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ABSTRACT

This report summarizes the design of the Fuel Pin Volume Measuring Device designed and
fabricated at Oak Ridge National Laboratory for use in conjunction with the postirradiation
examination of MOX test fuel. This device makes use of a simple gas compression technique
and a precision pressure gauge to provide a moderate (1%) precision measurement of the fuel pin
free volume. With slight modification to the measuring apparatus, fuel volume for density
determination can also be obtained. This device is currently being applied to the 40 GWd/MT
and higher burnup fuel pins irradiated in the Advanced Test Reactor (ATR) as part of the Light
Water Reactor Mixed Oxide Fuel Irradiation Test sponsored by the Office of Fissile Materials
Disposition, U.S. Department of Energy.
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1. INTRODUCTION

1.1 General

The Fuel Pin Volume Measuring Apparatus (FPVMA) was developed to provide a simple means
for measurement of the internal free volume of the irradiated MOX fuel pins. After pellet
loading, each fuel pin retains a free volume of about 1.2 cm’, more than 80% of which is
associated with the gas plenum [Reference 1]. During irradiation, pellet densification or
swelling tends to increase or decrease the portion of the free volume in the vicinity of the pellets.
Knowledge of the total free volume is necessary to determine the gas release fraction from the
pressure measurements taken as part of the PIE.

An important constraint for the development of the FPVMA was the need to minimize the tare
volume associated with the apparatus. Typically, such measurements are based on the pressure
difference between a reference volume at a known pressure and the same reference volume
combined with the unknown evacuated fuel pin volume. The fuel pin volume is then determined
using the ideal gas law. Due to the small free volume of these fuel pins (~1cm®), measurement
accuracy will suffer if the tare volume (valves, sensors, and connecting lines) of the apparatus
tends to overwhelm the fuel pin such that pressure differences are small, creating large
uncertainties in the calculated fuel pin volume.

These difficulties have been avoided in the current design by the use of a system that determines
the fuel pin volume by effectively measuring the compression ratio of a variable volume
apparatus [Reference 2]. By carefully controlling the design of a compact apparatus, the tare
volume is held to a minimum so that good sensitivity for small fuel pin volumes is obtained.

This apparatus can also be applied to determine the volumes of partial-pellet fuel samples.
Together with simple weight measurements, this permits determination of irradiated fuel density.

1.2 Volume Measuring Concept

A simple way to measure the free volume within a fuel pin is to place the opened pin in an
apparatus with a changeable volume and measure the pressure of the system both before and
after the known change in volume. Figure 1 illustrates such an apparatus. A big advantage of

this compact design is that there are no valves, gas fill lines, or vacuum lines.

The device is assembled at atmospheric pressure and sealed. The pressure is noted and the
piston compressed a known amount. The final pressure is then related to the fuel pin volume.

Using the ideal gas law, the initial pressures and volumes can be related to the final pressures and
volumes:

BV, + BV, =FV,+FV, M
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Figure 1. Schematic of a simple volume measuring apparatus.

where P; is the apparatus starting pressure, P, is the apparatus ending pressure, V), is the fuel pin
volume, V is the cylinder (and gauge and lines) starting volume, and V7, is the cylinder (and
gauge and lines) ending volume. One can solve this equation for the unknown pin volume:

_(py,-rV,)
V= (P-P) @

With an estimate for the fuel pin volume, one can also determine, for design purposes, the ending
pressure of the apparatus:

P, +V,)

) ®

An important objective of designing an apparatus of this nature is to determine the sensitivity of

the device to the parameter of interest. In particular, one would like to relate a fractional change
in ending pressure to a fractional change in fuel pin volume:
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To achieve a practical device, one needs to make the above ratio as large as possible. In terms of
the expected fuel pin volume, one desires that

)
)

~ (a-p)
“l=a)i+ ) ©)
with
Vcs _ I/ce
a= 7 and [ = 2 (6)

be as large as possible. The goal is a large alpha and a small beta.

Thus, by estimating R one can determine the sensitivity of the ending pressure measurement to
small variations in the fuel pin volume:

APe A VP
So=R @
e Vp

Clearly, one wants small volume differences to result in large pressure changes.

As a rough guess at the likely performance, one might use an alpha of about 10.5 and a beta of
about 0.5 giving a value of 0.6 for R. This comes from a line and micro pressure gauge volume
of about 0.5 cm”, a fuel pin volume of roughly 1 cm® and a complete 10 cm® piston compression.
This implies that a 0.5% change in ending pressure (roughly the maximum attainable pressure
resolution) corresponds to a 0.8% change in fuel pin volume leading to the possibility that a
device could be designed to give a measurement accuracy of 1% or so.

For the practical purposes of the design and calibration, the equation for the fuel pin volume may
be recast into a linear form for parameter fitting purposes:

PV _—PV,
v, ——( ~‘( & ")"e)—— Cx-C, ®)
where
- ¢ C l/ l/ d C = L . 9
( ) ce? an 0 cs ( )



If Py is always the atmospheric pressure, P,, and one uses the gauge pressure, Peg = P, — Py, x
can be rewritten as:

_(n+r) (Brm) P
x_(Penga—Pa)_ gPeg _HPeg' (10

Finally, the equation for the fuel pin volume becomes:

D
Vv =—L_D, 11)
p I)eg
where
D, =(V,-V,)P, and D,=V, (12)

with P, always equal to atmospheric pressure (same for calibration and use).

The constants Dy and D; may be determined from the apparatus design or from a calibration
technique.

1.3 Temperature Effects

The air being compressed shares a large surface area with the relatively very large surrounding
heat sink of the measuring apparatus. Trials with fuel pin simulators of known volumes have
confirmed that no correction for temperature increase due to compression is necessary provided
that a few seconds are allowed for the pressure reading to stabilize. However, a correction may
be necessary if significant temperature differences exist between the volume being measured and
the connected volume within the measurement apparatus.

Because of the decay heating associated with the enclosed fuel pellets, the fuel pin may be at a
different temperature than the bulk apparatus. In this case equation (1) can be easily modified by
including a temperature term to compensate for the difference. The following analysis assumes
that the apparatus is at one temperature and that the fuel pin plenum region is at a somewhat
different temperature. In reality, a temperature gradient is likely to exist over the fuel pin and the
apparatus, but since the temperature differences of interest are minor (<25°C) and most of the pin
volume (approximately 80%) is within the plenum region, average values will be used for the
two temperatures. Rewriting equation (1) with temperature terms (same subscript meanings):

f)SVP +Rvas _F)@VP +B)Vce

13)
Tp ]-:7 Tp TC
Solving for the fuel pin volume gives:
T —
V :_P(}jchs ])che) (14)
" 1. (R-PR)
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So, one can make the measurement as above and, to a first approximation, correct for minor
temperature differences by multiplying the constant temperature result by the absolute
temperature ratio:

T
TemperatureCorrected __ = p ConstantTemperature
V,o® =7 v, P (15)
Because of the low decay heating of the MOX fuel at the time the volume measurements are
made, such a correction would be minor and can be neglected.



2. APPARATUS DESIGN

2.1 Construction

The design of the apparatus includes a piston and cylinder so that a large volume change can be
effected conveniently within a small space. Small-diameter holes drilled through a stainless steel
block serve as connecting lines and a micro-pressure sensor provides pressure measurement.

The sensor, piston and cylinder, and fuel pin mating port have been tightly integrated into one
unit so that the tare volume is minimized. A photograph of the apparatus with a fuel pin in place
is shown in Figure 2.

The cylinder, which is vented to atmosphere at the bottom of its stroke, is operated (pressurized)
by pushing down on a lever arm. Vent holes in the cylinder, uncovered by the piston at
maximum displacement, define a reproducible piston stroke. The pressure sensor, a 0 to 200
psig unit, is also referenced to atmosphere. The fuel pin, about 7.6 inches long, is held in place
by the action of gravity on a holding lever arm. This makes fuel pin handling convenient in the
hot cell.

Pressure sensor and
linking passages

Gas cylinder

Holding lever arm Fuel Pin

“Simulator” for pellet
volume measurements

Figure 2. Photograph of Fuel Pin Volume Measuring Apparatus.

Figure 3 shows a cut away design view of the major components of the apparatus. By studying
the schematic one can see how downward movement of the right hand lever compresses the air
in the system and how the tight component integration keeps the tare volume to a minimum. The



fuel pin simulator, mounted on the right side of the apparatus for convenience, can be installed in
place of the MOX fuel pin to determine fuel pellet volume. Fuel pellet volume is determined by

simply subtracting the measured volume of the simulator with the pellet in the chamber from the

measured volume of the empty simulator.
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Figure 3. Cut away design view of the Fuel Pin Volume Measuring Apparatus.



Apparatus components subject to wear or radiation damage, such as the gas cylinder and micro-
pressure sensor, are threaded into place with O-ring seals and can be remotely replaced in the hot
cell.

With a 1.2 cm’ fuel pin free volume, the device has an o of approximately 9 and a  of about 0.7
(R=0.5). The overall uncertainty in volume measurements is approximately 1% as detailed in
Section 2.3.

2.2 Pellet Volume

The FPVMA includes as an auxiliary fixture, a sealable capsule (“fuel pin simulator”) that
mimics a fuel pin for measuring the volume of full or partial fuel pellets (see Figures 2 and 3).
This capsule mounts in the same way as the fuel pin and is pressurized in the same way. In use,
the capsule volume is measured, a pellet inserted, the volume of the capsule with the pellet inside
re-measured and the pellet volume determined by subtracting the second measurement from the
first.

Because of the subtraction of the two volume measurements to get a smaller number, the
potential uncertainty in the pellet volume measurement is larger than that of either of the single
measurements. If we assume that the volume uncertainties in the empty and filled capsule
measurements are uncorrelated, the uncertainty in the fuel pellet volume, AF’, is related to the
empty, AC,, and filled, AC;, capsule measurements by:

AF =,J(ac, ) +(ac, ) (16)
The relative uncertainty can be expressed as:

o L] o]

~
= ~

F F F

C2+C? =%\/cj +(C, -F) a7

where 7 is the fractional measurement uncertainty (assumed the same for all the measurements
within the calibration range).

Assuming that the capsule has about twice the volume of the fuel pellet or fragment to be
measured (C, = 2F), the relative uncertainty for a fuel pellet volume measurement is:

AF s (18)

Thus, this method of measuring pellet volume increases the uncertainty by a factor of 2 or more.
Since 7 is about 1%, the pellet volume measurement uncertainty is 2-3%. This is acceptable for



the purposes intended. The pellet density determinations will have similar uncertainty since the
volume measurement uncertainty will dominate the overall uncertainty.

2.3 Calibration

A series of step-volume fuel pin simulators were prepared for apparatus calibration by drilling
holes of different depths into the top ends of solid dummy fuel pins. The calibration pins
simulate the actual drilled MOX fuel pins, so the volume includes both the volume to be
measured (“free volume”) and the tare volume associated with the drilling (““drill hole). The
holes drilled into the calibration standards are the same diameter as the hole drilled into the top
of the irradiated MOX fuel pin to release the fission gases. Each calibration standard was first
drilled 0.350 inches deep to simulate the hole drilled (“drill hole”) through the MOX fuel pin top
to penetrate the gas plenum. The holes in each calibration standard were then continued to
different depths in order to provide calibration standards with volumes (“free volumes”) ranging
from approximately 0.5 to 1.5 cm’ in 0.125 cm’ increments.

It was difficult to dimensionally inspect the deep and small diameter holes to accurately calculate
the “free volume” of the calibration standards because the drill holes exhibited a small taper and
were not square on the bottom. The actual volumes of the calibration pins were determined by
filling each pin with alcohol, computing a before and after weight, and then converting this
alcohol mass to volume. The values are shown in Table 1 (“Calibration Volume” column). The
average volume uncertainty in the standards is estimated to be approximately 0.5%.

The apparatus is calibrated for “free” volume. The free volume in the fuel pin includes the
“plenum” volume plus the volume surrounding the fuel pellets: gas plenum ~ 1.03 cubic
centimeters; pellet clearances ~ 0.20 cubic centimeters; total free volume ~ 1.23 cubic
centimeters.

Calibration proceeds by inserting the calibration pins into the apparatus, measuring the
individual pressures, and least squares fitting the data to equation 11. In this case, P, is the
measured pressure for a particular calibration volume, V), and Dy and D; are determined by
minimizing the sum of the squares of (V,-V,;)/ V), for the volumes used. Table 1 details the
method for a test. Figure 4 shows the curve fit.

For each trial in the table, the calibration pins were inserted in random order and each
measurement included both the making and breaking of the pressure seal. No zeroing or other
adjustments of the apparatus was done during the test period. A measurement was accepted if
the pressure reading was stable for a few seconds (no leaks in the seal). Note that the standard
deviation of the trials is well below 1%, indicating that the reproducibility of the apparatus is
good. This uncertainty is also comparable to or much less than the other uncertainties in the
system.

The maximum error in the curve fit to the calibration data is 0.8% in this run. It might be
possible to reduce this error by weighting the volumes differently in the fitting (all volumes were
given the same weight in this fit), but this error is comparable to other system uncertainties, so
this option was not pursued.



Using the maximum curve fit error, 0.8%, the volume standards uncertainty, 0.5%, and twice the
maximum trial standard deviation (2 times 0.3% for 95% certainty), 0.6%, the sum of squares
uncertainty is approximately 1%. This satisfies the accuracy goal for the device. Under the best
of circumstances, the uncertainty would be bounded by the volume standards, so in practice the
measurement uncertainty should be in the 0.5 to 1% range.

Table 1 also shows the result of a pellet measuring test. Note that uncertainty in the pellet

volume measurement is larger because of the need to take the difference of two measurements,
as detailed in Section 2.2.
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Determination of Fuel Pin Volume Measuring Apparatus Coefficients

Equation to fit V, = (D4/Pgg) - Do cm’
Data taken on 11-Jul-02
Dg 0.9114 Fit Coefficient
D, 149.1007 Fit Coefficient
Calibration Peg Peg Peg Peg Peg Peg Standard Calculated Percentage Fractional
Volume, V., (PSlgauge) (PSlgauge) (PSlgauge) (PSlgauge) (PSlgauge) (PSIgauge) Deviation Volume, V,  Difference Difference
(cm?) Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Average (Percent) (cm®) (VearVp)Vea  Squared
((Vca\l'vp)lvt:al)2
0.499 105.7 105.5 106.1 105.9 106.2 105.9 0.27% 0.499 0.0% 1.44E-07
0.637 96.4 96.5 96.7 96.2 96.6 96.5 0.20% 0.635 0.3% 7.34E-06
0.762 88.9 89.2 89.1 89 89.1 89.1 0.13% 0.766 -0.5% 2.43E-05
0.891 82.7 82.4 82.3 82.7 82.5 82.5 0.22% 0.891 -0.1% 3.11E-07
1.033 76.7 76.9 76.8 76.6 76.7 76.7 0.15% 1.033 0.0% 2.04E-07
1.167 72.0 71.9 M7 71.8 71.9 71.9 0.16% 1.159 0.6% 4.21E-05
1.292 67.5 67.4 67.5 67.4 67.6 67.5 0.12% 1.297 -0.4% 1.80E-05
1.426 64.1 63.7 63.6 63.8 63.9 63.8 0.30% 1.415 0.8% 6.33E-05
1.550 60.3 60.4 60.3 60.4 60.2 60.3 0.14% 1.561 -0.7% 5.25E-05
Each pressure measurement involved inserting and removing a calibration volume. 2.08E-04
For each trial, the calibration volume order was random. Sum of Squares

Minimize this sum
by using EXCEL solver

Use of Capsule to Measure a Simulated Pellet

Empty Capsule

Py Py Py Py Calculated
(PSl gauge) (PSlgauge) (PSlgauge) (PSlgauge) Volume,V,
Trial 1 Trial 2 Trial 3 Average (cm®)
65.4 65.5 65.5 65.5 1.366 TABLE 1

Capsule with simulated pellet Results of calibration run

Py Py Py Py Calculated
(PSl gauge) (PSlgauge) (PSlgauge) (PSlgauge) Volume,V,
Trial 1 Trial 2 Trial 3 Average (cm®)
84.4 84.4 84.5 84.4 0.854
Apparatus measured volume of simulated pellet 0.512 cm®
Fabricated volume of simulated pellet 0.503 cm® (Dimensional inspection)
Difference 1.74%

11
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