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Executive Summary
The high-level radioactive wastes in many single-shell tanks (SSTs) at the Hanford Site are
to be retrieved by a modified sluicing method that uses water jets to dissolve the water-soluble
waste and mobilize the water-insoluble waste. Retrieval operations will liberate any waste gases
trapped in the wetted solid waste matrix, and these gases will be released into the tank
headspaces. Because the trapped gases include the flammable species hydrogen, methane, and
ammonia, a concern exists that a flammable mixture could be formed in the tank headspaces.
This report combines conservative retained gas inventory estimates and tank data with
anticipated waste retrieval rates to estimate the potential headspace flammability of selected
SSTs during modified sluicing waste retrieval operations. Considered here are nine of the 12
tanks from the 241-S tank farm (241-S-107, 241-S-111, and 241-S 112 are not considered) and
Tank 241-U-107.
This report is intended to support the specification of process controls that ensure flammable
conditions do not develop in the tank headspaces. Consequently, the physical scenarios
considered, the models developed to estimate retained gas releases and the tank headspace
compositions under these scenarios, and the model input data are intended to conservatively
assess the potential to reach headspace flammability. The analyses are intended to address
worst-case conditions and establish reasonable upper bounds on the achievable flammability of
the tank headspaces. Flammable retained gas inventories, for example, are based on the 95th
percentile developed by Barker and Hedengren (2003), giving 95% confidence that actual
inventories are smaller than those used in the calculations.
Gas releases and headspace flammability were evaluated for three general scenarios: a very
aggressive dissolution and erosion of saltcake waste by water jets impinging on the waste
surface, the drainage of interstitial liquids from saltcake during a shutdown of the retrieval
process, and the dissolution of saltcake by unsaturated liquids during a shutdown of the retrieval
process.
The simple model of waste retrieval using the modified sluicing approach indicated that the
flammable gas headspace concentrations can rapidly approach the action level of 25% of the
lower flammability limit (LFL) when the tank is passively ventilated. While it is not necessary
to use the portable exhauster to maintain the headspace hydrogen concentration below this action
level, retrieval rates would probably be limited by the slow removal of flammable gases by
passive ventilation. It was determined that using a portable exhauster anywhere in the assumed
operating range of 270 to 450 cfm would prevent the headspaces from reaching the 25% of LFL
action level even if the water jets are very effective at eroding the saltcake. Specific guidelines
are developed to ensure that, in the event of a catastrophic loss of the retrieval pump and portable
exhauster, headspace flammability will not reach the LFL.
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This report is Revision 2 of PNNL-14271. Revision 1 expanded the analysis of interstitial
liquid drainage-induced gas releases to address a general retrieval scenario (the previous version
of this report assumed a center-out retrieval approach and conditions). Tank waste conditions
(waste volumes, interstitial liquid levels, temperatures, retained gas void fractions, etc.) were
also updated in Revision 1. Revision 2 extends the analysis to address water addition rates of
110 gpm and brine pump-out rates of 110 gpm.
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1.0 Introduction
The high-level radioactive wastes in many single-shell tanks (SSTs) at the Hanford Site are
to be retrieved by a modified sluicing method. This modified sluicing method will direct jets of
water at the waste surface to erode and mobilize the waste. Waste that is readily soluble in water
will be dissolved; waste that has a very low solubility will be hydraulically mobilized and sluiced
to the inlet of the retrieval pump.
Waste gases residing in the solid waste matrix will be released into the tank headspace as the
waste is retrieved. These retained waste gases include the flammable species hydrogen,
methane, and ammonia, and there is a concern that these gases could produce a flammable
mixture in the tank headspaces during retrieval operations. This report combines conservative
retained gas inventory estimates and tank data with anticipated waste retrieval rates to estimate
the potential headspace flammability of selected SSTs. The SSTs considered here are 9 of the 12
tanks in the 241-S tank farm (Tanks 241-S-107, 241-S-111, and 241-S-112 are excluded) and
Tank 241-U-107 (U-107).(a)

1.1 Retained Gas Configuration
The wastes in the 10 SSTs of interest are composed primarily of water-soluble salts with
various lesser amounts of metal oxides and other water-insoluble species. The solid wastes were
generally laid down in layers via settling and precipitation as batches of slurry waste were added
and the supernatant liquids removed. Gradual salt crystal growth caused by cooling of the waste
and Ostwald ripening has resulted in the formation of saltcake, a granular solid with varying
structural strength (Hedengren et al. 2001). Though most of the tanks of interest have had their
drainable liquid wastes removed, much liquid remains as trapped droplets held by surface tension
in the interstices of the drained saltcake, and much liquid remains below the level at which
drainage due to gravity is effective.
Chemical and radiolytic processes in the aqueous waste generate gases (e.g., hydrogen and
nitrogen) that form small bubbles within the solid matrix. These may grow within the confines
of the matrix but do not generally deform the solid matrix itself.(b) When small, the bubbles are
effectively separated from other bubbles and the headspace by interstitial liquid and are
relatively immobile. Gradual bubble growth results in larger bubbles that migrate upward
through the matrix and eventually are released into the tank headspace. In dry waste regions
above the interstitial liquid level, the interstices of the solid matrix are sufficiently interconnected
to allow waste gases to diffuse upward to the headspace (Peurrung et al. 1996; Huckaby et al.
(a) Hanford tanks are designated by the prefix 241–followed by the tank farm label and tank number. In this
report, as in common usage, the prefix is omitted.
(b) Particle-displacing bubbles can be formed under certain conditions, as described by Stewart et al. (1996), but
are not significant in the tanks of interest in this report.
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1999). Thus, gases that have migrated to the top of the interstitial liquid diffuse relatively
quickly through the dry waste to the headspace, and the interstices of the drained waste above the
interstitial liquid level can be considered part of the tank headspace.

1.2 Retrieval Process Description
The retrieval of waste from the tanks of interest will involve dissolution, erosion, and
sluicing to mobilize and transfer the waste solids to the suction of a retrieval pump. While some
changes to the retrieval strategy and methods can be expected, the general approach is expected
to follow three stages:


In the first stage, water will be added to the well created during the installation of the
retrieval pump and allowed to soak and dissolve the saltcake surrounding the pump.
The resulting brine will be pumped out to a DST. Several fill, soak, and pump cycles
will be necessary to enlarge the well to a size that supports continuous application of
water. This first stage will involve relatively small quantities of water (less than
10,000 gal at any one time), and the retrieval of waste (and the release of gases) will
be relatively slow.



During the second stage, three remotely operated nozzles in the tank headspace will
direct jets of water at the waste surface to erode and dissolve the saltcake. Water
supply limitations result in a nominal water application rate of about 110 gpm and an
estimated maximum application rate of about 110 gpm. The brine and any suspended
solids produced by this method will drain to the pump and be pumped out at a nominal
rate of 110 gpm. This is depicted in Figure 1.1. While the preferred retrieval strategy
is to direct the water jets at the sloping walls surrounding the central pool and retrieve
the waste by a center-out method, water may also be distributed over the upper waste
surface to effect a top-down retrieval. The second stage will begin as soon as the
central pit is large enough to support a continuous process and last until the central pit
extends roughly to the tank wall.



The third and last stage will consist of sluicing the remaining waste, much of which
will have already released its gas, toward the pump inlet. Only minor gas releases are
expected during this last retrieval period. These stages and other aspects of the
retrieval strategy are described in Process Control Plan for Saltcake Dissolution
Retrieval Demonstration in Tank 241-S-112 (Cowin et al. 2003).
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Figure 1.1. Illustration of the Center-Out Waste Retrieval Strategy

Figure 1.1 also illustrates that, when a center-out retrieval strategy is being applied, erosion
and dissolution of waste over any extended period of time (i.e., hours) will include waste that is
above the interstitial liquid level (in the tanks where such waste exists). Water applied to erode
and dissolve the upper, gas-free portion of the waste will cause very little gas release. Similarly,
gas releases will not be increased if chunks of the upper, gas-free portion of the waste slough or
break off and tumble into the central pool.

1.3 Previous Studies
In past work, gas release rates during retrieval of saltcake SSTs by water dissolution were
evaluated for typical interim stabilization brine-pumping rates of 5–10 gpm (Stewart 2001). The
generic tank represented in that study was assumed to have waste properties and gas content
similar to Tank U-107. Stewart (2001) argued that gas release rates would be limited by the
waste dissolution rate, which, for operational reasons, was approximately equal to the brinepumping rate. With a 10-gpm pumping rate, a retained gas volume fraction of 0.2, and estimated
passive ventilation of 2.5 scfm, the headspace hydrogen concentration was predicted to exceed
the action limit of 6,250 ppm in about three days, but the headspace was predicted to remain
below the lower flammability limit (LFL) of 4 vol% hydrogen to the end of the planned U-107
dissolution tests, about six weeks later.
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Later work specific to retrieval of Tank S-112 considered brine pumping rates from 1 to
1,000 gpm with tank headspace ventilation rates from 1 to 1,000 scfm.(a) In that study, the
headspace hydrogen concentration was predicted to remain well below the LFL at the highest
pumping rates even without active ventilation because the retained gas inventory in S-112 was
estimated to be relatively low. A ventilation rate of 100 scfm was predicted to be adequate to
keep the hydrogen concentration below the 6,250 ppm action limit for pumping rates up to
100 gpm. Mahoney revised gas release estimates to adjust for changes in retained gas inventory
due to saltwell pumping of Tank S-112 but also used the relatively low estimate of retained gas
inventory.(b) Neither Stewart and Morrissette nor Mahoney addressed hydraulic erosion of the
saltcake as a potentially significant impact on the gas release rate.
This report estimates a bounding, rather than best estimate, retrieval gas release rate by
considering the conservative 95th percentile retained gas volume fractions developed by Barker
and Hedengren (2003). It also proposes and applies a bounding rate for the erosion of saltcake
and estimates gas release rates accordingly.

1.4 Organization of the Report
Section 2 develops retained gas inventories, compositions, and flammability estimates for
each tank studied in this report. Section 3 considers the mechanisms by which the retained gas
could be released during retrieval by sluicing. Simple models to estimate gas release under
different scenarios are developed and their results presented in Section 4. Section 5 discusses the
results of the study, and Section 6 contains cited references. Derivation of the models is
provided in the appendixes.

(a) Stewart CW and DJ Morrissette. September 2001. “Preliminary Assessment of Gas Releases at High
Dissolution Rates in Tank 241-S-112.” Letter Report TWS01.31 Rev. 1, Pacific Northwest National
Laboratory, Richland, WA.
(b) Mahoney LA. November 2002. “Assessment of Gas Releases at High Retrieval Rates in Tank 241-S-112.”
Letter Report TWS03.016, Pacific Northwest National Laboratory, Richland, WA.
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2.0 Retained Gas Inventories and Properties
In this section, values for the retained gas inventory, composition, and flammability are
developed for each tank considered in this report. Because the estimated inventories of retained
flammable gases are to be used in subsequent analyses of safety-related scenarios, their
development is intended to provide reasonably conservative values rather than most-probable or
best-estimate values.

2.1 Retained Gas Inventories and Composition
The retained gas inventories of the waste tanks have been estimated by several techniques.
Barometric pressure changes cause the retained gas in the waste to expand or compress, causing
the waste surface level and/or the interstitial liquid level to fluctuate. The quantity of retained
gas can be estimated from the magnitude of the level fluctuations (Whitney 1995). This
technique is not applicable to all tanks because many have a solid waste surface that does not
fluctuate with barometric pressure changes, and changes in interstitial liquid level below the
surface cannot be measured with sufficient precision to be used.
Retained gas volumes from regions of selected waste tanks have been measured using a
specially designed retained gas sampler. This also allows the composition of retained gases to be
determined, but of the tanks of interest here, retained gas samples have been collected from only
Tanks S-102 and S-106 (Mahoney et al. 1999), and the few measurements in each tank make
estimating the total gas volume uncertain.
Vertical neutron probe logging of the waste, routinely conducted to measure the interstitial
liquid level, has been analyzed to estimate waste void fraction and retained gas volumes.
However, like the retained gas sampler, the neutron logs apply only to the immediate vicinity of
the liquid observation well and are not necessarily representative of the entire tank.
Lastly, a gradual rise in the liquid level in a tank (either supernatant or interstitial liquid) is
generally indicative of retained gas accumulation and can be used to estimate changes in the
retained gas volume. Unfortunately, interstitial liquid level measurements were not available
prior to about 1981, so any gases present in the waste before that time would not be included in
such estimates.
In summary, a variety of methods have been used to estimate retained gas inventories with
varying applicability and confidence in the results. Estimates of retained gas volumes
determined from these sources as of December 2000 are compared in Hedengren et al. (2001).
The compositions and inventories of the retained gases in all 149 SSTs and 28 DSTs have
recently been evaluated for the safety analysis by Barker and Hedengren (2003), who used a
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Monte Carlo simulation method to classify tanks based on their flammable gas release potential.
They established probability distributions for the retained gas composition and gas volume
fraction as input for the Monte Carlo simulations using all applicable retained gas volume and
composition measurements. The hydrogen concentration of the retained gas is determined via
the Monte Carlo simulation as a function of the other constituents. Table 2.1 lists selected values
from these distributions for the tanks of interest. In this table the median value is that for which
a higher or lower value is equally probable, and the 95th percentile value is that for which a lower
value is 95% probable. The electronic version of the files are available on CD from the authors
of that report and are maintained by Nuclear Safety and Licensing under SafeSource.
Table 2.1. Retained Gas Distribution Data (Barker and Hedengren 2003)
Tank
S-101
S-102
S-103
S-104
S-105
S-106
S-108
S-109
S-110
U-107

Hydrogen
Median
(vol%)
49.3
33.9
49.5
49.6
49.5
63.8
49.5
49.5
49.5
49.8

Ammonia
Median
(vol%)
1.8
0.9
1.8
1.8
1.8
0.3
1.8
1.8
1.8
1.7

Methane
Median
(vol%)
1.8
0.7
1.8
1.8
1.8
0.9
1.8
1.8
1.8
1.8

Void Fraction
Median

Void Fraction
95th percentile

0.053
0.163
0.160
0.011
0.144
0.182
0.144
0.144
0.144
0.094

0.097
0.254
0.286
0.095
0.253
0.322
0.253
0.253
0.253
0.170

In Table 2.1 the retained gas void fractions are the volume fractions of all gases (at the
pressure and temperature the gas experiences) in the waste below the interstitial liquid level.
Note that nitrogen (N2) and nitrous oxide (N2O) constitute a significant portion of the retained
gases (i.e., are included in the void fraction estimate) but are neither included in Table 2.1 nor
discussed in detail because they are not flammable.
The void fraction distributions in Table 2.1 are based on specific tank measurements or, in
the lack thereof, assigned by waste type (see Barker and Hedengren 2003). The gas volume
inventory estimation techniques discussed previously may provide either the retained gas
volume, from which the void fraction may be derived based on waste volumes, etc., or direct
void fraction measurements. As such, depending on the measurement date, the void fraction
distributions given in Table 2.1 may not include recent changes associated with the removal of
interstitial liquid by saltwell pumping. Saltwell pumping decreases the region of waste wherein
retained gases can reside. It also lowers the hydrostatic pressure experienced by the retained gas,
causing it to expand, which in turn enhances the rate of upward bubble migration through the
saltcake (Huckaby et al. 1999). Headspace hydrogen concentration monitoring data clearly show
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that saltwell pumping causes a significant fraction of retained gases to be released into the
headspace (Huckaby et al. 1999).(a)
To maintain consistency with the safety documentation of Barker and Hedengren (2003) and
serve as a bounding analysis, this study uses the 95th percentile void fraction in Table 2.1 as the
bounding value to calculate the current retained gas inventory. Recent waste changes due to
saltwell pumping are accounted for by using the most up-to-date waste volume data. It is
assumed that all the waste below the interstitial liquid level has a uniform retained gas void
fraction and is subject to an average hydrostatic pressure, PW, in inches of H2O, which is
estimated by the following expression:

PW = PHS +

1
SpG hIL
2

(2.1)

where PHS is the tank headspace pressure in units of inches of H2O, SpG is the specific gravity of
the interstitial liquid, and hIL is the initial interstitial liquid level in inches.
The current inventory of retained gas, VGHS, at atmospheric pressure and headspace
temperature can be calculated directly from the volume of waste below the interstitial liquid
level, VW<ILL, the void fraction, α, the temperatures of the retained gas, TW, and headspace, THS,
the average hydrostatic pressure on the retained gas, PW, and the headspace pressure, PHS, using
the following expression:
VGHS = α VW < ILL

PW THS
PHS TW

(2.2)

These equations allow the total retained gas inventory in a tank, at headspace conditions, to
be calculated directly. Table 2.2 lists the parameter values and calculated retained gas volumes
for each tank of interest in this study, assuming the 95th percentile void fractions in Table 2.1.
In this report the concentrations of the three flammable species hydrogen, methane, and
ammonia in the retained gas are assumed to be the median values given in Table 2.1. These
median values, when combined with the median void fraction, would give the best-estimate
inventories for each of these gases. The product of the 95th percentile void fraction and the
median concentrations from Table 2.1 would approximate the 95th percentile values for the gas
inventories. This level of conservatism has become the standard in waste tank safety
calculations. Because the values and distributions of the void fraction are independent of (and
mutually exclusive with) the values and distributions of the retained gas constituent
concentrations, combining the 95th percentile void fraction with the 95th percentile retained gas
(a) See also: Peurrung LM and JL Huckaby. March 2000. “Gas Release Behavior During Salt-Well Pumping.”
Letter report TWS00.39, Pacific Northwest National Laboratory, Richland, WA.
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Table 2.2. Input Parameter Values and Calculated Retained Gas Inventories
PW(c)
TW(d)
THS(e)
VW<ILL(f)
VGHS(g)
hIL0(b)
Liquid
(inches)
(atm)
(K)
(K)
(gal)
(ft3)
SpG(a)
S-101
1.47
123.5
1.223
313.6
304.7
314,757
4,856
S-102
1.46
172.4
1.309
307.4
298.4
449,262
19,389
S-103
1.45
92.2
1.164
298.9
296.6
228,369
10,094
S-104
1.37
111.7
1.188
309.1
302.3
282,072
4,167
S-105
1.44
54.7
1.097
296.7
294.3
125,028
4,591
S-106
1.43
54.6
1.096
295.7
292.9
124,897
5,840
S-108
1.44
63.3
1.112
299.4
294.7
148,988
5,504
S-109
1.49
67.4
1.123
299.6
293.1
160,059
5,938
S-110
1.43
130.5
1.229
313.8
299.0
333,990
13,207
U-107
1.43
75.9
1.133
296.6
295.0
183,556
4,714
(a) Liquid SpG values are from the BBI.
(b) hIL0 is the initial interstitial liquid height. Values given are the most recently reported values on the TCD as
of February 12, 2004.
(c) A unit conversion factor of 0.0024583 atm/in. H2O was applied to Eq. (2.1).
(d) Waste temperatures were calculated by averaging the TCD values for all thermocouples below the
interstitial liquid level between February 18, 2003 and February 17, 2004.
(e) Headspace temperatures were calculated by averaging the TCD values for all thermocouples above the
waste surface level between February 18, 2003 and February 17, 2004.
(f) Volumes of waste below the interstitial liquid levels were calculated using the hIL and algorithms given by
Barker (2003).
(g) Calculated retained gas volumes are for 1 atm pressure and THS. Calculated values include a conversion
factor of 0.13368 ft3/gal.
Tank

concentrations would give approximately the 99th percentile values for the hydrogen, methane,
and ammonia inventories, which are considered here to be excessively conservative.

2.2 Flammability of Retained Gas Mixtures
The LFL of a gas in a mixture is the lowest concentration that supports flame propagation
away from the point of ignition. The LFL for upward flame propagation is typically used in
safety analysis because it best represents the turbulent convective atmosphere of a tank
headspace. LFLs for upward flame propagation in air of the three flammable species in the
retained gas (hydrogen, methane, and ammonia) are 4, 5 and 15 vol%, respectively. The
flammability of a mixture of these three gases may be estimated using Le Chatelier’s linear
mixing law:
LFLMIX =

1
Ci
∑
i = 1 LFLi
n

(2.3)

where LFLMIX is the LFL in air of the mixture, and Ci and LFLi are the volume fraction (i.e.,
concentration) and LFL of the ith fuel species. It is also required that
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n

∑C
i =1

i

= 1.

(2.4)

Table 2.3 lists the published LFLs for the individual gases used in this report. The LFL of
the flammable gas mixture in each tank will be different because each tank has a different
estimated retained gas composition. Using the median hydrogen, methane, and ammonia
retained gas concentrations given in Table 2.1, the relative contributions of each gas [i.e., the Ci
of Eq. (2.3) and (2.4)] and the LFL of their mixture have been calculated and are listed in
Table 2.4. As expected, the mixture LFLs are similar to that of hydrogen because the dominant
flammable gas in each tank is hydrogen.
Table 2.3. LFL in Air of Flammable Retained Gases
LFL in air(a)
(volume fraction)
Hydrogen
0.04
Methane
0.05
Ammonia
0.15
(a) LFL values for individual species are from Zabetakis (1965).
Constituent

Table 2.4. LFL in Air of Retained Gas Mixtures by Tank
Tank
S-101
S-102
S-103
S-104
S-105
S-106
S-108
S-109
S-110
U-107

Fraction of H2 in
flammable portion,
CH2
0.933
0.954
0.933
0.932
0.932
0.982
0.932
0.932
0.932
0.933

Fraction of CH4 in
flammable portion,
CCH4
0.034
0.019
0.034
0.035
0.034
0.013
0.034
0.034
0.034
0.034

Fraction of NH3 in
flammable portion,
CNH3
0.033
0.026
0.033
0.033
0.033
0.005
0.033
0.033
0.033
0.033

Flammability in air,
LFLMIX
(volume fraction)
0.0413
0.0409
0.0413
0.0413
0.0413
0.0402
0.0413
0.0413
0.0413
0.0413

2.3 Flammability of Released Gases
In addition to the inventory, composition, and flammability of the retained gases in each
tank, the potential for the tank headspace to reach a flammable condition also depends on the
headspace volume. Table 2.5 summarizes the tank parameters needed to calculate whether the
headspace could reach a flammable condition and gives the calculated headspace flammability as
a percentage of the LFL. As indicated in Table 2.5, Tank S-102 would have the highest headspace flammability if all the retained gas estimated in Table 2.2 were released instantaneously.
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Table 2.5. Calculated Headspace Flammability by Tank if All Retained Gas
Were Released into the Tank Headspace Instantaneously
Flammable
Headspace
Retained Gas
Tank
Flammability
(d)
Volume
(% of LFL)
(ft3)
S-101
351
93,440
0.528
2,566
67
S-102
498
73,789
0.355
6,890
228
S-103
238
108,546
0.530
5,350
119
S-104
288
101,862
0.533
2,220
53
S-105
406
86,088
0.531
2,439
69
S-106
455
79,537
0.649
3,791
118
S-108
550
66,838
0.531
2,924
106
S-109
533
69,110
0.531
3,154
111
S-110
389
88,360
0.531
7,015
192
U-107
294
74,250
0.534
2,516
82
(a) Waste volumes from Hanlon (2004) with the exception of that for Tank S-102. Tank S-102 waste and initial
headspace volumes have been adjusted to include the approximately 60 kgal of drained waste not currently included
in the BBI (see Appendix A).
(b) Calculated by subtracting waste volumes from empty tank volumes. All 241-S farm tanks have an empty tank
volume of 140,362 ft3, and U-107 has an empty tank volume of 113,552 ft3 (Barker 2003).
(c) Calculated by summing individual gas median volume fractions in Table 2.1.
(d) Values are at average tank headspace temperature and 1 atm pressure. Calculated by multiplying values in
fourth column by Vgas values from Table 2.2.
Waste Volume(a)
(kgal)

Flammable
Fraction of
Retained Gas(c)

Headspace
Volume(b)
(ft3)
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3.0 Retained Gas Release Mechanisms
Three mechanisms have been identified for the release of gases retained in the waste during
modified sluicing retrieval of the waste. Retained gases will be released by drainage of the
interstitial liquid from the undisturbed solid matrix, dissolution of the saltcake solid matrix, and
hydraulic erosion of the solid matrix with water jets.

3.1 Supernatant and Interstitial Liquid Removal
The removal of liquids from a waste tank can induce the release of retained gases by
decreasing the hydrostatic pressure on the retained gas and by uncovering retained gas bubbles.
Independent of whether the liquid is supernatant or interstitial, the removal of liquid reduces the
hydrostatic head on the retained gas. This causes the gas to expand, the bubbles of retained gas
to grow larger, and the rate of their upward migration to increase (Stewart et al. 1996). Some
bubbles that had been essentially immobilized in the solid matrix by surrounding liquid will
become large enough to start their migration upward. Once the supernatant liquids have been
removed from a tank interstitial liquid drainage also uncovers bubbles, allowing the gas to
diffuse upward through the porous matrix to the headspace.
Headspace hydrogen concentration data collected during saltwell pumping have indicated
that the rate of retained gas release is approximately proportional to the interstitial liquid
drainage rate.(a) This is consistent with the retained gases existing in the interstices of the
saltcake as small bubbles separated and trapped by the interstitial liquid. To a first approximation, the fraction of retained gas released by gravitational drainage is equal to the fraction of
interstitial liquid drained. For example, if half the interstitial liquid in a region of waste is
drained, about half the retained gas in that region of waste will be released.
The rate at which interstitial liquid can be drained to a central well depends on the permeability of the waste, the height of the interstitial liquid in the waste, and the depth of liquid in the
central well. Consequently, the drainage rates during the retrieval operations will vary with
spatial variations in the waste and changes in the size, shape, and depth of the central pool
around the retrieval pump. Given that modified sluicing has only been initiated on one tank and
many key waste characteristics are not known, these factors can not be predicted reliably.
However, consideration of the extended time (months) required to drain interstitial liquid during
saltwell pumping of saltcake tanks suggests that this process is slower than the planned retrieval
rate. For example, during the September and October 2002 saltwell pumping of Tank S-112, the
maximum sustained pumping rate (which is limited by and thus approximately equivalent to the
drainage rate) was about 1.5 gpm.(b) By contrast, the erosion and dissolution of waste during
retrieval operations is expected to allow a nominal retrieval pumping rate of 80 gpm.
(a) Peurrung LM and JL Huckaby. March 2000. “Gas Release Behavior During Saltwell Pumping.” Letter report
TWS00.39, Pacific Northwest National Laboratory, Richland, WA.
(b) On September 22, 2002, an estimated 1,758 gal of waste liquids were pumped from Tank S-112 over a 19.8hour period. By the following day the drainage rate had dropped, limiting the pumping rate to about 0.55 gpm.
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3.2 Dissolution of the Solid Waste Matrix
The dissolution of the gas-bearing saltcake matrix will release the gases trapped in the
saltcake. Though the rate of saltcake dissolution during waste retrieval has yet to be established,
it is inherently limited by the water application rate. An upper bound on the rate of gas release
can be obtained by assuming that the water applied to the waste becomes instantaneously
saturated and releases all the gases trapped in the saltcake it dissolves.
If dissolution is slow relative to water addition, the amount of water (or unsaturated brine) in
the tank may be increased to increase the liquid residence time in the tank. In this event, the
amount of water in the tank could be enough to dissolve saltcake and release enough flammable
gas to raise the headspace to a flammable condition. Thus gas releases due to dissolution can be
both a rate issue and a tank water inventory issue. Both issues are considered in Section 4.

3.3 Hydraulic Erosion of the Solid Waste Matrix
Retained gases will also be released when water jets are applied to erode the solid waste
matrix hydraulically. Hydraulic erosion will depend on the force of the impacting water, the
shear strength of the saltcake matrix, and other factors such as the shape of the surface. Attempts
to estimate the erosion rate given the waste shear strength, initial power of the water jet, power
losses, and inefficiencies have been unsuccessful due to a lack of relevant experimental data. In
lieu of suitable erosion rate data, an upper bound on the rate of erosion can be established by
realizing that the rate of erosion is effectively limited by the rate at which solids can be fluidized
and carried away by the liquid. Sustained erosion of saltcake will require the removal of solids
from the point where the jet impacts the saltcake or the jet will not impinge on undisturbed
saltcake and erosion will be reduced. Thus erosion can occur no faster than the loosened solids
are removed by the liquid.
To bound the rate at which solids can be removed by liquid, it is assumed that the impact of
water on the saltcake could result in a slurry containing at most 30 wt% solids. This is a
relatively high solids loading for slurry given that solid saltcake itself has a high liquid content.
For comparison, a composite of core sample 292 from Tank S-112 which included sample from
the well-drained waste above the interstitial liquid level, was estimated to have only about 64
wt% solids.(a) The settled salt slurry in a typical double-shell tank contains less than 20 wt%
solids. Visual observation (via headspace video cameras) of the S-112 waste surface during
retrieval suggested that while a 30 wt% solids loading might be achievable, that erosion rate
could not be sustained for more than a few minutes at a time.

(a) Core composite liquid content was based on analyses of water content and the aqueous phase chloride, nitrite,
and cesium-137 constituents. Personal communication, Lenna Mahoney, PNNL, March 2003.

3.2

4.0 Models for Gas Release Rates and Headspace
Flammability
This section develops simple models to estimate gas releases under various scenarios, applies
the models to the conservative flammable gas inventories developed in Section 2, and presents
the tank-specific results. The models are based on assumptions and inputs chosen to ensure that
results overstate, rather than understate, the probability of a flammable tank headspace.

4.1 Gas Release Model Description
A simple model was developed to estimate flammable gas release rates during the modified
sluicing retrieval operations. The model is based on the following assumptions:
1. Water applied to the waste instantaneously dissolves its capacity of salt (i.e., the water
is instantaneously saturated).
2. Saltcake erosion occurs at a rate that produces a slurry with 30 wt% solids in fully
saturated brine.
3. The waste below the interstitial liquid level has a uniform retained gas void fraction,
and no retained gas exists above the interstitial liquid level.
4. When the waste is being retrieved with a center-out approach, water is applied to the
waste above and below the interstitial liquid level in proportion to the volumes of
these two waste regions.
5. Gas releases due to interstitial liquid drainage (Section 3.1) are negligible compared
with the gas releases due to waste erosion and dissolution. A rigorous accounting for
gas releases associated with drainage would result in a corresponding decrease in gas
releases due to erosion and dissolution, and its effect on the results would not be
significant compared with the uncertainty inherent in the calculations.
6. The waste porosity (liquid volume fraction + gas volume fraction) is a nominal 0.50
throughout the waste in each tank.
The derivation of an expression for the gas release rate is presented in Appendix B, and only
the result is presented here. Given the assumptions listed above, the volume of retained gas
released per volume of water applied can be expressed as
⎛P
QGAS = γ VB QH 2O ⎜⎜ W
⎝ PHS

⎞⎛ THS
⎟⎟⎜⎜
⎠⎝ TW

⎞
⎟⎟
⎠

(4.1)

where γ is the average retained gas void fraction in the waste being retrieved (retained gas as
opposed to , VB is the volume of bulk waste disturbed per volume of water applied, and QH2O is
4.1

the volumetric water application rate. Note that the volumetric gas release rate, QGAS, in
Eq. (4.1) is at headspace pressure, PHS, and headspace temperature, THS.
The average gas volume fraction γ deserves some clarification. Flammable gas is released
only from previously undisturbed waste. The gas occupying the open pore space in drained
waste is assumed to be air from the headspace. Therefore, if the dissolution water jets are
directed only at previously undisturbed waste below the interstitial liquid level, γ = α, the
retained gas volume fraction. However, if the water is being directed at the waste both above
V
and below the interstitial liquid level, then it is assumed that γ = α W < ILL .
VT
The volume of bulk waste disturbed per volume of water applied, VB, is given by
VB =

M DS + F
M S − F (M S + M IL )

(4.2)

where MDS is the mass of dissolved solids per volume of water applied, F is the specified mass
fraction of undissolved solids in the product stream (e.g., 0.3 for a 30 wt% solids loading), MS is
the mass of solids per bulk waste volume, and MIL is the mass of interstitial liquid per bulk waste
volume. The quantities MDS, MS, and MIL can be calculated from waste properties and
dissolution parameters via the following expressions:
M DS = β LC ρ BR − ρ W
MS =

M IL =

ρ S VS
VT

ρ ILVIL
VT

(4.3)
(4.4)

(4.5)

where βLC is the volume of brine created by dissolution per volume of water added; ρBR, ρW, ρS,
and ρIL are the saturated brine, water, bulk solid, and interstitial liquid densities, respectively;
and VS is the total volume of dry void-free solids in the tank.
Note that the only parameters in Eq. (4.1) through (4.5) that depend on the dissolution
properties of the waste are βLC (the volume of brine created by dissolution per volume of water
added) and ρBR (the saturated brine density).

4.2 Gas Release Model Inputs and Results
The retained gas release rates for each tank of interest can be estimated using Eq. (4.1)
through (4.5) with suitable waste properties and dissolution parameters. Total waste volume, VT,
4.2

for each tank is given in Table 2.5. Interstitial liquid densities, waste volume below the
interstitial liquid level, VW<ILL, and retained gas inventory, VG, are given in Table 2.2 for each
tank.(a) The volumes of (dry, void-free) solid waste, VS, and interstitial liquid, VIL, are not well
established for any of the tanks but are related to VT and VG using the waste porosity, φ, by the
following expressions:
VS = (1 − φ )VT

(4.6)

V IL = φ VW < ILL − VGHS

(4.7)

These parameters were evaluated by assuming the waste porosity has a nominal value of 0.5, as
specified in Section 4.1.
To calculate gas release rates for each tank of interest, values must be established for the
waste physical property, ρS (solids density), and the two waste dissolution properties, βLC (the
volume of brine created by dissolution per volume of water added) and ρBR (the saturated brine
density). For establishing retrieval safety guidelines, it is assumed these parameters are
approximately the same for the tanks of interest here, and the values are those established for
Tank S-112 by Cowin et al. (2003). Table 4.1 lists the parameter values and their sources. This
should be reasonably conservative for calculating gas release rates for the following reasons:


Among tank composite waste samples that have been tested, those from S-112 were
found to be the most highly soluble in water (Herting and Edmonson 1998; Herting
1999, 2000, 2001, 2002). This equates to a relatively high value for βLC and a
correspondingly high value for the gas release rate, QRG..



The high solubility of S-112 waste is directly associated with its high NaNO3 and low
sludge contents (Cowin et al. 2003). These characteristics result in a relatively low
average solids density, ρS, a high brine density, ρBR, and a correspondingly high value
for the gas release rate, QRG.
Table 4.1. Tank Waste Dissolution Parameters
Parameter

Symbol

Value

Source

Density of dry (void-free) solids (kg/L)
Volume of brine created per volume of water applied
Density of brine created (kg/L)

ρS
βLC
ρBR

2.25
1.334
1.44

Cowin et al. (2003), Table B-2
Cowin et al. (2003) Table B-3
Cowin et al. (2003) Table B-2

(a) Specific gravity (SpG) values given in Table 2.2 are equal to density in units of kg/L.
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Retained gas release rates calculated with Eq. (4.1) through (4.7) and values from Tables 2.2,
2.5, and 4.1 for the nominal 110-gpm water application rate are listed in Table 4.2. Values given
in Table 4.2 are for the scenario of dissolution water jets directed at only gas-bearing waste
below the interstitial liquid level (γ = α), and therefore represent the maximum gas release rates.
Also given in Table 4.2 is the flammable gas release rate, QFG, calculated by multiplying the
retained gas release rate by the fraction of flammable gas in the retained gas of each tank given
in Table 2.5.
Table 4.2. Maximum Gas Release Rates by Tank for 110 gpm Water Application Rate

Tank

Retained Gas
Release Rate,
QGAS
(ft3/min)

Flammable Gas
Release Rate,
QFG
(ft3/min)

Rate of Change in
% of LFL in
Headspace
(% of LFL/hr)

Time to Reach
LFL (hr)

S-101
S-102
S-103
S-104
S-105
S-106
S-108
S-109
S-110
U-107

3.3
8.4
8.5
3.2
6.5
8.2
6.5
6.6
7.6
4.9

1.7
3.0
4.5
1.7
3.5
5.3
3.5
3.5
4.1
2.6

2.7%
5.9%
6.0%
2.4%
5.9%
10.0%
7.6%
7.4%
6.7%
5.2%

36.9
16.9
16.6
41.4
17.1
10.0
13.2
13.6
15.0
19.4

The model developed for gas release rates can be extended to estimate the increase in
headspace flammability as a function of the flammable gas release rate, the flammability of the
released gases (i.e., the LFL of the retained gas mixture), and the headspace volume. The change
in headspace flammability, expressed as a percent of the LFL of the tank headspace, is given by
the expression
Rate of change in headspace flammability =

QFG
× 100%
VHS LFLMIX

(4.8)

where VHS is the headspace volume (see Table 2.5). The calculated rate of change in headspace
flammability for each tank is given in the last column of Table 4.2. Note that these values are
based on the current headspace volume estimates and should decrease as waste is removed and
the headspace volume increases. Note also that the results given in Table 4.2 take no credit for
ventilation of the headspace, and in this respect represent the worst-case scenario results.

4.3 Model Extended for Ventilation of Headspaces
The model given by Eq. (4.1) through (4.8) allows the estimation of the retained gas release
rates and potential increases in headspace flammability during the modified sluicing retrieval of

4.4

saltcake wastes. It is adequate and appropriate, with allowance for the specified assumptions, for
calculating the increase in headspace flammability when it can be assumed that both ventilation
and changes in the headspace volume are negligible. To examine the effects of ventilation on the
headspace flammability, the gas release rate model has been combined with a simple model for
tank headspace gas concentrations.
The headspace concentration of a gas is relatively easily modeled if it can be assumed that
the gas is well mixed within the headspace. This is generally a good assumption in passively
ventilated tank headspaces, because thermally induced convection currents mix the headspace.(a)
Stronger mixing is expected in actively ventilated tanks because thermal convection currents are
augmented by convection due to the flow of air into and out of the headspace. It is therefore
assumed that retained gases released into the headspace are instantaneously mixed within the
headspace. The equations describing the headspace concentration of a gas under this assumption
are developed in Appendix C. The general equation for the gas concentration, CH, at time t2 is

C H (t 2 ) =

QGAS χ H
QA

QA
−
V
Q
t
⎛
Q χ ⎞ ⎛ HS 0
B 2 ⎞ QB
⎟
+ ⎜⎜ (C H (t1 ) − GAS H ⎟⎟ ⎜⎜
Q A ⎠ ⎝ VHS 0 − QB t1 ⎟⎠
⎝

(4.9)

where χH is the volume fraction of the gas in the retained gas, VHS0 is the headspace volume at
time zero, and CH(t1) is the concentration of the gas at time t1. The quantities QA and QB are
defined to be
Q A = QVOUT − QWIN + QBOUT + QGAS

QB = QWIN − QBOUT − QGAS

PHS
PW

PHS
PW

(4.10)

(4.11)

where QVOUT is the volumetric flow of air out via the ventilation system (i.e., exhaust rate),
QBOUT is the volumetric flow of waste out via the retrieval pump, and QWIN is the volumetric flow
of water into the tank (i.e., dissolution/erosion water). Air is assumed to flow into the headspace
at a rate that balances the addition of water, the removal of waste, the gas release rate, and the air
exhaust rate.

(a) The waste surface is generally warmer than the tank walls and dome because radioactive decay within the waste
produces heat that must be carried away. Headspace air warmed by contact with the waste surface becomes
buoyant and rises, then, cooled by contact with the tank dome and walls, cools and sinks. Huckaby et al. (1997)
examined mixing in a passively ventilated SST and found an injected gas essentially completely mixed within
about an hour.
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4.4 Model Results for Ventilated Headspaces
The model consisting of Eq. (4.1) through (4.11) was applied to examine headspace
concentrations of the flammable gas portion of the retained gas as a function of time. Figure 4.1
illustrates the results for Tank S-102 for various ventilation rates. In this figure the nominal
water application and retrieval pump rates are both 110 gpm, and the saturated brine leaving the
point of water jet impact is assumed to have a 30 wt% solids loading. The curves in Figure 4.1
are for the scenario of dissolution water jets directed at only gas-bearing waste below the
interstitial liquid level (γ = α) and therefore represent the maximum gas release rates (consistent
with Table 4.2). Low ventilation rates, such as those that occur when the headspace is passively
ventilated, are shown in Figure 4.1 to have only a small effect on the rise of headspace flammability. The curves in Figure 4.1 correspond to nil (0 cfm), a relatively high passive ventilation
rate (15 cfm),(a) a low active ventilation rate (300 cfm), the nominal active ventilation rate
(450 cfm), and a maximum active ventilation rate (500 cfm).(b)

(a) Passive ventilation rates vary with time and can vary significantly among tanks. Higher rates are typically associated with better/larger connections with adjacent tanks and the atmosphere (Huckaby et al. 1998). The
nominal value of 5 cfm is consistent with other safety analyses (Hu and Barker 2002) and agrees well with the
4.5 cfm value calculated from headspace hydrogen monitoring data by Mahoney (see footnote b, p.1.4). The
average passive ventilation rate during retrieval will probably be significantly higher due to the second filtered
pathway.
(b) The S-112 retrieval portable exhauster was set to run at 450 cfm and has a maximum flow rate of about
500 cfm.
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Figure 4.1. Tank S-102 Headspace Flammability as a Function of Time for Various
Ventilation Rates

The initial slope of each curve is the same (5.9% of LFL/hr) (see Table 4.2), but then the
curves deviate from this, with higher ventilation rates causing the most dramatic deviations. The
headspace flammability values at the three highest ventilation rates have essentially reached a
pseudo-steady state within the first day. At its nominal rate of 450 cfm, the headspace hydrogen
concentration reaches a pseudo-steady-state value of approximately 14.4% of the LFL. Changes
in the retrieval pumping rate have only a small effect on the pseudo-steady-state headspace
flammability values. For example, when the ventilation rate is assumed to be 450 cfm,
increasing the retrieval pumping rate from 80 to 120 gpm changes the pseudo-steady-state
headspace flammability from 14.5 to 14.4% of the LFL, and decreasing the retrieval pumping
rate to 0 gpm changes the value to 14.9% of the LFL.
Plots of headspace flammability as a function of time for the other tanks are very similar in
appearance to Figure 4.1 for Tank S-102. Figure 4.2 presents results for six tanks assuming the
nominal ventilation rate of 450 cfm. The tanks selected include the tank with the highest
pseudo-steady-state headspace flammability, Tank S-103, and the tank with the lowest pseudosteady-state headspace flammability, Tank S-108. Though tanks with smaller headspaces (e.g.,
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Figure 4.2. Headspace Flammability as a Function of Time for Several Tanks
Given a Ventilation Rate of 450 cfm

S-102) approach their pseudo-steady-state conditions faster than tanks with larger headspaces
(e.g., S-103), the pseudo-steady-state headspace flammability value is not affected by headspace
volume.

4.5 Gas Releases During Process Shutdowns
The model described in the preceding sections was developed to obtain reasonably
conservative estimates of the flammable retained gas release rates in the tanks of interest. It
supposes very aggressive waste retrieval rates (e.g., instantaneous saturation of applied water
plus erosion leading to 30 wt% solids loading) and assumes that all retained gases in the affected
waste are released. Gas release rates are consequently tied to the application of water, and it is
tacitly assumed that if the application of water were stopped, gas releases would also stop.
However, some continued release of retained gases is inevitable and must be considered a
potential safety hazard.
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It is assumed that the worst-case condition is one in which both the retrieval pump and the
ventilation system are simultaneously shut down, and that the headspace at that time is at 25% of
the LFL. It is also assumed that, upon loss of the retrieval pump, all water application is stopped
within a relatively short time, and that the gas released during that short time is negligible. Once
water application has been stopped, two phenomena can cause the continued release of retained
gases. First, if the liquid level in the central pool is lower than the interstitial liquid level,
drainage of interstitial liquid will release gases from the surrounding saltcake. Second, if a large
quantity of water has been added to the tank just before the process shutdown, this water would
eventually dissolve saltcake and release any retained gases it contained. These two scenarios are
considered separately below.
4.5.1 Liquid Drainage after Process Shutdown

Consider the scenario of a partially-retrieved waste tank having an open central pit as
depicted in Figure 1.1. With the water application and retrieval pumps shut down, the drainage
of interstitial liquid from the surrounding ring of saltcake will release retained gases in the
drained waste and gradually fill the central pit with liquid. Clearly, the greatest drainage and
associated gas releases will occur if the central pit is initially empty. Drainage (and gas releases)
stop when the interstitial liquid level has dropped to the same level as the surface of the central
pool. The height of the interstitial liquid at that point is given by

hIL*

⎛ R2
⎞
hPOOL 0 + hIL (φ − α )⎜⎜ 2 − 1⎟⎟
⎝r
⎠
=
2
⎛R
⎞
1 + (φ − α )⎜⎜ 2 − 1⎟⎟
⎝r
⎠

(4.12)

where hPOOL0 is the initial height of liquid in the central pool, hIL is the initial height of interstitial
liquid, R is the radius of the tank, r is the effective radius of the central pit (assumed to be
approximately a cylinder), and φ and α are the waste porosity and retained gas void fraction,
respectively. Lowering the interstitial liquid level to hIL* will, as discussed in Section 3.1,
release some of the gases trapped in the region between hIL and hIL* and reduce the hydrostatic
pressure on the retained gases that remain below hIL*. Conservatively assuming that all the
interstitial liquid is drained (and therefore all the retained gas is released) from the waste
between hIL and hIL* and that the expansion of gases below hIL* has resulted in a new retained gas
inventory based on the original void fraction at the decreased hydrostatic pressure PW*, the total
volume of gas released by the drainage is given by
∆VGAS

⎛P
⎛
r 2 ⎞⎛ THS ⎞⎧
⎟⎟⎨VW < ILL ⎜⎜ W
= α ⎜⎜1 − 2 ⎟⎟⎜⎜
R ⎠⎝ PHS ⎠⎩
⎝
⎝ TW

⎛ P ⎞⎫
⎞
⎟⎟ − VW < ILL − πR 2 (hIL − hIL* ) ⎜⎜ W * ⎟⎟⎬
⎝ TW * ⎠⎭
⎠
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[

]

(4.13)

where TW* is the average temperature of the retained gas after drainage. Appendix B provides
the derivation of Eq. (4.12) and (4.13).
In terms of headspace flammability, the release of ∆VGAS retained gas will raise the
headspace flammability by
Change in headspace flammability =

λ∆VGAS
VHS * LFLMIX

× 100%

(4.14)

where λ is the fraction of retained gas that is flammable and VHS* is the new headspace volume.
As indicated by these equations, the eventual height of the interstitial liquid, hIL*, the volume of
retained gas released by drainage, and the change in headspace flammability are each functions
of the central pit radius, r.
Eq. (4.14) was applied to estimate the potential change in headspace flammability due to
drainage for each tank of interest. Tank headspace volumes, VHS*, were calculated for each tank
by adjusting the initial headspace volume for the cylinder of air between the surface of the
central pool and the initial waste surface, and TW* was assumed to be equal to TW. Figure 4.3
plots the change in headspace flammability due to liquid drainage as a function of r for all 10
tanks. The tanks are listed in the legend of Figure 4.3 in order of decreasing curve maxima. For
example, the dashed curve with the greatest maximum is for Tank S-102, the solid curve just
below it is for Tank S-101, and the lowest curve is for Tank S-104. Results for Tanks S-108 and
S-109 are almost identical and essentially trace a single curve in Figure 4.3.
The results depicted in Figure 4.3 suggest that if the retrieval process is being controlled to
maintain the tank headspace at or below 25% of the LFL and the central pool was effectively
drained when all headspace ventilation is lost, subsequent drainage of liquids in two of the tanks
(S-102 and S-110) could potentially release enough gas to raise the headspaces of these tanks
above 100% of the LFL. However, note that the potential for a 75% of the LFL rise exists for
only a limited range of the effective central pool radius. Drainage of interstitial liquid when the
effective central pool radius is less than about 12 ft or more than about 26 ft could not cause a
flammable headspace in any of the tanks considered.
One method to ensure the interstitial liquid drainage does not result in the headspace reaching
a flammable condition would be to maintain a minimum liquid level in the central pool. This is
illustrated in Figure 4.4, where the change in S-102 headspace flammability has been plotted for
various values of the initial central pool surface height, hPOOL0. As indicated in the figure,
maintaining the central pool depth at 52 in. would preclude a 75% of LFL rise (the rise from the
operating limit of 25% of LFL to 100% of LFL). Similar calculations indicate Tank S-110
would require maintenance of liquid in the central pool at or above 22 in. to preclude a 75% of
LFL rise.

4.10

Percent of Lower Flammability Limit

100
Tanks are
lis ted in
legend by
decreasing
maxima

75

S-102
S-110
S-103
S-106
S-109
S-108
U-107
S-105
S-101
S-104

50

25

0
0

5

10

15

20

25

30

35

40

Effective Radius of Central Pit (ft)

Figure 4.3. Change in Tank Headspace Flammability Due to Drainage of Interstitial
Liquid as a Function of Effective Central Pool Radius. The initial central
pool liquid height is zero in all cases.
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Figure 4.4.

Change in Tank S-102 Headspace Flammability Due to Drainage of
Interstitial Liquid as a Function of Central Pool Effective Radius for
Selected Initial Central Pool Liquid Heights
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An alternative representation of the Tank S-102 drainage-induced gas releases is given in
Figure 4.5, where the potential increase in headspace flammability has been plotted as a function
of the volume fraction of waste retrieved. Here the curve for hPOOL0 = 0 indicates that during the
period between 10 to 50 vol% of waste retrieved, some limitations should be placed on the
minimum liquid level in the pool.
100

Percent of Lower Flammability Limit

h POOL0 = 0 in.
h POOL0 = 18 in.
75
h P O O L0 = 36 in.
h POOL0 = 52 in.
50

25

0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Volume Fraction of Waste Retrieved

Figure 4.5.

Change in Tank S-102 Headspace Flammability Due to Drainage of
Interstitial Liquid as a Function of Volume Fraction of Waste Retrieved
for Selected Initial Central Pool Liquid Heights

Results depicted in Figures 4.4 and 4.5 are based on the assumption that the waste above the
initial interstitial liquid level in S-102 occupies headspace and is not part of the retrieved waste.
When it is assumed that all the waste above the initial interstitial liquid level is retrieved near the
start of the retrieval campaign, the curves in Figure 4.5 are lowered (because the headspace
volume has been increased) and shifted to the right. This is illustrated in Figure 4.6. Because
the extent to which the waste above the initial interstitial liquid level will be retrieved during the
early portion of the retrieval campaign cannot be predicted accurately, the guideline to preclude
drainage-induced gas releases in Tank S-102 that cause an increase in the headspace
flammability of 75% of the LFL should be revised to require some central pool liquid level
control during the period between 10 and 53 vol% retrieved.
The corresponding calculations for hPOOL0 = 0 in Tank S-110 suggests that similar restrictions
should be placed on the central pool liquid level during the retrieval of that tank during the
period of 14 to 50 vol% waste retrieved.
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Figure 4.6.

Change in Tank S-102 Headspace Flammability Due to Drainage of
Interstitial Liquid as a Function of Volume Fraction of Waste Retrieved
when Waste above the Initial Interstitial Liquid Level Is Retrieved and
Not Retrieved

Eq. (4.12) through (4.14) and the results given in Figures 4.3 and 4.4 were developed for a
tank being retrieved by the center-out method. If the center-out method is not applied rigorously,
and the waste in the central region is not retrieved to almost the tank floor, the amount of liquid
that could drain from undisturbed waste (hence the amount of gas that could be released) will be
reduced accordingly. However, drainage-induced gas releases may also present a hazard if a
suitably large void region is created below the surface into which interstitial liquids may drain.
Consider the scenario in which water distributed on the waste surface percolates into the
waste instead of dissolving the surface itself, and subsurface dissolution results in significantly
increased porosity and/or large voids below the waste surface. If the total volume of voids into
which the interstitial liquid can drain, VILD, is large enough, drainage of interstitial liquid from
undisturbed (gas-bearing) waste above it could release enough trapped flammable gases to raise
the headspace flammability by 75% of the LFL. One way to prevent this condition during waste
retrieval is to require that the lowest liquid level (i.e., in the pump well) in the tank be maintained
high enough to preclude drainage of VILD interstitial liquid. An analysis of this problem is given
in Appendix D, and the requirement developed there is
hPWL*

⎛ 0.75 LFL ⎞⎛ PHS
⎟⎜
= hIL − ⎜⎜
2 ⎟⎜
⎝ α λ π R ⎠⎝ PW

⎞⎛ TW
⎟⎟⎜⎜
⎠⎝ THS

⎡⎛ 0.75 LFL ⎞⎛ PHS
⎞
⎟⎟ VHS 0 − ⎢⎜⎜
⎟⎜
2 ⎟⎜
α
λ
π
R
⎝
⎠⎝ PW
⎠
⎣
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⎞⎛ TW
⎟⎟⎜⎜
⎠⎝ THS

⎞ ⎤
⎟⎟ + 1⎥ VT χ
⎠ ⎦

(4.15)

where hPWL* is the minimum height of liquid in the retrieval pump well, and χ is the volume
fraction of waste retrieved. Eq. (4.15) assumes the headspace volume increases as the retrieval
progresses according to the relationship
V HS

= VHS 0 + χ VT .

(4.16)

Note that prior to the removal of χVT ≥ VIL75% there is no minimum requirement on the pump
well liquid level, because there would not be enough void present for interstitial liquid drainageinduced gas releases to cause a 75% of the LFL increase in the headspace. The volume fraction
of waste retrieved below which no pump well liquid level restrictions apply is given by

χ* =

⎛ P ⎞⎛ T ⎞
(φ − α )(0.75 LFL )⎜⎜ HS ⎟⎟⎜⎜ W ⎟⎟ V HS 0
⎝ PW ⎠⎝ THS ⎠
⎡
⎛ PHS ⎞⎛ TW ⎞⎤
⎟⎟⎜⎜
⎟⎟⎥ VT
⎢α λ − (φ − α )(0.75 LFL)⎜⎜
P
T
⎝ W ⎠⎝ HS ⎠⎦
⎣

(4.17)

In other words, no restrictions need be applied to the pump well liquid level until the retrieval
campaign has retrieved χ* of the waste.
Application of Eq. (4.15) and (4.17) to the tanks of interest indicates that no minimum pump
well liquid level requirements need be applied to Tanks S-101, S-104, S-105, or U-107. Tanks
S-101, S-104, and S-105 do not have enough retained gas to raise the flammability of their
headspaces by 75% of the LFL under any conditions (see Table 2.5). Similarly, by the time χ* is
reached in Tank U-107 it does not have sufficient retained gas to raise the flammability of its
headspace by 75% of the LFL.
The minimum pump well liquid level given by Eq. (4.15) is plotted in Figure 4.7 for the six
tanks that are indicated to need an hPWL control. As indicated by the form of Eq. (4.15), the value
of hPWL* decreases linearly with χ. Table 4.3 lists the calculated slope and intercept for hPWL* for
the six tanks that may need hPWL controls. Here hPWL* is given in units of inches, for R in units of
feet, and VT and VHS0 in units of cubic feet (factor of 12 appearing in the equations in Table 4.3 is
the unit conversion factor of feet to inches). The last column in Table 4.3 lists the largest value
for hPWL* for each tank, which corresponds to the left-hand end of the lines in Figure 4.7.
4.5.2 Dissolution after Process Shutdown

To evaluate whether unsaturated liquids in the tank could dissolve enough waste to raise the
headspace to a flammable condition, consider the hypothetical scenario in which a large volume
of pure water is placed in the tank and then allowed to dissolve the gas-bearing waste. Assuming
negligible ventilation and that dissolution continues until the water is saturated, the change in
headspace flammability is given as
4.14
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Figure 4.7. Minimum Pump Well Liquid Level, hPWL*, as a Function of Volume Fraction
of Waste Retrieved
Table 4.3. Parameters for Calculation of hPWL*

hPWL*

=

⎡⎛ 0.75 LFL ⎞⎛ PHS
⎟⎜
− ⎢⎜⎜
α λ ⎟⎠⎜⎝ PW
⎝
⎣


⎞⎛ TW
⎟⎟⎜⎜
⎠⎝ THS

⎞ ⎤ 12VT
⎛ 0.75 LFL ⎞⎛ PHS
⎟⎟ + 1⎥
⎟⎜
χ + hIL − 12 ⎜⎜
2
α λ π R 2 ⎟⎠⎜⎝ PW
⎝
⎠ ⎦π R


S-102
S-103
S-106
S-108
S-109
S-110

Slope
(inch)

Intercept
(inch)

⎡⎛ 0.75LFL⎞⎛ PHS ⎞⎛ TW ⎞ ⎤ 12VT
⎟⎟⎜⎜
⎟⎟ + 1⎥
⎟⎟⎜⎜
− ⎢⎜⎜
2
⎢⎣⎝ α λ ⎠⎝ PW ⎠⎝ THS ⎠ ⎥⎦ π R

⎛ 0.75 LFL ⎞⎛ PHS ⎞⎛ TW ⎞
⎟⎟⎜⎜
⎟⎟VHS0
⎟⎜
hIL − 12⎜⎜
2 ⎟⎜
⎝ α λ π R ⎠⎝ PW ⎠⎝ THS ⎠

χ

-229
-102
-187
-242
-234
-169

119
40
26
25
28
83

0.077
0.134
0.032
0.050
0.053
0.087

Change in headspace flammability =

⎞
⎟⎟ V HS 0
⎠

Intercept

Slope

Tank

⎞⎛ TW
⎟⎟⎜⎜
⎠⎝ THS

*

β BW VH 2O α ⎛ PW ⎞⎛ THS ⎞ ⎛ 1 ⎞
⎜⎜
⎟⎟⎜⎜
⎟⎟ λ ⎜⎜
⎟⎟ ×100%
LFLMIX VHS ⎝ PHS ⎠⎝ TW ⎠ ⎝ 1 + Γ ⎠

hPWL*
for
χ = χ*
(inch)
101
26
20
13
15
68

(4.18)

where βBW is the volume of bulk waste dissolved per volume of water, VH2O is the volume of
water present, α is the retained gas void fraction, λ is the fraction of retained gas that is
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flammable, and Γ is the ratio of waste volume above the interstitial liquid level to waste volume
below the interstitial liquid level. The derivation of Eq. (4.18) is given in Appendix B.
Note that the volume of bulk waste dissolved per volume of water, βBW, is just equal to VB
[given by Eq. (4.2)] with F = 0. Using this relationship, the combination of Eq. (4.2), (4.3), and
(4.4) gives

β BW =

VT (β LC ρ BR − 1)
.
ρ S VS

(4.19)

The tank headspace volume for this scenario is calculated using the expression
V HS = VTANK − VW < ILL (1 + Γ ) − VH 2O

(4.20)

where VTANK is the total volume of the (empty) tank. Because the headspace volume decreases as
water is added in this scenario, even tanks that originally did not have enough retained
flammable gas to reach the LFL in their headspaces (see Table 2.5) could present a hazard.
Eq. (4.18), (4.19), and (4.20) were used to calculate the volumes of water necessary to
release, by dissolution of saltcake, flammable retained gases sufficient to raise the headspace of
each tank by 75% of the LFL. As above, the dissolution parameters for Tank S-112 given in
Table 4.1 were used for all tanks. In the first set of calculations it was assumed that each tank
contained all of its original waste, both above and below the interstitial liquid. The inclusion of
waste above the interstitial liquid level reduces the headspace volume but also reduces the
amount of gas released per volume water added. The calculated headspace and required water
volumes for this case are listed in the second and third columns, respectively, of Table 4.4.
Table 4.4. Water Volumes Potentially Resulting in a 75% of LFL Increase in Tank Headspace

Tank

S-101
S-102
S-103
S-104
S-105
S-106
S-108
S-109
S-110
U-107

Original Volume of Waste above
All Waste above Interstitial
Interstitial Liquid Level
Liquid Level Removed
Calculated
Calculated
Volume of Water
Volume of Water
Headspace Volume
Headspace Volume
(kgal)
(kgal)
(ft3)
(ft3)
55,233
286
60,657
281
53,097
151
60,147
151
88,615
149
90,337
146
61,498
302
62,486
300
46,735
294
98,188
190
49,977
221
106,392
129
34,251
244
95,765
185
37,264
238
94,669
182
69,008
145
77,140
139
46,679
206
65,032
179
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In the second set of calculations it was assumed that all the waste above the interstitial liquid
level has been removed by some means, so that R = 0. This has the effect of increasing the
amount of gas released per volume of water added, but also increases the headspace volumes.
The calculated headspace and required water volumes for this case are listed in the fourth and
fifth columns, respectively, of Table 4.3.
Currently, there are no plans to add large quantities of water to the waste tanks at the start of
retrieval operations,(a) nor are there any identified mechanisms by which such large quantities of
water could rapidly dissolve saltcake in the current waste configuration.(b) In the more realistic
cases, where the liquid present in the tank is partially saturated or significant amounts of waste
have been retrieved prior to the process shutdown, the volumes of liquid necessary to cause a
dangerous rise in headspace flammability would be increased correspondingly.

(a) Smaller volumes of water, e.g., less than 10,000 gal, may be added initially to enlarge the central pit around the retrieval
pump.
(b) Rapid addition of the water volumes given in Table 4.3 to their respective tanks would result in a liquid layer at the waste
surface in each tank. The liquids would be expected to form a stable nonconvective layer with high-density, nearly saturated
brine near the submerged solids and low-density, nearly pure water at the liquid surface. Under these conditions, dissolution
would proceed only at the relatively slow rate of the diffusion of dissolved salts upward through the liquid.
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5.0 Discussion
The results of the gas release analyses for the selected tanks show that under conservative
assumptions the flammable gas headspace concentrations can rapidly approach 25% of the LFL
when the tank is passively ventilated. Use of the portable exhauster is not necessary to maintain
the headspace hydrogen concentration below this action level, but retrieval rates may be limited
by the slow removal of flammable gases by passive ventilation. Use of the portable exhauster
anywhere in the assumed operating range of 270 to 475 cfm would prevent the headspace from
reaching the action level even if the water jets are very effective at eroding the saltcake (i.e.,
result in saturated brine with a 30 wt% solids loading).
Estimated gas release rates given in Table 4.2 and headspace flammability estimates depicted
in Figures 4.1 and 4.2 are based on conservative assumptions and very likely exaggerate the
potential to reach flammable conditions in the headspace. Specifically, gas void fractions used to
estimate retained gas inventories are the 95th percentile values developed by Barker and
Hedengren (2003), providing a 95% confidence that actual void fractions and corresponding
flammable gas inventories are smaller than those used in calculations; and gas releases
associated with water jets impinging on the waste (i.e., during active waste retrieval) are based
on the assumptions that the water is instantaneously saturated and that erosion by the water jets
results in a 30 wt% solids loading of the saturated brine produced. This is consequently a
bounding analysis in which most of the input parameters and assumptions are reasonably
conservative, and the results are arguably very conservative.
Estimated gas release volumes and conditions leading to headspace flammability after a
retrieval process shutdown are also based on conservative assumptions to ensure hazards are not
underestimated. Estimated changes in the headspace flammability due to interstitial liquid
drainage during a center-out retrieval, depicted in Figures 4.3 and 4.4, are based on no
ventilation of the headspace and complete drainage of the waste and release of all the retained
gases from the region above the final interstitial liquid level (credit was not even taken for the
capillary fringe). Similarly, the guidelines on the minimum pump well liquid level needed to
preclude a drainage-induced gas release that would raise the flammability of the headspace by
75% of the LFL during any non-center-out retrieval shown in Figure 4.7 assume no headspace
ventilation and complete drainage and gas release. The potential for unsaturated brine in the tank
to release gases was evaluated by assuming the liquid was completely unsaturated (i.e., pure
water) and that no headspace ventilation occurred during the time required for the liquids to
become 100% saturated. Given these assumptions, using the values in the third or last columns
of Table 4.3 as maximum allowable volumes of free water is very conservative.
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Appendix A
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Interstitial Liquid Level in Tank 241-S-102

Appendix A
Estimation of Bulk Waste Volume Above the Interstitial
Liquid Level in Tank 241-S-102
There is evidence that the current Best Basis Inventory (BBI) may underestimate the volume
of waste in Tank S-102 because it does not include a ring of waste above the measured waste
surface level. This ring of waste is important here because it affects the calculated tank
headspace volume, and consequently affects the estimation of headspace flammability. Two
types of evidence for the ring are noted here. First, each of the three waste core samples
collected in 1996 and 1998 via the three risers located about 30 feet from the tank center
indicated solids above the current waste surface level. Second, saltwell pumping and surface
level data from 1999 through 2003 indicate that liquids pumped from the tank were from a
central pool, and not from a supernate layer that extended across the entire waste surface. Here
the saltwell pumping and surface level are analyzed to determine the bulk volume (solid, liquid,
and gas) of this waste ring.
The saltwell pumping rate and waste surface level (as measured by an EnrafTM) for retrieval
activities in Tank S-102 are shown in Figure A.1. At steady state conditions, it is expected that
the EnrafTM level represents the interstitial liquid level (ILL). The sharp drops in waste level
result from waste transfer out of the tank, and the exponential rise after the completion of a
transfer is attributable to drainage of interstitial liquid from waste material above the measured
surface level. This apparent drainage, together with comparison of the transfer volumes and
level history, suggest that waste extends into the headspace above the ILL.
The volume of waste above the ILL that affects the headspace volume may be computed by
considering that
VW = VL + VR

(A.1)

where VW is the volume of waste between the initial and final ILL, VL is the volume of original
supernatant liquid removed, and VR is the bulk volume of the exposed waste ring. Equation
(A.1) is written in terms of the original supernatant removed to exclude the drained volume from
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Figure A.1. Surface Level and Saltwell Pumping Rate in S-102

the waste ring in computation of the headspace volume. The volume of waste transferred is
comprised of original supernatant liquid and interstitial liquid drained from the waste ring, or
VTR

= VL + γ VR

(A.2)

where γ is the fraction of drainable liquid in the waste ring. The fraction of drainable liquid is
assumed to be 0.25. Solving Eq. (A.1) and (A.2) for VR yields
VR

=

VW + VTR
(1 − γ )

(A.3)

The change in the ILL over the time period shown in Figure A.1 is 38.9 in corresponding to
VW = 107,130 gal. With a total transfer volume of 62,139 gal, the volume of the waste ring is
approximately 60,000 gal. The effect of the estimated fraction of drainable liquid in the waste
ring is shown in Figure A.2. No drainage, which is not supported by the waste level history in
Figure A.1, results in a waste ring of approximately 45,000 gal. The volume of the waste ring
shows a greater increase as the fraction of drainable liquid approaches the non-solid fraction of
the bulk waste. This limit is also not applicable as it does not allow for gas in the pore space.
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Gas Release Rate Model Equations
Sluicing is capable of mobilizing sediment by creating forces that exceed the strength of the
material. The disruption of the sediment releases retained gas into the tank headspace. Gas
release during sluicing is therefore a function of the amount of the sediment that is mobilized.
The amount of waste material mobilized by a sluicing nozzle or jet is a function of the
operational parameters of the jet and the waste characteristics. To bound the problem without
modeling the exact physical phenomena, the waste mobilization must be limited by the ability of
the product stream (sluicing liquid, solids dissolved into the sluicing liquid, interstitial liquid, and
undissolved solids) to “carry” undissolved solids. This appendix presents the computation of the
expected gas release as a function of the water added by sluicing based on the undissolved solids
loading in the product stream.
Waste parameters that address specific waste dissolution characteristics for Tank S-112 are
presented in Cowin et al. (2003). These parameters include:
βLC : Volume of brine created by dissolution per volume of water added
βBW : Volume of bulk waste dissolved per volume of water added
ρBR : Density of brine created by dissolution
ρIL : Density of initial interstitial liquid
ρS :
Density of dry solids (assumed the same for both soluble and insoluble)
wSS : Mass fraction of soluble solids in bulk solids
VT : Total waste volume
Parameters that further characterize the waste are:
α:
Volume fraction of gas in the bulk waste (Barker and Hedengren 2003)
hIL : Interstitial liquid level (TWINS)(a)
φ:
Porosity of the waste (non-solid volume per total waste volume)

B.1 Gas Release Due to Dissolution and Erosion by Water Jet
The volume of (void-free) solids in the waste is given by
VS = (1 − φ )VT
The volume of interstitial liquid in the pore space is

B.1

(B.1)

VIL = VT − VG − V A − VS

(B.2)

where VA is the pore-space volume above the interstitial liquid level and VG is the volume of gas
retained in the saturated waste below the interstitial liquid level. The gas volume VG is then
VG = αVW < ILL

(B.3)

where VW<ILL is the volume of waste below the interstitial liquid level (computed from hIL).
Assuming that there is no interstitial liquid above hIL, the pore-space volume above the
interstitial liquid level is
V A = φ (VT − VW < ILL )

(B.4)

The mass of solids per bulk waste volume is
MS =

ρ S VS
VT

(B.5)

and the mass of interstitial liquid per bulk waste volume is

M IL =

ρ ILVIL
VT

(B.6)

The mass of brine created by dissolution per volume of water added is

M BR = β LC ρ BR

(B.7)

and the mass of solids dissolved per volume of water added is therefore

M DS = M BR − ρW

(B.8)

where ρW is the density of water.
We use a factor F to assign the undissolved solids loading in the product stream or the mass
of undissolved solids per total product stream mass. To determine the volume of bulk waste
mobilized per volume of water added (VB) by sluicing to achieve F, consider that F is defined as
F=

MU
M U + M BR + M ILV B

(a) TWINS: Tank Waste Information System database. http://twins.pnl.gov/twins3/twins.htm.
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(B.9)

where MU, the mass of undissolved solids in the product stream per volume of water added, is
computed as

M U = VB M S − M DS

(B.10)

Substituting Eq. (B.10) into Eq. (B.9) and solving for the volume of bulk waste mobilized per
volume of water added yields
VB =

M DS + F
M S − F (M S + M IL )

(B.11)

To account for disturbance of the nongaseous waste above the interstitial liquid level, it is
assumed that the water is applied above and below the interstitial liquid level in proportion to the
volumes of these two regions. The average gas volume per volume of waste is then simply the
total gas volume, VG (Eq. B.3), divided by the total waste volume, VT. The volume of gas
released adjusted to headspace temperature, THS, and pressure, PHS, per volume of water added is
computed from
V RG =

VGVB
VT

⎛ PW
⎜⎜
⎝ PHS

⎞⎛ THS
⎟⎟⎜⎜
⎠⎝ TW

⎞
⎟⎟
⎠

(B.12)

The average waste temperature is denoted by TW, and the average pressure in units of inches
of H2O at which the retained gas is stored is given by

PW = PHS +

1
SpG hIL
2

(B.13)

where SpG is the specific gravity of the interstitial liquid. By multiplying Eq. (B.12) by the
volumetric flow rate of water into the tank (QH2O), we can compute the volumetric gas release
rate as

QGAS = VRG QH 2O

(B.14)

B.2 Gas Release Due to Interstitial Liquid Drainage During a Process
Shutdown
During a shutdown of the retrieval process, drainage of interstitial liquid from the saltcake
into the central pool will release retained gases. Consider the situation in which the central pit
around the retrieval pump is approximately a cylinder of radius r and the height of liquid in the
central pool is hPOOL0. Liquid will drain out of the saltcake into the central pool until the new
B.3

interstitial liquid level and the pool height are equal. The volume of liquid accumulated in the
central pool must be equal to the amount of liquid drained from the saltcake:

πr 2 (hIL* − hPOOL 0 ) = πθ (R 2 − r 2 )(hIL − hIL* )

(B.15)

where hIL* is the final height of the interstitial liquid, R is the radius of the tank, and θ is the
volume fraction of interstitial liquid given by

θ =φ −α

(B.16)

Substituting (B.16) into (B.15) and rearranging gives

hIL*

⎞
⎛ R2
hPOOL 0 + hIL (φ − α )⎜⎜ 2 − 1⎟⎟
⎠
⎝r
=
2
⎞
⎛R
1 + (φ − α )⎜⎜ 2 − 1⎟⎟
⎠
⎝r

(B.17)

Gas releases associated with this change in interstitial liquid level are calculated by
subtracting final retained gas inventory from the initial retained gas inventory. This addresses
the reduction in pressure felt by the retained gas and the upward percolation of gas due to
bubbles that have expanded as the hydrostatic head was decreased. The initial retained gas
inventory (adjusted to the headspace temperature and pressure) is given by the expression
⎞
⎟⎟
⎠

(B.18)

⎛
r 2 ⎞⎛ PW * ⎞⎛ THS ⎞
⎟
⎟⎜
= αVW < ILL* ⎜⎜1 − 2 ⎟⎟⎜⎜
R ⎠⎝ PHS ⎟⎠⎜⎝ TW * ⎟⎠
⎝

(B.19)

⎛
r 2 ⎞⎛ P ⎞⎛ T
VGAS 0 = αVW < ILL ⎜⎜1 − 2 ⎟⎟⎜⎜ W ⎟⎟⎜⎜ HS
R ⎠⎝ PHS ⎠⎝ TW
⎝

and the final retained gas inventory is given by
VGAS *

where an asterisk (*) has been used to denote the variable is evaluated at the final condition. In
these expressions both VW<ILL and VW<ILL* refer to the total volume of the tank below the
interstitial liquid level, initial and final, respectively. To avoid having to include the tank bottom
geometry in the calculation of VW<ILL*, we note that to a good approximation in the values of hIL*
of interest,

VW < ILL* = VW < ILL − πR 2 (hIL − hIL* )
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(B.20)

The decrease in retained gas inventory must equal the gas released into the headspace, which
is just the difference between Eq. (B.18) and (B.19):

∆VGAS

⎛P
⎛
r 2 ⎞⎛ THS ⎞⎧
⎟⎟⎨VW < ILL ⎜⎜ W
= α ⎜⎜1 − 2 ⎟⎟⎜⎜
R ⎠⎝ PHS ⎠⎩
⎝
⎝ TW

⎞
⎛ P ⎞⎫
⎟⎟ − VW < ILL − πR 2 (hIL − hIL* ) ⎜⎜ W * ⎟⎟⎬
⎠
⎝ TW * ⎠⎭

[

]

(B.21)

B.3 Gas Release Due to Continued Dissolution of Saltcake During a
Process Shutdown
The addition of water to a tank will cause retained gas releases to the extent that it dissolves
gas-retaining waste. It is assumed here that water introduced or present in the tank when the
retrieval process is shut down dissolves the wastes above and below the interstitial liquid level in
proportion to the volumes of these waste regions. For example, if one third of the waste is above
the interstitial liquid level and two thirds are below it, one third of the water will be used to
dissolve the waste above the interstitial liquid level (a region that is assumed to contain no
retained gas) and two thirds will be used to dissolve the waste below it. The fraction of water
that is used to dissolve gas-retaining waste is
VW < ILL
1
=
VT
1+ Γ

(B.22)

where Γ is the ratio of waste volumes above and below the interstitial liquid level.
As defined above, βBW is the volume of bulk waste dissolved per volume of water, so the
volume of retained gas released by dissolution of gas-bearing waste (adjusted for headspace
temperature and pressure) is given by
⎛ 1 ⎞⎛ PW
⎟⎟⎜⎜
V RG = αβ BW VH 2O ⎜⎜
⎝ 1 + Γ ⎠⎝ PHS

⎞⎛ THS
⎟⎟⎜⎜
⎠⎝ TW

⎞
⎟⎟
⎠

(B.23)

where VH2O is the volume of water available for dissolution. The change in headspace
flammability, measured as a change in the percent of the lower flammability limit (LFL) of the
mixture, LFLMIX, is given by the expression

β BW VH 2Oα ⎛ PW ⎞⎛ THS ⎞ ⎛ 1 ⎞
⎟⎟λ ⎜
⎟⎟⎜⎜
⎜⎜
⎟ ×100%

LFLMIX VHS ⎝ PHS ⎠⎝ TW ⎠ ⎝ 1 + Γ ⎠

where λ is the fraction of flammable gases in the retained gas mixture.
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(B.24)
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Appendix C
Headspace Gas Concentration Model
Consider a tank containing variable volumes of waste and headspace with inflows and
outflows as indicated in Figure C.1. The ventilation inflow, QVIN, and outflow, QVOUT, carry air
into and the headspace atmosphere out of the tank headspace volume, VHS, respectively. During
dissolution, water is added to the waste volume, VW, at a volumetric flow rate of QWIN and brine
is pumped out at the rate QBOUT. Gas is released from the waste to the headspace at the
volumetric rate QGAS, which is understood to be at temperature and pressure of the headspace.
The headspace atmosphere and the liquid/gas/solid mixture in the waste volume are both
assumed to be incompressible.

QBOUT
QVOUT

QVIN

VHS

QGAS

dV/dt

QWIN

VW

Figure C.1. Schematic of Tank Flow Paths

Let the volume of the tank be fixed but allow the headspace volume and waste volume to
vary. The incompressible fluid assumption requires that
dVHS
dt

=−

dVW
dt

Continuity on the headspace volume can be expressed as
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(C.1)

dVHS
dt

= QVIN − QVOUT + QGAS

(C.2)

Assuming the released gas leaves the waste with the pressure at which it was retained, PGAS,
that the volume change during dissolution is negligible, and that gas expansion in the waste due
to decrease in hydrostatic pressure is minimal, continuity on the waste volume is written as
dVW
P T
= Q WIN − Q BOUT − HS W Q GAS
(C.3)
dt
PW THS
where P and T are the average pressure and temperature, respectively, at headspace (subscript
HS) and waste (subscript W) conditions.

Substituting Eq. (C.2) and (C.3) into Eq. (C.1) provides an expression for the ventilation
outflow, QOUT, as a function of the other known inflows and outflows:
⎛ P T ⎞
Q VOUT = Q VIN + Q GAS ⎜⎜1 − HS W ⎟⎟ + Q WIN − Q BOUT
PW THS ⎠
⎝

(C.4)

The continuity equation for hydrogen in the headspace, assuming that the hydrogen
concentration remains small, can be written as
d
(CH VHS ) = QGAS χH − Q VOUTCH
dt

(C.5)

where CH is the headspace hydrogen concentration (vol%) and χH is the volume fraction of
hydrogen in the waste gas. Expanding the derivative and substituting Eqs. (C.3) and (C.4) via
Eq. (C.1) yields
VHS

dCH
dt

(

)

= Q GASχH − C H Q VIN + Q GAS

(C.6)

Note that, even though it appears outside the time derivative, the headspace volume is a
function of time. Assuming that the water inflow, brine-pumping rate, the gas release rate and
pressure are constant, Eq. (C.3) and (C.1) can be solved for the headspace volume as a function
of time as follows:

⎛
P T ⎞
VHS (t ) = VHS0 − ⎜⎜ QWIN − QBOUT − QGAS HS W ⎟⎟t
PW THS ⎠
⎝

C.2

(C.7)

where VHS0 is the headspace volume at t = 0. To simplify further steps, define the following
terms:

Q A = Q VIN + Q GAS
Q B = Q WIN − Q BOUT − Q GAS

(C.8)

PHS TW
PW THS

Now, substituting these definitions and Eq. (C.7) into Eq. (C.6) and rearranging yields the
following ordinary differential equation:
QA
dCH
1
=
−
χ
Q
dt
VHS0 − QBt
C H − GAS H
QA

(C.9)

Eq. (C.9) can be integrated between t1 and t2 to give

C H (t 2 ) =

Q GAS χ H ⎛
Q χ
+ ⎜⎜ (C H ( t 1 ) − GAS H
QA
QA
⎝

⎞ ⎛ VHS0
⎟⎟ ⎜⎜
⎠ ⎝ VHS0

QA
− QBt 2 ⎞ Q
⎟ B
− Q B t 1 ⎟⎠

(C.10)

and under the initial conditions that CH = C0 at t = 0 to yield

C H (t) =

QGASχ H
QA

QA

⎛
⎞ QB
Q
Q
χ ⎞⎛
+ ⎜ C 0 − GAS H ⎟ ⎜ 1 − B t ⎟
QA ⎠ ⎝
VHS0 ⎠
⎝

(C.11)

The time at which the hydrogen concentration reaches a specified value, CH, is given by
QB ⎤
⎡
Q
χ
Q
⎢ ⎛
⎞
⎥
C H − GAS H A ⎥
⎢
⎜
⎟
V
QA
⎥
⎟
t = HS0 ⎢1 − ⎜
QGAS χ H ⎟
⎥
QB ⎢ ⎜
⎢ ⎜ C0 −
⎥
⎟
QA ⎠
⎢ ⎝
⎥
⎦
⎣

(C.12)

If the headspace volume is assumed constant, the solution to Eq. (C.9) for the hydrogen
concentration as a function of time under the same initial conditions becomes

C.3

C H (t) = C0 e

−

Q VIN
VHS

t

+

QGASχ H

C.4

QA

Q
⎛
− VIN t ⎞
⎜ 1 − e VHS ⎟
⎜
⎟
⎝
⎠

(C.13)
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Appendix D
Expression for Minimum Interstitial Liquid Level to Prevent
Significant Drainage-Induced Gas Releases
An expression for the minimum pump well liquid level to preclude an increase of 75% of the
lower flammability limit (LFL) in the headspace by the draining of interstitial liquid from
saturated waste matrix is developed here. The approach taken is to limit either the volume of
undisturbed (retained gas-bearing) waste that could be drained and/or the volume of voids into
which interstitial liquid can drain.
The expression developed relies on the following assumptions:
The pump well liquid level is at or below the interstitial liquid level (ILL). Therefore,
observation of the measured pump well liquid level will limit gas release as defined in the
approach developed here.
Waste dissolution occurs predominately in the region above the interstitial liquid ILL. This is
based on the interstitial liquid itself being saturated with salts and unable to dissolve more waste.
Unsaturated brine above the ILL does not appreciably displace the interstitial liquid below the
ILL because it is less dense than the interstitial liquid.
The waste initially has a uniform porosity (in all regions) and retained gas fraction (in un-drained
regions). This is consistent with the assumptions made in the main body of this report.
Drainage of interstitial liquid from a region is complete (all the liquid in a region drains to fill
voids below it) and all the retained gas in a region that drains is released. These add to the
margin of safety in this analysis; much of the liquid cannot drain because of capillary hold-up
and much of the retained gas remains trapped because of this liquid.
Drainage of interstitial liquid that releases retained gases occurs only above the pump well liquid
level. Interstititial liquid may migrate below this level as hydraulic pressure gradients require,
but this does not cause a release of retained gases.
Waste above the initial interstitial liquid level has no drainable liquid or retained gas.
First, note that the volume of retained gas, at the average in situ waste temperature and
pressure, required to raised the headspace flammability by 75% of the LFL is given by
VG 75%

=

0.75 LFL VHS ⎛ PHS
⎜⎜
λ
⎝ PW

D.1

⎞⎛ TW
⎟⎟⎜⎜
⎠⎝ THS

⎞
⎟⎟
⎠

(D.1)

where λ is the fraction of the trapped gas that is flammable, and P and T are the average pressure
and temperature, respectively, at headspace (subscript HS) and waste (subscript W) conditions.
At anytime during the retrieval, the headspace volume, VHS, is given by

V HS

= VHS 0 + χ VT

(D.2)

where VHS0 is the initial headspace volume, and χ is the volume fraction of bulk waste retrieved
at any time. Here the headspace volume is assumed to be increased by the amount of waste
retrieved, even though some of the retrieved waste may have been below the waste surface level.
This is equivalent to including subsurface voids in the calculation of the headspace volume. The
approach is justified because the diffusion of air and flammable gases through the porous waste
into and out of the subsurface voids is generally faster than the interstitial drainage rate. Even if
a layer of very insoluble waste is encountered, the dissolution of waste beneath it will cause
subsidence and a corresponding increase in the headspace volume.
The volume of undisturbed (retained gas-bearing) waste that must be drained to release VG75% is
given by
⎛1⎞
VW 75% = ⎜ ⎟ VG 75%
(D.3)
⎝α ⎠

where α is the volume fraction of retained gas in the bulk waste. Similarly, the volume of
interstitial liquid in VW75% is given by

V IL 75%

⎛φ − α ⎞
= ⎜
⎟ VG 75%
⎝ α ⎠

(D.4)

(φ − α )VW 75%

(D.5)

or

V IL 75%

=

where φ is the porosity of bulk waste. Note that VIL75% is equivalent to the volume of voids that
must be present to receive the draining interstitial liquid, VILD. To prevent a drainage-induced
increase in headspace flammability of 75 % of the LFL, either VILD < VIL75%, or the volume of
undisturbed (gas-bearing) waste above the pump well liquid level, VD < VW75%. The drainable
waste volume at any time is given by

VD

= π R 2 (hIL − hPWL ) − ε χ VT

(D.6)

where R is the tank radius, hIL is the initial interstitial liquid level, hPWL is the pump well liquid
level at any point in time, and ε is the fraction of the waste retrieved from below the initial
interstitial liquid level. For example, if 55 vol% of the waste retrieved was from the region
above the initial interstitial liquid level, then ε = 0.45. Substituting Eq. (D.6) into the inequality
VD < VW75% and solving for the minimum allowable pump well liquid level that will ensure
drainage-induced gas releases do not raise the headspace flammability by 75% of the LFL yields

D.2

hPWL

> hIL −

1
[ VW 75% + ε χ VT ]
π R2

(D.7)

The fraction of the waste retrieved below the initial interstitial liquid level, ε, is constrained
physically between zero and unity and may not be measured easily. The limiting value of hPWL
specified by Eq. (D.7) occurs with ε = 1 as indicated by the derivative δhPWL/δε < 0. This is
reasonable, because when ε = 1, all of the retrieved waste is from below the initial interstitial
liquid level, maximizing the voids between the initial interstitial liquid level and the pump well
liquid level. Conversely, with ε = 0, all of the retrieved waste is from above the initial interstitial
liquid level and no void is available to drain liquid into, thereby placing no limit on the minimum
hPWL. Therefore, the limiting case of Eq. (D.7) can be written with Eqs. (D.1) and (D.3) as

hPWL

> hIL −

1
π R2

⎡⎛ 1 ⎞ 0.75 LFL V HS
⎢⎜ ⎟
λ
⎢⎣⎝ α ⎠

⎛ PHS
⎜⎜
⎝ PW

⎞⎛ TW
⎟⎟⎜⎜
⎠⎝ THS

⎤
⎞
⎟⎟ + χ VT ⎥
⎥⎦
⎠

(D.8)

where VHS is given by Eq. (D.2). Note that prior to the removal of χVT ≥ VIL75% there is no
minimum requirement on the pump well liquid level, because there would not be enough void
present for interstitial liquid drainage-induced gas releases to cause a 75% of the LFL increase in
the headspace. Combining this with Eq. (D.1) and (D.4) yields the retrieval volume fraction
below which no pump well liquid level restrictions apply.

χ <

⎛ P ⎞⎛ T ⎞
(φ − α )(0.75 LFL )⎜⎜ HS ⎟⎟⎜⎜ W ⎟⎟ V HS 0
⎝ PW ⎠⎝ THS ⎠
⎡
⎛ PHS ⎞⎛ TW ⎞⎤
⎟⎟⎜⎜
⎟⎟⎥ VT
⎢α λ − (φ − α )(0.75 LFL)⎜⎜
⎝ PW ⎠⎝ THS ⎠⎦
⎣
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