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THE NATIONAL BUREAU OF STANDARDS

The National Bureau of Standards is a principal focal point in the Federal Government for assuring
maximum ?plicat,ion of the physical and engineering sciences to the advancement of technology in
industry and commerce. Its responsibilities include development and maintenance of the national stand.
ards of measurement, and the provisions of means for making measurements consistent with those
standards; determination of physical constants and properties of materials; development of methods
for testing materials, mechanisms, and structures, and making such tests as may be necessary, particu-
larly for government agencies; cooperation in the establishment of standard practices for incorpora-
tion in codes and specifications; advisory service to government agencies on scientific and technical
problems; invention and development of devices to serve special needs of the Government; assistance
to industry, business, and consumers in the development and acceptance of commercial standards and
simplified trade practice recommendations; administration of programs in cooperation with United
States business groups and standards organizations for the development of international standards of
practice; and maintenance of a clearinghouse for the collection and dissemination of scientific, tech-
nical, and engineering information. The scope of the Bureau’s activities is suggested in the following
listing of its four Institutes and their organizational units.

Institute for Basic Standards. Applied Mathematics. Electricity. Metrology. Mechanics. Heat.

Atomic Physics. Physical Chemistry. Laboratory Astrophysics.* Radiation Physics, Radio Standards

%aboratory:* Radio Standards Physics; Radio Standards Engineering. Office of Standard Reference
ata. ‘

Institute for Materials Research. Analytical Chemistry. Polymers. Metallurgy. Inorganic Mate-
rials. Reactor Radiations. Cryogenics.* Materials Evaluation Laboratory. Office of Standard Refer-
ence Materials.

Institute for Applied Technology. Building Research. Information Technology. Performance Test
Development. Electronic Instrumentation. Textile and Apparel Technology Center. Technical Analysis.
Office of Weights and Measures. Office of Engineering Standards. Office of Invention and Innovation.
Office of Technical Resources. Clearinghouse for Federal Scientific and Technical Information.**

Central Radio Propagation Laboratory.* Ionospheric Telecommunications. Tropospheric Tele-
communications. Space Environment Forecasting. Aeronomy.

* Located at Boulder, Colorado 80301.
** Located at 3285 Port Royal Road, Springfield, Virginia 22171.
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SECTION 1. INTRODUCTION AND SUMMARY

1.1 GENERAL DESCRIPTION

The NBSR is a reactor-laboratory complex for providing the Bureau with the means of
performing research and standards on materials and nuclear processes. Since the largest
portion of the work involves the use of thermal neutrons, the reactor type chosen was one
which generates a highly degraded and well thermalized neutron spectrum, This combined with
the requirement that the flux be competetive at reasomnable power dictated the choice of an
enriched fueled heavy water moderated and cooled reactor. Since the basic technology of
reactors of this type exists, NBS had only to custom design its own version of the Argonne
CP-5 class reactor, effecting but minor modifications, This is to say that all of the tech-
nology is firmly established either by actual embodiment in previous systems or by extrapola-
tion from those systems via good engineering practice.

The complex is shown in Figure 1.1. The front, or east portion, of the complex consists
of offices, cold laboratories, warm laboratories, shops, and other special purpose space,
all of which falls outside the nuclear confinement boundary. The north wing of this non-
confinement portion of the structure has a cold basement area wherein are located various
plant type items such as air-conditioning machinery, power distribution gear, demineralizing
equipment, emergency power units, and storage space. This cold basement area is also
accessible via a truck ramp on the northwest or rear side of the building.

The reactor, or confinement portion of the structure attaches to the aforementioned
office and laboratory building on the latters west or rear side, It is a three level building
90' x 90' in cross section., The control room and general access to fuel elements and in-core
thimbles is at the top or above grade level., Radial and through-beam tubes are at grade level,
Principal access to this level of the building are through gasketed doors from the non-
confinement building and a large gasketed truck door from the yard on the south side, The
basement or below grade level of the confinement building contains most of the process systems,
fuel element storage pool, and radiochemical laboratories into which the pneumatically
operated sample irradiation tubes exit,

The reactor proper is centrally located within the confinement building. Joining the
confinement building on its north side are the stack and secondary pump annex, These are
outside the confinement boundary.

The location of the reactor facility and other principal buildings on the Bureau's
campus are shown in Figure 1.2. The nearest site boundary from the reactor is one-quarter
mile to the west. The site itself is in Montgomery County near Gaithersburg, Maryland, and
is approximately twenty miles northwest from the center of Washington, D, C,

The reactor under consideration is a heavy water moderated and cooled, enriched fuel,
tank type machine to operate at 10 Mw of power. It is of the Argomne CP-5 class, Basically
it consists of an aluminum vessel filled with heavy water which also contains the core or
grid of enriched plate type fuel elements. Surrounding the vessel is the thermal shield, an
iron-lead light water cooled structure to protect the biological shield from excessive
radiation heating. Surrounding the thermal shield and penetrated by numerous beam ports,
etc., is the high density concrete biological shield. The NBSR differs from the CP-5 omly
by being upgraded in power and by modification in minor respects.

The core, for example, consists of an array of about twenty-four plate type elements
wherein the enriched uranium is alloyed with aluminum within the readily achievable or normal
range of composition, and clad with aluminum. The array is such as to generate a well
moderated and thermalized reaction, in that the fuel element centers are far apart and allow
for a high moderator to fuel ratio, The elements differ from the usual element, however,
by being fueled both above and below the midplane of the core, The gap between the upper
and lower regions is nearly the same as that between element centers. Neutron transport
along the vertical dimension takes place as readily as it does in the radial dimension. The
"fuel element structure employed to realize this feature is essentially the same as that of a
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normal multiplate element, but is a bit longer and is fabricated by a double rather than a
single picture frame method. Re-entrant beam tubes welded to the reactor aluminum vessel
terminate in the vicinity of the vertical fuel gap, thereby allowing extraction of neutron
beams considerably freer of fast neutrons than can be obtained from the usual configuration.
The neutron behavior in such a fuel distribution is readily anticipated by standard multi-
group calculations, and does not require critical assembly mock-up measurements in advance
of actual zero power startup.

Another modification, and one which should prove economical of process water flow, is
the double plenum at the bottom of the vessel. By means of two independent concentric
plena, flow to the inner and outer array of elements can be separately controlled.

A further significant modification in the NBSR is the method of handling fuel elements,
For transferring elements to a different core position or for removing elements from the core,
it is not necessary first to withdraw elements into a flask above the reactor top 23 in the
usual CP-5 type system. Pick-up and transfer tools operating through the top lid effect the
shuffling and dropout under a blanket of either heavy water or helium. The above core fuel
handling system and the bottom receiver constitute the most significant engineering develop-
ment problem undertaken by NBS in the design, fabrication, and procurement of the NBSR,

From an engineering point of view, the remaining significant modification in the NBSR
is the means for providing extensive heavy water emergency cooling. The usual overhead tank
can supply water either to the top or to the bottom of the elements. Additionally, two inner
tanks within the reactor vessel retain heavy water in the event of a loss of water by the
main vessel, One of these tanks supplies coolant flow to the elements; and the other maintains
water around the lower half of the core; i.e., keeps the lower half of each element under
water, These provisions far exceed those of the usual system. Of special significance is
the ability to feed emergency coolant to the lower plenum, thereby forcing water up through
the elements rather than depending solely on water being able to trickle down from the top
through potentially very hot surfaces. These and more minor features of the system will be
further discussed in later sections of the report,

The confinement building is of reinforced congrete and of sufficient tightness that
“hen closed, any initial differential pressure relaxes toward zero in a mean-time of one
hour or better. The philosophy of emergency; i.,e., under conditions of major fission
produce release, is one of controlled effluent. The internal atmosphere of the confinement
building is recirculated and filtered. At the same time it is passed out of the bhuilding
through absolute filters and a stack at such a rate as to maintain a small negative differen-
tial pressure across the building walls. Even under the worst hypothetical condition when
all of the filtering fails, the dose to a person on the site boundary is negligible,

It is planned to operate the plant and its attendant experimentation twenty-four hours
per day for about a three week cycle. Over the weedend, during which time the plant is
shutdown, fuel is replenished and other maintenance is performed.

Table 1,1-1 below, lists the more significant nuclear and engineering characteristics
of the system and plant,



Table 1.1-1 Principle Plant Characteristics

Power 10 Mw

Core Radius 55 em

Core Height 74 cem
Inactive Split Height 18 cm

Active Core Volume 541 liters
Mean Power Density (Active Core) 18.5 Kw/liter

Fuel Elements:

Type Split MTR Curved Plate
Enrichment 93% U-235
Initial Number 19
Initial Loading 170 gm
Final Number 24 .
Final Loading 205 gm
Nominal Core Loading 4090 kg
Core Life ) 24 weeks
Core Cycle ‘ 3 weeks
. Moderator Coolant D20'
Metal-to-Water Ratio 0.085
Reflector Thickness 60 cm
’ 14, 2
Thermal Neutron Flux (Peak) 1.7 x 107 /cm'sec
1
Fast Neutron Flux (Peak) 1.2 x 10 4/cmzsec
Neutron Lifetime 700 u sec
Rod Worths
One Shim -257% Ap
All Shims , =467, Ap
Fine Control 0.5% Ap
Void Coefficient -0,0407 Ap/liter
Temperature Coefficient -.034% Ap/©°C

Coolant Water

Temperature Rise 12°F

Velocity 12 ft/sec

Flow Rate 5100 gpm, 2
Heat Flux 1.0 x 10” Btu/hr f¢t

Shield Materials

Thermal 2" Pb + 8" Fe
Biological 6' Magnitite
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1.2 ORGANIZATION

The Bureau of Standards is organized into three institutes. The NBSR is managed by the
Reactor Radiations Division, a division within the Institute for Materials Research. These
features are disclosed in Figure 1.3, Shown by underscoring in this figure are those parts
of the Bureau which have some significant effect on the operation of the NBSR,

The Reactor Radiations Division is divided into seven sections, three of which are
scientific user sections. As with other user staff, both within and without the Bureau, they
are not elaborated upon here, other than to indicate that certain of the principle scientists
are available for membership on an internal '"Hazards Evaluation Committee."

Table 1.2-1 discloses the titles and responsibilities of the seven sections of the
Division, the first four of which have some effect on operationms.

Table 1.2-1

Section Responsibility
Administration - Division administration and management
Scientific Support = Facility development; applied technology;
theory and analysis
Reactor Operations - Reactor operation and maintenance; AEC
compliance
Engineering Services =« Mechanical and electronic design and
fabrication
 Neutron-Nuclear Physics . - Research and Standards.
Neutron Solid-State Physics - Research and Standards
Radiation Effects . - Research and Standards
Table 1.2-2
Organizational Unit Service Rendered
Administrative Section, - Guidance policy; funds; establishment of
Reactor Radiations Division out-section-section relationships; monitor-

ing of overall performance

Scientific Support Section, - Precision radiation and plant performance
Reactor Radiations Division measurement; new systems research and
development; analysis

Engineering Services Section, - Non-routine mechanical and electronic re-

Reactor Radiations Division pair; test, maintenance, and modification;
new systems design and procurement; co-
ordination with NBS Shops Division

Hazards Evaluation Committee - Analysis and approval of proposed experi-
ments; and plant, or operational alterations

NBS Office of Radiation Safety - Health physics
NBS Plant Division - Non-nuclear plant maintenance
NBS Administrative Services - Guard, fire, and ambulance; coordination

with Montgotery County Fire Board, and Police.
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It will be largely the responsibility of the Reactor Operations Section to sustain the
daily relationships with other parts of the Division and the Bureau, insofar as this affects
plant performance. The principle services rendered to Reactor Operations by other units
are shcown in Table 1.2-2,.

The Reactor Operations Section will perform regular operation; normal maintenance;
scheduling; management of Section funds; logging and reporting of plant performance to AEC
or Washington Suburban Sanitary Commission; management of fuel; procurement of materials
and suppiies; monitoring experimental users and their equipment; installing or supervising
the installation of user equipment; and in general assuming proper responsibility for
management of the Bureau's Part 50 license. Further details are given in later sectionms.

1.3 CONTRACTURAL HISTORY

The conceptual plan and design of the plant was undertaken by an original group of NBS
scientists and engineers, now incorporated into the Reactor Radiations Division. This group
was assisted by the Allis Chalmers Manufacturing Company and certain engineering persornel
from Naval Research Laboratory. The detailed engineering design was carried out by Burns
and Roe, Inc., of New York, under the direct supervision of the aforementioned NBS-NRL forces.
With the assistance of the General Services Administration and particularly of the Public
Buildings Service the general construction contract was bid and let to the Blount Brothers
Corporation of Montgomery, Alabama, this with the approval of the AEC. 1In parallel with the
general contract the Bureau bid and let approximately fifteen other contracts for major
reactor components, these to be installed by the general contractor.

At the time of this writing the Bureau has taken beneficial occupancy of the entire
complex. With fuel scheduled for delivery in February 1966, it is anticipated that startup
and power could be achieved by the first quarter of 1966,

1.4 SAFETY CONSIDERATIONS

There are no unusual safety problems connected with the NBSR, either by virtue of its
basic type or by virtue of its particular design. The basic nuclear reacti on in heavy
water is slow; i.e., the prompt neutron lifetime is relatively long; and the principle
reactivity coefficients such as void and temperature are adequately negative. As was pointed
out earlier the technology is firmly established and proven. Beyond this, extensive precau-
tions have been taken to insure multiple redundancy in the instrumentation, the power supply,
the emergency cooling systems, and in the effluent filtering systems.

The reactor operates in a low temperature unpressurized condition, and has no large
stored energy content, The worst nuclear incident results in a slow melt-down with no
pressure rise. Even if all filtering systems fail under the worst conditioms, the dose
to a person on the site boundary is minor. Lacking any novel or uncertain feature in the
system thus requires only that normal care be exercised in the design, construction and
operation of the plant., Additionally, of course, the Bureau, being a large experienced
technical institution, it possesses all of the peripherial services needed for security
and technical support, See for example Figure 1.3,
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SECTION 2, SITE DESCRIPTION

2,1 TLOCATION OF FACILITY

The immediate site of the NBSR is as shown in Figure 1.2, The Bureau campus as shown in
lighter shade is a 560 acre tract of land bounded on the east by a major highway (70 S), on
the north and west Md, 124, and on the southeast by a country road. The south boundaries are
private rather than public and presently separate the Bureau from rural residential property.
The nearest population centers are Gaithersburg and Rockville located to the east and south-
east respectively.

The site, or campus, is located in upper Montgomery County, Maryland, approximately
twenty miles northwest of the District of Columbia. The surrounding countryside out to ten
miles is shown in Figure 2.1, (located in a pocket on page 3 of the jacket). The drainage,
topography, well survey points, and other features shown in Figure 1.2 will be discussed in
later portions of this section,

2,2 POPULATION DISTRIBUTION

The immediate daytime population of the campus is 2500 persons, all of whom are under
the control of NBS. The 1960 and projected population of the area for the years 1980 and
2000 are given in Table 2,2-1, The data is given as a function of radius and angle from the
site. Information in this form is not available for the current and immediate past popula-
tion distribution, Instead it is given by election district. Table 2.2-2 reveals the 1969
and 1965 census figures for the Gaithersburg election district and the six other election
districts that border on Gaithersburg. This group of districts in Montgomery County roughly
represents an area around the site of ten miles in radius. A comparison of the figures shows
an increase in population from 1960 to 1965 of about 417%, the lower county averaging some-
what higher than the upper county. The angular and radial distributions for 1960 shown in
Table 2.2-1 would be scaled upward for 1965 accordingly.

The populations of the District of Columbia and Montgomery County are shown in Table
2.2-3 for the years 1960, 1965, 1980, and 2000.

The closest private housing consists of 5 houses located about 2000 feet or 0.4 mile
to the northwest of the reactor. The nearest population center is the town of Gaithersburg
(population 6500) located about 1.6 miles from the reactor. The nearest highrise apartment
building is currently under comstruction. It will house 209 apartment units and is 1.8 miles
south of the reactor. In a later section it will bé shown that even under the worst hypotheti-
cal conditions only negligible doses could be given to offsite persons.

2.3 METEOROLOGY

2.3.1 GENERAL INFORMATION. The meteorology of the proposed site shows no unusual
characteristics in weather, wind patterns, or atmospheric stability when compared to other
locations in this general section of the country. Extensive data are available on the clima-
tology and other meteorological charateristics of the Washington, D. C. area and those aspects
pertinent to reactor site selection have been published, (2.1, 2.2) A detailed summary has
been prepared for the NBSR site by the U. S. Weather Bureau and has been included in the
NBSR 7, Preliminary Hazards Summary Report as Appendix II. (2.3) In this report, it was
stated that "there should be no significant differences in the long period averages between
the reactor site and Washington in general weather conditions." It was further stated that
""since the meteorological frequencies are typical, the population distribution around the
site and the character of the reactor design and operation become the controlling factors in
evaluating the suitability of the site.”

In order to provide direct evidence in support of these statements, a weather station
was installed at the NBSR site. The choice of equipment and proper location on the site
were made following discussion with the Special Projects Section of the U. S. Weather
Bureau, A description of the weather station has been given in NBSR 7C, Prellmlnary Hazards
Summary Report, Supplement C. (2.4)
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Table 2,2-1

Radius

0-1 mi

1-2 mi

2-3 mi

3-4 mi

4-5 mi

5-10 mi

Year

1960
1980
2000

1960
1980
2000

1960
1980
2000

1960
1980
2000

1960
1980
2000

1960
1980
2000

200
400
600

250
650
1450

150
1850
2950

100
500
1200

200
900
2000

1200
5100
15,500

100
600
700

200
3000
4600

100
2200
4200

100
800
1300

100
500
1500

600
3500
9100

400
1300
1400

1100
2600
4600

200
2800
5100

200
4600
6800

400
400
900

900
3700
7400

500
700

1100
3400
5400

700
3300
5500

300
3700
6300

400
1500

1200
4000
11,400

400
500

1300
3700

6100

100
2700
5200

300
3600
5600

400
500

2900
9500
22,000

-

500
700

100
2500
3100

100
2600
3200

300
2100
3700

300
800
1900

23,500
17,700
64,300

500
800

900
2500

1600
3100

700
7100
11,900

5600
11,100
16,800

44,100
67,400
90.500

-

700
900

1200
3600

200
1400
2000

300
1600
2700

300
4000
5300

8600
35,700
48, 600

100
100
600

100
1100
2200

200
300

300
900
1300

500
1200
1500

1900
4800
11,500

200

100
300

200
400

300
500
700

200
200
500

300
300
400

200
200

100

100

100 .

300

100
100
300

100
100
300

100
300
300

300
400
500

100
200
400

400
600
700

800
900
1100

200
700

200
400

100
200
300

200
200
400

200 500 400
500 800 800
- 100 -~
300 900 900
400 1600 2400
- 300 200
- 400 1200
200 400 2700
- - 100
100 2200 2500
400 4900 8400
300 400 100
600 1800 4800
1100 6900 1740
700 900
700 1700
1500 7700
Total 1960
1980
2000

800
6800
10,500

4250
21,250
38,350

2450
23,500
36,450

3200
30,700
56,300

9000
28,000
58,800

89,300
189,300
307,000

109,000
299,550
507,400



Table 2.2-2

Election District 1960 1965 Ratio
Gaithersburg 8,760 12,048 1.38
Darnestown 3,526 4,336 1.23
Olney 5,320 6,503 1.22
Laytonsville . 2,133 2,920 1.37
Damascus 4,488 5,337 1.19
Clarksburg 3,136 3,843 1.23
Rockville 37,896 57,102 1.51
Total 65,259 92,089 1.41

Table 2.2-3

1960 1965 1980 2000
Montgomery County 340,928 £24,535 643,400 995,000
District of Columbia 735,956 803,000 810,000 820,000

The data from the station served two purposes. It permitted a direct comparison to
hourly observations taken at the weather station of the Washington National Airport.” The data
also permitted direct calculation of atmospheric dilution for the site on a continuous
instantaneous basis. A summary of the results of these measurements is presented in Section
2.2.6,

The record high temperature at WNA as recorded through 1957 was 105.6°F which occurred
on July 20, 1930, The record low over the same period was -14,9° which occurred on February
11, 1899,

2.3.2 TEMPERATURE, The monthly average maximum, minimum, and mean temperatures for the
Washington, D. €. area have been published (2.5) as recorded over a period of years at WNA,
The monthly average of the daily mean varies from 37.3°F in January to 78.3°F in July. The
extremes as represented by the mean minimum of 29.8°F in January and the mean maximum of
87.3°F in July show the relatively moderate regime of temperature in the Washington area.
Summaries from Appendix II of the NBSR 7 report are given in tabular form in Tables 2.3-1
thru 2,3-5 and the "wind rose" shown in Figure 2.2, Data from the weather station at the
NBS site and also from a weather station at nearby Germantown, Md. show very high correlation
coefficients with the Washington data as discussed in NBSR 7C. (2.4) As stated there, the
daily mean temperature at the NBSR site can be predicted within a probable error of 0.6°F
from knowledge of the daily mean at WNA,

2.3.3 PRECIPITATION, The mean annual total precipitation as recorded at WNA over a
period of years from 1941 to 1957 was 41.12 inches, Yearly mean precipitation data recorded
over a ten year period at the nearby Germantown station differed by less than 1/2% from
WNA data. Rainfall in excess of 3 inches in 24 hours occurs on the average, once in
approximately two years. The average annual snowfall is near 20 inches, and the greatest
recorded single fall was 28 inches.

*
Hereinafter designated WNA,
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2.3.4 WIND PATTERNS. Available wind data is rather extensive. This data indicates a
predominance of southwesterly and northwesterly winds, These winds, encompassing a sector
of about 130° account for 50 to 60 percent of all wind directions. East and southeasterly
winds are least frequently observed. There is a slight clockwise shift of prevailing winds
from summer to winter, resulting in more frequent west and north winds in the colder seasons.

Washington and environs, which subtend an angle of about 60°, would be downwind for winds
from about 300° to 360°. Baltimore and vicinity, which subtend an angle of about 307, are
downwind for directions from 230° to 260°. Washington is downwind; i.e., with northwesterly
winds, on an average of 25 to 30 percent of the time. These northwesterly winds are more
likely to be of a higher speed and associated with relatively unstable lapse rates; conse-
quently, this flow will be favorable for rapid atwospheric dilutionm.

Wind speeds show the expected seasonal variation with winds in winter and spring some-
what stronger than in the other seasons. Higher speeds can be expected during the late
morning and afternoon hours, In the summer, speeds during the afternoon are about twice
those of the night hours.

Wind patterns during precipitation differ somewhat from the prevailing flow patterns,
particularly the increase in frequency of winds from the north-northeast through the east-
northeast,which accounts for 33 percent of all winds during precipitation. See Table
2.3-3,

Winds during inversion show even more preference for certain directions, generally
centered on south or south-gsouthwest, Approximately 50 percent of all inversion winds
occur within a 70° sector centered at these directions. It should be noted that there is
an appreciable frequency of calms associated with the nighttime inversionms,

Within 1/4 to 1/2 mile of the site the topography suggests that during calms there will
be a tendency for a very light air drift down the slope toward the south and southeast,

-

Table 2.3-1 Monthly Wind Direction Frequencies (%)

N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW CALM
Jam 5 5 4 3 1 1 2 3 11 15 5 3 3 11 14 10 3
Feb 5 3 &4 4 3 2 3 4 12 10 4 2 4 11 15 10 3
Mar 4 4 5 5 3 2 4 5 9 8 3 4 5 15 14 9 2
Apr 5 6 5 5 3 3 3 5 11 13 5 4 4 9 11 7 2
Mav 5 5 8 6 5 3 4 6 10 8 5 4 4 7 9 6 4
Jun. & 4 5 &4 3 2 5 8 13 11 7 5 5 7 8 7 3
Jul 4 3 &4 3 3 2 4 7 12 14 10 5 5 6 8 7 4
Aug 5 6 5 3 3 3 5 8 11 11 7 4 4 5 9 8 5
Sep 5 5 7 4 3 2 3 6 13 11 7 4 3 4 9 9 5
Oct 8 8 6 3 3 2 3 5 10 12 6 2 3 5 9 10 5
Nov 5 5 5 3 2 2 3 4 10 13 6 A 4 10 11 8 5
Dec &4 &4 5 3 2 1 2 3 10 14 7 4 5 12 14 7 4
Aan. 5 5 5 4 3 2 3 5 11 12 6 4 4 9 11 8 4

Table 2.3-2 Monthly Wind Speeds (mph) by Direction

MONTHLY

N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW AVE,
Jan 12 12 10 9 7 8 8 8 9 11 8 7 10 15 14 13 11
Feb 12 11 10 11 8 8 8 9 10 12 8 7 11 16 13 12 11
Mar 11 11 10 .12 10 9 11 11 11 13 9 11 12 17 14 13 12
Apr 12 13 12 11 10 11 9 11 11 13 9 10 10 14 13 13 12
May 10 11 11 10 9 9 9 9 9 g 7 10 8 12 11 11 9
Jun 9 11 10 10 10 8 9 9 9 9 8 8 9 11 10 10 9
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Table 2.3-2 (con'd)

MONTHLY
N NNE NE ENE E ESE SE SSE S SSwW SW WSW W WNW NW NNW AVE,
Jul 8§ 10 10 10 9 9 9 9 9 9 8 8 7 9 9 9 8
Aug 10 10 10 9 8 9 9 9 9 9 7 7 7 8 8 9 8
Sep 9 10 10 10 9 8 8 9 10 10 6 7 7 9 9 9 9
Oct 10 11 11 10 10 10 8 8 9 8 6 7 10 11 11 10 9
Nov 10 10 8 9 9 10 9 9 10 10 7 7 10 15 12 10 10
Dec 11 11 9 9 8 10 9 10 9 10 7 7 10 14 12 11 10
Annual
Avg, 10 11 10 10 9 9 9 9 10 10 8 8 9 13 11 11 10

Table 2.3-3 Annual Wind Direction Frequencies (%) During Precipitationm

N NNE NE ENE E ESE SE SSE S- SSW SW WSW W WNW NW NNW  CALM
5 13 13 7 4 3 4 6 8 9 4 3 2 4 7 7 4

Table 2.3-4 Annual Wind Direction Frequencies (%) During Inversions

N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW CALM
10AM EST 2 4 &4 1 2 5 4 24 16 10 7 1 4 5 3 6 4
10PM EST 2 2 -3 2 1 1 2 6 14 22 11 4 3 4 6 4 14

Table 2.3-5 Inversion Frequency (%)

Inversion Base 0-499 ft. 500-999 ft. 1000-1999 ft. Total
10 AM 7 6 17 30
10 PM 40 6 8 54

2.3.5 EXTREME WEATHER CONDITIONS, The probability that the reactor site will be affected
by very heavy precipitation, high winds, or tornados is essentially the same as Washington.
Sustained high wind speeds are infrequent in this area, and speeds in excess of 60 miles per
hour are almost invariably associated with severe thunderstorms or with hurricane centers
passing near the area, 1In the 41 years, June 1905 to 1945, there were only two occurrances
of speed in excess of 50 miles per hour which were sustained for 5 minutes or more. A peak
wind gust of 100 miles per hour was recorded on June 9, 1928 during a violent thunderstorm.

Tornados are unusual in this portion of the country. In the 30 year period from 1916
to 1945 there have been only 13 reported tdrnados in the District of Columbia and the three
adjacent counties, Thus the occurrances of a tornado at the reactor site 1is a possibility
but has an extremely low probability.

Numerous tropical hurricanes, however, have passed over or near Washington, D.C. More
than 60 hurricanes have influenced the area between 1899 and 1958. Eight such storms caused
winds in excess of 40 miles per hour; nine resulted in a total rainfall in excess of 3 inches,
One such storm deposited 8.67 inches of rain, 7,31 inches of which occurred in 24 hours.

The reactor site is, howéver, no more vulnerable to these weather extremes than any

other locatfon in the Virginia-Maryland area between Appalachian foothills and the Chesapeake
Bay.
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2.3.6 WEATHER STATION, The weather station has been described in NBSR 7C. Data was
recorded for the six weather parameters, wind direction and speed, barometric pressure,
temperature, humidity, and rainfall. Data from the instruments was such that in all cases
hourly observations could be,obtained for comparison with the published data from the
Washington National Airport, The data was treated first by calculating a correlation coe-
fficient between the two sets of data formed by the twenty-four observations of a given day
at each of the two stations, NBSR and WNA, Samples of these calculations are shown in
NBSR 7C. In addition to treating of the data on an hourly basis a comparison of daily
averages for the two stations for the month of April, 1962 was made for each of the para-
meters recorded except precipitation or rainfall. For precipitation, a source (2.6) of weather
data was found to permit comparison of the WNA data with an older station not now operating,
located near Germantown, Maryland, a distance of approximately four miles from the NBSR site.
Both temperature and rainfall data were available for periods as long as seventeen years
from both of these statioms.

The results of the correlation coefficient caiculations show that very high correlations
exist for baromgfric pressure, temperature, relative humidity, percipitation, wind directionm,
and wind speed, The only parameter to show a low correlation was instaneous wind direction.
This was not unexpected, however, when it was considered that the average range of wind
direction over fifteen minute observation intervals was greater than 80 degrees. Thus, to
correlate wind direction changes between the two stations, it would require consideration of
the wind direction relative to the geographical location of the two statiomns and the time
lags involved for wind shifts between the two stations depending on wind speeds,

The existance of instantanecus wind speed and wind direction data from the weather
station permitted calculation of wind dispersion data directly applicable to the reactor
site. The dilution factors calculated in a hazard evaluation are normally based on Sutton's
equation. In order to apply this equation, it is necessary to make assumptions concerning
the magnitude of certain diffusion coefficients which enter the equation. In general, these
ccefficients are difficult to establish by experiment; and it is the practice to use more or
less general coefficients for any given site provided there are no unusual characteristics
in the local weather. The calculations associated with the direct derivation of wind disper-
sion data from the measured wind parameters are discussed in NBSR 7C. p. 22 et. seq. It
was shown that dilution factors in excess of 1200 can be expected for the NBSR site.

The data from the NBSR weather station then served to provide direct evidence in
support of the assumption that the weather conditions at the site are not different from
those prevalling at WNA. The data has also confirmed the calculations for dilutiom factors
for the site,

2,3.7 DIFFUSION PARAMETERS, The atmospheric diffusion parameters chosen to characterize
the wind dispersion at the site have been selected after numerous consultatjoms with the U.S.
Weather Bureau, Office of Meteorological Research, Special Projects Section,. The diffusion
parameters which are expected to obtain depend on the stability conditiomns of the atmosphere,

These conditions can vary through a wide range and must therefore be chosen with consid-
eration of several aspects of a potential accident situation. As discussed in the Hazards
Analysis, Section 13 of this report, it is particularly necessary to consider correlation
between stability conditions and barometric pressure variation before a choice of parameters
is made,

* These observations are published monthly by the Ashville, North Carolina Records Qffice
of the Weather Bureau, U.S. Dept of Commerce. For the first month of observation, 4pril
1962, data was obtained directly from records supplied by the WNA weather office. The
NBS wishes to acknowledge the gemerous cooperation of Mr. Kenneth Norquest of the airport

weather staff,

= Wind speed correlation data was not originally reported in NBSR 7€ but subsequent calcu-

lations also showed this parameter to yield very significant correlatiom.

Kok
The cooperation and assistance of Donald Pack, Isaac VanderHoven, and David Slade are

gratefully acknowledged.



In general, however, for calculational purposes, at least three conditions have been
considered which are usually called strong inversion, weak inversion, and neutral. The

parameters used to characterize these conditions in a Sutton equation are given in Table
2,.3-6. :

Table 2.3-6 Sutton Equation Diffusion Parameters

Strong Inversion Weak Inversion Neutral
n, 0.5 0.33 0.25
c 0.028 0.06 0.09
u (meters/sec) 1.0 2.0 3.0

While the basic equation of Sutton is widely recognized as adequate, there has been
considerable concern with methods of determining parameters, In practice, these parameters
are determined empirically from actual measurements of wind dispersion of stack plumes.

The tabulated values are of the measured type and represent currently accepted values of
diffusion parameters and can be considered to apply beyond distances for which the original
Sutton data are valid as well as for a wide range of stable and unstable conditions.

As stated in Section 2,3,6, data from the weather station at the NBS site afforded an
opportunity to study wind dispersion characteristics at the site itself. A modified form
of the Sutton model for calculation of atmospheric dilution could be used with the data that
was taken. A discussion of the theoretical basis of the modifications of the model is given
in the literature (2.7, 2.8). A discussion of the results of these calculations has been
presented in NBSR 7C. 1In summary, it was shown that the NBSR stack can be expected to give
reasonable assurance of dilution factors in the range of one thousand or more even over short
time intervals,

2.4 - GEOLOGY AND HYDROLOGY

A summary of the geology and geohydrology of the NBSR site was prepared for NBS by the
U. S. Geological Survey, The entire text of this report was included as Appendix III of
NBSR 7. A second report concerning specifically the rate of movement of ground water in the
vicinity of the NBSR site was included as Appendix IT of the NBSR 7C. The following discus-
sion is excerpted from the contents of these two reports.

2,4.1 GEOLOGY. The reactor site is in the Piedmont physiographic province. The rocks
underlying the site consist entirely of the Wissahickon formation of Precambrian or early
Cambrian age, The Wissahickon consists of a great thickness of schist and phyllitic schist,
The formation is derived from ancient sedimentary strata which have been greatly compressed,
resulting in substantial lithologic alteration. Although the total thickness of the forma-
tion is not known in this area, it is believed to be several thousand feet thick.

The Wissahickon has been divided into two facies or divisions o the basis of its
mineralogic character; these are the oligoclasemica facies and the albite-chlorite facies,
‘The latter unit underlies the Gaithersburg area and consists of an albite schist or gneiss
interbedded with layers of chlorite and/or muscovitemica. The direction of cleavage in the
schist is variable, but near Gaithersburg it is commonly north to northeast. Quartz veins
and dikes are common, and, as they are more resistant to weathering than the schist, they
occur in the soil and subsoil (saprolite) as irregular-shaped pebbles, cobbles or boulders.

Generally, three distinct zones of earth material are present, At the upper surface is
the true soil zone which wmay range from a few inches to as much as one and one-half feet
thick. At the NBS reactor site the soil is "'grayish-brown to yellowish-brown Chester loam'
(Maryland Geological Survey and U. S. Bureau of Soils, 1916). Beneath the true soil lies
the subsoil, or the saprolite zone, This is the zone of weathered or decomposed rock, On
the basis of data from 21 borings at the site, the thickness of the saprolite zone at the

® For a discussion of this equation and its applicability, refer to Meteorology and Atomic
Energy, AECU 3066 (1955).
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site ranges from 20 to 65 feet and averages about 36 feet. The saprolite is usually soft,
sometimes friable in texture, and importantly, it is commonly more permeable than either the
soil or the underlying rock. Its porosity and permeability are such that ground water is
stored in and moves through interconnected intergranular pore spaces. It contains substan-
tial amounts of silt and clay-size particles,

The saprolite grades downward into its parent material, the unweathered bedrock, at
depths averaging several tens of feet in this area. Although the quantity of ground water
moving through the intergrannular spaces of the fresh crystalline rock may be considered
nil, ground water does move through interconnected fractures and bedding planes down to
depths of a few hundred feet beneath the land surface.

2.4.2 TOPOGRAPHY AND DRAINAGE, The topography in the vicinity of the reactor site is
undulating and the relief is moderate, Elevations range from 300 feet above mean sea level
in the valley of Muddy Branch to 520 feet at Gaithersburg. On the site itself, the range
of elevations is from 365 feet to 465 feet above mean sea level, The reactor is located at
an elevation of approximately 420 feet,

The site is generally in the Potomac River watershed. Drainage is to the south and %o
the west. Drainage to the south is by Muddy Branch and to the west by Long Draught Branch
or Seneca Creek., Both streams are tributaries of the Potomac River. Muddy Branch, the
easternmost of the tributaries, enters the Potomac near Katie Island at a point about 5.5
miles above Lock 20 at Great Falls.

2.4,3 GEOHYDROLOGY.

2.4.3.1 Hydrology. The source of the ground water in the vicinity of the reactor
site, and elsewhere in the Maryland Piedmont, is local precipitation which averages about
41 inches per year. A zone of saturation is maintained in the sub-soil by that precipita-
tion which neither runs off directly, nor evaporates. Generally, the upper surface of the
zone of saturation, or water table, is a subdued replica of the topography of the land
surface, Hydraulic gradients exist in this zone which result in the general movement of
ground water to the streams. The rate of movement of water is variable. In the sub-soil,
or saprolite zone, the rate may be on the order of 0.1 to 1 foot per day.

Water-table contours based on measurements of water level made January 20, 1961 in
foundation borings in the vicinity of the reactor building are shown in Figure 2.3, Bore
holes 7-A, 8-A, 10-A and 3-A are at the corners of the building. Depths to water ranged
from 1.67 feet in hole 2-A to 23.0 feet in hole 3-A. All the water levels were in sub-
soil or decomposed rock, The pronounced difference between the north westward gradient and
the south westward gradient appears to be related to structural features of the rock, because
the schistosity has a north easterly trend in rock outcrops west and southwest of the reactor
site, Ground-water flow parallel to the 8chistosity would meet with less resistance than
perpendicular to the schistosity. Thus it can be inferred with relative confidence that
beneath the reactor building the ground water flows in a generally southwestward direction.

Although a stream west and northwest of the reactor site is 500 to 600 feet nearer
than one to the southwest, it seems unlikely that the path of easiest movement of ground
water would be directly across the schistosity. Ultimately, however, ground water does
move to a stream west of the site, because it is the principle drainage for the reactor
site area, The presence of a perennial stream between the reactor site and three off-site
wells to the west (see Section 2.4.3.2) effectively eliminates the possibility that cones
of depression caused by pumping these wells could extend beneath the reactor building.

2.4.3.2 Well and Water Use Survey. The major use of ground water within a one mile
radius of the reactor site is for domestic and farmr supplies. A survey of existing wells
in the vicinity of the site was made for the NBS by E. G. Otten of the U. S. Geological
Survey in the course of his preparation of a report '"Geohydrology of a Proposed Reactor
Site near Gaithersburg, Maryland" which was incorporated as an appendix in NBSR 7. 1In
order to check and up-date the survey for the report, NBSR 7C, Dr. A. Schwebel, Health
Physicist at the NBS, undertook an independent survey of the wells adjacent to the
site. His records show thirty-one wells on the perimeter of the site within a one mile
radius which substantiate and augment the record in NBSR 7. Shown in Figure 1.2 is an
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aerial survey map on which all wells within a distance of one-half mile from the reactor site
are shown,

Since November 1963, Dr, A. Schwebel has supervised'a routine sampling and analysis
program for well and ground water radioactivity levels. Following the recommendations of the
U. S, Geological Survey, water from six stream locations shown in Figure 1,2 has been checked
weekly. Water from a total of thirty-five wells is checked monthly to provide a comprehen-
sive record of the background activity.

Processing is done on 8 gallons of filtered water, counted and automatically tabulated
by a General Measurement Gamma/Flow 3910 counter system, The detector is a 3 x 3" NaTl (T1)
crystal at the center of a tank shielded by 4" of lead. The gamma spectmim can be grouped
into 20 pulse height channels, First the natural gaseous Radon content of the water is
determined. After appropriate aeration, a second count indicates any long-lived soluable
radioactive constituents. The equipment has been calibrated with standard solutions of
isotopes for Radium daughter products and for Cesium-137., Calculations for photons of otger
energies have been carried out, Concentrations down to about 10 pCi per liter or 1 x 107
uCi per ml are detectable, Maximum permissible concentrations of radionuclides released into
watern as listed in Table II, Appendix B of Title 10 Code of Federal Regulations, Part 20
(10 CFR 20) are greater than 10™° uCi per ml, in most cases by several orders of magnitude.

The records taken to date show relatively high natural radon concentrations in fresh
well samples, Data for the four wells shown on the map, correct to pick-up time, average

1) 2100 pCi (Rm-222)/1

2) 2100
3) 1900
4) 1500

Concentrations in other wells range between 400 and 3300 pCi/l. The month-to-month variation
of activity from any individual well is about *20%. The stream water contains lower and

more variable concentrations of radon depending on stream flow history. Values for all six
stream sampling points average 100 pCi/l *200%. Following removal of the radon, natural
activity from no other isotope has been recorded. A continuing sampling program will assure
that the National Bureau of Standards Reactor is not responsible for radiocactive contamination
of local wells and ground water,

*
2.5 SEISMOLOGY

The reactor site is in the Piedmont physiographic province (refer to Section 2.4).
The Maryland Piedmont is a region of comparative crustal stability and most of the quakes
recorded during the past 163 years have been of light intensity. A record of the important
earthquakes in the middle Atlantic region since 1802 has been published by Freeman (2.9) and
was included in the appendix of NBSR 7. These quakes were characterized as to intemsity by
comparison to the Rossi-Forel scale which was discussed in NBSR 7. It was noted that none
of the quakes reported was observed to have an epicenter in Maryland, It is therefore ’
unlikely that all of the shocks were felt in the Gaithersburg area., Although the evidence
is not conclusive and any prediction is uncertain at best, Freeman states (p. 136) that only
one destructive earthquake may be expected per century in the Atlantic region, comprising
600,000 square miles and extending from Quebec¢ to Florida. The likelihood that the epicenter
of a destructive quake would be in or near Montgomery County seems remote.

* .
~ The following discussion is based on the gtatements of E. G, Otton of the U, S. Geological
Survey as they appeared in Appendix III of NBSR 7.
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SECTION 3. REACTOR BUILDING AND CONFINEMENT SYSTEM

3.1 GENERAL DESCRIPTION

The Reactor Building is a 90' x 90' square concrete structure designed to house the
reactor and confine the results of any creditable accident which might occur. In addition
to housing the reactor, it provides space to carry out the scientific programs for which
the reactor was designed. Although space is provided within the confinement building for
both beam hole and in-core irradiation experiments, the additional laboratories and offices
required to support the scientific programs are not located within the confinement building.

3.1.1 DESIGN BASIS

3.1.1.1 General Structural Criteria. It is not considered creditable that any accident
would lead to significant over pressure within the building. Thus, the building is not a
s teel containment vessel, but rather a confinement structure designed to meet the more nor-
mal structural requirements of wind and snow loadings. Intermally, it is designed to take
the large loads imposed by the reactor itself and the heavy shields required for the experi-
ments. As will be discussed in Sections 10 and 13, in several cases, the heavy concrete
walls and floors necessary to support the structural loads also serve as radiation shields.

Under normal operating conditions, the reactor building will operate at a pressure
slightly below that of the adjacent laboratory building. The two access corridors from the
laboratory building to the reactor building are equipped with two sets of doors each to
facilitate in the ventilation control of the reactor building. A third door permits access
to the reactor building elevator from the basement of the laboratory. In additiom to the
normal access doors for ventilation control, all three openings are equipped with inflatable
gaskets which seal automatically closing doors under emergency conditions. There are two
other doors in the confinement building; both opening directly ocutside. One is a fire exit
and is normally never used. It is sealed at all times, and if opened, it shuts and seals
again automatically. The other is a large manually operated truck door which is normally
sealed with inflatable gaskets, and will not be opened during reactor operatiocn.

Al though no overpressure 1s expected, and the underpressure during normal operation is
nominal, it 1s possible under emergency conditions, when the building 1s sealed, for rapidly
rising atmospheric pressure to create an abnormal external pressure, The structural design
has included this effect. In addition, a pressure relief valve has been inceorporated which
will prevent any detrimental pressure differential from developing across the building walls
or roof,

3.1.1.2 Experimental Programs. The prime purpose of the reactor is to provide a
source of neutrons and other radiations to further probe the nature of physical phenomena
and the basic structure of materials through experimental programs. These programs necessar-
ily cover a broad range of possibilities, and by their very nature of exploration can't be
catalogued in any detail in advance. Many of the experimental techniques, however, are well
developed and can be briefly outlined.

The beam holes will primarily be used for various types of spectroscopy. Crystal
spectrometers, time-of-flight systems, or combinations of both will be the most ccmmon
equipment used. The beam holes are all located a few feet above the first floor level,
and all of this type of research is carrier out at this level which is serviced by an annu-
lar crane. Most of these experiments will use beams extracted from the reactor, and
very little interaction between these experiments and the reactor core is anticipated.

Four pneumatic tubes have been provided and an extensive program of activation and

tracer analysis is being planned. The rabbits are sent and received from laboratories
in the basement which are specially equipped for this type of work.
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The top floor of the building, which is flush with the top of the reactor shield,
provides space for in~pile irradiation experiments as well as being the main area of reactor
operations., Holes through the top shielding provide access to several positions in the core
and in the reflector. Radiation damage studies and similar programs are planned for these
facilities. The programs do not envisage the irradiation of systems or large structures,
but rather will limit themselves to the study of small samples which in many cases will be
carefully instrumented. The purpose of these experiments is to study the properties of
materials under irradiation and not to study whole systems or irradiate structures to
degtruction,

Each experiment performed in the confinement building will be carefully reviewed with
respect to its interaction with the reactor core and all other safety aspects,

3.1.1.3 Emergency Provisions. The worst credible accident at the NBSR 1s a loss of
water accident resulting in a slow meltdown of the core. This would not cause an over-
pressure in the building nor lead to a sudden release of fission products, As the fission
products leaked out of the reactor shield, they would be sensed by a radiation detector which
would initiate emergency conditions. The gasketed doors and shut-off valves would automati-
cally close and seal, the normal ventilation system would be shut off, and the emergency
ventilation system started, The emergency ventilation system exhausts air from the Reactor
Building through absolute filters and a carbon scrubber, and then up the stack. The operation
of these emergency exhaust blowers are controller by a pressure differential sensor across
the walls of the confinement building, The system is designed to maintain the internal
pressure at 1/4" of water pressure below atmospheric to assure that any leakage through the
confinement bullding walls is from the outside in. Thus, the average exhaust rate of the
emergency system is determined by the leakage from the outside through the containment walls
to the inside.

Leak rate requirements for the building in principle, are therefore set by “he maximum
exhaust rate which can be tolerated from an emergency hazard situation., Actually, as will be
discussed in a later section, the building was designed to be as tight as practical with a
conservative upper limit on the allowed leak rate set at 24 cfm for a pressure differential
across the walls of 1" of water., This leak rate is several times smaller than the rate at
which the building would have to be exhausted in order to keep up with a rapidly falling
barometer. On the other hand, a rising barometer would require very little or no gas to be
exhausted from the building. While the emergency exhaust system is maintaining the proper
differential across the confinement building walls, a large 5000 cfm internal recirculation
system is filtering the confinement building atmosphere through absolute filters and a car-
bon scrubber. 1In this way the fission products in the air within the building are rapidly
being removed. :

Thus, the Reactor Building is not designed to be an absolute containment vessel, but
rather to confine the results of an accident and to control the rate and location at which
the fission products are released.

3.1.,2 BUILDING DESCRIPTION

3.1.2.1 Introduction. The Reactor Building is shown in Figures 3.1 through 3.5.
The building has three main levels, the basement, the first floor which serves the reactor
beam holes, and the second floor which provides access to the top of the reactor. The
ventilation systems in these three areas are separate so that there is no mixing of the air
from one floor with that from another, In this way it is hoped to limit the spread of any
airborne contamination which might appear in any one area.

Figure 3.1 shows the building elevation., The basement floor elevation is at 403' - 0",
The main part of the basement, including the process room, and the pool area, has a 20 foot
ceiling. The floor thickness above the process room is 5' of normal concrete in order to
shield sgainst the nitrogen 16 radiation which is present in the process room during reactor
operations. Similarly, the walls of this room are 4' and 5' thick. Part of the basement has
been divided into two levels, A lower level is used for radiological laboratories and a
counting room. A mezzanine area above is used for the heating ventilation and air condi-
tioning equipment which serves the confinement building., The main floor, which is at
ground level, is at elevation 428' - 0", The reactor beam tubes are on this level and the
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area 1is serviced by a 15 ton annular crane. The hook clearance on the crane is 15° and the
height of the room to the underside of the ceiling beams is 19', The second floor is flush
with the top of the reactor at elevation 450' 4-7/8". This area is completely open except
for the control room which is located on the east side of the floor. The area is serviced by
a 20 ton crane with a hook clearance of 24'., The height of the room to the underside of the
roof beams is 33'. Two enclosed stairways on opposite corners of the building lead from the
basement to the second floor. In addition to this, all floors are served by a service eleva-
tor located in the northeast cormer of the building. The roof is flat with a slight slope
for drainage and is surrounded by a parapet whose top is at elevation 489' 4-5/8", which is
1' 1-5/8" above the high point of the roof. The stack runs up the side of the building to
an elevation of 524' - 0", about 35' above the top of the parapet. It has a double flue,

one of which serves the confinement building and the other serves the adjacent laboratories.

3.1.2.2 Basement Level. Figure 3.2 shows the basement plan view. About half of the
basement area is devoted to the process room which is surrounded by a thick concrete wall.
Access to this room is through a steel shielding door from the pool area. Directly under
the reactor and in the process room is the subpile room which is itself a shielded area
surrounded by 3' of normal concrete., This area and the heavy water equipment area are
surrounded by a 2' high curb. The heavy water systems are confined to this area so if any
of them should develop a severe leak, the water would be retained by the curbs and flow to
the sump pit where it could be recovered. TIn the northwest corner of the process room is a
pit which is about 13' deep and contains the main heavy water storage tank. This area is
covered normally by removable concrete slabs. The process room contains all the process
equipment for the reactor, including heat exchangers and pumps, except for the secondary
cooling pumps which are located in an adjacent structure outside the reactor building.

On the south side of the basement is the storage pool area. The pool will be used to
.store spent fuel elements until shipment, A canal leading from the subpile room allows
fuel elements to be transferred directly from the reactor vessel into the storage pool
without the use of transfer casks. The pool will also be used for irradiation studies,
using irradiation from spent fuel elements.

On the east side of the basement there are two radiological laboratories and a counting
room., These laboratories are primarily for use in conjunction with the pneumatic tube system,
There are four separate tubes, each of which may be operated from either laboratory. A
separate small pneumatic system allows samples to be sent from either radiological laboratory
directly to the counting room,

Directly above the counting room and radiological laboratory area is a mezzanine area
shown in Figure 3.,3. This area contains most of the heating, ventilation and air conditioning
equipment used in the Reactor Building., This figure also shows a small monitoring room which
is part of the confinement building. It is used to wmonitor certain of the process equipment
located in the process room, Adjacent to this room and just outside of the confinement
building is a fan room for the stack. Access to this fan room is from the secondary pump
room, This figure shows one of the doors penetrating the confinement building leading from
the basement to the adjacent laboratories at elevation 412' into the elevator. This door
is normally closed and sealed but may be operated locally, closing automatically after being
opened,

3,1,2,3 First Floor. A plan view of the first floor of the Reactor Building, elevation
428' - 0", is shown in Figure 3.4, This floor is at the same level as the adjacent labora-
tories and access from the laboratories to the Reactor Building is through the two doors
shown on the east side of the confinement building. The remaining doors penetrating the
confinement building are also shown in this figure, The truck door is shown on the south
side; it is normally closed and sealed. In the southwest corner is the emergency fire exit
which is also normally closed and sealed.

Of the two doors on the east side of the main floor, the northern one opens into a
corridor leading to the cold laboratory wing of the building and the other opens into a
large room primarily intended for the assembly of experimental and reactor operation equip-
ment, This room is partially .shown in Figure 3.4, Access to the unirradiated fuel element
storage area is from this assembly area, The storage area is divided into two rooms., One
is the actual fuel element storage room and the other is a clean room for final inspectionm.
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The reactor, about 20 feet across, is located in the center of this floor. A biologlcal
shield runs up to the ceiling and serves as a support for the inner rail of the annular
crane which services the area. Two hatches are shown in the floor; the one to the south is
directly over the pool below; the other one is over the process area and provides access for
the installation or removal of heavy pieces of equipment.

A neutron window through the west wall of the confinement building is provided for a
time-of-flight experiment although there are no immediate plans for its use.

Storage for radiocactive plugs is provided on the north wall of the building. Plugs,
collimators and similar items may be stored horizontally in this facility.

3.1.2.4 Second Floor. A plan view of the second floor of the Reactor Building is
shown in Figure 3.5. This floor is level with the top of the reactor top shielding plug.
A trench in the floor around the shielding plug provides access to many of the utilities
provided for in-pile experiments. This trench 1s normally covered with steel plates providing
a flush surface, Two large square hatches are provided in the floor for access between the
first and second floor. A small round hatch is located on the nortlwest cormer. This hole
is located on the outside of the annular crane below and is provided for the eventuality
that some particular experiment may require a long vertical shaft. On the north side are
provided some vertical plug storage holes for radiocactive plugs or experiments which may be
taken out of vertical holes in the reactor.

The control room is located on this floor along the east wall, It consists of three
sections; the main section where the control panel is located, a small office to the south,
and a parts storage room and work area for electronic maintenance to the north. The control
room is provided with windows looking out over the reactor itself,

In the southeast corner may be seen a ladder leading up to the emergency cooling storage
tank which is located up near the ceiling, Along the wall beneath this tank are located
some of the emergency cooling system's valves.

Most of the reactor operations such as fuel element transfer, etc., will be performed
on this floor. It is also anticipated that all in-pile experiments will be operated from
this floor and all their associated equipment located on this floor. Conduilt penetrating
the floor at several locations along the walls, make it possible to put some of the electro-
nic equipment for the beam port experiments on this floor if space limitations on the floor
below make it desirable.

3.1.2.5 Dimensions and Net Volumes of Confinement Building. The internal dimensions
of the Reactor Building are 90" x 90' x 84' high. This is a gross volume of 680,000 cubic
feet., The volume of the internal walls, floors, and the reactor bioclogical shield is about
82,000 cubic feet, leaving a net volume of 598,000 cubic feet, including the stairway wells
and the elevator shaft, The top floor is 292,000 cubic feet; the main floor is 159,000
cubic feet; and the basement is 147,000 cublic feet, divided up between the process room of
70,000 cubic feet, the laboratory and pool areas of 45,000 cubic feet, and the HVAC equip-
ment room of 32,000 cubic feet,

3.1.3 OCCUPANCY OF BUILDING., In addition to the normal operating staff, numbering
between five and ten people per shift, the Reactor Building will be occupied by experimental
personnel, Although as many as one hundred people may have business in the Reactor Building
- sometime during the day, it is not anticipated that the average occupancy will be that high
since office and laboratory space is provided in the adjacent building. The average occu-
pancy is more likely to be about 30 people during a normal working day. Since much of the
experimental equipment is automated it is expected that the number of people in the building
during the night and weekends and holidays will be much smaller than this.

The only normal exclusion area in the Reactor Building will be the process room, which
is kept locked at all times during reactor operations. During shutdown, access to this room
will be permitted only to properly authorized personnel, Since the fuel elements are trans-
ferred completely internally within the reactor shielding, it is not anticipated that any
special exclusion area will be required during fuel transfer and reactor maintenance.
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3.2 STRUCTURAL DESIGN

3.2.1 LOADINGS

3.2.1.1 Internal Pressure. The maximum internmal pressure to be seen by the NBSR
confinement building structure is 7 to 8 inches of HyO. This pressure occurs during the
building leak test when the building is purposely sealed and external fans are employed for
pressurization., The building is designed to withstand this pressure with the resulting
stresses remaining well within the bounds of all applicable codes.

3.2,1.2 External Loads. External loading of the NBSR confinement building results from
wind, snow, earthquake, soil pressures, and hydrostatic pressures. In acoordance with good
design practice and the applicable codes, the design wind load is 25 psf (approximately
100 mph) and the design snow load is 25 psf. Although the structure was not specifically
designed to withstand a given severity of earthquake, the professional engineers responsible
for the building design have stated that the building is capable of withstanding a force 7
earthquake (3.1). Soil pressures and hydrostatic pressures were calculated on the basis of
the data which were obtained from the analysis of the site test borings. A soil pressure of
95 psf was used for design of the structure walls and the storage pool and canal side walls.

3.2.1.3 Internal and Structural Loads. The internal and structural loads in the NBSR
confinement building result from the dead loads of the reactor proper, the building and
reactor operational equipment and the structural components of the building itself as well
as the live loads of personnel, experimental equipment, and operational equipment. The dead
load tabulation for the building, exclusive of the reactor is given in Table 3.2-1. The
dead load tabulation for the reactor is given in Table 3,2-2., Live loads used in the design
are tabulated in Table 3.2-3,

Table 3.2-1 Design Dead Loads (Less Reactor)

Thousands of Pounds

Roof
Precase Sections 1215
4" slab 270
Roofing and Insulation 5
3000 gallon D20 Tank _ 28
20 Ton Crane ’ 78

2nd Floor (Less Reactor)

12" Slab 900
Concrete Beams 594
2-Disassembly caves at 20 Tons 80
15 Ton Annular Crane 30
Pump Room Roof 86

1st Floor (Less Reactor)

5 ft. slab 2100
15 ft, slab 700
Concrete Beams 16
5 Ton Crane 22

Secondary Pump Room Floors

3-6 in, slabs : 138
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Table 3.2-1 (cont'd)

Thousands of Pounds

Mezzanine Floor

8" slab 233
Beams 64
2"-4" slab 178
Hot Plug Storage Wall 1226

Monitor and Fan Rooms

6" slab 53

24" Fill 182
Corridor

6" slab 9

Pump Room
6" slab 72
Basement

6" Floating Slab

(exclusive of reactor and pool area) 525
3' Fill under Floating Slab 2100
3" Concrete Pile Cap Under Building 3470
Walls
Above 1st Floor 5140
Below 1st Floor 13,207
Exhaust Stack 615
Internal Columns 96
D20 Storage Tank Pit 180
Storage Pool 180
Canal 156
Total 34,008

Table 3.2-2 Design Dead Loads, Reactor Only

Thousands of Pounds

Thermal Shield ’ ~ 193
Aluminum Vessel - Shell only 3.2
Core Support Structure . 4,07
Control Arms and Drives .630
Cold Neutron Facility 2.5
Top Cover Plate 11.3
Top Plugs 90.3
Biological Shield 1530
Total 1835.0
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Table 3.2-3 Design Live Loads for Total Confinement Building

Roof

Snow Load
Load on 20 Ton Crane

2nd Floor

Movable Concentrated Loads - 2 at 20 Ton

Load on 15 Ton Crane
Floor Load at 150 psf

Snow Load on Pump Room Roof at 25 psf

1st Floor
Floor Loads

6800 sq, ft., at 1000 1b/ft
620 sq. ft. at 2000 1b/ft

Load on 5 Ton Crane

Floor Loads on Secondary Pump Room Floors

Floor Load on Mezzanine Floor
Floor Loads Monitor, Fan Room

Floor Load in Corridor

Floor Load - Canting Room and Laboratories

at 100 1b/ft

Floor Load - Pool and Process Area
at 400 1b/ft2

Floor Load - Secondary Pump Room, Basement

at 300 1b/ft2

14,000 gal D,0 in Storage Tank

2

27,000 gal HZO in Pool

6,000 gal H,0 in Canal

2

4,600 gal DZO in Vessel

Total

2
2

Thousands of Pounds

202
40

40
30
1210
29

8040

10
486
350
105

12

240

1610

175
130
230

50
43

13,022

3.2.2 BUILDING STRUCTURE

3.2.2,1 General. The NBSR confinement building is a reinforced concrete structure on
a driven steel pile foundation, With the exception of the main roof beams and eight 10" Wf

beams in the central column, all interior beams and columns were poured in place,

The roof

beams are Type IV, prestressed steel reinforced concrete beams as defined by the Joint

Committee of ASSHO and PCI.
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Above the lower floor, all loads are transmitted by the exterior walls or a large cent-
ral column of which the biological shield and subpile room walls are an integral part. At
the lower floor level, columns and shielding walls, 3 to 5 feet thick in most cases, give
additional support which is far in excess of that which is needed for structural integrity.

Both structural and shielding requirements were considered in the design of the exterior
walls., The thicknesses which resulted from structural requirements above were, however, far
in excess of any shielding requirements and, therefore, the structural requirements were the
controlling design parameters,

The roof of the building is designed for shielding from '"sky shine" as well as snow
loading and the differential pressure loadings which occur during the building leak rate
tests.

3.2.,2,2 Foundation. The primary components of the foundation for the reactor building
are 362 12" BP section steel piles at 74 pounds per linear foot. (Federal Specification
QQ-S-741la, Type I or Type II, ASTM A7 or A373) with an aggregate length for 12 of 550',
Each pile is of 95 ton capacity, driven to refusal by a hammer with a minimum of 15,000
foot-pounds per blow. Refusal was defined as a maximum penetration of 0,25" in the last five
blows. Control test piles were individually inspected inder the supervision of a registered
Professional Engineer and in the presence of the Construction Engineer representing the Gen-
eral Services Administration., The test required that the net settlement at the top of the
test pile be not more than 0.005" per ton under twice the design load of 95 tons; and that
the increment of settlement for any increment of load shall not exceed 0.01" per ton until
twice the design load ﬁas applied.

3.2,2.3 Storage Pool and Canal, Sheet piling was used to form the wall of the storage
pool and canal. This piling is of the continuous interlock type, steel, conforming to ASTM
A-328, The reinforced concrete pool and canal side walls are designed to tolerate a soil
pressure of 95 psf and a hydrostatic head of 810 psf, 1In actuality, the sheet piling was
necessary to protect the adjacent foundation areas during construction. When the pool is
filled, the internal and external pressures cancel and the pool walls are left essentially
unloaded.

3.3 BUILDING LEAKPROOFING

In addition to the normal requirements for the prevention of imward leakage from ground
water, rain, etc,, the NBSR confinement building was designed and constructed to prevent
the uncontrolled outward leakage of radioactive materials.

At the very low, if indeed any, pressure differentials involved, waterproofing of the
building is an essential element in leakproofing. A five-ply membrane waterproofing system
consisting of five layers of fabric and six layers of pitch covers all exterior basement
walls of the NBSR building and extends continuously under all basement foundatioms to form
a complete seal. The waterproofing on outside walls which is exposed to damage by back fill
is covered by a 1/2" thick insulating fiber board (Federal Specification LLL-I-535). All
horizontal portions of the waterproofing, except those under concrete slabs, are covered with
a 3/4" thick (minimum) layer of Portland cement mortar. Horizontal surfaces of the water-
proofing under concrete slabs are protected by 1" of concrete, ‘

All construction joints, including the roof slab to wall joints, have in them a 6" x
3/16" bulbed Polyvinyl chloride water stop. Water stops located in expansion joints have a
bulb diameter equal to the thickness of the expansion joint. These waterstops have a tensile
strength of not less than 1800 psi and an elongation of not less than 3507 when tested in
accordance with ASTM D-412, and a cold bend brittle temperature of not higher than minus
20°F when tested in accordance with ASTM D-746,

Containment wall surface preparation and coating was a major facet of the design and
construction techniques used to assure a leak tight building, All containment walls received
the following elastomeric coatings; rust inhibitive primer for ferrcus metal surfaces,
polychloroprene primer for concrete and concrete-masonry unit surfaces, fabric reinforcing
sheet and polychloroprenesheet, for strip and crack sealing, polychloroprene adhesive for
polychloroprene sheet, polychloroprene body coats for all surfaces, and chlorosulfonated top
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coating for all surfaces. The body coats were applied in alternate black and red coats to
aid inspection for complete coverage with each coat. Any point in the surfacing system which
showed signs of pin holes, blisters or other discontinuities was removed to the body coats
and recoated.

This coating system resulted in a 15 to 20 mil elastometric membrane continuous over
all containment surfaces. Any porousity of the masonry structure was thus effectively closed.

3.4 STANDARDS OF MATERTALS

All materials used in the NBSR building were covered by the pertinemt parts of the Gen-
eral Services Administration Specification for this project (Project Number 18112)., Primary
interest, from the standpoint of a safety analysis, is focused on those parts of the general
specification which deal with the structural materials,

Reinforcing steel specified for the NBSR building conformed to Federal Specification
QQ-5-632, Type II, intermediate grade billet steel with deformation conforming to ASTM
Specification A-305, and a design tensile strength of 20,000 psi. All field splices in
reinforcing steel were lapped a minimum of 30 bar diameters. All dowels were embedded in
concrete for a minimum of 30 bar diameters. ' o

Coarse aggregate for concrete was specified to Federal Specification SS- A-28lb, Class
2 or C-33, sized in accordance with ACI-613, Table 2. Portland cement was specified to
Federal Specification $5-C-192d or C-150. All structural concrete had a specified 28 day
compressure strength of 3000 psi. Determination of proportion of cement, aggregate and water
was accomplished according to ACI-318, Method 2 as modified., Measuring, mixing and delivery
of ready-mixed concrete with inspection and certification was accomplished in accordance
with ASTM C-94 requirements. Slump samples were taken in accordance with ASTM C-172 and
tested under direction of the Construction Engineer in accordance with ASTM C-143., Slump
was required to be within the recommended limits of ACI-613, Table I, Test samples taken
for strength tests showed that in all cases, the specified strengths were met or exceeded.

3.5 PENETRATIONS

3.5.1 SUMMARY TABLE OF PENETRATIONS, The purpose, number, size, and type of the NBSR
building penetrations are given in Table 3.5-1 for electrical penetrations and Table 3,5-2
for piping and other mechanical penetrations.

3.5.2 PENETRATION DESIGN DETAILS, Each penetration involves two distinct sealing
problems; the sealing of the penetrating member to the concrete walls of the building and the
internal sealing of any leak paths through the penetrating member.

3.5.2.1 Seals to the Building. All pipe, conduit and tubing is sealed to the building
as shown in Figure 3,6 and noted as "B'" in Tables 3.5-1 and 3.5-2. The penetration member
and the flange which is welded to it are inserted In the concrete., The outer surface of the
flange is flush with the finished inside surface of the concrete, The joint between the
flange and the concrete surface is then caulked and sealed with fiber reinforced neoprene.
The entire outer surface of the penetration is then coated with the neoprene hypalon system
described in Section 3.3,

Door frames and air system plena are sealed to the building as shown in Figures 3.7 and
3.8 respectively and noted in Tables 3,5-1 and 3.5-2 as "D" and "'C" respectively., Steel
plates with continuously welded joints were invested in the concrete and the frames or plena
were in turn fixed to those plates with continuous welds. All exposed welds were then
caulked with a hypalon caulking compound, and coated with the neoprene-hypalon system descri-
bed in Section 3,3, All voids in the door frames were then filled with closed cell urathane
which was foamed in place.

3.5.2.2 Internal Seals, All electrical penetrations were sealed as shown in Figure 3.9
and noted as "A" in Table 3,5-1, After all conductors were in place, a sealing compound
(CHICOX Fiber A05 manufactured by Crouse-Hinds Company of Syracuse, New York) was poured in-
to the sealing box under sufficient hydrostatic head to force it into all voids between the
conductors and between the conductors and the inner walls of the conduit.
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Table 3.5-1 Electrical Penetrations of Containment

SEAL ToO
NAME NUMBER SIZE BUILDING INTERNAL SEAL
Lights 40 ja B A
9 1-1/4" B A
3 1-1/2" B A
4 YA B A
4 2-1/2" B A
19 3" B A
4 3-1/2" B A
4 4" B A
Alarm and Communication 15 I B A
3 1-1/4" B A
1 2" B A
Telephone 2 2" B A
Instrumentation 8 IR B A
Power to Equipment 6 IS B A
6 1-1/4" B A
3 1-1/2" B A
2 2" B A
5 2-1/2" B A
4 3-1/2" B A
4 FAL B A
Table 3.5-2 Piping Penetrations of Containment
SEAL TO
NAME NUMBER SIZE BUILDING INTERNAL SEAL
Chilled Water 2 5" : B Closed System
2 3/4" B Closed System
Steam 1 4" B Closed System
Condensate Return 1 2" B Closed System
Demineralized HZO ' 1 I B Closed System
Domestic Water 2 3" B Closed System
1 an B Closed System
2 3/4" B Closed System
Air 6 1/2" B Closed System
1 3/4" B Closed System
3 m B Closed System
1 1-1/4" B Closed System
1 A B Closed System
Oxygen 1 1/4" B Closed System
Experimental Penetrations 16 2-1/2" B Capped
Building Test Instrumentation
Sleeves ; 8 1/4" B Capped
Door (Persomnnel) 1 6' 4-1/2" D Inflatable Gasket
by 8' 2-1/4"
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Table 3.5-2 (cont'd)

NAME

Door (Truck)

Door (Emergency)

Window - Time of Flight

View Panel - Emergency Door

Building Leak Test and Exhaust

Air Intake and Exhaust

o

Air Intake

Air Exhaust
Air Exhaust

Door to Elevator

Door - Personnel

Secondary Cooling

Gas

Helium

CO2

Drain, Roof

Suspect Waste
Hot Waste

DZO

Cryogenic Service Feed Through

NUMBER

N o NN

N =

w
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INTERNAL SEAL

SEAL TO
SIZE BUTILDING
12' 4" by D
14' 2"
3' 5" by D
7' 2-1/2%
2' by 2 B
6" by 6" D
8" B
7' 6" by C
10‘ 0"
7' 5" by c
2' 8"
1' by 1! C
6" by 6" C
7' 0" by D
8' 3"
5' 4-1/4" by D
7' 2-1/4"
1/2" B
2" B
3" B
4" B
5" B
20" B
3/4" B
3/4" B
1-1/2" B
AN B
3/4" B
a"
3"
6"
1-1/2" B
411 B
1/2" B
1 B
12"

Inflatable Gasket
Inflatable Gasket

Compressed Rubber
Gasket

Compressed Rubber
Gasket both Sides

Manual Damper with
Rubber Seat

36" & 42" Valves
36" & 30" Valves

6" Valve
4" Valve

Inflatable Gasket
Inflatable Gasket

Closed System
Closed System
Closed System
Closed System
Closed System
Closed System
Closed System

Closed System
Closed System

Closed System
Closed System

Closed System

1-1/2" Valve
4" Valve

Closed System
Closed System

Closed System



All air ducts and waste lines are sealed internally by rubber seated butterfly valves
or dampers. All of these devices were specified and tested to bubble tight specifications.

The cryogenic services penetration is sealed with the same closed cell urathane material
which was used in the door frames. This wmaterial is foamed in place to assure complete
filling of the voids between the pipes which pass through this penetration and to assure
intimate contact with the inner walls of the penetration. The ends of the foamed material
are coated with an air curing silicon rubber compound (Dow Corning RIV102) which is carried
up onto the surface of the pipes to form a minimum radius of 1/4",

All access and exit doors are sealed to their frames by inflatable rubber gaskets as
shown in Figure 3.7, Whenever those doors are closed an internal seal pressure of approxi-
mately 20 psi minimum causes the gasket to inflate and form a sealing surface approximately
1 inch wide around the entire perimeter of the door. The large truck door is mechanically
restrained to prevent it from being pushed away from the seal when the gasket is inflated.

3.6 VENTILATION SYSTEM

A flow diagram of the reactor building ventilation system is shown in Figure 3.10.
The diagram shows schematically both the normal and emergency systems as well as the system
for building leak rate testing. The reactor building is air conditioned with air that is
partially recirculated except for the process equipment area of the reactor basement which
is separately heated and ventilated. All ventilation duct work that penetrates the reactor
building is provided with automatically sealing closure valves. The reactor confinement
building which has a volume of approximately 600,000 cu, ft. has been designed and construc-
ted to achieve a minimum air leakage. Those features of construction pertinent to building
tightness are discussed in Section 3.3,

3.6.1 VENTILATION SYSTEM UNDER NORMAL CONDITIONS, Under normal conditions, there
are two separate systems supplying ventilation air to the reactor building. Intake air is
brought into the mezzanine equipment area through louvres in an areaway in the south wall
of the reactor building. Air from the intake is supplied to both the basement heating and
ventilating system and the air conditioning fresh air system. The louvres can be sealed by
automatic valves ACV-1 and ACV-2, The flow rate of air supplied to the air conditioning
fresh air system is 13,680 cfm, The flow rate of air supplied to the basement heating and
wventilating system varies from 16,500 cfm in the summer to 2500 cfm in the winter. Incoming
air is filtered by filters numbered F-2 and F-11,.

The air conditioning fresh air system is a conventional heating and cooling system
and supplies air at 53° to the first and second floor air conditioning systems and to the
basement laboratory air conditioning system. The first floor system circulates air at a
23,500 cfm rate which is ten times the rate at which fresh air is supplied. The second
floor system circulates air at a 20,750 cfm rate which is approximately seven times the
rate at which fresh air is supplied. The basement laboratory system uses fresh air only,
without recirculation.

The basement heating and ventilating system maintains the process equipment area temp-
erature by heating of fresh air being brought in atr a 2500 cfm rate in the winter while
recirculating air at 14,000 cfm, or by ventilating with once-through air in the summer at
a rate of 16,500 cfm,
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The exhaust system for the reactor building consists of three sub-systems for normal

operation, The reactor basement exhaust system includes exhaust fan EF-27 which draws air

. from the process equipment area at a rate of 16,740 cfm, All air drawn by EF-27 1is filtered
by two banks of filters F-59 and F-60. F-59 acts as a pre-filter for F-60 which consists
of so-called absolute filters specifically designed for high efficiency. The latter filters
are described in Section 3.6.3. Following the exhaust fan there is a hold-up chamber whose
volume is chosen to give approximately 2.5 sec. for the automatic closure valve ACV-3 to
operate after a building closure signal, before air, which enters the chamber at the initia-
tion of the closure signal, can exit the chamber. This time it is calculated for the condi-
tion of maximum exhaust rate with no recirculation taking place. An adjustable louvre 1is
located at the exhaust of the fan to enable an adjustment of building basement static
pressure relative to the first floor reactor area and therefore relative to the outside sta-
tic pressure.

The normal exhaust system takes air from those areas supplied by conditioned air,
namely the first and second floon pool area, counting room, and radiological laboratory room.
The exhaust fan for this system, EF-3, normally discharges at a rate of 7290 cfm. An exhaust
fan damper automatically adjusts the rate, however, to maintain a building pressure of ~0,10"
of water relative to the first floor of the cold lab area. All effluent air drived by EF-3
is filtered by filters F-22 and F-23 in a manner similar to that for EF-26., The filters are
described in Section 3.6.3., The exhaust of EF-3 combines with the exhaust from fume hoods
in the radiological laboratories which is drawn by fans EF-23 and EF-24, The exhaust from
these hoods is filtered in like manner to that of EF-3 by filters F-53, F-54, F-55, and F-
56 which are described in Section 3 .6.,3. The air in the normal exhaust system passes through
a hold-up chamber whose volume allows approximately 2,2 sec for the automatic closure of
valve ACV-7,

The location of the exhaust ductwork ports are chosen to control air flow within the
experimental areas of the reactor building. Most air from the first and second floor areas
exhaust at the center of the experimental area through ducts embedded in the biological
shield of the reactor, This should serve to control contamination levels within the building,
since potential sources of contamination are closest to the reactor.

There 1s in addition to normal exhaust a supplemental system called the irradiated air
exhaust system., This gsystem takes air into the biological shield at all beam port openings
to the reactor and is consequently the system most likely to be handling contaminated air.

It 1s designed to assure that all leakage of air 1s into beam ports rather than the reverse.
Any potentially irradiated air is directly exhausted rather than being recirculated. The
exhaust fan in this system is EF-4 which draws ailr at a rate of 650 c¢fm. All irradiated air
passes through filters F-24 and F-25 which are identical to the filters in the normal exhaust
system, EF-4 is followed by a hold-up chamber to permit closure time for the duct sealing
valve ACV-6, ' .

3.6.2 VENTILATION SYSTEM UNDER ACCIDENT CONDITIONS. All effluent air which is exhaus-
ted from the containment building is monitored for radiocactivity by the system described in
Section 9.6, Each of the absolute filter banks is monitored for particulate activity, air
samples are withdrawn for counting of gaseous activity, and a monitor measures activity in
the stack at the point of release, In the event that high radiation levels are detected
the normal ventilation system will be shutdown, all building closure devices will operate
to seal the building and the emergency ventilation system will be activated.

The emergency exhaust system is designed to draw air at such a rate from the building
that a pressure differential can be established across the buillding structure to assure
that any leakage is into the building rather than out regardless of likely outside pressure
variations due to wind or barometer changes, The system is highly redundant to give maximum
assurance of operation and can be controlled, if necessary, from an emergency control station
outside the reactor building.

The emergency exhaust system consists of two redundant sub-systems A and B each of
which contains an exhaust fan and identical filters and controls., Either sub-system can
draw air from the normal exhaust system ductwork at a rate up to a waximum of 100 cfm.
Since the reactor basement does not normally exhaust to the normal exhaust system ductwork,
a special connection is made to the basement system during emergency conditions by the
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automatic operation of ACV-10, The two subsystems are isolated from each other by valves
ACV-4, ACV-8, ACV-5 and ACV-9. One of the systems would be set for automatic operation in
the event of building closure while the second system was placed in standby. Upon building
closure the pre-selected system starts to withdraw air from the building. The standby
system remains off during a time delay period to permit operation of pressure switch PS-150.
If the fan operates correctly and pressure in the exhaust duct falls then the standby
system remains in standby condition while the building pressure is reduced,

The fan will continue to withdraw air until the automatic pressure controller PC-150
indicates a -0.25 " pressure differential between the inside and outside of the building
at which time the closure valves operate to seal the building and all exhaust stops., If
the initially started fan fails to reduce the duct pressure, then PS-150 will permit the
standby fan to start, Both fans EF-5 and EF-6 are driven by either an AC or DC motor. In
the event of AC power failure, a corresponding DC control circuit supervises control of the
DC motor in a like manner to that for the AC motors.

All air exhausted from the building during emergency conditions passes through separate
filters. EF-5 draws air through filters F-26, F-27, F-28 and F-57,. EF-6 draws air through
filters F-29, F-30, F-31 and F-58, Filters F-26 and F-29 are pre-filters for the "absolute"
filters F-27 and F-30, Filters F-28 and F-31 have activated charcoal as their filter medium
and are chosen for the purpose of removing non-particulate or gaseous effluent such as iodine,
The charcoal filters are each backed by a fourth filter to collect charcoal particulate should
the charcoal filter begin to deteriorate during emergency operation., The filters are descri-
bed more completely in Section 3.6.3. )

During emergency operation, the air interior to the reactor building is recirculated
and filtered by means of a separate system. Air in this system is drawn from all areas of
the reactor building by fan SF-19 at a rate of 5000 cfm and put through filters F-19, F-20,
and F-21, F-20 is an '"absolute" filter and F-21 is an activated charcoal filter bank
similar to those in the emergency exhaust system. This system is designed to remove parti-
culate and gaseous activity such as iodine with an approximate 2 hour time constant for once
through cleaning. Since normally the reactor basement and the remainder of the building have
separate ventilation, a valve ACV-11 operates whenever the fan SF-19 starts to connect the
isolated systems. The emergency ventilation is automatically brought into operation when
a "major scram'" signal is generated at the reactor control panel is discussed in Section 9.

3.6.3 FILTER DESCRIPTION AND TEST PROCEDURES., The filters installed in the reactor
building are of several types. There are two types, however, which are of prime importance
and for which special procurement specifications were used. As mentioned in the previous
section, so-called "absolute'" filters are used in all reactor building exhaust systems to
prevent particulate effluent from reaching the reactor building stack and being discharged.
The filters were purchased according to the specifications numbered in the Accident and
Fire Prevention Information Bulletin #104 of the U. S. Atomic Energy Commission, dated
December 11, 1959. All absolute filters were tested at the factory and finally at the Oak
Ridge Filter Test Facility following procedures of the Health and Safety Information Bulletin
#188 of the U,S.,A.E,C. dated July 1, 1964, The filters are of the disposable deep pleated
dry type consisting of a continuous sheet of glass media in fire resitant frames of treated
plywood, The efficiency of each filter is better than 99.977% as measured at the Oak Ridge
Test Facility using dioctyl plitholate (DOP) aerosol of 0.3 micron size. The efficiency of
the installation téchnique for the filters will be verified with in-place testing using the
so-called DOP test. A member of the NBSR staff has attended the filter testing instruction
courses sponsored by the U,S.,A,E.C. and such techniques as learnmed will be applied to the
in-place testing procedures. Equipment identical to that used at the U, S. Naval Research
Laboratory for filter testing has been assembled and will be used for these tests.

The activated charcoal filters were also purchased with special specifications. The
filter assembly consists of at least two banks of filters in series each of which consists
of multiple perforated members, arranged in parallel to form a bed of one inch thickness of
granular activated charcoal. The performance of the filters shall be to extract 99.9
percent of iodine from air at approximately 80°F at the rated flow. The filters are of the
removable steel cell type in a supporting steel frame, all cadmium plated. The physical
arrangement of all filter imstallations is shown in Figure 3.11.
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The charcoal filters in the emergency exhaust ducts are derated by a factor of four to
give lower linear flow velocity through the charcoal; i.,e., the cell size chosen is adequate
for more than 4 times the maximum flow of the emergency exhaust system.

3.6.4 EXHAUST SYSTEM AND STACK. All air which is exhausted from the reactor building
is supplied to a dilution exhaust fan EF-2 which is in a plenum at the base of the reactor
stack, The stack is actually a dual stack, one side of which exhausts the reactor building
and the other side of which exhausts the warm laboratory. The dilution fan exhausts air to
the stack at a rate of 30,180 cfm. This rate is kept comstant throughout seasonal changes
in supply air from the reactor basement ventilation system by means of a velocity controller
which opens and closes louvres before a makeup air port at the base of the stack.

The principal parameter of the stack 1s its height. Since under normal operationm,
argon-41 activity is produced within the confines of air spaces in the reactor system, it
was deemed necessary to elevate the point of release so that appreciable dilution via atmos-
pheric dispersion would occur prior to any possible inhalation of reactor building exhaust
alr. The height of approximately 100 feet above grade level was chosen to give assurance
of meeting the criteria of 10 CFR part 20, It has been calculated and demonstrated by
measurements with weather station instrumentation that dilution factors of the order of 1000
are achieved at the site boundary following release from the stack under varying atmospheric
conditions,

The other engineering design parameters of the stack were established by the require-
ments of standard heating and ventilation duct design practice. The exit flue area of 15
sq. ft. creates a linear flow rate of 2000 ft. per wmin. under normal exhaust conditions,
This corresponds to an exit velocity of approximately 25 wmph which flow rate gives a pressure
head at the dilution fan at the base of the stack of approximately 0.2 inches of water.
These values constitute an entirely acceptable set of engineering parameters.

3.6.5 ACCIDENT CONDITION REVIEW., Under emergency conditions the normal intake of
fresh air and the recirculation of internal air stops, and the emergency systems start autn-
matically, There are two emergency systems: one exhausts alr from the building through
activated carbon filters and up the stack; the other recirculates the air internally through
activated carbon filters, The first system controls in-leakage to the building by automati-
cally maintaining a negative pressure differential across the building wall of one quarter
inch of water. The second system recirculates the air within the building through filters
to remove radiocactive contaminants. Figure 3.11 shows the locations of the ventilation
registers through which the air is exhausted from the various levels of the building by the
emergency exhaust system. Air 1s withdrawn from four different regions of the reactor build-
ing at rates proportional to the volume of space occupied by the four separate regions. The
following regions are included with the proportion of the total exhaust from each regionm,

3

Second Floor (above grade) 407,
First Floor (grade level) 20%
Process Room (below grade) 15%
Pool Area (below grade) 25%

The air from all these regions passes through a common duct, filter and fan system before
entering the plenum to the dilution fan at the base of the stack, and is, therefore, thor-
oughly mixed before leaving the stack.

The recirculation system operates continuously from the instant of building closure
and is designed to clean up the reactor building air from all regions with an effective
two hour time constant. It would be expected to thoroughly mix the gases from all regions
with the same rate.

In general, the delivery and exhaust ducts have been located in appropriate positions
to effect two functions: the delivery and exhaust with good mixing of internal air under
normal conditions of high flow, and the exhaust of containment air under emergency condi-
tions of slow flow. Also, in general, the exhaust registers were positioned away from any
conceivable break in the reactor primary system from which released fission product gases
could emanate,
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A break in the lower plenum or primary piping in the subpile or process room below the
core vessel and thermal shield is the only break which could credibly lead to a slow melt-
down and fission product release. As a consequence of such a break and meltdown the fission
gases would initially be released in a stagnant or trapped volume, namely the volume of the
reactor vessel and its assoclated piping down to the point of the break where the loss of
coolant occurred, The fission gases would have to seep out of this enclosed volume before
mixing with the bullding air. It has been shown in the document entitled, "Answer to AEC
Staff's Motion to Reconsider Holding of Hearing" Docket 50-184 dated April 6, 1964 that
normal convective and turbulent background air velocities would effect good mixing everywhere
within the confines of the process room of the reactor basement except within the immediate
vicinity of the exhaust duct where no fission gases can originate. It was also shown that
the exhaust duct has little influence on any local air velocity more than a few feet from
the duct and certainly from any point beyond the end of the passageway in which the duct is
located. It is clear, therefore, that an sssumption of uniform mixing of all exhausted
confinement building air 1is valid.

It should be noted in connection with the review of the ventilation system under emer-
gency conditions that even though the system is fully automatic and highly redundant, an
emergency control and monitoring station is provided external to the reactor building. A4n
emergency panel 1is provided in the hot waste vault underground in the front or east side
of the reactor laboratory complex. Provided at this station are controls for all fans in
the emergency system, namely EF-2, EF-19, EF-5 and EF-6 (both AC and DC controls for the
latter two fans)., Included also are indicators for valve positions of all valves ACV-1 thru
ACV-12, The buillding differential pressure can be observed at this panel and an indicator
shows when exhaust air flow from the emergency exhaust system is achieved. Finally there
are two radiation monitors which indicate at this panel to show radiation levels within the
reactor building. The latter monitors are discussed fully in Section 9,

3.7 CONFINEMENT SYSTEM LEAKAGE RATE

3.7.1 DESIGN LEAKAGE RATE, Confinement as opposed to containment constitutes a con-
cept suitable to the situation wherein the worst hypothetical reactor incident results in
negligible overpressure. Such is the case for the NBSR, Here the attempt is made to provide
sufficient confinement or retention of radioactive gasses that they may be filtered and
passed up the stack at a reasonably low rate for subsequent dispersion by the atmosphere.

The tighter the building, the slower the gas or internal atmosphere need be pumped through
the filter and stack,

The actual specification for the NBSR was based on the best state-of-the-art known to
+the NBS design group. It may be expressed either by telaxation time, which value is 64
minutes for the NBSR; or by the flow rate resulting from an over or underpressure, which
value is 24 cfm per inch for the NBSR, At the time of acceptance it was demonstrated that
the building exceeded this criteriom.

3.,7.2 LEAKAGE RATE TESTS, 1In NBSR-7C, Supplement to the Preliminary Hazards Summary
Report, dated August 1, 1962, two types of building leakage rate tests were outlined. One
of these involved temperature compensating drums for increased accuracy of measurement over
periods of test time during which the temperature might change appreciably. During the
actual acceptance tests it was learned that the tests could readily be made during times
in which the temperature did not vary sensibly., It was also shown that the building readily
exceeded its tightness specifications, and therefore, less time was required to prove its
integrity. Accordingly, in the future it is not planned to utilize the temperature compen-
sating drum system even though such a system was fabricated and could be invoked,

Two types of measurements are currently performed. In both tests the intake and exhaust
valves are closed and the confinement system tested with the air conditioning systems opera-
+ing to stabilize the temperature within the building at 70°F. In one test, the test blower
£low rates required to establish +7.5", +4.0", and -2.5" are observed and shown to be less
than 24 cfm per inch. In another test the building is pumped or exhausted to the same three
iifferential pressures and the relaxation times are observed and shown to exceed 64 minutes,

The equipment required to achieve the above cited tests have been installed in the
facility as originally planned and shown in NBSR-7C, p. 3, dated August 1, 1962, It is
shown also on Figure 3,10 of this report.
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3.7.3 INSPECTION OF PENETRATIONS. Independent of leakage rate tests, building pene-
trations will be inspected as part of the normal maintenance of the building and systems.
It has been found wmost practical to locate building leaks during an actual test by either
direct observation or Freon testing of suspect penetrations. It is planned to continue
with such inspections each time the confinement system leakage rate is measured, even
though the specification might immediately be met,

3.8 BUILDING UTILITIES AND SERVICES

3.8.1 DOMESTIC WATER SUPPLY., The water for the NBS site is supplied by the Washington
Suburban Sanitary Commission. They get their raw water from the Potomac. River and process
it at the Potomac Filteration Plant, It is then stored in the standpipe located at Shady
Grove, Maryland, which supplies the surrounding area including the NBS site.

Water is supplied to the Reactor Building from the NBS distribution system through a
12" pipe at 90 psig. It is anticipated that the Reactor Building and associated laboratory
will require about 300 gpm, Of this, 200 gpm is used as make-up for the cooling towers.
This water must be given additional treatment at the reactor site. The remaining 100 gpm
is used in the hot water system and other normal intermittent building and laboratory uses,

3.8.2 STEAM AND CHILLED WATER, Steam is supplied to the reactor site from the NBS
distribution system at 150 psig. TImmediately inside the building it is reduced in one
step to 15 psig and distributed to the hot water and the heating systems, It is esti-
mated that the reactor and adjacent laboratory building will require about 12,000 1bs of
steam per hour.

The reactor air conditioning system does not have its own compressors, but rather uses
chilled water supplied from the central NBS plant. The water is supplied at 43°F, circulated
through the cooling coils by the air conditioning system and returned to the central plant
at 53°F. The total requirements of the Reactor Building and adjacent laboratory will be
1300 gpm., Ninety gpm of this will be used to cool the storage pool in the Reactor Building.
The rest of the chilled water will be used in the air conditioning systems.

3.8.3 DRAINS., Since all liquid waste in the Reactor Building will be suspect of
radioactive contamination, the drains in the Reactor Building have been carefully limited
and controlled. All the systems supplying water to the face of the reactor for experimental
use are closed systems with their own return lines. One of the few exceptions are the drains
in the radiological laboratories. Here regular sink and cup drains are provided, One
additional sink drains into this system from the Health Physics room in the adjacent labora-
tory. This sink is provided with a deep trap to maintain confinement building integrity.

In addition to these laboratory drains a few open drains have been strategically located in
certain areas in case of accidental spills., Besides these limited open drains, a valved-
off drain is provided at each reactor beam hole.

All these drains join into one system which empties into a sump tank., As this tank
fills, the waste water is automatically pumped into the radioactive waste system provided
in the adjacent laboratory building.

Two roof drains also penetrate the Reactor Building. These, however, are not part of
the Reactor Building drainage system since they simply pass through the building and out
again into the storm sewer system. They are completely sealed from the interior of the
Reactor Building to form no breach of the confinement system, In a few cases, where a
small flow of domestic cooling water is permissable, the water is drained directly into
these storm sewer drains. In these cases, each is a closed system from domestic water
supply to drain maintaining the integrity of the confinement building.

3.8.4 ELECTRICAL POWER

3.8.4.,1 Source, The electric power is supplied by the Potomac Electric Power Company.
They maintain a sub-station on the NBS site containing two transformers. This sub-station
is fed by two separate 69 Kv trammission lines, The power company transformers reduce the
69 Kv to 13.8 Kv. This feeds immediately into four large switch-gear stations, which are all
connected together by normally closed circuit breakers. An underground 13.8 Kv distribution
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system distributes the power from these switch-gear stations to the buildings on the site,
Two feeders, each from a separate switch-gear station, bring power into the Reactor Building.

3.8.4.2 Reactor Building Sub-Station. The main one-line diagram for the sub-station
in the Reactor Building is shown in Figure 3.12, The two incoming lines feed separate 1500
Kva 13,750-480Y/277V transformers. Each transformer feeds a 2500 amp 480Y/277V, 3 phase,
& wire bus. The two busses feed 480 volt, 3 phase, 3 wire motor control centers and 480Y/277
volt, 3 phase, 4 wire power and lighting distribution panels directly. They also feed,
through transformers, 280Y/120V, 3 phase, &4 wire power distribution panels,

3.8.4.3 Motor Control Centers. All of the motor control centers are 480 volt, 3 phase,
3 wire systems except for one DC center to be discussed later., The building service motor
control center consists of two busses, A-1 and A-2, tied together with a circuit breaker.
This system is fed through a 1600 amp frame circuit breaker set to trip at 600 amps.

The pump room motor control centers, A-7 and B-8, are fed separately from bus A and
bus B respectively. Each is fed through a 1600 amp frame breaker set to trip at 800 amps.
They are connected by a normally open circuit breaker, which can be closed in case of power
failure on either of the main busses.

The reactor motor control centers, A-3 and B-4, are also fed from separate busses
through 1600 amp frame circuit breakers, set to trip at 800 amps, and are again connected
by a normally opened circuit breaker, The emergency power motor control centers, A-5 and
B-6, connected together by a normally closed circuit breaker are fed from A-3. Should power
fail at A-3, a normally closed breaker to A=-5 will open and a normally open circuit breaker
from motor control center B-4 to the emergency power system will automatically close. Should
power fail on both A-3 and B~-4 both breakers open and the emergency power system takes over.
The details of the emergency power system will be discussed in a later section.

3.8.4.4 Power and Lighting Panels. The two 480Y/277D, 3 phase, 4 wire panels D and
E are fed directly from busses A and B respectively. From these panels the power is distri-
buted to the various lighting panels in the Reactor Building and adjacent laboratories.

There are two types of 280Y/120 volt, 3 phase, 4 wire, power panels fed through 480/208
volt transformers. Power panels A, B, and C delivér normal power to the cold labs, warm
labs, and the reactor, respectively. Panels A and B are supplied by bus A, and panel C from
bus B, Panels F, G, and H supply instrument power to the cold labs, warm labs, and the
reactor respectively, Panels F and G are fed from the main bus A, and panel H from bus B,
They are tied together with normally open circuit breakers in case of failure of power to
one of the panels. A separation of the instrument and normal distribution panels should o
greatly reduce electrical interference, which is often present on the normal power systems.

3.8.5 FIRE ALARM SYSTEM. The Reactor Building and adjacent laboratories are equipped
with automatic detectors. These detectors are divided into zones, A signal from any zone
sounds fire bells locally in the building and lights up the appropriate zone on an annun-
ciator panel located near the lobby, The signal is also sent back to the local guard
office, where the building is annunciated.

3.8.6 CIVIL DEFENSE SYSTEM, All buildings on the NBS site, including the Reactor
Building, will be equipped with Civil Defense horns., These will be activated from a central
location in case of national emergency.

Reference

(3.1) U.S.,A,E,C., Docket No. 50-184, "Application for Construction Permit, National
Bureau of Standards,' pages 31 and 32,
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MEMBRANE WATERPROOFING
& PROTECTION FITTED TIGHT
ARQUND PIPE

ANCHOR STRAP

INSIDE FACE OF WALL ; Aw ,
\ INNER FLANGE TWO LAYERS OF
CAULKING ALL i SEAL TO PIPE OUTER FABRIC-2'-0" sQ.
AROUND FLANGE ORAWN TIGHT INNER LAYER
WITH FOUR SCREWS MOPPED ONTO

PIPE OR CONDUIT

WALL & OUTER
- -LAYER MOPPED

INTO FACE OF
: WATERPROOFING
RING & (SAME v . ¢
MATERIALS AS . ,
PIPE OR CONDUIT)
WELDED (ALL t - EXTERIOR FACE
AROUND) TO PIPE DETAIL “A" DETAIL "B"

OR CONDUIT

TYPICAL PENETRATION DETAILS
THRU GCONTAINMENT WALLS

NOTE: DETAIL "A" APPLIES TO THE INSIDE FACE OF
CONTAINMENT WALLS OF THE REAGCTOR BUILD-
ING AT ALL PIPE & CONDUIT PENETRATIONS.

DETAIL "B" APPLIES TO THE OUTSIDE FACE OF
THE CONTAINMENT WALLS AT ALL PIPE &

CONDUIT PENETRATIONS WHERE MEMBRANE
WATERPROOFING IS REQUIRED.

Figure 3.6 Typical details of penetrations through containment walls
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SECTION 4. REACTOR CORE

4,1 GENERAL DESCRIPTION

4.1.1 BASIC REACTOR TYPE. The NBSR 18 a D20 cooled, moderated, and reflected reacior
designed to operate at 10 MW thermal capacity. The fuel elements are located on 7' centers
in an hexagonal array. This relatively large spacing makes the NBSR a well thermalized
reactor, and at the same time makes it possible to introduce many in-core experimentai facil-
ities in addition to the beam holes and thimbles located in the reflector.

Cooling water enters through a plenum at the bottom of the fuel, passes up through the
fuel and into the reactor vessel, and then out through two outlet tubes in the bottom of
the vessel, A certain amount of freedom in the arrangement of the fuel elements within th=z
core is made possible by the use of a double plenum system. The inner 7 fuel positions arsz
fed by 1 plenum and the remainder by a second concentric plenum.

The reactor {s unpressurized except for a small pressure of about 4 of water main-
tained by a helium blanket. The inlet temperature of the D20 coolant is 100°F and itz out-
temperature is 112°F, Since most of the neutron moderation is done in the Dy0 survounding
the fuel, rather than within the fuel element itself, the average moderating temperature is
approximately the same as the coolant outlet temperature.

4,1,2 REACTOR SIZE., Figure 4.1 shows an elevation drawing of the reactor. The cere
is contained in an aluminum tank 7' in diameter and 16' high. By the use of fuel elements
with an unfueled center section, the core is split into an upper and lower section. Zach
section is 44" in diameter and 11" thick. The unfueled section between the two fueled
sections is 7', thus the overall dimension of the core is 44" diameter by 29" high.

The fuel elements are supported by two grid plates 62" apart. The top of the lower
grid plate is 9" below the bottom of the core and the bottom of the top grid plate is 24™
above the top of the core. The fuel elements are held in place against the upward water

flow by a locking mechanism held down by the upper grid plate.

The side reflector is 20" thick and the top reflector thickness is determined by a 3"
overflow pipe which maintains a water level at 117" above the top of the core. This large
space above the core allows transfer of fuel elements to the fuel element transfer chute.

An emergency dump line concentric with the fuel element transfer chute can be used toc
drop the water level to 1" above the core. Not shown in Figure 4.1 is another low level
overflow concentric with the 3" overflow pipe located at the upper grid plate elevation.
This overflow is to be used whenever fuel elements are being transfered in a helium atmns-
phere (low water level) rather than under water.

4,1.3 CORE ARRAY., The grid plates provide for 37 fuel element positions and four,
2-1/2", gemi-permanent irradiation thimbles, The normal core configuration is shown in
Figure 4.2. Seven of the fuel positions are especially adapted for 3-1/2" experimental
thimbles and 6 other positions on the outside corners of the hexagon are normally loaded
with dummy fuel elements, leaving 24 positicns for normal fuel element use. With the normsal
loading of 24 fuel elements, each of the seven 3-1/2" experimental thimbles is surroundesd by
6 fuel elements, Only six of the seven 3-1/2" experimental positions are available for in-
plle irradiation, since the seventh position is used for a regulation rod.

4.1.4 EXPERIMENTAL FACILITIES IN THE REFLECTOR. The experimental facilities will be
described in detail in Section 8. Here we will just briefly point out the locatiom of the
main facilities. Radial beam ports are all located in the central plane and look at the
unfueled section of the core. The large beam hole is provided for the future installatiom
of a low temperature moderator for use in the production of high inteneity, low energy,
neutron beams. Two through tubes pass below the radial beam tubes at the bottom of the
lower core. The reflector also contains four rabbit tubes and positions for the installation
of up to 7 vertical thimbles.
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4.1.5 REACTOR CONTROL. The reactor is controlled by 4 shim safety arms and 1 regulat-
ing rod. The shim safety arms are the semaphore type similar to those used at CP-5. As
shown in Figure 4.1, they are located just below the upper grid plates. Their poison segment
is ,040" thick cadmium clad with aluminum.

The regulating rod consists of a 3" diameter aluminum cylinder filled with helium. The
poison is supplemented by the helium void, It is mounted on a vertical rod located in one
of the 4" experimental facilities in the core.

4.1.6 EMERGENCY SHUTDOWN MECHANISM. There are 3 emergency shutdown mechanisms. The
primary one is the shim safety arm system. This can be backed up by the second mechanism
which dumps the top reflector to a level 1" above the core, Since our top reflector is so
thick, it takes about 40 seconds to dump, so it appeared desirable to supplement this mech-
anism with a third system. The third system is the void shutdown system which can introduce
helium gas into the region below the core, thus forming helium voids within the core. The
helium bubbler works rapidly and within a second or two introduces enough void to cause a
negative reactivity sufficient to initiate shutdown., The void shutdown system 18 so inter-
locked that it will always initiate an emergency dump of the top reflector.

4.1.7 D90 HOLDUP TANKS., In the event of a major rupture of the sub-pile piping that
would drain the reactor vessel, Dy0 will be held up in two places within the reactor vessel
itself. These can be seen in Figure 4.1. An annular shaped tank located in the top re-
flector can only be drained through two pipes at the bottom. These pipes feed a distribution
pan which routes emergency cooling water to the individual elements in the core. Water can
only be drained from this pan through fuel element seats in the lower grid plate. The end
fittings of the fuel elements and any other tubes inserted into the lower grid plate are
conically shaped so as to minimize leakage of water down through the fuel element seats.
The pan then tends to keep the lower core submerged in the water and also serves to collect
any of the water from the upper emergency tank which splashes over the top of the distrib-
ution pan or rums down the outside of the fuel elements.

4,2 TFUEL ELEMENTS

4.2,1 GENERAL DESCRIPTION. The NBSR fuel element is an MIR plate type element as
shown in Figures 4,3 and 4.4, which give all pertinent dimensions and tolerances. The fueled
gection consists of 17, two-core fuel plates. Two unfueled, curved, outside plates and two
slde plates form a box section structure which surrounds the fuel plates. '

The bottom adapter is both an inlet nozzle and a valve. Coolant enters the internal
passage of the bottom adapter, flows up through an .internal conical transition section to
the lower portion of the box section, through the channels between the fuel plates and
between the fuel plates and the outside unfueled plates, and then through the upper box
section and out the top adapter. A small amount of coolant is also bypassed around the ex-
ternal surface of the lower nozzle to prevent any possibility of bulk stagnation. This
bypass flow 1is possible only when the exterior conical section of the lower adapter is
lifted off a mating conical seat in the lower grid plate. A 12 wmil gap then exists between
the nozzle and the hole in the grid plate. The element is spring loaded down by the latch-
ing mechanism which will be discussed in a following paragraph. The lifting force necessary
to achieve the bypass flow results from the hydraulic drag of the coolant on the fuel
assembly, If, however, flow should cease for *any reason, the elements will drop down on the
seats and so hold a portion of the bulk coolant in a pan-like structure which surrounds the
core to mid-fuel height, The application of this system is discussed in Section 7.1,

The upper adapter contains the mechanism which locks the fuel element into the grid
plate structure. The details of the locking mechanism are shown in Figure 4.5. This is a
spring loaded cross bar type of lock. When the fuel element has been fully inserted through
the upper grid plate into the lower grid plate, further downward pressure on the handling
head will cause the spring to compress and will bring the cross bar down, inside the upper
adapter, to a position just under the upper grid plate, Counter clockwise rotation of the
handling head with continuing downward pressure will cause the cross bar to rotate. The ends
of the cross bar will then project out through the side windows of the upper adaptor and
pass under the bottom surface of the upper grid plate. Release of the downward pressure
will then allow the spring to pull the cross bar up into small notches in the bottom surface
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of the upper grid plate. The fuel element -is thus locked between the grid plates. The
notches in which the cross bar is resting prevent the bar from turning out until a downward
force is again applied by a handling tool. The spring is used only to assure that t!z cross
bar engages the grid plate properly when there is no coolant flow. During operation, the
water flow forces the element directly against the cross bar forcing it firmly into the
notch in the grid plate, »

The fuel elements are located on 6,.928" centers in the NBSR core. Since each element
fits into a unit cell of 3-1/8" x 3-13/15", there is a good deal of space between elements.
The tolerances of the outer configuration are not, then, of primary importance,

4.2.2 MATERTALS. All materials used in the NBSR fuel element contain less than 5 ppm
of boron and less than 15 ppm of cadmium. The fuel alloy is an uranium aluminum alloy con-
taining 18 weight percent enriched uranium. The uranium 1s enriched to a minimum of 93%
U-235. The U-235 content of each fuel element is 170 *+ 3.4 grams. The U-235 content of each
fuel core (two cores per plate) is 5 * ,15 gram. The aluminum melting stock for the fuel
core alloy is 1100 series (ASTM specification B 179-62, Alloy 995A or a higher purity grade).

The fuel plate core frames and cladding are 1100 series aluminum (ASTM specification
B 209-62).

The side plates and the unfueled outer plates are aluminum, alloy 6061 Temper T-6
"(ASTM specification B 209-62),

End adapter castings are of type 356 aluminum tempered to the T-6 condition (ASTM
specification B 26-60T Alloy SG70A).

4,2,3 TFABRICATION METHODS, The NBSR elements are fabricated by what have become
standard industry techniques for the manufacture of MIR plate type fuel elements. The clad-
ding and core materials are metallurgically bonded by hot rolling processes. After blister
testing (see below) the plates receive a final cold reduction of not less than 15% or more
than 25%. Final curving is accomplished over a warm die. -

Several methods of fastening.side plates to fuel plates are available. The first group
of NBSR elements will be assembled by the roll-swaging process. The element specification
requires that all the side plate to fuel plate strength must exceed 150 lbs per linear inch

of joint.

The upper and lower end castings are welded to the box section formed by the two un-
fueled outside curved plates and the two side plates. The lower adapter is attached with a
full seam weld to form a watertight joint. The upper adapter is attached with 4 plug welds
on each of 4 sides. All welding is done by the inert gas shielded air process.

Each fuel core is assigned a serial number which is recorded along with the melt serial
number, the U-235 enrichment fraction for that melt and the U-235 content of the core based
on melt chemical analysis and core weight. Each fuel plate is then assigned a serial number
which is recorded along with its core numbers, These fuel plate numbers are then recorded
along with their position in a serial numbered fuel element. The element serial number is
engraved on the side plates on both sides. One serial number adjacent to each half of the

split fuel core., Thus, if for disposal purposes, a cut is made through the gap in the fuel
plates both ends will carry identifing numbers.

4,2.4 TESTING AND INSPECTION, Samples for chemical analysis are taken from the top,
center, and bottom of each fuel alloy ingot for chemical analysis. The fuel cores stamped
from the rolled ingot are numbered so that they can be related to that specific melt.

After each fuel plate is hot roll-bonded it is blister tested by being heated to 900°F
and held at that temperature for one hour. Any plate which shows evidence of blistering or

lamination is_rejected.

After blister testing, each plate is ultrasonically tested for voids, inclusions, or
other -discontinuities; any such irregularities are cause for rejection.
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Prior to assembly, the surfaces of the aluminum cladding on the fuel bearing section is
examined for pits, scratches and dents, Pits or scratches greater than 0,003" deep over fuel
or 0.006" on any other surface will result in rejection of the plate, Dents greater than
1/8" in diameter and/or greater tham 0.006" deep will also result in rejection of "he plate,

Welds are usually inspected for evidence of cracks, inclusions, and inadequate pene-
tration into the bare metal., Unsatisfactory welds must be repaired to meet specifications.

Each fuel plate is fluoroscoped to establish the outline of the fuel alloy material
for final shearing to size. All fuel plates are then radiographed and the radiographs
examined for segregation and variation of uranium in the fuel alloy. Those plates which
show any variation in density detectable on the radiographs, by eye, are rejected.

One randomly selected fuel plate from each rolling lot (or a minimum of 1 out of 40)
is destructively tested for cladding thickness. A small longitudinal sample from each end
of the two fueled sections plusg a transverse section through the center of each fuel core
(a total of 6 samples) are examined microscopically to establish the actual thickness of
cladding covering the fuel filler and to determine the amount of local thickening (dog-
boning) at the fuel core ends. Cladding thickness less than .011" will result in rejection
of the entire rolling or sampling lot. Fuel core thickness of ,020"(+0.000"/-0.002'")
(0.23" maximum 1" from the ends of each core) is specified and will also be criteria for lot
rejection., For the purpose of this inspection, a rolling lot is defined as all plates
rclled during a given rolling operation on a given piece of equipment at given equipment
settings by a given operator at given room temperature and environmental conditions,

The efficiency of the roll swagging assembly technique is tested by determining the
force which is necessary to fail test gections, Minimum joint strength of 150 lbs per
linear inch of roll swagged joint are required by NBSR specifications. The assembly of
elements in the production run is done in the same manmer and by the same operations used
in the fabrication of satisfactory pull test specimens.

After assembly of the element the water channel spacing is measured along the element
centerline -in each water channel of each element. These mezgurements, together with the
other dimensional measurements, are submitted as part of the inapection data on each fuel
element, Certified copies of reports identifying all materials used in the fabrication of
the fuel assembly are also required,

After fuel assemblies are received at NBSR, the inspection procedure calls for another
full dimensional check, including water channels, as well as a complete visual check for
surface defects on fuel plates., The first group cf fuel elements received at NBSR will all
be hydraulically tested at flow rates exceeding the wmaximum flow to be achieved in oper-
ation of the reactor. Sampling techniques for hydraulic testing of future elements will be
developed using the experience gained during the initial testing program.

4.2,5 PROTOTYPE TESTS., The outer shell of the NBSR fuel element represents the only
major variance from the classic MIR plate type fuel element., Since this ocuter shell con-
trols the establishment of the proper hydraulic regime, for heat transfer purposes, con-
firmation of the structural and hydraulic design objectives was accomplished on a hydraulic
stand, using a fuel element assembly fitted with dummy plates. Flow rates over twice those
gseen in normal operation (20 to 30 ft/sec) were employed to measure flow conditions in each
channel and across typical channels as well as total pressure drop, drag forces, bypass
flow around the lower nozzle and the vibration characteristics of the spring loaded element
lock, The results of those portions of the test results which effect heat transfer are
discussed in Section 4.7. 1In general, the predicated performance of the NBSR element design
was confirmed. The primary features of uniform flow delivered to all channels, lack of
structural deformation, and absence of vibration were all proven,

4,2,6 PAST EXPERIENCE WITH SIMILAR ELEMENTS. The enriched uranium fueled plate-type
element with aluminum or a structural cladding material has a long and trouble-free history
in research and test reactor technology. All of the variations in the basic plate-type
element derive from the MTR design and development work done about 1950, The MTR itself
commenced operation in 1952. Since that time a variety of reactors using the same general
type of element have been built and operated in this country and abroad. The basic
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Table 4.2-1 TFuel Element Operating Conditions in High Power Density Research and Test Reactors.

Reactor ' NBSR ORR MTR ETR HFBR
Core Inlet Water

‘Temperature, °F . 100 120 115 120 120
Water Velocity in Fuel

Element Channels, ft/sec 12 30 - ' 33 35 35
Core Pressure Drop, péi 12 25 40 45 nominal 31

55 maximum

Nominal Water Channel

Thickness, in. .116 .104 .116 4 at ,119 2 at ,129
2 at ,115 2 at .116
12 at .105 2 at ,108
12 at ,102
Fuel Plate Thickness, in. .050 .050 inside .050 inside .050 .050 inside
.065 outside .065 outside .140 outside
Fuel Meat Thickness, in. .020 .020 .020 .020 .020 inside
.010 outside
Weight % U in Fuel Alloy 18 18 18 22 30
Width of Fuel Plates ;

Between Side Plates, in. 2.415 2,512 2.622 2,624 2.446
Curved or Straight Plates Curved . Curved Curved Straight Curved
Radius of Curvature, in. 5.5 5 : 5.5 - - 6
Maximum Heat Flux, 3.82 x 10, 7.5 x 10° 9 x 10° 1.35 x 106 1.60 x 105,

Btu/hr-f£ft first core first core

2.68 x 109, , 1.48 x 108,
equilibrium equilibrium

Hot Spot Surface
Temperature, °F 240 240 312 400 ' 359 first core
344 equilibrium

Average U-235 Burn-up, % 40 35-40 20-25 17 20.4



plate-type fuel element, operating at coolant conditions and power densities far more severe
than those of the NBSR, has by this time many hundreds of megawatt years of successful oper-
ating experience behind it, .

) 4,2.7 OPERATING CONDITION, LIFETIME, AND CORROSION, The life'cycle and burnup of the
NBSR fuel element is discussed in Section 4.6.4.

Temperature, pressure, and water flow conditions are summarized in Table 4,2-1 and dis-
cussed in detail in Section 4.7,

The corrosion history of aluminum MTIR type fuel elements has been studied extemsively,
Fuel plates of the same basic construction and the same material as those used in the NBSR
element have been operated at higher flows, higher temperatures, and at much higher heat
fluxes (Table 4.2-1) than will be achieved in the NBSR, All of these factors generally in-
crease the corrosion rate and yet corrosion of the fuel elements during lifetimes comparable
to those in NBSR has not been a problem from the standpoint of structural integrity. The
buildup of the low conductivity oxide layer on the heat transfer surfaces is, of course, a
matter for consideration. This effect is discussed in Section 4.7.

4.3 CONTROL RODS

The NBSR has two types of control rods. Primary control of the reactor is accomplished
by use of 4 semaphore type shim safety arms. Fine control i8 accomplished by the use of a
single vertical type regulating rod.

The 4 shim safety arms are each 1" thick by 5" wide by 52" poisoned length. The
hollow interior is filled with helium and the .040" thick cadmium poison is clad with
aluminum on both the outside and inside. They are mounted on hanger brackets just under
the grid plate, The drive shafts penetrate the reactor vessel below water level and drive
the shim arms directly, The vessel penetrations are sealed with rotating seals and the
drive mechanisms are mounted in recesses in the biological shield. The total reactivity
worth of the four shim safety arms will be about 467 and the worth of a single arm about 147%.

The regulating rod consists of a helium filled aluminum cylinder, 3" in diameter by
29" long. It is located in one of the 3-1/2'" vertical thimbles directly in the core as
shown in Figure 4.2, The vertical drive mechanism is mounted in the top plug and is =z
standard commercial design. The volume of the regulating rod void combined with its alumi-
num structure as a poison 1s designed to make the rod worth 1/2 percent reactivity.

4,3.1 SHIM SAFETY ARMS, Figure 4.6 shows the detailed design of the NBSR shim safety
arms and the location of the various materials of comstruction. These arms are fdentical
to the arms used in the CP-5 reactor with the exception of a slight increase in length.

4.,3,1,1 Materials. The neutron absorbing element in the shim safety arms is cadmium,
in sheet form 99.9% pure. This cadmium 18 clad on both sides with 1100 series aluminum.
The hub portion of the assembly i{s aluminum alloy 6061-T6.

4,3,1.2 Fabrication Methods. The blade portion of the NBSR shim safety blades is
rough formed by assembling three concentric tubes to form an aluminum, cadmium, aluminum
sandwich. The aluminum tubes are seamless extrusions; the cadmium tube is roll formed to.
the diameter needed. This sandwich section is then collapsed to the approximate con-
figuration of the completed arm. The ends of the section are then seal welded to prevent
the entry of lubricants or other foreign matter and the section is mounted on a draw bench.
Roughing and finish dies are then drawn through the inside of the section. Small inelastic
strains occur which bring the section to its final dimension and, more importantly, assure
intimate contact between the cadmium and the aluminum at all points.

The hub gection is machined from plate stock. This section contains a drilled hole
which leads from the outer surface of the hub to the void in the center of the blade when
the assembly is complete.

Assembly of the two sections is accomplished by welding. After all traces of lubri-
cant from the drawing operation have been removed, the ends of the sandwich section which
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were previously seal welded are cut back to expose a clean edge. The hub is then forced
into the blade section and the joining welds made by the inert gas shielded tungsten eiec-
trode method. The end of the blade section is capped with a fitted aluminum end piece which
is welded in place by the same technique.

The void in the blade section is then repeatedly evacuated and purged with helium,
Helium at just slightly above atmospheric pressure is left in the void. The opening through
which the void was purged and filled is then seal welded.

4,3.1.3 Inspection and Tests. The components of the shim safety blades and the final
assembly are thoroughly inspected for adherence to the design drawing requirements and
tolerances. The blade section receives additional inspection to assure intimate contact
between the cadmium and the aluminum.

Radiography of sample blade sections followed by destructive testing of these sample
sections provided the information necessary to establish radiographic standards for the
inspection of completed blades. All parts of the completed blades were then radiographed
and the radiographs compared to the standards for the necessary extrusion of the cadmium
into voids which existed before the drawing operation and for the absence of new voids or
inclusions. Any such irregularities visible by eye are cause for rejection.

After complete assembly of each unit, all welds were radiographed and visually ex-
amined for cracks, checks, absence of penetration or undercut. Unsatisfactory welds are
cut out, repaired, and reinspected.

The leak tightness of the assembly is checked by filling the void in the blade section
with helium at approximately 15 psig and then searched for leaks over the entire surface and
at all joints with a mass spectrometer helium leak detector. No helium leakage is allowed
on acceptable units,

4.3.1.4 Operating Conditions., Each NBSR shim safety arm has an operational travel of
41°, When in the full-in position, the blade eenterline is 41° below the horizontal. Full
retraction brings the blade to the horizontal position, just below the upper grid plate.

The blades are supported by a hub-unit which rides on two ball bearings. These bear-
ings, in turn, are mounted in a hanger bracket. The hanger brackets are bolted to the
reinforcing ring welded to the vessel.

The drive systems and shock absorbers are mounted on the biological shield. A stain-
less steel, splined shaft connects the drive units to the arm assemblies. The arrangement
of the system, including the position transmitters and over drive limit switches, is shown
in Figures 4.7 through 4.9,

4,3.1.5 Drive Package Design. The shim arm drive package is identical in all major
respects to the system which has been in use on the CP-5 reactor for some years. Essen-
tially the drive consists of a large compression spring which is compressed by a ball nut
and screw jack when the shim arm is raised, The shim arm shaft i3 connected to the housing
which holds the ball nut and so the arm is raised or lowered as the nut rides up and down =~
the screw,

The ball screw jack ia drivem, in turn, by an electric motor, through a high ratio
gear case and finally through an electromagnetic clutch, The arrangement of the parts is
shown in Figure 4.9, Whenever the arm is raised, the compressed spring 1s pushing on the
very low friction ball nut, attempting to force it back down to its rest position. This,
of course, would require the screw to turn, but it cannot turn because it is connected
through the clutch to the output shaft of the high ratio gear box. Should the clutch be
digengaged, however, the screw is free to turn and the spring will ram the nut, and so the
shim arm, back to the "in'" position.

The energy of a rapid return or ''scram" is absorbed by a hydraulic shock absorber.
This shock absorber is mounted on the biological shield, adjacent to the drive package. A
mechanical stop, to prevent over travel of the arm should the shock absorber bottom out, is
located on the linkage which connects the shim arm shaft lever to the shock absorber,
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All impact loads are, therefore, born by the biological shield.

4.3.1.6 Shaft Seal, The shaft comnnecting the drive package and the shim arm must be
sealed where it passes through the vessel wall. This seal is accomplished by a Kopper Com- -
pany face type seal. These seal units were tested at 50 psi water pressure both by the
manufacturer before shipment and when installed at the NBSR, No leakage was found at 50 psi,
normal operating pressure is 3-1/2 psi maximum,

4.3.1.7 Shim Safety Arm Lifetime, The lifetime of the shim arms is affected by poison
burnup, corrosion, and radiation damage. As will be discussed below the latter two effects
are not important relative to the poison burnup rate,

The poison in each shim arm consists of a total thickness of .080" of cadmium. The
burnup rate during shutdown, when the rods are fully inserted, is negligible compared to the
burnout rate during operation when the arms will normally be withdrawn above the core at an
angle of about 10°. 1In the presence of the shim arms, the flux will fall rapidly with
distance above the core so the shim arms will burnout much more rapidly at the bottom.
Assuming that, due to the effect of the shim arms themselves, the flux is signigicant only
over the bottom 2" of the arm, it will take slightly over two years of 290 day per year
operation at 10 Mw to burn up enough cadmium to reduce the minimum four arm shutdown margin
from 32% to 297%. Similarly the 2 arm shutdown margin would be reduced from 137 to 10%.
Since even a very thin section of cadmium 18 just as black to thermal neutroms as a thick
sheet, the shutdown margin i{s only changed by complete cadmium burnout, Thus 1if the high
flux is spread out over a larger area of the shim arms than assumed above, complete burnout
would be delayed and the arms would last somewhat longer, So the shim arms should be able
to operate for at least two years without replacement before any significant change in the
minimum shutdown margin occurs.

That corrosion does not limit the shim arm lifetime is demonstrated by the fact that
gimilar arms have remained in the CP-5 reactor for about 8 years until poison burnout re-
quired their removal. This is a much longer period of time than anticipated for the NBSR
shim arms.

The radiation damage 18 not great because during reactor operation, the shim arms are
in the top reflector above the core where the fast neutron flux is relatively low. The shim
arms of the CP-5 reactor are located in about the same position, but due to the smaller core
size and other geometrical differences they are exposed to a slightly higher fast flux per
unit power than are the NBSR arms. Thus, the CP-5 arms would have been exposed to at least
as much radiation damage for the same Mw-hours of operation as the NBSR arms. The first
arms were removed from CP-5 after 121,000 Mw-hours of operation (4.1) - an exposure com-
parable to that discussed above for the NBSR arms. Since the CP-3 arms did not exhibit any
serious radiation damage effects, the NBSR arms should not be affected by radiation damage
for the exposures realized during its poison burnout limited life.

4.3.2 REGULATING ROD

4,3.2.1 Control Philosophy. The regulating rod in the NBSR is a hollow aluminum
cylinder 29" long by 3" 0.D. The interior is sealed and filled with helium. The relatively
large volume of the rod allows the use of aluminum as the poison which is supplemented by
the void worth of the rod, The low absorption cross section of the poison (aluminum) in-
sures the long life of the absorbing atoms; and the spreading out of the poison over a
large volume minimizes the local thermal flux depression. Furthermore, the total neutrcn
absorption required of the rod is reduced because a portion of the reactivity control is
achieved by the rod void. The void works primarily by changing the fast neutron leakage
and so has very little effect on the thermal neutron flux.

These features combined with the location of the rod near the center of the reactor,
see Figures 4.1 and 4.2, is expected to cause very little perturbation of the thermal flux
at the beam holes as the rod is moved.

4.3.2.2 Drive Package. The NBSR regulating rod (fine control) is driven by a standard
drive package built by the Diamond Power Specialty Corporation of Lancaster, Ohio.
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The drive train consists of a two phase electric servo motor which drives an extremely
accurate lead screw-nut combination. An extension shaft mounts on the nut at one end, and
carries the regulating rod at the other., As the screw revolves, the nut, and thus the
regulating rod moves up or down at a fixed rate. The rate of movement, 30" per minute, is
determined by the motor speed and the pitch of the lead screw.

Position indication transmitters are connected to the motor shaft through servo gear
trains. Regulating rod position indicators mounted on the main control panel show the rod
position to .02"., Operational tests have shown the maximum error between true and indicated
position to be less tham .01".

The total rod travel is 29", Limit switches mounted in the drive package are used to
indicate and limit the extremes of travel as well as to signal the operator when the rod is
7" from each extreme end. Knowing this, the operator may re-shim to keep within the limits
of the regulating rod operational range.

4.3.2.3 Regulating Rod Lifetime. Since the regulating rod poison is simply the alu-
minum out of which the rod is fabricated, poison burnout presents no problem. (The half
life of an aluminum atom in a flux of 1014 n/cm2-sec is about 1000 years). Since the rod
ig made of the same material as the rest of the core structure, it will suffer no more
corrosion than the other core components.

In a 20 year life, it would experience an integrated fast neutron (>.3 ev) exposure of
about 5 x 1023 nvt, This is less than anticipated for the exposure of similar alloys in the
HFBR (4.2), and in view of the low stress non-structural nature of the rod should present no
problem.

4.3.2.4 Regulating Rod Heating. The regulating rod will operate in a shroud of
approximately 3-1/2" I.D, The shroud has the same general configuration as the 3-1/2'" ex-
perimental thimbles, A fixed orifice in the nozzle of the shroud will deliver a coolant
water .flow of 8 gpm from the inner plenum. This flow will pass up around the regulation
rod and then out into the bulk coolant,

At the calculated heating rate of 2.9 watts per square centimeter, at 10 MW power, this
coolant flow will result in a maximum regulation rod wall temperature of 140°F.

4.4 OTHER COMPONENTS RELATED TO THE REACTOR CORE

In addition to the fuel elements and control rods, there are three other types of
structures in the reactor core. When the core contains its normal arrangement of 24 fuel
elements, there are, in addition, seven 4" experimental thimbles, four 2-1/2" experimental
thimbles, and six dummy elements without plates, With the exception of the four 2-1/2"
experimental thimbles, all these structures have a lower end fitting whose external dimen-
sions are the same as the fuel elements. It is possible to replace either the 3-1/2" ex-
perimental thimbles or the dummy elements with normal fuel elements. The only modification
needed for the fuel elements to be placed in the positions normally occupied by the 3-1/2"
experimental thimbles is a modified top fitting.

Each of the three types of non-fuel structures has a hole of appropriate size in its
lower end fitting to allow water from the plenum to flow through it to provide adequate
cooling for itself and any experiments within it,

4.,4,1 3-1/2" EXPERIMENTAL THIMBLES, The major features of the core structure are
shown in Figure 4,1, For convenience of display, each type of in-core structure is shown
without overlap so their relative positions differ slightly from the true structure. The
true locations are shown in Figure 4.2,

The 3-1/2" experimental thimbles are held down against the upward thrust of the water
by tubes fixed to the top plug. To remove these thimbles, the hold down tubes must be re-
moved and a simple adapter inserted in the top of the thimble which allows it to be handled
just like a fuel element by the transfer system.
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Experiments are inserted through the top plug and hold-down tube into the thimble. If
more cooling is required thanm can be supplied by the water flowing through the thimble, it
can be supplied from the top along with any special instrumencation that may be desired.
These experiments do not interfere with the transfer or removal of fuel elements.

4.4.2 PUISONED HOLD-DOWN TUBES. The tubes which hold down the 3-1/2" experimental
thimbles pass through certain of the transfer tools and ara fastened to them. In addition
‘to holding down the 3-1/2" experimental thimbles, they serve another purpose. They contain
poison in the region between the dotted lines as shown in Figure 4.1. The poison section
is a .040" thick cadmium tube sandwiched between two aluminum tubes. This region is far
enough from the core so it has no effect on core reactivity or shim safety arm control.
The maximum neutron flux in the vicinity of the poisoned region is about 2 x 1012 1t 1s,
of course, much lower in the cadmium itself, and the lifetime of the bottom 10 cm of the
cadmium is estimated to be 30 years. The poison greatly reduces the neutron flux at the
bottom of the top plug and mirimizes the activation of the fuel element transfer mechanism
and the bottem of the top plug. This will greatly simplify the maintainance of the system
should it be required, The poison will also greatly reduce the activation of supports and
connections for experiments in the thimbles.

4.4,3 2-1/2" EXPERIMENTAL THIMBLES. As seen in Figure 4.2, each of these smaller
thimbles is located between two fuel elements, This will provide a higher fast £lux than
is normally available in the larger thimbles. o

These thimbles are semi-permanent, being held down by the top grid plate as shown in
Figure 4,1. Cooling water from the plenum flows through a hole in the bottom of the thimble
in the same way as in does for the larger thimbles.

4.4.4 REGULATING ROD STRUCTURE. The regulating rod is permanently located in one of
the 3-1/2" experimental locations. With the exception of the details of the attachment of
the hold-down tube to the top plug and the mounting of the regulating rod drive mechanism,
the hold-down tube and thimble are the same as those for the other 3-1/2" thimble positions.
The rod is cooled bv water coming up through the 3-1/2" thimble from the plenum.

4.4,5 TOP AND BOTTOM GRID PLATE INSERTS., Two inserts which are bolted into the center
of each grid plate to fill 7-1/8" diameter holes can be seen in Figure 4.1. The openings in
the grid plates are u4s large as possible without interfering with ot.er core structures.
They are included in the design in order not to preclude the possibility of installing a
large central thimble or tube at some future date without replacing both grid plates.
Normally, a 3-1/2" experimental thimble occupies this center location as shown.

4.5 CORE SUPrORT STRUCTURE

The internal structure of the reactor vessel supports the core, the shim safety arms,
and the inner emergency cooling tank.

4.5.1 CORE STRUCTURE, The fuel elements, experimental thimbles, dummy fuel elements,
and regulating rod shroud are located between an upper and lower grid plate as described in
Section 4,1. The grid plates are detailed in Figures 4.10 and 4.11 and their relatiomship
to other reactor components is shown in Figure 4,1, The grid plates determine the fuel
element and 3-1/2" experimental thimbles spacing at 6.928" center-to-center, The fueled
portion of the elements extends from 9" above the bottom grid plate to 24" below the upper
grid plate with a 7" unfueled section in the central plane. Coolant flow through the core
structure comes from 2 concentric plena located just below the lower grid plate. The D,0
coolant passes up through the fuel elements, experimental thimbles, duumy elements, and
regulating rod shroud. 1In addition, a small amount flows around the base of the fuel
elements directlv intos the bulk coolant.

With the exception of the 3-1/2" experimental thimbles, which are held down by tubes
from the top plug (see Secction 4.4.2), all the core components are held down against the
upward thrust of the water by the upper grid plate. The fuel elements are lcocked under the
upper grid plate as described in Section 4.2.1, and the 2-1/2" experimental thimbles are
semi-permanently held down directly by the upper grid plate. Thus, the upper grid plate
must take the upward thrust of the core components pushed by the water. The lower grid
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plate is loaded by the hydraulic pressure in the two plena, the weight of the core components
when water is not flowing, and thermal stresses arising from the radiation heating. The

grid plate loadings under operating conditions are given in Table 4,5-1. Both grid plates
are made of aluminum alloy (ASTM B209-62, 6061-T6).

Table 4.5-1 Grid Plate Operating Conditions

Upper Grid Plate Lower Grid Plate

Plenum pressure load - 1bs 27,600
Fuel element drag - 1bs 540
Weight of core components - 1bs 1,100
Maximum stress (mechanical plus

thermal) - psi 1,570 1,690
Design allowable working stress - psi 6,300 6,300
Maximum deflection - inches 0.01 0.05

The lower grid plate is completely supported at the edges by a 1" plate welded to the
outer plenum. The plate also has sections extending to the vessel wall where they are
welded for further support (see Figures 5,13 and 5.14 in Section 5). The grid plate is
fastened to this supporting plate by eighteen 1" diameter stainless steel bolts, The large
number of bolts is employed to give a relatively watertight seal between the lower grid
plate and its mounting surface, and their loading capacity far exceeds that required to
handle the grid plate loading.

The upper grid plate is mounted on four mounting brackets welded to the vessel wall
(see Figures 5.9 and 5.10 in Section 5). These brackets are further reinforced by quarter
rings welded to them and to the vessel wall. The grid plate is bolted to the mounting
brackets by ten 3/4" diameter stainless steel bolts.

4.5,2 SHIM SAFETY ARMS AND INNER EMERGENCY COOLING TANK SUPPORT, The 24" space
between the top of the fueled region and the bottom of the upper grid plate is provided to
allow the complete withdrawal of the shim safety arms into a region of negligible reactivity
worth without passing through the grid plate., The shim safety arms operate through a range
of 41° from the fully withdrawn, horizontal, position just below the upper grid plate to
the fully inserted position (41° to the horizontal). Each shim arm is individually supported
through a bearing by a hanger bracket, Each hanger bracket is then inserted into one of two
mounting brackets and bolted in place. These mounting brackets are the same ones used to
support the grid plate. The shim arm drive shafts are inserted into the hub of the shim
arms from the side through the vessel wall.

The upper grid plate mounting brackets also serve to support the inner emergency cool-
ing tank. It stands on four legs, each resting on one bracket, and is bolted in place by
one bolt passing through each leg into the mounting bracket,

4.6 CORE NUCLEAR CHARACTERISTICS

4,6,1 SUMMARY. The main properties of the reactor core are summarized in Table 4.6-1.
Except where otherwise stated, the parameters listed refer to the equilibrium core. The
equilibrium core is the core loading achieved after enough refueling cycles have taken
place so each element has the same history in the core.

4,6,2 TFLUX AND POWER DISTRIBUTION. The nuclear characteristics of the core listed in
Table 4.6-1 were determined from two group diffusion theory using the two dimensional,
multi-regional Equipoise 3A code (4.3). The material parameters were modified in certain
regions in order to better estimate the effect of several conditions which did not lend
themselves to direct inclusion in the calculations.
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Table 4.6-1 Summary of Core Nuclear Characteristics

Moderator and Coolant
Reactor Power
Core Volume
Fueled Region
Gap
U-235 Operating Mass

Equilibrium Core - 24 Elements - Start
of Cycle

Start-up Core - 19 Elements
U-235 Critical Mass

Equilibrium Core - 24 Elements

Start-up Core - 19 Elements
Average Metal Volume Fraction
Core Dimensions

Diameter

Top Fueled Height

Gap Height

Bottom Fueled Height

Reactivity, Clean Cold-All
Shim Safety Arms Withdrawn

Reactivity after Xe and Sm have built up -

All Shim Safety Arms Withdrawn

Start of Cycle

End of Cycle
Total Reactivity Effect, All Shim Arms
Minimum Shut Down Margin - All Shim Arms
Reactivity Effect, Two Shim Arms
Minimum Shut Down Margin - Two Shim Arms
Void Coefficient of Reactivity

Average Fueled Region

Gap Region
Temperature Coefficient of Reactivity
Neutron Lifetime
Effective Delayed Neutron Fraction

Peak-to-Average Power Density, Equilibrium

Core
Inner Plenum
Outer Plenum
Whole Core

Peak-to-Average Power Density, Start-up Core

Inner Plenum
Quter Plenum
Whole Core

4=12

DZO

10 Mwt

541 liters
174 liters

4090 grams
3230 grams

3340 grams
2790 grams
0.085

111 em
28 cm
18 cm
28 cm

9.7%

5.4%
3.1%
-46%
=32%
-25%
-13%

-.040%/11iter
-.020%/1liter
-.018%/°F
700usec
.0080

1,62
1.70
1.71

1.53
1.69
1.82



In the core reglon, to account for the fact that the slowing down kernel in D.0 is not
quite that represented by two group theory, a modified age was used. The modificafion
follows that outlined by Hummel (4.4). The hardening of the thermal neutron spectrum due to
neutron absorbtion in the core region was also taken into account by calculating the effective
neutron temperature according to the prescription given in ANL 5800 (4.5).

The effect of empty beam tubes in the reflector was taken into account by dividing the
reflector into several regions. The material properties of each region was modified to in-
clude, to a first approximation, the effect of neutron streaming out the beam tubes. The
method used to account for the streaming is that described by D. J. Behrens (4.6).

4,6.2,1 Two Group Flux Plots. The flux distribution in the core was studied for a
wide range of conditions, including loading at start and end of cycle, and ranging from more
heavily loaded in the center, to more heavily loaded in the outer region of the core. Also
the effect of shim arm position was studied. It was found that the flux distributions showed
very little dependence on the radial fuel distribution within the core for the range of load-
ings reasonably applicable to the NBSR, including the fewer element start-up core (See Sec-
tion 4.6,2.3). The vertical flux distributi on, however, was found to be very sensitive to
the position of the shim arms,

Figure 4.12 shows the radial flux distributionm for the equilibrium core st the start of
the cycle. The curves shown are taken through the central plane and through a plame 17 cm
below the center in the fueled region. These curves are typical of all the core lcading con-
figurations considered.

The vertical flux is sensitive to the shim arm position. The thermal flux distributions
(equilibrium core) for two shim arm positions are shown in Figure 4,13 and the fast flux dis-
tributions in Figure 4.14, The flux distributions are plotted along the central axis (R=0Q).
The 10° shim arm position is estimated to be the just critical position when the Xe and Sw
have approached equilibrium near the start of a cycle and the 16° position is the just crit.
ical position for the same core before the Xe and Sm poilson have built up. The compression
of the flux toward the lower half of the core is apparent and shows that the movemnent of the
shim arms to compensate for xenon build up at the begining of a cycle will have appreciable
effect on the flux distributions. Once the xenon poison has approached equilibrium, the
shim arms will be largely out of the core and the further motion required to compensase for
fuel burn-up will have much less effect on the flux distributiom.

4,6,2,2 Effect of Gap on Reactor Control. Figure 4.15 shows the comparison between the
curves of the statistical worths ( ¢¢ )_ of the NBSR and the same core with the gap removed.
The curves are vertical plots in the vlcinity of the regulating rod. The similarity of the
curves indicates that the presence of a gap in the NBSR does not introduce any unusual con-
trol features, This is further borne out by the calculated shim arm and regulating rod
curves presented in Section 4.6.6.

4.6.2,3 Power Distribution., The energy distribution in U-235 fission is given in
Table 4.6-2.

Table 4,.6-2 Energy Distribution in U-235 Fission

Energy deposited at site of fission

(fission fragments and B decay) 174 Mev
Total gamma ray energy 15
Fast neutron kinetic energy 5
Neutrino energy 10

Total 204
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It is assumed that all of the neutrino energy escapes, so only a total of 194 Mev per fission
appears as thermal energy. Of this about 2% escapes the primary cooling system and shows up

in the thermal shield., Neutron caputre gamma rays in the core, however, contribute about an

additional 27 and so just about compensate for the loss to the thermal shield.

The fraction of total thermal power deposited directly by fission in the fuel is then

I YL
F, = 755 = 0.897

In addition, the gamma ray heating has been calculated to vary from 0.5 watts/gm at the core
edge to 1.2 watts/gm in the core center. This gamma heating rate when applied to the fuel
element, including unfueled side plates, contributes an additional 1-1/2 percent of the
total power, Although this is more uniformly distributed throughout the element, it is
assumed, conservatively, that it has the same distribution as the direct fission power. The
energy lost by fast neutrons in the fuel is negligible, Thus, the ratio of power deposited
in the fuel elements to the total power in the primary system is Fd = ,897 + ,015 = .91,

It is necessary to consider several different power distributions that arise in the NBSR.
In addition to the equilibrium core, the startup core must be considered and the two shim
arm positions of 10° and 16° must be included for each,

The power is proportional to the product of the thermal flux and fuel concentration.
To find the power in each fuel element, vertical flux plots were made through each fuel
element position. The product “H.!¢'(z)dz was computed where m, is the U-235 mass in the
ith element and the integral is taken over the fueled portion of the element. This product
was then summed over all elements and normalized to 10 Mw and modified by the factor F, dis-
cussed above. The peak~to-average power density ratio for each element is determined Irom
the vertical flux plots of which Figure 4,13 is typical, but it must be further modified to
include the fact that in all the calculations described above, the fuel was assumed to be uni-
formly and homogeneously distributed through the various core regions, Therefore, a unit cell
calculation was made in which the fuel was concentrated in the same volume and geometrical .
distribution that it actually occupies in the real fuel element. TFigures 4.16 and 4.17 show
typical vertical and radial flux plots respectively. These data were used to calculate a hot
plate factor of 1.10 for the outside fuel plate. The peak-to-average power density ratio
from the unit cell calculation was compared to that from a homogeneous fuel distribution in
an otherwise similar geometry. The comparison showed that the peak-to-average power density
computed from a homogeneous fuel distribution should be increased by a factor of 1.15 to
account for the heavier fuel loading actually required (see Section 4.6.3), and for the flux
peaking at the edge of the fuel element., Table 4,6-3 summarizes the power distribution in
the core modified by F, = 0.91 and the peak-to-average power densities in an element corrected
by the unit cell factor of 1.15.

Table 4.6-3 Power Distribution by Fuel Element Ring

Ring No. of Elements P/ring Bmax/el Rh/el R /el
Per Ring Mw S

Equilibrium Core

Inner 6 2.26 398 1.53 1.63

Middle 6 2.20 384 1.55 1.67

Outer 12 . 4,64 431 - 1,50 1.62
9.10

Startup Core

Inner 6 ' 3.43 571 1.53 1.63
Middle 6 2.86 477 1.55 1.67
Outer . 7 ; 2.81 401 1.50 1.62

4al4



The fuel elements are arranged in three rings in the core. The inner and middle rings con-
tain 6 elements each and the outer ring normally contains 12 except for the start-up core, Be-
cause, as discussed in Section 4.6.4, the elements progress in groups of three through the core
during their lifetime, each ring contains at least two different fuel element loadings. There-
fore, the table includes the power in the most heavily loaded element in each ring under the
heading "Pmax/el", and its peak-to-average power density ratio,

Table 4.6-4 gives the same tabulation for each of the two plena except that the peak-to-
average ratio 1s now for the whole plena instead of an individual element. This breakdown
of data is given because the inner ring is fed by the inner plenum and the outer two rings
by the outer plenum. Each of the two plena have separate water flow control and so the two
parts of the core can be treated separately for heat transfer purposes. Finally, the peak-
to-average ratio for the whole core is also included in Table 4.6-4.

Table 4.6-4 Power Distribution by Plenum

Plenum ¥o. of Elements P/plenum P /el R R
per plenum Mw BV%w

Equilibrium Core

Inner 6 2.26 377 1.62 1.73
Outer 18 6.84 380 1.70 1.84
Whole Core 24 9.10 379 1.71 1.85

Start-up Core

Inner . 6 3.43 571 1.53 1.63
Outer 13 5.67 436 1.69 1.82

Whole Core 19 9.10 480 1.82 1.94

All data in Tables 4.6-3 and 4.6-4 are for conditions near the start of a cycle when
peak-to-average ratios will be most severe., In the tables, R_ stands for the normal peak-
to-average power demsity ratio after xenon and samarium have guilt~up, and R stands for the
ratio shortly after start-up before the fission poisons have built-up. 8

4.6.2.4 Fast Neutron Energy Distributions. The fast neutron energy distributions in the
central plane at several radii in the reflector were computed with the aid of the CORNPONE
Code (4.7). This 20 group, P-1 code was used to compute the energy distributions for a
single fuel element in simple cylindrical geometry and then the final distribution was ob-
tained by the .appropriate superposition of the contribution from each fuel element. The
distribution of the fast flux in the central plane as a function of lethargy (u = ln L
E in Mev) is shown for three different values of the radius in Figure 4.18.

4,6,3 CRITICAL MASS AND FUEL ELEMENT LOADING. The critical mass has been computed for
the equilibrium core and for the start-up core. As discussed in the Section 4,6.4, the
equilibrium core is more heavily loaded on the outside than in the center., The radial dis-~
tribution of U-235 was determined for the normal fuel cycle described in Section 4,.6,4, and
the core divided into four concentric annular regions, The U-235 in each region was then
considered to be uniformly distributed throughout the region and the corresponding homogeneous
parameters were calculated, This calculation gave a value of 2630 gm of U-235 for the
c¢ritical mass at T = 115°F including the effects of xenon and samarium,

In the actual core; the fuel is concentrated in a much smaller volume than the core

regions used in the above calculation., Because of the higher concentration of fuel, there
is a local flux depression which causes the fuel to be worth less than in the homogenized
case, The amount that the actual fuel loading must be increased over that used in the
homogenized calculations to give the same multiplication factor for the real core 18 called
_ the 'disadvantage factor." The unit cell calculations described in the previcus section were

used to determine this factor, The ''disadvantage factor' for the equilibrium core was found
to be 1,27 so the calculated homogenized mass of 2630 gm must be multiplied by 1.27 to give
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3340 gm for the actual true critical mass.

The start-up core refers to the initial start-up of the reactor when all fuel elements are
fresh. As discussed in the next section, the start-up core consists of 19 uniformly loaded
2lements. Similar calculations to those for the equilibrium core lead to a critical mass of
2790 gm including a disadvantage factor of 1.23.

The mass of U-235 in the operating core must, of course, be greater than the just critical
mass to give sufficient reactivity to operate. The reactivity requirements are discussed in
Section 4.6.5, so here we will discuss only the choice of fuel element loading to give the
necesgsary reactivity,

At the start of an equilibrium core cycle, but after fission poisons have built-up, the
reactivity available should be 5.4%. The calculations show that a mass of 4090 gm of U-235,
including a disadvantage factor of 1.32, is required to give this reactivity. Assuming the
cycling procedure described in the next section, the fresh fuel element loading is found to
be 205 gm per element. This is based on the thermal flux distribution and the burn-up that
an element experiences in each position that it occupies as it moves through the reactor
during its life cycle. .

It is anticipated that the experimental load in the start-up core will be much lighter
than in the equilibrium core. If .8% reactivity is allowed for experiments, the available
reactivity after fission poisons have built-up should be 3,7% for the start-up core. This
is achieved by a loading of 19, 170 gm elements giving a total mass of 3230 gm of U-235 in-
cluding a disadvantage factor of 1.26,

The critical masses and fuel loadings are summarized in Table 4.6-5. The column "avail-
able reactivity" refers to the reactivity near the start of a cycle, but after fission pro-
ducts have built-up. It is that reactivity available for experiments and reactor operation,
It is not necessarily all available for insertion since some i3 tied up in semi-permanent
2xperiments,

Table 4,6-5 U-235 Masses and Fuel Element Loading

Core Number of Critical Operating Available Fresh Fuel
Elements Mass Mass Reactivity Element
Loading
Equilibrium 24 3340 4090 5.4 205
Start-up 19 2790 3230 3.7 170

4,6.4 TFUEL CYCLING AND BURNUP, At 10 Mw, the U-235 fission rate will be 10.9 gm per
day and the additional U-235 loss by neutron capture will be 1.9 gm per day to give a total
U-235 burnout rate of 12.8 gm per day. For the NBSR 24-element core, this corresponds to an
average burnout rate of 0.533 gm per element per day. As shown below, each element will spend
148 operational days in the reactor burning up 79 gm. The initial fuel element loading for
the equilibrium core is 205 gm so the percent burnup is 39%. This percent burnup is similar
to that achieved at CP-5 for similarly loaded elements.

The normal fuel cycle will add new fuel elements in the outside ring of the core and re-
move elements from the center ring. The normal loading of 24 elements are located in 3 rings.
The inner and middle rings contain 6 elements each and the outer ring contains 12, The follow-
ing is typical of the type of fuel cycle anticipated. At the end of every three weeks of 10
Mw operation, the three most spent fuel elements will be removed from the center ring and re-
placed by three from the middle ring. Three from the outside ring will be moved to the
middle ring and fresh elements will be placed in the outside ring. 1In this way the most
heavily loaded elements are placed in the lowest flux, minimizing hot spot problems.

In order to approximate the average fuel loading of the equilibrium cycle, it will be

necessary to use more lightly loaded elements for the initial 10 Mw loading since all the
elements will be fresh., Advantage will be taken of the versatility of fuel element
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configurations allowed by the double plenum design to initially load fewer than 24 elements,
Loading with fewer elements concentrates more power in the center 6 elements, but thess are
fed by a separate plenum so the water velocity can be increased through them without requir-
ing increased capacity to increase total flow in all parts of the core. The burnup of 1-235
will then be compensated for by the addition of fresh elements at each eycle, Calculations
of burnup using the flux shape calculated from the previous core loading configuration were
made for each successive loading until the equilibrium cycle was reached, These indicated
that an initial loading of nineteen 170 gm elements with the addition of two 170 gm elements
on each of two successive cycles would lead to the equilibrium loading with cnly minor per-
turbations (< 1% reactivity).

4.6.5 REACTIVITY REQUIREMENTS FOR OPERATION, The core loading at the start of a normal
cycle is designed to have sufficient reactivity to provide for temperature changes, xeron and
long lived fission product buildup, effects of experiments, and fuel burnup during the cycle.
The core loading chosen, on the basis of calculations, has an effective multiplication factor,
keff, of 1.107 at the start of a cycle at room temperature with all rods withdrawn. When
temperature equilibrium is reached, keff has decreased to 1.097, and after xemon and ssmarium
have reached equilibrium it has decreased to 1.057 neglecting U-235 burnup during this time,
This remaining reactivity covers the requirements for semi-permanent experiments, small
transient experimental changes, and U-235 burnup., The multiplication factor at the end of
the three week cycle is 1.032 of which no more than 2% is available, the remainder being
tied up in semi-permanent experiments,

Although the reactivities allocated to various purposes do not add strictly, it is use-
ful to summarize them as shown in Table 4.6-6.

Table 4.6-6 Summary of Reactivity Requirements

Source - Reactivity Effect
Temperature change from shutdown to full power 0.8%
Xenon . 2.9
Samarium and long lived fission products ' 0.6
U-235 burnup 2.3
Reactor control at end of cycle 0.5
Experiménts 2.6

Total 9.7

The reactivity allowance for experiments includes 0.2% for the pneumatic rabbit system,
not more than 1.3% for removable experiments, and the remainder for semi-permanent experi-
ments that can be removed only during reactor shutdown. No single rabbit tube sample will
be worth more tham 0,17 and the total worth of samples being inserted into all 4 rabbit
tubes simultaneously will not exceed 1/4%. The 1.37 allowed for removable experiments is %o
allow for the possibility of the slow insertion or removal of low reactivity worth expexi-
ments in the vicinity of the core during reactor operation. No individual experiment would
be worth more than could be controlled by the regulating rod ( ~ 1/2%). The remainder of
the experiments cannot be removed during operation and so the reactivity required to compen-
sate for their presence is never available for insertion during operation. Thus, once xenon
and samarium have built up, the maximum reactivity available is only that for transient ex-
periments, U-235 burnup and reactor control at the end of the cycle totaling no more than
4,3%. As is shown in Section 4.6.6.1, this 18 less than the worth of one shim safety arm.

Table 4.6-6 is based on the anticipated normal fuel cycle. During the initial loadings
approaching the normal cycle, the reactivities may vary slightly from those tabulated, but
it is not anticipated that the total reactivity will exceed that given in the table by more
than 17%.
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4.6.6 CONTROL ROD REACTIVITY WORTHS

4.6.6.1 Shim Safety Arms. The NBSR shim safety arms are of the semaphore type similar
to those used in CP-5. Because of the awkward geometry it is difficult to calculate their
worth with great confidence. The worth of the CP-5 shim safety arms have of course been
measured and have proved completely adequate for the control of CP-5 covering a wide rvange
of core loadings over a period of more than 10 years; The similarity of the NBSR sysitem to
CP-5, therefore, assures us that the NBSR system will prove to be quite satisfactory. It is
desirable, however, to make the best estimate practicable of the NBSR shim safety arm worths
and to this end a wethod of calculation was developed and checked against the known CP-5
data,

The method consisted of dividing the core and top reflector into relatively small
regions and noting what fraction of each shim safety arm was in each region as a function of
shim arm angular position. Since the shim arms are black to thermal neutrons, their effect
was estimated by dividing their projected area in each region by the volume of the region to

ind an equivalent I poison. This was then put into the two group, two dimensional, multi-
region code, Equipoise-3A, used for the other core calculations. It should be noted here
that; as in the other calculations, all the regions had cylindrical symmetry so the code
could be used in the r-z mode to cover three dimensions.

This calculational technique was checked by applying it to the CP-5 reactor. The cal-
culated results are compared to the measured values (4.8) in Figure 4.19. This shows the
change in reactivity, Ao, as a function of angular position, 9, of the bank of 4 shim arms.
The agreement is seen to be quite good. The Ap for complete insertion from full out (9 from
50° to 0°) is .304 for the measured value and .330 for the calculated. Thus, the calcula-
tional method appears to have an accuracy of about 10%.

The results of this same method applied to the NBSR are shown in Figure 4.20. 1In the
NBSR case, the angular position of the shim arm, 6, is measured from the full out position
instead of the full in position as for CP-5. Ap 1s the change in the reactivity when the
shim arms are moved from 6 to the full in position here defined as 6 = 40°, From this data
it is seen that the maximum reactivity worth of the shim arm bank is about 46%. A similar
calculation for a single shim arm based on the assumption that all shim arms have equal
worth, showed it to be worth about 14-1/2% and 2 arms worth about 25%.

The maximum withdrawal rate for one shim arm or the whole bank of 4 is the same, and is
4 x 1072 degrees per second. From Figure 4.20 the maximum change in reactivity with change
in angle is 1.5% per degree for the bank of 4, so the maximum rate of reactivity insertion
by shim arm withdrawal is .067% per second.

4.6.6.2 Regulating Rod Worth. The curve of the regulating rod worth as a function of
position has been calculated taking into consideration both its poison and void worth.
The Equipoise code was used to determine the void coefficients and poison worths along the
path of the regulating rod. The result is shown in Figure 4.21, where the reactivity change
is shown in percent as a function of rod position. 2z = 0 corresponds to the fully inserted
regulating rod position and A 'is determined relative to Z = O, The rod stroke is the full
29" shown in the figure, controlling a .477% reactivity., Although the worth curve is quite
linear, it may be desirable to increase the linearity by operating over a reduced range.
Any necessary adjustments in the regulating rod geometry will be made when the actual worth
curve has been experimentally determined.

4,6.,7 BEAM TUBE REACTIVITY WORTHS, The beam tube reactivity worths were calculated by
modifying the parameters in the code to account for the filling of the beam tubes with D,0.
The two through tubes were done as a group. The large cryogenic beam tube was not calcu-
lated directly, but its worth was estimated by comparing its statistical weight based on the
product of the thermal flux and its adjoint with the statistical weight of the radial tubes.
The results are summarized in Table 4.6-7.
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Table 4.6-7 Beam Tube Worths

% Reactivity

9 Radial Beam Tubes (Total) . .76
2  Through Beam Tubes (Total .29
1 Cryogenic Beam Tube 1.80

Total 2,85

Although the full void of the cryogenic beam tube is worth 1.8% Ap, it should be noted
that the reactor will not be run with the tube fully voided., It will always be at least
partially filled with a bismuth shield or a water tank which will reduce the void that could
be flooded to a volume no greater than three beam tubes., So the maximum reactivity change
that could result from flooding this hole during operation would not exceed .3%.

4.6.8 TEMPERATURE AND VOID COEFFICIENTS. The temperature and void coefficients were
determined by varying the parameters that were used in the Equipoise code in an appropriate
way.

The results showed the temperature coefficient to be -0.018% Ap/°F.

The void coefficient was determined for several parts of the core. The lower, upper,
and gap region of the core were calculated separately. In addition, the void coefficient
in the regulating rod region of the upper and lower core was also calculated. Table 4,6-8
summarizes the results,

Table 4.6-8 Core Void Coefficients

Upper Core 0.038% Ap/liter
Gap 0.020
Lower Core 0.043
Regulating Rod Region

Upper Core 0.045

Lower Core 0.050

4.6,9 TOP REFLECTOR WORTH, The worth of the top reflector is not independent of the
shim arm position., Since the shim arms are such a strong poison, they markedly reduce the
worth of any reflector above them. Calculations were performed for the unperturbed reflector
worth as a function of thickness and for the change in reactivity resulting from dumping with
shim arms in the reflector.

The unperturbed reflector worth was calculated by moving the top black boundary and com-
puting the multiplication factor accordingly. The results are shown in Figure 4.22. Zero
thickness refers to a water level equal to the elevation of the top of the fueled region.

The change in reactivity, Ap, is measured from this level. The worth is not increasing very
fast above a thickness of 16" and appears to be approaching a value not much greater than
about the 16% calculated for a 2' thickness. On the other hand, the reactivity is changing
more rapidly near the core at a rate of about 1-1/2% Ap/in. over the first 4",

The main purpose in investigating the top reflector worth is, of course, to estimate
the change in reactivity to be expected when the emergency dump is activated. Therefore,
the presence of the shim arms has been included and the change in p calculated for the
emergency dump as a function of shim arm position in the region of normal operation. The
emergency dump is to a level 1-1/6'" above the fueled region of the core. Figure 4.23 shows
the absolute value of Ap (Ap i8s, of course, negative) plotted against shim arm positionm.
With the shim arms fully withdrawn (8 = 0°), p decreases by about 137% when the top reflector
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is dumped. As expected, this value decreases ag the shim arms are lowered towards the core.
The normal shim arm position during operation will be in the region between 0° and 15°, so
the value of the emergency dump will vary between -13% and -6%.

4.6.10 Hp0 CONTAMINATION OF D20. The effect of adding H,0 to the NBSR at critical was
calculated. TFigare &,2%4 shows the resulting effective multipl%cation factor, k, plotted
against the volume percent of H,0. The curve shows that the addition of any amount of H,0
represents a negative reactivity insertion. The slope of k versus 7 H20 is steepest for
small additions of HZO'

4,6,11 XENON TRANSIENTS, The growth of Xe and Sm poison after shutdown of the reactor
has been studied because of the importance of this question for reactor restart. If it is
assumed that the reactor has been operating at 10 MW for a sufficient time to saturate the
Xe and Sm poison, and it is further assumed that the reactor is shutdown instantaneously¥*,
the growth of Xe and Sm poison can be calculated. Figure 4,25 shows the behavior in terms
of percent poison as a function of time in hours after shutdown., It can be seen that the
maximum total poison is reached 11 hours after shutdown and is equivalent to 24.4% poison¥*,
It can also be seen that the total poison that must be overcome before startup at the end
of a 48 hour shutdown 1s 5.5%, assuming none of the poison is removed as elements are
changed. Approximately one-eighth of the core will be unloaded each shutdown so that the
poison will be reduced by approximately this factor. To examine the restart problem more
fully the question of the amount of time available before growth of xenon prevents restart
was studied. The growth of poison for times immediately after shutdown is shown plotted
in Figure 4,26 as percent poison versus time in minutes., It has been calculated that approxi-
mately 51 minutes is available for restart if anm initial excess reactivity of 2,8% required
for burnup is utilizable, If inadvertent shutdown should occur halfway through a 19 day
running cycle, only 24 minutes are available. It is because of this rapid growth of poison
that a maximum effort has been made to assure reliable power operation. Little or no excess
reactivity will be carried to .extend the time during which xenon poison can be overridden
in the event of fallure to maintain full power.

Analog computer studies were made of Xe transients to examine reactor shutdown
characteristics, Both linear ramp and step reductions of reactor power were examined to
study the growth of Xe poison with decreasing power level, Slow linear shutdown can achieve
a minimum Xe poison buildup but shutdown rates sufficiently slow to minimize Xe poison
buildup were so slow as to be uninteresting as a practical shutdown regime. The problem
created by rapid shutdown to reduced power level was studied and results of computer runs
show that for power reduction greater than a factor of two Xe poison buildup will be
sufficient to prevent continued operation without increased reactivity margins.

4,6,12 INHERENT TRANSIENT RESPONSE OF THE REACTOR. An extensive series of analog
computer studies have been made of the kinetic behavior of the NBSR under various normal
and emergency conditions, The asymptotic behavior of a transient can be calculated from the
so-called in-hour equation which gives the final stable reactor period for a transient follow-
ing a step reactivity insertion. A series of curves was run for reactor power or flux versus
time following a number of step insertions of reactivity. In the initial stages of this work
the in-hour equation was used to test results of the analog computer. In using the in-hour
equation it is necessary to establish the delayed neutron group structure and the neutron
lifetime of the reactor. The following discussion is related to the nature of these para-
meters for the NBSR. ¢

4,6,12.1 Neutron Lifetime, Calculations of the neutron lifetime of the reactor have
been carried out as a prerequisite to reactor kinetic studies. A D70 moderated reactor is
expected to have a relatively long lifetime and this is a distinct advantage from the point

*The long period delayed neutrons, of course, prevent this, but for times of the order of
hours after shutdown this is a good approximation.

wok

The reactivity effect of poison depends on absorption in the core other than fuel. The
reactivity equivalent of 24,.4% poison i3 approximately 207% under the core assumptions
which makes Zo = O.ZZu.
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of view of reactor control and safety. A long lifetime not only simplifies reactor control

but leads to greater reactor periods for a specific reactivity insertion, The short period

transients are harder to achieve and for a given reactivity insertion which is greater than

the delayed neutron fraction more time is available for heat transfer from the fuel elements
and for bubble formation within the moderator.

An equation for calculating the mean theimal lifetime of prompt neutrons has been de-
rived by T. H, Pigford, et. al, (4.9). The derivation assumes two group diffusion and first
order perturbation theory to hold. In addition, the core is assumed homogeneous and
spherical with a spherical reflector. All absorption is assumed to take place at thermal
energies, The thermal lifetime

B t
j; k, T 80,4V

where the volume integrals are taken over the entire reactor volume. The subscript s and f
refer to the thermal and fast groups, respectively. The superscript refers to adjoint flux
properties. The numerator of the equation for {§ gives essentially the statistically weighted
density of neutrons in the reactor since the density of neutrons in the fast group can be
considered negligible. The denominator gives the neutron production rate weighted statis-
tically. The regeneration time or lifetime is, therefore, the ratio of the two. The calcu-
lation of fluxes and adjoint fluxes was carried out using the so~called WANDA code (4.10).
All material parameters were derived in the same manner as for the reactor core flux cai-
culations previously discussed in Section 4.6.2,

Calculations were made for two radii after evaluating an equivalent spherical core to
replace the actual cylindrical reactor, The effect of increased absorption in the reflec-
tor was also studied, The results of the calculations were given in NBSR 7 (2.3). The values
of lifetime range from approximately 850 y, sec to 1030 y sec, being longest for the largest
reactor with unpoisoned reflector.

The lifetime was recalculated with the latest core parameters using the code Equipoise
3A (4.3). A slightly lower value of 700 y sec was calculated which is to be expected with
the somewhat heavier loading. It is to be expected that the lifetime will be a function of
core loading and thus variable over narrow limits., It is clear that the correct order of
magnitude of lifetime has been calculated. These numbers can be compared with the numbers
reported for the MITR (4.11) and HFBR (4.2) which are 610 y sec and 672 j sec respectively,

The lifetime of a DO moderated and cooled reactor is seen to be an order of magnitude
longer than that for the“light water cooled reactors,

4,6,12,2 In-Hour Equation. The actual final stable period for any reactivity insertion
can be calculated from the so-called "in hour'" equation once the lifetime has been calculated,
The delayed neutron fraction, 8, wmust be introduced in a way which considers the numerous
delayed neutron groups. The D,0 moderated reactor differs from other reactors in that the
number of effective neutron grdups is augmented by those delayed neutromns caused by photo-
neutron production in the D,0. This photo production is caused by gamma rays from the decay
of fission products. For this report the neutron groups reported by Johns and Sargent (4.12)
have been used, Their analysis of the fission neutrons into delayed groups differs to some
degree from that of Keepin (4.13) but for the purpose of this report the Johns and Sargent
data have been chosen. These data have been derived from D,O moderated reactor studies and
include delayed neutron groups due to photo-disintegration 6f DZO'

The "in-hour" .equation for reactivity versus stable period is the following:

p= + T T
K2 = T+AT
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where p is the reactivity, # the neutron lifetime, kef the effective multiplication factor,
T the staple reactor period, 8; the fraction of delayeg neutrons in the ith group and *i the
decay constant for the ith peutron group. ’

A plot of the results of applying the delayed neutron group data of Table 4.6-9 is shown
in Figura 4,27. Results are plotted for three separate choices of lifetime {. Interpolation
permits the use of these curves for prediction of stable period for a range of differeat

lifetime.

The lifetime and delzyed neutron group data permitted the writing of an analog computer
program to simulate the complete transient behavior of the reactor under various reactivity
insertions, For the computer program the delayed neutron group data were rearranged to yield -
only 5 equivalent groups for convenience in applying the kinetic equation to the computer.
A typical result of this aspect of the computer studies is shown in Figure 4.28. These re-
sults display the complete divergent behavior of the reactor including the so-called "prompt
Jump" while the "in-hour" equation gives only the resulting final stable period. The
differential equations describing the kinetic behavior, set of typical analog computer machine
equations, and a block diagram of the machine equations is shown 1is appendix IV of NBSR 7.

Table 4,6-9 Delayed Neutvon Groups (4.12)

Mean Life Fraction Bi
sec %
80.2 0.0260
31.8 , 0.1700
6.50 0.2176
2,19 0.2465
.62 0.0867
U.0/ 0.0255
3.6 0.02073
59.0 0.00650
204 0.00223
560 0.00107
2340 0.000659
8540 0.000743
22680 ’ 0.000102
273600 0.0000327
14
Total Fraction = }E=O.8044
i=1

4,6,13 VOID SHUTDOWN AND DUMP SYSTEM. As was pointed out in Section 4.6.9 the worth of
tie heavy water top reflector; i,e, down to the dump line i3 6 to 12 percent depending on the
shim arm positions, Since it requires approximately 40 seconds for the top reflector to drain
there may exist occasions wherein it is desirable to introduce more rapid auxiliary shutdown
as a backup to the dump. This is provided by the void shutdown. By manual switch the opera-
tor may initiate the flow of helium gas through nozzles located in the core. Such action will
also initiate the dump and command the scram.

The helium system is designed to flow gas at the rate of ~ 180 CFM into the core modera-j3
ter. Since the minimum accumulation time of core bubbles is ~ 2.5 sec, approximately 7-1/2 ft
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of void may be sustained at this flow rate, Such a void volume is worth ~ 8 Mk/k, a
value comparable to the worth of the dump. This should be sufficient to hold the reactor
down until the top reflector is drained.

At 10 psig, the helium flow rates cited will prevail. They are sufficient to exhaust
the contents of one helium bottle in about one minute. A bank of six is provided, If
additional flow is required for some continuing or other emergency condition, the operator
may 31504re1ease instrument air into the system as described more fully in Section 9.5.4.2
and 9.5.4.3.

4.7 THERMAL AND HYDRAULIC CHARACTERISTICS

4.7.1 CORE THERMAL ANALYSIS AND DESIGN. The criteria for the thermal analysis was
verification of the safe and efficient operation of the NBSR at a power level of 10 Mw thermal,
using MIR plate type fuel elements. The first analysis was performed under the restriction
that the surface temperature at any part of the fuel plates would not be allowed to exceed
the saturation temperature at that point. The minimum allowable coolant flow through the
fuel elements were thus calculated, The thermal conditions under the anticipated fiow condi-
tions, based on the design capabilities of the NBSR primary system, were then calculated to
show that an additional wide margin of safety exists, Table 4,7-1 gives a summary list of
the NBSR thermal characteristics.

Since the flow to the fuel elements is channeled through two plena, there are two
distinct thermal conditions for any given core. The fuel elements in the inner ring, fed by
the inner plenum, have a much higher power demsity than the remainder of the core at start-
up. However, the double plenum arrangement allows these '"hot" elements to be given the
higher flow rates necessary during the startup phase without supplying a large surplus flow
to the remainder of the core. The necessity of supplying excess pumping capacity, which
would be inefficiently used during normal operation, is thereby avoided. Additionally, a
great deal of flexibility for future core arrangements is provided.

The thermal and hydraulic requirements of the NBSR treated in this section are calcu-
lated for normal reactor operation after the Samarium and Xenon buildup. The most severe
operating condition (inner plenum at startup) is then examined for the pre-Samarium, Xenon
buildup period to show a safe operating condition.

4.,7.2 COOLANT FLOW CHARACTERISTICS

4,7.2.1 Reactor Vessel Flow Rates. The minimum acceptable fuel element flow rate was
established by applying the ssame hot spot-temperature = saturation-temperature 1%imitation
mentioned in Section 4.7.1. The actual fuel element flow rates were determined by compar-
ing the hydraulic characteristics of the NBSR fuel elements and primary system to the
capability of the primary pumps. Bypass occurs in paths parallel to the core, Some flow
is bypassed around the inlet nozzle of the fuel elements; the remainder is sent through the
experimental and regulating rod positions., The bypass flow rate around the lower nozzle of
the fuel element was determined by measurements made on a hydraulic test stand with a duvmy
fuel assembly in place. Bypass flow rates for the remainder of the flow paths are easily
calculated since they are simple orifices. A summary of the vessel flow rates and flow areas
is given in Table 4,7-2, The fuel element flow listed in the minimum column represent the
results of the "hot channel" calculations, which were made under the saturation temperature
limitation, Those flows shown in the actual column represent the design flows of the NBSR

primary cooling system.

4,7.2.2 Velocity Distribution, The velocity distribution of the NBSR fuel element
assembly has been measured on a hydraulic test stand, Measurements were made of the rel-
ative velocity in each channel of the fuel element assembly as well as the velocity dis-
tribution across the fuel core section of a typical channel. There was no evidence of
systematic velocity changes due to the location of the flow channels with respect to the
end adapters. Examination of the data concerning the distribution across the channel showed
the classic flow pattern found in rectangular and near rectangular flow channels, The numeri-
cal results and uncertainties are summarized in Section 4.7.4.
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Table 4.7-1 NBSR Thermal Characteristics

Reactor power, MW thermal
Average heat flux Btu/hr-ft2
Peak heat flux (hot spot) Btu/hr-ft2

Inner Plenum - Startup
Nominal
With maximum heat f£flux factor

Outer Plenum - Startup
Nominal
With maximum heat £flux factor

Inner Plenum - Equilibrium
Nominal
With maximum heat flux factor

Outer Plenum - Equilibrium
Nominal
With maximum heat flux factor

Overall peak to average power density ratio

Startup
Inner plenum
Outer plenum
Whole core

Equilibrium

Inner plenum
Outer plenum
Whole core

Hot channel factors:
Bulk water factor
Heat flux factor
Heat transfer coefficilent factor

Maximum fuel plate - water interface temperature,

Inner plenum
Startup
Equilibrium

Outer plenum
Startup
Equilibrium

Saturation temperature at hot spot, °F
Startup
Equilibrium

Minimum burnout ratio
Startup
Inner plenum
Outer plenum

Equilibrium
Inner plenum
Quter plenum

°F

10
1.024 x 10

225
217

221
217

244
235.5

5
10
10°

10
10

wi

10
10

w n

10
10

e n

1.54%

At Dogbone

b4=24



Table 4.7-2 (cont'd)

Flow areas, square inches:

Nominal channel .307
One element 5.53
24 elements 132.6
Equivalent diameter, inches:
Nominal channel .224
Fuel element flow rates, gpm Minimum
Acceptable Actual
Startup
Inner plenum
One element 249 290
Total (6 elements) 1494 1745
Outer plenum
One element 209 244
Total (13 elements) 2717 3165
Total startup flow through fuel elements 4211 4910

Normal Operation
Inner plenum
One element 171 194
Total (6 elements) 1026 1165

Outer plenum

One element 183 208

Total (18 elements) 3294 3745

Total normal flow through fuel elements 4320 4910
Bypass flow rates, gpm

Regulating rod cooling (1) at 8 gpm 8

2" experimental (4) at 10 gpm 40

4" experimental (6) at 8 gpm 48

Around fuel elements and other core components ’ 94

Total primary system design flow 5100

4,7.3 HOT SPOT TEMPERATURE CALCULATIONS. The various temperature conditions of interest
are calculated using the power for the various fuel element positions developed in Section
4.6.2, the physical and hydraulic characteristics of the coolant flow channels, and the
thermodynamic properties of the coolant, The relationships used in the following section
were then employed to calculate a minimum velocity for each plenum for both startup and
equilibrium cores. This minimum velocity would be that necessary to prevent boiling at any
point. Each factor affecting the hot spot temperature calculation was then calculated omn the
basis of both this minimum velocity and the actual velocity which would exist during normal

operation,

The method for calculating each factor of interest is demonstrated in the following sub-
sections, The results of these c¢alculations for the area of interest are summarized in Table
4,7-3 in Subsection 4,7.3.7.

4.7.3.1 Average Coolant Temperature Rise. The average temperature rise of the cooling
water in the NBSR is calculated as follows:

b
ATc = K.IP/QpCp
where

K; = a conversion factor 4.26 x 105 Btu-gal/Mw-ft3-min
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P = total power 10 Mw thermal
Q = total volumetric flow rate through reactor, 5100 gpm
p = average water demsity, 68,5 1b/ft

CP= specific heat, 1.0 Btu/1b-°F

The resulting average cooling water temperature rise is 12.2°F for the normal reactor
operating conditions.

4,7.3.2 Coolant Temperature Rise in Hot Channel, In this analysis the peak power
in the hot channels is used and mixing of the coolant across the width of the channel is
assumed negligible. The cooling water temperature rise in the hot channel is calculated as

follows: -
P, F
b _ C "HC
Aye = %2 Fy Tap c,
where
K2 = a conversion factor .9786 Btu/Kw-sec
Fb = hot chamnel factor for bulk rise, 1.49 (Section 4.7.4)
3C = average power per channel for the hottest elewent in a ring, Kw
FHC= ratio of power in the hot channel to the average power per channel, 1,10 (Section
4.6.,2)
V = nominal coolant velocity
2
A = flow area of a single channel ,0384 ft
p = average water density 68.5 1b/ft3
CP = specific heat 1.0 Btu/1b-°F
4,7.3.3 Heat Flux., The maximum heat flux at the hot spot is:
' R_P
n C 2
0. = K, F Btu/hr-ft
HS 3 7q Aht
where
K3 = a conversion factor 3.42 x 103 Btu/Kw=-hr
Fq = hot channel heat flux factor, 1.54 (Section 4.7.4)
Rn = ratio of peak to average power in an element (Section 4,6.2
30 = average power per channel for the hottest element in a ring
Aht = total heat transfer area of a single fuel plate, .745 ftz

The maximum heat flux occurs just below the midplane at the top of the fueled section
of the hot fuel plate, It is at this location that both peak power demsity and local
thickening of the split fuel cores (“'dogboning'") will occur. All the calculations include
the effect of 'dogboning."

4,7.3.4 Heat Transfer Coefficient, The heat transfer coefficient is calculated by
the modified Colburn correlation (4.14),

e (0 (B
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where

h = heat transfer coefficient, Btu/hr-ft2-°F

D = Equivalent diameter, .0186 £t

k = thermal conductivity of coolant, Btu/hr-ft-°F

V = coolant velocity, ft/hr

p = coolant demnsity, lb/ft3

4 = coolant viscosity, 1b/ft-hr

Cp = coolant specific heat, Btu/lb=°F

The subscript "f" means that the properties are evaluated at the film temperature, The
film temperature is considered to be the average of the heat transfer surface temperature

and the bulk water temperature,

4.7.3.5 Film Temperature Rise. The temperature difference between the fuel plate sur-
face and the bulk water in the hot chamnel at the hot spot is given by:

¥ (z)
£ h:ns op

bTgg

where
Fh = hot channel heat transfer coefficient factor, 1.48 (Section 4.7.4)
Pys™ maximum heat flux at hot spot

h = heat transfer coefficient, calculated from the modified Colburn correlation

4,7.3.6 Fuel Plate Surface Temperature in Hot Channel. The fuel plate surface tempera-
ture in the hot channel at the hot spot is calculated as follows:

s b b £
= += 4
Tas = To * ATy * OTgg * ATy
where
b
To = nominal bulk inlet coolant temperature, 100°F
ATtm= allowance for temperature measurement error, 5°F

AT;C= bulk water temperature rise

AT§S= film temperature rise

4.,7,3,7 Summary. The results are summarized in Table 4.7-3. The data are presented
for both plena for both the startup and the equilibrium cores. The minimum safe condition
is presented for comparison to the nominal operating condition. With the exception of the
last section of the table, all data are based on the flux distribution calculated after Xe
and Sm have approached equilibrium. For comparison, the last section of the table shows the
situation for normal operating conditions obtaining from the calculated transient flux dis-
tribution at startup before Xe and Sm have built up. It can be seen from this table that
the subcooling (i.e., the difference between the saturation temperature and the actual fuel
plate surface temperature) provides a comfortable margin of safety for all nominal operating
conditions.
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Table 4.7-3 Summary of Hot Spot Temperature Conditions

Startup Equilibrium
Inner Outer Inner Outer
Plenum Plenum Plenum Plenum

Peak Heat Flux (Hot Channel ) Btu/hr-ft2 3.64 x 10° 3.06 x 10° 2.52 x 10° 2.68 x 10°

Peak Heat Flux (Normal Channel)
Btu/hr-ft2 2.48 x 105 1.99 x 10° 1.638 x 10° 1.74 x 10°

Minimum Acceptable Conditions

Velocity (ft/sec) 14.4 12.1 9.9 10.6
Flow rate (gpm) 249 209 167 178
Saturation Temperature °F (Hot Spot) 239 236 230 232.7
Fuel Plate Surface Temperature at Hot

Spot, °F 239 236 230 232.7
Hot Channel Bulk Temperature Rise °F 24.8 24,6 25 25.4
Hot Channel Film Temperature Drop °F 121.6 118.7 113.2 115
Subcooling °F 0 0 0 0
Hot Channel Coolant Qutlet Temperature °F

(with S5F° added for Temp. Meas. error) 129.8 129.6 130 130.4

Nominal Operating Conditions

Velocity (ft/sec) 16.8 14.2 11.6 12.4
Flow Rate (gpm) ) 290 244 194 208
Saturation Temperature °F (Hot Spot) 243 238 234.5 235.5
Fuel Plate Surface Temperature at Hot '

Spot, °F 224 221 217 217
Hot Channel Bulk Temperature Rise °F 21.2 21 21.3 To21.7
Hot Channel Film Temperature Drop °F 108 105.5 100.9 101
Subcooling °F 19 17 17.5 16.5
Hot Channel Coolant Qutlet Temperature °F .

(with 5F° added for Temp. Meas. error) 126.2 126 126.3 126.7

Pre Sm and Xe Build Up

Hot Channel Film Temperature Drop °F 113.4 114 107.5 109
Fuel Plate Surface Temperature at Hot

Spot °F 229.0 229.5 223,2 224.9
Subcooling °F 14 8.5 11,4 10.6

4,7.4 HOT CHANNEL FACTORS. Uncertainties in the operating conditions of the reactor
and. in the heat transfer correlation coefficients must be aliowed for in determining the
proper water flow through the elements. Many of the factors discussed below are statisti-
cally independent so it is very unlikely that they will all be present at any ome time; but,
since during the life of the reactor there will be many different combinations of conditioms,
it must be assumed that at some time all adverse effects to create a hot channel will be
present together. These uncertainties are expressed below as hot channel factors.

4.7.4.1 Reactor Power Measurement. It 1s hoped to determine power removed from the
reactor by the primary coolant with an accuracy between 1 and 27%. The power deposited
directlyv in the fuel, however, has additional uncertainties which include deviations in
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power between calibration times of the meutronm flux level detectors, small variations in the
automatic controller, and error in the determination of the fractiom of total power actually
deposited in the fuel, These effects combine to give an uncertainty in the reactor power
measurement as applied to the fuel elements of 5%, The bulk temperature rise and heat flux
terms are increased by 1.05 to account for these uncertainties,

4.7.4.2 Power Density Variations. The power demsity distribution is calculated by the
multi-region, two-group code. It includes the effects of flux squeezing by the shim arms and
the variation throughout the core of U-235 concentration due to fuel burnup and cycling.
Since the calculated peak-to-average power densities for the whole core varied by less than
15% from each other over the whole range of core loadings and shim arm positions studied, it
is reasonable to expect that the calculations reflect the true power density distribution to
better than 15%. Therefore, a factor of 1,15 will be conservatively applied to the bulk and
heat flux terms.

4.7.4.3 Variations in U-235 Concentration in Fuel Core, The fuel element specifica-
tions state that the U-235 content of any fuel core shall not vary from the specified amount
by more than 3%. So the contribution to the bulk temperature rise in a channel is 1.03.

The local heat flux 1is directly proportional to fuel core thickness. These variations
are limited by the specifications to no more than a 5% increase in thickness in the main bzody
of the fuel core. It is more difficult, however, to control the variations at the ends of
the fuel core. Here the specifications allow an increase in thickness of 15%. Since the
area at the inner end of the fuel cores are located in the highest flux, the local variatiors,
or "dogboning," are important in the hot spot analysis. Therefore, although it is anticipated
that the manufacturer will do somewhat better than required by the specifications, we will
conservatively use a factor of 1.20 in the dogbone region. A factor of 1.05 applies to the
remainder of the fuel core regionm.

Another factor affecting the magnitude of the heat flux is the fuel core area (heat
transfer area). The dimensional tolerances on the length and width of the fuel core allow a
variation of # 7% in this area. This factor, combined with the local thickness variationm,
contribute 1.28 and 1.12 to the heat flux factor for the dogbone regions and the central
regions respectively. ' '

4,7.4.4 Channel Width Variations. Assuming that the pressure drop across any channel
is independent of the channel width for small variations thereof, and neglecting any varia-
tions in entrance and exit losses, the flow through a channel varies as the 5/3 (4.15) power
of the channel width, The channel width of the NBSR elements may vary by no more than * 6%
to be acceptable under the specificatioms. Thus, the bulk temperature rise factor must in-
clude a contribution of (1.06)5/3 = 1,10 for this effect.

In addition to the decrease in velocity caused by a narrow channel, a local increase in
channel width will cause a further decrease in velocity. The average velocity which is de-
creased by (1.06)2/3 in the narrow channel may be further decreased locally by the ratio of
the maximum allowed width to the minimum. It can be shown that this effect cayses the heat
transfer coefficient to be reduced by a factor of (d max/d min) (d nom/d min)1 3, Thus a
factor of (1.06/.9_4)(1/.94)1/3 = 1,15 must be included in the heat transfer coefficient fac-
tor for the effect of local variation in channel widths.

4,7.4.5 Velocity Variation with Channel Position. The lower end fitting of the fuel
element is designed to maintain a uniform flow in each channel independent of location. To
do this it tapers gradually from the 2" entrance diameter to the approximately 3" x 3" cross
section of the fuel plates. The success of this design was checked by flow measurement in a
dummy fuel element. The results showed the flow to be independent of channel positiom within
the accuracy of the measurements.

The relative flow was determined from pressure measurements. The relative accuracy of
these measurements was estimated to be about 5%. Since the velocity varies as the square
root of pressure, the uncertainty in velocity was about 2-1/2% or conservatively a factor of
1.03 should be used in the bulk hot channel factor and (1.03)0.8 = 1,024 in the heat tramsfer
coefficient factor,
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4,7.4.6 Velocity Variation Across Channel, The velocity distribution across a singzlz
channel was measured and showed the minimum velocity to be 67 less than the average. If nu
mixing is assumed across the width of a channel this introduces a factor of 1,06 in tha bhuik
term and (1.06)0-8 = 1.05 in the heat transfer coefficient,

4.7.4.7 Heat Transfer Coefficient Deviation. The Phillips Reactor Safeguard Committzs
recommends the use of the modified Colburn correlation with a maximum negative deviation of
20% (4.14), The deviation results in increasing the heat transfer coefficient term by 1.27,

4.7.4.8 Summary of Hot Channel Factors. The hot channel factors discussed above are
summarized in Table 4.7-4.

Table 4.,7-4 Hot Channel Factors

Bulk Factors, Fp

Reactor power measurement 1.05
Power density distribution uncertainty 1.15
U-235 variation in fuel core 1.03
Channel widths variation 1.10
Velocity distribution uncertainties 1.03
Velocity variation across channel 1.06

Total Fy 1.49

Heat Flux Factors, Fq

Reactor power measurement 1.05

Power density error 1.15

Fuel core thickness variations 1.12 (1.28)*
' Total, Fgq 1.35 (1.54)*

*Dogbone region

Heat Transfer Coefficient Factors, Fp

Channel widths variation 1.15
Velocity distribution uncertainties 1.024
Velocity variation across channels 1.05
Correlation equation 1.20
Total, Fy 1.48

4.7.5 CLADDING AND FUEL TEMPERATURE. The formation of a layer of boehmite om the fuel
plate cladding will increase the temperature of the cladding and fuel. The rate of formation
of the oxide layer was measured by Griess, et, al. (4.16) under conditions similar to thoses
in the NBSR, The oxide layer thickness was found to be given by the following relatiomshir:

X = 443 (t)-778 exp(-8290/T), mils
where

X = oxide layer thickness in mils

t = exposure time, hours

T = oxide-water interface temperature °R
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The maximum interface temperature in the NBSR core, 224°F, occurs in the inner plenum of
the startup core. 1If, for sake of simplicity, it is assumed that this temperature and the
element power persist throughout the entire 6 month life of an.element, the maximum oxide
layer thickness achieved would be .0017", and the corresponding oxide temperature drop and
maximum material temperatures would be 40.8°F and 265.8°F respectively.

The application of the same technique to the hottest element in the equilibrium core
yields an oxide layer thickness of .0012" and an oxide temperature drop and maximum surface
temperature of 24.4°F and 241,4°F, respectively.

These temperatures clearly present no hazard to the integrity of the cladding or
structure,

4.7.6 STEADY STATE BURNOUT ANALYSIS, The burnout prediction correlation developed by
Mirshak, Durant and Towall (4.17) 1is based on data which fits the precise operating condi-
tions of the NBSR, Since this correlation is well known and widely used, its use in the
steady state burnout analysis of the NBSR is indicated.

Using this correlation the heat flux at burnmout is given by:
Pho = 266,000 (1 + 0.0365V) (1 + 0.00914Tg) (1 + 0.0131P)

where

Ppo = heat flux at burnout, Btu/hr-ft2

v = coolant velocity, ft/sec
= subcooling °C

P = pressure, psia

For the purposes of this analysis, the coolant velocities and, by interrelation, the

amount of subcooling and the pressure at the hot spot were reduced by the channel dimen-
sional tolerance and velocity distribution measurement error hot channel factors, 1.10 and
1.03. A factor of safety of 1.2 was then applied to the result to allow for uncertainties

in the correlation. The operating and burnout heat fluxes and their ratios are listed in
Table 4.7-5.

Table 4,7-5 Burnout Heat Fluxes and Burnout Ratios

Peak Heat Flux Burnout Burnout
Btu/hr-ft2 Heat Flux Ratio
Btu/hr-ft
Normal Operation
Startup Core
Tnner Plenum 3.64 x 10? 9.8 x 1055 2.24
Outer Plenum 3,06 x 10 9,37 x 10 2.48
Equilibrium Core
Inner Plenum 2.52 x 10; 8.47 x 102 2,80
Outer Plenum 2.68 x 10 9,04 x 10 2.73
Pre Xm, Sm Buildup
Startup Core
Inner Plenum 3.82 x 103 9.81 x 102 2.41
Outer Plenum 3,28 x 10 9,37 x 10 2.38
Equilibrium Core
Inner Plenum 2.68 x 107 8.47 x 102 2.64
Outer Plenum 2.90 x 10 9,03 x 10 2.60
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4,7.7 GAMMA RAY HFEATING. Extensive calculations were made of the gamma ray intensity
and spectrum in the NBSR. The fission spectrum of U-235 was determined from the work of
Gamble or prompt gamma rays as described by Maienschein in 8/670 of the Second Geneva Con-
ference Report (4.18), and from the data tabulated in the Nuclear Engineering Handbook (4.19%.
The contribution of the decay fission products to the operating gamma spectrum was obtained
from analysis of the data in P.1670 and the results of Perkins and King (4.20). Capture
gamma rays from U-235 based on the work of Groshev (4.21) and from aluminum based on the work
of Kinsey as summarized in the Reviews of Modern Physics (4.22) was included to complete a
gamma ray source spectrum.

The gamma ray calculations followed the procedures developed in NYO-3075 (4.23). Using
the source spectrum described above, the gamma ray intensities and spectra at several radii
were calculated by summing the contributions from the fuel elements and other gamma ray
sources, The gamma ray spectrum in the center of the reactor is shown in Figure 4.29. 1,
represents the direct contribution from unscattered gamma rays, Ig represents the contribu-
tion from scattered gamma rays, and I represents the sum., At points further from the core,
the scattered radiation becomes more predominate and the spectrum softens,

In addition to the center of the core, R = 0, the gamma ray spectra and intensities
were calculated at the surface of the core, R = 55 cm, and at the tank wall, R = 107 cm.
The calculated intensity at the wall includes a contribution of about 25% from capture gamma
ray produced in the aluminum tank wall,

The spectrum may be integrated to give the total gamma ray flux. Tue core gamma ravs &t
the core surface have an intensity of 16.5 w/cm? when the reactor is operating at 10 mega-
watts, and they decrease approximately exponentially to a value of ,65 w/cm? at the reactor
vessel wall., The gamma flux at the core surface in the region of the unfueled gap is about
one half the unperturbed value of 16,5 W/sz. The reactor vessel wall makes an additional
contribution in its immediate vicinity of .25 w/cm?. Table 4.7-6 summarized the gamma flux
intensities.

Table 4.7-6 Gamma Flux Intensities

Radius Intensity
0 cm 45 w/cm2
55 16.5

107 .9

The energy deposited in a gram of material can be determined from the mass absorption
coefficients and the gawma ray spectrum. This was done for aluminum and water for the three
radii given in Table 4.7-6, In the case of aluminum, in addition to the gamma ray heating,
the energy of the 2.9 Mev beta particle accompanying every neutron capture must be comnsidered.
We have assumed all of the beta emergy to be deposited in the aluminum. Table 4,7-7 sum-
marizes these results.

Table 4.7-7 Energy Deposition Rates

Material Aluminum Water
Radius v 8 . Total
0 cm 1.2 0.5 1.7 w/g 1.4 w/cm3
55 .45 .2 .65 .5
107 .025 .025 .05 .03
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The heating of various structural members was investigated., Of particular Iinterest are
the beam tube tips and the reactor vessel wall. The total energy deposited in a normal beam
tube tip is about 200 watts which represents about 1 watt per square centimeter of surface
which must be removed by the reflector water. The large cryogenic port has 5000 watts de-
posited in its tip which corresponds to about 2 w/cm? of water cooled surface. In the central
plane, the rate of energy deposition in the reactor vessel wall is about .3 watts per square
centimeter of inside tank wall. These relatively low heating rates present no problem in
cooling since the beam tubes and tank wall are immersed in the reflector which is directly
part of the primary cooling loop. A conservative calculation shows the temperature of the
cryogenic port tip doesn't exceed 180°F.

The radiation heating of the thermal shield is not discussed in this section, but is
included in the shielding section where the thermal shield design is covered.

4.7.8 PRIMARY FLOW COASTDOWN AND SHUTDOWN COOLING, Normally the main primary pumps are
started before the reactor is brought to power and not shutdown until sometime after the
reactor has been shutdown. In the case of a loss of power, however, the two main pumps will
coast-down and one of the two shutdown pumps will come on automatically. The shutdown pumps
are supplied with emergency power, including separate DC motors capable of operating directly
off of the emergency battery bank, and each pump supplies an 800 gpm flow.

Figure 4,30 shows the primary flow as a function of time after power failure. The upper
curve is the flow resulting from the automatic startup of the shutdown pump upon power failure
to the main pumps. The lower curve is the coast-down of the two main pumps when no shutdown
pump goes on. The curves in Figure 4,30 are based on direct measurements made on the NBSR
system., They were not exactly those of the final operating system, but differ only in that
H20 was used instead of D20, and the flow resistance of the core was simulated by the use of
the flow control valves in the system. It is not expected that these differences will
greatly effect the measured curves, although the greater density of D70 might increase the
coast-down time slightly,

Conservatively, the NBSR should scram to shutdown power in less than 0.3 sec after a
power failure., During this time the flow will drop from 4400 gpm to about 4000 gpm. Assum-
ing zero specific heat for the fuel element, the surface temperature of the hottest fuel
plate will rise only 8°F during this interval. The rapid drop in reactor power following
reactor shutdown then allows a sharp drop in surface temperature caused by the relatively
high flow during the early sSeconds of coast-down. After about 30 seconds, the flow as shown
by the upper curve in Figure 4,30 approaches its steady state shutdown value of about 800
gpm. This results in a peak film temperature drop of only 13°F 35 seconds after power
‘failure, This is, of course, the maximum film temperature drop that would occur during
normal shutdown cooling.

Since the flow in the NBSR is upward, any perturbation in flow caused by local heating
should not be such as to impede the forced flow.

4.7.9 FAILURE OF SHUTDOWN PUMPS, Great care has been taken to minimize the possibility
of failure of the shutdown pumps. There are two pumps, one of which is normally standby,
and each is equipped with both an AC and DC motor. 1In addition to normal power, the AC
motor is supplied by the diesel generator emergency system, and the DC motor can operate
directly off of an emergency battery bank.

In the highly unlikely event that all normal and emergency power should fail, the pri-
mary flow will follow the lower curve in Figure 4.30., The rather abrupt drop in primary
flow shown in the curve at about 30 seconds after power failure results from the closing of
the spring loaded check valves in the primary system., Thirty seconds after shutdown the flow
is still sufficient so that the maximum film temperature drop is only 46°F. A few seconds
later, zero flow through the elements must be assumed and the only cooling available is from
natural convection to the water in which the elements are immersed,

The elements are widely spaced and so are cooled by the water around them as well as
the water in them. It is very difficult to anticipate the effectiveness of the direct cool-
of the plates., Boiling may initially occur and the rate at which water can flow into the
interior of the element from above against the escaping vapor cannot be estimated well, This
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interior cooling 1s surely not negligible and may be quite effective. Fortunately, this is
not the omly cooling available. Each element is surrounded by a large volume of water whose
natural convection is not impeded by steam in constricted spaces. If no internal cooling
whatsoever 1s assumed so that all cooling is external, the peak temperature at the fuel plat=
hot spot will not be more than 340°F above the temperature of the side plate because of thermal
conduction to the side plate. This external cooling means that the no flow situation is less
severe in the NBSR core thanm in the close-packed cores such as the ORR, Measurements made at
the ORR (4.24) showed that the no-flow condition after shutdown was safe up to at least 15 MW
of operating power. 1In the ORR tests they shut off all pumps and let the low flow signal
scram the reactor. For operating power up to 15 Mw boiling was not even observed. There-
fore, it is reasonable to expect that complete loss of primary flow after shutdown of the
NBSR does not constitute a hazardous condition.

4.7.10 FUEL ELEMENT AFTER HEAT. The fission product decay heat was determined from the
curves of Shure (4.25). Each NBSR fuel element will normally remain in the reactor for 148
operating days. .The decay heat curves for the NBSR shown in Figure 4,31 are based on this
operating life. The figure shows the decay power in watts per watt fission power for total
decay power as well as the two components, gamma and beta power.

The full reactor power as a function of time after shutdown is primarily due to the
fission product decay. The photoneutron production by the core decay gamma rays on deuterium
produces some neutrons which are multiplied by the sub-critical reactor giving a small shut-
down fission power in the range of 10 to 100 watts, While this fission source is very con-
venient for reactor startup instrumentation and control, it is negligible as a heat source
compared to the fission product decay heat rate,
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Figure 4.12 Radial flux plot for equilibrium core. Z is the distance in centimeters from
the central plane.
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Figure 4.14 Vertical distribution of fast neutron flux along core centerline for two shim
arm positions ( 6 = 10° and 6 = 16°).
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Figure 4.20 NBSR shim arm worth curve,
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Figure 4,21 Regulation rod worth curve,
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Figure 4,23 Reactivity change for top reflector dump as a function of shim arm position.
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Figure 4,25 Xe buildup as a function of time in hours after shutdown,
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Figure 4.26 Xe and Sm buildup as a function of time in minutes after shutdown for times
immediately after shutdown.
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