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ABSTRACT

To address the Power Pulse problem,
Bruce B uses Gap: a comprehensive
monitoring program by the station to
maintain the gap between the fuel string
and the upstream shield plug. The gap
must be maintained within a band. The
gap must not be so large as to allow
excessive reactivity increases or cause
high impact forces during reverse flow
events. It should also not be so small as
to cause crushed fuel during rapid,
differential reactor/fuel string cool downs.
Rapid cool downs are infrequent.

The Bundle 13 Position Verification Tool
(BPV tool) role is to independently
measure the position of the upstream
bundle of the fuel string. The
measurements are made on-reactor, on-
power and will allow verification of the
Gap Management system's calculated fuel
string position.

This paper reviews the reasons for
developing the BPV tool. Design issues
relevant to safe operation in the fuelling
machine, fuel channel and fuel handling
equipment are also reviewed. Tests
ensuring no adverse effects on channel
pressure losses are described and actual
on-reactor, on-power results are
discussed.

1. INTRODUCTION

Gap Management is a comprehensive
monitoring program to maintain the gap
between the fuel string and the upstream
shield plug {see Figure 1). The program
defines a safe range of gap between the

upstream shield plug and the thirteenth
bundle. The gap is to be small enough to
lessen the reverse flow impacts and limit
increased reactivity. As well, the gap is
to be large enough to ensure that the fuel
string is not compressed due to
differential cooling during rapid reactor
cool down conditions.

When channel creep lengthens the fuel
channel, the gap between the thirteenth
bundle and the upstream shield plug
increases. As the channel creeps,
increasing numbers of special long
bundles are used in the fuel string to
maintain the proper gap.

The BPV tool assists in the process by
obtaining independent measurements of
the gap. These measurements are used
to determine correction factors for the
gap calculation.

2. GAP MANAGEMENT REQUIREMENTS
FOR BPV TOOL

The Gap Management program contains
algorithms and data bases to continually
track the position of bundles. The
recorded bundle lengths in the fuel strings
are combined with knowledge of fuel
channel lengths to calculate the existing
gaps. The program requires verification
of this gap by means independent of the
program inputs (bundle records, fuelling
machine end fitting position
measurements, fuelling machine fuel
string position measurements). The gap
calculations must also account for varying
reactor conditions. Again, the need for
an independent tool capable of operating
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in reactor conditions led
requirement for the BPV tool.

to the

The gap is maintained through knowledge
of the gap and the use of two sizes of
fuel bundle (19 inch standard and 19.5
inch 'long', 483 and 495 mm
respectively). The fuel string is composed
of all standard length bundles when the
fuel channel is in its early years of use.
As the radiation induced creep lengthens
the pressure tube, the two end fittings
grow apart. This causes the gap to
increase. When the gap is determined to
be approaching the upper tolerance, one
of the new bundles installed will be a long
bundle. The gap is thereby reduced by
half an inch. The long bundle is advanced
upstream with each subsequent fuelling
operation until the it eventually reaches
the discharge position. At this time the
new fuel charge must have the same
combinations of bundle types to maintain
the fuel string length and the gap.

The gap management algorithm, utilized
by the Bruce B fuel handling control
software, incorporates a basic equation to
define the position of upstream bundle
13. During each channel fuelling
operation, upstream and downstream
fuelling machines have their rams in
contact with the fuel string. The ram
encoders supply two of the variables
needed to measure the gap. The allowed
gap, the accuracy of the fuel handling
system, and the fuel channel current
length are constants that have been
determined. Other variables are
dependent on what combinations of fuel
bundle types are required to be inserted
and discharged. These fuelling operation
variables are specified when the operator
determines the bundle combinations used.

The basic equation is affected by the
power level, the specific station, reactor
temperature, and the use of flow
injection. These effects are grouped into
the single correction factor Kp. This
factor can only be determined by actual
measurements in representative
conditions. The BPV tool was developed
to assist in this role. It is designed to be

installed in any channel of an operating
Bruce B reactor. Measurements retrieved
from the tool can be used to assign
values of Kp for each combination of
power level, channel position, etc.

An additional role of the BPV tool is to
assist in recovery from some accident
cases due to bundle combination errors.
If the gap management system's gap
algorithm detects an error, the BPV tool
can be used to measure the actual bundle
position independently.

3. BUNDLE 13 POSITION VERIFICATION
TOOL DESCRIPTION

The BPV tool obtains measurements
completely independent of the channel
and fuelling machine components because
it incorporates a mechanical recording
device. This device is basically a sliding
depth gauge and takes its reading directly
from the fuel bundle relative to the end
fitting.

The BPV tool (see Figure 2) is composed
of three major components:
• tool body
• fuel sensor
• spring plunger
All three parts are made of the same type
stainless steel.

3.1 Tool Body
The tool body (see Figure 2) is a modified
fuelling machine fuel carrier made of
stainless steel with chrome plating of its
sliding surfaces. The outboard end
(relative to the reactor centre) has slots
and recesses to facilitate connection to
the fuelling machine charge tube. Along
the length are holes for the primary heat
transport coolant flow. A relief of the
outer diameter for most of the length on
one side provides clearance when the
body is warped by the stratified
temperatures encountered during service.
A slot with gauge markings, in
conjunction with a pin mounted in the
fuel sensor, indicates the measured
position of the fuel bundle. A bulkhead is
pinned within the bore of the body. The
bulkhead restrains the spring of the spring
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plunger. A tubular extension of the
bulkhead restricts the fully extended
reach of the fuel sensor to no more than
1.5 inches (38 mm) past the inboard end
of the body. The inboard end enters the
chamfer at the end fitting spacer. The
spacer line is a fixed plane through the
end fitting at the end of the channel liner
tube. The shield plug, fuel carrier and
BPV tool all abut the chamfer at this line
(see Figures 1, 2 & 4).

3.2 Fuel Sensor
This part is contained with the spring
plunger and body (see Figures 2 and 3).
It functions as a depth gauge probe. A
chromed, segmented flange provides
sliding contact with the spring plunger
bore. The flange is designed to yield if
the sliding surfaces jam. The axial
position of the sensor within the plunger
is held by friction pads. The springs
within the pads are shimmed to provide
sufficient friction to resist the drag of the
coolant flow yet slide with an acceptable
force when the fuel bundle is
encountered.

A set of concentric rings at the inboard
end distributes any forces against the fuel
bundle. The outermost ring has three
pads to support the inboard end and allow
the sensor to slide along the bores of the
pressure tube, liner spacer and tool body.
Radial holes allow coolant flow to reach
the centre of the fuel bundle.

3.3 Spring Plunger
The spring plunger is tubular. The bore
carries the fuel sensor. The outer
diameter has chromed bearing rings to
slide within the body. The axial limits of
the plunger stroke are set by the bulkhead
and a step in the body's bore near its
outboard end. Normally the parts are
kept in the retracted outboard position by
a large spring between the plunger and
bulkhead. During measurement
operations the fuelling machine ram
compresses the spring and advances the
plunger and fuel sensor.

4. BPV TOOL OPERATION

The BPV tool is brought out of storage
and placed in a trough attached to the
ancillary port (a containment penetration
accessible to the fuelling machine within
containment and by personnel in the
irradiated fuel bay room). A hand tool is
supplied by which the indicator pin can be
pre-set. When the BPV tool is ready, the
fuelling machine engages the tool and
stores it in its magazine.

After locking onto the target end fitting,
the fuelling machine engages with the
BPV tool and advances it into the end
fitting to stall, positioning the tool nose at
the spacer line. Fuel coolant flow will be
constantly flowing through the tool.

The plunger, with its sensor having been
pre-set in its fully extended position, is
advanced to the measuring location by
the fuelling machine ram (see Figure 4).
When the sensor encounters the
thirteenth bundle before the plunger has
been fully advanced, relative sliding
between the stalled sensor and the
advancing plunger causes the indicator
pin to slide back along the groove.
Retracting the ram allows the gauge to be
fully stored within the BPV tool's body.
When the plunger has returned to its
home position, the pin lines up with the
scale inscribed on the body and allows
the detected position of the bundle to be
read.

The scale is set up to read positive
numbers if the thirteenth bundle is
outboard of the spacer line. Thus a
reading of positive 2.5 inches would
indicate that the bundle might encounter
the flow straightener if the shield plug
were re-installed. A zero reading
indicates that the bundle end plate is in
the plane of the spacer line. If the bundle
is farther inboard than the spacer line,
negative measures are recorded.

It should be noted that the second fuelling
machine will lock onto the other end of
the fuel channel for the duration of the
BPV tool visit. With two fuelling
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machines in use, the ch?rr^« >>»essure
drop is monitored for any excursions
beyond what is normal during fuelling
operations.

The BPV tool is then retracted into the
fuelling machine and returned to the
ancillary port. The fuelling machine locks
on the port, the port is opened manually
and the trough installed. The tool is then
be slid onto the trough. The reading on
the tool's scale is recorded as the
thirteenth bundle position.

The tool could either be removed and
stored or reset for further measurements.

5. DESIGN ASPECTS FOR RELIABLE IN-
REACTOR USE

5.1 Accommodating Flow Injection
The Bruce B fuelling machines incorporate
a flow injection system. While the
fuelling machines are locked onto a fuel
channel, cooling water is circulated
through the machine's magazine. To
guard against the ingress of hot water
from the channel and any debris or crud
that may come with it, sufficient cooling
water is injected to create a slow flow
out of the fuelling machine. • When
considering tools or components that
leave the relatively cool fuelling machine
interior (between 27 and 93 Celsius, or
80 to 200 Fahrenheit) and enter the hot
fuel coolant flow (up to 305 Celsius, or
580 Fahrenheit), thermal effects must be
considered.

The tool was designed with similar
materials throughout such that thermal
expansion has virtually no effect on the
measurement. However, a small error is
unavoidable based on the differential
movement of the expanded parts. The
expansion/contraction applies only to the
range of sensor shift (-1.5 to +4 inches
= 6 inches). The net effect on
measurement is well below the desired
+ /- 1/16 inch accuracy required.

A less obvious thermal effect is due to
the fact the flow injection water does not
mix for some length down the end fitting.

The stratification causes a considerable
temperature difference along the top and
bottom of any component installed. The
differential thermal expansion causes
components to bow, sufficiently in some
cases to cause interference within the
end fitting liner bore.

The BPV tool accommodates the bowing
effect by being designed with large
clearances and ensuring long components
were not over constrained.

Commissioning tests included differential
heating of the tool's body to duplicate the
worst case bowing. Stroking the tool's
components in this condition ensured that
no jamming would occur in the reactor
that could cause excessive forces against
the fuel bundles.

5.2 Coefficient of Friction
The sensor relies on its friction pads to
limit the force against the fuel bundles
during initial installation and the
measurement operation. Extensive
commissioning tests were performed to
prove that the design force was not
exceeded regardless of whether the tool
was heating up, cooling down, wet or
dry.

Tests uncovered one unique condition in
which the friction pads locked. The
sequence of events was:
• the tool was exposed to simulated

coolant water,
• then allowed to dry, and
• bowed by applying heat.
Previous tests had shown the coefficient
of friction between certain components to
be within the expected range for
aluminum bronze against stainless steel.
Within this range, the geometry is such
that window jamming should not occur.

An interesting trend developed after
investigating the possible combination of
applied forces and spring forces with
various coefficients of friction. As the
friction coefficient increased the static
model could be shown to jam in one
state. However, at higher coefficients the
jammed case would develop a different
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set of equilibrium forces and theoretically
not jam or be statically indeterminate. In
that condition, another equilibrium state
would exist, jamming and locking at other
coefficients of friction.

Tests on the tool were able to duplicate
the coefficient of friction and show that it
corresponded to the lowest value
responsible for the geometry to lock.
This low value was twice as high as
normal for the combination of materials.
The high coefficient of friction was
thought to be due to the extremely clean
condition of the tool after being exposed
to the hot, basic pH, coolant. It was also
thought that the lithium hydroxide used to
adjust the water's pH may have formed a
thin deposit of crystals. Stroking the
components once or twice always
reduced the coefficient of friction to
within the expected range

It is noteworthy that the jamming case
was not classical window jamming, but in
fact, the friction pad pistons stalling all on
one side of their bore hole. The unique
equilibrium cases were caused by the
relative movement of internal components
as the tool body bowed. By changing the
friction pad tip profile and by moving
them to a plane not sensitive to body
bow, the jamming is avoided, even at the
high coefficients of friction.

5.3 Tool Failure Safety
As the tool is to be pushed against the
fuel string through commands of the fuel
handling control software, several tool
failure modes were investigated.

The first to be investigated was the
failure of an extended sensor to retract
(due to spring failure or particles jamming
in the sliding surfaces of the sensor). In
such a case, the tool would not fit within
the fuelling machine magazine. The
fuelling machine magazine would be
commanded to rotate regardless. The
sensor is strong enough to stall the
magazine drive without itself being
deformed. This would allow for a
contingency manoeuvre in which the fuel
string would be advanced by the opposite

fuelling machine to push the sensor back
into the tool body.

To guard against particles preventing
retraction of the sensor, two design
features were incorporated. On the
outboard end of the sensor, bearing
surfaces were designed with the ability to
fold away from jammed particles. At the
other end, generous clearances and small
footprint pads allowed jammed particles
to be dislodged by jogging the sensor.

The folding bearing pads also guard
against excessive forces being applied to
the fuel string when the fuelling machine
ram extended the plunger.

5.4 Fuel Channel Pressure Drop
The BPV is an intrusive tool in that it
must place a stiff sensor within the
coolant flow up against the upstream
bundle. If the flow were to be blocked,
fuel bundle temperatures would rise.
Normal fuel handling control software
monitors the pressure differential. If a
flow blockage is deduced, the operators
are warned and the BPV tool would need
to be removed.

The sensor head was designed to avoid
blocking flow to the bundle. Ample flow
areas are machined through the head and
the central tube is cross drilled to deliver
water flow to the bundle centre. Up
stream of the bundle, coolant flow enters
the tool body radially through holes that
are in the same area of the radial holes in
the liner. All plunger, spring and bulkhead
components are placed behind the area of
the entering flow.

Tests were performed in the GE Canada
fuel channel rig. The sensor was placed
in various positions and pressure taps
were used to obtain pressure differentials
along the BPV tool. The pressure drops
recorded were well below the design
limits. Drag on the sensor was deduced
from some of the pressure differentials.
This allowed the establishment of friction
pad settings.
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6. SAFETY ASPECTS OF BPV TOOL
MAINTENANCE

The safety concerns of tool maintenance
fall into two categories. First, ensuring
the tool operation is reliable and will not
damage fuel channel components.
Second, ensuring that handling the highly
preloaded springs is safe for the
maintainers.

Prior to being sent on its mission, the
sensor friction is checked. The hand tool
supplied to pre-set the indicator pin is
used to jack the sensor back and forth.
The capacity of the hand tool is lower
than the friction loads that would damage
the fuel bundles or latch. If the sensor is
difficult to move, a test is performed to
apply loads to the sensor and document
the maximum force required to push the
sensor. The test results confirm that the
force limiting friction pads are performing
within the acceptable limits.

Visual inspection prior to the mission
would confirm that the sliding surfaces
are intact.

If the plunger is suspected of being
jammed, tests and test fixtures are
provided to check the plunger movement.
Stacked weights added to the test fixture
depress the plunger and allow
confirmation of the spring preload and
stiffness.

The tool's highly preloaded internal spring
presents a potential hazard to the
maintainers. A set of maintenance tools
and maintenance instructions are
provided. Using these, the spring can be
safely locked during maintenance and
overhaul.

7. SITE MEASUREMENTS

The BPV tool has been commissioned and
used successfully at site. Full
commissioning was performed on the
Bruce B fuel channel test facility. There a
fuelling machine head installed the tool
into a test channel with full reactor
operating temperature, pressures and

flows. Indicator pin readings were found
to duplicate the known position of the
thirteenth bundle in the test channel.

Subsequent use on a number of reactor
channels has provided fuel bundle
positions under operating conditions.
These readings have confirmed the
estimated Kp correction factor for one set
of reactor conditions.
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SCALE
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FIGURE 2 - BUNDLE THIRTEEN POSITION VERIFICATION TOOL
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FIGURE 4 - BUNDLE THIRTEEN POSITION VERIFICATION TOOL OPERATION
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