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1.0 Introduction

The CAVALI!R. reactor is currently operated under License R-123,
Docltet No. 50-396 by the Department of Nuclear Engineering. The
CAVALIER is housed in the same building as the 2MW UVAR reactor, which
has been in operation since 1960. The CAVALIER is located on the ground
floor of the west wing of the building. This wing was added to the
facility in 1969. The present License (R-123) was issued on September
24, 1974 and the reactor achieved criticality for the first time on
October 21, 1974. The fuel elements, control rods and nuclear
instrumentation are the same as is used with the 2MW UVAR reactor. The
maximum operating power level is less than 80 watts and the limit on
integrated power per day is less than 200 watt-hrs (limiting safety
system setting). Low power operation minimizes the shielding
requirements during operation, makes possible fuel element handling
subsequent to operation, and reduces the hazard associated with fission
product release in the unlikely event of an accident. The major
accident mode for a low power reactor is a reactivity excursion, By
design and by procedure the excess reactivity and reactivity insertion
mechanisms for the CAVALIER are limited to such an extent that
destructive excursions are essentially impossible. The main function of
the CAVALIER is to provide a safe and convenient facility for laboratory
training of undergraduate and graduate students. The facility can also
be used for reactor experiments, such as noise measurements, which do
not require high neutron fluxes. The use of the CAVALIER for these
purposes frees the 2 MW UVAR reactor for full time experimental use, and
eliminates the necessity for training students on a relutively high

power reactor. The safety aspects of the CAVALIER

'Cooporattvcly Assembled Virginia Low Intensity Educational Reactor.
1



are maximized by maintaining low inventories of fission products and
excess reactivity. Thz facility can thus operate without containment
and with no need for ememgency cooling. <Conservative analysis presented
in this report indicates that, even in the event of a major fission
product release (TID-14844 type) from iiis reactor, the magnitudes of
personnel exposures at the site boundary, and in the surrounding areas,
are within the limits of 10CFR20, averaged over a period of a year.

Siace the CAVALIER and UVAR reactors are identical in many
respects, such as site and fuel glement design, much of the information
that would normzlly be included in a safety analysis report will be
incorporated Sy references to the UVAR Safety Analysis Report, which is
on file with the NRC.

2.0 THE CAVALIER SITE AND LOCATION

2.1 The CAVALIER is located in the same building which houses the 2 MW
University of Virginia Reactor. This site has been described in several
submissions to the NRC, [1,2,3]. A fenze around the building defines a
small exclusion area. Out to 3 distance of about 250 meters in all
directions, there exist only a few University and University related
laboratories and the land belcmgs co the University. Beyond this, on
the east, is the University, and the center of Charlottesville is
approximately 2 miles away. Deta‘led information on the site may be
found in UVAR-18. [3]

Within the Reactor Building, the CAVALIER is located in a concrete
reactor pit locat<d on *he Ground Floor of the west wing. Figure 2.1
shows floor plans for this wing and a portion of the rest of the
building. Locations of the existing UVAR, and the CAVALIER are

indicated.
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Inside the rit whose depth below floor level is 9-feet, and at one
end, stands a Moderator Tank, constructed of welded aluminum, 67-inches
square, and ll-feet high. The reactor is located at the bottom of this
tank, with a minimum of 7.25 feet of water above the core, to serve as
biological shielding. At a power of 50 watts the gamma-ray dose rate
directly over the core at the top of the tank, is -3 mR/hr. The
Operating Area dose rate at this power is <1 mR/hr

A concrete block shield wall, up to 3-feet thick, separates the
Moderator Tank from the rest of the Reactor Pit, to reduce dose rates in
the pit and general area.

The pit houses the clean-up demineralizer for the CAVALIER system.
Plan and elevation views of the latoratory area, and pit are presented
in Fig. 2.2A and 2.2B.

2.2 Health Physics Surveys

Health physics surveys were performed with the reactor power at -~ 1
watt and ~ 45 watts and the results are shown in figures 2.3 through
2.8. At a power level of 1 watt the highest dose rate was observed in
the bottom of the pit adjacent to the reactor near the instrument tubes.
Additional shielding was placed around this area before increasing
power. At a power of .~ 45 watts the dose rate in this area is ~ 50
mr/hr. This area is inaccessible during reactor operations.

3.0 REACTOR CORE AND OFERATING LIMITS

3.1 Reactor Core Description

3J.1.1 Reactor Assembly

A Grid Assembly, originally consisting of a 4x7 lattice of holes,
is mounted on the bottom of the a’uminum moderator tank and bolted

securely to it. The hole spacings in the assembly duplicate those on

I~
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the UVAR grid plate providing means of positioning the fuel elements in
a close packed array. The Grid Assembly, shown in Fig. 3.1 provides
support and lateral stability to the elements.

3.1.2 Fuel Elements

Fuel elements for the CAVALIER are identical to those for UVAR,
and are described in UVAR-]8 [3]. The standard fuel element is
approximately 3-inches hy 3-inches cross section with an active core
length of about 2 feet. The element is generally similar to the MTR
type element but is made with 12 flat plates. In the control rod fuel
element, the six plates in the center are missing to allow space for
insertion of a control rod. The standard fuel element contains about
165 grams of U-235 and the control rod fuel element contains bout 82.5
grams. (see figures 3.2 and 3.3).

Half loaded fuel elements are also used, in order to assure
sufficient flexibility in loading the reactor so to maintain the minimum
amount of excess reactivity. A half loaded fuel e.ement is made up of
alternatc fuel-bearing plates and contains 82.5 grams of U-235. The
fuel plates are of the sandwich type construction with a 0.020-inch meat
and 0.15-inch cladding. The water gap between plates is 0.211-inch and
the metal to water ratio for the standard fuel element including side
plates is 0.40.

Also available for use in the CAVALIER are MIR type curved plate
elements. The standard fuel element has 18 fuel plates and a loading of
195 grams of U-235. The control rod fuel elements have 9 fuel plates
with a loading of~97.5 grams of U-235. Partial loaded fuel elements are
also available for use. The construction of these elements is the same

as the flat plate elements as shown in Figure 3.4.
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3.1.3 Critical Loadings

A water reflected 4x5 array of fuel elements, containing 16
standard and 4 contr>l rod elements will be critical with about 1.6
perceant excess reactivity, depending on the position of the control rod
elements. The addition of a 6-inch grapnite reflector on all sides
reduces the critical size to 4x4 (still 4 control rods). Table 3-1
gives various fuel element and critical array data for the 4x5 water
reflected and 4x4 graphite reflected cores.

3.1.4 Reflector Options

The normal CAVALIER configuration will include a water reflector.
In this geometry open-work (wire mesh) aluminum boxes are mounted along
the sides of the core to eliminate the possibility of a reactivity
addition resulting from an object dropped alongside the core. On one
side of the core, special purpose, non-fuel bearing elements may replace
the aluminum boxes. These could include radiation baskets, instrument
tubes, etc. A water reflected configuration is shown in Fig. 3.5.

The CAVALIER may be operated with a graphite reflector by placing
the open (water filled) aluminum boxes with aluminum boxes filled with
graphite bars. The size of these boxes are such that a single box would
cover a side of the core (the UVAR graphite elements are fuel element
sized and fit into individual grid plate positions). A graphite
reflect d core arrangement for CAVALIER is shown in Fig. 3.6.

3.1.5 Control Rods

The shim rods for CAVALIER are of the bayonet type, having an
elongated oval cross sectional shape and rectangular grooves along each
side. The control material is boron stainless steel. The very low

neutron flux of CAVALIER precludes probleams of radiation heating and

17



REACTOR DATA

Active Core Dimensions
Length in.
Width in.
Depth in.

Active Core Volume Liters
3

in.
Number of Standard Elements

Number of Control Rod Elements

Mass 0235 Kg

Mass AL(Z) Kg

Mass H,0 at 100°F(?) kg

(2) vol AL
vol HZO
Atomic Ratios in Active Core(z)
Atoms 0235
Atoms AL

Molecules “20

Average Thermal Flux at

Metal to Water Ratio

10W Operation negt

cm sec

(1) An infinite water reflector follows the 6-inch graphite reflector.

(2) Calculated on basis of complete loading of standard fuel elements.

TABLE 3-1

Graphite
Reflected(l)

3.63 x 10

23.5
12.13
12.60
59.53
3

12

4

2.31
44.78
42.30

0.394

172
239

1.1 x 10

0.0573

4.54 x 10

Water
Reflected

23.5
12.13
15.94
74 .43
3
16

4

2.97
57.23
52.88

0.394

168
232

8.5 x 107

0.0555



Table 3-1

(Continued)
Fuel Elements - U-AL Alloy Clad with Al Curved
Flat Plate Plate
Overall Dimensions
Length in. 34.38 34.38
Width in. 2.996 2.996
Depth in. . 3.150 3.150
Standard Element
Number of Plates 12 18
Width in. 2.886 2.754
Thickness (inner plates) in. 0.050 0.050
(outer plates) in. 0.050 0.065
Length in. 24.63 24.63
Cladding Thickness (inner plates) in. 0.015 0.015
(outer plates) in. 0.015 0.0225
Fuel Thickness (U-AL Meat) in. 0.020 0.020
Fuel Width in. 2.50 2.375
Fuel Length in. 23.5 23.5
0235 vol Z in Alloy 3.67 not known
weight U2 per element gm. 165 + 32 195 + 32
Water space between plates in. 0.211 0.122
Side Plates - Overall
Length in. 28.69 28.69
Width in. 0.188 0.188
Depth in. 3.150 3.150
Number of Grooves 12 18
Depth of Grooves in. 0.138 0.100
Width of Grooves in. 0.055 0.058
Partial Elements - Same as standard elements with only one-half of the U235 content.

Control Rod Element - Only half the number of fuel plates that are in a standard
element with a central gap to allow for insertion of absorber.

19



TABLE 3-1

(Continued)
Control Rods
Shim Safety Rods
Number 4
Absorber Material Boron-Stainless Steel 1.5% Boron
Dimensions, Overall
Width (Approx.) in. 1
Depth (Approx.) in. 2.38
Length (Approx.) in. &3
Travel (Approx.) in. 24
Weight (Dropping Section) kg 3.3
Drive - Electric motor, 115 V 60 cycle, split phase,
through reduction gear and rack and pinion
drive
Drive Speed in/min Approx 3.7
Release - Magnetic Clutch
Typical Reactivity, fully inserted 2% A% 3.0
Typical Reactivity per inch % éEéiE 0.125
Typical rate of Reactivity Increase in up travel % é&égss 0.008
Reactivity Coefficients
Temperature Coefficient -1.16 x 107%/%F

Void Coefficient -7.2 x 1073/% void

20
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damage to the control rods. Three of the control rods are those removed
from the UVAR reactor several years ago; the fourth rod is new, but
similar in design to the ones taken from UVAR. The control rods move
in the slot at the center of the Control Rod Fuel Elements (See Fig. 3.3
and Fig. 3.4).

Because the neutron fluxes in CAVALIER are so low (1 hour in UVAR
is equivalent in neutron fluence to ~ 10 years in CAVALIER) no
radiation damage problems are expected either for the old rods or the
new one.

3.1.6 Control Rod Drives

The control rod drives for CAVALIER were obtained from Battelle
Memorial Institute where they had been used with the VMR critical
Assembly [4]. The drive assembly consists of a motor-clutch unit,
linear potentiometer position indication, a rack and pinion drive and a
hydraulic shock absorber. Such a system, as emploved at VMR, is shown
in Fig. 3.7. Scram action is controlled by a magnetic clutch, which
when unpowered, or in the tripped condition, allows the control rod and
its entire drive mechanism to fali to the low limit. Position
indication follows the rod position at all times in such a system, in
contrast to the UVAR rod drives in which the position of the drive
mechanism is indicated, but the control rods themselves become
disconnected from the drive, on a scram.

The VMR drives have been modified to reduce the rod drive speed to

approximately 3.5-inches per minute. Bselimimary measurements indicate

RSl

that the rods widd drop on scram with an acceleration of about 0.7 g,

resulting in a 24-inch travel time of about 0.5 second. Rod drive speed




Fig. 3.7 Rod Drive Unit



and actual release and drop times as measured for the final system are
recorded in Table 3-2, Control Rod Drive System Data.

Structural support for the control rod drives is provided by a
network of channel steel mounted on top of the moderator tank and
centered above the grid plate. A plan view of this arrangement is shown
in Figure 3.8. The moving position of the rod drives is enclosed in a
tubular guide extending from the top of the tank down to the control rod
fuel element. Positive holddown for the control rod fuel element is
affected by a support arm extending from the channel steel frame to a
bracket on the tubular guide. The support arm is bolted in place to
allow easy removal for fuel handling operations. A vertical section of
a control rod drive assembly is shown in Figure 3.9. The motor clutch
units of the control rod drives are bolted to the deck plates which form
the enclosure for the moderator tank. The rod drive arrangement for a
typical core loading is shown in Figures 3.10 and 3.11.

Undesired upward rod motion, such as could be caused by physical
manipulation of the rack at the rack and pinion mechanism, is prevented
by a sonenoid operated pawl engaging a racket gear on the motor-clutch
unit drive snhafi as shown in Figure 3.12. The pawl has a ratchet action
which allows downward rod motion under all conditions (solenoid
activated or not), while outward motion can occur only when the pawl is
pulled free of the gear by the solenoid. The solenoid is energized when
the console key awitch'is energized.

3.1.7 Startup Neutron Source

The low neutron flux levels attained during CAVALIER operation

preclude the use of an Sb-Be neutron source as employed in the UVAR.
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TABLE 3-2

CONTROL ROD DRIVE SYSTEM DATA
INITIAL CHECKOUT OF SYSTEM IN 1974

Magnet Release Time Free Drop Time Rod Speed
50 msec. 489 msec. 3.78 in/min.
49 msec. 480 msec. 3.80 in/min.
82 msec. 568 msec. 3.80 in/min.
87 msec. 467 msec. 3.78 in/min.

Average Over Past 5 Years

62.0 463 3.8
51.5 449 3.6
82.0 478 3.9
71.5 500 3.8
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A Pu-Be neutron source is therefore used as a startup neutron source in

CAVALIER.

The neutron source is enclosed in an aluminum tube which

extends down into the wire mesh screens or graphite reflector beside the

core. The source is attached to a motor drive cable allowing it to be

withdrawn from the core a distance of approximately 3 ft. after reactor

startup has been accomplished.

No danger of source damage due to

internal heating is presented because of the low neutron flux levels

present in the moderator tank.

3.2 QOperating Limits

In this section the operating limits for CAVALIER will be listed

and discussed briefly.

various limits will be discussed.

3.2.1 Operating Limits List

1
2)
3)

4)

5)

6)

Maximum Average Power (S.L.)

Maximum Power Level (S.L.)
Maximum Excess Reactivity

“autdown Margin

Minimum Operating Period

Maximum Worth of an
Individual Experiment

3.2.2 Maximum Average Power Limit

In particular, the bases for establishing the

240 watts-hours/day

100 watts

1.6% Ak/k

With the rod of highest
worth fully withdrawn,
the reactor shall be

> 0.4% Ak/k subcritical.

5 seconds

0.5% Ak/k

The maximum average power limit of 240 watt hr/day (i.e., 10 watt

average power) was chosen to limit the buildup of fission product

inventory in the fuel,

By keeping the fission product inventory low,

fuel handling outside of the tank can be performed, and the hazards

associated with fission product release in the evento f ar accident are
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minimized. The inventory of I-131 as a result of long operation at an
average power of 10 watts is equal to that generated in a 10 Mw-sec
excursion. The latter value representsan upper bound on the possible
energy release by an excursion in the CAVALIER. In general the proposed
limits are quite conservative. This approach is believed justified by
the fact that much use will be made of the facility for student
training.

3.2.3 Maximum Power Level

The maximum power level, greater than the average power, was
chosen on the basis of possible need for higher fluxes in activation
experiments, and in maneuvering during training. The limit of 100 watts
was determined by the radiation levels above the water of the Moderator
Tank. At 100 watts with 7.25 ft. of water above the core, the gamma-rcy
dose rate has been extrapolated to be 20 mR/hr at the top of the tank,
and at the nearby areas accessible to personnel, less than 1 mR/hr. The
fast neutron dose rates at these positions are negligible (less than

1073

mRem/hr.). Gamma-ray dose rates are based on calculations and
actual measurements.

3.2.4 Maximum Excess Reactivity

Excess reactivity provisions are made to allow for experiments
and operating maneuverability. For 1.6 percent Ak/k, a maximum
superprompt insertion of about $1 is possible ($1 = 0.80 percent Ak/k).
The SPERT experiments, for fuel elements similar to those of UVAR and
CAVALIER, gave an energy release of approximately 10 Mw-sec for a
superprompt reactivity of $1, and little core damage or fission product
release were noted. [5] In Chapter 9 the effects of a 10 Mw-sec

excursion are analyzed.



3.2.5 Shutdown Margin

The required shutdown margin is 0.4% Ak/k with the most reactive
rod fully withdrawn. This margin will ensure that a shutdown can be
obtained and maintained in the event of a scram without further operator
action.

3.2.6 Minimum Jperating Period

For administrative purposes, a minimum operating period of 15
seconds is imposed, backed up by a period trip at a value greater than 5
seconds. This value will provide an adequate safety margin in the case
of an abnormal reactivity insertion. The Safety Analyses of Chapter 9
are based on a period trip which operates at 5 seconds. The scram on
period at no less than five seconds is to insure that the safety limit
on power is not exceeded. Assume the reactor is on a period of 5.01
seconds (just missing a scram on period) and scrams on power level at 80
watts (the limiting safety system setting). The magnet release time is
no greater than 0.l seconds and the free drop time for the rods is no
greater than 0.7 seconds. (See Technical Specification on Rod Drop
Times.) The very conservative assumption is made that the rods must
drop all the way to terminate the 5.01 second period, 0.8 seconds elapse
after the scram is initiated at 80 watts. The peak power will be

P = 80 exp [0.8/5.01]

P = 93.85 watts
The safety limit of 100 watts is not exceeded. This is the worst case.
If the reactor is on a shorter period, it will scram on period at a
lower power level, and if the reactor is on a longer period, it will

scram at 80 watts with less of a power overshoot.
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3.2.7 Maximum Worth of an Individual Experiment

A limit of 0.5 percent Ak/k is put on any single experiment.
This limits to about 1.4 seconds, the reactor period associated with an
cxperiment failure, well below prompt critical. Thus the worst possible
experiment failure, aside from presenting little or no hazard to the
operators, will involve no darage to the fuel or system equipment.

4.0 INSTRUMENTATION

4.1 Introduction

Since the CAVALIER is a low power reactor, the instruwentation
system is designed on the basis of only two ranges of reactor power;
source level and power level. The CAVALIER nuclear instrumentation
system is based on equipment provided by the Bailey Meter Company, some
of which is modified tc meet specific requirements of the CAVALIER
system. The functional operation of this equipment was described in
UVAR-18 [3]. Figure 4.1 shows, in block diagram form, the principal
elements of the CAVALIER Control and Safety System.

4.2 Source Range Channels 1d Detectors

The Bailey Meter System source range instrumentation provides power
level and period indication over six decades of reactor power. The
source range detectors are BF3 counters which are mounted under the grid
plate on opposite sides of the core. The counters used are effective

1 to 104 n/cmz-sec at the detector location with a

over a range of 10~
sensitivity of approximately 13 cps/nv which correspcnds to a maximum
count rate of 10S counts per second. The BF3 counters operate
satisfactorily in gamma-ray fluxes up to 100 R/hr. The exact positions
of detectors may be manually adjusted to obtain optimum operating

conditions. At power levels exceeding the maximum count rate of 105 cps.
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the high voltage supplies to the BF3 counters must be secured to prevent
damage to the detectors. This is accomplished by manual switches on the
source range drawers.

Two channels of source range instrumentation are used in the
CAVALIER. These channels are identical except thaf one of them contains
an audio amp. Figure 4.2 shows one of the sour 2 range channels
connected for operation. Modules not necessary for an understanding of
the operation of this instrument have been omitted.

Pulses from the BF3 counter are amplified and discriminated to
remove gamma-ray effects. The resulting neutron pulses are applied to
the log integrating circuits which produce a DC output logarithmically
proportional to reactor power. The DC signal is amplified by Amplifier
S and applied to a local meter and a chart recorder. Amplifier S also
provides signals to the period circuit and a low count rate interlock
bistable.

The input to the period circuit is differentiated and amplified by
a parametric amplifier arrangement. The output is applied to a local
meter and a period scram bistable. The instrumentation system is
connected such that an unsafe signal from the period scram bistables in
both instruments in coincidence will cause a scram to be initiated.
Since the high voltage to the BF3 detectors must be turned off when
operating in the power range, period scram protection from the source
range channels is not required (see Technical Specificatic : 3.4).

4.3 Neutron Power Range and Period Channel

The power range channel provides indication of reactor period and
power level over seven decades <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>