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SECTION A. flORIUM CONVERTER POWER REACTOR STUDY

1. INTRODUCTION

This study was undertaken to investigate the possibility of designing a some-

what advanced power reactor using existing and proven technology insofar as

possible. This type of reactor might serve to fill the interim necessary for

developmental work on the more advanced reactor types, such as fast breeders,

liquid metal thermal breeders, etc. On this basis it was decided to use,

wherever possible, proven design concepts, materials and components. Where

there was no actual reactor experience on which to base a design, tested

materials and components were to be used. These criteria led directly to the

choice of a heterogeneous reactor, cooled by non-boiling pressurized light

water, flat plate type fuel elements (similar to MTR), proven materials

such as zircalloy and stainless steel and poison rod shim control.

To achieve a good design it seemed necessary to incorporate internal conversion

of fertile material into fuel to insure a long life for the core with a small

change of reactivity. In a thermal reactor the thorium-232 to uranium-233

system is the most efficient on the basis of neutron economy. This is best

shown by a comparison of the neutrons produced per fuel atom destroyed (Z)

for the three fissionable materials at thermal neutron energy (Table I).

TABLE I

FUEL ISOTOPE _L

U - 235 2.09
U - 233 2.37
Pu - 239 2.02

The larger the value of I the greater is the possibility of producing at least

one new fuel atom per fuel atom destroyed. In this reactor the initial loading

consists of fuel plates containing fully enriche n l
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I
plates containing thorium In-the initial stages of the core life virtually

all of the fissioning takes place in the fuel plates; but as theU2 builds

up in the fertile plates the pover production will gradually shift in part

to these plates. In this way a large fraction of the initial U235 invested

in the reactor is utilized, and a high degree of material efficiency is ob.-

tained.

This report covers a preliminary analysis of a 500 m reactor.

UNCLASSIFIED



DECLASSIFHED
2. REACTOR DESCRIPTION

a. PERFORMANCE

The thorium converter power reactor is designed to operate at a power level

of 500 m".y with a fuel element life of approximately a year. The power level

is chosen as representative of the size of nuclear power units of current

and near future interest, and if scaled up or down by a factor of two, it

covers the most important range of single power production units.

The heat is removed from the core by light water circulating through the

core in a single pass arrangement. The primary coolant flow rate is 120,000

gallons per minute at an average velocity of 17.5 feet per second. The

average coolant temperature in the core is 195 F and the average coolant

rise in passing through the core is 30 F. To prevent local boiling, the

primary coolant is pressurized to 1500 psia.

The reactor core is designed to operate over an integrated nvt of 2 x 10-.

At the required critical mass and the power level of 500 my the average thermal

neutron flux is about 8 x 1013. This allows a fuel element lifetime of about

one year. However, many advantages result from fractional core reloading and

repositioning of fuel elements at shorter time intervals. Only a portion of

the core need be replaced at the end of each cycle. It is intended to shutdown

every four months to replace the third of the core having a full twelve months

irradiation time and to re-position the other two-thirds of the core0 During

the first yea: of operation the first and second thirds of the core will have

to be removed after four and eight months irradiation time. This will promote

a more uniform burnup of the fuel in the reactor. In addition it gives the

possibility of flattening the flux and the power generation. A uniform power

generation over the reactor gives a higher coolant temperature for a given

allowable fuel pltte surface temperature.

-. DECL AS?
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b0  FUEL ASSFELIES

The fuel assemblies consist of uranium bearing and thorium bearing flat

plates clad with sircalloy0 These plates are assembled alternately with

suitable channels for water flow between. This arrangement gives the inter-

spersion of fertile and fuel material necessary for effective internal ccn

version in a light water moderated reactor. The fuel plates consist of

urani m-sircalloy alloy 40 mile thick clad with zircalloy 10 miles thick.

The fertile plates are made up of a core of pure thorium metal 60 miles thicl

clad with 10 mile of zircalloy. The water spaces between plates are 100

mils thick The plates are assembled into box shaped assemblies, each con-

taining 40 thorium and 3 uranium plates. The boxes have an outside dimension

of 6o7T. inches square, and the active portion of the plate is 6 fte -- 0 in.

long. The use of zircalloy as the clad material is based upon its low neutron

absorption cross section, good corrosion resistance to water at elevated

temperatures, and good bonding qualities to thorium metal. The initial ratio

of thorium to uranium atoms is slightly greater than h01, which gives an

initial conversion ratio of about 0.90, and an overall conversion ratio of

about 0.60.

CONFIDENTIAL
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c. REACTOR CORE AND REFICTOR

The reactor core is sized from, heat transfer considerations. Therefore, the

minium reactor volume was dictated by the minimum heat transfer surface ob..

tamable with plates of reasonable thickness. The active core is made up of

87 assemL ies. The initial composition based upon cold clean critical

conditions is listed in Table II.

Water - 53.5% by volume

Zirconium -3,5%

Thorium 16%

Water - 0.01403 x 1024 molecules/cc

Zirconium 0.03115 x 1024 atoms/cc

Thorium - 0.004857 x 1024 atoms/cc

U23- 0.0000956 x 1024 atoms/cc

Th core elements are arranged to give an approximate right, circular cylinder

with a mean diameter of 6 ft 0 in. and a height of 6 ft. 0 in. and the overall

height is about 7 ft, The fuel elements have transition pieces at each end

which fit into holeso in supporting grid plates,. These grid plates are made

of stainless steel and are perforated for coolant flog channels. The bottom

grid p.ate is anchored to a ring secured to the pressure vessel wall. The

top grid is fastened to the pressure vessel closure head, and is removed with

the head to permit access to the fuel assemblies.

A lateral reflector of 6 inches of water is used to reduce the critical mass,

and to provide fast neutron shielding for the pressure vessel. Further internal

shielding is provided by three layers of steel alternated with water channels

to reduce the fast neutron flu: and the ga rr a flux at the face of the pressure

vessel.

CONFIDENTIAL
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This reduces the radiation damage, internal heating end thermal stresses in

the vessel wall4 To provide circulation of coolant in the reflector region

and through the laminations in the thermal shield, a small fraction of the

main primary flow is diverted through the bottom grid plate., The pressure

vessel is carbon steel 6 - 3/8 inches thick through the cylindrical section,

and clad on the inside with stainless steel, The inside diameter is

9 feet - 9 inches and the overall height is 23 feet. The closure diameter

is 6 feet 3 inches, The control rods penetrate the vessel in the hadis-

pherical bottom, with the control rod drives located belcor the reactor0

UNCLASSIFIED
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d. CONTROLS

The reactor requires an excess reactivity over the cold, clean composition

to compensate for the effects of an increase in moderator temperature, the

buildup of high cross section poisons, the burnout of fuel and buildup of

higher isotopes, and transient effects of Xe35 and samarium at reduced

power levels, This excess reactivity is calculated to be about 18%. The

control of this excess reactivity is accomplished by hafnium shim rod .

There are 18 cross-shaped rods distributed approximately uniformly over

the core, The poison section of the shim rods extend the full length of

the active core. The shim rods are driven from below the reactor, and extend

up into guides in the out positions above the core. The shim rods double as

safety rods utilising a quick-release mechanism to allo z them to fall into

the core in the event of a scram signal. A central cross-shaped hafnium rod

is used as a regulating rod. It is connected to a servo system for automatic

control, with the neutron instrument circuits furnishing the signal.

CONFIDENTIAL
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3. REACTOR PHYSICS CALCULATIONS

A. CRITICAL MASS

1. Modified Tio Oroup Theory

Preliminary critical mass calculations were carried out by hand using nodifihd

two-group theory and cylindrical geometry. This method was used because the

core contains a significant amount of resonance absorption making it advisable

to take into account the resonance contribution to the infiirtto multiplication

factor. It is felt that this significantly increases accuracy without unduly

lengthening the calculations.

The modified two-group theory differs from the conventional t o -group procedure

in that allowance is made for multiplication in the fast group. The equations

describing the neutron flux in the core may be written

Pai!L- Z0C )+ 4 -tifd) + t4xtA:

A lea )-0 e,) *g24()=

The factor k, accounts for multiplication in the fast group, and k2 :s the co a-

vontional thermal multiplication constant, while p is the resonanceo escs pe

probability,

In the modified taro-group theory the two roots to the buckling equation diffcr

in two ways from the buckling equation roots * for the standard two group theory.

In the modified two-group roots the factor ' in the straight two-group roots is

replaced by a different factor, !' given by

*Glasetone, S. & M. C. EdlUnd "The Elemients of Nuclear Reactor Theory", D Tn
Nostrand Co,, Pg0 242

UNCLASSIFIED
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The multiplication factor k is replaced by a factor k1 given by -

/-01f)P

It should be mentioned that the form of the modified two-group determinant

remains unchanged from that of the straight two-group, and that the only

difference lies in the factors given in equations (2) and (3), and in the

coupling coefficients, S1 and S2, which in the modified two-group are each

multiplied by p, the resonance escape probability. The reflector constants

remain unchanged.

Most of the labor involved in criticality calculations, using the modified

two-group method, lies in obtaining the resonance multiplication factor, k1 ,

as a function of uranium concentration.

This factor is defined by the following equation -

(4)

where the limits of the integration are over the resonance range. The factor

9a) may be approximated by the lethargy dependence of the neutron flux equation

given bym-

where D(u) -
3Zrjt)

B(u)2 (%)Z.

R = core radius + estimated reflector savings + .7104 AzyS,)
$(74) .k are macroscopic scattering and absorption

cross-sections respectively,

f (u) is the fission spectrum,

UNCLASSIFIED
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2. CROSS SECTIONS

The neutron cross sections used in the computation of the group constants

were taken chiefly from print-outs of the "eyewash" program cross-sections

as used by ORNL on the UNIVAC. The thermal cross-section of water was taken

from AECU-20L0, supplement 3, which gives a value of 108 barns for the total

cross-section at O.025 ev. The thermal scattering croes-section was assumed

equal to the total cross-section0

The thermal fission and absorption cross-sections of t0-235 were taken from

BNL-250 and averaged over a Naxwolliean distribution at 68 F and 495 F. Values

of the average cross-sections used are shotn in the folloting table.--

68 F I95 F
(barns)5 6/~

Oa (barns) 608.78 h50.43

CONFIDENTIAL
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3. GROUP CONSTANTS

The mean squared slowing down length in the core was calculated by an

adaptation of a method described by C. W. Tittle #. The fast diffusion

coefficient in the core may be calculated by numerically integrating the

transport cross-section over the fast range, weighted with the flux.

The resonance escape probability was calculated from the conventional

equations-

In this case the resonance escape probability was calculated as a function

of uranium concentration. A plot of p vs N(u) is shown in Fig. I-A-1 for

the cold, clean core, and Fig. I-A-2 for the hot, clean core.

The resonance multiplication factor is also shown on Figs. I-A-1 and I.A.2

as a function of uranium concentration.

The group constants at thermal energy were calculated by the conventional

methods.

* Tittle, C. W., "Nuclear Shielding Studies, I, NP-118

UNCLASSIFIED
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4o CAIICULATIONAL PROCETURE

To solve the determinant a uranium concentration is assumed and the

corresponding factors read from the curves of Figs. I-A-1 or I-A.-2. The

determinant is then solve using these factors and the other calculated group

constants, If the determinant does not vanish another concentration is asred

and the procedure repeated. The concentration which causes the determinant to

vanish is the critical concentration.

The values of the critical mass as found from the modified two-group hand

calculations are given below -

Temperature

68 F
495 F

(Kg. of U.235)

16h.5
172x8

CONFIDENTIAL
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5 o ACHInr CALCUlATIONS

All preliminary calculations were carried out by hand. However, a program

was worked for the solution of equations (), (5) and (6) on the IBM "CPC"

type electronic computer. The hand solutions of these equations show very

good agreement with the computer solutions. Fig. I-A.3 compares the curves

of pth and k1 as plotted from hand calculations and computer calculations.

In general, agreement between the two sets of results is within 1%.

Future plans include programming the CPC computer to solve the entire modified

two-group criticality calculation* At the present time this program has been

worked out but has not been completely checked. It is expected that this

work will be accomplished very shortly.

Nulti-group calculations on the UNIVAC computer will be relied upon as an

ultimate check

UNCLASSIFIED



3-B. FLUX CALCULATIONS

The flux distributions were calculated by hand from the results of the

criticality calculations. The fast and thermal flux distributions in the

core and reflector are shown in Fig. I-A h.

The average thermal neutron flux was determined to be 8.6 x 1013 neutrons/

sq. cm/sec., and the overall peak to average flux ratio was determined to be

2.56.

UNCLASSIFIED
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3-C. EXCESS RFACTIVITY CALCULATIONS

The excess reactivity to be built into the cold, clean reactor core in order

to compensate for normal reactivity changes was calculated by the usual

methods. The predominate factors affecting reactivity are temperature,

fission product poisoning and burnup of fuel.

The reactivity change due to the increase of moderator temperature from 68 F

to )495 F was calculated from the k vs uranium concentration curves (see

critical mass calculation, section 3a). From the cold, clean curve -

k at 20 C with cold loading "1.0550

keff at 20 C with cold loading - 1.0000

k' at 20 C with hot loading a 1.0770

keff at 20 C with hot loading - 1.0208

A k - 1.0770 - 1.0550 -

fT 0.0208 or 2.08%

The reactivity change due to the fission product poisoning was calculated for

equilibrium concentrations of xenon135 and samarium149. The differential

equation for Xe135 is set equal to zero and solved for Mxoe

where - yield from iodine decay+ direct yield from fission

4 macroscopic fission cross-section

- average thermal neutron flux

AE decay constant of Xe135

C-= absorption cross-section of Xe1 35

CONFIDENTIAL
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NJ xe * 60 54 x 1014 atoms/cc

., ce - 0.00196 cm" 1

The poisoning due to Xe is defined as

this is 0.04605 for this reactor. The poisoning effect on reactivity is

calculated by the change in the thermal utilization factor and for the poisoned

and unpoisoned cores

for unpoisoned case, and

J f P for poisoned case,

The reactivity change due to equilibrium xenon is -0.02692 or -2.69%. The

equilibrium poisoning by samarium 19 is independent of flux since it is a

stable isotope and does not transmute by B decay.

sm . -0.012

and the am - -000712. The combined reactivity effect

of these two high cross-section fission products is -3.L0%.

To calculate the reactivity change due to burnup of fuel and buildup of higher

isotopes use was made of the isotope curves reported by J C. Carter ANL 5283.

The report contains plots of %as a function of irradiation time for various

initial conditions. It also contains the plots of buildup of all the higher

isotopes in the chain from the thorium-neutron reaction. From these curves

the thermal utilization factor can be calculated

CONFIDENTIAL
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The change of reactivity is calculated as follows:

The value of' ,goes through a minimum point in the fuel cycle. At this
-(V

point the reactivity chane will be the greatest, and so the value of

at the minimum is used with a calculated value of f at the sa'me irradiation

time, The $$ term in the f equation is the combined cross-section of U 2 35

and U2 3 3 . At the minimum point of the the reactivity calculated is

-0.0583. The total excess reactivity necessary in the cold, clean core then

is the sum of4. 4 P, J,, / . The total reactivity requires is 11031

to overcome these steady state effects,

CONFIDENTIAL
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3.-d. IENON AND SAiARIUN TRANSIENTS

Since the reactor will undergo changes in power level during operation it is

desirable to calculate the effects of these changes on the reactivity. In

addition, it is always necessary to know the peak value of the xenon buildup

after a shutdown, and the amount of excess reactivity required to override

the peak or any fraction of it. These two phases are combined into a single

set of equations, and the results are shown on Fig. I-A-5. The calculations

are based on operation at full power for a specified time, and then a reduction

of flux level with subsequent constant flux. The xenon concentration after a

flux and power level change is dependent on the iodine concentration. The

iodine concentration at some time t after change in level at t - o is given

by:-

and the time derivative of the xenon concentration by

then substituting the expression for A ) in the equation for ..

we have;

definingAAAxc

and solving:

and defining

('-e -Ar

UNCLASSIFIED
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The reactivity is given by:

,6(J = 4?(- Al.&(e)

The calculations of P(t) were made wit 3o:(J10144t JI

and for various fractions , ranging from 0 to 0.80.

UNCLASSIFIED
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3-e. ThMPFRATURF COFFTCTWT OF RFACTTVITY

The temperature coefficient of reactivity was obtained from the k 0 vs

uranium concentration curves (shown in section 3a). The calculation is made

by comparing k's for the hot critical loading on the two curves. ForNo

0.0001002 x 102h on the h95 F curve k. = 1.071, which corresponds to

keff n 1, since this is the critical concentration. For the came cona

centration on the 680 F curve k/. - la077, compared to k.. - 1.055 for

critical concentration for cold reactor, therefore keff = 1.02085. Then the

reactivity is:

'0 - k495-k68

k4957

~1 7

- 1 l.02085 -.02085

- -O.02085
14270

o% _ ].cF d -42 t x 109dk

OF

The reactor then has a negative temperature coefficient of sufficient size to
aid in reactivity controls

CONFIDENTIAL
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3--f. NEUTRON LIFETWfE

The prompt neutron lifetiio in a reactor is one parameter necessary for

short.time transient studies.

The lifetime is defined as :

where

The neutron lifetime as calculated on the basis of a spherical reactor

reflected by H20* For spherical geometry *

The calculation was performed by nuerically integrating the above expression

using the flux plot shown in Fig. 14A-6. The calculated value of the prompt

neutron lifetime is 6.2 : 10.- econdes

UNCLASSIFIED



3-.g. BURNOUT, ANTfSC TOPE BUILDUP

The initial calculations on the fuel burnout and isotope buildup were made

from the data of Carter's curves in AN.-5233. From these calculations it was

concluded that a long irradiation time could be obtained with a reasonable

reactivity change. However, it was necessary to recalculate the curves since

the initial parameters in this reactor were somewhat different than those used

in ANL-5233. The set of differential equations solved, which describe the

change of concentration of each isotope are:

4Wz3N 4zs /

The problem was solved for constant powor:

where K constant O. to power level

and F / "Q'+ S

UNCLASSIFIED
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Making the substitution for 0 , and writing a first order finite

difference equation for each differential equation give the following:

4/7

Thi_. (e ofequtins assoledon dgi l4omp7 ., 3in 1dayfL

Vhe irttndynd 1dy frherso heiN ATh rgio o

7,7'

- Z3,7cZ

/Y4t/ = (q3 Z3/5v: 3.

greatest interest is for times up to about 300 days. The criterion for

selecting the fuel burnout or total irradiation is an integrated n v t of

2 x 1l21. With a flux level of about l00 this allows a fuel irradiation

time of 2 x 107 seconds, or about 8 months At a power level of 500 mw this

is approximately 120 Kg of uranium burned out. For an initial thorium to

uranium ratio of s to 10, approximately r0% of the fissioning occurs in the

original fuel plates at the end of 20 days, and about 60% of the fuel atoms

in the fuel plates are burned outf

CONFIDENTIAL
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1. CONCLUSIONS

The results of this very brief and preliminary study are favorable. It

may be concluded that such a thorium converter power reactor is feasible

on the basis of heat removal, size, critical mass, reactivity change, and

fuel burnup. It appears that this reactor could be designed and built with

a minimum amount of developmental work. All of the concepts, materials and

components have been proven in existing reactors with the exception of the

zirconium clad thorium fertile plate. There have been experimentl tests

conducted, however, which indicate that element is satisfactory on the basib

of mechanical and physical properties under thermal cycling and irradiation.

There is much future work needed to optimism parameters such as metal to

water ratio, thorium to uranium ratio and plate thickniesses and spacin s

(cell or lattice calculations). There is also a need for short t ie transient

and control analyses; for the heat transfer and nuclear transients. The future

work in essence is the detailed study of the reactor as opposed to thio rther

preliminary study0

CONFIDENTIAL
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34 SECTION B.

ANALYSIS OF FLASHING CYCLES FOR PRESSURED WATER PACKAGE POWER REACTORS

1. INTRODUCTION

This report examines the possibilities of steam power production

by flashing of hot, high pressure reactor coolant water. The

general aspects of the flashing process are described in a report

by J Pc Silvers of Argonne National Laboratory (ANL.JBA'22;

February 1, 1954). In this reference three types of i1eal cycles

are studied - the simple single stage, the flashing reheat and the

flashing moisture separation cycle, As a result of that study

several conclusions can be drawn

a. The flashing reheat cycle appears to be the
most practical of the three types considered.

be A flash fraction of approximately 0a0 yields
the naximiu efficiency.

c. To obtain high efficiencies, the reactor outlet
sub-cooling should be as low as possible0

d. Cycle efficiency is improved by optimizing the
reheat pressure with respect to maximum allow-
able moisture in the high pressure and low
pressure exhaust stage,
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20 DISCUSSION

This study represents an adaptation of the flashing cycle to a practical

reactor situation, making use of the general conclusions listed above. A

reactor power of 10 mw was selected for the study, In addition, in order

to closely approximate actual conditions, certain efficiencies and factors

are used to calculate the cycle.

a. Hot channel factor of 1.3 is used on core heat release0

b, Ideal flash nozzles are assumed0

c. A 12% moisture content is used as the maximum in any stage,

d. Lowest available back pressure is assumed to be 3 inches Hg.

e. Turbine efficiencies are assumed as follows: High pressure - 80%,
intermediate pressure (when applicable) - 82%, low pressure - 85%.

f. Generator efficiency of 98% is used.

go Approximately 4% pressure loss is assumed at each reheater.

h. Core pressure drop is taken to be 20 psi.

i. Pump efficiency of 75% is assumed,

j. Small amounts of superheat in the reheaters is assumed feasible.

k. A steam jet supply of 400 lbs/hr is assumed adequate to maintain
3 inches 11g. condenser back pressure.

1. Reactor operating pressure is 1200 psiaQ

A schematic diagram of the system considered is shown in Fig. I-B-l. In

order to satisfy the important requirement of low subcooling, a heterogeneous

core of the APPR type arranged for two passes of the coolant is embodied in the

design. This lattice is shown in Fig. I-B-2. The first, or center pass, contains

21 elements, 5 of which are control or safety rods. The second, or outer pass,

contains 24 active elements. Coolant enters the core at the top, flows down

through the central portion, is thoroughly mixed in a plenum chamber at the
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bottom and rises through the outer portion of the core. The degr'ee of

sub-cooling required to prevent local boiling is a serious limitation to

cycle efficiency with a single pass core. This situation could be overcome

if some practical means of flattening the radial heat flux is demonstrastd.

Using an axial heat flux, based on a cosine axial neutron flux distribution

having a 6 cm reflector saving, the following design data were calculated,

assuming a maximum to average heat flux ratio of 3.0 and 10 mw power: q

Max/average

(Max/av) Radially

(Max/av) Axially

First Pass

Max/average

(Max/av) Radially

(Max/av) Axially

Second Pass

Max/average

(Max/av) Radially

(Max/av) Axially

3.0

- 2.295

= 14307

- 2.121

14 623

= l t307

- 3(1459

- 2,644

- 1.307

Average

Maximum

Average

Naximum

Average

Maimum

- x,900 Btu/hr - f,.2

167,700 Btu/hr -aft0
2

= 79,060 Btu/hr ft, 2

- 167, 700 Btu/ir ft, 2

= 35,630 Du/hr ftA2

123,260 Btu/hr ft.2

Using a hot channel manufacturing tolerance factor of 1.30, the t axinu r wall

temperature was calculated for various weight flows and inlet t: peratures.

These results are shown in Fig. I-B-3. In all cases, the rm'murn wall

temperature is found to exist near the outlet of the second pass. In succeed-

ing calculations, an inlet temperature was selected such that the maximum wall

temperature would not exceed about 560 F for any flows This represents about

a 6 degree safety factor before local boiling occurs,
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Fig. I-E3-4 sh s several of the cycle parameters as a function of coolant

flow These curves are based on a riLniu m of sub-cooling and, as a con-

sequence, yield maximum efficiency. Net efficiencies for several cycles

are shown in Fig. I-B-5. The best efficiency (about 188?) occurs at a

flashing pressure of 560 psi, coolant flov of about 8.6 x 105 lbs/hr and

a flash fraction of O.Ot56. This is cloco to that predicted in ANL-JBA-a.22,

At higher flash pressures, the efficiency falls off because of increased

pumping work; at lower flashing pressures efficiencies decrease as a result

of lover available energy to the turbines
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3. PART LOAD

The methods of part load operation were irvesigated. Operation at

constant reactor weight flow is very unsatiafactory. The efficiency falls

off quite rapidly -4th decreasing power (see Fig. I&.B-6). At about 32 of

full power, the output at the generator terminals is just equal to the

electrical input to the pumpa

The obvious solution to this problcei is to incorporate a variable speed

pur p motor for the reactor coolant drive In this way the coolant conditions

across the core can be kept constant for any load. The flashing fraction will

liketrise be held constant and cycle efficiency will not change as rapidly as

the previous case. Any changes in cycle efficiency result from decreased

nozzle efficiency and decreased turbine efficiency as a consequence of de-

creased flow rates. Fact efficiencies remain to be determined by detailed

nozzle and turbine performance data.
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4. COUEOL

Since no extra emergency cooling loop is provided, and there is no closed

primary loop, fairly complete control o the coolant flow is mndatory.

No difficulty is expected under design conditions and steady state operation.

However, if generator load is suddenly dropped, there is a rapid pressure

rise from the turbine entrance through the nozzles and the actor. ;eccse

of pressure design limitations, this pressure increase must be mppr sed

quickly. The problem can be handled by a pilot operated pro sre relief

valve located at the steam drum of the separator and connected to the condenser.

This valve is used to dump steam to the condenser while reactor po z'r is ad-

justing to the new demand load. The other extreme is a sudden increased poor

demand, in which the tendency is for pressures to be loernae in the systonm

This load change is accoi' dated by a combination of three effects. The first

and most important is a rapid reactor response to change in poaer do:and;

second, a large steam and water storage space is provided in the separator

to absorb r:L.nor fluctuations and, third, a surgo tank with additional steem

and water storage is located between the reactor and the separator, to pro-

vide for large incrce nts of pressure change. Immersion type heating coils

in the surge tank, controlled by reactor pressure, produce the steem required

to maintain system pressure. In addition, make up to the systin is ch!,red

into this tank and is controlled by the liquid level in the tank,

UNCLASSIFIED



40

S. IAZARDs

It is recognized that this system has certain disadvantages that need

further study. The question of pressure control must be investigated to

see if the time response is such as to, control pressure excursions within

close limits.

Some system must be devised to handle emergency cooling. This can be of

two types, either a complete additional system or a means of valving and

circulating portions of the present system.

Another important consideration is induced activity of the coolant. A

study must be made to determine the extent of activity in every system

component and the amount of shielding required for each. Leakage from the

system is also inevitable. Collection and holdup of this material must be

considered as mandatory. If all the components can be grouped, leakage could

be caught in one large containment vessel or structure, condensed to a basin,

drained into holdup tanks and allowed to cool for a period of time before

disposal.

All off gases from the system must also be caught, diluted and disposed of.
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SECTION C. HETEROGENEOUS BOILING REACTOR

A B S T R A C T

This design study involves a boiling reactor and as ociat d ste %m pl.,.t

designed to produce about 2.2 rin of electricit, operatnLg cn t ; pre c

of 760 psia. The total heat output of the reactor .i.- 10 mu. The tbine

is a two stage machine Qperating against a back press o of 3 in. Hga

Should it become desirable, about 8800 kt of steam at 5 pi are availa

for space heating purposes, thereby reducing net electrical power to 970 k .

The fuel plates consist of highly enriched U0 2 imbedded in a etinlo7ss

steel matrix and clad on all sides with stainless steel. The core i

cooled by vaporization and moderated with circulating light wter, prnsi2r-=

ized to 760 psia. Saturated steam is extracted external to the presure

vessel by a set of BMW cyclone separators and used to drive a turbo--generator

The reactor core is loaded with 24.0 Kg of U and t411 supply abcut 10 m

years of energyr before refueling is required 0 This corremponde to abou

1-1/2 years for a load factor of 2/3. Burnout poison, in the fo of a

boron (B1 0 ) compound, is incorporated to reduce the roactivzty vaiation

with core life and thus facilitate control,

The major objective is to design a reactor based en the fo lmring com-

sideratiorns:

a) Package unit suitable for remote locations where present
power costs are relatively high.
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b) Minimum of development effort

c) Reliability

d) Maximum safety
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1.0 I N T R O D U C'T I O N

As discussed in ORNL-1613, the future of the package reactor program has

many possibilities. With the adoption of a pressurized light water system

for the Army Program, a considerable quantity of detailed information should

soon be available for this general type reactor. However, package power

machines can. be improved only be extrapolation from existing models and the

design, construction and testing of several alternate systems-,

Until the Borax experiments at Argonne National Laboratory (ANL-5211, ANL-5323)

the stability' of boiling reactors was seriously in doubt. While all the questions

of a boiling reactor are by no means answered, there is enough evidence to justify

our conclusion that complete feasibility and reliability is in the not too distant

future. The primary conclusion of these tests is that a power excursion need not

result in a nuclear Chemical explosion. Another result is that to prevent

power excursions (and accompanying hazardous conditions) the excess reactivity

of the core must at all times be rigidly controlled, so as not to exceed a safe

limit. Manual or servo-mechanism control is not, in itself, a sufficient method

of obtaining this reactivity control. Design of the entire primary system is

dependent on this consideration,

There are advantages in the use of a boiling reactor. A simple, more compact

system is possible with the elimination of a main heat exchanger and one

coolant loop. Higher plant efficiencies are usually obtainable because the

available heat per pound of coolant is raised. In a non-boiling pressurized
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water system, the primary coolant temperature must be kept well below

saturation to prevent boiling. In addition, in order to keep the size of

a heat exchanger reasonable, a considerable temperature difference between

primary and secondary coolant loops is necessary. This then dictates the

temperature available to a turbine. In the case of a boiling reactor, operat-

ing with practically no sub-cooling at the inlet, saturation temperature is

available to the turbine, thus increasing the available heat. It would

appear then, that higher efficiencies can be obtained at very high pressures

(1000 - 1400 psia). Calculations indicate that net plant efficiencies can be

increased about 2% by going to these higher operating pressures. See Fig. I-0-1.

UnfortunateJ,y, present technology of turbines in the 2 - 4 megawatt range

limits the design of these plants to about 850 psi. More pr'actical designs,

however, should be somewhat lower than this figure. Higher pressures have

other advantages that are not as obvious. As the pressure is increased. the

gross steam generation within the reactor is increased, due to a lowering of

the heat of vaporization. As a result of decreased specific volumes, the

average core void fraction for a given coolant flow is very substantially de-

creased. Conversely, for a given core void fraction, the coolant circulation

rate is less, hence less circulating pump work is required (if forced

circulation is used). In addition, at higher pressures, parts of the system

become more compact due to decreased specific volume of the steam. See Fig.

I-0-2.

Aside from stability considerations, there are three other major disadvantages

to a boiling reactor system, perhaps the most serious being the leakage problem.
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Due to activation of the steam and condensate, leakage must either be

prevented or satisfactorily collected so as not to contaminate the area.

Also, because of steam activation, the entire system is expected to be

radioactive, although to varying degrees. Finally, since the primary coolant

is in contact with the entire system, corrosion and material problems are

increased.

This report does not attempt to answer every question presented here. The

purpose of this study has been to lay the groundwork for more detailed

investigations of various aspects of this design. Future development work

should include a complete stability analysis, detailed mechanical and fabri-

cation techniques, development of a reactor controls system, and improvement

of containment and building design.
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2.0 GENERAL CONSIDERATIONS

2.1 - SITE CONDITIONS

The site for which this reactor is designed is thought to be, in general,

similar to the APPR specifications. Specifically, this means remote locations

where power costs are relatively high. The APPR design is intended primarily

for cold regions where large amounts of available power are consume" by space

heating considerations. This design, however, is sufficiently flexible to

permit a wide variation between space heating and electrical power requirementsab

Space heating may vary between 0 - 8800 kw with corresponding power limits of

2200 - 970 net electrical kilowatts. As a result, this particular design may

be applicable to a wide variety of remote locations, ranging from sub-tropical

to arctic conditions.

Based on this presumed remote location site, transportability has been con-

sidered throughout the entire design. Component sizes have been limited to

about 5 feet in diameter by 15 feet long. Such sizes are not expected to

preclude shipment by air.

The features incorporated herein are based strictly on a conceptual design for

remote locations. It is recognized that more suitable containment, experimental

testing equipment and perhaps additional safety measures will be required for

prototypes built within populated regions. In any case, however, no radical

departure from this basic design is anticipated. Any additional equipment

would contribute mainly to complexity and cost.
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2a2 - PLANT OPERATION

The power plant is composed of two systems, the primary loop and the

secondary steam side loop, but both loops contain the reactor coolant.

The primary circulating loop consists of the reactor and pressure

vessel, a drum containing cyclone type steam separators, the main cir-

culating pump, and connecting piping.

The secondary loop begins at the steam separator of the primary loop,

where 36,200 lbs/hr of saturated steam is removed and passed to a 150

cubic foot steam hold up drum. Passage through the steam drum requires

about 25 seconds, thereby reducing the radioactivity in the remainder

of the system to levels where maintenance can be performed during op-

eration. The turbo-generator is supplied with steam from the steam

drum at 750 psia and reduced to 55 paia in the first stage. Electrical

output of this stage is 1142 kilowatts0 Arey percentage of the steam

to the second stage may be extracted at this point for space heating.

Complete extraction should yield 8731 kilowatts of space heating, with

condensate returning to the system at 115F. If no space heating is

desired, the entire flow is routed through the low stage of the turbo-

generator. With an exhaust pressure of 3 in. Hg, an additional 1248

kilowatts of electrical power can be extracted in this stage. The

various system pumps will require about 172 kilowatts, yielding a net

plant power output of 2218 kilowatts.

Condensate from the condenser is pumped up to 55 psi where it is

brought into the space heating condensate return line. The two flow

are deionized, preheated, deaerated, pumped up to reactor pressure and

again preheated to almost saturation temperature before being returned

to the primary circulating loop.
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Water lerel control can be maintained manually in the primary loop by

a bleed line from the lower portion of the steam separator druma to

the condenser. On the steam side, level control is maintained auto-

matically by air pressure operated valves, working from level indica-

tore on the feed water heater.

A positive control of steam drum pressure is provided by a prosaure

activated valve permitting steam to be dumped directly into the con-

denser. In addition, it is planned to incorporate on the turbine sace

type of throttle valve which can change setting only in a specified

manner, Furthermore, the volume of the steam drum is sufficient to

clamp out minor pressure surges. By a suitable combination of theco

three features, it is felt that no major steam pressure surge can be

applied to the primary loop by external causee. Internal pressure

surges are inimized by moans of a negative pressure coefficient vrlth-

in the core itself. This subject is discussed more fully in the

Physics section.

2.3 . COOLANT PURITY

Two deionizing systems are tentatively planned, although further in -

vestigation may prove that only cne is necessary. One systsm is

coupled to the primary loop and will completely procets the contents

of the primary loop about twice daily. Iteenerative heat exchange is

used to minimize heat losses. The secondary system deionizer processes

the entire condensate flow (54 gpm) at 115F., thereby insuring that

dissolved impurities are eliminated before returning to the primary

loop.

UNCLASSIFIED



56

2.4 - DESIGN DATA

The following is a sminary of design data on the heterogeneous boil-

ing reactor. More complete descriptions of the individual components

listed here may be found in subsequent sections of the report, along

with same of the design considerations involved.

2.h.1 - OVERALL PLANT PERFORANCE

Thermal power developed in reactor Ir 10,000

Electric power generated k 2,390

Net electric power delivered kv 2,218

Power required for auxiliaries kw 172

Maximum space heating load k 8,731

Net electric power delivered
at mw space heating load IN 970

Overall thermal efficiency % 97.01

Mexixnum cycle efficiency of electric

power generation (no space heating) P 22.18

Power density of reactor core kir/liter 51.61

Core life before refueling m-year 10

2.db2 - REflCTOR DATA

CORE

Length of side (square) in. 21.2

Height in. 28.0

Volume of core liters 193.66

Uranium content of new core kg 25.67
235 235

(93.5% U ) kg of U 2h.0
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Critical mass (operating conditions)
After 10 mv-years

Stainless steel content (total)
10

Poison content B

BjC content

U02 content (1.136 kg/kgu)

Coolant volume

Metalito-awater ration (volume)

Average core void fraction

Excess reactivity, new cold
clean core

Marimm reactivity during operating
period,

hot, voids
hot, no voided
cold, no voided

Thermal neutron flux, average,
at middle of core life

Reflector thickness (water)

235
kg of U

liters

grams

grame

k9

litor'e

2
n/ci - sec.

in.

1990

41-s72

28046

36.0

29016

3-51.M

.2762

12.75

h0 31
8.18

13.75

1.1 :013

6

FUEL PIATES

Type of plates: rectangular (open sides), flat,
U02-SS-BhC care, clad in
stainless steel (30. L)

Geometry of plates

Thickness
Width
Length
Stainless steel
cladding

Spacing between
plates

Fuel Core

0.030
2.500

24. 0

in.
in.
in,

in.

in.

CONFIDENTIAL
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2o950

26,0
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Composition of fuel section of
plates

U02
SS

B)C

Geomtry of SS side platenc

7ickeoss

Width
Length

Atom ratios in reactor coren-

U2 35
H20

(operating condition)
Fe, i, Or
B

20.36
79.62
0.025

in.
in.
in.

Atma

Molecnlee
Atms
Atoms

2

51
5

Fuel plate per assembly 1
Number of fuel assemblies

Nuhiber of control rod assemblies

Total number of fuel plates
(fuel assubliee only) 50

Dimensions of fuel assembly (overall)

Thickness in
Width in
Length (nom.) in 3

Thermal Data of Reactor At Full Power (10,000 14()

Oe"ating pressure in reactor psia 76

Coolant t p crature in reactor F 51
(saturation)

Average core void fraction % 1

Average core exit void fraction % 34

Coolant flow through core lbs/br 3
2

Flow area in core ft 2

Velocity in core passages

Minimum ft/sec 8
Avrage ft/ee 10
Y i MM ft/sec 12

CONFIDENTIAL

0.050
3.000
8,00

:1

'4.65
7.88
.0738

2
2

7

3,000
3,000
2.0

0

2

5

47 x 106

.41

.83

.32

.39
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Design heat output

Heat transfer area

Average heat flux

Peak to average heat flux
ratio used for design (assumed)

Ratio of maimum to average heat
flux in a rone channel

Plate surface temperature

Minxim metal temperature

'sou/hr.

ft2

Btu/hr-ft2

3.115 x l07

440
7 76 x 104

3.45/1..00

F

ii'

530

575

Pressure vessel

Inside diameter

Wall thickness

Overall length of vessel

Thickness of head

Diameter of head

Diameter of opening at
top of vessel

Inside diameter of thermal
shield

Length of thermal shield

Insulation (foamglas8)
thickness

in.

in,

ft.

in,

in.

in.

in'

in.in,

Length ft.
Diameter ft.

Volume ft. 3

Water/steam ratio

Internal separators (B&W Cyclone)

Design pressure psia

CONFIDENTIAL
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60

2.0

13.5

12

51

39

36

28

8

5

150

75

10
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Working pressure

Working temperature

Internal Cladding

2a4.3 m STEM S!STBI CCZIPONENTS

Steam Drum

Length

Diaweter

Volume

Design Pressure

Working Pressure

Working Temperature

Steam Flow

TURBINE,WT0 STAGE AIR SEALED

Rated load

Working load

Throttle pressure

Throttle toperatire

Intermeciate pressure

Fhaust pressure

First stage output

Second stage output

Throttle steam flow

Intermediate bleed flow

Exhaust flow

Maximum moisture at exhaust

Overall turbire effi entye

psia

F

304

ft

ft

ft3

ps a8

F

lb/hr

psia

F

psia

in. Ng

MN

m

lb/hr

lb/hr

lb/br

C

750

512

Stainless Keel

8

e

150

900

750

512

3.62 x 0

2.5

2.1

750

510

55

3

Ls.L

1.25

3,62 x 10

,622 - 3,62 x10

0 -- 2.96 x 104

15

63
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CONDENSER

Condo.eer load

Also rr4doidd with c'loer tcor

CONDENSER RJNP

Capacity

Head (suction at atmospheric
pros sure )

Temperature

DEIONIZERS

Number of tank

Diameter (each)

Length (each)

Capacity (total)

Operating temperature

Effluent purity

LOW PRESSURE HEATER,, OPEN TYPE

Condensate flow

Steam flow (9% oisture)

Operating pressure

Outlet temperature

Internal claddng

MAIN FD PUMP

Design discharge pressure

Suction pressure

Inlet to mperature

Capacity

$tu/Ir 3 x 1

60

psi

ft.

ft.

gpm

F

PPM

60

1lr

3

3

3

54

U.5
*1

lb/hr 2a96 x 10O

lb/hr .,622 1C

psia 55

F 287

30h stab.ito o 3 r-n

psia

pi a

F

giPM

800

287

100

PIPING

All condensate piping to be 3h? stainl e stfo .
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2 a14 - PLA1' T ARRANG- FHT

The entire facility is to be housed in one building with three

general decks or tiers as shown in Fig. I-C-3. The lowest level,

which contains only dump tanks and contaminated storage, is not

shown in this figure

The middle level is broken up into three compartments,each about

30 feet high and separated by five or six feet of concrete. One

compartment contains the reactor pressure vessel, its containment

tank, and associated equipment. The middle compartment houses all

primary loop components which include the separator and steam drums,

the circulating pumps and the primary loop deionizing equipment. The

third compartment contains all the steam side equipment with the ex-

ception of the turbine and the emergency cooling and makeup water

storage tank0

The top deck, the floor of which is at ground level, is the operations

and working deck. At this level is located the control room, turbo-

generator, water storage, detecting instruments and operational equipment

for such auxiliary systems as air conditioning, heating, lighting and

communications. An overhead crane is provided in this area for handling

reactor core components and a covered pit is provided in the floor for

storage of spent fuel elements. Miscellaneous unit shields, core handling

tools and maintenance chests are stored in this area. External to this

building, a small stack should be provided for exhaust of various gases 0
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30 REACTOR COMPONENTS

In the heterogeneous reactor discussed in this. report, fission neutrons

are degraded to thermal energy by a water moderator. This also serves

as the reflector and heat transfer medium. Heat is removed from the fuel

plates by vaporization of the water. Coolant flow is sufficient to remove

the heat generated with 15% average steam volume in the core and 30% exit

volume fraction. Stainless steel clad fuel plates containing highly

enriched U2 35 in the form of U0 2 are used in the core. The arrangement is

similar to the APPR design with the exception that the fuel assemblies

contain fewer plates and construction is, in general, more rugged. Coolant

external to the core serves as a reflector, while upflow of the coolant

through the core serves as a neutron moderator;

3.1 REACTOR CORE ASSEMBLY

The fuel assemblies, control rods and their supporting structures, make

up the core assembly. The core includes li2 fuel assemblies and seven

control rods arranged in a 7x7 square lattice. Succeeding reactivity

calculations may prove that less than seven control rods are necessary;

in this event, it may be desirable to alter this pattern. The fuel element

end boxes are identical at both ends, allowing the elements to be inverted

at the middle of the core life cycle. The top and bottom grid plates are 2

inches thick with machined holes to accommodate the fuel element ends and

control rods. Small compression springs are provided in each hole of the

top grid to support the fuel elements firmly and yet allow for axial thermal

expansion. Control rod channels extend through the entire reactor nearly to

the bottom of the pressure vessel.
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31.1 FUFL ASSEMBLIES

The fuel assemblies are composed of 12 active fuel plates, 2 non-active

side plates and two end boxes. The 50 mil side plates are grooved to a

depth of 25 mils to position and support the plates which are then brazed

in place. The fuel plates are 50 mils thick, with a 30 mil "meat" section

and a 10 mil stainless steel cladding on each side. The water gap between

plates is 0.200 inches.

Nominal size of the fuel element is 3x3x32 inches. The top and bottom grids

are spaced 28 inches apart and the active length of the fuel plates is 24

inches. Each individual plate is 2,95 inc'ies wide, of which the fuel

bearing matrix width is 2.5 inches.

The matrix consists of 79.63 wt. % of :sintered stainless steel, 20037% U0 2

and 0e025% of Bj0 C (or equivalent), as a burnout poison to facilitate reactor

control during the operating cycle. 'ach fuel assembly contains 685 grams of

U0 2 and 0,865 grams of Bj0C when loac1ed for 10 Mg-years.

The purpose of the end fittings is to adapt the unit to the supporting grids

which in turn firmly fix the position of the element in the reactor core.

These adapters also serve as transition pieces which convert the rectangular

cross section of the fuel element to the round holes provided in the upper

and lower grids. The fittings are hollow to permit flow of coolant through

the fuel assembly. The outside of the end plates are cooled by flow through

leakage holes drilled in the grid plates. By properly sizing these holes,

the flow to the end plates can be made identical with the main assembly flow,

The metal to water ratio iv the core is 04276.
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3.1.2 CONTROL RODS

Although a specific control rod configuration has not been selected,

it is expected to be very similar to that proposed in ORNL 1613 for

the APPR. The control rod will have two sections, a lower section

containing fuel, and an upper portion containing poison. The control

rod. channel extends well below the core, ending with shock absorbers

so that the rod may be rapidly dropped for quick shutdown. A magnetic

coupling will probably be used, possibly in conjunction with spring

loading, in order to achieve quick acceleration in the event a rapid

shutdown is desired. The control rod drives are located external to

the pressure vessel, extending down through the flat head of the

pressure vessel with special seals to prevent leakage.

30l.3 GRID AND SUPPORT STRUCTURE

The function of the grid and support structure is to position and

rigidly support the fuel and control assemblies. The structure

consists of the skirt support plates, the upper and lower assembly

grids, the skirt, shock absorber housings and the circular riser above

the core which serves to channel the flow far into the upper regions of

the pressure vessel before entering the exit pipes. The sweeping action

of the flow is expected to be sufficient to prevent any large steam

pockets from forming within the pressure vessel. This question remains

to be verified

A few leakage holes must be provided in the upper grid to permit some

coolant flow between the core skirt and thermal shield. Similarly, the

shock absorber housing must be perforated to permit flow through the

control rods0
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3,2 PRESSURE VESSEL DESIGN

The reactor pressure vessel is designed according to A.S.EE. Standards

for Unfired Pressure Vessels. It has a design pressure of 900 psia at a

design tc nperature of 600 Fs The internal grid supporting structure will

be lowered and welded in place before the top is welded to the pressure

vessel Pertinent dimensions of the vessel are listed in the tabulation

of design data,

Two - 12 inch I.D. outlet pipes are welded to the cylindrical side at 1800

apart while one - 1 inch I.D. inlet pipe is welded at 900 from each of the

outlet pipes. In addition, a 1/2 inch drain line and a one inch emergency

cooling line are also connected to the pressure vessel Pipe sleeves are

welded into the flat head for mounting the control rod drives0

342.l THERMAL SHIELD

Since the nuclear radiation field extends far beyond the physical core,

severe stresses would result in the pressure vessel due to nuclear reactions.

In order to minimize these stresses, a steel thermal shield is welded to and

hung from the upper support plate, thereby absorbing a considerable amount of

the radiation While the actual thickness of the thermal shield required has

not been calculated, it is expected that about two inches ll1 be sufficient.,

3.242 THERMAL INSULATION

The reactor pressure vessel is immersed in a pool of water at atmospheric

pressure. In order to keep this water from boiling, as well as to mini Jize

heat losses from the system, thermal insulation of the pressure vessel must

be provided. Calculations indicate that about four inches of foamglass will

meet these requirements, holding heat losses to less than 1s
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3.3 INSTRUM STATION

Extensive thought has not been given to instrumentation of this reactor.

Tentative instrumentation includes a fission chamber used for startup, a

PCP ionization chamber and one or tWo compensated ion chambers for power

range operations At about one percent of full power servo and power

instruments would come into range and all instruments should be effective

up to full power.

Power instrumentation should include steam pressure, steam flow rate, coolant

flow rate and inlet temperature.

Scrams should be provided to accommodate decrease in coolant flow and inlet

temperature based on wide margins, while a nuclear scram and pressure scram

should be based on relatively fine margins.

4.O PRIMARY COOLANT SYSTEM

4.1 GENERAL DESCRIPTION

The heat source of the primary loop is, of course, the reactor core where

light water is vaporized to steam0  The coolant absorbs about 700 Dtu/1b9

of steam vaporized, allowing for a slight degree of subcooling. At full.

reactor power, 48,700 pounds of steam will be generated each hour0 The

coolant flow rate is then set to give the desired core void fraction To

maintain 15 percent average voids, a flow of 37x106 lbs/hr. is required,

The mixture emerges from the core with a quality of 1.32 percent, passes

through the riser and spreads radially before passing down along the pressure

vessel wall to the outlet pipes. T o - 12 inch 0 D pipes carry the flow to

a stainless steel clad drum containing ten -SBW cyclone type separators0
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A considerable portion of the separated steam is used to preheat the

returning condensate, the remainders 36,200 lbs/hr. ,is passed through

baffle dryers and piped to the steam holdup drum. Saturated liquid from

the separators is collected in the lower portion of the separator drum and

piped (along with the condensate return) to the main circulating pumps and

back into the reactor pressure vessel. About 25 feet of head exists above

the circulating pump to insure that no steam flashing will occur in this line.

Purity of the primary coolant is maintained by extracting two gm from the

pressure side of the pump, routing this flow through an ion exchanger system

containing a regenerative heat exchanger and back to the suction side of the

circulating pump0

In addition, there is a bleeder line from the lower portion of the separator

drum to the condenser to allow for adjustments of coolant volume in the

primary loops This bleeder line also allows the reactor to be operated at

zero electrical power output as a pressurized water reactor. In that case

the function of the bleeder line is to divert a fraction of the primary flow

to the condenser (or space heating heat exchanger). Highly sub-cooled

condensate would then be piped back to the separator drum, thereby reducing

the inlet coolant temperature for another pass through the reactor. An

example of when this type operation might be desirable would be in the event

of a peak xenon buildup during a short shutdown period. In ell probability,

there would be insufficient reactivity available to operate the reactor with

any appreciable temperature or void fraction. Another possibility, that may

prove feasible, is to throttle this bleed flow to 55 psia, pass it through

a small steam separator unit and use the resulting steam flow to generate

small amounts of electrical power in the second stage of the turbine. This

feature has not been incorporated in the present design.
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An emergency coolant line runs from a large storage tank, located on

the operating deck, to the pressure vessel In the event of severe

system failures, the primary pressure can be dropped to atmospheric and

makeup water, for decay heat boiling, fed into the pressure vessel by

gravity from the storage tank.

In case the primary coolant becomes abnormally contarinLnated, two dump

tanks are provided; one exclusively for the primary loop, the other sized

to contain the remainder of the coolant in the secondary steam side. A

special suction drain line is built into the pressure vessel for this

purpose.

All piping and openings subject to failure in the pressure vessel have

been located above the level of the core so that a water level, at least

to the top of the core, can always be maintained except in the case of a

major rupture in the pressure vessel wall.

4, 2 FORCED vs NATURAL CIRCULATION IN THE PRIMARY LOOP

The decision to use forced circulation on this reactor system was dictated

primarily by safety and reliability requirements. Actually, much can be

said for and against each case and, as a result, the choice is not clear cute

Natural circulation, of course, requires no pumps and all the primary coolant

can be circulated within the pressure vessel. This is a major advantage in

that radioactive particles get out only by entrainment in the steam, and the

separation factor for this process is believed to be quite good. The

elimination of bulky primary circulation pipes is also an advantage. If

desired, steam separators can be built into the internals of the pressure

vessel, although this leads to complications with control rods and fuel loading.

To a limited degree, a natural circulation system is also self-regulating.
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On th3eother: hand, the system georm-ctry is fixcd by head requirements

and this usually results in higher pressure vessels, Pressure drop through

the core must be held to a minimum in order to reduce hed requiremn ents,

As a result, the physical core, grid and structural design, is likely to be

at other than an optimum configuration.

Power level alone governs the reactor flow and exit quality, thereby per-

mitting no regulation of the void fraction.

If no steam separators are used, a fairly large steam liquid interface is

necessary to insure good separation and a large downcomer area is necessary

to provide for a low flow velocity and escape of any vapor entrainment 3

Introducing subcooled condensate at the top of the downcomer will tend to

collapse vapor entrainment, however, as well as aid the natural circulation

head.

With forced circulation, a circulating pump, and maintenance for the unit,

must be provided. While forced circulation systems can be designed without

steam separators, it is usually more desirable to incorporate them along with

very high flow rates. At high flow conditions, the burnout heat flux situation

is considerably improved, thereby permitting a higher heat transfer rate if

necessary. This is an important factor when localized hot spots are considered.

A much better control of quality is afforded by a forced circulation system

since it is dependent on flow as well as power, and flow is not a function of

reactor power. With very high mass flow rates (and momentum rates) the

system pressure will probably be less sensitive to power surges and steam

flow will be more sensitive to power demands.
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There is also a tendency for greater control of reactivity effects.

Finally, since the pressure drop in forced circulation is ;ri'ch less

critical than with natural circulation, the designer has u tider latitude

and more emphasis can be placed on simple, rugged construction,

14.3 HEAT TRANSFER IN REACTOR CORE

As a basis for heat transfer design rates, a study was made of burnout

heat rates for vertically heated tubes using raw data supplied by Argonne

National Laboratory0 While considerable variation of the data does exist,

trends and patterns are apparent. Based on this study, a curve of burnout

heat fl:;.c vs. system pressure for zero sub-cooling and 15% average void

fraction is presented in Fig. I-C-U. Also shown on this figure is a typical

design curve for a safety factor of 7.5. An abnormally high safety factor

is deliberately used at this point to counteract the effects of parallel

channel flow and manufacturing tolerances. At 760 psia the burnout heat flux

is 1.8x106 ititu/hr-ft 2 and, when modified by the 3:1 maximum to average core

heat flux and the 7.5 safety factor, the average design flux is 80,000

Btu/hr-ft2 . The core is designed with 440 ft2 of heat transfer surface

which, at full power, gives an average heat flux of 77,600 Btu/hr-ft2. With

the core configuration thus fairly well determined, parallel channel two

phase flow calculations were carried out to determine the pressure drop across

the core and the flow variation with power level in each element. With the

flows established for each group of elements, the burnout heat fluxes were

found and plotted as in Fig. I-C-5.
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The effect

Channel Number

1

2

3

5

6

7

of parallel channel operat:.on is shot n in Table 1.

TABLE 1
Local : Averagc.

type Heat Flix Number of 1ments

Fuel Element 2 8

Fuel Element '1.0 10

Fuel Element .8 12

Fuel Element .5 12

Sides of Fuel Elements 1.0 98 sides

Leakage

Control Rods
0

7.a

Flow Area

5,l0h inches

63 80

76o56

76.56

30.3,98

3.39

6666

The results of this calculation are shorn in Table 20

TABLE 2

Channel Number

1

2

3

5

6

7

Nas Flow

(lb/hr'.ft2 )

1g32 x 106

19 54

159

lo76

125

159

1.50

Heat Flux

(Btu/hr-ft2 )

.293 x 106

.146

.117

.073

0293

0

8073

Burnout Heat Flux

(Btu/hrczft2 )

.77 x 106

. 85

087

,96

.75

.88

.. 85
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Total pressure drop through the core was calculated to be about 1,5 psi.,

Burnout conditions were then calculated for individual channels as a

function of exit void fraction to see if localized hot channels would

cause any difficulties such as choking the channels and exceeding burnout

fluxes. The results of this calculation, shown in rig. I-C-6, indicate

there is a considerable safety factor here also. Burnout will apparently

occur at an exit void fraction of about 96%.

4.4 STEAN SEPARATOR

The function of the steam separator is to remove the entrained vapor bubbles

from the fluid flow as efficiently as possible and to dry the separated steam

to as near 100% quality as is practical. Present plans are to use a

horizontal 8 foot drum with 10 B&W cyclone type separators mounted vertically

in the interior. Mixed flow enters at the center line of the drum, passes

through the separators where the steam is removed, passes through scrubber

plates and finally is discharged from the drum through a perforated plate

over which there is a 2 psi pressure drop. Pressure drop through the cyclone

separators is calculated to be about two velocity heads. The entire inside

surface of the drum will be clad with type 304 stainless steel,
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4,.5 CIRCULATING PIJPS

These pumps supply the motive force necoseary to circulate the coolant

around the primary loop. Pressure drop through the loop i. est-imated to

be about 20 psi. The flow rats required for full poer operation in 3,7

x 106 lbs/hr which is about 9600 gpm at the operating temperature of 510 F.

Twenty-five feet of head are required between the pump and separator dru

to prevent the saturated coolant from flashing to steam. Present plans call

for the installation of 3 - 5000 gnm vertical canned rotor pumps, of which

one will be used only as a standby. It is felt that the use of canned rotor

pumps will reduce leakage and maintenance to a minimum,

4.6 PRIMARY LOOP PIPING

The major piping in the primary system consists of 12 inch Sch. 80, type

347 stainless steel. seamless piping from the reactor outlet to the steam

separator drum, anc L4 inch Sch, 80 type 317 stainless ste? seamless line

from the lower portion of the steam drum to the circulating pumps, then back

to the reactor pressure vessel.

4.7 WATER PURIFICATION

High coolant purity of the primary loop is required for two reasons. Fi-i t,

an excessive amount of impurities in re ator water will contribute very

significantly to the radioactivity level of the loop. Although it is ccpected

that fair separation factors wil.U exist for the vaporization process, never-

theless, a small fraction of the radioactivity will be carried over in the

steam, and contribute strongly to the radioactive level of the steam equip-

ment. The half-life of Later radioactivity is about seven seconds, hence,

any appreciable holdup time will reduce the radiation to sub4tilerance levers.
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Radiation from impurities, unfortunately, usually decays with a

half-life of hours or longer. This is well beyond any reasonable

steam holdup time and, therefore, will definitely be a major contributor

to the radioactivity of the steam system. One of the major impurities

of this system is expected to be Mn5 6 with a 2.6 hour half-life occurring

by neutron capture in chromium in stainless steel. Its incidence in the

coolant is due to recoils from fuel plates, as well as corrosion and

erosion in the entire loop.

In addition to radioactivity problems, impurities also contribute sig-

nificantly to corrosion, erosion and deposition rates of the entire system

Clean up of the coolant is to be accomplished by a 2 gpm deionizer operating

from the discharge side of the circulating pump and returning the clean

water to the suction side of the pump. A regenerative heat exchanger is

coupled to the deionizer loop to conserve most of the specific heat of the

coolant. A small externally cooled heat exchanger will be required for a

final temperature reduction to about 115 F. before entering the deionizer.

Purge ate of the primary loop is about 12 hours and is expected to maintain

coolant purity below 1 ppma
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448 CARRY-0VER IN TIE VAPORIZATION PROCESS

Impurity carry-over in the vaporization process is not a ne- problem,

nor is it restricted to nuclear power plants. For years, the carry-over

of sodium salts and silicates and their deposition on turbines and other

equipment was noted. At steam pressures below 600 psia, the deposits were

water soluble and easily removed. At higher pressures, Si0 2 , in its

various crystalline forms was detected in the low pressure stages of the

turbine and was insoluble in water. This deposit could be removed by

either mechanical cleaning or by washing with sodium hydroxide. Appreciable

amounts of carry-over apparently have a detrimental effect on turbine life

and crudding of other components0

Similar carry-over in the nuclear power plant can undoubtedly be expected,

although the elements carried over may be different. In addition, a large

percentage of such carry-over in the nuclear power plant will be radioactive.

Its presence in steam will contribute significantly to the activity level of

the steam system, but far worse, its d eposit in localized spots is likely to

build up a hazardous radioactive source. Component shielding requirements,

based on radioactive flow only, may be inadequate should impurities deposit

locally.

Without specific experimental, or operational data, the best that can be

done at this time is to discuss the factors involved in the proces. As

most of these factors were determined relative to silicon carr-over, we

cannot be absolutely certain that they will apply equally well for other

elements, such as manganese4
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At any given pressure, the separation factor is very roughly proportional

to the density ratios; however, the magnitude of the carry-over goes up as

the exponential of the pressure ratio. At 700 psia, 15 pp boiler water

will result in 0.025 ppm impurities in steam. However, at 2000 psia a

purity of only 1 - 2 ppm in the boiler water will give 0.025 ppm in the steam.

As far as detrimental turbine effects are concerned, a steam impurity of 0.025

ppm will probably be sufficient, however, the radioactive deposit problem is

not as certain. One method of reducing the carry-over is by bubbling the

steam through a condensate water bed. This can remove up to 85% of the

vapor entrainment.

It may develop, however, that carry-over is not a major problem in stainless

steel nuclear systems. The silica carry-over mechanism above 600 psia is

thought to be a vapor carry-over of silica compounds formed in boiler water,

such as silicic acid. Whether or not similar compounds will be formed in

this type system, and at what pressures they vaporize, remains to be deter-

mined. In any event, maintaining the coolant purity below 1 ppm will certainly

tend to relieve the situation.

4.9 MERGECY CooLING

In the event it becomes impossible to circulate coolant through the primary

loop, provision is made to cool the reactor while shutting down. A power

operated dump valve, opened only in the event of pump failure, is sized to

relieve the system pressure in about one hour. The primary loop contains

sufficient water to allow for the pressure drop flashing of steam and

vaporization due to the heat capacity of the components and reactor decay

heat, while keeping the core covered with water at all times. After this

period, makeup water must be added to the system at a rate of about U gpm to
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replenish water boiled off during the re-ctor decay period. A water supply

tank is provided on the top deck to gravity feed makeup water to the

reactor core and is sized to provide coolant fzor a rinil:um of two days. In

addition to the main water supply there i a considerable quantity of water

surrounding the pressure vessel which ay be available for emergency cooling

purposes. In addition to shielding, this rather also serves the purpose of

excluding air from around the pressure vessel and thus eliminating argon

activation problems.,

Further calculation may show that it is possible to operate the reactor at

part loaded rlth natural circulation, but this feature has not been investigated

to atos

1olO PR1SS1J; :F SEL TERMAL INSULATiON

In order o reduce heat losses and prevnt the water surrounding the pressure

vessel fr1 boiling, watertight insulation should be applied to the pressure

vessel a all external piping. Calculations show that h inches of foamglass,

with a waterproof covering, trill give the required temperature drop and. reduce

heat losses to much less than 1%. Radiation is not expected to appreciably

activate or destroy this type insulation.

4 .11 DE-GASSTNG THE PRIYARY SYSTI

In pressured water reactors, gas formation in the primary loop is a problem

that must be considered and eliminated. In the case of a boiling reactor it

is thought that a very large percentage, if not all, the entrained gases rill

separate off, along with the steam, and eventually reach the condenser of the

steam system where they are removed and vented to the stack. Hence no separate

de-gassing system is required in the primary loops
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3l2 PRIMARY LOOP T INTEWNAE

Due to steam activation and the presence of activated impuri.ties in the

coolant, maintenance of the primary loop will be extremely difficult, if

not impocsible, during operation.

It is expected that no maintenance can be performed on the reactor pressure

vessel or on the vessel containment tank during any reasonable shutdown time,;

Should any trouble develop in this location, a major shutdown and repair

problem is called fore

The associated equipment for the primary loop, although highly activ:ead

during normal operation, should be easily accessible a short time after 2cht

down. The compartent for this equipment is separated from the reactor con-

tainment tank by 5 feet of concrete ends therefore, would be subject to only

slight gema radiation from the core. The steam activity should decay rather

quickly after shutdo and, providing the i puritie do not deposit locally

over long periods of time, mrintenence should be no problem during shutdoun

It is tentatively planned to shutdown about every six months to reload fuel.

This means that all primary loop equipment should be designed to opcratc,

under normal conditions, for at least six months without maintenance in

the event one of the two main circulating pumps should fail. during operation,

the flow ecan be switched to a third standby pump. Should two pumps fail, the

reactor can still be operated on the third perip at part load. The deionier

bed will last at least six months before the chemical resins need be changed
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5.0 NUCLEAR CHARACTERISTICS

5.1 GENERAL DESCRIPTION

The core under consideration is quite similar to the APPR with respect

to its nuclear design. Essentially it is a heterogeneous stainless steel

light water reactor. The total core volume is 193.66 liters of which

41.74 liters are stainless steel and 151.07 liters are water or steam

volume. Operating pressure is 760 psia, thermal temperature is 512 F and

the average core void fraction is 15%. The core is enclosed in a 1/16 inch

stainless steel liner and reflected by about 6 inches of water. The fuel

is highly enriched U02 imbedded in the stainless steel matrix. Burnout

poison, probably in the form of BC enriched in the B10 isotope, is

planned to facilitate reactor control during core lifetime.

5.2 CRITICAL MASS CALCULATIONS

Three different calculational methods were used to determine the critical

mass and other nuclear characteristics of this reactor. Initial hand cal-

culations were done using a two group, two region method with cylindrical

geometry. For this calculation a radius of 30.26 cm and a height of 66,Oh

cm were used. Reflector savings of 6 cm were assumed for both ends of the

core. The thermal core constants at 200 C used for this calculation are as

follows:(b s
C0% (barns) o's 01

Fuel 6027 509.0

S.S. 2.5 10

H20 0.656 65

Dim- 1.75 cm '" 36.15 cm2

El a 0.04813

The reflector constants were taken to be the same as those listed in ORNL 16133
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The resonance escape probability and the infinite multiplication factor

are functions of the uranium concentration. Values for these factors

are shown in Fig. I+C-7.

The second method used was a single velocity, single region case with

fast leakage and adjusted constants. This calculation was used to determine

reactivity changes with various effects,

The third calculation employed the ORNL Eyewash Program on the UNIVAC, with

spherical geometry. All neutron groups were utilized and the system was

divided into two regions, Five different reactors were run on this machine,

including one flux edit. Based on these runs, and changes between runs,

such effects as temperature and void coefficients were calculated. Temperature

coefficient was figured, in this way, to be 1,30 x 10-/F while the total

reactivity required to bring the reactor to operating temperature (512 F) is

5.37% k. The void coefficient was calculated to be 258 x 10-3 per one per-

cent void and the total reactivity invested in 15 percent average voids is

3.87% k.

The results of these calculations are shown in Table 3 The UNIVAC

calculations were not corrected for inelastic scattering.
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TABLE 3

Cold Clean (NO Voids)

rHot, After 10 mw Years, 15% Void

HMot, Clean, Full Boron, No Voids

mHot, Clean, Full Boron, 15% Voids

Cold, Clean, Full Boron, ?To Voids

Maximum Reactivity Change Due To
Poison Burnout

*Theso r-me were rma at b90 P. Adjust.ent to 512 F, increases the

init.il loai ng to about t 21 kilogrrno of U235
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Chr TICAL MASS
UNIVAC TW EXCESS

GROUP__ _REACTIVITY

12.12 kg 13.35 0

183,87. 0

23,,87 1 7.18%

23087 3.31%

23.87 - 12,55%
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5.3 FLUX CALCULATIONS

The flux curves given by the UNIVAC are shoan in Fig. I-C-8. They are

quite similar to flux curves for the APPR reactor. The peak to average

thermal flux in thc reactor core, in the radial direction only, is about

l5:1 At about 5 centimeters in the reflector a large thermal peak is

noted. In magnitude it is about 3 times that of the average thermal core

flux0  The fast flux in the core is approximately 7 5 times the thermal flux,

Integrated fission calculations indicate that the average thermal flux will

be 1.1 x 101 3 neutrons/cm2 -sec, in the reactor cores

Absorptions in the reflector count for about 20' of the neutron captureno

Fast fissions in the reactor core are about 18% of the total fissions, the

energy groups below s500 ev contributing very heavily to this figure3

5.4 BURNITf

For 10 egawatt years approximately 5 kilogarrs of t rarii t ilr . be r''uired

for burn up, By resoading the reactor core and inverting the elcrtnts after

5 megaratt years of operation, it is excepted to equal.i:;e btrnup in individual

elements to an average of about 20%,

5.5 R ACTIVITY CHANGES

The use of boron as a burnout poison and buildup of fission products should

facilitate reactor control (see Fig. I-C-10) The critical hot clean excess

reactivity is 3;314 k, just barely enough to provide equilibrium xenon and

sanmarium override. At the end of the core life cycle the excess reactivity

is zero including equilibrium Xe and Sm. The maximum reactivity change during

the core life, due to poison burnout, is calculated to be about 1%. Therefore,

including this 1%, maximum reactivity possible in the core is 13"75% on the

basis of these c alculations.
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5.6 PRESSURE COEFFICIENT

Several modified, one velocity reactor calculations were made to determine

what effects coolant pressure changes would have on the system. It was

assumed that the coolant quickly reached saturation temperature at each

pressure while the fuel temperature remains unchanged. This assumption

limits the validity of the calculations to sudden pressure surges. Further,

it was assumed that the coolant mass flow remained constant while the steam

flow was determined by the specific heat of vaporization at each pressure.

For pressure increases this assumption is probably quite good, however, for

decreasing pressure, the flashing effect on the void fraction would probably

be important but was not considered.

The results of these calculations are shown in Fig. I.O-9 and show primarily

the effects of coolant condition on reactivity. Near the peak of this curve,

the reactivity is not significantly effected by small pressure changes while

for larger changes in pressure, the reactivity decreases in both directions.

The decreasing reactivity, as pressure is lowered, is believed due to rapidly

increasing void fractions which expel the moderator. The negative pressure

coefficient, as pressure is increased above the operating point, is believed

due to rapidly decreasing water densities which more than compensate for

slowly decreasing void fractions. In either case, the net result is a

decrease in the number of moderator atoms in the core.
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5.7 XENON AND SAIMRIUN 07ERRIUE

Provision has been made to override a considerable amount of xenon and

samarium buildup, such as would occur during a short shutdown period

The core is not provided with sufficient excess reactivity to operate

as a boiling reactor under these conditions. It can, however, be operated

as a pressured water reactor up to 878% full power. A flashing line

extends from the lower portion of the separator drum to the condenser (or

space heating heat exchanger) where almost 3% of the reactor flow is ex-

tracted and condensed to 115 F. Cooled condensate is returned to the

separator drum, thus reducing the temperature of the entire primary flow

for another pass through the core. The condenser is sized to handle

3 x 107 Btu/hr or 8708% of full reactor power. Using this procedure, the

reactor may be brought up to temperature and voids slowly, burning out the

peak xenon and samarium in progressive steps. Another variation of this

method is throttling the extracted coolant to 55 psia, passing the flowr

through a steam separator, and using the resultant steam to derive small

amounts of electrical power from the low pressure turbine stage*
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6,,0 SHILDING

6.1 GENERAL

The shielding requirements for this reactor have been determined on the

basis of remote locations., In all probbility, shiehl thicknesses would

be increased for prototypes built in populated areas, Tolerance dosage is

based on a 40 hour exosure week for a total of 300 mr per week or 7,5 mr

per hour. Shielding requirements are based also on 100% full power (10

megawatts)

6.2 REACTOR VESSEL SETLDI1O

In order to reduce thermal stresses caused by absorption of radiation in

the reactor pressure vessel, a thermal shield is required around the core.

Cooling of this thermal shield is accomplished by the primary coolant flow.

Leakage holes are provided in the top grid plate for this purpose.

A 11 foot diameter containment drum encloses the reactor pressure vessel and

i1 filled with water to the level of pressure vessel lido

The water serves to reduce the concrete shielding requirements and to exclude

air from the immediate vicinity of the core, thereby reducing argon

activation in the containment drum. The radial water thickness surrounding

the core is 30 inches. The concrete thickness required surrounding the

con o inent voscel varies with location. The wall between the containment

vessel and the primary component room should be 5 feet of ordinary concrete,

reducing radiation to about 10 r per hour. Sides at which personnel are

expected to be present during operation require 8 feet of ordinary concrete

to reduce the radiation to tolerance.

CONFIDENTIAL



87

The shielding plug set in the top deck floor must be 5 feet of concrete,

or 3 feet of concrete and 3 inches of lead, to reduce dosage at this

point to tolerance

6.3 COMPONTNT SHIELDING

The primary component room radiation level will be about 10 r per hour at

reactor levels The sides of this room should be about 5 feet of concrete

at reactor level and 3 feet of concrete for the upper portion of this room~

Two feet of concrete in the top deck floor is sufficient to reduce

radiation above the top deck below tolerance.

The wall between the primary and secondary component rooms should be 6 feet

thick to essentially eliminate radiation from the primary room to the

secondary room. Radioactive steam and condensate, hoerever, will produce

about tolerance doses in this room.

6.4 TOP DECK AND TURBINE

Overall radiation level on the top deck is expected to be about 1/10

tolerance although some unit shielding will be required, About 2 feet of

concrete will be used around the turbine and a lead or steel cover plate

may be desired over the reactor vessel plug, depending on the amount of

scattering and leakage present.
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7.0 S T E A M S Y S T E M

The secondary steam system starts at the steam separator drum. The steam

separator drum contains 10 - 11-3/4 in. conical cyclones and appropriate

steam scrubbers. In this drum, about 25% of the steam generated is condensed

in feed water heating, the feed water being pumped into the separator by the

main feed pump. The remaining 75% of the steai,36,200 lbs/hr.,passes to the

steam drum.

The steam drum is an accumulator designed to contain a large volume of steam

to compensate for surges in the system and to provide some holdup for radio-

active decay. This drum is approximately the same size as the separator drum.

A stop valve is located in the steam line between the separator and steam drum

to prevent flow through the turbines when bringing the system up to pressure

and while using the flashing line, operating the reactor as a pressurized

water system.

The main steam line to the turbine will handle 36,200 lbs. of saturated steam

per hour at 750 psia. This flow from the steam drum should be kept constant,

and, to provide for this, an overflow line leads to the condenser. For any

turbine load changes, this overflow line is in operation until the reactor

power level is adjusted to meet turbine requirements.

The turbine should be designed to handle 36,200 pounds of saturated steam per

hour at 750 psia and exhaust to a pressure of 3 in. Hg and 155 moisture.
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The expansion results in a turbine efficiency of roughly 63% which is about

average for a turbine of this size. One extraction point is provided at 55

psia to extract 6220 lbs/hr of 91% quality steam for feed water heating.

The remaining steam flow, 29,580 lbs/hr ,is available either for passage

through the low pressure stages of the turbine, space heating, or combinations

of these two.

The output of the high pressure turbine stage is 1142 kw, the low pressure

state output can range from 0 - 1248 kw. The corresponding range of apace

heating available is from 0 - 8731 kw. The net maximum electrical output

is 2218 kw, minimum net electrical output (full space heating load) is 970 kw.

The variations are shown in figure I-C-11, Part load cycle efficiencies are

ehoun in figure 1-C-12. The turbine should be provided with air steam seals

and associated refrigerating equipment to recover the steam before exhausting

the air. This type seal is under development.

The condenser is sized to handle 3 x 107 Btu/hr heat load, although if any

appreciable amount of space heating is done, the actual condenser load will

be far less than this figure. The condenser also provides a means of deaerating

the system.

The condensate pump capacity is 80 gpm and has a 60 psia head with suction at

atmospheric pressure and temperature of 115 F. From the discharge of the

condensate pump, the liquid is pumped through demonizing beds and then to a
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low pressure contact heater0 The deionizing beds consist of three tanks

approximately 3 feet in diameter and 3 feet long arranged in parallel.

Each tank will contain sufficient resin to maintain an outlet contamination

of less than 1 ppm.

The condensate, after leaving the ion exchanger, flows to the low pressure

heater where it is mixed with 91% quality steam at 55 psia from the turbine

bleed.

Flow out of the heater is 36,200 lbs/hr at a pressure of 55 psia and a

temperature of 287 F.

Flow from the heater is pumped to the main steam separator by means of the

main feed pump whose capacity is 100 gpm. Design discharge pressure is

300 psia, suction pressure is 55 psia and inlet temperature is 287 F.

All piping in contact with fluid condensate is stainless steel.
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8.0 REACTOR LOADING PROCEDURE & EQUIPMENT

Loading of the core can be accomplished easily by use of the overhead

crane and handling tools.

The first step is the removal of the lead concrete plug over the reactor

vessel cavity. The lid on the containment drum is then unbolted and

removed. Using suitable tools, the head of the pressure vessel is un-

bolted and removed, carrying with it the control rod drives. This leaves

the top grid plate accessible to be unbolted and lifted out of the structure.

Fuel elements can then be removed, replaced, or repositioned by hand tools.

It is tentatively planned to reposition the elements at the end of 5 mw

years in a manner similar to that shown in I-0-13 in order to achieve fairly

uniform burnup in all elements. At the end of 10 mw years, the core must be

replaced. Closing procedure is essentially the reverse of the opening proce-

dure. Spent fuel elements are stored in a shielded pit in the top deck floor

Coffins will be necessary for transferring spent fuel elements to the storage

pit.

CONFIDENTIAL



92

9.0 FUTURE FROGPAM

As mentioned in the introduction of this report, the design and study

of associated problems is not complete. The trial presented is a

preliminary conceptual design that remains to be exploited to bost

advantage. A future development program is outlined here for informa-

tional purposes.

a) A complete analysis of safeguard considerations.

b) Operational stability of both nuclear and hydrodynamic features.

c) Optimization of the nuclear design.

d) Possible expansion to higher power plants.

e) Investigation of optional features discussed in this report.

f) Inprovement of the mechanical design.

g) Investigation of detailed fabrication techniques.

h) Part load operation.

i) Posible use of natural circulation.

j) Start-up and shutdown procedure.

k) Detailed cost analysis.

1) Conceptual den gn for a populated area prototype and the
additional cost increment.
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SECTION D. RESEARCH REACTORS

1. AQUEOUS HC[OGENEOUS "WATER BOILER" REACTOR

The development of the "water boiler" type research reactor was under-

taken to provide a reactor which was economical, safe, and useful for

nuclear and engineering research in educational institutions, as well

as industry. Representative plan and elevation views are shown in

Figure I-D-1. This reactor was designed for operation at a power level

of 50 KW, with sufficient heat transfer surface in the core to operate

at a higher power level if the formation of gas in the core did not

restrict operation at a higher level

a. THE REACTOR CORE - (Figure I-D-2)

The heat transfer surface in the core was determined by extrapolating

data obtained from tests run on the Los Alsuos SUPO reactor. From

this data it was determined that 20 sq. ft. of surface would be

sufficient to remove at least 100 KW of heat, depending on the amount

of internal circulation of the fuel solution. For safety reasons, the

operating pressure was set at a slightly negative pressure (-6 in. H20)

and the temperature at a maximum of 1800 F. to maintain the fuel solution

below the boiling point. From the corrosion standpoint, the material

for the cooling tubes and core container was restricted to stainless

steel, zirconium or titanium. 18-8 type 37 stainless steel was selected

for economy and good corrosion properties (less than 1/2 mil per year

at this temperature).

After the above parameters were set, the core was optimized for maximum
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average flux for a given power level, The average flux varies inversely

as the critical mass. The calculations consisted of determining the

critical mass for a variety of radii of an unpoisoned reactor, using a

spherical model, then making corrections for the stainless steel,

coolant and displacements. The maximum average flux will occur at the

point of minimum critical mass. The plot of the critical mass as a

function of the ratio of hydrogen to uranium atoms is shown for zero

power and 200 KW in Figure I-D-3, The point of optimum flux is shown

on the plot of average flux as a function of core radius in Figure

I-D-14.

The core consists of 20 liters of U02S0h in a light water solution.

The container was shaped cylindrical with a hemispherical bottom to

provide space for the internal condenser and to provide internal circu-

lation of the fuel solution. The fuel solution is contained in the

hemispherical end and extends 7 inches into the cylinder, resulting in

almost a spherical core shape which is desirable from the nuclear stand-

point,

b. ALTERNATE CORE CONSTRUCTION

The alternate core optimization was based on changing the material of

the cooling tubes and container from stainless steel to hafnium free

zirconium in an effort to reduce the critical mass and thereby in-

crease the flux. The number and dimensions of the cooling tubes are

the same as for the stainless steel design. The results of the calcu-

lations are as follows:-
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STIC-LESS STEZL ZIRCONIUM

Critical Mass (200 L ,) 360 grams 510 grams

Average Flux "t 4.68 x02 78 1012

Core PRadiun (Sphere) 1? cm l3.5 cm

A comparison of the critical mass as a function of the core radius at

200 KW for both the stainless steel and zirconium models are shown on

Figure I-D-53 The thermal flux as a function of core radius for the

zirconium model is shown on Figure I-D -6 The above calculations do

not take into consideration the gas bubble inventory in the fuel solu.

tion,

c. THE COOLING SYSTEM!

Deionized water is circulated through 163 - 1/h inch diameter stainless

stool loop tubes extending from a split header down into the fuel solu-

tiono The heated water then passes to an air to water or a water to

water heat exchanger to remove and dump the heat. Fram the heat ex-

changer, the water passes to a surge tank and pump and then to the re-

actor., The purity of the water is maintained by means of by-passing a

small percentage of the primary cooling water through a emal demonizing

bedo

An emergency cooling syetm, to maintain flow through the fuel solution

aftor emergency shutdowns consists of a by-pas through a battery

operated water pump. This pump is automatically energized when the

main water pump fails, and continues the coolant flow at a decreased

rate. A swing check valve in the main line will prevent reversal of

flow.
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d, REAUTOR GAS SYSTEM

The gas system is a completely sealed loop maintained at a negative

pressure of 6 ins of H2 0 by means of a belleas type p:'eosure regula-

tore Operation at a negative preosuro provider .the safe ty feature of

preventing outward leakage of the highly radioactive gas from the

system. Before startup, the loop is filled with approxinately l cu3

ft, of helium The fission process causes the dissociation of rater

in the fuel solution into oxygen and hydrogen gas at the rate of 0. 5

moles of hydrogen pew kih0 The helium in the system dilutes the

hydrogen to l% which is below the eplosive level. The evolved gas

and vapor is partially cooled in passing over the cooling tubes in the

container above the fuel solution and, subsequently, fur ther reduced

in temperature to at least 5OF, in a refrigerated condenser to remove

water vapor and other carryover, From the conden v the gas passes

through a demiater or entrainmorn separator to a canned gas ptrup and

into a catalyst recombiner. The reconbinor consists of a bed of 1/8 ine

platinized alumina pellets which, by an eiothermic chemical reaction

recombine the oxygen and hydrogen into water vapor. The heated gas

and water vapor is cooled in a secondary gas condenser before being

returned to the reactor vessel. A skirt at the inner parameter of

the vessel will distribute the gas and vapor at the surface of the

f xol0

At periodic intervals the fission gases are flushed from the gas loop

through an activated charcoal bed. By heating the charcoal bed the

fission gaces are driven into storage bottles where they remain until

sufficiently decayed for dilution and release to the stack.
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e. FUEL

The uranyl sulfate solution is introduced into the reactor by means of

a tube extending down the inner side to the lowest point of the vessel.

This tube is part of a bubbling manometer system used to measure the

height of the fuel solution. This tube can also be used to remove the

fuel solution, which should not be necessary for many years after

startup. The temperature of the fuel solution will be measured by a

thermocouple immersed in the core.

f. REFLECTOR AND SHIELD

Approximately two feet of graphite surrounds the reactor core, which

is equivalent, within a few percent, of an infinite reflector. Ex-

ternal to the graphite is a 4 in. thick steel thermal shield to reduce

the gamma current below the point of significant heat release. The

shielding beyond the thermal shield consists of about 5 feet of high

density concrete to reduce the radiation level to below 1/10 toler-

ance. On one face of the reflector, the steel thermal shield is re-

placed with lead and the graphite extended to form a thermal column

5 ft. x 5 ft. in cross section.

g. EPEITAL PORTS

Aluminum lined beam ports are located in seven faces of the shield.

There are three 4* in. square ports and two 6 in. diameter round prts

aimed at the center of the fuel solution; two 4 in square ports are

aligned just beneath the vessel and four 4} in. square ports lie

perpendicular to the side faces of the thermal column. Each port is

located and sized so as to permit the removal of graphite from the
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reflector cube or thermal column so that experiments may be placed

against the reactor vessel, within the reflector, or within the

thermal column. Stepped concrete plugs, in aluminum casings, will

be placed in each port when not in use.

h. CONTROL ROD DESIGN

In general, the reactivity values of control rods depend not only on

the rod size and location but on the poisoning, reactor size, and

loading. The calculations cover two phases: (1) The reactivity effect

of various rod sizes at different positions in the reactor and (2) the

effects of two rods at different distances from the symmetry axis of

the reactor, since the effects of multiple rods are not necessarily

additive.

Control rod theory for thermal reactors consists of the application of

boundary conditions at the rod and reactor surface (bare) to the

two-group solutions for neutron flux. This differs from the method

used to determine the critical mass of a reactor in that special

boundary conditions must be applied at the surface of the control rod.

The radius of the bare reactor without rod is first determined from the

usual critical conditions using the proper poisoning and loading. The

critical conditions are again established with a rod placed at the

center using proper conditions on both the slow and fast flux at the

rod. This results in a new concentration variable from which the change

in reactivity, due to the presence of the rod, can be determined.

The control rod in the water boiler is treated as a separate region in

which there is some measure of slowing down of the fast neutrons but no
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production of fast neutrons. The presence of the rod guide, which is

a re-entrant nipple, must be taken into consideration. The reactivity

effects of a single rod of -j in. to i- in. diameter at various posi-

tions in the core are shown on Figure I-D-7.

Where more than one rod is used in the reactor, the "shadowing" effect

of one rod by the other is associated with the fact that the flux that

is affected by the second rod has already been depressed by the first

rod. Widely separated rods can have more than twice the effect of one

at the same distance from the axis because of the distortion of flux

to higher values on the opposite side of the reactor.

The variation in reactivity value of two 1j in. rods, compared to one

rod placed at the same distance from the center of the reactor and

also to a single rod placed at the core axis, is shown on Figure I-D-8.

i. RFACTIVITY EFFECT OF SHIMS

Calculations were nade on the basis that one-half of the cylindrical

portion of the core would be covered by a cadmium sheet. The calcula-

tions are based on the following assumptions-

1. Calculations could be made for a cylindrical reactor
completely covered on the sides by a cadmium sheet
whose effective value would be close to twice that of
a half-covered core.

2. The cadmium sheet is black to thermal neutrons and
transparent to fast neutrons.

The results indicate the reactivity value for the shim covering one-half

the surface is equivalent to 15 grams of uranium or a4k/k a 3.2%.
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J. NUCLEAR CONTROL

The detection chambers consist of two compensated and two uncompensated

ion chambers which are located in the reflector below the reactor vessel.

These chambers are in special ports aligned from opposite faces of the

shield; their position can be adjusted to suit their optimum location.

A retractable fission chamber enters the reflector through a curved

duct making it possible to withdraw the chamber into the shield as the

reactor is brought up to power. The detection chambers are connected

to four functional groupings of instruments. These channels are as

follows:-

1. Counting rate channel.
2. Two safety channels.
3. Log power and period channel.
4. Linear power (control) channel.

2. WATER COLUMN REACTOR - (Figure I-D-9)

The "water column reactor" was designed for a power level of one to ten

megawatts. The primary purpose of this design is tiofold; to increase the

safety features incorporated in the standard swimming pool type reactor

and to increase the volume of high neutron flux for experimentation without

increasing the cost of the installation.

This reactor is a modified version of the "Low Intensity Training Reactor"

at Oak Ridge National Laboratory. Instead of giving a complete descrip-

tion of the reactor, we will only discuss the added features incorporated

to increase the safety and usefulness of the reactor as a training and re-

search tool.
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a. REACTOR CORE

The core lattice is made up of aluminum clad plate type fuel elements,

similar to the MTR design, positioned in a 6 by 6 grid plate. Those

grid spaces not used for fuel elements are filled with graphite re-

flector elements; this allows some flexibility in core geometry.

Graphite sections also fill the space between the square lattice and

the circular core tank. The 28 in. diameter 52-S aluminum core tank

is part of a closed cooling loop increasing the safety of the system

in two ways; (1) the vessel will contain pressure buildup over 500 psi

without rupture and (2) in case of a fuel element rupture the activity

would be contained in the system and later dumped to a waste disposal

tank.

b. REFLECTOR AND THERMAL SHIELD

The reflector is external to the core tank and consists of graphite

pebbles of at least 2 diameters to increase the density of the bed.

The average density, including voids, is about 1 gram/cc. Pebbles

were chosen as the reflector material to eliminate the effects of

radiation damage, minimize differential expansion problems and to take

advantage of the built-in cooling channels between the pebbles. The

graphite pebbles are cooled by a closed circulating system of 600 cfm

of helium to remove an estimated 15 kw of heat0

The thermal shield reduces the gamma flux below the point of signifi-

cant heat release. The shield consists of a double wall of carbon

steel, each section two inches thick with a 1/2 in. annulus for helium

cooling. The steel thermal shield is replaced with lead at the thermal

column.
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c. SHIELDING AND EXPERIMENTAL FACILITIES

The biological shield is composed of high density concrete 6 feet thick

to reduce the radiation level below 1/10 tolerance at the shield face.

Top shielding is provided by a 10 foot column of water to shield against

shutdown decay gaxmmas and a lead and concrete plug, in addition to the

water during operation.

The experimental facilities consist of a thermal column, six vertical

4 in. diameter ports of the stepped design, a 2 in. pneumatic rabbit

tube and eight 6 in. diameter horizontal ports of constant diameter de-

sign with the annulus flooded with water.

d. COOLING SYSTEI4

The primary cooling system consists of a water to water heat exchanger,

a 1000 gpm pump, a by-pass ion exchange resin bed and a 1500 gallon

capacity overflow and dump tank. The water system is all aluminum

The gas cooling system is a closed helium cycle consisting of a 600 cfm

blower, a filter and a gas to water finned tube heat exchanger. The

gas system is of carbon steel throughout.

e. CONTROL

The reactor is controlled by three safety and one regulating rodo,

driven from below the reactor to provide access above the core for

fuel handling. The rods operate through a combination electromagnetic

and ball release mechanism, which allows the rods to drop by gravity

and assisted by coolant flow into the core,
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f. SAFETC AND EXPERIMENTAL FEATURES

In addition to the safety feature provided by the contaiment of the

core, the large graphite reflector provides a large volume of high

neutron flux for experimentation and, also, increases the average

neutron lifetime. The neutron lifetime is about L.65 x 10-4 see. as

compared to about o.65 x 10 see. for an open suing pool reactor.

This means, that in order to develop the same reactor period in the

swimming pool and water column reactor, we would have to add reactiv-

i:y to the water column reactor 80% greater than that for the swimming

pool reactor.
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SECTION E. SHIELDING STUDIES

1. RESUME

The power and research reactor shield designs, which concern us here, do not

require the amount of complex mathematical analysis related to problems of

weight optimization and divided shield geometry. We have, therefore, con-

centrated our effort on the two most important subjects influencing our

problem: - first, the derivation of the emitted gamma spectrum and self-

shielding properties of a given core design, and second, a more accurate

method of plotting the fast and slow neutron and gamma fluxes through bulk-

shielding materials of relatively simple geometry.

In the first item, a method has been developed to a point where we can,

within a few hours, fully determine the effective output spectrum of any

given core specifications and flux pattern. The core gamma heating is derived

simultaneously. Examples of the spectral intensity at the surface of a typical

core are shown in Figs. ImE4 through I-E-7. Regarding the gamma flux plots

outward through the shielding, we carry the complete spectrum along as it

becomes attenuated and degraded with penetration depth. Energy buildup factors

given by NDA are used, and a dose calculation, including gammas of all energies,

is made at every real boundary. In order not to over-reach the accuracy of the

buildup factors, imaginary boundary calculations are made at regular intervals

in the case of a thick homogeneous material. An example of a thick shield flux

plot and comparison with experiment is shown in Figs. I.E--6 through I-E-10.

The neutron fluxes cannot be as neatly handled, particularly for the thicker

shields and reflectors. All experimental data available is reviewed con-

tinuously in order to improve the accuracy of our results.
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Since the biological shield design is controlled by the hard core gammas,

comparison and "rule-of-thumb" methods are usually sufficient for neutrons

in this outer shield 0  Multiple boundary problems, like in an iron-water

thermal shield design, must rely on experiment and comparison. However,

we have made progress in deriving neutron attenuation curves through large

thicknesses, by using multiple slowing down kernels of the Milne type0

These results are included in the report,

2. CORE GAIMAS

The determination of the gaina spectrum at the face of a reactor core is

handicapped by a rather general lack of information concerning the gama-

emitting characteristics of the materials constituting the core. These

characteristics include:

a0) Gamma spectrum from fission.

b.) Gamma spectrum from inelastic capture,

co) Gamma spectrum from thermal capture (spectral type, etc,),

dc,) Capture-garma cross-sections,

e.) Inelastic-scattering cross-sections.

Using available experimental data, reasonable results have been obtained In

determining the possible gamma characteristics for soe of the more important

materials. The reasonableness of these results was establihed by nsing them

in gamrra-flux determinations for ro actor for which experimentally'obtained

spectra were available for comiparison,
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Using the following data concerning the core --

a.) Sise.

b.) Constitution.

c.) Operating power level.

d.) Mean thermal neutron flux.

ea) Mean fast neutron flux.

the gamma spectrum at the core face is determined, taking into consideration

the following factors and gamma sources

a.) Self-absorption by the core.

b.) U fission gamias.

c) Capture gammas.

d.) Inelastic scattering.

e.) Multiple Compton scattering.

f.) Fission product decay gammas.

In these determinations, the neutron fluxes are taken to be homogeneous. The

magnitude of the error, arising from this simplification may be estimnatod on

the basis that the true flux distribution can be approximated by a gaussian

or cosine function (See Fig. I'-l-).

Having obtained the gam=a spectrum at the core face, the envelope of the

spectrum is simplified for the sake of convenince by straight line approx-

imations, maintaining any distinctive features, such as abrupt changes of

slope.
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Attenuation of the gamma flux by the shielding material is determined by

considering

a.) Geometry

b.) Gamma absorption

c.) Buildup factors.

This may be done only at points corresponding to the boundaries between

dissimilar shielding materials, or, also, foi' intermediate points. At each

position to which the gamma flux has been taken, the spectrum is rebuilt using

energy conservation principles and the dose level determined before proceeding

to the calculations for the next point. Whenever possible, comparisons are

made with experimental data. In order to partially explain the difference

between calculated does levels and the experimental values for points at

distances close to and far from a source, an analysis was made on the effects

of geometry and source surface flux distribution on the values of flux

measured (See Figs. I-E-2 and I-E-.3).

Several calculations of the contributions to the core surface gamma flux

have demonstrated a few general characteristics as followes-

a.) If the core is not highly self-absorbing, i.e., relatively

low value of the electron density squared, the gamma source

distribution has negligible influence on the surface flux

intensity. The reverse is true for highly self-absorbing cores.

b.) For a weakly self-absorbing core, the internally scattered gamma

component can be represented by that component which has been

scattered at least once (Fig. 6). For highly self-absorbing

cores, the internally scattered component must be resolved into

those groups of gammas which have been scattered once, twice, etc.,

and then summed (Fig. I-E-l) 0
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c0) The gamma component arising from inelastic neutron collisions

are not negligible, and must be included to obtain the complete

spectrum.

3. SENI-EMPIRICAL ANALYSIS OF NEUTRON SLOWNG DOWN DENSITY IN THICK SHIELDS

In order to usefully apply experimental data on fast neutron slowing down in

different materials and mixtures, we have explored the following procedure:

a.) A curve of best fit to the experimental resonance curve is

found by using two or more slowing down lengths plus the

transport mean free path, tr, corresponding to the source

energy spectrum. Successive integrations of the product

slowing down flux density times kernel, yield a resonance

flux curve expanded in a series of exponential functions,

b.) The kernels used are pure exponential for the plane source

and slab geometry. For poirrt source data, exponential kernels

are applied to the second moment of the flux, thereby treating

the spherical shells on the same basis as the plane slabs.

The usefulness of this approximation is that once we have a set of lengths

which give a good fit, they can be adjusted for different densities and

mixtures. Most important, the kernels can be modified by a proper escape

function and a slowing down curve in a semi-infinite medium constructed. The

accuracy of all these calculations is quite sufficient for shielding problems0

No theoretical criterion is used for finding a workable set of slowing down

lengths in a particular case. Two conditions, which fo2.lowfrom the exponential

form of the kernels, are useful in estimating the L' s for a given source and

geometry in an infinite medium,
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For the plane source:- N

Nel

For the point source:-

Water and other hydrogeneous materials do not follow the above point source

condition. In using the exponential approximation for the second moment, it

turns out that contributions to the slowing down density at a given point

cannot include those that would normally come from the opposite side of the

source. The fast current is highly directional along 7', especially close

to the source. Dropping this part of the integration is equivalent to

absorption, so that the L's and must satisfy the basic equation -

_ / f qzr4 r$ d r (3

j* r 1  dr
since there is a different normalizing factor (the denominator) for each

estimate of the flux (see Fig. I-E-1.).

In all cases, however, once the expansion of the resonance curve is found

for the point source, the exponentials are easily transformed to the plane

case by substituting exponential integrals El, of the same argument, term

by term.

That is -

|(1-) : A -Z ',- - )

And consequently (4)
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The materials of thick shields and reflectors have widely different effects

on the spatial distribution of the resonance and thermal flux, as the neutrons

penetrate the materials As mentioned in the previous paragraphs, hydrogeneous

materials like water-metal mixtures must be considered as a special case because

of the high directivity of the scattering and the relatively large importance

of the first collision.

The most important material property influencing this "slowing down length"

method of analysis, is the age of the flux, the experimental value of which

we relate to a sum of lengths in the manner shown above,

If the is relatively small compared to the meanA~tr of the source energy,

like in water mixtures, then the tail of the resonance curve falls off

practically as ea/ tr at large x. This yields a proper value of mean tr

for the particular source spectrum used. Also, by calculating the scattering

cros-section in the neighborhood of thermal, one can estimate the age from

resonance to thermal and plot an effective thermal source flux and, sub-

sequently, the thermal flux itself.

If the thermal diffusion length is small, like in water or water mixture,

then the thermal flux will also vary as e /Atr at large x. It should be

noted at this point that the very large thermal flux tail in a water shield

around a reactor in due to photoneutrons. This is a form of straggling not

connected with the slowing down properties.

The entire picture changes in the case of materials of large age which we

can illustrate with graphite and concrete. These both have an age near 350

cm2 , but different thermal diffusion lengths of 50 cm and 5 cm respectively.

CONFIDENTIAL



134

In these materials th'e "tail" of the resonance flux curve at large x

follows the exponential o-x/La, where L, 0 In words, any

delay of the first collision greatly amplifies the mean square distance

to resonance (or thermal). Our information from the experimental curve

does not yield a mean Agof the source but rather the first slowing down

length Lsi - since we assume

A L * ,..>L

must be estimated from the scattering curve and then adjusted to fit

the experiment 0

The curves of Figs. I.E-l1 and I-E-12 are the indium resonance and thermal

flux eurvec of an infinite gr.phito medium and plane fission source~ Here

the age theory yields the thermal curve but the slowing doen kernels give

a better lit to the resonance :lux density0

On the other hand, for concrete of age 350 cm2 and diffusion length of approx-

imate! y 5 cm, the age theory gives far too large values for thermal flux near

the sturce. The Aor carbon and concrete, compares for a fission source,

and using the kernels obtained from the known carbon curve, we calculate the

semi-infinite case of concrete. Fig. 13 shows the production of thermal

neutrons due to 100 fast fission neutrons entering the concrete from watez,'

bombining this with the flux cures of a point source 4 ft distant in the

water to the left, yields the resultant thermal and Past flux curves in the

concrete shield, as shown in ;"ig, I>-4,

The indium resonance curve in water, Fig. I-E-IS is for a Ra Be point

source in water. The difficulties of obtaining a fit near the source show

up clearly,,
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SYMBOLS USED IN TEXT

Fast transport mean free path
corresponding to mean source energy - cm

N slowing down length - slab geometry;
isotropic plane source -cm

Say Nth slowing down length - shell geometry
point source - cm

Flux density neuts/sec - cm2

Position vector ®(x2+ y + z) - cm

Fermi age cm2

distance from infinite plane source measured
normal to source - cm

4, X~) the NIth exponential integral function

ao

4 0 $44

volume intensity of core a ource -

photons pfrscnd per cm

F surface intensity of ga simia s pho .on o
per second -per cm2
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This spectrum covers the primary volume intensity of the homogeneously

distributed source. The net flux actually escaping the core is shown

in the plot Fig. I-E-7.
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SECTION F. BURNOUT FAT FUJX STUDIES

1. INTRODUCTION

The object of this report is to critically evaluate some of the available

light water burnout data in the region of not stem: generation. With much

emphasis being placed on boiling reactors, reliable burnout predictions are

required for the study and selection of design parameters.

Much of the work on surface boiling with no net steam generation is summarized
1

in a report by W. H1. Jens in which the burnout heat flux for this type of

boiling is correlated by the equation:

A soA w

where C and m are functions of pressure. To date, however, no correlation

has been found for burnout conditions with net steam generation.

Recently, R. WJeatherhead at Argonne National Laboratory, ran tests of aout

for net steam generation. The data obtained in these tests, provided through

the courtesy of Argonne, were analyzed in this study. The data, although

reproducible, contain anomalies which are yet to be explained.

1 "Boiling Heat Transfer" by W. H. Jens
Mechanical Engineering Volume 76, No. 12,
December 1954.
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2. SUMiARY

The data presented were obtained at Argonne National Laboratory. The data

cover a range of pressures from 600 to 2000 psia, a range of inlet subcoolings

from 0 to 200 F, and a range of flow rates from 0.3 x 106 to 6 x 106 lb/hr ft.2

Vertical electrically heated tubes were used having ratios of 65 to 75.

Burnout was detected by a burnout detector connected to the exit section of

the tube.

Examination of the results indicated various trends which led to a systematic

plotting of the data. Figure I. F-1 is a typical example. The data were

plotted as a mass flow rate versus burnout heat flux at constant pressure

and inlet subcooling. Figure I- F- is for 1000 psia at inlet subcoolings

of 40 F and 70 F. Median lines were drain as indicated by the dashed line

on the figure and points from the median line were plotted a burnout heat

flux versus pressure at constant inlet subcoolingr wi th mass flow rate as a

parameter. These results are shown as figures I- -2 through I-F-6. Figures

I-.F,7 through I-F.9 show burnout heat flux versus inlet suboooling at constant

pressure with mass flow rate as a parameter. The results can be suriarized

as follows:

1. The burnout heat flux increases with increased entrance

subcooling.

2. The burnout heat flux increases with increased mass flow

rate.
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3. The burnout heat flux decreases with increased pressure at

the higher mass flow rates but reaches a maximum at about

1200 psia for the lower flow rates.
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3. DISCUSSION

Unfortunately, there is a scarcity of burnout data with which to compare the

present work. The data are apparently reproducible on the sane apparatus

and all of the usual precautions were taken to avoid mass flow rate fluctations

while taking data. Certain regions, however, appear unreasonable. For instance,

as shown on figure I-F-7 at a mass flow rate of 0.3 x 106 lb/hr ft2 , the burnout

heat flux is 165,000 Btu/hr ft2 at 0 F inlet subcooling while at 120 F inlet

subcooling the burnout heat flux is 70,000 I3tu/hr ft2 . The heat flux is raised

by a factor of more than 5 while the coolant heat capacity has increased by a

factor of 1.3 indicating a much higher exit quality at burnout for the higher

heat flux. At a flow rate of 4 x 106 lb/hr ft2 the increase in coolant heat

capacity about equals the increase in heat flux indicating similar exit con-

ditions at burnout. This last is more reasonable since burnout should be a

local condition and, in these tests, burnout always occurred at the exit from

the test section. The same trends are exhibited at other pressures although

of a somewhat lesser degree at the higher pressures.

Some of the meager amount of data that are available were compared with the

data presented and in all cases indicated that the data presented are conservative.
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4. CONCLUSIONS

The immediate conclusions are:

1. The data as presented are conservative although the degree

of conservation cannot be ascertained.

2. Lore burnout information is needed.

3. More information should be recorded as data when conducting

burnout experiments.

4. It would be most helpful to have a set of standards for

investigators to follow when conducting burnout experiments

so that the information obtained by various investigators

can be critically evaluated and compared.
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