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Summary 

Four double-contained receiver tanks (DCRTs) at Hanford will be used to store salt-well 
pumped liquids from tanks on the Flammable Gas Watch List. This document was created to 
serve as a technical basis or reference document for flammable gas issues in DCRTs. The 
document identifies, describes, evaluates, and attempts to quantify potential gas carryover and 
release mechanisms. It estimates several key parameters needed for these calculations, such as 
initial aqueous concentrations and ventilation rate, and evaluates the uncertainty in those 
estimates. It justifies the use of the Schumpe model for estimating vapor-liquid equilibrium 
constants. It identifies several potential waste compatibility issues (such as mixing and pH or 
temperature changes) that could lead to gas release and provides a basis for calculating their 
effects. It evaluates the potential for gas retention in precipitated solids within a DCRT and 
whether retention could lead to a buoyant displacement instability (rollover) event. It discusses 
rates of radiolytic, thermal, and corrosive hydrogen generation within the DCRT. It also 
describes in detail the accepted method of calculating the lower flammability limit (LFL) for 
mixtures of flammable gases. 

The report incorporates these analyses into two models for calculating headspace 
flammability, one based on instantaneous equilibrium between dissolved gases and the 
headspace and one incorporating limited release rates based on mass-transfer considerations. 
Finally, it demonstrates the use of both models to estimate headspace flammable gas 
concentrations and minimum ventilation rates required to maintain concentrations below 25% of 
the LFL. The report describes the methodology, the results at the only known (but probably 
highly underestimated) ventilation rate of 3 cfh, and the parametric sensitivity of the results. 
However, no actual predictions of DCRT headspace flammability are implied. This 
document is intended to provide background information for future DCRT modeling and 
recommendations for improving the technical basis of modeling. Although modeling results are 
presented here, the waste properties and potential pumping scenarios are so variable as to require 
case-by-case modeling for a safety basis. This document, therefore, does not and cannot provide 
a safety basis but rather guidance (based on current knowledge) as to conditions that a safety 
basis should meet. 

We have identified no major flaws in the approach previously published in a calc-note by 
Hedengren et aL (1997). Although we developed a somewhat different mathematical model for 
predicting flammable gas concentrations within the DCRT, we found little difference between 
our predictions and those from Hedengren et aL when the same initial dissolved gas 
concentrations were assumed. We also found that for most purposes the assumption of 
equilibrium does not produce large overestimates of DCRT headspace flammability until 
ventilation rates are much higher than the 3 cfh assumed in the other analyses. 

The analyses in this document indicate that 

Carryover of free gas to the DCRT in the form of “hitchhiker” bubbles is possible but 
only as armored bubbles less than 10 microns in diameter. Even if all of these bubbles 
were released once they reach the DCRT, they would contribute an insignificant volume 
of flammable gas to the headspace (Section 3). 
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Carryover of adsorbed gas on entrained particles is also possible, but it would be an 
insignificant contribution to the flammability of the DCRT headspace (Section 4). 

The dominant mechanism of gas carryover is, therefore, dissolved gas transferred with 
the pumped liquid (Section 2). 

The only ventilation that can be credited with confidence in a safety analysis is the 3- or 
5-cfh airflow bubbling through the differential pressure @P) tubes (depending on 
whether two or three tubes are used). However, additional inleakage of air is likely 
around riser covers and the manual tape level instrument. To improve confidence in the 
safe operation of the DCRTs, the actual ventilation rate could be measured by sampling 
the DCRT or its ventilation exhaust for components of the waste gases that are not found 
in air or using tracer gases (Section 7). 

The composition of the low-solubility gas mixture retained in the high-solids layers of 
tanks whose gas composition has not been measured can be modeled as 65% hydrogen 
and 5% methane, with the remainder nonflammable gases. This composition is based on 
retained gas sampler (RGS) results for the free gas retained in submerged high-solids 
waste layers. This composition is appropriate for estimating the dissolved low-solubility 
gas concentration in liquid that is to be pumped from the waste matrix, where it is in 
equilibrium with the retained free gas. These values differ from those used by Hedengren 
et aL (1997), which were 97% hydrogen and 3% methane (Section 2) 

Liquid that is pumped from supernatant layers contains less hydrogen than liquid in the 
waste matrix does, according to RGS measurements. The low-solubility gas mixture in 
supernatant liquid layers in tanks whose gas composition has not been measured can be 
modeled as 19% hydrogen and 7% methane, the median composition measured by the 
RGS in supernatant layers (Section 2). 

Certain ammonia measurements may underestimate the true ammonia concentration in 
the waste if the sample is depleted in ammonia compared with the average in the 
pumpable waste. Grab samples from the middle or bottom of the tank are more likely to 
represent the ammonia concentration in the liquid pumped from the waste matrix and are 
strongly preferred as modeling inputs when liquid is to be pumped from the matrix 
(Section 2). 

Ammonia concentrations measured in conventional core samples may be a factor of 1.5 
lower than the original concentration in the sample due to ammonia loss fiom the 
drainable liquid during core sample extrusion. Grab samples undergo little loss 
(Section 2). 

The limited available data suggest that the Schumpe model provides the current best 
estimates for Henry’s Law constants (Section 2.2). 

The model described by Hu (1997) overpredicts the rates of hydrogen generation for 
calculating DCRT headspace flammability (Section 5). 
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Precipitation and accumulation of solids to form a nonconvective layer is possible but 
only for waste transferred from the hotter tanks, and its formation would require many 
months. If enough gas were retained in the layer to make it buoyant, a buoyant displace- 
ment instability could occur and release a large fraction of the retained gas into the tank’s 
headspace. However, such an event is not expected to raise the headspace concentration 
beyond the LFL. The time required to form a nonconvective layer and accumulate gas is 
a year or more, so it is a concern only in very abnormal DCRT operations in which a 
nearly full tank is allowed to stand indefinitely (Section 6). 

The LFL for upward flame propagation is appropriate for determining flammability in a 
DCRT. The upward propagation LFL for a gas mixture can be determined using 
LeChatelier’s linear mixing law. Nitrous oxide can be considered an inert species unless 
fuel concentrations approach the (higher) LFL for downward flame propagation, and 
water vapor cannot be counted on to prevent combustion (Section 8). 

Compared with the nonequilibrium mass-transfer-limited model, the equilibrium model 
overestimates the hydrogen contribution to flammability by more than a factor of 2 
during fill and by 10% or less after filling is complete. But because dissolved hydrogen 
is not a major contributor to DCRT flammability for most tank wastes, the equilibrium 
model in most cases gives a fairly close estimate (within 20% of the nonequilibrium 
value) of the total DCRT headspace flammability when the ventilation rate is in the 3 to 
30 cfh range. At 5-cfm (300-cfh) ventilation, the equilibrium model predicts 20 to 50% 
higher flammabilities than the nonequilibrium model does. These results show the extent 
of the conservatism in the equilibrium assumptions used in other modeling (Hedengren et 
al. 1997) (Section 9). 

Based on the presented methodology, high-temperature, low-salt, and/or high-ammonia 
wastes have the highest flammability potential. At a ventilation rate of only 3 cfh, the 
equilibrium model predicts that 10 tank wastes (S-102, S-109, SX-102, SX-103, SX-105, 
SX-106, U-103, U-105, U-106, and U-lOS)@) could produce flammabilities that are close 
to or exceed 25% of the LFL in the DCRT for the base-case fill scenario (80% fill at 
4 gpm). These values should not be taken as actual flammability predictions because a 
minimum ventilation rate was used to predict them, but they do indicate which wastes (or 
types of wastes) have the highest potential for flammability. The wastes with the highest 
potential flammability are those modeled as having high dissolved ammonia 
concentrations (S-102, SX-102, SX-103, SX-105, SX-106, U-103, U-105, and U-lOS), 
high temperatures (SX-102, SX-103, and SX-105), high dissolved hydrogen 
concentrations resulting from low salt in the liquid (S- log), or high hydrogen generation 
rates caused by high temperature or high TOC (SX-103, SX-105, U-103, U-105, and 
U-106). Hydrogen dominates the flammability for two tanks: S-109 (due to low salt 
concentrations) and U-106 (due to high post-fill hydrogen generation rates). The non- 
equilibrium model also predicts flammabilities that exceed 25% of the LFL for nine of 
these wastes: the exceDtion is S-109 (Section 9). 

(a) Hanford tanks are designated with the prefix 241- followed by the tank farm letters and actual tank 
number. In this report the 241- prefix is dropped, as it is in common usage. 
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Of the eight tanks for whose wastes the ammonia flammability contribution exceeded 
25% of the LFL in the minimum-ventilation equilibrium scenario, only the predictions 
for SX-103 and U-103 wastes were based on measured dissolved ammonia 
concentrations. The relative flammability of the other six should be considered 
preliminary and highly uncertain pending ammonia concentration measurements 
(Section 9). 

Five of the tanks whose wastes were predicted (at minimum ventilation) to produce high 
flammability in the DCRT headspace, SX-103, SX-105, U-103, U-105, and U-106, were 
predicted by both models to have hydrogen generation rates high enough to make 
hydrogen a flammability concern in the post-fill, steady-state period. There is evidence 
(based on hydrogen generation rates calculated from tank headspace measurements) that 
the hydrogen generation model overestimates the generation rate in three of these tanks, 
SX-103, SX-105, and U-106. The hydrogen contribution to the DCRT headspace 
flammability therefore is exaggerated for these three tanks. Further work may be needed 
to develop an improved hydrogen generation model, a more complete set of hydrogen 
generation estimates from headspace hydrogen measurements, or both (Section 9). 

The nonequilibrium and equilibrium models predict headspace flammabilities that are 
typically within 20% of each other at low ventilation rates. However, this small 
difference in predicted flammability translates into a large difference in the ventilation 
rate required to produce 25% LFL in the headspace because increasing the ventilation 
tends to have a relatively small influence on reducing the headspace flammability. 
Therefore, the equilibrium model substantially overpredicts the ventilation rates required 
to maintain DCRT headspace flammability below 25% of the LFL (Section 9). 

The minimum required ventilation rates calculated by the nonequilibrium model are 
highest for wastes from Tanks SX-103 and SX-105, at 2.2 to 2.5 cfm (130 to 150 cfh), 
respectively. While Hedengren et al. ( 1997) suggested possible operational changes, 
such as reducing the feed rate, that might allow such tanks to be pumped without 
exceeding 25% of the LFL even with minimal ventilation, this document does not address 
such changes (Section 9). 

The nonequilibrium model shows that a ventilation rate of less than 3 cfm (180 cfh) 
maintains the headspace below 25% of the LFL (based on the present ammonia 
concentration data). By contrast, the extremely low 3-cfh flow assumed in other analyses 
predicts that at least nine wastes can exceed 25% of the LFL (based on a conservative but 
probably overpredictive hydrogen generation model and on current assumptions for 
dissolved hydrogen and ammonia concentrations). Because even a small ventilation flow 
can mitigate headspace flammability (especially under post-fill conditions), it is vital to 
measure the actual flow under typical operating conditions (Section 9). 

In some scenarios, the amount of gas released by mixing wastes from two tanks is larger 
than the amount either waste alone would release. However, temperature increases in the 
tank that would tend to release gas are considered unlikely, and releases due to caustic or 
'water addition are small (Section 9). 

vi 



Decreasing the feed rate to the DCRT does not always cause a decrease in flammability 
during filling. It can cause an increase, depending on the hydrogen generation rate and 
on the ratio of dissolved hydrogen to ammonia in the feed. Thus, assuming the 
operational maximum feed rate of 4 gpm does not necessarily produce a conservative 
estimate of DCRT headspace flammability. Case-by-case modeling is needed to establish 
the actual safety envelope for DCRT use. The tank wastes are too variable to allow the 
generic statement that headspace flammability is always highest at high feed rates 
(Section 9). 

Summary of key findings 

Dissolved gas (both ammonia and, to a lesser degree, hydrogen) is the dominant 
mechanism of flammable gas carryover from a source tank to a DCRT. This gas, along 
with hydrogen generated within the waste, volatilizes into the DCRT headspace. 
However, headspace flammable gas concentrations are likely to remain below their 
equilibrium values due to mass transfer limitations, even when DCRT ventilation rates 
are only in the cfh range. 

For some SSTs, particularly those containing high-temperature, low-salt, and/or high- 
ammonia wastes, salt-well pumping at the maximum rate of 4 gpm could result in a 
DCRT headspace exceeding 25% of the LFX if the minimum ventilation rate of 3 cfh 
were present. However, actual passive ventilation rates are probably significantly higher, 
and the calculations are based on unmeasured or uncertain gas concentrations in the 
waste. A formal uncertainty analysis is deferred, however, pending measurements of 
DCRT ventilation rates. 
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1.0 Introduction 

The Hanford Site has 149 single-shell tanks (SSTs) containing radioactive wastes that are 
complex mixes of radioactive and chemical products. Of these, 67 are known or suspected to 
have leaked liquid from the tanks into the surrounding soil, while 82 are considered sound 
(Hanlon 1996). To minimize the amount of material that could potentially leak into the 
surrounding soil, all of the SSTs will be interim stabilized by removing the drainable liquid.'a) 
Of the SSTs, 117 have been declared stabilized, and only 32 require further processing (Hanlon 
1996)."' Only 44 tanks have actually had drainable liquid removed; the remainder were declared 
stabilized administratively; that is, they were judged to contain less than 50,000 gallons of 
drainable interstitial liquid and less than 5,000 gallons of supernatant liquid. 

The Tri-Party Agreement (Ecology 1996) has set a series of milestones for completing 
interim stabilization by September 2000. While process equipment exists for removing drainable 
liquid, and its operation is well known from previous pumping campaigns, a number of safety 
issues associated with the release and potential ignition of flammable gases within the tanks is 
slowing progress on completing the removal of drainable liquid. These concerns stem from the 
observation that some of the wastes in the SSTs generate and retain potentially hazardous 
quantities of flammable gases. Of the 32 SSTs remaining to be declared interim stabilized, 31 
need to have drainable liquid removed by salt-well pumping. (Tank C-106 does not need salt- 
well pumping because its waste will be transferred to Tank AY-102.)") Of these 31 SSTs, 17 are 
on the Flammable Gas Watch List (FGWL) (Hopkins 1995; Hanlon 1996). Flammable gas 
issues associated with all aspects of operation must be evaluated and resolved before salt-well 
pumping of the FGWL tanks can continue. 

Salt-well pumping, or interim stabilization, began in the mid-1970s and is a well- 
established method for removing drainable interstitial liquid from SSTs (Grimes 1978). While 
salt-well pumping has been conducted for many years, attention has only recently been focused 
on the associated flammable gas safety issues. A significant effort has been made to predict the 
release of flammable gases into the headspace of the tank being salt-well pumped. The first 
quantitative studies of gas release during salt-well pumping were associated with the safety 
assessment for salt-well pumping FGWL tanks conducted by Los Alamos National Laboratory 
(WHC 1996). The safety assessment included an estimate of how much insoluble gas (that is, 
gas initially trapped in bubbles) would be released as a result of draining liquid from an SST. 
Peurrung et al. (1997) examined this problem in more detail and discussed the fate of both low- 
solubility gases (such as hydrogen) and high-solubility gases (such as ammonia). 

Both studies suggested that salt-well pumping would slowly release virtually all of the 
hydrogen gas above the interstitial liquid level into the headspace. Hydrogen, due to its low 

(a) While essentially all of the drainable liquid must be removed, specific criteria are used to determine 
when liquid removal is sufficiently thorough to allow the SSTs to be designated as interim stabilized. 
(b) Two additional tanks have been declared stabilized since 1996. 
(c) Hanford tanks are designated with the prefix 241- followed by the tank farm identification and actual 
tank number. In this report the 241- prefix is dropped, as it is in common usage. 
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solubility, exists primarily in tank waste as trapped bubbles. Removing interstitial liquid creates 
pathways through the porous waste to the bubbles, allowing the hydrogen in them to migrate into 
the tank headspace. In contrast, the bulk of the ammonia inventory is dissolved in the waste 
liquids. Since salt-well pumping extracts the liquid, the ammonia contained therein is transferred 
to the receiver tank. However, ammonia in any residual liquid in the source tank gradually 
partitions into the headspace through the air pathways created during pumping. While the 
amount of pumpable liquid varies from tank to tank depending on the waste’s consistency and 
configuration, Peurmng et al. (1997) predicted that roughly 80% of the liquid (and hence the 
ammonia) would be pumped into the receiver tank. 

It is clear from this discussion that the presence of flammable gases in the waste affects 
not only the source tank (Le., the tank being pumped) but also the receiving vessels and the 
transfer lines. In addition to the dissolved gas carried over with the waste liquid, gases continue 
to be generated radiolytically. Recognizing the need for an evaluation of flammable gas issues in 
double-contained receiver tanks (DCRTs), a calculation note (Hedengren et al. 1997) was issued 
describing a method for calculating the concentration of flammable gases in a DCRT headspace. 
This “calc-note” estimated the resulting flammability of the vapor, in percent of the lower 
flammability limit (LFL), a safety guideline at Hanford, resulting from transferring the contents 
of each of 27 SSTs into its corresponding DCRT under various filling and steady-state scenarios. 
The calc-note found only four source tanks (SX-101, SX-103, SX-105, and U-106) whose 
pumping would result in a DCRT vapor space in excess of 25% of the LFL if pumping occurred 
at a rate of 4 gpm until the DCRT was 80% full while a ventilation rate of 3 cfh was maintained. 
However, operational controls on the flow rate or degree of fill could keep the vapor space below 
25% of the LFL even for these four tanks. (Moreover, as we will discuss in Section 7, 
ventilation rates are likely to be considerably higher than 3 cfh, which would also reduce 
headspace flammability.) 

The calc-note addressed flammable gases in DCRTs. It estimated flammability based on 
several approximations and simplifying assumptions along with some best-estimate and 
conservative values of needed input parameters such as aqueous ammonia concentrations and 
Henry’s Law constants. However, it did not attempt to justify or evaluate these assumptions in 
detail. Furthermore, it did not address a few potential gas transfer mechanisms that have been 
brought forward from time to time by staff involved in Hanford flammable gas issues (such as 
“hitchhiker” bubbles or gas adsorbed to solids) and did not analyze their potential impacts on 
flammability or provide a citable reference to such an analysis. 

1.1 Purpose and Scope 

The purpose of this document is to serve as a technical reference that identifies, 
describes, evaluates, and attempts to quantify potential gas carryover and release mechanisms in 
DCRTs. The document estimates several key parameters needed for these calculations, such as 
vapor-liquid equilibrium constants, initial aqueous concentrations, and ventilation rate and 
evaluates the uncertainty in those estimates. It identifies several potential waste compatibility 
issues (such as mixing and pH or temperature changes) that could lead to gas release and 
provides a basis for calculating their effect. It evaluates the potential for gas retention in 
precipitated solids within a DCRT and whether retention could lead to a buoyant displacement 
release. It discusses radiolytic, thermolytic, and corrosion gas generation within the DCRT and 
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evaluates the treatment used in the calc-note. 
calculating LFL for mixtures of flammable gases in view of recent experimental data. ’ 

It also describes the accepted method of 

The report incorporates these analyses into two models for calculating headspace flam- 
mability, one based on instantaneous equilibrium between dissolved gases and the headspace and 
one incorporating limited release rates based on mass-transfer considerations. Finally, it 
demonstrates the use of both models to estimate headspace flammable gas concentrations and 
minimum ventilation rates required to maintain concentrations below 25% of the L E .  The 
report describes the methodology, the results at the only known (but probably highly 
underestimated) ventilation rate of 3 cfh, and the parametric sensitivity of the results. However, 
no actual predictions of DCRT headspace flammability are implied. This document is 
intended to provide technical background information for future DCRT modeling and 
recommendations for improving the technical basis of modeling. Although modeling results are 
presented here, the waste properties and potential pumping scenarios are so variable as to require 
case-by-case modeling for a safety basis. This document, therefore? does not and cannot provide 
a safety basis but rather contains guidance (based on current knowledge) as to conditions that a 
safety basis should meet. 

The report focuses on wastes extracted from SSTs by salt-well pumping and dilution or 
mixing. Other waste streams (e.g., from the Plutonium Finishing Plant or the 222-S Analytical 
Laboratory) may also pass through DCRTs and be mixed with salt-well pumped wastes. A full 
analysis of the potential waste streams and mixing scenarios has not yet been performed? and we 
have not analyzed all possible scenarios. In general, however, the methodology in this report can 
be applied to mixing various types of waste. 

This document is not meant to replace the calc-note, nor is its primary purpose to critique 
it. Rather, the document provides a technical basis -for many of its assumptions and conclusions 
while suggesting some possible refinements. This document is not meant to be a safety 
assessment or to serve in place of one, Finally, we do not consider the effect of a layer of 
separated organic phase (the only known example of which exists in Tank C-103). 

1.2 Approach 

This work does not represent new research in the areas of gas generation, retention, and 
release in waste tanks. The authors recognize the significant effort made to date in studying and 
quantifying these issues in single- and double-shell tanks (DSTs). Instead, this work synthesizes 
the existing expert opinion on flammable gas issues within the Hanford technical community and 
applies it to the problem of salt-well pumping of SST waste into DCRTs. A team of these 
experts met and developed a list of the relevant technical issues, then prepared individual 
sections of this report on the subject area of their expertise. Each section includes 

a description of the flammable gas issue 
a brief explanation of the physics or chemistry involved 
a discussion of the various opinions in the flammable gas community on this issue 

0 the expert’s technical opinion and its justification (quantitative or qualitative), including a 
discussion of uncertainties and assumptions. 
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In many cases, team members developed simple calculations or spreadsheets to evaluate their 
particular technical issue. These are included in their discussions. However, no new laboratory 
tests were conducted or measurements made in order to reduce uncertainties. 

The primary contributors to this report are members of the Tank Waste Safety Program at 
Pacific Northwest National Laboratory (PNNL).‘a) However, those contributors have relied upon 
the staff of the Project Hanford Management Contract (PHMC) Team for their detailed 
knowledge of tank farm operations and equipment. These PHMC staff members have been 
consulted throughout the development of this document. DOE and contractor project managers 
also provided input (via a mid-year project review) to help ensure that all of the relevant 
technical issues were being addressed. 

1.3 DCRTs 

The DCRTs, sometimes referred to as catch stations, lift stations, or receiver vaults, are 
used throughout the Hanford 200 Areas for temporary storage of liquid radioactive wastes. 
These tanks are used to accumulate liquid waste generated by operations so that it can be 
transferred in batches to larger tanks. Each DCRT consists of a tank contained within a concrete 
vault, with the bulk of the structure underground except for a small building that houses controls 
and instrumentation. This document focuses on the four DCRTs designated for receiving waste 
liquids from salt-well pumping operations in SST farms: 244-BX, which serves B, BX, and BY 
tank farms; 244-S, which serves S and SX tank farms; 244-TX, which serves T, TX, and TY tank 
farms; and 244-U, which serves U tank farm. We will also briefly discuss DCRT 244-A, the lift 
station on the cross-site transfer line. 

There are two DCRT configurations: in one the cylindrical tank is oriented vertically (A, 
S) and in the other, horizontally (BX, TX, and U). Schematic diagrams of both types are shown 
in Figures 1.1 and 1.2. The S tank is 4.6 m in diameter and 4.7 m tall with a hemispherical dome 
0.85 m high, while the A tank is similar in design but slightly smaller. The other three DCRTs 
are 3.7 m in diameter and 10.7 m long. Table 1.1 gives the capacity of the tank and vault for 
each DCRT (Noorani 1997). Operating capacity is 80% of the total capacity. Liquid enters the 
DCRTs from transfer lines that end at the top of the DCRT. 

The ventilation systems for the DCRTs are described in Section 7. Notably, while the 
actual ventilation flow is almost certainly much higher, the only flow that has been credited in a 
safety analysis is the 3-cfh air flow bubbling through two small-diameter differential pressure 
(DP) or “dip” tubes that measure fluid level and specific gravity. (Ventilation rates in DCRTs 
are currently being measured, and the results will be incorporated into future versions of this 
document.) This “administrative” ventilation is significantly less than even the 2-15 scfm 
passive ventilation rates that have been measured in SSTs (Huckaby et al. 1997). Because of this 
limited ventilation, flammable gas concentrations in DCRTs are often calculated to be 
significantly higher than they are in SSTs, where under normal circumstances those gases are at 
concentrations well below the level of concern. 

(a) Pacific Northwest National Laboratory is operated by Battelle for the U.S. Department of Energy 
under Contract DE-AC06-76RLO 1830. 
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TYPICAL DOUBLE-CONTAINED RECEIVER TANK 
(2444; 244-A similar but smaller) 

Instrument Building 

SW8MO119.3 

Figure 1.1. Schematic Diagram of S DCRT (A DCRT is similar in design but smaller) 

Because multiple source tanks served by a single DCRT could be salt-well pumped 
simultaneously, there is a potential for mixing wastes with different compositions, temperatures, 
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TYPICAL DOUBLE-CONTAINED RECEIVER TANK 
(244-BX, 244-TX, and 2444) 

Centerline Length: 41 tl(12.5 
Material: QrbonSteel 

\ 
Y sp98020119.1 

Figure 1.2. Schematic Diagram of BX, TX, and U DCRTs 

or pH.'') Water or caustic may also be added to the DCRT, affecting these same properties. 
These issues are addressed in Section 2 on gas solubility. Another implication of multiple 
pumping operations is that the total flow rate into a DCRT could exceed the maximum pumping 
rate for any individual salt-well pumping operation, which is 4 gpm. 

Table 1.1. DCRT Tank and Vault Capacity 

(a) DC Hedengren, personal communication, September 18, 1997. 
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DCRT 244-A 

DCRT 244-A is the lift station at the low point of the cross-site transfer line, just west of 
the AN Tank Farm. It will not receive salt-well pumped liquids directly (wastes from A and AX 
tank farms will be pumped directly to Tank AN-lOl)'a' but receives flush water after cross-site 
transfers and would collect waste in the event of a leak in the cross-site transfer line. Thus, any 
waste from FGWL tanks in the 200 West Area received by 244-A will be mixed with wastes 
from other tanks and diluted by flush water, unless there is a leak in the cross-site transfer line. 

Because of the convoluted pathway of wastes sent to DCRT 244-A, we do not attempt a 
full analysis of its headspace concentrations. However, headspace flammable gas concentrations 
are likely to be much lower in 244-A than in DCRTs that receive salt-well pumped wastes 
directly from FGWL tanks. First, flammable gas concentrations in non-FGWL tank waste are 
likely to be lower than those in FGWL tanks, so mixing the two types before transfer should 
reduce flammability hazards somewhat. Second, dilution in flush water would reduce those 
hazards substantially, roughly in proportion to the waste's dilution factor. If leaked waste were 
received, it would not necessarily be diluted; however, its volume is likely to be smaller than the 
80% of total capacity assumed for the other DCRTS.'~' We therefore conclude that the analyses 
of the other four DCRTs are probably bounding for 244-A, though this would need to be 
confirmed for specific cases. 

1.4 Salt-Well Pumping 

Salt-well pumping removes a portion of the drainable liquid from the interstices between 
solid particles in the waste. A salt well with a screen and a jet pump are inserted into the waste 
through a tank riser. The screened portion is 10 in. in diameter and extends from several feet 
above the waste surface to within a few inches of the bottom of the tank, giving it a typical 
height of 14 m. The screen is a helix of stainless steel wire of triangular cross-section welded to 
vertical support rods.@) The screen openings are 1.3 mm tall (the wire spacing) by 5 cm wide 
(the vertical support spacing) or 0.05 x 2 in. (WHC 1996). Liquid drains through the screen and 
into the salt well. Three DP tubes are used to monitor liquid level and specific gravity by slowly 
bubbling air through them and measuring differential pressure. 

During pumping operations, liquid is withdrawn from the well at a rate of up to 4 gpm 
(Hedengren et al. 1997), the design limit of the pump. The liquid in the salt well is not allowed 
to fall below a certain level (about 1 ft) to keep it above the pump intake and the bottoms of the 
two lower DP tubes. The system is designed to operate automatically so the liquid in the well is 
maintained at a constant level, resulting in a gradually decreasing pumping rate as the waste 
drains and the hydrostatic forces on the liquid decrease. (For tanks without a supernatant layer, 
the pumping rate often drops well below 4 gpm very quickly.) In later stages, however, the well 
can generally be pumped down more rapidly than it can be refilled by draining. Pumping under 
these circumstances is sometimes intermittent, with short pumping campaigns to empty the well 
followed by periods of a day or more in which the well is recharging (Caley et al. 1996). 

(a) RS Nicholson, personal communication, March 2, 1998. 
(b) The entire volume of the cross-site transfer line is roughly 12,000 gallons, i.e., approximately 75% of 
the volume of 244-A. 
(c) DD Wiggins, personal communication, January 6, 1998. 
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However, liquid recirculates continuously through the jet pump even when it is not withdrawing 
fluid from the salt well, preventing direct connection of the headspaces of the source and receiver 
tanks. Pumping operations are terminated when certain acceptance criteria are achieved, 
including an overall pumping rate below 0.05 gpm (WHC 1996). 

1.5 Transfer Lines 

The transfer system between each source tank and the DCRT that serves it includes the 
pump pit, single- and double-encased underground (or potentially above ground) transfer piping, 
valve and jumper pits, rigid and flexible jumpers, pit drain systems, and cleanout boxes (WHC 
1996). Transfer piping is either 2- or 3411. nominal diameter carbon steel. The total length of 
transfer line between a source tank and a DCRT is typically around 300 m (1000 ft) (WHC 
1996), giving a transfer line volume on the order of a cubic meter (35.3 cubic feet). 

Van Keuren and Ocoma (1998) issued a “calc note” on flammable gas issues in transfer 
lines. Their analyses show that during salt-well pumping, the transfer lines may not be filled 
with liquid. Flammable gases accumulate in the transfer line gas volume due to volatilization 
from the waste and generation within the lines from corrosion, thermolysis, and radiolysis. 
Using conservative values of both the dissolved ammonia concentration (1000 pg/ml) and 
hydrogen generation rates from AN-107, they show that the transfer line headspace reaches the 
LFL in 2 to 57 days, depending on the pipe diameter and the fraction of its cross-section filled 
with liquid. We believe that mass transfer limitations may decrease the rate of flammable gas 
volatilization in transfer lines. A letter report on this subject will be released shortly. 

1.6 Document Organization 

Sections 2, 3, and 4 of this report describe three mechanisms by which flammable gases 
could potentially be carried from a source tank into a DCRT: dissolved gas, entrained bubbles, 
and gas adsorbed on entrained solids. By discussing vapor-liquid equilibria in both the source 
tank and the DCRT, Section 2 also describes how dissolved flammable gas would volatilize from 
the waste into the DCRT headspace and what the effects of temperature, pH, and salt concentra- 
tion are on solubility. Section 5 discusses gas generation within the DCRT itself, rounding out 
the list of potential sources of flammable gas. 

Section 6 considers whether a solids layer might form, retain gas, and cause a buoyant 
displacement instability in a DCRT, as has occurred in some of the FGWL tanks. Section 7 
discusses whether the DCRT headspace ventilation rate might be higher than the 3 cfh provided 
by the DP tubes. Section 8 calculates headspace flammability for gas mixtures. Section 9 
presents models for calculating DCRT headspace flammability given the initial dissolved 
concentrations of the gases, fill rate, ventilation rate, DCRT volume, and other parameters. The 
method and results are compared with the end-of-fill and post-fill steady-state concentration 
calculations of Hedengren et al. (1997). We then revise those estimates based on our estimates 
of the appropriate input parameters and discuss parametric sensitivity. This section also contains 
some examples of how mixing or diluting waste may affect volatilization of flammable gas. 
Section 10 summarizes our conclusions, and cited references appear in Section 1 1. Appendix A 
lists the ammonia concentration data available for SSTs through March 1998. 
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2.0 Dissolved Gases 

Tank wastes are known to trap bubbles (free gas) containing mixtures of flammable and 
nonflammable species. The concentration of each species in the retained gas is in 
thermodynamic equilibrium with the species’ concentration dissolved in the surrounding liquid. 
Some of the gases, such as hydrogen, are relatively insoluble in tank waste, so the majority (but 
not all) of the hydrogen inventory in a tank is present in the relatively small free gas volume. 
However, other gases (such as ammonia) are quite soluble and reside primarily in the liquid 
phase. 

Salt-well pumping, by transferring the pumpable liquid in the source tank to the DCRT, 
transfers the dissolved gas as well. As we show in this report, dissolved gas and gas generated 
within the DCRT are the primary sources of flammable gas affecting DCRT operations. (The 
flammability contribution of organic vapors from distinct solvent layers is outside the scope of 
this document and applies only to Tank C-103.) The total amount of dissolved flammable gas in 
the liquid transferred to the DCRT depends on the concentrations of flammable gases dissolved 
in the liquid in the source tank. The dissolved concentration of any species in the source tank 
depends on its partial pressure in the free gas and on its solubility in the waste liquid. The 
solubility is a controlling property for two reasons. The higher a gas’s solubility, the more of it 
will be dissolved in the source tank liquid for a given partial pressure. However, the higher a 
gas’s solubility, the less of it will be released into the DCRT headspace. 

The first technical issue related to dissolved gases that we discuss is the total (gas-phase 
and liquid-phase) concentrations in the source tank waste. The major conclusions are 

The layer of waste from which liquid is pumped is a primary concern in characteriz- 
ing the waste fed to the DCRT. If much of the feed is taken from a supernatant layer, 
the dissolved gas concentrations can be considerably different than if the liquid is 
pumped from liquid in a bottom layer or in large pockets in the waste matrix. It is 
thus important to consider the possible locations in the waste from which liquid may 
originate. The modeling described in this report (and documented in Section 9) 
assumes that liquid is pumped from within the waste matrix in tanks, for lack of more 
specific information. 

The composition of the low-solubility gas mixture retained in the high-solids layers of 
tanks whose gas composition has not been measured can be modeled as 65% 
hydrogen and 5% methane with the remainder nonflammable gases. The composition 
uncertainty for hydrogen in high-solids layers in unmeasured tanks is +50% to -70% 
of the hydrogen. The composition uncertainty for methane in high-solids layers in 
unmeasured tanks is -clOO% of the methane. This composition is based on the 
median of RGS results for the free gas retained in submerged high-solids waste layers 
(Shekarriz et al. 1997; Mahoney et al. 1997). The nonflammable gases, which 
include nitrogen, nitrous oxide (discussed in Section S ) ,  and other nitrogen oxides, are 
treated as nitrogen for DCRT modeling purposes. This composition is appropriate for 
estimating the dissolved low-solubility gas concentration in liquid that is to be 
pumped from the waste matrix, where it is in equilibrium with the retained free gas. 
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Liquid that is pumped from supernatant layers contains less hydrogen than liquid in 
the waste matrix does, according to RGS measurements (Shekarriz et al. 1997). The 
low-solubility gas mixture in supernatant liquid layers in tanks whose gas 
composition has not been measured can be modeled as 19% hydrogen and 7% 
methane, the median composition measured by the RGS in supernatant layers. The 
composition uncertainty in the free gas in the supernatant in unmeasured tanks is 
&70% of the hydrogen and &loo% of the methane. 

Certain ammonia measurements may underestimate the true ammonia concentration 
in the waste if the sample is depleted in ammonia compared with the average in the 
pumpable waste. Grab spples  from the middle or bottom of the tank are more likely 
to represent the ammonia concentration in the liquid pumped from the waste matrix 
and are strongly preferred as modeling inputs when liquid is to be pumped from the 
matrix. The ammonia concentrations in near-surface samples may be a factor of 0.5 
to 4 times the concentration in pumpable liquid from the waste matrix. (Top samples 
usually contain less ammonia than samples from the middle or bottom of the waste, 
probably because of ammonia evaporation, but there are exceptions; hence the 
uncertainty ranges down to a factor of less than unity.) Note, however, that near- 
surface samples are appropriate for use in modeling liquid pumped from a supernatant 
liquid layer, a pumping scenario for which it would be inappropriate to use ammonia 
measured by taking deep grab samples. The choice of a representative ammonia 
sample or of a multiplying factor must be made on a case-by-case basis, considering 
the probable layer of origin of the pumped liquid. 

Ammonia concentrations measured in conventional core samples may be a factor of 
1.5 L- 0.5 lower than the original concentration in the sample because of ammonia loss 
from the drainable liquid during core sample extrusion. Grab samples undergo little 
loss. They also are considered to have an uncertainty of k30%. 

Because the in-tank and in-lab losses are independent of each other, the ammonia 
concentration measured in near-surface core samples should be multiplied both by a 
factor of 1.5 (for the extrusion losses) and by a sample representativeness factor 
(which must be selected on the basis of the pumping scenario). 

Second, we describe the basis for estimating gas solubilities in the waste liquid and 
justify the use of the Schumpe model with tested parameters (Norton and Pederson 1995; 
Hermann et al. 1995). Third, we discuss the calculation of in-situ dissolved gas concentrations 
from the total concentrations and the solubilities. Fourth, we consider the question of whether 
dissolved gases are lost from the liquid in the salt well into the source tank headspace, which 
would reduce the flammable gas concentration in the feed to the DCRT. These losses are 
calculated to be less than 10% of the dissolved gas, so ignoring the loss introduces only a small 
conservatism into DCRT flammability estimates. Fifth, we calculate mass-transfer coefficients 
in the DCRT for use in a non-equilibrium model (which is derived in Section 9.6 and whose 
results are discussed in Section 9.7). And, finally, we consider dissolved gas release mechanisms 
in the DCRT, including the effects of waste mixing, pH change, and temperature change. The 
first two of these mechanisms could potentially increase the gas release in the DCRT, but 
temperature changes (other than those caused by waste mixing) are not expected to be 
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significant. The assumptions used in the model derived by Hedengren et al. (1997) and the 
model in the present report are discussed and compared throughout this section. 

2.1 Total Concentrations in the Source Tank 

Hydrogen, methane, and ammonia are the species that contribute the most to headspace 
flammability in the DCRT. Some tanks are known to contain non-methane hydrocarbons 
(NMHC) as well, but these are typically present in low concentrations and can be treated as 
methane. This section contains a discussion of the source concentrations first of low-solubility 
gases (hydrogen and methane) and then of high-solubility gases (ammonia). 

Nonflammable gases are also present in tank wastes and include nitrogen, nitrous oxide, 
and other nitrogen oxides. The negligible flammability of nitrous oxide (discussed in Section 8) 
contributes to flammability only by decreasing the downward propagation flammability limit to 
approach the upward propagation flammability limit. Because the upward limit, the lower and 
more limiting value, is used in modeling, the possible effect of nitrous oxide is essentially 
already accounted for, and nitrous oxide need not be tracked as a separate species. 

2.1.1 Low-Solubility Components 

Hydrogen, methane, nitrous oxide, nitrogen, and NMHC have very low solubilities in the 
waste, so their total concentrations (expressed in gmol/L of waste) are approximately equal to the 
concentration in the gas phase (in gmol/L of waste). (The inaccuracy of this assumption is small 
compared with typical errors in determining gas composition and pressure.) Because the amount 
of low-solubility gas in the liquid is small compared with what is in the retained gas, determining 
the gas pressure and composition in the waste quantitatively determines the total concentrations 
of these species. (The total concentration of a species equals the sum of the concentration in the 
retained gas and the concentration dissolved in the liquid, both expressed in gmol/L of waste.) 
Once the total concentration of each low-solubility constituent is known, its dissolved 
concentration in the waste liquid (the DCRT feed) can be calculated by using its solubility (see 
Section 2.2) to partition the total concentration between the gas and liquid phases. The total 
pressure is also needed to calculate the dissolved concentrations of low-solubility gases. (The 
composition is multiplied by the total pressure to give the partial pressures of hydrogen, 
methane, and nonflammable gas; the dissolved concentrations of these gases are then calculated 
using the species’ solubilities.) The topic of total pressure is covered in the discussion of 
calculation of dissolved gas concentrations. 

The only source of direct data on the composition of low-solubility retained gases is RGS 
sampling (Shekarriz et al. 1997; Mahoney et al. 1997). The RGS method, which had been used 
on four DSTs and five SSTs as of the end of FY 1997, samples and measures the volume and 
composition of the free gas at several points in a tank. RGS analysis is carried out by extruding 
hermetically sealed core samples into an evacuated sealed container. The gases released by the 
extruded sample are pumped into collection canisters, whose pressure, temperature, and 
composition are measured, allowing calculation of the amount and composition of the gas in the 
sample. Although the low-soiubility gases have been well characterized in RGS-sampled tanks, 
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only a few tanks have been subjected to RGS. Thus, for the purposes of this discussion, gas 
compositions from those tanks must be extrapolated or related in some way to the compositions 
in unsampled tanks. 

RGS composition data for five SSTs (Shekarriz et al. 1997; Mahoney et al. 1997) have 
ranged from less than 20 mol% H2 (in several tanks) to nearly 80 mol% H2 (in A-101). A similar 
range has been seen in DSTs. Many of the measured compositions range between 50 and 
80mol% H2, as is shown in Figure 4.5.1 of Mahoney et al. (1997). Thus the hydrogen mole 
fraction in Hedengren et al. (1997), which is 97 mol%, is at least 17% higher than the highest 
measured hydrogen mole fraction. 

Figure 4.5.1 in Mahoney et al. (1997) shows the compositions of insoluble retained gas 
that were measured by RGS analysis in four SSTs and four DSTs. Of the 41 samples shown, 32 
are from the high-solids layers where essentially all of the gas in the waste is retained. The 
remaining nine are from liquid layers that may be supernatant (in the DSTs) or submerged (as in 
A-101). 

The 32 samples from high-solids layers comprise 15 samples from SSTs and 17 from 
DSTs. Of the 15 samples from high-solids SST waste, five contained insoluble gas that was less 
than 40 mol% hydrogen; five contained between 40 and 65 mol% hydrogen; and five held 
between 65 and 80 mol% hydrogen. Of the 17 samples from high-solids DST waste, five 
contained insoluble gas that was less than 40 mol% hydrogen, nine held from40 to 65 mol% 
hydrogen, and three held 65 to 70 mol% hydrogen. Because one SST (U-103) accounts for four 
of the five compositions that contain less than 40% hydrogen, we consider 65 mol% to be a 
reasonable median value for the hydrogen content of gas retained in high-solids layers. The DST 
data follow a similar distribution (with a slightly lower median), which seems to confirm a 
general tendency in retained gas composition (whether in DSTs or SSTs). 

The composition of the free gas in liquid waste layers is considerably different; in these 
cases, the median composition measured by RGS is 19 mol% hydrogen, with a range of 
compositions from 12 to 27 mol% hydrogen. The composition is much the same whether 
measured in the supernatant liquid layers of AW-101, AN-105, AN-104, and AN-103 or in the 
lower liquid layer in A-101. 

Much modeling work, including that of Hedengren et al. (1997) and Hodgson et al. 
(1996), has conservatively used a hydrogen mole fraction of 97%. This value was derived from 
observations of gas release events (GREs): the peak hydrogen in the headspace gave an estimate 
of the total hydrogen volume released (assuming perfect mixing throughout the dome), the 
observed level drop was used to estimate the total gas volume released, and the hydrogen mole 
fraction was calculated by dividing the former by the latter. This approach is subject to 
considerable uncertainty in that it depends on perfect mixing in the headspace and perfect 
response of the waste level to a gas release. The uncertainty can be seen in the fact that Hodgson 
et al. (1996) used hydrogen mole fractions of 90 mol% or more for an AN-105 release and 
74 mol% for an AW-101 release, while the maximum hydrogen measured in RGS samples of 
AN-105 and AW-101 retained gas was 70 and 50 mol%, respectively. 
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Methane and non-methane hydrocarbons (NMHCs) make up the remaining flammable 
low-solubility gases. The methane mole fraction assumed by Hedengren et al. (1997), 3 mol%, 
is higher than the average RGS measurement but lower than the maximum. RGS data indicate 
that methane makes up less than 1 mol% of the gas in more than three-fourths of the samples 
taken from the nine sampled tanks. (The higher-methane samples are all from DSTs AW-101 
and AN-104.) When NMHCs (CzH,, C3Hx, and others) are included, the combined total 
hydrocarbon (THC) exceeds 3 mol% of the low-solubility gas in seven of the 40 RGS samples, 
including four from AW-101 (with a maximum THC of 6.6 mol% of the low-solubility gas), one 
from AN-104 (3.1 mol% THC), and two of the three samples from SST BY-109 (with a 
maximum of 3.4 mol% THC). 

NMHCs frequently have lower LFLs than methane, which has an LFL of 5 vol% 
(equivalent to mol% for an ideal or nearly ideal gas). The LFLs of CzH, compounds are, on the 
average, about 3 vol% (CRC 1975). The LFLs of ethane, ethylene, ethyl alcohol, and 
acetaldehyde are 3, 2.75, 3.3, and 4 ~01%. The LFLs of C3Hx compounds are, on the average, 
about 2 vol% (CRC 1975). The LFLs of propane, propylene, isopropyl alcohol, and acetone are 
2.1,2.0, 2.0, and 2.6 vol%, respectively. Higher hydrocarbons tend to have lower flammability 
limits; for example, the LFL of butane is 1.8 vol%, and that of heptane is 1.1 ~01%. An average 
LFT for the higher hydrocarbons might be 1.2 ~01%. Thus, 3 vol% of NMHCs can be equal in 
flammability to a greater amount of methane. This extra flammability should be accounted for in 
modeling NMHCs as methane. 

The SSTs whose retained gas compositions have been measured provide a clue to the 
methane equivalence of the NMHCs in tank waste. The retained gas in Tank U-103 had an 
average composition of 0.42 mol% methane, 0.49 mol% C2Hx, 0.01 mol% C3Hx, and 0.04 mol% 
other hydrocarbons (Mahoney et al. 1997). When we use LFLs of 3 mol% for C2Hx, 2 mol% for 
C3Hx, and 1.2 mol% for other hydrocarbons to convert them to their flammability equivalent in 
methane, the U-103 gas is found to contain 1.2 mol% of methane-equivalent. Using the same 
method, the retained gases in Tanks S-106, BY-109, and A-101 are found to contain 0.9,5.8, and 
1.3 mol%, respectively, of methane-equivalent (average composition). The tank whose retained 
gas inventory has the highest fraction of equivalent methane is AW-101 (a DST); its average 
composition included 6.6 mol% of methane-equivalent. 

We think the direct gas composition measurements that have been made using RGS are 
preferable to those calculated by indirect means. (Many of the SST RGS data were not yet ' 

available at the time of the Hedengren et al. study, making their use of 97 mol% hydrogen a 
necessary conservative assumption.) The location of pumpable liquid (that is, whether it comes 
from the waste matrix or from a layer of liquid that is not mingled with solids and large amounts 
of free gas) must be considered in deciding which RGS samples represent the gas in equilibrium 
with the pumpable liquid. This determination must be made on a case-by-case basis. 

For tanks that have been RGS sampled, of which only U-103 and S-106 are modeled in 
the present study, the average hydrogen and methane-equivalents in the retained gas inventory 
are modeled. Neither of these tanks has a well-defined liquid layer, so the gas composition 
represents the free gas in the waste matrix. The modeled U-103 retained gas is 22 mol% 
hydrogen, 1.2 mol% methane, and 76.8 mol% nonflammable gas (Mahoney et al. 1997, 
Table 4.1.6). The modeled composition of S-106 retained gas is 63 mol% hydrogen, 0.9 mol% 

I 

I 2.5 



methane, and 36.1 mol% nonflammable gas (Mahoney et al. 1997, Table 4.2.6). The 
composition uncertainty in tanks that have undergone RGS sampling is d o %  of the applicable 
mole fraction. 

The modeled composition in tanks without composition measurements is based on the 
observed average flammable-gas composition in the nine tanks that have undergone RGS 
sampling. For liquid taken from the waste matrix in these tanks, the present model assumes that 
the gas in the source tank is 65 mol% hydrogen and 5 mol% methane-equivalent, with the 
remainder nonflammable gases (modeled as nitrogen). We expect this composition to be a best 
estimate of retained gas composition in the waste matrix. An upper-range estimate for the 
composition of gas in the waste matrix, based on RGS data, would be 80 mol% hydrogen and 
9 mol% methane-equivalent. The ultimate upper-limit is, of course, 100 mol% hydrogen in the 
low-solubility gas. The composition uncertainty for hydrogen in unmeasured tanks is +50% of 
the hydrogen (for the pure-hydrogen case) and -70% of the hydrogen (for low-hydrogen tanks 
that resemble U-103). The composition uncertainty for methane in unmeasured tanks is 2100% 
of the methane, which accounts for the highest-THC samples that have been measured and for 
the pure-hydrogen zero-methane case. 

The best estimate for the composition of retained gas in liquid layers in unmeasured tanks 
is 19 mol% hydrogen and 7 mol% methane-equivalent, with the remainder nonflammable gases. 
Our engineering judgment is that the composition uncertainty in the free gas in the supernatant in 
unmeasured tanks is k70% of the hydrogen and 2100% of the methane. There is more 
uncertainty in the composition of the gas in liquid layers than in high-solids layers because the 
liquid-layer samples contained very little gas (less than 1 ~01%). When the measured gas was 
corrected for air entrained into the RGS samplers during sample acquisition, the uncertainty of 
the correction (which removed the 0 2 ,  Ar, and a quantity of N2 proportional to the 0,) was high 
compared with the amount of gas present. Therefore, the uncertainty of the corrected composi- 
tion is higher than is indicated by the observed variation between tanks, which is approximately 
250% of the hydrogen. 

2.1.2 Ammonia 

Ammonia is a highly soluble species; at high pH, the total concentration of ammonia 
(expressed in gmol/L waste) is approximately equal to its dissolved concentration (also 
expressed in gmol/L waste). (The error introduced by making this approximation is less than the 
uncertainty in dissolved ammonia measurements.) The dissolved ammonia concentration in 
waste liquid (and so in the DCRT feed) is usually determined by direct measurement. 

Many of the existing dissolved ammonia data may underestimate the actual concentra- 
tions in the liquid transferred to the DCRT. The liquid in conventional cores and grab samples 
may lose ammonia to the air during sample processing in the laboratory if the sample is exposed 
for more than a few minutes.@) On the other hand, RGS methods measure evaporated ammonia 
but can underestimate the “residual” amount of ammonia that does not evaporate from the 

(a) Herting DL. October 7,1994. “Rate of Ammonia Loss from Laboratory Samples.” Letter report to 
GD Johnson, Westinghouse Hanford Company, Richland, Washington. 
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sample (Shekarriz et al. 1997; Mahoney et al. 1997)'a). In addition to the measurement 
difficulties, even a carefully protected sample may not be representative of the waste that is to be 
transferred to the DCRT. The part of the tank waste that is sampled, if it is near the waste 
surface, can be depleted in ammonia by mass transfer to the headspace. 

The several types of ammonia measurement difficulties (as they pertain to DCRT 
modeling) are discussed in the following subsections. The available ammonia measurements can 
be found in the appendix. 

2.1.2.1 Ammonia in Grab Samples 

In general, only the drainable liquid from a grab sample is subjected to ammonia analysis. 
Grab samples are exposed to the air while being centrifuged (if solids are present), while under- 
going subdivision into subsamples, and while being analyzed. When there are no solids present 
and the subsample is analyzed for ammonia before any other tests are made, the exposure time is 
generally less than 10 minutes. Centrifugation (to settle solids) can add another 10 minutes and, 
in some cases, more time (probably 10 minutes or less) can be spent on other analyses that 
precede ammonia tests. 

Handling and analysis procedures have varied over the period represented by the 
ammonia measurements in the appendix to this report. In 1997, the procedure was revised so 
that the subsample used for ammonia analysis was "preserved" with dilute acid (to convert 
volatile ammonia to nonvolatile ammonium ion) and was taken from the sample before any other 
analysis procedures. The most recent grab samples (AX-101, SX-103, and SX-104) were 
subsampled, with some subsamples treated with acid and others left untreated so that the effect 
of acid preservation could be tested. No significant effect was found.(b) The most recent samples 
can therefore be considered to have undergone negligible volatilization. 

Earlier grab samples (which provide most of the data in the appendix) probably spent 10 
to 30 minutes exposed to the air, because the ammonia subsamples were not necessarily the first 
ones taken, and were not acid-preserved. Under those circumstances, some volatilization loss 

(a) The difficulty with determining ammonia from RGS samples is that ammonia is highly soluble and 
tends to remain in the liquid, and the RGS extraction process captures only the gas phase. Little ammonia 
is in the extracted gas; most of it remains dissolved in the sample liquid. To determine the residual 
dissolved ammonia, it is necessary to measure it directly or to find a physical relationship by which the 
residual ammonia can be calculated from the extracted ammonia. Both alternatives have unsolved 
technical problems. Direct measurement of the residual means scraping or draining the solids and liquid 
out of the RGS vessel after gases have been extracted and sending part of the sample for ion-specific 
electrode analysis. A significant amount of the ammonia is lost to hot-cell air in this process, so the 
residual ammonia is underestimated (in the same way discussed in Section 2.1.2.3). The indirect 
measurement of residual ammonia has been hindered by the difficulty of finding a relationship between 
extracted and residual ammonia. The equilibrium relation that exists in the tank because the gas and 
liquid spend a long time in intimate contact does not exist in the RGS process. Mass-transfer limitations 
within the sample and at its surface prevent equilibrium being approached, so the actual relationship 
between the extracted ammonia vapor and the dissolved residual ammonia is not well determined. 
(b) Barton WB. May 20, 1997. Personal communication to LA Mahoney (PNNL), Richland, 
Washington. 
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could have occurred. To examine the extent of ammonia loss from samples, experiments were 
performed in which amrnonia was added to salt solutions of varying strengths.(” About 10 mL 
of each ammonia-spiked solution was stirred by a stir-bar in a 15-mL vial that was open to the 
air, and the change in ammonia concentration was tracked over 24 hours. About 20% of the 
initial ammonia was lost from the most concentrated solution (about 12 molal salt) in the first 10 
minutes; by 1 hour, about 35% had been lost. This point, taken alone, suggests thatmeasured 
ammonia concentrations might be 20 to 30% lower than actual concentrations. 

However, another process that affects grab samples is post-sampling precipitation: cores 
are often taken at in-situ temperatures that are higher than hot-cell temperatures, so dissolved 
salts precipitate out of solution upon cooling. The result is that a sample that might originally 
have been entirely liquid becomes part liquid and part solids. The ammonia in the in-situ liquid 
is concentrated into the smaller quantity of drainable room-temperature liquid. This causes the 
measured ammonia concentrations per liter of liquid to be higher than the in-situ values. An 
extreme example can be seen in the bottom-most grab sample taken in A-101 (see appendix); 
the sample was entirely liquid at tank conditions, but at room temperature was mostly solids with 
little or no liquid draining from the waste. More commonly, as detailed in the appendix, solids 
are present as 1 to 50 vol% of the room-temperature sample. This point, taken alone, suggests 
that the ammonia concentrations measured in high-temperature tanks might overestimate actual 
concentrations by as much as a factor of 2. 

These two processes, volatilization and concentration, probably often offset each other in 
the grab samples whose ammonia subsamples were not taken early in subsampling, particularly 
when high solids both concentrate the ammonia and require the sample to be exposed to air for a 
longer time during centrifugation. Therefore, the present model treats all pre-1997 grab samples 
as requiring no scaling to account for measurement effects. By contrast, the 1997 grab samples 
(AX-101, SX- 103, and SX-104) are corrected for solids precipitation. The lab-temperature 
liquid volume is considered to be equal to the separated liquid volume plus one-third of the 
settled solids volume (accounting for pore liquid). This lab-temperature liquid volume is used to 
scale the ammonia concentration in 1997 grab samples to the original in-situ grab-sample 
volume (which was all liquid). The uncertainty of grab sample ammonia concentrations is 
expected to be within the ~ 3 0 %  range for the reasons given (i.e., the potential for 20-30% loss 
from evaporation and 10-30% gain when solids precipitate). 

2.1.2.2 Ammonia in Conventional Core Samples 

Core samples are typically extruded into flat pans from which the free liquid drains in a 
shallow layer into an open jar. The liquid is exposed to the well-ventilated hot-cell atmosphere 
for one or two hours before ammonia analysis and is handled in much the same way as grab 
sample liquid.@’ 

(a) Herting DL. October 7, 1994. “Rate of Ammonia Loss from Laboratory Samples.” Letter report to 
GD Johnson, Westinghouse Hanford Company, Richland, Washington. 
(b) bid. 
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The study performed by Herting addressed the possible losses from core samples. As 
discussed in Section 2.1.2.1, Herting’s study of ammonia loss from stirred solution samples 
showed that as much as 20% of the original (“true”) ammonia could be lost in 10 minutes, up to 
35% lost in 1 hour, and up to 80% at 8 hours. Considering the differences between the test 
solutions and real waste samples and the differences in their handling, Herting concluded that 
core samples could lose “up to, but probably less than, one-half of the total ammonia present at 
the time of extrusion.”(a) Thus a factor of 2 would be used to provide an upper-bound estimate of 
the original ammonia concentration. 

An average (non-upper-bound) value for ammonia loss from core samples might be about 
30%, implying that measured concentrations should be multiplied by about 1.5 to obtain the 
original concentrations. In the present model, ammonia measurements from conventional core 
samples are multiplied by 1.5 to give a best-estimate ammonia concentration that accounts for 
losses from core samples during the lengthy extrusion procedure. Note that, as for grab samples 
from high-temperature tanks, solids precipitation may increase the measured ammonia 
concentration over the in-situ value. Thus, the factor of 1.5 may give a high estimate of 
ammonia in hot tanks. 

The uncertainty in the ammonia for core-sampled tank wastes, after applying the 
multiplying factor, is about +30-50%. The upper-end uncertainty is based on the difference 
between the upper-limit and best-estimate multiplying factors (2 and 1.5, respectively), and the 
lower-end uncertainty comes from the possibility that ammonia evaporation had little effect and 
from solids precipitation (the latter is applicable only to hot tanks). 

2.1.2.3 Ammonia in RGS Core Samples 

RGS cores are hermetically sealed when acquired and are extruded into an evacuated 
vessel. The low-solubility gas and vapor released from the sample are pumped into collection 
canisters. When the gas extraction has been completed, a substantial amount of ammonia 
remains behind in solution in the sample. The RGS methods therefore calculate extracted 
(pumped) and residual (remaining dissolved) ammonia separately. Because the evaporated 
ammonia is collected, volatilization losses are not an issue in RGS measurements; instead, the 
chief question is the accuracy of the estimate of residual ammonia. 

Different extraction procedures and calculation methods have been used at different 
points in the RGS program. Detailed descriptions can be found in Shekarriz et al. (1997) for 
Tank A-101 and in Mahoney et al. (1997) for Tanks U-103, S-106, and BY-109. A crucial 
feature that all the RGS methods have in common is the assumption that the ammonia dissolved 
in the waste sample is in equilibrium with the ammonia vapor over the sample. Because this 
equilibrium depends on ammonia diffusion within the sample, which is a slow process, the 
assumption of equilibrium was almost certainly incorrect in many cases and would have led to an 
underestimation of the residual ammonia. The degree of underestimation probably varied 
depending on the exact procedure and the amount of time allowed for equilibration. 

The extent of the RGS underestimation of ammonia concentrations is not fully known. 
The appendix to this report shows all the available ammonia data, including those for Tanks 
A-101 and S-106, for which both grab sample and RGS ammonia measurements are available. 
For these two tanks, comparisons of grab sample and RGS measurement methods are possible. 
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In Tank A-101, which has relatively high ammonia concentrations, the maximum grab- 
sample ammonia concentration (taken halfway down the salt well) was 531 pg NH3lmL liquid. 
The maximum RGS ammonia concentration, 1400 pg NH3lmL liquid, was at about the same 
elevation. Most RGS concentrations were about 250 pg NH3lmL liquid, higher than the second 
grab sample, which was taken near the top of the waste and contained 134 pg NH3lmL liquid. 
Despite the many reasons for regarding the RGS ammonia measurements as underestimates, they 
consistently show higher ammonia concentrations than the grab samples at the same locations in 
A-101. 

For Tank S-106, a low-ammonia tank, a grab sample from the bottom of the salt well 
gave an ammonia concentration of 241 pg NH3lmL liquid. Most of the RGS measurements 
averaged about 60 pg NH3lmL liquid, with a single exceptionally high measurement of 290 pg 
NH3lmL about halfway down the tank. The RGS measurement at the bottom of the tank was 
9Opg NH3/mL, substantially less than the grab sample measurement at the same elevation. 
Here, most of the RGS ammonia measurements were lower than the grab-sample ammonia by a 
factor of 2 or more; but again there was a single high ammonia concentration measured by RGS 
that exceeded the grab-sample measurement. 

Tank U-103 had a maximum ammonia value (measured by RGS) of 3100 pg NH3lmL. 
This ammonia concentration is the highest of any measured, whether by grab sample, core, or 
RGS methods, and therefore does not clearly support the hypothesis that ammonia 
concentrations are always under-measured by RGS. 

Because of experimental evidence of slow ammonia equilibration (Mahoney et al. 1997), 
we remain concerned that RGS measurements may underestimate the ammonia concentrations in 
tank waste. However, the limited non-RGS ammonia data that are available from SSTs do not 
confirm that RGS underestimation affects every sample. Thus, using the maximum RGS 
measurement from a tank may avoid underestimation of the ammonia concentration in the tank. 
In the present model, we use RGS ammonia data without any correction factor but regard them 
as having high uncertainty. Provisionally, after review of the comparative data above, we assign 
an uncertainty of +loo% and -50% to RGS ammonia measurements. 

2.1.2.4 Non-Representativeness of Samples 

One possible process-related source of ammonia concentration underestimation is 
dilution of the waste liquid by water introduced as a result of salt-well operations. When a salt 
well is installed in a tank, water lancing is used to insert the well shaft. (Lancing may also be 
used to clear the screen of an existing salt well.) The salt-well screen is then put in place, and a 
minimum of 45 days is allowed for the water to equilibrate with the liquid in the waste, which 
field experience has shown to be an adequate period of time. Grab samples are taken before (not 
during) pumping operations; thus, if the salt well is a new one, the sampled liquid may still be 
diluted by some of the water used in lancing. Under these circumstances, the sample would not 
be representative of the tank contents. If the salt well was originally installed years before the 
grab samples were taken (as is typically the case because many SSTs were pumped in the 1970s 
or 198Os), dilution is not an issue. Certainly the amount of time passed between water lancing 
and sampling should be considered on a case-by-case basis when estimating ammonia 
concentrations for modeling. 
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Another possible source of ammonia underestimation is near-surface depletion. Many of 
the dissolved ammonia concentration data come from samples taken near the liquid surface. The 
liquid at the surface is exposed to air in the headspace, allowing depletion through evaporation. 
However, the liquid is refreshed by convection from the waste below. The grab-sampled liquid 
may therefore be somewhat depleted in ammonia compared with the average concentration in the 
waste liquid pumped into the DCRT. The extent of the depletion depends on the relative rates of 
evaporation and transport within the waste. Another potential explanation for these differences 
is the variable rate of ammonia generation with depth in the waste. 

The effects (if any) of surface depletion can be determined by reviewing ammonia 
profiles (the concentrations at a range of depths). The appendix contains data for five tanks 
(A-101, S-106, SX-103, T-107, and U-103) in which ammonia concentrations were measured at 
the top, middle, and bottom. Three of these tanks (A-101, S-106, and SX-103) have their highest 
ammonia concentration in the middle of the waste. The other two (U-103 and T-107) have the 
maximum at or near the bottom of the waste. These tanks either have their lowest measured 
ammonia concentration at the top (SX-103, U-103) or have equally low ammonia concentrations 
at the top and the bottom. The appendix also lists data for three tanks that have either top and 
middle (AX-101) or middle and bottom ammonia measurements (BY-109, U-102) only. In 
BY-109 and U-102, the middle concentrations are higher than those at the bottom. In AX-101, 
the top concentration is higher than the one at the middle. 

We draw two conclusions from this review of the data. First, there is little reason to 
expect near-surface ammonia concentrations to be as high as, or higher than, those farther down 
in the waste. For seven of the eight tanks with ammonia profile data, surface concentrations are 
substantially lower than the maximum ammonia measurements. Second, low ammonia concen- 
trations apparently can also occur at the bottom of the tank, an eventuality not predicted by the 
surface depletion mechanism (and perhaps attributable to variation of the ammonia generation 
rate with depth). 

Theoretical modeling has been performed to estimate the extent of surface depletion. 
Terrones et al. (1997) modeled ammonia transport on several of the tanks for which RGS data 
were available. They calculated ammonia concentration profiles that were calibrated with the 
RGS ammonia measurements. The work included two sampled SSTs that contained surface 
liquid, U-103 and S-106. For S-106, the model calculated that the surface liquid layer 
(approximately 1-m deep) was depleted of ammonia by about a factor of 15 compared with the 
waste at the bottom of the tank. For U-103, the calculations showed that liquid in the pores at 
the top of the tank were depleted by about a factor of 9 with respect to the bottom waste liquid. 

The factor by which the ammonia in surface liquid is depleted compared with the 
maximum (deepest) ammonia concentration is therefore roughly 10, based on RGS-linked 
modeling studies. However, this factor is large compared with those seen in the data, where in 
most cases the maximum measured concentration is 2 to 7 times the minimum. Thus the very 
limited data seem to indicate that near-surface ammonia concentrations should be multiplied by a 
factor of roughly 5 (rather than the model-based factor of 10) to estimate the maximum 
concentration. 
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However, for DCRT modeling we do not need the surface depletion factor relative to the 
maximum ammonia concentration but the factor relative to the concentration in the average 
drainable liquid. The surface depletion factor relative to the ammonia in the average drainable 
liquid is a smaller number because the average drainable liquid has a lower ammonia 
concentration than the liquid at the bottom of the tank, for two reasons. First, the average 
ammonia concentration in the total tank liquid is significantly less (because of depletion in a 
broad zone near the top) than the maximum concentration at the tank bottom. Second, the low- 
ammonia upper liquid is the most drainable part of the tank liquid because it has the largest head 
driving it out of the matrix into the salt well. This is especially true for supernatant layers, where 
present; supernatant not only has a high driving force for flow into the well but has little flow 
resistance. Therefore, the high-ammonia bottom liquid is precisely that which is least drainable, 
having less driving head and being held in the pores by capillary force. While much of the liquid 
from within the waste solids does drain into the salt well, a substantial fraction (20% or more, 
depending on waste consistency and configuration [Peurmng et al. 19971) remains as residual 
moisture in the waste. 

Considering all these factors, the present model multiplies all near-surface ammonia 
measurements (the samples taken within the top third or fourth of the waste) by a “generic” 
factor of 2 for the purpose of preliminary modeling of DCRT feeds in lieu of specific pumping 
scenario information. This factor should not be considered an upper-bound conservatism but as 
a possibly conservative correction factor. The value of 2 should be reviewed for safety-basis 
appropriateness and on a case-by-case basis, taking the above-mentioned issues into considera- 
tion. It is a very rough approximation and carries with it high uncertainty (as the preceding 
discussion indicates). The uncertainty in the ammonia in near-top samples, after applying the 
multiplying factor of 2, is considered to be +loo%-75%, based on the differences observed 
between minimum and maximum concentrations measured at different heights. That is, if the 
near-surface datum is a minimum concentration, as it is in some tanks, the ammonia profile 
could make the average drainable ammonia concentration four times as high as the measurement 
(considering the highest ratios between minimum and maximum measurements). On the other 
hand, the near-surface datum could be one of the higher concentrations (as in AX-101), in whicb 
case the surface ammonia concentration would be an overestimate even before doubling. 

This near-surface multiplying factor is used only when nothing but surface data are 
available for a tank. Because surface depletion is independent of extrusion losses, ammonia 
concentrations derived from a near-surface core extrusion are multiplied by a factor of 3 by the 
present model, with a factor of 2 for surface depletion and a factor of 1.5 for extrusion loss. 

Another issue of sample representativeness is that of sample resolution. Even when 
ammonia has been measured at more than one or two depths in a tank, there is little assurance 
that the whole profile has been mapped and true maximum concentrations captured. As a 
conservatism, therefore, the present model uses the maximum ammonia concentration that is 
measured in any tank where measurements at more than one depth are available. The use of the 
maximum ammonia measurement is not a generic recommendation, however. Depending on 
how much liquid was to be pumped from the tank and what parts of the tank the liquid was 
expected to be drawn from, it might be appropriate to average all the ammonia measurements in 
a tank, or to use only those from the topmost or bottommost samples. 
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Finally, there is some question about whether grab samples taken from the salt well at 
any depth are representative of ammonia concentrations in the interstitial liquid in the waste 
matrix. Once the fluid drains into the salt well, it is no longer in contact with retained gas and 
begins to lose its dissolved gases to the air (and to acquire dissolved air). Grab samples are taken 
while the salt-well liquid is unpumped and therefore has a long residence time, potentially 
allowing significant evaporation. Therefore, grab samples may undergo depletion in ammonia 
compared with the interstitial liquid (which is measured by RGS). Because significant variation 
in ammonia concentration is seen between grab samples taken at different depths, it must be that 
convection in the unpumped salt well is not rapid enough to mix the liquid to a uniform 
concentration. Therefore, the convection also may not be rapid enough to allow significant 
ammonia loss to the air. The extent of depletion of unpumped salt-well liquid is not known at 
this time; it would depend on the rate of ammonia evaporation relative to the rate of ammonia 
entering the salt well from the adjacent interstitial liquid. The uncertainty arising from this 
possible depletion is not known. 

2.1.2.5 Conclusions on Ammonia Concentration 

As discussed, the basis for inputs to DCRT ammonia modeling depends on the type of 
ammonia concentration measurements available. The appendix shows the dissolved ammonia 
concentrations the present model has used (or would use) for modeling a number of SSTs, 
including those modeled by Hedengren et al. (1997). 

In many cases, ammonia data were not available for tanks that were to be modeled. In 
these cases, the present model employed the maximum modeling ammonia concentration for the 
group of tanks whose contents were similar to those of the tank with missing data. The grouping 
used was based on content clusters devised by Remund et al. (1995) to separate the SSTs into 
categories based on waste compositions calculated from the historical tank content estimates 
(HTCE). The assumption made in the present DCRT model is that there may be some similarity 
in ammonia production and transport among tanks in the same cluster because their contents are 
similar (based on HTCE). The existing data do not conclusively verify this assumption, although 
in some clusters there is consistency within a broad range such that most values in these clusters 
are fairly high or fairly low. Table 2.1 shows the distribution of ammonia concentrations in 
those HTCE clusters for which more than one non-surface ammonia measurement is available. 

Measured concentrations are used in Table 2.1; corrections for losses are not applied. 
Judging by the table, there is high uncertainty in assigning ammonia concentrations to 
unmeasured tanks based on the HTCE cluster. Another sign of the uncertainty in defining waste 
properties by cluster is the variation of tank temperatures (listed in the appendix) within HTCE 
clusters. The cluster-based ammonia inputs are probably conservative, but conservatism is not 
ensured by the cluster method. The same can be said for any ammonia concentration that is 
assumed in the absence of measurements. 

Actual ammonia measurements made from salt-well grab samples are preferable to these 
extrapolations and (when obtained) should be compared with “cluster” predictions (or other 
types of prediction) to try to improve future estimates of ammonia in unmeasured tanks. 
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Table 2.1. SST Ammonia Concentrations Shown by HTCE Cluster 

S-106 
20 S-108 

s-109 
SX-103 

Ax-101 
22 A-101 

J 

HTCE 
Cluster 
7 

11 

~ 13 

Tank 
c-110 
T-107 

s-101 
i SX-104 

' S-103 
1 U-103 

BY-103 

Mid-Tank or Bottom 
N H 3  Concentration Range 

(core) 
42-225 (core) 

279 (grab) 

864 (grab) 

I 68 (grab) 

78 (1997 grab) 

1700-3 100 (RGS) 

220-480 (RGS) 

40-290 (RGS) 
I 126 (grab) 
I 128 (grab) 
1090-1800 (1997 grab) 

190-1400 (RGS) 
1120-1840 (1997 grab) 

Table 2.2 shows the concentrations of ammonia used in the present model (Section 9). 
The table includes only the tanks that Hedengren et al. (1997) modeled and compares the present 
model input concentrations with those used by Hedengren et al. A number of differences arise 
from the availability of new RGS and grab-sample data, the method of accounting for extrusion 
and surface depletion, and the method used to estimate values for tanks with no available data. 
Hedengren et al. took their dissolved ammonia concentrations from push-core samples and grab 
samples that were almost all from the salt-well screen, although a few were taken from 
supernatant layers. These samples, without exception, were measured as containing less than 
lo00 pgmL (58,800 pmoVL) of ammonia. Hedengren et al. therefore used 1000 p@mL as an 
upper limit for the dissolved ammonia concentration in tanks where no sample data were 
available. The exception to this rule was the SX farm, for which they used the 1997 measure- 
ment of 78.4 pg/mL (4,600 pmoVL) that was made in SX-104. However, later data (for U-103, 
SX-103, and AX-101) show that ammonia concentrations can exceed 1000 pg/mL and that tanks 
in the SX farm are not bounded by the SX-104 ammonia concentration. 

The differences in the two models' ammonia inputs for tanks with no measurements 
should be considered a warning of the high level of uncertainty in assigning ammonia 
concentrations. Table 2.2 also shows which measurement methods or assumptions were used to 
derive the ammonia concentrations used in the present model, along with the uncertainty 
associated with each present input. 
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Table 2.2. Comparison of Present Ammonia Concentrations with Those in 
Hedengren et al. (1997) 

Ammonia concentrations 
used in DCRT modeling 

(pg NH3/mL liquid) Source and uncertainty 
Hedengren I Present of present model input 

Tank 

et al. model 
BY-103 1000 68 

BY-105 1000 480 

~ 

deep grab sample; no multiplying factor, but 
is at detection limit; +30%, but -50% for 
detection limit 
based on maximum of Cluster 15 (max. BY-109 
RGS); because BY-105 is unmeasured, 
uncertainty cannot be meaningfully estimated 

RGS); because BY-106 is unmeasured, 
uncertainty cannot be meaningfully estimated 

s-101 279 279 deep grab sample; no multiplying factor; 

s-102 1000 3 100 based on maximum of Cluster 13 (max. U-103 

BY-106 1000 480 based on maximum of Cluster 15 (max. BY-109 

*30% 

RGS); because S-102 is unmeasured, uncertainty 
cannot be meaningfully estimated 

S-103 864 864 deep grab sample; no multiplying factor; 

S-106 241 290 
S-107 840 840 

s-109 128 128 

s-1 11 1000 200 

s-112 1000 290 

&30% 
max. of RGS measurements; +loo% -50% 

deep grab sample; no multiplying factor; 
*30% 

~ 

deep grab sample; no multiplying factor, but 
is at detection limit; &30% 
near-top core sample; max. measured ammonia 
multiplied by 3; uncertainty is roughly +150% 

based on maximum of low-temperature Cluster 
20 (max. S-106 RGS); because S-112 is 
unmeasured, uncertainty cannot be meaningfully 
estimated 

sx-102 78.4 1490 based on maximum of high-temperature Cluster 
20 (max. SX-103 deep grab); because SX-102 is 
unmeasured, uncertainty cannot be meaningfully 
estimated 

230% 
SX-103 78.4 1490 deep grab sample; no multiplying factor; 

SX-104 78.4 64 deep grab sample; no multiplying factor; 

SX- 105 1490 

SX- 106 78.4 3 100  

+30% 
based on maximum of high-temperature Cluster 
20 (rnax. SX-103 deep grab); because SX-105 is 
unmeasured, uncertainty cannot be meaningfully 
estimated 
based on maximum of Cluster 13 (max. U-103 
RGS); because SX-106 is unmeasured, 
uncertainty cannot be meaningfully estimated 
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Table 2.2 (contd) 

T- 104 

T-110 

u-102 

U- 103 
U- 105 

U-106 

U- 107 

U-108 

u-109 

u-111 

Tank 

et al. model 
1000 330 based on maximum of Cluster 7 (max. T-107 

deep core); because T-104 is unmeasured, 
uncertainty cannot be meaningfully estimated 

1000 400 based on maximum of Cluster 19 (T-105 deep 
core; at detection limit, so no multiplying factor 
applied); because T-1 10 is unmeasured, 
uncertainty cannot be meaningfully estimated 

1000 186 deep grab sample; no multiplying factor; 
*30% 

1000 3100 max. of RGS measurements; +loo% -50% 

1000 based on maximum of Cluster 13 (max. U-103 
RGS); because U-105 is unmeasured, uncertainty 
cannot be meaningfully estimated 

20 (max. S-106 RGS); because U-106 is 
unmeasured, uncertainty cannot be meaningfully 
estimated 

1000 3100 based on maximum of Cluster 13 ( m a .  
U-103 RGS); because U-107 is unmeasured, 
uncertainty cannot be meaningfully 
estimated 
based on maximum of Cluster 13 (max. U-103 
RGS); because U-108 is unmeasured, uncertainty 
cannot be meaningfully estimated 

RGS); because U-109 is unmeasured, uncertainty 
cannot be meaningfully estimated 

lo00 160 surface grab samples at detection limit; no 
multiplying factor; +loo% -50% for surface 
depletion and detection limit uncertainties 

3 100 

1000 290 based on maximum of low-temperature Cluster 

lo00 3 100 

1000 3100 based on maximum of Cluster 13 (max. U-103 

Ammonia concentrations 
used in DCRT modeling 

Source and uncertainty 
of present model input 

2.2 Gas Solubilities 

Gas solubilities are needed to relate gas-phase concentrations to liquid-phase concentra- 
tions. The DCRT feed concentrations of low-solubility gases are calculated from the gas 
solubilities, composition, and pressure. The equilibria between the liquid and gas in the DCRT 
also depend on solubilities; the ammonia equilibrium is more sensitive to solubility effects than 
the low-solubility gases. This section discusses the calculation of Henry’s Law constants, which 
govern the gas solubility, and their dependence on temperature and salt concentration. 

Gas solubilities in aqueous solutions are often sufficiently well described by Henry’s 
Law, which states that the vapor pressure of a dilute solute is directly proportional to the 
concentration of the solute in solution. One form of Henry’s Law follows: 
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where KH(i) is the Henry's Law constant for gas i (movkg solvent-atm), yi is the activity 
coefficient for gas i in the aqueous solution, mi is the concentration of gas i in water solvent 
(movkg water), and fi is the fugacity of that gas. Fugacity may be replaced by the partial 
pressure, pi (atm), for essentially ideal gas mixtures. For dilute gases dissolved in pure water, 
yi = 1. In aqueous solutions containing complex, concentrated electrolytes such as Hanford 
tankwastes, gas solubilities are lower than in pure water, and % 4. The challenge in describing 
gas solubilities in any concentrated electrolyte is to define values for %. Given that 'direct 
measurement of gas solubilities in mixed chemical and radioactive wastes is often not practical, 
it is necessary to rely on solubility models and measurements of simulants. 

2.2.1 Setschenow Equation 

Setschenow (1889) was the first to relate a decrease in gas solubility in aqueous 
solutions to the concentration of an electrolyte: 

where cG,o is the solubility of a particular gas in pure water, cG is the solubility of that same gas 
in the presence of a dissolved salt, ms is the concentration of a dissolved salt (km0l/m3), and K is 
the Setschenow constant (kg waterimole salt). The Setschenow constant is specific to a 
particular gas and a particular electrolyte and is temperature-dependent. While reasonably 
applicable to describing gas solubilities as a function of electrolyte concentration to approxi- 
mately 0.1 molal, Eq. (2.2) tends to overestimate the salting-out effect (lowering of solubility) at 
high electrolyte concentrations. Eq. (2.2) is not directly applicable to mixed electrolyte systems 
such as those in Hanford tanks. 

2.2.2 Schumpe Model 

Modifications to the Setschenow equation have allowed its extension to mixed electrolyte 
solutions (Schumpe 1993; Hermann et al. 1995; Weisenberger and Schumpe 1996): 

where hi, represents a set of ion-specific parameters, hg represents a set of gas-specific para- 
meters, and mi is the concentration of the specific ion (kmol/m3). Temperature dependencies of 
ion-specific and gas-specific parmeters were given in Weisenberger and Schumpe (1 996). The 
relation of Eq. (2.3) was found to hold reasonably well for salt concentrations to 2 kmol/m3 and 
sometimes to more than 5 km0l/m3 (Weisenberger and Schumpe 1996). Unfortunately, Hanford 
wastes are often much more concentrated than the range of applicability of the Setschenow 
equation. Further, ion-specific interaction parameters are not known for all components of 
Hanford wastes, aluminate being a notable example. 

2.17 



2.2.3 Pitzer Ion Interaction Model 

The Pitzer ion interaction model is among the more successful methods devised to 
estimate gas solubilities in mixed electrolytes (Pitzer 1987, 1990). This model requires a 
relatively large set of binary and ternary interaction parameters that are derived from 
experimental data to calculate the activity coefficient yi for the gas being dissolved in a solution 

containing electrolytes. A simplified expression has been given by Clegg and Brimblecombe 
(1990) for slightly soluble gases (no self-interaction terms): 

where subscripts i, c, and a represent neutrals (gas being absorbed), cations, and anions, 
respectively; and h,, cijk, and qi, are interaction parameters that must be determined from 
experimental data. Interaction parameters for all of the components of Hanford tank wastes, 
however, have not yet been established. Hanford waste mixtures are generally more concen- 
trated and more complex than solutions from which existing ion interaction parameters were 
derived. Temperature dependencies are not well established for many of the ion interaction 
terms. Thus when using this approach to model gas solubilities in Hanford wastes, it is 
necessary to estimate interaction parameters for many important ions based on the behavior of 
similar waste components. 

For highly soluble ammonia, Clegg and Brimblecombe (1989) have reviewed available 
literature and compiled ion interaction parameters in simple and multicomponent electrolyte 
solutions. The activity coefficient for ammonia in a solution of a salt Mv+Xv- is given by (Clegg 
and Brimblecombe 1989) 

where hN is an ammonia self-interaction parameter; hNM and are ammonia cation and 
ammonia anion interaction parameters, respectively; and pN 7 ,  and pN , ,  are second-order 
ammonia-cation and ammonia-anion interaction parameters, respectively. Higher-order inter- 
action terms from the original reference have been dropped in Eq. (2.5). In its simplest form, 
Eq. (2.5) corresponds to that of Eq. (2.1), the Setschenow equation (Setschenow 1889). The 
term XN,N was further defined by the expression (Clegg and Brimblecombe 1989): 

~ N , N  = 0.033161 - 21.12816R + 4665.1461R’ (2.6) 

In the above equation, the temperature, T, is absolute. First- and second-order interaction 
coefficients for a number of salts were compiled. It was concluded that the interaction 
parameters are generally additive for multicomponent electrolytes. As in the case of slightly 
soluble gases, gas-ion interaction terrris for all of the principal ions present in Hanford wastes are 
not known. The aluminate ion is a notable example. 
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2.2.4 Simplified Pitzer Ion Interaction Model 

Estimates of nitrous oxide, ammonia, hydrogen, and nitrogen solubilities in Hanford tank 
wastes have been made using the Edwards et al. (1978) modification to the Pitzer ion interaction 
model (Pasamehmetoglu et al. 1994). These estimates were made by defining an “average” salt- 
salt interaction parameter, assuming that the best fit for a large number of salts yields parameters 
that approximate the hypothetical average salt. This approach provides a means to circumvent 
the need for gas-ion and ion-ion interaction parameters for all of the salts in complex Hanford 
wastes. For a 1-1 electrolyte, this expression has been given (Pasamehmetoglu et al. 1994): 

where m, is the molalconcentration of salt (moleskg water), Po is (kg waterlmole salt) and pl,is 
are gas-salt interaction parameters, and P l,ss is the salt-salt interaction parameter. This latter 
term is independent of the identity of the gas species. Pasamehmetoglu et al. (1994) determined 
a value for by averaging results for sixty 1-1 electrolytes at 25°C and obtained a value of 
0.17. Their analysis of available literature data on gas solubility in electrolytes produced values 
of and for hydrogen, nitrogen, nitrous oxide, and ammonia, as shown in Table 2.3. 

2.2.5 Comparison with Experimental Gas Solubility Results for Simulated Wastes 

Because of the paucity of gas solubility data pertinent to the highly concentrated, multi- 
component brines that make up Hanford wastes, it is difficult to assess which, if any, of the 
above models most accurately reflect actual waste behavior. Gas-ion and ion-ion interaction 
parameters are not available for all of the components of the wastes, including a principal 
component aluminate. Temperature dependencies are not well defined. 

Regardless of which model is chosen, estimates of gas-salt interactions will be required. 
Fortunately, gas solubility results are available for simulated Hanford waste mixtures, providing 
some means of assessing the accuracy of solubility models. Norton and Pederson (1994, 1995) 
reported solubilities of ammonia, oxygen, hydrogen, methane, and nitrous oxide for SY-101 
simulants that contained sodium hydroxide, sodium nitrite, sodium nitrate, sodium aluminate, 
and sodium carbonate(a). Results were obtained for two simulant compositions: SY 1-SIM-93B, 
a homogeneous simulant, and SYl-SIM-91A, a slurry (Bryan and Pederson 1994). Using a 
homogeneous simulant eliminated the complications associated with a changing electrolyte 
concentration as a function of temperature that would be encountered with a slurry simulant. 

The solubility of ammonia in the homogeneous simulant SY 1 -SIM-93B was 
approximately half that in pure water when normalized to the quantity of water present in the 

(a) Salt concentrations in the homogeneous simulant were 6.02 M Na’, 1.62 M OH-, 0.42 M A102-, 
1.63 M NO3-, 1.95 M NO;, and 0.20 M CO;-. For comparison, the SST waste liquids in this report are 
generally 0.9 -12.5 M Na’, 0 -3.0 M OH-, 0 -1.5 M A1 O;, 0.3 4 . 8  M Nos ,  0 -5.7 M NO;, and 0 - 
1.2 M CO:-, with traces of other ions. 
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Table 2.3. Gas Interaction Parameters for Hypothetical Average Salt, with 
=0.17 (from Pasamehmetoglu et al. 1994) 

Gas 

H2 
0,is P1,is 

0.053 1 0.2644 
m I 0.0531 10.2644 

I I I I N20 10.0466 10.3692 1 
I N H 7  I 0.0375 I 0.2997 

simulant (Norton and Pederson 1994, 1995). Ammonia solubility in the slurry simulant SY1- 
SIM-91A was about a factor of 8 less than in pure water at 30°C and about a factor of 4 less at 
70°C. Experimental data for the homogeneous simulant were in good agreement with the 
Schumpe model, based on the Setschenow equation (Schumpe 1993; Hermann et al. 1995), with 
the Pitzer ion interaction model using parameters given by Clegg and Brimblecombe (1989), and 
with the modified Pitzer model (Pasamehmetoglu et al. 1994). At the lowest studied concentra- 
tion of ammonia (0.675 M NHs), the Schumpe model overpredicted the ammonia partial pressure 
by 13% (at 28°C) to 46% (at 71°C). Overpredictions were higher at higher ammonia concentra- 
tions, but the concentrations are not expected to be as high as the lowest used in the experiment. 

Though oxygen is not modeled as a flammable gas, it serves as another example of 
predicted versus measured solubilities of low-solubility gases. Oxygen solubilities in the 
homogeneous simulant were lowered by approximately a factor of 10 relative to those in pure 
water at room temperature (Norton and Pederson 1995). Experimentally determined oxygen 
solubilities in the simulant were in relatively good agreement with both the Pitzer and Schumpe 
models. Clegg and Brimblecombe (1990) have given detailed Pitzer ion interaction parameters 
for oxygen, including a first-order temperature dependence of the interaction terms; this gave the 
best fit to experimental data. The Schumpe model (Hermann et al. 1995) agreed very well with 
the Pitzer model (used with ion interaction parameters from Clegg and Brimblecombe [ 19901) at 
low temperatures but tended to slightly underestimate oxygen solubilities at higher temperatures. 
Gas-salt parameters were not available for use with the modified Pitzer model (Pasamehmetoglu 
et al. 1994), so a comparison between model and experiment was not possible. 

For hydrogen, room temperature solubilities were smaller in the homogeneous simulant 
by a factor of approximately 5 to 7 compared with pure water (Norton and Pederson 1995). 
Measured hydrogen solubilities were reasonably well described by the Schumpe model within 
experimental error but were approximately a factor of 3 less than predictions of the modified 
Pitzer model (Pasamehmetoglu et al. 1994). 

The applicability of the Setschenow equation as modified by Schumpe (1993) (Hermann 
et al. 1995) and the modified Pitzer model (Pasamehmetoglu et al. 1994) was addressed by 
Kubic.'"' He concluded that the modified Pitzer model is far superior to the Setschenow 
approach, especially when extrapolating from measurements taken at low and moderate ionic 
strengths to high concentrations. Both models were reported to give accurate results if based on 

(a) Kubic WL Jr. 1996. Evaluation of Weisenberger and Schumpe Correlation for Gas Solubility. 
Letter report, Los Alamos National Laboratory, Los Alamos, New Mexico. 
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data obtained using high salt concentrations, however.(") The value of this comparison is 
difficult to judge, because it was not based on actual laboratory measurements but on simulated 
results: "Because of the lack of data for gas solubility in concentrated salt solutions, we 
generated a simulated set of solubility data for a mixture containing up to 25 molal dissolved 
salts."'") The methods used to generate those simulated solubilities were not documented. Kubic 
did not consider the hydrogen solubility results of Norton and Pederson (1995) in this 
assessment, but in a more recent document (Kubic 1997) he rejected those results as being 
inconsistent with published literature. The literature in question was not identified, so it is not 
clear to what extent the literature electrolytes were comparable to waste simulant. The solubility 
literature typically deals with dilute and/or single-salt electrolytes. 

Nitrogen was approximately a factor of 10 less soluble in the homogeneous simulant than 
in pure water (Norton and Pederson 1995). Experimentally determined nitrogen solubilities also 
were well described by the Schumpe model (Schumpe 1993; Hermann et al. 1995). As was the 
case for hydrogen, the modified Pitzer model (Pasamehmetoglu et al. 1994) led to an 
overestimate of the expected solubility by approximately a factor of 3. Detailed Pitzer ion 
interaction parameters, including a temperature dependence, were not available for nitrogen 
dissolved in concentrated, multicomponent electrolyte solutions. 

Methane solubilities were lowered in the simulated waste mixture by about a factor of 10 
compared with those in pure water. Parameters were available only for the Schumpe model, 
which provided solubility estimates in reasonably good agreement with experimental results. 

Nitrous oxide solubilities were a factor of 5 to 7 less in the simulated waste mixture than 
in pure water. Agreement with predictions of the Schumpe model was within experimental 
uncertainties. Experimental results were approximately a factor of 3 smaller than predictions of 
the modified Pitzer model (Pasamehmetoglu et al. 1994). Nitrous oxide is the most soluble of 
the five gases included in this study by one to two orders of magnitude. 

In the 1996 letter report, Kubic compared predictions of the modified Pitzer model 
(Pasamehmetoglu et al. 1994) with early experimental results reported by Pederson in 1992'"' 
and found good agreement. He reported that the Schumpe model underpredicted nitrous oxide 
solubilities by about a factor of 3. However, Pederson's experimental data were obtained as a 
function of temperature using slurry simulant SY l-SIM-92A. Information on the concentration 
of dissolved electrolytes as a function of temperature was not reported. Solid precipitates do not 
affect the solubility of gases within the electrolyte itself. Given the complexity of the simulant in 
this case, it is difficult to compare model and experiment. Kubic had not considered the more 
recent data of Norton and Pederson (1995) for nitrous oxide in a well-defined simulant. 

In summary, there are few experimental gas experimental solubility data in salt solutions 
similar to Hanford wastes on which to base a comparison of model and experiment. Experi- 
mental solubility results for ammonia (Norton and Pederson 1994, 1995) are reaionably well 
described by all three models considered: the Schumpe model, which is based on the Setschenow 
equation (Schumpe 1993; Hermann et al. 1995); the Pitzer ion interaction model (Clegg and 

(a) Pederson LR. March 1992. "Nitrous oxide solubility in waste." Presentation to the Tank Waste 
Science Panel. Pacific Northwest Laboratory, Richland, Washington. 
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Brimblecombe 1989); and the modified Pitzer model (Pasamehmetoglu et al. 1994). For 
sparingly soluble gases, the Schumpe model agreed with the experimental results of Norton and 
Pederson (1 995) within experimental uncertainty. Where detailed Pitzer parameters were avail- 
able, experimental results were well described by the Pitzer ion interaction model (Norton and 
Pederson 1995). The modified Pitzer model, using parameters given by Pasamehmetoglu et al. 
(1994), overestimated the solubilities of sparingly soluble gases by a factor of approximately 3. 

Of the three models considered, the Pitzer ion interaction model is expected to be the 
most accurate, assuming detailed gas-ion and ion-ion interaction parameters are known for all of 
the salts that are present. Unfortunately, this is not the case for Hanford wastes, requiring 
estimates to be made. The modified Pitzer model, by defining average salt properties, 
circumvents the need for detailed interaction parameters. Calculations using this model are 
straightforward and should have significant utility in predicting the gas solubility behavior of 
complex wastes. Unfortunately, using parameters given to date, the model tends to overpredict 
the solubility of sparingly soluble gases by about a factor of 3 (based on experimental solubility 
data obtained using simulants). 

The Schumpe model, a linear model based on the Setschenow equation, was not designed 
for the high salt concentrations found in Hanford waste tanks. Agreement with experimental gas 
solubility data obtained using simulants was good within experimental uncertainties, however. 
The Schumpe model is easily used if electrolyte concentrations are known. Because of its 
agreement with simulant data and its ease of use, the Schumpe model is considered appropriate 
for DCRT modeling and is used in the model in this report (Section 9). This approach was also 
used in the modeling carried out by Hedengren et al. (1997). 

2.2.6 Application of the Schumpe Solubility Model 

To obtain the agreement with observations seen by Norton and Pederson (1995), we 
found it necessary to use precisely the Schumpe model parameters that they used (Hermann et al. 
1995), not the later expanded set that has been used in RGS calculations (Shekarriz et al. 1997; 
Mahoney et al. 1997) and in DCRT modeling (Hedengren et al. 1997). 

The Schumpe model parameters provided by Hermann et al. (1995) were intended for use 
at or near 25°C. Furthermore, they included an hion parameter for the effect of the A13+ ion on 
solubility but not for AlO;, the form in which aluminum is found under highly basic tank 
conditions. Norton and Pederson (1995) approximated the effect of aluminate ion (AlO;) on gas 
solubility by assigning it an hion parameter of 0.1 Umol, an assumption in the middle of the range 
of hion values for other ions, and by decreasing the measured hydroxide concentration to reflect 
the incorporation of hydroxide into aluminate. The stoichiometry of this reaction, under basic 
conditions, is 

. 

Ai3+ + 40H- = AlO; +2H20 
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As already noted, recent modeling work (Shekarriz et al. 1997; Mahoney et al. 1997; 
Hedengren et al. 1997)‘”) has not used the same Schumpe model parameters as Norton and 
Pederson (1995). Instead, modeling has employed a later set (Weisenberger and Schumpe 1996) 
that was expanded to cover a wider temperature range, and has treated aluminum as A13+ while 
leaving the hydroxide concentration unchanged. When these parameters are used with the 
Schumpe model, it overpredicts the ammonia partial pressure (for the lowest tested ammonia 
concentration) by 75% at 28°C (instead of 13%), and by 127% at 71°C (instead of 46%). Similar 
underpredictions of low-solubility gases occur, so dissolved hydrogen and methane concentra- 
tions are underpredicted by not using the same parameters used by Norton and Pederson (1995). 

The substitute parameter set causes the DCRT flammability contribution of hydrogen and 
methane to be underestimated and the contribution of ammonia to be overestimated. 
Accordingly, the present model uses the same parameter set used by Norton and Pederson 
(1995), despite the existence of a later version. 

2.3 Dissolved Concentrations of Flammable Gases in the Source Tank 

As noted in Section 2.1.2, the dissolved concentration of ammonia is essentially equal to 
the total (dissolved plus free-gas) concentration. The total ammonia concentrations to be used 
for flammable gas modeling in the DCRT are given in that section (and tabulated in detail in the 
appendix). The dissolved concentrations of the sparingly soluble gases remain to be determined 
but can be calculated, assuming thermodynamic equilibrium, from their partial pressure in the 
free gas in the source tank using Henry’s Law. 

For this purpose, Hedengren et al. (1997) took the total gas pressure in each source tank 
to be the hydrostatic pressure experienced by the gas at an elevation of 22.5% of the high-solids 
layer depth (Hodgson et al. 1996). This assumption is conservative; RGS and void-fraction 
instrument data (Shekarriz et al. 1997; Mahoney et al. 1997; Stewart et al. 1996) show that the 
average gas level is at an elevation of about 50% of the solids layer depth. 

.Hedengren et al. (1997) conservatively assumed the hydrogen and methane partial 
pressures to add up to the hydrostatic pressure, neglecting the partial pressures of water and 
ammonia. For the low-solubility gases, the Schumpe model with updated parameters (Schumpe 
1993; Weisenberger and Schumpe 1996) was used to predict gas solubility and hence the con- 
centration of dissolved gas in the liquid. This approach is valid and slightly conservative, 
because at temperatures above 55°C the water vapor pressure can amount to 15% or more of the 
source pressure. 

The present model (described at greater length in Section 9) uses the same total 
vapor pressure as Hedengren et al. but accounts for water and ammonia partial pressures as 
as the partial pressures of hydrogen, methane, and nonflammable gas (modeled as nitrogen). 

gas1 
well 

(a) The substitute parameter set has had little effect on RGS calculations because the Schumpe model is 
used only to estimate the in-situ gas volume fraction. The volume fraction depends almost entirely on the 
low-solubility gases, which are quantitatively present in gas phase no matter which parameter set is used. 
The major effect on RGS work is that the calculated ammonia partial pressure in the retained gas is lower 
than reported, an effect well within the uncertainty of the RGS ammonia measurement. 
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2.4 Losses of Flammable Gases Before Entering the DCRT 

As described in Section 1, salt-well pumping first drains the ammonia-depleted liquid in 
the supernatant layer, if one exists, and then drains the salt well. As the well empties, liquid 
drains into it from the bulk waste and is pumped out. However, the liquid resides in the well for 
a finite period of time before it is removed. Therefore, the ammonia concentration in the salt 
well will be further depleted by evaporation. The extent of depletion depends on how rapidly 
ammonia evaporates from the salt-well walls and the top surface of the liquid in the well 
compared to the pumping rate. 

I 

The extent of ammonia depletion in the salt-well liquid during pumping can be calculated 
by assuming a steady state. Liquid seeps into the salt well at the same rate as it is pumped out, 
which is typical of salt-well operations, so the volume of liquid in the salt well is constant (and is 
typically 15 to 30 cm in depth). Gas from the tank headspace enters and leaves the “salt-well 
headspace,” the volume of gas in the empty part of the salt-well shaft. At steady state, ammonia 
leaves the salt-well liquid by evaporation and pumping at the same rate at which it enters by 
seepage, so the ammonia concentration in the salt-well liquid is constant. The mass balances on 
the liquid and gas in the salt-well shaft are 

where 
csw 

CIN 

CHS 

QHS 

QIN 

Qsw 
PL 

OL 
R 
T 
KH 

Asw 
h 

= concentration (mol& liq) of ammonia in salt-well liquid 
= concentration (mom gas) of ammonia in salt-well headspace 
= concentration (mom li ) of ammonia in tank waste 
= volumetric flow rate (m /s) of gas between the tank headspace and 

= volumetric flow rate of liquid seeping into the salt well (between 

= volumetric pumping rate, equal to Qm 
= the density of the liquid (typically about 1400 kg/m3) 
= the water mass fraction in the liquid (typically about 0.5) 

= the temperature in the salt well (on the average, 40°C = 313K) 
= the Henry’s Law constant for ammonia in salt-well liquid (average value for 

= cross-sectional area of the salt well (for a 1-ft diameter, 0.073 m2) 
= mass transfer coefficient of ammonia evaporation ([mol/s m2]/[rnol/m3]>. 

9 
the gas space in the salt well 

4 and 0.05 gpm, or 3 x loa to 3 x 10 m /s) - 4 3  

gas constant (Pa m3/m01 K) 

temperatures in tanks is -10 mol/atm kg water; results are not sensitive to KH) 

Eq. (2.9a) and (2.9b) can be solved to give 
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1 

1 + S R T p , q K ,  + Qm/hAsw 
f =  

QHs 

(2.11) 

where f is the fraction by which ammonia is depleted in salt-well liquid, (1 - CSW/CN). 

The mass-transfer coefficient h can be found using the standard penetration-theory 
equation (Treybal 1980): 

h = 2/- D 

'Icz,w 
(2.12) 

where 
ZSW= the time (s) for which the circulating salt-well liquid is at the surface, exposed to 

evaporation 
D = the diffusion coefficient of ammonia in the salt-well liquid (approximately 

2 x 10- m /s, from Bobroff et al. [1997]) 10 2 

The ammonia depletion of the salt-well liquid (the fraction f )  depends strongly on the 
exposure time of the salt-well liquid, zsw, which is difficult to specify, and the liquid drainage/ 
pumping rate, Qw, which is a controllable process variable. (The ammonia depletion also 
depends slightly on the exchange rate of the gas in the salt-well head, Qm.) The liquid exposure 
time is probably most strongly related to the flow induced by the pump (though thermal convec- 
tion may increase the circulation and decrease the exposure time in some tanks). We take the 
exposure time as equal to the salt-well diameter divided by an approximate flow velocity, which 
is estimated as the pumping rate divided by half the salt-well area. (Half the area is taken to be 
upflow, half downflow.) 

Assume a reasonable value of the mass-transfer parameter, Qm, a gas exchange rate of 
0.0006 m3/s (which is consistent with a 30-minute mixing time for the gas in the salt-well 
headspace). For this rate of gas exchange, the ammonia depletion of the salt-well liquid is 
primarily a function of the pumping rate. At 4 gpm (an exposure time of 1.5 minutes), the 
ammonia depletion is about 0.14%. At 0.05 gpm (an exposure time of 2 hours), the depletion is 
about 1.4%. Suppose that thermal convection decreases the exposure time for 0.05 gpm 
pumping to 1.5 minutes; then the depletion is about 10%. Only slightly greater depletion is 
found for the dissolved low-solubility gases than for ammonia because mass-transfer in this 
system is controlled by the liquid circulation term in the denominator of Eq. (2.1 1). 

This is only an approximate analysis to assess the potential for significant depletion of 
dissolved gases in the salt well. Most of the assumptions are based on standard waste properties 
or pumping procedures. The two parameters that are not well quantified are the gas exchange 
rate, QHS, and the salt-well liquid exposure time, ZHS. The gas exchange rate can range over a 
factor of 10 from the value assumed without significantly changing the results. Thus this 
assumption is not crucial to the conclusions. While the results are sensitive to the salt-well liquid 
exposure time, depletion fractions as high as 8% are possible only if one assumes long liquid 
exposure times that correspond to liquid velocities of 0.01 ft/hr or less. Such low velocities are 
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physically unreasonable because pumping alone leads to velocities of about 0.4 ft/hr even at a 
rate of 0.05 gpm. Thus, even though there are two hard-to-quantify parameters, it can still be 
established via this model that high in-well depletion is physically unlikely during pumping. 
Therefore, we conclude that depletion of liquid in the salt well is probably 10% or less and is not 
an important consideration in calculating the amount of flammable gas transferred to the DCRT. 

2.5 GasLiquid Equilibria in the DCRT 

The release of the dissolved gases into the DCRT headspace can be conservatively 
modeled as an instantaneous equilibrium between the gases in the headspace (predominantly air) 
and the gases dissolved in the entering liquid (though it is possible to avoid the conservatism of 
the equilibrium assumption by accounting for mass-transfer limitations on releases, as we shall 
show). Hedengren et al. (1997) treated the release of dissolved gases and vapors in the DCRT 
somewhat differently, using a different approach for each gas: 

e 

e 

e 

Hydrogen, whether generated or delivered from the source tank, was assumed to be 
entirely and instantaneously released to the current headspace volume rather than to 
equilibrate. There is little conservatism in this assumption, because the solubility 
(i.e., the fraction of gas retained in the liquid) is so low. 

All of the methane dissolved in the incoming liquid was assumed to be released 
instantaneously to the minimum headspace volume (the volume at the end of fill). 
This assumption introduces very little overprediction at the time of maximum 
concentration (minimum headspace volume) but initially may overpredict the 
methane flammability contribution by a factor of 5. 

The ammonia partial pressure was assumed to be that in equilibrium with the original 
source-tank ammonia concentration, ignoring the depletion of ammonia in the DCRT 
liquid that results from ammonia evaporation in the DCRT. The omissions of 
depletion introduce only a small conservatism at the time of maximum concentration, 
though the conservatism is substantial when the tank is nearly empty. The ammonia 
solubility, and hence its partial pressure, was calculated using the Schumpe model 
with the substitute parameter set and was assumed to be the same as in the source 
tank, with no changes made for dilution, temperature change, or pH change. 

This report derives and presents two models. The first is an equilibrium model whose 
derivation and results are presented in Sections 9.1, 9.3, and 9.4. The equilibrium model treats 
hydrogen, methane, nitrogen, ammonia, and water on the same basis by assuming that all reach 
equilibrium with the DCRT headspace as they enter during filling. Equilibrium is further 
assumed to be maintained after the fill is complete. 

I 

The second model addresses concerns that mass-transfer limitations might significantly 
reduce the DCRT headspace flammability, particularly at high ventilation rates. Section 2.5.1 
discusses mass-transfer rates in the DCRT and provides estimates of mass-transfer coefficients. 
These coefficients are used in Section 9.5 to calculate nonequilibrium DCRT headspace 
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flammabilities for a subset of SSTs, providing an estimate of the degree of conservatism caused 
by the equilibrium assumption. Section 2.5.2 discusses how temperature and pH might affect the 
equilibria in the DCRT. 

2.5.1 Mass Transfer in the DCRT 

Dissolved gases and water vapor are transferred to the headspace of the DCRT from the 
falling feed flow and from the convecting mass of liquid already in the DCRT. These two 
release sources must be treated separately because their mass-transfer mechanisms and surface 
areas are substantially different. 

The definitions of the gas- and liquid-side mass transfer coefficients that are used in this 
report are as follows, for each of the dissolved constituents: 

Ni k, = 
A t [ ~ - c G i )  K,RT 

(2.13) 

(2.14) 

where 
kb = 

R =  
T =  

the liquid-side mass-transfer coefficient of constituent i 
(mol/s/m2>/(~ol/m3> 
the gas-side mass-transfer coefficient of constituent i 
(mol/s/rn2~/(~o~/m3) 
the mass transfer rate of constituent i from liquid to gas (molls) 
the mass-transfer area (m2> 
the concentration of constituent i in the bulk liquid (mol/m3) 
the concentration of constituent i at the liquid surface (mourn3) 
the concentration of constituent i in the bulk gas (mol/m3) 
Henry’s law constant of constituent i at the liquid temperature and 
salt concentration (mol/m3~a) 
gas constant (Pa m3/m01 K) 
the temperature of the gas (K) 

For water, the gas-side mass-transfer coefficient is defined by 

where 
kw = the gas-side mass-transfer coefficient of water 

(mol/s/m2>/(~ol/m3> 

(2.15) 
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Nw = the evaporation rate of water (moVs) 
pw = the water vapor pressure in equilibrium with the bulk li uid (Pa) 
c h  = the concentration of water vapor in the bulk gas (moVm 4 ) 

No liquid-side mass-transfer coefficient is required for water because it is a major constituent 
and is not substantially depleted by evaporation. 

The mass-transfer rate, Ni, is calculated for each dissolved constituent by combining 
Eq. (2.13) and (2.14) to eliminate the unknown interfacial concentration, c u ,  to obtain an 
expression for the mass-transfer rate: 

Ni = kGi At [A - cGi ] = ki A [ - cGi ) 
l+k,  /k,K,RT K,RT K,RT 

(2.16) 

Here ki is the overall mass-transfer coefficient, which is substantially larger for ammonia than for 
the low-solubility gases because it depends on the constituent solubility, KHi. 

2.5.1.1 Mass Transfer from the Falling Feed 

The feed enters the DCRT through a vertical pipe at the top of the tank and from there 
falls freely to the liquid surface. Because the feed rate is slow (between 0.05 and 4 gpm), and the 
inner diameter of the inlet is relatively large (5 cm, or 2 in.), the feed probably tends to flow in a 
film in the DCRT inlet pipe. Although the exact film thickness in the inlet pipe is not used 
directly to estimate mass transfer, it is approximately calculated below to support the argument 
that the feed flow can be modeled as falling droplets. 

For a feed with a density of 1400 kg/m3, the liquid rate (expressed per unit of pipe 
circumference) is 0.03 to 2 kg/ms. By comparison, the minimum liquid rate required to wet a 
vertical surface is 0.03 to 0.3 kg/m.s (Perry and Green 1984). Thus it is possible that the inside 
of the inlet pipe is not completely wetted at low flow rates and plausible that the flow is in the 
form of a film. The film thickness was calculated using a standard falling-film model (Perry and 
Green 1984, p. 5-59) with a liquid viscosity of 25 cP. (Waste liquid viscosities range from 3 to 
60 CP [Mahoney and Trent 19951.) The film thickness expected for these liquid rates ranges 
from about 1 to 4 111111. Thus, the pipe is expected to be less than 10% full of liquid. 

Because the feed enters as a trickle rather than a gush, it is reasonable to assume that it 
will break up into isolated droplets. These droplets are assumed to be of the maximum size that 
is stable in free-fall. According to Clift et al. (1978), the maximum experimentally-observed 
diameter is 

(2.17) 

where 
Dfi, = maximum stable drop diameter 
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0 

g = acceleration of gravity (9.8 d s )  
p~ = liquid density (about 1400 kg/m3) 

= surface tension; 0.08 N/m, based on simulant data of Norton and 
Pederson (1994) 

The maximum stable drop diameter is therefore about 8 mm, though the exact value depends on 
the properties of the waste being modeled. 

The falling drops of feed are acted upon by drag and gravity, accelerating downward. 
The mass transfer coefficients depend on the drop velocity. Therefore, the velocity and the mass 
transfer coefficients were calculated at a number of points along the droplet trajectory to provide 
an integrated estimate of mass-transfer. By combining the acceleration due to gravity with the 
drag force on the surface, we obtain the net downward drop acceleration: 

(2: 18) 

where het = net downward drop acceleration, including drag 
CD = drag coefficient of a sphere 

pf 

vd = the velocity of the drop. 

= the gas density in the film around the sphere (the gas density at 
the average of the liquid temperature and the gas temperature) 

Standard Reynolds numbers and drag coefficients for spheres (Perry and Green 1984) 
were used in calculating the net drop acceleration: 

c, =0.44 

24 
Re 

CD =- 

for Re > 508 

for 1.9 <Re e 508 

for Re < 1.9 

where 
Re = Reynolds number of the falling drop 
pf = film viscosity of the gas. 

(2.19) 

(2.20a) 

(2.20b) 

(2.20c) 

The drop velocity was obtained by numerical integration over the drop distance. For a distance 
of 4.6 m (15 ft), which corresponds to the S DCRT when nearly empty, the final drop velocity 
was about 9 d s .  For a distance of 0.9 m (3 ft), corresponding to an 80% full DCRT, the final 
velocity was about 4 d s .  
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The liquid-side mass-transfer coefficients for the dissolved constituents were derived 
from penetration theory (Treybal 1980, p. 61), according to which 

k, = 2 / 3  IT0 

where 
DL = the diffusivity of the constituent in the liquid (m2/s) 
8 = the time for which an element of liquid is at the droplet surface and 

therefore exposed to mass-transfer. 

(2.21) 

For the purpose of calculating the mass-transfer exposure time of liquid in a falling drop, the 
liquid in the drop is assumed to circulate across the surface with a velocity equal to the drop’s 
fall velocity. In other words, a no-slip boundary condition is assumed for the liquid and gas 
velocities. The exposure time is, then, equal to half the drop circumference (Le., the length of 
the path on the surface) divided by the fall velocity. The liquid-side mass-transfer coefficient for 
the falling drop is then 

DL 
.rc(nD, /2v,) 

k l = 2  (2.22) 

The gas-side mass-transfer coefficients for water and dissolved constituents were based 
on the heat-transfer coefficient for forced convection over a sphere (Kreith 1973, p. 473). The 
Chilton-Colburn analogy was applied (Treybal 1980) to provide the corresponding correlation 
for the gas-side mass-transfer coefficient resulting from forced convection over a sphere: 

2 + (0.4 + 0.06 ) (2.23) 

where Df = the diffusivity of the constituent in the gas film (m2/s). 

The correlation in Eq. (2.23) holds for Reynolds numbers between 3.4 and 76,000. The drop 
Reynolds numbers are typically between 100 and 4,000. 

Eq. (2.22) and (2.23) were used, together with standard properties of the constituents, 
water, and air, to calculate the local mass-transfer coefficients (which were found to vary by 
more than a factor of 2 during the fall). Both the gas- and liquid-side mass-transfer coefficients 
for the droplet were integrated over the droplet fall trajectory. The effects of the depletion of 
dissolved constituents, and of the decrease in droplet temperature caused by water evaporation, 
were included in the droplet mass-transfer coefficients. The calculated evaporative temperature 
decrease was small, less than 5°C for waste that entered at 73°C. 
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2.5.1.2 Mass Transfer from the Convecting Liquid 

The liquid in the bottom of the tank is not expected to be stagnant, even after the feed 
flow is finished. Natural convection is expected to arise because of evaporative cooling at the 
liquid surface, eventually assisted by self-heating of the radioactive liquid. Although 
recirculation pumps are sometimes used for mixing the added caustic solution during pH 
adjustment and are typically used before pumping waste out of the DCRT, they are not used 
when waste is fed to the DCRT or while it is stored in the DCRT. Thus, thermally driven flow is 
the only source of liquid motion. 

Similarly, natural convection is expected to dominate the gas flow in the DCRT 
headspace. Antoniak and Recknagle (1997) used the thermal-hydraulic code TEMPEST to 
model thermally-driven flow in the dome space of an SST. When a small temperature difference 
of 0.9"C was assumed to exist between the top and bottom (liquid) of the SST dome space, the 
convective velocities were on the order of tenths of a foot per second. Velocities of similar 
magnitude can be expected in the DCRT headspace. The gas velocity induced in the headspace 
by ventilation is small by comparison, even for a higher than expected ventilation rate such as 
5 acfm (300 acfh). The cross-sectional headspace area of an 80%-full DCRT is on the order of 
70 ft2, so the average ventilation-induced gas velocity is less than 5 ft/hr (1.4 x 10" ft/sec), much 
less than the expected velocity from natural convection. 

The natural convective velocities in the liquid are not well known but can be estimated. 
Preliminary TEMPEST modeling of a 6-ft-deep liquid layer in a DST has found that convective 
velocities in the liquid are on the order of 0.01 ft/s.(a) (The temperature difference across the 
layer was found by heat-transfer and fluid-flow calculations, not imposed as a boundary 
condition, and was less than 0.1"C.) The depth of the liquid is the scaling distance for natural 
convection. Liquid depths in the DCRT range from 0 to 12 ft, so the DST estimate (with 6 ft of 
liquid) probably gives a reasonable estimate of the convective velocity in DCRT liquid. 

The liquid-side mass-transfer coefficients for the convecting liquid were estimated using 
penetration theory. The width of the convection cell is assumed equal to the DCRT radius; this 
width, divided by the convection velocity, gives the mass-transfer exposure time for the liquid. 

(2.24) 

where 
dDCRT = DCRTdimeter 
VC = convective velocity in the bulk liquid. 

The gas-side mass-transfer coefficients over the liquid were based on the heat-transfer 
coefficient for free convection over a heated square plate (Kreith 1973, p. 398). As suggested in 
the reference, the correlations were modified for use with a circular surface by substituting the 
length (0.9'dDCRT) for the length of the side of the square. The Chilton-Colburn analogy 
provided the corresponding correlations for the gas-side mass-transfer coefficient: 

(a) Antoniak ZI. 1998. Personal communication with LA Mahoney (PNNL). 
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kG= for 2 x lo7 e Gr e 3 x 10” 

k,= for lo5 < Gr e 2 x lo7 
DCRT 

p:gAT(0.9dK, j3 
Gr = for a gas 

(2.25a) 

(2.25b) 

(2.26) 

where 
Gr = the Grashof number over the heated surface; in general Gr is 

about 7 x lo9, in the turbulent regime. 
AT = the temperature difference between the liquid and the gas; a value 

of 1°C was assumed. 

Other driving forces for liquid motion are possible but contribute negligibly to mass 
transfer. Even at 4 gpm, the effect of inlet flow is likely to be purely local. The assumed 
thermal convective velocity of 0.01 ft/s is equivalent to 4 gpm distributed evenly over a 1.1 ft2 
area. The actual cross-sectional area of a DCRT is substantially larger than this, on the rough 
order of 100 ft2, making inlet flow a trivial influence. Gas generation, which could induce flow 
via bubble formation, has a maximum rate of about 1 ft3/day. If gas is released as rapidly as it is 
generated, which will be true when steady state is achieved in the DCRT, this generation rate of 
1.2 x ft/s. Again, this is a trivial 
influence compared with thermal convection. 

ft3/s converts, over a 100 ft2 area, to a velocity of about 

2.5.1.3 Overall Mass Transfer 

The gas- and liquid-side mass-transfer coefficients calculated for a typical waste (that of 
Tank SX-102) are shown in Table 2.4. Liquid-side mass transfer is consistently the rate-limiting 
process, as is typically the case in mass-transfer between gases and liquids. The effect of non- 
equilibrium mass transfer on the DCRT headspace flammability is described in Section 9.5. 

Table 2.4. Calculated Mass-Transfer Coefficients 

Droplet 
15-ft fall 3-ft fall Convecting liquid 

Species Gas-side Liquid-side Gas-side Liquid-side Gas-side Liquid-side 
(mol/s/m2>/ (mol/s/m2)/ (mol/s/m2)/ (mol/s/m2)/ (mol/s/m2>/ (mol/s/m2)/ 
(Am01/m3) (Am01/m3) (Am01/m3) (Am01/m3) (Arn0Vm3) (Amol/m3) 

N J 3 3  0.098 1.2x 0.067 8.2 x io4 1.5 x 2.0 io-6 
H2 0.20 2.0 10-~ 0.14 13 io4 3.2 10-~ 3.3 io-6 
cH4 0.090 1.3 10” 0.06 1 8.8 x lo4 1.4 10” 2.2 io-6 
N2 0.12 1.1 10-~ 0.08 1 7.7 x io4 1.9 10-~ 1.9x 
Water 0.10 0.070 1 . 6 ~  10-~ 
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2.5.2 Variation in Solubility in the DCRT 

The equilibria in the DCRT depend on the gas solubilities. The uncertainty in the 
Schumpe solubility model has already been discussed (Section 2.2). The release of the low- 
solubility gases in the DCRT is almost completely unaffected by the exact values of their 
solubilities, because essentially all of the dissolved low-solubility gas that enters the DCRT is 
released to the headspace at equilibrium. Thus it makes little difference to the hydrogen and 
methane flammability whether temperature and salt concentration changes occur in the DCRT 
and cause changes in gas solubility. Such changes may affect hydrogen generation rates, 
however, as shown in Section 5. 

Possible variations in the solubility of ammonia might pose a more significant 
flammability concern. The solubility of ammonia is about four times greater at 25°C than it is at 
70°C (Norton and Pederson 1995). Therefore, if the waste self-heats once it enters the DCRT, 
more ammonia would be released than was estimated by the assumption of unchanging 
temperature (Hedengren et al. 1997). However, consideration of the ratio of the heat-transfer 
surface to the heat-generating volume leads to the conclusion that it is unlikely for waste to reach 
a higher temperature in the DCRT than in the source tank. The SSTs for which flammable gas 
concentrations were calculated by Hedengren et al. (1997) contain between 200 and 700 cm (80 
and 280 in.) of waste and are 22.9 m (75 ft) in diameter. The ratio of the total heat transfer area 
of the waste (top, bottom, and tank sides) to the waste volume is between 0.46 and 1.16 m-l in 
these source tanks. In the horizontal DCRTs in the BX, TX, and U farms, the area-to-volume 
ratio is 20 when the tank is 10% full, decreasing to 1.24 m-l when the tank is 80% full. For the 
same fill range, the vertical DCRTs (S farm) range from 33 to 4.9 m-'. 

In addition, the heat capacity is greater for the liquid in the DCRT than for the 
liquidsolid waste in the tank, so more heat is needed to raise its temperature (Mahoney and 
Trent 1995). The waste's self-insulation is also lower in the DCRT because convective heat- 
transfer within the waste is more efficient. All these factors tend to predict lower temperatures in 
the DCRT than in the source tank, as long as the same kinds of cooling mechanisms operate at 
the tank walls and waste surface. Therefore, the present model (like the earlier one) treats the 
waste temperature in the DCRT as being equal to that in the source tank. 

The likelihood that the waste temperature is different in the DCRT than in the source tank 
introduces an as yet unquantified uncertainty into the modeling results. The hydrogen and 
methane flammabilities are not significantly affected by the DCRT temperature, but the 
ammonia vapor pressure decreases by roughly 20% for each 5 "C of temperature decrease. Thus, 
there is potential for significant changes in ammonia flammability as a result of temperature 
changes. An analysis of heat transfer effects will be included in the next revision of this 
document. 

The mixing of wastes from different tanks within DCRTs is a possibility not modeled by 
Hedengren et al. (1997). If high-temperature waste (or a hot water flush) was added to the 
DCRT when it was partially full of low-temperature, high-ammonia waste, the overall 
temperature increase could cause a significant amount of ammonia to evaporate. A less likely 
result of mixing is heat generated by mixing and dilution, or even by chemical reaction. As a 
result of temperature change alone, the contribution of ammonia to the DCRT LFL could 
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potentially increase by a factor of 4. Another possible cause of ammonia evaporation that was 
not modeled by Hedengren et al. (1997) is the addition of higher-salt waste to the tank after it has 
been partly filled with low-salt, high-ammonia waste. The decrease in gas solubility that would 
accompany the salt addition would drive ammonia out of solution. Because the ammonia 
solubility in high-salt wastes, as calculated by the Schumpe model, is about 5% of that in water, 
the potential for evaporation related to salt-concentration increase is high. 

Because ammonia, like other gases, is more soluble in less salty solutions, dilution of 
high-ammonia waste would lower the ammonia partial pressure and reduce its flammability 
contribution. Adding water to waste, therefore, does not create a flammability problem as long 
as the temperature and pH of the diluent are appropriate. 

However, adding highly basic diluent (strong NaOH solutions) to waste with a pH less 
than about 10 could shift the W+/NH3 equilibrium toward volatile N H 3  and cause the evapora- 
tion of what was previously nonvolatile ionized m+. The extent of the equilibrium shift would 
depend on the pH change, which in turn would depend in part on the acidhase buffer capacity of 
the waste. The dissociation constant (&) of ammonia in low-salt solutions is 1.85 x in the 
temperature range of interest (CRC 1975). It follows that at a pH of 10, the NI&+/NH3 ratio is 
about 0.16; the addition of strong base to waste with pH 10 would therefore increase the NH3 
partid pressure by no more than 16%. As pH decreases, the evaporation that could result from 
added base would increase as the inverse of the hydroxide concentration, which can be seen from 
the dissociation relationship: 

(2.27) 

The dissociation behavior of ammonia in high-salt solutions such as tank waste is similar. 

The present DCRT model described in Section 9 therefore includes the capacity to 
calculate the temperature and salt concentration effects of mixing wastes using the Schumpe 
model. The present model does not calculate the effects of self-heating or cooling of the waste 
but treats the mixing of wastes in terms of a heat balance between the two streams. The present 
DCRT model also tracks the effect of pH, using the acid/base dissociation relationship in 
Eq. (2.27). Calculations of flammable gas concentrations in DCRTs and their parametric 
sensitivity are deferred until Section 9 so that other potential mechanisms of gas carryover and 
generation can be discussed first. 
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3.0 Transport of Gas Bubbles into DCRTs 

Release (evaporation) of dissolved gas is the dominant mechanism of gas carryover into 
DCRTs. However, the possibility of carryover of entrained bubbles has been raised. Once 
within the DCRT, any entrained gas might be released into the tank headspace. Hedengren et al. 
(1997) neglected this gas carryover mechanism, citing a memo containing preliminary estimates 
developed by PA Gauglitz (PNNL).‘”’ This section presents these calculations, develops them 
further, and discusses the issue in more detail. Its objectives are first to estimate the entrained 
gas fraction in the liquid transported to the DCRT by salt-well pumping and second to estimate 
what fraction of the entrained gas bubbles are released to the headspace of the DCRT. The con- 
clusion is that entrained gas bubbles are not an issue. 

In this section, the mechanisms of bubble retention are summarized. The subsequent 
sections consider the fate of bubbles grouped in a series of categories that include all retained 
bubbles. For some categories of retained bubbles, the fate of the bubbles is easily determined. 
For the most difficult case of “hitchhiker” (armored) bubbles, a more lengthy discussion is 
needed to determine bubble fate. 

“Hitchhiker” bubbles are hypothetical small bubbles that are carried with the liquid flow 
and are attached to or surrounded by solid particles. That is, they “hitchhike” on suspended par- 
ticles. It is often proposed that these bubbles comprise a significant fraction of the retained gas 
in the tank being pumped and are transported through the waste into the salt well to the DCRT 
with the liquid. There, they somehow detach from their host particle and rise to the surface, 
where they contribute to the flammable gas concentration in the DCRT headspace. This section 
attempts to establish the technical basis for hitchhiker bubbles, quantify the amount of gas they 
are capable of transporting, and establish the hazard they might create in the DCRT. 

3.1 Retention Mechanisms and Categories of Bubbles 

A substantial amount of work has focused on the mechanisms of bubble retention. Re- 
cent laboratory studies on simulated and actual waste samples have provided a framework to 
classify bubble retention mechanisms (Gauglitz et al. 1994a, 1994b, 1995, 1996; Rassat et al. 
1997). Other recent experimental results can also be classified by this framework (Walker et al. 
1994; Bredt et al. 1995; Bredt and Tingey 1996; Rassat and Gauglitz 1995). The principal 
mechanisms of bubble retention can be grouped into three categories: bubbles retained by the 
strength of the waste material, bubbles retained by capillary forces, and bubbles retained by direct 
attachment to particles (armored bubbles). In typical waste configurations, waste strength and 
capillary forces dominate bubble retention. While armored bubbles certainly exist and have been 
studied (Rossen and Kam 1996; Rossen and Das 1995), they are thought to play a minor role in 
the overall retention and release of gas (Johnson et al. 1997; Gauglitz et al. 1996). 

(a) Duke Engineering Services Hanford internal memo, 2N140-RDS-97001. July 7, 1997. R Smith to 
CE Leach. 
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Bubbles retained by capillary forces finger between the waste particles. The movement of 
bubbles through the small pore throats between waste particles is strongly resisted by surface ten- 
sion forces. Bubbles retained by yield strength have displaced the waste particles, but the buoy- 
ant force on the bubble is too small to overcome the material strength, and the bubble cannot rise. 

Where Discussed 

Section 3.2 

Section 3.3 . 

To quantify the transport of retained bubbles, it is useful to classify the bubbles by size 
and consider the fate of each category. Table 3.1 describes three categories of bubbles. Based on 
what we know of bubble retention, typical bubbles are 0.1 to 10 mm in diameter. These bubbles 
are effectively trapped, as discussed in Section 3.2. Very small free bubbles, less than about 
100microns in diameter, quickly disappear by dissolving into the liquid, as discussed in Sec- 
tion 3.3. The main concern is the somewhat neutrally buoyant armored (hitchhiker) bubbles, 
very small bubbles attached to very small particles. Sections 3.4 and 3.5 explain why so little gas 
is associated with these bubbles that the consequences of their transport are insignificant. 

Comments on Bubble Transport 

All typical bubbles are effectively 
trapped by capillary forces or by 
the yield strength of the waste. 
Very small bubbles quickly disap- 
pear due to their high internal 
pressure, so none exist to trans- 

3.2 Trapping of Qpical Bubbles 

During salt-well pumping, the hydraulic gradient is weak and retained bubbles are un- 
likely to be dislodged by the liquid flow. Literature results on the trapping of an analogous non- 
wetting phase, oil droplets, can be used to quantify the force necessary to dislodge “typical” bub- 
bles (0.1 mm to 10 mm). Dullien (1992) summarizes the transport of immiscible fluids in detail, 
including a discussion of the velocity needed to mobilize trapped droplets. The results are pre- 
sented as a dimensionless capillary number that can readily be applied to the mobilization of 
trapped bubbles. Bubbles will remain trapped if the hydraulic force is insufficient to overcome 
the capillary force. This is expressed by the inequality 

Table 3.1. Classification of Bubbles and Their Ability to Transport 

Bubble Category 

Typical bubbles 

Very small bubbles 
(without attached 
particles) 

Hitchhiker bubbles 
(armored bubbles) 

Diameter 
Range 

D.l  mm to 
10 mm 

less than 
0.1 mm 

very small, 
a few tens 
of microns 

Section 3.4 
(max. size for fil- 
tration and ability 
to flow with liquid) 

Section 3.5 
(volume fraction of 
bubbles this small) 

This is the only bubble that can 
possibly be carried to the DCRT. 
However, only a small fraction of 
retained bubbles are hitchhiker 
bubbles that are small enough to 
pass through the pore space within 
the waste. 
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where 
Q = volumetric pumping rate (m3/s - converted from gpm) 
R = radius from the center of the salt-well screen (m) 
H = interstitial liquid level (m), i.e., the height of the liquid in the salt well 
p = liquid viscosity (Pa-s) 
0 = surface tension (N/m). 

Using typical values of 0.08 N/m for surface tension (Norton and Pederson 1994), 20 CP 
for viscosity (Stewart et al. 1996), an interstitial liquid level of 3 m, and a 5 gpm liquid flow, the 
capillary number in Eq. (3.1) is about 3x10" for bubbles at the salt-well screen (15 cm radius). 
This shows that all bubbles, even those immediately adjacent to the salt-well screen, will remain 
trapped at a pumping rate of 5 gpm. 

I 

If the bubbles interconnect to form a continuous gas phase (dendritic bubbles), then the 
gas is no longer trapped as a discrete bubble. However, in this case, Peurmng et al. (1996) have 
shown that the dominant force is upward so gas comprising dendritic bubbles does not enter the 
salt well. 

Even if "typical" bubbles were to enter the salt-well screen, their terminal rise velocity 
would be greater than the downward velocity of the liquid in the salt well. Using Eq. (3.8) in 
Section 3.5 with a 5 gpm flow rate, all bubbles with diameter greater than about 300 microns 
would rise faster than the pump-induced flow. We conclude that typical bubbles are not trans- 
ported into the DCRT. 

3.3 Conditions for the Existence of Very Small Bubbles 

The pressure inside a bubble of any size is always higher than the external pressure be- 
cause of surface tension. The pressure difference due to surface tension in a spherical bubble is 

40 
APG =d (3.2) 

where <T is the surface tension, and d is the bubble diameter. The surface tension pressure in- 
creases rapidly as the diameter decreases. The pressure in a 1-micron bubble is over 3 atm 
higher than the external hydrostatic pressure. 

Whether a free bubble can exist is dictated by basic thermodynamics. If the pressure in 
the bubble exceeds the equilibrium pressure of the dissolved gas in the surrounding liquid, the 
gas inside the bubble diffuses into the liquid to maintain thermodynamic equilibrium. But this 
shrinks the bubble and increases the pressure still further, accelerating diffusion and quickly an- 
nihilating the bubble (Leighton 1994). Only relatively large free bubbles, whose internal pres- 
sure is slightly less than the equilibrium pressure of the dissolved gas, can exist in a steady state. 
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The annihilation process is very rapid. The time required for a small bubble to collapse 
can be predicted from an estimate of the mass flux across the gas-liquid interface. For small 
bubbles, the peak diffusive molar flux can be calculated from the following correlation (McCabe 
and Smith 1976): 

N,, = 2.0+ 0.31Nki3Ng,3 (3.3) 

where 
N, = Shenvood number (ratio of total mass transfer rate to mass diffusion) 
N, = Schmidt number (ratio of momentum diffusion to mass diffusion) 

Nu = Grashof number (ratio of buoyant force to viscous force). 

For bubbles smaller than about 100 microns, the term involving the Schmidt and Grashof num- 
bers is negligible, and the Shenvood number can be set to 2.0. Applying the definition of the 
Shenvood number and the mass transfer coefficient gives the following expression for the molar 
flux of gas out of the bubble: 

where 
j =  

P, = 
D =  
d =  
Ms = 
Y b  

- 
Y, = 

- 

molar flux of gas out of the bubble (moles/m2-s) 
liquid density (kg/m3) 
diffusion coefficient of the gas through the liquid (m'/s) 
bubble diameter (m) 
molecular weight of the gas (kg/mole) 
mole fraction of dissolved gas in the liquid at the bubble surface 
mole fraction of dissolved gas far from the bubble. 

Converting the molar flux to the rate of bubble diametral contraction via the ideal gas law yields 

(Y, - Y1) 
d = 4  PlDRT 

dPM g 
(3.5) 

where 

d = rate of diametral contraction of the bubble ( m / s )  
R = universal gas constant (8314 N-m/kg mol-K) 
T = gastemperature(K) 
P = bubble internal pressure (N/mz), P = 40/d + P, where P, is the local hydrostatic 

pressure. 

The mole fractions of gas in the liquid can be related to an equilibrium gas pressure via Henry's 
Law, which can be expressed (in a somewhat different form than Eq. 2.1) by 
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M P 
y = l K , - -  

p1 Po 

where 
M, = molecular weight of the liquid (kg/mole) 
K, = Henry’s Law coefficient for the gas (mole/m3 liquid-atm) 
Po = pressure conversion factor (101,320 N/mz-atm). 

The pressure corresponding to yh is the bubble internal pressure. The pressure corresponding to 
the background mole fraction, y,, is the local hydrostatic pressure, P,, plus a small increment, 6, 
the small supersaturation necessary for bubbles to exist in the steady state. Substituting Eq. (3.2) 
and (3.6) into Eq. (3.5) gives the final expression for the rate of bubble contraction as 

I--  
d=4 DRTK, M, 40 

(3.7) 

Eq. (3.7) actually gives only the peak initial rate of mass transfer. As gas diffuses into the 
liquid, concentration gradients decrease, reducing the mass transfer rate. However, the internal 
bubble pressure and the corresponding dissolved gas concentration at the interface increase rap- 
idly as the bubble shrinks, which tends to maintain the driving force for mass transfer. This ef- 
fect dominates the model below a few tens of microns. 

Figure 3.1 shows the collapse time as a function of initial diameter obtained by numeri- 
cally integrating Eq. (3.7) for a bubble containing mostly hydrogen and nitrogen. Two cases are 
shown. The first case adjusts the dissolved gas supersaturation pressure, 6, to make the initial 
contraction rate, d , 0 (stable) for a 100-micron bubble. The second case repeats the adjustment 
but for a minimum stable diameter of 1 mm. The values of the parameters used to evaluate the 
equation are listed in Table 3.2. The figure shows that even bubbles approaching a stable di- 
ameter of 100 microns collapse within a few minutes. For either choice of minimum stable di- 
ameter, a 10-micron bubble is annihilated in less than 0.05 seconds, while a 1-micron bubble 
collapses in less than 0.2 milliseconds. 

This analysis shows that free bubbles smaller than a few tens of microns (and possibly a 
few hundred microns within the uncertainty of the model) in diameter cannot exist in the steady 
state. Even if a large number of them were to nucleate at the same time, the collapse time is 
many orders of magnitude shorter than the time required for them to be transported to the salt- 
well screen and into the DCRT. Small free bubbles are simply not a physically plausible consid- 
eration. 

To exist, these small bubbles must be attached to or shielded by solid particles so that 
their effective radius of curvature is much larger than that of a free bubble with the same volume. 
The internal pressure of these so-called armored bubbles must be approximately equal to that of 
larger, stable free bubbles to prevent their collapse and allow them to grow. These bubbles are 
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Parameter 

D 

1 10 100 1000 
Initial Diameter (micron) 

Value Source 
55 kg/mole 

18 kg/mole 

2.6 (lo-'") m2/s 

computed from typical liquid composition from 
SST core samples 
for a gas mixture of 50% %, 30% N, and 20% 
N,O 
D for H, in water, 5.13 (lo-') m2/s, reduced by ra- 
tio of viscosities, 1 cP/20 CP to account for effect 
of dissolved salts 
typical of range for H, and N, computed from 
RGS results in Shekarriz et al. (1997) 

0.06 mole/m3- 
atm 

Figure 3.1. Free Bubble Collapse Time Versus Diameter 

P" 

discussed in Section 3.4. However, the model also shows that even if a small armored bubble is 
somehow transported to the DCRT as a hitchhiker, it does not necessarily contribute to the head- 
space flammability. If the bubble retains its armoring particles, the gas may remain trapped and 
not dissolve into the waste. However, if it is somehow detached from the armoring particles (by 
agitation or dilution), it will collapse almost immediately into the liquid. It could then diffuse 
through the liquid and partition into the DCRT headspace. 

0.08 N/m 
1.5 atm 

from Norton and Pederson (1994) 
represents pressure under several meters of waste 

, Table 3.2. Parameter Values for Bubble Collapse Calculation 
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3.4 Transport of Hitchhiker Bubbles Through the Waste 

Because of strong capillary trapping, reflected in Eq. (3. l), only bubbles smaller than pore 
throats between particles within the waste can be transported by moving fluid. To determine the 
maximum size of a hitchhiker bubble that can transport through the waste, the waste can be ap- 
proximated as a filter medium. If the hitchhiker bubbles are too large, they will be filtered by the 
waste. An established approximation from filtration literature is the “one-seventh” rule (Kahtib 
and Vittal 1989; Abrams 1977; Herzig et al. 1970): particles with a median diameter smaller than 
one-seventh the median pore throat diameter can pass through a filter without internal plugging 
(by bridging). 

Unfortunately, no direct information is available for the pore throat diameter of SST 
wastes. However, the throat diameter can be readily estimated from the particle size of the 
waste. For beds of packed particles, Dullien (1992) shows that the median pore-throat diameter 
is roughly one-third the particle diameter. Accordingly, hitchhiker bubbles must be smaller than 
that, (1/7) (1/3), or about one-twentieth, of the typical particle diameter in the waste. Based on 
visual observations of saltcake waste shown in Gauglitz et al. (1996), a conservative estimate 
(upper bound) for a median waste particle diameter is 200 microns. With this estimate, only . 

hitchhiker bubbles smaller than 10 microns can be transported through the waste without 
being effectively filtered out. 

Though particles smaller than about 10 microns in diameter can theoretically migrate 
through the pore throats between waste particles, buoyancy (or non-buoyancy) may still trap 
hitchhiker bubbles in the matrix. If the terminal velocity of the hitchhiker bubble is less than the 
flow velocity, the flow can move the particle against gravity and can therefore potentially trans- 
port it through the waste to the salt well. The path a particle must follow is not straight. There 
will be a statistically significant fraction of the path that is nearly vertical. A buoyant particle 
whose terminal velocity is higher than the flow speed in a downward segment will be trapped, as 
will a non-buoyant particle in an upward segment. 

At the terminal velocity, the buoyant force is balanced by the drag force. The buoyant 
force on a hitchhiker bubble is equal to the volume of liquid displaced: 

where 
d = effective diameter of the armored bubble (m) 
p, = liquid density (kg/m3) 
p, = solid density (kg/m3) 
a = gas volume fraction of the armored bubble (gas volume/gas + solids volume). 

Assuming the velocity is within the Stokes flow regime (the Reynolds number, Re el) ,  
the drag force is expressed as 
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where C, is the Stokes drag coefficient (C, = 24/Re), and U is the terminal velocity. Equating 
forces, substituting the definition of Reynolds number, and solving for the velocity yields 

(3.10) 

where p is the liquid viscosity (N-s/mZ). 

The flow velocity in the pores during salt-well pumping depends on the radial distance 
from the salt-well screen (-30 cm in diameter), the porosity, and the interstitial liquid level. It 
can be computed as 

Q 
u,w = 27cRH0 

(3.11) 

where 
Q = volumetric pumping rate (m3/s - converted from gpm) 
R = radius from the center of the salt-well screen (m) 
H = interstitial liquid level (m) 
9 = porosity of the waste. 

A particle can theoretically be transported if the terminal velocity in Eq. (3.10) is less 
than the flow velocity from Eq. (3.11). Solving the inequality for the radius from the salt-well 
centerline gives an expression for the region in which the flow is strong enough to transport a 
hitchhiker bubble of a given size and gas fraction. The expression is 

(3.12) 

The maximum radius given by Eq. (3.12) is plotted against the fraction of neutral buoy- 
ancy in Figure 3.2. Eq. (3.12) is symmetric about the neutral buoyancy gas fraction, so the figure 
actually covers the range from 0 a ~ 2 % .  The parameter values used in the plot are listed in 
Table 3.3. The figure shows that, for a pumping rate of 5 gpm, a 20-micron armored bubble can 
theoretically be transported almost all the way from the tank wall no matter how buoyant or non- 
buoyant. Larger bubbles can be transported only from smaller radii where the flow is stronger or 
if they are more nearly neutrally buoyant. 
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Figure 3.2. Maximum Size of Hitchhiker Bubbles 

1 .oo 

However, it has already been shown that armored bubbles must be less than about 10 mi- 
crons in diameter to fit through the waste matrix. Figure 3.2 shows that these small clusters can, 
under a purely hydrodynamic criterion, be transported easily at 5 gpm. Even at 1 gpm flows, 10- 
micron clusters can be transported from all radii if their gas fraction is at least 40% of neutral 
buoyancy. 

Table 3.3. Parameter Values Used in Bubble Transport Calculations 
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3.5 The Fraction of Gas Contained in Small Bubbles 

The previous sections have shown that bubbles can exist that are sufficiently small to mi- 
grate through the waste and into the DCRT. However, they must be armored by solid particles 
so that their effective radius of curvature is approximately the same as the smallest stable free 
bubble (several hundred microns). The flammability hazard created in the DCRT by these small 
bubbles depends on the volume of gas they can contain compared with the larger free bubbles 
that do not enter the salt well. 

’ The gas volume contained in bubbles below a given diameter is conveniently expressed 
by a cumulative bubble volume distribution. The bubble volume distribution is determined by 
the nucleation rate and bubble growth rate. For a significant gas volume to reside within the 
smaller bubbles, the number of larger bubbles must be minimized. A 1-mm-diameter bubble 
contains a million times the gas volume of a 10-micron bubble. 

Conditions in waste tanks to be salt-well pumped tend to favor larger bubble sizes. Bub- 
ble nucleation requires some amount of supersaturation or overpressure of dissolved gas in the 
liquid. After a sufficient number of bubbles have been formed, however, nucleation ceases as 
dissolved gas begins diffusing preferentially into existing bubbles instead of creating new ones 
(Allemann et al. 1991). The required armoring particles on hitchhiker bubbles reduce the surface 
area available for diffusion so that larger free bubbles tend to grow more rapidly. As larger bub- 
bles become available, supersaturation may be reduced to the point that gas begins diffusing out 
of smaller bubbles into the larger ones (Ostwald ripening). The combined effect of these proc- 
esses makes the probability of bubbles sufficiently small to hitchhike relatively low. 

Bubble size distributions have not yet been measured in tank waste, although some visual 
evidence is available. Bubbles as large as a few millimeters can be seen in core sample extru- 
sions (Meyer et al. 1997; Gauglitz and Aiken 1997). An armored bubble of about 50 microns 
was observed in photomicrographs of SY-101 waste (Herting et al. 1992). Gas retention experi- 
ments with actual waste samples (Gauglitz et al. 1996) produce bubbles ranging from -100 mi- 
crons (approximate limit of detectability with the naked eye) to a few millimeters, the latter size 
visually predominant. 

An approximate bubble size distribution can be derived from a simple growth model. 
Conservatively, assume that existing bubbles do not hinder nucleation and that armoring particles 
allow small bubbles to have the same internal pressure as the larger free bubbles so that Ostwald 
ripening does not occur. Also assume that the mole flux of gas (moles of gashnit bubble surface 
aredunit time) across the bubble interface is uniform and constant. With a constant internal pres- 
sure and temperature, this implies a constant and uniform gas volume flux into the bubble. 

Under these assumptions, the rate of increase in volume of an individual bubble, i, is, 
therefore, simply 

dV* 
-= JA, 
dt 
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where J is the volume flux into the bubble (m3/m’) and Ai is the bubble surface area (m’). Substi- 
tuting diameter-based expressions for volume and area (V = 7rd3/6, A = 47rd’) and solving yields 
the following simple linear model for diametral growth: 

di(t) = do + 2J(t - ti,,,) (3.14) 

where do is the equivalent bubble diameter at nucleation (m) and ti,” is time (sec) at which the 
given bubble was nucleated. 

If the nucleation time is a uniform random variable, the diameter of an arbitrarily selected 
bubble is also a uniform random variable. That is, bubbles of all sizes from do to the maximum 
size at a given time are equally likely. 

There is also some support from cluster nucleation theory where the cluster size distribu- 
tion develops a qualitatively uniform character at intermediate times (Gunton et al. 1983). As 
clusters continue to grow, however, the distribution develops a “fat” tail in which a very few of 
the clusters become very large while a large number of the smallest remain. This follows the 
same trend as the Pareto distribution, which has been shown to match the size distribution in 
free-rising bubble swarms in stirred tanks (Stewart et al. 1993). The Pareto probability density 
function is given by 

f (x; e, K) = e [ 1 +$+I) 

The Pareto mean is given by 

, K > 1  
e p,=- 

K -1 

(3.15) 

(3.16) 

With the parameter K = 2, the parameter’0 is equal to the mean. 
The cumulative volume fraction is the fraction of the total gas volume contained in bub- 

bles up to a given diameter. It is computed by integrating the product of the bubble diameter 
probability density and bubble volume from do to dmY: and normalizing by the total volume. 

d I f (x)x dx 
do 

V(d) = 
dmax 

d0 

I f(x)x3dx 

(3.17) 

where f(x) is the probability density. The cumulative volume fraction for a uniform distribution 
(f(x) = constant) increases as the fourth power of the bubble diameter. 
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Figure 3.3 shows the cumulative volume fractions computed using Eq. (3.17) for a uni- 
form size distribution with a maximum diameter of 1 rnm and mean diameter of 500 microns and 
for a Pareto distribution with a mean diameter of 10 microns and a maximum of 1 mm. (The 
mean and maximum bubble diameters cannot be specified here with great accuracy; these values 
reflect our judgement of reasonable bubble sizes. In particular, the Pareto mean diameter of 10 
microns was selected because it reasonably represents a bubble armored with many 1-micron 
particles.) Figure 3.3 shows that although the Pareto distribution classifies 75% of the bubbles as 
smaller than 10 microns in diameter, the entire collection of these small bubbles that could po- 
tentially hitchhike makes up only 5x104 of the volume. About 90% of the gas is contained in 
bubbles larger than 150 microns. The uniform distribution allows a factor of only lo-* of the vol- 
ume for bubbles below 10 microns in diameter, and 90% of the gas is contained in the bubbles 
greater than 550 microns in diameter. This is corroborated by the x-ray analysis of SST core 
samples in which 50-80% of the gas was found to be contained in bubbles larger than 500 mi- 
crons (Mahoney et d. 1997). 

The two fractions of the free gas volume available to hitchhike predicted by the two dis- 
tributions, 5x104 and lo8, differ by four and a half orders of magnitude, leading to similarly large 
differences in the predicted total hitchhiker bubble volume. A typical tank contains on the order 
of 100 SCM of free gas (Mahoney et al. 1997). Applying the Pareto distribution result, if up to 
5x104 of this volume could potentially hitchhike, the total volume would be 0.05 SCM (50 stan- 
dard liters) over the entire course of salt-well pumping. Applying the uniform distribution would 
yield a volume of only SCM (1 mL). 

1 

Figure 3.3. 
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Cumulative Volume Fraction Versus Bubble Diameter 
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Which prediction is correct? There is no guarantee that the Pareto distribution, while ap- 
propriate for free-rising bubble swarms in stirred liquid, is appropriate for gas bubbles trapped 
within solids. The uncertainty in the mean bubble diameter is also large, with a value larger than 
10 microns leading to a smaller volume fraction held in small bubbles. The actual armored bub- 
ble volume in a source tank is probably somewhere between 1 mL and 50 L, but it is difficult to 
narrow this range any further. Instead, let us note that even 50 L of free gas (mostly hydrogen) 
released into a DCRT over the course of pumping an entire source tank would raise the flamma- 
bility of the DCRT by an insignificant degree. Because the larger DCRTs have an operating ca- 
pacity of about 30,000 gallons, each would be filled 15 to 20 times to drain the liquid from a 
million-gallon source tank. Each fill would thus receive 1/15" to 1/20" of the hitchhiker gas, or 
about 3 L. 

When mixed into the DCRT headspace volume of 30,000 L (7,500 gallons), the hydrogen 
concentration would rise by three parts in 30,0000, or 0.01%. Since the LFL for hydrogen is 4%, 
flammability would rise by only 0.25%. 

We conclude that, though there may be a large number of armored bubbles of a transport- 
able size range, the basic physics of bubble nucleation and growth dictate that they make up a 
truly insignificant portion of the total gas volume. Therefore, hitchhiker bubbles do not contrib- 
ute to the flammability hazard in DCRTs. 
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4.0 Gas Adsorption onto Solids 

Gas could also be carried over from a source tank to a DCRT by adsorption onto the 
surfaces of entrained solids. The discussion in this section estimates the relative importance of 
this potential mechanism. There are several unknowns needed for a complete analysis, including 
particle size, the amount of solids carried over, and the equilibrium and kinetic rate constants 
governing the partitioning of gases. However, even a conservative approach, assuming one 
complete monolayer of molecules (including dissolved gases, ions, and water) on particle 
surfaces, shows the mechanism to be an insignificant contributor of flammable gas compared 
with carryover in solution. Moreover, previous laboratory experiments failed to show significant 
sorbed gas on tank waste solids. 

4.1 Background 

Adsorption refers to the binding of liquid, gas, or dissolved species to the surface of a 
solid particle. The attachments may take the form of chemical bonds (chemisorption) or weaker 
intermolecular forces such as van der Waals forces (physisorption). Typically, up to a mono- 
layer of gas may adsorb to a particle’s surface, with the degree of coverage controlled by a set of 
partition coefficients between each species and the solid and the concentration of each species in 
the ambient medium. 

Hedengren et al. (1997) did not consider adsorption as a gas carryover mechanism for 
DCRTs. However, the possibility that flammable gases may be adsorbed to solid particles in 
tank waste has been considered from time to time. For example, the safety assessment for the 
SY-101 mixer pump alludes to a potential change in the amount of “bound,” “unreleasable” gas 
caused by changes in crystal size distribution (Sullivan 1997, p. P-4). The safety assessment 
found no indication that mixer pump operation had caused any changes in “unreleasable” gas. 

Pederson and Bryan (1996) conducted laboratory tests with DST simulants to assess 
whether ammonia sorbed onto tank solids in significant quantities. (While the behavior of SST 
solids cannot be inferred directly from these studies, these are the only experimental data 
available.) Henry’s Law constants were determined as a function of temperature for the 
decantate (no solids) and the complete simulant for mixtures SY 1-SIM-91A (containing sodium 
nitrate, nitrite, aluminate, hydroxide, and carbonate) and SY 1 -SIM-92A (containing components 
of -91A plus transition metal salts and other minor components). Henry’s Law constants are 
calculated on the basis of the quantity of water present in the sample, not on sample volume. 
Thus the addition of an inert solid that does not adsorb ammonia would have no effect on the 
magnitude of the Henry’s Law constant. For SYl-SIM-91A, Henry’s Law constants were 
indistinguishable for the decantate and slurry sample, as shown in Figure 4.1, indicating that any 
ammonia adsorption onto solid surfaces is very small compared with that dissolved in the liquid. 
For SY1-SIM-92A7 the slurry simulant showed a somewhat reduced ammonia solubility, the 
reverse of what was expected if ammonia were adsorbed onto solids. Since the simulant was 
allowed to stand without agitation at room temperature for more than a year before separating the 
decantate, dissolved salt concentrations were probably lower than expected due to the formation 
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Figure4.1. Comparison of Henry's Law Constants for the Decantate and 
Complete Slurry Simulant for SY1-SIM-91A and SY1-SIM-92A 
(no evidence was apparent for large-scale adsorption of ammonia 
onto solid surfaces) (Pederson and Bryan 1996) 

of concentration gradients (Pederson and Bryan 1996). While ammonia sorption onto solid 
surfaces may well occur, the amount adsorbed appears to be too small to measurably alter the 
overall ammonia solubility. 

4.2 Retention and Release of Adsorbed Gas 

To estimate the amount of gas carried over via adsorption, an estimate of the amount of gas 
sorbed to particles in the source tank must be combined with an estimate of the fraction of those 
particles carried over to the DCRT. The analysis below combines some conservative with some 
best-estimate assumptions to yield an upper limit for this estimate, which will be shown to be far 
below the level of concern. However, there are significant unknowns in the analysis, including 
the number of potential monolayers, the relative affinity of the solids for the various species, the 
kinetics of adsorption and desorption, the solid particle size distribution, and the degree to which 
particles are able to pass through the salt-well screen. If the behavior of sorbed gas is different 
from that assumed, the analysis may be inaccurate. 

The total amount of material that could be adsorbed to a solid surface is controlled by the 
number of monolayers (or the degree of complete monolayer coverage) and the site density. 
While, theoretically, more than one monolayer could be present, the fact that tank waste solids 
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are hydrophilic argues for less than a complete monolayer. However, this argument is qualitative 
at best, driving us to assume (conservatively) one complete monolayer of coverage. A typical 
site density would be lOI5 sites/cm2, that is, 10 A2 per adsorbed molecule or ion. 

The resulting quantity of material that could be adsorbed onto the waste solids in the 
source tank depends on the solid particle size and number of particles present. Figure 4.2 shows 
the result, in moles per kilogram of waste, as a function of average particle size. In this case, the 
average would be based on particle surface area, which would tend to favor smaller particles. 
For tank wastes, a surface-area average particle size would be on the order of 1 micron (Herting 
et al. 1992), leading to a predicted 0.02 mol/kg waste of adsorbed material in the source tank. 
The calculation assumes that the particles are solid (i.e., nonporous) and cubic, the average solids 
density is 2.3 &m3, and the waste in the source tank is made up of 50 wt% undissolved solids 
and 40 wt% water. 

The calculation shows that a considerable quantity of adsorbed material may be present 
in the source tank. However, flammable gases must compete for those surface sites with water 
and dissolved salts in the waste liquid. The relative amounts of each component on the particle 
surfaces would depend on the degree to which each is attracted to the solid, with polar materials 
predominating. An exact calculation of the composition of the, adsorbed layer would require a 
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Figure 4.2. Quantity of Material Adsorbed Versus Average Solid Particle Size 
in mol/kg Waste. We assume that molecules adsorb onto solids at 
monolayer coverage, the solid particles are cubic, the average 
solids density of 2.3 g/cm3, and the waste is composed of 50% 
solids and 40% water by weight. 
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set of partition coefficients governing the thermodynamic equilibrium between dissolved and 
adsorbed species. In the absence of such a set of partition coefficients, a rough approximation 
would be to assume that the composition of the adsorbed layer reflects the composition in the 
waste liquid. This approximation should be conservative for flammable gas calculations since 
hydrogen and methane, as nonpolar molecules, should be poorly adsorbed. 

The waste liquids have a water concentration of approximately 55 M and a varying total 
salt concentration in the range of roughly 10-15 M. Liquid-phase ammonia concentrations vary 
from tank to tank but tend to mn in the range of 0.004 to 0.18 molar (see Table 2.2; note 
conversion from pg/mL to mom). Dissolved hydrogen, nitrous oxide, and methane concentra- 
tions also vary but are typically two to three orders of magnitude smaller. Thus the amount of 
adsorbed ammonia would be only 0.004 to 0.3% of the total adsorbed material (e.g., 0.18 M /  
(0.18 M + 15 M + 55 M) = 0.3%), with other adsorbed gases present in even smaller trace 
quantities. Of the estimated total amount of 0.02 moles adsorbed material per kg waste in the 
source tank, only about 6x10-' moVkg would be ammonia (choosing the higher value of 0.2 M 
ammonia). Still, for a million-gallon waste tank and at 22.4 L gas per mole, this would create 
about 10,000 standard liters (10 SCL) of ammonia gas if freed. 

However, this calculation only estimates how much adsorbed gas may be present on the 
solids in the source tank. The vast majority of solids are retained by the salt-well screen, not 
transferred to the DCRT. To calculate the amount of adsorbed gas transferred to the DCRT, one 
must multiply by the fraction of solids that might pass through the screen (neglecting that smaller 
particles with higher surface-area-to-volume ratios may be selectively transferred). No estimates 
are available of the amount of solids that pass the screen. There is evidence of a layer of solids 
on the bottom of only one DCRT, TX,'a' and it is thought that only a few inches of material is 
present that was deliberately transferred as solids from the Plutonium Finishing Plant.@) In the 
absence of a more rigorous estimate, a 1% solids carryover would seem to be a reasonable order- 
of-magnitude approximation. This level would cause some turbidity of the liquid but would not 
significantly alter its specific gravity (which is monitored) or produce large amounts of settled 
material. The resulting amount of ammonia carried over would then be on the order of 
6 ~ 1 0 - ~  moVkg waste in the source tank, or about 100 standard liters of gas. 

4.3 Conclusions 

With this approximation, we see that only on the order of 100 L of ammonia gas might be 
transferred by this mechanism over the course of pumping an entire SST, an amount far 
surpassed by the liberation of dissolved gas. Moreover, this is an upper limit estimate, given that 
monolayer coverage is unlikely to be achieved and that a high ammonia concentration (0.2 M, or 
4000 pg/mL) was assumed. The calculation has not considered the kinetics of release of 
adsorbed gas. If release were slow, that is, if gases were tightly bound and difficult to strip from 
the solids, even less gas would be released before the liquid was transferred out of the DCRT. 
Finally, the calculations are consistent with the laboratory observation that the presence of solids 
did not measurably alter the quantity of ammonia retained in a slurry simulant. 

(a) BX may also have a solids layer. LJ Kripps, personal communication, 11/21/97. 
(b) Westinghouse Hanford Company. 1996. Safety Assessment of Flammable Gas Accidents in Double- 
Contained Receiver Tanks. WHC-SD-WM-SAD-037 Rev. 0 (Draft 9/19/96), p. 4. 
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5.0 Gas Generation in DCRTs 

The preceding sections have discussed mechanisms that transfer flammable gases from 
the source tank to the DCRT with the waste. Waste within a DCRT, however, continues to 
generate flammable gas through radiolysis, thermolysis, and corrosion of the DCRT wall. The 
concentrations of flammable gas mixtures in DCRTs therefore also depend on the generation rate 
of gases of interest. This section discusses the applicability of current gas generation models for 
estimating gas generation rates in DCRTs. 

While flammable gas generation rates in Tanks SY-101 and SY-103 have been 
reasonably well established through laboratory studies and tank behavior observations, there are 
many other tanks for which such rates are not known but are desired. Both Hopkins (1994, 
1995) and Graves (1994) have developed equations to estimate the rate of hydrogen generation 
from tank wastes as a function of temperature and waste composition. Kinetic gas generation 
parameters determined in laboratory tests by Bryan et al. (1996) and Person (1996) using actual 
waste samples were not available when the reports by Hopkins (1994, 1995) and Graves (1994) 
were prepared. Incorporating recently determined kinetic parameters allows us to make 
incremental improvements in the estimates of Hopkins and Graves. 

The thermal and radiolytic calculations summarized by Hu (1997) are based on the 
thermal and radiolytic models first outlined by Hopkins (1994) and Graves (1994), as modified 
by Pederson and Bryan (1996). The flammable gas mixtures in DCRTs reported by Hedengren 
et al. (1997) were calculated using the equations and models summarized by Hu (1997). These 
same equations and models were also used in modeling in this report, as described in Section 9. 

As discussed in the following sections, it is appropriate to use the gas generation 
equations and models summarized by Hu (1997) for predicting the hydrogen gas generation rates 
from DCRTs. There are large uncertainties and differences in tank-to-tank waste components, 
however, and the models use only a few parameters related to waste composition as inputs to 
predict gas generation rates. In the absence of other means to predict gas generation rates in the 
DCRTs, the models used by Hedengren and Hu do represent the best prospect for estimating 
these rates. 

To understand the applicability and limitations of the gas generation model used in 
DCRT modeling, the next three sections provide a chronology of the derivation of the model. 
Section 5.1 briefly summarizes historical hydrogen generation rate models. Sections 5.2 and 5.3 
provide models that incorporate recently determined hydrogen generation rate parameters, which 
are the same models used in DCRT studies, and Section 5.4 compares field measured rates with 
the hydrogen generation rates calculated from the same models used in DCRT modeling. 

5.1 Hydrogen Generation Rate Estimates Proposed by Hopkins, and Graves 

Hopkins (1994) used hydrogen generation rates determined for the waste in Tank SY-101 
as the baseline to estimate hydrogen generation rates for other waste compositions based on their 
total organic carbon (TOC) content, aluminum content, and temperature. Thermal and radiolytic 
contributions to hydrogen generation rates were treated separately. 
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5.1.1 Thermolytic Rates (Hopkins and Graves) 

For the thermally activated component of hydrogen generation, differences in waste 
temperature were accounted for using Eq. (5.1) if a particular waste was cooler than that in Tank 
SY-101 and Eq. (5.2) if the waste was warmer: 

(Tx<47 C) 

where 
rt 

[TOC] = % TOC in the waste 
[All 
T 

= the thermolytic hydrogen generation rate per unit waste; X denotes the waste for 
which the rate is being calculated, SY-101 denotes the rate for Tank 241-SY-101 

= % Al in the waste 
= the absolute temperature (K) of the waste. 

An activation energy of 26 kJ/mol for estimating generation rates for temperatures less 
than that of Tank SY-101, while much smaller than that observed in any laboratory tests with 
either simulated or actual wastes, was selected to provide conservatism (Hopkins 1994). The 

of waste per day (5.76 x moles H2 per 
kilogram of waste per day), assuming a waste density of 1.59 g/cm3. 

base hydrogen generation rate in Tank SY-101 was given by Hopkins as 2.37 x 10 - 4 3  ft H2 per ft3 

mole H2 per liter waste per minute, or 5.27 x 

Graves (1994) selected the baseline hydrogen generation rate reported by Meisel et al. 
(1993) for the simulant “POI” at 90°C. This material has also been identified as simulant SY1- 
SIM-91C in Bryan and Pederson (1994). Containing sodium nitrite, sodium nitrate, sodium 
aluminate, sodium hydroxide, water, and no carbonate, this simulant is virtually identical to the 
one used at the Georgia Institute of Technology, SY1-SIM-91B-NC. The designation “0,  in 
“POI” indicates that the organic components of the simulants were 0.065 M EDTA, 0.65 M 
HEDTA, and 0.10 M sodium citrate (Meisel et al. 1993). Corrections in estimated rates were 
made by Graves (1994) based on the TOC content and the liquid volume fraction of the wastes 
being compared. An Arrhenius expression with an activation energy of 40.9 kJ/mol was used to 
calculate waste behavior at different temperatures, this being the value reported by Meisel et al. 
(1993) for hydrogen generation by glyoxylate. The expression used was 

rt.x = Tt,POI 

where 
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rt 

[TOC] = % TOC in the waste 
CXL 

= the thermolytic hydrogen generation rate per unit waste; X denotes the waste for 
which the rate is being calculated, POI denotes the rate for simulant POI 

= volume percent liquid in the waste (equal to 100% for the simulant). 

The baseline hydrogen generation rate given by Meisel et al. (1993) for the sirnulant POI 
at 60°C is 8.3 x mol/min-L, or 1.0 x lo-' moleskg-d, assuming a density of 1.2 g/crn3. No 
corrections were made for differences in sodium aluminate concentrations, as Hopkins did in 
Eq. (5.1) and (5.2). 

5.1.2 Radiolytic Rates (Hopkins and Graves) 

For the radiolytic portion of hydrogen generation, both Hopkins (1994, 1995) and Graves 
(1994) based their calculations on the form of a relation given in Eq. (5.4) developed by Meisel 
et al. (1991a, 1991b, 1991c, 1993). Meisel et al. (1993) found that the hydrogen yield increased 
approximately linearly with the concentration of C-H and N-H bonds present in the simulant, 
without regard to the identities of specific organic solutes. A relation was developed to estimate 
radiolytic hydrogen generation rates for each organic species: 

(5.4) 

where 
qc -H 

[R] 
c;H2 

= the number of C-H and N-H bonds in a given organic molecule present in 

= the molar concentration of that organic component 
= the radiolytic yield, molecules of hydrogen produced per 100 eV energy 

the wastes 

Hopkins used a radiolytic yield, G(H2) = 0.100 molecules/100 eV, that combines hydro- 
gen produced from the radiolysis of water with that produced by radiolytic reactions involving 
organic solutes. Graves (1994) arrived at a similar yield, G(H2) = 0.0977 molecules/100 eV. 
This yield is nearly double that obtained using Eq. (5.4), assuming all TOC in Tank SY-101 
waste is EDTA. 

5.2 Modified Estimate of Hydrogen Generation 

Pederson and Bryan (1 996) proposed an incremental improvement in expressions given 
by Hopkins (1994, 1995) and Graves (1994) for estimating the rate of hydrogen generation in 
Hanford wastes using kinetic parameters obtained recently in laboratory tests with actual waste 
samples. Bryan et al. (1996) obtained very'good agreement between hydrogen generation rates 
estimated for Tank SY-103 from laboratory measurements and the actual tank observations 
reported by Wilkins (1995). They determined both the thermal and the radiolytic components of 
gas generation from Tank SY-103 wastes. Person (1996) likewise obtained very important 
kinetic parameters for gas generation from Tank SY-101 core composite samples. That study 
emphasized the effect of dilution with sodium hydroxide solution and the effect of oxygen as a 
cover gas on the rate and stoichiometry of gas generation. In consideration of the good 
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statistical basis for kinetic parameters reported by Bryan et al. (1996) and agreement between 
laboratory and tank observations, Tank SY-103 is chosen as the baseline for estimating hydrogen 
generation in other waste tanks. 

5.2.1 Thermolytic Rates (modified) 

The thermal component of hydrogen generation was found by Bryan et al. (1996) to obey 
a simple Arrhenius behavior characterized by an activation energy of 91k9 kJ/mol and a pre- 
exponential factor of 9E08 +- 1E08 molkg waste-day. The activation energy is similar to that 
chosen by Hopkins (1994) of 90 f 45 kJ/mol for wastes maintained at temperatures greater than 
that in Tank SY-101 but with a substantial improvement in measurement uncertainty. In the 
results of Bryan et al. (1996), the indicated uncertainty in the activation energy for thermal 
hydrogen generation reflects a 95% confidence level. 

Delegard (1980), Ashby et al. (1994), Bryan and Pederson (1994), and others have found 
first-order kinetic dependencies of hydrogen generation on hydroxide, aluminate, nitrite, and 
organic solute concentrations in studies with simulated wastes. Using correction factors in gas 
generation estimates for each of these waste components is not appropriate, however, because 
this behavior sometimes holds for only narrow concentration ranges. For example, first-order 
dependence on the nitrite ion concentration holds for concentrations up to approximately 0.5 M; 
for higher concentrations, gas generation rates are nearly independent of the nitrite ion concen- 
tration (Delegard 1980). A significant number of Hanford waste mixtures contain well over 
0.5 M sodium nitrite, so minor differences in nitrite ion concentrations can be ignored. This rule 
holds for all the modeled tank wastes except those from T-104 and T-110, which are unusually 
dilute in all salts including nitrite. 

Person (1996) studied the effect of diluting Tank SY-101 samples with sodium hydroxide 
solutions on the thermal rate of gas generation. The concentration of the diluent was chosen 
such that the sodium hydroxide concentration in the waste sample was insensitive to the extent of 
dilution. Person found that dilution of core composite samples to 65% of their original concen- 
tration of unsaturated components slowed the initial rate of gas generation to 52% of that 
determined for the undiluted sample. Dilution of the soluble organic fraction alone should lower 
the gas generation rate to 65% of that determined for the undiluted sample, as noted by Person. 
If the aluminate concentration and the soluble organic concentration were lowered by this same 
factor (and both show first-order kinetic dependencies), the rate should decrease to (0.65)* = 42% 
of the original from the results of studies with simulated wastes. Similarly, first-order 
dependencies on aluminate, nitrite, and soluble organic concentrations should result in a decrease 
in the gas generation rate to (0.65)3 = 27% of the original value. Dissolution of any nitrite or 
aluminate present as solids in the original waste would decrease the effect of dilution on thermal 
gas generation rates. The results of Person (1996) are most consistent with the hypothesis that 
thermal gas generation reactions show first-order kinetic dependence on two components. 
Delegard (1980) found gas generation rates to be insensitive to the concentration of nitrite ions at 
the concentration of that component found in Tank SY-101. This leaves soluble organic solutes 
and aluminate ions as components on which thermal gas generation rates directly depend, 
consistent with the approach of Hopkins (1994, 1995). 

A modified expression to estimate the thermal component of hydrogen generation from a 
given waste, based on Tank SY-103 behavior, is given in Eq. (5.5): 
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where , 

rt 

[TOC] = % TOC in the waste 
[All = %Alinthewaste 
T 

= the thermolytic hydrogen generation rate per unit waste; X denotes the waste for 
which the rate is being calculated, SY-103 denotes the rate for Tank 241-SY-103 

= the absolute temperature (K) of the waste. 

The baseline rate for thermally activated hydrogen generation from Tank SY-103 is 3.5 x 
lo-’ mol/kg/day at 31.7”C, as given by Bryan et al. (1996). Other parameters are (in wt%) 
TOC=0.74% (convective layer) and AI = 2.8% (Wilkins 1995). All of the TOC in the 
convective layer sample from SY- 103 derived from soluble organic compounds; insoluble 
compounds such as oxalate should be excluded. Eq. (5.5) is identical in form to that originally 
proposed by Hopkins (1994, 1995) but with Tank SY-103 wastes rather than TankSY-101 
wastes used as the baseline. 

Using TOC as a scaling parameter to predict gas generation capacity should be viewed 
with some caution. Baldwin et al. (1994) demonstrated that sensitivity factors vary widely for 
different organic compounds, from 0.1 to 1 depending on the method of analysis used (persulfate 
oxidation or total furnace oxidation). Unfortunately, there is no other measure of the organic 
solute content widely available for Hanford tank wastes. A method that applies vibrational 
spectroscopy to evaluate the concentration of specific organic functional groups is under 
development (Wahl et al. 1996). This approach shows considerable promise as a means to 
.estimate the enthalpy of reaction of a complex mixture of organic solutes without requiring the 
precise identification of each organic component. 

5.2.2 Radiolytic Rates (modified) 

The radiolytic portion of hydrogen generation derives from two principal reactions 
(Meisel et al. 1993): the direct radiolysis of water and abstraction of a hydrogen atom from 
organic solutes by a hydrogen radical. Meisel et al. (1993) determined a G(H2) value for a 
simulated waste (simulant “F’”) in the absence of organics of 0.031 molecules/100 eV. If the 
nitrate ion concentration is maintained at 0.5 M or higher and the nitrite ion concentration is 2 M 
or higher, hydrogen yields from direct water radiolysis are not expected to vary substantially 
from the given value for different waste mixtures. Meisel et al. (1993) developed a correlation 
between hydrogen generation rates by radiolysis and the total C-H and N-H bond density, given 
as Eq. (5.4). Unfortunately, it is difficult to apply that correlation to actual wastes because 
detailed organic compositional information is available for only a small number of tanks. 

Bryan et al. (1996) determined a G(H2) value of 0.14 -L 0.02 molecules/100 eV for the 
convective layer of Tank SY-103. The organic fraction contains principally chelators and 
chelator fragments, with a TOC value in the convective layer of 0.74 wt% (Campbell et al. 
1996). The hydrogen yield due to radiolytic reactions involving organic solutes can be estimated 
by subtracting the G(H2) value for radiolysis of a simulated waste containing no organic solutes 
(0.031 molecules/100 eV) from the total G(H2) value for the waste (0.14 f 0.02 molecule) to 
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give 0.11 molecules of hydrogen per 100 eV. Normalizing to the organic carbon content, the 
radiolytic yield of hydrogen from an organic source is 0.1 U0.74 = 0.15 +- 0.05 molecules of 
hydrogen per 100 eV per gram TOC, assuming a 20% relative uncertainty in the TOC concentra- 
tion. The estimated radiolytic hydrogen yield for a waste, consistent with recent results of Bryan 
et al. (1996) and Eq. (5.5) (Meisel et al. 1993), is thus 

G(H2) = 0.03 1 + 0.15 [TOC] 

The term in Eq. 5.6 associated with radiolytically generating hydrogen in the absence of 
organics (0.031 molecules/100 eV) is valid under waste conditions where the nitrate and nitrite 
concentrations are higher than approximately 0.5 M. Several tanks contain sufficiently low 
nitrate and nitrite concentrations, which could significantly alter, and increase, the G-values for 
hydrogen generation from the baseline value of 0.03 1 molecules/lOOeV. An empirical formula 
(Eq. 5.7) given by Tabata (1991) relates the variability of the G-value for hydrogen production in 
nitrite and nitrate brines. For low nitrite and/or nitrate wastes, the predicted G-value for 
hydrogen production from water radiolysis (no organics) could exceed the baseline value of 
0.031. In these instances, the value 0.031 in Eq. 5.6 should be substituted for G(Hz)nimte,nitrite 
from Eq 5.7. 

where 
[NO;] = molar concentration of nitrite in solution 
[NO<] = molar concentration of nitrate in solution. 

Eq. (5.6) estimates about a factor of 2 more radiolytic production of hydrogen than 
Hopkins (1994) or Graves (1994) for Tank SY-101 for a specified radiation dose rate. Again, we 
caution that TOC is a less than ideal parameter. Baldwin et al. (1994) demonstrated at least a 
factor of 10 variation in sensitivity factors for different organic compounds. Some compounds 
that contribute to TOC have little or no gas generation capacity. But in the absence of a better 
global characterization of the organic content of a given waste, TOC is used. 

5.3 Rate of Generation by Corrosion 

As well as the thermolytic and radiolytic hydrogen generation rates discussed in Sec- 
tion 5.2, Hu’s total hydrogen generation estimate also included a factor for tank wall corrosion 
that assumes a corrosion rate of 0.1 miVyr and a stoichiometry of 1 mole of hydrogen generated 
per mole of iron corrosion (Hu 1997). Although the established corrosion allowance for these 
tanks is 1 miVyr, corrosion rates measured in simulated Hanford wastes under thermal and 
irradiated conditions show steel corrosion rates on the order of 0.01 miVyr (Strachan 1994). The 
low corrosion rates were measured under conditions of high pH (>13) where the mild steel is 
expected to be passivated (Porbaix 1974). Even under the reduced pH conditions of some SSTs 
(as low as 9.3,  the mild steel is expected to remain passive (Wodrich et al. 1992). Under 
conditions of neutral or acidic pH - a condition not expected in Hanford wastesthe mild steel 
is expected to be strongly corroded, and expected corrosion rates would be much higher than the 
allowance of 1 miVyr (Pourbaix 1974; Elmore 1997). For Hanford wastes with adequately high 
pH control, Hu’s assumption for corrosion rates is appropriately conservative. 
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5.4 Comparison of Calculated Hydrogen Release Rates at Steady- State 
and Field-Measured Values for Hanford Wastes 

This section compares the calculated hydrogen release rates at steady state from models 
used by Hu and Hedengren with field-measured values from Wilkins et al. (1997a). As 
discussed in detail in this section, the gas generation model used by Hedengren and Hu predicts 
gas generation within a factor of 2 or better for DST wastes. When used to predict SST wastes, 
which are of concern for DCRT operations, the model consistently overpredicts hydrogen gas 
generation. The model used for predicting the hydrogen gas generation rates from DCRTs is 
used appropriately. It should be noted that there is great uncertainty and difference in tank-to- 
tank waste components, and the models use only few parameters related to waste composition as 
inputs to predict gas generation rates. However, in the absence of any other means to predict gas 
generation rates in the DCRTs, the models used by Hedengren and Hu do represent the best 
prospect for estimating these rates. 

The thermal and radiolytic calculations summarized by Hu (1997) and used in DCRT 
modeling are based on the thermal and radiolytic models first outlined by Hopkins (1994) and 
Graves (1994), as modified by Pederson and Bryan (1996). The flammable gas mixtures in 
DCRTs reported by Hedengren et al. (1997), and re-estimated in Section 9 of this report, were 
calculated using the equations and models summarized by Hu (1997). 

Using the thermal, radiolytic, and corrosion models outlined above, Hu calculated the 
steady-state hydrogen gas generation rates for seven Hanford DSTs and compared these values 
with field measurement data available for these tanks (Wilkins et al. 1997a). The comparisons 
between model and field data were made for Tanks AN-103, AN-104, AN-105, AW-101, AY- 
102, SY-101, and SY-103. The results of this comparison are shown in Table 5.1. 

The gas generation rates determined by the model overestimate the amount of hydrogen 
gas generated for all waste types in Table 5.1 except for AW-101. For AW-101, the ratio of the 
predicted versus the field data was 0.74, which represents an underestimate of 26% by the model. 
When evaluating the ability of the model to predict measured hydrogen generation rates, the 
measured H2/N20 product ratio (shown in Table 5.1) in the headspaces of these tanks provides 
some insight into the conservatism of the model. For most tanks, the headspace H2/N20 ratio 
ranges from approximately 1 to 15. For the tanks with a hydrogen-to-nitrous oxide ratio in this 
range, the model is accurate and slightly overpredicts hydrogen. For AW-101, the H2/N20 ratio 
is approximately 33, much higher than for the other tanks. We believe the inability of the model 
to predict the hydrogen generation rate for AW-101 is related to the unusually high H2/N20 ratio. 

Figure 5.1 shows a comparison of predicted and measured hydrogen generation rates 
from Table 5.1 as a function of the headspace H2/N20 ratio. The data are grouped by waste type: 
the complexant concentrate (CC) wastes (SY-101 and SY-103) are in one group, the double-shell 
slurry feed (DSSF) and double-shell slurry wastes (AN-103, AN-104, AN-105, and AW-101) 
compose a second group. The trend in the data suggests that the higher the H2M20 ratio, the less 
the model tends to overpredict the hydrogen generation from the waste. For AW-101 waste 
(H2/N20 -33), the model underpredicts hydrogen generation. 
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Tank ID 

24 1 -AN- 103 
24 1 -AN- 104 
24 1 -AN- 105 
241-AW- 101 
24 1 -AY- 102 
24 1 -SY - 1 0 1 
24 1 -SY- 103 

The reason for the relatively high Hz/NzO ratio observed in AW-101 relative to other 
tanks is not known but is of interest. The presence of molecular oxygen has been found to have a 
marked effect on the distribution of gaseous products formed in thermally activated reactions 
involving HEDTA (Barefield et al. 1995, 1996). Yields of hydrogen were significantly enhanced 
in the presence of an oxygen-containing cover gas, while yields of nitrogen-containing gaseous 
products (nitrous oxide, nitrogen, and ammonia) were reduced. Camaioni et al. (1995, 1996) 
observed similar trends in aging studies dominated by radiolytic reactions. While the mechanism 
responsible for this behavior is not well understood, it is expected that oxygen reacts with active 

Total H2 Total HZ Ratio of H2 
generation rate generation rate generation rate 
using field data using model between model H2/N20 ratio 

4.28E-3 5.05E-3 1.18 15 
4.35E-3 5.9E-3 1.36 7 
5.06E-3 7.4E-3 1.46 6.9 
5.8E-3 4.3E-3 0.74 33 

1.05E-2 1.78E-2 1.70 - 
2.9E-2 3.65E-2 1.25 1.48 

5.1 1E-3 5.9E-3 1.15 2.5 
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Figure 5.1. Comparison of HydrogedNitrous Oxide Product Ratios to Model 
(predicted)/Field Data Hydrogen Ratios for DSTs 
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nitrogen oxide radicals that otherwise would eventually form nitrogen-containing gases (Meisel 
et al. 1993; Camaioni et al. 1995, 1996; Barefield et al. 1996). Thus, oxygen reactions could be 
related to the correlation between the H2/N20 ratio and the hydrogen generation rate shown in 
Figure 5.1. 

Including oxygen in the cover gas of laboratory tests led to an increase in the overall rate 
of gas generation (Person 1996). Hydrogen production was significantly increased and oxygen 
was consumed, while nitrous oxide and nitrogen yields remained essentially unchanged. Studies 
with simulated wastes conducted by Barefield et al. (1996), Camaioni et al. (1995, 1996), and 
Meisel et al. (1993) found that oxygen enhanced hydrogen production but depressed the 
formation of nitrogen-containing gases. Long diffusion times preclude atmospheric oxygen from 
being an effective source in most waste tanks. However, oxygen will be produced radiolytically 
in low concentrations, as described by Meisel et al. (1993). Oxygen will probably be rapidly 
consumed by reaction with organic solutes in tanks such as 101-SY and SY-103, but it may build 
up in tanks containing low concentrations of reactive organic solutes or in relatively cool wastes. 

Field data for SSTs have been compared with gas generation rates predicted from the 
model summarized in Hu (1997). These values are summarized in Table 5.2. As can be seen 
from this table, the model overpredicts the amount of hydrogen generation in all cases except U- 
105. The overprediction is not unexpected, since the model is based on waste types (DST CC 
waste) containing relatively active organic complexants compared with the waste types in the 
SSTs. The relative oxalate concentration of CC waste in SY-103 is less than 10% TOC; the 
balance is reactive chelators and chelator fragments. In contrast, the relative fraction of TOC in 
many SSTs is much higher than 50% oxalate (Carlson 1997), indicating that less than half the 
TOC in SSTs is available for hydrogen-producing reactions. 

Table 5.1 includes the hydrogednitrous oxide gas product ratios measured in the 
headspaces of these tanks. As with the DSTs above, Figure 5.2 shows a comparison of predicted 
and measured hydrogen generation rates from SST data in Table 5.2 as a function of the H2/N20 
ratio. Broadly speaking, the conservatism in the hydrogen generation model increases (with 
considerable scatter) as the Hz/N20 ratio increases, the opposite of the trend seen in DSTs. In 
this figure, the data do not group according to waste type (noncomplexed [NCPLX] versus 
DSSF). However, there is an apparent grouping depending on the Hanford Tank Cluster 
Designation value (HTCE) as described by Remund et al. (1995). This grouping may provide 
some insight into the uncertainty that variations in waste composition introduce into hydrogen 
generation rate predictions. 

The measured hydrogen generation rates from waste types described in Remund et al. 
(1995) from HTCE group #13 correlate very well with' calculated hydrogen generation rates. 
The ratio of predicted to measured hydrogen generation rates varied from 0.75 to 2 for all the 
wastes within HTCE group #13, an agreement which is surprisingly good given the basic 
differences among the waste types in the SSTs for which the hydrogen rates were predicted and 
the DSTs from which the hydrogen generation models were derived. The HTCE #13 group has, 
as their primary and secondary waste types, either saltcake from the S1 evaporator campaign or 
salt slurry from the S2 evaporator campaign. Tank U-105 contains the only waste for which the 
predicted hydrogen generation rate is less than the measured; it also has the second-lowest 
headspace H2/N20 ratio. 
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Table 5.2. Comparison of Model and Field Data Hydrogen Generation Rates for SSTs 

Model In-Tank 
prediction of measurement 

hydrogen of hydrogen 
generation generation") 

TankID ( m3/day) ( m3/day) 
S-102 0.077 0.066 
S-111 0.045 0.009 
S-112 0.106 0.004 

I I 

U-103 10.148 lO.118 
U-105 0.133 0.178 
U-107 0.058 0.052 
u-108 11 10.068 

(a) Willcins 1997. 
(b) Pederson and Bryan 1996. 
IC) Remund et al. 1995. 
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Figure 5.2. Comparison of HydrogenNitrous Oxide Product Ratios to Model 
(predicted)/Field Data Ratios for SSTs 

5.10 



The measured hydrogen generation rates from waste types described in Remund et al. 
(1995) from HTCE group #20 show a very poor correlation to calculated hydrogen generation 
rates. The ratio of predicted-to-measured hydrogen generation rates varies from 5 to 26.7 for all 
the wastes within that group. The HTCE group #20 has as its primary waste source saltcake 
from the S1 evaporator campaign. Its secondary waste source varies but most commonly 
originates from REDOX (1952-1958) or aluminum cladding REDOX waste (1961-1967). 
Because the gas generation models were based on DST complex concentrate wastes, high in 
organic carbon and rich in chelator and chelator fragments, it is not surprising that the 
predictions for hydrogen generation rates tend to be biased high. 

5.5 Summary 

The model for thermal and radiolytic gas generation summarized by Hu (1997) and used 
by Hedengren et al. (1997) has predictive capabilities within a factor of 2 or better, and except 
for Tank AW-101 (discussed above), the model always overpredicts hydrogen generation rates in 
DSTs. When used to predict SST wastes, which are of concern for DCRT operations, the model 
also consistently overpredicts. We conclude that the model is used appropriately for predicting 
the hydrogen gas generation rates from DCRTs. There is great uncertainty and difference in 
tank-to-tank waste components, and the models use only few parameters related to waste 
composition as inputs to predict gas generation rates. However, in the absence of any other 
means to predict gas generation rates in the DCRTs, the models used by Hedengren and Hu do 
represent the best prospect for estimating these rates. 

Hu’s total hydrogen generation estimate also included a factor for tank wall corrosion 
that assumes a corrosion rate of 0.1 miVyr, compared to the established corrosion allowance for 
these tanks of 1 miVyr and corrosion rates measured in high-pH simulants on the order of 
0.01 miVyr. For Hanford wastes with adequately high pH control, Hu’s assumption for corrosion 
rates overestimates hydrogen generation from this source. 
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6.0 Gas Retention in a Nonconvective Layer 

Flammable gas that is generated by radiolysis and chemical reactions can accumulate in a 
nonconvective solid-liquid matrix that forms as solid particles settle out of or precipitate from a 
waste slurry. If sufficient gas is retained to make the nonconvective layer buoyant, a buoyant 
displacement instability may occur that can release a large fraction of the retained gas into the 
tank's headspace. Even if the nonconvective layer does not become buoyant, its retained gas will 
be released if the waste matrix is disrupted. In any case, the potential for formation of a 
nonconvective layer and the consequences of gas retention and release therefrom must be 
considered in assessing the flammable gas hazard in DCRTs. The factors discussed in this 
section show that, although there is a potential for significant gas retention and release, the LFL 
is not likely to be exceeded and the time required to form the nonconvective layer and 
accumulate gas is so long that it is a concern only in very abnormal DCRT operations. 

6.1 Formation of a Nonconvective Layer in a DCRT 

The system is designed to avoid transferring solids sufficiently large to settle out in the 
DCRT during normal salt-well pumping operations. Solid particles sufficiently small to flow 
with the liquid would remain suspended. On the way to the DCRT, a solid particle must be 
sufficiently small to migrate through the pore structure in the waste, through the salt-well screen, 
and be entrained by the pump. Only particles with a diameter less than about 10 microns satisfy 
these criteria (see the discussion in Section 3). A 10-micron particle requires on the order of a 
month to settle through 3 meters of liquid. The settling time for a 1-micron particle, which are 
the most numerous in wastes in which size distributions have been measured (see Herting et al. 
1992, for example), is on the order of one year. 

Given that essentially no solids that can settle are transferred in, a significant nonconvec- 
tive solids layer can form in a DCRT only by precipitating from the liquid when solubility is 
reduced. The most likely cause of a reduction of solubility in a DCRT is cooling of the liquid 
transferred from a warmer tank. This process would primarily precipitate sodium salts. 

Precipitation due to cooling is clearly evident in some core samples. Segments from the 
lower liquid layer of A-101 contained 8-17 cm of solids when extruded in the hot cell (Field et 
al. 1997). This large amount of solid material is attributed to precipitation since the uniform 
temperature profile, the absence of gas found in RGS samples, or the x-ray images taken 
immediately after the samples were removed from the tank indicate the material was 'a liquid in 
situ (Shekarriz et al. 1997). The temperature of A-101 liquid samples decreased from 60°C in the 
tank to about 38°C in the hot cell, a 22°C difference. This caused 50-130 grams of solids to form 
in the sampler, with a bulk density of 1750 kg/m3 measured in the hot cell. Assuming complete 
sample recovery of a 3 10 mL sampler volume (consistent with x-rays), the solids volume fraction 
averages about 0.18. This implies that, if either an S- or BX-type DCRT were filled to operating 
capacity with liquid from the lower layer in A-101 and allowed to cool as much as the sample did 
in the hot cell, a nonconvective solids layer 0.75 to 0.8 m deep would precipitate. 
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Though this depth of nonconvective material is significant, a very long time is required 
for the waste to cool enough to precipitate it. If the specific heat of the waste is 3000 Jkg-K,'"' if 
ventilation air flows around the exterior of the tank at 2.8 m3/min (100 cfm), and if the 
ventilation air temperature is assumed to rise 10°C from inlet to exhaust, it would take 118 days 
for the S DCRT and 172 days for a BX-type DCRT to cool to 38°C. This is far longer than the 
liquid would be allowed to remain in .the DCRT in normal practice. Such cooling, with its 
attendant solids precipitation, would be of concern only in an off-normal event where waste 
could not be transferred out of the tank for an extended period. 

Solubility may also be reduced due to pH changes or chemical reactions when waste 
streams are mixed. This process could precipitate aluminum hydroxide as a colloidal gel upon 
mixing, without the long time delay associated with cooling described above. Gel formation is a 
complex, somewhat controversial issue, and a full discussion is beyond the scope of this 
document. Suffice it to say that, while not completely quantifiable and not very probable, the 
formation of a significant nonconvective layer in a DCRT cannot be ruled out. 

Therefore, we shall investigate gas retention and release in DCRTs as a parametric study, 
varying the nonconvective layer depth over the full operating depth of the tanks rather than 
attempting to determine a specific depth of precipitated solids. By doing this, all possibilities are 
covered. However, the analyses to follow will show that there is a relatively narrow range of 
layer depths for which a large, sudden gas release is possible, and even the largest of these do not 
cause the tank headspace to exceed the LFL. Also, such a release would require on the order of a 
year for sufficient gas to accumulate and thus would be of concern only in an off-normal event 
where waste remained the tank for an extended period. 

6.2 Potential for Gas Release from a DCRT Nonconvective Layer 

There are three questions to be answered in assessing the potential for gas release in 
waste configured as a nonconvective layer under a relatively deep layer of supernatant liquid 
(Johnson et al. 1997): 1) Can the waste retain sufficient gas to become buoyant? 2) If so, is the 
energy released during the buoyant displacement (rollover) sufficient to allow a significant gas 
release? and 3) If so, is a sufficiently large volume of gas released to make the tank headspace 
flammable? The following sections will treat each of these aspects in sequence. 

6.2.1 Potential for Buoyant Displacement Event 

A region of nonconvective waste becomes buoyant if gas accumulation causes its average 
density to become less than that of the supernatant liquid above it. At this point, the average gas 
fraction in the waste is equal to the gas fraction for neutral buoyancy, which is determined by the 
ratio of densities of the convective and nonconvective layer. The steady state gas fraction profile 
can be predicted as a function of nonconvective layer depth, densities, gas generation rate, and 

(a) Calculation by LA Mahoney, PNNL. Personal communication, November 1997. 
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temperature."' If the integral of the predicted steady state gas fraction profile exceeds the neutral 
buoyancy gas fraction, a buoyant displacement will have occurred before steady state is achieved. 

The steady state void profile is predicted based on a balance between 

Gas release, which occurs solely by slow bubble migration that qualitatively obeys Stokes 
Law (see Eq. [6.4] below). 
The waste viscosity (determining bubble rise velocity), which increases linearly with 
waste depth from zero at the top of the nonconvective layer and the rate of increase 
(slope) is the same for all tanks. 
The steady-state void profile, which is a reasonable approximation of the actual void 
profile at the time the layer becomes buoyant, if it does so. 

. 

The second assumption is based on ball rheometer measurements on the five DSTs that are 
known to experience buoyant displacements (Meyer et al. 1997). 

The model is described by gas mass and bubble number continuity along with equations 
for the bubble rise velocity and the gas state. The gas mass continuity equation is 

where m is the number of moles of gas per unit volume (mol/m3), u is the bubble ve ocity 
(mlday), and G is the volumetric gas generation rate (mol/m3-day). The bubble number 
continuity equation is 

where n is the number of bubbles per unit volume (#/m') and N is the volumetric bubble 
nucleation rate (#/m3-day). The ideal gas equation of state is expressed as: 

where p is the pressure (Pa), VB is the average bubble volume, R is the gas constant (8314 Jkg- 
K), and T is the temperature (K). The bubble velocity, u, is computed by a modified version of 
Stokes law as follows: 

(a) This model was developed for the Gas Release Event Safety Analysis Stage I1 Expert Panel 
Elicitation Workshop #2, February 9-13, 1998, in Richland, Washington. The model is used in the 
analysis framework to determine whether a DST will have buoyant displacements and provides the 
steady-state void fraction in tanks that do not. A full derivation of the model will be published in PNNL- 
11536 Rev. 2 in August 1998. 
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where ps is the nonconvective layer density and p is the viscosity. 

Assuming the nucleation rate and gas generation rates are uniform, and neglecting spatial 
variation of pressure and temperature (which have been shown to have a negligible effect), the 
solutions of Eq. (6.1) through (6.4) yield the following equation for the void fraction profile: 

where q = z/H, H is the nonconvective layer height, and a,, and VO are the initial gas fraction and 
bubble volume, respectively, at z = 0. 

There are two important limiting cases of Eq. (6.5). The first assumes a uniform 
nucleation 
expression 

rate and a zero initial void fraction. This simplification results in the following 
for the void profile: 

Where the nucleation rate is contained in the leading constant. The other limiting case is formed 
by setting the nucleation rate to zero, assuming all bubbles to enter at the lower boundary and 
grow due to gas generation as they rise. This case is expressed by 

where the initial void fraction is contained in the leading coefficient. This case is probably more 
physical than the former because nucleation is suppressed by the presence of existing bubbles. 
Since it also provides somewhat more conservative predictions, Eq. (6.7) is chosen for 
application to DCRTs. 

The leading coefficient, C, in Eq. (6.7) is adjusted so that the most stable of the six DSTs 
in which sudden large gas releases have been observed is predicted to be only just buoyant in the 
steady state (i.e., a buoyant displacement is just possible) by Eq. (6.7). This done, the model 

predicts that, with the possible exception of AN-107, the remaining 20 DSTs do not have 
buoyant displacement gas releases. 

(a) The marginal result for AN-107 may be the result of either an artificially high gas generation rate 
predicted as a result of its high TOC or because of a low neutral buoyancy void fraction resulting from 
uncertainty in the nonconvective layer density. 
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A model developed and calibrated for the DSTs is conceptually a good representation for 
any nonconvective layer that might form in a DCRT. Both wastes form by settling of solids 
precipitated from salt solution pumped from SSTs and both have considerable supernatant liquid. 
Except for scale, the waste configuration is almost identical. 

The average void fraction depends on the nonconvective layer depth and gas generation 
rate. If the gas generation rate is high, buoyancy can occur in a relatively thin nonconvective 
layer. This is illustrated in Figure 6.1 where the ratio of average void fraction to neutral 
buoyancy void fraction is plotted against nonconvective layer depth for three gas generation 
rates. The waste is essentially buoyant at a void ratio of 1.0. The lowest gas generation rate 
represents SSTs that would feed the BX DCRT, the middle rate is typical of tanks that would 
feed the S-DCRT, and the highest is approximately that of SY-101, which shows the highest gas 
generation rate in Hanford tanks. 

The figure shows that buoyancy can be achieved in nonconvective layers deeper than 
-0.75 m with representative gas generation rates. The BX DCRT is reported to contain a heel 
layer less than 0.6 m deep based on the known height of the lowest dip tube.'=' This analysis 
clearly indicates that large buoyant displacement gas releases from this shallow layer are not of 
concern unless the gas generation rate is shown to be extremely high. 
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Figure 6.1. Void Ratio Versus Nonconvective Layer Depth 

(a) Randy Powers, LMHC, personal communication December 1998. 
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6.2.2 Potential for Gas Release by Buoyant Displacement 

Even if the nonconvective layer becomes buoyant, the resulting instability must release 
sufficient energy to yield the material and release the retained gas. This requires a relatively 
deep layer of supernatant liquid. The ratio of buoyant energy released to energy required to yield 
the layer is given in Meyer et al. (1997). Assuming that the gas fraction at the initiation of the 
instability is equal to the neutral buoyancy value, the ratio is expressed as 

where 
E, = 
E, = 
%= 
P L  - 
g =  
H =  

EY - 
% - 
PA = 

- 
- 

buoyant energy released (J) 
energy required to yield the nonconvective waste (J) 
gas fraction at neutral buoyancy 
density of the supernatant liquid (kg/m3) 
acceleration of gravity (m/s ' )  
depth of the supernatant liquid (m) 
strain at complete yield (assumed equal to 1 .O) 
average yield stress (Pa) 
atmospheric pressure (101,320 Pa) 

and the parameter y is given by 

The average yield stress can be estimated based on the observation from DST in situ 
rheology data (Meyer et al. 1997), that the yield stress increases linearly from zero at the top of 
the nonconvective layer with a slope of 1 Pdcm. We also assume that the waste is completely 
yielded such that gas is released at 100% strain. 

Based on the experimental evidence and the behavior of the DSTs that have large, sudden 
gas releases, the energy ratio must exceed 5 to allow a significant gas release. The energy ratio 
computed with Eq. (6.8) for a horizontal DCRT filled to operating capacity (2.74 m) exceeds 5,  
indicating gas releases can occur, for nonconvective layer depths up to 1.1 m for = 0.1 and 

1.3 m for = 0.15.'a' Vertical S DCRTs at operating capacity (3.74 m) have sufficient energy 
to release gas with nonconvective layer depths up to 1.7 m and 2.0 m, respectively. At greater 
depths, the energy ratio falls below 5.0 and there is insufficient buoyant potential energy to yield 
the material and release the gas. 

The relationship of the nonconvective layer depth required for buoyancy at a given gas 
generation rate and the requirement for sufficient buoyant energy to release gas are combined to 

(a) A neutral buoyancy gas fraction of 0.10 is typical of the currently burping DSTs. The higher 0.15 
gas fraction would represent a somewhat more. dilute supernatant liquid. 
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provide criteria for potential gas release in Figure 6.2. Each type of DCRT is represented by 
envelopes of gas generation rate and nonconvective layer depth, for neutral buoyancy gas 
fractions of 0.1 and 0.15, where a buoyant displacement gas release can occur. The range of gas 
generation rates anticipated for BX, S, TX and U DCRTs is shown along the left side (Hedengren 
et al. 1997). The maximum gas generation rate (for SY-101) is indicated at the top. 

Below and to the left of a tank’s buoyant displacement envelope, the gas fraction is 
insufficient for the waste to become buoyant. To the right of the envelope there is insufficient 
buoyant energy to cause a gas release. Therefore, only the range of nonconvective layer depths 
between approximately 0.5 and 1.5 m in the horizontal DCRTs and between about 0.5 and 2.0 m 
in the vertical DCRTs may have the potential for buoyant displacement gas releases, depending 
on the gas generation rate. Also note that the gas generation rates expected in the BX and TX 
DCRTs fall below the BX envelope, and buoyant displacement is not a concern in these tanks 
regardless of nonconvective layer depth. Buoyant displacements apparently are possible only in 
the S and U DCRTs. 

6.2.3 Gas Release Volume 

The volume of gas released is determined by the average gas fraction of the nonconvec- 
tive layer at neutral buoyancy, the volume of the “gob” that rises, and the fraction of its retained 
gas that the gob releases. In a buoyant displacement, the size of the “gob” of nonconvective 
layer that actually participates is limited by the geometry of the tank. Models developed to 
predict the gob size in DSTs are not applicable to the smaller DCRTs, especially the horizontal 
cylinder design. Physically, no more than about half of the waste can rise in any one event, since 

0.5 3 .O 3.5 0.0 1 .o 1.5 2.0 2.5 

Nonconvective Layer Depth (m) 

Figure 6.2. Envelope of Potential Buoyant Displacement Gas Release in DCRTs 
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the rising portion must be replaced by liquid descending. Experimental evidence suggests that 
the maximum gob diameter should be no more than 2-3 times the nonconvective layer depth 
(Meyer et al. 1997). We shall somewhat conservatively assume that the nonconvective layer is 
made up of two gobs in vertical cylinder S DCRT and three gobs in the BX-type horizontal 
cylinder DCRTs. 

Not all the gas stored in the gob is released. A useful theory (Sullivan 1994; Meyer et al. 
1997) states that a gob releases only the amount of gas necessary to bring it back to neutral 
buoyancy at 1 atm. With this assumption the release fraction is computed as 

P A  f, =1-- 
PNCL 

(6.9) 

where pNcL is the average pressure of the retained gas in the nonconvective layer. The higher the 
pressure is, the higher the release fraction is. 

Given the volume fraction, pressure, release fraction and gob size, the maximum gas 
release resulting from a buoyant displacement can be computed from the following: 

(6.10) 

where NGoB is the number of gobs in the nonconvective layer and V, is the total volume of the 
nonconvective layer. 

The maximum gas release volume occurs at the maximum nonconvective layer depth for 
a given void fraction. This condition is represented by the lowest point on the buoyant displace- 
ment envelopes depicted in Figure 6.2. The maximum buoyant displacement gas releases 
predicted by Eq. (6.10) in either type of DCRT do not make the headspace flammable, but all 
cases exceed 25% of the LFL. 

For the S-type DCRTs, Eq. (6.10) predicts a release of 0.6 and 1.0 m3 for neutral 
buoyancy gas fractions of 0.1 and 0.15, respectively. Assuming 80% hydrogen in the release 
gas, this brings the headspace to -30% and 50% of the LFL, respectively. A BX-type DCRT has 
maximum gas releases of 0.3 and 0.6 m’, which brings the headspace to -30% and 50% of the 
LFL, respectively. This calculation is summarized in Table 6.1. 

As with the formation of the nonconvective layer in the first place, accumulation of 
sufficient gas to cause a buoyant displacement requires a long time. Assuming a gas generation 
rate equal to that of SY-101, it takes 143 days to reach the neutral buoyancy at a gas fraction of 
0.10 and 214 days at a void fraction of 0.15. This gas generation rate exceeds that expected in all 
of the SSTs that might affect a DCRT (Hedengren et al. 1997). At generation rates more typical 
of the waste expected to pass through DCRTs, one-fourth to one-third that of SY-101, the time 
approaches two years. We conclude that buoyant displacement gas release in a DCRT is not a 
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Table 6.1. Gas Release from a DCRT Nonconvective Layer 

Parameter S (vertical) DCRT BX (horizontal) DCRT 
Diameter (m) 4.57 3.66 
Height or length (m) 4.72 10.67 

Operating depth (m) 3.74 2.74 
Headspace volume (m’) 41.2 22.4 

Neutral Buoyancy 0.10 0.15 0.10 0.15 
NCL depth (m) 1.70 2.0 1.10 1.33 
CL depth (m) 2.04 1.75 1.64 1.41 
Pressure (atm) 1.42 1.41 1.32 1.31 
Release fraction 0.30 0.29 0.24 0.24 
Gas release (m’ at 1 atm) 0.58 1 .o 0.30 0.57 
% LFL (@ 80% hydrogen) 28 49 27 50 

No. of gobs 2 3 

concern for normal operations but must be considered in off-normal situations where a tank is 
left full for an extended length of time. Even if they should occur, buoyant displacement gas 
releases would not be expected to exceed the LFL. 

6.3 Conclusions 

Based on core sample analysis of A-101 waste, a significant nonconvective solids layer 
(-0.75 m deep for A-101 liquid) could form in a DCRT by precipitating of sodium salts from the 
liquid if it is allowed to cool, though cooling would require many months. Precipitation of 
aluminum hydroxide may also occur on a much shorter time scale if the pH is reduced when 
different wastes are mixed. 

The amount of gas that can be retained in nonconvective layer depends on the layer depth 
and gas generation rate. If a nonconvective solids layer depth exceeds about 0.5 m, the relatively 
high gas generation rates expected in the S and U DCRTs could create a void fraction sufficiently 
high to make the layer buoyant, given enough time for the gas to accumulate. The gas generation 
rates expected in the BX and TX DCRTs are too low to achieve buoyancy. The time required for 
gas accumulation to the point of buoyancy is on the order of a year or more. 

If the solids layer becomes buoyant, the buoyant potential energy must be sufficient to 
yield the waste and release the gas. This requires about 1.5 to 1.75 m of supernatant liquid. 
Therefore, significant gas releases can only occur below a maximum nonconvective layer depth 
of 1.7 to 2.0 m in the vertical S-DCRT and 1.0 to 1.3 m in a horizontal DCRT at operating 
capacity. 

The maximum gas release will occur at the maximum nonconvective layer depth for a 
given void fraction. Gas releases of 0.3 to 0.6 m’ (at standard pressure and temperature) are 

6.9 



predicted for horizontal DCRTs and 0.6 to 1.0 m3 in the vertical S DCRT. At operating capacity 
(minimum headspace) and assuming the released gas contains 80% hydrogen, the headspace in 
either class of DCRTs reaches 30 to 50% of the LFL. 

The calculations given in this section show that relatively large, sudden gas releases are 
theoretically possible in the S and U DCRTs. However, even the largest gas releases would not 
cause the tank headspace to exceed the LFL but could exceed 25% of the LFL. A much longer 
time is required for gas accumulation than waste would normally be allowed to stand in a DCRT. 
Therefore we conclude that gas retention and release from a nonconvective layer in a DCRT is 
not a concern for normal operations but must be considered in highly off-normal cases where a 
full tank must stand for about a year. 
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7.0 DCRT Ventilation 

Ventilation has probably the strongest influence of any parameter on flammable gas 
accumulation in the headspace of a DCRT. However, the DCRTs were not designed to provide a 
given ventilation flow through the catch tank. A 100-125 cfm exhauster fan pulls air from both 
the vault and the catch tank. While pressure measurements indicate a vacuum in both,‘”’ no 
specific air inlet has been provided to ventilate the catch tank except in the U DCRT, where an 
inlet filter is tied directly to the catch tank. As a result, the only ventilation that can be credited 
with confidence in a safety analysis is the 5 cfh air flow bubbling through three small-diameter 
DP tubes that measure fluid level and specific gravity.” A simple sketch of the overall system is 
shown in Figure 7.1. 
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Figure 7.1. Schematic of DCRT Ventilation System 

(a) Personal communication with Randy Powers (LMHC). 
(b) These are the DP or “dip” tubes. The pressure to maintain a low rate of air flow is approximately 
equal to the local gauge pressure. Three pressure measurements at different elevations allow the fluid 
level and density to be calculated. 
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As shown in Section 9, additional ventilation above the assumed 3-cfh bubbler flow 
would reduce flammability substantially after the DCRT has been filled and allowed to stand but 
less significantly during tank filling. The calculations of Hedengren et al. (1997) show that even 
this minuscule ventilation is sufficient in many cases to keep the headspace below the LFL, even 
with very conservative assumptions on gas release and generation rates. This section investigates 
whether additional ventilation might be occurring through leakage and provides some 
suggestions as to how the ventilation rate might be measured. 

7.1 Paths for Ventilation Inflow 

Potential paths for ventilation inflow include transfer lines, floor drains, leaks around 
riser penetrations, leaks around the manual tape level instrument, and leaks around riser covers. 
The 3 cfh DP tube flow has already been evaluated and will not be further discussed here. 

Transfer lines do not normally provide a ventilation flow path. Lines entering the DCRT 
would originate at a salt-well jet pump, whose inlet would be submerged at the bottom of the salt 
well. Lines leaving the DCRT likewise originate at the transfer pump, whose inlet is submerged 
in the DCRT. In both cases the line is liquid-sealed. We have not investigated whether there are 
valve and/or jumper configurations that could be used to provide airflow through inlet lines from 
the pump pit. 

Floor drains have a trap designed to make a seal when filled with water. If the water seal 
were removed and the drains were not blocked with debris, the 1- to 3h-diameter drain lines 
would provide a very large ventilation flow. 

Drawings indicate that essentially all riser penetrations are welded and thus do not 
provide any potential ventilation path. However, S-type DCRTs have spray rings inside the 
12-in. transfer pump riser and the 24-in. inlet riser that are fed by 1-in. raw water lines through 
hose connectors in the flush pit. It might be possible to open the inlet valves to provide 
ventilation through these water lines. 

A manual tape is used for positive liquid level measurement in all but the S DCRTs, 
where the level is measured only by DP tubes. The manual tape control box is not tightly sealed, 
so the tape can move freely and a significant, if not large, vent flow may exist. The staff of the 
Tank Farm Operations Project are attempting to measure this flow.‘”) It would be possible to 
install a HEPA-filtered inlet by placing a “Y” in the 6-in. riser under the manual tape box. This 
large flow area would enable vent flow at the full fan capacity. 

The transfer pump flange may also provide a significant ventilation flow. Other riser 
covers are gasketed and torqued using a specific procedure with the objective of getting a good 
seal.’) However, the transfer pump rests directly on the riser flange with no specific effort to seal 
the joint. Slight misalignment of the pump base and flange, irregularities of the mating surfaces, 
and dirt and dust caught between them are all likely to create a gap through which air could flow. 

(a) Personal communication with Randy Powers (LMHC). 
(b) Personal communication with D. Nunamaker (LMHC), JW Bailey (NHC) and MR Koch (LMHC). 
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7.2 Potential Ventilation Flow Rates 

The potential flow rate through the pump flange can be calculated by assuming laminar 
flow between parallel plates as sketched in Figure 7.2. Including entrance and exit losses, the 
flow velocity can be computed with the quadratic equation (Blevins 1984): 

where 

P 
U 
P 
L 
h 
AP 

exit loss coefficient (1 .O) 
entrance loss coefficient (0.64) 
vent flow density entering riser (kg/m3) 
maximum flow velocity between the plates (m/s) 
vent flow viscosity (N-s/m2) 
length of the flow path (flange outside radius minus inside radius, m) 
estimated plate spacing (m) 
pressure difference driving the flow (Pa). 

The volumetric flow rate is simply the product of the flow velocity and the minimum 
flow area, which is equal to the plate spacing times the inner perimeter of the 12-in.-diameter 
pump riser (assuming a uniform gap around the circumference). 

Figure 7.2. Riser Leak Path Model Schematic 
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Figure 7.3 shows the results of a calculation solving Eq. (7.1) for velocity over a range of 
plate spacings assuming a minimal pressure difference of 1/2 in. of water (gauge) with air flow at 
a “typical” 30°C. The BX-type DCRTs have a 25-in. square flange (approximated as a 25-in.- 
diameter round flange), and the S-type DCRT uses a 36-in.-diameter round flange. The latter 
creates a longer flow path and therefore a lower vent flow for a given pressure difference. 

A significant ventilation flow can be achieved through a very narrow gap. The 3-cfh 
bubble flow can be exceeded with a leakage gap of only 0.01 in. in a BX-type DCRT and 
0.013 in. in an S-type DCRT. Flow rates close to the 5-cfm typical of passively ventilated SSTs 
can be achieved with a gap of 0.06 to 0.07 in. 

7.3 Confirming Ventilation Flow Rates 

Although a small leak can yield a large ventilation flow rate, there is no way to determine 
exactly what the effective gap spacing is. Therefore, unless the vent flow can actually be 
measured, the 3-cfh DP tube flow is the maximum that can be used in safety calculations. 
Several methods that might provide a useful vent flow measurement are discussed in this section. 

Ventilation flow could be determined by sampling for a gas known to be given off by the 
waste but not present in air. It is possible to reverse the flow on the upper DP tube and draw off 
a sample of the headspace gas for analysis. The ventilation exhaust can also be sampled. The 
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fraction of the total ventilation flow coming out of the catch tank is equal to the ratio of the 
concentration of the selected gas measured in the exhaust stack to that measured through the DP 
tube. This has already been attempted using ammonia." However, most of the ammonia 
apparently condensed out in the DP tube, and the measurement was not successful. 

To avoid the tendency of ammonia to collect on any available surface, a non-condensable 
gas like helium could be used as a tracer using the same method as is currently being used to 
assess passive ventilation flow rates in SSTs (Huckaby et al. 1997). A volume of helium could 
be injected into the catch tank through the high DP tube that would bring the average 
concentration to a few hundred ppm. Then, periodic samples could be drawn back through the 
same DP tube and the ventilation flow determined through the exponential decay of the helium 
concentration. The advantage of this method is that it does not require a separate measurement 
of the gas concentration in the exhaust stack. However, if the ventilation flow is truly low, the 
measurement might require several weeks to complete. 

The flow could be determined in a shorter period by injecting helium at a steady, known 
rate into the high DP tube and measuring the helium concentration in the exhaust stack. Again, 
the ratio of the injection flow to the product of the exhaust flow and exhaust concentration would 
give the fraction of the exhaust flow coming from the catch tank headspace. However, the 
measurement would depend on how accurately the exhaust flow was known. 

Whichever method is used, it is very likely that the measured DCRT ventilation rate will 
be significantly higher than is currently assumed. Even considering the uncertainty in gas release 
and/or generation in the waste itself, a relatively small increase in ventilation flow may provide 
sufficient dilution to prevent DCRT headspace flammability, particularly when a filled DCRT 
has been allowed to stand and hydrogen generation becomes important. 

(a) Personal communication with KM Hodgson (LMHC). 
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8.0 Estimating Flammability 

A flame can be ignited and propagate in a gas mixture only when the combustion 
reactions release energy at a sufficiently rapid rate relative to heat losses to maintain the required 
flame temperature. Flame propagation in fuel-rich mixtures is limited by oxygen availability and 
in lean mixtures by the amount of fuel available. Thus the conditions of flammability are 
characterized by the upper (rich) and lower (lean) flammability limits of fuel gas concentration. 
In considering the flammability hazard in DCRTs, we are concerned mainly with the LFL, which 
is determined by the gas composition, the energy and location of the ignition source, the 
direction of flame propagation relative to gravity, and whether the gas is quiescent or being 
mixed. 

In a quiescent atmosphere the transition to flammability is fairly abrupt, and the LFL is 
higher (ie., more fuel is required) for downward flame propagation than for upward propagation 
because gravity assists the latter. In a turbulent, well-mixed atmosphere, the transition to flam- 
mability is more gradual, with combustion pressures increasing linearly from, roughly, the 
upward propagation limit. However, the flame propagation speed remains relatively low for 
concentrations below the downward propagation limit (Cashdollar et al. 1992). A very energetic 
ignition source has an effect similar to turbulence. 

8.1 Flammability of Hydrogen-Methane-Ammonia Mixtures 

Hydrogen is the most effective fuel of concern in Hanford tanks. Methane and ammonia 
also contribute to mixture flammability, though their concentrations are too low to have a 
dominant effect in typical waste tank scenarios. Other organic gases may also be present at very 
small concentrations but likewise have no practical effect on flammability (Hedengren et al. 
1997). The lower flammability limits for both upward and downward propagation for the three 
major gases, hydrogen, methane, and ammonia, are given in Table 8.1 .(a) 

Experiments (Cashdollar et al. 1992) have shown that the LFL of a mixture of hydrogen, 
ammonia, and methane in an air-nitrous oxide atmosphere (with at least 13-17% oxygen present) 
can be computed from the LFL of each fuel using LeChatelier’s linear mixing law: 

Table 8.1. Lower Flammability Limits in Air 

Lower Flammability Limit (~01%) 
Fuel Upward Propagation Downward Propagation 
Hydrogen 4 8 
Methane 5 5 
Ammonia 15 18 

(a) Shepherd JE. April 30, 1997. “Combustion and Explosion Experiments at Caltech.” Presentation to 
SCOPE Workshop, Richland, Washington. 
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where 

[MIX],, = concentration of the gas mixture at the LFL in air 
[gas],, = concentration of the gas comprising the fuel mixture 
[gas], = concew ation of the pure gas at the LFL in air. 

The concentration of hydrogen is usually monitored to detect flammable conditions. The 
hydrogen concentration at which a mixture of hydrogen with other gases is flammable in air is 
given by 

For example, using the data in Table 8.1 for upward propagation, Eq. (8.1) predicts that the 
retained gas bubbles in A-101, a mixture of 75% hydrogen, 5.6% nitrous oxide, 0.7% methane, 
2.4% ammonia, and 16% nitrogen (Shekarriz et al. 1997), would be flammable at a concentration 
of 5.3 in air. At that point, the hydrogen concentration would be 3.9 via Eq. (8.2). 

As in a full-size waste tank, the headspace in a DCRT would generally be expected to be 
turbulent, and the upward flammability limit is appropriate for determining whether ignition is 
possible. However, the pressure calculations should include the effect of low flame speed in lean 
mixtures. 

8.2 Flammability of Ammonia-Rich Mixtures 

The gas in the DCRT headspace may contain much more ammonia relative to hydrogen 
and other gases than in a typical waste tank. As discussed in Section 3, we do not expect salt- 
well pumping to transport a significant amount of gas in the form of bubbles into a DCRT. In 
the initial stages of pumping, gas generation is not expected to play a significant role, and 
evaporation of dissolved gas is generally expected to be the dominant gas release mechanism 
with ammonia as the dominant flammable component. 

There are several important implications of a potentially high ammonia concentration. 
Ammonia is difficult to ignite. In fact, ammonia was not even considered flammable as late as 
1951 (Buckley and Husa 1962). Ammonia has a very low flame speed and a high ignition 
energy (8-680 mJ compared with -0.01 mJ for methane) and requires a relatively high 
concentration (- 15% LFL) to support combustion.'") 

The presence of nitrous oxide (N,O) decreases the downward propagation limit in 
ammonia-hydrogen-air mixtures, although it has essentially no effect on the LFL in hydrogen-air 
mixtures and actually decreases the flame propagation speed (Breshears et al. 1997). Nitrous 

(a) Pfahl U and JE Shepherd. April 29, 1997. "Flammability and Flame Propagation in H2-N2O-C&- 
NH3-02-N2 Mixtures." Report FM97-4, Explosion Dynamics Laboratory. 
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oxide begins to participate in the combustion reactions when the temperature exceeds 1000K. In 
hydrogen-nitrous oxide-air mixtures, this does not occur until the hydrogen concentration 
approaches the downward propagation limit of -8%. However, since ammonia-nitrous oxide-air 
mixtures must be richer and ignited more aggressively, the lOOOK threshold is apparently 
exceeded more readily such that N,O participation aids flame propagation. The net effect is to 
make the downward propagation limit closer to the upward propagation limit, the latter being 
essentially unaffected by N,O.‘a’ 

Water vapor raises the LFL of ammonia-air mixtures. If the water vapor volume fraction 
exceeds 11%, the mixture is not flammable. For comparison, 17-1996 nitrogen is required to 
inert an ammonia-air mixture. In fact, the amount of water vapor necessary to prevent combus- 
tion increases from -8% at 25”C, to -9% at 44”C, to -11% at 80°C (Fenton et al. 1995). It is 
possible for the equilibrium headspace humidity to exceed this value at moderate temperatures. 

The equilibrium water vapor fraction as a function of temperature and the flammability 
range for ammonia-air-water vapor mixtures are shown in Figure 8.1. The equilibrium water 
vapor fraction above pure water (CRC 1990) exceeds the inerting value at 4148°C (106-1 18°F). 
The vapor pressure over a salt solution containing 50% water (shown by the dashed line) is about 

0.2 

Figure 8.1. Equilibrium Water Vapor Fraction and Ammonia Flammability 

(a) Shepherd JE. April 30, 1997. “Combustion and Explosion Experiments at Caltech.” Presentation to 
SCOPE Workshop, Richland, Washington. 
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(a) bid. 
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half the vapor pressure of pure water based on a correlation developed by Mahoney and Trent 
(1995) from Tank 241-SY-101 chemical simulant data. This increases the temperature at which 
the mixture is inert to 55-6loC, higher than a DCRT would normally be. However, even if the 
temperature were sufficiently high, water .vapor could not confidently prevent combustion 
because the mixture will contain at least a small amount of hydrogen, which is not effectively 
inerted by water vapor.@) 

8.3. Conclusions 

Whether or not the gas mixture is dominated by ammonia, flammability concerns in the 
DCRT headspace are not fundamentally different from those encountered in a full-size waste 
tank. The following conclusions are drawn from recent flammability research, which has been 
summarized above: 

The LFL for upward flame propagation is appropriate for determining flammability. 
The upward propagation LFL for a gas mixture can be determined using LeChatelier's 
linear mixing law (Eq. 8.1). 
Nitrous oxide can be considered an inert species unless fuel concentrations approach the 
(higher) LFL for downward flame propagation. 
Water vapor cannot be counted on to prevent combustion. 



9.0 DCRT Flammable Gas Model 

This section contains the derivation and results of two models for calculating the 
maximum hydrogen, ammonia, and methane concentrations in the headspace of a DCRT during 
and after it is filled. The first model assumes instantaneous equilibrium between the liquid and 
the gashapor in the DCRT; the second model takes mass-transfer limitations into account, using 
the mass-transfer coefficients discussed in Section 2.5.1. At the minimum ventilation rate (3 cfh) 
and maximum feed rate (4 gpm), the equilibrium model proves to be only slightly conservative 
in its flammability estimates. As ventilation rates increase, however, the nonequilibrium model 
is more appropriate. To show the effect of these different approaches as well as different sets of 
input parameters, we present the results in the following manner: 

In Section 9.3, the equilibrium model is used to calculate DCRT headspace flamma- 
bility for the full set of tanks that were modeled by Hedengren et al. (1997). Using 
the equilibrium model is appropriate because Hedengren et al. (1997) used an equilib- 
rium approach (without depletion) to ammonia volatilization, and ammonia is the 
primary contributor to flammability for most of the wastes studied. The results of the 
two approaches using the same input parameters (e.g., ventilation rate, fill rate, 
dissolved gas concentrations) are compared and shown to be quite similar. In part, 
this comparison serves as a check on the results calculated by the present equilibrium 
model. 

0 Next, we change some of the input parameters (particularly initial dissolved gas 
concentrations) as recommended in Section 2 of this report. Still using the minimum 
ventilation rate and maximum fill rate, we use the equilibrium model to show the 
effect of the changed inputs on the calculated flammability of the modeled tank 
wastes. This effect is an indication (though not a direct calculation) of the extent to 
which the predicted flammability is affected by uncertainty in the dissolved 
concentrations in the feed. 

Using these same input parameters, we then show that the equilibrium and non- 
equilibrium models yield comparable results when the ventilation rate is low. Here, 
only selected tank wastes are presented. Using the nonequilibrium model, we also 
calculate the minimum ventilation rate necessary to keep headspace flammability for 
these wastes below 25% of the LFL. 

Finally, the nonequilibrium model is used for an exploration of the sensitivity of the DCRT 
headspace flammability to various parameters. 

Note that the current level of uncertainty regarding the ventilation rate in DCRTs 
prevents us from making a definitive estimate of DCRT headspace flammabilities. None of the 
results in this section should be construed an actual flammability prediction, because we believe 
that the assumed ventilation rate of 3 cfh (which we use, as did Hedenmen et al., in the absence 
of a better estimate) is far too low. 
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The mechanisms considered in both the equilibrium and nonequilibrium models are the 
release' of flammable gases dissolved in the liquid and hydrogen generation (by radiolysis, 
thermolysis, and DCRT corrosion). The assumptions made in the models are the following: 

In the equilibrium model, the gases dissolved in the liquid pumped into the DCRT 
instantaneously reach equilibrium with the headspace. 

In the nonequilibrium model, dissolved gases volatilize ,from the falling inlet stream 
and the standing liquid surface at finite rates given by the expressions for mass 
transfer derived in Section 2. 

In both models, the headspace is well mixed. Huckaby et al. (1997) found that mixing 
times in S-102 (an SST) were about one hour, apparently because of natural convec- 
tion. The TEMPEST modeling of the same tank (Antoniak and Recknagle 1997) was 
in agreement with the observations. Similar convective velocities and mixing times 
are likely in the DCRT, and the resulting one-hour mixing time is much shorter than 
the time scales of filling or hydrogen generation. 

Vapor-liquid equilibrium is represented by Henry's Law, and the Schumpe model with 
tested parameters (Hermann et al. 1995; Norton and Pederson 1995) is used to 
estimate the Henry's Law constants. 

Other gas carryover mechanisms (hitchhiker bubbles, gas adsorbed on particles) are 
neglected, as justified by the results discussed in previous sections. 

The model suggested by Hu et al. (1997) is used to calculate the hydrogen generation 
in the DCRT. In the equilibrium model, the hydrogen generation rate (per unit volume 
of liquid in the DCRT) is treated as constant throughout filling, a simplifying assump- 
tion that introduces negligible error and allows the model to be solved analytically. In 
the nonequilibrium model (which is solved numerically), this assumption is not 
needed and the volumetric hydrogen generation rate varies with fill. 

Ammonia generation and methane generation in the DCRT are not modeled. The 
generation rate of ammonia is expected to be small compared with the reservoir in the 
dissolved liquid. The methane generation rate is expected to produce negligible 
flammability compared with the dissolved and generated hydrogen. 

The ventilation and fill flow rates are assumed to be constant throughout the operation. 
In the equilibrium model, this also permits the model to be solved analytically by 
treating the gas outflow from the DCRT as being constant throughout filling. This 
simplifying assumption introduces negligible error. A variable gas outflow rate is 
used in the nonequilibrium model (since it is solved numerically) to account for the 
additional flow of volatilized gases. 

Both models assume that the'DCRT is initially empty. 
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Headspace flammability results are reported immediately after the end of the fill (i.e., the 
“fill-end” flammability) as well as any “post-fill peak,” if the flammability of the headspace 
increases once filling stops. The findings of the modeling work, given in detail in Sections 9.3, 
9.4,9.5, and 9.6, are the following: 

Using the revised inputs, the equilibrium model finds that 10 tanks (S-102, S-109, 
SX-102, SX-103, SX-105, SX-106, U-103, U-105, U-106, and U-108) have wastes 
that produce DCRT headspace flammabilities close to or exceeding 25% of the LFL 
at the minimum ventilation and maximum fill rates. These values should not be taken 
as actual flammability predictions, because a minimum ventilation rate was used to 
predict them, but they do serve as indicators of which wastes (or types of wastes) 
have the highest potential for flammability. The wastes with the highest potential 
flammability are those modeled as having high dissolved ammonia concentrations 
(S-102, SX-102, SX-103, SX-105, SX-106, U-103, U-105, and U-lOS), high 
temperatures (SX-102, SX- 103, and SX- 105), high dissolved hydrogen concentra- 
tions resulting from low salt in the liquid (S-109), or high hydrogen generation rates 
caused by high temperature or high TOC (SX-103, SX-105, U-103, U-105, and 
U-106). Hydrogen dominates the flammability for two tanks: S-109 (due to low salt 
concentrations) and U-106 (due to high post-fill hydrogen generation rates). The 
nonequilibrium model also predicts flammabilities that exceed 25% of the LFL for 
nine of these wastes; the exception is S-109. 

Of the eight wastes in which the dissolved ammonia leads to high flammability in the 
“base-case” scenario, only SX-103 and U-103 have had actual measurements of the 
dissolved ammonia in the waste. The uncertainty of the ammonia flammability for 
wastes from the other six tanks is therefore quite high, and the predicted flamma- 
bilities should be considered preliminary until data are acquired to confirm them. 

Five of the tanks with wastes modeled as producing high DCRT headspace flamma- 
bility, SX-103, SX-105, U-103, U-105, and U-106, are modeled as having hydrogen 
generation rates high enough to make hydrogen a flammability concern in the post-fill 
period. There is evidence (based on hydrogen generation rates calculated from tank 
headspace measurements, as discussed in Section 5) that the hydrogen generation 
model overestimates the generation rate of wastes from three of these tanks, SX-103, 
SX-105, and U-106. The hydrogen contribution to the DCRT headspace 
flammability therefore is exaggerated for these three tanks. Further work may be 
needed to develop an improved hydrogen generation model, a more complete set of 
hydrogen generation estimates from headspace hydrogen measurements, or both. 

Compared with the nonequilibrium model, the equilibrium model overestimates the 
hydrogen flammability by more than a factor of 2 during fill and by 10% or less after 
filling is complete. Because hydrogen is not a major contributor to DCRT flamma- 
bility for most of the tank wastes, the equilibrium model in most cases gives a fairly 
close estimate (within 20% of the nonequilibrium value) of the total DCRT headspace 
flammability when the ventilation rate is in the range of 3 to 30 acfh (actual ft3/hr). 
However, at a higher ventilation rate of 5 acfm (300 acfh), which may be more 
realistic, the equilibrium model overestimates the flammability by 20-50% compared 
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with the nonequilibrium model. The S-109 waste is an exception to the low 
overprediction trend: much of its headspace flammability comes from dissolved 
hydrogen, and the equilibrium model predicts twice the total fill-end flammability 
given by the nonequilibrium model. 

0 Though the total headspace flammability predicted by the equilibrium model is not 
much higher than that predicted by the nonequilibrium model, the small difference in 
predicted flammability translates into a large difference in the ventilation rate 
required to produce 25% of LFL in the headspace. This comes about because an 
increase in ventilation has a relatively small influence on reducing the headspace 
flammability. Therefore, the equilibrium model substantially overpredicts the 
ventilation rates required to maintain DCRT headspace flammability below 25% of 
the LFL. 

0 The minimum required ventilation rates calculated by the nonequilibrium model are 
highest for wastes from Tanks SX-103 and SX-105, at 2 and 2.5 acfm (130 and 150 
acfh), respectively. While Hedengren et al. (1997) suggested possible operational 
changes, such as reducing the feed rate, that might allow such tanks to be pumped 
without exceeding 25% of the LFX even with minimal ventilation, this document 
does not formally address such changes. 

The nonequilibrium model shows that a ventilation rate of under 3 acfm maintains the 
headspace below 25% of the LFL (based on the present ammonia concentration data). 
By contrast, the extremely low 3-acfh flow that has been assumed in previous safety 
analyses predicts that at least nine wastes can exceed 25% of the LFL (for the present 
inputs of ammonia and hydrogen concentration and hydrogen generation rate). 
Because even a small ventilation flow can mitigate headspace flammability 
(especially under post-fill conditions), it is vital to measure the actual flow under 
typical operating conditions. 

Parametric sensitivity tests were carried out with the nonequilibrium model and are 
discussed in Section 9.6. Some of the conclusions drawn from those tests are as follows: 

A high-temperature waste (SX-103 waste was used as an example) will, for the base- 
case minimum-ventilation fill scenario, produce a fill-end DCRT headspace flamma- 
bility greater than 25% of the LFL if the dissolved hydrogen is more than 5x104 M at 
zero ammonia or the dissolved ammonia is more than 0.06 M (1000 pgmL) at zero 
hydrogen. For comparison, the median dissolved hydrogen concentration is 
3 . 1 ~ 1 0 - ~  M H2. Several tanks have measured ammonia concentrations above 0.06 M, 
but a tank would need to have a hydrogen partial pressure of about 17 atm to have 
5x104 M of dissolved hydrogen. Low-temperature waste (U-103 was modeled as an 
example) can contain ammonia at up to 0.29 M (4900 pg/mL) without causing a fill- 
end DCRT headspace flammability greater than 25% of the LFL at zero hydrogen. 
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When a (possibly) more realistic ventilation rate of 5 acfm (300 acfh) is used, the 
ammonia concentration becomes the limiting flammability source. For SX-103 waste 
(at high temperature), the limiting ammonia concentration at zero hydrogen was 
found to be 0.13 M (2200 pg/mL). For U-103 waste (at low temperature), the 
limiting ammonia concentration at zero hydrogen was found to be 0.36 M 
(6100 pg/mL). 

Decreasing the feed rate to the DCRT does not always cause a decrease in the fill-end 
flammability. It can cause an increase, depending on the hydrogen generation rate 
and the ratio of dissolved hydrogen to ammonia in the feed. Thus assuming a 
maximum flow rate does not necessarily produce a conservative estimate of DCRT 
headspace flammability. Case-by-case modeling is therefore required to account for 
the variability of waste properties. 

Section 9.7 contains a brief discussion of the possible effects of mixing wastes from two 
different tanks in a DCRT. An example shows that mixing two different wastes can increase the 
fill-end headspace flammability in a DCRT over what would have been present for either of the 
unmixed wastes. The effects of cold water, hot water, and caustic addition (line flushes and pH 
adjustment) are also estimated and found to be small. 

9.1. Equilibrium Model Derivation 

The first step in deriving the DCRT flammable-gas equilibrium model is to define the 
flammable gas concentrations in the feed to the DCRT. (As was discussed in Section 3, 
hitchhiker bubbles and adsorbed gas do not contribute significantly to the flammable gas that is 
fed to the DCRT.) The dissolved ammonidammonium ion concentration in the feed, hereafter 
referred to as CBO, is found by direct measurement. When CBO is known, the concentration of 
dissolved ammonia alone (CAO) can be found by using the definition of the base dissociation 
constant for ammonia: 

where 
Kb = the base dissociation constant for ammonia (equal to 1.85 x 

in the temperature range of interest) (CRC 1975) 
GO = the dissolved ionic ammonium concentration (mol W+/L liquid) 
CAO = the dissolved ammonia concentration (mol N H 3 / L  liquid) 
 cy^ = the hydroxide concentration (mol OH-/L liquid). 

M 

The hydroxide concentration is also a measured quantity, so the dissolved ammonia 
concentration can be found 

‘BO 

1 + K, /cyo ‘A0 = (9.2) 
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The dissolved concentrations of hydrogen, methane, and nonflammable gas (modeled as 
nitrogen) in the feed are not measured but are calculated by assuming equilibrium between the 
gas and liquid at a pressure equal to the partial pressure of the gas. The gas is assumed to consist 
of a mole fraction fH of hydrogen, fM of methane, and fN of nonflammable gas. (To obtain results 
that are readily comparable with those in Hedengren et d. [1997], f H  is set at 0.97, fM at 0.03, and 
fN at 0.) The gadvapor in the source tank is assumed to have a total pressure equal to the average 
hydrostatic pressure, PO, at which gas is stored in the source waste tank. The dissolved concen- 
trations of hydrogen, methane, and nonflammable gas are, according to the Henry’s Law 
equilibrium relation, 

, . 
(9.3a) 

(9.3b) 

(9.3c) 

dissolved concentration of hydrogen in the feed (mol H2/L liquid) 
Henry’s Law constant of hydrogen (mom liq/atm) at feed conditions 
mole fraction of hydrogen in the retained gas in the source tank 
water vapor pressure at feed conditions 
dissolved concentration of methane in the feed (mol C€&/L liquid) 
Henry’s Law constant of methane (mom liq/atm) at feed conditions 
mole fraction of methane in the retained gas in the source tank 
dissolved concentration of nonflammable gas in the feed (mol N2/L liquid) 
Henry’s Law constant of nonflammable gas, modeled as nitrogen (mom liq/atm), 
at feed conditions 
mole fraction of nonflammable gas in the retained gas in the source tank 
Henry’s Law constant of ammonia (mom liq/atm) at feed conditions. 

Water, like the flammable gases, is treated as being at equilibrium with the DCRT head- 
space. The water vapor pressure at feed conditions, pw, is calculated using Eq. 6.2 and Table 6.2 
of Mahoney and Trent (1995), which relates the water vapor pressure over a simulant solution to 
the salt concentration and temperature of the solution. Eq. (9.2) and (9.3) completely describe 
the dissolved gases in the feed to the DCRT. 

Mass balances relate the accumulation of gas species in the DCRT to the feed and 
generation rates and to the gas outflow: 

. 2 = F c H o  dn +rFt-- QPH 

dt RT 
(9.4a) 
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QPM -- -Fc,, -- dn, 
dt RT 

(9.4b) 

where 
t =  
F =  

E =  
Q =  
P =  
T =  

R =  
nH = 
PH = 
r =  

dn, QPA 

dt RT 
-=FcBO -- 

QPN + FcNO -- 
dnN - EP --- 
dt RT RT 

(9.4c) 

(9.4d) 

time (days) 
volumetric flow rate of feed (Uday); because the flow rate is 
assumed constant, the volume of liquid in the DCRT at time t 
is equal to Ft, assuming that the DCRT is initially empty 
volumetric flow rate of ventilation air (actual L/day) 
volumetric flow rate of gas leaving the DCRT (actual Uday) a r i n g  the fill 
total pressure in the DCRT (assumed to be 1 atm) 
the temperature (K) in the headspace (assumed the same as that 
in the waste) 
ideal gas constant, 0.08206 atm Umol K 
total moles of hydrogen in the DCRT 
partial pressure of hydrogen in the DCRT (am Hz) 
hydrogen generation rate per volume of liquid in the DCRT 
(mol H2/day/L liquid) 
total moles of methane in the DCRT 
partial pressure of methane in the DCRT (atm Cl&) 
total moles of ammonium ion and ammonia in the DCRT 
partial pressure of ammonia in the DCRT (atm N H 3 )  
total moles of air in the DCRT 
partial pressure of air in the DCRT (atm air). 

In Eq. (9.4a), the first term on the right is the hydrogen added by inflow; the second, 
hydrogen generation; and the third, hydrogen outflow. The equations for the other constituents 
are organized similarly. 

Henry’s Law and the ideal gas law provide a relationship between the partial pressure pi 
of any component i except ammonia, and ni, the total moles of the component: 

ni 
pi = FtK, + (V - Ft)/RT 

(9.5a) 

where 
V = the total DCRT volume (L), of which Ft is occupied by liquid and (V - Ft) by 

gadvapor. 
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The corresponding equation for ammonia, one that incorporates the equilibrium between 
ammonia and ammonium ion, is 

(9.5b) 

We assume that the temperature and salt concentration of the waste in the DCRT are the 
same as those in the source tank, meaning that the water vapor pressure and the Henry's Law 
constants of the gases are the same. We also assume that, for the purposes of this model, the 
Henry's Law constant of nitrogen (KN) can be used for air (which is treated as another 
nonflammable gas, the presence of sufficient oxygen to support combustion being taken for 
granted). The dissolved air concentration is small, and it is not a crucial variable. Then Eq. (9.4) 
can be expressed in terms of moles instead of partial pressure: 

-- dnH - Fc,, + rFt - QnI4 
dt V + Ft(K,RT - 1) 

-- Q n M  

V + Ft(K,RT - 1) FcMO .- dnM - 
dt 

--- dn, - EP + FCN, - QnN ' 

dt RT V + Ft(K,RT - 1) 

(9.6a) 

(9.6b)' 

(9.6~) 

(9.6d) 

The hydrogen generation rate, r, is the sum of the generation rates due to tank wall 
corrosion and radiolytic and thermolytic mechanisms (Hu et al. 1997). The corrosion-based 
generation of hydrogen depends only on the wetted wall area and therefore varies as the tank is 
filled. Radiolysis depends on nitrate, nitrite, and TOC concentrations and on the radioactive heat 
generation rate in solution. Thermolysis depends on the temperature and the aluminate and TOC 
concentrations. The hydrogen generation rates per unit volume liquid from radiolysis and 
thermolysis (as modeled) do not depend on the tank fill. 

There is one more constraint to consider. The pressure in the headspace must remain 
constant at P (1 atm) in spite of ventilation, the release of gas from solution, hydrogen 
generation, and the piston effect of rising liquid. For the pressure to be constant, Q must be 
approximated as 

+cN,}) 1 + h +  'BO 

P PK,(l+ K, /cy,) x 
where X = the fraction of the DCRT volume that contains liquid when filling is complete. 
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Thus Q is the sum of the liquid feed rate, the inflow ventilation rate, the average 
hydrogen generation rate in the tank, and the feed of low-solubility gases (which, for this 
purpose, are treated as entirely released). The outflowing gas volume is augmented by water and 
ammonia evaporation, as shown by the last multiplying factor in Eq. (9.7). 

To make Eq. (9.6) analytically solvable, the hydrogen generation rate per unit volume of 
liquid, r, and the gas outflow rate, Q, must be constant. But the volumetric rate r is not constant 
because DCRT corrosion increases during filling as more of the tank surface is wetted. 
However, an average value for r, one calculated when the tank is one-fourth of the way to its 
final fill volume, can be used with little error (as is demonstrated in Section 9.3 by comparing it 
with the Hedengren et al. model, which uses a variable volumetric hydrogen generation rate). 

As suggested by Eq. (9.7), the gas outflow rate, Q, is close to constant (as are most of its 
elements). The initial conditions must be consistent with the definition of Q, as will be seen. 

Att=O: 

nH = O  

nM = O  

CBOV nB = 
K,RT(l+ K, /cyo) 

1 ‘BO 

P-pw-K,( i+~, /C,o)  

(9.8a) 

(9.8b) 

(9.8c) 

(9.8d) 

These initial conditions state that the DCRT is empty except for water and ammonia at the source 
vapor pressure. If the ammonia and water vapor were not included in the initial condition, the 
gas outflow, Q, would need to incorporate a term for the gas pushed out of the DCRT by the 
initial evaporation. 

All of the governing equations (Eq. 9.6) are of the same‘general form: 

dn Qn 
dt V+Bt  
-=A + Dt -- (9.9) 

where A, D, and B are constants that depend on the gas being considered. Eq. (9.9) can be 
integrated more easily by multiplying it by the integration factor (V + Bt)Q’B. This operation 
gives 

d 
-(n(V + Bt)Q’B)= A(V + Bt)Q’B + Dt(V + Bt)Q’B 
dt 

(9.10) 

The solution of Eq. (9.10) is 
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(9.1 1) 

Here (XV/F) has been substituted for the time, t, which is consistent with the assumption of 
constant feed rate, F; and n, stands for the initial moles in the DCRT (Eq. 9.8). The definitions 
of the gas-dependent constants, A, D, and B, are 

for hydrogen: 

A = Fc,, 

for methane: 

A = Fc,, 

for ammonidammonium ion: 

A = Fc,, 

for air: 

A=EP/RT+FcN, 

B = F(KHRT -1) 

B = F(K,RT - 1) 

B = F(K,RT(I + K, / cy0)- 1) 

D = Fr 

D=O 

D=O 

D=O 

(9.12a) 

(9.12b) 

(9.12~) 

(9.12d) 

Eq. (9.1 l), (9.12), and (9.5) allow the partial pressures of hydrogen, methane, ammonia, 
and air (PH, p ~ ,  PA, p ~ )  to be calculated for any fractional fill, X. The constant pressure con- 
straint is used to test whether the approximation of constant Q was accurate. 

(9.13) 

In use, Eq. (9.13) is true to within 3% of the total pressure, P, so the constant outflow 
approximation holds to within the uncertainty of the inputs. 

The equations that describe flammable gases in the DCRT under post-fill conditions are 
derived in the following way. Using the variable t' to represent the elapsed time after the fill was 
completed, the governing mass balance differential equations are 

dnI4 - Q 2 n ~  - - r2XV - 
dt' V(l+X[KHRT-l]) 

-- dnM - - Q 2 n ~  
dt' V(1 + X[K,RT - 11) 

(9.14a) 

(9.14b) 
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where 
x =  
r2 = 

4 2  = 

dn B -  -Q2nB -- 
dt' V(1+ X[K,RT(l+ K, /cyo)- 11) 

(9.14~) 

(9.14d) 

the final fill fraction in the DCRT 
the hydrogen generation rate (per unit liquid volume) in the DCRT at and 
after the completion of filling; units are mol Hz/day/L liquid 
the gas outflow rate (Uday) after filling is complete. 

Q 2 = ( B +  r2XVRT 1 1 + & +  'BO 

P PK,(l+K,/c,,) 

Eq. (9.14a4) are all linear differential equations of the form 

dn 
-+Wn=U 
dt' 

The generic solution of Eq. (9.16) is 

(9.15) 

(9.16) 

(9.17) 

where N = the moles of the constituent that were in the DCRT when the filling was complete, at 
t' = 0; found using Eq. (9.1 1) and (9.12). 

Depending on the fill-end concentrations of hydrogen, the ventilation rate, and the post- 
fill hydrogen generation rate, Eq. (9.17) may lead to a steady-state hydrogen concentration that is 
greater or less than that at the end of the DCRT fill. Ammonia ,and methane, naturally, 
consistently decrease (because they have no modeled source terms). If the hydrogen steady-state 
concentration is greater than the fill-end value, the post-fill flammability rises to a peak with 
time, then declines as ammonia is removed by ventilation. If the steady-state concentration is 
less than the fill-end, the LFL decreases with time. 

The definitions of the gas-dependent constants U and W in Eq. (9.17) are 

for hydrogen: 

U = r2XV 4 2  W =  
V(1+ X[K,RT - 11) 

for methane: 

9.1 1 

(9.18a) 



c 
u=o W =  4 2  

V(1+ X[K,RT - 13) 

for ammonidammonium ion: 

u=o 

for air: 

EP U=- 
RT 

W =  4 2  

V(1+ X[K,RT(l+ K, /cy0} - 11) 

W =  42 

V(1+ X[K,RT - 13) 

(9.18b) 

(9.18~) 

(9.18d) 

Eq. (9.17), (9.18), and (9.5) allow partial pressures of hydrogen, methane, ammonia, and 
air (PH, p ~ ,  PA, p ~ )  to be calculated, and the constant-pressure constraint is used to test the 
approximation of constant 42. This approximation, like that of constant Q, holds to within a few 
percent. 

The flammability of the gases in the DCRT headspace is calculated using the following 
formula, which gives the fraction of the LFL: 

fraction of LFL = - 
0.04P 0.05P 0.15P 

(9.19) 

Here the LFLs for the individual gases are taken to be the upward propagation flammability 
limits, 4 mol% for hydrogen, 5 mol% for methane, and 15 mol% for ammonia, as discussed in 
Section 8. 

In some cases, the post-fill hydrogen generation rate is high enough (compared with 
hydrogen outflow by ventilation) to cause the post-fill LFL fraction to reach a peak at some time. 
(After that time, the flammable gas levels gradually decline because hydrogen reaches a steady- 
state concentration, but ammonia and methane are constantly leaving the DCRT.) If there is a 
peak, it occurs when the time derivative of the LFL-fraction is 0. By neglecting methane, which 
has the least effect on the flammability, we find the peak time, 2, to be approximately 

(9.20) 

where 
WB = the W for ammonia/ammonium ion, Eq. (9.18~) 
NB 
UB = the U for ammonidammonium ion, Eq. (9.18~) 
WH = the W for hydrogen, Eq. (9.18a) 
NH 
UH = the U for hydrogen, Eq. (9.18a). 

= moles of ammonidammonium ion in the DCRT when the fill is complete 

= moles of hydrogen in the DCRT when the fill is complete 
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In Eq. (9.20), MB and MH are variables of convenience, with no physical meaning. They are 
defined as 

M, =PV(XK,(~+K,/~~,)+(~-X)/RT) (9.21a) 

M, =PV(XK, + (~-x ) /RT)  (9.21b) 

The time at which the LFL fraction reaches some value, such as 25%, is also of interest. 
This time can be approximated by making two assumptions: first, that the contribution of 
methane is insignificant, and second, that the ammonia partial pressure is constant over the 
period of interest. The second assumption is a fairly good one because the rate of ammonia 
outflow is so small compared with the reservoir dissolved in the liquid. With these 
simplifications, the time, tL, when the LFL fraction reaches some value, L, is 

t L  =-'ln[[ 0.04MH 'HIw, - 
WH NH-UH/WH k- 0.04MH 

(9.22) 

9.2. Nonequilibrium Model Derivation 

The assumptions made in the nonequilibrium model differ from those in the equilibrium 
model as follows: 

e The gases dissolved in the liquid pumped into the DCRT are released into the DCRT 
headspace at a rate limited by mass transfer. In this case, Henry's Law describes the 
equilibrium that is approached by mass transfer. 

e 

e 

The model suggested by Hu et al. (1997) is used to calculate the hydrogen generation 
in the DCRT, as in the equilibrium model. The volumetric hydrogen generation rate 
varies throughout filling in the nonequilibrium model, where it was treated as constant 
in the equilibrium model. (We show in Section 9.3 that the assumption of a constant 
rate makes little difference in the results. This assumption was made in the 
equilibrium model to allow analytical solution; because the nonequilibrium model 
required numerical solution, the assumption was relaxed.) 

The fill and ventilation inflows are assumed to be constant throughout the operation, 
as in the equilibrium model. However, the ventilation outflow is allowed to vary 
throughout filling. It was treated as constant in the equilibrium model, but this 
assumption was also relaxed in light of the use of a numerical solution. 

Much of the notation and derivation that was used for the equilibrium model (see Section 9.1) 
can be carried over to the nonequilibrium model. We begin with the mass balances on the moles 
of each constituent in the liquid and vapor phases during DCRT filling: 

(9.23a) 
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-=FcH0-k’,A --- a, 
KHRT V-Ft dt 

dVM --- v M  ) + k M A [ g - & ] - G  QvM 

a, 

dt (i:iT V-Ft 

1 ‘MO “M ) -kMA (‘MIFt --- ‘M ] (9.24b) - = FcM,  - k’,A --- 
dt KMRT V-Ft KMRT V-Ft 

(9.23b) 

(9.24a) 

(9.25a) 

(9.25b) 

dt 

where 
t =  
F =  

E =  

P =  
T =  
A =  

R =  

LH = 

Q =  

A’ = 

VH = 

(9.26a) QvN EP --k’,A --- +kNA--- -- 
d v N -  dt {i:iT V-Ft V M  ) [:E ;TFt) V - F t + E  

{ ‘NO ‘N ) -kNA [LN’Ft --- ‘N ) (9.26b) 
a, -=FcNO-kLA --- 
dt KNRT V-Ft KNRT V-Ft 

(9.27) W dv = kLA(% - A]+ kwA[ % - “)- - Qv, 
RT V-Ft RT V-Ft V-Ft 

time (days) 
volumetric flow rate of feed (L/day); because the flow rate is assumed constant, 
the volume of liquid in the DCRT at time t is equal to Ft, assuming that the DCRT 
is initially empty 
volumetric inflow rate of ventilation air (actual L/day) 
volumetric flow rate of gadvapor leaving the DCRT (actual L/day) during the fill 
total pressure in the DCRT (assumed to be 1 atm) 
the temperature (K) in the headspace (assumed the same as that of the waste) 
surface area of the liquid in the tank (m2) 
surface area of the droplet stream (m2) 
ideal gas constant, 0.08206 atm Urn01 K 
moles of hydrogen gas in the DCRT 
moles of dissolved hydrogen in the DCRT 
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Henry’s Law constant of hydrogen (mom liq/atm) at feed conditions 
hydrogen mass-transfer coefficient from the droplets (mol/m2/day)/(mol/L) 
hydrogen mass-transfer coefficient from the surface (mol/m2/day)/(mol/L) 
hydrogen generation rate per volume of liquid in the DCRT (mol H2/day/L liquid) 
moles of methane gas in the DCRT 
moles of dissolved methane in the DCRT 
Henry’s Law constant of methane (morn liq/atm) at feed conditions 
methane mass-transfer coefficient from the droplets (mol/m2/day)/(mol/L) 
methane mass-transfer coefficient from the surface (mol/m2/day)/(mol/L) 
moles of ammonia vapor in the DCRT 
moles of dissolved ammonia and ammonium ion in the DCRT 
Henry’s Law constant of ammonia (moVL liq/atm) at feed conditions 
ammonia mass-transfer coefficient from the droplets (mol/m2/day)/(mol/L) 
ammonia mass-transfer coefficient from the surface (mol/m2/day)/(mol/L) 
moles of air as gas in the DCRT 
moles of dissolved air in the DCRT 
Henry’s Law constant of nitrogen (mom liq/atm) at feed conditions 
air mass-transfer coefficient from the droplets (mol/m2/day)/(mol/L) 
air mass-transfer coefficient from the surface (mol/m2/day)/(mol/L) 
total moles of water vapor in the DCRT 
vapor pressure of water in the DCRT (atm) 
water mass-transfer coefficient from the droplets (mol/m2/day)/(mol/L) 
water mass-transfer coefficient from the surface (mol/m2/day)/(mol/L). 

The first term in each headspace constituent balance is the mass transfer from the falling 
droplets of feed to the headspace. The second term is the mass transfer from the bulk liquid. 
The third, containing Q, is the ventilation outflow. The air balance, on VN, also includes a ven- 
tilation inflow term; the net mass transfer for air will generally be into the liquid, not out of it. 

The first term in each dissolved constituent balance is the feed into the tank. The second 
and third terms are the mass transfer from the falling droplets of feed and from the bulk liquid. 
The hydrogen balance, or VH, also includes hydrogen generation. 

The mass-transfer coefficients in Eq. (9.23) through (9.27) are the overall mass-transfer 
coefficients defined by Eq. (2.16); they include the effects of both gas- and liquid-side mass- 
transfer limitations (except in the case of water, for which only the gas-side limitations are 
pertinent). Note that when the liquid and vapor balances are summed for each constituent, we 
obtain total-moles balances, analogous to Eq. (9.6) for the equilibrium model. 

The ventilation outflow rate, Q, is defined in such a way (analogous to Eq. 9.7) as to 
maintain a constant headspace pressure by including all the released vapor in the outflow: 

9.15 



Q = E + F +  

(9.28) 

Eq. (9.23) through (9.26) cannot be solved analytically. These equations were integrated 
numerically to find the moles of each constituent in the headspace (Vi); the parameters Q, r, k’i, 
ki, A’, and A all varied as direct or indirect functions of the fill depth. The variation of the mass- 
transfer coefficients was calculated by determining the coefficients at the beginning and end of 
the fill and linearly interpolating between those points. The initial conditions on Vi, L, and vw 
were zero in all cases. 

Eq. (9.27) was solved analytically by treating Q, k’i, ki, A’, and A as constants; this 
equation is of the general form shown in Eq. (9.9), and its solution is 

) - X)(k&A’+kwA+Q)/F + (k’,A’+ k,A)p,V 
v, = - 

RT(k’, A’ + k , A + Q - F) 

(k’, A’ + k , A)p , V 
i 
RT(k’,A’+ k,A + Q - F> 

(9.29) 

The assumption that the various parameters are constant is sufficiently accurate for modeling the 
water vapor. In fact, Q is constant within 5% during the latter 90% of the fill, though initial 
evaporation makes Q higher at the beginning. The final value of Q was used to find vw. The 
mass-transfer terms vary by about a factor of three during fill; the average values of these terms 
were used in modeling water vapor. As was done for the equilibrium model, the assumption of 
constant headspace pressure was checked and found to hold within 3%, indicating that Q was 
defined in a consistent manner. 

The following are the mass-balance equations for the post-fill conditions (where the 
variable t’ is used to represent elapsed time after the fill was completed): 

vH’  I- Q2VH 

-=kHA[ dVH L, IXV - 
dt’ K,RT V(l-X) V(1-X) 

- LH IXV - = -kHA 
K,RT V(l-X) 

d L H  
dt’ 

V(l-X) v M  1- V(l-X) Q2vM 

LM IXV 

dt’ 

- L M  IXV 
-=-kMA 

KMRT V(l-X) 
d L M  
dt’ 
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(9.30b) 

(9.3 la) 

(9.31b) 
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-- [ dvA - k A A  
dt' KA(l+Kb/Cy,)RT v(1-x) v(1-x)  

L, /xv - Q2VA v A  1- (9.32a) 

- L, /xv 
-=-kAA 
dt' KA(l+Kb /Cy,)RT V(1-X) 

(9.32b) 

dvy_,,,( L, /xv - Q ~ V N  EP : 
dt' KNRT V(r'X))- V(1-X) RT 

(9 -3 3 a) 

- LN /XV 3 = -k,A dL 
dt' K,RT V(l-X) 

(9.33 b) 

- - ,k ,A(p--  dvw v w  Qzvw 

dt' RT V(l-X) )- V(1-X) 
(9.34) 

where 
X = the final fill fraction in the DCRT 
r2 = the hydrogen generation rate (per unit liquid volume) in the DCRT at and 

after the completion of filling; units are mol H2/day/L liquid 
4 2  = the gas outflow rate (Uday) after filling is complete; the definition of Q2 is 

the same as for the equilibrium model, Eq. (9.15). 

If Q2 is considered constant, an assumption that is accurate to within a few percent, and if 
the mass-transfer coefficient for the surface is constant, which it should be, then Eq. (9.30) 

, through (9.34) can be solved analytically. The general form of the solution for the post-fill 
moles of a non-water constituent, V'i, in the headspace is 

(1 -eu" ](c - d)(v, (c - b) - a - 2bL, ) + b(f + a) + ad + fc]+ 
(b+c+u)t'/2 

-(b+c+u)t'/ 2 

vi = . . . u(1+ eut')(vf (c - d) - (a +f)) + 2u(a + f)e 
(9.35) 

where vf and Lf are, respectively, the moles of the cofistituent in the gas and liquid phases at the 
end of the fill (that is, the initial condition of the post-fill) and a, b, c, d, f, and u are coefficients 
that have the following meanings: 

for nitrogen, and is zero for other constituents 
EP 
RT 

a=-  

kiA 
K,RTXV 

b =  for all non-water constituents 

(9.36) 

(9.37) 
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C =  k i A  + Q2 for all non-water constituents 
V(1- X) 

(9.38) 

kiA 

V(1- X) 
d =  for all non-water constituents 

f = Vxr, for hydrogen, and is zero for other constituents 

u = ,/- for all non-water constituents 

(9.39) 

(9.40) 

(9.41) 

The solution of Eq. (9.34) for the post-fill moles of water, v ' ~ ,  in the DCRT headspace is 
simpler: 

(9.42) 

where v ~ f  = moles of water vapor in the DCRT at the end of the fill. 

Eq. (9.35) through (9.42) were used to calculate the post-fill moles of vapor and gas. The 
assumption of constant headspace pressure was checked and found to hold within 3%, indicating 
that Q2 was defined in a consistent manner. The fill-end and post-fill DCRT headspace 
flammabilities were calculated from the headspace moles using the same relation, Eq. (9.19), that 
was used for the equilibrium model. 

9.3. Testing the Equilibrium Model Against the Prior Model 

The equilibrium model derived in Section 9.1 was tested using the same tank-by-tank 
inputs that were employed by Hedengren et al. (1997) with their numerical model. The results of 
the comparison are given in part in Table 9.1. The purposes of the table are to allow a cross- 
check with the Hedengren model and to illustrate the extent of the reduction in conservatism that 
results from including water vapor pressure, methane equilibrium, and ammonia loss from the 
liquid in the model (as noted in Section 2.5). Note that Hedengren et al. did not take credit for 
the gradual loss of ammonia; thus their post-fill flammabilities level off at a higher or lower 
steady-state value as a function of hydrogen generation rate in the DCRT. The present model 
predicts either a peak, followed by a decline, or a steady decline from the fill-end value. 

The majority of the DCRT headspace flammability values calculated using the 
equilibrium model were within &l% of the LFL of those from the model used by Hedengren et 
al. (1997). For brevity, the flammability predictions that matched are not shown in Table 9.1. 
The exceptions were the post-fill results for Tanks S-106, SX-102, SX-103, SX-104, and 
SX-105, and the fill-end results for Tank T-104. In all these cases the model used by Hedengren 
et al. (1997) predicted more conservative (larger) flammabilities, as can be seen in the table. 
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Table 9.1. Partial Comparison of Predictions Made by the Hedengren et al. (1997) 
and Present Models, Using the Same Inputs 

(b) The boldface font indicates the % of LFL values for which the present model disagrees with the 
Hedengren et al. model by 1% of LFL or more. 

The Hedengren et al. (1997) model predicted only a very slight rise in the percent of the 
LFL in the DCRT headspace in the post-fill period, indicating that hydrogen generation and 
hydrogen outflow were nearly equal at the end of the fill. The present model, unlike that of 
Hedengren et al., includes water and ammonia evaporation as part of the volumetric outflow rate. 
That is, the gases that enter and leave the DCRT are treated as saturated with ammonia and water 
vapor. This increases the outflow by a few percent over the conservative Hedengren et al. value, 
making hydrogen outflow higher than generation in S-106 and causing a slow post-fill decline in 
flammability. 

The differences in post-fill flammability predictions for the wastes from the four SX 
tanks also come from the equilibrium model’s inclusion of water and ammonia evaporation. 
Tanks SX-102, SX-103, SX-104, and SX-105 (uniquely among the tanks considered) have waste 
temperatures that are higher than 55°C. As a result, the combined water and ammonia vapor 
pressures are 9, 18, 14, and 20%, respectively, of the DCRT headspace pressure and increase the 
volumetric outflow rate correspondingly. The differences in the two models’ predictions match 
the fractional increases from evaporation, as the table shows. (Note that the evaporative increase 
in flow affects all the tanks, but at the more usual low temperatures the effect is less than 5%.) 

The difference in the calculated total flammability for Tank T-104 arises from the 
methane contribution. Hedengren et al. (1997) predict a methane flammability of 3.4% of the 
LFL; with the same inputs, the equilibrium model shows 0.9% of the LFL. The Hedengren 
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model’s higher methane contribution comes from its assumption that all of the methane entering 
the DCRT is released to the final headspace. This assumption, which is not made by the present 
model, produces unusually high methane estimates for Tank T-104 because of its uniquely low 
feed rate (4 gpm for the first 100 gallons and 0.5 gpm for the rest of the fill). The longer fill time 
allows more ventilation to sweep out gases, a methane-removal mechanism reflected in the 
present model but not in the Hedengren et al. model. 

Thus all of the significant differences between the Hedengren et al. (1997) DCRT 
flammable gas model and the equilibrium model in the present report have been examined and 
resolved. The approximations of constant gas outflow rate and hydrogen generation rate, 
therefore, do not seem to cause any significant systematic error. The present model tends to lead 
to less overprediction of the headspace flammability, especially at high waste temperatures, 
because it includes water and ammonia vapor in the gas outflow. 

9.4 Flammability Calculations Based on Section 2 Inputs 

The conclusions of Section 2 lead us to use gas solubilities and dissolved gas concentra- 
tions in the DCRT feed that are somewhat different than those used in Hedengren et al. (1997). 
To show the extent to which these changes, in and of themselves, affect the calculated headspace 
flammability, the equilibrium model was run with the dissolved gas concentrations and gas 
solubilities specified in Section 2. Other inputs: 

0 Tank pressures, salt and TOC concentrations, temperatures, etc., were taken from 
Hedengren et al. (1997) with the hydroxide concentration adjusted to reflect 
conversion to aluminate at high pH (see Section 2.2.6). 

A “base-case” fill scenario was used, with the maximum 4-gpm feed rate, the 
minimum 3 acfh ventilation, and 80% filling of the DCRT. 

The results of the equilibrium model with changed inputs are given in Table 9.2, along 
with the results obtained by Hedengren et al. (1997) for the same base-case fill scenario but for 
their own set of dissolved concentration inputs. The differences in the predicted flammabilities 
are primarily the result of the changes in inputs (though there are minor differences resulting 
from model changes, as was shown in Table 9.1). 

Using the changed inputs, ten tanks (S-102, S-109, SX-102, SX-103, SX-105, SX-106, 
U-103, U-105, U-106, and U-108) contain wastes that are predicted to produce DCRT 
headspace flammabilities that are close to or more than 25% of the LE. None of these 
results should be construed as actual flammabilitv Dredictions, since we believe that the 
assumed ventilation rate of 3 acfh (which we use, as did Hedenmen et al. (1997), in the 
absence of a better estimate) is far too low. The results given in Table 9.2 do, however, 
provide a kind of sensitivity test to show which tank wastes are most likely to cause high 
DCRT headspace flammabilities. We therefore concentrate on these 10 tank wastes in 
subsequent modeling. 
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Table 9.2. Comparison of Hedengren et al. (1997) Model Results with 
Previous Inputs and Equilibrium Model with Revised Inputs 

Base Case: DCRT 80% full, feed rate 4 gpm, ventilation 3 acfh'") 
Hedengren et al. Model and1 Present Equilibrium Model and Inputs 

;hould be considered a prediction of actual expected behavior. Such estimates should be deferred until ventilation rates (and 
immonia concentrations) are better known. 
3) These tanks had ammonia inputs within 30% of those used by Hedengren et al. 
:c) D in 'the peak post-fill column indicates that the flammability does not reach a peak after filling but consistently 
leclines. 
:d) Because T-104 was recently salt-well pumped, the base case is assumed to be 4 gpm flow for 25 minutes and 0.5 gpm 
hereafter; during the 0.5 gpm period, the Hedengren et al. model inputs assumed that the dissolved hydrogen concentration 
is reduced by 50% to account for lower pressure on the solution. The present model assumes that the sum of the partial 
pressures of low-solubility gases equals 1 atm minus water and ammonia vapor pressure in the 0.5 mrn period. 
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In all of these ten wastes except those of S-109, SX-103, SX-105, and U-106, 
ammonia causes the predicted high DCRT headspace flammability. Among the 
exceptions, low salt concentrations lead to high carryover of dissolved hydrogen from 
S-109; hydrogen generation causes high post-fill flammability in the DCRT headspace 
for waste from U-106. The DCRT flammability produced by SX-103 and SX-105 
waste is dominated by ammonia, but hydrogen generation alone could cause high 
flammability in the post-fill period. 

Table 9.2 shows which tanks have had hydrogen or ammonia measurements whose 
uncertainties are within G O %  (based on the discussions in Section 2). Otherwise, 
uncertainties of 250% or more should be assumed. The uncertainties can be applied 
directly to the hydrogen and ammonia flammabilities. (Because the contribution of 
methane is small, the ammonia flammability is about equal to the difference between 
the total and hydrogen flammabilities.) Hydrogen and ammonia fill-end 
flammabilities are generally linearly proportional to the dissolved concentrations in 
the feed. The same is true for the ammonia post-fill flammability. However, the 
hydrogen post-fill flammability depends almost entirely on the hydrogen generation 
rate and so is not affected by feed concentration uncertainty. 

As discussed in Section 9.3, water vapor is calculated to make up 9% or more of the 
DCRT headspace gas over wastes from Tanks SX-103 and SX-105. The high concentrations of 
ammonia and water vapor in the DCRT headspace over wastes from these tanks may reduce the 
oxygen partial pressure enough to reduce the chances of combustion. But, as was pointed out in 
Section 8.2, there is no assurance that combustion would be prevented. 

In the base-case (minimum-ventilation) fill scenario, the post-fill flammability peak 
occurs days to weeks after DCRT filling ends. In many cases, the higher the fill-end 
flammability, the sooner the peak occurs. The equilibrium model predicts that waste from S-102 
produces a peak in 23 days for the base-case scenario; wastes from SX-102, SX-103, SX-105, 
and SX-106 require 25 to 28 days; and the time to peak ranges from 37 to 130 days for those of 
the remaining tanks in which peaks occur at all. 

9.5 Comparison of Equilibrium and Nonequilibrium Models 

The conservatism of the equilibrium model is of most concern when ventilation rates are 
high and when the wastes that cause higher DCRT headspace flammabilities are being modeled. 
Table 9.3 compares the flammabilities calculated by the equilibrium and nonequilibrium models, 
both using revised inputs, for the 10 tank wastes for which the equilibrium model yielded high 
DCRT headspace flammability. We still use the base-case minimum ventilation rate (3 acfh), fill 
rate (4 gpm), and final fill (80% of the DCRT volume). The equilibrium model predictions are 
therefore the same as those given in Table 9.2. 

As can be seen in Table 9.3, the equilibrium model predicts higher fill-end flammabilities 
than the nonequilibrium model does, but at only 3-acfh ventilation the overprediction is generally 
20% or less of the nonequilibrium total flammability. The S-109 waste stands out as an 
exception: for this waste, much of whose flammability comes from dissolved hydrogen, the 
equilibrium model predicts twice the total fill-end flammability given by the nonequilibrium 
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Table 9.3. Comparison of Predictions Made by the Equilibrium Model 
and the Nonequilibrium Model for 3-acfh Ventilation 

Tank 

Z-102 
5-109 
ZX-102 
ZX- 103 
ZX- 105 
ZX- 106 
3- 103 
IT- 105 
17-106 
17-108 
:a) D in t 

Base Case: DCRT 80% full, feed rate 4 gpm, ventilation 3 acfh, 
Section 2 inputs 

Equilibrium Model Nonequilibrium Model 
End of Fill Post-Fill End of Fill Post-Fill 

Steady- Peak Steady- Peak 
H2 Total stateH2 Total H2 Total stateH2 Total 

(%of (%of (%of (%of (%of (%of (%of (%of 

e peak post-fill column indicates that the flammability does not reach a peak after I 
~ 

‘Illing but co&st&y declines. 

model. This reflects the nonequilibrium model’s consistent prediction of lower fill-end hydrogen 
contributions (often less than half the equilibrium model’s values). The lower hydrogen 
contributions result from the low overall mass-transfer coefficients for hydrogen (see the 
discussion in Section 2.5.1). Ammonia has a much higher overall mass-transfer coefficient, and 
its flammability contributions are not much reduced by mass-transfer limitations. 

For the post-fill flammabilities, the differences between the equilibrium and non- 
equilibrium model predictions are smaller. The total flammabilities predicted by the equilibrium 
model are higher, by 10% or less of the nonequilibrium values. However, the post-fill hydrogen 
contributions are slightly higher in the nonequilibrium model for both DCRTs. This difference 
appears to be numerical in nature: the equilibrium and nonequilibrium post-fill models are 
affected slightly differently by the assumptions that were made to obtain an analytical solution. 

Table 9.4 makes the same comparison between the equilibrium and nonequilibrium 
models, but at the higher ventilation rate of 30 acfh (0.5 acfm) rather than 3 acfh. Once again, 
fill-end hydrogen flammabilities are reduced more by mass-transfer limitations than are the total 
flammabilities, and the total flammabilities predicted by the equilibrium model are high by 20% 
or less of the nonequilibrium total flammability. 

Table 9.5 extends the comparison of equilibrium and nonequilibrium models to the 
ventilation rate of 300 acfh (5 acfm), which is typical of passively ventilated SSTs (as was 
mentioned in Section 7.2). At this ventilation rate, the total flammabilities predicted by the 
equilibrium model are high by 20-50% of the nonequilibrium total flammability. 
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Table 9.4. Comparison of Predictions Made by the Equilibrium Model 
and the Nonequilibriurn Model for 30-acfh Ventilation 

Table 9.5.Comparison of Predictions Made by the Equilibrium Model 
and the Nonequilibrium Model for 300-acfh Ventilation 
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Note that for all these tanks a 5-acfm ventilation rate is sufficient to reduce the DCRT 
headspace flammability to below 25% of the LFL. However, because of the uncertainty in the 
ammonia concentration of the unmeasured tanks, these flammability estimates should not be 
taken as complete assurance of flammability reduction. 

In general, it appears that the equilibrium model overestimates the hydrogen flammability 
by more than a factor of 2 during fill and by 10% or less after filling is complete. Because 
dissolved hydrogen does not contribute much to headspace flammability for most wastes, the 
equilibrium model usually gives a fairly close estimate of total DCRT headspace flammability in 
the 3 to 30 acfh ventilation range. (Actual ventilation rates may be substantially higher, 
however, and at ventilation rates on the order of 5 acfm the equilibrium model may overpredict 
by as much as 50%.) 

Though the total headspace flammabilities predicted by the equilibrium and non- 
equilibrium models are about the same, the equilibrium model does not accurately predict the 
ventilation rates required to maintain DCRT headspace flammability below 25% of the L E .  
Table 9.6 shows the minimum ventilation rates calculated by the two models. Whenever the 
equilibrium model predicts minimum required ventilation rates that are more than about 10 acfh, 
it overpredicts the needed ventilation by a factor of 3 or more. The exception, once again, is the 
waste from Tank S-109. In this case, the equilibrium model underpredicts the needed ventila- 
tion. The flammability of S-109 waste comes primarily from dissolved hydrogen while the other 
wastes under consideration have high ammonia, of which there is a large reservoir in the liquid. 

Because the headspace flammability does not vary strongly with ventilation rate, the 
small differences in flammability predicted by the two models require large differences in 
predicted ventilation to reach the same final flammability. Thus a nonequilibrium model is 
clearly preferable to an equilibrium model for calculating mitigating ventilation rates. 

Table 9.6. Comparison of Mitigating Ventilation Rates Calculated 
by the Equilibrium and Nonequilibrium Models 
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As shown in Table 9.6, the minimum required ventilation rates calculated by the non- 
equilibrium model are highest for wastes from Tanks SX-103 and SX-105, at 2 to 2.5 acfm (130 
to 150 acfh), respectively. Hedengren et al. (1997), who assumed substantially lower dissolved 
ammonia concentrations for these two tanks but also assumed instantaneous equilibrium, 
predicted much lower ventilation rates necessary to maintain flammability below 25% of the 
LFL. Most of the difference between the Hedengren et al. predictions and those from the present 
study can be accounted for by the difference in the assumed ammonia concentration. Hedengren 
et al. also suggested possible operational changes, such as reducing the feed rate, that might 
allow such tanks to be pumped without exceeding 25% of the LFL even with minimal 
ventilation, but this document does not attempt formally to address such operational changes. 

9.6. Effects of Uncertainty in the Parameters 

Our discussion has established that there is substantial uncertainty in some of the 
variables used in the present model. Among the most uncertain inputs are the ventilation rate 
(Section 7), the dissolved ammonia concentration in the feed (Section 2), the solubility of 
hydrogen and methane (Section 2), and the hydrogen generation rate (Section 5). The 
differences between the flammability predictions made by Hedengren et al. (1997) and those of 
the present equilibrium model using the revised inputs (Table 9.2) are indications of the effects 
of the uncertainty in the DCRT feed concentrations. This section further explores the effects of 
input uncertainty and control measures such as changes in feed and ventilation rate, through 
parametric analyses. The nonequilibrium model and revised inputs are used throughout. 

Figures 9.1 and 9.2 show the effects of varying the source concentrations, feed rate, 
percent fill, and ventilation in two different cases. The first case is waste from Tank U-103, a 
typical high-ammonia, low-temperature tank; the second case is that of waste from Tank 
SX-103, a typical high-ammonia, high-temperature tank. Note that wastes that are considerably 
different from the modeled waste (for example, S-109 waste, which contains less salt and more 
dissolved hydrogen) may not behave in the same way as the modeled wastes and so should be 
modeled specifically. Table 9.7 shows the input parameters used in modeling the wastes from 
U-103 and SX-103. 

Figure 9.1 is an overview of the effects of varying the feed concentrations and hydrogen 
generation rate on the DCRT headspace flammability, both at the end of the fill and afterward. 
The plot shows the feed concentrations of the tanks that were modeled in Section 9.3 and 
categorizes them into those for which the ammonia concentration in the feed has been measured 
and those for which it has not. 

The plot at the left of Figure 9.1 shows the criterion that the dissolved hydrogen must 
meet, given a certain dissolved ammonia concentration, if'the fill-end flammability is to be 
below 25% of the LFL. (It is appropriate to speak only of ammonia, rather than ammonia plus 
ammonium ion, because these two wastes are modeled at a pH high enough to ensure that no 
significant amount of ammonium ion is present.) In this plot, most of the controlling parameters 
in Table 9.3 are held at the specific U-103 or SX-103 values in the table, including the salt 
concentration, temperature, pressure, and solubility constants. The fill parameters, ventilation 
rate, and hydrogen generation rate were also held at the tabulated values. Only the dissolved 
hydrogen and ammonia concentrations were varied for the plot on the left of Figure 9.1. 
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rate, and hydrogen generation rate were also held at the tabulated values. Only the dissolved 
hydrogen and ammonia concentrations were varied for the plot on the left of Figure 9.1. 

This plot shows that the limiting concentrations (for 25% of LFL) are substantially 
different for U-103 and SX-103 wastes. The high temperature of the latter causes the same feed 
concentration of ammonia to have a higher impact on headspace flammability. For SX-103 
waste parameters, when the dissolved hydrogen in the DCRT feed is greater than 5 x lo4 M at 
zero ammonia, or the dissolved ammonia is greater than 0.06 M (1000 pg/mL) at zero hydrogen, 
the fill-end flammability in the DCRT is likely to be above 25% of the LFL (for the base-case 
minimum ventilation rate of 3 acfh). For comparison, the median dissolved hydrogen concentra- 
tion is 3.1 x M H2. Several tanks have measured ammonia concentrations above 0.06 M, but 
a tank would need a hydrogen partial pressure of about 17 atm to have 5 x lo4 M of dissolved 
hydrogen. 

For U-103 waste parameters, the limits on the feed concentrations are much looser. The 
maximum ammonia concentration is about 0.3 M, or 4900 pg/mL (for the base-case minimum 
ventilation rate of 3 acfh). None of the measured ammonia concentrations have been this high 
thus far. 

The plot on the right of Figure 9.1 shows the criterion that the post-fill hydrogen 
generation rate must meet, given a certain dissolved ammonia concentration, if the post-fill peak 
flammability is to be below 25% of the LFL. In this plot, the waste salt concentration, 
temperature, pressure, and solubility constants, fill parameters, ventilation, and dissolved 
hydrogen concentration are held at the values in Table 9.7. Only the post-fill hydrogen 
generation rate and the feed ammonia concentration were varied from their tabulated values. 
(The post-fill peak flammability depends on the steady-state hydrogen concentration, so it is not 
sensitive to the dissolved hydrogen in the feed.) 

The post-fill plot in Figure 9.2 shows that, once again, the hot SX-103 waste places 
tighter limits on the feed than the low-temperature U-103 waste does. The limiting ammonia 
concentrations for the U-103 and SX-103 wastes are about the same for the post-fill flammability 
as for the fill-end flammability. That is, in both the fill-end and post-fill cases the limiting 
ammonia concentrations are those at which ammonia alone could produce 25% of the LF% in the 
DCRT headspace. 

At a feed ammonia concentration of zero, the maximum allowable volumetric hydrogen 
generation rate is between 4 x mol H2/Uhr (for the minimum ventilation rate). 
SX-103 and SX-105 are the only tanks with hydrogen generation above the zero-ammonia limit, 
although SX-104 and U-106 come close. The average hydrogen generation rate for the modeled 
wastes is 1.3 x mol H2/Uhr, which means a total hydrogen generation of 0.17 acf Hdday in 
the 80% full S DCRT or 0.24 acf H2/day in the other DCRTs. (For comparison, 3 acfh of 
ventilation would remove 0.72 acf H2/day if the DCRT headspace contained 25% of the LFL of 
hydrogen alone.) 

and 6 x. 

We have also considered the effect of feed concentrations and hydrogen generation at a 
higher (and probably more realistic) ventilation rate of 5 acfm (300 acfh). The limiting 
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Table 9.7. DCRT Model Inputs for the Base Case for Two Wastes 

U- 103 
Ventilation rate (acfh) 

Final fraction of DCRT filled 

Concentrations in the waste liquid (M) 
Na+ 12.0 
Al0; 1 .o 
Cr3+ 0 
K+ 0 
OH- 0.0 1 
N 0 i  3.9 
NO; 2.4 
c0:- 0.4 1 
Po:- 0.03 
so,"- 0.05 
F 0.08 
c1- I 0.27 

Waste temperature ("C) 27.6 
Pressure in source tank (atm) 1.62 
Waste density (kg/m3) 1385 

Mass fraction of water (wt%) 51.5 
1 3 7 ~ s  concentration (ci/m~) 3.8 x 10" 
TOC concentration (g/L) 15.4 
Dissolved H2 concentration in feed (M) 8.25 x 

Dissolved NH3 plus m+ concentration in feed (M) 0.182 

Waste pH 12 

Dissolved CHq concentration in feed (M) 3.07 10-~ 

Henry's Law constant for H2 (mom liq/atm) 2.4 10'~ 
Henry's Law constant for CHq (mom liq/atm) 1.6 10-~ 
Henry's Law constant for NH3 (mom liq/atm) 
Ha generation rate after fill (mol H*/L liquidhr) 

7.7 
1.9 x 10'~ 

SX- 103 
3 
4 
0.8 
S 

10.7 
1.2 
0.02 
0.08 
0.01 
3.6' 
2.5 
0.41 
0.04 
0.05 
0 
0.20 
71.1 
1.82 
1460 
12 
50.9 
4.5 x 10" 
5.0 
3.06 x 10-~ 
1.19 x 
0.088 
2.9 10-~ 
1.5 10-~ 

6.1 10-~ 
1.5 

relationship between hydrogen and ammonia continues to be linear. In general, ammonia 
concentration exerts the most limiting influence on the DCRT headspace flammability. The 
specifics are given in Table 9.8. 

Figure 9.2 shows the effects of the fill scenario parameters on the fill-end and post-fill 
DCRT headspace flammabilities for U-103 and SX-103 wastes (defined in Table 9.7). In each of 
the three plots in the exhibit, one parameter is varied and the others are fixed at the base-case 
average waste values in Table 9.7. The minimum ventilation rate was used in this base-case. 
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Table 9.8. Limiting HydrogedAmmonia Relationships to Maintain 25% of the LFX 

U- 103 SX- 103 
at 5 acfm at 5 acfm 

at 3 acfh (300 acfh) at 3 acfh (300 acfh) 
Maximum dissolved H2 (mom) at zero 

Maximum dissolved NH3 (mom) at 
zero hydrogen (for fill-end and post-fill 0.29 0.36 0.06 0.13 
fl ammabili ties) 
Maximum H2 generation rate 
(mol HZ/hr/L waste) at zero ammonia 

ammonia (for fill-end flammability) 5 x lo4 g X  10-~ 5 x  lo4 1 x 

3.8 x 3 . 8 ~  I 6 . 6 ~  I 6 . 6 ~  I (for Dost-fill flamrnabilitv) I I 
The effect of ventilation is plotted on semi-logarithmic axes in the left-most plot in 

Figure 9.2. Ventilation rate has little effect on the fill-end flammability for the two wastes in the 
range from 3 to 30 acfh, though it substantially affects the post-fill flammability. This low 
ventilation has a small effect during filling because ventilation is only part of the gas outflow 
rate; at 4-gpm feed, the feed rate causes 10 times as much gas outflow as the ventilation does. 
When the ventilation rate exceeds about 30 acfh, however, its effect increases, and at 5 acfm 
(300 acfh) ventilation is effective at reducing the headspace flammability below 25% of the LFL. 

Figure 9.2 (middle plot) shows the effect of the fill fraction, X, on the DCRT headspace 
flammability at the end of the fill. The effect is in accord with physical intuition; decreased fill 
leads to decreased flammability for both the fill-end and post-fill regimes. The sharp drop in the 
fill-end flammability for very low fill fractions results from the drop in the ammonia vapor 
pressure caused by evaporative ammonia depletion in the liquid. 

The feed rate (right plot in Figure 9.2) does not necessarily have a monotonic effect on 
the fill-end flammability: the SX-103 and U-103 wastes differ slightly in this respect. The 
response of the fill-end flammability to the feed rate depends, to a large extent, on the hydrogen 
generation rate; the amount of time taken by slow fills allows significant amounts of hydrogen to 
be generated. This mechanism is monotonic; higher feed rate always means less hydrogen 
generated by the time the fill ends. 

However, the effect of feed rate also depends on how much of the flammable gas in the 
feed is low-solubility hydrogen and how much is ammonia. Even when the hydrogen generation 
rate is set to zero, the direction of the flammability response to the feed rate can be changed by 
varying the NH3/H2 ratio alone. For high feed NH3/H2 ratios, a decreased feed rate causes 
increased fill-end flammability; for low ratios, decreased feed rate causes decreased fill-end 
flammability. (For example, the waste in Tank T-104, which responds to lower feed rates with 
lower flammability, contains only about 90 times as much NH3 as H2 and has an unusually low 
hydrogen generation rate.) The NH3/H2 ratio in SX-103 waste is about one-eighth of that in 
U-103 waste. This may be why SX-103 waste decreases in flammability with decreasing feed 
rate (over part of the feed rate range), while U-103 increases monotonically in flammability as 
the feed rate decreases. 
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Figure 9.2 also demonstrates that feed rates somewhat .higher than the upper operational 
limit of 4 gpm would have only a slight effect on headspace flammability. Therefore, the 
precision of flow rate control is not critical from a flammability perspective. 

9.7 Effect of Mixing Wastes 

Wastes that are in or entering a DCRT may mix with other wastes or with liquid (hot 
water, cold water, or caustic solution) that is used to flush the lines and prevent clogging. 
Caustic solution is also used to adjust the pH of waste already in the DCRT. The effect of 
mixing was studied by making the assumption that the two wastes are already mixed in 
unchanging proportion as they enter the DCRT. The headspace flammability resulting from 
filling the DCRT with the mixture to the final level was calculated. In practice, the DCRT is 
likelier to be partly filled with one waste, with another waste added to complete the fill. This 
practice differs from the model in that the proportions of the two wastes vary during filling, 
though the end point is the same. The modeling (as will be shown) captures the effect of having 
varying mixtures at the final 80% fill level, but not the effect of having varying mixtures while 
the DCRT is less than 80% full. Using the final fill level is expected to provide an overestimate 
of the effect of waste mixtures, because (as shown in the center plot of Figure 9.2) lower fill 
levels lead to lower headspace flammability. 

We would expect mixing to have the greatest effect when one waste is high in 
temperature and salt concentration and low in dissolved flammable gases and the other is lower 
in temperature and/or salt and high in dissolved gases. The lower gas solubility in the first waste 
(for example, Tank SX-104) causes an extra release of the more concentrated dissolved gas than 
the second type (for example, Tank U-105). (Note that this example is purely cautionary; wastes 
from two different tank farms are very unlikely to be mixed.) Using the revised inputs for wastes 
from Tanks SX-104 and U-105, a base-case fill scenario (with the minimum 3-acfh ventilation), 
and the nonequilibrium model produces the mixing-versus-flammability plots in Figure 9.3. 
(Note that the pure U-105 and SX-103 flammabilities are not the same as in Table 9.2, which 
was based on the equilibrium model and used the U DCRT for U-105 waste.) 

Both the fill-end and post-fill flammabilities in the S DCRT headspace reach maxima as 
the volume fraction of waste from Tank U-105 is increased from 0 to 100% of the waste in the S 
DCRT. The mixing fraction at which the post-fill maximum occurs is about 40% U-105 waste 
and 60% SX-104 waste. Situations in which such flammability maxima can occur are probably 
rare but illustrate that considering only single-tank flammabilities can lead to underestimates 
when mixing wastes. For this reason, waste mixing in the DCRTs should be modeled on a case- 
by-case basis. 

Waste can also be mixed with line flushes of hot water, cold water, or caustic solution 
(depending on what is needed to prevent clogging in the transfer lines). Hot water is often used 
in quantities that may be as much as 25% of the transferred waste volume. The wastes that are 
most likely to respond to a hot water flush with added flammability are those with low tempera- 
tures and high dissolved ammonia concentrations. Figure 9.4 represents the flammability effect 
of mixing one such waste, that from Tank U-105, with both hot water (65°C) and cold water 
(17°C). The figure is based on the U-105 waste properties used for Table 9.2 and assumes 
4-gpm feed, 80% fill, and the minimum 3-acfh ventilation. The nonequilibrium model was used. 
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Figure 9.4 shows that both the fill-end and post-fill flammabilities consistently decrease 
as more water is added, whether the water is cold or hot. Although the higher temperature of the 
hot water increases the ammonia vapor pressure, the added dilution overcomes that increase by 
allowing more ammonia to remain in solution. A cold water flush reduces the flammability of 
the headspace gas even more. The flammability difference between the hot and cold water 
flushes is 5% LFL or less. Note that the flammability does not go to zero at pure water; this is 
the result of spurious hydrogen generation by the generation model’s corrosion mechanism, 
which does not vary with concentration or temperature. The amount of extra hydrogen 
introduced by this means is small and only pertinent in modeling very dilute wastes. 

Caustic flushes and pH adjustments are also a possibility; if NaOH was added to a dilute 
waste with low pH and high ammonium ion concentration, ammonia could be released. 
Figure 9.5 represents the flammability effect of mixing such a waste with 50% molar NaOH (at 
25°C) or with a cold water line flush. (The 50% molar NaOH is used for pH adjustments.) 

The waste used for this prediction is based on T-104 waste except that it has been 
assigned an unrealistically high concentration of dissolved -ammonia plus ammonium ion 
(0.18 M), an atypically low pH of 7, and a higher temperature of 40°C. The figure assumes the 
same equilibrium model and base-case fill scenario used to model Tank T-104 in Table 9.2. As 
the figure shows, the caustic produces a higher headspace fill-end flammability that peaks when 
very little caustic is added (typically, a relatively small amount of caustic would be added). The 
peak (the amount by which the post-caustic headspace flammability exceeds that of the unmixed 
waste) is 8% of the LFL or less. However, at higher temperatures (such as the 60-70°C of some 
of the SX tanks) the effect of the additional ammonia would be greater, so the effect of caustic 
flushes should be modeled for wastes from low-salt, high-temperature, high-ammonia tanks. 
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9.8 Overall Uncertainties and Conservatism 

The conservatisms and uncertainties in the model(s) and inputs are set forth below, in 
order of decreasing importance. We begin with the conservatisms and uncertainties in the model 
algorithms themselves. 

The Schumpe solubility model was used in both the equilibrium and nonequilibrium 
models. It employed the gas and ion parameters provided by Hermann et al. (1995), as discussed 
in Sections 2.2.5 and 2.2.6. Testing performed by Norton and Pederson (1995) showed that, for 
a simulant somewhat more dilute than most of the SST wastes modeled in this report, this 
solubility model and parameters tended to underestimate the solubilities of hydrogen and 
ammonia and overestimate the solubility of methane. The differences between the predicted and 
measured solubilities were 30% or less, and would result in underprediction of fill-end hydrogen 
(which depends on the solubility in the source tank) and overprediction of ammonia and methane 
in the DCRT headspace. There is no information to quantify the overpredictions or 
underpredictions made by the Schumpe model at the somewhat higher salt concentrations in 
most of the wastes. 

The mass-transfer model used in the nonequilibrium model was described in Section 2.5. 
The ultimate upper bound on the headspace concentration achievable by high mass-transfer rates 
is equilibrium. The comparisons of equilibrium and nonequilibrium results in Table 9.3 show 
that mass-transfer limitations tend to reduce the hydrogen concentration in the headspace by a 
factor of 2 to 3, but have little effect on the ammonia concentration. Implausibly high mass- 
transfer rates would be required to asymptotically approach equilibrium for hydrogen, so the 
actual upper uncertainty for hydrogen is more likely to be +50% or less than the +loo% or 
+200% implied by the factor of 2 or 3 difference from equilibrium. The upper uncertainty for 
ammonia is probably 10% or less, since ammonia closely approaches equilibrium. The lower 
uncertainty on the mass-transfer model is harder to quantify. Lowering the mass-transfer 
coefficients by an arbitrary factor of 10 reduces the ammonia concentration in the headspace 
hardly at all, but decreases the hydrogen and methane concentrations by a factor of about 7. 
Clearly there is more uncertainty in the downward direction, for hydrogen and methane, than in 
the upward direction, though the amount of uncertainty is unknown. However, the mass-transfer 
model does not contain any conceptual conservatisms; it is considered a best estimate. 

By the same arguments, the equilibrium model is a factor of 2 or 3 conservative in its 
hydrogen (and methane) predictions, simply by virtue of assuming equilibrium, but is much less 
conservative in its ammonia predictions. To the extent that the total DCRT headspace 
flammability from a waste is dominated by ammonia, the conservatism introduced by 
equilibrium assumptions is not significant. 

The water vapor model (included in both the equilibrium and nonequilibrium models) is 
not a large source of either conservatism or uncertainty. The water vapor pressure is less than 
20% of atmospheric pressure even in the hottest tank wastes. Based on a comparison to 
experimental data taken using simulants, the maximum error in the water vapor pressure 
correlation was 15%. This amounts to a maximum uncertainty of 3% of the flammability. 
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Overall, the nonequilibrium model does not appear to contain any known conservatisms 
of more than about 30%. It may underpredict the fill-end hydrogen in the DCRT headspace by 
30% or less because of the underprediction of the hydrogen solubility by the Schumpe model. 
The uncertainty of the nonequilibrium model comes mostly from the mass-transfer model. The 
uncertainty may be +50% for hydrogen and methane but is much less for ammonia. The equi- 
librium model has higher conservatism, a factor of 2 or 3 for hydrogen and methane, which more 
than offsets the possible underprediction of fill-end hydrogen by the Schumpe model. 

. 

For most tank wastes, the uncertainty (or conservatism) in the inputs dominates over that 
in the model. The various sources of uncertainty and conservatism have substantially different 
impacts on different wastes, but some general statements can nevertheless be made. The major 
input uncertainties and conservatisms will be listed in order of decreasing significance. 

Of the eight tanks with wastes that cause high ammonia flammabilities in the base- 
case minimum-ventilation scenario, only two (SX-103 and U-103) have had actual 
measurements of the dissolved ammonia in the waste. The uncertainty of the 
ammonia flammability for wastes from the other six high-flammability tanks cannot 
be quantified meaningfully, although the use of relatively high ammonia 
concentrations for these wastes makes overprediction more likely than 
underprediction. Many of the wastes that were not modeled (in Table 9.2) as causing 
high DCRT headspace flammabilities also lacked waste ammonia measurements. In 
these cases, there is a greater likelihood of underprediction of the ammonia. The 
uncertainty of the ammonia flammabilities for the unmeasured tanks cannot be 
quantified. 

The ammonia flammability may be overpredicted for some tanks because of using the 
maximum ammonia measured in a tank (for those tanks for which measurements at 
several depths were available, as listed in Table 2.2). The extent of this overprediction 
depends on whether the liquid is pumped from zones of the source tank where the 
maximum concentration was observed. The conservatism in using the maximum 
cannot be assessed generically, but only on a case-by-case basis when actual pumping 
plans are known. A factor of 2 or more overprediction is possible. 

Three of the tanks with wastes for which high DCRT headspace flammability was 
predicted, SX-103, SX- 105, and U-106, had hydrogen generation rates large enough 
to make hydrogen a separate flammability concern in the post-fill period (at the 
minimum ventilation rate). As discussed in Section 5, in situ hydrogen generation 
rates have been estimated for two of these tanks (SX-103 and SX-105) using the 
model described in Hu et al. (1997), which was used to supply the hydrogen 
generation rate input to the present model, and also by back-calculating the hydrogen 
generation rate from the hydrogen concentration in the tank headspace (Wilkins et al. 
1997a). The modeled in situ hydrogen generation rate was six times as high as the 
“observed” rate in SX-103 and 15 times as high in SX-105. Furthermore, Tank 
U-106 is part of the same HTCE cluster (cluster 20) as SX-103 and SX-105. The four 
Cluster 20 tanks for which comparisons could be made all showed substantial 
overprediction of the in situ hydrogen generation rate by the model used in Hu et al. 
(1997), as shown in Section 5. Thus, the high hydrogen contributions to post-fill 
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flammability calculated for waste from these three tanks are probably overpredicted 
by a factor of five or more. The uncertainty in the hydrogen generation rates used in 
the present models is substantial for SST wastes such as these. 

0 The uncertainty in the ventilation rate has considerably less effect on the ammonia 
flammability than on the flammability contributed by dissolved and generated 
hydrogen. This point is made by a comparison of Tables 9.3,9.4, and 9.5. Increasing 
the ventilation from the base-case value of 3 acfh to 30 acfh decreases the fill-end 
hydrogen by roughly a factor of 2, the post-fill hydrogen by a proportional factor of 
10, and the ammonia by 10% or less. The next factor of 10 increase in ventilation (to 
300 acfh) decreases the ammonia by 10 to 50%, depending on the waste. Thus the 
degree of conservatism in the assumption of a 3 acfh ventilation rate depends on the 
extent to which ammonia dominates the flammability. 

0 The temperature of the waste in the DCRT may differ from that in the source tank 
because of more effective cooling in the transfer lines and DCRT, heating in the jet 
pump, or self-heating. Barring a detailed thermal analysis, only three things can be 
said about the uncertainty or conservatism caused by temperature change. First, it is 
likelier to affect the wastes with temperatures well above ambient (SX-102, SX-103, 
SX-104, and SX-105) by cooling them. Second, temperature has little effect on 
hydrogen solubility, but the ammonia vapor pressure decreases by 10 to 20% for each 
5°C drop in temperature, giving a potentially noticeable conservatism. Third, the 
hydrogen generation rate (as calculated by the model used by Hu) also decreases by 
roughly 20% for each 5°C drop in temperature. 

0 The fill-end hydrogen flammability is probably overpredicted by a small amount (less 
than 30%) because the dissolved hydrogen concentration is based on the hydrostatic 
pressure at a depth that is greater than the actual average gas depth (see Section 2.3.) 
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10.0 Conclusions 

In our analyses we have evaluated several flammable gas carryover and generation 
mechanisms in DCRTs and discussed a number of associated technical issues. We have 
identified no major flaws in the approach used in the calc-note by Hedengren et al. (1997). 
Although we developed a somewhat different mathematical model for predicting flammable gas 
concentrations within the DCRT, we found little difference between our predictions and those of 
Hedengren et al. when the same initial dissolved gas concentrations were assumed and when 
instantaneous equilibrium between dissolved gases and headspace was assumed. We also 
developed a nonequilibrium model that accounts for mass-transfer limitations on the release rates 
of dissolved gases and found that for most purposes the assumption of equilibrium does not 
produce large overestimates of DCRT headspace flammability until ventilation rates are much 
higher than the 3 acfh assumed in the other analyses. However, since ventilation rates are likely 
to be higher than 3 acfh, the nonequilibrium model is preferred as more accurately predicting gas 
behavior. The nonequilibrium model is strongly preferred for predicting minimum ventilation 
rates required to maintain headspace flammability below 25% of the LFL. Of course, in a formal 
safety analysis, the analyst must determine what model to use. 

We suggest that the initial concentrations of ammonia used in models be scaled to 
account for sample depletion relative to the in-waste values. There are two factors to consider: 
in-laboratory losses and sample representativeness. In-lab losses affect core samples and could 
be offset by multiplying measured ammonia concentrations by a factor of 1.5. 
Representativeness of either grab or core samples must be judged on a case-by-case basis 
depending on the elevation of the sample with respect to the liquid to be pumped. We also 
suggest that the actual ventilation rate in the DCRTs may be considerably larger than the 
assumed value of 3 acfh. In-tank measurements are needed (Sections 2 and 7). 

The analyses in this document suggest that carryover of free gas from the source tank to 
the DCRT in the form of “hitchhiker” bubbles is possible, but only as armored bubbles less than 
10 microns in diameter. Even if released once they reach the DCRT, these bubbles would 
contribute an insignificant amount of flammable gas to the headspace. Carryover of adsorbed 
gas on entrained particles is also possible but would also contribute insignificantly to the 
flammability of the DCRT headspace. The dominant mechanism of gas carryover is therefore 
dissolved gas transferred with the pumped liquid (Sections-2,3, and 4). 

Because the residence time of the liquid in the salt well is short and the surface area 
small, no significant volatilization of flammable gas occurs within the salt well. Since losses in 
the salt well are small, there is little depletion of flammable gas from the waste as a result of 
pumping, and the concentrations in the liquid reaching the DCRT approximately reflect their 
concentrations in the source tank. However, if the source tank includes an upper layer of 
supernatant liquid, volatilization of dissolved gases over many years of storage reduces the 
dissolved gas concentrations relative to those in the interstitial liquid pumped from the 
nonconvective layer. Liquid pumped early in a campaign may therefore contain less gas than 
liquid pumped later in the campaign (Section 2). 

Once the liquid reaches the DCRT, flammable gases dissolved in the liquid partition into 
the gas phase it contacts, in accordance with vapor-liquid equilibria described by Henry’s Law. 
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One can assume either that all of the liquid instantaneously equilibrates with the entire headspace 
(the equilibrium model) or that mass transfer limitations within the liquid will slow the 
volatilization rate (the nonequilibrium model). Both of these treatments differ from those used 
by Hedengren et al. (1997), who assumed either total release (for low-solubility gases such as 
hydrogen and methane) or an equilibrium-controlled release without depletion of the liquid (for 
ammonia, a highly soluble gas). Comparisons of calculated percent of LFL in the Hedengren 
approach and the equilibrium model, keeping other assumptions the same, show only small 
differences in the flammability at the end of fill. At low ventilation rates, the equilibrium and 
non-equilibrium models also yield comparable results. However, the equilibrium assumption 
loses validity because the ventilation rate increases and volatilization is no longer rapid enough 
to replenish the headspace. Thus, the flammability predicted by the nonequilibrium model falls 
relative to the equilibrium model predictions as ventilation increases (Sections 2,9). 

Calculating DCRT headspace flammabilities requires the dissolved gas concentrations 
and Henry’s Law constants. The concentrations of low-solubility gases can be estimated from 
their gas-phase concentrations in the source tank, the pressure, and Henry’s Law. RGS data 
should be used to provide gas-phase concentrations when available. For tanks with no available 
data, the median results from RGS sampling indicate that the composition of the low-solubility 
gas mixture in the waste matrix can be modeled as 65% hydrogen, 5% methane, and 30% non- 
flammable gases, including nitrogen, nitrous oxide, and other nitrogenous gases. The median 
composition found in RGS samples taken from separate liquid layers is 19% hydrogen, 7% 
methane, and 74% nonflammable gases. The choice of which of these compositions to use will 
depend on whether liquid is pumped primarily from the matrix or from separate liquid layers, 
which must be determined on a case-by-case basis. These values differ from those used by 
Hedengren et al. (1997): 97% hydrogen and 3% methane (Section 2). 

The concentration of ammonia can be estimated from grab samples, core samples, or 
RGS data. Grab samples from the middle or bottom of the tank are more likely to represent the 
ammonia concentration in the liquid within the waste matrix. Grab samples from the middle or 
bottom of the salt-well screen are therefore preferred as sources of ammonia concentrations for 
modeling pumping scenarios where liquid comes primarily from within the matrix. However, 
top samples are more representative for cases in which liquid is pumped from a supernatant 
layer, which is likely to be depleted in ammonia (compared with the average in the pumpable 
waste matrix). The ammonia concentrations in near-surface samples may be substantially lower 
than the concentration in the pumpable waste matrix because of ammonia evaporation from the 
upper portion of the waste into the headspace. In addition, ammonia concentrations measured in 
conventional core samples may be a factor of 1.5 low because of in-lab ammonia loss from the 
drainable liquid during extrusion (Section 2). 

The limited available data suggest that the Schumpe model, when used with 
experimentally tested parameters (Norton and Pederson 1995; Hermann et al. 1995), provides the 
current best estimates of Henry’s Law constants and their dependence on temperature, pH, and 
salt concentrations (Section 2). 

Mixing wastes from different tanks or adding caustic or water may also cause flammable 
gas release by changing the solubility of the gases. In some scenarios, the amount of gas 
released by the mixture of wastes from two tanks is larger than the amount either of waste alone 
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would release. Temperature increases in the tank, which would tend to release gas, are 
considered unlikely. Releases due to caustic or water addition are small and may, in fact, reduce 
flammability (Section 9). 

Flammable gases are also generated within the DCRT itself by the continuing processes 
of radiolysis, thermolysis, and corrosion. The model described by Hu (1997) conservatively 
predicts the rates of hydrogen generation for calculating DCRT headspace flammability 
(Section 5).  

If a significant nonconvective layer formed in a DCRT by precipitation of solids from 
liquid waste, some of this generated gas could begin to accumulate. Solids can precipitate in a 
DCRT if, for example, the waste temperature decreases or the pH is reduced when wastes are 
mixed. If enough gas were retained to make the nonconvective layer buoyant, a buoyant 
displacement instability could occur and release a large fraction of the retained gas into the 
tank’s headspace. Even if the nonconvective layer does not become buoyant, its retained gas 
will be released if the waste matrix is disrupted. However, in either event the headspace is not 
expected to exceed the LFL. While there is a potential for significant gas retention and release, 
the time required to form the nonconvective layer and accumulate gas is so long (a year or 
longer) that it is only a concern in highly abnormal DCRT operations (Section 6). 

. 

Ventilation can strongly influence flammable gas concentrations in the headspace of a 
DCRT. While the only ventilation that can be credited with confidence in a safety analysis is the 
3-acfh air flow bubbling through two DP tubes, significant additional inleakage of air almost 
certainly occurs around riser covers and the manual tape level instrument. This additional flow 
would reduce flammability substantially at steady state but less significantly during tank filling. 
The actual ventilation rate could be measured by sampling the DCRT or its ventilation exhaust 
for components of the waste gases that are not found in air or by using tracer gas techniques 
(Section 7). 

The LFL for upward flame propagation is appropriate for determining flammability in a 
DCRT. The upward propagation LEX for a gas mixture can be determined using LeChatelier’s 
linear mixing law. Nitrous oxide can be considered an inert species unless fuel concentrations 
approach the (higher) LFL for downward flame propagation and water vapor cannot be counted 
on to prevent combustion (Section 8). 

The findings of the modeling work (Section 9) are 

Compared with the nonequilibrium mass-transfer-limited model, the equilibrium 
model overestimates the hydrogen contribution to flammability by more than a factor 
of 2 during fill and by 10% or less after filling is complete. Because hydrogen is not 
a major contributor to DCRT flammability for most of the tank wastes, the 
equilibrium model in most cases gives a fairly close estimate (within 20% of the non- 
equilibrium value) of the total DCRT headspace flammability when the ventilation 
rate is in the range of 3 to 30 acfh. At 5 acfm (300 acfh) the equilibrium model 
predicts 20 to 50% higher flammability than the nonequilibrium model does. These 
results show the extent of the conservatism in the equilibrium assumptions used in 
other modeling (Hedengren et al. 1997). 
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Based on the presented methodology, high-temperature, low-salt, and/or high- 
ammonia wastes have the highest flammability potential. At a ventilation rate of 3 
acfh, 10 wastes (S-102, S-109, SX-102, SX-103, SX-105, SX-106, U-103, U-105, 
U-106, and U-108) are predicted by the equilibrium model to produce flammabilities 
exceeding 25% of the LFL in the DCRT for the base-case fill scenario (80% fill, 
4 gpm). These values should not be taken as actual flammability predictions because 
a minimum ventilation rate was used to predict them, but they do indicate which 
wastes (or types of wastes) have the highest potential for flammability. The wastes 
with the highest potential flammability are those modeled as having high dissolved 
ammonia concentrations (S-102, SX-102, SX-103, SX-105, SX-106, U-103, U-105, 
and U-lOS), high temperatures (SX-102, SX-103, and SX-105), high dissolved 
hydrogen concentrations resulting from low salt in the liquid (S-109), or high 
hydrogen generation rates caused by high temperature or high TOC (SX-103, 
SX-105, U-103, U-105, and U-106). Hydrogen dominates the flammability for S-109 
(due to low salt concentrations) and U-106 (due to high post-fill hydrogen generation 
rates). The nonequilibrium model also predicts flammabilities that exceed 25% of the 
LFL for wastes from nine of these tanks; the exception is S-109. 

Of the eight tanks for whose wastes the ammonia flammability contribution exceeded 
25% of the LFL in the base-case minimum-ventilation equilibrium scenario, only the 
predictions for the wastes in SX-103 and U-103 were based on measured dissolved 
ammonia concentrations. Modeling of the other six should be considered preliminary 
and highly uncertain pending ammonia concentration measurements. 

0 Five of the tanks whose wastes were predicted at minimum ventilation to produce 
high flammability in the DCRT headspace, SX-103, SX-105, U-103, U-105, and U- 
106, were predicted to have high enough hydrogen generation rates to make hydrogen 
a flammability concern in the post-fill, steady-state period. There is evidence (based 
on hydrogen generation rates calculated from tank headspace measurements) that the 
hydrogen generation model overestimates the generation rate in three of these tanks, 
SX-103, SX-105, and U-106. The hydrogen contribution to the DCRT headspace 
flammability therefore is exaggerated for these three tanks. Further research may be 
needed to develop an improved hydrogen generation model, a more complete set of 
hydrogen generation estimates from headspace hydrogen measurements, or both. 

The nonequilibrium and equilibrium models predict headspace flammabilities that are 
typically within 20% of each other at low ventilation rates. However, this small dif- 
ference in predicted flammability translates into a large difference in the ventilation 
rate required to produce 25% of the LFL in the headspace, because increasing the 
ventilation tends to have a relatively small influence on reducing the headspace flam- 
mability. Therefore, the equilibrium model substantially overpredicts the ventilation 
rates required to maintain DCRT headspace flammability below 25% of the LFL. 
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0 The minimum required ventilation rates calculated by the non-equilibrium model are 
highest for wastes from Tanks SX-103 and SX-105, at 130 and 150 acfh, respectively. 
While Hedengren et al. (1997) suggested possible operational changes, such as 
reducing the feed rate, that might allow such tanks to be pumped without exceeding 
25% of the LFL even with minimal ventilation, this document does not address such 
changes. 

The nonequilibrium model shows that a ventilation rate of less than 3 acfm (180 acfh) 
maintains the headspace below 25% of the LFL (based on the present ammonia 
concentration data). By contrast, the extremely low 3-acfh flow that has been 
assumed in other analyses predicts that at least nine wastes can exceed 25% of the 
LFL (based on a conservative but probably overpredictive hydrogen generation model 
and on current assumptions for dissolved hydrogen and ammonia concentrations). 
Because even a small ventilation flow can mitigate headspace flammability 
(especially under post-fill conditions), it is vital to measure the actual flow under 
typical operating conditions. 

0 Decreasing the feed rate to the DCRT does not always cause a decrease in the fill-end 
flammability. It can cause an increase, depending on the ratio of dissolved hydrogen 
to ammonia in the feed and on the hydrogen generation rate. Thus, assuming a 
maximum flow rate does not necessarily produce a conservative estimate of DCRT 
headspace flammability. Case-by-case modeling is needed to establish the actual 
safety envelope for DCRT use. The tank wastes are too variable to allow the generic 
statement that headspace flammability is always highest at high feed rates. 

10.1 Summary of Key Conclusions 

Dissolved gas (both ammonia and, to a lesser degree, hydrogen) is the dominant 
mechanism of flammable gas carryover from a source tank to a DCRT. This gas, 
along with hydrogen generated within the waste, volatilizes into the DCRT 
headspace. However, headspace flammable gas concentrations are likely to remain 
below their equilibrium values due to mass transfer limitations, even when DCRT 
ventilation rates are only in the cfh range. 

For some SSTs, particularly high-temperature, low-salt, and/or high-ammonia wastes, 
salt-well pumping at the maximum rate of 4 gpm could result in a DCRT headspace 
exceeding 25% of the LFL if only the minimal ventilation rate of 3 cfh were present. 
However, actual passive ventilation rates are probably significantly higher, and the 
calculations are based on unmeasured or uncertain gas concentrations in the waste. A 
formal uncertainty analysis is deferred, however, pending measurements of DCRT 
ventilation rates. 

10.2 Recommendations for Future Work 

Work in the following areas, either from lab measurements or measurements in tanks 
themselves, would significantly reduce the uncertainty of assessing flammability risks in 
DCRTs: 
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The actual ventilation rates in the DCRTs should be measured, preferably under 
operating conditions. Measurements are, in fact, under way. Once these data are 
available, this report can be revised and updated to reflect our better understanding of 
ventilation. Predictions of DCRT headspace flammability will then be more 
meaningful. A formal uncertainty analysis is also recommended upon revision of this 
document to provide uncertainty estimates along with the flammability predictions. 
Such an analysis was not included in this version of the report due to the large 
uncertainty in headspace ventilation rates. 

DCRT headspace gas compositions should be measured during pumping operations 
under a variety of fill conditions to assess the validity of flammability predictions. 

The actual steady-state and transient temperature conditions in DCRTs (as opposed to 
source-tank conditions) could be investigated and included in future analyses. 

Large uncertainties exist in the dissolved ammonia concentrations in some of the 
waste tanks, particularly those that have never been sampled. It is unclear, though, 
whether further costly sampling is justified given the difficulty in obtaining a repre- 
sentative sample and accurate ammonia analysis. However, the uncertainty analysis 
(one that includes an analysis of the uncertainty in the model itself, as distinct from its 
inputs) could be used to establish an envelope of flammable gas inputs (source 
dissolved ammonia, source hydrogen partial pressure, and hydrogen generation rates) 
within which the DCRT headspace flammability would remain below 25% of the 
LFL for a given fill scenario and ventilation rate. An envelope of this kind would 
make it easier to see whether, for a given tank waste (salt concentration, temperature, 
etc.), ammonia concentrations high enough to cause difficulties are even plausible. 
This could reduce the need for ammonia samples or point out the tank wastes for 
which samples are most needed. 

The model for gas generation rates could be refined to better estimate behavior in 
SSTs. 
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Appendix A 

Sampled Ammonia Results for Single-Shell Tanks 



~ 

rank 

A-101 

(HTCE 
Cluster 22) 

Sample 
Year 

1996 

1996 

NH3 Conc. 

Sampled 
134,122 
486,53 1 

d a  

280 
3 10 
1400 
270 
190 
220 

Table A.1. Sampled Ammonia Results for Single-Shell Tanks 
(tanks in bold-face type are those modeled by Hedengren et al. 1997) 

g/mL liq.) 
For 

Mod e 1 in g 
1400 

OH- Conc. 

or <pH> 

14200 
55000 
57800 

(Pg/mL)9 -T- Elevation Sample 
(in.) 

340 
186 
98 

276 
218 
200 
142 
66 
9.5 

Type - 
Grab 

Push 
RGS 

Comments 

not acid-preserved; inconsistent 
NH3 results attributed to high 
pH; 
taken in salt-well screen; 
overall waste depth 363 in.; 
at 340 in. (42"C), less than 
5 vol% solids; 
at 186 in. (63OC), 30 vol% 
centrifuged solids; 
at 98 in. (62"C), 90 vol% 
centrifuged solids. 
assumed 50 vol% liquid plus 
measured vol% gas in samples 
with elevation below 196 in., 
100 vol% liquid below that. 

All NH3 estimates may be lower 
bounds; modeling value based on 
maximum RGS value because 
grab samples were not acid- 
preserved and turned out lower 
than RGS. 

Sample IDS and 
source of data 

#1A-96-1 
# 1 A-96-2 
# 1 A-96-3 
Steen (1996a) 

Shekarriz et al. (1997) 



Table A.1 (contd) 

Tank 

Ax-101 

(HTCE 
Cluster 22) 

Ax- 102 

(HTCE 
Cluster 1) 

BY-103 

(HTCE 
Cluster 15) 

Sample 
Year 

1997 

1988 

1987 

NH3 Conc. 

Sampled 
1840 
1120 
1430 

476 

2 68 

9/mL liq.) 
For 

Modeling 
1710 

950 

68 

OH- Conc. 
(Pg/mL), 
or <pH> 

<pH 13.4> 
cpH 12.3> 
cpH 13.2> 

<pH 11.3> 

101000 

~~ 

E 1 e v a t i o n 
(in.) 

213 
183 
99 

Sample 
Type 
Grab 

Grab 

Grab 

Comments 

all acid-preserved; T = 76°C; 
overall waste depth 272 in.; 
at 213 in., 10 vol% settled solids 
(corrected conc. 1710 pg/mL); 
at 183 in., 1 1  vol% settled solids 
(corrected conc. 1040 pg/mL); 
at 99 in., 18 vol% settled solids 
(corrected conc. 1260 pg/mL); 
modeling value based on 
maximum datum corrected to the 
original in-situ liquid volume 
(the room-temperature liquid 
volume is treated as separated 
liquid plus pore liquid equal to 
113 solids volume). 
sample described as residual 
supernatant liquid in the tank; 
no solids present; 
modeling value based on 
2* (sole datum, which is surface) 
s detection limit; 
bottom of salt well screen; 
less than 1 vol% solids; 
T = 24°C; 
set modeled value at detection 
limit 

Sample IDS and 
source of data 

#1 AX-97- 1 
# 1 AX-97-2 
#1 AX-97-3; 
Esch (1997a) 

Van Vleet (1 995) 
Weiss‘a’ 

#T-7483 
TCRC‘~) 

(a) Weiss RL. November 14, 1988. “Analysis’of Tank 241-AX-102 Sample.” Memo 12712-PCL88-018 to JA Eacker. 
Westinghouse Hanford Company, Richland, Washington. 
(b) TCRC. 1987. “Sample Status Report for T-7483.” Tank Characterization Resource Center (TCRC-5). Lockheed Martin 
Hanford Corporation, Richland, Washington. 



Table A.1 (contd) 

Tank 

BY-105 

(HTCE 
Cluster 21) 

BY-106 

(HTCE 
Cluster 15) 
BY-109 

(HTCE 
Cluster 15) 

C-106 

(HTCE 
Cluster 37) 

c-110 

(HTCE 
Cluster 7) 

c-112 

(HTCE 
Cluster 8) 

Sample 
Year 

1997 

~~ 

1996 

1993 

1992 

NH3 Conc. 

Sampled 

410 
480 
220 

s 5  
s 5  

87.5, 85.4 

23 

+nL liq.) 
For 

Modeling 
480 

480 

480 

5 

130 

69 

<pH from 
10.1 to 
12.5> 

<pH 10.4> 

Elevation 
(in.) 

48 
48 
28 

50 
65 

avg. 28 

avg. 25 

Sample 
Type 

Push 
RGS 

Grab 

Core 

Core 

Comments 

No measured member of HTCE 
cluster 21; T = 35°C; 
used max of HTCE cluster 15 
values, because cluster 15 tanks 
also contain primarily saltcake 
from evaporator campaign BY 
and are at low temperature. 
T = 45°C; 
Used max of modeling values for 
HTCE cluster 15 (BY-109, 
BY-103 have been measured). 
assumed 54 vol% liquid plus 
measured vol% gas in all 
samples; 
surface level about 128 in.; 
surface temperature 31°C; 
all NH3 estimates may be low; 
modeling value based on 
maximum value. 
s detection limit; 
different risers; 
waste level about 77 in.; 
not taken in salt well screen; 
set modeled value at detection 
limit 
drainable liquid composite taken 
more than halfway down in 
waste; 
set modeled value at (1.5" 
average) to account for core 
extrusion losses 
drainable liquid composite near 
top; 
set modeling value at (3* 
measured) to account for core 
extrusion losses and surface 
depletion 

Sample IDS and 
source of data 

Remund et al. (1995) 

Remund et al. (1995) 

Mahoney et al. (1997) 

#6C-96-5 
#6C-96- 12 
Esch (1996) 

#J800; 
Giamberardini (1993) 

#BO8DQ1 
McKinley et al. (1992) 



Table A.1 (contd) 

NH3 Conc. (pg/mL lis.) 
I For 

O H  Conc. 
(PdniL), 

s-102 

(HTCE 
Cluster 13) 
S-103 1992 

(HTCE 
Cluster 13) 

Tank 

s-101 

(HTCE 
Cluster 11) 

(HTCE 
Cluster 14) 

Sample 
Year 

1992 

Elevation 
(in.) 

864 864 cpH 13.3> 

s 40 40 <pH 13.6> 
s 40 cpH 13.6> 
s 40 <pH 1 3 . b  

Sample 

Grab 
Type 

Comments 

bottom of salt well screen; 
less than 10 vol% solids; 
T = 44°C; 
set modeled value equal to 
sampled because grab samples 
experience little loss in analysis, 
and it's a bottom sample, hence 
undepleted 
T = 40°C; 
Used max of modeling values for 
HTCE cluster 13 (U-103, S-103, 

Sample IDS and 
source of data 

Sutey,(c) Pitkoff'd) 
#R-1130 

Remund et al. (1995) 

I U- 1 1 1 have been measured). I 
I Grab I bottom of salt-well screen: I #R-1137 

less than 10 vol% solids; 
T = 27°C; 
set modeled value equal to 
sampled because grab samples 
experience little loss in analysis, 
and it's a bottom sample, hence 
undedeted 
s detection limit; 
waste surface 113 in.; 
all different risers; 
taken in salt well screen; 
set modeled value at detection 

Sutey,(d) Pitkoff'"' 

1 F#2247 (BOB7B7) 
F#2249 (BOB7G2) 
F#2248 (BOB7G6) 
Kocher (1993) 

(c) Sutey MJ. December 4, 1995. "Waste Compatibility Assessment of Tanks 241-S-1~01,241-S-103,241-S-106,241-S-107,241-S- 
108,241-S-109, and 24.1-S-110 Waste with Tank 241-SY-102 Waste via DCRT 244-S." Memo 77240-95-030 to SJ Rifaey. 
Westinghouse Hanford Company, Richland, Washington. 
(d) Pitkoff C. October 4, 1991. Memo PM #91-138, Westinghouse Hanford Company, Richland, Washington. 
(e) Pitkoff C. September 30, 1991. Memo PM #91-133, Westinghouse Hanford Company, Richland, Washington. 



Tank I Sample 1- 
S-106 

1997 50 
290 
40 
90 

S-107 1992 840 

(HTCE 
Cluster 2) 

S-108 1992 s 126 

(HTCE 
Cluster 20) 

Mnhl ino  or <pH> 

290 t <pH 13.4> 

L 

cpH 13.4> 1 

Table A.l  (contd) 

Elevation 
(in.) 

142 
104 
85 
9.5 

Sample 
Type 
Grab 

Push 
RGS 

Grab 

Grab 

Comments 

bottom of salt well screen; 
less than 10 vol% solids; 
T = 26°C; 
central waste surface at 181 in.; 
set modeled value at RGS value 
because max RGS and grab 
match, and grab is bottom 
sample. 
80 vol% liquid in starred sample, 
40 vol% liquid in others, plus 
measured vol% gas; 
all RGS NH3 may be lower- 
bound estimates 
taken in salt well screen; 
less than 10 vol% solids; 
T = 39OC; 
assume it was taken from bottom 
of screen, like other samples 
taken at this time; 
set modeled value equal to 
sampled because grab samples 
experience little loss in analysis, 
and it’s a bottom sample. 
i detection limit; 
taken in salt-well screen; 
less than 10 vol% solids; 
set modeled value at detection 
limit 

Sample IDS and 
source of data 

#R-1131 
Sutey,(’ Pitkoftg” 

Mahoney et al. (1997) 

Sutey‘O 

Sutey“ 

(f) Sutey MJ. December 4, 1995. “Waste Compatibility Assessment of Tanks 241-S-101,241-S-103,241-S-106, 241-S-107,241-S- 
108,241-S-109, and 241-S-110 Waste with Tank 241-SY-102 Waste via DCRT 244-S.” Memo 77240-95-030 to SJ Rifaey. 
Westinghouse Hanford Company, Richland, Washington. 
(g) Pitkoff C. October 4, 1991. Memo PM #91-139, Westinghouse Hanford Company, Richland, Washington. 



Table A.l (contd) 

Tank 

S-109 

(HTCE 
Cluster 20) 

s-110 

(HTCE 
Cluster 11) 
s-111 

(HTCE 
Cluster 20) 

s-112 

(HTCE 
Cluster 20) 

sx-102 

(HTCE 
Cluster 20) 

Sample 
Year 

1992 
- 

1996 

NH3 Conc. 

Sampled 
5 128 

48.4,47.2 
68.4,67.9 

38.4 

VmL liq.) 
For 

Modelinc 
128 

64 

200 

290 

1490 

<pH 13.2> 

Sample 

Grab 
Type 

Push 
core 

Comments 

5 detection limit; 
less than 10 vol% solids; 
T = 26°C; 
bottom of salt-well screen; 
set modeled value at detection 
limit 
T = 66°C; 
Used modeling value for HTCE 
cluster 11 (SX-104 is sole 
measured member) 
no acid preservation; 
waste surface at 203 in.; 
T = 28°C; 
set modeled value at 3 * 
(maximum sampled) because of 
loss in core extrusion and near- 
surface sample depletion 
T = 26°C; 
Used max of the low-temperature 
modeling values for HTCE 
cluster 20 (SX-103, S-106, 
S-108, S-109, S-111 have been 
measured; SX-103 is high 
temperature). 
T = 57°C; 
Used the one high-temperature 
modeling value for HTCE cluster 
20 (SX-103) 

Sample IDS and 
source of data 

Sutey," Pitkofeh' 
#R-1136 

Remund et a171995) 

#S96T003695 
#S96T005969 
#S96T003697 
Steen (1996b) 

Remund et al. (1995) 

Remund et al. (1995) 

(h) Pitkoff C. October 11, 1991. Memo PM #91-143, Westinghouse Hanford Company, Richland, Washington. 



Table A.l (contd) 

rank 

SX-103 

:HTCE 
C'luster 20) 

SX-104 

(HTCE 
Cluster 11) 

SX-105 

(HTCE 
Cluster 20) 

Sample 
fear 

1997 

1997 

NH3 Conc. 

Sampled 
247,260 

1680, 1800 
1090 

79.6,77.2 

p/mL liq.) 
For 

Modeling 
1490 

64 

1490 

OH- Conc. 

or <pH> 

<pH 13.4> 

(YglmL), 

<pH 13.9> 

Elevation 
(in.) 

224 
124 
76 

141 

Sample 

Grab 
Type 

Grab 

Zomments 

taken in salt well screen; 

311 acid-preserved; 
waste surface level at 238 in.; 
at 224 in., less than 1 vol% 
settled solids, so no correction; 
at 124 in., 25 vol% centrifuged 
solids (corrected conc. 1490 
Pg/mL); 
at 76 in., 55 vol% centrifuged 
solids (corrected conc. 690 
Il-dmL) ; 
set modeled value equal to 
maximum datum corrected to the 
original in-situ liquid volume 
(the room-temperature liquid 
volume is treated as separated 
liquid plus pore liquid equal to 
1/3 solids volume). 
taken in salt well screen halfway 
down in waste; acid-preserved; 
at 141 in. (66"C), 29 vol% 
centrifuged solids (corrected 
conc. 64 pg/mL); 
set modeled value equal to the 
single midtank datum corrected 
to the original in-situ liquid 
volume (the room-temperature 
liquid volume is treated as 
separated liquid plus pore liquid 
equal to 1/3 solids volume). 
T = 74°C; 
Used the one high-temperature 
modeling value for HTCE cluster 

r = 7 1 ~ ;  

20 (SX-103) 

Sample IDS and 
source of data 

#3SX-97- 1 
#3SX-97-2 
#3SX-97-3; 
Steen (1997) 

#4SX-97-2 
Esch (1997b) 

Remund et al. (1995) 



Table A.l (contd) 

NH3 Conc. 
Sample 

SX-106 

(HTCE 
Cluster 13) 
T-101 

(HTCE I I 34 
Cluster 6) 
(HTCE 34 
Cluster 6) 

T-104 T-104 

(HTCE I I 
Cluster 7 
T- 105 

(HTCE 
Cluster 19) 

T- 107 1993 83.0, 80.3 
41.6,43.0 

(HTCE 217,225 
Cluster 7) 

T-110 

(HTCE 
Cluster 19) 
T-111 1994 361 

cpH 10.7> 
cpH 9.6> -I- cpH 10.3> 

cpH l l  .6> 
cpH 1 1 . b  

(in.) 

top Grab 
middle 
bottom 
of layer 

~ Comments 

T = 38°C; 
Used max of modeling values for 
HTCE cluster 13 (U-103, S-103, 
U-1 1 1 have been measured). 
T =  31°C; 
all in 12-in. deep supernatant 
layer; 
less than 1 vol% solids; 
modeling value based on 
2* (maximum of the surface 
data) 
T = 19°C; 
Used max of modeling values for 
HTCE cluster 7 (T-107, C-110 
have been measured) 

9.5 Push T = 34°C; taken near bottom of 

I core 28-in. deep waste layer; 
5 detection limit; 
set modeled value at detection 
limit 

48 Push Waste level about 61 in.; 
19 core all drainable liquid composites; 
9.5 modeling value based on 

1.5* (maximum measured) to 
account for extrusion losses 
T = 17°C; ~~- 

Used modeling value for HTCE 
cluster 19 (T-105 is sole 
measured member) 
All taken from liquid near 
surface; 
all less than 1 vol% solids; 
modeling value based on 
2” (maximum of surface data) 

Grab 

Sample IDS and 
source of data 

Remund et al. (1995) 

#R-2846 
#R-2847 
#R-2926 
Sutey”) 

Remund et al. (1995) 

#D-19-5728, -5828 
WHC (1993) 

#H442-5728, -5828 
#H393-5728, -5828 
#H494-5728, -5828 
Svancara (1993) 

Remund et al. (1995) 

#T-546 
#T-548 
#T-550 
Brownti) 

(i) Sutey MJ. March 10, 1993. “Tank 241-T-101 Waste Compatibility Assessment.” Memo to SD Godfrey. Westinghouse Hanford 
Company, Richland, Washington. 



rank 

u-102 

(HTCE 
Cluster 40) 

U-103 

(HTCE 
Cluster 13) 

U-105 

(HTCE 
Cluster 13) 
U-106 

(HTCE 
Cluster 20) 

Sample 
Year 

1993 
- 

1997 

_ _ _ ~  

NH3 Conc. I 

Sampled 
3260 

186 

s 160 

90 
2000 
3100 
1700 

For 
Modeling 

186 

3 100 

3100 

290 

cpH 13.7> 

<pH 13.7> 

Table A.l  (contd) 

Elevation 
(in.) 

middle 

bottom 

142 
85 
48 
28 

Sample 

Grab 
Type 

Push 
RGS 

Comments 

All data for the top sample are 
suspect (e.g., [NOi] and [NO;] 
are 1%’of other samples, and top 
sample is 65 wt% water 
compared to 56 wt%, 52 wt% in 
others); 
bottom sample s detection limit; 
all taken in salt well screen; 
no solids information; T = 27°C; 
set modeled value equal to 
sampled because grab samples 
experience little loss in analysis, 
and sample was well below 
surface 
47 vol% liquid in bottom three 
samples, 80 vol% liquid in top 
sample, plus measured gas ~01%; 
waste surface at 166 in.; 
T = 30°C; 
all NH3 may be lower-bound 
estimates; 
set modeled value equal to 
maximum value. 
T = 30°C; 
Used max of modeling values for 
HTCE cluster 13 (U-103, S-103, 
U-1 1 1 have been measured) 
T = 25°C; 
Used max of low-temperature 
modeling values for HTCE 
cluster 20 (SX-103, S-106, 
S-108, S-109, S-111 have been 
measured; SX-103 is high 
temperature). 

Sample IDS and 
source of data 

#R-4090 

#R-409 1 

#R-4092; 
Hu et al. (1997) 

Mahoney et al. (1997) 

Remund et al. (1995) 

Remund et al. (1995) 

~~ 

(i) Brown RG. January 8, 1998. “Re: Depths of Grab Samples”. Email message (regarding Waste Compatibility Assessment 
#7CF30-94-0 1 1) to LA Mahoney, Pacific Northwest National Laboratory, Richland, Washington. 



Table A.l  (contd) 

? 
c.’ 
0 

Tank I Sample 
I NH3 Conc. (pg/mL liq.) O H  Conc. 

I For (pg/mL), Elevation Sample 
I Type 

(HTCE 
I 3100 I 

(HTCE I 

(HTCE 
Cluster 13) 
u-111 1993 s 160 160 cpH 13.9> Grab 

(HTCE 
Cluster 13) 

s 160 cpH 13.9> 

I 
Comments Sample IDS and I source of data 

T = 24°C; 
Used max of modeling values for 
HTCE cluster 13 (U-103, S-103, 
U- 1 1 1 have been measured) 
T = 27°C; 

Remund et al. (1995) 

Remund et al. (1 995) 

Remund et al. (1995) 

Used max of modeling values for 
HTCE cluster 13 (U-103, S-103, 
U- 1 1 1 have been measured) 
T = 25°C; 
Used max of modeling values for 
HTCE cluster 13 (U-103, S-103, 

all s detection limit; 
no solids data; T = 24°C; 
set modeled value equal to 

#R-4095; Sutey‘” 

(k) Sutey MJ. November 30, 1994. “Waste Compatibility Assessment of Tank 241-SY-102 with Tank 241-U-111 Waste via 244-U 
DCRT.” Memo 7 1720-94-039 to DP Reber. Westinghouse Hanford Company, Richland, Washington. 
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