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SUMMARY

In this edition of the Quarterly Progress Report of the Aircraft Nuc¢lear
Propulsion Project the research is divided into four phases in order to
faéilipate the presenﬁation and the comprehension of the work. Each of these
phases -— Beactor Design, Shielding Research, Materials BResearch, and Alter-
native Systems —- is separately introduced so that the reader may know the

specific areas covered in the subsequent detailed discussions.

’ -The ‘design of the Aircraft Reactor Experiment (Sec. 2) has been developed
from the design of the quiescent liquid fuel-—liquid metal cooled aircraft
reactor (Sec. 1), which was established early in the quarter. The reactor
réonéists of a 3-ft-square cylinder with'ellipsoidai ends, émpioyiﬁg-beryllium
oxide as a moderétor,'sodium as a coolant;’a mixture of UF¢~BeF2;§aF as fuel;
and inconel as the structural material. The liquid fluoride fuel is contained
in tubes suspended in the coolant streams which traverse the moderator. This
“intimacy of the fuel elements and the heat-transfer mediuﬁ ensures complete
continuity of heat flow from fuel to coolant = an essential feature of high-
- power aircraft reactors. The maximum design temperature of both these reactors
"is 1500°F (a materials limitation), which is adequate for a subscnic aircraft

power plant,

The ternary fluoride eutectic UF,-BeF, NaF appears to be a satisfactdry
liquid Tuél? both in uranium content (about 80 1b/ft®) and melting point
(about 900§F)( An alternative fluoride fuel, UF,-KF-NaF, possessing a higher
uranium concentration {about 120 1b/ft®) is available alihough its melting
~ point (about 1020°F) is high (Sec. 6). The radiation stability of these fuels

appears to be good, from the evidence obtained,so far {Sec. 15}:

+

The phenomenon of mass transfer in a bimetallic system restricts the
fabrication of the fuel and coolant circuits and the internal structure of the
‘core to the same monometallic material. From the standpoint of corrosion
molybdenum is ideally suited for this task, but fabrication difficulties have
so far prevented its consideration for the aireraft reactor. Molybdenum is,
nevertheless, highly regarded as the future construction material for high-
temperature reactors. Inconel has been specified as the comstruction material
of both the aircraft reactor and its prototype, as it is the only metal which,

at this time, is known to be reasonably compatible with both the sodium
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coolant and the fluoride fuel and at the same time to possess the other

metallurgical requirements of high-temperature strength, weldability, fabri-

catability, etc. (Secs. 11 and 14).

Beryllium is a better moderator than beryllium oxide from nuclear con-
sideratiohs; howéier,'the latter is specified: for this reactor as it 1s
relatively inert and may be readily contained. (Hefeg again, the potentiality
of molybdenum is evident as it is the only known container for beryllium.)

The coolant, sodium, is compatible with the oxide, although their mixing in

‘the reactor is not intended. Sodium, incidentally, is a satisfactory coolant,

#
e

perons

a welding and stress-rupture laboratory for the MeiallurgicalyGroup (Sec. 14).
The building modifications for the Experimental Engineering Group (Sec. 13)
are not completed. The ANP Critical Facility (Sec. 4) and the Shield Testing

‘Reactor (Sec. 8), which were essentially completed during the last quarter,

have bbth,achieved criticality and are being used. The 5-Mev Van de Graaff
(Sec.75) is now being installed and may be applied to nuclear research by the
end of the next quarter. The Test Facility Building for the ARE (Aircraft

Reactor Experiment) is now being designed (Sec. 2).

'VIn:addition,‘thé ?ersohnel employed by the Aircraft Nuclear Propulsion
Project has increased in number so phat there are now 256 technical people
engaged in all phases of the research werk, not‘including trades and sub-
technical people. The capacity of this organization is supplemented by the

work and skill of 21 consultants and eight subcontracted scientific labora-

tories. A chart of the technical organization of the Aircraft Nuclear Pro-

plusion Project at the Oak Ridge National Laboratory is given in Sec. 23.

RESEARCH RESULTS

From the body of research now underway on all problems associated with
this project, some of the more tangible results obtained during the quarter

are listed below.

19
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Physics

1. The analyses (Sec. 3) of a beryllium oxide—moderated, sodium-cooled
stainless steel— fabricated reactor whose static characteristics are very

similar to the aforementioned aircraft (ANP) reactor show the following:

(a). A change of moderator from berylllum oxide to beryllium would °
: decrease the critical mass requirement by 20%.

(b}, The increase in critical mass caused by remcving a volume of a
given constituent equal to 1% of the core veolume is approxi-
mately +3.4% for beryllium ox1de, -1.0% for stainless steel,
and +0. 2% for sodium. : :

(¢) A change in reflector thickness from 5.51 to 7.09 in. would
"> decrease the critical mass 36% and the median energy of fission
“from. 45 to 14 ev. The savings in critical mass from subsequent
increases in the reflector; however, would not be significant.

2.  The maximum reactivity change in the ANP reactor that must be overcome
by shim control totals -5.0%, of which -0.5% is for depletion, -2.7% for
equilibrium xenon, -1.1% for fuel expansion, and -0.7% for additional maximum

Xenon (Secﬁ 3).

3. The calculated kinetic responses of the ANP reactor to a step change
in reactivity of 10°3 and to an entrance coolant temperature step change of

167°F indicate that the reactor is well damped and completely safe (Sec. 3).

4. The calculated critical mass expected in the critical experiment with
the beryllium-uranium-aluminum assembly underestimated the experimental
critical mass by 50%. Discrepancies between the experimental setup and the

calculations are being examined (Secs. 3 and 4).

5. The slow-neutron transmission curve of molybdenum indicates a strong

resonance at 46 ev with other dips in transmission at 145 and 180 ev. The

line which best describes the transmission 1n the low- energy region is given

by op = 5 7 + 0.30E°% (Sec 5)
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Heat Tramnsfer

10.° An experiment to determine the extent of free convection in the
reactor fuel tube indicéted!a temperature drop of from 1 to 2°F in a vertical
tube filled with mercury, in which the temperature drop without convection
would have been about 13°F. This implies that convection in the ARE fuel

tubes will lead to very good heat-transfer conditions (Sec. 8).

11. A longitudinal-flow apparatus for the determination of the thermai
conductivity of solids up to 600°F has been developed which is capable of

‘accuracies of from 5 to 10% (Sec. 8).

Ligquid Fuels Chemistry

12. . The equilibrium diagfam for the ternary fluoride fuel NaF-KF-UF, has
been reasonably well established. The lowest eutectic found to exist consisted
of 27 mole % UF,, 29.5 mole % KF, and 43.5 mole % NaF and had a melting point
of 1020 + 20°F (Sec. 6). ‘

13.. The equilibrium diagram for the ternary system NaF-BeF,-UF, has not
been completely established, but a eutectic consisting of 12 mole % UF4; 17
mole % BeF,, and 71 mole % NaF with a melting point of 900 % 20°F has been

located. This uranium content is high enough to be of interest as fuel -

material (Sec. 6).
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rﬁadiation Damage

 14v The 1n1t1a1 1rrad1at10n of the fluorlde eutectlc NaF- UF ‘in-a

Ol 2

neutron flux of about 1 per cubic centimeter per second evidenced no

"1rrad1at10n 1nduced pressure rise, as mlght have resulted if free fluorine gas
had been formed (Sec. 15). :

15. One molybdenum sample irradiated for 4 hr by a 3-#a’beam of 10-Mev
deuterons ev1denced no detectable variation in resistivity after one day

(Sec. 15)

Metallurgy

16. Monel and nickel A have been found to»havé satisfactory corrosion:
“rates (about 0.03 mil/hr) in the fluoride eutectic (NaF- UF,), although the
compatibility of these metals with such other req01rements as high- temperature

:‘strength is not favorable (Sec 11).

17, An extensive summary of the corrosion behavior of molten lead under
static conditions has been prepared (Sec. 11). Results of these tests with

various metals include the following:

(a) Iron showed nb;meﬁallographic evidence of any attack although
~a small weight loss corresponding to a surface erosion of
- 0.0005 in. was detected after 40 hr at 1000°C. :

g
‘(b) 'Steels containing 12 to 16% chromium also showed very little

evidence of corrosion, although there was some surface pene-
tration to a depth of 0.005 in. after 400 hr at 1000°C.

(c). Austenitic stainless steels at 1000°C show more extreme surface
instabilities than iron or the low-chromium steel, including
lead solution, 1ntergranular penetration, precipitation, and
decarburlzatlcn

18. The static corrosien of metals with sodium is in general less severe:
tkmzéiﬁllead;Nickelevidences no corrosion, and molybdenum, tantalum, titanium,
inConeI>‘347 stainless steel, and 446 stainless steel appearito be almost as
satisfactory (i.e., 0.003 in. or less thickness change in 40-hr tests at
1000°C) (Sec. 11). ' | | '

19, A dlffu51on barrier of chromic oxide has been tried as a corrosion
inhibiter for 310 stainless steel. A static corrosion test with lead at 1000°C
for 100 hr indicated that the depth of the attack was not reduced, but the

attack was, nevertheless, 1ess severe (Sec 11).
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Alternative Systems

20. The supercritical water reactor is being analyzed by Nuclear Develop-
ment Associates, Inc. Preliminary exploratory work on heat transfer, fluid

flow, and reactivity have been encouraging (Sec. 13),
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INTRODUCTION TO PART I

The aircraft reactor, being a- high-power (200-megawatt) reactor, is
’characterized by a high heat flux, the requirement of a large heat-transfer
area in 4 small volume, and, consequentiy, a rather intricate core design,
The last quarter has witnessed the establishment of the preliminary design of
the quiescent liquid fuelmwliqﬁid metal cooled 200-megawatt aircraft reactor.
This design incorporates a core arrangement in which three fuel tubes are

immersed in each coolant tube in a beryllium oxide matrix.

The complexity of the overall aircraft power plant system necessitates
the separate development of the major components of the system. Consequently,
the detailed design of the Aircraft Reactor Experiment (ARE), a low-poﬁer test
reactor, has been undertaken with the aircraft reactor design as z point of
'departure}. This ARE core désign is intendedito duplicate, so far as is
practical, the materials and kinetics of the larger reactor. Although exact
duplication of the ANP reactor is not possible, the resultant compromises do
not mitigate against the usefulness of the ARE as a»deviceifor proving the
preéent core concept in all details consistent with rapid progress. The
preliminary design of this prototype reactor has been completed, and procure-
ment of the larger pieces of the reactor has been initiated. The design of a
building facility for this test reactor has been completed and detailed

specifications are being prepared,j

Throughout: the des1gn cf both the ANP and ARE reactors the calculatlons
of the ANP Physics Group have directed. the ‘layout of the core, Numerous
multigroup calculations have been reguired by the engineering variations and
shifts of interests that were investigated. The nuclear characteristics of
reactors which have been investigated include statics (e:g., crltxcal mass;
flux d1str1but10ns9 power dlstrlbut1onss reflector effects) and dynamics
(e.g., the time response of the liquid fuel_~11qu1d metal cooled reactor to
changes in react1v1ty coolant temperature failures). The program for corre-
lating theoretically predlctedvalues of critical mass with those obtained from

‘actual crltlcal experlments was 1n1t1ated

A sa;isfactory liquid fuel for these reactors appears to have been
found in the ternary fluoride system beryllium fluoride--sodium fluoride—

uranium fluoride. This fuel provides a suitable uranium density in a fuel

.. L3 K SUN ] * ° L 24 90 0. 900 0 S00 O
0. e 0 @ [ ) . . @ e. 0 e o
o 0 06 @ s e o @ 3 09 8 00 0'e
e o8 ® - een . L e o8
L % e o €9 -, e LA L
®9. 886 o 808 O 0 09 00 "8 o o ees. 00



solution with a satisfactory melting point. Other solutions of uranium

fluoride in alkaline earth fluorides are being investigated.

A schematic drawing of the reactor and cere, representing that of either

the ANP or ARE reactor, is presented in Fig. 0.2. The essential components
of these liquid fuel-—liquid metalvcooled reactors. are noted, together with

sg e ' - - N
specific references to the text for discussion of each feature. ‘
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1. DESIGN OF THE 200-MEGAWATT AIRCRAFT REACTOR

R. W. Schroeder, ANP Division

Of the five quiescent liquid-fuel reactors which were discussed in the

‘last quarterly report (OBNL-919) the hairpin core arrangement in which three

tubularvhairpins (fuel tubes) are immersed in each coolant tube was selected
for the 200-megawatt (ANP) reactor. A study of the other alterﬁatives, how-
ever,‘indicated that any one might be capable of successful development, ‘since

it is not possible at this time to designate any single design that warrants
developmenﬁ to the exclusion of all others. Nevertheless, as the early
initiation of a development program 1eading to the ANP reactor is desired and
as much of the information to be acquired will be genefal in nature, it was

necessary to select a particular reactor from the more attractive possibilities.

"“The overall érfangement of this‘reactor‘(Fig, 1:1) will involve a minimum of

additional research, and it imposes minimum constraints on the size and shape
of accessory components. It is emphasized that even this design as illustrated
is preliminary in form and that many months of analysis and component testing

will be required prior to the establishment of all features.

The major components of the reacétor arrangement include the reactor core

and pressure shell assembly, four independent control assemblies, six inter-

R

mediate heat exchangers, six axial-flow primary coclant pumps,

Tl

~ " IThese individual components are described separately.
? ; :

CORE DESIGN
- The core'(Fig9 i:2) is nominally a 3uft-SQuare‘cy1inder with ellipsoidal

ends, employing beryllium oxide as moderator and reflector, a mixture.of UF,

and NaF as fuel, and inconel as the structural and canning material. The

volume percentages of thése components in the core are givem in Table 1.1.

The core includes 2268 parallel coolant tubes arranged logitudinally and
spaced by transverse perforated and dimpled disks occurring every 2 in.

along the longitudinal core axis. Three "U-tube™ fuel elements are located

“within each coolant tube and are supported by the fuel manifold system. To

minimize the number of header welds, "U tubes™ rather than individual straight

*8 sas. ‘a e L e G0 @ 968 5 288 08
a0’ e L L) s e e a0 e v
s 0 .06 . @ o e. 0. @ e ¢ 90 & 0k (3]
» e o ° s es0 a e e o LY
68 @ ¢ 6. & e o . * e LR o @
Se. 840. 0. Neos 0 6 9 20 e 6. poe . go®




TABLE 1.1

Reactor Core Data

MATERIAL COMPOSITION

10%

: ‘ : VOLUME Volume % OF |~ ~ WEIGHT
COMPONENT - i MATERTAL (£ TOTAL CORE (1b)

. Fuel S Fused fluoride salts 1.39 . 7.83 390 -
. Fuel tubes Inconel ; 0.78 '
. Moderator - BeO S 110010 57.14 1778
" Moderator cans ' Inconel s 0.42 '

‘Structure . Inconel g 0.81 .

Coelant : Sodium 4.18 4 23.65 - 210

Total inconel: ' 2.01 ¢ 11.38 1000

Total core. ' - 17.68 ¢ 106.00 3378
MISCELLANEOUS DATA

Heat~transfer area 1040 fi?

Fuel tube aggregate leagth 39,600 ft

Free flow area for coolant (% of core cross-section) 23.65%

- Number of tubes 15,700 (7850 “U tubes”}

Number of tube sections 148

Fuel per section . 0.675%0f total fuel

Fuel available for control ‘10% .

Fuel tube diameter 0.100 in.

Fuel expansion allowance {not in core) 6%

Fission gas accumulation allowance {(not in core)
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tubes (as described in section on control of the aircraft reactor) are em-
ployed for all fuel elements except control elements. The fuel headers to
which the‘fuel elements are welded are arranged so that the individual "U-tube™
legs are connected to separate headers, designated as Pinlet™ and "outlet™ for
'loading, unloading, flushing, etc. The fuel headers are partially empty during
operation, serving as accumulators to accommodate changes in core fuel volume

associated with fuel temperature changes.

One hundredandfifqpmhm’fuel element sectors are employed, each of which
contains a proportionate share of fuel elements, one inlet header, and one
‘outlet header. This degree of cqmpértmentalization favors fabrication and
inspection and minimizes the consequences of any one or more failures, since
‘any one failure will involve the loss of less than 1% of the 'zotal fuel
volume., Several such failures can be compensated for by control adjastment.
Inlet and outlet filling and flushing tubes, connected to the individual
headers, are grouped together into a spider-shaped harness and brought to a
multitube conduit passing through the pressure shell. The conduit is routed

through the shield to an external filling and flushing station.

The arrangement illustrated embodies features that were selected after
review of many alternatives. It was found that thin fuel elements are required
to minimize peak fuel temperatures which tend to become critical, because the
thermal conductivity of the fuel is estimated to be of the order of 1.0 to 1.5
Btu/(hr-ft-°F). It was decided to use cylindrical fuel elements rather than
plate type elements for maximum resistance to differential pressures. Tubes
of small diameters and lehgths not in excess of several feet minimize hoop
stresses associated with fuel egress acceleration forces. These factors, plus -
considerations of surface area and included volume requirements, dictated the

‘dimensional constants listed in Table 1.1.

Core Materials, The material selections which have been mentioned are
not necessarily final, but these materials have been tentatively adopted on

the basis of current data.

Fuel., The fused fluorides have been specified to permit the negative
temperature coefficient and because of the relative ease of fuel drainage and
replenishment associated with ligquid fuels. These factors are discussed in

more detail in Secs. 3 and 6.
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Coolant. Sodium has been designated as the primary and secondary coolant

because existingdataindicate that sodium canbe contained at desired operating

temperatures by several materials, including certain stainless steels, nickel,

and inconel.

Structure. The core structure includes an inconel pressure shell, cooled

externally‘and énéulated internally. The top dome is free of primary coolant

< piping, facilitating its removal. Within the pressure shell a structural
cylinder is supported by a spline joint in a manner permitting freedom for

axial and radial expansion but restraining center-of-gravity movement. Moder-

. ator weight, coolant-tube weightg and coolant-tube drag forces are =ransmitted
by compression. to the bottom core dome, which in turn transmits the loads to

- the main flange.

. Inconel has been specified tentatively, as preliminary data indicate it
to be compatible with the sodium coolant and with the fused fluorides. If
. further data indicate type 316 stainless steel to be compatiBle with the fuel,

this material may be preferred.

Moderator. The use of metallic beryllium as moderator offers some
decrease in fuel investment compared to beryllium oxide:. Beryllium possesses
favorable thermal conductivity and ductility, but there is evidence that it
wmay alloy with any of the readily available canning materials, and further
research is required on the elimination or minimization of this‘alloyings
Pending resolution of this problem, BeO is regarded as the specific moderator

material, and the analyses included here are based on its use.

_CONTROL OF THE AIRCRAFT REACTOR

- ‘ o ( E. S, Bet‘tis’, NEPA Control Group

" Consideration of several features of the aircraft reactor indicates’
that the control difficulties are mitigated by the reactor design which is
. inherently stable for fast power or temperature transients., This stability

is achieved by using fuel elements with high negative temperature reactivity
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coefficients. Since the temperature-time response of the moderator is about
two orders of magnitude slower than that of the fuel, stability of the reactor
to fast. power or temperaturé transients can be effected by the choice of fuel
“elements only and is independent of moderator choice. The response of the
coolant is slower than that of the fuel, and the sodium coolant is a ﬁoor

moderator.

The expansion of the fuelyprovides the necessary fast control for the
reactor. This automatic regulation must be supplemented by a slow-acting shim
control to compensate for large and relatively slow changes in reactor power,
poisoning, and depletion. The shim control is effected by a variable liquid-
fuel volume in a separate fuel assembly wiphin the active lattice. This
éystem is actuated by a ﬁempefaturerSignal from the coolant outlet and auto-
matically regulates the fuel volume to maintain a constant coolant outlet

température.

Inherent Stability. A fuel consisting of a combination of molten fluorides
has the highest volume coefficient of thermal expansion of any system studied.
This type of fuel has been selected to provide the maximum change in reactivity
with teﬁperature variations. A reactor whose changes in reactivity result
from changes in fuel volume provides a mechanism for holding the fuel témpera4
ture to relatively small excursions about a bulk mean value. This type of
control will allow wide variations in fission rate or ?ower, Since the reactor
temperature must be kept under control for safe operation, it is felt that the

temperature control provides adequate safeguard for the reactor.

While inherent stability to fast power and temperature transients appears
to be a kighly desirable feature of the fused-salt fuel elements, it cannot
be concluded that the system will not have~objéctionable oscillations in power
or temperature transients until careful guantitative analyses of the response
of the system to such transients are made. Such analyses will give further
information on ranges of temperature and power for whlch stability is satis-

facbory.

The analyses of the response of the»systém to fast perturbations show
that, even with the large damping factor contributed by the deiayed neutrons
omitted from the calculations, oscillations are small in amplitude and are

highly damped in power ranges about the design point. The resultsof the studies
‘show that the pressures developed within the fuel tubes by fuel expansion are
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not excessive, even for assumed magnitudes of reactivity step changes much

more severe than could reasonably be expected to occur in practice.

Liguid-Fuel-Level Control System. The liquid-fuel reactor permits the
use of a portion of the fuel for ayﬁamic_control, The dynamic control system
of the aircraft reactor requires the use of approximately 10% of the fuel
volume. This volume is located in the center of the core where its removal
will have the least detriménpal effect on the power distribution. To minimize
lumping of the fuel in any one container, the system has been divided into
four elements. FEach element is independently activated and interlocked so
“that no mo:e than one element is active at one time. These contrel slements
are limited in mazimum rate of travel so that the Ak/k will not exceed approx-
imately 2 x 10°4 per second, The coolant outlet temperature provides the
signal for operation of the control system. The system has no close-tolerance
'moving parts in the high-temperature region, Figure 1.3 iilustrates the

preliminary liquid fuel-—liquid metal cooled reactor control system.

A description of the control system core element, fuel reservoir, actuator

unit; and operating cycle is given.

Core Element. The core contrel elements extend through the core in a
vertical direction and are so spaced as to introduce a minimum local power
variation. The upper header normally contains gas maintained under a constant
pressure. The lower header is full of fuel and is fed from the fuel reservoir.

Excluding the header volume, each of the four core control elements contain

approximately 2.5% of the total fuel volume of the c@re. The amount of fuel
in this volume is controlled from the fuel reservoir. Both headers are

separated from the core flux by a B,C shield.

Fuel Reservoir.  The fuel reservoir is attached to the upper pressure
shell and so arranged that the reserve fuel will be heated or cooled by the
‘sodium coolant. On the initial start-up it will be necessary to keep 'this
reservoir above the fuel melting point, but after some interval of power

operation the problem is reversed to one of heat removal.

~ Actuator Unit., The actuator unit is similar in construction to the fuel
reservoir -but contains the transmitter eutectic in one compartment and hydraulic
0il in the other. The diaphragm is spring loaded to provide a positive force
for removing the fuel from the core., This force, augmented by the gas pressure

above the fuel in the core element, will serve to remove the fuel in the event
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of component failure. The volume of 0il in the system at any time is regu-
~lated by the hydraulic control valve, which in turn is fed by a positive dis-
placement pump. This pump is so adjusted that the oil flow will not exceed
the value determined as safe for the introduction of fuel into the core.  The
control valve is positioned by a linkage whichis controlled by the proportional
solenoid and the shaft connected to the actuator diaphragm. This linkagé is
so designed that the proportional solenoid controls the position of the dia-
phragm and correspondingly the level of fuel in the core element. The solenoid
"is installed in such a way that it will remove the fuel from the core control
elemeht in the event of electrical failu:e. There is a éelsyn transmitter
coupled to the diaphragm‘shaft to indicate fuel level to the operator. A
heating coil, which will have shield water'circuléting through it, is provided

to protect the eutecti¢ from freezing.

" Operation. The coolant outlet ﬁémperaturey which is monitored by . a
number of thermocouples immersed in the coolant stream,provides the control
signals. The signals are first compared to the operation level set point and
then ampiified and‘éent’to the proportional solenoid. The level set peint may
be varied by the operator to meet the demand, but, once adjusted, itvshould
not requife any change during normal operation. This set point is auto-
ma;ically overridden to set back the reactor temperature in the event of

failure of engines, pumps, auxiliary power supply, etc.
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PRIMARY COOLANT CIRCUIT

The! primary circuit employs
generously sized heat exchangers and ducts to minimize pressure losses and to
maximize secondary circuit temperatures.

The arrangement (Fig, 1.1) provides

‘each with its
’own_primary circuit pump (as illustrated) and its own secondary circuit (not

intermediate heat exchangers

shown). The separation of the heat exchangers and secondary circuits isolates
the consequences of any secondary system. failure, any primary pump failure,

or any intermediate heat-exchanger internal failure. Primary coolant returning
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to the core from the : bumps is mixgd in the c¢ore inlet: scroll and header
before the coolant is directed through the core coolant annuli, thereby
protecting against local core starvation in the event of primary pump Stoppagee
Back flow through any dead primary pump is minimized by the resistance of the
‘heat exchanger and ducts in series with the dead pump as well as the resist-

ance of the dead rotor itself, thereby obviating the need for check valves.

In Table 1.2 are given the calculated pressures and temperaturés through-
out the core, the primary coolant circuit, and a portion of the secondary

circuit.

Pumps. Various types of pumps,.inbluding electromagnetic, canned rotor,
“and mechanically driven pumps, have been studied. At thgif»qurrent respective
stages of development the mechanically driven pumps‘appear to be superior for
aircraft usage from the standpoints of weight, size, and effiéiency. Within
this category a broad band of rotor types may be designed, ranging from pure
centrifugal at the high head—1low flow end of the range, through mixed flo&
impellers, to axial flow at the moderate head—high flow end of the range.,
The. flow rates and heads réquired by the pr6posed system fall within the range
permitting the use of axial~flow pumps, which are preferred for their com-
pactness? Such an axial-flow pump (Fig. 1.4) has been designed, Pertinent

pump data are given in Table 1.3,

Shaft sealihg is provided by a combination of inert gas pressure and a
~centrifugal slinger. The slinger illustrated should be adequate under the
most adverse operating conditions. Sealing under static conditions is provided
by locating the gas seal above the highest point in the sodium system. Inert
‘gaé pressure is ‘applied to the surface of the sodium in the primary fluid
make-up tank and also admitted, via interconnecting lines,; ‘to the shaft
housings'below the gas seals, This arrangement should ensure, under static
conditions, that the sodium level in the shaft housings is maintained hydro-
statically by the make-up tank level. Roter thrust is taken by an oil-lubri-

cated thrust bearing installed above the gas seal,

The pﬁmps may be driven by hydraulic, pneumatic, or electric motors, and
the choice probably will be dictated by the overall power transmission system

design of the airplane.
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TABLE 1.2

Temperature and Pressure Summary

- , ‘ , i i GENERAL SPECIFICATIONS

Total power o o Sl 200,000 kw (189,600 Btu/sec)

Flow raté, primary circuit ' ~ : 1800 1b/sec
L : Flow rate, secondary circuit - i ’ » 1800 1b/sec
Coolant average properties: k ‘ :
Specific heat : . 0.3 Btu/(1b-°F)
Density ‘ : : ‘ : 50 1b/£e3
Thermal conductivity i S oo . 4 ' 36 Btn/(hrift'OF)

Viscosity 3 : 1005 1b/(hrs £1)

PRIMARY CIRCUIF ‘

PRESSURE (psi) TEMPERATURE* (°F)
. - Pump inlet o , : 50 : 1139
Pump discharge , o ) : 93 : C 1130
Pressure shell inlet . 88 ) 1130
. Core matrix inlet 80 . : 1130
Core matrix outlet : - 67 i 1480
Pressure shell outlet , 62 1480
Intermediate heat-exchapger inlet . : 57 : 1480
Intermediate heat-exchanger outlet : 53 1130

Pump inlet 50 1130

SECONDARY CIRCUIT

Intermediate heat-exchanger inlet Zﬁé =10 1979
Intermediate heat-exchanger outlet 7 1420
REACTOR
. Division of power production , ! o 94% in fuel, 6% in moderator .
Avg. power density in fuel : 74 Btu/(secsin,?)
- Avg. power density in moderator 65 Btu/(see~in.d)
. Max. fuel temperature ‘ 2650°F
- . Mex. temperature on inner surface of fuel tube . : " 1540°F
s Max. temperature on outer surface of fuel tube 1500°F
‘ Max. primary coolant temperature . 1480°F
Max. moderator temperature ‘ , ~ B 1730°F
. Max. temperature of moderator surface®* ) 1690°F
Max. temperature of inner surface of moderator can ' 1488°F
Max. temperature of outer surface of moderator can 1483°F
. Max. primary coolant temperature (ref.) 1480°F
*Neglecting minor heat inputs and losses.
‘#*Based on assumption of contact thermal resistance coefficient of 400 Btu/(hr-ft2~of).
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TABLE 1.3

Axial-Flow Pump* Specification Data

: Flow per pump e 6 cfs

‘Pressure rise : 80 psi,**: 230 -ft of éodium

T Specific speed , 6000 4 ‘ ’

R » ’Actnal speed . 6860 Tpm

Estimated efficiency 80%

Pump power requirement 157 hp**+

Blade tip diameter 6.0 in.

Rotor hub diameter ‘ 3.6 in.

*The pump bearing is of the self.centering hydrostatic type.

**The estimated system pressure rise requirement is of the order of
43 psi.. Pending experimental verification of this requirement, the
pump has been designed for a more adverse requirement.

‘ “*Sg hp per pump for the calculated system pressure requirement’of
» : 43 psi. - , ' ’

Intermediate Heat Exchanger. The problem of heat transfer in the inter-
mediate heat exchanger is quite comparable to that of the reactor core.
However, the relative insensitivity of the airplane weight as a function of

heat-exchanger size permits the use of somewhat larger and thicker tubular

elements. Cylindrical elements are preferred for maximum resistance to

differential pressures, and counterflow is desired for maximum secondary

coolant outlet temperature, Two conventional methods of providing for thermal

expansion of the tubes are the "floating header™ with a convoluted bellows

‘seal, and bent-tube construction., The former may involve bellows stresses that

are unacceptable at the intended operating temperature unless the pressures

. in the primary and secondary circuits are substantially balanced at all times,

which may be undesirable as well as difficult to ensure. Accordingly, the

bent-tube or "hockey stick" design (Fig. 1.5) has been selected. Heat-exchanger

specification data are given in Table 1.4, in which the volumes and areas are

based on one heat .exchanger,
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TABLE 1.4

Heat-Exchanger Spec>i fic‘ation Data

Thbe‘outer diameter‘

Ihbe(vall thickness

Tube spacing, center to center
Active volﬁme ‘

Hygréulié diame;er,,primary fluid
Hydr#uiic diaﬁeter,'secondary fluid
Free‘flov irea, priﬁary or secondary

Heat-transfer area, mean
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6;25 in.
0.018 in.
0.3134 in. (staggered pitch)
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2. DESIGN OF THE AIRCRAFT REACTOR EXPERIMENT

R. W. Schroeder, ANP Division

The general features of the 200-megawatt aircraft reactor have been
p@stulated, and ‘a preliminary design of the core, shield, and fluid circuit
has been achieved (Sec. 1). With this design as a point of departure, the
design of a low-powered test reactor, the ARE, intended as a prototypé of
© certain features of the 200-megawatt reactor, wis attempieda The complexity
of the ovgréll aircraft power plant system appears to be such as to warrant
separate development of the major‘components ﬁgior to any attempt'to operate
the entire system. Accordinglyglthe Aircraft Reactor Experiment is regarded
as a core and control system development program with shielding and fluid
circuit components aesigned for simplicity and adequacy rather than for
faithful aircraft simulation: The'current'des§gn status of ARE compdnents is

~ outlined below.

CORE DESIGN

The core design is intended to duplicate, imsofar as is practicable, the
materials, the temperature pattern, and the kinetics of the 200-megawatt
reactor. Studies have indicated that the temperature pattern and certain of

“the control kinetics constants would be almost dupllcated if the airplane-size
fuel elements were employed with the number of fuel elements reduced pro-
portionately to the power reduction. Such an arrangement would have in-
sufficient fuél‘volume,vhowever;'and cdmpromises in the direction of more and
larger fuel elements appear to be necessary. The more conservatism employed
in estimation of the critical mass, the greater will be the fuel volume pro-
vided and tlie larger the departure from th& intended temperature ‘and kinetie

s1mulat10ng

It therefore seems best to defer final determination of required fuel
volume pendlng criticality tests, although it is desired to initiate procure-
ment of the pressure shell, the moderator and reflector ceramic blocks, and
the sheet metal and metal tubing as early as possible. A core has therefore
been designed (Fig. 2.1) that will permit freezing the components requiring

early procurement while retaining fuel volume flexibility. This flexibility
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- is . achieved by specifyiﬁg two alternate tube sizes and by deéigning»the‘

“coolant tubes such that‘four, five, six, seven, or eight fuel elements of

‘either size may be accommodated by each coolant tube. This ér;angement permits’
a critical mass range from approximately 4 to 25 1b, based on a uranium

~dens ity in the fused salts of 80 lb/ft?

CONTROL OF THE ARE REACTOR

E. S. Bettis, NEPA Control firoup

The control is intended to duplicate as closely as pussible the control
of the 200-megawatt aircraft reactor. The liquid-fuel dynamic control system
of the aircraft reactofr requires the use of approximately 10% of the fuel

volume. ' This volume is divided into four elements, each of which has 2%% of

the fuel, and the rate of insertion is limited to a maximum reactivity change

of 2 x10°* per second. The lower powered ARE reactor dynamic: control elements

‘will be scaled in such a manner as to give these same conditionms..

In addition'to the ligquid-fuel dynamic control s&stemy‘it,is also planned
to incorporate a solid abseéerber rod in the ARE reactor. This B C rod will
operate at a max1mum rate of withdrawal of 2 x 10°* Ak/k per second with
provisions for fast insertion for safety. Fast insertion of the rod will be

~initiated by the flux level, which will be ad;ustable over ‘the operating range
’Bf“the-reactor The insertion will be by means of gra?lty plus a spring or
other means of accelerating the rod when it is released from its magnet. It
,w111 be necessary to. cool the rod to allow materlals for sliding or bearing
surfac&s to operate at temperatures for which they are designed. This cooling
can be done by circulating water or some low-melting alloy, such as Na-K;
through the rod. The solid B,C rod can also be used to give the reactor a
“small per*urbatlon in reacu1v1ty in order to check the calculations on the

reactor dynamics.

FLUID-CIRCUIT DESIGN |

The function of the ARE fluid circuit is to dispose of the heat generated
as safely and as economically as practicable. It wag decided‘to employ sodium

a&s the primary coolant because of metallurgical compatibility., The ultimate
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heat receptacle must be expendable, and both air and water were studied. Water
was selected as: the preferred agent because of the very nominal flow and

pumping requirements associated with its use.

Safety considerations indicate the desirability of employing an inter-
mediate fluid that is nonreactive with either sodium or water. A liquid would
‘be preferred, but a review of available liquids did not reveal any that 'are
known to meet all requirements. Accordingly, it is planned to employ either

nitrogen or helium as the intermediate heat-transfer agent.

The primary‘cifcuit pumps make-up tanks, and intermediate heat exchangers
_are to be located in a shlelded pit adjacent to the reactor pit, The inter-
mediate gas is conveved from the heat-exchanger pit to a pump room, which

houses the gas-to-water heat exchangers, the gas blowers, and other accessories.

TEST FACILITY BUILDING FOR THE ARE

‘The Teé; Facility Bdilding for the operétibn of the Aircraft Reactor
" Experiment has been designed (Figs. 2.2 and 2.3). This building is to consist
of a concrete-steel structure approximately 80 by 105 ft with a one-story
servicekwing anda.40»ft-high crane bay. Thé‘Ausnin Company has been authorized
to’prepare4detailed plans and specifications for the Test Facility. The pro-
posed location is approximately 1500 ft east of the HRE building. ‘

In the service wing (low wing) of the Test Facility Building will be the
control room, change room, counting room, shop, and offices. The crane4bay
will dccommodate a 10-ton crane and will house the test bed, including the.
reactor pit, disassembly afea; heat-éxchanger pit, tank-storage room, and pump
room. In the Aﬁstin Company design and‘subsequént construction of the build-
.ing no instailaﬁions except the bridge crane will be made in the crane bay
area. Upon completlon of this construction phase by the building contractor,

the Laboratory w1ll begln installation of test components and shielding.

It is expected that by June 1 the AEC will have awarded a contract for
the bulldlng and that six to eight months will be allowed for its completlon
"The estimated cost of the bu1ld1ng is $400,000. ‘
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EXPERIMENTAL 'ENGINEERING ‘FOR THE ‘ARE
"H. W. Savage, ANP Division

The design.for the ARE has suggestedva number of experiments and tests,
the scope of which has been studied and outlined in:some detail by the Experi-
mental Engineering ‘Section.  In general, it W%ll be necessary to examine the
core structure and fluid circuits segmentally to determine the fabricability,
ease of assembly, structural integrity under conditions of thermal cycling,
;nd the hydrodynamic and thermal properties of their components. In addition
to testing components as received, development engineering of such systems

pointing toward ANP type applications will be pressed.

Fuel Circuits. The technlques of handling a liquid fuel which is a solid

at room temperature and which must be preheated to about 1000°F before any

transfer can take place must be determined expérimeﬁtaIIYQ. The following

systems must be déveloped for such a fuel circuit: «{(1) evacuation, (2) flush-

-ing, (3} loéding, (4) preheating, (5) transferring, (6) cleaning, (7) pressur-
izing, (8) monitoring, (9) purif?ing; (10) storing, and (11) instrumenting.

The first handling of fuel for the ARE system, as suc’h2 is expected to

‘involve problems of cleaning, storage, purification (filtering), and trans-

ferral of the fuel to the system without contamination. The problem of trans-
ferring the llquld fuel from one location te another will involve studies of
both parallel and series c1rcu1ts, probably in combination, and under con-

ditions where the circuits are pressurized with an inert gas. It is anticipated

“that the entire system will require remote instrumentation for temperature,

pressure, flow, volume measurements, and leak detection.

Experiments will involve mock-ups of proposed designs in which hydrody-
namic measurements at low temperatures can be made, and mock-ups and actual

components which can be tested with high-temperature fluids for determining

hydrodynamic properties at these temperatures. A means of accurate volumetric

control will be required, which will be adequate under either radioactive or

nonradloactlve conditions and also under dynamic condltlons

: Problems relating to fabrication will depend in part on'determination of

"satisfactory joining techniques which will resist both thermal cycling and

corrosive and erosive action of the fluids involved; in part on the ability to

‘assemble the various components after fabrication; and in part on whether
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certain of the internal components of the core can be subjected to direct
contact with the fluids. The fabricability of the spructufe would be con-
siderably easeéd if certain conditions were demonstrated, for example, if it
could be shown that is is not necessary to seal the proposed moderator, beryl-
‘lium oxide, from the proposed coolant, sodium or sodium=p6tassium alloy. If
sealing 1is notynécessaryﬁit should be possible to provide support’ for the
members which will change dimensions under thermal cycling without providing.

rigid connections between them.

" Coolant Ciféuitse The componéents of the coolant circuits will srelude
all the pipihgy pumps; heat exchangers, waste-gas systems, etc. necessary o
dispose of the heat generated within the core. It is proposed to davelep
the components of the heat-transfer system and to determine the adequacy and
properties of its components 1nd1v1dually and 1n combination in order to
determine the arrangement necessary for these systems in the ARE fac111ty
The general requirement is for the experimental determination of techniques of
handling a liquid coolant which, in the case of sodium, would be solid at room
temperature and would require preheating to at least 300°F before any transfer
would take place. If the coolant was sodium-potassium eutectic alloy, which
is liquid at room temperatures, it would not require preheating but would

require pressurizing at a temperature of 1500°F,

- The following systems will probablyvbe required: (1) evacuation, (2) flush-
ing, (3) loading, (4) purification, (5) circulation, (6) draining, (7) clean-
ing, (8) coolant d1sposa1,\(9) pressurizing, (10) monitoring, (11) instrument-

ing, (12) preheating, in the case of sodium, and (13) waste-heat fluid systems.

Experiments will involve mock-ups of core sections including tubes and
headers to determine hydrodynamic properties and thermal characteristics of
these sections. Also included will be development of valves and flowmeters *
and other devices for controlling the locatién and transfer of coolant. A
pump will be required which will handle about 150 to 200 gpm; for the ARE
application it is anticipated that commercially available pumps can be modified

for this purpose. Studies of electromagnetic pumps will continue. The

_techniques of cleaning the cooling system of the reactor and transferring

"coolant to it in a pure state and of providing equipment for maintaining

purity of the coolant require considerable development in order to assure

satisfactory handling at a maximum coolant temperature of 1500°F.
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Another dévelopment will center. around suitable piping for transfer of
the coolant from the core to the waste-heat disposal system, and this will
include development of mon1tor1ng devices for leak detection and development
of suitable insulation. The waste-heat disposal system will be located some
distance from the actual reactor core and may involve transfer of heat from
the coolant either to water or to a ~gas such as air or nitrogen. The simplest
system. would probably be one involving water, which could be disposed of
dlrectly, but such a system would require careful fabrication and instrumen-
tation for leak detection. A system using recirculating helium can be bullc'
of conventional equipment but is somewhat more complex. A waste-heat diéposél
system venting directly to air would involve few fabrication problems but
would entail rather more complex conducting systems and safety devices to pre-

vent general air contamination in case of breakdown.

Other problems associated with this circuit will be'encountefed'in the
integration of the control devices monitoring the coolant temperature with the
‘control devices for the reactor proper. These will include devices for vernier
type control and also emergency type control equlpment which in general will

act to shut down the systema

It is anticipated that in the course of the experimentation a heat source
comparable to the output of the ARE (1 to 3 megawatts) will be a necessity for
-pretesting components of the system: Fabrication‘techniques are not considered
to be an insurmountable obstacle inasmuch as for these segments of the ARE
circuits the structures may be of reasonable size, with the basic requirement
that joints and removable parts of this system be fabricated in such a fashion
that tightness is guaranteed over a'periéd'somewhat in excess of the expected

"life of the reactor as a whole.

Instrumentation. Insfrumentation for the reactor systems described in
the foreg01ng sections will be divided between a more routine type of instru-
mentation for general ccntrol purposes, including the indication of basic
conditions existing in the circuits, and the more elaborate type of control
equipment designed to maintain safe operation throughout. The Experimental
Engineering Section expects that the initial instrumentation will be of the
firstnﬁentioned type. The latter type of instrumentation reqﬁired is the
respon51b111ty of the Reactor Control Group and will be dlscussed here only as

it is requ1red to be 1ntegrated with the first type.
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‘ The‘following'types of inStrumentationvareAexpected to be required:
(1) témperature»responsive devices, (2) pressure-responsive devices, (3) volu-
metric control, (4) monitoring, (5) flow measurement and control, (6) stress
indicators, (7) pdwer measurement, (8) control rod actuation, (9) radio-
activity, (10) reactivity control, (11) miscellaneous electronic equipment,

and (12) devices for personnel safety.

Thermocouple, resistance, bi-metal, and liquid type temperature-responsive
devices for indicating, recording, and controlling purposes will have wide
application. Most of this instrumentation will be of the remote type, and
some of the problems will include locating the temperatﬁreasensing element. in
restricted spaces, providing leads and insulation between the temperature-
sensihg element and the indicating or controlling equipment, and the possible
use of such equipment for indicating clogged lines in the fluid circuits. The
characteristiés of temperature-sensing devices in strong radiation fields must

be determined.

Pressure-responsive devices will include hYdraulic and gas actuated
instruments, aull type bellows and diaphragms, manometers, and electric
simulators such as the microformer. Problems will include measurement of high
pressures (up to several atmospheres) at high temperatures in the presence of
ligquid metals, liquid fuels, and gase§2 and the'measurement o§ low pressures
and low-pressure differentials, which may occur at any temperature. It is
anticipated that pressure and volumetric control devices can be interrelated

to some extent.

With regard to volumetric control devices, it will be necessary to develop
methods of detecting liqﬁid levels with fair accuracy (in some cases precisely)
~for both the liqﬁid fuel and liquid coolant, and also the means of maintaining
and controlling these. Determination of the instantaneous quantity of fuel
present in a reactor core involves the consideration of weighing methods,
volumetric changes iesulting from temperature variations, the feasibility of
using méan measurements from gangs of small tubes as an indication of the
quantity of fluid present in any one of the tubes, the effects of vapor
pressures of materials being pressurized, the application of integéating flow
measurement devices, the detection of clogged tubes and the relationship of
‘this effect to quantity determinations, the amount of excess fuel over and
above that in the core required for satisfactory control, and the possible
application of overflowing fuel as a device for gquantity limitation and pro-

viding some continuous flow of fuel.
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In connection with reactor control there is a possible application of
dynamic-pressure-responsive. équipment to the detection of high- and low-
frequency pressure variations, and there will again be the problem of locating
' the pressure-sensing element and br1ng1ng out leads to remote 1nd1cat1ng and

controlling equipment. , e

Monitoring devices will be required for detecting the entrance of sodium
into the fuel, or vice versa, and particularly for detecting leaks in both the
fuel lines and the coolant lines. It is antlc1pated that spectrographic
methods will be of value in determlnlng where leaks are occurr1ng Study of
the general problem of power-monltorlng radiation detectlcn is not considered

as a functionm of the Experimental Engineering Group.

~ Flow measurement can be effected by the measurement of pressure drops,
possibly by the application of electromagnetic devices or rotameters. The
subsequent control of the fluid flow can be accompllshed by orifices, venturis,

throttling dev1ces, and/or valves of more or less conventional types.
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3. REACTOR PHYSICS

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

A.: Introduction :

B. Reflected-Reactor Criticality Calculations

C@ Reflééted?Reaétor,Solid Fuel Célcuiations

D. Statics of ANP Equxvalent Bare Reactor

AE. Statics of ANP Reflected Liquid-Fuel Reactor -
?.‘>K1net1cs of ANP Reflected Liquid-Fuel Reactor
G. Statlcs of ARE Bare Reactor

H. Kinetics of ARE Reactor

I, 'Criticai.Assemblylcalculations'

J. Glossérf of Nuclear Energy Terms

A. INTRODUCTION

In the first part of this quarter the IBM Fermi-diffusion multigroup
calculational procedures have come into fruition through the cooperative
effort of the ANP Physics Group and the Uranium Control and Computing Section
of Y-12. The productive capacity of this operation — now some 13 reactors
a week — has materially advanced the capabllltles of the group not only in
the survey of reactor characteristics buy also in the keeping up with the

englneerlng variations and shifts of interest that have developed.

The appllcatlon of the IBM calculations has not followed a smooth course,
however, 31nce.aboutAthree weeks of‘calculatlonal time was lost in locating
and rectifying a mathematical source of divergence in the flux solutions.
This difficulty is described in Sec. 3B, which also includes a description of
the opera;ionalkproblem of these calculations'and of the activity of the IBM
s , K :

Since the orlglnal interest of the ANP Project was 1n11qu1&nwtal-»cooled

8011d fuel reactor deSLgns, the first calculatlons produced concerned this
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class of reactors. The "statics,™ i.e., the critical mass, flux distribution;
etc., of these models apply almost equally well to liquid-fuel designs provided
they have the same median energy of fission (mef). The solid-fuel studies are
‘reported below in some detail, followed by a description of the ANP liquid-
fuel 200-megawatt design of Jan. 9, 1951. It so happens that the mef of the
latter is somewhat less than that of the solid- fuel designs because of dlffern

ence in moderator percentages.

~ The solidmfuel reflected reactor calculations are of interest since they

show the effect on criticality, critical mass, etc. of the follow1ng

1. Change of moderator fron beryllluﬂ ua;de to beryliium which has
been shown to give a substantial increase in reactivity,

2. Change of denszty'of~coolant and moderator. -
3; Change in the reflector thickness.

4, Replacement of beryllium oxide reflector with a nonmoderating
. stainless steel reflector (whlchhasbeen shown to decrease criti-
. cal1ty)

- 5. Xenon p01soning.
6. Heterogeneity of uranium lumping.

7. Iteration of the source term.

Follow1ng a rouclne investigation of the ANP lquId fuel deSIgn of
January 9. by means of study of the equlvalent bare reactor, IBM calculations
of reflected reactors were undertaken, A series of calculations was made
which permits the estimation of the k1net1c temperature coeff1c1enu of re-

activity.

The kinetics of the liquid-fuel reactor has been the subject of a large
amount of investigation, which has revealed the desirability of a short thermal
relaxation time of the fuel tubes and of a long neutron lifetime. The worst
types of accidents to which the nuclear-powered aircraft may be subjected are
“thought to be (1) the simultaneous failure of two turbojet motors and (2) the
failure of one-third of the primary coolant pumping power. Neither one of
these failures is sufficient to make the reactor go into prompt-critical
condition. Considerations of the time required for failure and the presence
of delayed neutrons lead to the conclusion that self-regulation of the reactor

is such that it is well- damped and safe during such emergencies. Calculations
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on the behavior of the reactor in the absence of damping effect of the delaved
neutrons indicate that the reactor would safely regulate changes which might

even throw it slightly beyond the prompt -critical condltlone

With the change of ‘emphasis of the engineering studies toward the Alrcraft
Reactor Experiment, bare reactor studies of the proposed ARE designs were
begun. Yt was desired that the ARE possess as many of the kinetic character-

istics of the high-powered 200-megawatt ANP reactor as possible, which re-

- sulted in a problem which could be solved only through arbitrary decision. .

A design of the ARE possessing exactly the same characteristics of the ANP
would have insufficient fuel volume for criticality. It has been necessary
" to increase the size of the fuel tubes, thereby increasing the thermal re-
laxstion time, but an increase in the number of fuel tubes makes the ARE more
nearly thermal and the increase of nentron 11fet1me tends te offset the

departure from ideal equivalents.

Reflected ARE calculations have been begun but reportabie results are

not availabile,

The kinetic responses of the proposed ABRE designs have been studied and
compared with the kinetic response of the ANP design. A great number of

acceptable designs have been found to exist.

Calculations of the critical mass expected from the current beryllium-
uranium-aluminum critical assemblieshave been undertaken. It is found that

the calculations have underestlmated the critical mass by about 50%. In view

of the experience of other groups in the first estimation of critical masses

from fundamental data, this result is not too surprlslng. Investigation of
the sources of error are proceedzngg and a number of small discrepancies
between the experimental setup and the calculations have been discovered,
‘although none sufficient to account for the large divergence. Obviously some
time and further experimentation will be necessary before theoretical and
experimental values will come into agreement. It should be the goal to
calculate critical masses by the moderated Fermi-diffusion method to within
25%. It may not be practical at this time to attempu to improve calculations
beyond this point.

i

It is interesting that our present experience has made but little use of

the perturbation theory. The reason for this is that it is generally easier to .
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recalculate the characteristics of a new reactor than it is to makeiiperturbaé
tion calculation.  The perturbatlon theory may be required whenever large

spatlal variations are encountered.

B. REFLECTED-REACTOR CRITICALITY CALCULATIONS

Mathematics of“calcﬁlatibns (D. K. Holmes, Physics Division, and 0. A.
Schulze, Reactor School). In the calculation of the static cha‘acterlsvlcs of

- two reactors with stalnless steel reflectors and two with very thin BeO reflec-
tors; the slow1ng-down density had alternately greater and smaller values {at a
given space point) from lethargy group to lethargy group (Flgr 3, 1) andfxnaxly
took on negative values. This difficuity has been discussed at length in a
separate report,(i)‘where'it is shown that the particular assumption made as

to the variation of the flux across a lethargy group, namely,

i = ’ o
Loy N, qN~1}
, el -,{2;;} , 5 - (1)‘
shete
;EV'= average flux in the N*® lethary group
q” # slowing-down density out of,the‘N%h group
— 1
{—l—}ﬁ = average of [-u—} in the N** group
fo; , o, ‘
should be replaced by the assuﬁption
‘ o N N-lo
1 qN + [ N1
" LT a go-f
¢ = ~ (2)

2

.where -l° = the value of at the higher lethargy limit of the N®P

(1) Holmes, D. K., 4 Correction to the Hultigroup Method af Y5F20-2i Y-F10-38 (Feh 19, 1951). (ORNL,
Y-12 Site).
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gréup. The use of numerical equations based on the second assumpfion elimi-
nated the difficulties (see Fig. 3.2), and this method has now been adopted
for reactor calculations. The details of the method, referred to as the

"EPLA™ method, ‘are given in a separate Te ort.(z)
g P por

In order to determine whether the reactivity calculations of these reactors
on the basis of assumption (1), which showed no oscillations from group to
~ group, were actually accéptable without recalculation, a comparison calculation

was made. The particular reactor chosen for test was a solid-fuel type with

the following properties:

Core radius AR . 4l em

Reflector thickness - 14 cm :
Core containing . 120 .1b of y23%
MATERIAL VOL: % IN CORE " VOL. % IN REFLECTOR
vo, 193 0
" BeO - 52,00 ‘ 75.00
Stainless steel : 7.90 o - 5.00
Sodium- el ; 36.10° . , 20.00

Void , 2.037 o 0
The comparison between the twé methods follows:

METHOD OF ASSUMPTION METHOD OF ASSUMPTION

- CHARACTERISTIC | (0 - @
kcff . 7 1.05118 7 : 1.06293
Median energy for fission (ev) 70.3 ; S 781
Percent thermal fissions. 5.5 : ‘ 5.5
Estimated critical mass (lb) 98 o ‘  , 92

The results are sufficiently similar that it iS'permissible to éccept re-
sults given by the method (1) (which were calculated before the introduction
of the EPLA method and which did not show calculational trouble): however,

{2) Holhes, D. K., The Multigroup Methods as Used b; the ANP Physics Grohp, ANP-58 (Feb. 15, 1951).
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because of the difference in keff it 'is not considered valid to make direct
comparisons between the reactivity of reactors calculated by the two different

methods.

IBM Calculétions; (F. C. Uffleman and Phyllis Johnson, Uranium Control
and Computing Department). ~During the quarter ending Feb. 28, 1951 a machine
and procedural changeover from the linear approximation method to the end-point
linear approxi@ation method was effected. In order to make this chanéeover,
and to make'some additional calculations,; fourteen 604 boards were wired or’
revised for permanedt:use while about a dozen boards were wired and used
temporarily. in current usage are sixk6044and two C.P.C. {Card Program
Computer) "cross-secticn™ boards; sixteen 604 and two C.P.C., "reactor™ boards;
two general listing boards; and one "check" listing board. A brief summary

of the scope of operations is given below.

The use of the cross-section boards starts with the key-punched micro-
or macro-cross-sections, "Decimal points are adjusted and Simpson weighting
factors are applied to.each individual cross-section. Average unweighted,
end-point cross-sections are calculated for each element. Using these basic

cross-section cards for each element,

ot B T ey

as well as the end-point values 1/éc,, are calculated for each group for each
‘core and reflector. Various combinations of the average cross-sections and
the end-point cross-sections as needed in the method are calculated. On
March 1 master basic cross-section files included basic cross-section and end-
point cross-section cards for 16 elements plus 12 "lumping effect™ variations
on basic uranium cross-sections.. Master core-reflector files included com-
plete average cross-sections, end-point cross-sections, and constants for 61

cores and three reflectors.

Calculation with the "reactor”™ boards starts with the calculation of some

constants needed in meeting the core-reflector boundary conditions. It
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continues through the calculations of the average and end-point fluxes along
with some auxiliary»functions for each energy-space point, the total degrada-
tion of neutrons from each group plus the total absorptions and fissions,

reflector escapes for each energy group, and the eigenvalue, v_, for criti-

e
cality for each thermal base and total fissions at each space point for each
thermal base. Checks being run are the power distribution normalization

‘check and the total neutron balance for each group. At present calculations
for 12 reactors have been completed using the end-point linear approximation
method, but during the quarter 25 or 30 other reactor calculations were either
wholly or partially made by the linear method or by a variation of the linear
method. It was expected that during March production of reactor calculations
would average at least one reactor per day and that in the future the calcu-
lation time, including all checks, for one reactor w111 be about 16 hr.
(These calculation times include making all calculations twice, so that a

slngle calculation would take only 8 hr.)
C. REFLECTED-REACTOR SOLID-FUEL CALCULATIONS

0. A. Schulzé, Reactor School, and J. W. Webster, NEPA

The‘calculations reported in this section were initiated at anearly’date;
the reactors considered have solid fuel rather than the liquid fuel of the
current design. However, the -constituency of the small fuel volume does not
significantly alter the core nuclear properties and hence the static results
(critical mass, power distribution, etc.) are applicable to liquid-fuel

reactors. The method of calculation is described in the preceding section,
. B ¥

This section is divided into five parts which discuss the effect on
critical mass,’poweredistribution,7etc. of the variation in certain conditions.
The‘topical headings are: Effect of Core Compesition and Core Size, Effect
of Xenon, Effect of Uranium Lump1ng, Effect of Reflector, and Effect of

Iteratxoa,of Source Term.
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The basic reactor configuration of this study has the fellowing d§~

cription:

Core diameter (ft) ‘ 4 7 2.69
Reflection thickness (in.) . ; 5.51

‘Volume fractions of core (wherethe densities are at a mean operating
temperature of 1286°F) ) )

U0, of density 10.9 g/cc / , o 0.01963
© BeO of density 2.8 g/cc , ‘ - 0.5200
Stainless steel 347 of density 7.69 g/cc : ’ o 0.0790

Na coolant of density 0.75 g/cc ‘ ; - ‘ 0.3610

Volume fractions of reflector

o | ‘ o 0.7500
. Stainless Steel : S . 0.0500

Na [ | ' L 0.2000

The thermél~neﬁtrons'afe cqnsidered to have an energy corresponding to 1286°F.
No fission prbducp,péisons or self-shielding effects are present. The critical
mass was determined to be about 98 1b, the median energy of fission-producing
neutrons about 45 ev, and the mean neutron lifetime about 1.6 X 1075 sec. All

other reactors of this study are variations from this "standard™ reactor.

The spatial powér distribution is shown in Fig. 3.3 for the standard
spherical reactor, It will be noticed that the power distribution rises
sharply'in,the core near the interface. The power density at the interface
is abéut 86% of that at the center;bso that the reflector thickness used in
this reactor is not quite the optimum for minimum peak-to-average-power ratio.
The distribution throughout the central region of the reactor has approxi-
~mately the shape of the fundamental mode of the equivalent bare reactor. It
is.only in about the last 4 in, of the core radius that the core "feels™ the
reflector distortion. Thus, a peak-to-average-power ratio of unity (flat
power) is obtainable only by nonuniform distribution of utaniamg The ratie
here is 1,39, k v ' '

Figure 3.4 shows the energy distribution of.the fission-producing neutrons
at various spatial lattice points. Comparison of this distribution et the

interface with that at inner points shows how strongly the neutrons are
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thermalized which return from the reflector and explains why the power distri-

bution has the sharp rise at the interface (slow neutrons are captured more

.eas11y by uranium).

F1gure 3.5 shows the 1ntegrated energy dlstr1but1on of all f1s31on~

produc1ng neutrons.

Effect of Core Composition and Core Size. Change of Moderator, BeO to Be.
The first change investigated was s replacement in the standard reactorof
the BeO moderator by beryllium actal of density 1.86. " The result was that the
critical masa was reduced to 73 b, which is a reduction of 25 1b or 26%.

The index of the nuclear value of = mcderétcr is the quantity No £ known as

“the "slowing-down power™ where N is the number of atoms per cubic centimeter,

o, is the microscopic scattering cross-section,.and & is the loss in log

energy per collision.  Solid BeO moderator has 0.0674 x 10%* atoms per

“cubic centimeter of both beryllium and éxyg@n._ The beryliium moderator has

0.124 x 10%* atoms per cubic centimeter of beryllium. The £ for Be is 0.2078
end the € for 0 is 0.1209. A good average value for o, (Be) is 5.5 x 107%% en?
and for ¢,(0), 4.2 x 10°?* em?, The slowing down power for beryllium metal
is thus about 0.14 lethargy unit per centimeter and for BeQ it is abeut 0.11

~ lethargy unit per centimeter, which accounts for the lower critical mass
- with the former. o ERNE : ’

Figure 3.6 shows the spatial power distribution in the beryllium-moderated

‘core with beryllium reflector. Comparison with Fig. 3.3 for the equivalent

Eacvagsgmbly shows that the beryllium reflector causes an even sharper rise

of power density near the 1nter£ace, the power density at the interface ba;ng

93% of the valua at tha center.

Figure 3.7 shows theencrgy disbributhnquthe fission-producing neutrons,
i.e., the narmaixzed fissioning spectrum. The fraction of thermal fission
production at the interface is about 33%, as compared to 24% for the BeO-

veflected essembly, and thus part of the reduced critical mass is cersglnly

due to the betcer moderation in the reflector,

Ghange in Coolant Volume. The second change investigated was a decrease
in the coolant volume from 36.10 to 31.10% of the core volume, the space being

“left as void, The critical mass increased by 1,2 1b, indicating that the

reduced leskage due to scattering from sodium is more important than the loss
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of neutrons due to absorptlon in sodlum in a reactor of this neutron emergy

spectrum, - In terms of sodium welght 100 1b of sodlum decreases the er1»1cal‘

uranlum mass by 5 8 lb,

Changé in Structural Volune. Therthird‘changé in the core was an increase
of the volume fraction of stainless steel from 0.0790 to 0.09937, with an
equivalent decrease in the #oid The critical mass increased by 2.1 1b,
1nd1cat1ng that the loss of neutrons due to absorption in stainless steel is
more important. than the reduced leakage due to scattering for this reactor, 

In terms of welght,of stainless steel, 100 1b of stainless steel increased the

. ecritical mass by 1.9 1b. This would seem to. indicate, at first thought, that

considerable freedom could be exercised with regard to tube wall thickness,
etc.; but usually an increase in structural material incurs a decrease in
moderator volume and the combined penalty is greater. Also, the effect of
the steel will be greater in the ANP design than is calcula*ed here since the

neutron energy spectrum is lower in the ANP reactor,

Change in Moderator Volume. The'fourth change in the core was decrease

in the volume fraction of BeO from 0,52 to 0,47 with an equzvalent increase in

the void. The critical mass 1ncreased by 17 1b.

, 'COMparzson of Core Constituents Effects. The BeO moderator is clearly
the most important core constituent affecting critical mass in this reactor.
In Table 3.1 the effect on critical mass of a change in the volume of the
three core constltuents is compared From the table it is seen that thickening
the tube walls to the extent of 1% of the core volume costs approxlmately\
3.4+ 1. 0 = 4.4 1b in fuel, '

TABLE 3.1

Effect of Core Composition on Critical Hass of Standard Reactor

CHANGE IN CRITICAL MASS CAUSED BY REMOVING A VOLUME

CORE CONSTITUENT OF THE GIVEN CONSTITUENT EQUAL TO 1% OF THE CORE
. [/; R ’ VOLUME \1b) :
“BeO SR +3.4
Stainless steel o «1.0
‘Na coolant V ' B 40.2°
72
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“Another useful way of interpreting these results is in the sense of

density coefficients of reactivity and uranium mass, i.e:,

Ak/k o bm/m , 7
SRS and i : :
 Bo/p - bp/p. S : :

In Table 3.2 are given values of these ratios for different ccre constituents.

 TABLE 3.2

- Density (p) Coefficients of Reactivity and Uranium #ass (=)
: in the Standard Reactor

CORE CONSTITUENT L/t S
: Bp/p Ap/p

BO  +0.285  -l.4a2
tainless steel -0.015 +0.0876
Na coolant 40.018 ' -0.091

Change ovaoré Size. The fifth change in the core was to decrease the
core > radius by 3.15 in. (from core diameter 2.69 to 2.16 ft) and at the

‘same, time increase the reflector thickness by 3.15 in., thus keeping the

reflector outside diameter the same as in the standard reactor, the core

composition being held constant. It was found that the critical mass decreased

"from798 to 57 1lb, which shows thgt the additional reflector is almost as

effective as fissionable core material. This result is uséeful in gaining an

understandlng of the factors that affect critical mass, but behavior associated

"with variation of core size under constant core composition does not have

direct englneerlng 51gn1flcanbe since the requirement of a certain heat removal

" (heat-transfer area) will always dictate a decrease in moderator fractlon as

core size 1s decreased..

Figure 3.8 shows the spatialypower distribution.  The power density ag

the interface is greater by a factor of 1.3 than that at the core center, and

khence the reflector is much too thick for good core power distribution in this

small nonthermal core. The peak-to-average-power ratio is 1.48 as compared to
1.39 in the standard reactor,
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Effect of Reflector. Change of Reflector Thickness. Tweo variations of
reflector thickness were made from the standard reactor. The first was a
change from 5.51 to 7.09 in., an increase of 1.58 in..The result was a drop in
critical mass from 98 to 63 1lb. The median energy of the fission-producing

neutrons dropped from 45 to about 14 ev.

Figure 3.9 shows the spatial power dlstrlbut1on over the core with th1s
additional reflector. Comparison with Fig, 3.3 (the equivalent graph for the
standard reactor) shows that powef‘density has increased at the interface.
The interface power density is now greater than that at the core center by
é'faqfor of 1.03. This appears to be very close to the optimum reflector
thickness as far as good core power distribution is concerned, The peak-to-
average-power ratio is 1,35 compared to 1.39 with the 5.51-in. reflector,
Flgure 3.10 shows the energy distribution of the fission- -producing neutrons,
i.es; the normalized flsslonzng spectrum, There is now abou:z 38% thermal

flsggon at the interface as compared to 24% in the standard reactor,

The second investigation of the effect of reflector thickness was an
increase to 15.4 in. The critical mass decreased to approximately 53 lb.
Figure 3.1l shows the new spatial power distribution., The power density at
the interface is now. greater than that at the core center by a factor of 1.19
and the peak-to-average-power ratio is 1.52, indicating that the reflector

is too thick for good core power distribution,

From the point of view of critical mass the increase of reflector thick-
ness from 5.51 to 7.09 in. was very worth while, a saving -of 35 lb of fuel,
The increase from 5.67 to 15.4 in. did not cause a significant increase in
the dranium sav1ngi however. If the three values of reflector thlckness are
plotted vs. critical mass, the curve shows a definite "knee™ around 6 to 8 im.
reflector (see Fig. 3.12, a plot of kéff vs. reflector thickness). The con-
clusion is that, from the point of viewof both power distribution and critical
mass,'the BeO reflector thickness should be about 6 in. for a reactor of this

energy spectrum.

Change to Nonmoderating Reflector. The third change in reflector condi-
tions wascomplete replacement of the BeO reflector of the standard reactor by
a combination of 80% stainless steel and 20% sodium, by volume; of the same
thickness. The critical mass increased from 98 to 151 lb, thus demonstrating
‘the advisability of havinga moderating reflector between the core and pressure
shell. - ‘
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The effect of the substitution of the nonmoderating reflector on the
core power distribution was striking. Figure 3.13 shows this new spatial

power distribution. The shape of the curve is now very close to that of the

- fundamental mode of the equivalent bare reactor, i.e., a zero-order Bessel

fﬁnction of the first kind. The flux distribution curves change very little
from this shape (Fig. 3.14). The rise in power density near the interface
that is charaCteristic of the moderating‘refleétor assembly ' is completely

absent. The peak-to-average-power ratio is 1. 7? indicating a very undesirable,

ncnunlform dlstr1but10n of heat source.

Figure 3.15 shows the energy distribution of fission-producing neutrons
at various lattice points. This distribution is nearly uniform over the cofe,
the fraction thermal fission production at the interface being no different
from that at the core center. The effect on the overall energy distribution
of neutrons is thus quite marked, thé median energy of fission-producing

neutrons now being 270 ev ins;ead‘of 45 ev as in the BeO-reflected assembly.

From the standpoint of both low critical mass énd flattest possible core

power distribution, it seems very desirable to use a moderating reflector

rather than a stainless steel reflector, e.ga, the pressure shell, directly

exterior to the cére,

_Effect of Xenon. The effect on critical mass and reactivity of the

. fission product poison xenon was investigated. First the equilibrium xenon

"density was determined at each space lattice point over the core, based on the

fission density and flux energy spectrum at the point. This equilibrium

‘density varied from 6 x 10!® atoms of xenon per cubic centimeter at the center

to 1 X 10'® at the interface. Since the criticality method is set up only

to handle core compositions whlch are uniform over the core, it was necessary

to find an average xenon den81ty whick would give the proper change in k eff

This average was found by weighting the densities at each lattice point with
the fraction of neutron captures in xenon that would take place in the spherical

shell at this radius.

It was found that the eqﬁilibriuh xenon caused a Ak/k of -4.2% or,
expressed in terms of critical{mass, it increased the cgitical mass from the
98 1b of the clean case to 117 lb. This is a greater effect than might be
expected since the Spectfum is definitely nonthermal. It is planned to

investigate this effect of fission product poisons further. At the date of
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