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1.0 PURPOSE AND SCOPE

This report provides an evaluation of Hanford tank bump accident potential and consequences
during waste retrieval operations. The purpose of this report is to consider the best available new
information to support recommendations for safety controls. A new tank bump accident analysis
for safe storage (Epstein et al. 2000) is extended for this purpose.

A tank bump is a postulated event in which gases, consisting mostly of water vapor, are suddenly
emitted from the waste and cause tank headspace pressurization. Tank bump scenarios, physical
models, and frequency and consequence methods are fully described in Epstein et al. (2000).

The analysis scope is waste retrieval from double-shell tanks (DSTs) including operation of
equipment such as mixer pumps and air lift circulators. The analysis considers physical
mechanisms for tank bump to formulate criteria for bump potential during retrieval, application
of the criteria to the DSTs, evaluation of bump frequency, and consequence analysis of a bump.
The result of the consequence analysis is the mass of waste released from tanks; radiological
dose is calculated using standard methods (Cowley et al. 2000).

FAI/00-52, Rev. 0 1-1 August 2000
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2.0 SUMMARY OF FINDINGS

Waste retrieval activities have been evaluated to identify credible tank bump accident scenarios,
estimate their frequency, and calculate radiological and toxicological consequences stemming
from predicted source terms.

Retrieval operations were reviewed with respect to tank bump phenomena and possible scenarios
were presented as logic trees. Based on a set of ventilation system success criteria and the tank
bump requirements presented in the safe storage accident analysis (Epstein et al. 2000), a
scenario for further analysis was developed. This scenario states that during mixer pump
operation, the ventilation system fails and mixer pumps are shut down to minimize heat load.
Then, the ventilation system cannot be recovered prior to tank self-heating to bump conditions.

Success criteria assume that the ventilation system will maintain waste temperatures beiow
limiting condition for operation (LCO) 3.3 .2 for indefinite mixer pump operation, as in the
analysis of Crea et al. (2000). The results of the safe storage accident analysis

(Epstein et al. 2000) can then be used to immediately state that tank bump during retrievai
frequency is beyond extremely unlikely for all DSTs, with the exception of the aging waste
facility {AWF) tanks. Safe storage results show that starting from the LCO 3.3.2 temperature
limits of 195°F, tank self-heating to bump conditions would require hundreds of days, excepting
the AWFs. In addition, this report shows that for DSTs with a total decay heat load of less than
10 kW, tank bumps are impossible, regardless of non-convective layer depth or the fluffing
factor.

The AWFs were considered further and Tank 241-AZ-102 was selected as the bounding tank for
both frequency and consequence analysis, based on the safe storage results of the analysis
(Epstein et al. 2000) and Crea et al. (2000). For the frequency analysis, the duration of mixer
pump operation is a key risk metric. A long mixer pump duration increases the likelihood of
ventilation system failure during mixer pump operation and heats the waste to reduce the
available recovery time. For the planned operations, which have mixer pump operations lasting
only a few days, tank bump frequency is beyond extremely unlikely because the available
recovery time will be much larger than even the worst corrective maintenance times. Mixer
pump operation was studied parametrically, however, to account for prolonged operation caused
by schedule delays, grocedural errors, and the like. Tank bump frequency becomes credible

(greater than 1 x 10" /demand} if the mixer pumps operate for approximately one month.

Consequences were calculated for Tank 241-AZ-102 in much the same manner as they were
calculated in the safe storage accident analysis (Epstein et al. 2000). Only the first batch
operation for Tank 241-AZ-102 was considered, subsequent batches will have smaller waste
inventories and heat loads. The main difference between consequence analysis in the safe
storage scenario and consequence analysis for the retrieval scenario is the waste properties. A
fluffing factor of 2.0 was applied to settled waste, per Crea et al. (2000), which means relative to
the safe storage scenario, the non-convective layer has a smaller solids mass (or volume) fraction
and smaller yield strength. A fluffing factor value of 2.0 proves to be very conservative, in light
of mixing test results that indicate best-estimate values of 1.3 or 1.4, Calculations using the
Meyer and Wells (2000) criterion described in the safe storage accident analysis

FAL/00-52, Rev. 0 2-1 August 2000
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(Epstein et al. 2000) indicate that a tank bump initiated by retrieval operations is possible only
for fluffing factor values greater than 1.7

For Tank 241-AZ-102, HADCRT parametric runs were performed to study the range of
outcomes for a retrieval bump. The HADCRT code is an integrated model for storage tank
thermal-hydraulic and accident phenomena (Malinovic et al. 2000). Code revisions for bump
phenomena are described in the safe storage accident analysis (Epstein et al. 2000). The
parametric runs considered a range of initial gas volumes and two supernatant temperatures, 94
and 100°C. The size of the retrieval bump, in terms of headspace overpressure and aerosol
generation, is very sensitive to the supernatant temperature. The 94°C value is identified as a
best-estimate, based on the work of Crea et al. (2000), while 100°C is an upper bound assuming
pure water properties. The analysis of Crea et al. (2000) shows that when the non-convective
layer reaches saturated conditions, the supernatant is not yet saturated and is only 94°C. (As
shown in the safe storage accident analysis (Epstein et al. 2000), the supernatant temperature
determines the bubble expansion ratio, which is the bubble gas volume exiting the top surface of
the supernatant to the initial gas volume.) This series of parametric runs revealed that for the
best-estimate supernatant temperature and the expected initial gas volume(s), retrieval tank bump
consequences would be much smaller than the consequences calculated for the safe storage
scenario. This is because the retrieval scenario bumps should be weak by comparison and the
filters should not fail on overpressure.

A bounding, unmitigated scenario was identified for Tank 241-AZ-102, nevertheless, assuming
that the initia] gas volume in the bump would be half the initial gas voiume in the safe storage
bump already analyzed. Parametric runs for the strength of a single bump show that with a
fluffing factor of 2.0, a retrieval scenario bump of 4.0 m® of initial gas released would be nearly

as strong as the safe storage scenario bump with 8 m® of initial gas released. But halving the
initial gas volume means that the total number of bumps is roughly doubled. In the bounding
retrieval bump scenario, 29 bumps occur over a span of three weeks. In keeping with the
definition of a bounding, unmitigated scenario, HEPA filters were not credited and no account
was made of their decontamination factor or pressure drop characteristics.

HADCRT analysis shows that the bumps are spaced so far apart (18 hours) that each individual
bump is unaffected by the previous bump. Between bumps, all airborne aerosols are either
deposited back to the waste surface or expelled. In other words, the headspace returns to the
initial conditions before the next bump occurs. The source term from # bumps is then simply »
multiplied by the source term of a single bump. For a single bump, 0.42 kg of waste are released
including 0.01 liters of solid and 0.36 liters of liquid. Note that the solids mass fraction of the
released waste is smaller in the retrieval scenario due to fluffing,

As in the safe storage accident analysis (Epstein et al. 2000), radiological consequences were
calculated based on methodology identified in Cowley et al. (2000). Radiological and
toxicological consequences were calculated for one bump only. The presumption is that after the
first bump occurs, mitigating actions would minimize or prevent dose to both the on-site worker
and off-site receiver. During an eight-hour shift, total on-site worker dose is 0.003 Sv for a
receiver at 100 m. For an eight-hour event, the off-site dose i1s 6 x 10° sv. Toxicological
consequences were calculated using methodology identified in

FAI/00-52, Rev. 0 2-2 August 2000
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WHC-SD-WM-SARR-011 (1996) and found to be within guidelines for continuous release
assumptions, but not puff release assumptions.
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3.0 OPERATIONS, EQUIPMENT, AND WASTE PARAMETERS CONSIDERED

This section describes the retrieval activities as planned for double-shell Tanks 241-AZ-101,
241-AN-104, and 241-AN-105. Primary information sources are Carlson (1999a and 1999b).
Because retrieval operations are amply described in these references and elsewhere, the focus
here is only to summarize them in sufficient detail to understand the accident scenarios evaluated
in Sections 5.0 and 6.0. In the references, much of the discussion of waste feed delivery
activities (the terms waste feed delivery and retrieval are used interchangeably here) pertains to
administrative, waste qualification, and transfer processes that have no bearing on tank bump
phenomena.

Because the tank bump criteria from the safe storage accident analysis (Epstein et al. 2000} are
used again frequently, they are repeated here for convenience. Criteria are presented and ordered
to create a graded approach from the easiest to most difficult to apply, and to leave successively
fewer remaining tanks to screen. Individual tanks are excluded from further consideration if any
of the following are true:

1. There is an insignificant non-convective layer,
2. Supernatant depth does not exceed 1 m,
3. Total tank heat load can be removed by steady-state conduction through

the soil overburden (total tank heat load is less than 8500 W),

4, The time to saturated tank conditions exceeds the time needed for
ventilation system repairs using a lumped capacitance (single waste
temperature) approach,

5. The time to saturated tank conditions exceeds the time needed for
ventilation system repairs using separate energy balances for supernatant
and non-convective layers, and

6. Neutral buoyancy cannot be attained in the non-convective layer through
buildup of noncondensible gases.

The limiting conditions for operation are also referred to repeatedly. They are as follows
(HNF-SD-WM-TSR-006 2000):

LCS/LCO332 The WASTE temperature shall be either:
a. < 195°F in all levels of the waste.
OR

b. < 195°F in the top 15 f. of the waste

FAL/00-52, Rev. 0 3-1 August 2000
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AND

< 215°F 1n the waste below 15 ft.

3.1 TANK 241-AZ-101 FEED DELIVERY ACTIVITIES

A logic diagram for Tank 241-AZ-101 waste feed delivery activities is shown in Figure 3-1.
This figure is a streamlined version of a logic diagram shown in Carlson (1999b).

Feed qualification is the first feed delivery activity. One set of samples will be used for the
entire Tank 241-AZ-101 inventory, which will be delivered in nine batch transfers. Feed
qualification begins with five days of mixing using two mixer pumps. After the non-convective
layer has been mobilized and the waste is homogeneous, samples are obtained, provided to the
feed delivery customer, and analyzed. The mixer pumps are stopped and the waste is cooled in
Tank 241-AZ-101 while the samples are qualified.

After the CH2M Hill Hanford Group (CHG) and feed delivery customer concur on the feed
qualification, the waste in the tanks is mixed with two mixer pumps for two days to ensure the
waste is well mixed. This second mixing process should take less time because the waste should
be easier to mobilize. The waste is cooled for five days as preparations take place for the batch
transfer. The waste transfer pump transports the waste through the Tank 241-AZ-01A central
pump pit, onto the “New AZ Valve Pit,” and then to the feed delivery customer. For batch
transfers two through nine, the processes of mixing, cooling, and transfer are repeated.

3.2 FEED DELIVERY ACTIVITIES FOR TANKS 241-AN-104 AND 241-AN-105

Waste transfers from Tank 241-AN-105 to the feed delivery customer are described in

Carlson (1999a and 1999b). Feed delivery activities for Tank 241-AN-105 are more complicated
than for Tank 241-AZ-101 feed delivery activities and consist of degassing, settling, decanting,
salt cake dissolution, decanting again, and delivery. These steps are shown in Figure 3-2, which
also indicates that the activities description for Tank 241-AN-105 applies just as well to Tank
241-AN-104. Each step is described below with attention to tank bump concerns only.

Degassing involves mixing the settled solids to release flammable gases. (This step is optional
and the process might begin with decanting immediately.) To limit the flammable gas release
rate, mixer pumps will be operated intermittently and sequentially over the course of a few days.
This operating mode also limits the amount of mixing; extensive mixing is not especially
desirable because the supernatant must be decanted from the salt cake.

After degassing, the tank is allowed to settle for 30 days. This minimizes the amount of solid in
the supernatant and keeps the transfer consistent with the feed delivery specification for low
activity waste (LAW) transfers. During this period, only the ventilation system and its ancillary
functions must operate.

After 30 days of settling, the supernatant will be decanted by transferring it with in-line dilution
from Tank 241-AN-105 to Tank 241-AP-102, which is the “interim waste staging tank”.

FAI/00-52, Rev. 0 3-2 August 2000
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Figure 3-1. Simplified Logic Diagram for Tank 241-AZ-101 Feed Delivery Activities.

L
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AN-105 and 241-AN-104 Feed Delivery Activities.

Figure 3-2. Tanks 241
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Carlson (19992 and 1999b) states that something like 790,000 gallons (2,991 m’) will be
decanted to Tank 241-AP-102, but the actual amount transferred will depend on the effectiveness
of settling during the 30-day interim. The Hu et al. (2000) waste database states that there are
2,441 m° of supernatant in Tank 241-AN-105.

Salt cake remaining after the first decanting process is then dissolved by the addition of raw
water and mixed for seven days. The Waste Feed Delivery Reliability, Availability, and
Maintainability (WFD RAM) study (Carlson 1999a and 1999b) assumed that the waste
temperature does not exceed limiting conditions for operation (LCO)
(HNF-SD-WM-TSR-006 2000). This work makes the same assumption for reasons described
below.

A second decanting process will transfer the remaining waste volume in Tank 241-AN-105,
except for a heel, to Tank 241-AP-104 for sampling and qualification.

Waste in Tanks 241-AP-102 and 241-AP-104 will be mixed for a short time and sampled for
feed delivery qualification.

After meeting feed delivery qualifications, the contents of each tank will be transferred to the
customer’s low activity waste (LAW) feed tank. This involves one batch transfer for each
interim tank.

3.3 TANK BUMP CONSIDERATIONS FOR FEED DELIVERY ACTIVITIES

Feed delivery activities are examined for potential tank bump scenarios. The following
assumptions are used in combination with the screening criteria presented in the safe storage tank
bump accident analysis (Epstein et al. 2000):

1. Feed delivery activities begin with the current safe storage conditions.
Waste temperatures are at current, steady-state values and primary and
annulus ventilation systems are functional.

2. Normal mixer pump operation prevents a tank bump, assuming that the
supernatant is highly sub-cooled at the start of mixing. The safe storage
tank bump analysis lists the conditions required for a tank bump. First, the
waste must consist of a heat generating non-convective layer with a deep,
overlying supernatant. Another condition is that the supernatant must be
saturated or nearly so to create significant expansion of the released gas
bubble. Bubble expansion is minimal (a factor of 4 for 10 m of
supernatant} for 10°C sub-cooling. If the supernatant is highly sub-cooled
at the time of mixer pump start-up, gases released by disturbing the waste
will not result in significant bubble expansion. Once the mixer pumps
have operated for a time and the non-convective layer is fluidized, the
configuration for a bump no longer exists.

3. Primary and annulus ventilation are sized to keep waste temperatures
below the LCO 3.3.2 temperature limit requirements, even for indefinite
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mixer pump operation. Although the mixing operations described above
last for a few days only, the primary and annulus ventilation systems will
operate with flow rates to ensure that the LCO 3.3 .2 requirements are not
exceeded, despite indefinite operation. Crea et al. (2000) shows that this
can be accomplished for the aging waste facility tanks by operating the
existing primary and annulus ventilation systems within design limits.

4. A success criterion is that primary and annulus ventilation are both needed
to maintain waste temperature below tank bump conditions. Success
criteria are defined as the minimum sets of equipment needed to maintain
a safe, stable state where all waste temperatures meet LCO 3.3.2 and are
either steady or declining. Clearly, both the primary and annulus
ventilation systems are needed to maintain temperatures below the LCO
3.3.2 requirements, while the mixer pumps are operating indefinitely with
a total power of 600 hp. This work assumes the same success criterion is
needed to prevent bumps, regardless of mixer pump operation. This
amounts to assuming that a failure of either system leads to bump
conditions.

If the primary ventilation system operates, but the annulus ventilation
system does not, bump conditions in the non-convective layer are possible,
but the supernatant will remain highly sub-cooled. This does not
necessarily lead to a safe, stable state, however, because the non-
convective layer temperature can exceed the local saturation temperature.
The annulus ventilation system alone cannot prevent bumps because the
supernatant temperature cannot be maintained. The WFD RAM state that
air lift circulators (ALCs) will be used to maintain safe storage. This work
does not consider operation of the ALCs because there is no thermal-
hydraulic analysis to support ALC operation as a success criterion for
retrieval bump scenarios. Moreover, inadvertent use of the ALC can lead
to a bump.

5. Waste feed deliveries in all the aging waste facility tanks are the same as
the description above for Tank 241-AZ-101.

6. In the aging waste facility tanks, tank bump risk (frequency times
consequences) for the first batch bounds the risk from subsequent batches.
Each subsequent batch has a somewhat lower tank heat [oad, supernatant
depth, etc. Since there are nine batches planned, the total tank heat load
decreases by about 11% after the first batch transfer. This assumption
removes the need to perform consequence and frequency calculations for
each batch transfer because the first one is bounding for both frequency
and consequences.

7. Partial mixing scenarios are considered for both the LAW and AWF tanks.
In a partial mixing scenario, mixer pump operation causes a non-uniform
height distribution in the non-convective waste. This could happen if a
single mixer pump operated very briefly, so as to sweep only a smali
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portion of the tank and allow the mobilized solids to settle in other parts of
the tank.

Tank bump scenarios for feed delivery activities are considered next on the basis of these
assumptions and the screening criteria of the safe storage tank bump accident analysis
{Epstein et al. 2000).

3.4 TANK BUMP CONSIDERATIONS FOR LAW FEED
DELIVERY ACTIVITIES

Each of the steps in the LAW feed delivery is considered for tank bump potential. The logic
discussed below can be represented by the LAW feed delivery event tree in Figure 3-3.

For the first degassing step, initial mixer operation cannot cause a bump, per assumptions 1 and 2
above. A tank bump caused by indefinite mixer pump operation with operating ventilation can
be ruled out on the same basis. If the mixer pump fails or is shut off, but primary and annulus
ventilation do not fail, a bump cannot occur on the basis of assumptions 1, 3, and 4. If the mixer
pump is shut off {or fails) prior to or concurrent with primary and annulus ventilation system
failure, a tank bump is excluded on the basis of bump criterion 4 from the safe storage accident
analysis (Epstein et al. 2000). This branch of the tree results in tank self-heating, with the LCO
3.3.2 limits as bounding initial conditions. Assuming the L.LCO 3.3.2 as the initial conditions, it
takes at least 350 days to reach saturated conditions {Table 6-5 of Epstein et al. (2000)). Some
tanks can never bump in this scenario, despite the loss of ventilation, because the total tank heat
load can be removed by conduction. Section 4.0 demonstrates that for tanks with a heat load less
than roughly 10 kW, bumps cannot occur, regardless of non-convective layer height (the fluffing
factor) or non-uniform waste distribution caused by partial mixing.

It can be postulated that mixer pump operation continues after primary and annulus ventilation
system failure and heats the waste to saturated conditions. This involves two procedural errors:
failing to turn off the mixer pumps immediately and then turning them off when the waste
temperature approaches bump conditions. A tank bump is then possible after the waste settles, if
the tank total heat load is sufficient and if the ventilation system cannot be recovered in the
meantime.

For the first degassing procedure, tank bumps are immediately judged to be beyond extremely
unlikely. As already stated, the “Bump Conditions @ > 350 days” end state is dismissed based
on generic corrective maintenance clock times. The “Bump Conditions After Settling” end state
is dismissed because it calls for an equipment failure (Ventilation Fails), two operator errors, and
a failure to repair ventilation prior to settling. Operators will use the mixer pumps intermittently,
which means they will be acutely aware of the need to stop mixer operation in the event of
ventilation failure. Settling could be on the order of a few days, as demonstrated by waste
transfer for Tanks 241-C-106 to 241-AY-102 (Ogden and Bratzel 2000) and the Tank
241-AZ-101 mixer tests (Carlson et al. 2000). According to the WFD RAM, a few days would
still be enough to recover the annulus or primary ventilation system in many instances, provided
that relatively simple restoration activities are needed rather than lengthy corrective maintenance
functions.
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Figure 3-3. LAW Feed Delivery Tank Bump Event Tree.
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Although the “Bump Conditions After Settling” end state can be dismissed on frequency
(probabilistic) grounds, the thermal-hydraulic response to this scenario is worth discussion. This
branch of the tree assumes that the mixer pumps continue to operate right up to saturated
conditions, at which time the mixer pumps are then turned off. This leaves the waste at saturated
conditions, but well-mixed, so a bump does not occur immediately. Two processes begin at this
point: the waste settles back to a distinct supernatant atop a non-convective layer, and the
temperature approaches the steady-state value dictated by decay heat load, upward conduction
through the overlying soil and downward conduction to soil underneath. If this steady-state
temperature is below saturation, the tank will cool. If it is not, the tank will continue to boil.

Assuming the first degassing procedure is successful, similar conclusions can be drawn for the
30-day settling process. In fact, once the supernatant is decanted, tank bumps are impossible in
the source tank, feed tank, and interim waste feed storage tanks (IWFST), based on the safe
storage tank bump criteria 1 and 3. According to Hu et al. (2000), a little more than haif the total
tank power resides in the supernatant for Tank 241-AN-105, and the total tank heat load is
9,340 W (13.4 kW in the pedigreed database). Once the supernatant has been decanted, about
4,700 W remain in the source tank and 4,700 W reside in the IWFST. This can be compared to
bump criterion 3 from the safe storage accident analysis (Epstein et al. 2000), which states that
8,500 W can be removed by steady-state conduction through the soil overburden alone. The
same argument applies for the other DSTs, with the exception of the AWFs. After dilution, the
source tank can be screened based on bump criterion 1, which states there must be a significant
non-convective layer. Bump criterion 1 always applies to the IWNFST and the customer feed
tank.

3.5 TANK BUMP CONSIDERATIONS FOR AGING WASTE FACILITY TANK
FEED DELIVERY ACTIVITIES

Figure 3-4 shows an event tree for the AWF feed activities. It is the same as the event tree for
the LAW activities, except that “Bump Conditions @ > 350 Days” is replaced by “Bump
Conditions @ X Days”, where X is to be determined. In a series of parametric GOTH_SNF
calculations, Crea et al. (2000) analyzed the thermal-hydraulic response of the AWF during
retrieval operations. Tanks 241-AY-102 and 241-AZ-102 were considered and deemed
bounding based on tank heat load and sludge inventory. For each DST, the first calculation was
to predict the temperature at which the mixed waste heat loads, namely the mixer pump heat
dissipation and decay heat, balance the ventilation system heat removal. Once this maximum
temperature is attained, the mixer pumps are shut off, but the ventilation system continues to
operate.

An example of predicted waste and supernatant temperatures for Tank 241-AZ-102 is shown
here as Figure 3-5. Nomenclature is as follows: T1 is the initial supernatant temperature, T2 is
the maximum waste temperature, T3 is the initial mixed-waste temperature, and T4 is the mixed
waste temperature as a function of time. Figure 3-5 shows that after the mixer pumps start at
37 days, the waste temperature quickly approaches T3, initial mixed-waste temperature. Due to
the mixer pump heat load, the mixed-waste temperature, T4, approaches its maximum after

32 days of mixer pump operation, which is about 69 days from time zero; this T4 designator in
Figure 3-5 is placed at this maximum value. If the mixer pumps were to continue operating, the
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Figure 3-5. Tank 241-AZ-102 Case 2 Temperatures with 2,000 SCFM Annulus Flow and
Chilled Air (Crea et al. 2000).
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mixed waste temperature would remain at this value, which is just below LCO 3.3.2a. For the
run shown in Figure 3-5, the mixer pumps are turned off when T4 reaches its maximum, and the
waste begins to settle. The maximum temperature of post-settled waste, T2, is shown to be just
under LCO 3.3.2.b. The fluffing factor value of 2.0 explains why T2 is so high. Fluffing
increases sludge height and decreases thermal conductivity. Because of the continued operation
of the ventilation system, supernatant temperature begins to decline after the mixer pumps are
turned off and eventually approaches the condition at time zero.

GOTH_SNF calculations demonstrate several points gleaned indirectly from Figure 3-5. First, if
the mixer pumps and ventilation system operate indefinitely, the waste is well-mixed and the
temperature remains just below LCO 3.3 2a. In other words, T4 would be a flat line extending
from 69 days on. This is the basis for assumptions 2, 3, and 4 in Section 3.3. The worst case
then is to lose ventilation when T4 just reaches its maximum and the mixer pumps are shut off.
If the ventilation and mixer pumps are lost/shut down after only a few days of operation, the time
to bump conditions is not much different than either of the values listed in Table 6-4 of the safe
storage accident analysis (Epstein et al. 2000), which shows values of over 100 days for seif-heat
to saturation for the current waste conditions.

Crea et al. (2000) have analyzed the loss of ventilation case for both Tanks 241-AY-102 and
241-AZ-102. Tank 241-AZ-102 is limiting in this regard, which is why results are shown in
Figure 3-6 are for this tank. In fact, the loss of ventilation analysis for Tank 241-AY-102 shows
that bump conditions are not reached after 100 days without ventilation. Figure 3-6 shows that
the tank reaches bump conditions at about 120 days after time zero, which is about 50 days after
the loss of ventilation and mixer pump shutdown. The maximum waste temperature flattens out
at about 254°F, or 123°C, which is the local saturation temperature. (The safety limit SL2.1.1 set
at 250°F is based on chemical reactivity concerns.) When sludge layer temperatures reach
saturation, the supernatant is just over 200°F, or 94°C,

Partial mixing in the AWF is an unlikely event bounded by the scenario described in Figure 3-6
and the “Ventilation Fails at Time, t, Mixers Shut Off Before or At Time, t, and Failure to Repair
Before Saturated Conditions” sequence shown in Figure 3-4. Tank 241-AZ-101 mixing tests
(Carlson et al. 2000) demonstrate that even one pump at partial capacity is almost as effective as
two pumps at full capacity. Partial mixing would occur only if a lone pump operated very
briefly. Tank 241-AZ-101 tests show effective mixing took place in less than 19 hours. A
partial mixing scenario leading to bump conditions would require mixer pump(s) failure during
some brief interval with concurrent failure of the ventilation system. This partial mixing
scenario is far less likely to occur than the one described in Figure 3-6. Moreover, because the
mixer pumps fail after only a few hours, waste temperatures are still not much above initial safe,
storage temperatures, which means that available recovery times would be very long.
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Figure 3-6. Tank 241-AZ-102 Case 2 Temperatures for Loss of Ventilation and Mixer Pump
Shut Off at Maximum Mixed Waste Temperature (Crea et al. 2000).
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4.0 TANK BUMP PHYSICAL MODELS AND CRITERIA

The previous section identified that the scenario of interest is as follows: ventilation fails at
time t, mixers shut off at or before time t, and failure to repair before saturated conditions. This
section develops a general tank bump criterion for this scenario and shows that a tank bump
cannot occur for low heat load tanks (< 10 kW) regardless of the non-convective layer depth or
partial mixing. For low heat load tanks, the time to repair is infinite, in effect.

A steam bump via gas release from the resettled non-convective layer becomes possible if the
supernatant temperature increases after the mixer pump operation is stopped. Obviously if the
decay heat production exceeds the heat losses to the surrounding soil, the waste temperature (and
supernatant temperature) will increase. The maximum supernatant temperature will be achieved
when heat production is completely balanced by heat losses to the surroundings, that is when
steady-state is achieved. Thus the criterion we seek is one that ensures that the supernatant

temperature remains below the critical temperature (= 90°C) for steam bumps at steady-state.

To obtain simple results from the time-independent analysis, we make the following basic
assumptions; '

Al. Because the thicknesses of the non-convective layer and the soil layer
above the tank are small in comparison with the tank diameter, heat
conduction in the horizontal direction can be ignored in these regions.
Also, heat loss to the soil below the tank is given by the solution to the
conduction equation with spatially uniform heat flux over the bottom of
the tank into a semi-infinite medium (underlying soil).

A2. Owing to turbulent natural convection, the supernatant (convective layer)
temperature is spatially uniform.

A3.  Because of thermal radiation and natural convection the temperature drop
in the vertical direction across the tank headspace may be ignored.

Ad4.  Again because of natural convection, the resistance to heat exchange
between the ground and the atmosphere may be ignored and the resistance
to heat exchange between the non-convective layer and the convective
layer may be ignored.

The conduction equation for the non-convective layer is expressed as

T _ Qe

= = @-1)
Z

kNCL

where z is the vertical distance measured from the bottom of the non-convective layer to some
arbitrary location within the layer, T is the layer temperature at elevation z, knct is the thermal

conductivity of the non-convective layer, and Qncy, is the layer's volumetric decay-heat
generation rate. At the tank floor (z = 0), equation (4-1) must satisfy the condition
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dT

k_.
ke g, @ = - 2[TO-T,] (4-2)

which equates the heat flux in the non-convective with the heat flux in the underlying soil at
z =0. In equation (4-2), kg is the thermal conductivity of the soil, R is the radius of the waste

tank, and T, is the soil temperature far below the tank.

In accord with the assumptions listed earlier, the conduction heat flux at the top of the non-
convective layer (at z= Hycp) plus the upward heat flux from the convective layer must equal
the conduction heat flux through the overlying soil layer (or soil "overburden") of thickness Hsoil.
This energy balance is represented mathematically as

dT ksoi
—kyer 1z (HNCL) +Hey Qo = H—' (TCL - Ta) (4-3)

soil

where Her, Qcr, and Tcy, are, respectively, the depth, volumetric heat generation rate, and
uniform temperature of the convective layer; and T, is the temperature of the atmosphere.

It is more convenient to work in terms of dimensionless variables and parameters:

_ kNCL (T B Tm) _ z _ kNCL (TCL B Tm)
0 = , X = , 8, = , (44
H2 H CL H2

Quer NCL NCL Quer Hxew
k . H k. H

B1 = ksml I_;JCL , 82 — sl:ﬂ NCL , (4_5)
NCL ~sail neL R

A = Sna (Tw;T-), ¢ = —ala (4-6)
Quer Hyer, Hyor Quar

Inserting these dimensionless quantities into equations (4-1), (4-2), and (4-3), the differential
equation becomes

"8 _ | (4-7)

with boundary conditions

990 = B,8(0) (4-8)

d x

do

90y = q-B, (9, +A) )
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where B¢y, s the dimensionless, spatially uniform convective layer temperature.
Integrating equation (4-7) twice with respect to z gives

do

a—x' = -x+( (4-10)

2
9 = —x? +CIX+C2 (4-11)

The constants C; and C; are determined by the boundary conditions, equations (4-8) and (4-9),
and the fact that 6 (1) = 0¢, at z = HycL or, equivalently, at x = 1. The results are

Cl = B2 6 (0) (4-12)
C, = 8() (4-13)
1
q +1+ Bl [E - /\]
8(0) = (4-14)
Bl +Bl B2 +B2
1
(14—1?.2)[q+1+B1 [Z—Aﬂ
O, = - (4-15)
B, +B1 B, + B2 2

For a sufficiently thick non-convective layer and/or a sufficiently large volumetric heat
generation rate within the non-convective layer, the temperature T (or 8) will exhibit a
maximum. The maximum value Byax and the elevation xpax at which it occurs can be found by
letting (d 8) / (d x) = 0 in equation (4-10) and solving the result for xpax. This gives (see

equations (4-12) and (4-14))
B +i+B (l - AJ
2 q 1 2

= B,6(0) = 4-16
imax 2900 B, +B, B, +B, (4-16)
From equation (4-11)
1
B = 6(0)[1 + —2-828(0)] (4-17)

Equation (4-17) yields physical values of Opyay only when these values occur within the non-
convective layer, that is only'when the following inequality is satisfied:
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A

0 < x

max

1.0 (4-18)

Steam bumps become possible when the supernatant temperature is close to its saturation
temperature at atmospheric pressure. A rather conservative value for the critical supernatant
temperature Tcqt below which steam bumps are impossible is 90°C (Epstein et al. 2000). Thus
the limits of the non-bumping and bumping regimes can be found by setting the convective layer
temperature Tcy, in equation (4-15) equal to Tcry. This leads to the relation (see also equations
(4-4) and (4-6))

koL (T — Tep)
2
Quer Hyew
(4-19)
B, +B, B, +B, |Hyq Qua 2 Que Hya 2

Equation (4-19) can be used to construct the Qcr - QncL locus which separates the non-bumping
and bumping regimes. Alternatively, the volumetric generation rates may be converted to power
W via the definitions

Wye = AHyg Qua (4-20)
W = AHg Qg (4-21)

where A is the tank cross-sectional area (411 mz). The "boundary" for steam bumps in power
parameter space is then

VVCL

Bl A kNCL (Tm - Ta) Bl + Bl Bz + 82 A kNCL (T"rit — Tw) 1{2+ B2 (4-22)
= * Wiew

H 1+B2 H 2 1+B2

NCL NCL

Since the parameters kncL, Ksoil, R, Tw, and T, are nearly the same for all the tanks, the
possibility of steam bumps as determined from equation (4-22) depends mainly on the values of
Wer, Wnel, and Hyer. However, a careful examination of equation (4-22) reveals that the
power conditions for a steam bump are remarkably insensitive to the depth Hycr, of the non-
convective layer. Figure 4-1 shows a convective layer power versus non-convective layer power
map for steam bump conditions when Hycp = 3.5 m. The fixed input parameters for the
calculations are given in Table 4-1. The calculations show that the boundary in the figure
translates by only £ 5.0% for HycL values as low as 0.5 m and as high as 6.0 m. Thus, the map
shown in Figure 4-1 may be regarded as a universal map for the possibility of steam bumps.
Also shown in Figure 4-1 is the region in which boiling occurs in the non-convective layer when
the temperature of the convective layer is below Tcrig = 90°C. The lower boundary of this region
is defined by the condition Tmax = Tpp, Which, from equation (4-17), leads to an explicit relation
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Figure 4-1. Convective Layer Power - Non-Convective Layer Power Map for the Possible
Occurrence of Steam Bumps; Ty = 90°C.
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Table 4-1. Parameter Values for Steam Bump Condition Calculations.

Soil thermal conductivity Ksoif = 1.0W m K

Non-convective layer thermal conductivity | kycp = 1.0 W m' K

Tank radius R=11.0m
Soil Overburden Heij =4.0m
Average Hanford air temperature T, = 14°C
Average Hanford soil temperature T, = 14°C

between Wy, and Wner. The parameter Ty, is the local boiling temperature at the mid-plane of
the non-convective layer. The pure conduction theory presented here does not account for
boiling in this layer so that the steam bump boundary is not precisely located at high WycL
values. Nevertheless, given the small parameter space occupied by the non-convective-layer
boiling region, more refined calculations are probably not justified. The present analysis should
provide a useful first approximation to the steam bump-boundary when boiling occurs in the
non-convective layer. ‘

The dashed curve in Figure 4-1 is an approximate and conservative alternative to the steam bump
boundary arrived at by the formal analysis presented in the foregoing. This boundary is
represented by the formula

Wo +Wyy = 10kW (4-23)

and provides the simple rule of thumb that steam bumps are not possible in tanks with total
power levels less than 10 kW. If Ty is taken to be as high as 28°C, the predicted boundary is

lowered by 15%. In this case, the conservative rule of thumb is Wey, + Wyner = 8.5 kW. Since
the criterion presented here for steam bumps is insensitive to the depth of the non-convective
layer, the criterion is also insensitive to the degree to which the non-convective layer settles to its
original volume (i.e., the fluffing factor) or to the degree to which the non-convective layer depth
is rendered non-uniform by prior mixing operations.

To defend the conclusion regarding non-uniformity, consider the overall tank energy balance

W.. +W

NCL CcL (4'24)

Ak . Ak_.
= "iﬂ[T(O)_Tm]’F"ﬁ_sﬂl'(TCL"Tm)

soil

which states that the total tank power is divided between downward heat conduction into the
underlying soil and upward heat conduction through the soil overburden. Substituting

TeL= 90°C into equation (4-24) should provide a formula for the steam bump boundary that is
identical in form to equation (4-23), provided that the as yet unknown temperature T(0) at the
bottom of the tank can be determined. Owing to multi-dimensional conduction effects in a non-
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uniform, non-convective layer and possible boiling of the interstitial liquid, the quantity T(0) can
not be accurately estimated without resorting to a numerical approach. However, a useful lower
bound to T{0) may be obtained by writing an energy balance which equates the vertical
conduction heat flux through the thickest portion of the non-convective layer (where

Hyer = HueL,max) with the heat flux through the underlying soil, namely,

Kyer ‘:TCL -T (0)] _ K goi [T ) - Tuo:I

(4-25)
HNCL,max R
Solving this relation for T(0) gives
T, -T
TO) = T, +-CL = (4-26)
1+B, .
k. . H, .
where Bz'max = .._Sﬂ';_l_l_(ﬂf'_li_mf‘_ (4-27)
NCL

In deriving equation (4-26), we have neglected decay heat, boiling, and lateral heat conduction.
All of these effects would tend to increase the effective value of T(0) at the bottom of the tank,
either by increasing T(0) itself or decreasing the effective depth of the non-convective layer from

the local, peak depth HncL max.

It is not likely that a ridge of mixer-blown non-convective material would achieve a depth that
exceeds the radius of the tank. Thus By max in equation (4-27) should not be greater than unity
and, therefore, T(0) in equation (4-26) should not be smaller than the arithmetic average

(Te + Tcr) / 2. Thus, from equation (4-24), a rather conservative steam bump boundary for a
tank with a non-uniform layer of non-convective material is

H_ (T, -T,)Ak,
W, L= [1+ ”"]( o T Ak 9.23 kW (4-28)

NCL + W,

C

2R H

soi}

The above equation is not too different from equation (4-23) that was derived for a uniform non-
convective layer.
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5.0 WASTE FEED DELIVERY TANK BUMP SCENARIO QUANTIFICATION

The purpose of this section is to estimate the frequency of tank bumps caused by a single waste
feed delivery (WFD) operation that involves mixer pump operation. Per the discussion in
Section 3.0, the only scenario that needs evaluation is as follows: ventitation fails at time ¢,
mixers shut off at or before time t, and failure to repair before saturated conditions. The event
tree shown in Figure 3-4 is stylized in the sense that it applies for only one ventilation failure
time t, when in fact, there are an infinite number of times at which the ventilation system could
fail. The final calculation for tank bump must account for the fact that the time to ventilation
failure is a continuous random variable. Only the first batches from Tanks 241-AZ-101 and
241-AZ-102 need consideration.

5.1 FREQUENCY OF BUMP CONDITIONS FOR THE ANALYZED SCENARIO

For some mixer pump operation time in the interval between t and t + At, an expression for the
frequency of this scenario Fwrp, is given by:

dFyp (© = p; 0P, (1) dt (5-1)

where pe (t) is the ventilation system failure probability density as a function of t, and P__ (t) is
the conditional probability that ventilation cannot be recovered as a function of the failure at
time t. Probability density pr (t) has units of 1/hr or 1/day, and Py, (t) has units of 1/demand
(1/d), as does Fwpp. [n writing this equation, an assumption is that the mixer pumps are shut off
at the same time the ventilation system fails. The total frequency over the entire operation time
is then simply:

lop

FWFD = J. Pr (t):Pnr (t) dt (5'2)
]

where equation (5-1) is integrated over time that the ventilation system must run concurrently
with the mixer pumps,

Figure 5-1 illustrates how equations (5-1) and (5-2) arise. If ventilation is lost at a mixer pump
operation time t and recovery actions are never taken, the waste will self-heat until the settled
waste temperature reaches the bump condition temperature. The time-to-bump conditions (or
available recovery time) is determined by the difference between the mixed waste temperature,
T4, at time t and the settled waste temperature criterion of 240°F, (This 240°F value is in
keeping with LCO limits, where 25 degrees were subtracted from the sludge saturation
temperature (HNF-SD-WM-TSR-006 2000).}

Figure 5-1 shows that the time to bump conditions, t,, is a function of't, is very long if tis only a
few days, and becomes constant after the mixed waste temperature reaches steady-state. A

ventilation failure early in the operation, as shown in Figure 5-1 by the designator t;, results in

FAL/00-52, Rev. 0 5-1 August 2000




RPP-6654, REV. 0

Figure 5-1. Illustration of Time to Tank Bump Conditions as a Function of Ventilation System
Failure Time During Mixer Pump Operation,
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ta (t1), which is longer than the available recovery time t, (t2) for a ventilation failure later in the

operation. Once the mixed waste temperature reaches steady-state, t, is constant. Figure 3-6
shows that if the ventilation system fails anytime after about 35 days of mixer operation, the
available time for recovery is a constant, but the available time is much greater if the ventilation
system fails after, say, 10 or 15 days of mixer pump operation. In principle, the calculation
shown in Figure 3-6 can be repeated for each possible ventilation failure time, t, and the
available recovery time approximated by the following function:

[Tyyme - T4 (D]
If (t <35 days t = il
( ys) a o (5-3)
else t. = constant '

a

where a is the temperature rate-of-change in °F/day, Toump is the temperature defined for bump
conditions, and T4(t) is the mixed waste temperature from Figure 3-6. This function is evaluated
numerically in the next sub-section.

Because there is no conspicuous choice for tep, it will be treated parametrically.. The best-
estimate is that the mixer pumps will operate for only a few days, in which case the retrieval tank
bump accident frequency analysis is academic. Consider Figure 3-6 and assume that the
ventilation system fails and mixer pumps are shut off at 45 days with respect to time zero, or
about 8 days of mixer pump operation. Figure 3-6 shows that if the ventilation system fails and
the mixer pumps are shut down at the peak temperature, T4, 40 days must pass before bump
conditions (240°F) are reached. If the accident sequence starts at 45 days from time zero,
however, the time-to-bump conditions is much greater than 40 days because the initial
temperature is only 150°F, or 66°C. Assuming that the heat up rate is (240°F — 191°F) / 40 days,
which equals 1.2°F/day, the time to heat up to bump condition from 150°F would be about

75 days.

The preceding approximation shows that if the mixer pumps operate briefly, the time-to-bump
conditions after a retrieval accident scenario is comparable to the time-to-bump conditions
calculated for a safe storage scenario with the current conditions. The safe storage analysis
shows that for the current conditions, annual tank bump frequency is beyond extremely unlikely.
Moreover, the ventilation system failure frequency depends directly on the mission time for
mixer pump operation: the smaller the mixer pump operation time, the smaller the probability of
ventilation system failure during mixer pump operation. If the mixer pumps operate for only
several days, both the probability of ventilation failure and the probability of recovery failure
prior to bump conditions are so small that the accident frequency is beyond extremely unlikely
for any one operation.

Another assumption is that a lengthy mixer pump interval is possible because it will not violate
LCO 3.3.2 as long as the ventilation system functions. Operator errors or schedule delays may
cause mixer pump operations to exceed the expected duration. For this reason, the mixer pump
mission time will be studied parametrically.
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5.2 VENTILATION SYSTEM FAILURE RATE

The probability of a ventilation system failure during the feed activity is considered here. Only
random equipment failures are quantified, as failures due to external events have been shown to
be unimportant by comparison (Epstein et al. 2000). Loss of off-site power (LOSP) events long
enough to initiate bump conditions were judged beyond extremely unlikely as an initiating event.
Seismic events of sufficient magnitude to cause ventilation system failure are not incredible, but
such events in and of themselves pose greater risk to the site than do tank bumps. Note that
severe weather events were considered as part of the WFD RAM (Carlson 1999a and 1999b), but
are neglected here. The WFD RAM considered high winds, extreme temperatures,
thunderstorms, and precipitation as a source of schedule delays, but not necessarily as a source of
ventilation system failure. For example, the WFD RAM considered low temperatures that would
make working conditions unbearable as a cause for a schedule delay.

The success criteria defined in Section 3.3 state that both the annulus and primary ventilation
systems must operate. Schematic diagrams of the primary and annujus ventilation systems are
shown in Figures 5-2 and 5-3, respectively. Simplifying assumptions which allow Figure 3-6 to
be applied here are that the two systems are independent of each other and that a failure of either
system leads to a complete loss of active heat removal. The probability density function for
ventilation system failure during the feed activity is then:

pf‘ = A'p + A'ann (5-4)

where A is the primary system failure rate per unit time and A, is the annulus ventilation

system failure rate per unit time.

Primary system failure rate was estimated in the safe storage accident analysis

(Epstein et al. 2000) to have an expected failure rate of 0.04/yr, but distributed log-uniformly
between 0.01 and 0.1/yr. This estimate was based on limited data for exhaust fan availability
and assumes that primary ventilation system failure rate is the same as the failure rate of a sub-
system of two exhaust fans. This assumption is reasonable given the operating history and waste
temperature surveillance. The safe storage primary ventilation failure rate is in reasonable
agreement with the generic failure rate for two motor-driven fans or blowers with one in standby,
taking into account common cause failures by the simple beta-factor method. This failure rate is
listed as 3E-5/hr (0.26/yr) with an error factor of 3 (Carlson 1999a) and a generic beta-factor for
common cause failure is 0.13 for fans (Mosleh et al. 1988). For a system with two fans, one in
standby, the annual failure rate of primary ventilation system would be roughly 0.26 x 0.13/ yr,

or 0.03/yr, with an error band of 0.09 to 0.01/yr.

For the waste feed delivery operation, the primary ventilation system fatlure rate will be
conservatively evaluated using generic failure rate data for the major components shown in
Figure 5-2. The failure rate for the primary ventilation system is then:

Ay = Mupme T Aon t Acorrans (5-5)
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Figure 5-2. Schematic Diagram of the Primary Ventilation System for AZ/AY DSTs.
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Figure 5-3. Schematic Diagram of Tank 241-AZ- 102 Annulus Ventilation System,
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where A is the hourly failure rate, subscript HEME denotes the failure rate for high efficiency
mist eliminator, CH denotes the failure rate for the heat exchanger unit (chiller and condenser),
and CCFFANS is the failure rate for the sub-system of exhaust fans, which has already been
calculated at 4.5E-6/hr. This equation neglects HEPA filters, dampers, and instrumentation sub-
components that have very low failure rates or are not vital to heat removal. The ventilation
condenser cooling system, which circulates some air back to the tank headspace, is neglected on
the basis of WFD RAM results showing that the number of off-normal events for the ventilation
condenser cooling system is much less than the number of off-normal events for either the
primary ventilation or annulus ventilation system. The same can be said for support systems,
namely electric power, service water, and instrument air. The WFD RAM shows that the
number of off-normal events per transfer due to any one of the support systems is two orders of
magnitude smaller than the number due to either the primary or annulus ventilation systems.

Figure 5-3 shows that the annulus system is much simpler. By making the same assumptions
made for the primary ventilation systems (neglect support systems and HEPA filters), the failure
rate for the annulus ventilation system is just the generic failure rate for a motor-driven fan,
which is 3E-5/hr. That is, A =2, , where A, =3E-5/hr.

An expression for ventilation system failure rate is then:

Pr = Musme T ron F Acomans T Aean (5-6)
Data from the WFD RAM are as follows:
. HEME failure rate has a mean of 1E-4/hr with an error factor of 10,
. Heat exchanger failure rate has a mean of 4E-5/hr with an error factor of
10, and
. Annulus fan failure rate has a mean of 3E-5/hr with an error factor of 3.

To consider the uncertainty in the ventilation failure rate, a simulation was performed with the
following input distributions:

. HEME failure rate is log-uniform on the interval 1E-5/hr to 1E-3/hr,

J Heat exchanger failure rate is log-uniform on the interval 4E-6/hr to
4E-4/hr,

. Annulus fan failure rate is log-uniform on the interval 1E-5/hr to 9E-5/hr,
and

. Exhaust fans failure rate is log-uniform on the interval 1. 5E-6/hr to
4 SE-6/hr.

To describe the output distribution, thirty random deviates for ventilation failure rate were used
for curve fitting. The Chi-square goodness-of-fit test showed that a log-normal distribution with
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log-mean equal to —8.37 and log-standard deviation equal to 0.806 was a reasonable fit (p value
= 0.57). This distribution has a mean of 3.2E-4/hr and standard deviation of 3. 1E-4/hr.

5.3 FAILURE TO RECOVER PROBABILITY

Failure to recover probability consists of two components: failure to restore ventilation within
the available time and failure to enact corrective maintenance within the available time.
Restoration considers that ventilation system functions can be recovered without repair in many
instances by manual switchover for functions with redundant hardware. This was recognized
and accounted for in the waste transfer RAM by developing probability density functions for
restoration times and determining whether recovery from an off-normal event required a
restoration function or a corrective maintenance (CM) function.

Failure to recover probability is considered in the safe storage accident analysis
(Epstein et al. 2000) and only important results are repeated here. The probability that
ventilation is not recovered in the available time is then:

N
P = (l-xrs)z X, [1- log-normal (ta,an, n)] | (5-7)

n=1l

where N is the number of corrective maintenance activities, x is the fraction of all CM activities
for the n™ CM activity (the relative frequency such that the sum of ali x,, values is equal to one),
log-normat is the cumulative log-normal distribution function evaluated at the available time, t,,
for the log-mean a;, and log-standard deviation, By, of the nlh CM activity. This expression
assumes that restoration activities succeed during the available time, which is justifiable because
the restoration time is one week at most while the available time is somewhere beyond 40 days.
This expression states that the probability that CM fails is the sum of the probabilities that
individual CM activities fail. The probability that an individual CM activity will fail in the
available time is just the exceedance probability for the log-normal distribution of repair time.
Exceedance probability for each individual CM activity is weighted by the relative frequency of
each CM activity.

The available time t; is taken to be the time to heatup to saturated conditions, Restoration or
corrective maintenance activities should begin immediately because late waste feed deliveries
will result in penaities. Now the time available, t,, is a function of the time that the ventilation
system fails and the mixer pumps are shut off, t. Figure 3-6 shows that if the ventilation system
fails anytime after about 35 days of mixer operation, the available time for recovery is 40 days,
but the available time is much greater if the ventilation system fails after 10 or 15 days of mixer
pump operation. In principle, the calculation shown in Figure 3-6 should be repeated for each
possible ventilation failure time, t. This is accomplished in Appendices A and B, and the
available recovery time is approximated by the following function:

. [240°F-T4 ()]
: o (5-8)
else t. = 40days

a

If (t <35 days)
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where o is the temperature rate-of-change in F/day and T4(t) is the mixed waste temperature
from Figure 3-6. Temperature rate-of-change, a, is 1.2°F/day, based on the resuits in
Appendix B. T4(t) is found based on a curve fit to the data from Figure 3-6, using the data
points between 37 days (T3, the initial mixed waste temperature) and 72 days (peak T4). This
data is shown in Table 5-1.

Table 5-1. Mixed Waste Temperature as a Function of Time (see Figure 3-6).

Relative to Z:::w (DT\)/;:Zlus 37 Days Mixed Waste Temperature, T4, (°F)
37 0 124
45 8 148
48 11 158
51 14 166
54 17 173
57 20 180
60 : 23 184
66 29 189
72 35 191

A good curve fit R% = 0.997) is given by T4 = 123.+ 3.9 t - 0.055 t*°F, where t is days minus 37.
The expression for time available before bump conditions is then:

[240°F ; (123 +3.91-0.055 t2°F)1

If (t <35 days) t, = o (5-9)

else t = 40days

a
Equation (5-2) can now be rewritten as;

t

Fyrp = [Ap+xw:l (1-x, z [l log-normal (t,, ]dt (5-10)

n=1

O‘—-—-._g

with t, as specified just above in equation {5-9). This expression is lengthy but is easily

evaluated numerically for various mission times top. Baseline inputs shown in Table 5-2 are
taken from the safe storage accident analysis (Epstein et al. 2000).

Corrective maintenance activities are defined as follows: TCNEL refers to Tank Farm
(Radiological) Area Access, Non-intrusive, Moderate to Extensive Planning, Long Lead; TCIEL
refers to Tank Farm (Radiological) Area Access, Contact Handled/Intrusive, Moderate to
Extensive Planning, Long Lead; “3” refers to heaters, and “5” refers to fans and filters.
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Table 5-2. Baseline Inputs for Tank Bump Frequency Evaluation as a Function of Time.

Symbol Definition Value
None Here. | Ventilation Failure Rate 0.0077 / day

Xrs Restoration Activity Fraction 0.8
X] Corrective Maintenance Activity Fraction for 3TCNEL 0.485
X3 Corrective Maintenance Activity Fraction for STCIEL 0.030
X3 Corrective Maintenance Activity Fraction for STCNEL 0.485
o Log-Mean of CM Activity 3STCNEL Distribution 5.08
oy Log-Mean of CM Activity STCIEL Distribution 5.56
o3 Log-Mean of CM Activity STCNEL Distribution 4.89
By Log-St. Dev. Of CM Activity 3TCNEL Distribution 0.56
B2 Log-St. Dev. Of CM Activity STCIEL Distribution 0.56
B3 Log-St. Dev. Of CM Activity STCNEL Distribution 0.56

Results of numerical integration of equation (5-10}) are shown in Figure 5-4, which shows tank
bump conditions frequency as a function of mixer pump operation time. Appendix C contains
computation details. As expected, the curve approaches zero risk for zero operation time, and
shows tiny values for mixer pump operation times on the order of a few days. Figure 5-4 shows
that tank bump frequency during feed delivery becomes not incredible only after 19 days of
continuous mixer pump operation. This greatly exceeds the expected mixer pump operating
times mentioned in Section 3.3.

Figure 5-2 also suggests that an interesting risk metric for waste feed delivery activities is the
number of mixer pump operation days need to result in a credible frequency of bump conditions

per demand (greater than 1 x lo‘éld). This metric can be considered with respect to the planned
operations to gauge the level of risk involved in a waste activity. To solve for this metric, Fywrp
is set to 1 x 10° and the right-hand side of equation (5-10) is integrated over various tg, until the

equality is satisfied. This has been accomplished as part of an uncertainty analysis which
proceeds as follows:

. Generate respective random samples for lp + A ann » X155 and xy,

. [terate on tqp until equation (5-10) is satisfied with Fwrp = 1 x 10“6,

. Record t,p is the result of one trial, and

. Repeat for many trials and express results as a probability density function

or cumulative distribution function.
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Figure 5-4. Base Case Tank Bump Conditions Frequency as a Function of
Mixer Pump Operation.
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The following distributions were used for the Monte Carlo simulation of the risk metric: the sum
A, T A, 18 log-normally distributed on mean equal to 3.21E-4/hr and standard deviation equal

to 3.07E-4/hr, x5 is uniformly distributed between 50% and 80%, and x3, the corrective
maintenance activity fraction for STCIEL, is uniformly distributed between 1% and 10%.
Distributions for the ventilation failure rate and x; reflect an error factor of roughly 3 about the
mean.

Results of the simulation are shown in Figure 5-5. Out of 1000 trials, 7 days is the minimum
value and 17 days is the median. These values exceed the planned mixer pump operation times
and demonstrate margin for schedule delays.

5.4 THE LIKELIHOOD OF TANK BUMP GIVEN SATURATED CONDITIONS
AND FLUFFED WASTE PROPERTIES

Up to this point, we have simply determined the frequency of bump conditions based on non-
convective layer and/or supernatant temperature relative to local saturation temperature. As in
the safe storage accident analysis (Epstein et al. 2000), tank bump might not occur despite bump
conditions, if neutral buoyancy cannot be attained in the non-convective layer through buildup of
noncondensible gases. Meyer and Wells (2000) derived criteria that must be satisfied in order
for buoyant displacements to occur. These models are evaluated for the fluffed conditions to
determine the likelihood of retrieval bumps given saturated conditions in the sludge.

Meyer and Wells (2000) developed an equation for the vertical void fraction profile within the
non-convective layer based on a balance between internal gas generation and the rate at which
gas is released at the top of the layer. The integrated average of this void fraction profile is
compared with the neutral buoyant void fraction to determine whether a buoyant displacement
may occur at some point during the transient (quasi-steady) void growth period. Two limiting
case solutions were found for the void fraction profile and the corresponding criteria for a
buoyant displacement are

1/3
C, h?
1 "NCL {GTJ > 1 (5-11)
Prnc ~Por \ Prcr

for a uniform bubble nucleation rate and a zero initial void fraction, and

) ) 1/3
¢, Prct e, G T 5 1 (5-12)
PncL ~ PcL PycL

for an assumed bubble flux at the lower boundary and zero internal nucleation rate. In equations
(5-11) and (5-12), pnci. and pcy are the density of the non-convective layer and the density of

the convective layer (kg/m3), respectively, G is the molar gas generation rate per unit volume of
non-convective layer (g-mole/m3/day), T is the average temperature of the non-convective layer
(K), PncL is the average pressure of the non-convective layer (atm), and hncy, is the depth of the
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Figure 5-5. Uncertainty Analysis for the Mixer Pump Operation Day where Tank Bump
Conditions Frequency Becomes Credible.
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non-convective layer (m). The constants C; and C,, each with dimensional units, are empirically
adjusted so that all the double-shell tanks with observed buoyant displacements obey the criteria
given by equations {5-11) and (5-12).

Equation (5-11) yields a better representation of double-shell tank buoyant displacement
behavior (Stewart 2000) and is chosen here for application to Tank 241-AZ-102. The value of

the constant in equation {5-11) based on the most recent tank data is Cy = 18.5 (Stewart 2000).

It is of interest to evaluate equation (5-11) when G is based on noncondensable gas generation
only. The noncondensable gas generation rate at some temperature T is obtained by using the
Arrhenius equation to extrapolate the known gas generation rate at the current non-convective

layer temperature T, to its value at T:

T T
G, (T) = G, (To)exp[-— T‘ + ?—‘] (5-13)

o

where the activation temperature Ty (= E/R)is 1.074 x 10° {Hu 1999). For simplicity and
conservatism, T is taken to be the non-convective layer maximum temperature.

Gas generation rate Gy (T,) for Tank 241-AZ-102 is known for the current conditions

(Epstein et al. 2000), but the fluffed conditions are of interest here. A general expression for
noncondensable gas generation is not available, but Hu et al. (2000) gives empirical expressions
for hydrogen generation rates due to thermolysis and radiolysis. These expressions show that
both thermolytic and radiolytic hydrogen generation are directly proportional to liquid wt.
fraction and occur mainly in the liquid phase. Fluffing increases sludge liquid wt. fraction.

The Tank 241-AZ-102 sludge has an initial liquid wt. fraction of 58% and initial solids volume
fraction of 17% (Crea et al. 2000). A fluffing factor of two cuts the solids volume fraction in
half and increases the liquid wt. fraction to 76%. This suggests that for a given temperature,
fluffing increases hydrogen generation in the sludge by up to 30%. Current noncondensable gas
generation rate is multiplied by 1.3 to account for this possibility. Results are relatively
insensitive to this uncertainty because the gas generation rate is raised to the 1/3 power.
Equation (5-11) was evaluated with the following Tank 241-AZ-102 inputs:

. Particle density, ps = 3.8 gm/ml (Crea et al. 2000),

. Liquid density, pj = 1.1 gm/ml (Crea et al. 2000),

3 Fluffing factor, f= 1.4 and 1.7, by assumption,

. Initial sludge depth, hycro = 96 cm,

. Initial supernatant depth, hgypo = 761 cm,

° Mixed-waste average density, pw = 1.14 gm/ml (Hu et al. 2000),
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. Current temperature = 355 K (Epstein et al. 2000),

) Current noncondensable gas generation = 1.3 x 1.26 x 107 mole/m3-day
(Epstein et al. 2000), and

* Waste temperature, Trpax = 396 K (254°F from Figure 3-6).

Auxiliary relationships needed are:

o = (hNCLO + hsupo) (pw - pl) (5-14)

) £ hyero (ps - p,)

if

& P +(l'_as)pl (3-15)

1
101350 +p¢y. g(thw thow —f hNCLO)+ 5 (pNCL gf thw)

P = 5-16
NCL 101350 (5-16)

where o is the solids volume fraction.

Evaluation of equation (5-11) with = 1.4 yields 0.6 for the left-hand side, but evaluation with
f=1.7 yields 1.0 for the left-hand side. Table 5-3 shows inputs, intermediate values, and results.

The likelihood of tank bump, given bump conditions, is then roughly the likelihood that the
fluffing factor exceeds 1.7. This work begins by identifying 2.0 as a very conservative, perhaps
bounding, value used by Crea et al. (2000} and adopted here for consistency. Based on
laboratory settling data used for the Project W-320 waste transfer into Tank 241-AY-102, 1.4is a
best-estimate value and 1.8 is a two standard-deviation upper bound (Numatec 1998). Tank
241-SY-101 settling data provide a best-estimate fluffing factor of 1.5 and bounding value

of 1.75.

A fluffing factor greater thanl 1.7 can be characterized as unlikely, but not incredible, and the
same can be said for the probability of a bump given bump conditions. In principle, equation
(5-1) could be modified to reflect this. This right-hand side of the equation could be multiplied
by the probability of fluffing factor exceeding 1.7 to obtain the frequency of a bump rather than
merely bump conditions.

5.5 CONCLUSIONS

The frequency analysis above shows that a tank bump induced by the planned retrieval
operations is beyond extremely unlikely. Available recovery times would be very long relative
to the time needed for corrective maintenance activities. Given bump conditions, a bump in
Tank 241-AZ-102 could only occur if the fluffing factor greatly exceeds the expected value.
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Table 5-3: Evaluation of Meyer and Wells (2000) Criterion for Two Fluffing Factors of

1.4and 1.7.
. _— - Initial
Particle Liquid Fiuffing Initial Sludge Supernatant Average | Fluffed
Density | Density Factor Depth ':Demh Density | Alpha
P —r _L
3800 1100 1.4 0.96 7.61 T 1140 | 0.094466
Const Sludge Sludge Supematant Hydrostatic
Depth, m Density Density Pressure, atm
18.5 1.344 1355 1100 1.86
Ggo Tact, K To, K Gg T, K
1.64E-02 1.07E+04 355 0.38 396
———— e —————— o —————
|
LHS Bump?
0.56491 0
. - e Initial
Particle Liquid Fluffing Initial Sludge Supematant Average | Fluffed
Density (. Density Factor Depth "Depth Density | Alpha
I I
3800 I 1100 1.7 0.96 7.61 1140 {0.077796
Const Sludge Sludge Supernatant Hydrostatic
Depth, m Density Density Pressure, atm
18.5 1.632 1310 1100 1.84
Ggo Tact, K To, K Gg T, K
1.64E-02 1.07E+04 . 355 0.38 396
—_— w
LHS Bump?
1.014242 1

Tank bump conditions brought on by retrieval operations become credible only after extended
mixer pump operation for, say, 20 days. This result means that if mixer pump operation time can
be doubled or tripled if need be, yet still pose a tank bump frequency less than 1 x 10%/d. This
result also shows that input and underlying assumptions used by Crea et al. (2000) are very
conservative. In particular, the demand that peak (or steady-state) temperature not exceed the

LCO 3.3.2 temperature is a stringent one.
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6.0 WASTE FEED DELIVERY TANK BUMP CONSEQUENCE ANALYSIS

The scenario described in Sections 3.0 and 5.0 is evaluated for consequences even though there
is high confidence that the planned operations result in a tank bump frequency that is beyond
extremely unlikely. A first step is to compare the post-mixing tank bump conditions to the
current safe storage tank bump conditions. The respective tank bump conditions for the post-
mixing and safe storage cases define a crucial initial condition: the volume of gas released to the
headspace during a buoyant displacement. Because post-mixing waste properties are uncertain, a
single retrieval tank bump is studied parametrically to determine the range of expected
headspace overpressures, bubble expansion ratios, and aerosol generation values. From the
results of the parametric study, a bounding case for the wor.t combination of initial gas volume
and supernatant temperature is identified. Source term and radiological/toxicological doses are
presented for this bounding case.

6.1 BUBBLE AND WASTE ASCENT MODEL

An important initial condition in the waste ascent model described in the safe storage accident
analysis (Epstein et al. 2000) is the volume of gas released to the headspace during a buoyant
displacement. Meyer et al. (1997) recommend the following dimensional formula:

Oy Mo T .
V,(0) = 750 _NB NCL 'y (6-1)

neL Per

where ang is the neutral buoyant void fraction, hycy is the non-convective layer height in
meters, PncL is the hydrostatic pressure in the non-convective layer in atm, 1y is the yield stress
of the non-convective layer in Pa, and pcy. is the convective layer density in kg/m3. For Tank
241-AZ-102, this equation was evaluated for the safe storage scenario using the following
values: PycL = 2 atm, o = 0.262, hycr = 96 em, per, = 1100 kg/m”, and 7y = 100 Pa. These
values result in Vp(0) = 8 m’.

The post-mixed scenario value of Vi(0) is now found for Tank 241-AZ-102. From

Crea et al. (2000) the non-convective layer has a “fluffing factor” of about 2.0 for post-mixed
conditions; i.e., after mixing stops, the waste settles so that in the short term, the non-convective
layer is twice its initial height. This means that the post-mixing non-convective layer density is
less than the current value, as is the neutral buoyant fraction. Relative to the current conditions,
the post-mixing non-convective layer (NCL) has a higher liquid volume fraction, Lg, owing to
the fluffing factor.

An expression for the liquid volume fraction as a function of NCL height can be found by using
the definition of waste density averaged over the entire height of waste:

h -hi~ p.-h.y p
L = w Pavg ~MNeL Ps ~ Nl Py 6-2)

£
hyc P - e Ps
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where h s height, p is density, subscript w denotes the total waste height, NCL denotes the
fluffed NCL height, avg denotes an average over the entire waste height (hy), s denotes solid,

| denotes liquid supernatant, and CL denotes post-mixed convective layer. For Tank
241-AZ-102, the following values are taken from Crea et al. (2000): solid density = 3.8 gm/cm3,
liquid density = 1.1 gm/cm3, and fluffed NCL height = 192 ¢cm (2.0 - 96 cm). From

Hu et al (2000), total waste height is 8.57 m and waste average density is 1.14 gm/cm3. Post-
mixed convective layer height is then 6.65 m (8.57 — 1.92 m). Substituting these values into
equation (6-2) gives L= 93.4%.

Fluffed NCL density is given by,

PyeL (pNCL +(F-1) pL) (6-3)

| —

where F is the fluffing factor, p, ., is the fluffed non-convective layer density, and pncy is the

non-convective layer densitg before mixing. From Hu et al. (2000), the initial non-convective
layer density is 1.49 gm/cm™. The fluffed non-convective layer density is then 1.3 gm/cm3.
Post-mixed neutral buoyant fraction, ang, is then 15% (1 - 1.1/ 1.3).

Equation (6-1) can now be considered to see how Vy(0) changes between the current and post-
mixed states. Although the NCL height increases by a factor of two, the neutral buoyant fraction

is almost halved and the product ooy hner, does not change much. In the denominator, per

remains unchanged and Pncp changes only slightly because the NCL density decreases while the
NCL height increases. Yield strength decreases, however, in response to the increased void
fraction, which means that Vy(0) in the post-mixed case is somewhat less than V(0) for the safe
storage case.

Gauglitz et al. (1996) measured the yield strength of bentonite-clay simulants as a function of
clay/water ratio and reported order of magnitude decreases in shear strength for modest
decreases in the clay weight fraction. Data plotted here as Figure 6-1 show that in decreasing
clay weight fraction from 20% to 15%, measured shear strength falls from about 1300 Pato a
little less than 200 Pa. For Tank 241-AZ-102, the solid wt. fraction in the NCL is now 38%, but
would be 18% in the post-mixed scenario. Figure 6-1 cannot be directly applied to the Tank
241-AZ-102 waste. Nevertheless, fluffed shear strength must be regarded as less than current
waste shear strength because the trends shown in Figure 6-1 have been observed in waste
simulants. An absolute change in solids weight fraction of a few percentage points can change
shear strength by an order of magnitude.

Clearly, a tank bump occurring under fluffed conditions is likely to be weaker than a tank bump
emanating from safe storage conditions. Yield strength under fluffed conditions is a fraction of
the current yield strength, which means that the post-mixing scenario V(0) is less than the safe
storage Vy(0). In addition, for Tank 241-AZ-102, the convective layer height is reduced by a
meter or 50, which also reduces the strength of the post-mixed bump. Yield strength as a
function of solids mass fraction is not available for the DST waste. For the retrieval scenario, the
consequences of a single tank bump are studied parametrically in the next section.

FAI/00-52, Rev. 0 6-2 August 2000




RPP-6654, REV. 0

Figure 6-1. Bentonite Clay Shear Strengths.
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6.2 PARAMETRIC HADCRT ANALYSIS OF A RETRIEVAL TANK BUMP FOR
HEADSPACE PRESSURE AND AEROSOL GENERATION

The discussion in the previous section qualitatively described the differences between a safe
storage tank bump and a retrieval tank bump. Using the HADCRT code, this section
parametrically considers the peak headspace pressure and aerosol generation resulting from a
single retrieval bump. The HADCRT code and base case inputs for the safe storage bump are
described in Epstein et al. (2000) and the details are not repeated here.

Tank 241-AZ-102 is again selected for analysis with two sets of inputs. The first set has a
bounding supernatant temperature of 100°C, with V(0) = 8 m3, 4 m3, and 1 m3; a second set has
supernatant temperature equal to 94°C, with V,(0) = 8 m3, 4 m3, and 1 m’. For the sake of

comparison, the cases with Vy(0) = 8 m’ use a fluffing factor of 1.0 and represent the safe
storage scenario. The previous section showed that Vy(0) is directly proportional to the sludge
shear strength. The two cases presented here assume that the fluffed sludge yield strength is
somewhere between ' the original value and 1/8" the original value. A supernatant temperature
of 100°C is bounding for pure water properties and 94°C is the best-estimate value from

Figure 3-6. To bound uncertainties in headspace pressurization, the closed, adiabatic case is
considered. Headspace overpressure can also be compared to the HEPA failure overpressure

(5 psig or 35,600 Pa) to show that weak bumps will not cause failure. Relative to the safe
storage case, the convective layer depth is reduced by 1 m (from 7.6 to 6.6 m) to account for
fluffing. Table 6-1 summarizes inputs for the eight cases. Appendix D contains HADCRT input
decks.

In each case, only one bump event was considered. Headspace overpressure, gas volume
expansion ratio, and the mass of aerosol generated are reported in Table 6-2. Case 8FF1-100, the
first row in this table, essentially reproduces the results from the safe storage accident analysis
(Epstein et al. 2000). For Case 4FF2-100, the initial mass of liquid is about the same as in

Case 8FF1-100 because neutral buoyancy is now about half the non-fluffed value of 0.26; this

offsets the fact that Vi,(0) decreases to 4 m’ from 8 m>. The initial liquid mass is found from
Epstein et al. (2000):

m,(0) = pye Y (0 {;]‘_ - 1} (6-4)

NB

For Case 1FF2-100 (or Case 1FF2-94), the initial mass of liquid is reduced relative to the initial
mass for Case 4FF2-100 (or 4FF2-94) in direct proportion to the reduction in V(0).

Cases 8FF1-100 and 4FF2-100 produce similar results for overpressure and aerosol generation
per bump, with the reduction in initial gas volume offset by an increased expansion ratio for
Case 4FF2-100. Although Case 4FF2-100 should result in roughly twice the number of bumps
as Case 8FF1-100 (assuming the run is continued for several hours), Case 4FF2-100 also has
about one-half the solids fraction in the non-convective layer that Case 8FF1-100 does.
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Initial volume of representative bubble based on 5.0 mm bubble diameter.

Vp(0) = §,4,0r 1.0 m3

Initial total volume of bubbles released from sludge and used in ratio
Vp / Vi (0), parameter variation.

V= 2712m"

Volume of convective layer.

Vps (0) = 1800 m”

Initial volume of headspace.

H(0) = 6.6m

Initial depth of convective layer.

M, (0) = 34,000, 30,000, and
7,500 kg

Initial non-convective layer mass in parcel.

T (0) = 115°C

Initial parcel temperature.

Phs(0) = 1.012x 10° Pa

Initial headspace pressure.

Ter (0) = 100 or 94°C

Supernatant temperature.

Xt (0) = 95%

Headspace steam mole fraction.

Do L S e T T N S L e LA e
Aijp = 0.00m Neglect 8" inlet line.

2z
Agyt = 0.00m Neglect 20" outlet line.

Aleak = 0.00m”

Neglect leakage around 42" risers.

APyHEPA = 35,600 Pa

HEPA failure AP, crediting vent path pressure losses.

Ce = 0.5

Flow coefficient for inlet and outlet paths.

Vpir = 4x10m°
F1x20m°

Sluice pit and center pit volumes,

Tpit (0) = 75°C

Pit initial temperature.

Pit initial pressure.

Ppit (0) = 1.012x 10° Pa

pcL = 1100 kg m'3

Density of convective layer.

12x 10'5 kg m-1 s']

Mg = Viscosity of bubble gas (vapor).
-3

pg = 0.6kgm Density of bubble gas (vapor).
7

o = 0.059kgs Surface tension of supernatant.

D=92x 10-5 m2 s-1

Bubble gas/water vapor diffusion coefficient.
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Table 6-2 shows that only Cases 8FF1-100 and 4FF2-100 conceivably threaten HEPA filter
integrity by way of overpressure. Cases 8FF1-100 and 4FF2-100 result in an overpressure of
about 2.5 psig, which is still less than the 5 psig value for failure. The balance of the cases result
in smaller overpressures.

Table 6-2. Results of Parametric Analysis of a Single Retrieval Bump in Tank 241-AZ-102.

Initial " Mass of

Coetn | 2 | Liquig | FuMeg | pBCRr | Espanson | Overpresmre, | Aerusol
m> Mass, kg °C kg
8FF1-100 3 34,000 I 100 23 174 1.24
4FF2-100 4 30,000 2 100 43 16.9 1.15
1FF2-100 1 7,500 2 100 100 89 0.44
8FF1-%4 8 34,000 l 94 95 6.4 0.31
4FF2-94 4 30,000 2 94 16 55 0.23

1FF2-94 | 7,500 2 94 3 0.1 2.0x 107

For a given initial gas volume and liquid mass, the 94°C supernatant temperature cases result in a
smaller overpressure and aerosol generation. This is because the bubble expansion ratio is very
sensitive to the amount of supernatant sub-cooling. For the 94°C case with weak non-convective
layer (Case 1FF2-94), overpressure and aerosol generation are small. In this case, even a large
number of bumps will result in source term and radiological/toxicological doses that are small
relative to those for the safe storage scenario. HEPA filter failure is unlikely, although the
aerosol loading could be much larger than design values.

In summary, parametric calculations show that the best-estimate position is that the retrieval tank
bump scenario is likely to result in much smaller source terms and radiological/toxicological
doses than the safe storage bump scenario. This conclusion is supported by the results shown in
Table 6-2 of the 94°C case. A best-estimate position is that HEPA filter failure would not be
expected on overpressure, although aerosol loading could exceed design values. A bounding
analysis view states that in light of the resulfts for Case 4FF2-100, the retrieval tank bump
scenario could result in consequences similar to those of the safe storage scenario. As a result,
Case 4FF2-100 is considered in further detail below. In particular, the entire series of tank bump
transients is evaluated, rather than just a single bump.

6.3 HADCRT INPUT FOR THE BOUNDING TANK 241-AZ-102 TANK
BUMP SCENARIO

Case 4FF2-100 is evaluated for source term and radiological/toxicological consequences. The
tank configuration is the same as that used in Epstein et al. (2000) for the safe storage scenario.
The HADCRT model for this case contains four volumes or regions: the tank headspace, a
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region representing four sluice pits, the center pump pit, and the environment. Normal flowpaths
between the environment and the headspace are the filtered 8" diameter inlet and the filtered

20” diameter. Sluice pit covers lift at a pressure differential of 13.8 kPa and pump pit covers lift
at a pressure differential of 17 kPa. Other inputs are shown in Table 6-3. HEPA filters are not
credited.

Other parameters important to consequences are the initial mass of liquid in the buoyant parcel,
the time between bumps, and the number of bumps. With the volume of gas assumed to be 4 m3,

a non-convective layer density of 1300 kg/m3 and neutral buoyancy fraction of 0.15, the initial
amount of liquid plus suspended solids in the buoyant parcel is 30,000 kg

(1300+4+[1/0.15-1]). Average time between bumps is given by Epstein et al. (2000):

Vi (0)
£ o= —b 6-5
8D G, A; h (&5)

NCL

With G; = 0.38 mole/m3/day, or 0.007 m3/m3/day, (see Table 5-3), Ar= 411 mz, and

hner = 1.92 m, tgp = 1100 minutes (18 hrs). The total number of bumps is equal to the total
amount of gas in the non-convective layer divided by the volume of gas in one bump:

.., A. h
Ny, = -1 'no (6-6)
V, (0)

which is 29 for anyg =0.15.

Results of the Tank 241-AZ-102 tank bump calculation are shown in Figures 6-2 and 6-3, which
provide short- and long-term histories for headspace temperature and pressure, and the aerosol
distribution. Figure 6-2 shows the short-term response for one bump. Figure 6-3 shows the
response during the interval between the first and second bump, which is 1100 minutes or
66,000 seconds.

Peak overpressure and temperature are 17,000 Pa and 122°C, respectively. Headspace
temperature and pressure return to the initial conditions of 100°C and 1 atmosphere after roughly
1000 seconds. The first bump generates 1.22 kg of aerosol, which is slightly higher than the
1.15 kg reported in Table 6-2. The slight difference can be explained by the fact that Table 6-2
was generated using a closed headspace.

Figure 6-3 shows that about 0.42 kg are removed by natural circulation during the interval
between bumps. The temperature difference between the tank headspace and the environment
creates a flow pattern whereby ambient air enters through the 8" diameter inlet line and
headspace gas leaves through the 20" diameter outlet line. Airborne aerosols leak out the
headspace in this manner. Figure 6-3 also shows that there is practically no airborne aerosol in
the tank after about 40,000 seconds. About 0.8 kg are deposited at that point and 0.42 kg have
escaped. Time constant for aerosol settling in the DST headspace is ten hours at most, which is
consistent with experimental data such as the AB-5 test (Hilliard et al. 1983), as compared to the
time between bumps of 18 hours. This means that the interval between bumps is long enough
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Table 6-3. Parameter Values for Tank 241-AZ-102 Bounding Consequence Analysis.

Initial volume of representative bubble based on 5.0 mm bubble diameter.

Vi(0) = 4 m3 Initial total volume of bubbles released from sludge and used in ratio Vy, /
Vp (0), parameter variation.

Vp = 2712 rn3 Volume of convective layer.

Vhs (0) = 1800 m3 Initial volume of headspace.

H({@) = 6.6m Initial depth of convective layer.

mg (0) = 30,000 kg Initial non-convgqtivg layer mass in parcel.

Tp(0) = 115°C Initial parcel temperature.

Pps (0) = 1.012x 105 Pa Initial headspace pressure.

Tcy (0) = 100°C Supematant temperature.

X () = 95% Headspace steam mole fraction.

A.in. = 003 m2 T .I;It;:glect 8" .inlet. ﬁne.

Aoyt = 020" Neglect 20" outlet line.

Aleak = 5x0.00133 m" Neglect leakage around 42" risers.

APygpa = 35,600 Pa HEPA failure AP, crediting vent path pressure losses.

Ce =05 Flow coefficient for inlet and outlet paths.

Viie = 4x 10 m’ 3 Sluice pit and center pit volumes.

+1x20m
Tpit (0) = 75°C Pit initial temperature.
Ppit (0 = 1.012x 105 Pa Pit initial pressure.

.PCL = 11.00 kg r.r.li-=j - Densﬁy of convective layer.

pg = 1.2x 10-5 kg m-l s_] Viscosity of bubble gas {(vapor).

pg = 0.6kg m‘3 Density of bubble gas (vapor).

o = 0.059kg s'2 Surface tension of supernatant.
D=92x10"m" = Bubble gas/water vapor diffusion coefficient.
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. Tank 241-AZ-102 Retrieval Bump Short-Term Results.
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Figure 6-3. Tank 241-AZ-102 Retrieval Bump Long-Term Results.
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that each successive bump knows nothing about the one before it. An integral analysis for many
bumps is not necessary. The consequences of » bumps are simply » times the consequences of
one bump.

The present calculation considers one sequence of bumps that eventually displaces all non-
convective material. Sedimentation, noncondensable gas retention, and attainment of neutral
buoyancy are required for a subsequent bump sequence. Another sequence of successive bumps
can therefore repeat later in time after neutral buoyancy is again achieved, on a timescale
consistent with buoyant displacement events.

6.4 TANK 241-AZ-102 RETRIEVAL TANK BUMP BOUNDING RADIOLOGICAL
AND TOXIC CHEMICAL CONSEQUENCES

Mass of entrained material is converted to dose using the following method from
Cowley et al. (2000):

X
D - (@(up)[5)(eR) 1
where D = Dose, Sv,
Q = Released quantity, L,

ULD = Unit Liter Dose, Sv/L,

X/Q Atmospheric dispersion coefficient, s/m’, and

]

BR = Breathing rate, m’/s.

The released mass, kg, calculated above can be converted into volume, L, for waste solids and
liquids. Then, parameter values from Cowley et al. (2000) as summarized in Table 6-4 may be
applied.

Table 6-4. Radiological Consequence Factors (Cowley et al. 2000).

Factor On-Site Off-Site
ULD, Sv/L
DST Solids 1.07x 10° 1.84x 10°
DST Liquids 7.97 x 10 8.45 x 10
X/Q,sm 5.58 x 10~ gx10°
BR, m'/s 333x 107 333x 107
(1) Calculated mequation (68,

For on-site dose, worker exposure at 100 m is taken for an 8-hour shift, so the X / Q value of
5.58 x 10~ s/m’ from Section 5.2.3 of Cowley et al. (2000) applies. Similarly, the breathing rate
is specified in Section 3.7 of the reference for light work.
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For off-site dose, the methods of Section 5.2.3 of Cowley et al. (2000) are applied using values
from Table 5-2 of the reference and approximating the release as an 8-hour event because nearly
all of the release occurs over an 8-hour interval. Performing this evaluation,

-5
log (1.74 x 10 ) - log (% 8 hrs.) ) log (2 hrs.) _log (8 hrs.)
log (1.74x107) - log (147x 107 leg (2hrs)) ~log (8,760 hrs)

(6-8)

yielding X/ Q =8x 10° s/m>. The light work breathing rate also applies off-site due to the
short release duration.

Next, liters of solid and liquids released must be derived. In the first bump, non-convective
solids are substantially diluted by supernatant: an initial release of 30,000 kg (liquid + solid) is
increased to about 115,000 kg total in the rising parcel after entrainment (a calculation detail not
plotted). But in later bumps, some solids now present in the supernatant are entrained as well, so
that in the last bump of the series, the tank mixed-mean solid fraction applies. From Section 6-2,
waste properties are:

Density (kg/m3) Velume (kL) H20 (wt. %)
Convective 1.10 2,712 84%
Non-Convective 1.30 789

where dissolved salts are responsible for an HyO0% < 100% in the convective layer. From the
results in Section 6-2, the solids fraction in the fluffed non-convective layer is 6.6%. Thus, the
overall mixed mean solids volume fraction is (6.6) (789) / (789 + 2712} = 1.5%. Noting that the
released non-convective volume is 30,000 kg / 1.3 (kg/L) = 23.1 kL and the entrained volume is
85,000 kg /(1.1 kg/L) = 77 kL, the maximum fraction of entrained solids at the final bump is
approximately

(1.5) (77) + (6.6) (23.1)

= 2.7% (6-9)
77 + 23.1

The average density of released material is simply (30,000 + 85,000} / (26,800 + 74,000)

= 1.14 kg/L, which is precisely the waste average density noted in Hu et al. (2000). Therefore,
the 0.42 kg release is equivalent to 0.37 L total, of which 2.7% or 0.01 L are solid, and 0.36 L are
liquid. Note that exact volume fractions and densities could be derived for conversions above,
but the amount of solids entrained varies with each bump, so a somewhat conservative approach
was taken.

The overall Q * ULD for waste is found by weighting Table 6-4 values by the volume released,
On-Site Q * ULD = (1.07 x 10°) (0.01) + {797) (0.36) = 1,357 Sv
Off-Site Q*ULD = (1.84x 10°) (0.01) + (845) (0.36) = 2,144 Sv

Therefore, total on-site worker dose is
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On-Site D = (1,357 Sv) (5.58 x 107 s/m>) (3.33 x 10 m’/s) = 0.003 Sv
and off-site receiver dose is:
Offi-Site D = (2,144 $v) (8.0x 10° /m®) (3.33 x 10 m'/s) = 6.0x 10° Sy

Toxic chemical consequences are found using the methods of WHC-SD-WM-SARR-011 (1996).
Table 3-8 of the reference provides the toxic limit sum-of-fractions for toxic chemical dose
relative to allowed thresholds. Pertinent sum-of-fraction data from Table 3-8 of the reference are
summarized in Table 6-5. Values are given for continuous release consistent with the
radiological evaluation.

Table 6-5. Sum-of-Fraction of Risk Guidelines for a Unit Release of Chemicals
(WHC-SD-WM-SARR-011 1996).

Continuous Release, units s/L

Waste Type | Receptor Location ;\chc I:ielll:).f requleol!?trolll)(r;_'é
DST Liquids On-Site 750 210
DST Solids On-Site 3300 630
DST Liquids Off-Site 8.4 0.62
DST Solids Off-Site 15 28

When viewed as a continuous release, values in the table are applied to the released volumes of
0.01 L solid and 0.36 L liquid over a duration of 28,800 seconds. A puff evaluation is made for a
single release, with a duration of 60 seconds per Cowley et al. (2000). This means the puff
release result is a factor of 28,800/60 = 480 times larger than the continuous release result. The
puff evaluation is made because the release history for the tank bump accident presented earlier
has aspects of both a continuous and a puff release, and because toxic chemical consequences are
SenSlthf: to peak concentration. An evaluation is made for frequency bins of 10° /yr to 107 yr

and 107 /yr to 10 /yr. A release duration of 28,800 s and volumes of 0.01 L solid and 0.36 L
liquid are applied for both the puff and continuous release. The result of the evaluation is given
in Table 6-6.

Table 6-6. Toxic Consequence Evaluation Results for a Single Retrieval Scenario Bump.

Releases Receptor Accident Frequency Accident Frequency
Location 1/yr= 107 to 107 1/yr= 107 to 10°¢
‘ On-Site 1.05x 107 284x 107
Continuous Off-Site 1.10x 107 8.72x 107
On-Site 5.1 14
Puff Off-Site 5.29 x 107 4.19x 107

Continuous release results are within guidelines, but puff releases are not.
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6.5 TANK 241-AZ-102 RETRIEVAL TANK BUMP BOUNDING RADIOLOGICAL
AND TOXIC CHEMICAL CONSEQUENCES: 12-HOUR ON-SITE
EXPOSURE AND 24-HOUR OFF-SITE EXPOSURE

The calculations in Section 6.4 were repeated using the standard practice of a 12-hour exposure
to on-site receptor and a 24-hour exposure to the off-site receptor.

Consider the 12-hour on-site radiological exposure first. The atmospheric dispersion coefficient,
X / Q, must be calculated anew because the 8-hour values no longer apply. For an on-site
receptor (Cowley et al. 2000):

-3
log (9.40 x 10 ) —-log (% 12 hrs.) _ log (2 hrs.) - log (12 hrs.)
log (9.40x107) - log (4.03x 10™)  log (2 hrs) - log (8,760 hs)

(6-10)

which yields X/ Q=48 x 10° s/m3, which is only slightly different than the value shown in

Table 6-4 (5.6 x 107 s/m3)_ ULD and breathing rate do not change. Figure 6-3 shows that
releases between the period of 8-hours (28,800 seconds) and 12-hours (43,200 seconds) are
negligible. Therefore, the 0.003 Sv value calculated in Section 6.4 applies here as well.

Consider the 24-hour off-site radiological exposure next. Two bumps occur during a 24-hour
period, so doubling the value reported in Section 6.4 (6 x 107 Sv) is appropriate. Total
radiological dose is then 1.2 x 10" Sv for a 24-hour off-site receptor.

Similarly, the on-site values listed in Table 6-6 are valid for a 12-hour duration, and the off-site

values must be doubled. The general conclusion remains unchanged: continuous release
calculations are within guidelines, puff release calculations are not.
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A.0 QUANTITATIVE TREATMENT OF TRANSIENT CONDUCTION WITHIN
THE NON-CONVECTIVE LAYER DURING SETTLING

To predict the thermal behavior of a growing non-convective waste layer during settling, a time-
dependent conduction analysis is required. Again, conduction in the horizontal direction is
ignored (see Assumption Al in Section 4.0). In keeping with our objective of developing an
accurate but simple mathematical representation of waste self-heat accident scenarios during
retrieval activities, we sidestep a direct numerical attack of the partial differential equation of
heat conduction. Instead, we exploit the integral profile method. Rather than demanding that the
temperature T (z, t) satisfy the transient heat conduction equation everywhere (locally), we only
impose the global conservation condition:

Hyep(n d H,o
Pner CneL T _[ T(z,t) dz ~ Py e T (Hyer t) -
dt dt
0 (A-1)
oT oT
= kyep e (HNCL’lt) — kyew r (0, 1) + Quep, Hyer (1)

where HycL (t) is the instantaneous thickness of the non-convective layer, t is time, z is vertical
distance measured from the bottom of the tank, Qncy is the volumetric decay heat rate, and
PNCL, CNCL, KNCL are, respectively, the density, specific heat, and thermal conductivity of the
non-convective layer.

At the bottom of the tank equation (A-1) is subject to the heat loss condition
k or 0 = h |[T(0 T h T (0 T A
NCL&_(’t) - av[ (’t)_ avJ+ soil[ (’t)_ m] ( _2)

where hyy is the coefficient of heat transport to the annulus ventilation system at temperature T,y
and hgoj is the coefficient of heat transport to the soil (ki / R, see equation (4-2)) at
temperature T, Note that quasi-steady heat conduction is assumed to be a reasonable
approximation within the underlying soil. At the top of the non-convective layer, the upward
conduction heat flux is equal to the natural convection heat transport rate at the bottom of the
convective layer

ar i

—Kyer ke (HNCL’ t) = hg, [T (HNCLa t) - T (t)] (A-3)

where TcL, (t) is the instantaneous temperature of the convective layer and hcr, is the coefficient
for turbulent natural convection heat transfer off the top of the non-convective layer.
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The instantaneous average temperature T (t) of the non-convective layer is

_ 1 Hyep (1)
T() = o ® g’ T (z, 1) dz (A-4)

Substituting equations (A-2) to (A-4) into equation (A-1) yields

dT
Pner Sncr Huer, () At
_ dH
= ~Pxcr Snci [T t)-T (HNCL’ t):l —TNCL ~hg I:T (HNCL’ t) - T (t)] (A-5)

—h, [TOO-T, ]~hg [TOO-T,]+QHy

To close the problem, it remains to relate the two dependent variables T (Hncy, t) and T (0, t) to
the average temperature T . The thickness (depth) of the non-convective layer is obtained from a
separate analysis of the waste solids settling process. Here it is assumed that Hxcy (t) is a known
function of time. A reasonable functional form for the temperature profile in the non-convective
layer is now postulated. The following second-degree polynomial is chosen because it provides
the exact solution of the problem in the limit of steady-state heat transfer:

. 2
T(z,t)-T(,1) z z
= [-x@)]+x(t) (A-6)
T (HNCL, t) -T(0,t) Hyeo (HNCL ]

where x (t) is a time-dependent profile shape factor. Substituting equation (A-6) into equations
{A-2), (A-3), and (A-4) yields the algebraic system

(1-x)k
I.;’(NCLNCL [T (HNCL, t) -T (0, t):| = ha"’ I:T (0’ t) - Tav ] + hsoil |:T (O, t) - Tw:l(A-7)
k
. (L%{’i),ﬂ-_ [T(Hye ) -T©@ 0] = e [T(Hyg, )~ Ty, ] (A8)
NCL
T = TO U+ é (3= x)[T (Hyep, t) - T O, )] (A9)

After some lengthy algebra, equations (A-7), (A-8), and (A-9) yield the following solutions for
the three unknowns T (0, t), T (Hncy, t), and x (t):
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TO,t) = T+

ay

3 (2 * BCL ) [T(t) - Tav :l - BCL [TCL (t) . Tav ] - % Bsoil (BCL + 4)(Tav - Tco ) (A-IO)

I
6+ 2 (an + BCL + Bsoil) + 5 BCL (Bav + Bsoil)

2+B,, +Bg; Bl
T(HNCL’t) = Tav + 2+BCL [T (0, t)-Tav]-qu__‘_.s.oE;(Tav _Taa)
8 {A-11)
CcL
+ T, (t)-T
T{H, . ,t)— T (1)
x(t) = By (Hyerr ) = Teu € -1 (A-12)
T, 1) T (Hye, t)
where the B parameters are time-varying Biot numbers defined as
h H t h, H t h . H t
Bw - av - NCL ( ) , BCL - CL - NCL ( ) , Bmii — SOlik NCL ( ) (A-13)
NCL NCL NCL

Under certain conditions the vertical temperature profile in the non-convective layer will exhibit
a maximum. The location zpnay of the peak temperature is found by differentiating equation
(A-6) and setting the result equal to zero to obtain

Hye, (O |
Z t) = L2 - — A-14
max () 5 [ X t)} (A-14)
Substituting this result into equation (A-6) gives the maximum temperature
T t)-T (0,1t
mx D-TOH 1 2-x (1)~ ! (A-15)
T (Hye 1) =T 0, 1) 4 x (1)

A physical maximum temperature occurs only when zyax lies within the interval

0 < z_. < Hy, (A-16)
NCL

max

Equations (A-5), (A-10) to (A-12), and (A-15) are sufficient to determine the temperature
histories at the bottom and top of the non-convective layers.
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B.0 TRANSIENT TEMPERATURE CALCULATIONS FOR OFF-NORMAL
RETRIEVAL SCENARIOS

The model described in Appendix A was used to develop a code for calculating temperature
transients during postulated off-normal retrieval scenarios. In particular, the code was used to
calculate five temperatures during loss of ventilation scenarios: supernatant temperature, non-
convective layer (NCL) (or sludge) average temperature, NCL maximum temperature, NCL top
temperature, and NCL bottom temperature. The RETRIEVAL code was written in the Visual
Basic for Applications language and is executed as a macro in an Excel 7.0 spreadsheet.

B.1 CODE DESCRIPTION

The integral profile method described in Appendix A requires a model for NCL height during
mixing and settling. Since the mixing process is not important to the scenarios of interest,
RETRIEVAL simply ramps the NCL thickness to zero in two timesteps and imposes a
supernatant and average NCL temperature equal to the waste instantaneous mixing temperature.
In the case of Hye =0,

° BcL, Bav, and Bg,;) approach zero (equation (A-13)),
. x (t) = - 1 (equation (A-12)),

. Zmax (1) = Huce (t) (equation (A-14)),

) Tmax (t) = T (HneL, t) (equation (A-15)), and

o T (0, t) = T (HncL, t) (equation (A-11)).

which shows that the model approaches the expected uniform temperature profile for a thin
NCL.

The settling model is simply:
Hyo, ® = Hye (O)F{1-exp(-t/ 1)] (B-1)

where HycL (0) is the initial NCL (sludge) height, F is the fluffing factor (2.0 here), and 7 is the
waste settling time in days. Resuits plotted for Tank 241-AY-102 show that 5 daysisa
reasonable estimate for settling time constant (Sathyanarayana 2000). RETRIEVAL tracks NCL
thickness based on the settling model above and calculates fluffed properties of density, specific
heat, and thermal conductivity.

Sludge properties are calculated by determining appropriate mass and/or volume fractions and
then weighting the individual values for liquid and solid constituents to find mixture values.
Initial sludge particle volume fraction is an input. The initial particle volume fraction, solid
properties, and liquid properties are from Crea et al. (2000) for Tank 241-AZ-102, and are
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presented below. Based on fluffing factor, input for mixer pump operation, and settling time, the
code calculates the appropriate mass and volume fractions for the sludge in the fluffed state.
Equation {6-2) is used to find the volume fraction. Sludge density is then the volume-weighted
average of solid and liquid (supernatant) densities. Sludge-specific heat is the mass fraction-
weighted average of solid- and liquid- (supernatant) specific heat values. Thermal conductivity
is calculated by the Maxwell model, as in Sathyanarayana (2000), and uses sludge liquid volume
fraction as an input.

While the mixer pumps are operating, there is only one equation for the temperature rate-of-
change and all waste is said to be a convective layer. This equation reflects the overall energy
balance at the waste boundaries and ignores interfacial heat transfer. Once the convective layer
temperature rate-of-change is calculated, it is assigned to be sludge temperature rate-of-change,
which must always be tracked. The individual terms for heat losses and sources are described in
Appendix A for the bottom surface, and in the discussion below of supernatant temperature rate-
of-change.

Mixer pump heat is distributed uniformly throughout the waste. During mixing, the waste
density is just the total mass waste divided by total initial volume. Waste heat capacity is
assumed to be the liquid (supernatant) capacity and the solids heat capacity is ignored. While the
mixer pumps are operating, thermal conductivity is irrelevant because there is no sludge layer.

Supernatant temperature can be described by a single value because convection ensures a
uniform temperature distribution. The supernatant temperature rate-of-change includes the
following sources and losses:

. Decay heat as calculated from the transient supernatant height,
. Heat transfer from the sludge top surface,

. Evaporation from the supernatant surface,

. Reflux of primary ventilation condensate,

) Conduction through the top and sides, and

. Annulus ventilation system.

Supernatant decay heat depends on the volume of the supernatant. The code assumes that the
total waste height remains constant and that the height of the supernatant is just the height of the
waste minus the height of the sludge. Sludge height during settling is given by equation (B-1).

The rate-of-change of supernatant temperature and/or sludge temperature proves to be insensitive
to assumptions about the heat transfer coefficient between the sludge top surface and the
supernatant. The sludge top surface temperature is always within a degree or so of the
supernatant temperature. Heat transfer coefficient between the sludge and the supernatant is
representative of natural convection of water overlying a hot surface:
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hy,, = 100[T(Hye, t)- Ty, (t)]%‘

sup

(B-2)

mz-K

where T (Hncl, t) is the temperature at the top of the sludge and T¢r (t) is the supernatant
temperature.

Evaporation from the supernatant is predicted by a simple model that assumes evaporation is
only effective if primary ventilation is operating. If primary ventilation is operating, headspace
properties are assumed to be that for pure air. Vapor suppression by dissolved salt means that
vapor pressure is 85% that of pure water (Crea et al. 2000). Evaporation is expressed as;

4n
W, = hm (Ys - Yatm) (B-3)
where W,y is the evaporation rate in kg/s, hy, is a mass transfer coefficient, Y is vapor mass
fraction, subscript s denotes the supernatant surface, and subscript atm denotes headspace
atmosphere. Vapor mass fraction at the surface, Yy, is found from the steam partial pressure at
the surface accounting for vapor suppression by salts. Mass transfer coefficient, hy, is based on
the heat-mass transfer analogy. Vapor mass fraction in the atmosphere is found by a Newton’s
method solution to the mass balance for the amount of steam in the headspace:

4/3
Yo _ M (Y- Yem) B0
1- Yatm pg Qv

where Qy is the primary ventilation volumetric flowrate and pg is the gas density.

Condensate is returned to the supernatant with some user-defined split fraction and temperature.
The usual assumption is that all the condensate returns to the supernatant.

Conduction through the soil overburden is simply one-dimensional, steady-state conduction
through a slab with one end at the ambient air temperature and the other at the supernatant
temperature. Sideward conduction is defined to be 33% of upward conduction, based on
Kummerer (1994), and apportioned between sludge and supernatant based on height.

Annulus ventilation removes heat based on the supernatant temperature, the sideward heat
transfer area of the DST (perimeter times supernatant height), the annulus ventilation inlet
temperature, and some user-defined heat transfer coefficient.

B.2 VALIDATION

The coding was validated against the loss of ventilation results presented in Figure 3-6. This plot
shows the following:

o The transient starts from a mixed waste temperature of 190°F (88°C),
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o The NCL maximum temperature reaches saturation after 50 (119 - 69 )
days, and

. Supernatant temperature reaches 209°F, or 98.3°C, after 69 (138 — 69)
days.

For Tank 241-AZ-102, RETRIEVAL input was taken from Appendix B of Crea et al. (2000},
and is as shown in Table B-1.

This input reproduces the GOTH run shown in Figure 3-6. Results are shown in Figure B-1.
The first 34 days are simply to allow the waste temperatures to reach steady-state. The user-
defined annulus ventilation heat transfer coefficient was chosen to keep the supernatant
temperature constant at roughly 113°F. A comparison of Figure B-1 and Figure 3-6 shows that
the RETRIEVAL code does a reasonable job of predicting the peak sludge temperature. Mixing

then occurs between 34 and 69 days, at which time the mixer pumps and ventilation systems are
shut off,

RETRIEVAL results show reasonable agreement with GOTH results shown in Figure 3-6:
. The transient starts from a mixed waste temperature of 193°F (89.7°C),

. The NCL maximum temperature reaches saturation (254°F) after 42
(111 - 69} days, and

. Supernatant temperature reaches 209°F, or 98.3°C, after 73 (142 - 69)
days.

The RETRIEVAL supernatant temperature curve is not in precise agreement with the GOTH
curve because evaporative cooling is not accounted for in RETRIEVAL. After the mixer
pumps are turned off, evaporative cooling will still be effective for a time.

This calculation was repeated with mixer pump shut off and ventilation failure occurring at
various times other than 69 days. In all instances, the maximum sludge temperature rate-of-
change was about the same.

B.3 SUCCESS CRITERIA RUN

To determine if primary ventilation alone can prevent a bump, the previous case was revised to
assume that primary ventilation does not fail at 69 days (time of mixer pump shut down) but
annulus ventilation fails. Input is shown in Table B-2.

Results are shown in Figure B-2. The figure indicates that the sludge would still reach saturated
conditions after about 55 (124 — 69) days, but the supernatant would be highly sub-cooled. This
would prevent bumps, but not lead to a stable state. Figure B-2 confirms that a valid,
conservative success criterion is that both primary and annulus ventilation are required.
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Table B-1. RETRIEVAL Validation Input.

DST Thermalhydraulic Analysis Inputs: Tank 241-AZ-102

Waste Properties.

T 1100

... Tlme Mixer lﬁumps Start
Time Mixer Pumps Stop
Fluffing Factor

Time Primary Ventilation Starts days

Time Primary Ventilation Stops days 69
Time Annular Ventilation Starts days 0
Time Annufar Ventllation Stops days 69

Supernatant Liquld Density kg/m® Length days 150
Supemnatant Heat Capacity JIkgiC 4200 Time Step days 0.05
Supematant Themal Conductivity WIm/iK 0.61 Plot interval days 2
Vapor Suppression % 85
Particle Size microns 10
Particle Density kg/m® 3800
Particle Heat Capacity Jikg/C 840
Particle Thermal Conductivity Wim/K 86
Particle Volume Fraction - 017
Settling Time Constant days 5
Sludge Depth m 0.96
Supemnatant Depth m 7.65
Sludge Volume m’ 360
Supernatant Volume m® 3234
Initial Supernatant Temperature c 45
Inltial Sludge Temperature C 63.6
... Heatloads = e
Supernatant Liquid wW 19638
Sludge W 38894
Liquid Generation Rate Wikg 0.0058
Sollds Generatlon Rate Wikg 0.1644
Mixer Pumps W 447,000
Ambient Conditions
Air Temperature c 28
Soil Temperature c 10
Relative Humldity % 50
Soil Overburden Thickness m 4
Tank Radius m 11.4
Soil Thermal Conductivity WIm/K 1
BT Ventilation System
Primary Flow mis 0.235
Annulus Flow mls 0.46
Annulus Heat Transfer Coefficient WImIK, 0.55
Annulus Flow Inlet Temp. Cc 4.4
Recirculation Fraction - 1
Recirculation Temperature C 44
B ' Scenario Description -

FAI/00-52, Rev. O
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Figure B-1. RETRIEVAL Validation Results.
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Table B-2. Inputs for Case with Primary Ventilation but No Annulus Ventilation.

DST Thermalhydraulic Analysis Inputs: Tank 241-AZ-102

Waste Properties =~ . Timing
Supematant Liquid Density kgim® 1100 Length days 150
Supematant Heat Capacity JkgiC 4200 Time Step days 0.05

Supernatant Themal Conductivity WimiK 0.61 Plot Interval days 2
Vapor Suppression % 85
Particle Size microns 10
Particle Density kg/m® 3800
Particle Heat Capaclty Jikg/C 840
Particle Thermal Conductivity Wim/K 8.6
Particle Volume Fraction - 0.17
Settling Time Constant days 5
Sludge Depth m 0.96
Supematant Depth m 7.65
Sludge Volume m’ 360
Supematant Volume m® 3234
Initlal Supematant Temperature C 45
Initlal SIudge Temperature C 63.6
HeatLoad_sj. o BEER
SU pematant quuid W 19638
Sludge W 38894
Liquid Generation Rate Wikg 0.0058
Sollds Generation Rate Wikg 0.1644
Mixer Pumps W 447 000

Ambient Condltlons 3

Alr Temperature o

Soil Temperature o

Relative Humidity %
Soll Overburden Thickness m
Tank Radius m 11.4
SOH Thermal Conductlvity Wlme

Primary Flow ' majs 0235

Annulus Flow mfs 0.46
Annulus Heat Transfer Coefficient Wim“/K 0.55
Annuius Flow Inlet Temp. c 44
Recirculation Fractlon - 1
Reclrculatlon Temperature C 4.4
o . Scenario Description.
Tlme Mixer Pumps Start days 34
Time Mixer Pumps Stop days 69
Fluffing Factor - 20
Time Primary Ventilation Starts days 0
Time Primary Ventilation Stops days 1000
Time Annular Ventilation Starts days 0
Time Annular Ventilation Stops days 69

FAI/00-52, Rev. 0 B-7 August 2000
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Figure B-2. Results of Case with Primary Ventilation but No Annulus Ventilation.
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APPENDIX C
SPREADSHEETS FOR ACCIDENT FREQUENCY CALCULATION

C.1 SPREADSHEET CALCULATIONS FOR FREQUENCY OF TANK
BUMP CONDITIONS

This spreadsheet evaluates retrieval tank bump conditions frequency, Fyrp. See Section 5 of
this report. Symbols are defined in the symbol table.

Differential equation for probability of tank bump conditions

dFyp (O = p, ()P (D) dt

Integrate over mixer operation time, t,,

top
FWFD = ,.‘ pf (t) Pnr (t) dt
0

Function Definitions: Ventilation System Failure and Probability of No Recovery

Pt = }’p * A’ann

P = (l—xrs)i X, [l-log-normal(ta,an, n)]

n=1

FAI/00-52, Rev. O C-1 August 2000
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( Time Avatlable Function: Heatup rate = 1.2 F/day
[240°F -(123+3.91-0.055 ¢ F)}
If (t <35 days) t, =
cL
else t, = 40days
Long Form of the Equation

tD
Forp = [lp + lmn:) JP (1 - xrs) i X, [1 - log-normal (ta, o, B, )] dt
0 =1

Definition of Exceedance Probability for CM Activity 1; log-normal is the
cumulative log-normal distribution

Exceed. Prob1 =

[1 - log-normal (ta, o, Bl)] , etc.

FA1/00-52, Rev. O

August 2000
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Symbol Table
Symbel Definition Value
A+, K::.i]mion Failure 0,067 day
Restoration Activit
¥n Fraction o 0¥
Correstive
Maintenance
n Acl?:ilya;:ctjm for 0.485
ITCNEL
CM Activi
% Eracion for STCTEL 6030
CM Activity
X3 Fractson for 0485
STCNEL
& Log-Mean of CM 508
Activity ITCNEL '
o Log-Mean of CM 556
Activity STCTEL ’
@, l.og-Mean of CM
A;?vny STCONEL 489
B Log-St Dev. of CM
A:t?vity 3TCNEL 056
A, Log-St. Dov. ol CM
A:Sv ity STCIEL 0.56
A Log-5t Dev of CM
A:Ev ity STE,';EL 056
Corrective Maintenance Distributions
CM
CM Activity 5TH 95TH Log-Mean | Log St. Dev | Activity | CM No.
Fractlon
ITCNEL 64 400 5.08 0.56 0.485 1
STCIEL 102 638 556 0.56 0.03 2
STCNEL 53 3N 4.89 0.56 0.485 3
FA1/00-52, Rev. O C-3 August 2000
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L} "

Pr s

Integration Table: Column Headings "Time Available", "Exceed. Prob.", "P.",
"Fwrp' defined on Pages B - 1 and B-2.

Ventilation Restoration
Failure Rate Activity Day that Furp
= pr Fraction > le-6
1iday - 18
7 10E-03 0.8
Mixer
Operation Time Exceed. Prob 1]Exceed. Prob 2 Exceed. Prob Py P Pour dFymp Fwm
Available, t, 3
Time, t,,
days days - - -
[ 75 & 69E-C7 4 34E-D5 1526-07 IE0E-07 2. TTEDS 0.00E+00 0.00E+00
1 54,3 T176-06 5 55E-05 Z CBE-GT 46707 3.5GE-09 TI8E-09 | 3.18E-08 |
H 51.2 T 5BE-06 7 08605 THEE-GT B.05E-07 4 66E-DD {12609 7 30E-08
3 ] 2. 09E-06 FEFE 3 .8BE-07 TBE-07 §.02€-00 5. 34E-08 1 26E-08
[ 85,2 7 19606 T15E-04 5 ZBE-B7 1.01E-06 7 IIE-09 [ T SEEO8
¥ B2.4 3.71E-08 T45E-04 T 16E-07 7 30E-08 T.00E-08 3 BOE-00 2.84E-08
6 ik 4.92E-06_ TE3E-C4 9.606-07 TETEA 1 2BE-08 T14E-08 3.98E-08 |
7 770 € 50E-06 2 30EG4 7.306-06 F14E-06 | 1.64E-08 T A6E-08 5.45€-08
E] T4.4 B 55E-08 2 85E-C4 175608 2. T3E-08 2. 10E-08 TA7E-08 7 33E-08
3 72.0 112605 3 59E-04 3 S4E-06 | 3.47E-06 | JBIEUE 2.99E-08 9.71E-08
0 59.6 146E-05 T A6E-04 3 11E-08 44008 3.38E-08 3.03E-08 1.27E-07
11 57 4 TO0E-05 | B.52604 | 4 10E-06 | B A5E-0B 4.27E-08 3.83E-08 T
12 551 24 [REST 5AIE-08 ©.O7E-06 E37E-08 4+ EEDE Z14E07 |
3 530 TIAE-0% B.3E-04 7.00E-08 B 72608 B B.04E-08 ZTAE-DT_
4 61.0 4.01E-05 1.09E-03 9.21E-08 1 08E-05 B.35E-08 TEIE-OR 3.50E-07
[ 9.1 T GRE-0% T.22E-03 1 19E-08 T34E-05 | 1O3E-07 9.35E-08 AAIEDT
6 57.2 5.35E-08 T 4503 TEEDE TE5E-0S T2TE0T TASE-07 S 5EEDT
i7 55 5 7 SBE-05 1 76E-03 1 GAE-05 2.02E-05 1 55E-07 1.41EQ7 7.00E-07
18 539 9. 85E-08 2 08E-03 2 44E-05 2.A5E-05 1 89E-07 172607 8.71E-07
19 523 1.226-04 Z4BE-03 305605 2 95E-05 Z.2TE-07 2.08E-07 1.08E-06
20 ] 1.48E-04 2.87E-03 3.78E-0% 3 B3E-08 2 T2E-07 2ASE-D7 1.33E-06
Z1 [EE 1.78E-04 3.33E-03 4 63E05 4 1BE-05 3.226-07 2.97€-07 1.63E-06
22 482 2. 13E04 334ED3 5. E1E-08 4.91E-05 3.78E07 3.50E-07 1.9BE-06
i) 70 3 52E-04 458603 | GTSEDS | 5.7E08 TAE0T 400607 | Z3BE-06 |
K (] 2.95E-04 T5E0s | T erEDs & H0=-08 T OEE-DT 4 4E0T % BBE06
25 K] IAED4 5 54E-03 B I4E0D 7 S3E.55 5 BOE-DT T A4E-D7 3.40E-06
26 a0 TEEEU4 6. 156-03 TOBE-04 —BATE-05 6.55E-07 6.18E-07 4.02E-06
T 437 4 30E-04 §.76E-03 1 23604 S51E-08 | T30ED7 B.94E-07 4. 71E-06
28 474 TI0E-04 | 138603 1 39804 705604 | B.OBEDT TIEDT T4SE0E |
78 A8 630604 T 93E-03 13404 115E-04 B.84E-07 EATE0T 6.33E-06
30 413 T ESE04 B45ED3 7 E8E-D04 1.24C-04 507 §10E-07 | 1.05E-08
KX e 627604 B.92E-04 TB2E-04 1.326-04 10206 585607 B.24E-06
32 40.4 B OIEO4 3 31E-03 T93E-04 TI9E04 | 1 0/E-06 TO4E-06 §.28E-06
x] 40.2 5 a2E-04 § BB 2 02E04 TA4E-04 111E-06 T09E-06 1.04ED5
34 40.0 T O9E-O4 G.80E-03 Z DBE-04 Y 4BED4 1 I4E-06 1 13606 115605
35 400 7 GOE-04 §.80E-03 Z GBE-O4 T 48E.O4 T14E-08 1 T4E-06 126605

Values for times larger than 35 days are plotted below.
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WFD Tank Bump Frequency
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C.2 UNCERTAINTY ANALYSIS FOR FREQUENCY OF TANK

BUMP CONDITIONS

Crystal Ball Report

Simulation started on 7/21/00 at 13:09:58

Simulation stopped on 7/21/00 at 13:12:23

Forecast: Days to Exceed 1E-6 Bump Frequency

Farecast Days to Exceed 1E-8 Bump Frequency
1,000 Trials Frequency Chart 2 Oudliers
o2l " - B
074 k-
2 iy
— [y ]
.g 0D 485 -g
.g [ )
T % »nx 3
w 11 | | TEE .
5 hl B -}
Mixer Coparali Days
Percentiles:
Percentile Mixer QOperation Days
0.0% 7
2.5% g
5.0% 10
50.0% 17
95.0% 24
97.5% 26
100.0% 32
End of Forecast
FAV/00-52, Rev. 0 C-6 August 2000




RPP-6654, REV. 0

Assumptions

Assumption: Relative Frequency of 5TCIEL
Uniform distribution with parameters:

Minimum 0.01
Maximum 0.10

Mean value in simulation was 0.05

Assumption: Recovery Fraction =1 - CM Fraction
Uniform distribution with parameters:

Minimum 0.50
Maximum 0.80

Mean value in simulation was 0.65

Assumption: Ventilation Failure Rate, 1/hr

Lognormal distribution with parameters:
Mean 3.21E-04
Standard Dev. 3.07E-04

Selected range is from 0.00E+0 to +infinity
Mean value in simulation was 3.14E-4

End of Assumptions

FAI/00-52, Rev. 0 C-7
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