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ABSTRACT 
 

In safeguards, independent analysis of uranium content and enrichment of nuclear materials to verify operator’s 
declarations is an important tool to evaluate the accountability system applied by nuclear installations. This 
determination may be performed by nondestructive (NDA) methods, generally done in the field using portable 
radiation detection systems, or destructive (DA) methods by chemical analysis when more accurate and precise 
results are necessary.  Samples for DA analysis are collected by inspectors during safeguards inspections and 
sent to Safeguards Laboratory (LASAL) of the Brazilian Nuclear Energy Commission – (CNEN), where the 
analysis take place. The method used by LASAL for determination of uranium in different physical and chemical 
forms is the Davies&Gray/NBL using an automatic potentiometric titrator, which performs the titration of 
uranium IV by a standard solution of K2Cr2O7. Uncertainty budgets have been determined based on the concepts 
of the ISO “Guide to the Expression of Uncertainty in Measurement” (GUM). In order to simplify the 
calculation of the uncertainty, a computational tool named Kragten Spreadsheet was used. Such spreadsheet uses 
the concepts established by the GUM and provides results that numerically approximates to those obtained by 
propagation of uncertainty with analytically determined sensitivity coefficients. The main parameters (input 
quantities) interfering on the uncertainty were studied. In order to evaluate their contribution in the final 
uncertainty, the uncertainties of all steps of the analytical method were estimated and compiled. 

 
  

1. INTRODUCTION 
 
In any State System of Accounting for and Control - SSAC is very important the independent 
verification of nuclear materials by non-destructive and destructive analysis. For destructive 
analysis, the Davies & Gray/NBL method for determination of total uranium concentration 
has been used by LASAL since 1984 [1, 2]. To improve the measurement procedure and 
analytical performance in 2007 the Laboratory began to use an automatic Metrhom Titrando 
836 titrator [3]. Moreover, an evaluation on the contributions in the uncertainty at each step of 
the method was performed as part of the internal quality control program. Standard Reference 
Material NIST 136e “Potassium Dichromate (K2Cr2O7)”  [4] is used to prepare a standard 
solution for the titration of uranium aliquots. Thus, the study of uncertainty starts with the 
steps of the preparation of this solution [5, 6, 7, 8]. Its concentration is expressed in titer, 
which is a ratio between equivalent uranium mass content and the weight of K2Cr2O7 standard 
solution, i.e. mgU/g K2Cr2O7 solution [9].  The uncertainty of the burette factor was 
investigated as well. As indicated by equation 2, this factor is obtained by the ratio between 
the weight and the volume of K2Cr2O7 solution dispensed by the automatic burette. It is used 
to transform the reading of the volume of K2Cr2O7 solution into a weight indication [9]. The 
final result expressed in equation 1 also needs to be corrected for the sample enrichment and 
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the bias factors and, as consequence, the uncertainties contribution of these factors were 
considered. 
  
Finally, the steps of the analysis such as weighing of the sample, weighing of the sample 
solution, weighing of the aliquots and the aliquots titration were also investigated in order to 
obtain an appropriate estimation of the total standard uncertainty of the method [8].  
 
 

2. DESCRIPTION OF THE METHOD 

 
The Davies & Gray/NBL Potentiometric method for determination of uranium is a selective 
method based on the reduction of U (VI) to U (IV) in a concentrated solution of phosphoric 
acid by excess of Fe (II) in sulfamic acid media [1, 2]. This excess of ferrous ions is 
selectivity oxidized with nitric acid in the presence of Mo (VI) used as catalyst and sulfamic 
acid. Then U (IV) is titrated with a standard solution of K2Cr2O7 until a preset end-point 
potential of 130 mV. To precise this potentiometric end-point, vanadyl sulfate is also added. 
The titrator currently used by LASAL is an automatic Metrhom Titrando 836 and the 
electrodes are a combination of a Pt-Rh (90:10) wire as indicator electrode and a Hg2(SO4) as 
the reference one. 
 
The mensurand is the uranium concentration in % (w/w) in each aliquot of the sample and its 
result is given by: 
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where: 
Fbur = Burette Factor [g/ml]; 
Vi = Volume of K2Cr2O7 solution added in the titration of aliquot “i” [mL]; 
m = Mass of aliquot [g]; 
TD = Titer of K2Cr2O7 standard solution [mg/g]; 
TA = Titer of the Sample solution [mg/g]; 
CUi = Uranium concentration of aliquot “i” [%]. 

 
For an appropriate statistical evaluation of results, a certain number of aliquots are analyzed 
and an average uranium concentration is calculated. 
 
To obtain final result this mean uranium concentration is also corrected for bias. The 
laboratory uses Certified Reference Material NBL-CRM 112-A Uranium Metal [13] for the 
determination of this bias correction factor, using the same analysis methodology as applied 
for the samples. Thus, the bias correction factor is calculated by comparing the uranium 
content of the standard and its analytical result.  
 
 

3. MAIN SOURCES OF UNCERTAINTY OF THE METHOD 
 

The quantities taken into account for uncertainty determination are those from the 
measurement equipment Manuals, the standard certificates and from the repeatability of the 
method [5, 10, 11]. The figure 1 shows a Cause and Effect Diagram for the determination of 
uranium concentration of a single aliquot.  
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Figure 1. Cause and Effect Diagram 

 
 

where: 
FB = Burette Factor [g/ml]; 
V(K2Cr2O7) = Volume of K2Cr2O7 standard solution added in the titration of aliquot “i” 
[ml]; 
TD = Titer of K2Cr2O7 standard solution [mg/g]; 
mALi  = Mass of aliquot “i” [g]; 
mAM = Weight of the sample (weighed by difference) [g]; 
mSL = Weight of the sample solution (weighed by difference) [g]. 

 
 

4. KRAGTEN SPREADSHEET FOR CALCULATING UNCERTAINTY 
 

In order to make the calculations of uncertainty easier compared to those that use propagation 
with analytically determined sensitivity coefficient a simple computational tool named 
Kragten Spreadsheet was developed. This was possible after a good understanding the 
concepts behind the GUM. Regardless of the application, most of the formulas in the 
Spreadsheet are standard, making it easy to use in almost any uncertainty computation [8]. 
The steps in using a Kragten Spreadsheet are: 

- Write out measurement equation; 
- Create table containing input information; 
- Compute final calculated value; 
- Use Spreadsheet with correct number of inputs; 
- Follow Kragten legend instructions. 
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As an example, Table 1 shows the instructions of how to fill the Kragten Spreadsheet with the 
data properly. 
 

Table 1 - Kragten Spreadsheet for 2 inputs 
 

Kragten spreadsheet for 2 measurement components    

  u(0) u(0)       

  #DIV/0! 0,00000       

 df 0,00 0,00       

Measurement Equation 
Inputs Value         

0,000000000000 0,00000 #DIV/0! 0,00000       

0,000000000000 0,00000 0,00000 0,00000       

Result          

  0,00000 0,00000 ciui      

uc 0,00000 0,00000 0,00000 (ciui)
2      

df #DIV/0! #DIV/0! #DIV/0! <--rel (ciui)
2 #DIV/0!     

k #DIV/0! #DIV/0! #DIV/0! ci Σrel (ciui)
2 € € 

U #DIV/0!  #DIV/0! Urelative, %      

Ancillary Equations              

               

Kragten legend: What the cell colors represent       

                

Enter a value in each of the color highlighted cells following the instructions below:   
                
In the 1st column of yellow cells, enter the input variable as written in the measurement equation (e.g. ma)   
In the 2nd column of yellow cells, enter the input variable values from the measurement equation     
                
In the 2nd row of green cells, enter the standard uncertainty value of the corresponding variable (from the yellow cell) 

                
In the row of blue cells, enter the degrees of freedom           
                
In the brown cells, the sum of the input variable value & its uncertainty is automatically calculated (no input required) 

          (The brown cells can actually be set up with any combination of inputs ± their  corresponding uncertainties)   
                
In the rows of gray cells, enter any ancillary equations just like the measurement equation formula below.   
For each cell with a ancillary equation, copy the formula to the gray cells to the right of the main ancillary equations 

                
In the row of pink cells, enter the measurement equation as follows:         
  Do not include any "$" in the cell references (unless the reference is to a constant in a cell outside the spreadsheet) 

                
2.  Using the cell with the MEF you just computed, copy the MEF into those cells       
                
  These % values are calculated automatically, no input values are required     
The "ci" values in the row with the blue font are the approximate sensitivity coefficients (approximations of the partial derivatives obtained from calculus) 

5. CALCULATION OF THE RESULT AND ITS UNCERTAINTY 
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Table 2 shows a Kragten Spreadsheets of 5 inputs for the calculation of uranium 
concentration of a UO2 sample. For this determination, four aliquots were titrated providing a 
mean ratio volume of K2Cr2O7 solution dispensed per weight of aliquot (v/m) of 14.64676 
ml/g and its standard uncertainty, type A, is 0.002197 ml/g was obtained from the ratio of the 
standard deviation of the mean four determination divided by square root of number of 
aliquots titrated. 
 
It also shows in the second input the burette factor of 0.99808 g/ml. The Factor was 
determined by measuring tare and gross weights of six flasks, each one filled by the burette 
with approximately 20ml of the titrant. Calculations are performed as follows [9]: 
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where: 
 FBuri = Burette factor of flask “i” [g/ml] 
 Bi = Gross weight of flask “i” [g] 
 Ti = Tare of flask “i” [g] 
      
Its uncertainty also type A is 0.00077g/ml and was obtained from the ratio of the standard 
deviation of the mean six factors obtained, divided by square root of six. 
 
The next input is the potassium dichromate titer that relates the amount of K2Cr2O7 solution in 
g per mg of equivalent uranium in the sample. 
 
The titer of the K2Cr2O7 solution is given by the expression [9]:  
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where: 
w = Net weight of K2Cr2O7 crystals in the crucible (weighed by difference) [g]; 
W = Net weight of K2Cr2O7 solution in the volumetric flask (weighed by difference) [g]; 
A = Atomic weight of uranium [g/mol]; 
PM = Molecular weight of K2Cr2O7 [g/mol]; 
Pur = Purity of K2Cr2O7 [%]; 
EMPD = Buoyancy correction factor for the K2Cr2O7 solution. 
 
In this determination the K2Cr2O7 solution titer was 5.97144 mg U/g K2Cr2O7 solution, 
calculated taking into account all the parameters above. 
 
Its standard uncertainty was 0.00039 calculated from the combined uncertainty of the 
parameters and its sensitivity coefficient. 
 
The next input is the titer of the sample solution, which expresses the ratio of the weight of 
sample by the weight of sample solution in mg/g, given by the equation [9]:  
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where: 
TA = Titer of the solution [mg/g] 
mAM = Weight of the sample (weighed by difference) [g] 
mSL = Weight of the sample solution (weighed by difference) [g] 
EMPA = Buoyancy correction factor for the sample solution 
 
In this analysis the calculated value for this titer was 99.06544 mg /g using the weight of the 
sample and the weight of the adjusted solution in this determination. Its standard uncertainty 
is 0.00630 mg/g, obtained from the combined uncertainties of the weights (weight by 
difference) and its sensitivity coefficient. 
 
The uncertainty associated to buoyancy correction factor is usually negligible for this method. 
However, estimation of the uncertainty in this factor may be calculated by assuming 
conservative variations in the air temperature, humidity and pressure. 
 
The last input for this determination is the mean bias. It is used to make corrections of 
systematic errors by analyzing a uranium certificate reference material. A comparison 
between the quantity of uranium in the sample and the result provided by the titrator is done 
and a mean bias is obtained. In this determination 8 aliquots of the certificate standard 
material were titrated and a mean bias of 0.02336 was obtained. Its uncertainty is type A and 
was 0.00624, obtained from the standard deviation of the mean bias divided by the square 
root of 8.  
 

Table 2 - Kragten Spreadsheet For Calculation of Uranium Concentration and its 
Expanded Uncertainty  

 

 
 

    u(R.v/m medio) u(Fator bur) u(Titulo dic) u(Titulo sol) u(Bias medio)     
    0,002197 0,000077 0,000395 0,006300 0,006240     

  df 3,00 5,00 100000000,00 100000000,00 7,00     
Measurement 

Equation 
Inputs 

Value               

Mean Ratio 
v/m 

14,64676 14,64896 14,64676 14,64676 14,64676 14,64676     

Burette Factor 0,99808 0,99808 0,99816 0,99808 0,99808 0,99808     
K2Cr2O7 Titer 5,97144 5,97144 5,97144 5,97184 5,97144 5,97144     
U Solution Titer 99,06544 99,06544 99,06544 99,06544 99,07174 99,06544     
Mean Bias 0,02336 0,02336 0,02336 0,02336 0,02336 0,02960     

Result (%) 88,09727 88,11048 88,10406 88,10310 88,09167 88,09177     

    0,01321 0,00680 0,00583 -0,00560 -0,00550 ciui   

uc 0,01779 0,00017 0,00005 0,00003 0,00003 0,00003 (ciui)
2   

df 9,33 55,2% 14,6% 10,7% 9,9% 9,5% <--rel (ciui)
2 100,0% 

k 2,262 6,01480 88,26674 14,75310 -0,88923 -0,88071 ci Σrel (ciui)
2 

U 0,04024   0,05% Urelative, %         
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6. COMMENTS AND DISCUSSION 
 

Since Kragten Spreadsheet uses Microsoft Excel, the formula for calculation of uranium 
concentration is set at the same cell where it provides the result, as it can be seen in the pink 
line. 
  
The result for determination of uranium concentration was 88.09727 %, the combined 
uncertainty uc, was 0.017 % and the expanded uncertainty U, was 0,04024%, for a coverage 
factor k, of 2.262. It is also easy to see that the Mean Ratio v/m has the more significant 
contribution, 55,2% of the uncertainty, followed by the burette factor, with 14,6% of the 
uncertainty in this analysis. On the other hand, the mean bias had smallest contribution, with 
9.5%. 
 
As a consequence of that, if one intends to have better results with small uncertainty, should 
improve the Mean Ratio v/m repeatability, for example. One way to do that is to increase the 
number of titrated aliquots. 
 
 

7. CONCLUSIONS 
 

Using Kragten Spreadsheet to calculate uncertainties avoids the need compute intermediate 
quantities, thereby minimizing opportunities for hidden correlations that could affect the 
results and also minimizes calculation errors since it does not require to solve partial 
derivatives. On the other hand, it has the advantage of being transparent since it shows all 
inputs and calculations. Therefore, it can be use to optimize measurement processes. 
  
One important detail is that uc may be slightly different than value calculated using the GUM 
formula for standard uncertainty. 
 
To minimize the final uncertainty it was observed, for example, that a minimum number of 
aliquots must be analyzed both for the sample and for the standard reference material. It was 
also realized that it is very important to have precise instruments properly calibrated, for 
example, for weighing the potassium dichromate, the sample and the aliquots, a balance of 
five places in grams is strongly recommended. 
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