than aver-
age by a factor of FATb equal to the local c/4a. For determining prelim-
inary characteristics for code input:

FAT (43)

and can be taken as 120% of mean in a core of L/D of one.

There is no physical limit on film drop ATf in a PBR core. However
the ball temperature drop ATb is limited by the tangential stress at the ball
surface. If it is assumed that heat is generated uniformly in a sphere at a
rate of Q units per unit volume per unit time; isothermal surfaces within
the sphere are concentric; elastic theory applies to the point where rupture
occurs; and the same physical properties of the material exist throughout;
the tangential stress at the surface is:

ID,' ac EP(44)

Combining with the temperature drop from the center to the surface as given
in (39) and letting the physical constants group aE = R

1-v

_ = ,4 R A Tb (45)

The physical properties of graphite, as molded with a binder, vary
with the type of graphite flour, binder, bakeout time and temperature,
method of molding and irradiation history. From general graphite properties
and the specific properties of National Carbon "ball mix" (10), graphite
properties for design are given in Figure 4. 26 together with the value of
R = 0.4 QE Figure 4. 27 gives the ATb for a given weighted average ball
temperature Tg in *F where Tg is equal to the ball center temperature minus

0. 74 ATb.

(10) Summary Report I - Graphite Matrix Nuclear Fuel Elements, Vol. I.
Contract AT(40-1)-2560
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System Pressure Level

Writing Gs as q/Cpbt and pc as P/RTc and substituting in (18)

AP = C9-)L R Tc ('E) (46)

30,4 P O, C,2 -St 2cV3

substituting appropriate survey conditions from Table 4. 3

6 = O.232 a(47)
L P Op

The limiting AP/L in an axial upflow core is a specific pressure drop
in Lbs/Ft3 where balls on the top of the bed begin to move because of
dynamic forces. This has been determined ( 8) to be at a value of AP/L
equal to 80% of the bulk weight of the bed. Assuming a bulk weight of

70 Lbs/Ft3 , the limiting AP/L is 56 Lbs/Ft3 . Substituting in (47) and

solving for P.

(48)
24 2 D,

It is convenient to express output .q in MW/Ft2 of core face area, ball

diameter in inches and pressure level P in Lbs/In2 , and:

P = 31I2 g . (49)

op
A graphical solution for equation (49) is given in Figure 4. 28.

There is no physical limit to pressure drop in a downflow core other
than increased load on the bottom grate and economic limitations arising
from pumping power. The allowable pressure drop in such a configuration
is expressed in terms of the ratio of pumping power to heat transfer
which has been limited to 1% for survey cores.

(8) SC-4354 Experimental Determination of the Pressure Drop Through

a Pebble Bed.
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Writing W as Q/Cpbt and pp as P/RTp and substituting in (20)

Q A P R T (50)

Pu0ce at

substituting appropriate survey conditions from Table 4. 3 and solving
for AP/L

AP I.i75 P = .019735P (51)

L L L

substituting (51) in (49) and solving for P

P 3.65 L.(52)
2(52)

it is convenient to express output q in MW/Ft core face area, ball
diameter DP in inches and system pressure P in Lbs/In 2 .

-- (53)

OP

P/ L' is solved graphically in Figure 4. 29.
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4. 5.2. 2 Radial Flow Cores

The Pebble Bed Reactor is one of the few gas cycle reactor configur-
ations amenable to the use of radial coolant flow. Its analysis necessitates
a slightly different approach than that used for an axial flow core as the
specific mass flow G varies inversely with radius instead of being constant
at any point in the flow path as is the case with an axial flow core, neglect-
ing flow divergence. Such a core can be designed as either radial inflow or
radial outflow but in order to take advantage of the inherent characteristics
of such a system, only a radial outflow core will be considered, which
arrangement introduces the cold gas at the center of the core at the point
of maximum flux which results in lower ball temperatures than the inflow
design.

Fuel Element Temperature Limits

The same fuel element temperature limits used for axial flow cores
apply to radial flow cores and reference is made to Section 4. 5. 2. 1 for
design limits.

Lowest fuel element temperatures will be obtained in a radial flow
core with a Jo flux distribution as obtained with a moderately absorbing
blanket. The point of maximum temperature occurs slightly above the
horizontal centerline and at about 80% of the flow depth. Ball temperature
drop will be slightly less than mean at this point because */4a < 1 but
film temperature drops will be greater than mean because of reduced mass
flow.

Local Film Coefficient & Temperature Drop

From (19)

0,58 G 3 __C5p'jI P-2 . (54)

Op'3

writing Gs as W/As where

n-C H K )
Cz .3t
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where R1 is the inner and R2 the outer radius of the core and Q is the aver-
age volumetric power generation.

G, = Q (Rz -R,) (55)

2 - C P z

substituting in (54)

h = 0.3.577 Q''CP3(RZ- ) ' ( - (56)

D 03  7

From (21)

AT = Qr .DP/ ! (o &-) (57)

where Qr is the local volumetric heat generation.

Substituting (56) in (57)

AT = Q,. D ''3 y'75 '-- (58)
2, 14 (1-E)''3 -7C-3 - 3 2R - R)J

let /4a equal the local to average power generation rate [Qr = (4/*a)Q]
and express as T-58/2. 75x106 Lbs/sec/Ft.

AT (14a Q 3DPI 3 . s t" 74 0(59)CT1  I E)1 3  CP, 3  -T-,i 4  R( _ R ,% 7

substituting appropriate survey conditions from Table 4. 3

AT 6 980 (4/Pa) Q'3DP ''r '7 (60)

- I4(R _
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it is convenient to express Qa in MW/Ft3 and ball diameter DP in inches

A T = 21 5'O (c /4Qa 'R , '

Ball Temperature Drop & Tangential Stress

(61)

Ball temperature drop and resultant tangential stress are a function

of the local power generation rate and the limits developed for axial flow
cores in Section 4. 5. 2. 1 apply.

Pressure Drop & System Pressure Level

The pressure drop across a thin cylindrical element of radius r in
a radial flow core is equal to:

dp
(62)

cQ op &3

substituting (55) in (62)

d p?? 2 Q c opp6 3 .zC p tt

6P =Cd V 4

RL

R,

rewriting (63) with f' = 0. 53, E = . 39, writing p as P/RTC and
helium as the working fluid

considering

7-t z PDp Ri

substituting survey conditions from Table 3.4

223

(64)

now

(63)

- - I c & -
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(65)A7P Q (R - R L -. j
Z -T 1 .2 P Z R

from (50) AP = 1.75 vP. For survey conditions v = 1% and AP = .0175P.
Substituting in (65) and solving for P, expressing Q in MW/Ft 3 , DP in
inches and P in psia:

P= 4 17 Q(R- P,9)

DP
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4.5.3 COOLBALL - A Machine Code for Thermal Analysis of
Pebble Bed Reactor Cores.

COOLBALL (parts I and II) is an IBM 650 machine code designed
to solve for local gas and ball temperatures, gas flow and pressure loss

as induced by non-uniform power generation and voidage within an axial
flow Pebble Bed Reactor core. Input data required for COOLBALL I
are normalized radial and axial power distribution and gross power,
COOLBALL II requires the system pressure, flow rate, fuel element
size, matrix cell dimensions, certain thermodynamic properties of the
gas as detailed later, and the complete output of COOLBALL I.

Before using the code, unit cells are established by dividing the core

into a convenient number of annular rings (not to exceed 20) and axial
layers (not to exceed 20). Generally each cell would include from one to

four fuel elements in the axial direction. Voidage distribution is established,
based on d/Dp ratio of the bed or any perturbations in voidage that are to be
introduced. Weight flow through the core is determined from the specified

power output and temperature rise through the core. COOLBALL I generates
an average power output for each matrix cell from the radial and axial
power distribution.

In COOLBALL II, analysis proceeds layer by layer in the gas flow
direction. As a start, the local mass velocity for each matrix cell of

the first layer is assumed to equal the average mass velocity as determined
by flow through the core and the frontal area. The local temperature rise
in each matrix cell in the first layer is determined from a heat balance over
the cell, and the arithmetic mean temperature in the cell is computed. The

local mass velocity through each annular ring is then determined from:

G= 2?DPAPC' (67)

Z f ' L (-c)

Substituting the value of f' of 0.53 and writing p as P/RT and assuming the
use of helium as the working fluid:

- 5

&.I P P Op 3 (68)

L 2 7 LTc(-E)
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Since A P is constant across each layer this equation can be rewritten for
a given layer as:

.S

G' = C (69)
T L ( I - E)

where T is the local average temperature in each matrix cell in the given
layer.

For each layer, a mass balance prescribes that:

\V = 2 IG.A. (70)

The pressure P, fuel element size Dp, local voidage 8, and layer depth
L are known and the code solves for the local mean gas temperature T

and relative mass velocity G' and then, by comparing the sum of the product

of the relative mass velocities and area of the annular rings to the total
gas flow, computes the actual mass velocity and pressure drop in each
matrix cell.

The code then compares the local mass velocities with the original
assumption for these and if they exceed a predetermined convergence

criterion, replaces the assumed mass velocities with the calculated values,
and iterates until the criterion is met.

The corrected local gas outlet temperatures and pressure of the
preceding layer furnish the inlet conditions for the next layer, the

corrected mass velocities of the preceding layer serve as first
assumptions for mass velocities in the next layer and so on until the
entire core is traversed.

For each layer, mixed mean outlet temperature is calculated from:

T =ZT (71)

The film temperature drop is determined from the expression:

A T = 2 72 D,1P-3 G'3 (72)

L
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the viscosity, ," is calculated from

1- 10 (73)

Equation (72) becomes

AT . 23,250 D' 3 G 3  (74)

L T"''4 -S

The ball surface temperature is simply:

.- (75)

Finally the temperature in the center of the fuel ball in each matrix cell
is obtained from

T = T + 1.172 Q (76)

where k, the thermal conductivity of irradiation graphite is given by

k = 19.5 
390, (77)

where t is the average graphite temperature in the ball and is determined
by iteration between equations 76 and 77.

Calculational flow sheets, format of input cards required as well
as the form of the output which the code generates are given in (9).

(9) NYO-9072 COOLBALL - A Machine Code for Thermal Analysis of

Pebble Bed Reactor Cores.
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Notations

Ft-Lb-Sec-BTU Unless Otherwise Noted in Text

C, Specific heat
C a Sphere drag coefficient
DP , Fuel element diameter
E Young's Modulus
G Specific mass flow (through interstices)
G5  Superficial mass flow (related to bed face)
H Height
J Mechanical equivalent of heat
L Length
Pr Prandtl Number

Gross output - thermal power
Q Specific output - thermal power per unit volume
R Gas constant and grouping a E / 1-v
R 1 Radius, inne r
R2 Radius, outer
Re Reynolds number - DpG/
Re' Reynolds number - DpG/(I-c )
T 1 Temperature - core inlet
T2 Temperature - core outlet
Tg Temperature - gas (local)
Tc Temperature - ball center
TS Temperature - ball surface
V Velocity and volume
W Weight, bulk
d Diameter, ball bed
e Surface roughness factor
f Fanning friction factor
f' Fanning friction factor, modified
g Gravitational constant
h Film coefficient.66
j Heat transfer grouping j = hGC /Pr
k Thermal conductivity
q Specific output - thermal power per unit area & Dynamic head
r Radius
w Weight, unit
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Notations (cont. )

AP Pressure drop

AT:, Temperature drop, film

ATb Temperature drop, ball
FAr. Film temperature drop factor

Far Ball temperature drop factor

a Expansion coefficient
p Density

Viscosity

c Voidage

v Ratio of pumping power to heat transferred & Poisson's ratio
c Flux or power, local

Flux or power, averageG' a Stress, allowable

o-e Stress, tangential

6t Temperature rise
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Section 5.0

Future Programs

5. 1 Introduction

During the past year a number of the Research & Development

programs recommended in NYO 2373, Progress Report - Pebble Bed

Reactor Program June 1, 1958 to May 31, 1959, were completed and

are reported herein.

This section outlines future programs related to this reactor con-

cept and to gas cooled reactors in general, to support an Experimental

Reactor Program which would lead to a prototype power plant.
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5.2 Nuclear Plant Analysis

The parametric survey of Pebble Bed Reactor cores made to date
has covered the case of a blanketed core operating on the thoriuni-

uranium fuel cycle, assuming the use of U233 for make-up during
equilibrium operation. This survey needs to be extended, on selected
cores, to cover the use of U235 for startup and make-up in cases
where the breeding ratio is less than unity. This work should be
duplicated for the case of a reflected core and for operation on the
uranium-plutonium fuel cycle.

The Pebble Bed Reactor is unique in that fuel can be loaded con-
tinuously onto the top of the core while spent fuel is withdrawn contin-
uously from the bottom. Studies of the uranium, thorium and fission
product distribution with continuous reloading need to be made to establish
radial and axial flux profiles through the core which are required to set
the maximum core output, based on maximum fuel element temperature
limits, and to optimize the reactor as a breeder or determine the lifetime

for minimum operating cost as a reactor of high conversion ratio. This

problem cannot be solved by hand calculations and as yet there is no known

machine code which is applicable. If a code capable of handling this type

of continuous loading cannot be located, or if an existing code such as
FUELCYC cannot be modified to handle this problem, it will be necessary
to develop a code specifically for this purpose.

Based on this work and survey work already performed, a core suit-
able for use in a 300 eMW central station plant, having steam conditions
such as 2000 lbs/100 0 */1000 * reheat, should be selected. A design study

of such a plant should be made for comparison with other gas cooled
reactor concepts and the liquid cooled reactor plants of this size recently
evaluated by the Commission for their ten year program study to determine
the relative economics and the place of the PBR in the Commission's program.
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5. 3 Fuel Element Development

Recent developments under Contract AT(30-1)-2378 (PBR Fuel
Element Development Program) have shown that coatings on individual
fuel particles are excellent barriers to fission product leakage. Conse-
quently, a dispersion of coated fuel particles in a graphite sphere has been
adopted as the reference PBR fuel element.

Further development of this fuel element concept falls into two
categories: particle coating development and fuel element development.

Work on coated particle development, including irradiation testing,
is being handled directly by the AEC under other contracts. Development
will include, but not be limited to Al 03, BeO and PyC coatings. Since
present tests have shown excellent fission product retention of Al203 after
moderate burnup, development can proceed to improve the performance of
this material. Outstanding questions are the effect of irradiation on coat-
ing integrity, effects of fission product gas pressure buildup and reaction
limits with the binder material in a graphite matrix. These areas can be
explored most expeditiously on a variety of particles by a simple static
capsule irradiation of duplicate samples at progressive exposures.
Irradiation could be performed in a high flux reactor on a large number
of different types of particles mounted in graphite followed by hot cell
examination. Selected particles can be screened for fission product re-
lease vs. temperature in a low flux sweep capsule.

Work on fuel element development involves evaluation of coated parti-
cles and elements fueled with coated particles, both procured from
vendors. Fuel element development problems involve developing high
density graphite to improve nuclear characteristics; establishing the allow-
able temperature limits during bakeout and operation to prevent reaction
between the particle coatings and the graphite matrix; determining a suit.
able method of preventing loss or damage to fuel particles near the surface
of the fuel element; methods of minimizing uranium contamination of the
matrix; the necessity for and types of surface coating to prevent a steam
reaction; outgassing characteristics of elements; and; inspection procedures.

Pilot scale quantities of fuel elernntsshould be prepared, to insure
that specimens made in limited quantities are the equivalent of those pre-
pared in the laboratories. A sample lot of 100 to 1000 fueled spheres
should be procured from each manufacturer who would be expected to
respond to an invitation to bid on reactor quantities of fuel elements. This
work would result in a fair estimate of ultimate production costs of fuel
elements.
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Finally, a high flux sweep capsule irradiation should be performed.

on a fuel scale PBR fuel element using both the optimum fuel particle
and. the optimum graphite matrix in order to measure fission product
retention after high burnup.

The continuously loaded PBR is unique among reactors in that it

is the only reactor discharging fuel daily that has been. irradiated to the
maximum extent allowable. The full economic advantage of the s ystemi

cannot be realized unless continuous reprocessing of the daily discharge
of fuel, in order to minimize out-of-core inventory, is practiced. Since

such reprocessing may be impractical, it is desirable to establish the
limits and to this end it is necessary to make an economic study of on-

site reprocessing, establish the economic and design limitations and
proceed with a design study, capitl-d and operating cost estimate of an
on-site head-end or head-end and fission product separation plant, as
the economics dictate.

Figure 5. 1 presents an outline of this development program for
Pebble Bed Reactor fuel elements.
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OUTLINE OF DEVELOPMENT PROGRAM
FOR PEBBLE BED REACTOR FUEL ELEMENTS

PARTICLES
PREPARED BY MFGRS.

FUEL ELEMENT
FABRICATION 1Y MFGRS.

MANUFACTURING DEVELOPMENT

1. Minimize or eliminate molding flash
2. Method of preventing loss of particles

3. Selection of raw materials
(a) Optimum graphite density
(b) Optimum firing temperature

(c) Meet purity requirements

4. Minimize uranium contamination

PARTICLES
PREPARED BY BMI.

BASIC PARTICLE DEVELOPMENT

1. Systemmatic study of process variables
(i.e. deposition temp, gas composition, flow).

2. Basic characterization of coating, including
crystal structure, density, helium porosimetry,
void structure, strength, thermal conductivity,
expansion coefficient.

3. Investigate diameter and thickness limitations.
4. Minimize uranium contamination.
5. Uranium migration through coating.
6. Use of cheap fuel particle.
7. Influence of coating additives.

FISSION PRODUCT
SCREENING

1. Use neutron
activation and low
flux furnace
capsule to
measure basic
leakage and/or
contamination.

2. High temperature
diffusion, up to 2500
or 3000 F.

RADIATION DAMAGE
SCREENING

1. Effect of fast
neutron damage to
coating.

2. Effect of fission
gas pressure.

3. Radiation effects on
reaction between
matrix and coating.

4. Use unheated and/or
heated static capsule.

RADIATION EFFECT ON
FISSION PRODUCT LEAKAGE

1. Use high flux sweep capsule
with heaters.

SELECT OPTIMUM
FUEL ELEMENT (S)

FINAL IRRADIATION

1. High flux sweep capsule of whole
full scale fuel element under
maximum power density and
temperature.

.MANUFACTURING
COST STUDIES

REPROCESSING
STUDIES

r

PROCURE ENRICHED FUEL
ELEMENTS FOR PBRE

FIGURE 5. 1

EVALUATION OF SPHERES

1. Impact, compression, abrasion damage.
2. Carburization Studies.
3. Outgassing characteristics.
4. Reactions with O/ H 2 O/CO at sphere

surface.
5. Thermal conductivity of matrix.
6. Thermal stress testing.

PROCURE 100-1000 LOT
SAMPLES

1. Check properties of mass produced spheres.
2. Develop inspection procedures.
3. Perform "handling" tests such as loading

and unloading studies.
4. Out-of-Pile loop for dusting evaluation,

packing (voidage) studies, etc. Use either

air at low temp. or inert gas at high temp.
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5.4 Fuel Handling

Ball flow studies have been made of flow through cores where the

ratio of bed to ball diameter (d/Dp) was 20 and 40. The work on a bed. of

40 d/Dp was limited, due to time, and should be continued. One of the

design concepts of a Pebble Bed Reactor is the use of balls of different

diameters in different regions. Flow studies of this configuration should

be made to determine its practibility. To facilitate the experimental
work, flow studies have been made by reloading on a batch basis. Means

should be devised and flow patterns studied where the model is reloaded.
continuously. As soon as an experimental reactor core can be sized,

ball flow in this specific geometry should be studied to determine the
proper core (grate) configuration. Following this work, a large scale
ball flow model for an experimental reactor and a power reactor should
be built and its characteristics explored using graphite fuel elements,
prototype loading and unloading mechanisms and typical refueling
schedules .

While models of reloading mechanisms have been built and used. in

ball flow studies over the past year, the full range of possible mecha.isms

has by no means been explored nor have detailed design studies been made.
A program covering the development of reloading me chanisms should be
implemented and full-scale devices, suitable for use in an experimental or
power reactor, built and operated. Within our present knowledge such

devices would include, but not be limited to: bulk and star feeder loading

mechanisms; bulk, star feeder and vibratory unloading mechanisms.

There are a number of problems associated with reloading methods;
i.e. valve design, purging systems, etc. These should be investigated
in detail and mocked up for study in conjunction with that of reloading

mechanisms.
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5. 5 Working Fluid Clean-Up

A high temperature helium loop operating at atmospheric pressure
is being installed in the BNL reactor under a Fuel Cycle Development

Contract to determine the release rates of volatile fission products from
PBR fuel elements having various leakage rates and the resulting
contamination problems and decontamination requirements for both the
helium working fluid and the primary system surfaces in the loop.

This loop offers a means of experimental testing of various working

fluid clean-up systems which are not included in the present program.
Such systems are a continuous flow charcoal adsorber, a glass separation
cell (Corning Glass), an electrostatic concentrator (Tracerlab), halogen
traps, and the effectiveness of graphite suspension as a plateout medium.
This can be an extensive program representing a final test of several
research programs with results applicable to all gas cooled reactor concepts.

Fundamental research work was done under this contract in determining
the saturation characteristics of a continuous flow adsorber bed, as
a function of the half-life of the adsorbate. This work was done on radio
krypton, obtained by irradiating a rubidium source in a fast neutron flux.
This work should be extended to include a mixture of radio krypton and
stable krypton, xenon, a mixture of xenon and krypton and finally a mixture
of fission products from a uranium source. In addition long term ageing
effects need to be studied.
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5.6 Experimental Reactor

Several types of experimental facilities were evaluated in the
early part of this program to determine the most suitable and economical
means of demonstrating the technical feasibility of the Pebble Bed Reactor
concept. (2)

Three different types of facilities were investigated: a) large in-pile
loops, b) driven subcritical assemblies, and c) a self-sustaining reactor
experiment.

In evaluating the worth of these different facilities, each involved
the testing of a successively larger number of fuel elements and included

further work in the related areas of feasibility. An increased cost is
associated with each step and although each step offered some increment
of information, only the final step, a self-sustaining reactor experiment,
is capable of completely demonstrating the technical feasibility of the
concept. It was concluded that the step directly from capsule irradiations
to a small experimental reactor was warranted because of the unique
nature of the PBR fuel element, namely, its small size permitted capsule
irradiation under full scale operating conditions. Furthermore, with the
advent of the coated particle concept, each single capsule irradiation of a
PBR fuel element was actually an irradiation of approximately 250, 000
individual fuel elements (i.e. the coated particles) thus greatly enhancing
the statistical significance of the irradiation.

Summarizing what is offered in an experimental reactor; the quantity
of fuel elements is such that some statistical significance can be placed in
the results of irradiations of different element types. The gas flow is of a
magnitude such that off-gas clean-up systems are prototype, rather than
laboratory size. System maintenance procedures as developed and demon-
strated would be directly translatable to a prototype or power reactor.
Reloading equipment as used on such a reactor would be essentially identical
to that required for a larger system.

The R&D work outlined in the preceding paragraphs of this section
are all in support of an experimental reactor whose objectives can be
summarized as:

a) Provide statistical information on the behavior of coated fuel particles,
supported in a graphite matrix, with respect to gross burnup and burnup

patterns resulting from the flow characteristic of elements through a PBR
core.

(2) S&P 1965-3
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b) Determine the level of fission product activity in the system vs. time,

methods of controlling it to specified levels and establish feasible main-

tenance procedures.

c) Determine the safety and control problems of a homogeneous reactor,
reloaded continuously during operation.

d) Gain experience with a continuously reloaded reactor from the stand-
point of operating procedures and spent fuel handling.

e) Gain experience in the operation of the overall system for use in the
design of a prototype or power reactor.
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5.7 System Materials & Components

Many of the materials and components required for an experimental

or prototype Pebble Bed Reactor are common to other gas-cooled types
and are receiving intensive development under other programs.

Materials problems within the Pebble Bed Reactor vessel pertain to

the fixed graphite parts which act as reflector, structure, guides, etc;

the reactor vessel material; and the movable bed of fueled graphite

spheres which have been discussed in Section 5. 3. Further clarification

will be needed from existing programs on two questions pertaining to the

fixed graphite parts, namely whether differential shrinkage rates induced

by fast neutron flux gradients will ultimately cause an unacceptable type of

failure and the degree of corrosion protection required on the fixed graphite

parts. Some type of erosion-resistant material will be needed in fixed
graphite parts which are within the reactor vessel. Coatings such as

silicon carbide or pyrolytic carbon are being considered and it must be

determined whether these coatings as applied to large graphite pieces can

protect the graphite from the sudden presence of air or moisture and also
prevent removal of the fixed graphite by reaction with CO and impurities
in the helium coolant during normal operation. The use oT a fixed bed of

spheres as a support structure which permits gas flow and minimizes
neutron leakage will require construction of full-scale models for test
purposes. Another area currently receiving considerable attention is the
limitation on fast neutron flux dose to the pressure vessel steel. This pro-
gram should furnish information on the optimum type of steel and design

requirements which would minimize the fast flux at the pressure vessel
wall and permit the wall to operate at the best temperature.

Major equipment items such as gas circulators, steam generators,

control rod drives, valves and the gas storage and transfer system are
again common to all gas-cooled reactor systems and development is pro-

ceeding on some of these components. One important equipment item
which is not receiving the development it deserves is the gas circulator
using gas film bearings. Another is a high-capacity, high-pressure-ratio

transfer compressor system for pumping down the system and transferring

gas during normal operation.

Development work is required on many of the above items incorpor-

ated in a high-pressure, high-temperature helium system.
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5.8 Fluid Friction Characteristics of Packed Beds.

The fluid friction characteristics of randomly packed pebble beds
were determined experimentally during the last contract period. In
the course of this work, an unsuccessful attempt was made to separate
out entrance and exit and surface roughness effects in a randomly packed
bed. The accuracy with which the voidage was determined in these ex-
periments precluded separating out entrance and exit and surface rough-

ness effects, if any. This work should be repeated with formally packed
ball arrays where the voidage is precisely known, to eliminate this
variable.

This experimental work indicated that the friction factor f' was
independent of Reynolds number between the range of 4000 and 100, 000.
This does not correlate with work of previous investigators who show a
negative slope for the value of friction factor f' with Reynolds numbers up
to a value of 5000. As soon as the design of a Pebble Bed Reactor core
is established, this bed should be mocked up and the friction factor re-
checked over a range of Reynolds numbers from 500 to 50, 000 to definitely
establish the transition point.
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