
WSRC-TR-95-0094, Rev. 1 

Estimation of Total Error in DWPF Reported Radionuclide 
Inventories (U) 

by 
T. B. Edwards 
Westinghouse Savannah River Company 
Savannah River Site 
Aiken, South Carolina 29808 

DOE Contract No. DE-AC09-89SR18035 

This paper was prepared in connection with work done under the above contract number with the U. S. 
Department of Energy. By acceptance of this paper, the publisher and/or recipient acknowledges the U. S. 
Government's right to retain a nonexclusive, royalty-free license in and to any copyright covering this paper, 
along with the right to reproduce and to authorize others to reproduce all or part of the copyrighted paper. 

MASTER 



WSRC-TR-95-0094 
Revision 1 

_- 

Keywords: Met ter, 
Sampling Error, 
Analytical Error 

Retention Time: Permanent 

Estimation of Total Error in DWPF's Reported 
Radionuclide Inventories (U). 

June 5, 1995 

Westinghouse, Savannah River Company 
P.O. Box 616 

Aiken, SC 29802 

Prepared by the U. S. Department of Energy under Contract DE-AC09-8JSRl8035 
9 . .  



Disclaimer 

This report was prepared by Westinghouse. Savannah River 
Company (WSRC) for the United States Department of Energy 
under Contract No. DE-AC09-8&R18035 and is an account of 
work performed under that contract.. Neither the United 
States Department of Energy, nor WSRC, nor any of their 
employees makes any warranty, expressed or implied, or 
assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness, of any information, apparatus, or 
product or process .disclosed herein or represents that its use 
will not infringe privately owned rights. Reference herein to 
any specific commercial product, process, or service by 
trademark, name, manufacturer or otherwise does not 
necessarily constitute or imply endorsement, recommendation, 
or favoring of same by WSRC or by the United States 
Government or any agency thereof. The views and opinions. 
of the authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency 
there of. 



DISCLAXMER 

This rcpon was prcpind as an account of work sponsored by an agcacy of the 
United Statcs Govcmmcnt. Ncithcr thc Uaitcd Stitcs Govcmmcnt nor any 
agcncy thcrcof. nor any of thcir cmployccs. makcs m y  warr11zty. cxprcss or 
implied. or assumes any legal liability or  rcspoasibility for the xccucacy, 
complctcncu. or uscfulncss of any .in€ormatioa. appuxtus. product. or pmccss 
discloscd, or rcprcscnu that iu use would not infriagc privitcly owned righu. 
Rcfcrcncc hcrcin to any specific commercii1 product. proccss. or scrvicc by 
tradc namc. trademark. maauficturcr, or othcrwisc docs not acccsstrily 
constitute or imply its cndorscmcnt. rccommcnditioa. or 'favoring by thc 
Unitcd Statcs Govcmmcat or m y  agcacy thcrcof. Thc views_ md opinioas of 
authocs cxprzsscd hcrcia do not ncccssd ly  srtcc or xcflccr those of thc Unitcd 
Statcs Govcrnmcnt or aay zgcncy &crcof. 

This rcpon his bccn rcproduccd directly from thc bcst i v r i l i b k  copy. 

Available to DOE md DOE contrxctorl from the Office of Scientific and 
Tcchnicd Informuion. P. 0. Box 62, Oak Ridgc. TN 37831: prices a v d t b l c  from 
(615) 576-8401. 

Avuliblc  to tho public from tho Niuoar l  Technical Informitton Scrvicc. U. S. 
Dcpuuncar of Commcrca. 5285 Porc Royal Rd.. Spriagficld VA 22161 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



I 

1 

_- 
, .  

WSRC-TR-95-0094 
Revision 1 

Estimation of Total Error in DWPF's Reported 
Radionuclide Inventories (U) 

T. B. Edwards 

Issued: 8 June, 1995 

' SRTC 
Savannah River Technology Center, Aiken, SC 29802 
Westinghouse Savannah River Company . 9 

' Prepared by the U. S. Department of Energy under Contract DE-AC09-8XSR18035 

. .  



Document: W S R C - T R  - 9 5 . 0  0 9 4 , 

Revision 1 

a .  

Title: Estimation of Total' Error in DWPF's Reported 
. Radionuclide. Inventories. (U) 

A p p r o v a l s  

( 9 $.' & b 5- q5- 
T. B. Edwards, Author,, ASET/ATS Date 

.- . '9 /qr w%& y . L ,  - Jp,' 
J. HoWeber, Technical Reviewer, ASET/ATS Date 



W S R C - T R - 9 5 - 0 0 9 4  . 
Revision 1 

. . . .  
r .  . .  

I 

- . .  
Tahle of Contents 

Page 

1 .O Introduction ........ ............................................. : ........ : .... 1 . 

.. 2.0. . summary ............. 1 .................. ! ..... .. ................................... 1 
3 .O Estimating Radionuclide Concentrations ............. 1 
4.0 . Concluding Comments ................................................. 1 2 
5 .O References ........................................................................ 1 2 



' WSRC-TR-95-0094 
Revision 1 . .  

June 5.1995 
Page 1 of 12 

1 .O INTRODUCTION 

- The Defense Waste Processing Facility (DWPF) at the Savannah River Site is required to 
determine and report the radionuclide inventory of its glass product. This requirement is given 
as Specification 1.2.2 in the Waste Acceptance Product Specifications for Vitrified High Level 
Waste Forms (WAPS) of the U.S. Department of Energy's Office of Environmental Restoration 
and Waste Management,[ll], The DWPF will take the following steps to meet this requirement. 
For each macro-batch, the DWPF will report both the total amount (in curies) of each feportabie 

, . radionuclide and the average concentration (in curiedgram of glass) .of each reportabl'e: . 
radionuclide.' The DWPF is to provide the estimated error of these reported values of its 
radionuclide inventory as well. 

The objective of this document is to provide a framework for determining the estimated error in. 
DWPF's reporting of these radionuclide inventories. This report investigates the impact of 

. random errors due to measurement and sampling on the total amount of each reportable 
radionuclide in a given macro-batch. In addition, the impact of rhese measurement and 
sampling errors and process variation are evaluated to determine the uncertainty in the reported 
average concentrations of radionuclides in DWPF's filled canister inventory resulting from each 
macro-batch. 

-- 

.. 

2.0 SUMMARY 

, For each macro-batch, DWPF is to determine estimates of the average concentration and the 
total curies for each reportable {adionuclide. One of two methods is to be used to derive an 
estimate of the concentration for each of these radionuclides for each batch within the macro- 
batch, A propagation of variance for each of these two ,methods is completed, to estimate the 
variance of.the total error affecting these derived values. In this analysis,the errors considered 
reflect only random variation ( both within and between batch) and, -where appropriate, process 
variation. Process variation is due to any steps taken during the processing of a batch that 
influence the concentration of a radionuclide of interest. The processing effects ar.ee'not 
necessarily random but are due to the natural'variation of the DWPF process (they are assumed 
to be a representative set of the effects due .to such processing). - .  

3.0 ESTIMATING.RADIONUCLIDE CONCENTRATIONS 

There are two methods for deriving estimates of the radionuclide concentrations for each batch 
'of slurry comprising a DWPF.macro-batch: the direct and the indirect methods. Only one of 
these two methods is to be used for each of the radionuclides of interest. 

3.1 Direct Method 

Some radionuclides are present in high enough concentrations to be measured directly in the 
DWPF laboratory. The concentration for each of these radionuclides will be measured in a 
sample from each Melter Feed Tank (MFT) batch.. 
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3.1.1 Radionuclide Co ncentrations Per Process Batch 

'For radionuclide R, measured directly in the DWPF, let ci represent the measured 
concentration of R in the ith MFT batch in curies per gram of glass. For a given batch i,  the 
rnea.surement process is subject to various sources of random variation which induce 
uncertainties in the resulting measured concentration.' The direct measurement approach 
assumes that all of these .errors are random quantities affecting only the concentration , 

can be computed from 
. the uncertainties of the appropriate procedures (sampling, which-includes inhomogeneity of the 
MFT contents, and analytical, which includes sample preparation) used for the determination of 

Between any two batches of the macro-batch, thf random errors affecting the corresponding 
concentration measurements are assumed to be independent. For example, there should be no 
systematic influence from the calibration of the instrument(s) used to make the concentration 
measurements over two or more batches; that is, these instruments should be recalibrated 
before being used to make the concentration measurement for each batch. 

However, there is variability in the radionuclide concentrations between batches, a batch-to- 
batch variability, due to random errors or process variation which are independent of the first set 
of errors, and which are also independent from one batch to the next. These random errors are 

'due to such factors as the inhomogeneity of the feed tank; and the process variation is due to . any steps taken during the processing of the batch that influence the concentration of 
radionuclide R. The processing effects are not necessarily random but are due to the natural 
variation of the DWPF process (they are assumed to be a representative set of the effects due 
to such processing). 

. . 

' I measurement for the given process batch. The uncertainty of each ci 
' 

ci,R ..I . . r .  . I  

Consider the population of potential values of the concentrations of radionuclide R over a macro- 
batch. If the DWPF processing that leads up to the determination of each of the Ci,$s for a 
given macro-batch is a stable, repeatable process, then the concept of such a population makes 
sense, and the variability of this hypotheticalpopulation is of interest. The set of b ci,R values 

. for the macro-batch may be thought of as a random sample from this hypothetical population, 
. and the.sample standard deviation of this set of b '  ci,R values, S,+, provides an estimate of the - 

. standard deviation of this population. 'This simple statistic, sci,R, appropriately handles the 
(independent) random errors and process.variation influencing the'values for the concentrations d 

of radionuclide R for a given macro-batch and provides a meaningful measure of the variability 
of the population of possible concentrations. It is computed as follows: 

, I  

- 
where c.,R represents the simple arithmetic average of the b'  Ci,R values. 

. .  . 

. '  
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3.1.2 Standard Error of the Averaae Co ncentration Per Batch 
, If the average concentration,'C.,R, is reported for a macro-batch, then there is a need to provide 
an estimate of the uncertainty (including both measurement and process) for this summary - 

statistic. An appropriate estimate of this uncertainty is the standard error (or standard deviation) 
of this average, denoted by S-, which is computed;from the standard deviation of the 

- 

C.8 . population given by equation (1) as follows - 
P 

, 

- 
This is the appropriate (1 -sigma) uncertainty for the average concentration, c R ,  for a macro- 
batch. 

. 3.1.3 ,Total Radionuclide Co ntent Per Macro Batch 

The DWPF is also required to repod the total content (in curies) of the radionuclide for the 
macro-batch. The total curies of each reportable radionuclide will be calculated by adding 
together the curies of this radionuclide in each process batch. The estimated error for this total 

For radionuclide R, measured directly in the DWPF, let Ci,R represent the concentration of R in 
the ith M F T  batch, wi the solids content of the ith MFT batch, and vi the volume of the ith MFT. 
batch sent to the melter. The content in curies of radionuclide R in the ith batch ( denoted by 

. 
'' is discussed in this section. 

) is given by the product 

Ci,R = ci,Rwivi. (3) 

, * Since there are b batches in the macro-batch; there will be b values of Ci,R for each radionuclide 
R in a given macro-batch. The sum of these values represents the total curies of radionuclide R 

.. "in .. the macro-batch. This sum is expressed by the equation 
1. 

i=l i=l 

Since the values on the right-hand side of equation (4) are measured quantities, they are subject 
to various sources of error that plague these measurement processes. The uncertainties for 
each Ci,R have already been discussed including the errors associated with the sampling (e.g., 
MFT inhomogeneity) and analytical (including preparation and instrumentation) procedures. For 
a given batch i, the errors associated with the Ci,R and wi measurements are assumed to be 
correlated, and the errors associated with vi are assumed to be independent of the errors of 

- these other two measurements. These are the errors influencing the measurements for each 
.. batch i.of the macroLbatch. . 

~ .' . .  
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The errors associated with one MFT batch, i, are expected to be independent of all the other 
batches making up the DWPF macro-batch. The independence of the errors across batches 
implies no systematic influence from tank volume calibrations or from instrument calibrations; 
specifically, the instruments used to measure th? ci,R and wj for batch i are to 'be recalibrated 
before being used to measure these. d u e s  for batch i+l. . 

Since Ci,R is the product of random variables (as given by equation (4)), the approach provided . 
by Goodman in '[2] and [3] was considered .as a possible method for estimating the error. 
variance of ..CI,R in .equation (3). ' However, the more general method of variance or error '' 
propagation (see reference [4]) was selected for use here fo,r consistency sinc,e it is appropriate 
for this situation and handles the more complex relation,ships derived from the indirect method. 

A variance propagation approach, basedm a Taylor series expansion,'is used for estimating 
the error variance of the total content of radionuclide R, c,, in equation (4). A covariance term 
is introduced in the approximation to prqperly handle - the correlated errors for Cj,R and Wi.  Let 
Var(C,) represent the estimate of the variance of c, for the macro-batch; 'then 

. _. . . .  

where 

represents the partial derivative.of cR in equation (4) with respect JCR 
az 

var(&) 
var(Wj) 
var(vj) 

C0V(cj, , ,wi) 

.to the variable Z, 
represents the random error variance for Ci,R ,for batch i, 
represents the random error variance for wi for batch i, 
represents the random error variance forVi for batch i, and 
represents the random, error covariance for cj,R and wj for batch i. 

Taking the partial derivatives leads to the following estimate of the error variance of the total 
radionuclide content, c,, for the macro-batch . 
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'To complete the determination of  the estimate of the error variance of. c,, the error variances . .  of I 

Ci,R, ,Wi , and vi must be estimated. Each. of these variances are estimated'by the appropriate 
random errors: (sampling, preparation, and instrument). The covariance of the errors for Ci,R 
and W j  must also be estimated to complete the determination'of equation (6). 

3.2 Indirect Method 
. O  

The concentrations of some radionuclides, particularly those present in trace 'amounts, will be 
determined by characterization of the macro-batch prior to processing in the DWPF. Samples of 
the waste in 'the Tank Farm will be taken from each sludge and precipitate batch making up the 
macro-batch. Each reportable radionuclide whose concentration is to be determined with this 
indirect approach occurs in the sludge or precipitate (not both). The concentrations of the 
reportable radionuclides in the individual waste streams (sludge and precipitate) will be' 
determined from these samples. Finally, the concentration of each of these radionuclides in a 
given M F T  batch will be calculated by multiplying the average concentration in the waste 
streams (over the macro-batch) by a factor reflecting the dilution of thatstream in the MFT 
batch. The dilution factors for a waste stream are based on the dilutions seen in the MFT batch 
of certain species unique to that waste stream. 

* 

- .  
i 

3.2.1 Radionuclide Concentrations Per Process Batch 

For a radionuclide, R, which is determined indirectly using analyses of SRS Tank Farm samples, 
* let .cj,R represent the concentration of R in the ith MFT batch. Then, 

. ,  

where X is a constant representing the number of dilution factors estimated !or the 
unique waste stream that contains radionuclide R 1 ,  

cstrearn,/? is the concentration of radionuclide R in its unique feed stream, 

, ' Cslrsarn,a is the concentration of species a in the fee.d stream, and 

1. .There are two waste streams: sludge and precipitate. Iron, aluminum, manganese, and calcium occur only in 
the sludge, and these species will be used for that waste stream with x=4. Potassium and titanium occur only in 
the precipitate hydro!ysis aqueous (P.HA) stream, and they will be used for. that waste stream with.x=2. 
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c ~ , ~  is the concentration of species a in the ith MFT batch. 

The concept of a hypothetical population of possible concentrations for a given macro-batch also 
is to be used, since an estimate of the variance of this population is of interest. A s j n  section . 
3.1.2 above, there. are within-batch and between-batch errors associated with the uncertainty of 
the set of b Ci,R values computed using equation (7) for a macro-batch. 

. .  . .  
First, consider the within-batch variance of ci,i, which is to be denoted by Vari(Ci,& Some of . 
the errorsxontributing to the uncertainty of the ,quantities in equation (7) are expected to be , 

correlated, Specifically, the error for Cstream,R is expected to be correlated with the error for 
each of the citream a's, the errors for the Cstream , a 's are expected-to be correlated with. each 
other across the a's, and the errors for the C i , a ' ~  are expected to be correlated with each other 
across the  a's but not across the i's. 

Using the variance propagation-approach (and its $ssociated notation) leads to the following 
equation for: vari(Ci,R): 

d 

Evaluating the partials of equation (8) leads to 
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C (- cstream,R i.a 
) + 'ci'a )' var(Cstrearn,R 2 

a=l XCstream,a 

1 %  
vari ( c ~ , ~ )  =*(-E 

-. a=l* Citream,a 

Averaging the  vari (Ci,R) values  computed over t he  b ba tches  of the  macro-batch provides a n  
.estimate of the within-batch variance of the underlying population of the ci,R values for the 
macro-batch, denoted by var, ( Ci,R ). Thus, 

I .  

The between-batch variability of the concentrations of radionuclide R is reflected in the variation 
, ot'the set of b ci,R values; that is, the sample variance of these b values. This sample variance 
also contains Some of the within-batch variation and, thus,  overestimates the between-batch 
variability. However, the contribution of the within-batch variability to this term is not easily 
determined (if at.all), so no attempt is made to separate this portion of the sample variance from 
that attributed to the  between-batch variation. The estimate of the total variance of the Ci,R 
values of the macro-batch, denoted bywar(  Ci,R ), is given by the s u m  of the within- and 
between-batch variances, or 

. 

. 

- 
where c.,R represents the average'concentration of the b ci,R values. Although the estimate 

over estimation. When the actual data'are. evaluated this assumption will be checked. P *.given by equation (1 1) may overestimate the total variance, no problem is anticipated by the 
! 
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The standard deviation computed from the square root of the variance estimate of equation (1 1) 
is an appropriate measure of the standard deviation of the po'ssible population of c'oncentration 
values or radionuclide R for a given macro-batch. 

. 

3.2.2 Standard Error of the Averaae-Concentration Per Batch . ,  

- 
As in the direct measurement case of section.3.12,'if the.average concentration, .ci,R ,.is .. * * 

. reported for a macro'-batch, then there is a need tolprovide an estimate of the uncertainty (both 
measurement and process) for this summary statistic. An appropriate estimate of this . 
uncertainty is the standard error (or standard deviation) of this average which i.s the squar.emot 
of the estimate of the variance of this average, denoted by var(.c R ) .  The estimate of this 
variance is given by 

. .  

- 

The corresponding estimate of the standard deviation is the appropriate (1 -sigma) uncertainty 
for the average concentration, c.,R , for,a macro-batch for a radionuclide R computed using the 
indirect measurement process. 

- 

. .  
3.2.3 Total Radionuclide Content For a Macro-Batch 

Another possible format for reporting the radionuclide inventory for a macro-bakh is to report the 
total content (in curies) of the radionuclide for the macro-batch. 

Using the notation developed above and letting c, represent the total curies of radionuclide R in 
the macro-batch, then 

This is the quantity to be reported to represent the total content (in curies) of radionuclide R in a 
given macro-batch. 

In addition to the correlations already described for :ne model given by equation (7), the errors * 

for the c ~ , ~ ' s  may be cdrrelated with the error in wi for each batch i in equation (13). 

J 

An error propagation for equation (1 3) can be used to gerierate an appropriate estimate for the. 
uncertainty of this reported total radionuclide content with these correlations taken into 
consideration. If the error variance of c, is denoted by var(C,), then 
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Evaluating the partial derivatives of equation (14) yields the following 

. .  
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C 0 V ( W i ,  Cj,a ) . 
+2c b x  c [cstrearn,Rvi 2 

i=l a=l X Cstream,c 

. . '  
Simplifying equation (I 5) leads to 

, 

I 

. .  , 
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. I  

This vari.ance propagation for the indirect.approach assumes that all of the errors affecting these 
measurements are independent (except as indicated by the appropriate covariance terms), 
random quantities. To complete the determination of the Var(C,) in equation (16), the 
variances andcovariances of the errors in the measurements of this equation must be 
estimated. 

. .  
' .  
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4.0 CONCLUDING COMMENTS 

As more definitive estimates of the errors affecting these measurements are identified, they may 
be used in these calculations to provide a representative estimate of the total error in the 
reported radionuclide inventory for each DWPF macro-batch. Specifically, if some of the errors 
are relative errors; then estimates of the corresponding variances should be entered 
appropriately into the equations of this report. For example, if y is a.measurement with a relative . 
standard deviation of n%,. then the estimate of the variance of the error associated with the . . 

* _  
. 

. measurement y is equal to ($$. . ' 

. .  . . .  

.. 
The approach presented in this memo assumes that all of the measurements will be corrected * 

for known biases associated with vessel uniformity, sampling, and analysis. If not accounted for 
. or if steps are not taken (such.as recalibrating instrumentation between MFT process batches), 

the systematic errors from these sources could be significant contributors to the overall 
uncertainty. In th,is analysis, the errors considered reflect only random variation. 
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