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1.0 PURPOSE

The purpose of this calculation is to assess the feasibility of an integral reaction rate proof test at the

Cold Vacuum Drying Facility (CVDF). The purpose of the proof test is to measure the reactivity

of uranium fuel in an MCO. The proposed direct reactivity measurement tests will measure the rate

of release of hydrogen 'which is a reaction product for uranium metal corrosion. The hydrogen

concentration in a helium purge stream will be measured with a spectrometer. A second reactivity

measurement approach based on observing the pressure increase in the head space in the MCO after

the water has been heated to 50°C has also been identified and its feasibility assessed (Appendix A).

Each test strategy directly measures the MCO reactivity for the single given test temperature (50°C).

The MCO reactivity at other temperatures is also needed. This can be estimated by considering the

reactivity to be the product of the reaction rate per unit area and the reactive area of the uranium in

the given MCO. The available temperature dependent reaction rate data can be used to infer the

MCO's reactive area for the 50°C measurement temperature. The inferred reactive area is not

temperature dependent. It can be used to estimate the MCO reactivity at other temperatures when

the available reaction rate data is applied to those other MCO conditions. Measurement inaccuracies

and their impact on the feasibility of these measurements are determined.

This feasibility assessment will be based upon the planned facility configuration and instrumentation

as currently defined (DRAFT 90%). The feasibility assessment will also consider the ability to

perform the direct reactivity measurements in a reasonable time interval. A period of a shift

(approximately 8 hours) or less has been assumed as a reasonable time interval objective.

-3 -
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2.0 SUMMARY AND CONCLUSIONS

It is concluded that the proposed reactivity measurement based on recording the changes in the

molar ratio of hydrogen to helium in the purge flow due to the reaction products from the uranium

metal water reaction is feasible. The currently planned CVDF design may require some

modification for spectrometer sample line. A reasonable, i.e., less than one shift, test duration can

likely be used and still assure sufficient accuracy for confidence in the measurement results.

The major conclusions from this feasibility study are

measurement strategy is feasible given that a means is added to the facility

(new equipment) for adding a controlled, low flow of helium to the MCO

and removing water vapor from the MCO gas sample supplied to the mass

spectrometer. Also, a pressure control system is needed so that the desired

MCO pressure (~ 100 torr) can be accurately controlled,

• the actual rate law for spent fuel must be confirmed so that the specific test

. parameters (helium purge rate and test interval) can be established.

- 4 -
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3.0 ASSUMPTIONS

The following assumptions have been made in this calculation note:

1. The CVDF tempered water system can establish and maintain thermal equilibrium
between the MCO contents (fuel, baskets, internal structures, water and gas head space)
during the heatup step of the cold vacuum drying process. Once the heatup to 50°C is
complete the tempered water system will be run continuously during the direct reactivity
measurement to hold a constant temperature of 50°C. The tempered water system will
be capable of removing any decay or reaction heat added during the direct reactivity
measurement or add heat to overcome any heat losses to ambient during the test.

2. Fuel basin water added to MCO is saturated with dissolved air for the local ambient
condition which is approximately 15°C.

3. The attached piping volume can be estimated per (Duncan, 1997a) which is Draft 90%
information. This information is needed if the headspace pressurization rate is used to
measure reactivity. A detailed review of the final piping configuration and planned value
lineup used during such testing would eventually be needed. The proper volume and its
uncertainty range could be used to interpret future measurements.

4. The initial hydrogen concentration in the MCO as delivered to the CVDF is zero. This
assumption maximizes the potential for dissolution and the unavailability of hydrogen for
the reactivity measurement.

5. Saturated equilibrium can not be established for the gas (oxygen and hydrogen)
partitioned between the gas and water regions in the MCO for the helium purge reactivity
measurement scheme which uses an open system.

6. Saturated equilibrium is established for the hydrogen partitioned between the gas and
water regions in the MCO for the pressurization rate reactivity measurement (see
Appendix A) which uses a closed system.

7. Reaction rate law for spent fuel is known as a function of temperature.

8. Hydrogen consumption by hydrogen reaction with uranium oxides is negligible because
of the relatively low temperature employed during the measurements. The low
temperature (50°C) implies very small kinetic rates for such reactions.

- 5 -
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The accuracy of the spectrometer used to measure the hydrogen to helium ratio in the
MCO purge exit stream is ± 1.0%. This is judged to be a reasonable expectation based
on available spectrometer specifications for nitrogen and argon measurements in air. A
high degree of accuracy in the measurement of the hydrogen to helium ratio is not a
crucial requirement for identifying an order of magnitude value of an MCO's reactivity.

The following input data was used in this calculation:

A. MCO Dimensions and Contents

1. MCO shell dimensions (Duncan, 1997a)

ID = 23 in
OD = 24 in
length = 140 in

2. Fuel volume (Duncan, 1997a)

Assembly volume = 1.47 t

Number of E length Mk IV assemblies/MCO = 270
Number of E length Mk IV assemblies/fuel basket = 54

3. Fuel Baskets (Duncan, 1997a)

Basket Volume = 9 (

Number of baskets/MCO = 5

4. Spent fuel configuration ("rings") in a fuel basket (DrawingH-2-828070)

Number

Ring

Inner (1)
Middle-inner (2)

Middle-outer (3)

Outer (4)

Radius fini

2.75
5.5
8.25

9.526

of Fuel Elements

6
12
18
18

- 6 -
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5. Decay Heat per MCO (Duncan, 1977c)

Design basis decay heat (Mark IV fuel) = 396 W

B. Physical Properties

1. Volumetric coefficients of Thermal Expansion ($)

Material 8

U 45.8E-6 K"1 (Katz, 1986)
Stainless Steel 49.7E-6K"' <" Table 9-2 (Smith, 1967a)

(''Estimated from linear coefficient of thermal expansion (a) by /S = 3 a.

2. Water properties (Keenan and Keyes, 1987)

specific volume @ 15 °C = 1.0009E-3 m3/kg
specific volume @ 50°C = 1.0121E-3 m3/kg
thermal conductivity @ 50°C = 0.643 W/m/K

3.

(Katz, 1986)

Table 9-2 (Smith, 1967)

Density

Material

U
Stainless Steel (304)

o !

19.04

7.9

C. Henry's Law Constant H ' a t m

mole solute/mole solution)

H Temperature (°C) Solute Solvent

6.07E4
9.46E4
7.65E4

15
50
50

air
air

hydrogen

water
water
water

(Perry, 1963)
(Perry, 1963)
(Perry, 1963)

- 7 -
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4.0 SOURCES

The two principle sources of information used in the feasibility assessment are design data for
the CVDF facility and reaction rate data.

The facility configuration used in this assessment is from drawings marked as "DRAFT 90%".
The instrumentation list indicates the planned measurement capabilities and the instrumentation
specifications and vendors have been finalized to varying degrees. Once the CVDF design is
finalized it would be prudent to confirm that the relevant geometry and process flow information
used in this assessment is still appropriate. The mass spectrometer and its sampling scheme also
remain to be finalized. The accuracy for the measurement of the ratio of hydrogen to helium
in the MCO purge exit stream is assumed to be ± 1 % in this feasibility study. This range of
accuracy for this pair of gases for the spectrometer should be assured in the final instrument
specification.

Temperature dependent reaction rate data for uranium metal in oxygenated and de-oxygenated
water has been employed in this feasibility assessment. These data are judged to be sufficient
to assess the feasibility of the proposed reactivity measurement technique. The determination
of reaction rate data for actual spent fuel in a steam environment is currently being contemplated
by the Characterization Program. The assessment of the MCO reactivity measurements
eventually conducted at the CVDF should use the spent fuel reaction rate data to facilitate the
accuracy in those measurements and the specification of the test parameters.
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5.0 CALCULATIONS

This section presents the calculations used to assess the feasibility of MCO reactivity
measurements at the CVDF. The impact of test parameter uncertainties and instrumentation
accuracy are estimated and test procedure implications are identified.

5.1 Order of Magnitude Assessment of Test Parameter Uncertainties

Upon receipt at the CVDF each MCO will contain fuel (loaded in fuel or scrap baskets) and
water from the spent fuel basin. A small head space will be established in each MCO at the
spent fuel basin before transfer to the CVDF by removing water through the short draw tube.
Each MCO is jacketed by a shielding transfer cask vessel. Upon delivery of the MCO and
transfer cask to the CVDF they are located on a process skid. Components, piping, instruments
and electrical wiring are mounted on the process skid and piping runs from it to a process hood
that provides the process connections for the cold vacuum drying system. After the process
hood and shield ring are placed onto the cask and MCO they are bolted in place and an inflatable
seal is pressurized. The seal completes the closure of the annulus between the MCO and cask
through which tempered water is pumped to control the temperature of the MCO. Tempered
water lines are connected to ports in the cask body so that water is circulated through the
annulus. The process consists of heating the exterior of the MCO up to 50°C using the
tempered water system. Subsequent steps in the cold vacuum drying process include bulk water
removal, purging, heating, vacuum drying, etc. The first step in the cold vacuum drying
process (heatup of the transfer cask and MCO) is of particular interest for this feasibility
assessment.

The chemical reactions of import for the direct reactivity measurement by analysis of reaction

products are

U + 2H2O — UO2 + 2H2

2U + ^H^ — 2UHZ

The second chemical reaction represents the formation of uranium hydride which may consume
2 - 9 % (Baker, 1965) of the evolved hydrogen. This reaction results in a hydrogen defect and
reduces the hydrogen available for the reactivity measurement.

- 9 -
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To establish a safety basis that runaway reactions can be precluded at the CVDF one must be
able to define the overall reaction rate. One major uncertainty in defining the overall reaction
rate is the surface area of the uranium which is available to react with any residual water which
may remain in the MCO following the drying process. The reaction of fuel (uranium) with
water in the MCO will lead to the evolution of hydrogen as a reaction product. The direct
reactivity measurement will be conducted by analyzing the amount of hydrogen evolved during
each MCO test interval.

The effective uranium surface area can be measured when the water filled MCO is heated to
50°C at the start of the cold vacuum drying cycle. During MCO heating, a vacuum would be
established on the MCO and a small controlled flow of helium gas started down the deep leg to
the bottom of the MCO. The MCO system pressure is maintained just above the boiling
pressure of the water at 50°C (100 torr). The helium gas which is saturated with water vapor
(steam) will sweep out oxygen dissolved in the water and hydrogen being generated by reaction
with uranium. A sweep volume of 100 standard mL/min of helium injected at the bottom of the
MCO at 50°C and 100 torr pressure will expand to over 10 L/minute of steam - helium mixture
(Duncan, 1997b). The total effective void volume is about 30 L and each volume will provide
a 1/e (well mixed system) approach to steady state. Within 15 minutes the system should be
oxygen free and at steady state. Removing oxygen dissolved in the water, which can passivate
the uranium surface, ensures the maximum uranium-water reaction rate is measured.

The reaction area analysis will be made by using the measured helium inlet purge rate (VHe) at
standard conditions and exit gas hydrogen to helium mole ration (xHJxHe) as determined by the
spectrometer.

A - *»— 5* b f (1)
( 22.4 ( He \ * V A )
\g-mole He)

where

VHe is measured helium purge rate at standard conditions

• %

—- is measured molar ratio of hydrogen to helium in the exit purge flow

is the U-H2O system reaction rate as a function of temperature per unit
area

- 10-
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The reaction rate data per unit area of uranium for the U-H2O system for spent fuel is needed to
estimate the reactive area of the exposed and unreacted uranium surface in the MCO. It should be
recognized that the amount of fuel and its shape and exposed uranium surface area will vary for each
MCO such that a specific measurement will be needed for each MCO to ascertain the appropriate
uranium surface area for it. This surface area can then be used in calculations and assessments that
contribute to characterizing the process for the CVDF for a variety of conditions.

The key consideration for determining the feasibility of the direct integral reactivity measurement is
to ascertain the ability to establish the proper set of initial conditions that would allow the direct
application and interpretation of Equation (1). A practical issue for these measurements is the time
required to obtain stable data for each MCO.

The helium purge method has been selected over the MCO head space pressurization reactivity
method of reactivity measurement based on this practical consideration. The estimated time for the
pressurization measurement could be as long as 8 hr (see Appendix A) to assure sufficient accuracy
given the possible uncertainties. The estimated time for the helium purge method is approximately
an hour given a well behaved reaction rate characterization. Thus, the two measurement techniques
appear to be feasible but the helium purge method appears, to provide the most practical approach.

The test parameters and initial conditions which may influence the helium purge direct integral
reactivity measurement are screened below to determine their effects and identify suitable means of
addressing them.

5.1.1 Thermal Effects

The MCO is filled with spent fuel and fuel basin water when it is delivered to the CVDF for
processing. Thus, it is initially at ambient conditions which are assumed to be approximately 15°C.
The tempered water system is used to heat the transfer cask, MCO and the MCO contents to 50°C
over an approximate duration of 300 minutes, (see CVDF process flow diagram, H-l-82166.) Any
decay heat or exothermic reaction heat liberated during the heating process will simply assist the
heatup step by the tempered water system. Once the MCO and transfer cask are heated to 50°C it
is assumed in this assessment that the tempered water system will maintain them at a uniform 50°C.
It is further assumed that a thermal equilibrium will be established and maintained by the tempered
water system between the MCO contents (fuel, water and gas space).

-11 -
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Thermal expansion from the initial condition (approximately 15 °C) to the desired test
temperature of 50°C will occur. Thermal expansion of the fuel, fuel baskets and the initial
water inventory in the MCO will decrease the gas head space volume. Thermal expansion of
the MCO will increase the gas head space volume. The net effect of the thermal expansion of
these components and initial water inventory is to reduce the gas head space volume.

During or following this MCO heating step of the CVD process, a vacuum would be established
on the MCO and the small controlled helium purge would be started. The helium purge would
be supplied to the bottom of the MCO through the long dip tube and the steam, helium and other
gases would be removed through the short dip tubes.

The thermal expansion of the MCO and the water inventory as they are heated from 15°C to
50°C and any pool swell due to the helium purge must be accommodated by removing water
(steam) from the MCO such that the short dip tube is not submerged and remains in the MCO
gas head space. This also places an operational requirement of the facility. The sample line for
the gas composition measurement must have most of the water removed before the gas sample
is delivered to the mass spectrometer.

The establishment of the 50°C test condition in the MCO can be accurately controlled by the
CVD tempered water system and aided by the vacuum system attached to the MCO for the cold
vacuum drying. The MCO pressure should be reduced to the 50°C saturation condition and then
accurately controlled. This may also place an operational requirement on the facility. A suitable
means of control or throttling the vacuum pump attached to the MCO gas space must be
available.

The combination of the helium purge and partial vacuum will mechanically agitate the water in
the MCO and help assure thermal equilibrium between the MCO contents. This is highly
desirable given the significant temperature dependence of the uranium reaction rate.

5.1.2 Gas SolubUity and Adsorption/Absorption Effects

Fuel basin water (assumed to be approximately 15°C) is used to fill the MCO once the spent
fuel and scrap baskets have been loaded into the MCO. Since the fuel basin water is open to
atmosphere it is assumed in this calculation that it is saturated with dissolved air. When the
water in the MCO is heated from 15° to 50°C at approximately 1 atm, the solubility of the
dissolved air is reduced and some air will come out of solution as a gas and collect in the free
volume (water plus gas spaces) in the MCO. The amount of gas in solution at equilibrium at

- 12-
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these two temperature conditions can be estimated by applying Henry's law (Perry, 1963).
Henry's law states that the solubility of a gas in a solute can be found by

(2)

where

H is the Henry's law constant for a given gas (A) for a given temperature
pA is the partial pressure of gas (A) in the gas phase (atm)
xA is the mole fraction of the gas (A) in the liquid phase (mole of gas A per mole

of solution)

Per Table 14-3 of (Perry, 1963) for air in water at 15°C, H = 6.07E4 and at 50°C H =
9.46E4. H has the units of (atm)/(mole of air/mole of solution). By considering that the MCO
gas head volume is completely filled with air at 1 atm pressure and applying Equation (2) with
these two values of H, the mole fraction of air in water at saturation at 15°C is 1.65E-5 and at
50°C is 1.06E-5. The difference between these two numbers is the decrease in the solubility
of air in water which would result from the heatup of the MCO and its contents. The reduced
solubility will result in air coming out of solution and filling part of the gas head space volume.
The change in solubility will result in approximately 2E-4 kg-mole of air being released per
kg-mole of solution heated to 50°C.

For the helium purge measurement technique the MCO gas space is an open system. The
vacuum system and helium purge both remove gases from the MCO free volume head space.
The removal of oxygen decreases its partial pressure ( P ^ and reduces the mole fraction (XfJ

which can remain in the MCO water. As the equilibrium condition is reduced and the dissolved
gases (including oxygen) come out of solution, they are purged out of the water as the helium
bubbles through the MCO water inventory. The oxygen concentration can be monitored in the
MCO exhaust stream so that the depletion of the dissolved oxygen can be confirmed by direct
measurement. Thus, the initial condition of no or very low oxygen concentrations in the MCO
water can be established and confirmed. This is important since the uranium reaction rate is
known to be effected by the dissolved oxygen concentration during uranium corrosion (Pearce,
1989). If the water surrounding the reacting uranium becomes de-oxygenated during the
reactivity measurement then the reaction rate would increase per the data cited in Section 5.2
(see Figure 1). Monitoring of the oxygen content in the exit stream as well as the ratio of
hydrogen to helium would be used during each test to demonstrate low oxygen concentrations
and a uniform reaction rate.

- 1 3 -
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The next gas solubility and adsorption/absorption effects to be considered regarding test
parameter uncertainties should address the possibility of hydrogen produced during the reaction
of interest "hiding out" in the MCO being tested. By "hiding out" it is meant that as the
hydrogen is evolved by the reaction between water and uranium metal it is stored within the
system in a manner that does not change the measured hydrogen concentration in the purge
stream. Some of the hydrogen would go into solution until the water inventory is saturated with
hydrogen at the 50°C test condition. As discussed above, the helium purge and partial vacuum
will also sparge the hydrogen gas as it is evolved. The open system MCO configuration will
minimize the amount of hydrogen (if any) that will remain in solution in the MCO water
inventory. Furthermore, the evolved hydrogen could be adsorbed onto the solid surfaces and
absorbed in the uranium and zircalloy inside the MCO.

Data on adsorption of the evolved hydrogen is not available. Thus, this feasibility study does
not attempt to calculate the inventory of evolved hydrogen which would "hide out" as an
adsorbed layer on the surfaces inside the MCO or absorbed in the spent fuel. However, it is
known that as hydrogen is absorbed onto the exposed solid surfaces inside the MCO an
equilibrium condition can be established such that no further adsorption on the solid surfaces
occurs. If this condition is established before the reactivity measurements are taken then no
additional adsorption would be expected to occur during the measurement. Alternately, if the
measurement interval is long enough the effect of adsorption could be saturated during the initial
part of the test and thereby eliminated for the majority of the measurement interval. The on-line
measurement of the hydrogen to helium ratio in the purge stream can be used during each test
to judge when a steady condition is achieved.

5.2 Reactivity Assessment

As discussed in Section 5.1 and shown by Equation (1), the reactivity measurement will collect
data on the hydrogen to helium ratio pressure history for the MCO purge and use it to directly
infer the reactive area. This calculation will assume that the MCO temperature and temperature
dependent reaction rate are known and are constant during the entire test interval which will
likely be an hour or less. Several of the test parameter uncertainties which could significantly
alter or mask the measurement of the evolution of the reaction products can be addressed by
carefully establishing the appropriate set of initial conditions. Section 5.3 discusses these
considerations.

- 15-
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Table 1 summarizes a base case calculation. This table illustrates the calculational procedure
including the use of the reactivity rate data and the targeted initial test conditions. As discussed in
Table 1, a rate multiplier of one has been used here. An assumed reactive area of 10 m2 is used. The
resulting molar ratio of hydrogen to helium for a 10 m2 reactive area is shown to be 0.4 which is well
within the resolution possible with the mass spectrometer. Table 2 indicates a detection limit of 50
ppm. Given 100 ppm hydrogen in helium the molar ratio is very small, i.e., 2E-4 which means that
the spectrometer could detect very low hydrogen concentrations. Also, a reactive area of only 0.5
m2 would result in a molar ratio of 0.008 which is also within the possible resolution.

The accuracy and range of the pressure, temperature, purge flow and spectrometry instruments are

important considerations in assessing the feasibility of the reactivity measurement. Table 2 lists the
o

planned instrumentation including the ranges and accuracy of the sensors. The respective
manufacturers were contacted to ascertain the accuracy of the selected instrumentation. Two
pressure instruments with ranges from 0 to 10 torr and 0 to 1,000 torr are provided. The accuracy
of the selected pressure instruments is ± 0.5% of the reading. This combination of instrument ranges
and accuracy could provide sufficient resolution to monitor the hydrogen which could be produced
by the reaction products from the reaction of interest.

An assessment of the impact of instrument errors and accuracy is provided here. The MCO pressure
will be controlled during its heat-up to 50°C by the tempered water and vacuum systems. The
desired pressure which corresponds to the saturation condition at 50°C is 12.35 K Pa (95 torr). The
accuracy of the 0-1000 torr pressure instrument is ± 0.5% of the reading or ± 0.06 K Pa (0.46 torr).
The pressure at the bottom of the MCO is much higher due to hydrostatic head but, recirculation of
the water in the MCO will maintain the temperature close to the surface temperature. The
corresponding range in the system temperature due to this range of variation in the pressure
measurement is ± 0.1 °C. The combined impact on the inferred reaction area of the inaccuracies in
the pressure measurement and concomitant variation in the corresponding saturated water
temperature is small (± 0.6% variation in k as shown in Table 3). This variation is smaller than the
data scatter used to derive the reaction rate correlation. Table 3 also assess the potential impact for
variation from thermal equilibrium at 50°C and its impact on the reaction rate. This impact on the
accuracy of the reactivity measurement is discussed below.

•16-
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An MCO with a full fuel load (270 assemblies) is assumed to be installed in the CVD process
skid and its initial condition set:

T = 50°C(323K)
J ^ = 100 mf/minute = 1.67E-3 l/s

Per Figure 1 the temperature dependent reaction rate per unit area (k) for the U-H2O system at

323 K can be calculated from

« a s
where

k is the reaction rate (weight gain) in mgO cm"2 hr'1

p is the water vapor pressure in kPa
T is the temperature in °K

However, this expression is based on data for unirradiated uranium. Research indicates that
irradiation and surface roughness effects could cause the reaction rate to increase by a factor of
2 to 10. If it is assumed that the shape of the rate law is the same (i.e., only a function of
temperature) then a simple multiplier (M) can be used to represent these effects

A value of one will be used for M in this base case assessment. However, this is an unresolved
item which must be addressed before the test interval can be specified and actual helium purge
rate is established. At 50°C the vapor pressure for water is 12.35 kPa so

l0g ( * ) = (4.33 - ™±) = -2.308
U2.35°-5j I 323 J

- 17-
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Table 1 - Continued

k = 1.7E-2 m8°
cm2 hr

A convenient reaction rate unit is g-mole H2/m"2 sec"1 and the appropriate conversion factor is

XmgO x 1 hr x \g x 104 cm1
 x 1 gmole O x 1 gmole H% gmole H2

cm2kr 3600s 103 mg m1 16 g 0 I gmole 0 m1 s

So,

- £ @ 50°C = 2.95E-6
A

g-mole H2

The actual exposed surface area of uranium metal is unknown and is the object of conducting
the reactivity measurement. However, if a reactive surface area range of 10 m2 to 0.5 m2 is
assumed the expected molar ratio in the purge exit can be estimated.

Per Equation (1) the ratio of hydrogen to helium in the purge flow is

XH, \A) ( VHe J [g-mole He

x»2 _ , « r , S- mole H2 ^ _ 2 J \ ]( 22.4 t He

= 0.4 8 m°e—- for 10 m2 reactive area
g- mole He

= 0.008 8moe—1 for 0.5 m2 reactive area
g-mole He

- 18 -
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Table 2
Test Instrumentation Ranges.and Accuracy

Component
Description

Pressure Indicator
and Transmitter

Pressure Indicator
and Transmitter

Temperature
Elements

Gas Analyzer
(Spectrometer)

Mass Flow Meter
and Controller

Tag

PI-l*08
PT-l*08

PI-l*10
PT-l*10

TE-l*07
TE-2*14
TE-2*15
TE-2*18
TE-3*05
TE-3*12
TE-3*13

(4)

Manufacturer

MKS
Instruments

Inc.

MKS
Instruments

Inc.

MTI Industrial
Sensors

Balzers
Instruments

(4)

Model
Number

230DA-
00010BBB

230DA-
01000BBB

RC-4-9-A"
-D-3-P10

-H012-TTC
-Bll

QMS200

(4)

Range

0-10 torr<"

0-1000 torr<"

0-400 F

1-200 amuW

0-1389 SCCM

Accuracy

±0.5% of
reading

±0.5% of
reading

± 1% full
scale

± 1%W

+ 1%<5>

("Maximum service conditions are 5 psi and 140°F. Overpressure limit is 35 psia.
^Detection limit is less than 50 ppm.
(3>Assumed accuracy for ratio of hydrogen to helium in a sample stream.
(4)Specific meter not yet selected; current facility design does not include a mass flow meter.
(5>Typical values.

- 19-
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Table 3
Impact of Variations in the MCO Temperature

1. Variations Due to Pressure Measurement

The accuracy of the pressure measurement is + 0.5%. The desired MCO pressure to set the
corresponding saturation temperature of 50°C is 12.35 KPa. Thus, the instrument accuracy
could result in a pressure variation of ± 0.06 KPa which corresponds to a temperature variation
of ± 0.1 K.

As defined in Table 1 the reaction rate for the U-H20 system is given as

Taking M = 1, the range in k due to a variation in the actual MCO pressure can be determined
by calculating k for the following three sets of parameters:

PfKpa) TflO k

12.35
12.41
12.29

323
323.1
322.9

1.73E-2
1.74E-2
1.72E-2

The resulting range in the variation in k is + 1E-4 which compared to a value of k for the

desired initial conditions of 1.73E-2 is a + 0.6% variation in k.

2. Variations Due to Thermal Equilibrium Effects

The tempered water system will submerge the MCO in a 50°C bath. The decay heat from the
spent fuel is a heat source which could cause the MCO's temperature to exceed the 50°C bath
temperature. A bounding estimate of the variation from thermal equilibrium is provided below.
It ignores any circulation in the MCO water or enhanced heat transfer and mixing due to the
helium purge. The MCO and its contents are idealized as a composite material of cylindrical
geometry with a distributed internal heat source. A constant surface temperature (50°C)
boundary condition is considered.

- 2 0 -
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Table 3
Impact of Variations in the MCO Temperature

(continued)

The conduction equation for a solid cylindrical geometry with a uniform distributed heat source
yields the following equation

where

AT = temperature difference between cylinder centerline and radial position, r.

r = radial position measured from centerline

q * = volumetric heat source

k,. = thermal conductivity for composite material

The value of k for the composite material (spent fuel and water) can be estimated from the
porosity (volume fraction of fuel), p, per (Perry, 1963) as follows

where k ,̂ thermal conductivity of water (continuous phase).

These equations can be used to assess the maximum deviation of the thermal variation at the
MCO centerline and at the radius of each ring of spent fuel. Given that

0 _ MCO total decay power
volume of five fuel baskets

5 (IT) (0.292 mf (0.663 m)

cross sectional area of fuel
cross sectional area of MCO

= 446

- 2 1 -
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Table 3
Impact of Variations in the MGO Temperature

(continued)

(volume of fuel in one basket\
\ height of fuel basket )

cross sectional area of MCO

54 (1.47£-3 m3)
0.663 m

— (23 x .0254 m?
4

= 0.45

K = ^-nr = K (4-28)
c (1 045 "3)

A;c = 0.643 -^- (4.28) = 2.75 ~^-
m K m K.

Location

Ring 1
Ring 2

Ring 3
Ring 4

MCO

r
£ml

0.07
0.14
0.21
0.24

0.29

AT
CM

0.2

0.8
1.8
2.3
3.5

T @ r

m

53.3
52.7
51.7
51.2

50.0

The impact of the bounding radial temperature variation of 3.5 K on the reaction rate with M
= 1 and p = 12.35 KPa (as used above) is found by evaluating the reaction rate law at 326.5°K
and dividing by the reaction rate, k (1.73E-2), for 323°K.

- 2 2 -
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Table 3

Impact of Variations in the MCO Temperature
(continued)

k @ 326SK = 2.04 E-l

k @ 326.5 K = 2.04E-2
k @ 323 K 1.13E-2

= 1.18

A variation of 3.5°K from thermal equilibrium would result in a maximum uncertainty in the
measured reaction rate of approximately 20% if it is assumed that all the spent fuel experienced
this maximum variation from the intended temperature of 50°C.

Additionally, this radial variation in temperature will be reduced near the top of the MCO and
become zero at the water surface due to the partial vacuum established in the MCO gas space.
Boiling will occur near the surface. However, once the total local pressure (including
hydrostatic head) exceeds the vapor pressure for the local water temperature the boiling will
stop. This will occur at approximately 10 inches beneath the water surface for the planned test
conditions.

A refined estimate of the impact of the variation from thermal equilibrium can be made by
including the radial temperature distribution. The spent fuel in each ring will be at a different
temperature and will experience different degrees of variation from the desired 50°C value. A
mean reaction rate where the reaction rate for each fuel ring's temperature is weighted by the
fraction of spent fuel in that ring can be estimated as follows

k =

number of fuel elements
in each ring of
a fuel basket

( Total number
of fuel elements in a

fuel basket
A: (50)

where

i number of fuel ring
k(Tj) reaction rate for temperature of ith ring
k(50) reaction rate for 50°C

- 2 3 -
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Table 3

Impact of Variations in the MCO Temperature
(continued)

Substituting the appropriate values

£ _ 6 (2.02E-2) + 12 (1.96E-2) * 18 (1.867E-2) + 18 (1.83E-2)
54

k = 1.S9E-2

This is a factor of 1.09 times the rate at 50°C and shows that the influence of a radial
temperature gradient and radial fuel distribution is to reduce the potential uncertainty due to a
variation in thermal equilibrium.

- 2 4 -
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The other measured quantities used to conduct the reactivity measurement are the helium purge
rate and the molar ratio of hydrogen to helium in the exit stream. The calculated reactive area
is directly proportional to the variation in this quantities which per Table 2 are given as + 1 %
for the flow rate and + 1 % for the gas analyzer.

The inaccuracy in the inferred reaction area is equal to the product of the inaccuracy of each of
the three terms in Eq. (1) used to calculate the reaction area

Area Accuracy -
Reaction \

Rate (3)
Variation)

If the maximum positive variation in each quantity is taken

Area Accuracy = (1.01) (1.01) (1.06) = 1.08

which implies an over estimate of 8%. Likewise, if the extreme negative variation in each
quantity is taken

Area Accuracy = (0.99) (0.99) (0.94) = 0.92

which implies an under estimate of 8%. Thus, the inaccuracies in the selected instrumentation
could lead to an uncertainty in the inferred reaction area of the order of ± 10%. This is well
within the desired range of an order of magnitude measurement of the reactive area which has
been judged to be sufficient for the CVDF safety assessments.

As discussed in Section 5.1, uranium hydride formation could consume between 2 and 9% of
the hydrogen evolved from the reaction of uranium and water. This hydrogen consumption
would also contribute to the inaccuracy in the inferred reaction area as it could reduce the moles

of hydrogen detected in the helium purge by as much as 10% ~~nn\ A reduction in the

moles of hydrogen detected would lead to a reduction in the inferred reaction area. Thus, the
combined effect of instrument inaccuracies and up to 9% hydride formation could result in an
extreme negative variation of 0.83 (0.92 x 0.9) which implies a combined under estimate of
17%.

- 2 5 -
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Lastly, Table 3 assess the potential impact of variation from thermal equilibrium within the
MCO. This effect is estimated to be approximately 9 % which would increase the actual reaction
rate and lead to an over estimate of the inferred reaction area. Thus, the combined effect of
instrument inaccuracies and variations from thermal equilibrium could result in an extreme
positive variation of 1.18 (1.08 x 1.09) which implies a combined over estimate of 18%.

Thus, the combined effects of extreme instrumentation inaccuracies, hydrogen consumption by
the hydride reaction and variation from thermal equilibrium would lead to an uncertainty in the
inferred reaction area of the order of ± 20%. This is also well within the desired range of
accuracy.

The other significant uncertainty is the reaction rate correlation to be used for the spent fuel.
The oxidation (corrosion) rate for the spend fuel can be irradic. Furthermore, as pointed out
by (Flament, 1997), the reaction rate between the uranium metal and MCO water can be
dependent upon the temperature, oxygen content in MCO water and fuel swelling. The first two
dependencies have been discussed above and should be controllable in the planned measurement.
Irradiation effects on the reaction rate such as swelling are the subject of research being
contemplated by the Characterization Program. The uncertainty in the reaction rate for spent
fuel should be quantified and used when the actual reactivity measurements are conducted. As
discussed in Table 1, a factor (M) can potentially be used to capture the uncertainty associated
with spent fuel effects. Once the uncertainty is characterized it should be used to prescribe the
details of the reactivity measurement test. Specifically, the helium purge rate and test interval
should be based on the expected amount of hydrogen to be evolved during the test. The rate
multiplier will influence these parameters. However, the value of the rate law multiplier is not
important when an MCO's reactivity measured at 50°C is extrapolated to some other
temperature. The extrapolation calculation will result in the rate multiplier cancelling from the
final equation.

5.3 Measurement Procedure Considerations

The feasibility of the direct reactivity measurement will require the careful establishment of the
initial test conditions to accommodate the effects of thermal expansion during the heatup step
of the cold vacuum drying process and the dissolved air (oxygen) in the MCO water inventory.
The following actions should be addressed in the test procedure that establishes the initial
conditions for these open system measurements.

- 2 6 -
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1. The MCO should be vented during the heatup step to allow escape of any air that
comes out of solution from the fuel basin water.

2. The planned gas head volume should be confirmed and reestablished by removing
water through the short draw tube. This will correct for the change in water
volume during the heatup step and swelling during the helium purge and assure
that a gas space volume is established for purging helium.

3. The helium purge through the MCO (in through the long dip tube and out through
the short dip tube) should be established. It should be maintained while the
oxygen content in the exit stream is monitored to assure that the dissolved oxygen
is sparged from the MCO water inventory.

4. The helium purge rate during the reactivity measurement should be recorded so

that any variations can be identified and used (if necessary) when the data is

processed.

5. The molar ratio of hydrogen to helium should be monitored and recorded. Once
the dissolved oxygen has been removed from the MCO water inventory, the
molar ratio should be monitored to observe if a constant value is obtained. A
constant value would indicate a steady state condition. This would imply that any
hydrogen adsorption or absorption effects had been saturated.

- 2 7 -
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APPENDIX A - Closed MCO Reactivity Measurement

A reactivity measurement approach based on a closed MCO is assessed in this appendix. For
a closed system the reaction products from the corrosion of uranium metal in water could be
detected by monitoring the pressurization of the MCO over a given test interval. This approach
is judged to be feasible given that a long enough test interval (~8 hours) is used to assure
sufficient accuracy in the inferred reaction area. However, the open system approach using a
helium gas purge is also feasible but requires less time to perform. This major advantage of less
time leads to the selection of the helium purge approach over the MCO pressurization approach.

The assessment of the MCO pressurization approach is simply documented here for background
information regarding this alternate reactivity measurement approach. If this approach is to be
pursued further, the steps for conducting such a test could be pursued in more detail at that time.
For example, the possibility of de-oxygenating the MCO water inventory could be more
rigorously quantified. More explicit guidance on how to use the data collected during such an
oxygenated to a de-oxygenated state could be developed. Further, a brief inert gas purge
following MCO heatup could be used to mechanically mix the water inventory and further assure
that the assumption of thermal equilibrium is valid.

A.I Assessment of Test Parameter Uncertainties for Pressurteation Rate Measurements

The analysis would be made by using the ideal gas law and the observed pressure change as
hydrogen gas is added to the gas head space volume in the MCO and its attached piping.

where

P is measured rate of pressure change in MCO
riH is the hydrogen evolution rate (moles/sec)
R is ideal gas constant

TMCO is the gas head space temperature

V is the gas head space and attached processing pipe volume

Reaction rate data per unit area of uranium for the U-O2-H2O system is available. The product
of the uranium reaction area and the reaction rate data per unit area can be used to estimate the
hydrogen evolution rate. The reaction rate data is given as a function of temperature.

A-l
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(A-2)
\ si / v

where

nH

—- is calculated from the U-O2-H2O system reaction rates which is given as a
function of temperature

log — = 8.333 —— where rate data (k) is in units of mg of oxygen added
per cm2 of uranium per hour and M is a multiplier that
accounts for uncertainty (see Table 4)

A is the reactive area of the uranium
T is the U-O2-H2O system temperature (taken as TMC0)

Equation (A-2) shows that by knowing the temperature of the system and the volume of the gas
head space that measurements of the rate of pressure change in the MCO can be used to directly
calculate the reactive area of the exposed uranium surface in the MCO. It should be recognized
that the amount of fuel and its shape and exposed uranium surface area will vary for each MCO
such that a specific measurement will be needed for each MCO to ascertain the appropriate
uranium surface area for it. This surface area can then be used in calculations and assessments
that establish the safety basis for the CVDF.

The key consideration for determining the feasibility of the direct reactivity measurement is to
ascertain the ability to establish the proper set of initial conditions that would allow the direct
application and interpretation of the expression in Equation (A-2). The measurement of the
observed pressure change for a given interval of time for an MCO could then be used to quantify
the reactive surface area of the fuel in that MCO. Test parameter uncertainties which may
influence the direct reactivity measurement are screened below to determine the dominant effects
and identify suitable means of addressing them.

A.I . I Thermal Effects

The volume change of each component is assessed by estimating its growth due to the change
in temperature from 15 to 50°C as follows:

AV = P V AT (A-3)

where

A-2
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AV is volumetric change of component

/3 is volumetric coefficient of expansion for given material

V is initial volume of component at reference temperature (15°C)

AT is temperature change (50-15=35°C) that causes thermal growth

The volume change of the water in the M C O is estimated from the change in the specific volume

of water between the two saturated water temperatures. The change in specific volume is

multiplied by the initial water volume which can vary between given MCOs due to variability

in the amount of spent fuel and scrap material which can be placed in each MCO. Per (Duncan,

1997a) the reasonable range in M C O free volume (gas head volume plus water volume) is 500

to 820 ( and the estimated initial gas head space volume will be 15.4 i. Thus, the reasonable

range in water volume within a M C O as delivered to the CVDF is 485 to 815 I.

Table A- l summarizes the thermal expansion assessment during the heatup of the MCO and

transfer cask to 50°C. A negative sign has been used to indicate a decrease in the planned gas

head space volume and a positive sign has been used to indicate a potential increase. The

thermal expansion effects are calculated for a change from the initial 15°C condition to the 50°C

condition and assume thermal equilibrium at each condition between the MCO, fuel, fuel

baskets, water and gases within the M C O . The estimated net decrease in the planned gas head

space volume is between 4 and 8 liters. This would represent a significant fraction of the

planned gas space head volume of 15.4 liters. The total gas space available for collecting

evolved hydrogen during the reactivity measurement is the sum of the attached process piping

and the gas head space in the M C O . Per (Duncan, 1997a) the external piping at the time of

their reactivity measurement tests is estimated to be 27.5 feet of 2 inch pipe and 5.25 feet of

quarter inch tubing. The volume of this piping and tubing is approximately 18.3 liters.

Therefore, the combined gas space would be the sum of 15.4 liters and 18.3 liters or

approximately 33.7 liters. The estimated net change in gas head space volume during heatup

of 4 - 8 liters is also a significant fraction of the combined gas volume. This would have a

direct impact on the magnitude of the reactive area calculated from the observed pressure change

during the reactivity measurement since such a calculation assumes a known value of the gas

volume in the M C O and attached piping. The effects of thermal expansion can be addressed by

assuring the proper initial conditions are established for the MCO and attached piping following

heatup to 50°C . The reactivity measurement procedure should insure that the change in the

water volume is removed such that the initial water volume is reduced to the elevation

corresponding to the short dip tube in the top of the MCO prior to the pressurization

measurement.
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Table A-l

Thermal Expansion Assessment for 35°C Temperature Change

Gas Head Space
Volumetric Initial Volume Change

Component Expansion iff) Volume (I) During Heatup(f)

Fuel'"
(uranium)

Fuel Baskets
(stainless steel)

MCO Cylindrical
Shell (Stainless
steel)

Water

45.8E-6 K"1

49.7E-6 K"1

49.7E-6 K"1

N/A

400<2>

45

1.2E3

485

815

Net

-0.4

-0.07

+2.1

-5.4

-3.8 to -7.5

(1)Assumed to be all uranium; neglect zircalloy mass

(2)Assumed 270 E length Mk IV assemblies

<3)Initial volume of MCO cylindrical shell = — (242(2.54)2 - 232(2.54)2)(140)(2.54)

4
= 1.21E6cm3 = 1.2E3*
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A second test parameter thermal effect is the sustained MCO temperature during the
measurement interval. The tempered water system in the CVDF will be used to heatup the
MCO and maintain its temperature at 50°C. The accuracy of this temperature control could
influence the actual temperature of the MCO and its contents during the measurement interval.
The sensitivity of the planned measurement strategy is discussed in Section A.I (see Table A-6).

A.1.2 Gas Soluability and Absorption Effects

Fuel basin water (assumed to be approximately 15°C) is used to fill the MCO once the spent
fuel and scrap baskets have been loaded into the MCO. Since the fuel basin is open to
atmosphere it is assumed in this calculation that it is saturated with dissolved air. When the
water in the MCO is heated from 15° to 50°C at approximately 1 atm, the solubility of the
dissolved air is reduced and some air will come out of solution as a gas and collect in the free
volume (water plus gas spaces) in the MCO. The amount of gas in solution at these two
temperature conditions can be estimated by applying Henry's law (Perry, 1963).

Table A-2 demonstrates the potential impact of the reduced solubility of air in the water in the
MCO on the pressure measurement as the result of its heatup. The pressure change for an
isolated MCO due to air coming out of solution could equal or exceed that due to hydrogen
evolution during an eight-hour test interval. Thus, the initial conditions for the reactivity
measurement test should attempt to address this uncertainty by venting the gas head volume a
few times after reaching and soaking at the 50°C temperature plateau. This would likely be
accomplished on a previous eight-hour shift prior to the shift that actually conducted the
reactivity measurement data collection. It should be noted that the impact of air coming out of
solution during the reactivity measurement would add to the measured pressurization and imply
a larger than actual reaction area. This could result in a degree of conservatism in the safety
assessment which used such an over-estimate of the reactive surface area.

Another impact of the presence of dissolved oxygen is on the reaction rate. The reaction rate
used in this assessment assumes that oxygen is present. If the water surrounding the reacting
uranium becomes de-oxygenated during the test then the reaction rate would increase per the data
cited in the main report (see Figure 1).

The next gas solubility and adsorption effects to be considered regarding test parameter
uncertainties should address the possibility of hydrogen produced during the reaction of interest
"hiding out" in the MCO being tested. By "hiding out" it is meant that as the hydrogen is
evolved by the reaction between water and uranium metal it is stored within the system in a
manner that does not change the measured MCO gas head space pressure. Some of the
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Table A-2

Estimate of Impact of Reduced Solubility of Air Due to MCO Heatup

Henry's law states

H = PaiAdr (Perry, 1963)
H = 6.07E4 at 15°C for air in water
H = 9.46E4 at 50°C for air in water

Given that the gas space is air at approximately atmospheric pressure

Pair _ 1 atm _ . , , r ( mole air
°" H H mole solution

at \5'C

_ , n^p c mole air
mole solution

at 50'C

.-. Ax. = 5.9E-6 —"1° f r — is the change in air solubility due to heatup.A mole solution

The air mass released from solution during heatup is given by

where MW is the molecular weight of each specie (MWair = 28.8 kg/kg-mole and MWH0

18 kg/kg-mole).

The initial volume of water can range between 485 and 815 I (see Table A-l).

The corresponding range of water mass at 15°C (v = 1.0009 m3/kg) is

485 e x 10"3 — x l- = 0.485 kg

( 1.0009 m3/kg

815 e x 10"3 — x i = 0.815 kg
( 1.0009 m}/kg
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Table A-2 - Continued

The range in the mass of air released during heatup is

= 4.7E-6 kg air or 7.SE-6 kg air

This corresponds to 1.6E-7 and 2.7E-7 kg-mole of air being released.

The initial moles of air in the gas head space and attached piping is estimated from the volume,
33.7 I for atmospheric pressure (105 Pa) and 15°C using the ideal gas law

initial « , - IT (105^)(33.7£-3^^)
(8314 ™~m )(288 K)

if kg-mole

1.4E-3 Ag- mole

If the heatup was done with a constant volume with the MCO isolated, the measured pressure
will increase due to both the heating effect and due to additional moles of gas being added to
the fixed gas volume. However, since a negligibly small amount of air comes out of solution
the pressure increase is essentially due to only the temperature change.

The ideal gas law can be applied to demonstrate this effect:

Pso-c _ f323 K) "so
K) nu
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Table A-2 - Continued

where

n15 is the initial moles of gas in the head space volume and connected pipe (33.7 I

of air at 15 °C)

n50 is the final moles of gas in the combined head space and attached piping after air
comes out of solution (1.6E-7 to 2.7E-7 kg-mole) and joins the initial gas
inventory

•" lS'C

= 1.12
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hydrogen would go into solution until the water inventory is saturated with hydrogen at the 50°C
test condition. Furthermore, the evolved hydrogen could be adsorbed onto the solid surfaces
inside the MCO.

The amount of hydrogen that can be dissolved in the water in the MCO can be estimated by
applying Henry's law with the Henry law's constant for hydrogen in water (see Table A-3). The
calculation presented in Table A-3 assumes that the hydrogen evolution would be required to
saturate the dissolved hydrogen content of the entire available water inventory inside an MCO.
If the reactive area was mostly in the scrap basket and that basket was at the top of the MCO,
the hydrogen concentration in the MCO could be stratified. However, even less hydrogen would
be dissolved in a smaller water mass. Until this saturated condition was reached, little of the
evolved hydrogen would escape the water inventory and be added to the gas head volume or
become bubbles in the water in the MCO and thus, add to the gas mass and cause the pressure
in the MCO to increase.

Data on adsorption of the evolved hydrogen is not available. Thus, this feasibility study does
not attempt to calculate the inventory of evolved hydrogen which would "hide out" as an
adsorbed layer on the surfaces inside the MCO. However, it is known that as hydrogen is
adsorbed onto the exposed solid surfaces inside the MCO an equilibrium condition can be
established such that no further adsorption on the solid surfaces occurs. If this condition is
established before the reactivity measurements are taken then no additional adsorption would be
expected to occur during the measurement. Alternately, if the measurement interval is long
enough the effect of adsorption could be saturated during the initial part of the test and thereby
eliminated for the majority of the measurement interval.

A.2 PRESSURIZATION RATE ASSESSMENT

As discussed in Section A.I and shown by Equation (A-2), the reactivity measurement will
collect data on the pressure history for the MCO and use it to directly infer the reactive area.
This calculation will assume that the gas volume, gas temperature and temperature dependent
reaction rate are known and are constant during the entire test interval which will likely be
several hours long. Several of the test parameter uncertainties which could significantly alter
or completely mask the measurement of the evolution of the reaction products can be addressed
by carefully establishing an appropriate set of initial conditions. Section A.3 discusses these
considerations.
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Table A-3

Estimate of Potential Hydrogen Inventory that could Dissolve in MCO Water Inventory

The total number of moles of H2 evolved (nHJ during the test will be partitioned between the
water (n^) and gas (nJiJ regions in the MCO. Assuming saturated equilibrium a mole balance
for hydrogen can be given as

Henry's law yields

PH = HH xu with .

i ?H2
 nH20

fit, = —

The ideal gas law can be applied to the MCO gas space to estimate the partial pressure of H2

as

nH RT

PH ~ —H— where Vg is gas head space and attached piping volume.

P V
n

"> RT

Direct substitution leads to the expression

PH2
 v

g =

'* HH RT
"1

HH RT

By assuming some representative numbers for 8 hr test interval at 50°C the partial pressure of
H2 remaining in the gas region can be estimated.
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Table A-3 - Continued

Consider

nH = 0.025 g-mole H2 evolved

??> - E-l S™leH* and A . 10 m\ see Table A-A
A m2 -s

nHi0 = 26.94 g-mole H2O
(0.485 kg H2O, see Table 2)

Vg = 33.4 I
T = 323 K
HH = 7.65E4 atm

0.08206

mole HJmole H2O

( - atm
g-mole - K

Then

0.025 - PH
"* {7.65E4 (.08206)(323)J

0.025 = PHt (3.5£-4 + 1.26) = 1.26 P f t

p = 0.025
"* 1.26

or

PHJ^ __ (0.02)(33.4) = 0 0 2 5

RT (0.08206)(323) S

.'. Negligibly small amount of hydrogen is dissolved in the water in the MCO.
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The sensitivity of this calculation procedure will now be assessed. This assessment will include
a discussion of the instrument ranges and accuracy and sensitivity to both temperature variations
and different fuel inventories in an MCO.

Table A-4 summarizes a base case calculation for an MCO with a fuel load (270 E length Mk
IV assemblies) and no scrap basket. This table illustrates the calculational procedure including
the use of the reactivity rate data and the targeted initial test conditions. As discussed in Table
A-4, a rate multiplier of one has been used here. An assumed reactive area of 10 m2 is used.
The resulting pressurization rate is shown to be 0.085 Pa/sec.

The accuracy and range of the pressure and temperature instruments are important considerations
in assessing the feasibility of the reactivity measurement. Table A-5 lists the planned
instrumentation including the ranges and accuracy of the sensors. The respective manufacturers
were contacted to ascertain the accuracy of the selected instrumentation. Two pressure
instruments with ranges from 0 to 10 torr and 0 to 1,000 torr are provided. The accuracy of
the selected pressure instruments is + 0.5% of the reading. This combination of instrument
ranges and accuracy could provide sufficient resolution to monitor the pressurization which could
be produced by the reaction products from the reaction of interest. For example, if a four-hour
test interval was assumed and the pressurization rate of 0.085 pascals per second was observed
the pressure increase above the initial pressure of 1 atm would be 1224 pascal which could be
detected within by the absolute pressure measurement to within 0.5% or + 500 pascals. Such
a pressure change is within the range and accuracy of the 0 - 1000 torr instrument which is
assumed to be an absolute pressure measurement. However, if the four-hour test was conducted
and the reaction area was only 1 m 2, the pressure change would be approximately 122 pascals.
This change is not within the accuracy of the 1 - 1000 torr instrument. The test duration would
have to be four times longer (—16 hr) to be able to register a pressure change that matched the
pressure measurement accuracy. If a four-hour test were conducted and a reaction area was 20
m2 the pressure change would be approximately 2400 pascals which is readily within the range
of the 1 - 1,000 torr gauge accuracy. These qualitative estimates represent sufficient sensitivity
to different potential fuel inventories in the MCO or different degrees of cladding damage and
uranium metal exposure. A smaller fuel inventory in an MCO could lead to a potentially
smaller reactive surface area and a correspondingly slower formation of reaction products. This
would be reflected in a smaller pressurization rate. A lower bound on the reactive surface area
of interest for the safety evaluations could be used to set the required test duration. If the lower
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Table A-4
Base Case Pressurization Estimate

An MCO with a full fuel load (270 assemblies) is assumed to be installed in the CVD process
skid and its initial conditions set:

Vg = 33.4 I

T = 50°C(323K)

The temperature dependent reaction per unit area (k) for the U-O2-H2O system at 323 K can be

calculated from

log (fc) = 8.333 - ^^- T in K

However, this expression is based on data for unirradiated uranium. Research indicates that
irradiation and surface roughness effects could cause the reaction rate to increase by a factor of
2 to 10. If it is assumed that the shape of the rate law is the same then a simple multiplier (M)
can be used to represent these effects

A value of one will be used for M in this assessment. However, this is a major unresolved item
which must be addressed before the test interval can be specified.

log [^ = 8.333 - ~ - - 3-215

k = 6U£-4 m$ w

cm2 hr

A convenient reaction rate unit is g-mole H,/m3 - sec and the appropriate conversion factor (k)

is

1 mgO Ihr \g 104 cm2 1 gmole 0 x 1 gmole H2 gmole H2 _
cm2hr 3600i \Q> mg m2 16 g O 1 gmole O m

2-s

So,

S, O 50-C = 1.06E-7
A
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Table A-4 - Continued

The actual exposed surface area of uranium metal is unknown and is the object of conducting
the reactivity measurement. However, in this estimate the reactive surface area of 10 m2 is
assumed.

Per Equation (A-2) the pressurization rate is

P = LO6E-7 S2H2I1 8.3l4 JUlHiL 323 K
2 8.3l42s Kg-mole 3.34E-2 m1

p = 0.085 Pa/s or 300 Pa/hr

The test duration can be selected to assure that the observed pressure change is sufficient to be

accurately measured.
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Table A-5
Test Instrumentation Ranges and Accuracy

Component
Description

Pressure Indicator
and Transmitter

Pressure Indicator
and Transmitter

Temperature
Elements

Tag

PI-l*08
PT-l*08

PI-l*10
PT-l*10

TE-l*07
TE-2*14
TE-2*15
TE-2*18
TE-3*05
TE-3*12
TE-3*13

Manufacturer

MKS
Instruments

Inc.

MKS
Instruments

Inc.

MTI Industrial
Sensors

Model
Number

230DA-
00010BBB

230DA-
01000BBB

RC-4-9-A"
-D-3-P10

-H012-TTC
-Bll

Range

0-10 torr<»

0-1000 torr(1)

0-400 F

Accuracy

±0.5% of
reading

±0.5% of
reading

± 1 % full
scale

(^Maximum service conditions are 5 psi and 140°F. Overpressure limit is 35 psia.
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bound reactive surface area were set at 0.3 m2 for example, then the pressure change in four
hours would have to be extended to approximately 54' hr to detect a pressure change. If the
pressure measurements were configured to measure a differential pressure, then the pressure
changes for the 1, 10 and 20 m2 areas and a four hour test could be adequately detected by a
0 - 1000 torr pressure instrument. A reactive area as small as 0.3 m2 would require a test
interval of approximately 8 hr to register a 73 Pa (0.5 torr) pressure. This would be expected
to be observable on a 0 - 10 torr differential pressure instrument with limited confidence and
probably represents the lower detectable surface area limit.

This evaluation indicates that if the selected, pressure instruments are configured as absolute
pressure devices than test intervals in excess of several days would be needed to resolve reactive
surface areas as small as 0.3 m2. However, if the pressure instruments are configured as
differential pressure devices the test interval could be 8 hrs or less.

These observations are based on the calculation provided in Table A-4 which only considers
variations in the surface area and resulting pressure change. Variability in the other parameters
(gas volume, temperature and reaction rate) remains to be formalized in the final assessment.

The range and accuracy of the specified temperature sensor, will result in resolution to within
+ 2.2°C. The sensitivity assessment can be expanded to include temperature variations as
presented in Table A-6. A range of temperature variation of ± 4°C about the targeted 50°C
test condition is evaluated. The evaluation assumes that a pressurization rate of 0.085 pascal per
second was measured in each case. Each temperature in the table was used to assess the
corresponding reaction rate and then Equation (A-2) was used to calculate the corresponding
reactive surface area. The table displays a range in the calculated value for the reactive surface
area. If the temperature was thought to have been 50°C, but due to the accuracy of the
temperature measurement was actually 48°C then the reactive surface area required to produce
a 0.085 pascal per second variation would be 14.2 m2 rather than 10 m2 which would
correspond to a system at 50°C. Thus, the inaccuracy in the temperature measurement could
lead to approximately a 20% discrepancy in the inferred reactive surface area. Furthermore,
the temperature of the MCO could vary during a multiple hour test depending upon the ability
of the tempered water system to maintain a constant temperature. If the tempered water system
resulted in a bath temperature of + 4° approximately a 40% variation in the inferred reactive
surface area could result. Thus, it would be important to assure that the tempered water
temperature history is monitored and recorded during the test so that any variations during the
test interval could be documented and quantified (if required) when the reactive surface area is
inferred.
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Table A-6
Sensitivity of Inferred Reactive Surface Area to Temperature Variations

Temperature directly effects the area calculation per the use of the ideal gas law (see Equation
(A-2)) and due to the temperature dependence of the reaction rate (see Table A-4 and figure 1).
The sensitivity of the inferred reactive surface area is investigated here by assuming that a
pressurization rate of 0.085 Pa/sec has been measured and calculating the reactive area that
would be required for different actual temperatures.

Actual
Temperature

GO

319
321
323
325
327

Reaction(1)

Rate

g- mole H2

m1-s

7.58E-8
8.96E-8
1.06E-7
1.25E-7
1.46E-7

Reactive
Surface Area

(m2)

14.2
11.9
10.0
8.4
7.1

(1>Rate multiplier = 1.

For example, if the indicated temperature was 323 K but the actual temperature was 321 K then
the inferred reactive surface area would be 10 m2 but the actual surface would be 11.9 m2.
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A.3 MEASUREMENT PROCEDURE CONSIDERATIONS

The feasibility of the direct reactivity measurement will require the careful establishment of the
initial test conditions to accommodate the effects of thermal expansion during the heatup step
of the cold vacuum drying process. The following steps should be included in the test procedure
that addresses the initial conditions for these measurements.

1. The MCO should be vented during the heatup step to allow escape of any air that
comes out of solution from the fuel basin water.

2. Once the MCO and its contents have been heated to 50°C by the tempered water
bath, a dwell interval of several hours at 50°C should be provided. By soaking
at this temperature the objective will be to produce a thermal equilibrium between
the MCO and its contents including the gas and water spaces.

3. The planned gas head volume should be confirmed and reestablished by removing
water through the short draw tube. This will correct for the change in water
volume during the heatup step and assure that the desired gas space volume is
established.

4. The temperature of the MCO should be monitored and recorded during the test
interval so any variations in the temperature during the test interval can be
quantified when the data is processed and the reactive area is inferred.
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1.0 PURPOSE

The purpose of this calculation is to assess the feasibility of an integral reaction rate proof test at the
Cold Vacuum Drying Facility (CVDF). The purpose of the proof test is to measure the reactivity of
uranium fuel in an MCO. These measurements may contribute to the safety basis for the CVDF. The
proposed direct reactivity measurement tests will measure the rate of release of hydrogen which is
a reaction product for uranium metal corrosion. The hydrogen concentration in a helium purge
stream will be measured with a spectrometer. A second reactivity measurement approach based on
observing the pressure increase in the head space in the MCO after the water has been heated to 50°C
has also been identified and its feasibility assessed (Appendix A). Each test strategy directly measures
the MCO reactivity for the single given test temperature (50°C). The MCO reactivity at other
temperatures is also needed. This can be estimated by considering the reactivity to be the product
of the reaction rate per unit area and the reactive area of the uranium in the given MCO. The
available temperature dependent reaction rate data can be used to infer the MCO's reactive area for
the 50°C measurement temperature. The inferred reactive area is not temperature dependent. It can
be.used to estimate the MCO reactivity at other temperatures when the available reaction rate data
is applied to those other MCO conditions. Measurement inaccuracies and their impact on the
feasibility of these measurements are determined.

This feasibility assessment will be based upon the planned facility configuration and instrumentation
as currently defined (DRAFT 90%). The feasibility assessment will also consider the ability to
perform the direct reactivity measurements in a reasonable time interval. A period of a shift
(approximately 8 hours) or less has been assumed as a reasonable time interval objective.
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2.0 SUMMARY AND CONCLUSIONS

It is concluded that the proposed reactivity measurement based on recording the changes in the molar
ratio of hydrogen to helium in the purge flow due to the reaction products from the uranium metal
water reaction is feasible. The currently planned CVDF design may require some modification for
spectrometer sample line. A reasonable, i.e., less than one shift, test duration can likely be used and
still assure sufficient accuracy for confidence in the measurement results.

The major conclusions from this feasibility study are

• measurement strategy is feasible given that a means is added to the facility
(new equipment) foraiJdl^iaiBbhJtpfe^iloWilo?? $|5feftui»st|j ; |&|Mp0; | | ^
removing water vapor from the MCO gas sample supplied to the mass
spectrometerE j^lspfii pressure so^fibisystSj* istaftfded; Itetjiiil and-the
desired MCO pressure (-100 torr) can be accurately controlled,

• the actual rate law for spent fuel must be confirmed so that the specific test
parameters (helium purge rate and test interval) can be established.
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The reaction rate data per unit area of uranium for the U-H2O system for spent fuel is needed to
estimate the reactive area of the exposed and unreacted uranium surface in the MCO. It should be
recognized that the amount of fuel and its shape and exposed uranium surface area will vary for each
MCO such that a specific measurement will be needed for each MCO to ascertain the appropriate
uranium surface area for it. This surface area can then be used in calculations and assessments that
contribute to the safety basis cfiaracfefiaiBg thM pfiOfesssjfor the CVDF for a variety of conditions.

The key consideration for determining the feasibility of the direct integral reactivity measurement is
to ascertain the ability to establish the proper set of initial conditions that would allow the direct
application and interpretation of Equation (1). A practical issue for these measurements is the time
required to obtain stable data for each MCO.

The helium purge method has been selected over the MCO head space pressurization reactivity
method of reactivity measurement based on this practical consideration. The estimated time for the
pressurization measurement could be as long as 8 hr (see Appendix A) to assure sufficient accuracy
given the possible uncertainties. The estimated time for the helium purge method is approximately
an hour given a well behaved reaction rate characterization. Thus, the two measurement techniques
appear to be feasible but the helium purge method appears to provide the most practical approach.

The test parameters and initial conditions which may influence the helium purge direct integral
reactivity measurement are screened below to determine their effects and identify suitable means of
addressing them.

5.1.1 Thermal Effects

The MCO is filled with spent fuel and fuel basin water when it is delivered to the CVDF for
processing. Thus, it is initially at ambien.t condition? "which are assumed to be approximately 15°C
The tempered water system is used to heat the transfer cask, MCO and the MCO contents to 50°C
over an approximate duration of 300 minutes, (see CVDF process flow diagram, H-l-82166.) Any
decay heat or exothermic reaction heat liberated during the heating process will simply assist the
heatup step by the tempered water system. Once the MCO and transfer cask are heated to 50°C it
is assumed in this assessment that the tempered water system will maintain them at a uniform 50 °C.
It is further assumed that a thermal equilibrium will be established and maintained by the tempered
water system between the MCO contents (fuel, water and gas space).
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Table 1 summarizes a base case calculation. This table illustrates the calculational procedure
including the use of the reactivity rate data and the targeted initial test conditions. As discussed in
Table 1, a rate multiplier of one has been used here. An assumed reactive area of 10 m2 is used. The
resulting molar ratio of hydrogen to helium for a 10 m2 reactive area is shown to be 0.4 which is well
within the resolution possible with the mass spectrometer. Table 2 indicates a detection limit of 50
ppm. Given 100 ppm hydrogen in helium the molar ratio is very small, i.e., 2E-4 which means that
the spectrometer could detect very low hydrogen concentrations. Also, a reactive area of only 0.5
m2 would result in a molar ratio of 0.008 which is also within the possible resolution.

The accuracy and range of the pressure, temperature, purge flow and spectrometry instruments are
important considerations in assessing the feasibility of the reactivity measurement. Table 2 lists the
planned instrumentation including the ranges and accuracy of the sensors. The respective
manufacturers were contacted to ascertain the accuracy of the selected instrumentation. Two
pressure instruments with ranges from 0 to 10 torr and 0 to 1,000 torr are provided. The accuracy
of the selected pressure instruments is ± 0.5% of the reading. This combination of instrument ranges
and accuracy could provide sufficient resolution to monitor the hydrogen which could be produced
by the reaction products from the reaction of interest.

An assessment of the impact of instrument errors and accuracy is provided here. The MCO pressure
will be controlled during its heat-up to 50°C by the tempered water and vacuum systems. The
desired pressure which corresponds to the saturation condition at 50°C is 12 35 K Pa (95 torr). The
accuracy ofthe 0-1000 torr pressure instrument is ± 0.5% of the reading or ± 0.06 K Pa 0K46 torr).

et:: Snj ihfe M(t& ii-wil;! iimSmfaltiir-jfe! teinperattire %fe>ei: to*: fMi suri|fe jternp'waliife; =| fThe
corresponding range in the system temperature due to this range of variation in the pressure
measurement is ± 0.1 °C. The combined impact on the inferred reaction area ofthe inaccuracies in
the pressure measurement and concomitant variation in the corresponding saturated water
temperature is small (± 0.6% variation in k as shown in Table 3). This variation is smaller than the
data scatter used to derive the reaction rate correlation. Table 3 also assess the potential impact for
variation from thermal equilibrium at 50 °C and its impact on the reaction rate. This impact on the
accuracy ofthe reactivity measurement is discussed below.
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