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1. PURPOSE

The purpose of this document is described in CRWMS M&O 1999b, and is to develop a 
predictive model for the diffusivity of ions in unsaturated media. The scope of this document is 
limited to developing a model showing how resistivity and diffusivity can be estimated as a 
function of water content.

ANL-EBS-MD-000031 REV 00 November, 1999Page 5 of 30



2. QUALITY ASSURANCE

This document was prepared in accordance with AP-3.10Q, Analyses and Models, and the 
Development Plan (CRWMS M&O 1999b), which was prepared in accordance with AP-2.13Q, 
Technical Product Development Planning, and is subject to quality assurance controls. A 
Technical Change Request (T1999-0131) was approved in accordance with AP-3.4Q, Level 3 
Change Control.  

This technical document has been evaluated (CRWMS M&O 1999c) in accordance with 
QAP-2-0, Conduct ofActivities, and has been determined to be subject to the requirements of the 
Quality Assurance Requirements and Description (DOE 1998a). The QAP-2-3, Classification of 
Permanent Items, evaluation entitled Classification of the Preliminary MGDS Repository Design 
(CRWMS M&O 1999a, p. IV-1) has identified the ex-container system as QA-2, important to 
waste isolation. Diffusive inverts are not specifically classified, but the invert is a component of 
the ex-container system. For this document, it is assumed that the classification of a diffusive 
barrier is QA-2, important to waste isolation. Also, the invert is part of the engineered barrier 
system, which the Q-List has identified as QA-1, important to radiological safety; and QA-2, 
important to waste isolation (DOE 1998b, p. 11-9). The invert is not specifically on the Q-List.  

This model is validated in accordance with Section 5.3 of AP-3.10Q, Analyses and Models.  
Model validation is discussed in Section 6.5. Qualified and accepted input data and references 
have been identified. No unqualified data were used in this report. All inputs are documented in 
Attachment I of this report in accordance with AP-3.15, Managing Technical Product Inputs.  
Results of this model have been submitted to TDMS in accordance with AP-SIII.3Q, Submittal 
and Incorporation of Data to the Technical Data Management System. Computer software and 
model usage are discussed in Section 3 of this report.
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3. COMPUTER SOFTWARE AND MODEL USAGE

No software subject to the requirements of the Quality Assurance Requirements and Description 
(DOE 1998a) was used in the preparation of this document. The model developed herein is 
validated in Section 6.5. The developed model is appropriate for the estimation of conductivity 
and diffusivity. The results of this report are within the range of validation, as discussed in 
Section 6.5.2.
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4. INPUTS

4.1 DATA AND PARAMETERS 

4.1.1 Archie's Formula for Saturated Conditions 

Rsat=A * Rwater * (D-m 

Rsat=Rwater * (I)"m (Eq- 1) 

where: 
Rsat -Resistivity of saturated material 
Rwatcr -Resistivity of water in the pore space 
0 -Porosity 

m -Cementation factor 
A -Empirical factor, A=1 

Source: (Keller and Frischknecht 1966, p. 21).  

This equation can also be arrived at by combining the following two equations: 

Rsat = Rwater * f (Eq. 2) 

where: 
Rsat -Resistivity of saturated material 
Rwater -Resistivity of water in the pore space 
f -Formation factor 

Sources: (Pirson 1963, p. 22; Bear 1972, p. 113).  

and 

f =D-m (Eq. 3) 

where: 
( -Porosity 
m -Cementation factor 

Sources: (Pirson 1963, p. 23; Bear 1972, p. 116).  

Combining Equation 2 and Equation 3 yields Equation 1.  

4.1.2 Cementation Factor for Unconsolidated Sand 

The cementation factor for unconsolidated sand has been widely reported as 1.3.  

Sources: (Bear 1972, p. 116; Pirson 1963, p. 24).
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4.1.3 Archie's Formula for Unsaturated Conditions

R = Rsat * Sw"n 

where: 
R -Resistivity of unsaturated material 
Rsat -Resistivity of saturated material 
SW -Fractional saturation, volume of water divided by volume of pores 
n -Saturation exponent 

Sources: (Bear 1971, p. 116; Keller and Frischknecht 1966, p. 28; Pirson 1963, p. 24).

(Eq. 4)

4.1.4 Saturation Exponent for Unconsolidated Sand 

The saturation exponent for unconsolidated sand has been accepted by the scientific community 
as 2.  
Sources: (Bear 1972, p. 116; Keller and Frischknecht 1966, p. 28; Pirson 1963, p. 24).  

4.1.5 Nernst-Einstein Equation for Diffusivity 

The Nemst-Einstein Equation is as follows:

D =8.3 x10-10T O "1 0 Z+ +zAo z+-z_ (Eq. 5)

where: 

Do -Diffusivity of molecule at infinite dilution (ionic pair), in cm2 sec-I 
T -Temperature, in K 
0 
1+ -Cationic conductance at infinite dilution, in S/equivalent 
10 -Anionic conductance at infinite dilution, in S/equivalent 

Az -Electrolyte conductance at infinite dilution, in S/equivalent 

z+ -Valence of cation (absolute, i.e., no sign) 
zr -Valence of anion (absolute, i.e., no sign) 

Source: (Perry and Chilton 1973, p. 3-235).

A0 = 1°+ 1 (Eq. 6)

where: 
0 
1+ -Cationic conductance at infinite dilution, in S/equivalent 
10 -Anionic conductance at infinite dilution, in S/equivalent 

AO -Electrolyte conductance at infinite dilution, in S/equivalent 
Source: (Perry and Chilton 1973, p. 3-235).
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It can be shown that the square of the average of two (unique) numbers is always greater than 
their product (Attachment II).  

The following statement will allow a simplification of Equation 5: 

-2 >10 .10 

where: 

10 -Cationic conductance at infinite dilution, in S/equivalent 

1+ -Anionic conductance at infinite dilution, in S/equivalent 

I -Average ionic conductance at infinite dilution, in S/equivalent 
Source: Equation 11-2.  

It is conservative to substitute the average ionic conductance for the product of the cationic and 
anionic conductance because the resulting diffusion coefficient, if altered, will be made larger 
(i.e., a faster rate of diffusion). Incorporating this substitution and Equation 6 into. Equation 5 
yields: 

Equation 5: D,=8.931x1 0- T Z+lj -+-ZtAo Z+ *z-z 
A, = I' + 10 

Equation 6: 

using conclusion from Equation 11-2: Ao= 21 

substituting: D. 8.93lx1O0T _J(2) 

simplifying: D, =8.931x1010T(i) 

D, =8.931x1OToT (Eq. 7) 

where: 
D. -Diffusivity of molecule at infinite dilution (ionic pair), in cm 2 sec-1 
T -Temperature, in K 

10 -Cationic conductance at infinite dilution, in S/equivalent 

10 -Anionic conductance at infinite dilution, in S/equivalent 

I -Average ionic conductance at infinite dilution, in S/equivalent 

A0 -Electrolyte conductance at infinite dilution, in S/equivalent
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z + -Valence of cation *(absolute, i.e., no sign) 
z_ -Valence of anion *(absolute, i.e., no sign) 
*Note: This equation results in the highest diffusivity for ions with a valence of one, 

such as potassium chloride. In this equation cation and anion valences are taken as a 
value of one.  

Note: The constant in Equation 5 is derived from the universal gas constant and the Faraday 
constant (Atkins 1990, p. 764) in the following manner: 

R/F 2=8.931 x 10-10 (Eq. 8) 

where: 
R -Gas constant, R=8.31451 J K• mol' (Atkins 1990, front cover) 
F -Faraday constant, F=96485 C mol' (Atkins 1990, front cover) 

The Nernst-Einstein Equation defines a direct proportionality between equivalent conductance 

and the diffusion coefficient of an ion. Given the equivalent conductance of a solution of ions, 
the rate of diffusion can be found through the Nernst-Einstein Equation.  

4.1.6 Equation Relating Equivalent Conductance and Conductivity 

X,=KIc (Eq. 9) 

where: 

21 - Equivalent conductivity (or molar conductivity), in S cm 2 molr 

K, - Conductivity, in S cm-1 

c - Corrected concentration, in mol/L 
Source: (Atkins 1990, p. 750).  

4.1.7 Conductance as a Function of Conductivity 

K=G*® (Eq. 10) 

where: 

K - Conductivity, in S cm 1 

G - Measured conductance, in S 

E - Cell constant, in cm-1 

Source: (Atkins 1990, p. 751).  

Note: G=R7' (where R is resistance) and S = Q-1 (Atkins 1990, p. 750).  

4.1.8 Concentration Corrected for Activity 

c = a * M (Eq. 11) 

where: 
c - Corrected concentration, in mol/L
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a - Activity coefficient, dimensionless.  
M - Concentration, in mol/L 

Source: (Weast 1981, p. F-79).  

4.1.9 Viscosity of Water at 20 Degrees Celsius 

The viscosity of water at 20 OC is 1.002 Centipoise (Weast 1981, p. F-42).  

4.1.10 Viscosity of Water as a Function of Temperature 

log, 0. (m I, 1.3272.(20-T)T- 0.001053 "(T - 20) 2 

Rearranging: 

1.3272- (20 - T) - 0.001053. (T - 20) 2 

'IT =1.002-10 T+105 Eq. (12) 

where: 
11T - Viscosity of water at temperature T, in Centipoise [gm/cm see 1021] 

T12 0  - Viscosity of water at 20 'C, in Centipoise [gm/cm see 102] 

T120 = 1.002 Centipoise (4.1.9) 
T - Temperature, in Celsius 

Source: (Weast 1981, p. F-42).  

4.1.11 Resistivity and Conductivity of 0.1 Molar Potassium Chloride 

The conductivity of 0.1 molar potassium chloride is 0.012856 S/cm.  
Source: (Robinson and Stokes 1965, p. 462).  

The resistivity of 0.1 molar potassium chloride is (0.012856 S/cmf)- = 77.7 ohm-cm.  
Source: The relationship between resistivity (R) and conductivity (K) is: K=R"1.  

Source: (Atkins 1990, p. 750).  

4.1.12 Activity Coefficient of 0.1 Molar Potassium Chloride 

The activity coefficient of 0.1 molar potassium chloride is 0.77.  
Source: (Weast 1981, p. D-146).  

4.1.13 Diffusion Coefficient of Potassium Chloride 

The diffusion coefficient of potassium chloride in solution is 1.844* 10- cm 2/sec.  
Source: (Weast 1981, p. F-53).  

4.1.14 Porosity range 

The accepted minimum porosity of unconsolidated sand is 30 percent (Bear 1972, p. 46). While 

it is conceivable that poorly sorted sand may have a lower porosity, this value is considered the
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lower bound for most samples. The maximum porosity for uniform spherical particles 
approaches 50 percent (Bear 1972, p. 46). The range of porosity used in this model is between 
30 percent and 50 percent.  

4.1.15 Effect of Temperature on Diffusion 

The diffusivity (D) is proportional to temperature (T, in Kelvin) and inversely proportional to 
viscosity (rl) (i.e., D oc T / -q).  
Source: (Cussler 1997, p. 114).  

It follows that if diffusivity (Do) is known at some [ambient] temperature (T,), the diffusivity (D) 
at some [elevated] temperature (T) can be found by: 

( ) 
D=D TO (Eq. 13) 

Substituting viscosity (Equation 12) for ri and rjo [using (b * ax) / (b * ay) = axy]: 

f~T + 273 

-+•-•- ( + 273) (Eq. 14) 
D 0[1.3272.(20-T)-0.001053.(T_20)

2 1.3272.(20-T0)-0.001053.(T0_20)2 
10r T+105 T0 +105 03(p2) 

where: 
D -Adjusted diffusivity, in cm2/sec, at temperature T, in degrees Celsius 
Do -Diffusivity, in cmlsec, at temperature To, in degrees Celsius 

4.2 CRITERIA 

No criteria, as defined in AP-3.IOQ, were used in the preparation of this document.  

4.3 CODES AND STANDARDS 

No codes or standards, as defined in AP-3.1 OQ, were used in the preparation of this document.
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5. ASSUMPTIONS 

No assumptions were used in the preparation of this model, this section is therefore not 
applicable.
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6. MODEL 

A model for estimating the diffusivity of electrolytes in saturated and unsaturated porous 
material is developed in Section 6.2. The model has two parts: first, a model for estimating the 
conductivity of a material is presented in Section 6.1. The inputs into this model are empirical, 
and accepted data for clean sand is given as an example. This model predicts the conductivity of 
a material as a function of saturation.  

The second part of the model is developed in Section 6.2 and yields a diffusion coefficient based 
on conductivity (found through direct measurement or through the method in Section 6.1). An 
additional portion of the model is developed in Section 6.3, and allows the adjustment of 
diffusion coefficients as a function of temperature. The effects of water composition are 
conservatively bounded in Section 6.4.  

The model is validated by comparison with a collection of measured diffusion coefficients found 
using traditional techniques. Model validation criteria are developed in Section 6.5.1. Model 
validation data is developed in Section 6.5.2 and presented in Table 1 and Figure 1.  

6.1 RESISTIVITY OF PARTIALLY SATURATED MATERIAL 

Archie's law is presented as an estimate of the conductivity of a material based on saturation, 
resistance of the saturating solution, and porosity. Combining Equation 1 and Equation 4 yields 
an equation for conductivity as a function of porosity, saturation, and the conductivity of the 
saturating fluid.  

Equation 1: Rsat=Rwater * -m 

Equation 4: R = Rsat * Sw-' 

combining equations: R = Rwater -m Sw n 

converting to conductivity: C = [Rwater (-m Sw'n]-, 

simplifying: C = Cwater '•Dm S, n (Eq. 15) 

where: 
C - Conductivity of partially saturated material 
Cwater - Conductivity of water in the pore structure 
( - Fractional porosity. Parametric range between 0.30 and 0.50 

Sw - Saturation, fraction of pore volume containing water 
m - Empirical cementation factor 
n - Empirical saturation exponent 

The calculated conductivity of sand partially saturated with 0.1 molar potassium chloride is 
shown for ranges of porosity and saturation in Table 2 and Figure 2.

ANL-EBS-MD-000031 REV 00 November, 1999Page 15 of 30



6. DIFSVT AS A FUCTO OFCNDCIVT 

inrint amont of tim to colet Manann bondr codtin over 6xene time0 ~ 
perod 66 6ifcut 0-e inirc meho of Se termnn difso coficet at lo *water 

cotn is to use codctvt mesue nt to - aclt 6o cofi iet. The anSalogyiie 

betee the drvn focs acin on an ion In elcria 64dctvt mesrmns th driving 

*oc acin on th ios is .lcria poenia grdet In difsin 0 the drvn foc acin oS 

Eqato 7: D. 8. x I0_ T 2 

Eqain10* * 0 

Cobnn Eutos 9, 10 an 11 .=G G/a MIIOc ) (Eq 16 

Difsvt is fon by cobnn 6qain 7 n 6(it 

* 0 6.901510-6. T5 G 0 10 (Eq 17 

k -Coducan e, in S Sm o-. Aduse 0o cocnrtonefcs 

* -C nutiiy in S .e 0 

E) ~ -Cel co stat 0n .  

T -Tmeaue . n S 

AN-B-D003 RE 00 P* 16o.0 Noemer.19



Using the conductivity calculated from Equation 15, diffusivities are calculated in Table 2 and 
graphed in Figure 3.  

Equation 15 is modified to show the diffusivity is found as a function of conductivity: 

D =8.931-' 0 T C.a-03 (Eq. 18) 

simplifying D = 5.799- 6 T- C (Eq. 19) 

simplifying: D = 1.728-10- C (Eq. 20) 

Equation 15 substitution D = 1.728.10-3-Cwater Om Swn (Eq. 21) 

Simplifying: D = 2.222.10-' Om Swv (Eq. 22) 

where: 
D -Diffusivity of 0.1 molar potassium chloride, in cm2/sec 
f -Activity coefficient, dimensionless. f= 0.77 (4.1.12) 
M -Concentration, in mol/L. In this example M=0.1 mol/L 
T -Temperature, in K. In this example T=298 K (25 'C) 
C -Conductivity of sample, in S/cm. Equation 15 can be used to find conductivity 
as a function of porosity and saturation.  
C,,,ater -Conductivity of water in the pore structure, in S/cm. For 0.1 molar potassium 
chloride Cwater = 0.012856 (4.1.11) 
D -Porosity 
Sw -Fractional saturation 
m -cementation factor. For sand m=1.3 (4.1.2) 
n -saturation exponent. For sand n=2 (4.1.4) 

6.3 TEMPERATURE EFFECTS ON CONDUCTIVITY AND DIFFUSION 

The diffusivity of ions in solution is proportional to temperature and inversely proportional to 
viscosity (4.1.15).

ANL-EBS-MD-000031 REV 00 November, 1999Page 17 of 30



Equation 14:

T +273) 

To +273) 
- o [.3272.(20-T)-o.oo0o053(T -20) I.3272.(20-T .0) 1053(T, 0 -2o)2 

+105 T+105

Equation 17:
G-0 -10 D = 8 .931"10 -"1 -To° ( 2 --- M

for Too = 25 C, the viscosity exponent is:

1.3272. (20 - Too) - 0.001053. (Tco - 20)2 

Teo +105
= -0.051 (Eq. 23)

Substituting Equation 17 and Equation 23 into Equation 14 and converting to Kelvin (To cancels 

out of the numerator):

simplifying: D (Eq. 24)

For 0.1 molar potassium chloride with conductance measured at temperature TL, in Kelvin:

Equation 19: 6 Do =5.799 *To -C

Substituting Equation 19 and Equation 23 into Equation 14 and converting to Kelvin:
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D = (5.799-10-6 T-C) (Eq. 25) 
.[-1"3272.(T-293)-0.001053"(T-293)2 +0.051T1 

Substituting Equation 15 for C: 

D (5.799.10-6 . T"(Cwater "0m "Swn) (Eq. 26) 
[-1.3272-(T-293)-0.001053-(T-293) 2 +0.0511 

1°L T-6 ]

For sand partially saturated with 0.1 molar potassium chloride: 

D - (7.455-10-8 T'((D 1.3 "Sw2 (Eq. 27) 

[-1.3272-(T-293)-0.001053-(T-293)2.+0.051)1 

where: 
D -Diffusivity of 0.1 molar potassium chloride at 25 C, in cm2/sec 
T -Temperature, in K 
C -Conductivity of sample, in S/cra 
Cwater -Conductivity of water in the pore structure, in S/cm. For 0.1 molar potassium 
chloride Cwater = 0.0 12856 (4.1.11) 

(D -Fractional porosity 
Sw -Fractional saturation 
m -cementation factor. For sand m=1.3 (4.1.2) 
n -saturation exponent. For sand n=2 (4.1.4) 

Using Equation 27, diffusion coefficients are calculated in Table 2 as a function of temperature.  
These data are also presented in Figure 4.  

6.4 EFFECTS OF WATER COMPOSITION ON DIFFUSION AND CONDUCTION 

The activity coefficient of an ion in a single salt solution is generally higher than the activity 
coefficient of an ion in solution with many other ions. This statement is corroborated by Stumm 
and Morgan (1981, p. 411), where activity coefficients in single salt solutions are compared with 

activity coefficients measured in seawater. The model does not account for background 
electrolyte effects, which is conservative (bounding).
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6.5 MODEL VALIDATION 
The invert diffusion properties model is validated in Section 6.5.2 by comparing the validation 
data with the validation criteria presented in Section 6.5.1.  

6.5.1 Validation Criteria 

The model has two parts, conductivity prediction and diffusion prediction. The conductivity 

portion of the model is accepted fact. The prediction of conductivity of materials other than 
those presented in Section 6.2 (sand) requires the collection of the empirical cementation and 
saturation exponents from accepted or qualified sources.  

The second portion of the model, prediction of diffusion coefficients, is considered validated for 
cases where the predictions are conservative when compared to diffusion coefficients collected 
using traditional, non-electrical, techniques.  

6.5.2 Validation Results 

A collection of diffusion coefficients is published in Lim et al. (1998, p. 813). The graph in this 
reference plots the diffusion coefficient, normalized with respect to the diffusion coefficient in 

bulk solution, against volumetric water content. The model developed in Section 6.2 is 
normalized and plotted against volumetric water content. The normalized diffusion coefficient 
(Dn) is: 

D,, = b1"3 S,,,2 

Volumetric water content is the product of saturation and porosity. Table 1 shows the 
normalized diffusivity and volumetric water content for sand with 30 percent, 40 percent, and 50 
percent porosity (Section 4.1.14). These data are also presented in Figure 1.  

Comparing Figure 1 with the diffusion coefficients published in Lim et al. (1998, p. 813) 
illustrates the conservative nature of the model. Excluding Conca's results in Lim et al. (1998, 
Figure 1), which were calculated from conductivity, the predicted diffusion coefficients are 

larger than reported experimental values for every instance of moderate to low water contents.  
The model may be less conservative for near saturated conditions, at which point the diffusive 

barrier is ineffective. Even at near saturated conditions, the model agrees with the actual 
diffusion coefficients cited.
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Table 1. Normalized Diffusivity as a Function of Saturation and Water Content.
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S,. is percent saturation.  
V3o, V4a, and Vo are the volumetric water content of 30%, 40% and 50% porosity sand, respectively.  
D30, D4, and DN is the diffusivity of 30%, 40%, and 50% porosity sand, respectively.  
V3 O, V40, and Vo are the product of saturation and porosity [=Porosity * Saturation].  
D30, D40, and D5 where calculated with the equation developed in 6.5.2. [=(Porosity)' 3 * (Saturation)2 ]

Figure 1. Normalized Diffusivity vs. Water Content.
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7. CONCLUSIONS

The diffusivity of a given material can be predicted from conductivity measurements or basic 
material properties, including two empirical constants. The models in this document were 
validated in Section 6.5.2.  

Equation 15 C = Cwater * (I' * Swn 

where: 
C -Conductivity of the material 
Cwater -Conductivity of the saturating material 
( -Porosity. Parametric range between 30% and 50% 
m -Empirical cementation factor 
n -Empirical saturation exponent 

The diffusivity can be found from conductivity through the following: 

Equation 17: D =8.931 .101 0 ,T, G -e -103 

where: 
D - Diffusivity, in cm2 sec' 
G - Measured conductance, in S 
® - Cell constant, in cm-1 

a - Activity coefficient, dimensionless 
M - Concentration, in mol/L 
T - Temperature, in K
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A modification of this model includes a temperature adjustment: 

(8.931"10-10 -T (G ' 10G12- .  

Equation 24: D = [-1.3272"(T-293)-0.001053-(T-293) 2 +0051) 

+0.0 

where: 
G - Measured conductance, in S 

E - Cell constant, in cm-1 

a - Activity coefficient, dimensionless 
M - Concentration, in mol/L 
T -Temperature, in K 

7.1 RESULTS 

Conductivity and diffusivity are presented in Table 2. Figure 2 is a log-log plot of conductivity 
as a function of water content. Figure 3 is a log-log plot of diffusivity as a function of water 
content. Figure 4 is a log-log plot of diffusivity as a function of temperature for a material at a 
porosity of 40%.
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Table 2. Diffusion Coefficients and Conductivity

Notes: 
(Sw) Saturation (Sw) is a parametric value ranging between 0.1% and 100% 
(Vw) Volumetric Water Content (Vw) is the product of porosity and saturation.  
(C) =(0.0 12 856* (Porosity)^ 1.3 *(Saturation)A2). Source: Equation 15 with C.,,,.=0.0 12856 (4. 1.11).  
(D) =2.222* l0.s*((Porosity)A1.3*(Saturation)A2)). Source: Equation 22.  
(Dt) =(7.455 * I 0**(Temp. in K)*(porosity)AI .3*(Sw)A2)/[ I OA((.l .31 72*(20 - Temp in 0C))-0.001I053*((Temp in *C -20)A2))/(Temp in TC + 105) + 0.05 1)] 

Source: Equation 27.  
While saturation (Sw) and volumetric water content (Vw) are displayed as percentages, the fractional values are used in calculations.
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Figure 2. Log Plot of Conductivity vs. Water Content
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p. 750 N/A 4.1.6, 6.2 Molar conductivity equation 
(Equation) 

p. 7 50  N/A 4.1.7, 6.2 Conductance equation 
(Equation) 

p.750 N/A 4.1.7, Conductivity is the inverse of resistivity.  
(Equation) 4.1.11, 6.2 Conductance is the inverse of resistance.  

2 Bear, J. 1972. Dynamics of Fluids p. 113 N/A- 4.1.1 Equation: formation factor (F) fronm N/A N/A N/A N/A 

in Porous Media. New York, New Corroborative resistance.  
York: American Elsevier 
Publishing Company, Inc. TIC: p. 116 N/A- 4.1.1 Equation: F from porosity, cementation.  

217568. Corroborative 

p. 116 N/A- entire Cementation factor for sand.  
Corroborative 

p. 116 N/A- 4.1.3, 6.1 Archies equation for resistivity of 
Corroborative unsaturated media.  

p. 116 N/A- entire Saturation exponent.  
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Evaluation for Engineered Barrier 
System Performance Modeling (Reference) 
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C. 1966. Electrical Methods in (Equation) 

Geophysical Prospecting. New 
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Ottawa, Ontario: NRC Research 
Press, TIC: 245626.  
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New York: McGraw-Hill Book handbook) conductances 
Company. TIC: 242591.



(

z 
7 

C

M 

05 
0, 
0 

0• 
0

OFFICE OF CIVILIAN RADIOACTIVE WASTE MANAGEMENT 

DOCUMENT INPUT REFERENCE SHEET 

I, Document Identifier No./Rev.: Change: Title: 

ANL-EBS-MD-000031 REV 00 -- Invert Diffusion Properties Model 

Input Document 8. TBV Due To 

2. Technical Product Input 3. Section 4. Input 5. Section 6. Input Description 7. TBV/TBD Unqual. From Un

Source Title and Status Used in Priority Uncontrolled confirmed 

Identifier(s) with Version 
Source 

12 Pirson, S.J. 1963. Handbook of p. 22 N/A 4.1.1 Equation: formation factor (F) from N/A NMA N/A N/A 
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The square of the average of two numbers is always greater than their product. Consider two 

non-negative numbers A and B: 
[(A+B) ?AI 

(A+B)2 ? 

[A2 2ABi-B1Ž(4AO 

[A2 ý?j(2]> 

[A2 +0 -(2AO] 9 (Eq. 1I-1) 

From basic calculus, the minimum of the expression is found. Taking the first derivative and 

setting equal to zero will show where the maximum or minimum of the equation occurs. The 

derivative of Equation II-1 with respect to A is: 

DA [A2 + B2 - (2AB)] = 0 

2A-2B = 0 

A=B 

To determine whether this point is a maximum or a minimum take the second derivative of 

Equation II-M is: 
DA(2A - 2B) = 2 

The positive sign of the second derivative at the point A=B indicates that the minimum of the 

expression occurs at the point A=B. Substituting B for A in Equation II-1 yields: 

[B2 + B2 -(2B- B)]?0 

2B 2 -2B 2 >0 
9 

0>0 

This statement is true, which proves the following inequality (i.e. the square of the average of 

two unique numbers is always greater than their product): 

2

ANL-EBS-MD-000031 REV 00 November, 1 9991I-2


