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Empirical Rate Equation Model and Rate Calculations of 
Hydrogen Generation for Hanford Tank Waste 

Abstract 

Hydrogen is the major flammable gas observed in tank dome spaces at the U.S. Department of 
Energy Hanford Site. Empirical rate equations are derived to estimate hydrogen generation based 
on chemical reactions, radiolysis of water and organic compounds, and corrosion processes. 
These equations take into account the dependence of the rate on tank waste compositions, 
temperature, radiation dose rate, liquid fraction etc. The numerical parameters are established by 
the analysis of gas generation kinetic data from actual waste samples, tank field surveillance data 
and tank waste characterization data. A comparison of the generation rates observed in the field 
with the rates calculated for twenty eight tanks shows agreement within a factor oftwo to three. 
The model serves as an usehl tool to evaluate flammable gas issues to support operations. 
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1.0 INTRODUCTION 

Gas generation in high-level radioactive tank waste is one of the major safety issues at the 
Hanford Site. The gases generated from tank waste are primarily hydrogen, nitrogen, nitrous 
oxide, ammonia, and methane. Understanding gas generation and the ability to predict the gas 
generation rates are important for controlling the flammable gas hazard during interim storage and 
for planning for fbture activities such as waste transfer, retrieval, and treatment. 

Laboratory studies (Ashby et al. 1992, 1993, and 1994; Barefield et al. 1995 and 1996; Bryan et 
al. 1992; Bryan and Pederson 1994; Delegard 1980; Meisel et al. 1991a, 1991b, 1991c, and 1993; 
Person 1996) on gas generation from simulated waste samples provide good information about 
the mechanisms ofthe gas generation in the waste. The hydrogen generation rates from actual 
waste samples have been measured for several tanks person 1996 and 1998; Bryan et al. 1996; 
King et al. 1997; Bryan and King 1998; King and Bryan 1998a and 1998b). These kinetic data 
were used to determine Arrhenius parameters. Pederson and Bryan (1996) have prepared a good 
review of this topic. 

In addition, the tank waste characterization program has provided a vast amount of information 
for the development of a reliable model, including. (1) tank waste characterization data from core 
and grab sampling (Schaffer 1997); (2) gas composition results from the retained gas sampler 
(Shekamz et al. 1997; Mahoney et al. 1997); (3) tank headspace vent rate studies (Huckaby et al. 
1997 and 1998; Sklarew and Huckaby 1998), and (4) vapor sampling data of tank dome space by 
the Standard Hydrogen Monitoring Systems (SHMS) and related grab samples (McCain and 
Bau'er 1998). 

Several models have been previously proposed to estimate the hydrogen generation rate (Hopkins 
1994, Graves 1994, Pederson and Bryan 1996, Hu 1997). The approach has been to estimate the 
rate of gas generation by relating the measured generation rate from either simulated or actual 
waste samples to specific tank waste chemical constituents and physical conditions. Hopkins 
(1994) provided a complete set of equations to estimate the hydrogen generation rate from 
thermal chemical reactions, radiolysis, and corrosion. Graves (1994) provided a very similar 
model using slightly different scaling factors in the thermal rate equations. In these models, the 
thermal rate equation follows the Arrhenius behavior but the radiolysis rate is proportional to 
radiation with a constant G-value of 0.1 HJ100 eV. Both Hopkins (1994) and Graves (1994) 
used simulated waste as a baseline for scaling. 

Pederson and Bryan (1996) adopted Hopkins' thermal rate equation, and proposed a [TOCI- 
dependent equation for organic radiolysis and a constant G-value of 0.031 Hd100 eV for water 
radiolysis, which was first suggested by Meisel and coworkers (1993). In the Pederson and Bryan 
(1996) model, both thermal and radiolysis rate parameters were derived from tank 241-SY-103 
waste samples (Bryan et al. 1996). They have shown good agreement between model-calculated 
rates and field-estimated rates when applied to tank 241-SY-101. Hu (1997) modified this model 
(Pederson and Bryan 1996) by adding terms for water radiolysis when the salt concentrations 
were low and for liner corrosion, and applied the extended model to double-shell tanks (DSTs). 

1-1 
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The calculated rates show good agreement with field data. However, when applying the model 
(Hu 1997) to calculate generation rates for single-shell tanks (SSTs), the ratio of model- 
calculated rate to filed-estimated rate ranged from 0.75 to 26.5 (Peurrung et ai. 1998). It was 
concluded that this large variation resulted, in part, from the exclusive use of rate data Erom tank 
241-SY-103 to parameterize the model. This deficiency has been addressed in this report. 

In this work, including the preliminary work (Hu et al. 1998), a newly developed and validated 
empirical model to estimate the hydrogen generation rate for SST and DST tank waste is 
presented and discussed. This model offers a more complete set of empirical rate equations to 
simulate both thermolytic and radiolytic effects on the hydrogen generation rate and incorporates 
the hydrogen generation rate from tank liner corrosion. Although coherent with the previously 
proposed models, the model has several new features: (1) it provides a set of empirical kinetic 
rate equations rather than a rate-scaling approach; (2) it has a temperature-dependent radiolysis 
rate equation (3) it is based on a large body of laboratory-measured rates from actual waste 
samples rather than a single simulated waste sample or 241-SY-103 waste samples; and (4)it has 
been applied to 33 ofthe most active gas generating DSTs and SSTs. The results are in good 
agreement with the field observations. 

Model development was divided into three subtasks. The first subtask was the detailed analysis of 
all hydrogen generation rates from actual waste samples for each individual tank. The main thrust 
of this tank-by-tank approach was to evaluate the temperature-dependent rates measured in the 
presence of the external radiation. The activation energy, pre-exponential A-value for the thermal 
reactions, and the effective G-value for the radiolysis are derived for individual tanks. This work 
established the rate behavior, tank by tank, and formalized the individual elements of the model. 

The second subtask was to analyze the available laboratory rate data as a whole. A preliminary 
global analysis of the pre-exponential term of Arrhenius equations for thermaI rates and of the 
radiolysis G-values was conducted first to identify the rate-dependent variables and establish the 
framework ofthe model (Hu et al., 1998). The model was finalized by performing global analysis 
on all available thermolysis and radiolysis rates. The parameters of the final rate equations were 
obtained from this global analysis of laboratory and field observations. The rate constants and 
activation energies were determined for the thermal rate equation The effective radiolysis - 
reaction rate was computed in two parts, water radiolysis and organic radiolysis The G-values 
for both water and organic reactions are computed as a function of tank waste compositions. 
Corrosion rates are formulated from the tank liner corrosion rate and the area of wetted surface 

Finally, the rate equations were used to calculate the hydrogen generation rate for a number of 
SSTs and DSTs, and the results were compared with the field data. The field data were also used 
to fine tune the parameters of the rate equations. The hydrogen generation rates for the crusts 
(top thin solid layer), convective (liquid), and nonconvective (solid) waste layers for all twenty- 
eight tanks were calculated. These layer-by-layer calculations reveal differences between layers 
and can be compared with the hydrogen release and accumulation rates estimated from field data. 
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This report is organized as follows. A brief review of hydrogen gas generation chemistry is given 
in Section 2. The hydrogen generation rates analyzed for individual tank are given in Section 3. A 
global analysis of the measured generation rates and the development of the model are given in 
Section 4. Calculated generation rates and field generation rates are compared in Section 5. 
Summary and conclusions are given in Section 6. References are given in Section 7. 

1-3 
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2.0 MECHANISMS OF HYDROGEN GENERATION 

Laboratory studies on the pathways for hydrogen generation in tank waste by radiolysis, 
thermolysis, and corrosion processes are summarized in following subsections. 

2.1 THERMOLYSIS 

In a study oftank 241-SY-101 simulant, Delegard (1980) reported that Nz, N20, and Hz 
generation was caused by the oxidative degradation of the complexant 
hydroxyethylethylenediaminetriacetate ion (HEDTA) but not by ethylenediaminetetraacetate ion 
(EDTA). Studies ofgas generation indicate the observed reaction rates depend on temperature 
and follow Arrhenius behavior, in which the rate increases exponentially with temperature. 

Ratethm = A e-mT (2-1) 

where A is a constant and E is the activation energy 

Delegard (1980) found an activation energy of 102.5 kJ/mole for the simulant and that the gas 
generation rates were dependent on the concentrations of the organic solutes, nitrite, hydroxide, 
and aluminate ion. Ashby et al. (1994) also reported aluminate ion enhanced the decomposition 
ofglycolate in the tank 241-SY-101 simulated waste. Barefield et al. (1995, 1996) found that 
aluminate and nitrite ions are important in initiating the decomposition. More than half a dozen 
activation energies for hydrogen generation have been reported. Depending on the identity of the 
organic component, the values vary considerably, ranging from 41 k.T/mole (Meisel et al. 1993) to 
126 kJ/mole (Ashby et al. 1994). 

In addition to water radiolysis, Ashby et al. (1992, 1993, 1994) suggested that formaldehyde, a 
decomposition product of HEDTA and EDTA, was an important organic source of hydrogen. 
Formaldehyde can ieact with base to form hydrogen and formate ion: 

H2C0 +H,O (OH) + HCOO' + H2 (2-2) 

Similar reactions occur with other aldehydic aging products such as glyoxylate ion. 

2.2 WATER RADIOLYSIS 

In radiation-induced reactions, hydrogen generation can arise from the direct radiolysis of water 
and by hydrogen abstraction from organic solutes. The radiolysis of water generates highly 
reactive species, such as the solvated electron (eaq- ); hydrogen atom (H); and the hydroxyl 
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radical O H  (Spinks and Woods 1990) as shown 

H20 + radiation + H + H’ + O H +  e,q- etc. 

Typical reactions to form hydrogen are shown. 

e,, + H + H20 + H2 + OH‘ 

(2-4) 

(2-5) 

Water radiolysis is suppressed by the salts. For Hanford wastes containing high concentrations of 
nitrate and nitrite ions, the products ofwater radiolysis (see Equation 2-4) are scavenged as 

The nitrate and nitrite ions consume the solvated electron and hydrogen atom and dramatically 
reduce hydrogen generation by water radiolysis. 

2.3 ORGANIC RADIOLOYSIS 

The hydrogen radical from water radiolysis can abstract H atoms from organic constituents to 
initiate the oxidation reaction of organic complexants and solvents and form hydrogen gas 

- 

H. + R-H --f H2 + R. (2-9) 

where R-H represents an organic component with a hydrogen atom, as shown in the reaction of 
E D T A :  

H. + RN(CH2COi )CH,CHzOH + H2 + (RN(CH2COY )CHCHZOH). 

Where R (CH2C0,’)2NCH2CH2 (2-10) 
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The ensuing decomposition processes in which HEDTA is converted into ED3A leads to 
formaldehyde, and additional hydrogen is generated by its oxidation to formate ion. 

2.4 CORROSION 

Hydrogen gas can be produced by the interaction of caustic liquids with the carbon steel of the 
tank walls. The chemical reaction for corrosion of steel is 

2H,O + Fe --t Fe(OH), + H, (2-1 1) 

In a high salt environment, such as Hanford tank waste, the corrosion process can be more 
complex (Anantatmula et al. 1994; Ondrejcin, et at. 1979). However, corrosion contributes only 
modestly to hydrogen generation and will not be discussed further. 

2-3 
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3.0 HYDROGEN GENERATION RATES FROM TANK WASTE SAMPLES 

Gas generation rates ofwaste samples from several tanks were measured to assess the relative 
importance of thermolysis and radiolysis at Pacific Northwest National Laboratory (King and 
Bryan 1998b and associated references) and 222-S Laboratory (Person 1996, 1998) at the 
Hanford Site. The thermal generation rates for each tank waste follow Arrhenius behavior quite 
nicely. The study of the influence of radiation on the gas generation rate for tank 241-SY-103 
waste (Pederson and Bryan 1996) found that the radiolysis rate was temperature independent. 
However, additional studies found that the radiolysis rates for tank 241-AW-101 (Bryan and King 
1998), tank 2414-106 (King and Bryan 1998a), and tank 241-A-I01 (King and Bryan 1998b) 
were temperature-dependent. 

Temperature-dependent radiolysis G-values are also observed in the simulated waste studies 
(Meisel et al. 1993 and Camaioni et al. 1996). Meisel et al (1993) found that the radiolysis 
G-value at 60 "C is higher than at 30 "C for several solutes. The activation energies for the- 
hydrogen abstraction reaction range from 4 to 39 kJ/mole. In the tank waste simulants 
SY-SIM-94C aging experiment, Camaioni et al. (1996) show that the radiolysis G-values are 
0.09, 0.11, 0.28 at temperatures of 50, 70, and 90 "C, respectively. The activation energy derived 
from that study is about 27 kJ/mole. 

As shown in the following analysis, the radiolysis rate is temperature-dependent. Whether this 
temperature-dependent behavior can be observed or not is dependent on the relative magnitude of 
the thermolysis and radiolysis components of the total rate. The analysis of radiolysis rates shows 
the observed radiolysis rates are not only temperature-dependent but also follow Arrhenius 
behavior. The results suggest that the observed radiolysis rates are the result of thermal reactions 
of organic molecules, e.g., formaldehyde, formed in radiolytically induced reactions.. The 
temperature-dependent G-values and the activation energies of the radiation-enhanced chemical 
reactions are derived for each individual tank in the following sections. 

3.1 LABORATORY MEASUWD HYDROGEN GENERATION RATES 

Bryan et al. (1996) and Person (1996) assessed the thermal contribution to the gas generation rate 
by measuring the rate of pressure increase in the reaction vessel when the waste samples are 
heated and maintained at different temperatures. The individual gas generation rates were 
determined based on the percentage of the gas in the sample (from the mass spectroscopy results 
of the sample) multiplied by the total gas generation rate. The rate measured at different 
temperatures is referred to as the thermolysis rate. The radiation effect from self-dose is very 
small compared to the thermolysis contribution for the temperatures used in the study. For the 
radiation contribution, the gas generation rates are measured at different temperatures while 
irradiating the samples with relatively large external radiation dosages to enhance the radiolytic 
reaction. At least two samples are subjected to each condition examined. 

Table 3-1 lists the measured rates from seven tanks with or without external radiation at different 
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temperatures, and the differences between the two measured rates. The rate measured without 
external radiation is referred to as the thermal rate. The effective radiolysis rate is defined as the 
difference between the rates measured with and without external radiation. 

Table 3-1. Laboratory Measurements of Hydrogen Generation Rates with or without 
External Radiation a t  Different Temaerature (2 Sheets) 

I 60 I 6.90E-07 I 6.80E-06 I 6.11E-06 1 
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Table 3-1. Laboratory Measurements of Hydrogen Generation Rates with or without 
External Radiation at Different Temperature (2 Sheets) 

I 58 I 4.79E-06 i n/a i d a  I 

I 120 I 2.2OE-03 I 2.OOE-03 I -1.89E-04 I 
I 120 1 2.30E-03 I 2.00E-03 I -3.01E-04 I 

~~ ~ ~~ 

'King and Bryan (1998b) 
*King et. 81. (1997) 
l o n g  and Bryan (1998a) 
4~erson (1998) 
bryan etal. (1996) 
$Van and King (1998) 
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higeneral, the rate should reach a steady generation rate in a few hours and remain constant at a 
given temperature. The rate could decrease because the source fuel is gradually used up. In the 
following analysis, the highest average rates at each temperature are selected for each tank in 
Table 3-1. Tanks 241-AW-101 and 241-SY-103 have negative radiolysis rates at higher 
temperatures. 

3.2 TANK-BY-TANK ANALYSIS O F  THERMAL AND RADIOLYSIS RATES 

The thermal rates (Le., measured without external radiation) follow Arrhenius behavior, 

Where & is the effective activation energy for thermal reaction. 
Auyn is the pre-exponential term. 

The thermal activation energy and pre-exponential A-value are obtained from the slope and 
intercept of each Arrhenius analysis, as shown for tank 241-AN-105 in Figure 3-1. 

Figure 3-1. Thermal Rate Data from Tank 241-AN-105 Data (Person 1998). 
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24 1 -A-10 1' 

241-S-102' 

, 241-S-1063 

24 1-AW-10 I 4  

24 1 -AN- 1 055 

In the thermal rate analysis, the self-dose radiation is so small that the radiation enhancement can 
be neglected. The thermal activation energy and the pre-exponential term quoted from the reports 
are listed in Table 3-2. The standard deviation of each value in Table 3-2 is given (where 
available) in the parenthesis. 

101 (8) 22 (3) 

91 (7) 19 (3) 

73 (6) 12 (2) 

102 (3) 25 (1) 

89.0 (6) 20(2) 

Table 3-2. Energy of Activation and Pre-exponential Term for 
Thermal Gas Generation for Seven Tanks 

I ' 241-SY-1Ol6 I 94 I 21 I 

'King andBryan (1998b) 
'Kine. et. al. (1997) 
%ng and B&n (i998a) 
'Bryan and King (1998) 
h s o n  (1998) 
%son (1996) This is one temperature measurement 
'Bryan et al. (1996) 

To assess the radiation effect, the generation rates are measured in the presence of external 
radiation at different temperature. The effective radiolysis rates referred as the rate difference 
with and without external radiation are listed in the last column of Table 3-1. Figures 3-2 and 3-3 
illustrate the hydrogen generation rates for samples from tanks 241-S-106 and 241-A-101. In the 
figure, each column represents the total generation rate measured in the presence of external 
radiation at different temperatures. Each column is divided into two parts. The bottom portion 
represents the rate with no external radiation and is referred to as the thermolysis rate. The top 
portion is the effective radiolysis rate, which is the difference with and without external radiation. 
It is clear that the thermolysis rates, the effective radiolysis rates, and even the total rates increase 
as hnction of temperature for both tanks. It is also observed that the generation rate is 
dominated by radiolysis for tank 241-S-106 while in tank 241-A-101 the thermolysis rate 
dominates. 

Although five tanks have been studied, only the data from tanks 241-S-106,241-S-102, and 
241-A-101 have a sufficient statistical basis to permit determination of the rate parameter (e.g., 
&d and Era,,). For tank 241-AW-101, the radiolysis rate is a negative value at 120 "C (Table 3-1) 
and is not usable. The activation energy and pre-exponential term of tank 241-AW-101 were 
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determined by the rates at 90 "C and 60 "C. For tank 241-SY-101, the radiolysis rates measured 
at 60 and 75 "C are very similar while the rates measured at 90 O C  are indistinguishable with or 
without external radiation. 

Figure 3-2. Laboratory Measurements of Hydrogen Generation From Tank 241-S-106 in 
the Presence of External Radiation (King and Bryan 1998a) 
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Previous models have assumed that the radiolysis rate is proportional to the radiation dose with a 
constant G-value (Spinks and Woods 1990) 

(3-2) Ratemd = G x Rad-dose 

However, the observed effective radiolysis rate is temperature-dependent. This means that the 
effective G-value is temperature-dependent . A large portion of the hydrogen generated in the 
tank is the by-product of multi-step chemical reactions that produce formaldehyde and other 
intermediates. 
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Figure 3-3. Laboratory Measurements of Hydrogen Generation from Tank 241-A-101 in 
the Presence of External Radiation (King and Bryan 1998b) 

H y d r o g e n  G e n e r a t i o n  R a t e s  
o f  T a n k  2 4 1 - A - 1 0 1  

60  90 1 2 0  
Tern p e r a t u r e s  ("C) 

Hydrogen is generated. from formaldehyde and these intermediates; thus, hydrogen is a product of 
the multi-step thermal organic reactions. The radiolytic reactions are thereby coupled to thermal 
chemical reactions. 

The observed effective radiolysis rates, as listed in Table 3-1, are analyzed as follows, 

(3-3) 

Where Erad is the activation energy for radiolysis. 
Arad is the pre-exponential term for radiolysis 
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Figure 3-4. Radiolysis Rate Analysis Plot as In(Rate) Versus 1/T for Tank 241-S-106 
(King and Bryan 1998a) 
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A linear fit of the logarithm of the radiolysis rate versus the inverse of the temperature provides 
the parameters of &ad and Erad as shown in Figure 3-4 for tank 2414-106. The radiolytic rates 
show a good correlation with temperature (R'= 0.99). The activation energy and pre-exponential 
term for the radiolysis can be obtained from the slope and intercept, respectively. Note that the 
radiolysis rate is the rate measured with external radiation minus the thermal rate calculated from 

and the pre-exponential factor respectively, and the associated statistical parameters are listed in 
Table 3-3. The results for tank 241-AW-101 are based on the rates at 60 and 90 "C. The 
radiolysis rate at 120 "C is negative and is not usable. The effective activation energy ranged from 
39 kJ/mole for tank 241-AW-101 to 60 kJ/mole for tank 2414-106, and the correlation's 
coefficient ranges from 0.94 to 0.99. 

. . the fit of thermal rate. The slope and intercept, which are used to calculate the activation energy 
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Table 3-3. Arrhenius Parameters from the Effective Radiolysis Rates Analysis 

A temperature-dependent formula for G can be obtained by combining Equations 3-2 and 3-3: 

- (3-4) 
-(ErndlRT) G = (Arad / Rad-dose x CF) x e 

Where G is the yield of radiolysis (H2/100 ev) 
is the effective activation energy for the radiolysis process (mo1ek.J). 

&ad is the pre-exponential term for radiolysis (molekg-day). 
Rad-dose is the applied external radiation dose rate (whi) 
CF is the conversion factor 4.02E+07 ((mole/kg-day)/@dl OOeV) (R/hf)) 

Using the effective activation energy Erad and the pre-exponential A d  listed in Table 3-3, and the 
external dose used in the measurement, the effective G-values for the radiation enhanced reaction 
rates at each temperature can be calculated for each tank and are given in Table 3-4. Notice that 
the observed G-value can be as low as 0.005 at 60 "C from tank 241-S-106. This value is much 
lower than the water radiolysis default value of 0.031 from simulant study (Meisel et al. 1993). 
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the rate measured with and without external radiation and is referred to as the effective radiolysis 
rate, is temperature-dependent and also follows Arrhenius behavior. It can be interpreted as the 
combination of thermal and radiation reactions. Thus, the observed effective radiolysis rates are 
analyzed as a hnction of the radiation dose-rate, where the G-value is temperature dependence 
and expresses in terms of an effective activation energy as shown in Equation 3-4. The activation 
energies for the radiolytic rate ranged from 39 kJ/mole to 60 kJ/mole, about half the thermal 
activation energies compared to the activation energy found in simulants studies, which are 4 to 
39 kJ/mole by Meisel et al. (1993). 

The Arrhenius relationship for the thermal rate and the effective radiolysis rate are demonstrated 
in Figure 3-5 using tank 241-A-101 data. At low temperature, the radiolysis rate is dominant. 
But when the temperature is increased to 100 "C, the thermal rate is the same as the radiolysis 
rate, and above that temperature, the thermal rate dominates. 

Figure 3-5. Typical Radiolysis Rate Analysis from Tank 241-A-101 (Data Taken from King 
and Bryan 1998b) 
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For tank 241-AW-101, the rates measured in the absence and in the presence of external radiation 
are indistinguishable at 120 "C. Calculations suggest that organic fuel consuming by radiolysis 
effect under these conditions are a lot faster than thermolysis. For tank 241-SY-103 samples, the 
radiolysis rate seems about the same at 60, 75, and 90 "C, and then becomes negative at 105, and 
120 "C. The results are totally different from the behavior of other tanks. At this time it is not 
possible to explain these results, but again it is possible that the fuel has been depleted to show the 
radiolysis effect at 90 "C and above, and thus, the rates become too low to show Arrhenius 
behavior. 
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4.0 GLOBAL ANALYSIS AND EMPIRICAL RATE EQUATION MODEL 

Several teams have carried out laboratory studies of gas generation with waste simulants and 
waste samples. The ultimate goal of this work is to define the rules governing hydrogen 
generation so that the generation rates for any waste condition can be predicted. 

Efforts have been made to create an empirical model of hydrogen generation. Hopkins (1994) 
based his rate equations on the study oftank 241-SY-101 waste simulant. Later, Graves (1994) 
presented a similar version of the equations used by Hopkins. During this early stage, only 
simulated waste data were available for modeling. Subsequently, gas generation studies using 
actual waste samples were conducted for tank 241-SY-101 (Person 1996) and 241-SY-103 
(Bryan et al. 1996). Pedersen and Bryan (1996) modified the model and obtained the parameters 
for the equations using the generation rate data from waste samples from tank 241-SY-103. 
More recently, Hu (1997) extended this model adding water radiolysis and corrosion to calculate 
the generation rates for double-shell tanks. In that study (Hu 1997), the field-derived and model- 
calculated generation rates for seven tanks agreed within a factor of 2. 

As additional information for wastes in SSTs and DSTs became available, it became evident that a 
more general approach would be necessary to model hydrogen generation. Hu et al. (1998) 
integrated and analyzed the available data for four DSTs to derive a general thermal rate equation 
as a function of tank waste conditions incorporating Arrhenius A-values, activation energies, and 
radiolysis parameters. That analysis was successful because the available data were fiom four 
tanks having similar thermal activation energies. The preliminary analysis provided good results, 
led to a methodology for handling the laboratory data, and established a framework for the 
desired rate equation that has been exploited in this report. 

The rate equations from the previous work (Hu et al. 1998) has been upgraded based on the 
availability of more hydrogen generation data from waste samples. As shown in Section 3.0, the 
effective radiolysis rate is temperature-dependent, and follows Arrhenius behavior. In addition, in 
this study, both thermal and radiolysis generation rates data are used and, thus both activation 
energy and pre-exponential factor can be extrapolated from the analysis. The procedure and rate 
equation development will be discussed in the following sections. 

4.1 RATE EQUATION FOR THERMOLOYSIS 

Preliminary analysis of the thermal rate (Hu et al. 1998) is discussed in Section 4.1.1 to establish 
the fiamework for the thermal rate equation. The thermal rate equation is then finalized by the 
analysis of data from six tanks in Section 4.1.2. The thermal rate follows Arrhenius behavior and 
is proportional to the total organic carbon concentration and aluminate ion concentrations. A 
reactivity coefficient, rf, was evaluated for the organic carbon in each tank. This parameter was 
used together with the other data to determine the rate parameters and activation energies leading 
to the best overall statistical agreement. 
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4.1.1. Preliminary Thermal Rate Equation Based on Pre-exponential Term Analysis 

As discussed in Section 2.0, the thermal generation rates in the simulated waste studies follow 
Arrhenius behavior, increasing exponentially as temperature increases, and exhibit approximately 
first-order dependence on the organic solutes, aluminate, nitrite, and hydroxide concentrations. 
Figure 4-1 shows the linear dependence of the total gas generation rate for tank 241-SY-101 
(Delegard 1980) on the aluminate ion. 

Figure 4-1. A Plot of Total Gas Reaction Rate as a Function of Sodium Aluminate 
in a Simulated Waste (Delegard 1980) 

y = 0 ,5072~  

R2= 0.97 
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The results for the hydroxide ion and nitrite ion were more complex. For example, the rate is 
independent of nitrite when its concentration is higher than 0.5 molar; the rate decreases when the 
hydroxide concentration is higher than 1.6 molar (Delegard 1980). 

The gas generation data for waste samples from tanks 241-SY-101,241-SY-103,241-AN-105, 
and 2414-102 were used to establish the parameters for the thermal generation of gas. Table 4-1 
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241-SY-1032 

241-AN-1053 

241 -S-1 024 

lists the activation energy from the thermal studies on gas generation for tanks 241-SY-101, 
241-SY-103,241-AN-105, and 241-S-102 (Person 1996, 1998; Bryan et al. 1996; King et al. 
1997) 

91(9) 11 6.7(9) 84(10) 96(6) 

9 1(7) 79( 11) 127(70) 95@) 

89 107 136 97 - 

Table 4-1. Activation Energies from Thermal Studies on Tank Waste Samples 

I 241-SY-101' I 94 I 95 I 91 I 95 I 

As shown in Table 4-1, the activation energy for hydrogen varies from 89.0 to 94 kJ/mole. The 
difference among these activation energies is within the level of measurement uncertainty and 
center around 91 kJ/mole. The similarity of the activation energies suggests that the dominant 
pathways for these tanks are quite similar and implies that the hydrogen generation rate can be 
modeled. In addition, hydrogen is almost insoluble making the modeling of hydrogen release less 
complex by avoiding modeling gas transport from liquid phase to the dome space. In contrast, as 
shown in Table 4-1, the activation energies of nitrous oxide and nitrogen vary from 79 to 128 
kJ/mole and from 84 to 136 kJ/mole respectively. These results indicate that the pathways 
leading to nitrogen-containing gas may be quite different from tank to tank. Stoek and Pederson 
(1997) also pointed out that there are many pathways for generating nitrogen-containing 
molecules. Ammonia, one of the major products, is very soluble, and was not measured in the gas 
generation experiments. 

The remainder of this section will focus on the kinetic data of hydrogen generation Table 4-2 
lists the hydrogen generation data and the concentration of TOC and AI, which are possible rate- 
dependent constituents as indicated from simulant studies (e.g., Meisel et al. 1993) and dilution 
study of tank 241-SY-101 (Person 1996). Other possible rate-dependent constituents have been 
examined without success in finding correlation with current rate data. 
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24 1-AN-105 

24 1-S- 102 

Table 4-2. Kinetic Data of Hydrogen Generation and Waste Constituents 

89.0' 5.88 E+OS3 0.28 2.9 

91.74 2.10 E+0S4 0.23 2.1 

I 241-SY-103 I 91.3' I 14.0E+08* I 0.74 I 2.8 I 

'Person (1996) 
*Bryan et al. (1 996) 
'Person (1 998) 
'Kinget al. (1997) 
'Data fiom current tank characterization report 

The rate equation for a bimolecular reaction can be written as a ...nction of concentration of 
reactants and the rate constant, as follows, 

Rate = k x [XI" x [y]" (4-1) 

with k = a x eGmv 

Where [XI and [Y] are the concentration of the reactants X and Y, respectively 
m and n are the reaction order of the reactants X and Y,  respectively 
E, is the activation energy of the reaction 
k is the rate constant 
a is the pre-exponential term of the rate constant - 

By comparing Equations 4-1 and 3-1, the pre-exponential term &-value is mathematically 
equivalent as follows, 

Thus, the reported A-values in the gas generation studies can be related to the concentrations of 
reactants and contain information about the concentration dependence. In the study of the effect 
of sodium hydroxide dilution on thermal rate in tank 241-SY-101 wastes, Person (1996) found 
that a dilution that lowered the solution concentrations to 0.65 of their undiluted values resulted 
in the rate being 52 to 58 percent ofthe undiluted rate. Note that the dilution causes a smaller 
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decrease in the thermal rate than would be predicted by the product of two first-order 
dependencies (Le., 0.55 f 0.03 > 0.65 x 0.65 = 0.42). These results indicate there are no more 
than two species with first-order dependencies; probably there is one species with a first-order 
dependence and one or more species with a fractional order dependence. The results from 
simulated waste (e.g. Delegard 1980, Meisel et al. 1993), suggest TOC and Al have first order 
rate-dependence. 

To examine this feature, the data in Table 4-2 were used to evaluate the dependence of the 
reported A-values on [TOC] and [AI], Figure 4-2. It appears that A-values are reasonably linearly 
dependent on the product of [TOC] and [A]. These A-values are in the unit of moles ofH2 
generated per kilogram of waste sample per day without considering the differences of liquid 
fractions among samples. 

Figure 4-2. Preliminary Thermal Analysis: The Fit of reported A-value with the Product 
of [TOC] and [AI] from Tanks 241-SY-101,241-SY-103,241-AN-105, and 
241-S-102 

A-va1u.e vs [TOCl[All 

1 0.0 1.0 2.0 3.0 4.0 

IT0 C 1 x [A I 1  

The organic complexants used at the Hanford Site are extremely soluble in aqueous alkaline 
solution. Experiments with waste simulants and analyses of tank waste samples indicate that most 
of the organic complexants and energetic chelator fragments remain in the tank supernatants and 
interstitial liquid. Meisel et a]. (1993) also pointed out that the gas generation reactions occur 
most efficiently in the liquid phase. Therefore, the TOC concentrations used in this report are 
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taken only from liquid sample measurements, which eliminate a large portion of non-reactive 
organic species such as oxalate which is very water insoluble. As shown in Table 4-3, the samples 
used in the gas generation studies have different water contents. The samples from the convective 
layer are almost all liquid, but the core composite samples, which contain saltcake and sludge, are 
heterogeneous. In order to compare the rate as a function of the waste constituents in the liquid, 
the generation rate should be converted to moles of hydrogen generated per kilogram of liquid in 
the sample per day, instead of per kilogram of total waste sample per day as reported. The way to 
estimate the liquid fraction of the waste is discussed in the next paragraph. 

Assuming all water in the sample is contained in the liquid, then the liquid weight fraction, Lr, of a 
sample can be estimated by the moisture content: 

Where (H~Oul%)lola~oamp~e and @20uz%)liquid inrarnpls are the weight percent water in 

WHZO, Wt,,i tamp~sr and Wliquid-in_nampls are the weight of water, total sample 
total sample and liquid of the sample, respectively. 

and liquid in sample, respectively. 

Table 4-3 lists the estimated liquid fractions using Equation 4-3. Since the generation rate is 
proportional to the reported A-value, this unit conversion of generation rate from per kilogram of 
total sample to liquid is equivalent to normalize the reported A-value with liquid weight fraction. 
Therefore, the reported A-value can be normalized with liquid weight fraction as following, 

Where A &from thermal rate measurement (molekg of total sample per day) 
h i s  the liquid weight fraction in the sample 

The ALiq-value has the desired units of moles of hydrogen per kilogram liquid in the sample per 
day. The Atiq-values are listed in Table 4-3. 

An effort to refine the relationship between normalized ALiq-values and the waste constituents was 
made. The dilution study of the waste sample from tank 241-SY-101 (Person, 1996) suggests 
that the combined order ofthe reactants of the thermal rate is about 1.3 to 1.5. The measured 
TOC values for the liquid portions of the waste provide the organic concentrations. The organic 
solutes are presumed to have first-order dependent for gas generation from many simulant studies 
(e.g., Delegard 1980, Meisel et al. 1991c, 1993, Ashby et al. 1994). To meet the combined 
reaction order of 1.4, this leaves the aluminate dependence as the 0.4" power. 

4-6 



HNF-3851 Rev. 0 

241-AN-1053 

241-S-1024 

Table 4-3. Water Content o f  Samples and Calculated A L ~ ~  Values 

. .  

Convective Layer 5.88E+08 50.7 50.7 1.00 5.88E+08 

Core Composite 2.10E+08 49.4 27.4 0.56 , 3.78E+08 

Using the data listed in Table 4-3, a linear fit.of the reported Ali,-values with the product of 
[TOC] and [AI] raised to various exponents was carried out. The analysis shows that the use of 
liquid-fraction normalized ALi,-values has dramatically improved the correlation with the 
correlation coefficient increased to 0.98 compared to 0.86 for the unmodified Avalues. This 
improvement is realized for all trial exponents for [TOC] and [AI]. This improvement is 
compatible with the concept that gas generation occurred primarily in liquid phase. 

Furthermore, the analysis shows that the best correlation is obtained for a first-order dependence 
on total organic carbon and a zero-order dependence on AI. The correlation coefficient decreases 
as the power of [TOC] decreases hrther; for example, it drops to 0.96 for [TOC] to the O.Sh 
power and to 0.41 at [TOC] to the 0.5* power. The analysis found that the fits to the product of 
[TOC]" and [AI]" are less sensitive to the exponent of each species. For example, when [TOC] is 
first-order, the fit quality ranges from 0.996 to 0.984 for [AI] to the power of 0 to 1. For a given 
mh power of [TOC], an n* power of [AI] can be found to give a reasonable fit, although the 
correlation is reduced when the power of [TOC] decreases from 1. For example, the best fit of 
the product of [TOC]" and [AI]" form = 0.5 is when n = 2.1, which has R2 of 0.95. In general, 
the lower the [TOC] power, the higher the [AI] power is needed to get the best correlation with 
the product of [TOC]" and [AI]". 

This analysis shows that the data favors a first-order rate-dependence for [TOC]. However, the 
choice ofthe exponent for [AI] is less obvious. Considering the results of the dilution study of 
SY-101 waste (Person 1996) and the simulant waste studies mentioned above, the best choice 
seems to be for the reaction order to be first-order for [TOC] and 0.4Ih order for [AI]. The 
correlation coefficient ALi,-values to the product of [TOC] and [AI]'.' is 0.996 (Figure 4-3), 
which is almost the same as [TOC] of first-order alone. Using a rate-dependence of TOC of first- 
order and aluminate of 0.4"-order, the rate for the diluted 241-SY-101 waste would be expected 
to be 55 percent ofthe rate for undiluted waste, Le., (0.65) x (0.65)'' = 0.55. This agrees very 
well with the range of 52 to 58 percent from the dilution study (Person.1996). 
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Figure 4-3. Preliminary Thermal Analysis: The Fit of A,i,,ia with the [TOC] x 
Tanks 241-SY-101,241-SY-103,241-AN-105, and 24143-102 Data 

from 

25 

20 

The relationship between the A, A q ,  [TOC], [All, and [HzO] is expressed in Equation 4-5: 

- 
0.4 AX, = A / Lr = a x [TOC],,W~ x [AI],,,./. (4-5) 

Where a is the pre-exponential factor (in the unit of moles of HZ per kg of liquid in 
samples per day) 

Table 4-4 lists the pre-exponential a value obtained from the slope of the regression equations, 
and the measured and calculated values of A L ~ ~  
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241-SY-103 

241-AN-105 

241-S-102 

Table 4-4. Fitting Results of ALL, with [TOC][A1]o'4 

1.40 1.36 2.9 

0.59 0.52 12.5 

0.38 0.37 2.6 

I 241-SY-101 I 2.03 I 2.07 I 1.9 I 

To summarize, in this study, the Arrhenius pre-exponential factor a is determined based on the 
rate data for several tanks having similar activation energies. As shown in Table 4-2, the values of 
activation energies for four tanks are 89, 91.3, 91.7, and 94.0 kUmole with the meanvalue of 
91.5 kJ/mole. With the activation energy of 91.5 kJ/mole, a thermal rate equation may be 
expressed as follows, 

HGR=hcrm = a x [TOC] x [AI] x e x Lr (4-6) 

With a = 1.217 E+09 (mole H 2 k g  of liquid-day) 
E, = 91.5 kJ/mole 
R = 8.314 J/mole/K 

Where HGRnem is the thermal rate, moles of hydrogen generated per 
kilogram of liquid waste per day - [TOC] is total organic carbon concentration in the liquid waste (wt9'0) 

[A] is aluminum concentration in liquid waste (wt%) 
h i s  the weight fraction of liquid in the waste 
T is the temperature of waste (K) 
E, and a are the activation energy and pre-exponential factor ofH2 

generation. 

This thermal rate equation provides an estimated rate for given [TOC], [A], liquid fraction, and 
temperature ofthe waste. 
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241-S-106 

241-AN-105 

241-SY-103 

4.1.2. Final Global Thermal Rate Equation Analysis 

In the preliminary analysis of the thermal rate equations, it was shown that the liquid weight 
fraction normalized pre-exponential A-value is linearly dependent on the product of [TOC] and 
[All’“ for those tanks having a similar thermal activation energy, Ea. One is able to derive an 
empirical thermal rate equation, characterized by its rate constant k and activation energy Ea, as 
shown in Equation 4-6. This preliminary analysis establishes a framework for global analysis. To 
date, the thermal rates for seven tanks have been studied. As shown in Table 3-2, the activation 
energies range from 74 to 101 k.T/mole. 

Since the A-value is very sensitive to the Ea, the activation energy, a universal activation energy 
that would accommodate the thermal rate data was sought. In the analysis, the observed thermal 
rates were divided by the liquid fraction of the waste sample, total organic concentration, 
according to Equation 4-6, and labeled as “normalized thermal rates, 
Ea values were obtained by the linear relationship between In 
parameters used for normalization for each tank, including weight fraction of liquid and the 
weight percent of TOC and AI. 

The universal a-and 
and UT. Table 4-5 lists the 

0.59 0.09 2.14 

1.0 0.28 2.61 

1 .o 0.74 2.80 
- 

Table 4-5. Input Variables for Normalized Thermal Rates Analysis 

I 2.52 I 0.22 I 1 241-A-I01 1 0.59 

I 241-S-102 I 0.56 I 0.14 I 2.14 I 

1 241-AW-101 I 1 .o I 0.34 I 1.94 I 
Table 4-6 lists the slopes and intercepts of the linear relationship with as reported and normalized 
thermal rates versus temperatures. As shown in Table 4-6, the errors of both slope and intercept 
are improved significantly by normalization of the thermal rates with [TOC], and Lf. The 
second part of the table gives the thermal activation energy and pre-exponential k value. The 
activation energies of 88.6 and 89.1 kJ/mole differ modestly, but the pre-exponential A-value 
shifts from 2.25 E+08 to the a-value of 9.11E+08. The observations in Table 4-6 show that the 
normalization of thermal rates does not change the thermal activation energy, but improves the 
concentration by accounting for differences in the reactions. 
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Figure 4-4. The Relationship Between Logarithm of Reported Thermal Rates and the 
Inverse of Temperature (UT ) for Tanks 24l-A-lOl,24l-AN-lOS,241-AW-101, 
241-SY-103,241-S-102, and 2414-106 

. Reported thermal rate analysis 
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Figure 4-5. The Relationship of Logarithm of Normalized'Thermal and the Inverse 
of Temperature (1/T ) for Tanks 241-A-101,241-AN-105,241-AW-101, 
241-SY-103,241-S-102, and 241-S-106 

Analysis of normalized thermal rate 
with [TOC], [All, and Lf 

y = -10711~ + 20.63 
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Q R2 = 0.911 

- 
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90 

Table 4-7. Normalized Thermal Rates With or Without Reactivity Coefficient rr(2 Sheets) 

9.6OE-06 2.64E-05 2.75 1.28E-05 1.34 

1 60 1 8.7OE-07 1 1.85E-06 1 2.13 1 8.92E-07 1 1.03 

90 I l.lOE-05 I 2.64E-05 2.40 I 1.28E-05 1 1.17 

120 

120 

60 

I 60 I 1.7OE-06 I 1.04E-06 I 0.61 I 1.17E-06 1 0.69 

1.70E-04 2.51E-04 1.48 1.23E-04 0.72 

1.8OE-04 2.51E-04 1.39 1.23E-04 0.68 

1.20E-06 1.04E-06 0.87 1.17E-06 0.97 

I 80 I 7.00E-06 I 6.43E-06 I 0.92 I 7.27E-06 I 1.04 

80 

100 
100 

2414-1 02 
7.3OE-06 6.43E-06 0.88 7.27E-06 1.00 

2.7OE-05 3.27E-05 1.21 3.72E-05 1.38 

2.7OE-05 3.27E-05 1.21 3.72E-05 1.38 

I 120 I 1.60E-04 I 1.41E-04 I 0.88 I 1.61E-04 I 1.01 

60 

90 

90 
241-S-106 

1 120 1 2.2OE-04 I 1.41E-04 I 0.64 I 1.61E-04 I 0.73 

1.2OE-06 7.07E-07 0.59 8.OOE-07 0.67 

9.4OE-06 1.01E-05 1.07 1.15E-05 1.22 

1.4OE-05 1.01E-05 0.72 1.15E-05 0.82 

I 60 I l.lOE-06 I 7.07E-07 I 0.64 I 8.OOE-07 1 0.73 

I 120 I 8.7OE-05 I 9.6OE-05 1.10 1.10E-04 1.27 
I 120 I 5.50E-05 I 9.6OE-05 I 1.75 I l.lOE-04 I 2.00 

58 4.79E-06 I 3.45E-06 I 0.72 1 3.83E-06 1 0.80 

82 3 .O 1 E-05 3.03E-05 1.01 3.39E-05 1.13 

I 102 I 1.97E-04 1 1.47E-04 1 0.75 1 1.65E-04 1 0.84 

78 I 2.23E-05 1 2.04E-05 0.92 1 2.28E-05 I 1.02 
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Table 4-7. Normalized Thermal Rates With or Without Reactivity Coefficient rf (2 Sheets) 

The tanks with large fractions of the TOC present as species that rapidly produce hydrogen, will 
have above average rates (e.g., the rate of DSTs in Figure 4-5). The present state of our 
knowledge of the TOC speciation data in each tank and of the rate constants for the important 
reaction steps does not provide an obvious way to accurately predict the rate constant (per 
amount of TOC) for production of hydrogen for the different tanks. Thus, we shall empirically 
introduce a parameter to address this feature. This parameter which is called reactivity 
coefficient, rf, represents the differences in the nature of the TOC in different tanks. The reactivity 
coefficient, rf, is determined empirically by adjusting rf to minimize the scatter in the Arrhenius 
plot. There are different ways to normalize; here rf is set equal to 1 for the tank where the fastest 
rate was observed (241-AW-101). 
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The equivalent rate equation of Equation 4-6 for each tank is given as 

Rate = ( k x rr x [TOC] x ) x Lr (4-3 

Where k is the rate constant (in moles Hx per kg liquid per day) which follows 
Arrhenius behavior 

rf is the reactivity coefficient (unitless) 
[TOC] and [All is the concentration of TOC and Al ions (in weight percent) 
L i s  the liquid fraction ofwaste (unitless) 

The reactivity coefficient, rf, is then used to maximize the correlation coefficient for the 
normalized thermal rates and inverse of temperature. The input data are taken from Table 4-5. 
The parameters of the thermal rate equations and the reactivity coefficient, rf, are listed in 
Table 4-8. The relationship with the highest correlation coefficient, 0.98 (compared to 0.91 in 
Figure 4.5) is shown in Figure 4-6. 

The calculated thermal rates using these two procedures are shown in the last two columns of 
Table 4-7. Aplot of ratios for calculated versus laboratory thermal rates, whether with or 
without the reactivity coefficient, rf,, for tanks 241-AW-101,241-SY-103,241-A-101, 
241-S-102, and 241-S-106, is given in Figure 4-6. The y-axis gives the ratio on a log scale, and 
the x-axis is the consecutive number for the measurement. The ratios ranged from 0.25 to 3 when 
reactivity coefficients were not used. The ratio was improved to be 1.5 when the reactivity 
coefficient was considered. The reactivity coefficient brings the off-set Arrhenius lines together, 
when comparing Figures 4-5 and 4-6, and leads to the best set of thermal activation energies and 
the pre-exponential a-values. As shown in Table 4-8, the reactivity coefficient, rf, used in the fit 
ranged from 0.18 to 1. In general, the reactivity coefficients are larger for DSTs than for SSTs, 
and reflect the trend that the rates are above the average lines for DSTs and below the lines for 
SSTs as shown in both Figures 4-4 and 4-5. A similar case is observed for radiolysis rates. By 

- considering both sets rffrom thermal rates (Table 4-8) and radiolysis rates analysis (Table 4-10), 
an average rf of 0.7 and 0.4 for DSTs and SSTs, respectively, are used in both thermal and 
radiolysis rate equations. 

As a comparison, the analyses of the measured thermal rates, normalized thermal rates with or 
without reactivity coefficient provide very similar activation energies of 88.6, 89.3, and 
89.1 kJ/mole, respectively. The correlation coefficient improves from 0.75 to 0.91 by normalizing 
the measured thermal rate; which depends on the differences of [TOC], [All, and Lf among tanks. 
The correlation coefficient is krther enhanced from 0.91 to 0.98 by recognizing the differences 

of the TOC reactivity among tanks. The data for [TOC], [AI], and liquid fraction L are available 
for each tank, while the reactivity coefficients lead to the best empirical relationship. 
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Figure 4-6. Plot of the Relationship of the Logarithm of Normalized Thermal Rates with 
Reactivity Coefficient Per [TOC] Versus the Inverse of Temperature From 
Tanks 241-AW-101,241-AN-105,241-SY-103,241-A-101,241-S-102, and 
241-S-106 

Analysis of normalized thermal rate 
with [TOC], [AI], Lf and rf 

-4 

y = -10745~ + 21.74 

A s-102 0 AN-105 
S-106 AW-101 

-12 
2.53-03 2.83-03 3.1 E -03 

1 f W )  
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241-S-102 

2414-106 

Table 4-8. The Parameters for The Thermal Rate Equation from The Global Fit of The 
Normalized Thermal Rate Analysis 

0.14 0.41 

0.09 I 0.41 

I 241-A-IO 1 I 0.22 I 0.18 I 

24 1-AN-1 05 

241-SY-103 

241-AW-101 

0.28 0.41 

0.74 0.23 

0.34 1.00 

The final empirical thermal rate equation includes [TOC], [All, b, and temperature with newly 
revised E t h m  and athm-values, and the parameter, rf. 

(4-8) 
-(Eth&T) HGRT~,,, = athm x rr x [TOC] x [AI] 0.4 x Lr x e 

With ah = 2.76E+09 (molekg liquid-day) 
Ethm = 89.33 kJ/mole 
R = 8.314 J/molePK 
if= 0.7 for DSTs and 0.4 for SSTs 

Where H G L  is moles of Hz generated per kilogram of waste per day 
T is the temperature ofwaste 
a ,h  is the thermal rate pre-exponential factor of Hz generation 
& is the activation energy of HZ generation 
rf is the reactivity coefficient. 
[TOC] is total organic carbon concentration in the liquid waste (wt%) 
[All is aluminum concentration in liquid waste (wt%) 
h i s  the weight fraction of liquid in the waste. 

The liquid weight fraction ofthe waste can be obtained using Equation 4-3. 
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Figure 4-7. Comparison of the Ratio of Calculated to Laboratory Thermal Rates With and 
Without Reactivity Coefficients rr for Tanks 241-AW-101,241-SY-103, 
241-A-101,241-S-102, and 24143-106. 
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4.2 RATE EQUATION FOR RADIOLYSIS 

Ratio of CaVLab with rr of TOC 

10.0 7- 

6 

a * z 

0.1 
0 25 50 

Number of Measurement 

The key parameter to calculate the hydrogen generation rate by radiation is the G-value. The 
G-value is defined as the molecules of hydrogen produced per 100 eV. For Hanford waste, 
hydrogen arises from the radiolysis of water and organic waste. Once the G-value is estimated for 
each process, the radiolysis rate is simply the product of the G-value and the radiation dose-rate. 
The derivation of the G-value calculation are given in the next section. 

4.2.1 Water Radiolysis 

For pure water, the G-value is 0.45 hydrogen molecules per 100 electron volts (Spinks and 
Woods 1990). As discussed in Section 2, hydrogen atoms from water radiolysis are scavenged by 
nitrate and nitrite ions. The effect of nitrite and nitrate ions in solution on water radiolysis, 
(GH20), is given in an empirical formula by Tabta et al. (1991) as 
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= 0.45 - 0.41 x [NO;]'" - 0.31 x [NO;]'" (4-9) 
Where, [NO;] is the nitrate ion concentration in solution (molesk) 

[NO;] is the nitrite ion concentration in solution (moles/L) 

As shown in Table 5-1,96% of the hydrogen generation rate of tank 241-AY-102 comes from 
radiolysis ofwater because of the low [TOC], low salt content, and low temperature. Using 
Equation 4-9, the calculated rate is 40% higher than what has been observed in the field. Since 
the observed field rate is quite accurate, as discussed Section 5.2, the coefficients in front of 
nitrate and nitrite ions of water radiolysis scavenging in Equation 4-9 are linearly re-scaled to 
reflect the observed rate of 691 L/day, assuming the same type of salts and mechanism of 
scavenging. The parameters in Equation 4-9 are adjusted using these measurements as follows. 

C;H20 = 0.45 - 0.56 x - 0.43 x [N027'" @-IO) 

The h o  value for water radiolysis can approach zero for high concentrations of NO; and NO;. 
A computer model (Meisel et al. 1993) shows that when WO<] exceeds approximately 1 M, and 
PO;] exceeds 2M, no additional chemical scavenger will significantly diminish the yield of 
hydrogen over the suppression already achieved by nitrate and nitrite ions. Meisel et al. (1993) 
found GZO to be 0.03 1 in simulated waste containing concentrated salt solutions without any 
organic material. Since the lowest observed G-value is 0.001 (per kg liquid waste from tank 
241-S-106) at high salt conditions, the default water radiolysis ofthe actual waste may be much 
lower than 0.031 suggested by simulated waste study (Meisel et al. 1993). A non-zero water 
radiolysis G-value for high salt conditions will be determined in the global analysis of the observed 
radiolysis rates. Although the measured total radiolysis rate is temperature-dependent, as shown 
in Section 3, the water radiolysis G-value of the waste in this model is not explicitly temperature- 
dependent. As shown in Equation 4-10, for pure water, the G-value holds as a constant of 0.45 
H2/100 eV over a large range oftemperatures (Spinks and Woods 1990), and the salt scavenging 
part is a fimction of the nitrate and nitrite ions concentration. 

4.2.2. Organic Radiolysis 

When organic compounds are present, Meisel et al. (1993) found that GORG value is proportional 
to the molar concentration of organic species [RH] and the number of C-H and N-H bonds of 
organic species qR.H, and can be calculated as 

GORC = 0.013 x q R . H  x [RH] (4-1 1) 

Using Equation 4-1 1 and organic speciation data from tank 241-SY-103, Pederson and Bryan 
(1996) found that the calculated GORG oftank 241-SY-103 waste is 0,011. This value is ten times 
smaller than the G-value derived from the radiolysis rate measurements at 60 and 75 "C for waste 
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from tank 241-SY-103 (Table 3-4). To resolve this difference, they derived an equation based on 
the radiolysis rate oftank 241-SY-103 to calculate the G-value for organic radiolysis as follows, 

GORG = (Go~d[ToC])s~. ioj  x [TOC] = 0.15 x [TOC] (4-12) 

Where GORC is the G-value of organic radiolysis (molecules/100 eV) 
(G,,$[TOC])SY.~O~ is the ratio of organic radiolysis yield and TOC from 

[TOC] is the total organic carbon concentration in liquid waste (wt%) 
tank 241-SY-103, which is 0.15 

Note that the GORG value of tank SY-103 is 0.1 1, which is the difference between the measured 
radiolysis G-value of 0.14 of tank 241-SY-103 (Table 3-4) and the water radiolysis G-value of 
0.031 (Mehe1 et al. 1993). The scaling factor 0.15 is the ratio O f  G ~ R G  of 0.11 and the TOC 
content, 0.74, from tank 241-SY-103. - 

As discussed in Section 3 .O, the effective radiolysis rate is temperature-dependent and follows 
Arrhenius behavior. Equations 4-1 1 and 4-12 are temperature-independent. Temperature- 
dependent radiolysis rate equations will be established later based on the global analysis of the 
radiolytic rate data. 

4.2.3. Global Radiolysis Rate Equation Analysis 

The discussion in Section 2 and the above section showed that a model of radiolysis rate for 
Hanford waste should have two parts, one for water radiolysis and the other for organic 
radiolysis. The water radiolysis is temperature-independent, and the organic radiolysis is 
temperature-dependent and follows Arrhenius behavior. 

In general, the radiolysis rate is characterized by the G-value and is linearly dependent on the 
radiation dose. Assuming the total heat load is absorbed equally by the weight fraction of solid 
and liquid in the samples, the radiolysis rate in moles hydrogen generated per day per kilogram of 
waste can be expressed as follows, - 

HGRndiolysin = GL x Hload absorbed by Liquid + 
GS x  HI,.^ absorbed by Solid (4-13) 

Where HGR,ndiolys;s is the hydrogen generation rate of radiolysis (molekg-day) 
Hload is total heat load of the tank (Watt/kg) 
GL and Gs are the total yield ofH2 per 100 eV from liquid and solid portion 

The water radiolysis occurs in the liquid phase, and the organic radiolysis also occurs effectively 
in the liquid phase because the most energetic organic compounds are soluble (Barney 1994, 
1995, 1996, and 1997). Organic speciation (Campbell et al. 1995 and 1996) ofthe waste liquid 
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24 1-S- 102 

241-S-106 

and solid (separated by centrihgation) samples from tanks with the highest TOC corroborates 
that the energetic complexants are contained in the aqueous phase. Thus, only radiation absorbed 
by the liquid portion denoted as liquid fraction Lf is responsible for hydrogen generation, and GS 
can be set to zero. Equation 4-13 can be further developed as follows, 

0.56 37400 0.14 

0.59 36800 0.09 

The G-value has two parts, water and organic radiolysis, and can be expressed as follows, 

241-SY-103 

241-AW-101 

G =  G o  -b Go~~=c ;H2o  + arad X e x [TOC] (4-15) 

The G-value for water radiolysis can be calculated using Equation 4-10, as a function of j?JOi] 
and m0,l. As mentioned previously, it has a non-zero default value at high salt conditions 
(Meisel et al. 1993). The G-value for organic radiolysis is proportional to the concentration of 
organic species and follows Arrhenius behavior. Therefore, the second term in Equation 4-15 is 
temperature-dependent and depends on the [TOC] content. 

A global analysis of the measured radiolysis rates from waste samples was conducted to determine 
the default value of GH~o, the pre-exponential a-value term, and the activation energy. In this 
analysis, total G-values were calculated from each radiolysis rate using Equation 4-14. Since all 
available tanks have high salt concentrations, the values of the natural log of (GoRG/[TOC]) can be 
calculated by assuming a default value of GHZO, and then examined for adherence to an Arrhenius 
relationship. Total organic carbon (TOC) is an indicator of the amount of organic compounds in 
the waste. However, some compounds, such as oxalate, make little or no contribution to 
hydrogen generation. The reactivity coefficient, rf, was used to differentiate the differences in 
reactivity of TOC among tanks. The variables used in the analysis, such as the liquid weight 
fraction, the external radiation applied to the samples, and the TOC concentrations in the liquid 
phase are listed in Table 4-9. The global slope and intercept will determine the activation energy 
E, and the pre-exponential term a-value. - 

1 .o 5300 0.74 

1.0 36800 0.34 

Table 4-9. Radiolysis Rates Analysis Parameters 

I 241-A-101 I 0.59 I 36500 I 0.22 I 
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Figure 4-8. Normalized Radiolysis Rate Analysis with GHZO =0.005 for the Data from 
Tanks 241-AW-101,241-SY-103,241-A-101,241-S-102, and 2414-106. 
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Table 4-1 1 lists the results of radiolysis analysis by setting GHZO= 0.005, including the calculated 
total G-value, the observed radiolysis rates, the calculated radiolysis rate and the ratio of the 
calculated rate versus the observed rate. Note that the observed radiolysis rate used in the 
analysis is the difference between the rates measured under external radiation and the calculated 
thermal rates from the thermal reactions. Also, a large discrepancy between two measured rates at 
60 O C  for A-101, thus the rate data with the ratio of 2.17 in Table 4-11 is not included in the fit. 
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60 

60 

Table 4-11. Calculated Radiolysis Gvalue and Rate at = 0.005 

0.099 1.08E-04 9.11E-05 0.84 

0.099 8.82E-05 9.11E-05 1.03 

24 1-A- 101 

241-s-102 

90 

90 

- 

241-S-106 

0.360 3.90E-04 3.29E-04 0.85 

0.360 2.7OE-04 3.29E-04 1.22 

141-SY-103 

4 1 -AW- 10 1 

60 I 0.024 I 5.91E-06 I 1.28E-05 I 2.17 I 
60 I 0.024 I 8.01E-06 I 1.28E-05 I 1.60 I 
90 I 0.075 I 3.32E-05 I 4.06E-05 I 1.23 I 
90 0.075 3.62E-05 4.06E-05 1.12 

120 0.221 1.37E-04 1.19E-04 0.87 

120 0.221 1.57E-04 1.19E-04 0.76 

60 0.023 1.48E-05 1.2OE-05 0.81 

60 0.023 1.38E-05 1.2OE-05 0.87 

80 0.050 2.47E-05 2.59E-05 1.05 

80 I 0.050 I 2.07E-05 I 2.59E-05 I 1.25 I 
100 0.105 5.88E-05 5.49E-05 0.93 

100 0.105 5.78E-05 5.49E-OS 0.95 

120 I 0.213 I 1.09E-04 I 1.llE-04 I 1.02 I 
1.20 0.213 1.09E-04 l.llE-04 1.02 

60 0.016 9.10E-06 8.5 1E-06 0.94 

60 0.016 9.2OE-06 8.5lE-06 0.93 

90 0.045 2.45E-05 2.45E-05 1.00 

90 I 0.045 I 3.15E-05 I 2.45E-05 I 0.78 I 
120 0.128 5.97E-05 6.95E-05 ' 1.16 

120 0.128 5.97E-05 6.95E-05 1.16 

60 I ' 0.129 I 1.77E-05 I ' 1.71E-05 I 0.96 I 
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Note that the G-values in Table 4-1 1 are extrapolated from the normalized radiolysis rates with 
liquid weight fraction. Therefore, the values will be scaled by the liquid weight percent when 
compared to the measured G-values (Table 3-4). As shown in Table 4-1 1, the ratio between 
calculated and observed is within a factor of two. In summary, the radiolysis rate equations for 
hydrogen generation are 

HG%.d ( G o +  GORG ) X Hioad X Lr (4-16) 

I x (rr x ([TOCI) -@radlRT) With GORGE [arad x e 
Go = 0.45 - 0.56 x [NO;]'" - 0.43 x [NO;]'" 

Erad = 44.32 (2.04) kJ/mole, the activation energy of G in organic radiolysis 
arad = 2.49 E+6 molekg-day, the pre-exponential factor of Gin  organic radiolysis 
rf = 0.7 DSTs and 0.4 for SSTs, the reactivity coefficient of [TOC] 
(CjHZO)sat = 0,005 mole Hd100 eV, the default water radiolysis G-value 
HGIG,d is mole of H2 per kilogram of liquid per day from radiolysis 
T is the temperature of waste in K 
[TOC] is total organic carbon concentration in the liquid waste (wt%) 
[AI] is aluminum concentration in liquid waste (wt%) 
I3JO<] is the nitrate concentration in the liquid waste (molesk) 
I3JOY] is the nitrite concentration in the liquid waste (molesk) 
HIoad is total heat load of the tank (Wattkg) 
Lf is the liquid weight fraction in the waste 

And 

- 

4.3 RATE EQUATIONS FOR CORROSION 

The design specification limit for the corrosion of DSTs is 1 millyear. The rate of 1 millyear 
corresponds to the production of 4000 ft3 of hydrogen (Ashby et al. 1992). However, a study of 
simulated DST waste (with pH > 13) showed that the corrosion rate was about 0.02 to 0.03 
millyear (Strachan 1994). Also recent electrochemical measurements in liquid waste from tank 
241-AZ-101 indicate that the corrosion rate is less than O.lmil/year (Anantatmula 1999 and 
associated references). Anantatmula (1999) recently assessed the corrosion rate of SSTs and 
found that current maximum uniform corrosion rate is around 0.16 millyear. 

In this work, the corrosion rate will be assigned as 0.1 mil/year for DSTs and 0.2 millyear for 
SSTs, which correspond to hydrogen generation rates of 0.6E-7 and 1.2 E-7 ft3/min/ft2, 
respectively. The hydrogen generation rate HGK,, in the tank can be expressed as 

HGRorr = R o r r  X Awetted (4-17) 

Where KO, = 6.OE-08 for DSTs and 1.2E-07 for SSTs (ft3/min/fi2) 
2 Awcttcd is the area of steel exposed to moisture-containing waste (ft ). 
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As shown in Table 5-1, corrosion makes only a minor contribution for the active hydrogen 
generating tanks, but for those tanks with low [TOC] and low Cs and Sr concentrations, the 
corrosion process becomes dominant. 

4.4 SUMMARY AND DISCUSSION OF EMPIRICAL RATE EQUATIONS 

The empirical rate equation for hydrogen generation of Hanford waste developed above contains 
the simulation of thermal reaction H G b ,  radiolysis ofwater and organic HGFLd, and the 
corrosion process HGK,,. This rate equation is hnction ofwaste composition of TOC, AI, 
NO;, NO;, radiation dose, temperature, liquid fraction, and tank wetted area. Both thermal and 
radiolysis rate follows the Arrhenius behavior with a derived activation energy. The equation for 
hydrogen generation rate (HGR) can be summarized as follows. 

x (rr x ([TOCI) (-EradlRT) With GORG= [arad x e 
G o  

& = 89.3 kJ/mole, the activation energy for thermal reaction 
a h  = 2.76E+09.mole/kg-day, pre-exponential factor of the thermal rate 
E a d  = 44.3 (2.0) Id/mole, activation energy for organic radiolysis 
a,ad = 2.49 E+6 molekg-day, pre-exponential factor of organic radiolysis rate 
r f= 0.7 for DSTs and 0.4 for SSTs (unitless), the TOC reactivity coefficient 
R = 8.3 14 J/rnolePK, gas constant 
(G~o)~~, = 0.005 mole H2/100 eV, the default water radiolysis G under high salts 
KO, = 6.OE-08 forDSTs and 1.2E-07 for SSTs (ft3/3/m;dft2), corrosion coefficient 

[TOC] is total organic carbon concentration in the liquid waste (wt%) 
[AI] is aluminum concentration in liquid waste (wt%) 
PO;] is the nitrate ion concentration in the liquid waste (moles&) 
[NO;] is the nitrite ion concentration in the liquid waste (molesk) 
HIoad is total heat load of the tank (Wattkg) 
L i s  the liquid weight fraction in the waste (unitless) 
T is the temperature ofwaste (K) 
AWettSd is the area of steel exposed to moisture-containing waste (ft'). 

0.45 - 0.56 x [NO<]1n - 0.43 x [NOY]'". 

And 

In general, the overall rate analysis shows better correlation by normalizing the rates with liquid 
fraction. This feature strongly supports that all reactions for hydrogen generation occur most 
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effectively in the liquid phase. Since the liquid fraction can be estimated by the moisture content 
and, fortunately, almost all tanks waste have the moisture content measurement, this factor is 
available for most tanks. Secondly, the reactivity coefficient of TOC further improves the 
correlation of the rate analysis. As discussed in Section 4.2, the reactivity coefficient reflects the 
reactivity of TOC from each tank in the hydrogen generation reaction. However, there are 
currently no organic speciation data to derive this coefficient. In  this work, rrvalues were 
empirically determined to minimize the off-set of rates along the average value. Two sets of 
reactivity coefficients are obtained, one from thermolysis analysis and the other from radiolysis 
analysis. Both sets show that the rf for DSTs is larger than for SSTs, which reflects the fact that 
the observed rates from DSTs are higher than those from SSTs. An average value of 0.7 for 
DSTs and 0.4 for SSTs are used for both thermal and radiolysis rate equations. 

The thermal rate equation is derived based on laboratory rate measurements without external 
radiation. The rates follow Arrhenius behavior very closely for all available measurements. The 
self-dose of the samples are in the order of a few hundred R/hr which contributes less than IYo of 
the thermal rate at the temperature ranges of the rate measurement. .No self-dose correction was 
made on the rate analysis. The rate-dependent constituents are TOC and AI, as suggested by 
several simulant studies (e.g., Meisel et al. 1993). The reaction order of the rate dependent 
constituents is concluded from the rate analysis. The laboratory rates of tank waste strongly show 
the first-order dependence on TOC; however, they are really not sensitive to the aluminate 
concentration to help determine the reaction order of aluminate. Aluminate concentrations, 
ranging from 2.8 to 1.9 weight percent, are very similar among tanks; the amount of aluminate of 
these tanks could be all super saturate to the rate reactions since it plays a role of catalysis (Ashby 
et al. 1994). As discussed in Section 4.1, the 0.4 power for aluminate is determined by the results 
of dilution study on tank 241-SY-101 (Person 1996). The reaction order of aluminate can be 
hrther analyzed by studying the rate of tank waste which has very different aluminate content; for 
example, tanks 241-AN-107 and 241-AN-106 have low aluminate concentration (around 0.2 
wt%), but very high TOC concentration. Predicted rates for these two tanks would be very high 
compared to the field observed rate if considering TOC as the only rate-dependent. However, the 
calculated rates become comparable to the field data when including Al concentration as one of 
rate-dependent constituents in the rate equation. 

For the radiolysis rate equation, the water radiolysis G-value was formulated with the G-value of 
0.45 from pure water minus the scavenging effect from nitrate and nitrite. The coefficients of 
scavenging effect were re-scaled to reflect the field observed hydrogen generation rate of tank 
241-AY-102, in which the hydrogen generation in a very diluted waste is believed to come mainly 
from water radiolysis. The scavenger effect and its coefficients can be further improved by 
studying the very dilute tank wastes, such as Ap or AW tanks, which have low TOC, low salts, 
and low temperature. Most Hanford tank waste, particularly the SSTs, contains high 
concentration salts, and, thus, in water radiolysis the scavenging occurs very rapidly. As Meisel et 
al. (1993) point out, there is a minimum water radiolysis G-value even with excessive amount of 
salts. The minimum water radiolysis G-value is determined to be 0.005 by evaluating the observed 
rates from tank waste hydrogen generation data. This value is much smaller than the value of 
0.031 suggested by the simulant study (Meisel et al 1993). 

- 
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Hydrogen generation from organic radiolysis is one of the results of degradation of organic 
species in the waste by radiation. Gas generation studies of tank waste show that the radiation 
effect on the hydrogen generation is also temperature-dependent and follows Arrhenius behavior. 
The organic radiolysis G ~ R  in the rate equation is formulated as linear dependent on the 
concentration of TOC and as a fimction of temperature and activation energy exponentially. The 
radiolysis rates used in the analysis are the net rates of the rates measured with and without 
external radiation which contain the uncertainty from both measured data, and thus the fit quality 
was not as good as the thermolysis analysis. For the analysis with the normalized rates without 
rf, the correlation of data analysis (R2) is 0.8 in the radiolysis analysis versus 0.92 in the 
thermolysis analysis. In the final radiolysis analysis, TOC reactivity coefficients rf are used and 
determined to bring the off-set Arrhenius lines (from different tanks) together and improve the 
overall correlation of the analysis (R2) to 0.95. 

One of the major differences between the previous model (Hu 1997) and the current study is that 
the current radiolysis term is temperature-dependent; while the previous one ratio the G-vatue of 
SY-103 waste at 60 "C with TOC. For most tanks, the waste temperatures are about 30 to 40 "C, 
and thus, the G-values determined from the current study are smaller than the previous values (Hu 
1997) by a factor of 3 to 4, in general. Using the current temperature-dependent radiolysis rate 
equation, the calculated GORC shows good agreement with the simulant study. As mentioned in 
Section 4.2.2, the GORC oftank 241-SY-103 was 0.011 using Equation 4-11 suggested by the 
simulant study (Meisel et a1 1993). Equation 4-1 1 is derived from the radiolysis rate study of 
simulant at 30 "C. The current model calculated GORG value at 30 "C for tank 241-SY-103 is 
0.035, which is not too far from 0.01 1. 
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5.0 COMPARISON OF FIELD OBSERVED AND MODEL CALCULATED RATES 

In this section, the hydrogen generation rates for some of the most active hydrogen generation 
tanks, including 13 DSTs and 20 SSTs, are calculated using the model developed in Section 4. 
For these tanks, field monitoring data, such as waste level measurements, airflow rates, and 
hydrogen concentrations in the tank dome space, are available to estimate the hydrogen 
generation rate; thus, the model calculated rate can be compared with the field-estimated rate. 
Note that the calculated rates provided in the following tables provide a first-cut calculation to get 
an overall idea how the model predicts the rate as a general equation. The calculation is based on 
the data available at this point, and any complex on-going operations on individual tanks are not 
considered; for example, waste in tank C-106 is undergoing slucing operations and transfer to 
tank SY-102. The rates provided here are only for model comparison, and any rate used for 
waste operations should be re-examined based on the complexity of waste condition, and the up- 
dated characterization and surveillance data. - 

5.1 MODEL CALCULATED EIYDROGEN GENERATION RATES OF TANK WASTE 

Hydrogen generation rates (HGRs) were calculated for 13 DSTs and 20 SSTs using a Microsoft 
EXCEL spreadsheet. The HGRs in the crust (top thin solid layer), convective (liquid layer), and 
non-convective (solid layer) were calculated separately and summed to give the total HGRs for 
each tank. The work sheets were organized in three parts: direct input data, derived terms from 
input data, and the generation rate. 

Chemical properties include the concentration of total organic carbon [TOC], aluminate [AI], 
nitrate [NO;], nitrite [NO;], cesium [Cs], and strontium [Sr]. Physical properties include bulk 
density, liquid density, waste volume, weight percent water, tank waste temperature, and tank 
dome space temperature. As mentioned in Section 4, hydrogen generation occurs most 
effectively in the liquid phase. Thus, the concentrations of TOC, AI, NO3, and NO2 are taken 
from the liquid sample in each layer. If no liquid sample data are available, the convective layer 
data are also used for the crust and non-convective layers. The bulk concentration of [Cs] and 
[Sr] for each layer are used to estimate the heat load. As described in Section 3.1, it is necessary 
to calculate liquid weight fractions so that the rate can be expressed per kilogram of liquid. 

These data are collected from the latest tank characterization report (TCR) for each DST. If no 
laboratozy sampling data are available, the best estimated value was used as given in the Best- 
Basis Inventory section in Appendix D of the TCR. This information is available in the Tank 
Characterization and Safety Resource Center at Tank Waste Remediation System (TWRS) and 
can also be accessed electronically through the tank characterization database (TCD), which is a 
tank waste database managed by TWRS (Schaffer 1997). 

The derived terms are calculated from the TCR input data using convenient units; for example, 
the chemical constituents units of p g / d  were converted to weight percent or moles. The heat 
load is estimated by the inventory of cesium and strontium. The wetted area in the tank was 
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241-AN-101 

241-AN-103 

241-AN-104 

241-AN-105 

calculated from waste level data, including the tank walls and the tank bottom. The calculated 
water radiolysis &O and total G,,, values are also provided. Tanks such as 241-AY-102 and 
most AJ? and AW Farms’ tanks have low, less than 0.5 molar, nitrate and nitrite ion 
concentrations, resulting in less scavenging. As a result, GO is much higher than the default 
value 0.005 assumed for the model. The highest GHZO is 0.24 from tank 241-AY-102, which 
contains less than 0.02 molar nitrite and nitrate. The highest organic GOrg is 0.12 from tank 
241-AN-107, which has a very high [TOC] value. 

Table 5-1 summarizes the calculated hydrogen generation rates and the percentage of the total 
rates from each of the three gas generation mechanisms. For the most active gas generating 
DSTs and SSTs, the thermolysis and radiolysis play the major role. Whether radiolysis or 
thermolysis is the leading term is dependent on the [TOC] and radiation dose rate. For those 
tanks with low TOC and aluminate, such as tanks 241-AN-101,241-SY-102, and several SSTs, 
hydrogen generation occurs at a reduced rate and corrosion becomes the main contributor to 
hydrogen generation. 

3.96E-08 4.4% 4.82E-08 5.4% 8.1OE-07 90.2% 8.98E-07 

3.37E-07 26.7% 7.39E-07 58.6% 1.84E-07 14.6% 1.26E-06 

3.72E-07 26.0% 8.67E-07 60.6% 1.91E-07 13.3% 1.43E-06 

3.02E-07 23.5% 7.96E-07 61.9% 1.87E-07 14.6% 1.28E-06 

Table 5-1. The Model-Calculated Hydrogen Generation Rate (2 Sheets) 

241-AN-107 

241-AW-101 

241-AY-101 

241-AY-102 

241-A2101 

2.46E-06 64.5% 1.15E-06 30.0% 2.09E-07 5.5% 3.82E-06 

3.93E-07 31.4% 6.65E-07 53.2% 1.92E-07 15.4% 1.25E-06 

1.59E-05 95.3% 4.54E-08 0.3% 7.43E-07 4.4% 1.67E-05 - 
9.07E-06 96.5% 5.55E-10 0.0% 3.33E-07 3.5% 9.4OE-06 

4.92E-06 64.0% 2.54E-06 33.0% 2.32E-07 3.0% 7.7OE-06 
~ ~ 

241-A2102 3.24E-06 74.2% 8.7OE-07 19.9% 2.55E-07 5.8% 4.36E-06 

1241-SY-102 I 1.82E-08 1 5.5% 1 3.54E-09 1 1.1% I 3.07E-07 193.4% 1 3.28E-07 I 
~ ~ ~ ~ 

241-SY-103 4.63E-07 28.5% 9.41E-07 57.9% 2.22E-07 13.6% 1.63E-06 

241-A-101 1.92E-07 13.6% 8.60E-07 60.8% 3.62E-07 25.6% 1.41E-06 

241-A-102 1 5.08E-07 1 12.0% 1 2.OOE-07 I 4.7% I 3.52E-06 I 83.3% I 4.22E-06 

I 241-C-104 I 4.19E-07 135.3% I 9.49E-08 I 8.0% I 6.71E-07 156.6% I 1.18E-06 I 
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241-U-108 I 1.06E-07 I 13.5% I 1.71E-07 I 21.8% I 5.08E-07 

Table 5-1. The Model-Calculated Eydrogen Generation Rate (2 Sheets) 

64.7% I 7.86E-07 

241-C-105 I 9.88E-07 142.6% I 7.53E-09 I 0.3% I 1.32E-06 157.1% I 2.32E-06 

241-C-106 I 2.15E-05 193.7% I 6.46E-07 I 2.8% 1 7.87E-07 1 3.4% 1 2.29E-05 

2414-102 I 1.08E-07 1 12.1% 1 3.26E-07 I 36.6% I 4.58E-07 151.3% I 8.91E-07 

241-S-106 I 3.63E-08 I 6.4% 1 2.04E-08 I 3.6% I 5.12E-07 190.0% I 5.68E-07 

1 241-U-102 1 2.4OE-07 121.4% 1 2.86E-07 1 25.4% 1 5.97E-07 153.2% I 1.12E-06 I 
1 241-U-103 I 2.36E-07 121.4% I 3.55E-07 I 32.2% I 5.12E-07 146.4% I 1.10E-06 I 
1 241-U-105 I 3.8OE-07 128.6% 1 3.95E-07 1 29.7% 1 5.54E-07 141.7% 1 1.33E-06 1 
I 241-U-106 I 6.08E-07 129.3% 1 5.82E-07 I 28.1% I 8.82E-07 142.6% I 2.07E-06 I 
1 241-U-107 1 4.07E-08 1 5.8% 1 3.17E-08 1 4.5% 1 6.33E-07 189.7% 1 7.05E-07 I 

- 
5.2 FIELD OBSERVED HYDROGEN GENERATION RATES OF TANK WASTE 

The hydrogen generation rates ofHanford tanks can be estimated from surveillance and waste 
characterization data, such as waste level measurements, hydrogen monitoring data, gas 
composition data, etc. The total generation rate is the sum of the steady release rate and the rate 
of gas retention in the tank waste. 

The steady release rate can be estimated by the hydrogen concentration in the dome space and the 
ventilation rate. 

Where V. is the airflow rate in cfm. 
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R, is the hydrogen release rate in the dome space in cfm. 
[Hz] is the concentration in volume percent. 

Ideally, the release rate should be estimated with both airflow rate and hydrogen concentration 
measurements taken simultaneously. Tank 241-AY-102 has been equipped with continuous 
hydrogen concentration monitoring and airflow rate monitoring system, and the release rates 
derived from these field data demonstrate this feature. 

As shown in Figure 5-1, the thick background line, ranging from 18 and 28 cfd, is the steady 
release rate from 8,000 hydrogen concentration measurements and the vent rate measurements 
from June 1998 to December 1998. To demonstrate the relationships among these variables, the 
monthly averaged hydrogen concentration and vent rate, as well as the release rate, are listed in 
Table 5-2 and plotted in Figure 5-2. The averaged release rate is 23.7 k 3 cfd. As shown in 
Figure 5-2, the hydrogen concentration data and vent rate are precisely 180" out of phase, and the 
product of these two curved lines gives a straight line of hydrogen release rate in the middle. 

However, simultaneous data are not available for most tanks. Thus;the release rate is estimated 
using the average values of hydrogen concentration and airflow rate from the available data. As 
demonstrated for tank 241-AY-102, the product of average values of vent rate and hydrogen 
concentration should provide a reliable estimate of the release rate. The air flow rates are 
obtained in different ways, including the direct measurement using pito-tubes (tank farm 
operational datasheet), the tracer gas study in tank headspace (Huckaby et al. 1997 and 1998), 
and estimated rate from the Gas Release Event (GRE) SHMS data (McCain and Bauer 1998). 

Table 5-2. Tank 241-AY-102 Hydrogen Concentration, Vent Rate, and Hydrogen 
Release Rate 

Note: c h  = cubic feet per minute, cfd = cubic feet per day, ppm = parts per million 
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Figure 5-1. The Hydrogen Release Rate of Tank 241-AY-102 From Continuous Field 
Monitoring Data of Hydrogen Concentration and Headspace Vent Rate 
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Figure 5-2. The Hydrogen Release Rate, Hydrogen Concentration, and Vent Rate in the 
Headspace of Tank 241-AY-102. 

Figure 5-2 Tank AY-102 Steady-State H 
Hydrogen Concentration Times Vent Rate -A- H2 Concentration 

100 , 

0 0 0 0 0 0 0 

0 1  

Apr-98 JuI-98 Oct-98 Jan-99 

Hydrogen trapped in the waste will cause the waste level to increase. The hydrogen accumulation 
rate, therefore, can be estimated by knowing the waste level growth rate and hydrogen fraction of 
the trapped gas, and can be expressed as follows, 

Am = (Lg x A) x [(P/T)wste X (TIP)tmdrpaceI x IHzI (5-2) 

Where AH2 is the hydrogen accumulation rate (ft3/min or cfm) 
Lg is the growth rate of waste level (ft/min) 
A is the surface area (pix r2) of the tank. 
(P/T),.,mte is the ratio of gas pressure P and temperature T within the waste. 
(T/P)headrpace is the ratio of temperature and pressure at the tank headspace. 
[Hz] is the hydrogen volume fraction in the trapped gas 

The frst term of the equation evaluates the rate of total gas volume increase witbin the confined 
waste, and this volume is then converted to the tank headspace condition using the ideal gas law. 
The growth rate of waste level can be obtained from tank waste level measurements. The 
pressure of trapped gas is the sum of atmospheric and hydrostatic pressures. An effective 
hydrostatic pressure of the trapped gas can be obtained from the retained gas sampler (RGS) data 
(Shekarriz et al. 1997, Mahoney et al. 1997). Otherwise, the hydrostatic pressure of the trapped 
gas is calculated using half of the solid waste weight plus the liquid weight above it. The average 
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U-103 

U-105 

U-106 

U-107 

u-108 

u-109 
. 

Table 5-3. Field-Estimated Hydrogen Accumulation Rate, Release Rate, and Generation 

6.73E-05 3 1.41E-03 58 1.48E-03 60 

2.56E-04 10 1.35E-03 55  1.6 IE-03 65 

0 0 6.62E-04 27 6.62E-04 27 

1.58E-04 6 6.69E-04 27 8.27E-04 34 

2.96E-04 12 8.15E-04 33 1.1 1E-03 45 

Io 0 6.16E-04 25 6.16E-04 25 

Rate for HanfordTank Waste (2 Sheets) 

I U-111 I 0 I 0 I 7.11E-04 I 29 I 7.11E-04 I 29 I 

For comparison, Table 5-4 lists the field-observed and model-calculated total hydrogen generation 
rates, and the ratio between these values for more than 25 tanks. For most tanks, the ratios are 
between 0.5 and 2.5, but for tank 241-SX-104, the ratio is 6.7. There may be two explanations 
for this higher ratio. One possibility is that the field-estimated generation rate oftank 241-SX- 
104 is lower than the actual value, because the estimated field rate assumes zero accumulation 
rate while the other surveillance data indicate the gases are trapped in the waste. Another 
possible reason is that the temperature used in the calculation may be lower than the true 
temperature in the waste because there is quite a wide range of temperature gradient vertically in 
this tank as discussed below. 

Several tanks have a wide temperature distribution throughout the tank. For example, tank 
241-C-106 has a wide temperature distribution, ranging from 72 to 214 T, and the temperature 
gradient appears not only vertically but also radially. For the rate equations developed above, 
both thermolysis and radiolysis rates are a function of temperature exponentially; therefore, 
temperature information is critical in the calculation. The model calculated rate for tank 
241-C-106 listed in Table 5-4 uses an average temperature and may be underestimated. An 
appropriate way to take care of this temperature distribution is to calculate the generation rate by 
a finite volume then integrate to the whole tank. 

Another issue regarding tank 241-C-106 is the organic oil was found in the core samples when 
centrifuging solid samples. Tanks having dispersed oil, such as tank 241-C-106, produce 
hydrogen by the radiolysis of oil. The estimated waste volume containing oil in tank 241-C-106 
can be as much as of 84 kgal with the concentration of3 vol% oil (Schreiber 1996; Reynolds 
1997). This oil material may be responsible for the model calculated rates for C-104 and C-106 
being lower than the field observed data because the model did not account for the radiolysis of 
oil. The G-value of oil radiolysis can be as large as 5.0 H2/1OOeV (Holroyd 1964), thus the 
estimated hydrogen contribution from 3 vol% oil waste material is 17 Llday. 
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241-AN- 10 1 
24 1 -AN- 103 
24 1-AN-104 
241-Ai?-105 
241-AN-107 

Table 5-4. Comparison of Rates Between Model-Calculated and Field-Observed 

15 10 1.47 
183 180 1.02 1.18 
220 209 1.05 1.36 
205 150 1.37 1.46 
529 214 2.47 

241-AY-102 

241-AZ-101 

241-AZ-102 

I 241-AW-101 I 193 I 157 I 1.23 1 0.74 

727 665 1.09 1.70 

934 385 2.43 - 
897 775 1.16 

24 1-SY-10 1 782 

24 1-SY- 102 25 

241-SY-103 163 

24 1-A-10 1 185 

24 I-C- 104 47 

241-C-106 337 

604 1.30 1.25 

30 0.83 

145 1.12 1.15 

103 1.79 

90 0.53 

368 0.92 

I 2414-102 I 71 I 66 I 1.08 I 1.2 

241-SX-106 

I 241-SX-101 1 43 I 17 1 2.55 I 

77 50 1.54 2 

I 241-SX-103 I 132 I 52 I 2.54 I 6.1 

24 1 -U- 102 

24 1 -U- 103 

24 1 -U- 105 

I 241-SX-104 I 66 I 10 I 6.64 I 

59 45 1.32 

75 60 1.25 1.26 

72 65 1.11 0.75 

I 241-SX-105 I 228 I 197 I 1.16 . - I 14.6 

241-U-108 55 45 1.22 1.47 

241-U-109 

I 241-U-106 I 63 I 27 I 2.37 I 

43 25 1.71 

I 241-U-107 I 39 I 34 I 1.14 I 1.11 

Note: 'Ratios of DSTs from Hu (1 997) and SSTs from Peurmng et a]. (1998). 
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Further consideration of C-106 is that the water soluble TOC in the oil layer (Reynolds 1997) is 
much more reactive in hydrogen generation than other SSTs. Ifusing reactivity coefficient rfas 
1.0 rather than the 0.4 (for SST in Equation 4-16) for the aqueous phase part in the oil-containing 
waste, the hydrogen generation rate can gain extra 35 L/day. This will increase the total hydrogen 
generation from 285 L/day to 337 L/day, and the ratio of model versus field increases from 0.77 
to 0.92. 

Comparison of the model-calculated and field-estimated hydrogen generation rates (Table 5-4) 
shows that the results for those tanks dominated by the corrosion process are in good agreement 
(within a factor of 1.5). This consistency suggests that the rate equation of corrosion in 
Equation 4-17 accurately model what is observed in the field. 

Also listed in Table 5-4 are the ratios between model and field data for tanks using the previous 
model (Hu 1997). It appears that the ratio for SSTs varies from 0.75 to 30 using the old model. 
Part of the reason for the ratio of SSTs being so high is that the temperature used in the 
calculation may be the highest temperature instead of the average temperature. In contrast, this 
work provides a better consistency between model predictions and the field observed data. 

- 
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6.0 SUMMARY AND CONCLUSION 

As long as the radioactive waste exists, hydrogen and other flammable gases will be generated, 
retained, and released. The existence of these gases will need to be addressed during waste 
handling operations. The model developed in this work can be a useful tool to estimate the 
hydrogen generation rate. Since the model considers waste composition and related variables, it 
can beused to calculate the rate for storage conditions so it can also predict the rates for newly 
created mixed wastes. 

This work began with the analysis of the laboratory generation rates. It was discovered that both 
the observed thermal and effective radiolysis rates are temperature-dependent and follow 
Arrhenius behavior. A global analysis of the available data led to an empirical hydrogen 
generation rate model for Hanford tank waste in general. The hydrogen generation rate model 
contains empirical kinetic rate equations to simulate the generation from the thermal and radiolytic 
reactions on the waste. The model also includes hydrogen from liner corrosion. 

The thermal rate is proportional to the total organic carbon and aluminate ion concentrations. 
The thermal process exhibits Arrhenius behavior. The reaction order for each reactant is 
determined by the rate analysis, and the results of a dilution study oftank 241-SY-101 waste. A 
radiolysis rate equation is used to simulate the enhanced rate in the presence of radiation. The 
radiation-enhanced rate is a combination of radiolytic and thermal reactions. A reactivity 
coefficient, rf, which reflects differences in reactivity of the different TOC distributions is 
introduced in the global fit of both thermolytic and radiolytic rates 

The effective radiolysis rate is the product of the radiation dose and the hydrogen G-value. The 
G-value is formulated to calculate the contribution from water radiolysis and organic radiolysis. 
The water radiolysis G-value is reduced by nitrate and nitrite salt in the waste, and is assumed to 
be temperature independent. The default water radiolysis G-value is 0.005 for wastes with high 
salt (N03M02 ions). The organic radiolysis G-value is proportional to the concentration of total 
organic carbon, and follows Arrhenius behavior. The radiolysis rate is the product of radiation 
dose and G, and G is a hnction of temperature. Finally, the contribution from liner corrosion is 
determined by the product of liner corrosion rate and the wetted area in the tank. The liner 
corrosion rate is specified for SSTs and DSTs. The parameters in the rate equations are derived 
from 200 gas generation measurements from waste samples from four DSTs and three SSTs. 

Finally, the model is tested by comparing the model calculated rate with the field observed data 
for twenty-eight DSTs and SSTs. For most tanks compared between model and field HGRs the 
calculated generation rate is within a factor of three, except for tank 241-SX-104 which has a 
factor of 6.7. In addition, tank 241-C-106 has lower prediction value than the field observed rate 
Notice that this tank has disperse oil in the sludge layer contains appreciable amount of dissolved 
organic and produce hydrogen by the radiolysis of oil The typical G-value can be as high as 1 
and will responsible for the discrepancy between the predicted value and observed value Similar 
situation may occurred in tank 241-C-104 

. - 
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Overall, the model is consistent with gas generation mechanism studies of simulants and 
with laboratory and field investigations of tank waste. The model should provide a scientifically 
defensible and statistically accurate approach to evaluate hydrogen, generation in the Hanford 
waste. 
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