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EXECUTIVE SUMMARY 

Flammable gases such as hydrogen, ammonia, and methane are observed in the tank dome space 
of the Hanford Site high-level waste tanks. This report assesses the steady-state flammability 
level under normal and off-normal ventilation conditions in the tank dome space for 
177 double-shell tanks and single-shell tanks at the Hanford Site. The steady-state flammability 
level was estimated from the gas concentration of the mixture in the dome space using estimated 
gas release rates, Le Chatelier's rule and lower flammability limits of fuels in an air mixture. 
A time-dependent equation of gas concentration, which is a function of the gas release and 
ventilation rates in the dome space, has been developed for both soluble and insoluble gases. 
With this dynamic model, the time required to reach the specified flammability level at a given 
ventilation condition can be calculated. 

In the evaluation, hydrogen generation rates can be calculated for a given tank waste 
composition and its physical condition (e.g., waste density, waste volume, temperature) using the 
empirical rate equation model provided in HNF-3851, Empirical Rate Equation Model and Rate 
Calculations of Hydrogen Generation for  Hanford Tank Waste. The release rate of other 
insoluble gases and the mass transport properties of the soluble gas can be derived from the 
observed steady-state gas concentration under normal ventilation conditions. The off-nornnal 
ventilation rate is assumed to be natural barometric breathing only. A large body of data is 
required to do both the hydrogen generation rate calculation and the flammability level 
evaluation. For tank waste that does not have sample data, a statistical-based value from 
probability distribution regression was used based on data from tanks having similar waste types. 

This report (Revision 5 )  updates the input data of hydrogen generation rate calculations for 
177 tanks using the waste composition information in the Best-Basis Inventory Detail Report' in 
the Tank Waste Information Network System, and the waste temperature data in the Surveillance 
Analysis Computer System (SACS)* (dated September 21,2004 through September 21,2005). 
However, the release rate of methane, ammonia, and nitrous oxide is based on the input data 
(dated October 1999) as stated in Revision 0 of this report. Scenarios for adding waste to 
existing waste (dated April 2004) have been studied to predict the gas generation rates and the 
effects of smaller dome space on the flammability limits to address the issues of routine water 
additions and other possible waste transfer operations. In the flammability evaluations with zero 
ventilation, an increase of 5 "C of the waste temperatures for all double-shell tanks, and water 
addition of 10 kgal and 1 kgal for 100- and 200-series tanks, respectively, are performed. 
Annual maximum waste temperatures are used based on highest temperatures for any one 'day. 
Also the gas diffusion effect through the concrete dome space is included in the mass balance 
equations for single-shell tanks under the zero ventilation condition. 

' TWINS, 2001, Tank Waste Information Network System, Internet address: http://twins.pnl.gov:SOOl quensd 
September 21, 2005. 

SACS, 2001, Surveillance Analysis Computer System, queried September 21,2004 through September 21,2005, 
SACSPROD database; also available at http://twins.pnl.gov:8OOl. 

... 
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Overall, the flammability assessment indicates that no tank will exceed 25% of the lower 
flammability limit under normal ventilation conditions. Off-noma1 ventilation conditions 
evaluated in this report included shutdown of the active ventilation system coupled with closure 
of the air inlet €or actively ventilated systems and isolation of the high-efficiency p&iculate air 
breather filter for passively ventilated tanks. Considering the 10 and 1 kgal water additions and 
5 "C temperature increases for double-shell tanks with the barometric breathing rate, the shortest 
time to reach 25% of the lower flammability limit is 11 days for double-shell tanks 
(Le., tank 241-AZ-102) and 39 days for single-shell tanks (i.e., tank 241-B-203). Considering 
10 and 1 kgal water additions and 5 "C temperature increases for double-shell tanks under zero 
ventilation scenario with only a diffusion mechanism for gas releases for single-shell tanks, the 
shortest time to reach 25% of the lower flammability limit is 11 days for double-shell tanks (i.e., 
tank 241-AZ-102) and 35 days for single-shell tanks (Le., tank 241-B-203). Note that off-normal 
ventilation conditions rarely occur. 

iv 
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1.0 INTRODUCTION AND BACKGROUND 

This report provides the methodology to predict the steady-state gas release rate and to evaluate 
the steady-state flammability level of the tank dome space under both normal and off-nomial 
ventilation operating conditions for 177 underground nuclear waste storage tanks at the Hanford 
Site. Revision 0 of this report replaced two previous calculation notes: HNF-SD-WM-CFJ-116, 
Calculation Note Hydrogen Generation Rates At Steady State Flammable Gas Concentrations 
for Single-Shell Tanks, and ”F-SD-WM-07-117, Calculations of Hydrogen Release Rafe at 
Steady State for Double-Shell Tanks. Revision 0 also provided the technical basis for 
establishing flammable gas controls. The focus of this report is the loss of ventilation transient 
such that technical safety requirement surveillance frequencies and action times can be 
established. This report also provides the following: 

Estimates of the flammable gas release rates in the tank dome space 

Estimates of the time to reach 25% of the lower flammability limit (LFL) and the LFL 
following the loss of normal ventilation in actively and passively ventilated double-shell 
tanks (DST) and single-shell tanks (SST) 

Estimates of the minimum ventilation rate required to maintain less than 25% of the LFL 

Estimates of the maximum dome space concentrations following an extended loss of 
normal ventilation. 

The methodology presented in this report can be used in other applications. 

To clarify the application of the subject document, “steady-state” has been defined as the 
condition of no active operational changes to the tank, and the non-GRE (gas release evenl) 
condition with GRE defined as a 500-ppm rise in hydrogen concentration followed by 
exponential decay of the released flammable gas. For this application the following assumptions 
were used: (1) long-term variations in ventilation rates brought about by seasonal effects or 
ventilation rate changes within the exhaust system operating range are minimal and neglected; 
(2) the variability of the hydrogen concentration about the baseline is less than that producmed by 
a GRE. When the results from only one sample were available, the sample was assumed to have 
been taken at steady-state condition unless clear documentation shows the existence of a GRE 
condition. 

This report is organized as follows: Chapter 2.0 describes the hydrogen generation rate (HGR) 
model calculation and summarizes the empirical equation of HGRs. Chapter 3.0 describes the 
methodology to evaluate the flammability level of the gas mixture in the dome space. Details of 
the validity of the LFLs in air, ammonia liquid-vapor equilibrium model, time-dependent gas 
concentration model, and the flammability level calculations are discussed. Chapter 4.0 
discusses the input data and results of the gas generation calculations and the flammability 
evaluations under various ventilation conditions. Chapter 5.0 gives the overall summary md 
conclusions. Detailed formula, input data, and calculation results for 177 DST and SSTs are 

1-1 
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given in Appendices A through F. In addition, flammable gas evaluations for special cases or 
some scenarios are given in Appendices G through 3. 

1.1 REVISION1 

Revision 1 of this report differs from Revision 0 in the following ways: 

The mass balance equation (Equation 3-5) and its derived equations in the methodology 
of flammability assessment section (Chapter 3.0) were modified by redefining the 
ventilation rate as the outlet measurement or calculated outlet flow for natural breathing 
plus gas generation to reflect total gas leaving the tank. 

The input data and calculations for DST 241-SY-101 were updated to reflect the tank 
waste status after 616 kgal of active flammable-gas-generation waste material wete 
transferred between December 1999 and February 2000, as provided in RPP-6517, 
Evaluation ofHanford High-Level Waste Tank 241-SY-101. As of April 2001, the HGR 
in DST 241-SY-101 was 3.1 E-3 ft3/min, which is one-tenth the generation rate before the 
remediation task. Other than the data for DST 241-SY-101, all the input data used were 
from Revision 0, which presents data as of October 1999, unless noted in Revision 1. 

The liquidvapor equilibrium model was added to address the behavior of the highly 
soluble gas ammonia. 

The off-normal ventilation calculations used in the flammability assessment were tnore 
clearly defined and text was added. 

1.2 REVISION2 

Revision 2 was issued to cover the following items: 

The US.  Department of Energy’s comments on Revision 1 were resolved. Primarily, the 
off-normal ventilation conditions were redefined and it was clarified that the off-normal 
conditions rarely occur. Second, the discussions on the discrepancies of the ammonia 
mass transport properties between the field data-derived values and the direct calculation 
of mass transport coefficient, h, and using 100% surface area were redone. Third, several 
editorial errors were identified and corrected. 

The HGRs for 177 tanks were updated using the waste composition information in the 
latest best-basis inventory (BBI) detailed calculation report generated by the Tank Waste 
Information Network System (TWINS) and temperature data in Surveillance Analysis 
Computer System (SACS) (dated November 2001) as the input data. In this revision, 
DST 241-AY-102 has the highest HGR instead of DST 241-AN-102 (Revision I). This 
is because the updated input data for DST 241-AY-102 include the waste received Erom 
SST 241-C-106, and the tank also shows higher tank waste temperature than previously. 

1-2 
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The flammability calculations for the 177 tanks were updated to reflect the updated 
HGRs. For off-normal ventilation condition, the updated flammability calculations were 
performed at barometric breathing rate for DSTs, and at both barometric breathing and 
zero ventilation rates for SST. The SSTs was sealed off as much as possible under the 
interim stabilization project. 

Using BBI data dated November 15,2001, SST 241-A-101 has the greatest HGR among 
the SSTs, but the tank was undergoing saltwell pumping, which reduced both the HGR 
and flammability. The HGR and flammability are recalculated based on the latest waste 
volume information (February 28,2002) to reflect the saltwell pumping activity. 

To address routine water addition and other possible waste transfer operations, 
flammability assessments were performed on several waste addition cases. The redt ing 
information were used to determine the flammable gas control for the ventilation 
surveillance frequency and the waste compatibility program. 

1.3 REVISION 2A 

Revision 2A made no changes to the text or Appendices A through H. It added a new 
Appendix I (subsequently changed to Appendix H in Revision 3. The new Appendix I contained 
flammability evaluations on the sensitivity of waste temperature and water addition under zero 
ventilation condition for top three flammability-level and aging-waste DSTs. 

Appendix I contained a complete set of equations derived for flammability evaluations under 
zero ventilation condition for both soluble and insoluble gases. A simple and conservative heat 
transfer model (RPP-6213, Hanford Waste Tank Bump Accident and Consequence Analysis), 
used in evaluation of the steam bump hazard, was used for tank waste temperature increase 
analysis in the gas generation rate calculations. 

1.4 REVISION3 

Revision 3 updated the HGR calculations and thus changed the flammability evaluations based 
on the latest BBI data from July 15,2003, which resulted in changes to Appendices A, B, :D, and 
H. The text was modified to reflect the changes. 

1.5 REVISIONS 3A THROUGH 3E 

Revision 3A to 3E made no changes to the main text or Appendices A through I of Revision 3. 
It added a new Appendix J to M (Appendices J and M were subsequently changed to 
Appendices F and G in Revision 4). 

1.6 REVISION4 

In Revision 4, the HGR equation model has been upgraded and documented (HNF-3851, 
Empirical Rate Equation Model and Rate Calculations of Hydrogen Generation for HanfGrd 
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Tank Waste) following the Waste Treatment Project studies (24590-WTP-RF'T-RT-04-0002) on 
the applicability of the HGR model on the waste treatment processes. In this revision the 
methodology to calculate the HGR is also, updated using the latest HGR model. The 
improvements to the HGR model include the following: 

Development of water radiolysis equation which is more accurate and covers a wider 
range of tank waste concentrations 

Addition of the radiolysis term from total alpha contribution for both organic and water 
radiolysis 

Introduction of the hydrogen generation efficiency on the corrosion mechanism to 
remove conservatism from the model 

Refit of both thermolysis and radiolysis equations because of the changes to the water 
radiolysis equation and the new gas generation data. 

Revision 4 also introduces the diffusion effect through the concrete dome of the SSTs by adding 
the diffusion term in the mass balance equation. A time-dependent gas concentration equation to 
include the diffusion mechanism has been developed and applied to the flammable gas 
evaluation for SSTs. The gas diffusion coefficients for the calculations are taken from 
RPP-18491, Flammable Gas Diffusion Through Single-Shell Tank Domes. 

The HGR calculation was also updated in Revision 4 and the flammability evaluation was 
changed based on the latest BBI data from September 27, 2004, and the latest temperature data 
from SACS from April 1,2003 to April 1,2004. 

1.7 REVISION 4-A 

Revision 4-A is intended to address comments from the U.S. Department of Energy, Office of 
River Protection and correct editorial errors. 

1.8 REVISION 5 

Revision 5 updated the HGR calculations and thus changed the flammability evaluations b.ased 
on the latest BBI data quarried on September 21,2005, which resulted in changes to 
Appendices A, B, D, and I. The text was modified to reflect the changes. 

1.9 GAS GENERATION 

The gases generated in the tank waste are a mixture of hydrogen, nitrogen, ammonia, nitrous 
oxide, methane, and other hydrocarbons. Hydrogen is the most abundant gas and contributes 
more than 90% of the flammable components in the dome space for most of the storage tanks 
containing gas-generating waste. All of these gases except ammonia have low solubility and are 
almost fully released to the dome space or partially trapped in the solid layers of waste. Bmxause 
of its high solubility, 99% of the ammonia generated is dissolved and stored in the liquid waste 

1-4 



RPP-5926 REV 5 

(PiWL-11450, Composition and Quantities ofRetained Gas Measured in Hanford Waste Tanks 
241-AW-101, A-101, AN-105, AN-104, and AN-103) rather than being released to the dome 
space. For most of the tanks, little methane is generated, but methane is the major species among 
the observed hydrocarbon vapors. Nitrous oxide is not flammable by itself, but it is an oxidizer. 
Studies provided in Flammability and Flame Propagation in H2-N2O-CH4-NH,-Or-Nz Mixtures, 
Explosion Dynamics Laboratory Report FM97-4 (Pfahl and Shepherd 1997), show that 
concentrated nitrous oxide can lower the flammability limit of fuels in an air mixture. 

Understanding gas generation phenomena and predicting the gas generation and gas release rates 
are important in controlling the flammable gas hazard and planning daily operations in the tank 
farms. For example, the overall rate of generation is needed to verify that any given tank has 
sufficient ventilation to ensure that the level of flammable gases is maintained below the 
operational flammability limit in its dome space. In the past decade, many studies 
(HNF-SP-1193, Flammable Gas Project Topical Report) have been conducted on the 
mechanisms of gas generation, gas release, and gas retention of tank waste using simulated or 
actual waste. Systematic tank waste characterization programs and various tank safety programs 
have generated a tremendous amount of tank waste data. This information provided the basis for 
HNF-385 1. The model is tank-waste-constituent- and tank-condition-based and provides tool 
to estimate the generation rate for not only the current tank waste contents, but also tanks with 
contents that have changed. The other observed gases-ammonia, methane, and nitrous oxide- 
are not modeled to have a general rate equation for calculating generation rates as a function of 
waste constituents. 

The report provides the methodology for calculating gas release rates. The HGR equation model 
(HNF-385 1) is used to estimate the hydrogen release rate by subtracting the field-observed gas 
accumulation rate, if any, from the model-calculated generation rate. The gas release rates for 
ammonia, methane, and nitrous oxide-the minor gases of interest observed in tank dome spaces- 
are derived from vapor concentration data, ventilation rates in the respective tank dome spaces, 
and other information about tank waste. 

While updating the DST 241-SY-101 calculations for the Revision 1 of the report, the donie 
space steady-state ammonia concentration in DST 241-SY-101 rose from a preremediatiori 
concentration of 4 ppm (before the waste was transferred) to 400 ppm (January 14,2001). Based 
on the value of 400 pprn, the derived ammonia release rate, if used as a constant, will predict a 
value of 108% of the LFL as the steady-state ammonia concentration under the off-normal 
condition of a loss of ventilation. This is a factor of 50 times larger than the equilibrium value 
predicted by the model. Apparently, treating the ammonia release rate as constant is 
over-conservative when the ammonia concentration in the dome space is high. Therefore, the 
liquid-vapor equilibrium model provided in RPP-4941, Methodology for  Predicting Flamrnable 
Gas Mixtures in Double-Contained Receiver Tanks, is introduced into the methodology to 
address the dome space calculations for ammonia. A time-dependent equation for gas 
concentration in a tank dome space was developed by solving the mass balance equations for the 
gas volume. Once the steady-state gas release rates or the mass transport properties of soluble 
gas are obtained, a time-dependent gas concentration can be derived from the equation for a 
given ventilation condition. Therefore, the flammability level of the gas mixture in a dommz space 
can be calculated under both normal and off-normal ventilation conditions. Also, the time 
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required to reach a specified flammability level in a dome space and the minimum ventilalion 
rate required to prevent reaching that level can be estimated. 

1.10 DOCUMENT ORGANIZATION 

Attachment A to TFC-ENG-DESIGN-C-10, Engineering Culculations, provides a list of certain 
sections to be included in engineering documents. The following notes where the sections in this 
document correspond to the TFC-ENG-DESIGN-C-10 attachment. 

1. Title and Identifier (required) - See title page. 

2. Objective/Purpose (required) - See Chapter 1 .O. 

3. Summary of Results and Conclusions (optional depending on calculation length 01 

complexity) - See Executive Summary. 

4. IntroductiodBackgound (optional) - See Chapter 1 .O. 

5. Input Data (required) - See Chapter 4.0 and Appendix A, B, C, D, F 

6. Assumptions (required if assumptions are made) - See Chapters 2.0 and 3.0. 

7. Method of Analysis (required) - Calculation methods are in Chapter 3.0 and spreadsheets 
in appendices. 

8. Use of Computer Software (required if software is used) - The only software used are 
Excel3 spreadsheets. 

The cases study uses a validated Excel spreadsheet, documented in Chapters 3.0 and 4.0, 
to calculate the HGRs and the time to 25% and 100% of the LFL, minimum ventilation 
rate. The spreadsheet was verified in compliance with TFC-ENG-CHEM-D-33, 
Spreadsheet Verzjkation, and is documented in spreadsheet verification form SVF-032, 
Rev 4. 

Spreadsheet owner: T. A. Hu 
Spreadsheet name: RF’P-5926-8050-R4-LFL-CAL-T2-102004.xls 
Spreadsheet location: U:WlamGasWP-5926 Rev 4\Calculations 

This verified spreadsheet was used with the update input data to calculate the gas 
generation rates, then calculates the flammability and time to LFL for a given ventilation 
rate. 

The input data for HGR calculation is prepared by converting the latest BBI data with the 
spreadsheet “InputTimeToLFLl 01 504.~1s.” The spreadsheet was verified in compliance 

Excel is a registered trademark of Microsoft Corporation, Redmond, Washington. 3 
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with TFC-ENG-CHEM-D-33 and is documented in spreadsheet verification form 
SVF-275, Rev 0. 

Spreadsheet owner: T. A. Hu 
Spreadsheet name: InputTimeToLFL101504.xls 
Spreadsheet location: U:\FlamGasWP-5926 Rev 4\Calculations 

9. Results (required) - See Chapter 4.0 as well as various summary tables. 

10. Conclusions (required) - See Section 5.0. 

11. Recommendations (optional) -None included. 
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2.0 HYDROGEN GENERATION RATE MODEL 

Several hydrogen rate models have been proposed (WHC-EP-0702, Criteria for  Flammable Gas 
Watch List Tanks; WHC-SD-WM-TI-724, Methodology for  Flammable Gas Evaluations; 
WHC-SD-WM-SARR-015, Topical Report on Flammable Gases in Non-Burping Waste Tanks; 
PNNL-11297, Status and Integration of Studies of Gas Generation in Hanford Wastes; and 
HNF-SD-WM-CN-117) to estimate the HGR for Hanford tank waste, but these models arc based 
on either the waste simulant data or very limited tank waste data. A more comprehensive HGR 
model (described in Empirical Rate Equation Model of Hydrogen Generation for Hanford Tank 
Waste, paper presented at American Nuclear Society, 1999 Winter Meeting, and "F-38531) was 
developed and validated based on a large body of tank waste data. The model constructed a set 
of semi-empirical rate equations to simulate the gas generation mechanisms of thermal chemical 
reactions, radiolysis of water and organic components, and corrosion processes. The rate 
equations are formulated as a function of physical and chemical properties of tank waste and are 
able to estimate the HGR of waste under current conditions, including the rates for newly mixed 
waste with known properties. The model has been applied to calculate the generation rate for 
more than 28 SSTs and DSTs and shows good agreement with field-observed rates. 

2.1 SEMI-EMPIRICAL RATE EQUATIONS 

The empirical rate equation for hydrogen generation in Hanford Site waste developed above 
contains the simulation of thermal reaction, HGRthm, radiolysis of water and organic, HGR,d, 
and the corrosion process, HGK,. This rate equation is a function of waste composition (TOC, 
Af3, NO?, NO; and Na+), radiation dose, temperature, liquid fraction, and tank wetted area. 
Both the thermal and organic radiolysis rates follow Arrhenius behavior with a derived activation 
energy. The equation for HGR in the units of moles per kilogram per day can be summarized as 
follows (Equation 2-1): 

HGR = HGR,, + HGR,, +HGR,,, (2-1) 
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0.32 0.13 + - B l "  
- 

G'H2)"" 1+2.4[NOJ]+0.62[NO;]+0.31[Na+]h 1+139[NO;]+54[NOJ] 

0.35 
L - +  1 .os - 

G'H2),," - 1 + 2.4[NO;]+ 0.63[NO;] 1 +390O[NO;]+ 14OO[NO;] 

89.6 kJ/mole, the activation energy for the thermal reaction 
3.94 E+09 moleikg-day, pre-exponential factor of the thermal rate 
48.8 kJ/mole, activation energy in organic radiolysis, G 
1.11 E+07 Hz/100 eV, the pre-exponential term in organic radiolysis, G 
0.6 for DSTs and 0.3 for SSTs (unitless), the total organic carbon 
reactivity coefficient 
Note: The rf = 0.3 for SSTs is an average value from the tanks tested. If 
tank has a high fraction of energetic organic compounds, the rf can be 
adjusted to as high as 0.6. 
8.314 J/mole/K, gas constant 
6.0 E-08 for DSTs and 2.4 E-07 for SSTs (ft3/min/ft2), corrosion 
coefficient 
the hydrogen generation efficiency coefficient from corrosion is 
20 percent if [NO3-], [NOY], and [OH-] > 0.1, otherwise it is 50 percent. 
total organic carbon concentration in the liquid waste (wt%) 
Note: Insoluble energetic organic compounds (excluding oxalate) in the 
solid layer should be considered case by case when data is available 
aluminum ion concentration in liquid waste (wt%) 
nitrate ion concentration in the liquid waste (moles/L) 
nitrite ion concentration in the liquid waste (moles/L) 
concentration of sodium minus nitrate and nitrite concentration in liciuid 
waste (moles/L) 
total heat load of the tank from betdgamma (Wattikg) 
total heat load of the tank from total alpha (Wattkg) 
liquid weight fraction in the waste (unitless) 
temperature of waste (K) 
area of steel exposed to moisture-containing waste (ft') 
total mass in the waste (kg) 

~ -, 

CFI = conversion factor from (Hz/l 00 eV)(Watts/kg) to (Molekg-day) 
CF2 = conversion factor from (m'kg-min) to (Molekg-day). 

In general, the HGR caused by chemical reactions follows Arrhenius behavior and the rate from 
radiolysis is proportional to the radiation dose. In addition, the HGRs from radiation effects in 
tank waste samples have been observed to be temperature dependent as provided in 
PNNL-12 181, Thermal and Radiolytic Gas Generation on Material from Tanks 24I-U-IO3, 
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241-A W-101, 241-4106, and 241-S-102: Status Report. The analysis of all available gas 
generation data provided in HNF-385 1 shows that this temperature-dependent reaction follows 
Arrhenius behavior, which may result from a multi-step degradation of organic compounds 
initiated by radiolysis, followed by thermal reactions. The water radiolysis rate is assumed to be 
temperature independent, with the GHZO value reduced by scavenging effects. 

The numerical parameters in the equations are established by analyzing gas generation kinetic 
data from waste samples with the aid of tank field surveillance data and tank waste 
characterization data. The reactivity coefficient, rf, was used to adjust for differences in 
reactivity of total organic carbon (TOC) among the tanks. HNF-3851 describes this model in 
detail. For comparison, Table 2-1 lists the field-observed and model-calculated total HGRs, and 
the ratio between these values for 28 tanks. 

Table 2-1. Comparison of Model-Calculated and Field-Observed 
Hvdroaen Generation Rates. (2 sheets) 
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Tanks 

24 1-U-I06 
241-U-107 

241-U-108 

241-u-109 

Table 2-1. Comparison of Model-Calculated and Field-Observed 
Hvdrogen Generation Rates. (2 sheets) 

Ratio Between Gmad Gfipid Gmad Gfidd 
&/day) (Llday) Modlel (ft3/min) (ft'lmin) 

Total HGR and Field Total HGR Total HGR Total HGR 
from Model from Field from Model from Field 

1.12E-03 6.62E-04 46 27 1.783 

4.71E-04 8.27E-04 19 34 0.5 7 

9.42E-04 1.41E-03 39 57 0.67 

5.44E-04 7.11E-04 22 29 0.7 7 
Note: 

HGR = hydrogen generation rate. 

Among these 28 tanks, six SSTs and two DSTs are underestimated by the model comparing the 
field-estimated rate (Le., the ratio is less than one). Again, these eight tanks have relatively low 
generation rates (below 70 L/day) except for DST 241-AN-103, which has a rate of 195 L/day 
with the ratio of 0.95. Overall the model-predicted rates agree very well, within a factor ofthree, 
with field-estimated rates. 
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3.0 METHODOLOGY TO ESTIMATE STEADY-STATE 
FLAMMABILITY LEVEL 

This chapter describes the methodology used to evaluate the steady-state flammability level in 
the dome space for all DSTs and SSTs. The methodology also provides a technical basis for 
flammable gas controls in tank farm operations. The evaluation will address the flammability 
level in the dome space under both normal and off-normal ventilation conditions. In the 
evaluation, the steady-state gas release rates and ventilation rates are needed to derive the 
steady-state gas concentration under given ventilation conditions. Based on the flammable gas 
concentrations, the level of flammability of the mixture can be calculated. Under current normal 
ventilation conditions, the steady-state flammability level in the tank dome space is below 25% 
of the LFL for all tanks (HNF-3294, Adequacy of Ventilation Rates to Remediate Flammable 
Gas Levels in Headspace of Hanford Tanks - Status Report). The primary evaluation is focused 
on the flammable gas level under off-noma1 ventilation conditions. 

The major gases of concern were identified as hydrogen, ammonia, nitrous oxide, and methane 
in the tank dome space. Among these identified gases, hydrogen is the primary flammable gas in 
the tank dome space. The gas release rate of hydrogen in the dome space can be determined by 
subtracting the gas accumulation rate from the generation rate calculated with the rate equation 
model described in Chapter 2.0. The other two flammable gases, ammonia and methane, have 
much lower concentrations in the dome space and have no general model for calculating their 
gas generation rates; therefore, the steady-state gas release rates for ammonia and methane are 
estimated by their steady-state gas concentrations under normal ventilation conditions. Nitrous 
oxide is an oxidizer; the concern is whether its concentration is high enough to lower the LFL of 
hydrogen, ammonia, and methane as established in air. The gas release rate of nitrous oxide also 
is derived by the steady-state gas concentration under normal ventilation conditions. 

To evaluate the flammable gas level, a time-dependent gas concentration model was established. 
This model can calculate the steady-state flammability level for a given ventilation condition. 
The model also can estimate the time required to reach certain flammability levels in the dome 
space under different ventilation conditions and calculate the minimum ventilation rate to keep 
the dome space below the specified flammability limit. 

3.1 LOWER FLAMMABILITY LIMITS 

The National Fire Protection Agency codes require that operations be terminated when the 
concentration of flammable gases exceeds 25% of the LFL. Based on the empirical rule 
developed by Le Chatelier in the late 19th century, the LFL of mixtures of multiple flammable 
gases in air can be determined. Le Chatelier's rule (Limits of Flammability of Gases and f'apors, 
[Coward and Jones 19521) can he written in terms of the LFL concentration of the fuel mixture, 
LFL,,,,, as follows: 
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100 LFL, = 
(3-1) 

where: 

Ci 
LFL, 

= volume percent of fuel gas i in the fuel gas mixture 
= volume percent of fuel gas i at its LFL in air alone. 

In the tank dome space, hydrogen gas, ammonia, and methane are the flamm; 
concern. For tank waste conditions, the volume percents of the flammable gases vary over time 
depending on individual flammable gas release rate in the tank head space, and thus, 
Equation 3-1 cannot apply directly. WHC-SD-WM-ES-219, Laboratory Flammability Studies of 
Mixtures ofHydrogen, Nitrous Oxide, and Air, has shown experimentally that the total 
flammability level LFLf (the fraction of the LFL) of a mixture of hydrogen, ammonia, and 
methane in an air-nitrous oxide atmosphere can be computed using the principle of Le Chatelier's 
rule in terms of the individual fuel gas flammability as in Equation 3-2. 

gases of 

where: 

[H2] = volume percent of hydrogen in the tank headspace 
["3] = volume percent of ammonia in the tank headspace 
[CH4] = volume percent of methane in the tank headspace 
LFLH~ = volume percent of hydrogen at its LFL in air alone 
LFL"3 = volume percent of ammonia at its LFL in air alone 
L F ~ H ~  = volume percent of methane at its LFL in air alone. 

For simplicity, in Equation 3-2, flammable gases with concentrations lower than that of methane 
are omitted. The flammability of the individual gases in air is fairly well characterized. The 
LFLH~, LFLNH~ and LFLcH~ are 4, 15, and 5%, respectively, at the upward propagation LFL, 
which is more conservative than the downward propagation LFL. In addition to the flammable 
gases included in Equation 3-2, nitrous oxide was observed in the tank dome space. Nitrous 
oxide plays the role of oxidizer in the mixture and has the potential to decrease the amount of 
fuel required to reach the LFL. The effect of the multiple oxidizers (e.g., NzO and 0 2 )  was not 
addressed in Equation 3-2. 

Pfahl and Shepherd (1997) from the California Institute of Technology have conducted a series 
of flammability studies on gas mixtures generated from Hanford Site tank waste. The studies 
show that the established LFLs of individual fuels in the air will decrease if concentrated IgzO is 
present in the mixtures. For example, in the mixture NH3-NzO-air with a ratio of 13.2-19.8-67.0, 
the system will be flammable, although the ammonia volume percent is 13.2 and is lower than 
the LFL"3 of 15% in air. This fuel-oxidizer mixture will be flammable with the ammonia 
volume percent as low as 8% if the N20 concentration is 65%. For NH3-N20-air mixtures,, 
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Pfahl and Shepherd (Figure 32 in 1997 report) suggest that the ammonia flammability limit will 
be 15% if the NzO does not exceed 8%. These test results are for turbulent conditions, wiih an 
ignition energy of 8 J. For a CH4-NzO-air mixture, the data show that the ratio of 4.5-10.1-85.4 
is not flammable. For an Hz-NzO-air mixture, the data show that a mixture with the ratio of 
5.7-10-84.3 has incomplete combustion. It should be noted here that the ignition energy of 8 J 
used in these experiments is very large compared to the energy in most electrostatic discharge 
sparks (typically a few millijoules) that might occur inside a Hmford Site tank. 

This information suggests that the flammability limit established in the fuel-air mixture for each 
gas will not be reduced unless the NzO volume percent exceeds 8%. In this evaluation, the 
volume percents of 4, 15, and 5% will be used for LFLH~, LFL"3 and LFLcH~, respectively, in 
Equation 3-2. In each case, the concentration of nitrous oxide was evaluated and did not exceed 
8%, therefore, the oxidizer effect of lowering these flammability limits can be ignored. 

3.2 

Under normal operating conditions, the ventilation conditions can be active ventilation or passive 
ventilation. The tank dome spaces of all DSTs and some SSTs are equipped with an active 
ventilation system. For active ventilation systems, the main ventilation flow is designed to go 
through an installed inlet filter. The 241-AP Tank Farm is an exception to this system; inlet air 
flows through cover blocks or gaps in riser covers, and other tank openings. The size of the inlet 
openings was designed to be either hlly adjustable or to have just an on-off valve. These filtered 
inlets are used to control the ventilation rate and to adjust the negative pressure to prevent 
leakage of tank hazardous materials or to provide control for any other operational needs. For 
passively ventilated tanks, the ventilation flow goes mainly through high-efficiency particulate 
air (HEPA) breather filters. Under normal operating conditions, the active ventilation rates range 
from 100 to 700 ft3/min, while the passive ventilation rates typically range from 0.5 to 
10 ft3/min. On actively ventilated tanks, the off-normal operating ventilation condition 
considered in the flammability assessment is that the ventilation system is shut down and the air 
inlet is closed; on passively ventilated tanks, the HEPA breather filter isolation valve is closed or 
a blank is installed. For these conditions, the only venting flow is through the gaps between the 
cover blocks or riser covers. The off-normal condition allows three possible tank ventilation 
conditions: no ventilation flow, ventilation flow caused only by barometric breathing, or 
ventilation flow caused by natural breathing, which is a combination of ventilation by barometric 
breathing plus thermal convection. The barometric breathing rate, Vbb, is estimated as 0.45% of 
the dome space volume per day (WHC-EP-0651, Barometric Pressure Variations) and is given 
in Equation 3-3: 

VENTILATION CONDITIONS IN TANK DOME SPACE 

where: 

VOlheadspace = volume of the tank dome space (ft3). 
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During off-normal operating conditions, the most likely ventilation rate is either natural 
breathing or barometric breathing. The natural breathing rate is estimated to be 5 to 10 times the 
barometric breathing rate, but the estimation of the thermal convection flow is not available. 
In general, the zero-flow condition is considered to be impossible because of the many openings 
into the tanks. However, since 1980, a great effort has been made to seal off the openings as 
much as possible for SSTs under the interim stabilization project to prevent water intrusion. In 
this evaluation, the barometric breathing rate, which is more conservative but reasonable, will be 
used for the ventilation rate for DSTs when normal ventilation is not present. For SSTs, both 
barometric breathing rate and zero ventilation rate will be evaluated under off-normal venrilation 
condition. As the shown in the calculations later, there is not much difference between the zero 
and barometric breathing rate in terms of time to reach 25% and 100% of the LFL because! the 
barometric breathing rate is very small and close to zero. Using a tracer gas, the measured 
passive ventilation rates (PNNL-11925, Waste Tank Ventilation Rates Measured with A Tracer 
Gas Method, Fiscal Year 1998 Surnrnaiy) under normal ventilation conditions in SSTs ranged 
from 1.7 to 10 ft3/min for most tanks. No similar measurements for the passive rates (i.e., the 
active ventilation system is shut down with the air-inlet open) are available for DSTs. 
Unfortunately, no ventilation rate measurements have been made for the condition where the air 
inlet is shut off. For the off-normal condition, based on Equation 3-3, the calculated barometric 
breathing rate for most tanks is around 0.5 ft3/min or less (as shown in Table D-2 of 
Appendix D), which is one-third to one-twentieth of normal conditions. 

3.3 TIME-DEPENDENT GAS CONCENTRATION MODEL 

An equation was developed to calculate the time-dependent flammable gas concentration in the 
dome space. The concentration is a function of the gas release rate and the ventilation rate. 
Figure 3-1 shows a simplified tank dome space system. 

In general, most of the tanks contain supematant liquid and sludge/saltcake layers. A few tanks, 
including DST 241-AN-103, have a thin crust layer above the supernatant liquid. The gas 
release rate (Rg) is the net result of the generation rate (G,) and the accumulation rate (AT). The 
gas accumulation rate refers to the rate at which gas is trapped in the sludge/saltcake layer. The 
ventilation flows (V,) are available as field measurements taken at the output streams. These 
flows are the sum of air inflows from the inlets and tank cracks and openings and the gases 
released from tank waste. The gas volume change rate can be formulated from a mass balance as 
provided in Equation 3-4: 

Gas Change Rate in = Gas Release Rate from - Gas Exit Rate (3-4) 
Tank Dome Space the Waste Surface 

Equation 3-4 can be changed to calculate the gas volume change rate for SSTs where the tank 
dome is made of concrete. Assuming that there is no ventilation flow available but the gas can 
diffuse out through the concrete dome, then the “Gas Exit Rate” term in Equation 3-4 is changed 
to the gas diffusion rate. 
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Supernate Layer G, 

Sludge/Saltcake Layer 

Figure 3-1. A Simplified Tank System for Time-Dependent Gas Concentration Model. 

- 

I 

Crust Layer 
R, 

3.3.1 Insoluble Gas 

For the less soluble gases such as hydrogen or methane, the gas release rate can be considered to 
be constant; therefore, the mass balance equation can be written as a differential equation as 
given in Equation 3-5: 

where: 

[C,] = gas concentration (volume percent) 
Vol = volume of the tank dome space (volume) 
Rg = gas release rate from the waste surface (volume/time) 
V, = ventilation rate in the dome space (volume/time). 
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As given in Equation 3-5, the gas exhaust rate is simply the gas concentration times the output 
ventilation rate. By solving the differential Equation 3-5, a time-dependent gas concentration at 
time t, [C,](t), in units of volume percent is given in Equation 3-6: 

with 

where: 
h = V,/VOl 

R, = hydrogen release rate from the waste surface (volume/time) 
V, = ventilation rate in the dome space (volume/time) 
[C,](to) = initial gas concentration at time t (volume percent) 
Vol = volume of the tank dome space (volume) 
h = decay parameter from the venting (inverse time) 
t = time. 

In Equation 3-6, the first term represents how the initial gas concentration decays away 
exponentially with the factor of e(-*') and second term represents how the gas level builds up in 
the form of [Rg/Vr]% with the factor of [ 1- 

For the case of gas exiting by the diffusion effect through the dome, the mass balance equation 
can be written as a differential equation as given in Equation 3-6a: 

as time goes on. 

where: 

[C,] = gas concentration in the tank headspace (volume percent) 
[C,] = gas concentration outside the tank (volume percent) 
Vol = volume of the tank dome space (volume) 
R, = gas release rate kom the waste surface (volume/time) 
Q = the diffusion flux (concentratiodarea-time) 
A = the area of the dome to diffuse (area) 
D, = the ith layer effective diffusivity (aredtime) 
L, = the thickness of the ith layer to diffuse (length). 

(3-6a) 

As given in Equation 3-6a, the gas exhaust rate is the gas diffusion rate, which is the diffus.ion 
flux, Qi, times the surface area of the dome. The diffusion flux is defined as the simply thf: gas 
concentration gradient between the dome space and outside over the path-length for diffusion 
times the diffusivity. The summation of the diffusion rates in Equation 3-6a accounts for several 
diffusion resistances in series (e.g. paint, concrete, and soil for a transfer structure wall). 
Assuming the gas concentration outside is diluted infinitely becoming zero. By solving the 
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differential Equation 3-6a, a time-dependent gas concentration at time t, [C,](t), in units 01 
volume percent is given in Equation 3-6b: 

1 
[I - exp(- nt)] (3-6b) 

Yo 

with 

where: 
h = A X  [l/Z (Li/Di)]Nol 

R, = hydrogen release rate from the waste surface (volume/time) 
V, = ventilation rate in the dome space (volume/time) 
[C,](to) = initial gas concentration at time t (volume percent) 
Vol = volume of the tank dome space (volume) 
h = decay parameter from the diffusion (inverse time) 
t = time. 

3.3.2 Soluble Gas 

For a highly soluble gas, such as ammonia, the gas release rate from liquid waste is not a 
constant, but depends on the material transport properties and the ammonia concentration 
gradient between the liquid and vapor phases and appropriate Henry’s Law constants. Thus the 
differential equation of mass balance in Equation 3-5 and the time-dependent gas concentration 
Equation 3-6 have different formats. For a closed system, Henry’s Law describes the 
relationship of a soluble gas in the liquid and vapor phases as provided in Equation 3-7: 

C, = K ,  . P, 

where: 
CI = ammonia concentration in the liquid phase (kg-mole/m3) 
KH = Henry’s Law constant (kg-mole/m3-atm) 
P, = partial pressure of the ammonia (atm). 

(3-7) 

The Henry’s Law constant is a function of temperature in pure water. In mixed salt 
solutions, Henry’s Law constants are functions of both temperature and the 
concentrations of the ions in the solution. “The Estimation of Gas Solubility in Salt 
Solutions at Temperature from 273 K to 363 K,” AICHE Journal (Weisenberger and 
Schumpe 1996), provides a formula to calculate Henry’s Law constant as given in 
Equation 3-8: 
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with 
(-8.0964+3917,5/T-O.O0314T) KH' = e 

where: 
KH' 
h, = ionic dependent coefficient 
h, 
C, 
T 

= Henry's Law constant in the pure water (kg-mole/m3-atm) 

= gas specific constant for ammonia 
= ion concentration in the solution 
= temperature of waste (K). 

However, the Weisenberger and Schumpe (1996) formula is good only for the solution up 
to 5 M. WP-4941 reported Henry's Law constants for DST 241-SY-101 simulant waste 
at different dilution conditions and temperatures. This study covers solution 
concentrations ranging from 5 to 21 M at temperatures of 20 "C to 70 "C. These results 
provide a correction factor to the calculated Henry's Law constant from the Weisenberger 
and Schumpe (1996) formula. For example, the measured Henry's Law constant is five 
times the calculation from the Weisenberger and Schumpe (1996) formula for the 
undiluted sample of 21 M at 70 "C. 

For soluble gas, the gas release rate depends on the equilibrium mechanism between the liquid 
and vapor phases described earlier. A comprehensive soluble gas transfer methodology applied 
to Hanford Site waste has been described in WP-4941. 

Consider the two-film theory of gas transfer. The ammonia release will encounter the resistance 
from two films, the liquid film and the gas film, between the bulk liquid and bulk vapor phases. 
The release rate is proportional to the difference between the ammonia liquid concentratioin and 
the ammonia vapor concentration before reaching equilibrium. It also is proportional to the mass 
transport coefficient, h, and the effective area, A. Therefore, the release rate can be derived as 
provided in Equation 3-9: 

where: 
h 
A 
CI"' 

CI 
p, 
P 
V 

c, 
KH 

= overall mass transport coefficient from liquid to vapor (misec) 
= effective area for the transport (m2) 
= corresponding liquid ammonia concentration in equilibrium at the 

= current ammonia concentration in liquid (kg-mole/m3) 
= ammonia gas partial pressure (atm) 
= dome space total pressure ( a h )  
= specific molar volume of gas in the dome space (m3kg-mole) 
= current ammonia concentration in the dome space (volume percent) 
= Henry's Law constant (kg-mole/m3-atm). 

current ammonia vapor pressure (kg-mole/m3) 
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As Equation 3-9 shows, the ammonia gas release rate clearly is a function of the ammonia 
concentrations in the liquid and vapor phases and the Henry's Law constant for ammonia in the 
solution. In the two-film-theory of gas transfer, the overall mass transport coefficient h contains 
the transport coefficient h1 for gas through the liquid film and h, for the gas through the gas film. 
Equations of the calculated h are described in detail in RPP-4941 and summarized in 
Appendix E. 

A sensitivity study indicates that the overall mass transport coefficient, h, varies by several 
factors, while the effective tank waste surface area, A, for mass transport is difficult to 
determine, particularly for the SSTs, where the waste surfaces are mostly crusts. Dome space 
ammonia concentrations would be overestimated by several orders of magnitude if the full area 
for the SST is used as the effective transport surface. As discussed in Section 3.4, however, the 
product of h and A can be determined by field data at steady-state conditions. Once h times A is 
determined, the gas release rate can be calculated by Equation 3-9. Applying the ammonia 
release rate from Equation 3-9 to the mass balance in Equation 3-5 results in Equation 3-11]: 

alc J V o l L  = h , A .  (C, - K ,  . P - v .  Cg) - [Vr ] .  [Cg] 
at 

Dividing by Vol and rearranging the terms, Equation 3-10 becomes Equation 3-1 1: 

ale, J - __ - k ,  - k, . [Cg] at 

with k,  =[V, + h . A . K ,  .P.~]l[Vol] 

and k,  = [ ~ . A . C , ] / [ V O ~ ] .  

The solution of Equation 3-1 1 is given as Equation 3-12: 

(3-10) 

(3-1 1) 

(3-12) 

3.4 STEADY-STATE GAS CONCENTRATION AND GAS RELEASE RATE 

For insoluble gas, when the systems reach steady state (set time, t, to infinity in Equation 3-6), 
the exponential term drops out from Equation 3-6 and a steady-state gas concentration is given in 
Equation 3-13: 

[c,]; = [ ~ ] . l 0 0  (3-13) 
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where: 
[Cg]%" 
R, 
V, 

= steady-state gas concentration (volume percent) 
= gas release rate (volume/time) 
= ventilation rate in the dome space (volume/time), 

Using Equation 3-13, the steady-state gas concentrations in the tank dome space can be 
calculated by knowing the gas release rate and the ventilation rate. 

The gas release rate, R,, can be estimated by subtracting the gas accumulation rate from the gas 
generation rate as shown in Equation 3- 14: 

Rg = Gr - A, (3-14) 

where: 
G, 
A, 

= gas generation rate from waste (volume/ time) 
= gas accumulation rate due to gas trapping (volume/ time). 

For hydrogen, the generation rate can be calculated using the empirical rate equation described in 
Section 2.1. The accumulation rate (HNF-3851) can be determined in the field, based on the 
waste level change rate and the gas composition data from the retained gas sampler. If the waste 
level does not change noticeably, the hydrogen release rate will be the same as the HGR. 

For other insoluble gases, no gas generation rate model is available. Therefore, the steadystate 
gas release rate can be estimated from the known steady-state concentration in the dome space 
under normal ventilation conditions by rearranging Equation 3-13 as shown in Equation 3- 15: 

where: 
[Cg]%" = steady-state gas concentration (volume percent) 
R, = gas release rate (volume/time) 
V, = ventilation rate in the dome space (volume/time). 

(3-15) 

In this report, the gas release rates for methane and nitrous oxide were obtained from their 
steady-state concentrations under normal ventilation conditions using Equation 3-15. Then the 
calculated gas release rate was used to calculate the steady-state concentrations for off-normal 
conditions. This methodology is a reasonable way to determine methane concentrations under 
off-normal conditions because methane is insoluble and whatever gases are generated are 
released directly to the dome space. 
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For highly soluble gases, from Equation 3-12, the steady-state concentration can be expremed as 
Equation 3-16: 

(3-16) 

As discussed in Section 3.3, the mass transport properties, the product of h and A, are difficult to 
estimate directly from tank waste properties, particularly for tank waste covered with an irregular 
crust layer. However, for the known steady-state vapor concentration Css, the liquid 
concentration CI, along with Henry’s Law constant and the ventilation rate V,, the product of h 
and A can be determined. By rearranging Equation 3-16, the product of h and A can be 
expressed as Equation 3- 17: 

(3-17) 

Once the product of h and A is determined from the steady state under normal ventilation 
conditions, the steady-state concentration under off-normal condition can he calculated using 
Equation 3-16. In addition, under the off-normal ventilation conditions, the ammonia 
concentration can be estimated using the time-dependent gas concentration of Equation 3- 12, as 
well as the gas release rate of Equation 3-9. 

Note that the product of h and A depends on the waste configuration and will be different if the 
waste is perturbed or changed physically. For the off-normal ventilation calculations, the ioverall 
steady-state ammonia concentration is governed by the liquid ammonia concentration. Ths 
product of h and A will change only the ammonia release rate, which indicates how fast the 
system will reach the steady state. 

The steady-state flammability evaluation of this work is based on current tank waste data at 
storage conditions. For those tanks actively receiving waste, including DSTs 241-AP-108 and 
241-AN-101 as dilute receiver tanks, the flammability level will be reevaluated during the waste 
transfer compatibility assessment based on the predicted post-transfer condition of the tank: 
waste. For hydrogen, the release rate still can be calculated based on the predicted tank waste 
condition using this rate equation model. For methane, because steady-state methane vapor data 
are not available before the waste transfer, the release rate will be estimated as 10% of the 
model-calculated HGR. This is a reasonable estimate because, for all tanks, methane is less than 
10 volume percent of the hydrogen in the generated gas as given in the gas generation study by 
PNNL-12181 and retained gas sampler results in PNNL-13000, Retained Gus Sampling Rcsults 
for the Flammable Gus Program. For ammonia, instead of estimating the release rate, the 
ammonia vapor concentration at thermodynamic equilibrium for a given waste condition will be 
used as a bounding value in the flammability level evaluation. This ammonia vapor 
concentration can be calculated based on the measured liquid ammonia concentration and other 
tank waste conditions using Henry’s Law and the Weisenberger and Schumpe (1996) model as 
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described earlier. For the off-normal ventilation condition, which is about 0.5 ft3/min or kss, an 
equilibrium prediction of the ammonia concentration is reasonable and conservative. 

3.5 

For active ventilation system interruptions, the time for the dome space to build up to flammable 
gas concentrations exceeding the LFL is one of the main concerns of this evaluation. 
A time-dependent flammability level, LFLAt) of the mixture can be calculated using the 
time-dependent gas concentration (Equation 3-6 for insoluble gas or Equation 3-12 for solJble 
gas) and Le Chatelier's rule (Equation 3-2) as provided in Equation 3-18: 

TIME TO REACH LOWER FLAMMABILITY LIMIT 

(3-18) 

where: 
[H2](t) 
[NH3](t) 
[CH4](t) 
LFLH~ 
LFL"3 
L F ~ H ~  

= hydrogen concentration (volume percent) at timet 
= ammonia concentration (volume percent) at time t 
= methane concentration (volume percent) at time t 
= volume percent of hydrogen at its LFL in air alone 
= volume percent of ammonia at its LFL in air alone 
= volume percent of methane at its LFL in air alone. 

The volume percent of the LFLs; LFLH~, LFL"3, and LFLcH~ are 4, 15, and 5%, respectively, 
which have been established for a fuel-air mixture. 

The time to reach a specified gas concentration under given ventilation conditions for insoluble 
gas can be obtained by rewriting Equation 3-6 as Equation 3-19: 

(3-19) 

with 

where: 
h = V,Nol 

Rg 
V, 
[C,](t,,) 
[C,](t) 

= gas release rate (volume/time) 
= barometric breathing rate (volume/time) 
= initial gas concentration at time & (volume percent) 
= gas concentration at time t (volume percent). 
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Similarly, for soluble gases, the time to reach a specified gas concentration under a given 
ventilation condition can be obtained by rewriting Equation 3-12 as Equation 3-20: 

with k,  =[V,  + h . A . K ,  .P.v]l[Vol] 

and 

(3-20) 

However, the time to reach a specified flammability limit of the mixture was not calculated 
explicitly. A customized Excel macro function, which was developed using Visual Basic4 and is 
based on Equation 3-19 for an insoluble gas and Equation 3-20 for a soluble gas, is used tcl 
calculate the time to reach a specific flammability limit. 

3.6 THE MINIMUM VENTILATION RATE TO MAINTAIN DOME SPACE 
BELOW 25 OR 100 PERCENT OF THE LOWER FLAMMABILITY 
LIMIT 

Whether the dome space of a tank will reach the specified flammability limit or not depends on 
the competition between the gas release rates and the ventilation rates of the system. For steady 
state, the flammability level as the fraction of the LFL of the mixture in the dome space can be 
calculated using Equation 3-2. For insoluble gas, the required steady-state gas concentrations in 
Equation 3-2 can be calculated using Equation 3-13 for insoluble gas and Equation 3-16 for 
soluble gas, where the ventilation rate is embedded in both equations. If the ventilation rafe is 
zero (i.e., no gas exits the tank), the system will reach the LFL sooner or later, and then 
flammability will continue to increase beyond 100% of the LFL. The ventilation will reduce the 
steady-state concentration. A ventilation rate, defined as the minimum vent rate, which the 
steady-state concentrations will just reach the specified flammability limit using Equation 3-2 for 
parameters in Equations 3-13 and 3-16. If the dome space ventilation rate is larger than this 
minimum, the system will never reach the specified flammability limit. Again, the ventilation 
rate is embedded in the equation, and a customized Excel macro function developed using Visual 
Basic code is used to calculate the minimum ventilation needed to stay below the specified 
flammability limit. 

' Visual Basic is a registered trademark of Microsoft Corporation. 
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3.7 TIME-DEPENDENT GAS CONCENTRATION 
UNDER ZERO VENTILATION CONDITION 

For insoluble gas, under zero ventilation, the mass balance equation (Equation 3-5) can be 
rewritten as Equation 3-2 1 : 

Vol ~ ab, J = Rg 
at 

(3-21) 

where: 
[C,] 
Vol 
Rg 

= gas concentration (volume percent) 
= volume of the tank dome space (volume) 
= gas release rate from the waste surface (volume/time). 

By solving the differential Equation 3-21, a time-dependent gas concentration at time t, [Cg],(t), 
in the unit of volume percent is given in Equation 3-22: 

(3-22) 

where: 
R, = gas release rate from the waste surface (volume/time) 
[Cg]%(to) = initial gas concentration at time t (volume percent) 
Vol = volume of the tank dome space (volume). 

In Equation 3-22, [Cg]%(to) represents initial gas concentration and [Rg t/Vol]% represents how the 
gas level builds up as time goes on. In the actual calculation in Chapter 4.0, the gas 
concentration was calculated analytically as shown in Equation 3-23 instead of as shown in 
Equation 3-22, because the hydrogen release rate is variable as time progresses rather than a 
fixed value. This is because the tank waste heats up under the zero ventilation condition and the 
hydrogen release rate increases. 

(3-23) 

The summation of gas concentration in the second term on the right side of Equation 3-23 is 
calculated in the time step of 1 day. As shown in Chapter 4.0, the time step of 1 day is a 
reasonable choice considering the change of HGR for the temperature increase rates used. 

For a highly soluble gas such as ammonia, the mass balance in Equation 3-10 can be rewritten 
for the zero ventilation condition as shown in Equation 3-24: 

(3-24) 
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where: 
h 
A = effective area for the transport (m') 
C/ = current ammonia concentration in liquid (kg-mole/m') 
P = dome space total pressure (atm) 
V 

c&? 
KH = Henry's Law constant (kg-mole/m3-atm). 

= overall mass transport coefficient from liquid to vapor (misec) 

= 

= 
specific molar volume of gas in the dome space (m'ikg-mole) 
current ammonia concentration in the dome space (volume percent) 

Dividing by Vol and rearranging the terms, Equation 3-24 becomes Equation 3-25: 

(3-25) 

with 

and 

[h . A .  K, .P .v ]  
Vol g1 = 

[h . A .  C,] 
g 2  = Vol 

The solution of Equation 3-25 is given as Equation 3-26: 

r -  

(3-26) 

In some cases, particularly when h A is large, the glt is much greater than one in a few daya. So 
the decay rate exp (-gl .t) goes to zero in a few days, thus the vapor concentration is simply the 
vapor equilibrium concentration C,, with liquid phase as shown in Equation 3-27: 

(3-27) 

3.8 TANK WASTE TEMPERATURE INCREASE 
RATE 

Under normal operation, tank waste temperature ranged from an ambient temperature as low as 
15 "C up to 78 "C. This tank waste temperature range reflected seasonal temperature changes, 
which oscillate up and down throughout the year. During the off-normal operation, however, the 
tank waste temperature could increase due to the loss of active or passive ventilation. For DSTs, 
the tank waste temperature could increase even more if the ventilation of the annulus is shiit 
down. For example, the tank waste temperature of DST 241-AY-102 increased 13 "F in one 
month while the annulus ventilation was shut down. It is known that the flammable gas 
generation rate is a function of temperature. In the HGR model (HNF-3851), the thermolqsis 
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rate and the organic G value of the radiolysis rate are an exponential function of temperatwe. In 
this section, a simple and conservative heat transfer model (RPP-6213), used in evaluation of the 
steam bump hazard, is used for tank waste temperature increase analysis in the gas generalion 
rate calculations and is described below. 

With the tank under the zero ventilation condition, the temperature change with time can be 
estimated using a lumped capacitance solution for the transient waste temperature as shown in 
Equation 3-28: 

= volume of the nonconvective layer (m') 
= density of the nonconvective layer (kg/m3) 
= specific heat of the nonconvective layer (Jkg-K) 
= volume of the convective layer (m3) 
= density of the convective layer (ks/m3) 
= specific heat of the convective layer (Jkg-K) 
= tank waste heat load (Watt) 
= soil thermal conductivity (Watvm-K) 
= tank heat transfer area (m2) 
= waste average temperature (K) 
= average ambient soil temperature (K) 
= average ambient air temperature (K) 
= soil thickness (m) 
= tank radius as the length scale for heat conduction from tank 

bottom to soil (m). 

The right side of Equation 3-28 represents the net heat generation rate, which is the total h':at 
source generation rate Q from tank waste minus the downward (second term) and upward (third 
term) heat transfer rates. For a given tank waste temperature T along with other waste 
conditions, the temperature increase rate %/El can simply be calculated by dividing the net heat 
generation rate by the product of mass ofwaste and waste specific heat using Equation 3-28. 
The following parameter values were taken from RPP-6213 and apply to all tanks: 

Heat capacity: 3,300 J/kg-K 
Air temperature: 285 K 
Soil temperature: 287 K 

Tank radius: 11 m. 

Heat exchange area: 41 1 m2 
Soil thermal conductivity: 1 W/m-K 
Soil overburden thickness: 4 m 
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Note that Equation 3-28 can be used for tanks having similar waste temperatures for convixtive 
and nonconvective layers. For tanks having distinct temperatures between layers (e.g., aging 
tank waste [241-AY/AZ Tank Farms]), the energy balance equation should be written for each 
layer as shown in Equations 3-29 and 3-30: 

(3-29) 

where: 

T,/ 
Qcl 
Tncl 
Qnc, 
h, 

= waste temperature of the convective layer (K) 
= tank waste heat load of the convective layer (Watt) 
= waste temperature of the nonconvective layer (K) 
= tank waste heat load of the nonconvective layer (Watt) 
= heat transfer coefficient for heat exchange between two layers (W/m*K). 

Symbols that are not defined in Equations 3-29 and 3-30 are defined in Equation 3-28. As 
described in RF'P-6213, the heat exchange coefficient was adjusted to meet the quasi-steac!y 
approximation in Equation 3-3 1 : 

(3-31) 

For the given waste temperatures and other waste conditions, once h, is determined, the 
temperature increase rate 6Tnc//L2 or ZC//6t can be calculated. 

As shown in Equations 3-28 to 3-30, this heat transfer model is relatively conservative in terms 
of overestimating the heat-up rate because it considers only the upward and downward heat 
transfer but neglects the heat transfer from the sides. Additionally, the temperature increase rates 
for the convective and nonconvective layers may be different throughout the heatup process 
while Equation 3-31 assumes they are the same. For example, while DST 241-AY-102 1o:it 
annulus cooling in August 2001, it was observed that the temperature increase rate for the 
convective layer was slower than the temperature increase rate for the nonconvective layer in the 
first few weeks; in time, the two temperature increase rates got closer. The calculated 
temperature increase rate (0.27 "C/day from Table H-2 of Revision 3) using Equation 3-31 is 
comparable, but larger than the rate observed (0.24 Wday estimated fiom the temperature data 
on personal computer interface for SACS) in August 2001. Overall, the temperature data of DST 
241-AY-102 validates that the assumption of Equation 3-31 is reasonable and conservative. 
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4.0 EVALUATIONS OF STEADY-STATE FLAMMABILITY LEVEL 

In this chapter, steady-state gas releases from the 28 DSTs and 149 SSTs are evaluated 
quantitatively against tank ventilation conditions using the methodology described in 
Chapters 2.0 and 3.0 to determine if the resulting flammability level becomes a safety concern. 

Section 4.1 contains the calculated HGRs and discusses collection of input data and setup of the 
Excel spreadsheet for rate calculations. Section 4.2 covers the data collection, estimation of 
ventilation rates for both normal and off-normal conditions, and the steady-state gas 
concentrations for the normal ventilation rate. Section 4.3 discusses the steady-state gas r1:lease 
rates for the flammability level evaluation. For hydrogen, the gas release rate is the net result of 
the model-calculated gas generation rate minus the field-estimated gas accumulation rate. For 
ammonia, methane, and nitrous oxide, the gas release rates were extrapolated from steadystate 
concentrations at normal ventilation rates. For those tanks showing higher predicted stead y-state 
ammonia concentrations (more than 0.5%) under off-normal ventilation conditions and 
flammability levels exceeding 25% of the LFL in Revision 0, the ammonia concentration has 
been reanalyzed with the liquiavapor equilibrium model as described in Section 3.4. Seciion 4.4 
describes the evaluation of flammability levels in the tank dome space for all 177 tanks. The 
evaluations include the following: 

Calculation of total flammability level, as well as the distribution from each flammable 
gas under both normal and off-normal ventilation conditions 

The time required for the flammable gases concentration in the tank dome space to reach 
various flammability levels when the normal ventilation system is shut down 

The minimum ventilation rate required to keep the dome space concentration below the 
specified flammability limit. 

Details of the results of the inventory data from BBI and surveillance data from SACS, HGR 
calculations, ammonia mass transport properties, and flammability evaluations in the tank dome 
space for the 177 tanks are given in Appendices A through F. Appendices G and H provide 
flammability evaluation for C-200 series SSTs and DST 241-AY-102, respectively, under special 
conditions. 

4.1 

In the evaluation, the HGR were calculated for each tank based on the semi-empirical rate 
equation model. The total generation rate was calculated for each waste layer in each tank. 
The generation rate is a function of tank waste conditions; thus, a large tank waste database is 
needed. The analytical and surveillance data necessary to perform the rate calculations arc: 
available for some tanks. For those tanks without current measured data, process history data 
and waste type information were used. 

An Excel spreadsheet was set up to calculate HGRs for all 177 Hanford Site DSTs and SSTs. 
The spreadsheet has four sections covering input data (Section 4.1 . I ) ,  derived data 

HYDROGEN GENERATION RATE MODEL CALCULATIONS 
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(Section 4.1.2), and calculated unit rates and total rates (Section 4.1.3). The spreadsheet vias set 
up to allow for easy upgrades and to facilitate checking the rate calculations. 

4.1.1 Input Data 

The data required to estimate hydrogen generation include the concentrations of TOC, 
hydroxide, nitrate ion, nitrite ion, sodium ion, and aluminate ion in the li uid phase; the total heat 
load for plutonium (238Pu, 239Pu, and 240Pu), americium (24'Am) cesium ( Cs) and strontium 
(90Sr); liquid and bulk densities; total solids and supernatant liquid tank waste volumes; the 
weight percent of water for liquid and sludge layers; tank waste temperature, and the tank dome 
space temperature. The organic species present provide the source term for thermolysis and 
organic radiolysis and the TOC data are used as an indicator of organic species. Aluminate is a 
catalyst in the thermal reaction and the aluminum ion concentration was used in the thermlAysis 
rate calculation. Nitrate, nitrite, and sodium concentrations are used to estimate the scavenger 
effect for radiolysis of pure water. Also nitrate, nitrite, and hydroxide are used to evaluate the 
efficiency of hydrogen generation from the corrosion process of tank liner. Tank waste 
temperature is needed to calculate the radiolysis G-value and to account for the Arrhenius 
behavior of the thermolysis rate. The cesium and strontium concentrations are used to estimate 
the heat load from betdgamma radiation of the tank waste, which is the power source for both 
water and organic radiolysis. Similarly, plutonium isotopes and americium are used to estimate 
the heat load from total alpha of the tank, and also function as the power source for both mater 
and organic radiolysis. Weight-percent water data were used to estimate the liquid fiactioii of 
the waste because the model considers that gas generation reactions occur most effectively in the 
liquid phase. The density and waste volume are used to calculate the total mass of the waste and 
to estimate the wetted tank surface area to calculate the corrosion rates. The temperature in the 
tank dome space is used to convert the total gas generation rate from mole to volume per unit 
time. 

The BBI, Tank Characterization Database (TCD), and SACS were queried to obtain the required 
waste properties and compositions. Data missing from the database were estimated, based on the 
methodology presented in SNL-000198, Flammable Gas Safety Analysis Data Review. 
In Revision 0 of this report, the input data used were prepared based on data available as of 
October 1999 and documented in RF'P-6069, Input Data for Hydrogen Generation Rate Model 
Calculation. In Revision 5 of this report, the input data of waste compositions including TOC, 
nitrate ion, nitrite ion, aluminum, cesium, strontium, density, and volume were queried from the 
BBI detail calculation database, and the preferred density and weight percent water in TWNS 
(queried on September 21,2005). Note that the date of data quoted in the parenthesis is referred 
to as the date of data published, but is not the date of data gathering. The actual cut-off date of 
the data gathering of April 1,2005, can be found in the inventory derivation documents. LI 
addition, if the concentrations of TOC, nitrate ion, nitrite ion, and aluminum in liquid phase were 
not available from the BBI detailed calculations, the values prepared in Revision 0 were used 
instead. 

93,  
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To extract the information from the BBI detail report to the format of the required input data, 
several things were done: 

0 The required data were downloaded from BBI detail calculation database and listed in 
Appendix A. 

In BBI detail calculations, more than one density was used in a waste layer for a number 
of tanks. A single representative density labeled as preferred density was chosen fix each 
waste layer for 177 tanks, and the preferred density along with weight percent watcr data 
were listed in Appendix A. 

In BBI detail calculations, the multiplier was introduced to compensate for differences in 
weight-percent water and density when the concentration data came from different data 
sources for a given waste layer. The concentrations used in the input data of Revision 3 
of this report were recalculated by dividing the inventory of each analyte with the 
preferred density and the waste volume as 

0 

In BBI: Invento y = density x Volume x Concentration x Multiplier 114-1) 

In this report: Newconcentration = Invento y i (PreferedDensity x Volume) 

The input data required the information from the supernatant liquid layer, solid layer (the 
waste below the supernatant liquid layer), and the total waste. The values of waste 
composition from various waste types of the solid layer were weight averaged to one 
value. 

The concentrations of TOC, nitrate ion, nitrite ion, and aluminum in the liquid phaw and 
the liquid density for solid layer were assigned the same value as the supernatant liquid 
layer if no interstitial liquid data were available. The final waste inventory data art: listed 
in Table B-1 of Appendix B. 

114-2) 

s 

In BBI development, the total waste volume is divided into three parts: solid, liquid, and 
retained gas (if there is any). In the detail calculation report, the volume of retained gas is not 
reported because it has no contribution to the analytes inventory. Although the retained gas has 
no contribution to the HGR calculations, it is part of the total waste volume and will impact the 
headspace volume calculation, and thus the flammability calculations. The reported retained gas 
volume is included in determining the waste depth and total waste volume for flammability 
calculations. Table A-3 in Appendix A lists the tanks with reported retained gas inventov from 
the BBI derivation document in TWINS. 

The required temperature data of the tank waste and tank headspace were obtained from S.4CS 
(queried on September 21,2004 to September 21,2005). However, the PCSACs temperature 
reading for the 241-AYIAZ Tank Farm is suspect after June 27,2005. Thus, in this calcul.ation, 
the temperature data from June 27,2004 to June 27,2005 were used for the tanks in 241-PLY/AZ 
Tank Farm. The temperature data of tank waste and tank headspace were obtained from 
PCSACS. The maximum temperature from September 21,2004 to September 21,2005, was 
used to obtain an averaging temperature within each waste layer (supernatant and solid layers) 
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and the headspace. The maximum value over a one year period throughout the tank was used to 
cover the seasonal effect. The temperature sensitivity study on the aging waste tanks was 
performed in Appendix H of Revision 3 of this report to prevent the possible underestimation of 
the temperature gradient vertically caused by cooling for using the average value. 

With the given tank waste inventory data, physical properties like volume and density, and the 
waste and headspace temperature data as discussed above, an input data spreadsheet for HGR 
calculation was prepared and is listed in Table B-1 of Appendix B. For these data not available 
from the Appendix A, the information and data from Revision 0 of this report are used. 

In Revision 0 of this report, missing data were estimated, based on the methodology prese:nted in 
SNL-000198. Waste tanks were first classified into one of six groups, based on the volumes of 
the liquid, saltcake, and sludge layers. The criteria for the various tank classifications also are 
presented in SNL-000198. Data from tanks in a given classification were used to create a 
distribution that was assumed to describe the total population of data for a given tank 
classification. This distribution then was used to provide a range of data including the mising 
data. In cases where insufficient data were available to create a statistically valid dlstribution, 
data from similar groups of tanks were combined to create a distribution of data (SNL-OOCt198). 
For single-point calculations, the mean of the distribution is used to describe the missing values. 
In Monte Carlo statistical analyses, the full range of data for the tank waste classification was 
used. 

This methodology of providing values and distributions for missing data was not optimized to 
provide the “best” waste properties or compositions with respect to waste chemical makeup. 
This methodology was prepared to determine missing data for flammable gas safety analyses. 
Because sufficient analytical data for all waste types are not available to estimate the missing 
data at the waste-type level, the methodology in SNL-000198 was used to determine oversill 
composition ranges when a finer resolution of data was not statistically justified. As a result, the 
mean values used in this analysis were not optimized based on waste characteristics, but were 
developed to fit the available data related to flammable gas safety analyses. 

The SST 241-A-105 HGR has not been calculated. The steel liner leaked and the tank has been 
interim stabilized. The waste moisture content is unknown, but is expected to be very low. The 
HGR is very sensitive to moisture content (the main hydrogen source). Because this key 
parameter is unknown and cannot be estimated, no attempt is made to estimate the corresponding 
HGR. The input data of DST 241-AY-102 are from the latest core sampling results and the 
HGRs of the solid layer are calculated by individual segments of the core sampling results. The 
latest sampling has reflected either depleted (Revision 4 using core 3 12 data) or very low 
(Revision 5 using core 319 data) nitrate and nitrite values on the bottom segment in the tank and 
results in a HGR increase compared to the HGR calculated by the averaged value of the B:BI 
data. 

4.1.2 Derived Data 

Once the input data were provided, the derived data were calculated before performing the final 
rate calculations. In the “derived data section” the input data are converted to the system cif units 
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used in the equations and other necessary parameters are derived. The derivation includes waste 
level, the tank surface area wetted by the waste, total mass, liquid fractions of the layers, layer 
heat load, layer density, total heat load, conversion of nitrate ion and nitrite ion to units of “moles 
per liter,” conversion of TOC and aluminum to units of “weight percent,” and water radiolysis 
and total radiolysis G-values. The purpose of the derived data section is twofold. First, 
necessary unit conversions were built into the spreadsheet so the spreadsheet can take the input 
data directly from the TCD. Second, it prepares the necessary parameters, which reduces the 
cumbersome task of completing the rate calculations and makes error checking easier and more 
effective. Details of the derived data are provided in Appendix B, Table B-2. 

4.1.3 Calculated Hydrogen Generation Rates 

The HGRs were calculated for the total tank waste, as well as for different waste layers. The 
waste layers are the convective layer (Supernatant liquid) and the nonconvective layer 
(sludgekaltcake); a few tanks have a crust layer on top of the convective layer. The rates For 
each layer are presented as radiolysis rates, thermolysis rates, corrosion rates, and total 
generation rates in units of mole per kilogram per day and moles per cubic meter per second. 

Details of the calculated rates per unit mass or per unit volume are provided in the Appendix B, 
Table B-3. Note that the unit rate of the corrosion rate is a function of wetted surface area, so the 
unit volume rate depends on the waste volume. The unit rate from corrosion is an average rate 
for a given tank waste volume. The total gas generation rate for a tank (in units of cubic feet per 
minute and liters per day) was calculated by multiplying the unit rates by the total waste volume; 
the results are provided in Appendix B, Table B-4. Table 4-1 lists the 10 tanks with the highest 
model-calculated hydrogen generation based on the current waste content. 

For the water addition study, the input data are modified by adding 10 kgal of water to 10CI-series 
tank and 1 kgal to 200-series tank and listed in Appendix B, Table B-5. The required input data 
listed in Appendix B, Table B-1, are used as the starting point before water addition. It is 
assumed that the water is well mixed with supernatant, and that the concentration, density, and 
the weight percent of water of the supernatant are adjusted accordingly by a simple dilution 
factor. The dilution factor is the ratio between current waste volume and current waste vo.’ume 
plus the volume of 10 kgal and 1 kgal ofwater for 100- and 200-series tanks. 

4-5 



RPP-5926 REV 5 

>lid Layer 

Table 4-1. Calculated Top Ten Hydrogen Generation Rates In Dome Space for 
177 Tanks With Current Waste. 

7.90E-03 7.40E-04 4.02E-04 6.67E-05 86.7% 8.12% 4.4% 0.7% 9.llE-03 371 

,pernatant 19.63~-03 13.57E.07 15.76&03 18.42E-05 I 62.2% I 0.00% I 37.2% I 0.5% I 1.55E-02 I 631 

$1-AN-102 3.87E-03 2.54E-05 5.84E-03 1.47E-04 39.2% 0.26% 59.1% 1.5% 9.89E-03 403 
ipematant 13.19E-03 /1.3?€-05 15.03E-03 17.99E-05 I 38.4% I 0.16% I 60.5% I 1.0% I 8.31E-03 I 339 

,lid Layer 6.78E-04 1.22E-05 8.15E-04 6.75E-05 43.1% 0.78% 51.8% 4.3% 1.57E-03 64 

upematant 14.7OE-07 17.85E-09 IO.OOEW0 14.74E-07 I 49.4% I 0.82% I 0.0% I 49.8% 1 9.52E-07 I 0 

11-C-103 8.34E-03 4.23E-04 0.00EW0 6.21E-04 88.9% 4.51% 0.0% 6.6% 9.3%-03 383 

did Layer 

DST 241-AZ-102 has the largest HGR, 2.98 E-2 ft3/min; this rate is approximately a 30% 
increase over the value of 2.22 E-2 ft3/min calculated in Revision 4A of this report. The rate 
difference may result from the latest BBI correction on the strontium concentration of tank: 
241-AZ-102. In addition, the DST 241-AY-102 HGR has dropped from 3.60 E-2 to 
2.67 E-2 ft3/min due to the relatively larger nitrate and nitrite concentration results in the bottom 

8.34E-03 4.23E-04 0.00EWO 6.20E-04 88.9% 4.51% 0.0% 6.6% 9.38E-03 383 
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segment rather than the depleted values used in the Revision 4 calculation. The generation rate 
of the solid layer in Revision 5 was calculated by summing the generation rate of individual 
layers based on each segment's data from the recent core sampling. Generation rates from 
radiolysis, thermolysis, and corrosion are listed in Table 4-1 for solid and liquid layers for each 
tank. The contribution from thermolysis and radiolysis varied from tank to tank. Corrosion 
contributed 7% or less to the overall HGR for the listed tanks in Table 4-1. Tanks withoul 
sample-based data use the default data from the waste grouping analysis, which have a lar,:er 
uncertainty. 

4.2 TANK VENTILATION RATES AND STEADY-STATE GAS 
CONCENTRATIONS 

Tank ventilation and steady-state gas concentration data collection and data reduction are 
documented in RPP-5660, Collection and Analysis of Selected Tank Headspace Parameter Data. 
Ventilation rates at the tank outlet were determined by a number of methods, including tracer 
studies, Standard Hydrogen Monitoring System hydrogen composition decay curves, direc:t 
measurements of hydrogen, and calculations from earlier flammable gas hazard analyses. The 
ventilation rates were for normal ventilation conditions, either passive or active, in conjunction 
with steady-state gas concentration data to estimate the gas release rates. 

Dome space gas composition data were based on analytical data from RPP-5660, when available. 
The TWINS database was queried to obtain all gas sample data. The data were reduced using 
mean values for single-point calculations and derived distributions for Monte Carlo analyses. 
Values for missing data were determined using the methodology described in SNL-0001911. The 
ventilation rates and the steady-state gas concentrations under normal operating conditions, along 
with waste volumes and dome space volumes for all 177 tanks, are listed in Appendix D, 
Table D-1. For sludge tanks, dome space gas concentrations are very small, less than 50 ppm 
hydrogen, methane, and ammonia. For these tanks, the ratios between the various gases are 
questionable and are not an accurate analysis of gas generation rates. 

4.3 STEADY-STATE GAS RELEASE RATES FOR H2, "3, CH4, AND N20 

To evaluate the steady-state flammability levels under different ventilation conditions, the 
steady-state gas release rates were used to calculate the flammable gas concentrations for a given 
ventilation condition. For hydrogen, the steady-state release rates were calculated by subtracting 
the gas accumulation rate from the model calculated generation rate. In this report, the 
accumulation rates are assumed to be zero because no noticeable waste level increase due to gas 
accumulation has been reported recently. The HGRs are calculated in Section 4.1 and listed in 
Appendix B. For all cases, the gas release rate is equal to the model calculated gas generation 
rate. In the past, a few tanks had a noticeable waste level increase. The waste level increase rate 
can be converted to a total waste volume increase rate, which then is multiplied by the hydrogen 
fraction obtained from the retained gas sample analysis. The steady-state gas release rates of 
C&, "3, and N20 were derived from the steady-state concentrations under normal ventilation 
rates using Equation 3-1 5. The historical data derived release may be too large compared to the 
calculated hydrogen generation rate because of the effect of waste transfers. Since the calculated 
hydrogen generation rate reflects the latest tank inventory data, the calculations of methane 
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release were constrained to no more than 20% of the latest calculated hydrogen generation rate 
of that tank. The calculated gas release rates of H2, "3, CH4, and N20 are listed in 
Appendix D, Table D-1. 

For ammonia, however, the method described in the previous paragraph would largely 
overestimate the steady-state concentrations under off-normal ventilation conditions for those 
tanks having relatively large release rates calculated from the steady-state concentration. For 
example, for DST 241-SY-101, the steady-state release rate obtained from the dome space 
concentration of 400 ppm under normal ventilation conditions predicts a steady-state 
concentration of 108% of the LFL for the off-normal ventilation condition. This value is two 
orders of magnitude larger than the current estimated value of 0.4% of the LFL using the 
liquid-vapor equilibrium mechanism. In Revision 0, similar overestimations of ammonia 
concentration also were reported for DSTs 241-AN-102 and 241-AN-107. 

As described in Chapter 3.0, ammonia is very soluble, and the gas release rate is not a constant 
but is governed by the liquid-vapor equilibrium defined by Henry's Law, the mass transport 
coefficient, h, and the effective transport surface area, A. The ammonia release rate is driven by 
the gradient between the vapor and liquid phases before reaching equilibrium. Therefore, a 
greater difference results in a larger release rate. 

For a closed system (i.e., a zero ventilation rate), the final release rate is zero when the system 
reaches equilibrium. An open system will never reach the equilibrium concentration, but will 
reach a steady-state release condition. At steady state, the concentration is lower than the 
equilibrium value, and the larger the ventilation rate, the lower the steady-state concentration of 
ammonia. For a given system, the release rate at steady state also is proportional to the 
ventilation rate. Therefore, if the steady-state release rate obtained at a high ventilation rate 
(i.e., normal active ventilation) is used as a constant to predict the steady-state concentrations for 
the off-normal low ventilation condition, the ammonia dome space concentration for the 
off-normal ventilation condition could be greatly overestimated. 

Figure 4-1 demonstrates the relationship of the equilibrium value, the steady-state concentration, 
and the release rate of ammonia under both normal and off-normal conditions for 
DST 241-SY-101 after remediation. As shown in Figure 4-1 for the normal ventilation raie of 
486 ft3/min, the steady-state concentration of ammonia is 400 ppm, which is far below the 
equilibrium value of 3,895 ppm. For an off-normal ventilation rate of 0.18 ft3/min, the ammonia 
concentration is computed to increase exponentially and took less than 8 days to reach steady 
state with the concentration of 3,882 ppm, which is lower than but very close to the equilibrium 
value. Also, note that the steady-state release rate from 0.19 ft3/min under normal ventilation 
conditions of 486 ft3/min is computed to drop exponentially to 7.6 E-4 ft3/min for the off-normal 
ventilation condition of 0.18 ft3/min. 
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Figure 4-1. Ammonia Concentration and Release Rate for Double-Shell Tank 241-SY- 101 
Before and After Loss of Active Ventilation. 
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For many SSTs and some of the DSTs with lower concentrations of ammonia, the ammonia 
release rate was too small to contribute significantly to reaching 25% of the LFL even under 
off-normal ventilation conditions. Therefore, this method of considering ammonia release rates 
as constants would be a simple method for screening out tanks with small release rates. Using 
this method would prevent use of the liquid-vapor equilibrium method, which requires liquid and 
dome space ammonia concentration data and more complex calculations. 

4.4 STEADY-STATE MASS TRANSPORT PROPERTIES “h” AND “A” 
FOR AMMONIA 

As discussed in Chapter 3.0, it is difficult to estimate the effective area, A, of the mass trar~sport 
in the liquid-vapor equilibrium model. The effective area is the actual waste surface area 
available for ammonia transport, and will be the full or partial tank cross-sectional area 
depending on how much true liquid surface is available. The ammonia concentration could be 
overestimated by two orders of magnitude in the liquid-vapor equilibrium model if 100% of the 
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effective area is used. In this report, the ammonia concentration analysis follows the logic in the 
following steps to perform the dome space ammonia calculations: 

1. The ammonia concentration in all DSTs was analyzed using the liquid-vapor equilibrium 
model as described in Chapter 3.0. The mass transport properties, the product of h and A, 
were obtained from the steady-state concentration under normal conditions by applying 
Equation 3-17. Then, using this product of h and A, the time-dependent ammonia 
concentration and flammability under off-normal conditions were calculated. 

2. The ammonia concentrations for the SSTs were first evaluated by assuming a constant 
release rate. If the ammonia concentrations computed using this conservative approach 
were more than 0.5% and the total flammability was above 20% of the LFL, the ammonia 
concentration was reanalyzed more accurately using the liquid-vapor equilibrium rnethod 
as was done for the DSTs. 

The input data collected included the ammonia concentrations in the liquid and in the dome 
space under normal ventilation conditions, the waste volume and ionic Composition, and the 
temperatures of the waste and the dome space under both normal and off-normal conditioris. 
Appendix C, Table C-1, gives the liquid concentrations in the DSTs and selected SSTs for the 
ions such as nitrate, nitrite, and aluminum used in the calculation of the HGR. The additional ion 
constituents required are carbonate, chloride, chromium, fluorine, hydroxide, iron, nickel, 
phosphate, potassium, sodium, and sulfate. Other required data include the tank waste density, 
temperature, and weight-percent water. These data were obtained from the BBI reporfs. Where 
tank ion concentrations or waste properties were not available in the BBI detail report, an 
average value from the sample analysis data contained in the TCD was used. The tank waste 
temperature values were the only figures not taken from the BBI or the TCD. They were 
obtained from RPP-5660, Table 3-2. However, the input data for ammonia calculations were not 
updated in Revision 3 because the required liquid ammonia data is not available. The amrnonia 
calculations remain the same as in Revision 1 of the report; however, ammonia has a minor 
contribution to the flammability at steady-state. 

Based on Equation 3-8, the Henry’s Law constants were calculated and are listed in Appendix C, 
Table C-2. Table C-2 also includes the summations of ion concentrations, the Henry’s Law 
constants in pure water, and the correction factors for the calculated Henry’s Law constants, KH, 
for salt solutions. The correction factors were assigned using the tank waste concentrations and 
temperatures according to the study results for ammonia solubility in high-concentration s,dt 
solutions (RPP-4941). The mass transport properties of the product h and A were calculatzd 
using Equation 3-17 and are listed in Appendix C, Table C-3. Based on the products of h ,and A, 
the time-dependent ammonia concentration and percent of the LFL under off-normal ventilation 
conditions were calculated, as discussed in Section 4.5. As discussed in Chapter 3.0, the product 
of h and A depends on the waste configuration and physical and chemical properties, parti4:ularly 
the surface area, A, which is the effective surface for gas transport from the liquid to the v<ipor 
phase. For example, if the waste was disturbed or the configuration of the waste surface 
changed, both the effective surface area and h could change, so the product of h and A would 
change. Therefore, what has been calculated as the product of h and A in this report reflects only 
the current ammonia transport status of storage tank waste at steady state. 
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24 1-AN-1 02 

241-AN-IO3 

241-AN-1 04 

241 -AN-1 05 

As a comparison, Table 4-2 lists the products of h and A from the values derived from the field 
data under normal conditions using Equation 3-17 and from the calculated h using the equations 
in Appendix E with a 100% tank surface area, A. For most of the tanks, the values for h and A 
derived from field data are a few orders of magnitude smaller than the values from the calculated 
h and 100% area A. Two possible factors can contribute to this discrepancy. First, many tanks 
may not have 100% transport area A, particularly for those tanks having a large crust layer or 
solid waste on the surface. Second, from Equation 3-17, the field-data-derived values of h and A 
rely mainly on the ammonia vapor data and ventilation rate in the headspace, and the 
corresponding value of liquid concentration in the waste (usually the value of KH P v CgsS 1 s 
much smaller than C,). The uncertainties of these input data and the fact that these data ar: not 
measured simultaneously can contribute to errors in the field-derived h and A values. 

Next, the ammonia underneath the liquid surface could be depleted and present a large gradient 
throughout the tank. In this case, the measured liquid-phase ammonia data from the middle or 
bottom sections of the tank will be too large for the observed vapor data. Also, the equations 
used to calculate h in Appendix E may involve large uncertainties. In all cases, note that the 
values of the product of h and A determine how fast the ammonia will be released to the dome 
space. The bounding value for the flammability is the steady-state ammonia concentration in the 
dome space. The last column of Table 4-2 lists the steady-state ammonia concentrations under 
off-normal conditions. For all calculated values, the ammonia concentration is less than 
8,300 ppm, which contributes less than 6% of the LFL to the total flammability. 

300 210 119 1.80 E-01 2.03 E+OO 857 

7 345 100 1.33 E-03 3.50 E+nn 2,034 

21 246 100 5.92 E-03 3.08 E+OO 2,011 

15 210 100 5.02 E-03 2.91 E+OO 1,523 

Table 4-2. The Calculation of Ammonia Transport Properties. (2 sheets) 

241-AN-106 I 1 

L 241-AN-I 01 

210 117 3.99 E-04 I 1.12E+OO I 123 

(NH3)” in Normal Vent 
Dome Under 
Normal Vent in Dome Space i ( M ’ ~ )  (ft3/min) 

Liquid I”31 Rate in the 

241-AN-107 

(NH# at 
Off-Normal 

400 210 129 3.60 E-01 1.94 E+OO 759 

241-AP-102 I 75 439 135 I 1.83E-02 I 1.15E+OO I 72 8 

1241-AP-101 I 125 I 439 I 108 1 2.57E-02 I 1.26E+OO I 827 

2 4 1 - ~ ~ - 1 0 3  I 1 250 200 I 5.76E-04 I 1.48E+OO I 24 8 

1241-AP-104 I 3 1 133 1 71 I 1.23E-03 I 1.18E+OO I 136 

241-AP-105 7 324 176 2.79 E-03 1.75 E+OO 800 
241-AP-106 I 5 68 

4-1 1 

111 I 6.54 E-03 1 1.11E+00 I 104 

241-AP-107 I 5 1,060 342 1 1.16E-03 1 7.14 E-01 

241 -Ap- 108 852 27 800 129 3.14 E-03 8.82 E-01 
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Table 4-2. The Calculation of Ammonia Transport Properties. (2 sheets) 
(NH$’ in 

Dome Under 
Normal Vent 

(PPm) 
5 

3 

I Tank 

(NH!)” at 
Off-Normal 
Vent (ppm) 

Normal Vent Product h A Product h A 
Liquid I”” Rate in the (ft’/min) From (ft’/min) From 

in Waste Dome Space Field Data at Calculated h 
(pg’mL) (ft3/min) Normal Vent and 100% A 

10 100 3.92 E-02 3.05 E+OO 

74 292 7.16 E-03 7.74 E-01 241-AW-102 

241-AW-106 

24 1-AZ-IO2 

138 

6 

43 

1241-SY-103 

512 134 3.63 E-02 7.06 E-01 

169 141 3.64 E-03 6.99 E-01 

1,010 194 5.97 E-03 5.49 E-01 

241-A-103 

28 

241 -C-103 

241-S-101 

241-S-102 E 241-sx-103 

1,164 355 158 I 8.59E-03 2.06 E+OO 

Note: 

5 113 250 7.69 E-03 1.55 E+OO 

1 125 150 

4 1 74 1 250 1 1.05 E-02 I 1.60E+OO 1 z f l  
I 8.31 E-04 2.79 E+OO 

6 1,181 438 112 1.01 E-03 1.96 E+OO 

59 5,581 1,290 116 3.88 E-03 3.14 E+OO 

765 I 1,210 I 6 I 2.94E-03 I 2.59E+OO I 5.817 I 

261 531 8 I 2.61 E-03 I 3.21 E+OO 

651 I 745 I 2 I 1.66E-03 I 2.08E+OO I 2.157 I 

324 3,159 1,210 IO I .94 E-03 1.88 E+OO 

448 I 403 I 12 I 1.34E-02 I 1.98E+OO I 1,380 I 

588 1,700 

31 1,800 

2 5.47 E-04 3.01 E+OO 

53 6.1 1 E-04 3.55 E+OO 

To convert cubic feet to liters, multiply the value by 28.454 Llfi’. 

722 

4.5 FLAMMABILITY EVALUATION AND RESULTS 

With the collected ventilation rates and steady-state gas concentrations, the flammable gas 
concentrations, expressed as a percent of the LFL, in the tank dome space under normal 
ventilation conditions were calculated using Equation 3-18 and are listed in Appendix D, 
Table D-1. For all tanks, the flammable gas concentration under normal ventilation is less than 
2% except SSTs 241-C-107 with 6.88%, 241-C-103 with 2.60%, and 241-U-106 with 2.41 %. 
This suggests that the tank dome space of all tanks under current ventilation rates, whether 
actively or passively ventilated, will not exceed 25% of the LFL. 

2 9.56 E-04 2.47 E+OO 1,400 

4-12 
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For off-normal ventilation conditions, there is no guarantee that every tank will have a pathway 
for barometric breathing due to the sealing-off action for interim stabilization; thus the 
flammability calculation will be performed under both barometric breathing rate and zero 
ventilation rate for water addition and temperature increase condition. A study focusing on the 
sensitivity of waste temperature and water addition in the flammability evaluation under zero 
ventilation for DSTs has been done and documented in Appendix H of Revision 3 of this 
document. The study concluded that for the flammability evaluation under zero ventilation 
condition, I O  and 1 kgal ofwater will be added to the tank waste for 100- and 200-series DST 
and SSTs. Also 5 "C temperature increase will apply to all DSTs. In addition, the diffusion 
mechanism through concrete tank dome has been included in the flammability calculation under 
zero ventilation condition for 149 SSTs. 

Detailed calculation results on the case of water addition and 5 "C temperature increase for DSTs 
are given in Appendix D. The summarized results are given in Tables 4-3 under barometric 
breathing condition, and Tables 4-4 and 4-5 for DSTs and SSTs, respectively under zero 
ventilation condition with water addition and temperature study. 

4.5.1 

For off-normal ventilation rates, assuming only barometric breathing rate, vbb,, is availablt: 
(discussed in Section 4.2), the steady-state concentration can be calculated using Equation 3-13 
for insoluble gas and using Equation 3-16 for the soluble gas; the results are listed in 
Appendix D, Table D-2. In the calculation for the off-normal condition, the initial 
concentrations are assumed to be the steady-state concentrations under normal ventilation 
conditions; these concentrations are listed in Appendix D, Table D-1. As listed in Table D-2, 
under the off-normal condition with barometric breathing rate, 20 DSTs and 8 SSTs are 
computed to exceed 25% of the LFL when the system reaches steady state, and 5 DSTs and 
2 SSTs are predicted to reach 100% of the LFL. 

Equation 3-18 gives the formula to calculate the flammable gas concentrations at a given time 
with the aid of a time-dependent gas concentration equation (Equation 3-6 for insoluble gas and 
Equation 3-12 for soluble gas). Because the time variable cannot be expressed explicitly in an 
equation, a customized Excel macro was developed using Visual Basic to iterate the calculations 
by increasing the time until the specified LFLs in Equation 3-18 are met. The calculated times to 
reach 25% and 100% of the LFL (time-to 25% LFL and 100% LFL) under the off-normal 
ventilation condition with barometric breathing rate are listed in Appendix D, Tables D-3 md 
D-4. In the calculations, the flammability level of each flammable gas also is calculated for each 
case to understand the distribution of each gas's contribution to the total LFL. 

Another needed variable is the minimum ventilation rate required to prevent the tank dome space 
from exceeding 25% of the LFL. Equation 3-18 gives the time-dependent flammable gas 
concentration in terms of percent of the LFL; however, the ventilation rate is embedded in the 
time-dependent concentration as given in Equations 3-6 and 3-12. No explicit solution was 
developed to find the minimum ventilation rate in Equation 3-18. For those tanks exceeding the 
specified flammability level, the minimum ventilation rate can be found by gradually incraasing 
the ventilation rate from zero until a total flammability level of less than the specified 25%1 or 

Off-Normal Condition With Barometric Breathing 
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DSTs 

, 241-A2102 

24 I-AZ-10 1 

100% of the LFL, is obtained. A customized Excel macro was developed using Visual Basic 
code to iterate this equation automatically to find the minimum ventilation rate. Details ofthe 
calculated minimum ventilation rates are listed in Appendix D, Tables D-3 and D-4, for 2!i% and 
100% of the LFL, respectively. 

Table 4-3 lists all the tanks (22 DSTs and 8 SSTs) that will reach 25% of the LFL with cunent 
waste content plus water addition of 10 kgal and 1 kgal for 100- and 200-series tanks, 
respectively and 5 "C temperature increase under barometric breathing rate. In the off-noImal 
condition with barometric breathing rate, DST 241-AZ-102 and SST 241-B-203 give the shortest 
time to 25% of the LFL as 11 and 39 days for DSTs and SSTs, respectively. Overall, under 
barometric breathing rate, five DSTs and two SSTs are computed to reach 100% of the LFL if 
the off-noma1 condition persists long enough. It takes 52 and 259 days to reach 100% of the 
LFL for DST 241-AZ-102 and SST 241-B-203, respectively. Note that the results ofthis 
calculation listed in Table 4-3 are based on the BBI information queried on September 21, 2005. 

Time to reach 
25% LFL 100% LFL 

Time to reach Time to reach 

SSTs 25% LFL 100% LFL 
t25% tlOO% t 1 5 1  

(day) (day) (day) 

11 52 241-B-203* 39 

15 71 24 1-B-204* 42 

241-AN-1 07 21 104 1 241-SX-105* 24 1 

241-AN-102 I 19 I 93 I 241-SX-103* 1 147 I notoc:cur I 

241 -AN-104 67 not 0c:cur not occur 1241-T-201 277 

241-AP-108 

Notes: 
Tanks not listed here will not reach 25% of 

the LFL under barometric breathing conditions. 
bCalculation based on the BBI data of September 21, 

ZOOS, and the PCSACS data from September 21,2004 to 
September 21, ZOOS. 

'Water addition of 10 kgal for DSTs and 
100-series SSTs and 1 kgal for 200- series SSTs 

Temperature increase only applies to DSTs. 

BBI = best basis inventory. 
DST = double-shell tank. 
LFL = lower flammability limit. 
PCSACS = personal computer Surveillance 

SST = single-shell tank. 

d 

Analysis Computer System. 

74 not occur 24142-107 322 
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4.5.2 

A zero ventilation condition means a closed system. Without considering or including other 
possible mechanisms for gas leaving the system, such as diffusion through the dome space 
concrete wall, it is expected that every tank will reach 100% of the LFL under zero ventilation 
given adequate time. A complete set of equations for flammability evaluation under zero 
ventilation is given in Section 3-7 for both soluble and insoluble gases. In this model 
calculation, it is reasonable to assume that the tank will not be pressurized, thus, the newly 
generated gas will slowly push the old gas composition out and form a new concentration of 
flammable gas without increasing the pressure. 

For SSTs, if gas diffusion is considered as the only mechanism for ventilation, then the gas 
concentration such as hydrogen methane can be calculated using Equation 3-6b. The required 
gas diffusivity, thickness of the coating on the dome, the dome area, and the calculated effective 
diffusion rate are given in Table F-1 and F-2 of Appendix F. For ammonia, the diffusion 
mechanism is too small to impact its equilibrium concentration. So the ammonia concentrations 
remain unchanged during the calculation. 

For DSTs, the temperature effect under zero ventilation condition is considered. Other than 5 ‘C 
temperature increase on top of current tank temperature, it also considers the temperature’:r 
continued rising in the closed system. The temperature increase rates are calculated using 
Equation 3-28 for the case when temperatures of the convective and non-convective layers are 
the same and using Equations 3-29 to 3-31 when the temperatures are different. The required 
input data for the calculation for each layer of each tank includes density, volume, heat loa.d, and 
waste temperature. Other input parameters commonly used in the calculations for all tanks are 
the following (values are taken from RPP-6213): 

Off-Normal Condition with Zero Ventilation 

Heat capacity: 3,300 J k g  
Air temperature: 285 K 
Soil temperature: 287 K 

Tankradius: 11 m. 

Heat exchange area: 41 1 mz 
Soil thermal conductivity: 1 W/m-K 
Soil overburden thickness: 4 m 

For tanks treated as a whole, the temperature increase rate is the net heat rate, which is the tank 
heat load minus upward and downward heat lost, divided by the product of mass and heat 
capacity. For tanks with distinct temperatures between layers, the heat transfer coefficients are 
adjusted and determined until the calculated temperature increase rates are equal for conve:ctive 
and nonconvective layers. Once the heat transfer coefficients are determined, the heat-up :rates 
are finalized. 

At the given initial temperature along with the temperature increase rate, the gas concentrations 
for hydrogen and methane are calculated as the temperature changes in the time step of 1 clay. 
The accumulated gas concentrations are calculated daily using Equation 3-23, since the first day 
of losing the normal ventilation condition. The initial concentration condition in Equation 3-23 
is a steady-state concentration at the normal ventilation condition. The hydrogen release rate, 
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which is assumed to be the same as the HGR, is calculated daily using the rate equation model 
documented in RPP-3851, or summarized in Chapter 2.0, based on the calculated temperame of 
each day. 

Because methane does not have a rate equation model available, its daily gas release rate is 
calculated with the initial release rate at the given initial tank waste temperature, plus the daily 
increase rate due to tank waste heat-up under the zero ventilation condition. The daily increase 
rate of methane uses the same daily increase HGR, which is the ratio between the HGRs of the 
current and previous days. The initial methane rates at baseline temperature are taken frorn 
Appendix D, Table D-1. The initial methane release rate at baseline temperature plus 5 “C: is 
calculated in the same ratio as the hydrogen release rate increases as shown in Equation 4-3: 

where: 

MGRibnse,jne+T 

MGR’ baseline 

HGRib,se,,n,+T 

HGR’ baseline 

= methane initial release rate at baseline temperature plus T 
(ft’/min) 

= Methane initial release rate at baseline temperature (fi3/min) 
= hydrogen initial release rate at baseline temperature plus T 

(ft3/min) 
= hydrogen initial release rate at baseline temperature (fi3/min). 

Ammonia concentrations are calculated using Equation 3-25. Although ammonia concentration 
is also a function of temperature, to simplify the flammability evaluation the intention was to 
obtain one set of ammonia transport properties at the highest temperature for each tank and use it 
throughout the whole calculation. Calculations (Appendix H of Revision 3 of this document) 
show that the equilibrium ammonia vapor concentration at its highest temperatures due to 
temperature increase contributes to flammability is not too far from the contributions calculated 
at baseline temperature. In this calculation, the ammonia transport coefficients g1 and gz derived 
at the initial temperature are used for the flammability calculations. 

In the flammability calculations, there are several tanks that the N20 concentration has increased 
to the model limit of 8% before the total flammability reached 100% of the LFL due to zero 
ventilation assumption. As mentioned in Section 3.2, the flammability level for individual 
flammable gas is 4%, 15%, and 5% for hydrogen, ammonia, and methane, respectively, if the 
NzO is less than 8%. When the mixture has more than 8% NzO, the required individual LFL gas 
concentrations are lower than listed above. For those tanks having a high N20 concentration, the 
calculations of “the time to reach 100% of the LFL” simply represents the time for the N2O to 
reach 8% while the total flammability is still less than 100% of the LFL, and this approach is 
conservative. For flammable gas control, the time to 25% of the LFL is used to determine the 
surveillance interval, and usually the NzO will not build up to 8% at the time to reach 25% of the 
LFL. It is possible to establish the LFL for each individual flammable gas as function of higher 
N20 concentration by further investigating the flammability studies on gas mixtures by Pfahl and 
Shepherd (1997). In any case, this will complicate the calculation of time-dependent gas 
concentrations. and make automation of the calculations more difficult. 

4-16 



FWP-5926 REV 5 

Hydrogen 
generation rate 

WHZ) 
(ft'/min) 

Tank 

Table 4-4 summarizes the flammability calculation for DSTs under off-noma1 ventilation 
condition at zero ventilation scenarios with 10 kgal water addition and 5 "C temperature 
increase. Under the zero ventilation condition the ratio of time to 100% of the LFL to 25% of 
the LFL should be roughly four (some that are higher than four means the ammonia contribution 
is more significant and the ammonia concentration is not linearly increasing by time but is, 
governed by the liquid-vapor equilibrium mechanism). Those tanks with a ratio less than four 
means the "time to reach 100% of the LFL" is the time to reach the 8% NzO model limit, 3ut the 
flammability has not reached 100% of the LFL. As shown in Table 4-4, the five tanks with the 
shortest time to 25% ofthe LFL are 11,13, 15,15, and 19 days for tanks 241-AZ-102, 
241-AZ-101,241-AN-102,241-AY-102, and 241-AN-107, respectively. The minimum vent 
rates to keep the dome space below 100% of the LFL ranges between 0.82 to 0.01 ft3/min. 

Minimum 
vent rate to 
keep below 
25% LFL 

(days) (days) (ft3/min1 

Time* to Time* to 
reach 25% reach 100% 
of the LFL of the LFL 

Table 4-4. The Hydrogen Generation Rates, Time to 25% and 100% of the Lower Flammability 
Limit and Minimum Vent Rate With 10 kgal Water Addition and 5 "C Temperature Increase 

Under Zero Ventilation for Double-Shell Tanks. (2 sheets) 

24 I-AN-101 2.42E-03 149 518 0.26 

241-AN-I 03 

241-AN-102 I 1.56E-02 I 15 I 47 I 1.62 

4.12E-03 85 294 0.44 

241-AN-104 I 5.07E-03 54 196 0.54 

241-AN-105 I 3.51E-03 63 237 0.38 

Minimum 
vent rate to 
keep below 
100% LFL 

(ft3/min) 

241-AN-106 I 2.42E-03 

0 06 

0 40 

171 622 0.24 

0 11 

0 13 

24 I-AN-1 07 

0 09 

0 06 

1.26E-02 19 77 1.33 0 33 

0 03 241-AP-101 I 9.58E-04 

0 04 

229 316 I 0.11 

0 05 

241-AP-102 

241-Ap-103 

241-AP-104 

24 1 -AP- 105 

241-AP-I06 

0 05 

1.4 IE-03 160 346 0.17 

1.82E-03 229 766 0.19 

1.89E-03 142 540 0.19 

9.68E-04 205 42 1 0.12 

1.98E-03 118 459 0.20 

0 03 

0 05 
241-AP-107 2.51E-04 1,500 1,500 0.03 0 01 

08 

02 

03 

08 
01 

03 

14 

241-AP-108 I 3.63E-03 
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Hydrogen Time* to 
generation rate reach 25% 

W H d  of the LFL 
(ft3/min) 

Tank 

(days) 

241 -AY-102 2.87E-02 15 

24 1 -AZ-IO1 2.95E-02 I3 

241-AZ-102 3.2 1E-02 11 

Minimum 
vent rate to 
keep lbelow 
loo%, LFL 

(ft%ni") 

0.'73 
0.'75 
0.,32 i 

Minimum 
vent rate to 
keep below 

Time* to 
reach 100% 
of the LFL 25% LFL 

(days) (ft'/min) 

55  2.91 

43 3.01 

42 3.30 

24 1 -SY- 101 

1241-SY-103 1 3.42E-03 1 131 1 484 I 0.42 I 0.10 I 

4.92E-04 1,453 1,500 0.06 

Note: 
*1,500 in the Time to 25% and 100% of the LFL column means equal or longer than 1,500 days. 
LFL =lower flammability limit. 

Table 4-5 summarizes the flammability calculation for SSTs under off-normal ventilation 
condition at zero ventilation scenarios with 10 kgal and 1 kgal water addition for 100- and 
200-series tanks. The gas diffusion mechanism through the concrete dome are included in the 
calculations. Due to the gas diffusion effect, there are 20 tanks will not reach 100% of the LFL 
including tank 241-A-104,4 241-AX Tank Farm tanks and 15 241-SX Tank Farm tanks. 'The 
diffusion rates of these tanks are two orders of magnitude larger than the rest of tanks because 
their concrete tank domes are not coated with a coating such as Asphaltic or Gunite. These 
coating materials increase the gas diffusion resistance. Asphaltic coating is particularly hard for 
gas to pass through because its diffusivity is four orders of magnitude smaller than concrek's 
diffusivity. For the remaining tanks, the shortest time to 25% of the LFL are 35,38, and 63 days 
from tanks 241-B-203,241-B-204, and 241-C-103, respectively. There are 13 tanks which have 
the time to 25% of the LFL shorter than 365 days, including tank 241-U-108 which has dmpped 
from 480 days in Revision 4 to less than 365 days in Revision 5. The HGR for tank 241-17-108 
has increased by approximately 80%. 

241-SY-102 1.38E-03 202 
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Table 4-5. The Hydrogen Generation Rates, Time to 25% and 100% of thc Lower Flammability 
Limit and Minimum Vent Rate with Water Addition Under Zero Ventilation (Excent G a s  
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Table 4-5. The Hydrogen Generation Rates, Time to 25% and 100% of the Lower Flammability 
Limit and Minimum Vent Rate with Water Addition Under Zero Ventilation (Except Gas 

Diffusion Mechanism Through The Dome) for Single-Shell Tanks. (4 sheets) 
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Notes: 
'Water addition of 10 kgal and 1 kgal for 100- and ZOO-series, respectively. 
b1,500 in the Time to 25% and 100% of the LFL column means equal or longer than 1,500 days. 
'For those tanks labeled as "not occur" means the gas generation rate is so low such that the tank will not reach 

LFL = lower flammability limit. 
25% or 100% of the LFL through the gas diffusion mechanism. 

4.6 DISCUSSION 

In Revision 4-A of this report, the flammability calculations show that the time to 25% of the 
LFL has become shorter for several tanks compared to the calculations in Revision 3. One of the 
dramatic changes is from tank 241-C-103, where the time to 25% of the LFL drops from 
239 days (in Revision 3) to 63 days. The decrease in time to 25% of the LFL is because tke 
HGR is increased by a factor of four due to large value Of ( 3 ~ 2 0 .  Using the newly developed 
water radiolysis equation (Equation 2-1) the low concentration of NO3 and NO2 in tank 
241-C-103 results in the value of 0.224 for G H ~ O  in Revision 4-A rather then the default value of 
0.005 used in Revision 3, which is based on the old HGR model. Similarly, in tank 241-C-107 
the G ~ 2 o  value used is 0.069 versus the default value of 0.005. Apparently the water radiolysis 
term has been underestimated for given intermediate salt condition in Revision 3 of this 
document. 

This newly developed water radiolysis equation is more sensitive to the salt concentrations in 
wide range. The development of water radiolysis equation is based on a large set of laboratory 
data with a wide range of salt condition (0-12 moles of salts). Thus, it calculates the value of 
G ~ 2 o  more accurately for intermediate and dilute No3 and NO2 conditions. Most of the values of 
G H Z ~  have gone up from the default value of 0.005 for given intermediate or low NO, and NO2 
conditions. The GHZo value used for tanks 241-B-203,241-B-204 and 241-T-201 are 0.099, 
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0.131, and 0.1 14, respectively, rather than the default value of 0.005 in Revision 3. However, 
the water radiolysis change effect dramatically impacts the final HGR only when the radixtion 
dose or heat load is also large. The total radiation dose for betdgamma is about 10 Kw and 
14 Kw for 241-C-103 and 241-C-107, respectively, which are enormously large for SSTs, while 
the total radiation dose for tank 241-B-203,241-B-204, and 241-T-201 are only one tenth watt or 
less. In other words, the change of G ~ 2 o  in 241-C-103 and 241-C-107 are amplified by their 
huge radiation dose. This is not the case for 241-B-203,241-B-204 and 241-T-201. 

In Revision I ,  the dome space ammonia concentration in DST 241-SY-101 increased from 
4 ppm (before-transfer data) to 400 ppm (January 2001 data), even though the liquid 
concentration decreased by a factor of 4 comparing data from before and after the waste was 
transferred out of the tank. The concentration increased because the thick crust had greatly 
reduced the ammonia transport from the waste to the dome space. After the waste had been 
transferred from DST 241-SY-101, most of the crust layer was removed and the effective mea, 
A, for mass transport increased; therefore, the concentration in the dome space increased even 
though the concentration of the ammonia in the liquid decreased. Some thin crust has fomied in 
DST 241-SY-101. Breaks in this crust appear periodically. 

Following the transfer of waste from DST 241-SY-101, the dome space ammonia concentration 
increased from 50 to 400 ppm from July 2000 to January 2001, while the hydrogen concentration 
remained constant. This may be explained by changes in the effective surface area of mas,$ 
transport. For example, calculations show that an effective surface area increase from 1.5% to 
7% of the total tank waste surface area would account for the dome space concentration increase 
from 100 to 400 pprn. This effective area of 1.5% and 7% is roughly 70 and 300 ft2, 
respectively, and is consistent with the estimated liquid pool of 10 ft (RPP-6517) and 20 ft or 
more in diameter, respectively, observed on the surface in the corresponding time period. 
Calculations also indicated that most of the SSTs for which calculations were done had effective 
surface areas as small as several tenths of 1% of the total tank waste surface. Caution should be 
taken in using the results of the calculated product of h and A from Appendix C, Table C-3 
because the accuracy is limited by the accuracy of the input data. Whether these data, such as 
dome space ammonia concentration, ventilation rate, and liquid concentration, were collected at 
the same time also introduces uncertainty. DST 241-SY-101 is an example that shows that the 
model calculations agree reasonably with field observations when the input data are accurate and 
are taken in the same time frame. 

Another observation is that the area of liquid surface in DST 241-SY-101 seems to be changing 
continuously and, therefore, the ammonia transport rate will change accordingly. Calculations 
show that the steady-state dome space ammonia concentration under normal ventilation 
conditions would reach 2,573 pprn if the effective area were 100% for a given liquid ammsmia 
concentration of 1,040 pghL.  Using this concentration, the equilibrium vapor concentration of 
3,895 ppm is calculated. For the scenario of the waste surface being fully open with a 100% 
effective mass transport area, the total flammable gas concentration is calculated to be 1.73% 
under normal ventilation conditions, and the total mass transport product of h and A is 
2.09 ft3/min. Therefore the calculated time to reach 25% of the LFL under the off-normal 
ventilation condition would become 145 days rather than the 146 days predicted by the prwious 
methods. Monitoring data from July 2001 show that the ammonia concentration in the doine 
space went up to 1,700 ppm. This is a factor of four increase compared to the January 2001 data. 
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The increase of ammonia concentration could result from the increase of open surface ares, as 
discussed earlier. It also is possible that the results are from the reduced ventilation flow rate 
because a similar increase also was observed for both hydrogen and nitrous oxide. In any case, 
the ammonia concentration of 1,700 ppm is still within the range of the ammonia calculatism, 
which shows that the time to 25% would be around 146 days whether the ammonia concentration 
is 400 ppm or 2,573 ppm under the off-normal ventilation condition. 

These HGR models assume that hydrogen generation occurs in the liquid phase. For the 
supernatant layer, this model uses the supernatant composition data when calculating generation 
rates. For the solid layer, the interstitial liquid composition data and the liquid fraction are used 
to estimate the gas generation rate. The liquid fraction of the solid layer is estimated based on 
weight-percent-water data of interstitial liquid and bulk of the solid layer. If new data is nt>t 
available, historical data from previous versions are used for each waste layer. The historical 
data from previous versions come from either BBI data or are statistically determined from the 
other tanks in the same waste group. 
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5.0 SUMMARY AND CONCLUSIONS 

The results of this report may be used to establish technical safety requirements for ventilation in 
tanks, establish maximum permissible down times for active ventilation systems, develop 
procedures for operations that require closing vent valves to HEPA filters on passively ventilated 
tanks, and support the technical basis for flammable gas control strateges. 

The methodology for the HGR calculation has been updated in Revision 4 with the newly 
upgraded HGR model (HNF-3851) as summarized in Chapter 2.0. The main thrust of applying 
the new model to current HGR calculations is to correctly calculate the water radiolysis teim for 
the tanks having intermediate/dilute salt conditions. HGRs were calculated for the 177 SSTs and 
DSTs using this updated rate equation model and latest tank waste data. For tanks that do not 
have complete information, missing values were defaulted to the values used in Revision f.. 
Flammable gas concentrations, in terms of percent of the LFL in the tank dome space, were 
evaluated under both normal and off-normal conditions for all 177 tanks. For normal ventilation 
conditions, all tanks are computed to remain well below 25% of the LFL with the highest 
flammable gas concentration level at 6.9% of the LFL in SST 241-C-107. With a barometric 
breathing rate, the shortest time to reach 25% of the LFL for current tank waste is 39 days for 
SST 241-B-203 and 11 days for DST 241-AZ-102; with zero ventilation scenario, the shortest 
time to reach 25% of the LFL for water addition is 35 days for SST 241-B-203 and 11 days for 
DST 241-AZ-102. 

Calculated HGRs of current raw waste for DSTs ranged from 3.2 E-2 to 2.5E-4 ft3/min with the 
highest rate found in DST 241-AZ-102. For SSTs, the rate ranged from 9.4 E-3 to 
1.8 E-5 ft3/min, with SST 241-C-103 having the highest rate. For most DSTs, the tank data are 
sample based. For quite a few SSTs, the tanks were stabilized and no liquid samples were 
available. 

The steady-state flammability level in the tank dome space was evaluated based on the 
steady-state gas concentrations of hydrogen, ammonia, and methane using Le Chatelier's rule. 
Overall, the calculations under off-normal conditions show that 20 DSTs and 8 SSTs will reach 
25% of the LFL and 5 DSTs and 2 SSTs will reach 100% of the LFL if allowed to reach sl.eady 
state with the off-normal ventilation rates of barometric breathing. 
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Table A-1. Best Basis Inventory - Density and Weight Percent Water By Tank, Waste Phase, 
and Waste Type Queried on September 21,2005. (12 sheets) I volume I yty I . I 

Wt% Water (kl) olmT ) 
I TankName I Waste Phase I Waste Type 

LA-, \---, 

241-AW-101 Retained Gas - Salt Cake NA 95 
241-AW-101 Supernatant A2-SltSlr (Liquid) 2770 1.47 
241-AW-101 Salt Cake A2-SltSlr (Solid) 1403 1.59 

I 
~~ ~ 

241-AW-102 I Sludge NA 25 1.32 r 
241-AW-I02 I Supematant I Waste Transfer 2074 1.26 I 
241-AW-103 I Supernatant NA 2979 1.24 I 

52 

24 1 -AW- 103 Sludge CWZr2 (Solid) 1033 1.47 

241 -AW-103 Salt Cake (Liquids) AI-SltCk (Liquid) 36 1.45 
24 1 -AW- 104 Salt Cake (Liquids) A2-SltSlr (Liquid) 136 1.45 

241 -AW-103 Salt Cake (Solids) Al-SltCk (Solid) 115 1.69 

2 
.6 
.E 
.E 
.7 
.9 
.E 
.3 
'.5 
2 
.1 
.5 
.2 
.1 
.9 
.5 
.2 
,.2 
1.1 
23 
1.7 
' .I 
.4 
1.5 
,97 
1.2 
1.5 
8.2 
..3 
..3 
8.2 
..8 
..E 
1.8 
1.8 
2 
2 

- 

- 
- 
- 
- 
- 

- 
- 

- 
- 
- 

- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 

- 
~ 
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Table A-1. Best Basis Inventoly - Density and Weight Percent Water By Tank, Waste Phase, 
and Waste Type Queried on Seutember 21,2005. (12 sheets) 

Waste Phase 
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Table A-I. Best Basis Inventory - Density and Weight Percent Water By Tank, Waste Phase, 
and Waste Tvue Oueried on Sentember 21.2005. (12 sheets) 

. I  . 
Wt% Water 

Volume Density Tank Name Waste Phase Waste Type 
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Table A-1. Best Basis Inventory - Density and Weight Percent Water By Tank, Waste Phase, 
and Waste Tvoe Oueried on Seutember 21.2005. (12 sheets) 

Waste Phase Wt% 'Water 
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Table A-1 . Best Basis Inventory - Density and Weight Percent Water By Tank, Waste Phase, 
and Waste Tvoe Queried on Seutember 21,2005. (12 sheets) 
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Table A-I. Best Basis Inventory - Density and Weight Percent Water By Tank, Waste Phase, 
and Waste Type Queried on September 21, 2005. (12 sheets) 

Wt% 'Vater 

- 

Volume Density 
(K) (g/mL) 

Tank Name Waste Phase Waste Type 

241-S-107 Salt Cake (Solids) T2-SltCk (Solid) 52 1.57 
241-S-107 Sludge CWRl (Solid) 447 1.8 
241-S-107 Sludge CWZrl (Solid) 91 1.8 
241-S-107 I Sludge I CWR2 (Solid) I 211 I 1.8 
241-S-107 I Salt Cake (Solids) I SI-SltCk(So1id) I 63 I 1.57 
241-s-107 1 Salt Cake (Solids) I SZ-SltSlr(Solid) I 30 I 1.57 

015 

241-sx-103 Salt Cake (Liquids) R-SltCk (Liquid) 22 1.47 46.6 
241-SX-104 Salt Cake (Solids) S1-SltCk (Solid) 903 1.68 
24 1-SX- 104 Sludge RI (Solid) 515 1.77 

241-SX-104 Salt Cake (Solids) R-SltCk (Solid) 142 1.72 
24 1 -SX-104 Salt Cake (Liquids) S1-SltCk (Liquid) 17 1.47 

24 I-sx-104 Salt Cake (Liquids) R-SltCk (Liquid) 111 1.47 
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Table A-1, Best Basis Inventory - Density and Weight Percent Water By Tank, Waste Phase, 
and Waste Type Queried on September 21,2005. (12 sheets) 

Waste Phase 
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'Table A-1. Best Basis Inventory - Density and Weight Percent Water By Tank, Waste Phase, 
and Waste Type Queried on September 21,2005. (12 sheets) - 

Density I TankNarne I Waste Phase I Waste Type 

38.1 

24 1-TY-104 Supernatant DW (Liquid) 5 1.18 
241 -TY-l05 Sludge TBP (Solid) 874 1.53 
241-TY-106 Sludge DE (Solid) 47 1.4 
241-TY-106 Sludge TBP (Solid) 15 1.4 

Salt Cake (Solids) I S2-SItSlr (Solid) I 356 I 
211-1'-103 1 Salt Cake (Solids) 1 S1-Slt~'klSohdJ 1 
24 1-U-103 Sludge R1 (Solid) 42 1.9 
241-U-103 Salt Cake (Liquids) S1-SltCk (Liquid) 119 1.44 
24 1-U-103 Supernatant S1-SltCk (Liquid) 2 1.44 
24 1-U-103 Retained Gas - Sludge NA 5 
24 1-U-104 Sludge R1 (Solid) 151 1 .I7 

~ 

51.6 

24 1-U-104 Sludge DE (Solid) 311 1.26 
24 1-U-105 Salt Cake (Solids) S2-SltSlr (Solid) 827 1.7 
241 - V I 0 5  Salt Cake (Solids) T2-SltCk (Solid) 223 1.7 
241-U-105 Salt Cake (Liquids) T2-SltCk (Liqmd) 35 1.46 
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Table A-1. Best Basis Inventory - Density and Weight Percent Water By Tank, Waste Phase, 
and Waste Type Queried on September 21,2005. (12 sheets) 

Note: TWINS, 2005, Tank Waste Information Nehvork System, internet address: htip:lltwins.pnl.gav:8001, Data from prefer densily and 
weight percent water queried September 21,2005 
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Table A-3. Retained Gas Inventory from Best Basis Inventory 
Detail Report (Queried on September 2 1,2005) for Hydrogen 

Generation Rate Calculations. 

Tank Name 

241-A-101 

24 1-AN-103 

241-AN-104 

241-AN- 105 

24 1 -AW-I 01 

241-S-102 

241-s-102 

2414-111 

241-S-111 
~ 

241-SY-101 

24 1-SY-103 

241-U-103 

24 1-U-103 

241-U-109 

24 1-U-109 
lote: 

Waste Phase 

Retained Gas - Salt Cake 

Retained Gas - Salt Cake 

Retained Gas - Salt Cake 

Retained Gas - Salt Cake 

Retained Gas - Salt Cake 

Retained Gas - Salt Cake 

Retained Gas - Sludge 

Retained Gas - Salt Cake 

Retained Gas - Sludee 

Retained Gas - Salt Cake 

Retained Gas - Salt Cake 

Retained Gas - Salt Cake 

Retained Gas - Sludge 

Retained Gas - Salt Cake 

Retained Gas - Sludge 

Waste 
Type 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

- 

- 

Volume 
(E) 
174 

208 

119 

109 

95 

191 

13 

118 

43 

93 

91 

163 

5 

137 

29 

NA = not applicable 
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APPENDIX B 

HYDROGEN GENERATION RATE CALCULATIONS FROM EMPIRICAL RATE 
EQUATION MODEL FOR 177 HANFORD TANKS 
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APPENDIX E 

EQUATIONS TO CALCULATE THE MASS TRANSPORT 
COEFFICIENT h FOR SOLUBLE GAS 

As described in RPP-4941, Methodology for Predicting Flammable Gas Mixtures in 
Double-Contained Receiver Tanks, the overall mass transport coefficient for steady state can be 
written in terms of the mass transport coefficient in vapor phase, h,, and in liquid, hl, as: 

1 
1 K RT --+A 

h =  

h, h, 

with 

and 

where 

p ,  = densityofgas 
D, = diffusion coefficient in gas phase 
p, = viscosityofgas 
S, = Schmidtnumber 
G = gravitational constant 
AT = delta temperature between waste surface and gas 

R, = thermal expansion coeffficient of gas 
L, = characteristic length (1/4 of diameter) 
G, = Grashoffnumber 
h, = vapor film coefficient 
DL = diffusion coefficient in liquid phase 
PL = density of liquid 
p~ = viscosity of liquid 
RL = thermal expansion coefficient of liquid 

kg/m3 
m2/s 
kg/m-s 
(none) 
mls2 

K 

(W’ 
m 
(none) 
m l S  

m2/s 
kg/m3 
kg/m-s 

(W‘ 

1.17 
2.50 E-05 
2.0 E-05 
6.84 E-01 
9.8 
1 .oo 
3.30 E-03 
5.7825 
2.14 E+10 
0.001 586 
2.8 E-09 
1,300 
6.82 E-04 
3.02 E-04 

E- 1 
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hL = liquid film coefficient. m / S  5.3047 E-06 

The last column lists the typical values used in the calculation of h 

Reference 

RPP-4941, 2000, Methodoloai for Predicting Flammable Gas Mixtures in Double-Contained 
Receiver Tanks, Rev OB, CH2M H L L  Hanford Group, Inc., Richland, Washington. 
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G1.O OBJECTIVE 

This case study provides an evaluation to support the determination that the potential risk 
associated with using the single-shell tank (SST) waste retrieval system vacuum system for 
retrieval of the 241-C Tank Farm 200-series SSTs is adequately addressed for steady-state gas 
accumulation by the current tank farm safety basis. The evaluation provides an upper limit for 
water additions to the designated SST receiver tank to ensure that the time to 25% of the lower 
flammability limit (LFL) is 365 days or greater. 

The following calculation is issued in Rev. 3-A and updated in Rev. 4 of the document usiing the 
new hydrogen generation rate (HGR) model. The evaluation assumed the total waste of the 
241-C Tank Farm 200-series SSTs put on the receiver tank. Since then, retrieval of tank 
241-C-202 and 241-C-203 has been completed. The total waste of 241-C Tank Farm 200-series 
is reduced by about 50%. The total HGR of the source waste has been decreased. Thus, the 
maximum water addition determined below is bounding and there is no intention to update this 
calculation in Appendix G, Rev. 5 of this document. 

G2.0 SUMMARY OF RESULTS AND CONCLUSIONS 

The evaluation shows that the maximum water addition to the SST receiver is equal to 112 kL or 
29.6 kgal. This is the water volume that would cause the time to 25% of the LFL in the dome 
space of the designated SST receiver to be 365 days, as specified for this case study. 

G3.0 BACKGROUND 

Waste from the 241-C Tank Farm 200-series tanks is planned to be transferred in to the 
double-shell tank (DST) system after accumulation in one of the four SSTs. A description of the 
system design and overall process can be found in RPP-17190, Safeg Evaluation of the Waste 
Retrieval System Vacuum System for  241-C Tank Farm 200-Series Tanks. During the retneval 
of the 241-C Tank Farm 200-series SSTs, the retrieval solution will be routinely drained to the 
designated SST receiver tank; in this case, SST 241-C-203. The retrieval solution is essentially 
water in the water separator with small amounts of entrained tank waste. 

For the bounding case study, the time to 25% of the LFL for the SST receiver tank is 365 days, a 
limit specified by RetrievaVClosure Nuclear Safety. Currently, the 241-C 200-series SSTs 
contain very little waste. The time to 25% of the LFL is over 1,500 days for SSTs 241-C-201, 
241-C-202, 241 -C-203, and 241 -C-204, respectively, under zero ventilation condition (see Table 
4-5 of the main text). These times to 25% of the LFL are much longer than 365 days. This 
evaluation of steady-state flammable gas accumulation analyzes how much water could be added 
to the designated SST receiver tank before the time to 25% of the LFL would decrease to 
365 days. 

G- 1 
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G4.0 INPUT DATA 

The bounding case evaluation assumes that all the solid waste in the four 241-C 200-serie,s SSTs 
is accumulated in one of the tanks. Also as the bounding case, the HGR calculations and 
flammability evaluations assume the waste condition of SST 241-C-204 represents all the waste. 
SST 241-C-204 is used because it has the waste that contains the highest HGR per unit volume. 

The steady-state HGR input data for SST 241-C-204 is documented in Appendix B, Table B-5. 
The volume of all the waste is the sum of the solid waste in each tank. These data are used in 
Table F-IA. For the time to LFL calculations, the required data are taken from Appendix ID, 
Table D-1. Because a verified spreadsheet is used, only input data needs to be checked for 
accuracy. 

G5.0 ASSUMPTIONS 

All of the waste from the four 241-C 200-series tanks is assumed to have the characteristics of 
SST 241-C-204 waste. This evaluation assumes a hypothetical 1,000-gal water addition, 
documented in Table B-5, has been made to the SST 241-C-204 prior accumulation in the SST 
receiver and prior to those tanks receiving any retrieval waste or water. The 1,000-gal water 
addition to SST 241-C-204 waste is assumed to form a thin liquid layer and has the waste 
composition of the interstitial liquid. 

The additional water used for retrieval is assumed to be well mixed with the hypothetical liquid 
layer in the SST receiver. 

G6.0 METHOD OF ANALYSIS 

The methodology and equations for the flammability evaluation used in this study is discussed in 
Chapter 3.0 and 4.0 of the main text of this document. This methodology is developed to 
calculate the gas release rate, gas generation rate, flammability level, and time to 25% and 100% 
of the LFL for a given ventilation rate. 

Given the calculated HGRs along with historical gas release rates of ammonia and methane from 
the identified waste, the time to 25% of the LFL are calculated. Note that water additions will 
decrease the volume of the dome space, and therefore, the time to reach 25% of the LFL fcr a 
given ventilation rate will decrease. In order to find the upper limit of water addition, the 
volume of water is gradually increased until the time to 25% of the LFL is 365 days. 
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G7.0 USE OF COMPUTER SOFTWARE 

This case study uses a validated Excel5 spreadsheet, documented in RF'P-5926, Rev. 4, to 
conduct the calculations (RF'P-~~~~-~~~O-R~-LFL-CAL-T~-I~O~OO~.X~S). Refer to the 
spreadsheet verification form in Appendix I, page 1-3. This spreadsheet used the input data to 
calculate the gas generation rates, then calculates the flammability and time to LFL for a given 
ventilation rate. 

G8.0 RESULTS 

Appendix B, Table B-1 shows that the total waste volume of the four 241-C 200-series SST is 
17 kL. The waste composition, physical properties, and waste temperature for SST 241-C-204, 
along with the total waste volume of 17 kL, is used to calculate the HGR and flammability for 
the solid waste layer in the SST receiver. 

For the liquid layer, the volume of water added is used to calculate the dilution factor, and then 
the dilution factor is used to recalculate the waste composition and physical properties based on 
the input data for the liquid layer listed in Table B-5 of Appendix B, which includes a 
hypothetical 1,000 gal of water addition to the waste. The dilution factor is determined by the 
ratio of total water addition and supernatant volume of 1,000 gal. Details of the input data and 
HGR calculation results are given in Table G-1A to Table G-ID. Note that in Table G-1D, note 
that HGR is primarily coming from the corrosion (about 99%) for both liquid and solid layers. 
So in this case it will make not much difference whether we treat the liquid layer as pure water or 
assume the added water is well mixed with waste. 

It is found that when total water additions are 112 kL or 29.6 kgal including the hypothetical 
supernatant of 1,000 gal, the time to 25% of the LFL is 365 days. Also, note that the steady-state 
flammability of the system, which is 17 kL of solid waste and 112 kL of water, under barometric 
breathing condition is 15.4%. Details of calculated input data and time to 25% of the LFL under 
zero ventilation are given in Table G-2A to Table G-2B. 

G9.0 CONCLUSIONS 

For the given maximum solid waste volume of 17 kL, as long as the total water additions to the 
SST receiver tank are less than 112 kL or 29.6 kgal, the time to 25% of the LFL will not reach 
365 days during the waste retrieval activities. 

Excel is a registered trademark of Microsoff Corporation, Redmond, Washington. 5 
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G1O.O REFERENCES 

RPP-17190, 2003, Safety Evaluation of the Waste Retrieval System Vacuum System for 24'1-C 
Tank Farm 200-Series Tanks, Rev 0, CH2M HILL Hanford Group, Inc., Richland,, 
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APPENDIX H 

FLAMMABILITY EVALUATION OF TIME TO REACH 25% AND 100% OF THE 
LOWER FLAMMABILITY LIMIT FOR DOUBLE-SHELL TANK 241-AY-102 AT 
VARIOUS WASTE LEVELS WHILE RECEIVING EXHAUSTER CONDENSATE 

COLLECTED FROM CATCH TANK 241-AZ-151 

H1.O OBJECTIVE 

This calculation provides the technical basis for an amendment to the HNF-SD-WM-TSR-006, 
Technical Safety Requirements, LCO 3.2.1, “DST Primary Ventilation Systems, Surveillance 
Requirement 3.2.1.4.” The amendment is needed because DST 241-AY-102 will continue 
receiving condensate. The calculation provides the time to reach 25% and 100% of the lower 
flammability limit (LFL) as function of waste level. The evaluation determines the hydrogen 
generation rate (HGR) and the minimum ventilation rate required to keep below 25% and 100% 
of the LFL for the given waste level. 

The following calculation was issued in Rev. 3-D and updated in Rev. 4 of this document. In 
Table B-4, Appendix B, Rev. 5 of this document, it is found that HGR has dropped by 30% from 
Rev. 4 calculation based on latest core sample results (August 2005). So the following 
evaluation is bounding and there is no intention to update the calculation for Rev. 5 of this 
document. 

H2.0 SUMMARY OF RESULTS AND CONCLUSIONS 

The evaluation shows that the times required to reach 25% of the LFL are 12, 10, 8 and 6 days 
for the waste levels of313.8 in. (current waste level), 333.0 in., 366.3 in., and 399.1 in., 
respective1 , under zero ventilation. For all calculated waste level cases, the HGR is 
3.93 E-2 ft /mm, and the minimum ventilation rates to stay within 25% and 100% of the LFL 
level are around 4.0 and 1 .O f13/min, respectively, for all waste levels calculated. 

Y .  

H3.0 BACKGROUND 

Condensate from tanks in the 241-AY/AZ Tank Farms is collected in catch tank 241-AZ-151 and 
directed to DST 241-AY-102. Currently, the waste level of DST 241-AY-102 is about 313.8 in., 
and it will increase approximately 3 in. per month because of condensate received from 
DST 241-AZ-151. LCO 3.2.1, “Surveillance Requirement 3.2.1.4,” specifies that the 
surveillance time for flammable gas in the 241 -AY tanks is 5 days. Surveillance times plus the 
time needed to complete Actions described in LCO 3.2.1 must be equal to or less than the time it 
takes the flammable gas concentration in the tank to reach 25% of the LFL. At the current waste 
level in DST 241-AY-102, the combined Surveillance time and Action time is equal to the time 
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to 25% of the LFL. To continue receiving condensate in DST 241-AY-102, the Surveillance 
time must be changed to reflect the changes in the time to reach 25% of the LFL. 

This appendix calculation determines the corresponding time for DST 241 -AY-102 to reach 25% 
of the LFL as condensate received from DST 241-AZ-151 increases the waste level in DST 
241-AY-102. The results will be used for an amendment to RPP-13033, Tank Farms 
Documented Safety Analysis, that specifies a new surveillance requirement for the 241 -A'< 
Tank Farm such that the condensate can be added until the operational level limit of 364 in., 
documented in OSD-T-15 1-00007, Operating Specificationsfor the Double-Shell Storage Tanks, 
is reached. 

H4.0 INPUT DATA 

The input data for HGR calculation, such as waste compositions of total organic carbon (TOC), 
N03, NO*, Al, Sr-90, Cs-137 and waste density, are exactly the same as the previous evaluation 
listed in Appendix B, Table B-1 of this document, except the condensate addition dilutes the 
composition and density of supernatant. The composition of condensate is treated as water 
although the condensate is slightly contaminated. The volume of condensate (Table H-la, 
column 2) represents the amount of condensate added on top of the supernatant since the last 
evaluation (Appendix H, Table B-I). The condensate additions of ;24,200,375,548,719, and 
889 kL correspond to the final waste levels of 316.0, 333.0, 349.7,366.3, 382.7 and 399.1 in., 
respectively, and are listed in Table H-2b. The waste compositions and temperatures aRe1 the 
condensate additions also are given in Table H-la. The temperature is the same as the previous 
calculation, following the rule of using the maximum temperature from the past year. The 
temperature reflects 5 "C higher temperature than the baseline temperature for double-shell tanks 
(DST) as discussed in Chapters 3.0 and 4.0. 

H5.0 ASSUMPTIONS 

The condensate is treated as if it is contaminated water. The condensate addition is assumed to 
be well mixed with the supernatant layer ofDST 241-AY-102. The waste composition and 
density of supematant are corrected by the dilution factor. 

H6.0 METHOD OF ANALYSIS 

The methodology and equations for the flammability evaluation used in this study are discussed 
in Chapter 3.0. This methodology is developed to calculate the gas release rate, gas generation 
rate, flammability level, and times to reach 25% and 100% of the LFL for a given ventilation 
rate. 
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Given the calculated HGRs along with historical gas release rates of ammonia and methane from 
the identified waste, the time to reach 25% of the LFL is calculated. Note that condensate: 
additions will decrease the volume of the dome space; and, therefore, the time to reach 25% of 
the LFL for a given ventilation rate will decrease. To find the waste level of water addition, the 
volume of condensate is gradually increased until the time to reach 25% of the LFL is 11, 10,9, 
8, 7 and 6 days. Also, the time to reach 25% of the LFL is calculated at the current waste level 
of 313.8 in. and the operational waste level of 364 in. 

H7.0 USE OF COMPUTER SOFTWARE 

This case study uses a validated Excel6 spreadsheet, documented in RPP-5926, Rev. 4, to 
conduct the calculations (RPP-5926-8050-R3-LFL-CAL-T2-102004.xls). Refer to the 
spreadsheet verification form in Appendix I, page 1-3. This spreadsheet used the input data to 
calculate the gas generation rates and then calculate the flammability and time to reach the LFL 
for a given ventilation rate. 

H8.0 RESULTS 

Tables H-lb to H-ld provide the derived term for the HGR model calculation from input data 
(Table H-la), the unit HGRs, and total HGRs, respectively. The HGRs are roughly 
3.9 E-02 ft3/min (about 1,598 L/day) for all calculated waste levels as shown in Table H-2B. 
The condensate addition increases the volume of supernatant and also slightly reduces 
concentrations, resulting in almost no change in the total HGR for the supernatant layer. All of 
the calculations include 5 "C higher temperature than the waste temperature as discussed in 
Chapter 3.0 and 4.0. 

The times to reach 25% of the LFL at the current waste level of 313.8 in. and the operational 
waste level of 364 in. are 12 and 9 days, respectively. The condensate additions increasing the 
waste level to 316.0, 333.0, 349.7,366.3, 382.7 and 399.1 i. result in 11, IO, 9, 8, 7, and 6 clays, 
respectively, for the time to reach 25% of the LFL; and are 43,40,37,33,30, and 26 days. 
respectively, for the time to reach 100% of the LFL under zero ventilation. The minimum 
ventilation rates to keep the headspace below 25% and 100% of the LFL are about 4.0 and 
I .O fi3/min, respectively. 

The 241-AY Tank Farm tanks cannot be filled to 390 in. due to physical piping limitations. As 
part of the parametric study, times to LFL down to 7 days was calculated. 

Excel is a registered trademark of Microsoft Corporation, Redmond, Washington. 6 
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H.09 CONCLUSIONS 

The time to reach 25% of the LFL for the current waste level of 313.8 in. is 12 days, which is 
still within the current flammable gas surveillance requirement for the 241-AY Tank Fami given 
in HNF-SD-WM-TSR-006, LCO 3.2.1, “DST Primary Ventilation Systems.” The time to reach 
25% of the LFL is 9 days for the operational waste limit of 364 in. under zero ventilation. 

H1O.O REFERENCES 

HNF-SD-WM-TSR-006, Tank Farms Technical Safety Requirements, as amended, CH2M HILL 
Hanford Group, Inc., Richland, Washington. 

OSD-T-15 1-00007,2003, Operating Specifications for the Double-Shell Storage Tanks, 
Rev. 1-7, CH2M HILL Hanford Group, Inc., Richland, Washington. 

RPP-13033, Tank Farms Documented Safety Analysis, as amended, CH2M HILL Hanford 
Group, Inc., Richland, Washington. 
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APPENDIX I 

STEADY-STATE FLAMMABILITY EVALUATION ON UNCOVERED SOLIDS ISSUE 
IN DOUBLE-SHELL TANKS 

11.0 OBJECTIVE 

This steady-state flammable gas evaluation calculates the time to reach the lower flammability 
limit (LFL) and to reach detonable flammable gas concentrations with solid layer waste in 
double-shell tanks (DST). The evaluation provides technical support to resolve the uncovered 
solids and solid dissolution issue (Letter CH2M-0402100, “Contract Number 
DE-AC27-99RL14047 - Justification for Continued Operation to Address Transfer Operations 
that May Create Induced Gas Release Event Hazards from Uncovering Solids and Solids 
Dissolution in Double-Shell Tanks”). 

12.0 SUMMARY OF RESULTS AND CONCLUSIONS 

Model calculations of the flammability and time to the LFL were performed for the scenario of 
the DSTs with no Supernatant layer. For steady-state flammability, the bounding case for the 
uncovered solids issue is when the interstitial liquid level is the same as the solid waste layer. 
Dry solids do not contribute to gas generation in the model; therefore, if the interstitial liquid 
level drops below the solid waste level, exposing the solid to air, then the gas generation ra,te is 
going to be smaller. The times to reach 25%, loo%, and 200% of the LFL for solid layer ‘waste 
have been calculated for 28 DSTs at the current temperature of the waste plus 5 “C, under both 
the barometric breathing rate and the zero ventilation rate and the results are summarized in 
Table 1-1. Also included in Table 1-1 are the solid waste volumes and the hydrogen release rates, 
and the minimum vent rate to keep below 25%, 100% and 200% of the LFL. 

It has been concluded that, under barometric breathing rate, DST 241-AY-102 is the only tank 
that will reach 100% of the LFL and none of the DSTs will reach 200% of the LFL. However, 
under zero ventilation rate with the consideration of temperature increase as a closed system, the 
shortest time to reach 100% and 200% of the LFL are 38 and 44 days, respectively from tank 
241 -AZ- 101. 

13.0 BACKGROUND 

Closure of the “Justification for Continued Operation to Address Transfer Operations that May 
Create Induced Gas Release Event Hazards from Uncovering Solids and Solids Dissolution in 
Double-Shell Tanks” (Letter CH2M-0402100) requires performing flammable gas calculations 
using the methodology given in the main text of this document to calculate the time to reac,h the 
LFL and to reach detonable flammable gas concentrations in DSTs with uncovered solids. These 
calculations are required for CH2M HILL Hanford Group, Inc. and O W  to review and revise, if 
necessary, the postulated consequences of the bounding credible DST flammable gas accident 
scenario presented in RF’P-13033, Tank Farms Documented Safety Analysis. 
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14.0 INPUT DATA 

The input data for hydrogen generation rate (HGR) of the solid waste layer is taken from 
Table B-1 of Appendix B of this document. The waste temperature of 5 "C higher than current 
waste temperature is used. In the time to LFL calculations, the ammonia data is taken from 
Appendix C, Table C-3, and the methane data and other required data is taken from Appendix D, 
Table D-1, of this document. 

15.0 ASSUMPTIONS 

In this flammability calculation, the HGRs are calculated at 5 "C higher than the current tank 
waste temperature and consider the temperature increase under the zero ventilation rate 
condition. It is recognized that the built-in heat transfer model (as described in Chapters 3.0 and 
4.0) to address the temperature increase in a closed system is conservative because it considers 
only the top and bottom heat exchange. 

This is also evidence that the calculated temperature increase rate is overestimated compared to 
the field observed data in the recent temperature profile of 241-AY/AZ tank firm for the tiime 
period of March 8 to April 7,2004, when the system lost both the primary and the annulus 
exhauster. During this time period, the personal computer Surveillance Analysis Computer 
System (PCSACS) data shows that the highest temperature increase rate is 0.64 "C per day for 
DST 241-AY-102, which is measured manually on Riser 72, Thermocouple Tree 1, at 4 in. 
elevation. At same elevation of 4 in. in DST 241-AY-102, another temperature increase rate is 
0.60 OC per day, which was measured manually on Riser 070, Thermocouple Tree 2. The 
temperature increase rates at other elevations ofDST 241-AY-102 are 0.15, 0.11, and 
0.07 'C per day at 7, 19, and 31 in., respectively. 

With the given field data above, the average temperature increase rate is 0.24 OC per day for the 
solid layer. The calculated temperature increase rate on the solid layer of DST 241-AY-102 is 
1.54 "C per day which is a factor of six higher than averaged field data or two and half times of 
the maximum field observed rate. Several factors contribute to this difference. The model 
calculation considers a closed system allowing only the heat exchange via diffusion through tank 
bottom and tank headspace. In reality, the tank can have heat exchange through the tank side 
wall. Also under a lost the primary and annulus exhauster condition, the DSTs is not a closed 
system and could have passive ventilation flow. The heat can be removed by the liquid 
evaporation and passive ventilation. Thus, the time to LFL calculation overestimates the 
temperature increase rate on the HGR and is conservative by ignoring the passive ventilation rate 
of the system. Note that the calculated temperature increase rate of 0.27 "C per day mentioned in 
Chapter 3.0 of the main text considers both and solid and liquid waste, and liquid waste is much 
cooler than solid waste. 

16.0 METHOD OF ANALYSIS 

The methodology and equations for the flammability evaluation used in this study are presented 
in Chapters 3.0 and 4.0 of the main text of this document. This methodology was developed to 
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calculate the gas release rate, gas generation rate, flammability level, and time to 25%, loo%, 
and 200% of the LFL for a given ventilation rate. Given the calculated HGRs along with 
historical gas release rates of ammonia and methane from the identified tank wastes, the time to 
25%, loo%, and 200% of the LFL are calculated. Under the zero ventilation rate condition, the 
temperature effect has been considered on the HGR calculation by using a build-in heat transfer 
model as discussed in Chapter 3.0. 

17.0 USE OF COMPUTER SOFTWARE 

This case study uses a validated Excel' spreadsheet, documented in the main text of this 
document, to calculate the HGRs and the time to 25%, 100% and 200% of the LFL, and 
minimum ventilation rate. The spreadsheet was verified in compliance with 
TFC-ENG-CHEM-D-33, Spreadsheet Verification, and is documented in spreadsheet 
verification form SVF-032, Rev 5. 

Spreadsheet owner: T. A. Hu 

Spreadsheet name: RPP-5926-8050-R4-LFL-CAL-T2-102005.xls 

Spreadsheet location: U:WlamGasRPP-5926 Rev 5\Calculations 

This spreadsheet uses the input data to calculate the gas generation rates, then calculates the 
flammability and time to LFL for a given ventilation rate. 

18.0 RESULTS 

The HGRs of the solid waste layer for 28 DSTs are calculated at the waste temperature of 5 "C 
higher than the current tank waste temperature and the results are given in Table 1-1. With the 
given generation rates at the initial temperature, the time to 25%, loo%, and 200% of the 1,FL is 
calculated under barometric breathing and zero ventilation rates, and the results are also given in 
Table 1-1. Also included in Table 1-1 are the waste volume of solid waste and the minimum vent 
rate to keep below 25%, loo%, and 200% of the LFL. Note that there are six tanks in 241 -AP 
Tank Farm which have no solid waste. 

Under barometric breathing rate, four tanks will reach 25% of the LFL, one tank will reach 100% 
of the LFL, and none of the tanks will reach 200% of the LFL. Under the zero ventilation rate, 
two tanks had shortest time to 25%, 100% and 200% of the LFL. They are 27,38, and 44 days, 
respectively, from DST 241-AZ-101, and 28, 57, and 70 days, respectively, from 
DST 241-AY-102. 

Excel is a registered trademark of Microsoft Corporation, Redmond, Washington. 7 

1-3 



RPP-5926 REV 5 

Tank Waste) following the Waste Treatment Project studies (24590-WTP-RPT-RT-04-0002) on 
the applicability of the HGR model on the waste treatment processes. In this revision the 
methodology to calculate the HGR is also, updated using the latest HGR model. The 
improvements to the HGR model include the following: 

Development of water radiolysis equation which is more accurate and covers a wider 
range of tank waste concentrations 

Addition of the radiolysis term from total alpha contribution for both organic and water 
radiolysis 

Introduction of the hydrogen generation efficiency on the corrosion mechanism to 
remove conservatism from the model 

Refit of both thermolysis and radiolysis equations because of the changes to the water 
radiolysis equation and the new gas generation data. 

Revision 4 also introduces the diffusion effect through the concrete dome of the SSTs by adding 
the diffusion term in the mass balance equation. A time-dependent gas concentration equation to 
include the diffusion mechanism has been developed and applied to the flammable gas 
evaluation for SSTs. The gas diffusion coefficients for the calculations are taken from 
RPP-18491, Flammable Gas Diffusion Through Single-Shell Tank Domes. 

The HGR calculation was also updated in Revision 4 and the flammability evaluation was 
changed based on the latest BBI data from September 27,2004, and the latest temperature data 
from SACS from April 1,2003 to April 1,2004. 

1.7 REVISION 4-A 

Revision 4-A is intended to address comments from the US.  Department of Energy, Office of 
River Protection and correct editorial errors. 

1.8 REVISION5 

Revision 5 updated the HGR calculations and thus changed the flammability evaluations based 
on the latest BBI data queried on September 21,2005, which resulted in changes to 
Appendices A, B, D, and I. The text was modified to reflect the changes. 

1.9 GAS GENERATION 

The gases generated in the tank waste are a mixture of hydrogen, nitrogen, ammonia, nitrous 
oxide, methane, and other hydrocarbons. Hydrogen is the most abundant gas and contributes 
more than 90% of the flammable components in the dome space for most of the storage tanks 
containing gas-generating waste. All of these gases except ammonia have low solubility and are 
almost fully released to the dome space or partially trapped in the solid layers of waste. Because 
of its high solubility, 99% of the ammonia generated is dissolved and stored in the liquid waste 
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APPENDIX J 

FLAMMABILITY EVALUATION OF TIME TO 25% AND 100% OF THE LOWER 
FLAMMABILITY LIMIT TO SUPPORT TANK 241-C-103 WASTE RETRIEVAL 
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APPENDIX 5 

FLAMMABILITY EVALUATION OF TIME TO 25% AND 100% OF THE LOWER 
FLAMMABILITY LIMIT TO'SUPPORT TANK 241-C-103 WASTE RETRIEVAL 

J1.0 OBJECTIVE 

These calculations support the single-shell tank (SST) 241-C-103 Waste Retrieval Project to 
examine the flammable gas control compliance at various stages during the complete retrimeval 
process. The calculations provide the hydrogen generation rate and time to 25% and 100% of 
the lower flammability limit (LFL) for the bounding tank conditions as the technical basis for the 
flammable gas control evaluation. 

The following calculation was issued in Rev. 4-E of this document on September 13,2005. All 
the data used in the analysis is the same as the latest Best Basis Inventory (BBI) and personal 
computer Surveillance Analysis Computer System (PCSACS) used in Rev. 5 of this document, 
thus, there is no need to update the analysis. 

52.0 SUMMARY OF RESULTS AND CONCLUSIONS 

Model calculations for flammability and time to the LFL for SST 241-(2-103 retrieval to 
double-shell tank (DST) 241-AN-106 are performed. The times to 25% and 100% of the LFL 
are calculated for each tank under zero ventilation for the given waste conditions with an 
additional 10 kgal water addition and at a temperature 5 "C higher (for DST) than the given 
waste temperature. The times to 25% of the LFL for the bounding conditions of SST 241-C-103 
and DST 241-AN-106 are 56 and 14 days, respectively. 

53.0 BACKGROUND 

This analysis updates previous analyses of the 241-C Tank Farm 100-series tank retrievals 
(Appendix L, RPP-5926, Rev. 3-C) by using the updated hydrogen generation rate (HGR) model 
documented in HNF-385 1, Empirical Rate Equation Model and Rate Calculations of Hydrogen 
Generation for Hanford Tank Waste. The updated HGR model primarily improves the water 
radiolysis (G-value) equation and adds the total alpha contribution to the radiolysis. This feature 
has increased the HGR of SST 241-C-103 significantly because of the increased G-value of 
radiolysis. 

The waste in SST 241-(2-103 will be removed and transferred to DST 241-AN-106. A sluicing 
system will be used to remove the waste from SST 241-C-103. The solids added to DST 
241-AN-106 should readily settle. Supernatant liquid from DST 241-AN-106 will be recycled to 
provide the liquid for sluicing in SST 241-C-103. 
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The bounding waste composition evaluated for the receiver tank, DST 241-AN-106, includes 
retrieval waste from the 241-C Tank Farm 200-series tanks, retrieval waste from tank SST 
241-C-103, and sufficient water to fill the tank to a maximum level of 416 in. Retrieval of 241-C 
Tank Farm 200-series tank waste to DST 241-AN-106 is an ongoing project. 

The bounding waste composition evaluated for SST 241-C-103 consists of the current waste in 
the tank plus an additional 15 in. ofDST 241-AN-106 supernatant. 

54.0 INPUT DATA 

In order to bound the complete retrieval process, the end-states or worst case conditions 0.f tanks 
DST 241-AN-IO6 and SST 241-C-103 need to be evaluated: 

The bounding condition of DST 241-AN-106 comprises waste currently in the tank, 
241-C Tank Farm 200-series tank retrieval waste, SST 241-C-103 retrieval waste, plus 
sufficient ‘additional water to fill the tank to a maximum waste level of 41 6 in. 

The bounding condition of SST 241-C-103 comprises waste currently in the tank plus an 
additional 15 in. of supernatant from DST 241-AN-106 (after 241-C Tank Farm 
200-series tank waste retrieval). 

The input data for the hydrogen generation rate calculations for the bounding conditions of DST 
241-AN-IO6 and SST 241-C-103 were prepared as follows. The data are summarized in Table 
J-la. Table J-la contains the required chemical and radionuclide inventories and waste 
properties of the waste tanks. These data were queried on September 1,2005, from the BBI, 
Calculation Detail and Densitypercent Water reports (TWINS 2005) with effective dates ‘of 
April 1,2005 (DST 241-AN-106), January I ,  2005 (SST 241-C-202), and April 1,2004 (SSTS 
241-C-201,241-C-203,241-C-204, and 241-C-103). 

Based on the data in Table J-la, the weighted average concentrations, density and weight percent 
water are calculated for the initial and bounding conditions of DST 241-AN-106 and SST 
241-C-103. Results are listed in Table J-lb. 

The DST 241-AN-106 initial condition includes the inventory and properties from the 241-C 
Tank Farm 200-series tanks. The interstitial liquid composition is assumed to be equal to the 
DST 241-AN-106 supernatant composition. This is appropriate because of the small volume of 
241-C Tank Farm 200-series tank solids and the lack of interstitial liquid data. The hydroxide 
concentration for DST 241 -AN-1 06 is taken from U P - 1  8702, Waste Compatibility Assessment 
of 241-C-200 Series Tank Retrieval Waste (SST-R-04-02) with Tank 241-AN-I06 Waste. SST 
241-C-103 sludge has a caustic demand of 1.02 M/L(7SIlO-DLH-04-015, “Caustic Demand 
Test Results, Tank 241-C-103 Sludge”) and its hydroxide value is set to zero. The caustic 
demand was entered as a negative concentration and has the effect of lowering the concentration 
of the final mixture in DST 241-AN-106. The temperatures of the waste and dome spaces for 
initial condition are taken from PCSACS (2005). 
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For the bounding case calculation, the supernatant layer of SST 241-C-103 is the weighted 
average ofthe 15 kL (4,000 gal) of SST 241-C-103 initial supernatant plus 156 kL (15 in.) of 
DST 241-AN-106 initial supernatant, The bounding solid layer of SST 241-C-103 is taken from 
its initial condition because no additional solids will be added to the tank. Note that in the 
bounding case calculation the supernatant volume of SST 241-(2-103 was updated from 2 kL 
(from BBI) to 15 kL based on the latest data ("F-EP-0182, Waste Tank SummaJy Reportfor 
Month Ending May 31, 2005). The interstitial liquid in SST 241-C-103 is assumed to be the 
same as the initial supernatant. The temperatures of the waste and dome spaces are the initial 
condition of SST 241-C-103. 

For the bounding case of DST 241-AN-106, the liquid layer includes the initial 3,341 kL of 
supernatant, 15 kL of SST 241-C-103 initial supematant, and a sufficient volume of water to fill 
the tank to a maximum waste level of 416 in. The solid layer includes the initial solid layer of 
271 kL and the SST 241-C-103 initial solid layer of 200 kL. 

The interstitial liquid of solid layer in DST 241-AN-106 is a weighted average composed of 
31.3 volume percent DST 241-AN-106 interstitial liquid and 68.7 volume percent SST 
241-C-103 interstitial liquid. The interstitial liquid volume ratio is calculated based on the: liquid 
weight fraction of individual tank wastes. SST 241-C-103 solids will be transferred using DST 
241-AN-106 supernatant. Therefore, when the SST 241-C-103 solids settled in DST 
241-AN-106, the interstitial liquid will be a mixture of the original SST 241-C-103 interstitial 
liquid and the supernatant from both tanks. For this evaluation the composition of the interstitial 
liquid of the bounding solids is determined by mixing the initial SST 241-C-103 interstitial liquid 
with the initial DST 241-AN-106 interstitial liquid. This is conservative because the unit 
hydrogenation rate of SST 241-C-103 interstitial liquid is higher than the rate of DST 
241-AN-106 supernatant. 

The bounding waste temperature for DST 241-AN-I 06 is determined by scaling to the DS'T 
241-AZ-102 tank solids temperature to heat load ratio as follows: 

(MaxTemp - Ambient Temp)241-AN-106 - (Solids heat load)2.,-AN-,06 
(MaxTemp - Ambient Temp)241-AZ-102 (Solids heat load)241-AZ-102 

- 

DST 241-AZ-102 with a waste temperature of 60 "C (from Table E-1 of the main document) 
was chosen as the reference because it has a comparable solids heat load of 20.7 kW, versus 
14.9 kW for the bounding case DST 241-AN-106 solids. All of the bounding case calculation 
inputs are listed in the second half of Table J-lb. 

J5.0 ASSUMPTIONS 

The following assumptions are used for the flammability calculation: 

The solid and supernatant wastes remain as discrete layers such that the total HGR can be 
estimated simply as the summation of the rates from each waste layer. 
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No solids are transferred from DST 241-AN-106 to SST 241-C-103. 

The water addition only mixes with the initial supematant layers but does not affect the 
solid layer or interstitial liquid. 

The bounding solid layer is formed by mixing the individual initial solid waste layers. 

No chemical interactions are considered to redistribute the chemical species in the solid 
and liquid phases, affect waste temperatures, etc. 

56.0 METHOD OF ANALYSIS 

The methodology and equations for this flammability evaluation are discussed in Chapter 3.0 of 
the main text of this document. This methodology was developed to calculate the gas release 
rate, gas generation rate, flammability level, and times to 25% and 100% of the LFL for a given 
ventilation rate. Given the calculated HGRs along with historical gas release rates of ammonia 
and methane from the identified tank waste, the times to 25% and 100% of the LFL are 
calculated. 

In this analysis, first, the HGRs are calculated at the “bounding” condition for the given wastes 
as described in Section 54.0. Input data for the bounding case of each tank are listed in 
Table 5-lb. For the flammability evaluation, the HGRs and times to 25% and 100% of the LFL 
are calculated for the bounding waste conditions with an additional IO kgal of water and zlxo 
ventilation. The IO kgal water addition is used to ensure the evaluation remains bounding for 
small water additions such as line flushing. 

In addition, for DST 241-AN-I06 the flammability evaluation is calculated at a temperature 5°C 
higher than the given tank temperature. The higher temperature is used to account for the 
uncertainty of the annulus cooling effect. 

57.0 USE OF COMPUTER SOmWARJ? 

This case study uses a validated Excel’ spreadsheet, documented in the main text of this 
document, to calculate the HGRs and the times to 25% and 100% of the LFL. The spreadsheet 
was verified in compliance with TFC-ENG-CHEM-D-339, Spreadsheet VerGcation, and is  
documented in spreadsheet verification form SVF-032, Rev 4. 

Spreadsheet owner: T. A. Hu 

Excel is a registered trademark of Microsofl Corporation, Redmond, Washington. 

This desk instruction has been replaced by TFC-ENG-DESIGN-C-32. In accordance with the current procedure 
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the spreadsheet will he brought into compliance with the new requirements by January 1,2006. 
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Spreadsheet name: RPP-5926-8050-R4-LFL-CAL-T2-102004.xls 

Spreadsheet location: \\DS005\H00967 14WlamGasWP-5926 Rev 4\Calculations 

This spreadsheet uses the input data to calculate the gas generation rates, then calculates the 
flammability and time to LFL for a given ventilation rate. 

JS.0 RESULTS 

Table 5-2 provides derived values for the HGR model calculations. Table 5-3 provides the unit 
HGRs for radiolysis, thermolysis, and corrosion in different units. The total unit HGRs in units 
of mole/m3-sec are given in the last column of the table. The results are 4.1E-7 mole/m3-sec and 
6.4E-7 mole/m3-sec for the solid layers of DST 241-AN-106 and SST 241-C-103, respectively. 
Table 5-4 gives the distribution of the HGR from different mechanisms and the total HGRs in 
cubic feet per minute (ft3/min) of the solid and liquid layers for each tank, which are used in the 
flammability calculation. 

The times to 25% and 100% of the LFL are calculated at Documented Safety Analysis (DSA) 
conditions, which include 10 kgal of water addition for both tanks, and 5 "C higher than the 
given tank temperature for DST 241-AN-106. Results are given in Table J-5. The total HGR for 
each tank is the sum of the liquid and solid layer HGR for all generation mechanisms. The total 
HGR results are 1.5E-2 ft3/min and 9.4E-3 ft3/min for DST 241-AN-106 and SST 241-C-103, 
respectively (Table 5-5). The methane release rates are assumed equal to 10% of the calculated 
HGRs. 

The calculated times to 25% ofthe LFL are 14 and 56 days for DST 241-AN-106 and SST 
241-C-103, respectively. 

J9.0 CONCLUSIONS 

This analysis provides the bounding calculations for SST 241-C-103 and DST 241-AN-106 for 
planned SST 241 -C-103 waste retrieval activities. The evaluated conditions account for 
concurrent 241-C Tank Farm 200-series tank waste retrieval into DST 241-AN-106. 

The calculations show that the times to 25% of the LFL are 14 and 56 days for DST 241-AN-106 
and for SST 241-C-103, respectively. The time to 25% of the LFL is calculated under zero 
ventilation at DSA conditions, which are the given waste conditions plus a 10 kgal water 
addition, and at a 5 "C higher waste temperature than given for DST 241-AN-106. 
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