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APPR-1 PLANT DESIGN AND CONSTRUCTION
BY

K. Kasschau, Alco Pfoducts, Inc.

C. T, Chavé, Stone and Webster Engineering Corp. 4 -

This document includes papers covering techni-
cal problems involved in the design, construc-
tion and operation of the APPR-1, These papers
were presented at the second winter meeting of
the American Nuclear Society on October 28, 1957

in New York City.
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APPR-1 DESIGN AND CONSTRUCTION

I. Intrdduction

- The Army Package Power Reactor cénéept was originated by Oak
Ridge National Labdratory. The basic idea of a reactor plant which could be
built at a remote location by transportatipn of the compnn'ents,. as diétinguished
from. a strictly portable plant, was embodied in the Oak Ridge concept, as was
the preliminary design of the reactor and the powér plant steam cycle. All of
this was set forth in Document No. ORNL-1613, which was made available to
organizations desiring to bid on the construction of such a plant at Fort Belvoir,
Virginia. ‘ v -

Construction at the Fort involved the concept of vapor containment and
. other special safety features which may or may not be considered necessary in 1
a remote location. Alco and Stone & Webster worked on these problems from
the outset, through the prcl)po'sal, design, construction and preliminary operation
stages. As YOu know, the plant has, in the summer of 1957, completed the 700 -
hr test.

The APPR-1 in mény respects was a pioneering job in which ideas were
generated both at the Stone .& Webster dand Alco engineering establishm'ents'which
have been repeated elsewhere. While we do not claim to be the originators of
these ideas aﬂd Say that others have copied them, as often happens, thoughts
occur to a great many designers almost simultaneously, and in late 1954 and
early 1955 these ideas were being discussed under sécurity regulations with

many cleared engineers. Through the progress of the design and construction,




the new concepts, or at least those which were new to Alco and Stone & Webster,
had to be developed, modified and put into practice. It' represents part of an
evolution of thinking, at least on the bart of the Stone & Webster organization,
Which has resuited in some of today's designs, which are in many respects mark-
edly different from the APPR and in many respects the same.
II. Discussion !

The first problem was to contain the nuclear reactor and brimary loop

in a safe manner. We had seen many ideas of containment, including placing the

_entire plant in a sphere or some type of vaportight Quonset hut, or a rectangular

box designed mostly of concrete but which is supposed to be pressuretight, but
they did not attract us.

When we started on the Alco job we had already 'developed a concept of
containment for the Pressurized Water Reacior at Shippingport, which involved
a number of horizontal bullets. During the develbpment of this job, we acquifed
or evolved (we can't remerﬁber which) certain ideas. These included leaktight con-
tainment in pressure vessels, consideration of missile protection of the vapor con-

tainer, means for testing with tracers such as helium or Freon gas, means for

| calculating the volume and design pressure of the containment, and economic

means for shielding.

Referring to Figure 1, which is an artist's cutaway of the power plant
at Fort Belvoir, Vixjginia9 you see that the réa(;.tor, steam generator, primary
circulating pumps and pressurizer are housed in a vertical btﬂlet. The APPR-1

gave us a fine opportunity to second-guess the PWR. We therefore used a
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vertical bullet instead of a horizontal bullet, which was justified on the grounds
that the plant being smaller, the difficulties encountered in constructing a tall
“vertical cylinder of large diameter were removed. In order to aid further in
achieving this, a vertical steam generator was proposed. For small plants,

we think that fhis approach has now become standard. The EBWR at Argonne
National Laboratories is also contained in a vertical bullet. Stone & Webster has
proposed a similar arrangement for Cardlinas Virginia, whose proposal is now
before the Atomic Energy Commission.

We currently think horizontal vapor containers are apt to be a mess,
especially due to secondary stresses induced at supports and the need for stiffening -
rings just to keep them round.

The vertical steam generator hés also become ‘fa'irly standard. It lends
itself far moré readily to a confined space where there is ample vertical clearance.
Four }such steam generators will be used in the Yankee Atomic Electric Company
plant, and we note that similar steam generators are being uséd on the Dresden
power plant,

- Looking further at Figure 1, we see that the interior of the steel bullet
is lined with concrete 'and, as a matter of fact, so is a pdrtion of the exterior,
This interior concrete lining provides for protection against missiles resulting
from a rupture of the pressure parts, and is designed to stop a missile weighing
50 lb. and traveling at 700 fps. There are difficulties with a design of this kind
which must be realized. Unless the concrete lining can be made to work with the
steel shell when the pressure is imposed, severe cracking and disintegration

will result, and as we got into the design work we developed rather heavy
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reinforcing and the expense was higher than expected. The inner lining had 1 1/4-
in. bars on 6 in. centers both ways, forming two concentric “birdcages." In
the fﬁture, we would attempt to separate the concrete lining from the sheu, and
this has been done on the designs with épherical vapor containers, such as for
Yankee. |

" To do this probably required that access space should be provided.
between the concrete and the shell to permit decontamination, and may mean a

larger shell for a small reactor plant. Ano'ther approach is to put all of the

biological shielding on the outside, but this eliminates missile protection. Serious -

thought is being given to means for anchoring and restraining potenﬁal missiles
rather than trying to stop the flying pieces. Such a design might permit the -
bullet to be partly buried where subsoil and water conditions permit, thur saving
much expensive concrete.

APPR-I is é.specially elegant in regard to the prbtection of the intelrior
concrete, which is lined 'throughout with a thin steel liner. We thought this was
a good idea, but would probably never .repeat.it. This inner shell, furnished
by Posey Iron Works, had to be erected in lifts along with the interior concrete,
and served as'formwork. It was a tricky job, particularly'in the hemispherical
head, and made it riecessary to pﬁmp the concrete. On PWR, Amercoat is used.

The question to be considered is, how much insurance should we take out

against the owner's property damage caused by an incident whose likelihood is

considered remote ?

I
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May I séy right here that vapor containment is a serious obstacle to
competitive nuclear power, and we should all be putting our minds on means
to reduce the cost, if not diSpehse with it entirely. I am convinced that chh
of the security it offers is specious.

You see outside of the bullet a spent fuel pit. This communicates
with the vapor container through an inclined chute, and the water level in the
pit is carried right up to the level in the fuel handling cavity insidé the shield
tank and over the reactor. With this arrangement, individual fuel .elements
can be removed from the reactor under water and transterred through the
inclined tube to the external fuel pit. The chute is blugged during operation..

This was an important concept. The -entifé Shippingport design,
with its multiple containers anﬁ. large fuel canals, evolved solely around the
requﬁement _that a complete core be removable from the reactor. Elimination
of this requirement for the removal of a complete core resulted in great.
simplitication of the spent fuel handling facilities. This idea is carried on through
several current designs, and is one of the basic cbncepts of the Yankee design,
although here we have had to modify the idea of having the water levels equal |
and will.use é hydraulic lift mechanism in the inclined tube which will permit
the transfer of fuel, with the water level in the spent fuel éit considerably
lower than the water level above the opened reactor.

Having referred to Yankee several times, see Figure 2, which is a
cross section of the container, to show how the design has evolved with.us. Here
we see the APPR-1 shield and missile protection structure supported independ-
ently inside a bare sphere. Because of the remote location, we have dispensed
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with the biological shielding outside the sphere which would otherwise protect
those close by in case of an incident.

The ideas expressed here were largely generated on APPR-1.

It was recognized early in the program that the erection sequence
for the vapor container would have to be planned carefully. To pressure test
and leak test the container successfully, it was essential to test the. empty
shell before any interior work could be initiaFed. Otherwise, detection and

- repair of leaks would become almost impossible.

Figure 3 shows the actual construction sequence 1§ol.lowe<;l° The shell
was built first and, after testing, the cé)ncrete work was resumed inside to form
the equipment foundétion and the misSile protection lining. The latter r._equi‘l}ed

=  seven lifts, each one setting for seven days before the next lift could be paured.

The interim period was used for doing outside concrete work and raising the inner ;

B
1

steel liner which served as the inner form, as well as forming the impervious

inner lining considered desirable to prevent contami_nation pen.etration..‘
Once the inner concrete work was completed, installation of thé
equipment could proceed. The access hatch, at grade level, was not large
' enough to pass most of the equipment. For thié‘reason, an equipment loading
hatch at the top of the container'had been provided. All major components,
including the reactor vessel, were hoisted by crane some 80 ft in the air and

- lowered through the hatch to their final position.




The shell was given a hydrostatic test, fdllowed by a helium leak test.
The hydrostatic. test gives one a good feeling, but it can not be made on large
. vapor containers, If consistency has any virtue, except as the last refuge of
a scoundrel, vapdr container design is most lacking in this virtuous quality,

The helium or a Freon leak test makes much mozlé sense to us than
a pressure reductioﬁ test. Temperature changes so mask the effects of
leakage that the results of pressure rea_dings are inconclusive. The only s',ou.nd‘way
to deteét small leaks in a large vessel is with a tracer.
| Turning ouf attention to the shield tank surrounding the reactor, this
design had to be spécial because of the nécessity to transport it. In plahts
designed for easy access, we would normally build such a shield tank ﬁsing an
annular tank containing about 2 ft of water surrounded by a cylinder of coﬂcrete,
probably 5’ft thick. This concept is getting to be standard. It should be observed
in passing that concrete aloﬁe will not work because of the heat absorp'tion.'and
that a tank of water or some other effective method -of cooling is a necessity.

Referring, however, to f‘i gure 4, we see that on the APPR-1 no concrete
wasused. A number of concentric cylinders of steel are employed to absorb
gamma fadiation and transfer the heat to' the-surrounding water. This deSign
then permits the steel plates to be tranéported to a i'emote side and the eﬁtire
shield tank to be field erected around the reactor.

The secondary plant, consisting of a steam turbine generator operating

at 200 psi and 25 F superheat, contains nothing truly remarkable, but there

are some features which are worthy of mention.

12
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In the first place, an evaporator, as disclosed in ORNL-1613, is used
to handle raw make-up water, as opposed to a demineralizer, and thi.s_ was
selected after considerable discussion and analysis. We think this choice is
corréct for a plant which is likely to go into almost any location and for which
the design must be standarized. Unlike the Oak Ridge éoncept, we used a
deaerating condenser instead of a deaerating heater. This allowed us' to pump
boiler feed directly from the hot well to the steam generator,

An important feature which is introduced into this plant; and which has
been proposed for many plants since, iS a direct- by-pass from the steam gegera‘tor.
to the condenser. This eases the control problein'in regard' to dropping loéd;

It alsoA permits the reactor to be operatéd at low load without the need to operate
the generating equipment. As a part of this system, we used a steam. turbine
driven boiler feed pl;mp, which can allow the reactor to.coast down while‘ sti“ll
pumping feed water to th_e steam generators. On a small plant like this, it .
removes the need for special shutdown cooling apparatus. |

Another feature of ‘this APPR-1 is a low pressure prirhary coolant -
purification system‘, in which the pressurizer is bled through reducing valves
to an outside tank from which feed water may be returned to the reactor. In
the case of APPR-1, the bled stream flowed through iop exchangers,. On a

larger plant such as Yankee, there might be a separate circuit for circulating

‘water from the low pressure water surge tank through the ion exchanger. This

low pressure surge tank offers a comvenient point in which to inject hydrdgen

into the system, and by maintaining hydrogen under moderate pressure the

:hydrogen concentration can be kept at from 15-25 cc per liter.
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II. Conclusion

There is not time to describe in.detail conStructién and operating
experience with the plant, except to say that construction was accomphshed
without major d1ff1cu1ty and that the plant Works ess;ennally as it was designed
to do. I won't claim there were no hitches. It is only the lad who is there -
the first time who expects a construction and plant start-up job to go off click-
click-click. These thingé we accom'plished by continuous planning, contriving and
striving. The two companies had the men to do it, and that is why the job is
successful,

Figure 5 shows thé finished job. Greater detail will be presented by the

subsequent speakers.
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Fig. 2 Elevation of the Yankee Atomic Electric Plant
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Fig. 3 Vapor Container and Primary Piping Sequence

l. ERECT OUTER SHELL.
2. HYDRO-TEST SHELL TO 75 PSI.
3.HELIUM LEAK TEST ALL SEAMS.

6. INSTALL PRIMARY
LOOP EQUIP, THROUGH
LOADING HATCH AT TOR,

5. ERECT INNER STEEL
LINER AND POUR
CONCRETE LINER.

(7 LIFTS)

4. POUR CONCRETE
SADDLE & EQUIP
FOUNDATIONS.




Fig. 4 Reactor Core, Pressure Vessel and Shield
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Photograph of Completed Plant
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APPR-1 CORE LOADING CALCULATIONS AND EXPERIMENTS

I. Introduction

This paper summarizes the APPR-1 core loading calculations and com-

pares the predicted performance with the experimental measurements. Before

beginning a description of the core loading calculations the contract specifications

(A) will be reviewed. The core design.and loading for the APPR-1 was affected

(%

by the following contract specifications.

1,

A pressurized water cooled and moderated reactor using highly enriched
uranium.
Stainless steel-clad tuel elements arranged in convenient sub-assemblies.

Burnout poisons in fuel elements.

A negative temperature coefficie_nt of reactivity of 10 ~ 4/OF or better.

A minimum number of control rods such that the core can be shut down
at any time with 80% of the control rods.

Non-boiling conditions in the px;imary coolant loop during steady state.
operation at full power,

The core to pe designed for a 15 MW core life.

The core to be-designed for -operation on the line 95% of the time.

During the course of the core design a stipulation was made that the

U235 loading should not exceed 22.5 kg. This left boron content and number

of control rods as the most important core variables.




Ii. Schedule

It is of interest to quickly review the schedule on which the APPR-1
core design and experiments were carried out. Figure 1 shows the schedule.
The very tight time schedule from signing of the original contract to required
date for completion of the 700 hour test definitely placed a sense of urgency
on calculations and experiments. An important decision regarding number of
control rods had to be made in Dgcembei‘ of 1955 in order not to delay pressure
vessel fabrication. A decision was made fo employ seven control rods. There
existed only two weeks between the last critical experiment measurement and

fixing core boron content.

III. ORNL Critical Experiment®)
| _As part of the original contract between Alco Products and the U.S.A.E.C.,

3

Oak Ridge National Laboratory was committed to perform a critical‘éxperiment

for the APPR-1. Without the full cooperation of ORNL on this critical experiment

it would have been impossible to meet the very tight time schedule of the APPR-1. B
The design of a critical expe.riment which will permit measurements of critical

mass for various boron contents, control rod worth measurements and flux
distribution is in itself no eaSy task. This was accomplished by ORNL with the

cooperation of Alco.

23
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The most important decision that affected the critical experiment design

" was to keep metal water ratio and coré diameter constant in all the experiments.

Asva result of this decision the inner céll material distribution varied widely

" between the experiments contaihing' no boron and those containing boron. In
order to give flexibility to the experiment it was decided to employ separate

fuel plates, boron steel plates and stainless steel plates. Figure 2 shows‘

a fuel box for this experiment. With these three types of plates a wide range of
of compositions of fuel and boron could be obtained at constant metalﬁ water ratio.
This decision to use separate plates would certainly be carefully scrutinized in
any future critical experiments for reactors of this type.

The effect of th}e employment of Separate fuel and steél plates is shown
in Figure 3. This Figure shows an inner cell 4trav'erse in the direction per-
pendicular to the fuel and steel plates. The flux peaking in the side plate region
was of such a magnitude that the flux on the side 'plate wés 1.3 times the value
at the center of the fuel element when measured with dysprosium foils.

The extreme variation of inner cell flux distribution was a matter of
considerable'- concern in interpreting the critical -experiments. The approach
qsed at Alco to calculate thermal utilization was to consider the measured inner
cell distributions to obtain the rélative flux on the various constituents., This
‘ approach was handicapped by the variation of plate arrangement With core boron
content and the diffiéulty of obtaining inner cell distributions. As an aid in
resolving this question of heterogeneity of the critic;al experiment, special
elements resembling the APPR-1 elements were substituted in a single position

within the core and reactivity differences meas_ured; -
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IV, Calculation‘ of Critical Experiment (C) (D)

The general approach used to calculate the various critical configurations

" was to employ 2-group theory modified to include above thermal absorptions and

fissions. The important equations. used are shown in Figure 4 along with the
equation for Keg¢s of the eﬁuivalent bare reactor. The equations used to calculate
resonance multiplication and resonance .escape probability are given on Figure 5.
All the calculations employed the equivalent bare model. The buckling for the
core at room temperature was found by least squared fittings of gross flux dis-
tributions. The resulting buckling of the core is 0.0072 cm2 at 68% F. The other
factors »in the cfitical equation, that is Ky, K¢, p and L2, were calculated. .In
order to get the modified 2-group theory results to agree with the experimerivit.
the neutrdn age was adjusted until Keff equaled 1. 0.

~ It was possible by using this approach to calculate the clean criticai ex-

235

periment with no boron and 10.4 Kg of U and a second experiment with 21, 1

- Kg U235 and 255 gms of boron ‘with a neutron age of 38.7 cm?. This ‘same éal-

culation model was used to check flux. distributions, 'the percentage thermal
fissions and fuel reactivity with good agreement, In addition, calculations of
homogenéous APPR'S agreed with the critical mass value‘s inferred from sub-
stitution of a homogeneous fuel element. This adjusted two group theory gave
reasonable good agreement with all the critical experiment measurements and
it was then employed to establish the APPR-I core loading.

V. Calculation of APPR-1 Loading (C) (D)

The geometrical and material differences between the APPR-1 core and

the critical experiment are tabulated in Figure 6. The first geometrical




difference shown in Figure 6 was treated by interpreting the weighing factors
made in the critical experiment and on a special APPR-1 element substituted in
the critical experiment. Ifems 2 and 3 were neglected. Allowances for Items
4 and 5 were treated by interpreting a special critical experiment measurement ‘
which attempted to account for these differences in terms of a uniform peison
added to the APPR-1. The important mgterial differences in Items 1 and 2
were felt to be properly allowed for by the self-shielding factor uséd within
the fuel plates. A uniform Z;was included to compensate for the braze material.

The important muclear parameters that were assumed invariant in the |
transition from the critical experiment to the APPR-1 were the neutron age and
the geometrical buckling. Using modified 2-group theory and a U235 loadinlg} of
22-1/2 kg, a range of bo;'on contents were.investigated. The principal concern
in the Boron-10 addition was the fear of over-ﬁoi'soning the core' so that the core
could not obtain full power with peak xenon. | For operational flexibility, it was
| decided to design the core to have a Keff of at leasf 1.02 at 450o F with equi,li_bri‘..lm
Xe and Sm. The confidence in the calculated reactivity was. affected by the un- |
certainty associated wit}_x the following:

1. Braze content in the core because of the variation in fillet radii.

2. Allowance to be made for reduced fuel and boron content and

added steel content at 7 control rod positions.
3. Dimensional tolerances on the fuel plates.
4. Boron content was estimated to be uncertain to plus 1% and

minus 6% at that time.
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An examination of the reactor analysis uncertainty as well as the
mechanical uncertainties indicated that K . could be uncertain to plus 2.3% and
mi‘nus 3.3%.

The material contents for the APPR-1 core as fabricated are given in

Figure 7.

VI. Comparison of Analysis with Experiment (E, F, G)

The final APPR-1 loading was analyzed using the window shade model
for treatment of partially inserted shim bank. A comparison betwee.n‘ the expected
and experimental determined shim bank withdrawals are shown in Figure 8,:_. The
experimental data is shown from both the APPR-1 ZPE and Ft. Belvoir opération.
The difference between initial and predicted shim bank insertions when interpreted
with the experimentally determined control rod calibration indicated that the
calculations under-estimated the reactivii:y in the APPR-1 core by 5.05% at |
68°F and 4. 31% at 450°F. The prédicted temperature coefficient at 450°F was et
-3.2x 10-=4/°F compared with the measured value of -2.3 x 10-»4/0F° A final
resolution of the calculated and rﬁeasured reactivity has not been made. - In-
formation now available indicates that the following are the principal causes of
the discrepancy.
1.  The final stainless steel content of the Ai’PR-l was 1.34% by
volume less than that used in the calculations. This was due
to the fact that the fuel element plates were not rolled to 100%
theoretical density assumed in the calculation. This difference

in steel content explains about 0.9% of the reactivity difference

and 1/2-inch of shim bank insertion.
27




2. Inner cell measuremente onA the APPR-1 indicate that the core is
more homoge‘neods than interpreted from the critical experimeﬁt
measuremente.

3. Measurements in the ZPE #2 (H) indicate that the core age is less
than that ihferred from the ORNL critical experiments. |

The information available to date on the APPR-1 burnout characteristics

is squnarized in Figure 9. The calculated curves were those made following
the ZPE at room temperature. Present indications are that the core will be

good for 15 MW years of life (about 13,000 efph). It is hoped to present more
detailed analysis and results on the APPR-1 core burnout and behavior at operating
temperature in a subsequent paper.
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Fig. 4 Equations for Modified Two Group and K Effective
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Fig. 5 Equations for the Resonance Multiplication and K Fast -
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Geometriéal Differences
Plates

Cell Size

Ge

Core Lateral Dimensions
Fixed Element Position

Material Differences

Fig. 6

in.
in.

% Metal

Critical Experiment

18 + 2 end plates
2. 952 x 2. 9000
20.7 x 20. 3

19. 8

Separate Plates

U Foil clad in steel
B in iron
Steel

APPR-1

18

2.9375

20.6 x 20. 6

20. 33

Composite Plates

UO9, B4C insteel

Differences between Critical Experiment and APPR-1



Material content: . ’

U-235 | kg - 22,5

B-10 gm  16.518

ss . kg 208. 92
w Fixed element:

U-235 gm | . 515.16

B-10 | | gm . 4468

~Control rod element:
U-235 | gm 417.76 -

B-10 gm . S .3627

‘«

Fig. 17 Material Content of APPR-1 Core
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4 Calculated Measured

Five Rod Bank Withdrawal

Initial Startup  68°F n. . 8.0 3.1

Initial Startup 440°F i 12,9 8. 85
Reactivity in core at startup 689F % 10. 35 15. 42
Temperature Coefficient AK/°F -3.2x 10f4 -2.3x 10-4

Core Lifetime - MWYR Co12.1 T e

Fig. 8 - Calculated and Measured Values



Five Rod Shim Bank Position Vs Lifetime
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APPR-1 ZERO POWER EXPERIMENTS

I. Introduction

The Alco Products Criticality Facility was designed originally for the
APPR Zero Power Experiment. Since our start-up date in August 1956, a
continuing program of facility modifications and improvements has increased
the laberatories versatility to permit eccomodation of a variety of critical ex-
periments. We are therefore currently accepting invitations to bid on the per-
formance of critical experiments in addition to those required through our own
company efforts. |

The material for this paper is derived in its entirety from document

. APAE No. 8 and the figure numbers on the following slides cdrrespond to the
J

figures presented in that report.

Your speaker has made an attempt to extract material from APAE No. 8
that would be representative of the type of experiments performed and at the
same time emphasizing problerns peculiar to the APPR-1 system.

The experimental techniques used during the course of this work are
well known and quite standard to the art.

1: Criticality Facility

The Alco Criticality Facility contains roughiy 2500 square feet of
floor area, 1200 of which is devoted to a test cell. The balance of the facility

contains a control 'room, office area, éounting room etc. The building, Fig. 1,

- is._constructed of from one to five feet reinforced concrete, depending upon

shielding réduirenxents., Tne test cell itself is so constructed as to contain the
pressures that would result from a maximum credible acéident on the APPR-1

system. |
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-2:  Reactor and Reactor Tank
| Fig. 2 }sh‘_pwfs the 2500 gallon reactor tank which was used for these
‘experiments. The ta;lk is fed by a 50 gallon/min. pump from a 3500 gallon
Storage tank. A six inch dump line with quick acting butterfly valve is provided
for rapid du'mping'of the water moderator. This slide also shows the lower con-
trol rod drives which penetraté an extension attached to the bottom of the reactor
tank.
3: APPR-1 Core
This view of the APPR-1 core in thé reactor tank, Fig. 3,sho.ws
"~ clearly the control rod caps, stationary fuel eiements, _.instrument tubes, and
immersion heaters (which were used for the temperature coefficient measure-
ments).
4: Control Rod Assembly
The control rod assembly, Fig. 4, is clearly shown by this slide.
The basket, control rod fuel element,  absorber section and cap are showh in
“ the disassembled state.
9: Stationary‘Fuel Element With Plates Exposed
During the course of the expefiments use was made o'f several APPR
fuel elements that were supplied to us with detachable end boxes. Fig. 5 shows
clearly the structure of the APPR fuel elements." |
| 6: Core Lattice Designations |
For experimental convenience, ‘the various fuel element positions
were located by means of the numbering system displayed in Fig. 6. The relé.-
tive positions of the neutron source and start-up chambers are also shown. |
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7- Position of the 5 Rod Bank Versus Number of Elements

The minimum number of stationary and control rod fuel elements

for cr'iticality was 17. Fig. 7 shows the position of the 5 rod bank as the re-
. maining elements were added to the core. With rods A and B fully withdrawn
the 5 rod bank rod position is seen to be 3. 7 inches.
8: Bbron Content Versus Bank Position
In order to aid in the determination of the system excess K, Borbn-
.stainless steel strips were added uniformly to the éystem until the control rods
were essentially withdrawn. The quantity of contained Blo added to fully f
withdraw the rods was estimated to be 33. 5 grams. |
9: Calibration of the 5 Rod Bank
~ In order to determine the excess K in the APPR-1 core the 5 rod
bank was calibrated at several positidns during thg addition of the Bdron-,stainless
steel strips. Fig. 9 shows this calibration and Fig, 10 shows the integral rod
bank value versus position. The experimental excess K determined by this
means is seen to be 16. 6%. In order to convert this value to the common analy-

tical expression .fdr Jo the following expression was used:

. _rIr
= 1—eSax I

P _
where 5—')2 is the aforementioned calibration curve.

. The value for F so computed is 15. 4%.
11: Temperature Coefficient Versus Temperature
Temperature coefficient from 68° fo 180°F WaS determined by heat=
ing the 'rﬁoderator with two 15 KVA immérsion heaters. The value of temperature
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coefficient at 180°F is approximately -1. 0 Cents/OF or -0, 75 x 10-4 K /°F.

The ""bump'' in this coefficient was due to the use of fresh water that had not been
previously heated. 'i‘he dissolved air accumulated along the fueli plates during
heating resulting in an apparent severe negative effect. As the tempei'ature was
further increased, these air bubbles left the fuel plates. ahd resulted in an épparent -
positive component. (Se‘e Fig. 11.) ’
12: Relative Activity Versus Position
Fig. 12 illustrates a typical axial neutron flux distribution in the
stationary fuel elements with the 5 rod bank withdrawn 3. 7 inches. The bare
gold activities shown are normalized to the core average ( = 1).
13: Average Activity Per Element
The average bare gold activity of elements relative to the core average
of one is shown by Fig. 13. _ S o -
14: Relative Activity Versus Radial Position
Fig. 14 depict.s a radial bare gold traverse taken 6. 5 inches above
the bqftom of the core and therefore approximately three inches above the plane
of the 5 rod bank (3.7 inches). The flux depression at the absorber faces and -
the flux peaking within the absorber section is shown.
15: Relative Activity Versus Position |
The neutron flux peaking in the end reflectors is shown by this bare
gold traverse, Fig. 15. The displacement of the gross axial flux peak due. to the
deep baka insertion is striking though understandable. |
- 16: Control Rod Fuel Element With Suppressors
. This photograph of a control rod fuel element, Fig. 16, clearly shows.
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its structure. The handle is used to facilitate loading and unloading. The metal

comb in place at the upper end of the element is the subject of the next slide.
17: Relative Activity Versus Vertical Position

The bare gold traverses shown here, Fig. 17, demonstrate vividly the
effect on flux peaking of the water hole separation between the control rod fuel
and absorber sections.

Sincc this water hole flux peak is roughly 4 times the core average
at the point of its intersection with the leading edge of the fuel section, there was
concern about the temperatures that might be developed at that point.

By making use of suppressor combs of Haynes alloy 25 it was pos-
sible to reduce this peak effect to about 3 times core average. Combs of design
similar to the one shown in the previous slide were fabricated and included in

the APPR-1 at Fort Belvoir.

I Conclusion
Additional experiments on the APPR-1 system have just been completed
under separate contract with the AEC and the Army. The results of these Ex-

tended Zero Power Experiments will be issued shortly as APAE No. 21.
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Fig. 2 Reactor and Reactor Tank
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Fig. 3 APPR-1 Core




Fig. 4 Control Rod Assembly




Fig. 5 Stationary Fuel Elements with Plates Exposed
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Position of the 5 Rod Bank Versus Number of Elements

Fig. 7
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Fig. 8 Boron Content Versus Bank Position
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Fig. 13 Average Activity Per Element
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Fig. 14

Relative Activity Versus Radial Position
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Fig. 16 Control Rod Fuel Element with Suppressors




Fig. 17 Relative Activity Versus Vertical Position
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APPR-1 HEAT REMOVAL CALCULATIONS AND EXPERIMENTS

L. Introdﬁction

The APPR-1 core, from its original concept at ORNL, has been designed
to operate with positively no boiling of the primary since this results in a very
stable, self-regulating reactor. The basic purpose of the work described in this
part of the paper was to make sure that at every point throughout the reactor
core the water would be cool enough and flowing fast enough to satisfy Lhis
requirement by preventing the occurrence, anywheré in the core, of plate surface
temperatures above the boiling point of the coolant.

The rate of nuclear energy release in a pressurized water reactor is
not uniform throughout the core but varies in both fhe radial and axial directions.
If the coolant flow velocity is uniform across a given core cross section, the peak

metal surface temperature will vary from fJassage to passage along the core radius,

the highest temperatures occurring along the central passage where the rate 6f heat |
release is greatest: ,Accordingly a further objective was to optim'ize the flow

.distribution of the coolant so that maximum Lsurface temperatures in each channel

would be as nearly equal as possible. This was done in order to achieve the

greatest possible margin between peak sﬁrface temperature and the saturation
temperature of the pressurized water, thus providing the maximum capacity

for overload operation. 'fhe method of controlling the distribution of the flow

was to apply the proper degree of restriction to each passage, in the form of

varying sizes of orifice holes in a thin plate fastened to the lower surface of the

bottom support plate of the core. Thus, in order to achieve interchangeability,

it is the positions and not the units themselves which are orificed.
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’IL' Analytical Treatment
1. Source Data and Basic Computations

The first step in the analytical approach to this problem was to determine
‘the axial power ~disti‘ibution through each of the parallel flow passages through the
core. In the APPR-1 there are 38 stationary fuel elements and 7 movable control
ruds, but the flux symmetry in the core makes it necessary to use only the flux
measurements in 6 stationary elem~ents, and 2 control rods since the safety rdds
are equivalent to fuel elements in this respect. The axial pbwer distribution in
eé,ch of these pasSages Waé obtained by making neutron flux measurements at
zero power in Alco's Criticality Facility. The neutron flux valqes at various
points along the core axis, in each passage, were normalized to the average in
the core and, since the neutron flux is propoftional to the heat flux, the normalized
neutron flux curve was used as a normalized heat flux curve.

The next step was to.calculate'the' axial metal surface temperature pattern
in the central control rod fuel-element section using the appropriate normalized
axial heat flux curve. For this calculation, the average coolant velocity through
the core was used. The central control rod was selected because the region of
highest flux and greatest heat release lies very nearly 'along the core centerline.
F-igufe 1 shows the curve of metal surface temperature versus axial location
within the central control rod flow passage up to the point where the peak ftemp-
erature occurs. Although in this brief presentation there will be no discussion
of the evaluation and application of hot channel factors, it should be understood
that at every point in this and the next figure, and wherever peak temperatures
aré cited throughout this paper, they are calculated on the basis that all identifi-
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- Fig. 1 ' Fuel Plate Surface Temperature Versus Axial Position
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able hot éhannél factors were simultaneously at their worst in the particular
channel and at the point in question. For this study fhe core burnout is assumed
to be 5. 4 MW yr., and the fuel to contain equilibrium samarium and no xenon.
According to nuclear calculations, these condilions .represcnt the worst tn he
expected and occur when thé rods have been withdrawn so that the fuel-bearing
portinn extends 6, 3 inchés into the core to compensate for the 5. 4 MW yr.
burnout;
2. Water Hole Flux Peaking

The upper half of each APPR-1 control rod contains a neutron absorbing
medium and the lower half contains an‘assembly of parallel fuel plates. At the
junction of these two sections there is a relatively large volume of coolant water
in which the neutron absorber is not fully effective and in which fast fission neu- -
trons are slowed to thermal energies and reflected back to the fuel plates. The
increased thermal neutron density at the upper tips of the fuel plates results in
a very high rate of fissiun heat releasc in this region and is referred to as the
""water hole flux peaking'". The sharp rise in temperature at the ﬁpper end of
the curve shows this effect. _ : =

To prevent the occurrence of boiling in the reactor, the metal surface
temperatures in the region of the water hole are controlled by means of small,
neutron-absorbing plates which are attached to the upper ends of the fuel plates.
The highest curve shows the rise in surface temperature which would occur if
no '""flux suppressors' were used. The other curves show the effect on the sur- .
face temperature of inserting different types and configurations of flux suppressors.

The flux suppressors are shaped like combs and are placed in the water hole at
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right angles to the fuel plates, spaced evenly, with their teeth inserted between
the upper ends of the plates. The suppressor combination outlined by the box
was chosen for reasons of fabrication and durability.
Having established the peak surface temperature for the centerline flow
passage, the peak surface temperature of all other flow passages could now be
- computed. The calculation was based on the assumption that the maximum mefal
- surface temperature in.each parallel 'paSsage occurs at the same distance from -
the inlet to the core, that is, the maxima lie in the same transverse plane. The ‘
Z.P. E. flux measurements showed that the axial positionsl of these maxima deviate [
from a common transverse plane by only 3/4 of an ‘inch.

3. Preparation of Working Charts

The rise in bulk water temperature from the inlet of each flow passage
to the point of maximum surface temperature was then computed by aﬁplying the
ratio of the integrated heat flux along the passage to the integrated heat flux along

5
Had

the central control rod passage. The temperature drop across the film; from

the metal surface to the bulk cooling water at the point of maximum surfa.ce" temp-
erature was then calculated by applying the ratio of the local fiuxes at that point.
These calculationé were carried out fof all fuel element passages for the average - i
coolant flow velocity pf 4,12 ft/sec. Since the heat transfer coefficient varies |

- very closely with the velocity raised to the . 8 power, a plot of maximum surface

in Figure 2. Each curve is labeled to identify it with the proper flow passage

temperature versus coolant flow velocity for each element could be made as shown
shown in the schematic core cross section. It is apparent that, for a given flow |
\

velocity, the highest temperatures occur near the center _of the core.




METAL SURFACE TEMPERATURE — °F

Fig.

150

2

Metal Surface Temperatufe Versus Coolant Flow Velocity

NINE FLUX SUPPRESSORS
HAYNES 25

I 2 3 4 5 6 7

00 14115 |16
SHIM
rRoD| 25|26
=] 0e[=5
e50 w Tl =
SAFE
ROD
SHIM
. ROD
G00
880l PEAK CONTROL ROD
‘ < T T T T T TYURFRCE TEMR:=5R0%F
’ - UNIFORM MAXIMUM
ROD ¢ __ _STATIONARY ELEMNT
So00 ' SURFACE TEMP-B509°F
SHIM RODS
34- '
«—35 AND SAFETY ROpS
&5
i
450 ‘6
400 ,
o-1 2 3 4 5 ¢ 7T 8.9 /0

FLOW VELOCITY FHec




The coolant flow through the various control rods camiot conveniéntly' be
regulated individually, so it was postulated for this program that the velocity
through all seven rods should be the same. It should be noted that only the
- central control rod and the four shim rods operate at intermediate positioris
and are moved in any way during normal operation of the reactor. The two -
safety rods are always at the fully withdrawn position during normal operation,
so that, thermally, they can be considered as normal stationary elements.

- _ 4. Calculation of Desired Flow Distribution |

The final step iﬂ calculating the desired velocify aistribution was to
determine a common maximum surface temper?;ture for all flow passages such
that the sum .of .the volur;le flows through all passages should be equal to the
overall coolant design flow rate of the power plant. This required a trial and
- error solution. Recaill that Figure 1 showed a high local peaking of surface
temperature adjacent to the water hole in the central control rod. Similar
peaking, but at lower lex}els, is éxperienced by the four shim rods which also
operate at a partialiy withdrawn position. This flux peak is an extremely :
localized condition, occurring only at the downstream tips of these fuel pla:tes
where the spacing tolerance is held within closer limits than usual by these
suppressor combs. Accordingly at this point the hot channel factors used for
the core as a whole are excessive. For these reasons it was decided that a
- proper balance would be achieved by giving the control rods éuﬁicierﬁ flow to

hold the peak temperature in the central control rod at 550°F, 17° below
saturation. This led to a trial and error calculation of the combinatic;n of

. common maximum surface temperature and schedule of individual flow passage




velocities which would satisfy the total flow requirements.
5. Prediction of Results

Th\ebfi‘nal,results of this.analysis showed that a peak control rod‘Atemper-
ature of 55_0°F, could be obtained at 4000 GPM if the velocity distribution shown
in Figure‘3 was imposed on the core by the successful execution of the develop-
ment program which is described below. |

We believe that the actual cooling of the reactor as built; while com- '
pletely satisfactory, does not fully match the peﬂormance just cited for the
stationary elements, for three reasqns:

(a)- In the calculation of the desired flow distribution, each fuel

element was treated on ti1e basis of its center-line flux level, It was

| estimatéd that the obvious discrepancy between this value and the

side or corner of the element nearest the axial core center-line would

be sufficiently small td make this the most desirable treatment. Later

analysis revealed tha_.t when rigorously applied this desérepancy amount-

ed to a significant correction for the eight outer-most corner elements.

 (b) ‘Flow distribution in the lattice cannot be significantly tailored be-
cause of the absence of separate;, continuous channels. Furthermore,
in the experimental work the calibration of the equipment used to
"~ measure flow in the lattice proved more dﬁficult than anticipated, and

not of sufficient importance to warraﬁt ah expensive program to refine

| it. Accordingly, in the final design it was necessary to allow a slightly

disproportionate amount of éoolant to flow through the lattice, thus de-

priving all intra-unit passages of a fraction of their anticipated flow,
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Coolant Flow Velocity Profile
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(c) As a whole, the matching of the primary coolanf circulating pump
head to the system (including the béck flow through the Y-valve to keep
the inactive pump leg warm), as revealed when the completed plant
was first operated, appears to ﬁavé beén gratifyingly close. Neverthe-
less the actual head required, inciuding' the eff\ect of ihis orificing program -
and of the back-flow, exceeded the specification prepared for the pumpé )
'a year and a half earlier by several percent. The two alternate pumps
differ in head at the design flow ré.fe by about the same percentage and
thus it turns out that with the lowér head pump‘ the net flow through the
core is about 3-1/2% below the>design value. |
The net result is that our present calculation of the maximum possible
surface temperature in the fuel elements ranges from 523°F to 551° F, due

principally to this radial gradient within individual outer elements taken -

rigorously at full face value, .

III Experimental Operations
| ‘Because of the irregular and nmﬁ-symmetrical conditions in the upper
and lower plenum chambers, and of numerous other complications, it was very
early decided that control of the flow distribufion would have to be worked out
experimentally, ona test model.
- Turning now. to— tﬁis experimental phase of 'thevprogram, Figure 4 is a -
cross-sectional view of the model used. The coolant enters thé vessel in the

annulus between a shroud and the vessel wall, spreads around that annulus and

flows down into the lower plenum chamber. There it turns and passes up through

the orifice plate, into the core and up into the upper plenum chamber and out

through the nozzle leading through the annulus. The two plenum chambers are
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not free and clear as indicated by this drawing, but significantly obstructed by the
control rods. Although water is the coolant in the real reactor it was decided
that the use of air as the test fluid in the rig would yield adequate simulation and
tremendous savings in cost compared to handling large volumes of water. The
air velocities used were far below the range at which compressibility becomes a
factor, but high enough to provide' a Reynolds Number in the turbulent regime.
As‘ was noted earlier, the ‘coolént velocities through the core were tailored,
to mfatchz the schedule determined from the calculations just described, by a multi-
orifice plate fastened to the bottom of fhe reactor core. Obviously these orifices
alSO'had;:?’to eradicate all randoin variations in flow velocity resulting from non-
uniform éonditions in the plenﬁm chamber just below the core. Because of the
109 rotation of the core structure in relation to vessel inlet and outlet, combiﬁéd
with the assymmetrical arrangement of sevéri control rods, it was necessary to‘
build a model of the co‘mplete reactor, not just a fraction of it, to simulate these
flow characteristics. The necessity of measﬁring these effeéts upon the flow in
individual channels with actual widths of 0. 133 inch required fnaking thé mddel
the same size or even larger than the real reactor. As shown in figures to
follow, the final choice here was to make the model exa.ctly full scale.
1. Design of Flow Rig | |

The guiding principle was the simulation of all shapes and dimensions
of surfaces exposed to the coolant with whatever degree of precision was war-
ranted for the passage involved. Accdrdingly, .the: shell of the model, for in-
stance, was made from 1/8 inch steel to the cofrect inside diameter.' The parts

of the thermalshield which were all thick and'which had surfaces forming flow
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cha.nnels,v were simulated e_ither by a sandwich construction or by large wooden
sections prepared in the paftern shop. ~ Aluminum spinnings were used to simulate
the dished shapes except that steel was used in the one case where it was neces-
sary to be able fo mount an instrument anywhere on that surface by magnetic
feet.

Looking first at the cross-sectional view of the assembled test rig,
Figure 4, the orifice plate, the‘ specifications for which were the entire objec-
tive of this program, is mounted on the lower face of the main bottom core
support plate. | The control rods, not shown in this drawing, move up and down
through the entire core, including this plate, so that full square clearance holes
must be provided for each rod in this plate. This means that in keeping with the
princ’iple of orificing the position and not the unit, there can be no direct regula- |
tion of .the flow through the rods, only indirect regulating by the combined effect
of all the other orifices, &hich operate directly on the stationary fuel elements
and the latticework of passages between elements and rods. This is possible
because the three portions of the coolant flow -- through rods, through stationary
elements and through the lattice -- all :operate iﬁ parallel, with a common pres- -
sure drop from the lower plenum chamber to the upper plenﬁm chamber.

Considering now jﬁst a few of the features of the rig as a piece of test
equipment, it is apparent that the far corners of the upper and lower plenum
chambers have been simplified to the méximum extent bré.ctical since they could
have no significant effect on the flow distribution. Parting flanges have been

located to suit testing convenience. The entire rod drive mechanism, even the

portions within the reactor vessel, have been omitted, with the exception of




wooden shafts to simulate the racks on the rods. In the real reactor the assembly
of foundation shields supports and locates the pinions and back-up rollers for the
control rod drives and is, therefore, rigidly and laccurately fastened to the central
portion of the supéort structure by the thru-bolts. In this rig, in order to facilij
tate access to the orifice plate and to instruments which wé had planned to use

in the lower plenum chamber if the experimental results required it, the entire
lower portién of the central assembly was supported from the foundation shields.
These in turn rested on the outer shell.,. The lower portion of the thermal shield,
instead of being fastened to the spacers below it and having its weight carried
through the foundation shields to the bottom of the main x}es.sel, was suspended in
the rig from the upper portion of the thermal shield. This provided a parting
plane requiring no attachments at the .outer surface of the thermal shield nor at
the lower surface of the orifice plate. |

| Immediately above the associated parting flanges were three sets of
plastic windows and access doors. In order to pr_ovide light in this lower plenum
chamber, the tubes simulating the lower thru-bolt spacing columns,' but actually
Serving only as mock—ups.in the rig, were made of clear plastic with a flourescent
bulb insté‘lled in each one. The ordinary lights clearly indicated in the drawing
provided generous illumination in the upper plenum chamber and this region

was observed through the top window which was also clear plastic. The gfid
immediately below this window served to suspend the control rods at any desired
height, since there was no mechanism for positioning them from below. Lifting
eyes with threaded adapters as shown on the left side of the drawing, were re-

placed during operation by wooden imitations of the upper extension of the thru-
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bolts and the door-closing nuts and travel-limiting nuts, as shown on the right.
For the basic testing, which consisted of comparative surveys of velocity heads
of the discharge from the various fuel elements, a set of holes was drilled in

the top window, one each at nine different radii, and all but the one currently
occupied by the probe were plugged with ordinary chemistry lab rubber stoppers.
This window was free to rotate so as to bring the holes to any desired position.

Dimensionally accurate replicas of the ends and four sides of the stationary
fuel elements and of the control rods were procured. For economy's sake, only
one of each kind contained accurately simulating parts inside them. For the
stationary fuel elements, these comprised dummy fuel plates. For the control
rod, as shown in Figure 5, a dummy absorber section, fuel plate bundle and
cap and locking mechanism were fabricated. The schematic plan view of the rig
and reactor cores in Figure 2 shows the relative positions of the fuel elements
and controls. The coolant entry nozzle, not shown, is located on the right 10°
below the horizontal centerline of this top view. The exit nozzle is directly
opposite it. Figure 6 shows how the elements and rods look when fitted into the
model reactor core.

In order to use the fuel elements and control rods which did not have any
interior parts, preliminary calibrations of flow versus pressure drop were run
on the two complete units. By analysis, followed by two or three experimental
tries for each, the correct diameters were determined for orifices installed
inside the incomplete units to make their pressure drop curves match almost
exactly those of the complete units. The discharge from each control rod must

divide and turn in order to exit through 24 holes in the side of the rod near the
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Fig. 5 The Simulating Control Rod With Its Components, With the
Total Pressure Tube Installed

1t
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Fig. 6 View of Flow Rig Core Containing Stationary Fuel Elements
and Control Rods




upper end. This prevented a simple measurement of flow through the rods by any
instrument operating in either plenum chamber, and required the use of a pitot-
static tube permanently installed in the absorber region of a rod. This instrument
also required preliminary calibration in a basic air flow measuring facility. It
seemed advisable to use only the rod with fully simulated parts for this measure-
ment, especially since the use of additional lines would have required corres-
pondingly more manometer hoses inside the rig. This involved the disadvantage
that the one rod had to be placed successively in all seven positions in order to
complete a survey, each shift requiring opening of the top of the rig. By con-
trast, the discharge from the stationary fuel elements is in the form of a single,
cylindrical stream flowing axially, which made comparative observations of
velocity head quite easy, and permitted taking measurements on all 38 units with-
out shifting them around.

The method used to measure the flow velocities in any single channel be-
tween the fuel plates, either inside or between fuel elements, was basically that
of the hot wire anemometer. We departed from normal practice, however, in
that in order to be able to pinpoint the location of our measurement in these fairly
small passages, and also to get a high ratio of measuring element resistance to
complete circuit resistance, thermistors were used in place of the hot wire
filaments. Figure 7 shows how the thermistors were installed. A second pro-
gram of preliminary testing was necessary to obtain calibrations for these
thermistors. In order not to have the electrical leads from them interfere with
the normal airflow, these leads were in the form of copper ribbons . 010 inch

thick, imbedded flush in the imitation fuel plates.
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Fig. 17 Installation of Thermistors on Plastic Simulating Fuel Plate
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2. Basic Test Program

In the testing with the full rig, the initial survey of flow rates for each
stationary element and control rod position, presented in Figure 8, showed a
fairly wide range of variations due partly to the dissymmetry described earlier,
partly to the obstructions presented by the control rods in the plenum chambers
and partly to the inherently higher pressure drop characteristics of the rods.
A first set of orifice diameters was computed to meet the dual objective of
counteracting these factors and of providing the desired radial distribution.

Because the required rearrangement of the flow was so drastic, this
orifice plate missed its target considerably. The test of the second set of
orifice diameters showed great improvement, but was still not quite close
enough to the target, so a third plate was cut, which proved generally satis-
factory, as shown by the graph in Figure 9, in which values for each radial
family are averaged. Certain individual units still showed small deviations
from the target, and by now we had developed a pretty dependable correlation
of change in orifice size to change in flow. Accordingly minute corrections
were applied to the diameters of the third test pIate in making up the final
recommendations.

The final step in the experimental program was to work out the proper
sizes for the holes feeding the lattice passages, using the thermistors to observe

the flow in a representative number of passages.

84




R e —

Fig. 8 Results of Initial Velocity Survey
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MECHANICAL FEATURES OF THE APPR-1

I. General Design Philosophy .

The design of the major operating components of the APPR-1 primary -

2

system was influenced to a large éxtent by factors peculiar to its role as a pro-
totype of power piants sﬁitable for operation in remote area,s: Among these
factors were the importance of minimizing the time required for maintenance
. operations and the need for self-sufficiency of both the plant and its normal
. operating crew.
Contract requirements specified a time limit of 24 hours for a complete

fuel change, exclusive of cooling down and heating uf) of the primary system; A
maximum of 24 hours for removal and replacement of all control rods and drive
units was alsc imposed. Time limits on.ofher maintenance operations were
similarly stated in the contract. |

| Since a remotely lqcated plant is called upon to.operate for considerable
periods without assistance from outside sources of material or manpower, main-
tenance of equipment must be performed by the normal operating crews. It is |
obviously undesirable‘ to require the services of highly specialized persbnnel to
perform niaintenance functions only. Therefore, considerable stress was placed
upon Such units as control rod drives, seals etc. to break them down into sub-
assemblies which could be handled as replaceable units rather than attempt to
repair components m place.. Begause radioactivity levels near the primary
system after shutdown could not bé predicted accurately, an additional premium
was placed upon the ability to remove a.nd réplace these sub-assemblies with a
. minimum of pérsoﬁnel exposure inside the vapor container. |
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Certain components within the reactor vessel such as core support
structure, control rods and parts of the control rod drives become highly radio-
active after relatively short periods of power operation. Servicing of theée
components is, therefore, quite difficult. Accordingly, such units were designed
véry conservatively, and extensive testing was carried out in order to minimize
the possibility of mechanical troubles in tﬁese areas.

Particular attention was paid to simplifying and fool-proofing the re-
fuelihg operation for two reasons. First, damage to fuel elements or internal
parts of the reactor structure would be extremely costly and time consuming
to repair. | Second, crews cannot be expected to keep in practice on this opera-
tion since it is performed only at intervals of approximately two years. The
means by which these ends were obtained will be discussed in this.paper. -

II. Primary System . -

Although the APPR-~1 has been described many times before, the follow-
ing brief description of the primary system may not bé out of order here.

4000 GPM of water at 1200 psi and 450°F leave the reactor vessel after -
picking up heat in the core at the full power rate of 10,000 KW. It flows through
‘ the 12" pipe to the steam generator where it converts secondary 'wafer to steam |
at 200 psi and 25° of superheat. The pressurizer is connected to the main pipe
run between these two vessels by means of a 4'" pipe. -

From the steﬁm generafor the water, now at 431° F, goes through one of
two canned rotor pumps and back to the reactor vessel. A 2-way swing valve,
of Alco design and manufacture, prevents major back-flow through the inopera-

tive pump; but by-passes enough Wate_i' to keep the dead leg hot. This is the




only large valve in the system, and its operating requirements permit very
simple rugged design, only one moving part and no .requirement of internal leak
tightness.

The criteria for selection of materia,ls‘fobr the primary circuit was an
engineering balance between important properties necessary for satisfactory
operation and service life on one hand and availability, cost, weight and ease
of fabrication. on the other. On this basis, type 304 stainless steel was selected
as the corrosion resistant material of éonstruction as it offered the best balance
between resistance to operating conditions and the economic and practical factors
associated with fabrication. The operating conditions of greatest impdrtance |
are corrosion by 450°F water in all areas and the effects.of irradiation in.éb"xﬁe B
particular areas of the primary circuit. On the same basis, carbon silicon
steel, type A-212 Grade B, was selected as the strength material of construction.
The important factors are the effects of irradiation in the reactor vess‘él'i:lshéll,
allowable stress levels and a satisfactory history in the same or similia.ri%éifpé"i‘-i-

e LU

cation.

Clad material is used for all primary system vessel walls and covers
primarily for saving of weight and secondarily for cost reduction.

A number of irradiation samples of the reactor vessel shell material
are placed around the top of the core support structure. These samples are
encapsulated in stainless steel and are in the form of multiple notched sub-
size impact test specimens, permitting up to twenty-one impact tests to be

run on the contents of each sample container. The flux in this area ranges

from approximately three-fourths to one and one-half the maximum experienced
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by the reactor vessel wall. These samples will be removed one container af— a
time and tested at each fuel change in order to maintain a running check on thé
| vessel pressure shell material to Aetect any changes in mechanical properties,
resulting from irradiation, which might have a bearing on the safety of the
reactor vessel.

II. Pressure Vessel and Core Structure

| Figure 1 shows the reactor vessel and its contents. Design of the vessel -
itself presented no major new problems. The ASME unfired pressure vessel
code was used as the design basis for the reactor vessel and for all other pres-
sure veésels in both the primary'and secondar} systems. Thermal stresses in
the reactor vessel walls were calculated and the total stress kept within cdde
limits. The combination.of a two inch thick stainless steel thermal shield and
approximately eight inches of water limits thermal stress in the wall to. app roxi- -
mately 12. 5% of total allowable stress. Flow is downward around the core and’
past the thermal shiéid and then upward through the core itself.

An octagonal section stainless steel ring gasket provides the seal at the
closure point between the cover and the vessel shell. The cover is clarrllped in
place by studs and nuts. Here, however, the difficulty of replacement and the
necessity for regular removal and re-installation of the cover made itself felt
in the selection of matesrials and treatment of the closure nut and stud threads. -
Since the veséel cover is immerged in water during operation, the use of cor-
rosion resistant mate.rials was mandatory. Type 410 stainless steel, heat
treated, is used in the stu.ds and type 304 in the nuts.” These rﬁaterials are

admittedly not the best from the standpoint of thread galling, but experience
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has indicated that by lapping the threads and allowing quite large thread clear-

‘ances, this combination of materials operates satisfactorily.

Removal of the cover weighing approximately one ton is accomplished
by means of a manually operated chain fall. The shield tank water, which is
approximately 12 feet deep protects the operator during remdval of the cover
and-fuel\‘ elements. A small hand operated ratchet hoist permits tilting the
cover into a vertical position after removal, for storage in a rack provided
pn\the inside of the shield tank. Storage racks in the form of dummy studs
,afe provided to hold the nuts while thg cover is off. The nuts are held in the
removal tool by a spring detent to prevent their béing inadvertently dropped.

The core support structure consists of 'a lower plate machined to éc::
cept the fuel element lower end boxes, an upper plate in the form of four hing}ed' :
doors which locate the upper ends Qf the fuel elements and guide tﬁe ¢ontr01 \
rods, a skirt to control Water flow through the core, and the controlv rod di'i:ve
pinion supports below the lower grid plate. The orifice p.late controlling fléw
distribution is attached to the bottom surface of the lower plafe. All com- | ,
ponents of the core support structure are independently fabricated and finish
machined, and assembled by means of appropriate mechanical fastenings.

The use of doors rather than free removable sections of the upper grid
plate greatly facilitates fuel handling. Th‘e doors are clamped down by captive
nuts so that no loose pieceé need be handled inside the vessel to gain access to

the fuel elements. As in the case of the closure nuts and studs, dis-similar

materials are used in the clamping nuts‘ and studs. In this case, the materials

are 304 and 17-4 PH. Threads are again lapped and large clearances used.




fI"he core contains 45 fuel elements, 38 of which are of the fixed type
shown in Figure 2. The fuel is incorporated as a U02- stainless steel dis-
persion in the form of 18 plates clad withrtype 304 stéinless steel and brazed
to inactive side plates. 'End boxes, of which one is shown here removed’ to
expose thé .fuel plates to view, complete the assembly. They are welded to
the fuel element proper. | |

The ‘remaining_ seven places in >the core are occupied by control rods
as sAhown in Figure 3. The rod'structure is-a square tube with the actuating
rack rigidly attached to the bottom. A fuel element is loaded into the rod tube
- through its open upper end and an absorber placed on top of it. They are fetained
by a positively locking cap. |
IV. Fuel Handling Toocls

The light weight of the APPR-1 fuel elements, approximately 16 lbs.
each, permits the use of m‘anually operated tools for core loading and unloading
A simple hanging weight type of coutergalance is provided to facilitate tool |
handling, The same tools are used for reactor loading and unlbading as are’
used fo.r transferring the elements to the spent fue} pit through the sﬁenft fuel
tube. A second identical set is provid'ed t& load the spenf fuel into storage fack,s
“and shipping casks and to serve as a spare set for the primary tools. The
gripping elemepts are so designed that once a fuél element or absorbrer section
has been picked up, it is held positiveiy uhtil intentionaliy released. 'fhe
operator vhas good feél of the locking and uhlocking operation to minimize the
possibility of accidental release of a fuel element.

The tools telescope ffom a minimiim length su‘fﬁci‘ent. to reach from
the operating platform down to the core, to a maximum ler;gth permiiti_ng an
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element to be lowered to the bottom of the spent fuel tube or to be picked up at
the bottom of the tube for reloading. -

An additional tool handle with ;mtercha,ngeable tools is provided to
handle the reactor cover nuts, the upper grid door locking nuts and the control
rod caps. Part,i_cula,r care was given to the handling of the control rod caps
to prevent the possibility of their beiﬁg installed on the rods without having
an absorber element and fuel element in each rod in their proper positions.

The cap will nqt release from the tool unless this installation is properly made.
Storage of the caps when off the rod is provided on dummy holders in the shield
tank. |

A manually operated geared wrench is provided for tightening and b(reak-
ing loose the reactor cover hold-down nuts. These nuts are tightened to a pre-
- scribed torque range. While this is not the most satisfactory way of establish-
ing proper tightness, it is simple to use and it is felt that the chances of 1m-
proper 'ﬁightening are minimized by this means assuming average opératiné
crew personnel to bg doing the work.

A complete fuel changé cycle Was demonstrated at Fort Bélvoir to meet
the contract requirements. Total el-a.psed time was 23 hours and 40 minuteé. |
i V. Control Rod Drives |
- Figure 4 shows the control rod drive train. The drive, of Alco design
and manufacture, consists of a rack and pinion, associated bearings and sha.ft-‘

ing, a seal to control leakage at the point of penetration at the reactor vessel

wall, a scram clutch assembly, instrumentation assembly and a drive motor

. with integral reduction gear. All bearings outside the reactor vessel are
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standard corﬁmercially available components, conventionally lubricated by pre-
packing. The drive is mounted below the reactor to simplify fuel handling. By
use of this arrangement, stationary fuel as well as control rod fuél elements and
absorber sections can be removed and replaced without imterferirﬁg with the
control rod drives in any way.

All external drive corhponents, inclﬁding the seal, can be removed and
replaced with the primary system hot and preséurized° This is achieved by
a valve-like arrangement on the pinion drflve shaft which is used to seal off thé
penetration before femoval of the seal. The time required to completely re-
move and replace all drive components, including seals, was demonstrated at
Foft Belvéir to be 45 minutes per drive or a total of 5-1/ 4 hours. Replacement
of the pinion with its associated stellite bearings and the pinion shaft require "
draining of the system. The control rod and rack can be renioved through the
vessel cover opening with the System open, vbut not drained.

As noted before, the seal, clutch, motor and instrumentation are made
up of completely independent assemblies bolted together. | All components are
pre-adjusted and pre-tested on the bench before inétallé,tion to minimize shul-
ddwm time and time. of personnel in the rod drive pit. Quick disconnect fittings
are used throughbut for all electrical connections.

- The entire assembly of control rod drives, rdds, core support structure
and fuel elemehts wefe run in the Zero Power Experimgnt in Schenectady at
room temperature before installation at Fort Belvoir. |

The seal consists of a series of close fittiﬁg metallic rings floating on a
shaft. These rings seat on lapped faces of mating diaphrams to prevent leakage

around the rings, but permit radial float. A series of very closev clearance
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anng,lau: leakage paths ressl,tﬁ.f_r_om this desi{gn» which Ag_ives'a low and very con-
staﬁt rate of leakage. Figure § slxows leakage measurements taken ,ovei' a period
of 2000 hours of both intermittant and continuous operation. A total of seven
seals were tested under operating pressure and varying temperature for a
cumulative total of approximately 4"7900 hours during which some 60,000 scram
cyclesavwere accumulated. No seal malfunction or significant mechéﬁical mal-
function deve;oped du‘riing‘this period. Leakage__rate is xjather sensitive to temp-u
erature as indicated on the curves, but very iﬁsensitive‘to operating cycles and
time, | | |

Low temperature make-up_'water is introduced to the inner 'ends'. pf 'the

seals so that such leakage as does occur is purified make-up water rather than .

. possibly radioactive primary coolant. Failure of this make-up system would

si‘mply re_,sult{ in a slight increase in seal temperature and leakage rate and a
small a,mo_unt of short life radioactivity in the scal e__ffluent° Normally this
leakage water amounting to approximately 3 gallons per hour total is repro--

cessed and returned to the system along with the primary blowdown water. -

If necessary, however, it can be diverted to the hot waste tank.

" Figure 6 shows the results of control rod drop tests taken at Fort
Belvoir under operating conditions of temperature, pressufe and flow. Gravity
is used as the only accelerating force during a scram and provides sufficient |
acceleration to shut down the reactor before any serious rise in energy result-
ing from a reactor excursion can occur. A scram is initiated by de-energizing
the magnetic scram clutch. Clutch release requires approximately 40:to 50

milliseconds and free fall acceleration is of the order of . 4g under normal
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operating conditions. - Downward motor drive is provided' through a mechanical
over-running clutch in case of possible rod sticking, which has not occurred
during either téSting or well over 2000 hours of plant operation Which haé been
accumulated to date. |
V1. Closing

| Major attention was given thrbughdut the design and test program to
déveloping' components having a high fde'gree of reliability and requiring a mini-
mum of maintenance time. Simplicity of fuel handling tools and techniques was
stressed. Development testing of components was as extensive as felt neces-
sary to insure satisfactory plant op'eration. The fuel handling tools, for ex-
ampleé, underwent a minimum of testing prior to their use at the site. On the
other ha.nd, control rod drives were g‘iven exhaustive endurance tests ona
multiple rig permitting simultaneous operation of six drives, in addition to -
performanée tests on a single rig. The SWing check valve was givenv a brief
functional test atnpérating pressure and temperature.

The freedom from difficulties encountered in the reactor andipriméry". |

system components would indicate that the philosophy followed in the design and |

testing is a sound one.
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APPR-1 SHIELDING DESIGN AND MEASUREMENTS

" I. Shield Requirements

The Army Package Power Reactor (APPR-1) is a prototype of a reactor
designed to meet tﬁe reqﬁirements and site conditions of a remote n‘lilitary base.
Since the prototype reactor is constructed at a site in the United States, some of
the design requirements have been changed to meet these needs. In particular,
containment of the maximum credible accident is provided.

In designing the APPR-1 shielding, the objective has been to provide suf-
ficient shielding to meet the standards accepted throughout the Atomic Energy
Commission program. Under normal .conditions, radiation doses for operating
personnel are restricted to a fraction of the permissible 300 mr per week. In
certain areas, above-tolerance levels are permitted where infrequenf access is
required for periods of controlled short duration. Taking advantage of this fact
permits somewhat greater flexibility of design and operation, but at no expense
in terms of increased hazard to the operating personnel.

As the reactor is located at Fort Belvoir, it is necessary to provide a
facility which can be approached at any time and from any direction without being
unwittingly exposed to excessive radiation levels. Thus the radiation existing at
any point around the building is no higher than’the permissible continuous expo-
sure level.

II.  Shield Design

The concept of separate primary and secondary shields has been used. A
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primary shield enclosing the reactor pressure veé’sel reduces the gamma radia-

' tion from the core during operation and a’ﬁer shutdown, -and provides neutron at-
tenuation sufficient that there is no activation of eduipment outside of the shield.
To protect plant personnel during normal 6peration, the secondary shield enclos-
ing the entiré reactor system provides attenuation of gammas frbm'the aétivated
reactor coolant and of direct core radiétion which penetrates the ﬁrimary shield.

‘The primary shield, consisting of éight 2""-thick iron concentric cylinders
around the pressure vessel in a water-filled tank, and the secondary shield,
composcd of five feet of concrete in and oﬁtside the vapor container, have been
described previously. ~The iron-water primary shield was adopted Lo permit
fast erectiom and low transported weight for remote locations. The concrete
secondary shield, serving also to provide missile protection for the vaipor con-

"tainer, permitted economical_construction.‘ The shielding layout is shown in

Figure 1.

III. Shield Testing

During the initial operation of the APPR~1, radiatf_mdn survey measure-
ments were made to demonstrate the effectiveness of the primary and secondary
shields, and to obtain data for future shield optimization. The insfruments used
were conventional Health-Physics gamma, .and fast and slow neutron survey in-
struments.

A series of measurements were takén inside the vapor container (éecon—
dary' shield) with the rea.cﬁor operating at low power ( 1 to 100 kw) to detefmine
the effectiveness of the’prima,ry shield and to investigate the radiation source
due to reactor coolaﬂt in pipes and equipment. This data was extrapolated to
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give app roximate values of radiation levels at fuli power (10 mw).

With the reactor at full power, a complete survey was made of areas out-
side of and adjacent to the secondary shield to prove the adequacy of this shield-
ing under normal operating condition.

- IV. Primary Shield Performance

The dose rates outside the primary shield are indicated in Figures 2 and
3. The dose rate at the surface of the shield tank is 1.7 r/hr. At one location
which is slightly above a direct line with the ‘reactor outlet pipe, a full power
dose rate of 15 r/hr is determined. For a single streaming path, this is a.
reasonable value.

The primary shield was designed to give a maximum dose rate at the sur-.

B face of the tank of 60 r/hr at the full reactor power of 10 MW. The design was

calculated using BSR and Lid Tank data, with an effort to make corrections for

the APPR-1 cofe capture gamma spectrum and geometry. The significent dif-
ferenc;e between the design and actual performance can primarily be accounted
for by two factoré: |

- 1. The source correction factor which was applied, based on evaluation
of the relafive high energy capture gamma production in the BSR and
APPR-1 cores, was probably conservative.

2. The use of Lid Tank data for determinin'g the attenuation of gammas
by replacement of water with iron was conservative for the APPR-1
configuration, but u_nfortunately no other experimental data was
available.

The dose rate at the surface of th;a primary piping during full power opera-
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tion ié 12 r/hr. ~This is almost entirely due to gammas frqm thé 7 - second N16
prpduced by the 016 (n, p) N16 reaction. "Above the reactor, where excess ‘
shielding has been provic‘led because of fuel transfep requirements, the dose
ratc is 0.1 r/hr. |

| As thermal neutron fluxes are generally less than 1000 n/cm2 - sec at

- full power, there should be no problem with induced activity in components.

V. Secondary Shielding Performance
The secondary shield has been d;esigned such that at any point’ outside the
vapor container up to the full height of the power plant building, radiation penetra-
t‘mg the primary shield ,a.nd radiation from the primary coolant combined would ‘
not give more than 1. 5 mr/hr - which is two-tenths of laboratory tolerance for
a 40-hour week. The radiation levels at full power are indicated in Figure 4.
Measurements made with the reéctor at full power indicated a gamma
dose rate of 0. 01 mr/hr in working plant areas adjacent to the vapor container.
This va]lu_e is slightly above normal background. This low result is probably
accounted for by several factors:

1. Conservative primary shield design reduced the radiation level in-
side the vapor container.

2. The magnitude of the primary coolant source strength was conserva-
tively calculated, using the available experimental information at the
time of the design.

3. There is a considerable amount of steel reinforcement in the vapor
container and outside conérete, which was not included in the design

calculations.
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4. The concrete may have a density greater than that assumed in the
calculation.

5. Geometric factors were chosen on a conservative basis.
VI. Shutdown Radiation

Surveys taken eight (8) hours after shutdown following the 700-hour per-
formance test indicated the radiation levels shown in Figures 5 and 6. The dose
rate immediately adjacent to the primary coolant piping was 60 mr/hr 8.7 hours
after shutdown, 40 mr/hr at 13.9 hours, 26 mr/hr at 30. 5 hours, and 19 mr/hr
at 80 hours. The reactor had been operated at or near full power for several
days prior to shutdown. The magnitude of these radiation levels will probably

increase slowly as long-lived activity builds up.

VIil. Summary of Shield Performance
In view of this experience with shield design and construction, it is cer-
tainly possible to design adquately safe shields. However, the existence of ad-

ditional reliable data is necessary to achieve an optimum design of minimum

size, weight and cost.




Fig. 1 Reactor Core, Pressure Vessel and Shield
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Vapor Container Elevation View Showing Gamma Dose Rates
in R/HR at Full Power
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Pig.- 3 Vapor Container Plan View Showing Gamma Dose Rates in
R/HR at Full Power
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Vapor Container Elevation View Showing Shutdown Gamma
Dose Rates in MR/HR 8.7 Hours after Shutdown.
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Fig. 6 Vapor Container Plan View Showing Shutdown Gamma
Dose Rates in MR/HR 8.7 Hours after Shutdown
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o~ OPERATION OF THE APPR-1

I. introduction
The APPR-1 went critical on April 8, 1957, and since practically all
of the zero power work had been performéd in Schenectady as has been describéd_
in a‘ previous paper, it was possible to gd to power within a week.,
‘While still at zero power, measur;aments were made of the temperature
and pressure coefficients of reactivity. These weréQZ,3 x 10 ”4/°F and 2
to4x 10“6/psi respectively, at the operating conditions of 450°F and 1200 psi.
As the reactor power was increased to succeedingly higher levels,
shielding measurements were made as describéd in another paper, and tests
were run to demonstrate that the reactor would be cooled by thermal con-;
vection in the event of loss of primary coclant flow.
Numerous tests were performed on the reactor after it was operating
at power, and on June 2 the plant was started on a 700 hour endurance test.
By July 2, the plant had ﬁperated for 700 hours with less than 14 hours of down
tim'e_, Less than 8 hours of this down time was due to equipment malfunctioning.
The most interesting aspect of the APPR;I operation is the remarkable
response to load demand of the power plant. It had been planned in the test
procedures to subject the APPR-1 to a number of load transients. - On April
20, the reactor first reached its full power rating of 10 megawatts of héat,

and shortly thereafter
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a faulty circuit breaker connecting the APPR-1 to VEPCO opened. The plant outpﬁt
dropped from full load to station load smoothly and without any adjustment of the
reactor controls. The plant performance was so smooth that it was about a minute
before the operators realized thaf the plant was disconnected from VEPCO and was
operating on its own power. The APPR-i was-subjected to this sudden drop to
station load many times. A more severe transient, however; consisted of tripping
the turbine off the line. In this case the electrical output dropped from full load to
zero load instantaneously. This transient is described in this paper. Also described
is a load inérease where the generator output was increased from 200 kw. to 2000
kw. in 70 seconds. It was found that the reactor would follow a load increasé ‘zas fast
as the load limiter on'the turbine generator‘ would allow. No adjustment of aﬂy of

the reactor controls was necessary.

II. Discussion

In Figure 1 is shown the Log N recording on the loss of load transient. At
tiine "o, tﬁe reéétor w#s at 10. 6 MW (heat) with an electrical output of 2000 kw.
The turbine throttle valve was tripped and the electrical load dropped to zero.
Since heai was no longer beiﬁg drawn from the primary system, the reactor quickl}
went on a negative periéd because of the increase in temperature. The neutron
level dropped about‘six.deéades but after 25 minutes neutron multiplication began
to appea\,r.° The primary system was beginning to lose heat through the insulation.
The reactor wént éritical and then 6n a po.sitive period as the temperature vdro'pped
below the original.mean temperature of 445°F. However after 65 to 70 minutes th_e

reactor power had reached several hundred kilowatts ahd began to heat up the pr'im'ary




system water again, hence driviﬁg the iea;ctor subcritical. At this point the test
‘was terminated.

In Figure 2 is shown the primary syétem tempera,tures. The average of the
two temperatures is the mean temperature of the primary édolant system. When
the turbine was tripped the temperature spread across the réactor quickly decreased. _
However the mean temperature went up hence driving the reactor subcritical. The
‘maximum temperature was about 456°F. and this temperature dropped to 445°F,
“after about 35 minutes when Uie reactor went from suberitical to super critical.
After 70 minutes it can be seen that the water was being heated again as mentioned
in Figure 1. / |

| Figure 3 shows the reactor AT and the priméry systen'x pressure during

the transient. The cycling in the pressure trace was caused by the heaters going
on and off. Whe’n the turbine was tripped the pressure rose from 1210 to 1300 psi
and then dropped off.

In Figure 4 are shown the secondary system conditions, namely steafn pres-
sure and temperature. The pressure rose from 200 to 435 psi when the throttle
valve was tripped and the secondary pressure relief valve lifted briefiy. This was .
not unexpected. The steam temperature rose to 460°F. as shown. |

The next series’of Figurgs' shows the increase in load transient test.
Figure 5 shows the recording of the electrical generator output. At time "0"
the load was a little over 200 kw. Increased load was applied by opening the load
limiter on the generator; The.g(e.nerat()-r'oﬁtput was increased a factor of 10 in 7
70 seconds. Since this is a éonvénfgional genéraf;or it was not felt advisable to

overload it more dfastica,lly than this.
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The reactor response is shown in Figure 6. The overshoot in neutron levgl
is ‘hardly visible and the reactor power stabilized immediately. The reactor outlet
and steam generator outlet (same as reactor inlet)’ temperatures are shown in
Figure 7. As can be seen the te_mperaturje quickly .stabilized.

Figures 3.and 4 should be referred to again but this timé the traces on load

" increase are to be observed.

On July 9, a demonstration was held for some prominent European visitors.

With the plant at full load of 2000 kilowati:s (electrical) the main brea.ker was opened

and the plant output allowed to drop to station load of 200 kilowatts. The generator

was then resynchronized and the load increased to 2000 kilowatts in the same
fashion as described in t‘hAé previous figures. This dropping to station load and

increasing 'to_"full lqad was repeated five _times in less tha,n' an hour and a half.

" Figure 8 shows the trace from the generator wattmeter and Figure 9 shows the

reactor AT recording for the five demonstrations. . During t_hi‘s entire time (hour
and a half) the only controls that were manipulated were those for the ‘electr'ical ,
switch géa._r, In particular the reaétor gzoptrol rods did not move. '

The next Figures will show the emergency cooldown tests. The APPR-i
was designed so that it would cool itself by thermal convection of the'water ini the
primary loop thrbugh the‘ reactor and steam génerator and back again. Calcula-
tions indicated that the maximum tempefature frbm after-heat would éppea‘r in
20 to 30 minutes after pump failufe at full power. The reactor was designed

so as to permit no boiling under such conditions.

. During the initial tests while approaching full power, the primary coolant

pump was turned off at succeedingly higher power ievels. On turning bff the
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pump the rods drop an a low flow scram within a fraction of a second. The’
procedure was then to withdraw the rods and return to critical at zero power
as soon as possible after the scram.' 'Observations were then made for the re-
activity fluctuation characteristic of boiling reactors. ‘ T
The Log N recording is shown in Figure 10 for the final test of this B

series. The reactor had been at 10 megawatts for 10 ho'_u.r's before stopping
the pump. The reactor scrammed immediately and was brought critical a,t‘.
100" watts within 10 to 15 minutes. In Figure 11 is shown the reactor outlet
temp_eratixre.' This témperature began to rise after about .20 minutes and con-
tinued to rise for about 1/2 hour due to afterheat. The s;}stem heat losses then
amounted to more than the afterheat and the temperature started to drop. If
boiling due to afterheat had not occurred up until the time that this temperature
| began"fo drop it may be concluded that it would not occur thereafter.

 In Figure 12 is shown the linear power recording. The figure shows the trace
aftcr about 7 minutes. Prior to this time, numerous lrod mévements and scale
changes were made, and the record was meaningless. This range is around 100
watts., At 13 minutes the reactor was super critical and on a positive period, B
" but leveled out and went on a negativé period until there was a rodl withdrawal

sufficient to make the period positive again. Again the period leveled out and be- ]
came negative so that fuﬁher rod withdrawal was requi;red. This pattern repeated
for a number of times. See Figure 13 which is a continuation of the previous figure.
III. Conclusion

Throughout the record a slight oscillation in the‘ trace can be observed.

This is no more pronounced at one time during the experiment than during another,
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and when compared with previous traces taken at low power, was found to be
typical of the instrumentation. No large amplitude oscillation in the trace of the
neutron level recorder as is typical of boiling reactors was observed. Accordingly,
it was concluded that after pump failure and scram from full power the APPR-1
will cool itself by thermal convection without detectable boiling.

Returning to the discussion of the record, it will be observed that the last
rod withdrawal was required at 53 minutes after shutdown. Up until this time it
had been necessary to repeatedly withdraw the rods to compensate for a decreased
reactivity because of the temperature increase from afterheat.

After this last rod withdrawal, the reactor power levelled off in about 3
minutes and stayed level for 7 minutes. At 63 minutes after shutdown, the reactor
started to indicate increased reactivity. This obviously meant that the peak in
temperature had been passed and the primary system was beginning to cool down.
From that time on, rod insertions were required to keep the reactor from going

on to short a period as shown. The experiment was then terminated.
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Fig. 1 Log N Chart, Loss of Load Transient Test
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Fig. 2 Reactor and Steam Generator Outlet Temperature, Loss
of Load Transient Test




Fig, 3 Reactor T and Primary System Pressure Vs Time
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Generator Watt Meter, Increase of Load Transient Test
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Fig. 9 Reactor T Recording
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Fig.

12

Emergency Cooling - Linear Power Chart (Part 1)
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13 Emergency Cooling - Linear Power Chart (Part 2)
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APPR-1 WATER TREATMENT AND WASTE DISPOSAL

I. Introduction

| The design and operation of the APPR-l,A a pressurized water reactor,

involves many phases of chemical technology. Of major importahce are ‘th_e

water treatment and waste disposal requirementse This papef will give a

‘brief_mdescription of these systems along with somé operating results. - -
Among the reasons necessary for the control of the primary water

purity are included the following:

1. Reduce build-up of excessive radioactivity.
2, Minimize large scale deposition of solids on fuel elements. -
3. Minimize possible clogging of close tolerances" B

from deposition of solids.
4, -Minimize corrosion due td oxygen.
" For these reasons, the primary water purity is maintained below 2
ppm total solids and oxygen is essentially eliminated, To maintain this purity,

continuous purification of the primary water is performed. As shown in

Figure 1, a portion of the primary water is removed, purified and recirculated
back to the primary system.

The blow-down water is removed frorh the primary system at a temp-
erature of approximately 430°F. River water is used in the blow-down heat
exchanger to réduce the temperature of the primary water to less than 120°F.
This reduction in temperature is necessary to protect the demineralizer resins

from serious thermal damage. A motor operated thfottling valve reduces the
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pressure from 1, 200 psi to less than 100 psi. Should a leak develop in the blow-
down cooler, or should the unlikely event of a fuel element rupture occuf, radia-
tion monitors will automatically divert either the 'primary blow-down or the con-
taminated river cooling water to an underground hot waste tank.

The blow-down water is then passed through one of two mixed bed de-

- mineralizers for purification, and then through a micrd-metallic filter which
serves to collect any resins that are lqst from the deminex;’alizer.

Leaving the filter, the water is collected in a 5, 000 gallon Type 304
stainless steel hold-up tank from which it is recirculated back to the primary
system by means of one of two positive 'displacement pumps. Hydrogen isl-.in—
jected into this tank to scavenge‘ the oxygen in the primary systexﬁ 'd‘urin'tg reactor
operation. | | |

‘The puriﬁcatiérn rate is dependent upon the release rate Qf corrosion
products into the primary coolant. .The' purification system ‘design is ba.s'edj on
the maximum possible release rate which is the corrosion rate. For Type 304
stainless steel, the corrosion rate is approximated at 0. 05 mg/ cmz—mon |
IL. i’recritical Operation

Before the reactor became critical, a serie‘s' of non-nuclear tests were
performed with dummy,fuel elements in the core. - During this test period it was
demonstrated that‘ satisfactory water purity in the primary system could be
maintained. |

The primary system wés filled with distilled wgier from a portable distill-
ing unit. The system was heated to 450°F. by f)g,ssing steam from an auxiliary

boiler into the secondary side of the steam gexﬁera.tor. Pressure was maintained
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at 1, 200 p-Si on the primary side with the pressu'rizer or the make-up pumps.

During the dummy core test, hydxl'azine was used to scavenge dissolved
oxygen.' A dilute solution of hydrazine was injected into the primary system by
means of a small chemical feed pump feé‘c:iing to the suction side of the primary
méke-up pumps Hydrazine feed concentrations varied from 0. 04% to 1% at feed
rates up to 14 ml/ min maximum. Of partlcular interest is the rate at which
the d1ssolved oxygen in the initial fill Wa;:'e:r was removed. Figure 2 mdlcates
the dissolved oxygen concentration dropped from 5. 4 ppm to less than 0. 01 ppm
in 12-1/2 hours. The system was being. heated up at this time, wifh the rﬁean
temperature during this period about 3250F. Because of the intermittent opera-
tions and frequent shutdowns during this period, hydrazine feed rates could not
be held constant, causing difficulty in maintaining a definite hydrazine residual.
Generally, an excess of 0. 05 to 0.1 ppm N2H4 was strived for. However, in
spite of the erratic conditions, oxygen concentrations were usually kept below
0.1 ppm.

The initial quality of the distilled‘water used to fill the system was
rather poor, with a specific resistance of about 120, 000 ohm-~¢m and a chloride
concentration of about 0.5 ppm. After about one weeks opération with normal
purification, the resistivity was raised to 300,000 ohm-cm a.nd the chlorides
dropped essentially t;) 0. The demineralizer performed effectively, with the
effiuent from the unit consistently readiné 2 to 4 meg-ohm-cm. The pH of the

system remained relatively constant, in the range of 6.2 tc 6. 8. The demin-

eralizer effluent averaged about pH 6. 5.
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I Plant Start-up and 700 Hour Test

At the corﬂpletion of the dummy core tests, the primary system was
drained. The water remaining in the primary‘make-up tank was purified by
recirculation through the primary demineralizer using temporary hose con-
nections and a small portable pump.

After removal of the dummy elements and inspection and cleéning of
the inner shield tank, the primary éystem was filled with demineralized water,
and the uranium fuel elements loaded. When the ‘reactor was brought up in
power, hydrazine addition was s‘uspendea and hydrogen added to maintain zero
oxygen residual. | |

Hydrogen control in the system was excellent and was easily accomblished.
Hydrogen is added only to the primary make-up tank and reaches the primary
system in the water being added by the primary make-up pump. The rapidity
&ith which the hydrogen concentration in the system reaches equilibrium with
the concentration in the tank is shown in‘ Figure 3. Maintaining an approximate
gauge reading of 15 to 20 psig from the hydrogen feed tank was adequate to main-
tain a concentration of 30 to 45 cc Hg/liter of water in the primary system. The
effectiveness of the hydrogen wa,é proved in that no o#ygen of consequencle was
detected during the duration of the phase of plant operation. Initially, analyses
for oxygen were performed every shift, but since no oxygen was appeariné in the
system, frequency of analyses was reduced.

The control of chlorides was nex%er a problem. The initial fill water was.
anaiyzed at less than 0.1 ppm, and dailjr analyses showed that the chloride con-

centration did not exceed this value.
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Frequent determination of total solids in the system indicated that the
buildup of circulating solids was small and remained within specifications. The

demineralizer pérformed very satisfactorily. During the two month operating .

1.

period, the specific resistance of the primary syStem generally exceeded 600, 000
‘ohm-cm as shown in Table 1. Resistivity of the effluent from the demineralizer -
was generally in excess of 2 meg-ohm-cm. MeaSurements were made with a
dip-type cell in an open breaker and the actual downstream resistivity was prob-
ably higher than these measuréd !values. | |

Primary ébofa/nt pH varied between 6. 4 and 9. 0 as shown in Figure 4.
The pH. of the demineralizer effluent remained in the range 6.5 to 7.0.- The
alkaline pH of the pxzimary watef was primarily dlie to the presence of ammonia
as shown by chemical analysis. The ammonia is' synthési-zed from nitrogen and -
hydrogen in pressurized water reactors by the action of radiation. The source
of nitrogen was probably due to residual hydrazine decomposition; the dissolved- - |
air in water at startup and possible in-leakage of air into the make-up system.
It was demonstrated that the ammonia concentration could be reduced and the
pH dropped by increasing the purification blowdowxi rate. : | -

Chemical analysis for corrosioq products circulating in the system in-
dicated that insignificant amounts of iron, chromium, nickel, .manganese, or
cobalt were.presént. Analysis by colorimetric methods on samples concentrated
10-fold by evapofation showed undetectable amounts of all these metals with the i
exception of iron. Iron concentration varied from 0. 01 to 0. 05 ppm. |

A slight residual of oxygen was detected at times, usually to the extent

of 0. 01 to 0. 04 ppm, as shown in Table II. Analysis of the water in the primary
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make-up tank showed oxygen concentrations of about' 0.1to 0.3 ppm. Source of the
oxygen in this tank was not conclusively determined. A limited qumber of tests in-
dicated that in-leakage of air may have been occurring at the seal leak—off. collection
tank,
IV. Secondary Systeni

The principal difference between the APPR-1 secondary system and that of
a normal power pla,nt. is the structural material of the stean'l.genera.tor. "Whereas
most conventional power plants have carbon steel boilers, Type 304 stainless steel
was employed here because of the primary system requirements. . With an austenitic-

type stainless steel steam generator, chloride and oxygen control became extremely

important because of possible stress corrosion problems. Unfortuhately, the threshold % %

amounts of either oxygen or chlorides that cause cracking have not been well defined.
Consequently, at the APPR, the maximum oxygen concentration was established at &
0. 03 ppm and the maximum chloride concentration at 0.5 ppm. These limits were
felt to be severé but practical.

ATwo cherﬁicals primarily have been used to minimize corrosion of secondary
system components: hydrazine to eliminate oxygen and'morpholine to control pH.
A‘lthoggh provisions are available for adding phosphate, it has not been used since
the pH was easily maintained within the desired range by morpholine alone. In
gen‘eral, a1y solutior; of both chemicals has been fed to either the boiler feedwatef
line or to the hotwell, depending on gvaporator operation. Oxygen conceﬁtrations
in the-boilér water and steam were reduced to essentially zero and in the hotwell to
abdut 0. 01 ppm. With minor exceptions, the saxﬁe oxygen levels were maintained

throughout the entire full power run. Table III shows typicé.l oxygen residuals.

/
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Since the secondary system had been filled with demineralized water prior
td start-up, chlorides were very low throuéhout the full power run, even in the
steam generator blowdown. }As shown in‘ 'i‘able 1V, chloride concentrations wére ,
well within the speciﬁcatidns of 0.5 ppm rﬁéximum chioride concentration.

The pH of the secondary system wﬁs easily maintained at 8.5 to 9.0 by
feeding morpholine either to the boiler feed or to the hotwell. Since morpholine
carries over with the steani, both the steamv and condensate systems were pro-

tected by the alkaline pH.

V. Waste Disposal

The employment of the closed purification system has precluded extensive
. waste disposal facilities. Unlike most nuclear power plants, the APPR-1 waste |
disposal system has been so minimized that extensive appropriations have not
been necessary for this operatioﬁ;

The principal source of radioactive wastes is the demineralizer resins in
the primary purification system. In the process of purification, radioactive as
well as non-radioactive substances are removed. The buildup of radioactivity
on the resin beds is significant at the time of the exhaustion of these resins. To
facilitate simple disposal, a satisfactory but extremely economical unit was de-
signed and constructed as shown in Figure 5. This unit is twelve inches in dia-
meter by thirty-six inches high. Upon exhaustion, the complet_e unit, that is,
the resin and housing, will be removed from the APPR-1, placed in a lead ship-
ping cask and sent té a designated burial facility.

Other waste disposal features at the APPiR-l include a 5, 000 gallon under-
ground carbon steel tank. This tank is designed to collect primary water due to a
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large buildup of activity from the unlikely event of a fuel element rupture.
Two laboratory waste tanks, each of 250 gallon capacity, are provided to -

receive waste fluids from the laboratory and the sampling in the demineralizer

room.
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TABLE I
RESIN PERFORMANCE (700 HOUR TEST)

UPSTREAM DEMINERALIZ ER DOWNSTREAM\DEMINERALIZER UPSTREAM DOWNSTREAM

DATE  RESISTIVITY (MILLION GHM-CM) RESISTIVITY (MILLION OHM-CM) . pH  pH
412 0.45 - 25 6. 4 6.4
4/16 o | 3.0 | .9 6.2
4/20 0.4 | 2.0 8.5 7.0
4/28 0.175 2.0 A 7.4
4/30 0.9 2.0 7.6 6.7
' 6/2 | 1.3 4.0 7.6 7.1

| 2 6/6 4 2.5 | _ 4.0 ' 7.2 6.8

| 6/10 o 4.0 8.4 6.9
6/12 0.6 T 4.0 8.8 6.3

6/16 0.55 o : 2.0 8.6 7.1




TABLE II

OXYGEN RESIDUAL (700 HOUR TEST) -

DATE ~ OXYGEN, PPM
6/1 0.0
6/2 - 0.0
6/3 0.0
6/4 . 0.0
6/6 - 0.0
6/9 . 0. 01
6/10 . 0.04
- 6/11 ©0.03
/14 | 0. 02
6/15 | - 0. 01
6/16 ~0.01
6/20  0.04
71 | 0.03
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TABLE III

.OXYGEN RESIDUALS (HOTWELL)

SAMPLE OXYGEN

DATE NUMBER = - CONCENTRATION (PPM)
6/3 896 0.0

6/5 - 958 ~ 0.0

6/ | 1988 R 0. 03

6/9 | 1042 | ‘o, 11

6/16 1258 - | 0.02

6/22 1488 . 0.009

6/26 1581 | 0. 013
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TABLE IV

STEAM GENERATOR CHLORIDE CONCENTRATION

| SAMPLE CHLORIDE
: DATE NUMBER CONCENTRATION
" 6/3 | 882 0.25
_ 6/5 i 935 0. 30

6/7 964 0.10

6/9 1,000 0.14

6/11 1,030 0.13
] 6/12 1,057 0.0

6/14 1,193 - 0.25
6/15 . 1,230 | 0. 34

6/17 1,301 0.17

6/19 - 1, 366 0.13

6/22 A 1, 466 0.10
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Fig. 1 Simplified Flow Diagram
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Fig. 2 Oxygen Scavenging with Hydrazine
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Fig. 3

Hydrogen Concentrations in Primary Make-up
Tank and Primary Circulating System
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Fig. 5 APPR Demineralizer.
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APPR-1 RADIOCHEMICAL DATA
I. Introduction:

The Afmy Package Power Reactor, located at Fort Belvoir, Virginia, is
a heterogeneous, wéter-cooled and moderated reactor which employs enriched
- uranium fuel clad in stainless steel. The reactor is capable of producing 10, 000
KW of heat while generating about 2, 000 KW of electricity. An extensive testing
program has been conducted at the APPR-1 including a 700-hour power perfor-
mance test. Prior to and during this test a sf;udy was undertaken to obtain infor-
mation concerning short-lived nuclides in the primary system. Work involved
measuring gross beta-gamma activity with a Geiger-Muller counter and was
directed toward obtaining information on the followiﬁg:
1. Identification and characterization oi short-lived nuclides (less than
6 hours).
2. Determination of absolute activity to ascertain the equilibrium values
of short-lived nuclidés at full power.
3. Decontamination valges of fhe demineralizer system.
A long-lived nuclide program, performed in conjunction with this particular
study, indicated that the nuclides Co98, 60 5 Fesg, 39, Mn54v, and crol were present
and accounted for approximately 80% of the long-lived activity. . From a considera-

tion of structural and cladding materials, together with experiences at other reactors,
65
3

it was expected that among the principal short-lived nuclides would be Mn56, Ni
Si31, N16, Fig. 1 lists the characteristics of these particula.r nuclides. It is true

that A41 has been reported in the primary coolant of other systems. However, in

a deaerated system like the APPR-1, the possibility for the formation of this nuclide

is very small.
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1L, Sampling Procedure:
The sampling procedure involved initially collecting samples upstream of
the demineralizer. From these samples aliquots were then taken, evapofated to
dryness in a planchet, and counted for beta-gamma activity with a mica window
G.M. detector. This procedure naturally excluded detection of any volatile .

nuclides, i.e., N16,

III. Nuclides Detected:

Decay and beta energy results ipdicated the presence of Mn©8 and/or
Nif5 as the major components.‘ On the basis of lead absorption data, the uhknown
nuclide was believed to be Mn®6, Fig. 2 c\ompares the known nuclear pererties of

these nuclides with the observed values, The Si3l1 with a half-life of 2. 6 hours has -~

been omitted because of its 1. 5 Mev beta particle and weak gamma. - The beta
energies are too close to be sepafated by the usual aluminum absorption techniciues
and half-lives may only be differentiated by extremely precise measurements. I
the two nuclides 'do occur together, they could best be reéélved on the basis of a »
. radio-chemical separation 6r by gamma spectromefry methods.

| Subsequent data corroborated the earlier conclusion that the principal
short-lived nuclide was chiefly Mn®6 Upstream samples showed a 3-houf éom-
ponent which represented approximately 90-95% of the total activity. Fig. 3 re- -
presents a typical decay curve of an upstream sample. The curve is a two com-
ponent system. with a 2. 5 hour half-life together with a 19. 5 hour half-life. The

chart of isotopes lists no applicable nuclide with a half-life of 19. 5 hours; con-

sequently this component probably represents a composite of several nuclides.
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It J‘;s interesting to note that within 48 hours there was a hundredfold deérea.se in
the primary upstream activity fro'm 1071 to 10-3 uc/cc.  Fig. 4 lists the results
of beta enefgy determinations on another upstream sample taken 24 hours after
the sample shown in Fig. 3. The energy values, i.e., 3 Mev, 1 Mev, 0.5 Mev

56. The change in percentages of the components as a

are consistent with Mn
function of time after sampling illustrates the importance of correcting samples

to the time of sampling.

IV. Sampling Corrections:

" This is perhaps an obvious point yet a necessary one which occasional:}'y
: produées some interesting results as will be shown shdrtlyc D‘eca,y correction
factors were obtained by extrapolating all the gross decay curves to the time of
sampling.. The fraclion of activity remaining after various intcrvals was then

calculated for the upstream samples, i.e.

Decay Factor = _Activity (counts/minute) @ ty
: Activity (counts/minute) @ to

- Fig. 5 presents all the results for upstream samples from 4 June thfough 25 June.
The mean of the decay factors after each time interval has been calculated.and the
standard deviations show only slight dispersipn. The composite decay curve is
given as a function of time in Fig. 6 and shows a half-life of exactly 2. 5 hours.
 These results indicate that during this period the gross c_irculating activity before
purification contained nuclides with the safne half-lives and in the same proportions.
This‘ is in spite of tfne fact that during this period the gross activity varied by a
factor of 3-4! It is logical therefore to interpret this to mean that the short-lived

nuclides in this system had reached their equilibrium specific activity (dpm/mg. )
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by 4 June or within 48 hours after the start of the 700-hour test.
V. Circulating Activity:
The upstream circulating activity, expressed as uc/cc, during this period

is given in tabular form in Fig. 7. Assuming the specific activity (dpm/ mg,) of the

short-lived nuclides had reached their equilibrium value and this level completely

masked any contribution from long-lived nuclides, a straight line parallel to the

. abscissa would be predicted. Since the power level and the specific activity (dpm/mg)

remained constant during this period, the deviation from this expected behavior is
explained on the basis that the concentration of crud varied (mgs/ml).

The downstream samples, on-the other hand, showed a different non-re-. .
producible decay pattern. - Fig. 8 represents .one:particular decay curve. No.

long-lived activity was apparent and all the samples decayed to background within

24 hours. There is no apparent explanation for this behavior; - Perhaps it is

channeling of solids through-the resin or desorption of the monovalent.ions:from :
the resin. The 84 minute half-life is in the neighborhood of Fl8 (110 minute half-
life); this nuclide is suspected in other reactor systems. It is important to note

that counting rates are decidely lower than for upstream samples. Therefore

reliable points on the decay curves require either longer counting times or more

elaborate techniques. Nevertheless within 15 hours the sample had decayed to such
a point (10‘5 uc/cc) that a dilutién factor of 100 wbuld reduce the activity to M. P. C.
levels. . | |
VL Demineralizer_ Efficiency:

This brings us to a consideration of the purification system. This function

- is performed by one of two mixed bed .derhineralizexjs consisting of a mixture of a
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strong sulfonic acid type resin in the H* cycle and a strong basic type resin in fh‘e
OH™ cycle. One of the major functions of the demineralizer is to remove radio-
active nuclides from the blowdown water. The bulk of the activity should be re-
moved whether it is present as suspended or dissolved material in the primary
blowdown system since the demineralizer acts as both a filter and an exchanger.
ansequently, a valid measure of the demineralizer efficiency is the decontamina-
tion factor, which is the ratic of the radioactivity in the influent to the efﬂuerit
both corrected to instant of sampling (tg).

Efficiencies across the demineralizer were determined by sampling:both Gt

the up and downstream at approximately the same time. No samples were taken = 4 3

more than one minute apart and all samples were corrected to instant of sampling "-7":"

by the correction factors presented in previous sections. Each downstream
sample was corrected with its own decay curve Smce these were all non-reproduc~<5i"i{v
ible. Fifty-five minutes was the longest time between sampling and a_svs’aying.
The decontamination values are plotted as a function of time in Fig. 9. Duri_rig
the period. covered by the data blowdown was maintained at 1 gpm.- The se_milo-
garithmic plot gives an equilibrium decontamination value of approximtely 360,
reached after 600 e.f.p.h. or about 24 days after the start of the 700-hour test,
This would mean that the demineralizer was removing 360/361 or 99. 72% of thé
activity in the influent or primary blowdown.

' Normally a straight line parallel to the abscissa would be expected. This
would continue until the resin was éxhausted at which time the decontamination
,factor would drop sharply. There is no apparent explaination for the observed

behavior. Since the nuclides in the influent were shown to be different than those
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~ in the effluent, the G. M. data would be subject to some correction. However,

these would be small.

VTI, Conclusion:
In conclusion then,it appears that the activity of the non-volatile short-

lived nuclides entirely masks contributions from long-lived nuclides in the APPR-1
circulating water. These short-lived nuclides are probably Mn%8 and/or Nif® . -
and account for about 90-95% of the non-volatile lshort-lived activity. They o
reached an equilibrium spécific activity within 48 hours after the start of the
700-hour test and did not change throughout the remainder of the test in spite Qf

an increase in overall circulating activity. The circulating activity in the pri-

mary bloWdown water is being effectively removed by the demineralizer.

»,
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Fig. 1 Short-Lived Nuclides

NUCLIDE | HALF LIFE | PARENT |REACTION
(HOURS)
Mn® -2.58 [Mn°%0100) n-¥
| Fe®®(91.7) ' n-p
Ni®® 256 |NS*(ue) | n-®
i 2.62 [si%°(3.05] n-¥
P> 100) | n-p
N | o0.002 |0® e8| np
| (7.5SECS.)|
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Fig. 2

‘Mn

56

Nuclides

NUCLIDE |HALF LIFE | BETA ENERGY | GAMMA ENERGY
(HOURS) | MEV % (MEV)
56
Mn 2.58 2.8l 50 2.06
‘ 1.04 30 .77
0.65 20 0.82
Ni ¢’ 2.56 | 2.10 57 1.49
1.0l 14 1.12
0.60 29 037
UNKNOWN| 2.7-3.0 [26-30 55 2.0
NUCLIDE 1.0-1.1 45 | '
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Fig. 3

MICROCURIES PER CCXI0™

Primary Water Decay Upstream Demineralizer June 10, 1957
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Fig. 4 Beta Energy Values - Upstreém Demineralizer June 11, 1957

HOURS AFTER BETA ENERGY
SAMPLING MEV PERCENT
15 3.0 28.|
.3 38.9
05 33.0
08 3.0 - 17.4
| 1.0 443
03 38.3




- Fig.

5

Upstream Decay Factors

HOURS AFTER SAMPLING

DATE 05 10 15 20 25 30 35 40
JUNE 4 89 78 .67 .58 .50 44 .39 .33
JUNE 10 89 77 .66 .57 .50 44 .38 .34
 JUNE 11 .89 .78 .66 .60 .52 46 .41 .36
JUNE 14 .88 .74 .63 .54 43 .38 .32 .27
JUNE 22 .89 .78 .71 .63 .57 .51 45 .40
JUNE 26 .86 .74 .64 .55 .47 .41 .35 .30
ME AN .88 .77 66 .58 .50 44 .38 .33
S.D. 00l 0.02 003 003 0.04 004 0.04 0.04
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Fig.' 6 Upstream Decay Factors
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Gross Activity - 700 Hour Test

Fig. ‘7
 DATE efph |uc/ecx10®
3 JUNE 50 | 7.6
4 JUNE 154 7.9
IOJUNE | 221 12.6
11 JUNE 24| 12.7
Il JUNE | 245 15. 1
14 JUNE 319 17.8
22 JUNE | 49 22.8
24 JUNE 539 21.3
| 26 UNE | 589 15.3
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Fig. 8 _* Primary Water Decay Downstream Demineralizer June 4, 1957 \l
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Fig. 9 - Decontamination Factors - 700 Hour Test
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