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STEADY-STATE FLAMMABLE GAS RELEASE RATE CALCULATION AND 
LOWER FLAMMABILITY LEVEL EVALUATION FOR HANFORD TANK WASTE 

ABSTRACT 

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 and single-shell tanks at Hanford. The steady-state flammability level was 
estimated from the gas concentration of the mixture in the dome space using 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 rate 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, the major flammable gas observed in the dome space will 
be estimated with the newly developed empirical rate equation model (Hu 2000). Hydrogen 
generation rates can be calculated for a given tank waste composition and its physical properties. 
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-normal 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 those tanks which do not have sample-based data, a statistical default value from 
probability distribution regression was used based on data from tanks belonging to a similar waste 
group. Overall, the flammability assessment indicates that no tank will exceed 25% of the LFL 
under normal ventilation conditions. For off-normal ventilation conditions, which rarely occur 
and require shut down of the active ventilation and the gas inlet valve, the shortest time to reach 
25% ofthe LFL is 21 days for single-shell tanks (SSTs) (241-A-101) and 32 days for double-shell 
tanks (DSTs) (241-AN-102). 

This revision of RPP-5926 has modified the mass balance equation and the associated 
equations derived from it in the methodology of flammability assessment in Section 3.0. The 
modification redefines the ventilation variable measured or estimated at the outlet. To address the 
highly soluble gas ammonia, the liquidvapor equilibrium and mass transport model (Hedenpen et 
al. 2000) is used for the ammonia analysis. In order to predict the ammonia concentration under 
off-normal conditions, the equations to calculate mass transport properties were derived in terms 
of the steady-state vapor ammonia concentration and ventilation rate in the tank dome space 
under normal conditions along with the ammonia liquid concentration. The related calculations 
have been redone based on the modified equations. Most of the input data used were current as 
of October 1999; these are the same data used in Revision 0 of this report. The one exception is 
for tank 241-SY-101, which has been updated based on the grab sample results on April 2000 
(Esch 2000) to reflect the status of the tank waste after it was remediated. The updated 
241-SY-101 calculation shows that the hydrogen generation rate has dropped by a factor of 10. 
Combined with the new ammonia analysis, the flammability hazard in this tank has decreased 
significantly. 

... 
Ill 
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1.0 INTRODUCTION 

The purpose of this work is to develop a methodology to predict the steady-state gas 
release rate and to evaluate the steady-state flammability level of the tank dome space at both 
normal and off-normal ventilation operating conditions for 177 underground nuclear waste tanks 
at the Hanford Site. This report replaces two previous calculation notes, HNF-SD-WM-CN-116 
(CN-116) (Stauffer 1997) and HNF-SD-WM-CN-117 (CN-117) (Hu 1997), and provides the 
technical basis for flammable gas control. The focus of the document is to discuss the loss of 
ventilation transient such that Technical Safety Requirement (TSR) surveillance frequencies and 
action times can be established. It provides (1) estimates of the flammable gas release rates in the 
tank dome space; (2) reasonable 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 DSTs and SSTs; (3) estimates of the minimum ventilation rate required to maintain less 
than 25% of the LFL; and (4) estimates of the maximum dome space concentrations attainable 
following an extended loss of normal ventilation. It also provides the methodology that can be 
used in other applications. 

Revision 1 was updated as follows: (1) The mass balance equation (Equation 3-5) and its 
derived equations in the methodology of flammability assessment section (Section 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. (2) The input data and 
calculations of tank 241-SY-101 were updated to reflect the current tank waste status after 
616 kilogallons of active flammable gas generation waste material was transferred during 
December 1999 to February 2000 (Johnson et al. 2000). The current hydrogen generation rate in 
tank 241-SY-101 is 2.7 E-3 cfm, which is one-tenth the generation rate prior to the remediation 
task. Other thOan the data for tank 241-SY-101, all the input data used are from Revision 0 of 
this document, which presents data as of October 1999. (3) The liquidvapor equilibrium model 
to address the behavior of the highly soluble gas ammonia was added. (4) The off-normal 
ventilation calculations used in the flammability assessment were more clearly defined and 
additional text was added. 

In order to clarifl the application of the subject document, a definition for “steady-state” 
has been developed. Steady-state is defined as: (1) the condition of no active operational 
changes to the tank; and (2) the non-GRE (Gas Release Event) condition with GRE defined as a 
500 ppm rise in hydrogen concentration followed by exponential decay. For this application, the 
following assumptions are used: (1) long-term variations in ventilation rates, brought about by 
seasonal effects or ventilation rate changes within the exhaust system operating range, are 
included; and (2) variability of the hydrogen concentration about the baseline is less than that 
produced by a GRE. Where results from only one sample was available, it is assumed that it was 
taken at the steady-state condition, unless there is clear documentation to show the existence of a 
GRE condition. 
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The gases generated in the tank waste are a mixture of hydrogen, nitrogen, ammonia, 
nitrous oxide, a small amount of methane, and other hydrocarbons. Among the several flammable 
gases observed in the tank dome space, hydrogen is the most abundant and contributes more than 
90% of the flammable components in the dome space for the majority of the gas generating 
storage tanks. All of the gases mentioned above, except ammonia, have little solubility and are 
either fully released to the dome space or partially trapped in the solid layers of waste. Ninety- 
nine percent of the ammonia generated is dissolved and stored in the liquid waste (Shekaniz et al. 
1997) rather than being released to the dome space because of its high solubility. For the majority 
of the tanks, there is little generation of methane, but it is the major species among the observed 
hydrocarbon vapors. Nitrous oxide is not flammable by itself, but it is an oxidizer. Studies (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 operational 
activities 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 
under the operational flammability limit in the dome space. In the past decade, there have been 
many studies (Johnson et al. 1997) on the mechanism 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. All of this information provided the basis for the recently published Empirical Rate 
Equation Model of Hydrogen Generation (Hu 2000). The model is tank waste constituent- and 
tank condition-based and provides a tool to estimate the generation rate not only for the current 
tank waste contents, but also for tanks whose contents have changed. The other observed gases, 
such as ammonia, methane, and nitrous oxide, do not have a general rate equation for calculating 
generation rates as a hnction of waste constituents. 

In this work, the methodology of calculating gas release rates is presented. The hydrogen 
generation rate (HGR) equation model (Hu 2000) is used to estimate the hydrogen release rate by 
subtracting the field observed gas accumulation rate, if there is any, from the model-calculated 
generation rate. The gas release rates of ammonia, methane, and nitrous oxide, which are the 
minor gases of interest observed in the dome space, are derived from vapor concentration data, 
ventilation rates in the dome space, and other tank waste information. 

During the course of updating the tank 241-SY-101 calculations, the dome space 
steady-state ammonia concentration in tank 241-SY-101 rose from a pre-remediation 
concentration of 4 ppm (prior to waste being transferred) to 400 ppm (January 14, 2001). Based 
on the value of 400 ppm, 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 larger than the equilibrium value predicted 
by the model. Therefore, the liquidvapor equilibrium model (Hedengren et al. 2000) is 
introduced into the methodology to address the dome space calculations for ammonia. A 
time-dependent equation for gas concentration in the tank dome space was developed by solving 
the mass balance equations for the gas volume. Once the steady-state gas release rates or the 

1-2 
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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 the dome space can be calculated under both normal and off-normal ventilation 
conditions. Also, the time required to reach a specified flammability level in the dome space, and 
the minimum ventilation rate required to prevent reaching that level, can be estimated. 

In this report, Section 2.0 describes the hydrogen generation rate model calculation. The 
empirical equation of hydrogen generation rates is summarized and discussed. Section 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 liquidvapor equilibrium model, the 
time-dependent gas concentration model, and the flammability level calculations will be discussed. 
Section 4.0 discusses the data and results of the model calculations and the flammability 
evaluations. Section 5.0 gives the overall summary and conclusions. Detailed calculation results 
are given in Appendices A though E. 
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2.0 HYDROGEN GENERATION RATE MODEL 

Several models (Hopkins 1994, 1995; Graves 1994; Pederson and Bryan 1996; Hu 1997) 
have been previously proposed to estimate the hydrogen generation rate, but these models were 
limited by the availability of waste data. Recently a more comprehensive hydrogen generation 
rate model (Hu et al. 1999, Hu 2000) 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 hnction of physical 
and chemical properties of tank waste and are able to estimate the hydrogen generation rate of 
current waste conditions including newly mixed waste of known waste properties. The model has 
been applied to calculate the rate of more than thirty SSTs and DSTs and shows good agreement 
with field observed rates. 

2.1 SEMI-EMPIRICAL RATE EQUATIONS 

As summarized below, the total HGR (Hu 2000) in units of hydrogen yield per day per 
kilogram of total waste consists of the thermal rate (HGRU,), the radiolysis rate (HGRd), and the 
corrosion rate (HGK,J. It takes into account the dependence of the rate on tank waste 
compositions, temperature, radiation levels, and liquid fractions. 

-(Euun/RT) where HGRU, = 

H G k d  = 

a,,,,,, x rt x [TOC] x [A] 0.4x I+ x e 

(&o+ GORC X b) X H i d  X CFI 

HGRm= 

with GORG= a d x e  

&m x Awetted / Mta* x CF2 

x (rf x [TOCI) (.E"d/RT) 

GHZO = 0.45 - 0.56 x [NO;]'" - 0.43 x [NOi]'" 

is the activation energy for thermal reaction (89.3 Id/mole), 
is the pre-exponential factor for radiolytic reaction (44.3 kJ/mole), 
is the pre-exponential factor for thermal reaction (2.76 E+09 
molekg-day), 
is the pre-exponential factor for radiolytic reaction (2.49 E+06 
H2/100 eV), 

and Eu, 
& a d  

%In 

&ad 
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GORC 
GH20 

rf 

L 

CF2 

is the hydrogen yield per lOOeV energy from organic radiolysis, 
is the hydrogen yield per lOOeV energy from water radiolysis 
(h0 has a minimum value of0.005 Hd100 eV), 
is the total organic carbon (TOC) reactivity coefficient (average 
value is 0.7 for DSTs and 0.4 for SSTs), 
is the corrosion coefficient [1.83E-08 for DSTs and 3.6E-08 for 
SSTs (m3/min/m2) at 25 "C], 
is the heat load (Wattkg), 
is the liquid weight fraction in the waste, 
is the wetted surface area of the tank (m2), 
is the total waste mass (kg) in the tank, 
is the conversion factor to convert the units from 
(H2/lOOev)(Wattskg) to (molekg-day), and 
is the conversion factor to convert the units from 
(m3kg-min) to (moleikg-day). 

In general, the HGR due to 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 m n g  and Bryan 1999). 
The analysis of all available gas generation data (Hu 2000) shows that this temperature-dependent 
reaction follows Arrhenius behavior, which may result from a multi-step degradation of organic 
compounds that is initiated by radiolysis, followed by thermal reactions. The water radiolysis rate 
is assumed to be temperature-independent, with the G-value reduced by scavenging effects. 

The numerical parameters in the equations are established by the analysis of 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 tanks. A detailed description of this model is given in 
Hu (2000). 
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3.0 METHODOLOGY TO ESTIMATE STEADY-STATE FLAMMABILITY LEVEL 

This section describes the methodology 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 control in tank farm operations. The evaluation will address the flammability level 
in the dome space at both normal and off-normal ventilation conditions. In the evaluation the 
steady-state gas release rates and ventilation rates are required 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. At current normal ventilation conditions, 
the steady-state flammability level in the tank dome space is below 25% of the LFL for all tanks 
(Hu 1998). The primary evaluation is focused on the flammable gas level under off-normal 
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 &om the generation rate calculated with the 
rate equation model described in Section 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 the gas generation rate; therefore, the steady-state gas release rates of ammonia and 
methane are estimated by their steady-state gas concentrations under normal ventilation 
conditions. Nitrous oxide is an oxidizer, and the concern is whether its concentration is high 
enough to lower the LFL of those flammable gases as established in air. The gas release rate of 
nitrous oxide is also derived by the steady-state gas concentration under normal ventilation 
conditions. 

In the following sections, the L E ,  the normal and off-normal ventilation conditions in the 
dome space, the time-dependent gas concentration, gas release rates, and calculations of 
flammable gas levels will be discussed in detail. To evaluate the flammable gas level, a time- 
dependent gas concentration model was established. From this model, the steady-state 
flammability level can be calculated for a given ventilation condition. It 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 ("A) 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 later 19th century, the lower flammable limit of mixtures of 
multiple flammable gases in air can be determined. Le Chatelier's rule (Coward and Jones 1952) 
can be written in terms of the LFL concentration of the fuel mixture, L F L ,  as follows, 

3-1 
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100 LFL, = (3-1) 

where Ci is the volume percent of fuel gas i in the fuel gas mixture, and 
is the volume percent of fuel gas i at its LFL in air alone LFLi 

If L% is greater than loo%, the mixture is above the LFL. In the tank dome space, hydrogen 
gas is the fuel of concern, and other gas fuels identified are ammonia and methane. Cashdollar 
et al. (1992) have shown experimentally that the LFL,,, of a mixture of hydrogen, ammonia, and 
methane in an air-nitrous oxide atmosphere can be computed using Le Chatelier's rule as 
presented below. For simplicity, flammable gases with concentrations less than that of methane 
are omitted. 

where WZ] is the volume percent of hydrogen in the fuel gas mixture, 
is the volume percent of ammonia in the fuel gas mixture, 
is the volume percent of methane in the fuel gas mixture, 
is the volume percent of hydrogen at its LFL in air alone, 
is the volume percent of ammonia at its LFL in air alone, and 
is the volume percent of methane at its LFL in air alone. 

[NHd 
IC&] 
LFLm 
LFLm 
LFLm4 

The flammability of the individual gases in air is fairly well characterized. The volume 
percent of LFLm, LFLm and L F ~ H ~  are 4%, 15%, and 5%, respectively, at the upward 
propagation LFL, which is more conservative than the downward propagation LFL. In the tank 
dome space, nitrous oxide was observed, in addition to the above flammable gases. Nitrous oxide 
plays the role of oxidizer in the mixture, and has the potential to decrease the minimum amount of 
fuel required to reach the LFL. The effect of the multiple oxidizers, e.g., N20 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 from Hanford tank waste. The studies show that 
the established LFLs of individual fuels in the air will decrease, if concentrated NzO 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 
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LFLm 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-NZO-Air mixtures, Pfahl and 
Shepherd (Figure 32 in 1997 report) suggest that the ammonia flammability limit will be 15% if 
the N20 does not exceed 8%. All of these test results are for turbulent conditions, with an 
ignition energy of 8 J. For a CK-NZO-Air mixture, the data show that the ratio of4.5-10.1-85.4 
is not flammable. For a H2-N20-Air mixture, the data show a mixture with the ratio of 
5.7-10-84.3 has incomplete combustion. 

The above information and discussion suggests that the flammability limit established in 
the hel-air mixture of each gas will not be reduced unless the N20 volume percent exceeds eight 
percent. Shepherd (1999) confirmed this conclusion. In this evaluation, the volume percents of 
4%, 15%, and 5% will be used for LFLm, LFLm 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 the above flammability limits can be ignored. 

3.2 VENTILATION CONDITIONS IN TANK DOME SPACE 

In normal operating conditions, the ventilation conditions can be active ventilation or 
passive ventilation. For all DSTs and some SSTs, the tank dome space is equipped with an active 
ventilation system. For active ventilation systems, the main ventilation flow is designed to go 
through an installed inlet filter. AP-Farm is an exception; inlet air flows through cover blocks or 
gaps in riser covers, and other tank openings. The size of the inlet openings was designed either 
to be Mly adjustable or just an on-off valve. These filtered inlets are used to control the 
ventilation rate and to adjust the negative pressure for preventing leakage of tank hazardous 
materials or to provide control for any other operational needs. For passively ventilated tanks, the 
ventilation flow goes mainly through HEPA breather filters. Under normal operating conditions, 
the active ventilation rates range from 100 cubic feet per minute (cfm) to 700 cfm, while the 
passive ventilation rates typically range from 0.5 cfm to 10 cfm. 

The off-normal operating ventilation condition considered in this flammability assessment 
is as follows: The active ventilation system is shut down and the venting air inlet is closed; 
therefore, the only venting flow is through the cracks or cover blocks. In the off-normal 
condition, there are three possible tank ventilation conditions: no ventilation flow, ventilation flow 
is caused only by barometric breathing, or ventilation flow is due to 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 (Crippen 1993) and 
is given as 

where VOke.da~Ec is the volume of the tank dome space (ft') 
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Crust Layer 

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 five to ten times 
the v b b .  The zero flow condition is considered to be impossible because of the many openings 
into the tanks. An estimation of the thermal convection flow is not available; therefore, in this 
evaluation, the barometric breathing rate, which is more conservative but reasonable, will be used 
for the ventilation rate when normal ventilation is not present. Using a tracer gas, the measured 
passive ventilation rates (Huckaby et al. 1998) under normal ventilation conditions in SSTs 
ranged from 1.7 to 10 cfm for most tanks. No similar measurements for the passive rates (Le., 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 cfm or less (as shown in Table C-2 of Appendix C), 
which is one-third to one-twentieth of normal conditions. 

% 

3.3 TIME-DEPENDENT GAS CONCENTRATION MODEL 

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

Figure 3-1. A Simplified Tank System for TimeDependent Gas Concentration Model 
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In general, most of the tanks contain supernatant and sludgdsaltcake layers. A few tanks, such as 
tank 241-AN-103, have a thin crust layer above the supernatant. The gas release rate (Rg) is the 
net result of the generation rate (Gr) and the accumulation rate (Ar). The gas accumulation rate 
refers to the rate at which gas is trapped in the sludge/saltcake layer. The ventilation flows (Vr) 
are available as field measurements taken at the output streams. These flows are the sum of air 
inflows from the inlets and tank cracks/openings and the gases released from tank waste. The gas 
volume change rate can be formulated from a mass balance equation as 

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

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 
below: 

Vol--&-V, dc, I - .[cJ 
at 

where [e,] is the gas concentration (volume percent), 
Vol 
R8 
V, 

is the volume of the tank dome space (volume), 
is the gas release rate from the waste surface (volume/time), and 
is the ventilation rate in the dome space (volume/time). 

As given above, 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 as follows: 

with h = v, / Vol 

where & 
V, 
[C,](t.,) 
Vol 
a 

is the hydrogen release rate from the waste surface (volume/time), 
is the ventilation rate in the dome space (volume/time), 
is the initial gas concentration at time t (volume percent), 
is the volume of the tank dome space (volume), and 
is the decay parameter from the venting (inverse time). 
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In Equation 3-6, the first term represents how the initial gas concentration decays away 
exponentially with the factor of e(xt) and second term shows how the gas level builds up in the 
form of wr], with the factor of [l-  e(-l‘)] as time goes on. The above equation is similar to 
Equation 1 in CN-117 (Hu 1997) and is rewritten in a format with physical meaning. 

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

C, =K,.P, 

where CI 
KH 
p, 

is the ammonia concentration in the liquid phase (mole/L), 
is the Henry’s constant (mol&-atm), and 
is the partial pressure of the ammonia (atm). 

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. Weisenberger and Schumpe (1996) provide a 
formula to calculate the Henry’s constant as follows: 

(3-7) 

(-8.0%4+3917,5,T-O.Oll3 1 4 9  with KH‘ = e  

where KH’ is the Henry’s constant in the pure water (g-mol&-atm), 
is the ionic dependent coefficient, 
is the gas specific constant for ammonia, and 
is the ion concentration in the solution. 

hi 
4 
Ci 

However, the Schumpe’s formula is only good for the solution up to 5 molar. 
Hedengren et al. (2000) has reported Henry’s Law constants for SY-IO1 simulant waste at 
different dilution conditions and temperatures. This study covers solution concentrations 
ranging from 5 to 21 molar at temperatures of 20 to 70 “C. These results provide a 
correction factor to the calculated Henry’s law constant from Schumpe’s formula above. 
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For example, the measured Henry's constant is five times the calculation from Schumpe's 
formula for the undiluted sample of 21 molar at 70 "C. 

For soluble gas, the gas release rate depends on the equilibrium mechanism between the 
liquid and vapor phases described above. A comprehensive soluble gas transfer methodology 
applied to Hanford waste has been described in Hedengren et al. (2000). Discussion and 
derivation for the steady-state calculation of soluble ammonia is given as follows. Consider the 
two-film theory of gas transfer: the ammonia release will encounter the resistance from two films, 
one is the liquid film and the other is the gas film, between the bulk liquid and bulk vapor phases. 
The release rate is proportional to the difference between the ammonia liquid and the ammonia 
vapor concentration before reaching equilibrium, It is also proportional to the mass transport 
coefficient, h, and the effective area, A. Therefore, the release rate can be derived as follows: 

where h 

A 
Clq 

is the overall mass transport coefficient from liquid to vapor 

is the effective area for the transport (m2/1000), 
is the corresponding liquid ammonia concentration in equilibrium 

current ammonia vapor pressure (g-mold),  
is the current ammonia concentration in liquid (g-mol&), 
is the gas partial pressure (atm), 
is the dome space total pressure (atm), 
is the specific molar volume of gas in the dome space &/mole), 
is the current ammonia concentration in the dome space 
(g-mol&), and 
is the Henry's constant (mole&-atm). 

Wsec), 

As shown in Equation 3-9, it is clear that the ammonia gas release rate is a fkction of the 
ammonia concentrations in the liquid and vapor phases, and the Henry's Law constant for 
ammonia in the solution. In the two-am-theory of gas transfer, the overall mass transport 
coefficient h contains the transport coefficient h, for gas through the liquid film and hg for 
the gas through the gas film. Detailed equations of the calculated h are described in 
Hedengren et al. (2000) and are summarized in Appendix A. 

A sensitivity study indicates that the overall mass transport coefficient h varies by several 
factors while the effective area A for mass transport is difficult to determine for the tank waste, 
particularly for the SSTs, where the waste surfaces are mostly crusts. Dome space ammonia 
concentrations would be greatly 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 x A is 
determined, the gas release rate can be calculated by Equation 3-9. Applying the ammonia release 
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rate from Equation 3-8 to the mass balance in Equation 3-5 results in Equation 3-10: 

Dividing by Vol and rearranging Equation 3-10, it becomes: 

= k, - k, . [C,] 
at 

with kl = [V, + h . A . K ,  .P.v]l[V~l] and 

k, = [h. A.C,]l[Vd] 

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

(3-10) 

(3-1 1) 

(3-12) 

3.4 STEADY-STATE GAS CONCENTRATION AND GAS RELEASE RATE 

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 as: 

where [C,]./.” is the steady-state gas concentration, 
R8 
V, 

is the gas release rate (volume/time), and 
is the ventilation rate in the dome space (volume/time) 

(3-13) 
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Using Equation 3-7, the steady-state gas concentrations in the tank dome space can be 
calculated by knowing the gas release rate gas fraction and the ventilation rate. For soluble gases, 
from Equation 3-6, the steady-state concentration can be expressed as: 

(3-14) 

The gas release rate & can be estimated by subtracting the gas accumulation rate from the 
gas generation rate as follows: 

& = G r - &  (3-15) 

where G, 
& 

is the gas generation rate from waste (volume/ time) and 
is the 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 (Hu 2000) can be determined in the field, based 
on the waste level change rate and the gas composition data from the retained gas sampler. If 
there is no noticeable waste level change, then the hydrogen release rate will be the same as the 
hydrogen generation rate. 

For other insoluble gases, no gas generation rate model is available. Therefore, the 
steady-state 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 follows: 

R, (3-16) 

where [Cs]~h* is the steady-state gas concentration, 
is the gas release rate (volumdtime), and 
is the ventilation rate in the dome space (volume/time). 

& 
V, 
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In this report, the gas release rates for methane and nitrous oxide were obtained from their 
steady-state concentrations under normal ventilation conditions using the Equation 3-16. Then 
the calculated gas release rate is 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, since methane and nitrous oxide are very insoluble and whatever gases are 
generated are directly released to the dome space. 

For highly soluble gases, as mentioned in Section 3.3, the mass transport properties, the 
product of h and A, is difficult to estimate directly from tank waste properties, particularly for 
tank waste covered with irregular crust layer. However, for the known steady-state vapor 
concentration C”, the liquid concentration CI along with Henry’s Law constant and the ventilation 
rate Vr, the product of h and A can be determined. By rearranging Equation 3-14, the product of 
h and A can be expressed as: 

(3-17) 

Once the product of h and A is determined from the steady-state under normal ventilation 
conditions, the ammonia concentration under off-normal ventilation conditions can be estimated 
using the time-dependent gas concentration C(t) of Equation 3-12, as well as the gas release rate 
of Equation 3-9. Note that the product of h and A is waste configuration dependent and will be 
different if the waste is perturbed or changed physically. For the off-normal ventilation 
calculations, the overall steady-state ammonia concentration is governed by the liquid ammonia 
concentration. The product of h and A will only change 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, such as tanks 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 can still be calculated based on the predicted tank waste condition 
using the rate equation model given here. For methane, since steady-state methane vapor data are 
not available prior to the waste transfer, the release rate will be estimated as 10% of the model- 
calculated hydrogen generation rate. This is a reasonable estimate, because for all tanks, methane 
is less than 10 volume % of the hydrogen in the generated gas as given in the gas generation study 
by King and Bryan (1999) and retained gas sampler results in Mahoney et al. (1999). For 
ammonia, rather than estimating the release rate, the ammonia vapor concentration at 
thermodynamic equilibrium for 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 
Schumpe’s model as described above. For the off-normal ventilation condition, which is about 
0.5 cfm or lower, an equilibrium prediction of the ammonia concentration is reasonable and 
conservative. 
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3.5 TIME TO REACH LOWER FLAMMABILITY LJMlT 

For active ventilation system intenuptions, 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 LFL, LFL,,,(t) of the mixture can be calculated using the time-dependent gas 
concentration (Equation 3-6 for insoluble gas or Equation 3-10 for soluble gas) and the 
Le Chatelier’s rule (Equation 3-2) as follows: 

(3-18) 

where [H2](t) is the hydrogen concentration (volume percent) at time t, 
is the ammonia concentration (volume percent) at time t, 
is the methane concentration (volume percent) at time t, 
is the volume percent of hydrogen at its LFL in air alone, 
is the volume percent of ammonia at its LFL in air alone, and 
is the volume percent of methane at its LFL in air alone. 

w 3 ] ( t )  
[C&](t) 
LFLm 
LFLm 
LFLCH~ 

The volume percent of the LFLs; LFL,, LFLm, and LFLw4 are 4%, IS%, and 5%, respectively, 
which have been established for a hel-air mixture. 

The time to reach a specified gas concentration under given ventilation conditions can be 
obtained by rewriting Equation 3-6 and is given as follows: 

with h = v, No1 

where Rg is the gas release rate (volumdtime), 
V, 
[c,](t.,) 
[C,l(t) 

is the barometric breathing rate (volumdtime), 
is the initial gas concentration at time to (ppmv), and 
is the gas concentration at timet (ppmv). 

(3-19) 
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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 and is given as follows: 

(3-20) 

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

k2 =[h.A.C,]/[VoZ] 

However, the time to reach a specified flammability limit of the mixture was not calculated 
explicitly. A customized macro fbnction in EXCELTM' using Visual Basic, based on 
Equation 3-19 for an insoluble gas and 3-20 for a soluble gas, was developed to calculate the time 
to reach a specific flammability limit. 

3.6 THE MINIMUM VENTILATION RATE TO MAINTAIN 
DOME SPACE BELOW 25% OF THE LFL 

Whether the dome space of a tank will reach the specified flammability limit or not is 
dependent on the competition between the gas release rates and the ventilation rates of the 
system. For steady state, the flammability limit of the mixture in the dome space can be calculated 
using Equation 3-2. The required steady-state gas concentrations in Equation 3-2 can be 
calculated using Equation 3-7, which is a hnction of the gas release rate and the ventilation rate. 
For a given set of gas release rates, if the ventilation rate is zero  le^, no gas exits the tank), the 
system will always exceed the LFL. Equation 3-1 1 can be used to calculate the minimum 
ventilation rate needed to reach the specified flammability l i t  at steady state. Again the vent 
rate is embedded in the equation, and a customized Macro fhction in EXCELTM using Visual 
Basic code was developed to calculate the minimum ventilation to reach the specified flammability 
limit. If the dome space ventilation rate is larger than this minimum, then the system will never 
reach the specified flammability limit. 

1 EXCEL"' is a registered trademark of Microsoft, Redmond, WA 
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4.0 EVALUATIONS OF STEADY-STATE FLAMMABILITY LEVEL 

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

In Section 4.1, hydrogen generation rates are calculated. Collection of input data and the 
setup of the EXCELTM spreadsheet for rate calculations are discussed. In Section 4.2, the data 
collection, estimation of ventilation rates at both normal conditions and off-normal conditions, and 
the steady-state gas concentrations at the normal ventilation rate are discussed. Section 4.3 
discusses the steady-state gas release 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 steady-state concentrations under normal ventilation rates. For those 
tanks showing higher predicted steady-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 liquidvapor equilibrium model as 
described in Section 3.4. Section 4.4 describes the evaluation of flammability levels in the tank 
dome space for all 177 tanks. The evaluations include: (1) calculation of total flammability level 
as well as the distribution from each flammable gas under both normal and off-normal ventilation 
conditions, (2) 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, and (3) the 
minimum ventilation rate required to keep the dome space concentration below the specified 
flammability limit. 

Details of the results of the hydrogen generation rate calculations, ammonia mass 
transport properties and flammability evaluations in the tank dome space for 177 tanks are given 
in Appendix B, Appendix C, and Appendix D, respectively. A demonstration of the hydrogen 
generation rate calculation from empirical rate equations and the flammability evaluations using 
tank 241-AN-104 as an example is given in Appendix E. In addition, a preliminary uncertainty 
analysis on both the hydrogen generation rate calculation and the flammability evaluation using 
Monte Carlo simulation for tank 241-AN-104 is also given in Appendix E. 

4.1 HYDROGEN GENERATION RATE MODEL CALCULATIONS 

In the evaluation, the HGRs were calculated for each tank based on the semi-empirical 
rate equation model. The total generation rate was calculated for each waste layer for each tank. 
The generation rate is a hnction of tank waste conditions; thus, a large tank waste database is 
needed. The analytical data and surveillance data necessary to perform the rate calculations are 
available for some tanks. For those tanks that do not have current measured data, process histoq' 
data and waste type information were used. 
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An EXCELTM spreadsheet was set up to calculate hydrogen generation rates for all 177 
Hanford DSTs and SSTs. There are four sections in the spreadsheet including an input data 
section (Section 4.1. I), a derived data section (Section 4.1 .2), a calculated rates section 
(Section 4.1.3), and rate validation section (Section 4.1.4). The spreadsheet was set up to allow 
for easy upgrades and to facilitate checking the rate calculations. Details of the spreadsheet, data 
collection, data presentation, and data validation are discussed below. 

4.1.1 Input Data 

The data required to estimate hydrogen generation include the concentrations of TOC, 
NO3, NO*, and AI in the liquid phase; the total heat load in terms of Cs and Sr; liquid and bulk 
densities; total solids and supernatant 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 plays a catalysis role in the thermal 
reaction and the aluminate concentration was used in the thermolysis rate calculation. Nitrate and 
nitrite concentrations are used to estimate the scavenger effect for radiolysis of pure water. Tank 
waste temperature is needed to calculate both the radiolysis G-value and to account for the 
Arrhenius behavior of the thermolysis rate. The Cs and Sr concentrations are used to estimate the 
heat load of the tank waste, which is the power source for both water and organic radiolysis. 
Weight percent water data were used to estimate the liquid fraction 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 are also used to 
estimate the wetted tank surface area to calculate the corrosion rates. The temperature in the 
tank dome space is used to estimate the total gas generation rate in cubic feet per second. 

The Best Basis Inventoly (BBI) database was queried to obtain the required waste 
properties and compositions. Missing data were estimated, based on the methodology presented 
by Barker et al. (1999). The input data used were based on data available as of October 1999 
except for tank 241-SY-101 where input data were based on the grab sample data of April 2000 
(Esch 2000) to reflect the status after remediation. Waste tanks were first classified into one of 
six groups, based on the volumes of the liquid, salt cake, and sludge layers. The criteria for the 
various tank classifications are also presented in Barker et al. (1999). Data from tanks within a 
given classification were used to create a distribution, which was assumed to describe the total 
population of data for a given tank classification. This distribution was then used to provide a 
range of data including the missing data. In cases where there were insufficient data to create a 
statistically valid distribution, data from similar groups of tanks were combined to create a 
distribution of data (Barker et al. 1999). 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 from the standpoint of determining missing data for 
flammable gas safety analyses. Because of the lack of sufficient analytical data for the estimation 
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of missing data, the methodology in Barker et al. (1999) was used to determine that a finer 
resolution of data over that used for general waste classifications was not statistically justified. As 
a result, the mean values used in this analysis were not optimized based on waste characteristics 
but have been developed to fit the available data related to flammable gas safety analyses. All the 
required input data for the rate calculations for 177 tanks are described in detail in Kufahl et al. 
(2000) and listed in Table B-1 of Appendix B. 

The tank 241-A-I05 hydrogen generation rate has not been calculated. As described in 
Chapter 2 of the FSAR, the steel liner leaked and the tank has been interim stabilized. The waste 
moisture content is expected to be very low but is unknown. The hydrogen generation rate is 
very sensitive to moisture content (the main hydrogen source). Since this key parameter is 
unknown and cannot be estimated, no attempt is made to estimate the corresponding hydrogen 
generation rate. 

4.1.2 Derived Data 

Once the input data were provided, the derived data were calculated prior to the final rate 
calculations. In the “derived data section” the input data are converted to the system of units 
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 
head load, layer density, total heat load, conversion of NO, and NO2 to units of “moles per liter,” 
conversion of TOC and AI to units of “weight percent,” and water radiolysis and total radiolysis 
G-values. The purpose of the derived data section is two fold. One purpose is that necessary unit 
conversions were built into the spreadsheet, so the spreadsheet can take the input data directly 
from the Tank Characterization Database. 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 listed in Table B-2 of Appendix B. 

4.1.3 Calculated Hydrogen Generation Rates 

The hydrogen generation rates were calculated for the total tank waste, as well as for 
different waste layers. The waste layers are the convective layer (Supernatant) and the 
non-convective layer (sludgdsaltcake), and a few tanks have an extra 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 the units of “mole per kg-day,” and “moles per cubic 
meter-second.’’ Details of the calculated rates per unit mass or per unit volume are listed in the 
Table B-3 of Appendix B. The total gas generation rate for a whole tank (in units of “cubic feet 
per minute” and “liters per day”) was calculated by multiplying the unit rates by the total waste 
volume, and the results are listed in Table B-4. Table 4-1 lists the nine tanks with the highest 
model-calculated hydrogen generation rate plus the rates for tank 241-SY-101. Note that the 
updated total hydrogen generation rates for tank 241-SY-101 decreased by a factor of 10 when 
compared to the previous calculations in Revision 0 of this report. 
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Generation rates from radiolysis, thermolysis, and corrosion are also listed in Table 4-1 for 
solid and liquid layers for each tank. Tank 241-A-101 has the largest hydrogen generation rate of 
1.5E-2 cfin. The contribution from thermolysis and radiolysis varied from tank to tank. For most 
listed tanks, corrosion contributed less than 10% to the overall hydrogen generation rate, except 
for tank 241-SX-103. Tanks without sample-based data use the default data from the waste 
grouping analysis, which have a larger 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 Bingham et al. (2000). Ventilation rates at the tank outlet were determined by a 
number of methods, including tracer studies, Standard Hydrogen Monitoring System (SHMS) 
hydrogen composition decay curves, direct measurement, 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 Bingham et al. 
(2000), when available. The Tank Waste Information System (TWINS) database was queried to 
obtain all gas sample data. The data were reduced with mean values used for single-point 
calculations and derived distributions used for Monte Carlo analyses. Values for missing data 
were determined using the methodology described in Barker et al. (1999). The ventilation rates 
and the steady-state gas concentrations under normal operating conditions, along with waste 
volumes and dome space volumes for 177 tanks are listed in Table B-1 of Appendix B. For a 
number of tanks, specifically sludge tanks, dome space gas concentrations are very small, less than 
50 parts per million (ppm) hydrogen, methane, and ammonia. For these tanks, the ratios between 
the various gases are questionable and do not lend themselves to an accurate analysis of gas 
generation rates. 

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

In order 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 generation rate. The hydrogen 
generation rates are calculated in Section 4.1 and are listed in Appendix B. There are a few tanks 
that have a noticeable waste level increase, and the waste level increase rate can be converted to a 
total waste volume increase rate, which is then multiplied by the hydrogen fraction obtained from 
the retained gas sample analysis. The steady-state gas release rates of C K ,  "3, and N20 were 
derived from the steady-state concentrations under normal ventilation rates using Equation 3-16. 
The calculated gas release rates of Hz, "3, CK, and NzO are listed in Table D-1 of Appendix D. 

For ammonia, however, the above method would largely overestimate the steady-state 
concentrations under off-normal ventilation conditions for those tanks having relatively large 
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release rates calculated from the steady-state concentration. For example, for tank 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 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 liquidvapor equilibrium mechanism. In Revision 0 
of this report, similar overestimations of ammonia concentration are also reported for tanks 
241-AN-102 and 241-AN-107. 

As described in Section 3.0, ammonia is very soluble, and the gas release rate is not a 
constant but governed by the liquidvapor equilibrium defined by Henry’s Law and 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 phase before reaching equilibrium. Therefore, 
a greater difference results in a larger release rate. For a closed system, Le., a zero ventilation 
rate, the final release rate is zero when the system reaches equilibrium. 

For an open system, the system will never reach the equilibrium but 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 is also proportional to the ventilation rate. Therefore, if the 
steady-state release rate obtained for a high ventilation rate (Le,, 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 
tank 241-SY-101. As shown in Figure 4-1 for the normal ventilation rate of 486 cfm, 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 cfm, the ammonia concentration increased 
exponentially and takes less than 8 days to reach steady-state with the concentration of 
3,882 ppm, which is lower but very close to the equilibrium value. Also, note that the steady- 
state release rate from 0.19 cfm under normal ventilation conditions of 486 cfm dropped 
exponentially to 7.6 E-4 cfm for the off-normal ventilation condition of 0.18 cfm. 

For many SSTs and some of the less-concentrated ammonia DSTs, 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 to screen out those tanks having small release rates. This would avoid 
having to use the liquidvapor equilibrium method, which requires liquid and dome space 
ammonia concentration data and more complex calculations. 
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4.4 STEADY-STATE MASS TRANSPORT PROPERTIES “h” AND “A” FOR NH, 

As mentioned in Section 3.0, in the liquidvapor equilibrium model, it is difficult to 
estimate the effective area A of the mass transport. As discussed later, the ammonia 
concentration could be overestimated by two orders of magnitude in the liquidvapor equilibrium 
model if 100% of the effective area is used. In this report, the ammonia concentration analysis 
follows the logic below to perform the dome space ammonia calculations: 

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

(2) For the SSTs, the ammonia concentrations were first evaluated assuming a constant 
release rate. If the ammonia concentrations were more than 0.5% and the total 
flammability was above 20% of the LFL, then the ammonia concentration was reanalyzed 
with the liquidvapor equilibrium method as 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. Table C-1 of Appendix C gives the liquid 
concentrations in the DSTs and selected SSTs for the ions used in the calculation of the Hydrogen 
Generation Rate. The additional ion constituents required are aluminum, carbonate, hydroxide, 
nitrate, nitrite, and sodium. Concentrations of other constituents required to perform the 
ammonia calculations are ammonia, chloride, chromium, fluorine, iron, nickel, phosphate, 
potassium, and sulfate. Other required data include the tank waste density, temperature, and 
weight percent water. If available, the ion concentration data were obtained from the Best-Basis 
Inventory (BBI) reports. The BBI database maintains the most current tank waste inventories for 
25 chemical and 46 radionuclide components found in the 177 Hanford Site waste tanks. Where 
tank ion concentrations or waste properties were not available, an average value was used from 
the sample analysis data contained in the Tank Characterization Database (TCD). The tank waste 
temperature values were the only figures not taken from the BBI or the TCD. They were 
obtained from Table 3-2, SACS Database Waste Temperatures (Bingham et al. 2000). 

Based on Equation 3-8, the Henry’s Law constants were calculated and are listed in 
Table C-2 of Appendix C. Also included in Table C-2 are the summations of ion concentrations, 
the Henry’s Law constants in pure water, and the correction factors for the calculated Henry’s 
constants KH for salt solutions. The correction factors were assigned using the tank waste 
concentrations and temperatures according to the study results of ammonia solubility in high 
concentration salt solutions (Hedengren et al. 2000). The mass transport properties of the 
product h and A were calculated using Equation 3-17 and are listed in Table C-3 of Appendix C. 
Based on the products of h and A, the time-dependent ammonia concentration and flammability 
under off-normal ventilation conditions were calculated. As mentioned in Section 3.0, the 
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product of h and A is dependent on waste configuration and physical and chemical properties, 
particularly the surface area A, which is the effective surface for gas transport from the liquid to 
vapor phase. For example, if the waste was disturbed or the configuration of the waste surface 
changed, then both the effective surface area and h could change and the product of h and A 
would change. Therefore, what has been calculated for the product of h and A in this report only 
reflects the current ammonia transport status of storage tank waste at steady-state. 

As a comparison, Table 4-2 lists the products of h and A both from the field data under 
normal condition derived values using Equation 3-17 and the calculated h with a 100% tank 
surface area using the equations listed in Appendix A. For most cases, using 100% of the surface 
area would overestimate the ammonia concentration by several orders of magnitude, particularly 
for the SSTs which are covered with crust. The ammonia values in several DSTs are also 
overestimated by several orders of magnitude. These calculated results suggest that the effective 
transport surface area is much smaller than originally thought. Even for tanks containing 
supernatant, a thin crust layer could easily be formed that will limit gas transport, especially when 
the supernatant is highly concentrated. 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 is the steady-state 
ammonia concentration in the dome space. Listed in the last column of Table 4-2 are the steady- 
state ammonia concentrations under off-normal conditions. For all calculated values except tank 
241-A-101, the ammonia concentration is less than 7,500 ppm, which contributes less than 5% of 
the LFL to the total flammability. 

Table 4-2. The Calculation o f  Ammonia Transport Properties 
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Table 4-2. The Calculation of Ammonia Transport Properties 
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9.56E-04 
5.64E-03 
1.34E-02 
1.87E-03 

4.5 FLAMMABILITY EVALUATION AND RESULTS 

. .... 

8.82E-01 
3.05E+00 
7.74E-01 
7.06E-01 
6.99E-01 
5.49E-01 
2.06E+00 
1.55E+00 
1.60E+00 
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3.0 1 E+OO 
3.5 5E+00 
2.08E+00 
2.47E+00 
2.22E+00 
1.98~+00 
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852 
89 
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437 
142 
625 
1164 
286 
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331 
1181 
3870 
1771 
5581 
8253 
2922 
3159 
5817 
4312 
4977 
2157 
4582 
6909 
1380 
4345 

With the collected ventilation rates and steady-state gas concentrations, the flammable gas 
concentrations, as expressed as percent of the LFL, in the tank dome space under normal 
ventilation conditions were calculated using Equation 3-18 and are listed in Table D-1 of 
Appendix D. The highest observed level is 4% of the LFL. 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. 

4-10 



RPP-5926 Rev. 1 

For off-normal ventilation rates, assuming only barometric breathing rate, vbb,, is available 
(discussed in Section 4.2), the steady-state concentration can be calculated using Equation 3-14 
for insoluble gas and using Equation 3-17 for the soluble gas; the results are listed in Table D-2 of 
Appendix D. In the calculation for the off-normal condition, the initial concentrations are 
assumed to be the steady-state concentration under normal ventilation conditions and are listed in 
Table D-I of Appendix D. As listed in Table D-2, under the off-normal condition, 35 tanks 
exceed 25% of the LFL when the system reaches steady-state, and 10 tanks 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). Since the “time” variable cannot be expressed explicitly in an 
equation, a customized Macro in EXCELTM 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 are listed in Tables D-3 and D-4 of Appendix D, respectively. 
In the calculations, the flammability level of each flammable gas is also calculated for each case to 

understand the distribution of each gas’s contribution to the total L E .  

It is also interesting to know the minimum ventilation rate required to prevent the tank 
dome space from exceeding 25% ofthe LFL. Equation 3-18 gives the flammable gas 
concentration in terms of % of the LFL at steady-state; 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 increasing the 
ventilation rate from zero until a total flammability level of less than the specified 25% or 100% of 
the LFL is obtained. A customized EXCELTM Macro was developed using Visual Basic code to 
iterate this equation automatically to find the minimum ventilation rate. Details of the calculated 
minimum ventilation rates are listed in Tables C-3 and C-4 for 25% and 100% of the LFL, 
respectively. 

Table 4-3 lists the tanks with time-to-25% of the LFL as less than 600 days for both DSTs 
and SSTs under the off-normal ventilation condition. Also listed in Table 4-3 are the previously 
calculated times-to-25% of the LFL, the current calculated time to reach 100% of the LFL, the 
hydrogen generation rates from current and previous calculations, and the gas concentrations and 
YO of the LFL contribution of the different gases at time-to-25% of the LFL. Tanks 241-A-101 
and 241-AN-102 give the shortest time-to-25% of the LFL of 21 and 32 days for SSTs and 
DSTs, respectively, under the off-normal condition. Overall, there are six tanks from DSTs and 
four tanks from SSTs that will reach 100% ofthe LFL. It takes 110 and 180 days to reach 100% 
of the LFL for tanks 241-A-101 and 241-AN-102, respectively. 
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Table 4-3. Comoarison of Time-to-25% and 100% of the LFL Between 

241-AN-102 

24 1 -AN- 107 

241-AZ-102 

24 I -ANI05 

24 1-AY-102 

24l-Az-IOI 

24 1 -AW- I O  1 

241-AN-I04 

24 I -SY-I 01 

241-AN-I03 

241 -SY-l03 

241-AP-I01 

24 I -AP- I02 

32 

37 

42 

56 

57 

63 

14 

101 

152 

172 

263 

503 

544 

241 -A- 101 
24 1-8-204 

241 -B-203 

241-sx-I05 

241 -sx-103 

241-A-I03 

24 I - ~ - 2 0 4  

24 I - A X - l O I  
24 I -'1-203 

241-s- I O  I 

24 I -1J- I03 

24 I -SX-l08 

241-SX-107 

241-sx-114 

241-sx-1 10 

241-C-106 

24 I - sx-  I 1 I 

241-c-105 

241-sx-112 

21 

36 

42 

55 

83 

96 

140 

146 

178 

232 

287 

not occur 

not occur 

not occur 

no! occur 

not occur 

not occur 

not occur 

not occur 

17 

15 

42 

54 

57 

63 

1 3  

92 

9 

171 

168 

64 

86 

22 

36 

42 

55 

84 

91 

I 40 

147 

I80 

179 

240 

not occur 

not occur 

not occur 

not wcur 

not occur 

not occur 

not occiu 

not occur 

Double-Shell Tanks 

18 

1 1  

27 

36 

29 

24 

66 

59 

7 

96 

129 

217 

151 

I80 

22 1 

266 

59 I 

545 

I I43 

not occur 

not occur 

not occur 

not occur 

not occur 

not occur 

no! occur 

Single-Shell Tanks 
25 

63 

57 

not occur 

not occur 

288 

161 

not occur 

194 

173 

91 

17 

20 

22 

28 

30 

30 

35 

36 

I 10 

205 

262 

460 

not occur 

not occur 

not occur 

not occur 

not occur 

not occur 

no! occur 

not occur 

not occur 

not occur 

not occur 

not occur 

not occur 

not occur 

not occur 

l.01E-02 

9.07E-03 

I .06E-02 

4.82E-03 

1.40E-02 

8.8OE-03 

3.93E-03 

3.66E-03 

2.98E-03 

3.17E-03 

3.13E-3 

l.06E-3 

1.15E-03 

I .48E-02 

2.47E-04 

1.9 I E-04 

I .22E-02 

8.19E-03 

I .07E-02 

1.57E-04 

4 .83~-03  

I .46E-04 

3 .SOE-03 

7.59E-04 

2.42E-03 

3.84E-03 

I .  I2E-03 

5 . 5 7 ~ 4  

3.94E-03 

7.77E-04 

1.21E-03 

1.64E-02 

2.92E-02 

1.71E-02 

7.4OE-03 

1.83E-02 

2.01E-02 

4.3 IE-03 

5.91E-03 

3.65E-02 

5.05E-03 

5.90E-3 

1.85E-3 

2.49E-03 

1.04E-02 

1.75E-04 

1.75E-04 

1.30E-03 

I S ~ E - O ~  

4.74E-03 

1.75E-04 

6.40E-04 

1.75E-04 

4.42E-03 

4.3E-03 

6.14E-02 

S . Z ~ E - ~ Z  
4.39E-02 

3.96E-02 

2.26E-02 

3.56E-02 

1.92E-02 

3.04E-02 

0.62 

0.3 I 
0.62 

0.65 

0.77 
0.44 

0.91 

0.62 

0.08 

0.63 

0.53 

0.57 

1.41 

1.41 

1.09 

9.41 

5.46 

2.25 

0.90 

7.55 
0.84 

0.75 

1.09 

0.01 

0.05 

0.09 

0.03 

0.02 

0.11 

0.04 

0.04 
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4.6 UNCERTAINITY ANALYSIS: TANK 241-AN-104 AS AN EXAMPLE 

A Monte-Carlo analysis was performed to investigate the sensitivity of the model 
presented. Appendix E contains a MathCadTM2 model, which performs a preliminary analysis of 
the model as applied to tank 241-AN-104. The evaluation was limited in scope and since the 
sensitivity of the results to sample count has not be studied, the results might not be statistically 
valid. The number of samples was limited to 500. However, some interesting findings are 
presented. Typically, the characterization data were entered with an estimated uncertainty in the 
data listed as a standard deviation of 10% of the value, In the case of the waste temperature, a 
standard deviation of 5 “K, or about 1.6% was used. Because of the exponential relationship 
between temperature and the hydrogen generation rate by thermolysis, the uncertainty in the 
results were amplified to about 50% for the thermolysis hydrogen generation rate term. In 
addition, the mean of the thermolysis generation rate distribution increased by approximately 
25%. Although the radiolysis term also has an exponential relationship to temperature, the 
structure of the formula dampens the effect (this is a result of the non-temperature-dependent 
GWO term being added to the temperature-dependent Gorg term). For the total waste in tank 
24 I-AN- 104, Table 4-4 summarizes the differences in hydrogen generation rates, in steady-state 
flammable gas concentrations, time to 25 and 50 % of the LFL, and the required ventilation rates 
to maintain concentrations below 25 and 100 % of the LFL. 

Note: nc is not calculated 

2 MathCad is a registered trademark of MathSoR Engineering & Education, Inc.. Cambridge, Massachusetts 
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4.7 DISCUSSION 

One of major upgrades of this revision was the incorporation of the liquidvapor 
equilibrium model (Hedengren et al. 2000) into the methodology to handle highly soluble 
ammonia. This model reduces the over conservatism in estimating the ammonia flammability in 
Revision 0. As shown in Table 4-3, the times to reach 25% of the LFL from this work are in 
general longer than in Revision 0 of this document. This is mostly due to using a refined model 
(Hedengren et al. 2000) which predicts smaller dome space ammonia concentrations than 
previous calculations. Most dramatic changes are seen for tanks 241-AF'-101,241-AF'-102, 
241-S-101,241-AN-102, and 241-AN-107, whose times to reach 25% oftheLFL increased from 
64, 86, 179, 17, and 15 days to 503, 544,232, 32, and 37 days, respectively. Table D-3, in 
Appendix D, shows that the ammonia concentrations are reduced from 2.7%, 2.5%, 1.0%, 2.2%, 
2.0% to 0.08%, 0.07%, 0.58%, 0.09%, and 0.08% L E ,  respectively. 

In addition, the update of the status oftank 241-SY-101 having had 6,166 kgal of its 
waste transferred out and its remaining waste diluted has significantly reduced the overall 
flammability of its dome space. As shown in Table 4-3, the time to reach 25% of the LFL has 
increased from 9 to 152 days. The hydrogen generation rate is reduced by a factor of more than 
10 from 3.7 E-2 to 3.0 E-3 cubic feet per minute. The dome space ammonia concentration in 
tank 241-SY-101, increased from 4 ppm (prior transfer data) to 400 ppm (January 2001 data) 
even though the liquid concentration decreased by a factor of 4 comparing prior to and after the 
waste being transferred out of the tank. The explanation for this is that the thick crust had greatly 
reduced the ammonia transport from the waste to the dome space. After the waste had been 
transferred from tank 241-SY-101, the crust layer was substantially removed and the effective 
area A of 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 re-formed 
in tank 241-SY-101. Breaks in this crust periodically appear. 

Note that the dome space ammonia concentration in tank 241-SY-101 steadily increased 
from 50 ppm in July 2000 to 400 ppm in January 2001, while the hydrogen concentration 
remained the same. This may also be explained as the effective area of mass transport increased 
gradually. Calculations show that the effective area could increase from 1.5% to 7% of the total 
tank waste surface are when the dome space concentration increased from 100 to 400 ppm. This 
effective area of 1.5% and 7% is roughly 70 and 300 square feet, respectively, and is consistent 
with the estimated liquid pond of 10 feet (Johnson et al. 2000) and 20 feet or more diameter 
(Comer 2001), respectively, observed on the surface in the corresponding time period. 
Calculations also indicated that most of the calculated single-shell tanks had effective surface 
areas as small as several tenths of one percent of the total tank waste surface. Caution should be 
taken in using the results of the calculated product of h and A in Table C-3 of Appendix C 
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 are collected at the 
same time also introduces uncertainty. Tank 241-SY-101 is an example that shows the model 
calculations agree reasonably with field observations since the input data are accurate and are 
taken in the same timeframe. 
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Another issue is that it seems that the area of liquid surface in tank 241-SY-101 is 
continuously changing 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 ppm if the effective area were 100% for a given liquid 
ammonia concentration of 1,040 pg/mL. Using this concentration, the equilibrium vapor 
concentration of 3,895 ppm is calculated. For the scenario of the waste surface being fully open 
with 100% effective mass transport area, the total flammability is calculated to be 1.73% under 
normal ventilation conditions, and the total mass transport product of h and A is 2.09 cfm. 
Therefore, the calculated time to reach 25% of the LFL under the off-normal ventilation condition 
would become 15 1 days rather than 152 days predicted by the previous methods. 

Hydrogen generation rates are very sensitive to temperature and are temperature- 
dependent exponentially for both the thermolysis rate and the radiolysis rate. The temperature 
used in the calculation is an average value available from the thermocouple tree in a given tank. 
This method is reasonable for most tanks, where temperature gradients are not too large (about a 
few degrees Celsius throughout the tank). However, for a few tanks in the SX-Farm, such as 
241-SX-104 and 241-SX-107, the temperatures from the tank top to the tank bottom range from 
70 to 140 T. For tanks with large temperature variations, the optimum way to calculate 
hydrogen generation rate would be to integrate generation rates over the depth and radius of the 
tank. This calculation, if feasible, could give a generation rate that is a factor of two larger than if 
the overall rate is determined from a rate calculation using the average bulk-waste temperature as 
provided here. Comparisons of the generation rates between current model calculations and field 
estimated data show that the current model calculations, using averaged bulk-waste temperatures, 
still overestimate the observed generation rates; therefore, no hrther optimization analyses were 
performed for these tanks. Another issue involves tanks where thermocouples are only available 
in the bottom half of the waste. A linear fit of the available temperature data was conducted to 
extrapolate the average temperature for the tank waste. Details of the analysis are documented in 
Bingham et al. (2000). 

These hydrogen generation models assume that hydrogen generation occurs in the liquid 
phase. This model uses the liquid layer composition data when calculating generation rates. 
However, many SSTs do not have a supernatant layer. The liquid information for these tanks are 
determined either from the drainable liquid sample data or statistically determined from the tanks 
in the same waste group. The liquid composition data are used to estimate the gas generation rate 
from the interstitial liquid portion of the solid layer. The liquid fraction is estimated based on the 
weight percent water data of the solid layer. In addition, there are two dozen tanks which have 
liquid observation well (LOW) data. LOW data are used to refine the volume of the solid waste 
containing the interstitial liquid. 

A comparison of time-to-25% of the LFL between the current work and the previous 
calculation notes, CN-116 (Stauffer 1997) and CN-117 m u  1997) was made. CN-117 calculated 
hydrogen generation rates for all DSTs using the hydrogen generation rate model, which is based 
on the tank-waste composition and condition. Based on additional gas generation data, that 
model was further refined to the revised rate equation model m u  ZOOO), summarized in 
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Section 2. I ,  and used in the current calculation. One of the main differences between the current 
and the previous model involves the basis for the generation term (G-value). In the previous 
model, the radiolysis G-value was calculated by scaling the single G-value from tank 241-SY-103 
samples at 60 "C. For most tanks, the temperatures are lower than 60 'C; therefore, the radiolysis 
rates were previously overestimated. The current model incorporates a radiolysis rate equation 
that is a function of temperature. In addition, the updated tank data also show cooler waste 
temperatures and reduced heat loads due to the decay of radionuclides. Also, the organic 
reactants are consumed as time goes on. Therefore, in general for DSTs, it is expected that 
current hydrogen generation rates would be lower than the previously calculated values. As 
shown in Table 4-3, the ratios between the current and previous generation rates are all less than 
one, and current rates are reduced about 40% for most tanks compared to the previous 
calculations. The calculation for tank 241-SY-101 waste was updated to reflect the waste 
transferred out between December 1999 and February 2000. Note that the hydrogen generation 
rate is 2.98 E-3 cfin, which is one tenth of the rate prior to the waste transfer as shown in 
Revision 0 of this report. 

For the flammability evaluation, the major difference between current and previous 
calculations (CN-116 and CN-117) is that previously the time-to 25% of the LFL. of the mixture 
was calculated by fixing the ammonia and methane contribution to 2% of the LFL and then 
calculating the time for hydrogen to reach 23% of the LFL. The previous 2% assumption was 
based on the highest ammonia and methane concentration observed in the tank dome space. The 
current model considers all three fuels, hydrogen, ammonia, and methane, as a function of time for 
the off-normal ventilation condition. 

For SSTs, the CN-116 calculation and the current model calculation have totally different 
approaches, bases, and assumptions, and it is hard to compare the results from these two 
calculations. CN-I 16 calculates the hydrogen release rates for all 149 SSTs using two pieces of 
information: the hydrogen concentration and the ventilation rate as discussed in Section 3.4. 
Ideally, the CN-116 derived gas release rate required both gas concentration and ventilation rate 
to be measured simultaneously, because the hydrogen dome space concentration is a function of 
the ventilation rate. It is rare to find both pieces of data measured at the same time. Because of 
the lack of measured data, CN-I 16 used the best-estimated or conservative bounding values to 
calculate the hydrogen generation rates for many tanks; therefore, the uncertainty in the gas 
generation rate could be relatively high. For example tanks 241-SX-107, 241-SX-108, 
241-SX-110, 241-SX-111,241-SX-112, and 241-SX-114 have high ventilation rates (about 
300 to 400 cfm) and were all assigned a bounding value of 140 ppm for hydrogen concentration. 
Therefore, the resulting time-to-25% of the LFL calculation results ranged from 17 to 36 days as 
summarized in Table 4-3. This resulted in a large conservatism being built into these calculations, 
because the calculated release rates were the same size or up to two times the generation rate 
from tank 241-SY-101 as reported in CN-117 For these tanks, the hydrogen generation rates 
calculated by the current rate equation model are all an order-of-magnitude smaller than CN-116 
calculated generation rates and the loss-of-ventilation-case dome space gas compositions in these 
tanks will not reach 25% of the LFL. On the other hand, tanks 241-SX-105 and 241-SX-103 will 
not reach 25% of the LFL based on CN-116 reported generation rates, but will reach 25% of the 
LIT in 55 and 83 days, respectively, in the current model calculation. In addition, note that tanks, 
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such as 241-B-204 and 241-B-203, have a relatively short time-to-25% ofthe L E ,  36 and 42 
days, respectively, in the current model calculations, For these two tanks, although the generation 
rate is very low (on the order of 2 E-4 cfm), it is easy to reach 25% of the LFL, because the 
calculated off-normal ventilation rate is very small, due to the very small tank dome space volume. 
Similar situations also occurred for tanks 241-T-203 and 241-T-204. 
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5.0 SUMMARY AND CONCLUSIONS 

Hydrogen generation rates are calculated for 177 SSTs and DSTs using a rate equation 
model and tank waste data. For some tanks, which do not have complete information, a waste 
grouping method was used to obtain missing data. Flammable gas concentrations, in terms of 
% of the LFL in the tank dome space, are evaluated under both normal and off-normal conditions 
for all 177 tanks. For normal ventilation conditions, all tanks are well below 25% of the LFL with 
the highest flammable gas concentration level at 4% of the LFL in tank 241-U-105. Under 
off-normal conditions, the shortest time to reach 25 % ofthe LFL is 21 days for SST 241-A-101 
and 32 days for DST 241-AN-102. 

Calculated hydrogen generation rates for DSTs ranged from 1.4 E-2 to 2.7 E-4 cfm with 
the highest rate found in tank 241-AY-102. For SSTs the rate ranged from 1.5 E-2 to 
4.0 E-5 cfm with tank 241-A-101 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 waste grouping method was used to generate default values for missing tank waste 
data using a Monte Carlo statistical fit. 

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. 
For the 25 % of the LFL and 100 % of the LFL evaluations under off-normal conditions, the 
concentrations of nitrous oxide are all below 8% with the highest value of 7.2% found in tank 
241-U-105. Therefore, the LFL values ofthe fuel in air used in Equation 3-10 were valid 
throughout the calculation. Overall, the calculations under off-normal conditions show that 
35 tanks will reach 25% of the LFL and 10 tanks will reach 100% of the LFL when the tanks 
reach steady-state. 
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APPENDIX A 

Equations to Calculate the Mass Transport Coefficient h 
for Soluble Gas 
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As described in Hedengren et al. (2000), 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 following, 

1 
1 K,RT -+- 

h =  

h, h, 

with h, =0.15.7.(S,.G,)”3 D, 

Density of Gas 
Diffusion Coefficient in Gas Phase 
Viscosity of Gas 
Schmidt Number 
Gravitational Constant 
Delta temperature between waste surface & gas 
Thermal expansion Coef of Gas 
Characteristic length( 1/4of Diameter) 
Grashoff Number 
Vapor Film Coefficient. 
Diffusion Coefficient in Liquid Phase 
Density of Liquid 
Viscosity of Liquid 
Thermal Expansion Coef. of Liquid 
Liquid Film Coefficient. 

kdm3 
m2/s 

kg/m-s 
(none) 

d S 2  

”K 
(WL 

m 
(none) 

d S  

m2/s 
kg/m3 
kg/m-s 
(90-I 

m / S  

Listed above in the last column are the typical values used in the calculation of h. 

1.17 
2.50E-05 
2.OE-05 
6.84E-01 

9.8 
1.00 

3.30E-03 
5.7825 

2.14E+10 
0.001586 
2.8E-09 

1300 
6.82E-04 
3.02E-04 

5.3047E-06 
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APPENDIX B 

Hydrogen Generation Rates Calculations from 
Empirical Rate Equation Model for 177 Hanford Tanks 
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MathCad Models for the Steady-State Flammable Gas Release Rate 
Calculation and Lower Flammability Evaluation for Hanford Tank Waste 
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RPP-5926 Revision 1 

Written By. 

(3986) 

(308.93) 

clas%a, := "dst" 

HeatLoad13,c,sosr := 

48.7 

Fmo := [45'0].% 50.9 Fljqu,d := [ 100 I.% 
45.8 

Tempvap := 302.372.K From (Bingham 2000) 

Calculated by Barker in 
"Decay Heat Generation Rate AN-104.MCD 8.129.10' 

volt,& := (1407).kilogal 

vent-rate := 1OO.cfm 

vent-ratq,b := ,0045, vol,,l, - volwaste,).- 

vent-ratq,b = 0.148cfm 

From (Bingham 2000) 

1 

( day 

AN Tank farm: Tank Data 

diamt,,k := 75.A 

volwaste 

gal 
h&,,,k := 

2754.- 
in 

( 382.349 1 
h k n k = l  9.592 x 10- " 1 in 

21 9.280 

163.069 ) 
2/8/01 
Hydrogen generation rate calc AN-I04 010207 mca 

estimation of waste depth 

VOlhead := VOl,,l, - VOl,,t, 
I 

voIhead = 4.732 x IO 4 3  A 
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Written By: Date: 2 

Dome-Space Methane Nitrous Oxide and Ammonia Concentrations (Bingham 2000) 

[ H2] := .0020.% [ C h ]  := .000195,% [NZO] := .000709.% [",I := .0021.% 

Ammonia Diffusion Information 

-9 mol L 
kZ_"3:= 1.81.10 .- V, := 24.79.- 

L.min mol 

2 P'gm 2.46.10 .- 
mL mol 

gm 17.037.- 
[NH31iq] = 0.014- 

L [ m ~ i q l  := 
3 hA_"3:= 5.92.10- 

mol 

mol 
L.atm 

KH := 6.18.- P:= l.atm 

Gas Concentrations at LFL 

LFLH~ := 4.% 

LFL"3 := I5.% 

LFLcH~ := 5 .% 

End of Input Data 

.04 
%LFLH~ := - 

100 

.I5 
%LFL"3 := - 

100 

.05 
%LFLcw := - 

100 

kI_NH3 = 2 . 2 2 9 ~  10-5min-I 

Calculations 

i :=  1..4 

Hvdrogen Generation Due to Thermolvsis (Hu. 2000 - Ean 4-81 

Define Constants (Based on Hu (2000) Eqn 4-8) 

Thermolysis pre-exponential factor (Hu. 2000 - eqn 4-8) 9 g-mol 
athm := 2.76.10 - 

kg day 

activation energy (Hu, 2000 - eqn 4-8) kiloJ 
g m o l  

Eu~, := 89.33.- 

Page E-5 of 56 2/8/01 
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RPP-5926 Revision 1 , , ADoendixE 

rf := 

Gas constant J 
gmo1.K 

RcOnst = 8.3144739- 

Reactivity coefficient (0.7 for DSTs, 0.4 for SSts) 
(Hu, 2000 - eqn 4-8) 

0.4 if clas%,t, = "sst" 

0.4 if class,, = "SST" 

0.7 otherwise 

WHZO = 
6.255 IO-' 

kg 
1 . 6 2 9 ~  lo6 

( 1 . 2 3 8 ~  I O 6 )  

Check units on input data 

3 . 1 1 0 ~  103 

3 . 1 1 0 ~  IO' p.gm i 3 . 1 1 0 ~ 1 0 ~  i- mL 
[TOC] = 

3 8 . 6 0 0 ~  I O 3  

3 8 . 6 0 0 ~  IO' 
[AI] = 

( 3 8 . 6 0 0 ~  IO') 

p.gm 
mL 
- 

(38.600 x IO') 

ziaioi Page E-6 of 56 
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4.512 x 

5 . 0 7 0 ~  
HGRtherm = 

Calculate the Hydrogen Generation Rate due to Thermolysis (HGbhem) 

g_m~l  
kg'day 
- 

(4.563 x 

f 2.502 

( 1 . 7 3 8 ~  ( 2.261 

2/8/01 Page E-7 of 56 
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Written By: 

rf := 

I 3.448 x 
HGRthermv scf = 

Reactivity coefficient of TOC (0.7 for DSTs, 
0.4 for SSts) (Hu, 2000 - eqn 4-16) 

0.4 if class,.,,,te = "sst" 

0.4 if 

0.7 otherwise 

= "SST" 

cfm 

170.000 x IO' 

170.000 x lo3 
[No31 = 

Hvdrogen Generation Due to Radiolvsis (Hu, 2000 - Ean 4-16) 

Constant Definition (Based on Hu (2000) Eqn 4-16) 

Activation energy of G in organic radiolysis 
(Hu. 2000 - eqn 4-16) 

pre-exponential factor of G in organic radiolysis 
(Hu, 2000 - eqn 4-16) 

ki loJ  
End := 44.32.- 

g-mol 

6 molecules 
ard := 2.49. I O  . 

100,eV 

k,.gm 
mL 
- 

rf = 0.700 

molecules 
1OO.eV 

G ~ z o _ ~ ~ t  := 0.005. default water radiolysis G-value 

Check units on input data 

Temp,,,,, = 308.930K 
2 

gm mwNoz:= (14.0067 + 2.15.9994)- 
&mol 

(170.000 x lo3)  

(170.000 x IO') 

2/8/01 Page E-8 of 56 
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(2.742) 

(2.742) 

125.000 x I O 3  

125.000 x I O 3  

(2.717) 

( 2 . 8 9 7 ~  10” 

( 1.895 x IO4  ) 
( 1 . 3 6 7 ~  lo4 
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Hydrogen generation rate calc AN-104 010207 .mcd 

SA Barker 
Nuclear Safety & Licensing 
CH2M HILL Hanford Group 



RPP-5926 Revision 1 

Written By: -/&&&Date: +, Appendix E 

-0.934 

-0.934 
GHZO = 

Calculate the Hydrogen Generation Rate due to Radiolysis (HGR,,,) 

molecules 

100.eV 

Go, = 

GHZO, := 

0.012 

0.012 

GHZO i f  GHZO > GHZO-sat 

GH20-sat otherwise 

(-0.934) 

SA Barker 
Nuclear Safety& Licensing 
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9.996 x IO-' 

3.966 x 

Written By: &,h& Date: + Appendix E~ 

g_mol 
kg'daY 
- 

2.286 x 

R,,,:= 

1 . 2 4 7 ~  

8.455 x 

7.723 x 

4.750 x 

cfm 

if class,,,,,te = "sst" 7 ft3 1.2.10- .- 
A2.min 

HGR,, = 

3.473  IO-^) 

( 1.622 

1.100~ 1 0 - l ~  
HGRradv-scf = 

1.005 

( 0.618 ) 

1 . 1 2 6 ~  

7 . 6 3 8 ~  

6 . 9 7 6 ~  

4.291 x 

ft3 - 

sfm 

Hvdrogen Generation Due to Corrosion (Hu, 2000 - Eqn 4-17) 

Constant Definition (Based on Hu (2000) Eqn 4-17) 

8 fi3 R,,, = 6.000 x 10- - 
ft'min 

2/8/01 Page E-11 of 56 
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Written By: 

Calculate the wetted area of steel (vertical waste storage tank, assuming a flat bottom) 

2 

Awet4 := rr.[F) + n.diam,,yh&,k4 

1 . 1 4 6 ~  ft3 

2 . 6 2 0 ~  
- HCRcOrI = min 

(4.637 x ) 

( 0.668 ) 

6.555 x 

4 . 1 8 8 ~  

( 0.944 

0.341 

( 0.603 
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Written By: Date: 

Total Hydrogen Generation Rate 

t::: 3 
2.703 x in6 ) 
( 2.502 

5 . 4 9 6 ~  
HGRlhermv = 

1.422 

1.081 

HGRradv = 

1.795 

0.684 

( 1.045 

2.022x 10- 

151.287 

HGR=[ 2.368 x lo-'' 1- L 

82.432 day 

68.875 

273.15.K 
HGh1, := HGR. 

TemP,,p 

2/8/01 
Hydrogen generation rate calc AN-I04 010207 .mcd 

Page E-I 3 of 56 

At Headspace Temp i 
SA Barker 

Nuclear Safety & Licensing 
CH2M HILL Hanford Group 



RPP-5926 Revision 1 

Written By: ,&A& Date: &b/ Appendix E 

(3.352 x ) 
HG%tp = 

5 .247~ 

1.826~ lo-’ 
Cfm 

( 1.526 x ) 
( 4.826 \I 

Steady-State Hydrogen Concentration (assuming normal ventilation rate) 

HCRl 

:= HGR, + vent-rate 

[HZ,,] = 37.1OOppmv 

[HZ,,] =3.710x 

Steady-State Hydrogen Concentration (assumine barometric breathing ventilation 
rate) 

HGRl 

HGRl + vent-ratebb 
[H2rr_bbl := 

4 
[HZ,, bb] = 2.447 x IO ppmv 

~ 

[HZ,, bb] = 2.447% 
~ 

Gas release Rate (independent of ventilation rate) 

rateHzrel = 3.710 x IO-’cfm rateH2_,l_bb = 3.710 x I O - ’ C ~ ~  

2/8/01 Page E-14 of 56 
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Written By: $&izL Date: AppendixE 

Calculate generation Rates of Ammonia, Methane, and Nitrous Oxide (assuming no 
gas retention) 

GRNH3=2.100x 10-3Cfm 

[ CH4] .vent-rate 
GRCH4 := ~ k ~ ~ =  1 . 9 5 0 ~  ~o-~cfm 

1 - [CH41 

[ NZO] .vent-rate 
1 - [N20] GRN20 := G R ~ ~ ~  = 7.090 x ~o-~cfm 

Steady-State Ammonia, Methane, and Nitrous Oxide Concentration (assuming 
normal ventilation rateMiust a check of methodologv) 

[NH3,,] = 2.100 x 
GRNH3 

[NH3,,] := 
GRNH3 + vent-rate 

[CH4,,] = 1 . 9 5 0 ~  w4% G k H 4  
[ CH4,,] := 

GRCH4 + vent-rate 

[NZO,,] = 7.090 x 
GRN20 

[N20,,] := 
GR,,, + vent-rate 

Steady-State Ammonia, Methane, and Nitrous Oxide Concentration (assuming 
barometric breathinv ventilation rate) 

NH3-1000-day = 2.013 x IO3ppm 

[NH3,, ~ bb] := NH3-1000-day 

2/6/01 Page E-I5 of 56 
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Coy,,,:= 

Rate 

[ "3,, 1 2.100 
Conc,,,t = 

[ C H 4 J  1 . 9 5 0 ~  

(GRNZO) (7.090 x W4) 

( HGRl 'I ( 3 . 7 1 0 ~  IO-' 

2 . 1 0 0 ~  

1 . 9 5 0 ~  ! 7 . 0 9 0 ~  

Rate,,! = 

Calculate the composition of all components at time 't' 

Special Calculation for Ammonia (Soluble Gas) 

vent-rat%b + Raterel 

Vo'head 
h,  := 

Raterel '100% 
Conc,, := 

I Raterel + vent_rat%b 

2/8/01 Page E-16 of 56 
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Written By: /-&&A Date: %/6+/ 

[-+(--- ["3ssi k2-NH3) exp [ -I.-.- k:r t ]] .Vm otherwise 

vm kl_NH3 day 

conc(O.sec,l) = 3 .710~  IO- '% 

conc(O.sec,z) =2.100x 

conc(O.sec,3) = 1.950~ 

conc(O.sec,4) = 7 .090~  

conc(lOOO,day, 1) = 2.423% 

cow( 1000.day.2) = 0.201 % 

conc(1000.day,3) = 0.130% 

conc(1000.day,4) = 0.472% 

conc(lOOO.day, 1) = 60.578%LFL,2 

cow( lOOO.day,Z) = 1.342%LFL", 

cow( 1000.day, 3) = 2.605 %LFLcH~ 

t:= 0,10..3000 

cam( t day.2) 

% 
~ 

conc(_tday,3) 
% 

. . . 

Calculate Steady-State Flammable Gas Concentration at Normal Oaerating 
Conditions 

1 

conc( z, 1 ) conc( z , 2 )  conc( z,3) + + 
LFLHZ LFLNH3 LFLCH4 

LFL,ix(z) := 

LFLmi,(O.day) = 9.037 x l o 4 %  

z i a m  Page E-17 of 56 
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z& Appendix E Written By: 

LFL,,,( 1OOOOOO.day) = 153.469% 

Calculate the time to reach various fractions of the LFL 

time to reach 25 %LFL TOL := .00001 

tlfl := 25 

z := I0.day Initial Guess 

tempzz := Re(root(f(z,tlfl),z)) 

tempz5 := -5.day Initial Value in case solution 
cannot be found 

tempz5 = 100.460 day 

TimellSohLFL := if([Conc_mix,,bb] > 25%,if(tempz5 < 0.day,0.day,tempz5), IO 9 .day) 

Timel_z5%LFL = 100.460 day 

time to reach 50 %LFL 

tlfl := 50 

z:= I0,day Initial Guess 

tempso := Re(root(f(z,tlfl) ,z)) 

tempso := -5,day Initial Value in case solution 
cannot be found 

tempso = 311.578day 

Time,-,,%,F, := if([Conc-mix,,_bb] > 50%,if(tem~5~ < O,day,O.day,tempso),IO 9 ,day) 

Timel-50./LrL = 31 1.578 day 

21810 1 Page E-I8 of 56 SA Barker 
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Date: ?/</''( 

time to reach 75 %LFL 

conc(z, 1) conc(z,2) conc(z,3) + + 
f(z) := ( LFLHz LFLNH3 LFLCH4 1 - 7 5  

%LFL 

z := I0,day Initial Guess 

temp7s := Re(root(f(z),z)) 

temp75 := -5.day Initial Value in case solution 
cannot be found 

temp75 = 405.331 day 

Time1_750,0LFL := if( [Conc-mixSsbb] > 75%, i f ( tem~~~ < O.day,O.day,temp75), IO .day) 

Time1_75%LFL = 1.000 x logday 

9 

time to  reach 100 %LFL 

1 - 100 

conc(z, 1) conc(z,2) conc(z,3) + + ( LFLH2 LFLNH~ LFLcH~ 
f(z) := 

%LFL 

z := I0.day Initial Guess 

temploo := Re(root(f(z) .z)) 

temploo = 131.106day 

temploo := -5.day Initial Value in case solution 
cannot be found 

Timel~looxLFL := if([Conc-mixSsbb] > 100%,if(temp,oo < O~day,O.day,temploo), lOg.day) 

Time,~loo.,LFL = 1.000 x IO day 
9 

2/8/01 Page E-I9 of 56 SA Barker 
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Written By: 

Minimum Ventilation Rates Need to Prevent Headspace Concentrations from 
Reaching Various Levels 

ventilation Rate to keep concentration less than 25 %LFL 

- 24.999 
LFLH2 LFLNH3 L F k H 4  ) 

f2_25(2) := 
%LFL 

z := ,001 .cfm 

tempzs := root(fl_25(z),z) 

Initial Guess  temp2, := -5.cfm Initial Value in case solution 
cannot be found 

temp2s = 0.400567cfm 

vent-ratel - zS%LFL := if(tempZs < O~cfm,O~ciin,tempz, + O.OOI.C~~TI) 

ventrate, zs%LpL = 0.402ciin - 

ventilation Rate to keep concentration less than 50 %LFL 

(Conc-vr(z, I )  I ~onc_vr(z,2) I ~onc_vr(z,3)) 

) - 49.999 
\ LFLH2 LFLNHJ LFLCH4 f2_5O(z) := 

%LFL 

z:= .OOl.Cfm Initial Guess temp,o := -5.cfm Initial Value in case solution 

temps0 := root(B_50(z),z) 

tempso = 0.194844 cfm 

vent-ratel ~ 

cannot be found 

:= if(temp50 < O~cfm,O~cfm,tempso + 0.001,ciin) 

2/8/01 Page E-20 of 56 
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vent-ratel = 0.196cfm - 

ventilation Rate to keep concentration less than 75 %LFL 

- 74.999 
( LFLHZ LFLNH3 LFLCH4 

f2_75(z) := 
%LFL 

Initial Guess temp75 := -5.cfm Initial Value in case solution 2 := ,001 .cfm 
cannot be found 

temp75 := root(f2-75(z),z) 

temp7s = 0.127702 cfm 

vent-ratel 750hLFL := if(temp75 < 0.cfm,0dim,temp75 + 0.001,cfm) 

vent-ratel 75%LFL = 0.129cfm 

. 

- 

ventilation Rate to keep concentration less than 100 %LFL 

z:= .OOl.cfm Initial Guess 

temploo := root(f2-100(z),z) 

temploo = 0.094478cfm 

vent-rate, - 

vent-rate,-lO,,%LFL = 0.095 cfm 

:= if(temploo < 0.c 1,o.c 

temploao := -5.cfm Initial Value in case solution 
cannot be found 

,templao + 0.001.~ 

2/8/01 Page E-21 of 56 
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Written By: 

3 . 1 1 0 ~  IO' 

Summary Section 

Inmt Data 

Waste Properties (1 => Total Waste. 2 => Liquid Waste. 3 ==> Solid Waste) 

1 . 7 0 0 ~  IO' mL 

1.250 x 10' 
[NO21 = 

1 . 2 5 0 ~  10' 

( 3 . 8 6 0 ~  I O 4 )  ( 383.000 

1.408 105 

3.531 x IO-* 

8.073 x lo4 

6.003 x IO4  , 
1 ,367 io4 

i.ooox i 8 . 1 2 9 ~  lo3 

48.700 

FHZO = HeatLoad137~,-90~~ = 

p.gm - 
mL 

(45.800) 

vol,,l, = 1.407 x I O 3  kibgal  vent-rate = 100.000 cfm 

( 382.349 \I AN Tank farm: Tank Data 

diam,,k = 75.000 f t  9 . 5 9 2 ~  10- in 
hhonk=l 219.280 1 

( 163.069 ) 
[ N20] = 7.090 x 1 0-4 % 

DomeSpace Cornpositiolla 

[CH,] = 1 . 9 5 0 ~  W4% 

End of Input Data 

J 

ivatt 

(1.25ox IO') 

(1.25ox IO') 

( 17.000 

308.930 

308.930 

308.930 

308.930 

Tempvap = 302.372 K 

vent_ratsb = 0.148cfin 

estimation of waste depth 

[NH3] =2.1OOx lo-'% 

2/8/01 Page E-22 of 56 SA Barker 
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Output Data 

Waste Properties (1 ==> Total Waste, 2 => Liquid Waste, 3 ==> Solid Waste) 

Hydrogen Generation Rate due to Thermolysis. Radiolvsis, and Corrosion... 

1 . 7 3 8 ~  IO-’ 1.247 x IO-’ 7 . 2 5 6 ~  

3 . 8 1 6 ~  8.455 x 1 . 1 4 6 ~  IO- 

7.723 x 2 . 6 2 0 ~  9.873 x 

7.505 4 . 7 5 0 ~  4 . 6 3 7 ~  
Overall Hydrogen Generation Rate... 

at the headspace conditions.. . at standard conditions (2730K) ... 
( 3 . 7 1 0 ~  (3.352 x IO-’ ) 

HGR = 
5.808 x 5 . 2 4 7 ~  

2 . 0 2 2 ~  IO-’ 1 . 8 2 6 ~  lo-’ 
cfm HG%l, = C h  

( 1.689 x ) ( 1 . 5 2 6 ~  10-3) 

( 5.343 ) ( 4.826 ) 

( 2.432 ) ( 2.197 ) 

Steadv-State Compositions 

Hydrogen at Normal Ventilation Rate ... at Barometric Breathing Ventilation Rate 

[ HZ,,] = 0.093 %LFLH~ [W,, - bb] =61.184%LFLH2 

Ammonia at Normal Ventilation Rate ... at Barometric Breathing Ventilation Rate 

[NH3,,] = 0.014%LFL”3 [NH3,, ~ bb] = 1.342%LFL”, 

Methane at Normal Ventilation Rate. .. at Barometric Breathing Ventilation Rate 

[CH4,,] = 3 . 9 0 0 ~  10-’%LFLCH4 [CH4,, bb] = 2.634%LFLcH4 - 

Nitrous Oxide at Normal Ventilation Rate ... at Barometric Breathing Ventilation Rate 

[N20s,] = 7.090 x [N2OsS-bb] = 0.477% 

2/8/01 Page E-23 of 56 SA Barker 
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Flammable Gas Concentrations after Loss of Ventilation at Selected Time Periods 

conc,,,(O.day) = 0.1 I I %LFL cone,,,( I0.day) = 3.34S%LFL 

conc~,,(109~day) = 65.160%LFL concm,,( 100,day) = 24.914%LFL 

Time to Reach Various LFL Levels 

Time1_2s%LFL = 100.460 day 

Timel s o % ~ p ~  = 31 1.578 day 

Timel-7s%LFL = 1.000 x 1 O9 day 

Timel-loo%LFL = 1.000 x 10 day 9 
~ 

Minimum Ventilation Rates to Keea Headsaace Comaosition Below Selected LFLs 

vent-rate, ~ 2 s % ~ ~ L  = 0.402cfin vent-ratel 7s%LpL = 0.129cfm 

vent-ratel - = 0.196cfm vent_ratel 100ohLFL = 0.095cfm 

~ 

- 
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Hydrogen Generation Rate Calculations 
Monte Carlo Analysis - Calculation Note RPP-5926 

This calculation allows the user to assign uncertainty information and perform a monte carlo analysis to determine 
uncertainty bound for an answer. 

References 

Hu, T. A., 2000, Empirical Rate Equation Model and Rate Calculations of  Hydrogen Generation for Hanford 

Kufahl, M. A,, and D. A. Hendengren, 2000, Hydrogen Generation Rate Model Calculation lnput Data, 

Bingham, J. D., M. A. Kufahl, S. A. Barker, 2000, Collection And Analysis Of Selected Tank Headspace 

Tank Waste, HNF-3851, Rev. OA. Lockheed Martin Hanford, Corp., Richland, W A  

RPP-6069, Rev 0. CH2M HILL Hanford Group, Inc., Richland, WA. 

ParameterData, RPP-5660. Rev 0, CH2M HILL Hanford Group, Inc., Richland, WA 

Input Data 

Waste Properties (Crust material is included in solids laver in this example) 
(1 ==> Total Waste, 2 ==> Crust 3 ==> Liauid Waste, 4 ==> Solid Waste) 

Tank-id := "241-AN-104" 

Set Monte Carlo sampling parameters: 

NSamples := 500 number of individual samples to collect 

S i z e  := 50 number of data points in each sample 

lnput waste property data 

... The following data is from Kufahl2000, except where noted 

For the following parameters use liquid data only. .. 
P.gm [TOC,] := 3110,- 
mL 

5 P'gm [NO,,] := 1.25.10 '- 
mL 
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1 0 - l ~  
[ 137CSdI := 

5.38.10' 

4 P'gm [NOj,d] := 1.70.10 ,- 5 P'gm [NO3 m]  := 1.70.10 .- 
mL mL - 

p.Ci 

@" 

.- 

For the following parameters w e  layer specific data ... 

467.10' 

10-18 

5.38,102 

3.83,102 

[ 137CSm] := 

1.70.10' I 3.7.10' 

10-18 

7.31. 
[ 90Srm] := 

p.Ci .- 
gm 

(4.67. IO') 

(3.83.10') 

3.7.10' ) 

48.7 

FH20_m := 

(48.7) 

Ternhap_,,. := 302.372.K Temh..p_sd := 4.K From (Bingham 2000) 
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/ -  

9.592~  IO-" 

219.280 
h h k  

(308.93) 

in 

308.93 I 308.93 
Tembme-, := 

(308.93) 

classwaste := "dst" Heat Load Calculated by Barker in 
"Decay Heat Generation Rate AN-104.MCD 

( 1.372. io4\ (1.10~'  

(5.554.103) (1.102 

voltmk := (1407).kilogal 43.5790 

vent-rate := 1 O O d i n  

vent-rat%b := ,0045, voltank - volwas~~~,)--- 

vent-ratebb = 0.148cfm 

From (Bingham 2000) 

1 

( day 

AN Tank farm: Tank Data 

f 382.349 \I 

estimation of waste depth 

163.069 ) 

i : =  l . .4  k := 1 .. NSamples 

.kilogal 
voIww-m volwmle-sd 

volWasle := rnorm NSamples, 
kilo.gal ' kilogal 

I 

L [  

volhed := voltanr - V0lW& 

volhead_,,. := mean(volhead) Volhe&sd := stdev(volhead) 
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masswaste_,,, := mean := Stdev 

(5.889x IO6 I f 4.886 x IO' 1 

2.706 x IO6 ) 3.17xx 105 ) 
Dome-Space Methane Nitrous Oxide and Ammonia Concentrations (Bingham 2000) 

[Hz - ,I := .0020,% [C& - := .0002.% [N20m] := .0007.% [NH, - ml := .0021.% 

Ammonia Diffusion Information 

-9 mol L 
kz "3:= 1.81.10 .- V, := 24.79.- 

~ L,min mol 

- 3  mL mol 
hA ~ "3 := 5.92.10 .cfm ["31qmI := [NH31,,,] = 0.013- 

gm L 

mol 
17.037,- 

2 P'gm 0.174.10 .- P:= l.atm 
mL - 3  mol - 

L 
[NH3liesd] = 1.021 x I O  ["3iiLSdl := 

gm 17.037.- 
mol 

L.atm 
KH:= 6.18.- 

mol 
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rf := 

Gas Concentrations at LFL 

LFLHz := 4.% 

Reactivity coefficient (0.7 for DSTs. 0.4 for SSts) 
(Hu, 2000 - eqn 4-8) 

0.4 if c l a s ~ , , , ~ ~ ~  = "sst" 

0.4 if class,,,a,, = "SST" 

0.7 otherwise 

.04 
%LFL,, := - 

100 
LFL"3:= 15.% 

.15 
%LFL"3 := - 

LFL,-H~ := 5.% 100 

.05 
%LFLcH~ := - 

100 

End of Inmt Data 

Calculations 

Hydrogen Generation Due to Thermolvsis mu, 2000 - Ean 4-81 

Define Constants (Based on Hu (2000) Eqn 4-8) 

9 &mol alhm := 2.76.10 - 
k g  day 

Thermolysis pre-exponential factor (Hu, 2000 - eqn 4-8) 

activation energy (Hu. 2000 - eqn 4-8) k i l o J  &, := 89.33.- 
g-mol 

rf = 0.700 

Calculate the Weight Fraction of Liquid in the Waste 

FHZO, := (morm(NSamPles, FH20-mi, ~mo_~d , ) )  
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( 2.885 x IO6 ) f 3.767 x IO' 

6.263 x 10- 1.029x 10- 
W H Z O - ~  = 1 kg WHZO_sd, = ' J kg 

' 1.641 x IO6 2.126 x IO' 

1.247 x I O 6  1 . 9 0 7 ~  I O '  

Check units on input data 
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HGRthem_sd = 
g_mol 
k g  day 

Flquid4k if Fliquid4 k 

1 otherwise 

__* - 
Fliquid := FliquidZ - - 
Fliquid := Fliquid4 

F l y i d  := Fliquidl 

Fliquid := Fl~quid3 

i : =  1..4 

3.033 x 

3.564 x 

(5.462 x IO-' 

5 . 1 2 7 ~  

5.843 x 
HGRthem_m = 

g_mol 
kgday 

ziaioi Page E-31 of 56 
Hydrogen generation rate calc AN-I04 010208 mc .mcd 

SA Barker 
Nuclear Safety & Licensing 
CH2M HILL Hanford Group 

- ... . I_- 



J .  n / ,, RPP-5926 Revision 1 

HGRthemv..scf = 

6 . 2 7 9 ~  10- ft3 
HG&hermv_m = 1 

" 1 day 1.641 

3.939x 

1 . 0 2 9 ~  
Cfm 

1.268 ) 

rf := 

2.02ox lo-' 

4 . 3 6 0 ~  IO-'' 

1 . 1 4 0 ~  lo-' 

8 . 8 0 4 ~  

Reactivity coefficient of TOC (0.7 for DSTs, 0.4 if classwaSte = "sst" 

0.4 if = "SST" 0.4 for SSts) (Hu, 2000 - eqn 4-16) 

0.7 otherwise 

:fm ( 1.145 ) 

( 1.825 x 

(7.953 10-4 

Hvdrogen Generation Due to Radiolvsis (Hu, 2000 - Eqn 4-16) 

Constant Definition (Based on Hu (2000) Eqn 4-16) 

Activation energy of G in organic radiolysis 
(Hu, 2000 - eqn 4-16) 

k i l o l  
g-mol 

E,,d := 44.32,- 

6 molecules 
arad := 2.49.10 . pre-exponential factor of G in organic radiolysis 

(Hu, 2000 - eqn 4-16) 100.eV 

rf = 0.700 

default water radiolysis G-value molecules 
100eV 

G ~ 2 0 _ ~ ~ t  := 0.005. 
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Check units on input data 

Temb,,,b-m2 = 308.907 K 

gm mwNoz:= (14.0067 + 2.15.9994).- 
g_mol 

gm mwNo3 := (14.0067 + 3.15.9994).- 
g m o l  

3 P'gm [NO3 ,] = 170.000 x I O  - 
mL ~ 

)L Ep" P gm 
mL mL 

3 PL'W [NO, ,] = 125.000 x I O  - 
mL - 
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( 2.904 x 10l2 

( 1 . 1 7 6 ~  I O " )  

:= Stdev HeatLoad13.l~~ 90% 

(2.053 x IO")  

L 1 . 9 9 8 ~  10") - 
HeatLoad137~~_90~~ 

V ~ l w a s t d  Pwaste 
Hload := 

HeatLoad,, := mean 

4 . 6 5 4 ~  

4.100 x 

HeatLoadmi = 

Calculate the Hydrogen Generation Rate due to Radiolysis (HGR,,) 

(0.013) 

molecules 
100.eV 
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HG&adv-m = 

3 molecules molecules 
GHZO_, = 5.000 x 10- G H Z O - ~ ~  = 0.000 100.eV 100.eV 

8.545 x 
cfm 

7.887~ 

1.2305~ ft3 0.0000 ft3 

0.0958 day 

[O.l04sj - 

HG&adv_sd= 1 1.1357 

0.6934 

HG&adv-m = 

(1 .246~  I O - ' )  

( 4 . 8 1 5 ~  
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1.621 0.174 

HG'dv-scf-m = [ 1.026 1 $ HG&adv-scf_sd = [0.087 

0.626 0.095 

1.112x 0.000 

( 1.125 x 7 

Hydroeen Generation Due to Corrosion IHu, 2000 - Ean 4-17) 

Constant Definition (Based on Hu (2000) Eqn 4-17) 

Corrosion coefficient (6.OE-08 
for DSTs. 1.2E-07 for SSTs) 

if classwaSte = "sst" 

(ftYrnin/ft*) 
Referenced to 25oC 
(Hu, 2000 - eqn 4-17) 

if c l a ~ % , ~  = "SST" 
ft3 

1.2. m7.- 
fi2.min 

otherwise 

fi3 
R,,,, = 6.000 x IO-'- 

ft2.min 

Calculate the wetted area of steel (vertical waste storage tank, assuming a flat bottom) 

Awet2 := x.diam,,,t.hL,k 

Awet3 := rr~diamt,,r.hh,,k 
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HGk0rr-m = 

1 . 1 9 3 ~  lo4 

Awet=[ 1.883 1 0 - ~  ]ft2 

4.306 x lo3 

7 . 6 2 0 ~  IO3 

Calculate Hydrogen Generation Due to Corrosion 

1.146 x 

2 . 6 1 9 ~  
cfm 

( 1.0448 1 

0.6676 ) 
(7.255 x 

(4.636 x ) 

0.0136 

8 . 7 1 6 4 ~  

0.603 ) 
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1.035 x 

2 m X  
cfm 

Total Hydrogen Generation Rate 

5 . 8 8 9 ~  I O 6  

HGRthemv-m = 

1 . 3 9 2 ~  

3.213 x IO6 
kg 

4.360 x 
C h  

1 . 1 4 0 ~  1 0 ' ~  

2 . 7 0 6 ~  IO6 ) 
(2.020 1 

8.545 x 

7 . 8 8 7 ~  
Cfm 

( 4.636 x ) 
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HGR,,, = 

(3.991 x IO-' ) 
5 . 5 0 6 ~  

2 . 1 9 0 ~  w3 
cfm HGkd = 

( 1 . 8 2 6 ~  lo-' 

( 162.755 1 

0.000 
cfm 

7.065 

2 . 2 4 5 ~  IO- ' '  

89.308 
HGR,,, = 

74.438 ) 

L 

day 
- 

4.974x 10-16 

1.979 x IO-' 

1 . 6 4 9 ~  

5.192 

2.375 
i 

(9.829 1 0 d )  

( 6 . 4 1 9 ~  

At Headspace Temp ... 

8 . ~ 7 9 ~  

6 . 3 8 2 ~  IO& 

At Standard conditions ... 

Steadv-State Hydrogen Concentration (assuming normal ventilation rate) 

HGRl 

HGR, + vent-rate 
[HZ,,] := 
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Steady-State Hydrogen Concentration (assuming barometric breathing ventilation 
rate) 

> 

rateHz_rel = 1.996 cfm rateHz_,l-bh = 1.996 cfm 

Calculate Release Rates of Ammonia, Methane, and Nitrous Oxide at Normal 
ventilation Rate (assuming no gas retention) 

[NH3] := (rnorm(NSamples,[NH3 ,,,],[NH3 ~ sd])) 

IN201 .vent-rate 
1 - IN201 

R R N z ~  := 
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RRN20-m := mem(RRNZ0) RRNZqrd := Stdev(RRNzO) 

5 RRNZO_,,, = 6.952 x 10-4cfm R R N z o _ ~ ~  = 6.879 x 10- cfm 

Steady-State Ammonia, Methane, and Nitrous Oxide Concentration (assuminp, 
normal ventilation rateMiust a check of methodologyJ 

RRN143_m 
[NH3,, ,I := . RRNH3, + vent-rate [NH3,, ,I =2.107x 

[NH3,,.,] = O.OI~%LFLNH~ 

[NH3,,] := (morm(NSamples,[NH3,, ~ m], [NH3,,-,,j])) 

[CH4s,m] = 2.006 x W4% 
R k H 4 _ m  

WH4_,,, + vent-rate 
[CH4,,1 := 

[N20,,] = 6.951 x 

Steady-State Ammonia, Methane, and Nitrous Oxide Concentration (assuminq 
barometric breathing ventilation rate) 
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[CH4ss bh rd] = 0.014% [CH4,, ~- hh ,] = 0.135% 

~~ 

[ ~ 2 0 ~ ~ . h h _ ~ 1  := mean( [N~O~~-~I,I) [N2Oss_bh_sdl := Stdev([N20ss~bhl) 

[NZO,, hh ,] = 0.468% [N20sa-hh.-sd] = 0.046% ~- 

Determine the Overall Steadv-State Flammable Gas Concentration with Loss of 
Ventilation 
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Concini, := 

GR-m := 

Raterel := 

[ ~ ~ 3 , , , 1  2 . 1 0 7 ~  
conci,tt = 

[ ~ ~ 4 , , , 1  2.006 

GR-m = 

3.991 x IO-’ 

2 . 1 0 7 ~  IO-’ 

2 . 0 0 6 ~  

6 m X  

Calculate the composition of all components at time ‘t’ 

... Insoluble Gas Relationship 
> 

vent_rat%b + Rate,,] 
x, := 

volead 

> 
Rate,] ‘100% 

Conc,, := 
I Raterel + vent-rat%b 

... With New Ammonia Relationship (as Soluble Gas) 

Cfm 

Release Rate 
(Assume no retention) 

Initial Concentration Rate 
(Assume at Steady- 
State with normal ops) 

> 
[ Conc,,’ , [ 1 - e  “1 + Conc,,,, .[e(-’, “I] if i > 2 

kZ-NH3 [“3ss1 “Z-NH3] exp [ -I.-.- “1: t ]] .V, otherwise 
> 

[G + [T -G day 
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... With New Ammonia Relationship (as Soluble Gas) 

conc-m(t,i) := mean 

[ kldr 1 ]] > 

exp -l.-.- .V, otherwise 
day 

... With New Ammonia Relationship (as Soluble Gas) 

conc-m(O.sec,l) =3.991 x IO-’% 

conc_m(O.sec,Z) = 2 . 1 0 4 ~  IO-’% 

conc-m(lOOO.day, I) = 2.593% 

conc-m( 1000.day,2) = 0.205% 

conc_m(IOOO.day, 1) = 64.828 %LFLH~ 

conc-m( 1000.day, 2 )  = 1.365 %LFLN,~ 

conc_m(O.sec,3) = 2.006 x W4% 

conc-m(O.sec,4) = 6.951 x 10- 4 % 

conc-m(1000.day,3) = 0.134% 

conc-m(1000.day,4) = 0.462% 

conc_m( 1000.day,3) = 2 . 6 7 4 % L F L ~ ~ 4  
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Calculate Steadv-State Flammable Gas Concentration at Normal ODeratine 
Conditions 

1 
conc(z, I )  conc(z,Z) conc(z,3) 

LFL,,,(z) := 
+ + 

LFLHZ LFLNH3 LFLCH4 

LFL,,, - ,(z) := mean(LFL,,,(z)) 

LFL,,, ~ ,(O.day) = 8.488 x IO % 

LFL,,, ,( 1000000~day) = 149.796 % 

LFL,,, ~ sd(z) := Stdev(LFL,,,(z)) 

LFL,,, - d(O,day) = 836.379% 

LFL,,, sd( lOOOOOO.day) = 29.308% 

4 

- ~ 

Calculate the time to reach various fractions of the LFL 
time to reach 25 %LFL 

TOL := .00001 

- I I  .% 
LFLcH4 I LFLNH3 I' LFLHz %LFL 

f-sd(z,ll) := Stdev 

tlfl := 25 

z := l0.day Initial Guess tempz5 := -5.day Initial Value in case solution 
cannot be found 

temp25 := Re(root(f(z,tlfl)*z)) 

tempz5 = 91.877day 
The "Re" function will keep the real portion of a complex number. This 
function is used to allow the "IF" statements below to fuction properly. 
Caution, the answer given may be complex. Without the "IF" 
statement the user may be unaware of this! 

zm := I0.day initial Guess tempz5 , := -5,day Initial Value in case solution 
cannot be found 

- 

temp25_, := Re(root(fm(zm,tlfl),zm)) 

tempz5, = 98.541 day 

Time~~z50hLFL~, := i f ( [ C o n c - m i ~ , , ~ ~ ~ ~ , l  > 25%,if(temp25, < O~day,0.day,tempz5,), lO9.day) 
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time to reach 50 %LFL 

tlfl := 50 

z:= 10.day Initial Guess tempso := -5.day Initial Value in case solution 

ternpa := Re(root(f(z,t'fl),z)) The "Re" function will keep the real portion of a complex number. This 
function is used to allow the "IF' statements below to fuction properly. 
Caution, the answer given may be complex. Without the "IF" tempso = 271.253 day 

statement the user may be unaware of this! 

cannot be found 

m:= I0.day Initial Guess temp,, , := -5.day Initial Value in case solution 

tempSo , := Re(root(fm(zm,tlfl),zm)) 

tempSo , = 300.463 day 

Timel~S~u~LpL~~m := if([Conc-mix,,~~b,l > 50%,if(tempso-, < O.day,O.day,tempso_,), 109.day) 

Timel-50%LpL_m = 300.463 day 

~ 

cannot be found 

T i m e l - ~ ~ % ~ ~ ~ _ ~ d  := if( [Conc-mix,,_bb_,l > .SO,if(tempso < O~day,0.day,f_sd(tempso,tlfl).temp50), 10 9 .day) 

Timel-So%LFL_sd = 32.068 day 

time to reach 75 %LFL 

tlfl := 75 

z := I0.day Initial Guess temp,s := -5.day Initial Value in case solution 
cannot be found 

:= Re(root(f(z7tlfl),z)) The "Re"function will keep the real portion of a complex number. This 
function is used to allow the "IF" statements below to fuction properly. 
Caution, the answer given may be complex. Without the "IF" 
statement the user may be unaware of this! 

temp75 = 542.444day 

zm:= I0.day Initial Guess 

temp,, ~ , := Re(root(fm(m,tlfl),zin)) 

temp,, , := -5.day Initial Value in case solution 
cannot be found 

- 

temp7, = 436.238 day 
T i m e l _ 7 5 % ~ ~ ~ _ ~  := if([Conc-mix,,_bb_,] > 75%,if(temp7,-, < O.day,O.day,temp,,_,), 10 9 .day) 

9 Time, -75%LFL_m = 1.000 x I O  day 

Timel 7 s % ~ ~ L  sd := if([Conc-mix,,_bb,] > 75%,if(temp7, < 0.day,0.day,f_sd(temp7S,tlfl).temp75), 109.day) 

Timel-7s%LFL_sd = 1.000 x 109day 
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time to reach 100 %LFL 

tlfl := 100 

z:= I0.day Initial Guess temp,,, := -5.day Initial Value in case solution 

temploo := Re(root(f (2, tlfl) , z)) The "Re" function will keep the real portion of a complex number. This 
function is used to allow the "IF" statements below to fuction properly. 

temploo = 152.81 1 day Caution, the answer given may be complex. Without the "IF" 
statement the user may be unaware of this! 

cannot be found 

zm := I0.day Initial Guess 

temploo_, := Re(root(fin(zm, tlfl) , zm)) 

templw , := -5.day Initial Value in case solution 
cannot be found 

- 

temploo = 135.485 day 
Timel_l~oohLFL_m := if([Conc_mix,,bb_,] z 100%,if(temploo_m < O.day,O.day,templOO_m), IO 9 ,day) 

Timel~looO/.LFL_sd := if[[COnc_mi*,~bb,] > I ,ifCtemploo < O~day,O.day,f_sd(templ~~,tlfl).(temploo)], IO 9 .day] 

Timel~lOo%LFL, = 1.000 x 109day 

9 Timel_,OO%LpL_sd = 1.000 x IO day 
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Minimum Ventilation Rates Need to Prevent Headmace Concentrations from 
Reaching Various Levels 

Calculate Steadv-State Flammable Gas Concentration at Normal Operating 
Conditions 

1 

Conc-vr(v, 1) + Concvr(v,2) Conc_vr(v,3) LFL,,,~,,(v) := 
+ 
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ventilation Rate to keep concentration less than 25 %LFL 

Conc_vr(z, I )  Conc_vr(z,2) Concvr(z,3) + + [ ( LFLHz LFLNH3 D(z,ll) := mean 
%LFL 

LFLNH3 LFLCH4 I' LFLH2 %LFL 
fl-sd(z,ll) := Stdev 

tlfl := 24.999 

z:= .OOl.cfm Initial Guess 

temp25 := root(D(z,tlfl),z) 

tempz5 = 0.429832cfm 

zm:= .OOI.cfm Initial Guess 

tempz5 rn := root(flm(zm,tifl),zm) 

temp25 = 0.41 1261 cfm 

- 

- 

temp25 := -5,cfm Initial Value in case solution 
cannot be found 

tempz5 := -5.day Initial Value in case solution - 
cannot be found 

vent-rate, - ZS%LFL_m := if(tempzs < 0.cfm,0~cfm,tempz5 ~ + 0.001.ctin) 

vent-ratel Z5%LFL_m = 0.412cfm 

vent-rate, ~ Z5%LFL_s,, := if(temp2s < O.cfm,O~cfm,fl_sd(tempz5 ,tlfl).tempz5) 

~ 

vent-ratel ZSohLFL-sd = 0.024ch 
~ 
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ventilation Rate to keep concentration less than 50 %LFL 

tlfl := 50 - ,001 

z :=  .OOI.cfm Initial Guess 

temp,, := root(Q(z,tlfl),z) 

temp,, = 0.209030cfin 

zm := ,001 .cfm Initial Guess 

temp,, := root(flm(zm,tlfl),zm) 

temp5, , = 0.199885cfm 

vent-rate, ~ 

vent-ratei,nohLFL_m = 0.201 cfin 

vent-rate,_,nWLFL-s,, := if(temp,, < O.cfm,O,cfm, fl-sd(temp5n,tlfl).temp5n) 

- 

~ , := if(temp5, < O.cfm,O.cfin,temp,, ~ , + 0.001.cfin) 

tempSo := -5.cfm Initial Value in case solution 
cannot be found 

temp,,_, := -5.day Initial Value in case solution 
cannot be found 

vent-rate, 5n%LFL_sd = 0.023 cfin - 

ventilation Rate to keep concentration less than 75 %LFL 

tlfl := 75 - ,001 

z := ,001 .cfm 

temp,, := root(Q(z,tlfl),z) 

temp7, = 0.136928cfm 

zm:= .OOl.cfm Initial Guess 

temp,,_, := root(Qm(zm, tlfl) , zm) 

temp,,_, = 0. I 30956 cf in  

Initial Guess Initial Value in case solution 
cannot be found temp,, := - 5 d m  

temp75, := -5.day Initial Value in case solution 
cannot be found 
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ventilation Rate to keep concentration less than 100 %LFL 

tlfl := 100 - ,001 

z : =  .OOI.cfm Initial Guess 

temploo := root(f2(z,tlfl),z) 

temploo = 0.101243cfm 

zm := .OOI.cfm Initial Guess 

temploo := -5.cfm Initial Value in case solution 
cannot be found 

temploo, := -5.day Initial Value in case solution 
cannot be found 

temploo ~ := root(flm(zm,tlfl),zrn) 

temploo_m = 0.096863 cfm 

vent-ratel - IOO”/.LrL_m := if(temploo < O.ctim,O.cfm,templm - + 0.001.cfm) 
vent-ratel I O ~ ~ ~ ~ F L _ ~  = 0.098 cfm 

vent-ratel IO~%~FL_~,, := if (temploo < O.cfm, Odm, tXsd(temploo, tlfl)+smplOO) 

vent~ratel~loo~LFL~sd = 0.022cfm 
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Summarv Section 

Input Data 
Waste Pronerties (1 ==> Total Waste, 2 ==> Liquid Waste, 3 => Solid Waste) 

3.531 x lo-' 

8.073 lo4 

Tank-id = "241-AN-104" 

3 p'gm [TOC,]=3.110~ IO - 
mL 

4 PL'W [AI,] = 3 . 8 6 0 ~  IO - 
mL 

\45.800) 

R3 

classwaSle = "dst" 

vent-rate = 100.000 cfm 3 .  voltank = 1.407 x 10 kilogal 

AN Tank farm: Tank Data 

( 382.349 ) 

diamtank = 75.000 fi 
9 . 5 9 2 ~  10- in 

h h n k  = I I' 1 
219.280 

( 163.069 ) 
Dome-Space Compositions 

[ C H ~  ,,,I = 2 . 0 0 0 ~  [N20,] = 7 . 0 0 0 ~  W4% 

End of' Innut Data 

[NO, ,] = 1.250 x 10 5 - P'gm 
~ mL 

17.000 

[90Sr,] = 

K 

( 37.000 

308.868 

308.907 

308.988 

308.989 

TemFba,, = 

Ternhap, = 302.372 K 

vent_rat%b = 0.148cfm 

estimation of waste depth 

[NH3 ~ ,I = 2 . 1 0 0 ~  IO-'% 
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Outwt Data 

Waste ProDerties (1 ==> Total Waste, 2 ==> Liauid Waste, 3 ==> Solid Waste) 

Hydrogen Generation Rate due to Thermolvsis, Radiolvsis, and Corrosion ... 
2 .020~  IO-’ 9.691 x 

cfm 
0.000 1 HGRthermv_rd = 

6.969~ 
- HG%emv_rn - 

5.506~ 4.974x 10-l6 
cfm HGhQ-rn = Cfm 

2.190~ IO-’ 1.979 x IO-’ 

( 8.804~ I 
( 1.246~ IO-’ 

8.545 x 

7 .887~  
HGbadv-m = 

\ 4 m x  10-4 

(7.255 x 

(4.636 x 

(6.235 

1.337 x 

0.000 

6.653 IO-’ 

7 . 2 7 ~ ~  IO-’ 

9.473 x 

0.000 

3 .420~  

6.053 x 

Overall Hydrogen Generation Rate... 

at the headspace conditions ... at standard conditions (273.150K) ... 
(3.991 x IO-’ (3.606 x IO-’ 7 

1.826~ IO-’ ( 1 . 6 4 9 ~  10-3 ) 
f 5.748 

7 .929~  IO-’’ HGR, = 
3.154 

2.629 

I 5.192 

2.375 
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Steadv-State Compositions 

Hydrogen at Normal Ventilation Rate ... at Barometric Breathing Ventilation Rate 

[H2,,,,,] = 0.100%LFL~2 [HZ,, ~- bb ,,,I = 65.600%LFL, 

Ammonia at Normal Ventilation Rate... at Barometric Breathing Ventilation Rate 

[NH3,, bb ,,,I = 1.365%LFLN~3 [NH3,,,] = 0.014%LFL,~, ._  

Methane at Normal Ventilation Rate ... at Barometric Breathing Ventilation Rate 

[CH4sr_m] = 4.013 x 10-3%LFL~~4  [CH4,, -~ bb ,,,I = 2.710%LFL,H4 

Nitrous Oxide at Normal Ventilation Rate ... at Barometric Breathing Ventilation Rate 

[N20,,,] = 6.951 x [NZO,,, - ,,,I = 0.468% 

Flammable Gas Concentrations after Loss of Ventilation at Selected Time Periods 

conc,,,(O.day) 

conc,,,, ~ ,,,( 1OO.day) = 25278%LFL 

conc,,,,,,(109.day) = 66.758%LFL 

concmlX ~ ,(lO.day) = 3.401 %LFL 

cone,,, ,,(489.445.day) = 59.546%LFL 
~ 

Time to Reach Various LFL Levels after Loss of Ventilation 

9 Timel_zs%LFL_m = 98.541 day 

Timel-50%LFL_m = 300.463 day 

Timel_75%LFL, = 1 .000~  10 day 

Timel_loo~LFL_m = 1.000 x I O  day 9 

Minimum Ventilation Rates to Keep Headspace Composition Below Selected LFLs 

vent-ratel 2SohLFL_m = 0.412cfm 

vent-ratel ~ ~OOALFL_,,, = 0.201 cfm 

vent-ratel 750hLFL_m = 0.132 cfm 

vent-rate, ~ IOO%LFL_,,, = 0.098 cfm 

~ ~ 
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Relationship of sampled [HZ] 81 [NH3] 
to their means with loss of ventilation 

I40 I I I I 1 
0 

0 0  
0 

0 
n 

+ 1 Std Dev 

[HZIss-mean @ 

- 1 Std Dev 

VR-bb 

zot 1 
[NH3]ss_mean @ VR-bb 

Sample ID 
000 [HZIss @ VR-bb 
....... [HZ]ss_mean @ VR-bb 

[HZ]ss-mean + SD 
[HZ]ss-mean - SD 

0 [NH3]ss @ VR-bb 
-.-.. [NH3]ss_mean @ VR-bb 

-__. 
-.-.. 
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