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SUMMARY

This report documents work performed under the Spent Fuel and Waste Disposition’s Spent Fuel and Waste
Science and Technology program for the US Department of Energy (DOE) Office of Nuclear Energy (NE).
This work was performed to fulfill Level 2 Milestone M2SF-240R010201024, “FY23 ORNL Testing on
Sibling Pins,” within work package SF-240R01020102 and is an update to the work reported in M2SF-
230R010201024, M2SF-220R010201047, M2SF-210R010201032, M2SF-190R0010201026, and
M2SF-190R010201028.

As a part of the DOE NE High Burnup Spent Fuel Data Project, Oak Ridge National Laboratory (ORNL)
is performing destructive examinations (DEs) of high burnup (HBU) (>45 GWD/MTU) spent nuclear fuel
(SNF) rods from the North Anna Nuclear Power Station operated by Dominion Energy [C-1]. The SNF
rods, called the sister rods or sibling rods, are all HBU and include four different kinds of fuel rod cladding:
standard Zircaloy-4 (Zirc-4), low-tin (LT) Zirc-4, ZIRLO, and M5. The DEs are being conducted to obtain
a baseline of the HBU rod’s condition before dry storage and are focused on understanding overall SNF
rod strength and durability. Both fuel rods and empty cladding will be tested to derive material properties.
Although the data generated can be used for multiple purposes, one primary goal for obtaining the
postirradiation examination data and the associated measured mechanical properties is to support SNF dry
storage licensing and relicensing activities by (1) addressing identified knowledge gaps and (2) enhancing
the technical basis for post-storage transportation, handling, and consolidation activities.

This appendix documents the status of the ORNL Phase 1 DE activities [C-2, C-3] related to rod internal
pressure and void volume measurement techniques, fission gas stack flow measurements applied to selected
sister rods, and fission gas release calculations in Phase 1 of the sister rod test program.

Table CS-1 provides a summary of the results.

Table CS-1. DE Summary

Planned DE Status Comments

DE.O1 |Measure Complete The rod internal pressure and the void volume available
internal inside the rod were measured for eight sister rods at room
pressure of five temperature, and all pressures are within the publicly
baseline and available database envelope. There is a clear correlation
three heat- between the post-irradiated rod internal pressure and the as-
treated rods designed fill pressure. The fission gas partial pressure trends

well with the rod average burnup. The pressure and void
volumes measured are consistent for rods from the same fuel
vendor. The product of the partial pressure of the fission gas
and the void volume, PV, is consistent between ORNL and
PNNL for sister rods from the same assembly, except for the
two rods from assembly F35. A comparison of P/ indicates
that the ZIRLO-clad rods might have experienced some
change in pressure, void volume, or both due to the heat
treatment applied, but the M5-clad rods do not exhibit the
same effects. Comparisons with predictions from fuel rod
performance codes FAST and BISON indicate a tendency for
FAST to underpredict pressure and BISON to overpredict
pressure.
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Planned DE

Status

Comments

Measure rod
void volume of
five baseline
and three heat-
treated rods

Complete

Eight rods were measured. All measured volumes are on the
lower side of the publicly available database envelope but are
consistent with other rods of their design type. By comparing
the measured volumes of the baseline and heat-treated
ZIRLO-clad rods, as well as the P/ for all ZIRLO-clad sister
rods, it appears that the heat treatment resulted in an increase
in void volume. The heat-treated M5-clad rod is within
measurement uncertainty of the baseline rod, and the heat-
treatment did not appear to affect the void volume. No
conclusions could be made about the effects of the heat-
treatment on the Zirc-4-clad rod based on a comparison with
the LT Zirc-4 baseline rod (because the LT Zirc-4 rod is batch
fuel and the Zirc-4 rod was a lead test rod) or the Pacific
Northwest National Laboratory Zirc-4-clad rod (because of
differences in the measurement techniques). Comparisons
with predictions from fuel rod performance codes FAST and
BISON indicate a tendency for FAST to overpredict void
volume and BISON to underpredict void volume.

Measure the
transmissibility
of gas along the
pellet stack

Complete

Pellet stack gas transmissibility at room temperature was
measured by using depressurization tests on eight rods and
transmission tests on three rods. In all cases, gas was
transmissible through the pellet stack at room temperature,
requiring between 30 min and 24 h to reach equilibrium
conditions, depending upon the pressure differential applied.
The data correlates well using the Muskat-Poiseuille porous
media method.

The permeability of the pellet stack varied over less than one
order of magnitude for this set of rods and could indicate
some common feature about HBU fuel. Graphs of the data
with burnup, lifetime maximum HDCI, and operating lifetime
average assembly middle-of-cycle predicted fuel temperature
indicate that the derived permeability is correlated to fuel
operating temperature and maximum HDCI but is not
correlated to the rod average burnup. The permeability does
appear to be closely related to the rod’s manufacturer, and the
pellet manufacturing process might be important in
determining the permeability of the pellet stack.

Although the flow regimes associated with the pellet stack
transmissibility did not change significantly for the heat-
treated fuel rods, it appears that the heat treatments might have
induced a shift to higher evaluated permeability. The role of
the cladding in the resulting permeability shift is unclear.

Measure the
transmissibility

Complete

(FY22) Gas transmission testing showed that the pellet stack
within the HBU SNF rods is permeable at room temperature
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Planned DE

Status

Comments

of steam along
the pellet stack

and that inert gases were able to move through the pellet stack
at a modest rate. However, the gas transmission tests do not
address the ability of steam to move through the pellet stack
or how this flow might compare to the inert gas flow rate.

If the cladding was breached during normal operation,
pressurized water would be forced into the pellet’s interstitial
regions or the rod plenum. When placed into dry storage,
water in the pellet stack would be available for release. The
effectiveness of vacuum drying to remove steam from the
stack and the source term associated with the removed steam
can be better understood by testing.

A test rig was designed and fabricated, and tests on 5 spent
fuel rod segments were completed. Evaluation of the system’s
performance indicates that over-tightening the connectors
with the rod segment may reduce or prevent flow to the
segment, so the quantitative results may be unreliable, but
qualitatively, the tests indicate that steam transmission along
the stack is slow in comparison with inert gas and air. Tens of
hours are required as compared with hours for air/inert gas.
The behavior of the system was quite different than expected.
There were rapid pressure fluctuations in many cases instead
of a slow, asymptotic change, and these made interpretation
of the data difficult. As of this writing, no simple satisfactory
model for steam transport through the rod segments has been
developed.

It is recommended that the test setup be improved and the
tests repeated.

Calculate
fission gas
release
fractions

Complete

The percentage of fission gas released from the pellets to the
rod void space ranges from 1.5 to 3.5% for the rods punctured
and is consistent with previously published data.
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C-1. Introduction

Commercial nuclear fuel rods are pre-pressurized with helium before irradiation. The magnitude of pre-
pressurization varies with fuel design; at manufacture, the sister rods were pre-pressurized between 1.7
and 2.5 MPa, depending upon their design. Each fuel rod includes a spring in a plenum at the top of the
rod to provide a small compression load on the fuel pellet stack inside the rod, mainly to ensure that gaps
between pellets do not occur. During irradiation and subsequent storage, the rod internal pressure
increases due to the production of fission gases (e.g., xenon, krypton) and volumetric changes caused by
pellet swelling and clad irradiation growth. At manufacture, the rod includes spaces that are unoccupied
by the fuel stack and spring, termed the void volume. In this discussion, the void volume is defined as
including the volume in the plenum of the rod that is not occupied by the spring, the gap between the
pellet outer diameter (OD) and the cladding inner diameter (ID), the volume of any pellet chamfers and
dishes, and the volume of pellet cracks and open porosity at the specified temperature. The void volume
changes during operation as the cladding creeps and grows as a result of irradiation and as cracks and
porosity are formed within the pellets. Because rod internal pressure and void volume are important
parameters in determining the rod’s performance throughout its lifetime, both were measured for each
sister rod.

This appendix provides detailed information on the design and testing of the systems used to measure rod
internal pressure, void volume, and gas transmissibility through the pellet stack.

C-2. Puncture System Design, Operation, and Measurement
Uncertainty

This section describes in detail the puncture system design and its operation, as well as derivation of the
20 measurement uncertainties, a description of the out-of-cell testing performed, discussions on the time
required to pump down a fuel rod to vacuum, estimated retained fission gas volumes after rod pump-
down, and calculated impacts of retained fission gas and temperature differentials on the final pressure
and volume measurements for the Oak Ridge National Laboratory (ORNL) system. The measurement
system’s design is extremely important for achieving accurate internal rod pressure and void volume
measurements.

To measure the gas pressure and void volume of a fuel rod, the plenum region of the rod is punctured, and
the ideal gas law, in conjunction with known pressures and volumes, is used to determine the results. The
plenum end of the fuel rod is sealed into an evacuated housing of known volume—the fare volume. After
puncture, the pressure in the housing is measured, and then the gas is expanded into another chamber of
known volume, and the new pressure is measured. This double expansion method allows the rod’s
internal pressure and free internal volume to be determined in one operation. Once measurements are
completed, the housing and the now-accessible free rod volume are evacuated and backfilled with a
known volume and pressure of gas, and the final gas pressure is measured. This process allows for a
second two-step measurement of the rod’s void volume and a second calculation for the rod’s internal
pressure for comparison with the first method.

C-2.1 Puncture System Design and Operation

The basic layout of the puncture apparatus is shown in Figure C-1, and the puncture housing is shown in
Figure C-2; an overview of both is shown in Figure C-3. Only part of the apparatus is in the hot cell; the
radiation-sensitive gauge, fission gas sample bottle, inert gas supply, and vacuum pump are all outside the
hot cell. Like many of the components, the line connecting the pressure gauge to the puncture housing has
a small diameter to minimize volume because minimizing the tare volume is an important system
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consideration. Component sizes were optimized based on the uncertainties in the system’s reference
volumes and pressure indicator.

To operate the puncture system, the plenum end of the fuel rod is inserted into the puncture unit and
sealed within the puncture housing, as shown in Figure C-1. The small clearance between the OD of the
rod and the ID of the puncture housing becomes a part of the system’s tare volume. Before measurements
are made, system seals are checked by holding pressure and then by holding vacuum. Once a leak-free
system has been demonstrated, the tare volume is measured. Because the accuracy of the rod internal
pressure and void volume measurements are very sensitive to the total system volume, the tare volume
must be measured individually and accurately for each fuel rod. This is done by evacuating the tare
volume and then expanding a known pressure and volume of inert gas (argon) into the tare volume. The
fission gas sample bottle is used as a reference standard, providing a known pressure and volume of inert
gas for the measurement. The volume of each fission gas sample bottle is individually measured before
use (nominally 26 cc) and is known within +0.2 cc. After expanding the inert gas from the fission gas
sample bottle to the evacuated system’s tare volume, the ideal gas law can be used to calculate the
system’s tare volume (nominally 25 cc). Temperature is monitored during the measurements, and the
calculations include temperature adjustments, as required.

Once the system tare volume is known, the rod is punctured within the housing in the following sequence:
(1) the tare volume and the volume of a second calibrated volume bottle, the expansion volume (29.3 cc),
are evacuated; (2) the expansion volume is valved off; and (3) the sharpened point of the puncture pin is
advanced until a pressure increase is detected by the pressure gauge. After puncture, the rod’s free fission
gas expands from the rod’s void volume to fill the system’s tare volume, and the pressure is recorded. The
valve to the expansion volume is then opened, and the fission gas sample is expanded a second time into
the known expansion volume. The final pressure is then recorded, and the ideal gas law is used to
calculate the rod’s internal pressure and void volume using the two measured pressure values and the
known expansion and tare volumes. This is called the double expansion method. The double expansion
method generally has a slightly higher measurement uncertainty than the two-step method that is related
to the inclusion of one additional uncertainty associated with the second expansion operation. In practice,
the double expansion and two-step methods are complimentary because they provide independent
corroborating data and an independent check on the operation of the apparatus.

Next, to capture a fission gas sample, the system pressure is reduced to ensure that the sample dose is low
enough for transfer outside the hot cell. To achieve this, the puncture pin is backed out of the housing
enough to vent some of the fission gas to the hot cell’s atmosphere. At a pressure reading of ~16 psia
(0.11 MPa), which is slightly above local atmospheric pressure, the pin is again advanced into the housing
to seal it, and the valve to the fission gas sample volume is opened. This low-pressure fission gas sample
is expected to have the same mole ratio of gases that the original mixture contained within the fuel rod
plenum, and the total number of gas moles can be calculated based on the measured total system volume
and pressure.

Finally, to keep the rod’s void volume measurement uncertainty as low as possible as it is further
propagated into the rod’s internal pressure measurement, a two-step method that leverages the smaller
fission gas sample bottle volume is used. After obtaining the fission gas sample, the rod and puncture
system are evacuated. A second (i.e., replacement) fission gas sample bottle is pressurized using an inert
gas at a known pressure and known volume. This gas is then expanded into the evacuated tare and fuel
rod void volume. This provides a second method of determining the rod’s void volume and pressure,
which can be compared with the double expansion method. Temperature is monitored during the
measurements, and the volume and pressure measurements are standardized to 25°C.
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Puncture pin

O-ring Cajon fitting

Fuel rod

Expansion volume

V5
Hot cell wall
Filter Vacuum pump

Sample bottle
(reference volume)

500 PSIA

(3.45 MPa) @

gauge
400 PSIG
(2.76 MPa) gas )

Note: only part of the apparatus is in the hot cell. The sample bottle provides a reference volume, and it also serves as a
removable gas sample to be sent to the radiochemical laboratory.

Figure C-1. Basic layout of the rod puncture apparatus used to measure rod internal pressure and
void volume and to collect a sample of fission gas for analysis.
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Figure C-2. Illustration of the puncture housing (left) and a photo of a rod inserted
into the housing for a rod internal pressure measurement (right).
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In-cell portion of the puncture apparatus containing the
control valves, puncture pin, and expansion chamber.

Out-of-cell portion of the puncture apparatus containing the
control valves, pressure sensor, and sample bottle.

Figure C-3. In-cell and out-of-cell components of the puncture apparatus.
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C-2.2 Calculation of Void Volume and Pressure

Throughout the puncture process, gas is redistributed within the puncture system and the rod being
punctured. It is necessary to pause at each redistribution event to allow for stabilization time. Stabilization
is monitored at each gas redistribution event using the system gauge and is considered to be achieved
when the pressure change that occurs over a few seconds is small (<0.1 psig [0.7 kPa]).

Step 1: Determine puncture system tare volume.

To determine the system’s tare volume (i.e., the volume of the apparatus and connecting lines), V;, the
fuel rod is inserted into the puncture unit and sealed by tightening the Cajon fittings. The system is then
checked for leaks, both under vacuum and pressure.

Next, valves V1, V2, V4, and V5 are opened, and the system is pumped down to vacuum. Valves V1 and
V2 are then closed, and V3 is opened to fill the fission gas sample bottle, system connecting lines, and
clearance between the fuel rod and puncture housing with inert gas at ~415 psia (2.86 MPa). The
expansion volume, which was determined from previous out-of-cell measurements, and the vacuum pump
are valved out of the system. Valves V3 and V4 are then closed, and the system pressure is recorded. V1
and V2 are then opened, and the system is pumped down to vacuum. The fission gas sample bottle valve
is not opened, and the recorded pressure is retained in the fission gas sample bottle’s known volume.
Once a stable vacuum is reached, V1 and V2 are closed. Finally, V4 is opened, expanding the known
pressure and volume of inert gas from the fission gas sample bottle to the system volume. The system
pressure is recorded after a few seconds once the system has stabilized. Because the puncture unit and
connecting lines are brought down to vacuum—except for the sample bottle (75), which has a known
volume—the moles of gas in the system at the sample bottle starting pressure (Py) for a constant
temperature are determined by using the ideal gas law PV = nRT, as follows:

Pt Vs. (C-1)

When valve V4 is opened, the sample bottle’s ending pressure P, is lower because the gas expands to fill
both the bottle and the tare volume (V;) (constant temperature) so that the moles of gas in each volume
sum to the total:

Ps Vs = Por (Vs + Vo). (C-2)
Solving gives
Ps
v, =V, (P—i - 1). (C-3)

The known volumes of all sample bottles are measured before use.

Step 2: Collect puncture data.

To puncture a rod, valves V1, V2, V4, and V5 are first opened to pump the system down to vacuum.
Then, all four valves are closed, and the sharp end of the puncture pin is slowly advanced to punch the rod
cladding. Penetration is observed by a jump in system pressure; the pin is then backed out a small amount
to allow an unimpeded gas path. Once the pressure stabilizes over several minutes or more, the pressure,
Ppun, 1s recorded. Next, valve V1 is opened, and the system pressure is allowed to stabilize over several
minutes or more, usually for a longer amount of time than allowed for the first measurement. This new
pressure, P.., is recorded. If the pressure is greater than 16 psia (0.11 MPa), then the punch pin is slowly
unscrewed to allow gas to escape the puncture unit until the pressure is about 16 psia (0.11 MPa). The pin
is then screwed back in, and the system is allowed to stabilize for much longer than the previous times,
and this pressure is then recorded as Py,,. Valve V4 is then opened to capture a gas sample; when the
pressure stabilizes, it is recorded as Ppor.
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At this point, enough data are available to calculate the rod’s void volume and internal pressure using the
double expansion method. Since the puncture unit and connecting lines were evacuated, the moles of gas
in the system at the rod volume V), and the rod pressure P, for a constant temperature are determined by

PV, (C-4)

When the rod is punctured, the pressure Pp drops as the gas expands to fill the tare volume (V;), and the
system pressure (constant temperature) drops so that the moles of gas in each volume sum to the total:

BV = Poun (¥, + V). (C-5)

When V1 is opened to allow the gas to flow into the expansion volume (V,y,), the pressure drops even
more, resulting in

PV, = Poypy(Vy + Vi + V) (C-6)
Equations (C-5) and (C-6) can be solved for P, and V)
_ PexpVexp _ _
V, = Poun—Pern) V¢, and (C-7)
Ppun(Vp+V;
p, = Lpunllt¥e) . ) (C-8)

Step 3: Collect a fission gas sample for analysis.

To capture a fission gas sample, first it is necessary to reduce the system pressure to ensure that the
fission gas sample dose will be low enough for transfer outside the hot cell. To achieve this, the puncture
pin is backed out of the housing enough to vent some of the fission gas to the hot cell’s atmosphere, as
previously noted. At a pressure reading of ~16 psia (0.11 MPa), which is slightly above local atmospheric
pressure, the pin is again advanced into the housing to seal it, and the valve to the fission gas sample
volume is opened. This low-pressure fission gas sample is expected to have the same mole ratio of gases
as the original mixture contained within the fuel rod plenum, and the total number of gas moles can be
calculated based on the measured total system volume and pressure.

When V4 is opened to the fission gas sample bottle at constant pressure and temperature, the moles of gas
are distributed via the volume fraction. When the pressure is bled off, the amount in the bottle is the
fraction of the new pressure over the original pressure. This gives

_ Vs Psys
(Vp+Vet+Vs+Vexp) Pexp

(C-9)

Step 4: Perform the two-step method to measure the rod void volume.

As a complementary measurement to the double expansion method outlined in Step 2, after the rod is
punctured and the fission gas is removed, the rod’s volume can be determined using a process similar to
that used to measure the tare volume. The tare volume and fuel pin’s void volume (V) are evacuated. A
fission gas sample bottle (V) is pressurized with an inert gas (Py,), and the number of moles for a constant
temperature is

P V. (C-10)
When the valve to the remainder of the puncture system is opened, the inert gas expands to fill the tare

volume and the spent fuel rod’s void volume. Using the ideal gas law (assuming constant temperature),
the relationship between the starting and ending pressures can be related to the system volumes of
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interest, as follows:

PopVs = Popy (Vs + V, + V). (C-11)
Solving gives
v, =V, (i—z - 1) —v, (C-12)

Thus, the two-step method eliminates some uncertainties from the measurement by eliminating the
reliance on the measured puncture pressure in favor of the known inert gas pressure and by using the
smaller fission gas sample bottle instead of the larger expansion volume. The rod’s internal pressure is
reevaluated by using the two-step method for rod internal volume:

Ppun(Vp+V,
P, = Poun(VptVe) (C-13)
v,
14
However, the system’s tare volume remains an important term in the calculation that must be specifically
measured for each rod punctured. Additionally, the incomplete evacuation of fission gas trapped within
the fuel stack influences the result.

Two steps are necessary before the equations can be solved: (1) the fuel pin is punctured and the puncture
values recorded, and (2) the pin is backfilled to determine the volume, V). This two-step process contrasts
with the double expansion method, which uses a second expansion to provide the information needed to
determine both rod pressure and volume in a coupled system of equations. By using both methods, results
can be checked to ensure consistency and to reduce uncertainty.

C-3. System Testing

The puncture apparatus was designed and fabricated using estimated design parameters. The as-fabricated
apparatus is slightly different in actual measurement, but it is reasonably close so that the uncertainty
estimates are not markedly different. The design goal was to achieve a 4-6% 20 uncertainty range.

As an example, the as-fabricated values for one set of reference volumes are as follows:

Ve =26.1 cc (typical, several were used and transferred to the radiochemical laboratory)
AV,y =0.21 cc

Vep =2934cc

AVeyp =0.23 cc

Vire =25 cc (typical, varies with test)

Py =400 psia (2.76 MPa) (varied somewhat between tests, actual value used)

Each reference volume was determined by filling the containers with water and weighing them three or
more times. The volume of the expansion chamber was slightly refined by using the test rod specimens to
reduce an unavoidable assembly tolerance.

To test the functionality of the system and verify the uncertainty estimates, ORNL procured 12 stainless-
steel surrogate pins for puncture. The pins were all %z in. in diameter and ranged from 7 to 10 in. long to
simulate the expected range of rod void volume. They were pressurized between 500 to 1,500 psia (3.45
to 10.34 MPa) to simulate the expected range of pressure using an inert gas. Five surrogates were
punctured out of cell, and three others were punctured in cell. The remainder of the surrogate rods are
being held in reserve and will be used when additional punctures of the sister rods are completed to verify
system functionality (Table C-1).
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Table C-1. Results of Puncture Apparatus Testing
Test Fabricated |Fabricated | Measured Volume Measured | Pressure | Measured Volume Measured | Pressure Comments
pressure |volume (cc)| volume, | difference, | pressure, | difference, | volume, | difference, | pressure, | difference,
corrected for <1% double double double double two-step two-step two-step two-step
temperature expansion | expansion | expansion | expansion method |method (%)| method |method (%)
(psia) <1% method (cc)| method method |method (%) (cc) (psia)
(psia)
TestOla 495 10.48 9.91 -5.4% 490 -1.1 10.39 -0.9 474 -4.4 Lowest pressure
Test02 993 7.86 7.54 -4.1% 904 -9.0 7.83 -0.4 878 -11.6 Smallest volume, suspect
specimen leak

Test03 494 9.17 8.56 -6.7% 498 0.7 9.22 0.6 471 -4.7 Lowest pressure
Test04 1,475 11.79 11.77 -0.2% 1,470 -0.3 11.72 -0.6 1,475 0.0 Largest volume
Test05 987 11.79 11.42 -3.1% 982 -0.5 11.76 -0.2 962 -2.5 Largest volume
Test06 1,474 7.86 7.83 -0.4% 1,505 2.1 8.09 3.0 1,467 -0.5 Smallest volume
HTO1 998 10.48 10.49 0.1% 972 -2.6 10.59 1.0 966 -3.2 In hot cell
HTO03 502 11.79 11.27 -4.4% 488 -2.7 11.47 -2.7 481 -4.1 In hot cell
Test07 506 7.86 7.37 -6.2% 494 2.2 7.83 -0.3 471 -6.8 In hot cell
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C-3.1 Experimental Uncertainty Associated with the Measured Rod’s
Internal Pressure and Void Volume Measurements

To optimize the puncture system, the experimental uncertainty is derived and quantified. Furthermore, the
pellet stack introduces a flow impedance into the system that must be considered to estimate the pressure
stabilization time, which is a function of pressure.

The 20 uncertainty associated with the rod’s internal pressure and void volume measurements can be
estimated by taking the square-root-sum-squares of the partial derivatives of the appropriate variable
multiplied by its measurement uncertainty (negligible measurement correlation).

For example, for the uncertainty associated with the two-step rod void volume, ¥, , the measurement can
be evaluated as follows:

Fop
V=V (22 ~1)-V, (C-14)
B,
av, P
p _ Dsp
—P_5P_4q -
v, P, - (C-15)
oW, _ Y
oP, = Ep, (C-16)
av, P,
P sp
=y =2 -
oF., s Pezp , and (C-17)
oW,
W = —1, (C-IS)
t
and the uncertainty of the rod void volume measurement can be estimated as
1/2
o 2 (ow 2 vy Zrov, 2 i
AV, = l(W aV;) + (E AR, ) + Tan,) +(GRav) | (C-19)

The pressure gauge accuracy, volume of the fission gas sample bottle, and system tare volume are
significant factors within the equation. The form of the rod void volume’s uncertainty can be rewritten in
terms of the parameters of interest:

1/2

2 2 5 2
<(Vp + Vt)AVS> + <(V,, +V,+ I@)i—l’”) + <Mf—”> + (AV,)? (C-20)

AV, = —
Vs Vs sp

In this form, it can easily be observed that the system tare volume, fission gas sample bottle volume, and
pressure gauge uncertainty are the primary parameters to be controlled and minimized in the puncture
system design.
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For the double expansion method, the uncertainty of the rod void volume measurement is different:

P exp Vexp

=y, ]
P (Ppun _Pexp) ’ (C 21)
o,
W == —1, (C-22)
t
WV ___ few (C-23)
aV;exp (Ppun - Pexp)’
av, Vorn B
P expipun
ET 2, and (C-24)
exp (P pun — b exp)
an _ VexpPexp (C 25)
= 5, -
OFpun (P pun — b exp)
and the uncertainty of the rod void volume measurement can be estimated as
1/2
_|ave 1\ v, )2 ( v, 2 av, )2
AV, = [( - Av,) + (_avexp Mexp) + (55 BPexp ) + (552 BPpun) | - (€26
Again, the uncertainty can be written in terms of the parameters of interest:
2 2 2 (C-27)
AVey VitV ) (Vp + Ve + Ve
AV, = | (AVp)? + ((Vp +V) Vex:> + <( : tl),ilj;ve;p ») APexp> +
, 271/2
(Vp+ve)" (Vp+Ve+Vexp) AP
PpVyVexp pun

By inspection, the important parameters to control and minimize are the expansion volume uncertainty,
system tare volume, and pressure gauge uncertainty.

The uncertainty of the rod’s internal pressure measurement, Pp, for the double expansion and two-step
methods is

P

P, = ’I’/:” (v, + V), (C-28)
P, v,
P14t

0Pyun v, (C-29)
0P, Pyun

vV, V, ,and (C-30)
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% _ _p T
v, P e, (C-31)
and the uncertainty of the rod internal pressure measurement can be estimated as
2 ) 211/2
i 9 Py
AP, = [( T APpun> +( = Av,) + ( anAVp) ] : (C-32)

Rewriting in terms of the parameters of interest gives

2 2 2
A3 _P PpVe
<(1 + Vp) APpun) + ((Vp+Vt) AVt> + (—Vp(Vp+Vt) AV;,)

The pressure gauge uncertainty and system tare volume are important factors to ensure that the puncture
system is designed with minimal uncertainty. Also, since the measured rod’s void volume is included in
the 20 uncertainty, all the terms associated with the rod’s void volume must also be considered.

1/2 (C-33)

AP, =

C-3.2 Selection of Puncture System Hardware to Achieve
Functionality while Minimizing Measurement Uncertainty

Based on the system’s uncertainty analysis, the system’s tare volume must be minimized to reduce
measurement uncertainty for the rod’s internal pressure and void volume. However, the puncture system
lines must reach from the fuel rod plenum location in the hot cell to the pressure gauge and sample bottles
outside the cell, and the length of the tubing and valve volumes primarily dictate the required minimum
system tare volume. Therefore, there is a lower limit to the system’s tare volume associated with the cell
requirements, and the expected tare volume is ~25 cc.

To select the appropriate sizes for the other critical system features—the fission gas sample bottle, the
expansion volume, the inert gas pressure, and the pressure gauge uncertainty—the terms within the
uncertainty expressions were further expanded, and the sensitivity was evaluated.

For example, the uncertainty associated with the system tare volume, V;, measurement, can be evaluated
as described in the previous section:

P
V=V, (ﬁ - 1), (C-34)
Pet
Ve Py
=St g, C-35
3V, ~ P (€33)
Ve _ ﬁ, and (C-36)
0Pg P
av, P
L=V (C-37)
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and the uncertainty of the system tare volume measurement can be estimated as
1/2

AV, = [(% AVS)Z + (5 APst)Z + (5 APet)z] , (C-38)

Rewriting in terms of the parameters of interest results in

2 1/2
A% AP (Vs +Vp)? APer )
(Vt VS) + <(V5 +Vo) Pst> + ( Vs  Po ) :

(C-39)
AVt =

Because V; is fixed in practice, a reduction in the uncertainty measurement relies on a large starting
pressure. The denominator of the expression generally includes the volume of the fission gas sample
bottle, but it is also present in the numerator.

Therefore, to design the puncture device, the volumes V; and V.., were selected to minimize the
uncertainties and to ensure that the before and after pressure readings would be in the gauge range. The
tare volume of the apparatus and connecting lines were fabricated to be as small as practical.

Sensitivity studies were conducted for the fission gas sample bottle volume, expansion volume, inert gas
pressure, and pressure gauge uncertainty to select an optimum combination for use in the puncture
system. Based on available hardware, the starting point for the optimization was as follows:

Vi =25 cc (fixed based on tubing and valving requirements)
Py, =400 psia (2.76 MPa)

APy, = AP.,= 0.4 psia (2.8 kPa)

Vs =25 cc (based on available sizes)

AVy =0.01* Vicc

Vexp =20 -60 cc (based on available sizes)

AVeyp =0.01% Ve cc

In a practical device, the actual values for V; and V.., are compromise values.

C-3.2.1 Example Puncture Device Behavior with a Fuel Rod

An example of fuel rod gas transmission behavior during the puncture phase can be seen by examining
the pressure history of sister rod 3FINOS. As shown in Figure C-4, after puncture, the expansion of the
gas in the plenum is relatively quick. The expansion of gas from the pellet stack is slower, and some time
is required until an equilibrium is reached. Next, the valve to the expansion chamber is opened, and the
pressure quickly drops, followed by a slight rise in pressure as the pellet stack gas expands, with
equilibrium requiring a noticeably longer time. After the punch is opened to relieve the gas pressure and
is then closed, the pressure slowly increases as more gas works its way through the stack over a much
longer time. Finally, the valve to the sample bottle is opened and allowed to reach equilibrium again. The
final equilibrium state can be difficult to resolve since, consistent with theory, the time constant is longer
for the lower pressures. This demonstrates why it is advantageous to operate the system at the highest
possible pressure, thus optimizing system volumes for uncertainty and rise times.
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Two-Step Volume Measurement

An example of the time history for the two-step measurement is shown in Figure C-5. The sample bottle
(reference volume) is filled to the working pressure. Because of the unit design, the fuel stack is also
subjected to this pressure for a short time, and some of the argon gas moves into the pellet stack. The
sample bottle is then valved off, and the system, including the pellet stack, is pumped down to vacuum.
Although it is difficult to see in Figure C-5, a period of ~200 s is required to draw the gas out of the stack.
For this step, the pellet stack is at the working pressure for only a short time (minutes not hours), thus
limiting the amount of gas penetrating into the stack and presenting less of a pump-down challenge than if
the system had been pumped down from an equilibrium high pressure in the stack.

To perform the two-step volume measurement, the sample bottle valve was opened, and the gas flowed
into the plenum and fuel stack. It took ~150 s for the system to come to equilibrium at 167 psia (1.15
MPa). By comparing the pressure immediately after the valve opening with the pressure after the system
reaches equilibrium, one might be able to estimate the plenum volume by using the instantaneous
pressure, and the plenum-plus-pellet-stack volume might be estimated by using the equilibrium pressure,
if the pressure sensor valve combination can respond fast enough.
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Figure C-4. Pressure history of a rod puncture.
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3FI9NO5 Volume Measurement
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Figure C-5. Pressure history of a rod using the two-step method.
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C-4. Residual Gas Effects

C-4.1 Estimated Time Required for Pumping out the Rod

The boundary conditions for pumping out the rod are different than the conditions for filling the rod,
because the vacuum pump is essentially an infinite sink at zero pressure. In this case, it is assumed that
the fuel rod is being pumped out through the plenum side so that the volume of interest is the pellet stack
volume, and the starting pressure is essentially the rod pressure. Therefore, the equation developed for the
rod transmission can be used, with the fixed pressure set equal to zero, as shown in Eq. (C-69) in Section
C-5.

The equation starts with

dP, _ KA
dt ~ 2uLv,

(P — PP, (C-40)

where V> is assumed to be the pellet stack volume, and P; is assumed to be the stack pressure. Setting P;
equal to zero and dropping the subscripts gives

a _ _ K4 p2 -
at ZuLVP ’ (C-41)
and integrating gives
LI (C-42)
P 2uLv Prog
Finally,
PTO
P = H—T‘;{At. (C-43)
2uLv

It is useful to estimate the time required to pump the rod down to 10% of the initial starting pressure:

01Ky (C-44)

Prod Prod 2uLv

18uLV

to1 = xap» (C-45)
with:
A=5%x10"m?
u=24x10°Paes,
L=4m,

V = Vstack = 2 X 10-6 m3,
Proa= 2.8 x 10° Pa (lower pressure or fill for volume determination), and
K=2x10"m?

resulting in a time of about 1,200 s. This is once again a function of the rod pressure.
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C-4.2 Estimating the Volume of Gas that Could Be Trapped in the
Pellet Stack following Rod Pump-Down

If the rod is pumped down and then switched into the both-chambers-sealed mode, then an estimate of the

trapped gas can be obtained by monitoring the pressure increase using the primary equation for the gas

flow (Section C-5):

& _ KA 2 _ p2 _
TR [Py — P5]. (C-46)

In this case, P; is the gas in the stack, and P> =~ 0. This results in an equation that is applicable over short
time periods:

ap, KA 2

dt ~ 2uLv, 1°

_ [pareme; _
P = [2°2E22 (C-48)

(C-47)

Solving for the stack pressure, P;, gives

where typical parameters might be:
A =5x10°m?
u  =24x107Pass,
L =4M,
V> = Vapparaws + Vp = (25+9) x 10° M? = 34 x 106 m?,
K =2x10"m? and
dP>/dt = 0.01psiin 5s = 13.8 Pa/s,

resulting in about 3 x 10° Pa, or 44 psia, for the trapped pellet stack pressure, which indicates the
minimum pressure change that can be reliably detected with the gauge and setup. Thus, at low pressure, it
might be difficult to determine when the pellet stack is truly pumped down because system outgassing, or
gauge limitations could mask this small measurement. The next section discusses how this situation can
be mitigated by operating at high pressures with small volumes.

C-4.3 Effects on Rod Void Volume Determination if Gas is Trapped
in the Pellet Stack

The volume of the rod is often determined by evacuating it, backfilling it with a known volume at a
known pressure, and then measuring the pressure of the combined system as detailed in the previous
section:

PfillVref = Pfinal(Vref + Vioa + Vtare)a giving (C-49)
PfillVref_P;Z::(lvref+vtare) =V,pq. (C-50)

However, if some of the gas remains trapped in the pellet stack due to incomplete pump-down, then Egs.
(C-49) and (C-50) would become

PfillVref + PresVstack = Pfinal(Vref + Vrod + Vtare)a (C'Sl)



Sister Rod Destructive Examinations
January 31, 2024 C-19

and

PfillVTef+ PreSVstack_Pfinal(Vref+Vtare) _
Pfinal — VYrod> (C'SZ)

where P, is the unknown residual pressure left in the pellet stack, and Ver is the volume of the pellet
stack (a fraction of V..q). To estimate the impact of this residual pressure, its incremental effect can be
examined by taking the derivative of Eq. (C-52):

OVrod _ Vstack . (PfillVTef‘l'PresVStack_Pfinal(Vref+Vtare)) 0Pfinal

= C-53
aPres Pfinal P};inal aPres ’ ( )
simplifying
Vrod — Vstack _ Vrod 9Pfinai (C-54)
aPres Pfinal Pfinal aPres ’
and next,
0P final _ Vstack . (PfitVref+PresVstack) Vroa (C-55)
OPres (Vref+Vrod+Vtare) (Vref+Vrod +Vtare)2 OPpes’
and simplifying
0P final _ Vstack _ Pfinal Vrod (C-56)
apres (Vref+Vrod+Vtare) (Vref+Vrod +Vtare) aPres )
Equations (C-54) and (C-56) are combined:
Vrod — Vstack _ Vrod Vstack _ Pfinal aVrod] (C-57)
aPres Pfinal Pfinal (Vref+Vrod+Vtare) (Vref+Vrod+Vtare) aPres )
Simplifying further,
Vrod [1 _ Vrod ] — Vstack _ VrodVstack (C-58)
aPres (Vref+Vrod+Vtare) Pfinal Pfinal(Vref+Vrod+Vtare)
Viod [1 _ Vrod — Vstack [1 _ Vrod (C-59)
aPres (Vref+Vrod+Vtare) Pfinal (Vref+Vrod+Vtare) ’
and finally:
0Vrod _ Vstack _ Vstack(Vref+Vrod+Vtare) (C-60)
apres Pfinal (PfillVref+PresVstack) )
Examining around P..,—= 0 gives
Vstack(Vref+Vrod+Vtare)
AVypq = AP os. (C-61)

PritiVrer

Thus, a small, unaccounted for residual pressure in the fuel stack results in an apparent increase in rod
volume. Some typical values are as follows:

Vvtack = 2 CC,

Vier=25 cc,
Viare = 25 cc,
Viea=11 cc,

Py =400 psia (2.76 MPa), and
P.es =40 psia (0.28 MPa) (assume 10% trapped gas in pellet stack).
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This gives 0.49 cc excess volume for an incompletely pumped down system. An incompletely pumped
down system results in an apparent increase in volume, assuming that enough time has been allowed for
the system to be close to equilibrium. For these values, the uncertainty from measurement, as discussed in
previous sections, is about the same, so some target pump-down times, residual gas levels, and fill
pressures can be seen. A large tare volume and a low fill pressure relative to the residual pressure
exacerbate the situation. Also, comparing the two-step and double expansion methods provides some
indication of the success of the methods, because a much larger two-step volume would cast doubt on the
efficiency of the pump-down for its volume measurement.

C-4.4 Impact of Different Rod and Reference Volume Temperatures

To take the volume measurements, the fuel rod and tare volumes are pumped down to zero pressure, and
the reference volume is filled to known pressure P;. There could be a small difference between the hot
cell and the operating area, so the temperature must be included when summing moles of gas. To perform
the measurement, the valve is opened, as described in the previous sections, and the system is allowed to
come to equilibrium (Figure C-6):

Yo Ve V) _ BsVr -
pf(g+;t+T—r)_ s (C-62)
Thus,
Yo _PVr (Ve W -
T,  PsTy (Tt+TT)' (C-63)

The case of interest is when 7, and 7, are about the same and are somewhat different from 7. Thus:

_p [P (e | TPy TV _Tofrve ) i
b =T [PfTr (Tt + TT)] TPy Ve T, T [ Py VT] Ve. (C-64)
Note that V; is effectively increased by the temperature ratio:
T, [ P
v, = VrT—:’ [P—f - 1] - V. (C-65)

Therefore, a first approximation correction to the temperature difference is to multiply the reference
volume by the temperature ratio. A small temperature gradient will exist along the lines that connect the
in-cell equipment to the out-cell equipment, but the volume of these lines is small compared with the
other volumes.
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EEEEEEEEN -~
o v,
V, = void volume of rod *
Ps = starting pressure P, v ]

P; =final pressure

Vi = tare volume

V. = reference volume

T, = temperature of rod

Tt =temperature of tare volume

T, = temperature of reference volume

Figure C-6. System used to estimate the effects of small temperature differences between
the fuel rod in the hot cell and the test control apparatus on the outside.
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C-5. Depressurization and Gas Transmission Test Operation and
Design Considerations

The typical design of pressurized water reactor (PWR) fuel rods includes a small gap between the pellet
OD and the cladding ID, as well as a plenum volume at the top of the fuel rod that provides void volume
for the helium gas used to pre-pressurize the rods. In addition to the gap and plenum void volumes, the
sister rods’ pellets include chamfers and dishes, and those void volumes provide a relatively large
reservoir throughout the pellet stack for pre-pressurization gas. At beginning of life, these relatively large
void volumes provide an open pathway for gas transmission up to the onset of pellet-cladding interaction
(PCI). By the end of the first cycle, cladding creep-down and pellet swelling tend to close the gap
between the pellet OD and the cladding ID, and after PCI, gas transmission is restricted because the gap is
no longer open. The amount of PCI varies axially. Local fission gas production and its release to the rod
void volume are variable along the axial length of the rod because power, fluence, and fuel temperature
vary radially and axially within the fuel rod.

However, as the rod is operated in the reactor, additional circulation paths through the pellet stack are
developed, depending on local operating conditions. The process is somewhat stochastic and is related to
thermal cycling of the fuel, crack development in the pellet due to thermal stresses, and crack self-
healing. Once the fuel is discharged, the flow path becomes essentially fixed [C-4, C-5].

Gas transmission tests were performed to characterize the ability for helium and fission gases to move
through the pellet stack. All punctured sister rods were subjected to a depressurization test, and three
sister rods were also subjected to a gas transmission test. For the depressurization test, after the rod
internal pressure and void volume measurements were complete, the rod’s bottom endcap was cut off.
Pressurized argon (~175 psia [1.21 Mpa] remained in the rod following the final two-step volume
measurement) flowed from the plenum through the pellet stack and out through the bottom of the rod to
atmospheric pressure, and the pressure drop with time at the plenum was recorded. This depressurization
measurement provided an initial indication of the resistance to fission gas transmissibility within the
pellet stack and demonstrated gas communication from one side of the stack to the other at room
temperature. For the gas transmission test, the free rod volume was evacuated, and a constant pressure
source was connected at the open bottom of the rod. The gas flowed from the lower end of the rod along
the pellet stack to the plenum, and the pressure rise with time was recorded. Two or three different tests
were completed for three rods at different pressures.

The movement of gas through a fuel rod pellet stack can be modeled as a pressure source connected to
one end of the fuel rod and a pressure-monitored fixed volume reservoir connected at the other end with
both ends open to the fuel stack, as shown in Figure C-7. At the start of the gas transmission test, the
reservoir end is at near zero pressure, and the source is essentially at a fixed pressure for the duration of
the test (Figure C-7[b]). For the depressurization test, the reservoir end starts at a positive pressure, while
the other end is at atmospheric pressure, and the reservoir is slowly discharged (Figure C-7[c])

Following the measurement of the rod’s internal pressure and void volume, the rod is left sealed in the
puncture housing. The rod is typically at ~170 psia (1.17 MPa) with argon after this test, and V1, V3, and
V4 are closed (V4 had been open for an earlier test). The bottom end of the rod is then clamped in place,
and the ADEPT saw is used to cut off the end of the rod approximately 5 mm above the endcap weld. The
time vs. pressure is recorded until the pressure measured is near equilibrium. The endcap that was cut off
is saved in a labeled container.

Following depressurization testing, a support is placed over the open bottom end of the fuel rod and
clamped in place (Figure C-8). The support includes a pressurizing unit with a large mechanical gauge
that can be monitored through the hot cell window. A brace is placed at the top end of the rod to prevent
any axial motion as the rod is pressurized (Figure C-9).



Sister Rod Destructive Examinations
January 31, 2024 C-23

(a) Model control volumes

Constant
pressure source

(b) Gas transmission test configuration’ (c) Depressurization test configuration?
An in-cell mechanical gauge The rod is evacuated using a N ) During bottom end cap removal
measures the applied vacuum pump prior to introducing ;he dlrectlo_n OJ ﬂo:;v !Stfrqm the plenum remains sealed and
pressure. pressure at the bottom of the rod. € pressurized rod Interior the rod is pressurized 1o ~1 MPa

to atmospheric pressure in h p N
the hot cell in the puncture housing.
RS, — S, The rod end —
L S0 cap is JARARAAA AL A
The direction of flow is from the bottom removed '\\,
of the pellet stack to the rod plenum. using
ADEPT’s .
o saw. The digital pressure
The bottom of the pellet Adigital pressure gauge gauge monitors for
tack i led with monitors for pressure rise in pressure drop and
stack s sealed with a the plenum volume and records the data.

fixture and inert gas

pressure Is applied records the data.

After the end of the rod is cut off and depressurization of the rod is complete, a compression fitting is sealed
over the cut end, and pressurized gas is introduced.

The plenum end of the fuel rod is pressurized with an inert gas. The end of the rod is removed, providing an
outlet at atmospheric pressure.

Figure C-7. Schematics of the depressurization and gas transmission test configurations.

Valves V1, V2, and V5 are opened to pump the system down, and the pressure to the support is turned on
and adjusted. Valves V1, V2, and V5 are then closed. The pressure at the source end is monitored
manually by viewing the mechanical gauge. The pressure in the rod plenum is recorded with time using
the digital gauge until an equilibrium has been reached or until essentially full pressure is obtained.

Schematics of the model control volumes and depressurization and gas transmission configurations are
shown in Figure C-7(a)—(c). The depressurization test and the gas transmission test are constructed with a
constant pressure source connected to one end of the fuel rod and a pressure-monitored fixed volume
reservoir connected at the other end; both ends are open to the pellet stack as shown in Figure C-7(b) or
Figure C-7(c), with the flow in opposite directions for the two configurations. The fuel rod system is
divided into two control volumes connected by a flow path composed of the rod pellet stack with the
control volumes and pressures, as illustrated in Figure C-7(a).
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Pressuring gas
supply line

Fuel rod

Rod clamped in ADEPT vise

Figure C-8. Rod inserted into the gas transmission support fixture
with the pressure gauge and pressure supply line.

Figure C-9. Plenum end support brace in place to prevent the rod from moving forward.

To describe the average gas transmissibility through the complete pellet stack and quantify a permeability
coefficient, the pellet stack is modeled as a single unit. The stack is considered a 1D flow path that has
closely packed coarse irregular media (e.g., cracked UO; pellets) with a pressure differential across the
media. The flow conditions are assumed to be isothermal.

To describe the movement of fission gas through the pellet stack, Muskat’s porous media flow application
of Poiseuille’s equation (i.e., compressible flow through a long cylindrical pipe) is used to approximate
the flow to allow for comparison with previous work on this topic [C-6—C-9].

For the depressurization test, the plenum region pressure (P-) starts at a high pressure and decays through
the pellet stack, and the rod’s bottom end pressure (P;) is held constant at atmospheric pressure. This test
is conducted by cutting off the bottom of the rod just after the rod plenum volume measurement is taken,

as illustrated in Figure C-7(c). Before the depressurization test, the rod is evacuated and backfilled with
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the test gas. For the gas transmission test, a constant test gas pressure (P;) is applied to the cutoff rod end
while the pressure (P;) in the plenum volume () is measured after first being evacuated, as shown in
Figure C-7(b).

All tests were performed in the hot cell at room temperature using argon as the test gas because it is closer
in molecular weight to the fission gases. The heavier weight gases are more likely to be trapped or
impeded by tortuosity within the pellet stack flow paths, unlike helium, which moves through most
materials very quickly. Although xenon would have been the best gas to use, it is very expensive and
difficult to obtain in large quantities. Table C-2 specifies the material properties and the rods’ physical
dimensions used in the calculations.

Table C-2. Argon Material Properties Used in Calculations

Parameter Value
Dynamic gas viscosity of argon 2.42E-05 Pa-s
Stack length (typical) 3.65m
Area cross section 5.15E-05 m?

Measuring volume (rod plenum

_ 3
plus tare, typical) 3.77E-05 m

C-5.1 Data Analysis and Fitting

The flow through the fuel rod is modeled as Muskat’s application of Poiseuille flow through a porous
media. This pressure-driving force is related to the difference between the squares of the two volumes’
pressures; the steady-state mass flow solution for two connected reservoirs at different pressures, and
constant temperatures through a flow impedance is (constant pressure, steady state conditions) [C-10]:
dm,  KAM
dt ~ 2uLRT

(Pf — P}), (C-66)
where

dmy/dt is the mass flow rate into V, (Kg/s),

K is the permeability coefficient (m?) for a homogenous medium,

A is the cross-sectional flow area of the flow (m?), in this application, the cross-sectional area of the
space inside the fuel rod where the bulk flow is along the longitudinal axis of the rod,

is the molecular mass of the gas (Kg/mol),

is the length over which pressure drop occurs (m), in this application, the pellet stack length,

is the dynamic viscosity (Pa-s),

is the pressure in volume i (Pa),

is the gas constant, and

is the temperature.

N IR N

From the ideal gas law for Volume 2,

m,; _ PV,

n, = )
27 M RT

(C-67)
Taking the derivative of Eq. (C-67) gives

dm, MV, dP,
=tai% C-68
dt RT dt ( )
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Combining Egs. (C-66) and (C-68) gives
dP, _ KA
dt ~ 2ulV,

(P — P3). (C-69)

This can be integrated to give (P; # 0)

= Pope_Knt, (C-7O)

. . . P
where Py, is a constant of integration and 17 = —
2

Pl —Pz (t=0) _

Py +P,(t=0) Pop- (C-71)

Finally,

_ P;(1-PopeKnt)
27 (1+PgpeKnt)

(C-72)

The Darcy solution (i.e., linear pressure differential) is mentioned for comparison with incompressible
flow conditions. A derivation similar to that provided here for the Muskat-Poiseuille application can also
be performed but is not included here. Darcy’s law provides a simple proportional relationship between
the fluid flow rate and the pressure drop for an incompressible flow through a porous medium. In the case
of the HBU fuel rod geometry, Darcy’s law is
Q= — K A(Py—P3)

L (C-73)

where

Q is volumetric flow rate (m?) or dV/dt,

K is permeability (m?) of a homogenous porous medium,

A s the cross-sectional flow area of the flow (m?), in this application, the cross-sectional area of the
space inside the fuel rod where the bulk flow is along the longitudinal axis of the rod,

L is the length over which the pressure drop occurs (m), in this application, the pellet stack length,

4 1s dynamic viscosity (Pa-s),

Py is pressure (Pa) in volume V1 (Figure C-7), and
P, is pressure (Pa) in volume V2 (Figure C-7).

Because Darcy’s law is only valid for single-phase incompressible laminar flows, it is not expected to
produce a good fit for the HBU fuel rods. Darcy’s law solution is provided here for comparison.

The Darcy’s law solution to evaluate the permeability from the data is [C-6,C-7]
P, =P, — (P, — P, (t = 0))e Kt (C-74)

C-5.2 Application to Sealed Rods

Most fuel rods are expected to be sealed during transport. If road vibrations cause additional pellet
cracking or pellet clad debonding, which releases gas trapped in sealed voids or pores, then the rod will
no longer be at a constant equilibrium pressure, and gas will move from one end of the rod to another.
This section presents a further examination of the expected response given the proposed model.

If both end chambers are sealed, then the volumes are constant with time, and the total system moles do
not change, even though the pressure can, thus resulting in (for constant temperature):

V1P1 + V2P2 = Z (C'75)
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This can be inserted into Eq. (C-69):

dpy _ KA [(TVaPo\2 _ po| _ KAWE-VE)[py  20VeP, | 72
dt — 2uLV, [( A ) Pz]_ 2uLv2v, |2 (vzz-v12)+(V22_V12) : (C-76)
Factoring gives
ar, _ KA(V-V{) (V3 +V1) _ L(Vp-Vy)
dt  2uLVZV, P, vz |2 Tz (C-77)
or
dp, _ KA(VE-vE)
[P Z(V2+V1)][P L0VVD] ~  2uLvV, (C-78)
203Dl (vivh
Put into a form for integration,
1 1 ZKA
i[” L(Vy+V1) _[P z(vz—vl)}dpz =, dt . (C-79)
2 (v3-vd) GRS
Integrating gives
L tv)] L=V _ ZKA . i
in| .~ G55 — n P2~ ] = st~ P (C-80)
where Py is a constant of integration. Finally,
[Z(sz—Vzﬂ_ 2]
(v5-v%) _ _
[_@w ]'—P oe ™, (C-81)
(v3-vh 2
with
w=— (C-82)
ULV 1V,
Solving for P,
— -Kwt
P, Z_ [(vp=V)+(Vp+V1)Poe K@ (C-83)

- (vZ-v3) [1+ Pye~Kwt]

For V; — oo, ® — 1 as expected, and Eq. (C-72) is recreated. Py can be determined from Eq. (C-83) at r=0.

The case of most interest for the puncture application is when P; is the rod pressure, P is the vacuum of a
puncture unit, V; is the volume of the pellet stack, and /; is the volume of the rod plenum and puncture
unit. This is the approximate situation in which a fuel rod is being punctured or a volume measurement is
being taken. In this case, an approximation can be made for the starting condition by assuming that the
rod’s pressure and pellet stack interstitial volume is at the bottom of the rod, the pellets form the
impedance path, the top plenum is punctured and instantly connected to the puncture apparatus, and the
combined volume of the apparatus and plenum is at the now-expanded plenum pressure. The goal is to
compute the approximate equilibrium time for the pellet stack to come to equilibrium with the plenum
plus the apparatus pressure. Thus,

L= Prosttack + Ppun(Vapparatus + Vp) (C'84)
It is useful to estimate the time constant for parameters of interest:
A =5x10°M?
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u =24 x10°Paes

L =4M

Vi = Vaa=2x10°M?

Vo = Vapparaus + Vp = (25+9) x 10 M3 =34 x 10 M?

Proa =4x10°Pa

Ppun =1.06 x 10° Pa

Z =V X Proa+ Vo X Ppun =2 % 10° M? x 4x 10° Pa+ 34 x 10° M? x 1.06 x 10° Pa = 44 M>« Pa

K =2x10"M?
The time constant for a case in which all the stack volume is at the very end of the rod, away from the
puncture point (it might be more reasonable to use half the rod length), is:

LV, V.
Te = (C-85)

or about 150 s, or ~2.5 min for what might be considered the worst case; using half the rod length for the
estimate gives half the time. Low system pressures and large apparatus volumes take much longer. Thus,
one goal is to take rod measurements by using the highest practical pressures and the smallest apparatus
volumes.
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C-6. Rod Internal Pressure and Void Volume Measurements
of the Sister Rods

The gas pressure and void volume of a fuel rod was measured by puncturing the plenum region of the rod
and using the ideal gas law in conjunction with known pressures and volumes. The plenum end of the fuel
rod was sealed into an evacuated housing of known volume (the tare volume). After puncture, the
pressure in the housing was measured, and then the gas was expanded into another chamber of known
volume, and the new pressure was measured. This double expansion method allowed the rod’s internal
pressure and free internal volume to be determined. Once measurements were completed, the housing and
the now-accessible free rod volume were evacuated and backfilled with a known volume and pressure of
gas, and the final gas pressure was measured. This process allowed a second two-step measurement of the
rod’s void volume and a second calculation for the rod’s internal pressure.

The results of the rod internal pressure and void volume measurements for the 8 sister rods punctured to
date are shown in Table C-3, along with the 20 uncertainty. The double expansion method measured both
volume and rod pressure in a single action and had a somewhat higher uncertainty than the two-step
method, which measured the volume separately from the pressure measurement and thus offered a small
improvement in uncertainty. Rod 30AK09 had a faulty measurement in the second expansion operation,
so the double expansion results were invalid; however, the two-step method provided usable results. The
rod puncture left a very small hole in the plenum region of the rod, estimated to be less than %2 mm in
diameter.

C-6.1 Comparisons of the Sister Rod Measured Internal Pressure and
Void Volume with Available Data from Other Fuel Rods

Figure C-10 plots the sister rod’s measured internal pressures with other PWR fuel rod data from the
Electric Power Research Institute (EPRI) [C-11] and the sister rod internal pressure is within the envelope
of the available information. Likewise, Figure C-11 plots the sister rod measured void volume with
available EPRI data [C-11], demonstrating that the sister rod measured void volumes are within the
extents of past measurements. However, while these general comparisons provide information about the
sister rods relative to other commercial power PWR rods, direct comparisons cannot be made with the
majority of the EPRI data because the mechanical design of the fuel rods are too diverse. Only four of the
EPRI datapoints are from other 17x17 rods having a similar rod pre-pressurization of ~1.7-2.5 MPa and
are more directly comparable, although they were not operated in domestic reactors under the same
conditions as the sister rods. Other array types within the EPRI data cited are not directly comparable, as
design parameters such as initial design void volume, pellet density and grain size, initial fill pressure,
and cladding alloy (in addition to the fuel operating temperature in reactor) can strongly influence the
end-of-life internal pressure and void volume. Figure C-10 also includes four datapoints for Westinghouse
17x17 rods that were fabricated with an integral fuel burnable absorber (IFBA) coating on the fuel pellets
[C-12]. The coating is typically a thin layer of zirconium diboride on the ODs of the pellets that is used
for reactor reactivity control during reactor operation. None of the sister rods had IFBA coatings, but
otherwise, the Westinghouse rods are very similar to the sister rods. It should be mentioned that the heat-
treated Zirc-4-clad sister rod, F35P17, is expected to be atypical because it was operated to HBU for four
cycles as a lead test rod and is at a higher burnup than other sister rods and the four comparable EPRI
rods that were measured.

Plotting the partial pressure of the fission gas (the measured rod internal pressure minus the rod design
pre-pressurization [as adjusted for the change in void volume]) with rod average burnup yields similar
information, as shown in Figure C-12. Note that the initial void volume is not available for the EPRI data,
and the fission gas partial pressures for those reference datapoints were calculated assuming a volume
adjustment of 1.2.
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Table C-3. Results of Rod Internal Pressure and Void Volume Measurements at 25°C

T | £5| 45| s 25| 35 | 5| E S:3

o) oz | 2% | 522 S2 57 ) G 53

s2 | 2 5% S E g 2 2s | 7 | 25

& A~ =" S E = S E S E

30AKO09 M5 53 1.7 N/Ab N/Ab 3.46 2.5% 9.89 4.0%

30ADO05 M5 54 1.7 3.50 4.1% 3.46 2.7% 10.63 3.7%

30AE14¢ M5 54 1.7 3.25 4.0% 3.22 2.6% 10.99 3.6%

3D8E14 | ZIRLO 59 2.0 4.14 3.0% 4.18 2.4% 11.73 3.4%

3F9NO5¢ | ZIRLO 54 2.0 4.02 2.9% 3.98 2.2% 12.74 3.2%

6U3K09 | ZIRLO 55 2.0 3.74 3.5% 3.64 2.5% 11.78 3.5%

3A1F05 | LT Zirc-4 51 2.0 3.73 2.9% 3.73 2.2% 12.94 3.2%

F35P17¢ | Zirc-4 60 2.5 4.83 5.7% 4.68 3.8% 13.32 4.8%

¢ The double expansion method has a slightly higher uncertainty. The results are provided here as an
independent measurement for information; however, the two-step method result is the cited result for the rod

internal pressure and void volume measurements.

b A problem with the second expansion operation introduced an irrecoverable error to the double expansion

measurement for this rod.
¢ The rod was heat treated as described in Appendix A.
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Sister Rods
RodID (Cladding) Rod Pre-pressurization in MPa
W F35P17 (Zirc-4) 2.5 O An orange outline denotes heat-treated rods
8.5

+ 3A1FO5 (LT Zirc-4) 2.0
@ 3D8E14 (ZIRLO) 2.0
7.5 @®3FONO5 (ZIRLO) 2.0
X 6U3K09 (ZIRLO) 2.0
30ADO05 (M5) 1.7
©30AE14 (M5) 1.7

% 30AK09 (M5) 1.7

Measured Rod Internal Pressure (MPa)

5.5 < EPRI Data, 17x17 Rods with Comparable Pre- °

pressure [C-11]

Other EPRI Data [C-11] N L
4.5 ® Westinghouse IFBA [C-12] .

L 2
® .
o +
3.5 © x)K
<
2.5
0 10 20 30 40 50 60 70

Rod Average Burnup (GWd/MTU)

Figure C-10. Sister rod measured rod internal pressure at 25°C.
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Measured Rod Internal Void Volume (cc)

43.0

38.0

33.0

28.0

23.0

18.0

13.0

8.0

"W F35P17 (Zirc-4) 2.5

+ 3A1FO5 (LT Zirc-4) 2.0

® 3D8E14 (ZIRLO) 2.0

® 3FONOS (ZIRLO) 2.0

% 6U3K09 (ZIRLO) 2.0
30ADOS (M5) 1.7

©30AE14 (M5) 1.7

30AKO09 (M5) 1.7

Sister Rods
RodID (Cladding alloy) Rod pre-pressurization in MPa

() An orange outline denotes heat-treated rods

< EPRI Data, 17x17 Rods with
Comparable Pre-prressure [C-11]

Other EPRI Data [C-11]

0] 10

Figure C-11.

20 30 40 50 60
Rod Average Burnup (GWd/MTU)

Sister rod measured void volume 25°C with comparable historical data.

70
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Sister Rods
EPRI Data, calculated from [10] using an assumed void volume adjustment of 1.2

< EPRI Data, 17x17 rods with Comparable Pre-pressure calculated from [10] using an assumed void volume adjustment of 1.2

5.0

4.0

3.0

Fission gas partial pressure (MPa)

0.0
0 10 20 30 40 50 60 70
Rod Average Burnup (GWd/MTU)

Figure C-12. Sister rod measured fission gas partial pressure at 25°C.
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C-6.2 Comparisons of the Measured Internal Pressure and Void
Volume with Available Data from Other Sister Rods

Figure C-13a plots the measured rod internal pressure against the measured rod void volume and
illustrates the expected grouping by vendor design/cladding type. For example, the Framatome-designed
rods are consistent with each other, and the Westinghouse ZIRLO rods are consistent with each other.
Figure C-13Db plots the measured rod internal pressure as a function of the rod nominal design pre-
pressure. A strong correlation is seen between the end-of-life and beginning-of-life pressures (R? > 0.6).

Plots of the rod internal pressure with other parameters of interest such as the rod average burnup,
assembly duty, average fuel temperature, and maximum fuel temperature (Figure C-14) indicate that these
parameters are not as strongly correlated (0.4 < R? < 0.6). This is likely due to the lack of a variety of data
points within those parameters—as the range of burnup is small—combined with measurement
uncertainties and inaccuracies in the rod’s design and operational data (e.g., the maximum assembly
middle-of-cycle temperature reported may not correspond to the sister rod’s operating location). When
considering only the fission gas partial pressure, the design and operational data are correlated at about
the same quality (R? = 0.4), as shown in Figure C-15. More data for rods at other operating conditions are
required to further evaluate the measured pressure and volume data within the context of power operation.
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Framatome M5 clad rods < Westinghouse ZIRLO clad rods

O Waestinghouse LT Zirc-4 clad rod A Westinghouse Zirc-4 clad rod

OFramatome M5 clad rods from assembly 30A

# Westinghouse ZIRLO clad rods from assembly 3D8
W Westinghouse ZIRLO clad rod from assembly 3F9
® Westinghouse ZIRLO clad rod from assembly 6U3
X Westinghouse LT Zirc-4 clad rod from assembly 3A1
A Westinghouse Zirc-4 clad rod from assembly F35

150 ¢
[ A red outline denotes heat-treated sister rods
i 26
14.0 F A
24
130 }
g - _
- F22 y = 0.571x - 0.233
g I = R2=0.859
= 120 F
= [ 220 ® X o
- @
o 3 Q
= L 0-18
T 10 T o
= = o
© [ 8 o
2 [ Jr g6
10.0 F A
L 1.4
9.0 F
i 1.2
U ——— 1.0 b—r —
3.0 35 4.0 4.5 5.0 3.0 3.5 4.0 45 5.0
(a) Measured Rod Internal Pressure (MPa) (b) Measured Rod Internal Pressure (MPa)

Figure C-13. Sister rod measured rod internal pressure vs. (a) measured rod void volume by manufacturer/cladding alloy, and
(b) nominal beginning-of-life fill pressure of the rod by manufacturer/cladding alloy/parent assembly.
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Note data for rod F35P17 are estimated.
The abscissas values are not provided.

Figure C-14. Measured rod internal pressure as a function of various parameters of interest
(red symbols denote heat-treated sister rods).
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Figure C-15. Calculated fission gas pressure as a function of various parameters of interest
(red symbols denote heat-treated sister rods).
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C-6.3 Comparisons of the Heat-Treated Sister Rod Measured Internal
Pressure and Void Volume with Baseline Sister Rods

Comparisons of the measured rod internal pressure and void volume can provide some information about
the effects, if any, of the heat-treatments performed on three of the sister rods. For the ZIRLO-clad rods,
the heat-treated rod has a higher void volume and a higher internal pressure than the corresponding
baseline rods, as shown in Figure C-13(a). However, when evaluating the measured pressure and void
volume data independently of other data reported herein (e.g., transmissibility reported in Section 7.2) and
considering both the measurement uncertainty and the expected variation in rod internal pressure and void
volume related to operational differences, it seems unlikely that the differences between the baseline and
heat-treated rod measurement results are statistically different. The M5 heat-treated rod had a higher void
volume and a lower pressure than the M5 baseline rods, but the results are nearly within measurement
uncertainty of each other. Thus, based only on the void volume and rod internal pressure measurements,
there does not appear to be a difference between the ZIRLO- and M5-clad heat-treated rods and the
baseline rods.

To determine if the heat treatment of the Zirc-4-clad rod made a difference in the rod internal pressure
and void volume, it would be preferable to compare the results with the baseline Zirc-4 rod measured by
Pacific Northwest National Laboratory (PNNL). The void volume measured by PNNL on the baseline
Zirc-4 rod is ~0.7 cc lower than that measured by ORNL on the heat-treated rod, which is almost within
the ORNL 26 volume measurement uncertainty of 0.5 cc. The rod internal pressure measured by PNNL
for the baseline Zirc-4 rod is ~12% higher than that measured by ORNL for the heat-treated rod. PNNL’s
measurements of that rod were obtained from the bottom of the fuel rod in the pellet stack. Other than the
PNNL Zirc-4-clad rod, the closest comparable baseline sister rod is an LT Zirc-4-clad rod. The void
volumes of the heat-treated Zirc-4 rod and the baseline LT Zirc-4 rod are within measurement uncertainty
of each other, as shown in Figure C-13(a), but the heat-treated Zirc-4 rod pressure is significantly higher
than the baseline LT Zirc-4 rod. The pre-pressure of the Zirc-4 rod was 0.5 MPa higher than the LT Zirc-
4 rod, but this does not account for the almost 1 MPa difference observed in the rods’ end-of-life rod
internal pressures. Although the Zirc-4 and LT Zirc-4 rods are very similar, differences in the rods’
mechanical design could result in different end-of-life pressures and void volumes. Also, as mentioned
previously, the Zirc-4 rod was a lead test rod that was operated to HBU over four cycles, while the LT
Zirc-4 rod was a part of a typical batch fuel assembly operated over two cycles. Given these differences
and based only on a comparison of the rod internal pressure and void volume data, it is not clear whether
there was an effect related to the heat treatments on the Zirc-4-clad rod.

As a further comparison point, the product of the fission gas partial pressure and volume (PfV) was
examined, as it tends to neutralize any lab-specific biases in the available data. The PfV was graphed with
rod average burnups, including both ORNL and PNNL [C-13] data with available EPRI data [C-11] in
Figure C-16(a). The PV is relatively consistent for all the sister rods, with the exception of a single
datapoint, the Zirc-4-clad rod that was punctured in the pellet stack, F35K13 [C-13]. The sister rod data
are consistent with the historical database, including a change in slope occurring at ~60 GWd/MTU. To
determine if there is a difference related to the heat treatments applied, Figure C-16(b) plots the available
sister rod ZIRLO data, and Figure C-16(c) plots the available sister rod M5 data. Data for ZIRLO rods
from assembly 6U3 trend very well with burnup, even given the measurements from separate labs. Data
from rods from assemblies 3F9 and 3DS are also shown, with one of the 3F9 rods being the ORNL full
length rod heat treatment (FHT) rod, 3FINO5. The baseline ZIRLO rod from 3D8 appears to fit with the
generally observed uptick in fission gas release shown in Figure C-16(b). It is expected that the PsV of
rods from ZIRLO assembly 3F9 would follow a trend very similar to trends for ZIRLO rods from other
fuel assemblies since they are of very similar manufacture and operation. The baseline 3F9 rod PV is not
too far from that measured for a rod having a comparable burnup. However, the FHT rod does not appear
to follow the trend established by the baseline ZIRLO rods from assembly 6U3 and, based on Figure C-
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16(b), it appears that there could have been an effect on either void volume or fission gas partial pressure
related to the FHT. When the same information is plotted for M5-clad rods, however, there does not
appear to be an effect related to FHT, as shown in Figure C-16(c).
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Figure C-16. P;V as a function of burnup for (a) all data to date,
(b) ZIRLO-clad sister rods, and (¢) M5-clad sister rods.
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C-6.4 Comparisons of the Measured Rod Internal Pressure and Void
Volume with Code Predictions

As listed in Table C-4, blind predictions of the sister rod internal pressure and void volume were made by
Geelhood [C-14] using the FAST code and by Stimpson [C-15] using BISON. The two codes represent
two different approaches in fuel rod modeling, with FAST providing models that are highly calibrated to
a large body of empirical data and BISON operating through a more general first principles approach.
This section provides a comparison of the two predictions with the measured data.

Figure C-17(a) provides a comparison of the code-predicted rod internal pressure with the measured
pressure. In general, BISON tended to over-predict pressure, whereas FAST underpredicted it. FAST
pressure predictions for the ZIRLO-clad 6U3 rods were within £5% of measured pressure, but other
ZIRLO-clad rods from assembly 3F9 and 3D8 were within -25% of measured pressure. All the M5-clad
rods were underpredicted by FAST, with differences between -13 and -28%. The LT Zirc-4 rod pressure
was also under-predicted (-18%) and the Zirc-4 rods were under-predicted (-15 and -25%) by FAST. It
should be noted, however, that the Zirc-4-clad sister rod F35K13 was punctured from a location in the
pellet stack. The average difference between the FAST pressure prediction and the measured value is -
14%. Although the FAST code appeared to produce more accurate pressure predictions for ZIRLO-clad
sister rods, the BISON predictions did not appear to have a trend related to the cladding alloy. The
BISON pressure prediction difference from measured ranged from +10 to +81%, with an average
difference of +40%. Five of the BISON rod simulations did not converge [C-15].

Figure C-17(b) compares the measured void volume with the code-predicted void volume. BISON under-
predicted void volume, while FAST over-predicted it most of the time. As with pressure, the FAST void
volume predictions for ZIRLO-clad rods from assembly 6U3 were more accurate than predictions for
other sister rods, with the average difference ranging from 0 to +14%. Other than the trend noted for the
6U3 rods, there did not appear to be a cladding alloy-related trend within the FAST void volume
predictions. The average difference from measured void volume for the FAST predictions was +20%. The
BISON void volume prediction average difference from measured was -37%. The BISON void volume
trends appeared relatively insensitive, producing nearly the same void volume for all rods.

The product of the rod internal pressure and void volume (PV) provides an additional metric with which
to compare the measured rod data with the code predictions. The predicted rod internal pressure and void
volume (P,V,) are graphed with the product of the measured rod internal pressure and void volume
(PmVm) in Figure C-17(c). When considering PV, the FAST prediction difference from measured ranged
from -14 to +18%, with an average difference of 2%. For the BISON predictions, the difference from
PV ranged from +16% to -26%, with an average difference of -11%.

Figure C-17(d) plots the differences of predicted from measured by rod average burnup, and this plot can
be used to determine if there were any trends in the differences from measured values related to rod
burnup. Because the 6U3 rods were more accurately predicted by FAST, those rods are indicated on
Figure C-17(d); they have a variety of rod burnups consistent with the range of burnups of the sister rods.
Thus, the increased accuracy does not appear to be related to a particular range of burnup. No other
obvious trends with rod burnup are visible, so it is concluded that the differences in the prediction
accuracy are not related to rod burnup.

Finally, to provide an additional viewpoint on whether the heat treatments applied to three of the sister
rods resulted in a change of the rod internal pressure or void volume, the predictions were compared
graphically with ORNL’s measurements (Figure C-18). It can be seen in Figure C-18 that the variations
from rod to rod that were measured are consistent with variations predicted by FAST. An additional
FAST calculation was completed to simulate the applied sister rod heat treatments, and there was no
change to the predicted fission gas release as a result of the short time at 400°C. There does not appear to
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be a consistent pattern when comparing the BISON results with the measured results, and two of the
BISON simulations for the rods graphed did not converge.
Table C-4. Summary of Measured and Predicted Rod Internal Pressure and Void Volume
FAST BISON
Average Measured Measured predicted Fast predicted | BISON
Cladding 8¢ | rod internal . [C-14] rod | predicted | [C-15] rod | predicted
Rod ID rod void volume| ", . . .
type burnu pressure (cc) internal |[C-14] void| internal |[C-15] void
P (MPa) pressure |volume (cc)| pressure |volume (cc)
(MPa) (MPa)
30ADO05 M5 54 3.46 10.63 2.82 13.48 4.96 7.42
30AE14 M5 54 3.22 10.99 2.82 13.50 5.06 7.44
30AK09 M5 53 3.46 9.89 2.82 13.26 4.50 7.34
3[%[?})3]2 M5 49 3.36 10.8 2.80 12.85 3.69 7.40
SK7C05 No result | No result
C13] M5 57 3.97 9.7 3.11 14.61 reported | reported
SKTK09 | s 54 3.79 105 2.72 13.96 5.82 7.55
[C-13]
Yoz | M 51 335 12 273 13.43 453 739
3D8E14 ZIRLO 59 4.18 11.73 3.19 15.28 7.56 7.51
3FONO5 | ZIRLO | 54 3.98 12.74 3.46 14.76 | Noresult | Noresult
reported reported
oy | ZRLO | a9 3.44 12.8 328 13.45 5.36 7.15
6U3K09 ZIRLO 55 3.64 11.78 3.47 13.41 4.56 7.10
“on | ZmLo | s 3.56 12.4 3.48 13.44 462 7.02
6[[81;’[3%3 ZIRLO | 57 3.72 1.9 3.53 13.57 4.95 6.97
‘s | ZRLO | s 370 12.7 355 13.61 5.07 6.96
CCh | ZRLO |0 328 13.1 337 13.16 429 7.40
3A1F05 | LT Zirc-4 51 3.73 12.94 3.04 16.77 No result | No result
reported reported
F35K13 Zirc-4 59 5.26 12.6 3.97 14.42 No result | No result
[C-13] reported reported
F35P17 Zirc-4 60 4.68 13.32 3.99 14.55 No result | No result
reported reported
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Measured data
Red symbol outline denotes heat-treated sister rod measurements.
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O Westinghouse LT Zirc-4clad rod A Westinghouse Zirc-4 clad rod

Code Predictions

® FAST Prediction, ZIRLO B FAST prediction, M5
@ FAST prediction, LT Zirc-4 A FAST prediction, Zirc-4
X BISON prediction, ZIRLO X BISON prediction, M5
18.00 ¢
i o
16.00 p
- L 2
i 14 A
14.00 P
g S [
a b
E I
= 12.00 F % %
3 I
= s
5 I
- L
10.00 P
2.00
[ % K X
6 GG - - - - 1 - - - - L - - - - L - - - - L - - - - 1 - - - - ]
2.0 3.0 4.0 5.0 6.0 7.0 2.0

Rod Internal Pressure (MPa)

Figure C-18. Predicted rod internal pressure and void volume
as compared with ORNL measurement data.
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C-7. Pellet Stack Gas Depressurization and Transmission

Measurements of the Sister Rods

The measurements completed are summarized in Table C-5. The time vs. pressure recorded for the
depressurization tests is shown in Figure C-19. Although some rods took longer than others to
depressurize, none took longer than ~24 h to reach atmospheric pressure, demonstrating good
communication along the pellet stack at room temperature. For the gas transmission tests, two sister rods
were tested at three different pressures, and the recorded time vs. pressure is shown in Figure C-20. At the
pressures used in the transmission tests, the time response of the system was ~30 min for one rod and ~3
h for the other. Both rods demonstrated a clear correlation between gas transmission time and applied
pressure. All tests verified the ability of the argon gas to move through the pellet stack at room

temperature.

Table C-5. Results of Depressurization and Transmission Tests.
Muskat-Poiseuille permeability and
Rod Applied.pressure regression mode.:l cqefﬁcient of
differential (MPa) determination
K (m?) R?
3A1FO05 0.10 8.40E-14 0.999
1.41 8.32E-14 0.999
2.17 8.32E-14 1.000
2.89 8.23E-14 1.000
Average 8.32E-14
F35P17 0.10 9.96E-14 0.999
3F9NO05 0.10 7.30E-14 0.999
3D8E14 0.10 4.08E-14 0.998
6U3K09 0.10 1.99E-14 1.000
1.55 1.62E-14 0.994
2.82 2.05E-14 1.000
Average 1.89E-14
30AK09 0.10 1.04E-14 0.999
1.41 1.02E-14 0.999
2.17 1.05E-14 1.000
2.89 1.11E-14 1.000
Average 1.06E-14
30ADO05 0.10 1.15E-14 1.000
30AE14 0.10 2.40E-14 1.000
Average of all 4.25E-14
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Figure C-19. Results of the depressurization tests on 8 sister rods (3 rods were heat-treated).
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Figure C-20. Results of gas transmission tests on 2 sister rods (3 different pressures on each rod).
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Figure C-21 illustrates the predicted time vs. pressure using the Muskat-Poiseuille correlation. The
Muskat-Poiseuille prediction fits well, indicating that the assumption of compressible gas flow is
necessary and appropriate. For comparison purposes, the data were also fit using Darcy’s Law, which
assumes incompressible flow, and is plotted in Figure C-21. As expected, the incompressible flow model
predictions do not fit the data well.

The permeability of the pellet stack varied over less than an order of magnitude for this set of rods, which
is modest and may indicate some common feature about HBU fuel. The average permeability for the
HBU 17 x 17 PWR fuel rods is 4.25¢e-14 m? using the Muskat-Poiseuille model. These results are about
20% of that measured by Rondinella [C-9] and correlated using Darcy’s Law at 2e-13 m?. Comparison of
the average low-pressure Darcy porosity measured for the sister rods, 1.6e-13 m?, with Rondinella’s
results shows that the data are comparable if the same level of precision is applied. Rods 3A1F05 (LT
Zirc-4) and F35P17 (heat-treated Zirc-4) have the largest permeability values, with the variance likely due
to the wide variety of clads, pellets designs, and operating histories. Note that the higher the evaluated
permeability, the more easily the fission gases can move through the pellet stack.

Regarding the three rods on which the gas transmission test was repeated at varying starting pressures, it
appears that the permeability maintains a relatively constant value with pressure variation, as shown in
Figure C-22. For the tests results reported herein, the time constants (//4K) are exaggerated because of the
rather large tare volume associated with the hardware required for hot cell testing. Without the tare
volume, the time constants are expected to be approximately 75 of that shown in the graphs. Although
argon was used instead of helium, xenon, and krypton, the general results are not expected to be
significantly influenced by the gas mixture if the proper viscosity is used.

To examine whether differences in rod operation result in different permeability, the evaluated Muskat-
Poiseuille permeability was plotted against available operational parameters, including rod average
burnup, high duty core index (HDCI) [C-16], and predicted assembly average middle-of-cycle fuel
temperature, as shown in Figure C-23. Unfortunately, while the average rod burnup for rod F35P17 is
known [C-17], the rod’s operating temperatures are not available at this time, so the values for HDCI and
temperature shown are estimated. It appears that there is no close correlation with the rod’s average
burnup. Maximum rod HDCI appears to be somewhat correlated, as does the assembly’s average fuel
temperature. However, it is not clear if this is a global trend or if it is only related to this particular set of
HBU fuel rods. The permeability does appear to be closely related to the rod manufacturer, as illustrated
when the Muskat-Poiseuille permeability is plotted by cladding type (Figure C-23d). Based on the results
shown in Figure C-23, it seems that the pellet manufacturing process and operating temperature determine
the permeability of the pellet stack. Furthermore, the three rods that were heat-treated to simulate a dry
storage vacuum drying environment (to the regulatory guidance temperature limit) are indicated in Figure
C-23. Although Figure C-23 a, b and ¢ do not provide conclusive evidence that the heat treatment affected
the permeability, Figure C-23d does strongly indicate that an offset in the permeability could have
resulted from the heat treatment. However, there are not enough data available to reach the conclusion
that a statistical difference exists.

A natural extension of this work is to conduct the same tests at the fuel rod storage and transportation
temperatures using a similar apparatus. Also, it would be prudent to measure gas transmissibility on rods
that have been in dry storage for ~10 years to determine if the flow paths have become restricted.

All tests were completed at room temperature, and the influence of temperature on transmissibility has not
been explored. Some change in permeability due to thermal expansion effects is expected and repeating
the tests at a higher temperature that is representative of transportation/storage is recommended.
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Figure C-21. Pressure vs. time predictions using the Muskat-Poiseuille model for compressible gas
flow and Darcy’s law for incompressible flow for sister rod 3A1F05:
depressurization (top) and gas transmission (bottom) test results.
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C-8. Steam Transmission Testing

A steam transmission test was developed to examine the ability for water/steam to be removed during
vacuum drying from a rod that was breached in reactor. If the clad were breached during normal operation,
pressurized water would be forced into the pellet’s interstitial regions or the rod plenum. If the rod is placed
into dry storage, then water in the pellet stack would be available for release if the rod temperature were
high enough to generate steam. The effectiveness of vacuum drying to remove steam from the stack and
the source term associated with the removed steam can be better understood by testing, as illustrated in
Figure C-24.

It is important to acknowledge that steam transmission is a more complicated process as compared to gas
transmission due to the vapor-liquid equilibrium expected in the system. The saturated steam transmission
dynamics will be impacted by several physicochemical processes including contact angle at three-phase
contact points (i.e., where solid, liquids, and gas meets) can hinder transmission of liquids, phase transitions
in different regions like cracks and pores, differences in liquid and vapor phase densities and heat transfer
dynamics in the experimental apparatus as the steam communicates through the rod.

The goal of this work was to begin forming a simplified experimental approach capable of qualitatively
evaluating the ability of move water/steam through a spent fuel rod segment. From that perspective, the
work was successful, in that it produced sufficient data to qualitatively state that tens of hours were required
to move water/steam through the test segments, as compared with hours for noble gases/air. Unfortunately,
several issues lead us to question the quantitative results of the tests, such as the inability of the air tests
(Section C-8.3 to match full-length rod tests) and the fact that one segment could not be tested due to
“plugging.” This very simple setup is therefore insufficient to fully understand the phenomenon and some
mechanical issues (such as over-tightening of the seal nut at the fuel rod segment, see Figure C-26) may
have impacted the data. ORNL recommends that the data and porosity values reported herein be
considered qualitative and any user of the data should consider it suspect.

T
Upper chamber: steam and
water in equilibrium at
constant temperature so
Water/steam .
equilibrium pressure is constant, Py
Flow
path

W

/

Breach

Pellet Stack P, Lower chamber pressure
V, Lower chamber volume
Bottom starts out at near
vacuum and pressure rise is
measured over time

Figure C-24. Diagram of fuel rod model for steam transmission testing.
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C-8.1 Test Apparatus

The apparatus shown in Figure C-25 was designed with two 265 cc chambers linked by a ~150 mm long
fuel rod segment. The upper chamber contains a steam water equilibrium, and the lower chamber, which
could be pumped down to vacuum, served as a reservoir for the steam that passed through the fuel rod
segment. Figure C-26 presents a basic schematic of the steam transmission apparatus, the vacuum pump,
heating elements, gas connections, gauges, and thermocouples. For this initial experiment, to keep costs
very low, the steam transmission test unit was made from off-the-shelf components using standard pipe
fittings. To avoid the difficulties associated with high temperatures and high radiation levels, torsional
mechanical gauges capable of high temperature operation (~300°C) were used and observed with remote
cameras. The operational temperature was limited by the pressure rating of the components. Most tests
were conducted at 160°C. Thermocouple rods were attached to the centers of the two chambers and the
readings from these were used to set the heating ranges using a PID (through the junction box in Figure
C-26. The rig was insulated, up to the ends of the valves and pressure relief discs so the system is at a
constant temperature. Two in-cell disposable web cameras were used to monitor the gauges.

Figure C-25. Photograph of the steam test apparatus (note the use of
high-temperature, radiation-resistant mechanical gauges).
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Figure C-26. Schematic of the steam transmission apparatus.
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C-8.2 Steam Test Protocol

The fuel rod segment is loaded into the lower chamber and the seal nut tightened. A plastic cap is placed
over the top of the rod segment, and the lower chamber is pumped down to near vacuum, and the vacuum
valve is then closed. The pressure is monitored for leaks; it should remain essentially constant. Once the
lower seal with the fuel rod segment is verified, a gasket is put in place, and the upper chamber is placed
over the lower chamber as shown in Figure C-27. The bolts are inserted via manipulator and are
uniformly tightened to seal the two chambers together. The central insulation jacket is then put in place
and secured. The top valve is opened, and approximately 200 ml of deionized water is poured into the
upper chamber. The top valve is then closed, and the heating controller is set to the desired temperature
(usually 160°C). The vacuum pump is started, and the vacuum valve is opened. When the upper chamber
temperature reaches 98°C, the top valve is briefly opened and closed to vent any trapped air, along with a
small amount of steam. Heating then continues. When both chambers reach the target temperature
(roughly 1.5 hr), the vacuum valve is closed, and both the upper and lower chamber pressures are
monitored as a function of time. The temperature of both chambers is maintained constant for the duration
of the test. The water supply is large enough and the draw rate low enough so that the top chamber
contains saturated steam in equilibrium with liquid water.

Fuel rod

Figure C-27. Upper chamber being lowered in place for the steam transmission test.
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Figure C-28. Distilled water being added to the top chamber before the start of an experiment.

C-8.3 Segments Tested

A total of 5 segments were tested for air, and 4 were tested for steam; these segments came from both
high-burnup sister rods and moderately high-burnup MOX rods that were discarded segments from a
previous test program. Table C-6 shows the segments tested and their sources. The lengths reflect what
was available for testing (and fit in the apparatus) rather than some optimum length for the test.

Table C-6. Fuel Rod Segments Used in the Air/Steam Testing

Segment Source Length Testing / comment
(m)
30ADO05-2519-2630 Sister rod 0.111 Transmission for both air/steam
MX3B14-3235-3405 MOX FMDP 0.170 Transmission for both air/steam
MX3B14-0799-0969 MOX FMDP 0.170 Transmission for both air/steam
3D8E14-1656-1804 Sister rod 0.148 Transmission for both air/steam
30AE14-1696-1800 Sister rod 0.104 No flow was achieved during the air test;

did not steam test
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C-8.4 Gas (Air) Transport Testing

As a point of verification, the steam transmission setup should be capable of reproducing the gas
transmission results that were obtained on the full-length sister rods, even considering the different
equipment used for the tests. The protocol for the test is essentially the same as that described for the
steam transmission test, except that it is completed at room temperature. Since burnup and pellet
condition varies axially, the permeability also varies axially and an arbitrary segment from the rod
wouldn’t be expected to be representative of the whole rod permeability, although it should not be
significantly lower. However, assuming the model appropriately captures the physics and the measured
permeability is reasonably close to that of the full-length rod, one can be assured that the basic operation
of the apparatus is as expected if the segment test result is similar to the full-length rod result.

The model used for the gas testing is the same one used for the full-length testing of the sister rods (see
Section C-5. ). The equation for pressure in the lower chamber (P) as a function of time is:

_P1KAt

P1<P0—e Vz#L)
— P1KAt

<P0+e VZ#L)

_ (P1+Py) _
Po = (P1=P20) (©87)

P, = (C-86)

where
P; is the constant pressure at top of rod (atmospheric pressure in this case) (Pa),
P> is the time-dependent pressure in lower chamber (Pa),
P3 is the pressure in the lower chamber at ¢ = 0 (s),
K is the permeability (M?),
A s the area of the pellet (M?),
V> is the volume of the lower chamber (M?),
L is the length of the fuel segment (M), and
1 1s the viscosity of fluid (in this case air) (Pa-s).

The modeling results from testing 4 fuel segments are shown in Figure C-29 to Figure C-32. The fitted
results are summarized in Table C-7. Note that the data appears to fit the compressible flow model as was
found with the full-length rods. Unfortunately, all values are lower than full-length values, and this seems
to indicate some problem with the setup of the tests. The estimated uncertainty for this test setup for the
air transmission ranges from 3.8 to 10.4%, considering the equipment and instrumentation used, so the
results of the air testing are not as expected.

One sister rod segment was found to be plugged. Air testing of the rod revealed essentially no flow after
more than 20 hours. At the writing of this report, it is now suspected that the “plugging” in this rod
segment was a result of overtightening of the seal nut before the experiment. This segment was not steam
tested. Given the potential for overtightening of the seal nut to fully restrict flow to the rod segment, it
seems likely that this occurred to some degree in all of the tests, resulting in lower porosity values for the
test segments. Future tests should incorporate a step to defuel the ends of segments to avoid this issue.
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Figure C-29. Segment 30AD05-2519-2630 data and model fit.
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Figure C-30. Segment MX3B14-3235-3405 data and model fit
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Figure C-31. Segment MX3B14-0779-0969 data and model fit.
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Figure C-32. Segment 3D8E14-1656-1804 data and model fit.
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Table C-7. Summary of Air Transport Results

Fit Full length rod
Segment permeability permeability Comment
(m*)* (m?)

30AD05-2519-2630 5.34¢-15 1.15¢-14 Permeability ratio of 0.46, segment
near rod mid region

MX3B14-3235-3405 8.30¢-14 1.66e-13+x | Permeability ratio of 0.50, segment

near rod plenum region
MX3B14-0799-0969 1.14e-13 1.66¢-13#« | Permeability ratio of 0.69, segment
near rod lower region

3DSE14-1656-1804 2.92¢-14 4.08¢-14 Permeability ratio of 0.72, segment
near rod mid region

30AE14-1696-1800 N/A 2.40e-14 No transmls“ﬁgu‘fs’sewed n>20

* These values do not compare well with the full-length rod values and are considered incorrect.

**The permeability data of the MOX rods were taken during experiment validation runs.

C-8.5 Steam Transport Testing

Tens of hours are required for many of the steam flow tests. The behavior of the system was quite
different than expected. There were rapid pressure fluctuations in many cases rather than a slow,
asymptotic change, which made interpretation of the data difficult. As of this writing, no simple
satisfactory model for steam transport through the rod segments has been developed.

The compressible flow, the Darcey flow, and both models modified by steam quality did not prove
satisfactory, largely because of the observed oscillatory/erratic pressure behavior. The measured pressure
in the lower chamber oscillated when it became more than a modest fraction of the upper chamber
pressure. A boiling instability is suspected, but the high-flow impedance of the cracks in the pellet stack
would likely stabilize this behavior. Another possibility is a chemical reaction, including the potential
phase transition of uranium oxide. The increase in volume from natural UO; to U3Os is ~36% and is even
higher (73—162%) as it becomes UO3 [C-19, C-26]; the expansion is a result of the transformation from
fluorite to layered lattice structures as U°* ions are formed [C-18]. Phase transformation has been
observed under moist/steam conditions in PWR fuel [C-24] and in timescales as less as ~25 hours [C-25].
The saturated water-steam conditions and radiolysis provide good conditions for UO, oxidation and
formation of UO; hydrates. Although there are many experimental studies of the physical and chemical
changes in SNF as a function of oxidation, the kinetics of SNF can be very different from that of
natural/depleted UQO,. In any event, the simple models do not include any heat transfer, component
relocation, or chemical reactions and cannot model this kind of behavior encountered in the steam flow
condition.

Given these observations, the model that best fits the data is one that assumes that the steam was in a
liquid phase during transport through the pellet stack and was flashed into steam at the exit of the rod
segment. The cracks and pores in the fuel stack through which the steam must pass are assumed to impose
flow/pressure conditions that allow the existence of mostly liquid water. This model could have boiling
instabilities if developed to a higher degree. The one-dimensional model described in the following
paragraphs is only a rough approximation, but it provides a starting point.

If it is assumed that liquid Darcy flow in the fuel segment flashes into steam as it exits, then the liquid
transport through the pellet stack (where the / subscript indicates liquid, other symbols as before) is
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KA
Q= L(P1 —Py), (C-88)
wL
where Q) is the volumetric flow rate, K; is permeability of liquid, and x is the liquid viscosity.
Therefore,
av 1 dm
Q=-= oar (C-89)
where p; is the density of the liquid, and m is the mass. So,
dm _ piKjA _ _
=2 (P — Py), (C-90)
with steam on the low-pressure (lower chamber) side:
PV, = %RT, (C-91)

where M is the molecular weight of water, R is the gas constant, and 7 is the absolute temperature of the
apparatus. Taking derivatives gives:

dm _ MV, dp,

dt ~ RT dt’ (C-92)
Putting it together,
dapP, _ P1K1ART _ _
= LR (P — Py), (C-93)
so the solution is
Py(t) = Py — (P, — Pyp)e P, (C-94)
__ PIKIART _
B = A (C-95)

This model was fit to the data collected from 5 steam tests: 4 segments at 160°C and one repeat test at
115°C. None of the fits could be regarded as “good,” but they tend to average the overall behavior, which
may or may not be relevant. The results for the 160°C behavior are shown in Figure C-33 to Figure C-36.
In general, the results have a step-like behavior, with some erratic or oscillatory additions which were
difficult to capture without special software, so the data graphs do not include all the high-frequency
behavior. A more refined model maybe considered for future tests. To determine whether the behavior
existed at other temperatures/pressures, a run at 115°C with its much lower pressures was conducted for
segment MX3B14-3235-3405. Similar behavior was observed, and the estimated model permeabilities
were differed by a factor of approximately 5.

Clearly something unusual is happening during these tests, even allowing for the potential fixturing issue.
Possible causes include boiling instabilities, two-phase flows, relocation of pellet fragments, chemical
reactions, delays in vaporization leading to falling water droplets, and boiling point suppression from
dissolved fission products. None of these effects can be included in the one-dimensional model. Thus,
higher-dimensional geometric model must be considered. Overall, transmission of steam/water through
the rod segments was observed, but the rate appears to be much slower than that for the single-phase
gases.
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A summary of the results is shown Table C-8; the reader is cautioned against using these values in
calculations because of the issues described previously.

Table C-8. Summary of Steam Permeabilities

Segment Fit Temperature
permeability (°cO)
(m*)*

30AD05-2519-2630 2.77E-18 160
MX3B14-3235-3405 1.50E-16 160
MX3B14-3235-3405 2.78E-17 115
MX3B14-0799-0969 3.25E-16 160
3D8E14-1656-1804 4.59E-17 160

* While these data may be considered together with the air and gas transmission test data to make some qualitative
conclusions, the reader is reminded that these values are likely incorrect.
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While these data and trends may be considered together with the air and gas transmission test data to make some qualitative conclusions, the reader is reminded that it is possible the
seal nut at the segment inlet was overtightened, which would have restricted flow.

Figure C-33. 30AD05-2519-2630 steam test showing step-like behavior.
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While these data and trends may be considered together with the air and gas transmission test data to make some qualitative conclusions, the reader is reminded that it is possible the
seal nut at the segment inlet was overtightened, which would have restricted flow.

Figure C-34. MX3B14-3235-3405 Steam test with sudden jump in the data at the end.
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While these data and trends may be considered together with the air and gas transmission test data to make some qualitative conclusions, the reader is reminded that it is possible the
seal nut at the segment inlet was overtightened, which would have restricted flow.

Figure C-35. MX3B14-0779-0969 steam test showing erratic behavior similar to other results.
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While these data and trends may be considered together with the air and gas transmission test data to make some qualitative conclusions, the reader is reminded that it is possible the
seal nut at the segment inlet was overtightened, which would have restricted flow.

Figure C-36. 3D8E14-1656-1804 steam test showing step-like behavior and the bisecting model fit.
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While these data and trends may be considered together with the air and gas transmission test data to make some qualitative conclusions, the reader is reminded that it is possible the
seal nut at the segment inlet was overtightened, which would have restricted flow.

Figure C-37. Lower temperature run for segment MX3B14-3235 to determine sensitivity to temperature
and pressure with persistent behavior, although at a lower frequency.
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C-8.6 Isotopic Transport via the Propagated Steam

The condensed steam in the lower chamber at the conclusion of the first steam test (sample 30AD05-
2519-2630) was collected and analyzed using inductively coupled plasma mass spectrometry (ICP-MS).
The objective was twofold: (1) to obtain the source term of instant release fractions from steam
dissolution of a fuel rod sample, and (2) to estimate the presence of particulate fines that could aerosolize
during vacuum drying of failed fuel.

Two 60 ml bottles were used for the collection process: one with about 15 ml of deionized water was the
control sample, and the other one was empty for the aliquot from the experiment. Both were placed on the
table and opened to the hot cell atmosphere. A pipette was used to transfer the condensed water from the
steam chamber to the empty bottle. The sample was weighed because it was difficult to accurately
measure the pipette quantities through the hot cell window. After the samples were weighed, each was
passed through a 0.45 pm porous aerodisc syringe filter. After filtration, the sample was acidified to ~1%
HNOj3 using Optima-grade nitric acid. The samples were analyzed using ICP-MS.

After pipetting as much of the liquid as possible using a fine tip disposable pipet, some solids remained in
the chamber. This undissolved SNF material is thought to have been entrained by the steam but not
dissolved in it. These solids were rinsed into a larger container with 8N nitric acid. The syringe filter was
also added to the 8N nitric acid and the filter solids, along with filter housing/solids were leached over a
2-week period at room temperature. No heat was applied in the digestion process.

All discussion from this point will involve two separate samples: (1) dissolved and (2) digested. The
dissolved sample comprises the SNF material dissolved in the steam and extracted from the experiment in
the pipetted liquid. The digested sample comprises the solids remaining in the chamber that were later
digested in nitric for analysis. As mentioned earlier, the digested material includes the fines present in the
sample container and the (> 0.45 pum) particulates from filtering the lower chamber rinse. This material is
thought to be carried by the steam/water during the transmission process and was either insoluble or large
enough that it did not fully dissolve into the steam/water under extended timescales. The experiment
lasted for approximately 24 hours, but the solids were in the water (container) for around 1 year (sample
collected 10/22/2021; sample analyzed 08/25/2022).

Figure C-38 shows the total isotopic mass that was dissolved and digested in the experiment. The total
leached mass (from the two samples) thus constitutes 0.500 £ 0.027 mg. The control sample showed very
little isotopic mass, likely from the result of natural contamination, meaning that the total isotopic mass
obtained from the two samples is in fact from the fuel in the experiment. Figure C-39 shows the full
spectrum of individual isotopic masses obtained from the dissolved and digested samples. The control
sample’s isotopic distribution is also provided. The digested sample detected a lot more isotope
composition than the dissolved sample. This is expected because of the acid digestion process dissolving
the low soluble isotopes that were collected as solids. Isotopes of iodine were measured from both
samples as a result of the high temperatures during the experiment.

The individual isotopic masses cannot be compared without normalizing them to the total available source
distribution in the sample. Unfortunately, the measured isotopic distribution for the particular fuel rod is
not yet available. A generic isotopic inventory was calculated for 1 g of UO> in a generic Westinghouse
17 x 17 assembly with 4% enrichment and 60 GWd/MTU burnup for 1,150 days of operation and cooled
for 10 years. This was similar to the inventory used in Appendix J of this report, and the generic
compositions are provided in Table J-3. The calculations were performed using the Oak Ridge Isotope
Generation (ORIGEN) Assembly Isotopics (ORIGAMI) code under the SCALE suite, a modeling and
simulation code system from ORNL. The isotopic distributions of the dissolved and solid sample sets
were normalized with the total available predicted generic isotopic source mass to produce fractional
inventory in aqueous phase (FIAP) values:
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FIAP, = Zad’ea (C-96)

b
mgsnrH;

where mg, is the concentration obtained from ICP-MS analysis in pg/ml, V, is the volume of aliquot
taken for analysis in ml, mgy is the mass of the particular fuel sample used in the experiment in g, and
H; is the isotopic yield from fission reactions in pug/g of fuel.
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Figure C-38. Total SNF mass collected in the steam and fines from ICP-MS.

Figure C-40 gives the FIAP distributions for measurable isotopes from the dissolved and solids sample
sets. The isotopes that were below the practical quantitation limit (PQL) for either of the sample sets were
not included in Figure C-40. While most isotopes are equally distributed between the dissolved and solid
sources, certain isotopes (e.g., ¥Y, 1**Ba, !**Eu, 2*’Pu, and 2*°Pu) are more prevalent as solids. These
elements were observed to be less soluble than others among the SNF isotopes, as seen in other studies
[C-20, C-22, C-23].
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Figure C-39. Data summary of the entire ICP-MS analysis of the dissolved, digested, and control sample sets.
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Figure C-40. Comparing the FIAP values from the steam and solids sample sets.
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Figure C-40 shows that certain isotopes have higher FIAP values, indicating that they dissolved or
leached out more from the pellet than other isotopes. To better understand this trend, the FIAP values of
all obtained isotopes under the PQL were normalized with the FIAP value of 2**U:

FIAP;
FNU; = ==L
FIAPy

(C-97)

Table C-9 lists the FNU values for all detected isotopes from the steam sample set: isotopes with FNU
values higher than unity are highlighted in red. It is clearly seen that the interaction of steam (or water )
with the pellet for 24 hours resulted in the leaching of readily soluble isotopes, with the highest instant
release fractions (IRFs) being Cs and I, as expected (Johnson et al. 2005). The FNU values of solids are
not presented because they were not dissolved in the steam.

Table C-9. FNU Values of Isotopes Detected in the Steam Sample Set (Isotopes with FNU>1 are
Marked with “v” to Highlight the IRFs)

Isotope | FNU (steam sample) | 1s0topes with FNU>1
St 349.662 + 0.000 v
VY 0.195 + 0.000

Mo 59.458 + 0.000 v
1%Rh 1.238 + 0.000 v
133Cs 9435.365 + 0.203 v
¥Cs 7902.139 + 0.142 v
"**Ba 0.204 + 0.000

'>Eu 0.096 + 0.000

127y 1001.706 + 0.002 v
129 1150.044 + 0.003 v
28U 1.000 + 0.000

>Pu 0.012 + 0.000

*Np 0.462 + 0.000

*Pu 0.009 + 0.000

The ICP-MS data have a relative uncertainty of 10% in most cases and 20% in some cases, when the data
are less than 5 times the PQL. The 20% error is most often associated with isotopes in the control sample,
which are expected to have very low (approaching zero) isotopic content. The systematic uncertainties
were quantified for all operations with the ICP-MS data. A complete description of the data analysis and
error propagation for the different operations is discussed in Sasikumar [C-24].

Figure C-41 compares the isotopic mass percentages of the dissolved isotopes, and Figure C-42 compares
the isotopic mass percentages of the dissolved plus the digested sample sets. It is important to note that
the isotopes detected in the solids sample set were seen after digestion in 8N nitric acid for 2 weeks,
whereas the quantity of isotopes detected in the liquid were dissolved during the experiment. Clearly there
are more isotopes detected in the solids sample set than in the dissolved sample, so there is more solid
SNF material that was entrained within the steam flow than was dissolved. 2**Th can be seen as an outlier
in Figure C-42, but it is among the isotopes with the lowest solubility in water, so it is only seen in the
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solids sample set. The isotopes above the predicted line in Figure C-41 have high solubility in steam (also
seen in Table C-9). Often Cs and I are contaminants in the laboratory, however, these isotopes were very
near the lower detectable limit in the control sample. The isotopes below the predicted line are isotopes
that have leached or dissolved over time from the solid particulates, because the sample with the solids
waited for a year before being analyzed. In general, as seen in Figure C-42, most of the isotopes are not
readily removed in the steam flow under the conditions tested in this experiment, since the measured
concentration is lower than the source concentration.

It is also speculated that some of the collected solid material could also have come from the sample’s
cladding. For example, the ICP-MS spectra from Rb-Mo showed a natural intensity from *'Zr present in
the solid digests, whereas no Zr signal was detected in the steam sample; this gives some clue as to the
origin of this isotope, because as Zirc oxide forms are very difficult to get into solution and might only
leach in strong acid under long time scales.
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Figure C-41. Comparing the isotopic mass percentages from ICP-MS data for the dissolved sample set
to that of the predicted mass percentages from a generic spent fuel composition.
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Figure C-42. Comparing the isotopic mass percentages from ICP-MS data for the sum of the dissolved and digested sample sets
to that of the predicted mass percentages from a generic spent fuel composition.
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Figure C-43 and Figure C-44 compare the FIAP values of 228U and '*’Cs obtained from (1) the steam
sample that was effectively exposed to an SNF pellet for ~24 hours during the course of this experiment
to (2) that obtained from the leachate that was exposed to a SNF pellet for 30 days in the hot cell (see
Appendix J). It can be inferred that although the matrix leaches slowly (steam/NHT-C=0.36%), the highly
soluble IRFs are quick to leach out (steam/NHT-C = 11.05%) in wet fuel under the range of elevated
temperatures tested in this experiment.
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Figure C-43. FIAP values of 2%U from steam and solids compared to the FIAP
values after 30 days of static SNF leaching as reported in Appendix J.
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Figure C-44. FIAP values of '*’Cs from steam and solids compared to the FIAP
values after 30 days of static SNF leaching as reported in Appendix J.

C-8.7 Steam Transmission Conclusions and Future Work

This work has shown that steam is transmitted though the fuel rod segments, and the rate is significantly
slower than that for inert gases. The one-dimensional model can be used to obtain a rough estimate of the
amount of water likely to move through a pellet stack if one assumes that the water pocket is in a
saturated steam/water equilibrium. The one plugged segment (shown in Table C-7) seems to imply that
the pellet stack permeability is not stable outside of an inert atmosphere: this may have implications for
breached rods in long-term storage, especially if they are wet.

The chemical analysis of the collected steam showed that SNF material is not only dissolved in the steam
while it communicates through the rod, but it also disintegrates and is carried with the steam. Analysis of
the solid particles (digested sample set) yielded several isotopes, including actinides and fission products.
Large amounts of cesium and iodine were released compared to the amounts seen in static leaching
experiments at low temperatures. These solids and dissolved SNF mass can lead to possible aerosolization
under drying procedures on failed fuel.

Therefore, based on the findings presented in this report, three factors must be considered during vacuum
drying: (1) effectiveness of vacuum drying at removing the water in the rod through the cladding defect,
(2) amount of dose in the form of dissolved/leached fuel particles and gaseous fission products released
with the water, and (3) particle size distribution of the leached material and whether it falls under
breathable aerosols.

Future experimental work to address such questions is proposed to include (1) thermogravimetric analysis
of waterlogged fuel under different degrees of failure, including pinholes and gross ruptures during
depressurization (vacuum drying), (2) particle sizing analysis of the leached SNF particles using
centrifuge filters of varying sizes, and (3) further characterization of the dissolved and disintegrated fuel
materials using microscopy.
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C-9. Fission Gas Release Calculations

Table C-3 in Section C-6.1 provides the rod pre-pressurization, measured post-irradiated rod internal
pressure, void volume, and rod average burnup for the phase 1 sister rods that were punctured. A small
sample of the gas within the rod was analyzed to determine the mole distribution of helium, krypton, and
xenon. Most of the helium is from pre-pressurization during the fabrication process. The analysis of the
mole distribution of helium, krypton and xenon was reported in Appendix D, Table D-3.

The following assumptions are applied:

e The gas within the fuel rod is assumed to be an ideal gas.

e No additional fission gas was released after discharge from the reactor.

e All the major isotopes of He, Kr and Xe are stable except for Kr, which has a half-life of
10.776 yr. Because 3Kr is only ~6% of the total Kr inventory, and Kr contributes only ~10% to
the rod internal pressure, the small change in moles Kr due to decay is considered insignificant
and will be ignored

e He generated from fission product decay after reactor discharge is ignored

Three gaseous elements are considered in this calculation: He, Kr, and Xe. The calculation of percent
fission gas release only considers Kr and Xe, which are a direct result of the fission process. Helium is
considered separately because its source is mostly from decay processes rather than the fission process.

The fission gas release fraction in terms of moles is given by

Ngr—gas T Mxe—gas (C-99)

)

ffission gasrelease =
nKr—inventory + nXe—inventory

where inventory refers to the Kr and Xe available to be released (i.e., the moles of Kr and Xe created from
the fission process).

The number of moles released can be calculated assuming the fission gas is an ideal gas. Therefore, the
total number of moles of gas in a fuel rod is

PV

— C-100
BT ( )

nr =

where ny = ny, + ngy + Nye.

Thus, the total number of moles of gas can be calculated based on the measured pressure and void volume
from the gas puncture tests (see Table C-3).

The number of moles of each gas element is nrf,;, where f; is the mole fraction of that element within the
fuel rod gas [C-2, Table D-3]. Thus,

Nye = Nrfye, (C-101)
Ngr = Nrfgr, and (C-102)
Nye = Nrfxe- (C-103)

The number of moles of He in the gas includes both the He from pre-pressurization and that released
during irradiation. The number of moles of Kr and Xe are considered to be fission gas released during
irradiation.
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The isotopic mass distribution for Kr and Xe was calculated by Cumberland [C-26].

The total moles of Kr and Xe in the inventory can be calculated by summing up the moles of the
individual isotopes. Given that the output of the nuclear calculations is a distribution of grams of isotope
[C-4], the total moles of Kr and Xe are

Mgr[i]-inventory
Ngr—inventory = Z and

l. Mykr(i] (C-104)
_ mXe[i]—inventory (C—105)
Nxe—inventory = M xel] )
wXeli

i

where My (i1 inventory 15 the mass and M.y is the molecular weight of isotope i of Kr and Xe.

Table C-10 provides the calculated moles of Kr and Xe after discharge per the method described in
Section C-8.2. Table C-11. documents the calculated percent fission gas released using Eq. [C-99], where
the moles of Kr and Xe in the inventory are calculated per the method described in Section C-8.2. The
percent fission gas released was calculated for the sister rods that were gas punctured at ORNL. The
percent fission gas released for all the rods is in the range of 1.5 to 3.5%.

Figure C-45 compares the sister rod data to available open literature data used to support the FAST
thermal-mechanical fuel performance code [C-27]. Overall, the sister rod data has low fission gas release
compared to the open literature data, but the open data mainly includes European-operated rods. The
sister rod data are similar to data from rod [FA-597.3 that had a measured fission gas release of 2.5-3.3%
after operating in Ringhals for 12 years to an exposure 52 GWd/MTU (rod average)[C-28]. A comparison
of the calculated percent fission gas release to the predicted fission gas release by FAST [C-14], which
includes the effect of power history, is favorable.

Table C-10. Calculated Moles of Kr and Xe in Gas after Discharge

Rod internal Void volume | Moles of gas . .
pressure after after Fraction Fraction
Rod ID after . . of Kr in of Xe in Xe/Kr
. discharge discharge
discharge (cm?) (mole) gas gas
(MPa)
30AK09 3.46 9.89 0.0138 0.016 0.153 9.563
30ADO0S5 3.46 10.63 0.0148 0.014 0.141 10.071
30AE14 3.22 10.99 0.0143 0.015 0.141 9.400
3D8E14 4.18 11.73 0.0198 0.024 0.224 9.333
3F9NOS5 3.98 12.74 0.0205 0.023 0.201 8.739
6U3K09 3.64 11.78 0.0173 0.011 0.105 9.545
3A1F05 3.73 12.94 0.0195 0.020 0.185 9.250
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Table C-11. Calculated Percent Fission Gas Released
Rod ID Moles of Kr and Xe Moles of Kr and Xe Percent fission FAST
gas after discharge in the inventory after gas released predicted
(mole) discharge (mole) percent fission
gas release
[C-14]
30AK09 0.0023 0.1225 1.9% 1.78%
30ADO05 0.0023 0.1258 1.8% 1.92%
30AE14 0.0022 0.1262 1.8% 1.95%
3D8E14 0.0049 0.1374 3.6% 2.46%
3F9NO5 0.0046 0.1263 3.6% 3.38%
6U3K09 0.0020 0.1269 1.6% 1.99%
3A1F05 0.0040 0.1201 3.3% 3.44%
70
60
®
50
ey @
=
- L ]
U
(%]
D 20
©
ﬁ ¢ e
[13] @ 0pen Literature Daa
O 30 A SEter Rod Data
c
o
(%]
0 ° °
" 2 ° o
e [ L ]
e .
10 e
el A
0 o
0 20 40 60 80 100 120

Rod Average Burnup (GWd/MTU)

Figure C-45. The calculated percent fission gas release of the sister rods
compared to open literature data [C-27] and [C-28].
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