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SUMMARY

The Aircraft Nuclear Propulsion Project at the Qak Ridge National Labora-
tory has expanded considerably during the past quarter. There are now 236
technical people engaged in all phases of the research work. Thirteen divi-

sions of the Laboratory are represented on this Project.

Design of the Aircraft Reactor Experiment (ARE) is continuing, with
particular emphasis on shielding, control, and fuel material. The NEPA
Division, Fairchild Engine and Aircraft Corporation, has loaned 14 men to

assist in the design and construction of the ARE.

Three major facilities have been completed: the Shielding Reactor, the
ANP Critical Facility, and the 86-in. cyclotron, which will be used part-time
for radiation damage studies. Also, work has begun on increasing the power
level of the MTR mock-up so that it may serve as a Low Intensity Training

Reactor (LITR) and may also be used part-time for radiation damage studies.

ANP SHIELDING BOARD

One of the major activities of the members of the ANP Project at the
Laboratory this quarter was the work on the joint ORNL-NEPA Shielding Board.
During the summer the ANP Technical Advisory Board was able to carry shielding
analysis only through the stage of the idealized shield which contains no
ducts, pumps, heat exchangers, structural elements, or other mechanical
arrangements. The ANP Shielding Board was assembled and asked to carry the
work through the next stage and to estimate minimum weights for fully engi-
neered shields containing all the necessary mechanical features. The work of
this Board culminated in the publication of a summary report of 215 pages,
ANP-53, on Oct. 16, 1950. The following quotation from this report lists its

conclusions on shield weights:

"Weights quoted in this section include all shields, structure
within shields, reactor, reflector, ducts, pumps, and heat exchangers.

1. The weight of a divided shield for the assumed standard condi-
tions (3.0-ft-diameter right circular cylindrical reactor core,
200,000 kw output, sodium in both primary and secondary coolant
circuits, and 1 r/hr at the crew compartment) was estimated to

be 98,000 1lb.
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The weight of one possible unit shield was found to be over
200,000 1b for the same conditions as above, but with the addi-
tional ground tolerance requirement that the radiation at the
surface of the shield not exceed 0.8 r in the first 8 hr after
shutdown. This latter requirement nearly doubled the weight of
the shield because of the necessity of keeping the sodium in the
secondary circuit from becoming radioactive.

Substantial savings in shield weight can be effected both by
rounding the corners of the square cylindrical core and by
reducing the core diameter. Further savings can be effected
through the use of coolants less inclined to become radioactive
with such an inconvenient half-life as that of sodium (14.8 hr).
Estimated weights for two representative cases are as follows:

a. A 30-in.-diameter reactor core with ellipsoidal ends
and Li’ and Li as coolants gave a unit shield weight of
116,000 1lb. For the same conditions but a 36-in.-
diameter core the shield weight was found tobe 122,000
1b.

b. A 30-in.-diameter reactor core with rounded ends and
lead or bismuth as the primary coolant gave a unit

shield weight of 105,000 1lb.

The weight of a unit shield for a circulating-fuel reactor not
having a large amount of sodium in the primary circuit would
probably not be much greater than that for the Li’-Li case cited
above unless — as seems likely -~ the heat exchanger volume must

be increased because of a lower heat transfer coefficient for the

fused salt carrying the fuel. If sodium hydroxide were used in
the primary circuit, a shield weight increase of the order of
25,000 1b would be required to satisfy the ground tolerance
condition. In any case, sodium could not be used in the second-
ary circuit with any circulating—fuel reactor because of acti-
vation from delayed neutrons in the intermediate exchanger.

If the ground tolerance for the Na-Na cooled reactor is relaxed
to 1 r/hr at the shield surface 15 min after shutdown, the unit
shield weight for a 30-in.-diameter core with ellipsoidal ends
is estimated to be 148,000 1b.

A divided shield near to the lower limit in weight has been de-
signed using somewhat relaxed design specifications. For a 2.5-
ft-square cylindrical reactor, 65 ft separation, 150 mw power,
3 to 4 man crew compartment, Li’-Li system, the total weight was

66,450 1b."
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For shields which are similar to ideal shields the principal sources of
uncertainty in these quoted weights are in the accuracy of each of the follow-
ing: (1) the Lid Tank detector calibration (since the Lid Tank measurements
form the basis for the computed weights), (2) the effective cross section for
boron, (3) the capture gamma-ray intensity from structural metals, and (4) the
effective oxygen scattering cross section. For shields with large deviations
from the ideal shape, such as a unit shield for a Na-Na system, geometrical
factors become the largest source of uncertainty. Shielding Reactor measure-
ments are required to remove this uncertainty. For systems using sodium as a
secondary coolant, the effective activation cross section of sodium is another
major uncertainty. All these points of uncertainty will be attacked experi-
mentally in the near future. It is to be noted that all the above calculations
are based on Lid Tank measurements with lead and borated water. There is
some theoretical evidence that no other materials will be found togive weights
which are significantly smaller. Other materials, however, will soon be

checked by Lid Tank measurements.

ANP CONTROL BOARD

A parallel effort to the ANP Shielding Board was the work on the joint
ORNL-NEPA Control Board.(!) This group studied the control properties of the
solid-fuel aircraft reactor design developed by Oak Ridge National Laboratory
which has been described in previous reportsfz)The Control Board found that
although this solid-fuel reactor would have a negative short-time coefficient
of reactivity owing to temperature changes of the fuel elements alone, it would
have a positive temperature coefficient of reactivity over time intervals of
10 sec or longer owing to temperature changes in the moderator. The Control
Board also believed that this reactor would require 10 or more absorber control
rods. The mechanical actuation system and the heat-removal system would be
somewhat complex. Subsequent reactivity calculations, as described in the
Reactor Physics section of this report, have shown that the positive tempera-
ture coefficient difficulties can be greatly diminished by a decrease in the
fraction of moderator in the core so as to raise the mean energy for fission.

However, it is clear that the control of a solid-fuel high-temperature reactor

will not be simple.

(1) Interim Report of the ANP Control Board, NEPA-ORNL, ANP-54: (Nov. 1, 1950).

(2) Aircraft Nuclear Propulsion Project Quarterly Progress Report for Period Ending August 31, 1950,
ORNL-858 (Dec. 4, 1950); Preliminary Feasibility Report for the Aircraft Reactor Experiment,
Oak Ridge National Laboratory, Y-12 Site, Y-F5-15, (July 4, 1950).
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ARE DESIGN

Largely as a result of the above findings of the ANP Control Board, a
decision was made to suspend work temporarily on the solid-fuel ARE design,
while attempting to develop a suitable liquid-fuel arrangement. It is to be
expected that a "stationary" liquid-fuel system can be designed which will be
almost self-regulating, and which will require only one or two control rods.
The self-regulating feature will arise from the strong negative temperature
coefficient of reactivity since increases in reactor temperature will expand
the fuel-bearing liquid and force some of the uranium outside the active core,
thus leading to a compensating decrease in power. The most promising fuel
mixture to date is a solution of UF, in NaF, with possible admixtures of other
fluorides to lower the melting point to a convenient range. Design is now
underway on such a liquid-fuel aircraft reactor and ARE prototype and, as de-
scribed in this report, research is also in progress on the properties of other

possible fuel liquids.

STUDIES ON ALTERNATIVE LINES

In addition to design and research toward a "stationary" liquid-fuel
liquid -metal-cooled aircraft reactor and ARE, a certain amount of work is being
continued by the Laboratory on various alternative lines which show promise
for future aircraft reactors. These studies are described in Part II of this

report. They include:

1. Calculations on vapor-cycle systems by North American Aviation,
Inc., together with research on the corrosive effects of Na
vapor.

2. A complete design study including reactor, engine, and aircraft
analysis for a nuclear XB-52 plane powered by a circulating-fuel
reactor based on a suspension of uranium-bearing particles in
NaOH, carried out by the H. K. Ferguson Company.

3. A detailed analysis of the supercritical water-cooled reactor by
Nuclear Development Associates, Inc.

4. Research on the most economical method of separating the isotope
Li7 in quantity for possible use as a high-performance coolant.

5. Studies on the Supersonic Tug-Tow system.

15



SUMMARY OF RESEARCH RESULTS

From the body of research now underway on all the problems mentioned
above, some of the other tangible results obtained during the last quarter are
listed below:

pPhysics

1. The Reactor Physics Group has performed extensive computations
of criticality and thermal xenon coefficients in bare reactors,
and similar calculations for reflected reactors are in progress.
Graphs of the spectra of several solid-fuel reactors are in-
cluded. The determination of the kinetic response of some
ligquid-fuel stationary-moderator reactor designs has been begun.

2. For the Na—BeQO—stainless steel reactors studied, having moder-
ator volume fractions lying in the range 40 to 70%, the following
points are clear:

a. The temperature coefficient of reactivity with solid
fuel decreases rapidly as the mean energy of fission
of the reactor is increased by cutting out moderator.
With a moderator volume fraction less than about 60%,
the temperature coefficient of the solid-fuel reactor
becomes negative.

b. The reactivity effect due to thermal expansion of the
moderator amounts to 1 to 3% in k in going from 183 to
1286°F.

c. The reactivity effect due to maximum transient xenon
decreases from 11% for the near thermal reactor to less
than the equilibrium xenon when the mean energy of
fission is raised to 100 ev.

d. For a core containing 52% moderator, using a 6.5-1in.
reflector which was made of 75% BeO, the reflector
savings came out about equal tothe reflector thickness.

3. A preliminary analysis of the fuel kinetics of the NaF-UF,
reactor shows the existence of oscillation in the reactor power
following a change in reactivity, which arises from the coup-~
ling between fuel displacement and neutron flux. However,
this oscillation damps out in a few seconds, and in any event
the preliminary result was obtained without taking account of
delayed neutrons. In a more exact calculation which is to
follow, any power oscillations are expected to be negligible.

16



4.

A resonance at approximately 49 ev was found fromthe preliminary
neutron cross-section measurements on molybdenum at Columbia.

Nuclear Development Associates, Inc. have computed, asa function
of temperature, both the xenon cross section averaged over a
Maxwellian distribution and the temperature derivative of this
quantity.

Preliminary studies show that it should be possible to prepare a
1000-curie source of Xe'3% if a measurement of the intermediate
xenon cross section proves advisable. The most efficient source
for preparing such a quantity of Xe!3% would probably be the
Homogeneous Reactor Experiment.

Shielding

7.

10.

11.

Heat
12.

Since the close of the ANP Shielding Board, a new divided shield
for a Na-Na reactor with 30-in. rounded-end core has been com-
puted to weigh 127,000 1b if the ground radiation condition is
made to be 1 r/hr at a point 50 ft from the reactor with the
latter operating at one-tenth power. Thus, for a moderate in-
crease in welight over the purely air-safe divided shields of the
Shielding Board, one might gain the ability to inspect the air-
craft engines, operating one at a time, without special ground
shielding.

A Lid Tank test of a shield proposed by the ANP Technical Advisory
Board has been completed. The design consisted simply of 55 cm
of iron next to the core, followed by 35 cm of borated water.
The results show this arrangement to be impractical, since inter-
mediate-energy neutrons penetrate the iron to such an extent
that their capture gammas cannot be suppressed in the water.

Preliminary results are listed on Lid Tank measurements of
neutron and gamma attenuation in slabs of solid B,C followed by
borated water. First analysis of the data indicates a relaxation
length of 6.2 cm for B,C of theoretical density, 2.5 g/cc. How-
ever, more precise determinations are 1n progress.

A sulfur threshold detector has been put into use in the Lid
Tank for measurement of fast-neutron intensity. The effective
threshold of this instrument is about 3 Mev.

Analysis of recently published Pb-H,0 and Fe-H,0 measurements:in
the Lid Tank indicates effective neutron absorption cross sec-
tions for these experiments of 3.4 barns for Pb and 2.0 barns
for Fe.

Transfer

Theoretical analyses of heat transfer have been completed on
three situations which approximate the entrance conditions in-
volved in current ARE core designs. Heat transfer within a wide
range of duct shapes has Leen analyzed.

17



13.

14.

Equipment has been designed for the measurement of thermal
conductivity, specific heat, and other high-temperature properties
of various liquid metals and molten salts. The specific heat of
lithium between 550 and 900°C has been measured as 1.0 * 10%.

Both a type 316 and type 347 stainless steel convection harp
containing liquid sodium have now been operated almost 800 hr at
1500°F without failure.

Metallurgy

15.

16.

17.

18.

19.

20.

Static corrosion measurements have been made on numerous ma-
terials in Pb at 1800°F. Tungsten and Armco iron showed no
evidence of any attack; Cb, Mo, Ta, Ni, Be, Zr, and several
stainless steels are attacked in varying degrees; 18-8 molybdenum
type alloy shows encouraging preliminary results.

The attack on stainless steels by Li at 1800°F is found to be
largely intergranular in nature with a considerable amount of
decarburization and phase transformation in some cases.

Substances so far found to have good resistance to Na at 1800°F
include types 316 and 347 stainless steel and Ni. Fair resis-
tance under these conditions is shown by Co, Mo, Ta, Alloy N-155,
Inconel, and Inconel X.

Molten U-Al alloy has been suggested as a possible liquid fuel.
Materials to contain this liquid at 1800°F have not yet been
found. Ti, Fe, Zr, Co, and Mo are severely attacked.

Preliminary tests at 2000°F for 100 hr on the compatibility of
materials suggested for fuel elements show moderate reactions
occurring between type 316 stainless steel and both U0, and Mo.

Between type 316 stainless steel and Be, in the .above circum-
stances, there was a strong reaction. With BeQO and 316 stainless
steel no reaction was observed.

Radiation Damage

21.

22.

Radiation damage experiments on various metals exposed to a
neutron flux of 1.2 % 10'%? at 500°F and 1000 psi pressure for as
much as four months have shown no significant changes in shape,
electrical resistivity, permeability, or hardness of the metals.

A creep test is now underway on type 316 stainless steel in the
Oak Ridge reactor at 1050°F under a stress of 4000 psi. Pre-
liminary results show at least a transient increase increep rate
under these conditions, although possible spurious effects
caused by gamma and neutron heating of the specimen have not yet
been excluded.
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Liquid Fuels

23.

24.

25.

Attempts have been made to find a liquid fuel consisting of a
uranium compound dissolved or suspended in NaOH. All uranium
materials tested to date have been found to react rapidly with
NaOH to form a finely divided compound which is probably sodium.
uranate. The possibility of developing stable suspensions in
this system is being studied.

The equilibrium diagram of the molten salt system LiF-UF, has
been established, and study of such systems as NaF»KF«UF4 is
underway.

Preliminary corrosion studies of numerous metals in NaF-UF, at
1300°F for 160 hr show hastelloy C, Inconel, and Mo to be the
least attacked.

Alternmative Systems

26.

27.

28.

29.

Neither the helium turbojet system nor the two mercury vapor
compressor-jet systems so far studied byNorth American Aviation,
Inc. looks desirable for use in nuclear aircraft, However, the
sodium vapor compressor-jet system still shows great promise if
high reactor temperatures can be attained.

Corrosion tests of samples in sodium vapor at 1650°F for 20 hr
show no attack on type 316 stainless steel or on AWG graphite.
These experiments will be carried to higher temperatures.

Nuclear Development Associates, Inc. has pointed out that esti-
mates contained in the Lexington report indicate the possibility
of a reactor shield for the tug-tow system weighing no more than
about 15,000 1b. Such a weight, if substantiated, would permit
the use of extremely small, easily built aircraft.

With the 48-compartment electroexchanger for separating Li
isotopes, samples of 94.5% Li’ have been obtained. A separation
factor of approximately 1.05 per stage is found. Large-scale
production appears to be feasible if this material turns out to
be really needed. The principal economic factors which are still
under study are the large power costs and the very large quanti-
ties of mercury which would be required with the present arrange-
ment .

19



‘ Part 1

RESEARCH CONTRIBUTING TO THE ARE

20



1. DESIGN OF THE AIRCRAFT REACTOR EXPERIMENT

21



1. DESIGN OF THE AIRCRAFT REACTOR EXPERIMENT

R. C. Briant R. W. Schroeder
A.-P. Fraas J. H. Wyld

ANP Division

The reactor designs now being studied for possible use in the Aircraft
Reactor Experiment all involve some arrangement of a quiescent liquid fuel and
the use of liquid sodium as both the primary and secondary coolant.: Five such
core designs are presented. The coolant circuit specifications which have

been adopted are discussed."

Core Design. Several core designs utilizing a quiescent liquid fuel are
being considered for possible use in the Aircraft Reactor Experiment.: The
liquid which is believed most likely to serve for this purpose is a solution
of UF, in NaF, with the probable addition of one or more other fluorides to
reduce the melting point of the solution.” The simplest method of containing
the liquid fuel appears to be in tubes.: The fuel-container wall thickness
should be kept down to the order of 0.010 in. so as to minimize the uranium
inventory necessary to overcome neutron absorption in the container metal.:
The combined effects of changes in thermal gradients and pressure gradients
under transient conditions would probably be serious for any container shape

other than a round tube.-

A number of different types of construction have been proposed. The five
designs shown in Figs. 1.1 to 1.8 are representative of the more promising of

these proposals. The major features of these may be sketched as follows:

1l.- Helical coil arrangement, Figs. 1.1 and 1.2.: This design con-
tains fuel inside tubing which is wound in helical form between
cylindrical shells of moderator. The arrangement permits the
use of long fuel containers, thereby minimizing the number of
welds required.:

2. Hairpin ("U") tube fuel-element design, Figs.: 1.3 and 1.4. This
configuration features about 12,000 closely spaced U-tube fuel
elements, with inlet and outlet headers both located at the top
of the reactor for convenience of access and to simplify thermal
expansion problems.: Any desired degree of compartmentalization
may be achieved by dividing the headers.:

3. Parallel-tube fuel-element design, Fig.: 1.5.: This arrangement
is essentially the same as the U-tube type except that the tubes
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are interconnected by headers at both top and bottom to facili-
tate filling and draining.-

4. Annular fuel-tube arrangement, Fig. 1.6.  This design consists
of moderator cylinders surrounded successively bycoolant annuli,
fuel annuli, and coolant annuli. Approximately three hundred
such concentric elements are housed in a moderator matrix.-

5. Individual fuel-pin arrangement, Figs. 1.7 and 1.8.: In this
case the fuel is contained in individual noninterconnected tubes
with void volumes provided for fuel expansion and fission product
gas accumulation. The design has the disadvantage that the fuel
could not be drained from the core and replaced by means of a
purely liquid-flow operation.

The first three of these are similar in that they all involve about 30,000 ft
of 0.100-in.-0.D., 0.080-in.=-I.D.  tubing.: The fourth type, having the fuel in
the annulus between concentric tubes, requires less total footage of tubing

but presents a more complex set of fabrication problems.:

In comparing these various designs, the fuel element itself is, of course,
the item requiring the most study.: The nature of the heat transfer through
the liquid fuel to the tube wall presents a major question. As many pieces of
data as possible have been assembled on the physical properties of substances
which might be involved in this problem, and these are shown inTables 1.1 and
1.2 and Fig. 1.9. When necessary, thermal conductivities have been calculated
by Bridgmann’s formula for nonmetallic liquids [Proc. Natl. Acad. Sci. 9,
341 (1923)]; specific heats have been calculated by Kopp’s rule [Lange, N.-A.,
Handbook of Chemistry, Tth ed, Handbook Publishers, Sandusky, Ohio (1949)].

The temperature drop in the liquid-—fuel tube from the center to the wall
is very high if computed on the basis that thermal conduction is the sole heat
transfer mechanism. However, the effects of thermal convection and of any
change in the properties of the liquid due to radiation would be expected to
reduce this temperature differential In any case, the coolant tubes will

have to be rather small to minimize trouble from this source.

It is expected that the core diameter will fall between 30 and 36 in. and
the volume percentage of moderator between 50 and 60%. The core shape will be
a right circular cylinder with the corners rounded off to give ellipsoidal

ends. -
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TABLE 1.«

Physical Data of Fluorides in the Fused State

FORMULA

M.P. - (°C)

B.P. - (°C)

SPECIFIC GRAVITY

SPECIFIC HEAT*
(Beu/1b °F)

VISCOSITY
(centipoises)

THERMAL CONDUCTIVITY
(Btu/hr ft °F)

LiF

NaF

KF

BeF
RbF

CsF

AlF,
CaF,
MgF,
BaF,
AlF;. 3NaF

870 (1)

980 - 997(1)

ggo (M)

800 (1)
760¢1)

6841

10401
1360¢1)
1396¢1)
1280¢1)

1676<1)

1700¢1)

1500¢1)

Subl (4
1410¢1)
1250¢1)
(1,4)
(1,4)

2239(1)
2137(1H)

1.798 - 0.000437 (¢t - 850) at
t°c(®

1.789 at 868.5°C<3)

1.753 at 944°C®)

1.713 at 1029°¢¢®)

1.672 at 1117°c®)

1629 at 1208°C®)

1599 at 1270°C3)

1.942 - 0.000564 (¢t - 1000)
at tOC(2)
1.936 at 1010°C¢3)
1.887 at 1097°C(®)
1.859 at 1147°C<®?
1.810 at 1234°c®)
1.766 at 1313°C(3?
1.714 at 1405°C3)
1.662 at 1497°Ct®)
1.634 at 1546°C3)

1.878 - 0.000669 (¢t - 900) at
o°c(®)
1.986 for the solid**

2.873 - 0.000967 (t - 825) at
tOC(Z)

3.611 - 0.001234 (¢t - 700) at
o)

3.07(1) for the solid**

3.18(1) for the solid**

2.9 to 3.2¢1) for the solid**

4.831) for the solid**

0.578

0.357

0258

0.319
0. 144

0.099

. 197
.281
. 353
125
-352

o O © o ©

"1 (estimated from

NaBr and NaCl)

~1.5 (calculated) (5)

~] (estimated from

LiF and KF)

0.7 (calculated) S

™~ (calculated) (5)

* Specific heat calculated by Kopp’s rule for liquids.
** For LiF, NaF, and KF, (Cp liq)/(Cp solid) ~0 6 to 0 75;. for CsF, (Cp lig)/(C, solid) ~ 1(?).
(1) Handbook of Chemistry and Physics, Ed. C. D ‘Hodgman, 31st ed , Chemical Rubber Publishing Co , Cleveland, Ohio, 1949. -

(2) Jager, F. ‘M., Z. anorg. Chem , 101, 1 (1917). (3)

(4) Lange, N. A., Handbook of Chemistry, 7th ed., Handbook Publishers, Sandusky, Ohio, 1949 :
(5) Manson, S. V., Theoretical Equations for Estimating Thermal Conductivity of Liquids, ORNL, Y-12 Site, Y-F8-6 (Nov. 13, 1950).

International Critical Tables, McGraw-Hill, New York, 1929.
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TABLE 1.1

Physical Data for Hydroxides In the Fused State

THERVAL
FORMULA| M.P. (°C) B.P - (°C) SPECIFIC GRAVITY SPECIFIC HEAT VISCOSITY (centipoises) (3’ ONDUCTIVITY
s S (Btu/1b °F) - . - (Btu/hr ft °F)
350°C | 400°C |450°C |500°C |550°C|600°C
NaOH 318. 4(Y) 1390¢*)  |2.11 - 0.00063¢ for ¢ between 340 and 440°C(1)]0 50(5) 4.0 2.8 2.2 1.8 |15 2.23(7)
1.746 [1- 2.74 x 107%(¢ - 400)](3®) 0.47 by Kopp's 1¢®)
rule for
liquids(®’
1.786 at 320°c(2@)
1.771 at 350°c(%®)
1 746 at 400°C(?®)
1.722 at 450°c¢?@)
1.90 at 320°c(28)
189 at 340°C(%®)
1.88 at 360°C¢25)
187 at 380°C(2®
1.86 at 400°C(2®)
1.85 at 420°C(20)
1.84 av 440°C(2®)
110 1b/£t* at mp. (&) )
KOH (360 4 + 0.7*) 11320-1324(*)2.25  0.001¢ for ¢t from 380 to 440°C(1) 0.34 by Kopp's 23 | 17 13 [10 | 08| If the com-
rule for p;e&glblllty
. .0 (5) o i were
380(5) 1320|1717 [1-2.56 x 107(¢ - 400)] (2 liquids about 1.5
times that of
1 717 at 44000(:(26) It\gﬂg}g&lai’hzon-
1695 at 450°¢(2¢) ductivity of
11673 at 500°C(3€) KO pould be
11.651 at 550°c(2¢) (thermal con-
on(2¢) ductivity of
1.629 at 600°C o ynbedt
Bridgmann’s
equation and
items b and d
of Y-F8-6)
(1) International Critical Tables, McGraw-Hill, New York, 1929.
(2) Landolt-Bornstein Tables, J. Springer. Berlin:

(3)
(4)
(s)
(6)
(7)

(a) Eq. II, Part I, Table 81!( p. 223.
(b) Eq. I, Table 81F, ﬁ 177.
(¢) Eq ° II Part I, Table 81F,

Arndt and Ploetz, Z. phys.
Handbook of Chemistry and Physics, Ed. C. ‘D. Hodgmen, 31st ed.;
Lange, N. A, andbook of Chemistry., Tth ed.,
NEPA, Report IC-50-4-20 (April,
Battelle Memorial Imstitute.

Chen.

p- 219
121, 439 (1926)

1950).

telephone conversation.

1949.

Chemical Rubber Publishing Co.;, Cleveland, Ohio, 1949.
, Handbook Publlshers, Sandusky, Ohio,



If the various problems associated with reactors of this type can be
solved satisfactorily, designs 1, 2, 3, and 4 would afford great flexibility in
loading and unloading the fuel. The entire core could be fabricated and
assembled within the shield and the liquid metal coolant put in the system and
the various pumps brought up to operating levels and temperatures before the
reactor contains any fuel. The fuel could then be added slowly and might have
its concentration varied over a fairly wide range. The initial start-up

problems thus seem much less difficult than with solid-fuel reactors.

By compartmentalization and the use of various concentrations of uranium
in the fuel solution, a considerable variation of fuel distribution across the
reactor core could be obtained, if desired for adjustment of the flux pattern.
Another potential advantage of the liquid fuel for an aircraft reactor is that
most of the radioactivity could be drained from the system at one step,, thus

greatly simplifying the ground handling problems if a divided shield is used.

Coolant Circuit Design. It is expected, as indicated in previous reports,
that sodium will be both the primary and the secondary coolant for the ARE.
Coolant circuit design work currently is in progress with particular emphasis
on the components which affect the design of the building. Fundamental coolant

circuit specifications' which have been adopted at the present time are:

1. The fluid circuit will simulate the airplane system as far as
practicable within the shield if a unit shield is adopted. The
secondary circuit outside the shield is to be designed primarily
for safety and convenience. Flow rates are to be as required to
remove power at the rate developed by the ARE.

2, Final heat rejection is to be by transfer from the secondary
circuit to air.

3. Multiple primary coolant pumps will be used.:
4. Multiple intermediate heat exchangers will be used.

5. The ABRE is expected to contain two completely independent sec-
ondary systems with separate pipes, pumps, radiators, radiator
blowers, and accessories.

6. Two independent power sources of auxiliary power will serve the
secondary loops and will transmit power to the primary pumps so
as to maintain circulation in the event of failure of one power
source.
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In addition to the above features, which are similar to those expected in
the final aircraft system, several special items are planned for the ARE for

protection of personnel and reactor under experimental conditions. These
include the following:

7. Dump systems for control of liquid-metal fires will be provided.

8. A pressure shell will be constructed about the reactor-shield

assembly, to contain materials that might escape from the shield
in the event of an accident.

9. The pump room will be isolated and shielded to protect personnel
from radioactive gases in the event of partial failure,

Building Design for the ARE.  The Test Facility building design now pro-
posed consists of a steel, concrete, and masonry fire-resistant structure B0
ft wide by 90 ft long. The building is expected to contain a crane bay
approximately 42 ft high, so that large pieces of the reactor or of the shield
may be lifted out of the assembly. A basement level is expected to house the

liquid-metal pumps and the disassembly and decontamination rooms.
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2. REACTOR PHYSICS

N. M. Smith, Jr., Chairman
ANP Physics Group, Physics Division

A. INTRODUCTION

The principal efforts of the ANP Reactor Physics Group during the last
quarter have been directed toward two general types of calculations: compu-
tations of criticality and thermal xenon coefficients in both bare and re-
flected reactors, and calculations on the kinetic response of some liquid-fuel

stationary-moderator reactor designs.

The criticality calculations summarized in the following sections are
applicable in principle to both solid- and liquid-fuel reactors of the types
discussed for the ARE. This arises from the fact that both types of ARE
designs use approximately the same volume percent of the same moderator, BeO,
and use the same coolant, Na. The difference between the criticality calcu-
lations for the oxygen in the U0, of the solid-fuel designs and the fluorine
in the NaF-UF, of the liquid-fuel designs is likely to lie within the un-

certainty limits of the present results.

These calculations deal with homogeneous reactors, both bare and re-
flected. The principal effect which must be added to the picture in order to
apply the answers in detail to designs of the ARE type is the one brought
about by the heterogeneous nature of the core, i.e., the effect of self-
shielding caused by lumping. Thus the present calculation of the critical
mass of uranium may be in error from 50 to 100%. The effects of perturbations,
however, are obtained more accurately. The application of methods of calcu-
lating "effective homogeneous™ cross sections to replace the atomic cross
sections now used should reduce the pre-experimental errors of critical mass
to around 30%. Experience with calculating results of critical assemblies
should ultimately permit making calculations on anew reactor within 10 to 15%.
In spite of these uncertainties, the present refinement of the calculation is
valuable in guiding design in a semiquantitative sense and for gaining an
understanding of the overall field of intermediate reactors through exploratory

calculations.
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It is to be noted that the "bare reactor" calculations described 1in
Section B really represent the first approximation to an actual reflected ARE
reactor, since the effect of a reflector was simulated by modification of
the core diameter to allow for estimated reflector savings. The so-called
"reflected reactor" calculations (Section C) represent a second, and more
difficult, approximation in which the core-plus-reflector combination is

treated explicitly as a two-region problem.

In addition to the calculations of critical masses and associated core
fluxes, neutron lifetimes, and control rod effects, particular attention has
been paid to that contribution to the temperature coefficient of reactivity
which arises from the shift of the thermal base across the xenon absorption
curve. This parameter is vitally important for reactor control. For those
ARE designs which involve a large volume percentage of moderator, the positive
xenon coefficient is so large that it yields a net positive temperature
- coefficient for the reactor as awhole. This coefficient is, however, associat-
ed with the temperature of the moderator. It is quite clear that the design
to be used for the aircraft reactor must be arranged to have either a total
temperature coefficient of reactivity which is negative, or else a thermal
response time of the moderator which is so long that slow-acting servo con-

trols are adequate and safe.

As described previously in this report, the liquid-fuel designs for the
ARE offer the attractive possibility of gaining a rapidly acting negative
temperature coefficient of reactivity through expansion of the fuel to points
outside the active core. This allows control by means of arelatively sluggish
temperature-sensing device in place of a neutron-flux-—sensing receptor. How-
ever, the problem of the kinetics of a "stationary" liquid-fuel reactor 1is
intricate. [t requires study not only of the nuclear response of the system
to a change in reactivity, but also an investigation of the time-temperature-
density transients of the liquid fuel, the coolant, and the moderator. Studies
of maximum stresses in the fuel tubes, etc., under emergency conditions are
also required. This large body of analyses is now being undertaken. Some
initial perturbation-theory results are presented in Section D on the flux
behavior and the kinetics of the liquid fuel for the simplified case where
delayed neutrons are neglected. These perturbation theory calculations
apply to infinitesimal effects and serve to determine designs having stable
‘kinetics. Numerical integration of more exact equations are required for

analysis of the stresses resulting from large perturbations.
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In Section E some of the background problems are listed which contribute
to the broader calculations. They include studies on the Doppler effect, on
adjoint functions, and on cylindrical multigroup age equations. Further work
is in progress, as mentioned in Section F, in preparation for interpreting the

results from forthcoming ANP critical experiments.

B. BARE-REACTOR CRITICALITY CALCULATIONS(!)

Four solid-fuel reactors having the same heat-transfer area but covering
a range of mean neutron energy from epithermal to epiresonance were considered.
The shift of spectrum was made by changing the moderator volume. Thus analysis

has been directed toward:

1. The establishment of a rough lower limit to the median energy for
fission of aBeO reactor such that xenon poisoning does not create
a control problem.

2. The calculation of pile parameters such as critical mass, neutron
life, core flux, and control effectiveness.

At the high operating temperature of the aircraft reactor the kT energy
assoclated with the peakiof the thermal neutron distribution is above the
energy of the peak of the xenon cross section (if the Breit-Wigner fit is
assumed). Thus the xenon creates a positive component of the overall tempera-
ture coefficient (Ak/kT). 1If the overall coefficient is positive an unstable
condition results which could present a very difficult control problem. How-
ever, if the moderator temperature increases slowly as the reactor power is in-=
creased, the velocities of the thermal neutrons will then change slowly and
the resultant slow change in reactivity could probably be handled. This
temperature behavior of the moderator is being studied. The secondary aims of
the calculations were to obtain rough estimates of critical mass, potential
reactivity changes that must be offset by shim control rods, mean neutron
lifetimes, mean xenon lifetime for absorption, total core flux, and the

effectiveness of B4C as a control rod material.

The calculations were made by reducing reflected reactors to equivalent
bare reactors and using bare reactor computational methods. In computing the
temperature coefficients several effects, such as the Doppler effect, effects
of heterogeneity,;and effect of the spatial variation of temperature, jwere
neglected. Work is in progress to set up a method of accounting for these

omissions.

(1) Except for minor editorial changes, this section is the same as th.e following report; Webster, J. 'W.
(NEPA), and Macauley, B. T. (USAF), Results of Some Bare Calculations of Critical Mass and Reactiv-
1ty Effects, 0oak Ridge National Laboratory, Y-12 Site, y-F10-22 (Dec. 1, 1950).
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Theory and Assumptions. The four reactors considered constitute a
family, each with about the same heat transfer area. In each case the fuel
was UO, of density 10.9 g/cc, the moderator was BeO of density 2.8 g/cc, the
coolant was sodium of density 0.75 g/cc, the structural material was type 347
stainless steel of density 7.67 g/cc, and the control material when present was
B,C of density 2.5 g/cc. These densities are quoted for the operating temper-

ature of the aircraft reactor. The dimensions and compositions were as

follows:

VOLUME FRACTION

DIAMETER OF EQUIVALENT

REACTOR NO« | “SpHERICAL CRE (ft) Beo STAINLESS STEEL Na
1 2.604 0.4700 0.08723 0.3986
2 2.690 0.5200 0.07900 0.3610
3 2.790 0.5700 0.07077 0.32341
4 3.000 0.7005 0.05020 0.2227

The core in each case was arbitrarily taken to have a reflector equivalent to
10 cm of additional core mixture. For a good reflecting material the conse-
quent savings from the reflector should be about equal to the reflector thick-
ness. (This assumption is verified in the first IBM calculation of a reactor

reflected with BeO, as discussed in Section C.) The extrapolation distance

was assumed to be 2 cm for all energy groups.

The reactor core at its operating temperature is taken to have a uniform
temperature of 1286°F. The cold reactor temperature was assumed to be 183°F,
which is approximately the melting point of the coolant. The power was

200 megawatts. The detailed data used in the xenon calculations are given

elsewhere.(2)

The solution of the pile equations as used in these calculations is also

given elsewheres(s) However, the relation

(2) Webster, J. W. (NEPA), Xe Effect in an Epi-thermal Reactor, 0Oak Ridge National Laboratory, Y-12
Site, Y-Fi0-17 (Oct. 10, 1950).

(3) Nielsen, M. J. (USAF), Bare Pile Adjoint Solution, pp. 4-6, Oak Ridge National Laboratory, Y-12
Site, Y-F10.18 (Oct. 27, 1950) ‘
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qg(u)

i

nv(u)

was substituted for

nv(u)

where absorption was large.

The method of handling the xenon effect is described in an earlier
report.{*) Figure 2.1, taken from this report, illustrates the origin of the
positive temperature coefficient of reactivity contributed by xenon. The
operating temperature and the shape of the xenon resonance are such that the
effective absorption of xenon decreases with an increase in the temperature of

the thermal base.

Results and Conclusions. The following results and conclusions are dis-
cussed in terms of the median energy for fission (MEF) of the reactors. Table
2.1 relates the MEF to the size and composition of the reactor. It is to be
remembered that these calculations were made for solid-fuel reactors and there-
fore do not include thermal coefficient effects arising from fuel expansion,

as in the NaF-UF, designs.

1. With maximum transient xenon present, the temperature coefficient
(neglecting any contribution by the Doppler effect) decreases
rather rapidly with increasing MEF of the reactor and becomes
negative at a MEF of approximately 3 ev. It therefore appears
from these rough calculations that, even with short time lags in
moderator temperature rise, the solid-fuel reactor could be de-
signed to have acceptable control characteristics. This con-
trollable reactor would have a core diameter equal to or less
than approximately 2.9 ft, with 10 cm reflector savings and a
moderator percentage less than approximately 60%.

2. The number of moles of B,C necessary to provide shim control
remains roughly constant as the MEF of a reactor increases;
therefore the necessary number of control rods for an inter-
mediate reactor should be no more than for a thermal reactor.

(4) Webster, op. cit.
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TABLE 2.1

tiiscellaneous Reuactivity Results for Reactors of Various Core Sizes and 16 cu Reflector Savings

MEDIAN AVERAGE | Ok/k FOR
CORE VOLUME FRACTION CRITICAL FOR TOTAL FLUX LIFETIME OF Xe FOR | REMOVAL PROVIDE
DIAMETER - MASS FISSION AT 200 Mw ) . ABSORPTION OF COOLANT | SHIM CONTROL
2 Lsec) f; .
(ft) Be SS 347 Na (1b) (ev) [neutrons/(em?y(ses ) LBee thr) (moles:
2.604 0.4700 0.00723 | 0.3986 ~125 321 6.5 x 103 .4 x 10°° 300 -0.076 ~9
2.69 0.5200 0.07900 | 0.3610 ~100 114 6.0 x 1015 .2 x 10°° 40 ~6
2.79 0.5700 0.07077 | 0.3234 ~175 27 6.0 x 105 .5 x 10°° 5 ~5
3.00 0.7005 0.0502 0.2227 ~55 0.4 3.1 x 105 .0 x 10°° 1 -0.002 ~7




The change in reactivity due to the rise of thermal base in the
clean reactor from cold to operating temperature is small (<1%)
for those reactors having =EF greater than ~0.4 ev.

The change in reactivity caused by equilibrium xenon decreases
only slightly as the MEF increases up to approximately 20 ev, at
which point it falls off rapidly. (This behavior arises, of
course, because the equilibrium xenon concentration increases as
the burn-out decreases in the less thermal reactors, and the
Jecrease in effectiveness of the xenon tends to be offset by
this increase 1n quantity. Ultimately, however, as the reactor
spectrum becomes faster the xenon concentration approaches a
mzximum value determined from the equation

Rate of natural decay = rate of formation

The decrease in xenon effectiveness is no longer offset by in-
crease in quantity and the reactivity effect drops off rapidly.)

The reactivity effect due to thermal expansion rises approxi-
mately linearly with log MEF and ranges from about 1 to 3% in k
for the reactors studied here. [In the more thermal reactors
considered, the moderator atoms are at a high concentration and
the core size is large. Consequently, the neutron leakage is
small. Upon expansion, with the resultant change in distance
between scattering nuclei, the chance that a neutron will escape
from the reactor remains small since the neutron still sees, on
the average, many nuclei in its path. The reactivity change is
consequently small. (In the limiting case of infinite size a
uniform change in density obviously causes no change in re-
activity.) For the smaller reactor with less moderator, it
follows by reverse argument that the reactivity effect due to’
expansion is larger.]

The reactivity effect due to maximum transient xenon is very
large (~11%) for the near thermal reactor considered and drops
approximately linearly with log MEF, until it becomes no greater
than that due to equilibrium xenon at MEF = 100 ev. The concen-
tration of the xenon at its maximum transient value is essen-
tially independent of the reactor spectrum. It is determined
primarily from the concentration of the iodine at shutdown, and
the equilibrium i1odine concentration is a function only of

reactor power density. Since the power density is large for
these reactors, the effect on k of the after-shutdown xenon 1is
large for the near thermal cases. As the mean neutron energy

gets above the xenon resonance, the effect drops off. Apparently,
when the reactor MEF is about 100 ev, the equilibrium xenon
concentration is determined primarily by xenon decay, and there
is no appreciable rise in concentration after shutdown.
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7. The temperature coefficient due to thermal base plus expansion
is roughly constant with change of MEF (~2.5 X 10°% units).

8. In the range of reactors studied, the temperature coefficient
due to equilibrium xenon * expansion * thermal base change was
calculated to be always negative.

9. The effect of the sodium coolant in these reactors as opposed to
void is to decrease the uranium requirement.

10. Other pertinent results are shown in Table 2.1 and Figs. 2.2
through 2.14, which are self-explanatory.

C. REFLECTED REACTOR CRITICALITY CALCUIATIONS

D. K. Holmes and Q. A. Schulze

The large amount of time required to make hand calculations for a re-
flected reactor made desirable the setting up of a machine method of calcula-
tions. Accordingly, the G.E. multigroup method was adopted with modifications
and set up on IBM machines by the uranium Control Department (F. C. Uffelman)
at Y-12. The corresponding step has already been taken by the IBM division
at G.E., and they are now able to make calculations for two complete 13-group
reflected reactors per day, which is contrasted with 10 computer-days needed

for the same calculation by hand.

In conversation and correspondence with the theoretical section of the
Physics Division of KAPL at Schenectady the essentials of the KAPL technique
for adapting the method for IBM calculation were obtained.(5) However, a
slight variation of their present procedure has actually been used here,
although the variation is in reality equivalent to a method, called "scheme
b," which has been discussed in a KAPL report.(5) Whereas KAPL obtains the
relation between the average flux over a lethargy group and the values of the
flux at the group limits by an iterative, self-consistency method, the present
method assumes that the flux is linear over a group. Thus, the present method
avoids a certain amount of calculation time which would be devoted to repeat-

ing groups. It has been decided that the calculation time on the IBM would

(5) Letter from Hurwitz and Ehrlich to N. M. Smith, Aug. 14, 1950.

(6) Tonks, L., Analyses o[ Errors in Method for Computing Critical Masses of Intermediate Piles Which
Arise from a Spatially Discontinuous Source Distribution and Other Factorg, GE-LT-2 (1947)
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not increase linearly with the number of groups, and that, to increase the
validity of the general method, it would be acceptable to use 32 groups over

the energy range.

Table 2.2 presents the results of a comparison of the two methods for the
first six groups of a 13-group reflected reactor. The physical quantities
tabulated are the total leakage of neutrons in a group (E), the total number
of neutrons slowing down from a group (D), and the total number of neutrons
absorbed in a group (A), all normalized to one neutron produced throughout the
reactor. A more complete discussion of the linear approximation has been
made.(7) A report on the detailed procedure which has now been adopted for

multigroup calculations on spherical reflected reactors has been issued.(®)

The complete reactor calculation involves computations to obtain each of

the following:

1. Average macroscopic cross sections for the core and reflector
from basic cross-section data.

2. Various constants for each group from the average cross sections.

3. Auxiliary functions needed for fitting the boundary conditions
in each group.

4. Fluxes and slowing-down densities over the reactor for each
group.

5. Net neutron leakage, absorption, and total fissions 1in each group.

6. Power distribution and the k_,, for the reactor.

The setup of all these steps on the IBM machines has been very laborious,
requiring, for example, the wiring of 16 electronic control panels and seven
supplementary boards. However, the preparation period is now essentially
completed so that spherical reactors of the UQ, ~BeO--Na-~stainless steel type
may be calculated on a production basis. In addition, partial preparation has

been made for the following calculations:
1. Adjoint functions for reflected reactors.
2. Reactors of the UF, -BeF,-NaF liquid-fuel types.
3. Multiregion spherical reactors.

(7) Holmes, D. K., Results of a Test of the Linear Approximation Multigroup Calculations, oak Ridge
National Laboratory, Y-12 Site, Y-F10-20 (Nove. 6, 1950).

(8) Holmes, D. K., and Schulze, 0. A., IBM Multigroup Numzrical Procedures, Oak Ridge National Labora-
tory, Y-12 Site, Y-F10-21 (Nov. 28, 1950).
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TABLE 2.2

SUMMARY OF TEST OF LINEAR METHOD
CROUP CORE REFLECTOR
NO. G.E. METHOD LINEAR METHOD G.E. ' METHOD LINEAR METHOD
I E: 0.00484387 0.00484380 E' 0.00293864 0.0029387
D. 0.0180802 0.0180804 D' 0.00190526 0.0019051
A. 0.0000768409 0.00007675 A’ 3.81052 x 10°8 2.858 X 1078
11 E  0.0161205 0.0164871 E' 0.00778762 0.00797926
D 0.103625 0.103246 D' 0.0102378 0.0104133
A 0.000335745 0.000345174 A' 1.02378 X 1077 1.23184 x 10°7
ITI E  0.0924723 0.0926290 E' 0.0535788 0.0533433
D 0.453414 0.452860 D' 0.0491315 0.0496958
A 0.00275676 0.00275551 A' 9.82630 X 1077 9.01638 X 1077
v E  0.0483388 0.0480298 E' 0.0237181 | 0.0243173
D 0.702250 0.701981 D’ 0.0737526 0.0734080
A 0.00283709 0.00284091 A' 7.37526 X 1077 1.23104 X 10°°
' E  0.0452667 0.0453560 E' 0.0285398 0.0277470
D 0.783166 0.782790 D' 0.0904788 0.0910144
A 0.00382968 0.00382328 A' 9.04788 %X 1077 8.22112 x 10°7
VI E  0.121633 0.122265 E' 0.126826 0.121989
D 0.636685 0.635922 D' 0.0851816 0.0912816
A 0.0249708 0.0246217 A' 5.11090 x 10°© 5.46888 X 10°°
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Spherical Reflected Reactor. The first spherical reflected reactor

computed by the IBM group had the following basic properties:

1. Core composition: 1.96% UO,, 52.0% BeO, 7.9% stainless steel,
36.1% Na.

2. Core diameter: 2.68 ft.
3. RBReflector composition: 75% BeO, 20% Na, 5% stainless steel.

4. Beflector thickness: 6.5 in.

The results of the calculation, including the neutron fluxes in the various
groups, the power distribution, the fissions per unit lethargy interval, and
the neutron leakage as a function of lethargy, are presented graphically. The
k_.; at the operating temperature is 1.043, while the temperature coefficient,
computed on the change of thermal base alone, is +4.6 X 10°% per degree

Fahrenheit.

The flux distribution in each group, all plotted with the same vertical
scale, is shown in Fig. 2.15. Table 2.3 gives the energy limits of the various
groups. The flux is large in groups 1 through 9, into which are thrown the
fission neutrons. It is interesting to note the build-up in the lower groups

of the flux in the reflector.

This build -up explains the up turn of the power distribution curve (Fig.
2.16) near the reflector: in the lower energy groups the net neutron current
at the core-reflector inter face is from the reflector into the core. The
neutrons having nearly thermal energies cause fissioning before they have
penetrated far into the core. Figure 2.16 also compares the power distribution
of the reflected reactor with that of the equivalent bare reactor, normalized
to the same number of fissions in the core volume. The reflector effectively
flattens the power distribution, thus increasing the importance of the outer
regions. (It must be remembered in examining Fig. 2.16 that we are treating
a spherical reactor, so that the regions at greater radii are more important

than the curve would indicate.)

That the peak in power distribution near the reflector is actually due to
near -thermal fissions is shown by the number of fissions per unit lethargy.
This is shown (Fig. 2.17) for three regions of the reactor. The outstanding
feature of these curves is the peak, near thermal, for the region near the

reflector. This result also indicates that the xenon effect, which from the
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TABLE 2.3

Energy and Lethargy Intervals Used in IBM Multigroup Calculations

GROUP NO. LETHARGY INTERVALS* ENERGY INTERVALS (ev)
=m

1 0.0 - 0.5 107 - 6.07 x 10°
2 0.5 - 1.0 6.07 x 10% - 3.68 x 10°¢
3 1.0 - 1.5 3.68 x 10% - 2.23 x 10°
4 1.5 - 2.0 2.23 x 10° - 1.35 x 10°
5 2.0 - 2.5 1.35 x 106 - 0.82 x 106
6 2.5 - 3.0 0.82 x 10% - 0.498 x 10°®
7 3.0 - 3.5 0.498 x 10® - 0.302 x 10°
8 3.5 - 4.0 0.302 x 10° - 0.183 x 10°
9 4.0 - 7.0 0.183 x 10% - 9120

10 7.0 - 10.0 9120 - 450

11 10.0 - 11.4 450 - 105

12 11.4 - 12.6 105 - 33

13 12.6 - 13.4 33 - 15

14 13.4 - 13.8 15 - 10

15 13.8 - 14.6 10 - 4.5

16 14.6 - 15.8 4.5 - 1.36

17 15.8 - 16.2 1.36 - 0.91

18 16.2 - 16.6 0.91 - 0.61

19 16.6 - 17.0 0.61 - 0.41

20 17.0 - 17.4 0.41 - 0.275

21 17.4 - 17.6 0.275 - 0.225

22 17.6 - 17.8 0.225 - 0.185

23 17.8 - 18.0 0.185 - 0.150

24 18.0 - 18.2 0.150 - 0.126

25 18.2 - 18.4 0.126 - 0.101

26 18.4 - 18.6 0.101 - 0.085

27 18.6 - 18.8 0.085 - 0.068

28 18.8 - 19.0 0.068 - 0.055

29 19.0 - 19.2 0.055 - 0.045

30 19.2 - 19.4 0.045 - 0.038

31 19.4 - 19.6 0.038 - 0.0305

* Lethargy, u, is defined by u = In 107/E, wheie [ - eneigy in electron volts.
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total production spectrum (Fig. 2.18) would be large for the reflected reactor,
will actually be most important out near the reflector. Thus the total xenon
effect will be greater in the reflected reactor than in the bare (because of
the larger number of thermal fissions), but this is mitigated by the fact that in
the reflected reactor the xenon 1s produced out near the reflector, where

neutron absorptions are less important to the overall reactivity.

The interesting feature of the curve (Fig. 2.19) of the fraction of the
neutrons which escape from the reactor in each group is the very high leakage
in group 4. This is a real effect resulting from a dip in the Be(Q scattering

cross section in that energy range.

Reflector Saving Computations. 1In order to check the reflector saving
which has been assumed in the calculation of equivalent bare reactors, three
bare reactors having the same composition as the core of the reflected reactor

were computed with the following results

(1) 2.68 ft plus 10 cm shell for reflector savings plus 2 cm shell
for extrapolation distance.keff = 0.943.

(2) 2.68 ft plus 12 cm shell for reflector savings plus 2 cm shell
for extrapolation distance k_,, - 0. 982

(3) 2.68 ft plus 15 cm shell for reflector savings plus 2 cm shell
for extrapolation distance k_, = 1:035 Evidently the reflector
savings for this reactor is about 15 cm, nearly equal to the
reflector thickness.

The second reactor computed by the IBM group is the same as the first
except for the total amount of uranium, which is 100 lb as compared to 120 lb
for the first reactor (corresponding to the 1.96% UO, listed on p. 62).The k_,,
for the second reactor 1s 1.0065 the two values allow the following pre-

liminary estimate of the relationship between the k_;, and the mass of uranium:

Future program. The immediate program for the IBM group is the investi-

gation of UQ, ~BeO -Na--stainless steel reactors. with the following goals:
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1. Establish the optimum reflector thickness.

2. Obtain the relationship between the change in uranium mass and
the change in k_,,

3. Establish the optimum core size and moderator percentage for
meeting the requirements that the solid-fuel reactor be

a- Large enough to allow sufficient heat extraction,

b. Small enough to keep the shield weights within
required limits, and

c. Fast enough that the xenon parts of the tempera-
ture coefficients are tolerable, and that the
reactor has optimum median energy of fission-,
production spectrum from control requirements.

4. Estimate the xenon effect on k_,,  and temperature coefficient
of reactivity.

5. Perform calculations which will permit an estimate of the errors
involved in the approximations of the multigroup method.

D. KINETICS OF LIQUID-FUEL REACTORS

perturbation Calculations(®’ (N. M. Smith, Jr.). Perturbation calcu-

lations of the kinetic response of a liquid-fuel reactor have been initiated.

Such calculations are useful in searching for instabilities, for surveying a

broad field for desirable characteristics, and for general self-education into

reactor kinetics. Space does not permit the detailed description of the

calculations, but these may be obtained from the reference. Furthermore,

physical data on heat transfer, expansion coefficients, and heat capacity
the NaF-BeF, -UF, systems are not available at the time of the preparation
this report. Hence the results described must be considered largely

1illustrative.

The standard method of calculation was followed as used by Nordheim
his first calculations of xenon effects. The present reactor is complicated

having reactivity coefficients associated with the temperature and density

the

of
of

as

in
by
of

the moderator, the density of the liquid fuel, and, in the high-spectrum

reactors., a coefficient associated with the density of the coolant. The

(9) This describes the beginning of a series of exploratory perturbation calculations to be made on
reactor kinetlcs, The parts will be published separately, with very limited distribution as the
calculations proceed and later collected together in one publication with more extens ive distri-
bution, The work described here will be included im Y-F10-30 (ANPmemorandumat Oak Ridge National
Laboratory, Y-12 Site), Perturbation Equations for the Kinetic Response of a Liquid-fuel Reactor,
by Ne Me Smith, Jre, Te Rubim, Me Jo Nielsen, and R. R. Coveyou. Copies of any ANP Physics Group

report may be obtained by an authorized person by request from the ANP Library.
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thermal relaxation time of the liquid fuel and containing tube is small, with
estimates varying, from one design to another, from 0.3 to 0.09 sec; that of
the moderator is larger. with estimates from5 sec to many tens of seconds. The
situation is further complicated by the possibility of neutron flux thermal
elastic oscillations of the tube and liquid fuel systems inasingle tube, and,
since the tubes may be connected by a header at top and bottom, of space--—
modal —neutron flux elastic oscillations. Still further complications arise
from the movement of fuel and fission poisons from regions of one importance

to another.

Obviously, no attempt is made to consider all these effects simultaneously
at first, but, through a series of increasingly realistic approximations, they
are added one by one. The reference report contains equations for reactor
impedance., 1including contributions of delayed neutrons, fuel response,
moderator response, xenon poisoning, and temperature coefficient and provides
for reactor admittance calculations for control rod and for coolant temperature

perturbations .

The chief interest is in the characteristics of a three medium system,
with coefficients of reactivity associated with the temperatures of the

moderator and of fuel only. The following constants were calculated, esti-

mated, or assumed for the 70 lb uranium--70% BeQ 3-ft bare reactor:

FUEL MODERATOR

Thermal relaxation time (sec) 0.25 5.0
Total heat capacity (cal/°C) 2.5 x 10* 2.4 x 105
Temperature rise rate in absence

of coolant (°C/sec) 1800 12
Reactivity coefficient (per °C) 3.3 x 10°°% -3.6 x 1075
Cooling capacity (cal/°C/sec) 3.1 % 10°
Integrated flux (neutrons/cm?/sec) 3.1 x 1015
Neutron lifetime (sec) 2.5 x 105

For these constants the temperature increase over the operating tempera-
ture of the liquid fuel following a step change in reactivity of 10°3 and in
the absence of delayed neutrons and xenon effects is shown to be, in degrees

centigrade,
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0, () = 16.22 + 13.87¢70-3597% _ 30.10e"0-4422F cos (48.54t+ 0.002255)

This expression is plotted in Fig. 2.20.

The accompanying integrated excess flux is shown to be given by

P = 2.70 x 103 + 2.02 x 1013e70-3597t + 9 59 x 10!5e-0-4422t gipn (48.54t - 0.01818)

and is plotted in Fig. 2.21.

Both 6,' and ¢' are inversely proportional to the neutron lifetime. It
is therefore advantageous to have as long a lifetime as possible. The life-
time in a reflected reactor, particularly in a moderating reflector, will be
considerably increased over the corresponding value in the "equivalent" bare
reactor (i.e., a bare reactor of the same composition as the core of the
reflected reactor but increased in size until i1ts reactivity is that of the
reflected reactor). The lifetime also is greater in the reactors of lower
median fissioning energy. As the reactor is made more nearly thermal, however,
the xenon fission poison introduces a positive temperature coefficient of

reactivity associated with the moderator.

This positive coefficient is tolerable or not, depending on the thermal
relaxation time of the moderator (i.e., the average time required to each
equilibrium after a thermal transient). If this time is short compared to the
response time of the liquid fuel -level--temperature-sensing control system,
then a positive coefficient of reactivity associated with the moderator is not
allowable. However, 1f this relaxation time is long, a temperature-sensing
servo -control system will have adequate time to act. Such a reactor would
not be self-regulating in the broad sense but only within a time defined by
the moderator thermal relaxation time. Indeed, it 1s true that there is no
meaning to a "completely self-regulating reactor." The so-called "self-
regulating features" designed in systems are merely characteristics which
allow the requirements of the external servo-control systems to be relaxed to

such an extent that control is simple and safe.
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It is not yet clear what combination of fissioning spectrum, neutron
lifetime, xenon effect, etc., will yield an optimum system for control. The

discovery of these specifications is the objective of the present course of

calculations. It is apparent, however, that the optimum exists and may well
be in the direction of the epithermal reactor. Other considerations, such as
shield size and weight, may, of course, affect these specifications. The

possibility of compensation of a positive xenon coefficient by means of an

external mechanical -thermal system exists.
The perturbation calculations are being extended to include:

. An average group of delayed neutrons.
. Xenon poisoning.
Response to ramp changes of control rod or of entrance coolant.

Coolant loop and ramp changes of power demand.

[5, B~V S

. Mechanical elastic response of the liquid-fuel system.

The exact integration of the equations of motion for large perturbations

is the subject of a separate investigation.

Thermal Relaxation Time for Fuel Rods (T. Rubin, NEPA). An important
quantity in determining the kinetic response of a reactor is the time it takes
for a fuel rod to reach temperature equilibrium after having been subjected to
a change in flux. This quantity is determined by considering the following

heat conduction problem:

A cylinder has finite radius and an initial temperature v = (; heat is
produced for time t > ( at the constant rate Ao per unit volume per unit time;
the surface of the cylinder is kept at constant temperature t = 0. The

solution given(!9) ig

[ed] . 8
2 . g2 -ka®t
v _a r2 2 E . % JQ(TQE) (1)
A 4K aK a3 j(aon) .
0 n o= 1 n

(10) Carslaw, He S., and Jaeger, J« C., Conduction of Heat in Solids, p. 277, Oxford, Toronto, 1947.
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where v = temperature of cylinder at radius r and time t
K = thermal conductivity
a = radius of cylinder

k= diffusivity of material; k = K/oc, where p = density
and ¢ = specific heat

a_ = roots of the equation Jo(aan) =0

The temperature of a cylindrical fuel rod, when subjected to a step in-
crease in power, due to an increase in flux, and whose walls are kept at con-
stant temperature by coolant flow, would respond in the manner given by Eq.
(1). Note that changing the boundary condition to v(t = 0) = a > 0 and
v(r = a) = b > (0, where @ and b are constants, introduces only slight modifi-

cations into the given solution of the problem.

Included in this report are plots, Fig. 2.22, of U/A0 for a given r as
a function of time for a fuel rod whose radius is 0.13 cm and which consists
of a mixture of UO, and BeOC. Also included is a plot, Fig. 2.23, of v/A as a

function of time, where

The time constant for the fuel rod is computed from the following equation:

[o¢]

[ [5(®) - 5(t)]t dt
J
0

J [v(®) - v(t)] dt

The time constant was found to be 0.09 sec. Note that KO does not depend on

the magnitude of Aoﬂ
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In an attempt to determine the time of response of the moderator to a
sudden power increase, the following analogous heat conduction problem has

been solved:

Two concentric cylinders of radius a and b (b > a), respectively, are
initially at temperature v = (0. A sudden uniform and steady source of A,
units of heat per cubic centimeter per second is initiated at time t = ( in

the interior cylinder. The following boundary conditions are imposed on the

solution:
(1) At r = a, v, = v, and K dv /dr K, dv,/dr
(2) At r = b, dvz/dr =0

The symbols have previously been defined. It is necessary only to note that

subscript 1 refers to fuel and subscript 2 to moderator.

Note that boundary condition (1) means that, in this approximation, the
fuel rod is assumed to be in direct contact with the moderator and that con-
tact resistance is neglected. Therefore the resultant calculated time constant
is expected to be shorter than the actual case, in which there is coolant

flowing between moderator and fuel rod.

The fuel rod=moderator system considered in the problem was a typical
"cell" of the reactor. Boundary condition (2) is a statement that the solution

in this cell repeats itself in the other units.

The solution obtained is

2
v K1k2a t

A K1k2a2 + sz1(b2 - d

-a 2t _
n an a

1 - e n
+ 2k1k2%j§: —_— J1(€an) Jl(nan) )% ;r;r - Yl(nan) Jo-;;r
n 2
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where the a ’'s are the roots of the following equation:

Kok} J, (uu){J; (ma) Y, (eu) - Jy(eu) Y, (nu)}
+ K kA T (uu){J, (eu) Y, (mu) - Y, (eu) J (qu)} = 0

and where

Numerical work will soon be in progress to determine the quantities that

were obtained for the fuel rod.

E. BACKGROUND PROBLEMS

Effect on Cross Sections of Atomic Motion* (R. K. Coveyou, Mathematics
Panel). 1In this and succeeding studies methods will be set down for taking
into account the effect on various diffusion phenomena of the finite velocity
of the atoms of the medium in which neutrons are diffusing. This first study
will concern itself with the effect of this motion on values of nuclear cross

sections.

Consider a neutron of speed s in collision with an atom of speed t,
selected out of a distribution isotropic in direction. Then the relative

speed of neutron and atom is given by

r2 = g2 + 92\st + t2

* To appear later as part of another report,
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where r is the relative speed and A is the cosine of the angle between the

velocities. Denoting by P(X) the probability of the event described by X, we

have

By the hypothesis of isotropy, A is uniformly distributed on (-1, 1). Hence,

x? - 5% - té
Polr g ) 2ol F ——m— | s-ts g |t (3)
or
x dx
Py g r g x+ dx) e s - t] <2 [s 4t (4)
St

Now suppose the distribution of atomic speeds is Maxwellian, i.e.,

4L’3 2,2
PlZ< t< Z+dZ) ==——172%"FZ" dz7 (5)
v

where 52 = M/2kT, M is the atomic mass, k is Boltzmann's constant, and T is

the absolute temperature.
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Then the distribution of relative speeds "seen" by a neutron of speed S

is in this case given by

x dx rbs
9st Nu

P(x ¢ r & x +dx) = dt (6a )

where the integration is with respect to t and the limits are given by

|s - t|] £ x < |s *+ t|]. But this is the condition that x, s, and t form a
triangle, hence . jis symmetric and can be written |s - xl £t g Is + x‘. Thus,
|x+s]
x dx | 2,2
Px £ rg x + dx) :'£=———- (282t dt)e" Bt
7 s
| 2-s]
_ Pz dx e Bi(x-5)? -Bl(xts)? ' (6b)
78

Suppose now that the cross section for a given process is o(s), as a function

of relative speed. Let 0*(s) be the effective cross section for this process

as a function of neutron speed. Then,
[+o]

o*(s) = (BNT s) | x o(x) |eBix=s)? . *—"’32(’+s’2J dx 1)

0
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If

o(s) = (1/v absorption)

then
s

B
T65, 2
og*(s) = —_—
s (N7
0

it

erf (Gs)

Since erf (Z) —> 1 as s ——> ®, this states that the cross section at high

neutron volocities is unaffected, as would be expected. If

o(s) = o 8(s - s,) {sharp resonance}

then ) )
- s-s - +
o5, BAGs-sg) R CAEPS

The effective cross-section curves have been calculated for the case of a
material of atomic weight 135 and a sharp resonance at 0.0863 ev, at tempera-
tures 300, 1000, and 1500°C (see Fig. 2.24). We note that the maximum of
the effective curve always lies below the resonance energy, though the dis-

placement is negligible in the cases considered.

For other cross-section curves o*(s) can be computed by numerical in-
tegration. Existing measurements of cross sections made at room temperature,
such as the xenon absorption resonance, can be taken and Eq. (7) canbewritten

as a matrix. Inversion of the matrix by machine computational methods will,
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in principle, give the true cross section. The xenon resonance, for instance,
may be somewhat narrower than that given in the published curves. A narrower
xenon resonance would produce a larger positive temperature coefficient of

reactivity.

Adjoint Fluxes and perturbation Theory (M. J. Nielsen, USAF). For each
of the family of bare reactors discussed above, the differential equation
adjoint to the assumed reactor equation was solved numerically. 1In solving
the adjoint equation, the probability that the ultimate fate of a neutron in
the reactor is to cause a fission is computed as a function of energy. This
permits the assignment to various neutron groups of an "importance to the
reactor" parameter. JIn addition, using first-order perturbation theory, the
change in reactivity resulting from small changes in the pile parameters such
as size and fuel content can be computed. (Since most perturbation calculations
for the bare reactor involve approximately the same labor as an additional
reactor calculation, this use of the adjoint function has so far been very
limited.) The adjoint solution also yields a numerical check on the determi-
nation of k_... Calculations of the reactors in the preceding section were

checked in this manner.

The lifetimes given above were computed in the standard manner as per-

turbation calculations by assuming that for k_,, = 1 + Ak, the neutron density

as a function of time is given by

(Ak/ 1yt
n(t) =n(0)e-

where | is the lifetime. Then

dn(t) Ak 1 Ak

3t p e

. 1 Ak ]
where $» = nv, the neutron flux. The quantity - is then regarded as a
v

perturbation on the absorption cross section of the pile and the corresponding

reactivity change is computed, giving
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A
Ak = (constant) —T

The constant is in the form of a definite integral which can be evaluated

numerically, giving the lifetime directly.

As part of a computational handbook the derivation of the bare-pile
adjoint equation and equations for all types of perturbations as integral
equations and as difference equations are assembled in report Y-F10-18.(!1)
Other references are given.(12-1'4) A compilation of methods planned for
multiregion piles is in preparation. The slowing down density, the importance
function, and the statistical weight for the 2.79-ft reactor are shown in
Fig. 2.25 as a function of energy. The slowing-down density is the number of
neutrons per unit of lethargy slowing down in unit time. The importance
function is the net increase in neutron inventory resulting from the introduc-
tion of one neutron. The curve labeled "statistical weight" is the product

of the other two curves. The ordinate scale is for the importance function.

Cylindrical Multigroup Calculations (M. C. Edlund and T. Rubin). The
multigroup age equations have been transformed into difference equations in
cylindrical geometry.(!5) Hand calculations are now in progress to check the
method prior to setting up the problem for the IBM. A satisfactory approxi-
mation to the correct boundary conditions for this geometry has not yet been

found.

F. CALCULATIONS FOR THE CRITICAL EXPERIMENT

It is planned that the ANP Physics Group will devote considerable time in
the future to calculations pertaining to experiments with the critical as-
semblies. The principal activity will be devoted to interpretation of results
from the critical experiments, guiding the experiments so that the results
will be useful and interpretable, and using the experiments to check present
calculational techniques. Some effort has already been made toward selecting
the first few experiments to be of sufficiently simple geometry that a reliable
comparison can be made using the IBM calculation.

(11) Nielsen, M. J., Bare Pile Adjoint Solution, 0ak Ridge National Laboratory, Y-12 Site, Y-F10-18
(Oct. 27, 1950).

(12) Goertzel, Go., “Variational Der ivation of Adjoint Function and Perturbation Equation,” Appendix,
pe 13, in Numerical Integration of Criticality Equations and Use of Perturbation Theory for Bare
Intermediate Reactors;by A. R. Gruber, Oak Ridge National Laboratory, Y-12 Site, TAB-96 (Aug. 15,
1950).

(13) Nordheim, L. W., and Soodak, H., Application of the Rayleigh-Schroedinger Perturbation Method
to the Theory of Piles, Chicago CP-1638 (June 15, 1944).

(14) Wigner, E. P., Effect of Small Perturbations on Pile Period, Chicago CP-G-3048 (June 13, 1945).

(15) Edlund, M« C., Numerical Integration of the Multigroup Reactor Equations in Cylindrical Geometry,
Oak Ridge National Laboratory, Y-12 Site, Y-F5-22 (Sept. 27, 1950).
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3. CRITICAL EXPERIMENTS
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3. CRITICAL EXPERIMENTS

A. D Callihan, Physics Division, and J. F. Coneybear, NEPA

Preparations for joint ORNL-NEPA critical experiments have continued.
The installation of equipment in the laboratory is almost complete, the major
exceptions being the control and safety rods and the personnel shield. An
allotment of uranium has been received and 1s in the process of fabrication.
Some graphite has been received, and the beryllium is being machined. - At the
time of this writing it was expected that materials and equipment would be

ready for the initial experiments about Jan. 1, 1951.

Conferences between ORNL and NEPA personnel have resulted in slight modi-
fications in the initial program described in NEPA-1522. Owing to changes in
the ARE design and a desire by the theoretical groups to check the accuracy
of calculations, it is likely that the first assembly will be a simple lattice
rather than one patterned after a particular ARE reactor. The initial experi-
ments will be done with the moderator and reflector of graphite or beryllium,
depending upon the materials on hand at the time the uranium is delivered.
The median energy for fissions in the ARE design now considered is between
1 and 100 ev, probably closer to the former. This change has necessitated

138

consideration of Xe danger-coefficient measurements.

The assembly tables which carry the reactor halves have been installed
and are being tested. The aluminum honeycomb structure has been assembled on
the tables and fixed into position in an iron framework. The mechanism for
inserting a neutron source has been operated. Part of the support for a per-
sonnel shield for use during assembly operations has been placed. The con-
trol and safety rods have been built, but have not been installed in the

assembly because of a delay in obtaining the supporting structure.

The actuating circuits for the table drive and for the control and safety

rods have been assembled. Eight radiation-level-measuring circuits, used for
safety and for operation, have also been installed. This equipment is being
tested.

An allotment of 75 kg of enriched uranium has been made and is now being
fabricated into fuel disks 0 01 in. thick. Beryllium is being cast and finish-

machined by the Brush Beryllium Corporation. The delivery schedule calls for
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500 lb to be shipped during December, 1950, and the total of approximately
2 tons to be delivered by March 1, 1951.- The normal density of AGOT graphite
(~1.6 g/cm®) is being machined by the Y-12 Shop, and partial delivery has been

made. Analysis of this graphite indicates acceptable purity.

Samples of the special high-density graphite (~2.0 g/cm®) have been re-
ceived but difficulties with the dies have delayed delivery. Analysis after

fabrication of test samples indicates acceptable purity.-

Since sodium is being considered as the coolant for the ARE it is neces-
sary to investigate its effect in the critical experiments.: It may be built
into these experiments as NaF or as Na metal. Satisfactory samples of NaF,
formed by either hot or warm pressing, have been received from two vendors.
One vendor is considering canning sodium in type 304 stainless steel, 0.008 in.:
thick, and it is believed that the cans may be filled to at least 95% of their

-volumes."

Stainless steel, type 310, for the heavy-metal reflector studies, is now
being fabricated in the Y-12 Shop, and spectrographic analyses have been made
of the steel.:

Conferences with the NEPA Materials Section concerning dangerecoefficient
samples have continued. It appears now that samples will be available by the

time they are needed.
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4. NUCLEAR MEASUREMENTS

The cross-section curve of molybdenum, being determined at Columbia
University, indicates a resonance at 49 ev. Consideration is being given to
the measurement of the xenon cross section at intermediate energies, and
consequently the practicality of the preparation of large xenon sources has
been investigated.  The chopper time-of-flight velocity selector for operation
in this intermediate energy range is still under construction. The 5-Mev Van

de Graaff accelerator may be in operation in three or four months.

MECHANICAL VELOCITY SELECTOR

G. Pawlicki and E. C. Smith, Physics Division

The chopper time-of-flight velocity selector for operation in the neutron
energy region up to several thousand electron volts is still in the process of
design and construction. Design-of the rotor is complete, and construction
has started in the shops.: Construction of the rather elaborate electronic
equipment is proceeding satisfactorily in?bhe Instrument Shop.: The BF;-filled
ionization chamber to be used for counting the transmitted neutrons is under

preliminary test.:

MOLYBDENUM CROSS-SECTION MEASUREMENTS

Columbia University*

The cross section of molybdenum is being measured at Columbia University
by Prof. W. W. Havens.: This measurement is of great interest to reactor
engineers since molybdenum has not only exceptional high-temperature strength
but also a relatively high resistance to liquid-metal corrosion. The nuclear
requirement for aircraft reactors, however, is that the nucleus should have a
reasonably low intermediate absorption cross section. A preliminary total
cross-section curve, Fig. 4.1, of molybdenum indicates a resonance at 49 ev,
with a height of a few barns. Higher resolution work is in progress, and more

data are expected shortly.:

® Work performed under contract with the AEC New York Operations Office,:
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INTERMEDIATE XENON CROSS-SECTION MEASUREMENTS

During the past quarter some study has been given to the desirability and
practicality of measuring the xenon cross section at somewhat higher energies
than those reached in the previous ORNL work. Some rough calculations indicate
that a danger-coefficient measurement might be possible if 1000 curies of
xenon were available.(!) A study was therefore made by the Chemistry Division
on the feasibility of preparing a xenon source of this magnitude. As described
in the following section, it appears that such an operation would be possible,
although it would require work on a rather large scale. However, some theo-
retical reasons have been advanced(?’ for believing that the contribution of
possible higher resonances to the resonance integral of xenon will turn out to
be negligible in the region of interest for the ARE, compared to the tail of
the known xenon absorption band.  The matter is, therefore, being considered
further before embarking upon such a large experimental program as would be

required for complete exploration of this spectrum.

Practicality of Preparing Large Xenon Sources.(%) A xenon source of
sufficiently high level may probably be realized from each of the following

three reactors:

1. Low Intensity Training Reactor (LITR)
2. Hot Pilot Plant

3.  Homogeneous Reactor Experiment (HRE)

The parameters pertinent to the production of xenon are summarized in Table 4.1

for each of these reactors.:

Of the three methods for the production of xenon, the minimum yield, in
curies, from the Hot Pilot Plant would be lower than desired, whereas that
from the LITR should be adequate, and the yield from the HRE should be more
than ample.. In regard to availability, the production—essentially the col-
lection—of xenon could probably be arranged to fit in with the current pro-

gram of the Hot Pilot Plant. Neither the LITR nor HRE is now in operation,

(1) Weinberg, A. M., Resonance Absorption by Xe, CF 50-8-.116 (Aug. 29, 1950).

(2) Arfken, G, B,, Jr., and Weliton, T. A,, Estimates of Effects of Higher Levels an the Resonance
Integrals of Xel35, CF 50-12.25 (Dec. 6, 1950).

(3) From a letter of Dec. 15, 1950, from G. W, Parker to C, B, Ellis re high-level sources of 9,2-hr
xenon, CF 50.12.45,
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TABLE 4.1

High-level Sources of 9.2-hr Xenon

AMOUNT AT
ESTIMATED POWER PORTION HALFLIVES MAXIMUM YIELD
REACTOR Lkw) AVAILABLE TO PROCESS SATURATION {curies)
fcurlies)
Hot Pilot Plant
{Clinton Pile) 0:2/skug 100 slugs 2% 1000 200
Low intensity
Training Reactor 300 1 of 18 ciements) O § 1000 756
Homogenecus
Kea:tor Experiment 1006 ALl e 40,000 20,000

#“* Type of process for LITR element:
“#+ Type of process for HRE off-gas:

* Type of process for Hot Pilot Plant slugs:

(1) dissolution in HNO, ; {2) bulk gas fiuctionation

(1) meleang of unit in vacuum; (2} minor gas fractionation

(1) collection of 24-hr gas sample; (2) minor gas fractionation




although preparations for placing the LITR in operation are proceeding rapidly.
The HRE is expected to operate at low level in mid- 1951, and full-level
operation may possibly be reached by the end of 1951.

(1) Low Intensity Trawning Reactor. While the operation of the Low
Intensity Training Reactor (LITR) has not yet been definitely
settled with the Safeguards Committee, preparations for placing
the reactor in operation are proceeding rapidly. - A shield
estimated to weigh at least 8 tons is necessary to safely handle
a green fuel assembly of the size and activity required to pro-
duce the xenon.  Since such a shield would be generally useful
for other purposes, it has already been designed and is expected
to be built soon.

It is anticipated that the element would be removed from the
reactor after a short cooling period and transported quickly to
the laboratory working area, where the xenon could be collected
and purified by a relatively small charcoal bed and fractiona-
ting column. With a flux of 5 X 10!? neutrons per second the
time after shutdown for maximum xenon growth has been calcu-
lated‘*’ as 4.2 hr, which is adequate for the required operations.

The amount of xenon available would be about 1 kilocurie at
300 kw at whatever flux at which the LITR may be operated.: The
processing time after the 4 hr growth period could be short, and
the yield might therefore be as high as 80 to 90%.

(2) Hot Pilot Plant., The equipment (scrubbers, condenser, etc).:
now being installed in the Hot Pilot Plant for the absorption
of the 10 year krypton of mass 85 from the off-gas stream of
the dissolver operation will also concentrate xenon, although
the latter is cooled to a stable gas in the process. The Pilot
Plant may be mentioned as a possible source of 9.2-hr xenon if
and when the problem of handling large quantities of oxides of
nitrogen and foreign gases can be overcome. Conceivably, a
fair portion of a 100-slug charge could be dissolved in 4 to 6
hr, and if the time for fractionation were not excessive, yields
of 200 or more curies might be expected.

(3) Homogeneous Reactor. The most attractive prospect for future
large-scale xenon work is the Homogeneous Reactor Experiment
(HRE), from which a continuous flow of hydrogen, oxygen, and
water vapor will sweep out kilocurie quantities of xenon and
krypton.- The off-gas treatment system now proposed includes
a large charcoal bed, through which 40,000 curies of xenon will
eventually be discharged after around 100 days of holdup for
decay. In order to obtain similar quantities of xenon in a
portable container, it would be necessary only to pass the off
gas through a shielded charcoal cold trap and collect samples
of the mixed gases which could then be purified. The equilibrium
xenon activity of 40,000 curies will give off heat at the rate
of 500 watts, thereby introducing amn extra requirement for
handling.-

(4) Lane, Jo:A.; Xenon Pousoning at Varying Power Levels, CF-49-12-83 (Dec.: 14, 1949).
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THE 5-MEV VAN DE GRAAFF ACCELERATOR

W. M. Good, Physics Division, and Conway Snyder, NEPA

A 5-Mev Van de Graaff accelerator, constructed by the High Voltage Engi-
neering Corporation of Cambridge, Mass., has been purchased by NEPA. The
final design has been approved, and delivery is expected in the immediate
future.  Upon receipt the accelerator will be erected in the Y-12 area. It 1is
expected that a period of three months will be required to place it in opera-
tion, following which research will begin on shielding, radiation damage, and

other problems in nuclear research pertinent to the nuclear propulsion of

aircraft.:
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3. SHIELDING RESEARCH

E. P. Blizard, Physics Division

During the past quarter the Shielding Groups at ORNL and NEPA collabo-
rated in an effort to apply the available information to the actual design of
several realistic aircraft shields. There resulted a number of configurations
which were light enough to be highly interesting and sufficiently well founded
in experiment to lend considerable confidence as to their adequacy. Iron and
water shields were investigated in the Lid Tank, but to a limited extent only,
since the shield weights appear to be excessive for these materials. The
shielding properties of B4C are currently being measured, and several inter-
esting effects have been discovered with this material. Measurements using
the liquid-metal duct are being made, but as yet no conclusions can be
reached regarding its effectiveness in the shield. Completion of the new Bulk
Shielding Facility has been delayed by the building contractor. The first
test, probably of an ideal unit shield, will commence sometime in March. Some
previous Lid Tank experiments on lead, iron, and water have now been analyzed
dccording to simple theory. A more general approach to 5hield optimizing is
being explored, with the hope of carrying out this procedure theoretically

as well as experimentally.
THE ANP SHIELDING BOARD®*

This Board, a joint effort of NEPA and ORNL, was convened from September
5 to October 16, primarily to demonstrate the best possible weight estimates
of pertinent, fully engineered shields for the subsonic aircraft. In addi-
tion, any conclusions which could be inferred from the work were to be re-

ported, especially if doing so would aid in allocation of effort for the ANP.

The first designs were based on standard specifications which were given
to the Board at its inception for a Na - Na fixed-fuel cycle: 3 ft diameter,
3-ft-long cylindrical reactor, 200 megawatts power, 50 ft reactor-crew sepa-
rations, 1 r/hr flight tolerance. The tolerance for ground servicing was

left to the discretion of the Board, and after discussions with engineers

* ORNL membership included E. P. Blizard, Chairman, C. E. Clifford, A. P. Fraes, Ki ;E. Keyes, R. W.
Schroeder, T. A. Welton, and J. H. Wyld.
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0..1 r/hr was adopted. Since the unit shields for this set of specifica-
tions appeared to weigh over 200,000 lb, competitive designs were investi-
gated., It was then demonstrated in some detail that for a 30-in.-diameter
nearly spherical -core with lead or bismuth as the primary coolant, other
conditions remaining the same, the weight of reactor, shield, structure within
shield, reflectors, ducts, pump, and heat exchangers was approximately 105,000
1b. Other designs, with somewhat greater weights and lithium as the coolant,
were also completed. In view of the fact that neither lead nor lithium could
surely be used as a coolant because of their corrosive properties, the Na-Na
cycle was re-examined for a smaller core more nearly spherical in size,
Furthermore, the ground tolerance was relaxed to 1 r/hr at the shield surface
15 min after shutdown. For this configuration the weight was estimated to be

148,000 1b.

The divided shield for the Na-Na cycle was, on the other hand, not
excessive in weight, being estimated to be 98,000 lb for the standard condi-
tions given above. In view of this fact, it appeared interesting to investi-
gate what might be a lower limit for shield weight; consequently a divided
shield for a 2.5-ft-square cylindrical reactor, 65 ft separation, 3 to 4 man

crew compartment, Li’-Li system was designed. The total weight was 66,450 lb.

General conclusions of the Shielding Board were that a serious weight
penalty must be paid for using the Na-Na system in the unit shield. The
same conclusion applies for a unit shield circulating-fuel system using NaOH
as the fuel vehicle and Na as the secondary coolant. On the other hand, a di-
vided shield for either of these systems will probably be below 100,000 1lb in
weight, In comparing unit and divided shields it was pointed out that the
divided shield weighs at least 30,000 1b less than the unit shield in most
cases of significance. Furthermore, the frontal area of a divided shield will
always be appreciably less than that of a unit shield. The obvious dis-
advantage of the divided shield, the extreme radiation intensity near the
reactor during and after operation, appears not to be prohibitive since the
outer section of the reactor shield consists of a rather thick layer of gaso-
line which can be replaced while on the ground by a much denser material,
for example, steel shot in o0il. It is also pointed out that both unit- and
divided-shield aircraft will require facilities for handling very radiocactive
components during reactor replacement, and, if long flights and low burn-up
become necessary, this will be a frequent operation. The complete findings

of the Board are reported in ANP-53.
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DIVIDED SHIELDS FOR MORE CONSERVATIVE GROUND SPECIFICATIONS(!)

T. R. Mitchell*

It appeared desirable to initiate an investigation of shields which would
satisfy ground tolerance specifications intermediate to those of ground-safe
unit shields and the air-safe divided shields described in the Shielding Board
Report.(z) Such shields would necessarily be of the divided type but would re-
tain some heavy gamma-ray shielding material completely around the reactor.

The tolerance conditions chosen for this study were as follows:

(a) 1 r/hr outside the crew compartment at 50 ft from the reactor
center, with reactor operating at one-tenth power (20,000 kw).

(b) % r/hr in the crew compartment with reactor operating at full
power (200,000 kw); rear of crew compartment to be located 50 ft
from center of reactor.

These specifications are not so stringent as those for the ground-safe unit
shields defined in ANP-53, which require that the radiation intensity at
50 ft be no more than 1 r/hr when operating at full power. They are con-
siderably more conservative, however, than the specifications for the air-safe
divided shields of ANP-53, which limited only the radiation level inside the
crew compartment while the radiation intensity outside the compartment was
allowed to be extremely high. The radiation specifications being considered
here would allow maintenance personnel to remain at the engines for a short
time without auxiliary shielding with the engines running, one at a time, at

about half power.

Shield Specifications. The weights and sizes of the divided shields
investigated in this study are given in Table 5.1 along with similar data for
unit shields around the same reactors. QOf the weights listed for the divided
shields, 22,000 1b is attributed to the crew shield.

* ©p loan from NEPA to the ANP Division for essistance in designing the ARE.

(1) Except for minor editorial changes, this section is the same as the following report: Mitchell,
T. R., Divided Shields for More Conservative Ground Specifications, Oak Ridge National Laboratory,
Y-12 Site, Y-F15-4 (Nove. 20, 1950).

(2) Report of the ANP Shielding Board, NEPA-ORNEL, ANP-53 (Oct. 16, 1950).
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Weights and Sizes of Shields

TABLE 5.1

Na-Na COOLED Na-Na COOLED . Li’ 'Li COOLED
REACTOR WITH REACTOR WITH REACTOR WITH
ELLIPSOIDAL ELLIPSOIDAL ELLIPSDIDAL
ENDS; 30-IN.- ENDS; 36-in.- ENDS; 36-in.-
DIAMETER CORE DIAMETER CORE DIAMETER CORE
SHIELD
SHIELD | SHIELD SHIELD | SHIELD SHIELD SHIELD
WEIGHT | DIAMETER | WEIGHT |DIAMETER | WEIGHT | DIAMETER
(1b) (in.) (1b) (in.) (1b) (in.)
Divided Shield 127,000 130 136,000 132 111,800 132
Ground-~safe unit shield,(s)
1 r/hr at 50 ft 148,000 145 160,000 147 122,000 147
Ground-safe unit shield,(3)
% r/hr at 50 ft 179,000 155 199, 000 157 148,000 157

The radiation intensity at the surface of the 1l

after reactor shutdown, is approximately 1 r/hr.(3)

r/hr unit shields, 15 min

This will be greater by

more than a factor of 10 at the surface of the reactor portions of these
divided shields.

Performance of Divided Shields. To satisfy the first of the two radiation
tolerance conditdons stated above, it is necessary simply to remove a one-tenth
attenuation thickness of neutron and gamma-ray shielding materials from the
outer layers of the existing ground-safe shield designs (ANP-53) which were
designed to give 1 r/hr at 50 ft when operating at full power (200,000 kw).
The second condition is then met by designing a crew shield for a factor-of-&0
total attenuation of neutrons plus gamma rays. Thus, while the weights given
here for the shielding around the reactor were obtained by perturbation of
previously reported shield weights, the crew shield weight was computed in-

dependently.

cit.s Po 53

(3) ANB-33, op.
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Specifiéally, an equivalent of 7.7 in. of water and 1.71 in. of lead were
removed from the outer portions of the ground-safe shields (1 r/hr at 50 ft
at 200,000 kw) for the following three reactors:

1. Na-Na cooled reactor having a 30-in.-diameter core with ellip-
soidal ends.(4)

2. Na-Na cooled reactor having a 36-in.-diameter core with ellip-
soidal ends (design similar to 1).

3. Li’-Li cooled reactor having a 36-in.-diameter core with ellip-
soidal ends.'S

Assuming that the neutron shielding outside the last lead layer consists of
gasoline contained in plastic, this removes 43,000, 45,600, and 32,000 1b,
respectively, from the unit shields (1 r/hr at 50 ft) for the reactors listed
abofe. Using the weights which have been previously(s) computed for these
unit shields, the shielding around the reactor for the three divided shields
being considered will weigh 105,000, 114,400, and 89,800 lb, respectively.

Decreasing the thickness of the reactor shielding materials as described
in the preceding paragraph increases the neutron and gamma-ray leakage from
the reactor shield by a factor of 10, but allows the relative leakage of
gamma rays and neutrons to remain the same, i.e,, 75% gamma rays and 25%
neutrons in terms of radiation dosage per unit time. The crew shield, ;however,
is designed so that the allowable % r/hr received by a crew member will be
caused 50% by neutrons and 50% by gamma rays. Therefore the crew shield must
attenuate the gamma rays by a factor of 60 and the neutrons by a factor of 20
in order to give the required total attenuation factor of 40. The required
thicknesses of shielding materials around the crew compartment (sides, rear,
front) were calculated using the same methods developed by W. B. Thomson
and H. E. Stern in computing the crew shields for the air-safe shields de-
scribed in:ANP-53. 1In this case, of the neutrons which penetrate into the
crew compartment, 60% were allowed to come through the sides, 10% through the
rear face, and 30% through the front of the compartment. These percentages

Y . . - .
were chosen rather arbitrarily, but even an optimum choice of these parameters

(4) ANP-53, op. cit., Fig. 5.
(5) ANP-53, op. cit., Fig. 4.
(6) ANP-53, op. cit., p. 53.
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would not greatly lower the crew shield weight. The calculations indicated
that 5, 15.2, and 1.7 in., of plastic were required at the sides, rear, and
front of the crew compartment, respectively. The plastic was assumed to be
polyethylene, (CH,),, having a density of 0.93 g/cc. All the gamma rays
entering the crew compartment were assumed to penetrate through the rear face,
because the plastic at the sides and at the front was more than enough to
stop all but a negligible portion of the scattered gamma radiation. Therefore
lead is used only at the rear of the crew compartment, where a 2.3-in. thick-
ness is required in addition to the 15.2 in. of plastic which also affords

some gamma shielding.

The crew compartment of this study was that used(?) for the divided
shield for the Na-Na cooled reactor. Based upon this configuration and the
thicknesses of shielding materials indicated above, the weight of the crew
shield was calculated to be 22,000 lb, i.e.,

Plastic 13,100 1b

Lead 8,200

Aluminum Structure (Estimated) 700
Total 22,000 1b

Thus the total divided shield weights for the three cases being considered
are 127,000, 136,000, and 111,800 lb, respectively.

If polyethylene, (CH,) , is used in the outer portion of the reactor
shield instead of gasoline, the shield weights tabulated on p.102 of this
report will remain very nearly the same. The resultant shields, however,
would be about 8 in. smaller in diameter. This would require, roughly, an
additional 30,000 1b of the plastic per shield, at a cost of approximately
$3.50 per pound.

LID TANK
C. E. Clifford E. P. Blizard
J. D. Flynn T. V. Blosser

Physics Division.

L. H. Ballweg, USAF

A shield design consisting of iron next to the core, followed by well-

borated water, was tested in the Lid Tank. Such a design, proposed by the

(7) - ANP-53, op. cit., ps 68,
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(8)

TAE, was attractive because of its simplicity and low weight, although
there was a recognized nuestion regarding its effectiveness upon intermediate-
energy neutrons. These latest [Lid Tank measurements have shown that the
intermediate-energy neutrons can penetrate the iron to such an extent that
suppression of their capture gammas is virtually impossible. In another
experiment tle attenuation of neutrons and ga.mas in solic >, T and water was

measure-,

iros 2.7 Loratel s~ter. The Technical Advisory Foard included in its
report a shiel” desipn which was very attractive from the standpoint of
simplicity and ease of construction, which exhibited the smallest overall
diameter o7 any recent cdesign, anc whirh appeared to be in contention on a
weight bacis as well, Therefore it was decicded that this shield should be
mocked-ur and tested (#xpt. 10)¢9) during the waiting veriod between promise

and celivery of the I, C slabs.

The TAF shield design consists simply of 55 cm of Fe next to the core
followed by 35 cm of well-borated H2O.(1°) Tre Zhielding {roup at CPRNL was
strongly of the opinion that the design violated the principle that gamma-
attenuating material could not ne lumped next to the core because of the great
importance of secondary gammas produced at the outside edge of this material

from neutron capture or inelastic scatterinz., The TAP thesis was that

1. Tle iron would attenuate fast neutrons adequately to eliminate
the latter, and on this there was agreement.

2. Sufficient boron could be located outside the iron to suppress
the captures, and on this there was not agreement.

It should be rointed out that on item 1 the TAD was able to make a calculation
which proved to be reasonalkly close to the experiment, but on item 2 the
information required for acetailed calculation included capture cross sections
in the intermediate-energy range whicl were comrletely unavailable, as well

as some estimate of neutron-energy srectra which would likewise have been very

difficult to obtain,

(8) Report of the Technical Advisory Board to the Technical Committee of the Aircraft Nuclear Propul-
ston Program, *WP-57 (.ug. 4, 1950).

(9) Blizard 7. P., end (lifford, C. F., Measurements of an [ron and Forated Water Shield in the Lid
Tank, CF-50-12-47 (Tec. 14, 1950).

(10) ANP- 52, op. cit., ». 29.
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Accordingly a shield mock-up was measured in which the first section
consisted nearly entirely of iron; a second, transition, region was made up of
varying thicknesses of B,C; and the third region was the usual borated water.
The iron samples used in the experiment were in the form of rectangular plates
7/8 in. thick by 56% in. high by 66% in. wide, the total number available for
the experiment being 24, These plates were placed in the tank adjacent to the
source, four at a time. When they were placed in the Lid Tank it was found
that since the plates were not perfectly flat there remained, on the average,
a 1/8-in. water gap between plates. Thermal-neutron measurements, gamma
measurements, and fast-neutron dosimeter measurements were taken in the water

behind the iron.

A layer of B,C 1/8 in. thick, in the form of plastic 50% B,C by volume,
was fastened to the rear face of the last plate in each configuration to re-
duce capture gamma production in the iron at this most sensitive position.
After the addition of 24 iron slabs the gamma level was still very high;
therefore a layer of B,C (density 1.8 g/cc) in the form of 1-in. slabs was
added up to a thickness of 5 in,

Since the 1-in. B,C slabs were not watertight it was necessary to place
them in a 15-in. by 6-ft by 5-ft dry tank with 1/8-in. steel walls. 1In order
to avoid the introduction of a large void, the dry tank was so placed that it
also contained the outer slabs of Fe. At this point it became clear that the
gamma level could not be reduced sufficiently by a reasonable further addition

of B,C, and the design was considered inadequate,

Since the walls of the dry tank are bowed by the water pressure, it was
difficult to determine the exact amount of water displaced. For this reason
two measurements were carried out (Table 5.2 last column, Table 5.3 first
column) with and without water in the dry tank. The effect of the addition

of B,C slabs is best inferred by comparison with the "no-water" condition,

Figure 5.1 and Table 5.2 give the gamma attenuation data for the fore-
going experiments, and include as well a comparison of gammas in pure and
borated water. Figure 5.2 and Table 5.3 show more truly the effect of the
B,C slabs.

Figure 5.3 and Tables 5.4 and 5.5 show the attenuation of neutrons in
H,0 behind the various thicknesses of Fe, demonstrating the well-known su-
periority of Fe over H,0 which accounted for the thinness of the TAB shield

design.
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Figure 5.4 and Table 5.6 show neutron attenuation behind Fe and B,C,
and from this figure the effect of the latter on the emergent neutrons 1is

evident,

The reason that the Fe cannot be lumped next to the core now becomes
evident. Examination of Figs. 5.3 and 5.4 shows that the neutrons emerging
must be predominantly of energy in the neighborhood of 1 Mev since the neutron
attenuation next to the Fe is very great, by both H,0 and B,C. This is not
unexpected since Fe possesses a "window" in this neighborhood just below the
inelastic scattering region and above that of great absorption. Hence these
intermediate-energy neutrons were penetrating the iron in such large numbers

that the suppression of their capture gammas 1s essentially impossible.

To prove that the gammas observed at the outer side of the shield mock-up
were produced as supposed, the experiment was extended by remeasuring the
gammas as slab after slab of Fe was removed (and, of course, replaced by borated
water) from the source side of the innermost (Fe) region. Since H,0 does not
possess this low-energy window, it would be expected that the removal of the
iron would result initially in a reduction of gamma intensity at the outer side
of the shield, Such was observed to be the case throughout the removal of
eight slabs, as is shown in Fig. 5.5 and Table 5.7. A schematic drawing of

the slab arrangement is shown in Fig. 5.6,

The investigation of the Fe-H,0 system was extended by a measurement of
neutrons and gammas behind a region of 50% Fe by volume, and then by a measure-
ment of the relative effectiveness of the iron as compared to water at various
positions within the mixed region. This latter amounts merely to a determi-
nation of the ! described in the last quarterly report(ll) as the important
parameter for shield optimization. The results are shown in Figs. 5.7 and 5.8,
which correspond to Tables 5.8 and 5.9, respectively. A schematic drawing of
the slab arrangement is shown in Fig. 5.9. Dosimeter measurements of the
Fe-B,C system are shown in Fig. 5.10 and Table 5.10. Since some difficulties
were encountered in the electronic circuits during these measurements, they

are probably not accurate to better than *30%.

(11) Aircraft Nuclear Propulsion Project Quarterly Progress Report for Period Ending August 31, 1950,
ORNL-858, p+ 17 (Dec. 4, 1950).
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TABLE 5.2

comparison of Gamma Attenuation by H,0; H,0 *+ 0.6% B; Fe-H,0 * 0.6% B: Fe-B,C-H,0 + 0.6% B

(1012 and 10'° Ton Chambers Normalized, GM Tube Normalized)

(roentgens/hour)

24 Fe SLABS,
DISTANCE JYATER IN
NO SLABS 4 Fe SLABS* 8 Fe SLABS® 12 Fe SLABS* 19 Fe SLABS*|“DRY” TANK
FROM SOURCE 10 10 10 i0 10 12 10 12 12 12
(em) 10°1.¢c | 10 1.c 10%1.c | 10°%1¢c | 10°1.c. | 10" 1C 10°1.¢c. | 10?2 1.0 102 1.¢c. | 10210
30 3.99 3.98 2.48
40 2.10 2.14 1.21 0.686
45 3.81 3.95
46
50 1.22 1.20 0.671 0.335
55 2.19 2.29
60 0.721 0.703 0.397 0.191
65 1.27 .26
70 0 447 0.431 0.241 - 0.111
75 0.765 0.782
80 0.273 0.273 0.151 0.070
83.5 0.0227 0.00637
85 0.474 0.485
90 0.174 0.175 0097 0.041 0.0434 0.0170 0.00466
95 0.299 0.305 _
100 . 0.117 0.113 0.064 0.0608 0.0278 0.0103 0.00302
105 0.181 0.205
110 0.0713 0.0771 0.0413 0.0407 0.0186 0.00655 0.00159
115 0.123 0.126 0.00120
120 : 0.051 0.0516 0.0276 0.0275 0.0133 0.00445
125 0.076 0.087 .
130 0.0359 0.0355 0.0187 0.00852 0.00295
135 0.063 0.058
140 0.0249 0.0245 0.0133 0.00575 0.00206
150 0.00917 0.00394 0.00142 *
160

* 7/8 in. thick.
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