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SUMMARY

This quarterly progress report
of the Aircraft Nuclear Propulsion
Program at the Oak Ridge National

Laboratory is divided inte five parts:
" Reactor Design, Shielding Research,
- Materials RBesearch, Alternative
Systems, and Appendixes, each of which
1s discussed separately in this summary.

Part I. ®EACTOR DESIGN

The Aircraft Reactor Experiment
{8ec. 1). The design of the high-
temperature Aircraft Reactor Experi-
ment has been modified to use the 30-
in. core instead of the 36-in. core,
as proposed in the last report. All
reactor components are on order with
delivery expected this coming quarter.
Design of the external fluid circuit
is essentially complete, and many of
the major components are on order.
Construction of the building facility
1s on schedule.

Experimental Reactor Engineering
{Sex. 2). BRecent developments have
incloded a frozen-sodium seal for a
centrifugal pump, satisfactory oper-
ation of an electromagnetic pump and
of a canned-rotor pump with sodium,
pperation of a liquid-metal valve at
1500°F without self-welding, and oper-
ation of a mock-up of the reactor
liguid-fuel system. Technigues have
been developed further for the handling
and purification of sodium and sodium
systems to minimize oxvgen contami-
nation; this has contributed appreci-
ably to the successful operation of
these systems at high temperatures.

Reactor Physics {(Sec. 3). The
reactor physies calculations have been
devoted largely to statics and kinetics

of the ARE, although some analysis of
a sodium hydroxide reactor and a full
aircraft-size BeO reactor were com-
pleted. The uranium investment in the
ARE is 29,2 1b, the slight increase
over previous estimates being due
largely to 1lncreased structural and
material poisons in the completed
design. As the change in reactiviiy
for normal control is relatively
insensitive to the location of the six
cuter control rods, they have been
located to maintain the most uniform
flux distribution. Calculated kinetic
responses of the ARE to arbitrary
changes in reactivity, as a result of
possible accidents or failures, show
the system to be well damped. Pre-
liminary calculations of a sodium
hydroxide reactor designed at ORNL
have yielded data on leakage and
absorption spectra of the core and
indicate a critical mass of approxi-

mately 32 1b.

Critical Experiments (See. 4). The
preliminary reactor assemblies which
are being, or have been, investigated
include simulations of the air-water
aircraft reactor, proposed by General
Electric, and a graphite-uranium
assembly to study powsr and flux
distributions. Measurements of this
latter reactor were still being made
at the end of the guarter., The two
modi fications of the air-water reactor
demonstrated the savings in critical
mass to be gained by decreasing the
thickness of the water lavers,

Part Ii. SHIELDING RESEARCH

Bulk Shielding Reactor {Sec. 35).
The measurements on the mock-up of the
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ideal unit shield have been completed
and indicate a weight of 124,000 1b
for a 3.8-ft spherical reactor. Con-
struction of the mock-up of the divided
shield is essentially complete, and
preliminary shadow-shielding tests
have been completed.

Lid Tank (Sec. §6). Recent measure-
ments on the lead—borated water unit
shield, in which the boron concen-
tration has been increased to 1.3 wt %,
result in a unit shield weight for a
3-ft spherical core of 101,200 1b,
6000 1b lower than that calculated by
the Shielding Board in ANP-53,
ago.

a year

Duct Test (Sezc. 7). A practical
treatment for liquid-metal ducts in a
reactor shield has been demonstrated
by the use of an extra comical layer
of water around the duct as it emerges
from the reactor shield. The weight
of such a patch for a single 6-in.
sodium duct surrounded by a l-im. air-
filled annulus is approximately 1000 1b.

Shielding Calculations (Sec. 8).
Analysis of Lid Tank data has yielded

“removal cross-sections" for lead,
boron, and water of 3.4, 2.0, and 0.8
barns, respectively. The theorestical

of the divided shield is
agailn being scrutinized very care-
fully. Tt seems likely that, when
some of the approximations are better
defined,

greater

analvysis

the weight may be somewhat
than previously supposed,
although not prohibitively so0. A
weight advantage of several tons by
nsing ammonia in the divided shield
in preference to water has been demon-
strated. An asalysis of some possible
radiation hazards associated with the
ARE has also been made.

Nuclear Measurements (Sec. 8). The
5-Mev Van de Graaff generator is in
operation, and preliminary experiments
indicate its useful range of energies
to be from below 0,2 Mev up to 6 Mev.
An in-pile lithium loop has yielded
data on Bremsstrahlung intensities,
and measurements of the (n,2n) reaction
in beryllium were made, The instal-
lation of the neutron time-of-flight
spectrometer at the LLITR has progressed
although fabrication of the assembly
has been seriously delayed during the
quarter.

Part I1T1. MATERIALS RESEARCH

Investigation of the materials
problems of a high-temperature reactor
continues to comprise a major part of
the effort of the Aircraft Nuclear
Propulsion Project. 1In addition to
the empirical research on corrosion,
materials fabri-
and reactor chemistry, this
program includes the determination of
the bagic thermal and physical con-
stants associated with these materials
at reactor temperatures.

radiation damage,
cation,

Corrosion Research (Sec. 10). Cor-
rosion studies have been expanded to
include corrosion by hydroxides and
possible fluoride coolants as well as
corrosion by the liquid metals and
fluoride fuels
vestigation

in -
The
extensive corrosion tests with sodium,
both static and in thermal comnvection
loops, conclusively demonstrate that
sodinum causes negligible corrosion to

already under
for some time.

either inconel or a number of stain-
less steels at 1500°F. Static cor-
rosion tests of the pretreated fluoride
fuel mixtures indicate that containing
of these liquids 1s likewise possible
Cor-

rosion attack by such pretreated fuels

under the same circumstances.
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averages about 1 mil on stainless steel
and 2 mils on inconel after 100 hr at
1500°F. Corrosior attack encountered
with hydroxides and with hydroxide-
bearing materials, however, is a great
deal more severe. Both commercial and
specially pure sodium hydroxide are
extremely corrosive te inconel and to
the stainless steels. Corrosion by
potassium hydroxide is somewhat less
severe. Llests with bariumand strontium
hydroxides indicate these caustics Lo
be somewhat less cerrosive then either
of the alkali hydroxides, but still se
severe as to preclude their use at
this time. Bigid controel of the
purity of the material, which was
necessary with the fluorides, bhas not
yei been realized but should reduce
the present hydroxide corrosion rates.

Physical Properties amd Heai~Trams-
fer Research {See. 311). OFf particular
interest in the design of the reactor
are the measurements of the physircal
properties of probeble reactor wma-
terials as well as the studies of
heat-transfer phenomena and assorciated

Heat-capacity measure-
been coumvleved for 316
stainless steel, lithium, molybdenum,
and zirconium in the range 300 to
1006°C., The thermal conductivity and
density of the flocride fuel have also
been defined in the region of interest.
Apparatus for the aeasurement of the
viscosity of high-temperature liguids
and the heat-transfer coefficients of
hydroxides and fused salts 1s now
essentially complete. Investigation
of the free-convection mechanism within
quiescent liquid-fuel elements 1s
underway. | ‘

coefficients.
ments have

Metaliurgy and Ceramics {(Sec. 12).

The metallurgical processes involved
in the construction and assembly of a
in-

high-temperature reacter core,
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clouding welding of tubular fuel
elements, fabrication of solid fuel
elements, creep of metals, fabrication
of control rods, and cladding of
beryllium oxide moderator, are cur-
rently being investigated. 1t is now
apparent that tube-to-header welds
having tensile strength comparable to
that of the parent metal may be resdily
geffected with inconel by an electro-
magnetis “cone-arc” technigue. Added
to the list of techaiguees by which
solid-fuel eclements way be fabricated
is that of "rubberstatic pressing.”
In all technigues the wse of 8 screened
fraction of sinvered U0, scems to be
desivable. The creep laboratory and
stress~corrosion laboratory are now in
operation and are emphasizing tests on
inceconel and stainless steel specimens.
A ceramic laberatory has been set up
and i3 heing equipped and staffed..

Chemistry of High-Temperature
Liguids (8ec. 13). The
research on reactor fluids
extended to iamclude study of non-
metallic liquids for use as moderators
and/or heat-transfer flnids, in ad-
dition to the development of lignids
for use as high-temperatnre resactor
foels., WNine fluoride fuel systems,
both ternary and guaternary, arve
singled out as covering a useful range
of nranium concentration and possess-
ing satisfactory melting points. In
the development of homogenseous reactoer
fuels, solutionsofﬁ%& 1n NaOH-Ne B, O

A > it Y]
show promise, in

chemical
has been

additien to the
NaOH-Li0OH system previously developed.
The recent investigations for moder ~
ator coolants bave indicated that
several binary hydrogenous systems
appear to be satisfactoery as far as
liquid ranges, moderating ability, and
heat-trapnsfer properties are concerned.
Preparation of sodium hydroxide of
greater than 99, 8% NaOH by weight was
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ard in the
The
list of nonmetallic coolants now in-
cludes 11 fluoride systems of usable
liquid range and low corrosiveness,
although their heat-transfer properties
are not sufficiently well known to
permit evaluation of their usefulness.

required in the above
assocliated corrosion studies.

Radiation Damage (Sec. 14). Although
a2 number of fuel capsules have been
irradiated inm both the pile and
cyclotron, complete data are not yet
available owing to the residual activivy
of the capsule. From preliwminary
results 1t appears unlikely that
radiation will have a significant
effect on the fuel. On the other
hand, the thermal conductivity of
inceonel appears to decreases by a factor
of 2 iu less than a week of exposure
in the X-10 pile. The flux devendence
of this decrease has not been de-
termined, but a temperature anneal of
the effect has been demonstrated.
As regards creep under irradiation,
there 1s a definite reduction 1in
primary creep due to irradiation with
347 stainless steel. However, after
long periods of strain, 200 hr and
irradiated specimens exhibit
significantly greater elongations than

above,
control specimens. Tweo preliminary
experiments on irradiating lithium in
iron capsules showno appreciable added
corrosion ascribable to radiatiocn
effects,.

Part IV, ALTEBNATIVE SYSTEUS

The major effort of the Aircraft
Nuclear Propulsion Project at Oak
Ridge Naticnal laboratory is directed
toward a 1500°F liquid-fusl reactor.
research is 1n progress both
here and at associated laboratories on

However,

several other reactor systems which

show promise. Among these alternative

systems receiving consideration are
the supercritical water reactor and
two configurations for a circulating-
moderator reactor.

Supercritical ¥Water Reactor (Sec.
15). The design of a supercritical
water reactor 1is being analyzed by
Nuclear Development Associates, Inc.
Their present concept of the reactor
and shield is a 2.5-ft square-cylinder
active core surrounded by an 11-ft-
diameter sphere of water. The water
makes two passes through the core
which contains fuel elements of the
sandwich design previously proposed.
Studies of reactivity show that uniform
thermal flux is simultaneously comn-
sistent with mipnimum critical mass,
approximately 25 1b. The
designed to deliver 400 megawatts with
a maximum wall temperature of 1290°F.

reactor 1s

Circylating-#oderator-Coolant
Reactor: HEF (8ec. 18). A circulating-
moderator-coolant reactor ewploying
circulating sodium hydroxide as both
moderator and coolant and a fixed
liquid fuel of a mixture of fluorides
has been proposed by The H. K. Ferguson
Co. The reactor is designed to deliver
140 megawatts at the design point of
0.8 Mach and 35,000 ft in a modified
B-52 airplane, with a maximum power at
level of 230 megawatts. The
uranium investment in this reactor is
high, 187 lb. This 1is directly at-
tributable to the poor heat-transfer
characteristics of sodium hydroxide,
which necessitates a

sea

large amount of
inconel for heat-transfer surface.

Circulating~¥oderater-Coolant
Reactoy: 0RNL (Sec. 17). A design
of a circulating-moderator-coolant
reactor has also been advanced by the
Reactor Design Group at Oak Ridge
National Laboratory. The working fluid
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of this moderator-cooclant reactor is
likewise specified as sodium hydroxide.
A 2.5-f¢ spherical core using liquid
fluoride fuel i1s expected to deliver
200 megawatts with a maximom wall
temperature of 1500°F. An essential
feature of this design is the ase of
annular fuel elements to attain the
high ratio of heat-transfer surface to
fuel volume necessary with the hy-
droxide coolant.

High-Temperature Power-Plant Studies
{Sec. 18). North American Aviacion,
Inc., has conducted an investigation
of high-temperature {above 1800°F)
heltum and sodium ligquid-vapor power
cycles with regard to their application
to a Mach 1.5, 45,000-ft-altitude
aircraft. They conclude that a helium-
cooled reactor cannot achieve the
supersonic propulsion of aircraft
even 1f reactor temperatures as high
as 3300°F and helium pressures in the
range 1000 to 2000 psi should be used.
On the other hand, a liquid-metal-
cooled reactor operating in conjunction
with a sodium liquid-vapor compressor
jet system does appear feasible for
the supersonic aircraft.
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Part V. APPENDIXES
Analytical Chemistry (Sec. 18).
Chemical analysis is required in
almost every phase of the reactor
program. Although some of these
analyses are routine, the development
of many new analytical techmiques 1is
required. In all, over 400 samples
were submitted for analysis during
the last quarter and over 1700 determi-
nations were made. The n-butyl bromide
me thod, which has beer developed for
the determination of oxygen in sodium,
1s extremely accurate for oxygen
contaminations down to 0.015%.  The
oxygen content of argon and helium 1s
now determined by 'a colorimetric
method which gives excellent precision
below 25 ppm. Methods are also being
developed for the determination of
metallic corrosion products in fluoride
fuels and metallic coolants and for

the determination of oxygen in lithium
and lead.

List of Reports Issued (Sec. 20).
The reports issued during the past
gquarter include some fifty reports
on all phases of the ANP program.












1. THE AIRCRAFT REACTOR EXPERIMENT

W. M. Breazeale
G. A. Cristy

L. F. Hemphill
5. V. Manson

R. W. Schroeder
ANP Division -

The Aircraft Reactor Experiment
(ARE) is a 3-megawatt reactor designed
to provide first-hand experience with
a high-temperature (1500°F) reactor.
Recent modifications of the ARE design
have been permitted for convenience
where this has not affected the operat-
intg temperature of the core. In
particular, the smaller core, proposed
in the last report,¢!) has been adopted
and consideration is being given to
the use 0f NaK since this coolant would
eliminate the need of preheaters.

The external-fluid, electrical, and
control circuits have been generally
established and detailing i1s now in
process. The design of the fluid
circuit is sufficiently well defined
to permit ordering of heat exchangers,
blowers, and associated tubing. The
reacteor control signal will now be
obtained from both inlet and outlet
coolant temperature. The reactor will
contain six control rods symmetrically
dispersed around a central safety rod.

Construction of the building faciliny
for the ABE is proceeding as scheduled.
The excavation is complete and most of
the concrete foundation has been laid.

(I)N. M. Smith, Jr., ‘“‘Recommendation on
Alternative Loading,’ Aircraft Nuclear Propulsion
Project Quarterly Progress Report for Period
ggéigg June 10, 1951, ANP-65, p. 55 (Sept. 13,

CORE DESIGN

The core arrangement has been re-
designed to provide for an active
lattice (30 in. in diameter and 34 in.
in length, as suggested by the Reactor
Physics Group.(!) (The smaller core
and thick reflector favor critical
mass and power distribution.) - The
original core-tube and fuel-tube sizes
have been retained, providing a maximum
fuel capacity of 31 1b of U?%%, using
fused fluorides (NaF-KF-UF,) containing
150 1b of U*35 per cubic foot. The
current core—pressure shell assembly
provides for seven control thimbles,
located 1n the core, and two instrument
chambers, located 1n the reflector.

Material and component orders have
been revised to include the changes
and features referred to above. Detail
and assembly drawings for the entare
core~—pressure shell assembly are
being prepared. The orders for core
components which were placed during
the preceding quarter(?) are still
outstanding. Delivery of most items
is expected within the next twomonths.
After extensive negotiations with the
Norton Company, the' Brush Company,
AFC, and Norris, it has been decided
that all moderator and reflector
beryllium oxide blocks will be hot-
pressed by Norton and that the original

block size (3.75 in. across flats)

(2)R. W. Schroeder, ““‘Design of the Aireraft
Reactor Experiment,’ ANP-635, op. cit., p. 1.
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will be retained. Initial shipments
of BeO have been made.

FLUID CIRCUIT

Detailed layouts of all aspects of
the external fluid circuit are currently
being made. The availability of the
various components from either at-hand
stock or commercial suppliers is being
determined, and in some cases the
procurement of these items has been
initiated. The use of NaK as the
reactor coolant will eliminmate the
need of preheaters in the coolant
system. The helium monitoring circuit,
the reactor room and pump-room space
cooling circuits, and the control-rod
cooling circuits are being reanalyzed
in an attempt to obtain dual usage of
some of the components.

Heat-Disposal Circuit. The heat-
disposal systems provide for heat
transfer from NaK to helium to ethylene
glycol to water. The NaK-to-helium
heat exchangers and the helium-to-
glycol heat exchangers have been
studied in detail, and the configu-
rations which appeared to be most
attractive have been reviewed with two
prospective suppliers, the Griscom-
Bussell Company and the Vulcan Copper
and Supply Company. Each of these
companies confirmed our basic approach
and have submitted formal guotations
for the heat exchangers. As each of
the prospective suppliers has agreed
to quote on the basis of 1-in. inconel
tubing in the NaK heat exchanger, the
tubing has been requisitioned to favor
the optimum delivery date. The afore-
mentioned companies also confirmed the
calculated helium flow rates and
pressure drops, enabling the release
of requisitions for the helium blowers.
Invitations to bid have been extended
to six blower manufacturers; the bids

10

have been received and currently are
being evaluated. The glycol-to-water
heat exchangers have been found inY-12
surplus, and their custody has been
transferred to the ABE project.

It has been decided to revise the
NaK system to provide for upward flow
from reactor to an expansion tank,
then down from the expansion tank teo
the heat exchangers and down from the
heat exchangersto the low point immedi-
ately above the dump tank, and from
there to the pump and the reactor.
This revision places the pump on the
low-temperature side of the heat ex-
changer and obviates the need for
employing the pump as a surge chamber.
It is planned to maintain pump level
control by means of a forced helium
flow through an orifice, the area of
which 1s adjusted by the NaK level.
It has also been decided to employ a
mechanical valve in the dump tank line
rather than to maintain the liquad
level by gas pressure as previously
contemplated.

Contamination of Helium System.
Failure of a fuel element is expected
to release xenon and krypton to the
NaK circuit and in turn to the helium
present at the various NaK free sur-
faces. Studies have indicated that
the helium so contaminated must be
held for several days before being
released to the stack. After several
possible scrubbing arrangements had
been investigated, it was decided to
make this helium circuit a closed
loop with a valved line to the stack,
permitting release after any desired
waiting time. This system will in-
clude a low-pressure reservolr, a
scrubber, a small compressor, amonitor,
and a high-pressure reservoir.
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CONTROL OF THE ARE

F. S. Bettis, Research
Director’s Division

The control of the ARE will in-
corporate solad absorber rods 1in
addition to the ligquid-fuel control

apparatus which decreases the {fuel
volume in the core. The control
signal 1s now taken from both the

inlet and cutlet coolant temperatures
rather than from the outlet tempera-
ture only. Detailed design of the
absorber control rods has been com-
pleted, anda rod and actuator assembly
is being fabricated. A high-tempera-
ture fission chamber has been designed,
and a satisfactory multiplier has been
developed for the reactor
computor.

dynamic

Liguid-Fuel Control System. The
¢lementary diagram of the control
system has received major emphasis
A completed
elementary control diagram
ready. The control-room layout, in-
cluding operating conscle, relay and

during this quarter.

is now

instrument racks,
conduilts,
pleted. Detailing of these i1tems 1is
now being completed.

and interconnecting

has been partrally com-

A fundamental change in the control
method was made when the source of the
servo repulating signal was changed.
This signal no longer originates from
the coolant outlet temperature but is
obtained from both cecolant outlet and
inlet temperatures, The equation for

this sigpmal iz given by

E = (T,

T

- T,) KT, - T)

where

error signal actuating the

regulating rod

r, = coolant inlet temperature

T, = temperature of reactor core
circuit at equilibrium condition
at start-up with reactor power
output essentially zero

K = constant determined by ratio
of outlet temperature rise to
inlet temperature drop f{rom
start-up value T

T, © coolant outlet temperature

Using this equation a solution of the
reactor kinetics 1s 1in process by the
Nuclear Physics Group.

The test rig, for testing the
operaticen of bellows for moving high-
temperature liquids, has been completed
and 1s in the Experimental Engineering
building. It has not yet been put
into operation, and the tests will
not be started until some of the more
important loop tests have been com-
pleted.

The

been

So0lid Absorber Rod Design.
number of absorber rods has
established, pending verification by
the critical experiments., Present
designs show six rods symmetrically
disposed about the center with an
additional rod at the center of the
reactor. Detailed designs of the
control rods, thimbles,
have been completed.

and actuwators
The first work
order for one complete rod and actuator
assembly will go dinto the shop early
in the next quarter.

11
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Calculations on the heat generated
in the absorber rods show that these

can be cooled satisfactorily with
helium. The rod design, which has
been completed, provides for the
coolant helium to escape 1into the

reactor pit and provides a monitoring
atmosphere for the pit.
adequate to cool B,C rods are being
provided even though the possibility
still

Gas volumes

of using hafnium absorbers
exists.

A design of a fission chamber for
use at elevated temperatures has been
completed and such a chamber 1s being
fabricated. Thas chamber will be
ready for testing 1n about six weeks.

Electronic Computor Design. The
first step toward the solution of the
computor problem has been completed.
A satisfactory multiplier for taking
the product of two analogue voltages
has been constructed. Work will
continuc on the computor design at the
present level of endeavor.

ELECTRICAL CIRCUIT

Finalization of some of the major
fluid-circuit features has permitted
an estimate of electric-power require-
ments. Detailed
conditions following the failure of
external power has indicated that the
heat capacity of the system 1is very

investigation of

large compared to the post-scram heat
gencration. Accordingly, it 1s un-
necessary to provide for continued
operation of the main heat-disposal
circuit. It 1s planned to provide for
operation of the NaK pumps, the
mounitoring and control rod coolant
blowers, and the space cooling systems,

following failure of outside power.
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On this basis it appears that the
maximum battery power requirement will
be less than 10 kw. The a-c¢~d-c motor
generator set appears to be governed
by the design point condition, which
requires approximately 50 kw d-c power.
Warm-up of the entire system f{rom room
temperature to 1500°F, within 24 hr,
appears to require 100 kw a-c and
10 kw d-¢. Circuit diagrams are being
prepared on this basis.

REMOTE-HANDLING EQUIPHENT

Conferences have been held with the
Timken Bearing Company regarding bear-
ing selection and other design features
of the remote cutting machinery. On
the basis of these discussions final
layouts are being made, and requisi-
tions have beeun released for the larger
procured components. FExperiments are
in progress involving welding, cutting,
rescarfing, and rewelding a 2-in.-
thick stainless steel plate. These
tests will be repeated with a 2-1in.-
thick inconel plate when the material
currently on order is received.

BUILDING FACILITY FOR THE ARE

The facility design has been com-
pleted by the Austin Company and the
construction work has been awarded to
the Nicholson Company. At the present
time the building excavation is com-
plete, the concrete pouring 1s near-
ing completion, and the building steel
and the concrete reinforcing steel are

on order. The Atomic Energy Commission

has suggested that certain portions of
the

facility work that Oak Ridge
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National Laboratory had intended to
perform could advantageously be con-
tracted to the Nicholson Company in
the interest of hastening the final
completion date. Accordingly, AEC has

been advised of several services that
Nicheolson can perform and that other
such items probably will become indi-
cated when ORNL facility esngineering
has progressed further.

13
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2. EXPERIMENTAL REACTOR ENGINEERING

H. W.

The ANP Experimental Engineering
Group has the responsibility for
developing and/or testing materials,
methods, and components applicable to
the ARE and ANP reactors. Presently
under development are pumps, valves,
flowmeters,
cators,

level and pressure indi-
preheaters, seals, heat
etc., and, in addition,
studies are being made on static and
dynamic corrosion, methods for handling
liguid fuels, purification and handling
methods for liquid metals and blanket-
ing gases, full-scale test facilities,
and operational techniques for test
equipment. Information derived from
this program provides fundamental
engineering data for component design

ex-

changers,

and provides a basis for establishing
adequate operational procedures to
demonstrate the relizbility of both
laboratory and full-scale systems.

Work has continued on liguid-fuel
systems with the result that a non-
enriched sample of fluoride fuel
mixture has been filtered and trans-
ferred from one fuel container to
another for the first time. A frozen-
sodium seal had been in operation for
700 hr at the end of the period, seal-
ing against 26 psi 1n a system which
contained sodium at 1500°F. A pump
incorporating this frozen-sodium seal
had also been put into operation
successfully,. In other
graphite gas seal showed promise.
Satisfactory operation was obtained
with a General Electric type G-3
electromagnetic pump during tests to
reproduce G. E. performance curves;
good agreement was obtained up to
750°F.

tests, a

14

Savage, ANP Division

Stress-rupture and self-welding
tests were well underway, with early
results indicéting that moderately
stressed inconel and 316 stainless
steel suffered very little, if any,
increase 1n corrosion from sodium at
1500°F. Inconel tends to weld to
inconel omly slightly in sodium at
1500°F;

steel.

the same 1s true for stainless
However, zirconium shows no
tendency to weld to stainless steel.
Methods were developed by which aging
and double filtration reduced the
oxygen content of sodium to less than
200 ppm, and blanketing-gas purifi-
cation equipment rteduced the oxygen
content to below 15 ppm. Specifi-
cations were drawn up and engineering
drawings are being prepared for full-
scale testing of ARE components, both
individually and as a unit.

LIQUID-FUEL SYSTEMS

E. Wischhusen and D. R.
ANP Division

Ward,

Present plans call for the first
ABRE reactor to employ fuel sealed
inside individual pins and inserted in
the reactor. A second rzactor core
may contain the fused fluoride fuel in
a fuel system comnsisting of perhaps
ninety fuel tube clusters in which tube
clusters would be filled and emptied
by means of differential gas pressure.
Full-scale mock-ups of portions of the
system are being made to reveal in-
items as bubble
filling and dumping charac-

valving, and operating

formation on such
formation,

teristics,
techniques.
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Mock-up No. 1 was a crude-but-gquick
system constructed from glass tubes,
rubber stoppers,etc.and using colored
water to simulate the fuel. It
primarily to indicate valving arrange-

served

ments, gage requirements, and operat-
ing techniques which would be needed
for working with mock-up No. 2.

Mock-up No. 2 was a carefully con-
structed all-glass full-size fuel
system employing tetrachlorovethylene
{sp. gr. 1.6} to simulate the liquid
fuel. Work with this system revealed
data on bubble formation, filling and
empitying rates, flushing methods, etc.,
all of which were applicable to mock-
up No. 3.

Mock-up No. 3, which has been
assembled, is an all-metal system
structed from 316 stainless steel
3/16-in.-0.d. tubing and is capable
of operating at temperatures up to
1500°F. In a preliminary test using
tubing of this size the fuel mixture
of fluorides has been successfully
filtered. and transferred through the
tubing in the molten state.

con -

In conjunction with uranium fuel
trans fer experiments, 1t was decided
to investigate the containing of
helium in equipment fabricated from
316 stainless steel and inconel of
0.030 in. wall thickness at tempera-
tures of 1500°F or greater. These
experiments were conducted on weld-
free type 316 stainless steel and
inconel tubing at 1600°F under 54 psi
helium pressure differential and using
a Westinghouse mass spectrograph
helium leak detector for detecting
helium. Tt was found that no helium
diffused interstitially through the
tubing walls during 150 hr, the length
of the test.

PUMP DEVELOPMENT

Pumps currently under development
for the ARF and experimental loops
include a variety of electromagnetic
and centrifugal pumps as well as the
unique canned-rotor pump and Mlevel-
tank™ pump. Performance curves of two
electromagnetic pumps have been obtained
up to 1000°F. At this temperature a
high contact resistance created an
open circuit. The centrifugal pumps
currently wnder development are
distinguished by the type of shaft
seal. The centrifugal pump discussed
below embodied a gas seal; other
promising pump seals are discussed
under "Seal Tests.”" The canned rotor
pump has operated for 90 hr with Nak
at temperatures up to 400°F with no
discernable wear. Awmong the pump
developments are a Duriron pump which
operates immersed 1in the to-be-pumped
fluid and the two-stage electro-
magnetic pump. Other pump information
i1s mentioned under "Loop Tests™ and
"Seal Tests."

A loop for testing either electro-
magnetic or mechanical pumps of ARE
size has been designed which contains
approximately 40 ft of 2%-in. pipe and
utilizes 7.5-kw tube furnaces for
heating the circulating medium up to

1500°F. The loop volume, including a
3-ftd sump tank, is approximately
5 ft*. Space is provided for electro-

magnetic or venturi type flowmeter in-
strumentation,

Centrifugal Pumps for Figure-Eight
Loops (W. G. Cobb, ANP Division). The
centrifugal pump for liguid metals
described in the previous report¢?)

(l)W.'G. Cobb, “Pumps,” Aircraft Nuclear
Propulsion Project Quarterly Progress Report for
Period Ending June 10, 1951, ANP-653, p. 167,
esp. p. 168 (Sept. 13, 1951).
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was 1installed in a figure-eight loop.
Teflon packing rings were used for
shaft sealing, and level indication
and control were taken from the liquid
surface in a tank mounted at the side
of the puwmp housing. Flow
during operation was 7.5 gpm at ap-
proximately 45 ft of sodium, but the
difficulties of simultanecusly con-
trolling the three liquid levels in
the system under dynamic conditions
inhibited smooth operation. The

run lasted for 3% hr at a
temperature of 795°F before
failure of the shaft seal;
operation was smooth for the final
% hr. A second run lasted 16 hr,
reaching a temperature of 900°F, but
terminated when the pump became starved
and hence was unable to pump smoothly.

observed

initial
sodilum
however,

Examination of both these
after shutdown indicated a failure of
the liguid-level control system. 1In
the first run the pressure egualizer
line between the pumpand level control
tank became plugged,
to rise through the seal.

ruils

allowing sodium
This situ-
corrected by additional
heaters and i1nsulation on both the
ligquid and gas lines between the
pump and level control tank. The
explanation for the intermittent
pumping in the second test was failure
of the level indication and control
equlipment to maintain a satisfactory
liquid level in the pump. Subsequent
checks did reveal considerable variation
between the two liquid levels during
operation. Difficulties encountered

ation was

in maintaining constant liquid level
in the surge tank and in the pump
indicated that this method of control
was 1impractical.

ARE Pump Design (W. G. Cobb and
J. F. Haines, ANP Division). A con-
tract has been let with Allis-Chalmers

16

Company for design and fabrication of
a sump type internal-bearing direct-
driven centrifugal pump for testing
and possible use with the ARE. This
and other pumps of ARE capacity being
designed by ANP Experimental Engincer-
ing personnel, are being guided by the
following considerations:

1. The pump 1s preferred to be
located on the cold side of the
reactor to minimize high-temper-
ature effects on pump structure.

2. Separate pump sump and surge
tanks are to be provided.

3. An individual level control 1is
to be provided for the pump.
Tests are being performed to
determine the feasibility of
controlling pump level from a
dynamic surface.

4. A gas seal for the pump shaft

1s to be used.

5. Flow direction through the pump
is to be conventional with
suction through the lower side
and discharge from a concentric
casing.

6. The carried
by an overhung vertical shaft
with no internal bearings.

impeller is to be

7. Pump cooling 1is to be ac-
complished by flowing helium,
which 1s to be monitored for
coolant leakage.

8. Bearing lubricant 1s to be
circulated continuously; this
feature provides cooling for a
rotating face seal.

9. The controlled liquid surface
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in the pump is to be as small
as compatible with stability.

10. The initial puwmp for testing is
to use a cast impeller with
casing and other parts to be
fabricated and machined.

Canned-Rotor Pump (A. R. Frithsen
and M. Richardson, Beactor Experimental
Engineering Division). The 1%-hp
fluid-bearing pump (Fig. 2.1), de-
scribed in the last report, (%) has
been operated with water and Nak
without detectable wear. The first
test was made in a water-circulating
system and continued intermittently
for a total of 1200 hr running time.
Examination of the pump parts after
dissassembly showed no visible or
measurable wear or corrosion. All
clearances were the same as before the
test was begun.

In a subsequent test the diametrical
clearance between the motor rotors and
motor cans was reduced from 0.017 to
0.012 in., and the pump was then used
to circulate NaK for a total running
time of 90 hr. During most of this
period the temperature was held at
200 to 300°F, although short runs
were made at room temperature and also
as high as 400°F. No indication of
wear or corrosion was found on any of
the parts upon dissassembly, but a
considerable accumulation of alkali
oxides was found at the tabs of the
motor cans and close to the walls of
the pump volute where the liguid 1is
believed ‘to have been relatively
stagnant. A Fischer-Porter Flowrator
was used for flow measurements and
operated with complete satisfaction
even at the higher (400°C) tempera-
tures.

(2)A. R. Frithsen and M. Richardson, ‘“Canned
Rotor Pump,’ ANP-65, op. cit., p. 170.

The limitation on operating temper-
ature for this pump 1s believed to be
determined by thermal damage to the
insulation in the motor windings. To
increase the permissible operating
temperature, an order has been placed
with the General Electric Company for
winding two motor stators with class H
wire which 1s capable of withstanding
a temperature of 500°F. 1In addition,
a proposal has been requested from
Allis-Chalmers Company for special
wire which can be used at 7T00°F. With
the latter winding and by cooling the
liquid fed into the moter cans, 1t is
expected that liquid metals or salts
can be pumped at 1000°F or higher.

A 3-hp fluid-bearing pump has been
designed and has been partially fabri-
cated to test a number of revisions in
the design of the smaller pump and to
determine the practicability of seal-
ing up the smaller model. This pump
is expected to be ready for check runs
with water about October 1.

Level Tank Pump (W. B. McDonald,
ANP Division). A Duriron conventional
pump has been modified for operating
while immersed in liquid metals. This
pump has a capacity of approximately
12 gpm at a 40-ft developed head. A
conventional packing gland is used to
seal the shaft, and a labyrinth fitting
closely about the shaft minimizes the
amount of ligquid metal by-passed to
the level tank. This pump will operate
while immersed in liquid metal in a
level tank and will be driven by a
motor on an overhung shaft mounted on
top of the tank. ‘Actual testing
awaits the availability of a test loop.

Electromagnetic Pumps (J. H. Wyld
and A. L. Southern, ANP Division;
A. G. Grindell, Engineering and
Maintenance Division). A General
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Electric a-c electromagnetic pump was
modified by Experimental Engineering
personnel to utilize a flexible second-
ary conductor. Preliminary tests gave
flows of approximately 16 gpm of sodium
at 5 psi and 890°F. 1In a combination
performance and endurance test, a G. E.
type G-3 electromagnetic pump was
operated in the calibration loop (see
below) for 173 hr. Performance curves
were obtained at temperatures of 300,
500, and 750°F for comparison with
data The pump

supplied by G. E.

1951

failed at 1000°F owing to a current
lug melting loose from the cell wall.
This failure occurred at 250 volts
input but after performance curves had
been obtained for that temperature.

General Electric supplied data for
their type G-1 pump whose performance
closely resembles that of the type G-3
pump procured by ANP. A graph compar-
ing operation of the G-1 and G-3 pumps
is shown in Fig. 2.2. The efficiency
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of these electromagnetic pumps in-
creases essentially linearly from 0.5%
at flows of 2 gpm to about 3% at flows
of 14 gpm. Although performance curves
were taken at lower temperatures, the
larger part of the operation was con-
ducted at 750°F, which was the maximum
temperature recommended for the pump
cell in use. Operating temperature
was increased to 1000°F to obtain
performance curves and to determine
the upper limit of temperature allow-
able with the pump cell supplied.

Engineering drawings for the two-
stage electromagnetic pump were com-
pleted and submitted to the shop.
Fabrication is incomplete.

TEST LOOPS

A. G. Grindell, Engineering
and Maintenance Division

The "calibration'" loop and the
"sodium manometer" loop, both of which
were designed to calibrate and other-
wise check flowmeters, have been
operated with liquid metals during the
past quarter. To date the more sig-
nificant application of these loops
has been in conjunction with pump
tests.

Calibration Loop. The calibration
loop, which was designed primarily to
check electromagnetic flowmeters
against venturi types and to check the
performance of electromagnetic pumps,
has been equipped with heaters, thermo-
couples, pressure measuring devices,
a lock valve for operating on a con-
stant weight of sodium, and a static
cold leg for continually removing
oxygen from the circulating sodium.

The system was degreased with per-
chloroethylene, evacuated, outgassed
at 800°F, and flushed twice with
sodium at 800°F. 1In this condition
it has operated satisfactorily as a
test loop for the G. E. electromagnetic
pump described above.

Sodium Manometer Loop. The sodium
manometer loop is an experimental loop
designed to afford means of developing
testing, and gaining experience on
flow-nozzle manometer type flowmeters
and simultaneously developing and
testing electromagnetic flowmeters.
The first attempt to pump sodium dur-
ing the period resulted in electro-
magnetic pump cell failure and sodium
fire during the start-up.

The loop was dismantled, repaired,
and restarted. In this test the
electromagnetic pump was provided with
a flexible secondary conductor, and
during the first 2 hr of operation at
constant power input, flow increased
from 2.5 to 9 gpm. This increase in
pumping rate was attributed to in-
creased wetting of the pump cell wall,
and increased pump input power over-
heated the flexible secondary con-
ductor. Pump power was decreased, but
loop temperature was taken up to 890°F.
The pump failed after27 hr of operation
owing to the inadequate current capacity
of the flexible secondary conductor;
another conductor 2)% times the cross-
sectional area of the first 1s now
being fabricated.

SEAL TESTS

Development of seals for pumps
handling liquid metals or other coolant
at 1500°F has received attention
throughout the period. Tests have

. —
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been conducted simultaneously with
pump experiments in some instances,
while in others tests have been con-
ducted in simulated equipment. The
seal types include a frozen-sodium
seal, metal-to-metal seals, and metal-
to-metal seals at the end of a bellows.

Frozen-Sodium Seal (W. B, McDonald,
ANP Division). A seal employing the
principle of solidifying a column of
sodium around a rotating shaft is
under development. The testing device
consisted of a pot containing sodium
at 1500°F. A sleeve extended from
below the sodium level in the pot to
the outside, and a shaft rotated inside
this sleeve. Sodium was forced by gas
pressure into the annular space between
the rotating shaft and the sleeve. A
refrigeration coil, to cool the sodium
to below 1ts freezing point, was wound
around the outside of the sleeve and
soldered to 1t to increase thermal
conductivity. The rotating shaft was
1% in. in diameter with a diametrical
clearance of 0.032 in. between the
shaft and sleeve. By the end of the
period this seal had operated for
approximately 400 hr against a pressure
of 18 psi. The coolant employed was
kerosene refrigerated by passing
through a coil immersed in a dry ice
and ethylene glycol bath.

At the end of the period a second
test using sodium at 1500°F but with
the pressure differential increased to
26 psi was underway.. Also, a con-
ventional .centrifugal pump was modified
by adding a frozen-sodium seal and was
installed in a pump test loop (Fig.
2.3). The relatively short space
between the pump and the bearings is
expected to limit the temperature to
which the circulating sodium can be
raised; however, this pump was de-

livering 15 gpm of sodium at 650°F at
2000 rpm at the end of the period.

Bellows Seal (A. P. Fraas and M. E.
LaVerne, ANP Division). A Dureg stain-
less steel centrifugal pump(3) was
reworked to provide radial holes in
the rear face of the impeller to keep
the seal cavity dry and was operated
for 80 hr with sodium at temperatures
up to 1000°F. Tests with water showed
that the design is effective 1in
scavenging liquid that leaks into the
seal cavity through the labyrinth seal
on the rear face of the impeller. The
test with sodium was discontinued when
finely divided sodium was found in the
silicone 01l circulated over the outer
side of the bellows seal. Since only
gas should have been in contact with
the inner side of the seals, and since
the liquid level control had given
difficulty with sticking of a solenoid
valve, the rig was disassembled for
inspection. All parts were found in
good condition except the bellows
which found to have two axial
cracks on the periphery of two con-
volutions. The test will be repeated
with another bellows.

was

Graphitar and Tool Steel Seal
(W. B. McDonald, ANP Division). A seal
consisting of a Graphitar (U. S.
Graphite) ring sandwiched between a
stationary member and a rotating member
made of Ketos tool steel sealed suc-
cessfully against a gas pressure of 10
psi at a seal temperature of 350°F for
450 hr. Shaft speed was approximately
2000 rpm. This test was terminated at
450 hr in order to make changes in the
test equipment to enable NaK vapors to
be introduced to the sealing members.

(3)A. P. Fraas, Progress Report on Stainless
Steel Acid Pump Reworked To Test Special Features
for Operation with Liquid Metals, ORNL, Y-12 site,
report Y-F15-6 (Feb. 1, 1951).
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These tests were underway at the ‘end
of the period.

INSTRUMENTATION
J. F. Bailey, Consultant to
ANP Division

The development of suitable ianstru-
ments for indicating flows, pressures,
levels, etec. 1s an i1mportant con-
sideration for the adeguate testing of
liquid-metal systems and for the
successfal operation of the ARE.
Becently considerable thought has been
given to these instrumentation problems,
with the result that a study has been
made of all types of level control
devices to determine the advantages
and the disadvantages of each. The
types studied include electroresistance,
electromagnetic, eleéctroreluctance,
gas flow, and float, and recommended
applications for =sach have been com-
piled. This work has been done with
the view to designing a vigorous re-
search program to develop adequate
instruments for application by both
the Experimental Engineering and the
ABE groups.

spark plug type
probes are being used to control
levels. This method is simple but
unreliable because of periodic short-
ing out of the probes. FElectro-
resistance probes for level indication
are to be investigated in an experi-
mental system which is presently under-
going fabrication. FExperimental work
is to deterwine the merits of this
type of probe as a possible replace-
ment for the spark plug type.

At the present,

A model of the gas-flow control has
been set up in the Liquid Models Test

Laboratory, and the operating charac-
teristics are being studied with water
as the liquid. Experimental work on
other types is in the planning stage.

During the gquarter two magnets for
use with électromagnetic flowmeters
were made by using two U-shaped Alniceo
V pieces and cold-rolled steel spacers.
These magnets givea flux of 1500 gauss
across a l%-in. gap. Using l-in.
stainiess steel tubiang with these
magnets, a flow of 20 gpm gives an
induced voltage of 10.6 mv.

The low-flux magnets have advantages
in that their use permits existing
egquipment to be used for recording
high flows, and braking effect in the
flow circuit 1is reduced. When flows
are below 10 gpm, the magnet strength
should be above 2500 gauss to allow
the same recording equipment to be
used with higher accuracy.

STRESS-RUPTURE TESTS
J. L. Gregg, Consultant to:
ANP Division

Stress-rupture tests are being con-
ducted by the Experimental Engineering
Group to determine the strength of
materials at elevated temperatures.
For testing, sections of a tube of
type 316 stainless steel and one of
inconel were machined to 0.015 in.
wall thickness, pressurized to 110 psi
with argon, and immersed in sodium at
1500°F. The gas pressure produced a
hoop stress of approximately 1500 psi
in the thinned section of the tube.
By the end of the gquarter, these tubes
had been under test for approximately
500 hr without failure, indicating
that attack of sodium on moderately
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stressed inconel and stainless steel
is rather small. Equipment is being
assembled for testing sheet metal in
sodium at elevated temperatures.

SELF-WELDING TESTS

J. L. Gregg, Consultant to ANP Division
A. P. Fraas and M. E. LaVerne,
ANP Division

Self-welding tests are being con-
ducted in sodium at 1500°F to provide
information pertinent to seals, valves,
bearings, etc. for the ARE. Preliminary
results show that inconel has only a
slight tendency to weld to 1inconel
under these conditions.
true for stainless steel.

The same 1is

Inconel has
shown no tendency to weld to zirconium
in any experiment conducted thus far.

Consideration of their atomic
structure had indicated that zirconium
should be as unlikely to weld to iron-
chrome-nickel alloys as any metal
available. In order to test this
supposition, a 304 stainless steel
standard globe valve was reworked to
provide a zirconium washer floating on
the valve stem between the seat and
the valve disk of 347 stainless steel.
The reworked valve was operated in
sodium for 142 hr, 48 at 1200°F and
and 94 at 1500°F. Operation con-
sisted in a number of closings and
openings, the required opening torque
being taken as a measure of any
tendency toward welding.

No indication of welding was obtained
during the test, and visual examination
after completion of the test disclosed
no signs of welding between the zir-
conium washer and either the seat or

disk. A second test is being made
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with three valves an parallel on the
same rig, one valve having a zir-
conium washer, one a molybdenum washer,
and one just the standard stainless
steel valve disk.

VALVE-PACKING EXPERIMENTS

W. C. Tunnell, ANP Division

Since the ARE system as designed
requires valves to operate at 1500°F,
a program for determining valve design
characteristics 1is underway. If con-
ventional valves should prove un-
satisfactory, it 1is likely that a
bellows type valve would be a suitable
alternative. Such a valve would re-
quire packing to provide safety
features and also to permit temporary
in case of bellows
Experiments to determine
satisfactory packing materials for use
with sodium are in progress.

use of the valve
failure.

Following is a list of the materials
tested and the pressures and tempera-
tures reached during preliminary in-
vestigations:

1. Amosite asbestos: held sodium
for 21 hr at 1500°F under 15 psi
before leaking.

2. Graphite powder: leaked sodium
at 600°F under 10 psi pressure,

3. Met-L-X: held sodium for 2 hr
at 1500°F under 15 psi before
leaking.

4, Lead-mill slag: held sodium for
10 days at 1500°F under 15 psi
pressure; no leaks had occurred
before experiment was terminated,

5. Nickel metal powder: held sodium
for 10 days at 1500°F under 15
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psi pressure; no leaks were
observed before experiment was
terminated.

6. Soda ash: leaked sodium at
1300°F under 10 psi pressure.

Since this experiment was considered
a preliminary screening operation for
selecting possible packing materials,
no effort was made to operate the
valve stem when the sodium reached
1500°F. 'QOther equipment is being
designed with smaller clearances be-
tween the sealing parts of the pack-
ing glands to afford more conclusive
tests of powdered or granular materials,

CONTAMINATION OF LIQUID-METAL SYSTEMS

The corrosion of metal containers
by ligquid metals, in this case primarily
sodium, is attributed. to the oxygen
contamination in the system. Nominal
precautions to exclude oxygen from
liquid-metal systems, including the
use of inert-gas blankets and cleaned
systems, had been taken, but they did
not succeed 1in limiting corrosion to
the desired level. It became apparent
that even the swmall remaining oxygen
contamination was a fault, and conse-
quently provisions for its reduction
have been developed. The three main
sources of oxygen, barring leaks, are
from scale in the mechanical system,
from the sodium charged to the system,
and from the inert-gas atmosphere used
with the system. Oxygen contaminaticn
from each of these sources is minimized
by technigques now in use,

Cieaning of Liguid-Metal Systems
{R. Devenish and H. R. Bronstein, ANP
Division). Ligquid-metal systems re-

quire careful cleaning prior to being

1951

put into operation to remove welding
scale, oxides, absorbed gases, etc.,
to reduce contamination of circulating
coolant. These systems are now being
degreased with hot perchloroethylene,
after which they are evacuated and
outgassed at approximately the temper-
ature of operation. An experiment 1is
underway in the calibration loop to
test the efficiency of preconditioning
a systemwith sodium prior te operation.
In this experiment, in addition to
degreasing and evacuating, sodium was
circulated at 800°F and removed, and
clean sodium was introduced. This
second batch of sodium was circulated
for 3 to 4 hr at BOO°F also and then

dumped. Clean sodium was provided for
operational use. By the end of the
period, the loop had operated for

approximately 175 hr ‘with no apparent
difficulty due to faulty cleaning
procedures.

Equipment has been installed for
descaling stainless steel alloys by
the "Virgo Salts" process promoted by
Hooker Electrochemical Company. 1In
this process the metal is immersed in
a molten caustic, which converts scale
to salts soluble in hot dilute hydro-
chloric acid. After these salts are
removed by hydrochloric acid, parts
are brightened and passivated by a
dip in nitric acid. WNo results show-
ing the efficiency of this process
were available by the end of the
quarter.

Removal of sodium from systems after
operation is a problem also receiving
attention during the period. Sodium
is now removed from small tube passages
by immersing the entire assembly in a
water bath which is heated up to 100°C
by live steam. When the residual
sodium has melted, it i1s forced from
the small passages by gas pressure.
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Of course, some burning and small
explosions occur which require that the
operation be conducted in the open,
but no damage to equipment has been
experienced. Sump tanks are now
emptied by heating to above the melt-
ing point of sodium and flowing it
either by gravity or gas pressure into
an ash can immersed in a heated oil
bath which keeps the sodium from pro-
jecting above the surface, thereby pre-
venting a combination oil-and-sodium
fire.

Purification of Liquid Metals
(L. A. Mann, ANP Division). Methods
of purifying liguid metals to reduce
the oxide content to acceptable levels
for use in convection loops, figure-
eight loops, pump test loops, etc.
In the method
now in use NaK 1s held at
approximately 250°F for at least 24 hr
to allow suspended oxide particles
time to agglomerate. The metals are
then filtered through a 5-4 sintered
stainless steel filter into another
fill tank. From this tank the metal
is again filtered through a 5-p filter
into the operating system. Analytical
results indicate that double filtration
consistently reduces the oxide content
to below 200 ppm. The results also
indicate that no apprectable reduction
with further filtration.

have been i1mproved.
sodium or

is achieved

Purification of Imert Gases (L. A.
Mann, ANP Division). 1Inert gases used
for blanketing liquid metals in operat-
ing systems require purification to
minimize oxygen content. Argon gener-
ally contains on the order of 20 to 50
ppm oxygen, and helium cylinders have
shown as high as 65 ppm {chemical
analyses are reported in Sec. 19). A
purification apparatus has been put
into operation which removes oxygen
from blanketing gases by bubbling
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through a column of NaK. Tests thus
far indicate that use of this system
consistently reduces the oxygen con-
tent of gases used in operating systems
to below 15 ppm, which is considered a
safe level, As an added precaution,
helium cylinders have been set aside
for the exclusive use of the ANP
Experimental Engineering Group, and
these cylinders are never permitted to
go below 100 psi to prevent air from
being introduced, These methods, which
are currently in use,
satisfactory,

are considered

Analytical Resunlts with Sodium
(H. R. Pronstein, ANP Division). Sam-
pling techniques instituted with
exlsting equipment during the period
removed inconsistencies in analytical
results, waking possible the standardi-
zation of limits of detection of
impurities in sodium.
analytical results

Evaluation of
(see Sec. 19) on
sodium samples taken at the time of
fill and showed that
filtered sodium generally contained
approximately 0.02% oxygen, but the
oxide content upon termination appeared
to be a function of the size of the
operating equipment. From the time of
fill to termination, the oxygen content
of sodium in thermal-convection loops
rose from 0.02 to 0.03%, while cor-
responding results from figure-eight
loops were 0.02 and 0.06%, respectively.
These findings indicated the need for
more thorough cleaning and outgassing

termination

procedures; consequently the technigue
of repeated flushing of a system with
hot sodium prior
instituted.

to operation was

Design of a sampling device to take
repeated samples of a coolant directly
from the operating system at any
temperature up to 1500°F is virtually
completed. Two small loops for testing
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the reliability of this sampling device
prior to i1ts installation with an
operating system are under construction.,

INVESTIGATION OF SODIUM CONDENSATION

H. R. Bronstein, ANP Division
Condensation of sodium in gas -
pressurizing lines leading to operat-
ing systems was investigated further
during the quarter. Electrostatic
precipitation showed that plugging was
due to a solid aerosol phenomenon, and
that quantities of sodium removed by
the precipitator were of such a magni-
tude that a2 means of returning this
condensate to the main tank should be
sought. Consequently, the precipitator
was redesigned to allow for periodic
or continuous melting of the sodium
collected. The experiment was rerun
on a dynamic gas flow basis with traps
placed after the precipitator to col-
lect any sodium getting through 1t.
No sodium was detected beyond the
electrostatic precipitator.

NaK traps have been suggested as a
possible solution for the problem of
gas-line plugging. Models of several
types have been built, and their
operating characteristics are being
studied: - with air and water. From
information obtained from these tests,
a trap for use with operating systems
may be designed.

A group fromthe MIT Practice School
investigated three methods of reducing
or preventing sodium plugging of

blanketing-gas lines during the period.

These methods were (1) electrostatic
precipitation, (2) a sodium condenser
coil immersed in a hot oil bath, and

(3) a NaK bubbler. Although all methods

PERIOD ENDING SEPTEMBER 10, 1951

tested proved to be partially effective,
results of work by this group indicated
that the oil-bath trap was the most
practical. Design improvements would
increase the efficiencyof all methods,
however.

The oil-bath condenser causes
particles to condense on the walls of
the tubing because of its long length
and curvature, and, upon condensation,
the sodium flows back into the main
tank by gravity since the oil tempera-
ture 1s maintained just above the
melting point of sodium. Additional
experiments to determine the effect
of variations in tubing length and size
and bath temperature were recommended.

ARE COMPONENT TESTS

H. P. Kackenmester and D. L. Salmon,
ANP Division

Specifications have been written
by the ARE Components Testing Committee
and engineering drawings are being
prepared for construction of facilities
for full-scale ARE components testing.
Five all-steel completely enclosed
test cells are to be erected, four
of which are i1dentical in design and
are to be used for measuring physical
and operating characteristics of
individual components such as pumps,

pipes, valves, 1instruments, heat ex-
changers, ete. prior to their use with
the ABE. The other test area, larger

to be used for testing
in combination and will
include facilities for testing one
complete heat-exchanger system under
simulated operating conditions. A
gas-fired furnace delivering 3,000,000

in size, 1is
compounents
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Btu/hr is to be used to simulate the
reactor. Design of piping systems and
test loops for individual equipment
items 1s progressing satisfactorily,
and procedures for components testing
are being established.

An apparatus has been set up for
determining the pressure drop of
different orifice configurations 1In
connection with coolant-tube orifice
investigations. A detail drawing has
been completed for lucite headers to
adapt an ARE fuel-pin cluster assembly
for a water flow test, and detail
drawings are being prepared of a full-
size reactor flow passage mock-upto be
used for measuring the pressure drop
and flow distribution with water.

HEAT-EXCHANGER TESTS

A, P, ANP Division

Fraas,

The heat-exchanger model designed
for testing in the figure-eight loop
has been tested with NaK at 800, 1000,
and 1200°F, and a curve of heat-
transfer coefficient as a function of
the flow rate has been obtained. The
experimental data give values as much
as 40% below those calculated from
Lyon’s formula (*) at low flow rates,
but check closely at high flow rates.
As soon as endurance testing 1s com-
pleted, a report will be issued on the
the flow and heat-transfer tests which
have been carried out on heat-exchanger
and fuel-element models.

(4)R. N. Lyon, Forced Convection Heat Transfer
Theory and Experiments with Liquid Metals,
ORNL-361, p. 21, Eq. 34 (Aug.19, 1949).

BUILDING WODIFICATIONS AND
EXPERIMENTAL FACILITIES

P. L. Hill, USAF

Building modifications and the pro-
curement of experimental equipment and
facilities 1s progressing on a schedule
compatible with that of the ARE. The
120-ft hood has been completed and 1is
in use for testing intermediate-size
liquid-metal systems. To allow maximum
flexibility, no fixed partitions are
provided inside the hood, bwnt pro-
visions have been made for placing
barriers around equipment uundergoing
test. The exhaust system 1s designed
to give a linear facial velocity of
100 to 150 ft/min. Four power-control
panels for
thermal-convection-loop operation have
been installed in front of the hood
ready for use. FEach panel
provides up to 24 kw of controlled
heater power for use on systems under-

similar to those 1n use

and are

going tests. An overall view of this
installation is shown in Fig. 2.4.

ligquid and ailr test
equipment have been completed, and
these facilities will permit the use

Areas for

and/or air in testing the
flowmeters, and

of water
performance of pumps,
heat exchangers 1in so far as these
tests may be conducted using air and
water as working fluids. Design for a
one-man standard chemical laboratory
and a special laboratory for testing
high-temperature liquid metals has
been completed and equipment has been
ordered. The cleaning arca for de-
greasing and/or removing trace residues
of ligquid metals 1s designed and
partially completed. Bulk residues of
liquid metals or other hazardous ma-
terials are being removed in a facility
outside the building. This facility
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is incomplete but was in partial
operation at the end of the period.

ALKALY METALS MANUAL

R. Devenish, ANP Division
P. L. Hill, USAF

During the quarter the Y-12 Alkali
Metals Guide, which sets forth safety

considerations to be observed when
working with alkali metals or liquid-
metal systems, was revised. The
revised guide 1s being prepared for
general distribution. In this con-
nection, colored movies have been
made of sodium fire extinguishing
operations and liquid-metals disposal.
The film has been edited, and a dupli-
cate is being made for showing to
interested groups.
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3. REACTOR PHYSICS

N. M. Smith, Jr.,

The principal subjects of activity
have been the calculation of the
static characteristics of the design
referred to here as the "ARE of 10
June 1951" and extensive calculation
of the kinetic behavior of the ARE by
machine techniques. The design of 10
June 1951 refers to an ARE of two-
thirds the core volume of that in the
design of 10 March 1951,

reduction of core size,

Besides
manufacturing
specifications and tolerances required
a reduction of the average density of
moderator 1in both core and reflector
and an 1ncrease in structure and
coolant volume, The effect of the
density changes overrides the effect
of reduction of core size, resulting
1in a netl 1ncrease 1n uranium l1nventory
requirement. Minor changes in the
static coefficients which resulted are
summarized in tabular and graphical

form.

The uranium investment required 1is
estimated to be 27.8 1b +10%, -20%,
for the depleted, hot, poisoned,
instrumented reactor with control rod
thimbles in place. Allowance for
expansion of liguid fuel through the
boron curtain adds a regquirement of
1.4 1b to the above figure, yielding
a total inventory requirement of 29.2
1b of wranium,

The effectiveness of mutual shading
effects of a hexagonal array of seven
2-in, B,C control rods has been calcu-
lated using three-group procedure
made equivalent to the 32-group pro-
cedure for a homogeneous reflected
With one rod in the center,
ring surrounding the

reactor.
and six on a

Physics Division

center, the total reactaivity ef-
fectiveness is insensitive to changes
in the radius of the ring between 6.5
and 10.5 in. Absorption in the perman-
ently placed thimbles will reduce the
differential effect of the seven rods
to 0.22 in Ak/k. Mutual shading to
the extent of a reduction of ef-
fectiveness of seven isolated control
rods by 14% 1is indicated by the calcu-
lations.

The kinetic response of the ARE to
arbitrary changes of multiplication
constant and to changes in inlet
coolant temperature for various values
of neutron lifetime and of fuel temper-
ature coefficient has been studied and
graphs are presented. The results
show that the fuel temperature responds
in an overdamped fashion to reactivity
changes well over prompt critical.

A start-up accident throwing the
reactor prompt critical at a low

(300-watt) level was studied, re-
sulting in a tolerable transient,
These calculations have been made

by starting with steady-state initial
conditions and by numerical integration
of the set of nonlinear differential
equations by IBM machine procedure.
Work has continued on the development
of other IBM calculations: multiregion
problems, reactor solutions in cy-
lindrical coordinates, and the effect
of a boron layer between core and
reflector. :

Various problems relating to the
physics of reactor calculations or
to the physics of the ARE arediscussed.
These include a proper formulation for
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the age theory of the relation between
neutron flux and slowing-down density,
the transmission coefficient of a
boron curtain, and heating in the
boron curtain,

Calculations have been started on
the physics of hydrogeneous reactors,
and in particular for a NaOH moderated
and cooled reactor. BResults are quoted.

IBM CALCULATIONS

Production Report (F, C. Uffelman
and P. Johnson, Uranium Control
Department). Reactors. During the
period ending September 1, 1951 the
IBM section completed calculations on
84 reactors. Included in these 84
reactors were four bare reactors
calculated by the end-point linear
approximation method and three adjoint
reactors. This brings the total number
of reactors calculated by the EPLA
method since calculations were begun
in February to 182 reactors,

Programing for the calculation of
reactors with an absorbing layer be-
tween core and reflector is very nearly
complete. PRecause the method(!) used
consists in making two parallel calcu-
lations for flux distributions in the
reactor and combining the results of
these calculations for each group be-
fore going on to the next group, the
calculation of a reactor blanketed
with B,C will take between five and
six times as long as the calculation
of a regular reactor.

(¢, B. Mills, IBM Procudure for B,C Layer
Between Core and Reflector by the Coveyou Method,
ORNL, Y-12 site, report Y-F10-61 (June 28, 1951).

Cores and Reflectors. During the
period ending September 1, 1951 average
cross-sections and constants were
calculated for 26 cores and reflectors,
and "constant" variations were calcu-
lated for 34 cores and reflectors. Of
the cores calculated, 16 were hy-
drogenous and required calculation of
the following factors in addition to
those calculated for nonhydrogenous
cores:

TsH

=2 (1)
§UT

v
BN = 7 (2)
Ry + 0.71 (T/Zqp)

BZ

—_— (3)
35949 rn

B 1 N
N - - (4)
tan-! B/Z

o' f
TR 1/5‘73

Z;;T? is calculated twice, once for a
constant B and once for the variable
B derived in formula (2) above.

A new set of cross-section boards
and procedures is being set up for
calculation of special cross-sections
and constants, The new set-up will be
more flexible but slower in operation
than the specialized set-up used for
regular nonhydrogenous cores, so that
the old set-up will continue to be
used for regular cores and reflectors.



FOR

Kinetic
for 16 different sets of
The length
number of

starting
set to

Kinetic Calculations.
calculations
conditions were completed.
of the time interval, the
functions, and the initial

conditions were varied from

set, Boards and procedures are now
being set up for a kinetic calcu-
lation in which both temporal and

spatial variations are made.

The Multiregion Reactor Probiem(?’
(C. B, Mills, Physics Division). A
two-group calculation has shown that
the effect of material the
reactor reflector important for
the fast neutrons leaking out nf the
reactor. A formula was developed(?’
for use with the IBM multigroup pro-
include the effects of
materials. A new

cutside

18

cedures to

of these "outside™
identafy
Also, a factor
eliminated in the development of the
presently used formula must be retained
as a factor in both the solution of
the homogeneous equation, An, and the
corrective term, Pn. This factor is
the ratio of the values of a* {(defined
in ANP-58)¢3) side of the

interface through the meutron

index number is reguired to

the different regions.

each
Which

on

being solved, to a

of reactor

flux eguation 1s
power given by the number
space points between the first core-
reflector interface and the intecface
Otherwise the equations
in form the two-

of interest,
identical
region solution,

are to

Cylindrical Multigroup Calculation
(N. Edwonson, Physics Division). It
to calculate the neutron

15 desired

(Q)Abstracted from the report by C. B. Mills,
The Multiregion Reactor Probles as Applied to the
Multigroup Method, ORNL, Y-12 site, rveport Y-F10-68
(Aug. 16, 1951).

3y, K. Holmes, The Multigroup Method as Used
by the ANP Physics Group, ANP-58 (Feb. 15, 1951).

PERTOD ENDING SEPTEMBER 10, 1951

and the effective mulci-
plication constant k for a reflected
cylindrical reactor with bare ends by
transforming the partial differential
Fermi age equation.

distribution

The neutron flux ¢(r,u) and the
slowing-down density g(r,u) are assumed
symmetrical relative to the axis of
the This assumption reduces
the space snd z. Tt 1s
further assumed that 1o the reactor
equation r and z may be
This to the expression of the
z dependence by a factor

cylinder.
] o
variables to r

separated,

leads

where H 1s
and 4
length,

the half-cylinder length
the
It
same value for

1 linear extrapolation
assumed that d has the

all lethargies and for

is

both the core and the reflector.,
Tt iz assumed that the neutron flux
@(r,u) is finite for r = 0 and is equal

to zero at the extrapolated boundary
The core-reflector
boundary conditions are: (1) ¢{(r,u)
continuous and (2) -D(9¢/9r) is
Work on this problem 1is
being carried on as rapidly as possible,
the formulation is in process of

of the reflector.

18
continuous.

and

publication in report form.

The Effect of the Boron Blanket in
the ANP Reactor {(C., B. Mills, Physics
Division}. The methed of solution for
a reactor with an energy-dependent
absorber between reflector(®?
been traunsformed() into the system

core and

has

(‘!L)RA R, Coveyou, Spherical Reactor 'l'ﬂith
Absorbing Interface. [EL, OBNL, Y-12 site,

report Y-F10-52 {(April 30, 1951).
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required by IBM multigroup procedures,
This consists of computation in this
order:

1. Compute a flux distribution in
core and reflector with a source
term in the core only.

2. Repeat step (1) for a source
term in the reflector only.

3. Compute separately currents due
to sources and reflectors at the
core-reflector interface. Compute
four currents.

4, Compute the corrective term for
reflector flux due to a core
source and the term for core
flux due to a reflector source.

5. Add flux and correction in core
and reflector, and use the total
flux to determine the source
term for the next higher lethargy
group as in the regular multi-
group procedure,

STATICS OF THE AIRCRAFT
EXPERIMENT

REACTOR

Summary of Calculations on the ARE
(B. T. Macauley, USAF). Multigroup
reflected-reactor calculations on the
latest ARE design, hereafter referred
to as the design of 10 June 195]1 and
1llustrated in Fig. 3.1, were made
during the past quarter. The core of
this design, having auranium inventory
of 25 1b, is referred to as Core 93.
The composition of the core and the
design dats are given in Table 3.1.

Two series of reflected reactor
calculations were made; the first
consisted of a spherical core having
the properties listed in Table 3.1 and
surrounded by the side reflector
(Reflector 519), and the second series

34

of calculations consisted of a spheri-
cal core having the properties listed
in Table 3.1 and surrounded by the
bottom reflector (Reflector 520),.
The constituents in both the side and
bottom reflectors are given in Table

3.2,

Calculations were made using the
compositions of the ARE core (Core 93)
except for varying the uranium con-
centration and using Reflector 520.
The results were plotted showing how
keff varies with uranium investment
(Fig. 3.2). Also, calculations were
made using Core 93 (25 1lb uranium
investment) and each of Reflectors 519
and 520, varying the core thickness to
show how k varies with the reflector

thickness %gig. 3.3).

Graphs of %, § Vs. reflector thick-
ness for the 3tft right cylindrical
core design (Core 84; incomplete curves
previously reported in the last
quarterly), as well as this core re-
duced in volume by one-third (Core 91)
and one-sixth (Core 92) have been drawn
and show the same general relations
as indicated in Fig. 3.3 for the ARE

core (Core 93).

The reflector saving for the ARE
core {Core 93) is given in Fig. 3.4,

Numerical calculations were made to
determine various design and nuclear
coefficients, The results are summa-

rized in Table 3.3.

Figure 3.5 is a plot of the spatial
distribution of the lethargic average
of the fast flux
Fig., 3.6 is

distribution

in the core, and
a plot of the spatial
of the thermal flux in
the core. Plots of the flux spectrum
at various radii are shown in Fig. 3.7.
Figures 3.8 and 3.9 show the leakage
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TABLE 3.1

Composition 2and Design bBata of Core 23

Core geometry Cylinder
Core diameter (1n.) 29,45
Core height (in.) 34.00
Core volume (ftd) 13.411
Core composition: VOLUME
FRACTION
VOLUME (ft3) (%)
Moderator (ReOQ) 10.872 81.10
Ligquid fuel 0.185 1.38
Coolant (sodium) 0.621 4.63
Fuel-tube metal 0.130 0.97
Coolant-tube metal 0.078 0.58
Control-tube metal 0.221 1.64
Void 1.304 9,72
Fuel-element dimensions 225 1in. o.d. and
0.025 1in. wall
thickness
No. of fuel tubes 65
No. of control elements 1
Thickness of side reflector (in.) 8.75
Thickness of bottom reflector {(in.) 8.00

spectrum from the core and the re-
flector, respectively. Figure 3.10 1is
the spatial power distribution with a
uranium investment of 25 1b,

Estimated Critical Mass of the ARE
(N. M. Smith, Jr., Physics Division,
and B. T. Macauley, USAF). The results
of the previous section have been
employed to estimate the critical mass
of the ARE design of 10 June., The
calculations are summarized in Table

3.4.

36

There results a critical mass of
27.8 1b of uranium., This 1s somewhat
higher than the value of 21.51b quoted
in the last quarterly report (ANP-65)
for a reactor of two-thirds volume of
the design of 10 March 1951. This in-
crease has been brought about by the
engineering of the core of a more
of BeO block
clearances, and structural
densities, The design of 10 June
contains less BeO and more inconel and

realistic estimate

densities,

sodium,
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TABLE 3.2

Volume Fractions of the Materials in
the Side and Bottom Reflectors

CONSTITUENT (££3) - (%)

VOLUME | VOLUME FRACTION

Reflector 519 (Side Reflector)

Reflector (Be(Q) 19.676 94.89
Coolant (sodium) 0.41 1.98
Structure (inconel) 0.074 0.36
Void 0.590 2.85

Reflector 520 (Bottom Reflector)

Reflector (BeQ) 2.56 81.1
Coolant { sodium) .220 6.98
Coolant-tube metal 0.0185 0. 58
Control metal 0.0520 1.64
Void 0.3072 9.72

Contrel Rod Effectiveness (J, W.
Webster, Physics Division, and R. 1.
Beeley, Oak Ridge School of Reactor
Technology). The last guarterly report
(ANP-65) gave the results and method
of calculation on the effectiveness
(Ak/k)Y of an axial 2-in. B,C control
rod. The heating due to the (n,o)
reaction and gamma absorption was also
reported.

This quarter it was decided that
seven 2-in. control rods would be
needed in the ARE tooffset the effects
of temperature and fission product
poisons with a margin of safety.
Calculations were made by the Nordheim-
Scalettar Method(®"7) to determine the
best placement for these rods to obtain
the maximum effectiveness in k. The
physics work of the last six months on
the statics of the ARE control system
has been written and distributed as
report Y-F10-71.¢%) "Included in this
report is a discussion of three-group
theory when, of the three solutions of
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Fig. 3.2 - keff vs. Uranium Weight
for the ARE.

(5)R, Scalettar and L. W. Nordheim, Theary of
Pile Control Rods, MDDC-42 (decl. June 17, 1946).

(6)C. R. McCullough, Summary Report on Design
and Development of High-Temperature Gas-Cooled
Power Pile, MonN-383, Appendix {Sept. 15, 1947);
Criticality and Control, NEPA-6, Appendix (Oct.l,
1948).

(Y)J. W. Webster, Control-Bod Effects on
Reactivity and Power Distribution, NEPA 1C-50-2~52
(Feb. 7, 1950). .

(B)J. W. Webster and R. J. Beeley, Physics
Calculations on the ARE Control Rods, OBNL,
Y-12 site, report Y-F10-7L1 (Aug. 29, 1951).
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TABLE 3.3

Summary of Calculations on the ARE Core Having 25 1b of Uraniomand Reflector 520

Nuclear coefficient of reactivity:

From start-up to normal operation Ak/k = -0,007995
Temperature coefficient Ak/k/°F = 5.04 x 1078
Ak/k
Uranium mass coefficient of reactivity / = +0.300
Am/m
Density coefficient for core materials: AL /T
Moderator t——é—] = +0,4894
5o/ P) peo
Dk [k
Coolant {-**‘} = -0.00636
Do/ P}
Dk /k
Structure ﬁ*mmﬂ = -0.1140
Ap/p inconel
Density coefficient for reflector materials: Ak/b
Moderator [—-~] = 10,2246
Do/ p
BeO
(Ak/E
Coolant —"“‘] = -0.00093
\Ap/ o
Na
Ak/k
Inconel [ ] = -0.03836
A'O/p inconel
Lifetime (Core 93 with Reflector 519) 1.535 x 10°* sec
% thermal fissions 59.8
Spatial and lethargic average of fast
(0 < u < 18.6) flux, zfaﬂ 16.12 neutrons/cm?/sec per unit

of lethargy per fission per
second per cubic centimeter of
core

Spatial average of thermal (u = 18.6)
flux, ¢ 47.99 neutrons/cm?/sec per

fission per second per cubic

thermal
centimeter of core

Integrated flux at 3 megawatts at central
position 1.682 x 10" neutrons/cm2/sec

: oy
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the buckling obtained, two are complex of six. The total Av/v (effect of

conjugates, instead of the uswal thimble not deducted) obtained for the
situation where all three are real,one seven rods in each case was: 29.1%
positive and two negative., This case for a radial distance of 6.5 in.,
was encountered in the control rod 31.1% for 7.5 in., 32.0% for 8.5 in.,
studies. 31.3% for 9.5 in., and 29.3% for 10.5

in. In regard to the shadowing effect
of the rods on each other, these

: _ numbers are to be compared with
of the seven control rods given 1in 7 x 5.3 = 37.1%. Thus the minimum

Y-F10-71 follows: shadowing effect of (37.1 - 32.0)/37.1

= 13.7% occurs with the ring of six

he 3 . ¢ 9.1 d at a radial distance of 8.5 in. off
the insertion of seven Z-1n. rods was the axis and the net effect of the

investigated. The pattern was one seven rods, deducting the effect of

axial rqd and a ring of six at the the thimble, is 22% in reactivity.
same radius equally spaced around the

center rod., Five different distances It follows from the results that
from the axis were tried for the ring the total reactivity effectiveness

The discussion of the effectiveness

The total effect on reactivity of
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TABLE 3.4

1951

Calculation of Uranium Requirement for the ARE Design of 10 June 1951

RELATIVE WEIGHTED URANIUM MABS
- ~ k k

CORE REFLECTOR POSITION VALUE eff eff {ib)
93 None Top 1/6 0.86G45 0.1341

93 520 Bottom 1/6 1.0730 0.1788

93 519 Side 2/3 1.1585 0.7722

Weighted value of keff for clean homogeneous reactor 1.085

Seven control rod thimbles at 0.014,eachk]ess 14% for

mutual shading -0.078
Net ARE, clean, with control-rod thimble 1.007
Total keff in clean reactor desired for fission poison
override, experiment, and control instrumentation 1.041
Additional & needed for above 1.034
eff Ak
Additional uranium needed for above, using T = 0.300 ) 2.8
Aa/u

Uranium in Core 93 25.0
Total uranium in reacting volume (critical mass) 27.8
5% allowance above and inside B4C curtain 1.4
Total uranium inventory required 29.2
Estimated probable error +10%, -20%

1s not sensitive to rod placement in
the region investigated, 6 to
10 1in, from the axis. This is caused
by the fact that two opposing factors

1.e.,

When the rods are put
close to the axis they are inserted

are acting.

into a region of higher undisturbed
flux but the shadowing effect of rods
on each other 1s large; on the other
hand, when the rods are put farther
from the axis they are inserted into a
region of lower undisturbed flux, but
any one rod does not tend to feel such
a large flux depression caused by the

insertion of neighboring rods. The
two effects counteract to give a rather
broad region of good rod placement. It
is known from previous calculations(®
however, that if the rods are very
close to the axis or very far out
toward the reflector, a sharp loss in
combined effectiveness is incurred.
Since the hexagon moderator blocks are
about 3% in. across flats, it develops
that the possible radii available for
rod placement are 3%, 7.5, 11.23 in.,
etc. The closest to optimum place-
ment 1s 7.5 1in., and this has been
adopted in the curreant ARE design.
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FLUX (neutrons/cmz/sec per unit of iethargy per 0.4 fission per sec per cc of corg)
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Fig. 3.8 - Leakage Spectrum from the ARE Core to the Reflector.



. o
> DWG. 12887 <
SECRET -
.08 T T 7 T 7 i 7 T T i v T 7
' ' j j ' | ’ a ] : l | f j ; j i ! l =
&
— ANP-PHY-208  —
a
1 o _
0018 REACTOR 977 .
L COMPOSiT:ON {VOL FRACTION} ] 'g
LiQUiD Ne >
Ny FUEL  BeO INCONEL COOLANT =
0.014 — 20 i } — pued
CORE 93 0.718 x {0 0.0138  0.81I0 0.03i% 0.0463 =
>~ - REFLEGTOR 520 0.81i0 0.0222 0.0698 - =
o —] e
& o]
% 0.0i2 — —_ e
— =
L‘_,J L * Normaiized to one neutron ieaking or absorbed per cc of core _ g
. &
£ 0010 — — s
- [4/]
x
wl — -r"“l_.—J—'—'_'L_‘_'_,_q — =
f; 16.6 THERMAL =
3 0008 — —] =
= =
b L s
= ]
g}
K L
« 0.006 L
e8]
% — —
> [
0,006 — —
0.002 +— —
¥
; 8 15 I T Y N O (N N O SO NN S N
13 6 14 i2 i0 8 6 4 2 0
LETHARGY, v

Fig, 2.8 - Leakage Spectrum from the ARE Reflector,



DWG. 12888

SECRET
1.8 T I ;
11 7 °r 11 ° 1 1 |
ANP-PHY-209
w REACTOR 977
% 0.6 — COMPOSITION (VOL FRACTION) .
© LIQUID Na
W Ny FUEL BeO INCONEL COOLANT |
i CORE 93 0.716 x 10%° 0.0138  0.BilG  0.03i9 0.0463
© \ REFLECTOR 520 0.8l10 0.0222  0.0698
= 14— -
o
a * Normalized to one source neutron
L per cc of core
= g.,
22— | — 3
o FISSION DISTRIBUTION CALCULATED FOR ARE o
2 | FROM ASSUMED DISTRIBUTION fes
5 =
= 5
w I.O T - m
=z -
L =
@] S ]
v FISSION DISTRIBUTION ASSUMED AS A %
& SOURGCE FOR THIS CALCULATION w
%3 0.8 — — %
> - CORE - REFLECTOR — o] g
— ] =]
. . . ; ; f | gg
oe I A T U NN N NS MR N N N N A N N =
0 4 8 i2 16 20 24 28 3P e
LATT@E RMNTrn;fzmAn Ar=2,067 cm

TS6L

.
-3

Fig. 2.18 - Spatial Power Distribution in the ARE.



ANP PROJECT QUARTERLY

DW3. 12889
SECRET
50 . |
|
ANP-PHY-144
40 -
[=]
30 i 8 N
=)
ol o /
=} ['4
2 L 7
o A
20 - © < —
A CONTROL-ROD
o PATTERN
o
o
10 3 NORDMEIM - SCALETTAR -
« APPROXIMATION
z
o
(&)
o A
0 10 20 30 40 50 50 70
RADIAL DISTANGCE FROM AXIS (cr)
Fig. 3.11 - Radial Thermal-Flux

in the ARE Resctor with
Placement No. 1.

Distribution
Seven [ontrol Rods;

DWG. 12890
SECRET
T | | ! \
—_ ANP-PHY-:46
~TN &
25 - N
i A\
+
-
20 |-
. 15
=)
-
Iy
CONTROL ~ROD
PATTERN
Kol = N
g 3
o
a )
g 3
= x NORDHEIM - SCALETTAR
05— 3 F APPROXIMATION -
© (S
ot
o | | |
o 10 20 30 40 50 50 70
RADIAL DISTANCE FROM AXIS (cm)
Fig. 3.12 - Badial Thermal-Fiax

Distributier in the ARE Reactor with
Seven Cfontrol Rods; Placement No. 2.

Figures 3.11, 3.12, and 3.13 show
the distribution of the thermal flux
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radii of 6.5, 8.6, and 10.5 imn.,
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BEINETICS OF THE AIRCRAFT
REACTOR EXPERIMENT

M. J. Nielsen, USAF
J. W, Webster, Physics Division

In the last quarterly report 1t was
mentioned that solution of the non-
linear kinetic equations for the ARE
was 1n progress on the IBM machines.
Three graphs were included showing the
calculated response of flux (or power)
and fuel! temperature toa step 1ncrease
in reactivity of 0.009125 (25% over

prompt critical).

This guarter the adaptation of the
kinetic equations to solution by IBM
machines was continued. Three types
of problems were considered: (1) the
response to astep change in reactivity
with the coolant inlet temperature held
constant, (2) the response to a change

A8 ‘ . ,imw ‘
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in the coolant inlet temperature with
no contrel rod motion, and (3) the
response to a change in the coolant
inlet temperature with the control
rod being activated by the change in
coolant inlet and outlet temperature.

The equations and method of solution
have been written up in ANP-68.(9)
Solutions for the ARE (3-megawatt) and
ANP (200-megawatt) reactors and for
variations of parameters in the neigh-
borhood of those for the ABE and ANP
will be distributed in report form in
the near future.

The results of kinetic calculations
completed to date by this method are
presented in the form of curves of
flux vs, time, fuel temperature vs.
time, and phase plots of flux vs. fuel
temperature. The latter type of plot
has the advantage that the new asymp-
totic steady-state flux and fuel
temperature can be shown.

Most of the curves bave to do with
the response of the flux and fuel
temperature to a sudden change of con-
trol rod position or to an accident
such as a deformation that might cause
a step increase in k. The changes in
reactivity inserted are Sk = 0.002,
0.004; 0.006, and 0.009125 where the
last represents a 25% increase over
prompt critical. The corresponding
flux and fuel-temperature response

are illustrated in Figs. 3.14, and
3.15. A phase plot combining these
two figures is given 'in Fig. 3,16,

Various parameters are changed to study
their effect, for example, the neutron
lifetime, the uranium mass-reactivity
coefficient which has to do partly
with the effectiveness of the B,C

(g)M. J. Nielzen and J. W. Webster, Solution
of Kinetic Equations of Cylindrical Liquid-Fuel
Reactors, ANP-68 (Sept. 18, 1951).

e

PERIOD ENDING SEPTEMBER 10, 1951

curtain at the top of the core, and the
conductivity of the fuel. The reactor
is assumed to be at its design power
of 3 megawatts at time zero except in
one calculation ~ investigation of
start-up accident in which the
power is taken as 300 watts at t = 0.

In none of the cases considered
does the energy release seem sufficient
to damage the reactor, and in all
cases the fuel temperature responded
in an overdamped fashion, The fuel
temperature for the case of 8k =
+0.009125 stabilizes out at a new
temperature 186°C hotter than the
design value of 800°C when no counter
control rod action is taken. There
is, of course, some magnitude of 5k,
which would cause temperatures result-
ing in failure of the fuel tubes or
fuel solution before the stabilization
occurred,

Mass-Reactivity Coefficient. The
investigation of the effect, on the
response, of assuming different values
for the uranium mass-reactivity coef-
ficient (Figs. 3.17 and 3.18) demon-
strated the strong sensitivity of the
response to this quantity. It is
clearly very important that the B, C
curtain be as opaque to neutrons as it
is possible to make 1t.

Fuel Conductivity. The increase in
the fuel conductivity by a factor of
10 had remarkably little effect on the
response to a dk_ (Fig. 3.19). The
explanation seems to be that the heat
input to the fuel due to fission 1is
rather large compared to the loss by
heat transfer to the coolant during
the time of the power pulse. Hence a
change in the cooling term {which is
about a factor of 2  rather than 10
since the conductivity affects only

49
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one term of several in the heat-
transfer expression) does not markedly
affect the shape or magnitude of the
power pulse,

Neutron Lifetime. Variation of
neutron lifetime ! was calculated only
for the case of 8k _less than the
delayed neutron fraction (and with the
stabilizing effect of the fuel expansion
neglected in order to see more clearly
how the lifetime affects the growth of
flux). For Sk, larger than B, the
delayed neutron fraction (and no self-
stabilization), the flux grows, of
course, approximately like

5oc o PReTAIH!

When 8k _ is less than the fraction
of delayed neutrons, the flux also
increases very rapidly initially (as
if all fission neutrons were prompt)
with an initial slope inversely pro-
portional to the lifetime. However,
after a time which is directly pro-
portional to the lifetime, the flux
curve flattens out with a rather sharp
Yknee™ and rises from then on with the
"stable" reactor period (when there
are no self-stabilizing features).
The stable reactor period is a function
of the 8k _but not of the neutron
lifetime. The rapid initial rise in
the flux is due to the fact that the
rate at which delayed neutrons are
being returned to the population is
almost equal to the rate at which
delayed-neutronemitters are being
created, while the flux is still near
the steady-state value. The reactor
thus behaves momentarily as if all
fission neutrons were prompt. These
facts are borne out qualitatively in
comparing the flux response to a &k =
0.002 for three different assumed

56

lifetimes (Fig. 3.20). Equation
11.35.3 of TID-386'?) provides a
mathematical interpretation of the
flux behavior as obtained (Fig. 3.20).

Although the effect on reactivity
of the fuel expansion was not included
in these calculations, it is apparent
that for step changes in reactivity
less than the fraction of delayed
neutrons the peak power in the power
pulse {(when fuel expansion is allowed)
will be roughly independent of the
neutron lifetime for lifetimes smaller
than 10°*% sec.

Start-Up Accident. In regard to
the investigation of the response to a
start-up accident, the results (Fig.
3.21) indicate that a step change in
reactivity at low power will be less
serious than the same step change at
high power from the point of view of
fuel temperatures reached,

Coolant Temperature. The response
of the flux and fuel temperature to a
step increase in the inlet coolant
temperature of 100°C is shown in Fig.
3.22. Since the rise in the coolant
temperature as the cooclant passes
through the ARE core (at design power
of 3 megawatts) is 194°C, the drop
through the heat exchanger is roughly
the same. A rise in reactor inlet
coolant temperature of 100°C implies
a rise of heat-exchanger outlet temper-
ature of approximately 100°C. The
temperature drop through the heat
exchanger must have been 94 instead of
194°C, This implies that the external
power requirement was suddenly reduced
from 3 to (94/194) x3 = 1.45 megawatts,
Calculations on the
holding the reactor

reactor were made
inlet coolant

(IO)S. Glasstone and M. C. Edlund, The Elements
of Nuclear Reactor Theory.
(November,

Part III. TID-386

1950).
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Fig. 3.22 - Phase Plot of Flux (or Power) vs. Fuel Temperature. After in-
crease of 100°C in inlet coolant temperature. :
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temperature at 100°C hotter than the
steady-state design value, and it was
found that the reactor would, after a
long time, steady out at a new power
of 1.575 megawatts, assuming no change
in control-rod setting. This is very
close to the new power demand, but,
even if the coolant circuit from heat-
exchanger outlet toc reactor inlet was
long enough to allow the reactor to
settle to this new power, several more
circuits of the coolant accompanied by
small incremental temperature adjust-
ments would be required before the
power output settled to the new
requirement.

Actually,
regulating control rod in motion by an
error signal which i1s such a function

it 1s planned to set the

of the inlet and outlet coolant temper-
atures that the point in the reactor
coolant pass which 1s at 1250°F under
design power remains at this tempera-
ture (this point is about one-third of
the way through the reactor). The
temperature, outlet
and fuel tempera-
ture will adjust themselves to new
conditions when a new power require-
ment is made, but always with the
fulcrum point of the coolant at 1250°F,
The scheme ensures that the coolant
pumps which are located at the reactor
coolant inlet end will not be subjected
to high-temperature coolant (approxi-
mately 1500°F) when the reactor is at
low power. This would occur 1f the
control rod was not moved.

inlet coolant
coolant temperature,

An interesting feature of the curves
showing the response of the flux to a
step increase 1n coolant temperature
of 100°C is the "thermometer" effect
of the fuel-tube expansion., This

expansion lets more fuel into the core
momentarily and the power increases.
The fuel itself soon feels the thermal
effect of the coolant temperature,
however, at which point fuel 1s lost
to the core owing to expansion above
the B,C curtain, and the power starts
down.

PREPARATORY PHYSICS CALCULATIONS

Correction to "Wigner Formula for
Resonance Escape" Probability(!!)
(M. C. Edlund, Physics Division). In
the present multigroup method the age-
velocity equations without a source
are made homogeneous in the slowing-
down density by assuming that the flux
per unit lethargy is related to the
slowing-down density by

qg(u)
¢(U) = .
£, + =, + DB?)

(1)

This expression, correct for hydrogen
moderator, does not hold for heavier
moderators. A somewhat better approxi-
mation than that given by Eq. (1) for
nonhydrogenous moderators can be
obtained from the integral represen-
tation of gq.

(ll)This procedure for obtaining a correction
to the Wigner formula, and in particular the
method of eliminating the d[zs(f)(u)]/du from the
Taylor's series expansion of zs@(u') was pointed
out to the author by E. Greuling and G. Goertzel.

An NDA report by G. Goertzel is forthcoming.

.
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The slowing-down density in a mix- u
ture of ¥V elements 1s given by 1 (
Il - 1 -, J {E%i $lu)
1
u-c¢ .
i
N B
\ Lsi(u’) dlu')
glu) = -
1 -~ a. . dlzla @(U)} .
) ¢ - LR - u) (e® "%~ a.)du'.(3)
inbomey du ' '

et g du'’ (2)
[A | Integrating,
where - s o«
I, =&, 2, ) + |-1 +a,
I
1
I_LL e e e
.4 2
M: i aic’iz 1 al[Zsi Plu)]
+ ae. + (4)
2 l-a: d
M, = mass number of the t1th scatter- b *

ing nucleus,

€, = In (1/ai)_ . .o ..
Now differentiating the original Eq. (2),

Each Zsi ¢p{u’) in Egq. (2) is ex- dg N
panded as a Taylor's series about *~{2;}2 lw)
lethargy u. 1f there was no capture du st
or leakage, 2  ¢(z’) would be constant. i=1

Hence if the capture cross-sections do
not vary much in a lethargy interval

€, the variatioen of ES H{u’) may be 1 u

given quite well by just the first two - iy ul-u

terms of the expansion, The integrals - wmmmm_‘{ 2g; Plu’) e du . (5)
in the summation Eq. (2) after expansion 1 -ay

of ZS $H{u’) are of the form u-e,
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Again expanding 3  ¢(u') aboutu and where
taking only the first two terms, Eq.
(5) becomes

a€; 1
= 1- - -
dq N 1 u ) ﬂl a a €, ; —
= zsi Plu) -~ 2 Plu) i
du £ 1—ai B ~
e u-e, Defining ave;age £ and S as
y_ fi zsr.
i=1
dz; ¢u)] , A —— ,
t————— (' - u) e "% du', (6) s
du : s
(9)
Integrating Eq. (6), N
N >_M, S zsl
171
d ;{i & 2 Pu) B = ———
=1 Zs
dg _ (7)
du du ?

where Zsis the total macroscopic scat-
tering cross-section, Egs. (7) and (8)
become

and substituting Eq. (4) into Eg. (2),
we obtain

du du
N
7~ §; 2; Plu)
‘— dE _dlz, plu)]
= Zs Plu) + & 5(10)
du du
N
dz /Bi zsi ¢(u) (8)

_ dlB 5, ¢u)]
qg - &2 o) - ————y,
s du

du
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or
. a7
g =& 2, plu) ~—Z2 Pu),
du
_ d[Zs Hu)]
- p - (1)
du

The derivative terms inZS d(u) can now
be eliminated from Eqgs. (10) and (11),
yielding

s, ¢lu). (12)

In a finite system, the rate of
change of slowing-down density with
lethargy i1s equal to the total rate of
loss of neutrons in the system; 1.e.,

dq

du

(S, + DB?) $(u) (13)

where DB? ¢(u) is the rate at which
neutrons leak from the system.

Equations (12) and (13) now de-
termine the relation between ¢(u) and
g(u). Eliminating dgq/du, we obtain

_ q{u)
R . I}

(14)

1951

where

Tf all the 2 .(u)’s vary the same way
with energy, df/du and d&/du become
equal to zero, and Eq. (14) becomes

glu) .
5, + y(, + DB2)

Plu) =

If we have a single moderator,

1 - a - ae ~ag72

y = : (15)
1 -a - ae
recalling that & = 1 - ae/{l-a) and
€ = -1ln a. Rewriting Egq. (15),

. + . 2
y = 1 «a+alna {a 1n a)/2h(15)

1- a In «

In the limiting case of hydrogen

moderator,

a = 0 and lim y = 1,

[® 2]

which checks with the rigorous result.
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In the limit of infinite mass scat-
tering nuclei,

a = 1 and lim v = 0.

a—}

In this case there is no slowing down,
and from Eq. (14) ¢ = 0.

The resonance escape probability in
an infinite medium of a single type
moderator may be obtained by eliminat-

ing ¢(u) from Egs. (12) and (13)
and integrating. In this case B* = 0,
and S(u), the neutron source, 1is taken

to be zero in the resonance region.
The resonance escape probability 1is

u
a

z
p(u) = exp -~ —mM8M———
So Y2

a

du.(17)

o

A. M. Weinberg has calculated the

correct resonance escape probability
for the case of constant cross-

sections (12) the result is
p(u) = e THU

For carbon moderator and za/zs = 0.2,
i = 1.118817. According to Eq. (17),

1
p= e = 1,116024

E2/2, +

(IQ)A. M. Weinberg and L. C. Noderer, Theory
of Neutron Chain Reactions, ORNL CF-51-5-98, p. 37
(Aug. 10, 1951).

for the corresponding case. If the
resonance escape probability 1s given
by the Wigner formula,

>

by

a

p(u) = exp - du,

E(S, + 5,)
0

1
_) = 1.056401,

T 575:7§:~:m1

and, if the weak capture formula 1is

used,

plu) = exp -

pu =2 /65 = 1.267681.

It is apparent that for the regions of
heavier capture the best result 1is
given by Eq. (17) for the case in which
the absorption cross-section varies
only slowly with energy.

Effect of the "Wigner Formula for
Resonance Escape" Correction (C, B.
Mills, Physics Division). It has been
shown by Edlund in the preceding
section, using a method of Greuling and

Goertzel, that a more correct relation
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between the neutron slowing-down
density g and the flux ¢ is

g(u)
Plu) = — :
s, + y(£, + DB?)
where
B 1 -a-ae - ae?/2
Y £ l -a - ae
for a single moderator., Here
€ = 1In 1l/a,
¥-1y? . .
a = [-*} where M is the atomic
M+1 number,
£ = average loss in log of energy
per collision,
z, = scattering cross-section (cm™!),
Z, = absorption cross-section (cm™ 1),
D = diffusion constant,
B? = geometrical buckling.

Introduction of this definition into
the bare reactor equation{!3) gives

3y, 3. Nielsen, Bare Pile Adjoint Solution,
ORNL, Y-12 site, report Y-F10-18 (Oct. 27, 1950).

1951

DB? + Z_ 9 ()

— glu) +
£+ y(z, + DB?) du

= fission source.

The corrective term y(X ¥ DB?) wmust
be inserted into the solution of the
usual recursion formulas. Thus the
average values required for multigroup
constants are

6%, + 7(0B” + 2,)

z

a

2
£5, + ¥(Z, + DB?)

The values of & = £ and ¥ for the
beryllium-moderated critical experi-
ment are

ry
1

0.2078,

0.1427.

2
i
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A hand calculation was made in the
usual way for keff' The values are

Corrected kcff = 0.91617,

Uncorrected keﬁ = 0,90347.

The effect of the correction is seen
to be small but significant.

The Transmission Coefficient of the
B,C Curtainin the ANP and ARE Reactors
(C. B. Mills, Physics Division). A
boron carbide curtain is part of the
design of the ANP and ARE reactors.
The transmission coefficient as a
function of lethargy of this curtain
is required for determination of
criticality coefficients and the
neutron lethargy and space distribution.

The B,C curtain is 2 in. thick in
the ANP and 1 in. thick in the ARE
reactor. In both cases it 1s a dense
layer thickly studded with coolant-
tube holes. For purposes of calculation
the transmission of a solid slab is
first computed and them a constant
correction due to the total aperture
of the holes is added. The transmission
coefficient is almost unity for the
bigh-energy neutrons. For thermal and
near-thermal neutrons, the holes
provide the only leakage through the
curtain.

The transmission y of a layer of
thickness T and macroscopic absorption
cross-section ¥  is given by the
integral

66

This function has been integrated
numerically,(!*) The leakage through
the holes is evaluated by assuming a
cosine distribution of neutromn ve-
locities (as for ¥) with a probability
p(x) of being x cm off the axial line
at each hole being 27x. A projection
of the solid angle subtended by the
reflector side of the hole permits
evaluation of the probability of a
neutron traversing the opening. A
table of the fraction of the neutrons
penetrating the B,C curtain at each
lethargy group is given in Table 3.,5.
This table will be used for a trial
solution for the neutron flux in the
vicinity of the absorber, An iteration,
requiring new values of v to fit the
more accurate form of the flux, may be
required,

Heatimg in the Boron Carbide Curtain
in the ANP Reactor (C. B. Mills,
Physics Division). A solution of the
reflected ANP reactor, including the
effect of the boron carbide curtain
intended to shield the fuelreservoirs,
is not yet complete. The possibility
of some secondary effect preventing
the use of this curtain i1s of some
interest prior to a more exact calcu-
lation. One such possibility is the
heating in the curtain due to absorption
by the B'%(n,a)Li’” reaction, with a
release of 2.88 Mev,

The model used for an approximate
value of total heating per square
centimeter and power distribution is a
bare reactor with the ANP power distri-
bution, The boron curtain side of the
ANP reactor will be essentially bare
because of the high absorption and low
reflection,

(14)3. R. Coveyou and J. E. Bradley, Tabulation
of F-Functions, &'1-1629 (May 1944).
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TABLE 3.3

B4C Transmission Coefficients

ANP (2 in. B,C) ARE (1 in. B,C)
¥ (holes) v (holes)

GROUP | v (slab) (4%-1in. dia.) ¥ (total) v(siab) {%-in. dia.) v {total)
1 0.95671 0.01024 0.967 0.97800 0.00211 0.980

2 0.94504 0.01301 0.958 0.97200 0.00268 0.975

3 0.93051 0.01643 0.946 0.96428 0.00342 0.968

4 0.91235 0.02073 0.933 0.95464 0. 00434 0.959

S 0. 88990 0.02603 0.916 0.94244 0.00551 0.948

6 0.86228 0.03257 0.895 0.92720 0.00697 0.934

7 0.82874 0.0300 0.839 0.90828 0.00878 6.917

8 0.78802 0.0250 0.813 0.88492 0.01101 0.896

9 0.57498 0.0150 0..590 0.64038 0.01610 0.656

10 0.14577 0.0065 0.151 0.17710 0.02150 0.1986 |
11 0.00580 0.00539 0.0112 0.05238 0.02610 0.07858
12 0.00012 0.00539 0.00551 0.00524 0.03276 0.0380
13 0 0.00539 0.0053% 0.00028 0.03276 - 0.0330
14 0 0.00539 0.00539 0. 00002 0.03276 0.03276
15 0 0.00539 0.00539 0 0.03276 0.03276
16 0 0.00539 0.00539 0 0.03276 0.03276
31 0 0.00539 0.00539 0 0.03276 0.03275
91 0 0.00539 0.00539 0 0.03276 0.03276
92 0 0.00539 0.00539 0 0.03276 . 0.03276
93 0 0.00539 0.00539 0 0.03276 . 0.03276
The absorption distribution was thickness of the B,C layer. The power

determined for each 