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Introduction. 

- Processing in the Defense Waste Processing Facility (DWPF) is controlled by 
constraints on predicted properties of the product glass. One of these . 
properties is chemical durability, which is measured as the response of various 
glass constituents to the seven-dap Product Consistency Test (PCT) [l]. As 
currently implemented into the DWPFs Product Composition Control System 
(PCCS), the response of boron is taken as representative of all of the 
konstituent responses, and control is in terms of the boron response. This 
response, in normalized units and in log scale, is taken to be a linear function of 
the glass's free energy of hydration, AG. AG is a parameter which represents 
the s u m  of influences on durability of the various glass oxide components. 

A generalized relationship between these two variables is documented in [2]. 
This relationship appears to underpredict releases for glasses in the so-called 
"Purex" range of compositions which comprises a worst-case DWPF operating 
range. Using a similar methodology as in [2], a linear regression specific to 
Purex compositions is developed herein. 

Summary 

A generalized relationship between the normalized PCT boron release and the 
free energy of hydration of a glass is documented in [2]. This relationship 
appears to underpredict releases for glasses in the so-called "Purex" range of 
compositions which comprises a worst-case DWPF operating range. Using a 
similar methodology as in [2], a linear regression specific to Purex compositions 
is developed herein. The Purex correlation was developed by considering all of 
the available relevant data (1 19 glasses), then fitting to an optimized subset of 
the data (30 points out of the total 119). The result is: 

lo&o(NLB) -1.494178 - 0.292675AGp 

with R2 = 0;91 and RMSE = 0.20. The value of AGp at which the upper 95% 
tolerance limit' (at 95% confidence) for this regression reaches the nominal 
release value for Environmental Assessment (EA) glass is approximately -7.44 
kcal/mol. This represents the minimum. value of AGp which will yield acceptable ' 
durability. Therefore, Purex compositions to be processed in DWPF must be 
such that their AGp exceeds this value. 

Discussion 

The relationship between the boron release and the free energy of hydration 
AG can be expressed as: I 

loglO(NLB) = a + bAGp 

where NLB, the normalized boron respOrese, is 
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s with C, the concentration of boron in the PCT leachant and fB the mass 
fraction of boron in the glass. For-consistency with previous work, the notation 
AGp will be used to denote the "preliminary" estimation of AG (i.e., where pH 
effects are not accounted for). This is the estimation of AG which is 
implemented into DWPF control. AGp is taken as an ideal-mixture property, Le., 

. .  .. . (3) 

where the appropriate hydration reactions for each glass oxide species must be 
chosen to yield the individual AGi values. A detailed discussion of the 
methodology for computing AGp is available in [2]. A linear regression over 
available data was performed in [3], yielding the following coefficients: 

loglo(NLB) =-L8253-0.271AGp (4) 

This database of 124 glass compositions included 21 glasses simulating Purex 
operation; all but seven of these glasses were excluded from the regression fit, 
however, for reasons detailed in [2]. The final regression equation was based 
on 93 glasses, including these seven. 

To improve predictability for operations involving (unremediated) Purex sludge, 
all available data pertaining to such operations (a total of 119 glass 
compositions) was assembled. This included 29 glasses from the "Purex 
variability" study performed in [3], 54 glasses from the "Purex parametric" study 
[4, 51, and 15 glasses which were fabricated in the IDMS and/or were involved 
in crucible studies of remediated IDMS glass compositions [2, 61. All 21 glasses 
from among the original 124 glasses assembled in [2] were also included, since 
they represent part of the compositional range of interest, and it is unclear that 
their original exclusion was warranted. 

Figure 1 shows the mole percent distributions of some of the glass component 
oxides for both the database of 93 glasses used in [2] and the 119 Purex 
glasses examined in this work. The Purex database has a lower AI203 oxide 
content than the 93-glass database used to obtain' the coefficients shown in 
equation (4). Although sometimes referred to as "high-iron" compositions, the 
mean Fee03 content is only slightly higher in the Purex database (the median 
value is slightly lower). The mean 8203 content of the Purex database is 
slightly lower, though this is influenced by a few outlying points in the equation 
(4) database. The Purex database is also somewhat higher in Li20, slightly 
lower in Na20, and about the same in Si02. Although ZrO2 is only present in 
trace amounts in both databases, it was significantly higher in the Purex 
database. . '/ 

t 
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Since the data were acquired by assembling all available relevant information, 
it was desirable to perform the actual regression over a subset of these data, 
using the remainder of the database to validate the regression so obtained. 
Thirty data points were be selected from the 11 9 available glasses to perform 
the initial model fit. 
In considering ways to select these 30 points, such as a simple random sample, 
the D-optimality criterion (described in the JMP@ User's Manual m) came to 
mind. The "D-optimal design" aid is typically used to search for an optimal 
design for an experiment, selecting points from the candidates in an available 
data set. The optimality criteria used to select the points for a design is the D- 
optimality criterion, which seeks to maximize the determinant of the information 
matrix of the design. Simply stated, this is equivalent to selecting the points 
which minimize the variances of the estimates of the parameters in equation (1). 

If the 30 glasses to be used in the regressipn are selected to minimize the. 
resulting variances of the estimates of the parameters in equation (I), then 
those glasses corresponding to the extreme values of AGp should be selected. 
Specifically, the glasses with the fifteen largest AGp's and the fifteen smallest 
AGp's were selected for use in the initial fitting of equation (1). Most of the 
points in the fit were derived from the 54-point "parametric" study (high end of 
AGp range) and from the (unremediated) Purex 5 IDMS runs (low end of AGp 
range), with a few points from the other sources. 

Figure 2 provides the results of fitting these data to equation (1). The optimized 
dataset yielded the following regression equation: 

' 

loglo(iV..B) =-1.494178-0.292675AGp 

Equation (5) has an adjusted correlation coefficient (R*) of 0.91 and a root 
mean square error (RMSE) of 0.20. 

Figure 3 shows equation (5) with the associated 95% confidence band for 
individual prediction. All 1 I 9  data points are shown for comparison. A few of 
the fitting data points are labeled for information, where PX-5 denotes an IDMS 
Purex 5 run, P-i is the i-th point of the "parametric" study of [4,5], and the label 
"PUREX" corresponds to the Purex composition in the Waste Compliance Plan 
181. As shown in the figure, most of the data fall within the 95% confidence 
bands for individual prediction, and virtually all the data fall below the upper 
limit. That is, equation (5), based on 30 points tends to predict somewhat 
conservatively for the remaining 89 points of the database. 

Figure 4 provides a more detailed look at.the difference between the actual 
durability results and the predictions for the 89 glass compositions not used in 
the fitting of equation (5). The distribution of these residuals is reasonably "bell- 
shaped," and the average values is -0.09 (the model over predicts, on average). 
The standard deviation of 0.27 is larger m a n f l y ,  at the 0.05 level) than the 
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root mean square error of 0.20 of the original fit. This result is well within 
expectations for a validation of equation (5). 

Given that the model predicts the entire database quite reasonably, it is valid to 
refit the coefficients using all of the data rather than the original 30-point subset. 
Figure 5 shows this fit (R2 = 0.70, RMSE = 0;26), which is given by: 

loglo(A?.B) = -1.672714 - 0.307967AGp 

S 

where AGp 

J 

(7) ................. 

represents a new value b r  which awediction it to be made, 

While the slope of equation (6) is virtually identical to that of equation (5), the 
intercept is shifted down by about 0.2 (corresponding to predictions of 20% 
lower'normalized boron release). We note that the points which fell below the 
lower confidence band of equation (5), and which contribute to lowering the 
intercept in equation (6), tend to be glasses which were made earlier in time 
(the WCP Purex composition, and the pilot-scale Purex 1 and 2 melter runs). 
Assuming that later investigations are based on more current definitions of likely 
Purex compositions, equation (5) may be a more accurate representation of the 
Purex compositions of current interest. 

* .  ts for DWPF Prediction 

For conservative implementation into DWPF, a 95% tolerance limit with 95% 
confidence for multiple predictions is desired, rather than the 95% confidence 
limit for an individual'prediction which was shown on the preceding figures. 
The tolerance limits for multiple predictions will be wider, hence more restrictive. 
Using equation (5) and the database of 30 glass compositions upon which it 
was founded, an upper tolerance interval covering 95% of. the predictions with 
95% confidence was developed using the approach presented by Miller [9]. 
This type of prediction interval is appropriate when the total number of 
predictions to be handled by an equation such as (5) is large or unknown. 

The results of this fit lead to the upper 95% tolerance bound (with 95% 
confidence) given .by the expression 

-1.494178 - 0.292675AGp + 
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S represents the root mean square error of the fit for equation 
(4) 
represents the average of the (AG, .) 's (the values used in 
fitting equation (2)), 

represents t h e  upper 100a percent point of the F 
distribution with 2 degrees of freedom in the numerator and 
28 degrees of freedom in the denominator, 
represents the lower (a/2) percentile point of a'$ 
distribution with 28 degrees of freedom, 
represents the one-sided p percentile point of the unit 
normal distribution (in this situation p equals 0.95), and 

0.95). 

- 
i AGP 

F&* 

x(a/2),28 2 

Z(P) 

~ a represents the confidence level (in this situation a equals 

It The information necessary to determine these tolerance limits was available 
from the JMP@ analysis resulting from the fitting of data to equation (5). The 
equation of these limits is given by 

.-1.494178-0.292675AGP +{d-x 
~ ~~~~~ 

40.03935581 x (0.363031'49 + 0. 09674605AGp + 0.00709725( AGp )2 ) 

+O. 1 98383 x 1.64485 x 

(8) ................... 1 ,  

The same approach was used to determine a similar upper tolerance limit for 
the resutts.of fitting equation (6). Figure 6 shows equations (5) and (6) (denoted 
"Initial 'Data" and "All Data" in the figure). Also shown are the upper tolerance 
limits (UTL) associated with each of these equations. Despite the larger RMSE 
of equation (6), which tends to widen the tolerance limit, the limit for the original 
fit of 30 points, denoted "UTL Initial Data," is still slightly higher--hence, more 
conservative. Both UTL curves conservatively bound all of the data in the Purex 
database; however, equation (4) and its UTL are recommended for use in 
DWPF. 

Also shown in Figure 6 is a horizontal line at 1.2227, the nominal value of 
loglo(NLB) for the limiting EA glass. Assuming that use of this nominal 
descriptor for EA glass is sufficiently conservative for DWPF implementation, the 
point where this horizontal line crosses the tine denoied "UTL Initial Data" yields 
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the limiting value of AGp. The intersection occurs at approximately AGp = -7.44 
kcal/mol. Note that a more conservative implementation would be to define a 
limiting AGp value based on the lower 95% confidence value of the EA glass, 
rather than the nominal value as shown here. Our current understanding is that 
this extra conservatism is not warmnted for this application. 

Conclusions 

I 2 

A correlation for predicting glass durability for "Purex" type glasses was 
developed for use in DWPF. The correlation is in terms of the "preliminary" free 
energy of hydration described in [2] and is therefore consistent with the previous 
development in [2] of a "general use" correlation. The Purex correlation was 
developed by considering all of the available relqvant data, then fitting to an 
optimized subset of the data (30.points out of the total 119). The result is: 

I 

' loglo(ZV..B) =-1.494178- 0.292675AGp (5) 
\ 

with R2 = 0.91 and RMSE = 0.20. Comparing all 119 points to this regression 
as a validation of equation (5) shows that the equation is a conservative 
predictor of the overall database. Of the few points falling outside of the 95% 
confidence bands for individual prediction, most fell below the lower band. 

For implementation into DWPF, the tolerance limit f o r m  predictions was 
also determined. Again, the upper tolerance limit associated with equation (4) 
was a conservative predictor of all of the data. The value of AGp at which this 
limit reaches the nominal release value for EA glass is approximately -7.44 
kcal/mol. This represents the minimum value of AGp which will yield acceptable 
durability. Therefore, Purex compositions to be processed in DWPF must be 
such that their AGp exceeds this value. 
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Figure 1, cont. 
[2] and 119-Glass Purex Database 

Distribution of Oxide Mole Percents for 93-Glass Database 
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Figure 1, cont. 
[2] and 119-Glass Purex Database 

Distribution of Oxide Mole Percents for 93-Glass Database 
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Figure 2. Fitting of t he  Durability Model for, the Initial 30 Data Points 

Response: log(NLB) 

Summary of FIt 
RSquare 
RSquare Adj 
Root Mean Square Error 
Mean of Response 

a Obsenrations (or Sum Wgts) 

Parameter Estimates  
Term Estimate Std Error 

Cab Del G . 9.292675 0.01 671 
Intercept. -1.4941 78 0.1 1953 

0.91 6336 
0.913348 
0.1 98383 
0.50061 8 
. 30 

t Ratio Probsltl 
-12.50 0.0000 
-17.51 0.0000 

, Effect Test  
Source Nparm DF Sum of Squares F Ratio Prob>F 
Calc Del G 1 1  12.069256 306.6703 0.0000 
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Figure 3: 
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Figure 4. Analysis of the Residuals of Unfitted Data to "Best" Fit 
Residual log(NLB) initial 
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Figure 5. Durability Regressed on AGp Using All Purex Data 
log(NLB) By Calc Del G 
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Parameter Estimates 
Term Estimate Std Error t Ratio Prob*ltl 
Intercept -1.672774 0.13032 -12.84 0.0000 
Cab Del G a -0.307967 0.01874 -16.43 0.0000 
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Figure 6: Initial and All Data Models and Tolerance Limits 

y axis is Loglo .NL(B) 
+ points are the actual durability values for the Purex Glasses 
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